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ABSTRACT

Graphical models are important and widely used tools for visualising dependency structures in
various contexts. Despite their significance, graphical models for multivariate stationary stochastic
processes in continuous time have received little research attention. This thesis addresses the
gap by introducing three graphical models for multivariate stationary stochastic processes in
continuous time: the causality graph, the local causality graph, and the partial correlation graph.
The (local) causality graph is a mixed graph in which the edges represent appropriate concepts
of Granger causality and contemporaneous correlation. In contrast, the partial correlation graph
is an undirected graph, with edges representing partial correlations. The three graphical models
are introduced in the following steps. First, we define and analyse the key concepts mentioned
above, which form the basis of the edges in the graphical models. We then analyse the properties
of the resulting graphs, with particular emphasis on Markov properties, in order to demonstrate
the soundness of the models. We also derive various characterisations of the edges. Finally, we
apply the graphical models to output processes of state space models such as MCAR processes.
Here, our attention is directed towards the characterisations of the edges by model parameters,

which in turn offer insightful interpretations.
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CHAPTER 1

INTRODUCTION

Graphical models are a widely used tool for the visualisation of complex relationships in various
disciplines and are particularly well suited for visualising dependency structures in stochastic
processes. This thesis aims to introduce and analyse three powerful graphical models for stationary
multivariate processes in continuous time and the dependency structures they require, as there is

very little research on graphical models for continuous-time stochastic processes.

In this opening chapter, we provide an introduction to this thesis by first outlining the key
aspects of the current state of research on graphical models, leading up to the research gap. We
then explain our contributions by highlighting the research problems and objectives of this thesis,
as well as the significance of our research and its limitations. Finally, we provide an outline of

the thesis and a brief explanation of the notations used.

STATE OF THE ART

The attempt to use graphical models to visualise and analyse dependency structures has been
around for over a decade. It has its origins in several scientific fields, such as statistical physics
(Gibbs, 1902) and genetics (Wright, 1921, 1934). Over the years, the theory and methodology of
graphical models have been developed and extended in many directions, and graphical models
have been applied in fields as diverse as biology, economics, engineering, finance, forensics,
neuroscience, and psychology, to name just a few. There are several books on the state of the
art of graphic models. However, the field is growing rapidly and is interdisciplinary by nature,
with important contributions from a range of disciplines, so that no single author can cover its
entire scope. We therefore refer to Whittaker (2008) and Edwards (2000) for the ideas behind
graphical modelling and many examples, and to the comprehensive overviews of Lauritzen (2004)
and Maathuis, Drton, Lauritzen, and Wainwright (2019) for the mathematical and statistical
aspects of graphical models. For more application-oriented literature, we refer to Sinoquet and
Mourad (2014) for graphical models from a biological perspective, and to the recent book by

Sucar (2020) for an engineering perspective.

One of the main reasons for the interest in graphical modelling is the increasing number of
complex multivariate datasets in a wide variety of fields. Extracting, analysing, and interpreting
the information contained in such massive datasets can hardly be done by experience alone. It is
becoming increasingly important to develop methods that present the key aspects in an easily
understandable and clear way. Graphical models, in which the vertices symbolise the variables of
interest and the edges illustrate hypothetical relationships between them, provide an appropriate,

intuitive, and therefore widely used tool. They reduce complex data to the aspects of interest,
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extract key information, visualise the essential dependency structures, and provide a simple and
clear illustration of the data structure. Such graphical models give an idea of how dependency
structures between different variables look like, can be analysed and interpreted by experts, and
can be easily communicated in a way that is not possible with the raw data. It should also be
noted that graphs are a natural data structure for modern digital computers and can be easily

implemented — another advantage of graphical models.

Looking specifically at graphical models suitable for stochastic processes, there has been a surge
of interest in the last 25 years, with many publications devoted to their theory and application.
Below, we review the key ideas relevant to this work, distinguishing between the discrete-time
and continuous-time contexts. While most of the literature is cited in the main body of this

thesis, where it can be discussed in detail, the most important literature is mentioned right away.

In the discrete-time setting, two graphical models are of particular interest for this thesis — the path
diagram of Eichler (2007) and the partial correlation graph of Dahlhaus (2000). Both authors define
and analyse graphical models in which the vertices represent the components Z, = (Z,(t)):ez,
a €V =A{1,...,k}, of a k-dimensional stationary process Zy = (Z,)acv = (Zv (t))tez in discrete

time. However, the definition of and motivation behind the edges is quite different.

The path diagram of Eichler (2007) is a mixed graph, that is, a graph with directed edges
represented by arrows (— ) and undirected edges represented by dashed lines (---). Figure 1.1a

displays an example of a mixed graph.

The directed edges in the path diagram represent (linear) Granger causal relationships between
the components. Roughly speaking, the idea is that the component Z, is not Granger causal
for the component Z, i.e., there is no directed edge from a to b, if, for all ¢t € Z, the prediction
of Zy(t + 1) given all the (linear) information provided by (Zy (s))s<t is equal to the prediction
of Zy(t + 1) given only the partial (linear) information provided by (Zy {4}(s))s<t- Note that a
mathematical definition of causality was already given in the seminal works of Granger (1969)
and Sims (1972). The definition has since been extended in numerous ways and enjoys popularity

in many disciplines. We go into this topic in more detail in the introduction to Part I.

Eichler (2007) further defines the undirected edges in the path diagram by (linear) contempora-
neous correlation. This concept addresses the problem that dependencies do not always have a
temporally ordered cause-effect structure, which raises the need for modelling dependencies that
occur contemporaneously. The idea is that two components Z, and Z; are contemporaneously
uncorrelated, i.e., there is no undirected edge between a and b, if, for all ¢ € Z, the random

variables Z,(t + 1) and Z(t + 1) are uncorrelated given the (linear) information provided by
(Zv(s))s<t-

(a) A mixed graph (b) An undirected graph

Figure 1.1.: Two graphical models



Unlike the path diagram, the partial correlation graph of Dahlhaus (2000) is an undirected graph,
as illustrated in Figure 1.1b. Here, the undirected edges are represented by lines (— ) and stand
for (linear) partial correlations. The idea is that Z, and Z;, are partially uncorrelated, i.e., there
is no undirected edge between a and b, if, for all ¢ € Z, the random variables Z,(t) and Z,(t) are

uncorrelated given the (linear) information provided by Zy\ 14y = (Z\ (0,5} (1) )tez-

Both the partial correlation graph and the causality graph have been analysed extensively and
used in various practical applications, such as for air pollution data and for human tremor data
(Dahlhaus, 2000; Dahlhaus & Eichler, 2003), to name just a few. These examples demonstrate in
practice that the given graphical representations facilitate the understanding of relationships in

multivariate time series.

Of course, the literature provides many other concepts for modelling dependency structures
in discrete-time processes. These concepts are often based on conditional independence (e.g.,
Chamberlain, 1982; Eichler, 2012; Florens & Mouchart, 1982), which is the independence of
processes given certain information, rather than on conditional uncorrelatedness. However, to our

knowledge, Eichler (2012) is the only one to visualise his dependency structures in a mixed graph.

Although data is observed in discrete time, in many situations it is more appropriate to specify
the underlying stochastic process in continuous time. This approach is especially necessary for
high-frequency data, data with irregular intervals, or data with missing observations, which is
often the case in finance, econometrics, and turbulence. In addition, many physical models are
formulated in continuous time (e.g., Deck, 2006; Mahnke, Kaupuzs, & Lubasevskij, 2009), so the

use of continuous-time models is often more natural.

Given the above advantages of graphical models for visualising dependency structures in stochastic
processes and the relevance of continuous-time stochastic processes, it is of interest to develop
graphical representations for continuous-time multivariate stochastic processes as well. Suitable
dependency concepts, especially causality concepts based on conditional independence, can be
found, for instance, in the works of Comte and Renault (1996), Florens and Fougere (1996), and
Petrovic and Dimitrijevic (2012). However, to our knowledge, these concepts have not yet been
visualised in graphical models. An exception is the concept of local conditional independence, a
dependency model for capturing asymmetric causal structures. For marked point processes, local
conditional independence has been visualised in a directed graph, called the local independence
graph, by Didelez (2006, 2008). This model was recently revisited and adapted to It6 processes
by Mogensen and Hansen (2020, 2022).

Overall, however, there is very little research on graphical models for stationary continuous-time
stochastic processes, and the many possibilities of graphical models have not yet been fully
explored. On the one hand, the local independence graph proposed in the literature often makes
use of the semi-martingale property of It6 processes (Mogensen & Hansen, 2020, 2022), which
does not seem to be an appropriate tool for stationary stochastic processes. On the other hand,
we were not able to find any mixed graph like the discrete-time path diagram in Eichler (2007),
and thus, of course, none that visualises concepts of Granger causality and contemporaneous
correlation simultaneously in one graph. Additionally, we were not able to find any undirected

graphs in the literature that are as versatile and easy to use as the discrete-time partial correlation
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graph in Dahlhaus (2000). Furthermore, the concepts for modelling dependency structures in
continuous-time processes proposed so far are incomplete in the sense that they are based on
conditional independence rather than conditional uncorrelatedness. The concept of conditional
uncorrelatedness should also be investigated since even in discrete time the graphical models
using conditional independence require more technical and unwieldy assumptions (Eichler, 2012)
than those using conditional uncorrelatedness (Eichler, 2007). This is also to be expected in

continuous time, which may prevent broad applicability.

The research gap is thus the lack of availability of graphical models for stationary multivariate
processes in continuous time, especially graphical models based on conditional correlation.
Therefore, it is of utmost importance to establish linear dependency concepts suitable for
stationary continuous-time processes and corresponding powerful graphical models that represent

the essential dependency structure of the process in a clear and meaningful way.

OUR CONTRIBUTIONS

In this thesis, we construct three graphical models for stationary multivariate stochastic processes
in continuous time. In each graphical model, the vertices represent the different components
Vo = (Yo(t))ter, a € V.= {1,...,k}, of the underlying process Yy = (Va)acv = (Y1 (1))ter-
However, the edges are defined differently and visualise different dynamic relationships between
the components. These relations, of course, must first be defined appropriately for stationary

multivariate continuous-time processes.

In the causality graph Gog = (V, Ece) and the local causality graph G = (V, EX), which we
define and further analyse in Part I, the focus is on the graphical representation of appropriate
(local) Granger causal relations. Compared to Eichler (2007), we face the challenge of defining
what it means to take one step into the future in continuous time, and therefore propose two

different approaches.

In the causality graph, the directed edges are defined using (linear) Granger causality. This
means that there is no directed edge from a to b if, for all t € R and 0 < h < 1, the prediction of
Yy (t + h) given all the (linear) information provided by (Y (s))s<: is equal to the prediction of
Yy(t + h) given only the partial (linear) information provided by (Yyn\ (4}(5))s<¢- In comparison,
in the local causality graph, the directed edges are defined by local (linear) Granger causality.
Roughly speaking, the idea is to consider the equality of predictions in the limit as the size of
the time step h tends to zero. In order to obtain non-trivial definitions, it is not the predictions
of the components of the process )y themselves that must be considered, but the predictions of

the difference quotients of their maximum derivatives.

The definition of the undirected edges follows the same idea. In the causality graph, two
components ), and Y, are (linearly) contemporaneously uncorrelated, i.e., there is no undirected
edge between a and b if, for all t € R and 0 < h,h’ < 1, the random variables Y, (¢ + h) and
Y, (t + h') are uncorrelated given the (linear) information provided by (Yy (s))s<¢. In the local
causality graph, we use local (linear) contemporaneous uncorrelatedness, where we again consider

the limiting case and study the maximum derivatives of the components.



In summary, both the causality graph and the local causality graph act as a continuous-time

counterpart to the path diagram of Eichler (2007).

In contrast to the (local) causality graph, the partial correlation graph Gpc = (V,Epc), as
introduced in Part II, is an undirected graph. Here, the undirected edges are defined by partial
correlations between the components of the process. The idea is that ), and ), are partially
uncorrelated if, for all ¢ € R, the random variables Y, (¢) and Y;(t) are uncorrelated given the
(linear) information provided by Wi\ a0y = (Yi1\{a,0}(t))ter. The result is a graphical model that
has the advantage of being simple and easy to use. This graphical model can then, of course, be

seen as a continuous-time counterpart to the partial correlation graph of Dahlhaus (2000).

Let us conclude by highlighting some of the key aspects of our graphical models that emphasise

the significance and usefulness of our approaches.

First of all, an advantage of all three graphical models is that they can be defined under fairly
general assumptions. In the partial correlation graph, we only require that )y is wide-sense
stationary, mean-square continuous, and has a positive definite spectral density function. In the
more complex (local) causality graph, we restrict the spectral density a bit more and assume
that the given process is purely non-deterministic. The general setting allows for the application
to a wide range of continuous-time processes, including most Gaussian or Lévy-driven Ornstein-
Uhlenbeck processes, multivariate continuous-time autoregressive (MCAR) processes, and even

output processes of general linear state space models.

In fact, the graphical models could be defined under even weaker assumptions. However, these
assumptions are sufficient for the validity of various Markov properties, so the models are
meaningfully defined in this sense. Indeed, the graphs themselves are defined only by pairwise
relationships between the components of the process. The various Markov properties then allow
relationships between multivariate subprocesses to be inferred. They even provide graphical
criteria for inferring relationships between multivariate subprocesses given only partial information,

i.e., the dependency structures in subprocesses — a desirable property of graphical models.

Furthermore, for most output processes of linear state space models, the edges in the graphs
can be characterised in terms of the model parameters of the process. This results in suitable
criteria that provide a user-friendly way of visualising the complex dependency structures in
graphical models and that can be easily implemented. Furthermore, the characterisations allow
for insightful interpretations and comparisons to the existing (discrete-time) literature, further

supporting the soundness of the definition of our graphs.

It should be noted, however, that the dependency concepts we propose are only able to capture
linear relationships correctly and are based on the relationship of conditional uncorrelatedness.
In particular, we do not study the widely used concept of conditional independence. Furthermore,
our dependency concepts are tailored to stationary processes and their properties. Finally, the
focus of this thesis is on the theoretical aspects of the graphical modelling approach. We neither
discuss statistical methods for estimating the edges in the graphs from discrete-time data nor
do we provide examples based on real data. Examples of specific processes are always on the

theoretical level.
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OUTLINE OF THE THESIS

This thesis is structured as follows. In Chapter 2, we lay the necessary foundations for the processes
used in the thesis. We establish wide-sense stationary, mean-square continuous multivariate
processes in continuous time that have a spectral density function, and state important properties
of these processes. Subsequently, we define state space models in general, which are used as
examples throughout the thesis, before moving on to the controller canonical state space model
and the multivariate continuous-time autoregressive moving average (MCARMA) model. Finally,
we discuss the invertibility of controller canonical state space models and establish invertible

controller canonical state space (ICCSS) processes.

In Part I, we then introduce the first two graphical models, the causality graph and the local
causality graph. To define these graphs, the necessary foundations on linear spaces, orthogonal
projections, and conditional orthogonality (conditional uncorrelatedness) are covered in Chapter 3.
Then, in Chapters 4 and 5, we introduce different concepts of Granger causality and contem-
poraneous correlation for stationary continuous-time processes to model different dependencies
between the components of multivariate processes. Several equivalent characterisations are given
for the different definitions, in particular by equality of orthogonal projections. Building on
these different concepts, we define the causality graph and the local causality graph in Chapter 6
and discuss various notions of Markov properties in Chapter 7. In Chapter 8 and 9, we derive
(local) causality graphs for continuous-time state space processes as an example. Chapter 8
is focused on multivariate continuous-time autoregressive (MCAR) processes, while Chapter 9
treats invertible controller canonical state space (ICCSS) processes. We show that most state
space processes satisfy the assumptions of the (local) causality graph, resulting in well-defined
graphical models that satisfy various notions of Markov properties. We compute the relevant
orthogonal projections, which lead to meaningful characterisations of the edges in the (local)
causality graph in terms of the model parameters. Throughout this part, we draw comparisons

to the current literature.

In Part II, we introduce the third graphical model, the partial correlation graph for multivariate
stationary stochastic processes in continuous time. To define this graph, we first establish the
concept of partial correlation for continuous-time processes and give some characterisations and
important properties in Chapter 10. Then, in Chapter 11, we define the partial correlation graph,
show that it satisfies the usual Markov properties, and provide simple edge characterisations.
We also give a comparison to the causality graph. As an example, we explicitly characterise
and interpret the edges in the partial correlation graph for the popular MCAR processes in
Chapter 12. Furthermore, we continue the comparison to the causality graph and provide an

additional comparison to the local causality graph.

Finally, in Chapter 13, we complete this thesis with a conclusion and an outlook on the research

questions arising from this thesis.



NOTATIONS

Throughout this thesis, we denote the space of all real or complex (k x k)-dimensional matrices
by My (R) and My (C). Similarly, My, 4(R) and M}, 4(C) stand for the real or complex matrices
of dimension k x d. For a matrix M € M, 4(C), the matrix entries are denoted by [M]y, for
a€{l,...,k} and b € {1,...,d}. Submatrices of M are denoted by [M],; for non-empty
ACA{l,...,k} and B C{l,...,d}. Further, we write #A for the cardinality of the set A. Some
frequently used matrices are the identity matrix I, € My (R) and the zero matrix Ogxg € Mgxq(R).
The expression 0 denotes either the (k x k)-dimensional zero matrix or the k-dimensional zero
vector, which should be clear from the context and is sometimes emphasised by 0 € My(R) or

0, € R*. The vector e, € R* represents the a-th unit vector and, similarly, we write

Or(j—1)xk
E; = I € Mypxr(R), j=1,...,p. (1.1)
Ok (p—g) x
For p > ¢, we also write
= I 0 _
E-= < ha ) € Mipuig(R) and E = ( k(g ”) € Mygi(R). (1.2)
Ok(p—q)xkq I,

The two-line marker indicates the position of non-zero entries in the matrix. A double overline
represents entries at the top of the matrix, while a double underline represents entries at the
bottom of the matrix. Moreover, M " is the transpose of M € Mj, 4(C) and || M| denotes some
matrix norm of M. (M) is the set of eigenvalues of M € M, (C) and det(M) is the determinant.
For Hermitian matrices M, N € My(C), the notation M > N represents the Loewner order
and means that M — N is positive semi-definite, for short, M — N > 0. Similarly, M > 0
indicates that M is positive definite. For a polynomial matrix P(z) € My(C), z € C, we denote
by N(P) = {z € C : det(P(z)) = 0} the roots of the univariate polynomial det(P(z)), z € C,
and deg(det(P(z))) denotes its degree. Finally, for a function f : R — My (C) with f(\) > 0 for
A € R, we denote by g : R — M},(C) the function with g(\) = f(A\)~%, A € R.






CHAPTER 2

FUNDAMENTALS

This chapter deals with the basics of stochastic processes, which are crucial to all parts of this
thesis and which the reader should be familiar with before proceeding. For better readability,
the fundamentals that are only relevant for one of the graphical models considered in this thesis

are given in the preliminaries of the respective parts in Chapters 3 and 10.

In the chapter at hand, we first give a brief introduction to wide-sense stationary and mean-
square continuous multivariate stochastic processes in continuous time. Building on this, we
establish the spectral representation of such processes. We also provide well-known theory of
covariance functions, spectral density functions, and the differentiability of wide-sense stationary
and mean-square continuous multivariate processes. Most of these key results date back to
Khintchine (1934) and Cramér (1940), and have been summarised in comprehensive overviews
by Doob (1953), Rozanov (1967), and Yaglom (1987), among others.

As an important example of wide-sense stationary and mean-square continuous processes, we study
time-invariant linear state space models (A*,B*, C*, L), which are characterised by matrices
A* € Mp,(R), B* € Mppx(R), and C* € Mjxip(R) as well as a driving Rk-valued Lévy
process L = (L(t))ier. The continuous-time linear state space model then consists of a state
equation dX (t) = A*X (t)dt + B*dL(t) and an observation equation Yi () = C*X(t). The R*P-
valued process X = (X(t))scr is the input process and the R¥-valued process Yy = (Yv (t))icr,
V ={1,...,k}, is the output process of (A*, B*, C* L).

State space models are important tools in many disciplines, we refer, for example, to Andresen,
Benth, Koekebakker, and Zakamulin (2014), Benth, Kliippelberg, Miiller, and Vos (2014), and
Benth and Saltyte Benth (2009) for successful applications of state space models in economics and
mathematical finance. The strength and the reason for the great interest in state space models
lies, on one hand, in their applicability to irregularly spaced observations and high-frequency data.
On the other hand, the driving Lévy process and the matrices A*, B*, C* can be chosen quite
freely. Even the occurrence of jumps in the sample paths is possible, making state space models
a powerful and flexible tool for modelling phenomena from many different fields. The output
processes Yy of multivariate state space models are therefore used as examples throughout this
thesis. In particular, we apply our graphical models to output processes of state space models to

provide graphical visualisations of dependency structures between the univariate components.

A subclass of state space models are multivariate continuous-time autoregressive moving average
(MCARMA) models, which are present if the matrices A*, B*, C* have a special structure.
MCARMA models are the continuous-time counterpart to the well-known discrete-time au-
toregressive moving average (ARMA) models (for a comprehensive introduction see Brockwell
& Davis, 1991). The term MCARMA process describes the output process of the respective
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state space model. Special cases of MCARMA processes include multivariate continuous-time
autoregressive (MCAR) processes, multivariate continuous-time Ornstein-Uhlenbeck processes, or
Gaussian MCARMA processes, where the driving Lévy process is a Brownian motion. MCARMA
processes were introduced by Marquardt and Stelzer (2007) to extend the concept of univariate
continuous-time autoregressive moving average (CARMA) processes to the multivariate setting
and to be able to model the joint behaviour of several possibly dependent univariate stochastic
processes in continuous time. However, early papers dealing with the properties and the statistical
analysis of univariate Gaussian CARMA processes already include those of Bartlett (1946), Doob
(1944, 1953), and Phillips (1959). Lévy-driven CARMA processes were popularised by Peter
Brockwell at the beginning of this century, see Brockwell (2014) for an overview. Very early Gaus-
sian MCAR processes have previously been studied in the economics literature, e.g., in Harvey
and Stock (1985a, 1985b, 1989), and were further explored in the well-known paper by Bergstrom
(1997). Since their introduction, MCARMA processes have enjoyed great popularity and have
stimulated a considerable amount of research in the last decade, see, e.g., Basse-O’Connor,
Nielsen, Pedersen, and Rohde (2019), Brockwell and Schlemm (2013), Fasen-Hartmann and
Mayer (2022), Schlemm and Stelzer (2012a, 2012b), and the references therein.

A second type of state space models of particular interest to this thesis are state space models
in controller canonical form. Similar to MCARMA models, these are state space models with
matrices A*, B*, C* of a special structure. Controller canonical state space models generalise
the definition of a univariate CARMA process in Brockwell (2014), and the matrix structure is

well suited for computing edge characterisations in our (local) causality graph.

For the output process Yy of some state space model (A*,B* C* L), there are numerous
equivalent state space models (A, B, C, L) with the same output process )y . Since our primary
interest is in this output process, we can transition between these models, and we call them
equivalent. In this introductory chapter, we focus on the existence of an equivalent controller
canonical state space model (A, B, C, L) for a given state space model (A*, B* C* L), and we
demonstrate that if such a representation exists, it is unique. While the equivalence of controller
canonical state space models and MCARMA models is addressed in Brockwell and Schlemm
(2013), and the equivalence of MCARMA models and general state space models is addressed in

Schlemm and Stelzer (2012a), a question of existence remains open in both articles.

Finally, a special feature of the controller canonical state space model is that, under mild
assumptions, we can recover the kp-dimensional input process X from the k-dimensional output
process Yy, even though the matrix C* in the observation equation Yy (¢) = C*X(t) is usually
rectangular and not invertible. This recovery property was previously known only for univariate
CARMA processes (Brockwell & Lindner, 2015, Theorem 2.2) and is key to the calculation of
orthogonal projections and edge characterisations for the (local) causality graph. If the input
process can be recovered from the output process, the controller canonical state space model is
called an invertible controller canonical state space model. The output process )y is referred to
as an invertible controller canonical state space process, abbreviated as ICCSS process. Note that
the invertible controller canonical form of MCARMA models was already discussed by Brockwell
and Schlemm (2013).
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The chapter is structured as follows. In Section 2.1, we establish some theory and properties of
wide-sense stationary and mean-square continuous multivariate stochastic processes in continuous
time. We briefly introduce Lévy processes in Section 2.2, enabling us to define state space models
and discuss the properties established in Section 2.1. Following this introduction, in Section 2.3,
we present the controller canonical form of a state space model. In the case of its existence,
we prove its uniqueness. We also shortly introduce MCARMA models, along with the special
cases of MCAR models and Ornstein-Uhlenbeck models. We further discuss the relationship
between the controller canonical state space model and the MCARMA model. Concluding the
chapter, in Section 2.4, we introduce the invertible controller canonical state space model and its
corresponding output process, the ICCSS process. Finally, we establish that, for ICCSS processes,

we can recover the input process from the output process.

2.1. WIDE-SENSE STATIONARY AND MEAN-SQUARE CONTINUOUS
PROCESSES

We begin this section with an introduction to wide-sense stationary and mean-square continuous
multivariate stochastic processes in continuous time. We refer to the books by Doob (1953),
Rozanov (1967), and Yaglom (1987) for further insights and proofs of these well-known results.
From now on, we denote a k-dimensional stochastic process in continuous time by Yy = (Yv/ (t)),cp
with index set V' = {1,...,k}. The one-dimensional subprocesses V, = (Ya(t)),cp, @ € V,
are called components of )y. Furthermore, we denote multivariate subprocesses of )y by
Va = (Ya(t))ier for A CV, without always emphasising that A # (.

Definition 2.1. Suppose that Yy = (Yv (t)),cp satisfies E[|Y,(¢)[*] < oo for alla € V and ¢ € R.
Then Yy is (centred and) wide-sense stationary if, for all a,b € V and s,t € R, E[Y,(¢)] = 0 and

E[Y.(t)Y3(s)] is a function of the difference t — s. We denote

vy (t = 8) =B [Ya()5(5)] -
The process Yy is mean-square continuous if, for all a € V,

lim B [|Vy(t) - Ya(s)]*] = 0.
Jim B [|Ya(t) ~ Ya(s) ] =0
We emphasise that when we discuss wide-sense stationary processes, we always include that the
process has zero expectation. We further refer to cy,y, (t), t € R, as the covariance function of
the component ), and to cy,y, (t), t € R, as the cross-covariance function of the components ),
and Y. Furthermore, for s,t € R, the covariance function of Yy is denoted by

v (= 5) = (vt = ) ey = (E[Ya®V(s)]) =B W) ]

a,beV

We establish properties of the covariance function of )y, including an alternative characterisation
of continuity in the mean square, which is easily verifiable for the example processes considered
in this thesis (cf. Remark 2.13).
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Lemma 2.2. Suppose that Yy is wide-sense stationary. Then, for allt € R and a,b €V, it
applies that

v,y (1) = vy, (=), lev,y, (B)] < \/CYaYa(O)CYbe(O)v and  cyyyy, (t) =2 0.
Furthermore, Yy is mean-square continuous if and only if, for alla € V,
li = .
lim ey, v, (1) = ey, v, (0)

A key property of wide-sense stationary and mean-square continuous processes is their spectral

representation.

Proposition 2.3. Suppose that Yy is wide-sense stationary and mean-square continuous. Then,

fort € R, we have

Yy (t) = / eMDy (dN), (2.1)
with respect to a random orthogonal measure ®y = (Py, ..., <I>k)T, where
— T
E @y (dNBy (@) | = repFriv (4V),  E[@y(dN)] =0, € R, (2.2)

and 0y, is the Kronecker Delta. The relation (2.1) is called spectral representation of Yy and
Fyyyy, (A) = (Fy,v, (M) gpers A € R, s called spectral distribution function of Yy .

Stochastic integrals of deterministic Lebesgue-measurable functions with respect to a random
orthogonal measure ®y are defined in the usual L%-sense. For details on the definition and

properties of such integrals, we refer to Rozanov (1967) and Doob (1953).

In this thesis, we discuss processes )y, for which there exist spectral density functions given by

_ dFy,y, (M)

frov,(A) = —o

for A € R and a € V. In particular, this implies the existence of cross-spectral density functions

_ dFYa,Yb (A)

frav,(\) = o

for A € R and a,b € V with a # b. The spectral density function of the process Yy is denoted by

vy (A) = (fvavy(A) g pey for A € R. The following lemma summarises some of its properties.

Lemma 2.4. Suppose that Yy is wide-sense stationary and mean-square continuous with spectral
density function fy,y, (X), A € R. Then the following statements hold for all a,b € V and
At eR.

(a) |25 [fvayy (W] dA < oo,
(b) evoy, () = 25 e froy, (N)dA,
>

(¢) frivy(A) 20 and fy, v, (A) = fYVYV()\)T
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Remark 2.5. The upper bound of the covariance function from Lemma 2.2 implies integrability
only over a finite interval. To obtain a one-to-one relationship between cy; v, (t) and fy, vy, (A)
by Fourier transformation, additional integrability assumptions on the covariance function are
required. For example, suppose that [ |cy,y,(t)|dt < oo for all a,b € V. Then Yy has a

spectral density function given by

1 o[>
frove (A) / e Moy vy ()dt, A ER. (2.3)

T or

In this thesis, we only require the existence of a spectral density function and not the relation
(2.3). Therefore, although our example processes always have integrable covariance functions, see

Remark 2.14, long memory processes are also covered in this thesis.

In addition to the spectral density function, we introduce the spectral coherence function of V4

and Yp, which is obtained by rescaling the cross-spectral density function of Y4 and Vp.

Definition 2.6. Suppose that )y is wide-sense stationary and mean-square continuous with
spectral density function fy, v, (A\), A € R. The spectral coherence function of Y4 and Vg is
defined as

Ry, vy (N) = (fYAYA(/\))_l/2fYAYB(/\)(fYBYB(A))_m, AER,

where (fy,y,()\))~*/? denotes the inverse of the positive square root of fy,y, (\). If fy,v,(\) or
fypys(A) is singular for some A € R, we set Ry,y,(A) = 0qxp With @ = #A and § = #B.

Remark 2.7. For A = B, we have RYAYA (A) =1, if fYAYA ()\) > (0 and RYAYA(/\) = 0, if fyAyA (A)
is singular. Furthermore, fy, ,v,,5(A) > 0 is sufficient for fy,y,(A) > 0 and fy,y,(A) > 0.

Finally, the following multivariate version of Doob (1953), XI, §9, Example 1, is essential to
compute the mean-square derivative of a wide-sense stationary and mean-square continuous

process Vy. The proof in that book is directly applicable.

Proposition 2.8. Suppose that Yy is wide-sense stationary and mean-square continuous with
spectral density function fy, vy, (X\), A € R, and spectral representation (2.1). Then the mean-

square limit

Yx — —
l.i.m. v(t) = Yy(t—h)
h—0 h

exists if and only if [°°0 N|| fyi vy (N)||dX < 00. In this case, Yy is called mean-square differen-

tiable with derivative

DWYy (t) = Lim. W) =Wt=h) _ / ixeMPy(dN), teR.
h—0 h o

Furthermore, the limit holds also P-a.s., i.e.,
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Remark 2.9. Suppose that ),, a € V, is mean-square differentiable. If we define the (mean-
square) closed linear space Ly, (t) generated by (Y, (s))s<: for t € R by

n
Ly, (t) = {Z%J»Ya(ti) Yai €C, —oo<t; < ... <t, <t ne N},
i=1

then, we have

Ya(t> B Ya(t B h)

DWY,(t) = Lim.

AU S ﬁya (t)

Furthermore, by recursion, Proposition 2.8 also provides higher derivatives. One can show by

induction that, if ), is j,-times mean-square differentiable, then

L TN €MDy (dN) = DDY, (1) € Ly, (¢)

for j =1,...,7, and t € R, where DWY,(t) denotes the j-th mean-square derivative.

2.2. GENERAL STATE SPACE MODELS

To define state space models, we first need to define multivariate Lévy processes, which are
the source of randomness in a state space model. Many common stochastic processes are Lévy
processes. Examples are the Brownian motion, the Poisson process, and the compound Poisson
process (Stelzer, 2011, p. 4). For more details on Lévy processes, we refer to Applebaum (2011),
Protter (2005), and Sato (2007), and we start with the definition of a one-sided Lévy process.

Definition 2.10. A one-sided R¥-valued Lévy process (L(t))i>0 is a stochastic process with
stationary and independent increments, that is continuous in probability, and that satisfies
L(0) = 03, € RF P-a.s.

Throughout this thesis, we work with two-sided k-dimensional Lévy processes L = (L(t))er.
These processes are obtained from two independent copies (L1 (t))>0 and (L2(t))¢>0 of a one-sided

Lévy process via the construction

Ly (t) ift >0,
L(t) =
— lims/_t LQ(S) if £t <O.

A common assumption for Lévy processes, often made in the analysis of state space models, is

the following.

Assumption 1. The two-sided Lévy process L = (L(t))cr satisfies EL(1) = 0 € R* and
E||L(1)]|? < oo with ¥ == E[L(1)L(1)T].

The assumption that L(1) has finite variance is non-trivial. However, it is essential for this thesis,

as it provides finite second moments and thus, covariance functions of the input and the output
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processes of state space models. Although some of the statements in the present chapter can be
made without Assumption 1 (cf. Fasen-Hartmann & Schenk, 2023a), for the sake of readability
and consistency of the thesis, we require that the assumption always holds, and no longer point

it out.

Based on the two-sided Lévy processes, we can now define linear time-invariant state space
models with equal dimensions of the driving Lévy process L and the output process )y . Note
that it is possible to extend this definition to state space models where the driving Lévy process

and the output process have different dimensions (Schlemm & Stelzer, 2012a, Definition 3.2).

Definition 2.11. An RF-valued continuous-time state space model (A*, B*, C*, L) of dimension
kp is characterised by an RF-valued Lévy process L = (L(t))icr, a state transition matrix
A* € My, (R), an input matrix B* € My, (R), and an observation matrix C* € My p,(R). It

consists of a state equation
dX(t) = A*X(t)dt + B*dL(t) (2.4)
and an observation equation
Yy (t) = C* X (t). (2.5)

The R*P-valued process X = (X (t))ser is the input process, and the process Yy = (Y (t))icr,

taking values in R¥, is the output process of the state space model, also called state space process.

It is well known that every solution of the state equation (2.4) satisfies
t
X(t) = e X(s) +/ A IB*AL(u), s,tER, s <t (2.6)
S

A short introduction to such multivariate stochastic integrals with respect to Lévy processes is
given in Marquardt and Stelzer (2007). A comprehensive overview is provided in the textbooks
of Applebaum (2011) and Protter (2005).

In this thesis, we always work under the following standing assumption.
Assumption 2. The state transition matriv A* € My,(R) satisfies 0(A*) C (—o00,0) + iR.

If Assumption 2 is satisfied, the state equation (2.4) has the unique causal, strictly stationary
solution X = (X (¢))er given by (Sato & Yamazato, 1983, Theorem 5.1)

t
X(t) = / AT IBY L), teR.

A solution X is called causal if, for all t € R, X (¢) is independent of the o-algebra generated by
(L(s) — L(t))s>¢- Of course, there also exists a causal, strictly stationary version of the output
process Yy = (Yy (1))

2012a, equation (3.9)

tcr, which has the moving average representation (e.g., Schlemm & Stelzer,

)

Yo (t) = / Tt —wydL(u) with g(t) = C*eA B 1 (1), teR (2.7)

—00
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Throughout this thesis, we assume that Assumption 2 is satisfied and work with these causal,
strictly stationary versions of X and )y, respectively. We now introduce well-known second-order

properties of X and Yy .

Remark 2.12. Due to the finite second moments of L(1), both X and )y have finite second
moments (Brockwell & Schlemm, 2013, Lemma A.4). Since the input process X and the output

process Yy are strictly stationary, X and )y are wide-sense stationary.

The covariance function of the input process X is (Schlemm & Stelzer, 2012a, Proposition 3.2)

exx(t) = e lexx(0), t>0,
exx(t) = exx(—t)T = exx(0)e= @I ¢ <0, 29
where cxx(0) = J;° AUB* Y (BY) T eA) T udy satisfies
A¥cxx(0) + exx(0)(A*)T = —B*2(B) . (2.9)
Due to the observation equation (2.5), the covariance function of the output process Yy is
Cyyyy (1) = Crexx(H)(CH)T, teR. (2.10)

Remark 2.13. Since the matrix exponential is continuous, we have lim;_,o cxx () = c¢xx/(0).
Lemma 2.2 then implies that the input process X is mean-square continuous. Due to relation

(2.10), the output process Yy is also mean-square continuous.

Remark 2.14. The covariance function cy, v, (t), t € R, is integrable as an exponentially
decaying function. Thus, the one-to-one relation (2.3) between the spectral density function
fyyyvy (A), A € R, and the covariance function cy, vy, (t), t € R, applies. The spectral density
function of Yy exists and is given by (Schlemm & Stelzer, 2012b, Proposition 3.4)

Frove (\) = %c* (I — A7) ' BSL (B (<iMiy, — (A7) (€Y. AeR. (211)

As a final important function for a state space model (A*, B*, C*, L), we establish the rational

matrix function
H(z) = C*(zI}, — A*) ' B*, 2¢eC\o(A"), (2.12)

which is called the transfer function. The importance of the transfer function H goes beyond
its role in the spectral density function. According to the spectral representation theorem (Lax,
2002, Theorem 17.5), we are able to recover the so-called kernel function C*eA''B*, t € R, of

the output process Yy via

x 1
C*eA'B* = %/Fez':H(z)dz,

where I' is a closed contour in the complex numbers that winds around each eigenvalue of A*
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exactly once. The transfer function H even uniquely determines this kernel function (Schlemm
& Stelzer, 2012b, Lemma 3.2). Since the representation (2.7) shows that the behaviour of the
output process )y depends on the values of the matrices A*, B*, and C* only through the kernel
function, Yy is also determined for a given Lévy process.

The triple (A*, B*, C*) in the transfer function H is called an algebraic realisation of the latter.
The dimension kp of the matrix A* is the dimension of the algebraic realisation (A*, B*, C*).
Every transfer function H has many algebraic realisations of various dimensions. A particularly
convenient class are those of minimal dimension. The algebraic realisation (A*, B* C*) of
dimension kp is said to be minimal if there is no other algebraic realisation of H with dimension
less than kp. Minimality can be defined not only through the dimension of A* but can also be
characterised by the rank of two special matrices (Rugh, 1996, Theorem 10.13).

Theorem 2.15. An algebraic realisation (A*,B*, C*) is minimal if and only if it is controllable

and observable, which means that the controllability matriz and the observability matrix
c=(B* A*B* (A")?B* - (A)"'B*) and
0= (c*T (C*AnT ... (c* (A*>kp—1)T>

have full rank.

We say that a state space model is minimal, controllable, or observable if the corresponding
algebraic realisation has this property. There is also the following connection between two

minimal algebraic realisations (Hannan & Deistler, 2012, Lemma 2.3.4).

Lemma 2.16. Two minimal algebraic realisations (A*,B*,C*) and (A,B, C) are realisations
of the same transfer function H if and only if there exists a non-singular matriz T € My,(R),
such that

A=TA*T"', B=TB* and C=C'T .

Minimal realisations are therefore unique up to a transformation of the basis. Finally, the minimal

nature of the algebraic realisation provides a useful property of the covariance function.

Remark 2.17. If ¥ > 0 and the state space model (A*, B*, C*, L) is controllable, then, for
h > 0, Schlemm and Stelzer (2012b) state in Corollary 3.9 that

h
/ A B (BT A Uy > 0,
0

Therefore, Theorem 12.6.18 of Bernstein (2009) provides

o0
exx(0) = /0 AUB* Y (BY) A ) ugy > 0.
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2.3. CONTROLLER CANONICAL STATE SPACE MODELS

When transitioning between two algebraic realisations (A*, B*, C*) and (A, B, C) of a trans-
fer function H, we already know that the kernel function and the output process Yy of the
corresponding state space models remain unchanged. Given our primary interest in )y, this
raises the question of whether there are algebraic realisations of a state space model that are
particularly well suited to a specific problem. One such algebraic realisation is the controller
canonical algebraic realisation, which results in the controller canonical state space model. This
model is not only simple but also suitable for predicting the output process )y . The existence of

the controller canonical state space model is the subject of this chapter.

To introduce the controller canonical state space model, it is necessary to revisit the transfer
function. For the transfer function H of a state space model (A*, B*, C*, L) Kailath (1980) states

in Lemma 6.3-8 that there exist (k x k)-dimensional polynomial matrices P and @, such that
H(z) =Q(2)P(2)™Y, zeC\o(A¥), (2.13)

is a coprime right polynomial fraction description, which in turn means that the matrix
[P(2)T"Q(2)T]" has full rank. In his Lemma 6.3-3, Kailath (1980) even gives a construction

method for such a decomposition.

However, without any additional assumption, the coprime polynomials P and @ in (2.13) are
not unique. For example, we can take any invertible matrix S € My(R) to see that P(z)S and
Q(2)8 also satisfy H(z) = Q(z)SS™1P(z)~!. Despite the many different coprime polynomials P
and @ that satisfy (2.13), to the best of our knowledge, it remains unclear whether there ezists a

coprime right polynomial fraction description with
P(2)=LP + AP 4.+ A, and Q(2) =Co+ Crz+ ...+ Cp, (2.14)

A, As, .. Ay, Co,C, ..., Cy € Mi(R), and p,q € Ny, p > ¢q. The focus is on ensuring that
zP is the highest power of P with a coefficient matrix of I;. Even if we additionally as-
sume that (A*, B*, C*) is minimal, we just obtain the existence of coprime polynomials with
deg(det(P(2))) = kp (Rugh, 1996, Theorem 17.5). The construction method of Kailath (1980)
often gives a polynomial P with higher powers than p, which are eliminated in the calculation of
the determinant. Brockwell and Schlemm (2013), Theorem 3.2, and Schlemm and Stelzer (2012a),
Corollary 3.4, implicitly assume such a coprime right (or left) polynomial fraction description

with polynomials P and @ as in (2.14), without discussing its existence.

Since the existence of such a coprime right polynomial fraction description is essential for the
forthcoming results, we always assume it additionally. In Example 2.24, we present some cases

where this assumption is fulfilled.

For the purpose of this thesis, not only the existence but also the uniqueness of a coprime right
polynomial fraction description of the transfer function H with polynomials P and @ as in (2.14)
is important. In the next proposition, we derive that the uniqueness follows directly from the

existence, and we introduce the controller canonical state space model.
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Proposition 2.18. Let (A*,B*,C*, L) be a state space model with transfer function H. Suppose
there exists a coprime right polynomial fraction description of H with polynomials P and Q as in
(2.14), such that

H(z) = C* (2D, — A) ' B* = Q(2)P(2)!, z€C\o(AY).

Then P and Q) are unique. Moreover, defining

O Ie 0 - O
. Ok
O 0 I . : .
A=| € Mip(R), B=]| " [ € Mppxr(R),
: O ’ 0 v (2.15)
Or T
p
—A, —Apy e —A
C=(Co O - Cy O - 0p) € Mpap(R),

then o(A*) = o(A) and
H(z)=C(zL};, —A)'B, z€C\o(A).

Finally, Yy is a solution of the state space model (A*,B*, C*, L) if and only if it is a solution
of the state space model (A,B,C,L). The state space model (A,B,C, L) is called controller

canonical state space model.

Proof. Suppose that there exist two coprime right polynomial fraction descriptions of the transfer

function H with polynomial matrices as in (2.14), so
Q1(2)Pi(2)™! = H(2) = Q2(2) Pa(2) .

Then, due to the coprimeness, there exists a polynomial matrix U(z), z € C, where det(U(z)) is
a non-zero real number (Rugh, 1996, Theorem 16.10), such that, for z € C,

Pi(z) = Po(2)U(2).

Both polynomials P;(z) and P»(z) have the highest power I 2P, so a comparison of the coefficients
gives U(z) = Iy. Hence, Pi(z) = P»(z) and Qi1(z) = Q2(z), which results in the uniqueness
of the decomposition. The fact that H(z) is equal to C (zIx, — A)_1 B follows from the proof
of Theorem 3.2 in Brockwell and Schlemm (2013). Furthermore, the algebraic realisations
(A*,B*,C*) and (A, B, C) are minimal, because the polynomials P and @ are right coprime
and deg(det(P(z))) = kp obviously holds (Kailath, 1980, Theorem 6.5-1). Then a consequence of

Lemma 2.16 is the existence of a non-singular matrix 7" € M (R), such that

A=TA*T!, B=TB* and C=C'T L.
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Together with Proposition 11.2.8.(v) of Bernstein (2009), for s,t € R, s < t, we obtain
t t
Yy (t) = C e 9 X () + / C*eA IB AL (u) = CeA=)(T X (s)) + / CeAU"BAL(u).

Thus, Yy is a solution of the state space model (A*, B*, C*, L) if and only if it is a solution of
(A,B,C,L). Finally, 0(A) = o(TA*T~!) = 0(A*) (Schlemm & Stelzer, 2012b, p. 2219). [

Remark 2.19. The proof was done without Assumption 2 and the integral representation (2.7)
for generality. Requiring Assumption 2 simplifies the proof since )y depends on the matrices only
through the kernel function due to equation (2.7). Since C* (2, — A*) "' B* = C(zI, — A) "' B
for z € C implies C*eA"B* = CeA'B for t € R (Schlemm & Stelzer, 2012b, Lemma 3.2), Vy is
a solution of (A*, B*, C*, L) if and only if it is a solution of (A,B,C,L).

In particular, Proposition 2.18 implies that there exists no other minimal state space representation
with matrices of the same structure as in (2.15), this representation is unique. Since the output
process Yy of the state space models (A*, B*,C*, L) and (A, B, C, L) is equal, we can henceforth
assume under the existence assumption that, without loss of generality, a state space model is

given as the unique controller canonical state space model (A, B, C, L) with matrices as in (2.15).

Another example of a state space model, characterised by matrices A*, B*, and C* of a special
structure, is the MCARMA model. The output process Yy is called MCARMA process. The
definition of an MCARMA process is motivated by the idea that )), should solve the differential
equation (Marquardt & Stelzer, 2007, Remark 3.19)

P*(D)Yy (1) = Q*(D)DL(), (2.16)
for t € R, where D is the differential operator with respect to ¢,
P*(2) = I;2" + P2P 4+ Py, and QF(z) = Qoz? + Q129 M.+ Qq (2.17)

with p*,¢* € Ng, p* > ¢*, P1,Ps,..., Py, Qo,Q1,...,Qqp € Mi(R). P* is the autoregressive
(AR) polynomial and @* the moving average (MA) polynomial. This differential equation is the
continuous-time analogue of the discrete-time ARMA equation. However, a Lévy process is not
differentiable, so Yy cannot be formally defined by (2.16). The proper definition as a state space
model is as follows (Marquardt & Stelzer, 2007, Theorem 3.12).

Definition 2.20. Define

0 I O -+ O
. B1
0 0z I : By
A* = . . Oy € Mkp* (R)7 B* = . € Mkp*xk<R)7
05 0 I 4.
D
—Pp —Ppq -+ - P

C = (I 0 - 04) € My (R),
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where f1 = ... = fpr—g=—1 = 0 € Mi(R), Bpr—j = — Zf;;jfl P;Bps—j—i+Qq—j for j =q*,...,0,
and p*, ¢* € Ny, p* > ¢*. Then the state space model (A*, B*, C* L) is called a multivariate
continuous-time autoregressive moving average model of order (p*,q*), or MCARMA (p*, ¢*)
model for short. The output process Vy is called a multivariate continuous-time autoregressive

moving average process of order (p*,¢*). In short, an MCARMA (p*, ¢*) process.

Remark 2.21. An important special case of the MCARMA (p*, ¢*) process (model) is the
MCARMA (p*,0) =MCAR(p*) process (model), which we also call the multivariate continuous-

time autoregressive process (model). The input matrix B* is simplified to

and the trivial MA polynomial is Q*(z) = I}, for z € C. Another important special case is the
MCARMAC(1,0) process (model), also known as the Ornstein-Uhlenbeck process (model). Here,
the matrices and polynomials are simplified to A* = —P;, B* = I, and C* = I}, as well as
P*(z) = Iyz+ P; and Q*(2) = I, for z € C.

Due to the specific structure of the matrices A*, B*, and C*, the MCARMA representation of a
state space model is in the discrete-time literature often referred to as the observer canonical
state space model (Kailath, 1980). In the following, we relate the MCARMA model and the

controller canonical state space model.

Remark 2.22. For the MCAR(p*) model, a comparison of the algebraic realisations shows that
(A*,B*, C*) is already in controller canonical form (A, B, C) with p = p*. Of course, this fact
also applies to the Ornstein-Uhlenbeck model. For MCARMA (p*, ¢*) models, Schlemm and
Stelzer (2012a), Corollary 3.4, state the equivalence between the classes of state space models
and MCARMA models, and Brockwell and Schlemm (2013), Theorem 3.2, state the equivalence
between the classes of MCARMA models and controller canonical state space models. However,
as mentioned above, both implicitly assume the existence of a coprime left or right polynomial
fraction description (2.13) with polynomials as in (2.14), which does not seem obvious to us. For
univariate state space models (k = 1), the existence of a coprime right polynomial fractional
description is apparent (see the proof of Proposition 2.30), so that the classes of univariate state
space models and univariate CARMA models are equivalent. Particularly, any output process of

a univariate state space model has a representation in controller canonical form.

A peculiarity of MCARMA models is that the AR polynomial P* and the MA polynomial Q*
provide a left polynomial fraction description of the transfer function H, i.e., H(z) = P*(2)~'Q*(2)
(Marquardt & Stelzer, 2007; Brockwell & Schlemm, 2013, Lemma 3.1). Therefore, the spectral
density function of an MCARMA process is (Marquardt & Stelzer, 2007, (3.43))

Frivy(\) = %P*(z’)\)_lQ*(i)\)ZLQ*(—i)\)T (P*(—z‘)\)_l)T, A€ER. (2.18)

Furthermore, if the MCARMA model is minimal, the left polynomial fraction description
H(z) = P*(2)7'Q*(2) is coprime (Kailath, 1980, Theorem 6.5-1). The connection to the coprime
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right polynomial fraction description (2.13) with polynomials P and @ as in (2.14) is given in

the next lemma.

Lemma 2.23. Let (A*,B*,C*, L) be an MCARMA(p*, ¢*) model with polynomials P* and Q*
as in (2.17). Suppose (A*,B*,C*, L) is minimal and there exists a coprime right polynomial
fraction description (2.13) of the transfer function H with polynomials P and Q as in (2.14).
Then P and Q are unique, p* = p, ¢* = q, Qo = Cyq, N(P*) = N (P), and N(Q*) = N(Q).

Proof. The uniqueness follows from Proposition 2.18. Furthermore, p* = p holds by Lemma
6.5-6 of Kailath (1980), which provides that kp* = deg(det(P*(z))) = deg(det(P(z))) = kp.
Since P*(2)71Q*(z) = Q(2)P(2)~ !, we have p* — ¢* = p — q and therefore ¢* = ¢q. Comparing
the highest order coefficient on both sides of Q*(2)P(z) = P*(2)Q(z) gives Qo = C,. Finally,
Rugh (1996) states in Theorem 16.19 that A'(P*) = N (P) and NV (Q*) = N (Q). [ |

To conclude this chapter, we provide examples of coprime left and right polynomial fraction

descriptions.

Example 2.24.
(a) Consider an MCARMA (2, 1) model with coprime AR and MA polynomial given by

e [((z+2)? 0 ey [z+1 0
P(z)_< 0 (z+2)2>’ Q<z)_< 0 z+1>’

z € C. Since P* and * are diagonal polynomial matrices and are right coprime, the
unique coprime right polynomial fraction description of the transfer function H is given by
P(2) = P*(z) and Q(2) = Q*(2).

(b) Consider an MCARMA (3, 1) model with coprime AR and MA polynomial given by

‘) — 122 +3)(222 + 72+ 7) —i(z+2)(3z+5)> " __<z+1 1 )
P()_< —(z+1)? (z+1)2(z42) )’ Q=) = 0 z+3/)

z € C. Then the unique coprime right polynomial fractional description of the transfer

function H is given by

z 3 z
P(z)_<( +2) 0 ) Q(z)__<+2 1)_

0 (z+1)3 1 z+2

(c) For MCAR(p) models, Q*(z) = Ij, holds for z € C. Therefore, P(z) = P*(z) and Q(z) = Ij
always provide the unique coprime right polynomial fractional description of the transfer

function H.

In particular, these examples show the existence of coprime right polynomial fraction descriptions
(2.13) with polynomial matrices P and @ as in (2.14). Since the analysis of polynomial fraction
descriptions does not belong to the central topics of interest of this thesis, we do not investigate

this problem further and move on to the topic of the invertibility of a state model.
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2.4. INVERTIBLE CONTROLLER CANONICAL STATE SPACE MODELS

Suppose that Yy is the output process of a state space model (A*, B* C* L) with controller
canonical representation (A, B, C, L). Due to the observation equation Yy (t) = CX(t), we obtain
the output process Yy directly from the input process X'. However, recovering the input process

from the output process is not as obvious because, in general, C is rectangular and not invertible.

One special case in which the input process is relatively easy to recover is the MCAR(p) process.

The state equation (2.4) and the specific structure of the matrices A and B yield
D(l)X(j)(t) - X(j“)(t)
forj=1,...,p—1and t € R, where

XO0) = (X () Xa(0) (219)

for j = 1,...,p is the j-th k-block of X (), i.e., X(¢t) = (XD ()T ... X®)()T)T for t € R.

Together with the observation equation (2.5) and the simple structure of the matrix C, we obtain
DYy (t) = DW XMW (1) = x U+ (¢) (2.20)

inductively for j =1,...,p — 1 and ¢ € R. In this case, it is possible to recover X (t¢) from Yy (t)

and the derivatives via
T
X6 = (wm" DOYY®T - DOV

for t € R, which implies that the input process X can be recovered from the output process Yy .

Remark 2.25.
(a) The relation (2.20) implies that the MCAR(p) process Yy and its components V,, a € V,

are (p — 1)-times mean-square differentiable. Since the Lévy process and therefore
X®) = (X®)(t))yer is not differentiable and the controller canonical state space repre-
sentation is unique, the p-th derivative of )y and its components ),, a € V, does not exist.
They are exactly (p — 1)-times mean-square differentiable. Proposition 2.8 further provides
that )V and its components are not only (p — 1)-times mean-square differentiable but the

limit holds P-a.s. as well.

(b) For a € V and t € R, it follows that DWY,(t) € Ly, (t) for j = 1,...,p — 1 due to
Remark 2.9.

Although the MCAR model is a controller canonical state space model, we cannot use the same
approach to recover the input process from the output process for controller canonical state space
models with ¢ > 0. In fact, the state equation (2.4) still yields

DW XU (1) = XU+ (3),

for j=1,...,p—1 and t € R. However, due to the more complex structure of C, we have
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Yy (t) = CX(t) = qu C; X (1),
=0

In addition, we obtain that, for j =1,...,p—¢—1and t € R,

q
DYy (t) =Y ¢ x (), (2.21)
=0

Consequently, the p k-blocks can generally not be recovered from these (p — q) equations.

Remark 2.26.
(a) In particular, the relation (2.21) implies that )}y and its components V,, a € V, are (p—g—1)-

times mean-square differentiable with the stated representations of the derivatives, that
also hold P-a.s. due to Proposition 2.8. In Lemma 9.5 and Remark 9.6, we discuss the

maximal differentiability of the components.
(b) Fora € V and t € R, we have DYWY,(t) € Ly, (t) for j =1,...,p—q— 1 due to Remark 2.9.

(c) For the reader’s convenience, we define

:(C() Cq Ok Ok) and

C
(2.22)
C:= (Ok e 0 Cyo - Cq) € kakp(R>'

From the observation equation (2.5) and equation (2.21), we then get, for t € R, the

shorthand expressions

Yy (t) = CX(t) and D@ 7 VYy (1) = CX(t).

For controller canonical state space models with ¢ > 0, we overcome the challenge of recovering
the input process from the output process under mild assumptions, which leads to the subclass

of invertible controller canonical state space models.

Definition 2.27. Let (A*,B*,C*, L) be a state space model with controller canonical represen-
tation (A, B, C, L) as in (2.15) and polynomials P and Q as in (2.14) with p > ¢ > 0. Suppose

rank(Cy) =k, N(Q) C (—00,0) +:R, and N(P)C (—o0,0)+iR. (2.23)

Then (A, B, C, L) is called a (causal) invertible controller canonical state space model of order
(p,q), an ICCSS(p, ¢) model for short. The output process Yy = (Y (t))er of the ICCSS(p, q)
model is called invertible controller canonical state space process of order (p,q). In short, an
ICCSS(p, q) process.

The assumption on P is the usual causal stationarity Assumption 2 because of N'(P) = o(A)
(Marquardt & Stelzer, 2007, Corollary 3.8). The mild assumptions on @) are necessary to recover
the input process X from the output process Yy and to motivate the name ICCSS model, as we
see in the remainder of this section. Of course, ¢ > 0 excludes the class of MCAR(p) models.

The assumptions in (2.23) are, for example, satisfied in Example 2.24(a,b).
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Under the assumptions in (2.23), Brockwell and Schlemm (2013), Lemma 4.1, derive a stochastic
differential equation for the first k¢ components of X'. This result follows simply from combining
the first g k-blocks of the state equation (2.4) with the observation equation (2.5), having the

special structure of A, B, and C in mind.

Lemma 2.28. Let Yy be a ICCSS(p,q) process with p > q > 0. Define the (kq)-dimensional
upper truncated state vector X1 = (X1(t))ier of X via

xity=| : |, ter, (2.24)

where XD (t),..., X9 (t) are the k-dimensional random vectors defined in (2.19). Then X4

satisfies

dX9(t) = AX(t)dt + OYy (t)dt, (2.25)
where o(A) C (—00,0) + iR,
O I Op ~--- 0
: O
Ok Ok P : )
A= : oo 04 € M(R), © = 0 € Mpigxk(R).
k
05, e o O I, o1
-crley, —cley - oo =CINCL, ¢
q q q -4
Remark 2.29.

(a) The assumptions in (2.23) correspond to the miniphase assumption in classical time series
analysis (Hannan & Deistler, 2012, (1.3.15)) and imply Assumption A2 in Brockwell and
Schlemm (2013), who even allow for rectangular matrices Cy, ..., Cy. To see this connection,

observe that the assumptions in (2.23) yield

N(C7'Q) ={z € C: det(C,'Q(2)) = 0} = {z € C: det(Q(2)) = 0} = N(Q)
C (—00,0) + iR,

which is one of their assumptions. Furthermore, it applies that o(A) = N'(C;'Q) (Mar-
quardt & Stelzer, 2007, Lemma 3.8). Thus, A has full rank and, due to the structure of A,
we obtain that C- 1Oy has full rank. It follows that C and (C’q)TCO have full rank as well,

which is the second assumption in Brockwell and Schlemm (2013).

(b) If the AR polynomial P* and the MA polynomial @Q* of an MCARMA model are left
coprime, the assumptions in (2.23) can analogously be made for P* and Q*, respectively.
Indeed, N(Q*) = N(Q) and N(P*) = N(P) by Lemma 2.23. Further, comparing the
highest power coefficients on both sides of Q*(z)P(z) = P*(2)Q(z) gives Qoly = I;Cj.
Then @ has full rank if and only if C, has full rank.



26 CHAPTER 2. FUNDAMENTALS

The differential equation (2.25) is readily integrated to (Brockwell & Schlemm, 2013, (4.3))
t
X9(t) = AU x9(g) + / ACDQYy (u)du, s <t s,t€R. (2.26)

Hence, we can compute X ?(t) based on the knowledge of the initial value X%(s) and (Yy (u))s<u<t-
In Proposition 2.30 below, we show that X?(t) is even uniquely determined by the entire past
(Y (s))s<t, implying that the truncated state vector X9 can be recovered from )y. This result is
the multivariate generalisation of Theorem 2.2 by Brockwell and Lindner (2015).

Proposition 2.30. Let Yy be an ICCSS(p, q) process with p > q > 0. Then, for allt € R,

t
X9(t) :/ AYOYy (u)du  P-a.s.
—0o0
Proof. The proof is divided into four steps. In the first three steps, we derive auxiliary results

that lead to the proof of the statement in the fourth step.
Step 1: First, we prove, for all £ > 0 and v € V, the asymptotic behaviour

lim e Y, (u)| =0 P-as. (2.27)
|u|—o00
Therefore, we relate (2.27) back to Proposition 2.6 of Brockwell and Lindner (2015), who prove
this convergence for stationary univariate CARMA processes that are driven by univariate Lévy
processes and whose AR polynomial has no zeros on the imaginary axis. For this purpose, let
€ > 0 and v € V. Note that, for ¢t € R,

t k
Yi(t)= [ elCeMIBAL@W Z / e] CeAM="Be,dLy(u) )=y

The process V! = (Y(t))ser is the stationary solution of the state space model

dX (t) = AX(t)dt + BeydLy(t) and  Yi(t) = e CX(t),
and has the transfer function HY given by
H(z) = e/ C(z1, — A) " 'Bey, z€C\o(A).

Then Kailath (1980) provides in Lemma 6.3-8 the existence of (right) coprime polynomials P (z)
and Q%(2) as in (2.14), so that H'(2) = Q%(z)/P%(z). Note that in the univariate setting the
problem of the existence of a coprime polynomial fraction description of the form (2.14) does not
arise. Indeed, 1-p = deg(det(P’(2))) = deg(P%(z)) follows immediately, and the coefficient of
the p-th power can be included in Q¥(z) without loss of generality, so that P’(z) is a polynomial
of degree p with a 1 as the leading coefficient. The classes of univariate CARMA processes and
univariate causal continuous-time state space models are equivalent (Schlemm & Stelzer, 2012a,
Corollary 3.4) implying that yfj is a univariate CARMA process driven by a univariate Lévy
process. Now, Bernstein (2009), Definition 4.7.1, provides that the poles of H’(z) are the roots
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of P!(z) including multiplicity. In addition, Theorem 12.9.16 of Bernstein (2009) gives that the

poles of H:(z) are a subset of o(A), resulting in
N(Pf)={z€C:Pi(z) =0} Co(A) C (—00,0) + iR,

which means that the AR polynomial P?(z) has no zeros on the imaginary axis. Thus, )’ satisfies

the assumptions by Brockwell and Lindner (2015), Proposition 2.6, and we obtain

lim e Yi(u) =0 P-as.

|u|—o0

for ¢ =1,..., k. Finally, the claim (2.27) follows by

k
lim ey, (u) = lim e *Yf(u) =0 P-as.

|u|—o00 -1 |u|—o0
Step 2: Next, we show that the limit
¢
lim [ e MW Y, ()| du (2.28)
S§——00 s

exists P-a.s. for t € R and A > 0. First, from relation (2.27), we obtain that there exists a set
Qo € F with P(y) = 1, such that, for all w € Qp and v > 0, there exists some ug(w) < 0 with

e%“]YU(w,u)] — 2 Ml Yo(w,u)| <v Vu<ug(w).

Then we obtain, for s < ug(w), that

t t up(w)
t/'e_A@_u)D@(W,u)MhL::]/ e_Aa_u)DZ(ahlﬂ\du‘+t/'0 e M |Y, (w, )| du
S up(w) s

’ “A(t— w(@)
</ e (t—u) ‘m(CU’u)‘du—F/ e ( u)e Qu’ydu

ug(w) B

t _)\(t—u) —>\t2 A (w) Ao
:/ ¢ Yolewo, u) du +ye 2 (e300 _ ¢32)

ug(w) A

¢ —A(t—u) —)\t2
S/ ¢ 1Y,y (w0, )| du + ye A2

ug(w) A

Thus, by dominated convergence, the limit in (2.28) exists P-a.s. for ¢ € R and A > 0.

Step 3: Eventually, we derive that not only the univariate integral (2.28) exists but also

t

Er_n AOYY (u)du (2.29)
exists P-a.s. for t € R. First, the assumptions in (2.23) provide that o(A) C (—o0,0) + iR
and thus, spabs(A) = max{R(\) : A € o(A)} < 0, where R(\) denotes the real part of A.
Hence, there exists a —\ € (spabs(A),0). Then Bernstein (2009), Proposition 11.18.8, provides a

constant c¢; > 0, such that
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HeAtH <ee ™ viE>0. (2.30)

Now, we obtain

Due to (2.28), the limit of each of those summands exists, so (2.29) exists P-a.s. for ¢t € R.

t
/ AYOYy (u)du

s

t
/ A @e, Y, (u)du

S

t
<ale] Y [ eIy w)du

veV 78

5

veV

Step 4: Finally, we can prove the statement of the proposition. Recall that, due to equation
(2.26), for s,t € R with s < t,

t
X9(t) = M9 X9(s) + / A @Yy (1) du.

Since we assume that X is the unique causal, strictly stationary solution of the stochastic
differential equation, X'? is also strictly stationary and X4(s) and X?(0) have the same distribution
for all s € R. Moreover, it follows from the assumptions in (2.23) that o(A) C (—o0,0) + iR.
These properties lead to

lim eAt=9X9(s) = 0, € RF

S——00

in distribution and probability by Slutsky’s lemma, since the limit is a degenerate random vector.

In combination with the limit result (2.29), we receive, for t € R,

t t
lim (eA(t_S)Xq(s)+/ eA(t_“>®YV(u)du> :/ AY@Yy (u)du  P-as. [ |

S—>—00 —00

Note that in Proposition 9.4, we show that the integral representation in Proposition 2.30 also
holds in L?. Thus, X9(t) € Ly, (t), t € R, and X7 can also be recovered in the L%-sense. We are
going to provide the evidence there, where we can better emphasise its relevance.

The remaining k-blocks X(@+7) = (X(@+9)(t)),cg, j = 1,...,p — q, are obtained from X9 and Yy
by differentiation, as in Lemma 4.2 of Brockwell and Schlemm (2013).

Lemma 2.31. Let Yy be a ICCSS(p,q) process with p > q > 0. Then

j—1
Xty =E" (AjXq(t) + > Ajlm@D(m)YV(t)> . j=1,....,p—q, tER,

m=0

Note that there is a duplication of notation in Brockwell and Schlemm (2013), which can be seen

by recalculating their base case
X)) = pWXD (1) = ETDWX(t) = ET (AXY(t) + Oy (1)), teR.

In summary, for ¢t € R, we can compute not only the truncated state vector X?(¢) but also the
full state vector X (¢) based on the knowledge of (Yy/(s))s<¢. This fact justifies calling the ICCSS

process Yy invertible if the assumptions in (2.23) are satisfied.
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PART 1. (LocAL) CAUSALITY GRAPHS

The main goal of this part is to introduce two mixed graphical models for stationary multivariate
processes Yy = (Yy (t))er in continuous time, called the causality graph and the local causality
graph. In these graphical models, the vertices represent the different components YV, = (Y, (¢))ter,
a €V ={1,...,k}, of the underlying process Yy . Furthermore, the vertices are connected by
directed and undirected edges, which visualise dynamic relationships between the components. A
directed edge represents Granger causality and an undirected edge represents contemporaneous

correlation, respectively.

The mathematical notion of causality was popularised by Clive W. J. Granger and Christopher
A. Sims. In his original work, Granger (1969) uses a linear vector autoregressive (VAR) model,
while Sims (1972) uses a moving average (MA) model to understand the causal effects in a
bivariate model. Since then, their ideas have been extended in various ways and have been
applied in diversified fields, such as econometrics (Imbens, 2022), environmental science (Cox &
Popken, 2015), genomics (Heerah, Molinari, Guerrier, & Marshall-Colon, 2021), neuroscience
(Bergmann & Hartwigsen, 2021), and social systems (Kuzma, Cruickshank, & Carley, 2022).
The recent publication by Shojaie and Fox (2022) provides a comprehensive review of Granger
causality and its advances. A detailed discussion of the relationships between Granger and Sims
causality is given in Kuersteiner (2010), see also Dufour and Renault (1998) and Eichler (2013).

A fundamental aspect of Granger causality is that the cause precedes the effect. However, not
every interesting relationship between two component series is necessarily ordered in time and
therefore a causal relationship and directed. Well-known examples include the correlation between
aggressive behaviour and the amount of time spent playing computer games each day (Lemmens,
Valkenburg, & Peter, 2011), the correlation between the increase in the stork population and
the increase in out-of-hospital births (Hofer, Przyrembel, & Verleger, 2004), and the correlation
between the number of infants who sleep with the light on and the number of people who develop
myopia in later life (Zadnik et al., 2000). An example widely discussed in psychology without
a common underlying cause is presented by Jung (1969). It is hence also important to model

contemporaneous relationships of an undirected nature, e.g., by contemporaneous correlation.

To define the two mixed graphical models, we need concepts of Granger causality and contempo-
raneous correlation suitable for stationary multivariate stochastic processes in continuous time.
Thus, in this part, we first define Granger causality and contemporaneous correlation for such
processes by orthogonal projections onto linear spaces, resulting in conditional orthogonality
relations. For discrete-time processes, this approach was already studied in Dufour and Renault
(1998), Eichler (2007), and Florens and Mouchart (1985).

In contrast to the other papers, Eichler (2007) even represents conditional orthogonality relations
of a discrete-time VAR process in a graph, the so-called path diagram. In this graphical model, an
appropriate concept of Granger causality based on conditional orthogonality models the directed
influences. In addition, a concept of contemporaneous correlation, also based on conditional
orthogonality, models the undirected influences. The path diagram of Eichler (2007) is used in

many applications, such as for human tremor data, for air pollution data (Dahlhaus & Eichler,
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2003), for neuronal spike train data, and to study of relationships between the alpha rhythm in
EEG data and blood oxygenation level dependent responses in fMRI data (Eichler, 2006). These
applications highlight the importance of the path diagram.

An alternative approach is to consider conditional independence relations using conditional
expectations given o-fields generated by subprocesses, rather than concepts based on conditional
orthogonality. We refer to the approaches of Chamberlain (1982), Eichler (2012), and Florens
and Mouchart (1982) for discrete-time processes, and to Comte and Renault (1996), Florens
and Fougere (1996), and Petrovic and Dimitrijevic (2012) for continuous-time processes and
especially for semi-martingales. Eichler (2012) even defines a graphical model for time series in
discrete time, representing certain conditional independence relations. He uses strong Granger
causality for the directed edges and contemporaneous conditional dependence for the undirected
edges. Of particular interest to this thesis is also the work of Comte and Renault (1996), who
propose to model directed influences by global Granger causality and local Granger causality,
and undirected influences by global instantaneous causality and local instantaneous causality in

continuous time, but their results are not related to graphical models.

For Gaussian random vectors, conditional independence and conditional orthogonality are
equivalent, and the standard literature on graphical models for random vectors is based on
conditional independence (Lauritzen, 2004). In non-Gaussian time series models, however,
conditional expectations are much more difficult to compute than orthogonal projections. This is
also reflected in the fact that the assumptions in Eichler (2012) are much more technical and
difficult to verify than those in Eichler (2007).

Note that an extension of conditional independence is the concept of local independence for
Markov processes going back to Schweder (1970), which has been extended to stochastic processes
that admit a Doob-Meyer decomposition by Aalen (1987). It is a widespread dependence model
to capture asymmetric causal structures in a graph, particularly in the context of composable
finite Markov processes (Didelez, 2007), of point processes (Didelez, 2006, 2008; Eichler, Dahlhaus,
& Dueck, 2017), and in physical systems (Commenges & Gégout-Petit, 2009). The definitions
by Didelez (2006) were recently revisited and adapted by Mogensen and Hansen (2020, 2022),
who study local independence graphs for It6 processes. The semi-martingale property of an It
process is important to the results of these papers, but semi-martingales do not seem to be the

right tool for stationary time series models, especially for non-Gaussian models.

For the above reasons, in this part, we restrict ourselves to linear influences between the
components of a multivariate process and use conditional orthogonality relations to define
Granger causality and contemporaneous correlation for continuous-time processes. We also
give several equivalent characterisations of the concepts and relate them to other definitions in
the literature. In addition, we define local versions of Granger causality and contemporaneous
correlation that are less strong and are not necessary in discrete time. Based on the different

definitions, we then introduce two mixed graphs, the causality graph and the local causality graph.

The (local) causality graph encodes (local) Granger causality and (local) contemporaneous
correlation between the components of the process )y. Conversely, a mixed graph can be

associated with a set of conditional orthogonality constraints imposed on the stochastic process
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Yy. Such a set of conditional orthogonality relations encoded by a graph is commonly known as
a Markov property for the graph (cf. Lauritzen, 2004; Whittaker, 2008). Eichler (2007, 2012)
discusses Markov properties for his mixed graphical models, namely the pairwise, the local, the
block-recursive, and two global Markov properties. For the global Markov properties, he uses the
graph theoretic concepts of m-separation (Richardson, 2003) and p-separation (Levitz, Perlman,
& Madigan, 2001), respectively. For the local independence graph, Didelez (2006) develops and
investigates an asymmetric notion of separation, called d-separation, and discusses different levels
of Markov properties. In addition, Mogensen and Hansen (2022) show that the multivariate
Ornstein-Uhlenbeck process driven by a Brownian motion is the only process that satisfies their
global Markov property. As the above literature shows, the derivation of global Markov properties

can be quite challenging and is often only valid under additional or even restrictive assumptions.

In our (local) causality graph, we show the pairwise, local, and block-recursive Markov property,
and then discuss the global Markov properties for both graphs. Importantly, we find that
the causality graph satisfies the global AMP Markov property, which combines the purely
graph-theoretic concept of m-separation with conditional orthogonality. Since the notion of
m-separation is strong, we present less restrictive alternatives in the global Granger-causal
Markov property, that imply Granger non-causality and contemporaneous uncorrelatedness. Note
that the assumptions we make, in particular for the validity of the Markov properties, are quite
general. We require only a wide-sense stationary, mean-square continuous stochastic process
in continuous time, which is purely non-deterministic, and has a spectral density function that
satisfies a mild additional restriction. Although the local causality graph satisfies the pairwise,
local, and block-recursive Markov properties, not surprisingly, stronger assumptions are required

for global Markov properties.

Finally, for a comprehensive understanding of the (local) causality graph and the dependency
structures it contains, we derive the graphical structure for the popular state space processes, as
introduced in Chapter 2. We start with the causal multivariate continuous-time autoregressive
(MCAR) process, where we show that the (local) causality graph is well defined and satisfies
the desired Markov properties. We compute orthogonal projections that allow us to explicitly
characterise the different edge types by the model parameters of the process. However, for general
output processes of state space models, the methods suitable for MCAR processes to compute
the orthogonal projections are no longer applicable. Therefore, we consider invertible controller
canonical state space (ICCSS) processes, for which the orthogonal projections can be computed
relying on the invertibility assumption. Despite this distinction, we derive interpretatively
meaningful characterisations of the edge types for both MCAR and ICCSS processes, which can
be compared with each other and with the literature. At the same time, we obtain clear and
easily communicable representations of the intrinsic dependency structure for these important

process classes.
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STRUCTURE OF THE PART

In Chapter 3, we lay the foundation by introducing the conditional orthogonality relation and
the corresponding linear spaces generated by multivariate stochastic processes in continuous
time. In Chapters 4 and 5, we then define, discuss, and relate various directed and undirected
relationships between the components of stationary continuous-time processes. This work results
in the definition of the causality graph and the local causality graph in Chapter 6. For these
graphical models, we discuss several Markov properties in Chapter 7. The application to causal
MCAR processes and ICCSS processes is given in Chapters 8 and 9, respectively, where the edges

are characterised by the model parameters.



CHAPTER 3

PRELIMINARIES

In this chapter, we treat the following topics. In Section 3.1, we introduce basic notions, well-
known results for orthogonal projections onto linear spaces, and, most importantly, the conditional
orthogonality relation with its graphoid property. In Section 3.2, we then define linear spaces
generated by multivariate stochastic processes. Via the conditional orthogonality of such linear
spaces, the directed and undirected linear relations between subprocesses can be defined in
Chapters 4 and 5. Furthermore, keeping in mind the graphoid property, in Section 3.2, we also
discuss properties of these linear spaces, such as additivity, separability, and conditional linear
separation under certain assumptions on Yy . Finally, we introduce the assumption that a process
is purely non-deterministic. These considerations are crucial for the Markov properties for (local)

causality graphs in Chapter 7.

3.1. CONDITIONAL ORTHOGONALITY RELATION

Let L? = L?(Q, F,P) be the Hilbert space of square-integrable real- or complex-valued random
variables on a common probability space (£2, F,P). As usual, the inner product is denoted by
(X,Y);2 =E[XY] for X,Y € L?. Orthogonality with respect to this inner product is denoted
by X LY. Weset || X| 2 =+/(X,X)2 for X € L? and identify random variables that are equal
P-a.s. Note that if Lgrgo X, =X and 17L1~>I& Y, =Y, where X,,,Y,,, X,Y € L?, n € N, and Li.m.

n—oo
denotes the limit in the mean square, then

lim E[X,Y]=E[XY] and lim E[X,Y,]=E[XY], (3.1)

n—oo n—oo

which can be shown by Cauchy-Schwarz inequality. Furthermore, suppose that £1 and Lo are

closed linear subspaces of L?, where the closure is formed in the mean-square sense. Then
Li={XecLl?: (X,)Y),,=0forall Y € £y}
is the orthogonal complement of L1. The sum of £ and Ls is the linear vector space denoted by
L1+ Lo={X+Y :XeLl,Y €Ly}

Even when £ and Lo are closed subspaces, this sum may fail to be closed if both are infinite
dimensional. A classic example of this can be found in Halmos (1957), p. 28. Hence, the closed

sum is denoted by

£1\/£2:{X—{—Y:X€£1,Y€£2}.
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We further denote the orthogonal projection of X € L? on the closed linear subspace £; C L?
by Pr,(X) = Pr, X. Reviews of the properties of orthogonal projections can be found, e.g., in
Brockwell and Davis (1991), Lindquist and Picci (2015), and Weidmann (1980). Some of the
common properties, which we frequently need in this thesis and therefore list below, are the

following.

Lemma 3.1. Let £1 C Lo be closed linear subspaces of L?. Then the subsequent properties apply:
(a) Pe,X = Pr,Pr,X = Pr,Pr, X for X € L?.
(b) P, (aX + BY) = aPr, X + BP,Y for X,Y € L?, o, 3 € C.
(c) If lnz_gglo X, = X then ézz_ggé P, X, =P, X for X,, X € L?, n € N.

With those notations and properties in mind, we define the conditional orthogonality relation as
in Eichler (2007), p. 347.

Definition 3.2. Let £;, i = 1,...,3, be closed linear subspaces of L?. Then £; and L, are

conditionally orthogonal given L3 if and only if
X—P[;gXJ_Y—P£3Y VXeL,Y €L
The conditional orthogonality relation is denoted by £; L Lo | L3.

Note that Definition 3.2 reduces to the usual orthogonality when £3 = {0}. For a more de-
tailed discussion of the conditional orthogonality relation, we refer to Florens and Mouchart
(1985), who study conditional orthogonality in terms of general Hilbert spaces. We only sum-
marise the graphoid property of the conditional orthogonality relation as given in Eichler (2007),

Proposition A.1.

Lemma 3.3. Let £;, i = 1,...,4, be closed linear subspaces of L*>. Then the conditional

orthogonality relation defines a semi-graphoid, i.e., it satisfies the following properties:

(C1) Symmetry: L1 L Lo|Ls= Lol Ly]Ls.

(C2) (De-) Composition: L1 L Lo| Ly and L1 L L3| Ly < L1 L LoV L3 ]| Ly.
(C3) Weak union: L1 L LoVLs| Ly = L1 L Lo L3V Ly.

(C4) Contraction: L1 L Lo|Lyand L1 L L3 | LoV Ly = L1 L LoV L] Ly.

If (Lo Vv L4) N (L3 V Ly) = L4 holds and LoV L3 is separable, then the conditional orthogonality

relation defines a graphoid, i.e., additionally, we have:

(05) Intersection: L1 L Lo ’ L3V Ly and L1 L L3 ‘ LoV Ly= L1 1L LV L3 ‘ Ly.

Remark 3.4. If (Lo V L4) N (L3 V L4) = L4 holds, we say that Lo are L3 conditionally linearly
separated by L4 (cf. Eichler, 2007, p. 348).
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3.2. GENERATED LINEAR SUBSPACES

The conditional orthogonality relation is predestined for the analysis of linear relations between
two subprocesses V4 and Vg given another subprocess Jc. For this purpose, however, we must
first define suitable closed linear spaces generated by subprocesses V4. For an in-depth analysis of
such linear spaces, we refer to the numerous publications of Cramér (e.g., Cramér, 1961; Cramér
& Leadbetter, 1967) as well as to the comprehensive works by Gladyshev (1958), Matveev (1961),
and Robertson (1968).

Definition 3.5. Let )y be wide-sense stationary and let A C V', s,t € R, s < t. Then define

Oy, (s,t) = {ZZ%M Yai €C, s <ty < ..gtngt,neN},

i=1acA
Ly, (s,t) = ly,(s,1),

which is the closed linear subspace generated by (Ya(7))s<r<¢. Furthermore,

fYA = {ZZ'Yala %HEC —o0 <11 < ..§tn§t,n€N},

i=1acA

Ly, (t) = by, (t)v

which is the closed linear subspace generated by (Ya(s))s<t, as well as

Oy, (t,00) : {ZZ%M Yai €EC, t <t < ..Stn<oo,n€N},
i=1 acA

Ly, (t,00) == Ly, (t,00),

which is the closed linear subspace generated by (Y4(s))s>¢. In addition,

{ZZ’Y&Z 'Yaze(c —o0 <t < ..<tn<oo,n€N},

i=1acA

‘CYA = Ea

which is the closed linear space generated by the entire process V4, and

Ly, (- ﬂ Ly, (t)

teR

called the remote past of the process V4. Finally, the closed linear subspace generated by Y4(t)
for fixed t € R is denoted by

LYA ~:{Z'7a a ’YQEC}

acA
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Remark 3.6. If A = (), the linear spaces are taken as {0}. Further, for the definition of the
linear spaces, wide-sense stationarity is obviously not necessary. As we rely on this assumption
throughout the analysis of (local) causality graphs, we already require it throughout this section

for the sake of simplicity.

Below we discuss properties of the linear spaces from Definition 3.5, noting that these properties
are trivially valid if A = () or B = (). First of all, the linear spaces increase both in the time

domain and in the index set by definition. For example,
Ly, (—00) € Ly,(s) € Ly, (t) € Ly, Lya(t) S Ly (1),

whenever s,t € R, s <t, A C B C V. Furthermore, we give an auxiliary result, which we use
throughout this thesis and which shows that the linear spaces are additive both in the time

domain and in the index set, increasing in time towards a linear limit space.

Lemma 3.7. Let )y be wide-sense stationary and let A,B C V, s,t € R, s < t. Then the
following statements apply:

(a) Ly,(s)V Ly,(s,t) =Ly, (t) P-a.s.

(b) Ly,(s,t)V Ly,(s,t) =Ly, 5(s,t) P-a.s.

(¢) Lys()V Lyg(t) = Ly (t) P-aus,

(d) Unen Ly, (n) = Ly, P-a.s.

Proof. Let A,BCV and s,t € R, s < t.

(a) First of all, Ly, (s) C Ly, (t) and Ly, (s,t) C Ly, (t) hold by definition of the linear spaces.
Hence, we have Ly, (s) + Ly, (s,t) C Ly, (t), since Ly, (t) is a linear space. As Ly, (¢) is closed,
the first direction Ly, (s) V Ly,(s,t) C Ly, (t) follows. For the opposite subset relation, let
Y4 e ly,(t). Then there are coefficients 7,,; € C and time points —oco < t; < ... < t, <,
n € N, such that P-a.s.

YA = zn: Z WQ,iYa(ti) = Z Z 'Ya,iYa(ti) + Z Z 'Ya,iYa(ti)

i=1a€cA ti<sacA ti>sacA

S gyA (8) + ﬁYA (8, t) - EYA (8) V ﬁyA (8, t).

Therefore, fy,(t) C Ly,(s) V Ly,(s,t) is valid. As Ly,(s) V Ly, (s,t) is closed, the relation
Ly, (t) C Ly,(s)V Ly, (s,t) follows.

(b,c) If one decomposes the elements of ¢y, ,(s,t) and ly, ,(t), respectively, in the index set
instead of in the time domain, the proof is very similar to the proof of (a) and is therefore
skipped.

(d) First, Ly,(n) € Ly,, n € N, applies by definition. Hence, we have m C Ly,, as
Ly, is closed. For the opposite subset relation, let Y4 € ¢y,. Then there are again coefficients

Ya,i € C and time points —oo <t < ... <t < oo, m € N, such that

m
Ya=> Y vaiYalt:) P-as.

i=la€cA
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Therefore, for some ng > t,, ng € N, we have Y4 € Ly, (t) € Ly, (n0) € Upen Ly, (7). Hence,
Uy, € Unen Ly, (n) and Ly, € Upen Ly, (1), as Upen Ly, (n) is closed. [ |

Now, given the intersection property (C5) in Lemma 3.3, we prove that all linear spaces used
in this thesis are separable for a wide-sense stationary and mean-square continuous process Vy .
Note that instead of the continuity in the mean square, it is sufficient to assume that the right

and left limits in the mean square exist (cf. Cramér, 1961, Lemma 1).

Lemma 3.8. Let Yy be wide-sense stationary and mean-square continuous. Further, let A CV,

s,t €R, s <t. Then Ly,, Ly,(t), and Ly, (s,t) are separable.

Proof. Let ACV and s,t € R, s < t. We refer to Cramér (1961), Lemma 1, for the proof of ¢y,
being separable. If My is a countable dense subset of ¢y, it is also a countable dense subset of
Ly, , which can be explained as follows. Let Y € Ly, be the limit in the mean square of a sequence
Y, € ly,, n € N, and let € > 0. Then there exists some ng € N such that [|[Y —Y,[|;2 < /2 for
n > ng. Furthermore, we can chose my € M4 such that ||Y,, — mal|z2 < €/2, since M4 is dense
in ¢y,. Then

1Y =mallpz <Y =Yoo llp2 + (Yo = mallz <e.

Thus, M4 is a countable dense subset of Ly, and Ly, is separable. Similarly, we obtain that
Ly, (t) and Ly, (s,t) are separable using, e.g., PﬁyA(t)MA and PLYA(s,t)MA as countable dense
subsets of Ly, (t) and Ly, (s,t), respectively. [

Furthermore, in view of the intersection property (C5) again, we require that Ly, (t) and Ly, (¢)
are conditionally linearly separated by Ly, (t) for t € R and disjoint subsets A, B,C C V. This
assumption is a lot more intricate because it is very abstract and difficult to verify. In order to

understand conditional linear separation more clearly, we introduce a first sufficient criterion.

Lemma 3.9. Let Yy be wide-sense stationary and let t € R. Suppose that, for all A, B CV
with AN B =), we have

['YA (t) N EYB (t) = {0} and ,CYA (t) + EYB (t) = 'CYA (t) \Y [,yB (t) P-a.s. (32)
Then, for all disjoint subsets A, B,C CV, we get
‘CYAUC (t) N EYBUC (t) = /:’Yc (t) P-a.s.

Proof. Let t € R and A, B,C C V be disjoint subsets. Then Ly, (t) C Ly, . (t) N Ly, (t) is
immediately true. For the second subset relation Ly, . (t) N Lyg (t) C
Y € Ly, . (t) N Ly, . (t). Then assumption (3.2) provides

Ly, (t), suppose that

Y €Ly, (t) = Ly, (t) + Ly, (t) and Y € Lype (t) = Ly (t) + Ly, (t).

Therefore, there exist Y4 € Ly, (t), ZB € Ly, (t), and Y¢, Z% € Ly_(t), such that we have
Y =YA44YY =28 4 Z€ P-as. This equality yields
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YA 7zB=7°-Y% € Ly, ,(t)N Ly, (1),
where Ly, ,(t) N Ly, (t) = {0} P-a.s. by assumption (3.2). Finally,
YA =278 ¢c Ly, (t)N Ly, (t) = {0} P-as.,
where we apply assumption (3.2) again. As claimed, Y =Y € Ly, (t) P-a.s. |

The first assumption in (3.2) is the linear independence of the two linear spaces. The second
assumption is the closedness of the sum. It makes little sense to formulate these two properties
as assumptions on Yy, as they are still too abstract and difficult to verify. Therefore, we aim to

provide an easy-to-use criterion.

The problem of the linear independence and closedness of the sum of a pair of subspaces is the
subject of numerous publications, see, e.g., Feshchenko (2012), Hongke (2008), Schochetman,
Smith, and Tsui (2001), and the literature therein. According to Proposition 2.3 by Feshchenko

(2012), an equivalent characterisation of (3.2) is the existence of an € > 0, such that

2
L2

for all YA € Ly, (t), YP € Ly, (t), t € R, and disjoint subsets A, B C V. Replacing Y4 and

Y8 with their spectral representations (2.1) leads to a sufficient and manageable condition

PRl L

ey e ()

constraining the spectral density function fy; v (A), A € R, of processes Vy .

Assumption 3. Suppose that Yy has a spectral density function fy, vy, (A\) >0, A € R, and that
there exists an 0 < € < 1, such that

das(N) = FravaON) ™2 fravs V) Frave V) " frava W frava(N) 2 < (1 - )L,
for almost all A € R and for all non-empty disjoint subsets A, B CV, #A = «.

For A = {a}, the function dgp(\), A € R, is called multiple coherence and we refer to Koopmans
(1964a, 1964b) and Goodman (1963) for further reading. Assumption 3 is satisfied, e.g., for
most Ornstein-Uhlenbeck processes, MCAR processes, and even most state space processes (for
details see Chapters 8 and 9). Assumption 3 seems to be a reasonable assumption and is indeed

sufficient for conditional linear separation.

Proposition 3.10. Let Yy be wide-sense stationary, mean-square continuous, and satisfy
Assumption 8. Then, for allt € R and disjoint subsets A, B,C C V, we have

‘CYA (t) N ‘C’YB (t) = {O}v ‘CYA (t) + ‘CYB (t) = ‘CYA (t) v ‘CYB (t)’

and

Ly, ,c(t) N Lyy o(t) = Ly (t) P-a.s.
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Proof. Let A, B C V be disjoint with #A4 = « and #B = (. First, according to Assumption 3,
there exists an 0 < € < 1, such that

fYAYA (A)_l/QfYAYB ()\)fYBYB (A)_lfYBYA(A)fYAYA ()‘)_1/2 < (1 - 5)Ia

for almost all A € R and hence,

(1 =€) fravaN) = frave (N fraye (A ™ frpya (D) >0

for almost all A € R. If we choose 0 < & < 1, such that (1 — £)% = (1 — ¢), we obtain

(1- g)fY,alYA (A) — TYavs (M) (1= g)fYBYB ()‘))71 fYBYA(A) >0

for almost all A € R. Since (1 — &) fy,y;(A) > 0, Bernstein (2009), Proposition 8.2.4, provides

((1 - g)fYAYA ()‘) fYAYB ()‘) > >0
fyeva(A) (1= fyevy(N)) —

respectively,

(fYAYA()\) fYAYB()‘)>>g<fYAYA(>\) Oaxp > (3.3)
FyvevaN)  frevs(N)) Opxa  frpyvs(A) '

for almost all A € R. With this preliminary work, we can now provide the actual proof of the
assertion. So let YA € Ly, (t) and YP € Ly, (t), t € R. Then, we have Y4 € Ly, and Y € Ly,..
Due to Rozanov (1967), I, (7.2), the spectral representations

vA = / - e(N)®4(d)) and YB = /_ - Y(A\)Pg(d\) P-as.

—0o0

hold, where ®4 and ®p are the random spectral measures form the spectral representation
(2.1) of the subprocesses Y4 and Yg. Furthermore, () € C1*® and (\) € C'*8 X € R, are

measurable vector functions that satisfy
[ e et dd <00 and [ 9O frava(NPO) dA < o,

Using relation (3.3) and the monotonicity of the integral, we obtain

2 g fyavaN) fravs (M)
2 /_OO (e(A) ¥(N) <fYBYA(>\) fYBYB()\)

~ e fYAYA(A) OOCXB TN o
=2 [ (e wm)( o fYBYBu)) (e o) A

2
2]’

e

) (V) w(N) dA

(I +
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Then Feshchenko (2012), Proposition 2.3, provides that, for ¢t € R,
»CYA (t) N ‘CYB (t) = {0} and LYA (t) + ﬁyB (t) = EYA (t) V ‘CYB (t) P-a.s.
Thus, Lemma 3.9 yields the final statement Ly, . (t) N Ly, . (t) = Ly, (t) P-a.s. [

The wide-sense stationarity, mean-square continuity, and Assumption 3 now ensure, as desired,
that the conditional orthogonality relation satisfies the property of intersection (C5)in Lemma 3.3

for suitable linear subspaces. We comment on Assumption 3 and its interpretation below.

Remark 3.11. Assumption 3 is not necessary for (C5) to hold, the conditional linear separation
is sufficient. Furthermore, the proof of Proposition 3.10 remains the same for Y4 € Ly, (s) and
YB € Ly, (t) for s,t € R and disjoint subsets A, B C V. Thus, Assumption 3 even provides

EYA (8) N ['YB (t) = {0} and ,CYA (8) + [’YB (t) = 'CYA (S) \Y 'CYB (t) P-a.s.

Interpretation 3.12. The boundedness d4p(\) < I, is valid without Assumption 3. Indeed,
suppose ®p is the random spectral measure from the spectral representation of Vg in (2.1), then

the spectral density function of

A = Yal) = [ M v O frar () 85 (a)

—0o0

is (cf. Lemma 10.6)

FearpensN) = FravaN) = Frave V) fraye V) frava (V),

and it is non-negative definite according to Lemma 2.4(c). Furthermore, Assumption 3 especially
forbids certain purely linear relationships between the components, which can be seen as follows.
Assume that dap(A) = Io for almost all A € R. Then f., ;e 5(A) = 00 € M(R) for almost
all A € R and thus, ¢, e, ;(t) = 04 for all ¢ € R. Therefore, £4/5(t) = 0 P-a.s. and Ya(t) is
already a linear transformation of Yp. Somewhat loosely, one could say that Assumption 3 not
only forbids a purely linear relationship between Y4 and Yp but already requires some kind of
distance between the subprocesses due to the uniform boundedness. This also fits with Brillinger
(2001), equation (8.3.10), who calls the matrix function dap(\), A € [—7, 7], in discrete-time a

measure of the linear association of )4 and Vg at frequency .

Remark 3.13. Eichler (2007) proposes a comparable assumption on the spectral density function,
also with the aim that the property of intersection (C5) is valid for the conditional orthogonality
relation, but for discrete-time processes Zy = (Zy (t))iez. Eichler (2007), equation (2.1), requires

the existence of a constant ¢ > 1, such that the spectral density function satisfies

1
EIk S vaZV()‘) S CIk (34)

for all A € [—m,w]. If this assumption is satisfied, matrix algebra calculations as in the proof of
Lemma 8.6 yield that for any disjoint subsets A, B C V
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1 1
EIa Z CfoZAZA()\).

fZAZA ()‘) - fZAZB ()‘)fZBZB()‘)ileBZA()‘) >

Thus, for A € [—7, 7], Assumption 3 is satisfied with ¢ = 1/c2. However, we point out that
we cannot generalise his assumption directly to continuous-time processes by assuming (3.4) in
continuous-time for almost all A € R. This requirement is too strict and is not even met for

simple Ornstein-Uhlenbeck processes, as we can see in the following example.

Example 3.14. Let )y be a two-dimensional causal Ornstein-Uhlenbeck process (cf. Re-

mark 2.21), such that the driving two-dimensional Lévy process satisfies Assumption 1 and that

A:<_3 1) and zL:<1 1/2>.
1 -3 1/2 1

The eigenvalues of fy; v, () are

is specified by

1 3

)\1()\) = m and )\2()\) = m

Both eigenvalue functions tend to zero for A — +o0o. Furthermore, due to Bernstein (2009),
Lemma 8.4.1, we have

1 3

], = . < < —
An (AZ T 16) I2 )\mzn()\)IQ >~ vaYV ()\) >~ )\max()\)l2 An

— .
A2 +4)7°

Therefore, we can not find a positive uniform lower bound 1/c¢ I for all A € R. Nevertheless,
straightforward calculations provide that
0+ 22)? 1

<1-—-.

fY1Y2 (A)fY2Y1 ()‘) _ ()‘2 + 22)2 (
40+132°= " 5

fY1Y1 ()‘)szY2(>‘) B 4()‘2 + 13)2

<

Since this expression is symmetric under the interchange of the index sets, we have examined
all the functions required to be bounded. Thus, Assumption 3 is satisfied with the explicit
bound ¢ = 1/5. In Section 8.2, we show more generally that Assumption 3 is satisfied for
Ornstein-Uhlenbeck processes with o(A) C (—o00,0) + iR and 37 > 0.

For the proof of the global AMP Markov property for our causality graph, we need another as-
sumption about the linear space of the remote past of the process, which we introduce at this point.
Any process that is wide-sense stationary can be uniquely decomposed in a deterministic and a
purely non-deterministic process, that are mutually orthogonal (Gladyshev, 1958, Theorem 1).
From the point of view of applications, deterministic processes are not important. Therefore, it

is reasonable to assume that the given process is purely non-deterministic.
Assumption 4. Let Yy be purely non-deterministic, that is Ly, (—oo) = {0} P-a.s.

Loosely speaking, we may say that any information present in the process must have entered

as a new impulse at some instant in the past (Cramér, 1971, p. 7). From another viewpoint, a
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process being purely non-deterministic means that the prediction of the infinitely removed future

only consists of the knowledge of the mean, i.e.,

lim. P

h—o0 Lvy

(t)Ya(t + h) =0 P-a.s. (35)

for all a € V and t € R (Rozanov, 1967, III, Theorem 2.1). Further necessary and sufficient
conditions for processes being purely non-deterministic can be found, e.g., in Gladyshev (1958),
Theorem 3, Rozanov (1967), 111, Theorem 2.4, and Matveev (1961), Theorem 1.

Finally, we can deduce the following property from Assumptions 3 and 4, that stands in analogy
to assumption (M) on o-fields in Eichler (2012) and equation (2.4) in Eichler (2001). This is the
property we require for the proof of the global AMP Markov property for the causality graph.

Lemma 3.15. Let Yy be wide-sense stationary, mean-square continuous, and satisfy Assumptions
3 and 4. Further, let ACV andt € R. Then

N (Lvat =)V Ly, (1) = Ly () P-aus. (3.6)
keN

Proof. Let t € R and A C V. Obviously, the subset relation O is valid. For the subset relation
C, suppose that

Ve () (Lvalt=k)V Ly, (1)
keN

Then Y € Ly, (t — k) V Ly, ,(t) = Ly, (t — k) + Ly, ,(t) for k € N due to Assumption 3 and

Proposition 3.10, respectively. Hence, there exist Y;ﬁ‘ p € Ly, (t —k) and Y;‘:}f‘ € Ly, (t), such

that Y = Yf_‘k + YX}CA P-a.s. for k£ € N. Furthermore,

A A
YA - vA =y v e Ly, (- 1) N Ly, (- 1) = {0} P-as.

due to Proposition 3.10 again. Therefore,
YA =YA €Ly, (t—1)NLy,(t—k) =Ly, (t—k) C Ly, (t—k) P-as.
Since k € N is arbitrary and due to Assumption 4

YA € () Ly, (t — k) = Ly, (—00) = {0} P-as.
keN

But then, as claimed, Y = YX}A € Ly, 4 (1) P-as. [ |
Remark 3.16. Assumptions 3 and 4 are not necessary assumptions for the global AMP Markov
properties for the causality graph to hold, but are easier to verify. Sufficient and weaker

assumptions are the conditional linear separation and relation (3.6).



CHAPTER 4

DIRECTED INFLUENCES: (GRANGER CAUSALITY CONCEPTS

In this chapter, we study Granger-causal influences between components of multivariate processes
Vv = (Yy(t))ter in continuous time. In discrete time, it is common to say that a component
Z, = (Z4(t))1ez is Granger non-causal for another component 2, = (Zy(t)):ez if the prediction of
Zp(t + 1) based on the (linear) information available at time ¢ provided by (Zy (s))s<¢ is equal to
the prediction of Zp(t + 1) based on the reduced (linear) information provided by (Zy\ (4}(5))s<t-
We transfer this approach to the continuous-time setting. For this purpose, we need to specify
the objects that are the continuous-time counterpart of the random variable Z(t 4 1), since there
are no fixed time steps in continuous time. We further restrict ourselves to linear Granger-causal
influences and introduce different concepts of Granger causality. We emphasise that Granger
causality has a temporal order, the cause always precedes the effect. The concepts are therefore
directed and we are going to apply them to define the directed edges in the (local) causality
graph in Chapter 6.

We structure the chapter at hand as follows. In Section 4.1, we define Granger causality by
considering the prediction of Y;(¢+ h) on the entire time interval 0 < h < 1. Then, in Section 4.2,
we discuss the limiting case h — 0. In Section 4.3, we study global Granger causality, i.e., the
prediction of Y3 (¢t + h) for the entire future h > 0. Finally, in Section 4.4, we examine relations

between the different concepts.

4.1. GRANGER CAUSALITY

A first approach to Granger causality is the direct continuous-time counterpart to Definition 2.2
by Eichler (2007), considering a conditional orthogonality relation of linear spaces on the time
interval 0 < h < 1.

Definition 4.1. Let )y be wide-sense stationary and let A, B C S CV, ANB = (. Then Y, is
Granger non-causal for Yp with respect to Vg if and only if, for all ¢ € R,

Ly, (t,t+1) L Ly, (t) | ‘CYS\A (t).
We write Y4+ VB | YVs.

Note that we are studying Granger causal relations between subprocesses of )y, so A and B are

taken to be non-empty. We present equivalent characterisations of Granger non-causality.
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Lemma 4.2. Let Yy be wide-sense stationary and let A, B C S CV, AnNB = (. Then the

following statements are equivalent:
(a) Ya—+>Vp | Vs,
(b) Ly, (t+1) L Ly, (t) ] Lyg 4 (t) for allt € R,
(¢) byy(t,t+1) Ly, (1) [ Lyg 4(t) for allt €R,
(d) Ly,(s) L Ly, (") [ Lyg 4(t) foralla€ A, be B, t<s<t+1, s <t andt €R.

Proof. Let AABC S CV with ANB = .
(a) = (b):  Suppose that Y4 ++Vp | Vs. That is, Ly, (t,t +1) L Ly, (t) | Lyg, ,(t) for all t € R.
Step 1: Let YB € Ly, (t,t + 1). Then, we obtain on assumption that, for Y4 € Ly, (t),

B B
E [(Y - Pﬁys\A(t)Y > (YA - PﬁYS\A(t)YA>] = O

Step 2: Let YP € Ly, (t). Then YB ¢ Lyg ,(t) and we obtain that PﬁyS\A(t)YB =Y?%, such
that, for Y4 € Ly, (¢),

E

B B
(Y ~ Py Y ) (YA -~ PgYS\A(t)YAﬂ =0.

Step 3: Let YP € Ly, (t+1). We receive Ly, (t+1) = Ly, (t)V Ly, (¢, t+1) due to Lemma 3.7(a).
Therefore, there exists a sequence Y,? € Ly, (t) + Ly, (t,t + 1), n € N, such that we have

lim, o0 |[YZ — Y,B||;2 = 0. Lemma 3.1(c) provides

=0.
L2

lim ‘
n—oo

B B
Pryg Y7 = Pry,  ¥n

Together with relation (3.1), we obtain, for Y4 € Ly, (t),

B B
E [(Y - PﬁYs\A (t)Y > <YA - PEYS\A (t)YA)]
. B B
= nh_I}IQloE [<Yn — P’CYS\A (t)Yn ) (YA — PﬁYS\A(t)YA)] .

Since Y,B € Ly, (t) + Ly, (t,t +1), n € N, and by Step 1 and Step 2, the right-hand side is zero.
So the left-hand side is also zero. Finally, Ly, (t +1) L Ly, (t) | Lyg, ,(t) is valid for all t € R.

(b) = (a):  Suppose that Ly, (t +1) L Ly, (t) | Lyg, ,(t) for all t € R. Because of the subset
relation Ly, (¢, +1) C Ly, (L +1), it follows that Ly, (¢, +1) L Ly, (t) | Lyg, ,(¢) for all £ € R.

Similarly, we can conclude by subset arguments that (a) = (c¢) and (c¢) = (d).

(c) = (a): Suppose that ly, (t,t + 1) L by, (t) | Lyg, ,(t) for all t € R. Let YB e Ly, (t,t+1).
Then there exists a sequence Y,? € fy, (¢,t + 1), n € N, such that lim, o |YZ — Y,B||;2 = 0.
For Y4 € ly, (t), Lemma 3.1(c) and relation (3.1) yield
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B B
E KY ~ Pry Y ) <YA _ PEYS\A(t)YA)]

BT B B A A
= nh—>H(;loE [(Yn — PﬁYS\A(t)YTL ) <Y — PLYs\A(t)Y )] .

We apply the assumption (c) to obtain that the expression on the right-hand side is zero. In

conclusion, Ly, (t,t +1) L by, () | Lyg () for all t € R. In a second step, one can show
analogously that Ly, (t,t +1) L Ly, (t) | Lyg ,(t) for all t € R.

(d) = (c):  Suppose that Ly, (s) L Ly,(s) [ Lyg 4 (t) foralla € A, b€ B, t <s <t+1,
¢ <t,andteR. Let YE € ly,(t,t +1). Then there are coefficients 73, € C and time points
t<t; <...<t, <t+1,ne€N, such that

yB = Z Z W,iYs(ti) P-as.
i=1beB

For Y* € Ly, (s"), we obtain by Lemma 3.1(b) and by linearity of the expectation that

B B a a
E KY - Pry @Y > (Y - Pry @Y ﬂ

n

=22 Wi [(Yb(ti) - PLYS\A(t)Yi)(ti)> (Ya - Pﬁys\A(t)yaﬂ :

i=1beB

Finally, we apply assumption (d) to obtain that the expectation on the right-hand side is zero.
Thus, by, (t,t+1) L Ly, (s') [ Lyg, 4 (t) for alla € A, ' <t, and ¢ € R. In a second step, one can
show analogously that ly, (.t +1) L by, (t) | Lyg ,(t) for all t € R. |

Remark 4.3. The characterisation in Lemma 4.2(b) is similar to Definition 2.2 by Eichler
(2012), which uses conditional independence instead of conditional orthogonality. The other
characterisations are useful for verifying Granger non-causality. Furthermore, it is obviously

always possible to just rewrite one of the linear spaces, that is, for example,

Ya+rYp|Vs & Ly(t+h) LLy,(t)]Lys,(t) YbeB, 0<h<1 teR,
= LYB<t+h)J—£YA<t)‘£YS\A(t) VO<h<I1,teR.

The former relation provides another natural way to define Granger non-causality as a direct
counterpart to Eichler (2012).

From the characterisations derived so far, the idea of Granger non-causality as an equality of
two predictions, as given, for example, in the introduction and Dufour and Renault (1998) for

discrete-time processes, is not yet clear. Therefore, we provide another characterisation.

Theorem 4.4. Let Yy be wide-sense stationary and let A B C S CV, ANB = 0. Then
Y4+ Vg | Vs if and only if, for allbe B, 0 < h <1, andt € R,

Pry Yot +h) = Pr,  Yo(t +h) P-as.
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Proof. Due to Proposition 2.4.2 by Lindquist and Picci (2015), Ly, (t,t +1) L Ly, (?) | Lyg, ,(t)
is equivalent to Pp, (t)YB = PEYS (t)YB P-a.s. for all YZ € Ly, (¢,t +1). Due to the linearity

\A
and continuity of orthogonal projections, see Lemma 3.1(b,c), this statement is in turn equivalent

to Pry )Ys(t +h) = PEYS\A(t)Yb(t +h) P-as. forallbe B,0<h<1,and t € R. ]

In other words, the linear information provided by (Ya(s))s<: can be forgotten without any
consequences for the linear prediction of Yp(t + h) on the time interval 0 < h < 1. The
characterisations in Lemma 4.2 and Theorem 4.4, furthermore, provide important properties of

Granger non-causality. First, in Lemma 4.2(d), we implicitly show that

Va+Vp|YVs & Va+W|YVs VbeB. (4.1)

We now discuss the transition from the subset A to the individual elements a € A.

Proposition 4.5. Let Yy be wide-sense stationary and let A BCSCV, ANB=1{. Then

Va+ Vs |Vs = VamW|Vs YVacA beB. (4.2)

If Vv is additionally mean-square continuous and satisfies Assumption 3, then

yA—/—>yB]y5 = ya—/—)yb|ys VaEA,bGB. (43)

Proof. For relation (4.2), assume that Y4 ++ Vp | Vs. Because of Theorem 4.4, we obtain that
PLYS(t)Yb(t +h)= PEYS\A(t)Yb(t + h) P-a.s. forallbe B,0 < h <1, and t € R. Together with
Lemma 3.1(a), it follows that, for alla € A, b€ B,0 < h <1, and t € R,

Pryg oY1) =Py Py Yot +0) = Fry  )Pry, Yot +1)

=P t)Yb(t +h) = PLYS (t)%(f +h) P-as.

Yoyal

Due to Theorem 4.4, that is Y, ++ ), | Vs for all a € A and b € B.

For relation (4.3), assume that ), 4 )} | Vs for all a € A, b € B. Then, we receive, due to

Theorem 4.4, that Pr, ) Yy(t +h) = PEYS\{ }(t)Yb(t +h) P-as. forallae A,be B,0 < h <1,
and ¢t € R. This equality implies that

Pry Yot +h) € Ly, (1) VaeA
Now, from Proposition 3.10, we conclude that

PLYS (t)Yb(t +h) € m ‘CYS\{G} (t) = ‘CYS\A (t),
acA

implying, due to Lemma 3.1(a), that

PﬁYS (t)Y;)(t +h)= PLYS\A(t)PEYS (t)YE)(t +h) = PEYS\A (t)}/b(t +h) P-as.

forallbe B, t € R, and 0 < h < 1. We apply Theorem 4.4 and obtain Y4 - Vg | Vs. [ |
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Remark 4.6. The assumption of wide-sense stationarity is, of course, not necessary for the
definition and characterisation of Granger causality. However, it is relevant for relation (4.3),

which requires Proposition 3.10, hence Assumption 3, and in turn wide-sense stationarity.

4.2. LOCAL GRANGER CAUSALITY

Florens and Fougere (1996), Definition 2.1, and Comte and Renault (1996), Definition 1, take a
different approach to defining Granger causality in continuous time, using conditional expectations
instead of orthogonal projections and generated o-fields instead of generated linear spaces as
information sets. Comte and Renault (1996), Definition 2, further define a local version of
Granger causality in the context of semi-martingales. In their Proposition 1, the authors relate
this concept to the definition of Renault and Szafarz (1991), who study first-order stochastic
differential equations. Instead of considering the whole time interval 0 < A < 1, Comte and
Renault (1996) examine the transition A — 0 and, to get non-trivial limits, they use difference
quotients. The authors also note that the highest existing derivative of the process must always be
examined in order to obtain a non-trivial criterion. Therefore, in the style of their characterisation
of local Granger causality and our Theorem 4.4, we define the following linear version of local

Granger causality.

Definition 4.7. Let )y be wide-sense stationary. Suppose that ), is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist for v € V. The j,-derivative is denoted
by DUy, where, for j, = 0, we define DO, = ),. Further, let A BC SCV, ANB = .
Then Y4 is locally Granger non-causal for Yp with respect to Vg if and only if, for all b € B and
teR,

. DUDY,(t + h) — DUpY,(t)
l.}lL._%. Pﬁys(t) ( N
) DUDY,(t + h) — DUbY,(t)
= 1}1L_I>I(1) PLYS\A (t) ( h P-a.s.

We write Y4 0 VB | Vs.

Remark 4.8. Since ), is by assumption not (j, + 1)-times differentiable, the L2-limit of
(DY (t + h) — DYy (t))/h does not exist. However, it is still possible that the L2-limits of

DUDY,(t + h) — DUDY,(t) DUDY,(t + h) — DUDY,(t)
Pﬁys(t) ( h and P[:YS\A(t) h

exist, and only then local Granger non-causality is possible. In Chapters 8 and 9, we develop

that for causal MCAR processes and ICCSS processes these limits indeed exist.

In the following lemma, we relate local Granger non-causality to a kind of local conditional

orthogonality relation, in analogy to Definition 4.1 of Granger non-causality.
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Proposition 4.9. Let )y be wide-sense stationary. Suppose that Y, is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist for v € V.. Further, let AJB C S CV,
AN B =0. Then Ya Vg | Vs implies that, for allb € B, t € R, and Y4 € Ly, (1),

1 - .
}Lg% - E l(D(Jb)Yb(t +h)— PEYS\A (t)D(]b)Yb(t + h)> <YA _ P['YS\A(t)YA>‘| = 0.

Proof. The assumption Y4 -+ Vg | Vs states that, for all b € B and ¢t € R,

DYy (t + h) — DUY (1)
vg (t) h

. DUDY,(t + h) — DUpY,(t)
= l.}lbir(l]. P‘C’YS\A(t) ( Y P-a.s. (4.4)

Let b€ B,t € R, and Y4 € Ly, (t). Then DU)Yy(t + h) — PEYS(t)DUb)Yb(f +h) € Ly, (t)* and
YA€ Ly, (1), so

1 ; ) -
E (DY, + ) = Pr, oy DYyt + ) YA] =0,

Adding and subtracting PEYS\A(t)D(jb)Y},(t + h) in the first factor and forming the limit gives

. 1 . ‘ -
" (h . KD(%)YE’@ +h) = Pryg  DYilt £ h>) YA} (4.5)
1 , | -
+ E E |:<P£YS\A(t)D(Jb)Y}7(t + h) — PEYS(t)D(jb)YE)(t + h)) YA:|> =0.

In the second summand, we apply Remark 2.9, i.e., DU)Y,(t) € Lyg 4(t) C Lyg(t) to get the
difference of the two orthogonal projections from relation (4.4). Then the relations (4.4) and
(3.1) imply that the second summand in (4.5) is zero in the limit. So the first summand is zero,

i.e.,

1 . , -
ilzi—>r% - E |:<D(Jb)yl')(t +h)— PL:YS\A(t)D(]b)YZ(t + h)) YAl — 0.

Further, DU Y, (t + h) — PEYS\A(t)D<J‘b>Yb(t +h) € Ly, ,(t) and PEYS\A@)YA € Ly, ,(t) give

1 . . -
+E KDWYb(t +h) = Py oDUYi(t+ h)) Pry Y| =0.
Adding the limit, the last two equations yield, as claimed,
o1 : )
Jim  E [(DWYZ)(t H) = Pry DY+ m)) (YA~ PEYS\MYA)] =0. =
Remark 4.10.

(a) The converse direction requires additional assumptions about linear spaces that go beyond

the scope of this thesis. While the relation in Proposition 4.9 could also define a local
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concept of Granger non-causality, Definition 4.7 better captures the idea of Granger non-
causality as the equality of two projections. Moreover, this definition is consistent with the

literature.

(b) To see the similarity of Proposition 4.9 to Definition 4.1, we recall that Y4 - Vg | Vg if
and only if, forallbe B,0 <h<1,t€ R, and Y4 € Ly, (t),

E l(Yb(t Fh) = Pry Vil + h)) (YA _ PcyS\Aa)YAﬂ _o.
Below, we study properties of local Granger non-causality. First of all, by definition, we receive

Va+0V|YVs & Va+0o|YVs VbeB.

However, as for Granger non-causality, the transition from a subset A to individual elements

a € A is not immediately clear and is covered in the next proposition, requiring Assumption 3.

Proposition 4.11. Let Yy be wide-sense stationary. Suppose that Y, is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist forv e V. Let AABCSCV, ANB = 0.
Then

Va+r0Vp|YVs = Var0W|Vs Vac A beB. (4.6)

Assume additionally that Yy is mean-square continuous and Assumption 3 is satisfied. Then

Va+0Vp|Ys & Va+0dp|Vs VacA beB. (4.7)

Proof. For relation (4.6), we assume that Y4 - Vg | Vs, i.e.,

h—0

DYy (t + h) — DULY (1) ) DYy (t + h) — DUY (1)
v (t) N =Lim Pr, N

P-a.s. for all b € B and t € R. Together with Lemma 3.1(a,c), this equality yields

S < DUDY,(t + h})L _ D(nm(t))
=Lim Pe Py (D(jbm(t + hf)L — D(nm(t))
=lim Pe, 0Py 0 (Dub)Yb(t + hf)L -~ D(nm(t))
P o <D(J‘b)Yb(t + h})l - D(n%(t))

) DUW)Yy(t + h) — DUY (1)
= ].}1_1}’6 PﬁYS(t) ( h ]P)—a.s.

foralla e A, b e B, and t € R. That is, Y, + )V | Vs for alla € A, b € B.
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For relation (4.7), we assume that ), +¢ ), | Vs for alla € A, b € B, i.e.,

) DYy (t + h) — DY (t)
lill—% PﬁYS(t) ( h
) DYy (t + h) — DUY(t)
= l}llg% PﬂYS\{a}(t) ( h P-a.s.

foralla € A, b€ B, and t € R. Since EYS\{E} (t) is closed in the mean-square, we obtain

DUDY,(t + h) — D(jb)yb(t)>

lilzm PEYS (t) ( h S [’YS\{E} (t) Vae A

Proposition 3.10, which requires Assumption 3, yields

lé_ff(l) P € m EYS\{a} (t) = 'CYS\A (t).

a€A

DYy (t + h) — DWY;(t)
Ys( ) h

Together with Lemma 3.1(a,c), it follows that

(D(Jb Yy(t 4+ h) — DUDY(t ))

ylim. Pr

h
_p DUDYy(t + h) — DUbY,(t)
T Evs a5y T Lvs

h
DWYy(t + h) — DUY (1)
N lflli}(l) PLYS\A Y Peys 0 ( h

=lLim. P, P-a.s.

DYy (t + h) — DUY (1)
ho0 - Ersa)

h

for all b € B and t € R. That is, Y4+ VB | Vs.

Finally, we show the left decomposition property of local Granger non-causality, which is important

for the discussion of global Markov properties for the local causality graph in Section 7.3.

Lemma 4.12. Let Yy be wide-sense stationary. Suppose that Y, is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist for v € V. Let A, B,C,D CV be disjoint

subsets. Then, we have

Yaus +*0Yc | Yausucup = Ya—+0dc | Yaucup.

Proof. The assumption Yaup 0 Vo | YauBucup states that, for all ¢ € C and ¢ € R,

<D(jc)Yc(t +h) — D(jc)YC(t)>
) h

Lim. P,
h—0 Ly supucup (t

DUY,(t 4+ h) — DUY,(t)
= l}lL_I>n0 PﬁYCuD(t) ( i P-a.s.

Together with Lemma 3.1(a,c), it follows that
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) DUY,(t 4 h) — DUY,(t)
lfllg(l) PLYAUCUD(t) < h

. DUY,(t 4+ h) — DUY,(t)
= lé_rf(l) PEYAuCuD(t)PEYAuBUCUD ®) ( h

| DUIY,(t+ h) — DUY,(1)
= lli—rf(l) PEYAucuD(t)PEYcuD(t) ( h

) DUY,(t + h) — DUY,(t)
= I}IL—I}%) PLYCUD(t) < h P-a.s.

That is, Ya 0 Yc | Yaucup- u

Remark 4.13.

(a)

4.3.

For Granger non-causality, the left decomposition property applies without elaborate proof,

since Yaup + Yo | Yausucup if and only if, for all ¢ € R,
£YC (ta t+ 1) 1 EYAUB (t) ‘ ‘EYC’UD (t)

The property of decomposition (C2) from Lemma 3.3 and Ly, ,(t) = Ly, (t) V Ly, (t)
imply, for all ¢t € R,

£YC(t7t + 1) ‘L ﬁyA(t) | ‘CYCUD (t)7

which is Y4 -+ Yo | Yaucub-

The right decomposition property of local Granger non-causality, i.e.,

“Ya—+0YBuc | Yaubucup = Ya—+0Y¥s|Vausup”,

is not to be expected. It also applies to Granger non-causality only under additional
conditions, for example, using the graphoid properties (C4) and (C5) from Lemma 3.3.
The lack of right decomposability can be explained as follows: )4 may be (local) Granger
non-causal for Ypuc given Yaupucup, since the corresponding information of V4 is already
present in V. However, if Vo is omitted, there may be a (local) Granger causal influence
of Y4 on Yp. This topic has been addressed, for example, by Didelez (2006) in the context

of directed local independence graphs.

GLOBAL GRANGER CAUSALITY

A third concept of directed influence is to consider Granger causality up to an arbitrary, possibly

infinite, horizon. In discrete time, the concept of global Granger causality goes back to the seminal

work of Sims (1972) and is also called Sims causality. We introduce the following definition

of Granger causality up to a fixed horizon and the definition of global Granger causality as a

counterpart to the discrete-time Definition 4.4 of Eichler (2007), using conditional orthogonality

relations. As usual, we restrict ourselves to linear causal influences between the components.
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Definition 4.14. Let )y be wide-sense stationary and let A,BC S CV, ANB = 0. Then Y4
is Granger non-causal for Vg with respect to Vs up to horizon h, h € R, if and only if, for all
t eR,

Ly (tt+h) L Ly, () | Lyg 4 @)-

We write Y4 -+, Vg | Vs. Furthermore, Yy is global Granger non-causal for Yp with respect to
Vg if and only if, for all h > 0 and t € R,

ﬁyB (t, t+ h) 1 ﬁyA (t) ’ ﬁyS\A (t)

We write Y4 00 VB | Vs-

The analysis of such long-run Granger non-causality relations is a useful complement to under-
standing the relationships between the components of )y . For example, by comparing global
Granger non-causality and Granger non-causality, it is possible to distinguish between long-run

and short-run effects.

Remark 4.15. The characterisations of Granger causality up to a fixed horizon and global
Granger causality are similar to those for Granger causality in Lemma 4.2 and Theorem 4.4,
with analogous proof. Furthermore, analogue relationships as in (4.1) and Proposition 4.5 are

valid. In particular, for h > 0,

Va+nYVp|Vs & Ly(s) L Ly, (s') | Lyg (1)
Vae A, be B, t<s<t+h,s <t teR,
& Pﬁys(t)%(t +h') = PEYS\A 0 Yo(t + Ry P-as.
Vbe B,0<h <h,teR,
Ya+ocVp|Vs & Ly (s) L Ly, () | Lyg (1)
Vace A, be B, t<s<t+h h>0,5 <t teR,
& PEYS 0 Yo(t + h') = PLYS\A 0 Yo(t + n') P-as.

Vbe B, 0<h <h, h>0,tcR.

These characterisations allow, as usual, for an interpretation of the Granger non-causality concepts

as an equality of linear predictions.

For global Granger causality, there is one more natural characterisation that emphasises the

global perspective and provides another natural way to define the concept.

Lemma 4.16. Let Yy be wide-sense stationary and let A B C S CV, AnNB = 0. Then
VA 00 VB | Vs if and only if, for allt € R,

Lyg(t,00) L Ly, (1) | Ly, (1)
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Proof. Suppose that Y4+ Vp|YVs. That is, due to Remark 4.15, equivalent to the conditional
orthogonality relation Ly, (s) L Ly,(s') | Lyg ,(t) foralla € A, b€ B, t < s <t+h, h >0,
s’ <t and t € R. This statement is the same as Ly,(s) L Ly, (s') | Lyg ,(?) for all a € A,
be B,s>t, s <t and t € R. The latter conditional orthogonality relation is equivalent to
Lyy(t,00) L Ly, ()| Lyg 4 (t) for all t € R, as in the proof of Lemma 4.2. [

4.4. RELATIONS BETWEEN THE GRANGER CAUSALITY CONCEPTS

Given the similarity of the different definitions of Granger causality, we expect relations between
the different concepts. Above all, we expect that from global Granger non-causality follows
Granger non-causality, and from Granger non-causality follows local Granger non-causality. In
the following lemma, we address such relationships. We refer to Dufour and Renault (1998),
Eichler (2013), and Kuersteiner (2010) for relations between the different definitions for discrete-

time processes.

Proposition 4.17. Let Yy be wide-sense stationary. Suppose that Y, is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist. Let AyB C S CV, ANB={(. Then the

following implications hold:

(a) YVa+VB|Ys = Va+Vp|JVs.

(b)) Va0 Vs\a Vs < Va+Vs\al|ls.
(c) Ya+Vs\alYVs = Va+Vp|Vs.
(d) Ya—+YVB|JVs = Ya+0VB|YVs.

Proof.

(a) This implication is obvious by definition.

(b) The implication = follows instantly. For the proof of the implication <=, we use mathematical

induction to show that
Lyg ,(t+k) L Ly, (1) Lyg () VEER keN. (4.8)
First, we note that the assumption Y4 -+ Y\ 4 | Vs and Lemma 4.2(b) yield the base case
Lyg o (t+1) L Ly, ()| Lyy ,(t) VEER. (4.9)
Now, replacing t by ¢ + 1 in the induction hypothesis (4.8) gives
Lyg,(t+k+1) LLy,(t+1)[Lyg ,(t+1) VIER.

Since we have Ly, (t + 1) = Ly, (t) V Ly, (t,t + 1) by Lemma 3.7, the property (C2) from

Lemma 3.3 implies

Lyg(t+k+1) L Ly, ()| Ly 4(t+1) VEIER,
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which is, by Lemma 3.7 again,
Lyg ,(t+k+1) L Ly, (1) [ Lyg () V Lyg 4t t+1) VEIER.
This result, the base case (4.9), and the property (C4) yield
Lyg,(t+E+1)V Ly (¢t +1) L Ly, (1) | Lyg 4(t) VEER,
Finally, Lyg ,(t+k+1)V Lyg (¢t +1) = Lyg ,(t + &k + 1) gives the induction step
Lyg ,(t+k+1) L Ly, ()] Lys 4(t) VEER.

To bring the proof to an end, let A > 0 and denote by [h] the upper Gaussian bracket. Then we
have Ly, ,(t+h) C Ly, ,(t + [h]). Relation (4.8), Lemma 3.7, and the property (C2) imply

£YS\A (t + h) 1 ‘CYA (t) ’ EYs\A (t) Vt € R: h 2 07

which is Y4 -+ yS\A | Vs by definition.
(c) This statement follows directly due to (b), B C S\ A, Lemma 3.7, and the property (C2).

(d) Let Ya—+>YVp|Ys. That is Ly, (t+1) L Ly, (1) | Lyg, ,(t) for all ¢ € R due to Lemma 4.2(b).
Then, as in the proof of Theorem 4.4 (cf. Proposition 2.4.2 by Lindquist & Picci, 2015), we have

B B
PLYS (t)Y = PEYS\A(t)Y ]P’—a.s.

for all YP € Ly, (¢t + 1) and t € R. Furthermore, Remark 2.9 provides that, for b € B and
0 < h <1, we have DUDY,(t 4+ h) € Ly, (t + h) C Ly, (t +1). All together yield

Pﬁys(t)D(jb)Yb(t +h) = PﬁyS\A(t)D(j”)YE)(t +h) P-as.

Since, in addition, DU Yy (t) € Lyg 4(t) € Ly, (t) by Remark 2.9 again, we have

D(jb)}/b(t +h) — D(jb)}/l')(t) DU Yy (t + h) — D(J’b)yb(t)
Pryg ) h = Pryg 3 :

Letting h — 0, we receive the statement. |

Remark 4.18. Dufour and Renault (1998), p. 1106, explain the lack of equivalence between
Granger causality and global Granger causality as follows: If there are auxiliary components,
Y4 might not help to predict Vg given Vg one step ahead, but )4 might help to predict Vg
given )Yg several periods ahead. For example, the values of Y4 up to time ¢ help to predict
Ly, (t+ 1,t + 2), even though the values are useless to predict Ly, (¢,t + 1), as Y4 helps to
predict the environment one period ahead, which in turn influences )4 at a subsequent period.
Thus, it is also not surprising that we have equivalence in the case without environment in
Proposition 4.17(b), which applies in particular to bivariate processes, i.e., Yo > Vi | Viap} if
and only if Vo 00 Vo | V{a,p}-
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The similarities and differences between the various definitions of Granger causality can also be
observed in Example 4.19, where we study Ornstein-Uhlenbeck processes. In particular, we find

that, generally, the opposite direction of Proposition 4.17(d) does not apply.

Example 4.19. Let )y be a k-dimensional Ornstein-Uhlenbeck process (cf. Remark 2.21), such
that the driving k-dimensional Lévy process satisfies Assumption 1, 0(A) C (—o0,0) + iR, and
Y1, > 0. For this process, we derive in Corollaries 8.15(b) and 8.24(a) that

VoW | Vv & VamW| v & [A%WM=0 Va=1,...,k—1,
Vo0V Vv & [Alpg=0.

Of course,

ya—Hyb|yV = [Aa]ba:() VQZI,...,k—l = [A]ba:O

= ya _/_)[)yb|yVa

but, generally, the opposite direction does not hold only if, for example, A is a diagonal matrix. It
is clear from the example that the definition of Granger non-causality is much stronger than the
definition of local Granger non-causality. In general, there is no equivalence. However, Granger
non-causality and global Granger non-causality are equivalent for Ornstein-Uhlenbeck processes,

and the case in Remark 4.18 does not occur.






CHAPTER D

UNDIRECTED INFLUENCES: CONTEMPORANEOQOUS
CORRELATION CONCEPTS

Although the main interest is usually in Granger causality, it is also fruitful to think about
undirected relations between components of multivariate processes Yy = (Yy (t))ier in continuous
time. One such approach is the concept of contemporaneous correlation. In discrete time, two
components Z, = (Z,(t))tcz and 2 = (Zp(t))tez are contemporaneously uncorrelated if and only
if, given the amount of information provided by (Zy (s))s<¢, the random variables Z, (¢t + 1) and
Zp(t + 1) are uncorrelated. To adapt this approach to the continuous-time setting, we restrict
ourselves to linear influences, and we have to specify the objects corresponding to Z,(t + 1) and
Zp(t + 1) in continuous time. In doing so, we introduce various concepts of contemporaneous
correlation. We also give characterisations of our definitions both via the conditional orthogonality
relation and via the equality of orthogonal projections. Note that the term undirected means
that there is no temporal order, as opposed to Granger causality. We will therefore use these

concepts to define the undirected edges in our (local) causality graph in Chapter 6.

The chapter at hand is structured as follows. First, in Section 5.1, we introduce a definition of
contemporaneous correlation by considering the correlation of the random variables Y, (¢ 4+ h)
and Y,(t + h') on the entire time interval 0 < h,h’ < 1. In Section 5.2, we then discuss the
limiting case, where the size of the time step tends to zero. In Section 5.3, we study global
contemporaneous correlation, i.e., consider the correlation of the random variables on the entire

future h, h’ > 0. Finally, in Section 5.4, we examine relations between the different concepts.

5.1. CONTEMPORANEOUS CORRELATION

Let us start with the first concept of an undirected influence, motivated in discrete time by
Eichler (2007) in Definition 2.2, by considering the entire time interval 0 < h < 1.

Definition 5.1. Let )y be wide-sense stationary and let A,BC S CV, AN B = 0. Then Yy

and Vg are contemporaneously uncorrelated with respect to Vg if and only if, for all ¢t € R,
Ly, (t,t + 1) 1 Ly, (t, t+ 1) | Eys(t).

We write Y4 » Vp | Vs.

Note that again we are studying relations between subprocesses of )y, so A and B are taken to
be non-empty. By analogy with Lemma 4.2, we obtain the following equivalent characterisations.

Since the proof is very similar, it is omitted.
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Lemma 5.2. Let Yy be wide-sense stationary and let A, B C S CV, ANB = (. Then the

following statements are equivalent:
(a) Ya = Vg |JVs,
(b) Ly, (t+1) L Ly, (t+1)|Lys(t) forallt e R,
(c) by, (t,t+1) L by, (t,t+1)| Lyy(t) forallt € R,
(d) Ly,(s) L Ly,(s") | Lys(t) forallace A,be B, t <s,s <t+1, andt € R.

Remark 5.3.
(a) In Lemma 5.2(d), we implicitly show that

VarYp|YVs & Vadp|Vs VacA beB, (5.1)

which is useful for verifying if two subprocesses are contemporaneously uncorrelated. Unlike

for Granger non-causality in relation (4.3), no additional assumption has to be made.

(b) Rewriting Lemma 5.2(d), we obtain that

YaxYp|Vs & Ly, (t+h) L Ly (t+h')| Lys(t)
Vac A be B, 0<h,h <1,teR,
& Ly,(t+h) LLy,(t+1)] Ly, (¢)
VO<hh <1,teR.

The former relation provides another natural way to define contemporaneous correlation as

a continuous-time counterpart to Eichler (2007), Definition 2.2.

(¢) In view of Eichler (2007), Definition 2.2, it is further plausible to define that Y4 and Vg

are contemporaneously uncorrelated with respect to Yg by
LYA(t+ h) L LYB(t+ h) ’ [,ys(t) VO<h<I1,teR.

In this case, however, no global Markov property (cf. Chapter 7) can be shown in the

associated causality graph. The proofs rely heavily on Definition 5.1 and Lemma 3.3.

Similar to Granger causality, a characterisation of contemporaneous correlation can be given as
the equality of two orthogonal projections. The proof is similar to that of Theorem 4.4 and we
skip the details.

Proposition 5.4. Let )y be wide-sense stationary and let A, B C S CV, ANB =10. Then
Ya = Vg | Vs if and only if, for allb e B, 0 < h <1, andt € R,

Pry vey, (t+1) Yo(t + h) = Py, Yot +h) P-as.
Analogously, Ya ~ Vg | Vs if and only if, for alla € A, 0 < h <1, andt € R,

Pry ey, i) Yalt +h) = Pey Yot +h) P-as.
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In other words, the linear prediction of Vg (Y4) in the near future based on Ly, (f) cannot
be improved by adding additional linear information about Y4 (Yp) in the near future. Note
again that the stationarity assumption is not necessary for the definition of contemporaneous
correlation and its characterisations. But it is essential for the relation (4.3), so we always include

the assumption for simplicity.

5.2. LOCAL CONTEMPORANEOUS CORRELATION

So far, contemporaneous correlation is defined by considering the entire time interval 0 < h < 1.
To define a local version of this concept, note that the characterisation of subprocesses being
contemporaneously uncorrelated in Lemma 5.2(b) means that, for any Y4 € Ly, (¢t + 1) and
YB € Ly, (t+1),t€R, we have

E {(YA — P ) (Y2 - Py, (t)YBﬂ = 0. (5.2)

The motivation for the local version is that instead of taking the whole linear spaces Ly, (t + 1),
we use only the highest derivative D(ja)Ya(t + h) for each a € A and consider the limiting case
h — 0, similarly for Ly, (t 4+ 1). For non-trivial limits, we also have to divide by h. Then, we get
the following definition.

Definition 5.5. Let )y be wide-sense stationary. Suppose that ), is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist for v € V. Let A BCSCV, ANB =.
Then V4 and Vg are locally contemporaneously uncorrelated with respect to Vg if and only if,
foralla € A, b€ B, and t € R,

1 . .
lim IE[ (DUYa(t + h) = Pry iy DY Ya(t + 1))

(DUt + B) = Pey DYt + )| =0,

We write Y4 =g Vg | Vs.

Remark 5.6.

(a) By definition, without any additional assumptions, we get

YVawo YplYVs & Voo W|YVs Vac A beB, (5.3)

which is useful for verifying local contemporaneous correlation.

(b) Definition 5.5 is similar to the characterisation of local instantaneous non-causality for semi-
martingales in Proposition 3 by Comte and Renault (1996), using orthogonal projections

instead of conditional expectations and linear spaces instead of o-fields.
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(¢) Due to Remark 2.9, we have Y4 ~¢ Vg | Vs if and only if, for alla € A, b € B, and t € R,

lim E
h—0

DU)Y, (t + h) — DUY,(t) DU)Y, (t + h) — DUY,(t)

. (D(jb)yb(t + h) — DY (1) DUDYy(t + h) — D(jb)yb(t)»]

- P

A sufficient condition in analogy to Definition 4.7 of local Granger non-causality and to the

characterisation of contemporaneous correlation in Proposition 5.4 is therefore

DUDY,(t + h) — DUpY,(t)
Yg (t) \/E

_ DYy (t + h) — DWYy(t)
= 1}1_1’}(1) PL"YS (t)\/[:a(t,t-‘rh) < \/E P—a.S

forall a € A, b € B, and t € R. This statement is shown analogously to Proposition 4.9.

5.3. GLOBAL CONTEMPORANEOUS CORRELATION

Finally, we introduce the concept of contemporaneous correlation up to a fixed horizon and the
concept of global contemporaneous correlation, analogous to Granger causality up to a fixed
horizon and global Granger causality. These concepts make it again possible to distinguish

between short-term and long-term effects.

Definition 5.7. Let )y be wide-sense stationary and let A,BC S CV, ANB =1(. Then Yx
and Yp are contemporaneously uncorrelated with respect to Vg up to horizon h, h > 0, if and
only if, for all t € R,

,CyA (t, t+ h) 1 [’YB (t, t+ h) ‘ ﬁys (t)

We write Y4 =}, Vg | Vs. Furthermore, Y4 and Vg are globally contemporaneously uncorrelated
with respect to Vg if and only if, for all h > 0 and t € R,

Ly,(t,t+h) L Ly, (t,t+h)| Ly (t).

We write Y4 oo VB | Vs.

The usual characterisations of contemporaneous correlation analogous to Lemma 5.2 and Propo-
sition 5.4 apply. Since the proofs are in turn similar to those of Lemma 4.2 and Theorem 4.4,

respectively, they are omitted. In particular, we have
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Ya=n VelYs & Ly,(s) L Ly, (s') | Lys(t) (5.4)
VaceA beB, t<s,s <t+h,tcR,
& Pry vy, ) Yot + 1) = Pry, o Yo(t+ 1) P-as.
Vbe B, 0<h <h, tecR.
Vi Y |Vs e Ly,(s) L Ly, (s") | Lys(t) (5.5)
VacA beB, t<s,ss <t+h, h>0,tcR,
S Pry iy, (terh) Yot +h') = Pry, 0 Yo(t + 1) P-as.
VbeB,0<h <h,h>0,tcR.

Remark 5.8. Because of the relations (5.4) and (5.5), without any further assumptions, we
obtain that, for h > 0,

VYVan Y |YVs & Vaoen | Vs Vac A, be B,
yA”(‘ooyB|yS - ya”cooyb’ys VGEA,bEB.

For global contemporaneous correlation, there is one more important characterisation that
emphasises the global perspective and provides another natural way to define this concept. The

proof is similar to that of Lemma 4.16, using relation (5.5), so we skip the details.

Lemma 5.9. Let Yy be wide-sense stationary and let AL B C S CV, ANB = (. Then
V4 %o VB | Vs if and only if, for all t € R,

Ly, (£,00) L Ly, (£,00) | Ly (8):

5.4. RELATIONS BETWEEN THE CONTEMPORANEOUS CORRELATION
CONCEPTS

Given the similarity of the different definitions of contemporaneous correlation, relationships
between the concepts are expected. Two subprocesses V4 and Vp being globally contemporaneously
uncorrelated given Yg should also be contemporaneously uncorrelated, and two subprocesses YVa
and Vg being contemporaneously uncorrelated given Vg should also be locally contemporaneously

uncorrelated.

Proposition 5.10. Let Yy be wide-sense stationary. Suppose that Y, is j,-times mean-square
differentiable, but the (j, + 1)-derivative does not exist forv e V. Let ABCSCV, ANB ={.
Then the following implications hold:

(a) Ya*e VB|YVs = VYa=Vp|JVs.

(b) Ya~Vp|Vs = Va0 Vp|JVs.

These relations follow by definition, because of Remark 2.9, and the relation (5.2). The similar-

ities and differences between the various definitions also become apparent when we study the
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example of an Ornstein-Uhlenbeck process. In particular, we find that the opposite direction in

Proposition 5.10(b) does not hold in general.

Example 5.11. Suppose that )}, is the Ornstein-Uhlenbeck process from Example 4.19. Then
we derive in Corollaries 8.17(b) and 8.24(b) that

Vikoo VoW & VoW < [AazL(AT)ﬂabzo Va,=0,....k—1,
Va 0 yb|yv & [EL]abZO.

Of course, we obtain that

Yo Dol Vv = [A°SLAT)] =0 Va,B=0,. k=1 = [S],=0
= Va0 M| Iv,

but, generally, the opposite does not hold only if, for example, A is a diagonal matrix. It is clear
from the example that it is much more restrictive for subprocesses to be contemporaneously
uncorrelated than for them to be locally contemporaneously uncorrelated. However, contempora-
neous correlation and global contemporaneous correlation are equivalent for Ornstein-Uhlenbeck

processes.
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DEFINITION OF (LOCAL) CAUSALITY GRAPHS

In this section, we finally introduce our first two graphical models for stationary multivariate
processes Yy = (Yy(t))ier in continuous time. In these graphs, the vertices represent the
different components YV, = (Ya(t))ter, a € V- ={1,...,k}, of the underlying multivariate process.
Furthermore, the vertices are connected by directed and undirected edges, representing concepts
of Granger causality and contemporaneous correlation. Both graphs allow us to visualise and
communicate the corresponding complex dependency structures between the components of the

process Yy simply and clearly, which is an important goal of the definition of the graphs.

In principle, it is possible to define a graph with any of the concepts of Granger causality
and contemporaneous correlation. However, our goal is to define graphs with concepts that
are as strong as necessary, but as weak as possible, so that the usual Markov properties for
mixed graphs are satisfied. In addition, for Ornstein-Uhlenbeck processes and even for MCAR
processes and ICCSS processes, global Granger causality and Granger causality as well as global
contemporaneous correlation and contemporaneous correlation coincide (see Chapters 8 and 9).
For these reasons, we do not discuss a global graph and define the causality graph and the local

causality graph as follows.

Definition 6.1. Let )y be wide-sense stationary, mean-square continuous, and satisfy Assump-
tions 3 and 4.

(a) If we define V = {1,...,k} as the vertices and the edges Ec¢g via
(i) a—b¢ Eca & Yo"Vl Vv,
(i) a---b& Eca & Yo Io|Iv,
for a,b € V, a # b, then Gog = (V, Ecg) is called (mized) causality graph for Yy .
(b) If we define V = {1,...,k} as the vertices and the edges E2 via
(i) a—b¢ Edg < Va0 | v,
(i) a---b& Eq & Yoo Vol Iv,
for a,b €V, a#b, then Go, = (V, EQ() is called local (mized) causality graph for Yy .

In words, in both graphs, each vertex a € V represents one component ),. Two vertices a and b
are joined by a directed edge a — b, whenever ), is (locally) Granger causal for ), with respect
to Yy, and by an undirected edge a --- b, whenever ), and ), are (locally) contemporaneously

correlated given Yy .
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CHAPTER 6. DEFINITION OF (LOCAL) CAUSALITY GRAPHS

Remark 6.2.

()

(b)

The motivation for the name causality graph comes, of course, from the Granger causality
relations in the directed edges, and also from the fact that the concept of contemporaneous
correlation used for the undirected edges is sometimes called local causality. They are
further named mized causality graphs because (local) causality graphs can contain two
types of edges. The orientation of the directed edge makes a difference and multiple edges of
the same type and orientation are not allowed. Thus, two vertices a and b can be connected
by up to three edges, namely a — b, a <— b, and a --- b. Since, usually, we do not consider
purely directed or undirected graphs in the present part of this thesis, we omit the prefix

mixed for ease of notation.

The assumptions are not necessary for the definition of the graphs but are essential for
the usual Markov properties for the graphical models to hold (cf. Chapter 7). Wide-sense
stationarity and continuity in the mean-square are basic requirements, otherwise, for
example, Assumption 3 is not well defined, which is in turn a sufficient assumption for
conditional linear separation and relation (4.3). The relation (4.3) is already used for the
first time in the proof of the local Markov property. Assumption 4 is only required in the
proof of the global AMP Markov property for the causality graph. Since we show global
Markov properties for the local causality graph only in special cases, Assumption 4 is not

necessary there.

From Proposition 4.17 and 5.10, we already know that a — b ¢ Ec implies a — b ¢ EgG
and, similarly, a--- b ¢ Ecq gives a--- b ¢ E2q. In summary, E2, C Ecg. The graph
defined by the local versions of Granger causality and contemporaneous correlation has fewer
edges than the graph G¢oa based on the classical Granger causality and contemporaneous
correlation and, in general, the graphs are not equal. An advantage of the local causality
graph GOCG is that it allows the modelling of more general graphs than the causality graph
Goa, see Remark 8.30.



CHAPTER 7

MARKOV PROPERTIES FOR (LOCAL) CAUSALITY GRAPHS

The (local) causality graph encodes (local) Granger causality and (local) contemporaneous
correlation between the different components of the process )y. Conversely, the resulting
graphs can be associated with a set of conditional orthogonality relations imposed on Yy,
commonly known as Markov properties (cf. Lauritzen, 2004; Whittaker, 2008). These Markov
properties allow, for instance, to infer (local) Granger non-causality and (local) contemporaneous
uncorrelatedness between multivariate subprocesses by analysing certain paths in the graphical
models. They even provide graphical criteria for inferring such relationships between multivariate
subprocesses given only partial information. In this way, the graphical models provide additional
information about dependency structures in subprocesses, which is a desirable property of

graphical models.

In this chapter, we introduce various levels of Markov properties, structured in the following way.
We start with the motivation and validity of the pairwise, local, and block-recursive causal Markov
property for the (local) causality graph in Section 7.1. We then move on to two global Markov
properties, namely the global AMP Markov property and the global Granger-causal Markov
property for the causality graph in Section 7.2. Finally, we discuss global Markov properties for
the local causality graph in Section 7.3.

7.1. PAIRWISE, LOCAL, AND BLOCK-RECURSIVE MARKOV PROPERTY

Let us start with simple Markov properties that we would intuitively expect to be satisfied in
any reasonably defined graphical model. First of all, the (local) causality graph visualises the
pairwise relationships between the components of a process )y by definition. This is the pairwise

causal Markov property.

Proposition 7.1.

(a) Let Gog = (V, Ecq) be the causality graph for Y. Then Yy satisfies the pairwise causal
Markov property with respect to Gog, i.e., for all a,b €V, a # b,

(i) a—b¢ Ecc = YaVy|Vv,
(ii) a-—-b¢ Eca = Ya V| Iv.

(b) Let GLr = (V, E) be the local causality graph for Yyv. Then Yy satisfies the pairwise
causal Markov property with respect to GOC(;.
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Further, in a mixed graph G = (V, E), we denote by
pa(a) ={veV|v—acE} and ne(a)={veV|v---acFE}

the set of parents and the set of neighbours of a € V', respectively. If we then consider a vertex
a € V in the causality graph, all vertices b € V' \ (pa(a) U {a}) are Granger non-causal for
a due to b—a ¢ Ecg, i.e., Yy 7+ Vo | Yv. A direct consequence of relation (4.3) is that
Y\ (pa(a)u{a}) #* Ya | Yy Similarly, for a vertex a € V, all vertices b € V' \ (ne(a) U {a}) are
contemporaneously uncorrelated to a due to b--- a ¢ Ecg, i.e., Y» » YV, | Yv. Relation (5.1)
yields Y\ (me(a)ufa}) * Ya | Vy. These two properties are called the local causal Markov property
for the causality graph. The same reasoning works for the local causality graph, using relations

(4.7) and (5.3) respectively, resulting in the following statement.

Proposition 7.2.

(a) Let Gog = (V, Ecg) be the causality graph for Yy. Then Yy satisfies the local causal
Markov property with respect to Gog, i.e., for alla € V,
(1) Y\(pa(@)o{a}) 7 Ya | Vv,
(1) v\ (ne(a)ufay) * Ya | Vv

(b) Let Gl = (V, E) be the local causality graph for Y. Then Yy satisfies the local causal
Markov property with respect to GOCG.

Remark 7.3. We emphasise that we already use wide-sense stationarity, mean-square continuity,
and Assumption 3 in the application of the relations (4.3) and (4.7), which justifies that we

include the assumptions in the definition of the graph.

Furthermore, in a mixed graph G = (V, E), we denote by

pa(A) = U pa(a) and ne(A)= U ne(a)

acA a€A

the set of parents and neighbours, respectively, of vertices in A C V. Again, we expect components
that are not parents of A to be Granger non-causal for A. Components that are not neighbours of
A should be contemporaneously uncorrelated to A. These two properties are the block-recursive
causal Markov property. The above reasoning for the local causal Markov property carries over,
using again the relations (4.3), (4.7), (5.1), and (5.3).

Proposition 7.4.

(a) Let Gog = (V, Ecg) be the causality graph for Yy. Then Yy satisfies the block-recursive
causal Markov property with respect to Gog, i.e., for all ACV,
(1) Y\ (pa(ayua) > Va | Vv,
(1) v\ (ne(Ayua) * Va | v

(b) Let G = (V,E2y) be the local causality graph for Yv. Then Yy satisfies the block-

recursive causal Markov property with respect to GOCG.
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Remark 7.5. In the (local) causality graph, the three Markov properties are satisfied because of
the assumptions we make. Although we expect these Markov properties to hold in any reasonable
graphical model, this is not self-evident. Eichler (2012) therefore proposes to specify mixed
graphs that satisfy the block-recursive causal Markov property as graphical time series models in
his Theorem 2.1 and Definition 2.3.

Finally, to illustrate the various Granger-causal Markov properties for a (local) causality graph,
we present Example 2.1 of Eichler (2012), which is constructed from a 5-dimensional VAR(1)
process in discrete time. This example can easily be obtained as the local causality graph of an
appropriate 5-dimensional Ornstein-Uhlenbeck process (cf. Proposition 8.28). However, likely, it
cannot be reproduced as a causality graph (cf. Remark 8.30), so this example must be taken as
hypothetical. Since similar causality graphs can be constructed, and because of the illustrative

nature of this example, we include it anyway.

Example 7.6. Let )y be a 5-dimensional process in continuous time, whose associated (local)

causality graph is given in Figure 7.1.

Figure 7.1.: (Local) causality graph for Example 7.6

Since 1-—2 ¢ Ecg (1—2 ¢ E2;) and 2---4 ¢ Ec (2---4 ¢ E2), the pairwise causal Markov
property implies Y1 Y [ Vv (V10 Vo |Wv) and Vo < Vi | Yy (V2 =0 Va|Vv). Moreover, using
the local causal Markov property, it follows that Yy 3 53 =+ )2 | Vv (y{1,3,5} -+ Vo | Yv), since
the vertex 2 has only vertex 4 as a parent. Similarly, y{475} = Vo | Vv (y{4,5} =y Vo | Yv), since
the vertex 2 has both vertices 1 and 3 as neighbours. Finally, the block-recursive causal Markov
property provides Y1 > Vo 43 | Vv (V1 =0 Vioay | Vv), since only vertex 1 is neither in the set
{2,4} nor a parent of vertex 2 or 4. Analogously, Y51 = Y12y | v (Viasy #0 Y2y | ),
since the vertices 4 and 5 are neither in the set {1,2} nor a neighbour of vertex 1 or 2.

7.2. GLOBAL MARKOV PROPERTIES FOR CAUSALITY GRAPHS

The three Markov properties we discussed so far only encode Granger non-causality and contem-
poraneous uncorrelatedness with respect to ). For a better understanding of the dependency
structure of )y, we are also interested in relations with respect to partial information, i.e., the
dependency structure of subprocesses Yo, C' C V. To obtain such relations from the graphical

models, the following approaches are available.

The first approach is based on the notion of m-separation, a path-oriented separation concept in
mixed graphs. Based on this concept, we discuss the global AMP Markov property, which relates
m-separation to conditional orthogonality of linear subspaces generated by subprocesses over

the entire time span. The second approach is based on the concept of augmentation separation,
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which constructs an undirected graph from the mixed graph by augmentation and then considers
classical separation in the resulting undirected graph. This concept leads to the alternative
augmentation separation criterion for the global AMP Markov property. Finally, we introduce the
global Granger-causal Markov property, which provides sufficient criteria for Granger non-causality
and contemporaneous uncorrelatedness with respect to partial information. The graphical criteria
used are less restrictive than the separation requirements in the global AMP Markov property.
Since global Markov properties for the local causality graph require additional assumptions, the

results for the local model are presented in the separate Section 7.3.

7.2.1. GLoBAL AMP MARKOV PROPERTY

We start with the concept of m-separation since the augmentation separation approach is not
straightforward in the sense that the graph is modified during the test. To define m-separation,
we give definitions from graph theory, which can be found in Eichler (2007, 2009, 2012).

Definition 7.7. Let G = (V, E) be a mixed graph and a,b € V. A path 7 between two vertices

a and b is a sequence m = (eq, ..., e,) of edges e¢; € F, such that e; is an edge between v;_; and
v; for some sequence of vertices vg = a,v1,...,0n_1,V, = bin V. We say that a and b are the
endpoints of the path m, while vy, ...,v,_1 are intermediate vertices. We call n the length of .

An intermediate vertex v; on 7 is said to be a collider on the path if the edges preceding and
succeeding v; on m both have an arrowhead or a dashed tail at v;, i.e., — v; —, —v; ---,
-—-v;$—, 0or ---v; --- . Otherwise, the vertex v; is said to be a non-collider on the path. A

path m between a and b is said to be m-connecting given a set C C V if
(a) every non-collider on 7 is not in C, and
(b) every collider on 7 is in C.

Otherwise, we say m is m-blocked given C'. If all paths between a and b are m-blocked given
C, then a and b are said to be m-separated given C. Similarly, sets A, B C V are said to be
m-separated in G given C, denoted by A, B|C [G] if, for every pair a € A and b € B, a and

b are m-separated given C.

The concept of m-separation is the natural extension of d-separation for directed graphs (Pearl,
1994) and the classical separation for undirected graphs (cf. Definition 7.17) to mixed graphs
(Richardson, 2003). It was earlier also called d-separation by Spirtes, Richardson, Meek, Scheines,
and Glymour (1998) and Koster (1999). Since we are considering mixed graphs, which are generally
not directed, we prefer the notion of m-separation. Note that condition (a) in Definition 7.7
differs from the original definition of m-connecting paths by Richardson (2003), and takes into
account that we are considering paths that may intersect themselves, as in Eichler (2007, 2011).
Nevertheless, the concept of m-separation in Definition 7.7 is equivalent to the definition of
Richardson (2003). In contrast, Eichler (2012) uses another natural extension of d-separation,
called p-separation. This concept was introduced by Levitz et al. (2001) for chain graphs and, in

contrast to m-separation, --- v; --- is considered to be a non-collider.
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Now we present the main result, the so-called global AMP Markov property.

Theorem 7.8. Let Gog = (V, Ecq) be the causality graph for Yyv. Then Yy satisfies the global
AMP Markov property with respect to Gog, i.e., for all disjoint subsets A, B,C CV, we have

A >, B | C [Gcg] = ﬁyA 1 ﬁyB | ﬁyc.

In other words, Theorem 7.8 states that if the sets A and B are m-separated given C, the
random variables Y4 € Ly, and YB e Ly, are uncorrelated after removing all of the information

provided by Ly, .

Remark 7.9. Similar statements can be found, e.g., in Eichler (2001), Theorem 4.8, Eichler
(2007), Theorem 3.1, and Eichler (2012), Theorem 4.1. However, the graphs defined in these
references are based on discrete-time edge definitions. The definition of the undirected edges
in Eichler (2012) further differs from our definition. The linear continuous-time analogue of his
definition is Ly, (£, + 1) L Ly, (t,t + 1) | Ly;, (t) V Ly\{apy (8,1 + 1). However, most of the proof

steps from the aforementioned literature apply and we give the references where appropriate.

We divide the proof of the global AMP Markov property into four auxiliary lemmata that build
on each other and culminate in the proof of Theorem 7.8. We begin with a purely graph-theoretic

lemma, for which we introduce the following notations. In a mixed graph G = (V, E),
ch(a)={veV]a—veFE} and dis(a)={veV|v-—- - -——~aorv=a}
denote the set of children and the district of a € V. Furthermore, for A C V,

ch(A) = U ch(a) and dis(A) = U dis(a)
acA acA

denote the set of children and the district of A C V', respectively. We further note that the proof
of the first lemma does not depend on the specific edge definition in a mixed graph. The proof of

Lemma B.1 of Eichler (2007) thus carries over without changes and we get the following result.

Lemma 7.10. Let G = (V, E) be a mixed graph and A, B CV be disjoint subsets. Then
A, B|V\(AUB) [G] = dis(AUch(A))Ndis(BU ch(B))=0.

The second lemma establishes a first relation between m-separation and conditional orthogonality.

Lemma 7.11. Let Gog = (V, Ecq) be the causality graph for Yy . Suppose that A,B C'V are
disjoint subsets, lett € R, and k € N. Then

A, B | Vv \ (A @] B) [Gcg] = LyA(t) 1 ‘CYB (t) ’ ‘CYV\(AUB)(t) \Y ‘CYAUB (t - k:)

The proof of Lemma 7.11 is a step-by-step adaptation of the proof of Lemma 4.1 by Eichler
(2012). It is an induction over k, using Lemma 7.10 and the properties of a semi-graphoid given

in Lemma 3.3. For the reader’s convenience, we provide the details.
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Proof. For the base case, we note that, for a € dis(A) and b € V \ dis(A), a--- b ¢ Ecg. So
Va * Yy | Yy and relation (5.1) gives Vais(a) * Mn\dis(a) | Yv- Then, by Lemma 5.2(b),

[:Ydis(A) (t) L EYV\dis(A) ()| Ly, (t—1)

for t € R. In addition, A C dis(A) by definition of the district and B C V'\ dis(A) by Lemma 7.10.
Hence, using the properties (C3) and (C1) from Lemma 3.3, we obtain

[’YA (t) 1 ‘CYB (t) | ‘CYV (t - 1) v ‘CYV\(AUB) (t)

A suitable combination of linear spaces yields, as claimed,
Lyy () L Ly (0) | Ly (aom () V Lyaup(t —1)
for t € R. Now let us assume the induction hypothesis
Ly (t) L Ly () [ Ly aup) (8) V Ly (t = K) (7.1)

for t € R and kK € N. To obtain the induction step, we find that, for vertices b € B and
a € V\ (BUch(B)), we have b— a ¢ Ecg. Therefore, Y, =+ ), | Yy and the relation (4.3)
yields Vg -+ yv\(BUCh(B)) | Yy. Then, by Lemma 4.2(b),

LYy (oen(sy) (t+1) L Ly, (t) | Ly s (t)

for t € R. The property (C3) with Ly, (t) = Ly, (t) V Ly, (t — k) and a suitable combination of

linear spaces yield

LYV\(BUch(B)) t+1) L Lyg (t) | Ly, (t) vV ‘CYV\(AUB) (t) Vv Lyaop (t—Fk)

for t € R and k € N. The induction hypothesis (7.1), the previous conditional orthogonality, and
properties (C4) and (C1) imply

Ly, (t) v EYV\(BUCh(B)) t+1) L Lyy (t) | 'CYV\(AUB) (t) v Ly,p (t—Fk)
for t € R and k € N. Property (C3) yields the first auxiliary statement

Ly, )V ‘CYV\dis(BuCh(B))(t +1) L Ly, (1) |

(7.2)
‘CYV\(AUB) (t)V Ly, p(t—k)V ‘chis(BuCh(B))\(BuCh(B)) (t+1).

In addition, Lemma 7.10 states that ch(A4) N dis(B U ch(B)) = (. Therefore, for a € A and
b € dis(B U ch(B)), we have a — b ¢ Ecg. Hence, YV, ), | Vv and relation (4.3) yields
Ya =+ Vais(Buen()) | Yv- Then, by Lemma 4.2(b),

‘CYdis(BuCh(B))(t +1) L Ly, )| ‘C’YV\A (t)
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for t € R. Consequently, property (C3) yields the second auxiliary statement

EYBUch(B) (t + 1) L Ly, (t) ’ ‘CYV\A (t)v EYdis(BUch(B))\(BUch(B)) (t+1). (7'3)

Moreover, the definition of the district provides a --- b ¢ Ec¢g for a € dis(B U ch(B)) and

beV \ dlS(B U Ch(B)) Therefore, YV, = Wy ’ Yy and ydis(BuCh(B)) e yv\dis(BUCh(B)) ‘ Yy due to
relation (5.1). Then, by Lemma 5.2(b),

£Ydis(BUch(B)) t+1)L [’YV\dis(BuCh(B)) t+1)] Ly, (t)
for t € R. Property (C3) and appropriate decomposition of linear spaces yield
£YBUch(B) (t+1)L ﬁYV\dis(BUch(B)) (t+1) | 'CYV\A (t)V Ly, () V ﬁydis(BUch(B))\(BUch(B)) (t+1).
In conjunction with relation (7.3), this conditional orthogonality and property (C4) provide
‘CYBUCh(B) (t+1) L EYV\dis(BUch(B)) (t+1)v Ly, ()| EYV\A (t) v [:Ydis(BUch(B))\(BuCh(B)) (t+1).

By suitable decomposition of linear spaces and property (C3), we obtain

EYBUch(B) (t+1) L ‘CYV\dis(BuCh(B))(t +1)V Ly, ()|
’CYV\(AUB) (t) v [’YB (t) v ‘CYAuB (t B k) v ‘CYdis(BuCh(B))\(Buch(B)) (t + 1)'

Together with relation (7.2), this conditional orthogonality and property (C4) imply

[’YBuCh(B) (t+1)V Lyy(t) L [’Yv\dis(BuCh(B)) (t+1)V Ly,()]

EYV\(AuB) (t) v ‘CYAuB (t B k) v ‘CYdis(BuCh(B>>\(BUch<B>) (t + 1)-

Since B C BUch(B) and A C V' \ dis(B U ch(B)), we have

ﬁYBUch(B) (t + 1) L ﬁYV\dis(BUch(B)) (t + 1) |

‘CYV\(AUB) )V Ly,p(t—k)V ‘CYdis(BUch(B))\(BUch(B)) (t+1).
The property (C3), together with B C BUch(B) and A C V' \ dis(B U ch(B)) again, provides
Lyy(t+1) L Ly, (t+1) [ Lyip aom )V Lyayp(t = k) V Ly yop (E+1).
If we finally summarise the linear spaces in the condition, we obtain
Lyy(t+1) L Ly, (t+1) | Lyy aip (E+ 1)V Ly, 5t — k).

Since this relation is valid for all ¢ € R, we can substitute ¢ by ¢ — 1 to obtain the induction step
Ly, (t) L Ly, () | ‘CYV\(AUB) (t)V Ly,p(t—k—1)

fort e R and k£ € N. [ |
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In the third lemma, we eliminate the linear space Ly, ,(t — k) in the condition by considering

the transition k — oo.

Lemma 7.12. Let Gog = (V, Ecg) be the causality graph for Yy . Suppose that A, B CV are
disjoint subsets and let t € R. Then

Avdy, BIV\(AUB) [Goal = Ly, (t) L Ly (1) | Lyy aum (-

Proof. First, note that Ly, ,(t—k)V [:YV\(AUB) (t) D Ly, zt—k—1)V ‘CYV\(AUB) (t) fort e R
and k € N, and

ﬂ (EYAUB (t—Fk)V ’C’YV\(AUB) (t)) = ‘CYV\(AUB) (1),
keN

due to Lemma 3.15. Additionally, Theorems 4.31(b) and 4.32(c) of Weidmann (1980) yield

. _ 2
lkl—glo PEYAUB (t_k)VEYV\(AuB)(t)Y = PEYV\(AUB)(t)Y forY € L~. (74)

Let YA € Ly, (t) € L? and YP € Ly, (t) C L?. Then, using the relations (3.1) and (7.4), we

obtain

k—o0

1 A A
= lim E [(Y - P‘CYAUB(t_k)\/'cYV\(AUB)(t)Y ) (YB — PLYAUB(t_k)\/LYV\(AUB) (t)YB>] .

The expression on the right-hand side is zero, since Ly, (t) L Ly, (t) | Ly 4p) (B V Lyayps(t —k)
for t € R and k£ € N, due to Lemma 7.11. Thus, the expression on the left-hand side is zero as
well and ﬁyA (t) 1 [’YB (t) ’ ﬁyv\(AUB>(t). |

Remark 7.13. In the proof of Lemma 7.12, we apply Assumption 4, respectively Lemma 3.15,

for the first time.
In the last of the four lemmata, we consider the transition ¢ — oo.

Lemma 7.14. Let Gog = (V, Ecg) be the causality graph for Yy . Suppose that A, B C'V are

disjoint subsets. Then
ANmB|V\(AUB) [Gcg] = [:YA J_ﬁyB |£YV\(AUB)'

Proof. Note that Ly, (n) C Lyg(n+1) for n € N, and Lemma 3.7(d) provides U,,cy Lyvg(n) = Lyy
P-a.s. for any S C V. Then Theorems 4.31(b) and 4.32(b) of Weidmann (1980) imply that, for
Y4 € Ly, and YB € Ly,,, we have

. A _ A _ A . B __ B _ B
kit Py 0¥ = Pey YA =¥ b Py, V" = P, YO =15,
. A _ A . B _ B )
%LI& PEV\(AUB)(")Y = Pry\aum Y I,LLI& P£V\(AUB)(”)Y = Pry avp Y-
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Furthermore, triangle inequality, Pythagorean theorem, and the relations (7.5) imply

' PLYV\(AUB) mPry, (")YA N PLYV\(AUB) v 12
< | Peryy a0 (Pera¥ = YN Pe ™ = Pes o Y|
= HP'CYA(”)YA B YA‘ 2t ‘ PLYv\(AuB)(”)YA =Py s v’ o 0
as n — 0o. The analogous result holds if A is replaced by B. In other words,
VA= Py oV =i (Pey, ¥ = Pey, o0 Pe, V) and
yB B

1 B B
a P['YV\(AUB)Y B lv,LL)I& <PEYB (“)Y B PLYV\(AUB) (")PLYB (”)Y > )

Finally, relation (3.1) yields

E

(YA - PEYV\(AUB) YA) (YB - PLYV\(AUB) YB)]

. A A
= E[ (PEYA(”)Y ~ vy aom @ vy )

: (Pz:yB WY =Py om0 ey, <n>YB>] :

The expression on the right-hand side is zero, since Ly, () L Ly, (t) | Ly aup (¢) for t € R, due
to Lemma 7.12. Thus, the left-hand side is zero as well and Ly, L Ly, | EYV\(AUB)' |

For the final proof of Theorem 7.8, we establish additional notations. In a mixed graph G = (V, E),
an(a) ={veVjp— -+ —aorv=a} and an(4)= U an(a)
acA

denote the set of ancestors of a € V and A C V, respectively. Further, for A CV, G4 = (A, E4)
denotes the induced subgraph of the mixed graph, where F 4 contains all edges e € E that have
both endpoints in A. Then the proof of Theorem 3.1 of Eichler (2007) carries over to continuous
time, we include the details so that the proof of the global AMP Markov property is complete.

Proof of Theorem 7.8. By Corollary 1 and Proposition 2 of Koster (1999), we have
Ay B|C [Goal ©  Avay B|C [Geganausue)] & At B' | C [Gegan(ausucy))

for disjoint subsets A’ and B’ with A C A’, B C B’, and A/UB'UC = an(AUBUC). Lemma 7.14
yields Ly,, L Ly,, | Ly, and an application of the properties (C1) and (C2) from Lemma 3.3
implies Ly, L Ly, | Ly,. |

We include a visualisation of the m-separation criterion and the global AMP Markov property,

continuing with our Example 7.6 and Example 3.2 by Eichler (2007), respectively.
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Example 7.15. First, consider the path 1 — 3--- 24— 44—3— 5 in the causality graph. This
path is m-blocked given {3, 4} since, for example, 2 is a collider but not in {3,4}. Alternatively,
4 is a non-collider but in {3,4}. In fact, every path between 1 and 5 is m-blocked given {3,4},
which we explain as follows. Every path between 1 and 5 contains either 3 — 5, 3 — 4 +—5,
or 2<—4<—5. The first two paths are m-blocked by vertex 3, which is a non-collider but
in {3,4}. The last path is blocked by vertex 4, which is also a non-collider but in {3,4}. So
{1} <, {5} [ {3, 4} applies and the global AMP Markov property provides Ly, L Ly; | Ly, ,,-

To establish that two sets A and B are m-separated given C', one must show that there is no
m-connecting path between A and B given C. Since paths may be self-intersecting, the number
of paths between A and B may be infinite. Although the search for m-connecting paths can
be restricted to paths where no edges occur twice with the same orientation, an algorithmic
implementation of such a search does not seem to be straightforward (cf. Eichler, 2011). This is
one reason to study the augmentation separation approach. Additionally, this approach has the
advantage of allowing us to establish connections to the (undirected) partial correlation graph in
Section 11.2. In the following, we apply the concept of augmentation separation to the causality
graph. For further applications of the augmentation separation approach, see Eichler (2007, 2011)
and Richardson (2003), where the following definitions are provided.

Definition 7.16. Let G = (V, E) be a mixed graph and a,b € V. Two vertices a and b are said
to be collider connected if they are connected by a pure collider path, which is a path on which
every intermediate vertex is a collider. Then the undirected augmented graph G* = (V, E%) is

derived from a mixed graph G = (V, E) via

a—>b¢ E* < aand b are not collider connected in G.

Note that every single edge is trivially considered to be a collider path. Thus, every directed
and undirected edge in the causality graph corresponds to an undirected edge in the augmented
causality graph, and the augmented causality graph generally has more edges than the causality

graph. We further define the concept of separation in undirected graphs as follows.

Definition 7.17. Let G = (V, E) be an undirected graph. For A, B,C C V, we say that C
separates A and B if every path from a vertex a € A to a vertex b € B contains at least one

vertex from the separating set C. We write A1 B | C for short.

Based on these definitions, we obtain an alternative form of the global AMP Markov property.
This result follows from Theorem 7.8 and Eichler (2011), who, in Theorem 3.1, states in general

mixed graphs the equivalence
A<y, B ‘ C [G] & AxB ’ C [(Gan(AUBUC))a]‘

Proposition 7.18. Let Gog = (V, Ecq) be the causality graph for Y. Then, for all disjoint
subsets A, B,C C 'V, we have

A B|C [(Geganavbue))®] = Ly, L Lyg [ Lye.
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As usual, we give an example for visualisation purposes and continue with our Example 7.6

analogous to Example 3.5 provided by Eichler (2007).

Example 7.19. In Figure 7.1, we find that the vertices 1 and 4 are connected by the pure
collider path 1--- 2<+—4. Hence, the vertices 1 and 4 are connected by an additional edge in the
augmented causality graph (Gog)® There are no other edges that need to be added, so (Gcg)®

is given in Figure 7.2.

Figure 7.2.: Augmented causality graph for Example 7.19

Since an({1,3,4,5}) = {1,2,3,4,5} = V in the original mixed graph and 15 | {3,4} [(Gca)?]
in the undirected augmented graph, we obtain that Ly, L Ly | ‘CY{s, o due to Proposition 7.18.

This relation is, of course, the same conditional orthogonality relation as in Example 7.15.

7.2.2. GLOBAL GRANGER-CAUSAL MARKOV PROPERTY

In this section, we derive sufficient graphical conditions for Granger non-causality and for
subprocesses to be contemporaneously uncorrelated. An obvious idea is to start again with
m-separation as in the global AMP Markov property. However, this condition is much stronger
than necessary. In fact, it is sufficient to require that only those paths are m-blocked, that point
in the “right” direction. A motivating example to justify this demand is given by Eichler (2007)
on p. 341. Below, we introduce graph-theoretic notions and then present the so-called global

Granger-causal Markov property.

Definition 7.20. Let G = (V, E) be a mixed graph and a,b € V. A path 7 between vertices
a and b is called b-pointing if it has an arrowhead at the endpoint b. More generally, a path =
between subsets A and B, A, B C V| is said to be B-pointing if it is b-pointing for some b € B.
Furthermore, a path m between vertices a and b is said to be bi-pointing if it has an arrowhead

at both endpoints a and b.

Theorem 7.21. Let Gog = (V, Ecg) be the causality graph for Y. Then Yy satisfies the global
Granger-causal Markov property with respect to Gog, i.e., for all disjoint subsets A, B,C CV,
the following conditions hold.

(a) If every B-pointing path in Gog between A and B is m-blocked given B U C, then
Ya -+ Vi | Yausuc-

(b) If a---b ¢ Ecg for alla € A and b € B, and if every bi-pointing path in Gog between A
and B is m-blocked given AU B U C, then

Ya = YB | Vaubuc:
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A similar result in discrete time can be found in Eichler (2007), Theorems 4.1 and 4.2, and Eichler
(2012), Theorem 4.2. The proof of Theorem 7.21 is, as expected, similar to the discrete-time proof
in Eichler (2007, 2012). It is based on the properties of a semi-graphoid (cf. Lemma 3.3), the
block-recursive causal Markov property (cf. Proposition 7.4), and on the auxiliary Lemma 7.12.

As usual, we include the details for completeness.

Proof. As a preliminary consideration, we note that by Lemma 7.12, analogously to the proof of
Theorem 7.8 (cf. Eichler, 2007, Theorem 3.1), it follows that, for disjoint subsets A, B,C C V,

A X, B | C [Gcg] = ﬁyA (t) L ‘CYB (t) | ﬁyc (t) (76)

for t € R. The proof of statement (a) is divided into two steps.

Step 1:  We show by contradiction that if every B-pointing path in Gog between A and B is
m-blocked given B U C, then it follows that A >, pa(B)\ (BUC) | BUC [Gcgl. So suppose
A4, pa(B)\ (BUC)| BUC [Geog|. Then there are vertices a € A and u € pa(B) \ (BUC),
as well as an m-connecting path 7 given B U C between a and u. Since u € pa(B), there is a
vertex b € B, such that u — b € Ecg. We connect the path 7 and the edge u — b to a new
path 7 from a to b. The path 7 is m-connecting given B U C, because, on the one hand, 7 is
m-connecting given B U C. On the other hand, the path 7 has only one new intermediate vertex
u, which is a non-collider since the succeeding edge is of the form u— b. In addition, u ¢ BUC.
In summary, 7 is a B-pointing path between A and B and m-connecting given B U C', which
contradicts the premise in statement (a).

Step 2:  Based on the preliminary consideration (7.6) and Step 1, we prove statement (a). First,
An(pa(B)\ (BUC)) = () respectively AN pa(B) = 0, else there are vertices a € A and b € B
such that a — b € E¢g is a B-pointing path between A and B and m-connecting given B U C.
Then, since by Step 1 A >, pa(B)\ (BUC) | BUC [Gegl, and the subsets A, pa(B) \ (BUC),
and B U C are disjoint, the relation (7.6) provides

Ly, () L Ly, 5 suey @) | Lypoe (1) (7.7)
for t € R. Further, Proposition 7.4 states Y\ (pa(Byun) #> VB | Yv'. By Lemma 4.2(b), that is
Ly t+1) L ﬁYV\(pa(B)uB) )| ‘CYpa(B)UB(t)'
Using the property (C3) from Lemma 3.3, we obtain

Lyy(t+1) L EYV\(pa(B)UBUC) (t) | EYpa(B)uBuc (t).

Then the property (C2), AN (pa(B) UBUC) = (), and a suitable combination of linear spaces
yield

Ly (t+1) L Ly, ()| Lyp,e (t) v £Ypa(B)\(BUC) (t)- (7.8)
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We bring the relations (7.7) and (7.8) together with the property (C4), to obtain

Ly, 50 suc) )V Ly, (t+1) L Ly, (t) | Lyg (1)

Finally, the property (C2) yields
Lyt +1) L Ly, (t) | Lypoe(t)

for t € R. By Lemma 4.2(b), this is Y4 - V5 | Yausuc-

The proof of statement (b) is divided into three steps and, for better readability, we abbreviate
S=AuUuBUC.

Step 1:  We prove that pa(B)\S C V'\ (pa(A)U.S) and by symmetry pa(A)\S C V'\ (pa(B)US),

i.e., we show by contradiction that
(pa(B)\ §) N (pa(4) U ) = (pa(B) N pa(4)) \ S = 6.

So suppose this intersection is not empty. Then there is a vertex u € (pa(B) Npa(4))\ S and we
find vertices a € A and b € B together with a path a <—wu—b. This path is m-connecting given
S since u is a non-collider and u ¢ S. At the same time, this path is bi-pointing. Thus, the path

contradicts the premise in statement (b).

Step 2:  We prove that pa(A4) \ S >, pa(B) \ S| S [Geg by contradiction. Therefore, suppose
that pa(A)\ S 4, pa(B)\ S |S [Geog]. Then there are vertices u € pa(A)\ S and v € pa(B)\ S,
as well as an m-connecting path 7 given S between u and v. Since u € pa(A), there is a vertex
a € A and an edge a «— u. Analogously, there is a vertex b € B and an edge v — b, since
v € pa(B). We complete the path 7 to a new path 7 from a to b with these two edges. Obviously,
7 is bi-pointing. Furthermore, 7 is m-connecting given S, since 7 is m-connecting given S, u
and v are non-colliders, and u,v ¢ S. This result contradicts the premise in statement (b).
Step 3:  Based on Steps 1 and 2, as well as the preliminary consideration (7.6), we prove
statement (b). On assumption, a--- b ¢ Ecg, i.e., we have ), = YV}, | Yy for a € A and b € B.
Relation (5.1) yields Y4 ~ Vg | Yy and Lemma 5.2(b) implies

Ly,(t+1) L Ly, (t+1)] Ly, (t)

for t € R. Furthermore, Proposition 7.4 states that Vi (paayua) #* Va | Yv. By Lemma 4.2(b),
that is

Ly,(t+1) L ‘CYV\(pa(A)uA) (t) | [’Ypa(A)UA (t)

for t € R. The two previous conditional orthogonality relations, the property (C4), and a suitable

combination of linear spaces give

Ly,(t+1) L Lyy(t+1)V 'CYV\(pa(A)UA) )| EYpa(A)UA (t).
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Then the property (C3) yields
Ly, t+1) L Lyy(t+ 1)V Ly paaros) @) [ Laayos ()
Since by Step 1 pa(B)\ S C V' \ (pa(A)U.S), the property (C2) implies
Ly (E+1) L Ly (t+ 1)V Ly o(8) | Ly (O): (7.9)

In addition, Step 2 yields pa(A) \ S <, pa(B)\ S| S [Geel, where pa(A4) \ S, pa(B)\ S, and S
are disjoint. Thus, the relation (7.6) provides

Crams® L Ly (®) | Ly (0 (7.10)
for ¢t € R. Again, Proposition 7.4 states that Vi (pa(yun) 7 Y5 | Yv. That is, by Lemma 4.2(b),
Lyp(t+1) L Ly paimon) () | Ly, (¢)
for t € R. The property (C3) gives
Lyy(t+1) L ‘CYV\(pa(B)uS) (t) | £Ypa(B)US (t).
Step 1, i.e., pa(4) \ S C V' \ (pa(B) U S) and the property (C2) yield
Lyy(t+1) L Ly 405 [ Ly, must)-
In conjunction with relation (7.10), property (C4) gives
Crpns®) L Lva(t+ 1)V Ly (0) | Ly,
Then, together with relation (7.9), the property (C3) yields
Lya(t+ 1)V Ly o (6) L Lyt +1)V Ly o(8) | Ly )
Finally, the property (C2) gives
Ly,(t+1) L Ly, (t+1)] Ly, (t)
for t € R. By Lemma 5.2(b), this statement is Y4 » Vg | YauBuc- [ |

As a consequence of the global Granger-causal Markov property, we find that the m-separation
A<, B|C[Geg] is indeed quite strong, implying Granger non-causality between Y4 and Vg in

both directions, as well as V4 and Yp being contemporaneously uncorrelated given Yaupuc-
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Corollary 7.22. Let Gog = (V, Ecg) be the causality graph for Yy and let A, B,C C V be

disjoint subsets. Then

A<, B|CGegl = Ya—+YB|VYauvsuc, VB Val|Vaubuc, Ya»Vs|Yausuc.

Proof. We refer to Eichler (2012), Corollary 4.1, and Eichler (2007), Corrolary 4.3, for the
proof of Y4 ++ Vi | YVaupuc and by symmetry Vg -+ Va | Yaupuc. We include the proof of

Ya » VB | Yaubuc, which is not carried out in these references but is based on the same ideas.

Suppose that A >, B|C, i.e., every path between A and B is m-blocked given C. First,
a---b¢ Ecg for a € A and b € B, otherwise a--- b is an m-connecting path given C between
A and B. Second, in particular, every bi-pointing path 7 between A and B is m-blocked given
C. If 7 contains no intermediate vertices in A U B, then 7 is also m-blocked given AU BU C. If
7 contains intermediate vertices in AU B, then it can be partitioned as m = (7, m2), where 7 is
a path between A and some b € B with no intermediate points in B, i.e., b is the first vertex
on the path 7 that is in B. Further, m; can be decomposed as m = (w1, m12), where 72 is a
path between some a € A and b with no intermediate points in A, i.e., a is the last vertex on m;
that is in A. Because of the assumption, 712 is m-blocked given C. Since it has no intermediate
vertices in AU B, it is also m-blocked given A U B U C. Then 7 is m-blocked given AU BUC
and Theorem 7.21 implies V4 ~ Vg | Yaupuc- [ |

To visualise the global Granger-causal Markov property, we continue with Example 7.6, see also
Example 4.2 by Eichler (2012).

Example 7.23. In Example 7.15, we find that {1} 0, {56} | {3,4}. Therefore, in the causality
graph, Corollary 7.22 gives Y -+ Vs | y{173,475}, Vs ++ V1 | y{1737475}, and Y » Vs | V(1,345
We further analyse the relations between )y and Yy with respect to Yy 3 4. We first notice that
{1} and {4} are not m-separated given {3}, since the path 1 — 3 — 2 +— 4 is m-connecting
given {3}. Therefore, we cannot use Corollary 7.22. We have to apply the global Granger-causal
Markov property from Theorem 7.21. If we look at the 1-pointing paths between the vertices 4
and 1, we find that a path of this form always ends with a directed edge 3 — 1. Since in this
case 3 is a non-collider, such a path is always m-blocked given {1,3}. Hence, Yy - ) | Y(1,3,4)-
Similarly, we can analyse all bi-pointing paths between vertices 1 and 4. Again, a path of this form
always ends with a directed edge 3— 1 at vertex 1. Since vertex 3 is a non-collider, such a path is
always m-blocked given {1,3,4}. Furthermore, we have 1--- 4 ¢ Ecg. Hence, Y1 = Vi | V1,343
Finally, all 4-pointing paths end with either 3—4, 3—5—4, or 24— 4+—5—4. These
paths are m-blocked given {3, 4}, since the first two are m-blocked by the non-collider 3 and the
last one is m-blocked by the non-collider 4. Hence, Yy - V4 | Yi1,3,4}-

Remark 7.24. We note that the concept of m-separation is connected to Granger non-causality
up to horizon h and global Granger non-causality, which shows that causality graphs also provide
a natural framework for discussing indirect effects. Replacing the definitions of Eichler (2007)
with our definitions, the proof is analogous to that of his Theorem 4.5, so we skip the details. It
applies that, for disjoint A, B,C CV and k € N,
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ANang(B) =0, A, ang(B)\(BUC)|BUC [Geg]l = Ya—+xYVs|Yaubuc,
Anan(B) =0, Axy,an(B)\(BUC)|BUC [Gegl = Va0V |YauBuc-

In these relations, an,(A) denotes the set of ancestors of degree k € N of A, which are given
by vertices v € V such that v € A or v is connected to some a € A by a path v — --- —a of
length less than or equal to k. We set ang(A) = A.

As a summary of this section, we highlight the main message: We define the causality graph to
illustrate pairwise relationships between variables. However, the associated causality graph can
be analysed using various levels of Markov properties. These properties allow us to infer new
Granger non-causality relations and knowledge about subprocesses being contemporaneously

uncorrelated, even with respect to partial information.

7.3. GLOBAL MARKOV PROPERTIES FOR LOCAL CAUSALITY GRAPHS

For the local causality graph, global Markov properties are, as expected, much more difficult to
derive due to the weaker definition of the edges. However, at least under additional assumptions,
the property of m-separation implies local Granger non-causality in both directions and local

contemporaneous uncorrelatedness. We start with the first special case, where C =V \ (AU B).

Proposition 7.25. Let G, = (V, E2) be the local causality graph for Yy and let A,B C 'V be

disjoint subsets. Then
Avay BIVA(AUB) (Gl = Ya+0Vp| Vv, Yp+0Va|dv, Yawo Vg |Iv.

Proof. Due to Lemma 7.10, the m-separation implies that ch(A) N B =0, ANch(B) =, and
ne(A)NB = (). Using the relations (4.7) and (5.3), it follows that Y4+ V5| Vv, V5 —+>0 Va| Vv,
and Ya =0 Vg | Vv. L

In the second special case, we assume that pa(A)Upa(B) C AUBUC. Then, the block-recursive

Markov property and the left decomposition property result in the desired relations.

Proposition 7.26. Let G, = (V, E2) be the local causality graph for Yy and let A,B,C C'V
be disjoint subsets. Suppose that pa(A) U pa(B) C AUBUC. Then

A<y, BICGLe] = Ya—+0Ys|Yausue, Ve —+0Va|Vavsuc, Ya =0 Ve | Vausuc-

Proof. First of all, Proposition 7.4 states that Yy (Bupa(B)) #0 VB | Vy. By assumption, we
have BUpa(B) C AU BUC. Furthermore, AN pa(B) = (. Otherwise, there are vertices
a € Aand b € B such that a — b € EgG is an m-connecting path between A and B given
C. This path is a contradiction to A <, B |C [G]. Thus, BUpa(B) C BU C and relation
(4.7) yields Yy (pucy #*0 Vi | Vv. Then the left decomposition property (cf. Lemma 4.12) gives
Ya 0V | Yaupuc. By symmetry of m-separation, Vg -+ Va | Yaupuc also follows.
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It remains to show that Y4 ~¢ V5 | Yaupuc. Proposition 7.4 provides yv\(BUne(B)) = VB | Vv.
Note that A Nne(B) = 0. Else there are vertices a € A and b € B such that a--- b € E2,
is an m-connecting path between A and B given C. This path is again a contradiction to
A <, B C[GLg]. So relation (5.3) yields Ya ~o Vg | Yv. By Definition 5.5 and due to
Remark 2.9, we get

1 . ,
— lim — (ja) _ (ja)
0=lim > E[ (D Ya(t+h) = Py (DU Ya(t + h))

(DY (t+ h) — PEYV(t)D(jb)Yb(t + h))]

' DU)Y, (t + h) — DUY,(t)

(DUDY(t + h) — Pr, oy DUnYi(t + b))

(7.11)

fort € R, a € A, and b € B. Due to Proposition 7.4 and AU pa(A) C AU B U C, we receive, as
in the first part of this proof, Y\ (aupuc) #0 Ya | Vv, which means that

. DY)Yy(t + h) — DY)V, (1)
l'éi%' PEYV(t) ( W
, DU)Y, (t 4+ h) — DUY,(t)
= 1}1L_I>I(l) PﬁYAuBuC (t) < h P—a.s.,

fort € Rand a € A. Relation (7.11) and similar arguments as in the proof of Proposition 4.9 imply

0=Ilim E

l (D(ja)Ya(t +h) — DUDY, (1) DU, (t + h) — D(fa)Ya(t)»
h—0

h N P‘CYAUBUC ®) ( h

(DUDYy(t + 1) — Pr, (o DUYi(t + b))

o1 . .
=% h E{ (PUDYalt+ 1) = Py, oD Yalt + 1)

(DUYi(t+ h) = Py ) DY (t + h))}

fort e R, a € A, and b € B. In a second step, Proposition 7.4 and BUpa(B) C AU BUC imply
Y\ (auBuc) #0 VB | Yy, which analogously yields

(t)D(ja)Ya(t + h))

- P,
Ly supuc

1 .
=lim - E| (DU,
0= lim, 7 B[ (DUate+ 1

. (D(jb)yb(t T h) N PEYAuBuc(t)D(jb)Y}’(t * h))]

fort e R, a € A, and b € B. That is, Y4 =0 Vg | YauBuc- u
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Remark 7.27. The assumption pa(B) C AUBUC is sufficient for Y4+ V5 |Vaupuc. Further,
an(AUBUC) = AUBUC implies pa(4) Upa(B) C AU BUC, so we also have a condition for

local Granger non-causality and local contemporaneous uncorrelatedness for ancestral subsets.

Remark 7.28. The lack of the right decomposability of local Granger non-causality (cf. Re-
mark 4.13) is the key issue when trying to derive a global Markov property without additional
assumptions. In the case AU BUC C V, Corollary 1 and Proposition 2 of Koster (1999) yield

Ay, B|C [Geg) & A'vay B'[C [Gg anausuc))

for disjoint subsets A" and B’ with A C A, BC B, and A/UB'UC =an(AUBUC(C), as in the

proof of Theorem 7.8. According to Proposition 7.25, we can conclude that

Yar +0 s | Yarupue, VY +r0Va | Yaupue, and  Yar =g Vp | Yarupuc

in [G%G,an( AU BUC)]‘ These statements also hold in [G2], since the definitions of local Granger
non-causality and local contemporaneous uncorrelatedness do not depend on whether we choose
the subgraph with vertices in A’ U B’ U C or the whole graph with vertices in V. To get, e.g.,
Ya -0 Y8 | YauBuc, we not only need left decomposability but also right decomposability.

In the causality graph, we solve this problem by conducting a (discrete) induction into the past
using the conditional orthogonality relation, which satisfies properties (C1) to (C5) and thus
provides much flexibility in the proofs. Didelez (2006) was able to give sufficient and satisfiable
criteria for right decomposability in the local conditional independence graph in her Proposition

4.9. In our local causality graph, her result corresponds to the implication

“Ya -+ YBucup, | Yausucup and  Ypuc -0 Yaub, | YauBucup

=  Ya—+0YVB|YauBupn”,

where D = D1 U Dy. However, this statement does not seem to be valid in our model. Further
research on sufficient and satisfiable assumptions for the right decomposition property and for

the global Markov properties is required beyond the scope of this thesis.
To visualise the above results for the local causality graph, we continue with Example 7.6.

Example 7.29. In Example 7.15, we establish that {1} o<, {5} | {3,4}, which does not
depend on whether we consider the causality graph or the local causality graph. Moreover,
pa({1}) = {3} and pa({5}) = {4}, so pa({1}) Upa({5}) C {1,3,4,5}. Therefore, in the local
causality graph, Proposition 7.26 implies the relations Yy -y Vs | y{173,475}, Vs +0 1| y{1,37475},
and V1 ~¢ Vs | V{1,345, analogous to the relations in the causality graph in Example 7.23.
However, since {1} t4,, {4} |{3}, and we do not have a global Granger-causal Markov property, we

cannot derive the same relations between ) and )y with respect to Yy 34; from Example 7.23.

In summary, even if we cannot derive global Markov properties for the local causality graph with
the desired generality, we can still make statements about local Granger non-causality relations

and subprocesses being locally contemporaneously uncorrelated given partial information.
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(LocAL) CAUSALITY GRAPHS FOR MCAR PROCESSES

In this chapter, we gain a deeper understanding of the causality graph and the local causality
graph. We find that the graph definitions are not only reasonable in terms of Markov properties
but even interpretatively meaningful in examples. For this purpose, we apply the graphical
models to causal multivariate continuous-time autoregressive processes Yy = (Yy (t))ier of order
p > 1 (MCAR(p) processes) and to their special case of Ornstein-Uhlenbeck processes. In this
way, we also provide a simple visual representation of the corresponding dependency structures

for this important class of processes.

MCAR(p) processes were introduced in Remark 2.21 as state space models with matrices of
a certain simple structure. MCAR models are thus already state space models in controller
canonical form and are therefore denoted by (A, B, C, L) throughout the present chapter. As in
Chapter 2, we simply assume that the k-dimensional driving Lévy process satisfies Assumption 1

and that o(A) C (—o0,0) 4 iR applies. We do not explicitly restate these assumptions.

We open this chapter with the derivation of alternative representations of MCAR processes and
their highest derivative processes. These representations are important for computing orthogonal
projections on linear spaces, which in turn are essential for characterising the edges in the
(local) causality graph. To the best of our knowledge, such orthogonal projections have not
yet been treated in the existing literature. Rozanov (1967), III, 5, is devoted to the topic of
prediction of general stationary processes. He touches briefly on univariate processes with a
spectral density function that is a rational function, but the representations in that book are
based on a specific maximal decomposition of the spectral density function. This decomposition
is generally not expressible as a simple formula, so he only considers univariate examples. His
methods are therefore not suitable for our purposes. Furthermore, as elaborated on in Chapter 9,
Brockwell and Lindner (2015) only consider the prediction of univariate CARMA processes and
the multivariate generalisation in Basse-O’Connor et al. (2019) is inconsistent with the univariate

result.

For MCAR processes, not only do we compute the necessary orthogonal projections, but MCAR
processes with 37 > 0 also satisfy the assumptions of the (local) causality graph. Thus, the
graphical models are well defined and satisfy the preferred Markov properties. The representations
of the orthogonal projections then lead to the main result, the characterisation of the edge types in
the (local) causality graph by the model parameters of the MCAR process. These characterisations
are interpretatively meaningful and comparable to the discrete-time analogue of VAR models in

Eichler (2007). They are even clear enough to discuss the existence of (local) causality graphs.

It is noteworthy that the Gaussian MCAR process and the Gaussian Ornstein-Uhlenbeck process

considered in Comte and Renault (1996) and Mogensen and Hansen (2022) are special cases of
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Lévy-driven MCAR processes. The characterisations of the directed and undirected influences of
Comte and Renault (1996) in a bivariate Gaussian CAR model align with our characterisations
in the local causality graph. Furthermore, the characterisations of the directed and undirected
edges in the canonical local independence graph for Gaussian Ornstein-Uhlenbeck processes in
Mogensen and Hansen (2022) are also consistent with our characterisations in the local causality
graph. However, the Graph Ornstein-Uhlenbeck process in Courgeau and Veraart (2022) is a

network without defining the direction of the edges and is therefore not comparable to our model.

We structure the chapter as follows. In Section 8.1, we derive alternative representations and
orthogonal projections of MCAR processes. In Section 8.2, we show that MCAR processes satisfy
the assumptions of the (local) causality graph, so that both graphical models are well defined and
the desired Markov properties are satisfied. Then, in Section 8.3, we come to the main results
of the chapter, the characterisations of the directed and undirected edges by model parameters
of MCAR processes. For Ornstein-Uhlenbeck processes, the characterisations are included as a
special case. In this section, we also give a detailed interpretation of the obtained characterisations
and draw parallels to the literature. Note that in Chapter 9, we consider the application to
invertible controller canonical state space (ICCSS) processes, so we examine the relationships

between the results for MCAR processes and those for ICCSS processes in that chapter.

8.1. ORTHOGONAL PROJECTIONS OF MCAR PROCESSES

The orthogonal projections of MCAR, processes are of great importance throughout this chapter.
We need them primarily to characterise the directed and undirected edges for MCAR. processes
in the (local) causality graph, but also to check that the graphical models are well defined.
Therefore, in this section, we compute the required orthogonal projections of MCAR processes
and their (p — 1)-th derivatives on different subspaces. To do this, we first give an alternative
representation of Y, (t + h) and D(p_l)Ya(t + h), a € V, some step h > 0 into the future, that is
suitable for the prediction purpose. Note that we consider D(p_l)Ya(t + h) because, according to
Remark 2.25, it is the highest existing derivative of the MCAR process, which we require for the

definition of local Granger causality and local contemporaneous correlation, respectively.

Lemma 8.1. Let Yy be an MCAR(p) process. Further, lett € R, h >0, and a € V. Then

b ) t+h
Yo(t+h)=e, CeA" S E; DUV (t) + e, C / AE—IBAIL (W) P-a.s. and
=1 !

b ) t+h
DP VY, (t+h) = ef By e S E;DUVYy(t) + e  E) / Ah=IBAL(W) P-a.s.,
=1 K

where Ej, j =1,...,p, are defined in equation (1.1), and A,B, C in Remark 2.21.

Proof. Let t € R, h > 0, and a € V. First of all, because of relation (2.6),

t+h
Yo(t+h)=e Yy(t+h)=elCX(t+h)=¢)C (eAhX(t) + / eA(Hh“)BdL(u)) .
t
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We define the j-th k-block XU) = (X (¢));cr of X = (X (t))ser as in equation (2.19). Then,
together with relation (2.20), it follows that

b ) t+h
Y(t+h)=e,CAM S E;XU(1) +e) C /t AU BAL (1)
j=1

p . t+h
= e, CeA S E;DUVYy (1) + el C /t AUIBAL (1),
j=1
For the proof of the representation of DP~1Y, (t 4 h), we note that the MCAR(p) process Yy is
(p — 1)-times differentiable with D®~VYy (t + h) = XP)(t + h) = E] X (¢ + h) by relation (2.20).

Replacing C with E; in the previous calculation gives the assertion. |

From the alternative representations of Yy (t +h) and D®P~DY, (¢t + h) in Lemma 8.1, we conclude
that, on the one hand, the past (Yy/(s))s<¢ of all components and, on the other hand, the future
of the Lévy process (L(s) — L(t))t<s<t+n is relevant for Y, (¢t + h) and DP~DY, (¢t + h). With this

knowledge, we can specify the orthogonal projections.

Proposition 8.2. Let Yy be an MCAR(p) process. Further, lett € R, h>0,SCV, anda e V.
Then

p
Pry Ya(t +h) = eq CeAl Z Z Eje, DUVY, (1)
veS j=1

P
+ e CeAl Z ZEjeUPEYS(t)D(jfl)Yv(t) P-a.s. and
veV\S j=1

p
Pry, (t)D(pfl)Ya(t +h) = eaTE;DreAh Z Z EjevD(jfl)YU(t)
veS j=1

P
—i—eIE;eAh Z ZEjeUPEYS(t)D(]*UYU(t) P-a.s.
veV\S j=1

Proof. Let h>0,t€R, SCV,and a € V. First, for v € S, Y, (t), DVY,(t),..., DP-DY,(¢)
are already in Ly, (t) by Remark 2.9 and are therefore projected onto themselves. Thus,

p p
Pey ) (eICeA" > EjD“—”Yv(t)) = Pryy (eJ Ce* > > EjevD“—”m))

j=1 veV j=1

P
=eg CAM SN Eje, DUTVY, (1)
veS j=1

p
+e,Cer N S EjesPr, o DUTVY (1) P-as.
veV\S j=1

In addition, (Ys(s))s<t and (L(s) — L(t))i<s<t+n are independent (Marquardt & Stelzer, 2007,
Theorem 3.12), so e, C ftt’Lh A= BJL(u) is projected to zero. Together with Lemma 8.1,
the representation of PLYS(t)Ya(t + h) follows. The representation of Pr, (t)D(p_l)Ya(t + h) again

follows by replacing C with E; in the previous calculation. |
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To apply local Granger causality and local contemporaneous correlation to MCAR processes, we
also need the orthogonal projections in the following theorem. Note that, indeed, the limits exist,

which is essential for the well-definedness of local Granger causality in Definition 4.7.

Theorem 8.3. Let Yy be an MCAR(p) process. Further, lett € R, S CV, anda € V. Then

(D(Pl)Ya(t +h)— D@l)Ya(t))

l. .m. PL:YS (t)

h—0 h

_eTETAZZE e DUY,(t) + e By A Y ZE evPry, yDV VYo (t) P-a.s.
veS j=1 veV\S j=1

and, for h >0,
t+h
DPDYy(t + h) = Pry (yDP"VYa(t +h) = ¢, By / AUTRTIBAL(u)  P-as.
t

Proof. Lett ¢ R, h > 0,5 CV,and a € V. From Proposition 8.2, we already know that

DP=DY, (t 4+ h) — DP=DY,(t)
fkys() h

(eAh_ kp)
= e, E) ZZEJe DYDY, (t)
veS j=1

(Ah )
te B ~—0n—t ) ZEjevPLY DUVY,(t) P-as.
veV\S j=1

Now limy,_o(eA? — 1T, kp)/h = A implies the first assertion

DP=VY, (t 4+ h) — DPVY,(t)
Lim: Pryo ( 3

_eTETAZZE DUV, () +eJEJA D ZE enPry (DY VY, (1) P-as.
ves j=1 veV\S =1

The second assertion follows directly from Lemma 8.1 and Proposition 8.2 with S = V. |

Remark 8.4. For § =V, the orthogonal projections in the previous statements are simplified.

Fort € R, h > 0, and a € V, we obtain the explicit representation
p .
Pr, Ya(t +h) = eq CeA 3" 3 " EBje, DUVY,(t) = e, CeA X (1) P-as.
veV j=1

This result is the multivariate generalisation of Theorem 2.8 by Brockwell and Lindner (2015) for
univariate CARMA processes. It also applies that
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Pey., (t)D(p_l)Ya(t +h)= elEgeAhX(t) P-a.s. and

, DP-VY, (t + h) — DP-DY,(t) T
l.éi]%. Pry, ) < 3 =e¢, E, AX(t) P-as.

If S C V, the representations of the orthogonal projections in Proposition 8.2 and Theorem 8.3 are
only partially determined. For a more explicit representation in this case, we refer, as previously
mentioned, to Rozanov (1967), III, 5. Since more explicit representations are not relevant for the

derivation of the (local) causality graph, we do not explore this topic further.

8.2. ESTABLISHMENT OF (LOCAL) CAUSALITY GRAPHS FOR MCAR
PROCESSES

In the following, we establish that the (local) causality graph for the MCAR process Yy is well
defined. To achieve this, we verify that ) is wide-sense stationary, mean-square continuous, and
satisfies Assumptions 3 and 4. This preliminary work then results in the establishment of the
(local) causality graph for MCAR processes and the validity of the desired Markov properties.
Of the aforementioned assumptions, the validity of both wide-sense stationarity and continuity
in the mean square is immediately clear from Remarks 2.12 and 2.13. Therefore, we focus our

discussion on the remaining two assumptions.

The proof of Assumption 3 on the spectral density function of the MCAR process (see equations
(2.11) and (2.18) for its representation) is elaborate, but the basic idea is simple. First, we
observe that ¥, > 0 implies fy; v, (A) > 0 for A € R. Then, on the one hand, we prove that, for
disjoint (and non-empty) subsets A, B C V, an epsilon bound for

das(N) = fravaN) 2 Frave ) freys (A ™ fyva (V) frava (A) 72

can always be found on compact intervals. On the other hand, the matrix function dag()),
A € R, converges to a boundary matrix as |A\| — oo, which can also be bounded. Together, these
auxiliary results then give Assumption 3. We start with the simple part of Assumption 3, namely
that fy, vy, (A) >0 for A € R.

Lemma 8.5. Let Yy be an MCAR(p) process with 1, > 0. Then fy, v, (A) >0 for A € R.

Proof. The transfer function P(i\)~!', X\ € R, has full rank and we have ¥ > 0 by assumption.
Therefore, the positive definiteness of fy, v, (A) = 1/(2m)P(iA) 1S (P(—iA)~1) T follows for
AeR. |

Now to the second part of Assumption 3, where we claim that there exists an 0 < € < 1, such that
dap(\) < (1 —¢)l, for (almost) all A € R and for all disjoint subsets A, B C V with #A = a.
To prove this statement, we require several auxiliary lemmata. First, we show that there exists

an epsilon bound on compact intervals.
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Lemma 8.6. Let Yy be an MCAR(p) process with X1, > 0. Further, let AABCV, ANB =10,
and denote #A = . Then, for each compact interval K C R, there exists an 0 < ex < 1, such
that

dAB()\) < (1 *SK)Ia VAeK.

Proof. Since det(P(i\)) has no zeros due to N(P) = o(A) C (—00,0) 4 iR, the spectral density
function fy,v;, (A\) = 1/(2m)P(i\) 18 (P(—=iA)~1)T, XA € R, is continuous. Then Bhatia (1997)
states in Corollary VI.1.6 that there exist continuous functions o1 (A),...,0%(A), A € R, which
are the eigenvalues of fy; v, (A). Since fy; v, () is Hermitian and positive definite (cf. Lemma 2.4
and Lemma 8.5), these eigenvalues are in (0, 00) and, in particular, the functions can be taken as
ordered by 0 < o1(\) < ... < or(A) for A € R, see Bhatia (1997), p. 154. Furthermore, Bernstein
(2009) provides in Lemma 8.4.1 that o1(A) I < fy, vy, (A) < 0x(A)I and by Bernstein (2009),

Proposition 8.1.2, we obtain
01(Mats < frapyvaos (V) and  fray,(A) <ok(MN)la VAER,

denoting #B = . Let A € R. Using Proposition 8.1.2 by Bernstein (2009) gives

I
(fYAUBYAUB ()‘)) < mla‘f‘ﬁ

and, together with Bernstein (2009), Proposition 8.2.5, we receive

(fYAYA ()‘) - fYAYB ()‘)fYBYB (A)ilfYBYA (A))il < 0_1()\)

Now Bernstein (2009), Proposition 8.1.2, yields

o1 (Mo < fyava(A) = Frave N frays A frpya (V).

If we combine this result with fy,y, (A) < ox(A)I, from above, we obtain

Zgifmm < 1 Na < frava() = Fravs W rsvs () frava (V).
Thus,
Fyavs M) ravs V) frpya (V) < (1 - Z;Eig) fyava(A)

and Bernstein (2009), Proposition 8.1.2, finally provides

dap(\) = fravaO) ™2 Fravs ) ey ) ™ frpya V) frava (V)72 < <1 - Zzi((/\A;) Iy

We now distinguish two cases to prove the assertion. In the first case, let o1(\)/ok(A) =1 for all
A € K. Then
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dap(A) <0, € My(R) YAeEK

and the assertion holds for any 0 < ex < 1. Without loss of generality, we set e = 1/2. In the sec-
ond case, let o1(\)/or(N) < 1 for at least one A € K. Since the continuous function o1(\)/or(N),
A € R, achieves its minimum on the compact set K, we define e = minycx 01(\)/0ok(A). Thus,

we obtain that 0 < ex < 1 and
dap(\) < (1 —ex)la YA€EK.
Since 01(A)/or(A\) < 1 for all A € K, these are all cases that occur and the assertion holds. W

Second, we establish a relationship between the convergence of matrices in norm and the Loewner
order, that we could not find in the literature. The result is similar to the epsilon definition of

the convergence of sequences.

Lemma 8.7. Let F(\) € My(R), A€ R, a €N, and M € M,(R) be Hermitian matrices, such
that lim|y o [[F(A) — M|| = 0. Then, for any e* > 0, there exists a \* € R, such that

FA) <M+¢e*1, Y|A >
Proof. Let €* > 0. Due to lim|y|_, | F'(A\) — M|| = 0, it obviously holds that

lim |[F(\) = M| =0

[A| =00

fori,j7 =1,...,a. It follows that, for ¢* > 0 and k > «, there exists a A* € R, such that

PO - M),| <

J

e
k

for all [\| > A and 4,5 =1,...,«. Now, for any € R* and |A\| > \*, we obtain

IA
=
=
=
—~
—~

8 3
_l_

8

<

S—
=~ O

_I._

"

&

SN—

[\]
x| %%
~

Thus, since k > «, we obtain F'(A\) — M < e*I, and F(\) < M +£*1, for |A| > \*. [ |
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Based on Lemma 8.7, we prove that d4p(\) converges to a boundary matrix M as |A\| — oo.

Lemma 8.8. Let Yy be an MCAR(p) process with X1, > 0. Further, let AABCV, ANB =10,
and denote #A = «. Define

M:=H,*HygHg b HpaH Y,
where, for S,51,5 CV, we denote

1, ifi=jes,
Hs,s, = EL CBYBTCTEs, and [Es)i; = {0 J; JE
, else.

Then, for e* > 0, there exists a A* > 0, such that
dap(N\) < M +e*1, Y|\ >\
Proof. Bernstein (2009) states in equation (4.4.23) that

) 2
My~ A) = 3
( kp ) —~ XA(ZA)

where A,, € Mip(R), Agp—1 = Iip, and xa(z) = 2k 4 Vkp_lzkp_l + -+ v1z2+ 7, z € C, is the
characteristic polynomial of A with v1,...,vp—1 € R, see also Bernstein (2009), equation (4.4.3).

Inserting this result into representation (2.11) of the spectral density function yields

1k1P1 m(_i)\)n TATAT
Frove () = o Z Z NG XA(_M)CAmBELB AlcT,

In particular, we have

kp—1 kp—1
RE S>3 (N (-1)"e, CARBELB A C e,

mOnO

oy, (A) =

27TXA(

for a,b € V. From this rational function, we can specify the asymptotic behaviour. The numerator

contains a complex polynomial of maximum degree 2kp — 2 with leading coefficient
eq CAp 1BSLBTA[, | CTe, =€, CBS.B'Cley,

which can be zero. The denominator is a complex polynomial of degree 2kp with leading coefficient
27. Differentiating between eaTCBELBTCTeb =0 and eICBZLBTCTeb # 0 results in

lim ‘277)\2 Frav,(\) — eICBZLBTCTeb‘ — 0.

[A| =00

Finally, for 51,52 C V, we receive

lim HQ’ZT)\nysl Ys, (A) — Hg,s,

[A| =00

= 0. (8.1)
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Since 27r/\2fyByB()\) > 0 for A\ # 0 as well as Hgp = EgCBELBTCTEB > 0, Buhler and
Salamon (2018) provide in Corollary 1.5.7(ii) the continuity of the formation of the inverse. It
follows that

= 0. (8.2)

1 _ _
m “WfYBYB(A) ' - Hgp

i

[A| =00
In addition, Bhatia (1997), Theorem X.1.1 and relation (X.2), respectively, provide the following
inequality for induced matrix norms and A # 0,

1/2
V2RIl v, WY =

g S H27T)\2fYAYA()\) — Haa

ind

Because of the equivalence of matrix norms and because the right-hand side of the inequality

converges to zero, we get
. 1/2
lim H\/27r\/\\fYAYA()\)1/2 - HA/A H =0.
[A] =00

Using the positive definiteness of the positive square root and Biihler and Salamon (2018),

Corollary 1.5.7(ii), again, it follows that

N2 H | =0 (8.3)

li L f
11m —
IAl=oo || /27| A| Ya¥a

An application of the limit results (8.1), (8.2), and (8.3), as well as the submultiplicativity of the

induced matrix norm, result in

i | Aava )2 v ) sy )™ s () frava (V) 772
—H Y PHapHLHpAH,?|| =0

ind

Therefore, limy| o [[dap(A) — M|| = 0. Finally, Lemma 8.7 provides that, for each * > 0, there
exists a A* € R, such that
dap(\) < M +e"1, YA\ >\ |

As a final auxiliary result, we show that the matrix M can also be bounded.

Lemma 8.9. Let Yy be an MCAR(p) process with ¥y > 0. Further, let AABCV, ANB =10,
and denote #A = «. Then there exists an 0 < epy < 1, such that

M S (1 — e’;“M)Ia,
where M is defined as in Lemma 8.8.

Proof. First of all, analogous to the proof of Lemma 8.6, we obtain

—1/2 — —-1/2 01
M =H,*HogHy L HpaH\? < (1 - Uk) I,
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where o is the smallest eigenvalue and o}, is the largest eigenvalue of CBEX ;BT CT. Note that
the matrix CBX; BT CT is positive definite due to ¥, > 0, as well as C and B being of full rank.
Thus, the eigenvalues o1 and oy, are positive. Again, we distinguish between two cases. In the
first case, let 01/0r = 1. Then M < 0, € M,(R) and the assertion holds for any 0 < ej; < 1,
we set epy = 1/2. In the second case, let 01/0) < 1. Then, we set )y = 01/0) and obtain that
0<ey <laswellas M < (1 —epr)l,. Since o1/0 < 1, these are already all cases that can

occur and the assertion follows. [ |

Based on the previous lemmata, we are finally in a position to prove Assumption 3.

Proposition 8.10. Let Yy be an MCAR(p) process with X1, > 0. Then Yy satisfies Assumption 5.

Proof. First of all, Lemma 8.5 provides fy, y;, (A) > 0 for A € R. Furthermore, with the notation
of Lemma 8.8 and Lemma 8.9, we choose 0 < £* < g37. Lemma 8.8 provides that there exists a
A* € R, such that

dap(\) < M +¢e*1, VA > A\"
Furthermore, Lemma 8.9 yields
dapN) <M+, <1 —em)lo+elo=(1—(epm —€%))1a.

For |A| > A\*, we thus find the boundary matrix (1 — (eps — €%))I,, where 0 < gpy — % < 1,
due to the choice of ¢*. On the compact interval K = [—A*, \*], Lemma 8.6 states that there
exists an 0 < eg < 1, such that dap(\) < (1 —eg)l,. We set eqap = min{ex,ep — €*}. Then
dap(A\) < (1—eap)l, for all X € R. However, €45 still depends on A and B. Since there are only
finitely many of such index sets, we set ¢ = min{esp : A,B C V,AN B = (}}. We obtain that
0<e<land dap(N) < (1—¢)l, is satisfied for all A € R and disjoint subsets A, BCV. N

For the (local) causality graph to be well defined, all that is missing is that )y satisfies
Assumption 4. It is expected that the MCAR process satisfies this assumption, as in our case the
driving Lévy process has no drift term. We show Assumption 4 based on the characterisation

(3.5) of purely non-deterministic processes.

Proposition 8.11. Let Yy be an MCAR(p) process. Then Yy satisfies Assumption 4.

Proof. For Assumption 4, we first apply representation (2.6), the independence of (X (s))s<¢
and (L(s) — L(t))i<s<t+n (Marquardt & Stelzer, 2007, Theorem 3.12), to obtain

h—o0

t+h
Lim. Py (nX(t+h) = Lim. Py (eAhX(t)—i— / eA<f+h">BdL(u)> = Lim. eAhX (1),
h—o0 h—o0 t

The limit on the right side of the equation is the zero vector due to o(A) C (—o00,0) + iR,
resulting in the input process X being purely non-deterministic. By relation (3.5), this limit
result is equivalent to (,cr Lx(t) = {0}. Since N;er Lyi, (1) € Nier £x (), the process Yy is

purely non-deterministic as well. |
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Given that both Assumptions 3 and 4 are satisfied, a direct consequence of the results in Chapters

6 and 7 is the following.

Proposition 8.12. Let Yy be an MCAR(p) process with X1, > 0. If we define V. ={1,...,k}
as the vertices and the edges Ecg via

(a) a—b¢ Eca & VoV | v,

(b) a-—-b¢ Ecc < Vo= Ip|Iv,
fora,b €V witha # b, then the causality graph Gog = (V, Ecg) for the MCAR process Yy is well

defined and satisfies the pairwise, local, block-recursive, global AMP, and global Granger-causal

Markov property.

Proposition 8.13. Let Yy be an MCAR(p) process with X1, > 0. If we define V. ={1,...,k}

as the vertices and the edges EgG via
(a) a—b¢ B2 & Va0V | Vv,
(b) a---b¢& B2 & Vo V| v,
fora,b € V with a # b, then the local causality graph G%q = (V, EX) for the MCAR process Yy

s well defined and satisfies the pairwise, local, and block-recursive Markov property. Furthermore,

the statements of Propositions 7.25 and 7.26 apply.

8.3. EDGE CHARACTERISATIONS FOR MCAR PROCESSES

In this section, we come to the main part of the chapter, the characterisation of the directed and
undirected edges in the (local) causality graph based on the model parameters A, B, C, and ¥,
of the causal MCAR process. We present several characterisations, provide interpretations of
the results, and draw parallels to the existing literature. We start by characterising the directed

edges in the (local) causality graph.

Proposition 8.14. Let Yy be an MCAR(p) process with X1, > 0. Further, let a,b € V with
a #b. Then, we have

(0) VoV | Vv & [CeAME] —0 VO<h<1,j=1,...p,

_ [eAh}
ba bk(j—1)+a
() Yoo W | Wy &  [EJAE)| =[-Apjily, =0  Vi=1l....p

Proof.
(a) Due to Theorem 4.4, Y, -+ Yy | Vv if and only if

Pry., ) Yo(t +h) = PﬁYV\{a} O Ys(t+h) P-as.

for 0 < h <1 andt € R. From Proposition 8.2, we also know that

Py ) Ys(t+h) ZZeJCeAhE e, DUTVY, (1) P-as,

j=1lveVv

Yy,
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0 Ys(t + h) Z > ef CAME e, DUTVY, (1)

P,
Ly qay
Jj=lveV\{a}

p
+ Z 6;—C€Ath€aPEYV\{a} (t)D(]_l)Ya (t) P-a.s.

for 0 < h <1 and t € R. We equate the two orthogonal projections and remove the coinciding
terms. Then, we receive ), ++ YV, | Vv if and only if, for 0 < h <1 and t € R,

P P
Z ep CeAMEje,D =Dy, Z el—,rCeAtheaPEYV\{a}(t)D(J_l)Ya(t) P-a.s.
j=1 J=1

The expression on the left side of the equation is in Ly, (t) due to Remark 2.9. The expression
on the right side is in Ly, ,, (t). Because of the equality, both are in Ly, ., (¢) N Ly, () = {0},
making use of Proposition 3.10. Thus, Y, + YV, | Yy if and only if

p
Z ef CeA'Bie, DVVY, (1) =0 P-as. (8.4)

for 0 < h <1 andt € R. In the following, we show that equation (8.4) is equivalent to
ep CeMEje, =0 YO<h<1,j=1,...,p (8.5)

Clearly, (8.5) implies (8.4). For the opposite direction, suppose that equation (8.4) is satisfied.

Define the kp-dimensional vector y = (y1,...,Yrp) with entries

ej CeAEje,, ifi=(j—k+a,j=1,...,p,
Yi =
, else.

Then, the equations (8.4) and (2.20) imply

p
= Z ) CeArEje, D ZebTCe EjeaX(j_1)ktalt) = y' X(t) P-as.
j=1

In particular,

0=E

(yTX(t))Q] =y exx(0)y.

However, in the case of an MCAR process, the matrix

(B.AB,... . A*'B) = *
O
Ik/' * P *

is already of full rank kp. Therefore, the controllability matrix C (cf. Theorem 2.15) is also of
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full rank. Since ¥y > 0, Remark 2.17 provides that cxx(0) > 0. Therefore, y is the zero vector

and relation (8.5) is valid.

(b) Note that all components of Yy are (p — 1)-times mean-square differentiable, but the p-th
derivative does not exist, see Remark 2.25. Thus, we have j, = p — 1 for any v € V. Then, based

on Definition 4.7 and Theorem 8.3, the proof is analogous to the proof of (a). |

For Ornstein-Uhlenbeck processes, setting p = 1 in Proposition 8.14 gives the following simplified

characterisations.

Corollary 8.15. Let Yy be an Ornstein-Uhlenbeck process with X, > 0. Further, let a,b € V
with a # b. Then, we have

(@) YoV | Dy & [eAh}b =0 YO<h<I,
a
(b)) Yo+ | Iv < [A],=0.
The characterisations of (local) Granger causality in Proposition 8.14 and Corollary 8.15 are
convenient, since we no longer need to elaborately compute and compare orthogonal projections
as in Theorem 4.4 and Definition 4.7. Moreover, the deterministic criteria depend only on
the state transition matrix A and not on the driving Lévy process. Below, we also provide a

characterisation of the undirected edges in the (local) causality graph by model parameters of the
MCAR process.

Proposition 8.16. Let Yy be an MCAR(p) process. Further, let a,b € V with a #b. Then, we

have

(@) Vo Wy | Yy & | [n0h) geAt—wBy BTAT0-0CTdu| =0 YO<hh<l,

ab
() Yoo Vo| W &  [Erl, =0.

Proof.
(a) Let a,b,veV,teR,and 0 < h,h < 1. Remark 8.4 and equation (2.6) result in

Yo(t+h) = Pry Yot +h) = JC/ A=W BT (u).
Thus, Y, = Y | Vv if and only if, for all 0 < h,h < 1,

0=E[(Ya(t+h) = Pry oYa(t+h)) (Yot +h) - ~ Pry, i+ R)]

K Tc/t+h (t+h=0 B[ (u > ( C/ GAth— YBAL(u )ﬂ

min(t+h, t+h T ~
€q / CeAlth=s By BTeA (Hh=5)CT s ¢,
t

mln h T
—e] / WBY, BTeA (0T dy e,
0
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(b) Let a,b,v € V,t€R, and h > 0. An application of Theorem 8.3 yields
T t+h
DPVY, (¢ 4+ h) = Py 9y DP VY, (t+h) = e, By /t A —IBAIL (W) P-as.

So, similar to (a), we obtain
E (D" DY,(t +h) = Pry gD VYot + 1)) (DP" VYt + h) = P, iy D DYy(t + 1))
h
— ] [ EJeABEBT A Eyduc,
0
If we set f(u) = EgeA“BELBTe*AT“Ep, 0 <wu<1,and F as its primitive function, we get

.1 _ _
lim E[ (DP=DY,(t + h) = Pe, oy DP~VYa(t + b))

(DYt + h) = Pry (o DP DYy (t+ h)) ]

S

=e ep

[RRACEIU
hlino h

= e, E, BE B Epe,

=e! Ve |

For Ornstein-Uhlenbeck processes, these results are simplified to the following.

Corollary 8.17. Let Yy be an Ornstein-Uhlenbeck process. Further, let a,b € V with a # b.

Then, we have
(@) Vae V| Dy & |0 AG=u g AT gy | =0 VO <hh<1,
ab
() Yoo Yo |Iv & [EL]y, =0.

The characterisations of components being (locally) contemporaneously uncorrelated in Proposi-
tion 8.16 and Corollary 8.17 are again convenient, as they depend only on the model parameters
A, B, C, and X;. We also emphasise that the local concept depends only on ;. Below, we
relate the characterisations from Propositions 8.14 and 8.16 to the current literature. We start

with results from Comte and Renault (1996) in continuous time.

Remark 8.18. Comte and Renault (1996) investigate non-stationary MCAR processes driven by
Brownian motions on local Granger causality and local instantaneous causality. Their definitions
are set in the context of semi-martingales, use conditional expectations instead of orthogonal
projections, and thus differ from ours. However, Comte and Renault (1996) also obtain in
Proposition 20 that ), does not locally Granger cause ), if and only if [A;], = 0for j =1,...,p.

Further, there is no local instantaneous causality between ), and Y, if and only if [¥r],, = 0.

We further compare our results for the continuous-time MCAR(p) process with those for the
discrete-time vector AR(p) (VAR(p)) process by Eichler (2007), whose article provided the basis
for our considerations. We start with the local causality graph, as the comparison is obvious for

this graphical model.
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Remark 8.19. The k-dimensional VAR(p) process Zy = (Zy (t))icz is defined by

Zy(t) = zp:q)nZV(t—n)—l—g(t), t ez,

n=1

where @, € Mi(R), n =1,...,p, are the VAR(p) coefficients and (e(t)).ez is a k-dimensional
white noise process with covariance matrix 0 < 3. € My (R). Further, define the AR polynomial
O(N) =1 — D1 A — ... — ®,M, X € C, and denote the back-shift operator by B. Then

®(B)Zv (t) = (1),
which corresponds to the idea for an MCAR(p) process to be the solution of
P(D)Yy () = DL(®),

where P(\) = AP + A4\~ + ...+ A,, A € C. Let G = (V, E) be the path diagram of Zy, as
in Definition 2.1 by Eichler (2007).

(a) Directed edges: Lemma 2.3 and Definition 2.1 in Eichler (2007) state that the directed
edges in the path diagram G for the discrete-time VAR(p) process Zy satisfy

Za—/—)zb‘ZV - a—)b@éE s [CIDj]ba:O Vi=1,...,p.

This characterisation is directly analogous to the characterisation of the directed edges in

the local causality graph G%, for an MCAR(p) process, where
Va0 | v & a—b¢ Ehg & [4)],,=0 Vi=1,...,p.

The continuous-time and discrete-time models have in common that there is no directed
edge from vertex a to b if and only if the ba-th components of the autoregressive coeflicients
are zero.

(b) Undirected edges: For the undirected edges in the path diagram G for the VAR(p) process
Zy, Lemma 2.3 and Definition 2.1 in Eichler (2007) state

Zawa|ZV = a———bgéE - [ZE}

This characterisation is again in analogy to the condition for the undirected edges in the

local causality graph G%G for an MCAR(p) process, where
ya >0 yb‘yv = a———bgéEgG = [EL]ab:O'

Thus, a common feature of the continuous-time and discrete-time model is that there is no
undirected edge between the vertices a and b if and only if the a-th and b-th components

of the driving process are uncorrelated.
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Next, we compare the path diagram for the VAR process with the causality graph for the
MCAR process. To do this, we first give an additional interpretation for the causality graph in

Interpretation 8.20. Then, we compare the two graphical models in Remark 8.21.

Interpretation 8.20. For the purpose of interpretation of the directed and undirected edges in
the causality graph Gog, we recall the representation of the component Y3 (¢ + h) of the MCAR

process Yy from Lemma 8.1 as

Yy(t+h) =Y ef M;(h) DYDYy (1) + e e(t, h), (8.6)

Jj=1

where
t+h
M;(h) = Ce*"E; € Mi(R) and e(t, h) = / CeAlTh—IBAL(u) € RF.
t

(a) Directed edges: For the directed edges in the causality graph Geog, an application of

Proposition 8.14 gives the characterisation
ya—/—)yb‘yv = [Mj(h‘)]ba:o VOﬁhSl,jZl,...,p. (87)

This statement means that the components Y, (t), DY,(t),..., D®~DY,(t) in the represen-
tation (8.6) vanish, because the corresponding prefactors are zero. Yg(t) and its derivatives
do not matter to calculate Y;(¢ + h) some time step h into the future.

(b) Undirected edges: A consequence of Proposition 8.16 is the following characterisation for

the undirected edges in the causality graph Gog

Vo Uy | Dy & [E [e(t, h)e(t,ﬁ)TH = [JE [e(o, h)s(o,E)T” =0 Y0<hh<lL.

ab
(8.8)

ab

This statement means that the noise terms e, (¢, h) and e} £(t, h) of Yy (t+h) and Y,(t+h)
are uncorrelated for any ¢ > 0 and 0 < h, h<1.

Remark 8.21. The characterisations of the directed and undirected edges in the causality graph
in Interpretation 8.20 are well suited for comparison to the path diagram for VAR processes by
Eichler (2007). The challenge is that in the representation of the continuous-time process in (8.6)

derivatives appear, that have to be related to appropriate differences in the discrete-time process

Zy(t+1) = i@nZV(t—l—l—n)—l—a(t—l—l), te. (8.9)

n=1

Thus, our first goal is to replace the back-shifts Zy (¢t +1—n), n =1,...,p, in equation (8.9) by

differences. To do this, we define a discrete-time difference operator iteratively by
DWW Zy(t) = Zv(t) — Zv(t—1), DY Zy(t) =D~V (Zy(t) — Zv(t — 1)),

j=1,...,p—1, where we set D) Zy/(t) = Zy (). By induction (cf. Lemma A.1), one can show
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Zy(t+1—n)= Z(”_l) 177101 Zy (1)

j=1 g—1

formn=1,...,p and t € Z. Then, we obtain the representation of the VAR(p) process
P2 (n—1 ; .
Zv(t+1) =33 (. (=1)7 '@, DUV Zy,(t) + e(t + 1)
P o(n—1 ; ;
=3 , (=1)7 '@, DUV Zy, () 4 e(t + 1).
Now define

P
n—1 - .
Mj:zz<, >(—1)J o, j=1,...,p.
n=j

j—1

This gives the representation of the b-th component
Zy(t+1) Ze MDY=V Zy (1) + ef e(t + 1),

which is in analogy to representation (8.6) of the b-th component of an MCAR(p) processes.

(a) Directed edges: In Remark 8.19, we find that for the discrete-time VAR(p) process Zy, the
directed edges in the path diagram G satisfy

Za—/—)Zb‘ZV = a—)b¢E - [<I>j]ba:0 Vi=1,...,p

But,

) Pofn—1 i .
[(I)j]bazo Vj:].,,p = [M]]bazz<]_1>(_]—)j 1[@n]ba:0 V]:]_77p

This characterisation is again analogous to the characterisation of the directed edges in the

causality graph G for the MCAR(p) process in relation (8.7), where
VoW Wy & a—b¢Ece < [Mjh),,=0 Vi=1,...,p,0<h<1
(b) Undirected edges: For the path diagram G for the VAR(p) process Zy, Remark 8.19 yields

2,222y & a-b¢E & [E [E(O)E(O)T]]abzo.

In this case, we have the similarity to the condition (8.8) for the undirected edges for the

MCAR(p) process in the causality graph Geog

Vo Do |Vy & a--—-bd Eog < [E[e(o,h)s(o,ﬁfﬂab:o YO0 <hh<lL.
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As a final comparison of the causality graph for MCAR processes and the path diagram for VAR
processes, consider the special case of the Ornstein-Uhlenbeck process. The essential feature is
that a continuous-time Ornstein-Uhlenbeck process sampled at discrete and equidistant points in
time is a discrete-time VAR(1) process. We can therefore establish relationships between the

graphical models for the Ornstein-Uhlenbeck process and its sampled process.

Remark 8.22. Let )i be an Ornstein-Uhlenbeck process. Then )y sampled at time points of
distance 0 < h < 1 is a discrete-time VAR(1) process with representation
(k+1)h
Yy ((k+ 1)h) = ey (kh) + AR g1 (4) = eAPYy (kh) 4 e(kh, h), k€ Z.
kh

We denote this process by y‘(/h) = (Yy((k + 1)h))kez and the corresponding discrete-time path
diagram by G = (V, E(h)). Then, a direct consequence of Remark 8.19, Interpretation 8.20,
Corollary 8.15, and Corollary 8.17, is that, for a,b € V, a # b, and fixed 0 < h < 1,

(8) Vo M| Dy =[] =0 = Wy 9,

(b) Yo D |Vv = [BEne0,)7)] =0 = Py 0.
These implications state that a directed (undirected) edge a — b€ E® (a--- b e EM) in the
discrete-time model implies as well a directed (undirected) edge a —b € Ecg (a--- b € Ecq)
in the continuous-time model. In general, however, the opposite is not true. In summary,

EM" C Eqg for every 0 < h < 1. We believe that this result applies to general MCAR(p)

processes.

This phenomenon is an advantage of the causality graph over the local causality graph, since, in

the local causality graph, there is generally no relationship between the edges E(c?(); and B,

The characterisations of the edges in Propositions 8.14 and 8.16 for the causality graph are nice
for interpretation and comparison to the literature but cumbersome, because they depend on the
lags h, h. Below, we provide simpler characterisations of the directed and undirected edges in
the causality graph, where the lags h, h no longer play a role. These characterisations allow us to
obtain further relations between the causality graph and the local causality graph, as well as to

discuss the existence of given mixed graphs as a (local) causality graph.

Theorem 8.23. Let Yy be an MCAR(p) process with ¥, > 0. Further, let a,b € V with a # b.
Then, we have
(@) YoV | Vv & [CA°Ejl,, =A% 41140 =0 Ya=1....kp—1,j=1,...,p,
() Yo Vs| v & [CA°BEBT(AT)CT] =0 Va,f=0,.. kp—1L

Proof.
(a) <: Suppose that e CA°Eje, =0 foralla =1,...,kp—1and j = 1,...,p. Bernstein
(2009) provides in equation (11.2.1) that, for h € R,

kp—1 1 [a+1]

Ah __ «a - XA7(2) tz
e = az::Olba(h)A , where y(h)= 27 b xat) e#dz, (8.10)
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(1] [Fp]

XA»--->Xa are polynomials defined by recursion, and C is a simple, closed contour in the

complex plane enclosing o(A). With e] CA“E,e, = 0, we can then conclude that

kp—1
ey Ce*Ejeq = > tha(h)e, CA°Eje, =0
a=0

for 0 < h <1, such that Proposition 8.14(a) results in Y, -+ Yy | Vv

=: Assume that )V, - ), | V. Thus, e;,rCeAthea =0forall0<h<landj=1,...,pby
Proposition 8.14(a). Further, for h € R, define the function f by

f(h) = e} CeAMEje,.
We differentiate f using Bernstein (2009), Proposition 11.1.4. Then
F(h) = el CA®A"Eje, VheR, a=1,... kp—1,

where f(® denotes the a-th derivative. Since f(h) =0 for 0 < h < 1 and f(® is continuous, we
obtain f(®(h) =0 for 0 < h < 1. Putting h = 0, we get, as claimed,

0=¢e, CA°Eje, Ya=1,....,kp—1,5=1,...,p

(b) <«=: Assume that e] CA®BX BT (AT)’CTe, =0 forall a,=0,...,kp— 1. We apply the

representation of the matrix exponential (8.10) and obtain

min( hh
Tc/ A(h S)BZ BT AT (h S)dS CTeb

g lkp ' mm(hh) T T(AT\? ~T
-y ¥ / (h = 8)ps(h - s)eq CA°BEBT (A7) CTeypds =0
a=0 g=0

for 0<h,h <1,t€R, by assumption. Proposition 8.16(a) then gives YV, ~ Vp | Vv
=: Suppose that YV, ~ Y, | Yy. Due to Proposition 5.4, we have, for 0 < h <1 and t € R,

Pﬁyv (t)\/ﬁyb (t,tJrl)Ya(t + h) = PLYV (t)Ya(t + h’) P-a.s.
In addition, Remark 8.4 provides that Pg, wYa(t +h) = ed CeA X (t). Both together yield
Pry (yvey, 1) Ya(t +h) = el CeAMX (1) P-as. (8.11)

for 0 < h <1 and t € R. Furthermore, since Y,(t + h) € Ly, (t) V Ly, (t,t + 1) for 0 < h < 1, as
well as Y, (t + h) — Pr,., (t)vcyb(mﬂ)Ya(t + h) € (Ly, (t) V Ly, (t,t + 1)), we obtain

0=E [(Ya(t +h) = Pry (t)vey, (ti+1) Ya(t + h)) Yy (t + E)} -
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Plugging in equations (8.11) and (2.5), it follows that

O:E[(Ya(t—i-h) TCeAhXt) bt+h}
= e CE [(X(t+h) — A X (1)) X(t+ )| CTey
=e/C (CXX(h—h) —eAthX(—h)) C'le,

for 0 < h,ﬁ < 1. If we consider only the case 0 < h<h< 1, equation (2.8) provides

0=e, C (eA(h_%)cXX (0) — eArexx (O)eAT%> Cle

= GIC€Ah ( AhCXx<0) — CX)((O)GATh> CTeb,
using Bernstein (2009), Corollary 11.1.6. Now, for h,ﬁ € R, we define the function v by
y(h,h) = e] CeAP ( “Ahcy ¢ (0) — CXX(O)eATh> C'es.

Differentiating v several times according to Bernstein (2009), Proposition 11.1.4, provides

g o"

Waﬁfﬂh?ﬁ) = €aTCAm€Ah ((—A) AhCX)((O) - Cxx(O) (AT)n 6ATE> CTeby m,n € No.

Since ~y(h, ?L) =0for0<h<h< 1, and due to the continuity of the functions under consideration,
we obtain that the derivatives are zero for 0 < h < h < 1. Plugging in h = h=0 yields

el CA"cxx(0) (A7) CTe, = e] CA™ (—A)"exx(0)CTes, mmneNy.  (812)

Finally, equations (2.9) and (8.12) lead to
e CA°ByY,; BT (AT>6 CTey
B
= el CA” (—Acxx(0) — exx(0)AT) (A7) CTe,
+1

= —e] CA*M ey y(0) (AT)ﬁ CTe, — e/ CA%x x(0) (AT)B CTe,

= —¢] C(—1)PA Py 4 (0)CTep — ] C(—1)PTLA ey ¢ (0)CTey =0
for all a, 8 =0,...,kp — 1, the desired statement. |

In the case of an Ornstein-Uhlenbeck process, the characterisation of the edges in the causality

graph can be reduced to the following.

Corollary 8.24. Let Yy be an Ornstein-Uhlenbeck process with X, > 0. Further, let a,b € V
with a # b. Then, we have

(a) VoV | v & [A%p =0 Va=1,...,k—1,
b) Voo Vo | v & [AazL(AT)ﬁLb:o Va,B=0,... k—1.
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Building on the characterisations in Theorem 8.23 and Corollary 8.24, we make some addi-
tional remarks. We start with the relationships between global Granger causality, Granger
causality, and local Granger causality. Analogously, we consider the relationships between
global contemporaneous correlation, contemporaneous correlation, and local contemporaneous

correlation.

Remark 8.25. The characterisations in Theorem 8.23 no longer depend on h, h. Hence, Granger
non-causality and global Granger non-causality, as well as contemporaneous uncorrelatedness

and global contemporaneous uncorrelatedness are equivalent for MCAR processes.

Remark 8.26. In Proposition 4.17 and 5.10, we establish in a general setting that Granger
non-causality implies local Granger non-causality and contemporaneous uncorrelatedness implies
local contemporaneous uncorrelatedness. These relationships are now also evident in the charac-
terisations for MCAR processes. To recognise this fact, observe that, due to the structure of A,
multiplying A by itself means deleting the first row of matrices in A, moving all the other rows

up one and adding a new row at the bottom. Inductively, it thus follows that
CAP ' =(0p -~ 0 I;) and CAP= (-4, - —4). (8.13)
If we now choose o = p, then relation (8.13), Proposition 8.14, and Theorem 8.23 yield
VoV | Vv = 0=[CAPE;j],, = —[Apjr1ly, Vi=1l....p0 & Va0l |Iv.
Similarly, choosing o = 8 = p — 1, relation (8.13), Proposition 8.16, and Theorem 8.23 give
Yo VoI Wv = 0=[CAP'BEBTAY)TCT] =[S, & Yoo M|

The desired relationships between the edges in the causality graph and the local causality graph
are valid and in line with the theory. We have Eé% C Ecog and, in general, the sets are not

equal, because the opposite implications are usually not true.

We emphasise that if there is no directed (undirected) edge in the causality graph, not only is
there no directed (undirected) edge in the local causality graph, but also the paths in the local
causality graph are restricted. Such relations are the subject of the next remark, where we focus

on Ornstein-Uhlenbeck processes.

Remark 8.27. Let a,b € V with a # b.

(a) Directed edges: Suppose a — b ¢ Ecg. For a = 1, Corollary 8.24(a) states, as expected,
that a — b ¢ EQ. For a = 2, Corollary 8.24(a) gives

0= [AQ} ba = Z ([A]bcl [A}cla) :

c1€{1,....k}

That is, in the local causality graph, the indirect influence of component a on b via one
intermediate component c; is cancelled out. The purely directed paths a — ¢; — b in the

local causality graph compensate each other. More generally, Corollary 8.24(a) states that
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0= [Aa]ba = Z ([A]bcl e [A]ca_uz) '

Cly..sCy—1

e{l,... .k}
That is, in the local causality graph, the indirect influence of component a on b via paths
a—>c]—> -+ — Cq—1 —> b is cancelled out. The purely directed paths a — --- — b of
equal length offset each other.

Note that paths containing intermediate vertices a or b can be omitted because they contain

shorter sub-paths that have already been considered. Formally, a simple calculation shows

0= (Al [Al, )  fora=1...k
Ty
< 0= Z ([A]bcl "'[A]ca_1a> for a = 1’.”7k_
Cly--Ca—1

€1, kN {ab}

Further, observe that if we replace one of the edges (except a — ¢1) with a directed edge in
the other direction or an undirected edge, the resulting path contains a collider — - +—

or — - ---. So it is not surprising that such paths do not need to be considered.

(b) Undirected edges: Suppose a --- b ¢ Ecg. Then Corollary 8.24(b) states that

k k

— A e8| — a B
0=[A%(AT) }ab—;;m loi (B2l A7),
for a, 6 =0,...,k— 1, which means that paths of the form a¢— --- ¢—i---j— .-+ —

in the local causality graph compensate each other, i.e., paths with a directed edges in
direction a, § directed edges in direction b, and an undirected edge in between. The case
a= =0 provides a---b ¢ EgG. Furthermore, replacing one of the directed edges leads
to a path with a collider — - «—, --- -+ «—, — - ——— or --- - --- on that path. Again,

not surprisingly, such paths do not need to be considered.

Finally, we make some remarks about the ezistence of a given mixed graph as a (local) causality

graph. We start with the local causality graph since its existence is obvious.

Proposition 8.28. Suppose that G = (V, E) is a mized graph. Then, there ezists a k-dimensional
Ornstein-Uhlenbeck process and a local causality graph GOCG = (V, EgG), such that, for a,b eV
with a # b,

a—b¢FE < [A,,=0 & a—b¢ B,

a

a---b¢FE & [],=0 & a---b¢ Bl
Proof. We define the matrices A and Y as follows.

—k, ifa=0, k, ifa=10,
Al =31, ifa#bandb—acE, [Er]p=131, ifa#banda---beE,
0, ifatbandb—a ¢ FE, 0, fa#banda---b¢ E.
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The deleted absolute row sums of A satisfy by definition

k

ra(A) =Y |[Al,l <k -1
bz

Then the Gershgorin discs satisfy

{z€eC:|z—[A] | <Ta(A)}={2€C:|24+k|<re(A)} C{z€C:|z+k| <k—-1}

C (—00,0) +iR.

Since, according to the Gershgorin circle theorem (Horn & Johnson, 2013, Theorem 6.1.1),
all eigenvalues of A lie in the union of the Gershgorin discs, o(A) C (—o0,0) + iR follows.
Additionally, the symmetric matrix 3y, is strictly diagonally dominant, i.e., ¥y > 0 (Horn &
Johnson, 2013, Theorem 6.1.10). Furthermore, take L(t) = ZiﬂB(t), where (B(t))ier is a
k-dimensional Brownian motion and ElL/ % is the positive square root. Then L = (L(t))ter is a
Levy process with covariance matrix X (Cont & Tankov, 2003, Theorem 4.1). The resulting
k-dimensional Ornstein-Uhlenbeck process Vi generates a local causality graph G%G =(V, EgG)
based on Corollaries 8.15 and 8.17, which is identical to the undirected graph G = (V, E). N

For the causality graph, as expected, the existence question is much more difficult, because of
the additional conditions on the powers of A. We cannot expect every graph to exist. In fact,
not even every 2-dimensional mixed graph can be constructed as a causality graph for an MCAR

process. To justify this claim, we give an auxiliary lemma.

Lemma 8.29. Let Yy be an MCAR(p) process with V ={1,2} and ¥, > 0. Then
1———2¢ECG = 1—>2¢ECG and 2—>1¢Ecg.

Proof. Suppose that 1---2 ¢ Ecg. We perform the proof in three steps. First, we show that
Y is diagonal. Then, we prove that A; is diagonal for j = 1,...,p. Finally, we conclude the
assertion.

Step 1: The relation 1--- 2 ¢ Egq implies 1--- 2 ¢ E2 (cf. Remark 8.26), i.e., [X1];, = 0
and, for symmetry reasons, [X1],; = 0 also applies. So ¥, is diagonal.

Step 2: Leta=p+jforj=0,...,p—1and 8 =p— 1, and vice versa. Then the assumption
1---2 ¢ Ecg, Theorem 8.23(b), and equation (8.13) imply

. —1 .

0= [CAWBELBT (AT)" cT| =[cariBy,] and
12 12

0= [CAp_lBELBT (AT)"cT| = [ELBT (aT)"cT| .
12 12

Step 1 together with ¥ > 0 gives
[CAPB| =0 and [CAPYB| =0 (8.14)
12 21
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for j =0,...,p— 1. We now show that [A;]12 = [Aj]21 = 0 holds for j = 1,...,p by induction
over j. The base case holds immediately if we set j = 0 in (8.14) and apply (8.13) to obtain

0=[CAPB|, = [-Ai];, and 0=[CAPB], =[-A], =0.

Now fix some jo € N with 1 < jo < p — 1 and assume that [A;]12 = [A4;]21 = 0 holds for all
1 < j < jo. For the induction step, we set j = jo in (8.14) to obtain, by Lemma A.2 and (8.13),

Jo
i—1
—Ajor1 — Y Aj—i1CAPT B
=1 12

Jo
= |-) A4j;—i-1CAP"'B
=0

12

However, [Aj,—it1]12 = [Aj,—i+1]21 = 0 and [CAPT 1By = [CAPT 1By =0 fori=1,..., 7
according to the induction hypothesis and equations (8.14). This only leaves 0 = [—A; +1]12.
Similarly, we get 0 = [—Ajj+1]21.

Step 3:  Due to Step 2, the matrix CA“E; is a sum of products of diagonal matrices. So CA“E;
itself is diagonal and [CA®E;],, = [CA®E;],, =0 holds fora =1,...,kp—1and j=1,...,p.
Then Theorem 8.23(a) gives 1 — 2 ¢ Ecg and 1 —2 ¢ Ecq. |

Remark 8.30. The previous Lemma 8.29 shows that we cannot generate the graph G = (V| E)
with V ={1,2}, 1—2 € E, but 1--- 2 ¢ E, as a causality graph for an MCAR process. A
directed edge in a 2-dimensional causality graph always implies an undirected edge. We suspect
that similar statements hold in higher dimensions. Therefore, the local causality graph G%G
allows the modelling of more general graphs than the causality graph G, which is an advantage

of the local causality graph.



CHAPTER 9

(LocAL) CAUSALITY GRAPHS FOR ICCSS PROCESSES

In this chapter, we construct (local) causality graphs for the popular multivariate continuous-time
state space models, more specifically for their output processes Yy = (Y (¢))ier, V ={1,...,k}
(cf. Chapter 2), in order to visualise the essential dependency structures of such processes. We

further derive analytic representations of the edges in both graphs by model parameters.

In the context of MCAR processes, the topic of (local) causality graphs is discussed in Chapter 8.
Although MCAR processes are state space processes, the techniques do not apply to, for example,
MCARMA(p, q) processes with ¢ > 0. The much simpler structure of an MCAR process allows
the direct recovery of the input process X from the output process )y . For most state space
processes this is not possible. The present chapter can thus be seen as an extension of Chapter 8

to a broader class of models and, of course, we compare our results with those of that chapter.

To the best of our knowledge, the (local) causality graph is the first (mixed) graphical model
for this broad class of stochastic processes. Even for discrete-time stochastic processes, the
literature on mixed graphical models is limited to AR processes (Eichler, 2007, 2012). Not much
is known about mixed graphical models that satisfy certain types of Markov properties for the

discrete-time ARMA processes.

Even the orthogonal projections of multivariate state space processes and their derivatives required
in this chapter have not yet been addressed in the existing literature. Although, as already
mentioned, Rozanov (1967), III, 5, is devoted to the topic of prediction for general stationary
processes, the representations in that book are based on specific maximal decompositions of
the spectral density function, which are generally not expressible as a simple formula. The
orthogonal projections of univariate CARMA processes were discussed in the previous paper by
Brockwell and Lindner (2015). The authors provide representations for the orthogonal projection
of a CARMA process at time t onto the linear space generated by the CARMA process up to
time 0, and for the conditional expectation on the o-algebra generated by the CARMA process
up to time 0. A multivariate generalisation of the conditional expectation result using the
o-algebra generated by the MCARMA process up to time 0 can be found in Basse-O’Connor
et al. (2019), Corollary 4.11. However, the statement is not consistent with the comprehensible
univariate result of Brockwell and Lindner (2015). In any case, in this thesis, we require not only
orthogonal projections of the components Y, (t 4+ h), a € V, h > 0, on the linear space of the past
of the process )y up to time ¢ but also on linear spaces generated by subprocesses Vg, S C V.
Additionally, we require orthogonal projections of the highest derivatives of the components on

these linear spaces.

To calculate the orthogonal projections, we have to overcome the challenge of recovering the

input process X from the output process Yy, as highlighted in Basse-O’Connor et al. (2019) and
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Section 2.4. Therefore, we have to make rather weak assumptions that result in ICCSS processes.
We briefly summarise these assumptions: First, we assume that the driving Lévy process of a
given state space model (A*, B* C*, L) satisfies the common Assumption 1. Furthermore, we
require that the transfer function H of (A*,B*, C*, L) has a coprime right polynomial matrix
fraction description H(z) = Q(2)P(z)~! with

P(z):[kzp+AlzP—1—|—,,.+Ap and Q(Z):CO+012+-..+Cqu.

Then, without loss of generality, we can assume that the state space model is given in the
unique controller canonical form (A, B, C, L) due to Proposition 2.18. Finally, for the controller

canonical state space model, we require that p > g > 0,
rank(Cy) =k, N(Q) C (—00,0) +iR, and N(P)C (—o00,0)+iR.

In this case, we call the strictly stationary version of the output process Yy an ICCSS(p,q)
process (cf. Definition 2.27) and summarise the assumptions under this acronym. Of course, due
to ¢ > 0, the class of MCAR(p) models are excluded in the following considerations. However,
g > 0 is not an essential limitation, because (local) causality graphs for MCAR processes are
treated in Chapter 8.

For ICCSS processes, we are then able to derive alternative representations of Y,(t + h) and its
highest derivative. We use these representations to compute the necessary orthogonal projections,
resulting in the characterisations of the edges in the (local) causality graph. We find that these
characterisations are interpretatively meaningful and are given by the model parameters of the

controller canonical form and the covariance matrix of the driving Lévy process.

It should be noted that (local) causality graphs can be defined for all wide-sense stationary and
mean-square continuous state space models (A*, B*, C*, L) that satisfy Assumptions 3 and 4, as
we discuss in Remark 9.16. However, in this general context, we are not able to compute the
orthogonal projections necessary for the edge characterisations. Since the edge characterisations

are the ultimate goal of the present chapter, we restrict our focus to ICCSS processes.

The structure of this chapter is similar to that of Chapter 8 as follows. In Section 9.1, we derive
alternative representations of ICCSS processes and their (p — ¢ — 1)-th derivatives. Second, we
establish orthogonal projections of these processes onto linear spaces. In particular, we discuss the
difference quotient of the (p — ¢ — 1)-th derivative, its orthogonal projection, and its mean-square
limit. We then show that ICCSS processes satisfy the assumptions of the (local) causality graph
in Section 9.2, ensuring that both graphical models are well defined and satisfy the preferred
Markov properties. Finally, in Section 9.3, we present the main results of the chapter. We
characterise the directed and undirected edges using only the model parameters of the ICCSS
process. We also provide detailed interpretations of the characterisations and, throughout the

chapter, we draw connections to the results for MCAR processes.
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9.1. ORTHOGONAL PROJECTIONS OF ICCSS PROCESSES

In this section, we derive orthogonal projections of ICCSS processes Vy and their (p — ¢ — 1)-th
derivative. These projections are not only essential to characterise the directed and undirected
edges in the (local) causality graph for ICCSS processes but also to check that the graphical models
are well defined. To compute these orthogonal projections, we need alternative representations
for both Y (t + h) and D®P=4=DY,(t + h), a € V. Due to the well-defined integral representation
of the truncated state vector in Proposition 2.30, it is obvious that the following alternative
representations of Y, (t 4+ h) and its (p — g — 1)-th derivative D®=9-DY, (¢t 4 h) are also well
defined. Note that we consider DP~9-1Y,(t 4 h) since, by Remark 9.6 below, it is the highest
existing derivative of the ICCSS process, which we require for the definition of local Granger

causality and local contemporaneous correlation, respectively.

Theorem 9.1. Let Yy be an ICCSS(p, q) process with p > q > 0. Then, for h >0, t € R, and
a €V, it applies that
t _
Yo(t+h) = / el M(h)eA @Yy (u)du

—00

q _
> el M, (h)OD ™Yy (t) + e, 2(t,h) P-a.s. and

—-q
+ > ed M, (h)OD ™Yy (t) + e e(t,h) P-a.s.
m=0
We abbreviate
_ _ I ' I ‘
M(h) = CerP (E +y Eq+jETAJ> ; M(h) = Ce?" (E +> Eq+jETN> ,
j=1 j=1
_ _ p—q . p—q )
My (h) = Cet 37 By BIATT, 0 My (h) = Ce™ 30 BoyyBIATT,
j=m+1 j=m+1
_ t+h
Bt h)=C [ eAC0BIL(), £(t,h) = C / AT B AT, (1),
t - —Jt

The matrices C and C are defined in (2.22), E;, j =1,...,p, in (1.1), E and E in (1.2).
Proof. Let t € R, h > 0, and a € V. First of all, due to Remark 2.26(c), we receive
Yo(t+h)=elCX(t+h) and DP T DY, (t+h)=el CX(t+h).

From now on, the proofs of the two representations differ only in the choice of C and C,

respectively. Thus, we only continue with the representation of Y, (¢ + h). Due to (2.6), we have

— t+h _ B
Y (t+h)=¢/C <eAhX(t) + / eA<t+hU>BdL(u)> — el CeAMX (1) +elE(t, h).
t
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Furthermore,
C = T
e CeAMX (1) = eg CetM (Xo(t) X@(r) .. XP)(1))

=e] CeAMEX (L) 4 Z el CeAME, ;X4 (1),
j=1

Lemma 2.31 and interchanging the summation order yield

_ _ _ P—q ' -1
e) CeA X (t) = e] CeAMEX(t) 4 Z eq CeAE,ET (AJXq(t) + Z A]_l_m@D(m)Yv(t)>

j:l m=0

Finally, Proposition 2.30 implies

— t — pacl
e;—éeAhX(t):/ e, M(h)eAt=Y0Yy (u)du + Z el M,,(h)®D™Yy (t) P-as. N

m=0

Remark 9.2. All abbreviations of deterministic functions and stochastic processes in Theorem 9.1
are marked with two lines at the bottom or top, depending on whether they contain C or C.
Furthermore, Z(¢,0) = ¢(t,0) = 0, € R*.

Remark 9.3. Let us compare the representations in Theorem 9.1 to those for MCAR processes.
For an MCAR process, we establish in Lemma 8.1 that

p—1 t+h
Y(t+h)=elCeA" S B, DYy (t) + e, C / A UBAL(W) P-as. and
t

m=0

p—1 t+h
DY, (t+h) = e By et S Bt DYy (1) + ¢, By / AT IBAL(u)  P-as.
t

m=0

To be able to compare Theorem 9.1 to Lemma 8.1, we have to interpret

(h)eAt=Y@ = 0, € Mi(R),

1\:/Im(h)® = CerME, 1, m=0,...,p—1, and
M (h)eAt=Y@ =0, € Mi(R),

m(h)® EE;eAhEmH, m=0,...,p—1, and

[~

in the case ¢ = 0. Then the result for MCAR processes can be seen as a special case of the result
for ICCSS processes. We heuristically justify that this interpretation is reasonable. First of all,
in M,,,(h)® the summand j = m + 1 is mainly relevant. For this summand, A® = Iy, yields

CeAEqy 1 ETO = CeAME 101G L (9.1)
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If ¢ = 0 is inserted into 1\:/Im(h)@, all summands disappear due to the zero dimensionality of
AITImm G = m 4+ 2,...,p — g, except for (9.1). With C, = I, it remains as claimed that
1\7Im(h)® = CeAE,, 41 for m =0,...,p— 1. The second matrix function 1\:/I(h)eA(t_“)®, u < t,
can be interpreted as a zero matrix for ¢ = 0, again due to the zero dimensionality of A. Although
we get a non-zero matrix for ¢ = wu, this event is a Lebesgue null set. An analogous reasoning is
possible for M, (h)® and M(h)eA(t~%)@, which we do not repeat.

The representations in Theorem 9.1 suggest that for the orthogonal projection of Y, (¢ + h) and
D®=4=1Y,(t 4+ h), on the one hand, the past (Yi(s))s<; of all components and, on the other
hand, the future of the Lévy process (L(s) — L(t))i<s<t+h is relevant. However, for a formal proof,
we need that all integrals are defined in L?. Therefore, we show that the integral representation
of X7 in Proposition 2.30 holds in L?. The proof is based on the ideas of the proof of Theorem
2.8 by Brockwell and Lindner (2015) in the univariate setting.

Proposition 9.4. Let Yy be an ICCSS(p,q) process with p > q > 0. Then, for a,v € V and
t € R, the integral

t
/ el MW @e, Y, (u)du € Ly, (t)

—o0
exists as an L%-limit. In particular,
t
X9(t) = / AY@Yy (u)du
—00
exists as an L*-limit.

Proof. Let a,v € V and define F(t) = e} eA@e, for t > 0. First, for s,t € R, s < t,

Jm— ZF(—S— t;S)Y< > /Ft—u (W)du P-as.

due to the definition of the integral. Using the theorem of dominated convergence, we show that

this convergence also holds in L?. Indeed, from the triangle inequality
— 5w t—s t—s
/Ft—u du— ZF(—S— )Yv<s—|—€ )
no = n n
S t—s t—s

< F(t— Yy (u)|d Flt—s— Y, L

< [Fe- W+ =25 (-s - 20| (s 022
<t—s>< sup |F<u>) (sup rmu)\) +<t—s>( sup rF<u>\> (sup m<u>|>
u€[0,t—s] u€ls,t] u€[0,t—s] u€ls,t]

(=1
follows. This majorant is integrable because

IN

sup |Yy(u)| = sup
u€[0,t—s] u€[0,t—s]

e

ICX(U)’ < sup
u€[0,t—s]

e Ol IX@) <e swp | X(u)|
u€[0,t—s]

is valid for a constant ¢ > 0. Thus,
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2 2 2
E < sup ]Yv(u)]> ( sup ]Yv(u)> <K ( sup HX(u)H) <oo  (9.2)
u€|s,t] u€[0,t—s] u€[0,t—s]

due to the stationarity of Yy, Assumption 1, and Lemma A.4 of Brockwell and Schlemm (2013).

=K

Furthermore, F' is a continuous function, so sup,¢jo ;s |#'(u)| < co. In summary,

/Ft—u (u) Li.m. ZF(—S— t;S>YU<s+€t;S>

and the integral is in Ly, (t). For the second step of this proof, we recall that, for ¢t € R,

/t F(t—u)Y,(u)du = lim 1tF(t —u)Y,(u)du P-as.

$——00 Jg

due to Proposition 2.30. Using the dominated convergence theorem again, we show that the

convergence holds in L2. For s < t, substituting ¢ — u for u, and using the triangle inequality, we

‘/ F(t—u)Y, du—/Ft—u (u)du

get

< [ IF@IY(t = ) du

00
<> s [F(u)] swp [Yy(t—u)l.
n=0 w€[n,n+1] u€ln,n+1]

To see that this majorant is integrable, we use Fubini, Cauchy-Schwarz inequality, and the

stationarity of )y, to receive

00 2
E (Z sup |F(u)| sup |Yy(t— U)|>
n=0 uE[n,n+1] w€[n,n+1]

=>. > sw [F(u)| sup [|F(u) E[ sup  |Yy(t—u)| sup [Yy(t —u)
n=0m=0 ue [n,n—i—l] ue[m,m—i—l] ue[n,n—l—l] ue[m7m+1]

<> > sw [F(u)] sup |F(u)
n=0 mzﬂue[nan""l] ue[m,m—i-l]

E

(E[( up rmt—u)\) ( sup m<t—u>|>])
u€[n,n+1] u€[n,n+1]
00 2 2
= (Z sup ]F(u)\) E (sup |Yv(t—u)]>
u€el0,1]

n=0 u€[n,n+1]
To obtain this finiteness, we finally use relation (9.2) and that 3°72  sup,cpp n1) [F(u)] < 00 by

< 00.

definition of F' and relation (2.30). In summary, we obtain

§——00

t t
/ eIeA(F“)@eva(u)du:/ F(t —u)Y,(u)du = Lim. /Ft—u (u)du

and the integral is in Ly, (t). The existence of X9(t) as a L-limit follows immediately. |
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Before moving on to orthogonal projections, we introduce one last alternative representation,
this time for the difference quotient (D®~9=VY,(t + h) — DP=4=DY,(t))/h.

Lemma 9.5. Let Yy be an ICCSS(p, q) process with p > q > 0. Then, for h >0, t € R, and

a €V, we have

DP=a=DY, (t + h) — DP=1-DY,(¢)
h

t p—q—1

— / eI M (0)eAOYy (u)du+ S el M, (0)0D™ Yy (¢)
—o0 m=0
§(ta h)

+el O(h)Ry + e, O(h)Ry + e/ = T

where M'(0) and M, (0) denote the first derivatives of M(h) and M, (h) in zero, and R1, Ry are
random vectors in Ly, (t) C L. The random variable e £(t,h)/h is independent of the former
addends and

1
Jm 2 E

2 1
(ezg(t,h)) ] =e,CBY B Ce, #0  but }{i\{mﬂ 5E

2
CENE
Proof. Recall that due to Theorem 9.1 and (,0) = 05 € R¥, we have

DP=1=DY, (t + h) — DP=1=DY, (1)

P-a.s. (9.3)

Replacing the matrix exponential with its power series, we obtain

SURSUNREETMNS

h E‘H‘j ETAJ)

=t

_ p—q '
=M'(0) + O(h) (E +) Eq+jETAJ> ,
j=1

(9.4)
Mm(h) - Mm(o) eAl — p i TAj—1—-m
- ho =C h LY By EAT
Jj=m+1
p—q A
=M, (0)+0(h) > EgETAT™
j=m+1
Furthermore, we define the random variables
t _ p—q )
Ry = / (E +> Eq+jETAJ> AIOYY (u)du,

=t (9.5)

p—q—1 p—q
Ry= Y > EmE A "ODMY ().
m=0 j=m+1
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If we plug equations (9.4) and (9.5) in (9.3), we obtain the stated representation. Moreover, we
know from Proposition 9.4 that Ry is in Ly, (t) C L? and from Remark 2.26(b) that Ry is in
Ly, (t) € L?. Since Ly, (1) and (L(s) — L(t))i<s<t+n are independent (Marquardt & Stelzer, 2007,
Theorem 3.12), we receive that Ry and Ry are independent of (¢, h). Finally,

1
—E

2 1 rh
N (e;rg(t,h)) } = E/ eIQeA“BELBTeAT“Qeadu h_\()) eaTQBELBTQea.
2 0 LY ~ ~ v

QBZLBTQ is positive definite due to ¥, > 0, B being of full rank by definition, and C being
of full rank due to the assumptions in (2.23). Therefore, eIgBZ‘ LBTgea > (0 and, of course,
E[(eq g(t, h))?]/h? converges to infinity. |

Remark 9.6. An important consequence of Lemma 9.5 and Remark 2.26 is that the mean-
square limit of the difference quotient does not exist. Thus, for all components of the ICCSS
process, there are no mean-square derivatives greater than (p — ¢ — 1). We must analyse the
(p — g — 1)-derivative for local Granger causality and local contemporaneous correlation. It also
becomes clear why we divide by h and not by h? in the Definition 5.5 of local contemporaneous

correlation.

Finally, we establish the orthogonal projections of the two random variables Y, (¢ + h) and
D®=4=1Y, (¢t + h) onto the linear spaces Ly (t).

Theorem 9.7. Let Yy be an ICCSS(p, q) process with p > g > 0. Suppose S CV anda € V.
Then, for h > 0 and t € R, we have

t __
Pry yYa(t+h) =3 / el M(h)e2t=%@e, Y, (u)du

and

t
PEYS (t)D(p_q_l)Ya(t +h) = Z / BIM(h)eA(t_“)@evyv(u)du
veS Y T
p—q—1
+3°0 3 el M, (h)©®e, DY, (1)

veS m=0 o

t
+P£Ys<t>< 2 / 6IM<h)eA(t‘“>®eva(u>du>
veV\S " T

p—q—1

>

eaTMm(h)@evDWK,(t)) P-a.s.
veV\S m=0
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Proof. Based on Theorem 9.1, the proofs of the two orthogonal projections differ only in the
choice of M(h) or M(h), M,y (h) or M,,,(h), and &(t,h) or €(t,h). Thus, we only prove the
representation of Pﬁys @ Ya(t+h). Let h>0,t€R, SCV,and a € V. From Theorem 9.1, we
recall that

t _ —q—
Y (t +h) = / T M(h)eA @Yy (u Z M, (R)OD ™Yy (1) + €] 2(t,h) P-ass.

—00

We calculate the projections of the three summands separately. For the first summand, we get

since, because of Proposition 9.4, the integrals are in Ly (t) for v € S. For the second summand,

we obtain

m=0

p—q—1
Pry, ) ( > e;“Mm(m@D(m)Yv(t))

p—q—1

g o q—
> el M, (h)®e, DY, (t) )+ Pry ) ( >

e, M, (h) @evD(m)Yv(t)> ,
veV\S m=0

because, due to Remark 2.26(b), the derivatives of Y, (t) are in Ly, (t) for v € S. For the
third summand e/ Z(¢, h), we note that (Ys(s))s<; and (L(s) — L(t));<s<¢+n are independent
(Marquardt & Stelzer, 2007, Theorem 3.12). Thus, e, Z(¢, k) is independent of Ly, () and we
obtain immediately that PEYS(t)eaTE(t, h) = 0. If we put all three summands together, we get the

assertion. [

Remark 9.8. When calculating the orthogonal projections, it becomes clear why we require the
assumptions in (2.23), which are sufficient assumptions to recover X (t) from (Yy (s))s<¢. Only

then are we able to project the input process X (t) onto the linear space of the output process

Ly, (t).

To apply local Granger causality and local contemporaneous correlation to ICCSS processes, we

also need to establish the limit of the orthogonal projections of the difference quotients.

Theorem 9.9. Let Yy be an ICCSS(p, q) process with p > q > 0. Suppose S CV,a €V, and
t € R. Then, for h >0,

DP=DY, (¢ +h) = Pry (D VYa(t + h) = eqe(t,h) P-aus.

and
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‘ DP=a=DY, (t + h) — DP=1=DY,(¢)
Lgi% Ly (1) h
p—q—1
Z/ eI M (0)eA = @e, Y, (w)du+ Y S el MY, (0)@e, DY, (t)
vES veS m=0
+ Pry o ( > / eq M'(0)eA " Oc, Y, (u)du )
veV\S
p—q—1
+ Pry o ( > Z eq M/, ( G)eUD(m)YU(t)> P-a.s.
veV\S m=0

Proof. Let SCV,aecV,h>0,and t € R. The first assertion follows directly from Theorems
9.1 and 9.7, giving

DP=Y, (¢ + h) = Pry, (DP9 DYa(t + h)

m=0

t p—
= / el M(h)eAt @Yy (u)du + Z ed M, (h)T@D™ Yy (1) + el e(t, h)
t

p—q—1
— / e M(h)eA=0Yy (v)du — Y e M, (h)©OD™Yy (1)

m=0

=e e(t,h).

The second assertion is also initially based on Theorem 9.7. We obtain

t p—q—1
Pry, (pDP ot + h) = / ca M(R)eM OV (u)du+ Y eq My ()©D™ Yy (1)

m=0

= e, CeM X (1).

It follows that

) DP=a=VY, (t + h) — DP=1=DY, (1) - 2
}11210 E <P£YV (t) ( n — €, gAX(t)
T M, T ’
=lim E ||e,C—LX(t) — e, CAX(t)
h—0 = h =
—lim e'C M_A (0) eAhi_I’“P_A TCT -0
=lim e, G~ exx 7 Clew =0
That is,
) DP=a=DY, (t + h) — DP=1=DY, (1) -
l.éil(l). Pry (1) < 3 =e, CAX(t) P-as.

But then, together with Lemma 3.1(a,c), we can conclude that
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. D(pqul)yauL +h) — D(pqul)ya(t)
bty P ( "
| D=-DY, (¢ 4 h) - DP-0 DY, (1
= l'éi%' PLYS(t)P»CYV (t) ( h

= Pr, ) (ca CAX () P-as.

Again, similar to the proof of Theorem 9.1,

t p—gq—1
el CAX(t) = / eI M (0)e AV (u)du + 3 el M, (0)OD™Yy(t) Poas,

- m=0

We obtain, replacing M(h) by M’(0) and M,,,(h) by M, (0) in the proof of Theorem 9.7,

DP=a=DY, (t + h) — DP=1=DY,(¢)
Yg (t) h

t p—q—1
= Z/ eIl\:/I'(O)eA(t_”)@evY du—l—z Z es M), (0)®e, DMy, (t)

veS Y T veS m=0
+ Pry ( > / A= @e, Y, (u )du)
veV\S
p—q—1
+ Py | 2 Z eq M, (0)@e, D™Y,(t) | P-as. u
veV\S m=0

Remark 9.10. Although the derivation of orthogonal projections of MCAR(p) processes differs
from that of ICCSS(p, q) processes with ¢ > 0, the results in Theorem 9.7 are consistent with
those in Proposition 8.2 if we interpret M, (h)® = CeAE,, 41 and M(h) Alt-w)@ = (), € My(R)
as in Remark 9.3. Furthermore, Theorem 9.9 is consistent with Theorem 8.3 if we interpret
M/, (0)® =E]AE,,;1 and M/(0)eA=9@© = 0.

A very important special case of the orthogonal projections in Theorems 9.7 and 9.9 is the case

S =V, for which certain terms are simplified.

Corollary 9.11. Let Yy be an ICCSS(p, q) process with p > q > 0. Then, fort € R, h >0, and

a €V, we have
(a) Pr,., @ Yalt +h) = e, CeAX(t)  P-aus.,
(b) Pr, D" Y,(t+h) = e, CeAMX (1) P-a.s.,

(p—q-1) — pDp—a-1)
(C) ZI%T% PEYV © (D Ya(t + h})L D Ya(t)> _ e;rQAX(t) P-a.s.
N =

To conclude the chapter on orthogonal projections, we comment on this result, with particular

reference to the literature.
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Remark 9.12.

(a) The representations in Corollary 9.11 are, of course, projection-free and analogous to the
representations for MCAR processes in Remark 8.4. For S C V, we again refer to Rozanov
(1967), III, 5. Since such explicit representations are not relevant for the derivation of the

(local) causality graph, we do explore this topic further.

(b) The orthogonal projections in Corollary 9.11(a) match the orthogonal projections of
univariate CARMA processes in Brockwell and Lindner (2015), Theorem 2.8. Basse-
O’Connor et al. (2019) derives as well predictions of MCARMA processes, but their results
differ from Brockwell and Lindner (2015).

(¢) From Corollary 9.11(c), not only the existence of the L?-limit becomes clear but also

. T
Lim. Pe, ) =Py 0 (ea (::AX(t)) .

(D(P‘q‘l)Ya(t +h) — D<P—q—1>Ya(t)>
The existence of these limits is essential for the well-definedness of local Granger causal-
ity and local contemporaneous correlation for ICCSS processes. Furthermore, due to
Corollary 9.11(c) and the Definition 4.7 of local Granger non-causality, we realise that
Vo 70 W | Vs if and only if

Peyow (fCAX (W) = Pey o (] CAX(1)) P-as

for t € R. That is, if and only if e] CAX (¢) L Ly, (t)] Lyg (o, (1) for all t € R by Proposition
2.4.2 of Lindquist and Picci (2015). In this particular case, we can express local Granger

non-causality as a conditional orthogonality relation.

9.2. ESTABLISHMENT OF (LOCAL) CAUSALITY GRAPHS FOR ICCSS
PROCESSES

In this section, we establish (local) causality graphs for ICCSS processes. To define these
graphical models according to Definition 6.1 and for various Markov properties to hold, certain
well-definedness requirements must be met by the ICCSS process. The validity of both wide-sense
stationarity and continuity in the mean square is immediately clear from Remarks 2.12 and 2.13.

Therefore, we only need to ensure that the ICCSS process satisfies the Assumptions 3 and 4.

Theorem 9.13. Let Yy be an ICCSS(p, q) process with p > q > 0 and X1, > 0. Then Yy satisfies

Assumptions 8 and 4.

Proof. The proof of Assumption 3 is elaborate and has already been given in Section 8.2 for
MCAR(p) processes. It can be directly generalised to ICCSS(p, q) processes, so we do not give
the full proof. We simply note that we only require that Q(i\)P(i\)~! has full rank and X7 > 0
to obtain that fy; y; (A) > 0 for A € R. Indeed, the assumptions in (2.23) provide that Q(i\) is of
full rank and NV'(P) C (—o0,0) + iR, so we directly receive that Q(i\)P(i\)~! is also of full rank.

Furthermore, we require that o(A) C (—o0,0) + iR, which is also true due to the assumptions
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in (2.23). Finally, it is a necessity that CBx,B'CT > 0. Again, ¥y > 0, B is of full rank by
definition, and C is of full rank due to the assumptions in (2.23), so CBX;B'CT > 0 is satisfied.

For the Assumption 4, the proof of Proposition 8.11 applies, requiring o(A) C (—00,0) +:R. W
A direct consequence of the results in Chapters 6 and 7 is then the following.

Proposition 9.14. Let Yy be an ICCSS(p, q) process with p > q > 0 and X1 > 0. If we define
V ={1,...,k} as the vertices and the edges Ecq via

(a) a—b¢ Eca & VoV | v,
(b) a--—-b¢ Ecc & YaxVp|Vv,
fora,b € V with a # b, then the causality graph Gog = (V, Ecq) for the ICCSS process Yy is well

defined and satisfies the pairwise, local, block-recursive, global AMP, and global Granger-causal

Markov property.

Proposition 9.15. Let Yy be an ICCSS(p, q) process with p > q > 0 and X1 > 0. If we define
V ={1,...,k} as the vertices and the edges EX via

(a) a—b¢g B2 & V70| Vv,
(b) a---b¢ By & Vaoo Vo|Vv,
for a,b € V with a # b, then the local causality graph GLo = (V, E&¢) for the ICCSS process Yy

1s well defined and satisfies the pairwise, local, and block-recursive Markov property. Furthermore,

the statements of Propositions 7.25 and 7.26 apply.

Remark 9.16. In principle, more general state space models (A*, B*, C*, L) also satisfy the
Assumptions 3 and 4. The proof of Theorem 9.13 shows that sufficient assumptions are that the
driving Lévy process satisfies Assumption 1, o(A*) C (—00,0) + iR, fy, v, (A) > 0 for A € R,
and C*B*X;B*TC*T > 0. Then the (local) causality graph is also well defined and the various
Markov properties are satisfied. However, in this general context, we are not able to calculate

the orthogonal projections needed to characterise the edges, which is our main interest.

9.3. EDGE CHARACTERISATIONS FOR ICCSS PROCESSES

In this section, we finally come to the main part of the chapter, the characterisation of the
edges in the (local) causality graph based on the model parameters of the ICCSS process.
We present several characterisations, provide interpretations, and draw parallels to the results
for MCAR processes. The first characterisation of the directed edges in the (local) causality
graph is developed from the characterisations of (local) Granger non-causality in Theorem 4.4
and Definition 4.7. We further apply the orthogonal projections of ICCSS processes and their

derivatives from Theorems 9.7 and 9.9.
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Proposition 9.17. Let Yy be an ICCSS(p, q) process with p > q >0 and Xp > 0. Let a,b €V
with a #b. Then, we have
(0) VoV | v <= e M(h)eri®e, =0 and e M,,(h)Oe, =0
forallm=0,....,p—q—1, 0<h<1 t>0,
(b) Vo0 | Vv < egl\:/[’(O)eAtGea =0 and ¢ M JTM! (0)®e, =0
forallm=0,...,p—q—1,t>0.

Proof.
(a) Recall that due to Theorem 4.4, we have ), ++ ), | Yy if and only if, for 0 < h < 1 and

t € R,
PﬁYV (t)%(t +h) = PLYV\{Q}(t)}/b(t +h) P-as.

From Theorem 9.7, we further obtain

Pry Yot +h) =) / I M(h)eA W @e, Y, (u)du
veV
p—g—1

+53° 3 ef My (h)®e, DY, (#),

q— .
+ Y > ) My (h)®e, DY, (1)

veV\{a} m=0

t p—
PEYV\{a}(t) (/_Oo ebTM(h)eA(t“)G)ana(u)du>

p—g—1
Py 0@ ( > eJMm(h)@eaDWYa(t)) P-a.s.
m=0

for 0 < h <1 and t € R. We equate the two orthogonal projections and remove the coinciding
terms. Then, we receive that YV, =+ ), | Yy if and only if

t _ p—g—1 =
/ eg M(h)e2t@e, Y, (u)du + Z ej M,,(h)®e, D™Y,(t)

—00

t p—
= Pry 0y ® ( / ebTM(h)eA(t_“)(aana(u)du)

—00

p—q—1
PEYV\{a}(t) ( Z eb m(h)®e, ptm )Ya(t)> P-a.s.

for 0 < h <1 and t € R. The expression on the left side of the equation is in Ly, (¢) and the
expression on the right side is in Ly;, ., (). Since Ly, , ()NLy, (¢) = {0} due to Proposition 3.10,
we obtain ), ++ YV, | Vv if and only if
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t _ p—g—1 =
/ e M(h)e2t=@e, Y, (u)du + Z ef M,,,(h)®e,D™Y,(t) =0 P-as.  (9.6)

—00
for 0 < h <1 andte€R. In the following, we show that this characterisation is equivalent to
ef M(h)eMOe, =0 and e My, (h)Oe, =0 (9.7)

form=0,...,.p—q¢—1,0<h<1,and t > 0.

If equations (9.7) are satisfied, we immediately obtain that equation (9.6) is valid. Now, suppose
equation (9.6) applies. We convert the two summands in (9.6) into their spectral representation.
Therefore, note that due Bernstein (2009), Proposition 11.2.2; and o(A) C (—00,0) + iR the
equality

0o . — —
/ e s > 0}e) M(h)eM*@e,ds = e M(h)(iMy, — A) ' Oe,, A ER,
—0o0
holds. The integrator is integrable, since, using Proposition 11.2.2 of Bernstein (2009) again,

ds

/ ’G_D‘Sﬂ{s > O}el—,rl\:/l(h)eAsG)ea
o 1 —
§/ 5 ( S M(h)e*M(h)e, + eI@TeAS(-)ea) ds
0
1 — —
=2 (ed M(h)(~A) " M(h)e, + ¢, O (-A) ' Oe,) < o0, (9.8)

Now Rozanov (1967), I, Example 8.3, provides the spectral representation of the first summand
t _ 0o —
/ eg M(h)eA = @e, Y, (u)du = / eMe] M(h)(iXy — A) 1 @e, By (dN),

where @, is the random spectral measure from the spectral representation (2.1) of V,. For the
second summand, we substitute Y, (¢) as well as its derivatives by their spectral representation

(cf. Proposition 2.8, Remark 2.9). In summary, we obtain

t
O:/ el;r
— 00

oo _ —a- _ o )
_ / eMel M(h)(iMyy — A) " Oeqd, Z [ M,.(h)®e, / (i) D, (dN).

2l

pP—q— -
(h)eA =" @e, Y, (u)du + Z e} My, (h)®e, DY, (t)

Denoting (A, h) = el?l\:/l(h)(i)\lkq — A)1Oe, + P4 1ebTM (h)®ey(iA)™ for A € R and
0 < h <1, it follows that

0=FE U /_ O:o ePMp(N, h) By (dN)

2 0o
] = [ WO frrvax

Hence, [p(\, h) 2 fy,y,(\) = 0 for (almost) all A € R. But fy,y,(A\) > 0 for A € R by Theorem 9.13,
which yields ¢(\,h) = 0 for 0 < h < 1 and (almost) all A € R. Bernstein (2009) provides in
equations (4.4.3) and (4.4.23) that, due to iA € C\ o(A),
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(iM, — A)7 ! =

kq—1
) > (A A
j=0

where A; € My (R), Agg—1 = Irg, and xa(z) = ’yqukq + ’ykq_lqu_l 4+ -+ vz+v,2€C,is
the characteristic polynomial of A with v1,...,74¢—1 € R, 74 = 1. Thus,

kq—1
=\ h) = XAEZ')\) :Z:%(M)j h)A;®eq + mij e) My (h)Oeq (iA)™

and multiplication by the characteristic polynomial yields

kq—1 -1 kq
0= (iAYe, M(h)A;O¢, + Z 3" ey My (h)@eqye(iA) ™.
=0 m=0 (=0

In the first sum there are powers up to kq — 1, while in the second sum there are powers up to
kq—1+4+p—gq. For { =kqand m=0,...,p— q— 1 we receive powers higher than kg — 1 in the

second summand and their prefactors must be zero. Due to 7y, = 1, we receive

ej M, (h)®e, =0
for m =0,...,p — ¢ — 1. Inserting this result into (A, h) = 0 yields

0= ele\:/I(h)(i)\qu —A)'©e¢, = / e 1 s > 0}e) M(h)e?*Oe,ds.

—0o0

Together with the already known integrability (9.8), Pinsky (2009), Corollary 2.2.23, provides
ele\:/I(h)eAt@ea =0

for ¢ > 0, which finally concludes the proof of (a).

(b) Due to the similarity of the results in Theorems 9.7 and 9.9, we just have to replace M(h)
by M'(0) and M,,,(h) by M (0) in the proof of (a). |

We introduce a second characterisation of the directed edges in the (local) causality graph, the
proof of which is based on Proposition 9.17 and is similar to the proof of Theorem 8.23(a) for
MCAR processes.

Theorem 9.18. Let Yy be an ICCSS(p,q) process with p > q > 0 and ¥, > 0. Let a,b € V
with a #b. Then, we have
(a) VoV | Jv & CAa(E+Z” 1B+ ;ETA)APOe, =0 and
ey CA“( J=mi1 EqHQTAj_l_m)@ea =0
foralla=0,...;kp—1,3=0,....,kq—1, andm=0,...,p—q—1,
() Yo+ | Iy & ebTCA(EJrzp qEq+jETAj)Aﬁeea =0 and
CA(Z] m+1Eq+JE A7) @, = 0
forall3=0,....kqg—1 andm=0,...,p—q— 1.
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Proof.
(a) Based on the characterisation in Proposition 9.17(a), the same steps as in the proof of Theo-
rem 8.23(a) can be carried out. First, we replace the matrix exponential eA” in Proposition 9.17(a)

by powers of the matrix A and second, we replace eA” by powers of A.

(b) Follows in analogy to (a), using Proposition 9.17(b). [

Remark 9.19. The characterisations and thus the directed edges in the (local) causality graph do
not depend on the chosen Lévy process. Furthermore, the characterisation in Proposition 9.17(a)
seems to depend on h. However, this is not the case, as can be seen from Theorem 9.18(a). So it
does not matter whether we define directed edges by considering the time span 0 < h <1 or by
considering the entire future A > 0. There is no difference between Granger causality and global

Granger causality for ICCSS processes.

Next, we present characterisations of the undirected edges in the (local) causality graph. The
proofs are again based on orthogonal projections of ICCSS processes and their derivatives. They
are similar to the proofs of Proposition 8.16 and Theorem 8.23(b) for MCAR processes. Note

that the assumption X7 > 0 is only used for the second characterisation in Proposition 9.20(a).

Proposition 9.20. Let Yy be an ICCSS(p, q) process withp > q >0 and X, > 0. Let a,b €V
with a # b. Then, we have
(a) Vo = V| Vv s el (?ﬁn(h’h) (:jeA(h*s)BZLBTeAT(ﬁfs)éTds ey =0
for all0 < h,h <1,
& ¢]CABTBT(AT)’CTe, =0
foralla,B=0,...,kp—1,
(b) Voo Do | v < eIgBZLBTgTeb = eaTCqZ‘LC’Jeb =0.

Proof.

(a) Based on Corollary 9.11(a), the proof of the first characterisation can be carried out in the
same way as the proof of Proposition 8.16(a). The second characterisation follows along the lines
of the proof of Theorem 8.23(b).

(b) Based on Theorem 9.1 and Corollary 9.11(b), this statement can be proven analogously to
Proposition 8.16(b). [

Remark 9.21. The characterisations and thus the undirected edges in the (local) causality
graph depend on the chosen Lévy process only by . Furthermore, the second characterisation
in Proposition 9.20(a) shows that there is indeed no dependence on the lag h again. It does
not matter whether we define undirected edges in the causality graph by considering the time
span 0 < h, h<1or by considering the entire future h,ﬁ > 0. There is no difference between

contemporaneous correlation and global contemporaneous correlation for ICCSS processes.

We conclude this section with further comments on the characterisations in Propositions 9.17
and 9.20. In particular, we compare the characterisations with each other and with the charac-

terisations for MCAR processes. Additionally, we give interpretations.
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Remark 9.22.

()

The uniqueness of the polynomial matrices P(z) and Q(z) in the decomposition (2.13)
of the transfer function (see Proposition 2.18) leads to the uniqueness of the controller
canonical state space representation, which in turn leads to the uniqueness of the edges in
the (local) causality graph. However, the characterisations of the edges are so complex that
it is not reasonable to discuss the existence of a given mixed graph as a causality graph for

an ICCSS process.

It can be shown by a simple calculation, which is similar to that in Remark 8.26, that
CAP—7 = CA. If we set a = p — ¢ in Theorem 9.18(a) and compare the result to Theo-
rem 9.18(b), we find that Granger non-causality implies local Granger non-causality, which
we know as well from the theory in Proposition 4.17. Similarly, we have CAP-1 = C.
If we set « = 8 = p —q— 1 in Proposition 9.20(a) and compare the result to Proposi-
tion 9.20(b), we get that contemporaneous uncorrelatedness implies local contemporaneous
uncorrelatedness. This result is again consistent with the theory in Proposition 5.10.
In summary, Eéoé C E¢g and, in general, the sets are not equal, because the opposite

implications are usually not true.

Remark 9.23. Once more, we establish relationships between the results for ICCSS processes
and the results for MCAR processes.

()

The wundirected edges are characterised only by the noise terms &(¢,h) and £(t,h), so
they do not require the inversion of the process. It is therefore not surprising that the
characterisations of the undirected edges for ICCSS(p, q) processes (cf. Proposition 9.20) and
the characterisations of the undirected edges for MCAR(p) processes (cf. Proposition 8.16

and Theorem 8.23(b)) are analogous.

Of course, we cannot simply insert ¢ = 0 in the characterisations of the directed edges of
the ICCSS(p, q) process, since several matrices become zero-dimensional. However, if we

interpret

=

m(R)® = CeAEpyy, m=0,...,p—1, and M(h)eAt"O 20, € M (R),
WO =EJAE, 1, m=0,...,p—1, and M'(0)e*""@ =0; € My(R),

=

as argued in Remark 9.3, the characterisations of the directed edges for MCAR(p) pro-
cesses (cf. Proposition 8.14 and Theorem 8.23(a)) can be seen as a special case of the
characterisations of the directed edges for ICCSS(p, q) processes (cf. Proposition 9.17 and
Theorem 9.18).

Interpretation 9.24 (Causality graph). To interpret the directed and undirected edges in the

causality graph Gog, we recall the representation of the b-th component

t _ p—q—1 -
Yy(t + h) = / ey M(h)er™eYy (u)du+ Y ey My, (h)OD ™Yy (t) + ef E(t, h)
m=0

—00

from Theorem 9.1.
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(a) Directed edges: A direct application of Proposition 9.17 gives that a — b ¢ E¢¢ if and
only if neither Y, (t), DY, (t),..., DP=9=DY,(t) nor the integral over the past of the a-th
component have any influence on Yy (¢t + h). In the representation of Y;(¢t + h), the a-th

component always vanishes, because its coefficient functions are zero.

(b) Undirected edges: Proposition 9.20 yields
a---b¢ Ecg © E|eje(t,h)e) ()| =E |e]2(0,h)ey 2(0,h)| =0, 0<hh<1.

This means that the noise terms e Z(¢, k) and e] &(t, h) of Y (t+h) and Y;(t+h), respectively,
are uncorrelated for any ¢ > 0 and 0 < h, h<1.

Interpretation 9.25 (Local causality graph). The interpretation of the directed and undirected
edges in the local causality graph G%G is a lot more intricate. The reason for this is that the
limit in the mean square of the difference quotient does not exist by definition and Remark 9.6,
respectively, but the limit of the projections does. To give an interpretation, we use the following

representation of the difference quotient of the b-th component

DP=1=DY, (t 4+ h) — DP=a=DYy(t)

DIV, (L, h) =

h
— /_t el M (0)eA- @Yy (u)du + pijl 0)@D™Yi (1)
+ ey O(h)R1 + ¢, O(h)Ry + ebe(ht,h)
from Lemma 9.5. Then it follows that
P, WD VYt h) = /_t _ g M/(0)eA=0Yy (u)du + pgq: 1 0)0D ™Yy, (¢)

+¢] O(h)Ry + ¢} O(h)Rs.

Although the L2-limit of D(p_q_l)Yb(t h) does not exist, the L2-limit of \/EDELp_q_I)Yb(t, h) does
by Lemma 9.5. The L?-limits of PEY (t)D(p - 1>Y},(t, h) also exists.

(a) Directed edges: By Proposition 9.17(b), we receive that a — b ¢ E2,, if and only if neither

Ya(t), DWY,(t),..., D®=9-DY,(t) nor the integral over the past have any influence on

D"~ *"VYj(t, h) if h is small. The same holds for Pz, D’ * VY (t,h). Given Ly, (1),

the a-th component does not influence the b-th component in the limit, because the

corresponding coefficients are zero.

(b) Undirected edges: By Proposition 9.20(b), we receive that a--- b ¢ E2 if and only if the
limit
—q—1 1 1 1
WE (D VYa(t h) = ey Ya(t 1)) (OF Y5 (L h) = Py D" VYt b))

1
_ EE[ e(t, e e(t,h)] 2% ¢l CB BT Cey
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is zero. Hence, given Ly, (t), \fD(p_q 2 Ya(t,h) and \fD(p_q_l)Yb(t h) are uncorrelated
in the limit. Equivalently, the noise terms e/ (¢, h)/v/h and e/ (¢, h)/v/h are uncorrelated

in the limit.

To summarise the chapter: We can construct well-defined (local) causality graphs for ICCSS pro-
cesses. We are also able to derive analytic and interpretatively meaningful edge characterisations

through the model parameters of the ICCSS process.



Part 11.

Partial correlation graphs






PART II. PARTIAL CORRELATION (GRAPHS

As has been pointed out repeatedly, graphical models for multivariate stochastic processes in
continuous time are of great importance and have been little studied. Consequently, in this part
of the thesis, we are interested in a third graphical model. In contrast to the previous models,
the emphasis is on presenting a graph that is both simple and user-friendly, yet powerful. This
graphical model is the undirected partial correlation graph for multivariate stochastic processes

Vv = (Yy(t))ier in continuous time.

The concept of partial correlation is an important and well-studied measure of dependence in
statistics. For an R*-valued random vector Yy = (Y1,...,Y;) " with positive definite covariance
matrix Xy, the partial correlation of Y, and Y} given Yy f,5) measures the correlation of the
real-valued random variables Y, and Y} after removing the linear effects of the remaining random
variables Yy (4. The partial correlation can be determined as follows: Consider the linear

regression problems
. T 2
Be = argmingcgr—E (Yg - B YV\{a7b}) for £ € {a,b}. (9.9)

These problems have the well-known solution (e.g., Anderson, 1984; Brillinger, 2001; Fujikoshi,
Ulyanov, & Shimizu, 2010)

1
Be = (EV\{a,b}V\{a,b}) Y\ fab}e- (9.10)

Furthermore, the residuals ey (451 == Yr — ﬂ;YV\{&b} satisfy

Cea|v\{a,b}Eb[V\{asb} E [gaW\{a,b}gb\V\{a:b}} 9.11)

-1
=Xab — Vav\{a,b} (EV\{a,b}V\{a,b}) L\ {a,b}bs

which is the partial covariance of Y, and Y} given Yy (,p). Similarly, the correlation of the
residuals is called partial correlation of Y, and Y} given Yy 43}, also known as coherence, and is

given by

-1
R Cealv\{a,b}Eb1V\ {a,b} [EV Lb . (9.12)

alV\{a,b}EbV\{ab} -

VCeav\{a,b}alV\ (a6} CEbIV\ {a,0} €6V (a0} {2—1} [2‘—/1}
v aa bb

Note that from representation (9.12), we see that the partial correlation is completely determined
by the concentration (precision) matrix E;l. Note also that for a Gaussian random vector, zero
partial correlation is even equivalent to Y, and Y} being independent given Yy (,5). Finally, it is
important to note that in the linear regression problem (9.9), the random variable BZYV\{(IJJ} is

the linear projection of ¥; on the linear space generated by the components of Yy 45}

An extension of partial correlation to stationary time series Zy = (Zy (t))iez in discrete time has
been around for quite some time (Tick, 1963) and is ubiquitous in the analysis of multivariate

time series (Brillinger, 2001; Gardner, 1988; Priestley, 1981). For these stationary time series
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models, the partial covariance function of Z, and Zj, given Zy\ (4 is zero if and only if the
partial spectral density function is zero. Thus, in the frequency domain, the role of the partial
correlation function is taken over by the partial spectral coherence function, which measures the
linear dependence between two components Z, and Z; after removing the linear effects of the
remaining components Zy\ (45} in the frequency domain. Furthermore, the role of the covariance
matrix 3y in the partial correlation (9.11) is taken over by the matrix-valued spectral density
function fz, z,(\), A € [—m, |, in the partial spectral coherence function. This representation
gives a very simple characterisation of zero partial correlation. The applications of the partial
spectral coherence function are very broad, especially in signal processing, but the word coherence

may have a slightly different meaning in different fields (Gardner, 1992).

However, to the best of our knowledge, a mathematically rigorous theory for the concept of partial
correlation for continuous-time processes Yy is missing in the literature, so we include the theory
in the first chapter of this part. We formally introduce this concept by orthogonal projections on
linear space generated by the process Yy (44}, similar to the concept of partial correlation for
random vectors in (9.11) and similar to our concept of contemporaneous correlation in Section 5.1.
We also relate the partial correlation relation to an optimisation problem resembling the linear
regression problem (9.9). This optimisation problem is further the multivariate continuous-time
counterpart to the discrete-time optimisation problem of Brillinger (2001) and the continuous-time
counterpart to Dahlhaus (2000).

After this introduction to the concept of partial correlation, the main subject of this part is partial
correlation graphs. The partial correlation graph has its discrete-time origins in Brillinger (1996)
and Dahlhaus (2000) and is a widely used frequency domain approach for constructing graphs.
Dahlhaus (2000) establishes the partial correlation graph for multivariate time series as follows:
Each component Z,, a € V = {1,...,k}, is represented by a vertex. The undirected edges
represent a partial spectral coherence function that is not the zero function, meaning that the
component processes are partially correlated given the remaining component process. Dahlhaus
(2000) also gives various edge characterisations, in particular, a very simple one using the inverse
spectral density function of Zy, similar to (9.12). He also applies the partial correlation graph

to vector autoregressive (VAR) processes.

The partial correlation graph of Dahlhaus (2000) has since been used in a wide variety of
applications, including air pollution data (Dahlhaus, 2000), vital signs of intensive care patients
(Gather, Imhoff, & Fried, 2002), human tremor data (Dahlhaus & Eichler, 2003), financial data
(Abdelwahab, Amor, & Abdelwahed, 2008), and neuro-physical signals (Dahlhaus, Eichler, &
Sandkiihler, 1997; Eichler, Dahlhaus, & Sandkiihler, 2003; Medkour, Walden, & Burgess, 2009).
The usefulness of partial correlation graphs as a visualisation and analysis tool has thus already

been demonstrated in discrete time.

In the second chapter of this part, we rigorously define partial correlation graphs for multivariate
stochastic processes Yy = (Yy (t))ier in continuous time as follows: As usual, each component
Yo = Ya(t))ter, a € V = {1,...,k}, is represented by a vertex. Furthermore, we draw an
undirected edge between two vertices a and b if and only if, for all ¢t € R, Y,(¢) and Yj(t) are

uncorrelated given the linear information provided by the environment Yy (41 That is, if and
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only if J, and ), are partially correlated given Wy (4.5}

The proposed partial correlation graph is simple in the sense that there are neither loops from
a vertex to itself nor any multiple edges between vertices. We further find that the partial
correlation graph satisfies the Markov properties desired for undirected graphs, so the graphical
model is reasonably defined in this sense. Of course, we also provide edge characterisations,
in particular using the partial spectral coherence function, and the key edge characterisation
using the inverse of the spectral density function of Yy, similar to (9.12). This important
characterisation is very simple and user-friendly, computationally inexpensive, and allows the
partial correlation graph to be easily applied to example processes. This is an advantage of the
partial correlation graph over the (local) causality graph, where the computation of edges can
be quite challenging in certain examples, e.g., for ICCSS processes (cf. Chapter 9). The edge

characterisations also allow for a comparison to the (local) causality graph.

Finally, as an example, we apply the partial correlation graph to multivariate continuous-time
autoregressive (MCAR) processes to provide another graphical representation of dependency
structures between the components of this important class of processes. We also give edge
characterisations by the model parameters of the process and discuss relations to the causality

graph and the local causality graph for MCAR processes.

Throughout the discussion of partial correlation graphs, we consider only wide-sense stationary
and mean-square continuous multivariate stochastic processes My = (Yy ()),cr, which have
a spectral density function fy,y; (A) for A € R. For a definition and the main properties of
such processes, we refer to Section 2.1. We also emphasise that most of the results for the
partial correlation graph were developed before the (local) causality graph, but in this order, the
relations between the three graphical models can be better highlighted and the thesis remains

more transparent.

STRUCTURE OF THE PART

The structure of this part is as follows. In Chapter 10, we establish and interpret the concept
of partial correlation. We further provide characterisations of this relation and compare it
to its discrete-time counterpart. This preliminary work then leads to the definition of the
partial correlation graph in Chapter 11. In this chapter, we also discuss edge characterisations
and Markov properties, and provide a comparison to the causality graph. As an example,
in Chapter 12, we apply the partial correlation graph to MCAR processes and provide edge
characterisation by model parameters. We also address the relationship to the causality graph

and the local causality graph in this special case.






CHAPTER 10

PRELIMINARIES

In this chapter, we define and elaborate on the concept of partial correlation for continuous-
time processes Yy = (Yv (t)),cg- Roughly speaking, two subprocesses V4 and Vp are partially
uncorrelated given V¢ if and only if, for all ¢ € R, Y4(t) and Yp(t) are uncorrelated after removing
the linear information provided by Yc. Here and throughout this chapter, A, B, C' are non-empty
subsets of V' with cardinality #A4 = «, #B = (3, and #C = .

We proceed as follows. In Section 10.1, we define and interpret the partial correlation relation and
compute the orthogonal projections therein. Additionally, we study properties of Y4 (t) given the
linear information provided by V¢, i.e., the noise process resulting from the partial correlation
relation. Section 10.2 is then devoted to characterisations of the partial correlation relation. We
provide characterisations in terms of the spectral density function and the spectral coherence
function of the noise processes. Importantly, we present the main characterisation involving
the inverse of the spectral density function of the underlying process Vaupuc. We conclude the

section with the key result that the partial correlation relation satisfies the graphoid properties.

10.1. PARTIAL CORRELATION RELATION

Let us introduce the concept of partial correlation and comment on this definition.

Definition 10.1. Two subprocesses V4 and Vg of My are partially uncorrelated given another

subprocess V¢ if and only if

E [(Ya(t) - PLYCYa(t)) (Yb(t) - P[;YCYb(t)ﬂ —0 VYacA beB, tcR.

In short, we write Y4 1 Vg | Ve

Remark 10.2.

(a) In Definition 10.1, it is important to recall that PLYC denotes the orthogonal projection on

l

Ly, = {ZZ%JYC(“) Yei €C, —oco <ty < ... <ty < o0, L e N}.
i=1ceC

This closed linear space describes the linear information provided by the process Yo over the

entire time span. The relation Y4 1L Vg | Ve thus states, as desired, that, for all ¢t € R, Y4(t) and

Yp(t) are uncorrelated given the linear information provided by Y. Since for random vectors,

as noted above, 3] Y11\ fa,py and 5bT Y11\ {a,p} are the projections of Y, and Y}, respectively, onto
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the linear space generated by Yy (45, Definition 10.1 can be seen as an extension of zero partial

covariance (9.11) and zero partial correlation (9.12) for random vectors to stochastic processes.

(b) In terms of the conditional orthogonality relation L (cf. Definition 3.2), we obtain

VallVs|Ve <« E[(YA—PLYCYA) (YB—PLYCYB)} -0
VYA€ Ly, (t), YP € Ly,(t), t € R,
= LYA (t) L LYB (t) | EYC ViteR.

(c) Certainly, the partial correlation relation is symmetric and we have

ValLlYe| Ve & VoallWp|Vo YaeAbeB,

which is useful for verifying zero partial correlation. Furthermore, statements can be made for

A ={a} and B = {b}, and the corresponding multivariate results follow immediately.

To work with the partial correlation relation and to give characterisations, it is crucial to have a

frequency representation of the linear space Ly .

Lemma 10.3. Suppose that
Lo = { [T Mo@e(n) v € 22 (frove) 1 € B,

where ®¢ is the random spectral measure from the spectral representation (2.1) of Yo and

o0

L* (fyeve) = {g@T : R — C7 : ¢ measurable, /

— 00

wuv%%uwufwx<m}

Then the equality Ly, = Ly, applies.

Proof. The relation Ly, C L3, is obvious, since Y.(t) = [ M, (dN) € Ly, forallceC

—x €

and ¢t € R, and Ly is closed. The relation 2 is established by Rozanov (1967) on p. 34. |

We also compute the orthogonal projections contained in Definition 10.1 in the next proposition
and obtain, as might be expected, the frequency domain analogue of BJYV\{M} with 5, as in
(9.10). We also give an optimisation problem in the frequency domain, resembling the linear
regression problem (9.9) for random vectors. Note that the requirement for the existence of
a partially positive definite spectral density function allows an explicit representation of the

orthogonal projections.

Proposition 10.4. Suppose that fy,y,(\) >0 for A € R. Then, fort € R and a € A,

PeoYalt) = [~ e five W frore () Be(@n),

— 00
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where ®¢ is the random spectral measure from the spectral representation (2.1) of Yo. Further-

more, Pr.Yo(t) is the solution to the optimisation problem

)

Palc€L? (fyove

V)~ [ eMe)@o(a)

2] : (10.1)

Finally, Pr . Ya(t) = (Pr.Ya(t))aca can be calculated component-wise.

Proof. Let t € R, a € A, and assume that {a} N C = (), since the statements apply trivially for

a € C. To simplify the notation, we abbreviate
Vel = [ e e rowe (V) ().

The proof is divided into three steps. In the first step, we derive that }A’a‘o(t) € Ly,. In
the second step, we show that Y, (t) — Yfa‘c(t) € E%/C. Both together then give the assertion
}A’a‘o(t) = Pr,.Y,(t). Then, in a third step, we conclude that fy,y. () fyove (M), A € R, is the
solution function to the optimisation problem (10.1).

Step 1:  Given that Ly, = Ly, due to Lemma 10.3, we can establish the measurability and
integrability of the function fy,y. (A)fyoye(A) ™1, A € R. For the measurability, we first find that
the functions fy,y, and fy,y, are measurable as derivatives. Furthermore, sums and products
of measurable functions are measurable. If we set A\/0 := 0 for A € R, then their quotients
are also measurable (Klenke, 2020, Theorem 1.91). Now we compute fy,y.(A)~! by Gaussian
elimination and find that fy.y,(\)~!, A € R, is measurable. Thus, fy,v.(\)frove(A) 7L A € R,

is also measurable.

For the integrability, we first note that fv,, cv(suc(A) = 0 due to Lemma 2.4(c). Furthermore,
fyove (A) > 0 by assumption, so Proposition 8.2.4 of Bernstein (2009) gives

Frave M frove V) frave (V) £ frava (V)

Since further fy,ye(A) frove (A) L fyoy, (M) > 0 and the integral is monotonous, we obtain

/—Oo ’fY“YC()\)fYCYC()‘>_1fYCYc()\)fYaYc(/\)fYcYc(/\)_lT‘ d\
- /:)O fYaYC(A)fYCYC()‘)_lfYCYa()\)d)\

< / fyaya ()\)d)\ < 00,

where the finiteness follows from Lemma 2.4(a). In summary, ?a|c(t) € Ly,

Step 2: Due to Rozanov (1967), I, (7.2), any Y € Ly, has a spectral representation

YC = /_ - e\ ®c(d)) P-as.,
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where ¢ € L? (fy,y.). Now, writing Y, (#) in its spectral representation (2.1), it applies that

E| (Ya(®) - Yo () V7|

—F [(/_O:O MNPy (dN) — /_O:o eiAtfyaYc(A)fYcYc(A)1q>c(d/\)> /_O:O @(A)@C(d/\)]

= [ M e e D= [ M e ) freve () frere W) A = 0.

Thus, Y, (t) — Y, c(t) € Li, for t € R.
Step 3: Since Ly, = Ly, due to Lemma 10.3, the optimisation problem (10.1) is equivalent to

min E [
YCE[:YC

Y, (t) — Ycﬂ .

From the minimality property of the orthogonal projection, we obtain that Y = P, Y,(t) is
the optimal solution to this optimisation problem. Due to Step 1 and Step 2, the function
Cajc(A) = frave M) frove (M) 71 A € R, is then the optimal function in (10.1). [ |

Remark 10.5. For time series in discrete time, the partial correlation relation is also motivated
by an optimisation problem (Brillinger, 2001, Theorem 8.3.1; Dahlhaus, 2000, relation (2.1) and
Definition 2.1) similar to (9.9) for random vectors. However, this optimisation problem is in the
time domain instead of the frequency domain. To see the correspondence to (10.1), suppose that
the function ¢g (M), A € R, in the optimisation problem (10.1) is the Fourier transform of an
integrable function d, (t), t € R. Then, for ¢t € R, Rozanov (1967), I, Example 8.3, provides

| eMaueeo(an) = [ dyolt - s)ve(s)ds.

With this integral representation, we have the similarity of our optimisation problem (10.1) to

|

Given this parallelism, similarities with Dahlhaus (2000) are to be expected in various sections of

the discrete-time optimisation problem

Za(t) = > dyc(t —u)Zo(u)

U=—00

min E
dg|c

this part. However, the advantage of our frequency domain approach is that we require weaker

assumptions.

Finally, for ¢t € R, we define the multivariate noise process of the partial correlation relation

eajc(t) =Ya(t) — ProYa(t) = Ya(t) — /OO e fyave (N freve A @c(dA).

—00

Below, we present properties of these noise processes, which are crucial for the characterisations

of the partial correlation relation.
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Lemma 10.6. Suppose that fy.y.(\) >0 for X € R. Then the noise processes (€ ac(t))ter and
(eBjc(t))ter are wide-sense stationary and stationary correlated with (cross-) spectral density

function

FenroemeN) = fravs(N) = frave M) freve V)" fyovs(A) - for almost all X € R,

and (cross-) covariance function
peme® = [ (Frava®) = frave W frere ) frova (V) dA Ve € R,

Proof. First of all, we can write

caelt) = [ eNRa@N) — [ e () frove () Be(@)

— 00

= /_OO e (EX - fYAYC()‘)fYcYC(/\)ilEg) Dy (dN),

where E4 € Myyxq(R) (and analogously Ec € My (R)) is the matrix defined by its entries

17 1= j: Z:] € Av
[Ealij =
0, else.

Therefore, (€4c(t))ier is a linear transformation of the wide-sense stationary process Yy with
spectral characteristic E ] — fy,v,(A) fyave (A)T1EZL, A € R. Due to Rozanov (1967), 1, (8.2), the
noise process (€4)c(t))ier is also wide-sense stationary. Furthermore, Rozanov (1967), I, (8.13),

provides that this linear transformation has a spectral density function, which is, for A € R,

feaceacA) = (EX - fYAYC()\)fYCYC(A)_lE(,I) vy M) (E) — fYAYC(A)fYCYC()‘)ilEg)T

= frava) = frave V) frove V) frova (V).
Then, Lemma 2.4(b) yields
eneene® = [ (Fraa) = fraveO) frove ) fror, (V)
for £ € R. In particular, the spectral density function of (e 4up|c(t))ter is given by
feavmozavsie N = Favsvaos V) = yavsve M) frove V) ™ frevaos (V)

for almost all A € R. Thus, the cross-spectral density function is

faA\o%?B\c()‘) = EX (fYAuBYAUB ()‘) - fYAUBYC (A)fYcYc(/\)ilfYcYAuB (/\)) Ep
= fyavs(N) = frave M) frove V) frevs (V)

for almost all A € R. Finally (e4/c())ier and (ep|c(t))ter are stationary correlated with



140 CHAPTER 10. PRELIMINARIES

CEAICEB\C(t) = /700 e (fYAYB (A) — fyave ()‘)fYcYc ()\)_lfYCYB (/\)) dA
for all t € R. [}

Remark 10.7. For the function f;, ey (A) we use the terms (cross-) spectral density function
of (e4)c(t))ier and (ep|c(t))ier as well as partial spectral density function of Y4 and YVp given
Yc interchangeably. The terms (cross-) covariance function of (e4ic(t))ier and (ep|c(t))ier as

well as partial covariance function of V4 and Vg given Yo are also interchangeable.

10.2. CHARACTERISATIONS AND PROPERTIES OF PARTIAL CORRELATION

In this section, we study several characterisations of the partial correlation relation. We start
with simple characterisations in terms of the (cross-) covariance function, the (cross-) spectral
density function, and the spectral coherence function of the noise processes (e4/c(t))ier and
(eB|c(t))ter, analogous to the discrete-time results in Remark 2.3 of Dahlhaus (2000). The
spectral coherence function of the noise processes is also called partial spectral coherence function

of Y4 and Yp given V¢ in analogy to the partial correlation for random vectors (9.12).

Proposition 10.8. Suppose that fy,y,(X) >0 for A € R. Then, we have

yAJLyB|yC = CEA\CEB\C(t>:OO‘XIB fOT alltER,
& fsA‘chlc(/\) = 0axp for almost all X € R.

In particular, these conditions imply that, for almost all X\ € R, the spectral coherence function
satisfies RaA\CEB\C()\) = Oaxp. If f5A|C’5A\C(>\) > 0 and fEB\CEB\C()\) > 0 for almost all X € R,

then the converse holds as well.

Proof. Suppose that Y4 I Yp|Vc. By definition of the partial correlation relation, we obtain the
first characterisation c€A|C‘5B\C<t) = 0axp for all t € R. Second, suppose that C‘SA\CEB\C(t) = 0axp
for all t € R. Then the Fourier inversion formula (Pinsky, 2009, Proposition 2.2.37) yields
fearcen o(A) = 0qxp for almost all X\ € R. The converse implication applies by Lemma 2.4(b).
For the third characterisation, suppose that fe , e, o (A) = 0qxp for almost all A € R. Then
Definition 2.6 implies that REA\CEB\C
that fo, ceqc(A) > 0and fop ep o (A) > 0 for almost all A € R, then Definition 2.6 gives the

converse implication. [ ]

(A) = 0qxp for almost all A € R. If we additionally assume

Remark 10.9.

(a) The assumption that f, e, o(A) > 0 for almost all A € R excludes the case where
ealc(t) = 0o P-as. for t € R, i.e., the case where Y,(t) € Ly, for a € A. This can be
explained as follows. If £4/0(t) = 0o € R® P-a.s. for t € R, then ¢ ;oo (t) = 0o € Mo (R)
for t € R. As a consequence, faA\CaA\C()\) = 0, for almost all A € R. This matrix is

certainly not positive definite. From now on, we assume that AN C = (.
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(b) If ANC =0, Bernstein (2009) provides in Proposition 8.2.4 that fy, v, o(A) > 0 if and
only if fyove(A) > 0and fo, ceyo(A) > 0. Furthermore, fy, p,cvaupue(A) > 0 is sufficient
for fy,cvane(N) >0 and fy, oveoe(A) > 0.

(c) HANC =0 and fy, cvac(A) >0 for A €R, then f., e, -(A) >0 and Proposition 10.8
results in Y4 L Va4 | Yo. In the following, we always assume a sufficient condition for
FYaveYaue (A) > 0, so we can also exclude the case AN B # () from our analysis and assume

throughout the remaining chapter that A, B,C C V are disjoint.

We further present a very simple characterisation of the partial correlation relation in terms of
an inverse spectral density function, which we denote, for A C V and X\ € R, by

GYaYa (/\) = fyava ()‘)71
The corresponding discrete-time result is given in Theorem 2.4 of Dahlhaus (2000). The proof
is not immediately obvious due to the use of the representation of the inverse of a matrix by

block matrices twice. Additionally, we could not find an elaborated proof in the literature, so we

provide it for the sake of completeness.

Proposition 10.10. Suppose that A, B,C C V are disjoint and fy, s oVaopoe(A) > 0 for A € R.

Then we have

Vall YV |Ye < [9vausueYausoe MN)ag = Oaxg  for almost all X € R.

Proof. Let A € R. For notational convenience, we assume without loss of generality that
A={1,2,...,a}, B={a+1,...,a+},and C ={a+ S +1,...,a+ B+ ~}. Then, we can

decompose

fYAUBUCYAUBUC’ ()‘) -

(fYAuBYAUB (/\) fYAuBYC ()\)>
fYCYAUB O‘) fYcYc ()‘) ‘

As fy,isueYausoe (A) > 0 and fy,y, (A) > 0 by assumption, e.g., Theorem 2.1 of Lu and Shiou
(2002) gives

[gYAuBuCYAuBuC ()‘)}AUBAUB = (fYAuBYAuB ()‘) - fYAUBYC ()‘)fYcYc(/\)_lfYcYAuB ()‘)>_1

N

= fEAuB\CEAuBm

The matrix fe,  ; ceq,pc(A) itself has the decomposition

fsA\CsA|C (/\) faA\CEB\C ()‘>> )

EAUB|CEAUB|C A) =
Feasmiczavnic () (fammm fonoeme )

Note that fe, pceainc(A) > 0and fop epo(A) > 0 due to fy, p,cvaupue(A) > 0 and Re-
mark 10.9(b). Thus, we can make use of the matrix inversion formula again and Theorem 2.1 of
Lu and Shiou (2002) yields
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[gYAuBuCYAuBuC(/\)]AB = [fEAUB\C‘EAUBIC()\)_I}AB
- (fEA\CEAIC()\) - fEA\CEB|C’()\)fEB|C€B|C’(A)_lfaeraA‘c()\))_1
’ fEA\c€B|c(/\)fEB|CsB|C(/\)_1-

This representation shows that | (M]4p = Oaxp for almost all A € R if and only if

9YauBucYauBuc
faA‘CgB‘C()\) = Oqxp for almost all A € R. Proposition 10.8 concludes the proof. [ |

The following lemma applies Proposition 10.10 to introduce a relationship between the inverse
of the spectral density function of a full process )y and the inverse of the spectral density
function of a process Yy reduced by a confounder process Yc. This result is the continuous-time
counterpart to Dahlhaus (2000), Remark 2.5. Again, since we could not find an elaborate proof

in the literature, we include it for completeness.

Lemma 10.11. Suppose that A, B,C C V are disjoint and fy, v, (A) > 0 for A € R. Then, for
A € R, it applies that

[gYV\ch\c ()‘)]AB = [ngYV ()‘)]AB - [gYVYV ()‘)]AC ([gYVYV ()‘)]CC)_I [ngYv ()‘)]CB .

Proof. Without loss of generality, we assume that C = {k — v+ 1,k —vy+2,...,k}. We further
note that fy,, ovi\(A) > 0 and [gy; vy, (A)]ge > 0 for A € R. Then, for a,b € V'\ C and A € R,
we first show the identity

[hYV\CYV\C ()‘)} = {ngYv (A)]ab - [ngYv ()‘)]ac ([ngYv ()‘)}Cc)il [QYVYV ()‘)]Cb

ab :
= e ],

The main idea of the proof is to show that Ay, vy, () is the inverse of fy;, .vy o (A) and thus
hyi oY o (A) = vy oy o (A)- In doing so, we make use of the fact that gy, v, (A) is the inverse
of fy, v, (A) and hence,

k
Z gYVYV (zj vaYv ()‘)]jb = Oa=b, (10'2)
7=1
where 04— is the Kronecker Delta. For a,b € V' \ C and X € R, it applies that

[hYV\CYV\C ()\)fYV\CYV\C ()‘)} ab

= z_: (ngYV [gYVYV ()‘)]a(j ([gYVYV O‘)]CC)_l [gYVYV ()‘)]Cj) [fYVYV ()‘)]jb
7=1

??‘
Q

Z gYVYV a] fYVYV ()‘)]]b

S lovieve W] vy (V]
— [gvive Wae (9vry WVlee) ™ . J

Zf;Y l9vy i ()‘)]kj [frvve ()‘)]jb
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Multiple use of equation (10.2) and 0~y y1=p = ... = Op=p = 0 yields

[hYV\ch\c () fYV\CYV\c ()\)}
k

= 0g—p — Z [QYVYV ()\)]aj [fYVYV ()‘)}jb
Jj=k—v+1

ab

= 1 vy Wi vy (W],
~loviry Wlae (lovr Wlee) ™ '
— S it [9ve vy Wl vy V],
= da=b = [9vi vy Moo iy Nl
+loveve Mlae (9vire Mlee) ™ lavery Vlee v Ml
= Og=p-

The function hyy, o\ o (M) is thus the left inverse of fYinevine (M\). The right inverse property
can be shown analogously. Finally, let A, B C V. Then, for A € R,

{gYV\CYV\C ()‘)} AB ( [gy‘/\cy‘/\C ()‘)} ab) acAbeB

= (lovevy Wy = l9vv Wlac (995 Wlee) ™ 9393 Moy e

= [gYVYV ()‘)]AB - [gYVYV O‘)]AC ([ngYv ()‘)]Cc)_l [ngYv ()‘)]CB . u

Interpretation 10.12. For an interpretation of Lemma 10.11 (cf. Remark 2.5 of Dahlhaus,
2000), we analyse the case

[gYV\cYV\c()‘)]ab = [ngYV ()‘)]ab - [ngYv ()‘)]ac ([ngYV ()‘)]cc) [gYVYV ()‘)]cb )

A € R, as an example. This equation explains the relation between the partial correlation of the
full process Yy and the partial correlation of the reduced process i\ (c: Suppose )V, and Y,
are partially uncorrelated given Vi (a5} ([9v1 vy (M)]ap = 0 for almost all A € R), but there is a
partial correlation between ), and ). given Yy (4} and between ), and Ve given Wy (3 o} with
[9v, v, (M)]ae # 0 and [gy;, vy, (A)]ep # 0 on some non-zero set. This causes a partial correlation

between Y, and Y, given Vy\(a,p,c} ([QYV\CYV\C()‘)]ab # 0) in the reduced process Yy (-

Finally, we establish that the partial correlation relation satisfies the graphoid properties — the

main result of this section.

Theorem 10.13. Suppose that A, B,C,D C 'V are disjoint and fy,y, (A) > 0 for A € R. Then

the partial correlation relation defines a graphoid, i.e., it satisfies the following properties:
(P1) Symmetry: Va Ll Vp| Vo=V LLValVe.

(P2) Decomposition: Ya 1L Ypuc |Yp = Va L VB | Vp.

(P3) Weak union: Ya AL Ypuc | VYp = Ya L V| Veup.

(P4) Contraction: Va L Ve |Yp and Ya 1L Yo | Ypup = Ya 1L Vpuc | Vb.

(P5) Intersection:  Ya 1L Y| Yeup and Ya 1L Yo [ Ypup = Ya I Ypue | Y.
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Proof.

(P1) is immediately clear, since the partial correlation relation is symmetric by definition.

(P2, P3, P5) were established by Dahlhaus (2000) in discrete time in his Lemma 3.1. Since the
proof is based only on zero functions in inverse spectral density functions and therefore does not

depend on the setting of discrete or continuous time, it is directly applicable.

(P4) follows from Proposition 10.10 and Lemma 10.11. First, the relations Y4 1 Vg5 | Vp,
Ya U Yo | Ypup, and Proposition 10.10 result in

[gYAUBUDYAUBUD ()‘)]AB =0Oaxp and [QYAuBUCUDYAuBUCUD(/\)]AC = Oaxy (10.3)

for almost all A € R. Along with Lemma 10.11, we obtain

OOéXﬁ = [gYAuBuDYAuBuD ()‘)]AB
= [gYAuBUCUDYAUBUC’UD ()‘)]AB - [gYAUBUC’UDYAUBUCUD ()‘)]AC
-1
([gYAUBUCUDYAUBUOUD ()‘)]CC) [gYAuBUCUDYAUBUC’UD ()‘)]CB

= [gYAuBuCUDYAUBUCUD ()‘)]AB (10.4)

for almost all A € R. In summary, equations (10.3) and (10.4) imply

[gYAuBucuDYAuBucuD(/\)]A(BUC) = Oax (84+)
for almost all A € R, and Proposition 10.10 yields Y4 1L Ypuc | Vb. |

Remark 10.14. The partial correlation relation can be characterised by a conditional orthog-
onality relation (cf. Remark 10.2), which satisfies the graphoid property (cf. Lemma 3.3).
However, this result does not directly prove the graphoid property of the partial correla-
tion relation. The reason is as follows: The relation Y4 1L Ypuc | Yp is equivalent to
Ly,(t) L Ly, (t) | Ly,, t € R. Thus, the weak union property of the conditional orthogonality
relation gives Ly, (t) L Ly, (t) | Ly, + Ly, (t) for all t € R. This relation is not the same as
Ly,(t) L Ly, (t)|Lyq,p, t € R ie, Ya AL Yp|YVeoup. Similar problems arise for (P4) and (P5).

The peculiarity of the partial correlation relation in continuous time is that it defines a graphoid
under minimal assumptions. We only require wide-sense stationarity, mean-square continuity,
and a positive definite spectral density function. For many graphoids, the intersection property
(P5) is quite difficult to verify and, unlike for the proofs of (P1)—(P4), additional, possibly
strict, assumptions are required. For example, the conditional orthogonality relation for linear
spaces satisfies the intersection property only under the additional assumption of conditional
linear separation of underlying linear spaces (Eichler, 2007, Proposition A.1). Thus, graphical
models for stochastic processes using conditional orthogonality have additional assumptions on
the spectral density, see Eichler (2007), equation (2.1), for processes in discrete time and our
Assumption 3 for processes in continuous time, which guarantee that conditional linear separation
holds. Similarly, graphical models based on conditional independence also require additional

assumptions (cf. Lauritzen, 2004, Proposition 3.1; Eichler, 2011, Assumption S).



CHAPTER 11

PARTIAL CORRELATION GRAPHS

In this chapter, we visualise the partial correlation structure between the components of a
multivariate continuous-time process Yy = (Y (t))ter in a graphical model, called the partial
correlation graph Gpc = (V,Epc), as follows: Each component V,, a € V = {1,...,k}, is
represented by a vertex. Furthermore, a — b ¢ Ep¢ if and only if the components Y, and ),
are partially uncorrelated given the environment Yy (443 As the relation V, 1L )} | I\ {a,p) 18
symmetric, we use undirected edges in Gpc.

We proceed as follows. In Section 11.1, we define the partial correlation graph and provide
edge characterisations based on the preliminary work of Section 10.2. In particular, the key
characterisation by the inverse spectral density function of )y is given. We also show that the
partial correlation graph satisfies several Markov properties. Then, in Section 11.2, we study
similarities and differences between the partial correlation graph and the causality graph. We
find that, in general, there are no direct relationships between the edges of the two graphical
models. However, if we construct the undirected augmented causality graph, the edges of the
partial correlation graph are a subset of the edges of the augmented causality graph. Note that

the comparison to the local causality graph is discussed in Section 12.2.

11.1. DEFINITION, EDGE CHARACTERISATIONS, AND MARKOV
PROPERTIES

The motivation from the previous introduction leads to the following definition.

Definition 11.1. Suppose that )y is wide-sense stationary, mean-square continuous, and has
a spectral density function with fy,y;, (A) > 0 for A € R. If we define V' = {1,...,k} as the

vertices and the edges Fpc via

a—>b¢ Epc & VoL Yy | Vv\(ap}s
for a,b € V with a # b, then Gpc = (V, Epc) is called partial correlation graph for Yy .

Remark 11.2.

(a) The name partial correlation graph is clearly based on the partial correlation relation.

(b) For the definition of Gpc it is not necessary to require that fy, y; (A) > 0, but sufficient
that fvi (o Vi any (M) > 0 for all a,b € V with a # b. However, fy, v, () > 0 is essential
for the graphoid properties and thus for the Markov properties for the graph. Observe that
fryvi (A) > 0 applies generally (cf. Lemma 2.4), so fy;v;,(A) > 0 is only a mild assumption.
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(¢) A direct consequence of Remark 10.9(c) is that we would always have a — a € Ep¢ for
a € V. Since such self-loops do not help to visualise the partial correlation structure and

do not change the properties of the graph, we omit them for the sake of simplicity.

Below, we provide edge characterisations for the partial correlation graph. First, Proposition 10.8

directly gives the following characterisations.

Lemma 11.3. Suppose that Gpc = (V, Epc) is the partial correlation graph for Yy . Then, for
a,b eV with a #b, the following equivalences apply.

a—>b¢ Epc & Ceu v\ (a0} SB[V () (t)=0 forallt eR,
REN f5a|V\{a,b}€b\V\{a,b}()\) =0 for almost all X € R,

< R A) =0 for almost all A € R.

EaIV\{a,b}EbIV\{mb}(
Note that the characterisation by the partial spectral coherence function Re 1\ (apyenpy {a,b}()\)’
A € R, is valid, since fy,y;, (A) > 0 by assumption and thus f5a|V\{a,b}5a|V\{a,b}()\) > 0 and
Jerpamyeni sy (A) > 0 (cf. Remark 10.9), which results in a non-vanishing denominator. Note
also that the partial spectral coherence function provides a measure of the strength of the
dependence between ), and } given Yy (41, an extension of the partial correlation (coherence)

(9.12) for random vectors to stochastic processes.

In addition, Proposition 10.10 gives the key representation using the inverse of the spectral density
function, which is also in analogy to the alternative representation of the partial correlation
(coherence) in (9.12). The corresponding edge characterisation for time series in discrete time is
established by Dahlhaus (2000) in Theorem 2. We include the proof for completeness.

Proposition 11.4. Suppose that Gpc = (V, Epc) is the partial correlation graph for Yy . Then,
for a,b €V with a # b, it applies that

N = — 9y v Ml VAER. (11.1)

a a @ ( )
SV @b SV t) (v v Mg [9v0v5 W]) 2

R

Furthermore,
a—b¢ Epc < [gvivi (N, =0 for almost all A € R.

Proof. Let A € R and, without loss of generality, set « = 1 and b = 2. On the one hand,

f (\) = (fsaIV\{a’b}EalV\{a’b}O\) fﬁaV\{a,b}EbV\{a,b}(/\)>
S{a,b}V\{a,} a6} V\ {a} )

\)

fa . ()\)—1 — 1 fEb\V\{a,b}Eb\v\{a,b} (A) —ffa\v\{a,b}fb\v\{a,b} ()‘) ,
{a,b}[V\{a,b}={a,b}|V\{a,b} D()\) /\) )\)

fEb\V\{mb}aa\V\{mb} ()\) fEbIV\{avb}EblV\{awb} (

_feb\V\{a,b}aa\V\{a,b} ( faa\V\{avb}salV\{a’b} (

where D(A) = det(fe(, 131 (ap) oy v (o (V) On the other hand, fa{a,b}\V\{a,b}s{a,bHV\{a,b}<)\)71
corresponds to the upper left (2 x 2)-dimensional block of gy, v;, (), as in the proof of Proposi-
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tion 10.10. Comparing fg{ayb}lv\{a’b}g{ayb}lv\{aﬂb}()\)_1 and [gy; vy, ()\)]{a,b}{a,b} therefore yields

[gYVYV ()\)]ab _ faa\V\{a,b}gb\V\{a,b} ()\)
2 = o
([gYVYV ()\)]aa [gYVYV (A)]bb) (fsa\v\{a,b}&z\\/\{a,b} ()\)fsb\v\{a,b}sb\v\{mb} ()\))
o R£a|v\{avb}5b|V\{a,b} ()‘)

The second part of the assertion follows from Proposition 10.10. |

Remark 11.5. A significant advantage of Proposition 11.4 over other edge characterisations is
that the criterion is computationally inexpensive. One only needs to know the spectral density
function and then perform a singular matrix inversion to obtain all the edges in the graph
simultaneously. Furthermore, relation (11.1) even equips us with a simple measure of the strength

of the connection between the components.

Remark 11.6. Dahlhaus (2000) states that the partial correlation graph can be compared to the
concentration graph for random vectors. The concentration graph for a random vector Z € R*
with E||Z||2 < 0o, E(Z) = O, and X7 :=E[ZZ "] > 0 is defined as follows. Let the vertices be
defined as V = {1,...,k} and the edges Eco via

a—b¢ Eco & [221} bZO
—1
< [Bzly — Zzlonfan ([EZ]V\{a,b}V\{a,b}> Ez]\ fa oy = 0s

for a,b € V with a # b. Then Gco = (V, Eco) is called concentration graph for Z.

The concentration graph G visualises the sparsity pattern of the inverse covariance matrix of
Z, also called the concentration matrix, hence the name concentration graph. However, because

of equations (9.11) and (9.12), the name partial correlation graph would also be appropriate.

The definition of the concentration graph illustrates why the partial correlation graph Gpc
for continuous-time stochastic processes is the counterpart to the concentration graph Ggo for
random vectors: A missing edge a — b ¢ E¢o in the concentration graph for Z reflects that
Z, and Z, are partially uncorrelated given Zy, (). Similarly, a — b ¢ Epc in the partial
correlation graph for )y means that the stochastic processes ), and ), are partially uncorrelated
given W\ (q)- Finally, the edges in the partial correlation graph are characterised by the inverse
of a spectral density function, which is the frequency domain counterpart to the inverse of a
covariance matrix. For an independent and identically distributed sequence of random vectors

with distribution Z, the spectral density is even equal to (27) ¥ z.

Note that the concentration graph is usually defined only for multivariate Gaussian random
vectors (Maathuis et al., 2019, p. 218), but this definition is a natural generalisation. For Gaussian
random vectors, however, missing edges even correspond to conditional independence relations
(Maathuis et al., 2019, Corollary 9.1.2).

To conclude this section, we establish Markov properties for Gpc. To do this, we first recall some

crucial terminology from Part I for the reader’s convenience.
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In an undirected graph G = (V, E), we denote by ne(a) = {v € V]a—uv € E} the set of neighbours
of a € V. A path of length n from a vertex a to a vertex b is a sequence ag = a,...,q, = b of
vertices, such that ;1 —a; € E fori=1,...,n. For A, B,C CV, we say that C separates A
and B if every path from a vertex in A to a vertex in B contains at least one vertex from the

separating set C, and we write A > B | C for short.

Proposition 11.7. Suppose that Gpc = (V, Epc) is the partial correlation graph for Y. Then
Vv satisfies

(P) the pairwise Markov property with respect to Gpc, i.e., for a,b €V,

a — b%EPC = yaJ-l—yb|yV\{a,b};
(L) the local Markov property with respect to Gpc, i.e., fora € V,

Y\ (ne(@)u{a}) L Va | Yne(a)s
(G) the global Markov property with respect to Gpc, i.e., for disjoint A,B,C CV,
AxB|C = Y4l Yp|Ve.

Proof. The pairwise Markov property is satisfied by definition. Furthermore, the partial
correlation relation defines a graphoid by Theorem 10.13. Thus, Lauritzen (2004) states in
Theorem 3.7 that the pairwise, local, and global Markov properties are equivalent, so the local

and global Markov properties are also valid. |

As in the (local) causality graph, the pairwise and local Markov properties are properties that
are intuitively expected to apply in any reasonably defined graphical model. The global Markov
property is especially important, because it provides a graphical criterion for deciding whether
two subprocesses Y4 and Vg are partially uncorrelated given a third subprocess Vo. Although the
graph itself is defined only by pairwise partial correlation relations, we obtain partial correlation
relations between multivariate subprocesses given any subprocesses through path analysis. For

visualisation purposes, we provide an example whose existence is guaranteed by Remark 12.4.

Example 11.8. Let )y be a 5-dimensional continuous-time process, with an associated partial

correlation graph given in Figure 11.1.

1 3 )
O/
Figure 11.1.: Partial correlation graph for Example 11.8

Since 1 — 5 ¢ Epc, the pairwise Markov property implies )y 1L Vs | YV(2,3,4}- Moreover, using
the local Markov property, it follows that V45, L V1 | Vya 33, since the vertex 1 has the vertices
2 and 3 as neighbours. Finally, the global Markov property even provides that Yy 5 AL )1 | Vs,
since {4,5} < {1}/{3}.
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11.2. COMPARISON OF PARTIAL CORRELATION GRAPHS AND CAUSALITY
GRAPHS

In this section, we study relations between the partial correlation graph and the causality graph.
For the reader’s convenience, we restate a possible definition of the causality graph, using

specifically the edge characterisations from Remark 4.3 and Lemma 5.2.

Proposition 11.9. Suppose that Yy is wide-sense stationary, mean-square continuous, and

satisfies Assumptions 3 and 4. If we define V= {1,...,k} as the vertices and the edges Ecq via
(a) a—b¢ Ecc < Ly, (t+h)L Ly, (t)] Eyv\{a}(t) YVO<h<1,teR,
(b) a---b¢ Ecqg < Ly,(t+h) L Ly, (t + R | Ly, (t) V0 < hh' <1, teR,

for a,b €V with a # b, then Gog = (V, Ecg) is the causality graph for Yy .

Note that Assumption 3 includes the positive definiteness of the spectral density function, so the

partial correlation graph is well defined given this assumption.

Remark 11.10. To highlight the differences between the undirected edges in the causality graph
and the undirected edges in the partial correlation graph, we recall from Remark 10.2 that in the

partial correlation graph, we have
a—5»b ¢ Epc < Lya(t) 1 Lyb(t) | ﬁyv\{a’b} VteR,

for a,b € V with a # b. The concept of contemporaneous uncorrelatedness in Proposition 11.9(b)
thus differs from zero partial correlation in two ways. First, for zero partial correlation, we
always project on the linear space of the whole process Wi\ 145y = (Yi\{a,5} (t))ter, Whereas, for
contemporaneous uncorrelatedness, we project on the past (Yy/(s))s<¢. Second, in the case of
contemporaneous uncorrelatedness, the correlation has to be considered not only at identical

time points but also at mixed time points one time step into the future.

Despite the differences between the two concepts (which is also confirmed by the analysis of
MCAR processes in Example 12.8), there are relationships between edges in the partial correlation
graph and paths in the mixed causality graph. To show such a relation, we apply the concept of

m-separation and the global AMP Markov property for the causality graph.

Lemma 11.11. Suppose Gpc = (V, Epc) is the partial correlation graph and Gog = (V, Ecg)
is the causality graph for Y. Then, for a,b € V with a # b, we have

{a} >, {0} |V \{a,b} [Geg] = a—>b¢ Epc.
Proof. The global AMP Markov property, Theorem 7.8, provides that
{a} oam {0} [V \{a,0} [Gea] = Ly, L Ly, | Ly (o

This conditional orthogonality relation immediately implies Ly, (t) L Ly, (¢)| Ly, ,, forallt € R
by subset arguments. This relation in turn implies a — b ¢ Epc due to Remark 10.2(b). W
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The advantage of this result is that the concept of m-separation has several different characteri-
sations in the literature, leading to more sufficient criteria for a — b ¢ Epc. One approach is, as
in Section 7.2, to construct the undirected augmented causality graph (cf. Definition 7.16) and

to relate it to the undirected partial correlation graph.

Lemma 11.12. Suppose that Gpc = (V, Epc) is the partial correlation graph, Gog = (V, Ecq)
is the causality graph, and G} = (V, E& ) is the augmented causality graph for Yy . Then, for
a,b eV with a #b, we have

a—>bé¢ Ete < dis(aUch(a))Ndis(bU ch(b)) =0 in Geg, (11.2)
& Aapea{b} [V \{a,b} [Gégl (11.3)

In particular, each of these conditions implies that a — b ¢ Epc. Furthermore, Epc C E¢..

Proof. By definition, we have
a—b¢ Ete < aand b are not collider connected in Geg.
Furthermore, Eichler (2011) provides in Lemma 3.2 that

a and b are not collider connected in Gog < dis(aUch(a)) Ndis (bUch(b)) = 0in Geg,
& {a}van {b} |V \ {a,b} [Gogl.

In addition, Eichler (2011) states in Theorem 3.1 that

{a} o {b} |V \{a,b} [Gegl & {a}pa{b} [V \{a,b} [GEcl.

These statements are then, of course, all sufficient for a« — b ¢ Epc due to the previous

Lemma 11.11. In particular, Epc C E¢ is valid. |

Remark 11.13.

(a) This result gives several possibilities to make inferences about the partial correlation graph
from the causality graph. On the one hand, the criterion (11.2) is particularly useful, since
we can work with the original mixed graph and it is easy to implement algorithmically.
On the other hand, the characterisation (11.3) is of particular interest, as it uses the
classical separation in an undirected graph, which is a common way to define global Markov
properties for mixed graphs. Finally, the inclusion property Epc C E¢ gives a simple

connection between the edges in both graphs.

(b) The causality graph Gog = (V, Ece) and the local causality graph G%, = (V, Ed) satisfy
the relation B C Ecg (cf. Proposition 4.17 and 5.10). Thus, in the augmented (local)
causality graph, Egg C E&, is satisfied. We expect that Epc C Eég C E& applies. In
general, however, we cannot prove the statement Fpo C Eg’g, since we do not have a
global AMP Markov property for the local causality graph. We derive this subset relation

in Section 12.2, where we restrict ourselves to MCAR(p) processes.
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PARTIAL CORRELATION GRAPHS FOR MCAR PROCESSES

In this chapter, we apply the partial correlation graph to causal multivariate continuous-time
autoregressive processes of order p, or MCAR(p) processes for short, to illustrate the partial
correlation structure between the components of this important and versatile class of processes. In
addition to the (local) causality graph, the partial correlation graph provides another visualisation
of dependency structures within MCAR processes. We emphasise that partial correlation graphs
for Ornstein-Uhlenbeck processes can be obtained as a special case of this chapter. Furthermore,
Gaussian MCAR processes and Gaussian Ornstein-Uhlenbeck processes, where the driving Lévy

process is a Brownian motion, are also valid special cases.

Throughout this chapter, we use the following matrix notation. Let Aj, As,..., 4, € Mi(R),
p > 1, and denote

0z I 0 ~--- O
O
o Op Iy . '
A= IR O € Mkp(R)v B= 0 € Mkpxk(R),
k
0 N I
—A, —Ap g e e =44
C= (Ik O --- 0k> S kakp(R).

Finally, suppose 0(A) C (—o00,0) + iR. The unique causal, strictly stationary output processes
Vv = (Yy(t))ier of the corresponding state space models (A, B, C, L) are the causal MCAR(p)

processes. For a more detailed introduction to state space models, we refer to Section 2.2.

The structure of the chapter is as follows. In Section 12.1, we ensure that the partial correlation
graph for causal MCAR processes is well defined and we establish this graphical model. We also
provide edge characterisations by model parameters, along with comparisons to the literature.
Moving on to Section 12.2, we study relations between the partial correlation graph and the (local)
causality graph. We confirm that, in general, there are no simple direct relations between the
edges in the causality graph and the edges in the partial correlation graph, which is a continuation
of Section 11.2. We do the same for the local causality graph and the partial correlation graph.
For MCAR processes, we additionally show that the edges of the partial correlation graph are a
subset of the edges of the augmented local causality graph.
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12.1. ESTABLISHMENT AND EDGE CHARACTERISATIONS

To define the partial correlation graph for causal MCAR processes, we must first ensure that
the graphical model is well defined. However, the assumptions of the partial correlation graph
were already studied in Section 2.2, so we only give a brief summary: The MCAR process Vy is
wide-sense stationary and mean-square continuous, see Remarks 2.12 and 2.13. Furthermore, in

equation (2.18), we state that its spectral density function is

vy (A) = %P(z‘A)*lzL(P(—iA)*l)T, A ER,

where, in the notation of the present chapter, the AR polynomial P is
P(z) =12 + Ay2P~  + ...+ 4, zeC. (12.1)

Finally, we need to ensure that fy;y;, (A) > 0 for A € R. But this condition is already met when
¥ >0and 0(A) C (—00,0) + iR (cf. Lemma 8.5). In particular, we obtain the representation

of the inverse spectral density function
gvyvy (A) = 27P(—iA) TS P(IN), A€eR.

By Definition 11.1, Proposition 11.4, and Proposition 11.7, we then obtain the following result.

Proposition 12.1. Suppose that Yy is a causal MCAR(p) process with X1, > 0. If we define
V ={1,...,k} as the vertices and the edges Epc via

a—b¢Epc & Vall V|V © [P(=NTPEN] =0 VAER,

ab

fora,b € V with a # b, then the partial correlation graph Gpc = (V, Epc) for the MCAR process
Vv is well defined and satisfies the pairwise, local, and global Markov property.

Note that partial correlation graphs can, of course, be defined for more general state space models,
but we find that MCAR processes are sufficient for our illustrative purposes. Note also that for
MCAR processes, gy, vy, (A), A € R, has a very simple representation, it is a polynomial matrix.
As a result, we can give the following edge characterisations based on the coefficient matrices

Ay, As, ..., Ay of the AR polynomial, and the covariance matrix ¥, of the driving Lévy process.

Proposition 12.2. Suppose that Gpc = (V, Epc) is the partial correlation graph for the causal
MCAR(p) process Yy with AR polynomial P given by (12.1), where we define Ay = Ij,. Then,
for a,b € V with a # b, we obtain the edge characterisation

nAp

a—b¢ Epc & > (-D)MA) S Apngm| =0 forn=0,...,2p.

m=0Vn—p ab

This characterisation is reduced in the following cases.
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(a) Suppose Xp = o%I; > 0. Then

nAp

a—b¢ Epc < [ Z (—1)mA;—_mApn+m] =0 forn=0,...,2p.
ab

m=0Vn—p
(b) Suppose Ay, is a diagonal matriz for allm =1,...,p. Then

a—b¢ Epc <« [zgl}abzo.

Proof. First of all, we insert the AR polynomial P in gy, v;, (A), A € R, to get

P P
avyvy () =21 (Z A;_m(mm> »t (Z Ap_g(m)f>
m=0 £=0
2p nAp
=2r Z Z (‘DmA;—mEZlAp—ner(i)‘)n?
n=0 m=0Vn—p
where we rearrange the addends according to the degree of A and substitute n = ¢ + m,
where n = 0,...,2p. Since 0 </ =n—m < pand 0 < m < p, we obtain the boundary
0Vn—p<m<nAp. Since the components of gy; v, (A) are polynomials, the components are

the zero function if and only if the corresponding coefficients are zero. Then, by Proposition 12.1,

nAp
a—0b¢ Epc < > (=D)AL E Apngm| =0 forn=0,...,2p. (122)

m=0Vn—p ab

(a) Assume that ¥ = 0?I;. Then 02 > 0 and X' = 1/02%1}, provides that the relation (12.2) is
equivalent to Proposition 12.2(a).

(b) Assume that A,,, m = 1,...,p, are diagonal matrices. Then the AR polynomial P is a

diagonal polynomial matrix and a — b ¢ Ep¢ is equivalent to
0= [P(=iNZT PN = [P(=iN)], [271] PN,

for all A € R. Due to N(P) = 0(A) C (—00,0) + iR and because P is diagonal, the diagonal
elements of P(i)\) are not zero and a — b ¢ Epc is equivalent to [2} 1] = 0. [

Remark 12.3. The edge characterisations in Proposition 12.2 for MCAR(p) processes are, as
might be expected, similar to those for VAR(p) processes in Example 2.2 of Dahlhaus and Eichler
(2003). The authors state that in the discrete-time partial correlation graph G4, = (V, E%),

nAp
a—b¢ Ely o Z @;E;lfbm_nﬂ) =0 forn=0,...,2p,
m=0Vn—p ab
with the AR coefficient matrices ®,, € Mi(R), m =1,...,p, &9 = —I, and the covariance matrix

0 < ¥, € M(R) of the white noise process. The two characterisations of the continuous-time

and the discrete-time multivariate AR process match exactly if we neglect the factor (—1)™.
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This small difference is due to the fact that in the continuous-time model, the spectral density
function is defined by an AR polynomial at +i\, whereas in the discrete-time setting the spectral
density function is defined by an AR polynomial at e*. The similarity of the characterisations
again supports that our partial correlation graph is the continuous-time counterpart to the

discrete-time partial correlation graph.

Remark 12.4. A consequence of Proposition 12.2(b) is that for any undirected graph G = (V, E)
and any p € N, there exists an MCAR(p) process with Gpc = G. Indeed, we can define

k, ifa=b,
Am:<p>lk form=0,...,p, and [EEILI;: 1, ifa#banda—>bec F,
0, fa#banda—0>b¢ E.

Consequently, Marquardt and Stelzer (2007), Corollary 3.8, and the binomial identity provide

o(A) =N(P)={z€C:det(P(z)) =0}

feeemma (£ (2)nr) - (£ () ) o)

m=0

Furthermore, EZl is strictly diagonally dominant, i.e., positive definite (Horn & Johnson,
2013, Theorem 6.1.10). X, is also positive definite and there exists a Lévy process with this
covariance matrix (Cont & Tankov, 2003, Theorem 4.1). Due to Proposition 12.2(b), the resulting
k-dimensional MCAR(p) process Yy generates a partial correlation graph G pc = (V, Epc) which
is identical to the undirected graph G = (V, E). This fact is a major advantage of the partial
correlation graph over the causality graph, where it is not clear if a given mixed graph can be

constructed as a causality graph of a continuous-time process.

Furthermore, the following sufficient condition for an edge between a and b in the partial

correlation graph can be obtained by setting n = 2p in Proposition 12.2.

Lemma 12.5. Suppose that Gpc = (V, Epc) is the partial correlation graph for the causal
MCAR(p) process Yy . Then, for a,b € V with a # b, we have

a—b¢ Bro = [SY] =0
Remark 12.6. The matrix Ezl is the concentration matrix of the random vector L(1), so it
defines the concentration graph Geoo = (V, Eco) of L(1). Lemma 12.5 thus gives the relation
Eco C Epc. In other words, the partial correlation of the random variables L, (1) and Ly(1) given
LV\{a,b}(l) implies an edge in the partial correlation graph for the continuous-time process Vv,
i.e., the stochastic processes J, and )} are partially correlated given Yy (45 If we additionally
assume that A,,, m =1,...,p, are diagonal, then Proposition 12.2(b) yields Eco = Epc.
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Finally, for a visualisation of the previous edge characterisations in Propositions 12.1 and 12.2,

we give an example.

Example 12.7. Suppose that )y is a 4-dimensional Ornstein-Uhlenbeck process with ¥ = I

and

-2 0 1 1

0 -2 -1 -1
A =

-1 -1 -2 -1

1 -1 -1 =2

Then a straightforward calculation yields o(A) = {—1,—1,—-2, -4} C (—o0,0)+:iR. Furthermore,
for an Ornstein-Uhlenbeck process )y, the inverse spectral density function is simplified to
9vyyy (\) = 21 (—iAl, — AT)SH(iM, — A) for A € R. We obtain

A2+ 6 0 2iN—1 -3

0 A2 +6 5 5
A) =27
vy (V) 2% =1 5 X476
-3 5 6 A+ 7

The corresponding partial correlation graph Gpc = (V, Ep¢) is then given in Figure 12.1.

—=
=

Figure 12.1.: Partial correlation graph for Example 12.7

Furthermore, for an Ornstein-Uhlenbeck process with 3 = I, the edge characterisation in

Proposition 12.2(a) is simplified to

a—b¢ Epc < [A],, —[A]l, =0, [ATAL =0. (12.3)

@ b

Of course, relation (12.3) also provides the edges in Figure 12.1. For example, 1 — 3 € Ep¢, as
[Aly; — [Alj3=—1-1#0.
Furthermore, 1 — 2 ¢ Epc, since

[Aly —[Al;3=0-0=0 and

[ATA] L= (2040 (=2) + (-1) - () +1-(~1) = 0.
In summary, Example 12.7 once again highlights the advantage of edge characterisation in
Proposition 12.1, which is the ability to obtain all edges simultaneously through the inverse of

the spectral density function.



156 CHAPTER 12. PARTIAL CORRELATION GRAPHS FOR MCAR PROCESSES

12.2. COMPARISON OF PARTIAL CORRELATION GRAPHS AND (LOCAL)
CAUSALITY GRAPHS

In this section, we relate the partial correlation graph to the causality graph and the local
causality graph of Chapter 6, in the special case of MCAR processes. This discussion can be

seen as a continuation of Section 11.2.

We start with relations between the partial correlation graph and the causality graph. In the
comparison in Section 11.2, we suspected that, in general, there is no direct relation between the
edges in the causality graph and the partial correlation graph, although Epc C E¢,. We now

confirm this presumption with two counterexamples.

Example 12.8. Recall that for the Ornstein-Uhlenbeck process with X; = Ij, due to Proposi-
tion 12.2 with p = 1, it applies that

a—b¢ Epc < [A],, —[A], =0, [ATAL:O,

a b

in the partial correlation graph. In addition, by Corollary 8.24, we obtain the edge characterisa-

tions
a—b¢ Eceg < [A%],,=0,
a--—-b¢ Ecg {Aa (AT)ﬁ

=0, a,B=0,...k—1,
ab

for the causality graph.
(a) Suppose that Yy is a 3-dimensional Ornstein-Uhlenbeck process with X5, = I3 and

o(A) = {-1,-4,-9} C (-00,0) +iR. Then [A],, — [A];, = 0 and [ATA];5 = 0, so
1—2¢ Epc. However, 1 —2 € Ecg,2— 1€ Ecg, and 1--- 2 € Ecg, since [A]y; #0
and [A];, # 0. While there exist all three edges between 1 and 2 in the causality graph,
there is no edge between 1 and 2 in the partial correlation graph. The corresponding

graphical models are given in Figure 12.2.

(a) Causality graph (b) Partial correlation graph

Figure 12.2.: Graphical models for Example 12.8(a)
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(b) Suppose that Yy is a 3-dimensional Ornstein-Uhlenbeck process with 3 = I3 and

-1 0 0
A=(0 -1 0],
1 1 -2

o(A)={-1,-1,-2} C (—00,0) + iR. Then a simple calculation shows that

(A%, = [A%,, =0, a=12 [A@(AT)ﬁ

=0, a,f=0,1,2.
12
Therefore, 1 — 2 ¢ FEcg, 2— 1 ¢ Ecg, and 1--- 2 ¢ Ecg. However, 1 — 2 € Epc,
since [AT A]j2 = 1. While there is no edge between the vertices 1 and 2 in the causality
graph, there is an edge between 1 and 2 in the partial correlation graph. The corresponding

graphical models are given in Figure 12.3.

(a) Causality graph (b) Partial correlation graph

Figure 12.3.: Graphical models for Example 12.8(b)

In summary, even in the special case ¥, = I, there are no direct relations between the edges. In
the partial correlation graph, the orthogonality of the columns in A is characteristic, whereas
in the causality graph, the orthogonality of the rows is relevant for the undirected edges, and
the orthogonality of the rows and columns is relevant for the directed edges. Of course, in some
special cases, there are simple relations between the edges in the partial correlation graph and the
edges in the causality graph. Because of the reasoning about orthogonality, an obvious special

case is a symmetric matrix A.

Lemma 12.9. Suppose that Gpc = (V, Epc) is the partial correlation graph and Gog = (V, Ecg)
is the causality graph for the causal Ornstein- Uhlenbeck process Yy, where A = AT and Xp, = I,.
Then, for a,b € V with a # b, it applies that

a———bgéECG = a—bgéEpc.
Proof. The assumptions that >y = I, A is symmetric, and Corollary 8.24 imply

(Al

a

—[Alg =0, [ATA} ab [AATLb =0

Thus, Proposition 12.2 yields a — b ¢ Epc. |
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Next, we provide a comparison of the partial correlation graph to the local causality graph. To
avoid going too deep into the intricate definition of the local causality graph in its generality, but
to improve readability, we restate the local causality graph only for MCAR processes via the

characterisations from Propositions 8.14 and 8.16.

Proposition 12.10. Suppose that Yy is a causal MCAR(p) process with Xy > 0. If we define
V ={1,...,k} as the vertices and the edges E2 via

(a) a—b¢ B2y & [Aj],,=0 forj=1,...,p,
(b) a---b¢ B2, & [S1], =0,
for a,b € V with a # b, then G = (V, EXg) is the local causality graph for Yy .

Remark 12.11. We emphasise that the undirected edges in the local causality graph are
characterised by Y, and not Zzl as in the partial correlation graph, and these matrices generally
do not match. The local causality graph considers the direct correlation of L,(1) and Ly(1), while
the partial correlation graph considers the correlation of L, (1) and Ly(1) given the environment
L\ (a3 (1). Of course, in the case of no environment k = 2, we obtain that [¥.],, = 0 if and
only if [Z; '] = 0, and a — b ¢ Epc implies a--- b ¢ E2.

Again, because of the different definitions, there are generally no direct relations between the
edges in the partial correlation graph and the edges in the local causality graph, not even in the

special case of ¥ = I. To illustrate this, we continue with Example 12.8.

Example 12.12. First, we observe that in Example 12.8(a,b), we assume that X7 = I}. Thus,
a---b ¢ E, is always true. Continuing Example 12.8(a), we still get 1 — 2 ¢ Ep¢, but
1—2¢€ E2; and 2— 1 € E2, since [A]a; = [A]12 # 0. While there are both directed edges
between the vertices 1 and 2 in the local causality graph, there is no edge between 1 and 2 in
the partial correlation graph. Furthermore, in Example 12.8(b), we still get 1 — 2 € Ep¢, but
1—2¢ E2;and 2— 1 ¢ B2, since [A]s; = [A]12 = 0. While there are no edges between
the vertices 1 and 2 in the local causality graph, there is an edge between 1 and 2 in the partial

correlation graph. The corresponding local causality graphs are given in Figure 12.4.

O—O

(a) Local causality graph for Example 12.8(a) (b) Local causality graph for Example 12.8(b)

Figure 12.4.: Graphical models for Example 12.8 and Example 12.12

However, as for the causality graph, we can establish relations between edges in the partial
correlation graph and paths in the local causality graph via the concept of m-separation and
augmentation separation, although no global AMP Markov property could be shown for the local
causality graph.
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Lemma 12.13. Suppose that Gpc = (V, Epc) is the partial correlation graph, G&q = (V, E3)
is the local causality graph, and GCG =(V, Egg) is the augmented local causality graph for the
causal MCAR(p) process Yy. Then, for a,b € V with a # b, we have

a—b¢ Ele & {a}om {0} |V \ {a,b} [GLal,
< dis(aU ch(a)) Ndis(bU ch(b)) = in G%G,

& {a}pa (B} [V\ {a,b} [Go):
In particular, each of these conditions implies that a — b ¢ Epc. Furthermore, Epc C ECG.

Proof. In Lemma 11.12, we already established the equivalences

a—0b¢ ES a and b are not collider connected in G,
dis (a U ch(a)) Ndis (b U ch(b)) = 0 in G,
{a} o {0} |V \ {a, 0} (GG,

{a} < {B} [V \ {a, b} [Geal,

L R A

regardless of the specific definition of the graph. Thus, we only need to prove a—»b ¢ Epc, which
we do by contradiction. So suppose that a — b € Epc. Then there exists a A € R, such that

0+# [ (— z)\)TZ 1P ZA] Z Z P(—i))] [ Ll]cd [P(iN)]

ceV deV

Consequently, there exist vertices ¢,d € V, such that

[P(=iN)], #0, [Z7] #0, [PN)]g #0.

cd

The statements about the AR polynomial yield that there exist directed edges a — ¢ and b — d
in G%. The statement [X}'].q # 0 yields that there exists a path 7 between ¢ and d of only
undirected edges in the local causality graph G2, (Eichler, 2007, p. 341).

Indeed, consider an Ornstein-Uhlenbeck process 37V with A = —1I;, that is driven by the
same Lévy process as the MCAR process V. Then Vv generates a partial correlation graph
Gpc = (V, E pc) and a causality graph Goe = (V, Ecg). For these graphical models, we have
c—d ¢ FEpc if and only if [Ezl]cd =0and c---d ¢ Feg if and only if [¥1].q = 0. Additionally,
there are no directed edges in the causality graph. Then, a consequence of Lemma 11.12 is that
c—d e Epc ([2Yeq # 0) implies ¢ — d € E%, and dis(c) Ndis(d) # 0 in Ecg. Thus, there
exists a path 7 of only undirected edges between ¢ and d in the causality graph Geg, i-e., for
some ¢ = ay,...,a¢ =d € V, we have [¥r]q;a,y, 70 for i =1,...,£—1. This result implies a
path 7 of only undirected edges between ¢ and d in the local causality graph GOCG.

Finally, if ™ does not already provide a path between a and b, we complete ™ with one or both
directed edges from above, to get a path m between a and b on which every intermediate vertex
is a collider. This path contradicts the premise and the statement a — b ¢ Ep¢ is valid. In
particular, Epc C Egg; is satisfied. [ |
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As discussed in Remark 11.13, Lemma 12.13 provides several ways to make statements about the
partial correlation graph from the local causality graph. Again, we support the result with an

example and continue with Examples 12.8 and 12.12.

Example 12.14. In both Example 12.8(a) and (b), we obtain the augmented local causality graph
given in Figure 12.5, emphasising the relation Epc C Eg’g In particular, in Example 12.8(a) we
have the true subset relation Epc C E(Ojg, whereas in Example 12.8(b) the equality Epc = Eocg
applies.

Figure 12.5.: Augmented local causality graph for Example 12.8(a,b) and Example 12.14



CHAPTER 13

CONCLUSION AND OUTLOOK

In this thesis, we establish three graphical models that visualise different types of dependencies
between the components of stationary multivariate stochastic processes in continuous time. In
the following, we summarise the main results of this work and give an outlook on resulting

research questions.

The first two graphical models, established in Part I, are the causality graph and the local causality
graph. In both graphical models, the vertices stand for the respective components Y, ...,V of an
underlying multivariate process Yy,. The directed edges represent (local) Granger causality, while
the undirected edges represent (local) contemporaneous correlation between the components. We

now highlight some important aspects of both mixed graphs.
First, the edge definitions in the (local) causality graph are inspired by approaches from the

literature on dependency structures in discrete-time and continuous-time processes. We take
these concepts and adapt them to stationary multivariate processes in continuous time, to obtain

appropriate and meaningful definitions of dependency structures between the components of Yy .

Second, the (local) causality graph satisfies various levels of Markov properties. Although the
graphical models are defined only by pairwise relationships between the components, these
properties can be used together with path analysis to identify multivariate Granger non-causality
relations and information about multivariate subprocesses being contemporaneously uncorrelated,
even with respect to partial information. In doing so, only few assumptions about the underlying
process are required. That is, wide-sense stationarity, mean-square continuity, purely non-
determinism, and the existence of a spectral density function that must satisfy a mild regularity
assumption. However, there is an important difference between the two types of graphical models.
The advantage of the causality graph is that it satisfies the global AMP and the global Granger-
causal Markov property. The local causality graph probably does not satisfy global Markov

properties with the same generality, so we provide additional but easily verifiable assumptions.

Finally, due to the universal applicability of both graphical models, the (local) causality graph
applies to very general output processes of state space models. For MCAR processes and ICCSS
processes, we are even able to establish edge characterisations by the model parameters. For
this purpose, we first prove essential properties of the processes and, in particular, determine
orthogonal projections of these processes on linear spaces. The resulting edge characterisations
by model parameters are meaningful in terms of interpretation and comparison to the literature,
emphasising once again that the edges, respectively dependency structures, are sensibly defined.
Furthermore, as expected, the characterisations for the edges in the local causality graph are less
restrictive than those for the edges in the causality graph. The local causality graph has fewer

edges than the causality graph and, in general, the graphs are not identical. The advantage of
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the local causality graph over the causality graph is that it allows more general graphs to be
generated. In fact, it is guaranteed that any mixed graph can be obtained as a local causality

graph, e.g., the one in Figure 13.1a.

(a) A mixed graph (b) An undirected graph
Figure 13.1.: Two graphical models

In Part II, we establish a third graphical model, the partial correlation graph, which is an
undirected graph. As in the (local) causality graph, the vertices stand for the respective
components ), ...,V of the underlying multivariate process )Jy,. However, the undirected edges
in the graph represent partial correlation relations. Again, we highlight some key aspects of this

graphical model.

First, in defining this graph, we take the concept of partial correlation for random vectors and
time series in discrete time and adapt it to continuous-time processes. In this way, we again obtain
a sensible definition of dependency structures between the components of the process. However,
unlike the discrete-time partial correlation relation, our continuous-time concept is based on the
insights that have already been gained from Part I, i.e., on orthogonal projections, rather than
on an optimisation problem. Nevertheless, an alternative approach via an optimisation problem
is available, which emphasises the similarity of the discrete-time and continuous-time partial

correlation relation.

Second, an advantage of the partial correlation graph is that the assumptions about the process
can be relaxed compared to the (local) causality graph. We only require that the underlying
process is wide-sense stationary, mean-square continuous, and has a positive definite spectral
density function. Still, the partial correlation graph satisfies the usual Markov properties for
undirected graphs, in particular the global Markov property. Again, this means that even if the
edges are defined by pairwise partial correlation relations, multivariate relations can be derived

by path analysis, including those with respect to partial information.

However, the advantage of the partial correlation graph is not only its generality but also its
simplicity. The edges have a very simple characterisation in terms of zero entry functions in the
inverse of the spectral density function. This characterisation allows all edges in the graph to be
determined simultaneously in a very simple and computationally inexpensive manner. At the
same time, the inverse of the spectral density function determines the partial spectral coherence

function, allowing for statements about the strength of the dependence.

Due to its generality, the partial correlation graph can, of course, also be applied to state space
processes, such as MCAR processes, for which the inverse of the spectral density function can be
used to derive edge characterisations in terms of the model parameters of the process. The edge
characterisations for MCAR processes are interpretatively meaningful and allow to ensure the

existence of all undirected graphs as a partial correlation graph, e.g., the one in Figure 13.1b.
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Finally, we note that the partial correlation graph can be related to the (local) causality graph.
Although there are no simple direct relations between the edges, the partial correlation graph
is related to the augmented (local) causality graph. More specifically, the edges in the partial
correlation graph are a subset of the edges in the augmented causality graph. At least for
MCAR processes, the edges in the partial correlation graph are even a subset of the edges in the

augmented local causality graph.

Despite the comprehensive answers provided in this thesis, there arise some research questions
worthy of further investigation. Addressing these questions could lead to further developments
and applications of the models presented and to new models that go beyond them. We divide the
research questions into the following areas: open questions for the (local) causality graph, open

questions for the partial correlation graph, and suggestions for alternative graphical models.

First, we present important open questions for the (local) causality graph, both for the general
model and the application to MCAR and ICCSS processes.

(1) In Section 7.3, we address global Markov properties for the local causality graph, making
additional assumptions. Thus, we do not derive global Markov properties for the local
causality graph with the same generality as for the causality graph. This motivates the

question of whether the assumptions can be relaxed.

(2) In the case of MCAR and ICCSS processes, it is sufficient for our purposes to specify the
orthogonal projections onto linear subspaces only semi-explicitly, as commented, e.g., in
Remark 8.4. The question arises to what extent these projections can be specified. This,
in turn, leads to the study of whether and how the maximal decomposition of a spectral

density function can be explicitly specified.

(3) For the causality graph, we cannot generate every mixed graph as a causality graph using
MCAR processes, see Remark 8.30. Thus, we wonder which graphs can be generated and

which cannot.

(4) One of the assumptions for our state space processes, contained in the acronym ICCSS
processes, is the existence of a coprime right polynomial matrix fraction description (2.13)
of the transfer function with polynomials as in (2.14). The existence of this decomposition
is claimed in the literature without proof in the context of state space models and thus

remains an open question.

(5) From a statistical point of view, a natural question is how to test for the presence of edges
in our (local) causality graph. Based on our edge characterisations by model parameters, it
seems feasible to derive tests for the directed and undirected edges in the (local) causality
graph, e.g., for MCAR processes. For the model parameters, which are unknown in practice,
estimators from the literature can be used. These are the quasi-maximum likelihood
estimator (Schlemm & Stelzer, 2012b) or the Whittle estimator (Fasen-Hartmann & Mayer,
2022) for state space models.
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Secondly, we present open questions for the partial correlation graph, where, based on our

Proposition 11.4, the edges are characterised by zero entry functions in the inverse of the spectral

density function. Again, it is of interest to test for edges in the partial correlation graph,

respectively for zero entry functions in the the inverse spectral density function. To do this, it is

natural to apply estimators for the spectral density function from the literature.

(6)

In the low-frequency sampling scheme, we can use the aforementioned parametric approach,
e.g., for MCAR processes. The model parameters can be estimated by quasi-maximum
likelihood estimation (Schlemm & Stelzer, 2012b) or Whittle estimation (Fasen-Hartmann
& Mayer, 2022). From these estimators, an estimator for the inverse spectral density

function can be constructed.

In the high-frequency sampling scheme, it seems straightforward to generalise the smoothed
normalised periodogram for CARMA processes (Fasen & Fuchs, 2013a, 2013b) to the
multivariate setting. Alternatively, the lag-window spectral density estimator for stationary
processes in a Hilbert space (Kartsioukas, Stoev, & Hsing, 2023) has potential. Due to
the generality of the statements made in this paper, a common but unwieldy cumulant
condition is required for non-Gaussian processes. However, by exploiting the structure of
state space processes, it should be possible to provide alternative proofs that do not rely

on this assumption.

Finally, we present ideas for alternative graphical models that could further help to understand,

visualise, and communicate dependency structures in stochastic processes.

(8)

In our graphical models, we restrict ourselves to linear relationships between components
of multivariate processes. Relationships between components that are non-linear in nature
cannot be fully captured. An obvious approach would therefore be to define a mixed graph
using the conditional expected values given sigma fields instead of orthogonal projections
onto linear spaces. The properties of such models can then be explored further, where the
proof of the Markov properties should be transferable from Chapter 7 and Eichler (2012).

However, we expect more technical assumptions than in our (local) causality graph.

Another conceivable modification would be to adapt the definition of contemporaneous
correlation by adding conditioning on the future of the environment, analogous to Eichler
(2012), as commented in Remark 7.9. The Markov properties of the resulting graphical model
should again carry over. Of particular interest, however, are the edge characterisations. We
wonder whether the characterisations of the undirected edges, e.g., for Ornstein-Uhlenbeck
processes, now contain the inverse of the covariance matrix of the driving Lévy process
rather than the covariance matrix itself. This outcome would be expected given the results

of Eichler (2012) and the edge characterisations in our partial correlation graph.

With this summary of the key findings of this thesis and the initiation of further research, we

conclude our exploration.
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APPENDIX A

AUXILIARY TECHNICAL RESULTS

In this chapter, we present two results that have been moved from the main body of the thesis

to improve readability. The corresponding proofs are simple mathematical inductions.

A.1. DISCRETE TIME DIFFERENCE OPERATOR
Lemma A.1. Let f : R — R¥ and define the discrete-time difference operator DY) iteratively by
DWf(t) = f(t) - f(t=1), DVf(H) =DV D (f(t) - f(t-1)), jEN j=2,

fort € R, where we set DO f(t) = f(t). Further, define (g) =1. Then
n+1 ( )
—n) = E —1)/-ipl-t R.
f(t—mn) 2 <j 1)( ) f(t), neNy, te

Proof. Let t € R. We show the statement by induction over n. The base case n = 0 holds

immediately because of

ft—(n—1)) = Zn: (n B 1) (=1)7'DU=D f(4) (A.1)

-3 (T-L ~ 1) (—1 DU () = 3 (77 _ 1) (~1 DD (1),
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50+ Y ((” - 1) + (” - 1)) (-1 DI £ () + (1D £ (1)

j—2

~F0+Y ( . ) (7 DY D f(t) + (-1 D £ ()

n+1
- ( " )(—1>J‘—lz><j—l>f<t>. .

Vg

A.2. PROPERTIES OF MATRICES DEFINING MCAR PROCESSES

Lemma A.2. Define

0z I O ~--- 0
. Ok
0 O I . : .
A= Og € Mkp(R)v B = 0 € Mkpxk(R)7
k
O . S (R s
k
—Ay Ay - e —A
C= (Ik O --- Ok) € Myxip(R),
where k,p € N. Then, for j =0,...,p— 1, it applies that
Ok(p—j—1)xk
, CAr~B . J :
A'B = , and CAPPB=-) A; ;,;CAP"'B.
: i=0
CArP+Ii—1B

Proof. We first derive the representation of A’B by induction over j. The base case j = 0 holds
immediately due to the relation (8.13). We obtain

AR =B = [Yke-Dxk) _ (Okp-1xk)
I, CAr~'B
Let us now assume the induction hypothesis

Ok(p—j—1)xk
CAP 1B

A'B = ' (A.2)
CArti-1B

for some j € Ny with 0 < j < p — 1. Furthermore, note that, for 0 < j < p — 1, the induction
hypothesis (A.2) and the relation (8.13) yield
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Ok(p—j—1)xk
A , CAP~'B J )
CAPTIB = CAPA'B = (_ A, Al) =Y Aj1CAPHTIB. (A3)
. =0
CAP+HI—-1B

Now, because of the induction hypothesis (A.2) and equation (A.3), it follows the induction step

T
) Ok(p—j—1)xk
- , O Ok T o CA’ !B
ATB=AA'B=| : SR
O T CAPH-1B
—Ay, —Apg e e —A
Ok(p—j—2)xk Ok(p—j—2)xk
CAP 'B CAP-1B
CAP+i—1B CAP+i—-1B
—Y7 A 1CAPTIB CAPHB

Finally, the representation of CAP*/B for all j = 0, ..., p—1 follows analogously to the calculation

(A.3) from the previous induction result. [
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