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Hidden Markov models are used in a wide range of applications due to their construction that
renders them mathematically tractable and allows for the use of efficient computational techniques.
There are methods for the estimation of the model’s parameters, such as the EM algorithm, but also
for the estimation of the hidden states of the underlying Markov chain, such as the Viterbi algorithm.

In applications where the dimension of the data is comparable to the sample size, the sample
covariance matrix is known to be ill-conditioned, which directly affects the maximisation step (M-
step) of the EM algorithm, where its inverse is involved in the computations. This problem might be
amplified if there are rarely visited states resulting in a small sample size for the estimation of the
corresponding parameters. Therefore, the direct implementation of these methods can be proved to
be troublesome, as many computational problems might occur in the estimation of the covariance
matrix and its inverse, further affecting the estimation of the one-step transition probability matrix
and the reconstruction of the hidden Markov chain.

In this paper, a modified version of the EM algorithm is studied, both theoretically and computa-
tionally, in order to obtain the shrinkage estimator of the covariance matrix during the maximisation
step. This is achieved by maximising a penalised log-likelihood function, which is also used in the
estimation step (E-step). A variant of this modified version, where the penalised log-likelihood func-

tion is only used in the maximisation step (M-step), is also studied computationally.
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[epiindn

‘Evag Teoronomuévog EM Ahyopriuoc yio Extiunon pe Luppinvewon oe HoAuvdidotata Keuuuéva

Mogxofioavd Movtéla

Ta xpuupéva Mopxofiavd povtéha yenoylonotodvion og £va eupl TEBLO EPUPUOYMY, AOY K TNG XATACHEUTG
TOUG oL ToL XoOTA PardnuoaTine Sloryelplotua oL ETTEENEL T YPHON ATOTEAECUATIXGDY UTONOYIC TIXWY
e VixoV. ‘Eyouv avantuydel pédodol yia tny extiunon Ty TopopéTemy ToU HOVIEAOU, OTWS 0 ahYopLIUog
EM, oA xon yior Ty €0pECT) TWVY XQUUUEVKY XaTaoTdoewy Tne Mapxoflaviic aducidag, 0mws o ahyoprduog
Viterbi.

Y& egapuoYéc oTIC OTOlES 1) BLAG TooT TV BedoUEveY elval cuyxplown ue To uéyedog Tou BéryuaTog,
elvor YVwo 16 Twg 0 SelyaTindg mivaxag cuvdloxOuaveng etvon apriuntixd aotodig, yeyovog mou ennpedlel
dueoa To Briua yeytotomoinong (M-step) tou aiyopliduou EM, 610 onolo eumiéxeton 0 UTONOYIOUOS TOU
avTioTedpou tou. To medfBinue autd unopel va evioel AOYw eVOEYOUEVNC UTAPENE XATACTACEWY OL OTO(ES
epQavIlovToL OTAVLY, PE AMOTEAEGUO TO UEYEVOC BElYHATOC Yiot TNV EXTIUNGCT] TWY AvTIo TOLY WY TORUUETEWY
vaetvor uxpd. Emouéveg, n dueon yerion autoy Twv Yedodwy etvar miovo vo odnynoet ot apriuntind teoB-
Mo, 660V apopd GTNY EXTIUNOT TOU TVoXA CUVBLAXVUAVONEC XAl TOU OVTLOTEO(POU TOU, EMNEEGLOVTOG
emmAéov TNV exTUNoT Tou Tivoxa THAVOTATWY UETABACTC XA TNV OVOXATACKELT| TN xpuUuévng Mapxo-
Blovic ahuoldag.

Y1 ouyxexpulévn epyaoto yeAetdton Yewpntixd xou ahyoptduixd uia tpononoinon tou akyopituouv EM,
€T0L (OOTE 0 EXTIUNTNG TOU TEOXUTTEL YId TOV TUVOXO CUVBLAXVUAVOTS, XaTd To AU YeyloTonolnong, va
elvan autde Tou amoppéel and T yeron Tne uevédou cuppixvworg (shrinkage). I'io tov oxond autd, ot
oLVdETNON NG Aoy optduxc THAVOPAVELIS EVOWUATWVOVTOL XATOLES TOLVES, (OOTE VAL XOUVOVIXOTIOLNVEL TO
avtioTtolyo tpdPinua yeytotonoinone. H cuvdptnon auty, yenotuoroteiton xou oto Briua extiunong (E-step).
Enlong, peietdron adyoprduxd xou plor mapohhary ) autic Tng pedddou, TNy onola 1 GUVAETNOT UE TLC TOLVES

yenowonoleltat uovo xatd to Brjuc yeytotonoinong (M-step).
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Introduction

A hidden Markov model (abbreviated HMM) is a statistical model in which it is assumed that an
observed stochastic process is linked to another stochastic process, a (discrete-time) Markov chain,
which is not observable. Simply put, if we have a sequence of observations at different points in
time (i.e. a time series), we assume that the distribution of an observation at a specific time point is
governed by the corresponding "hidden" state (regime) of the unobserved Markov chain.

HMMs were generally introduced in Baum and Petrie (1966). The authors defined a finite state
Markov process {X;} and a stochastic finite state process {Y;} as a probabilistic function of {X;},
where the value of Y; depends (probabilistically) on the value of X;. It was assumed that both the
transition probability matrix of the Markov process {X;} and the emission matrix are unknown and
it was proved that these quantities can be recovered from a sample of observations {Y3,...,Yr}.
Consistency and asymptotic normality of the maximum likelihood estimators was also proved un-
der suitable conditions. Petrie (1969) weakened the conditions for consistency and provided suf-
ficient conditions for identifiability of the model. Baum et al. (1970) and Baum (1972) developed
forward-backward recursions for calculating the conditional probability of a state given an obser-
vation sequence from a general HMM. A computationally efficient iterative procedure for maximum
likelihood estimation of the parameters of the model was also developed, using the above-mentioned
recursions. This algorithm is often referred to as the Baum-Welch algorithm. The authors also estab-
lished local convergence of the algorithm in the same papers, using results from Baum and Eagon
(1967) and Baum and Sell (1968).

The notion of an underlying hidden mechanism (the hidden Markov chain) which controls the
data generating process, makes HMMs versatile enough to be implemented in a plethora of complex
real-world problems. The Markov property of the hidden process makes these models mathemat-
ically tractable and allows for the use of efficient computational techniques (see, e.g. Cappé et al.
2005, or Zucchini et al. 2016). Since their first introduction, HMMs have been studied broadly (see,
e.g., Ephraim and Merhav 2002). Many extensions and generalisations have been developed, such as
higher-order HMMs, hierarchical HMMs, continuous-time HMMSs, non-homogeneous HMMs and
layered HMMs to name a few (see, e.g., Cappé et al. 2005; Mor et al. 2021).



HMMs were initially used in signal-processing applications, especially in the context of auto-
matic speech recognition (Levinson et al., 1983; Rabiner, 1989; Juang and Rabiner, 1991; Jelinek, 1998).

Apart from their use in signal-processing, HMMs and their variations have been applied in a wide

range of fields, some of which are:

® pattern recognition

— face (Samaria, 1995; Nefian and Hayes, 1998; Alhadi et al., 2005)
— gesture (Rigoll et al., 1997; Chen et al., 2003)
- handwriting (Gilloux, 1994; Bunke et al., 1995; Hu et al., 1996)

- signature (Yang et al., 1995; Dolfing et al., 2002; Daramola and Ibiyemi, 2010)

® bioinformatics

- sequence analysis (Eddy et al., 1995; Eddy, 1998; Lunter, 2007)
- modeling of proteins (Karplus et al., 1999; Krogh et al., 1994, 2001)
— identification of coding regions in genomes (Lukashin and Borodovsky, 1998; Antonov

and Borodovsky, 2010)

® environment

- earthquakes (Wang and Bebbington, 2011; Avesani et al., 2012; Chambers et al., 2014)
— rainfall (Sansom, 1998; Betro et al., 2008; Stoner and Economou, 2020)
- modeling wind times series and short-horizon wind forecasting (Hocaoglu et al., 2010;

Jafarzadeh et al., 2010; Barber et al., 2010; Ailliot et al., 2015)

e finance

- portfolio analysis and management (e.g. asset allocation) (Elliott and Van der Hoek, 1997;

Erlwein et al., 2011)
- modelling financial time series such as:
+ financial returns (Rydén et al.,, 1998; Mary R. Hardy A.S.A., 2001)
* interest rates (Smith, 2002; Wilson and Elliott, 2014)
+ exchange rates (Engel, 1994; Caporale and Spagnolo, 2004; Chen, 2006; Ali et al., 2014)
Recently HMMs have also been used in astronomy;, in the search for gravitational waves (Suvorova

et al., 2016, 2017; Sun and Melatos, 2019; Middleton et al., 2020) and for pulsar glitch detection
(Melatos et al., 2020).
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A very popular and extensively studied method to estimate the parameters of HMMs, is the
expectation-maximisation (EM) algorithm (Dempster et al., 1977) which is presented in Section 2.2.
Besides parameter estimation, it is also possible to estimate the most probable sequence of the hid-
den states, given the observed data, using the Viterbi algorithm (Viterbi, 1967), which is a dynamic
programming algorithm, specially designed for this purpose (see Appendix D).

In this paper the modified EM algorithm proposed by Fiecas et al. (2017) is presented. These
authors implement an HMM to analyse high-dimensional time-series data from finance and specifi-
cally for portfolio analysis. A usual assumption when modeling such data (e.g. the vector of returns
of all assets in a stock portfolio) is that they are independent random vectors from the multivariate
Normal distribution with covariance matrix ¥ and volatility matrix £!/2. Such models fail to de-
scribe potential changes in the market environment, such as a move to a more volatile state, which
leads to a change of the covariance matrix. HMMs are able to model these changes, as the hidden
states can represent the states of the market (see the introductions in Tadjuidje Kamgaing 2013 and
Fiecas et al. 2017). They are also able to describe some particular features of this kind of data (also
called stylised facts, see Rydén et al. 1998), such as departures from the normality assumption and
dependence between the observations, due to the dependence structure of the underlying Markov
chain.

A crucial part of many multivariate statistical analysis applications is the estimation of the co-
variance matrix and/or its inverse (see, e.g., Johnstone 2001, Ledoit and Wolf 2004, Bickel and Levina
2008 and Cai et al. 2011). However, when the data are of high dimension, as it is usually the case
in many real-world problems, such as the ones mentioned above, this task can be challenging. The
natural estimator, the sample covariance matrix, is known to perform poorly in high-dimensional
situations (see, e.g., Ledoit and Wolf 2004, Bickel and Levina 2008, or Fan et al. 2008). Especially
when the dimension of the data is comparable to the sample size, the sample covariance matrix may
be numerically ill-conditioned or even not invertible at all. When regime switching models, such as
HMMs, are implemented, this problem can be amplified by the fact that there might be some rarely
visited states, which results in a very small corresponding sample size to estimate the covariance
matrices. Any estimation technique involving the inverse of the covariance matrix can also be af-
fected by the instability of the estimator. For instance, when the EM algorithm is utilised to estimate
the model parameters of an HMM,, if it is assumed that the data come from the multivariate Normal
distribution, the inverses of the covariance matrices are involved in the calculations. This can have
an adverse effect not only on the estimates of the parameters of the state-dependent distributions,
but also on the estimation of the transition probability matrix and the reconstruction of the hidden

Markov chain (see the Introduction in Fiecas et al. 2017).
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To combat this problem Fiecas et al. (2017) incorporate the method of shrinkage into the EM
algorithm, in order to obtain stable estimates of the covariance matrix during the M-step. This in an
extension of the method of Sancetta (2008), who proposed a shrinkage estimator of the covariance
matrix of data that exhibit time-series dependence. Sancetta (2008) also extended the work of Ledoit
and Wolf (2004), who introduced a shrinkage estimator of the covariance matrix of independent and
identically distributed random vectors.

This paper is organised as follows. In Chapter 1 a brief overview of the Markov chain theory is
presented. It mostly serves as an introduction to some basic notions, that play an important role in
the following chapters. Chapter 2 is dedicated to HMMs and the EM algorithm. In Section 2.1 hidden
Markov models are defined and discussed quite extensively. In Section 2.2, the EM algorithm and its
general application to HMMs is presented in detail. In Section 2.3 the model of Fiecas et al. (2017) is
introduced and the EM algorithm is applied to this specific model. Chapter 3 contains the necessary
ingredients to derive the modified EM algorithm of Fiecas et al. (2017). In Section 3.1 the work of
Ledoit and Wolf (2004) is presented. It is also shown how their estimator can be obtained using the
regularisation method of Yuan and Huang (2009) for the likelihood of independent and identically
distributed random variables. In Section 3.2 the framework of Section 3.1 is extended to models with
regime switching, where it is assumed that the states are known. In Section 3.3 the modified version
of the EM algorithm is presented. Finally, in Chapter 4 we report the results of the application of
the method of Fiecas et al. (2017) to simulated and real data. A variant of this method, where the
penalised likelihood is only used during the M-step of the algorithm, is also applied to the same data
sets. The results are also reported in Chapter 4. This method has also been used by Chen et al. (2014),
to estimate multivariate Gaussian parameters in models with missing data. Some additional content

that complements the main body of this work can be found in the Appendices.
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Chapter 1

Finite-State Markov Chains

In this chapter we briefly describe dynamical systems and stochastic processes. The main body of
this chapter consists of a presentation of the basic theory of finite-state discrete-time Markov chains,
which will be a vital part of the content of the following chapters. We mainly follow the presentation

of Kulkarni (2011, 2017) and Fakinos (2012).

1.1 Dynamical Systems and Stochastic Processes

A dynamical system is a system that evolves over time. At any given pointin time, the system is in
a state, which is represented by an element of an appropriately chosen set, called the state space. When
the function that describes the evolution of the system is deterministic, the system is characterised as
a deterministic dynamical system, or, simply, a deterministic system. On the other hand, when the
evolution of the system is affected by random factors, the system is characterised as a stochastic (or
random) dynamical system or, simply, a stochastic (or random) system.

Stochastic processes are mathematical models used to analyse the evolution of stochastic systems.
If the system is observed at a set of discrete times, for instance at the beginning of every hour or every
day, we have a discrete-time stochastic process. Otherwise, if the system is observed continuously,
then we have a continuous-time stochastic process. (see Section 1.1 in Kulkarni 2017).

We now give a formal definition of a stochastic process, which can be found in Section 4.1 in

Fakinos (2012).

Definition 1.1 (Stochastic Process). A family of random variables {X(t) : t € T}, defined on the same
probability space (Q), A, P)!, is called a stochastic process. The parameter t takes its values in the parameter
space T and is often referred to as the time parameter. If the parameter space T is a countable set (usually the set
IN), the process is referred to as a discrete-time stochastic process and is usually denoted by {X,, : n € IN}. On

the other hand, if the parameter space T is an uncountable set, the process is referred to as a continuous-time

Isee Definition A.9 in Appendix A
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stochastic process and is denoted by {X(t) : t € T}. Each possible value of the random variables X (t) is called
a state of the process. The state space S is referred to as discrete if it is a countable set (finite or countably
infinite) and as continuous if it is an uncountable set. Hence, there are four categories of stochastic processes,

discrete/continuous-time stochastic processes with a discrete/continuous state space.

Every stochastic process {X(t) : t € T}, defined on a probability space ((), A, P), is a function

X:TxQ>3(tw)— X(tw)€S.

For fixed values t = ty, w = wy, X(tp, wp) corresponds to the state of the stochastic process at

time tg for a particular outcome wy. For a fixed value ¢t = £, the function

X(to,-) 053w — X(t(),a)> €S,

is the random variable X(t(). For a fixed value w = wy, the function

X(-,wo) TS5t — X(t,wo) €S,

represents a specific evolution (or trajectory) of the stochastic process and it is called a realisation or a
sample path (see e.g. Section 1.1 in Kulkarni 2017 or Section 4.1 in Fakinos 2012).
We now define a specific class of stochastic processes, which possess an important property, called

stationarity, that will be needed in the following.
Definition 1.2 (Stationary Stochastic Process). A stochastic process {X(t) : t € T}, is characterised as
strongly or strictly stationary if, foralln € N, ty,t5,...,t, € T, s > 0, the n-dimensional random variables

(X(t1), X(£2),..., X(tn)], [X(t1 +5), X(t2+5),..., X(tn +5)],

have the same joint distribution.

Alternatively, the stochastic processes {X(t) : t € T} and {X(t +s) : t € T} are stochastically equiv-
alent, which means that any moment can be deemed as the beginning of time. A process with this

property is said to be in a state of statistical equilibrium or stationarity (see Section 4.2 in Fakinos 2012).

Remark. The term “stationarity” refers to the statistical properties of the stochastic process and not the process
itself. The process evolves over time in a manner that its statistical properties remain constant (e.g., parameters

such as its mean are independent of time).
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1.2 Discrete-time Markov Chains

In this section we introduce the basic concepts of the theory of Markov chains. Our focus is
restricted to first-order finite-state discrete-time Markov chains which are necessary for a better un-
derstanding of the mathematical properties that are presented in the following chapters. There are
many textbooks on the topic of Markov chains. Some recommendations for the interested reader are

Ross (1995), Norris (1997), Grimmett and Stirzaker (2001), Kulkarni (2011, 2017), and Fakinos (2012).

1.2.1 Definition and Characterisation

Consider a discrete-time stochastic process { X, : n € IN}, used to model a stochastic system, with
a countable state space S, for simplicity S = IN, and let us pick a fixed value n € IN, which shall be
called the present. The random variable X, is called the present state of the system, (Xo, X1, ..., Xy—1)
is said to be the past of the system and (Xj,+1, Xy42, - . .) is said to be the future of the system. If X,, = i
and X, ;1 = j, where i,j € S, then it is said that the system has jumped, or made a transition from
state i to state j from time # to time (1 + 1), or at the (1 4 1)-th step (see Section 2.1 in Kulkarni 2017).

A stochastic system is said to possess the Markov (or Markovian) property if, given its present
state, the future of the system is independent of its past. This property was named after the Russian
mathematician Andrey Andreyevich Markov (1856-1922), who was the first to introduce this notion,
generalising the concept of independence for a collection of random variables (see, e.g., Section 2.1
in Kulkarni 2011, or the introduction of Chapter 6 in Fakinos 2012). A stochastic process that models
such a system is called a Markov process. Markov processes with a discrete state space (finite or
countably infinite), are also referred to as Markov chains (see Fakinos 2012).

The dependence structure of a Markov chain is depicted in Figure 1.1 below, using a directed
graphical model. Directed acyclic graphs, like this one, represent the joint probability of a set of ran-
dom variables. The nodes (circles) in the graph correspond to the random variables, whereas the
directed edges (arrows) represent the dependency relation between them. Any random variable is
conditionally independent of all the other random variables with which it is not directly connected,
given the values of its parent nodes?. Hence, the joint probability distribution can be expressed as
a product of the conditional distribution of each node given its parents. Some recommendations for
further reading on graphical models are Lauritzen (1996), Jordan (2004), Cowell et al. (2007), Koller
and Friedman (2009) and Sucar (2015).

2In a directed acyclic graph, if two nodes, say X; and X; are connected by a directed edge (arrow) starting from X; and
leading to X; (X; — Xj), then X; is said to be a parent of X; and X; is called a child of X; (see, e.g. Subsection 2.1.1 in
Lauritzen 1996).
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FIGURE 1.1: Probabilistic graphical model for the dependence structure of a Markov
chain.

We now give a formal definition of discrete-time Markov chains.

Definition 1.3 (Discrete-Time Markov Chain). A stochastic process { X, : n € IN} with discrete state space

S, is called a discrete-time Markov chain if
P(Xpt1=7|Xn=10Xu-1,...,X0) =P( X1 =j | Xn =1), (1.1)

foralln € Nandi,j € S.

Equivalently, the process { X, : n € IN} is a Markov chain if and only if, for any fixed value n € IN,
the random variable X,,1; is conditionally independent of the random variables (Xo, Xj, ..., Xu—1),
given the value of the random variable X, (see Definition 1 of Section 6.1 in Fakinos 2012). Hence,
given the present state of the system, X, the future (X,41, Xy42,...) is independent of its past

(X0, X1, ..., Xu—1), as has already been stated.

Remark. For all n € IN, the random variable X1 depends on all its previous states (Xo, X1, ..., Xn).
However, the value of the random variable X,,, provides all the information needed to determine the probability
of Xn41 taking a specific value. In other words, given the value of X, the values of the random variables
(Xo, X1, ..., Xn—1) are no longer informative for the distribution of X, 1 1.

In cases where there is an integer d, such that for any n > d
P(Xn - in ‘ Xn—l — iVl—l/- . -/XO - Z'O) - P(Xn - in ‘ Xn—l - Z.n—lz- . -/Xn—d = in—d)/

then the stochastic process is said to be a Markov chain of order d.
For d = 0, the sequence of random variables {X,, : n € IN}, is simply a case of a family of mutually
independent random variables. Ford =1, {X,, : n € IN} is a "classic” Markov chain.
Consider a Markov chain {X,, : n € IN}, of order d > 1. It is easy to check that by defining a process
{Y, : n € N}, such that
Yo = (X, Xog1, -+ Xogda—1)

then {Y, : n € N} is a Markov chain of order 1 (see Section 6 in Billingsley 1961).

For any fixed value n € IN and any i,j € S, the conditional probability P(X,+1 = | X, = i)

is called the one-step transition probability, or simply the transition probability, from state i to state j,
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from time 7 to time (n + 1), or at the (1 + 1)-th step (jump) of the chain and is usually denoted by
pij (n,n +1). Generally, the transition probabilities are functions of both the pair of states i, j and the
time at which the transition happens. In case the transition probabilities are independent of time, the
Markov chain is characterised as time homogeneous (see, e.g., the discussion following Definition 2.1

in Kulkarni 2011, or Definition 1 of Section 6.1 in Fakinos 2012). We give the following definition.

Definition 1.4 (Time-Homogeneous Discrete-Time Markov Chain). A discrete-time Markov chain {X,, : n € IN}

with discrete state space S is said to be time homogeneous if
pij =P(Xup1 = | Xy =1) =P(X1 = |Xo=1), (1.2)

foralln € Nandi,j € S.

In the following we focus on time-homogeneous discrete-time Markov chains, as it is the only
class needed for our purpose. We will refer to them, simply, as Markov chains.

Let P = (pi]')i,], ¢ denote the matrix whose (i, j)-th entry contains the transition probability p;;,
for all i,j € S. Such a matrix is called the one-step transition probability matrix or simply transition
probability matrix. When the state space is finite, say S = {1,2,...,N}, the transition probability

matrix can be displayed as

P11 P12 .-- PIN

p21 P2 ... P2N
pP= (pif)i,jes = :

PN1 PN2 ... PNN

(see the discussion following Definition 2.2 in Kulkarni 2017). The transition probability matrix of a
discrete-time Markov chain is always a square matrix. An important property of square matrices is

given below.

Definition 1.5 (Stochastic Matrix). A square matrix P = (p,-j)l.j g 1s called stochastic if it satisfies the

following conditions:
(i) pij =0, foralli,j €S,
(i) Y pij =1 foralli,j€S.
j€s

The next theorem shows the relevance of this definition (see, e.g. Theorem 2.1 in Kulkarni 2017).

Theorem 1.1. The one-step transition probability matrix of a Markov chain is stochastic.
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Proof. Statement (i) is obvious, since every element of the transition probability matrix, p;; is a (con-

ditional) probability, thus it is non-negative. Statement (ii) is proved as follows:

Y opi=) P(Xyp1=j|Xp=10)=P(Xy1 €S| Xp=10)=1,
j€es j€es

since by definition X, 11 must take some value in S, for all n € IN, regardless of the value of X,,. [

We can completely describe a Markov chain when we are able to specify the probability of any
finite sample path (i, 71, .. ., 1, ). For this to be possible, the distribution of the initial random variable
Xy is needed (see Section 6.1 in Fakinos 2012). The distribution of X, cannot be determined by the
transition probability matrix, as its elements are conditional probabilities (see the discussion follow-
ing the proof of Theorem 2.1 in Kulkarni 2017). Let us denote the probability of the event { Xy = i}
by pfo), that is

P =P(Xo=i) (i€S).

1

The vector p(0) = <p(0)

; ) S containing all these probabilities is called the initial distribution of the
[AS

Markov chain.
We now give the following theorem for the characterisation of a Markov chain (see Theorem 2.2

in Kulkarni 2017).

Theorem 1.2. A Markov chain {X, : n € N} is completely described by its initial distribution p(o) =
(pfo)) s and the transition probability matrix P.
1€

Proof. For alln € IN and ip,11,...,i,—1,ix € S, by the general multiplication rule for the joint proba-

bility of the sample path (ig, i1, ..., i,—1,1n), We get

P(Xo=io, X1 = i1, Xpn-1=in1,Xn =in) =
P(Xo = ip) -IﬁP(Xk =i | Xo =ig, ..., Xy—1 = if—1) =
(Markov property)

P(Xo = ip) -IﬁP(Xk =i | Xk = ifq) =
(Time homogeneity)

O
pio Pigiy * Piyip "+ -+ * Piy_qin-
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1.2.2 Transient Distributions

Consider a Markov chain {X,, : n € N} with state space S, transition probability matrix P and
(0)

initial distribution p(®) = < ; ) s The probability of a transition from a state i to a state j (i,j € S)
1€
in m steps is called the m-step transition probability of the Markov chain from state i to state j. For all

n,m € N and i,j € S we use the notation:
Py =P(Xuim = | Xu=1) =P(Xp =j| Xo = 1),

where in the last equality we have used the property of time homogeneity (see Section 2.3 in Kulkarni
2011).

We have the following two special cases:

(i) m=0:
0, ifi#j .
Py = (i,j€s), (1.3)
1, ifi=j
(i) m=1:
pfjﬂ = pij (i,j €8S). (1.4)

Analogous to the one-step transition probability matrix, we define the m-step transition probability

matrix as P") = ( l(}@) . which is also stochastic. As in the case of the one-step transition prob-
ije

ability matrix, when the state space is finite, say S = {1,2,..., N}, the m-step transition probability

matrix can be displayed as

(m) _(m) (m)
1 5! een

P1 P1 Pin
(m) (m) (m)
(m)y _ (. (m) | P P .-+ Pon
P = (pif )i,jes - : : ) :
U G

By Equations (1.3) and (1.4), it follows that
PO =1y,

where Iy is the N x N identity matrix, and
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respectively.

E].m) as
functions of the one-step transition probabilities. This is possible thanks to the Markov property and
()
1]
of the probabilities of all the possible finite paths, that start from state i and lead to state j in m steps.

We now turn our attention towards a way of expressing the m-step transition probabilities p

the time homogeneity. Notice that the m-step transition probability p.."’ is equal to the summation

More formally, by the law of total probability we get

Py =P(X = | Xo =1)

=Y P(Xm=j,Xu1=k|Xo=1)
kes

=Y P(Xp1=k|Xo=1)P(Xp =] | Xm—1 =k Xo=1) (Markov property)
kes

=Y P(Xp1=k|Xo=1)P( X =] | X1 =k) (time homogeneity)
kes

=Y Vg (meN,ijes).
keS

The expression above can also be written in matrix form as
P =pn=lp  (meN),
hence we have
pm) =pm-1).p—pmn-2.p.p=  =pl.prl=p" (meN). (1.5)

Equation (1.5) shows that the m-step transition probabilities are the elements of the m-th power
of the one-step transition probability matrix P. We can also deduce that for fixed values m,n € IN it

holds that
plmtn) — pm) | p(n)

7

or in scalar form

i = Vel (j€s). (16)
kes

The Equations (1.6) are called the Chapman-Kolmogorov equations and express the intuitive idea
that for a transition from state i to state j to take place in (m + n) steps, the chain needs to jump from
state i to an intermediate state k in m steps and then from state k to state j in the remaining n steps

(see Section 6.2 in Fakinos 2012).
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We are now able to define the transient distribution, that is the distribution of the random variable

X, for some fixed value n € IN (see Section 2.3 in Kulkarni 2011). Let us use the notation

where

PV =P(X,=j) (MEN,jeS).

(0)

For n = 0, we have the initial distribution, p(®) = ( j > -, By the law of total probability we get
j€

P =Py =) = Y P(Xo=)P(Xy=j | Xo=1) =Y p\"pl)  (neN,jes).

ieS ieS

Working in a similar fashion, we get the general case,

o= e jes),

ieS

and a special case

p](,n+1) = Zpl(n)pl] (Tl S N, ] S S) .

ies

The equations above can also be expressed as

p =pOpn (e N), (1.7)

1.2.3 Classification of States

In this subsection the notions of communicating class, irreducibility, transience, recurrence, null recur-
rence, positive recurrence and periodicity are introduced. These concepts are of paramount importance

for the analysis of Markov chains.

1.2.3.1 Irreducibility

We begin with a series of definitions which will enable the classification of states, sets of states, or

whole chains, according to their properties.

Definition 1.6 (Accessibility). A state j is said to be accessible from a state i if and only if there isan n € IN

(n)

such that pij- > 0.
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()
1
that p;;,,, > 0fork =0,1,...,n — 1. Thus, an intuitive interpretation of this definition is that a state

The inequality p;;’ > 0 implies that there is a sequence of states (i = ig,i1,...,i,—1,in = j) such
j is accessible from i, if there is a directed pathi =ip — iy — ... = i,_1 = i, = j, foravaluen € N

(see the discussion following Definition 4.1 in Kulkarni 2017).
(0)

We write i — j if state j is accessible from i. Since p;;” = 1, it follows that every state is accessible

from itself, thatis i — i.

Definition 1.7 (Communication). States i and j are said to communicate if and only if j is accessible from i

and i is accessible from j (i — jand j — 1 ).

If i and j communicate, we write i <+ j. The relation of communication possesses the following

properties:
(i) i< i (reflexivity),
(i) i>jej<i (symmetry),
(ii) i<>j, j <+ k=1 k (transitivity).

Proof. Properties (i) and (ii) derive directly from the definition of communication. To prove the prop-

erty of transitivity (iii), note that:

ij=>i—j j<k=>j—k (1.8)

and
jei=j—i, k&j=k—. (1.9)
By (1.8) and (1.9) we get that i — k and k — i, respectively. Hence it is clear that i <> k. O

Consequently, communication defines an equivalence relation in the state space S, which implies
that S can be partitioned in equivalence classes. These classes consist of the states that communicate

with each other, hence they are called communicating classes.

Definition 1.8 (Communicating Class). A set C C S is called a communicating class if and only if
(ieC jeC=ie],
)ieCi<j=jeC.

Property (i) assures what was mentioned above, that all the states of a communicating class com-

municate with one another. By property (ii) it follows that C is a maximal set, which means that
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there is no strict superset of C that can be a communicating class. It is possible for a state j, that does
not belong to C, to be accessible from a state i inside C, but in this case, i cannot be accessible from
j (otherwise j would belong to C). Accordingly, it is possible for a state i, that belongs to C, to be
accessible from a state j outside C, but in this case, j cannot be accessible from i (see the discussion

following Definition 4.3 in Kulkarni 2017).

Definition 1.9 (Closed Communicating Class). A communicating class C is called closed if and only if

pij =0, foralli € Cand j & C. Otherwise, the class C is called non-closed.

If a closed class C is a singleton, say C = {i}, then the state i is referred to as an absorbing state (see

Definition 2 of Section 6.4 Fakinos 2012). We are now able to define irreducibility.

Definition 1.10 (Irreducibility). A Markov chain with state space S is called irreducible if and only if all
its states communicate with each other, equivalently if and only if the whole state space S is a communicating
class. A Markov chain that is not irreducible is called reducible.

1.2.3.2 Recurrence, Transience and Periodicity

Consider a Markov chain {X, : n € N} with state space S and transition probability matrix P.
Assume that Xy = i, for some i € S. Let us denote by T;; the number of transitions that are needed

for the Markov chain to visit for the first time the state j € S, given that Xy = i, that is
Ti]‘ :min{n eN: X, :]‘XO :i}.

If such a transition is impossible, we set Tj; = oo. The random variable Tj; is called the first passage
time into state j starting from state i (see Section 6.3 in Fakinos 2012). The probability of the first

passage time to state j starting from i being equal to 7, is given by

f=P(Ty=n) =P(Xy=j,Xc #j, k=12,...,n—1|Xo=i) (n€N).

The probability of eventually visiting state j, starting from state i is
3
fiy =P(Ty < o) = ) fi" <1
n=

In the special case where j = i, the random variable Tj; is called the first return time to state i. The

probability of eventually returning to state i is

—+00
fo= P < o) = YA <1
n=1
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The mean return time to state i is E(Tj;). For a state i we have the following two cases.

(i) Itis certain that a return to state i will occur (f; = 1):

)
E(Ti) = ) nfy" < +oo.
n=1

(ii) Itisnotcertain thata return to statei will occur (f;; < 1 equivalently P(T;; = +c0) =1 — f;; > 0):

E(Tii) = +o0.

We are now able to give the following definitions.
Definition 1.11 (Recurrence and Transience). A state i is called:
(i) recurrent if f;; =1,
(ii) transient if f; < 1.
Definition 1.12 (Positive and Null Recurrence). A recurrent state i is called:
(i) positive recurrent if E(Tj;) < oo,
(ii) null recurrent if E(T;;) = +o0.
We now proceed to define the notion of periodicity.

Definition 1.13 (Period). The period of a positive recurrent state i is the number d; such that

di:gcd{nelN:fi(in)>O}:gcd{nelN:p@)>O}.

ii
Definition 1.14 (Periodicity). A positive recurrent state i is called:
(i) aperiodic, ifd; =1,
(ii) periodic with period d;, if d; > 1.
A return to a periodic state i with period d; is possible only at times that are integer multiples of d;
(see the discussion following Definition 4.10 in Kulkarni 2017, or the discussion following Definition
2 of Section 6.3 in Fakinos 2012). Consequently, for allk =1,2,...,d; — 1 we have

p(.ndﬁk) =0 (ne IN) .

11
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If the one-step transition probability from a state i to itself is positive (p;; > 0), then state i is aperi-
odic.
We now give a series of theorems and corollaries that are useful for classifying communicating

classes and Markov chains. The proofs are classical and a reference is given for the interested reader.

Theorem 1.3. Every pair of states that communicate with each other are of the same type, that is, they are both
positive recurrent or null recurrent or transient. Additionally, if they are positive recurrent, then they are both

aperiodic or periodic with the same period.
Proof. See the proofs of Theorems 4.5, 4.6 and 4.8 in Kulkarni (2017). O

Corollary 1.3.1. All states inside a communicating class are of the same type. Especially, all the states of an

irreducible Markov chain are of the same type (see Corollary 1 of Section 6.4 in Fakinos 2012).
Theorem 1.4. All states in a finite closed communicating class are positive recurrent.
Proof. See the proof of Theorem 4.9 in Kulkarni (2017). O

Corollary 1.4.1. Every finite Markov chain possesses at least one positive recurrent state. Additionally, if the

chain is irreducible, then all its states are positive recurrent (see Corollary 2 of Section 6.4 in Fakinos 2012).
Theorem 1.5. All states in a non-closed communicating class are transient.

Proof. See the proof of Theorem 4.10 in Kulkarni (2017). O

Remark. A communicating class is called positive recurrent or null recurrent or transient (aperiodic or pe-
riodic with period d) if all the states in it are positive recurrent or null recurrent or transient (aperiodic or
periodic with period d), respectively (see Definition 4.8 and Theorem 4.8 in Kulkarni 2017).

An irreducible Markov chain is called positive recurrent or null recurrent or transient (aperiodic or periodic
with period d) if all its states are positive recurrent or null recurrent or transient (aperiodic or periodic with
period d), respectively (see Definition 4.9 in Kulkarni 2017).

An irreducible positive recurrent aperiodic Markov chain is also called ergodic (see Subsection 4.5.5 in

Kulkarni 2017).

These statements show that in order to completely classify a communicating class or an irre-
ducible Markov chain, it suffices to classify only one of its states.
1.2.4 Stationary Distribution

Consider a Markov chain {X,, : n € N} with state space S, transition probability matrix P and

initial distribution p(o). We wish to examine the limiting behaviour of the chain, in other words, we
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want to examine the properties of the distribution p("), after a long period of time (as 7 tends to
infinity).
Definition 1.15 (Limiting Distribution). Consider a Markov chain {X,, : n € IN} with state space S, tran-

sition probability matrix P and initial distribution p(0). If for all i € S there exists the limit

lim (p!) = lim [P(X,=1i)]=p;

n—-+0o n——+00

then the vector p = (p;);cg is called the limiting or steady-state distribution of the Markov chain {X,, : n € IN'}
(see Section 2.5 in Kulkarni 2011).

We have the following theorem for the limiting distribution of a Markov chain.

Theorem 1.6. If a Markov chain {X, : n € N} has a limiting distribution p, then it satisfies the following

equations:
pi=Y . mpi (i€S), (1.10)
keS
Y. pi=1  (i€$). (1.11)
icS
Proof. See the proof of Theorem 2.5 in Kulkarni (2011). O

For a specific state i, Equation (1.10) is referred to as the balance equation, because it balances the
probability of entering state i with the probability of transitioning from state 7 to any state of the state
space (including 7). Equation (1.11) is known as the normalising equation (see the discussion following
the proof of Theorem 4.19 in Kulkarni 2017).

The equations given by (1.10) can also be expressed in matrix form as

p = pP. (1.12)

In case the limiting distribution of the Markov chain (if it exists) is chosen as its initial distribution,
then the limiting distribution is called stationary and is usually denoted by 7t = (71;);.¢. By Equation
(1.12) we have

T = ntP. (1.13)

It follows that

and by induction we get

P =1 (neN). (1.14)
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As was shown in Subsection 1.2.2, by Equation (1.7), the transient distribution {p(”) in € ]N} ofa
Markov chain {X, : n € N} is a function of both the initial distribution p(?) and the n-step transition
probability matrix P"), therefore for all n € N, p("™) depends on the specific value of #. Choosing the
stationary distribution as the initial, that is 7 = p(?), by (1.7) and (1.14), we get

p" = (neN),
which is equivalent to
i =P(X, =1i) (nelN,ie€s).

As a result, the transient distribution { p" ne IN} becomes constant (independent of time 7) and
the same holds for the evolution of the Markov chain (not the process itself, but the manner in which
it evolves). This justifies the term stationary.

We now give a formal definition of the stationary distribution of a Markov chain.

Definition 1.16 (Stationary Distribution). Consider a Markov chain {X,, : n € IN} with state space S and

transition probability matrix P. The distribution 7w = (71;);.¢ is said to be the stationary distribution of the

chain {X,, : n € N} if, foralln € Nand i € S, it holds
P(XO = l) =TT = P(Xn = l) = TT;.

For the stationary distribution of a Markov chain we have the following theorem.

Theorem 1.7. The distribution 7t = (71;);.¢ is stationary if and only if it satisfies the balance and normalising

equations
T = Z Tk Pki (l € S), (1.15)
keS
Y omi=1 (i€s). (1.16)
ieS
Proof. See the proof of Theorem 2.6 in Kulkarni (2011). O

Remark. Any vector that is a non-negative solution of Equation (1.15) can be transformed into a stationary
distribution, as long as the sum of its elements is a finite number. This can be achieved by normalising the
vector, i.e. by dividing all its elements by their sum. For infinite-state Markov chains the existence of such
solutions is not certain, in which case there is no stationary distribution. There are also some cases where a

Markov chain has multiple stationary distributions. In such cases there is an infinite number of stationary



27

distributions, that correspond to the Markov chain, since every convex combination of them is also a stationary

distribution (see the discussion following Definition 1 of Section 6.5 in Fakinos 2012).
Corollary 1.7.1. A limiting distribution, when it exists, is also a stationary distribution.

Proof. See the proof of Corollary 2.3 in Kulkarni (2011). O

If a Markov chain {X,, : n € IN} has a stationary distribution, then forallk,n € N and iy, iy, ...,i, €
S it holds

P(Xy =i0, X1 =11, -, Xpyn = in) =

(General multiplication rule and Markov property)

k). o — S =
Piy Pigiv * -+ - " Piyain = TigPigiy -+ " Piy1in =

(Time homogeneity)

P(Xo =10, X1 =i1,..., Xu =1n),

which means that the processes {X,, : n € N} and {Xy,, : n € N} are stochastically equivalent. It
follows that the Markov chain {X,, : n € IN} becomes a stationary stochastic process (see Definition

1.2) when 7t = (71;);5 (see Section 6.5 in Fakinos 2012).

i€S
The following theorem is very useful as it provides a necessary and sufficient condition for the

positive recurrence of irreducible Markov chains (see Subsection 4.5.7 in Kulkarni 2017).

Theorem 1.8. An irreducible Markov chain is positive recurrent if and only if it has a unique stationary
distribution 7T = (7;);cg-

Proof. See the proof of Theorem 4.22 in Kulkarni (2017). O

It follows that to determine whether an irreducible Markov chain is positive recurrent, one can
directly try to solve Equations (1.15) and (1.16). If there is a unique solution, then the positive recur-
rence of the chain is assured (see the discussion following Theorem 4.22 in Kulkarni 2017).

We also have a very useful result for finite-state irreducible Markov chains (see Theorem 2.8 in

Kulkarni 2011).
Theorem 1.9. A finite-state irreducible Markov chain has a unique stationary distribution.

For finite-state irreducible Markov chains which are also aperiodic, we have the following theo-

rem (see Theorem 2.10 in Kulkarni 2011).

Theorem 1.10. A finite-state irreducible aperiodic Markov chain has a unique limiting distribution.
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The following result derives directly from Corollary 1.7.1 and Theorem 1.10.

Corollary 1.10.1. A finite-state irreducible aperiodic Markov chain has a unique limiting distribution, which

is also its stationary distribution.

1.2.4.1 Empirical Estimation of the Stationary Distribution

Consider an irreducible finite-state Markov chain {X, : n € N} with state space S, transition
probability matrix P, initial distribution p(o) and stationary distribution 7r, where P and 7t are un-
known parameters.

Suppose that we wish to estimate the stationary distribution 7t = (77);.¢ using a set of observa-

tions of the random variables (Xp, ..., Xn). We define the sample estimator of 7z; as

7t = N+1Z (x,=iy  (n€{0,... N}, i€s), (1.17)
where
1, ifX, =i
1ix,=iy = (ne{0,...,N},i€8).
0, if X, #i

N
As ) 1ix,— is the total number of visits in state 7 in the first (N + 1) steps of the chain, #; is the
n=0

ratio of visits in state i (in the first (N + 1) steps of the chain).
If a Markov chain {X,, : n € IN} is stationary, foralln € {0,...,N} and i € S, we have that

B(Lix,=) =P(Xu = i) =

and by the linearity of the expectation, it follows that

. 1 1 X 1 Y
E(Tfl) =E N+ 1 Z {Xn=i} N+ 1 Z (1{}(”:1'}) = m Z T = 71,

n=0

therefore 7; is an unbiased estimator of 7;, equivalently 7 is an unbiased® estimator of 7r. 7 is
also a consistent* estimator of 7t and under some appropriate conditions, it is y/n-consistent” and

asymptotically normal® (see Section 2 in Athreya and Majumdar 2003).

3See Definition A.31 in Appendix A
4See Definition A.33 in Appendix A
5See Definition A.34 in Appendix A
6See Definition A.35 in Appendix A
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Chapter 2

Hidden Markov Models and the EM
Algorithm

We start this chapter by introducing hidden Markov models in Section 2.1. We, then, proceed to
present in detail the EM algorithm and its application to HMMs in Section 2.2. In Section 2.3, the
model of Fiecas et al. (2017) is defined and the EM algorithm is applied to this model.

2.1 Hidden Markov Models

Hidden Markov models comprise a class of models which consist of two stochastic processes.
An observable stochastic process {Y; : t > 1} and a Markov chain {X; : t > 1} (to keep the notation
simple in the sequel, from now on we will assume that the initial moment is t = 1, instead of t = 0),
which is "hidden" (not observable). The former process depends on the Markov chain in that X;
governs the distribution of the corresponding Y;. For example, given X;, the random variable Y; may
have a Poisson distribution whose parameter differs for each possible value of X;. An important
assumption of the simplest class of HMMs is that each observation Y; depends on the Markov chain
only through the random variable X;.

Models, such as HMMs, where it is assumed that there are unobserved random variables, are
called latent variable models. Another way to interpret the unobserved random quantities is as missing
data, hence such models are also referred to as missing data models, or models with incomplete data (see
Section 1.1 in Cappé et al. 2005). Thus, HMMSs may also be useful in cases where there are indeed
some data that are missing.

The dependence structure of HMMs is depicted in Figure 2.1, using a directed graphical model,

similar, in spirit, to the one that was presented in Figure 1.1.



30

FIGURE 2.1: Probabilistic graphical model for the dependence structure of a hidden
Markov model.

In Figure 2.1, {Y;:t > 1} is the sequence of observations and {X;:t > 1} is the underlying
Markov chain. As it can be deduced by the graph, for any t > 1, given the current state X;, the
random variable Y; is conditionally independent of all the previous observations (Y3,...,Y;_1) and
the past of the chain (X, ..., X;_1). This is exactly the property that we mentioned above, that the
distribution of Y; can be determined by the corresponding state X; only.

We now give a formal definition of HMMs.

Definition 2.1 (Hidden Markov Model). A hidden Markov model is a bivariate process {(X;, Y;) : t > 1}
such that

(i) {X;:t> 1} is a Markov chain with initial distribution p(") and transition probability matrix P,

(ii) conditionally on the state process {X; : t > 1}, the observations {Y; : t > 1} are independent, and for

each t the conditional distribution of Y; depends on X; only.

A more general definition of a hidden Markov model can be found in Cappé et al. (2005) (see
Definition 2.2.1), but the one we gave above will suffice for our purposes.

From now on, for an HMM, we will denote by {Y; : t > 1} and {X; : t > 1} the observable stochas-
tic process and the hidden Markov chain, respectively. We will also denote by y = (y1,...,y1),
x = (x1,...,xr) a realisation of the stochastic processes {Y; : t > 1} and {X; : t > 1}, until time T,
respectively. The probability mass or density function of a random variable (depending on whether
it is discrete or continuous) will be denoted by f(-).

Consider an HMM with state space Sx = {1, ...,K}, initial distribution p(l) and transition prob-
ability matrix P for the hidden Markov chain. We consider two cases of interest for the observable

stochastic process {Y; : t > 1}.

e The random variable (Y;|X; = k) follows a distribution with parameter ¢y (¢ can either be

unidimensional or multidimensional, depending on the distribution), for all t > 1 and k €



31

Sx = {1,...,K}. We denote by ¢ the vector containing all ¢;’s, that is, ¢ = (¢1,...,¢x).
Then, the parameter of the HMM is 8 = ( p(l), P, 4)) ,or 0 = (P,¢), in cases where the initial

distribution p(1) is assumed to be known.

* The state space of the stochastic process {Y; : t > 1} is a finite set, say Sy = {1,..., M}. Then

we define the probabilities
tem = P(Yr =m | Xy = k) (k € Sx, m € Sy), (2.1)

also known as the emission probabilities. These probabilities can also be arranged in a matrix
form, R = (rkm)kESX,mESy’ known as the emission matrix, which is stochastic (see Definition
4.3 in Trevezas 2021). In accordance with the previous case, the parameter of the HMM is

0 = (p(l),P,R>, or@ = (P,R).

There are three basic problems that arise when an HMM of the form described above is imple-

mented (see e.g., Section Il in Rabiner 1989).

The evaluation problem: For a sequence of observations y = (y1, ..., yr) and a specific HMM
0 = (p(l),P,q§>, or 8 = (P,R), we need to compute the joint probability (or density) of the
observed vector given the model, that is, the likelihood f(y; 8) of the observations.

The decoding problem: For the sequence of observations y = (y1,...,yr) and the model 6 =
(p(l),P, ¢>, or 8 = (P,R), we need to estimate the optimal corresponding sample path x =
(x1,...,x7) of the hidden Markov chain, that is, we need to determine the most likely state

sequence that produced the observations.

The learning (or training) problem: The model parameters 6 = (p(l),P, ¢>, or 0 = (P,R),
need to be adjusted so as to maximise the probability f(y; ). For this purpose, a proportion of
the data is used to "train" the HMM, i.e., to tune the parameters in order to describe, as best as

possible, how the observations arise (hence the name training problem).

All statistical inference on the model parameters 8 = (p(l),P, 4)), or 0 = (P,R), must be achieved
using only the observations y = (y1,...,yr), since the Markov chain {X; : t > 1} is not available to
the observer.

In the following, we focus our attention on time-homogeneous HMMSs, which means that the
underlying Markov chain {X; : t > 1} is time-homogeneous (see Definition 1.4) and that the condi-
tional law of Y; given X; is also independent of time ¢. We will also assume that the state space of the

hidden chain is finite.



32

Suppose that {X; : t > 1} is a Markov chain with state space Sx = {1,...,K} and that the dis-
tribution Y;, given X; = k, also referred to as the state-dependent distribution (see Section 2.2 in Zuc-

chini et al. 2016), is Poisson with parameter A, k € Sx. Then, for the conditional random variables

(Y| X; = k) we have that
(Y| X; = k) ~ Poisson (A), (k € Sx) .

We could also assume that, instead of a Poisson distribution, the state-dependent distribution was
Normal, therefore

(YelXe = k) ~ N (ue, o), (k€ Sx),

or another family of distributions, say Gamma.
Let us denote by f; (v) the state-dependent probability mass or density function of Y; (depending
on whether the random variables {Y; : t > 1} are discrete or continuous, respectively), given that

Xy =k forallt € {1,...,T}and k € Sx = {1,...,K}. That s,

fkly) =P(Yi =y |Xi =k),

in the discrete case, or

fk (y) :fYt‘Xf (y|Xt :k)’

in the continuous case. By the law of total probability, the marginal distribution of Y; is:

K

fr. (v) = Y P(Xe = k) fi (). (2.2)

k=1

Equation (2.2) shows that the marginal distribution of Y; is a mixture of the distributions of the con-
ditional random variables (Y;|X; = k), forallt € {1,...,T}and k € Sx = {1,...,K}.

Consider a sample y = (y1,...,yr). It becomes evident by the evaluation and learning problems
above, that an essential part of the statistical inference in an HMM is the calculation of the likelihood,
that is the joint probability of the observations given the model parameters P(y |6). One way to
achieve this, is through enumerating every possible sample path of the hidden Markov chain, with
the same length as the observation sequence, T. Consider a specific sample pathx = (x1, ..., x7). The

probability of the observation sequence, given this state sequence and the parameters of the model is

T
Lyx(0) = f(y|%:0) = f(y1,--,yr [ x1,..., x1:0) = [ ] fu (v 0), (2.3)

t=1
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where we have used the fact that for any t > 1, given the random variable X;, the random variable
Y; is conditionally independent of every Y; and X;, where s > 1 and s # t. As we saw in the proof of

Theorem 1.2, the probability of the state sequence is

T
Le(0) = f(x;0) = p\V) HZ - (2.4)
=

By the general multiplication rule for the joint probability of y and x, which is the probability that y

and x occur simultaneously, we get

T T
Lyx(0) = f(y,x0) = f(x;0) f(y [x;0) = (Pﬂ) gpr_m> (fo, (ye 9)) : (2.5)

It is easy to see that in order to obtain the probability of the observation sequence, we need to sum

the joint probability given in Equation (2.5), over all possible sample paths, which gives

Ly(8) = f(y;0) = ), f(x0)f(y]x96)

all possible x

K K 1 T T
= Z—l e Z—l [(pa(q) g pxt—lxt> (1:!:fo (yt; 9))] . (26)

Asithas already been mentioned, the variables { X; : t > 1} of the hidden chain can be interpreted
as missing data. Generally, in models with incomplete data, the joint probability mass or density
function of the observation sequence f(y;0), is referred to as the observed-data likelihood, or observed
likelihood while the joint probability f(y, x; 0) of y and x, is called the complete-data likelihood (see e.g.,
Cappé et al. 2005, or Zucchini et al. 2016).

In the context of HMMs the incomplete data are the actual observationsy = (y1, ..., yr), while the
complete data consist of the observations y = (1, ...,yr), along with the hidden state sequence x =
(x1,...,x7). We will denote by L,(8) the observed-data likelihood and by L, (8) the complete-data
likelihood. We will also denote by L, ,(6) the conditional probability of observing y = (y1,...,y1),
given the sample path x = (x1,...,x7), thatis L,|,(0) = f(y | x;8), which we shall call the conditional
likelihood. Under the additional assumption that the parameters of the conditional distributions of the
random variables (Y;|X;) are independent of the parameters corresponding to the initial distribution
pV and the transition probability matrix P of the Markov chain, the complete-data likelihood is

written as

Lyx (P, P,) = Le(pV, P) Lyu(9) 27)
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Taking the logarithm of both sides of Equation (2.7) gives us the complete-data log-likelihood

lyx(pM,P,¢) =log|Ly(p", P, )| = log|L.(p™), P)| +log Ly (¢) |
= (P, P) + £ys(9). (2.8)

By Equation (2.6) it becomes clear that it is practically impossible to maximise the likelihood of the
model L, (8), using this expression, even for a small number of states and observations (see Section
III in Rabiner 1989). In Section 2.2 we will see how this objective can be achieved via the use of the

EM algorithm.

2.2 The EM Algorithm

The EM algorithm was presented, in full generality, and named by Dempster et al. (1977). Their
paper includes a description of the method, the necessary theory to prove that the likelihood in-
creases with successive iterations and a convergence analysis of the algorithm. More specifically,
they provided conditions under which the EM algorithm converges to a stationary point' of the like-
lihood and also examined the rate of convergence close to a stationary point. However, their proof
of convergence of EM sequences contained errors (Theorems 2 and 3), as pointed out by Wu (1983),
who established convergence of the EM and GEM? sequences and provided conditions under which
the likelihood sequence converges to a global or local maximum, or a saddle point.

The EM algorithm had already been used, in special cases, many times in earlier works. For
instance, Hartley (1958) presented three multinomial examples similar to the first example in Demp-
ster et al. (1977), as the authors state in their paper. Many of the basic ideas of the EM algorithm
had been presented, also in special cases, in Baum et al. (1970), Hartley and Hocking (1971), Orchard
and Woodbury (1972), Sundberg (1974), Sundberg (1976) (see e.g., Dempster et al. 1977, Meng and
Van Dyk 1997, or Wu 1983). However, the work of Dempster et al. (1977) remains very important, as it
generalised the method and rendered it a very popular statistical tool, by presenting many examples
of application.

The EM algorithm is an iterative procedure for calculating maximume-likelihood estimators for
the parameters of incomplete-data models. As it has already been mentioned in the description of

HMMs, these models consist of not only the observations and some unknown parameters, but also

1A point in which the derivative of a differentiable function of one variable, is equal to zero, is called stationary. In
case of a differentiable function of more than one variable, a stationary point is a point where all the partial derivatives
of the function equal zero (equivalently, the gradient of the function equals zero). The stationary points of a function are
candidates for local extrema (minima or maxima).

2The GEM (Generalised Expectation Maximisation) algorithm is a more general method (than the EM) of iterative
computation of maximume-likelihood estimators, also presented in Dempster et al. (1977).
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latent variables. These latent variables can either be actual missing data, or they can be non-existent
and added to the model, in order to simplify inference.

To obtain maximum-likelihood estimators for the parameters of incomplete-data models, all the
unknown quantities need to be taken into account, which means that the likelihood function needs to
be maximised with respect to both the unknown parameters and the latent variables (remember that
in HMMs, the initial distribution and the transition probability matrix of the hidden Markov chain
are parameters of the model).

There is no guarantee that the solution produced by the EM algorithm is the one that globally
maximises the likelihood. The method might converge towards a local maximum, or a saddle point,
as the surface of the likelihood of HMMs is generally multimodal. Therefore, one should use several

initial values for the parameter (see the last paragraph of Section 1 in Bickel et al. 1998).

2.21 Description of the EM algorithm

We begin by defining two families of functions that are necessary to establish the monotonic
increase of the sequence of the observed-data likelihood values. We follow Section 10.1 in Cappé

et al. (2005) and Section 4.1 in Trevezas (2021).
Definition 2.2 (Intermediate Quantity of the EM Algorithm). The intermediate quantity of EM is the

family {Q(-;0') : 6’ € ©} of real-valued functions on ©, indexed by 6’ and defined by

Q(6;0') = /10g[f(x,y;9)]f(x |y;0') A(dx) = Eg (£yx(6) | Y =y),

where A is a o-finite measure® on the measurable space* on which the hidden Markov chain is defined.

The following assumptions are needed to ensure that Q(6; 8') is well-defined for all values of the

pair (6,6') (see Assumption 10.1.3 in Cappé et al. 2005):
Assumptions 1. (i) The parameter set © is an open subset of R% (for some integer dg).
(ii) Forall ® € ©, the observed-data likelihood L, (0) is positive and finite.

(iii) For all pairs (6,0') € © x O,

/|IV910g[f(x |y 0)]1| f(x]y;60") A(dx) = By (|| Velog[f (X |y;0)]|| |Y = y) < +co.

3Gee Definition A.5 in Appendix A.
4Gee Definition A.3 in Appendix A.
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Definition 2.3. {H(+;0') : 0’ € ©} is a family of real-valued functions on ©, indexed by 0’ and defined by
1(6;0') = — /10g[f(x 19;0)] f(x |y;0') A(dx) = By (—log[f(X |y;0)] | Y = y)
We use the notation £, (6) for the log-likelihood of the observed data, that is
ly(8) = log[Ly(6)] = log[f(y; 0)].
Lemma 2.1. For the complete-data log-likelihood it holds
ly,(0) = Q(6;0) +H(6;6). (2.9)

Proof. For all x such that f(x | y;0) # 0 the following holds

f(x,y;6) f(x,y,0)
;0) = ;0) = .
0 =500 IO = Fx o)
By letting x become a random variable, we get
f(y;0) = LXv:0) 2.10)

f(X1y;0)
Taking the logarithm of both sides of Equation (2.10), we get

y(0) = log[f(X,y;0)] —log[f(X |y;0)],

and by taking the conditional expectations given y, we get

By (£y(0) | Y =y) = Eg(log[f(X,y;0)] | Y =y) + Eg(—log[f(X |y;0)] | Y =y) <
0,(0) = Q(8;0) + H(6;0) .

O]

We are now able to present a fundamental inequality which guarantees the increase of the observed-

data likelihood with successive iterations of the algorithm.

Proposition 2.1. Under Assumptions 1, for all pairs (6,0") € © x ©, it holds

0,(0)—£,(0') > Q(6;0') —Q(6;0'), (2.11)
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where the inequality is strict unless f(-; 0) and f(-; 0) are equal almost everywhere’.

Proof. By Equation (2.9) we have that

0,(8) —£,(6') = Q(6;0") +H(6;0") —Q(0;0') —H(0;0) <
H(0:0) ~ H(0:0) = 1,(0) — 1,(0) — [Q(0:0) ~ Q(01,0)].

Therefore, in order to show that
Ly (8) — £y (6") = Q(6;6) — Q(6';06"),

it suffices to show that

H(6;0') —H(0;6') > 0.

Forall (6,6') € ® x © we have

H(0;6") —H(0;6') = Eg(—log[f(X |y;0)] |Y =y) —Eg(—log[f(X |y;0)] |Y =)

= Ey (— log [M] | Y = y) . (2.12)

Since log(x) is a concave function, — log(x) is a convex function. By Jensen’s inequality we get

Ee’(—lOg[m] ‘Y=y> > —log[E9/<m Y:y)] , (2.13)

f(X|y; ly;0) . B
EB/(J‘(X!?/:G" _) /f yy,a/ flx|y;0') dx = /f |y;6")dx =1 (2.14)

By relations (2.12), (2.13) and (2.14), we have

but

'H(G; 9') — ’H(G’; 9') >0

and the proof is complete. O

The basic concept of the EM algorithm is to take advantage of the fact that the complete-data
log-likelihood may be much simpler to compute, therefore it is this function that will be maximised,

instead of the observed-data log-likelihood £, (). Since the latent variables are not observable, the

5See Definition A.7 in Apppendix A
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same follows for the complete-data log-likelihood, thus we use, instead, its conditional expectation
given the observations y, under the current value 8’ of the model’s parameter 6, which is exactly the

quantity Q(+;6"). By choosing with each iteration a value 6 € ©, such that
0(6:6') > Q(6/;6), (2.15)

where @' is the current estimation for 6, Inequality (2.11) ensures that the new value of the observed-
data log-likelihood will not decrease.

The EM algorithm as presented by Dempster et al. (1977) produces a sequence {6(’”) im > 1} of
estimated values of the parameter . Let 8(°) denote an initially chosen value for 0. In the E-step of

the first iteration, the quantity
Q(B; 6(0)) = Ee(o) (ey,x(ﬂ) | Y = y) .

is calculated. In the M-step Q (9; 6(0)> is maximised with respect to 8 over the parameter space O,

therefore a value 8V is chosen, such that for all 0 € ®
Q(g(l);g(o)) > Q(g;g(o)) )

In the second iteration, the E-step and the M-step are carried out as before, with the difference that
6(*) is replaced by the current estimation 8"). Generally, suppose that after m iterations of the al-
gorithm, the current estimation for 6 is 0", Then the next iteration is broken into two steps, as

follows:

E-step: Calculate the conditional expectation of the complete-data log-likelihood given the ob-

servations y, under the current value B(m),
Q(e;ﬂ(m)> = Equ (Lyx(0) | Y =y).
M-step: Choose 0"+ to be any value 6 € © that maximises Q (6,’ 6(’")), thatis, forall @ € ©,

Q(g(erl);g(m)) > Q(g;g(’”)) )

This procedure continues by alternating between the E-step and the M-step until a stopping criterion
is met. Typically, the algorithm stops when the difference between two successive values of the

observed-data likelihood, or the estimated parameters, is smaller than a predetermined nonnegative
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value. By Inequality (2.11), for all m > 0 we get
» (9<m+1)) _ gy(g(m) > Q(g(m+1);g(m)> _ Q<9<m>;g(m>> >0,

therefore, with each cycle of the algorithm, the value of the observed-data likelihood never decreases.
Hence convergence must be obtained with a sequence of likelihood values that are bounded above.
We will not get into details about the convergence of the algorithm. The interested reader is referred

to Wu (1983), Chapter 3 of MclLachlan and Krishnan (2007), or Section 10.5 of Cappé et al. (2005).

Remark. In the GEM algorithm the only difference is that at each iteration, in the M-step, instead of choosing
a value 0"V that maximises Q (0; 6(’”)> over all 8 € O, the new estimate for 0 is chosen so as to increase

the value of Q (9; 6(’")> over the current estimate ™). That is, 8"+ is chosen such that
Q(g(mﬂ);g(m)) > Q(g('“);g(?”)) )

The monotonicity of the observed-data log-likelihood still holds, which means that at each iteration of the GEM,

we have
£, (0) > 1, (6).

The GEM algorithm is very useful in situations where there is no solution of the M-step in closed form, hence

global maximisation of Q (9; 6(’”)) is not feasible (see Subsection 1.5.5 in McLachlan and Krishnan 2007).

2.2.2 The EM Algorithm for HMMs

In Section 2.1 we examined the likelihood functions of both the observations and the complete
data of an HMM. Instead of expressing the observed-data likelihood in the form of Equation (2.6),
we take a different approach. The indicator functions will be helpful in this direction.

Equation (2.4) can be written as

L(p.P) = (ﬁ (Pff))l{x”}> - <11[1£[1£[pi,{}> - 2.16)

k=1

Letting X be a random variable, we get

Lx(p".P) = <ﬁ (Pil)y{w}) ' (ﬁﬁﬁpifﬁ . 217)

k=1
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Taking the logarithm of both sides of Equation (2.17) gives

ix(p) i (o)

= Zl{X1 }log< >

I M’ﬂ

2k=11=1
Similarly the conditional likelihood can be expressed as

T

Lyx(¢) = T T iy @) "0

t=1

and the conditional log-likelihood as

T
£ux(#) =108 | Lyx(#)] = 11 x,-19 loglfi i 9]

Thus, by Equations (2.7), (2.16) and (2.19), the complete-data likelihood is

K 1 3 T K K 1 X
Lyx(6) = (H (n") {’“}) - (HHHPH{X” ’})
k=1 t=2k=11=1
T K
(HH el )10 k})
t=1k=1

K K
Yo ) L —kx=1y log(p)-

(2.18)

(2.19)

(2.20)

(2.21)

By Equations (2.8), (2.18), and (2.20), or by taking the logarithm of both sides of Equation (2.21), we

get the complete-data log-likelihood as

K

T K K
Ey,x<P(1),P,¢) Y lix—i log(Pk ) Zggl{xt,lzk}(t:l}log(pkl)

k=1

T K
+ )Y Yx—iy loglfe(ve; @)

t=1k=1

(2.22)
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Then for any m > 0, Q (6,‘ 6(’”)> can be expressed as

Q(G;(—)(’“)) — By (%,X (I[,(l),p, ¢) ‘ Y = y)

(m)
Egm (1(x,=t} | Y = y) log [(Pzﬁl)) ]

Il
1~

>\~
Il
—

+
1=
ngks
ngks

Eg(”’) (l{Xp]:k,Xt:l} ‘ Y = y) 10g<p1(<71))

..ﬁ
||
N
o~
Il
—
—
Il
—

+
1=
ngks

Egon (1x,—} | Y = y) log [fk (yt; ¢(fﬂ)>}

(m)
= ZP(-)(’”)(X1:k|Y:y)10g|:<pl(<1)) :|

m
5
T
(N

k=1
T K K ()
+ 0 Y Py (Xee =k Xi = 1]Y = y) log (p]")
t=2k=11=1
T K
+ Y Y Py (X =k |Y =) log[fk(yt;gb(m))]. (2.23)
t=1k=1

Using a similar notation to the one presented in Rabiner (1989), we define the variables

Y(t) =Bo(1yx,—iy | Y = v)
_Pe(Xi—k|Y=y) (t>1keSx={l,...K}),

(2.24)

and

() = Bo(Lx=kx, =1y | Y = 9)

:Pg(Xt:k,XH_] ZZ|Y:y) (i’Zl, k,lESX:{l,...,K}).

(2.25)

For each k € Sx = {1,...,K}, 7«(f) is the conditional probability of the hidden Markov chain being
in state k at time t, given the observations y and the parameter 6. For each k,I € Sx = {1,...,K},
Cri(f) is the conditional probability of the hidden Markov chain being in state k at time t and in state
[ at time (f 4 1), given the observations y and the parameter 6.

By Equations (2.23) to (2.25), we get

T

Q(B;B(m)):i’y,({m)()logh ) ] ZZiC t_1108<191(<1))

t=2k=11=1

k
FY Y0 log [ (wig™ )]

(2.26)
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2.2.2.1 E-Step
In the E-step of the EM algorithm we compute the variables %Em) (t) and C}Sn) (t). To do so, we
implement the forward-backward algorithm (see e.g., Rabiner 1989, or MclLachlan and Krishnan

2007).

We define the forward variables

a(t) = fyn, ..y Xe =k0)  (te{l,...,T}, ke {l,...,K}) (2.27)

which are computed as follows:

1. Initialisation

w() = p ey ) (ke {l...,K}). (2.28)
2. Induction
K
Oék(t) = (lei(t—l) pik) fk(yt;¢), (tE {2,...,T}, ke {1,,K}) (229)
i=1
3. Termination B
Ly(0) =) ax(T). (2.30)
k=1

In the procedure above, the variables a(t) are computed inductively starting from ¢t = 1 and moving
forward, until t = T, hence the name forward variables.

We now proceed to prove Equations (2.28), (2.29) and (2.30).

Proof. To prove Equation (2.28), we use the definition of ax(t) for t = 1 and the general multiplication

rule.

w(1) = fly, X1 =k:8) =Po(X1 = k) - f(1 | X =k ¢) = pi fi(yis ).



43

To prove Equation (2.29), we use the definition of ay(¢) and the law of total probability, utilising
the random variable X;_1. Forallt € {2,...,T} and k € {1,...,K} we have that

“k(t) = f(yl/ e Y1, Yt Xt - k/ 6)

Il
1=

f(yll (RN /yt—ll yt/ Xt - k/ Xt—l = Z; e)

Il
—

I
1=

[f(ylz-n/ytfllxtfl =50)Po(Xe =k |y1,...,y1—1, X4—1 = 1)

Il
—_

Y YY1, Xe =1, X, = k;e)}

Il
1=

f(yl,.--,ytfl,thl = i}e)P(a(Xt =k | Xi1= i)f(yt ’Xt = k;B)

I
—_

|
™~

Il
_

a;(t = 1) pixfe(ye; ).

To prove Equation (2.30), we use the definition of L, () and the law of total probability, utilising

the random variable X7.

K K
Ly(0) = f(y1,---,y1;0) = k;f(yb---,yT,XT =k 0) = k;ﬂék(T)-

We also define the backward variables

,Bk(t):f(yt-‘rlr-“ryT’Xt:k;e) (te{1,...,T—1},kE{l,...,K}). (231)

Since there is no observation for t > T, Bi(t) cannot be defined as in Equation (2.31), for t = T.
Thus, we set Bx(T) = 1, for all k € {1,...,K} and the computation of the backward variables is

carried out as follows:

1. Initialisation

B(T)=1 (ke {1,...,K}). (2.32)

2. Induction
K
Be(t) =Y pufilyic; @) Bi(t+1) (te{l,...,T—1}, ke {1,...,K}). (2.33)
=1

The computation scheme of the backward variables B (t) justifies their name, since they are calcu-

lated inductively starting from t = T and moving backwards, until t = 1.
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Equation (2.33) is proved below.

Proof. By the definition of Bi(f) and the law of total probability, utilising the random variable X;,
forallt € {1,...,T—1}and k € {1,...,K}, we have

K
Be(t) = f(We1, - yr [ Xe =K:0) = ) f(Yes1,- o yr, Xen = 1| Xe = k;0) =
=1

K
Y Po(Xip1 =1]|Xe = k) f(Yeg1,-- o yr | Xe =k, Xy = 1;0) =
i=1

=

Y Po(Xep1 =1 X = k) f(yes1, Y42, -,y | Xey1 = 1,0) =
=1

=

Y Po(Xpp1 =1 X =k) f(Yis1 | Xea = L) f(Yrr2, - y7 | Xes1 = 1;0) =
=1

K
l; prfiyer; @) Bi(t+1).

O]

We also have the following equation, which relates the forward and backward variables to the

observed-data likelihood.
K
Ly(0) =) ax(t) Br(t) (te{l,...,T}). (2.34)
k=1

Proof. Forallt € {1,..., T}, we have that

K K
k;“k(f) Bet) =Y fyi, - v, Xe = 0) f(Yesn, ..,y | Xe = k;6)

Po(Xe =k) f(y1,-- -,y | Xe =K 0) f(Yis1,.. ., y7 | Xt = k;0)

k=1
i
k=1
K
= ZPB(Xt = k)f(]/];---;yt/]/t-i—];---;]/T |Xt = kle)
k=1
K

Pg(Xt = k)f(]/l, . .,yT |Xt = k,B)
k=1

= f(y1,--.,y1;0) = Ly(0),

where in the third equality we have used the fact that the random variables (Y3, ..., Y;) and (Yiyq1,..., Y1)

are conditionally independent, given the state of the hidden Markov chain at time ¢, X;. ]
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Notice that by Equations (2.32) and (2.34) we get Equation (2.30).

We are now able to express the variables v, (t) and ¢y (t) as functions of the forward and backward

variables. We have the following relations:

i) = 2O BlD)

(te{l,...,T}, ke {1,...,K}) (2.35)
£ () i)
gkl(t):“"<t>pk’f2(yt”"¢)ﬁ’(t+1) (te{l,...,T—1}, kiec{l,...,K}) (2.36)
L a;(t) Bi(t)

Proof. For Equation (2.35), forallt € {1,...,T} and k € {1,...,K}, we have

Xi=kvyy,...,y0 PR Xi=kvyy,...,y0
')’k(t):Po(Xt:k|Y:y)_f(t yi, - Y65 0) f(Yir, -yt | Xe = kyy, -y 0)

f(y;6)
_fXe=kyi- -y 0) f(Yir,- -y [Xe =K0)  a(t) Bi(t)
fi0) - ailt) (1)

i=1

For Equation (2.36), forall t € {1,...,T —1} and k,I € {1,...,K}, we have

Cu(t) =Po( Xy =k X1 =1Y =y)

fXe =k X1 =Ly, - Yo Y1, Yir2, - -, Y1, 0)
f(y;0)
fXe=ky,...,y50)Po(Xer1 =11 Xe =k, y1,...,Yt)
f(y;6)

Sy | X =L Xe =k, y1,...,y50)

ez yr [ X =L X =k y1, ..,y 6)

fXe=kyi, ..., y50)Po( X1 =1 Xs = k)
f(y; 6)

f(ye1 [ Xe1 = 10) f(Yrs2, -, y7 | Xer = 1;0)

_ a(t) pafilyeri; @) Bi(t +1)

K
El a;(t) Bi(t)
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We can also relate vy (t) and y; (t) as follows:

K
() =Y eut) (te{l,...,T} ke{l,...,K}), (2.37)
1=1
Ga(t) = Vk(t)pklﬁ(y;(l;)@ﬁ’(t“) (tef{l,...,T—1}, kle{l,...,K}). (2.38)
k

Proof. For Equation (2.37), we utilise the random variable X, and the law of total probability. For
allte {1,...,Ttand k € {1,...,K}, we get

K K
() =Po(Xe =k |Y=y)=) Po(Xs =k Xepa =1|y) = )_Cu(t).
=1 I=1

By Equations (2.35) and (2.36), forallt € {1,..., T —1} and k,I € {1,...,K}, we get

cu(t) = ) pufilyi; @) Pult+1)
K
El a;(t) Bi(t)
ar(t) Be(t)  pufilyerr; @) fi(t+1)
K
El a;(t) Bi(t) Bi(t)

prfiyee; @) Bi(t+1)
Br(t) .

= n(t)

2.2.2.2 M-Step

In the M-step we maximise Q (9; 6("‘)> subject to:

and

ipkl =1 (ke{l,...K}).
=1

By implementing the method of Lagrange multipliers, we get the Lagrangian function for the

maximisation problem above, as:

K K
c (p<1>,p, ¢,A1,...,/\K,)\) = Q(G;B(’”)> = [Ak (Z P — 1)] —A (Z p - 1) (2.39)
I=1 k=1

k=1
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and by Equation (2.26), we get

T K K
,C(p(l),P,q),)q,...,/\K/ ) Z'}’k log(Pk ) Y ). Gu(t—1)log(pu)

=2 k=11=1
K
+ Z Z Yie(t) loglfi(ye: )] — ) [ (Z Pri — 1)] (2.40)
=1k=1 k=1 =

Ko
—A (Z Pr —1) .
k=1

To get the updated values for the initial distribution p(!) = (plil))k S and the transition prob-
€5x

abilities py; (k,I € Sx), we compute the partial derivative of the Lagrangian function with respect

to p,(cl), for all k € Sx and py, for all k,I € Sy, respectively and set them equal to zero. We get the

following relations:

0L k(1) @ _ ()
apl =0 " —A=0ep) = (2.41)
k k
T T T-1
ar Ez S (t—1) Ez(fkl(t -1) El G (1)

Utilising the first constraint and Equation (2.41), or, equivalently, by computing the partial deriva-

tive of the Lagrangian function with respect to A and setting it equal to zero, for all k € Sx, we get

K K K
Yol =1y 2 g nao v, (243)
k=1

Utilising the second constraint and Equation (2.42), or, equivalently, by computing the partial
derivative of the Lagrangian function with respect to A; and setting it equal to zero, for all k € Sy,

we get

K K K T-1 T-1 K
Zpkl:1<:>2 % :1<:>Ak:Z<Z§kl(t)><:>Ak:Z(Z@d(ﬂ)-
1=1 1=1 k t=1 1=1

I=1 t=1

By (2.36) we get

= |y 15
A = Z Y k(t) Pkliz(y 1) Bi(t+1)
t=1 | I1=1 El a;(t) Bi(t)

7
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which, equivalently, is written as

K
S L pin
=1

It follows that

and by Equation (2.35)
T-1
A=Y melt). (2.44)
t=1

As a result, by Relations (2.41) and (2.43), we get the updated values for the initial probabilities

—— (m+1) (m) 1
()" =B ey,

as

,(m+1) t=1 Ckl (t)
kl 1 (k NS Sx)
7 ()
t=1

By computing the partial derivative of the Lagrangian function with respect to ¢ and setting it

equal to zero, for all k € Sx, we get the estimates qSIE’““) (see e.g., Section III.C in Rabiner 1989).

Remark. Aswe can see by Equation (2.8) the complete-data log-likelihood consists of two summands, {x ( p, P)
and Ly x (@), thus Q (9; 6(’”)) can be written as
1\ Ay (P P‘P))Y y)

o(o07) =k (11
ey {ix(p.8) i Y )
(58] [ =) o st |5 —)
><€x (P ) ‘Y = y) + Egm |:€y|X(¢)} :

Therefore, in order to maximise Q (6; 6" ) , we can maximise Eym) (EX <p ) ‘ Y = y) and E pu {Ky‘x(gb)]

separately. Thus, we get the following two optimisation problems:



(1) the constrained maximisation problem

mx {5y (tx(5,7) 1 =)

K a
s.t. Ep,(()zl,

and

(2) the unconstrained maximisation problem
max {E9<m> |:£y|X(¢):| }

Below we summarise the procedures that were described for the E-step and M-step.
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EM Algorithm

0
(1) Initialise with a proper value 60 = [( p(1)> ! , PO, tP(O)} of the parameter.
(2) At the m-th iteration proceed as follows:

(2.1) E-Step: Compute Q| 6; 8(")) as a function of 0, in the following manner:
p p g
(2.1.1) Forallk € {1,...,K}, compute the forward variables under the value 00" as:
1 (m)
) Ay e™).

21.12) a" () = <.21 ocfm)(t—l)pf,T)> fe(vig™), forallt € {2,..., T},

@1.1.1) «{™(1) =

(2.1.2) Forallk € {1,...,K}, compute the backward variables under the value 6" as:

21.2.1) gU"(T) = 1.
K m) (m)\ p(m)

= l; Py fi (yt+1;¢l ) B, (t+1) forallt € {T—1,...,1}.
(2.1.3) Forallt € {1,...,T}and k € {1,...,K}, compute the variables:

21.22) g (1)

Sy = OB
- a™ (1) B (1)
i=1

(2.14) Forallt € {1,...,T—1} and kI € {1,...,K}, compute the variables:

C(m)(t) _ “l(cm)(t) P;(J”)fz (ytﬂ;cpl(m)) ﬁ;m)(t +1)
kl - X )
y " (1) " (1)

i=1
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(2.1.5) Calculate the observed-data likelihood for the current value 0(") of the parameter as:

(2.2) M-Step: Using the current values ’y,((m) gt) ?)nd C,E;n) (t), that were calculated in the E-step,
m+

determine the value 0("+1) — [(P(1)> ,pim+1), lP(mH)] that maximises Q(ﬂ; 6(m)>.

Forallk,I € {1,...,K}, the values of the initial and transition probabilities of the hidden

Markov chain are updated as follows:

@)W*” 70

i K gy
,;171' (1)

T-1
& ()

A(m+1) _ t=1
Py =T
Y (f)

t=1

(3) Alternate between steps (2.1) and (2.2) until a stopping criterion is met.

2.3 The Data-Generating Model

In this section we introduce the model that will be used to generate the data, proposed by Fiecas
et al. (2017), along with the necessary basic assumptions. In contrast with our previous models,
from now on, we consider a hidden Markov chain {X; : t € Z} and an observable stochastic process

{Y;:t € Z}, where, for all t € Z, Y; is assumed to be a p-dimensional random vector.

2.3.1 Definition of the Data-Generating Model

Let {X; : t € Z} be a Markov chain with finite state space Sx = {1,...,K}, and transition proba-

bility matrix P. Following the notation up to this point, we define the transition probabilities:
Pkl = P(Xt—H =1 ’Xt =k Xi_q,.. .,Xl) = P(Xt = | X1 = k) (k,l € Sx = {1, . ,K}) .

The model for the data-generating mechanism is given by the following equation:

K
Y=Y 1y (yk +xV Zet), (2.45)
k=1
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where €, t € Z are independent and identically distributed (abbreviated iid) p-dimensional ran-

dom vectors with:

E(et) =0,

Var(et) = I,

where 0, is a p-dimensional vector of zeroes and I, is the p X p identity matrix. At any moment ¢,

there is only one possible value of k € {1,...,K}, so that
X = k< 1{Xt:k} =1,

which implies that
Y, = Ui + Zi/zet,

for that specific value of k. We observe a sequence y = (yi,...,yr), but not the state sequence
x = (x1,...,x7) of the hidden Markov chain. Fiecas et al. (2017) make three basic assumptions for

this model.

(A1) The hidden Markov chain {X; : t € Z} is irreducible, aperiodic and stationary,
(A2) €, t € Z, areindependentof X;, t € Z,

(A3) E(e‘}/l) —3<«xk,teZ,ic{l,...,p}, for some constant k. < +oco and E(ef) < +4oo, t € Z,
ie{l,...,p}.

By Assumption (A1) it follows that the Markov chain is a-mixing with exponentially decreasing
rate® (see e.g., Lemma 1 in Francq and Roussignol 1997, or Statements (a), (b) and (c) of Theorem
3.1 and the paragraph following it in Bradley 2005). Since the hidden Markov chain of the model
is assumed to be irreducible and aperiodic with a finite state space, it follows that is has a unique
stationary distribution 7w = (71;);.¢ (see Corollary 1.10.1). Hence, the assumption of stationarity is
not necessary. Even if the initial distribution were not also the stationary distribution of the chain, all
the results would hold, as the process would reach stationarity after a sufficient amount of time (see
the discussion following the Assumptions (A) in Section 2.1 in Fiecas et al. 2017).

Assumptions (A1) and (A2) guarantee that the observed sequence {Y; : t € Z} inherits the prop-
erties of stationarity and a-mixing with exponentially decreasing rate from the hidden process {X; : t € Z}

(see e.g., proof of Lemma 1 in Francq and Roussignol 1997, or Section IV-C in Ephraim and Merhav

6See Definition A.20 in Apppendix A and the discussion following it. For more information on the topic of a-mixing
(and mixing in general) the interested reader is referred to Bradley (2005).
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2002). These two properties are necessary to ensure that the maximum likelihood estimates are con-
sistent and asymptotically normal (see the paragraph preceding Proposition 3.1 in Tadjuidje Kam-
gaing 2013).

The first part of Assumption (A3) states that E (efﬂ-) is uniformly bounded by x. + 3, forall t € Z
and i € {1,...,p}. This property is stronger than that ensured by the second part, as E <e§i> < +o0
only implies that E (efli) < +o0. Moreover, the existence of the m-th moment of ¢; assures that the
m-th moment of Y; also exists.

Tadjuidje Kamgaing (2013) used the same model as the one given in Equation (2.45) to prove that
the maximum likelihood estimates of the parameters are consistent and asympotically normal, under
some suitable conditions (see Assumptions 2.1 and 3.1 to 3.3 in Tadjuidje Kamgaing 2013). As the
author states in his paper (see Section 3), under these conditions, this model satisfies the assumptions
of Douc et al. (2004), whose results were used to derive the asymptotic properties of the parameter
estimators. He assumed that €;, t € Z are iid random variables from Np(Op,I p) and independent
of the underlying Markov chain (Assumption 2.1 in Tadjuidje Kamgaing 2013). However, as he
mentions (see Sections 2 and 4), the assumption of the normality of the innovations (e;’s) is used
as an example and his theory could also be utilised in different settings for the distribution of the

innovations.

2.3.2 EM Algorithm for the Data-Generating Model

In this subsection we present a classical approach of the EM algorithm for the data-generating
model given by Equation (2.45). We assume that the state-dependent distributions are multivariate
Normal” with parameters (yy, X¢), for allk € Sx = {1,...,K}, thatis (Y;|X; = k) ~ Ny (px, Zx), for
allt € Zand k € Sx = {1,...,K}. Thus we have

1
(27)P"? [det(Zy)]

1 ’
Selye ) = 173 €XP {—2 (e — i) I (e — Vk)} , (2.46)

where ¢, = (pr, Zk), forall k € Sx = {1,...,K}.
As we saw in Section 2.2, a vital part of the EM algorithm is the calculation of Q (6,’ B(m)>. To do

so, we need to compute the logarithm of the state-dependent distributions (see Equation (2.26)).

7See Subsection A.3.2 in Appendix A.
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Taking the logarithm of both sides of Equation (2.46), we get

log[fi(ye; ¢x)] = log 27)" [dlet(Zk)]l/z exp {—; (ve — 1) T (e — o) }]
= —g log(27) — %log[det(Zk)] — % (ve — 1) =0 (e — ) (2.47)
We have that
1 I T oy 1 oveqy 1 ey 1 o
=5 =) B (e — i) = — oW Z Yt Sy D it S B Ye — sk D i (248)

Notice that the quantity u k’Zk_ 1y, is scalar, which means that it is equal to its transpose, therefore

we get
Ty = (Vklzilyt)/ = <Zz?13/t>, (ﬂk,)/ =y <ZE1>, e =Yt <Zk1)_1 me=y S e (249)
By Equations (2.48) and (2.49), it follows that

1 / _ 1 e e ]_ e
=5 (W= ) % Yye — ) = —5U % YWty 2 e — 5 M Ty Vi (2.50)

By (2.47) and (2.50) we get the following relation

1 1,
log[fi(yt; ¢u)] = —5 log(27) — Slog|det(Xx)] — Sy Ty Yy 250

[ 1 fe
+ Y e — e Ty e
As has already been mentioned, in the context of HMMs, the hidden path of the Markov chain
{X; : t € Z},is considered as missing data. Had an oracle unveiled the hidden states (Xj, ..., Xr), by

Equations (2.8), (2.22), (2.47) and (2.51), we would get the following two expressions for the complete-
data log-likelihood
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T K
lyx(0) =L, x(¢) +5X< ) = Z g (x,=ky Log[fi(ve; Px)] +€X(P( ) P)

T !
; (Z 1ix,=i (vt — k) Z]:l(]/t — yk)>

Il
|
N[ =
[-71-
/—\
Uy
S
2<
=
—
O
aq.
Q..
[¢°]
B3
M
=
\/
I\J\H

1 K T 1 K T ,
-2k (Zl{xt glogldet() ) 33 (Z (o=t (v = o) 2 (v —m)
k=1 \/=1 o\
+x(pW,P) +c (2.52)
1 K 1 K T
= _E Z (Zl{xt k}log det Zk > Z [Zl{xt =k} yt k yt)]
k=1 \t k:l t=1
K [T - 1 KT .
+ kX: Z;l{X,:k} <yt Z‘k Plk) ) kz El{xt:k} (yk Z‘k ‘uk>
=1 |t= =1 [t=1
+tx(p,P) +c, (253)

where

T K p p T p
c=Y Y 1ix,—k} {—Elog@n)} = —Elog(Zn) Y 1= —Elog(ZT() T,

as for any fixed value t € Z, 1ix,—« } = 1 for some fixed value k € {1,...,K}, and 1ix-nn =0, for all
I €{1,...,K}, with [ # k, therefore 2 1ix,—x = 1.

Maximising the complete-data hkehhood with respect to p and X, for all k € {1,...,K}, yields
what we shall call the oracle estimates.

To determine the oracle estimators of the means, we set the partial derivative of the complete-data
log-likelihood, given by (2.53), with respect to py, equal to the zero vector 0,. Utilising Equations
(A.2) and (A.3) (see Appendix A), forall k € Sx = {1, ..., K}, we have that

oy, x (M, Zk)

=0 T1 yo1) -l T1 25 t) =0
Apix - p‘:’tg {X;k}(yt k )‘22 {thk}(ﬂk k )- pr

therefore,
T , T )
Y 1ix-n) (yk Z,;l) =Y 1ixmi (yt zk—l). (2.54)
t=1 t=1

Multiplying both sides of (2.54) by ¥, from the right, gives

! !

T , T , T T
le{X,:k} <Vk )Ip = le{X,:k} <yt >Ip & <Z1 1{Xt:k},uk> = <E1 1{Xt:k}yt) /
t= t= t= t=
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which is equivalent to
T T
Y Axmiie = ) L=k Y-
t=1 t=1

As a result, the oracle estimators of the means are

1 T
W= Y Uxoyye  (k€Sx={1,...,K}). (2.55)

1 . t=1
tgl =k}

To determine the oracle estimators of the covariance matrices, we set the partial derivative of
the complete-data log-likelihood, given by (2.52), with respect to X, equal to the zero matrix 0.
Utilising Equations (A.4) and (A.5) (see Appendix A), forall k € Sx = {1, ...,K}, we have that

9y, x (19, Zi)
om0 ®
1 & N1 1T N o o (< N\ 1
) Y Lix—i (Zk ) 3 Y Lix—i [_ (Zk ) (e — ui) (ve — pg) (Zk ) ] = 0pxp-
=1 t=1
As Y is symmetric, we get
T . T , 1
[Z Loy | D =20 | ) xmny (e — 10) (e — 1) ] I (2.56)
t=1 t=1

Multiplying both sides of (2.56) by X, both from the left and from the right, yields

T
[Z 1x,=k}
=1

T !
Lyelp =1, [2 Lix,—n) (ye — m2) (ye — my) ] I,
t=1

Therefore, the oracle estimators of the covariance matrices are

. 1 T ,
0= Y Ly (e — 1R) (ve — 1) (keSx={1,...,K}). (2.57)

1 . t=1
tgl {Xi=k}

Notice that the oracle estimators x and £¢ are the sample estimators of the parameters ur and
¥, respectively, as for any fixed k € {1,...,K}, the sample size is Z 1(x,—k}- In case Z 1ix,-xy =0,
that is in case there is a state k € {1,...,K} which is not observed Fiecas et al. (2017) set yup = 0,
and £9 = 0,,,. As they also state in their paper (see the discussion following Equation (6) in Subsec-
tion 2.2), this happens with exponentially decreasing probability and it is asymptotically negligible.
However, in case there are some rarely visited states, such that t£1 1(x,—k) is very small, some nu-

merical problems may arise, hence they choose to work with the biased estimator of the covariance
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matrix (see also Equation (A.1) in Appendix A)

1 T / -
D=7 Ll = i) =) =M (kesx={L...K}), (@58
t=1
where
1 T
= 7 L ey (259)
t=1

is the oracle (empirical) estimate of the stationary probability 77, = P(X; = k) (see Subsection 1.2.4.1).

2.3.2.1 E-Step

As the E-step is not affected by the state-dependent distribution, it is carried out as was presented

in Paragraph 2.2.2.1. The only difference is that in Equations (2.28), the initial probability plgl) is

replaced by the stationary probability 7ti, that is

ap(1) = 7 fi(y1; @) (ked{l,....K}),

since we have assumed that the hidden Markov chain {X; : t € Z} is stationary.

2.3.2.2 M-Step

Utilising the variables ,(t) and ¢k, (t) obtained in the E-step, we get the updating formulas for

Tk, k1, Pk and Xy, as

(m+1) 1 u (m)
A =s L) (ke{l,.. K}, (2.60)
t=1
T=1 ()
(m+1) tgl gkl (t)
ﬁkl = Til (m) (k/l € {1/ /K})/ (261)
Y ()
=1
T
(m+1) El %Em)(t) i
ﬁk = 7T (m) (k € {11 rK}> ’ (262)
oy (b)
t=1
Ssim 1 So(m
R =1L S CCR R ) (2.63)
Ty
where
So(m 1 I m ~(m ~(m !
s = fZ%(( () (yt—y,E “)) (yt—yf{ “)) (ke {l,...,K}). (2.64)
=

The EM algorithm for the data generating model is summarised as follows.
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EM Algorithm for the Data Generating Model

(1) Initialise with a proper value 0 = (71'(0), PO, qb(o)) of the parameter.
(2) At the m-th iteration proceed as follows:

(2.1) E-Step: Compute Q <9; 6(’”)) as a function of 0, in the following manner:
(2.1.1) Forallk € {1,...,K}, compute the forward variables under the value 00" as:
@111 " (1) = 7" fi (v gf™)-
(2.1.1.2) oc,((m)(t) = (fl ucfm)(t -1) pf;(n)> fr <yt;¢£m)>, forallt e {2,...,T}.
(2.1.2) Forallk € {1,. .1.7, K}, compute the backward variables under the value 8" as:
212.1) gU"(T) = 1.

K
2.1.22) g™ (1) = )3 p" f, (yt+1,-¢l<’”)) B (t+1), forallt € {T—1,...,1}.
=1
(2.1.3) Forallt € {1,...,T}and k € {1,...,K}, compute the variables:

(2.14) Forallt € {1,...,T—1} and k,1 € {1, ..., K}, compute the variables:

" (6) piy” fi (v 0™ ) B (1)

E o080

1

g (t) =

1

(2.1.5) Calculate the observed-data likelihood for the current value 8™ of the parameter as:

Ly (6) = é " (T).

(2.2) M-Step: Using the current values %Em) (t) and é,gﬂ) (t), that were calculated in the E-step,
determine the value ("1 = (71'(’”“), pln+1), ¢(m+1)> that maximises Q (9; 9(’”)> . For all

k,1 € {1,...,K}, the values of the initial and transition probabilities of the hidden Markov
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chain are updated as follows:

 (m+1 1<
R PR
t=1
T-1
(m) (4
L(m+1) tgl Ckl ( )
T ()
e (1)
t=1

For all k € {1,...,K}, the parameters of the state-dependent distributions ¢("*+1) =
((P]Em“)) .y with ¢ = (g, Zi), are updated as follows:
€ox

~(m+1) t=1

S
Ly (B)
t=1

& (m+1) 1 som+1)

2 A(m+1)2k ’
Tl

where

!

S0 = Ly g ) (= 1Y (- ).

t=1

(3) Alternate between steps (2.1) and (2.2) until a stopping criterion is met.

Remark. Following Fiecas et al. (2017), instead of maximising Q(B;B(’”)> with respect to yy and Xy, to
determine their updating formulas, we initially calculated the maximum likelihood estimators of these param-
eters, as if the states were known and then replaced the unknown quantities 1x,_y, by their estimates 7(t).
The reason why this framework was adopted will become clear in Chapter 3. However, had we maximised
Q (6; 6(’”)> with respect to yy and Xy, the same formulas as the ones given by Equations (2.62) and (2.63)
would have emerged (see Appendix B).

It should also be noted that instead of using the empirical estimator of the stationary distribution in the
EM algorithm, in the case of a stationary Markov chain, another method can be implemented, presented in

Subsection 4.2.5 in Zucchini et al. (2016).
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Chapter 3

EM Algorithm and Shrinkage

Estimating the covariance matrix of a sample of random variables is an essential part in many
areas of multivariate statistical analysis, such as principal component analysis (PCA), linear and
quadratic discrimination analysis (LDA and QDA), or graphical models (see, e.g., the introductions
in Bickel and Levina 2008 and Cai et al. 2011). Many real-world applications, where these methods
are implemented (for instance genetic data, brain imaging and spectroscopic imaging), deal with
high-dimensional data (see the Introduction in Bickel and Levina 2008). In other problems, such as
portfolio risk assessment and optimal portfolio allocation, mean—variance portfolio optimisation for
a large number of assets (see, e.g., the introductions in Ledoit and Wolf 2004; Sancetta 2008; Fan et al.
2008), where the data can also be of high dimension, it may be crucial to also estimate the inverse
of the covariance matrix, also known as the precision matrix (see, for instance, the introductions in
Bickel and Levina 2008 and Cai et al. 2011). However, in situations like these, estimation of a large
covariance matrix and/or its inverse, can be very challenging. The natural estimator of a covariance
matrix, the sample covariance matrix, is well-known that is not a good estimate when the dimension
p is comparable to the sample size T. As Ledoit and Wolf (2004) point out in their paper, when
the ratio p/T is larger than one, the sample covariance matrix is singular (see also Cai et al. 2011).
When the ratio p/T is less than one but not negligible, even though the sample covariance matrix is
invertible, it is numerically ill-conditioned'. In cases where the dimension p is very large, it may be
impossible to find enough observations, so that the ratio p/T becomes negligible. This problem may
be even more pronounced in the context of HMMs, where the sample size for some states might be

minute, if they are rarely visited.

1A problem of solving a system of linear equations is characterised as ill-conditioned when small perturbations in the data
(for instance, in the elements of a matrix), result in large changes in the result, otherwise it is referred to as well-conditioned
(see the Introduction of Chapter 2 in Ciarlet 1989).
If a matrix is ill-conditioned for the problem of its inversion, approximating its inverse will probably result in an inaccu-
rate solution due to its sensitivity to the values of the coefficients (see Chapter 4 in Westlake 1968).
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A popular method to combeat this problem is shrinkage. Shrinkage is a regularisation” technique
not only used to estimate large covariance matrices, but also in other areas of statistics, such as re-
gression analysis (Copas 1983; Tibshirani 1996; Zou 2006) and in spectral analysis of time-series data,
where it has been used to estimate the spectral density matrix (Bohm and von Sachs 2009; Fiecas and
Ombao 2011). In covariance matrix estimation, the idea is to obtain an estimator that is a weighted
average between the sample covariance matrix, which is known to be unbiased (see the Introduction
in Ledoit and Wolf 2004) and a properly chosen matrix, called the shrinkage target or target matrix (see,
e.g., Subsection 2.1 in Ledoit and Wolf 2004, Subsection 2.1 in Yuan and Huang 2009, or Appendix A
in Hausser and Strimmer 2008), so that the resulting estimator, asymptotically, possesses some desir-
able properties. This is possible when the weight on the target matrix, which is called the shrinkage
intensity (see the same references as for the shrinkage target), is chosen optimally according to some
loss function® . As Ledoit and Wolf (2004) state, under standard asymptotics, where the dimension
of the random variables p is finite and fixed and the sample size T goes to infinity, the sample co-
variance matrix is well-conditioned in the limit. This assumption is not realistic in many situations
where the dimension p is of the same order of magnitude as the sample size T, or even larger.

Chapter 3 is organised as follows. In Section 3.1, we give a brief overview of the work of Ledoit
and Wolf (2004) and show how their estimator can be obtained in the case of iid Normal random
vectors, using a penalised likelihood, as defined by Yuan and Huang (2009). In Section 3.2, the
framework of Section 3.1 is implemented in the case where there are several regimes revealed by an
oracle, similarly to Subsection 2.3.2. Finally, in Section 3.3 the modified version of the EM algorithm

of Fiecas et al. (2017) is presented.

3.1 Penalised Likelihood For Independent And Identically Distributed

Random Vectors

As we mentioned above, in this section we introduce the shrinkage estimator of Ledoit and Wolf
(2004) for iid data and show how it can be obtained using the penalised log-likelihood of Yuan and
Huang (2009).

Ledoit and Wolf (2004) proposed an estimator that, asymptotically, as the dimension p and the
sample size T go to infinity simultaneously, is the optimal convex linear combination of the sample

covariance matrix with a multiple of the identity matrix. According to the authors, a constructed

2(see Demmel 1997) The term regularisation is used to describe the process of turning an ill-conditioned problem into
a well-conditioned one, by imposing some additional conditions on the solution (see the introduction of Section 3.5 in
Demmel 1997).

3See Definition A.27 in Appendix A.
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estimator with equal variances and null covariances (that is, a diagonal matrix with equal diagonal
entries) is well-conditioned. Therefore, by taking the weighted average of the sample covariance
matrix and the shrinkage target (i.e. a multiple of the identity matrix) and choosing the weights op-
timally according to a quadratic loss function, the resulting estimator inherits the desired properties
of both matrices.

Firstly, the following definitions are needed.

Definition 3.1. Consider a square p x p matrix A. The Frobenius norm is defined as

lAllg =

We can also define an associated inner product of the Frobenius norm.

Definition 3.2. Consider two square p x p matrices A and B. The associated inner product of the Frobenius
norm is defined as

(A, B) = ;tr(ABl) . (3.2)

Lemma 3.1. Consider a T x p matrix Y of T observations of a family of p-dimensional iid random vectors

{Y1,...,Yr} with mean zero and covariance matrix X.. Then the sample covariance matrix given by

/

S=_YY, (3.3)

1
T
is an unbiased estimator of the true covariance matrix .

Proof. Foralli,j € {1,...,p} we have that

(Y’Y) ,= tilyt,iyt,j.

Taking the expectation of the elements S;;, for all i,j € {1,..., p}, yields

1 & 1< 1<
E(SZ]) =E (T ; Yt’th,]) = ? ; E(Yt,th,j) = T ; COV(Yt,i, Yt,]') = Cov (Yt,i/ Yt,]') ,

where we have used the fact that E(Y;) = 0, forall t € {1,..., T} (see also Definition A.37 in Ap-
pendix A). Therefore,

(see Definition A.38 in Appendix A) and the proof is complete. ]
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In the following definition, four scalar quantities, which are crucial for the analysis of Ledoit and

Wolf (2004), are presented.
Definition 3.3. Ledoit and Wolf (2004) define the following four scalar quantities:
. 1 ' 1
() = (2, 1) = (z1,) = Su()

(i) a2 = |[£ — L[,

(i) B2 = E(lIs—=IF),
. 2
() 0 = E([|S - uL,|[7)-
The following lemma shows the relation between a?, 2 and 4.

Lemma 3.2. For the scalar quantities «®, B and 62 it holds that
0 =a?+

Proof. See the proof of Lemma 2.1 in Ledoit and Wolf (2004). O

The shrinkage estimator of Ledoit and Wolf (2004) is given by the following theorem as the solu-

tion of a quadratic programming problem under a linear constraint.

Theorem 3.1. Consider the optimisation problem:

ﬁ%;{E@Y—Z%ﬂ

s.t. = P15 + PZIp/

where the coefficients p1 and py are nonrandom. Its solution verifies

. a2 2
and
. a2 B2
E(|[ - 2|2) = TE (3.5)
Proof. See the proof of Theorem 2.1 in Ledoit and Wolf (2004). O

We now proceed to present four interpretations of Theorem 3.1, above, which can be found in

Subsection 2.2 of Ledoit and Wolf (2004).



(i)

(i)

(iii)
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Consider the Hilbert space of p X p symmetric random matrices A, such that E (] A \%) < o0,

whose associated norm is /E <| || |%> and the inner product of two random matrices A; and
Ay isE((A1, Az)). Then Theorem 3.1 can be interpreted as a projection theorem on this Hilbert
space. In this context Lemma 3.2 can be thought of as a restatement of the Pythagorean Theorem
(see the first interpretation of Theorem 2.1 in Ledoit and Wolf 2004). The interpretation of
Equation (3.4) is that the true covariance matrix X is projected onto the space spanned by the
identity matrix I, and the sample covariance matrix S. To achieve this, ¥ is initially projected
onto the line spanned by I),, which results in the shrinkage target uI,, and then it is projected
onto the line that joins the shrinkage target I, to the sample covariance matrix S. The relation
between the distance of the true covariance matrix X to the shrinkage target iI, and the distance
of X to the sample covariance matrix S, determines whether the shrinkage estimator ~* ends

up being closer to I, or to S.

The second interpretation is that of a trade-off between bias and variance. The objective is to
minimise the mean squared error of the shrinkage estimator X*, which can be expressed as
the sum of its variance and its squared bias (see Equation (10) in Ledoit and Wolf 2004 and

Proposition A.3 in Appendix A), that is
* 2 * %\ (12 * 2
E(|[=* - 2I}f) =E(|[=* —BE)IF) +1IBE) - =/}

For the shrinkage target uI, the mean squared error is equal to its squared bias, while for the
sample covariance matrix S the mean squared error is equal to its variance. Therefore, the
shrinkage estimator X* is the quantity that optimally balances the error coming from bias and
the error coming from variance. It should be noted that the trade-off between bias and variance
is a central idea of shrinkage (see, e.g. the paragraph following Equation (10) in Ledoit and
Wolf 2004, the Introduction and the discussion following Proposition 1 in Sancetta 2008, or the
Introduction in DeMiguel et al. 2013).

The third interpretation is Bayesian. Let us assume that the prior information for the true
covariance matrix X is that it lies on the sphere whose centre is the shrinkage target uI, with
radius « (see (ii) in Definition 3.3). The information obtained from the data is that the true
covariance X lies on the sphere with centre the sample covariance matrix S and radius f (see
(iii) in Definition 3.3). Then X~* can be deemed as the combination of the prior information and
the information provided by the data. Combining these, the true covariance matrix should lie

on the intersection of the two spheres, which is a circle with centre the shrinkage estimator
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2*. The relation between the accuracy of the shrinkage target ul, and the accuracy of the
sample covariance matrix S determines the relative importance given to prior versus sample
information for the resulting shrinkage estimator X*. As Ledoit and Wolf (2004) point out, for
a complete Bayesian approach, both the support and the distribution of the true covariance
matrix X would need to be specified. Therefore, Z* should be seen as the centre of mass of the

support of ¥, instead of as the expectation of the posterior distribution, as is usually the case.

Let us denote by A; and [;, i € {1,..., p}, the eigenvalues of the true covariance matrix X and
the eigenvalues of the sample covariance matrix S, respectively. The scalar quantity y, defined

in (i) of Definition 3.3 can be expressed as (see Equation (11) in Ledoit and Wolf 2004)

The last equality is proved as follows

L) — Liees)] — Lefecs)] — Le(
Etr(Z)—pt [E(S)] pE[t (8)] pE(i;ll>,

(for the second equality see (C.48) in the proof of Lemma 3.9 in Subsection C.2.3 of Appendix C).
Therefore, u represents the mean of the eigenvalues of both the true and the sample covariance
matrix (the eigenvalues of the sample covariance matrix are also called sample eigenvalues, see,
e.g. Subsection 2.2 in Ledoit and Wolf 2004, or the Introduction in Mestre 2008). Similarly,
Lemma 3.2 can be written as (see Equation (12) Ledoit and Wolf 2004)

p

;E !p (u—;&] = ; X (= +B(1IS - ZI7) (3.6)
(for a proof of Equation 3.6, see Section C.1 of Appendix C). Equation 3.6 shows that the sample
eigenvalues are more dispersed around their mean than the true ones, and the excess disper-
sion equals the risk* of the sample covariance matrix S. This means that the largest sample
eigenvalues are biased upwards (they overestimate the corresponding true eigenvalues) and
the smallest are biased downwards (they underestimate the corresponding true eigenvalues),
which is a well-known issue (see, e.g., Section 2 in Muirhead 1987, the Introduction in John-

stone 2001, Subsections 2.2 and 2.3 in Ledoit and Wolf 2004, or the Introduction in Mestre 2008).

4See Definition A.29 in Appendix A.
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Shrinking the sample eigenvalues by taking

2
Af = 521+§2y (ie{l,....,p}),

is a way of improving upon the sample covariance matrix. These are exactly the eigenvalues of
the shrinkage estimator >.* and their dispersion is even lower than the one of the true eigenval-

ues, as it is shown by the following lemma.

Lemma 3.3. The eigenvalues of the shrinkage estimator ¥*, defined as

2
Af = 521+§2y (ie{l,....,pr}),

are less dispersed around their mean, compared to the eigenvalues of the true covariance matrix ¥.

Proof. Foralli € {1,...,p}, by Lemma 3.2, we get

062 2 o +,B2 2

M—n=glit gh——% 1= 52(1—14)

1

Therefore, for the dispersion of the eigenvalues of the shrinkage estimator >~*, by (C.1), we get

el o] < (B[ 0-n]) - o[ () oor

() el - () e

Since 62 = a% + B2,

2 21 p? <2

and, by Equation (C.2), the proof is complete. O

Shrinking the sample eigenvalues towards their mean results to an estimator whose condition

number® is closer to one, therefore, the shrinkage estimator >* is a well-conditioned matrix.

5The condition number for the problem of solving a system of linear equations is indicative of whether the problem is
well- or ill-conditioned. A small condition number indicates a well-conditioned problem, while a large condition number
indicates an ill-conditioned problem (see, e.g. Subsection 2.2 in Ciarlet 1989, Theorem 2.1 in Demmel 1997, or Chapter 4 in
Westlake 1968).

For a positive definite matrix, whose eigenvalues are all positive (see Proposition A.10), the condition number can be
expressed as the ratio of its largest to its smallest eigenvalue (see the third statement of Theorem 2.2-3 in Ciarlet 1989), that

/\max(A)

K(A) B Amin(A).

A matrix whose condition number is close to one, is well-conditioned for solving linear equations, hence it is also well-
conditioned for the problem of its inversion (see Chapter 4 in Westlake 1968).
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By Definition 3.3 and Equation (3.4) it becomes apparent that * depends on the true covariance
matrix X, which is unknown, therefore %* is not a feasible, or, as Ledoit and Wolf (2004) call it, a
bona fide estimator. Replacing the quantities y, a?, B> and 42 in the definition of X*, by consistent
estimators, results in a bona fide estimator of X.

Following Ledoit and Wolf (2004), let us rewrite the four quantities of Definition (3.3) as:
. 1 / 1
@) pr=(Zr, I;) = ptr(ZTIP ) = ;tT(ZT),

2
F’

(ii) Dé% = HZT — }lTIp‘
(i) B3 = E<||ST — Zrlhza),
(v ¢ =E(||sr - prt,|[}),

where the subscript T is used to emphasise the dependence of the following results on the sample
size. What follows holds asymptotically as T — +oo (see the first paragraph of Subsection 3.3 in
Ledoit and Wolf 2004).

We now give a series of lemmas (see Lemmas 3.2 to 3.5 in Ledoit and Wolf 2004), before we state

the main result in Theorem 3.2.

Lemma 3.4. If mr = (St , I,), then E(mt) = pr, for all T and my — pr converges to zero in quartic mean,

that is E {(mT - yT)ﬂ P 0.

Proof. See the proof of Lemma 3.2 in Appendix A in Ledoit and Wolf (2004). O

A direct consequence of Lemma 3.4 is that m% — u2 3™, 0 and mr — Ut 3™, 0, where X7 is
used to denote convergence in quadratic mean (see the paragraph following Lemma 3.2 in Ledoit

and Wolf 2004).

Lemma 3.5. If 3 = ||St — mrl, ||y, then &% — 53 1= 0.

Proof. See the proof of Lemma 3.3 in Appendix A in Ledoit and Wolf (2004). O

Lemma 3.6. Let

2
4
F

- 1 & )

B2 = ﬁ; HYt.Yt. - sT’
and b% = min {Ez,d%}, where Y;. denotes the t-th row of the matrix Y that contains the observations. Then
02— B2 0and b2 — g2 1 0,

Proof. See the proof of Lemma 3.4 in Appendix A in Ledoit and Wolf (2004). O

Lemma 3.7. If a% = d2 — b2, then a% — a2 am
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Proof. See the proof of Lemma 3.5 in Appendix A in Ledoit and Wolf (2004). O

We are now able to present the bona fide shrinkage estimator of the true covariance matrix, which

is a consistent estimator of X7.

Theorem 3.2. If
a2 2

b%
d2 ST—|— I

St = d2

then ||ST — X3 ||g ™, 0. Consequently, the shrinkage estimator Sk is a consistent estimator of Y. Addi-
tionally, St and X% have, asymptotically, the same risk as estimators of the true covariance matrix L, that
is

* 2 2
E(|Is7 - Zrllz) — E(IIZF — ZlF) —— 0.

Proof. See the proof of Theorem 3.2 in Appendix A in Ledoit and Wolf (2004). O

We now proceed to show how the shrinkage estimator of Ledoit and Wolf (2004) can be obtained,
using the method of Yuan and Huang (2009).

Consider a set of observations y = (y1,...,yr) that are a realisation of T iid random vectors
Y = (Yi,...,Yr) from Ny (p, X). This is equivalent to assuming that the data come from model (2.45),
where the state space of the underlying Markov chain is a singleton (K = 1) and the random vectors

e, t€{1,..., T} areiid from N, (0,,1,). Forall t € {1,...,T} we have

F (i) = @) 2 (D) 2exp {3 (= = (e - |

The likelihood function is

l\)\'—‘

T T l
_ Hf(yt;y,Z) — (270) P2 [det(x)] T2 exp{ Y (- ) =Ny - y)} ,

t=1

and the log-likelihood is

1

T
Z Yye —p).

t:1

ly(n,X) = P log(2m) — Ilog det(Z

Similarly to Yuan and Huang (2009) (see Subsection 2.1), we give the penalised log-likelihood in

the following definition.

Definition 3.4. The penalised log-likelihood function is defined as

py(n, %) = %«%(%Z) —AM(Z), (3.7)
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where

J(T) = logldet(z)] + tr(=7'Q) (3.8)

According to Yuan and Huang (2009), the penalty function given by Equation (3.8) is strictly
convex over the cone of positive definite matrices, is chosen so that it is ensured that the penalised
log-likelihood function, defined in Equation (3.7), has a unique maximiser and its maximisation is
computationally tractable. The penalty has a unique minimiser (), which is an appropriately chosen,
well-conditioned matrix and shrinkage target of the resulting shrinkage estimator (see the discussion
following Equation (3) in Subsection 2.1 of their paper).

The coefficient A is called the reqularisation parameter (see Fan et al. 2006).

Lemma 3.8. Consider the maximisation problem

u, >0

max {py (4, )} = yr}lggo{;ﬁy(%z) —AI(Z)},

where . > 0 denotes that ¥ is a positive definite matrix. The estimators for y and %, denoted by fi, ¥°,

respectively that maximise the objective function are

and

1 A
5 S 0
112”1

Proof. The penalised log-likelihood, given by (3.7), is

i Yy - y))

t=1

I\J\H

py(w, L) = % <—10g(27r) - —log [det(Z
A {log[det(Z)] +tr <Z_1Q>]

= —log(2m) — (1+ A)log[det(Z i Yy —u) — A tr (2_10) . (39

=1

e

We have

!

- - =y S e~y S - g Sy A g =y Sy - 2 S 2y,
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thus, we get

. 1
(ye = M)Zl(yt—ﬂ):—*ZytZ et = Z%E e TZVZ "

i
1=

I
A

=-= S W 2 @) s
t=1

!

1 & :
=7 Zyt Yy 2 <Z’1]}> -ty (3.10)
=1

1T
where 7 = T Y vt In the last relation we have used the fact that £~ ! is symmetric.
t=1
Setting the partial derivative of p, (u, Z), with respect to y, equal to the zero vector 0, and utilising

Equations (3.10), (A.2) and (A.3), yields

2 (Z‘ly‘> - P‘/ [Z_l + <2_1> ] =0,
which results to
Tl =2 sl eyt =) 2 e, =) L, e u=7

Therefore, the estimator of y, that maximises the penalised log-likelihood, is

=
Il
<

Setting the partial derivative of p, (y, X), with repsect to X, equal to the zero matrix 0, p, by (3.9)
and (A.4) to (A.6) and using the fact tr(X71Q)) = tr(I,£1Q)), we get

!/ !’

—(1+0)z T+ ;2 12 (v =) (v =) (2—1) +/\(z—11p02—1) = 0pxp. (3.11)

Let us denote by S the biased sample estimator of X

1 i :
= —9),

T t=1
(see Definition A.42 in Appendix A and compare with Equation (2.58)). Then, as ¥~ ! is symmetric,
(3.11) becomes

— (14 A+ EISE T AT TR T = 0,0 (3.12)



70
Multiplying both sides of (3.12) by X, both from the left and from the right, results in
— (14 ) 4 2SS I+ A IO IS = 0,0 & — (1+A) 24 S+ AQ = 0pyp.
Consequently, the maximum penalised log-likelihood estimator of %, is given by
1 A

¥ = S Q. 3.13
112" 15 (3.13)

A
Setting w = 1€ [0,1], Equation (3.13) is written as

2 = (1—w) S + wQ.

Setting
(i) Q=vl, withv = (%, I,),
2
(i) w="L5, where g = B(||s 2| }) and o> = B(|s ~ v1,|12),

yields the optimal linear shrinkage estimator proposed by Ledoit and Wolf (2004),

ﬁZ
>* 5 S+ (521/1?'

where a2 = HZ — 1/1,,‘ {i

Then a consistent estimator of the optimal weight w is

PP
w ek
where
= s
0=(5,1,)
and

2 —min{ 1 o7 =

which gives the following consistent estimator of X%,

N 2 b2
> d25+d
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where a2 = 4% — b2.

, it becomes evident that to derive the shrinkage estimator >*, the regularisation

parameter A should be chosen by taking into account the underlying distribution of the data.

3.2 Shrinkage under Regime Switching

As we saw in Subsection 2.3.2, an important part in the implementation of the EM algorithm for

the hidden Markov model given by Equation (2.45), was the complete-data log-likelihood

K T
Cyx[(, P, @) = Y ) Vixmiy fi(yes ) + Ex[ (7T, P)] .

k=1t=1

Assuming that an oracle reveals the hidden states (X, ..., X7) leads to the oracle estimates puy and 22
given by Equations (2.55) and (2.57), respectively. To get well-conditioned estimates for the covari-
ance matrices, following the framework of Section 3.1, we incorporate K different penalty terms, one
for each state, into the complete-data log-likelihood, to get a penalised complete-data log-likelihood,

defined as

K T K
puxl( P, )l = 237 Y Vs filyi ) — Yo MI(Z) + 26x((mP)], (314
k=1t=1 k=1

1
where Ji(Zx) = log[det(Zy)] + Vitr (Zk’ 1) and 7} = Etr(Zk)’ where ¥, denotes the true covariance
matrix under state k, for all k € {1,...,K}. Following the frameworks of Subsection 2.3.2 and Section
3.1, the maximum penalised log-likelihood estimators of the covariance matrices are the shrunken

versions of the oracle estimators ii, that is
55 = (1 —wi) R + wi i, (3.15)

where wy =

7 +k)\k € [0,1], forallk € {1,...,K}. As has already been mentioned in Subsection 2.3.2,
Fiecas et al. (2017) chose to work with ¥ = 7%} (see Equation (2.58)). To derive the corresponding
shrinkage estimators, the scaling factors 7, k € {1,...,K}, need to be adapted accordingly. Using
the optimal weights of Ledoit and Wolf (2004), we get the shrinkage estimators of the covariance

matrices, based on 27, as
= (1 —wy) Z¢ + wrwidp (ke{1,...,K}), (3.16)

where v, = ;tr(rckzk), ke{l,...,K}.
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2} is not a bona fide estimator, as wy and v are unknown and need to be estimated from the data.
To do so, Fiecas et al. (2017) use the framework of Sancetta (2008), who extended the work of Ledoit
and Wolf (2004) for data that exhibit time-series dependence. As the author points out in his paper
(see the Introduction and the remark on Condition 1 in Subsection 2.2), his results are weaker than
the ones of Ledoit and Wolf (2004), but they cover more cases, therefore the two papers should be

viewed as complementary. Sancetta’s shrinkage estimator is of the form
¥ =(1—wa)S+aF,

where a € [0,1], S is the sample covariance matrix and F is a constrained version of the true covari-
ance matrix 2. The shrinkage target F is chosen appropriately in order to impose strict conditions on
2 and it is unknown, so it needs to be estimated.

The first step to determining an estimator for X, is to replace the scaling factor v;, which relies
on the unknown covariance matrix X; and the unknown stationary probability 77, with an estimate.
Fiecas et al. (2017) show, using Lemma 3.9, that a proper choice is v} = ;tr (£¢) (for the proof of

Lemma 3.9 see Appendix C).

Lemma 3.9. Let the data be generated from model (2.45), either for fixed p, or for p — oo with increasing
T, satisfying Assumptions (A) (see Subsection 2.3.1). Consider the following assumptions:

(B1) giaé] {|px ;| } and HZ}(/Z‘ ’}i = p~tr(Zy) are uniformly bounded in p,
(B2) m > 0, tr(Xg) > cp’, for somec > 0,0 <r < 1andall p.
It follows for some 0 < B < landallk € {1,...,K},
(i)
E(up) = e+ mO(BT) = e+ 0(p'/267),
B(7p (g — ) = T mete(Ze) = O(p/T),
and

E(Z}) = (7~ 1/T) Tk + O(BT/T) = mZi + O(y/p/T).
(ii) If (B1) holds, then the normalised trace estimator v} is mean-square consistent, that is,
E [(1/,? - vk)z} = O(T’l) :

Additionally,
E() =u+0(T7"),
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where

Vi = ;tr(nka) ’ (3.17)

and

= ;tr( o) (3.18)

(iii) If both (B1) and (B2) hold, then

()P T

Var(tr(29)] O<p2(1—7)> ’

that is, the relative error of tr(X9) as an estimate of tr(7Xy) converges to zero if p'~" = o (\/T )

We present some comments on Assumptions (B1) and (B2) that can be found in the discussion
following Lemma 1 in Fiecas et al. (2017).

If p is fixed and the true covariance matrix Y is nonsingular (all its eigenvalues are different
than zero), Assumptions (B1) and (B2) are automatically satisfied. If the largest eigenvalue of X,
say Amax(Zg), is uniformly bounded in p, then the second part of Assumption (B1) is automatically
satisfied, as tr(X;) < pAmax(Zx). However, this is not a necessary condition. Even if Amax(Zy) is
growing with a rate up to p, Assumption (B1) is still satisfied, as long as all the eigenvalues of X,
except a finite number of them, are uniformly bounded in p. In case the smallest eigenvalue of X, say
Amin(Zk), satisfies the inequality Amin(Zg) > cp’~! = %, which means that it does not converge
too fast to zero, as the dimension p increases, then Assumption (B2) is automatically satisfied, since
tr(Z) > pAmin(Z). However, Assumption (B2) includes the case of X being singular, that is at least
one of its eigenvalues equals zero, which implies that Amin(X¢) = 0.

For the optimal weights we use the formula given by Proposition 1 of Sancetta (2008), setting
F = vI,. It should be noted that Sancetta (2008) uses the unscaled Frobenius norm, that is ||A|| =

tr(AA"), where A € RP*P.

Lemma 3.10. Consider the shrinkage estimators £, = (1 — wy) Xp + wivilp, k € {1,..., K}, where £y and
vk are given by (2.58) and (3.17), respectively. The optimal weights wy, k € {1,...,K}, which minimise the
risk

. 2
w?;(l)’,ll] {E(‘ } (] — wk) Zl(c) -+ wkkap — ﬂkzk‘ }F> },

are Qiven b
given by ,
E(\ |20 — i \F>

B(|[=¢ - udpllf)

W, = min

assuming that all the relevant moments exist.
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Proof. See the proof of Proposition 1 in Section 4 in Sancetta (2008). O

As the optimal weight of Lemma 3.10 depends on the true stationary probability 7r; and the true
covariance matrix X, the optimal shrinkage estimator X is not a bona fide estimator. To estimate wy,
we need to find consistent estimators for both the nominator and the denominator. For the denomi-
nator, vy is substituted for its oracle estimate v} (see Equation (3.18) in Lemma 3.9). This follows the
framework of Ledoit and Wolf (2004), who replace the expected loss in the denominator of the opti-
mal weight with its sample counterpart, by substituting the scalar quantity y for its sample estimator
m (see Definition 3.3, Lemmas 3.4 and 3.5 and Theorems 3.1 and 3.2).

To determine an estimator for the nominator, we are going to follow the framework of Sancetta
(2008).

By Statement (ii) of Lemma C.3 and Equation (C.79) (in the proof of Lemma C.3), we get

1 T
T Y L (Vei — pii) (Yej — pj)

t=1

i iVar

1
E(I1Z0 - mZlf) =
( F> Pisij=

+ o(%) . (3.19)

Setting
Ziii(t) = Vyxmiy (Yei — i) (Yo — bxj) s

Equation (3.19) can be written as

B(I1Zg - sl ) =

‘G\»—\

pr 1 I p
Yo ) Var( 7 ) Zyi(1) | + o(ﬁ) .
i=1j=1 t=1

This time series is stationary with exponentially decreasing autocovariances cy j; (s) and a contin-
uous spectral density fi;i(w) (see Lemma C.1 in Appendix C). We define the corresponding sample

autocovariances6 as

_ T T
,] Z (Zkl] ;_L;Zk'ij(T)> (Zk,ij(t—FS) — ;ng'ij(T>> (S € {0,. ., T — 1}),

t=1

where ¢} ].(s) =0y j(—s). As in the proof of Lemma 3.9 (see Subsection C.2.3) for the variance of 7},

by Remark 1 to Theorem 7.1.1 in Brockwell and Davis (1991), we get

Ly N .
Var(T }:a,a(t)) Tfeij(0), T—+oo (ke {l,..., K}, i je{l,...,p}).
t=1

6See Definition A.49 in Appendix A.
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As in Sancetta (2008), the spectral densities at frequency zero,

sz] Z ckz] (ke{l,...,K},i,je{l,...,p}),

n=—oo

are going to be estimated via kernel smoothing”. We consider a kernel K(-), with the following

properties:
(i) K(u) >0, forallu € R,
(i) K(u) = K(—u), forallu € R,
(iii) K(0) =1.

For some bandwidth (or smoothing parameter) b > 0, the estimators of the spectral densities at

frequency zero are given by

T-1 s
R0 = L K(3)a@us)  (ke{l... K}, ije{l....p}).
s=—T+1

Using the same kind of arguments that were used to prove Lemma C.3, replacing the unknown
means Ji; by their oracle estimates yy, asymptotically, has no significant impact. Therefore, we can
utilise the following bona fide estimators, defined for all t € {1,...,T}, s € {0,...,T—1}, k €
{1,...,K}and i, je{1,...,p} as:

2k,z]( ) - l{Xt =k} (Yfl - :ul(c),i) <Yfrf - ‘”2,]) ’

20 1 (5 1 -5
Crif(5) = 7 ). (Zk,ij(t) -7 Y Z(t )) (Zku (t+5) ZZ’”J )
t=1 =1
and
N T_1 5\ s
fei(0) =) K(b> Ckij(5)-
s=—T+1

Therefore, we get the following oracle estimators of the optimal weights

IR
(pT) ;1 ;1 fii(0)
wQ = min i 1 (ke {1,...,K}), (3.20)
1Z¢ - v |7
k k*PIIF

7Kernel density estimation or kernel smoothing is a technique for nonparametric estimation of density functions (probability
or spectral). In this method, some functions with specific properties, called kernels, and a bandwidth or smoothing parameter
are utilised, hence the name (see, e.g., Andrews 1991, or Wand and Jones 1994).
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which yields the bona fide optimal shrinkage estimator
=1 -wd) S +whdl, (ke {l,...,K}). (3.21)

Notice that Equation (3.20) is the exact same formula as the one for &t given after Equation (4) in
Sancetta (2008). The term p~! in the nominator of w is justified by the fact that we use the scaled

Frobenius norm, while, as has already been mentioned, Sancetta (2008) uses the unscaled version.

Theorem 3.3. Under Assumptions (A1), (A2) and (A3) on the Markov chain {X; : t € Z} and the random
vectors €;, t € Z, and under Assumption (B1) of Lemma 3.9, let the kernel K(u) be continuous, symmetric,
nonnegative and, for u > 0, decreasing with K(0) = 1 and f0+°° [K(u))* du < 4o0. Additionally, choose the
bandwidth b = by — oo, such that by //T — 0,as T — +oo. Moreover, assume either:

(C1) p fixed, vilp, # T2y, or,
(C2) p — 400, p7 ||uidp — | ‘12: — ¢ > 0 for some «y € (0,2], such that p>~7/T — 0.

Then, with rr = T in case (C1), or rr = T/ p*~7 in case (C2), we have the following results:

(i) rr (w9 —wi) = 0p(1),

(iif) ‘

55— i), = 115 — el [1+ 0p 1/ V7).

Before we proceed to show how the methodology, presented in this section, is incorporated into
the EM algorithm, we make some comments on Theorem 3.3, that can be found in Subsections 2.1
and 2.1 in Sancetta (2008) and in the discussion following Theorem 1 in Fiecas et al. (2017).

Assumptions (C1) and (C2) come from classical assumptions for shrinkage (see Condition 1 (3)
in Sancetta 2008). The target matrix needs to be quite different than the true parameter 71;.%, so that
the number of the elements of the shrinkage target to be estimated will be relatively small (see the
paragraph following Example 3 in Subsection 2.2 in Sancetta 2008). Also, if the shrinkage target viI,
were equal to the true value of the parameter 713X, there would be no point of using shrinkage. The
parameter y quantifies how different the target matrix viI), is from 7%, under the Frobenius norm
(see the paragraph following Example 2 in Subsection 2.2 in Sancetta 2008, keeping in mind that the
Frobenius norm used by Sancetta 2008 is not scaled).

Theorem 3.3 assures that the optimal weight wy and its oracle estimate w} are, asymptotically,
equivalent and that the error of the bona fide estimator f‘s, is in probability asymptotically the same

as the error of the non bona fide shrinkage estimator ;. This means that using /Z\‘.i as an estimator
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of Xy, is in probability asymptotically, equivalent to using X;. The rate of convergence of the error
of i,sc, as an estimator of 71;X, in the corresponding error of X is also provided. Consistency of the
estimator ii is not guaranteed by Theorem 3.3, as it is not the main concern. What is of interest, is

that f}i is a better estimator than X under the Frobenius norm (see Subsection 2.1 in Sancetta 2008).

3.3 Incorporating Shrinkage into the EM Algorithm

As has been discussed throughout this chapter, the sample covariance matrix performs poorly in
situations where the sample size T is relatively small and the data dimension p is high. As we saw
in Subsection 2.3.2, the estimator ZNLE, which is the sample covariance matrix for the hidden Markov
model given by Equation (2.45), under state k, k € {1,...,K}, faces the same problems. Even in
cases where the dimension p is low, if there are some states for which there is only a small number of
observations, then the corresponding matrices might be numerically ill-conditioned, or even singular.

To overcome this problem Fiecas et al. (2017) propose to incorporate the shrinkage estimator of
Section 3.2 into the EM algorithm. The first step is to substitute the complete-data log-likelihood

¢y x(0), in the function Q(6;8'), for its penalised counterpart, given by Equation (3.14). Therefore,

-

we define

, 2 K T K 2
Q(6;0") =Eg (pyx(0) | Y =y) = E(T Yo L fiye0) — ) Adk(Zk) + ?EX(B)
k=1 t=1 k=1

T
% Y. Y E(Lxe—iy | Y =) fi(ys;6) — Z MeJ(Zi) + E(;fx(ﬂ) ‘ Y = y)
k=1t=1 k=1
2 K T K )
=T Yo () fie(yi 0) — ) AJe(Ze) + E(Tﬁx(ﬂ) ’ Y = y) ) (3.22)
k=1t=1 k=1

The E-step is carried out as was described in Paragraph 2.3.2.1 with Q(O; 9(m)> as defined in
Equation (3.22). It should be noted that the penalty terms [(X;) are independent of 6", except
for the scaling factors vy = p~!ltr(Xy), which are linear in the corresponding covariance matrices.
As was shown in Paragraph 2.3.2.1, in the E-step, the conditional expectations, of the random vari-
ables 1;x,—y; and 1yx,— x,,,—1}, given the observations (y1,...,yr), 7k(t) and &y, (t), respectively, are
obtained.

In the M-step, as was presented in Paragraph 2.3.2.2, we derived the maximum likelihood esti-
mates based on the formulas of the oracle estimates, where the random variables 1 (X,=k} Were re-
placed by their conditional expectations 7 (t) from the E-step. Working in a similar fashion, now the
maximum penalised likelihood estimates are going to be utilised, where a data-adaptive regularisa-

tion parameter has been employed, in order to obtain them.
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As was shown in Section 3.1, the penalty term has an effect only on the formula of the estimator
of the covariance matrix, therefore the updating formulas for the transition probabilities pj; and the
means Ji; are the same as the ones that were given by Equations (2.61) and (2.62), respectively. In
Subsection 2.3.2, we started from the maximiser of the complete-data log-likelihood %9 and using
the sample estimate of the stationary probability 7ry, we derived the biased oracle estimator of the
covariance matrix £ = n9%?. Then, we substituted the random variables 1 (x,=k) for their condi-
tional expectations (), derived from the E-step, to obtain the updating formulas for the covariance
matrices (see Equations (2.63) and (2.64)). Following that framework, in Section 3.2 we started from
the shrinkage estimator %} which maximises the penalised complete-data log-likelihood. Then, we
obtained ¥ by replacing ¢ and 7 with X9 and vy, respectively, in the definition of 5 (see Equations
(3.15) and (3.16)). Finally, by estimating the unknown quantities in the definition of X}, we obtained
the bona fide optimal shrinkage estimator Z given by Equation (3.21). Same as before, replacing
the random variables 1;x,_, with their conditional expectations x(t), yields the estimators for the

covariance matrices given by

= 1~
Zk:TZi:*
Ttk

- [(1-@2)2&@;@314 (ke {1,...,K}), (3.23)
k

where
T

Z n) ve—m) (ke {l,...,K}),

oo = ;tr(f.,?) (ke {1,...,K}),

and @y defined as wy given by Equation (3.20), where the random variables 1;x,_y}, again, are re-
placed by their conditional expectation (t) in all the quantities that are involved in the definition

of w?. That is, defining Z?ij(t), CAZ,ZJ( ) and f? l]( ) as

Zii(t) = 1(t) Yo — i) (Yo — Pxj)

— ,‘]( )) (Zkl] t—I—S ZZZU )

o
<
I
Sl
H
B
/N
N
=
|
=
-1~
)
= %

and
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then @) is given by

0o (0
pT == kij

Finally, let us summarise the process of the modified EM algorithm.

Wy = min

(ke {l,...,K}).

~ 2 7
(0] N0
Zk —kapHF

Modified EM Algorithm for the Data-Generating Model

(1) Initialise with a proper value 60 = (71'(0), PO, ¢(0)) of the parameter.
(2) At the m-th iteration proceed as follows:

(2.1) E-Step: Compute the modified Q <9; B(m)> defined by Equation (3.22) as a function of 6,

in the following manner:

(2.1.1) Forallk € {1,...,K}, compute the forward variables under the value 00" as:
@111 o (1) = 7" fi(yi6™).

K
21.1.2) ™ (t) = <z a" (1) pfﬁ) fk<yt,—¢,§m)>,for allt € {2,...,T}.
i=1
(2.1.2) Forallk € {1,...,K}, compute the backward variables under the value 0" as:
21.2.1) p"(T)

1
(m) K
(2122) g(H) =}

T P £, <yt+1;¢l<’”)) B (t+1), forallt € {T—1,...,1}.

(2.1.3) Forallt € {1,...,T}and k € {1,..., K}, compute the variables:

,),I((m)(t): K‘Xl(cm)(t) ,Bl(cm)(t) .
. a™ (1) B (1)
i=1

1

(2.14) Forallt € {1,...,T—1} and kI € {1,...,K}, compute the variables:

(m) “lgm) (t) P;(J")fz (ym;(pl(’”)) ﬁf’”) (t+1)
Chi (t) = K () - .
L % (B) B (t)

1



80

(2.1.5) Calculate the conditional expectation of the penalised complete-data log-likelihood,

given the observations (v, ..., yr) for the current values 8", )\,Em) and J (f,((m)> as:

Eo(m)(py,X(T(/P/¢) ‘yl,...,yT) :;I:Z‘ié')’m ()fk(%z‘l)k ) I:Z‘i/\ ( )
+E9<m)(:2rgx(”rp Yi,- ’yT)
where ~o(m)
Algm) - 1 iUk@;{)(m)'
and
(507 = tog[det (5] + 75 [(glgm)l] :
with
17]?("1) = 1’cr (i;(m)> )

p
(2.2) M-Step: Using the current values 'y,Em) (t) and é,gn) (t), that were calculated in the E-step,
determine the value 8("+1) = (n<m+1), plm+l) (p(m“)) that maximises Q (6; 6(’”)> . Forall
k,1 € {1,...,K}, the values of the initial and transition probabilities of the hidden Markov

chain are updated as follows:

T
=l

fan

|

~| =

il
R
=~
=3
=
—~
[
S—

w
Il
—_

For all k € {1,...,K}, the parameters of the state-dependent distributions ¢ (m+1) =
(‘Pka )k o with ¢ = (pk, X ), are updated as follows:
€5x

A(m+1 t=1
= )y
(1)
t=1
a(m+1) 1 (m+1) (m+1) (m+1) no(m—+1)
B = (1 @) O @ e
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where
T /
so(m+1) _ 1 (m) ~ (m+1) ~ (m+1)
T = TE”W 0 (e =" ™) (ve— ")
so(m+1) _ 1 /ao(mt1)
Dy = ptr (Zk ) ,
1 PP o,
— L ¥ fi"0)
~o(m+1) . Pl i=1j=1
Yk - min co(m+1)  so(m+1) 210
‘ 2y Y IPHF
with
& s=—T+1 b/ i

foralli,j e {1,...,p},

T—s
,\*(erl 1 A* m+1 A* m+1 A*(erl =*( m+1
Ck/i]‘ Z ( k,ij -7 kz ) (Zk ij 2 Zkz ’

=1

~~

foralls € {0,...,T—1}andi,j€{1,...,p},and

!/

x(m+1) m m m
Zpi (t)= 'Y}E )(t) (ytl Vl(czH)) (yf] ?‘l(qﬂ)) ’
forallt € {1,...,T}andi,je {1,...,p}.

(3) Alternate between steps (2.1) and (2.2) until a stopping criterion is met.

Fiecas et al. (2017) point out (see the last paragraph of Section 3.3 of their paper) that this modified
version of the EM algorithm does not possess the monotonicity property of the original algorithm (see
Proposition 2.1). The authors state that the reason for the loss of monotonicity is not the incorporation
of the penalty term itself, but the fact that the regularisation parameter is adapted according to the
data. If both A; and 7, were fixed, then the modified algorithm would still possess the property of

monotonicity with respect to the penalised observed-data likelihood.
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Chapter 4

Applications

In this chapter we report our results from the application of the classical EM algorithm, the mod-
ified version of Fiecas et al. (2017) and a variant of the latter, where, in the E-step, we estimate the
complete-data log-likelihood function, and, in the M-step, we maximise the penalised complete-data
log-likelihood, to derive the shrinkage estimators for the covariance matrices. This framework has
also been adopted by Chen et al. (2014).

We used both simulated data and real data. The results from the simulations are presented in
Section 4.1, while the results from the analysis of the real data set are given in Section 4.2.

The code for this paper was written and executed using R Statistical Software R Core Team (2022).
For the implementation of all three algorithms, we modified the function em.mvn that can be found

inside the function em.hmm of the R package Xu and Liu (2018).

4,1 Simulations

In this section we follow the simulation study of Fiecas et al. (2017).

The simulated data are a multivariate time series of dimension p = 20 or p = 50 generated from
the model defined by Equation (2.45), either with two or three states (K = 2 or K = 3), with sample
size T = 128 or T = 256.

For the cases with two states (K = 2), the stationary distribution of the underlying Markov chain
is7m=(1/2, 1/2) and the one step transition probability matrix is

095 0.05
0.05 0.95

while for the three-state cases (K = 3), the stationary distribution is 7 = (1/3, 1/3, 1/3) and

the one step transition probability matrix is
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090 0.05 0.05
0.05 090 0.05
0.05 0.05 0.90

Fiecas et al. (2017) state that their choice of construction of the transition probability matrices is
a way to overcome the problem of identifiability of the states and to make the hidden Markov chain
more stable and balanced. This is not too restrictive, as the relation between the dimension, p, of the
data and the sample size, T, and the fact that, due to the construction of the model, the sample size
for some states might be smaller than T/2 or T/3 (when K = 2 or K = 3, respectively), makes the
settings challenging enough to assess the performance of the methods (see Section 4 in their paper).

The construction of the different covariance matrices is as follows.

* The covariance matrix under state 1 is defined as (X1);; = 0.71=,4,j € {1,...,p}, with p = 20

or p = 50.

* The covariance matrix under state 2 is a block-diagonal matrix, obtained from the following

construction scheme. Initially, a 5 x 5 correlation matrix Réz) is constructed, whose all off-

diagonal entries are equal to 0.25, and all its diagonal entries are, of course, equal to 1. Then a

p X p (p = 20 or p = 50) block-diagonal correlation matrix R;(f) is constructed with Réz) along

the diagonals. Setting CIE,Z) = 151, (p = 20 or p = 50), the covariance matrix under state 2 is

defined as ¥, = C;(E)RéZ)C,(HZ).

¢ The covariance matrix under state 3 is also a block-diagonal matrix, obtained from a similar
construction scheme to the one used for X,. We begin by constructing a (p/2) x (p/2) (p = 20

;3/)2, whose all off-diagonal entries are equal to 0.5 and all its
diagonal entries are equal to 1. Then a p x p block-diagonal correlation matrix R;B) is created

with two diagonal blocks, where each block is the matrix RS’/)Z. Setting C;(f) = 151, (p = 20 or

p = 50), the covariance matrix under state 3 is defined as >, = C;(,S)RS)C,E,B').

or p = 50) correlation matrix R

To determine the square root of the covariance matrices, which is necessary for the generating
procedure of the data (see Equation (2.45)), the Cholesky decomposition is implemented.
To compare the performance of the modified EM algorithm of Fiecas et al. (2017), and its variant,

to the classical EM algorithm, where the sample covariance matrix is used, the percentage relative
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improvement in average loss (abbreviated PRIAL) is used, defined as

~ 2 ~ 2
B(jge- =) (= =)
s(le-=)

The expected values involved in (4.1) are estimated by their sample analogs using 100 Monte Carlo

PRIAL(ii> =100 x 4.1)

samples.

In the sequel, for the results that were obtained using the method of Fiecas et al. (2017), we use
the abbreviation SPEM (Shrinkage Penalised EM), while the abbreviation SEM (Shrinkage EM) is
used for the results that came from the method where the penalised complete-data log-likelihood is
involved only in the M-step.

It should be noted that in Simulations 2 to 4, due to long execution times, only one set of initial
values was used in the implementation of the algorithms, for each Monte Carlo sample. The initial
values for the stationary distribution and the transition probability matrix were random. For the
vector of means, the sample mean of the data was used for all states. Accordingly, we used the
sample covariance matrix of the data, as the initial value for the covariance matrices of all states.

As Fiecas et al. (2017) point out (see the paragraph following Equation (19)), there is a label-
switching problem! which impedes the evaluation of the performance of the two methods in esti-
mating the covariance matrix under each state. To overcome this, following their framework, the
performance of the estimates is assessed by estimating the PRIAL of the transition probability ma-
trix, which is not affected by the label-switching problem due to its symmetry, and the marginal

K
covariance matrix, defined as ¥ = ) ;2.
k=1

41.1 Simulation1

In Simulation 1 it is assumed that the states are known, which allows us to evaluate the perfor-
mance of the estimators for the true covariance and precision matrices, under each state, without the
"burden" of the estimation of the hidden state variables. The means under each state are assumed to
be equal to the zero vector 0, (p = 20 or p = 50).

The results from the first simulation are summarised in Table 4.1 below. The estimators of the true

precision matrices are the inverses of the corresponding shrinkage estimators and the corresponding

IConsider a finite mixture model with parameters [(wy,¢1),. .., (wk, ¢x)], where w; and ¢; are the weight and the
parameter of the distribution of component i, i € {1,..., K}, respectively. If the value of the likelihood function is invariant
to permutations of the parameters, that is if the value of the likelihood function remains unchanged when we interchange
the indices of (w;, ¢;) and (w]-, q>j) ,foranyij e {1,...,K}, thenitis said that there is a label-switching problem (see, e.g.,
Section 3 in Redner and Walker 1984, or Subsection 2.2.1 in Stephens 2000).
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sample covariance matrices. The PRIALs for the precision matrices are defined as in Equation (4.1),
where each matrix has been substituted for its inverse. The same method is also implemented to

compute the PRIALs of the marginal covariance matrices.

Marginal
Number of Dimension Sample Size Covariance Precision Covariance
States K P T State Matrix Matrix Matrix
Two States 20 128 1 7.76 — 32.73
2 44.01 —
20 256 1 5.48 91.89 21.16
2 27.33 88.63
50 128 1 23.45 — 52.21
2 64.59 —
50 256 1 13.91 — 40.35
2 52.72 —
Three States 20 128 1 14.02 — 14.23
2 49.20 —
3 15.76 —
20 256 1 3.49 97.76 9.53
2 39.03 98.66
3 9.89 87.85
50 128 1 34.90 — 18.74
2 71.39 —
3 16.41 —
50 256 1 20.95 — 10.60
2 59.99 —
3 9.76 —

TABLE 4.1: Simulation 1 PRIALs for the covariance and the precision matrices, under

each known state and PRIALs for the marginal covariance matrices. The hyphen (—)

denotes that some of the sample covariance matrix estimates were singular so that the
corresponding PRIALs could not be calculated.

It becomes clear from the results that in every case, shrinkage improves upon the estimates for the

true covariance matrices under each state. Notice that, while keeping the value of K fixed, the PRIALs
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decrease with decreasing values of the ratio p/T. This should not come as a surprise, since the larger
the sample size T compared to the dimension p, the better the sample covariance matrix performs as
an estimator of the true covariance matrix, which means that the benefit of using shrinkage decreases.

As was discussed in Chapter 3, it is important to have well-conditioned estimates of the precision
matrices. In our case the precision matrix is needed for the computation of the likelihood function.
As it can be seen by the corresponding PRIALs, the shrinkage estimator has a substantial advan-
tage, when used to estimate the true precision matrix, over the sample covariance matrix. In our

simulations, some of ththe shrinkage estimates were not invertible in the following cases:

* case K =2, p =20, T = 128: some of the shrinkage estimates under state 1, iﬁ,
* case K =3, p =20, T = 128: some of the shrinkage estimates under state 1, 25,

* case K =3, p =50, T = 128: some of the shrinkage estimates under state 3, 2;

In all these cases, for one or more samples, the corresponding state of the Markov chain did not
occur in the sample paths. As a result the corresponding sample covariance matrices were equal
to the zero matrix (see Eqaution (2.58)) therefore, the corresponding shrinkage estimates were also
equal to the zero matrix (see Equations (3.18) and (3.21)). In any other case where the PRIAL is
missing, the shrinkage estimates were always invertible, while some of the corresponding sample
covariance matrices were singular. These results indicate that the shrinkage estimates are, indeed,
well-conditioned.

It should be noted that we also examined if and how the choice of a kernel function and the
bandwidth, which are involved in the estimation of the optimal shrinkage weights, affects the results.
In particular, we used the Bartlett kernel, the Parzen kernel, the Tukey-Hanning kernel and their
renormalised versions (see Section 2 in Andrews 1991). For the bandwidth, we tested values ranging
from 1078, up to T'/3, such that by = o(\/T ) (see Theorem 3.3). The difference in the PRIALs was
insignificant, for the different choices of a kernel function. The choice of bandwidth seemed to have
a somewhat bigger impact on the results, but, again, the differences were not significant (the largest
differences were about 2 — 3%). However, it was observed that smaller values of the bandwidth led
to a slight increase in the PRIALS, in most cases. For values of the bandwidth below 0.5, the values of
the PRIALs were identical. The results presented in Table 4.1 were obtained using the renormalised

Parzen kernel and bandwidth b = 10~2.

4.1.2 Simulation 2

Simulation 2 is the same as Simulation 1, with the only difference being that the states are un-

known, so that the corresponding variables are estimated using the EM algorithm. Our results are
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summarised in Table 4.2 below, where the renormalised Parzen kernel has been used and the value

of the bandwidth was set equal to T'/3.

Transition Marginal
Number of Dimension Sample Size  Probability Covariance
States K p T Matrix Matrix
SPEM SEM SPEM SEM
Two States 20 128 -5.20 31.66 26.57 27.99
20 256 2224 3975 1934 20.29
50 128 39.67 2032 4545 45381
50 256 -55.44 3031 32.01 3477
Three States 20 128 -2942 166 1752 21.06
20 256 -13.08 1029 871 13.44
50 128 -114.08 -4.49 2151 29.21
50 256 -1472 1054 1282 19.79

TABLE 4.2: Simulation 2 PRIALSs for the transition probability matrix and the marginal

covariance matrix.

The estimates for the transition probability matrices, produced by the method of Fiecas et al.

(2017), are much less accurate than the ones obtained using the classical EM algorithm, in most cases.

The only settings where the SPEM algorithm produces better estimates are when (K =2,p =20, T =

256) and (K =2,p =50, T = 128). This contradicts the results presented by Fiecas et al. (2017) (see

Table 2 in Subsection 4.2 of their paper). On the other hand, the estimates for the transition probability

matrices that derive from the SEM algorithm, are far more accurate than the corresponding estimates

of the classical EM, in all cases except when (K = 3,p =50, T = 128).

In every setting the shrinkage estimator of both the SPEM and the SEM algorithms improved

upon the estimates for the covariance matrix. From the PRIALs of the marginal covariance matrix,

once again, it becomes evident that the benefit of using shrinkage is greater for larger values of the

ratio p/T, when the number of states K remains fixed. We also observe that the marginal PRIALSs

corresponding to the estimates produced by SEM are slightly and, in some cases, quite significantly

larger than their counterparts coming from SPEM.
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4.1.3 Simulation 3

Following Fiecas et al. (2017), to assess the performance of the modified EM algorithms when
the means differ between states, the data in Simulation 3 are generated as in the previous settings,
but with different means under each state, with equal entries across all dimensions. Under state
k € {1,...,K} (K = 2 or K = 3), the elements of the vector of means are 2 (—1)k /\/ﬁ, for all
ie{l,...,p} (p =20 or p = 50). Again, we report the PRIALs that emerged using the renormalised

Parzen kernel and setting the bandwidth equal to T1/3.

Transition Marginal
Number of Dimension Sample Size  Probability Covariance
States K p T Matrix Matrix
SPEM SEM SPEM SEM
Two States 20 128 507 4651 39.75 44.82
20 256 -722 4161 2378 24.31
50 128 39.48 2371 5157 53.82
50 256 -45.74 3690 37.88 43.20
Three States 20 128 -2220 697 1948 23.80
20 256 -17.30  11.65 852 11.65
50 128 -112.08 -0.05 21.73 27.83
50 256 -4489 825 13.02 1942

TABLE 4.3: Simulation 3 PRIALS for the transition probability matrix and the marginal
covariance matrix.

The results are similar to the ones from Simulation 2. Once again, our implementation of the
SPEM algorithm, performs worse than the classical EM in the estimation of the transition probability
matrix, which contradicts the corresponding results of Fiecas et al. 2017 (see Table 3 in Subsection
4.2). The SEM algorithm improves upon estimates of the transition probability matrices in almost all
cases.

The estimates for the covariance matrices are far more accurate when shrinkage has been used
(both from SPEM and SEM methods), compared to the sample estimates. Again, there is a slight
advantage of using the SEM algorithm, over the SPEM, to estimate the covariance matrices. The

relation between the ratio p/T and the benefit of shrinkage, is confirmed once more.



89

41.4 Simulation 4

In Simulation 4 the data are generated from the multivariate Student distribution with 15 degrees
of freedom and using the covariance matrices ¥ and X3, for the two-state scenarios, and ¥, ¥, and
23 for the three-state scenarios. Simulation 4 is used to evaluate the performance of the shrinkage
estimators for the cases where the underlying distribution of the data has heavy tails (see Section 4
in Fiecas et al. 2017). As in the previous two simulations (2 and 3), we used the renormalised Parzen

kernel and set the value of the bandwidth equal to T'/3.

Transition Marginal
Number of Dimension Sample Size Probability Covariance
States K p T Matrix Matrix

SPEM SEM SPEM SEM
Two States 20 128 -1229 533 2894 3141
20 256 052 2783 2357 24.79
50 128 36.07 1493 30.15 28.69
50 256 -60.70 2220 23.87 2393
Three States 20 128 -4743  -6.61 3794 44.60
20 256 -1892  -1.12 3323 38.73
50 128 -135.49 -11.46 45.39 44.13
50 256 -61.80 -0.32 3856 3290

TABLE 4.4: Simulation 4 PRIALS for the transition probability matrix and the marginal
covariance matrix.

Once again, the estimates of the transition probability matrices produced by the SPEM algorithm,
are far less accurate than the ones derived from the classical EM, except in the cases (K = 2,p =
20, T = 256) and (K=2,p =50,T = 128). The SEM algorithm also failed to improve upon the
estimates for the transition probability matrices in the three-state scenarios, however they were far
more accurate than the ones obtained from the SPEM.

The shrinkage estimators of both SPEM and SEM, produced more accurate estimates for the co-
variance matrices than the sample estimators in all settings. As in Simulations 2 and 3, the benefit of
using shrinkage is greater for larger values of the ratio p/T.

Our findings indicate that shrinkage always leads to more stable and accurate estimates for the

covariance matrix, compared with the sample estimator, under challenging conditions. The benefit
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of using shrinkage becomes more pronounced for higher data dimensions and lower sample sizes.
From the results of Simulation 1, it becomes clear that, especially, for the estimation of precision
matrices, the method yields stable estimates even in cases where the classical approach would simply
fail.

Contrary to what was expected, our implementation of the modified EM algorithm proposed by
Fiecas et al. (2017) (SPEM), produced far less accurate estimates of the transition probability matrices,
in most cases, compared to the classical EM algorithm. Further investigation is needed from our part,
to determine the reasons behind this contradiction. However, the implementation of the variant of
this method (SEM), where the penalised complete-data log-likelihood is used only in the M-step, im-
proved quite significantly upon these estimates, in most cases, and even when the classical approach
proved superior, the differences were not as dramatic as the ones that were observed when SPEM

was used.

4.2 U.S. Industry Portfolio

The data set used for the analysis is a publicly available collection of U.S. industry portfolio data,
that can be found here. It is composed of monthly returns from p = 30 industry sectors taken from
NYSE, AMEX and NASDAQ. A description for every industry sector is available here.

Following Fiecas et al. (2017), we used the returns starting from January 2000 and ending at De-
cember 2011, resulting in a 30-dimensional time series with T = 144 observations. The log-transform
of these returns was taken, so that a light tail is induced in the underlying distribution, in order for
the moment conditions of model (2.45) to be satisfied (see the discussion following Assumptions (A)
in Subsection 2.3.1 and the second paragraph of Section 5 in Fiecas et al. 2017). The analysis was
performed using the mean-centred log-returns.

We used 1000 random sets of initial values for the parameters, for both the SPEM and the SEM
algorithms and report the results from the initialisation that yielded the largest value of the penalised
complete-data log-likelihood and the largest value of the complete-data log-likelihood, respectively.
We examined two different cases for the number of states of the hidden Markov chain, K = 2 and
K = 3. To determine the number of states of the model that best fits the data, we used Akaike’s
Information Criterion (abbreviated AIC) (see, e.g. Section 6.1 in Zucchini et al. 2016, or Section 4.4
in Trevezas 2021). To compute the value of AIC we used the value of the penalised complete-data
log-likelihood when SPEM was used, while for the SEM, we used the value of the complete-data
log-likelihood. The model with K = 2 states resulted in the lowest value” of AIC for both methods.

2When AIC is used for model selection,, the model with the lowest value of the criterion is chosen as the one that best
fits the data (see Section 6.1 in Zucchini et al. 2016).


http://mba.tuck.dartmouth.edu/pages/faculty/ken.french/data_library.html
http://mba.tuck.dartmouth.edu/pages/faculty/ken.french/Data_Library/det_30_ind_port.html
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Fiecas et al. (2017) considered models with up to K = 5 states, using 1000 random sets of initial
values. Due to long execution times, we examined these cases using only 200 sets of initial values.
Again, the model with K = 2 states yielded the lowest value of AIC for both methods.

Before we proceed to present the results, we should note that it is likely that there are more than
two states. For multivariate time series, the sample size T = 144 is not sufficiently large for AIC to
be able to capture fine features in the data structure that might indicate the existence of more states
(see the last paragraph of Section 5 in Fiecas et al. 2017).

We begin with the results produced using the modified algorithm of Fiecas et al. (2017) (SPEM).
The estimated optimal weights are 0.602 for state 1 and 0.078 for state 2. The estimated transition

probability matrix is
0.289 0.711

0.007 0.993

Pspppm =

State 1 represents a state of higher volatility (variance) for all industry sectors, while in state 2
the correlations between the sectors are stronger. By the estimate of the transition probability matrix
Pspey, we deduce that the industry portfolios are more likely to move from the more volatile state
1, towards the less volatile state 2 and stay there. In Figure 4.1, below, the values of the centred
log-returns of the 30 industry sectors are depicted, with the different colours in the background rep-
resenting the underlying states. For the hidden path reconstruction we used the Viterbi algorithm

(see Appendix D), using the estimates of the parameters yielded by the SPEM algorithm.
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U.S. Industry Portfolio
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FIGURE 4.1: The time series of the centred log-returns of the 30 industry sectors and the
estimated state sequence using the SPEM algorithm.

It is evident that there exists heteroscedasticity in the data. There are periods of higher and lower
volatility. For example within the first quarter of 2001, or the third quarter of 2002, there are large
spikes in the values of the centred log-returns, which implies that during these periods, the market
was probably under a state of high risk. The more volatile state 1 is probably the underlying state
during these periods, but this was not captured by the estimated state sequence. In the path produced
by the estimates of SPEM, state 1 only occurs within the second half of 2008, where the highest
volatility is observed.

We now report the results of the SEM algorithm. The optimal weight for state 1 is 0.058, and for

state 2 is 0.403. The estimated transition probability matrix is

~ 0.941 0.059
Pspp =
0.321 0.679

Here the labels are switched, compared to the results of SPEM. Under state 1 the correlations
between the industry sectors are stronger, while under state 2 the variance of each industry sector is
higher. As was done for the results of the SPEM algorithm, in Figure 4.2, below, the time series of the
centred log-returns of the 30 industry sectors is depicted, along the estimated state sequence of the

Markov chain, represented by the colours in the background.



93

U.S. Industry Portfolio

19 Industry Sector
— Food — Carry
Beer — Mines
— Smoke — Coal
— Games — il
Books Util
. — Hshld — Telcm
£ Clths — Sems
=
@ - — Hilth — BusEq
o
g Chems Paper
| Tatls — Trans
H Cnstr  — Whisl
=
c o] Steel Ritail
(7]
o — FabPr Meals
ElcEg — Fin
— Autos Other
3
State
4
2

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
Year

FIGURE 4.2: The time series of the centred log-returns of the 30 industry sectors and the
estimated state sequence using the SEM algorithm.

We can see that using the parameter estimates derived from the SEM algorithm, the resulting
estimated path is very well adapted to the changes in the variance of the 30 industry sectors. This
suggests that, using the SEM method, we were able to capture quite well the changes in the market,
that might have happened during the period under consideration. These results are quite similar to
the ones reported in Section 5 of Fiecas et al. (2017).

Below we present the corresponding figure which was yielded using the classical EM algorithm.
The resulting estimates, led to a state sequence with too many transitions between the two states.
Even though many potential changes in the market are captured, the estimated path is less inter-
pretable than the corresponding path that was obtained using the SEM. This implies that the esti-
mates of the parameters produced by the classical EM algorithm are less stable than their counter-

parts from the SEM (see Section 5 in Fiecas et al. 2017).
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Appendix A

Auxiliary Material

A1 Probability And Measure Theory

In this section some basic definitions and results from Probability and Measure theory are pre-
sented. This section is useful for someone who is not familiar with some of the notions presented
throughout this paper and it mostly serves as a way to provide a sense of completeness. For a proper
introduction to Probability and Measure theory the interested reader is referred to Billingsley (1995).

We mainly follow Billingsley (1995) and Section 2.4 in Trevezas (2021).

Definition A.1 (Sample Space). Let us assume an experiment whose outcome, after each trial, is not pre-
dictable with certainty, but all its possible outcomes, say wy, . . ., wy, are known. The set O3 = {wy, ..., wy}
of all possible outcomes is called the sample space of the experiment. After each trial only one possible outcome

occurs, that is if w; takes place, then no other wj can occur, for all i,j € Q) = {wi,...,wy}, withi # j.

Definition A.2 (c-algebra). Consider a non-empty set Q). A o-algebra or sigma-field A on Q) is a collection
of subsets of (), satisfying the following conditions:

i) Qe A,
(i) if A € A, then A° € A (A s closed under complementation),

—+o0
(iil) if {A, : n > 1} isasequence of sets in A, then A = |J A, € A (Ais closed under countable unions).
n=1
Since () is an element of A (Condition (i)), by Condition (ii) its complement, the empty set @, is
also an element of 4. Additionally, by Condition (iii) for a sequence of sets in A, {A, : n > 1}, we
400 400 400 ¢
have that |J A, € A. By de Morgan’s laws we have that |J A, = ( N A;) and by Condition (ii)
n=1 n=1 n=1
A{ is an element of A for all n > 1. It follows that A is also closed under countable intersections.

Definition A.3 (Measurable Space). A measurable space is a pair (QQ, A), where ) is a non-empty set and

A is a o-algebra on Q).



Definition A.4 (Measure). A measure is a set function y on a o-algebra A in Q), satisfying the following

conditions:
(i) u(A) € [0,400), for any set A € A,
(ii) p(@) =0,

(iii) for any sequence { A, : n > 1} of pairwise disjoint sets of A (A; N A; = @, forall i,j > 1and i # j),
it holds

+o0 40
H ( U An) = Z 1(Ay).
n=1 n=1
Definition A.5 (Finite, Infinite, o-finite Measure). Consider a measurable space (), A).
(i) A measure y is said to be finite on (Q), A), if u (Q) < +o0.
(i) A measure y is said to be infinite on (Q), A), if u (QY) = +o0.

(iii) A measure y is said to be o-finite on (Q), A), if there exists a sequence { A, : n > 1} of sets in A, with
U(An) < +oo, forall n > 1, such that Q = (5] A,

Definition A.6 (Measure Space). A measure space is a triplet (Q), A, u), where Q) is a non-empty set, A is

a o-algebra on Q) and y is a probability measure defined on A.

Definition A.7 (Almost Everywhere). Consider a measure space (Q), A, u). A property P is said to hold
almost everywhere (abbreviated a.e.) on Q), or for almost every x, if for all x € Q) which satisfy P, it holds that
x € A°=Q\ A where A € A, such that u(A) = 0.

Definition A.8 (Probability Measure). Consider a measurable space (Q), A). A probability measure set
function P : A — [0, 1], satisfying the following conditions:

(i) P(A) € ]0,+00), forany set A € A,
(i) P is normalised, that is the measure of the entire sample space Q) equals 1, P(Q)) =1,

(iii) P is countably additive or o-additive, which means that for any countable sequence {A, :n > 1} of

pairwise disjoint sets of A, it holds
+o0 +o0
P(U An> =) P(A,).
n=1 n=1

In accordance with the definition of measurespaces we have the following definition.



Definition A.9 (Probability Space). A probability space is a triplet (Q), A, P), where Q) is a non-empty set,
A is a o-algebra on () and P is a probability measure defined on A.

Definition A.10 (c-algebra Generated by an Arbitrary Family). Consider a non-empty set ) and a col-
lection © consisting of subsets of Q). A o-algebra A which satisfies the following conditions:

(i) ®C A
(i) for any o-algebra A’ on Q such that ® C A’, it follows A C A/,
is called the o-algebra generated by © and is denoted by o (D).

For any set (2 and a collection ©, as defined in Definition A.10, the c-algebra generated by ©,
o (D), always exists and it is unique. It is the intersection of all the c-algebras on () containing © (see

Section 2 in Billingsley 1995).

Definition A.11 (Borel o-algebra). Consider a metric space' (Q,d). The o-algebra generated by the open
sets? of (Q),d) is called the Borel g-algebra (on Q)) and is denoted by B(QY). The members of B(Q) are called
the Borel sets of ().

Let us denote by Oq, the family of all open sets of the metric space (€),d). Then Definition A.11
implies that B(Q)) = ¢(Oq).

Definition A.12 (Measurable Function). Consider two measurable spaces (1, A1) and (O, Az). A func-
tion f : Oy — O is called Ay / Ax-measurable (or Aj-measurable when A; is obvious, or just measurable

when both Ay and Aj are obvious) if for every set B C Aj the inverse image of B under f is in Ay, that is
fB)={weQ:f(x) €B}c Ay, forallBe A.

Equivalently, f is Ay / Ax-measurable if f~1(Az) C Aj.

Definition A.13 (Random Variable). Consider a probability space (03, A,P). A real valued function X
defined on Q, X : QO — R, is called a random variable if it is A/B(R)-measurable, that is

X 1B)={weQ:X(w)eB}c A foralBecB(R).
1A metric space is an ordered pair (Q,d) where Q is a non-empty set and d is a metric on Q, that is, a nonnegative
function d : Q) x Q) — R, satisfying the following conditions:
G dx,y) =0 x=y,Yx,y€Q,
(i) d(x,y) =d(y,x), Vx,y € Q,
(i) d(x,z) <d(x,y)+d(y,z), Vx,y,z € Q.

2A subset B of a metric space (), d) is called open if, for any point x € B, there exists a real number € > 0 such that for
any point y € Q with d(x,y) < ¢, it follows that y € B.



Definition A.14 (Random Vector). Consider a probability space (Q), A, P). A random vector X on (QQ, A, P)
is a p-tuple X = (Xq,...,X,) of random variables.

Definition A.15 (Convergence of Random Variables). Consider a probability space (Q), A,P) and a se-

quence of random variables {X,, : n > 1} defined on (Q, A, P). The sequence {X,, : n > 1} is said to converge

(i) with probability 1, or almost surely to a random variable X if and only if

P({w €0:3 lim [Xy(w)] and lim [X,(w)] = X(w)}> =1,

n—r+00 n—+00

or simply

P< lim (X,) :X> =1

n——+oo

and it is denoted by

X, 25 X & X, — X| 20,
(ii) in probability to a random variable X if and only if for all e > 0

P(|X, — X| >¢) —— 0,

n—-+4oo

or equivalently

P(|Xy — X| <€) —— 1,

n——+oo

and it is denoted by
X, B Xe|x,—x Lo,

(iii) in distribution to a random variable X if and only if for all x € R such that F(x~) = F(x) &
lim [F(y)] = F(x)
y—>x

Fafx) —— F(x),

where Fy(-) is the cumulative distribution function of X, and F(x) is the corresponding function of X,
and it is denoted by

X, 4 X.

In accordance to the univariate case, we can define the convergence of random vectors.

Definition A.16 (Convergence of Random Vectors). Consider a probability space (Q), A,P) and a se-
quence of random vectors {X,, : n > 1} defined on (Q), A, P), where X,, € R, for all n > 1. The sequence

{Xy :n > 1} is said to converge



(i) with probability 1, or almost surely to a random vector X € RP if and only if
1% — X][, =0,
where ||-||, denotes the Euclidean norm of a vector, or equivalently

P( lim (X,) :X> =1

n—r—+00

and it is denoted by
X, — X,

(ii) in probability to a random vector X € RP if and only if
1% = X[|, 0,

and it is denoted by
x, 5 X,

(iii) in distribution to a random vector X € RP if and only if for all B € B(IRP) such that P(X € dB) =0

P(X, € B) —— P(X € B),

n—-+4o0

where 9B = B \ B is the topological boundary of B (with B denoting the interior of B), and it is denoted

by
X, = X.

For the convergence in distribution both for random variables and random vectors, the sequences
need not be defined in the same probability space with their corresponding limits (see the paragraph
following Definition 2.3 in Trevezas 2021).

The following proposition relates the convergence with probability 1 and in probability of random

vectors to the corresponding convergence of random variables (see Proposition 2.10 Trevezas 2021).

Proposition A.1. Consider a probability space (Q}, A, P), a sequence of random vectors {X,, : n > 1}, where
X, € R? forall n > 1, and a random vector X € RP, all defined on (0, A, P). Then

as./p

5./
— X & X, e /p

Xn —_— Xl/

forallie {1,...,p}.



For the convergence in distribution of random vectors we have the following result (see Theorem

2.1 in Trevezas 2021).

Theorem A.1. A sequence of random vectors {X, : n > 1}, where X,, € RP for all n > 1 converges to a

random vector X € R? if and only if

(i) forall x € R?, such that F(x~) = F(x)

Fu(x) m F(x),

where F, () and F(-) are the cumulative distribution functions of X, and X, respectively,

(ii) any linear combination of the elements of X,, converges in distribution to the corresponding linear com-

bination of the elements of X, that is for any vector u € R

! d ’
uX, »ulX,

(iii) for any continuous and bounded function f : R — R

E[f (Xn)] ——— Ef(X)].

n—-+4o0

The following proposition gives the relation between the three ways of convergence for random
vectors. The same relation also holds for the corresponding ways of convergence for random vari-

ables (see Proposition 2.1 in Trevezas 2021).

Proposition A.2. Consider a probability space (), A, P), a sequence of random vectors {X,, : n > 1}, where
X, € R? foralln > 1, and a random vector X € RP, all defined on (0, A, P). Then

X, " x=>x,bx=x,%x.

In case X = ¢, where ¢ € R? is a constant vector, then

X, ﬂ) ce Xy, i> C.
Definition A.17 (Independence of Random Variables). Consider a probability space (), A,P) and a se-
quence of random variables (X1, ..., Xy). The random variables (Xy,. .., X,) are called independent if and

only if
P(Xi€Ay,...., X €Ay) =P(X1€A)-...-P(X,, € A)),



forall A; € B(R), withi € {1,...,n}.

Definition A.18 (Independence of Random Vectors). Consider a probability space (Q), A,P) and a se-
quence of random vectors (X1, ..., Xn), where X; € RPi, withi € {1,...,n}. The random vectors (X1,...,Xn)

are called independent if and only if
P(X;€Ay,...,.Xn€A)=P(X1€A)-...- P(X, € Ay),

forall A; € B(RP), withi € {1,...,n}.

Definition A.19 (c-algebra Generated by a Random Variable). Consider a random variable X on a prob-
ability space (Q, A,P). The smallest o-algebra with respect to which the random variable X is measurable,
is called the o-algebra generated by X and is denoted by o(X). It is the intersection of all o-algebras with
respect to which X is measurable. Generally, for any set I of indices the o-algebra generated by the se-
quence (X; : i € I), is the smallest o-algebra with respect to which each X; is measurable and is denoted by

O'(X,‘ (i€ I)

Definition A.20 (x-mixing). Consider a probability space a (Q), A, P), a stochastic process
{X;: —o0 <t < +oo}on (Q), A,P) and a sequence {a, : n > 1} such that

a, =sup{|[P(ANB) —P(A)P(B)|: Aco(X;:t<k),Beo(Xi:t>k+n)}.

The elements a,, are called the x-mixing coefficients (or strong mixing coefficients) of the process
{Xi: —00 <t < +o0}. The process itself is said to be x-mixing or strongly mixing if

a, — 0.
n—+-00

A stochastic process {X; : —oo < t < 400} is a-mixing with exponential decay or exponential mixing

rate if a,, —+> 0 exponentially fast, where a,, are the a-mixing coefficients of {X; : —oo < t < +o0},
n——+00

as defined above (see the discussion following Equation (2.11) and the paragraph following Theorem

3.1 in Bradley 2005).

A.2 Statistical Analysis

In this section we provide some basic elements of Statistical analysis that mainly concern point
estimation. The interested reader is referred to van der Vaart (1998), Lehmann and Casella (1998),

Lehmann and Casella (2001), Casella and Berger (2002) and Lehmann (1999).



Definition A.21 (Statistical Model). Consider a random experiment with sample space () and a random
vector X = (Xy,...,Xy) defined on Q). If the outcome of the experiment is w € Q), then X (w) is referred to
as the observations or data. Only X is observable, thus we only need to consider its probability distribution.
The family of distributions P defined on R", in which this probability distribution belongs to, is a statistical

model.

Definition A.22 (Parameterisation). A function 8 — Py, from a space of labels, called a parameter space, ®

to a model ‘P, used to describe P, is called a parameterisation and it is expressed as P = {Py : 0 € ©O}.

Definition A.23 (Identifiable Model). A model P = {Py : 6 € O} is called identifiable if the parameterisa-

tion @6 — Py is a1 — 1 function, that is if

61 # 0, = Py, # Py,

otherwise the model ‘P is referred to as unidentifiable.

Definition A.24 (Statistic). A statistic T is a function from a sample space X to a space of values T, such

that if we observe X = x, then T(x) is the quantity that we can compute.

Definition A.25 (Estimator). Consider a parameter 0 € © and a real-valued function g(0) defined over ©.
Any real-valued function 6(X) defined over the sample space X, used to estimate g(0), is called an estimator

of g(0). If x is the observed value of X, then the value 6(x) is the estimate of g(6).
Definition A.26 (Action Space). A set A of possible actions or decisions one can make is called action space.

Definition A.27 (Loss Function). A function L : P x A — R™ is called loss function. L(P, ), or L(6, &),
if P is parameterised, where P € P, a € Aand 0 € O, represents the nonnegative loss incurred by taking
action « when the probability distribution producing the data is P, or the true value of the parameter is 6,

respectively.

Definition A.28 (Decision Rule or Procedure). The decision rule or procedure is any function § : X — A,

such that, if a point from the sample space X, X = x, is observed, then the action taken is 6(x).

Consider a setting where X = x is the outcome of an experiment, P € P is the probability
distribution that generated the data, the loss function used is L and the decision rule is §, thus the
loss is L[P, §(x)]. Since P is unknown, the same holds for L[P, §(x)]. Itis desirable for decision rules to
possess good properties not only at one specific x, but for a range of possible values over the sample

space. This motivates the following definition.



Definition A.29 (Risk Function). For the outcome of an experiment X = x, where P € P is the probability
distribution that generated the data, with loss function L[P, é(x)], for a decision rule 6, the risk function is the

expectation of the loss L[P, §(x)], regarding the latter as a random variable. That is
R(P,d) =Ep(L[P,6(X)]).

In case the model ‘P is parameterised and 6 € © is the true value of the parameter, then the risk function is
defined, accordingly, as
R(8,0) = Eg(L[9,6(X)]).

Definition A.30 (Bias). Consider a parameter 6 € ©, a function g : © — R and an estimator 6(X) of g(8).
The bias of (X)) as an estimator of g(0) is defined as

Bias[5(X)] = Ea[d(X) — (6)] = Eg[6(X)] - g(6).

Definition A.31 (Unbiased Estimator). Consider a parameter 6 € © and a function g : @ — R. An

estimator 6(X) of g(0) is characterised as unbiased if and only if
Bias[d(X)] = 0 < Ey[0(X)] = g(0),

otherwise 6(X) is called biased.

Definition A.32 (Mean Squared Error). Consider a parameter 0 € O, a function g : ® — R and an
estimator 6(X) of g(0). The mean squared error of 6(X) as an estimator of g(0) is defined as

MSE[5(X)] = o ([6(X) — 3(0))°) -

The following proposition relates the mean squared error of an estimator to its bias.

Proposition A.3. Consider a parameter 6 € ©, a function g : © — R and an estimator 6(X) of g(0). The

mean squared error and the bias of 6(X) as an estimator of g(0) are related via the following equation

MSE[§(X)] = (Bias[6(X)])? + Var[6(X)].
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Proof.

MSE[5(X)] = E([3(X) — g(6)]") = E([8(X) — E[6(X)] +E[6(X)] - 8(6)]") =
)

E[(5(X) — E[8(X)])?| +2E(5(X) — E[8(X)]) [E[6(X)] — 8(6)] + [E[5(X)] - g(6)]* =

N

E {(5(X) —E[6(X)])* +2 (8(X) — E[6(X)]) [E[6(X)] — g(6)] + [E[5(X)] — g(6)]

E {(5(X) - E[5(X)])2} +2 (E[6(X)] —E[6(X)]) [E[6(X)] — ()] + [E[5(X)] — g(6))" =

E[(5(X) — E[8(X)])*| + [E[6(X)] - g(6)] = Var[§(X)] + (Bias[6(X)])*.

O]

Definition A.33 (Consistent Estimator). Consider a parameter 0 € ©, a function g : ® — R and a
sequence of estimators 6, = 6,(X1,...,Xy), n € {1,2,...} of g(0). {0, :n > 1} is characterised as a

consistent sequence of estimators of g(0) if for every 6 € ©
LN g(0), asn — +oo.

The following theorem gives some ways to prove consistency for a sequence of estimators (see

Theorem 8.2 in Lehmann and Casella 1998).
Theorem A.2. Consider a parameter 6 € ©, a function g : @ — R and a sequence of estimators {6, : n > 1}.

(i) Ifforall 6 € © it holds that

MSE(6,) = Eg([én - g(@)]z) 0

n—-4o00

then {5, : n > 1} is a consistent sequence of estimators for g(6).

(ii) If for all 0 € © it holds that

Bias(d,) m 0< E(dy) m g(0),

and

Varyg(dy) = 0,

then {6, : n > 1} is a consistent sequence of estimators for g(6).

(iii) As a direct result of (ii), if 6, is unbiased for all n > 1 and

Vary(é,) —— 0,

n——+oo
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then {6, : n > 1} is a consistent sequence of estimators for g(0).

Definition A.34 (y/n-consistent Estimator). Consider a parameter 6 € ©, a function § : ® — R and
a sequence of estimators {8, : n > 1}. {6, : n > 1} is said to be a \/n-consistent sequence of estimators for

2(0) if /n [6, — g(0)] is bounded in probability, that is, if

Vil 30)] = 0,(1) & 6, ~ ¢(0)] = 0, (- ).

Definition A.35 (Asymptotically Normal Estimator). Consider a parameter 0 € ©, a function g : ® — R
and a sequence of estimators {6, : n > 1}. {6, : n > 1} is said to be an asymptotically normal sequence of

estimators for ¢(0) if there exists a function r(0) € (0, +00), such that
d
Vn (6, = g(6)] = NI[O,7(6)].

The function r(0) is referred to as the asymptotic variance of {6, : n > 1}.

A.3 Multivariate Statistical Analysis

In this section some basic definitions of multivariate statistical analysis are introduced and the
multivariate Normal distribution is presented, that is used in Chapters 2 and 3. We mainly follow
Hardle and Simar (2007) and Trevezas (2021). The interested reader is also referred to Anderson

(2003) and Johnson et al. (2002).

A.3.1 Basic Elements of Multivariate Statistical Analysis

Definition A.36 (Cumulative Distribution Function of Random Vectors). The cumulative distribution

function of a random vector X € RF, X = (Xl,. ..,Xp) , where for all i € {1,...,p}, X; is a random

variable, is the joint cumulative distribution function of its elements, that is
Fx(x) =P(X <x) =P(X; <xy,..., X, < xp).

Definition A.37 (Expectation of Random Vectors). Consider a random vector X € R?,
X = (Xy,.. .,Xp)l. IfE(|X;|) < +oo, foralli € {1,...,p}, then the expectation of the vector X is defined

as
X1 E(X1)
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where forall i € {1,...

P}
if X; is a discrete random
L xP(Xi=x), . ,
x€S variable taking its values in S
+o0 if X; is a continuous random variable
[ oxifx(a)dxi, . . .
“oo with probability density function fx.(+)

Definition A.38 (Expectation of Random Matrices). Consider random matrix X € RT*?, that is a matrix

whose entries X;; are ra

ie{l,...,T}andi €

where foralli € {1,...

ndom variables, forall i € {1,..., T} and j € {1,...,p}. IfE(|Xjj|) < o0, for all
{1,...,p}, then the expectation of the matrix X is defined as

E(Xll) E(X12) E(le)
E(x) = E(X21) E(>‘(22) E(Xzp) ,
E(Xr1) E(X12) ... E(Xrp)

,Tyandje {1,...,p}

( if Xj; is a discrete random
L wP(Xiy=xj), o .
x;j€S variable taking its values in S

+o0 if Xjj is a continuous random variable
S xijfx (x) dag, . . .
(oo with probability density function fx, (-)

Definition A.39 (Variance - Covariance Matrix). Consider a random vector X € R?,

X = (Xy,. ..,Xp),. IfE(X?) < oo, foralli € {1,...,p}, then the variance - covariance, or simply the

covariance matrix of the vector X is defined as

Var(X) = [Cov

where for all i,j € {1,.

Cov(Xy,Xq1) Cov(Xy,X2) ... Cov(Xl,Xp)

COV(Xz, X1) COV(Xz, XQ) ‘e COV(Xz, Xp)
(Xi/ X])]lr]E{l,,P} - : . . : ’

Cov(Xp, X1) Cov(X, Xz) ... Cov(X,, Xp)

., P}

Cov(X;, Xj) = B([Xi — E(X))] [X; — B(X))]).
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The diagonal elements of Var(X) are the variances Var(X;), foralli € {1, ..., p}. The covariance matrix of a

random vector X is positive semidefinite (see Definition A.59).

Definition A.40 (Covariance Matrix). Consider the random vectors X € R?,
X = (Xy,.. .,Xp)/ andY € R°, Y = (Yl,...,Ys),. IfE(X?) < 4oo, foralli € {1,...,p}, andE(sz) <

+oo, forall j € {1,...,s}, then the covariance matrix of the vectors X and Y is defined as

COV(Xl, Yl) COV(Xl, Yz) N COV(Xl,Ys)

Cov(Xp, Y1) Cov(Xa, Yz) ... Cov(XpYs)
Cov(X,Y) = [COV(XZ"Y]')]ie{l,...,p}, je{lst . :

Cov(Xp, Y1) Cov(X,,Ys) ... Cov(X,,Ys)

If Cov(X,Y) = 0pxs, then the random vectors X and Y are uncorrelated.

In the following propositions the properties of the expectation and the covariance matrix are

presented (see e.g. Section 4.2 in Hirdle and Simar 2007, or Section 2.1 in Trevezas 2021).

Proposition A.4. Consider two random vectors X,Y € RP, for which the corresponding expectations exist.

For a matrix A and a vector b of appropriate dimensions, we have the following relations:

(i) E(AX +b) = AE(X) + b,
(ili) E(X +Y) = E(X) +E(Y).
The same relations also hold in case X and Y are random matrices.

Proposition A.5. Consider two random vectors X,Y € IR?, for which the corresponding covariance matrices

exist. For a matrix A and a vector b of appropriate dimensions, we have the following relations:
(i) Var(X) = E([X —E(X)][X - E(X)]’) - E(xx) — E(X) E(X)
(ii) Var(AX +b) = AVar(X) A,
(iii) Var(X +Y) = Var(X) + Var(Y) + Cov(X,Y) + Cov(Y, X).

Proposition A.6. Consider two random vectors X € RP, Y € IR®, for which the corresponding covariance
matrices exist. For tow matrices A, B and two vectors b, ¢ of appropriate dimensions, we have the following

relations:

() Cov(x,Y) = B(1x -~ B0} [Y - Bv)] ) = B(xY) ~ B E(Y),
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(ii) Cov(AX +b,BY +¢) = ACov(X,Y)B

Proposition A.7. Consider two independent random vectors X € RF, Y € IR®, for which the corresponding

covariance matrices exist. We have the following relations:
(i) E(XY) = E(X) E(y)
(ii) Cov(X,Y) = Opxs, i.e. X and Y are also uncorrelated,
(iii) Var(X +Y) = Var(X) + Var(Y), if p =s.

We now proceed to define the sample analogs of the expectation and the covariance matrix for

random vectors.

Definition A.41 (Sample Mean of Random Vectors). Consider a sample of T observations of the random

vectors (X1,...,Xr1), where Xy € RP, forallt € {1,...,T}. The sample mean is defined as

where foralli € {1,...,p}
— 1

H

T
t=1
As in the univariate case, for a sample of T i.i.d. random vectors, the sample mean is an unbiased

estimator of the expectation (see Example 4.15 in Hardle and Simar 2007).

Definition A.42 (Sample Covariance Matrix). Consider a sample of T observations of the random vectors

(X1,...,X1), where X; € R?, forall t € {1,...,T}. The sample covariance matrix is defined as

ST = (Sxixj)i,]’e{l,...,p} ’
where foralli,j € {1,...,p}
X;X; = ;i (Xti — Xi) (Xej — X;).
The diagonal elements of the sample covariance matrix are the sample variances

1 & =2
Sx;x; = T 2 (Xei — Xi)"™
t=1

The sample covariance matrix is also positive semidefinite (see Equation (3.20) in Hardle and Simar 2007).
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Definition A.43 (Sample Covariance Matrix of Two Random Vectors). Consider two samples of T ob-
servations of the random vectors (X1,...,Xr) and (Y1,...,Yr), where X; € RP and Y; € R®, for all

t € {1,...,T}. The sample covariance matrix is defined as

5= (Sxfyf>ie{1 ..... PV, ie{l s}’
where foralli € {1,...,p}andj e {1,...,s}

1 & - v
Sy = 7 1 (X0 = X)) (1 = Y))

In case of small samples of T i.i.d. random variables, to correct the bias of the sample estimators
given in Definitions A.42 and A .43, the denominator T in the formulas of the sample variance and
covariance is replaced by (T — 1) (see the paragraph following Equation (3.3) in Hardle and Simar
2007).

A sample of T observations of the random vectors (Xj,...,Xr), where X; € RP, for all i €

{1,...,p} can be displayed in matrix form as

X171 Xi2 X1,p
X X X

r | .2,2 20 |
XT,1 XT,2 - XT,p

where the t-th row of the matrix is the t-th observation of the p-dimensional random vector X;.
The sample mean and the sample covariance matrix of the random vectors (X7, ..., Xr) can be

expressed in matrix form as (see Equations (3.17) to (3.19) in Hardle and Simar 2007)

@)
— 1.,
X7 = f?’f 17,
where 17 is a T-dimensional vector of ones,
(ii)
Sr— XXX Xr =+ (XX — a1 x
T= T TAT = 7 T4 rlr ,

which is equivalent to

1
St =

|

T :
Yo (X —X7) (Xe — X7) . (A1)
t=1
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As in the univariate case, for small samples of T i.i.d. random vectors the unbiased estimator of

St (see Example 4.15 in Hardle and Simar 2007).

the covariance matrixis S = T—1

A.3.2 Multivariate Normal Distribution

Definition A.44 (Multivariate Normal Distribution). A random vector X € IRP that follows the multi-
variate Normal distribution with mean p and covariance matrix ¥, where X. is a positive definite matrix (see

Definition A.59), denoted by X ~ N,(u,X), has the following probability density function

fx(xp,X) = (27r)p/2 [;et(Z)]Uz exp {_; (x — P‘)/ 2 (x - P‘)} .

The following theorem shows how the multivariate Normal distribution N, (u, X) is related to the

standard multivariate Normal distribution N, (0,,1,).

Theorem A.3. Let X ~ N,(u, L) and Y = £7V2(X — p), where £~1/2 = (£1/2) “and £1/2 is the square
root of & (see Definition A.60). Then Y ~ N, (0p,I,), which means that the elements Y; are independent

random variables from the univariate standard Normal distribution N(0,1), foralli € {1,...,p}.
Proof. See the proof of Theorem 4.5 in Hardle and Simar (2007). O

We also have the following result for affine transformations (see, e.g., Result 4.3 in Johnson et al.

2002, or Theorem 4.6 in Hardle and Simar 2007).

Theorem A.4. Let X ~ Ny(u,X). For a matrix A € RP*P and a vector b € RP and a random vector
Y € RY, such that Y = AX +b, it holds that Y ~ N, (Au+b,ATA").

Proof. See the proof of Result 4.3 in Johnson et al. (2002). O

More information about the multivariate Normal distribution can be found in, e.g., Chapter 4 of
Johnson et al. (2002), Chapter 2 of Anderson (2003), Section 4.4 and Chapter 5 of Hirdle and Simar
(2007), or Section 2.3 of Trevezas (2021).

A.4 Time Series

This section contains some basic notions of univariate time series theory that are used in Chapter
3. The main purpose of this presentation is to provide a sense of completeness and not a proper
introduction on the topic of time series. The interested reader is referred to the works of Brockwell

and Davis (1991) and Shumway and Stoffer (2011), which we follow in this section.
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Definition A.45 (The Autocovariance Function). If {X; : t € T} is a stochastic process such that Var(X;) <
+oo for each t € T, then the autocovariance function c(-,-) of {X; : t € T} is defined as

c(t,s) = Cov(Xy, Xs) = E([ Xt — E(X¢)] [Xs — E(Xs)]) (t,seT).

Definition A.46 (Strictly Stationary Time Series). The time series { X; : t € Z} is said to strictly stationary
if the joint distributions of the random variables (Xy,,..., Xy, ) and (th e Xy +h) are the same for all

positive integers k and all tq, ..., t, € Z.

Definition A.47 (Weakly Stationary Time Series). The time series {X; : t € Z} is said to be weakly sta-

tionary if
() E(1X[*) < +oo, forall t € Z,
(i) E(X;) = u, forallt € Z,
(iii) c(t,s) =c(t+h,s+h), forallt,s,h € Z.

Remark. If a time series is strictly stationary with finite second moments, then it is also weakly stationary.
The converse is not true in general (see the discussion preceding Definition 1.3.4 in Brockwell and Davis

1991, or the discussion following Definition 1.7 in Shumway and Stoffer 2011).

We have the following result for the autocovariance of a (strictly or weakly) stationary time series

(see Remark 2 in Chapter 1 of Brockwell and Davis 1991, or Shumway and Stoffer 2011).

Remark. If {X; : t € Z} isa (strictly or weakly) stationary time series, then its autocovariance c(t, s) depends
on t and s only through their difference |t — s|, and not on the specific moments t and s, for all t,s € Z. More
formally, it holds that

c(t,s) =c(t—s,0) (t,seZ).

As a result, we have the following definition for the autocovariance of a (strictly or weakly) sta-

tionary time series.

Definition A.48 (The Autocovariance Function For Stationary Time Series). The autocovariance func-

tion of a (strictly or weakly) stationary time series {X; : t € Z} is defined as
e(h) = c(h,0) = Cov(Xsi, Xs) = E([Xp o — EXo)] X —E(X0)])  (Lhez).

The quantity c(h) is referred to as the value of the autocovariance function of {X; : t € Z} at "lag” h.
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The autocovariance function of a (strictly or weakly) stationary time series {X; : t € Z} possesses
three properties given by the following proposition (see Proposition 1.5.1 in Brockwell and Davis

1991, or the discussion following Example 1.20 in Shumway and Stoffer 2011).

Proposition A.8. If c(-) is the autocovariance of a (strictly or weakly) stationary time series {X; : t € Z},

then it satisfies the following relations:

(i) c(0) >0,

(i) [c(h)| < c(0), forallh € Z,
(iii) c¢(h) = c(=h), for all h € Z, which means that it is an even function.

Proof. (i) For the first property, for all t € Z, we have

C(O) = COV(Xt, Xt) = Var(Xt) > 0.

(ii) The second property is a direct implication of the Cauchy-Schwarz inequality,

le()] = |Cov (X4, X0)| < [Var(X;4)]"/? [Var(X,)] /2 = c(0).

(iii) The third and last property is proved as follows:
c(—h) = Cov(X;_p, Xt) = Cov(Xy, Xpyp) = c(h).

O

Definition A.49 (The Sample Autocovariance Function). Consider a (strictly or weakly) stationary time
series {X; : t € Z} with autocovariance function c(-). For a sequence of observations (x1,...,xT) of the

process {X; : t € Z}, the sample autocovariance function is defined as

Z Xith — x xt - JZ')/
=1

H\*—‘

. _ 1T
with é(—h) = é(h), for h € {0,..., T — 1}, where X is the sample mean, ¥ = 7 Y xp.
t=1
We now give a brief definition of the spectral density of a univariate time series. More information
on the topic of spectral analysis of univariate or multivariate time series can be found in Chapters 4,
10 and 11 of Brockwell and Davis (1991), or in Chapter 4 and Appendix C of Shumway and Stoffer

(2011).
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Definition A.50 (Spectral Density). Consider a (strictly or weakly) stationary process {X; : t € Z} whose

autocovariance function c(-) is absolutely summable, that is
+00
Y Je(h)] < Ao
h=—c0

The spectral density of {X; : t € Z} is defined as
+o0 _
flw)y=Y c(h)e?™"  (we[-1/2,1/2]).

h=—o0

If the autocovariance function c(-) of a (strictly or weakly) stationary process {X; : t € Z} is ab-
solutely summable, then it has the following representation, which is an inverse transform of the

spectral density function f(-) (see Property 4.2 in Shumway and Stoffer 2011)

/2 .
c(h) = / 2 £ () dew (heZ).
-1/2
For the spectral density of a (strictly or weakly) stationary process {X; : t € Z} we have that (see
the discussion following Property 4.2 in Shumway and Stoffer 2011)
(i) f(w)>0,forallw e [-1/2,1/2],
(i) f(w) = f(—w)and f(w) = f(1 —w), forallw € [-1/2,1/2],

(iii) c(0) = Var(X;) = ['17, f(w) dw.

A.5 Orders of Magnitude and Rate of Convergence

In this section we present the notions of boundedness and order of magnitude along with the big-
O and little-o notation, as well as their stochastic analogs. We mainly follow Sections 1.4 and 2.1 in
Lehmann (1999), but also Section 2.3 in Bamdorff-Nielsen and Cox (1989) and Section 2.2 in van der
Vaart (1998). The interested reader is also referred to Sections 1.2 and 1.3 in de Bruijn (1958).

Definition A.51 (Boundedness). A real-valued sequence {a, : n € IN} is said to be bounded if there exist a

constant M > 0 and a positive integer ng, such that for all n > ny
|an| < M.

Definition A.52 (Bachmann-Landau Notation or Big-O Notation). Consider two real-valued sequences

{a, :n € N} and {b, : n € IN}. We write:



(i) a, =0O(),if {a, : n € N} is a bounded sequence,

(i) an = O(by), if and only if there exist a constant M > 0 and a positive integer ng, such that for all
n > ny

|au] < M |by] .

Ifb, # 0 forall n € IN, then a, = O(b,) means that the sequence {Z" :neN } is bounded, that is,
n

there exist a constant M > 0 and a positive integer ng, such that for all n > ny

It is said that the order of {a, : n € IN} is smaller than or equal to the order of {b, : n € IN}.

In the following lemma we give some properties of big-O notation (see Lemma 1.4.1 and Problem

4.17 of Chapter 1 in Lehmann 1999).
Lemma A.1. (i) Ifa, = O(b,) and b, = O(cy,), then a, = O(cy).
(i) Ifa, = O(by), then ca, = O(by,), for any constant ¢ # 0.

(iii) For any real-valued sequence {c, : n € N}, with ¢, # 0 foralln € N, if a, = O(by,), then c,a, =
O(cnby).

(iV) Udn - O(bn) and ey = O(Cn), i’hEI’l dne;q — O(anﬂ).

Definition A.53 (Sequences of the Same Order). Consider two real-valued sequences {a, : n € N} and
{by : n € N}, with b, # 0 for all n € IN. The sequences {a, : n € N} and {b, : n € IN} are said to be of
the same order if there exist constants m, M, with 0 < m < M < +oco, and a positive integer ny, such that for
alln > ny

a
m < <M

on
by

and it is denoted by a, < by,.

The sequences {a, : n € N} and {b, : n € IN} are of the same order if and only if 4, = O(b,) and
b, = O(a,) (see Problem 4.16 Lehmann 1999).
For two sequences of the same order we have the following lemma (see Lemma 1.4.2 in Lehmann

1999).
Lemma A.2. If a, =< by, then ca, < by, for any constant ¢ # 0.

Definition A.54 (Little-o Notation). Consider two real-valued sequences {a, : n € N} and {b, : n € N},
with b, # 0 for all n € IN. We write:
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an—>0,

a
- ——0.
bn n—+00

It is said that the order of {a, : n € IN} is smaller than the order of {b, : n € IN}.

An interpretation of Definition A.54 is that in case both {a, : n € N} and {b, : n € N} tend to
infinity, then the rate at which {a, : n € IN} tends to infinity is slower than the corresponding rate
of {b, : n € N}, while if both sequences tend to zero, then {a, : n € N} tends to zero faster than
{by : n € N} (see the paragraph following Definition 1.4.1 in Lehmann 1999).

In the following lemma we give some properties of little-o notation (see Lemma 1.4.1 in Lehmann

1999).
Lemma A.3. (i) Ifa, = o(b,) and b, = o(cy,), then a, = o(cy).
(ii) Ifa, = o(by), then ca, = o(by), for any constant ¢ # 0.

(iii) For any real-valued sequence {c, : n € IN}, with ¢, # 0 foralln € N, if a, = o(by), then c,a, =
o(cuby).

(iv) Ifd, = o(b,) and e, = o(cy), then dne, = o(bycy).
We now present the stochastic analogs of the theory presented above.

Definition A.55 (Boundedness in Probability). A sequence of random variables (or random vectors)
{X, : n € IN} is said to be bounded in probability if for any € > 0, there exist a constant M := M(e) and a

positive integer ny := no(€), such that for all n > ng
P(|Xy| <M)>1—e.
For a sequence of random vectors, the absolute value |-| in the inequality above, is replaced by the Euclidean

norm ||-||, (see the paragraph preceding 2.4 Theorem in van der Vaart 1998).

Definition A.56 (Stochastic Big-O Notation). Consider two sequences of random variables (or random

vectors) {X,, : n € N} and {Y,, : n € IN}. We write:

(i) Xi =0,(1),if {X, : n € N} is a bounded in probability sequence,
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(i) X, = O(Yy), if for any € > 0, there exist a constant M := M(e) and a positive integer ng := no(e€),

such that for all n > ny
P(|Xu| < MYy]) >1—e.

Y,
bounded in probability, that is, for any € > 0, there exist a constant M := M(e) and a positive integer

X
If Y, # 0 for all n € N almost surely, then X,, = O(Y,) means that the sequence {" 'n e IN} is

ng := no(€), such that for all n > ny

X
Pl |—
(=

It is said that the order of {X, : n € IN} is smaller than or equal to the order of {Y, :n € N} in

Xn
§M> >1-ee U =0y(1).

n

probability.
For sequences of random vectors, the absolute values |-| in the inequalities above, are replaced by the

Euclidean norm ||-||,.

The following lemma is the stochastic analog of Lemma A.1 (see Lemma 1.4.1 and Problem 1.11

(ii) of Chapter 2 in Lehmann 1999).

(ii) If Xp = Op(Yn), then c X,y = Op(Yy), for any constant ¢ # 0.

(iii) For any real valued sequence {c, :n € N}, with c, # 0 forall n € N, if X, = Op(Yy), then

cnXn = Op(cnYn).

(iv) For any sequence of random variables (or random vectors) {Z, : n € N}, with Z, # 0 foralln € IN

(v

almost surely, if X, = Op(Yn), then Z, X,y = Op(ZyYy).

) If U, = O, (Yy) and Vi, = O,(Zy,), then U, Vyy = O, (YuZy).

Definition A.57 (Sequences of Same Order in Probability). Consider two sequences of random variables

(or random vectors) {X,, : n € N} and {Y,, : n € N}, with Y,, # 0 for all n € IN almost surely. The

sequences {X, : n € N} and {Y, : n € IN} are said to be of the same order in probability if for any € > 0,

there exist constants m := m(e) and M := M(e), with 0 < m < M < +oo, and a positive integer

ng := no(€), such that for all n > ny

n

X
P<m<

Y

<M> >1—¢,

and it is denoted by X, <, Yy,.
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For sequences of random vectors, the absolute value |-| in the inequality above, is replaced by the Euclidean
norm ||-||,.

Definition A.58 (Stochastic Little-o Notation). Consider two sequences of random variables (or random

vectors) {X,, : n € N} and {Y,, : n € N}, with Y,, # 0 for all n € IN almost surely. We write:

(i) X, = 0p(1), if and only if

(i) X, = o(Yy), if and only if

It is said that the order of {X,, : n € IN} is smaller than the order of {Y, : n € IN} in probability.

The following lemma is the stochastic analog of Lemma A.3 (see the discussion following Defini-

tion 2.1.3 and Problem 1.11 (ii) of Chapter 2 in Lehmann 1999).
Lemma A5. (i) If X, = 0p(Yy) and Y, = 0p(Zy), then Xy, = 0p(Zy).
(i) If Xy = op(Yn), then cX;,, = o,(Yy), for any constant ¢ # 0.

(iii) For any real-valued sequence{c, : n € N}, with c, # 0 forall n € IN, if X;, = 0,(Yy), then ¢, X, =
op(cnYn).

(iv) For any sequence of random variables (or random vectors) {Z, : n € N}, with Z, # 0 foralln € N
almost surely, if X, = 0,(Yy), then Z, Xy = 0p(ZuYn).

() If Uy = op(Yy) and Vyy = 0p(Zy), then U, Vi, = 0p(YnZy).
(vi) For any real valued sequence {c, : n € N}, with c, # 0 foralln € N, ¢, 05(X;) = 0p(cnXy).

(vii) For any sequence of random variables (or random vectors) {Z, : n € IN}, with Z,, # 0 foralln € IN
almost surely, Z, 0p(Xy) = 0p(ZnXn).
For the last two statements see (2.1.19) following Definition 2.1.3 in Lehmann (1999).

We now give some further relations involving O, o, O, and o, that can be found in Exercise 2.6 in
Further Results and Exercises in Bamdorff-Nielsen and Cox (1989) and in Section 2.2 in van der Vaart
(1998). Some of these relations are special cases of the properties presented in Lemmas A.1, A.3, A.4

and A.5.
Lemma A.6. (i) o(1) +0(1) =o(1),

(i) o(1) +O(1) = O(1),



(vi) 0p(1) +0,(1) = 0p(1),
(vii) 0y(1) +0Op(1) = Op(1),

(viii) Op(1)0,(1) = 0p(1),
1
1+0,(1)

(ix) =0,(1),

(x) 0p[0p(1)] = 0p(1),

(xi) O(n=")O(n"t) =0(n="),
(xii) O(n~")o(n=?) =o(n"7?),

(xiti) o(n=")o(nt) = o(n=""?),

(xvii) O,(n=")O(n~t) = O, (n=""),
(xviii) Op(n=") o(n=?) = 0,(n""),
(xix) 0,(n~*)O(n?) = o, (n=27"),

(xx) op(n=")o(n=t) =o0,(n""").

A.6 Linear Algebra

Proposition A.9. For any square matrix A € RP*?, it holds that

where wjj, i,j € {1,...,p} is the (i,j)-th entry of A.
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Proof. The diagonal elements of the matrix AA' are

N1 K12 ... Oélp N1 21 ... wpl

' Nyl K22 ... Oézp N1p N2 ... Ocpz
AA = =

apl “pz oo “pp lxlp 0(2;7 e “pp

2 2 2
all—i—lxlz—i—...—i—alp

2 2 2
Ay +ap + ... Ay,

2 2 2
ocp1+ocp2+...+ocpp

p 2
Lj-1 %3

P2

L1 %
P2
Lj1 %)

Therefore, tr (AA,) =)

P
txfj. O
i=1j=1

Definition A.59 (Positive Definite and Semidefinite Matrix). A symmetric matrix A € RP*P is charac-

terised as

(i) positive definite if and only if for all x € R? \ {0, }

X Ax > 0,

(i) positive semidefinite if and only if for all x € RP \ {0, }

x Ax > 0.

It is clear that if A is positive definite, then it is also positive semidefinite.

Proposition A.10. All the eigenvalues of a positive definite matrix are positive. All the eigenvalues of a

positive semidefinite matrix are nonnegative.
Proof. See the proof of Observation 7.1.4 in Horn and Johnson (2012). O

Corollary A.4.1. The trace and the determinant of a positive definite matrix are positive. The trace and the

determinant of a positive semidefinite matrix are nonnegative.
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Proof. Corollary A.4.1is a direct result of Proposition A.10, as the trace of a matrix is equal to the sum

of its eigenvalues and the determinant is equal to the product of its eigenvalues. O

Definition A.60 (Square Root of a Positive (Semi)Definite Matrix). If A € RP*? is a positive (semi)definite

matrix, then it has a unique positive (semi)definite square root, denote by A'/?, such that
(A1/2>,A1/2 _ 4102 <A1/2>, _ (141/2)2 _ A

Proposition A.11. For any positive semidefinite matrix A € RP it holds that

A]2 < L jer(a)?.

=

Proof. Consider a positive semi-definite matrix A € R” with eigenvalues A;, i € {1,...,p}. We have

i=1

p 2 oy Po\?
|m%=;ﬂﬁhﬁjyﬁzi(2m>—xznw élélg -y,

since, by Proposition A.10, A; > 0, foralli € {1,..., p}, therefore Aidj >0, foralli,j € {1,...,p}. O

Below are presented some relations from matrix calculus that are used in Subsection 2.3.2 and
Section 3.1, to derive the formulas of i, £¢, i and X° (see Equations (69), (81), (57), (61) and (124),

respectively, in Petersen and Pedersen 2012).

i I
oxa dax

Za_dux_,, (A2)
aagfx _ (AJFA/)/ (A.3)
810g(|;1;t(X)|) _ (X-l)' _ (X'>*1, (A4)
aa'aXxlb ——(x ) a (x 1) = - (x) T (x) (A5)
WX (xpax 1) - - (x) 4B (x) (A6)
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Appendix B

Technical Result of Subsection 2.3.2

By Equations (2.26), (2.47) and (2.51) we get the two following expressions for Q (6,’ 6(’”)>, where

we have omitted the factor —g log(27), since it does not depend on any of the model’s parameters.
o () (0 SERRRre (m)
Q(O,e(m)) - [Z T (1)log[<pk ) ] + (1Y) Y e (t—1)log<pkl >]
k=1 t=2k=11=1
1 K T (m)
) Yo (1) log[det(Xy))]
k=1 \t=1
Ly |y m -
—5 ) [E e (B (ye = ) Zu (ye = Vk)] (B.1)
k=1 [t=1
K " (m) T K K " "
- | o)) |+ [L Do)
k=1 t=2k=11=1
1 K T " 1 K T . i
P (2 7" (1) 1og[det<zk>1> =P [z W) (' 1yt)]
k=1 \t=1 k=1 [t=1
K [T o 1& T o
+Y @ (yt " 1P‘k) DM PIRIO (Mk Xy 1]/‘k> : (B.2)
k=1 [t=1 s )

By Equation (2.40), the Lagrangian function can be written in the following two forms:

) K (O) T K K
L (p ,P, ¢,A1,..~,?\1<,/\> =Y (1) 10g<Pk ) +Y° )Y Zu(t—1)log(pu)
=

1 t=2k=11=1
1 K T (m)
~52 (Z 7 () log[det(Zk)]>
k=1 \t=1
L |y :
—EkZ] thk (£) (e — ) i (yt—ﬂk)]

|
Ngke
=

N
Il
—_
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and

K oy LK K
c (p(o),P, é, M,.--,/\K,/\) =Y %) 10g<p,§ )) +). ). ) Gu(t —1)log(pu)

k=1 t=2k=11=1
K T K T
- % ). (Z 0 1og[det(zk)]> - % )y [Z 1 (8) (v = yt)]
k=1 \t=1 k=1 [t=1
K T K T
M IION (7 ﬂk)] )y [Z W (1) (= 1#0]
k=1 | t=1 k=1 [t=1

oy,
ALY —1). (B.4)
k=1

To determine the estimates for y; and X, we calculate the partial derivatives of the Lagrangian
function with respect to these parameters, for all k € Sx = {1,..., K} and set them equal to zero.
To determine the estimates for y, we utilise Equation (B.4) (see also Equations (A.2) and (A.3) in

Appendix A). For all k € Sx = {1,...,K}, we have that

o _
ayk




29

To determine the estimates for X, we utilise Equation (B.3) (see also Equations (A.4) and (A.5) in

Appendix A). For allk € Sx = {1,...,K}, we have that

al (y,X|0)
1 T N 1 1 T n 1 ! A
—5 2 7(t) (Zk ) -5 ka(t) [— (Zk) (e — pi) (e — pix) (Zk ) ] =0pxp &
t=1
T ' 4
Yn zvk )[BT =) =) B
t=1
T T ,
[Z Ye(t) | T Y k() we) (ye— ) | e
t=1 t=1
T T ,
S | Y ()| S e = S | k() (v — ) (e — i) | S ke
t=1 t=1
T /
!Z Ye() | eI, =1 !Z Yi(t mi) (Yt — px) ] I, <
t=1
T = — Z')’k i) (Y — b -
Z me(t) =
t=1
Therefore we get the estimates for y; and Xy as
o (m 1 o
Y — Yo"ty (keSx={l...,K}) (B.5)
O
t=1
and
A 1 X . ’
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Appendix C
Proofs and Technical Results of Chapter 3

C.1 Technical Result 1

In this section we prove Equation (3.6) of Section 3.1.

Proof. We have that
1 !
15—z = e[ (5= pty) (5= 1) |

and
(S—puly) (S—pl,) =S8 — Sl — IS + 11,1, =SS — S — s’ + 21,
Therefore,
tr[ (S — L) (S — I, | = tr(SS' — uS — s’ + 41, ) =
tr(SS/) — utr(S) — ytr(S/) + 2t (1,) = tr(SS/> —2utr(S) + pPp =
) ) P ) 4 P 4 5
tr(S ) —2utr(S) + up = Zli —2;42&—#2;4 = E(li—y) )
i=1 i=1 i=1 i=1
Hence,
12
52:E<HS—;¢I,,H§) :E<p (li_,”)2>- (C1)
i=1
Similarly it is proved that
12
o = |[2—uhl[p = ) (i - w)?, (C2)
Pis
and the proof of Equation (3.6) is complete. O

C.2 Proofs and Technical Lemmas of Section 3.2

This section contains some technical lemmas used in Chapter 3.2, along with the proofs of Lemma

3.9 and Theorem 3.3.
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To simplify notation in what follows, let us define Ry = 1y, and

!

Zy(t) = Lyx,=y (Ve — pirc) (Y — pixe) (C3)

for any fixed k € {1,...,K}. We will also use ¢}, to denote a vector (cy,, ..., cn), where m,n € IN and

m < n.

As {X; : t € Z} is a Markov chain, the conditional random variables (X; | X;_1) are independent
of the random variables (X;_, X;_3,...), for all t € Z. The same holds for the random variables
(1yx,=x} | 1yx, ,—xy), thatis (1;x,—y | 11x, ,—x}) are independent of the random variables
(14x, »=k}, (X, 5=k}, - --). Therefore, {R; : t € Z} is a Markov chain with state space {0,1}. We have
that

P(Riy1 =1[Ri =0) = P(1px, -y = 1| 1x=iy = 0)
:P(Xt+1 :k‘X,} #k)

= Y P(Xp=k|Xi=1)

l€Sx\{k}
= Z Pik,
IESX\{k}
and
P(Ri1 =1|R =1) =P(1{x, iy = 1| Lix=y = 1)
- P(Xt+1 - k|Xt :k)
= Pkk-
We also have that
P(Rt1=0[R=0)=1-P(Rp1 =1[R=0)=1— ) pi
leSx~{k}
and

P(Ry1=0|Ry=1)=1-P(Ryyy =1|R, =1) =1 — py.

Let us denote by B the transition probability matrix of {R; : t € Z}. As we showed above, we have

1- ¥ )y
B = (boo bm) N leSx~{k} Pk leSx~{k} a

bio bn 1— p Dk
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P(Ri=1)=P(lixy=1)=P(Xs=k)=m  (ke{1,...,K}). (C.4)

A useful relationship in what follows is

R'=R, (t€Z neN) (C.5)
as,
1, ifX;=k
Ry = 1{X[:k} = (i’ € Z)
0, ifX; £k

For the time series Z;(t), we have

Zi(t) = Lyx,—y (Ve — prc) (Ye — P‘k)/

Yi1 — Mk

Yio — pio
= Lix,=1} ) (Y1 — pi1, Yoz — pos -0 Yep — Mip)

Yt,p — Hkp

(Yi1 — 1)’ (Vi1 —pin) Yz —pk2) - (Yer—pica) (Yep — pip)

(Yio — pr2) (Yi1 — pq) (Yio — pg2)? oo (M2 =) (Yip — piicp)

= I{Xr:k} . . . .
2
(Yep = tikp) (Yer —pk1)  (Yep — pip) Yeo — pr2) - (Yip — prp)

Therefore, the (i, j)-th entry of the matrix Z(t) is

Zi(1)); = Ziij(t) = L=y (Yei — pei) (Yo — 1)

C.2.1 Technical Lemma1l

Lemma C.1. Forany1 <k <K, 1 <1i,j < p, the univariate time series

ze = Zyii(t) = [Zk(1)];; = Lxo=ty (Yei — pri) (Yaj — pxs) (teZz), (C.6)
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is stationary with autocovariances'

cij(n) = Cov(z, zp4n) = nkZ}(éjz [(B"),, — ] — O,

1/2 _

exponentially fast, as n — +oo, where Zk i

<21/ 2) , and having a continuous spectral density®
ij

fk ijla Z Ck,i 1] mw.

n=-—oo

Proof. Letk € {1,...,K}andi,j € {1,...,p} be given and fixed. We define q; = (Z}(ﬂet) (Zi/zet) -
i j
Let p;; = (Ziﬂ)ij ,foralli,j € {1,...,p}. We have that

P11 P12 .- P1p €11 Y P1uEta
12 P21 P22 .- P2p €12 Y P2u€ta
Z €r = . ° = . 7
p
Pp1 Pp2 -+ Ppp €tp Ya—1Ppu€ian

therefore,
o= (s170), (5%
4 4
= Z Pia€tu Z Pja€tn
a=1 a=1

- Z PzaP]chta + Z Z PinPjp€Eta€t,p
o

The expectation of g; is

Z Pwép]azeta + Z Z PinPjp€ta€t,p
b

P
= Z PiaPju (eta) + Z Z plaP]ﬁE(etucetﬁ)

a=1 a=1 | =1,
o

ISee Definition A.45 in Appendix A.
2See Definition A.50 in Appendix A.
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For the model (2.45), we have assumed that €;, t € Z are iid with

E(Gt) = Op,

Var(e;) = I,.
By Definitions A.37 and A.39, for all t € Z, we have

E(es)

Var(e; ;)

0 (ie{1,...,p}), (C.7)
E(e?;) — [E(er))* = E(e};) =1 (Ge{l....p}), (C.8)

Cov (eri €1) = E(eier;) —E(ei) E(erj) = E(eier;) =0 (i,je{l,...,p} andi #j). (C9)

By Equations (C.8) and (C.9) for the expectation of g; we get

4 p

2
E((/It) = Z piapjac = Z PiaPaj - ([211/2} > = (Zk)ij = Z‘k,z'j/
1]

a=1 a=1

where we have used the fact that the matrix Zi/ 2 is symmetric, which implies that pij = pji, for all
i,jed{l,...,p}

Since €4, t € Z areiid and independent of X, forallt,s € Z, q;, t € Z are also iid and independent
of R, for all t,s. It also holds that z; = Rq;, which follows from Equations (2.45) and (C.6) and the

fact that
v/%;, ifandonlyif Ry =1 (& X; = k)
Re (Yr — ) = -
0,, otherwise
Thus, we have that
E(z¢zt4n) = E(RtqtRt£nqt4n)
= B(R¢Retn) B(qt) B(qr4n)
= E(Rth+n> Z‘*k l]Z'k ij
= E(RiR44) zili]., (C.10)

where Z%/ij = [(Zk)ij]z.
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E(RR¢1n) = 0-P(RiRpyn = 0) +1-P(RiRysy = 1)
—P(Ry=1,Ri4n=1)=P(R, =1)P(Ryy, =1|R; = 1)

1
= nkbg'}) = M (B(”)> = m (B"), - (C.11)
By Equations (C.10) and (C.11) we get
E(2¢2t1n) = 7% (B")11 Zf - (C.12)
For all t € Z, it holds that
E(z;) = E(Riqt) = E(Ry) E(q:) = P(Ry = 1) Zyjj = g - (C.13)

It follows from Equations (C.12) and (C.13) that the autocovariance of the univariate time series

Zt is
Ckij(n) = Cov(zt, zt4n)
= E(ziz14n) — E(2¢) E(2t40)
= 7t (B")1y 24 jj — 7B - ki
= mZ; [(Bh—m)]  (ke{l,..., K}, ije{l,...,p},nez). (C.14)
We have that

E(1{x,—x}) = P(X: =k) = 7,
and by Equation (C.11), we get
E(Lx,=i 1% 0=k}) = 7k (B")11,

thus

Cov (Lix, =k}, 1x,=ky) = 7k (B")11 — et = 7 [(B") 17 — 7] - (C.15)

It follows from Equations (C.14) and (C.15) that

Ck,l‘j(i’l) = Z%,ijcov(l{Xt:k}/1{Xt+n:k}) (k € {1,. . .,K}, l,] S {1,. . .,p},?l S Z) ,

which implies that ¢y ;;(n) decreases exponentially fast to 0, as will be shown in Step 1 in the proof of
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Statement (ii) of Lemma C.2. Consequently, the spectral density converges pointwise and is continu-

ous. O

C.2.2 Technical Lemma 2

Lemma C.2. Let {X; : t € Z} be stationary, aperiodic and irreducible. Then,

(1) {X¢:t e Z}is(y, L%, p)-weakly dependent with an exponentially decreasing sequence y = {7, : v € N}
and i (h,k, u,0) < 4[h] [[K]

s that is
|Covih (Xey, - o) X)) Kk Xy, oo, X )] < 4[| [K] | ¥

foralltj < ... <t, <t +r<u<..<wpH <...<t, <ty +r<u<...<7)ruv>1,

h,k € L®, where the norm ||-|| ., is defined as
IIfllo =inf{c >0:|f(x)| < ¢, almost everywhere},

for any function f € L®.

(ii) There is some constant ¢ > 0 such that,

}COV (Ytlfl'l Ca.t thiu, YTlrjl C .t YTv,jv)

<,

foralltj < ... <t, <ty+r<pu<..<mph<..<t, <t,+r<u <...<1),1<u0v<
4dandr > 1.

Proof. (i) We have assumed that {X; : t € Z} is stationary, aperiodic and irreducible, and it is also
finite-state, thus from the Statements (a), (b) and (c) of Theorem 3.1 and the paragraph follow-
ing it in Bradley (2005), it follows that {X; : t € Z} is strongly mixing with exponentially de-
creasing mixing coefficients, say 7, (see also Subsection 2.1 in Bradley 2005). Since {X; : t € Z}
is strongly mixing, it follows from Lemma 6 in Doukhan and Louhichi (1999) that it is also

(v, L®,)-weakly dependent with ¢ (h,k, u,v) = 4||h||, ||k||o, which implies Statement (i).
(ii) Statement (ii) will be proved in three steps.

Step 1: We choose

Wy .. wy, if |wl, ..., wy] <1
h(ws,..., wy) = ,

0, otherwise
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and

Wy Wy, if lwnl,..., |wy| <1
k(wy, ..., wy) = .
0, otherwise

We have that 11,k € L* and ||h||, ||k||, < 1, therefore it follows from Statement (i) that

‘COV(I{thzil} Callt 1{sz::iu}’1{xrl=j1} et 1{er:jv})) < 4’)’r, (C16)

forallt)y < ... < t, <t+4r<nu < ..<HpH...<t<th+r<u<...<1),

e iy, i,- o €{1,..., K}, u,0,r > 1.

Step 2: For a set of real-valued random variables Uy, Uy, V3, V,, where the pair (U;, Uz), V3

and V, are independent, we have

Cov(U; Vi, UaVy) = E(Up V5 - UpVa) — E(Up Vi) E(UL V2)
= E(Uy Up) E(V;) E(Va) — E(Uy) E(V;) E(U) E(Va)
= [B(UsUs) — E(U) B(Us)  E(V1) E(V3)
= Cov(Uh, Up) E(V1) E(Va) .

Step 3: Consider the random variables

K
Ys,m = Z 1{X5:k} <Zi/2€5)m (S cZ,me {1, . ,p}) .
k=1

Using the bilinearity of the covariance, we get that

COV(Yt] i " - Ytu

iys T] ]1 . YTz ]v)

et

K
=

K
Cov( Z [H Lex, =k} ( €t,,) ], Z [H 1{X1m_,m} L eTm ; ])
ki, ky= I, 0= m
K u u 4
Z COV ([ l{Xink”}] [H (Ziizet”)‘ ] ’ [H 1{erlm}] [ Z:1/261':?1 ] ])
=1 n=1 In m=1 m= m

n=1

(C.17)

Since €;, t € Z are iid and independent of the Markov chain {X; : t € Z}, the random
. 1/2 1/2
variables (ITj;_; L IS | 1{X'rm:1m})’ [ i) (an et”)in] and [ (Z erm)jm}
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are independent, thus from Step 2, it follows that

ov ( [H 1{an _k”}]
n=1

u v
COV (H 1{Xfﬂ:k"}’ H 1{XTm_l’”}> E
n=1 m=1

%

ﬁ(zi”ﬂ%),] [H {xm—znl]

._n

m=

21/2 —

< eTm>jm] )

H Zl/zetn ]E ﬁ Zl/zeTm . ] 4
=1 Jm

m=1

and by Equation (C.16) in Step 1, we get

1/2 - - 1/2
Cov Hl{th—k } H (Z €t">i P H 1{X7m:lm} <Zlm €-L—m>j S
n m=1 m=1 "
e 1/2 - 1/2
4y, Ebjl (an et”>in] E[n[[l (sz efm)jm] . (C18)
By Equations (C.17) and (C.18), we get
‘COV(Ytl,z] Ca.t Ytu/izf’YTlfjl Ce. YTv,jv) =
K u v [ u 1 [ v 1
Z COV (H l{an:kn}’ H 1{X'rm:lm}> E H (le(,{2€tn)- E H (le,,{ze’rm) . é
k..., ;{Mz n=1 m=1 | n=1 Wl m=1 Jm |
1seees o=
K u 4 [ u 1 [ v 1
Y. |Cov (]’[ Tix, =10 | [ 1{XT,,,=zm}> E (Z}(fetn), E[T] (z}n{ZeTm) <
ki,...ky=1 n=1 m=1 Ln=1 ] m=1 Jm |
I, ly=1
K U v
4% E E[H (z,lfetn)_ ] E[H (z}fefm), ] .
lk”fl n=1 tn m=1 Jm

Since K, %4, ..., Xk are fixed and the 4-th moments of €;’s are bounded (see Assumption

(A3) in Subsection 2.3.1), it follows that there exists some constant ¢ > 0, such that

}COV (Ytllil Ca.t thiu, YTlrjl Ca. YTv,jv)

< ¢y



C.2.3 Proof of Lemma 3.9

Proof. We have

p
2
el 3 = Y 1,
i=1

IN

2
p (max {|;Mk,i|}> [Assumption (B1)]

1<i<p
[o()*
o(1)

p
p

O(p),

and, since X is positive semidefinite, by Proposition A.11, we get

—_

[IZel[F < = [tr(Zp)]

-+ (e )]

=p ‘ ‘211{/2‘ E [Assumption (B1)]

=

=pO(1)
=O(p).

As a result, we get the following equations:
1 2
o |[dlz = O(1),

and

[1Zkllz = O(p).
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(C.19)

(C.20)

Let us denote by R the total number of visits of the Markov chain {Y; : t € Z} to state k over

{1,...,T}, thatis

T
R=) R
t=1

(C.21)

(i) As was mentioned in Subsection 2.3.2 (see the discussion following Equation (2.57)), if R = 0,

then 7 is set equal to 0,, therefore, it holds that

1y = ug - Lir>0)-

(C.22)
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Using Equation (C.22), we get

1< 1
E(ﬂi) = E(P‘lg ’ 1{R>0}) =E (R Z Rth : 1{R>O}> =E [E<R Z Rth . 1{R>0}
t=1

t=1

1 T 1 :
E( = Z&E(Yt!XlT)) =E< e ZRtEWf‘Xf))'
t=1 =1

)| -

In the last relation we used the fact that, by the definition of HMMs, Y; is independent of X,

given Xy, for all s # .

Since

1, ifX; =k
Rt == 1{Xt:k} — ’
0, otherwise

it follows that
RtE(Yt ‘ Xt) = RtE(Yt ’ Xt = k) = Rt]/lk,

consequently

1 T
E(uy) = E< {1;;0} ZRt.”k> = E(Lyro01 k) = #i [0-P(1gs0y = 0) +1-P(1gsgy = 1)] =
t=1
‘ukP<R > 0) = Uk [1 —P(R = 0)] = Uk [1 —P(Rl =0,...,Rt = 0)] =
yk[l—P(Rl =0)P(R,=0|Ry :0)-...-P(RT:0‘RT,1 :0)] =

Uk [1— (1—7'Ck) boo'...-boo] = Uk — Uk (1—7Tk) bgo_l.

By the irreducibility of the Markov chain {Y; : f € Z}, itholds that 0 < bgy < 1. Setting as  the

maximum of those K values, by (C.19), the first part of Statement (i) is assured.
Let us use the abbreviations

=2 %y, (C.23)

and

0 = 1 — i (C24)

Since €;, t € {1,...,T} are iid zero-mean random vectors, independent of the state variables
X, t € {1,...,T}, the same holds for #;. Hence, by (ii) in Proposition A.4 and (ii) in Proposition
A5in Appendix A, forallt € {1,..., T}, we get

E(n;) = E(Z}{/Zet) = 211{/2 E(et) = 211(/2 0, =0, (C.25)
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and

Var(;) = Var(E}/%e; ) = /2 Var(er) (=} 2)/ =21, (=Y 2)/ S (C.26)

Since Y; = py + Zi/zet = Uy + 11, if and only if R; = 1, it follows that R;Y; = R; (ux + #¢). Thus,

using Equation (C.22), we get the following relation for J;:

L{r>0) L{r>0)
O = 1 — i = = YT RYe— g = =2 YR (1) —
t=1 t=1

1r>0) & 1irs0) & L{r>0)
- % > Ripuc+ % 3" Rete = e = =0 Y Retje + L rooy e — i
t=1 t=1 t=1

R
1{r>0} w 1{r>0) o
= % Y Rei+ (L{rsoy — 1) px = % Y Repe — L{reoy ko (C.27)
t=1 t=1
where in the last relation we used the fact that 1oy —1 = —1;z_q), since

0, ifR>0
1{R>0} - 1 - .
-1, ifR=0
Equation (2.59) can be written as
m=lyr =R (C28)
L '

therefore, by Equations (C.28) and (C.27), we get

2

, ifR>0
2

1ir>0y
R

o
k

T
Y Rt’?t
t=1

2
7 10kl l2 =

7

0, ifR=0
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thus

E(mp116/13) = E[E( 7 [1oc]3 | XT) |

—E E(nk< {R>°}> X{)_
{M}E{(W) @Rtm);{])

01 R>0 T T ,
:E(nk & }E[t; (;Rtm Rejs | | XT

1 1L /
:E(nlfg {?50} Z ZRtRSE<m s X{)])

t=1 |s=1
1 T ,
—E <n;g {220} t; ; RiRE (m 175>] ) . (C.29)

As we mentioned, #; are iid, with

E(n:) =0, < E(171:) =0 (teZ,ie{l,...,p}),

therefore

T E(), ift=s
0, ift#s

=

E(n,i11s,:) = (C.30)

E(’?tlﬂs> =E (i 71t,i77s,i> =

Il
A

i

By Equation (C.25) we get

p p p p p
ZE(mz/i) = ZVar(;ytzli) = ZVarKZ}(met) ] = ZVar(Z pz-jet,]). (C.31)
i=1 =l j=1

=1 i=1

As a result, by Equations (C.8), (C.9) and (C.31) (see also Proposition A.9 in Appendix A), we

get
P P r PoE
ZE(ntl) = Z Zvar(pifet]) = Z sz]var(et])
=1 i=1j=1 i=1j=1
P r /
=) Y pj=tr [Zi/ 2 (zp?) } = tr(Zy). (C32)
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Combining (C.5), (C.30) and (C.32), we get

T

T T T
2 [Z RtRsE(m'ﬂs)] = Y RE(nimi) = Y- Ritr(Ze) = Rir().

t=1 | s=1 t=1

By Equation (C.28), directly follows that
e = 1 - Lir>0), (C.33)

hence, (C.29) becomes

1 1
B (10 13) = | -2 Rux() | = B | mp ez

= l’cr(Zk) = O<

- ) , (C.34)

I

e[l y rlemy
T TET R

which concludes the proof of the second part of Statement (i).

By the definition of HMMs and the construction of the model given by Equation (2.45) (see also
(i) in Proposition A.6 in Appendix A), we get

E(Yt—yk |X1T:k,...,XT> — BV — e | Xe =k) =0,
and

E{(Yt_ﬂk)(ys_ﬂk)/)x{]: i[(?;z())Xt]'E[(Ysyk)/’Xs}’ iis#t
ar( I | A¢), ifs =t

It follows that
RtE(Yt — e | XT ) =0, (C.35)

and
R Zk, ifs=t
x| =4 . (C.36)

ReE[ (Yi = ) (% — i)’
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For the conditional expectation of X2, given the state sequence (X,..., Xt), we have
P g q

B(=2 1XT) = 1 1o ReE[ - ) 0~ ) [x1]
= ;éRTE[(Yt_Vk'i‘}”k_VI?) (Ye — g+ px — 1)’ )XlT]/

and

(Ve — o+ — 1) (Ve — i+ g — 1) =
(Y — i) (Y — i)+ (Y — i) (e — 1)+ (i — 19) (e — )+ (i — 1) (i — 1)

Using the linearity of the expectation, we get

oyT 1¢ ! T
B(ZpIXT) = = Y RE[ (Y — ) (¥ — ) | XT]
t=1
1 U [ oy’ T
+3 > ReE| (Y = ) (e — 15) ‘Xl}
t? (C.37)
1 i 1
+ 7 ) RE| (e — ) (Ve — ) ( Xﬂ
t=1 -
1 u [ 0 oy T
7 L RE| (o= ) (ue— 1) | X7 .
t=1 -
For the first term of (C.37), by Equation (C.36), we get
1< 1< o
= [ (Ys — ) (Ye — 1) ‘ Xl} — — YRS = 0% (C.38)
= =
Since
1, ifR>0
Lirso0y = ,
0, fR=0
itholds that R -1 (R>0} = R, thus,
B 1{R>0} Lir>0y



45

Using (C.22) and (C.39) we get

RtE[(Yt — ) (i — 1)’ ‘ XlT] -

T
L #k><{R>O}ZRsﬂ {M}ZRY) =
s=1
Tiro0p & / T-
RE| (Y= p) | = LR (e =) 1 X0 ) =
s=1
Rilir~o
%ZRE[E ) (Ye — i) Xﬂ
s=1

Thus, using (C.5) and (C.36), the second term of Equation (C.37) can be written as
1 J oy’ T
7 2 ReE[ (Y =) (= i) [ X7 =

1]

1{R>0} Z ZRfR E[ Y — i) (Ys Plk)

1
=) thRE[m ) (06— )| XF]+ 10 1 RRE[ 0= ) () |XT] | =
=
Tira0r & R>0 k>0
_{T;};RtRka:_{>}ZRZ__{T>}ZI<'

(C.40)

For the third term of Equation (C.37) (see also (i) in Proposition A.4 in Appendix A) we have

LS ReE[ = ) (v ) [ XT] =
Tt:lt P — P ) (Lt — Mk 1

>R ( [0 — ) =] | xT)

R; (E[(Yt — i) (e — 1) )XlTD

!/

t=1

1
T
1
T
_ <;1r ZT: ReE[ (¥ — i) (o — 1) ‘ XlTD

— S (CA1)

as X is symmetric.
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Combining (C.5), (C.22), (C.36) and (C.39) and the fact that (1{R>0})2 = 1yg=0}, We get

]

X7

Vk_.uk (i = 1) ‘Xl] RtE[(ﬂi—uk)(ui—ﬂk)

= RE |: {R>0} Z R, Yt Vk)> (1{1350} iRS (Yt — ,’Mk))

!

s=1

_ <1{R>0}> Z Z Rs, R [ Yo, — i) (Ys, — ‘uk)/ ‘XlT]

s1=1s=1

{R>0}
R2

Ril{r>0 5

—R
f R

Z R51 RS] Zk =
s=1

Therefore, the fourth term of Equation (C.37) can be expressed as

1< o o/ 1 & Rilgrsoy 1(r>0}
TgRtE[(Vk_Vk)(‘uk_,”k) x| =2y s = 0y, o)

t=1

As a result, by Equations (C.37), (C.38) and (C.40) to (C.42), we get

1 1 1
E(ZileT)—ﬂkZ - {R;O}Z {’?O}ZH {I?I?O}Zk:(ﬂ',?— “f;(’})zk. (C.43)

Therefore,

B(x) = E[E(x |XT)] = | (7 - 252 ) 2| = B(w) 2~ 1E(Lqro0) 2

We have that

T

o 1 & 1 & 1 1T
t=1

t=1 t=1

)§]

and

E(1{g-0)) = P(R>0)=1-P(R=0). (C.45)

As a result, the expectation of 2P is

P(R = 0)

1
B(EP) = m%s — g T+

. (C.46)
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By the definition of B, P(R = 0) = O(B”) (see the end of the proof of the first part of Statement
(i) and by Equation (C.20), we get ||Z¢||z = O(,/p). Consequently, (C.46) becomes

E(X}) = (nk — ;) pI —|—O<ﬁ;> = Ly —|—O<\§?> , (C47)

as \/p > BT, which concludes the proof of the third part of Statement (i).

(ii) By Assumption (B1) we have

1 /
Hz}/zj ‘F =0(1) & Lt [2,1/2 (%) ] = 0(1) & tr(Z) = O(p).
Using the fact that for any matrix A € RP*7, it holds

ﬂﬂ@hﬂ{iwﬁzfﬁmwzumm» (.49

i=1 i=1

we get

E(vp =) =E()) —v =E Llotr(ZE)] — 1 = 1E[tr(Zg)] — V=

N

1 1 1 T
Etr[E(Zg)] — Vg = ;tr [ﬂka — TZk + O(él_,):| — V=

L rte(S) — ez + 0 B2 ) = Lrtr(sy) =
pnkr k PT k pT p k k) —

1 BT\ 1 BT\ 1
“prom+o(r) =o(z) +o(fr) =o(z).
1 1 . .
as — > — and B < 1, which concludes the second part of Statement (ii).

T  pT
For the first part we have

E {(1/,? — uk)?l} =E < Llotr(Zg) - :)tr(nkzk)r> = ple<[tr(22) - tr(ﬂka)]z)

= B (1 ()P — 20(E) () + (o))
= % (B (1)) ~ 2e(mE Eler(=)] + [(m =)
= 5 (Varltx(Zp)] + (B[ (%)) — 2t (i) e ()] + (e (o))
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Using Equation (C.48) and the third part of Statement (i), we get

plz (Bl (zp)))? — 2tr(mze) Bler(9)] + [r (i) || =
[ BED)? — 2t () B + [ (mmo)] =

;2 ([tr(nkzk) - O(‘éﬁ) i — 2tr(7y) {tr(ﬁkzk) + O(?)} + [tr(nka)]2> =
VP VP

=

1
P

70(r) =0(5m) =o()

11
pT2 = T2

Consequently,

as

E [(1/,({’ — vk)z} = plZVar[tr(Zg)] + O(;) . (C49)

To prove that E [(1/,? — vk)z} = O(T™'), it suffices to show that Var[tr(X2)] = O(p*/T), or,

equivalently, using the law of total variance,
2
E [Var(tr(z;g) | Xm + Var [E(tr(zg) | X{)} =0 <’;> . (C.50)

For the second term of the left-hand side of (C.50), by (C.43) and (C.48), we get

E(tr(zg) yxlT) :tr[E(zg |X1T)] = tr[(n;; - 1“3;“) Zk] = (n,‘g— I{RFO}) tr(Zk),

therefore,

Var [E(tr(zg) | xT )} - VarKn;g - 1“?;”) tr(Zk)} - [tr(zk)]2Var<n<k> - 1“?;”) .

We have

1
Var(n,‘; - {I?FO}> = Var(mp) + %Var(l{bo}) —2Cov (7}, 1{r>0}) - (C.51)

([tr(ﬂkzk)]z + 2tr(m Xy ) O (T) + O(T2> -2 [tr(nkzk)]Z — 2tr (X ) O<T> + [tr(nkzk)]2) =
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For the first term of Equation (C.51) , by Remark 1 to Theorem 7.1.1 in Brockwell and Davis

(1991) (see also Corollary 4.3.2) and the mixing assumption on R;, we get
1< _
TVar(7{) = TVar 7 Y Ry | = TVar(R;) — 27f(0), (C.52)

t=1

where f(0) is the spectral density of {R; : t € Z} at frequency 0. It follows that Var(7?) =
O(1/T).

For the second term of Equation (C.51) , by (C.45) and the fact that (1{R>0})2 = 1r>0}, We get

o Var(teeoy) = 7 (B[ (re0)?] — Brao)]?) = 7 (Erooy) — [E(1ren)]?) =

L E (ko) [1~ E(raoy)] = o [1 ~ PR =0)] (1~ [1 ~ P(R = 0)]) =
T
% (P(R=0) - [P(R=0)]*) = %O(ﬁT = o(i) ,

since by the proof of the first part of Statement (i), we have P(R = 0) = O(B”), which implies
[P(R = 0)]> = O(B?T), and BT > p?T,as 0 < B < 1.

Combining (C.33), (C.44) and (C.45), the third term of Equation (C.51) , becomes

1 2
—2Cov<7r,?, {RT>O}> =-7 [E(714r>01) — E(70) E(1{r>0}) ]

=z [E(7}) — E(7R) E(1{r>01) ]

= —%E(T(]?) [1 — E(l{R>O})] = —%7‘[,{ [1-P(R>0)]
_ —%nkP(R —0) = —%nk0<ﬁT) = o</3TT> .

Hence, (C.51) becomes

wlt-5)-o(3) () () -o(3).

therefore,
Var[E(tr(z;g) |X1T>] = [tr(zk)]zoG) - o(pz)o@) - o<pT2>. (C.53)

As was mentioned in Subsection 2.3.2 (see the discussion following Equation (2.57)), if R = 0,
then ig is set equal to 0pxp and it follows that X = ,‘(’i,‘(’ = 0pxp- Consequently, if R = 0, then

tr (Zg) = 0. Therefore, to calculate the conditional variance of the first term of Equation (C.50),
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let us assume for the moment that R > 0. As has already been mentioned, #;, t € {1,..., T} are

iid random vectors, independent of the state variables { X, ..., X7}, with

E(1:) =0,

and

Var(n;) =

Notice that if R; = 1, then
Yy =y + Xk € = pp 1

which implies that
R (Ye— ) (Yo — 1) = Ry (i + 1t — 1) (e + 10 — 1) = Re (50 — &) (s — &) -

As for any matrix A € RP*?,

we get

Mﬂ

-
=
—
=0
~—
I

Rete| (1 = 8¢) (e = 1) |

T
5

MH

Rt (1 = 8)' (11 — 3|

W
Il
—_

R (1: — 0) (11t — &)

H
I
—

M’ﬂ

Ry (m'm — i O — O i + 5kl5k>

N
I
—_

1=

Ry ﬂt—*ZRtﬂt Ok + = ZR 5k Ok

..ﬁ
Il
—_

I
Sl ~u~ G e
Mﬁ

MH

2 2 4
Re ||mell; + T ZRt l16kll5 — T ZRt’?t Sk
=1 =1

.*
Il
—_

where we have used the facts that

| = 6) (= 80| = (3 = 80) (= 00, (C.54)

as (n; — (5,{)/ (17+ — Oy ) is scalar and 5k/’7t = 11t 0.
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Since we have assumed that R > 0, by Equation (C.27), we get
1 T
& ==Y Ry,
R/

hence,

!/

R ’5——3R1TR 5 = —2 8 Lyp 6 = =276 6 = —272 | |6k 3
tht O = T RZ tht O = T RZ tht k= T Ok Ok = 7Tk||k||2-
t=1 t=1

[N
1=

..ﬁ
Il
—_

As a result, we get

1 T
tr(ZR) = o 2 Re llmel 2 — ¢ (1l (C.55)
t=1

X1T>

ﬂ>+w4wwmﬂﬂ)

consequently,

2 2
R |[mel |5 — 7 10k |3

=l
1=

~
—_

Var(tr(Zf) \XlT) = Var(
t

1 2
:Var<T Y Rl
t

=1

1 & 2 2
—2C0V<T ZRt ||77t’|2/ 7'[]?H5k|‘2
t=1

X1T> . (C.56)

As has already been mentioned, #;, t € {1,..., T} areiid and independent of the Markov chain,

and since, by Equation (C.5), R% = R;, we have

X1T>: 5
£

2

'ﬂ‘r—\
1=

Il
_

1 & )
Var( — Y Rel|nelf5
Tt:1

R3Var (||| 3 | XT)

RoVar || 2) = gvar 11 2)

I
'ﬂ‘r—\
1=

H.
Il
_

2
< i (Imli) = o). 57

==

To prove the last relation of (C.57), recall that by Var(e;;) = 1 and by Assumption (A3) (see
Subsection 2.3.1), E (6?,1') <ke+3,forallt € Zandi € {1,...,p}. Let us denote the i-th row
of the matrix X;/2 by p(i) = (pa, - .-, pip)- Since £;/?, it also holds p(i) = (p1j, - .-, ppi)- Then
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4
(1) = (| =42
P ) 5 p r P P o p v P P
YOO DY Y Y Pl +2 E Y Y ) pupipikdi

=1

IN
S
M=

»
Il
—
Il
—_
~
I
—_
Il
—_
-
Il
—_
-
I
—
-
Il
_
'N
I
—_
=
I
—
—

M‘x I M‘m
_|_
M‘w
M=
/7~
=3
=
=
~——

el +7* =27

k=11=1
P p P
< ZH Mo+ 7 [|Z22]| +2 32 3 llot) 12 1o
k=11=1 k=11=1
= (ke +3 szZi”HF:O(ﬁ), (C.58)

2
since, , 211(/2‘ ’F =0O(1).

For the second term of Equation (C.56), by Equation (C.27), we get

var (72 [[ocll3 | XT) = (m0)* Var (16l 3 | XT)
) 1 T / 1 T T
= (7'[]({)) Var E ZRt;’]f EZRtT/t Xl

= t=1

xT|, (C.59)
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and

p [T 2]
Var Z ZRtiyt,l) XlT =
i=1 \t=1
p P T 2 T 2 T_
Z Z Cov Z Rineiy | Z Ry i, Xp| =
i=1i=1 =1 =1
P P T T T T T
Z Z Cov Z Z Rtlntllilthmz,iv Z Z Rslﬂsllistznszliz Xl =
i1=1i=1 t1=1t s1=1sp,=1

=1
P 4 T T T .
Z 2 2 Z 2 Z RthtstlRSZCOV(rlfllilﬂtZIil 7 Msy,ixMso,i ’X1> =

T T T T T T
Z Z Z Z RthtstlRSZCOV(.Z ntl,ilﬂtz,ill Z ﬂsl,ianQ,i2> =

11:1 12:1

T T T T , /
Z 2 2 Z Rtl thRsl RSZCOV (’7t1 Mtyr sy 7752>' (C-60)
Asn, t € {1,...,T} are iid with zero mean,

Cov(ml,ilmzfilf7751,1'21752,1'2) 7£ 0,

iftq) =t) =51 =5y, 0rt] =s; # tp = sy, 0r t; = s # t; = s1. In any other case there is at least
one factor say 177, ,, with (a,b) € {t,s} x {i,j}, independent of the rest. Let us consider the case

where t; differs from t;, s; and s, while the rest can either be equal or not. We have

Cov(ﬂh,il Mta,iv s 7751,i21752,i2) = E(’?tlrilﬂtZ/il nslrizﬂszliz) - E(Uh,ilmzﬂi) E(qsbiznsz,b)

= E(T]t]ril) E(mzril 7751,i27752,iz) - E(th,il) E(mzlh) E(ﬂshizﬂszﬂ'z)
pu— 0,

asE(n;;) =0,forallt € {1,...,T}andi € {1,...,p}. The same can be proved for any other
index and any other case where there is more than one inequality between the indices t1, t, 51

and s».
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Let us, now examine the cases, where

Cov(ﬂtllil Mt,irs ﬂslriznsz,iz) 7£ 0.
e Caset] =ty) =31 = sy:
In this case we have

T T T T / , U , /
Y Y Y RyRRaReCov (1 i 1) = 35 RECov (e )
tlzl t2=1 5121 5221

h=1

= i RfVar (m/m) .

=1
Combining (C.28), (C.57) (C.59) and (C.60), we get

S T G / (m9)* & 2
var (72 [[ocll3 | XT) = ~25- ¥ Rivar (n'n:) =~ - Revar([lml13)
t1:1 t1:1

0)? R\? 1
< (7;{‘3) O(p*) = (T) 73 0(r")
2
_ %o(pz) - O(%) , (C.61)

since, by Equation (C.5), Rt = R; and we have assumed, temporarily, that R > 0, which
implies that R > 1.

e Casesty =51 £ ) =8y, =85y # tr = sq:
Notice that these cases are equivalent due to symmetry. Let us present the first one.

Since t; = s1 # t = s, Equation (C.60) becomes

T

T T T T , , ,
2 Z 2 Z Rt R, Rs, Rs,Cov <77t1 Mtyr sy 7752> = R¢RsVar (7715 775)
t1:1 t2:1 51:1 52:1

T
t=1s=
s#

=

Since iy, t € {1,...,T} areiid , it holds

F (10 11010 152 ) = FOIatoat + o Do Mot foad &+ Tt psp)

(M50 4 oA e psp) (i lsp1 + - oo e pTsy,p)
(771‘1/7751) f(”fz,rlsz) ’

-~ =

where by f(-) we denote the corresponding probability density functions of each of these

random variables. The above relation shows that 17/175, t,s € {1,..., T} arealsoiid . Thus,
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we have

T T , T T ’
Y Y R¢RVar (m ;75) =Y ) RiRVar (171 172)
t=1s=1 t=1s=1
#t st
T T
t 1s=1
s#t

T T
gzthRsE[ o }
t=1

=1s=

[V

1
— R?E [(171’172>2} , (C.62)

. \2
since RtRsE[<171 172) ] >0, forallt,s e {1,...,T}.

By the Cauchy-Schwarz inequality and Jensen’s inequality, we get

e[ ()| < E(1m 1B 11l 2) = E(ImIE) E(el)
= [e(1nlB)]" <E(liml). (C.63)

Combining (C.58), (C.59), (C.62) and (C.63), we get

Var(rc,? HM!% ‘XlT) = (7;7(‘)4)2 i iRtRsVar(m/qs)

Consequently, we proved that it always holds that

Var (722 16l 3 )X{) :o(ﬁ). (C.64)
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For the third term of Equation (C.56) we have

X1T> =

X1 | =

1 & 2 2
Cov | = Y Rellnlly, ¢ [16kl];
=
2

Cov liRH 2, X liR
thl t 77t 27 T RS:1 5775 )

72 Cov Y Rene e, 72 Y Rags | [ Y Rays | | X{ | =
t=1 s=1

s=1

1 d 2 2 2 d ’ T
WCOV Z(szﬂt,i ,Z ZRSUS,]‘ X | =

1
T
Z Rtﬂtzz ’ Z Z R5117§1] 521s0,j

s1=1sp=1

)

1
4 T T T
?ZZZ Y ) RtRisSzCOV<77t1/ Msv,jMs2,j ‘X

).

X! ) (C.65)

T T T
lyyer S]RSZc:ov(zml, ¥ 1o

i=1 j=

T T
=72 Z Z Z RtRisSZCOV(ﬂt nt, 7751 sy

Similarly as before,
COV(m Mt s Wsy,j Msaj \ X1T> 70,
ift = S1 = S»p.

By (C.57) and (C.65), we get

1{ 1 g f
Cov| 7 LR llells, mplleel 5 | XT | = o 32 RICov (e, 'y | XT)
Tt:l RT t=1

1 & ' 1 &
=R ;RtVarOyt qt) = RTZt;RtVar(HmH%)

= RsztéRtVar(HmH%) = %Var(H’ﬁH%)

1

ST

2
O(p?) = o<¥2> (C.66)
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Combining (C.56), (C.57), (C.64) and (C.66) we get
2 2 2 2 2 2 2
(e ) () () =0(F) -o{) o) () -o()

It follows that
2
E[Var(tr(zg) yx{)} = o<§2> . (C.67)

Finally, Equation (C.50) is ensured by (C.53) and (C.67), in the case where R > 0, that is
Var[tr(29)] = E[Var (tr(29) | XT) | + Var[E(tr(29) | xT)]
2 2 2
_ol Py _o(E
=o(5)+o(F) =o(%)

As we have already mentioned, if R = 0, then tr(X¢) = 0, which implies that Var[tr(£¢)] = 0

and since 0 < p2 /T, in any case, it holds

valir(zp)) = o( £,

which by Equation (C.49) concludes the proof of Statement (ii).

From the proof of Statement (ii) we have
p?
Var[tr(X})] = O(T) .
Under Assumption (B2) there exist some constants ¢ > 0 and 0 < r < 1, such that
tr(Xg) > cp'.

Thus, we get

T

- T

Var[tr(Z9)]  Var[tr(Z()] _ Var[tr(Z9)] 1 1 <p2> _ (PP
tr(mZ))” 2 () = m2(cp’)2 e erO =0 , (C.68)

since, by Assumption (A1), ry > 0, forallk € {1,...,K}. This completes the proof of Statement
(iii).
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C.2.4 Technical Lemma 3

Lemma C.3, below, shows that substituting ;i for the true unknown value p in the definition of

27 (see Equation (2.58)), asymptotically has a negligible effect. Therefore, we define X" as

!/

(C.69)

-
1=

Il
—_

= Tix,—ky (Ve — pe) (Ve — pix)

t

Notice that for all i,j € {1,...,p}, the (i,j)-th element of Xp*, X% is the sample mean of the

kij
univariate time series Zy;j(t) = z; = 1yx,—xy (X, — p,i) (Xt — pij)-
Lemma C.3. Under the conditions of Lemma 3.9
(i)
* 2 P
(I - 221}) =o(&).
(ii)
2 * 2 P
B(1IZp - mlf) = B(1IZg - mexel ) +0( L)

Proof. (i) Taking the difference between X" and X2, by Equations (2.58) and (C.69), we get

i 1< o1 /
o — iIfZRt(Yt—Vk)(Yt—Vk) —szt(Yt—Vz?)(Yt—ﬂi)
t=1

t=

1< / :
= R [ ) (Y =g = (= ) (= ) |

T
1

We have that

!/

Y =) Ve =) — (Ve =) (Ve —p3) =
ViYY = Yiu — Yy g — Y e () Yy - (1) =

Yo [() = |+ (i = 1) Y+ e’ = i (1)
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Hence, using Equations (2.55), (C.24) and (C.28), we get
Zo*_zo:lTR Y, o _ ./ o Y’ " 0,0V
FT I g LR [GR) e o G ) Y pn = i ()
1 ¢ D Y
—ZRYt[yk - ] ZRt — k) Yt TZRWW —fZRtﬂk §29)
t=1 t=1
1 o o 1 1 g T R Y
== Z R [(0) =] + (=) | 7 Z RYr | + 2 ) Repgie — = 3 Rupe (1)
rs = = =

o ! / R o / R ’ R o o /
L) = 1o |+ (o = ) )+ s’ = g ()

o

= fﬂk
R o o / R o ’ R o o ! R o / R ’ R ) ) /
= i () — rime + pe () — i () + e — MR (HE)
R o0/,0\ o, ' o\ ! R 0/(,,0
=T (.”k (i) —mepe — i (p) + Hkﬂk) =7 [.”k (Mg = 1) = pac (= ) ]
R / R ! !
=7 (2 = ) (g — i) = Tk = 7G5 (C.70)
As we have already mentioned, by the definition of 7., we have ) - 1{ R=0} = 0 and 7t} -

1(r>0y = 7;. Therefore, using (C.27), Equation (C.70) can also be expressed as

!

1 T
£ -3 = {R>°} ZR <{I;{>O} Z&m) = 2 ZZRt ST - (C.71)
t=1

t=1s=

By the law of total expectation we have

E[(Z;{”;‘] 221])2]:15(13[(2,3’;] zgq) ‘X{D (C.72)

Asm, t € {1,...,T} are iid and independent of the Markov chain, and (mq!) = N1il]s,j, by
1
(C.71) and the linearity of the expectation, we get

t=1s

2
E[(zg’;] zgl]) ‘X{] —E {(RZ y ZRtRsmns>
i

2
7T]? T T
=E Rz Z Z ReRs11,i7s,j

t=1s=1

2 T T T T
= R2 E Z 2 Z Rt1Rt2RslRszﬂl‘hintz,i’?sl,ﬂ?sz,j

t]=1 t2=1 5121 52:1

X{)

(”1?)2 T T T T
= R4 Z Z Z Z RflszRslRSzE(77151,1'771?2,1'7751,]'7752,]')' (C73)
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Similarly as in the case of Cov (s, i,t,i s, i sy, ), iN the proof of Statement (ii) of Lemma 3.9

(see Subsection C.2.3), we have that

E(ﬂtlliﬂtZriﬂsl/jﬂsz,j) ;é 0/

ifty =t) =81 =sp,0rt] =1t) #51 =5y, 0rt; =81 # tp =sp,0rt; = sy, # tp = s1. Due to

symmetry, the last two cases are equivalent.
Before we proceed to examine these four cases, we will prove a useful relationship.

Recall that e, t € {1,..., T} are iid with
and
Var(e;) = I,.

It follows that
E(y') = E [2,1/ 2 (z;/zef)l — E[z;/zete/ (zi/z)/]

= Z}/ZE(G}G,},) <Z]1(/2) = 2,1(/2Var(etet,> (Z}(/2>

!

=21, (2)/?) =z (C.74)

As (17t175,> i = 11,i1]s,j (see also Definition A.38), we have that

S = 1), = [5om)],

consequently, forallt € {1,...,T}andi,j € {1,...,p}, itholds
E(171,i11j) = Zi,ij- (C.75)

Let us, now, examine these four cases.

e Caset; =ty =81 = so:
E(Wt%iﬂtz,j) = E|:(77t,i7]t,j>2} .

e Caset; =ty # 81 = sp:
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Since iy, t € {1,...,T} areiid , for all t,s € {1,...,T}, with f # s and for all i,j €
{1,...,p}, n:,i and 7 ; are independent random variables, hence 77t2,i and 1752/ j are also inde-

pendent. By Equation (C.75), we get
E(’?tz,z"?f,j) = E(11) E(Wi;’) = L ii L jj-
e Casest) =51 #t) =spand t; = sy # tp = s1:
E (111, ittt Me2j) = E(e,i118,7) BE(Mes,iM18,5) = L Zkij = Zi,i]’-

Therefore, Equation (C.73) is written as

El:(zkz] k1] ‘X{] =

(no)2 T T T
& (Z R%E(qﬁin§j> + Y Y RIRZS %y 42 Z Z R} R%EZ

t=1 t=1s=1 t1= 1t= )
R\?* 1 (& T T T
(T) RA Y RE (’7%,1"7%,]') + )Y ReRZyiZhji+2 ) 2 RyRu2%; | =
t=1 t=1s=1 f=1ty—

1 , 1 1
R2T2 (RE (7711’71]) +R? Y iiZg,jj + 2R 1]) RT2 (’711”1;) + Tzz‘kllz‘k]] + Z‘k ij <

]}2 < <’71 1771]> + TiiZjj + 257 Z]-> , (C.76)

as 7y >0 if and only if R > 0 < R > 1, which implies that 1/RT? < 1/T2.

Therefore, by Equations (C.72) and (C.76), we get

E{(Z'?TJ kl]) ] = E[Y%Z <E<’7“’711) +Zk”zk”+22k”>]

< % (E(n3im3)) + Tz + 253, ) - C.77)

By the definition of the scaled Frobenius norm and Proposition A.9, we get

p

Y (= Zkl]>2.

j=1

Mw

o - sl = e[y -z e -2 ] = LYY [ - m,) =

i=1j=1

Il
—_
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Using the linearity of the expectation and Inequality (C.77), we get

B(|/zp - =) = ;fiE[( -2

i=1

—.

1

‘E

T2 izp; [ (’711’71]) + Zii o jj +22kq]

Z:

1 P pr
( ZE 771,1"7%,}') + Z Z Z‘k 1zz‘k]] + 2 Z Zz‘k z]>
i=1j=

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

By Equation (C.58) in the proof of Lemma 3.9 in Subsection C.2.3 we have

Y Y E(sa?) —E (Zn B ]> = E(n'menne) = E(1Imel 3 11l 3) = E(1Imel13) = O(?).

i=1j=1 j=1

By the definition of the trace we have

,..

p.r
Z szuz‘k}] szu Zz‘k]] tr(z‘k) tr(z‘k) O(pz) ’
i=1 j=1

1j=
since by Assumption (B1), tr(X;) = O(p).

By Proposition A.9, the proof of Proposition A.11 and the fact that X is symmetric, we get

2 Zp: izi,ij = 2tr (Zk (Zk)/) = 2tr(2}) < 2[r(Z)]* = 20(p?) = O(p?) -
i=1j=1

Finally, we have

B(I ~ 1R) < 5 [002) +0() +0()] = 30(%) =0 ()

and the proof of Statement (i) is complete.

(ii) Since by the construction of model (2.45)

= Uk + Zketl

if and only if Ry = 1;x,—¢; = 1, we have that

Re (Ys — ) (Y — ) = Re (Zger) (Zer) = Remage,



Then, Equation (C.69) is written as

1

T
22* = = ZRﬂ’]ﬂ]t .
t=1

H

Using the linearity of the expectation and Equations (C.28) and (C.74), we get

1< :
t=1

1< :
xT :—ZRtE(mnt): ZRZk_nk
Tt:l

By the law of total expectation and Equation (C.4), we get

E(Z9") = E[E( 0 |X1T)} = E(,}él{tzk)
%= LY PR = 1,

W
I
—_
-
I
—_

I
S JR
1=
S o
=

-1~
3
¥
IS
|
S
E
£
L

..,
Il
—_

A direct consequence of (C.78) is

rn

E(I1=" - ml}) = E(IIZy - E(Ep) H)
— | (e~ B — B )

([22* - E(ZI‘S*)L]-)Z]
E [(Zk g [E(ZZ*)L]-)Z}
«(213)

1 T
T t; Tyx—iy (Yei — i) (Y — .”k,j)] .

—
-
M-~

~
Il
[y
.
Il
—

-
M-

M‘B
M-
5

Il
—_
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Il
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Il
—_

N
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5

,.
Il

—_
~
Il

—_

We have that

|10 — e [5 = |29 — Z9* + 29 — X[z =

|20 — 20| + |20 — meZ |3 — 2(Z9 — =%, T — %)

63

(C.78)

(C.79)
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Therefore,

B(1zp — mesul[}) = B(IIZP — 59" + 20" — mesel)7) =
E(1Z — SR + 12" — mmellf — 208 -5, 59 - ) ) =

%12 * 2 % *
E(11Z2 - =¢'(2) + B(15p" — mill2) — 2[5 - 5, 59" — %)

C.2.5 Proof of Theorem 3.3

Proof. As was mentioned earlier in Section 3.2, Sancetta (2008) defines a shrinkage estimator of the

form:

¥ =(1—-wa)S+aF,

where & € [0, 1], S is the sample covariance matrix and F is the shrinkage target. In our case, F = vyl

and Fr = vPI,. We check that Conditions 1 to 4 of Sancetta (2008) are satisfied.

Condition 1 (1): We have that

-

(| rs - i) = £(| 021,), - (), ) =E([0g - 1),

B[~ v ()] = ()5E| e — )] =0(17),

as

and
E [(vk . v;gﬂ - o(T-l) ,
by Statement (ii) of Lemma 3.9. Therefore, Condition 1 (1) is satisfied.

Condition 1 (2): Since F = v;I, and fr = vPI,, are diagonal matrices, for B = 1 € [0,2), we
have that
#{1<i,j<p:F#Fr;} <pb,

where # is used to denote the cardinality of a countable set.
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Condition 1 (3): From Assumption (C1), viI, # Xy, therefore there exists some 7y > 0, such
that

vy — me |7 =< P,

which means that Condition 1 (3) is satisfied.

p* 7

Condition 1 (4): From Assumption (C2), p — +o0 such that — 0,as T — +o0, for some

v € (0,2], hence p!=7/2 = o(ﬁ). Since in our case B = 1, for any 7 € (0,2], we have that
max {pﬁ*"Y, p1*7/2} = pl=1/2 = o(ﬁ) ,

therefore Condition 1 (4) is satisfied.
Condition 2: Condition 2 derives directly from Statement (ii) of Lemma C.2.

Condition 3: Condition 3 (1) is a direct result of the assumptions on the kernel K(u), which are
slightly stronger, than those of Sancetta (2008). Condition 3 (2) for the bandwidth, is exactly the

same as the one given in the statement of Theorem 3.3.

Condition 4: From Assumptions (A1) to (A3), the process {Y; : t € Z} is stationary with finite
eighth moments (see the discussion following Assumptions (A1) to (A3) in Subsection 2.3.1).
The moment condition of Condition 4 follows from E(| = \g) < 400 and the boundedness of

{X} : t € Z} by a similar argument as in proving Statement (ii) of Lemma C.2.
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Appendix D

The Viterbi Algorithm

The Viterbi algorithm is a technique, based on dynamic programming methods, to estimate the

single best state sequence {Xj, ..., Xt} that maximises the conditional probability

PB(Xll'--/XT |y1/"'/yT)/

which is equivalent to maximising the joint probability (see Section III.B in Levinson et al. 1983)

Po(X1,..., X1, ¥1,---, Y1) -

The parameter 0 is assumed to be known and in practice it is substituted by the estimate of the EM
algorithm. We follow Appendix A in Fiecas et al. 2017.
Forallt € {1,...,T}and k € {1,...,K}, let us define

(Sk(t) = kmzix {log[Pg(Xl = kl,. . -/Xt—l = kt—llxt = k,yl,. . ,yt)]}
Tseees t—1

Ok (t) is the highest log-probability along a single path, at time t, which accounts for the first t obser-

vations and ends in state k.
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By induction, forallt € {1,..., T —1}and k,I € {1,...,K}, we get

S(t+1) = max {log[Pe(X1 =ki1,..., Xe =k, Xe1 = Ly1, ..., ¥t Yet1)] }
= max {log[Po(X1 =k1,..., Xe =kt,y1,...,ye) P( X1 =1 | Xe = ki) f1 (Y41, 0)] }
Treert

= rr}(ax {kma}(x {log[Pe(X1 =k1,..., Xe =kt,y1,...,y) P(Xp1 =1 | Xy = kt)ﬁ(yt+1;9)]}}
t 1

= m}iax {kmax {log[Pe(X1 =k1,...,. X =k, y1,...,y) P(Xey1 =1 | X = k)ﬁ(yt+1;9)]}}

ki1

= max {kme;fx {log[Pe(X1 =k1,..., Xe =k, y1,...,y¢)] +1og[P( X1 =1 | X = k)]}}
1

+ log[fi(y+1,0)]
= max {0(t) +log(pi)} + loglfi (ye+1;9)]

To determine the single best state sequence, it is necessary to keep track of the maximisers of the

terms

Sk(t) +log(pu)

forallt € {1,...,T}and k € {1,...,K}. Let

Pr(t) = grﬁm% {6i(t —1) +log(pix) } (ted{l,..., T}, ke{l,...,K}).

The method is illustrated below.

Viterbi Algorithm

(1) Initialisation:

Forallk € {1,...,K}

k(1) = log(7ty) log[fi(y1;0)],
(1) =0

(2) Recursion:

Forallt € {2,...,T}and k € {1,...,K}

%(t) = max {3i(t=1) +log(pu)} +loglf(y:; 0)],

Yi(t) = argmax {5;(t — 1) +log(pix) }-
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(3) Termination:

x7 = argmax {0 (T)}.

(4) Path backtracking:
Forte {T-1,T-2,...,1}
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