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Chapter 1

Introduction

This manuscript is a collection of the author’s results on realization theory of hybrid
systems and some other related issues. This work is based on a number of papers by
the author. Each chapter roughly corresponds to a paper. The author tried to avoid
unnecessary repetition of concepts and definitions, thus achieving a somewhat more
concise presentation.

The current chapter is intended to serve as a short informal introduction to the
contents of this work. In order to improve readability, we will split this chapter into
several sections. Section 1.1 deals with the notion of hybrid systems and describes
informally the major classes of hybrid systems we will be dealing with in this chapter.
Section 1.2 describes the problem known under the name of the realization problem.
Section 1.3 give a short informal description of the main results presented in this work.
Finally, Section 1.4 outlines the structure of this work and gives a brief presentation

of the contents of individual chapters and their interdependency.

1.1 Hybrid Systems

The field of hybrid systems emerged more than a decade ago. There is a vast litera-
ture on the subject, see [44, 79]. The field of hybrid systems became popular in the
beginning of 1990’s, but isolated papers on hybrid systems appeared already earlier.
One of the first papers addressing hybrid systems is [15]. There a class of control
systems was introduced, which is closely related to the class of piecewise-affine hy-
brid systems. The relationship between the class of systems introduced in [15] and
more modern definitions of hybrid systems was discussed in [62]. The term ”hybrid

systems” is used to denote a broad range of control systems. We will only give an



CHAPTER 1. INTRODUCTION

informal description of the class of hybrid systems which will be the subject of this
thesis. There are many books and papers discussing hybrid systems in detail, the
interested reader is referred to the literature [44, 79, 68] for more details.

A hybrid system is a control system of the following form. The discrete dynamics
is specified by a finite-state automaton. The states of the automaton are called
discrete modes. The elements of the input alphabet of the automaton will be called
discrete events. We associate a time-invariant nonlinear control system with each
discrete mode. All the nonlinear control systems associated with the discrete modes
are assumed to have the same input and output spaces but their state spaces may be
different. The state evolution of each nonlinear system is assumed to be determined
by a differential or difference equation. Most of hybrid systems considered in this
thesis will be such that the contnious control systems will be defined by differential
equations.

The finite state automaton is assumed to be endowed with a discrete output space.
With each discrete mode and discrete event we associate a map on the continuous
state spaces. We will refer to these maps as the reset maps.

The state evolution takes place as follows. The system is started in a certain
discrete mode. The continuous state changes according to the differential /difference
equation associated with the current discrete mode. The evolution of the continu-
ous state stops if a discrete event occurs. In this case the discrete mode is changed
according to the finite-state automaton. Then the continuous state is changed by
applying the reset map corresponding to the discrete event and the discrete mode.
After that the evolution of the continuous state is resumed according to the differen-
tial/difference equation associated with the new discrete mode. The new contnious
state which is obtained as a result of application of the reset maps serves as the new
initial state for the differential/difference equation associated with the new discrete
state.

Discrete events can be triggered either externally or internally. In the latter case
a discrete event arises if the continuous state variable reaches a designated subset of
the state-space. Such a subset is called a guard. If we allow discrete events which
can be triggered internally, then we say that the hybrid system admits autonomous
switching. The discrete events which are triggered externally can be considered as
discrete inputs. The inputs of a hybrid system consist of the continuous inputs of the
nonlinear systems associated with each discrete mode and the externally triggered
discrete events. The outputs of a hybrid system consist of the continuous outputs of
the control systems associated with each discrete mode and the discrete outputs of
the finite-state automaton.

The main motivation for studying hybrid systems is the increasing significance
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of digital control in engineering systems. As the role of computers and the sheer
amount of functionalities of engineering systems which are subject to digital control
increases, it becomes more and more difficult to ignore the effect of discrete behaviour
of the controllers on the overall behaviour of the system. By considering the plant
and the controllers realized by digital controllers as one single system we naturally
arrive to hybrid systems. Of course, systems exhibiting hybrid behaviour can arise
from purely physical considerations too.

The problems which are normally studied for hybrid systems can be divided into
two types. The first type of problems are essentially classical control theoretic prob-
lems such as observability, stability, reachability, existence of a controller, optimal
control. The second type of questions comes from computer science and it is mostly
concerned with verification of hybrid systems, that is, proving that some property
holds for the system. Very often the property is that a certain set of states is never
reached, or the negation of it, that is certain set of states can be reached. The
presence of the two approaches reflects the involvement of both control theory and
computer science communities in the field.

The main topic of this thesis is realization theory of hybrid systems. Realization
theory is concerned with finding a (preferably minimal) hybrid system which exhibits
the specified input-output behaviour. We will discuss realization theory in more detail
in the next section, the definition given above should be enough for the objectives of
this section.

Realization theory is mostly viewed as a classical control system theoretic ques-
tion, however, its version for finite state automata play a significant role in computer
science. The significance of realization theory for control theory will be elaborated
on in the next section. That is why we consider realization theory an important
development for the field of hybrid systems. We hope that our results on realization
theory will be useful for both control theorists and computer scientists working in
the field of hybrid systems.

1.2 Realization Problem and Realization Theory

Realization theory is one of the central problems of systems theory. Historically it
is also one of the oldest, in fact, to some extend, the whole modern control systems
theory started with realization theory.

So what is realization theory about 7 There are several ways to define a control
systems. One of the most widespread methods is to give a description in terms of
differential and/or difference equation. Representations of this kind we will call state-

space representations. In fact, this is not a really adequate definition of the concept

9
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known as state, but let’s accept this definition for the time being.

Such a representation has a number of attractive properties. First of all, such
models are usually easy to derive using first principles, i.e. from laws of physics or
chemistry. Probably the most spectacular case of deriving the differential equation
from the laws of physics is the derivation of models for mechanical systems. In
fact, most of us had to do it for simple toy systems in high-school physics classes.
Another attractive property of such systems is that sometimes it is not that difficult
to develop control laws for such a system. So what is the drawback of such models 7
The problem with such a model is that it is not necessarily a verifiable model. That
is, the description of the model might contain components which cannot be tested
by experiments. Typically not all relevant variables can be measured, which means
that there are variables about which we might be unable to say anything based on
our measurements. In fact, we might have several models, which behave in the same
way in the measurable variables. That is, by looking at the experiments we can not
distinguish these models.

It is quite a grim news. Not only does it mean that engineers might be unable
to derive an appropriate model, it also makes the concept of a control system it-
self unclear. After all, if the differential equation does not determine the external
behaviour of the system uniquely, then we can not identify the system with the
differential equation describing it.

Of course, as an alternative, we could try to look at the behaviour of the measur-
able variables of the system, instead of the differential /difference equations describing
the system. In this way we avoid all the ambiguity about the concept of a system
which arose before. The idea is not new and it too has a serious deficiency. It
turned out extremely difficult to design a control law for a system for which only the
behaviour of the measurable variables is known.

In fact, historically the latter approach to control systems was the first one.
Control theory was started by electrical engineers who had to ensure reliable com-
munication of telecommunication devices ( telephones, more precisely ) in the thirties
of the twentieth century. The systems were described by transfer functions, which is
in fact a description of the input-output behaviour of the system.

Intuitively the reason for the failure of designing control laws for systems in input-
output description is the following. In order to determine the control at some point
of time, one naturally needs the values of the past control actions. Generally, this
means that as we advance in time, more and more data points are needed to design
the next input action. Obviously this is not a realistic option. What we would like
to have is a finite description of some sort encoding the information about the past

inputs. Such a description is what is usually called a state of the system. For

10



1.2. REALIZATION PROBLEM AND REALIZATION THEORY

example, if the system is determined by a differential equation, then the vector of
variables on which the equation is defined will play the role of the state. Indeed, the
knowledge of the vector of these variable gives us enough information to determine
the future behaviour of the system.

Therefore, it becomes important to represent systems in a state-space form and to
relate the input-output behaviour and state space representations. This is precisely
the topic of realization theory.

Realization theory is concerned with the following questions.

e When does a specified input-output behaviour have a state-space representation
of certain class. What are the necessary and sufficient conditions for existence

of a state-space representation of a certain form.

e What is the "smallest” or ”minimal” state-space representation of a given class
for a specified input-output behaviour. Does such a representation exists and
if it does is it unique in any way. What are the system theoretic characteristics

of such a representation.

The two problems above together are called the realization problem. As the reader
might have noticed, we are looking for state-space representations of a certain class.
Typical classes of state-space representations researchers looked at before are state-
space representations in terms of linear, polynomial, analytic or rational differential,
or difference equations. The reason for not just looking for a state-space representa-
tion is that the form of the state-space representation has huge implication of what
kind of problems can be solved in it. Obviously, a problem which is relatively easy
to solve for state-space representations of one form, might be quite difficult to solve
for state-space representations of another form. Besides, physical models are usually
obtained as state-space models of certain form and the input-output behaviour of
the system very often reflects a physical model.

Of course, a certain input-output behaviour can have state-space representations
of different types and a ”"minimal” state-space representation of one type might be a
non "minimal” state-space representation of another type. Thus, speaking of ”mini-
mal” state-space representations makes sense only with respect to a certain class of
state-space representations.

As the reader might have already realized, realization theory plays an important
role in identification of systems. As it was mentioned earlier, many mathematical
models of real-life systems are derived using the laws of physics or chemistry, or
other science depending on domain of application. The models obtained in this way
are in state-space form but usually they are only partially known. For example,

11
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the equations of the model might contain parameters which are not known. In such
cases the need arises to further determine the model by means of experiments of
the physical system. Of course, only the measurable variables can be studied by
experiments. That is, from experiments one can obtain information only on the
input-output behaviour of the system. Based on this input-output behaviour one
would like to determine a good approximation of the state-space model of the system.
This range of problems is called system identification. It is quite easy to see that
realization theory and system identification are closely related. Of course, in system
identification one would like to actually compute the state-space realization, that is
one would like to use finite data. Another important point is that in the identification
problem one cannot assume that the data is exact. That is, one has to take noise and
other types of uncertainty into account. In some sense the realization problem is an
idealised version of the identification problem. Therefore, it is highly unlikely that
one can find a satisfactory solution to the identification problem for a certain class
of systems before developing the realization theory for that class of systems first.

Another important aspect of realization theory is characterisation of minimal
state-space representations of a certain class. Intuitively it is easy to see why minimal
representations are important. Any output feedback control law in fact operates on
the minimal sub-representation of the state-space representation. Not surprisingly, in
most cases minimal representations have turned out to have such important system-
theoretic properties as observability and reachability. They are also unique up to
isomorphism for most cases.

Realization theory was developed for several classes of control systems. The first
class of control systems for which realization theory was developed is the class of
linear systems [39, 40, 41, 38, 31]. Later on realization theory was developed for
bilinear systems [33, 30, 64, 73, 75, 66, 65], analytic nonlinear systems [21, 36, 34, 35,
6, 10, 67], polynomial [64, 84, 2] and rational control systems [84] both in discrete-
and continuous time. There are also some results on general nonlinear systems,
mostly concerning characterisations of minimal realizations [34, 72] Linear systems
have by far the most complete realization theory. It is also the most known to the
wider audience. Realization theory of nonlinear systems is much less well-known.

The most active research in realization theory was carried out in the two decades
between the sixties and the middle of eighties of the last century. After that the topic
did not attract substantial interest any more. There were some works in the nineties
on realization theory, mostly on positive [77, 76], max-plus algebraic [12, 13, 14] and
multidimensional systems [1]. There were some early attempts to develop realization
theory for hybrid systems in [28], but the actual development of the theory was never
done.

12
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1.3 Main Results

The goal of this section is to present an informal overview of the main results of the
thesis. As it was already noted at the beginning on the chapter the main topic of
the thesis is realization theory of various classes of hybrid systems. Sure, as matter
of course, reachability and observability properties of hybrid systems are studied
too, but only to the extend which is necessary for realization theory. Most of the
classes of hybrid systems discussed in this thesis are hybrid systems without guards
defined in continuous time. The only exception is the short chapter on piecewise-
affine hybrid systems. A great part of the thesis is devoted to study of switched
systems. Another major class of hybrid systems extensively studied in this thesis
is the class of linear and bilinear hybrid systems without guards. Hybrid systems
with completely nonlinear continuous dynamics are studied much less, but there is a
chapter devoted to them which lays down the basics of the theory. There is a short
chapter on piecewise-affine discrete-time systems, describing preliminary results.
Hybrid systems without guards are a quite restricted subclass of hybrid systems.
Their practical relevance is unclear. The main motivation for studying such hybrid
systems is that they might help to understand other, more general hybrid system
classes better. In some sense they form an extreme case of hybrid systems with
guards. Indeed, if we assume that our hybrid system is such that by a suitable choice
of input we can steer the system to a guard arbitrary fast and thus trigger a discrete-
state transition at any time we wish, then we in fact have a hybrid system without
guards. That is why we think that understanding realization theory of hybrid systems
without guards is necessary for developing realization theory for hybrid systems with
guards. An other way to look at hybrid systems is to think of them as interconnection
of three systems: a finite state automaton, a collection of classical control systems and
a control system defined on continuous state-space but with discrete output space.
The output space of the last system is in fact the set of input symbols of the finite-
state automaton. The role of each of the systems is quite clear. The automaton is
responsible for the discrete dynamics, the classical control systems are responsible for
the continuous dynamics, and the control system with discrete outputs is responsible
for generating discrete-state transitions which depend on the continuous states.
The different weights with which the different classes of systems are represented
in the thesis by no means reflects their relative importance. On the contrary, the
author considers the class of piecewise-affine continuous-time hybrid systems to be
the most important class of hybrid systems and this class is not even mentioned
in the thesis. The reason for that is that these systems are very difficult to study
and so far they have withstood all the attempts of the author to develop realization

13
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theory for them. In fact, all the other systems presented in this thesis were studied
in the hope that the results obtained for them will provide a clue for solution of the
realization problem for piecewise-affine hybrid systems in continuous-time.

In the remaining part of the section we will go through each class of systems

discussed in the thesis and we will present a short description of the main results.

1.3.1 Switched Systems

Switched systems is the class of hybrid systems which is probably the closest one
to classical control theory. A switched system is nothing else but a collection of
classical continuous control systems defined on the same state-space and having the
same input and output spaces. In the setting of this thesis the sequence of discrete
modes (the switching sequence) is considered to be part of the input. That is, one can
choose when to switch and to which discrete mode. Consequently, the input-output
maps for switched systems are defined both on the space of piecewise-contnious input
functions and switching sequences. The outputs live in the shared output space of
the control systems comprising the switched system. That is, the input-output maps
map piecewise-continuous inputs and switching sequences to continuous outputs.
Two important versions of the realization problem can be distinguished. In the first
case the input-output maps are defined on all the possible switching sequences. In
the second case only a subset of the possible switching sequences is allowed and the
input-output maps are defined only with respect to these switching sequences. We
will consider only those restrictions of the set of admissible switching sequences where
the switching times are arbitrary and the sequence of discrete modes is required to
belong to a certain set (or language, in the terminology of formal language theory).

In this thesis we consider two particular types of switched systems: linear switched
systems and bilinear switched systems. Linear switched systems are switched systems
which consist of continuous-time linear control systems. Bilinear switched systems
are switched systems which consist of bilinear control systems.

We develop a full realization theory for both classes of switched systems.

For linear or bilinear switched systems such that arbitrary switching sequences
are allowed, we will present the following results. We will formulate necessary and
sufficient conditions in terms of the finiteness of the rank of the Hankel-matrix.
We will characterise minimality in terms of observability and span-reachability and
show that minimal realizations are unique up to isomorphism. Partial realization
theory will be developed too and algorithms will be formulated to compute a minimal
(partial) realization and to check minimality.

For linear or bilinear switched systems such that not all switching sequences are
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allowed the results presented in this thesis are more modest if compared to the case
of arbitrary switching. First of all, we treat only the case when arbitrary switching
times are allowed and the only restriction is on the relative order of the discrete
modes. Moreover, we assume that the set of admissible sequences of discrete modes
form a regular language, i.e. it can be decided by a finite state automaton whether a
particular finite sequence of discrete modes belongs to the admissible set or not. For
such classes of linear or bilinear switched systems we will formulate necessary and
sufficient conditions for existence of a realization in terms of finiteness of the rank of
the Hankel-matrix. Unfortunately we did not succeed in characterising minimality
for such systems. However, instead we can consider realizations which are observable
and semi-reachable and behave almost like minimal realizations. More precisely,
for any other realization the quotient of the dimension of the ”almost” minimal
realization and the dimension of the specified realization are bounded from above by
a constant (in the ideal case, for a true minimal realization this constant equals 1).
The reason for that is the following. In case of restricted switching there are sequences
of discrete modes, for which we have no information on the input-output behaviour.
On the other hand, any switched system realization of the input-output behaviour
does imply certain information on the behaviour for forbidden switchings. That is,
if we find a switched system realization, then at the same time we impose a certain
behaviour on the system with respect to the forbidden switching sequences. Thus
behaviour is in some sense arbitrary but different choices of this hidden behaviour
may result in systems having different state space dimensions. On the other hand,
if the set of admissible sequences of discrete modes is regular (which means that the
set of forbidden sequences of the discrete modes is a regular language too), then the
choice of the hidden behaviour can change the dimension only by at most a certain
constant. By the way, the choice of the ”almost” minimal realization amounts to
choosing the hidden behaviour to be zero.

As it is almost always the case with realization theory, the main tools are al-
gebraic in nature. The main tool for realization theory of both linear and bilinear
switched systems is the theory of rational formal power series. The theory of rational
formal power series has a rich history going back to the 1960’s. The concept itself
was rediscovered several times and was applied successfully to bilinear and multidi-
mensional control systems. In this thesis we will use a slight extension of the classical
theory which enables us to deal with families of formal power series instead of one
single formal power series. In fact, E.Sontag and Y.Wang have already looked at
families of formal power series before, see [84]. But they were looking at problems
which were a bit different and their paper does not contain the formulation of all

the results we need for realization theory. That is why we felt compelled to present
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the theory completely again. Interestingly, Gohberg, Kaashoek and Lerer in [37] also
looked at algebraic objects, the so called nodes, which were very similar to ratio-
nal formal power series representations. They studied the properties of those nodes
which were minimal in a certain sense. This notion of a minimal node presented in
[37] was applied to a number of control systems. In terms of classical formal power
series theory, the notion of minimality investigated in [37] corresponds to minimality
of partial representations of formal power series. By a partial representation of a
formal power series we mean a representation which generates some (not necessarily
all) of the coefficients of the formal power series. Hence, the results of [37] could
be potentially useful for studying the realization problem of switched systems with
constrained switching. However, in this thesis we will not use any of the results of
[37].

When arbitrary switching sequences are allowed, then it turns out that both
for linear and bilinear switched systems we can associate a suitable family of formal
power series with each family of input-output maps. There is a one-to-one correspon-
dence between switched linear or bilinear system realizations of a set of input-output
maps and rational representations of the associated family of formal power series.
Moreover, this correspondence maps minimal switched systems realizations to mini-
mal rational representations, in case of arbitrary switchings. Thus, we can just use
the classical theory of formal power series to derive the results on realization theory
of linear and bilinear switched systems.

The case of restricted switching is a bit more involved. We can still associate
a family of formal power series with each family of input-output maps. But in
contrast to the case of arbitrary switching, we have some freedom in choosing such
a family of formal power series. This freedom of choice stems from the fact that
the behaviour of the input-output maps is not known for those switching sequences
which are not admissible. Since the associated family of formal power series has to
capture the behaviour for all the switching sequences, we are compelled to ”make up”
some behaviour for the disallowed switching sequences. As a result, although there
is still a correspondence between switched systems and rational representations, this
correspondence fails to be one-to-one and it does not map minimal switched systems
to minimal rational representations. Nevertheless, as was already mentioned above,
there is still a possibility to define ”almost minimal” switched system realizations,
which posses quite useful properties. Such ”almost minimal” realizations arise from
minimal rational representations of the family of formal power series. Although these
switched system realizations are not minimal, they are not ”too big”, in a sense that
they cannot exceed the dimension of any other realization by more than a constant

factor. This constant factor depends only on the nature of admissible sequences of

16



1.3.  MAIN RESULTS

discrete modes, i.e. it is independent of the family of input-output maps considered.

1.3.2 Hybrid Systems Without Guards

Hybrid systems without guards is probably the next simplest class of hybrid systems
after switched systems. A hybrid system without guards consists of an automaton
and a finite collection of classical control systems. With each state of the automaton
we associate a classical control system. For each discrete-state transition we define
maps which map the continuous states of the control system associated with the
old discrete state to the continuous states of the control system associated with the
new discrete state. We will call the states of the automaton discrete modes and the
input symbols of the automaton discrete events. We will assume that all the control
systems associated with the discrete modes are continuous-time systems endowed
with the same input- and output-spaces.

The state evolution takes place as follows. The system is started in a certain
discrete mode. The continuous state changes according to the differential equation
associated with the current discrete mode. During the evolution of the continuous
state the discrete mode remains unchanged. The evolution of the continuous state
stops if a discrete event occurs. In this case the discrete mode is changed according
to the finite-state automaton. The continuous state is changed by applying the reset
map corresponding to the discrete event and the discrete mode. After that the
evolution of the continuous state is resumed according to the differential equation
associated with the new discrete mode.

The expression "a discrete event takes place” means the following. We assume
that discrete events act as discrete inputs. That is, we can initiate any discrete event
at any time we like. The reader might think of discrete events as pressing buttons
on the control board of a machine. If a particular button is pressed, then a discrete
event takes place. Of course, one can press any button at any time one likes.

The inputs of a hybrid system without guards consist of the continuous inputs of
the control systems associated with each discrete mode and the discrete events. The
outputs of a hybrid system without guards consist of the continuous outputs of the
control system associated with each discrete mode and the discrete outputs of the
finite-state automaton.

Of course, switched systems are a particular subclass of hybrid systems without
guards. In the case of switched systems the set of discrete modes and the set of
discrete events coincide. That is, with each discrete state we associate a discrete
event and this correspondence is onto and one-to-one. The state-transition map of

the automaton is trivial, i.e. if a discrete event takes place, then the new discrete
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mode is the discrete mode which corresponds to the discrete event which took place.
That is, the automaton does not have a memory, in the sense that the new discrete
state depends only on the discrete event but not on the previous discrete mode.

As the reader might have noticed, in this thesis we will be primarily concerned
with hybrid systems without guards.

Apart from switched systems, the following three subclasses of hybrid systems
without guards will be studied: linear hybrid systems, bilinear hybrid systems and

analytic nonlinear hybrid systems.

Linear and Bilinear Hybrid Systems

Linear hybrid systems are hybrid systems without guards such that the control sys-
tems associated with discrete modes are linear control systems and the reset maps
are linear. Bilinear hybrid systems are hybrid systems without guards such that the
control systems associated with discrete modes are bilinear control systems and the
reset maps are linear.

Due to the linear structure, a fairly complete theory can be derived for the realiza-
tion problem of linear and bilinear hybrid systems. We will be able to give necessary
and sufficient conditions for existence of a (bi)linear hybrid system realization of a
family of input-output maps. These conditions involve finiteness of the rank of the
Hankel matrix. We will also present a procedure for constructing a (bi)linear hybrid
system realization from the columns of the Hankel-matrix. We will give a charac-
terisation of minimal (bi)linear hybrid system realizations in terms of observability
and semi-reachability. Semi-reachability means that the continuous state-spaces are
linearly spanned by reachable continuous states. We will also present rank conditions
for observability and reachability of (bi)linear hybrid system. These conditions will
enable us to check observability and semi-reachability of (bi)linear hybrid systems by
algorithms. Partial realization theory for (bi)linear hybrid systems will be formulated
too, along with algorithms for computing a minimal (bi)linear hybrid realization from
finite number of input-output data points.

A necessary condition for existence of a realization by a linear (bilinear) hybrid
system for a family of input-output maps is that the family admits a so called hybrid
kernel representation (hybrid Fliess-series expansion respectively). The requirement
that a family of input-output maps has a hybrid kernel representation roughly means
that the continuous valued part of each input-output map depends linearly and con-
tinuously on the continuous input, the continuous output is analytic in time for
constant continuous inputs and the discrete-valued part depends only on sequences

of discrete events. The requirement that a family of input-output maps has a hybrid
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Fliess-series expansion is more or less equivalent to requiring that the discrete-valued
parts of the input-output maps should depend only on the sequences of discrete input
events and that the continuous-valued parts should be representable as infinite series
of iterated integrals of the continuous inputs. Thus, hybrid Fliess-series expansion
can be viewed as a generalisation of the classical notion of Fliess-series expansion
from nonlinear systems theory [83, 32]. Similarly, hybrid kernel representation is a
generalisation of the classical condition that the outputs of linear control systems can
be represented as the convolution of the inputs with an analytic convolution kernel.

The main tool for developing realization theory for linear and bilinear hybrid
systems is the theory of so called rational hybrid formal power series. A hybrid
formal power series is a pair consisting of a classical formal power series in non-
commuting variables and a discrete-valued input-output map. That is, the first
component of the pair is a formal power series defined over an alphabet and having
real vector valued coefficients. Recall that such a formal power series can be viewed
as a function mapping the words over the alphabet to p tuples of real numbers for
some p. The second component is a function, mapping words over a finite alphabet
to elements of some finite set. In case of a hybrid formal power series we assume that
the input alphabet of the discrete-valued input-output map (the second component
of the pair) is a subset of the alphabet, over which the formal power series (the first
component of the pair) is defined. Thus, a hybrid formal series can be viewed as an
input-output map, mapping words over the bigger alphabet of the formal power series
to pairs consisting of real vectors and elements of a finite set. The real vectors are
the values (coefficients) of the formal power series for the given word. The element
of the finite set arises by applying the discrete-valued input-output map to the word
obtained from the specified one by forgetting all the letters which do not belong to
the input alphabet of the discrete-valued input-output map.

We will be interested in families of hybrid formal power series which admit a
rational hybrid representation. A rational hybrid representation is roughly speaking
an interconnection of a finite state Moore-automaton with a number of rational formal
power series representations. A family of hybrid formal power series admits a rational
hybrid representation if the hybrid representation, viewed as a Moore-automaton,
realizes the family of hybrid formal power series, viewed as a family of input-output
maps. Recall that a rational formal power series representation can be thought of
as an automaton, the state space of which is a finite dimensional vector space and
the readout and state-transition maps are linear. Thus, rational hybrid formal power
series can be thought of as input-output maps of machines, which are interconnections
of finite state Moore-automata and finite-dimensional linear Moore-automata, i.e.

rational representations.
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It turns out that there is a one-to-one correspondence between rational hybrid
representations and (bi)linear hybrid systems. One can easily associate with each
family of input-output maps which admits a hybrid kernel representation or a hybrid
Fliess series expansion, a family of hybrid formal power series. It turns out that a
(bi)linear hybrid system is a realization of the family of input-output maps if and
only if the rational hybrid representation associated with the (bi)linear hybrid sys-
tem is a representation of the family of hybrid formal power series associated with
the family of input-output maps. In particular, a family of input-output maps has
a realization by a linear (bilinear) hybrid system, if and only if it admits a hybrid
kernel representation (hybrid Fliess-series expansion) and the associated family of
hybrid formal power series is rational. There is one-to-one correspondence between
minimal rational hybrid representations and minimal (bi)linear hybrid systems. Sys-
tem theoretic properties of (bi)linear hybrid systems such as semi-reachability and
observability can be characterised through reachability and respectively observability
of rational hybrid representations.

Thus, the realization problem for (bi)linear hybrid systems is equivalent to the
problem of finding (a preferably minimal) rational hybrid representation for a suit-
able family of hybrid formal power series. Moreover, characterisation of minimal-
ity of hybrid representations immediately yields a characterisation of minimality of
(bi)linear hybrid systems. That is, instead of investigating (bi)linear hybrid systems
it is sufficient to study hybrid representations.

Realization theory for hybrid formal power series can be developed by combining
results of automata theory and theory of rational formal power series. It turns
out that we can associate a family of classical formal power series and a family of
discrete-valued input-output maps with each family of hybrid formal power series.
The family of hybrid formal power series is rational if and only if the associated
family of formal power series is rational and the associate family of discrete-valued
input-output maps admit a realization by a finite Moore-automaton. Moreover, it
can be shown that one can construct a rational hybrid representation of the family of
hybrid formal power series from a minimal rational representation of the associated
family of formal power series and a minimal Moore-automaton realization of the
associated family of discrete-valued input-output maps. Moreover, this construction
yields a minimal rational hybrid representation. Observability and reachability of
a hybrid representation can also be translated into observability and reachability of
suitable rational formal power series representations and Moore-automata. In fact,
a hybrid representation is minimal if and only if it is reachable and observable.

Thus, the more or less classical results of automata theory and formal power series
theory yield sufficient and necessary conditions for rationality of hybrid formal power
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series, along with characterisation of minimality of hybrid representations in terms
of reachability and observability. They also enable us to define the Hankel-matrix
of a family of hybrid formal power series and a procedure for constructing a hybrid
representation of the family from the columns of the Hankel-matrix. In fact, we
can construct such a hybrid representation from the columns of a suitably big finite
sub-matrix of the Hankel-matrix. The algorithm for computing a minimal rational
representation and a minimal automaton realization yields an algorithm for comput-
ing a minimal hybrid representation. Observability, reachability and minimality of a
hybrid representation can be checked by checking observability, reachability of suit-
able a rational formal power series representation and a suitable Moore-automaton.
Thus, by using algorithms for checking observability and reachability of rational for-
mal power series representations and Moore-automata one can formulate algorithms
for checking reachability, observability and minimality of hybrid representations.
The algorithms in turn can be applied to (bi)linear hybrid systems. Thus, we
are able to formulate algorithms for checking observability, semi-reachability and
minimality of (bi)linear hybrid systems and for constructing minimal (bi)linear hybrid
system realizations. The algorithm for computing a hybrid representation from a
finite sub-matrix of a Hankel-matrix enables us to formulate partial realization theory
for (bi)linear hybrid systems. It also gives a procedure for computing a (bi)linear

hybrid system realization from finitely many input-output data.

Nonlinear Hybrid Systems Without Guards

In this thesis we will also present results on realization theory of hybrid systems with-
out guards which have a bit more general structure than linear and bilinear hybrid
systems. We will tentatively call them nonlinear hybrid systems in the subsequent
text (in the corresponding chapter they will be called nicely analytic nonlinear hy-
brid systems). As the name suggests nonlinear hybrid systems are hybrid systems
without guards such that the control system at each discrete mode is an analytic
input-affine nonlinear control system and the reset maps are analytic such that the
following condition holds. For each discrete mode there exists a distinguished point
in the state-space of the underlying analytic input-affine control system such that the
reset maps map these points into each other. That is, the value of a reset map at a
distinguished point is a distinguished point itself. We will be looking at realizations
of a single input-output map by a nonlinear hybrid system such that the continu-
ous component of the initial state from which the input-output map is realized is a
distinguished point.

The assumptions that the underlying nonlinear control systems are analytic and
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that the reset maps are analytic enable us to translate the global realization problem
to a local one. That is, instead of trying to find a hybrid system which realizes a
certain input-output map we will aim at finding a hybrid system which realizes the
specified input-output map locally, i.e. for small enough times and small enough
continuous inputs. That is, we will be looking for a hybrid system and an initial
state, such that for small enough times and continuous inputs, the input-output map
induced by the initial states coincides with the specified input-output map. Due to
analyticity of input-output maps existence of such a hybrid system realization will
also imply that the input-output map induced by the hybrid system and the specified
input-output map, realization of which is wanted, will coincide on the intersection
of their domains of definition. That is, if the found hybrid system induces an input-
output map which is defined for all times and continuous inputs, then the hybrid
system will be a realization of the specified input-output map.

The reason why we prefer to deal with the local rather than the global realization
problem is that the local realization problem can be translated to a purely algebraic
problem. Thus, the local realization problem is somewhat easier and its solution
might give important insight into the solution of the global problem. Moreover,
the conditions one gets for existence of a local realization might be easier to handle
algorithmically.

The way we translate the local realization problem to an algebraic problem re-
sembles the formal power series approach, classical in realization theory of nonlinear
systems [36, 21].

The classical solution to local nonlinear realization problem starts with associating
with each nonlinear system a formal system defined as a follows. We associate with
each vector field of the nonlinear systems a derivation on the ring of formal power
series. The derivations are obtained by taking the Taylor-series expansion of each
vector field around the initial point. The solution to the local realization problem is
reduced to finding a formal system realization for a map, which maps sequences of
input symbols to continuous outputs.

In order to repeat the procedure above for hybrid systems we will need the fact
that distinguished points are mapped to distinguished points. This will enable us to
look at Taylor series expansions of vector field, readout maps and reset maps around
the distinguished points. By viewing the continuous state-spaces as formal power se-
ries rings and viewing the vector fields, resets maps and readout maps as derivations,
homomorphisms on formal power series and formal power series respectively, we will
be able to associate a formal hybrid system with each hybrid system. Conversely, if
we have a formal hybrid system and the corresponding vector fields, homomorphism

and formal power series are convergent, then we can associate with the formal hybrid
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system a hybrid system, continuous state spaces of which are open neighbourhoods
of R™, where n depends on the discrete-state. It turns out that a hybrid system is a
local realization of an input-output map if and only if the corresponding formal hy-
brid system is a realization of a map obtained from the input-output map as follows.
The map maps sequences of discrete inputs and indices indicating the directions of
continuous inputs to continuous and discrete outputs. The continuous valued part
is obtained by taking high-order derivatives of the input-output map with respect to
inputs and arrival times of discrete-inputs. The discrete valued part simply coincides
with the discrete-valued part of the original input-output map. In fact, in this thesis
we will pursue a seemingly different manner of obtaining this map, by defining the
concept of hybrid Fliess-series expansions and hybrid convergent generating series.
We will define the map which should be realized by the formal hybrid system by
using hybrid convergent generating series, but it is easy to see that the values of
hybrid convergent generating series can be obtained by taking high-order derivatives
of the input-output map.

Thus a necessary condition for existence of a local realization by a hybrid system
is that the map obtained from the input-output map has a realization by a formal
hybrid system.

Unfortunately, even this formal version of the realization problem is quite difficult
and we did not manage to find a satisfactory solution to it. In this thesis we will
present necessary conditions for existence of a formal hybrid realization and we will
present conditions which are ”almost” sufficient. By ”almost” sufficient we mean
that if the conditions are satisfied, then there exists a realization by an abstract
hybrid system, which is slightly more general than formal hybrid systems. Both the
necessary and the sufficient conditions involve two types of conditions. The first type
essentially requires that a certain discrete input-output map should have a realization
by a Moore-automaton. The second type requires that a certain vector space should
be finite-dimensional. Conditions of the second type are analogous to the classical
finite Lie-rank condition for classical nonlinear systems. In fact, they imply the
Lie-rank condition if applied to the special case of classical nonlinear systems.

As the reader could see, even the formal realization problem for nonlinear hybrid
systems is more difficult than the corresponding problem for simple nonlinear sys-
tems. There are many ways to solve the problem of existence of a formal realization
for classical nonlinear system. One of them is to use the theory of Sweedler-type
coalgebras and bialgebras [29, 27]. The other one gives a direct construction of a re-
alization, using theory of Lie-algebras [36, 21]. In this thesis we will use the theory of
Sweedler-type coalgebras and bialgebras for studying the formal realization problem
for hybrid systems. Note that this thesis is not the first attempt to use Sweedler-type
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coalgebra theory for hybrid systems, a similar approach was proposed in [28], but
there only some elements of the framework were sketched and no new result proven.

We believe that coalgebra theory is the natural framework for a range of problems,
including realization theory of hybrid and nonlinear systems. It also presents a
framework, which connects well to the notion of costate, introduced by E.Sontag [64]
for realization of polynomial and rational discrete-time systems. The two approaches
are dual to each other and connect roughly as follows. The state-space representation
of a system, where the state-space is a manifold, finite-dimensional linear space or an
algebraic variety corresponds to a coalgebra system. The costate-space representation
of a system, where the costate (or the space of observables) is an algebra of certain
class corresponds to an algebra systems. In fact, this duality between the two types
of representations was noticed already by Sontag in his work on polynomial systems
[64], but there he stated only the duality between finitely generated algebras or
algebras with finite transcendence degree and varieties. This duality is a special case
of duality between algebra and coalgebra systems. We hope that recognising this
duality and using the representation which suits the particular problem better might
be a useful problem solving technique.

One of the technical obstacles we encountered while trying to solve the formal
realization problem is the presence of non-invertible reset maps. It is due to the
presence of non-invertible reset maps that we failed to find necessary and sufficient

conditions for existence of a formal hybrid system realization.

1.3.3 Piecewise-affine Discrete-time Hybrid Systems

In this thesis we will also discuss realization theory for discrete-time piecewise-affine
hybrid systems. A discrete-time piecewise-affine hybrid system is essentially a PL-
system according to the terminology by E.Sontag [15]. That is, it is a discrete-time
system, such that the state-transition and readout maps are piecewise-affine. By a
piecewise-affine map we mean a map such that there exists a partitioning of its domain
into polyhedra such that the restriction of the map to each such polyhedron is a linear
map. We will study only autonomous systems, that is, systems without inputs. We
will also assume that there exists a partition of the state-space into polyhedra, such
that on each polyhedra the state-transition and readout maps are linear. We will
assume that each such polyhedron is indexed by an element of a finite set. We will
call this finite set the set of discrete modes. For autonomous systems, if we start in
a particular state of the system, then the sequence of indices of polyhedra which the
state-trajectory started in this particular states visits, is completely determined by

the structure of the system and by the particular state. We will refer to this sequence
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of indices (discrete modes) as the switching sequence induced by the particular state.

For the sake of simplicity in the subsequent text we will refer to discrete-time
autonomous piecewise-affine hybrid systems simply as hybrid systems.

We will be interested in finding necessary and sufficient conditions for existence
of an autonomous piecewise-affine hybrid system realization of an output trajectory.
Since we are looking at discrete-time systems, the output trajectory is simply an
infinite sequence of output values. We will distinguish two cases. In the first case the
set of discrete modes of the sought hybrid systems is fixed, moreover, the sequence of
discrete modes which should be visited by the state-trajectory generating the output
trajectory is fixed too. That is, the output trajectory can be viewed as a map from
finite subwords of an infinite word over the fixed set of discrete modes to output
values. The problem of finding a realization with a specified set of discrete modes
and with a specified switching sequence will be called the weak realization problem.
In contrast, in the second case we do not assume any a priori knowledge on the set
of discrete modes or switching sequence. That is, in this case the output map is
just a sequence of output values and the desired hybrid realization can have any set
of discrete modes and it can generate any switching sequence from its initial state.
We will refer to the problem described as the second case as the strong realization
problem.

The results presented in this thesis are quite elementary, they represent the first
step towards realization theory of piecewise-affine hybrid systems.

We will give necessary and sufficient conditions for existence of a realization by an
autonomous discrete-time piecewise-affine hybrid system. The conditions are of two
type. Conditions of the first type are conditions which are necessary and sufficient
for existence of a hybrid system realization such that the switching sequence induced
by the initial state is almost-periodic. The second type of conditions are conditions
for existence of a hybrid system without any further restriction on the switching
sequence induced by the initial state.

In the first case, i.e. when the induced switching sequence is required to be almost-
periodic, the sufficient and necessary condition is finiteness of an infinite matrix,
reminiscent of the Hankel-matrix. For the weak realization problem the Hankel-
matrix is very similar to the Hankel matrix of a formal power series. That is, the
output trajectory is viewed as a formal power series, which maps each finite subword
of the desired switching sequence to the value of the output trajectory at natural
number which is equal to the length of the subword. It maps each word which is not
a subword of the desired output trajectory to zero. In plain English, for all those
sequences of discrete modes for which we have no information, we assume that the

output is zero. Notice that this approach is similar to what was done for (bi)linear
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switched systems with constrained switching. In fact, the construction of a realization
in both cases relies on the very same properties of formal power series. For the strong
realization problem the Hankel-matrix is simply the classical Hankel-matrix. In fact,
if the desired switching sequence is almost-periodic, then existence of a hybrid system
realization in the strong sense is equivalent to existence of a realization by a linear
system.

The second case, i.e. when there is no restriction on the desired switching sequence
induced by the initial state is a bit more involved. We used ideas very similar to those
which appeared in theory of time-varying systems and in theory of systems over
abstract rings. If we adopt the operations of point-wise addition and multiplication
then the set of all infinite sequences of real numbers becomes a ring. Consider the
set of all infinite sequences of real number such that each sequence from the set takes
finitely many values, i.e., if it is viewed as a map from natural numbers to reals, then
its range if finite. The set of sequences with finite range forms a sub-ring of the ring
of sequences. The output trajectory can be viewed as a collection of p sequences of
real numbers, where p is the dimension of the output space. Both for the weak and
strong realization problems we define a number of sub-rings of the ring of sequences
with finite range. It is easy to see that the ring of sequences is a module over the
ring of sequences with finite range. It turns out that a necessary and sufficient
condition for existence of a hybrid system realization is that the output trajectories
are contained in a finitely generated shift invariant submodule of the module of all
sequences, where the space of all sequences is viewed as a module over a suitable sub-
ring of the ring of sequences with finite range. The choice of the sub-ring depends
on whether we consider the weak or the strong realization problems. For the strong
realization problem we use the whole ring of sequences with finite range. The choice
of the sub-ring for the weak realization problem is a bit more involved.

The necessary and sufficient condition discussed above yields a sufficient con-
dition. Namely, if the set of shifts of the output trajectories generates a finitely
generated module over a suitable sub-ring of the ring of sequences with finite range,
then the output trajectory has a realization by a hybrid system. Notice that the set
of shifts of the output trajectories is simply the set of columns of the Hankel-matrix,
thus the sufficient condition above simply says that if the module spanned by the
columns of the Hankel-matrix is finitely generated, then the output trajectory has a
realization by a hybrid system.

At this stage the reader might be puzzled as to how we reconstruct the switching
mechanism, i.e., how we find a suitable partitioning of the state-space into polyhedra.
The answer is quite simple, and yet, in the author’s opinion, it is one of the most

interesting observations of the thesis on the theory of piecewise-affine discrete-time
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hybrid systems. As we mentioned earlier, in the autonomous case the switching se-
quence induced by the initial state depends only on the initial state and the structure
of the system. Conversely, given any switching sequence over a suitable set of dis-
crete modes, we can find a suitable initial state and a piecewise-affine discrete-time
hybrid system, such that the sequence of outputs of this hybrid system is the de-
sired switching sequence. The construction of such a system is in fact known, see
[8]. Thus, existence of a realization by a discrete-time piecewise-affine hybrid sys-
tem is equivalent to existence of a realization by a linear switched system realization
with a specified switching signal. Or, in other words, existence of a hybrid system
realization is equivalent to existence of a linear time-varying realization of a very spe-
cial structure. Hence, we can use ideas from realization theory of switched systems
and time-varying systems to develop realization theory of autonomous discrete-time

piecewise-affine hybrid systems.

1.4 Structure of the Manuscript

In this section we will give a brief outline of the structure of the thesis.

Chapter 2 This chapter describes some notation and terminology which will be use
throughout the thesis. It also presents the formal definitions of the classes of
hybrid system which are discussed in the thesis. The last section of this chapter
presents the concept of abstract generating series, which will be used only in the
sections dealing with bilinear switched and hybrid systems. The only sections
the reader is strongly advised to read before going further are Section 2.1,
Section 2.2 and Section 2.3. All the other sections can be read later, when the

reader arrives to the corresponding chapters which refer to them.

Chapter 3 This chapter discusses the theory of classical and hybrid formal power
series. This is one of the most important chapters of the thesis, most of the
other chapters rely on this one. The only chapters which are independent of
this one are Chapter 5 and Chapter 6. However, for Chapter 4 and Section
10.1, Section 10.4 of Chapter 10 it is enough to read Section 3.1 of Chapter 3.
The material of this chapter can be found in [55, 51].

Chapter 4 The chapter presents realization theory of linear and bilinear switched
systems. The approach to realization theory pursued in this chapter relies
on theory of formal power series. Thus, Section 2.3, 2.4 and Section 3.1 are
prerequisites for this chapter. Section 2.6 is a prerequisite for Section 4.2. The
material of this chapter was published in [55, 51, 53].
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Chapter 5 This chapter deals with the structure of the reachable set of linear
switched systems. The only prerequisite for this chapter is Section 2.4 and
Subsection 4.1.1. The results presented in this chapter were published in [56].
The material of this chapter is in some sense a detour from the main topic of
the thesis. It presents an investigation of the structure of the reachable set for
linear switched systems using methods of nonlinear systems theory. It does not

touch the issue of realization theory.

Chapter 6 This chapter presents an alternative approach to realization theory of
linear switched systems. Instead of using formal power series, it discusses a di-
rect construction of a minimal realization. This chapter is based on [50], which
was the earliest publication on realization theory of linear switched systems.
Although all the results of this section are implied by results of Chapter 4, this
chapter still provides an interesting alternative view of realization theory of
linear switched systems. The only prerequisite for this chapter are Subsection
4.1.1 and Section 2.4.

Chapter 7 This chapter presents realization theory for linear and bilinear hybrid
systems. Perhaps this is one of the most interesting chapters of the thesis. The
approach to realization theory relies heavily on theory of hybrid formal power
series. Prerequisites for this chapter are Chapter 3 and Section 2.3. Section 7.2
of this chapter relies on Section 2.6. The material of this chapter is partially
based on [48, 54, 47].

Chapter 8 This chapter deals with realization theory of nonlinear analytic systems
without guards. The chapter is based on the conference paper [57]. The only
prerequisite to this chapter is Section 2.3 and Section 2.6. This chapter only
sketches the main constructions and states the main results. It does not provide

detailed proofs of the stated results.

Chapter 9 This chapter discusses realization theory of discrete-time autonomous
piecewise-affine hybrid systems. The prerequisites to this chapter are Section
2.5 and Section 3.1. The chapter is based on [49]. The chapter merely sketches
the main constructions, without providing too much details and omitting a

number of proofs.*;

Chapter 10 This chapter discusses partial realization theory for linear and bilinear
switched and hybrid systems. It also presents algorithms for checking observ-
ability, semi-reachability and minimality of hybrid systems and computing a

minimal hybrid system realization. Prerequisites for this chapter are Chapter
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2, Chapter 3, Chapter 4 and Chapter 7. However, Section 10.1 requires only the
results of Section 3.1, Section 10.2 requires only Section 3.2. Section 10.4 relies
only on Section 10.1 and Chapter 4. Section 10.3 uses results from Section 3.3
and Section 10.2., Finally, Section 10.5 uses results from Chapter 3, Chapter
7, Section 10.1 and Section 10.3.

There already exists a preliminary software implementation of the algorithms

presented in this chapter.
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Chapter 2

Preliminaries

The goal of this chapter is twofold. First, we will set up notation and terminology,
which will be used in the rest of the thesis. Second, we will define those classes of
control systems which will be the object of the study in this thesis. We will start by
describing in Section 2.1 some general notation and terminology, which will be used
in the thesis without any further reference. Then we will proceed by defining the
concept of Moore-automata in Section 2.2. Section 2.3 presents the definition and
basic properties of hybrid systems without guards. Section 2.4 presents the definition
and elementary properties of switched systems. Section 2.6 presents the framework
of abstract generating convergent series. Abstract generating convergent series are
a generalisation of generating convergent series from nonlinear systems theory, see
[32, 84, 83]. Abstract generating series will be used in Section 4.2 and in Section
7.2 for defining the concepts of generalised generating convergent series and hybrid
generating convergent series respectively. The latter two notions play a central role

in realization theory of bilinear switched and hybrid systems.

2.1 Notation and Terminology

For suitable sets S, B, S C R denote by PC(S, B) the class of piecewise-continuous
maps from S to B. That is, f € PC(S, B) if f has finitely many points of discontinu-
ity on each finite interval and at each point of discontinuity the right- and left-hand
side limits exist and they are finite. For a set ¥ denote by >* the set of finite strings
of elements of ¥. For w = ajas---ax € ¥* the length of w is denoted by |w], i.e.
|w| = k. The empty sequence is denoted by e. The length of € is zero: |¢] = 0. Let
¥+t = 3*\ {€}. The concatenation of two strings v = vy -+ Vg, w = Wy - - Wy, € L*
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2.2. MOORE AUTOMATA

is the string vw = vy - - VW, - - Wyy. If w € BT then w”* denotes the word ww - - - w.
——

k—times

The word w? is just the empty word e. Denote by T the set [0, +00) C R. Denote by
N the set of natural numbers including 0. Denote by F(A, B) the set of all functions
from the set A to the set B. By abuse of notation we will denote any constant function
f:T — A by its value. That is, if f(t) =a € A for all t € T, then f will be denoted
by a. For any function f the range of f will be denoted by Imf. If A, B are two sets,
then the set (A x B)* will be identified with the set {(u,w) € A* x B* | |u] = |w|}.
For any two sets J, X the surjective function A : J — X is called an indezed subset of
X or simply and indezed set. It will be denoted by A = {a; € X | j € J}. The set J
will be called the index set of A. The indexed subset A = {a; € X | j € J} is said
to be a subset of the indexed subset B = {b; € X | i € I} if there exists g : J — I
such that a; = by(;). The fact that A is a subset of B will be denoted by A C B.

Let f: Ax (B xC)* — D. Then for each a € A, w € BT we define the function
f(a,w,.): C'*! — D by f(a,w,.)(v) = f(a, (w,v)),v € C!*!. By abuse of notation
we denote f(a,w,.)(v) by f(a,w,v).

Let ¢ : R* — RP, and o = (a1, 9,...,a;) € N¥. We define D¢ as the partial

derivative
d*r d*z d%x

D% —
O wr Ay o

Bt1,t2, - 1)ty =ta= e mty—0-

Let f,g € PC(T, A) for some suitable set A. Define for any 7 € T' the concatenation
f#.9 € PC(T,A) of f and g by

fiy ifte<r

Jatrg(t) { g(t) ift>7

If f: T — A, then for each 7 € T define Shift,(f) : T — A by Shift, (f)(t) = f(t+7).
If X, ), Z are vector spaces over R, and F} : X — Y, F5 : ) — Z are linear maps,
then F3 Fy denotes the composition F o Fy of Fy and Fy. If x € X, then Fyx denote
the value Fi(x) of Fy at x.

2.2 Moore automata

A finite Moore-automaton is a tuple A = (Q,T,0,6,\) where Q,T are finite sets,
0:QxI—= @, A:Q — O. The set @ is called the state-space, O is called the output
space and I is called the input space. The function § is called the state-transition
map and the function A is called the readout map. Denote by card(A) the cardinality
of the state-space @ of A, i.e. card(A) = card(Q).
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Define the functions ¢ : QxI'* — Q and X Q xI'* — O as follows. Let g(q, €)=gq
and
3(g,wy) = 6(5(q, w),7),w €T*,y €T
Let A(¢q,w) = A(d(q,w)), w € I'*. By abuse of notation we will denote 4 and X simply
by 6 and A respectively.
Let D ={¢,; € F(I'*,0) | j € J} be an indexed set of functions. A pair (A, () is
said to be an automaton realization of D if A=(Q,,0,6,)), (:J — Q and

)\(C(]),UJ) = ¢j(w)7 Vw € F*vj €J

An automaton A is said to be a realization of D if there exists a ( : J — @ such that
(A, ¢) is a realization of D.
Let (A, ¢) and (A',¢") be two automaton realizations. Assume that

A=(Q.T,0,0,))

and
A =(Q,T1,0,6,\)

Amap ¢ : Q — Q is said to be an automaton morphism from (A, ¢) to
(A, (), denoted by ¢ : (A,¢) — (A, () if 6((g,7)) = 0 (6(9),7),¥a € Qv €T,
AMq) =X (6(9),Yq € Q, o(C(4)) =C (4),4 € J. Tt is easy to see that composition of
two automaton morphisms is again an automaton morphism. The automaton mor-
phism ¢ is called injective (surjective) if the map ¢ is injective (surjective). If ¢ is a
bijection, then ¢! : (.A', C') — (A, ¢) is an automaton morphism too. An automaton
realization (A, ¢) of D is called minimal if for each automaton realization (A", ¢") of
D card(A) < card(A'). Let ¢ : T* — O. For every w € I'* define wo ¢ : ['* — O-the
left shift of ¢ by w as wo ¢(v) = ¢p(wv). For D = {¢; € F(I'*,0) | j € J} define the
set Wp C F(I'*,0) by

Wp={wog; . I" =0 |wel" jeJ}
An automaton A = (Q,T,0, 4§, ) is called reachable from Qo C Q, if
Vg€ Q:TweTl™ g € Qo:q=0(qw)

A realization (A, () is called reachable if A is reachable from Im¢. A realization
(A, Q) is called observable or reduced, if

Vagi,q2 € Q : [Yw € T : Mq1, w) = M@z, w)] = ¢1 =q2
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2.3 Hybrid Systems Without Guards

In this subsection we will present a formal definition of hybrid systems without
guards. As the name indicates, a hybrid system without guards is a hybrid system
where all the discrete events are externally triggered. More precisely, one could
describe a hybrid system without guards as follows. The system consists of a finite
state Moore-automaton, a finite collection of control systems and a collection of
reset maps. We associate a control system with each state of the Moore-automaton.
The states of the Moore-automaton are referred to as discrete states. The control
systems are assumed to be determined by differential equations. Thus, in general,
we consider nonlinear control systems, state-space of which, generally speaking is a
manifold. We associate a reset map with each discrete state transitions. Reset maps
are assumed to be maps between state-spaces of the control systems comprising the
hybrid system. The control systems associated with the discrete states are assumed
to be endowed with the input and output spaces but the state-spaces are allowed
to vary with the discrete states. The state evolution of such a hybrid system takes
place as follows. One starts in a certain discrete state with a certain continuous
initial state. The state trajectory evolves according to the differential equation of
the control system associated with the current discrete mode, until a discrete even
arrives. When a discrete even arrives, the evolution of the continuous state stops
and the discrete state of the hybrid system changes according to the state transition
rule of the Moore-automaton. The new continuous state is obtained by applying the
reset map associated with the current discrete state transition to the continuous state
where the evolution of the control stopped. All these transitions are assumed to take
place instantaneously, in zero time. After the discrete state transition and reseting
of the continuous state the state evolution proceeds according to the differential
equation of the new discrete state,by applying the flow of the differential equation to
the new continuous state. The continuous input is fed to the control system associated
with the current discrete mode. The continuous output trajectory is obtained by
concatenating the continuous state trajectories. The contnious output trajectory is
piecewise-constant, it is formed by the outputs associated with the discrete states of
the Moore-automaton visited during the state-space evolution.

We assume that the discrete events and their arrival is subject to control. In other
words, we assume that the discrete events are inputs and any specific discrete event
can be triggered at any time. Thus, timed sequences of discrete events play the role
of inputs, just as sequences of input symbols play the role of inputs for finite-state
automata.

After having described in an informal way the concept of hybrid systems without
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guards we proceed with giving a formal definition.

Definition 1. A hybrid systems without guards (HSWG) is a tuple

H = (AU Y, (X, fg:hg)eeq: {Rs(q) g | 1€ QY ETY)
where
e A=(Q,T,0,0,)) is a finite-state Moore-automaton,
o X, is a manifold for each q € Q,
o U is the set of continuous input values, it is assumed to be a manifold.
e V is the set of continuous output values, ) is assumed to be a manifold.
o hy: X, — Y is a smooth map

o fq : Xy xU — TXy is a smooth map, such that for each v € U the map

x +— fq(x,u) defines a vector field.

The set @ of states of A is called the set discrete modes, the input alphabet T’
of A is called the set of discrete events. The tuple (X, fy, hq) can be viewed as
the contnious control system associated with the discrete state ¢ € Q). The map
hg is called the readout map. We will assume that fy, is globally Lipschitz, or more
precisely, the coordinate functions are globally Lipschitz, so that the solution of the
differential equation

Lalt) = £y (t), u(t))
is well-defined for all ¢ € R and u piecewise-continuous functions, i.e., u € PC(R,U).
In the rest of the section we will refer to hybrid systems without guards simply as
hybrid systems.

Let H = U,eolal x Ay Let X =, g Xy: A = A. As we already indicated
at the beginning of the section, hybrid systems without guards admit two types
of inputs. The inputs of the hybrid system H are functions from PC(T,U) and
sequences from (' x T)*.

The interpretation of a sequence (y1,t1)--- (v, tx) € (I' x T)* is the following.
The event ~; took place after the event ;1 and t;_1 is the elapsed time between the
arrival of v;_1 and the arrival of ;. That is, ¢; is the difference of the arrival times
of v; and ;—1. Consequently, t; > 0 but we allow ¢; = 0, that is, we allow ; to arrive
instantly after v;_1. If ¢ = 1, then ¢; is simply the time when the event y; arrived.

The state trajectory of the system H is a map

g - HXPCT,U)x T xT)"xT—-H
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of the following form. For each u € PC(T,U), w = (y1,t1) - (", tx) € (T x T)*,
tke1 €T, hg = (qO,Jfo) € 'H it holds that

& (hosu, w, teg1) = (0(qos Y1+ V), 2 (ho, w, w, trg1))

where the map = : T 3 t — xy(ho,u,w,t) € X is the solution of the differential
equation

d k

Lalt) = fou(alt),u(t + 3 1)

1

where ¢; = 0(q0,71 V), i =1,...,k and

I(O) = IH(hOa u,w,O) = R%y’m,%q‘rh’(zoa u, ('Yl,tl) s ('Yk—l,tk—l),tk)

if k>0 and 2(0) =9 if £ =0.
In fact, one can define a map xy : H x PC(T,U) x (T xI')* x T — {J,co Ay, by
(hyu,s,t) — xg(h,u,s,t). It is easy to see that HquQ x, ©&x = xg. Define the set

of reachable states from a subset Hy C H in an obvious way as follows.
R(H,Ho) = {éu(h,u,w,t) | h € Hy,u € PC(T,U),w e (' xT)",teT}

We will say that the hybrid system H is reachable from Hy if R(H, Ho) = H).
One could give an alternative definition of reachability. Define the set of contin-

uous states reachable from Hgy by
Reach(H, Ho) = {x g (ho,u,w,t) € X |u e PC(T,U),w € (I' x T)*,t € T,hg € Ho}

Then H is reachable from Hy if Reach(H,Hy) = X and the automaton Ay is reach-
able from IIg(Ho).
Define the function vy : H x PC(T\U) x (T' x T)* xT — O x Y by

v ((q0, o), u, (w,7),t) = (AMqo, w), he(zw ((qo, T0), u, (w, T),t)))

where ¢ = §(qo, w). For each h € H the input-output map of the system H induced
by h is the function

vg(h,.): PC(T,U) x (T xT)* xT > (u, (w,7),t) — vg(h,u, (w,7),t) € O x Y

We will denote the map (u, s,t) — Hyovg(h,u,s,t) € Y by yu(h,.) and we will
denote yg (h,.)(u, s,t) simply by yg(h,u,s,t). Two states hy # ha € H of the linear
hybrid system H are indistinguishable if vy (h1,.) = v (ha,.). H is called observable
if it has no pair of indistinguishable states.
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Throughout the thesis we will mostly be concerned with realization of a set of
input-output maps. It means that we will have to look at systems which have not
one, but several initial states. We will use the following formalism to deal with the
issue. Let H be a hybrid system and let & C F(PC(T,U) x (I' x T)* x T,Y x O)
be a subset of the set of input-output maps. Let u : ® — H be any map. We
will call the pair (H, u) a realization . The map u just specifies a way to associate
an initial state to each element of ®. The statement that (H,pu) is a realization
does not imply that H is realized ® from the set of initial states Su. The set
O C F(PC(T,U) x (T'xT)*xT,Y x O) is said to be realized by a hybrid realization
(H, p) where pp: & — H, if

Vie®: vu(u(f),.) =7

We will say that H realizes @ if there exists a map p : ® — H such that (H,p)
realizes ®. With slight abuse of terminology, sometimes we will call both H and
(H, p) a realization of ®. Thus, H realizes ® if and only if for each f € ® there
exists a state h € H such that vg(h,.) = f. We say that a realization (H,u) is
observable if H is observable and we say that (H,u) is reachable if H is reachable
from Imp. We will denote by pp the map ® > f — Ilg(u(f)) € Q, where @ is the
discrete-state space of H. The map p can be thought of as a map which assigns to
each input-output map f an initial state of the system H. It is just an alternative
way to fix a set of initial states. If we speak of a realization (H,pu) it will always
imply that dom(u) is a subset of F(PC(T,U) x (T'x T)* x T, x O), i.e. it is a set
of input-output maps, and u : dom(u) — H.
For a hybrid system H the dimension of H is defined as

dim H = (card(Q), Y dimX,) € N x N
q€Q
The first component of dim H is the cardinality of the discrete state-space, the sec-
ond component is the sum of dimensions of the continuous state-spaces. For each
(m,n), (p,q) € N x N define the partial order relation (m,n) < (p,q), if m < p and
n < q. A realization H of ® is called a minimal realization of @, if for any realization
H' of ®:
dim H < dim H’

The partial order relation on the dimensions of hybrid systems realizations induces
a partial order on the set of all hybrid realizations. If the set of all realizations of ®
is considered as a partially ordered set, then a minimal realization defines a minimal
element of this set. Notice however, that our definition of a minimal realization is

quite different from the usual definition of a minimal element of a partially ordered
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set. The definition of a minimal element of a partially ordered set does not imply that
the minimal element is comparable ( in relation ) with other elements of the set. Our
definition of a minimal realization explicitly requires that the minimal realization
should have dimension which is smaller than the dimension of any other realization,
thus, in particular, it has to be comparable with all the realizations. That is, it is not
necessarily true that any minimal element of the partially ordered set of realizations
yields a minimal realization.

The reason for defining the dimension of a hybrid system as above is that there
is a trade-off between the number of discrete states and dimensionality of each con-
tinuous state-space component. That is, one can have two realizations of the same
input/output maps, such that one of the realizations has more discrete states than
the other, but its continuous state components are of smaller dimension than those
of the other system.

Let (H,p) and (H', ;') be two realizations such that dom(u) = dom(y') and

H = (-Aauayv (an fqa hq)qEQa {Ré(q,'y),'y,q ‘ qc QKY € F})

H = (A 72/{, ya (an fqv hq)qEQ/v{RJ(q,’y),’y,q | qe Q Y € F})

where A = (Q,T,0,d,)\) and A = (QI,I‘7O75/,/\/). A pair T = (Tp,T¢) is called a
hybrid system morphism from (H, p) to (H',u'), denoted by T : (H, ) — (H , i),
if the the following holds. The map Tp : (A,up) — (A, up), where up(f) =
o (un(f)), up(f) = g (1t (f)), is an automaton morphism and T¢ Uyeo Xe —
Ugeo’ X(; is a map such that

© Vg e Q:To(X,) C Xy ),

For each ¢ € Q, the restriction Tc|x, : X; — X7, (q) is a smooth map

Forallge Q,z € X, ucld

D(Tclx,) (@) fo(@,u) = fr, (Te(x),u) and hy(z) = by, ) (Te(z))

where D(T¢|x,)(x) denotes the Jacobian of the smooth map T¢|x, at x.

’

e For all q1,q2 € Qv’y S Fv 5((]277) = (q1, TCR!]h%(IQ = RTD(ql),’y,TD(qg)TC

o To(lx, (u(f)) =T, (1 (f)) for each ¢ = up(f), f € .

Tp(a)
The hybrid morphism 7' is called a hybrid isomorphism if T is a bijective map and
for each ¢ € Q the map T¢|x, is a diffeomorphism. Two hybrid system realizations
are isomorphic if there exists a hybrid isomorphisms between them. Notice that a

hybrid morphism can be defined only between hybrid system realizations (H, 1) and
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(H " u/) such that the domains of y and ,u/ coincide. Denote the state space of Hy by
Hi = U, eqla} x &, and denote the state-space of Hy by Ho =, {q} X X;. It is
easy to see that T' = (T¢, Tp) defines a map ¢ : H1 3 (¢, ) — (Tp(q), Tcx) € Ha.
By abuse of notation we will denote ¢ simply by T

Proposition 1. If T is a hybrid isomorphism then the map ¢(T) is a bijective as a
map from Hy to Ha.

Proof. Indeed, for each (q,x) € H1, ¢(T)((q,2)) = (Tp(q), Tc(x)). Thus, if

’

$(T)((d,z)) = H(T)((g,2))

then Tp(q) = Tp(q) and Te(x) = Te(z'). By injectivity of Tp we get ¢ = ¢ and
thus :C7:L‘/ € &,. Then from the assumption that T¢|x, is a diffeomorphism we get
that « = z'. Thus, ¢(T) is injective. If (s, z) € {s} x X., then by surjectivity of Tp
there exists a ¢ € @ such that Tp(q) = s. Since To|x, : Xy — X, is a diffeomorphism,
there exists a € X such that T (z) = z. Thus, ¢(T)((¢,z)) = (2, s).

O

The following proposition gives an important system theoretic characterisation of

hybrid morphisms.

Proposition 2. Let (H;, p;), ¢ = 1,2 be two hybrid systems and let T : (Hy, 1) —
(Ha, pu2) be a hybrid morphism. Then the following holds.

To&m, (h,.) =&, (T(h),.) and vy, (h,.) = v, (T(h),.),Yh € Hy (2.1)

If T is an hybrid isomorphism, then (Hy,u1) is reachable if and only if (Ha, ps) is
and (Hq, p1) is observable if and only if (Ha, u2) is observable.

Proof. Tt is easy to see that Tp(6(q,w)) = §*(Tp(q),w) for all ¢ € Q* and w € T'*.
We will first show that if x : T — qu is a solution of the differential equation

d 1
Ex(t) = fy(z(t),u(t))

then ¢ : T >t To(x(t)) € X:,%D(q) is a solution to the differential equation

90 = I, (6(0), u(t)

Indeed,
50(0) = DToy (2(6) 52(6) = DTe ey (9013 ((0), u(t)) =
= [T (@), ut) = f7, ) (6(t), u(t))
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Thus, ¢(t) is indeed the solution of the differential equation 4 ¢(t) = f%D(q) (p(t), u(t)).
Next, we will show that for any (¢q,z) € H1, u € PC(T,U),
w = (7lvtl)(72’t2) e (Pykvtk) € (F x T)*ak >0y €T

To(rm, (¢, ), u, 0, tgr1)) = 2m,((q, ), u, w, te11) (2.2)

We proceed by induction on k. If k = 0, then the map T' 3 ¢t — zp, ((¢, %), u,€,t) €

X} is the solution to the differential equation £a(t) = fI(x(t),u(t)) with initial
condition (0) = x. Thus, the map ¢ : T 3 t — Te(zm, ((¢,x),u,€,t)) is the solu-
tion to the differential equation %x(t) = f%D(q) (2(t),u(t)) with the initial condition
z(0) = To(x). But the map t — zp,((Tp(q),Tc(w)),u,€,t) is also a solution the

differential equation above with the same initial condition T¢(2). Thus,

Tc(le«q, ), u, E’t)) = ¢(t) = tz((TD(q)vTC(x))auv Gat)

forallt € T.
Assume that (2.2) is true for all k¥ < n. Let w, = (71,t1) - (Y0, tn) Wnt1 =
(v1,t1) - - (Y1, tny1). By induction hypothesis,

TC(xH1 ((qv 1.)7 Uy Wny tn+1)) = TH, ((TD(q)v TC((E))7 Uy Wny thrl)
From the definition of hybrid morphisms and we get that

Tc(Rl (I'Hl

Gnt+1,Ynt1,qn (va)vuvwmthrl)) =

(
= RE (qnsn) s To(amy T @, (@ 2), 10, 0 1)) =

= B2 (i) s (i (TD(9), T (), 4, Wiyt 1)
where ¢; = 0(q¢,v1---7v), ¢ = n,n + 1. From the definition of state trajectories of
hybrid systems it follows that

Rén+17’7n+17qn (le ((q) x)7 u? w’ﬂ? tn"l‘l)) = le ((q7 x)’ u’ wn+1’ 0)

and
R%D(qn+1)7'}'n+1,TD(qn)(:EH2 ((TD (q)v TC (JJ)), U, W, tn—i—l)) =
TH, ((TD(Q)v Tc(l')), U, Wn+1, 0)

Thus,
TC<xH1 ((qv '75)’ U, Wn+1, 0)) = TH, ((TD(q)’ TC(I)>7 U, Wn+1, O)

Notice that the map ¢t — x g, ((¢, ), 4, wy11, 1) is solution to the differential equation

d . -
alt) = qm(x(t),u(j; tj +1)
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Thus, the map ¢ : t — To((zm, ((q, ), u, wny1,t)) is the solution to the differential
equation %z(t) = f%D(q) (z(), u(zg;l t;+t)). Notice that by the definition of hybrid
state trajectories the map

t— ng((TD(q)vTC(x))vu’wn+1»t)

is also a solution of the differential equation above. We just showed that ¢(0) =
Te(zm, ((g,2),u,wp41,0)) = 2, (Tp(q), To(x)), u, wp41,0). Therefore, by unique-
ness of solutions of differential equations

TC(le((%x)vu’ wn+1’t)) = ¢(t) = 'rH2((TD(q)7TC(:C))a u7wn+17t))

for all ¢t € T. That is, we have just proven (2.2) for the case k = n + 1.
But equation (2.2) implies that for any (¢, z) € Hy, u € PC(T,U),
w=(y1,t1) - (Vi tk) € (CXT)tpr1 €T, k>0
(

€
To&m (¢ 7), ) (ww,trr) = T(€m, (¢, 2), v, w, thy1)) =
= (Tp(8" (¢, 71+ m)), Te(wm (¢, ), u, w, ter1))) =
(6*(Tp(@); v ), 211 (T (q), Te (), u, w, thi)) =
= &, (T((¢, ), uy w, trgr) = Ea, (T((g, ), ) (w, w, thg)
Thus, we have shown the first part of (2.1). The second part follows from the following

observation. h} = h%D(q) o Te and M (q) = A3(Tp(q)) for all ¢ € Q*. Thus, we get
that

v, (¢, ), u,w, tg1) = (A (gw), by, (@, (4 2), u,w, t,11))) =
= (N (To(ar), Wy (g0 (Te (wr, (g, 2), 1, w, te41))) =

= (N (To(ar)s iy (g0 (1, (T (), To (), u, w, tr11))) =

=vn, ((Tp(q), Te (), u, w, tg41)

where qr = 6'(q,71 - &) and thus Tp(qr) = 6*(Tp(q), 71+ Y&). Thus, we proved
(2.1).

Assume that T is a hybrid isomorphism. We will proceed with the proof of the
remaining part of the proposition.

Notice that T'(Impy) = Impg, thus from (2.2) we get that Te(R(Hy,Imuy)) =
R(Hz,Impusg). If T is a hybrid isomorphism, then by Proposition 1 T is bijective as
a map from H; to Hy and thus T(Hs) = Ha. Moreover, is S C H; and S # H;,
then T(S) # Ha. That is, R(Hy,Impuy) = Hy if and only if T(R(Hy,Imu,)) =
R(Hy, Imps) = H;y.

Assume that H; is not observable. Then there exists two states h, h € ‘H; such
that h # h' and vy, (h,.) = vy, (k',.). Tt implies that vy, (T'(h),.) = vy, (h,.) =
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’

vi, (h',.) = v, (T(h'),.). Since h # k', it follows that T'(h) # T(h') thus H, is
not observable. Conversely, assume that Hs is not observable. Then there exists two
states s, 5 € Hy such that s # s and v, (s,.) = v, (s ,.). Since T is bijective, there
exists h, h" € H; such that h # b and T(h) = s, T(h') = s". But then it follows that
va, (hy.) = vm,(s,.) = v, (s,.) = vg, (h',.). That is, Hy is not observable. O

In this thesis we will mostly deal with hybrid systems without guards. One partic-
ular class of hybrid systems without guards is the class of switched systems. The class
of switched systems has a structure, quite different from the general case, therefore
we will discuss switched systems in a separate section. Two important subclasses of
hybrid systems without guards are linear hybrid systems and bilinear hybrid systems.
They both merit separate treatment, and we will discuss their properties extensively
in the corresponding sections. At this stage we will just give their definition, without

delving too much into details.

Definition 2. A (time-invariant) linear hybrid system (abbreviated as LHS ) is
hybrid system

H = (A,L{,y, (an .fqa hq)quv {Rﬁ(q,’y),v,q | q € Qa’y € F})
such that

e For each g € Q Xy =R", i.e. X, has the structure of the linear space R™ for

some ng > 0,

o U=R" and Y = RP, i.e the input and output spaces have the structure of the
linear spaces R™ and RP, p,m € N;n,m > 0.

o For each q € Q there exist linear maps Aq : Xy — Xy, By : U — X, such that
with the usual identification on R™ of the tangent vectors with elements of R™a
the following holds

Ve e Xj,ueld =R": f,(x,u) = Agx + Byu

o For each q € Q there exists a linear map Cy : Xy — Y such that

Vo € Xy : hy(z) = Cox

e The reset maps are linear, i.e., for each q1,q2 € Q, v € ', 6(q2,7) = q1 there

exists a linear map M, 1 Xy, — Xy, such that

q1,7,92

Vo € Xyt Ry, y,00(2) = Mgy 4 g,
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We will use the following shorthand notation for linear hybrid systems

H

= (-Aau7y7 (Xq7Aq7Bqva)qEQ7 {Mq1,77q2 | q1,92 € Q77 S F7Q1 = 5(612’7)})

Definition 3. A bilinear hybrid system (abbreviated as BHS ) is hybrid system

o= (Aauvya (anfqahq)q€Q7 {Ré(q,'y),'y,q | qc Q,'Y € F})

such that

For each g € Q Xy = R", i.e. X, has the structure of the linear space R™ for
some ng > 0,

U=R"™ and Y = RP, i.e the input and output spaces have the structure of the

linear spaces R™ and RP p,m € N,n,m > 0.

For each q € Q) there exist linear maps Ay : X; — Xy, By : Xy — &, such that
with the usual identification on R™ of the tangent vectors with elements of R™a
the following holds

Vo € Xyu=(up,...,un)" €U =R™, f(z,u) = Az + Z(Bq,jx)uj
j=1
For each q € Q there exists a linear map Cy : X; — Y such that
Vo € Xy : hy(z) = Cyx

The reset maps are linear, i.e., for each q1,q2 € Q, v € T, d(q2,7) = q1 there
exists a linear map Mg, ~.q, + Xq, — Xy, Such that

Vo € Xy Ry, g0 () = Mg,y 4,0,

We will use the following shorthand notation for bilinear hybrid systems

24

H = (Aauaya (Xq7Aq7 {Bq,j}j:1,...,m7cq)q€Q7 {Mé(q’»y)ﬁ’q ‘ qc Q77 € F})

Switched Systems

This section contains the definition and elementary properties of switched systems.

Definition 4. A switched ( control ) system is a tuple

E=(XUV,Q{f,laeQuecl},{h,|qecQ})

where
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e X =R" is the state-space
e YV =RP is the output-space

e U =R™ is the input-space

Q is the finite set of discrete modes

o fo: X xU — X, is a function smooth in both variables x and u, and globally

Lipschitz in x

hq: X — Y is smooth map for each q € Q

Elements of the set (Q x T)* are called switching sequences. The inputs of the
switched system X are functions from PC(T,U) and sequences from (Q x T')*. That
is, the switching sequences are part of the input, they are specified externally and
we allow any switching sequence to occur. In fact, the switching sequences can be
considered as discrete inputs.

In the hybrid systems literature the discrete modes are usually viewed as part of
the state. One can think of switched systems as hybrid systems without guards, such
that the discrete state transitions are triggered by discrete inputs and the discrete
state transition rules are trivial. More precisely, there is one-to-one correspondence
between discrete states and discrete inputs, and a discrete input changes the discrete
state to the discrete state which corresponds to this particular discrete input. That
is, the new discrete state of the system depends only on the discrete input, but not on
the previous discrete state. The continuous state-space does not depend on discrete
modes, i.e. all the continuous state-spaces are the same for all discrete modes. The
reset maps are assumed to be the identity maps.

Let u € PC(T,U) and w = (q1,%2)(ga,t2) - (qr,t1) € (Q x T)T. The inputs u
and w steer the system ¥ from state x( to the state zx(zg,u,w) given by

Ty (:L‘o, u, ’LU) = F(qk, Shiftzllcfl ” (u), tk) o F(qkfl, Shiftzllcfz t; (u), tkfl) O-«--
c+0 F(qlauvtl)(xo)
where F(q,u,t) : X — X and for each x € X the function F(q,u,t,z) : ¢t —

F(q,u,t)(x) is the solution of the differential equation

d
%F(q,u,t,x) = fo(F(q,u,t,x),u(t)), Flg,u,0,z) =z
The empty sequence € € (Q x T)* leaves the state intact: xx(xo,u,€) = xo.
The reachable set of the system X from a set of initial states Xy C X is defined

by
Reach(Z, Xy) = {zn(zo,u,w) € X |ue PC(T,U),w e (QxT) xg€ Xo}
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¥ is said to be reachable from Xy if Reach(X, Xp) = X holds. ¥ is semi-reachable
from X if X is the smallest vector space containing Reach(3, Xp). In other words,

> is semi-reachable from Xj if
X = Span{z € X | x € Reach(X, Xp)}
Define the function ys : X x PC(T,U) x (Q x T)* — Y by

Vo € X,u € PC(T,U),w = (q1,t1)(q2,t2) - - - (qr, tr) € (Q x T) " :

Ys (-75’ u, w) = hq, (zs (.%‘, u, w))

By abuse of notation, for each z € X define the input-output map yx(z,.,.) :
PC(T,U) x (Q xT)™ — Y by

ys(z, ., ) (u,w) = ys(z,u, w)

The map ys(z,.,.) is called the input-output map of the system ¥ induced by the
state x. By abuse of notation we will use ys(z,u, w) for ys(z,.,.)(u, w).
Two states x1 # x9 € X of the switched system X are indistinguishable if

Yw € (Q x T) ,u € PC(T,U) : ys(x1, u, w) = ys (22, u, w)

Y is called observable if it has no pair of indistinguishable states.

Let ® C F(PC(T,U) x (Q xT)™,)) be a subset of the set of input-output maps.
Let ¥ be a switched system and let  : ® — X be a map. Just as it was the case
for general hybrid systems without guards, we will call the pair (X, u) a realization
. As for the case of hybrid systems without guards, p associates an initial state to
each element of ®. Again, (3, ) need not be a realization of ®. The pair (X, u) is
a realization of @, if

VfE(I)Z yZ(:U’(f)v'v'):f

or, in other words,
Ve due PC(T,U),we (QxT): ys(u(f),u,w) = f(u,w)

We will say that X is a realization of @, if there exists a map p : & — & such
that (X, u) is a realization of ® in the above sense. By abuse of terminology, both
Y and (X, u) will be called a realization of ®. One can think of the map p as a
way to determine the corresponding initial condition for each element of ®. That
is, X realizes ® if and only if for each f € ® there exists a state z € X such that
ys(z,.,.) = f. Denote by dim¥ := dim X" the dimension of the state space of the
switched system X.
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A switched system X is a minimal realization of ® if ¥ is a realization of ® and
for each switched system ¥; such that ¥; is a realization of ® it holds that

dim ¥ < dim X

For any L C Q" define the subset of admissible switching sequences T'L C (Q x

T)* by
TL:={(w,7) € (Q@xT)" |weL}

That is, T'L is the set of all those switching sequences, for which the sequence of
discrete modes belongs to L and the sequence of times is arbitrary. Notice that if
L=Q"then TL = (Q xT)*. Let ® C F(PC(T,U) x TL,Y) be a set of input-
output maps defined only on switching sequences belonging to T'L. The system
Y= (XU Y, QAf, | ¢ € QuelU},{h, | qe Q}) realizes & with constraint L if
there exists p: ® — X such that

Ve ®: ys(u(f), . )lpewuxre = f
or, in other words,
Vw € ®,u € PC(T,U),w € TL: ys(pu(f),u,w) = f(u,w)

We will call both (X, ) and ¥ a realization of ®. Notice that if L = QT then X
realizes ® with constraint L if and only if ¥ realizes ®. If ¥ is a switched system,
then we say that the realization (X, i) is semi-reachable , if ¥ is semi-reachable from
Imp.

In this work we will especially be interested in the following two classes of switched
systems: linear switched systems and bilinear switched systems. We will postpone
describing them in more detail until Chapter 4. Here we will restrict ourselves to

giving the definition of these classes of switched systems.

Definition 5 (Linear switched systems). A switched system

=X UV Q{f,laeQuel}{h,|qeQ})

is called linear, if for each g € Q there exist linear mappings Aq : X — X, Bg: U — X
and Cq : X — Y such that

o Vuel Ve e X: fy(z,u) = Aqx + Bgu

o Vr e X:hy(x) =Cox
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To make the notation simpler, linear switched systems will be denoted by
Y= (X7u7y7Qa {(Aantqu) | qc Q})
The term linear switched system will be abbreviated by LSS.

Definition 6 (Bilinear switched systems). A switched system

L=(XUY,Q{flaeQuel} {h,[qeQ})

is called bilinear if for each q € Q there exist linear mappings Aq : X — X, By ; :
X—-X,j=12,....m,Cq: X — ) such that

e Vre X, u=(ur,...,up)T €U=R™: f,(z,u) = Agz + Z;”Zl u;By jx
e VrekX:h,=Cyr.

We will use the notation ¥ = (X,U,Y,Q,{(A,;{B, ;}ji=12...m,C)) | ¢ € Q}) to

denote bilinear switched systems.

2.5 Piecewise-affine Discrete-time Hybrid Systems

In this section definition and some elementary properties of piecewise-affine systems
will be presented. Recall the a subset H C R™ is a polyhedral set if it is of the form
H={r €R"| Az < b,Fx < d} for some A € RP*" b € RP, F € R™*" d € R?,
p,d €N, p,d>0.

Definition 7 (Piecewise-affine hybrid systems). A time invariant discrete-time
autonomous piecewise-affine hybrid system ( abbreviated DTAPA ) is a tuple

Y= (X7y7 Qa (an Aqa Gg, an Cq)qu, (q07$0))
where

e () is a finite set, called the set of discrete modes

o X = quQ Xy, X CR"™. The set X is called the state-space.

For each q € Q the set Xy is polyhedral and Xq, N Xy, =0, for each q1,q2 € Q,
a1 # g2

e YV =RP. The space ) is called the output space.

For each q € Q, ¢q € RP, C; € RP*™,
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e For each q € Q, ag € R", A; € R™*™ and for each v € Xy, Aqx + a4 € X.
o (go,xo) is the initial state, where gy € Q and xo € Xy,

Define the following maps. Define the map hyx, : X — Y by h(z) = Cyz + ¢, for
allg € Q, x € X,. Define f5: X — X by f(v) = Agz+aq forallz € Xy, g€ Q. Itis
clear that the maps fs, and hy are well-defined maps. If it does not create confusion
we will drop the subscript ¥ and will write simply f and h instead of fx; and hy.

Define f* : X — X by f%(x) = 2 and f**'(2) = f(f*(x)) for all k > 0,z € X.
The state-trajectory of the system 3 is the map zy : X xN — X such that zx(z, k) =
f¥(x). The output-trajectory of the system ¥ is the map ys, : X x N — ) such that
ysi(, k) = hles(z, k) = h(f*(2)).

That is, a DTAPA system X can be thought of as a discrete-time system of the

form

Try1 = fe(or),  yr = hs(zk)

Denote by @Q“ denotes the set of all infinite sequences of elements of ). Define
the map ¢ : X — Q% by ¢(x) = qoqiqz- - qr -+ if and only if f¥(z) € A,, for all
k > 0. It is easy to see that ¢ is well-defined.

We will say that the DTAPA system X has almost-periodic dynamics if the
set {S*(p(z0)) | k > 0} C Q¥ is finite, where S : Q¥ — Q¥ is the shift map
S(wowiwsg -+ ) = wywaws -+ .

A map y: N — )Y is said to be realized by a DTAPA ¥ = (X, ), f, h, zg), if
Vk € N y(k) = ys(z, k) = h(f"(x0))

Two DTAPA systems are said to be equivalent if they realize the same output map.

In this paper we will try to solve the following two problems.

Weak realization problem for DTAPA systems For a specified set of discrete modes
@, for a specified sequence w € @“’ and output trajectory y : N — Y find
a DTAPA system ¥ = (X,),Q, (X, Aq,aq,Cyq, ¢q)qeq; (90, To)) such that ¥
realizes y, @ C Q, and ¢(zp) = w.

Strong realization problem for DTAPA systems For any specified y : N — Y find
a DTAPA system X such that ¥ realizes y. That is, in the case of strong

realization problem we also have to reconstruct the set of discrete modes.

Let i = (Xi, V, Qi (Xgi, Aqis aq.i5 Cqis Cq.i)qeqis (0,5 o,i)), @ = 1,2 be two DTAPA
systems. A map T : X} — X5 is called a DTAPA morphism if

To fz]l = sz o T, hzl = th oT and T(LL'()J) = 0,2
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The DTAPA morphism 7" will be called injective, surjective, an isomorphism if the
corresponding map 7' is injective, surjective, bijective respectively. It is easy to see
that if T : ¥ — 39 is a DTAPA morphism then T'(zy, (z,k)) = zx,(T(x), k) and
ys, (2, k) = ys,(T(x), k) for all K > 0. In particular, ys, (zo,1,k) = ys, (20,2, k) for
all k > 0. Thus, X realizes a map y : N — Y if and only if X, realizes y.

Thus, in particular, if for some discrete mode the underlying polyhedral set X is
shifted or rotated, then the values ¢, and a4 is changed accordingly.

Let ¥ = (X,),Q, (Xy, Aq,aq,Cq,¢q)qeq, (G0, 20)) be a DTAPA system. Notice
that without loss of generality f and h can be assumed being piecewise-linear, that
is, we can assume that a, = 0 and ¢, = 0 for all ¢ € Q). Indeed, define the DTAPA
System

1 = (X, (X, A, 0,Cy). (40, %))

where X, = {(«7,1)T | z € X,} CR"", X = Ugeo X, and
Ay aq
0 1
S(z) = (2T,1)T. Tt is easy to see that S : X — ¥; is a DTAPA isomorphism Hence,
ys(zo, k) = ys, (To, k) and thus ¥ is equivalent to X;. We will call DTAPA systems
for which aq = 0 and ¢4 = 0 for all ¢ € Q, linearised DTAPA systems and we will

Zq = , 5q = {C’q cq}, To = (23,1)T. Define the map S : X — X by

use the following notation for them.

(X7ya Q? (X(Ia Aqv Cq)qEQ» (q07‘/1:0))

Notice that for any DTAPA system Y the DTAPA system Y; is a linearised DTAPA
and we will call X; the linearised DTAPA associated with .

Notice that DTAPA systems and PL systems from [15] are essentially the same
objects. In fact, any DTAPA system can be transformed to a PL systems generating
the same output map and conversely, any autonomous PL system can be written as
a DTAPA systems generating the same output map.

2.6 Abstract Generating Series

The aim of this section is to present some simple results on objects, which are best
thought of as a generalisation of generating convergent series. In order to formulate

the results notation has to be set up. For each u = (uq,...,u;) € U denote

de[u]:uj7j:1727"'7m7 dCO[’U,]Zl
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Denote the set {0,1,...,m} by Z,,. For each ji, -+ ,jx € Zm, k > 0,t € T, u €
PC(T,U) define Vj,...;, [u](t) € R as

Vi [ (0) = { . if k=0
Jo 4G (D)W, gy [ul()dr - if k> 1
For each w1, ..., wy € Z%,, (t1, -+ ,tx) € T*, u € PC(T,U) define
Vioroowi [ (t15 .., t) ER
by
Vios e [0 (B2, -+ 1) = Vi, (82)[u] Vi (#2) [Shift (w)] - - V(e ) [Shiftye—1 ()] (1)

where Shift;(u) = Shifts~i  (u),i=1,2,...,k=1. Wewill call Vi, ..., [u(t1, ... k)

the iterated integral of u at tq, ..., t, with respect to wy,...,wy.

Let Iy, k € N be a family of sets. Let p € N. Define the set I = |J;—, I x (Z7,)F.
That is, elements of I are of the form (i, (wy,...,wg)), where k > 0, i € I, and
wi,..., W € Z7,.

Definition 8 (Abstract convergent generating series). A map ¢: I — R? is
called an abstract generating convergent series on {Ij }x>o with values in RP if There
exists M > 0 and a collection K; > 0,9 € I,k > 1, such that for each k > 1,
(i, (wl, . 7wk)) el x (Z:;I)k

e((iy (i, .. wi)|| < Jwe |- Jwg | KMl s

The map c is called an abstract globally convergent generating series, if for all k > 1,
(i, (wy, ..., wy) € I, x (Z2,)* | there exists M >0, K; > 0,i € I,k > 1, such that

le((@, (wr, - w))l| < KM g leed

The notion of generating convergent series is an extension of the notion of con-
vergent power series from [67, 32]. If I, = 0, k > 1 and I; is a singleton set, then
a generating convergent series in the sense of Definition 8 can be viewed as a con-
vergent generating series in the sense of [67, 32, 82]. Convergent generating series in
the latter sense play an important role in the theory of nonlinear control systems.
The paper by Wang and Sontag [82] offers an excellent exposition of the topic and
it contains many useful results which cannot be found elsewhere.

Let ¢ : I — RP be a generating convergent series. Define the set I = Upey I %
T*. For each u € PC(T,U) and s = (i, (t1,...,tx) € IT define the series

Fe(u,s) = Z (@, (w1, W) Vaoy g (W] (B2, -+ - ) (2.3)

Wi ,..., Wk €LY,
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We will prove that if either Z§:1 t; is small enough and u restricted to Z§:1 t; is
small enough, or u,t; are arbitrary and c is globally convergent generating series,
then F.(u,s) is absolutely convergent.

Consider a map u € PC(T,U), let S € T. Denote by ||u||s,co the supremum of
the restriction of u to [0,.5], that is

[lulls,co = suprefo,s)|lu(t)]]

where ||.|| is the Euclidean norm on ¢ = R™. Since u is piecewise-continuous, and
it has finite left- and right-hand side limits at points of discontinuity, we get that
[|ul|s,00 is finite for all S € T.

Lemma 1. Let ¢ : I — RP is an abstract convergent generating series. Consider
arbitrary u € PCO(T,U), s € IT. If one of the following conditions hold, then F.(u, s)
18 absolutely convergent

(a) The abstract convergent generating series ¢ is an abstract globally convergent

generating series.

(b) Assume s = (i,(t1,...,tx)) and Ty, = SF_ t;. Then with the notation of

j=1
formula (2.3)
1

T, -
[ 9M(1 +m)

Ts,00 <

Proof. Assume that s = (i, (t1,...,t;)) € IT. Since u is piecewise-continuous, there
exists I > 1 such that

sup{lu;(t)] | 7 =1,2,...,m,t € [0, Z’f t;]} < R. Then by induction it is easy to see
that for all w € Z,, it holds that |Vi,[u](t;)| < il il , consequently

[w]!

jorl okl
L

I " . | "R\w1\+"-+|wk|
(RE W |-

U]t )| = T Vi, [u] ()| <

,,,,,

Assume that condition (a) of the statement of the Lemma holds. Then with the
notation of Definition 8, for all w1, ..., wx € Zp,.

lle((iy (wa, ..., wi)|| < K Mwr pglwel . pplond

We get that

> e (s (wr, oo wk) )Wy [u] (B, - )] <
w1 ,..., W €LY |wi|+... 4wk | <N
N Tl
) li4--+l1 ko ] 1t
< Y EKi(MR(m+1)) klll o < > Ki(MRE(m + 1)) T <
Lt 4l <N 1=0

< K; exp(MRk(m + 1)T)

l1 Ui
ty ot
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2.6. ABSTRACT GENERATING SERIES

where T = Zlf t;. That is, each finite sum of absolute values of coefficients of
F.(u,s) is bounded by K; exp(MRk(m + 1)T'), thus the series F.(u, s) is absolutely
convergent.

Assume that condition (b) of the statement of the lemma holds. Then, R can be

chosen such that T, R < m Moreover, for any wy, ..., w; € Z7,,

lle((@, (wry - wi)))I| < Jwr [Howa|!- - g G M T AL 12T e
Thus,

Yo el (i W)V [t )] <

wl,...,wkSN
< Z |‘c((z7(w177wk)))|| ‘thm,wk[u](tlw"7tk)| <
W yee W <N
K fo et
< Z K;MY o MY (1 m)Zi= by IR = L 22 h
11! 15! Ig!
LAt <N
N k-1 l
= Y K(MRA+m)T) e =373 ())KZ-(MR(l +m)T,) <
L4t <N =0 j=1 M
N 00
<Y 2'K{(MR(+ m)T.) < Y Ki(2MR(1 4+ m)T,)"
1=0 1=0

In the last step we used the fact that (2MR(1 + m)T,) = (Ts - R)(2M (1 4+ m)) <
1. Thus, each finite sum of absolute values of elements of F.(u,s) is bounded by
S Ki(2MR(1 4+ m)Ts)! < 400, hence we get that the series F.(u, s) is absolutely
convergent. O

Let’s introduce the following notation. If ¢ is an abstract globally convergent
generating series, then let dom(F,) = PC(T,U) x IT. Otherwise, let

1

— T N aNs/1 .\
dom(Fe) = {(u, 5) € POT.U) > I" | [lullr..0 - T < =S

In fact we can define a function F,
F, :dom(F.) 3 (u, s) — Fe(u,s) € RP
Notice that F.(u,s) depends only on the restriction of u to [0, Ty].

Lemma 2. Let ¢ : I — RP be an abstract generating convergent series. Then the
following holds. For each s = (i, (t1,...,tx)) € IT, u,o € PC(T,U), (u,s),(v,s) €
dom(F,),

(Vt € [0,Ts] s u(t) =v(t) = Felu,s) = Fe(v,s)
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It is a natural to ask whether ¢ determines F,. uniquely. The following result

answers this question.

Lemma 3. let d,c: I — RP be two convergent generating series. If F, = Fy, then
c=d.

In order to prove the lemma above, we will need the following result.

Lemma 4. For each w € Z},:

Vw[u](ty + t2) = Z Vs[u](t1)V, [Shifts, (w)](t2)

8,2€Z%, ,sz=w

Proof of Lemma 4. We proceed by induction on |w|. Assume that |w| = 1, that is,
w=j € Zy,. Then

t1+to t1
Vw[u](tl -+ tg) = A de(T)dT = /O dCJ(T)dT+

/ * 4G (11 + T)dr = Vi ful(t) + V3 Shitts, ()] (82

Assume that w = vj. Then

t1+t2
Vi [u](t1 + t2) = /0 d¢, () Vi [u] (7)dr =

:/lde(T)Vv[u](T)dT-i-/dej(tl-i-T):
0 0
= Vo[ul(ty + T)drViu[ul (1) + /0 d¢; (11 + T)Valu)(t1 + )dr

By induction hypothesis we get that

/0 2 Aty + MVolul(t +m)dr = Y Vi[ul(t)x

sz=v,8,2€7Z%,

< [t vttt @l = Y Viful()Vey[Shif, ()2

_ *
sz=wv,s,2€Z%,

That is, we get that

Volul(t +t2) = Valul(h) + D>~ Vilul(t1)Vzy[Shifte, (u)](t2) =

sz=wv,s,2E7Z%,

Y. Vilul(th)Va[Shifte, (w)(t2)

sz=w,s,z,EZ%,
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Proof of Lemma 3. We will use the same method as in [83]. In fact, our proof is an
easy generalisation of the proof presented in [83].

Assume that F; = F,. It is equivalent to F;_. = 0. That is, it is enough to show
that if F. =0 then ¢ = 0.

Assume that Fi.(u,s) =0 for all (u,s) € dom(F).

Assume that w; = w1 Wik, Wi, ., Wik; € L, ki > 0,4 =1,...,k Let
Ui, Uik, EUand 70, ..., T, €T, up, (t) = u, 4 forallt € [Zi;i Tizs Zi:l Tirz)s
j=1,...,k;. Then it follows from Lemma 4 that for all w € Z},,

ki
Vi [%](Z} Tiz) = > Vou[uin](7isn) -+ Vo, [wi g, ) (7 k,)

V1,eeny U, €43, ,01 7V, =W

Vi, Vi, 1
= § : “311“;)22“'% kZ»Ti‘vlll'“Tilk'l‘ | | ]
5 5 SRi 2, 3R ‘7]1|.|U2|~"'|’Uki|~
V103 Vk; V1"V, =Wi
where we used the following notation. If u = (u1,...,u,,)T € U = R™, then v/t J¢ =

Uj, Uj, - - - Uj,, Where ug = 1 is assumed.

Thus, the following equality holds

ki
! Volur )OO 7ij)lrs=05=1, ke =
dTi,ldTi,Q ce dTi,ki —1 '
J:
Vi . . .
wjy - -u, o if there exists vivg - vy, = v and vy, ..., vk, € Zyy,
b vy
0 otherwise
That is,
d d Vi [t ] ) 1 ifv=w;
. W; k. v | Uw; E Ti,j )T ;j=0,j=1,....k; — .
duz’;l - du, kk dridrig - - drg, ' = " ’ 0 otherwise

Let £ € Iy, Ti1,...,Tig; €T, 1 =1,..., k. Define the map

ge : WxV> (7-1,17'~77—1,k17~~~>7—k,17

~~~7Tk,kk,u1,17~~~,Ui,k1,~-~auk,1,-~~,uk,kk) HFC(U»E)

where u(t) = w;; if t € [Zi:l Z{;ll Tz,l,Zizl Z{Zl Tp1) for some ¢ = 1,... k,
j=1,...,k;, and s = (¢, (251:1 T, 252:1 T2y s fil Tk,;)), and W C TEi ki
V C UXi=1Fi are suitably small neighbourhoods such that (w,s) € dom(Fy). It is
easy to see that F. = 0 implies that g¢ = 0 for all £ = 0 and g is an analytic

mapping.
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Notice that

95(71,1a vy Thkk, U115 - - ,Uk,kk) =

k1 ko ki
Z C(f, (’Ula s ’Uk?))vvl [ukl](z Tl,j)vvz [ukz](z T2,55 s Z Tk,j) =

V1,.., VR €LY,

= E (& (V1,17 V1 ky s V2,1 77 V2 gy -+ o5 U1 """ Uk kg, ) ) X
1)111,...,’017;&-1,...,’U;C’l...vk’kkEan
[vi, g1
k ki Vi,j ,]

X i 5wy L

1,510
Denote by D; the operator D,,, = —w5 d_ 3 dd . Thus, for each i =
B d“i ; cdu. k* i ATq, 1 ATk,
s i kg

1.k,

leD’LUQ "'Dwkgf;“

=0, ;=0,i=1,....kj=1, .k = c((§, (w1,. .., w)))

But if g¢ = 0, then for all wy,...,wi € Z},, Dy, -+ Dy, ge =0, ie.

c((&, (wr,...,wg))) =0
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Chapter 3
Hybrid Formal Power Series

The aim of this chapter is to present the necessary ”abstract nonsense” which will
be used for developing realization theory for a number of classes of hybrid systems.
As the title of the chapter indicates, we will be mostly concerned with formal power
series-like objects in this chapter.

Although the output trajectories of hybrid systems are functions of time, for
hybrid systems without guards they are piecewise-analytic maps. Moreover, they are
such that for any switching sequence the dependence of the continuous output on
the times between consecutive switches is analytic. Thus, for small enough switching
times the behaviour of the input-output maps is determined by their high-order
derivatives at zero with respect to the relative switching times. Moreover, if the
continuous valued parts of the input-output maps are entire analytic functions of
the switching times, the high-order derivatives determine the whole global behaviour
of the input-output maps. Besides, if the input-output maps admit a hybrid system
realization, then the high-order derivatives can be expressed as composition of the
vector fields of the system with the reset and readout maps evaluated at the initial
state.

Thus, for a number classes of hybrid systems, the realization problem turns out
to be equivalent to the existence of a particular representation of the sequence of
high-order derivatives of the input-output maps. For example, for hybrid systems
with linear or affine vector fields with linear reset maps and linear readout maps,
the existence of a realization yields that there exists a finite collection of matrices
such that each high-order derivative can be expressed as a product of those matrices
taken in a particular order. With some extra condition the existence of such a
representation of the high-order derivatives is also sufficient for existence of a hybrid

realization.

55



CHAPTER 3. HYBRID FORMAL POWER SERIES

In this way, we arrive to variations of the following problem. Given a sequence
of real numbers, indexed by words over a certain alphabet, when does this sequence
admit a representation of the following form. There exists finitely many matrices of
suitable dimensions indexed by the elements of the alphabet, such that any element
of the sequence indexed by some word w can be represented as a product of the
matrices (possibly multiplied from left- and right- by suitable vectors) above taken
in the order prescribed by a subword of w chosen in a particular way.

In the simplest case the problem above amounts to the classical problem of ratio-
nality of formal power series in several non-commuting indeterminates ( indetermi-
nates correspond to the letters of the alphabet and multiplication of indeterminates
correspond to concatenation of words, hence non-commutativity). The theory of ra-
tional formal power series is a classical topic, it has been around in different forms
for over forty years. It has been successfully applied to realization problem of several
classes of control systems, the most well-known one is the class of bilinear systems.

Unfortunately, for hybrid systems the framework of rational formal power series
is no longer sufficient ( although it is still suitable for handling switched systems ).
The reason for that is that we have to take into account the discrete output and the
dependence of the value of the high-order derivatives on the change of the discrete
state. In order to capture these specific features of hybrid systems, we will have to
introduce a new formal framework, the framework of what we will call hybrid formal
power series

One can think of formal power series in non-commuting indeterminates as maps
assigning each to sequence of indeterminates a real vector in some vector space RP.
Hybrid formal power series are pairs of consisting of a discrete-valued input-output
map and a classical formal power series. We will be interested in families of hybrid
formal power series. We will then try to find conditions for existence of a hybrid
representation of such a family of hybrid formal power series. The notion of hybrid
representation is analogous to the notion of rational formal power series representa-
tion. Roughly speaking, a hybrid representation is a composition of several rational
formal power series representations with a finite Moore-automaton.

Within such a family, certain hybrid formal power series will be grouped together,
such that such the members of each group will have the same discrete-valued parts
but different continuous valued parts. The idea is that the common discrete value
part should be realized by one of the state of the Moore-automaton of the hybrid
representation and the different classical formal power series should be represented
by different states of the representations belonging to discrete states reachable from
the discrete state realizing the discrete valued part. If it seems a bit confusing to the

reader, then we suggest to wait until the formal definition is presented.
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The theory of hybrid formal power series presented in this paper relies very much
on the classical theory of rational formal power series [64, 65, 4] and automata theory
[17, 24]. In fact, it combines the two theories. The main questions will be the

following.

Existence of a hybrid representation When does such a collection of hybrid

power series admit a hybrid representation ?

Minimality of hybrid representation What is the smallest possible hybrid rep-
resentation of a family of hybrid formal power series 7 How can such hybrid
representations be characterised ? Is there always a smallest possible hybrid
representation of a family of hybrid formal power series ? Is such a minimal

hybrid representation unique ?

Partial realization theory How to construct a hybrid representation for a family

of hybrid formal power series using only finite number of data ?

The results obtained for rational hybrid representations are very similar to those
of rational formal power series and finite automata. In fact, we will proceed as follows.
We will associate with each family of hybrid formal power series a family of classical
formal power series and a family of discrete input-output maps. It turns out that
there is a correspondence between rational representations of this family of formal
power series and automaton realizations of the family of discrete input-output maps
on the one hand and hybrid representations of the original family of hybrid formal
power series on the other hand. Let us formulate the main results on hybrid formal

power series in an informal way.

Existence of a hybrid representation A family of hybrid formal power series has
a hybrid representation, i.e., it is rational if and only if the corresponding family
of classical formal power series has a rational representation, i.e, it is rational
and the corresponding family of discrete input-output maps has a realization

by finite a Moore-automaton.

Minimality of hybrid representations If a family of hybrid formal power series
has a hybrid representation, then it has a minimal hybrid representation. A
hybrid representation is minimal if and only if it is reachable and observable.
Any two minimal hybrid representations of the same family of hybrid formal
power series are isomorphic. Minimality, observability and reachability can be
checked algorithmically. Any hybrid representation can be transformed to a

minimal one and the transformation can be done by an algorithm.
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CHAPTER 3. HYBRID FORMAL POWER SERIES

Partial realization theory If the number of available data points is big enough
and the family of hybrid formal power series is finite, then it is possible to
construct a minimal hybrid representation of the family of hybrid formal power
series from finitely many data points. The precise conditions for the number of
data points are similar to the conditions in partial realization theory of linear

and bilinear systems.

All the results announced above will be discussed in this chapter with the exception
of partial realization theory, presentation of which will be postponed until Section
10.3 of Chapter 10.

The structure of the chapter is the following. Section 3.1 presents a concise treat-
ment of the results on classical formal power series and their rational representations.
In this thesis we will need the theory of rational family of formal power series, that
is, we will be looking at rational representations of a family of formal power series.
Most of the existing literature deals with rational representations of a single formal
power series. The only exception the author is aware of is [84], but unfortunately the
results we need in this thesis are not explicitly stated there. However, the existing
theory can be easily (almost trivially) extended to deal with families of formal power
series and we will present this extension in Section 3.1.

Section 3.2 presents realization theory of Moore-automata. Again, we will need
theory for realization by Moore-automata of a family of input-output maps. The
theory of realization of a single input-output map by a Moore-automaton is a classical
topic, and we will need a simple extension of the existing theory, which will be
discussed in Section 3.2. Finally, Section 3.3 deals with the main topic of the chapter,
the theory of rational families of hybrid formal power series.

3.1 Theory of Formal Power Series

The section presents results on formal power series. The material of this section is
based on the classical theory of formal power series, see [4, 43]. However, a number of
concepts and results are extensions of the standard ones. In particular, the definition
of the rationality is more general than that one occurring in the literature. Con-
sequently, the theorems characterising minimality are extensions of the well-known
results. These generalisations and extensions are rather straightforward and can be
easily derived in a manner similar to the classical case. In order to keep the exposi-
tion self-contained and complete, the proofs of those theorems which are not part of
the classical theory, will be presented too.

Let X be a finite alphabet. A formal power series S with coefficients in R? is a
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3.1. THEORY OF FORMAL POWER SERIES

map
S:X*—TRP

We denote by RP < X* > the set of all formal power series with coefficients in

RP. Let S € RP <« X* >. For each i = 1,...,p define the formal power series

S; € R < X* > by the following equation

Siw) = (S(w))i = ej S(w)

where e; is the ith unit vector of RP. Let J be an arbitrary (possibly infinite) set.
An indexed set of formal power series ¥ = {S; € R? <« X* >>| j € J} with the index
set J is called rational if there exists a vector space X over R, dim X < +oo and

linear maps
C:X—->RP, A,eX X ,0€X
and an indexed set with the index set J
B={BjeX|jeJ}
such that for all j € J, 01,...,0, € X, k>0
Si(o102---0%) = CAp Aoy, -+ Ay By

The 4-tuple R = (X, {A}zex, B,C) is called a representation of S. The number
dim X is called the dimension of the representation R and it is denoted by dim R.
We will refer to X as the state-space of the representation R. A formal power series
S € RP <« X* > is called rational if the indexed set {S; | j € {0}}, Sy = S, with
the singleton index {@}, is rational. That is, S is rational is the above sense if and
only if it is rational in the classical sense.

In fact, a representation can be viewed as a Moore-automaton with the state-
space X, with input space X™*, with output space RP. The state transition function
0 : XxX — X isgiven by the linear map §(z,0) = A,2x. The output map p : X — RP
is given by p(x) := Cz. The set of initial conditions is given by {B; | j € J}. The
problem of finding a representation for a set of formal power series ¥ is equivalent
to finding a realization of ¥ by a Moore-automaton of the form described above.
That is, finding a representation is equivalent to finding a realization by a special
class of Moore-automaton. We will not pursue the analogy with automaton theory in
this paper. Instead, to keep the presentation self-contained, we will built the theory
directly.

A representation R,,;, of ¥ is called minimal if for each representation R of ¥

dim R,,;n, < dim R
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CHAPTER 3. HYBRID FORMAL POWER SERIES

In the sequel the following short-hand notation will be used. Let A, : X — X, 0 € X
be linear maps. Then

A = A Awy_y - Ay s w=wiwe - wg € X we, .., wg € X

Let R = (X,{A.}.ex, B,0), R = (/'F, {/L}ZGX7§75) be two representations.
A linear map T : X — X is called a representation morphism from R to R and is
denoted by T : R — R if the following equalities hold

TA,=A.TNzeX, TB;j=B;YjelJ C=CT

Using the automaton-theoretic interpretation discussed one can think of representa-
tion morphisms as Moore-automaton morphisms which are linear morphisms between
the state-spaces. The representation morphism 7T is called surjective, injective, iso-
morphism if 7" is a surjective, injective or isomorphism respectively if viewed as a
linear vector space morphism.
Let L C X*. If L is a regular language then, by the classical result [4], the
1 fwel

power series L € R < X* >, L(w) = . is a rational power series.
0 otherwise

Consider two power series S,T € RP <« X* >. Define the Hadamard product
SOT eR < X* > by

(SoT)(w)=S8;(wTi(w),,i=1,....,p

Let we X* and S € R?P « X* >. Define wo S € RP <« X* > — the left shift of S
by w by
Yv e X*:woS(v) = S5(wv)

The following statements are generalisations of the results on rational power series
from [4, 65]. Let ¥ = {S; € R? <« X* >| j € J}. be an indexed set of formal power
series with the index set J. Define the set Wy by

Wy = Span{wo S; e RP < X* >|j e Jwe X}

Define the Hankel-matrix Hy of U as the infinite matrix Hy € R XDx(X"xJ)
I = {1,2, e ,p} and (H‘I’)(u,i)('u,j) = (Sj)i(vu).

Theorem 1. Let ¥ = {S; e RP < X* >|j e J}.

(i) Assume that dim Wy < 400 holds. Then a representation Ry of W is given by

Ry = (Wy,{As}sex,B,C)
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— Ay Wy =Wy VT €eWyg: As(T)=00T, 0 € X.
— B={B; e Wy |jeJ}, B =S; for each j € J.
- C: Wy —=RP, C(T) =T(e).

(i) The following equivalences hold
U is rational < dim Wy < 400 <= rank Hy < 400
Moreover, dim Wy = rank Hyg holds.

Proof. Part (i)
Notice that for any w € X*, w = wy -+ wg, wy,...,wi € X and for any T € RP <«
X*>

woT = wyo (w10 (- (wy oT)---))

Since Bj = S, and AT = 0 o T, we get that for all w € X*
w o Sj = Aij = Aij

But S;(w) = wo Sj(e) = C(w o S;), so we get that Sj(w) = CA,B;, i.e., Ry is
indeed a representation of W.
Part (ii)
The statement
dim Wy < +00 = WV is rational

follows from part (i) of the theorem. We will prove that ¥ rational = dim Wy <
+00. Assume R = (X, A, cx, B, C) is a representation of ¥. Let dim X = n and let
e € X,l=1,2,...,n be a basis of X. Define Z; € K? < X* > by Z;(w) = CAyey,
w € X*. For each j € J there exist o;1,...,a;, € R such that B; = Z?Zl o ey
We get that

Sj(w) = CA,B = Zaj’lCAwel = Zaj,lZl(w)
=1 =1
On the other hand

wo Zy(v) = Zi(wv) = CAyAwer = Y BriCAver =Y BriZn
k=1 k=1

where X 3 Aye; = Y7 Brgex. Thus, wo S;,S; € Span{Z; | i = 1,...,n} holds,
which implies that Wy C Span{Z; | i = 1,...,n}. That is, dim Wg < +o0.

Finally, we show that dim Wy < +00 <= rank Hy < +oo. In fact, dim Wy =
rank Hy and Wy is naturally isomorphic to the span of column vectors of Hy.
Indeed, it easy to see that w o .S; corresponds to (Hy) (4, ;) and the rest of the
statement follows easily from this observation. O
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The representation Ry is called free. Using the theorem above we can easily show
that

Lemma 5. The indezed set formal power series ¥ = {S; € R? < X* >| j € J}
is rational if and only if the indexed set of formal power series = = {S(; ;) € RP |
(i,5) € {1,...,p} x J} is rational, where S(; ;) = (S;)i, j € Jyi=1,...,p.

Proof. Indeed, define pr; : RP — R by pri(z1,...,%i—1, %, Tit1,...,2Tp) = x; for
i =1,...,p. It is easy to see that pr; is linear and S; ; = pr; o S;. Define the linear
maps P, : Wy 2 T — pr;oT, i =1,...,p. Notice that (}_, ker P, = {0}. Tt is
easy to see that Wz = >_F_| P;(Wy). That is, dim Wy < 00 = dim Wz < +o0.
Conversely, assume that dim Wz < +oo. Define P : Wy — @', Z;, Z; = Wg,
P(T)=5%"2z,Vi=1,...,p: 2= P(T) € Z;. Then ker P = !_, ker P, = {0},
thus dim Wy < p - dim Wz < 4-00. O

Theorem 1 implies the following lemma.

Lemma 6. Let W = {S; e RF < X* >[je J} and © ={T; e RP < X* >| j € J}
be rational indezed sets. Then VOO :={S; 0T; € RP « X* >| j € J} is a rational
set. Moreover, rank Hyope < rank Hy -rank Hg.

Proof. By Theorem 1 it is enough to show that

dim Wyge < +oo. First, notice that for any 73,75 € R? < X* > it holds that
wo(T1 ©Tp) = (woTy)® (woTy). Indeed, wo (Th ©®Tz);(v) = (T1); © (Ta);(wv) =
(T1(wv))i(T2(wv))r = (wo T1)i(v)(w o T2 )i(v) = ((wo T1) ® (wo T2))i(v). Then we
get that

Wuoe = Span{(wosS;)© (woTj)|je Jwe X"}
C Span{(woS;)® (voT,)|zj€ Jwove X"}

Let w;oT,,,l =1,2,...m, 2z € J,w; € X*be a basis of Wg. Let v;095;, ,v;, € X*, k =
1,2,...n,jk € J be a basis of Wy. Then it is easy to see that

Span{(wo S;) ® (voT.) | z,j € Jyw,v € X*} is spanned by wy 0 S;, ® v 0T, l =
1,2,...,mk=1,2,...n,jk,2 € J. That is, dim Wyge < dim Wy - dim We. O

The classical version of the lemma above can be found in [4].
Let R = (X, {As}oecx,B,C) be a representation of ¥ = {S; e R? < X*>|j €
J}. Define the subspaces Wg and Og of X by

Wr = Span{A4,B;|lwe X" jeJ}
Orp = ﬂ ker CA,,
weX*
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The sets above have the following automaton-theoretic interpretation. The subspace
W is the span of states reachable by a w € X* from an initial state B;. Two states

x1, T are indistinguishable, i.e.
CAypr1 = CAyxs for all w e X*

if and only if 1 — x9 € Og. That is, the automaton corresponding to R is reduced
if and only if Ogp = {0}. We will say that the representation R is reachable if
dim Wx = dim R, and we will say that R is observable if Or = {0}.

Lemma 7. Let R = (X,{A,}secx, B, C) be a representation of W. Then there exists
a representation
Rcan = (Xcana {A(Cyan}UEX7 Bcan7 Ccan)

of ¥ such that Req, is reachable and observable, and X.q, is isomorphic to the
quotient Wr/(Or N Wg).

The word can in R.., stands for canonical. A system which is both reachable
and observable is often called canonical and R, is reachable and observable, hence

the notation.

Proof of Lemma 7. Let R = (X,{As}sex,B,C) be a representation of ¥. Define
R, = (Wg,{A}}oex,B",C") by Ay = As|lwy, B} = B; € Wg and C" = Clw,.
Since Wg is invariant w.r.t A,, the representation R, is well defined. It is easy
to see that C"Aj B = CA,Bj, so R, is a representation of W. It is easy to see
that WRT = Wg and ORT = Or N Wg. Define R, = (WR/ORT,{Aa}anyB;C) by
Aglz] = [A%a], B; = [B}] and Clz] = Cx, for each & € Wx. Here [z] denotes
the equivalence class of Wgr/Op, represented by & € Wg. The representation R,
is well defined. Indeed, if z1 — z2 € Og,, then Vw € X* : CT A} (z1 — x2) = 0, so
we get that Yw € X* : CTAl AT (x1 — x2) = 0. That is ALx; — Alxs € Op,. It
implies that A, is well defined. Tt is straightforward to see that éj is well defined.
Since 1 — x9 € Op, implies that 1 — x2 € ker C", we get that C is well defined
too. Moreover éﬁwéj = CA,Bj, so R, is a representation of ¥. It is easy to
see that Or, = {0}. That is, R, is observable. Moreover, R, is reachable, since
Span{A,B; | w € X*,j € J} = Span{[A},B}] | j € J,w € X*} = Wr/OR,. O

Theorem 2 (Minimal representation). Let ¥ = {S; € R’ < X* >| j € J}.

The following are equivalent.
(i) Rpin = (X, {AT"} e x, B™" C™) s a minimal representation of .
(ii) Ruin is reachable and observable.
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(i) If R is a reachable representation of U then there exists a surjective represen-
tation morphism T : R — Roin.
(iv) rank Hy = dim Wy = dim R4,

Proof. (i) = (ii)
Assume that Wg # X or Og
(Rmin)can Tepresenting ¥ such that

in .. 7 {0}. Then by Lemma 7 there exists Req, =

dim R4, = dim WRmm/(OR N WRmin) < dim Rin

which implies that R,,;, is not a minimal representation.

(i) = (iii)
Let R = (X,{A.}.cx, B, C) be areachable representation of ¥. Notice that CA,,B; =
Sj(w) = C™" Apn B Define T by T(A,Bj) = A B*™. We will show that T
is well-defined. Assume that A, B; = 22:1 ag Ay, Bj, holds for some u,ws,...w; €
X* 415,51 € J, a1,...,a; € R. Then for each v € X* it holds that CA,A,B; =
22:1 arCA, Ay, Bj, which implies

W

l
Crmin Amin gmin pmin — N g cmin gmin gmin g
k=1

Thus, A7 B — S a AT BI € Op

Wk

= {0} which means that

min
l

min pmin __ min pmin

Au Bj = E akAwk Bjk
k=1

. That is T(A,B;) = 22:1 arT (A, Bj,). Thus, T is indeed well-defined and linear.

The mapping T is surjective, since the following holds.
Xnin = Span{ A" B | j € J} = Span{T(A,B;) | j € J} = T(X)

We will show that T defines a representation morphism. Equality T4, = A™"T
holds since

T(A,A,Bj) = A;nmAgmB;?”" = A™"T(A,Bj). Equality B;"i” = T'B; holds by
definition of T'. Equality C,,,;»,T = C holds because of the fact that CmmAgmB;?“” =
CAyBj = CrinT(AyBj).

Indeed, if R is a representation of W, then it follows from the proof of Lemma 7 that
R, = (Wg,{A:|lwy }zex, B,Clw,) is a reachable representation of ® and dim R, <
dim R. By part (iii) there exists a surjective map T : R, — Ryin. But dimR >
dim R, > dim T (Wg) = dim Ryin, 80 Rmin is indeed a minimal representation of W.
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(iv) < (i)
The proof of Corollary 1 doesn’t depend on the equivalence to be proved, so we
can use it. By Corollary 1 Ry is a minimal representation of W. By construction
dim Ry = dim Wy = rank Hyg. A representation is minimal whenever it has the same
dimension as another minimal representation. Thus we get that R,,;, is minimal if
and only if dim R,;, = dim Ry = rank Hyg = dim Wy. O

Corollary 1. (a) All minimal representations of U are isomorphic.

(b) The free representation from Theorem 1 is a minimal representation.

Proof of Corollary 1. Part (a)

Let Ryin = (Xmin, {AT" } e x, B™", C™") be a minimal representation of W. Let
R = (X,{A,}sex,B,C) be another minimal representation of ¥. Then R is reach-
able and there exists a surjective representation morphism 7" : R — R,,;,. Since
dim R < dim R,,;, and dim R,,;, < dim R, we get that dim R = dim R,,;,, which
implies that dim X5, = dim X = dim 7' (X), which implies that T is a linear isomor-
phism, that is, T is a representation isomorphism.

Part (b)

The equality Wy = Span{wo S; | j € Jyw € X*} = Span{A,B; | j € Jw € X*}
implies that Wgr, = Wy. If T € Wy has the property that for all w € X* : CA,T =
0 then it means that for all w € X* it holds that C(woT) = wo T(e) = T(w) = 0,
i.e T=0. So we get that Og, = {0}. By Theorem 2 we get that Ry is a minimal
representation of . O

Lemma 8. Let U ={S; eRP < X* >|j € J} and ¥ = {T; e RP < X*>|j €
J/} be two indexed sets of formal power series with index sets J and J respectively.
Assume that there exists a map f : J - J, such that Vj/ eJ : Sf(jf) =T;. Then,
if W is rational, then U’ s also rational and rank Hy <rank Hy. If f is surjective,
then rank Hy = rank Hy.

Proof. Indeed, let R = (X, {As}zex, B,C) be a minimal representation of U. Then
it is easy to see that R = (X,{A.}sex, B ,C) is a representation of W', where
B, = Bf(j/),j, € J'. That is, if W is rational, then ¥’ is rational too. By Lemma

J
7 there exists a reachable and observable representation R_,, such that dim Rlcan <

dim R = dim R. But R,

can

’

can

is a minimal representation of W'. Thus, rank Hy =
dim R4, < dim R = rank Hy. The representation R is reachable and observable. It
is also easy to see that O = Op = {0}, thus R is observable too. It is also easy
to see that if f is surjective, then Wy = Wg = X, that is, R’ is reachable. Thus, if
f is surjective, then R’ is a minimal representation of ¥’ and rank Hy = dim R =
dim R" = rank Hy. O
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Lemma 9. Let Ji,...,J, be disjoint sets. Let ¥; = {S; € RP < Q* >| j € J;},
1 =1,...,n be indexed sets of formal power series. Let J = JyUJoU---UJ, and
let W ={S; e RP < Q* >| j € J}. Then ¥ is rational if and only if each ¥;,
1 =1,...n is rational.

Proof. 1t is easy to see that Wy = Span{S; | j € J1U---UJ,} = Y, Span{S; |
j€ Ji} =Wg, +---+Wg,. Foreach i = 1,...,n, Wy, is a subspace of Wy.
If ¥ is rational, then by Theorem 1 dim Wy < 400 and thus dim Wy, < 400 for
all t = 1,...,n. That is, each ¥;, ¢ = 1,...n is rational. Conversely, if each U,
i =1,...,n is rational, then by Theorem 1, for each i = 1,...,n, dim Wy, < 400
holds. Thus, dim Wy = dim(Wg, + --- + Wy, ) < 400, that is, ¥ is rational O

Corollary 2. Let ¥ = {S; € RP < X* >| j € J} be an indezed set of formal power
series with the index set J. Assume that J is finite. Then W is rational if and only
if §; € RP <« X* > 1is rational for each j € J

Proof. Let J = {j1,...,jn}. Let ¥; = {S; | j € {ji}}, i =1,...,n. Then ¥ =
{S; 14 € {jitu---U{jn}}. Thus, by Lemma 9 ¥ is rational if and only if each
U;,i=1,...,nis rational. Let f; : {j;} 24— 0 {0}, i=1,...,n. Each f; is a
bijection. For each i =1,...,nlet Q; ={T; | j € {0}}, Ty = S, Applying Lemma
8 to ¥;, Q;, fi and fi_1 we get that ; is rational if and only if W; is rational. Thus,
U, is rational <= S, is rational, for each ¢ = 1,...,n. Therefore, ¥ is rational
<= for each j € J, S, is rational. O

In the classical literature one often finds a procedure for constructing a repre-
sentation of a rational formal power series from the columns of its Hankel-matrix.
A similar construction can be carried out in the setting of this chapter too. In-
deed, let ImHy = Span{(Hy) (v € RX™X! | (v,5) € X* x J}. Then the map
T : Wy — ImHy defined by T'(w o S;) = (Hy). (w,j) is a well defined vector space
isomorphism. Moreover, if Ry = (Wy,{A4s}oex, B, C) is the free representation of

T
U, then TB; = (Hy) (¢ j): CT ' (Hy). (v,5) = |:(H‘P)(5,1),(v,j) o (He)(ep),(0.)
and TA, T~ (Hy) (v.j) = (He)(.(v0,j) for each o € X. Define the representation

Ryw = (ImHy, {TA, T },ex,TB,CT )

Then it is easy to see that T' : Ry — Rp,y is a representation isomorphism and
Rp w is a representation of W. It is also straightforward to see that the definition
of Ryg,w corresponds to the definition of the representation on the columns of the

Hankel-matrix as it is described in the classical literature.
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If R = (X,{A,}sex, B,C) is a representation of ¥, then for any vector space
isomorphism 7' : X — R", n = dim R, the tuple

TR = (R" {TA,T '} yex, TB,CT™1)

is also a representation of W. It is easy to see that R is minimal if and only if TR
is minimal. Moreover, T': R — TR is a representation isomorphism. That is, when
dealing with representations, we can assume without loss of generality that X = R™.
From now on, we will silently assume that X = R™ holds for any representation

considered.

3.2 Realization Theory of Moore-automata

Recall from Section 2.2 the concept of Moore-automata and realization by a Moore-
automaton. In this section we will review the main results on realization theory of
Moore-automata. The results are classical, in fact, they are the oldest results on
realization theory. For more on the topic see [17, 24].

Let D = {¢; : T* — O | j € J} be an indexed set of input-output maps. Let
A= (Q,T,0,6,\) a Moore automaton, ¢ : J — @ and assume that (A,() is a
realization of D. Define the realization (A, () by A, = (Q,,T,0,,, 1), Q. ={q €
Q|3jeJwel*: 6, w) =q}, 6-(¢,7) =6(¢,7), ¢ € Qr,y €T, ((4) = (). Tt
is easy to see that (A, () is well-defined, it is reachable and card(A,) < card(A).
Moreover, card(A,) < card(A) if and only if A is not reachable. Thus, all minimal
realizations are reachable. Indeed, if (A, ¢) is a minimal realization of D and it is not
reachable, then (A, () is a realization of D such that card(A,) < card(A). But this
contradicts to minimality of (A, ¢). The following result is a simple reformulation of

the well-known properties of realizations by automaton. For references see [17, 24].

Theorem 3. Let D = {¢; € F(I'*,0) | j € J}. D has a realization by a finite
Moore-automaton if and only if Wp is finite. In this case a realization of D is given
by (Acanygcan) where Acan = (WD,F, O7L7T)7 Ccan(j) = (bj and

L(¢,7) =700, T(¢) = ¢(e), € Wp,y €T
The realization (Acan, Cean) 8 Teachable and observable.

Proof. Assume that (A,(), A = (Q,T,0,6,)) is a realization of D. For any w €
I'*,j € J, wo ¢;(v) = AN((j), wv). Define the map F : Q — F(I'*,0), such that
F(q)(v) = Mg, v),v € I'*. Then it is easy to see that Wp C F(Q). Since card(Q) <
+00, we get that card(Wp) < card(F(Q)) < +oo. It is easy to see that L, Ccan
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and T are well-defined maps and thus (Acan,Cean) 18 @ well-defined finite Moore-
automaton. It is left to show that (Acan,Cean) is a realization of D. The crucial
observation is that L(¢, w1 ... wg) = L(L(- - (L(¢,w1) -+ ), wr—1), wg) = wro(wg_10
coo(wpo@)--+)) = wy---wg o ¢ for each ¢ € Wp and wy,...,w, € Tk > 0.
For each j € J, T(Cean(j),w) = T(L((ean(j),w)) = T(w o ¢;) = ¢;(we) = ¢j(w)
for each w € T* k > 0. Thus (Acan,Cean) 18 a realization of D. It is easy to
see that (Acen, (can) is reachable and observable. Indeed, for each w € ¢; € Wp,
L(Cean (), w) = L(¢j,w) = wo ¢;, thus Aeey, is reachable. If f, g € Wp are such that
T(f,w) = T(g,w) for each w € T*, then we get that g(w) = T(wog) = T(g,w) =
T(f,w) =T(wof) = f(w) for all w € T*, i.e., f = g and thus A, is observable. O

The realization (Acan, Cean) is called the free realization. The following theorem

gives equivalent conditions for minimality of a realization.

Theorem 4. Let (A, () be a finite Moore-automaton realization of D = {¢; €
F(T*,0) | j € J}. The following are equivalent:

(i) (A,¢) is minimal,
(i) (A, () is reachable and observable,
(#1) card(A) = card(Wp),

(iv) For each reachable realization (A',() of D there exists a surjective automaton
morphism T : (A/,C/) — (A, ¢). In particular, all minimal realizations of D

are isomorphic

Proof. Consider the free realization (Acan,Cecan) of D described in Theorem 3. We
will show that (iv) holds for (Acan, Cean)- Let (A, () be a reachable realization of D.
Assume that A = (Q,T",0,d, ). Define the map F : Q — F(I'*,0) by F(¢)(w) =
Mg, w), w € T'*. We claim that F' is an automaton morphism and F(Q) = Wp.
It is easy to see that F(d(q,v))(w) = A(d(q,v),w) = A(g,ow) = F(q)(vw), thus
F(6(q,v)) =vo F(q) for all ¢ € @, v € T'*. Notice that A(¢) = F(q)(e) = T(F(q)).
Thus, F is indeed an automaton morphism. It is again easy to see that Wp C F(Q),
since (A, () is a realization of D. On the other hand, if (A,() is reachable, then
for any ¢ € @ there exists j € J, w € I'*, such that §(¢(j),w) = ¢. Thus, F(q) =
wo¢; € Wp, ie. F(q) € Wp. Thus, F : (A, () — (Acan,Cean) is a surjective
automaton morphism.

Assume that (A, ) above is observable. Then the map F' is injective. Indeed,
Mg, w) = F(q1)(w) = F(g2)(w) = Ag2,w), Yw € T'* implies that ¢; = ¢o. Thus, if
(A, ¢) is observable and reachable, then it is isomorphic to (Aean, Zean)-
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Notice that if F': (A, () — (Acan,Cean) is an automaton isomorphism, then F~!
defines an automaton isomorphism F~' : (Acan,Cean) — (A,C). If (A4,¢) is a
reachable realization of D, then there exists a surjective morphism 7T : (A/,C/) —
(Acan; Cean). Thus, F~1oT : (A", (") — (A, () is a surjective automaton morphism.

Applying the remark above to a reachable and observable realization (A, ¢) of D,
we get that there exists an isomorphism F : (A, () — (Acan;Cean) and thus (A, ¢)
satisfies (iv). Thus (ii) implies (iv).

Next we will show that any minimal realization (Ain, Gnin) is isomorphic to
(Acan, Cean)- Indeed, if (Apmin, Cmin) is minimal, then (Apin, Cmin) has to be reach-
able. But then there exists a surjective automaton morphism T : (Apin, Cmin) —
(Acans Cean)- Thus, card(Wp) < card(Apmin). By minimality of (Ain, Gnin) we get
that card(Wp) = card(Apnin). Thus, (Acan, Cecan) is minimal and all minimal real-
ization of D are isomorphic. Thus, (i) is equivalent to (iii) and (i) implies (iv) and
(i) is equivalent to (ii).

Finally, we will show that (iv) implies (i). Indeed, assume that (A, () satisfies
(iv). Then there exists a surjective morphism T : (Acan,Cean) — (A, ). Thus,
card(Wp) > card(A). But this is impossible unless card(Wp) = card(A), and thus
(A, ) is minimal.

We get that (i) <= (iii), (i) <= (i), () < (iv). O

The realization (Acan, Cean) is minimal.

3.3 Hybrid Formal Power Series

The section introduces the concept of hybrid power series and hybrid power series
representation. This section contains the main contribution of the chapter. Subsec-
tion 3.3.1 contains the definition and basic properties of hybrid formal power series
and hybrid representations. Subsection 3.3.2 discusses the problem of existence of
hybrid representations. It gives necessary and sufficient conditions for a family of
hybrid formal power series to admit a hybrid representation. Subsection 3.3.3 char-
acterises minimal hybrid representations. Throughout the section the notation of
Section 3.1 will be used.

3.3.1 Definitions and Basic Properties

Let X be an alphabet, i.e. a finite set and let O be an arbitrary finite set. Assume
that X = X; U X, such that X; N Xy = . We allow X; or X5 to be the empty set.
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Let J be any set of the following form.

J:J1U(J1><J2)

(3.1)
Jo is a finite set, Jo, N J; = 0

Sets with the property (3.1) above will be called hybrid power series index sets.
Notice that we allow J> to be the empty set.

A hybrid formal power series over X1, Xo with coefficients in R? x O is a pair
S =(Sc,Sp) eRPF < X* > xF(X;,0)

That is, a hybrid formal power series S is a pair of functions. The first component
of the pair is a map S¢ : X* — RP, the second component is a map Sp : X5 — O.
We will denote the set of all hybrid formal power series over X7, X5 with coefficients
in R? x O by RP « X* > xF(X3,0). If the space of coefficients and the alphabets
X1, X5 are clear from the context we will simply speak of hybrid formal power series.
If S e R « X* > xF(X35,0) is a hybrid formal power series, then define the
formal power series S¢ € R? « X* > and the map Sp : X5 — O in such a way that
S = (S¢,Sp). That is, Sp denotes the discrete valued (O valued) component of S
and S¢ denotes the continuous (RP) valued component of S.

Assume that J is a hybrid formal power series index set. Let Q = {Z; € R? <«
X* > xF(X3,0) | j € J} be an indexed set of hybrid formal power series indexed
by J such that

Vk € Jl,j € Js: (Zk,j)D = (Zk)D and (Z;w-)c(w) = 07VU) S X; (32)

Indexed sets of hybrid formal power series with the property (3.2) above will be called
well-posed indexed sets of hybrid power series . The intuition behind the definition of
well-posed indexed sets of hybrid power series is the following. We can think of the
indexed set 2 as an encoding of the indexed set ¥ = {f; | j € Ji1}, where f; : X >
w — (Z))o(), (Z)p(0), (Zix))(w))kes,), where v = 1+ € X5 and w is
assumed to be of the form w = z17122 - - - Ve 2k+1, 215 -+ 241 € X7, Y1y -5 Tk € Xo.
The indexed set W is supposed to contain input-output maps of a system which is an
interconnection of a special form of a finite Moore-automaton and formal power series
representations. The requirement (Z; ;)c(w) = 0 for all w € X reflects the special
structure of this interconnection. The motivation of the definition of a well-posed
indexed set of hybrid power series should become clear to the reader after seeing
the definition of a hybrid power series representation. A hybrid formal power series
representation defines exactly an interconnection of a Moore-automaton and formal
power series representations such that the input-output maps of the interconnection

can be encoded by a well-defined indexed set of hybrid formal power series.
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In the sequel, we will mostly work with well-posed indexed sets of hybrid formal
power series. In the rest of the paper, unless stated otherwise, we will always mean
a well posed indexed set of hybrid formal power series whenever we speak of indexed

sets of hybrid formal power series.

Definition 9. A hybrid representation (abbreviated by HR) over J is a tuple

HR = (Aa ya (Xq7 {Aq,za Bq,z,j2 }jng,zeXl ) Cq7 {Mé(q7y),y7q}yEX2)qEQ7 J; ‘LL)
where
A=(Q,X>2,0,6,)\) is a Moore-automaton

X, is a finite-dimensional vector space for all ¢ € Q. Without loss of generality we
can assume that Xy = R for some ng > 0.

Y is a finite-dimensional vector space and Y = RP for some p € N,p > 0.

Mg, z.q @ Xgo — Xg 15 a linear map, for each q1,q2 € Q, © € Xg such that
6(q2, ) = qa-

Ayt Xy — Xy is a linear map for each x € X1 and g € Q.
Cy: Xq— Y is a linear map for each g € Q.
For each q € Q, j € J2, x € Xy, the vector By, ; belongs to Xy, i.e. By, j € Xy.
peJi— Ugeglad x Xy s a map
Define pp : J1 — Q and pc : J; — quQ X, by
Vi€ i) =(¢;%) & pp(j) = qand pe(j) ==

If J, = 0, then we will use the following short-hand notation for the hybrid
representation HR

(Aa (Xq7 {Aq7z}z€X17Cq)qEQ7 {Mé(%y),y,q | qc Qay € X?}v J7/’(')

In fact, a hybrid representation can be viewed as a some sort of cascade inter-
connection of a Moore-automaton and a formal power series representations. Recall
from Section 3.1 that a formal powers series representation can be thought of as a
Moore-automaton, state-space of which is a vector space (thus, not necessarily finite
). One could define a suitable notion of cascade interconnection for Moore-automata,

see for example [17] and view a hybrid representation as an interconnection of a finite
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Moore-automaton with a number of Moore-automata which are in fact formal power
series representations.

A hybrid representation can be itself viewed as a Moore-automaton. Before we
can explain how to view a hybrid representation as a Moore-automata, we will need
some additional definitions and notation.

Define the set

O=][rR<Xx" >
Jj€J2
An element of the set O is a tuple (S;) e, such that S; € RP < X* > for all j € Jo.
If Jo = () then O will be viewed as the singleton set {0}.

Denote by Hyg the set Hggr = quQ{q} x Xy. Define the maps Il : Hyr >
(¢;2) = qeQand Ilx : Hur 3 (¢,2) = € U, 0 Ay

Consider any w € X*. It is easy to see that w can be represented as w =
T1Y1T2Y2 -+ - TkYkTht1, fOr some 1,22, ..., Tptr1 € X7, Y1,Y2,..., Yk € Xoand k > 0.
It is easy to see that the representation above is unique. Such a representation can
be easily obtained by grouping together those letters of w which belong to Xj.

The reader who wishes to see a formal proof, will find one below. The proof goes
by induction. If |w| = 1, then w = w; and either wy € X7 or wy € Xo. If wy € X3
then set £k =0 and 71 = wy. If w; € Xy, thenset k=1, y; = wy and 1 = x2 = €.
In both cases w = z1y1 - - - Yy Tr+1. Assume that a representation of the above form
exists for all words w € X*, |w| < n. Assume that w = wy -+ - Wp41, W, .., Wpt1 €
X. Foreachi=1,...,n+1 either w; € X; or w; € Xo. Assume that wy,wo,...,w; €
X1 and wjy1 € Xo. Let 21 = wi---w; € X and y1 = wjy1 € Xo. If wy € X5 then
Jj =0 and z; = €. Consider the representation of v = wj{s - - - wy41, i.e assume that
V= oY YkLht1s T2y .- Tht1 € X7, Y2,-..,Yk € Xo. Such a representation of
v exists by the induction hypothesis. Then w = z1y1v = x1y122 - - - YpTr+1, that is,
Ty Thtl € X7, Y1,.--, Yk € Xo.

Foreach g€ Q, w =z, - -2, € X{, x1,...,2; € X; denote by A, ,, the compo-
sition of linear maps Aq 4, Agz. 1 Agaq- f k=0, ie. w=c¢€thenlet A, = A
be the identity map on Aj.

Define the map €gr : Hgr X X* — Hyggr by

Eur((q ), z1w1 - zpwizgy1) = (6(g, w1 -+ wy), AQk7zk+1qu'wkﬂkflAqlc—lvzk

""" AQl,Zthh ;w1 1QOAQ()1Z1 'T)

for all zq,...,2k401 € X7, wy,...,wi € Xo, k > 0, where ¢; = §(q,wy ---w;) for all
i=0,...,k (ie. go =q).
For each ¢ € Q, j € Jo define the power series T, ; € RP < X* >> as follows.

Recall that each w € X* can be uniquely written as w = x1y1xs - - - Yp g1, for some
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Yi, .- Yk € Xo, 1,...,Tk41 € X7 and k > 0. Then for each w € X* define T, ;(w)
as

Tq’j (U}) = Tq’j(xlyl T xkykkarl) = CQk:AQk,Ik+1MQkayk7Qk—l o

T Mqt»ylvql—lA‘H—hzl B‘H—lyslvj

where 1 < I < k+1, 21 =22 =" =211 =€ 2 = 82, s € X1, z1 € X{,
g =06(q,y1---y;) foralli =0,...,k.

The tuple (T;)jc. € O will serve as the output of the hybrid representation
HR. Define the map vgg : Hgr X X* — RP x O x O as follows

Vw € X* :vnr((¢, @), w) = (Csz,A(s), (Ts,5)jes,) where (s,2) = Eur((q,2), w)

The map £y gr plays the role of state-trajectories and vy plays the role of output-
trajectories of the automaton associated with the hybrid representation HR

Now we are in position to explain the analogy between hybrid representations
and Moore-automata. A hybrid representation H R can be viewed as an infinite-state
Moore-automata, which is defined as follows. Its state space is the set Hyr. Each
state is a pair (g, x), consisting of a discrete component ¢ and a continuous component
x € X, The input alphabet of a hybrid representation viewed as a Moore-automaton
is X. The output alphabet is the set O x R? x O. The state-space evolution of a
hybrid representation can be viewed as follows. If the hybrid representation receives
a symbol z € X7, then the state changes as follows. If the current state is of the
form (¢,z) € {q} x &j, then the current state changes to (g, A4 .x). If the hybrid
representation receives a symbol y € X5 then the state of the hybrid representation
changes as follows. If the current state is of the form (¢,z) € {q} x X}, then the
current state changes to (0(q,¥), Ms(q,y),y.q%) € {0(q,y)} X Xs(q,y)- If the current
state is of the form (g, x) € {¢} x X;, then the output of the hybrid representation is
(Cqz, M), (Ty,j)jer,). The tuple (Tj ;);jcs, can be thought as an analog of impulse
response for linear systems. The map p can be thought of as a way to define the set
of initial states of the Moore-automaton interpretation of the hybrid representation.
Namely, the set of initial states is made up by the states u(j) € Huyr, j € Jo.

We will not use the interpretation of a hybrid power series representation as a
Moore-automaton presented above to prove mathematical properties of hybrid rep-
resentations. However, we will frequently refer to this interpretation in order to give
an intuitive description of results and concepts.

We define the dimension of the hybrid representation HR as the pair

(card(Q), Z dim X))
q€Q
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and it is denoted by dim HR. We will use the following partial order relation on
N x N. We will say that (p,q) € N is smaller than or equal (r,s) € Nif p < r
and ¢ < s. We will denote the fact that (p,q) is smaller than or equal (r,s) by
(p,q) < (r,s). Note the the order relation < in N x N is indeed a partial order, it is
not possible to compare all elements of N x N.

Consider an indexed set of hybrid formal power series 2 = {X; € R <« X* >
xF(X5,0) | j € J} with J = J; UJy x Jo. The hybrid representation HR is said to
be a hybrid representation of € if for all w = x1y1 - - TeypTr41 € X, 23 € X{,y; €
Xo,i=1,2,...)k+1,7=1,2,...,k, k > 0 the following holds

VjeJ:
(Zj)C(w) = C‘ZkAQk:7$k+lManylmq}cflAQk—hwk e MQ1,y1,q0A<ZD,$1 ,uc(j)
VjeJ:

(Zj)p(r - yk) = Mup(G)sy1 - yk)
V(jl,jz) e Ji x Jy:

(3.3)
(Zjlan)C(w) = CQkAQkawarlMQk;ykwq}c—lAQk—hzk T
T Ml]l,yl;QL—lqu—l,zl B‘H—lxslvjl

where z; € X{, 2 = s121,8 € X1,2, € X7
and xy =22 =---=1x;_1 =¢,1 >0 and

Vw € X; : (Zjhj’z)c(w) =0

where go = up(j), ¢t = 6(go,y1---y1),1 <1 < k. Can can think of (Z;)¢ as continu-
ous output, (Z;)p as discrete-output and (Z ;)¢ as continuous output corresponding
to impulse response. This is of course only an analogy, there is no formal correspon-
dence between the objects mentioned above. An indexed set of hybrid formal power
series is called rational if it has a hybrid representation. Note that the framework
above resembles very much the concept of rational representations described in [64].
In fact, when Q = {q} is a singleton set, the notion of hybrid representation and the
notion of rational representation coincides. We say that the hybrid representation
HR is a minimal hybrid representation of Q) if HR is a hybrid representation of €2
and for any hybrid representation H R of Q

dim HR < dim HR'

Recall the interpretation of a hybrid representation as a Moore-automaton. Then
the statement that HR is a hybrid representation of {2 simply says that for each

Jj1 € J1 the Moore-automaton interpretation of the hybrid representation H R realizes
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the map:

le X S we ((ZJ )C(w>7 (Zj1)D(HX2 (w)), ((Zj17j2)c(w))j2612

from the initial states p(j1). Here IIx, : X* — X3 is a map which erases all the
letters not in Xy, i.e., x,(x1y1 - - ThyYrTrt1) = Y1 -+ - yx for each x1,..., 2541 € X7,
Yiy---s Yk € Xo, k> 0.

Thus HR is a representation of  if and only if

Vjie J,Vwe X*:
((Zj)c(w), (Z;) p(Ilx, (w)), (Z) j, (W) e sn) = vur(1(j), w)

Let HR = (Av Y, (an {Aqyza Bq7z7j2 }jEJz,z€X1 ) an {M5(q’y)7y,q}y€xz)q€Qv J, /j‘) be
a hybrid representation. Let

(3.4)

HR = (A ; yv (X(p {Aq,za Bq,z,jQ }j€J27Z€X1 ) an {Ma’(q7y)7y7q}yeX2)qu’ y Ja H )

be another hybrid representation. A pair T' = (Tp,T¢) is a HR-morphism from HR
to HR' denoted by T : HR — HR' if Tp : (A, up) — (A, up) is an automaton
realization morphism, Tc : @ ,cq X = Dyeo X; is a linear map such that

o) € X

’

Tp(q1),2,To(q

for all ¢ € Q,
ToMg, 2.9, = 2)TC for all ¢1,¢2 € Q,z € X5 such that d(qe, z) = g1,

TcA,,. = AITD(q),zC(T> for all ¢ € Q,z € Xy,

’

Forallge Q,j€ Ja, z€ Xy, TcBy,.,j = BTD(q)’Z’j

Cy= C’;‘D(q)TC for each q € Q,
Topo(f) = pe(j) for all j € Jy
Tt is easy to see that the pair T = (Tp, T¢) defines a map
o(T) : Hur 2 (¢,2) — (Tp(q), Tc(x)) € Hypr

The intuition behind the definition of T is the following. Notice that T" can be
extended to act on the state-spaces of the Moore-automaton interpretations of HR
and HR' by defining T((q,7)) = (Tp(q),j) for all ¢ € Q, j € Jo. This extension of T'
becomes a Moore-automaton morphism, if T is a hybrid representation morphism.

We will call HR observable if for each hy,hy € Hygr

(Vw e X*: ’UHR<h17’w) = UHR(hg,w)) — h1 = hg

[0)
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Define the set

Homr ={(g;2) | (35 € J1: p(j) = (¢;2)) or (¢ = d(up(5),v),
x =By, ;, forsomev e X3, z€ Xq,j € Jo)}

Define the set

Reach(HR) = {(q,x) | Jwy,...,wp € X" aq,...,01 €R,

hi,...,ht € Hoar,k >0,
k

r= Zajﬂx(fHR(hi,wi))

=1
and g = g (Exr(hi,w;)),i=1,...,k}

We will call HR reachable if Hyr = Reach(HR).
Below we will give a reformulation of observability and reachability of hybrid

representations. For the HR H R define the following spaces
WHR :Span(
{A
j S J17-751,---;37k+1 S Xik,yl,...7yk S Xg,
qo = pp(j),q = 0(qo,y1 - y), 1 <1 <k, k> 0}U

M

Qs Th+1 (Ik7yk7(]k—1A(Jk—ly-'EkMQk—lyyk—h‘Zk—z e M(J17y17q0‘4q07w1“c(]) |

U {Akazlﬁ»lMQkyyk»qk—lA(Ik—laszQk—lyyk—lv‘Ik—2 T

e MQZ7yl7Ql71Aq1—172LBq1—17$LJ |

. . *

JE€Jo,,j € 1,71, EXY,m € Xy, =32 = =121 =€,

x =821, € X1, € X1, 1 <U<k+1,y1,...,y6 € Xo,

o =pp(j),qi =0(qo.y1 -+ vi), 1 <i <k, k>0}) CEP A,
qeEQ

The following statement is an easy consequence of the definition.

Proposition 3. The hybrid representation HR is reachable, if and only if (A, up)

is reachable and Wy = @qu Xy.

Again, if we look at the Moore-automaton interpretation of HR, then Wgp is
precisely the linear span of the continuous components of the states which belong to
Useqla} x &y and can be reached from some initial state.

Below we will give a characterisation of observability of hybrid representations.
For each g € @, define

OnR,q = ﬂ Og,w

qeQ,weX™
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where for all w = 21y1 -+ yeTe+1 € X* k> 0,21, 2541 € XT 01, , Uk € Xo
Oq,w = ker CQkAkaTkJrlMQImykﬂ]k—lAQk—lywk Mq}c—%ykfl:mcfl U Mq1;yI;QOAq0;$1

where ¢ = qo € Q,q = 6(q,y1---y),0 <1 < k. The space Ogp,, is analogous
to the observability kernel of linear ( bilinear ) systems and plays a very similar
role. Unfortunately, the spaces Opr, 4 are not sufficient to characterise observability
for hybrid representations. The following proposition characterises observability of

hybrid representations.

Proposition 4. The hybrid representation HR is observable, if and only if the fol-

lowing two conditions hold
(i) For each q1,q2 € Q, if for allw € X5, j € Jo
a1, w) = Mgz, w) and Ty, j = Tg, 5
then 1 = qs.
(i1) For each g € Q, Onr,q = {0}
Proof. First we will show that
Vw € X5 : Mqi,w) = A(g2, w) and Ty, ; =Ty, ; for all j € Jy

is equivalent to
UHR((qlaO);U) = ’UHR(((]Q,O),’U),V’U S X"

Indeed, let q1,92 € @ such that for all w € X35, A(q1,w) = Ag2,w) and T, ; =
Ty,.; for all j € J;. Then it follows that for all v € X*, such that s = IIx,(v),

UHR((qi7 0)7 U) = (Ov /\(qia w)a (Tzi(qqz,s)d)jGJg)'
It is easy to see from the definition of Tj ; that Tis(g ) jw o Ty ; for all ¢ € Q,
Jj € Ja, we X5, Indeed,
T5(q7w),j (yl o Yiarzyr Zkykzk'i‘l) = CskAskazk+1Msk7yk73k—l T

o Mgy 51y Asi 2 Bsy e = Toj(wyn -+ - yi—1Tzi-1y1 - 2kYk2k41)

where S; = 5(5(q’w)7y1y1) = 6(Q7wylyz)7 = Oa"'aka Yi,-- Yk € X;a
2y 2kb1 € XT, 2 € X1, k>0, 1 <[ <Ek+1. Thus, we get that

Vq c Q,] S Jz,w S X; : T5(q7w)7j =wo Tqyj (3.5)

Since we assumed that T, ; = T, ;, j € Jo and Mq1,w) = Mg, w), Yw € X3 it
follows that (wo Ty, ;)jes, = (wo Ty, ;)jct, and A(gi, w) = A(gz,w) for all w € X3.
Thus, we get that vgr((¢1,0),v) = vgr((ge,0),v).
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Next, we show that for all ¢ € Q, 1,22 € &}
z1 — 2 € OFRyq

is equivalent to

Yo € X* :vpr((g,71),v)) = vur((q, z2),v)
Indeed, assume that v = zyw; - - - Wk 2kt1, 21,-- -, 2k+1 € X7, W1,...,w, € Xo. Then
var((q,2:),v) = (Cghi, Nax), Ty, 5)je )

where (qkahl) = gHR((qvxi)vv)a 1= 172 ThuS; UHR((qvxl)vv) = ’UHR(((LZL'Q),’U) if
and only if Cy, by = Cy, ho. From definition of {g g it follows that for ¢ = 1,2,

h; = AQk7zk+1MQk7wk;Qk—1AQk—lazk T MQ17w17q0AQO721‘ri
Thus, Cy, h1 = Cy, ho if and only if
r1 — 29 € ker CQkAkazkﬁ»lMQk’wk’Qk—l T MQth,QOAQO’Zl
Since v runs through all elements of X*, ie. through all wi,..., w41 € Xo,
21y, 2k+1 € X7, k>0, we get the desired equivalence.

Now we are ready to prove the statement of the proposition. Assume that HR
is observable. Assume there exists ¢, ¢2 € Q such that A(g1, w) = A(g2,w), w € X3
and Ty, j = Tyy.5, § € J2. Then we get that vgr((¢1,0),v) = var((g2,0),v) for
all v € X*. By observability of HR it implies ¢; = g2. Thus, condition (i) of the
proposition holds. Assume there exists + = x — 0 € Ogp,4 for some ¢ € Q. Then
we get that vgr((¢g,2),v) = var((g,0),v) for all v € X*. By observability of HR it
implies x = 0, i.e. Ogpr4 = {0}, that is, condition (ii) of the proposition holds.

Assume now that condition (i) and (ii) of the proposition hold. We will show
that HR is observable. Assume that there exists (q;,2z;) € Hugr, ¢ = 1,2 such
that vgr((g1,21),v) = var((g, x2),v) for all v € X*. Assume that g1 # ¢2. But
var((q1,21),v) = var((g2,x2),v) implies that A(q1,x,(v)) = Mgz, Ix,(v)) and
x,(v) o Ty, ; = x,(v) o Ty, ; for all j € Jo. Since v runs through all elements of
X* we get that Mg, w) = A(ge,w) Vw € X5 and T, ; = Ty, ; for all j € Jo. Then
by condition (i) we get that ¢ = ¢1 = ¢2. But vgr((¢,z1),v) = vur((g,x2),v) for all
v € X* is equivalent to 1 — z2 € Oppr,q, thus by condition (ii) we get that x1 = 5.
That is (q1,21) = (g2, x2). Thus,

(V’U e X" UHR(hl,U) = UHR(hQ,”U)) — hy = hsy
That is, we get that HR is observable. O
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Notice that if Jo = () then the first condition in the definition of observability is
equivalent to .4 being observable.

If we look at the Moore-automaton interpretation of hybrid representations, then
a hybrid representation is observable if and only if the Moore-automaton interpreta-
tion of the hybrid representation is observable.

Formula (3.5) is worth remembering. It will play an important role in the later
subsections. It essentially says that II5ovmr((g,z),v)) = ((Ix,(v) 0Ty ;) ez, for all
v € X*, that is, the O-valued component of the output trajectory induced by (q, )

is uniquely determined by 7y ;,j € J2 and it is independent of x.

VE
Next we will discuss certain elementary properties of hybrid representation mor-
phisms. Recall that any hybrid representation morphism 7': HR — H R’ induces a

map ¢(T) : Har — Hyp' -

Proposition 5. A hybrid representation morphism T is a hybrid representation

isomorphism if and only if ¢(T') is a bijective map.

Proof. Indeed, assume that ¢(T') : Hur — Hpyp is bijective. Then for all ¢ € Q/
there exists uniquely a ¢ € @ such that T((¢,0)) = (Tp(q),Tc(0)) = (q/,O), ie.,
Tp(q) = ¢ . Thus, Tp is bijective. For any = € X;, there exists a unique z € X, such
that T((¢,2)) = (Tp(q), Tcz) = (¢, ), i.e., Tcz = x. Thus, T¢ is surjective. We will
show that T¢ is injective. Indeed, assume that Tey = . Then y =yq, + -+ + yq,q,,
where y,, € Ay, i = 1,...,]|Q. But Tc(yy) € X}D(qi), thus Te(y,,) = 0 for
all i = 1,...,]|Q|,¢ # ¢- Thus, y € X, and thus y = z. Conversely, assume
that 7" is a hybrid representation isomorphism. Then for any (¢ ,z) € H g there
exists a unique ¢ € Q, y € @qu Xy, such that Tp(q) = ¢ and z = Tey. But
Tgl(X;,) = Dyco 10 (q)=g’ X = Xy» thus y € X, That is, (q,y) € Hur, ie., T is
bijective map from H; to Hs. O

Proposition 6. Let HR, and HRs be two hybrid representations. Assume that
T : HRy — HR5 is a hybrid representation morphism. Then the following holds.

o If T is injective, then dim HR; < dim HR;.
o IfT is surjective, then dim HRy < dim HR;.

o If T is either injective or surjective and dim HR1 = dim H Ry, then T 1is an

hybrid representation isomorphism.

Proof. Let HRy = (A, Y, (Xq7 {Aq,zv Bq,z,jz biedszex Cq’ {Ma(q,y)ﬂ,q}yeXz)qu oI, w)

and HBy = (A, Y, (X {4, By gy tjesssexis O AMy o Fyexa)geqrs o i)-
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Then T : @ eq Xg — Dyeor X(; is a linear morphism. Assume that 7' is injec-
tive. Then T¢ and Tp are injective. Then card(Q) = card(Tp(Q)) < card(Q")

and
rank To = Y dim X, =dim @ &, < ) dim &,
q€Q q€Q a€qQ’
Thus

dim HR; = (card(Q), Z dim &) < (card(Q), Z dimX;)

qeQ qeQ’

Similarly, if T' is surjective, then T~ and Tp are surjective. Thus,

> dim &, > rank To = » | dim &,
q€Q 7€qQ’

and card(Q) > card(Tp(Q)) = card(Q'). Thus, dim HR; > dim HRy. Assume that
T is injective and dim HR; = dim HR5. Then

rank T = Z dim X, = Z dim X(; and card(Tp(Q)) = card(Q) = card(Q")
q€Q qeQ’

Similarly, if T' is surjective and dim H Ry = dim H R, then

rank T = Z dim X(; = Z dim &, and card(Tp(Q)) = card(Q') = card(Q)
qeQ’ q€Q

Thus, if T is injective or surjective and dim H Ry = dim H Rs, then T and Tp are
bijections, and thus T is a hybrid representation isomorphism. O

The following proposition gives an important system theoretic characterisation of
hybrid representation morphisms.

Proposition 7. Let HR;, i = 1,2 be two hybrid representations and let T : HR; —
HR5 be a hybrid representation morphism. Then the following holds.

O(T)(Err, (h,v)) = Emry (S(T)(R),v) and vir, (h,v) = ViR, ((T)(h), v)

for allh € Hugr,,v € X*. If T is a hybrid representation isomorphism, then HR; is
reachable if and only if HRy is reachable and H Ry is observable if and only if HRo

is observable.

Proof. Let

HR, = (A7 Y, (‘Xqv {Aq,zﬂ Bq,z,j2 }jEJz,ZEX1 ) Cq> {Mé(q,y),y,q}yeXz)q€Q7 J, /1')
HRy = (‘A nZ (Xq’ {Aq,Z’ Bq,z,jz}jeh,zechq’ {M§,(q,y)’y’q}yex2)q€Q/ ] )
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Let A=(Q,X5,0,0,)) and A = (Q/,X270,6/7)\/). It is easy to see that
Tp(8(g,w)) = 8 (Tn(q), w)

forallg e Q,w e X3. Forallge Q,z € Xy, TcAy,x = A

Mé’ (Tp(9),v),9,Tp(q)

Wi, ..., W € Xo, k>0

To(a),2 10T ToMs(g,9),,4%
Teox. Thus, by induction we get that for all zq,..., 241 € X7, ,

TC(AZIImZk+1MQk7wk7q1c—1 o 'Mql,whquqo,zlx) =

’ ’ ’

(3.6)

’
dk72k+1Mdk7wk7dk—1 e d17w17doAdo721TCJj

where ¢; = 0(q, w1 ---w;), Tp(q;) = di, i =0, ..., k. Thus, we get that

H(T)(Enr, ((¢:2), z1w1 -+ - 2KWgZE41)) =

= (Tp(0(q, w1 - -~ wy)), TeAge 2 Moy wr,gi 1 My, 1,90 Ago, 1 T) =
(6 (Tp(q),wr - wi), Agy oo My oy s My wy.dy Ay o, Tow) =
=&nr,((Tp(q), Tew), 21wy -+ - We 24 1)

Thus we get that
O(T)(Err, (h,v) = Eary (H(T) (), v) (3.7)

for all v € X™*.
We will proceed with proving that for all h € HRy,v € X*,

viR, (h,v) = vER, ((T)(h),v) (3.8)

As the first step we will show that if (ge,2ze) = Emr,((¢;z),v) and (q,,z.) =
Ear, (@(T)((¢g,x)),v) then C;l,zx,e = Cy,xe. Notice Cyz = C}D(q)TCa: for all ¢ € Q,
z e Xy, z € X, Since ¢(T)((ge;ze)) = (Tn(qe), Toxe) = (q,,x,) by formula (3.7)
we get the required equality. Notice that A(g.) = A (Th(ge)) = X (¢,). That is, we
get that

Hgrxo ovmr, ((¢,7),v) = Mrexo © var, (9(T)((¢, ), v) (3.9)

Thus, in order to prove (3.8) it is left to show that II5 o vyg, ((q,x),v) =
(T j)jer. = Ty ;)jes, = o o vur,(6(T)((g,x)),v) where as before (ge,z.) =
Err, (¢, 2),v) and (q,,z,) = Egr, (6(T)((q,)),v). Since Tp(ge) = g, it is enough
to show that for all j € J2, g € Q, Ty ; = Ty (q),5-

Notice that Te By . ; = B}D(q),z’j. J € Ja, It is also easy to see that T, ;(zv) =
Hre ovnR, ((¢, By,z,5),v)) for all v € X* and 2z € X;. Recall that wo Ty ; = Ts(q,w),;-
It is easy to see that for all s € X*, s = wzv for some z € X;,w € X5, v € X*.
Thus, we get that

Ty,i(s) = Ty j(wzv) = Ts(g,w),;(2v) = Hre 0 vR, ((6(q, w), Bs(gw),2,j): V)
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Since ¢(T)(((S(q7w)7Bé(q,w),z,j)) = (5/(TD(Q)aw))7B;’(TD(q)’w)’Z’j) by formula (39)
we get that

Tq,j (5) = HRP OCVUHR, ((6((]7 w)a Bé(q,w),z,j)7 U) =
= Hgr 0 vn R, (0 (Tn(9), w): Byt (1 () a0).2.3)2 V) = T ()5 (5)

2]
That is, Ty ; = T, (q),; for all j € Jo. Thus we have shown that for all h € HRy,v €
X* (3.8) holds.

Assume that T is an hybrid representation isomorphism. Then T¢ and Tp are
bijective maps. It is easy to see that

¢(T)(Reach(HR1)) ={(Tp(q),Tc(x)) | I3k > 0,h1, ..., ht € Ho HR,,

Wi, ..., wp € X ay,...,a ER:

k
(¢,7:) = Enry (hiswi),i=1,....kand x = Zaixi} =

j=1
={(¢,2) | Ik >0,h1,....h € O(T)(Hour, ) wi,-..,wx € X*,01,...,a, €R:

k
(q/,:r;) =¢ur,(hy,w;),i=1,... k and z = Zalx;}

j=1

It is easy to see that ¢(T)(Ho,mr,) = Ho iR, Indeed, ¢(T)(u(5)) = 1 (j) and for all

q/ = M/D(J)ﬂ w € X3, ifg=06(up(j), w), then &(T)((q, By,2,5)) = (TD(q)vBTD(q),z,j> =

(6'(q',w),B for all z € X1, j € Jo. Thus,

5’(q,w)727j)
#(T)(Reach(HR;)) = Reach(HR3)

Notice that HR; is reachable if and only if Reach(HR1) = Hug,. Since ¢(T) is a

bijection, the latter condition is equivalent to Reach(HRs) = ¢(T)(Reach(HR;)) =

o(T)YHur,) = Hur,, 1.e. it is equivalent to H Ry being reachable.
Similarly, H Ry is observable if and only if for each hi, ho € Hyg,,

(VU e X" VHR, (hl,v) = VUHR, (h27’l))) = hy = hy
But this is equivalent to the following. For any h}, hy € Hpr,,
(Vo € X* : vpg, (B(T) 71 (h)),v) = vag, (hy,v) =
varR, (ha,v) = i, ((T) " (h2),v))

= (1) () = (1) (hy)

Since ¢(T') is bijective, it implies that ¢(T) "' (h)) = ¢(T) "' (hy) if and only if h; =
hy. Thus we get that (Yo € X* : vgg, (hy,.) = vap,(hy,.)) = h1 = hy. That is,
observability of H Ry is equivalent to observability of H Rs. O
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Corollary 3. Let HRy, HRs be hybrid representations and let T : HRy — HRy be
a hybrid representation morphism. Then HR, is a representation of an indexed set
of hybrid power series Q2 if and only if HRy is a representation of 2.

Proof. Assume that
HR; = (-Ala Y, (X;a {Aé,zv B;,z,jg }jEJz,ZEXl ) 0;7 {Mgi(q}y),y,q}ye)ﬁ)qGQia J, ,ul)

for i = 1,2. Notice that for any j € J1, ¢(T)(u'(45)) = p?(j), thus by Proposition 7
for any j € J;
Vo€ X vmr, (1 (4),v) = var, (1 (5))

Recall form (3.4) that HR; is a representation of Q = {Z; | j € J} if and only if for
all j € Ji,ve X*

v R, (12 (),v) = vir, (1 (5),v) = ((Z))o(w), (Z;) p(Mx, (w)), (Z5 )0 )iaets)

By (3.4) the latter equality is equivalent to H Ry being a representation of ). O

3.3.2 Existence of Hybrid Representation

In this subsection we will give necessary and sufficient conditions for existence of a
hybrid representation for a family of hybrid formal power series. Recall that hybrid
representations can be viewed as an interconnection of Moore-automata and rational
representations. In the light of this remark it should not be surprising that finding
a hybrid representation for an indexed set of hybrid power series can be reduced to
finding a rational representation for a indexed set of formal power series and finding a
finite Moore-automaton realization for an indexed set of discrete input-output maps.

We will proceed as follows. We will associate with each family of hybrid for-
mal power series a family of classical formal power series and a family of discrete
input-output maps. It turns out that there is a correspondence between rational
representations of this family of formal power series and automaton realizations of
the family of discrete input-output maps on the one hand and hybrid representations
of the original family of hybrid formal power series on the other hand.

Let HR = (Av Y, (‘Xqv {Aq,z7 Bq,z,jg }jEJz,zEX1 ) Cq? {Mé(q,y),y,q}yEXz)QEQv J, N) be
a hybrid representation. Assume that A = (Q,T,0,,)), Q@ = {q1,...,qn} and
card(Jy) = m. Fix a basis {eq; | ¢ € Q,7 € J2} in RN™. Define the representation
associated with HR by

Rur = (X,{M.}.cx,B,C)

where
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X =(B,eqX) ORY™ i m >0 and X = @ ., Xy if m = 0.

e C: X — RP is a linear map such that Cx = Cqz if x € X, and éeq,j =0 for
each g € Q,j € Ja,

B={BjeX|je J}is defined by B; = x; € X, and B,y = eq, 1, for each
J € J1, 1 € Jy such that u(j) = (g5, ;)

e For each 2z € Xy, M, : X — X is a linear map, such that for each ¢ € Q,
Ve e Xyt M,z = Ay o and for each ¢ € Q,j € Jo, M.eqj = By »,j € Xy.

For each y € X5, M, : X — X is a linear map such that Vz € &, : Myz =

Ms(q,y),y,q7 and Myeq j = €54.2),5, for all g € Q,j € Ja.

Note that Ry gr depends on the structure of the finite Moore-automaton A too.

The idea behind the choice of Ry g is the following. Consider the Moore-automaton
interpretation of HR. The representation Ry can be also viewed as a Moore-
automaton. We would like Ry g to be a realization of the continuous, i.e. RP valued
part of the input-output behaviour of HR. That is, if H R is a representation of some
family of hybrid formal power series Q = {Z, | j € J}, then we would like Ryg to
be a representation of {(Z;)c € RP <« X* >| j € J}. By ”stacking up” the ma-
trices Ag .z, Mg, 4,4, and taking the "state-space” P,co Ay, we encoded most of the
information on the discrete-state dynamics which has effect on the continuous valued
part of the input-output behaviour of the hybrid representation. But we still need to
keep track of the elements B, . ;, and for that we need to simulate the discrete-state
transitions. This is done by introducing the vectors e, ; and defining the action of
M, on these vectors accordingly. Of course, if J, = (), we have no vectors B, , ; and
there is no need to include e, ; into the state-space of the representation Ryr.

Recall the definition of the set O

0= ][R <Xx*>
JEJ2

Consider a hybrid representation of the form
HR = (A’ Y, (Xq7 {Aq,zv Bq,z,jQ }j€J2,Z€X1 ) Cq? {Mé(qyy),y,q}yGXQ)qGQ, J, /14)
and assume that A = (Q, X2,0,d, ). Define
Anr = (Q,T,0 x 0,6, )) (3.10)

where A(q) = (Mq), (Ty.j)jen) if J2 # 0 and A(q) = (M(q),0) if Jo = 0. The
realization (Ay g, up) will be called the finite Moore-automaton realization associated
with HR.
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Let Q = {Z; e R? « X* > xF(X3,0) |€ j € J} be an indexed set of formal
power series. Then define the indexed set of formal power series Vg associated with
Q by

Vg = {(Zj)c ERP K X*>»|je J}

Define the Hankel-matrix Hgq of € to be the Hankel-matrix Hg,, of Vg, ie. Hog =
Hy,,. Define the indezxed set of discrete input-output maps associated with ) by

Do={kj: X5 >O0x0|je i}
where the maps ~; are defined as follows
ki X5 3w ((Zj)p(w), (wo (Zj1)c)es,) € Ox O

The following theorem describes the relationship between rationality of Q and
rationality of U and realisability of Dg by a finite Moore-automaton.

Theorem 5. The hybrid representation HR is a hybrid representation of the indexed
set of hybrid formal power series Q0 if and only if Rygr is a representation of the
indexed set of formal power series Vo and (Agr,up) is a finite Moore-automaton
realization of Dgq.

Proof. Notice that for each z1,..., 2,41 € X7, 71, ., € X2, k>0, g0 € Q,

AkazkH»qum’)’k'a(Zk—lAQk—lazk T MQ1,’717(10AQO7Z1x =
=M M,YkMZk-”M%Mle‘Equ

Zk+1
CQkAqxc,zk-uMQkﬁk,Qk—lAtIk—l,Zk T Mqu“/hlloAqo,le = (311)
=CM., M, M., - M, M. x

Zk+1

By, zj = My, My, -+ Myeqy,z5 € Xy, forall z € Xy,j € Jp

i—1

where ¢; = 6(go,v1--7vi), ¢ = 0,...,k. From definition we get that HR is a
representation of €2 if and only if the following holds. For all j € Ji, w € X3,
W= Wi, , Wk, WL, ..., W, € Xo, 21,...,2k+1 € X{, k> 0 and jy € Jy it holds that
Aup(f),w) = (Z;)p(w), and

(Zj ) c(wiws - wi—1 W 2141 - - W Zky1) =
= quAq

k,2k+1MQk,wk,qk—1 T M‘Ilawlvm—lAQZ—lv'UBQZ—hS,jl

(3.12)
(Zj)c(zlwlz2 CWEZhy1) =

= CQkAQka MQkawk;q}c—lA

o th W1 ,qOAQle UC(j)

Zk41 Qk—1,%k

l=1,...k,zz=sv,s€ X1, q¢; =0(up(j), w1 - -w;), i =0,... k.
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That is, by (3.11) we get that for all zq,...,2p41 € X3, 21 = sv, s € Xy,
Wi, ..., Wi € X1, J,71 € J1, J2 € Jo,

(Zjy o)) o (Wiws -~ wy_1 2wy 2141 - - WeZkt1) =

=CM,, My, M,, - My, MMMy, .- My, eqsi,

Zk+1

(Zj1)c(21wlz2 o wkzk-i'l) = CMZk+1 wg Mw1 MZ1 éjl (314)

(3.13)

The equations above are equivalent to Ry being a representation of ¥g. On the
other hand,

AMpp(4),w) = (Zj)p(w),w € X3

is equivalent to (A, up) being a realization of Qp = {(Z;)p € F(X3,0)|j € Ji}.

Assume now that Ryp is a representation of W and (AHR7 Wp) is a realization
of Dg. The fact that Ry is a representation of W implies (3.12). If (Agr, up) is
a realization of Dgq, then for each j € J;

Mo o Mup(5), w) =TIo o (k;)(w) = (Z;)p(w), w € X3

Thus, (A, up) is a realization of Qp. That is, from the discussion above we get that
HR is a representation of 2.

Conversely, assume that HR is a representation of 2. Then (3.12) holds, which
implies that Ryg is a representation of ¥q. Formula (3.12) also implies that for
all j € Ji, ¢ = pp(j) € Q, (Z4,)c = Ty, , for all jo € Jo. Thus, wo (Z;,,)c =
wo Ty j, = Ts(qw),jp- Since Mg, w) = (Z;)p(w), we get that

Mg, w) = (Mg, ), (Ts(qw),j2)jaesn) = (Zj) p(w), (w o (Zj,,5,)c)irets)

Thus, (A, up) is a realization of Dg. O

Consider the following set of discrete input-output maps.
Qp ={(Z;)p: X; = O0]je i}

It is easy to see that if (Ag g, up) is a realization of Dg, then (A, up) is a realization
of Qp. It is also easy to see that if J, = () then (/_lHR,,uD) is a realization of Dq

whenever (A, up) is a realization of Qp. Thus, we get the following corollary.

Corollary 4. Assume that J, = (. Then HR is a hybrid representation of Q if and
only if Ryr is a representation of Qg and (A, up) is a realization of Qp.

Above we associated with each hybrid representation H R a representation and a

finite Moore-automaton realization. Below we will present the converse of it. That
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is, we will associate a hybrid representation with any suitable representation and
suitable finite Moore-automaton realization. The construction goes as follows.

Let R = (X, {MZ}ZGX,E,G) be an observable representation of ¥q and let
(A, 0), A= (Q,X2,0 x 0,6 )) be a reachable Moore-automaton realization of Dq,.
Then define (HRp g — the hybrid representation associated with R and (A, Q) as

HRp 4= (A, (X {Aqz: By 2 o Yiedszexis Cop AMs 4.4y .a fyexa)aeqs I, 1)
where

e A=(Q,X2,0,6Tlp0N\),

e Forall ¢ € Q, let X; = Span{z | z € W, } where the set W, is defined as follows

Wy :{M1k+1MykM1k “o s My, M, M, M, "'MyaMylg(jl,jz) |
Y1y Yk € Xo,J1 € J1,J2 € Jo, k>0,
q=906(C(J1),y1-yk), 1 <l <k+1,xp41,...,21 € X7,
xp = 812,21 € X7, 8 € Xq1}U

U { My, My, My, - My, My, Bj | 1, ...,y € Xo,

Tr41

JEJ1, Thg1s.- 21 € X1,k >0,g=0(C(7), 1Y)}

e For each ¢ € Q, z € X, the maps A, , : X; — X, z € X; are defined by
Agz = M_|x,. That is, for all x € X, z € X1,

1—1

(3.15)

Ay v =M,z

e For each ¢ € @, the map Cj : X; — R is defined by Cy = 5|Xq. That is, for all
x € Xy,
Cox = Cx

e Foreachqge Q,l € Jy, z€ Xy let By, = MZMijyl € X, for some w € X3
and j € Jo such that §({(j),w) = q.

e For all ¢1,¢2 € Q, y € X such that ¢; = 6(g2,y) define the map M, , 4, :

Xy, — Ay, as follows. For each z € X,

My, y,q0 = Myx,x € X,

e Define the map p:J — U, co{q} x &y as follows.
ni) = (C(7), By) for all j € Jy
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Notice that B, . ; is indeed well-defined for each ¢ € Q, z € X1, j € J. If for some
g,j € Ji, w,v € X3, ¢ =6(C(j),w) = 35(¢(g),v), then ry(v) = k;(w), since A is a
realization of Dg. But then ky4(v) = ((Z4)p(v), (vo (Zg1)c)ier,) = (Z;)p(w), (wo
(Zj1)c)ies,) = kj(w), ie, vo (Zy;)c = wo (Z;1)c. Since R is a representation of
Vo we get that vo (Zg)c(zs) = (Zg1)c(vzs) = (Z;1)c(wzs) = 5M5MZMw§j)l =
5M5M2Mv§g,z for each s € X*,z € X3,l € J5. Then observability of R implies that
M_.M,Bj; = M.M,B,,, thus, B, ., is indeed well-defined. It should be clear now
why we needed observability of R and reachability of (A, ¢). If R was not observable,
we could have several choices for the vectors B, ;. If (A4,() was not reachable, we
would have trouble defining &, for the unreachable discrete states ¢ € Q.

Notice that if J, = (), then the construction of HRp 4 . could be carried out for
a non-observable representation R too. Assume that Jo = () and (A4, ¢) is a reachable
realization of Qp. Assume that A = (Q, X2,0,5,)) and define A by

A= (QaXZaO X 0763 5‘)7; where S‘(Q) = ()‘(Q)am)

It is easy to see that (A, () is a realization of Dq if Jo = ). It is also easy to see
that A is uniquely determined by A and the construction of HR R, A, can be carried
out based purely on the information present in R and (A, (). Then it is justified to
denote HRp, 4 . simply by HRp .

The construction of HRp, 4 . in fact gives us a way to go from representations of
U, and realizations of Dg to hybrid representations of (2.

Theorem 6. Assume that R is an observable representation of Wq and (A, () is a

reachable realization of Dg. Then HRp z . is a reachable hybrid representation of
Q.

Proof. Let HR = HRp 5. First we will show that HR is a representation of (2.
Notice that

M

Zk+1

M, M, - M, M, x=
"MQ1 ,717110‘4(1072133 € X%

My M, - - My, Mz =

=A M,

9k Yk 9k —1

A

qk—1,2k
CMzk+1

MQk7'Ykan—l A

qk,Zk+1

(3.16)

= ClIk A‘]k’ e Mlhﬁl#]n Aq0,21x

Zk41 qk—12k

forall x € Xy, @0 € Q, 71,---,7 € Xo, 21,..., 2841 € X{, k > 0, where ¢; =
d(qosv1-+7i), © = 1,...,k. Moreover, for each j € Ji, B; € X(;) and for each
we X5, jp€dy,j€J,s€ Xy,

MMy Bj j, = Bs(c(j)w),s.d2 € Xo(¢(5),w)
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Notice that up(j) = ¢(j) for all j € J;. Since R is a representation of g, we get
that for allj S Jl,jg € Jo

(Zjjp)c(wiws ... wi—1Szwy - - - Wi Zpt1) =
=CM My, - - Moy, My MMy, - - - My, Bj j, =

Zk+1

= CMZkJrl w T Mwl Mzz qu—l,ZJz =
= CQkA‘Ikyzk+1Mq1cywkuq1c—lAQk—lazk T Mqt’wl"]l—lAlH—l»ZlB‘Il—l’Sst (3'17)

= Cg Aqy, Moy wirqi 1 'Mq17w17quqo,Z1M(])

Zk+1
for eachw:w1-~-wk, Wi,y ..., W € Xo, Z1ye ey Zk41 EXT,S € Xy, k> 0, Jj2 € Ja,
jeJi, 1 <I<k+1, where ¢; = d(q, w1 ---w;), 1 =0,...,k, g =C(j).

If (A, () is a realization of Dq, we get that for each j € Ji, w € X3

(Z;)p(w) =Tlo 0 kj(w) = To 0 A(C(j), w) = A(C(), w) = Mpp(j),w)  (3.18)

From the definition and formulas (3.17) and (3.18) it follows that HR is a represen-
tation of ).

It is left to show that HR is reachable. Since (A, ¢) is reachable and A coincides
with A with the exception of the readout map, we get that (A,¢) = (Agg,up) is
reachable. From the definition of H R it follows that for each ¢ € Q

Xy = Span{Mzk+1M'YkMzk oo Moy, My MM, -+ My, M, Bj j, |
Y155 Vk S X2aj S Jl;k 2 O7j2 S J2aq = 6(<(f)?’yl ,yk)a
1<i<k+1,zri1,00... € X7,s€ Xj}HU

U{MZkJrlM’YkMZk—l e M’h MZ1Bj |

Vky- - Vk 6X2,Zk~+17...,21 6Xf3k207q:6(<(f)’717k‘)7.] € ']1}
Using equality (3.16) we get that

M

ks Yk qk—1 .MQZ,’YH»I;QL—IAQZ—I;Zl BQl—1;37j2 |

Xq:Span({AQk;Zk+1
4k = 4,90 :MD(j)u? S Jla’ylw"a’yk: S X27k Z O,Zl7...,Zk+1 GXI(MS S X17
1 S l S k+17]2 S JQaqi :5(%,’71%)71: ]-avk}U

U{AQk7zk+1MQk77kan—l e MQ17717(10Aq07211‘jv |
dk = 4,215+, 2k+1 S X{a'yh"')’yk S X27.j S ‘]17

Thus, we get that that Wy r = @ 1€Q X, and thus by definition H R is reachable. [
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The remark before Theorem 6 on the construction of HRp 4 . in the case when
Jo = 0 yields the following corollary.

Corollary 5. If Jo = 0, R is a representation of Vg and (A,({) is a reachable
realization of Qp then the hybrid representation HRp A ¢ ts a reachable hybrid rep-
resentation of ).

Existence of a finite Moore-automaton realization for Dg, is not easy to check. But
we can give the following characterisation of existence of a finite Moore-automaton
which is a realization of Dg. Define the sets Wo o = {vo(Z;, j,)c | v € X3, (J1,J2) €
J1 x Jo} and Hoo = {(Hq). (v,Gigs)) | v € X5,(j1,72) € Ji x Jo}. It is easy
to see that Hp o is simply the set of all columns of Hq indexed by (v, (j1,j2))
for each v € X3 and (ji1,j2) € J1 x Ja. It is also clear that there is a bijection
(Ha). (v,3j1.42)) ™ Vo (Zj,,5,)c from Ho g to Wo o. With the notation above using
Theorem 3 we get the following.

Lemma 10. The indexed set Dq has a finite Moore-automaton realization if and
only if cardWo q) = card(Hoq) < 400 and Qp has a finite Moore-automaton
realization, that is, card(Wq, ) < 4o0.

That is, the lemma above states that existence of a Moore-automaton realization
of Dq is equivalent to existence of a Moore-automaton realization of Qp and to
card(Hop,n) < +00, i.e. that the number of different columns of the Hankel-matrix
indexed by (v, (j1,42)), j2 € J2,j1 € J1,v € X3 is finite. The latter in fact means that
the indexed set {Il5 o x; € F(X3,0) | j € J;} has a Moore-automaton realization.

Proof of Lemma 10. 1t is easy to see that Dg has a Moore-automaton realization if
and only if ®p and K = {Il5 o k; | j € J1} have a realization by a finite Moore-
automaton. Indeed, let (A,¢), A = (Q,X2,0 x O,68,)\) be a realization of Dq.
Then (A;,¢) and (Ag,() are realizations of K and Qp respectively, where A; =
(Q,X2,0,6,I150)) and Ay = (Q, X2,0,6,IIpo\). Conversely, assume that (A, (1),
Ai = (Q1, X2,0, 81, A1) is a realization of K and (As, (2), Az = (Q2, X2, 0, da, A2) is
a realization of Qp. Then it is easy to see that (A, (), A = (Q2 X Q1, X2,0 x O, 53 x
81, A2 X A1) is a realization of Dg, where d2 X d1(q2, q1,7) = (02(q2,7),d1(q1,7)),7 €
X3, (g2,q1) € Q2 x Q1 and Ay X A1((g2,q1)) = (A2(g2), M(q1)) € O x O, (q2,q1) €
Q2 x Q1.

By Theorem 3 Qp has a realization by a Moore-automaton if and only if
card(Wq,) < 400 and K has a realization by a Moore-automaton if and only if
Wi ={wollgor; | we X3,j € Jo} is a finite set, i.e. card(Wx) < 4o0. Notice
that w o (Il o k;)(v) = (wv o (Z;j,)c)jset,- It implies that Wi is finite if and
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only if S = {wo (Z;j,)c | w e X3,j € Ji,jo € Ja} is finite. Indeed, notice that
wo (Il o kj) = vo (Il o Ky) if and only if wo (Il o k;)(€) = v o (II5 o K;)(e), or,
in other words, wo (Z;,)c = vo (Zy;,)c,j2 € Jo. The 7only if’ part is trivial.
Assume that wo (Z; ;,)c =v o (Zy,;,)c, for all jo € Jo. Then

wo (g o kj)(s) = (wso(Zj4,)c))jrer, = (s0(wo(Zjj,)c))jper =
= (S o (U © (Zg7j2))c)j2612 = (US © (Zqu)C)szJz =vo (H(j © Kg)(s)

Thus, Wi is finite if and only if {wo (Il 0 k;)(€) = (w o (Z; j,)c)jscts | § € Jo,w €
X5} is finite. Since J3 is finite, it means that S is finite. Conversely, if S is finite,
then the set V = {wo (Il o k;)(e) = (wo (Z;,j,)c)jsets | § € J1,w € X5} is finite,
and thus Wy is finite. But there is one to one correspondence between w o (Z; ;,)c,
w € X5,j € J1,J2 € J2 and elements of Hp o. That is, S is finite if and only if Hp o
is finite. O

Theorem 3, Theorem 1, Theorem 5, Theorem 6 and Lemma 10 imply the following

theorem.

Theorem 7. Let Q0 be an indexed set of hybrid formal power series. Then the

following are equivalent.
(i) Q is rational, that is, Q has a hybrid representation

(i) The indexed set of formal power series Wq is rational and Dq has a finite

Moore-automaton realization.
(iii) rank Hg < 400, card(Ho o) < +0o,and card(Wq,,) < 400

Proof. (i) = (ii)
If HR is a representation of ®, then from Theorem 5 it follows that Ryg is a repre-
sentation of ¥ and (AHR7 up) is a realization of Dg. Thus, ¥, is rational and Dg
has a realization by a Moore-automaton.

(i) — ()
Assume that Uq is rational and D¢ has a Moore-automaton realization. Then by
Theorem 4 Dg, has a minimal Moore-automaton realization (A, ¢) and this realization
is reachable and observable. Similarly, by Theorem 2 if ¥, has a representation then
there exists a minimal representation R of Wq, and R is reachable and observable.
Thus, HR = HR(g 4, is well defined and by Theorem 6 H R is a reachable realization
of ®.

(il) <= (iii)
By Theorem 1, Uq is rational if and only if rank Hy, = rank Hog < +oco0. By
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Lemma 10 Dg has a Moore-automaton realization if and only if card(Wp,,) < +0o
and card(Hq 0) < +0o0. O

Taking into account the discussion for the case when Jy = () we get the following
corollary of the theorem above.

Corollary 6. Assume that Jo = (. Then Q is rational if and only if $q is rational
and Qp has a finite Moore-automaton realization. That is, Q is rational if and only
if rank Hg < +oo and card(Wq,) < +oo.

3.3.3 Minimal Hybrid Representations

Our next step will be to characterise minimal hybrid representations. We will start
with characterising reachability and observability of hybrid representations. Recall
from Section 3.1 the notion of W-observability for formal power series representations
R, where W is a subspace of the state-space of R. Consider the hybrid representation

HR = (A’ y’ (Xq’ {Aq,z’ Bq7z7j2 }j€J27Z€X1 ’ Cq7 {Mé(q,y),y,q}yEXz)QEQ? Ja /J/)

Notice that for all ¢ € @ the linear space & is a subspace of the state-space of Ry g.
The following lemma characterises reachability and observability of HR.

Lemma 11. The hybrid representation HR is reachable if and only if Ry g is reach-
able and (A, up) is reachable. The hybrid representation HR is observable if and
only if (Augr,pp) is observable and Ry g is X, observable for all g € Q.

Proof. Let HR = (A, Y, (an {Aq,z7 Bq,Z,jQ }jEJ'z,ZEXl ) qu {M(S(q,y)7y7q}y€X2)q€Qa Jy )
and let Ryp = (B ,eq Xq @ RIQII2] {M.}, 5, B,C). Recall that each s € X* can
be uniquely written as s = z1y12272 - - - 2V 2k+1 for some z1,..., 2,41 € X7, k >0,
Y,y Yk € Xo. From (3.11) it follows that

Wyr = Span({M;M,M,B, ;, | s € X*,j € J1,j2 € J2,y € Xjw € X5 U
U{M,B; | se€ X*,j € Ji})

That is,

WRHR =Wy + SpaIl{]WijJ2 |]2 € Jo,j € Jl} =
= WHR @ Span{eq’h | .7 € Jqu = (5(,UD(f)7’LU),U) € Xész S Xl}

In other words, Wg,,, N @qu X, = Wyr. HR is reachable if and only if Wyr =
EquQ X, and (A, pp) is reachable. Notice that e, ;, ¢ € Q, j € Jo, are linearly
independent. Thus {e,; | ¢ € Q,j € Jo} = {eqj, | ¢ = d(up(j),w),5 € Ji,w €
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X3,j € Jo} is equivalent to Rzl = Span{e, ; | ¢ € Q,j € Jo} = Span{e, j, | ja €
J2,q =06(up(j), w),w € X5,7 € Ji}. But (A, up) is reachable implies that {e, ; | ¢ €
Q,j € Jo} ={eqj, | g=0(pp(j),w),j € J,we X;,j€ Jo}. It is straightforward
to see that (Agg,up) is reachable if and only if (Agr, up) is reachable. Thus, if
HR is reachable, then Wg,,, = Wgr @ RICI2l = @qu X, @ RIQI2I Conversely,
assume that Ry g is reachable and (Ag g, up) is reachable. Then (A, up) is reachable
and Wyr = Wgy,, N @ ,cq Xq = D eq Xq- Thus, HR is reachable.

Next, we will show that HR is observable if and only if Agg is observable and
Ryr is X, observable for all ¢ € Q. It is easy to see that part(i) of Proposition 4
is equivalent to (A(g1,w) = Mgo,w),w € X5 and Ty, j = Ty, ;,¥) € J2) <= q1 =
g2. Notice that Ty, ; = T, ; is equivalent to w o Ty, ; = wo Ty, j,w € X3, and
woTy ;= Tsquw), forall j € Jp, we X5. Thus, part (i) is equivalent to (A(q1,w) =
Mgz, w), (wo Ty, j)jes, = (Wo Ty, j)jen,w € X5) <= q1 = g2, or equivalently,
(Mq1,w) = Mg2,w),w € X3) <= ¢ = q2. But the latter expression is equivalent
to (Agr, pp) being observable. That is, part(i) of Proposition 3 is equivalent to
observability of (Axg,up). Consider part (ii) of Theorem Proposition 4. From
formula (3.11) in the proof of Theorem 5 it follows that for each ¢ € @, 71,...,7 €
Xo, k>0, Ogryomye = [, M, M., --- M, M., N X,).
Recall that each s € X* can be uniquely written as s = z1v12272 - - - 2k Vk 2541 fOr

Zk+1€X;7k20(ker CM., .,

.....

some 2, ...,2k+1 EXT, kz(), Y1y VE € X5. That is ,

() Ogw=X,0 (] kerCM, = X, N Og,,,
wex; seX~
That is, part (ii) of Proposition 4 is equivalent to X; N Og,,, = {0} for all ¢ € Q,
that is, Ry g is X, observable for each ¢ € Q.
But HR is observable if and only if part (i) and part (ii) of Proposition 4 holds.
Thus HR is observable if and only if (A HR, [tp) is observable and Ry g is & observ-
able for each ¢ € Q. O

Notice that if Jo = @ then (Agg,pp) is observable if and only if (A, up) is
observable. That is, we get the following corollary.

Corollary 7. If J, = () then HR is observable if and only if (A, up) is observable
and Rpr is Xy observable for all ¢ € Q.

It is easy to see that the following result holds too.

Lemma 12. If HR is a hybrid representation of some indexed set of hybrid formal
power series ), then there exists a hybrid representation HR,. of Q) such that HR, is
reachable and dim HR,. < dim HR. FEquality dim HR, = dim HR holds if and only
if HR is reachable.
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Proof. Assume that

HR= (A, (Xq7 {Aq,z’ Bq,z,jg Yies,exys qu {Mé(q,y),y,q}yeXz)qEQy J, )

Define the hybrid representation H R, by

HR, = (A", Y, (X {Ag 20 By 2o Yierazexas Co AM5r (g ) y.a Y vexa)aeqrs I 1)

such that the following holds. The automaton A, = (Q", X2,0,6",\") is the sub-
automaton of A reachable from IIg o Imp. That is Q, = {¢ € Q | 3j € J1,w €
X35,6(up(j),w) =q} and 6" (g, 2) = (g, 2) ,A"(q) = A(q) for all ¢ € Q,, z € X5. For
each g € Q" let X, =X, NWgpr and let A;’Zx = A, ., Mg,,(qyy)wy’q
Cir=Cyxforall g e Q", z € Xy, y € Xo. Since A, .(WgrN&,) € X NWgg an
Mg(q’y)’y’q(WHRﬂXq) - Xé(q,y) NWggr we get that Ag’z : X(; — X; and Mﬁr(q,y)’y’q :
X, — Xsr(q,y) are well-defined. It is easy to see that B, . ; € Xj = X, N Wyg. Let
p"(j) = p(j) for all j € Jy. It is also easy to see that pup(j) € Q" and pc(j) € X

T = Ms(q,y),y,4%

and thus p'p(j) € X;B () Thus, HR, is a well-defined hybrid representation. Dgfén)e
the automaton morphism ¢ : (A, (ur)p) — (A, up) by ¢(q) = g for each g € Q". Tt
is easy to see that ¢ is indeed an automaton morphism. Define T¢ : €D qeqr Xq —
Gaqu X, by To(x) = o for each x € X, ¢ € Q". It is easy to see that (¢,T¢) is a
hybrid representation morphism. Thus, by Corollary 3 if HR is a representation of €
then HR, will also be a representation of Q. (¢, T¢) is clearly injective, we get that
dim H, < dim H by Proposition 6. It is easy to see that Wg g, = Wpr = @qur X;.
Thus by Proposition 3 HR, is reachable. O

Below we will investigate certain properties of hybrid representations of the form
HRR“A,C'

Lemma 13. Let R be an observable representation of Wq, let (A,() be a reach-
able realization of Dgq. Consider the hybrid representation HR = HRp 5. and
the associated representation Rpypr. Then there exists a representation morphism
ir: Rur — R such that ig(z) = x for allz € X, q € Q.

Proof. Assume that R = (X, {F.}.cx, B,C). Assume that A = (Q, X5,0 x 0,6, \),

HR = (.A, Y, (‘Xqv {Aq,zv Bq,z,j2 }jGJz,Z€X1 ) qu {MS(q,y),y,q}yGXz)qGQv J, :u')

where A = (Q, X5,0,5,\), A =Ip o \. Assume that card(Q) = N for some N € N
and @ = {q1,...,qv}. Assume that Ryp = (@qu X, ® ]RN'm,{MZ}ZeX,E,é),
where m = card(Jz). Denote by X the vector space P o Xy Recall that X, C X,
thus the map i : Xy 3 2 — z € X' is well defined. Define ir : .o Xy oRN™ - x

as follows. Let ig(x) = iq(z) = x for all x € X, ¢ € Q. Let ir(eq,;) = FiwBy,; such
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that §(¢(f),w) = q for some w € Xj. Since (A, () is reachable, such f and w exists.
Assume that 6(C(f),w) = 6(C(g),v). Then (w o (Zp)o)jes = o 0 AC(f),w) =
IIpoA(((g),v) = (vo(Zy;)c)jes, thus wo(Zyi)c =vo(Zg1)c,l € Jo. But for each
s € X*, CFsFuByj = (wo(Zsj;)c)(s) = (vo(Zy;)c)(s) = CF,F,By ;. Since R is
observable, we get that Fy, By ; = F,, B, j. That is, ir(eq,;) is well defined. We have to
show that i is a representation morphism. Notice that ir(By,;) = ir(ec(s);) = By
for each f € Jy,j € Jy. It is easy to see that iR(Ef) = pc(f) = By, for each
f € Ji, since Ef = pc(f) € Xep). We have to show that Cig = C. For each
r € XyqeQ, Cig(x) =Cx=Cyx = Cz. On the other hand, for each q € Q there
exists a f € J; and w € X3 such that §({(f),w) = ¢q. Thus, ir(eq,;) = FuBy,; and
Cig(eq;) = CFwBy; = (Z5j)c(w) =0, since (Z5;)c(s) = 0 for any s € X;. Hence
éeq,j =0 = Cigleq;), ¢ € Q,j € Jo. That is, Cig = C. We have to show that
trM, = F.igr holds for all z € X. For each v € Xy, ipM,x = iR(M(;(q,,Y)mqm) =
Ms(g.) vy, = Fyx if © € X, for some g € Q. If x = ¢, ; for some q € Q,j € Ja, then
ir(Myeq,j) = ir(es(q,),;) = FuwByj. Assume that §(C(g),v) = ¢q. Then ig(eq;) =
Fy,By ;. But 6(¢(q),vy) = d(¢,7), thus F,By; = FyyBg,; = FyF,By ;. That is,
ir(Myeq,;) = Fyir(eq,;). That is, irM, = F,ig holds for any v € X5. As the last
step we will prove that igM, = F.ir for all z € X;. Again, if x € X, for some
q € Q, then ipM,x = Ay ,x = F,x. If t = e, ;, then ipM,x = ir(By,.;) = By.».; =
F.F,By,; = Fiig(x), where §(¢(f),w) = ¢. That is, irM, = F,ig holds for all
z € X;. Thus, ¢ is indeed a representation morphism. O

The lemma above has the following consequence.

Lemma 14. Assume that R is minimal representation of Vo and (A, ¢) is a minimal
realization of Dq. Then the hybrid representation HR = HRp 4 . is reachable and
observable.

Proof. Since R is minimal, it is also observable. Since (A, ¢) is minimal it is reachable
and observable. Thus, the hybrid representation H R is well-defined. Assume that

HR = (A’ y’ (Xq’ {Aq,z’ Bq7z7j2 }j€J27Z€X1 ’ Cq7 {Mé(q,y),y,q}yeXz)qEQ? Ja /J/)

where A = (Q, X3,0,6,)). Assume that R = (X,{M.}.cx,B,C). The hybrid
representation (H, y) is reachable and (Agg, up) = (A, () is observable. Consider
the representation

Ryr = (P x, oR™ (M} 5, B.C)
q€Q

where card(J2) = m. Then by Lemma 13 there exists i : Ry, — R such that for
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each x € Xy, ¢ € Q: ir(zr) = x and thus
5/M;Ux = CMyig(z) = CMyz

If £ € Oryp, then z € Or = {0} N X,. So we get that X, N Og,, = {0}, that is
Rpur is X, observable for each ¢ € Q. Thus, by Lemma 11 the hybrid representation
HR is reachable and observable. O

As a next step we will investigate the relationship between hybrid representa-
tion morphisms and formal power series representation and Moore-automaton mor-
phisms. The following technical lemmas characterise the relationship between the
two concepts. In fact, any hybrid representation morphism induces a representation

morphism and an automaton morphism.

Lemma 15. Let HRy, HRy be two hybrid representations and assume that

HR; = (A", (X;’ {Afz,szé,z,jz}jer,zeXl»C;’ {Mgi(q,y)w}yEX?)qui’ T, 1)

i=1,2. Let T = (Tp,T¢c) : HRy — HRy be a hybrid representation morphism.
Then there exists a representation morphism T: Ryr, — Rug, such that To(z) =
T(I) for all x € qu, qg € Q' and Tv(eq,l) = ery(q) Jor all g € Q1 and | € Js.
The map Tp : Q1 — Q2 is in fact an automaton morphism Tp : (Awug,,(41)p) —

(AHRy, (12)D).

Proof. Assume that A% = (Q?, X5, 0, 62, \?). Define the linear morphism Tz = Tox,
if x € qu for some ¢ € @', and Teq,j = erp(q),), for each ¢ € Q,5 € Jo. Tt
is casy to see that T : @ cor Xy @ RIQ'm _, Beqe X2 & RIQ*I™  where m =
carcll(Jg). Assume tlhat Ry, p;, @ = 1,2 are of tl;e form2RH1,m = (@qzteQqu ®
RIQ ‘m,{MZ}ZGX,B~, C' and Ry, 4, = (Byeqr X7 @RIV {F.}.cx, B ,C?). In
order to show that T is a representation morphism we have to show that. TM,z =

~ ~ ~ 1
F.Txz,z € X,C' = C?Tx and B} = T(Bj}) for each © € @ cn X7, DRI? |T.

First we assume that € X, for some ¢ € Q'. Then for all z € X;, TM.z =
TA v =ToA v = A7, . To(@). Siilce To(x) € XZ ) by deNfinition of hybrid
representation morphisms, we get that TM,z = A%D(q)Tcx = F.Tx for all z € X;.
For each v € X1,

TMyx = TM;I(m)qu - TCM;I(Q,'Y),%qx -

2 o ~
M3z (1 (g) )T () TO (@) = By T
It s easy to see that C'v = Clo = (3, To(w) = C*T(x).

Assume that @ = e, ; for some j € Ja, ¢ € Q'. Then TM,z = 1~“(B1

.) p—
_ - \Pq,z,j
TC(B;,Z,j) = B%D(q)&’j = F.er,(q),; = F:T(eq,j). For each v € Xy, TMye,; =
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T(esi(gm.i) = erp6iamy = e2(To@mg = Frerng,- 1t is easy to see that
Clz =0=C%r,(g),; = C’QT(@.

Finally, for Sach f e L]l T(B}) = To(p)e(f)) = (p2)e(f) = BJ%. For each
fe g€ di, T(By;) = T(ew)n(h).i) = eTo()n(5)i = Cu)n(f).d = Bf,; Thus,
T is indeed a representation morphism.

Finally, we will show that Tp is an automaton morphism from (Ag,, (111)p) to
(Am,, (12)p). From (3.10) it follows that Am, = (Q%, X2,0 x 0,8, \), Xi(q) =
(A (q), (Ty.;)jes)- In order to prove that Tp is an automaton morphism we have
to show that Tp(d'(q,7)) = 62(Tp(q),7), A (q) = N2(Tp(q)) for all ¢ € Q' and
v € X5. But from formula (3.6) Proposition 7 we get that (T,j)jcs = (T1,(q),j) i€
Notice that by definition of hybrid representation morphism Tp : (Agrg,, (¢1)p) —
(AmR,, (12)p) is an automaton morphism. That is, Tp (61 (q,v) = §%(Tp(q),7) and
M(q) = N(Tp(q)) for each ¢ € Q', v € Xo. Hence A(q) = (\(q), (Ty;)jer) =
(A (Tp(9)): (Trp(q).5)je)- O

The following lemma is in some sense the converse of the lemma above. Let

HR = (Aa y7 (an {Aq,z7 Bq,z,j2 }jEJz,ZEXl y an {Ma(q’y)’y’q}yEXQ)qu? J’ /j/) be a hy'
brid representation over the index set J of 2. Then the following lemma holds.

Lemma 16. Assume that HR is a reachable representation of 2. Assume that
R is an observable representation of ¥q and (A, ) is a reachable realization of Dq,.
Assume that T : Rpyp — R is a representation morphism and ¢ : (Axgr, up) — (A,Q)
is an automaton morphism. Then there exists a surjective hybrid representation
morphism H(T) = (¢,Tc) : HR — HRp z. such that for all x € X, q € Q,
Te(z) =T(x).

Proof. Assume that
HRp s = (A (X, {Aq:2 Bozjties zexi, Cys {Mg(w),%q}vexz)qecb J, It)
where A = (@,XQ, O x O_,g, X), and A = (Q,Xg, O,g, Ilp o X) Assume that
R=(X,{F.}:ex,B,C)
Assume that Agr = A= (Q,X2,0,5,)\) and

Rpr = (@ X, ®RIC™ (M.} & B,C)
q€eQ

where card(Jo) = m. It is easy to see that if ¢ : Q — @ is a automaton morphism

¢ : (Aggr,up) — (A, (), then ¢ can be viewed as an automaton morphism ¢ :
(Arr, up) — (A Jip) too. Indeed, I o pip 4 = ¢ and ¢(up(f)) = ¢(f). For each
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7€ X2,q € Q, 6(0(g,7)) = 3(¢(g),7) and A(q) = Io o A(q) = o o A(¢(q). Thus,
¢ : (Aur,up) — (A, Q) is indeed an automaton morphism.

We have to show that T is well defined and To(z) = Tz € 2?¢(q) for each ¢ €
@,z € Xy. Define the linear map Tc : @ e Xq — D, X, by To(z) =Tz € /\~’¢(q)
for each z € X, ¢ € Q. First of all, we have to show that if z € X, then Tz € Xy ().
Since HR is reachable , by Lemma 11 we get that Rypr is reachable. That is, for
all x € X, there exists s;,2; € X*,v; € X5,r; € Xu, fi,g5 € 1, lj € Jo a4, 85 € R,
t=1,...,7,7=1,...d such that

r d
v =Y o;MBy, + Y M. M, M, B, i,

i=1 j=1

Assume that

Si = 0101 Vioks O k41

and

zj = PBiawj - win, Bjn 41
where a1, Qi k415 Bi15-- 58541 € XI5 Yils ey Visksr Wiy -+, Wik, € Xo,
ki,h; > 0 foreachi=1,...,7,7 € Ja. Since x € X, from definition of Ryr we get

that o(up(fi), i1+ Yik,) = q and 5(up(g;), vjwj1 -+ wjp;) = q. Thus,

3(d(up(95)),vir Vi) = 0(C(g5), i+ Yik,) = B(q)

and ¢(q) = 0(P(up(fi))svi1 -+ Vi) = 0(C(fi)), Vi1 -+ Vik: ). Notice that

s d
Tox=Tw=» aTMBy, + Y B;TM, M, M, By 1,

i=1 j=1

T d
= Z aiFSiEfi + Z BiFz by Egjvlj

i=1 j=1

Thus, from the definition of HRp 4 . it follows that Tox € X¢(q).

It is easy to see that Tc B, . ; = TM, M, By ; = FerEf,j = By(q),2,5> for each
qEQ,jE Jo z€ Xy, d(up(f),w) =q,f € Ji. Assume that z € X, ¢ € Q. Then
Cox = Czx = CTz = CoyTc(z). Tt is easy to see that To(Ag.x) = To(M.x) =
T(M,z) = F,T(z) = Z%zTcx for each z € X;. For each v € Xa, we get that
To(Msig ) .q7) = To(Mya) = T(Myz) = FyTae = My, oo To. Finally, for
each f € Ji, Topuc(f) =TBy = Bf = ()c(f). Thus, H(T) = (¢, T¢) is indeed an
hybrid representation morphism. It is left to show that H(T) is surjective. First, ¢ is
surjective, since (A4, ) is reachable. Indeed, for any q € @ there exists f € Ji,w € X3
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such that ¢ = 6((f),w). That is, ¢(8(up(f)sw)) = 3($(un(f)),w) = §(C(f),w) =

q. Thus ¢ is surjective. We have to show that T is surjective. Consider X, for some
s € Q From the definition of X, it follows that it is a linear span of elements of
the form F,, | F. .  F., - ~F71FZ1Bf7F Fo  F.p  FyF, 1F,F,_ 1---Flef,]-7

Zk+1" Vk+1 Zk+1" Ye+1

such that z1,...,2p,41 € X{,v € X3, j € Jo, O § | < k and 6(C(f),'yl--~fyk) =

s. Tt is easy to see that ¢(8(up(f),vi- ) = 6(C(f),vi- ) = s. Let g
§(up(f);71 -+ ). Define 1 = M., ,, M, M., --- M, M., By,

Zk+1 Yk+1

o = M,, , M M, - MM, _1M,M,_,---M,Bj; It follows that x1,z2 €

Zk+41 Ye+1

X,. It is also easy to see that Tc(xl) =T, =F, F, F. ~-~F71FZ1§f and

Zk+1 'Yk+1
To(xg) =Tay =F,,  Fy, F., - F, F,, _1F, sz L F%Bm. Thus, To (D ,co Xq)
contains a generator system of X, for cach s € Q, that is, T¢ is surjective. O

The discussion above for the case when Jy = () yields the following corollary of
Lemma 14.

Corollary 8. Assume that Jy = 0. Let R be any (not necessarily observable) repre-
sentation of Yq and let (.Z, ¢) any reachable realization Qp. Assume thatT : Rggr —
R is a representation morphism and ¢ : (A, up) — (.Z, ¢) is an automaton morphism.
Then there exists a hybrid representation morphism H(T) : HR — HR such

that for all x € Xy,q € Q, To(z) = T(x).

R,AC

The results of Lemma 11-16 together with Theorem 4 and Theorem 2 character-

ising minimality of representations and automata yield the following Theorem.

Theorem 8. If Q has a hybrid representation, then it also has a minimal hybrid
representation. Let HR be a hybrid representation of Q. Then the following are
equivalent.

o HR is minimal
e HR is reachable and observable

e For any reachable hybrid representation HR' of Q there exists a surjective hy-
brid representation morphism T : HR — HR. In particular, any two minimal

hybrid representation of Q) are isomorphic.

Proof. Notice that any minimal hybrid representation is reachable. Indeed, assume
that HR is a minimal hybrid representation of  and HR is not reachable. Then
by Lemma 12 there exists a representation H R, of € such that dim HR, < dim HR
and HR, is reachable. Since H R is minimal, this is a contradiction.

First, we will show that if 2 has a hybrid representation, then 2 has a hybrid
representation satisfying (iii). From Theorem 7 it follows that Q has a hybrid rep-

resentation if and only if W has a representation and Dg has a Moore-automaton
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realization. Let R be a minimal representation of ¥ and (A, ¢) a minimal realization
of Dg. By Theorem 2 and Theorem 4 such a minimal representation and a minimal
realization always exist. Then by Lemma 14 HR = HRp, 5 is an observable and
reachable representation of €.

We will show that (iii) holds for HR. Indeed, if H R’ is a reachable hybrid rep-
resentation of €, then Ry is reachable and (A p,up) is reachable. By The-
orem 4 and Theorem 2 there exists surjective morphisms 7' : Ryp — R and
¢ (Agpsip) — (A,¢). Then by Lemma 16 there exists a surjective hybrid rep-
resentation morphism (¢, T¢) : HR® — HR such that Tox = Tz for all 2 € X,
q€Q.

Below we will show that (iii) implies (i). This will imply that HR is minimal,
since HR satisfies (iii). Since HR exists whenever ) has a hybrid representation,
we get that if 2 has a hybrid representation, then it has a minimal minimal hybrid
representation.

(iii) = (@)

Assume that HR,, satisfies (iii). Assume now that If{\}/%) is a hybrid representation
of 2. Then by Lemma 12 there exists a reachable hybrid representation HR,. of €2,
such that dim HR, < dim HR. Since H R, satisfies (iii) we get that there exists
a surjective hybrid representation morphism 7' : HR, — HR,,. It implies that
dim HR,, < dim HR, < dim HR. Thus, HR,, is a minimal hybrid representation of
Q.

Next we show that (ii) <= (iii), and (i) < (ii).

(ii) = (iii)

Consider the realization HR = HRp, 4 - above. Let H R’ be any reachable realization
and consider the surjective hybrid morphism S = (¢,T¢) existence of which was
proved above. If HR' is observable, then (/lHR/,ulD) is observable and Ry p is

’

X, q € Q/ observable, which implies that ¢ is bijective and T'| X! is injective for all

g € Q. Since TC|X(; = T‘Xé and Tez € X, if and only if z € Xjy-1(,) we get that
Tc is an isomorphism. That is, S is an hybrid isomorphism, It is easy to see that
S—1:HR — HR' is also a hybrid isomorphism, in particular, S~! is surjective. For
any reachable HR there exists a surjective hybrid morphism 7' : HR — HR. But
then S1oT : HR — HR is a surjective O-morphism. That is, HR satisfies (iii).
Thus (ii) implies (iii).
(1) = {1

Indeed, let HR,, a minimal hybrid representation of €2. From the discussion above
it follows that H R,,, has to be reachable. Then there exists a surjective T': HR,,, —
HR). But HR and HR,, are both minimal, thus dim HR = dim HR,,,. It implies
that T is a hybrid representation isomorphism. Notice that H R is observable. But
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then by HR,, has to be observable too. Thus, we get (i) = (i) = (iii) =
(i). O

Corollary 9. Assume that R is a minimal representation of Vg and (A,() is a
minimal realization of Do (Qp, if Jo = 0). Then HRp 5. is a minimal hybrid
representation of 2.
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Chapter 4

Realization Theory of
Switched Systems

Switched systems are one of the best studied subclasses of hybrid systems. A vast
literature is available on various issues concerning switched systems, for a comprehen-
sive survey see [44]. The current chapter develops realization theory for the following
two subclasses of switched systems: linear switched systems and bilinear switched
systems.

More specifically, the chapter tries to solve the following problems.

1. Reduction to a minimal realization

Consider a linear (bilinear) switched system ¥, and a subset of its input-output

maps ®. Find a minimal linear (bilinear) switched system which realizes ®.

2. Ezxistence of a realization with arbitrary switching
Find necessary and sufficient condition for the existence of a linear (bilinear)

switched system realizing a given set of input-output maps.

3. Emistence of a realization with constrained switching
Assume that a set of admissible switching sequences is defined. Assume that
the switching times of the admissible switching sequences are arbitrary. Con-
sider a set of input-output maps ® defined only for the admissible sequences.
Find sufficient and necessary conditions for the existence of a linear (bilinear)
switched system realizing ®. Give a characterisation of the minimal realizations
of ®.

The motivation of the Problem 3 is the following. Assume that the switching is con-

trolled by a finite automaton and the discrete modes are the states of this automaton.
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Assume that the automaton is driven by external events, which can trigger a discrete-
state transition at any time. We impose no restriction as to when an external event
takes place. Then the traces of this automaton combined with the switching times (
which are arbitrary ) give us the admissible switching sequences.

If we can solve Problem 3 for such admissible switching sequences that the set of
admissible sequences of discrete modes is a regular language, then we can solve the
following problem. Construct a realization of a set of input-output maps by a linear
(bilinear) switched system, such that switchings of that system are controlled by an
automaton which is given in advance. Notice that the set of traces of an automaton
is always a regular language.

The following results are proved in the chapter.

e A linear (bilinear) switched system is a minimal realization of a set of input-
output maps if and only if it is observable and semi-reachable from the set of

states which induce the input-output maps of the given set.

e Minimal linear (bilinear) switched systems which realize a given set of input-

output maps are unique up to similarity.

e Each linear (bilinear) switched system X can be transformed to a minimal

realization of any set of input-output maps which are realized by .

e A set of input/output maps is realizable by a linear (bilinear) switched system if
and only if it has a generalised kernel representation ( generalised Fliess-series
expansion ) and the rank of its Hankel-matrix is finite. There is a procedure
to construct the realization from the columns of the Hankel-matrix, and this

procedure yields a minimal realization.

e Consider a set of input-output maps ® defined on some subset of switching
sequences. Assume that the switching sequences of this subset have arbitrary
switching times and that their discrete mode parts form a regular language L.
Then ® has a realization by a linear (bilinear) switched system if and only if the
® has a generalized kernel representation with constraint L ( has a generalized
Fliess-series expansion) and its Hankel-matrix is of finite rank. Again, there
exists a procedure to construct a realization from the columns of the Hankel-
matrix. The procedure yields an observable and semi-reachable realization of ®.
But this realization is not a realization with the smallest state-space dimension
possible.

There are some earlier work on the realization theory of switched systems, see
[50, 51, 53]. For realization theory for other classes of hybrid systems see [48, 54].
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The brief overview of the results suggests that there is a remarkable analogy
between the realization theories of linear and bilinear switched systems. In fact,
this analogy is by no means a coincidence. Both the realization problem for linear
and the realization problem for bilinear switched systems are equivalent to finding a
(possibly minimal) representation for a set of formal power series. That is, realization
theory of both linear and bilinear switched systems can be reformulated in terms of
the theory of rational formal power series. This enables us to give a very concise
and simple treatment of the realization problem for linear and bilinear switched
systems. In fact, if one views switched systems as nonlinear systems and one is
familiar with the realization theory of nonlinear systems, then the results of the
chapter should not be too surprising. Exactly this similarity between realization
theory of linear and bilinear switched systems in terms of results and mathematical
tools is the motivation to present the realization theory of linear and bilinear switched
systems in one chapter.

The approach to the realization theory taken in this chapter was inspired by works
of M.Fliess, B. Jakubczyk and H. Sussmann, A.Isidori and E.Sontag [72, 36, 20, 22,
64, 84, 33]. The main tool used in the chapter is the theory of rational formal power
series. Rational formal power series were used in systems theory earlier. Realization
theory for bilinear systems is one of the major applications of rational formal power
series, see [32].

4.1 Realization Theory of Linear Switched Sys-

tems

This section deals wit the realization theory of linear switched systems. First, def-
inition and elementary properties of linear switched systems are presented. Linear
switched systems have an extensive literature, for references see [50, 56, 70, 23, 69,
86, 44].

The current section uses the theory of formal power series presented in Section 3.1,
Chapter 3 for developing realization theory of linear switched systems. The section
is the most thorough account on realization theory of linear switched systems. In
particular, all the results of Chapter 6 are implies by the results of this section. The
outline of the section is the following. Subsection 4.1.1 presents the man concepts
and some elementary results related to linear switched systems. Subsection 4.1.2
deals with the structure of input/output maps realizable by linear switched systems.
Subsection 4.1.3 presents realization theory of linear switched systems for the case
when arbitrary switching is allowed. Subsection 4.1.4 deals with the case when there
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is a set of admissible switching sequences, but there is no restriction on the switching

times.

4.1.1 Linear Switched Systems

Recall from Section 2.4 the definition of linear switched systems. That is, a switched
system X is called linear, if for each ¢ € @) there exist linear mappings 4, : X — &,
By:U — X and C : X — Y such that

o Yuel Ve e X: fy(x,u) = Agx + Byu
o Ve e X:hy(x) =Cyx
Recall that we adopted the following shorthand notation for linear switched systems

Y= (XU,Y,Q,{(A,;, B, C,) | ¢€Q})

Consider the linear switched systems

E1 = (Xau7y7Q7{(Aq7qucq) | qc Q})

and
Yo = (A, U, Y, Q,{(Aq, By, Cq) | ¢ € Q})

A linear map S : X — X, is said to be a linear switched system morphism from 3
to ¥o and it is denoted by S : 31 — X5 if the the following holds

AS = 5A, B=5B, CiS=C, VgeQ

The map S is called surjective ( injective ) if it is surjective ( injective ) as a linear
map. The map S is said to be a linear switched system isomorphisms, if it is an iso-
morphisms as a linear map. By abuse of terminology, if (X;, i), 4 = 1,2 are two linear
switched system realizations and S : 31 — X5 is a linear switched system morphism
such that S o p; = po then we will say that S is linear switched system morphism
from realization (31, 1) to (X2, 2) and we will denote it by S : (£, 1) — (2, p2).
The linear switched systems realizations (31, 1) and (Za, p2) are said to be alge-
braically similar or isomorphic if there exists an linear switched system isomorphism
S (81, 1) — (B2, p2).

The results presented below can be found in the literature, for references see
[69, 56].

Proposition 8. For any LSS Y = (X,U,Y,Q,{(A,, B,,C,) | ¢ € Q}) the following
holds
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(1) Yu € PC(T,U),x0 € X, w = (q1,t1)(q2,t2) -~ (qk, tx) € (Q x T)*

x5 (o, u, w) = exp(Aqg,tr) exp(Aq,_ th—1) - -exp(Ag t1)To+

tr k—1
/ exp(Ag, (tx — 5))quu(z t; + s)ds +
0 1

th_1 k—2
exp(Ag, 1) / exp(Agy (b1 — ) By, u(> i+ 5)ds +
0 1

exp(Ag, tr) exp(Ag,_ th—1) - exp(Ag,ta) /Otl exp(4y, (t1 — 8)) By, u(s)ds
and ys(z,u, w) = Cyzx(z, u, w).
(2) Reach(X3,{0}) = {Aq, A, -+ Ag.Bgpu | u €U, qiqz -+ qr1 € QT k >0}
(3) Two states x1,x2 € X are indistinguishable if and only if
T — T2 € ﬂ ker qu+1A(1k o Ag

q1,92,.-,qk+1€Q,k>0
Y is observable if and only if
m ker C(Jk+1Aq1c e Ath = {O}
q1,92;---,qk+1€Q,k>0

Remark Notice that if a linear switched system is reachable, the linear systems

making up the switched systems need not be reachable . Moreover, the reach-

able set of the switched system may be bigger than the union of the reachable

sets of the linear components. Indeed, consider the following switched system ¥ =
(R, R, R, {q1, 42}, {(Aq, B4, Cy) | 4 = @1, q2})

[0 0] 0]

Ay =10 0 0|, By =1/, quz[l 1 1}
0 0 0] 0]
[0 0 0] 0]

Ap, =10 0 0|, By,=|o|, ngz[l 1 1}
0 0] 0]

Since Ay, By, = [1,0,017, Ay, By, = [0,0,1]7, we get that

R3 = Span{By,, Ag, Bq,, Ag; By, } C Reach(X)

So Reach(¥) = R3, ie. the system is reachable. Yet, neither (A, , By ) nor

(

A,,, By,) are reachable, moreover Reach(A,,,By) = R?, Reach(Ag,, By,) = 0,

so Reach(Ay,, By, ) ® Reach(Ay,, By,) # Reach(X).
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4.1.2 Input-output Maps of Linear Switched Systems

This section deals with properties of input-output maps of linear switched systems.
We define the notion of generalised kernel representation of a set of input-output
maps, which turns out to be a notion of vital importance for the realization theory
of linear switched systems. In fact, the realization problem is equivalent to finding a
generalised kernel representation of a particular form for the specified set of input-
output maps. The section also contains a number of quite technical statements,
which are used in other parts of the paper.

Recall that for any L C Q7 the set of admissible switching sequences is defined
by TL = {(w,7) € (Q xT)* | w € L}. Let ® C F(PC(T,U) x TL,Y) be a set of
maps of the form PC(T,U) x TL — Y. Define the languages suffixL = {u € Q* |
Jw € Q* : wu € L} and

L={ul - ul* € Q" |uy---uy €suffixL,uj € Q,i; >0,5=1,..., ki1, ix >0}

Definition 10 (Generalised kernel-representation with constraint L). The
set @ is said to have generalised kernel representation with constraint L if for all
f€® and for allw = wywy -+~ w € L, wy,...,wx € Q, k >0, there exist functions

KI® . RF S RP and G2 : RF — RP*™
such that the following holds.
1. Yw € Z,Vf € ®: KI'® is analytic and G is analytic
2. For each f € ® and w,v € Q* such that wqqu,wqu € Z, it holds that
KL® (ttoy ot bt 2y - Huol ol 1) =
KL (tta, o st +t bl - ol 1)
GP (titay ot ot o p2s - ol 1) =
GOt tas et b+t w2 ol o +1)
3. Yvw € z,w;«éc,Vf S
KL (b, o) 0, s - - s b)) = KL (B t2, - )
vaei,v#e,w#e:

Gg’qw(tl, .. 7t‘v|,07t‘v|+17 .. ,t‘wv|) = Gg)w(tl, .. ,t‘vw‘)
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4. For each f € ®, (wy,t1)(wa,t2) - (wg,tr) € TL , uw € PC(T,U)

Wiwa Wk
k t; i—1
-‘rZ/O G'(u%imwk(ti —S,ti+1,...,tk)u(3+zt]‘)d8
i=1 j=1

We say that ® has a generalised kernel representation if it has a generalised kernel

f(u,wlwg .. ~wk7t1t2 .. tk) = .K—f’(p (tl,t27 N 7tk)+

representation with the constraint L = Q. The reader may view the functions K;/®

as the part of the output which depends on the initial condition and the functions

G? as functions determining the dependence of the output on the continuous inputs.
Define the function y& : PC(T,U) x TL — Y by

k ti i—1
yg)(u7w1..wk7t1-tk) = Z/ Gilwk(tl _S,t1+1,.,tk)u(s+ztj)d8
= Jo j=1

It follows from the fact that ® has a generalised kernel representation that y§ can
be expressed by Vf € ® : y& (u,w,7) = f(u,w,7) — f(0,w, )
Another straightforward consequence of the definition is that the functions

{(KL® G2 | f € ®,w € suffixL}

completely determine the functions {K/®, G2 | f € ®,w € L}. Indeed, assume that
Low=2{"" - z* such that 21,...,2; € Q,a € N*, ay >0 and z1 -+~ 2, € L. Then
by using Part 2 and Part 3 of Definition 10 one gets

Kj;’@(tl,...,tm‘) = Kzf?zk(ﬂa"wTk) = K!{?,Z,@(Th..,’Tk) (4 1)
Gg(tl,...,ﬂw‘) = Gz‘..zk(ﬂ;-"aTk)
where T; = Y0070 ot i=1... kand T, =0,i=1,...,1-1, f€ @,

I = min{z | @, > 0} and Z?.:a t; is taken to be 0 if @ > b. Now, for any w € L
there exist dy,...,d; € Q and ¢ € N such that d; --- d; € suffixL, w = d? . -dfl and
£1,& > 0. Applying (4.1) to w, dy - - - d; € suffixL. C L we get that K2 and G2 are
uniquely determined by Kz’f d; and Ggl___ 4

Using formula (4.1), the chain rule and induction it is straightforward to show
that for each w € E, w=27" 2R, 22 € Z, ar > 0,1 =min{z | a, > 0} the
following holds.

dP dPBiw| dn dVe—1+1
. /,® — .. 1@
dtfl dt@T‘Kw (t1,...,tn) = & dT]Z,C_HlI(Zl,_,zk(’rl,...,Tk)|Q
dm dVE—1+1
_ f,®
= G g K ()l (42
db dBiwl o dn k= o
_dt?l ...dtﬁ‘w‘Gw(tl,...,tn) = dTl’h ”.dT]Zk’Hl Gzlwzk(Tl?""Tk”&

|w]
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_ _ . Qo4 —
where 3 € NIvl 4 € Ni=+1 g ¢ TF-141h € TF and a; = Y et darys s Lo

aptFagpi- . .
v = Zj:HalJr,__JraHi% Bjforeachi=1,....,k—1+1,b;=a;_141,fori=1,...,k

and b; = 0 for i = 1,...,1 — 1. Substituting 0 for #y,...,#, we get

DPKI® =DK]Y . = DO IKS®  and DPGE =D'G?., (4.3)

212k
where Q;_; = (0,0,...,0) € N\=1. The discussion above yields the following.

Proposition 9. Let 21,22, ..., 2k, d1,da, ..., d) € Q*. Leta = (aq,...,a;) € N¥ and
é =(B1,...,0) e N Asisume that 27" 252 - - - 2% = df1d§2 . ~dlﬂ’. If goz129 - 2q1 €
L and qodids - - -diqy € L, then

D(O,a,O)Gfb — D(O,B,O)G'1>

22122 2Kq1 q2didz--diq1
If 2129 -+ zpq1 and dids - - - djqy € L then

p(@0) g f® — pBO) g f®

21222k q1 didz-diqy
Proof. Using (4.3) one gets that

= D(0:8,0)7®

(0,0,0) (x® — n(0,L,0) ~®
D ququ—D G oo o q2dq1

@2yt P

_ pOLO) e
a2d! "'dlﬁl q1

wherel = (1,1,...,1) € NXY ¥z =2z1-25,d=dj---d;. Similarly D(O"O)Kgl’?.qul =

0 i fi® — p@o) g fr® — pao) g f:® — 0) g @
DT KL = D! )Kz;”--~z:kq1 = D( )del..dfqu = DBOKIT ., where
l=min{z | a, > 0} and o™ = (ay, ..., ). O

If ® has a realization by a linear switched system, then ® has a generalised kernel

representation

Proposition 10. For any LSS ¥ = (X,U,Y,Q,{(A,,B,,C,) | ¢ € Q}), (¥, 1)
1s a realization of ® with constraint L if and only if ® has a generalised kernel

representation defined by

GCI) (tla t27 ce. 7tk) = ka eXp(Awk tk) eXp(Awk,ltk—l) et eXp(Awl tl)Bwl

WL W2 Wk

and

Kiﬁuz"'wk (tl’ t27 ce ’tk) = ka eXp(Awktk> eXp(Awk—ﬂfkfl) e eXp(Auntl)M(f)'

where wiws - - - Wi, € L. Moreover, if (X, 1) is a realization of ®, then

?Jg) =y (0, ., ~)|PC(T,u)xTL
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Proof. (X, 1) is a realization of ® if and only if for each f € ®, v € PC(T,U), w € TL
it holds that

flu,w) = ys(p(f),u,w) = quxz(u(f),u,w)

where w = wl(qk, tr). The statement of proposition follows now directly from from

part (1) of Proposition 8. O

If the set ® has a generalized kernel representation with constraint L, then the
collection of analytic functions {K/® G® | w € suffixL, f € ®} determines ®. Since
K['® is analytic, we get that it is determined locally by {D*K/® | o € Nl*I},
Similarly, G2 is determined locally by {D*G?® | a € NI*I}.

By applying the formula 4 fot f@,m)ydr = f(t,t) + fg 4 f(t,7)dr and Part 4 of
Definition 10 one gets

DaKgfg)z”'Qk = Daf(ov q1492 - gk, ) (44)

DaGflflul'“qkez = Dﬁy(?(ezv q192 * * * gk, ) (45)

where N¥ 5 3= (0,0,...,0,01+1,09,...,ar_;11). Here e, is the zth unit vector of
—

l—1——times

R™, i.e ele; = d,;. Formulas (4.4) and (4.5) imply that all the high-order derivatives
of the functions K/'® G® (f € ®, w € suffixL) at zero can be computed from high-
order derivatives with respect to the switching times of the functions from .

Define the set S = {(a,w) € N* x Q* | a € N*l,w € Q*}. For each w € Q*,
q1,q2 € @Q define the sets

Fyg(w) ={(v,(0,2)) € Q" x S |vz € L,

« [e7% -
Qwq =227 b, € Qg =1,k z =20 2}

F,,(w)={(v,(a,2)) € Q* x S |vz € L,

(03 (o3 .
wq = 27" a2 € Qi =1, k,z =21 2}

Define Ly, 4 = {w € Q* | Fyy.g(w) # 0} and L, = {w € Q* | F,(w) # 0}.
Denote by Q; the tuple (0,0,...,0) € N/, [ > 0. For any a € N* let a* = (a; +
1,042,...7ak) S Nk, k>0.

The intuition behind the definition of the sets Fy, 4, (w) and Fy, (w) is the follow-
ing. Let (X, 1) be arealization of ®. Then (v, (o, 2)) € Fy, ¢, (w) if D" @ (vz, €j,.) =
D110y (0, gowaqy , e, .) for each j = 1,...,m. Similarly, (v, (a, 2)) € F, (w) if
D°f(vz,0,.) = DAL 10 ys (1 ), wqy, 0) for each f € ®. That is, F, 4, (w) is non-

empty if we can deduce from ® some information on the output of ¥ when the initial
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condition is 0 and the switching sequence is gawgy. Similarly, Fy, (w) is non-empty,
if we can derive from ® some information on the output of ¥, if the initial condition
is u(f), the switching sequence is wq; and the continuous input is zero.

With the notation above, using the principle of analytic continuation and formulas
(4.4) and (4.5), one gets the following

Proposition 11. Let & C F(PC(T,U) x TL,Y). For any LSS

the pair (X, p) is a realization of ® with constraint L if and only if ® has a generalized

kernel representation with constraint L and the following holds

VweL,j=1,2,...,m,fec® acN",
Dy (ej,w,.) = DPGY . ej = Cu ASEASE—1 - A% TIB,, e

W1

D® f(0,w,.) = DOKE® = Cuy ASE AT - A () (4.6)
where | = min{h | ap, > 0}, e, is the zth unit vector of U, = (oq — L, g1, .., Q)
and w = w1y -+ Wk, W1, ..., wx € Q. Formula (4.6) is equivalent to

Yw € z’] = 1’2,- -,My 41,492 € Qa ('Ua (Oé,Z)) € Fquqz(w) :
D(le"aJr)yg)(ejvvzﬁ ) = D(O’Q’O)Glizmej = quAg: T AgllB’Dej

Vwe LqgeQ,(v,(a,z)) € Fy(w) : (4.7)
DO f(0,vz,.) = DKL = CuALr - A u(f)
Proof. First we show that ® is realized by (X, u) if and only if ® has a generalized

kernel representation and (4.6) holds. By Proposition 10 (X, 1) is a realization of ®
if and only if ® has a generalized kernel representation of the form

G2(ty,... 1) = Cuy, exp(Aw,tr) - exp(Ay, t1)Bu, (4.8)
K{fz’cp(tl? s atk) = ka eXp(Awktk) T exp(Awltl)/J‘(f)
for each w = wy -+ - wy, € Z, wy,...,wg € Q. From (4.1) it follows that it is enough

to consider {K1,® G2 | w € suffixL, f € ®}. Since K/;®, G are analytic functions,
their high-order derivatives at zero determine them uniquely. Using (4.4), (4.5) we
get that (4.8) is equivalent to (4.6).

Next we show that (4.6) is equivalent to (4.7). Notice that from (4.3) it follows

that for any z = z1---2p,21 = q2,2, = q: D°GY . = D(O>O‘7O)Gflzlmzm =
D(O’C“’O)ngqu and DYK1® = D(‘X’O)Kgf. First, we will show that (4.7) implies

(4.6). Forany w € L, « € Nl w = wy -+ [ wy, wy,...,w € Q define [ = min{z |
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a; >0}, v =w-w_1, 2 = W W, and T = wlal_lwlor{l wm‘”" Then
(v,(8,2)) € Fuyuw,, (x) where 8 = (aq — 1,..., 1)) Notice that (O, %) = o
From (4.7) and the remark above we get that D(@\vl’ﬁﬂy(‘?(ej,vz, )=

= D(O’B’O)Gﬁ’”zw‘w‘ej = DPG%e; = DyQ (ej,w,.) = CwlwlAffJ“fj“ <o« Au ' Byyej.

Similarly, let y = wi* w‘o;'fl“' Then (¢, (o, w)) € Fy,, (y). Again, from the
remark above and (4.7) we get that D*f(0,w,.) = D(O‘*O)K{;ﬁwl = DK[?® =
D f(0,w,.) = Cuy, At - - AS2 u(f). That is, (4.6) holds.

Conversely, (4.6) = (4.7). Indeed, for any w € L, ¢1,¢2 € Q, (v, (e, 2)) €
F,, 4. (w) it holds that vz € L, z = 21+ 2k, 21 = 2,2k = q1. Then (4.6) implies
D(@\“\’aﬂyg’(ej,vz, )= D(O""’O)Gzquej = C, AgF--- A21B., For any (v, (o, 2)) €
F,(w) it holds that z = z; - - - zx, 2z, = ¢ and vz € L. Then (4.6) implies
DO £(0,vz,.) = DO KL® = C A%k .- A2 pu(f). That is, (4.6) implies (4.7).

U

One may wonder whether a generalized kernel representation is unique, if it exists,
and what is the relationship between a generalized kernel representation and such
properties of input/output maps as linearity in continuous inputs, causality and etc.
Below we will try to answer these questions.

Let f € F(PC(T,U) x TL,Y). We will say that f is causal, if for any w =
(q1,t1) -+ (qx,tx) € TL the following holds

k
Yu,v € PC(T,U) : (Vt € [O,Zti] cu(t) =v(t) = flw,u) = f(w,v)
1
That is, the value of f(w,u) depends only on u|[0721f t]-

Since Y = RP, for each f € F(PC(T,U) x TL,Y) there exist functions f; :
PC(T,U) x TL — R such that f(u,w) = (fi(u,w),..., fp(u,w))T. For each t € T
define the map P, : PC(T,U) — PC(T,U) by

u(s) ifs<t
0 otherwise

Bi(u)(s) = {

For each w € T'L define the map f;(w,.) : PC(T.U) — R by f;(w,.)(uw) = f;j(u,w).
For each 1 < p < +o0 denote by LP([0, t;], R™*™) the vector space of n by m matrices
of functions from LP([0,¢;]). Le. f:[0,t;] — R™*™ is an element of L?([0, ¢;], R"*™),
if f = (fii)imt...mjet...m and fi; € LP([0,t:]), i = 1,...,n, j = 1,...,m. With
the notation above we can formulate the following characterisation of input/output

maps admitting a generalized kernel representation.

Theorem 9. Let ® C F(PC(T,U) x TL,Y). Then ® admits a generalized kernel

representation with constraint L if and only if the following conditions hold.
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. Each f € ® is causal and there exists a function y® € F(PC(T,U) x TL,Y)

such that for each f € ®

Yw € TL,u € PC(T,U) : f(u,w) = f(0,w) + 3% (u, w) (4.9)

. For each f € ®,w = (q1,t1) - (q&,tx) € TL,j =1,2,...,p the map yf(w7.) :

PC([0,Tx],U) 3 u — yF(w,u#7n,0) € R is a continuous linear functional,
where Ty, = Zf:l t;. Here PC([0,Ty],U) is viewed as a subspace of L*([0,Ty],U)
and the topology considered on PC([0,Tx],U) is the corresponding subspace
topology.

. For each f € ®, s € (Q xT)", w= (wy,0) - (wg,0), v = (v1,0)--- (v,0) €

@xT)"

ws,vs € TL = (Yu € PC(T\U) : f(u,ws) = f(u,vs))

. For each w = (q1,t1) - (qu,tx) € TL, 1 <1<k ,ue PC(T,U)

y® (u, w) = y® (Shiftr, (w), v(g, 1) -~ (qk, tr)) +y* (Pr (u), w)

where T) = Zlfl t; and v = (q1,0)...(q-1,0).

. Foreach f € ®, w,v € (QxT)*, q€Q, if w(q,t1)(q,ta)v,w(q,t1 +t2)v € TL,

then
Vu € PC(T7U> : f(uaw(%tl)(%tZ)v) = f(uaw(Q7t1 + tQ)U)

For each f € ®, w,v e (Q xT)*,|v| >0, g €Q, if w(g,0)v,wv € TL, then

Yu € PC(T,U) : f(u,w(q,0)v) = f(u, wv)

. Foreachqy---qn € L, uy,...ux, €U, f € ®, the maps fo, . .qp u1,....ux Tk =y

defined below, are analytic.
fq1"'Qk»“17~~»7uk (tlv cee 7tk) = f(u7 (Chatl) T (Qkatk))a

where u(t) = u; ift € (Z;;ll tj, 2321 tj].

If ® admits a generalized kernel representation, then the ® admits an unique gener-

alized kernel representation.

The proof of the theorem can be found in Subsection 4.1.5.

The theorem above gives an important characterisation of generalized kernel rep-

resentation. It states that existence of a generalized kernel representation amounts
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to 1) causality of the input-output maps, ii) switching sequences behaving as discrete
inputs, iii) input-output maps being affine and continuous in the continuous inputs
iv) input-output maps being analytic for constant inputs. In author’s opinion, the
theorem above demonstrates that existence of a generalized kernel representation is
by no means an unnatural or a very restrictive condition. In particular, if the num-
ber of discrete modes is one, then existence of generalized kernel representation is
equivalent to the conditions which are usually imposed on the input-output maps
of linear ( possibly infinite-infinite dimensional ) systems. One may also compare
the conditions of the above theorem with the so called realisability conditions from
[50]. Notice that knowledge of analytic forms of K/® and G2 are not necessary
for constructing a realization of ®. All that is required is the knowledge that the
functions K/'®, G2 exist. Therefore, it hardly makes sense to try to compute the
functions K7>® and G®. Note that existence of an algorithm which computes these
functions on the basis of ® would imply the existence of a representation of ® with
finite data. Since elements of ® are linear maps defined on the infinite-dimensional

space PC(T,U), existence of such a finite representation is quite unlikely.

4.1.3 Realization Theory of Linear Switched Systems: Arbi-
trary Switching

In this section the solution to the realization problem will be presented. That is,
given a set of input-output maps we will formulate necessary and sufficient condi-
tions for the existence of a linear switched system realizing that set. In addition,
characterisation of minimal systems realizing the given set of input-output maps will
be given. In this section we assume that there are no restrictions on the switching
sequences. That is, in this section we study realization with the trivial constraint
L=Q™ .

The main tool of this section is the theory of rational formal power series. The
main idea of the solution is the following. We associate a set of formal power series Vg
with the set of input-output maps ® . Any representation of Ug yields a realization
of ® and any realization of ® yields a representation of Wg. Moreover, minimal
representations give rise to minimal realizations and vice versa. Then we can apply
the theory of rational formal power series to characterise minimal realizations.

Let ® C F(PC(T,U) x (Q x T)*,Y). Proposition 11 and formula (4.3) yield the

following

Proposition 12. The LSS ¥ = (X,U,Y,Q,{(A,, B,,C,) | ¢ € Q}) is a realization of

O if and only if ® has a generalized kernel representation and there exists pp: & — X
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such that
vw:wl"'wk € Q+7q17q2 € Qawh"'awk € Qaz € {172a"'am},f €ED:
D(l’ﬂ’“’o)y(?(ez,@wqu-) = D(O’Hk’O)Gg;waez = CgAu, - Au, Bye.
D(Hk’o)f(oa wqy, ) = D(Hk’O)KIJﬁ = Cfll Awk e Awl:“(f)

where T, = (1,1,...,1) € N*.

Proof. Applying (4.3) one gets the following equalities.

pegH® — ple) pfe _ p(lm,0) fr® (4.10)
w wwy witwy 2wy Fwy :
DG = pOeOG? |~ pOOGY (4.11)
1W, 2 k k

where m = Zlf ag. The statement of the proposition follows now from Proposition
11. O

The proposition above allows us to reformulate the realization problem in terms of
rationality of certain power series. Define formal power series Sy, 4,.2,5f.q1 € RP <
Q* >, ( q1,q92 € Qaf € (D’ z € {172a"'am} ) by

S(Ihqmz(w) = D(LHW‘}O)yg)(ezvquqla ) ’ Sfﬂ]l (w) = D(HW"O)JE(O?’LUQM )

for each w € Q*. Notice that the functions G, K/,® are not involved in the definition
of the series of Sy, 4,,- and Sf4,. On the other hand, if ® has a generalized kernel
representation, then

Sar 2,2 (W) = DOLw0G® ¢ and St (w) = D(lel70)K7{}";};

q2wq1

For each ¢ € Q,z = 1,2,...,m, f € ® define the formal power series S, ., S €
RPICI <« Q* > by

S(Ih(hz SfJII

SQ27q7Z Sf,!m
Sq,z = . ’ Sf = .

S(IN%Z Sfyqzv

where Q = {q17q27 e an}
Define the set Jo = ®U{(q,2) | ¢ € Q,z = 1,2,...,m}. Define the indezed set

of formal power series associated with ® by
Uy = {S; eRPICN < Q" >| j € Ja} (4.12)

Define the Hankel-matriz of ® Hge as the Hankel-matrix of the associated set of

formal power series, i.e. Hg := Hy,.
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Notice that the only information needed to construct the set of formal power
series Wg are the high-order derivatives at zero of the functions belonging to ®.
The fact that ® has a generalized kernel representation is needed only to ensure the
correctness of the construction. No knowledge of the analytic forms of the functions
KL% G® is required in order to construct Ug.

Let ¥ = (X,U,Y,Q,{(A,,B,,C,) | ¢ € Q}) be a LSS, and assume that (%, ;1) is
a realization of ®. Define the representation associated with (3, u) by

Ry, = (X, {Aq}qGQa E’ 5)

Cth

q2

Q

where C' : X — RPlQI C = and the indexed set B = {B; e X|je o} is

CL]N
defined by By = u(f), f € ®, and B,; = Bge;,l = 1,2,...,m,q € Q, ¢ is the Ith
unit vector in Y.

Conversely, consider a representation of Ug
R = (X’ {Aq}q€Q> B, C)
Then define (Xg, ugr) the realization associated with R by

k= (XUV,Q,{(A; B, Cp) | a€Q)) . ur(f) =By

qu
~ Cy, ~
where C; : X — Y, ¢ € Q are such that C' = . |, and Bge; = By, for each
CQN
I=1,...,m. It is easy to see that Cy, ¢ € ) are well defined, since
e
Cy = :
el .C

Here for g =g, € Q forsome z =1,...,N, 4= 1,...,p it holds that e, ; € RPIQl and
1 ifj=px(z—1)+1
0 otherwise

and Ry, ., = R. In fact, the following theorem holds.

(eqi)j = . It is easy to see that Xg, , = %, pry, = p

Theorem 10. Let ® C F(PC(T,U)x (QxT)*,Y). Assume that ® has a generalized

kernel representation.
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(a) (X, n) is a realization of ® <= Ry, is a representation of Vg

(b) R=(X,{A;}qecq, B,C) is a representation of Vo <= (S g, ur) is a realization

of ®
Proof. First we prove part (a) of the theorem. By Proposition 12 (3, i) is a real-
ization of ® if and only if for each ¢1,¢2,9 € Q, w = wy -+ w € QF, wy,...,wg €
Q,k>0

D(l’ﬂk’o)yo(ez,qgwa, ) = thqQ,z(w) = quAqu26z
DO £(0,wg,.) = Sp.q(w) = CqAwu(f)

Here, the notation A,, = A, - -+ Ay, introduced in Section 3.1 is used. That is,

T ~ ~
Spe(w) = [CF CL o CL| AuBue.=CALB,.

T ~ ~
Spw) = [¢L ¢k - Ch] Auwn(f)=CAyBy

That is, Ry, is a representation of W.
Since R = Ry, .y, part (b) follows from part (a). O

The theorem has the following corollary.

Corollary 10. Let the assumptions of Theorem 10 hold. If (X,u) is a minimal
realization of ®, then Ry, is a minimal representation of Y. Conversely, if R is a

minimal representation of Ve, then (g, ur) is a minimal realization of ®.

Proof. Notice that dim¥ = dim Ry , and dim¥r = dim R. The statement of the

corollary follows now from Theorem 10. O

Theorem 11 (Realization of input/output map). For any set ® C F(PC(T,U)x
(Q x T)*,)) the following holds.

(a) ® has a realization by a linear switched system if and only if ® has a generalized

kernel representation and Vg is rational.

(b) ® has a realization by a linear switched system if and only if ® has a generalized

kernel representation and rank Hg < 400.

Proof. Part (a)

If @ has a realization, then ® has a generalized kernel representation, moreover, by
Theorem 10, U4 has a representation, i,e. Wg is rational. If ® has a generalized kernel
representation and V¢ is rational, i.e. it has a representation, then by Theorem 10

® has a realization.
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Part (b)
By Theorem 1 dim Hg < +o0 is equivalent to W4 being rational. The rest of the

statement follows now from Part (a) O

The theory of rational power series allows us to formulate necessary and suf-
ficient conditions for a linear switched system to be minimal. Before formulating
a characterisation of minimal realizations, additional work has to be done. Let
Y=(XU,Y,Q,{(A,,B,,C,) | g € Q}) be a linear switched system. Using Proposi-
tion 8 it is easy to see that for any pu: ® — X

Wry, = Span{Ad,zo|w € Q", 29 € Imy or vg = Byu,q € Q,u € U}

Span{Ag, Aq, - Age %o | 1,2, -+, a1 € Q, x0 € Imp} +
+Reach(%,{0})

and
ORy », = Ox = N ker CyAuw, Aw,_, -+ Au,

q,w1,w2,..., WKk E€EQ,k>0

Moreover, the following is true
Lemma 17. Wg,, , is the smallest vector space containing Reach(%, Impu).

Proof. Denote by W R the set Wgy, ,. Denote by & the image of p.
First, we show that Reach(X,Xp) is contained in WR. From Proposition 8 it
follows that

Reach(3, Xp) =
{exp(Aqktk) exp(Aqkfltk’—l) e eXp(Aqltl)IO + ‘TE(O’ u, (QL tl) e (qk7 tk))
| To € XOv (Q1atl)(q27t2)a ey (qk,tk) S (Q X T)*ak; 2 07’U, S PC(T,M)}
But exp(A )z = >4 tt—,;A’q“ac € Span{A}x | j € N}, which implies that
exp(Ag,tr) - - exp(Ag, t1)zo € Span{ Ay, Ay, -+ Ay, o | w1, wa, ..., w; € Q}

Since x(0,u, (q1,t1) - - - (qk, tr)) € Reach(X, {0}), we get that Reach(X, Xy) C WR.
We will show that W R is the smallest vector space containing

Reach(X, Xy). Let W be a subspace of X' containing Reach(X, Xp). For any a € NI*I,

for any constant input function u(t) = v € U D%x(zg,u,w,.) € W must hold.

But z(zg,u, w,t) = z(x0,0,w,t) + £(0,u,w,t). It is straightforward to show that

Span{D*z(0,u,w,.) | w € QT,a € N*l u € U} = Reach(X,0). For w € Qt,k :=

|w| define exp,, : T* — X by

exp,, (t1,t2, . .., tr) = exp( Ay, tr) exp(Aw,_ tk—1) - - - exp(Aw, t1) 0o
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It is easy to see that D%z(x¢,0,w,.) = D% exp,, = Ag* Agit... Aglxg, and there-
fore Span{D®z(xo,0,w,.) | w € QT,a € Nl 2y € Xy} = Span{A,z¢ | w € Q*}.
Thus, we get that

Span{D®z(z¢,u,w,.) |w € QT,a € Nl weld,zy e Xo} =WR
which implies that WR C W. O

The results above imply the following

Corollary 11. Let ¥ = (X,U,),Q,{(A,,B,,C,) | ¢ € Q}) and assume that (X, u)
is a realization of ®. Then X is observable if and only if R is observable. X is
semi-reachable from Imy if and only if R is reachable.

It is a natural question to ask what the relationship is between linear switched
system morphisms and representation morphisms. The following lemma answers this
question.

Lemma 18. T : (X, ) — (X', 1) is a linear switched system morphism if and only

if T: Ry, — Ryy /18 a representation morphism.

Recall that T : (2, u) — (X, 1) is a linear switched system morphism if 7" is
a linear map from the state-space of ¥ to the state-space of Y satisfying certain
properties. Recall that a representation morphism between two representations is
a linear map between the state-spaces of the representations which satisfies certain
properties. Since the state spaces of Ry, and Ry  coincide with the state-space
of ¥ and ¥ respectively, it is justified to denote both the linear switched system
morphism and the representation morphism by the same symbol, indicating that the

underlying linear map is the same.

Proof of Lemma 18. Assume that the linear switched systems ¥ and ¥ are of the

form
2= (XUY.Q{(A,B,,C)) g€ Q}) and X' = (XU, Y,Q,{(A,,B,.C,) | 4 € Q})

Then T is a switched linear system morphism if and only if T4, = A;T, Cy= C’;T ,
TB, = B; and Tu(f) = p,(f) for each ¢ € @, f € ®. But this is equivalent to T4, =

’ jng = =~ T ’ ’ T
AT,qeQ,TB; = Bjand C = [Cqu e CqTN} = [(quT)T e (CqNT)T} =
C'T, that is, to T" being a representation morphism. O

Now we can state the main result of the section.
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Theorem 12 (Minimal realizations). If (X, ) is a realization of ®, then the

following are equivalent.

(i) (%, 1) is minimal

(i) X is semi-reachable from Imp and it is observable
(iii) dim¥ = dim Hg

(iv) If (X', 1) realizes ® and X' is semi-reachable from Imy', then there exists a
surjective linear switched system morphism T : (E/, ,u,) — (X, p). In particular,

all minimal realizations of ® are algebraically similar.

Proof. (i) < (i)
By Corollary 10 system (X, i) is minimal if and only if R := Ry, is minimal. By
Theorem 2 R is minimal if and only if R is reachable and observable. By Corollary
11 the latter is equivalent to X being semi-reachable from Imu and observable.
By Corollary 10 (3, ) is minimal <= Ry, is minimal. By Theorem 2 Ry, is
minimal <= dim Ry, , = dim ¥ = rank Hy, = rank Hg.

(i) = (iv)
Again we are using the fact that (X, ) is minimal if and only if Ry, ,, is minimal. By
Theorem 2 R,,;, is minimal if and only if for any reachable representation R there
exists a surjective representation morphism 7' : R — Ryui. It means that (X, p)
is minimal if and only if for any reachable representation R of Wg there exists a
surjective representation morphism 7' : R — Ry ,. But any reachable representation
R gives rise to a semi-reachable realization of ® and vice versa. That is, we get that
(2, 1) is minimal if and only if for any semi-reachable realization (X', 1) of ® there
exists a surjective representation morphism 7' : Ry W Ry . By Lemma 18 we
get that the latter is equivalent to T : (E/,,u/) — (X, 1) being a surjective linear
switched system morphism. From Corollary 1 it follows that if (E/, ,u/) is a minimal
realization of @, then there exists a representation isomorphism 7" : Ry o — Bs
which means that (3, p) is gives rise to the linear switched system isomorphism
T: (E',p/) — (X, p), that is, ¥ and ¥ are algebraically similar. O

4.1.4 Realization Theory of Linear Switched Systems: Con-
strained Switching

In this section the solution of the realization problem with constraints will be pre-
sented. That is, given a set of constraints L C Q1 and a set of input-output maps

with domain PC(T,U) x TL we will study linear switched systems realizing this set
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with constraint L. As in the previous section, the theory of formal power series will
be our main tool in solving the realization problem.

Let ® C F(PC(T,U) x TL,Y). Recall that (3, ) realizes ® with constraint L if
for all f € ® it holds that f = ys(u(f),.,.)|pc(ruyxrr- In the sequel, unless stated
otherwise, we assume that ® has a generalised kernel representation with constraint
L.

The solution of the realization problem for ® goes as follows. As in the previous
section, we associate a set of formal power series ¥¢ with the set of maps ®. We will
show that any representation of Wg gives rise to a realization of ® with constraint
L. If L is regular, then any realization of ® with constraint L gives rise to a repre-
sentation of Uy. Unfortunately minimal representations of ¥4 do not yield minimal
realizations of ®. However, any minimal representation of ¥¢ yields an observable
and semi-reachable realization of ®.

Recall from Section 7.1.2 the definition of the languages L, thqz, Eq and the
sets Fy, go(w), Fy(w). Let E = (1,1,...,1) € R'*P. Define the power series Z, 4, €
RP < Q* > by

1,92

ET ifwe qu,qQ
0 otherwise

ZQl»th (w) = {

Define the power series I'; € RPICl < Q* > by

and I' € RPIQl « Q* > by

where Z,(w) = and @ = {q1,...,qn}. It is a straightforward

ET ifwe Zq
0 otherwise

exercise in automata theory to show that if L is regular, then the languages Eq and

Ly, 4, are regular.

Lemma 19. With the notation above, if L C Q% is a regular language, then E,

E(Mz and Zq are regular languages for each q,q1,q2 € Q.
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Proof. Notice that Ly, 4, = {w € Q* | qwgs € L} and L, = {w € Q* | wg € L}. It
is easy to see that if I is regular, then so are qum and Eq. It is also easy to see
that if L is regular then suffixL is regular. Let A = (5,Q, 0, F, s9) be a deterministic
automaton accepting suffix.. Here S is the state-space, F' is the set of accepting
states, d is the state-transition function, sg is the set of initial states. Recall, that
the extended state-transition function is defined as follows. For each sq € S,w € Q*,
8(sp,w) = s if there exists s1,...,5, = s € Q such that w = w; ---w;, € QF and
s; = 0(si—1,w;) foreach 1 =1,... k.

Define the non-deterministic automaton B = ((S x Q) U {sy}, @, 05, F x Q, s,)
in the following way. Let d5(sy, ) 3 (s,z) if §(so, wz) = s for some w € Q*. Let
(s',u) € 8p((s, ), u) if either

(i) u=2zand s =s, or
(i) there exists wu € Q*, such that §(s,wu) = s .

We will prove that B accepts L. Denote s € 0p(z,x), s,z € (S xQ)U {sz)} by

2z 5 s. Then B accepts z = 2 - - - 2z, if and only if

so 2> (s1,21) 2+ 25 (sp, 21)
where s, € F. This is equivalent to the existence of 0 < «q,...,; € N and
I
wo, ..., w; € Q" such that Zj:l a; =k, d(s0,woz1) = s1 and (8¢, 2;) = (Si1, 2it1)

d ) d

for each 14+ Y0y < i < Y9, and 0(S53d o Wazyiy,) = Spyyd,, for all
0<d<I—1. Define uy = 2115 a, Then it is clear that in the original automaton
A it holds that §(so, woupwiuy - - - wyuy) = s, € F. That is, woug - - - wyu; € suffixL

and

y = w871 . ”wg,mgu?lw(l),l .. .w?nl,lugz . "w?,l . -~w?,m,ulc”
where w; = w; 1+ Wim;, Wil Wim@) € Q- We get that B accepts exactly the
elements of L. O

Corollary 12. Define the indeved set of formal power series Q = {A; € RPN <«
Q* >|j € Q x{0}}, where Ay =Ty and Ay =T. If L regular then the indexed set
of formal power series € is rational.

Proof. Indeed, if L is regular, then th(h and Eq are regular languages. Then

it is easy to see that for each I = 1,...,pN, such that | = px* (2 — 1) + ¢ for

1 if L
some z = 1,...,N, ¢ = 1,...p, (I)(w) = { Hwe L.

and (I'y);(w) =
0 otherwise (Ta)i(w)
{1 if we Ly,

] That is, (I'y);,I1 € R < Q* > are rational formal power
0 otherwise
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series for each [ = 1,...,pN. Consider the indexed set © = {(Aq,) | (1,j) €
{1, . pN} x (QUAD}}, where Agq) = (Ag)i = (Ug)i, Ag,p) = (Ag)i = T'i. Then by
Corollary 2 from Section 3.1, © is rational. By Lemma 5 from Section 3.1, it implies
that  is rational. O

Consider a set of input-output maps ® C F(PC(T,U) x TL,Y) with a L C Q*.
Assume that ® has a generalised kernel representation.

Recall that for any o € N¥, ot denotes a® = (a; + 1, aq,...,ar). We define the
following formal power series. For j =1,2,...,mand f € ®, ¢1,¢2 € Q,

DO@wey®(e; v2,) i w € Ly, 4, and

Sl]l;Q%j (U}) = (U7 (Ol, Z)) € thqrz (U))
0 otherwise
S, +(w) D@ £(0,vz,.) ifw e Eq and (v, (o, 2)) € Fy(w)
w =
. 0 otherwise

We will show that the series Sy, 4,.- and Sy  are well-defined. Using formulas (4.4),
(4.5) and (4.3) from Subsection 7.1.2 and the fact that (v, (o, 2)) € Fy, 4, (w) =
21 = q2,2),) = q1 and (v, (o, 2)) € Fy(w) = 2. = q we get the following

DaG;D = D(0,2,0) @ e; ifwe Equqz and

q2zq1
SCH,QQJ (w) = (va (av Z)) € Fquqz (w)
0 otherwise
DOWAIK]® = DK{® = DOOKL®  if we L, and
Sq,p(w) = (v, (a,2)) € Fy(w)
0 otherwise

That is, Sg,.q.,j(w) and S, f(w) do not depend on the choice of v in (v, (w,2)) €
Fy, g (w)or (v, (o, 2)) € Fy(w) respectively. We will argue that the value of Sy, 4,,-(w)

and Sy ¢(w) do not depend on the choice of (o, z). If (v, (v, 2)), (u, (B, 2)) € Fy, 4, (w)

Bl ez o _ _ d c
T =2 =W,z =21 = g2, 25 = TYp) = @ and @22q1, 22

E, so by Proposition 9, D(O""’O)G(‘izq1 = D(O’@O)Gimql.

(’U, (OZ,Z)), (uv (ﬂa LE)) € Fq(w), then ‘Tll "'Ifm = 2?1 T Zr;rl = w and zq,zq € Ev
so by Proposition 9, D(""O)Kff = D(ﬁ*O)Kgéfql.
Define the formal power series S, ;, S € RPICl <« Q" >, j€{1,2,...,m}, ¢ €Q

and f € ® by

then z{* - -

Similarly, if

thqd’ S‘Zl;f

S(J?,JIJ qu,f
Sq,j = . ) Sf = .

Sqmq,j quv,f
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Define the indexed set of formal power series associated with ® as Vg = {S, €
RPICI <« Q* >| 2 € Jp} where Jp = ® U (Q x {1,2,...,m})}. Define the Hankel-
matriz He as the Hankel-matrix of Ug.

Consider the map g : ®U (Q x {1,2,...,m}) — Q x {0}, where g(f) = 0,Vf € ®
and ¢((¢,2)) = ¢q for all ¢ € Q,z = 1,...,m. Recall the indexed set of formal
power series ) from Corollary 12. Define the indexed set of formal power series
Qe = {5; e RPN < Q" >| j € Jo} by Ej = Ay(j), where Q = {A; | j € QU {0}}.
From Lemma 8 of Section 3.1 and Corollary 12 it follows that if L is regular, then Qg
is rational. Let (X, 1) be a realization of ®. Define Oy, ,, = {ys(u(f),.,.) | f € @} C
F(PC(T,U) x (@ X T)*,). Define U() : Os,,, — @ by Ulu)(ys(p(f),)) = /.
The map U(p) is well defined. Indeed, if y=(u(f1),-,.) = ys(u(f2),.,.), then fi; =
ys(u(f1), - pe@uyxrr = ys(u(f), - )lpcauyxrr = fo. It is easy to see that
(X, 0 U(p)) is a realization of Oy ,. Assume that the set of formal power series
associated to Oy, as defined in Section 4.1.3, (4.12), is of the form

Vo, ={T. e RPN <« Q" >| 2 € 05, U(Q x {1,2,...,m})}

From Theorem 11 it follows that Ve , is rational. Define the map ¢ : Jp —
O5,, U (Q X {1,2,...,m}) by ¥(f) = ys(p(f),.,.), f € ® and ¥((¢,2)) = (¢,2),q €
Q,z=1,...,m. Define K5, , = {V; e RPICl < Q* >| j € Jo}, V; = Ty;).J € Jo.
From Lemma 8 of Section 3.1 it follows that K7y , is rational.

Let R = (X,{A.}.cq,B,C) be a representation of ¥g. Define (Xg,ug) the
linear switched system realization associated with R as in Section 4.1.3. That is,

Yr= (XU Y, Q{(Ay, B, Cy) | ¢ € Q}) and ur(f) = By

Clh
where Cy : X — Y, g € @ are such that C' = | ! | and Bye; = By, ) for all
C

q € Q,j=1,...,m. Assume that the resulting (ERq,NuR) is a realization of ® ( in
fact, this will be shown later ). Let (3,u) = (Zg,pur o U(pgr)). Then (3, p) is a
realization of Oy, ... Let R = Ry, ,, — the representation associated to (X,u) as
defined in Section 4.1.3. Then it is easy to see that R = (X, {Aq}qu,g, (), where
Byspun()) = #ysp(ur(f),2) = pr(f) = By, f € ® and Bg;) = Bgej =
B, a € Q,j =1,...,m. That is, R is observable if and only if R is observable.
R is reachable if and only if R is reachable. It is also straightforward to see that
Impr = Imppg o U(ug) = Imp. Thus, by Corollary 11, the following holds. Xg is
observable if and only if R is observable. (X g, ug) is semi-reachable if and only if R
is reachable.
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Using the notation above and combining Proposition 11 and the definition of

rational sets of power series one gets the following theorems.

Theorem 13. Let ® C F(PC(T,U) x TL,Y). Then (X, ) is realization of ® with
constraint L if and only if ® has a general kernel representation with constraint L
and

Ve = Qs © Kz ),

or, in other words
Vfe®,qe@,z=1,2,...,m
Sf = Tyz(u(f),,,.) oI and Sq)z =1q.0© Fq

Proof. By Proposition 11 (X, u) is a realization of ® with constraint L, if and only
if ® has a generalised kernel representation with constraint L and

vw € E(h,lha (Uv (aa Z)) € Fth,qz (”UJ) :

- D(O’O"O)Gizth = C!hA?: T A?f BQ2 = thAqu?
Yw € Ly, (v, (o, 2)) € Fy(w)
DEOKL? = O A2 A% pu(f) = Co Awplf)

But (X, poU(p)) is also a realization of © = Oy, ,, with constraint @, so by Propo-
sition 12 we get that

CoAwBg, = DO OGO and CyAyu(f) = CqAwp(U () (ys(p(f),-.))) =

q2wq1

— D(H‘w"O)K%?](“(f)"")’e

That is, for each w € qu,qz, (v, (o, 2)) € Fpp(W), 1,2 € Q, 5 =1,...,m
Tg1 12,5 (w) = D(O’H‘w"O)qugwaej = D(Omo)Giquej = Sg1,42,5 (W)
and for each w € Eq, (v, (o, 2)) € Fy(w)
TvaZ(N(f)Vv')(w) - D(HW’O)Kgu?z(ﬂ(f)"“)’@ - D(afo)Kzféq) = Sg.5(w)
We get that

qu,yz(#(f),»,-)(w) = SQl’f(w) ifwe qu

TQ1,22;Z(w) = SQ17qz7z(w) if w e Llh#lz

Notice that if w & L, q,, then Sy, g.-(w) = 0 and Zy, 4,(w) = 0. Similarly, If
w ¢ un then Sy, r(w) = 0= Z,, (w). That is,

Tq,z ® Fq = Sq,z and Tyz(,u(f),.,‘) o' = Sf
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Define the language
comp(L) = {wy -+ wi € Q" | Ly, = 0}

Intuitively, the language comp(L) contains those sequences which can never be ob-

served if the switching system is run with constraint L.

Theorem 14. Assume that ® has a generalised kernel representation with constraint
L. If
R = ({A‘I}QEQ7 B7 C)

is a representation of Vg, then (Xg, ur) realizes ®. Moreover,
Vf € @,u € PO(T,U),w € T(comp(L)) : yssy (wn(f), uyw) = 0
Proof. Let (X, 1) = (2R, ur). If R is a representation of ®, then

Yw € Ly, g0, (v, (,2)) € Fyy g (w)
D(O’Q’O)Giquej = Sg1,42,(w) = Cgy Ay By,
_ C!h A?: e A?f Bq’zej (4.13)
Yw € Ly, (v, (o, 2)) € Fy(w)
DOKL® = 8y4(w) = CyAuBy
CqAZ} - AZFp(f)

Since ® has a generalised kernel representation, Proposition 11 and (4.13) yield that
(X, 1) is a realization of ® with constraint L.

Let ® = Ox,,. Then (X, poU(p)) is a realization of ®'. It is easy to see that for
all fe ®,q1,00€Q, 2=1,...,m,

Sq.f(w) = CgAuwp(f) =0 B if wjé Zq
Sr.22(W) = Cgy A Bgye. =0 ifw ¢ Ly, 2 Ly, g,

As the second step we are going to show that for each w € comp(L), ys(u(f),.,.) €

’

o

)

G® =0 and Ky=#0)® — g (4.14)
Because of analyticity of these function it is enough to prove that for each o € NIvI:
DeGe =0, Dok Y2 — o But from formulas (4.4), (4.5) and Proposition
11 we get that

’

DQGE; = Cy, Ay By, and DQK%Z(H(JC)M)’(I) = Cu Ap(p o U(p))(ys(u(f), ) =
= ka-Av,u(f)
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W= Wi, Wk, Wi,...,WE € Q, v=wi"--wy". But w € comp(L) implies Ewk =
0, that is u ¢ Lugw, and v ¢ Ly,. Then it follows that C,, AyBy,, = 0 and
Cu, App(f) = 0. It implies that DaG{{;/ =0 and DO‘K{;‘I’/ =0.

It is easy to see that if wq---wr € comp(L), then for any | < k, w;---wy €
comp(L). Then from Definition 10, part 4 it follows that (4.14) implies ys (u(f), v, w) =
0 for all u € PC(T,U) and w € T(comp(L)). O

If L regular then the power series I', 'y, (¢ € @) are rational. Then using Theorem
13 and Lemma 6 from Section 3.1 one gets the following.

Theorem 15. Consider a language L C QT and a set ® C F(PC(T,U) x TL,Y) of
imput-output maps. Assume that L is reqular. Then the following holds.

(i) ® has a realization by a linear switched system with constraint L if and only if
® has a generalised kernel representation with constraint L and Vg is rational,

or equivalently dim Hg < +00.

(i) ® has a realization by a linear switched system with constraint L if and only if
there exists a linear switched system realization (X, u) of ® with constraint L,

such that (X, p) is semi-reachable, it is observable, and
Ve ®:ys(u(f), . lpeuxrcompr)y) =0 (4.15)

Proof. Part (i)

If ® has a generalised kernel representation with constraint L and U is rational, then
there exists a representation R of Ug and by Theorem 14 (Xg, ug) is a realization
of ®. Conversely, assume that ® is realized by (X, 1). Then by Theorem 13 ® has a
generalised kernel representation and with the notation of Theorem 13 it holds that
Uy = Qo © Ky . Since (X, p 0 U(p)) is a realization of O, without constraint,
by Theorem 11 Vg, , is rational. Then by Lemma 8 Ky , is rational too. If L is
regular, then by Corollary 12 € is rational. Then by Lemma 8 Q4 is rational. By
Lemma 6 we get that Ug = (¢ © Ky, , is rational. From Theorem 1 it follows that
Vg is rational if and only if rank Hy, < +00. By definition Hy = Hy,, so we get
that Ug is rational if and only if rank He < +00.

Part(ii)

® has a realization with constraint L if and only if ® has a generalised kernel represen-
tation with constraint L and Us is rational. Let R = ({A4}qeq, B, C) be a minimal
representation of Ug. Consider (3, u) = (X g, pr) — the linear switched system re-
alization associated with R. Then by Theorem 14 (¥, u1) is a realization of ® with
constraint L such that Vf € ®,Vu € PC(T,U),w € T(comp(L)) : ys(u(f), v, w) = 0.
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Since R is reachable and observable, we get that (X, 1) is semi-reachableand observ-
able. O

Lemma 6 also yields the following result.

Theorem 16. Consider a language L C Q% and a set ® C F(PC(T,U) x TL,Y) of
input-output maps. Assume L that is reqular and that ® has a realization by a linear
switched system. Let (3, u) be the realization of ® from part (i) of Theorem 15. If

(X, 1) is an arbitrary linear switched system realizing ® with constraint L, then
dim¥ < M - dim % (4.16)
where M depends only on L.

Proof. By Theorem 13 it holds that ¥ = Kx , ® (1. Since Ry, is a minimal
representation of ¥4 it holds that dim ¥ = dim Ry, ,, = rank Hy, . But from Lemma
6 one gets that

rank Hy, =rank Hg,, o0, < rank Hg,, , -rank Ho,

Since rank Hg,, , = rank Hyg, < dim Y and M := rank Hq depends only on L, we
get the statement of the theorem. O

Notice that if L is finite then L is regular. It means that the results of this
section in principle allow us to construct a realization of a set of input-output map
by examining a finite number of sequences of discrete modes.

Remark
In fact, the result of the Theorem 16 is sharp in the following sense. One can construct
an input-output y map and language L and realizations Y; and s such that the
following holds. Both 3; and 3o realize y from the initial state zero with constraint L
and they are both reachable from zero and observable, but dim¥; = 1 and dim ¥y =
2. The construction goes as follows. Let Q = {1,2}, L = {¢¥q2 | k > 0}, Y =U = R.
Define y : PC(T,U) x TL — Y by

y(u(.), qr--qu g, t1 - ttmyr) =
——

m—times
m

tm+1 2Tt m
/ eQ(tm+1*5)u(s+Zti)ds+/ e2m 1 oS =5y (o) s
0 1 0

Define ¥; = (R,R,R,Q, {(Al,anl,qcl,q) | qc {QDQZ}}) by

Agy =1 Big =1 Ciq =1
At =2 Big =1 Cig =1
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Define 22 = (RQ,R,R, Q{(A27q7 B27q, C27q) ‘ q < Q}) by

1 0] 1]

AQ#M = 0 0 Bs g, = 0 CQ,Q1 = [0 O}
_ 0_ _O_

A27f12 = 9 9 B2,q2 = 1 CZ,% = [1 1}

Both ¥; and ¥, are reachable and observable as linear switched systems, therefore
they are the minimal realizations of ysx, (0, .,.) and ys,(0,.,.). Moreover, it is easy
to see that

y=, (0, )peruyxre =y = ys, (0, ., )| peruy <L
In fact, 33 can be obtained by constructing the minimal representation of Wy, 1, i.e.,

Y5 is a minimal realization of y satisfying part (iii) of Theorem 15.

4.1.5 Proof of Theorem 9

Proof of Theorem 9. only if part

Assume that ® has a generalized kernel representation. Then it is clear that for
each f € ®, f is causal, since for each w = (q1,¢1) - (qk,tx) € TL we get that
filw,u) = eTKf Pty t)+ 38 fot’ el G (ti—s,. .. ,tk)u(s—i—zz;ll tj)ds
i=1,...,p, that is, f;(w,u) depends only on | 52k, 1t is also clear that the func-

tion y® =y defined by y& (u,w) = 37, fol G];:I.’“’qk — 5, tr)u(s+ Z;;ll tj)ds
satisfies (4.9). Moreover, it is easy to see that y; (w ®(w,.),j = 1,...,p is a continuous

linear map from PC([0, Z§:1 t;],U) to RP, since it is the sum of maps of the form
¢;tus [ eTGY (i —s,... ,tk)SInftE;;i ., (W)(s)ds j =1,....p and Shiftr is

a continuous linear map on PC(T,U), and g;(s) = e] Gy ., (s, tiy1,. .. 1) is an-
alytic, and thus the function g;(s) = g;(t; — s)x({s € [0,¢]}) is in L>°(T). But
then ¢;(u fo gj(s)Shifts~i-1, (u)(s)ds and by [58] if follows that ¢;, j =1,...,p

is a a continuous linear map from PC([0, Z’f t;],U) to RP for Thus conditions 2
is satisfied. Let z = (qi,t1)--(qn,tn) € (Q x T)*, w = (wy,0)- - (wg,0),v =
(v1,0) -+ (v,0) € (@ xT)*. Let x1 = q1-+-qn, x2 = w1+ wg and x3 = vy -+ - V.
Assume that wz,vz € TL. Then it is easy to see that z; € suffixL. Then f(0,wz) =
K2 (0,...,0,t1,...,ty) = KL®(ty,... ty) = KL% (0,...,0,t1,...,t,). Notice

21 T3T1
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that
k 0
o (wwz) => | Gy Qi1 T)u(s)ds+
i=170
h t;
—|—Z/ G(i,..qh (ti — 8. tp)us(s)ds =
i=1"0
h t;
= Z/ Gi,,,qh (ti — 8y, tp)ui(s)ds =
i=1"0
l 0
= Z/ Gi,,,wl(@l_i+1,7')u(s)ds +
i=170
h t;
+Z/ Gi,,,qh (ti — 8., tp)us(s)ds =
i=170
= ygp(u,vz)

where 7 = (t1,...,t5), 0; = (0,0,...,0) e NI j =1,...,1, u; :Shiftzi_—lt_(u). We
j=1""

get that f(u,wz) = f(0,wz) + y§ (u,wz) = f(0,vz) + y®(u,vz) = f(u,vz). That is,
condition 3 is satisfied.

Let w = (q1,t1) -+ (qx, tx) € TL. Tt is also clear that if z = (g, ;) - - - (gx, tx) and
1 <1<k, then

s (u, w) Z/ Gﬁ;‘bqk —5,...,t)Shifty,_, , (u)(s)ds+

ti
+Z/ G(J;f__’qk (ti — 8y tp)ui—1(s)ds = yg)(ul, (¢1,0) - (q-1,0)2) +
i=170
k ti
+ Z/ Gf;f_"qk (t; —s,...,tg)Shifty, (v)(s)ds = yg (ur, 2) + y* (v, w)
i=170

where T; = Y'71 t;, u; = Shifty, (u), i = 1,....k, v = Pru, Ty = Y5, t;. That
is, y® satisfies condition 4. Let w,v € (Q x T)*, and assume that w(q, 7 )(q, 72)v
w(q, 1+72)v € TL. Assume that w = (wq,t1) - -« (w, ;) and v = (vi1,t41) -+ - (Vk, t)
where v;,w; € Q,i =1+1,...,k,j=1,...,0l. Let T; = Z

=1 ti- Then using the
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properties of the functions K/'® Gf?, » € suffixL one gets.

f(U‘?w(anl)(anQ)v) = Kif;’g;v(tla s 7tla7_1;7_2a cee 7tk)+
l t;

Z Gii---wzqu(ti =Sy T1, T2, - 7tk)u’i(8)ds +
i=1

T1
+/ G;I)qv(Tl — 8, T2,... ,tk)ul+1(s)ds + yg(ShiftTl+Tl+7—2 (’LL), ’U) +
0

T2

+/ G;I)U(TQ—S,...,tk)ul+1(3—|—7'1)d5ZKgﬁ(tl,...,tl,Tl—|—Tg,...,tk)+
0

l t;

Z/ iji___wlqv(tifs,...,ﬁ +72,...,tk)ui(s)ds+

i=170

T1+T2
+/ Gg’v(ﬁ + 7o — 8., tr)ui1(s)ds + y(?(ShiftTl+Tl+7.2 (u),v) =
0
= f(uaw(anl + T2)U)

That is, @ satisfies condition 5. If [v| > 0, w(g, 0)v,wv € TL and w = (q1,t1) - - - (qi, t;),
v = (qi+1,t14+1) - - - (qk, tx), then we get that

f(u,w(q,0)v) = K{;’f(tl, ces by )

l ti
Z/ Gﬁimwlqv(ti — 8., t1,0,. .., tg)Shift; (u)(s)ds
i=170
0

+ [ G3,(0—s,... tg)Shift(u)(s)ds + yg (Shiftz, 4o (u), v) =
0

= KLP(ty, . b, ) +

wv

S| Gooti = s, ) Shift; (w) (s)ds + y (Shiftr, (u), v) =

where T; = Z;;ll t; and Shift; = Shifty,, ¢ = 1,..., k. That is, ® satisfies condition 5.
Finally, it is easy to see that ® satisfies condition 6. Indeed, fg,.-.qp uy-us (15 - -+, tk) =
K2 ot t) + Zle(fot G 4 (ti—s,... ty)ds)u;. But by definition K%,
and Gg:_“q

far--qnui--u, Das to be analytic too.

. are analytic, and thus f(f Gj?i__qk (t; — s,...,tg)ds are analytic. That is,
if part

Assume that the set of maps ® satisfies the conditions 1 — 6. First notice that

condition 3 implies that each f € ® can be uniquely extended to a function in

F(PC(T,U) x T'(suffixL),)). From now on we will assume that & C F(PC(T,U) x

T(suffixL),Y). Also notice that all the conditions 1-6 still hold for the extensions

131



CHAPTER 4. REALIZATION THEORY OF SWITCHED SYSTEMS

of elements of ® to F(PC(T,U) x T(suffixL),Y). Let w = (q1,t1) - (qx,tx) €
T(suffix). We will construct function K%, and G5, for each 1 <1 < k. From
condition 6 we get that for each f € @ it holds that fy,...q.0...0 : 7% — Y is an analytic
function. Let K(';l)?Qk: (tr-- ste) = fqroq0,00(0,0,...,0, 81, ti11,...,t,). Then it is
clear that Kc{/?qw Il =1,...,k are analytic. Since f satisfies the condition 4 and 5
and K({l’?qk(tl, ooyt = f((q1,0) - (q1—1,0)(qi, 1) - - - (qi, tr), 0) we get that K{L’?qk,
l=1,...,k satisfies conditions 3 and 4 of Definition 10.

The definition of Gg;fl.).qk is a bit more involved. Foreach ! =1,... .k j=1,...,p
define the maps

Y(q,tr)+(qrtr)d PC([Ovtl]7u) Sur— y;'p(((hatl) T (katk)aa)

u(s —T—1) if s € [T1-1,Ti]

where u(s) =
() 0 otherwise

where T; = 22‘21 t;. From condition

2 it follows that y(g, ¢,).(qu,ts),j 15 @ continuous linear functional on PC([0,#],U).
Since PC([0,t,],U) is dense in L'([0,#;],U), we can extend it a unique way to a
continuous linear functional on L([0,#],U). By abuse of notation we will denote
this functional by y(g, #)---(qe,ts),; t00. By Theorem 6.16 from [58] we get that there

exists an a.s unique gq, +,).--(gx,tx).j € L ([0,t;], RY*™) such that
ty
y(qmz)"'(%ik),j(u) = /0 g(Ql,tl)"'(thk),j(s)u(s)ds

T
Let gy : u — [yw,1(u) ywm(u)} € R? and define the map

g8 [(Gua)T - (qup()T] € RP™ Then

t
Yiqut)(atr) (1) :/0 Ilai,t)(anotx) (8)u(s)ds

Note that if ® satisfies conditions 1 — 6, then y® satisfies conditions 3 - 6. We will

use this fact to prove certain properties of g(q, 1) (qp,t0)-

For any w,v € (@ x T)*,|v| > 0 one gets that if v(q, 71)(q, 2)w, v(q, 71 + T2)w €
T'(suffixL), then it holds that Y, (g r)(qr)w(w) = y* (@, v(g,71)(q, 72)w)
=y®(@,v(q, 71 + T2)W) = Yo (g, +r2)w(w). This implies that

Gu(q,m)(q,m2)w = Gu(q,m1+72)w &-S- (417)

Similarly, if v(g, 0)w,vw € T(suffixL), |w| > 0,|v| > 0, then

yv(q,O)w(u) = yé(aa U(Q) O)w) = yv1> (67 Uw) = va(u)
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which implies
9v(q,0)w = Gow &.S (418)

Moreover, if (g,t1)(q, t2)w € T'(suftixL) and (g,t1 + t2)w € T'(suffixL), then for each
u € PC([0,t2],U) it holds that

Y(g,tr) (g, t2)w (W) = y® (@, (q,t1)(q, t2)w) = y® (@, (g, t1 + t2)w) =

ty
?J(q,t1+t2)w(u#t10) Z/O Q(q,t1+t2)w(s)u(8)d5

By uniqueness of g4.¢,)(q,t.)w We get that

g(q7t1)(Q7t2)w($) = g(q7t1+t2)w(s) a.s. on [Oatl] (419)

In addition, from condition 4 one gets for each (q,t + s)w € T'(suffixL) that for each
u € PC([0,s],U), v e PC([0,t+ s|,U), v = 0#u,

y(q,tJrs)w(U) = Z/é (6a (Q7 t+ S)IU) = y(b (57 (Q7 t) (q7 S)w) =
y® (Shiftv, (¢, s)w) + y* (P, (g, t)(q, s)w)

But P;v = 0 so y* (P, (q,t)(¢,s)w) = 0, and in addition Shift;o = @, therefore we
get Y(g 4w (v) = y®(Shifty (), (¢, s)w) = y(q,s)w (). That is,

S

t+s
y(q,s)w(u) = / g(q,tJrs)w(Z)U(Z)dz = /0 g(q,t+s)w(z + t)u(z)d'z
0

From uniqueness of g(q s)w We get

9(q,5)w(T) = G(g,s+0)(T +1) as (4.20)

From the equalities above we also get that we are free to change each of the maps
gs, s € T(suffixL) on some set of measure zero, so in fact we can choose the maps
gs,s € T(suffixL) is such a way that the formulas (4.17),(4.18), (4.19) and (4.20)
holds not only almost surely, but exactly on the whole domain. If these equalities
hold exactly, then g(g 1w (5) = g(g,t—5)(0). Let g ---qp € suffixL. Define Gy,..q, :
Tk — RP*™ by

Gaoqp (bt - - ti) = 9(4171‘/1)"'((11@,%)(0)
Formula (4.20) implies that G,...q, (t1 — 5, -+ ,tk) = G ti—s)(qu.tx) (0) =
G ti—s+5)-(a,te) (5) = (qi,t)(an.tr) (5). We immediately get that

ty
Y(qut)-(ant) (1) Z/O Gopoqr(tt — 8, t141, .- b )u(s)ds
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Now, notice that for each (g1,¢1) - (qx,tx) € T(suffixL), by using condition 4
repeatedly, one can derive

k

y® (u, (g t1) -~ (g ta)) = qu)(ui’ (gisti) - (qn, k)
i=1
us+ Yk itse o]
0 otherwise
That is, u; = Ui, vi = uiljos,) = (Shiftzi:}tju”[oii}' Thus we get that for each
w = (q1,t1) - (qx, tx) € T(suffixL) and u € PC(T,U)

where u; = Pti(Shiftz;-;i 1tju). That is, u;(s) =

k ti

k
w) = Zy(fh,ti)'“(qutk)(vi) = Z o Gziqk (ti — S, 'tk)ui(s)ds
i=1

=1

and

flus,w) = KL2 (bt +Z/ o o (ti— s, te)u(s)ds (4.21)

where u; = Shifty~i1 (u). We already showed that K/'® w € suffixL satisfies the
conditions 1, 2 and 3 of Definition 10. Equalities (4.17),(4.18), (4.19) and (4.20)
imply that G2 satisfies the conditions 2 and 3 too. Equation (4.21) implies that part
4 of Definition 10 is satisfied too. It is left to show that G2 can be chosen to be
analytic for each f € ® and w € suffix. Assume that w = ¢; - - - gx. Then condition
6 implies that the function hy,...u, = fg1-qu,u1-up — fq1---qu,0---0 is analytic for each
uy, - up € PC(T,U) constant functions. But

Py (t1, -+ - 1) = f(u,w) — £(0,w) = y® (u, w)

where u(t) =w; ift € (T,_1, T3], i =1,...,k, T; = Z;Zl tj. But then we get that

hu1~--uk(t17~-~7 / qu qk f, -1 tl+1,...,tk)ds)ui

For each i = 1...,k taking w; = 0,5 # [ and u; = e, = (0,0,...,1,0,...,0)T we get
that hagqq(tjs- .o te) = fy Gy qp(ty = 8:tj41,- . tp)esds is an analytic map.
But A g;...q0(0,j41,...,tk) = 0, thus

t
J d
Bt ) :/0 Dyt = 5, 1)ds

Let w(s) = Gg,.. qk(s ity oo th)es — Sh, gog (s, tJH,.. ,tr). That is, for each
t € T we get that fo w(t — s)ds = 0, or equivalently fo s)ds = 0. It implies that
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Jpw(s)ds = 0 for each Borel-set £ C [0, N], N € N. Then we get that w=0 a.s.,
that is, Gy;..q. (L tj41,. . tr)e. = %hz7qj...qk(s,tj+1,...,tk) for almost all s. For
each w € suffixL let hy = (R1 s .-, Amow). It is easy to see that h,, are analytic and

G2(ty,... stw|) = hw(ty, ... ) a.s. in t;. That is, the set
Ap(ta, .. t) ={t €T | Golt ta, .. tjw)) # holt o, . )}

is of measure zero. Thus, for any a € Ay (t2,. .., t),) there exists x, & Ay (t2, ..., tjw|),
limz,, = a. Since h,, is continuous, it implies that h,, satisfies the conditions 2, 3,
4 of Definition 10, if G® does. That is, we can take G® := h,, and the resulting
functions will satisfy the requirements for generalized kernel representation. We de-
fine the functions G® and KJ'® only for w € suffixL,v € L. But it is easy to see
that {GE, K/® | fe d,we L} is uniquely determined by {GE. K[?| fedwe
suffixL,v € L}.

It is left to show that generalized kernel representations are unique. Assume
that {K:® G2} and {K[® G2} are two different generalised kernel representa-
tions of ®. By the remark above it is enough to show that K/® = K5?® for
each w € L,f € ® and G2 = é;?, w € suffixL. There are two ways to pro-
ceed. One can use formula 4.4 to conclude that Vw € L,a € NI : DeK/® =
DO‘IN({Z"I’ = D*f(0,w,.), and Vw € suffixL,a € Nl j=1,...,mveQ*vweL:
D*G®e; = Daé?jej = D(@\'l’\’a+)yg’q)(ej,vw, .), where Q; = (0,0,...,0) € N\, 1 >0,
at = (a1 +1,a9,...,a;) for each a € N¥, k > 0. That is, we get that the high-order
derivatives at zero of K/'® and G/;® equal the respective high-order derivatives at
zero of IN{Z)’@ and éi respectively. Since KJ,® GE I?{f;qﬂ é$ are analytic, we get the
required equalities.

Alternatively, we could use the proof of existence of a generalized kernel represen-
tation. Notice that f(0,(q1,t1) - (qr, th)) = K&F g (b1, ) = K& T gu (b, 1)
for all
(q1,t1) .. (qx,tx) € T(suffixL) and f € ®. On the other hand, from the proof above
we can easily deduce that for each w € suffixL. G2 = éf} almost everywhere, that
is, 7y = G® — CNJ;IZ = 0 a.s. But r,, is analytic, and if r,, # 0, then there exists an
open set V such that Vv € V' : ry(v) # 0. But no non-empty open set is of measure

zero, so we get that r, is the constant zero function. But then G = ég’, O
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4.2 Realization Theory of Bilinear Switched Sys-

tems

This section deals with the realization theory of bilinear switched systems. First, in
Subsection 4.2.1 definition and certain elementary properties of bilinear switched sys-
tems will be presented. Then, in Subsection 4.2.2 the structure of the input/output
maps of bilinear switched systems will be discussed. Subsection 4.2.3 presents the
realization theory for bilinear switched systems for the case of arbitrary switching.
Subsection 4.2.4 deals with realization theory for the case of switching with con-

straints.

4.2.1 Bilinear Switched Systems

Recall from Section 2.4 the definition of bilinear switched systems. That is, a switched
system ¥ = (X,U,V,Q,{f, | ¢ € Q,u € U},{h, | ¢ € Q}) is called bilinear if for
each ¢ € () there exist linear mappings Aq: X — X, By : X — X, j=1,2,...,m,
Cy: X — Y such that

e Vre X, u=(ur,...,up)T €U=R™: fy(z,u) = Agz + > uiBy
e VrekX:h,=Cyx.

Recall that we agreed on using the following shorthand notation

Y= (XauvyaQ7 {(Aq7 {Bq,j}jzl,lm,mﬁoq) | q¢€ Q})

to denote bilinear switched systems. Recall from [32, 33] that the state- and output-
trajectory of a bilinear system can be expressed as infinite series of iterated integrals.
A similar representation exists for switched bilinear systems. In order to formulate
such a representation some notation has to be set up. Recall from Subsection 2.6
the notion of iterated integral Vi, ., [u](t1,...,tx) of w € PC(T,U) with respect
to wy, ..., wg.

For each ¢ € Q and w = j1 - jk, k > 0,41, - Jr € Zp, let us introduce the
following notation

Bgo = Aq, Bg,e :=1Idx, , Bgw := Bq,j. Bg,ji 1+ B,y

where Idy denotes the identity map on X'. With the notation above we can formulate

the following result.
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Proposition 13. Using the notation above, for each xg € X, uw € PC(T,U) and
s = (q1,t1) (g, tr) € (Q x T)* the state xx(xo,u,s) and the output ys(xo,u,s)
can be expressed by the following absolutely convergent series.

vy (2o, u,s) = Z (‘B‘Ik»wk "'BQ17w1x0)Vw17---7wk [ul(te, .. tk)  (4.22)
wl,...,wkeZ;‘n
ys(vo,u,8) = Z (Cax Baywy, = Baywi ©0) Vaoy ..o [u] (F1, -+, k)

W e wi €2,
Proof. To show absolute convergence of the series we will use the notion of a conver-
gent generating series defined in Section 4.2.2. Using the notation of Section 4.2.2
define the series ¢y, : [* — X by Cxo (g1, w1) - - (qrswk)) = Bgpwy, -+ Bay,wi Zo-
Then ||cg, || < ||zo| | M =1 Wil where M = max{||Bg ;|| | ¢ € Q,j € Zp,}. That is,
Cz, 1S a convergent generating series and by Lemma 20 the series
Fe, (u,s)= Z € (Bgpws ** Bay w1 20) Vavn . [U] (1, - - s tE)
Wi, Wi
is absolutely convergent, which also implies the absolute convergence of
> (CoBoy By wn ©0)Vaoy ..o [U](t1, - - 1)
Wiy wi, €%,
It is left to show that the right-hand sides of (4.22 ) equal the respective left-
hand sides. We will proceed by induction on k. If k = 1, then zx(zo,u, (q1,t))
is the state under input uw at time ¢ with initial state xg of the bilinear system

Lpt) = Agx(t) + Z;”:l(Bql ;x)u; . By classical results [32] on bilinear systems

s (20, u, (q1,1) = Y BywwoVulu](t)

weLy,
and the series ) ;. BgwzoViw[u](t) is absolutely convergent. Assume that the
statement of the proposition is true for all Kk < N. Notice that for each s =

(q1,t1) -+ (qn,tn) € (Q x T)* it holds that
5 (20, u, $(qN+1,tn+1)) = (@ (w0, Shifts-n (), 5), (41, tn+1))
Using the induction hypothesis one gets

2 (20, U, s(qN11,tNv41) = D Bayyrwoner #5(20, 4, 8) Vi, [un] (v 1)

wN+1€Z5,

= Z BCIN+1,1UN+1VMN+1 [uN](tN+1) X

wN+1€Z7,

X[ Z Bl]N,wN"'BlI1,w1x0Vw17-~7wN[u](tl""ﬂtN) ] =

W1,...,WNELH

m

= Z Bq1v+1,w1v+1 T B(J17w1$0Vw17---,wN+1 [u] (tla s ’tN-‘rl)

Wi, , WN4+1€EZY,
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where uy = Shiftzz& Lt (u). The rest of the statement of the proposition follows
easily from the fact that

yZ(-TOaU'a (qlatl) e (Qk,tk)) = quxz(anu7 (qlatl) e (Qk7tk))
U

Reachability and observability properties of bilinear switched systems can be eas-

ily derived from the formulas above.

Proposition 14. Let ¥ = (XU, VY, Q,{(A,,{B,;}i=12...m:C,) | ¢ € Q}) be a
bilinear switched system. Then the following holds.

(i) The linear span W(Xy) = Span{z € X | x € Reach(Xy,X)} of the states
reachable from Xy C X is of the following form

W(X) =
Span{By, wy - - Bgrwi %o | @, - q1 € Q. k > 0, wy, ..., w1 € Zy,, 29 € Xp}

(i) Define the observability kernel Oy, of ¥ by

Os = ﬂ qu B‘]k:wk T thwl
q15--,qk €Q,k>0,w1,...,wr €Z%,

r1,T2 € X are indistinguishable if and only if
Tl — X9 € OZ

3 is observable if and only if

Os. = {0}

Proof. Part (i)
For each Xy C X, q1,...,qx € Q define the set W, ...q, (X)) C X as

Span{zs(xo,u, (q1,t1) -+ (qr, tg)) | w € PC(T,U), t1,...,tx € T,xo € Xo}

Notice that xs(xo,u, (q1,t1) - (qk, tr)) = zs(zs (20, u, s), Shiftr, (u), (gx, tx)) where
s=(q1,t1) - (qe—1,tk—-1), Ts = Zi:ll t;. Using the fact that in the discrete mode gy,
the system ¥ behaves like a bilinear system and using the results from [32, 33] one gets
that for each fixed s = (g1,t1) - - - (qu—1,tk—1) € (@ xT)* and u € PC(]0, Zlffl t;],U)
it holds that

W, {xs(z0,u, s)}) = Span{ By, wrs(zo,u,s) | w € Z;,}
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That is,

anm,% (XO) = Span{qu,wx ‘ T € WQ1,~~‘,Qk—1(X0>7w €7, }

m

Taking into account that by [33] W, (Xp) = Span{Bg ,zo | z0 € Ay} and Span{z | z €
Reach(X, Xy) = Span{x | x € Wy, 4. (X0),q1,-..,qx € Q,k > 0}, the statement of
the proposition follows.

Part (ii)
It is easy to deduce from (4.22) of Proposition 13 that ys(z,.,.) is linear in z, that
is, ys(axy + B2, ., .) = arys(1,.,) + Bys(z2, .,.) That is, ys(z1,.,.) = ys(22,.,.) is
equivalent to ys(z1 — x2,.,.) = 0. Thus, it is enough to show that

r € Oy — yg(x,.,.):o

It is clear from Proposition 13 that 1 — 2z € Oy = ys(x1 — 22,.,.) = 0. It is
left to show that ys(z,.,.) =0 = =z € Ox. Assume that ys(z,.,.) = 0. Then
for each fixed w = (q1,t1) - (qx,tx) € (@ x T)*, u € PC(T,U), q € @ it holds
that ys(zs(x,u,w),v,(q,t)) = ys(z,u#r,v,w(gt)) = 0 for any v € PC(T,U),
where T, = E’f t;. Notice that for any xg € X the map PC(T,U) x T > (v,t) —
ys(xo,v, (q,t)) is the input-output map of the classical bilinear system %x(t) =
Az + 27:1 u;(t)(Bg,;2(t)),y(t) = Cqz(t) induced by the initial condition xy. Thus
by the classical result for bilinear systems, see [32], ys(2zxs(z, v, w),v, (g, t)) = 0,Vv €
PC(T,U) implies
ry(x,u,w) € ﬂ ker Cy By v
vEZE,

Recall from the proof of part (i) the definition of Wy, . . ({x}). Since the choice
of u and ty,...,t; are arbitrary, we get that Wy, . ({z}) C (N,cz- ker CyBg..
Using the proof of part (i) we get that Wy, ., ({z}) = Span{quywk"j~thwlx |

*

w1, ..., wg € Z¥,} which implies that

T € ﬂ ker CqBg,wBgy -+ By s

WoW 5 W ELT,

Since the choice of ¢ and ¢1,...,qx € @Q is arbitrary, we get that x € Ox. This
completes the proof of the proposition. O

Let
E1 = (Xlau7yaQ7 {(Aé7 {B;j}j:LQ,...,maO;) | q € Q})

and

Yo = (X27u7y7Q7 {(Aiv {Bg,j}j:LQ,...,man) | qc Q})
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be two bilinear switched systems. A linear map T : X; — X is called a bilinear
switched system morphism from ¥ to Yo, denoted by T : 37 — ¥, if the following
holds
1_ 42 1_ 2 1 _ p2
TA;=AT C,=C;T TB,;=B,,

By abuse of terminology T is said to be a bilinear switched system morphism from
(2, ) to (X', 4), denoted by T : (Z,p) — (X, 1), if T : ¥ — % is a bilinear
switched system morphism in the above sense and T o pu = u'. If T is a linear
isomorphisms then (X1, 1) and (X2, uo) are said to be isomorphic or algebraically
simalar.

Note that switched systems defined above can be viewed as general non-linear
systems with discrete inputs. In particular, bilinear switched systems can be viewed
as ordinary bilinear systems with particular inputs. Indeed, let @ = {q1,...,qn}
and let U = RN @ (U ® RY). Denote the standard basis of RY by e;,7 = 1,... N.
We will denote e; by e,,. Let bj,j = 1,...,m the standard basis of «. Any u € u
has a unique representation u = coUgeq + D i1 o Uigbi ® €qg,

Consider the bilinear switched system ¥ = (X, U, Y, Q, {(Aq, {Bq’j Yi=1,2,.ms Cq) |
q € Q}). Define the following bilinear system with input space U and output space
y

Salt) = a0+ Y H)(By)
qeEQ qeQ,j=1,....m

y(t) = Zaq(t)(cqx)
qeqQ

Here 7(t) € U denoted the continuous input. The bilinear system above simulates 3
in the following sense. Let w = (q1,t1) -+ (qx, tx) € (Q x T)", u € PC(T,U). Define
Upw =10 € PC(T,ZY) such that for each ¢ =0,...,k — 1 Vr € [Z;:l tj,zzill t;] -
Ugiy (T) = Litlg, ;(T) = u;(7) and ug(7) = 0,u;q(7) = 0,¢ # ¢it1. Then
ys(z,u, w) equals the output of the bilinear system above induced by @ and ini-
tial state z. Using the correspondence above, one could try to reduce the realization
problem for bilinear switched systems to the realization problem for classical bilinear
systems and use the existing results on the realization theory of bilinear systems. In
this paper we will not pursue this approach. The reason for that is the following.
First, dealing with restricted switching would require dealing with the realization
problem of bilinear systems with input constraints. The author is not aware of any
work on this topic. Second, the author thinks that using bilinear realization the-
ory would not substantially simplify the solution to realization problem for bilinear

switched systems. Notice however, that the equivalence of realization problems men-
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tioned above does explain the role of rational formal power series in realization theory
of bilinear switched systems.

4.2.2 Input-output Maps of Bilinear Switched Systems

Let ® C F(PC(T,U) x TL,Y) be a set of input-output maps defined for sequences
of discrete modes belonging to L C Q7. Let I'=Q x Zy,. Define the set

JL = {(Qhwl)"'(Qkawk) Ef* | (QI;wl)a-~-7(Qk7wk) €f7k207qlqk EL}

Define the relation R C I'* x I'* by requiring that (q,w1)(q, w2)R(q, wiws), and
(¢,€)(¢',w)R(¢,w) hold for any q € Q, (¢ ,w) € T and (g, w1), (¢, ws) € I'. Let R*
be smallest congruence relation containing R. That is, R* is the smallest relation
such that R C R*, R* is symmetric, reflexive, transitive and (v,v/) € R* implies

(wvu, wv'u) € R*, for each w,u € r*.

Definition 11 (Generating convergent series on JL). A ¢: JL — Y is called

a generating convergent series on JL if the following conditions hold.
(1) (w,v) € R*,w,v € JL = c(w) = ¢(v)

(2) There exists K, M > 0 such that for each (q1,w1) - (qx,ws) € JL and
(q1,w1) ... (qr,w) €T

lle((qrswr) -+ (g, wi))|| < KM gl

The notion of generating convergent series is an extension of the notion of con-
vergent power series from [67, 32]. If |@Q| = 1 then a generating convergent series in
the sense of Definition 11 can be viewed as a convergent formal power series in the
sense of [67, 32].

Let ¢ : JL — Y be a generating convergent series. For each u € PC(T,U) and
s =(q1,t1) - (qr,tx) € TL define the series F,(u,s) by

FC(uvs) = Z C(((hawl)"'(qk’wk))vwl ----- wk[u](t17"‘7tk)

w,..., W, €LY,

Notice that each generalised converge generating series ¢ : JL — ) determines a
abstract globally convergent generating series cqps : I — ), where I, = Q*NL, k>0
I = U;Z; I x (Z:n)k and CabS(((QD LR Qk)> (wlv cee 7wk))) - C((Qh wl) tU (Qk’wk))

It is easy to see that cups is indeed an abstract globally convergent generating
series. Indeed, for any i = q1---qx € I, k > 1 let K; = K and let M be the same as
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in Definition 11. Then for any wy,...,wy € Z7,

lleabs (i, (wi -, w)l| = lle(ar, wi) -+ (gr, wp))l| < KM Mol =
= K; MWl plwl

Thus, cqps is indeed an abstract globally convergent generating series.
Moreover, it follows that F.(u,s) = F.,, (u, ((q1,---,4x), (t1,- ., tx). Thus, Lemma
1 implies the following.

Lemma 20. Ifc: JL — Y is a convergent generating series, then for each u €
PC(T,U), s = (q1,t1) - (qx, tx) € TL the series F.(u,s) is absolutely convergent.

In fact we can define a function F, € F(PC(T,U) x TL,)) by
F.: PC(T\U) x TL 3 (u,w) — F(u,w) € Y
The map F. has some remarkable properties, listed below.

Lemma 21. Let ¢: JL — Y be a generating convergent series. Then the following
holds.

(i) For each s = (q1,t1) - (q,tx) € TL, u,v € PC(T,U)

k
(Vt e [O,Zti] cu(t) =v(t) = Fe(u,s) = F.(v,$)
1

(i) Yu € PC(T,U),w,s € (Q x T)*,|s| >0:

w(q,0)s,ws € TL = F.(u,w(q,0)s) = F.(u,ws)

(iii) Yu € PC(T,U),w,v € (Q x T)* :
r=w(q,t1)(g t2)v, p=w(g,t1+t)v € TL = F,(u,r)= F.(u,p)

(iv) Let w = (wq,0) - (wg,0),v = (v1,0) - (v1,0) € (Q x T)* and
s=(qu,t1) - (qn,tn) € (@ x T)*

ws,vs € TL = (Yu € PC(T,U) : Fe(u, ws) = F(u,vs))

Proof. Part (i) and (ii) follow from the obvious facts that V,,[u](¢) depends only on
uljo,4 and Vi, [u](0) = 0 for |w| > 0. Part (iv) follows from the fact that V,,[u](0) =0
_____ wien [W](0, ..., 0,81, ... tp) = 0if 35 € {1,... k} : |w;| >

0, and
Vw1a~-~:wk+h [u](oa LV ST ’th) = Vwk+17-~~;wk+h [u](th s ’th)
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if wgyr = -+ = wgpn = €. The proof of Part (iii) is more involved. Recall
Lemma 4. Using the lemma above and assuming that w = (q1,71) - (g, %), s =
(Gig1Tie1) - (qe ), b >0, Ty = Y020t if 2 < i, Ty = Y01t and Tpyy =
T+t +to + 232111 T; we get

Fo(u,r) = > c((qu, w1) -+ (g5, wi)(q, $)(q, 2) (@it1, Wis1) -+ (G, wk)) X

W1,...,Wk,8,2EZL%,
XV [Shiftg, (u)] (1) Va[Shift, , 4. ()] (t2) 115, Vi, [Shiftr, (u)](7;) =
= Z Z [c((qlvwl)"'(qiawi)(qvw)(qurlvwiJrl)"'(qlﬁwk)) X

wy...,w, €LY, WELY,

XITE_, V,,, [Shiftr, (u)] (7)) S Vi[Shifts, (u)](t1)Va[Shifts. ,, (u)](t)

= Z {el(qr, w1) -+ (g5, wi) (¢, w)(Gi1, wit1) -+ (g, Wi)) X

W1, W, WELY,

H;?:lvwi [Shiftr; (w)](7) } Vi [Shifts (u)](t1 +t2) = Fe(u,p)
O

It is a natural to ask whether ¢ determines F, uniquely. It is easy to see that the

function F. correspond to the function F, , by

abs

Fe(u, (qu,t1) -+ (qrs tr) = Fegyo (u, (1 -+~ qr, (t1, -+ t8)))

It implies that if ¢, d are two generalised generating convergent series, then F, = Fy
if and only if F,,, = Fg,,.. Thus, Lemma 3 implies the following

Lemma 22. Let L C Q* and let d,c: JL — Y be two convergent generating series.
If F. = Fy, then c =d.

Now we are ready to define the concept of generalised Fliess-series representation

of a set of input/output maps.

Definition 12 (Generalised Fliess-series expansion). The set of input-output
maps ® C F(PC(T,U)xTL,Y) is said to admit a generalised Fliess-series expansion
if for each f € ® there exist a generating convergent series cy : JL — Y such that

F., =f.

Notice that if ® has a generalised kernel representation with constraint L, then
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® has a generalised Fliess-series expansion given as follows. For each f € @, let

cr((qrywr) -+ (g, wi)) =
Dlwellerl K52 iy, wy € {0}
Dlwlenled 1GES e; if 1 = min{z | |w.| > 0}, wy, ..., w1 € {0},
w; = vj,v € {0}*,j € Zy, \ {0}
0 otherwise

From Lemma 22 we immediately get the following corollary.

Corollary 13. Any ® C F(PC(T,U)xTL,Y) admits at most one generalised kernel

representation with constraint L.

The following proposition gives a description of the Fliess-series expansion of &

in the case when @ is realized by a bilinear switched system.

Proposition 15. (2, i) is a bilinear switched system realization of ® with constraint
L if and only if ® has a generalised Fliess-series expansion such that for each f €

D, (q1,w1) - (qx,wr) € JL

Cf((‘]h wl) T (Qka wk)) = ququ,wk " 'Bql,wlﬂ(f) (423)

Proof. If (X, 1) is a realization of ®, then by Proposition 13 for each f € &, w =
(q1.t1) - (g, t) € TL, u € PC(T,U)

f(uvw) = yz(ﬂ(f)ﬂhw) =
= Z CQkBQkywk -..BQI,'LUIleww,wk[u}(t17'"7tk)

W1 ,..., W €LY,

That is, ® admits a generalised Fliess-series expansion of the form given in (4.23).
Conversely, if ® admits a generalised Fliess-series expansion of the form (4.23), then

using Proposition 13 one gets

flu, (qu.t1) - (qu- tr)) =
= Y epllawy) (@ W)V o [W](tr - 1) =

W1 ,..., W, ELY,

= Z qucBQk,wk ”'Bql,w1/~L(f)Vw1 ,,,,, W [u](tlv"'vtk) =

w1 ,..., WL ELY,

=ys(u(f),u, (q,t1) - (g, )

That is, (X, 1) is a realization of ® with constraint L. O
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4.2.3 Realization Theory of Bilinear Switched Systems: Ar-
bitrary Switching

In this section realization theory for bilinear switched systems will be developed.
We start with the case when the input/output maps are defined for all switching
sequences. Let ® C F(PC(T,U) x (Q x T)*,Y) be a set of input/output maps and
assume that ® has a generalised Fliess-series expansion. As in the case of linear
switched systems, we will associate with ® an indexed set of formal power series V.
It turns out that every representation of V¢ determines a realization of ® and vice
versa. We will be able to use the theory of formal power series to derive the results
on realization theory.
Recall that ' = Q x Z¥,. Let ' ={(q,j) | g € Q,j € Zp,}. Define ¢ : [ T by

QS((Qaw)) = (Qajl)"'(qvjk)a QS((QvE)) =€

where w = j1 -+ jr € Z%,, j1,---33k € Zm,k > 0. The map ¢ determines a monoid
morphisms ¢ : R given by

¢((q17w1) U (Qk,wk)) = d)((qlawl)) U ¢((qk7 wk))

for each (g1, w1),..., (qk, wr) € f, k > 0. It is also clear that any element of I" can be

thought of as an element of 1:7 i.e. we can define the monoid morphism i : I'* — r* by

1(6) = € and Z((qla.]l) e (qk:ajk))) = ((h,jl) T (qk:ajk))a (QIajl)a ey (qk7.]k) el g f
It is also easy to see that ¢(i(w)) = w,Vw € T* and w(q, €)R*i(d(w))(q,¢€), ¢ € Q.
For each f € ®,q € Q define the formal power series Sy, € RP < I'* > as follows

Sra(s) = cs(i(s)(g,€)) , Vs € T

It is easy to see that in fact cy(v(q,€)) = Syq(0(v)) = c(i(p(v))(g,€)), since
(v(g,€),i(p(v))(q,€)) € R*. Assume that Q = {q1,...,qn}. Define the formal power
series S5 € RNP < T'* > by
Sta
Sf _ Sf’,QQ
va‘IN

Define the set of formal power series Wg associated with ® as follows
Vg = {S; e RN? < T* | f € 0}

Define the Hankel-matriz He of ® as the Hankel-matrix of Ug. ie. Hp = Hy,.
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Let ¥ = (X, U, Y, Q,{(A,;,{B, ;}i=1,2....m,C,) | ¢ € Q}) be a bilinear switched
system. Define the representation Ry, associated with the realization (X, 1) of ® by

Ry, = (X, {B.) }t@q.jer 1, C)

where B ;) = Byj X - X, q€Q,j=1,....m, Bjo=A4,: X - X, qe€Q,
C‘h
~ Cys N
C=| | X—=RN and Iy =pu(f) e X, fed.
CQN "
Let R = (X,{M(q,j)}(q,j)er,I,C) be a representation of Wg. Define the realiza-
tion (X g, ur) associated with R by

ER = (X7u7yaQ7 {(Aqa {Bq,j}j:1,2,..‘,m7cq) | qe Q})
where pur(f) = Iy € X, f € ®, Byj = My, X = X, ¢ € Q,j =1,...,m,
Ay = Mo : & — X,q € Q and the maps Cy : & — ), ¢ € Q are such that
C!h
C = : |. It is easy to see that Ry, ., = R. It turns out that there is a close
C

aN
connection between realizations of ® and representations of Wg.

Proposition 16. Assume that ® admits a generalised Fliess-series expansion. Then,
(a) (Z,p) realization of ® if and only if Rx , is a representation of Yg, (b) Con-

versely, R is a representation of Ve if and only if (Xg, pur) is a realization of ®.

Proof. Tt is enough prove Part (a). Part (b) follows from Part (a) by using the equality
Ry, ur = R. Assume tllat Y= (XU Y,Q,{(Ay{B, ;}i=12...m:Cy) | ¢ € Q}).
Notice that the map ¢ : I'* — I'* is surjective and for each wy,...,wy € Z,, it holds
that

By wywn = B Bowi_y » Bgwn = Blgwy) = Blagwn) = Bo(gws-wi)

Then it is easy to see that Ry, is a representation of V¢ if and only if for all

(Qhwl)v ceey (Qk,wk) S f

cr((qr,wi) -+ (qr, wi)) = ¢ ((qr, w1) -+ (g, wr) (qr» €)) =
= Sp,a.(0((q1,w1)) - d((aw, wk))) = Co. Bo((qr,w1)) *** Bo((ar,wn)) L1 =
= Co Bgywy, *** Bayw, u(f)

But by Proposition 15 this is exactly equivalent to (X, i) being a realization of . O
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From the discussion above using Theorem 1 one gets the following characterisation
of realizability.

Theorem 17. Let ® C F(PC(T,U) x (Q x T)*,Y). The following are equivalent
(i) ® has a realization by a bilinear switched system
(i) ® has a generalised Fliess-series expansion and Ve is rational

(iii) ® has a generalised Fliess-series expansion and rank Hg < +00

Proof. First we show that (i) <= (ii). By Proposition 15 if (3, u) a bilinear switched
system realization of ®, then ® has a generalised Fliess-series expansion. From
Proposition 16 we also get that Ry , is a representation of Vg, i.e. Wg is rational.
Conversely, if ® has a generalised Fliess-series expansion and R is a representation
of Ug, then from Proposition 16 it follows that (Xg, ur) is a realization of ®. Since
by Theorem 1 U4 is rational if and only if rank Hg, = rank He < +00, we get that

ii) and (iii) are equivalent. O
(i) q

The next step will be to characterise bilinear switched systems which are min-
imal realizations of ®. In order to accomplish this task, we need to the following

characterisation of observability and semi-reachability of bilinear switched systems.

Lemma 23. Let X be a bilinear switched system. Assume that (X, 1) is a realization
of ®. Let R = Rx,,,. (X,u) is observable if and only if R is observable. (X, ) is
semi-reachable from Im p if and only if R is reachable.

Proof. Notice that By, = By((q,w)) and for each (qi,w1),...,(qr,wx) €T

ker OBy ((gyw1)) *+ Bo((an.wn)) = ﬂ ker Cg By, w, +~ By,
qeQ
Notice that Imp = {u(f) | f € ®} = {I; | f € ®}. Then it follows from Proposition
14 that Oy = O and Wi = Span{z | * € Reach(X,Imp)}. Then the lemma
follows from Proposition 14 and the definition of observability and reachability for

representations. O

It is also easy to see that dim¥ = dim Ry, and dimnR = dim¥g. In fact,
Proposition 16 implies the following.

Lemma 24. If R is a minimal representation of Ve then (Xgr,ur) is a minimal
realization of ®. Conversely, if (3, 1) is a minimal realization of ®, then Ry, is a

minimal representation of Ue.
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The following lemma clarifies the relationship between representation morphisms

and bilinear switched system morphisms.

Lemma 25. T : (X,u) — (X', 1)) is a bilinear switched system morphism if and
only if T : Ry, — (E',u') is a representation morphism. Moreover, T is injective,
surjective, an isomorphism as a bilinear switched system morphism if and only if T

18 injective, surjective, an tsomorphism as a representation morphism.

Proof. T is a bilinear switched system morphism if and only if

’

TA; = A:;T Cq = C(;T TBy; = B:],jT Tu(f) = w(f)

foreach g € Q,j =1,2...,m and f € ®. This is equivalent to T'B(, ;) = Béq j)T for
each j € Z,,, TI; =Tu(f) = w (f) = I} and
Ca (€, T)
C=1|:|= : =C'T
That is, T is a representation morphism. O

Using the theory of rational formal power series presented in Section 3.1 we get

the following.

Theorem 18. Let ® C F(PC(T,U) x (Q x T)*,Y). The following are equivalent
(i) (Zpnin, hmin) 18 a minimal realization of ® by a bilinear switched system
(i) (Zimins, min) is semi-reachable from Impy and it is observable

(#ii) dim X3, = rank Hg

(iv) For any bilinear switched system realization (X%, 1) of ®, such that (X, p) is
semi-reachable from Imy, there exist a surjective homomorphism T : (X, u) —
(Zimin, bmin)- In particular, all minimal realizations of ® by bilinear switched

systems are algebraically similar.

Proof. (Xmin, fmin) is a minimal realization if and only if that Ry, = Rx.,... pimin 1
minimal representation, that is, by Theorem 2 R,,;, is reachable and observable. By
Lemma 23 the latter is equivalent to (3,in, thmin) being semi-reachable from Im p
and observable. That is, we get that (i) <= (i7). By Theorem 2 a representa-
tion Ry is minimal if and only if dim ¥,,,;, = dim R,,;, = rank He, = rank Hs.
That is, we showed that (i) <= (iii). To show that (i) <= (iv), notice that
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(Xmin, lmin) is @ minimal realization if and only if Ry, . ..., is a minimal represen-
tation. By Theorem 2 R,,;, is minimal if and only if for any reachable representation
R there exists a surjective representation morphism 7" : R — R,,;,. It means that
(Xmins min) is minimal if and only if for any reachable representation R of ¥4 there

exists a surjective representation morphism 7 : R — Ry But any reachable

minsHmin *
representation R gives rise to a semi-reachable realization of ® and vice versa. That
is, we get that (X,,in, bmin) is minimal if and only if for any realization (E/,ul) of
® such that (E/, ,u/) is semi-reachable from Imyu there exists a surjective represen-

tation morphism 7" : Ry » — Ry By Lemma 25 we get that the latter is

minsHmin*
equivalent to T : (Z/ , ,u/) — (Zmin, min) being a surjective bilinear switched system
morphism. From Corollary 1 it follows that if (Zl, ul) is a minimal realization of
which

means that (X,,in, hmin) 1S gives rise to the bilinear switched system isomorphism

®, then there exists a representation isomorphism T' : Ryr v — Ryx,0 umin
T : (Z/,;/) — (Zmin, fmin), that is, (Z/,;/) and (Z;in, min) are algebraically
similar. O

4.2.4 Realization Theory of Bilinear Switched Systems: Con-
strained switching

The case of restricted switching is slightly more involved. As in the case of arbitrary
switching, we will associate a set Ug of formal power series over I' with the set of
input-output maps ® C F(PC(T,U) x TL,Y). Every representation of ¥4 gives
rise to a realization of ®. If L is a regular language, then existence of a realization
of ® implies existence of a representation of Wg. However, the dimension of the
minimal representation of ¢ might be bigger than the dimension of a realization of
®. Any minimal representation of Ug gives rise to an observable and semi-reachable
realization of ®. But this observable and semi-reachable realization need not be a
minimal one. Extraction of the right information from ® and the construction of Vg
is much more involved in the case of restricted switching than in the case of arbitrary
switching.

Recall the definition of the relation R* C [* x T* from Subsection 4.2.2. Define
the set ﬁ - r* by

JL={sel*|3we JL: (w,s) € R*}

In fact, JL contains all those sequences in I'* for which we can derive some infor-
mation based on the values of a convergent generating series for sequences from JL.
More precisely, if ¢ : JL — ) is a generating convergent sequence, then ¢ can be

extended to a generating convergent series ¢ : JL — ) by defining ¢(s) = c(w)
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for each s € JL,w € JL,(s,w) € R*. It is clear that for any s € JL there ex-
ists a w € JL such that (s,w) € R* and if (s,w),(s,v) € R*, w,v € JL, then
c(w) = c(v) = ¢(s), since ¢ was assumed to be a generating convergent series. If
(s,z) € R*, then ¢(s) = ¢(x). Moreover, if (s,w) € R* and s = (21, 1) - - - (21, 21) and
w = (q1,v1) - - - (qk, Vi), then from the definition of R it follows that Z’f lv;| = le |z,
that is, |[a(s)]| = ||c(w)|] < KMl .. plvel = K20l = KM 23 lel | That is,
¢:JL — Y is indeed a generating convergent series. Moreover, on JL the sequence
¢ coincides with ¢, that is, if w € JL, then ¢(w) = c¢(w). By abuse of notation, we
will denote ¢ simply by c¢ in the sequel.

For each ¢ € @ define JL, = {v(q,w) € JL |ve r*, (q,w) € f} Let L, = {w €
I'* | 3v € JL, : ¢(v) = w}. Notice that

we L, < i(w)(q,e) € JL,

Indeed, if i(w) (g, €) € JLg, then ¢(i(w)(q,€)) = ¢(i(w)) = w € Ly. Conversely, if w €
L, then w = ¢(v) for some v € JL,. But then v = u(g, ) and (u(q, z)(q, €), u(g, ze) =
v) € R* and (v(q, €),i(w)(q,€)) € R* which implies (v,i(w)(q,€)) € R*. Since v € JL,
we know that i(w)(q,¢€) € JL, that is, i(w)(q,€) € JLy.

Let ® C F(PC(T,U)xTL,Y) be a set of input/output maps defined on sequences
of discrete modes belonging to L. Assume ® admits a generalised Fliess-series ex-
pansion. For each ¢ € ), f € ® define the formal power series Ty, € R? < I'" >
by

T o(s) = { cr(i(s)(q.€)) if s € L

0 otherwise

Notice that for each s € L, there exists a w = u(g,v) € JL such hat T ,(s) = cp(w).
Indeed, s € L, implies that there exists a w = (q1,z1) - (¢, %1)(¢, z141) € JL
such that (w,i(s)(g,€)) € R*. Thus Ty 4(s) = cs(i(s)(¢,€)) = cy(w). The intuition
behind the definition of T 4 is the following. We store in Ty, the values of all those
¢s(s) which show up in the generalised Fliess-series expansion of f(u,w), for some
switching sequence w € T'L such that w ends with discrete mode ¢g. For all the other
sequences from I'* we set the value of T 4 to zero.
Assume that Q = {q1,...,qn}. Define the formal power series Ty € RV? < T'* >
by
Tf.q,
T, = Tquz

Ty

sdN
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Define the set of formal power series Wg associated with ® as follows
Uy = {Ty e RV?P < T* | f € ®}

Define the Hankel-matriz He of ® as the Hankel-matrix of g, that is, He = Hy,,.
For each ¢ € @ define the formal power series Z, € RP <« I'* > by Z,(w) =
{ 1,1,....0)7 ifwel,

T Let ZeRYP < T > be
0 otherwise

and let 2 be the indexed set {Z | f € ®},ie Q: ® — RY? < I'* > and Q(f) =
Z, f € ®. With the notation above, the following holds.

Lemma 26. Let ¥ = (X,U,Y,Q,{(A,,{B,;}i=1,2,...m,»Cy) | ¢ € Q}) be a bilinear
switched system. Assume that (X, p) is a realization of ® and ® admits a generalised
Fliess-series expansion. Let ® = {ys(u(f),.,.) € F(PC(T,U) x (Q x T)", V)| f €
O} and let \I/;I) be the set of formal power series associated with ' as defined in
Subsection 4.2.3. That is, g = {S; € RN? < I'>>| g € ®'}. Let S¢ = Syy(u(s)..)
and let © = {Sy | f € ®}. Then the following holds

Up =000

Proof. Define 1 : ® — X by u,(yg(u(f),.,.)) = u(f). Since (X, u) is a realiza-
tion of @, if for some f1, fo € @ it holds that ys(u(f1),.,.) = ys(u(f2),.,.), then
fi= yE(Mgfl)wv'”PC(T,u)xTL = yZ(ﬂ(fZ)?'a'”PC(T,Z/{)XTIL = fa. Th/at is, f1 = f2/
and thus p is well-defined. It is also easy to see that (3, u ) realizes @ , therefore ®
has a generalised Fliess-series expansion. For each f € ®, denote by cy : JL — Y the
generating convergent series corresponding to f, i.e. F., = f. Denote by dy : r* — Yy
the series corresponding to ys(u(f),.,.), i.e. Fa; = ys(u(f),.,.). By Proposition
15 (X, u) is a realization of ® with constraint L, if and only if Vw(q,v) € JL :
ci(w(q,v)) = CqBqvBywyi(f). Here we used the fact that if w = (g1, 21) - - - (g, 21),
then By, ., -+ Bq, -, = Bgw). But (2, 4) realizes ®', so by Proposition 15 it
holds that Vs(q,z) € JL : ds(s(g,x)) = Cqu@Bd)(s),u'(yg(p(f), .,.)). Notice that
if (s(q,7),w(q,v)) € R*, then ¢(s(q,x)) = #(w(q,v)), and therefore B, ,By,) =
Bytu(g.) = Batstaw)) = BaaBu(s)- Notice that u(f) = ' (ys(u(f). ). Thus for
each s(q,z) € JL, w(q,v) € JL we get that cs(s(q,x)) = cp(w(q,v)) = ds(s(g, z)).
Thus, for each ¢ € Q, f € ®, s € L, we get that Ty 4(s) = cf(i(s)(g,€)) =
ds(i(s)(q,€)) = Sgq(s). Notice that for each s ¢ Ly, Ty q(s) = 0 and Z4(s) = 0
That is, T4 = Syq © Z, and therefore Ty = Sy © Z. O
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If L is regular, then € turns out to be a rational indexed set.

Lemma 27. If L is reqular, then Lq,q € @ are reqular languages and 2 is a rational

indexed set of formal power series.

Proof. It is enough to show that if L is a regular language, then L, ¢ € Q are regu-
lar languages. Indeed, if L4, ¢ € @ are regular, then {equ},q €Q,j=1,...,p are

rational sets of formal powers series, since e] Z,(w) =1 <= w € L,. Therefore,

{z=1zL - ZqTN}T} is a rational set, therefore {2 is a rational indexed set of
formal power series by Lemma 5. Define prg : I'* — Q* by pro((¢1,71) - - - (ks k) =
1 - - Recall from Subsection 7.1.2 the definition of the sets F,,(w) and L. Lemma
19 says that if L is regular, then Eq is regular. We shall prove that L, = prél(zq).
From this equality it follows that if L, is regular, then L, is regular. Indeed, prq is
a monoid morphism, and therefore can be realized by a regular transducer see [17].
Then the regularity of L, follows from the classical result on regular transducers.
Alternatively, if A = (5,Q,J, F) is a finite automaton accepting Eq, then the deter-
ministic finite automaton A = (S, T, 5, F) defined by 5/(8, (¢,7)) = 6(s,9),(q,7) €
I',s € S accepts L.

We now proceed with the proof of the equality L, = prél(zq). First we show
that L, C prél(zq). If v = (q1,71) -~ (@, Ji) € Lg, then there exists w(q,z) € JLg,
such that ¢(w(q,p)) =v. Let w = (z1,m1) - (2, mg). Then z1---2zpqg € L. Let | =

min{j | |m;| > 0}. Let s = z1--- 21, = z;--- 2. From ¢(w(q, z)) = v it follows

that 2z, = a1 = " = Qimy|> Zi+l = Qm|+1 = " = Qm, ) for i = l7l + 1,"'ak_ L,
k .

Qmpl+1 = -G = ¢, and |p| + >, |m;| = t. That is, we get that ¢ ---q;q =

zl‘mllu'z]lﬁm’“‘q‘p‘q and sxq = z1---2kq € L, that is, (s, ((Jmal,...,|mk|,|p|),z) €

Fy(q-- ~gt), ie. qi--q = pro((qu,d1) - (@, Ji)) € Zq. That is, Ly C prél(zq).
Let w € Ly and let (u, (o, h)) € Fy(w). Assume that u = q1...qp, and h = 21 - - - 2,

Qs Quly 215 - - - 26 € Q. Since w = 27" - -+ 2%, we get that v € prél(w) if and only
ifv=wv1- vk, vi = (2, J1.0) (20, Jos i) €T, |vil = @iy Jijg € Ziyi=1,... 05,5 =
L. k. Let ji = jiijoi-Jasir 8 = (q1,€) - (qup, €)(21,51) -+ (2k,Jk). Since

ww € L, we have that s € JL and z;, = ¢ implies that s € JL,. But ¢(s) =
#((21,71) - -~ (@(2k, Jr)) = v1---vp € Lg. That is, prél(fq) C L, and consequently
Ly = prél(Lq). O

Let R = (X,{M,}.er,I,C) be a representation of Wg. Define the bilinear
switched system realization (X, pr) associated with R as in Section 4.2.3. That
is,

Lr=(XUV,QA(A {By}i=12..m,C,) | ¢ € Q}) and pr(f) = Iy
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Clh
where Cy : X — Y, ¢ € @Q are such that C = © |y Bej = M), Aq = Mg,0),
C

qN

g€ Q,j=1,...,m. It is easy to see that (X g, ur) is semi-reachable (observable) if
and only if R is reachable (observable).
Recall from Subsection 4.1.4 the definition of comp(L):

Comp(L) = {wl W € Q* | ka = ®7w17"'7wk € Q}
The following statement is an easy consequence of Proposition 15.

Theorem 19. If ® has a generalised Fliess-series expansion with constraint L and
R = (X, {B.}.er,I,C) is a representation of Vg, then (Sg,ug) is a realization of
®. That is, if Vg is rational, then ® has a realization by a bilinear switched system.
Moreover, for each f € ®, w € T'(comp(L))

Yu € PC(T,U) : ys(p(f), u,w) =0
Proof. Let (X g, ur) the realization associated with R. Assume that

Yp= (XauvyaQa {(Aq7 {Bq,j}j:1,2w-7m’0q) | qc Q})

Since R is a representation of Wg, we get that for each (g1, w1)--- (qk,wx) € JL,
feod

cr((quwi) - (g wi)) = Thq (¢((q1,w01) - - (qr, wr))) =
= Cou Bs((ar,wn) " Bo((ar,w) I = Can Bapwy, =+ Bayw i(f) - (4.24)

We used the definition of (¥g, ur) and the fact that By j,)...(q.5) = Be((g.j1--j0)) for
each ¢ € Q,j1,...,Ji € Zp,. From Proposition 15 we get that (4.24) implies that
(Xg, pr) is a realization of ®.

Let w = (q1,t1) - (qx,tx) € T(comp(L)), that is, Eqk = (. Then for each
s = (q1,w1) - (qx, wy) € T* we get that Ty, (¢(s)) = 0, since ¢(s) & L, . Indeed,
qu = ) and from the proof of Lemma 27 we know that L, = prél(zq). If ¢(s) € Lg,,
then we get that prg(¢(s)) € L, = 0, a contradiction. But g = ys(p(f),.,.)
has a generalised Fliess-series expansion, and from Proposition 15 it follows that
co((qr,w1) - (qrswi)) = CopBgpws = Baywi (f). Since R is a representation of
Vg, we also get that Cy, By, w, = Barwn M(f) = Co. Bo((gr,we)) " Bo((qr,wn s =
Tt (0((q1,w1) - d(qr, wr)) = 0. That is, if ¢1---qx € comp(L), then for each
wi, ..., w, € Z% it holds that

cg((q1,w1) - (qr,wi)) =0
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Then the definition of F,, implies that F,, = g = 0 for each ¢ --- qr € T(comp(L)).
O

We see that rationality of Ug, i.e. the condition that rank Hg < 400, is a
sufficient condition for realisability of ®. It turns out that if L is regular, this is also
a necessary condition. From the discussion above, Lemma 26 and Lemma 6 one gets

the following.

Theorem 20. Assume that L is regular. Then the following are equivalent.
(i) ® has a realization by a bilinear switched system
(i) ® has a generalised Fliess-series expansion and rank He < +00

(iii) There exists a realization of ® by a bilinear switched system (X, u) such that ¥

is observable and semi-reachable from Imy and

Vf €ED: yz(ﬂ(f)a R ')|PC(T,M)><T(compl(L)) =0 (425)
and for any (Z/,ul) bilinear switched system realization of ®

dim ¥ < rank Hg - dim Y’ (4.26)

Proof. (1) <+ (ii)
By Lemma 26, if (X, 1) is a realization of ®, then ® has a generalised Fliess-series
expansion and ¥g = © © Q. Since (2, p) is a realization of ® = {ys(u(f),.,.) | f €
®} we get that Wy is rational. Define the map ® 3 f — i(f) = ys(u(f),.,) € @
Since © = {S;(s) | f € ®}, Lemma 8 implies that © is rational. Since L is regular,
by Lemma 27 (Q is rational, therefore by Lemma 6 ¥g = © ©® Q is rational, that is,
rank He < 400. Conversely, if & admits a generalised Fliess-series expansion and
rank He < +00, i.e. Ug is rational, then there exists a representation R of ¥g and
by Theorem 19 (Xg, ir) is a realization of ®

(i1) <= (iii)
It is clear that (iii) implies (i), which implies (ii). We will show that (ii) implies (iii).
Assume that ¢ admits a generalised Fliess-series expansion and V¢ is rational. Let R
be the minimal representation of 4. Then (Xg, ugr) is a realization of ®, moreover

3 g is observable and semi-reachable from Imy. From Theorem 19 it follows that

yE(MR(f)7 - ')|PC(T,Z/I)><T(comp(L)) =0

Let (E/,,u/) be a realization of ®. Then R = Ry, is a representation of U4/,
where ® = {ys (' (f),.,.) | f € ®}. From Lemma 26 we know that ¥g = © ® €,
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where © = {Syzl W (F)rry | [ € @} Assume that R = (X' ,{B.}.cr,I,C"). Then
R = (X,,{B;}Zep,f,c/), where ff = Iyzl(#r(
But R is a minimal representation of Wg, therefore dim R = dim¥r = rank Hy,.
From Lemma 6 it follows that rank Hy, = rank Hepq < (rank Hg)(rank Hg).

Since dim ¥ = dim R* = dim R > rank Hg, we get that

o) f € ®, is a representation of ©.

dim X < rank Hg - dim ¥’

Taking (Xg, ugr) for (3, u) completes the proof. O

The following example demonstrates existence of a semi-reachable and observable
realization of ®, which is non-minimal.

Example
Let Q = {1,2}, L = {q¥q2 | k > 0}, ¥ = U = R. Define the generating series
c:JL - R by ¢((q1,w1)(go, w2)) = 2%, where wy = 0902y - - - 09, k = Eé:ojl) zi €
{1}*,i=1,...,1. Let & = {F.}. Define the system X1 = (R,R,R, @, {(A44, B41Cy) |
ge€{q,q}}) by Ay, =1,Bg, 1 :Nl,gql =1land Ay, =2,By,1 =1,Cy, = 1. Define
the system 35 = (R%, R, R, Q, {(A4, By1,
Cy) | g € Q}) by

1 0 ~ 1 0 ~
A, = 0 0 By1= quz[o 0}

00
~ fo o] = 0 o] =
AQ2: 9 9 qul: 1 1 CQQ:{I 1}

Let u; : F. — 1 and up : F. — (1,007 € R%. Both (¥1,1) and (Xa, u2) are
semi-reachable from Imy; and Impus respectively and they are observable, therefore
they are the minimal realizations of ys, (1,.,.) and ys,((1,0)T,.,.). Moreover, it is
easy to see that (3;, u;),7 = 1,2 are both realizations of ® with constraint L. Yet,
dim 31 = 1 and dim s = 2. In fact, X5 can be obtained by constructing the minimal
representation of We, i.e., Yo is a realization of F, satisfying part (iii) of Theorem
20.
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Chapter 5

Reachability of Linear
Switched Systems

This chapter deals with the reachability and the structure of the reachable set of
linear switched systems. The issue of reachability for linear switched systems has
been addressed in a number of papers, see [69, 86]. An exhaustive study of the
reachability of linear switched systems is presented in [69]. On the level of results
the current chapter doesn’t offer anything more than [69]. The novelty lies in the
methods which are used to prove these results. Namely, the current chapter uses
techniques from differential geometric theory of nonlinear systems theory to derive the
structure of the reachable set. The main tool is the theory of orbits, developed by H.
Sussmann in [71], and realization theory for nonlinear systems by B. Jakubczyk [34].
The theory of orbits allows one to compute the structure of the set of states which
are weakly reachable, i.e. reachable in positive or negative time from zero. This, in
turn, allows the application of the classical nonlinear conditions for accessibility to
the system restricted to the set of the weakly reachable states. Accessibility of the
restricted system and the linear structure of the weakly reachable set makes it easy
to determine the structure of the reachable set.

In the author’s opinion, the proof presented in this chapter is more conceptual
and it makes the connection between the classical systems theory and the theory of
hybrid systems more transparent. The author also hopes that the methods employed
in the chapter can be extended to more general classes of hybrid systems.

The outline of the chapter is the following. Section 5.1 gives the precise mathe-
matical formulation of concepts and problems which are dealt with in this chapter.

Some elementary properties of switched systems are also presented in Section 5.1.
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This section also contains the statement of the main result. Section 5.2 contains the
results from classical nonlinear systems theory, which are needed for the proof of the
main result. Section 5.3 contains the proof main result of the chapter, the structure
of the reachable set of linear switched systems. The chapter contains most of the
results on nonlinear systems theory and differential geometry needed to derive the
main results. Nevertheless some basic knowledge of these subjects is necessary to
follow all the details. Good references on these topics are [78, 5].

Note that using the results of [60] could also be a potentially useful approach to
determining the structure of the reachable set of linear switched systems. In fact,
using those results might even lead to a less involved proof. In this chapter we will
not pursue this approach. Note, however, that our discussion on the role of second
countability in application of Jakubczyk’s realization theorem was inspired by similar

results in [60]

5.1 Preliminaries

This sections some elementary properties of switched systems. At the end of the
section the main theorem of the chapter is formulated. Recall from Chapter 4, Section
4.1 the definition and basic properties of linear switched systems. Throughout this
chapter we will study linear switched systems with the the fixed initial state 0. In
particular, we will be interested in the set of reachable states from the initial state 0.
In order to simplify notation, we will denote by Reach(X) the set of states reachable
from 0, i.e. Reach(¥) = Reach(X,{0}). As a further simplification, we will denote
the state-trajectory map zy simply by  whenever it doesn’t create confusion. That
is, the expression x(zg,u,w) simply denotes zx (o, u, w).

Denote by PClonst(T,U) the set of piecewise-constant input functions. A function
u(.) : T — U is called piecewise-constant if for each [tg,tx] C T there exist o < t; <
<o» < tp_1 <t such that u|[ti7ti+1] is constant for all i = 0...k — 1. It is well-known
that for each u(.) € PC(T,U) there exists a sequence up(.) € PCeonst(T,U),n € N
such that lim,, 4o w,(.) = u(.) in ||.||; norm. More precisely, for each S € T, S > 0,
limy, — 4 o0 Unlj0,5) = ulj0,5) if both uy|[,s) and g are viewed as elements of the
space L1([0,S],U) of integrable measurable functions and the limit is taken in the
usual topology ( the topology induced by the norm ||.||; ) of this space. Given a
switched system X, by continuity of solutions of differential equations on inputs, see
[26], we get that

Ve e X :Vw € (Q x T)*,Vu(.) € PC(T,U),Yuy(.) € PCeonst(T,U) :

lim u,() =u(.)in||.|i = lim z(z,u,(.),w) = z(z,u(.),w) point-wise (5.1)
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CHAPTER 5. REACHABILITY OF LINEAR SWITCHED SYSTEMS

The set of states reachable by piecewise-constant input is defined as
Reacheonst(X) = {x(0,u,w) € X |w e (Q x T)*,u(.) € PCeonst(T,U)}
From (5.1) one gets immediately following proposition

Proposition 17. Given a switched system X, the set of states reachable by piecewise-

constant input is dense in the set Reach(¥), i.e.
Cl(Reachconst (X)) = Reach(X)

For any u € PC(T,U), w,v € (Q x T)* it holds that =(0,u,w(q,t)(¢,t )v) =
2(0,u, w(q,t +1t )v). Define R C (Q x T)* x (Q x T)* by w(q,t)(q,t YvRw(q,t +t v
and let R* be the smallest equivalence relation containing R.

Proposition 18. For any u € PCronst(T,U) and w € (Q x T)* there exists w =
(q1,t1) -~ (qk,tk),w/R*w such that Vi = 1,2,...,k the function u'[Zi_ltj,ZX 4] is a
constant.

It is clear that for any w = (qi,t1)(q2,t2) - (qr,tk) € (@ x T)* the value
x(zo,u(.), w) depends on u(‘)|[072’fti)' Proposition 17 and Proposition 18 imply
that without loss of generality it is enough to consider pairs (w,u) where w =
(q1,t1) -+ (gr, tn) € (@ x T)* and w € PC((0, 25 t:],U), ulpsmir sy ) = s € U for
i=12,... k.

In the sequel we will use the following abuse of notation. For each x € X, u € U*,
w € Q* and T € T* such that |t| = |w| = |u| we define

z(z,u,w, ) = x(x, 4, (wy,t1)(wa, ta) - - (Wi, tg))

where ﬂ|[zj—1tv S = U forj =1,2,...,k and ﬂhszt +oo) 18 arbitrary. x(zo, .-, -)
1 Qs 1t is

will be considered as function with its domain in (U x @ x T)* or equivalently in

{(u,w, 7) eU* x Q* X T* | |u| = |w| = |7]}. It is easy to see that

Reachconst(2) = {z(zo, u,w,7) | (u,w,7) € U x Q x T)*}
The main result of the chapter is the following.

Theorem 21. Consider a switched linear system

L= (XU Y,Q,{(A; By Cp) 1 g € Q}).
(a)

Reach(X) = {AJ' A2 -~ Al Bou | q1,q2, - - qr, 2 € Q. 1, Jo, - - ik > O,u €U}
(b) There exists a switching sequence w € (Q x T)* such that

Reach(X) = {z(0,u,w) | u € PC(T,U)}
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5.2 Preliminaries on Nonlinear Systems Theory

Below the results of [71, 34, 78] will be reviewed. Basic knowledge of differential
geometry is assumed. For references see [5]. In the sequel, unless stated other-
wise, by manifold we mean a smooth finite-dimensional manifold, i.e. a topological
space,which is a Hausdorff space, second countable and locally homeomorphic to open
subsets of R”, and is endowed with a smooth (analytic) differentiable structure. Let
M be a manifold. Then for each x € M the tangent space of M at x will be denoted
by T, M, the tangent bundle of M will be denoted by TM = |JT, M. Let X be a
vector field of M. Then X*(z) denotes the flow of X passing through the point z
at time t. The mapping D : M — 27M is called a distribution if for each z € M
, D(x) is a subspace of T, M. A sub-manifold N of M is an integral sub-manifold
of the distribution D if for each € N it holds that D(z) = T, N. A sub-manifold
N of M is called the maximal integral sub-manifold of D if N is connected, it is an
integral sub-manifold of D and for each N " connected integral sub-manifold of D it
holds that (N' NN # ) = N C N and N'is open in N). If N is a maximal
integral sub-manifold of D and = € N then N is said to be the mazimal integral sub-
manifold of D passing through z. If for each x € M there exists a maximal integral
sub-manifold of D passing through = then D is said to have the mazimal integral
sub-manifold property. There exists at most one maximal integral sub-manifold of
D passing through x € M.

Let F = {X,|y € I'} be a family of vector fields. The orbit of F through a point
x € M is the set

M ={X{'oXPo- Xi*(2)|X; € Fot; €Ryi=1,--- , k}

Let F be a family of vector fields over M. Define the distribution Dz as Dg(x) =
span{X (z)|X € F}. The distribution D is called F-invariant if

(1) Ve € M : De(z) C D(x)
(2) Yvoe D(z),Vg: M - M

o) = X{ o Xt o0 X[ (@) = P(ayw e Digla)

where X; € F,t; e R, i=1,---k

Denote by Pz the smallest F-invariant distribution containing Dz. The main result
of [71] is the following.

Theorem 22 (Existence of maximal integral manifold). For each x € M the

set MT with a suitable topology and differentiable structure is a mazimal integral
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CHAPTER 5. REACHABILITY OF LINEAR SWITCHED SYSTEMS

sub-manifold of Pr. Dz has mazimal integral sub-manifold property if and only if
Dy = Pr.

Everything stated above also holds for analytic manifolds. For analytic manifolds

the following, stronger result holds.

Proposition 19. Let M be an analytic manifold, let F be a family of analytic vector
fields. Denote the smallest involutive distribution containing D by D%. Then D%
has the mazimal integral sub-manifold property. The mazximal integral manifold of
the distribution D% passing through a point x is the orbit of F passing through x, i.e
M.

Let M be a manifold, and let F be a family of vector fields over M. Let x be an

element of M. The reachable set of F from zx is defined as
Reach(F,z) = {X{' o X2 0.+ 0 X}*(2)|X; € F,t; > 0,i=1,...,k}

Below the main results of [34] will briefly be recalled. Let (G,-) be a group,
p: G — R™ be a function. Let - : G x R — G be a surjective mapping. The
triple I' = (G, p,R™) is called an abstract system. Let a = (a1,a9,...,a,) € GP,
b= (by,by,...by) € GF and define 12 : R? — R+ by

PR(t) = [p((h car)(tz-a2) - (tp-ap)br), ooy p((tr-a1)(tz - az) - (tp - ap)bi)

The abstract system I is called smooth if z/;% is a smooth map for all @ € GP,b € G*.
Denote by Dwg(t) the Jacobian of 1/1% at t € RP. Then the rank of p is defined
to be n = sup, p, Dwg(t) A smooth representation of I' is a tuple © = (M, {¢
a € G}, h,xy) where M is a smooth Hausdorff manifold, not necessarily second-

ol

countable, ¢, : M — M are diffeomorphisms for which ¢4, = ¢p 0 ¢, and ¢1 = idyy
holds, h : M — R”™ is a smooth map, o € M is the initial state. Further, for all
a = (a1,az, - ,a,) € GP define ¢, : R? — M by ¥a(t) = G(1,a1)(t2as)-(tpa,) (T0)-
We require that 1, is smooth for all @ € GP and that p(a) = h(e(zxo)). If
© = (M,{¢, | a € G},h,x,) is a representation of the abstract system I', then
uﬁ = [h 0y, 0%q, -+, hogy, o ’(/}g]. A representation is called reachable if
M = {¢q(x0) | a € G} holds. A representation is called transitive, if Vz,y € M(3g €
G :y = ¢4(x)) holds. If x = ¢4, (z0) and y = ¢g,(zo) then y = Dgtg, (). Tt means
that a representation is transitive if and only if it is reachable. A representation is
called distinguishable if for all x; # xo € M it holds that h(pe(x1)) # h(pe(x2))
for all @ € G. A transitive and distinguishable representation is called minimal. Let
01 = (M1,{¢l | a € G},ht,z}) and Oy = (Ma, {$? | a € G}, k% 23) be two smooth
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5.3. STRUCTURE OF THE REACHABLE SET

representations. A smooth map x : M; — Ms is a homomorphism from the repre-
sentation ©; to the representation Oy if the following conditions hold: x(z}) = 23,
h?ox = h! and ¢2 o x = x o . In [34] the following theorem is proved.

Theorem 23. Every smooth abstract system (G,p,R™) with finite rank has a mini-
mal smooth representation © = (M, {¢, | a € G}, h,x,) with diim M = rank p. If©’
is a minimal smooth representation of (G,p,R™), then there exists a homomorphism

x ! from © to Q" such that X is a bijective map and rank y = rank p.

5.3 Structure of the Reachable Set

Below we are going to apply the results from the previous section to determine the
structure of the reachable set. The outline of the procedure is the following

e Given a linear switched system 3, we associate a family of vector fields F over
R™ with it.

e Determine the smallest distribution D = Pr invariant w.r.t the family of vector
fields constructed above. Find another family of vector fields F " which spans
the distribution.

e Consider the orbit Mg of F passing through 0. By Theorem 22 it is the maxi-
mal integral sub-manifold of Pz. But again by Theorem 22 and by uniqueness
of maximal integral sub-manifold M = M .

e By direct computation we find the structure of Mg / which turns out to be a
subspace of R™ in the case of linear switched systems. Moreover, computation
shows that Mg = D(0). Therefore, by taking Mg " with subspace topology,
and proper differentiable structure, it will be a regular sub-manifold of R"™
and for each x € Mg'-/ it holds that D(z) = TmMOf/. Moreover, dim MO}J =
dim D(0).

e Consider the restriction ¥ of our switched system X to Mg . Clearly,
Reach(X) = Reach(X') C Mf Using the structure of M{ = Mf , Theorem
21 can be proved, either by using the results of [34] or by applying an elementary

construction.

n [34] x is claimed to be a diffeomorphism. However, the author of the current paper failed
to see how this stronger statement follows from the proof presented in [34], unless M is second-
countable.
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CHAPTER 5. REACHABILITY OF LINEAR SWITCHED SYSTEMS

The rest of the subsection is devoted to carrying out the steps described above in a
more formal way.

Consider a linear switched system Y. Assume that for each ¢ € Q and u € U
the dynamics is given by z= fo(z,u) = Agz + Byu. The family of vector fields F
associated with 3 is defined as

F={Ax+ Byulg € Q,u U}
The proof of the lemma below is given in the Appendix 5.4

Lemma 28. Consider a linear switched system % and the associated family of vector

fields F. The smallest involutive distribution containing F is of the following form

Diy(z) = Span{Al'AZ .. A*B.u|iy,is, - ip, 2 € Q,j1,j2, - ju = 0,u € U}
U{[As, [Aiy, - [Ai 1, Ay -+ - Jlin, do, - - i € Q) (5.2)

i1

Lemma 29. Consider a linear switched system % and the family of associated vector

fields F.

(a) The distribution D’ has the mazimal integral manifold property. The mazimal
integral manifold of D% passing through 0 is M.

(b) M is of the form
W = Span{Al' A .- AT Bu | i, ... ik, 2 € Q,j1, ..., = O,u €U}t (5.3)

Proof. Part (a)
Notice that R™ is an analytic vector field. Besides, each member of F is an analytic
vector field. By Proposition 19 D% has the integral manifold property and its maxi-
mal integral manifold passing through 0 is equal to M . An alternative way to prove
part (a) is to show that D% = W is F-invariant.

Part (b) Consider the following family of vector fields:

F ={A'AP - AFBou| iy, g,z € Quel, i, jr > 0}

3

U{[Aiu [Aim e [Aik-—17Aik} t '”ilv g € Q}

Then for all z € R", Di(z) = Span{X (z)|X € F '} = Dy (z). Since D has the
maximal integral manifold property, part (ii) of Theorem 22 implies that P = D%.
By part (i) of Theorem 22 the maximal integral manifold of D% = P, passing
through 0 is the orbit of F passing through 0 i.e. Mof/. But by the part (a) of this
lemma we get that the maximal integral manifold of D% passing through 0 is M.
So we get that M{ = MO}J.
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5.3. STRUCTURE OF THE REACHABLE SET

On the other hand, we shall show that Mg l indeed has the structure given by
(5.3).

Assume X = AJ'A? .- Al"Bgu. Then X'(z)) = z + tAll A ... AJ*Byu. So,
if we identify each element of X € W with a constant vector field, then we get
that X'(0) = X, F = W U {[As,, [Ai, - [Ai_> Aip] - ]it, - ik € Q} and W =
{XY0) | X e W} € M . We need to prove that M C W. Since 0 € M NW
and

M ={Xl'oXlo.. X*0)| X;€F t;eRi=1,....k}

it is sufficient to prove that W is invariant under F , i.e.
VX e F VteRVzeW: X' (z)e W

If X = AI'A”... AT Byu then X'(z) = z +tX(0) € W. Assume that X =
[Ai),[Aiy, - [Aiy s Ai] -+ o, Assume that z € W. By definition of X' and the
Cayley-Hamilton theorem we get

X'(z) = exp([Ai, - [Ai_y, 4] ]tz

n—1
= S GO Ay [Ai Ay - P2
j=0

It is easy to see that [A;,, [Aiy, - [Aip_1, Aiy] -] € Span{A, A, - Az | 21,0, 28 €
@}, which implies

zeW = [Ai17 [Aizn"' [Aik—17Aik-] ]Z ew
Then it follows easily that z € W = X!(2) € W. O

Proof. Proof of Theorem 21 Tt is sufficient to prove that Reacheonst:(X) = W. Indeed,
since W is a subspace of R, it is closed in R™, so, in this case we get W = Cl(W) =
Cl(Reachconst (X)) = Reach(X). Let F be the family of vector fields associated to
Y. For X; =Agx+ Bgu; € F,t; €R, i =1,2,...,k, k> 0 denote

X7 o X520 0 Xi¥(20) = x(wo, urus - Uk, q1Ga -+ Grs tita - - - tr)

It follows that Reach(F,0) = Reachconst(3). On the other hand Reach(F,0) C M7 .
From Lemma 29 we get that M = W. Let n = dimW and let by,...,b, be
a basis of W. Let T : W — R™ be a linear isomorphism. It follows that for
each b;,7 = 1,...,n there exists vector fields X;1,...X;,, € F,n; > 0 such that
b = an" o Xffﬁ:”ff -+ X;'{"(0) for some t;1,...,t;,, € R. Assume that X;; =

Ag, ;@ + Bg, juij- Define wi = wiy - tin,, wi = Gi1 Gin, Ti = Ti1 " Tiyn,- With
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the notation above we get that x(0,u;,w;,7;) = b;. For any sequence s = sy --- i
let s= SgpSk—1-+-81, and —s = (—s1)(—s2) - (—sg). Then define the sequences
W =Wy Wy -+ Wpq Wy Wy, Wny, T = (— T)T(— T2)T2 (= Trne1)Tno1(— T2)7n.
Let v; = 0,0 - - - 0;_10;_10;u;0; 4105 - - - 0,,0,,, where Q; = 00---0 € Uil i =
1,...,n. Then it is easy to see that

z(0,v;,w,7)=b;, t=1,...,n

Indeed, z(0,v;,w,7) = x(yi,s;,ﬁ;,'y;), where y; = x(x(0, s4, Bi, Yi)s Wi, Wiy Ti), S; =
0101+ 010,104, v = (— TO)m1 (= Tim)Tima(— T4), Bi =w1 wy-+ Wiy
wicy Wi, 8; = 0103100, 7, = (= Tip)Tip1 (= Tn)Tns B =Wins
Wip1 " Wy, wy. It is easy to see that for any (s,d) € (Q x R)*, 2(0,0)4,s,v) = 0,
O =0---0€ U'sl. Thus, (0, s;,v;, ;) = 0 and y; = x(0, u;, wy, 7;) = b;. It is easy
to see that for all (u, s,d) € UxQxR)*, x(y, u u, s s, (— E)d) =y,y € W. That is,

by noticing that Q,= Q;, we get that z(y, 8;,5;,%/-) =y,y € W, thus (0, v;,w,7) =
@(bi, 55, 8;,7) = b;. Let N = 2n and define the function M : RN — R™*" by

M(’?) = Tx(oavl7w7n)7 7T55'(077)mw>77)

Then 7 +— det M (n) is an analytic function and det M (7) # 0. By the well-known
property of analytic functions there exists a 1) = (1,...,%n) € RN, ¥y, ... ,9n >0
such that det M (1)) # 0, that is, rank M (¢)) = n. It implies that W = T—1(R") =
Span{z(0,v;,w,¥) | i = 1,...,n} = {x(0,>", cyvs,w,¢) | ai,...,a, € R} C
Reach(X), therefore

{z(0,u,w, ) | u € PCronst(T,U)} = W = Reach(X)

That is, we get part (b) of the theorem, which implies part (a).

An alternative approach will be presented below. This approach uses the results
from [34]. We proceed by proving part (b) of theorem, which already implies part
(a). Define G = (U x Q x R)*/ ~, where ~ is the smallest congruence relation such
that (u,q,0) ~ 1 and (u,q,t1)(u,q,t2) ~ (u,q,t1 + t2). Denote by [(u,w,T)] € G
the equivalence class represented by (u,w,7) € (U X Q x R)*. The definition of G
is essentially identical to the definition of the group of piecewise-constant inputs in
[34]. Define the map Z : X x (U x Q X T)* — X by Z(z,u,w,T) := z(z,u,w, 7). It is
clear that the dependence of Z on the switching times is analytic, i.e. Yu € U*,w €
Q" x € X : Z(z,u,w,.): T'"! — X is analytic . From Proposition 8 it is clear that
by the principle of analytic continuation Z(x,u,w,.) can be extended to RI*l. From
now on we will identify Z with this extension. Then it is easy to see that Z is in fact

a function on G, since (u,w, ) ~ (u/,w/ﬂ'/) = Z(x,u,w,T) = Z(a:,u/,w/ﬂ'/) for
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all z € X. Define
0= (W.{¢| A€ G},0,id)

where W = M{ as above and Bl(uw,m))(T) = Z(x,u,w,T). Now, define - : GXR — G
by [(u,w,T)] - a = [(qu,w,T)]. Tt is easy to see that © is a smooth representation of
R with respect to -, © is transitive and distinguishable, thus minimal. Recall the def-
inition of the function 7,[1& from Section 5.2. Let d = rank R = sup, , rank Dwg(,u_).
We want to show that d = dim W =n. Let ©,, = (M, {¢J | a € G}, k™, zf") be a
minimal smooth representation of R w.r.t -, such that dim M,,, = d as described in
Theorem 23. Let x : M,,, — W the representation homomorphism described in The-
orem 23. We shall prove that x is a diffeomorphism. Since W is a second-countable
Hausdorff-manifold, we get that W has a positive-definite Riemannian structure.
Since x is an immersion, Proposition 9.4.2 of [18] implies that M, has a positive-
definite Riemannian structure. We shall show that M,,, is connected. If M, is con-
nected and has a positive-definite Riemanian structure, then M, is a second count-
able Hausdorff manifold by Proposition 10.6.4 of [18]. But then bijectivity of x implies
that dim M,,, = dimW = d = n. To see that M,, is connected, notice that for any
g = [(u,w,7)] € G it holds that R((0- ¢)[(s,v,t)]) = x(0,0s, wv, 7t) = R([(s,v,1)]).
That is, h™ o @[ , 1y 0 ¥y (0) = R([(s,v,1)]) = h™ 0 ¢} , 1y (x0). Since Oy, is indis-
tinguishable, it implies that 1;"(0) = xo. For any x € M,, there exists a g such that
gb;?(xo) = z, by transitivity of ©,. But then there exists g, a such that a- g = qg.
Since ©, is a smooth representation, the map ¢ is smooth, therefore continuous,
which implies that 1" (R) is connected. That is, o = ¢3'(0) and = = ¢}*(a) are in
the same connected component of M,,. Since x is an arbitrary element of M,,, we
get that M, is connected.

Now, let a = (ay,az,...,a5) € GF,b = (b1,ba,...,by) € GP,u € R* such that
rank Dwg(ﬂ) = n. Assume that a; = [(s;,7;,7;)] € G and b; = [(v;, w;,0;)] € G.
For all z = z129---2;, € Q* and 7 = Ty79--- 7, denote by exp(A.7) the expres-
sion exp(A,, ) exp(A,, ,Tk—1)---exp(A,,71). For each t = (t1,...,tx) € RE, let
M;(t) =x(0,s; 00---0 ,7rjrjq1--- 7k, tjtj41 - tx). We get that

k—j—times

D¢g’ (/1‘) = qu,ltz,“' ,uk¢bi(a1-/Ll)(a2~/t2)'~~(ak~/%)(0) = D/,Ll,;Lz ..... Lk [x(O,vi,wi,ai)—&—
+ exp(Auw,0i) (0, (p181)(p2s2) -+ (HKsSk), T Tk, Y1 V)| =

k
= Dy iz, €XP(Aw, 04) Zujx(O, 85 000, 7jmjp1 - Thy VY41 W)
Jj=1 k—jtimes

= exp(Ay,0:) M (7)
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where v = (y1,...,%) and M(y) = [Ml(l)v Ms(v), .., Mk(l)] Thus,
exp(Aqy, 01) 0 e 0 M(~)
Dyg(p) = X exp(A.wZ - X M(Z)
0 0 <o exp(Aw,or) M(y)

It follows that n = rank Dwg(ﬁ) = rank M (7). Notice that the dependence of M (%)
on t is analytic. Then it follows that we can choose t € T* such that rank M (t) =
n. Since 25:1 a;j M;(t) = z(0, (cs1) - (agsk), 71 -+ T, t1 -+ - ) and dimImM =
dim Reach(X), it follows that

Reach(X) =Im M = {z(0,u(.), (r1,t1)(r2,t2) - - (1, tr)) | w(.) € PC(T,U)}

5.4 Appendix

Proof. Proof of Lemma 28 The following two facts will be used in the proof.

e Let XY be vector fields over R™ of the form X (z) = Az, Y(z) = y for some
A € R™"™ and y € R™. Then in the usual coordinates [X,Y](x) = —Ay.

e Fori=1,2,... k let X; be vector fields of the form X;(z) = A;x. Then

[Xla [X27 e [Xk—17Xk} o ](J:) S
Span{Aﬂ(l)Aﬂ@) te Aﬂ-(k) | 77(1),71'(2), ey 7'('(]{]) S {1, 2, ey k}}

Clearly, D% = Span{[fi, [fo,[ - [fk—1, fu]---] | fi € Fi =1,2,---k}. Denote the
right-hand side of (5.2) by D. First D C D% will be proved. Since Ajz + B,0 =
A,z € F then we get that [A;,, [Ai,, - [Ai,_,,Ai] - ]e € Dy for all i1,---i € Q.
Clearly [Ai,, [Aiy, - - [Aiy 1, Aiy@+ Bi,ug] - - - ](z) belongs to D%. But by linearity of
the Lie-brackets we get

[Ailv [Ai27 T [Aik—17Aik$ + Blkuk] T }((E) =
[Aiyy [Aigs - [Ai s Aig ] 1) — Ai Ay -+ Aiy Biug
From this and the fact that
[Ai17[Ai27"'[A Aik]“-}SL'GD;:

Te—1"
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we get that A; A;, -+ Ay, B, ur € D} for all 4,---i € @ and up, € U. So
we get that D C D%. The reverse inclusion D% C D will be shown by proving
that for all f1,--- fr € F the vector field [f1,[f2,- - [fk—1,fx] -] belongs to D.
This is done by induction on the length of expression. For k = 1 it is true, since

F C D. Assume it is true for all expression of length < k. Consider the expression

[f1,[f2, [fks fes1] - - -]- The vector field [fa, [fs, - [fx, fk+1] - - -] belongs to D. By
linearity of Lie-brackets it is enough to prove that for all f = Aqx + B,yu and for all

Y = AilAig s A”Bzw orY = [Ail, [Aiz, s [Ail,—17Ail,—1] N ] it holds that [f, Y] €
D. For the first case we get
[Agz + Byu,Y] = [Agz, Y] + [Bou, Y] = [Aqx, Ai, As, - - - A, Bow]+
+[Bqu, AilAiz e A,;lew} = 7A,1A7;1 Aiz e Aiquw

For the second case we get that

[Aq.%' + Bq”» Y] = [Aqmv Y] + [Bqu7 Y] = [Aqxv [Ain [Ai27 T [AiwAil*l} o ]CL’]
+[Bqu, [Aiy, [Aiy, - [Ai, Aiy ] - Jo] = [Ag, [Aiy, [Ady, - [Aiy, Al ] - -]
+[A’L'17 [Ai27 e [AimAil,J ce ]Bqu €D
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Chapter 6

Realization Theory of Linear
Switched Systems: an

elementary construction

In this chapter an alternative approach to realization theory of linear switched sys-
tems will be presented. In contrast to the solution presented in Section 4.1, the
solution formulated in this chapter does not require any use of formal power series.
Instead, a direct construction of a linear switched system realization will be formu-
lated. The issue of minimality will be approached using abstract systems theory.

Although the main results of the current chapter are special cases of the results
proven in Section 4.1, the current chapter still contains interesting and useful ideas,
which give an extra insight to realization theory of linear switched systems.

Unlike in Section 4.1, in this chapter we will consider the realization problem of a
one single input-output map. We will look for linear switched systems which realize
that input-output map from zero initial state . We could already see before that the
zero initial state plays a special role for linear switched systems, similar to the zero
initial state for linear systems. In particular, the set of states reachable from zero
forms a vector space. Thus, semi-reachability and reachability coincide for linear
switched systems with zero initial state.

More specifically, the chapter tries to answer the following two questions.

e Does there exist an algorithm, which, given a linear switched system X, con-
structs a minimal linear switched system ¥ such that ¥ and ¥ are input-

output equivalent.
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e Given an input-output map y, what are the necessary and sufficient conditions
for the existence of a linear switched system realizing the map y. Does there
exist a procedure to construct a minimal linear switched system which realizes

Y.

The chapter presents a procedure for constructing a minimal (with the state-space of
the smallest possible dimension, observable and controllable) linear switched system
from a given linear switched system. The minimal linear switched system constructed
by the procedure is equivalent as a realization to the original system. The procedure
also gives a Kalman-like decomposition of the matrices of the original system. It is
also proven that all minimal systems are algebraically similar, meaning that they are
defined on vector spaces of the same dimension and their matrices can be transformed
to each other by a basis transformation.

The chapter also deals with the inverse problem i.e., consider an input-output
function and formulate necessary and sufficient conditions for the existence of a linear
switched system which is a realization of the given input-output map. The chapter
presents a set of conditions which are necessary and sufficient for the existence of such
a realization. The proof of the sufficiency of these conditions also gives a procedure
for constructing a minimal realization of the given input-output map. The necessary
and sufficient conditions include a finite-rank condition which is reminiscent of the
Hankel-matrix rank condition for linear systems. In fact, the classical conditions
for the realisability of an input-output map by a linear system and the classical
construction of the minimal linear system realizing the given input-output map are
a special case of the results presented in the chapter.

In order to develop realization theory for linear switched systems, abstract real-
ization theory for initialised systems ( see [61] ) has been used. In fact, even the
definition of minimality for linear switched systems isn’t that obvious. The approach
taken in this chapter is to treat switched systems as a subclass of abstract initialised
systems and use the concepts developed for abstract initialised systems.

Although the results on the realization theory of linear switched systems bear a
certain resemblance to those of finite-dimensional linear systems, the former is by no
means a straightforward extension of the latter. As the results of this and other pa-
pers demonstrate, the approach ”apply the well-known linear system theory to each
continuous system and combine the results in a smart way” doesn’t always work.
Reachability, observability and the realization theory of linear switched systems be-
long to the class of problems, for which classical linear system theory can’t be applied.
This also shows up on the results. For example, if a linear switched system is reach-

able, it doesn’t mean that any of the linear systems constituting the switched system
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has to be reachable, nor does it imply that any point of the continuous state space
can be reached by some continuous component. The same holds for the observability
(in sense of indistinguishability ) of linear switched systems. The reader who wishes
to verify these statements is encouraged to consult [69]. In the light of these remarks
it is not that surprising that a minimal linear switched system may have non-minimal
continuous components. That is, if a linear switched system is minimal, it does not
imply that any of its continuous components is minimal. On the other hand, the
approach to the realization theory taken in the chapter bears a certain resemblance
with the works on realization theory for nonlinear systems presented in [34, 35, 6].
In some sense linear switched systems have more in common with non-linear than
with linear systems.

The outline of the chapter is the following. Section 6.1 describes some properties
and concepts related to linear switched systems which are used in the rest of the chap-
ter. Section 6.2 presents the minimisation procedure and the Kalman-decomposition
for linear switched systems. The construction of the minimal linear switched system

realizing a given input-output map can be found in Section 7.1.2

6.1 Linear Switched Systems: Basic Definition and

Properties

The section is divided into several subsections. Subsection 6.1.1 contains the neces-
sary definitions and results of switched systems. It also contains a reformulation of
switched systems with fixed initial state as initialised systems. Due to this reformula-
tion, some fundamental system theoretic concepts for switched systems, which were
already defined in Section 2.4, need a slight reformulation too. This subsection also
describes some basic properties of the input-output behaviour induced by switched
systems. Subsection 6.1.1 deals with the definition and basic properties of minimal
switched systems. Subsection 6.1.2 introduces linear switched systems and gives a
brief overview of those properties of linear switched systems which are relevant for

the realization theory.

6.1.1 Switched systems as initialised systems

Recall the notion of switched systems from Section 2.4 and the notion of linear
switched systems from Section 4.1. As it was already indicated in the introduction,
in this chapters we are mainly concerned with switched systems with fixed initial

state and for linear switched systems this initial state is going to be the zero state.
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Recall the notion of initialised system from [61]. In the sequel, we will identify
switched systems with initialised systems. More precisely, with a given switched
system X = (X, U, V,Q,{f, | ¢ € Q,u € U},{h, | ¢ € Q}) with a fixed initial
state xg. We will denote such a switched system with fixed initial state xzo by X =
(XU, Q. {f, ¢ € Quecu},{h,|qe Q},x). With each such switched system
we associate the initialised system X;,,s = (T, X, Y, U X Q, ¢, h, xg) where ¢ and h are
defined in the following way. The domain Dy of the state-transition map is defined
as the set of tuples (7,0, z,w) € T x T x X x (U x Q)1 such that TQow is piecewise
constant. The mapping ¢ : Dy — X is defined as ¢(7, 0, z;,w) = xx(x;, Shift _, (my o
w),w)(T — o) where w = (q1,t1)(ge,t2) - (qx, tx) € (Q x T)T is any sequence such
that @ = mg o w holds. Since zx(xo,u(.), w) depends on w rather than on w, the
mapping ¢ above is well defined. The readout map h: U x Q x T'x X — Y is defined
as h(u,q,t,x) = hy(x). It is easy to see that the initialised system corresponding to
a switched system is time-invariant and complete. In the sequel whenever the term
”initialised system” is used, we will mean time-invariant complete initialised system.

Note that in the definition of initialised systems in [61] the readout map depends
on the time and state only. However it is easy to see that the whole theory also holds
if one allows readout maps which depend on the input. For more on this see Chapter
2, Section 2.12 of [61].

The identification of switched systems with the initialised systems allows us to
use the terminology and results of [61]. In particular, notions such as input-output
behaviour, system morphism, response (input-output) map of a system from a state,
the reachable set, reachability, observability ( indistinguishability), canonical sys-
tems, system equivalence, minimal system, minimal representation, of an input-
output map are well defined for initialised systems. Since switched systems form
a subclass of initialised systems, these definitions can be directly applied to switched
systems. However, for the sake of completeness these relevant notions will be repeated
specifically for switched systems.

the reader is asked to consult [61]. With the abuse of terminology and notation,
when referring to the input/output map and the trajectory of a switched system,
we shall mean the mappings ys (o, .,.) and zx. For a given switched system X, the
reachable set, i.e the set of states reachable from the initial state xg, will be denoted
by Reach(X), i.e. with the notation of Section 2.4, Reach(X) = Reach(X,{zo})

Let ¥ = (X, U, Y,Q,{f, | ¢ € Q,u e U},{h, | g € Q},z0) be a switched system.
The map

ys : PC(T,U) x (Q x T)" — YT
defined by ys (u(.), w) = ys(xo, u(.),w) (u(.) € PC(T,U), w € (@ xT)") is called the
input-output map (or the input-output behaviour) induced by . The switched system
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¥ is said to be a realization of an input-output map v : PC(T,U) x (Q x T)T — YT
if y» = 1, i.e. the input-output behaviour induced by X is identical to ¥. In the
terminology of Section 2.4, ¥ is a realization of v if (i,u) is a realization of the
singleton set of input-output maps {¢}, where Y = (XU, QAf, | ¢ € Qu e
U, {h, | ¢ € Q}) and p(y) = xp, i.e. ¥ is the same switched system as ¥, except
that it has no fixed initial state.

A system morphism ¢ : X1 — Yo between switched systems

El = (T7Xl7uay7Q7{fql('au) ‘ (NS u7q S Q}){haq S Q}amé)

and
22 = <T7X27uay7Q7{f§('7u) ‘ u € u7q S Q}?{h3|q € Q}axg)

is a mapping ¢ : X1 — A such that
o d(xp) = j

e for each z € Xy, u(.) € PC(T,U), w € (Q x T)* and t € dom(w) it holds that
Pz, (2, u(.), w)(t) = wx,(d(2), ul.), w)(t)

e for each ¢ € Q and x € X, it holds that h}(x) = h2(é(x))

An immediate consequence of the characterisation above is that whenever ¢ : ¥; —
Y5 is a system morphism then it holds that ys, (z,u(.),w) =

=y, (¢(z),u(.),w) for each z € Xy, u(.) € PC(T,U) and w € (Q x T)*. Thus the
switched systems 3, and Y5 above induce the same input-output behaviour. Two

switched systems

Zl - (T7X17uay7Q7{fql('au) ‘ u < u7q S Q}7{h$|q S Q}a‘ré)

and
So = (T, X%, U, Y, Q. {f7(u) |uclU,qg e Q}, {hllqg € Q},x3)

are called (input-output) equivalent if they induce the same input-output behaviour,
i.e. ys, = ys, holds.

Consequently, if two switched systems are related by a system morphism, then
they are input-output equivalent. A system morphism is called isomorphism when-
ever it is bijective as a mapping between the state spaces. Two systems are called
an isomorphic if there exists an isomorphism between them.

A switched system X is called minimal, if for each reachable switched system
¥ such that ¥ and ¥ are input-output equivalent, there exists a unique surjective

system morphism ¢ : I 3
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A switched system ¥ = (X, U, Y,Q,{f, | ¢ € Q,u € U},{h, | ¢ € Q},x0) is
reachable if

Reach(X) = {zs(zo, u(.),w)(t) | w(.) € PC(T,U),
we (QxT),tedom(w)} =X

A switched system X = (X,U,Y,Q,{f, | ¢ € Q,u € U}, {h, | ¢ € Q},0) is called
observable if for each x1,x2 € X the equality Vw € (Q x T)*,u(.) € PC(T,U) :
ys(z1,u(.),w) = ys(za,u(.),w) implies z; = 5. That is, ¥ is observable if and only
ity = (XU Y, Q. {f, | ¢ € Qu € U},{h, | ¢ € Q}) is observable according to
the definition of Section 2.4. A reachable and observable switched system is called
canonical.

Consider a switched system % = (X,U,Y,Q,{f, | ¢ € Q,u € U}, {h, | q €
Q},x0). The input-output behaviour induced by ¥ is a map y : PC(T,U) x (Q x
T)* — YT. For each map y : PC(T,U) x (Q x T)T — YT we shall define a map
7:(UxQxT)" — Y such that 3 is a realization of y if and only if ¥ is a realization
of ¥ in the sense defined below.

Denote by PCoonst(T,U) the set of piecewise-constant input functions. It is well-
known that for each u(.) € PC(T,U) there exists a sequence u,(.) € PCeonst(T,U),n €
N such that lim, 400 un(.) = u(.) in ||.||1 norm. Given a switched system 3, by the
continuity of the solutions of differential equations we get that

lim zx(z,u,(.),w)(t) = zs(x,u(.), w)(t)

n—-+o0o

and
im s (2, un(.), w)(t) = ys(z,u(.), w)(t)

n—+o0
It is also easy to see that for any u(.) € PCeonst(T,U) and for any w € (Q x T)*
there exists a sequence z = (q1,t1)(q2,t2) - (g, tx) € (Q x T)T such that w = 2z
and u|[Zithi“ti) is constant for 7 = 0,...,k — 1. This, of course, implies that
zx(z,u(.),w) = xx(z,u(.),z) and ys(z,u(.),w) = ys(z,u(.),z). This simple fact
lies in the heart of the proof of Proposition 20.

Let ¢ : PC(T,U) x (Q x T)* — YT Define ¢ : (U x Q x T)+ — Y as

N k
O((u1, q1,t1)(uz, g2, t2) - - (uk, i, tr)) = A0, (q1,t1) (g2, t2) - - (Qk,tk)»zti)

1

where v = (uy,t1)(ug,t2) - (ug, tg) € U x T)*. Define the realization of a map
(U xQxT)" — Y in the following way
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Definition 13. Consider a function ¢ : (U x Q x T)T — ¥ and a switched system

Y= (XU, QA{f,la€ Quel},{h,|q€Q} x0)
The switched system Y is a realization of ¥ if ys = 1.

The following proposition, proof of which is straightforward, gives the justification
of the concept introduced in Definition 13

Proposition 20. Consider a function y : PC(T,U) x (Q x T)* — YT . If the input-
output map y has a realization by a switched system then the following conditions
hold

1. Foreachw,z € (QxT)*, u € PC(T,U) it holds that dom(y(u(.), w)) = dom(w)
and z =w = y(u(.),w) = y(u(.), 2).

2. For each w € (Q x T)" and u,,u(.) € PC(T,U):

lim u,(.) =u(.) = lim y(u,(.),w)(t) = y(u(.),w)(t), (Vt € dom(w)).
If y is an arbitrary map which satisfies conditions 1 and 2, then a switched system X

is a realization of y if and only if it is a realization of y in the sense of Definition 13

Definition of minimal switched systems

For linear systems the definition of minimality is clear, but for more general systems
there is no standard definition of minimality. The definition of minimality used in
this paper is analogous to that of abstract system theory, see [46, 16]. We first
define minimality for initialised systems. In the sequel we will use the terminology
of [61]. Let © be any subclass of initialised systems. An initialised system ¥ € © is
called ©®-minimal, if for each reachable initialised system ¥ € O such that ¥’ and
Y. induce the same input-output behaviour, there exists a unique surjective system
morphism ¢ : ¥ > ¥ Itisan easy consequence of the definition that all ©—minimal
systems realizing the same input-output behaviour are isomorphic. Denote by €2 the
whole class of initial systems. It follows from Section 6.8, Theorem 30 of [61] that each
canonical initialised system is 2-minimal. It also follows from Section 6.8 of [61] that
for each input-output map realizable by initialised systems there exists a canonical
realization of that input-output map. Thus we get that for each input-output map
realizable by initialised systems there exist a 2-minimal initialised system realizing
it. Since all minimal systems are isomorphic and reachability and observability are
preserved by isomorphisms, we get that an initial system is 2—minimal if and only if it

is canonical, i.e. reachable and observable. Notice that existence of a minimal system
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realizing an input-output map is a property of the input-output map. Moreover, if
an input-output map has a realization by an initialised system belonging to a certain
class O ( for example it has a realization by a switched system), then the input-output
map need not have a ©—minimal realization. It is easy to see that if ©® C O then
each ©—minimal system belonging to O is © “minimal. In particular, each canonical
system ¥ € © is ©—minimal.

Let Qg,, be the class of switched systems, let O c Q4 be a subclass of switched
systems. The subclass Q' can be considered as a subclass of initialised systems. A
switched system X € Q' is called minimal if ¥ is ' —minimal when considered as an
initialised system. As a consequence any canonical switched system Y € 0 is Q-
minimal. Later we will show that for linear switched systems (to be defined later)
each minimal linear switched system has a state space of the smallest dimension
among all linear switched systems realizing the same behaviour.

Notice that at the first glance the definition of minimality presented above differs
from the definition of minimality formulated in Section 2.4. However, it will be shown
in this chapter that for linear switched systems the two definitions of minimality are
equivalent. More precisely, a linear switched system 3 with fixed initial state 0 is
a minimal in the above sense if and only if the linear switched system realization
(3, 1), p: y=(0,.) — 0 is a minimal realization of {yx(0,.)} in the sense of Section
2.4.

6.1.2 Linear switched systems

A switched system ¥ = (X, U, Y, Q,{f, | ¢ € Q,u € U}, {h, | ¢ € Q},x0) is called
linear switched system if

e zp=0
e For each ¢ € @ there exist linear mappings
Ay : X =X B:U—-&X Cp:X—=)
such that

folz,u) = Agz+ Byu  and  hy(x) = Cyz.

That is, in this chapter by linear switched systems we will understand the same
linear switched systems as defined Section 4.1, except that implicitly we will assume
that the initial state of the system is fixed to be 0. Thus, by reachability we will
mean reachability from 0, the set Reach(3) will stand for Reach(3,{0}), etc. In

particular, we will use the same shorthand notation for denoting linear switched
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systems as defined in Section 4.1 and the notion of algebraic similarity will also be

the same.

6.2 Minimisation of Linear Switched Systems

This section gives a procedure to construct a minimal linear switched system equiv-
alent to a given linear switched system. Also a Kalman-like decomposition for linear
switched systems will be presented. It will also be shown that two equivalent minimal
linear switched systems are algebraically similar, and that a minimal linear switched
system has a state space of smaller dimension than any other linear switched system
realizing the same input-output map.

For a given linear switched system we will construct an equivalent canonical
system. The steps of the construction are similar to the construction of the canonical
initialised system equivalent to a given one. In its full generality the procedure is
described in Section 6.8 of [61]. The challenge is to show that at each step of the
general procedure we get a linear switched system. This will be done below.

Theorem 24. Let ¥ be an arbitrary linear switched system. Then there exists a

canonical linear switched system ican equivalent to Y.

Proof. First, given a linear switched system ¥ = (X, U, ), Q,{(Aq, By, Cy)lg € Q}),
we take the restriction of X to its reachable set by defining the system

Er = (Reach(X),U, Y, Q.{(A}, By, Cy) | 4 € Q})

where for each ¢ € @Q the map A} = Ay|reacn(z) : Reach(X) — Reach(X¥) is the
restriction of A, to Reach(X), By = By : U — Reach(X) and C; = Cy|Rreach(s) :
Reach(X) — Y is the restriction of C, to Reach(X). It is easy to see that ¥7 is a
well-defined linear switched system, it is reachable and it is equivalent to 3. Indeed,
by Proposition 8 for each ¢ € @ it holds that Im(B;) C Reach(X). So By is well
defined for each ¢ € Q. Again from Proposition 8 it follows that to see that Ay
is well defined it is enough to show that Aj (At A%2 ... AJ*B,u) € Reach(X) for all
Q1,92 Gk, 2 € Qu €U, j1,J2,- .-, jx = 0. But Ajx = Agw for all z € Reach(X),

so we get
Al(AIVAT - Al Bou) = AgATV A2 - AT B.u € Reach(X)

So, for each ¢ € @ the map Aj is well defined. The map C7 is trivially well defined.
Notice that the construction of X, goes along the same lines as the construction of

the reachable initialised system equivalent to a given one, as it is described in [61].
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The next step is to construct an observable linear switched system from a reach-
able linear switched system in such a way that the new reachable and observable
system is equivalent to the original one.

Let ¥ = (X, U,Y,,Q,{(Aq,By,Cy) | ¢ € Q}) be a linear switched system. De-
fine Oy = mqwz _____ D2 € Qo o jkzokerCzAgiAg--Aéz- Let W = O be the
orthogonal complement of Oy. Assume that X is reachable. Consider the system
20 = (W,U,Y,Q,{(A3,BS,C2) | q € Q}) where A = Aylw : W — W, and A, is
defined by 2 = Az <= Az =2+2,2 € W,2 € Os.

Co=Cylw : W — Y, and B : U — W is given by the rule Bju = z < Byu =
z+4 2 such that z € W, 2" € Os. Then the system >° is well-defined, it is reach-
able and observable (i.e. canonical) and equivalent to X. The construction of X°
is a slight modification of the construction of the canonical initialised system pre-
sented in Section 6.8 of [61]. Note that W is isomorphic to X/Oyx. In fact, a linear
switched system can be defined on X' /Oy in such a way, that it will be isomorphic
to 3°. This linear switched system defined on X /Os; corresponds to the canonical
initialised system described in Section 6.8 of [61].

Using the notation above define ican to be (ir)o. Then ican is indeed canonical

and equivalent to . O

Denote by €y;, the class of linear switched systems considered as a subclass
of initialised systems. From Subsection 6.1.1 it follows that any canonical linear
switched system is €);,-minimal. We will show that any linear switched system 3
which is j;,—minimal has state-space of the smallest dimension among all linear

switched systems equivalent to it.

Lemma 30. Consider two linear switched systems
B = (XU, Y,Q.{(Ag, By, Cy) | 4 € Q)

Do = (X2, U, Y, Q. {(A5, B7,C7) | 4 € Q)

Assume that X1 is reachable. Then for any system morphism ¢ : X1 — Yo the

corresponding map ¢ : X1 — Xo is linear.
Proof. The fact that ¢ is a system morphism means that the following holds.

Yu € PC(T,U),YVw € (Q x T)*,Vt € dom(w),Vz € X :
d(xs, (2, u(.), w)(t) = x5, (d(x), ul.), w)(t)

and, ¢(0) = 0, and C’;x = C’gqb(:c). Now, we shall prove that ¢ is a linear map.
Notice that by [69] there exists a w = (q1,t1)(qga,t2) - - (qx, tx) € (Q x T)" such that
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Ry, = {zx,(0,u(.),w)(tr) | u(.) € PC(T,U)} = Reach(%y)
= X1. Then for each x1, x5 € X} we have that

plaxy + fze) = d(zx, (0,0ur(.) + Bua(.), w)(tr)) = x5, (0, aur (.)+
Busa(.), w)(tr) = axs, (0,u1(.), w)(tr) + Brs, (0, ua(.), w)(tx)

So, ¢ is indeed a linear map. O
An important consequence of this lemma is the following theorem

Theorem 25. Let ¥pnin = (Xmin, U, V, Q, { (AT, BJ"™, CI"™) | q € Q}) be a linear
switched system. Then Xin s a minimal linear switched system if and only if for
any linear switched system ¥ = (X,U,Y,Q,{(A,, B,,C,) | ¢ € Q}) such that ¥ is
equivalent to Yin the following holds

dim X,,,;,, < dim X (6.1)

Proof. "only if" part

Consider the linear switched system X, i.e. the restriction of ¥ to Reach(X). Clearly
dim Reach(X) < dim X. The system X, is reachable and equivalent to X, hence it is
equivalent to Y,,,;,. By definition of €;;,,—minimality there exists a subjective system
morphism ¢ : ¥, — X,,;,. By Lemma 30 the map ¢ : Reach(X) — X4y is linear,

and by the surjectivity of the system morphism it is surjective. That is,
dim X5, = dimIm(¢) < dim Reach(X) < dim X

"if" part

Assume X,,;,, has the property (6.1). Then X,,;, must be reachable. Assume the
opposite. The restriction of X,,;, to its reachable set would give a system equivalent
to Xpmin with state space Reach(X,,in). But dim Reach(Xmin) < dim Xy, which
contradicts to (6.1). Let Yean = (Xean,U,V, Q,{(Ag™, Bg*",Ce™) | ¢ € Q}) be a
canonical linear switched system equivalent to X,,;,. Such a system always exists
by Theorem 24. The system .., is minimal, so there exists a surjective system
morphism ¢ : ¥ — Yean. Then ¢ is a surjective linear map, so we get that
dim Xqpn, < dim X4, But by (6.1) we have that dim X4, > dim Xpip. It implies
that dim Xy, = dim X4, that is, ¢ is an isomorphism. Since X, is minimal and

Ymin 1s isomorphic to it, we get that 3,,;, is minimal too. O

For reachable linear switched systems, isomorphism of systems is equivalent to

algebraic similarity.
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Theorem 26. Two reachable linear switched systems
2:1 - (X17Z/{ay7 Qa {(AQ7 B(J? Cq) | qc Q})
Yo = (X27uay7Q7 {(Alqu:pCz/]) | qc Q})

are isomorphic if and only if they are algebraically similar

Proof. 1t is clear that if ¥; and X5 are algebraically similar then ¥, and X5 are
isomorphic. Assume that ¢ : 3; — X5 is an isomorphism of systems. From Lemma
30 it follows that ¢ : X1 — A5 is a linear map. Since ¢ is isomorphism, we have that
the linear map ¢ : X; — AX» is bijective. We get that ¢! is a linear bijective map
too.

What we need to show is that for each ¢ € @ the following holds.

A, =¢A™", B,=0¢B, ,C,=Cuo "

It follows immediately from the fact that ¢ is a bijective system morphism that
C,¢ = Cy, which implies C, = Co¢~?.

We show that A'q = ¢A,¢~! for all ¢ € Q. For each q € Q,
zx, (2,0, (q,t))(t) = exp(A4t)z and zx,(¢(2),0,(¢,1))(t) = exp(A;t)qb(gc). So we get
that ¢(exp(Aqt)x) = exp(A;t)¢(a:) for all ¢ > 0. Taking the derivative of ¢ at 0 we
get that for all € X7 it holds that ¢(A,z) = A,¢(z), which implies A, = pA,¢~"
for all g € Q.

It is left to show that B; = ¢B,. Denote the constant function taking the value
u € U by const,. Then ¢(zs, (0, consty, (q,t)))(t) = qb(fot exp(A4(t — s))Byuds) =
x5, (0, const,, (q,t))(t) = fg exp(A;(t — 8))B;u ds for all t > 0,u € U. Again, after
taking derivatives by t at ¢t = 0 we get ¢B,u = B;u. That is, we get B,; = ¢B,. So,

¥1 and ¥, are indeed algebraically similar. O
Since all equivalent minimal linear switched systems are isomorphic, one gets the
following result.

Corollary 14. All minimal equivalent linear switched systems are algebraically sim-

lar.
The following theorem sums up the results of the discussion above.

Theorem 27 (Existence and uniqueness of minimal realization ). For linear

switched systems the following statements hold.
1. Given a linear switched system ¥ = (X, U,Y,Q,{(4q,Bq,Cy) | ¢ € Q}) there
exists a system L = (Z,U, Y, {(A7"", B, C"") | ¢ € Q}) such that
Y™ s minimal and equivalent to . Such a minimal system is unique up to

algebraic similarity.
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2. A linear switched system is minimal if and only if it is canonical.

8. A linear switched system Xin s minimal if and only if for each equivalent
linear switched system X the dimension of the state-space of % is not smaller
than the dimension of the state-space of Ypmin

Proof. The statement of part 1 follows from Theorem 24, the fact that each canonical
linear switched system is minimal ( see Subsection 6.1.1) and Corollary 14.

Let 3 be a minimal linear switched system. By Theorem 24 there exists a canon-
ical system X.,, equivalent to X. But by Section 6.1.1 ¥4, is minimal, therefore
Ycan and X are isomorphic. Since any isomorphism preserves reachability and ob-
servability we get that X,,;, is reachable and observable, hence canonical. So the
statement of part 2 is proven.

The statement of part 3 follows directly from Theorem 25. O

The construction of the minimal representation described above yields the follow-

ing Kalman-decomposition of a linear switched system.

Theorem 28. Given a linear switched system ¥ = (X, U,Y,Q,{(A4,B¢,Cy) | ¢ €
Q}) there exists a basis transformation on X compatible with decomposition X =
Wor @ Wino @ Wonr @ Whonr where Wy @ Wipo = Reach(X), Wonr @ Whonr = Ox
such that in the new basis the matriz representation of maps Ay, By, Cy has the

following form

Al 0 A2 0 B!
A3 AL A5 AC B?
— q q q q — q — 1 2
e I I R L c,=[cy 0 ¢z o
0 0 A% A2 0

where

o Xor = Wor,U,Y,Q,{(A}, B;,C}) | g € Q}) is minimal and equivalent to 3.

Aol [B1] (. |
e Y0 = (Reach(%),U, Y, Q, {( B4 g2l [Cq 0}) | ¢ € Q}) is a reach-
q q q
able system equivalent to 3.
Al A2 B! )
° Zrno - (O%,M,)%Q,{( Oq Ag ) Oq 5 |:C; C§:|) | q <€ Q}) is an observ-
q

able system equivalent to 3.
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6.3 Constructing a Minimal Representation for Input-

output Maps

Below necessary and sufficient conditions for the existence of realization by a linear
switched system will be presented. Also a procedure will be described to construct a
minimal representation for a realizable input-output map. The well-known condition
for existence of realization by a linear system is a special case of the condition given
here. The construction of a minimal linear representation of an input-output map
is also a particular case of the procedure presented below. By Proposition 20 it is
enough to determine conditions for realisability of input-output maps of the form
y: (UXxQxT)" — Y.

Below conditions on y : (U x Q@ x T)* — Y will be given, which will be proven
necessary and sufficient for realisability of y in the sense of Definition 13. Before
proceeding further some notation has to be introduced. Let u; = uquis -« - utp, us =
Ug1Ugg - - - gk € UT, then auy + Pug = (qurr + Bugr ) (quiz +Bugs) - - - (k4 Buay) €
UT for a,BER. Let u=ujuo---up, EUT, w=wiwy - wp, EQT, 7T =170t €
T+, then y(u,w,7) is defined as

y(u, w, 7) = y((ur, wi, 71)(u2, wa, 72) - - - (U, Wk, T))

Let ¢ : R**" — R?. Whenever we want to refer to the arguments of ¢ explicitly we
will use the notation ¢(t1,ta, ..., tg, $1, 82, ..., Sr), Or in vector notation ¢(t, s), where
t = (t1,ta,...,tx) and s = (s1, $2,...,S,) are formal k and r-tuples respectively. If
a € R¥ then we use the notation ¢(t, §)|t=¢ for the function R™ 5 b +— ¢(a,b). For
any a = (ag,x_1, - ,a;) € NF denote by ;t—(;¢ the partial derivative

d® d

e’ ATEA

Aty b1, b1, 80y Sp—1y0 -, 81) RE+T _ RP

If we want to refer to the components of a € N explicitly, we will use the no-
%(ﬁ = ;t—(:,¢. If t = (t1,t2,...,t) then denote by t! the tuple
(t1,ti41,. .., 1) and by 't the tuple (t1,ts,...,%;) for I < k.

For any v € UT,w € QT the function y(u,w,7) : TT — Y will be identified with
the function T1*! 5 (t1,tay ..., tg) — y(u,w,tity - - ty)

Consider the matrices A, Ag,, -+ Ag, € R™™™ and define the function

€XDy,go-qp Tk — R™" by

tation

XDy g yoqy (F1rt2s Jtk) = exp(Ag, ti) exp(Ag,_ th—1) - exp(Ag t1)

Definition 14 (Realisability conditions). Consider a mapy: UxQxT)T — Y.
The map y is said to satisfy the realisability conditions if the following properties hold
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1. Linearity of the input-output function
For all up,us e U", we QF, 7 € TT such that |uy| = |us| = |w| = |7| and for
all a, B € R it holds that

y(O{U1 + ﬂUQ,’w,T) = ay(ul,w,T) + 6?’/(”27 va)
2. Zero-time behaviour

|w|—times

3. Analyticity in switching times
For all w € Qt,u € Ut such that |w| = |u| the function y(u,w,.) : T'"! — Y
defined by (ti,t2,... b)) = y(u,w,tity - - - ty) is analytic.

4. Repetition of the same input
For all wi,wy € QF,ut,us € UT, 7,72 € T* such that |w;| = |us| = |7, (i =
1,2) and for all g € Q,u € U,t1,t2 € T it holds that

y(uruuu, wiqqus, Tit1taT2) = y(uruug, wiqwsa, 1 (t + t2)72)
The condition is equivalent to stating that for each z,1 € (U x Q x T)™
Z=1 = y(2) =y()

5. Decomposition of concatenation of inputs
For each wy,ws € QT ,uy,ug € U, 71,79 € TT such that |w;| = |u;| = |7,
(i =1,2) it holds that

= 00---0
y(uruz, wiws, T172) = y(uz, w2, 72) + y(ur | ), WiwWs2, T1T2)

|ua|—times

6. Elimination of zero duration
For all wi,ws,v € QT, 11,7 € T, uy,us,u € UT such that

lu;| = |ws| = |7i| and |v| = |u| it holds that

y(ujuug, wivwe, 71 00---0 7o) = y(uiug, wiws, T172)

|u|—times

Proposition 21. If a map y : (U x Q x T)T — Y is realizable by a linear switched
system, then it satisfies the realisability conditions.
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Analyticity of the input-output maps allows to rephrase the property that a linear
switched system realizes an input-output map in terms of the high-order derivatives
of the input-output map.

Let Aq, By, Cyq, (¢ € Q) be linear maps over suitable spaces and let
J1:J2, -5 gk > 0. If | = inf{z € N|j, > 0} = —o0, i.e. j1 =j2 =--- =jr =0, then
by Cq, Al Ag’;j -+ A1 By, we mean simply the identically zero map.

Proposition 22. Consider the linear switched system

E=(XU,P,Q,{(Aq; By, Cy)lg € Q})

Then for each w = q1q2 - qr € QF, u = ugug---uxr €U, a = (a1, 2,...,ar) € NF
the following holds

d* -
T w, Dl = Coy AR A - A5 By

where | = min{z|a, > 0}.

Proof. Define the function Ty : (U x Q@ x T)T — X in the following way. For
w=wwy--w, € QY, T =titg---ty, € TT and v = wjus---u € Ut define
Tx(u,w,7) by Ty (u,w,7) = 25(0,7, Z)(Zlf t;) where v = (ug, t1)(ug, ta2)

<o (ug, tg) and z = (wr,t1)(we, te) - - - (wg, tr). It is easy to see that Ty satisfies the
realisability conditions. We shall use this, the fact that yy satisfies the realisability
properties and the following basic property of linear switched systems (see [69])

ys(uiug ---wy 0---000,q192 -~ qr, tita - - - tr) = Cy, exp(Ag, tr) X
k—l—times

exp(Ag, _ te—1) - exp(Ag  tiv1)Te(uruz - u, q1qa - -~ qi, tita - - - 1)

= qu eququ,1~uql+1 (tkatk—h D) 7tl+1)5E(U1U2 U, q1492 Ql7t1t2 o tl)

From condition 5 of the realisability conditions one gets

Us(uiug - wWlUp1 - Uk, q1G2 - Q41 - Qi trta - il - ty) =

gE(uH—l o UR, Gl 'Qkatl-i-l : "tk) + gE(ul <00 Oawatth . "tk)
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where w = q1¢2 - - - qx. Combining the two expressions above one gets

d® _ d®
Cﬁ—ayz(u’ w,t)|i=0 = dt—ayz(uluz ey 00 - 0,w, 1) |4=0
o
= dt—a(ch XPyyge romqien )T (urug -+ u, gz - - @1, ') |e=o
o

_ 141
- dtiac% eXp‘Ika—l"'QH»l (i ) x
(@ (u, @i, 1) + Ts(urug - w—10,q1G2 - @—141, ') l1=o0

dle,on -1, o)

P e — el

I+1
dt(ak k-1, 0 £7) %

eXkava—l,"'Ql+1 (—

(T (ur, @i, tr) + exp(Ag, 1) Ts (urug - wi—1,q1q2 - - -1, 't)) =0

where I = min{z | a, > 0}. In the derivation above the condition 5 of the realisability
conditions was applied to Ty. Since

Tx(uiug - w—1,q192 - - qi—1,00- - 0) = 0 we get that

e dlar,ar—1,...,a1)

_fl]E (ua w, i)EZO =

dte (qu CXPyk,qh—1,esai1 (tl—‘rl)/‘fz (ul7 qai, tl) |£:0

dlar,ar—1,...,a1)

1+1
dt(er,op—1,...,01) (qu equk’q"‘—l""’ql‘*'l (t )

t
/ exp(Ag (t1 — ) By 1 ds) =0
0

dlak,ak—1,..,0041)

_ I+1
- (dt(ak,ak,l,...,al+1)cheXp(ka’]kflv--wQZJrl(E )X

t; d
(= exp ) B + [ exp(dy (0= ) By ds) oo
l
d(()ék,ak717...,al+1)

a
= (CQk exp(Athk) X

dt(Qr,e—1,...;0141)
X eXp(AQk—ﬂfkfl) T eXp(AlZL+1tlJrl)A((;ll_qulul)|£:0
= O AT AT ANTIR .

qk—1

In the last equation the fact was used that %Z exp(At)L|i—o = ZAIL holds for any

A, L, Z matrices of compatible dimensions. O

Proposition 22 , and the fact that ys(u,w,,ti1ts - ;) is analytic in
(t1,t2,- -+ , ;) implies the following corollary.

Corollary 15. Let ¥ = (X, U,Y,Q,{(44,B4,Cy) | ¢ € Q}) be a linear switched
system. Consider a map y: (U x Q x T)t — Y and assume that for each w € Q™
w e UT, |u| = |w| the map (t1,t2,. .. tjw) — y(u,w,tits---t|y) is analytic. Then
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> is a realization of y if and only if

Yu=ujug---up €UTYw =qiqz - qr, € QT, Vo € N¥
(e}

d _
dt—ay(u,w,z)hzo = Cg AGFAG—1 - AQ! qulul (6.2)

where | = min{z|a, > 0}

The corollary above says that the matrices of the form
quAg‘]ngf:f - AMB. (q1,q2, -5 Gry 2 € Q, a0 € N*¥) determine the input-output
behaviour of linear switched systems. In fact, for the case of one discrete mode these
matrices are the Markov-parameters of the system. The matrices (6.2) can be viewed
as a generalisation of the concept of Markov parameters.

Now we shall introduce a few concepts, which are needed to formulate the gen-
eralisation of the Hankel-matrix for linear switched systems. Let Y = RP, T = R,
and @ be an arbitrary finite set. Define the following set

Z={¢:Q" YT |vwe Q" : dom(p(w)) = T
and ¢(w) : TI"! — Y is analytic }

Then Z is a vector space with respect to point-wise addition and multiplication by
scalar, i.e. Vo1, o € Z,Yw € Qt,t € TIvI .

(a¢1 + 5¢2)(w7t) = a(bl(w?t) + ﬁ¢2(w7t) ) auﬂ eR
Define the set D as follows
D={f:(@xN)" -}

It is easy to see that D is a vector space with respect to point-wise addition and

multiplication by real numbers, i.e.

Vi1, f2 € D,Vw € (Q x N)T : (afy + Bf2)(w) == afi(w) + Bf2(w) , o, BER

Define the mapping F': Z — D in the following way

(o3

F(¢)((q1,01)(q2,02) -+ (qr, ) = dt—aéb(%lh k) (t)]e=0 (6.3)

That is, the function F' stores the germs of functions from Z in sequences of the form
(@xN)F — .

For each f € Z and for each sequence w € Q7 the value of F'(f) at (w, araz - - - ajy))
equals the partial derivative C‘lj% at (0,0,...,0) € Tl of the analytic function
f(w) : TI*l — Y. Thus, the proof of the following theorem is straightforward.
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Proposition 23. The mapping F : Z — D defined above is an injective vector space

homomorphism.

Now we are ready to define the generalised Hankel-matrix. Consider a mapping
y:(UxQxT)" — Y and assume that it satisfies the realisability conditions. For
each (w,u) = (w1, u1)(wa, uz) - - - (wg, ur) € (@ xU)T and o € N* define the mapping
i—(;y(wyu) QT — YT" in the following way. For all v € QT let dom(jt—(;y(w,u) (v)) =
TI*l. For each fixed T € T

d® d®

dt_ay(w,u) (U)(T) = dt_‘ly(u 00---0 ,wv,§7)|£:0

|v|—times
Then by analyticity of y(u00---0,wv,.) the mapping %y(wyu) belongs to Z. Con-
sider the following subspace of Z

da
X, = Span{ -y | (w,u) € (Q xU)*,a e NIV} (6.4)
The Hankel-matrix of y can be defined in the following way

Definition 15 (Hankel-matrix ). Consider a mappingy : (U x Q xT)T — Y such
that y satisfies the realisability condition. Using the notation above define the map
H, = F|x, : X, — D. The map H, will be called the Hankel-map (or Hankel-matriz)
of the mapping y.

It is easy to see that H, is a linear mapping, therefore it makes sense to speak
about its rank, rank H, := dimImH, € NU {co}.

Lemma 31. Consider the mapping y : (U x Q x T)*™ — Y and assume that y has
a realization by a linear switched system. Then y satisfies the realisability conditions
and rank H, < +oo.

Proof. Assume that the linear switched system
X=(XUY,Q,{(Ag, By, Cy)lg € Q}) is a realization of y. Then by Corollary 15

(o3

Hy(jt—ay(w,u))((%,ﬁl)(%,ﬁz) e (an /) =

s d-
= Wdt_ay(uoo’”o’wa‘h < qu,17) |t=0,7=0
= (;qlAglegll:ll "'Agf A%k ...Anglebub

where b= min{z|a, > 0}.

Let r = dim Reach(¥) < +00. Choose a basis ey, e, . .., e, of Reach(X). Assume
that ¢, = AXGRD) olk@O-1)  jaln-1p

4 Dry T k)1 q(i)1
d(@(ik()),a(i k() ~1),...a(i,1))
fi:dt(a(i,k(i)),a(i,k(i)—l),...a(i,l))y(‘J(i)l‘J(ih”“I(i)k(i)7u(i) 90.-:0 )

"

q(i),u(i). For each i = 1,2,...,r define

k(i)—1—times
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Then we claim that H,(f;) generates ImH,. Indeed, take an arbitrary f = gt;:y(w,U)
Define f = A%k Agh =y - AY LBy, w where | = min{z|a, > 0}. Then there exist
scalars «y; € R such that f: > viei- But for each x = (q1,d1)(q2,d2) - (ge, de) €
(QxN)* it holds that H,(f)(x) = Cq, Al --- A%t f. Then H,(f;)(z) = Cy, Alde - -- Alre;,
so we get that

O v Hy (f)) (@) = 7Co Afe - Altej = Cy Al -+~ A% [ = H,(f)(x)
j=1 j=1

so that we get that
Hy(f) =Y _viHy(f))
j=1
That is, the set {H,(f;) |¢=1,2,...,r} is a finite generator of ImH,,. O

Now we are ready to state the main theorem of the section.

Theorem 29. Consider a map y : (U x Q x T)T — Y. The map y is realizable
by a linear switched system if and only if it satisfies the realisability conditions and
its Hankel-map is of finite rank, i.e. n = rank H, < +oco. Ify is realizable, and

rank H, < +oo then there exists a minimal linear switched system

Y= (Xau7yaQa{(Aanq7Cq) | qc Q})

which realizes it and dim X' = n = rank H,. This minimal representation is unique

up to algebraic similarity.

Proof. Lemma 31 and Proposition 21 imply the necessity of the condition. The last
statement of the theorem follows from Corollary 14 In order to prove sufficiency, a
minimal linear switched system will be constructed that realizes y. The proof will
be divided into several steps.

(1) Consider H = ImH,. For each ¢ € @ define the following linear maps A, :
H—H,C;:H—Yand B, : U — H as follows

V(q1,71) (a2, J2) - - (qk» Jk)
(Ag®)((q1,71) (a2, 32) - - (ar, x)) = (g, 1) (g1, 41) (g2, 52) - - - (qw» k)

d
Byu := Hy(ﬁy(q,u))7 Cq¢ := 9((g,0))

It is clear that B, and C,; are well defined linear mappings. It is left to show that
Ay is well defined. It is clear that A, : H — D is linear. We need to show that
Aq,(H) C H. In fact, the following is true: for all f = cll%y(w,u) € X, it holds that

d(le)
Aq(Hy(f)) = Hy(my(wq,um) (65)
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Indeed, denote by ¢ the right-hand side of (6.5). Then

¢((q17ﬁ1)(q27ﬁ2) e (q27ﬂz)) =

a8 de)
= me(uo\oo'“oawquQQ s bty TiTe - T)|e=0,r=0
z—times
dBD  ge
= mﬁ—ay(u000~-07wqq1q2 ce gy tityc tETITT2 - Tag)|4=0,7=0

= Hy(f)((% 1)(q1, B1)(q2, B2) - -~ (g=, B-))

(2) For each q1q2--- qr, 2 € QF, a € N¥ and u € U the following holds

Ayl AQBeu = Hy (S Yeaa-au g 0) (6.6)

k—times

. d(l,ot) _ d(anb+1vam,—1 ..... a) _
It is easy to see that Fmm5¥(weqvu0) = Jamitam 1man Y(wg,vun)s M = |lwg|. The

correctness of (6.6) follows now from the repeated application of (6.5). We also get

the following equalities.

dOé

. —1

At A AYT By = Hy (22 Ygigs vaen 00220 ) (6.7)
k—1—times

CoAGEAGL) - AQT Byun = —2y(@1g - gk, u1 000 t5)|=o,=0 (6.8)

k—times

where a7 > 0.
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(3) Using condition 5 of realizability conditions one gets for any k > 1 € N

4o
dt_ay(lhqz--qk,uluz...uk)(1})(7-) —
de
= gay(@e e, uauzue 00000, E7)]—o
‘U|7t’imes
d® .
— dt_a(y<ql+1ql+2"'qu’ul+l"'uk 000,t+7_)+
|[v|—times

Yl - aro,w 00---Q 7))
|v]|+k—1l—times

+y(@dz - qrv,urug - w0 000 17))l=o
|v|+k—1l—times
d- +1
= dt—ay(Ql-‘rlfﬂ+2"'QkU7Ul+1"'uk 0---00,t"1r)
|[v|—times
dlak,ar—1,...,c1)
+ ey Y@ a0 ) (0)(7)
k—l—times
(63
(v)(7)

+dto¢ y(q1q2“~Qk7U1u2'-~ul71() 92 -0 )

k—l—times

Assume that | = min{z|a, > 0}. Now, since the function

0---00 .tju1tino---t
Z/(Ql+1<ﬂ+2 qrU, Ui+1UI4-2 Uf; s Ui41t142 kT)

|[v|—times
doesn’t depend on t;, we get that

d()t

dt_a(y(Ql-HQH-Q CqrU Uy Uy 00000 ,27)|i—0 = 0

|[v|—times
For the third term of the sum

Yw =wiwy---w, € QT T =mmp- 1 €T
da
%y(%(h~~~Qk7U1U2"~ul,10 @9 )('[U)(T)
-

k—l—times
da
= %y(mw - u;—10 w w’ q1q2 -+ Qrwiwsy - - - wzvtT)E:O

k—Il—times z—times

d(akyak—huwal)

0 00---0 00---0,qr - qrwiwg - - W, t7)|4=0 = 0

k—l—times z—times

prcTr— Al
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CHAPTER 6. LIN. SWITCH. SYSTEMS: AN ELEM. APPROACH

In the last two steps the condition 6 of the realizability conditions and the equality
y(00---0,w,7) = 0 were applied. So, we get that the following holds:

de d(ak,ak,l ..... ap)
g Yoo s ) = e Y 900 )
k—l—times
Taking into account equalities (6.7) and (6.8) one immediately gets
a L
Hy(dt_ay(qumqk,uluQ.‘.uk)) = Ag:Ag::ll s Agll Bqul (69)
and
d* L
dt_ay((h(h e qQry UrUg - Uk E) =0 = Co AGEAGETE - AGT By w (6.10)

(4) Consider vector spaces

W = Span{Agr AgF-! - A Bou | u €U, q1,q2,-- - qr, 2 € Q0 € NF1

k dk—1

and
0= ﬂ ker CZ‘Ag: Af;:: L Agf
q1,92,---,qK,2€Q,0tENF
From (6.6) and (6.9) it follows that H = H,(X,) = W. We will show that O = {0}.
Let f = Cf%y(m) € X,. Then

d? d«
szAﬁzA%;ll o AgjllHyf = szHy(Wdt_ay(xw,v 0---0 ))

z—times

= Hy()((w1, B1)(ws2, Ba) - - (w2, 5))

For each z € O there exist fi, fa,...fr and a; € R,i = 1,2,...r such that f; =

qle(i k(@) ai k(i) —1),..., a(i,1)) . r
AR, aG RO -1, e Y(wi,u;) and z = 21‘:1 ’YzHy(fz) For each

(w,B) = (w1, B1) (w2, B2) - - - (i, Br) € (Q x N)*

it holds that
Copg A%k Ak 4 - AP1z = 0. But

Wg—1

Cu AEAD - ADN" H = > 5iCuy Al AD - AP H ()
i=1 i=1

> yiHy (£:)(w, 5)) = 2(w, h)
=1

So for each (w, 3) € (Q x N)T we get that z((w, 3)) = 0, that is, 2 = 0.
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(5) Since n = dim H there is a T : H — R™ vector space isomorphism. Define
on R™ the following linear switched system ¥ = (R™,U, Y, Q,{(A44, B¢, Cy)lg € Q})
where

A, =TAT', B,=TB, C,=CT"
Then for each q1,q2,...qx € Q, u € U, o € N* we get that
Cou AZF -+ A1 T By u = Co AZF - A2 By u

This and (6.10) together with Corollary 15 imply that ¥ is indeed a realization of
y. Also, we get that Reach(X) = TW = TH = R", so ¥ is reachable. Again,
TO = Ox, = {0}, so X is observable. That is, ¥ is a minimal linear switched system

that realizes y and its state space is of dimension n. O
As a consequence of the theorem we get the following corollary

Corollary 16. Let ¥ = (X, U,Y,Q,{(Aq, By, Cy)lq € Q}) be a linear switched sys-
tem. Let y :=ys. Then rank H, < dimX. The system ¥ is minimal if and only it
holds that rank H, = n = dim X.
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Chapter 7

Realization Theory of Linear

and Bilinear Hybrid Systems

In this chapter we will present realization theory for linear and bilinear hybrid sys-
tems. The material of this chapter is partly based on [48, 54]. Let us first recall the

realization problem for linear and bilinear hybrid systems.

1. Reduction to a minimal realization Consider a linear (bilinear) hybrid system
H, and a subset of its input-output maps ®. Find a minimal linear (bilinear)

hybrid system which realizes ®.

2. Ezistence of a realization Find necessary and sufficient condition for existence
of a linear (bilinear) hybrid system realizing a specified set of input-output

maps.

3. Partial realization Find a procedure for constructing a linear (bilinear) hybrid

system realization of a set of input-output maps from finite data.

Except the partial realization problem, which we be treated in Section 10.5, all the
problems listed above will be discussed in this chapter. More precisely, we will present

the following results.

e A linear (bilinear) hybrid system is a minimal realization of a set of input-
output maps if and only if it is observable and semi-reachable. Minimal linear
(bilinear) hybrid systems which realize a given set of input-output maps are
unique up to isomorphism. Each linear (bilinear) hybrid system H realizing a

set of input-output maps ® can be transformed to a minimal realization of ®.
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e A set of input/output maps is realizable by a linear hybrid system if and only
if it has a hybrid kernel representation, the rank of its Hankel-matrix is finite,
the discrete parts of the input/output maps are realizable by a finite Moore-
automaton and certain other finiteness conditions hold. A set of input/output
maps is realizable by a bilinear hybrid system if and only if it has a hybrid Fliess-
series expansion, the rank of its Hankel-matrix is finite and the discrete parts of
the input/output maps are realizable by a finite Moore-automaton. There is a
procedure to construct the linear (bilinear) hybrid system realization from the

columns of the Hankel-matrix, and this procedure yields a minimal realization.

Notice that the results above are very similar to those for hybrid formal power series.
This is not a coincidence, in fact, the results announced above will be proven by
using theory of hybrid formal power series. It turns out that there is one-to-one cor-
respondence between linear and bilinear hybrid systems and hybrid representations of
certain families of hybrid formal power series. This correspondence will enable us to
reduce the realization problem for linear and bilinear hybrid systems to the problem
of existence and minimality of hybrid representations for a certain family of hybrid
formal power series. Moreover, such system theoretic properties of hybrid systems
as observability, semi-reachability and minimality have their counterparts in hybrid
representations. That is, there is one-to-one correspondence between reachable, ob-
servable, minimal hybrid representations and semi-reachable, observable, minimal
linear and bilinear hybrid systems. Thus, theory of hybrid formal power series can
be used to characterise minimality of linear and bilinear hybrid systems. It can be
also used to derive partial realization theory of linear and bilinear hybrid systems,
see Section 10.5.

It is also possible to develop realization theory for linear and bilinear hybrid
system without using hybrid formal power series. It was done in [48, 54]. Compared
to the direct approach the use of hybrid formal power series helps to avoid unnecessary
repetition of proofs and concepts. It also results in a much more elegant and concise
treatment of realization theory for linear and bilinear hybrid systems.

In fact, the main motivation for discussing realization theory for both linear and
bilinear hybrid systems in one chapter is that in both cases the same framework of
hybrid formal power series can be used.

The outline of the chapter is the following. Section 7.1 describes realization theory
of linear hybrid systems. Section 7.2 presents realization theory of bilinear hybrid

systems.
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CHAPTER 7. LINEAR AND BILINEAR HYBRID SYSTEMS

7.1 Realization Theory for Linear Hybrid Systems

In this section realization theory of linear hybrid systems will be discussed. As it
was mentioned in the introduction to the chapter, the theory of hybrid formal series
will be the main tool for developing realization theory of linear hybrid systems.

In fact, one can pursue a direct approach for realization theory of linear hybrid
systems, without resorting to theory of hybrid formal power series. This was done
n [54]. A quick comparison of the direct approach and the one with hybrid formal
power series reveals that in the former one in fact repeats the proofs of Section 3.3
on hybrid formal power series. Thus, the direct approach does not seem to yield a
construction simpler than the current one.

The outline of the section is the following. Subsection 7.1.1 presents certain
concepts and elementary results related to linear hybrid systems. Subsection 7.1.2
describes the structure of input-output maps of linear hybrid systems. Finally, Sub-

section 7.1.3 develops realization theory for linear hybrid systems.

7.1.1 Linear Hybrid Systems

Recall from Chapter 2, Section 2.3 the definition of linear hybrid systems. In this
section we will introduce some additional notation and terminology, which will be

used specifically for linear hybrid systems. Let

H= (A,Z/{,y, (Xqququva)qGQ, {Mql,%qQ | qi1,92 € Qv’)/ el,q = 5((]23’7)})

be a linear hybrid systems. With abuse of notation denote by X the set X =
@D,cq Xy Recall from Section 2.3 that Ap refers to the Moore automaton A of
H.

Recall the definition of the continuous state-trajectory zp : H x PC(T,U) x (T x
T)*xT — U,eq Xy Notice that (J, o Xy can be viewed as a subset of X = P o Ay
Thus, xy can be viewed as a map which takes its values in X. In the sequel we will
view xy as a map taking its values in X'. We can derive an explicit expression for
the continuous state trajectory xpy using the well-known expression for trajectories

of linear systems

Proposition 24. For all hg € H, ho = (o, %0), u € PC(T,U), w € (T € T)*,
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7.1. REALIZATION THEORY FOR LINEAR HYBRID SYSTEMS

w = (’717t1)"'(7k7tk)7 Yis---5Vk EF; k207 tk+1 ET;

t |

_ JAg tkr Agp_ .. Agota
H(h07u7w7tk+1) =€ MQkﬁk,qk—1e k=t Mthﬁl#]oe 0 Lo+

k
trk41 Ag 1tk . .
+§ e My, g€ (7.1)
Ag, oot B
+2 i (tigp1—s .
cel LT MQL+17'Y@7QL/ e )B(hul(s)ds
0

where qit1 = 6(qi,Vi+1), wi(s) = u(Zé':l ti+s), 0<i<k.

Proof. We proceed by induction. If k = 0, then xg (ho,u,€,t1) is a state-trajectory
of the linear system £x(t) = Ag2(t) + Bg,u(t) and thus

ty
m(ho,u, e, ty) = etaolizg +/ eAqO(tl_S)quu(s)ds
0
Assume that the statement of the proposition is true for k < N. That is,

Ayt Ayt
xH(hO’u7 (’71at1)"'(71\/7t1\7)7t1\7+1) =e N N+1MQN,’YN,QN 1 "'MQh’Yl,qOe 0 xo+

N+1 t -1
AgnytN Ag,_,ti—s ]
E : “w MQNv'YNv(IN 10 quﬂaqza et ququ(s + t])ds
0 N
Jj=1

Consider any yy41 € T, ty12 € T. Recall that

i (ho,u, (y1,t1) -+ (YN+1, EN41), En42) = T(En42)

where x(t) is the state trajectory of the linear system jt (t) = Agn (t)+ By, ult+
N

Zj:Jrll ) and {E(O) MQN+1 YN+1,4N xH(h()v (717 tl) (’7Na tN) tN+1) Thus, {E(t)

eAqNH xH(h()? U, (’71, tl) (’7N7 tN) tNJrl + f e Aana (- 6)BlJNJrl (S + ZN+1 )

Combining the expression for z(t) with the induction hypothesis we get that

Agt Agyt
Aq N+1 1
.T(t) N+1 QN+1,“/N+1711N(6 N MQN/‘/NyQN 1 Mqu’h#]oe a0 'T0+
N

AgntNtt
Ze w MQNv’YNv‘IN 1
=0

ti41

Ag i tive Ag (ti—s

| e’ B u5+ t;)ds)+
0

N+1

tN+42
—|—/ eAqN+1(tN+2’S)BqN+1u(3 + Z tj)ds
0 .
Jj=1

It is easy to see that the expression above is equivalent to the formula in the statement
of the proposition. O
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CHAPTER 7. LINEAR AND BILINEAR HYBRID SYSTEMS

Let Ho be a subset of H. Recall the definition of the set Reach(H,Hp). The
linear hybrid system H is said to be semi-reachable from Hy if X is the vector
space of the smallest dimension containing Reach(H,Hy) and the automaton Ag is
reachable from IIg(Ho). That is, H is semi-reachable from H, if Apg is reachable
from TIg(Ho) and X = Span{z | z € Reach(H,Ho)}. Recall the notion of a hybrid
system realization. Hybrid system realizations of the form (H, ) where H is a linear
hybrid system will be called linear hybrid system realizations. We say that a linear
hybrid system realization (H, u) is semi-reachable if H is semi-reachable from Imy.

Recall the definition of hybrid morphisms. For linear hybrid systems we will
use a related but slightly different notion of system morphism, which we will call
linear hybrid morphisms. The goal of this new definition is to capture the linear
structure of linear hybrid systems. Let (H, ) and (H', i) be two realizations such
that dom(p) = dom(y'), i.e. the domain of definition of 1 and p coincide and

H = (A7uay7 (anAanqch)quv{Mql,'y,qg | Q1,492 € Qa’YEFa(h :6((127’)/)})
H/ = (A/7uay7 (X¢;7A;7B¢;7C;)q€Q’7{M(;17'y7q2 | q1,492 S Q/a’y eraql :5I(Q2,’Y)})
where A = (Q,I',0,0,\) and A = (Q/7F,O,6/,)\/). A pair T' = (Tp,T¢) is called
a linear hybrid morphism from (H, ) to (H,,u/), denoted by T : (H, u) — (Hl,//)7
if the the following holds. The map Tp : (A,up) — (A, pup), where up(f) =
o (un(f)), up(f) = My (11 (f)), is an automaton morphism and T Do X —
@qu/ Xq/ is a linear morphism, such that

e VgeQ To(X,) C X}DW

o TcA,;= ATD(q)TC TeBy = BTD(q) C, = CTD(q)TC for each ¢ € Q,

L4 TCMql,'y,QQ = M';"D(ql);nyD(%)TCa VQ17Q2 S Q7’7 € Fa 5(Q2,7) =Aq1,
o TolL, (1)) = Ty, (' (f)) for each ¢ = pup(f), € dom(y)

The linear hybrid morphism T is said to be injective, surjective or bijective if both
Tp and T are respectively injective, surjective and bijective. Bijective linear hybrid
morphisms are called linear hybrid isomorphisms. Two linear hybrid system real-
izations are isomorphic if there exists a linear hybrid isomorphism between them.
Notice that linear hybrid morphisms can be defined between realizations (H, ) and
(H', ) only if 1 and g have the same domain of definition.

Notice that the linear map Tc : @,cq Xq — D, eo X; is uniquely determined
by its restriction to quQ Xy, which we will denote by M(T¢). It is easy to see that
in fact M(T¢) takes it values in quQ’ X(;‘ The following proposition is an easy

consequence of the remarks above.
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Proposition 25. With the notation above, if T = (Tp,T¢) is a linear hybrid mor-
phism, then Y(T) = (Tp, M(T)) is a hybrid morphism. Moreover, T is a linear
hybrid isomorphism if and only if ¥(T) is a hybrid isomorphism.

Recall that with any hybrid morphism S : (Hy, u1) — (Ha, p2) one can associate
amap ¢(S) : Hi — He. If T : (Hy, 1) — (Haz,p2) is an linear hybrid morphism
between linear hybrid system realizations, then by the proposition above we can
associate with it a hybrid morphism ¥ (T"), with which, in turn, we can associate the
map ¢(1(T)). Whenever it doesn’t create confusion we will denote ¢(¢)(7T')) simply
by ¢(T") or T. Then the following holds.

Proposition 26. The map T is a linear hybrid isomorphism if and only if ¢(T) is

bijective as a map from Hy to Hs.

Proof. Indeed, assume that ¢(T) : H1 — Ho is bijective. Then for all ¢ € Q
there exists uniquely a ¢ € @ such that T'((¢,0)) = (Tp(q),Tc(0)) = (q/,O), ie.,
Tp(q) = ¢ . Thus, Tp is bijective. For any = € X;, there exists a unique z € X, such
that T((¢,2)) = (Tp(q), Tcz) = (¢, ), i.e., Tcz = x. Thus, T¢ is surjective. We will
show that T¢ is injective. Indeed, assume that Tey = . Then y =yq, + -+ + yq,q,,
where y,, € X, i = 1,...,|Q]. But To(yy,) € X}D(qm thus Tco(y,,) = 0 for all
i=1,...,|Ql|, ¢ # q. Thus, y € X, and thus y = =.

If T is a linear hybrid isomorphism, then by Proposition 25 ¢(T') is a hybrid
isomorphism, thus by Proposition 1, ¢(T") = ¢(¢(T)) is a bijection. O

Proposition 27. Let (Hq,p1) and (Ha, pu2) be two linear hybrid systems. Assume
that T : (Hy, 1) — (Ha, p2) 4s a linear hybrid morphism. Then the following holds.

o If T is injective, then dim Hy < dim Hs.
o If T is surjective, then dim Hy < dim H;.

o If T is either injective or surjective and dim H, = dim Hs, then T is a linear

hybrid isomorphism

Proof. Let

Hl = (A7uaya (Xq7Aquq7Cq)q€Q7 {Mth”\/’qz ‘ Q1,92 € Q?V € F»Ql = 5(61277)})

and

H2 = (A/,Z/{7y, (X(;7A:17B;aC;)qu'7{M;17fy,q2 | q1,q2 € Q/77 € Fan = 6/((]277)})
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Then To : D cq Xg = Dyeqy X; is a linear morphism. Assume that 7" is injective.
Then T and Tp are injective. Then card(Q) = card(Tp(Q)) < card(Q") and

rank 7o = »_ dim X, = dim P X, < > dim X,
q€Q a€Q q€Q’
Thus

dim H; = (card(Q), Z dim &) < (card(Q), Z dim X(;)
qeQ qGQ/

Similarly, if T' is surjective, then T and T are surjective. Thus,

Z dim Xy > rank T = Z dimX;
q€Q qeQ’

and card(Q) > card(Tp(Q)) = card(Q"). Thus, dim H; > dim H,. Assume that T
is injective and dim H; = dim Hs. Then

rank T = Z dim X, = Z dim X; and card(Tp(Q)) = card(Q) = card(Q")
9€Q q€Q’

Similarly, if T' is surjective and dim H; = dim Hs, then

rank T = Z dim X(; = Z dim X, and card(Tp(Q)) = card(Q") = card(Q)
qeQ’ q€Q

Thus, if T is injective or surjective and dim H; = dim Hs, then T and Tp are
bijections, and thus T is a linear hybrid isomorphism. O

The following proposition gives an important system theoretic characterisation of
linear hybrid morphisms.

Proposition 28. Let (H;,p;), ¢ = 1,2 be two linear hybrid systems and let T :
(Hy, 1) — (Ha, p2) be a linear hybrid morphism. Then the following holds.

O(T) o &my () = &m, (O(T)(R), ) and v, (b, ) = v, (H(T)(h), ), Vh € Hy

If T is a linear hybrid isomorphism, then (Hy,p1) is semi-reachable if and only
if (Ha,u2) is semi-reachable and (Hy,p1) is observable if and only if (Ha, ps) is
observable.

Proof. All the statements of the proposition is a straightforward consequence of
Proposition 2, except the one about semi-reachability. Assume that T is a linear
hybrid isomorphism. Then T¢ and Tp are bijective maps. Let ¥(T) = (Tp, M(T)).
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7.1. REALIZATION THEORY FOR LINEAR HYBRID SYSTEMS

Notice that Te(x) = M (T)(z) for each x € X, ¢ € Q. Thus, from the proof of Propo-
sition 2, equation (2.2) it follows that Toxm, (h,u,s,t) = M(T)(xm, (h,u,s,t)) =
g, (W(T)(h),u,s,t) = xp,(d(T)(h),u,s,t) It is easy to see that ¢(T)((n1(f))
w2(f) and thus ¢(T)(Impy) = Imps. Then by linearity of T it follows that

Te(Span{z | z € Reach(Hy,Imu)}) = Span{Teczxm, (h, u, s,t) |
helmy,ue PC(T,U),sec (T xT),teT}=
= Span{z g, (h,u,s,t) | h € ¢(T)(Imuq),u € PC(T,U),s € T xT)",t€T}) =
= Span{z | z € Reach(Ha,Impus)}

On the other hand, (Hy, p1) is semi-reachable if and only if

dim Span{z | z € Reach(Hy,Imu,)} = dim@ X,
q€Q
Since T¢ is a linear isomorphism, we get that the latter equality is equivalent to
dim @ &, = dim Te(€P &,) = dim To(Span{z | z € Reach(Hy, Imyu)}) =
qeQ’ q€Q

= dim Span{z | z € Reach(Hz,Impus)}

That is, it is equivalent to (Ha, u2) being semi-reachable. O

7.1.2 Input-output Maps of Linear Hybrid Systems

This section deals with properties of input-output maps of linear hybrid systems. Let
f e F(PC(T,U)x (I'xT)*xT,Y xO) be an input-output map. Define fo = IIyof :
PC(T,U)x (T'xT)*xT — Yand fp =pof: PC(T,U)x (I'xT)*xT — O. That
is, f(u,w,t) = (fo(u,w,t), fp(u,w,t)) for all w € PC(T,U), w € (' xT)*, t € T.
Below we will define the notion of hybrid kernel representations, existence of which

is an important necessary condition for existence of a linear hybrid realization.

Definition 16 (hybrid kernel representation). A set ® C F(PC(T,U) x (T x
T)*xT,Yx0) is said to admit a hybrid kernel representation if there exist functions
K : R — RP and GL ; : R — RPX™ for each f € ®,w € T*,|w| = k,j =
1,2,...,k+ 1, such that

1. YweT*Vfed j=1,2,...,|lw|+1: KI is analytic and Gi,j is analytic
2. For each f € ®@, the function fp depends only on I'*, i.e.
Vuy,uy € PC(T,U),w € T*, 71,75 € T 11,85 € T :
fp(ur, (w, 1), t1) = fp(uz, (w, 72),12)
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CHAPTER 7. LINEAR AND BILINEAR HYBRID SYSTEMS

The function fp will be regarded as a function fp :T* — O.

3. For each f € ®, w = yve---v € I'*, tpy1 € T, v1,...,7x € I', t =
(t1,...,tx) € T":

fC(U/a (w7t)atk+1)) = Krg;(th e ,tk; tk)+1)+
k tit1
+ Z/ G{u,k+1—i(ti+1 — S, ti+27 e ,tkﬂ)oiu(s)ds
i=0 70
where oju(s) = u(s + Zgzl t;).

Using the notation above, define for each f € ® the function yg : PC(T\U) x
(T'xT)"xT — Y by

yg(% (w,t), tk+1) =
k tit1
= Z/ G]uc;,k+1fi(ti+1 — S, ti+2, e ,tk+1)0'iu(8)d8
i=0 V0
wheret = (t1,...,t). It follows that yg(u, (w,7),t) = folu, (w,7),t)—fc (0, (w,T),t).
The intuition behind the definition fo y{; is the following. If (H, p) is a realization

of @, then for each f € ®, yg = IIy o v ((Mg((f)),0),.). In fact, the following
holds.

Lemma 32. Consider a linear hybrid system realization (H, p)
H= (A,Z/[,y, (anAqv Bqa Cq)QEQ? {Mql,'y,qz | q1,492 € Qafy € qul = 5(q23’7)})

Then (H, 1) is a realization of ® if and only if ® has a hybrid kernel representation
of the form

Ag, tr Agnt
Kg(t17"'vtk+1) = Cle k k+1Ml]k7"/ka‘1k+1 ceeenie OMC(f)

s i = Agpte+1
Gy oty s trepr) = Cope ™ Mg, oy gy - 2
Ag.tip Ag. .t .
€I M g€V By,

fou, (w,7),t) = Mup(f),w) for each u € PC(T,U),7 € T*,t €T

for eachw ="~ Ye,71,.- -, €L, k>0,7=1,...,k+1, fe®. If (H,pu) isa
realization of ®, then y{; =Ty ovyg((up(f),0),.).

Proof. (H,p) is a realization of ® if and only if

f=vu(u(f),.) (7.3)
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Let yg(h,.) = Iy o vy (h,.) for all h € H. Thus, (7.3) is equivalent to fo =
yu(u(f),.) and fp = o o vy (u(f),.). But for each v € PC(T,U),w € T*,7 €
Tl teT

Mo o s ((un(£),0), 4, (w,7), ) = A(un(F),w)

Thus, (7.3) implies fp(u, (w,7),t) = AMpp(f), w). It is easy to see that

yH((q’ JS), U, (wvi)? tk+1) = C‘Zk eAqktkHqu”rmq:cﬂ T eAqotOJH'

k t. Jj—1
J
A trin . Aqij+1 Aq,v, ti—s .
E :/ Cg e My e ar 1 e ng‘a’m,q;qe it Bijlu(s_F ti)ds
=1 0 i=1

where w = v1 - Yk, V1,5 €0, k>0, 8t =t1- -ty ¢i = 0(g,71- V), ¢ =
0,....k, g =gq, (g,z) € H.
Thus, we get that (7.3) is equivalent to

VweT* t=t...tp 1 € T 41 € T, Jw| = k,u € PC(T,U) :

fC(U, (w?t)ﬂfk"rl) = yH(/”’f7ua (waz)atk"t‘l) =

=K (t1,t0, ... thy1)+

- (7.4)

tj j—1
+Z/o Gq{;,j(tj —s,tjﬂ,...,tk+1)u(s+Zti)ds
j=1 i=1
fD(u7 (w7£)7tk+l) = )‘(IU/D(f)aw)

Thus, ® has a hybrid kernel representation of the form (7.2). The last statement of
the lemma follows from the fact that

yH((MD(f)vo)’u7 (W,t)atk+1) =

k1 ot j—1
_ A et Aqx, tj—s . _
- E :/ Ole k qu;'yknqk:fl e qu'7’)’j7qg'—1e it qu'qu(s + tl)ds =
=/ i=1

k+1

t; Jj—1
Z/O Gl it = s,tisn, -t )uls + Y ti)ds = yf (u, (w, 1), try)
j=1 i=1

for all u € PC(T,U), w =1 Yy V1s--s Tk EL, k>0, t =ty -ty € TF thy1 €
T. O

If the set ® has a hybrid kernel representation, then the collection of analytic
functions {K{;,G{;,j |wel* j=1,2,...,|w+1, f € ®} determines {fc | f € ®}.
Since K/ is analytic, we get that the collection {DO‘K{I,,D’GG{;J | € NIvI, g € N7}
determines K and GI locally.

w,J

201



CHAPTER 7. LINEAR AND BILINEAR HYBRID SYSTEMS

For each f € ®, uw € PC(T,U),w € T* define the maps

fc(u,w, ) : T‘lerl = (tl, R 7t|w\+1) — fc(u, (w,t1 B 't|w\)at|w|+1)

y{;(u, w,.) Twl+t 5 (t1y ey bl 41) — y{;(u, (w,t1 - tj))s tawl+1)

By applying the formula % fot fi,ydr = f(t,t) + fot % (t,7)dr and Definition 16
one gets
DK = D*fc(0,w,.) , DSGY e, = DPyf(e.,w,.) (7.5)
where w = vy -y, [ < k+1, NF*1 5 8 =(0,0,...,0 ,& +1,&,...,§), and e,
———

k—Il+1—times
is the zth unit vector of R™, i.e el'e; = §,;. The formula above implies that all the

high-order derivatives of the functions K, Gq’;)j (fed,wel* j=1,2,...|lw|+1)
at zero can be computed from high-order derivatives of the functions from & with
respect to the relative arrival times of discrete events.

The discussion above yields the following result.
Lemma 33. If ® has a hybrid kernel representation, then the functions K, Gj:’j,
fed®, wel* j=1,...,|w| + 1 are uniquely defined. That is, if I?{;, éfw are

analytic functions such that condition 8 holds, then
K! = K/ and éij = G{U’j
fed,wel, j=1,...,|w + 1.

Proof. Indeed, assume that both K7, G{U,j and IN({;, CNT'fU] are analytic functions which

satisfy condition 3. Then by (7.5) for each o € NI*I+1 3 € NIwl+2=7 5 =1 . . |w|+1
DK} = D®fo(0,w,.) = D°K},

pltel) e. = D"yl (e.,w,.) = D°G!

w,|w|+2—j = w,|w|+2-5%

where e, € U is the zth unit vector, z =1,...,m,
n=1(0,0,...,0,B1+1,08, ..., Buw+2_;) € N1 Thus we get that D*KJ, = D*K,
————

J
and DﬂG{U’j = DﬂG{U’j holds for each o € NI*I+1 3 e NIwI+2=7 Since the functions
K{;, G’Z]’j, K{; and G{w’ are analytic we get that K{; = K{; and G{U)j = G{U)j. U

From the discussion above one gets the following.

Proposition 29. Let ® C F(PC(T,U)x (I'xT)*xT,Y x0). Let (H, ) be a linear

hybrid system realization

H= (A7Z/[7ya (Xq,Aq7Bq,Cq)qu, {Mql,ry,qQ | qi1,92 € Q77 € Fan = 5(Q27’Y)})
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7.1. REALIZATION THEORY FOR LINEAR HYBRID SYSTEMS

where A = (Q,T,0,6,X). The pair (H,p) is a realization of ® if and only if
has a hybrid kernel representation and for each w € T'*, f € ®, j =1,2,...,m and
a € NI+ the following holds

Day(];(eh 7') D Gw k42— 15 = CQkA qu’Yk,Qk 1 "'MQL;’Yz,qz IAZZ 11qu 1€
DafC(vaa') :DaKf C Aa Qk7')’k7q1c 1 "'Mql,'n,qugol"UO

fo(w) = Mo, w)

where | = min{h | a, > 0}, e is the zth unit vector of U, B = (ag — 1,...,Q|y|+1)
and w =1 Yk, Vs, €L, ¢j = d(qo, 71 v5) and p(f) = (o, zo)-

Proof. By Lemma 32 (H, p) is a realization of @ if and only if ® admits a hybrid kernel

representation of the form (7.2). By (7.5) we get that D/ (ej,w,.) = DﬁG €5 and
Df(0,w,.) = D*KJ. Using the notation of Lemma 32 define the functions

. Agt Ayt
Pfw (tl,...,tk+1)*—>ch€ W Moy g Moy 087 e (f)
. Agptr Ag,_ 1 )
Vfwg (s tigr) = Coe W™ My, oy g o Mgy q 1€ By, €5

foreach fe ®, wel™* |w =k j=1,....mIl=1,...;k+ 1, w=" 7. Itis

easy to see that 1., 5, ¢r.w are analytic.

a—1,..., k1 Ck ot
Dt oSkt )l/ff,m,l,j 70 A Mg - Moy yai- 1Aql 1 By_,e

D(al,...,ak+1)¢f, =, Aa Mg, v - Mqu%,quqo MC(f)

It is easy to see that K = ¢y, and Gf = w1, are equivalent to D*KJ =
DOy and DPGY je; = Dy, ; for alla € N\wl+1 and 8 € NIwI+2=1 Thus, using
the notation of the statement of the proposition we get that (7.2) is equivalent to

Vi€ dwel* jw=kj=1,...,macNt.
Dy(’;(e], )= Dka+2 ZGJ*Dwfle
- quAak qkmc,qk v My g 11427 1quz 1€
D°fo(0,w,.) = D"‘K{; =
= D%y =Cy Aa My visar—1 "'MqlﬂhqugolMC(f)
fo(w) = Mar) = Mgo, w)
O
Below we will present sufficient and necessary conditions for existence of hybrid

kernel representation for a set of input-output maps ® C F(PC(T,U) x (I’ x T)* x

T,Y x O). Before formulating the conditions some notation has to be introduced.
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Recall from [58] the definition of LP([a,b]) spaces for intervals [a,b] C R, and
1 <p< +o0. Foreach 1 < p < 400, t € T denote by LP([0,t],R"*™) the vector
space of n by m matrices of functions from LP([0,%¢;]). Le. f :[0,t] — R™"™™ is
an element of LP([0,t],R™*™), if f = (fi;)i=1,....nj=1,...,m and f; ; € LP([0,t;]), i =
1,...,n, j=1,...,m. Notice that PC([0,t],U) C LP([0,t],U) for all t € T. Denote
by |||l the usual norm on LP([0,¢],R). If f € L?([0,¢],R™*™), then denote by My
the n x m matrix defined by (My);; = ||fijllp foralli=1,...,n,j=1,...,m. Let
s be any norm on R”*™. Then it is easy to see that ||.||, s : LP([0,¢], R®*™) — Ry,
[ fllp,s = s(My) is a norm on LP([0,t],R™*™). Recall that on R"*™ all norms are
equivalent, that is, if s1,s9 are two norms on R"™ ™, then there exists m, M > 0
such that msy(T) < s9(T) < Msy(T) for all T € R™ ™. But then it implies that
m|fllp.ss < N fllpsa < M||f]lp,s, for all f € LP([0,t],R"*™). Thus, all the norms
[|.||p,s for a fixed p induce the same topology. In the sequel we will assume that some
p,s simply by
[|-]lp- It is an easy consequence of the classical theory that PC([0,¢t],U) is dense in
LP([0,¢],U), 1 < p < 400 in the topology induced by the norm ||.||,.

For f,g € PC(T,U) define for any 7 € T the concatenation f#,g9 € PC(T,U) of
f and g by

norm s is fixed on R™*™ and by abuse of notation we will denote ||.|

o ift<r
f#Tg(t)_{g(t) ift>r

Assume that ® C F(PC(T,U) x (T xT)* x T,Y x O). For each f € ® denote by
yg the map yg C(u,w, t) — fo(u,w,t) — fo(0,w,t).

Let fe®, wel* k=|w,t=(t1,...,t), tk41 € T, 7 = 1,...,p. Define the
map

y(’;)’t)ﬂ:k+1 : PC([0, S],U) 3 u — y/ (u#s,0, (w,1),t) € RP

where S = Z?:ll t;. Foreach | =1,...,k + 1 define the following map
vl (i tens P PO ] U) 3w yl (uy, (w,t),t) € RP
where e; is the jth unit vector of R? and
-1 . -1 l
(o) = { wlt =m0ty i te (006, 35 4]

0 otherwise

Define the map

YL TM S (t, ) = fo(0, (7, t1) (2, t2) <o (Ve ) s tiegn) € RP

where w is assumed to be of the form w =~y -+ v, v1,...,7 € I'. For each u € U

identify v with the constant map [0,%;] 3 s — u and define the map

1
wlf’u’w : T|w|+ > (t17 RV 73 tk+1) — y{(w7(t1,--.,tk),tk+1(u) c RP
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Now we are ready to formulate sufficient and necessary conditions for existence of a

hybrid kernel representation.

Theorem 30. ® has a hybrid kernel representation if and only if the following holds

1.

For all f € ® the map fp depends only on I'*, that is, for all u,ul e PC(T,U),
wel* 7,7 eT ¢t eT

fD(u’ (waT)7t) = fD(U'/? (val)vt)
That is, fp can be viewed as a map fp:T* — O.
For each f € ®, for each w € T*, |w| =k, k > 0, t = (t1,...,tx) € T*,
tkp1 €T

k+1
Yu,v € PC(T,U) : (u(r) = v(r) for all T €[0,) t;]) =

j=1
fC(uv (w7£)atk+1) = fC(U7 (wa£)7tk+1)

. Foreach f €@, weTl* k=|w|, k>0,t =1t tg, trt1 €T, the maps

k+1
f : PC([0,> t;],U) — RP
j=1

y(wl)’tk+1

are linear and contnious in ||.||x norm.

. Foreach fe @, wel*, k=|w,l=1,....k+1, u € U the mapswl’fw’u:

TFHL S RP and ] : T*1 — RP are analytic

. For each f € ®, u € PC(T,U), v,w € T*, |w| =1, |v| =kt =1t,---tx € TF,

s=s1-s €Tty €T, S €Y, 85,55, 85 +t]
Y (0#su, (wo, st), trs1) =y (u, (wo,07), Tht1)

where 0 = 00---0 € T" and 7 = t; — (S — 22:1 $j), Tix1 = tiy1 for all
t=1,....,k and 7= (11,...,7k).

Proof. only if

Assume that ® has a hybrid kernel representation.

Condition 1

It is easy to see that condition 1 is the same as the condition 2 of Definition 16.
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Condition 2
Condition 2 follows from condition 3 of Definition 16. Indeed,

fC(U, (w7t)7tk+1) = Kq{;(tla e ;tk+1)+
k+1 t
+ Z/ G{u,kJrzfz(tl =S, b1y tep)u(s + 1h)ds =
1=1"0

=K/ (t1, ... tpyr)+
k+1 t
+ Z/ Gi’k+271(tl — S tip1y - tep1)v(s + T7)ds =
=170

= fc(vv (w7£)7tk+1)

Wherelele_:lltZ,l:l,...,k—i—l.
Condition 3

Notice that for all u € PC(|0, Zfill t;),U)

y(J)c (u#Tk+207 (U}, £)7 tk-‘rl) = y(); (u#TkJran (’LU, t)a tk-i—l) = y{u,7£),tk+1 (’LL) =
k+1

ty f (76)
Z/ Gw,k+2—l(tl — S, tit1, - ter1)u(s + T;)ds
1=1"0

where Tjyo = Zf;l t;. Thus, y'(fw Dtnin is indeed linear map for each w € T'*,
|w| =k, t = (t1,...,tx) € T* tp11 € T. Since Gf; ko is analytic, the map

l

-1 -1
’Q/J : [O,Tk+2] S8 thu,k+2—l(s — th7tl+1’ AN 7tk+1) if se [Z tj7ztj]
j=1 j=1  j=1

is in L°°([0, Tx42], R1*™). Notice that by the formula above

Tri2
y{wvi)vtlwrl (u) = /0 w(S)u(s)ds

Thus, using a slight reformulation of the well-known result from functional analysis
( [58]) we get that y{w@ik+1 is indeed linear and continuous in ||.||; norm. That is,
condition 3 holds.

Condition 4
Formula (7.6) implies that for each u € U,

t
lﬁlf,w’u(tl, cotpy1) = (/ Glfu,mzfl(tl — 8, b4ty thg1)ds)u
0
By analyticity of G{U kt2—; it implies that z/Jlf w.u 18 analytic. Similarly, notice that
w'l]:(t17 .. 7tk+1) = fC(07 (w7£)7tk+1) = Kr[{;(tl7 L 7tk:+1)
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7.1. REALIZATION THEORY FOR LINEAR HYBRID SYSTEMS

Since K/ is analytic, we get that v/ is analytic. Thus, we have shown that condition
4 holds.

Condition 5

Notice that

Y4 (045, (wv, 5t), ty1) =

l Si .
Z/ Giv)k+l+2_j(3i73551'-1—17---75lat17---atk+1)(0#5u)(5+5j)ds+
j=170

k+1 ti
+ Z/ Gl pra (= 8 ti1se o b)) (Osu) (s + Tj)ds =
=170

k+1 ¢,
Z/ Guvkra—j(t; — 8, tjr1, s ter1) (0Fsu(s + Tj)ds =
j=1"0

ty
/ G{;v,k+2—j(t1 —8,ta, ..., ter1)u(s)ds+
S_Z;:1 Sj
k+1
+ Z Gq{w,k-{-Q—j(tj — S, tj+1, . ,tk+1)u(8 + T])ds =
=2

l 0
Z/o Gq{;v,k+z+27]‘(0 —8,0,...,0,t1,...,tgr1)u(s)ds+
j=1

k+1 T3
Z/ Gwv,k+2—j(7_j 7S,Tj+1,...,Tk+1)U(S+Zj)dS:
j=170

y(J; (U, (’LU’U, O_T)’ Tk-‘rl)

where S; = Zf;lls], j=1...,1,T; = Z;lej + Zg;lltj, j=1,...,k+1 and
Zi=S0"lriforj=1,... k+1.
if part
Assume that conditions 1-5 hold. We will show that ® admits a hybrid kernel
representation. Notice that 1 is equivalent to condition 2 of Definition 16. Thus, it is
enough to show that there exist analytic functions K and G{UJ for each f € &, w €
;1 =1,...,|w|+ 1 such that condition 3 of Definition 16 holds. For each f € ®,
weT*, w=|k| let
K, =¥,

and for each I =1,...,k + 1 define the maps GQJ : ' — RPX™ a5 follows. For each
fixed to,...,t; € T define the maps

Glaw,ita,...t; * Tes— ¢]{+271)w7ei( 07 Oa EERE 0 astha s 7tl)

k+1—I1—times
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for each ¢ = 1,...,m. Denote by gl/7w7i7t27___7tl the derivative of g;4,it,,...+, and for
each ty,...,t; € T define

T
f _ ’ ’ /
G“’vl(tl’ b2 ’tl) - [gl’wﬁl’tmu-’tz (tl) I1,w,2,t,.0t (tl) U Ghwmita,.t (tl)
It is easy to see that both K and ij , are analytic maps.
For each 7 = (1,...,7) € T*, 7441 € T define the map
k41
2} 2 mpn  PC(0, Y 7] U) — R
j=1
by
k+1 T; Jj—1
Zw e g (W) = Z/ Gi,kw—j(Tj = 8y Tl Tht1)U(S + ZTi)dS
=i i=1
If we can show that for each w € T*, |w| =k, k >0, 7€ T* 7,1 €T
f _ . f
W,T,Tk+1 y(u:,z),7k+1’ (77)

then existence of a hybrid kernel representation follows easily. Indeed, notice that

f(u’ (wvz)’ Tk+1) = f(O, (wvz)7 Tk+1) + yf(u> (’U),I), Tk+1)

and f(0, (w, ), Tks1) = ¥f (1, ..., 7hs1). By condition 3
yf (’LL7 (U}, I), Tk+1) = yf (U#Zjii Tj07 (U}, I)7 Tk+1) = y{w’z)ﬂ_k_*_l (ﬂ)
where u(s) = u(s), Vs € [0, Zf:ll 7;]. Thus, if (7.7) is true, then

f(uv (w7z)77—k+1) = Klf;(le CIaE 7Tk+1)+
k+1 j—1

T
+ Z/ Gi,k+27j (Tj = 8 Tjs1y -+ Thp1)u(s + Z 7j)ds
j=1"9

i=1
i.e., condition 3 of Definition 16 holds.
Notice that for each z =1,...,m
¢1{+2_l7w7ez (07 07 ceey 07 03 tl+17 tl+27 .o 7tk+1) =
y! (040 (e=#00), (w, 00+ -~ 00¢141 -+ 1), tiy1)

But 0#¢(e.#0)0 = 0 thus by linearity of y{w_OOWOOtHr we get that

k)t

yf (0#0(62#00)7 (’U), 00--- OOtH—l T tk:)a tk:-‘rl) = y(fw,00m00t1+1~~~tk),tk+1 (O) =0
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thus 9] 5 ;0. (0,0,...,0,0,t141, ..., tps1) = 0. Thus,
¢]{+2—l7w,ez (07 07 te 707 Tl - aTk-‘rl) =

Tl d
_ f _
B / wk+2—l,w,ez (Tl =5 T4l 7Tk+1)d8 =
0

ds
o, (7.8)
= /0 gk+27l,w,z,tl+1,...,tk+1(Tl —8)ds =
Tl
:/ G£+2—l,w(7—l — 8, Ti41s -+ Tht1)€zds
0
It is also easy to see that that for any u = (uy,...,um)t €U, 7= (11,...,71) €
T, e €T, l=1,....,k+1,s€[0,7]
Yz sy (O o (st #0)) =
(7.9)

m
= Zuiwiw’ei(o, .. .,O,Tl — S, Tl+1y - - - ,Tk+1)
=1
where T} = 22;11 7;. Indeed, by condition 5 we get that
y{wl)ﬂ'kﬂ (0 11+ (utfr —50)) = y(fwvoo"'o("—l_S)""Tk)77k+1 (uttr—50)

and by linearity of y{w,OOWO(n—s)nJrl' we get that

CTE ) Tht1

f
y(w,00~--0(n —s)tau; 41Tk ), Th+1 (u#"'l *50)

m

E f _
Wil (10,00---0(r1—8)T141-+7h),Th 41 (ei#nfso) -

=1

m

— f

= Zuiwk+2fl,w,ei(0707' .. ,O,Tl —S,... ,Tk+1)
i=1

Thus, using (7.8)

y(fwvz)v‘rk+1 (O#Tl +s (u#‘rl —9#0))
T —S
= / Gryo—tw(m — S — T, 741, oo, Thp1)udT =
0

Ti
:/ Grro—tw(T = Ty T141, -+ Tot1) (0F 7y s (U, —0))(Th + 7)dT =
0

zl (O#TH-S (u#n—so))

= Y (w,1), 41
Notice that for each s1,s2 € [0,71], 51 < S2,
O#TH-Sl (u#52—510) = O#TL+51 ((u#52—810)#‘n—520) =
O#Tl-‘rsl (u#tl—sl O) - O#Tl+s1 (0#82—31 (u#‘f'[—sz 0)) =
= O#Tl-‘rsl (u#tz—slo) - O#Tl-‘rsz (u#tz—sz 0)
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Thus, by condition 5 and 3 we get that

yf (O#Tl+31 (u#82—810)7 (’LU, I)v Tk+1) =
:yf (O#Tz-‘rsl (u#n—310)a (w7 I)a Tk-‘rl) - yf (O#Tz +s2 (u#n—52 0)7 (wa I)y Tk+1) =

Ty —S81
= / quj;,k+2—l(7—l — 81— Ty Titly - -y Tht1)UdT—
OTl S2
—/ Gw7k+2_l(n — 89 — Ty Ti41y- -y Tht1)UdT =
052 s1
:/0 Gq{;,k+2fl(7-l — 81 — Ty Ti41y -« -y Tht1)UAT =

Tl
= [ 6 i =t ) O (s O) ()
0
Therefore, we get that for each s1,s9 € [0,7], 51 < 82
yf (0#T1+81 (u#82—510)’ (w) I)’ Tk-‘rl) = Z(fw,z)mHl (O#S1+Tz (u#82—810)) (7'10)

Let Ty = Zf;l 7;. For any piecewise-constant function u : T" — U there exist
n(l),...,n(k+1)eN,s,; e T,i=1,...,k+1,j =1,...,k(i), such that u(s) =
ui; € Uif s € [855,8ij11) or 5 € [sp(), L] where 0 = 531 < 850 < -+ < 8;00) < i

and i =1,...,k+ 1. Then it follows that

k+1n(i)

U= Z Z O#T’i <O#Su #(uivj#si,j+1 0)) =

j=1j=1

where S; ; = 22:1 Sizyi=1,...,k+1,j=1,...,n(i). Thus, by linearity of y/ and
Z7 and by formula (7.10)

k+1 n(2)

yf(u ( Tk:-i-l Zzy O#T +Slj(uz,_;#b@ 41 ) ( )7Tk:+1) =

Jj=11i=1

+1n(
- Z Z (W,T),Th+1 (01,45, J (uw#% 1 0) = Z(fwvz)y‘rwl (u)

That is,
Yiw,r) s (u) = Z({JJ’I)M+1 (u) for all piecewise-constant u

Since both y(w o), and

7!
Tht1 (w,7),Th41
PC(T,U) can be represented as a limit in ||.||; of a sequence of piecewise-constant
maps, we get that y{w yrers = Z(fw oresn” By the remark above it implies the ”if”

part of the theorem. O

are continuous linear maps and any element of
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7.1.3 Realization of Input-output Maps by Linear Hybrid
Systems

In this section the solution to the realization problem will be presented. That is, given
a set of input-output maps we will formulate necessary and sufficient conditions for
the existence of a linear hybrid system realizing that set. In addition, characterisation
of minimal systems realizing the specified set of input-output maps will be given. We
will use the theory of hybrid formal power series developed in Section 3.3.

The main idea behind the realization construction is the following. We associate
a family of hybrid formal power series with the specified set of input-output maps. It
turns out that if the set of input-output maps admits a hybrid kernel representation,
then there is a one-to-one correspondence between the linear hybrid systems realiza-
tion of the set of input-output maps and the hybrid representations of the hybrid
formal power series. Moreover, minimal linear hybrid realizations correspond to min-
imal hybrid representations. Thus, we can use the theory of hybrid representations
developed in Section 3.3 to develop realization theory for linear hybrid systems.

The outline of the subsection is the following. We start with presenting neces-
sary and sufficient conditions for observability and semi-reachability of linear hybrid
systems. Then we will proceed with defining the family of hybrid formal power se-
ries associated with the set of input-output maps and the correspondence between
linear hybrid realizations and hybrid representations. As it was explained before,
this correspondence will be used to formulate necessary and sufficient conditions for

existence of a linear hybrid realization and to characterise minimality.

Observability and semi-reachability of linear hybrid systems

The following two theorems characterise observability and semi-reachability of linear
hybrid systems. Observability of related classes of hybrid systems was investigated
in [81, 8, 11]. Let

H= (Aauvya (Xqququch)qGQv {Mql,%(p | qi1,92 € Qv’y el,q = 5((]237)})

be a linear hybrid system. The following theorem characterises observability of linear

hybrid systems.

Theorem 31. H is observable if and only if
(i) For each $1,82 € Q, s1 = s2 if and only if for all y1,... vk €T, 41,y jet1 >
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0,0<I<kk>0:

(81,71 %) = A(s2,71 -+ k) and

ATk+1 o Jia1 _
Co AP My, gy Moy yn,a A By, =
— Jk+1 o i1

=Cl AT My, e on—y = Moy g gy 0, A0 By,

where g; = 6(s1,71---7;) and v; = 8(s2,v1---7;),7=0,1,... k.
(i1) For each q € Q it holds that Op,q =) Og¢w = {0} C X, where Vw =
Yook €T 7, €T, 6> 0:

wel™

.. J1
Mlh/h,qo Aqo

Ogw= (| kerCy Al M,

Ji,--Jk 20

Ky Yk Gk—1 "

where g € Q,q1 = 0(qo,v1---m),0 <1<k, k>0.

A quick look at Proposition 4 from Chapter 3 reveals that the conditions for ob-
servability of linear hybrid systems described in the theorem above are very similar
to the conditions for observability of hybrid representations. It is by no means a
coincidence and it is related to the correspondence between linear hybrid realiza-
tions and hybrid representations. More precisely, there is a direct correspondence
between observability of linear hybrid systems and observability of certain hybrid
representations. We will present this correspondence later on in this section.

Proof. For any (¢,z) € H, define yy((q,z),.) = Oy ovy((q,x),.). For each u €
PC(T,U), w € T* define the function yg((q, ), u,w,.) : (t1,...,ter1) > TF —
yu((q,),u, (w,t),tg41), where k = |w|, t = (t1,...,tg+1). It is easy to see that
yu ((¢,x),0,w,.) is linear in x, that is, yg ((¢, ax1+bx2),0,w,.) = ayg ((q,z1),0,w, .)+
byr (((q,22),0,w,.) for all a,b € R. On the other hand, yg((¢,0),u,w,.) is linear is
u, that is, yu((g,0), cuz + Buz,w,.) = ayu((g,0),u1,w,.) + Byu((g,0),u2, w,.) for
all a, 8 € R. Moreover, yg((q,2),u,w,.) = yg((¢,z),0,w,.) + yu((g,0),u,w,.).

First we show that vy ((s1,0),.) = vg((s2,0),.) if and only if for each vy,...,v €
T, k>0,0=0,.. .k jire s joss >0,

A(s1,71 %) = A(S2,71 -+ ) and
CQkAzjzzﬂMQkﬁk,th—l M, A?}frquz =

QU+1,Y14+1,0
_ Jk+1 . Jit1
= O Al M, M Aj B,

ks Yk Vk—1 VI41,Y1+1,V1

where ¢; = d(s1, 71 ---7;) and v; = d(s2, 71 ---7;),7 =0,1,..., k. Indeed,

vr((s1,0),.) = v ((s2,0),.)
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is equivalent to the fact that

()‘(slvw)vyH((SlvO)vuv (wa T)vthrl)) = UH((Slvo)vua (w’t

= (/\(527w)7yH((3270 ) Uy (w7§)’tk+1)

holds for all u € PC(T,U),w € T*,t € T* k = |w|,tp+1 € T. That is, it is equivalent
to A(s1,w) = A(s2,w) for all w € T'* and yi((s1,0),.) = yu((s2,0),). For each
si, i =1,2,let f; = vy ((s;,0),.) and consider the following singleton set consisting of
one single input-output map ®,, = {f;}. Define the map ps, : @5, > f +— (s;,0) € H.
It is easy to see that (H, pus,) is a realization of ®,,. Thus, by Lemma 32 &, , @,

admit a hybrid kernel representation and yg((s;,0),.) = ygi’q)”" for i = 1,2. From
the definition of ygi’i)si it is clear that yoi’cps1 = yg“q)” is equivalent to requiring
J1,Ps f2,Ps *
that Gwl,\w|1—l+2 = Gwz,\w|2—l+2 holds for each w € T*,1 = 1,...,|w| + 1. Then by
fi,@s; f1,®sy

analyticity of G, w1427 i = 1,2 that the latter is equivalent to D*G, | 1426

DaGf”lis‘iHer for all @ € NWI=42 oy e T* 1 = 1,.. . |w| + 1, j = 1,...,m. From

Lemma 32 by uniqueness of hybrid kernel representation ( Lemma 33) we get that

the last equality is equivalent to

Q41 - o e
CQkAqk M‘]k/kaQk—l quﬂ/z7¢Zz—1qu—1BQz—1eﬂ -
_ Na _ P _
= D% ((51,0),e5,w,.) = D%pu((s2,0),¢e5,w,.) =
— Qk41 g .
= Cvavk Moy, v 01 M'Ul;'Ylﬂ)l—lA’Ul,lB'Ul—le]

where ¢; = 6(s1,v1---;) and v; = §(s2,71---7;),7 =0,1,..., k., e; is the jth unit
vector of R™, o € NF+1 w € T*, k = |w|, l = 1,...,k + 1. That is, part (i) of the

theorem is equivalent to
Vs1,82 € Qur((s1,0),.) = vy ((s2,0),.) <= s1 = s9
Next, we will show that vy ((q,z1),.) = va((g,22),.) is equivalent to

VweT" iy — a9 € Ogu = (| ker Cou AJ+ My, oy g, -+ Mo, 4y 00 AJ
F1serfe >0
where g0 € Q,q1 = 0(g,v1 - M), L <U<k, k>0, w="1Y5,7,...,7 €L
Indeed, vy ((q,z1),.) = v((g,x2),.) if and only if yy((q,z1),.) = yu((q,z2),.).
The equality yr((¢,z),u,w,.) = yr((¢,0),0,w,.) + yu((g,0),u,w,.) implies that
yu((¢:71),.) = yu((q,22),.) if and only if yu((q,21),0,w,.) = yu((q,22),0,w,.)
holds for all w € T'*, or, equivalently, yg((¢,21 — x2),0,w,.) = 0.
Consider the set @5 5,0, = {f}, f = vu((s,z1 — 22),.). Define pg 4, -z, : f —

(s,x1—x2). It is easy to see that (H, s oy —s,) is a realization of ®; ,, _,,. By Lemma
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32 ®, ;, 5, admits a hybrid kernel representation. By the definition of hybrid ker-
nel representation, fo(0, (w,7),t) = yu((s,z1 — x2),0, (w,7),t) = KPomie (1,1).
Thus, yu((s,21 — x2,0,w,.) = 0 is equivalent to K3, """ = 0 for each w € T'™*.
The latter, by analyticity of K{fj@s’“_”, Lemma 32 and formula (7.5) is equivalent

to

DaK’fJ’q)s’xlng = DayH((% €Tl — IQ), Oa w, ) =
= CQkAgkk+qu o MQI,’thoAgol (33‘1 - 322) =0

ks Yk dk—1

for all a € N*lw € T*, where qo € Q,q1 = 6(¢,y1---m),1 <1 < kk >0,
W=7V V1,---,Vk €. That is, x1 — 29 € Oy, for all w € T'*.

That is, Part (ii) of the theorem is equivalent to
Vg€ Q:vn((q,71),.) =vn((q,22),.) < =1 =12,

for each z1,29 € X,

We will show that the conditions of the theorem imply observability. Assume
that the conditions (i) and (ii) hold. We will show that then H is observable.
Assume that (si,z1) and (s2,22) are indistinguishable, that is, vy ((s1,22),.) =
v ((s2,22),.). The latter equality is implies that vg((s1,0),.) = vg((s2,0),.). In-
deed, vy ((s1,21),.) = vu((s2,x2),.) implies that yy((s1,21),.) = yu((s2,z2),.).
The latter equality implies that yg((s1,21),0,w,.) = yu((s1,21),0,w,.) for all w €
I'*. But

yH((slvxl)vuvwa ) = yH((sl,xl,O,w, ) + yH((81,0)7u,w, ) =

= yH(527I2)7u7wa ) = yH((527x2707wa ) + yH((SQa O),u,w, )

which implies that yg((s1,0),.) = yu((s2,0),.). Since IIp o vy ((s1,0),.) = IIp o
v ((s1,21),.) = oovg((s2,22),.) = Mpovy((se2,0),.), we get that vy ((s1,0),.) =
v ((s2,0),.). But then s; = s3 = s by part (i) of the theorem. From vy ((s1,1),.) =
vr ((s2,x2),.) we get that vy ((s,z1),.) = v ((s,x2),.), but by part (ii) of the theo-
rem it implies that 1 = 5. That is, (s1,21) = (s2,z2). That is, H is observable.
Assume H is observable. Then for any s1,s2 € @, vg((s1,0),.) = vy ((s2,0),.)
is equivalent to s; = so. But this is equivalent to part (i) of the theorem. Similarly,
v ((s,21),.) = vg((s,z2),.) is equivalent to sy = so. But this is equivalent to part
(ii) of the theorem. That is, if H is observable, then part (i) and part(ii) of the
theorem hold. O

The following theorem characterises semi-reachability of (H, u).
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Theorem 32. (H,p) is semi-reachable if and only if (Ag,up), up = g o u, is
reachable and dim Wy = quQ dim X, where

Wy = Span{Aé’;*qu . 'qu+1,'n+1,mAgllHquUv
AzQHquw,qzﬁfl "‘Mqlm,quééfEf |

iy dkt1 =0, u ey, vk €1, (gr,zp) = p(f), f € @,
qj =06(q0,71++-75),0 < 1,5 < k,k >0}

cP~,

q€Q

koY Qk—1

Proof. Let X =, o Xy We will show that

Wy = Span{z g (ho, u, s,t) | ho € Imp,u € PC(T,U),s € (T xT)*,t €T} C X

Denote the right-hand side of the equality above by V. Define the map z g (hg, u, w,.) :
T35 (t1,.--stitr1) — x(ho,u, (W, t1ta - - tr), tgy1) € X, for each uw € PC(T,\U),w €
I* |w| = k, hg € Impu. Thus we get that xp(ho,e;j,w,.)(TFT) C V, for each

w € T*,|w| = k. Since V is a finite-dimensional vectors pace, we get that
D%y (ho,ej,w,.) €V

and
Da.Z’H(ho,O,’w, ) eV

for each o € NI*I*+1 9y € T*, j =1,...,m. Assume that hg = (g, z¢) It is easy to see
that zg(ho, ej,w,.) = zm(ho,0,w,.) + 2 ((¢,0),ej,w,.). That is 25 ((g,0), e, w) =
zu(ho,ej,w,.) —xg(ho,0,w,.) € V. That is, we get that Dz g (ho,0,w,.) € V and
Dz ((g,0),ej,w,.) €V holds for each w € T*, j = 1,...,m, a € NI*I+1_ Tt is easy
to see from (7.1) in Section 7.1 that

a — Q41 XL a1
D mH(h07 07 w, ) - Aqk MQk7’)’k7Qk—1Aqk71 MQI?'Ylvquqg Lo

a . — k1 ag L ar—1 )
D xH(O,e],w, D)= Aqk Mka’ka‘]k—lAqk,1 MQL;’Yh‘ﬂflAQl—l By, ¢

where ¢; = d(¢,71 i), w =71 Y. ho = (¢,20), oy > 0 and a1 = o =
- = a; = 0. That is, Wy = Span{D®z(ho,0,w,.), D*((q,0),e;,w,.) | j =
1,...,m,hg = (q,20), ho € Imu}. Thus, we get that Wy C V.
On the other hand, it is easy to see that

eXp(Athk+1)MQk7’Yk;Qk71 eXp<AQk71tk) T exp(Aq0t1)xo € Wn
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and
exp(Aguti) Moy yan 1 - Maim,q 1 exp(Ag_ ) Bjej € Wiy
<

for each v1 -y € T,k < 0, (¢,x0) € Imp, 1 Il <k j=1,...,m, where
qi = 6(q,v1 7). Thus, we get that zg(ho,u,s,t) € Wg, for all hy € Impu, u €
PC(T,\U), s € (Q x T)*,t € T. That is, Wy = V. The rest of the theorem follows

from the definition of semi-reachability. O

Later we will show that observability and semi-reachability of linear hybrid sys-
tems can be checked algorithmically. Using the results above, we can give a procedure,
which transforms any realization (H, ) of ® to a semi-reachable realization (H,., u,)

such that dim H, < dim H. The procedure goes as follows.

Lemma 34. Assume (H,u) is a realization of ®,

H= (Aauvya (Xqququch)qGQ, {Mql,’y,tm | q1,92 € Qv’y el,q = 5((]237)})

Let A, = (Q",T,0,07,\") be the sub automaton of Ay reachable from Ilg(Imp) and
for each q € Q, let

X(; = WH qu ; AZ = Aq|XqT s Cg = Cq|XqT ’ B; = Bq ’ t;l,'y,qe = MQ1777Qe|XqT
Let (H’I‘7/’("I‘) = ('Arauay7 (‘X[;a AZ, Bg7 C;)qEQTa {Mgl,ry,q2 | q1,42 € er’Y € Fa q1 =
0"(q2,7)}). Then (Hy, p,) is semi-reachableand it is a realization of ® too. Moreover
dim H, < dim H.

Just as it was the case with Theorem 31 the lemma above can be proven using
the correspondence between linear hybrid systems and hybrid representations. We
will not present that approach here and below we will discuss a direct proof instead.

But we will come back to it later in the next section.

Proof. Define the automaton morphism ¢ : (A, (u-)p) — (A, up) by ¢(q) = g for
each ¢ € Q7. It is easy to see that ¢ is indeed an automaton morphism. Define
Te : D eqr Xy — Dyeq Xq by Te(x) = for each x € X7, g € Q7. It is easy to see
that (¢, T¢) is a O-morphism. Thus, for all f € @, vgr(u,-(f),.) = va(T(u-(f),.) =
v (u(f),.) by Proposition 2. Thus, if (H, p) is a realization of ®, then (H,, u,) is a
realization of ® too. Since (¢, T¢) is clearly injective, we get that dim H, < dim H
by Proposition 27. It is easy to see that Wy, = Wy = @quT &, Thus by Theorem
32 (H,, jtr) is semi-reachable. O
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Realization theory of linear hybrid systems

Let ® C F(PC(T,U) x (' xT)* x T,Y x O) be a set of input-output maps. Assume
that ® has a hybrid kernel representation. Then Proposition 29 allows us to refor-
mulate the realization problem in terms of rationality of certain hybrid formal power
series. The construction of these hybrid formal power series goes as follows.

Let I = Tu{e},e ¢ T. Every w € I can be written as w = e*ly ey - - - ekt
for some v1,...,7 € [, a1,...,apy1 > 0. For each f € ® define the formal power
series (Z¢)c, (Z5j)c € RP < I*>> j=1,...,m as follows.

(Zp)c(eryre®? - yper+1) = D*fc(0,w,.)
(Zg;)c(e¥ry1e¥? - ype®rtt) = Do‘y({(ej, w, .)

where w = 71 -y, and @ = (ag,...,a511) € N¥. Notice that (Z;;)c(v) = 0 for
all v € T*. Notice that the complete knowledge of the functions K/'® and Gi’f’ is
not needed in order to construct the formal power series (Zy)c, (Zy,;)c. In fact, one
can think of (Zy)c as an object containing all the information on the behaviour of
f with the zero continuous input. The series (Z¢;)c, j =1,...,m, contains all the
information on the behaviour of the pair (g,0), where ¢ is the discrete part of the
hybrid state inducing f in some realization of ® (if there is any ).

Let J = Ip = ®U (P x {1,2,...,m}). That is, J can be interpreted as a
hybrid power series index set, where J; = ® and Jo = {1,...,m}. The alphabet r
decomposes into two disjoint subsets I' and {e}. With the notation of Section 3.3,
let X =T, X; = {e}, X5 =T'. Define the hybrid formal power series Zy and Zy ;,
j=1,...,mby

Zs = (Ze. fo) and Zp; = (Z1 ) fo)

That is, the discrete-valued part of the hybrid formal power series Z; and Zy ;,j €
{1,...,m} is the map fp, i.e. the discrete-valued part of f € ®. Notice that ®
has to have a hybrid kernel representation for fp to be a map from I'* to O. The
continuous valued parts of Zy and Z ; are the formal power series (Z)c and (Z5 ;)¢
respectively. Thus, the continuous valued parts store the high-order derivatives at
zero of f(0,.) and yg(ej,.), j =1,...,m. By analyticity of fc(0,.) and yg(ej, )
these high-order derivatives determine the functions uniquely. Thus, by the particular
structure of f imposed by existence of a hybrid kernel representation we get that
(Zf)c and (Z55)c, 3 = 1,...,m determine fo completely, thus the hybrid formal
power series Zy together with Z; ; determine f completely.

Note that we used heavily the assumption that ® has a hybrid kernel representa-
tion while construction the hybrid formal power series Z¢ and Z¢;, 7 =1,...,m. In
particular, if ® does not have a hybrid kernel representation, then the derivatives of
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f(0,.) or yg (ej,.) need not exist or fp might depend on switching times or continuous
inputs instead of sequences of discrete inputs only.

We will use the hybrid formal power series above to associate with ® a suitable
family of hybrid formal power series. Define the set of hybrid formal power series
associated with ® by

Vg = {Z; € R < T* > xF(I",0) | j € I}

It is easy to see that Wg is a well-posed indexed set of hybrid formal power series.
Define the Hankel-matriz He of ® as Hg = Hy,. Notice that if ® is finite, then Uy
has finitely many elements.

Let (H, p) be a hybrid system realization with u: ® — J co{q} x Ay. Define
the hybrid representation HRp ,, associated with (H, p) by

HRHvH = (A’ y? (Xq’ {Aq,zv Bq,z,jg }j€J2,Z€X17 Cq’ {Mé(q,y),y,q}y€x2)q€Qa Ja :U‘)

where J = Igp, J1 = @, Jo = {1,...,m}, X1 = {e}, X3 =T and for each q € Q,
j=1...,m

Age = Aq and By . ; = Bge;

where e; is the jth unit vector of U.

Conversely, let

HR = (Aa yv (Xq7 {Aq,za Bq,z,jz }jGJz,Z€X1 ) qu {Mé(q,y),y,q}y€X2)qEQ7 Ja ,LL)

be a hybrid representation with index set Is such that X; = {e}, Xo =T, J; = P,
Jy = {1,...,m}. Define the linear hybrid realization (Hyr,pupr) associated with
HR as follows

HHR = (A7uay7 (anAquq7Cq)q€Q7 {Mqh%qz ‘ q1,q2 € Q,’Y S F7q1 = 5(Q277)})
and
KHR = [
where for each ¢ € Q

Ay =Ageand By = [Byer Byes - Byen]

It is easy to see that (Hyry ,,HHRy,) = (H,p) and HRpyp, uy, = HR for any
hybrid representation HR and linear hybrid realization (H, p). It is also easy to see
that dim H = dim H Ry .

The following theorem follows easily from Proposition 29 and plays a crucial role

in realization theory of linear hybrid system.
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Theorem 33. A linear hybrid system (H,p) is a realization of ® if and only if
® has a hybrid kernel representation and HRpg , is a hybrid representation of Ve.
Conversely, if ® has a hybrid kernel representation and HR is a hybrid representation
of Vo then (Hur, tur) is a linear hybrid system realization of ®.

Proof. Assume that (H, u) is a hybrid realization and let

= (Aau7ya (XqvAngqaC )qEQ { q1,7,92 | Q1,92 € Qﬁ el,q1 = 5(q2arY)})

By Proposition 29, (H, ) is a realization of ® if and only if ® has a hybrid kernel

representation and for all a = (ay,...,apr1) € NFH L w =y, 41, ..,y € T,
k>0,j=1,....,m, f €D,
Day({(ej’wv') D Gw k+2-1¢
DafC(O w, ) = DQK{Z’@ C Aa Qk Ykrdk—1 " 'MQ1”Y1,¢10A301‘T0
fp(w) = AMgo, w)

where 0 = (o — 1,q41,...,ak41), | = min{z | @, > 0}. Taking into account the

k 1M a—1
—C A Qk7’7k7Qk 1 qum,qz 1qu 1 BQL 1€

definition of Zy ;, Zy for all f € ®,5 = 1,...,m we get that the formula above is
equivalent to f € @,

(Zy oy me1e® e ype® ) = Cog Ag- My, oy gy -

1
"'MQZWL,QL 1Agzl 1 B‘H 1€ (7 11)
(Zf C)(ea1716 e 'Ykeak+1) O Aak Moy viesar—r * MQh"/honA?olxo

)
(Z5)p(w) = Mgo, w)

Consider the hybrid representation

HRHH (A Y, ( {Aq,zvBq,z,jg}jGJmZGleOm{MJ(q,y),y,q}y€X2)q€QﬂJnu)

Taking into account that A, = Ay, Bge; = Bge; we get that (7.11) is equivalent
to HRp,,, being a representation of Ug. That is, (H, p) satisfies the conditions of
Proposition 29 if and only if ® has a hybrid kernel representation and HRpy , is a
representation of VUe.

Thus, if (H, u) is a realization of @, then ® has hybrid kernel representation and
HRp,, is a representation of 4. Conversely, assume that H R is a representation of

Vs and @ admits a hybrid kernel representation. Since HR = HRpy,,,, we get

HHR

that (H, p) satisfies the condition of Proposition 29 and thus (H, 1) is a realization
of ®. O

The theorem above allows us to reduce the realization problem for linear hybrid

systems to existence of a hybrid representation of a indexed set of hybrid formal
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power series. Moreover, Theorem 31 and Theorem 32 allow us to relate observability
and semi-reachability of linear hybrid systems to observability and reachability of
hybrid representations.

Theorem 34. A linear hybrid system realization (H, p) is observable if and only if
HRy,, is observable. A linear hybrid system realization (H,p) is semi-reachable if

and only if HRp ,, is reachable.

Proof. Let (H, ) be a linear hybrid system realization, assume that

H= (A,Z/{,y, (Xqququva)qGQ, {M(h,’y,q'z | q1,492 € Qv’)/ € qul = 5((]23’7)})

Let HR = HRp,,, which by definition will be of the form

HR = (A7 y7 (Xq7 {Aq,z7 Bq,z,jQ }]‘GJz’ZGXl ’ Cq7 {MS(q,y),y,q}yeXz)lIGQv J7 1u‘)

with Xo =T, X; ={e}, 1 =@, Jo = {1,...,m} and Ay = Ay, Bye,; = Bqe;.
Recall from Theorem 32 the vector space Wx and recall from Proposition 3 the
vector space Wyg. It is easy to see that Wy = Wgg. By Theorem 32 (H,pu) is
semi-reachable if and only if (A, up) is reachable and Wggr = Wy = 4eQ Xg» but
by Proposition 3 the latter is equivalent to H R being reachable.

Recall from Theorem 31 the conditions for observability of H. Notice that for
each g€ Q, for all vq,...vx €T, j51,.. ., jk41 > 0,0<I<k,k>0,z=1,...,m,

Cy Al M, M

Jit+1 _
qU4+1,714+1,91 Aql quez -

ko Yk dk—1
=Cq, Aqk,ejkﬂ Mgy vean—r = Moy i a Aql,ehﬂ By e,: =
— j1+1+1 ik

=Toy (1" g ee?™ )

where ¢; = 6(q¢,v1--7), ¢ = 0,..., k. From this it follows that condition (i) of
Theorem 31 is equivalent to

(Vw e T : A(s1,w) = A(so,w)] and Ty, j =T, 5,5 € {1,...,m})

<— S1 = S92
That is, condition (i) of Theorem 31 is equivalent to condition (i) of Proposition 4.
Similarly, it is easy to see that On ¢ = Ompr,q for all ¢ € @ and thus condition (ii) of

Theorem 31 is equivalent to condition (ii) of Proposition 4. That is, H is observable
if and only if HR is observable. O

Notice that Theorem 34 above implies Lemma 34. Indeed, let (H, i) be a hybrid
realization of ® and consider the associated hybrid representation HR = HRpy . By

Theorem 33 HR is a representation of Y. By Lemma 12 there exists a reachable
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7.1. REALIZATION THEORY FOR LINEAR HYBRID SYSTEMS

hybrid representation H R, of Wg such that dim HR, < dim H R, the equality being
equivalent to reachability of HR. Then (H,,pu.) = (Hyrg,,ptor,) is a realization
of ® by Theorem 33 and it is semi-reachable by Theorem 34. Moreover, dim H, =
dim HR, < dim HR = dim H and equality holds only if HR is reachable and thus
H is semi-reachable .

Notice that both H and HRpg,, have the same state-space. It is easy to see that
the following holds.

Lemma 35. Let (H;, p;),i = 1,2 be a two linear hybrid system realizations, The map
T : (Hy,p1) — (Ha, p2) is a linear hybrid morphism, then T is also a T : HRpy, ,, —
HRy, ., hybrid representation morphism. Conversely, if T : HRy — HRy is a a
hybrid representation morphism then T can be viewed as a T : (Hyp,,pur,) —
(HRqo, i r,) linear hybrid morphism. The map T is a surjective, injective , isomor-
phism as a linear hybrid morphism if and only if T is surjective, injective, isomor-

phism as a hybrid representation morphism.

Proof. Indeed, assume that

Hy, = (Avuayv (XqququVCq)tIGQa{Mql,'y,qg ‘ q1,92 € Qv’y elq = 6((]27’7)})
Then

HRy, = (A, (an {Aq,z7 B, ., }jEJz,zEXUan {M(S(q,y),y,q}yEXg)QEQ’ J, 1)
with X1 ={e}, Xo =T, J1 =@, Jo =T and 4, = Ay, ¢ € Q. Assume that
Hy = (A UV, (X, Ay By Co) ey AMyy o | 01,02 € Qv €T,a1 = 8 (g2,7)})
and consequently
HRity 0y = (A Y, (X A4, B, ienexa CoAMyy o Fyexa)gears o)

with X7 ={e}, Xo =T, J; = @, J, =T, A;’e = A;, q € Q. Then a pair of
maps T = (Tp,Tc), Tp : Q — Q" and T¢ : Do s — X; defines a linear hybrid
morphism if and only if Tp : (A, (u1)p) — (A, (u2)p) is an automaton morphism
and the following conditions are satisfied for Te: T (X,) C X}D(q), Cq= C’/TD(q)TC7
Tch = A,TD(q)TC’ TcMg(qﬂ)’%q = M/ TC and TC o (/Ll)C = (,UQ)C

§'(Tp(a)7)7Tp(4)
forallg e @, yeI'. But A; = A, and A A therefore the conditions

Tp(g) — “*Tn(g).e’
above are precisely the conditions for T' = (Tp,T¢) to be a hybrid representation
morphism T : HRy, ,,, — HRpg, u,. That is, T is a linear hybrid morphism if and
only if it is a hybrid representation morphism.

In particular, if T is a linear hybrid morphism, it is also a hybrid representation
morphism. The second part of the lemma follows from the observation above by
noticing that HR; = HRp,, 1=1,2. O

SHHR;
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Notice that the lemma above implies Proposition 27. Indeed, if T : (Hy, 1) —
(Ha, p2) is a linear hybrid morphism, then T' : HRp, ,, — HRp, , is a hybrid
representation morphism. Moreover, T is injective, surjective or isomorphism as a
linear hybrid morphism if and only if it is injective, surjective or isomorphism as
a hybrid representation morphism, and dim H Ry, ,, = dim H;, ¢ = 1,2. Thus,
applying Proposition 6 we easily get the statement of Proposition 27.

Recall from Section 3.3 the definitions of Hp q, Do and 2p for an indexed set of
hybrid formal power series Q. Let Ho ¢ = Ho v,, ®p = (Vg)p. From the discussion
above, using the results on theory of hybrid formal power series, namely Theorem 7

and Theorem 8, we can derive the following result.

Theorem 35 (Realization of input/output map). Let ® C F(PC(T,U) x (T x
T)* xT,Y x O). The following are equivalent.

(i) ® has a realization by a linear hybrid system,
(ii) ® has a hybrid kernel representation, We is rational

(i) ® has a hybrid kernel representation, rank Hg < +00, card(We, ) < +00 and
card(Hg,0) < +00.

Proof. Assume that (H, p) is a linear hybrid system realization of ®. Then by The-
orem 33 ® has a hybrid kernel representation and HRp ,, is a representation of ¥g,
thus W4 is rational. Conversely, if ® has hybrid kernel representation and Vg is
rational, i.e., there exists a hybrid representation HR of ¥g, then by Theorem 33
(Hpgg, par) is a realization of ®. Thus, (i) <= (ii). The second part, (ii) <=

(iii) follows from Theorem 7 O
We can also characterise minimal linear hybrid realizations.

Theorem 36 (Minimal realization). If ® has a linear hybrid system realization,
then it has a minimal linear hybrid system realization. If (H, ) is a realization of

D, then the following are equivalent.
(i) (H,p) is minimal,
(i) (H,p) is semi-reachable and it is observable,

(iii) For each (H ,p') semi-reachable linear hybrid system realization of ® there
exists a surjective linear hybrid morphism T : (H/, ,u') — (H, ). In particular,

all minimal hybrid linear systems realizing ® are isomorphic.

222
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Proof. If @ has a linear hybrid realization, then it has a hybrid kernel representation.

First of all, (H, p1) is a minimal realization of ® if and only if H Ry, is a minimal
representation of ¥g. Indeed, assume that (H, ) is a minimal linear hybrid realiza-
tion of ®. Then by Theorem 33 for any hybrid representation H R/, (Hyp' Lyr')
is a realization of ®, thus dimHRy, = dimH < dimHpyyp = dimHR/7 ie.,
HRpy, is a minimal hybrid representation of ®. Conversely, assume that HRpg ,
is a minimal representation of ®. Then for any linear hybrid system realization
of (Hl,yl) of &, HRyy  is a hybrid representation of ¢ by Theorem 33, thus
dimH = dim HRp, , < dim HRy ,» = dim H'. That is, (H, p) is indeed a minimal
realization of ®.

Assume that ® has a linear hybrid realization. Then by Theorem 12 ¢ has a
hybrid kernel representation and W4 is rational. Thus, by Theorem 8 Wg admits
a minimal hybrid representation HR,,. Then by discussion above, (H,,,um) =
= HR,,. Thus, if ®

has a realization by a linear hybrid system, then it also has a minimal linear hybrid

(HuR,, LHR,,) is a minimal realization of ®, since HRpy,, ,,,
system realization.

The linear hybrid system realization (H, 4) is minimal if and only if HRg ), is a
minimal hybrid representation of ®. By Theorem 8, HRpg,, is minimal if and only
if it is reachable and observable, which by Theorem 34 is equivalent to (H, ) being
semi-reachable and observable. Thus, (i) is equivalent to (ii). Similarly, by Theorem
8, HRp, is a minimal hybrid representation of ¥s if and only if for any reachable
representation H R’ of Ug there exists a surjective hybrid representation morphism
T:HR — H Ry, The latter is equivalent to part (iii) of the current theorem.

Indeed, assume that for any reachable hybrid representation H R’ of Wy there
exists a surjective morphism T : H R — H Ry . Then for any semi-reachable lin-
ear hybrid realization (H ', ,u/)of ¢ the hybrid representation HRy  is a reachable
representation of Wg and thus there exists a surjective hybrid representation mor-
phism T : HRy  — HRp,. By Lemma 35 T : (H ,i') — (H,p) is surjective
linear hybrid morphism too. Conversely, assume that for any semi-reachable lin-
ear hybrid realization (H /,ul) of @ there exists a surjective linear hybrid morphism
T:(H ,u') — (H,p). Then for any reachable hybrid representation HR', the linear
hybrid realization (Hp g, tty ) is a reachable realization of ®. Thus, there exists
a surjective linear hybrid morphism T : (Hy g, ') — (H, 1). But by Lemma 35
we get that T : H R —H Ry, is a surjective hybrid representation morphism too.

Thus, we just have shown that (H, ) is minimal if and only if condition (iii) of the
current theorem holds. The last statement of the theorem, that is that all minimal
linear hybrid realizations are isomorphic can be proven as follows. By Theorem 8

all minimal hybrid representations of the same family of hybrid formal power series
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are isomorphic. But (H, p) is a minimal linear hybrid system realization of ® if and
only if HRp ,, is a minimal hybrid representations of Wg. Consequently, if (Hj, 11;),
1 = 1,2 are two minimal linear hybrid system realizations of ®, then there exists a
hybrid representation isomorphism T' : HRpg, ,, — HRHq, u,, which yields a linear
hybrid isomorphism T : (Hy, u1) — (Ha, p2). O

7.2 Realization Theory for Bilinear Hybrid Sys-

tems

In this section realization theory of bilinear hybrid systems will be presented. As it
was mentioned in the introduction to this chapter, the main tool will be the theory
of hybrid formal power series from Section 3.3.

Realization theory of bilinear hybrid systems can be developed without the use of
hybrid formal power series, as it was done in [48]. However, such a direct construction
has very little additional value, in fact it mimics the constructions from theory of
hybrid formal power series.

The structure of the section is the following. Subsection 7.2.1 presents the nec-
essary definitions and some basic properties of bilinear hybrid systems. Subsection
7.2.2 discusses the structure of input-output maps of bilinear hybrid systems and it
introduces the notion of hybrid Fliess-series expansion. Finally, in Subsection 7.2.3

we develop realization theory for bilinear hybrid systems.

7.2.1 Definition and Basic Properties

Recall from Section 2.3 the definition of bilinear hybrid systems. Similarly to ordinary
bilinear systems, the trajectory of a hybrid bilinear system admits a representation
by an absolutely convergent series of iterated integrals.

Before giving the precise formulation of such a representation some additional
notation has to be introduced.

Let H = (AU, Y, (X, A, {Bq,j}j=1,.--Man)quv {M(s(q,n,),%q lge@,yeTl})a
bilinear hybrid system. For each ¢ € Q and w = j1 -+ ji, k > 0,71, jr € Zp, let us

introduce the following notation By o := Ay, By := ldx,, ,

Byw = By, Bgj._, - Bg,j - Recall from Section 2.6 the notion of iterated integral
lei"'7wk [u](tlv .o 7tk)

of w at t1,...,tx with respect to wy,...,wg. With the notation above the following

holds.

224
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Proposition 30. For each hy € H, u € PC(T,.U), s = (v1,t1)(v2,tk) - - (Y&, tx) €
TxTY*teT, xg(ho,u,s,t) and yg(ho,u,s,t) = Uyovy(h,u,s,t) are equal to the

following absolutely convergent series

l'H(hOa U, 8, t) = Z (quvwk+lMQk)'Yka‘]k—lBQk—lvwk th
W, W1 €EZF, (712)
e MQ1,’Yl7qqu0,w1x0)Vw1,»--,wk+1 [u] (tlv cee 7tk+1)
yH(hO’ U, S, t) = Z (CQkBQIwwarlMQIm'Wcka—lBQk—hwk e
wl,...,warleZ;*n (7.13)
U MQ17’Yl)L10BL]mwle)thm,warl [u](th s 7tk+l)

where tpy1 =1, giv1 = 0(qi;Vit1), ho = (qo,70) and 0 < i < k.
Proof. First we have to show that the series in the right hand side of (7.12) and

(7.13) are absolutely convergent. Consider the notion of hybrid convergent generating
series described in Section 7.2.2. It is easy to see that the vector space @qu X, can
be identified with the space R2>=sc@ ™. For each h = (g,2) € H define the series
dgo I = D,e, Xg and ¢z 0 I — Y as follows. For each wi, ..., wpy1 € Z7,,
Y1y €T, k>0 let

dgo(Wimnws - - YpWr41) =

BQk;warlMQkx’kaQk*lBQkflawk e Mq1,"/17qquo7w1x
Cqe(W1MW2 -+ - VR Why1) =
CQkBQk1wk+1Mka'kafIk—1BQk—hwk T Mq11717q0Bq01w1x

where ¢; = 6(g,71---7i), 1 =0, ..., k. It is easy to see that the maps ¢, , and d, , are
hybrid convergent generating series. Indeed, let M = max{||By ||, |[Ms(q,~),v.qll | ¢ €
Q,v€T,57=0,1,...,m}. Notice that for all w € Z* , w =41 ks j15- -+ Jk € Zm,
k=>0,q€0Q,
||Bq,w|| = ||BQ7jkBQs.jk—1 T Bq’j1|| <
<IBagill - 1Bagisll - By ju |l < M
Let Ky = ||z|| - max{||Cy|| | ¢ € Q} and let Ky = ||z||. Then it is immediate from
the definition that
g, (wiyiws - Ypwr41)[] =
= ||Bq1c7wqu1m’Yk,Qk—1 U MQ17"/17QOBQO7w1x|| <
k+3 Rt Jw;
< 1Baguwn || 1Moy g ||+ 1Moy g0 || - [|2]] < Ko MEF2=n 1l
l[eq.a(wimiwe - - - yrwr11)|| =
= HCQICB[UmwkMQIm'Wkafl T th/YhCIUBCIUﬂle” <

E+S2FL w;
<1Cou - 1Bl - Mgy g 1+ 11 Moy s o - [|2]] < By MFF 2= 1l
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Thus, ¢4, and d, , are indeed hybrid convergent generating series and thus the series
Fa, ,(u,s,t) =

= Z dq,ﬂi(wl'h T 7kw7€+1)vw1,~~~7wk+1 [u] (tla ce- 7t/€+1) =

= Z (quvwk-f—lMQkak,(Zk—l T MQ1,71»qox)Vw1 ,,,,, Wr41 [u] (tla s 7tk+1)

Wi, W1 €L,

and

= Z Cqo(W1v1 VWit 1) Vaor . ywg o [W] (1 - teg1) =

Wy, Wi 125,

= Z (CQBQkywk+1MQk7’Ykan—1 o 'qu’h,qox)vwhm,wkﬂ [u] (1, ... ’tk-i-l)
W1y w1 €2,
are absolutely convergent for all u € PC(T,U), s = (y1,t1)(72,t2) -+ - (v, tx) € (T’ x
Ty teT.

Next, we will proceed with the proof of equalities (7.12) and (7.13). We will
proceed by induction on k. If &k = 0, then zg(h,¢,t) and yg(h,€,t) is the state-
respectively the output-trajectory of the bilinear control system %x(t) = Agz(t) +
> i1 (B (t)u;(t), y(t) = Cya(t) induced by the initial state z. Thus, by the
classical result on trajectories of bilinear control systems ([32, 33]) we get that

xp(h,et) = Z (Bg,wz) Vi [u](t)

wezy,

and

yu(h, e t) = Z (CqBg,wx)Vanlu](t)

wezr,

Assume that the statement of the proposition is true for all £ < n. Let s =
(v1,t1) - - (Ynt1stny1) € (T x T)* and t,40 € T. Consider zg(h,u, s,t,12). From
definition of x g (h, u, 8, t,42) it follows that z g (h, u, 8, tn12) = x(tn42), where z(0) =
qu+1,%+17qan(hv U, (’Ylv tl)(’727 ta)--- (Vna tn), tny1) and

d m n+1
520 = Agupy2(t) + Doui(t+ Y t) By g(t)
j=1 7j=1

g = 6(¢,v1--+7), 1 =0,...,n+ 1. Then from the induction hypothesis it follows
that

2(0) = E qu+1,’yn+1,anqn,wn+1qu,'yn,qn_l e

Wiy yWn+1 EZ;‘,L

T Mth;’h#loBQO7w1wa1,m7wn+1 [u](tl’ s 7tn+1)
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On the other hand, z(t) is a state-trajectory of the bilinear control system -z (t) =

+1y
AQn+1 ( ) =+ Z 1“’] (t + E” )(Banrth)(t), y(t) - an+1 (t) Thusa by the
classical result on state trajectories of bilinear control systems we get that z(t) =

an“ez*m (Bgoirswny2%(0)) Vi, ., [Shifty, . u](t) where Ty, 4y = ZJ 1 t;. Taking into
account the expression for 2(0) and that all the series involved are absolutely con-

vergent, we get after substitution

zr(h, 8 tnt2) = 2(tni2) = Z Z (Bqn+17wn+2 Ma, 1 s ,gn X

W 42€LY, Wi,...,Wn+1E€EZY,

Gn Wnt1 " Mq17'Yl1q0Bq07w1x)Vw17~--1wn+1 [u] (tla s ’tn-f-l) Wn 42 [ShlftTn+1 ](tn+2) =

= E (Bq”+17wn+2Mq”+17"/n+17q” T

WL, , Wy 2E€ZF,

o MEIl,%qOqu,mewl ,,,,, W42 [u] (tlv ce atn+2)

x B,

In the last step we used the equality

Vw1,~~,wn+1 [U] (t17 s ’t7l+1) Wn42 [ShlftTrL+1 ](tn+2) = Vw17~~~7wn+2 [U’Ktl? s 7tn+2)

Thus, (7.12) holds for ¥ = n + 2. Taking into account that yg(h,u,s,tnta) =
C, m(h,u, s, tn+2) we get that (7.13) holds too. O

lZn+1x

Let H = (.A,U,y, (Xqquv{Bq,j}j:1w~,m’C q€Q> { 5(q,7) 7,9 | q€Q,7€ F})
be a bilinear hybrid system. Notice that | J 4eq g can be naturally viewed as a subset
of P cq Xy Let Ho C H be a set of states. Recall that Reach(H,Ho) C U,cq Xy
and thus Reach(H, Hy) can be viewed as a subspace of .o Ay We will say that H
is semi-reachable from Hy if P 1€Q X, contains no proper vector subspace containing
Reach(H, Hy) and the automaton Apg is reachable from IIg(Hp). In other words,
(H,p) is semi-reachablefrom Hy if Apg is reachable from Hy and Span{z | = €
Reach(H, Ho)} = @ cq Xy o

Consider two hybrid bilinear system realizations (H, x) and (H , p ), where

H = (A7uay7 (‘an Aqa {quj}j:l,...,my C )qGQ {M6 q ¥)Y,q | qc€ Qa’y € F})

H = (-A 7uay7 (quAqy {thj}j:l,.“,nuc )qu { s (q ’y) ~,q | q S Q Y € F})

= (Q,1,0,6,)) and A" = (Q',T,0,6",X). A pair T = (Tp,T¢) is called a
bilinear hybrid morphism from (H, ) to (H',u'), denoted by T : (H,pu) — (H', )
if the the following holds.

D: (.A, :uD) - (AIMLLID)
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where pup(f) = o (un(f)), pp(f) = My (15 (f)), is an automaton morphism and

TC:EBXQHEDX;

qeQ qu/

is a linear morphism, such that
(a) Vg€ Q: To(Xy) € Xy (s

/ ’

(b) TCAq = ATD(L])TC7 TCBQJ- = BTD((])

1,...,m,

Te, Cy = C’TD(q)TC, forall g € Q,j =

/

(C) TCMql,'y,qg = MTD(ql),’Y,TD(%)TC’ VQ17Q2 S QKY € Fa 5(Q2>7) ={q1,

(d) Te(L, (u()) =Ty (1'(f)) for cach g = up(f), f € ®.

Tp(q)

The bilinear hybrid morphism 7' is said to be injective, surjective, or bijective if both
Tp and T are respectively injective, surjective, or bijective. Bijective bilinear hybrid
morphisms are called bilinear hybrid isomorphisms. Two bilinear hybrid system
realizations are isomorphic if there exists a bilinear hybrid isomorphism between
them.

It is easy to see that the map Tc : @ ,cq Xy — D, eo X; is completely deter-
mined by its restriction to (J,co Xy. We will denote this restriction by M(T'). Notice
that M(T) : Uyeq Xg = Ugeqr Xy

Recall the concept of hybrid system morphism from Section 2.3. The following
proposition clarifies the relationship between morphisms of bilinear hybrid systems

and hybrid system morphisms.

Proposition 31. If the pair T = (Tp,Tc) defines a bilinear hybrid morphism T :
(Hy,pu1) — (Ha,po), then o(T) = (Tp, M(T)) defines a hybrid system morphism
H(T) : (Hi,p1) — (Haz, p2) in sense of Section 2.3. Moreover, H(T) is a hybrid

isomorphism if and only if T is a bilinear hybrid isomorphism.

7.2.2 Input-output Maps of Bilinear Hybrid Systems

This subsection reviews the notion of hybrid Fliess-series expansion and its connection
to input-output maps of bilinear hybrid systems.

Let T =TU Zpm. Then any w € T is of the form w = WiYL - WEYEWk+1,
Y1,k €T, wr, ., wgpr € 2%, k> 0. A map c: I* — Y is called a hybrid
generating convergent series on ['* if there exists K,M >0, K, M € R such that for
each w € f*7

[le(w)]] < KM
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where ||.|| is some norm in ) = RP. The notion of generating convergent series is
related to the notion of convergent power series from [32]. Let ¢ : IT* — Y be a hybrid
generating convergent series. For each u € PC(T,U) and s = (y1,61) -+ (Vk, k) €
(I' x T)*,tr4+1 € T define the series

F.(u,s,tpy1) = Z c(wivr - YeWrt1) Vaor oo jwpepr [0 (E15 - -5 Trgn)

W1,.., Wk 41EZS,

Later in this section we will show that F.(u,s,t) is an absolutely convergent series
and thus we can define the function F, € F(PC(T,U)x(I'xT)*,Y) as F, : (u,w,t) —
Fo(u,w,t).

It is easy to see that there is a one-to-one correspondence between hybrid gen-
erating convergent series and abstract globally convergent generating series on I =
Uz I % (Zm)*)k, where Iy = I'*=1 for all k > 1. The correspondence cab be
defined as follows. Define the map ¢ : [ — r* by ¢((y15- - Yk), (W1, vy WEt1)) =
WY1 Ws - - YpWk41. 1t is easy to see that this map is a bijection.

Ifc:T* > Yisa hybrid generating convergent series, then it is easy to see that
the map

Cabs 1 I D s c(p(s) €Y

is an abstract globally convergent generating series. Indeed, for any i = (y1,...,7k) €
Ixi1, k> 0let K; = KM¥. Then for any wy, ..., ws41 € Zy, we get that

. k41,
[Cabs (i, (wr, -y wrgn))|| = [le(wiyiws - - ypwy)|| < KM= vl —
= KMFMIwl ozl pplosal = g pgledd prlwal o pplweal

thus, cups is indeed an abstract globally convergent generating series. It is also
clear that the correspondence ¢ — cgps is one-to-one. If d, ¢ are hybrid convergent
generating series such that c,ps = daps, then it is easy to see that ¢ = d.

Define the map ¢7 : (T x T)* x T — IT by ¢T ((71,t1) (2, t2) - (Vi th)), thr1) =
(Y1 -y Vs (t1, - -y the1)) Then it is easy to see that ¢7 is a bijection and

F.(u,w,t) = F,, (u,¢" (w,t))
Thus, from Lemma 1 and Lemma 3 we get the following

Lemma 36. Letc: I — Y be a hybrid generating convergent series. Then for each
u € PC(T,U), we (I xT)*, t €T, the series F.(u,w,t) is absolutely convergent.
Thus, the map

F.: PC(T,U) x (T xT)" XT3 (u,w,t) — Fe(u,w,t) €Y
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1s well-defined. The hybrid convergent generating series ¢ determines the map F,
uniquely, that is, if for some hybrid convergent generating series d F. = Fy, then
c=d.

Now we are ready to define the concept of hybrid Fliess-series representation of a
set of input/output maps, which is related to the concept of Fliess-series expansion
in [32]. For any map f € F(PC(T,U) x (' x T)* x T,Y x O), define fo =1y o f,
fo=Tpof. Let ® C F(PC(T.U) x (T' xT)* xT,Y x O).

Definition 17 (Hybrid Fliess-series expansion). ® is said to admit a hybrid

Fliess-series expansion if

(1) For each f € ® there exists a generating convergent series cy : I* — Y such
that Fcf = fc

(2) For each f € ® the map fp depends only on T'*, that is, for each w € T,
Yuy,ug € PC(T,U), 71,79 € TV t1,t, € T :
fo(ur, (w,m1),t1) = fp(uz, (w, m2), t2)
We will regard fp as a function fp : I — O.

The notion of hybrid Fliess-series representation is an extension of the notion
of Fliess-series for input-output maps of non-linear systems, see [32]. The following
proposition gives a description of the hybrid Fliess-series expansion of ® in the case

when @ is realized by a bilinear hybrid system.

Proposition 32. (H,u) is a bilinear hybrid system realization of ® if and only if @
has a hybrid Fliess-series expansion such that for each f € ®,wiyy - - - yrwg4+1 € I,
Y15+ 5Tk GF; Wiy - W1 € Zjn; kZO

cr(win - Yewis1) = Co By wss Moy vieqim By wi
U MQ1,717QOBQO7w1 HC(f) (7.14)
oy ) = Mao, 71+ k)

where H(f) = (q07/’LC<f)) and qi = 5(Q0771 o 71)7 i = Oa ERE k.

Proof. Assume that (H, ) is a realization of ®. Then for each f € ®, u € PC(T,U),
w = (’ylatl)(’YZatZ) e (Pykatk) S (F X T)*v k 2 0) tk+1 € T7

f(U7 w, tk+1) = UH(M(f): u, w, tk-i-l)

That is,
fo(u,w,try1) = Mup(f), 1) (7.15)
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and
Jo(u,w,tprr) = yu(p(f), u,w, tyy1)

Assume that p(f) = (¢f,zf) € H. Recall from the proof Proposition 30 the definition
of ¢4, x,. It follows from the proof of Proposition 30 that ¢, ., is a hybrid convergent
generating series and yp (u(f),.) = Capray

Thus, we get that fp(u,w,txy1) depends only on ~; -« - v, i.e. fp:T* — O and
fo = chf,mf' Thus, ® indeed admits a hybrid Fliess-series expansion. By Lemma

36, if fo = F., = F.

Capn; for some hybrid convergent generating series cy, then

¢y = Cq;,z;- From the definition of c;, ., it follows that ¢y = ¢4, o, is equivalent to
the first equation in (7.14). The second equation in (7.14) is the same as (7.15).

Conversely, assume that ® has a hybrid Fliess-series expansion and (7.14) holds.
The first equation of (7.14) implies that ¢y = ¢4, ., and thus f = F., = F,; ., =
yu(u(f),.) for all f € ®. The second equation of (7.14) is equivalent to

Vs eI™: fp(s) = Mgy, s)
Thus, we get that for each f € ©, u(f) = (g7, zy),

flu,w,t) = (fo(y ) fe(u,w, 1)) = (Mg, vi - ) yu ((af, 25), u,w, b)) =
va((ar,zf), u, w, )

for all u € PC(T,U), w = (y1,t1) -+ (Yo te) € T x T)*, k > 0, ¢t € T. The last
equation means that (H, u) is a realization of ®. O

7.2.3 Realization of Input-output Maps by Bilinear Hybrid
Systems

In this section the solution to the realization problem for bilinear hybrid systems
will be presented. In addition, characterisation of minimal bilinear hybrid systems
realizing the specified set of input-output maps will be given. We will use the theory
of hybrid formal power series developed in Section 3.3.

Let us recall the characterisation of semi-reachability and observability for bilinear
hybrid systems presented in [48, 54]. Using the notation of Definition 4, the following
holds.

Theorem 37. The bilinear hybrid system H is observable if and only if
(%)

Ag = A is observable, and
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(34) For each q € Q,

On,q =

m ﬂ ker C‘ZkBQk,wk+1MQk:"/k’Qk—1 o Mg,y 1,90 Bgowr =
Vises Y €D EZ0 w1, wE 41 €27,
= {0}

where g = 6(q,v1--1),0 <1<k, k>0,9=qo.
Notice that part (i) of the theorem above is equivalent to
vr((q1,0),.) =vu(g2,0),.) <= @1 =q, Vq1,02 € Q
Part (ii) of the theorem says that for each ¢ € Q:
ve((g,21),.) =va((q,22),.) <= x1 = 22,, V21,22 € X,

Proof of Theorem 37. We will start with stating a number of relatively simple obser-
vations.

Observation 1
Assume that ¢1,q2 € Q. Then

vr((q1,0),.) =vr((g2,0),.) <= (Vw €T : Aq1,w) = Mgz, w))
Indeed, vy ((g,0),u, (w,7),t) = (A(¢g,w),0), and thus
UH((ql,O),U, (wv’r)at) = UH((Q%O)aua (w77—)7t) — )‘(qlvw) = )\((]2,11})

Observation 2
Let (qlaml)a (QZ7$2) eH.

vi((q1,71),.) = vu((g2,72),.) = (Yw € T™ : Mq1,w) = A(ge, w))

Indeed, for i = 1,2, Ip o vy ((gi,2;),0, (w, 00---0 ),0) = A(¢;,w), and thus the

|w|——times
implication above follows.

Observation 3
Let g € Q, 1,22 € X;. Then

UH((Q7x1)7') = ’UH((q7$2)a ) — T1 — T2 € OH,q

Indeed, UH((Q7 xi)v U, (’LU, T)7 t) = (A(Qa ’LU), yH((Qa l’,‘,), U, (’LU, T)v t))v thus UH(((], xl)v ) =
v ((¢, x2),.) is equivalent to yr((q,x1),.) = yu((¢, z2),.). Recall from the proof of
Proposition 30 the definition of the series ¢4 4,, ¢ = 1,2 and recall that yr ((q, x;),.) =
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F

Cq,ay )

By Lemma 36 the latter is equivalent to cqz, = Cq,z,, Or, in other words, for all

i = 1,2. Thus, vy((q,71),.) = vu((q,2),.) is equivalent to F., , = F

31 Cq,zg "

Yiyeooy Ve €L, Wiy w1 €25, k>0,

CoBawirs Ma eai—1 = My 00 Bo,wn (1 — 22) =0
where ¢; = 0(¢,71 - +7), 1 =0,..., k. Thus,

x1 — @2 € ker CQkquvwkMka'Ykan—l e Mqlv'yvaOqufwl

for all wy,...,wg+1 € Z},, v1,...,% €', k > 0. That is, ¢q,2, = cq,2, i equivalent
to £y — 22 € Opq.

Now we will prove the statement of the theorem. Assume that (H, ) is observable.
Suppose Apg is not observable. Then there exists ¢1,q2 € Q, ¢1 # g2 such that
Yw € T* : Mq1,w) = Mo, w). By Observation 1 it is equivalent to vy ((q1,0),.) =
v ((gz2,0),.), which by observability of H implies ¢; = g2, a contradiction. Thus, Ag
is indeed observable. Assume now that Og 4 # {0}, for some ¢ € @, that is, there
exists 0 # ¢ € Op 4. Then by Observation 3 we get that vy ((q,),.) = vu((g,0),.)
which by observability of H implies = 0, a contradiction. Thus, Og,, = {0} for all
q € Q. That is, we showed that conditions (i) and (ii) of the theorem are necessary.

Assume that condition (i) and (ii) of the theorem holds. Assume that (g1, 1) and
(g2, x2) are indistinguishable, that is, v ((¢1,1),.) = v ((g2,x2),.) Then by Obser-
vation 2 we get that ¢; and ¢o are indistinguishable in Ag. Thus, by observability of
Ap it follows that ¢; = g2 = ¢. By Observation 3, vy ((q,z1),.) = va((g, x2),.) im-
plies that z1 — z2 € Op 4. But condition (ii) implies that Oy , = {0}, thus z1 = xs.
That is, we get that (¢1,21) = (g2, 22)). Thus, it follows that H is observable. [

Theorem 38. (H, ) is semi-reachable if and only if (Ag,up), up = g o u, is
reachable and dim Wy =3 o dim X, where

Wy = Span{quﬁwk+quk7’yk1qk—l T Mqu’Yl’tIoBtIo,wle? | (C]f,xf) = :u(f)7
f S (pawlv"'7wk+1 S Zjnan :5(qf7717])70 SJS kak ZO}

Proof. We will prove that Wy is the smallest vector space containing Reach(H, Impu)
{zg(p(f),u,s,t) |ue PC(T,U),s € (T xT)*,t € T}.

Recall the definition of the hybrid generating series dg , from the proof of Propo-
sition 30. Notice that Wy = Span{d(4,(s) | s € T, (¢, ) € Tmy}

First we will show that Reach(H,Imu) C Wy. Indeed,

ra(p(f),u (yi,t1) - (v, tr), t) = Z dup) (Wiyn - YeWrg1) X

Wi, We+1 €ZY,

XVipr w1, - - try T)
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Since Wy is a finite-dimensional vector space and thus closed and every element

d,u(f) (wl’Yl T 'kakJrl)le,‘.,,wk-H [u} (tla s bl t) €Wn

we get that g (u(f), (v1,t1) -+ (Y&, tk),t) € Wg. Thus, Reach(H,Impu) C Wy

Let U be any subspace of @qéq X, containing Reach(H,Impu). Recall that we can
associate with d,(y) an abstract absolutely convergent generating series daps,.(f) =
(dy(f))abs defined on I = Uy, I, x (Z7,)*, where I;, = T*~1 k > 1, as follows

dabs,u(f)((’m cee 7’7]@)7 (Wi, .., W) = du(f) (w11 -~ '%wkﬂ)

Recall that

Fdabs,u(f) (U, ((717 s 771@)7 (tla s atk-l-l))) = qu(f)(u’ ('Yhtl) U ('katk)vtk-i-l)

Recall from the proof of Lemma 3 that for all n = (y1,...,vk) € Tg+1, W1,...,Wkt1 €

Z,, there exists an analytic map g, : WxV — @qu X, such that W C uvN, vcrn,
k41

N = Zj:l |wj|a Img, C ImFdabs,u(f)

differential operators, which were denoted by D,,,, i =1,...,k+ 1 it holds

= ImFy, .. Moreover, for suitable high-order

Dy Dy, -+ Dwk+1gn(u)|u=0 = dabs,p(f) (777 (w17 cee 7wk+1))

Since Fy,,, = zm(p(f),.), we get that ImFy, , C Reach(H,Imu) C U and thus
gy : W xV — U. Since U is a finite dimensional vector space, we get that
Doy, Dy, -+ Dy 9n(1) |u=0 € U and thus

dabs,p,(f)(nv (Wi, Wep1)) = du(f) (wiyr - ywwpy1) €U

That is, d,(;)(s) € U for all f € ® and s € T'*. Thus, Wy C U. That is, Wy is
indeed the smallest vector subspace of ) 4eq g containing Reach(H, Imy).

We will proceed with the proof of the statement of the theorem. (H, ) is semi-
reachable if and only if (Ag, up) is reachable and € 4eQ Xq contains no proper sub-
space containing Reach(H,Im mu). But Wy is the smallest vector space containing
Reach(H,Imy). Thus, @qu X, has no proper subspaces containing Reach(H, Imu)
if and only if Wy = @qu Xy, or, in other words, dim Wy = dim@quX =
> e dim Xy

O

Let ® C F(PC(T,U) x (T x T)* x T, Y x O) be a set of input-output maps.
Assume that ® has a hybrid Fliess-series expansion. Then Proposition 32 allows us

to reformulate the realization problem in terms of rationality of certain hybrid formal
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power series. Recall that I' = T'UZ,,. Let J = ® and for each f € ® define the
hybrid formal power series Ty € R? < I'* > xF (T, O) by
(T¥)o = ¢ and (Ty)p = fp

It is easy to see that J is a hybrid power series index set with J; = J = ® and J, = 0.
Define the indexed set of hybrid formal power series associated with ® by

Vg = {T; € R? < T* > xF(I'*,0) | f € }

It is easy to see that Ug is a well-posed indexed set of hybrid formal power series
with the index set J. Define the Hankel-matriz Hg of ® as He = Hy,. Notice that
if @ is finite, then g is a finite set. Let

H=(AUY, (X, Ay {By;}i=1,..m: Colacq  {Ms(g.0),y,q | 1 € QY ET})
(H,p) be a bilinear hybrid system realization with p: ® — (J co{q} x Xy Define
the hybrid representation HRp ,, associated with (H, p) by

HRp = (A, (X {Ag s zexi:Cplac@ AMs (g,y),0q | 1€ Q.4 € Xa}, T, 1)
where J = J; = ®,Jo =0, X =L, X1 = Z,,, Xo = Tandforeachq € Q,j =1,...,m

Ago=Aqgand Ay ; = By ;

Conversely, let HR = (A, (X, {A;.}zex1,Cglac@ AMs14) 00 | 4 € @y €
X}, J, i) be a hybrid representation with index set J = @ such that X; = Z,,,
X,=T,J, =%, J, =0, X =I. Define the bilinear hybrid realization (Hg g, i r)
associated with HR as follows

HHR = (Avuaya (an Aqa {quj}j:l,...,ma Oq)QGQa {Mé(q,'y),'y,q | qc Q”Y € F})

and ppgr = u, where foreach g € Q, 5 =1,...,m,
Ag=Agoand By j = Ag;

It is easy to see that (Hury ,,#HRy,) = (H,p) and HREy,p uy, = HR for any
hybrid representation HR and bilinear hybrid realization (H,pu). It is also easy to
see that dim H = dim H Ry ,,.

The following theorem follows easily from Proposition 32 and plays a crucial role
in realization theory of bilinear hybrid system.

Theorem 39. A bilinear hybrid system (H,u) is a realization of ® if and only if
® has a hybrid Fliess-series expansion and HRpy , is a hybrid representation of Ve.
Conversely, if ® has a hybrid Fliess-series expansion and HR is a hybrid represen-

tation of o then (Hpr, upr) s a bilinear hybrid system realization of ®.
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Proof. Assume that (H, u) is a bilinear hybrid system. Let

HRH,M = (A7 Y, (Xq’ {Aq,z’ Bq,Z,jQ }jEJmZEleCm {Mé(q,y),y,q}yex2)q€Q’ J, :u)

Then by Proposition 32 (H, u) is a realization of ® if and only if it admits a hybrid

Fliess-series expansion and

(Tf)c)(wlfyl T ’kak—kl) = Cf(w17l s ’kak-‘rl) = ququywarlquﬂkquaBtkal,wk
Mgy 41,90 Baowr e (f) = Co Ay wes Moy i May a0 Agown e (f)

holds for all v1,...,v% € I', wi,...,wpy1 € Z),, kK > 0, f € ®. It is easy to see
that the equation above is equivalent to H Ry, being a hybrid representation of ¥g.
Thus, we get that (H, u) is a realization of ® if and only if ® has a hybrid Fliess-series
expansion and HRp ,, is a representation of Ug. The second part of the theorem
follows from the first part and the observation that H Ry, ; 11y, = HR. O

The theorem above allows us to reduce the realization problem for bilinear hybrid
systems to existence of a hybrid representation of a indexed set of hybrid formal
power series. Moreover, Theorem 37 and Theorem 38 allow us to relate observability
and semi-reachability of bilinear hybrid systems to observability and reachability of
hybrid representations.

Theorem 40. A bilinear hybrid system realization (H, ) is observable if and only
if HRp,,, is observable. A bilinear hybrid system realization (H, p) is semi-reachable
if and only if HRpy,, is reachable.

PTOOf' Let’ (H7 :u) = (A7u?y7 (Xq7 Aq? {thj}j:ly“-vm’ Cq)lIEQ’ {Mﬁ(q,’y),’y7q | q E Q”Y 6
I'}) and let

HR = HRH,M = (-’47 ya (Xq7 {Aq,za Bq,z,jg }j€J27Z€X1 ) Oq7 {Mé(q,y),y,q}yExz)q€Q7 J7 ﬂ)
Notice that

A‘Ikvwk+1M‘Ika'kaQk—lAQk—hwk T MmﬁﬂﬂoAtm,wlx =

B

Qk’wk+1M‘Ikv')’kv‘lk—lB(Ik—hwk T Mq17'Yl»qOBq07wlx

forall y1,...,v% €T, k>0, wy,...,wpy1 €25, k>0,9€Q, ¢ =5(q,v1- ),
i =0,...,k. Thus, it follows that Wy = Wyg and Op,q = Oppg,q for all ¢ € Q.

By Theorem 37 H is observable, if and only if A is observable and for all g € @,
Omn,q = {0}. By Proposition 4, taking into account that J> = () and Op 4 = Onr,q,
this is equivalent to H R being observable.

236



7.2. REALIZATION THEORY FOR BILINEAR HYBRID SYSTEMS

By Theorem 38 (H,u) is semi-reachable if and only if (A, () is reachable and
Wur=Wn =6 4eq “q- By Proposition 3 that is equivalent to H R being reachable.
O

Notice that both H and H Ry, have the same state-space. It is easy to see that
the following holds.

Lemma 37. Let (H;, u;),i = 1,2 be two bilinear hybrid systems. If T : (Hy,u1) —
(Ha, p2) is a bilinear hybrid morphism, then T is also a T : HRy, u, — HRp, 4, hy-
brid representation morphism. Conversely, if HR;, i = 1,2 are two hybrid representa-
tions with hybrid power series index set J = ® and T : HRy — HR5 is a a hybrid rep-
resentation morphism then T can be viewed as a T : (Huyg,,pur,) — (HR2, uur,)
bilinear hybrid morphism. The map T is a surjective, injective , isomorphism as a
hybrid bilinear morphism if and only if T is surjective, injective, isomorphism as a

hybrid representation morphism.

Proof. Assume that
Hi = (.Ai’u7y7 (X;,Af], {B;j}j:l,..qﬂw C;)qGQH {Mgi(q)ry)’—y’q | qc Qz7’7 € F})

i = 1,2. We will show that a pair of maps T = (Tp,T¢), where Tp : Q' —
Q% Tc : @qul qu — @QGQQ qu is a linear map, defines a bilinear morphism
T : (Hy,p1) — (Ha,pe) if and only if it defines a hybrid representation morphism
T:HRpy, ., — HRy, .-

The pair T is a bilinear morphism if and only if Tp : (A%, (u1)p) — (A2, (u2)p)
is an automaton morphism and for the linear map T¢ the following holds:

1. TC(qu) C X%D(q),

2. TeBy ; = By, ), 1c
1 a2
3. TCqumql - MTD(qz),%TD(!h)TC and

4. TC(MI)C(f) = (M2)C(f)7 where f € ¢7Q7 q1,q2 € Q17 .7 S Zm7 v e I.
Notice that
HRp, i = (Aia Y, (‘)(27 {Afl,z’ Bé,z,jz }jGJz,Z€X1 ) Ctl]v {Mgi(q,y%%q}yeX?)qui’ J, Mi)

for i = 1,2, where A} ; = B ; for all ¢ € Q*, j € Z,, and thus the conditions above
are exactly equivalent to T' = (Tp,T¢) being a hybrid representation morphism
T : HRyg, 4, — HRg, ,- The bilinear hybrid morphism 7' is injective, surjective,

bijective if both the maps Tp and T¢ are injective, surjective, bijective respectively,
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which is equivalent to T being respectively a injective, surjective, bijective hybrid
representation morphism.

It HR;,i = 1,2 are two hybrid representations, then H Ry, pyn, = HR;. Thus
by the first part of the lemma T is a bilinear hybrid morphism T': (Hyrg,, tHR,) —
(Hug,, bHRr,) if and only if T is a hybrid representation morphism 7 : HR; —
HR,. O

Let ®p = (Vg)p. From the discussion above, using the results on theory of
hybrid formal power series ( Theorem 7 and Theorem 8 and Corollary 5) we can
derive the following theorem, which was already published in [48].

Theorem 41 (Realization of input/output map). Let ® C F(PC(T,U) x (T x
T)* xT,Y x O) be a set of input-output maps. The following are equivalent.

(i) ® has a realization by a bilinear hybrid system,

(ii) ® has a hybrid Fliess-series expansion, Vg is rational indexed set of hybrid

formal power series

(ii3) ® has a hybrid Fliess-series expansion, rank He < 400 and ®p has a realiza-

tion by a finite Moore-automaton, i.e. card(Weg,) < 4o0.

Proof. (1) = (ii)
Assume that (H,p) is a realization of ®. By Theorem 39 it implies that ® has a
hybrid Fliess-series expansion and H Ry, is a representation of W4, thus Vg is a
rational family of hybrid formal power series.

(1i1) = @1
Assume that ® has a hybrid Fliess-series expansion and H R is a hybrid representation
of g. Then by Theorem 39 we get that (Hyg, ugr) is a realization of ®.

(ii) <= (iii) follows from Corollary 6. O

Below we will give a characterisation of minimal bilinear hybrid systems.

Theorem 42 (Minimal realization). If ® has a bilinear hybrid system realization,
then ® has a minimal bilinear hybrid system realization. If (H, ) is a bilinear hybrid

system realization of ®, then the following are equivalent.
(i) (H,p) is minimal,
(ii) (H,u) is semi-reachable and it is observable,

(iii) For each (H ,p') semi-reachable bilinear hybrid realization of ® there exists a
surjective bilinear hybrid morphism T : (H'7ul) — (H,u). In particular, all

minimal hybrid bilinear systems realizing ® are isomorphic.
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Proof. By Theorem 41, if ® has a realization by a bilinear hybrid system, then Vg
has a hybrid representation and ® admits a hybrid Fliess-series expansion. But
the by Theorem 8 Wg admits a minimal hybrid representation HR,,. From The-
orem 39 it follows that (Hu, pm) = (Hur,,,tHR,,) s a bilinear hybrid realiza-
tion of ®. We will argue that (Hp,, i) is a minimal bilinear hybrid realization
of ®. Indeed, let (H,u) be a bilinear hybrid realization of ®. Then by Theo-
rem 39 HRp, is a hybrid representation of Wg. Thus by minimality of HR,,,
dim H,,, = dim HR,,, < dim HRy ,, = dim H. That is, (Hp,, itr,) is indeed a minimal
bilinear hybrid realization of ®. Thus, if ® has a realization by a bilinear hybrid
system it also has a minimal bilinear hybrid system realization. The argument above
also demonstrates that (H,p) is a minimal bilinear hybrid realization of ® if and
only if HRp,, is a minimal hybrid representation of ¥g.

We proceed with the proof of (i) <= (ii) <= (iii). A bilinear hybrid
realization (H,p) of ® is minimal if and only if HRp ,, is a minimal hybrid repre-
sentation of Wg. By Theorem 8 the latter is equivalent to H Ry, being reachable
and observable. But by Theorem 40 the latter is equivalent to (H, u) being semi-
reachable and observable. Thus, (i) <= (ii). From Theorem 8 it also follows
that HRpg,, is minimal if and only if for any reachable hybrid representation HR
of Wy there exists a surjective hybrid representation morphism 7' : HR — HRpy ,,
which by Lemma 37 is equivalent to (iii), i.e. that for each bilinear hybrid realization
(H', ;') there exists a surjective bilinear morphism T : (H , 1) — (H,p). Indeed,
assume that (iii) holds. Then by Theorem 40 for any reachable representation H R of
Vo, (Hyp'» bygr' ) is a semi-reachable bilinear hybrid realization of ® and thus there
exists a surjective bilinear morphism T : (Hyp, pigp) — (H,p). But by Lemma
37 the latter implies that T : H R — H Ry, is a surjective hybrid representation
morphism. Conversely, assume that for any reachable hybrid representation H R of
Vg there exists a surjective hybrid morphism 7' : H R — H Ry . For any semi-
reachable bilinear hybrid realization (H ' M/) of ®, Theorem 40 implies that HR
is a reachable hybrid representation of W4, thus by the assumption there exists a sur-
jective hybrid representation morphism T': HR W HRp . But from Lemma
37 we get that T : (Hl7ul) — (H, p) is a surjective morphism. Thus, we showed that
(1) = (@Gid).

Finally, isomorphism of minimal bilinear hybrid system realizations follows from
isomorphism of minimal hybrid power series representations. Indeed, if (H;, p;),i =
1,2 are two minimal bilinear hybrid system realizations of ®, then HR; = HRp, .,
1 = 1,2 are two minimal hybrid representations of Wg. Thus, there exists a hybrid
representation isomorphism S : HRy — HR», which implies that S : (Hy, 1) —
(Ha, p2) is a bilinear hybrid isomorphism. O
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Chapter 8

Realization Theory of
Nonlinear Hybrid Systems
Without Guards

8.1 Introduction

In this chapter we will address the following question. Consider an input-output map
and formulate conditions for existence of a realization the class of nonlinear hybrid
system without guards.

The problem as it is stated above is quite difficult, therefore we will adopt a
number of simplifications. First of all we will restrict ourselves to analytic hybrid
systems , i.e. hybrid systems such that the underlying continuous control systems are
analytic and the reset maps are analytic. To simplify the problem further, we will
look only at local and formal realization. That is, we will try to find conditions with
respect to which the input-output map coincides with the input-output map of a
hybrid system locally, i.e. for small times. To facilitate the transition from global to
the local problem we will introduce the concept of the hybrid Fliess-series expansion.
Roughly speaking, an input-output map admits a hybrid Fliess-series expansion if its
continuous-valued part can be represented as infinite series of iterated integrals of the
continuous inputs. The coefficients of these iterated integrals form a sequence which
completely determines the input-output map locally. We will refer to this sequence
as the hybrid generating series associated with the input-output map. Existence

of a hybrid Fliess-series expansion is a necessary condition for existence of a local
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realization by an analytic hybrid system. The associated hybrid generating series can
be thought of as a collection of high-order derivatives of the input-output map. It
turns out that a necessary condition for existence of a hybrid system realization for an
input-output map is that the corresponding generating series admits a representation
of the following form. There exists a finite collection of rings of formal power series
in finitely many commuting variables and a finite collection of continuous derivations
and algebra homomorphisms on these rings such that the following holds. Each
value of the generating series can be represented as evaluation at zero of a formal
power series, obtained by applying consecutively the specified derivations and algebra
homomorphisms to a formal power series from a finite collection of formal power series
belonging to the specified rings.

To be more precise, since the hybrid systems considered are analytic, we can as-
sociate with each underlying continuous system a formal power series ring, a finite
family of continuous derivations and a formal power series. The formal power se-
ries ring corresponds to the ring of germs of analytic functions around a point, the
derivations are just the Taylor-series expansion of the vector fields of the system and
the formal power series is just the Taylor series expansion of the readout map of
the system. In the context of the transformation described above the analytic reset
maps become continuous homomorphisms on formal power series rings, by taking the
Taylor series expansion of each reset map around a suitably chosen point.

In this manner we get a construct which we will call a formal hybrid system. A
formal hybrid system consists of a Moore-automaton and a family of rings of formal
power series in finitely many commuting variables. With each discrete state of the
automaton we associate a ring of formal power series from the family. On each
ring we define a finite family of continuous derivations on that ring. The elements
of these families of formal vector fields are indexed by the same set of inputs. We
define formal power series ring homomorphism for each discrete state transition, such
that the homomorphism acts between the rings belonging to the old and to the new
discrete states respectively. We will call these maps reset maps. With each discrete
state we associate an element of the ring associated with that discrete state. This
element will be called the readout map associated with the discrete state.

The concept of formal hybrid system allows us to reformulate the necessary con-
dition for existence of a hybrid system realization mentioned above. Namely, it turns
out that existence of a realization by an analytic hybrid system implies that the gen-
erating series associated with the hybrid Fliess-series expansion of the input-output
map has a realization by a formal hybrid system. Conversely, if we have a formal
hybrid system such that the vector fields, reset maps and readout maps are in fact

convergent formal power series, it will immediately yield us a hybrid system. This
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hybrid system is obtained from the formal hybrid system as follows. The automaton
of the hybrid system is the same as the automaton of the formal hybrid system. The
continuous state space of the hybrid system which is associated with the discrete
state g is R™¢, where n, is the number of variables in the formal power series ring
associated with the same discrete state ¢ in the formal hybrid system. Each vector
field of the hybrid system has the property, that its Taylor-series expansion coincides
with the corresponding formal vector field of the formal hybrid system. The Taylor-
series expansions of the readout and reset maps of the hybrid system coincide with
the corresponding formal power series in the formal system.

In fact, most of the chapter is devoted to the realization problem for formal hybrid
systems. That is, consider a map mapping sequences of discrete and continuous
inputs symbols to discrete and continuous outputs. We would like to find necessary
and sufficient conditions for existence of a formal hybrid system realizing this map.
We will be able to present some necessary conditions and some results which indicate
that these necessary conditions are very close to being sufficient ones.

The approach to realization theory of analytic hybrid systems sketched above is
very similar to the classical approach to local realization theory of analytic nonlinear
systems, [36, 21]. The classical solution to local nonlinear realization problem starts
with associating with each nonlinear system a formal system defined as a follows.
We associate with each vector field of the nonlinear systems a derivation on the
ring of formal power series. The derivations are obtained by taking the Taylor-
series expansion of each vector field around the initial point. The solution to the
local realization problem is reduced to finding a formal system realization for a map,
which maps sequences of input symbols to continuous outputs. There are many ways
to solve the problem of existence of a formal realization. One of them is to use the
theory of Sweedler-type coalgebras and bialgebras [29, 27]. The other one gives a
direct construction of a realization, using theory of Lie-algebras [36, 21].

In this chapter we will use the theory of Sweedler-type coalgebras. Note that
Sweedler-type coalgebras are not identical to coalgebras used by Jan Rutten ([59]).
Although Sweedler-type coalgebra are a special case of the category theoretical coal-
gebras, they have much more structure. Roughly speaking a Sweedler-type coalgebra
is a vector space on which a so called comultiplication and counit are defined. We will
show that existence of a formal hybrid system realization is equivalent to existence
of a realization by an abstract system of a certain type, which we will call CCPI
hybrid coalgebra systems. Roughly speaking such a system is a system, state space
of which is a coalgebra satisfying certain properties. Our efforts will be directed
towards finding conditions for existence of such a hybrid coalgebra realization.

This chapter is not the first attempt to use coalgebras for hybrid system. Already
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the paper by [28] advocated an approach based on coalgebras, and this chapter
uses similar ideas. Although the stated goal of the paper by Grossman and Larson
was to use coalgebra theory for developing realization theory for hybrid systems,
it just presented some reformulation of the already known results for finite-state
automata and nonlinear control systems. It did not contain any new results for
hybrid systems. The main contribution of the current chapter when compared to the
paper by Grossman and Larson is that it does present conditions for existence of a
realization by hybrid systems. Moreover, the class of hybrid systems studied in this
chapter is more general and closer to what is generally understood as hybrid systems
than the one in Grossman’s and Larson’s paper.

The approach to realization theory adopted in this chapter bears more resem-
blance to [29]. In particular, the general theory of coalgebra systems, as it is pre-
sented in Subsection 8.6.1 of this chapter is very similar to what was presented in
[29], except that there the input space was assumed to be a Hopf-algebra, as op-
posed to our framework where the inputs are simply bialgebras (the latter is more
general). The latter difference is not a very important one, most of the constructions
can be done in a similar way. Note however that [29] dealt only with abstract systems
corresponding to nonlinear systems.

Note that linear and bilinear hybrid systems are special cases of analytic hybrid
systems studied in this chapter. The conditions for existence of a (bi)linear hybrid
system realization presented in Chapter 7 imply the conditions derived in this chap-
ter, thus the results of the current chapter are consistent with the previous ones.

Let us present an informal summary of the main results of the chapter.

e An input-output map has a realization by a hybrid system if and only if it has
a hybrid Fliess-series expansion and the corresponding convergent generating
series has a realization by a formal hybrid system such that all the readout

maps and vector fields are convergent.

e A convergent generating series is a map, which maps sequences of discrete
events and input symbols to continuous and discrete outputs. Such a map
has a realization by a formal hybrid system, if it has a realization by a hybrid
coalgebra system of a certain type ( CCPI hybrid coalgebra system ).

o We define the Lie-rank and strong Lie-rank of a map mapping input sequences
to outputs. We will prove that if a map has a CCPI hybrid coalgebra system
realization ( equivalently it has a formal hybrid system realization ), then its
Lie-rank is finite. If its strong Lie-rank is finite, then it has a hybrid coalgebra
realization which is very similar to a CCPI hybrid coalgebra realization We
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will prove that an input-output map cannot have a CCPI hybrid coalgebra
realization ( formal hybrid system realization ), dimension of which is smaller
than the Lie-rank of the map. We will also present a hybrid system, which
can not be realized by a system, dimension of which equals the Lie-rank of the

input-output map.

The outline of the chapter is the following. Section 8.2 settles the notation and
terminology used in the chapter. Section 8.3 presents the necessary results and
terminology on formal power series and coalgebras. The reader might postpone
reading this section until Section 8.5. Section 8.4 discusses the notion of hybrid
Fliess-series expansion and characterises the input-output maps of hybrid systems in
terms of Fliess-series expansion. Section 8.5 presents the relationship between local
realization and formal realization problem. Section 8.6 presents the conditions for
existence of a formal hybrid system realization.

The material of this chapter is based on [57] and it is a joint work of the author

and Jean-Baptiste Pomet.

8.2 Notation and Terminology

For a finite set ¥ denote by R < ¥* > the set of all finite formal linear combinations
of words over ¥. That is, a typical element of R < ¥* > is of the form ajw; +
Qows + -+ + apwg, where ag,...,ar € R and wy,...,wx € X*. It is easy to see
that R < ¥* > is a vector space. Moreover, we can define a linear associative
multiplication on R < ¥* >, by (Zi\; aiwi)(zjﬂil Biv;) = Zi\il Z;\il a; Bw;v;.
The element € which we will identify with 1 is the neutral element with respect to
multiplication. It is easy to see that R < ¥* > is an algebra with the multiplication
defined above.

In this chapter we will deal only with realizations of one single input-output
map. Therefore, we will use a special notation to denote Moore-automata and hybrid
system realizations of a family of input-output maps consisting of one single input-
output map.

Let T' be a finite set, O be the set of discrete outputs. Let f : ' — O be
an input-output map. Assume that A = (Q,I",0,d, ) is a Moore-automaton and
go € Q. By abuse of terminology we will denote by (A, qp) the Moore-automaton
realization (A, (,,) such that g, : f +— go and dom((y,) = {f}. Amap S: (A, q) —
(A', qo) will denote the Moore-automaton morphism S : (A, Coo) — (A ¢ q(/)) where
dom((q,) = dom(ﬁq(f)) = {f} for some f:T* — O.

Simﬂaﬂy7 itH = (Aauvya (Xqv fq7 hq)qu? {R5(q,’y),'y,q | qc Q7’y S F}) isa hybrld
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system without guards, f € F(PC(T,U) x (I'xT)*xT,¥Y x O) and hg € H, then the
pair (H, hg) will denote the hybrid system realization (H, up,) such that pp, : f — ho
and dom(hg) = {f}. We will denote by T : (H,ho) — (H ,hy) the hybrid system
morphism T : (H, pp,) — (Hl,,uhé) where dom(pp,) = dom(ﬂhg) = {f} for some
feF(PC(T,U) x T xT)* xT,Y xO0).

In this paper we will be primarily concerned with the local realization problem of
analytic hybrid systems without guards. As a further simplification we will restrict

attention to the following class of analytic hybrid systems.

Definition 18. We will call an analytic hybrid system

H = (AU Y, (X, f:hg)eeq  {Rs(q) v | 1€ QY ETY)
nicely analytic input-affine hybrid system (abbreviated as NHS) if the following holds.
e U=R" for somem >0
e V=NRP for somep >0

e For each q € Q, the vector field fy(xz,u) is of the form
fol@,u) = gao(x) + D gg5(x)u;
j=1

where gq.5, 5 = 0,...,m are analytic maps.

o There exists a collection {x, € X, | ¢ € Q} of continuous states, such that for
each g € Q
VY €12 Rs(g),7.4(Tq) = To(q,7)

We will use the following short-hand notation for such systems

H = (A> (angq,jahq,i)qEQ,j:O,...,m,i:l,...,pv{Rts(%"/),%q ‘ q € Qa’y € F}a{xq}qGQ)
where for each ¢ € Q, i =1,...,p the maps hqy; : Xy — R are the coordinate maps

of hg(z) = (hg1 (), ..., hq,p(x))T-

Let

Hy = (A (X5, 9055 he i) g @i =0..mii=1,...ps {R(q.)v.a | € € Q"7 € T} {ag}geq)

(i = 1,2) be two NHS’s. A NHS morphism from T = (Tp,T¢) : Hi — Hy is a
hybrid morphism 7' : (H1, 1) — (Ha, pe) such that p; = (gi, z,,) and for all ¢ € Q1
Tc(xé) = zQTD (q).

Even for the case of NHS systems, the realization problem is still too difficult to

solve. That is why we will be interested in the local realization problem. That is,
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we will be interested in finding a NHS which realizes the restriction of the specified
input-output map to small enough times and small enough inputs.

Consider the set PC(T,U) x (I' x T)* x T and define the topology generated
by the following collection of open sets {Vx | K € R, K > 0}, where Vx =
{(us (71, t1) - (o i) b)) | (521 1) - lullszre1y, oo < K. Notice that for any
open subset U in this topology it holds that (u,(y1,0)---(7,0),0) € U for all
Y1, € Ik > 0. In the rest of the chapter we will tacitly assume that all
topological statements about the set PC(T,U) x (I’ x T')* x T refer to the topology
defined above.

We will say that an NHS
H = (A, (Xqvgq,jv hq,z‘)qu,j=0,...,m,i=1,~.,p’ {Rs(gmma la€ Qv €T {z }eeq)
is a local realization of an input-output map f € F(PC(T,U)x (I'xT)*xT,Y x O) if
there exist an open set U C PC(T,U) x (I' x T')* x T such that for some (q,z4) € H,

V(U,’U_ht) eu: f(u7w7t) = UH((q,I'q),U7w,t)

8.3 Algebraic Preliminaries

The goal of this section is to give a brief overview of the algebraic notions used in
this chapter and to fix the notation and terminology. The material presented in
this section is standard. The reader is strongly encouraged to consult the references
provided in the text for further details. Subsection 8.3.1 presents a summary on
formal power series in finitely many commuting variables. Subsection 8.3.2 presents
the necessary preliminaries on Sweedler-type coalgebras. In this chapter in general,
and throughout this section in particular we will assume that the reader is familiar
with such basic algebraic notions as ring, algebra, ideal, module etc. The reader is

referred to any textbook in this subject, for example [85].

8.3.1 Preliminaries on Formal Power Series

The goal of this subsection is to present a very short overview of the main properties
of formal power series in commuting variables. For a more detailed exposition the
reader should consult [85].

Consider the set N™ and define addition on this set as follows. If & = (ay, ..., ap)
and 8 = (f1,...,0n), then let « + 8 = (a1 + P1,a2 + Bo,...,an + Bn). The
ring of formal power series R[[X1,..., X,]] in commuting variables X1, Xs,..., X,

is defined as the R vector space of formal infinite sums S = >y SoX®, where
X=X X532 X for a = (o, ..., o). Addition, multiplication are defined by
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(Z SaXa)+(Z ToX®) = Z (Sy+Ty) X7

acNn aeNn yEN™
and
(38X (Y T = (Y Smn
aeN? aeN” YEN™ a+fB=y

Multiplication by scalar is defined as a(} ], cyn SaX®) = D cnn @S2 X . The neutral
S X%, with S, = 0 for all @ € N™". The neutral
aenn Sa XY with S, 00 = 1 and S, = 0 for all

other w € N. The latter element will be denoted simply by 1. It is easy to see that

element for addition is > cyn

element for multiplication is

R[[X31,...,X,]] forms an algebra with the operations above. For each o € N™ let
deg(a) = Z?zl ;. For each n € N define the ideal I, = {d° cpn SaX® | So =
0 for all @ € N",deg(a) < n}. We define the Zariski topology on R[[X1,..., X,]]
as the topology generated by the open sets f + I, for f € R[[Xy,...,X,]] and
n € N. Amap D : R[[Xy,...,X,]] = R[[Y1,..., Y]] is said to be continuous if it it
continuous with respect to the Zariski topology. A map D : R[[Xq,...,X,]] = Ris
said to be continuous, if it is continuous as a map between topological spaces, where
R[[X1,...,X,]] is considered with the Zariski topology and R is considered with the
discrete topology Recall that if A, B are two R algebras, then a linear map f : A — B
is called a derivation, if the Leibniz-rule holds. That is, f(ab) = af(b) +bf(a). If
f(ab) = f(a)f(b), then we will call f an algebra morphism.

Denote by A the ring A = R[[X4,...,X,]]. Denote by D;, i = 1,...,n the
1 ifi=j
0 ifidj
by 1% the map 1* : A — R such that 1%(},cyn 6aX®) = ao,,...0). It is well-
known ([85]) that 1% is a continuous algebra morphism. Denote by diXi, i=1,...,n

the ith partial derivative of the ring A = R[[X1,...,X,]]. That is, dlxt A — A

continuous derivations D; : A — R such that D;(X;) = . Denote

1 1=y
is a continuous derivation such that -%-(X;) = J . The set of all
‘ 0 otherwise

continuous derivations A — A forms an A module and any continuous derivation
D : A — A can be written as D = Z;.Lzl S;=%4-, where S; € A. Notice that for

et

any continuous derivation D : A — A the map lej; oD : A — A defines a continuous

derivation to R. It is also well-known that D; = 1% o dLXI_ foralli =1,...,n. For each

k € N denote by % the maps d;i(i 0---0 dgi(i : A — A, If k =0 the we assume
k—times

that dixio(h) = h, ie., dixio is the identity map. For each a = (ay,...,a,) € N*

define the map diXa as d;)‘l(lal o d?(zaz 0---0 &a" A — A
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8.3.2 Preliminaries on Sweedler-type Coalgebras

The goal of this subsection is to give a very short introduction to the field of coal-
gebras, bialgebras. Readers for whom this is the first encounter with the field are
strongly encouraged to consult the book [74].

Let k£ be a field of characteristic 0, for our purposes the reader can assume that
k = R. Recall the notion of a tensor product of two vector spaces and recall that
the tensor product of A and B is denoted by A ® B. A tuple (C,d,¢) is called a
coalgebra if C' is a k-vector space, § : €' — C ® C and ¢ : C — k are k-linear
maps such that a number of properties hold. Before describing these properties
we will have to introduce some additional notation. Notice that for each ¢ € C,
6(c) = Yt i1 @ ¢ip such that ¢;1,¢0 € C, i = 1,...,m. We will use the
following notation 0(c) = > (1) ® ¢(2y to denote the situation above. If we refer to
c(1y or to c(z) we will always mean c;; or ca; respectively. Although this notation
is definitively confusing at the first sight, this is the convention widely adopted in
the field of coalgebras and in fact it does help to write and read formal statements
concerning coalgebras. We require the following conditions to hold for coalgebras.
For each ¢ € C, if §(¢) = Y1~ ¢i1 ® ¢i 2, then

Zc“@(sclg Zac“ ®ei2€CRCR®C

i=1

and
m

m
§ 6611 :§ 6612611

=1
The first condition is referred to as coasscoczathty. The second condition says that
€ has the counit property. If in addition, for each ¢ € C,

m m
= E Ci1 Qo= E Ci2 ®Ci1
i=1 i=1

then we will say that (C, 9, €) is cocommutative. The map § will be referred to as the
comultiplication and the map € will be referred to as the counit.

A map T is said to be a coalgebra map from coalgebra (C,d,€) to coalgebra
(B,8',€)if T: C — B is a linear map such that € =eoT and (T®T)od =4 oT,
where TR T : C®C 3 ¢1 ®ca— T(c1) ® T(ca).

In the sequel we will denote a coalgebra (C, §, €) simply by C and if T is a coalgebra
map from (C,d,¢) to (B,d,¢) we will write T : C — B and we will state that T is a
coalgebra map.

Recall that a k-vector space A with k-linear maps M : AQ A - Aandu:k — A

is called an algebra if M defines an associative multiplication and u(1) defines
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the unit element. That is, for each a,b,c € A, M(a, M(b,c)) = M(M(a,b),c) and
M(a,u(1)) = M(u(1),a) = a. If in addition M defines a commutative multiplication,
that is, M (a,b) = M (b,a) for all a,b € A, then we will say that A is a commutative
algebra. As usual in mathematics, we will write ab instead of M (a,b) and 1 instead
of u(1) if the maps M and w are clear from the context. All the notions we are going
to use for algebras such as ideals, maximal ideals, etc. are the standard ones, the
reader can consult [85].

For any k-vector space V denote by V* the linear dual of it, that is, V* = {f :
V — k| f is a linear map}.

It is easy to see that if C' is a coalgebra, then the vector space C* is an algebra

with the multiplication and unit defined as follows. For each cj,c5 € C* let
M(ci,¢5)(e) = ) cilcin)es(ciz)
i=1

where §(c) = D", i1 ® ¢i2. Just to let the reader appreciate the usefulness of
the notation for the result of comultiplication the expression for the multiplication
above can be written as M(ct,c3)(c) = > ci(c1)cs(ea). Going back to defining
the algebra structure on C*, we will define the unit u as follows. For each s € k
let u(s)(c) = se(c). It is not difficult to see that u can be identified with ¢* and
M = ¢* o, where i : C* ® C* — (C ® C)* is the natural inclusion defined by
ilc; ® c5)(c) = cf(e)cs(c) for all ¢f,c5 € C*, ¢ € C. If C is a cocommutative
coalgebra, then C* is a commutative algebra. If f : C' — D is a coalgebra map,
then f*: D* — C* is an algebra map, where f*(d*)(c) = d*(f(c)) for all d* € D*
and ¢ € C. That is, f* is the usual dual map of f, as it is usually defined in linear
algebra.

Notice that if (C, ¢, ep) and (D, dp, ep) are coalgebras, then C'® D has a natural
coalgebra structure (C® D,d ¢ ), where § (c@d) = 31", diq(cii®@din)®(cia®
dj2) € (C®D)® (C® D) and € (¢ ® d) = ec(c)ep(d). with the assumption that
c,de€C,dc(c) =" ci1®cipand dp(d) = Z;-Lzl dj1 ®djo.

Similarly, if A is an algebra, then A ® A has a natural algebra structure (4 ®
A, M, u') where M ((a®b), (¢’ @b) = (aa’ ®bb) and v’ (1) = u(1) @ u(1). It is easy
to see that the ground field k£ has a natural algebra and coalgebra structure.

We will say that (C,d, €, M, u) is a bialgebra if (C, 0, €) is a coalgebra, (C, M, u) is
an algebra, ¢, € are algebra morphisms and M, u are coalgebra morphisms. Here, we
assumed that C ® C has the natural algebra and coalgebra structure inherited from
C, see the discussion above.

If C is a coalgebra, then a subspace J C C'is called coideal it §(J) = JQC+C®J
and J C kere. A subspace D C C' is called subcoalgebra if 6(D) C D® D. If J is a
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coideal of C, the the quotient space C//J admits a natural coalgebra structure, such
that the canonical projection 7 : C' 3 ¢ — [c¢] € C/.J is a coalgebra map. Conversely,
if f:C — D is a coalgebra map, then ker f is a coideal and C/ker f is isomorphic
to Imf as a coalgebra.

Recall the duality between algebras and coalgebras. For any coalgebra C' and any
subspace D C C, denote by D= the annihilator D+ = {c¢* € C* | Vd € D : ¢*(d) =
0} C C*. Conversely, for any subspace A C C* denote by A+ = {c € C |Va € A :
a(c) = 0}. Then it follows that for any subspace D C C' , (D+)t = D. If Dis a
subcoalgebra of C, then D= is an ideal in C*. If A C C*, then A' is a coideal in C.
It is also easy to see that (C/A+)* is isomorphic to A C (A+)~.

For a coalgebra C' an element g € C such that §(g) = g ® g and €(g) = 1 will
be called of group-like element of C'. The set of all group-like elements of C' will be
denoted by G(C). An element p € C will be called primitive if §(p) = gRp+p®g for
some group-like element g € G(C) and €(p) = 0. The set of all primitive elements will
be denoted by P(C). A subcoalgebra D C C is called simple if D does not contain
any proper subcoalgebra, i.e. if S C D is a subcoalgebra, then either S = {0} or
S = D. The coalgebra C' is called pointed if every simple coalgebra D of C' is
of dimension one. That is, C is pointed if every simple subcoalgebra D of C is of
the form D = {ag | a € k} for some group-like element g € G(C). A coalgebra
C' is called irreducible, if for every pair of subcoalgebras S, D C C, SN D # {0},
unless either S = {0} or D = {0}. If C is pointed irreducible, then it follows that
C has a unique group-like element g, i.e. G(C) = {g} and for any subcoalgebra
{0} # D € C, g € D. If C is cocommutative, then C' = @,.; C; such that C;
is an irreducible subcoalgebra of C' and there is no irreducible subcoalgebra of C'
properly containing C;. Such C;s will be called irreducible components of C. Thus,
an irreducible component of a coalgebra C' is a subcoalgebra D C C such that for
each irreducible subcoalgebra S C C, if D C S, then S =D. If f: C — D is a
algebra morphism, then f(G(C)) C G(D) and f(P(C)) C P(D). Moreover, if f is
surjective, then f(G(C)) = G(D). It also holds that if C' is pointed irreducible, then
f(C) is pointed irreducible too.

Let A, B be algebras and let C' be a coalgebra and consider a linear map ) :
C® A — B. We will say that ¢ is a measuring , if for all ¢ € C, a,b € A,
Y(e@ab) =37 1 ¥(cii ®a)Y(ci2 @b) where §(c) = 37 | ¢t @ ¢ 0.

Let V be a k-vector space and define the cofree commutative pointed irreducible
coalgebra B(V') as the cocommutative pointed irreducible coalgebra for which the

following holds.

e There exists a linear map 7 : B(V) = V
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e If C is a cocommutative pointed irreducible coalgebra, Ct = kere and f :
CT — V is a linear map, then there exists a unique coalgebra map F : C —
B(V) such that 7o Flo+ = f.

It is known that B(V) exists for each vector space V and P(B(V)) = V. More-
over, for each cocommutative pointed irreducible coalgebra C there exists a unique
injective coalgebra m : C' — B(P(C)) such that 7|p(c) : P(C) — P(C) is the iden-
tity map. It is also known that if £ = R and dimV = n < 400 then the dual
B(V)* of V is isomorphic to the algebra of formal power series R[[X1,...,X,]] in
n commuting variables ( in fact, it holds for any field k of characteristic zero that
B(V)* 2 k[ Xy,..., X,]])-

8.4 Input-output Maps of Nicely Nonlinear Hybrid

Systems

Recall from classical nonlinear systems theory [32, 83] that state and output tra-
jectories of nonlinear analytic input-affine control systems admit a representation in
terms of iterated integrals. A similar statement remains true for hybrid systems too.
In order to state the the existence of such a representation formally, we will need to
introduce some additional notation and terminology.

We will start with defining the concept of hybrid convergent generating series
and hybrid Fliess-series expansions. Notice, that we already defined a concept called
hybrid convergent series and a concept called hybrid Fliess-series expansion in Section
7.2. The concepts which were defined in Section 7.2 are special cases of the concepts
which we will define below. In the rest of the chapter, unless stated otherwise, if we
speak of hybrid convergent generating series and hybrid Fliess-series expansion, then
we will always mean the objects defined below, not the objects defined in Section 7.2.

8.4.1 Hybrid Convergent Generating Series

Recall from Section 2.6 the notions of abstract generating series and iterated integrals.
That is, for each u = (uq,...,ux) € U denote

d¢jlu) = uj,j =1,2,...,m, dGlu] =1

Denote the set {0,1,...,m} by Z,,. For each jy---jx € Z% 41, ,jx € Zm, k >
0,t €T, ue PC(T,U) define

le“'jk [u](t) =1ifk=0
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For all £ > 1, let

t
Vi) = [ dGlu(rVi, )i
For each wy,...,wy € Z%,, (t1, - ,tx) € T*, u € PC(T,U) define

Vior oo [0 (t1, - t) = Vi, (81)[u]
va2 (tg)[Shlftl(u)] e Vwk [Shiftk,l(u)](tk)

where Shift;(u) = Shift~: (u),i=1,2,....k—1.
Assume that Z,, and I" are disjoint sets. Denote by T the set T'UZ,,. Then any

w € T* is of the form w = WiYL - WEYEWkt+1, where v1, ...,y €1, wy, ..., wiy1 €
Z:, k>0.

Definition 19. A map c : I* — Y is called a hybrid generating convergent series
on I'* if there exists K, M >0, K, M € R such that for each w € f*,

lle(w)l] < fw]t KM
where ||.|| is some norm in Y = RP.

The notion of generating convergent series is related to the notion of convergent
power series from [32, 83].

Let c: I* — Y be a generating convergent series. For each v € PC(T,U) and
s=(y1,t1) - (Yk,tr) € (T x T)*,tp41 € T define the series

Fe(u,s,tpq1) = Z c(wiyr - - YeWr41) X
wl,...,wk+1ez;‘n
Xth---,warl [u](th s 7tk+1)
It is easy to see that for small enough t1,...,tx+1 € T, u the series above is absolutely
convergent. More precisely, let Ts = Zf;l t; and ||u||s 00 = sup{||u(t)]| | t € [0, S]}

Lemma 38. If T - ||ul

convergent.

Tooo < (2M(1 + m))~t, then F.(u,s,try1) is absolutely

Define the set

dom(F.) = {(u,s,t) € PC(T,U) x (T xT)* xT|
s = (v, t1) - (v, te) € (X T)*, k >0,

k

-1

(t+ §‘ ltj) Mellpgss oy 00 < @M(14+m)) ™1
=
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8.4. INPUT-OUTPUT MAPS OF NICELY NONLINEAR HYBRID SYSTEMS

Then for each (u,s,t) € dom(F,.) the series F.(u,s,t) is absolutely convergent and
thus we can define the map

F. :dom(F.) > (u,s,t) — F.(u,s,t)

By an argument similar to the classical one, one could show that c defines F,
locally uniquely. Recall the definition of the topology of PC(T,U) x (I' x T)* x T
from Section 8.2. It is easy to see that for any hybrid convergent generating series ¢

the set dom(F,) is open in that topology.

Lemma 39. If there exists a non-empty open subset of U C domF, N domF,, such
that Vs € U : F.(s) = Fy(s), i.e. F. = Fq on the open set U, then ¢ = d.

It is also easy to see that F. is a causal map that is, if u,v € PC(T,U) and
u(s) = wv(s) for all s € [0,5], then F.(u,w,tkyr1) = Fe(v,w,tpsq) for all w =
(v1,t1) - (s tre) € (D X T)*, tgy1 € T, k > 0 such that Zfill t; <S.

8.4.2 Input-output Maps of Nonlinear Hybrid Systems
Consider a NHS

H= (A, (Xq,gq,j; hq,i)qu7j:0,--~,m7i:1,---7pv {Ré(q,'y),'y,q lqeQ,yeT}, {xq}qu)'

For each ¢ € Q denote by A, the algebra of real-valued real analytic functions of Xy,
ie.

Ay =C%(Xy) ={f: X; — R | f is real analytic }
It is well-known that each vector field X € T'X, induces a map X : A, — A,
defined by X(f)(z) = Z?il Xj(ac)%(x), where X is assume to be of the form
X = Z?Zl X jdiwi. In particular, each vector field g ;, j € Z;, induces a map

9+ Aqg — Aq

Assume that w = j1---jx € Z%,, j1,---yJk € Zm, k > 0. Then define the map
Gquw : Ag — Ag by

9q,w = 9q,51 © 9q,j2 © " © Gq,jk

Notice that each reset map Rs(g,~),y,q induces a map R, g Asqy) — Aq
defined by
B5(47),7,0 (1) (@) = F(Ro(4,7),7.0())
Thus, for any s = wyyy - - - YEWk41 € f*, such that wy,...,wy €2}, 71,...,7 €
I', we get that the map
GH"q’S = Yq0,uwn OR;17717QO941’“’2 o (8 1)
0 Ry © ek Age = Ag
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is well-defined, where ¢; = d(¢,y1---7vi), ¢ = 0,...,k, ¢ = ¢. In particular, if
heA,, and x € X, then G 45(h)(z) € R.

More precisely, define for any (g, z) € H define the generating series ¢q 4 : I — Yy,
as follows

Cq0(8) = G q,5(hg, ) (x) =
9go,wr © Rsom,qog%wz o--- (8.2)
0 Ry nan © awii (R, ) (%)
where s = w171 - - WEYEWE41, W1, - W1 €25 Y1, €T, 0(g, 71 %) = @i,
i =0,...,k. It is easy to see that ¢, , is a generating convergent power series. Using

arguments similar to the standard ones for nonlinear state affine systems, one gets
that

Lemma 40. Using the notation above, for each (q,x) € H, and for each
(w, (15t1) - (Vs t), teyr) € dom(F, ),

yu((q,x),u, (y1,t1) - (Vo th)s tryr) =

Z Cqx(W121 - W 2R W 1) X
wl,...,wk+1eZ:n (83)
X th---wk [u}(tla s atk-‘rl) =

=F.,  (u, (v t0) - (Vo th)s trer)

Let f € F(PC(T,U) x (T xT)* xT,Y x O) be an input-output map. Denote by
fp the map Ilp o f and denote by fc the map Ily o f.

Definition 20. We will say that f admits a local hybrid Fliess-series expansion, if
and only if

e The map fp depends only on I'*, that is,

fD(u7 (Svi)at) = fD(’U, (571)77)

for all u,v € PC(T,U), T,t € T, 7,t € T, s € T'*. Thus, the map fp can be
viewed as a map fp : '™ — O.

o There exists a generating convergent series cy : r* — Y and an open subset

U C dom(Fc,) such that

Y(u,w,t) €U : fo(u,w,t) =F,

cy (U, w, t)
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It is clear that if f € F(PC(T,U)x (' xT)* xT,Y x O) has a local realization by
a NHS, then f admits a local hybrid Fliess-series expansion. Notice that the values
of the corresponding convergent generating series can be directly obtained from f
by feeding in piecewise-constant inputs and taking derivatives with respect to inputs
and switching times of the input function.

Since a hybrid convergent generating series determines F, uniquely, we get the

following.

Theorem 43. Let H = (A, (X, 9, Pg.1)a€Q.i=0....m i=1,...ps {1 Rs(q),q | 1 € @,7 €
L} {z,}qeq) be a NHS and let f € F(PC(T,U) x (I' x T)* x T,Y x O) be an
mput-output map. Then H is a local realization of f if and only if f has a hybrid

Fliess-series expansion and there exists ¢ € QQ such that
o Y €T*: fp(w) = Mg, w)
o Forall s=wiy - Ypwg+1 € f*, Yiseos Ve €L, wi, . w1 €27, k>0

cr(wiyiwg - Ypwry1) =
Y9q0,w;1 © R;l,'}’h‘]o ©9qi,wa """ (84)
o R;k”rk,%—1 ° quv“’k-f—l (hqk)(‘rq)

where ¢; = 8(q,v1--vi), 1 =0,..., k.

8.5 Formal Realization Problem For Hybrid Sys-

tems

As it was seen in the previous section, the local realization problem for nonlinear
hybrid systems is equivalent to finding a particular representation for the hybrid
convergent generating series corresponding to the input-output map. Notice that
this representation was formulated completely in terms of reset maps and vector
fields around a point and it is completely determined by the formal power series
expansion of the analytic maps and vector fields involved.

More precisely, consider a hybrid system

H = (Aa (ang%ja hq7i)qu,j:O,...,m,i:1 ----- D {Rﬁ(qﬂ),%q | q S Q37 S F}v {xq}qEQ)

For each q € Q, j € Zy, consider the formal power series expansion of Rs(g 1) v,q)
gq,; and hg ;. That is for each g € ) consider the ring of formal power series A{; =
R[[X1,...,Xy,]] in commuting variables X1, ..., X, . Then the formal power series
expansion of

hei(@) = > hgialr— 24"

aeN"q

255



CHAPTER 8. NONLINEAR HYBRID SYSTEMS

i=1,...,paround z, results in a formal power series hf;i € R[[X1,..., X,,]], defined
by hfﬂ. = > aenna Ngia X1 X537 - ~X3:q. Similarly, if g, ,; = Z?:ql quﬂ-d%i, then
take the Taylor-series expansion of each g, ;; around x4, i.e.

90.34(2) =D Ggjial® —24)"

aeN

and define the following continuous derivation on R[[X7,..., X, ]],

nq d
I 2
94,5 = E :gq,md)(i
i=1

where
_ o a
9q.5,8 = Z 9q.4.i,0X

aeN™q
Finally, assume that Rs y),y,q — Ts(q,y) i of the form
R —x =(R R )r
3(q,7),7-9 5(q,v) 3(q,7),7,9,1» » 1¥8(q,7),7,9,15(q,+)

Each map Rs(q,v),v,q,is ¢ = 1, - -+, Ns(q,n) 18 an analytic map with values in R and thus

around z, it admits a Taylor series expansion of the form

Rs(g)v.0i(2) = Z To(q,)maria(T = Tq)®
a€eN™q
Notice that R ~),v,q(Zq)=T5(q,7) = 0 and thus 75¢4 1) +,4.4,(0,0,....0) = Rs(g,4),v.0,i(Tq) =
0.

Define the formal power series

o™ X s
Ré(qw)mq,i - T5(q.)vsa5i,0X
aeN™q

Let » = 6(q,7v) and A, = R[[X},...,X,,]] and define the continuous algebraic
map

R: Al — Af

7,4

by RI* (X;)=R!__.foralli=1,...,n,, and for all

749 Y545t
S= > SuX*c Al =R[[X;,...,X,,]]
aeNnr
let
Rf,fyk,q(s) = Z SQ(RZﬁ,q,l)al (RZ,'y,q,Q)QQ """ (Rf,’y,q,nr)a”w € R[[Xla o aanH

aENnr
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It is easy to see that Rf; ¢ is indeed an algebra morphism.

It is easy to see that with the notation above, the following holds

* * _

Yq0,w1 © Rqo,’yl,qogq17w2 Orrrnes © quﬂ,%,qk o ngyle»l(h’Qk)(xQO) =
f fox oo Sy f f

g%ﬂm qu’h-ﬂog(h,wz °© °© R(IkJrlv"‘/kvqk °© quvwk+1 (h%)(o)

for all v1,...,ve €y w1, ..., wi41 € Z,, k >0, ¢ € Q. Here the following notation
was used, ¢; = 6(qo,v1---7i), 1 =0,...,k, and for all w = j1 -+ j;, j1, ..., 51 € Z5,,
G = 005, 09350 0005+ Af — A]

That is, a necessary condition for existence of a realization of an input-output
map by hybrid systems is that the corresponding hybrid convergent generating series
can be represented as composition of derivations and algebra maps on finitely many
formal power series rings.

This observation, which will be discussed more formally on a later stage, motivates

the introduction of the formal realization problem.
Definition 21 (Formal Hybrid System). A tuple
F = (A, (Aq, 9q.5 1g,i)a€@.,i=0,.c.omyi=1,....00 {Rs(q ) 7,4 | 4 € Q57 €T} q0)
1s called a formal hybrid system, where
e A=(Q,T',0,0,)) is a Moore-automaton

e For each q € Q, Ay = R[[Xy,..., X,,]] is the ring of formal power series in

commuting variable X, ..., Xp,

o Foreachqe Q, j€ Zpy,
9q.5 + Ag = Aq

i vati i =\ o o_d y
defines a continuous derivation on Ag, i.e. gq; = ;% 9q,jigx;» where gq i €

Ay, i=1,...nq4.
e Foreachqe Q,i=1,...,p, hg; € Aq
e Foreachqe @, yeT,

Rs(g,9),v.0 * As(a) — Aq

is a continuous algebra morphism, i.e. it is uniquely defined by its values
R(q,1),7,a(Xi) € Aq

and the free coefficient of Rs(q ~),,q(Xi) is zero, i.e.

1]?%[[X1,...,an]] (Bs(q.9).7.0(Xib(a.n)) =0
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® gy € Q — the initial state

The dimension of the formal hybrid system F' is defined as
dim F' = (card(Q), Z Ng)
qe@

It is easy to see that ¢, is a continuous algebra morphism and ¢4(7") = T'(0).

A morphism between two formal hybrid systems

Fl = (Ala (Aévg;d7 h;i)qEQl,jZO,...,m,iZI,...,pa {R(%(q,’y),’y,q | q e Qla'y S F}vqo)
and

F2 = (AZ’ (Agpgg’j, hg’i)qeéy,j=0,...,7n,i:1,...,pa {R;‘;(qﬁ)mq | qE€ Q27 RS F}a qO)
is a pair T'= (Tp, (Tc,q)qeq), where Tp : Ay — As is an automaton morphism such
that Tp(q}) = g3 and for each ¢ € Q*, T, : A%D(q) — Al such that

e Forall g c Q', j € Zy,,
TC,q o g%D(q),j = g%—‘D(q)a.j °© TC,q
e Forallge Q' i=1,...,p,

1 _ 12
hq,i © TCaq - hTD(q)

e Forallge Q', yeT,
2 2
Teq © Bs2(1p (q)9)1. T (@) = 151 (g7)7.0 © TC.8(a)

The pair T is said to be an formal hybrid system isomorphism, if T, is an automaton
isomorphism and for all ¢ € Q' T, is an algebra isomorphism. The fact that T is
a formal hybrid system morphism from Fj to F, will be denoted by T : Fy; — F5.

Let FF = (A, (Aq,gw,hq,i)qu,j:o,__.,m,i:L,..,p, {Rg(qw,y),%q g€ Q,v €T}, q) be
a formal hybrid system. For each ¢ € Q, w = j1j2 - i, j1,-- -, Ji € Zm,l > 0, denote
by gq,w the following map

9g,w = 9,51 © 9a,j2 © 77 © G, + Aq — Aq

For each q € Qa V= W1Ywe -t YEWk41 € f*; k > 07 Yy Wk € F; Wi, ..., We41 €
Zy., denote by G q,» the map

GH,q,0 = Ygo,w1 © Ry 7,00 © Ygr,ws © 7

0 RQk,’Ylmqk—l O 9qr,wrq1 * AQk - Aq

where qi :§(q7’7171)722077k
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Consider the maps f. : I'* — R? and fa: " — O. We will say the the formal
hybrid system F = (A,(Aq,gqyj,hqﬂ-)qu,jzo,...,m,¢=1,...,p,{R(;(qﬁ)mq g € Qv €
T}, qo) s a realization of (fa, fc) , if for all s € T*:

Vw € T* & fa(w) = Aqo, w)

_ (8.5)
Vo € T" 1 fo(v) = dgo © GH,q0,0(hg.)

where g. = (g0, 71 -+ &) such that v = w1y -+ - YWkt 1, V1, -+, W € Ty wi, oo Wt
Zr, k>0.

Consider the hybrid system H = (A, (X,, 9, q.i)q€@.j=0.....m.i=1,...p> {1 R6(¢.v),7.a
q€Q,y €T} {r,}4eq) Let go € Q. Recall the discussion at the beginning of this
section. Using the notation there, we define the formal hybrid system associated

with (H, (qo, x4,)) as follows

Fy = (A, (A579£,j7hf;,i)qu,jeZm,z‘:l,“.,p, {R(J;{;W)mq lqa€Q,v €T} qo)

It is easy to see that Fy is indeed a formal hybrid system. Theorem 43 has the

following easy consequence

Lemma 41. Let f € F(PC(T,U) x (T x T)* x T, Y x O) and assume that f has a
hybrid Fliess-series expansion. Then (H, (qo,x0)) is a realization of f if and only if
the formal hybrid system Fg is a realization of (fp,cy).

8.6 Solution of the Formal Realization Problem

This section presents the conditions for existence of a hybrid formal power series
realization. The outline of the section is the following. Recall from Section 8.3 the
notion of coalgebra. Recall that there exists a natural duality between algebras and
coalgebras. We will exploit this duality by looking at formal hybrid systems defined
on algebras instead of coalgebras. Recall from Section 8.3 that rings of formal power
series in commuting variables have a natural characterisation as duals of certain coal-
gebras with very special property. This observation will enable us to use coalgebra
theory for finding necessary and sufficient conditions for existence of a formal hybrid
system realization. It will also enable us to place our results in the wider context of
nonlinear realization theory. The outline of the section is the following. Subsection
8.6.1 presents the notion of algebra and coalgebra systems, discusses duality between
the two concepts and presents the basic results on realization theory of such systems.
Subsection 8.6.2 presents the concept of hybrid coalgebra and algebra systems and
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presents the basic results on realization theory of hybrid coalgebra system. Subsec-
tion 8.6.4 discusses the relationship between hybrid coalgebra systems and formal
hybrid systems. It states the equivalence between formal hybrid systems and the so
called CCPI hybrid coalgebra systems. Finally, Subsection 8.6.5 discusses criteria
for existence of a CCPI hybrid coalgebra realization. Because of the equivalence be-
tween formal hybrid systems and CCPI hybrid coalgebra systems these criteria are
also criteria for existence of a formal hybrid system realization.

8.6.1 Algebra and Coalgebra Systems

In this subsection we will present the definition of a control system on algebra and
coalgebra, and we will show that there exists a duality between the two concepts.
The idea of such an abstract definition is not really new, it appeared earlier in other
works [29, 64]. For example, Sontag’s definition of a k-system is very closely related to
what will be presented below. This abstract representation will enable us to present
the results in a clear and conceptual way. First we will present the definition of
algebra and coalgebra systems and discuss the duality between them. After that we
will present some basic results on realization theory of coalgebra systems. The latter

is very similar to the results presented in [29].

Definition of Algebra and Coalgebra Systems
Let H be a bialgebra, which will be referred to as the bialgebra of inputs.

Definition 22. A tuple ¥, = (A, H,v,¢,J, 1) is called a control system on an
algebra if

e A is a commutative algebra.
e J is an arbitrary set.

e : A® H — A is a measuring such that ¥(a ® hihs) = ¥(¢¥(a ® he) ® hy) for
all hi,ho € H. The map 1 will be called the dynamics of 3.

e ¢: A— R is a an algebra map, called the readout map.
o 1 :J — A specifies the initial state.

We will say that a family of maps ¥ = {y; : H — R | j € J} is realized by an
algebra system 3, if

Vhe HYjeJ:y;(h) =dov(u(j)®h)
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That is, one can think of ¥, as an automaton, inputs of which are elements of
H (which itself is a monoid) and the state-space A has an algebra structure. This
point of view leads to the quite natural question of what if we took a coalgebra as a

state-space instead of an algebra. Below we will do exactly that.

Definition 23. A tuple ¥, = (C,H,1,¢,J,u) is called a control system on a
coalgebra if

e (' is a cocommutative coalgebra.
e J is an arbitrary set.

e p: C®H — C is a coalgebra map ¥(a ® hihs) = ¥(¢¥(a ® hy) ® hy) for all
hi,he € H. The map v will be called the dynamics of X,.

e 0 € G(C), i.e. ¢ is a group-like element of C

o 1 :J— C* is the family of readout maps.

We say that X, realizes a family of maps ¥ = {y; : H - R | j e J} if
Vh e HVje J:yj(h)=p;op(¢®h)

Consider the tuple
XL = (O 9", 8" 07)
where Y* : C*®@ H — C*, ¢* : C* — R and pu* : J — C* are defined as follows. The
map t* is defined as

P @ h)(c) = " (Y(c® h))

For all j € J, p*(j) = pu(y) and ¢*(c*) = ¢*(¢) for all ¢* € C*. It is easy to see that
3% is a control system defined on an algebra, moreover, for all j € J, h € H,

¢" ot (u*(j) @ h) = p(j) o (¢ @ h)
Thus, X} is a realization of @ if and only if ¥, is a realization of ®.
Realization Theory for Algebra and Coalgebra Systems
Let X = (C,H,v, ¢, J, 1) be a coalgebra system. Define the maps Ry, : H — C by
Rs(h) =9¢(h® ¢) for all he H

It is easy to see that Ry is a coalgebra map. We will call C' reachable if Ry is

surjective.
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For each h € H,j € J consider the map Op; : C 3 ¢ — pjov(c®h) € R.
Notice that Oy ; € C*. Define the set Ly, = {O,; | j € JJh € H} C C* and let
As, = Alg(Ly) be the subalgebra of C* generated by Ly (i.e., Ax is the smallest
subalgebra of C* which contains Ly;). We will call Ly, the set of observables of ¥
and Ay, the algebra of observables of ¥. Let A = {c€ C |Vf € Ag: f(c) =0}. Tt
follows that A is a coideal. We will call ¥ observable if A% = {0}.

Consider a coalgebra system ¥ = (C,H,¢,¢,J,u). Define the system X, =
(ImRx, Uy, ¢y J, i) as follows. Let ¥, = ¥|imrsem,i-e. ¥, is the restriction of ¢ to
ImRy®@H, ¢ = ¢ = Y(¢®1) € ImRy,, pr(§) = p(J)|imRs, i-€. pr(j) is the restriction
of the map u(j) : C' — R to ImRy. It is easy to see that 3, is a well-defined coalgebra
system, and it is reachable. Moreover, if ¥ is a realization of ¥ = {f; | j € J}, then
Y, is a realization of ¥ too.

Consider again a coalgebra system

L= (C.H 1, ¢, 1)

Notice that if ¢ € Ag, then 1 (h ® c¢) € Ag. Indeed, for all d € C,

Oh17j1 Oh27j2 T Ohk;]k Z Oh17j1 Ohk WJk (d(k )

where 0%(d) = > da) ® - ®dgy. Taking into account that 1 is a coalgebra map
and thus

Y@ P(6*(c®h)) = 6" (1h(c® h))
N——

k—times

we can derive the following
b(h@e)=> (xa) @ ha)) Q@ Y(c) @ hy)-
Hence we get that

OhlJl T Ohkvjk (w(c Y h) = Z Ohlh(l)vjl (C(l)) T Ohkh(k)’jk (C(k))'
Notice that A3 is a coideal, thus for each
M) = ey @ e @ @ B €
eZC@ @CRAs® OC®---®C
%,_/ —_————
L — 1-times k — j 4+ 1-times

Thus, it follows that for each term of the form ¢(;)®- - -®c(y) there existsai =1,... k,
such that ¢(;y € Ag. Then it follows that Oy, j, -+ O, j, (¥(h ® ¢)) = 0 for all
hi,...,hx € H, j1,...,jx € J. Thus, it follows that ¢ (h ® c) € As.
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Define the coalgebra system Yo = (Co, H, %o, 9o, J, no) as follows. Let Cp =
C/As, and for each ¢ € C denote by [c] the equivalence class generated by taking
the quotient, i.e. [c] = [d] <= c¢—d € A$. Define the map ¥o : H® Co — Co by
Yo ([J®@h) = [Yo(c@h)]. If c—d € As, then (h®(c—d)) = ¥(c@h)—(dDh) € AL,
Thus, ¢o is well-defined. For each j € J let uo(5)([c]) = u(j)(c). Notice that for
each j € J, u; = Oy and thus Ag C ker ;. Hence, po : J — C} is well-defined.
Finally, let o = [¢]. It is easy to see that Yo is a well-defined coalgebra system,and
it is observable. Moreover, if ¥ is a realization of ¥ = {f; € H* | j € J}, then X0 is
a realization of ¥ too. If ¥ is reachable, then Y is a reachable too.

We will call a coalgebra system 3, realizing ¥ a minimal realization if for any
reachable coalgebra system X realizing U there exists a surjective coalgebra system
morphism 7' : ¥ — ¥,,.

Let X, = (A, H,¢, ¢, J, 1) be an algebra system. Define the map Oy, : A — H*
as follows. For each h € H let Os_(a)(h) = (¢pop(a®h)). Tt is easy to see that Oy,
is an algebra map. We will say that X, is observable, if Oy, is injective.

Define the algebra Ry, as the subalgebra of A generated by the set Ly, = {¢(h®
w(g)) | he H,je J}. We will call 3, reachable if Ry, = A.

Consider a coalgebra system ¥.. It is easy to see that the dual Ry, : C* — H*
of Ry, equals Og. It is also easy to see that Ay, = RS, . It follows that if 3 is
reachable then Y% is observable, and if 37 is reachable, then X, is observable.

Denote by M the multiplication map on H. Thatis, M : HQ H — H, M (s®v) =
sv. Since H is a bialgebra, the map M is a coalgebra map, moreover, M (v, M (s, z)) =
M(v,sz). Let ¥ = {f; € H* | j € J} be an indexed set of elements of H*. Define
the map py : J — H* by pw(j) = f;. Define the coalgebra control system

E\II = (H7 H7 M7 17 J? /”L\I/)

It is easy to see that Xy is indeed a coalgebra system, moreover, ¥y is a realization
of ¥, since f;(h) = f;(M(1®h)) = pe(j) o M(1®h) for all j € J. We will call
g the cofree realization of ¥. We will denote the algebra of observables of ¥y by
Ag. That is, Ay, = Ay. Notice that Ay C H*. It is easy to see that for Xg the
maps Oy, ; are of the form Oy ;(v) = fj(vh) = Ruf;. U X = (C,H,¢¥,¢,J, 1) is a
realization of U, then it is easy to see that Ty, : H — C, Tx(h) = (¢ ® h) defines a
coalgebra system morphism Ty, : ¥ — Xy. Notice that Ty, = Ry, i.e., Ty, equals the
reachability map.

Dually, the algebra system X3 will be called the free realization of f, and if
¥ = X7 where ¥, is a coalgebra system realizing ®, then Ty, = Ty, defines an
algebra system morphism 7%, : ¥ — X3,. Notice that the realizatiLon Yy is reachable

and thus X3 is observable.
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The results discussed below will play an important role in the construction of a
minimal coalgebra system realization. Let X; = (Cy, H,v¥;, ¢;, J, i), i = 1,2 be two
coalgebra systems and assume that T : ¥; — Y5 is a coalgebra map. Define the
system Xp = (C1/ ker T, H, Y, 1, J, ur), where, Y ([x] ® h) = [hz], ¢ = [¢1] and
pr(5)([z]) = p1(§)(z) for all z € Cq, where [z] denotes the equivalence class generated
by taking the quotient by ker T, i.e., [z] = [y] <= x —y € kerT. It is easy to see
that ker T' C ker p;(j), for all j € J and ker T C ker;(h,.) for each h € H, where
P1(h,.) : C1 > x — Y1(x @ h). Thus, X is well defined. Moreover, T,,, : Lp — 3o
and Ty : X1 — X7 are injective and surjective coalgebra system morphisms, where
Ty : Ci/kerT > [z] — To € Co and Ty : Cy 3 x +— [z] € Cy/kerT. If T is
surjective, then T}, is an isomorphism and thus 7' : ¥5 — X7 is a well-defined
coalgebra system isomorphism.

Below we will state and prove that any set of input/output maps ¥ admits a

minimal coalgebra realization.

Theorem 44. Let ¥ = {f; € H* | j € J}. Then there always exists a minimal
coalgebra system realization of W. A coalgebra system realizing ¥ is minimal if and

only if it is reachable and observable.

Proof. We will sketch the (easy) proof in order to present some constructions, which
will be very useful later on. Take the cofree realization g of W. It is easy to
see that Xy is reachable. Consider the system ¥, = (Zy¢)o. That is, ¥, =
(H/A, H, M, (1], J, i) where M(h x [k]) = [hk] and fiw(j)([h]) = f;(h), and [h] de-
note the equivalence class generated by h with respect to the relation [h] = [d] <=
h—d € Ag. In fact, A is also an ideal of H. Indeed, if h € Ag, then for all
k€ H, M(k® h) € A§, since M is the state-transition map of Yy. But is means
precisely that Ag is an ideal. Thus, H/Ag is a bialgebra. Let ¥ = (C, H, v, ¢, J, i)
be a reachable coalgebra system realization of ¥. Recall that there exists a coalgebra
system morphism Ty, : ¥g¢ — ¥, defined as T, = Ry : H — C, i.e., Tx(h) = Rn(h) =
Y(¢p @ h). Tt is easy to see that ker Ts; C A¢. Indeed, Tx(h) = (¢ ® h) = 0 implies
that for all k € H, p(j) o T (kh) = pu(j) o (¢ ® kh) = f;(kh) = Ry f;(k) = 0. Thus,
Ry, f; = 0, which implies that Oy ;(h) = 0 for all k € H,j € J. Since ker Ty is a

coideal and thus
m
6" (h) :Zh(1)®"'®h(m) QZH®-~-®kerRZ®.-.®H
=1

, it follows that Oy, j, - -+ O, j,.(h) =0 for all k1, ..., kp, € H, j1,...,Jm € J.
Thus, H/Ag = (H/kerTx)/(Ag/ker Tx). Thus there exists a surjective coal-
gebra map S : H/kerTs — H/Ag defined by S(h + Tx) = h + Ag. Recall that
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there exists a coalgebra system Yr, = (H/kerTx, H, Y1y, o1y, J, i1, ) such that
Tm . ZT

=

morphisms respectively and Ty, = T,, o Ts. If ¥ is reachable, then Ty, = Ry is

— Y and T : ¥y — X7, are injective and surjective coalgebra system

surjective and thus T, is a coalgebra system isomorphism.
It is easy to see that S defines a surjective coalgebra system morphism S : ¥, —
Ym. In fact, 3, is the result of observability reduction of X1,. Thus we get that

SoT, ! defines a surjective coalgebra system morphism So7,.1 : 3 — ¥,,. It is easy

n
to see that >,,, is reachable and observable.

Assume that the coalgebra system Y is minimal. Then it has to be reachable.
Indeed, ¥, above is reachable and since ¥ is minimal, then there exists a surjective
T :3%,, — X. But then Ry, = T o Ry, and since both T" and Ry, are surjective
it follows that Ry is surjective, which implies that ¥ is reachable. We will argue
that T' is an isomorphism and thus ¥ is also observable. Indeed, notice that ker T' C
A%m = {0}, that is, T' is an isomorphism. It implies that ¥ is observable, since ¥,
is observable. Thus, we have shown that any minimal realization is reachable and
observable and it is isomorphic to X,,. Hence, any two minimal coalgebra realizations
of ® are isomorphic. It is left to show that any reachable and observable coalgebra
system is minimal. Let ¥ be a reachable and observable coalgebra system realizing
V. Then there exists a surjective coalgebra system morphism Z : ¥ — ¥,,. Since
ker Z C Ag = {0} we get that Z is a coalgebra system isomorphism and thus ¥ is
minimal. O

We will call the minimal realization Y, from the above proof canonical minimal

realization and we will denote it by Xy p,.

8.6.2 Hybrid Algebra and Coalgebra Systems

The goal of this subsection is to present the notion of hybrid coalgebra and algebra
systems. We will start with defining the concept of hybrid (co)algebra systems. After

that we will proceed with presenting realization theory for hybrid coalgebra systems.

Definition of Hybrid Algebra Systems and Hybrid Coalgebra Systems

Recall the notation from Section 8.2. Consider the set I' = I' U Zom. The set H =
R < I'* > of all formal linear combinations words over I' has a natural bialgebra

structure defined by

d(y)=y®~foralyelU{l}

(8.6)
d(r)=1®z+z®1 for all z € Z,,
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O(wrws - - - wg) = §(wy)d(ws) - - - 6 (wg)

for allwl,...,wkef
1 if r 1

)= L Meelot 67
0 ifzeZ,

e(wrwsy - - wi) = e(wy)e(ws) « - - e(wg,)
for all wy,...,wi € f,k >0
Although H is a bialgebra, it is not a Hopf-algebra. H as a coalgebra is cocom-

mutative pointed coalgebra, but it is not irreducible. It is also easy to see that
G(H) =~ € T"U{1} is the set of group-like elements, and in fact

H = @H

wel™
where for all w = wy -+ wg, k>0, wy,...,w; €T,
H,, = Span{sjw1 82« WgSk+1 | $1,---,Sk+1 € Z, }

It is easy to see that for each w € I'* the linear space H,, is in fact a subcoalgebra of
H, moreover, H,, is pointed irreducible and cocommutative. It is also easy to see that
the map ¢ : H, ®R < Z¥, >— Hy,, v(v®s) = vs, s € Z%,,v € H,, is well-defined and
it is a coalgebra map. Similarly, for each v € I' the map v, : H, > s — sy € H,, is
a well-defined coalgebra map.

Consider the pair of maps f = (fp, fc), where fp : I'" — O and f¢ : I'* — RP.
Consider the maps fc,; : r* — R, where f(w) = (fo1(w), fea(w), ..., fop(w))T for
each w € I'*. Notice that each map fc,; can be uniquely extended to a linear map
fC,i : H — R. In the sequel we will identify maps fc; and linear maps fC,i and we
will denote both of them by fc ;. Define the family of input-output maps associated
with f as the following indexed set of maps Uy ={fc,: H - R|i=1,...,p}.

A hybrid coalgebra system is a tuple HC = (A, X, qo), where

e A=(Q,T,0,0,)) is a Moore-automata
® o € Qa
e X = (C,H,¢,d,u) is a coalgebra system, such that

= O =g Cy: where Cy is a subcoalgebra of C' for each ¢ € @ and Cj is
pointed irreducible.

— ¢ € Cy

— Foreachqe Q,Vwe Z}, V2 € Cy: (2 Qw) € Cgand Vy e I',Vz € Cy :
¥(2®7) € Cs(q)
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Since for each ¢ € @, the coalgebra C; is pointed irreducible, it has a unique group
like element which we will denote by ¢,. It follows that ¢ = ¢, and for each w € I,
q € Q, ¢(w® dy) = Ps(gw)- It also follows that C, precisely coincides with the
irreducible component of ¢, in C. We know that C' is a direct sum of its irreducible
components and it follows that C is pointed. Thus, it follows that there is a bijection
between irreducible components of C' and the coalgebras Cy, ¢ € Q.

A pair of maps T' = (Ip,T¢) : HCy — HCy with HC; = (A;, 3, q0,) is called
a  hybrid coalgebra system morphism if Tp : A7 — Ay is a automata morphism,
Tp(qgo,1) = qo,2, Tc : ¥1 — X is a coalgebra system morphism such that TC(C’;) C
C%D(q) for all ¢ € Q*. N

A pair of maps f = (fp, fc), where fp :I'* — O and fo : I — RP is said to be
realized by a hybrid coalgebra system HC = (A, %, qo) if (A, qo) is a realization of fp
and ¥ is a realization of Uy.

We will call the hybrid coalgebra system HC = (A, X, qo) reachable if (A, qp) is
reachable and ¥ is reachable.

We will say that a hybrid coalgebra system HC which realizes f is a minimal
realization of f if for any reachable hybrid coalgebra system HC, such that HC,
realizes f, there exists a surjective T' = (Tp, T¢) hybrid coalgebra map T : HC, —
HC.

A hybrid algebra system is a tuple HA = (A, 3, qo) where

e A=(Q,I',0,0,A) is a Moore automaton
e ¥ = (A, H, ¢, ¢, ) is an algebra system such that

— A =1l,eqAqy and for each ¢ € @), A, is a commutative algebra.

— There exists 4,1, € Q, h € T such that Vy €T i thgy t Asigqy) — Ag s
an algebra map, Vj € Zy, : ¢q; : Ay — Aq is a derivation, and for each
yel,

w((aq)qu ® 7) = (¢Q(a5(q,'y))q€Q)

for each j € Z,,

Y((ag)geq ®J) = (Vq,5(aq))geq
A pair of maps T = (Tp,T¢) is said to be a hybrid algebra system morphism 7T :
HA; — HAjy, where HA; = (A, %i,q0,:),1 = 1,2, if Tp = (A1,90,1) — (A2, q0,2) is an
automaton morphism, T : 3o — ¥ is an algebra system morphism such that there

exists algebra morphisms Tc,q : A7, ) — Ag, ¢ € Q' such that Tc((ag)eeq) =
(Te.qlary (g))geqr-
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A pair of map f = (fp, fc), where fp : T* — O and f¢ : I'* — R is said to be
realized by a a hybrid algebra system HA = (A, X, qo) if A realizes fp from initial
state go and X is a realization of Wy.

It is easy to see that if HC = (A,X.,qo) is a hybrid coalgebra system, then
the dual system HC* = (A, X%, q) is a hybrid algebra system. Moreover, HC' is a
realization of f if and only if HC™ is a realization of f. Moreover, if T : HC; — HCy
is a hybrid coalgebra system morphism, then 7% : HC} — HC5 is a hybrid algebra
system morphism.

Notice that a formal hybrid system
HE = (A, (Ag: 94,5 hg,i)ae@i=0....omi=1,...0: { Rs(q 1) 7.4 | € € @57 €T} q0)
can be viewed as a hybrid algebra system HAgr = (A, X g F, qo) such that

EHF = (HQGQAan,¢a¢7 {1a e ap}aﬂ)

where for all © € Z, ¥2((ag)eeq) = (fo.0(aq))qeq), for all v € I, ¥y ((aq)qeq) =
(bq)qu’ with Ré(q,'y),'y,q)(aé(q,'y)) =bg, ¢ € Q and ¢ : (a'q)qEQ = 1;1(10 (aq0)7 u(i) =
(hqi)qeq, i =1,...p. It is easy to see that the correspondence HF +— HApp is one
to one. Moreover, T : HFy, — HF; is a formal hybrid system morphism if and only

itT:HApp, — HApr, is a hybrid algebra morphism.

8.6.3 Realization of hybrid coalgebra systems

The aim of this subsection is to present conditions on existence of a realization by
hybrid coalgebra systems. We will look at the realization by a fairly general class
of hybrid coalgebra systems. This more abstract approach will enable us to disre-
gard certain irrelevant details. We will also characterise minimal hybrid coalgebra
realizations in terms of reachability and observability. We will use the results of this
subsection to give necessary and sufficient conditions for existence of a realization by
a CCPI hybrid coalgebra system.

Consider a pair of maps f = (fp, f¢), with fp : T — O and f¢ : I* — RP.
Recall the definition of the set ¥y = {fc;, : H — R | i = 1,...,p} such that
fo = (fca,--- fep)T. Recall that the maps fc; are linear and thus belong to the
dual H* of H. Since I' C H, we can define the map L, g for all g € H* by

Lug(h) = g(wh)
Define the map dy : I — O x (H*)? as follows
Vw eIt dy(w) = (fp(w), (Lwfci)i=1,..p)

Denote by O the set
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Assume that HC = (A,X,qo) is a hybrid coalgebra system and assume that
Y= (C,H,¢,¢,{1,...,p},p) and A = (Q,T,0,8,\). Define the automaton Agc =
(Q,T,0,6,)) as follows. Let Aq) = (M\q),(Ty;)j=1,.p), where T,; € H* and
Tq.;(h) = p1(j) o Y(pg @ h). Here ¢4 denotes the unique group like element of C,,.

We get the following theorem, which gives a necessary and sufficient condition for
HC to be a realization of f.

Theorem 45. The hybrid coalgebra system HC = (A, X, qo) is a realization of f if
and only if (Axc,qo) is a realization of dy and X is a realization of Wy.

Sketch of the proof. Assume that HC' is a realization of f. Then X is a realization
of Wy and for all w € I'*, A(¢,w) = fp(w). Notice that /(¢4 @ w) € Cs(4,) and that
Y (pg ® w) has to be a group-like element, since ¢ is a coalgebra morphism. Since
Cs(q,w) has only one group-like element, and that is ¢s(4.,), we get that (¢, @ w) =
®5(q,w)- Then it follows that for all w € T, i = 1,...,p, Ly foi(h) = fo.i(wh) =
(i) 0 Y(dgy @ wh) = P(@s5(q,w) @ h) = Ty,i, where ¢4 denotes the unique group-like
element of C,. Thus, (Ayr, qo) is a realization of d;.

Assume that ¥ is a realization of ¥y and (Apc,qo) is a realization of dy. But
then it is easy to see that (A, qo) is a realization of fp and thus HC is a realization
of f. O

Above we associated with each hybrid coalgebra system a Moore-automaton and
a coalgebra system and we showed that the hybrid coalgebra system is a realization
of f if and only if the associated Moore-automaton is a realization of dy and the
associated coalgebra system is a realization of W;. Below we will show that the
converse is also true. Namely, if we have a coalgebra system of a certain type which
realizes ¥y and a reachable Moore-automaton realization of dy we will construct a
hybrid coalgebra system realizing f. The construction goes as follows.

Let ¥ = (C,H,v,¢,{1,...,p}, u) be a coalgebra system such that C' is pointed.
We will say that ¥ is point-observable, if AL N Co = {0}, that is, if for some
g,h € G(C), g —h € A%, then ¢ = h. That is, the states belonging to G(C)
are distinguishable (observable). In particular, if ¥ is observable, then it is point-
observable.

Let ¥ = (C,H,¢,¢,{1,...,p}, ) be a point-observable coalgebra realization of
W s, such that C is pointed. Let A= (Q,T, 0,4, A) be a Moore-automaton such that
(A, qo) is a reachable realization of ds. Define the hybrid coalgebra system HC 45 4
associated with 3, (A, qo) as follows.

HC g54 = (A%, q0)

»4o

where
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e A=(Q,T,0,5 ) where \(q) = o if A(¢q) = (0,0).
oY= (57H71;7$,{17...,p},ﬁ) where

- C = @qu 5'q, where for each ¢ € Q, a] is defined as follows. Let
Huq = @uere s(go,w)=q Hw and let €y = Cy N Ry (Ha,q) where Cy is
the (isomorphic copy of the) irreducible component of C' with the unique
group-like element ¢, defined by ¢4 = ¥(¢ ® w), where w € I'* such that
0(go,w) = q. That is, for each q € Q, 6,1 is a subcoalgebra of C,.

— With the notation above 5 = g,

— The map QZ : H® C — C is defined as follows. For each q € Q€ éq,
T € L, Y(iec®z) =¢Y(cx) € Cy Foreachqe Q,ce Cy, v €T,
U(e®7) =(c®7) € Co(g)-

— For all j € J, the map f(j) € C* is such that for all ¢ € Q, ¢ € éq,
1i(5)(cq) = p(4)(cq)-

Below we will argue that the construction above indeed yields a hybrid coalgebra

system.

Lemma 42. With the notation and assumptions above HC = HC s 5, . is a well-

defined reachable hybrid coalgebra system which realizes f.

It is easy to see that with the notation above there exists a coalgebra system
morphism T : & — ¥ such that T|5 (c) =cforallc e éq, q € Q. Assume that (A, qo)
is a reachable realization of d; and qE is a point-observable realization of ¥ ;. Assume
that HC' = (.A/, Y, q(/)) is a reachable hybrid coalgebra system realization of f and
there exists an automaton morphism ¢ : (fl;{ o o) — (A, qo) and a coalgebra system
morphism T : ¥ — X. Then it follows that there exists a surjective hybrid coalgebra
morphism (¢, S) : HC' — HCj s 4- such that if Y = (C'/7H7 ¢/,¢/,{1,...,p},,u/)
and A" = (Q'.T,0,6",\) then S|cr(c) = T(c) € Cy(q forall ¢ € Qs ¢ € C.
Here we assumed that ¢’ = &) 1eQ’ 0;7 each C; is the coalgebra belonging to the
discrete state ¢ € Q" and Cy(q) is the coalgebra belonging to the discrete state ¢(q)
in HC 45 4,-

Let ¥ be a minimal coalgebra system realization of ¥ and let (A, go) be a min-
imal realization of dy. Assume that ¥ = (C, H,v,¢,{1,...,p}, u) is such that C is
pointed. Then it follows that ¥ is observable and (A, qo) is reachable, thus HC 4500
is well defined. Moreover, if HC' = (.A/, Y, q(/)) is a reachable hybrid coalgebra real-
ization of f, then there exists surjective maps ¢ : (leC' , q(,)) — (A, q) and T : Y -
Y and thus there exists a surjective hybrid coalgebra map S : HC' — HC4x 40
Thus, we get the following
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Lemma 43. If (A, q) is a minimal realization of dy and ¥ is a minimal realization

of Wg, then HC 5 5, 4 is a minimal realization of f.

It follows from the standard theory of Moore-automata that dy had a Moore-
automaton realization if and only if Wy, = {wody | w € I'*} is a finite set. Define
the sets Df = {w [¢) fD | w e F*} and Kf = {(wacyj)jzl)m?p S (H*)p | w e F*}

Lemma 44. With the notation above Wy, is finite if and only if Ky is finite and
Dy is finite. That is, dy has a realization by a Moore-automaton if and only if fp

has a realization by a Moore-automaton and Ky is finite.

Assume that K is finite, more precisely, let Ky = {¢; = (Lw, fc,j)j=1,..p | # =
1,...N}. For each g; € Ky define the set Hy, = @, cre (1, fo;),o1... p—q; How- 1t is
easy to see that H = @fil H,,. Consider the cofree realization ¥y, and the minimal
coalgebra realization Xy, ., = (D, H,¢,¢,{1,...,p},p) of ¥y where D = H/Aéf.
There exists a canonical morphism 7 : H — D which defines a coalgebra system
morphism 7 : Xy, — Xy, . Since 7 is surjective and H is pointed, it follows that
D is pointed. Moreover, it follows that Yy, ., is observable. In fact, the following
holds.

Lemma 45. With the notation above D = @Z]\il w(Hg,) and m(Hy,) is pointed irre-
ducible.

That is, if (A, qo) is a minimal realization dy and Yy, m is the canonical mini-

is a well-defined hybrid coalgebra system

mal realization of W¢, then HCA,Eq,f_m,qo

realization. Moreover, HOA,Z\pf g0 18 @ minimal realization of f.

That is, we can formulate the following theorem.

Theorem 46. The pair f = (fe,fp), fo : I* — RP and fp : T* — O has
a realization by a hybrid coalgebra system, if and only if card(Ky) < +oo and
card(Dy) < 4o0. If f has a realization by a hybrid coalgebra system, it also has a
minimal hybrid coalgebra system realization. If (A, qo) is a minimal Moore-automaton
realization of dy and Xy ., is the canonical minimal coalgebra system realization of
Ve, then HCt , = HCA,E\pf,m,q
f-

o 18 a minimal hybrid coalgebra system realization of

We will call the hybrid coalgebra system HCY,, the canonical minimal hybrid
coalgebra realization of f. Strictly speaking HCY p, is not uniquely defined, since it
depends on the choice of a minimal Moore-automaton realization (A, go) of ds. But
all minimal Moore-automaton realizations are isomorphic, thus we will identify all
hybrid systems obtained by choosing some minimal Moore-automaton realization.

We will call the hybrid coalgebra system HC = (A, X, qo) observable , if
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(i) Agc is observable
(ii) For each ¢ € Q, AL NC, = {0}

It is also easy to see that if (A, qo) is reachable and observable and ¥ is observable,
then HC 4 5, ,, is observable.

The discussion above can be summed up in the following theorem.

Theorem 47. Let f = (fe, fp), fo: I'* — RP and fp :T* — O. A hybrid coalgebra
system is a minimal realization of f if and only if it is reachable and observable.

Minimal hybrid coalgebra system realizations of the same map f are isomorphic.

8.6.4 Formal Hybrid Systems as Duals of Hybrid Coalgebra
Systems

Recall from Subsection 8.3.2 that the ring of formal power series R[[X1,..., X,]] is
isomorphic to the dual of of the cofree pointed irreducible cocommutative coalgebra
B(V), where V is any n-dimensional vector space. That is, B(V)* = R[[X1,..., X,]].
Below we will choose a particular V. Denote by A the ring A = R[[Xq,..., X,]].
Recall from Subsection 8.3.1 the definition and properties of continuous derivations
on formal power series rings. Define the map D, = 14 o %a for all « € N™.
Define the set DY = Span{D, | @ € N"}. Notice that ¢ = D, 0) = 1 € DY.
Let D4 = Span{D; | i = 1,...,n}. Define the linear maps € : DY — R and
0: DY — DY ® DY by

€(¢) =1 and €(D,) = 0 if &« € N*, e # (0,0, ...,0)
For each oo = (a1,..., ) € N” let
5(Doz) = Z Ds ® DW
B,yEN",B+y=a

where B4+ = (B + 71,82+ 72, Bn+ ) B=(Br,---.8n), ¥ = (71 m)-
Define the multiplication M : DY @ DY — DY by M (D ® Dg) = Dyyp. Define
the map u : R — DY by u(z) = z¢.

With the notation above the following holds.

Lemma 46. The tuple (D, 9, ¢, M, u) is a bialgebra, moreover DY is isomorphic as
a bialgebra to the cofree pointed irreducible cocommutative coalgebra B(D4) generated
by DA.
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The lemma above implies that (D%)* is isomorphic to A. This algebra isomor-
phism is defined by
1 1 1
Oél! Ozg! O(n!

Ya: (DF) 58 Y S(

a€eNn

D)X

The following lemma relates measuring of A and coalgebra maps of DY .

Lemma 47. Let C be an coalgebra, let A = R[[X1,...,X,]] and B = R[[ X1, ..., X,]].
Assume that ¢ : C ® A — B is a measuring such that for each ¢ € C, the map
Ye: A a— Y(c®a) € B is a continuous map. Then ny : C @ DF — DY is a
coalgebra map, where ny(c ® Dy)(a) = Dqy 0 c(a) for all a € A.

Conversely, assume that n : C @ D — DY is a coalgebra map. Consider the
map ¥, : C ® A — B, defined by 15" o, (c x a)(D) = n(c® D)(¢ ' (a)), for alla €
A,ce C, D € DF.Here w;l and qlzgl are the inverses of the algebra isomorphisms
Ya: (Da)* — A and Yp : (Dp)* — B respectively. Then 1, is a measuring such
that for each c € C the map 1y, c: A3 a— ¢,(c®a) € B is a continuous map.

In the sequel we will identify DY and B(Dy4) and we will identify their re-
spective duals (D¥)*, B(Da)* with A. We will also identify (B(V))* with Ay =
R[[X1,...,X,]] if dimV = n.

Using Lemma 46 and Lemma 47 we can associate with each formal hybrid system
a hybrid coalgebra system of a certain type and conversely, with each hybrid coalgebra
system of a suitable type we can associate a formal hybrid system. Let HF' be formal
hybrid system of the form

HF = ("47 (Aq?gq,ja hq,i)qu;j:0,~~7m;i:1w~;177 {Ré(q,'y),v,q | qe ny € F}7 qU)

and consider the associated hybrid algebra system HApxp = (A,Xgr,qo), where
Y = (A, H,¢,¢,J, ). Define the hybrid coalgebra system HCpp associated with
HF as follows. HCyr = (A, Xnc, qo), where Xgo = (C, H, ¢, ¢,{1,...,p}, 1) such
that

e Forall g€ Q, Cy = B(Dy,).
oY =ny

o« §= 14, where 14, is the unique group-like element of Cj. Notice that 1,4, = I*Aqo

viewed as a map A, — R.

o ji(j)(D) = D(u(j)) for all j = 1,...p.
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It is an easy consequence of Lemma 46 and Lemma 47 that HCyp is well-defined
and HC;IF = HAHF.

Conversely, let HC = (A, X, qo) be a hybrid coalgebra system such that ¥ =
(C,H,¢,0,{1,...,p},u), C = Gaqu Cqyy A = (Q,1,0,6,\) and Cy = B(V,),
dim V; = n, for all ¢ € Q. We will call such hybrid coalgebra systems CCPI hybrid
coalgebra systems ( CCPI stands for cofree cocommutative pointed irreducible ).
Then using Lemma 46 and Lemma 47 and the conventions discussed after Lemma
47 we get that

HFHC = ('A’ (Aq’gq,j’ h/q,i)qu7j:0a-“7m7i:17“-7p7 {Rts(q,'y),'y,q | qc Qa'y S F}vqo)

is a well-defined formal hybrid system, where for all ¢ € Q, A, = Cy, for all j €
Zm, 9q; = ¥(lqg ® j), 14 being the unique group-like element of Cy, hy; € Aq
are such that (hg)eeq = u(i) for all i = 1,...,p, and Ry, ¥ € I' are such
that Rsig.y),y.¢(h)(D) = ¥(D @ y)(h) for all D € Cy. It is also easy to see that
HC* =HApp,,.

Combining the results above we arrive to the following important characterisation
of existence of a formal hybrid system realization of a pair of maps f = (fp, fo),
where fp : I — O and f¢: I'* — RP.

Theorem 48. A pair of maps f = (fp, fc), fp : T* — O, fo: I* — R? has a
realization by a formal hybrid system if and only if it has a CCPI hybrid coalgebra
system realization.

8.6.5 Realization by CCPI Hybrid Coalgebra Systems

In this section we will discuss criteria for existence of a realization by a hybrid
coalgebra system, such that the coalgebras associated with each discrete state of
the automaton are cofree cocommutative pointed irreducible with finite dimensional
space of primitive elements. We will give a necessary condition and a condition
which is an ”almost” sufficient one. More precisely, the ”almost” sufficient condition
implies existence of a hybrid coalgebra system realization such that each coalgebra
associated with some discrete state is pointed cocommutative irreducible with finite
dimensional space of primitive elements. Such a hybrid coalgebra system is indeed
very close to a CCPI hybrid coalgebra system. In fact, we conjecture that any such
hybrid coalgebra system gives rise to a CCPI hybrid coalgebra system.

From Theorem 48 it follows that these criteria will give necessary and sufficient
conditions for existence of a formal hybrid realization.

Let us recall the results of Subsection 8.6.3. We will call a coalgebra system
Y= (C,H,¢,¢,{1,...,p},1n) a CCPI coalgebra system if C = @, .; C; such that
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I is finite, and for all i € I, C; = B(V;), dimV; < 4o00. Consequently, C' is pointed
and G(C) = {g; | i € I}, where g; is the unique group-like element of C;.

It is easy to see that Theorem 45 implies the following.

Theorem 49. The pair f = (fp, fc) admits a CCPI hybrid coalgebra system re-
alization, only if dy admits a Moore-automaton realization and ¥ admits a CCPI

coalgebra system realization.

We can also prove a result which is in some sense the converse of the theorem
above.

Let ¥ = (C,H,v,¢,{1,...,p}, 1) be a point-observable coalgebra realization of
WU, such that C is pointed. Let A= (Q,T,0,6,\) be a Moore-automaton such that
(A, qo) is a reachable realization of ds. Recall the definition of the hybrid coalgebra
system HC 4y, ,, associated with (A, qo) and ¥. Recall that the hybrid coalgebra
system HC g 5, ., 1s reachable. We can associate a hybrid coalgebra system HC';

A,E.q0
with (A, go) and X in alternative way, so that HC'} . w is not reachable but preserves

more of the structure of . The construction goes as follows.

HC% 5 00 = (A%, q)
where
e A=(Q,T,0,5 ) where \(q) = o if A(¢q) = (0,0).
o X =(C,H, 9,6, {1,...,p}, Ji) where

- C= @qu Cy, where for each g € @), Cy is the irreducible component of
C with the unique group-like element ¢, defined by ¢, = ¥(w ® ¢), where
w € I'* such that §(qo,w) = q.

— With the notation above 5 = ¢go

— The map QZ : C ®@ H — C is defined as follows. For each qg € Q,c e Cy,
T € Zpm, J(c@x) =9Y(c®z) € Cy. Foreachqe Q,ce Cy, v eT,
U(e®7) =(c®7) € Cy(g)-
— For all j € J, the map p(j) € C* is such that for all qg € Q, ce Cy,
1(5)(cq) = p(j)(cq)-
Lemma 48. With the notation and assumptions above HC = HC g5, . is a well-
defined hybrid coalgebra system which realizes f. If ¥ is a CCPI coalgebra system
then HC' is a CCPI hybrid coalgebra system.

Thus, we get the following characterisation of existence of a realization by a CCPI

hybrid coalgebra system
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Theorem 50. The pair f = (fp, fc) admits a CCPI hybrid coalgebra system realiza-
tion, if dy admits a Moore-automaton realization and V¢ admits a point-observable
CCPI coalgebra system realization.

Below we will formulate necessary conditions for existence of a realization by
a hybrid coalgebra systems. These conditions will involve finiteness requirements.
That is, they will require that a certain infinite matrix has a finite rank and that
certain sets are finite. Although such conditions are difficult to check, yet they are
more informative than requiring that there exists a realization by a coalgebra system
of a certain class. The obtained rank condition is similar to the classical Lie-rank
condition for existence of a realization by a nonlinear system [32, 21, 36].

Define the set P(H) C H by P(H) = Span{wPv | w,v € T*, P € Lie < Z;, >},
where Lie < Z} > denotes the set of all Lie-polynomials over Z,,. That is, Lie <
Zy, > is the smallest subset of the set of all polynomials R < Z7 > such that

o Forall x € Z,,, v € Lie < Z}, >
° IfPl,PQELZ‘€<Z:I>,theHP1P27P2P1ELi€<Z:n>.

Let ¥ = (C,H,¢,¢,{1,...,p}, p) be a CCPI coalgebra realization of ¥;. Assume
that C' = @,.; B(V;), where I is finite. Define the set P(C) = @,c; Vi. It is easy
to see that P(C) is finite dimensional. Consider the coalgebra map 7% : H — C. It
is easy to see that Tx(P(H)) C P(C) and P(H)/P(H) Nker Ty, = Ts,(P(H)).

Recall that ker Ty, C AﬂI;f, where Ay, is the algebra generated by Ryf, h € H
and A$f ={h € H|Vg € Ay,,g(h) = 0}. Since P(H) Nker Tx C Aﬂl;f NP(H) we
get that +oc0 > dim P(C') > dim P(H)/P(H) Nker Ty, > dim P(H)/P(H) N A .

Define the Lie-rank of f as

rank 1 f = dim P(H)/Ag, N P(H)

Let HC = (A,X,q0) be a CCPI hybrid coalgebra system, Assume that A =
(Q,1,0,0,)), X = (C,H,v,$,{1,...,p},n) and C = @qu Cy. Define the dimen-
sion of HC as dim HC = (card(Q), Y ,co dim P(Cy)). It is easy to see that if HF is
a formal hybrid system realization of f, then dim HCyp = dim HF. Conversely, if
HFpyc is the formal hybrid system associated with HC', then dim H Fye = dim HC.

From the discussion above we get the following necessary condition for existence
of a CCPI hybrid coalgebra system realization

Theorem 51. The pair f = (fp, fc), fp: T* — O, fo: I'* — RP has a realiza-
tion by a CCPI hybrid coalgebra system only if rank f < +oo, card(Ky) < +oo
and card(Dy) < +oo. For any CCPI hybrid coalgebra system realization HC' of f,
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(card(Wy,,rank rf) < dim HC. That is, if dim HC = (p,q), then card(Wy,) < p
and rank pf <gq.

Taking into account that f has a realization by a CCPI hybrid coalgebra system
if and only if it has a realization by a formal hybrid system we get the main result
of the chapter.

Theorem 52. The pair f = (fp, fe), fp:T* — O, fo: I'* — R? has a realization
by a formal hybrid system only if rank 1 f < +oo, card(Ky) < +o0o and card(Dy) <
+o00. For any formal hybrid system realization HE of f, (card(Wa,),rank rf) <
dim HF.

That is, rank 1 f gives a lower bound on the dimension of the continuous state
space ( number of variables ) for each formal hybrid realization of f.

The conditions above are almost sufficient. That is, if the conditions above hold,
then we can prove existence of a hybrid coalgebra system which is very close to a
CCPI hybrid coalgebra system.

Consider the canonical minimal hybrid coalgebra system realization HC' ,, of f.
Recall that HCY ,,, = HC’AZ\%W% where (A, qo) is some minimal Moore-automaton
realization of dy and Xy, ,, is the canonical minimal realization of f. Recall from
Subsection 8.6.1 that ¥y, = (D, H,v,¢,{1,...,m},u) where D = H/Aif. Recall
from Lemma 45 that D = @511 w(H,,) where Hy, = ®(wac,j)j=l,...,p:qi Hy,, Ky =
{q1,...,qn} and 7 is the canonical projection map = : H — D = H/A$f. That
each, each irreducible component of D is of the form w(Hy,) for some ¢; € K. It is
easy to see that P(D) = Zf\il P(w(Hy,,)). It is also easy to see that

P(H)/P(H) N A} = x(P(H)) € P(D)

Thus,
dim P(D) < +00 = rank f < 400

Recall the construction of HCy ,, = HCAZ\LW% Recall HCy,, = (A,f],qo),
such that A = (Q,I,0,6,)), A= (Q,T,0,5,)),

i = (67H7’(,/;7$7{17“~7p}7/7)

such that C' = D,co (qu and 5q is a subcoalgebra of 7(Hy, ) such that ¢; = I(z+)» (A(q)).

That is, if dim P(7(H,,)) < +oo, then dim P(Cy) < dim P(n(H,, < +o00. Thus,

if dim P(D) < 400, then for each ¢ € @, dim P(C,) < +oc.
From the discussion above we get the following results.

Theorem 53. With the notation above the following holds.

277



CHAPTER 8. NONLINEAR HYBRID SYSTEMS

(a) If card(Ky) < 400, card(Dy) < +oo and rank pf < +oo, then there ex-
ists a hybrid coalgebra system realization HC' of [ such that HC = (A, %, qo),
¥ =(C,H,¢,J,u), C = @qu Cy and for each q € Q, Cy is pointed irre-
ducible and diim Tx;(P(H))NP(Cy) = T(X)(Hy,) < +o00,where ¢; = Ly, f € Ky,

0(qo,w;) = q and T : H 5 h +— (g, ®h) is the canonical map Tx : Xy, — X.

(b) If dim P(H/Aif) < +00, then f has a realization by a hybrid coalgebra system
HC = (A, %, qo) such that ¥ = (C, H,v,¢,J,n), C = @qu Cy and for each
q € Q Cy is pointed irreducible and dim P(Cy) < +o0.

Sketch of the proof. In both cases let HC = HC 4z, q, Where (A, o) is a minimal
Moore-automaton realization of dy and Xy, ., is the canonical minimal coalgebra

system realization of W . O

Let us try to find interpretation of the results of the theorem above. Part (a)
of the theorem above says that the subspace of each C, spanned by the elements of
Lie < Z7, > and their translates by (. ® ) : C 3 ¢ — (¢ ®7), v € T is finite
dimensional.

Part (b) implies that for each ¢ € Q, C, is pointed, irreducible and n, =
dim P(C;) < +o0o. But this implies that for each ¢, there exists an injective Sy :
C, — B(V,), where V;, = P(C,). That is, there exists an algebra map

Sy R[[Xy,..., Xy, ]l — CF

such that (ImS;)* = {0}, i.e. for all ¢ € C; and g € C; there exists some Z €
R[[X1,..., Xy,]] such that S5 (Z)(c) = g(c). That is, S5 is "almost” surjective. Thus,
dim P(D) < 400 implies existence of an ”almost” formal hybrid system realization.

This observation prompts us to define the strong Lie-rank of f as
rank 1 s f = dim P(H/Ag,) = dim P(D)
As we have already remarked,
rank pf <rank r sf

Thus, finiteness of rank r gf is a stronger requirement than finiteness of rank ,f.

As we have seen, if rank ; gf < +00, then there exists an ”almost CCPI” realization

of f,i.e. f can be realized by a hybrid system with finite state space of some sort.
In fact, we can give the following sufficient condition for finiteness of rank p f.

Define the following space
Hpy={(Lpfci)i=1,.p| P € P(H)}

278



8.6. SOLUTION OF THE FORMAL REALIZATION PROBLEM

Consider the map T': P(H) > P~ (Lpfc,i)i=1,...p- Then P(H)N Aéf C kerT and
thus

rank pf = dim(P(H)/kerT)/(kerT/P(H) N A$f) <
<dim P(H)/KerT

That is, the following holds.

Lemma 49. With the notation above, the following relationship holds
dim Hp y < +00 = rank 1 f < 400

and
rank 5 gf < +00 = rank pf < +oo

Below we will present an example, which demonstrates that the Lie-rank might
simply be not enough to capture all the necessary dimensions. Consider the following
hybrid system H = (A, U, Y, (X, fys hg)acq: {Rs(g.) 7.9 | € € Q,y € T'}) such that

o I' = {1}, A = ({a1, 42}, {n},{0},6,A), where 6(q1,7) = g2, 0(q2,7) = 2,
Aagi) =o0,1=1,2.

e U=R,Y=R,

o X, =&, =R,

o fo(z,u) =u, hy (x) =0 and Ry, .4 (x) =22, for all z € X, u € U,

o hy, () =0, fo,(z,u) =0 and Ry, ~.q,(z) =z for all x € X,,, v € U.

Consider the input-output map f = vg((q1,0),.). It is easy to see that H is a NHS
system, thus f has a hybrid Fliess-series expansion. Consider the pair f: (fp,cs),
where ¢y is a generating convergent series such that F., = fo. It is easy to see that
rank f = 1. But card(Ky) = 2 = card(Wa,), thus one needs at least two discrete
states to realize f thus no realization can be of dimension smaller than (2,2). Notice
that the discrete input-output map fp is constant, i.e. fp(w) = o for all w € T'*.

Thus, the problem above is inherent to the continuous dynamics.
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Chapter 9

Piecewise-affine Hybrid

Systems in Discrete-time

In this chapter realization theory for discrete-time autonomous piecewise affine hybrid
systems will be investigated. A piecewise-affine hybrid system is a discrete-time
system such that the state-transition and the readout maps are piecewise-affine. By
a piecewise-affine function we mean a function the domain of which is covered by
polyhedral sets and on each such polyhedral set the function is affine. The class
of discrete-time piecewise-affine hybrid systems was studied in several papers, see
[9, 80, 45, 3].

In this chapter we will investigate the following problem. For a specified output
trajectory, i.e., for a specified sequence of output values, find a discrete-time au-
tonomous piecewise-affine hybrid system realizing it. We will not address the issue
of minimality in this chapter.

We will present the following results.

e An output trajectory has a realization by an autonomous discrete-time piecewise-
affine hybrid system if and only if it has a realization by a discrete-time lin-
ear switched system. That is, any switching sequence can be generated by a

piecewise-affine hybrid system.

e An output trajectory has a realization by an autonomous discrete-time piecewise-
affine hybrid system with almost-periodic dynamics if and only if it has a
realization by a discrete-time linear system. By almost-periodic dynamics we
will mean that the shift invariant set generated by the sequence of polyhedral
regions visited by the state-trajectory starting from the initial state is finite.
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e An output trajectory has a realization by a discrete-time piecewise-affine system
such that

— The polyhedrons of the system are indexed by elements of a set specified
in advance

— The system has almost-periodic dynamics

— The sequence of indexes of polyhedrons visited by the state-trajectory

coincides with an infinite sequence specified in advance

if and only if the Hankel-matrix of y has finite rank. Here by Hankel-matrix we
mean an infinite matrix constructed from the values of y in a special way. Note
that in the preceding paragraph we were looking for a realization by a system
with arbitrary indexing of polyhedral regions and with the restriction that the

symbolic dynamics is almost-periodical.

e An output trajectory has a realization by an autonomous discrete-time piecewise-
affine hybrid system if and only if the shifts invariant space generated by the
output trajectory is contained in a finitely generated module over a certain
algebra. This condition is a counterpart of the usual finite-rank Hankel-matrix

condition for the linear case.

One of the most important observations of the current chapter is that a discrete-
time piecewise-affine hybrid system can generate arbitrary symbolic dynamics. That
is, if one specifies a finite alphabet and an infinite sequence of symbols over this
alphabet, then it is always possible to construct a discrete-time piecewise-affine hy-
brid system such that the following holds. The polyhedral regions of the system are
indexed by the elements of the alphabet. The sequence of indexes of the polyhedral
regions visited by the state-trajectory which starts from the initial state coincides
the specified infinite sequence. In fact, such a system can be constructed on the
state-space [0,1]. That is, the switching mechanism of a piecewise-affine hybrid sys-
tem is as general as any other switching mechanism. Thus, any switching sequence
can be generated by a discrete-time piecewise-affine hybrid system. Moreover, if the
switching is nice, more precisely, if the switching sequence is a trace of a finite au-
tomaton, then the expressive power of a piecewise-affine hybrid system is not greater
than the expressive power of a linear system. The observation above has the following
important consequence. Any piecewise-affine hybrid system is output equivalent to
a piecewise-affine hybrid system which is a composition of a linear switched system
and a piecewise-affine system on [0, 1]. The linear switched system generates the ob-

servable output, the piecewise-affine system on [0, 1] generates the required switching
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sequence, but does not contribute to the output. The conclusions above might be an
indication that discrete-time piecewise-affine hybrid systems might be a too general
class of hybrid systems.

In [80] identifiability and realisability of the so called jump-linear systems was in-
vestigated. Discrete-time linear switched systems and jump-linear systems are closely
related. In [80] only identifiability and realisability of finite output trajectories were
treated. That is, in [80] the authors aimed at finding a state-space realization, such
that this state-space realization generates the specified output trajectory up to some
time step 7. Whether the computed state-space realization generates the specified
output trajectory after time T was not investigated. In contrast, the current chap-
ter investigates existence of a realization of an infinite output trajectory. Studying
infinite trajectories might seem unreasonable, as it can not yield algorithms for com-
puting a realization. But as development of realization theory for other classes of
systems has demonstrated, realization theory for infinite trajectories may yield partial
realization theory. That is, it can lead to an algorithm which computes a realization
of the whole infinite trajectory from a finite part of this trajectory. In fact, partial
realization theory for other classes of hybrid systems exists, see [52, 53, 54]. The
hope is that the results of the current chapter will eventually lead to a similar partial
realization theory for piecewise-affine hybrid systems.

The solution of the realization problem presented in this chapter uses methods
related to time-varying linear systems and linear systems over rings.

The chapter is organised as follows. Section 9.1 presents the necessary nota-
tion and terminology. It also presents the definition and some elementary properties
of discrete-time piecewise-affine and discrete-time linear switched systems. Section
9.2 discusses the relationship between discrete-time piecewise-affine hybrid systems
and discrete-time linear switched systems. It also introduces a canonical representa-
tion for discrete-time piecewise-affine hybrid systems as a interconnection of a linear
switched system and a piecewise-affine hybrid system. The former generates the
output, the latter generates the switching signal. Section 9.3 deals with realization
theory of piecewise-affine hybrid systems with almost periodic dynamics. Section
9.3.2 investigates the realization problem for piecewise-affine hybrid systems with
arbitrary symbolic dynamics.

9.1 Discrete-time Linear Switched Systems

Below we will introduce a class of discrete-time switched systems which will play an
important role in realization theory of DTAPA systems. A discrete-time autonomous
linear switched system (DTALS) 1is a tuple H = (X, Y, Q,{Aq,Cq}tqeq, o). Again,
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X = R" will be called the state-space, ) = RP will be called the output space of H.
The vector xy will be called the initial state of H. The inputs of a linear switched
system are finite sequences of elements of (). The state-trajectory of such a system

can be described as a map xg : X X Q* — X defined as follows
vp (2, wg) = Agrp(z,w), wg(z.€)=x

for each w € @Q*,q¢ € Q. The output trajectory can be thought of as a map yy :
X x QY — Y defined as follows

yH(m,w) = kaﬂ?H(JS, wiwsy - - 'wk—1)

where w = wy - --wy, wy,...,wp € @, k > 0. Amap y: QT — Y is said to be
realized by a DTALS system H if

Vw € QT : yu(zg,w) = y(w)
Similarly, if L C Q% and y : L — Y then y is said to be realized by a DTALS system
H if

Yw € L : yg (o, w) = y(w)
Let y : N — Y be an output trajectory. For each w = wowy---wg--- € Q¥,
wi,Wwa, ... € Q define the set L, = {wg---w, € QT | k > 0}. It is easy to see that
s € Ly, <= s=wp - wj—1. Define the map y,, : Ly, 3 s+ y(|s| — 1). It is easy

to see that the map y,, is well defined. We will define types of realization problems
for DTALS systems

Classical realization problem For a specified y : L — Y, L C Q% find a DTALS
system which realizes y.

Weak realization problem for DTALS systems For a specified y : N — Y and w € Q%
find a DTALS system H = (X,),Q, (Aq,Cq)qeq, o) such that H realizes y,,.

Strong realization problem for DTALS systems For a specified y : N — Y find a
set of discrete modes @, an infinite sequence w € Q¥ and a DTALS system
H=(X,Y,Q,(A,Cq)qecq, xo) such that H realizes y,,.

We can associate with each DTAPA system Y a DTALS system Hy; defined as follows.
Let ¥ = (X,),Q, (X4, Aq, Cq)geq, (qo, z0)) be the linearised DTAPA associated
with ¥ and define Hy, by

HE = (X, ya Q? (Aqv Cq)qEQv LC())

where X C R™ was assumed. We will call Hy, the DTALS system associated with 3.
Notice that if ¢(zg) = w € Q¥ and ¥ is a realization of a map y : N — Y, then Hy,

is a realization of the map y,, : L, — ).
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9.2 Canonical Form of DTAPA Systems

In the section a canonical form for state-space realization of DTAPA systems will
be discussed. It will be shown that any DTAPA system can be transformed into a
equivalent DTAPA system in canonical form.

Recall from [9] the following encoding of any infinite sequence w € Q% into a
real number in [0,1]. Assume card(Q) = d and Q = {q1,...,qq}. Identify each g;
with the natural number 7(g;) = 7 — 1 for each i = 1,...,d. Thus, we get a map
n:Q—{0,...,d—1}.

Assume that w = wyws ... wy ... € Q. Define the following series

bw) =3 ’Z%’Q

k=1

It is easy to see that "g;,f) < o,

and 0 < ¢(w) < 1. Recall that from [9] that piecewise-affine operations on [0, 1]

can be used to retrieve the first element of the sequence w and to compute (S (w)),

thus the series above is absolutely convergent

where S is the shift operator on sequences. That is, S : Q¥ — Q% and for each
w = wowiwsg - -+, S(w) = wywsg ---. These operations can be described as follows.
Define the map H : [0,1] — R as follows. For each z € [0, 1],

0 if0<2dz<1
1 if1<2dz<2

H(z)= i fi<2dz<i+1

d—1 ifd-—1<2dz<d

d otherwise

It is easy to see that H(¢(w)) =i — 1 if wy = ¢;. Define the map M : [0,1] — [0, 1]
by

2dz f0<2dz<1
2dz—1 if1<2dz<2

M(z) = 2dz —i ifi<2dz<i+1

2dz—(d—1) ifd—1<2dz<d
z  otherwise
It is easy to see that H and M are well defined maps and M (¢(w)) = ¥ (S(w)).
Consider a DTAPA ¥ = (X, ), Q, (X;, Aq, aq,Cy, ¢q)qeq, (G0, Z0)). We say that
Y is in canonical form if the following holds.
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Q=FU{s}, s ¢F,

XCR"®R, X =U,cqXe

e For each ¢ € ', X; = R" x Z,, where
Zg={2€[0,1] | H(z) = n(q)} € [0,1]

That is, Z, = {z € [0,1] | n(q) < 2dz < n(q) + 1}. It is easy to see that Z, and

thus & are polyhedral sets. Let X5 = R" x ([0, 1]\ (U,cr Z4))-

e For each g € F' the maps Cyx + ¢4 and Az + a4 are of the following form

A, = Aq 0 e RHDX(+) and a, = e R*H
|0 24 )
Cq= [éq O} e RP* ) and ¢, = 0

The maps Csx + ¢; and Agx + a, are of the following form
1 0 --- 0
e 0

A= |, . e R(”+1)X("+l), as=0,¢cs =0, and Cs =0

00 --- 1

That is, the map x — Asx + as is the identity map and the map = — Csx + ¢,
is the constant zero map.

e The initial state is of the form x¢ = (7o, z0)* .

Notice that a DTAPA in canonical form can be viewed as a discrete-time linear
switched system

F(k+1) = Ay 3(k), y(k) = Co 3(k), T(0) = Fo
such that the switching sequence w = ¢y - - - qx - - - is generated by the following system
2(k+1) = M(2(k), 2(0) =20, aqu=n""(H(z))
We can state the following theorem.

Theorem 54 (Existence of a canonical form). Let ¥ be an arbitrary DTAPA
system. Then there exists a DTAPA system Y oy in canonical form and an injective
DTAPA morphism T : ¥ — Yean. In particular, eqn and ¥ are equivalent DTAPA
systems.
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Sketch of the proof. By the discussion in Section 9.1 we can assume that X is a lin-
earised DTAPA. If not, then we can take the linearised DTAPA ¥; associated with X.
Notice that there exists 3J; such that S : ¥ — ¥; is a DTAPA isomorphism. If we show
existence of a canonical form (¥;).., and an injective morphism T:% — (21) cans
then by taking Ycan = (1) can and T = T o S the statement of the theorem follows.

Thus, let ¥ = (X, Y, Q, (X, Ag, Cq)geq, (G0, x0)). Assume that X C R™. Define

i = (X S ]Ra @,ya ()?qvfzi;7aqa aq,o)qeéa (q()vm()))

as follows. Let @ = QU{¢}, ¢« ¢ Q. Let )?q = X x Z, for each ¢ € Q, where
Zy = {f € [O,H | H(z) = n(q)}. Let X, = X@(R\quQ Zg). For each ¢ € Q
define Ay, a4, Cy by

A’q _ Aq 0 c ]R(n+1)><(n+1)7 qu _ 0 c Rn+1’ éq _ |:Cq 0:| e Rpx(n+1)
0 2d —n(q)
Define gqe, aq. éqe by
0 0
_ 0 ... 0 e _
Age = R | € RO gt =0, Gy, =0
00 0 ... 1

It is easy to see that 3 is well defined and

AdT |4 () = () for some g € Q
fi((xT,z)T) _ M(Z)
(2T, 2T)T otherwise

Cyx  if H(z) =n(q) for some ¢ € Q
0 otherwise

It is easy to see that % is in canonical form. Define the map T : X — X by

T(x) = 4;) . It is clear that for each ¢ € @, T(X,) C X x Z,. Moreover, for
x

all z € Xy, f5(T(x)) = ((Ag2)", M(2))" = (fo(@)", ¢(f(2)))")" = T(fs(x)) and

hs(T(x)) = Cqz = hx(x). Thus, T is a DTAPA morphism. It is easy to see that T'

is injective too. O

The theorem above has the following important consequence. The realization
problem for DTAPA systems is equivalent to the realization problem for discrete-

time autonomous linear switched systems. More precisely, both the strong and weak
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realization problems for DTAPA are equivalent to respectively the strong and weak
realization problems for DTALS systems. Consider a map y : N — ) and let @
be a finite set. Let w € @Q“ be an infinite word over ). Recall the definition of
Yuw : Ly dw— y(lw| —1) € Y, Ly, = {wo---w, € QT | k > 0}. With this notation
the following theorem holds.

Theorem 55 ( Equivalence of DTAPA and DTALS systems ). Consider a
map y: N — ).

(i) The map y has a realization by a DTAPA system if and only if there exists a
set of discrete modes @, an infinite word w € Q¥ such that the map y,, has a

realization by a DTALS system.

(ii) The map y has a realization by a DTAPA system

Y= (X7yaQ7 (XmAmaanqch)quv (QO7I0))

with set of discrete modes @ such that ¢(xo) = w € Q¥ if and only if Y, has a
realization by a DTALS system.

(iii) The strong realization problem for DTAPA systems is equivalent to the strong
realization problem for DTALS systems. The weak realization problem for
DTAPA systems is equivalent to the weak realization problem for DTALS sys-

tems.

Sketch of the proof. Notice that if H = (X, Y, Q, (Aq, Cy)geq, To) and w = wowyws - - -
Q“ then we can construct a DTAPA system ¥, associated with H and w such
that ¥ g, is a realization of the map y : N — Y, y(k) = yu(zo, wows - - - wg). Define

Y H,w as follows.

EH = (Xa y7 Q7 (an Aqaaqv an O)qeéy (w07 fo))
such that

i QZQU{Qe}>Qe¢Q-

e Assume that X = R™. For each ¢q € Q, j(vq =R" x Z,, where Z, = {z € [0,1] |
H(z) =n(q)}
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e For each ¢ € Q,

1 0 0
o1 o _ R
Ag. = |. . | ,aq. =0,Cq =0and cq, =0
0 0 1

e The initial state is of the form T = (z{, p(w))T

Notice that
C’kawk,1 T Awogo = C’UJ}CA’LU;C,1 e A’woxo

and gwk e Awoio S fwk for all £ > 0. Thus yg,,, is realized by Xy ,,. Moreover, it
is also easy to see that ¥y, is in canonical form and for any DTAPA system X the
canonical form X.,, coincides with X Hs,, ,¢(w0)

Conversely, assume that the DTAPA ¥ realizes a map y : N — ). Then the
DTAPA Y, = (X,),Q, (Xy, Ag, Cq)qecq, (90, To)) realizes y too. Let w = ¢(x0) € Q%.
Then it is easy to see that the DTALS Hy = (X, ), Q, (A4, Cy)qeq, To) realizes y,,.

From the discussion above the statements of the theorem follow easily. O

9.3 Realization Theory of DTAPA Systems with

Almost-periodical Dynamics

In this section realization theory for DTAPA systems with almost-periodical dy-
namics will be discussed. By Theorem 55 existence of a realization by a DTAPA
system is equivalent to existence of a realization by a DTALS system. If ¥ is a
DTAPA system with almost-periodical dynamics and w = ¢(z) = wowiws - - -, then
L, = {wowy - --wy, | k > 0} is a regular language. Recall that y : N — Y is realized
by X if y : Ly — Y is realized by Hy. That is why we will first study realization
of maps of the form y : L — ), L is a regular language, by a DTALS system. In
order to study realization by DTALS systems of the maps described above we will
use theory of rational formal power series. We will then apply the obtained results
to DTAPA systems with almost-periodic dynamics. The outline of the section is the
following. Subsection 9.3.1 presents results on realization theory of DTALS systems.
Subsection 9.3.2 presents the solution of the realization problem for DTAPA systems

with almost-periodic dynamics.
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9.3. REALIZATION THEORY OF DTAPA SYSTEMS WITH
ALMOST-PERIODICAL DYNAMICS

9.3.1 Realization of DTALS Systems: Regular Case

Recall from Section 3.1 the results on theory of formal power series. In this section
we will be interested in rational families of formal power series consisting of one single
series. In the rest of the section we will tacitly use the notation and terminology of
Section 3.1.

Let @ be a finite set and consider a subset L C Q. In this subsection we will
investigate the problem of finding a realization for amap y : L — ), Y = RP by a
DTALS system. We proceed as follows. Define the languages L, = {w € Q* | wq €
L} for all ¢ € Q. Assume that Q = {q1,...,qn}. For each ¢ € @ define the formal
power series Sy 4 € RP < Q* > by

Vw € Q1 Sy q(w) = { 0 otherwis(;

Define the formal power series S, € RN? < Q* > associated with y by

Sy.a: (w)

(w)

n

Y,q2

Vw e Q" : Sy (w) =

Sy.an (w)

Define the Hankel-matrix of y by H, = Hg, . Notice that H, is an infinite matrix
which can be constructed from the values of y. Let H = (X, Y, Q, (44, Cy)geq, *o)
be a DTALS system such that ) = RP. Define the representation Ry associated with
H by

Ry = (X, {As}4eq: 20, O)

Cuz

- Cyx ~
where Cz = q.2 for each € X. Conversely, let R = (X,{4,}qeq,20C) be a

Con
representation with C: X — RPN Define the DTALS system Hp associated with R
by
Hp = (X,),Q, (Aq, Cq)qeq; o)

Cyz

~ Cypx
where Y = R? and Cx = ) for each x € X.

C

anT
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It is easy to see that Ry, = R. The following theorem is an easy consequence of
the definition of realization by a DTALS and the definition of a representation.

Theorem 56. Lety: N — Y. If R is a representation of Sy, then Hgr is a DTALS
realization of y. If L = Q™ then H is a DTALS realization of y if and only if Hg is
a representation of Sy.

Corollary 17. A mapy: Q™ — Y has a realization by a DTALS system if and only
if Sy is rational.

Consider the following formal power series Z, € R? < Q* >

L1,....,D)T eRrr if L
gz [ QLT eR Htuet,
0 otherwise
qu Zfll (w)
Zq2 . ZQQ(w) . .
Define Z = | € R? < Q* >. That is, Z(w) = ) . Notice that Z is
ZqN Z(IN (w)

rational if L is regular. Let H = (X,),Q, (A4, Cy)qeq, To) be a DTALS and define
yu : Q" 3w yy(xo,w). It is easy to see that the following theorem holds

Theorem 57. With the notation above, H is a DTALS realization ofy : L — Y if
and only if
Sy = SyH ©Z

Notice that S, is a rational formal power series, by Theorem 56. We arrive to
the following important theorem.

Theorem 58. Assume that L is regular. Then an input-output map y : L — Y
has a realization by a DTALS system if and only if Sy is rational, or equivalently
rank H, < +oo.

Sketch of the proof. If H is a DTALS realization of y then S, = Sy, © Z. If L
is regular then Z is rational. By Corollary 17 above S, is rational, thus S, =
Syn © Z is rational too. Conversely, assume that .Sy is rational. Then there exists a
representation R of Sy and thus Hp is a DTALS realization of y. O

Thus, if L is regular, then the theorem above allows to construct a realization
of y by using the theory of rational formal power series Recall the results on partial
realization of rational formal power series from [54, 53]. If L is regular and the

number of states of the minimal automaton recognising L is ny,, then rank Hz < np.
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If it is known that y has DTALS realization of state-space dimension at most M, then
a representation R of S, can be constructed from the [Q[*™P x |Q|M™ left upper
block of H, and the construction can be implemented by a numerical algorithm. It is
easy to see that the construction of Hg from R can be implemented by a numerical
algorithm and Hp is a realization of y.

Let 5y : N — RP. Let @ be a a set of discrete modes, let w € Q“ be an infinite word
. Recall the definitions of L,, = {wo---w | k> 0} and y = § : Ly D wo - wg, —
y(k) Assume that L, is regular. The following theorem holds.

Theorem 59. The map Yy, : Ly, — RP has a realization by a DTALS system if and
only if y has a realization by a linear discrete-time system, i.e., by a system of the

form
z(k+1) = Azx(k) and y(k) = Cx(k), k € N (9.1)

where A € R™*™ C € RP*" z(k) € R™.

Sketch of the proof . If y has a realization by a system of the form (9.1), then define
the DTALS H = (X, ),Q, (A4, Cy)geq,x0) by X =R", A, = A, C, = C,z9 = z(0).
It is then clear that

kaAwk—lAwk—2 T Awowo = CAk:C(O) = C{E(k) = y(k) = :U(wo o wk)
and thus H is a realization of 3,,. Conversely, assume that

H = (X7yaQa (Aqacq)quvxo)

is a realization of 7,,. Let A = (S,Q,0d, F, s9) be a minimal finite-state automaton
accepting L,, with the set of accepting states F' C S. Here we used the notation of
[17, 24]. Due to the very special structure of L,, the automaton A has a number
of remarkable properties. Let F = F U {sg}. The automaton A can be chosen
such that S\ F = {s¢} and for each s € F there exists a unique ¢ € Q for which
s = 6(s,q) € F. For each s € F define X, = X and let X = D,cr s Define
the map A : X — & as follows. For each s € F', z € & let Az = Agz € Xy,
where ¢ € @ is the unique element of @ such that §(s,q) € F. Define the map
C : X — RP as follows. For each s € ﬁ7 z € X, define Cz = Cqz where g € @ is such
that (s, q) € F. Define the initial state z(0) = 29 € X,,. Then it is easy to see that
CA*2(0) = Cy, A

wi_y - Aweo. and thus

w(k+1) = Az(k), y(k) = Cx(k), 2(0) = zo

is indeed a linear system realizing y. O
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9.3.2 Realization of DTAPA Systems: Almost-periodical Dy-

namics

Consider a DTAPA system Y. Assume that 3 has an almost periodical dynam-
ics, i.e., card({S*(¢(z0)) | K > 0}) < +oo, where S° = id, S¥*! = Sko g,
k> 0 and S(wowy ---) = wyws - -, that is, S is the shift operator on infinite se-
quences. It is easy to see that ¥ has an almost periodic dynamics if and only if
L =(X),Q,(X, Ag,Cq)eecq; (g0, x0)) has an almost-periodic dynamics. It is easy
to see that card({S*(¢(zo)) | k > 0}) < 400 holds if and only if Ly, is a regular
language. That is, ¥ is almost-periodic if and only if Ly, is a regular language.
Using the results from the previous subsection and recalling Theorem 55 we get the

following result
Theorem 60. Consider an input-output map y : N — RP.

(i) The map y has a realization by a DTAPA system with almost-periodic dynamics
if and only if y has a realization by autonomous discrete-time linear system of
the form

x(k+1) = Az(k) and y(k) = Cx(k), k € N (9.2)

(i) Let @ be a finite set and let w € @‘*’. The map y has a realization by a DTAPA
system
= (X,),Q, (X, Ag, aq, Cy, ¢q)qeq; (90, o))
such that ¢(xp) = w € @‘”, C~2 C @ and ¥ has almost periodic dynamics if and
only if rank H,, < 4o00.

9.4 Realization of General DTAPA Systems

In this section we will study the realization problem for DTAPA systems with not
necessarily almost-periodic dynamics. By Theorem 55 the realization problem for
DTAPA systems is equivalent to the realization problem for DTALS systems. Thus,
we will study the weak and strong realization problems for DTALS systems. More

precisely, we will start with solving the following problem

Weak realization problem for DTALS For a specified map y : N — ), for a
specified set of discrete modes @@ and infinite word w € Q¥ find a DTALS
system H such that H is a realization of y,, : L, — ).

Strong realization problem for DTALS For a specified map y : N — ) find a
set of discrete modes @, an infinite word w € Q¥ and a DTALS system H such
that H realizes y,, : L, — V.
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Unlike in the previous section, in the current section we do not assume that L,
is regular. We will use the solution of the problem above to solve the weak and
strong realization problems for DTAPA systems. The outline of the section is the
following. Subsection 9.4.1 discusses the weak and strong realization problems for
DTALS systems. Subsection 9.4.2 presents results on the weak and strong realization
problem for DTAPA systems.

9.4.1 Realization of DTALS Systems

We will study the weak and the strong realization problems of DTALS systems. We
will adopt an abstract approach, similar to realization theory of linear systems over
rings and realization theory of time-varying systems, see [63, 42].

For any function h : C — D denote the range of the function by R(h) = {h(c) |
¢ € C'} C D Define the following sets.

A={g:N—-R}

Ar ={g9:N— R | R(g)is finite, i.e.,card(R(g)) < 400}

For each finite set @@ and each infinite word w € @ define the set
Ay ={9: N>R |Vi,jeN:w, =w; = g(i) =9()}
Define the shift map o : A — A by o(f)(n) = f(n+1). It is easy to see that
Ay CAy CA

It is also easy to see that A is an algebra with point-wise multiplication, point-wise
addition and point-wise multiplication by a scalar. That is, (g+ f)(n) = f(n)+g(n),
(9f)(n) = g(n)f(n), (ag)(n) = ag(n). With the operations above Ay is a sub-
algebra of A and A, is a sub-algebra of A;. Notice that ¢ becomes an algebra
homomorphism. It is also easy to see that o(Ay) € Ay and 0(Ay) € Ag(w), where
S Q¥ — Q¥ is the shift map on infinite sequences. Let Ag,, be the smallest sub-
algebra of Ay generated by algebras Agk(, ;& > 0. Define the kth iterate of the
shift by ¢° = id,i.e. 0°(g) = g and o**! = g o o**! for all k € N.

Let y : N — RP be a input-output map. Define the maps y; : N—=R, i=1,...,p
by y(k) = (y1(k),...,y,(k))T, i.e., y; are the coordinate functions of y. Define the
set Wy = {o*(y;) | k € N;i = 1,...,p}. We will call W,, the Hankel-matriz of y. The

following theorem holds.
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Theorem 61. Consider a map y : N — Y. Let Q be a finite set and let w =
wowy -+ - € Q¥ be an infinite word. There exists a DTALS

H = (XayaQa (Aqacq)qEva‘J)

such that ypr(xo, wo - - w) = yu(wo - - wi) = y(k), k € N, i.e. 3 is a realization of
yw if and only if there exists a finitely generated Ag ., submodule Z C A such that

e W, CZ
e o(Z)CZ
e There exists elements z1,...,z2q € Z such that
d
Y1se- oy Yp,0(21),0(22),...,0(zq) € {Zajzj loj € Aw,j=1,...,d}
j=1

Sketch of the proof. "only if part"

Let ¥ = (X,),Q, (A4,Cq)qeq, xo) such that ys(zo, wp - --wg) = y(k) for all k£ € N.
Without loss of generality we can assume that X = R™. Define the maps z; : N — R
by z;i(k) = e;fFAw,c_1 s Ao for all i = 1,...,n, k > 0, where e; is the ith unit
vector of R™. Define the maps A : N — R™*" and C' : N — RP*" by A(k) = A,
and C(k) = Cy,. Then it is easy to see that z;(k +1) = Y27, (A(k))i;2;(k) and
yi(k) = X1 (C(k))ijzi(k). That is, o(z) = >7_; Aijz; and yi = >0, Ciz,
where A; j(k) = (A(k)):,; and C;(k) = (C(k));. Define Z = Spany,, {z1,...,2n}
and V = Span, {#1,...,2n}. Then it is easy to see that Z is a finite Ag ,, module,
Wy CZ, y1,.. . yp,o(z1),...,0(z,) € V.

"if part"

Assume that o(z;) = Z?zl a; ;7 and y; = Z;‘i=1 cijzi. Let Ag = (a;(k))ij=1,q if
wy, = q for some k € N and A, arbitrary otherwise. Let Cy = (¢; j(k))i j=1,¢ if wp = ¢
for some k € N and arbitrary otherwise. Let X = R? and x¢ = (21(0), ..., 24(0))%.
Then ¥ = (X, Y,Q, (44, Cq)qeq, To) is a DTALS realization of y,,. O

The following is an easy corollary of the theorem above.

Corollary 18. Withe the assumptions of the theorem above the following holds. If
As.w is a Noethierian ring, then y,, has a realization by a DTALS if and only if
Z =Spany, {z € A|z € Wy} is a finitely generated As,., module and there exists

21,...,24 € Z such that y;,0(z;) € Spany {z1,...,24} for each i = 1,...,p,j =
1,....d.
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Next we turn to the strong realization problem. We get the following theorem.
Denote by ImW,, = Spany {z € Wy} = {Z;V:1 a;zj | N> 0,05 € Af,z; € Wy,j =
1,...,N}.

Theorem 62. Let y: N — RP. There exists a set of discrete modes QQ, an infinite
word w € Q¥ and a DTALS H such that H is a realization of y,, if and only if there
exists a finitely generated Ay submodule Z C A of A such that

e o(Z)CZ
o W, CZ

Sketch of the proof. The only if part is clear from Theorem 61 by noticing that if Z
is a finitely generated Ag ., module, then Z = Spany {z € Z} = {Zfil oz | K >
0,0 € A,z € Z,j=1,...,K} is a finitely generated Ay module.

Assume that Z is a finitely generated Ay submodule of A satisfying the condi-
tion of the theorem. Assume that z1,...,2, is a basis of Z. Assume that o(z;) =
> i @igzg and y; = 30 ¢z Let A(k) = (aij(k))ij=1,..» and
C(k) = (cij(k))i=1,...pj=1,.n for all k > 0. Define Q = {(A(k),C(k)) € R"*" x
RP*™ | k > 0}. Since a;j,¢,; € Ay for all4,j =1,...,n,l =1,...,p we get that
Q is finite. Define w = wg - - wy - -+ € Q* such that w; = (A(¢),C(7)) for all i € N.
Let X = R" and for each ¢ = (A(k),C(k)) € Q let A, = A(k) and C, = C(k). Let
zo = (21(0),...,2,(0))T. Then it is easy to see that H = (X, ), Q, (Ay, Cy)geq To)
is a realization of y,,. O

Corollary 19. Let y : N — RP. If ImW), is a finitely generated Ay module, then
there exists a finite set QQ, an infinite word w € Q¥ and DTALS H realizing yy,.

Corollary 20. Assume that there exists a finite collection of real number {o; ; € R |
i=1,...,M,5=1,..., K} such that for each | € N there exists a 4, € {1,..., M}
such that

K
y(K +1) = ai jy(l +j)
j=1

Then y can be realized by a DTALS system in the strong sense, that is, there exists
a finite set Q, an infinite word w € Q¥ and a DTALS % such that X realizes vy, .

9.4.2 Realization of DTAPA Systems

By Theorem 55 the strong and weak realization problems for DTAPA systems and
DTALS systems are equivalent. That is, if y is realized by a DTALS H with an
infinite word w € Q*, i.e., H is a realization of y,,, then the DTAPA system X ,,
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associated with ¥ (see proof of Theorem 55), is a realization of y. Conversely, if X
is a DTAPA system realizing y, then Hy is a DTALS system realizing y,,, where
w = ¢(xg). Combining these results with Theorem 61 and Theorem 62 we get the

following results, which in some sense are the main results of the paper.
Theorem 63 (Main result). Let y: N — RP. The following holds.

o There exists a DTAPA system realizing y if and only if Wy is contained in a
finitely generated shift-invariant Ay submodule of A, i.e. there exists a finitely
generated Ay submodule Z C A such that

Wy CZando(Z)C Z

o Let C~2 be a set of discrete modes and let w € C~2°° be an infinite word. There ex-
ists a DTAPA Y = (X, Y,Q, (Xy, Ag, aq, Cq,¢q)qeq, (q0, x0)) such that ¢(xzo) =
w, @ C Q, if and only if there exists a finitely generated Ag ,, submodule Z of

A such that
-WwW,CcZz
-0(2)CZ
— There exists elements z1,...,2q € Z such that
d
Yise - Yp,0(21),0(22),...,0(zq) € {Z a;zj | oy € Aw,j=1,...,d}
j=1

We can easily restate the corollaries from the end of the previous section in terms
of DTAPA realizations. Note that the DTAPA realizations existence of which is
stated in the theorem above can be constructed as follows. Using the proofs of
Theorem 61 or Theorem 62 ( depending on which theorem can be applied) construct
the DTALS H system realizing y,, and then construct the DTAPA system X,

associated with H.

Corollary 21. Lety : N — RP. If ImW), is a finitely generated Ay module, then
there exists a DTAPA system realizing y.

Corollary 22. Assume that there exists a finite collection of real number {o; ; € R |
i=1,...,M,5=1,...,K} such that for each | € N there exists a iy € {1,...,M}
such that

K
y(K +1) = iyl + )
j=1

Then y can be realized by a DTAPA system,
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Chapter 10

Computational Issues and

Partial Realization

The goal of the present chapter is to present partial realization theory for a number of
classes of hybrid systems and to discuss the algorithmic aspects of realization theory
for these classes of hybrid systems. The classes of hybrid systems discussed in this
chapter are the following: linear and bilinear switched systems and linear and bilinear

hybrid systems. We will discuss the following issues concerning hybrid systems
Partial realization theory

Computation of a minimal realization

Checking observability, semi-reachability and minimality

In the previous chapters we gave necessary and sufficient conditions for exis-
tence of a realization by a hybrid system belonging to one of the classes mentioned
above.The common feature of the proof of these conditions is that they all involve
a procedure for construction of a hybrid system realization of suitable class from
data which can be directly extracted from the input-output maps. Unfortunately
the procedures described in the proofs use infinite number of data and thus can not
be implemented. Partial realization theory aims at solving this problem. Its goal is
to formulate algorithms which compute a realization of a set of input-output maps
from finite data. Of course, the available data has to be rich enough to contain all
the necessary information about the input-output maps. Therefore, formulating a
partial realization theory for a class of systems also involves specifying conditions

under which the data is rich enough to construct a realization for the whole set of
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input-output maps. Partial realization theory also serves as a theoretical basis for
system identification. If an algorithm is available for (re)constructing a realization
of the input-output behaviour from finite data, then it is enough to concentrate on
obtaining the necessary data in order to reconstruct the state-space representation
of the system.

Another issue which will be addressed in this chapter is computation of mini-
mal realizations. That is, we will present algorithms for computing a minimal hybrid
system realization of a set of input-output maps from arbitrary hybrid system realiza-
tions. We will also present algorithms for checking observability and semi-reachability
for a number of classes of hybrid systems. In the previous chapters we already pre-
sented linear algebraic conditions for observability and semi-reachability. In this
chapter we will show that these conditions can be checked by numerical algorithms
involving standard linear algebraic operations.

Recall that realization theory of linear and bilinear hybrid and switched systems
relies on theory of hybrid formal power series and classical formal power series re-
spectively. More precisely, existence of a realization by a hybrid system belonging
to one of the classes mentioned above is equivalent to existence of a rational for-
mal power series representation or a hybrid representation of a family of classical or
hybrid formal power series. Minimality, observability or semi-reachability of hybrid
systems of the above type can also be reformulated as minimality, observability and
reachability of certain classical rational or hybrid representations. Thus, it is enough
to formulate a partial realization theory and algorithms for hybrid and classical for-
mal power series representations. The obtained theory and algorithms can be then
directly applied to hybrid systems of the above type.

As we already mentioned several times in previous chapters, the theory of formal
power series and their representations is a classical one, see [64, 65, 32, 4, 43, 20,
22]. In this chapter we will use the extension of this theory developed in Section
3.1. That is, instead of dealing with a single formal power series we work with
families of formal power series and their representations. Many of the algorithms
for formal power series representations which are presented in this paper have already
been formulated for the classical case of a single formal power series. In particular,
results on partial realization theory can be found in [25], where partial realization
theory for bilinear discrete-time systems was discussed. In view of the well-known
correspondence between bilinear systems and representations of rational formal power
series ([64, 65, 32], for instance), the theory formulated in [25] can be easily adapted
to the case of rational formal power series. Unfortunately the results of [25] can not
be directly used for the general framework adopted in this paper. Besides, the author
failed to find a paper containing the proofs of the results from [25]. There are works
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on subspace identification for discrete-time bilinear systems [19, 7]. The paper [19, 7]
also contains a SVD decomposition algorithm for computing discrete-time bilinear
system realizations. Again, the results presented in [19, 7] can not be applied directly
to the framework adopted in this paper. Therefore we felt compelled to present all
the results in detail again. However, the presented algorithms for formal power series
are indeed very similar to the already known ones.

The partial realization theory and the presented algorithms for hybrid formal
power series are, to our best knowledge, new. Recall that the problem of finding
a hybrid representation for a family of hybrid formal power series can be decom-
posed into two subproblems. One subproblem is finding a rational representation for
a family of formal power series, the other subproblem is finding a realization by a
Moore-automaton for a family of discrete-valued input-output maps. Thus, partial re-
alization theory of hybrid formal power series can be based on partial realization the-
ory for formal power series and partial realization theory for Moore-automata. Both
theories are to large extend classical, although in the current context we will have
to extend the classical theories to accommodate the use of families of formal power
series and input-output maps. But the necessary extension of the classical theory is
quite straightforward. Recall that deciding minimality, observability and reachability
of a hybrid representation can be reduced to deciding observability, reachability of
a certain formal power series representation and a certain Moore-automaton. Thus,
we can use the almost classical algorithms available for Moore-automata and formal
power series representations to decide minimality, observability and reachability of
hybrid representations.

The outline of the chapter is the following. Section 10.1 deals with partial real-
ization theory of formal power series representations. It also presents algorithms for
computing a minimal rational representation, for checking observability, reachability
and minimality of rational representations. Section 10.2 presents partial realization
theory for Moore-automata along with algorithms for computing a minimal Moore-
automaton realization and checking reachability, observability and minimality. The
material of Section 10.2 is a simple extension of the classical results. Section 10.3
presents partial realization theory and algorithms for hybrid formal power series and
rational hybrid representations. It also presents algorithms for computing a minimal
hybrid representation and for checking reachability, observability and minimality of
hybrid representations. Section 10.4 presents partial realization and the algorithms
for minimality reduction and deciding reachability, observability and minimality for
linear and bilinear switched systems. Section 10.5 presents realization theory and

and the corresponding algorithms for linear and bilinear hybrid systems.
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CHAPTER 10. COMPUTATIONAL ISSUES AND PARTIAL REALIZATION

10.1 Formal Power Series

The current section discusses partial realization theory and the corresponding algo-
rithms for rational formal power series representations. The outline of the section is
the following.

Subsection 10.1.1 presents partial realization theory for formal power series. Sub-
section 10.1.2 presents an algorithm for computing a minimal rational representation
of a family of formal power series from a finite sub-matrix of the Hankel-matrix of
the family. The algorithm employs a matrix factorization step, and it is very similar
to classical subspace indetification like algorithms. Subsection 10.1.3 contains algo-
rithms for computing a representation for a family of formal power series, for checking
observability, reachability of a representation and for transforming a representation
to a reachable (observable) one. Subsection 10.1.3 is in fact the backbone of the

paper, the results from this section will be heavily used in the rest of the chapter.

10.1.1  Partial Realization Theory

Consider the Hankel matrix of Hy of W. Assume that U = {S; e RP < X* >| j €
J}. Denote by R* the set of infinite sequences of real numbers, that is, R* = {(a,) |
a, € Ryn € N} It is easy to see that R™ is a vector space with respect to element-
wise addition and element-wise multiplication by scalar. That is, (o) + (6n) =
(o + Bn) and b(ay,) = (bay,), b € R. Tt is easy to see that if J is countable, then
K = X* x J is countable. The set L = X* x {1,...,p} is always countable. That
is, there exists maps 1 : L — N and 95 : K — N such that ¢; and 5 are bijections
and the following holds. For each (u,%),(v,j) € L, if |u| < |v| , or v = v and
i < j then 91((u,7)) < 9¥((v,j)). For each (u,j1),(v,j2) € K, if |u| < |v|, then
¥a((u,71)) < ¥2((v,72)). Then the Hankel-matrix Hy can be viewed as a matrix
Hyg € R>®*°° guch that

(Ha)k, = (Sj(w))i if 1((v, 1)) = k and ¢ ((u, 5)) =1

It is clear that the column space ImHy is a subspace of R*°. Define the map ¢ :
RP <« X* >— R by

(1) = (T(w)); if 1 ((u,1)) =k

It is clear that ¢ is a linear isomorphism. Moreover, it is also easy to see that
Below we will present conditions, under which a representation of ¥ can be con-
structed from finite data. The approach is similar to [25]. For each S € R? <« X* >
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10.1. FORMAL POWER SERIES

let Sy denote the restriction of S to the set X <N = {w € X* | |jw| < N}, that is
Sy (w) = S|x<~(w) = S(w)for all w € X*, |w| < N

Denote by R? < X<V > the set of functions S : X<V — RP. It is clear that RP <
X <N > forms a vector space with point-wise addition and point-wise multiplication
by scalar. Moreover, for any S € RP <« X<V > there exists a T € RP <« X* >> such
that S = Tl. One can also define the map 7y : RP < X* >— RP K X<N > by

nn(T) =Ty, foral TERP < X* >

It is easy to see that ny is a surjective linear map.

Let U = {S; € R? < X* >| j € J} be an indexed set of formal power series.
A representation R = (X,{A;}eex,C,B), B={B; € X | j € J} is said to be an
N -partial representation of W if for each j € J and w € X*, |w| < N

SJ(’U)) = CAij
Define the vector space Wy n ar by
We mn ={(woSj)u | we X* |w|<N,jeJ}

Define the sets Iny = {(v,4) |v € X*,|v| < M,i=1,...,p}and Jy = {(u,j) | j €
J,u € X*,|u| < N}. Define the maps 1 a : Ing — N and ¢y n : Jayr — N} such that
brar () = (1)), () € Tar and o, (0,5)) = a(0:9)). (v, 5) € T Tt is
easy to see that the following holds. For any (u,4), (v,7) € Ipr, if |u| < |v] or u = v
and ¢ < 7, then ¢ a((u, 7)) < ¥1,am((v,7)). For any (u, j1), (v, j2) € Jn, if |u] < |v],
then v v ((u,j1)) < 2,8 ((v,j2)). It is also easy to see that 1,0 (Iar) = P1(In) =
{1,...,|I|m}- Indeed, since I, is finite and 17 is a bijection, ¥ (Iys) is finite and
has |Ips| elements. Let G be the maximal element of 11 (Ips). Let j € {1,2,...,G}
such that j ¢ v1(Ip). Assume that j = ¢¥1((u,4)) and G = 91((v,1)). Since
(v,1) € I, we get that |v| < M. If (u,i) ¢ In, then |ulleM > |v|. But then
G = YP1((v,1)) < ¥1((u,7)), which is a contradiction. Thus, (u,i) € Ips, and thus
J € ¥1(Inm). That is, 1 (Ip) = {1,2,...,G}. Since 91(Ips) is of cardinality |Ins| we
get that G = |I]. Similarly, we can show that ¢o(Jn) = {1,...,|Jn|} if J is finite.

From now one we assume that J is a finite. Define Hy pr,n € R Ix]In] by

(Hy,m,N)kp = (Ho)kp = (5 (uv)); if 1,0 ((v,7)) = k, 2 v ((u, 5)) =1

That is, Hy n s is the left upper corner |In| x |Jn| block matrix of Hy. Notice that
if J is finite, then |Jx| < +oo, that is, Hy v is & finite matriz. Define the map
Py RP < X<N > RIV by

(UN(T))k = (T(w))i if 1,8 ((u,7)) =k
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It is easy to see that ¢y is a linear isomorphism. Moreover, InHy pr v = ¥ (W, m,N)-
That iS, dim W\p’M’N = rank Hq;,M,N.

It turns out that under certain circumstances partial representations not only
exist but they also yield a minimal representation of the whole indexed set of formal
power series. Moreover, such partial representations can be constructed from finite
data.

Theorem 64 (Partial representation). With the notation above the following
holds.

(i) If R is a representation of ¥, dim R < N, then

rank Hy =rank Hy y n = rank Hy yy1,v =rank Hy n N1

(i) If
rank Hq;’N,N = rank H‘IJ,N,N+1 = rank H\IJ’N+1’N
then there exists an N-partial representation Ry = (Ww NN, {Az}zex, B, C)
of U, such that Ay((wo S;)n) = (wxoS;)n, C(T) =T(e), Bj = (Sj)n,j € J,
(iii) If
rank H\I/,N,N = rank H\I/
then
rank H\I]’NJrl)N = rank H\II7N,N = rank H\II7N,N+1

and Ry is a minimal representation of V.

(iv) If U has a representation R such that N > dim R, then the representation Ry

s a minimal representation of W.

Proof. The proof of the theorem relies on a number of lemmas, which will be stated
and proven after the proof of the theorem. Below we will proceed with the proof of
the theorem.

Part (i)

Define Wy n = Span{(w o S;) | j € J,Jw] < N}. Then Lemma 50 implies
that Wg,_n = Wy. Notice that ny(We n,.) = We n,n and Lemma 53 implies
that ny is a linear isomorphism, that is dimWg = dim Wy y = dim Wy n N.
That is, rank Hy = dimWg = dim Wy y n = rank Hy y N, since Wy nn and
the column space of Hy n,n are isomorphic. Since Wy, v € Wy, ny41 We get
that Wy, nv+1 = Wy, n. From Lemma 53 it follows that nn41|w, is an isomor-
phism. Thus, dim Wy = dimny41(Wy, n) = dim Wy yy1,.n. Since ny|w, is an
isomorphism too, we get that dim Wy = dimny(Wy, n+1) = dim Wy n41,5 Thus,
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we get that rank Hy yy1,v = dim Wy nyi1,v = rank Hg and rank Hy yyi1 =
dim W\I/,N,N+1 = rank H\I/.

Part (ii)

rank Hy y n = rank Hy nyy1.nv = rank Hy y n41 implies that dim Wy vy =
dim Wy ni1,8 = dim Wy n ny1. Since Wy v v C Wy N v+1 we get that We vy =
Wy N n+1. Define the map 7y : Wy nvy1,8 2 S — Sy, where Sy = S|{wEX*Hw|<N}-
It is easy to see that 7y is linear, and since (w o S;)n = Nn((w 0 Sj)n41) for all
|lw| < N, j € J we get that 7y is surjective. Since dim Wy yy1 n = dim Wy v N
we get that 7y is a linear isomorphism. For each x € X, consider the map T, :
Wo n+1,8 — We N n defined by T,.(S)(w) = S(zw), w € X*,|w| < N. It is easy to
see that T, is a linear map. Let A, = Ty, o7y, i.e. A.(Z) = T.(75" (Z)). Tt is easy
to see that A, is linear and for all w € X*, |w| < N, A;((wo S;)n)(v) = S;(wav)
for all v € X*,|v| < N. That is, A;((w o S;)n) = (wx 0 ;) is satisfied for each
lw| < N,w € X*. Define C : Wy nn 2T — T(e) and Bj = (S;)n. It is easy
to see that C is a linear map. That is, Ry = (Wu n N, {Asz}zex,B,C) is indeed
a well-defined representation. It is easy to see that w € X*, |w| < N it holds that
AyBj = Aw(Sj)n) = (wo S;)n, which implies that CA,B; = (wo S;)n(e) = 5;(w)
for each |w| < N,w € X*. That is, Ry is an N-representation of .

Part(iii)

It is easy to see that rank Hy ny v < rank Hy yy1,n < rank Hy and rank Hy n N
rank Hy v nv+1 < Hg. Thus, if rank Hy yy = rank Hy then rank Hy yn =
rank Hy y41,v = rank Hy y n4+1. We also get that dim Wy vy = dim Wy yy1,8v =
dim Wy n n+1 = dim Wy. Consider the map ny : W — Wy n,., where Wy n,. =
Span{(w o S;)n | j € J,w € X*}. The map ny is clearly surjective. It is easy that
Wq;7N7M g W‘I’,N,. for all M S 0 and dimW‘I’,N,. = dlmnN(W\Ij) S dlqu; Since
dim Wy y v = dimWg we get that dim Wy n, = dim Wy. Thus, ny is injective
too, i.e., ny is a linear isomorphism. Since ny(Wy, n) = Wu n N, we get that
dim Wy, ny = dim Wy n n = dim Wy, thus Wy, v = Wy. That is, for each w € X*,
|lw| > N,j € J there exists K > 0 v; € X<V, j; € J,ay, i = 1,..., K, such that
wo Sy =Y, ai(v; o Sy,).

If we could show that Ry is a representation of ¥, then Theorem 2 would yield
that Ry is a minimal representation of ¥. We will show that A, B; = (wo Sj)N
holds for each |w| > N. In Part (ii) we showed that A,,B; = (wo S;)n for |w| < N.
We also know that if |w| < N, then A,((wo S;)n) = (wz o Sj)n. We proceed by
induction on |w| — N. Assume that A, B; = (wo S;)n holds for all |w| < N +n. Let
2z = wz, |lw| =n+ N — 1. Then there exist a; € R,v; € X<N j, e Ji=1,....K
such that wo S; = Zfil a;v; 0 S,. It implies that z 0 .S; = Zfil vz 0 S;,, thus
(208N = Lisy ailviw o S5)n = Y25 aide((vi 0 Sj)n) = Au((w o Sj)n). We
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used the fact that (wo S;) = Zszl a;(v; 0 Sj,)n and the induction hypothesis for
n = 0 and the linearity of A,. By induction hypothesis (w o S;)y = A, B;, thus
we get (z05;)nv = AzAwB; = A.B;. That is, we get that for any j € J,w € X*,
Ay Bj = (woS;) N, which implies that CA,,B; = S;j(w),that is, Ry is a representation
of 0.
Part (iv)

If dim R < N, then rank Hy < N, thus rank Hy y v = dim Wy ny n = rank Hy.
That is, we can apply Part (iii) of the Theorem.

O

The proof of the above theorem relies on the following lemmas

Lemma 50. Assume that rank Hy < N. For any T € Wy, w € X* it holds that
there exists ay,y € R, v € X*, [v[ < N such that woT =3 c v <y Qww(voT).

Proof. We will use the fact that dim Wy = rank Hy < N. Consider the free rep-
resentation R = (Wy, {As}zex, B,C) of ¥ defined in Theorem 1. Apply Lemma
51 to Wy and A, : Wy — Wy, x € X. We get that for each w € X* there exist
arwe € R, € X* Ju] < N such that 4,7 = woT = Zvex*’viN Oy AT =

Zvex*,|v\<N Qv 0T, O

Lemma 51. Let X be finite-dimensional vector space, dimX < N. Let A, : X — X,
x € X be a family of linear maps. Then for each y € X, for each w € X* there exists
aywo €R, veEX* |v| <N such that

Awy = Z ay,w,vAvy

vEX* |v|<N

Proof. If |w| < N, then choose ay . = 1 and ay . =0, v # w, [v| < N. First we
prove the lemma for |w| = N. Assume that w = wy - -wy, wy,...,wy € X. Con-
sider the elements A, ....,,y, @ = 0, ..., N. Since every N+1 elements of A" are linearly
dependent, we get that there exist §; € R, i =0,..., N such that Z?;O QA Y =
0. Let | = max{j | oj # 0}. Then Ay, ...,y = Zi;é BiAw,.w; Y, Where §; =
a;/ay. Then we get that Ay = Au,,,wy (Aw; oY) = Zi;é BiAv,y, where v; =
wy - wiwpg o wn, @ =0,...,0 — 1. It is clear that |v;] < N,i=0,...,l—1. To
prove the lemma for arbitrary |w| > N we proceed by induction on |w|—N. The case
of |w| = N we proved above. Assume that the statement of the lemma holds for |w| <
n+N. Let be z = wz, |w| =n+ N, z € X. Then there exist ay ., € R, |v| < N,v €
X* such that A,y = ZveX*,\v|<N Oy oAy, Since A,z = Ay (Ayy) we get that
Ay = Zv@X*,\u|<N—1 Oy .0 Aval + ZveX*7‘U|:N_1 Oy w,0Auzy By the statement
of the lemma for words of length N, we get that A,,y = ZS€X*7‘8|<N Qy va,s AsY.
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for each [v] = N — 1,0 € X*. For each s € X*,|s| < N define ay s = o, o +
. ! .

D vexs joj=N—1Qywas if s =szand ay s =3 cx- p=n_1 Oy,va,s Otherwise. Then

it is easy to see that A,y = ZveX*,\v|<N Oy 2 0 AY. O

Lemma 52. Let R = (X,{A,}.cx,B,C) be a representation of U and assume that
dimR < N. Then for each w € X* there exists o, »; € R, v € X* |v] < N,
j=1,...,p such that

Ve e X :CjApx = Z o, Cj AT
veEX*,|v|<N

where C; = e]TC, e;j is the jth unit vector of RP.

Proof. Part (i) Consider the set of all linear homomorphisms X* = Hom(X,R).
It is well known that dimAX™* = dimX < N. It is easy to see that for each = €
X the linear map A, : X — X induces a dual map A} : X* — X* defined by
AxX(f)(y) = f(Ayy) for each f e X* ye X. Let w=wy -+ wg,wy,...,w; € X and
let w= WEWk—1 - - - w1 be the mirror image of w. It is easy to see that C; A, = A%Cj'
Applying Lemma 51 to X* and A} we get that there exist o, € R, v € X*, |Jv| < N
such that C;A,, = A%Cj = EveX*,|v\<N aj’w,UAf%Cj = Zvex*,\u|<N ajwwCiAy.

O

Corollary 23. Consider a representation R = (X,{Az}rex,B,C). Assume that
dimR < N. Then Og = U \<NCAv and Wgr = Span{A,B; | j € J,v €
X*,|v] < N}.

veX*,|v

Proof. 1t is clear that Or € (,ex+ yj<ny CAv If CjA,x =0 for all v € X*, [v[ < N,
j=1,...,p, then by Lemma 52 for each w € X*,

CjAwJ? = E Oéwﬂ,’jCjAvx =0
vEX* |v|<N

so z € Og. Similarly, by Lemma 51, for each w € X*,

AywBj = Z ap; weABj € Span{A,B; | j € J,v € X", |[v] < N}
vEX*,|v|<N
which implies the statement of the corollary. O

Recall the definition of the space Wy . = {Sy € R? < X<V >| S € Wy}. It
is easy to see that Wy . is a linear subspace of R? « X<N s,

Lemma 53. Consider the the mapping ny : RP < X* >3 T — Ty € RP K
X<N . Assume that rank Hy < N. Then nNlwy © We — Wy, N is a linear
isomorphism.
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Proof. 1t is easy to see that ny is a surjective linear map. Consider the free realization
Ry = Wy,{Asz}sex,B,C) of ¥ as defined in Theorem 1 [55]. From Theorem 2 we
know that Ry is minimal and therefore it is reachable and observable, i.e. Or, = {0}.
From Corollary 23 we also know that if dim Ry = dim Hy = rank Hy < N, then
Or, = ﬂveX*’viN ker CA,. Consider the kernel of ny. nny(T") = 0 if and only if
T(w) = 0 for all [w| < N. That is, CA,,T = 0 for each |w| < N, i.e. T' € Ogr, = {0}.

Thus, ny is injective. That is, ny is a linear isomorphism. O

The theorem above implies that if J is finite and we know that ¥ has a represen-
tation of dimension at most IV, then a minimal representation of ¥ can be computed

from finite data.

10.1.2 Construction of a Minimal Representation

The technique of Hankel-matrix factorization has been used in realization theory and
systems identification for several decades. It forms the theoretical basis of algorithms

for subspace identification, see for example [19, 7].
ComputePartialRepresentation(Hy ni1,n)
1. Compute a decomposition of Hy ni1,n
Hy ny1,v =OR
O e RIN+1X" R e RN rank R=rank O =r
Oy ((e1))..

~ O
2. Let C = | ¥1(&2D | where Oy,. denotes the kth row of O.

Oys((ep)).-
3. Let Ej = R_y,((e.j))> Where R, (o)) stands for the 2 ((e, j))th column of R.
Let B={B;|jeJ}.
4. For each x € X let /le be the solution of
A, =T, (10.1)
where T, T, € R~
Lj=0,i=1,... Iln,j=1,...,7

and
(Tz)ij = Ok
where i = 1,..., [I|n,¥1((w, 1) =4,k = 1 ((2u, 1)), u e X*,j=1,...,r
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5. If there no solution to (10.1) then return NoRepresentation.
6. Return RN = (R", {gw}zex,é,é)-

Notice that the algorithm above requires the existence of a solution to the linear
equation (10.1) at step 4. The algorithm above may return two different types of
data. It returns a formal power series representation if (10.1) has a solution and the
symbol NoRepresentation otherwise.

Remark In step 1 of the algorithm above one can use any algorithm for com-
puting a decomposition. For example, one could use SVD decomposition, in which
case Hy yi1ny = USVT, and O = U(XY?), R = (ZY/?)V7T is a valid choice for
decomposition. Perhaps the algorithm above may give rise to model reduction and
identification methods similar to those for linear systems.

The following theorem characterises the outcome R n of the algorithm above.
Theorem 65. With the notation above the following holds.

(i) If ComputePartzaZRepresentatzon returns a formal power series representa-
tion RN, then the representation RN is an N + 1 partial representation of V.
The representation RN 1s reachable and observable.

(i1) Assume that rank Hy n nt+1 = rank Hy yi1 v = rank Hg yn. Then the
algorithm ComputePartialRepresentation always returns a formal power se-
ries representation. Consider the representation Ry from Theorem 64. Then
E:R" — Wy NN, £ =nng10 w&lﬂ o O, is a linear isomorphism such that
& Ry — Ry is a representation morphism, where ny41,YN+1 are the linear
maps defined in Subsection 10.1.1.

(i1) If rank Hy n n =rank Hy then
rank H\I/,N,N = rank H\I/,N-l-l,N = rank H\I/,N,N-‘rl
and ]SLN is a minimal representation of V.

(iv) Assume rank Hy < N, or , equivalently, there exists a representation R of U,

such that dim R < N. Then the representation EN is a minimal representation
of U.

Proof. Part (i)
First we will show that EN is indeed a NV + 1-partial representation of ¥. From the
definition of Am x € X it follows that 'y A, = O, A = O;,., where k = 11 (€,17)
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and | = ¢y (w,4),i=1,...,p, w € X<N+1 Thus, we get that

~ ~ T
_ T T T _
Cdw = {(O)m(e,l),» (O)pey,r (O)wl(e,pxl Aw =

T
(Ou )T Ouwn)™ O]

Thus, we get that for each ¢ =1,...,p,

ef CAuwBj = Oyy(w,i),. (R) pa(ej) =
= (Ha,N11.N) o (wi) b (e.) = €1 S5 (w)
That is, 5’/~1w1§j = S;(w). Thus, Ry is indeed an N + 1-partial representation.

Next we will show that ]§N is observable. Assume that there exists x € R"

such that CA,z = 0 for all w € X*. Assume that z = Ry for some y € RI/~I,

Since rank R = r, such a y always exists. Thus, we get that for each w € X<N+1,

1=1,...,p
0=¢] CAwz = Oy, (wi), RY = (Hu,N+1,89) iy (i)

That is, Hy n+1,8vy = 0. That is, Or = ORy = 0, i.e. * € ker O. But rank O =r,
thus ker O = {0}, that is # = 0. We will show that Ry is reachable. Indeed,

R" = ImR = Span{R. y,(w,j) | j € J,w € X<Ny (10.2)
But
e?CAUwaZ(w’j) = Oibl(v#i)a'R'»w?(waj) =
(Hy N+1,N) 1 (0,), 02 (w,g) = O N11,N) gy (w0,1) 050 () =
eI’ CA,uwB; = el CA,(AyB;)

for each i = 1,...,p, v € X<N*1. Since Ry is observable we get that gwéj =
(R)_,¢2(w7j). Thus, o
R" = Span{A,B; | j € J,w € X<V}

that is ﬁN is observable.
Part (ii)
It is clear that £ is well defined. Indeed, ImO = ImHyg n41,5 by definition of matrix

factorization. Moreover, O : R” — RI/~+1l is a injective and
Yy Wo nyi,v — ImHy vy v
is a linear isomorphism. Moreover, since
rank H\P’N+1’N = dim W\IJ’NJ’,l’N = rank H\p’NJV = Wq;’N’N
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we get that nyy1 @ We nii,n — Wy, nn is a linear isomorphism. Thus, £ =
NN+41 © %}il 00 : R" — Wy nn is a well defined linear isomorphism. It is left
to show that ¢ is a representation morphism. Consider the representation Ry =

(W‘IJ,N,N; {Az}zGX, Ca B)
It is easy to see that for each € R” there exists y € RI/NI such that z = Ry.
Then it is easy to see that

&(@) = nnt1 0 UNL1 (ORY) = nny1 0¥y (Ho n41,8y) = Tt (10.3)
where Tv11 € RP < X<N+1 > and for each i = 1,...,p, w € X<V it holds that
e Tny1(w) = (Hu,N+1,8Y) s (). Thus

e;'fTNH(f) = G?C(TNH) = E?C(f(x)) =
(Ho, N 11,89 )i (i) = (O (e.0),. (Ry) = ef Cax

Thus, C¢ = C. Tt is also easy to see that §(§]) = &(Rey,(e,j)) = Tn41, such that

e Tn1(w) = (Hu N41,N€pa(e) ) (i) =

= (Hy N+1.8) s (i0) s (e.d) = € S5(w)
Thus, £(B;) = (S;)y = Bj. It is left to show that a solution to equation (10.1)
exists and A,¢ = EA,, for all x € X. First, notice that TR = Hy y n. Thus,
rank TR = rank Hy y n = 7. Thus, rank I' = r. That is, if solution (10.1) exists,
then this solution is unique. Thus, if we show that A, = ¢ 1A4,¢ is a solution to

(10.1) then it follows that A, = A, = £71ALE, 2 € X and thus € is a representation

morphism. From (10.2) it is enough to prove that
TA:R. (w.g) = FoR (i) (10.4)
for each w € X<V j € J. Using (10.3) we get
TAR o) = D€ (At (R). s w.) =

L¢ 1 (Ag(wo S5)n) =T¢ (w0 Sj)n) =
=TRy = Hy nynNY

where y € R~ is such that Hy n Ny = (H\y,NH,N)_,%(ij). On the other hand,
notice that

s~
(0,0 L e B o (w,) =
(O) s (wz,i), .o (w,) =

(Hy N+1,N ) (o, 0) ita (,§) = €2 S (Wx0) = (Hy N1,N )by (0,0) pa (wie )
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Thus, we get that (10.4) holds.

Part(iii)
From Theorem 64 it follows that if rank Hy y ny = rank Hg then rank Hy nyii,nv =
rank Hy y n+1 = rank Hyg y,y and Ry is a minimal representation of ¥ By Part
(ii) of the theorem ¢ : Ry — Ry is a representation isomorphism and thus Ry is a
minimal representation too.

Part (iv)
Again, from Theorem 64 it follows that Ry is a minimal representation. Since Ry

is isomorphic to Ry we get that EN is a minimal representation of ¥ too. O

10.1.3  Algorithmic Aspects

It was already mentioned that it is possible to transform a representation to an
equivalent observable or reachable realization. Below we will give algorithms for
carrying out these transformations.

Let R be a representation of some family of formal power series ¥ with finite
index set J. Assume that R = (R",{A.}.cx,C,B), where B = {B; | j € J} and
J={j1,...in}. Assume that X = {z1,...,2m}.

Rp =ComputeReachabilityMatrix(R)

1. Ry = [Bj ... B RnXN

JiN
2. Rk+1 = {Rk AZle) AZ2Rk t AzMRk S RHX(M+1)k+1N
3. If rank Ry = rank Ry then Rp = Ry else goto step 2

Proposition 33. The algorithm ComputeReachabilityMatriz above always termi-
nates and the matrix Rr computed by the algorithm is such that InRr = Wg

Proof. Notice that ImR; C ImRy., for all £ € NU {0}. Notice that rank Ry =
rank Ry is equivalent to ImRy, = ImRy41. Assume that ImR; = ImRg; holds
for some k£ > 0. Then ImRy;1 = ImRg o holds too. Indeed, let x € ImRjy4o.
Then z = yo + Zf\il A,,y;, where y; € ImRi41 = ImRy, i = 0,...,M. Thus
A.yi € ImRgy1, @ = 1,...,M and therefore z € ImRy11. That is, rank Ry =
rank Ry implies that ImRy = ImRy11 = ImRgyo = -+ = ImRyy; for all [ € N.
It is easy to see that ImRy = Span{A,B; | j € J,w € X<F"1}. It implies that
Wgr = Elf ImRy. If ImRy = ImRy ;1 then it follows that Wi = ImRy. That is, if
the algorithm ComputeReachabilityMatrix stops, then it returns a matrix Ry such
that ImR, = Wgk. From Corollary 23 we get that ImR,, = Wi = ImR,,_;. That is,

the algorithm stops after at most n steps. O
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It is easy to see that the time complexity of the algorithm above is O(n) but the
storage complexity is O((M +1)™). The amount of required memory can be reduced
by replacing at each step Ry with a matrix columns of which form a basis of ImRy.

The algorithm ComputeReachabilityMatrix allows us to give an algorithm for

deciding the reachability of a representation R.
IsReachable(R)
1. Rr = ComputeReachabilityMatrix(R).
2. If rank Rgr = n then return True else return False

Now we can formulate an algorithm for computing a reachable representation R, of
¥ from R.

ReachableTransform(R)
1. Rp = ComputeReachabilityMatrix(R)
2. Compute U € R™*", r = rank Rp such that InU = ImRg and UTU = I,.
3. Define A7 =UTA U, Vz€ X B} = UTB;,VjeJ,C"=CU
4. Return R, = (R",{Al}.ex, {B] | j € J},C)
Proposition 34. R, is a reachable representation of W

Proof. From Proposition 33 ImnRr = Wg. Then B; € ImU = ImRp and A, ImU C
ImU for each w € X*. That is, for all y € R" there exists z € R, such that
A, Uy = Uz for some z € R". Notice that UUTUz = Uz, thus, UUTA,Uy =
UUTUz = Uz = A,Uy. That is, UUTA,U = A,U. Notice that for each j € J
there exists y € R” such that Uy = B;, thus UUTB; = UUTUy = Uy = B;. Then
it follows that A7 = UTA,U, A, Bj = UTA,B; and CrA, B} = CA,B; = Sj(w)
for each w € X*,j € J. Thus, R, is a representation of ¥. We will show that R,
is reachable. Indeed, Wg, = Span{A;, B} | w € X*,j € J} = Span{U" A, B; | w €
X*j€ J} = U'Wgr = ImUTRg. Since rank UT = rank Rp = r, it follows that
dim Wg, = rank UTRr =r =dimR,. O

Observability of representations can be treated in an algorithmic way too. Con-

sider the following algorithm
ComputeObservabilityMatrix (R)

1. Oy =C.
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T .
2. Opq1 = |OF, (OkA.)T, (OkA.)T, - (OkAzM)T] € RP(M+1) xn
3. If rank Ogy1 = rank Oy then return Oy else goto step 2

Proposition 35. The algorithm ComputeObservabilityMatriz(R) always termi-
nates in at most n steps and its return value OBg has the property that ker OBr =
Or.

Proof. Notice that ker Or C ker Opy1 C ker O, for all kK > 0. Moreover, rank Oy =
n — dimker Oy, thus rank Opy; < rank Of. Assume that rank Op = rank Oj41.
Then this is equivalent to dim ker Oy, = dim ker Oy; which is equivalent to ker Oy, =
ker Og41. We will show that ker Op41 = ker Og42 holds and thus rank Ogio =n —
dimker Opyo = n — dimker Og11 = rank Opy1. Indeed, assume that = € ker O =
ker Oy. Then for each z € X, OpA,x = 0, that is, A,z € ker Oy = ker Op41. But it
means that for each z € X, Og41A4.2 = 0, that is, € ker Og42. Thus, ker Oy 4o =
ker Oy. That is, rank Oy = rank Ogy; implies that ker Oy = ker Oy, for all [ > 0.
Notice that ker Oy = [,cx<r+1 ker CA,. Tt follows that ker Or = (1,5 ker O.
Thus, if rank O = rank O, 1 then ker Oy = Og. On the other hand, by _Corollary
23 we get that ker O,,_1 = ker O,, = ker Ogr. Thus, rank O,, = rank O,, and therefore

the algorithm stops after at most n steps. O
The algorithm above can be used to decide whether R is observable or not.
IsObservable
1. OBg = ComputeObservabilityM atrix(R)
2. If rank OBgr = n then return True else False
We can also give an algorithm for computing an observable representation R, of ®.
ComputeObservableRepresentation(R)
1. OBgr = ComputeObservabilityM atriz(R)
2. Compute U € R"*", r = rank OBp, such that ImU = ImOB% and UTU = I,.
3. Define A2 =UT AU, Vz € X, B? = UTB;,VjeJ, C°=CU.
4. Return R, = (R",{AZ}.ex, {B} | j € J},C°)

Proposition 36. R, is an observable representation of V. Moreover, if R is reach-

able, then R, is reachable too.
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Proof. From Proposition 35 it follows that ker OBr = Og. From standard linear al-
gebra it follows that InOB% @ ker OB = R™ and thus rank OBg = n—dim OB =
n —dimOgr = r. Notice that A, ker Or C ker Og for each w € X*. It is easy to
see that U” (kerOg) = {0}. Indeed, if z € Og, then for each ej,j = 1,...,r,
ejTUTx = :I:TUej = 2TOBLs = sTOBrx = 0, since Ue; = OBLs for some
s and z € kerOp = kerOBr. We will show that UTA,UUT = UTA,. In-
deed, let x € R™ such that © = x1 + 22 = Uy + z2 such that z; € ImOBr =
ImU and zo € kerOpr. Then UTA,UUTz = UTA,,UUTUy = UTA,z1 and
UTA,z = UT Az + UTAyazs = UT Ay, since Ayxe € kerOp. Also notice
that CUUTx = Cxy = Cxz; + Cxy = Cz, since kerOr C ker C. Then it fol-
lows that A9, = UTA,U, A9,BY = UTA,Bj and C°A9, B = CA,B; = S;. That
is, R, is indeed a representation of ¥. We will show that R, is observable. In-
deed, for each z € R", w € X*, C°A%x = CA,Uzx. Thus x € Op, if and only if
Uz € Or = ker OBg. But ImU Nker OB = {0}, thus Uz = 0 and since rank U = r
it follows that x = 0. That is, Og, = {0}.

It is easy to see that Wgr, = UT(Wg). Thus, Wg = R" implies that Wg, =
ImUT = R", since rank U? = r. That is, if R is reachable then Wg_ is reachable
too. O

Using the algorithm above it is straightforward to formulate an algorithm for com-

puting a minimal representation of W.
ComputeMinimalRepresentation(R)
1. R, = ComputeReachable Representation(R)
2. Rpin = ComputeObservable Representation(R,)
3. Return R,

It is easy to see that the algorithm above computes a minimal representation of W.
Note that if we first compute an observable representation and then we transform it
to a reachable one, then the outcome is still a minimal representation, thus step 1

and step 2 of the algorithm above can be interchanged.

10.2 Moore-automata

The current section presents partial realization theory for Moore-automata. It also
formulates algorithms for constructing a minimal Moore-automaton realization and
for checking reachability, observability and minimality. The material of the section is

an easy extension of already known results, although many of these results seem to be
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a folklore and it is difficult to trace the original publication. In any case, the results
below are quite straightforward and are presented for the sake of completeness. The
author does not claim that the results are original or new.

For ¢ : T — O define ¢ = @|{wer=|jwj<ny}- That is, ¢n : {w € I | jw| < N} —
0, ¢n(w) = ¢p(w) for all w € T*, |w| < N.

Let D = {¢; € F(I'*,0) | j € J}. Let A= (Q,T,0,0,)),(:J — Q. The pair
(A, Q) is said to be N-partial realization of D if Yw € T, |Jw| < N : AN{(j),w) =
¢j(w). For each N, M > 0 define

Wp Ny ={(wodj)v|jeJwel™, |w <N}

Define the sets Wp, nv = {tn | € Wp} and Wp n, = {wo¢; | j € Jyw € ', |w| <
N}. Define the map ny : Wp — Wp__ n by na(¢) = ¥n. The following holds.

Theorem 66 (Partial realization by automata). (i) If (A, () is a realization
of ® and card(A) < N , then

card(Wp n.n) = card(Wp n n+1) = cardWp nt+1,n) = card(Wp)

(i) If card(Wp nnt1) = card(Wp ni1n) = card(Wp nn), then (An,(n) is an
N-partial realization of D where Ay = (Wp nn,T,0,98,\) such that for each
w eI Jw| <N,jeJ, s((wogj)n,z) = (wzog;)n, Vf € Wpnn: A(f) =
f(€), Vi € J.C(5) = (¢5)n,

(111) If cardWp nn) = card(Wp), then card(Wp nn+1) = card Wp ny+1,N) =
card(Wp n,n) and (An,{n) is a minimal realization of D. In particular, if D
has a realization (A, () such that N > card(A), then (An,(n) s a minimal

realization of D.

Proof. Part (i)
From Lemma 54 it follows that Wp . = Wp. Notice that

Wop N v =nmvWop n,.) =nn(Wp)

From Lemma 55 it follows that card(ny(Wp)) = card(Wp), thus card(Wp n n) =
card(Wp).

Part (ii) It is easy to see that both ( and A\ are well defined. We will
show that ¢ is well defined. Notice that Wp y v € Wp n41,n and thus Wp n n =
Wp, n+1,~. That is, for each (wod;)nv € Wp n v, |w| < N,j € J, the map (wzop;)n
is an element of Wp ny ny41 = Wp n n. Assume that (vo ¢;)n = (w o ¢;) for some

5l € Jyw,v € T* |w|,|v] < N. Define the map n : Wp yny1 — Wp.nn by
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N(T) = T|{wer+ jwj<ny- That is, n(T)(w) = T'(w) for all w € T*, w| < N. It is easy
to see that n is surjective. Since card(Wp ny n) = card(Wp n,n+1), we get that i is
a bijection. Notice that n((vo ¢j)ny1) = (Vo ¢j)n = (wo dr)n = n((vo d)Nt1)-
Thus, by bijectivity of ), (vod;)nt1) = (wod)ny1. Thus, (vog;)(zs) = (wogy)(xs)
for all z € T', s € T'*,|s| < N. That is, (v o ¢;)n = (wxz o ¢;)ny. Thus, § is well
defined. It is easy to see that 6((¢;)n,w) = (wop;)y for all w € T'™*, |w| < N. Thus,
ACn(j), w) = (wo ¢;)n(€) = ¢;(w) for all w € T, Jw| < N. That is, (An,{n) is a
N-partial realization of D.

Part (iii)
Assume that card(Wp n,n) = card(Wp). Notice that Wp v v € Wp ny1,n and
U(W’D,N,N+1) = WD,N,N- MOI"eOVQI‘, W’D,M,L = 77L(W’D,M,.) g WL(W'D), hence

card(Wp) > card(Wop ar,1) for each M, L € N. Thus card(Wp) > card(Wp n,n+1) >
card(Wp n,n) and card(Wp) > cardWp n41,n5) > card(Wp, n n), thus we get that
card(Wp nn) = cardWp nt1.n) = card Wp N n+1) = card(Wp). Tt is easy to
see that ny (Wp,n,.) = Wp n,n. Thus, cardWp) > cardWp n,.) > card(Wp, n).
That is, card(Wp) = cardWp,n,), i.e. Wp = Wp n, and ny is injective and
nn(Wp) = Wp nn = Wp, n. That is, ny : Wp — Wp_ n is a bijective map.

First we show that (Ay,(y) is isomorphic to (Aean, Cean). Above it was shown
that ny is a bijection. It is left to show that ny is an automaton morphism.
MCean() = n(5) = (B5)x = Cw(j) and Apn(9)) = bw(e) = Ble) = T(¥)
for all v € Wp,j € J. For all v € Wp there exists w € I'*, j € J, |w| < N
such that ¢ = wo ¢;. Then L(¢,x) = wz o ¢;, for all z € T'. But é(nn(¢),z) =
d((wo¢j)n,x) = (wz o ¢pj)ny = nn(L(,x)). That is, ny is indeed an automaton
morphism. Thus, (Ayn,(x) and (Acan, Cean) are isomorphic. Since (Acan, Cean) 1S @
minimal realization of D, we get that (Ax,{x) is a minimal realization of D too. O

Lemma 54. Assume that card(Wp) < N. Then for every v € Wp the following
holds.
Vw € T 1 vy € T, |V, p| < N :wo) =0y 010

Proof. If |{w| < N, then choose v, = w. We proceed by induction on |w| — N.
Assume that |w| = N, that is, w = wy---wy,w1,...,wy € I'. Consider the ele-
ments wy - w; 0 € Wp, i = 0,...,N. Since card(Wp) < N, we get that there
exists 0 < ¢ < j < N such that wy---w; oY = wy---w; o1, which implies that
Wy - WiWi41 - WN 0P = w o). Choose vy, = Wi -+ wiwjy1 - --wn. Notice that
[, | < N. Then wot) = v, 01. Assume the statement of the lemma is true for all
|lw| <n+ N. Let 2 = wz such that x € I',w € T'*, Jw| = n + N. Then by the induc-
tion hypothesis, wo = v, 4 01, thus 2oy = xo(wWo) = 20 (Vyy,p 0Y) = Vy yT O Y.

315



CHAPTER 10. COMPUTATIONAL ISSUES AND PARTIAL REALIZATION

Since |vy,¢| < N, for s = vy gz, |s| < N, thus by induction hypothesis it holds that
501 = v,y 0. Let v,y = vs . Then the statement of the lemma holds. O

Lemma 55. Assume that card(Wp) < N. Then the map ny : Wp — Wp defined

above s a bijection.
Proof. Define Ryy CWp xWp , M =1,2,..., by
(S,T) €ERy < Su=Tu

It is easy to see that Rjs is an equivalence relation and Ry;41 C Rys. It is also easy
to see that if (S,T) € Rp4+1 then for each vy € T', (y0S,v0T) € Ryy. Indeed, for each
w € I, |w| < M it holds that |yw| < M+1 and thus yoS(w) = S(yw) = T'(yw) = o
T(w). Assume that R, = R, for some n > 0. Then it holds that R,11 = Rp42 =
<+ = Rpir = ---. Indeed, assume that (S,T) € R,+1. Then for each z = yw € T,
v eT, weTl* |w =n+1it holds that S(yw) = v 0 S(w) and T(yw) = v o T(w).
But (yo S,y0oT) € R, = Ry41, thus (yo0S), = (yoT),, which implies that
vo S(w) =0T (w) for all w € T'*, |w| < n, that is, S(z) = T(z) for all |z| < n + 2.
That is, (S,T) € Rp42. Since Ry,12 C Ry 41 we get that Ryp1 = Rpqo =+ = Ruqk
for any k > 1. Denote by Z; = Wp/R; the set of equivalence classes generated by
R;. Tt is easy to see that cardWp/R;) < card(Wp/R;+1) < N for all ¢ > 0 and
equality holds only if R; = R;11. Assume that the strict inclusion R; O R;1 holds
for all N >4 > 1. Then we get that N > card(Zn41) > -+ > card(Zs) > card(Zy).
But then card(Z;) < —1, which is a contradiction. That is, there exists N > ¢ > 1
such that R; = Riy1 = --- = Ryyk, kK > 0. That is, Ry = (),«; R; = id. That is,
Sy =Tn <= S =T. It implies that ny is injective. It is st;aightforward to see
that ny is surjective. O

Theorem 66 above implies that if .J is finite and we know that D has a realization
with at most N states, then a minimal realization of D can be computed from finite

data. In fact, the proof of the theorem above yields the following algorithm.
ComputeAutomataRealization(Wp n n41)
1. Assume that Wp v nt+1 = {S1,...,5k}. Let Q ={1,..., K}
2. Let 6(4,x) = j if Sj(w) = S;(zw) for all w € T'*, |w| < N.
3. Let A(i) = Si(e),i=1,2,..., K.
4. Let A= (Q,T,0,8,)).
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5. Let ((j) =1 if ¢j(w) = S;j(w) for all w € T*, Jw| < N + 1.
6. return (A, ().

Proposition 37. Assume that it is possible to check algorithmically if o1 = oo for all
01,02 € O. The algorithm ComputeAutomataRealization(Wp n ni1) above always
terminates if cardWp n n) = card Wp n+1,8) = card(Wp n n+1) and it returns a
N-partial realization (A,() of D. The realization (A, () is isomorphic to (An,(n)
from Theorem 66. If card(Wp nn) = card(Wp) then the realization (A,() is a
minimal realization of D. In particular, if D has a realization (A/,C/) such that
card(A") < N, then (A, ¢) is a minimal realization of D

Proof. Assume that card(Wp n n) = cardWp nt1,n) = card(Wp n n+1). Recall
from the proof of Theorem 66 the map n: Wp v nv+1 — Wo. NN, n(T)(w) = T'(w)
for all w € T'*, |lw| < N. Since card(Wp n n) = card(Wp n nt1), we get that 7 is
bijective. Consider the map ¢ : Wp y n+1 — @, defined by ¢(S;) =4,i=1,..., K.
Define vy : Wp n.n — Q by ¢ = ¢on~!. It is easy to see that ) is a bijection. Consider
the realization (Ay,{n) and denote Ay = (Wp n,n,I,0,dn,An). Consider the
map f : (i,7) — Y(6n(¥~1(i),7)). It is easy to see that 1»~1(i) = n(S;). Thus,
Sn(=1(i),y) = dn(n(Si),7). Assume that S; = (w o ¢;)n41 for some |w| < N.
Then 65 (n(S;),v) = (wy o ¢;)n = n(Sk) for some k € {1,..., K}, moreover such
a k is unique due to bijectivity of . That is, ¥(dnx (¥ "1(i),7)) = k such that
Sk(v) = n(Sk)(v) = ¢;(wyv) = S;(yv) for all v € T, |v| < N + 1. Thus, by taking
6 = f we get that § exists and it is well-defined.

It is easy to see that ¢ and A are both well-defined. Notice that ((j) = ¥ ({n(j)) =
Y((¢;)n) and A(P(T)) = T(e) = An(T). Thus, we get that (A, () is well-defined
and ¥ : (An,(n) — (A,({) is a automaton isomorphism. Since (Ay,(yN) is a N-
realization, we get that (A, () is a N-realization too.

If card(Wp nn) = card(Wp), then

CaTd(WD7N7N) = CaTd(WD,N_;,_LN) = Ca’l’d(WD7N7N+1)

and (Ay, un) is a minimal realization of D. Since (A, 1) and (A, () are isomorphic

we get that (A, () is a minimal realization of D too. O

It is very easy to give an algorithm for transforming an arbitrary Moore-automaton
realization to a reachable and observable one. In fact, such algorithms are well-known
for realization of a single input-output map. The adaptation of those algorithms are
straightforward. We will present these algorithms in order to keep the paper self-

contained.
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Let (A, (), A= (Q,T,0,d0,)) be a Moore-automaton realization of D. Assume
that card(Q) = n. Define the set Reach(A, () by Reach(A,{) ={q¢e Q|3je€ Jwe
™ :6(¢(j), w) = q}. Below we present an algorithm for construction Reach(A, (), if
J is finite.

ComputeReachableSet ((A,())

L Ro={¢(j) | j e J}
2. Riy1 =R, U{d(q,z) |q € R,z €T}
3. If Riy1 # R;, then goto Step 2 else return R;.

Proposition 38. The algorithm ComputeReachableSet terminates and it computes

Reach(A, ().

Proof. Consider the sets Rg, Ry,.... It is easy to see by induction that R; = {q €
Q | existsj € Jow € I'* |w| < i :0(;,w) = ¢q}. Thus, Reach(A,() = :r:olo R;.
On the other hand R; C R;y; for each ¢ € N. Assume that R; = R;11. Then
Rito = Riy1 = R;. Indeed, let ¢ € R;y3. Then either ¢ € R;;1 or there exists
q € R;y1,x € T such that 6(q/,:z:) =g¢. Butq € R;+1 = R;, thus 6(q/,x) =q€ Rijy1.
That is R;4+2 = R;+1. Thus, if the algorithm stops at Step 3 with R; = R;y1 then
R, = Riy1 = Riqa = ... = Riqy for all k € N. But then Reach(A,() = R;, since
R; C R; for all j < i. It is left to show that the algorithm always terminates. Assume
that the algorithm does not terminate. Then Ry C Ry C R3--- C R,. But then
1 < card(Ry) < card(Rs) < ... < card(R,) < n, which implies that card(R,) =n
has to hold, that is, R, = @. Since R, C R,41 we get that R,, = R,y1 and the
algorithm terminates after n + 1 steps. O

Based on the algorithm above one can construct a reachable realization of D based
on (A, () as follows.

ComputeReachableAutomata((A4,())
1. @, = ComputeReachableSet(A, ()
2. Let §,(q,z) = d(q,z), forall g € Q,,z €T
3. Let A\r(q) = A(g) for all g € Q,

4. Let ¢(j) = ¢

5. Let Ar = (QT7F7O767)\)'
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Tt is easy to see that (A, () is a reachable realization of D. It is also easy to see that
the construction above gives an algorithm for computing (A,, (). The algorithm for
constructing the set Reach(A, () can be used for checking reachability. The following

procedure can be used to decide whether (A, {) is reachable

IsReachabelAutomata((A,()

1. S = ComputeReachableSet(A, ().

2. If card(S) = card(A) then return true else return false.

One can also formulate and algorithm for computing an observable realization of D
based on (A, (). In order to do so it must be possible to decide by an algorithm
whether o1 and o, are identical for any 01,02 € O. Define the indistinguishability
relation I C Q X Q by (¢1,q2) € I <= (Yw € T : AM(q1,w) = A(g2,w). It is easy to
see that I is an equivalence relation. Moreover, A is observable if and only if I = id
or in other words card(I) = n, where id = {(q,q) € (@ X Q) | ¢ € Q}. The algorithm

below computes the indistinguishability relation.

ComputeIndistingRelation((A4,())

L Ip={(q1,92) € (@ x Q) | Mq1) = AMg2)}
2. Ik+1 =1 N {((h,qz) S (Q X Q) ‘ (5(Q1>$)a5(€/27$)) € Ik?vx € F}

3. If Iy 41 # Ij the goto Step 2 else return [}

Proposition 39. The algorithm ComputeIndistingRelation always terminates and

it computes the relation I.

Proof. Notice that I, = {(q1,q2) € (Q x Q) | Vw € T*,|w| < k : AM(q1,w) = Mga, w)}.
It is also easy to see that I,; C I;. Notice that I = ;:‘6 I;.. We will show that
if I, = Ixy1 then Ipio = Ixy;. Indeed, assume that (¢q1,q2) € Ixy1 = Ix. Then
for each © € T (§(q1,2),0(q2,x) € I, = Ip41. Thus (q1,92) € Ir42. Hence, if
Iy, = Ijqq then I, = I = ... = 1. It is left to show that the algorithm terminates.
Assume the contrary. Then Iy D I+ - D I,2_, D Id. Thus, n? > card(ly) >
card(Iy) > -+ > card(I,2_,) > n. But this implies that card(I,2_,) = n, thus,

I=1,_,=1d=1I,_,41, thus the algorithm must terminate. O
The algorithm above can be used to check whether (A, () is observable.

IsObservableAutomata((A,())
1. I = ComputelndistingRelation((A, ()).
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2. If card(I) = card(A) then return true else return false.

Based on the algorithm above one can construct an observable realization as follows.
ComputeObservableAutomata((A4,())
1. I = ComputelndistingRelation((A,())
2. Compute the sets [¢q] ={s € Q| (¢,s) € I} for each q € Q

3. Construct Q, = {[q] | ¢ € Q}. Define A\, ([q]) = A(q), do([q],x) = [6(g, )] for
each ¢ € Q,z € T'. Let (,(j) = [C(J)]-

4. return (A,, () = (Qo, T, 0,00, X0), Co)-

It is easy to see that the algorithm above indeed constructs an observable realization

(A,,¢,) of D. A minimal realization of D can be computed from (A, ¢) as follows.
ComputeMinimalAutomata((A,())
1. (A, () = ComputeReachable Automata((A, C))
2. (Amin, Cmin) = ComputeObservable Automata(( Ay, ))

3. return (Apmin, CGmin)

10.3 Hybrid Power Series

In this subsection the algorithmic aspects of hybrid formal power series will be dis-
cussed. That is, we will present a procedure for constructing a hybrid representation
of a family of hybrid formal power series from finite data. We will also give algorithms
for checking minimality, observability and reachability of hybrid representations and
for construction of a minimal hybrid representation from a specified hybrid represen-
tation. Throughout the section we will assume that .J; is finite, that is, we will study
only finite families of hybrid formal power series .

Recall the results on partial realization by a Moore automaton from Section 10.2.
Recall the results on partial representation of formal power series from Section 10.1.

Let @ = {Z; e R? < X* > xF(X3,0) | j € J} be an indexed set of hybrid
formal power series with J = J; U (J1 X J2). Assume that J; is a finite set.

Recall from Subsection 10.1.1 the definition of the map ny : RP <« X* >— RP <«
X<N > ie nn(T) is the restriction of T to the set of words over X of length less
than N. For each N € N define the set

On ={((1v(S)))jes, | Vi € J2: S; € RP < X™ >}
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Again, if Jy = () then we take On = {0} = O. For each j; € J; define the map

ki N X5 D w— ((Z,)p, (v (w o Zj, 4,)0)jaes)) € O X On

Define the indexed set
Do,n ={kjn |j€ N1}

Let Ho nv = Hug,n,m for each M, N € N. Recall from Subsection 10.1.1, Lemma
53, that if rank Hq n v = rank Hq, then the restriction of the map ny to Wy, is a
linear isomorphism. The discussion above yields the following.

Lemma 56. Assume that (A, () is a reachable realization of Dq n, where
A= (Q7X27O X ON76a)\)

Assume that rank Hq y y = rank Hq. Consider the Moore-automaton realization
(A, ) such that A = (Q, X2,0 x O,4,\) where

Aq) = (0, (ny"(T)))jer,) <= Aa) = (0,(T))jer)

if Jo # 0, and M(q) = \q) if Jo = 0. Then (A,() is a realization of Dg. Moreover,
(A, ) is reachable and if (A, () is observable, then (A, () is observable too.

Proof. First of all, we have to show that A is well-defined. For this, we have to show
that A(q) is well-defined. Notice that (A, () is a reachable realization of Dg . It
means that for all ¢ € @ there exists a j € J1,w € X3 such that ¢ = 6(¢(j),w). Since
(A, () is a realization of Do n, we get that A(q) = k; n(w) = (Z;(D)(w), (nn((w o
(Z,j2)c))jzet)- Notice that ny(wo (Z;),)c) € nn(Wwg) = W, n. Thus, we get
that for all ¢ € Q, if M(q) = (0, (T})jes,), then T; € Wy, n for all j € Jo and thus
ny'(T;) € Wy, is uniquely defined for all j € Jo. Thus, A(q) is well defined.

Consider an arbitrary f € J; and w € X5. If (A, () is a realization of Dg n
then it holds that A(6(¢(f),w)) = kpn(w). Let ¢ = 6(¢(f),w). Thus, A(q) =
k. (w). We will show that A(q) = k¢(w). Indeed, sy n(w) = ((Zf)p(w), (nn(w o
(Z1,4)c))ies, Notice that (ny' (nn(w o (Zg5)c)))jes = (wo (Zyz)c)jer,. Thus,
Ma) = (Z))p(w). (wo (Zp))e)sen) = rplw). )

Thus, A(0(C(f),w)) = ky(w) for any w € X3, f € Ji. That is, (A4,() is a
realization of Dgq. If (A4, () is reachable, then it is straightforward to see that (A, ()
is reachable.

Assume that (A, () is observable. Let ¢1,92 € @ and assume that ¢; and go
are indistinguishable in A. Fix a w € X3 and let ¢; = 6(q1, w) and gy = (g2, w).
Then (o', (151(8);)jen) = Mah) = Md3) = (0, (' (Ty))ses,) such that A(g}) =

/

(0,(S;)jes,) and Agz) = (0, (T})jes,). Since Tj,S; € Wy, n for all j € Jo and
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ny is bijective and ny'(T}) = ny'(S;), we get that S; = T for all j € Jo and
0 = 0. Thus we get that A(qi,w) = Aq;) = Mgy) = Mgz, w). Thus, we get that
Maqr,w) = Mo, w) for each w € X3. That is, ¢; and ¢o are indistinguishable in A.
By observability of A we get that q; = go. Hence A is observable. O

Let R an observable representation of Wg and assume that rank Ho yn =
rank Hq. Let (A, () be a reachable realization of Do y. Then by the lemma above
(A, ¢) is a reachable realization of Dg. Consider the hybrid representation H R RAC
Notice A and A have the same state-space and state-transition maps. Thus, all the
information we need for the construction of HRp 4 . is already contained in R and
(A,¢). In fact, if we know R and (A, (), then the construction of HRp 5. can be
carried out by a numerical computer algorithm. Thus, denoting HRp 4 . simply by
HRR 4, is justified in some sense. In the rest of the subsection we will use this abuse
of notation and we will denote HRp 5 by HRR ¢

The following theorem is an easy consequence of Theorem 66 and Theorem 64.

Theorem 67. Assume that rank Hy, v v = rank Hy, nv+1,8v = rank Ho, nv Nt1
and card(Wp, v .p,p) = card(Wpg, x p+1,0) = card(Wpg, v.p,p+1). Let Ry be the
N -partial representation of Wq from Theorem 64. Let (Ap,(p) be the D-partial
realization of Do n from Theorem 66. If card(Wpg, v.p,p) = card(Wp, ) and

rank Hq y n = rank Hq then the hybrid representation

HRN»D = HRRN,AD,CD"UJRNM&D’CD
1s a minimal hybrid representation of €).

Proof. If rank Hy,, v v = rank Hy, nvy1,nv = rank Hy, ny n+1, then Ry is an N-
partial representation of Wgq. If

card(WDn,N’D)D) = Card(WDQ,N)DJrl)D) = Card(WDQ,N)D)DJr])

then (Ap,(p) is a D-partial realization of D n. Assume that rank Ho nn =
rank Hg. Then by Theorem 64 Ry is a minimal representation of Wq. If

card(Wpg, x.p,p = card(Wpg, )

then by Theorem 66 (Ap,(p) is a minimal realization of Do y. By Lemma 56 the
condition rank Hq y ny = rank Hgo implies that (AD,CD) is a minimal realization
of Dg. But if Ry is a minimal representation of ¥q and (AD,CD) is a minimal
realization of Dg, then by Corollary 9 HRy p = HRp, i, , is @ minimal hybrid
representation of ). O
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Notice that Ry can be constructed from the columns of the finite matrix Ho v, N
and (Ap,(p) can be constructed from the finitely many data points of the (finite)
set Wpg, v,p,p. Thus, HRy p can be constructed from finitely many data and this
data can be directly obtained from . The following lemma is an easy consequence
of Theorem 66 and Theorem 64.

Lemma 57. If Q has a hybrid representation HR such that dimHR < (q,p),
then rank Hq ar v = rank Ho and card(Wpg, o, .4.4) = card(Wp,, ,,) where M =
q-card(Je) +p if Jo # 0 and M = p otherwise. In particular, if dim HR = (¢,p)
and for some N € N

(10.5)

N> q-card(Jo)+p if Jo#£0D
B max{q,p} if Jo=10

then rank Ho n,n = rank Ho and card(Wp,, y n,n) = card(Wpg, ).

Proof. Assume that card(Jz) = m. If HR is a hybrid representation of 2, then Ry r
is a representation of U and dim Ry < gm-+p = M. Thus, rank Hg < gm+p = M.
Hence, rank Hq ar,v = rank Hgq.

Assume that Aggp = (Q, X2,0 x O,§,)). Define App = (Q, X2,0 x On,§, X),
such that A(q) = (o, (nn(T;))jer,) if Mq) = (0,(T})jes,). It is easy to see that
(Agr, pp) is a realization of Doy and card(Agg) < q. Thus, card(Wpg, x.q,q) =
card(Wpq, ).

Assume that N € N is such that (10.5) holds. Notice that N > ¢ and N > p.
Indeed, if Jy # 0, then m > 1 and thsu N > gm +p > g+ p > max{q,p}. If Jo =0
then N > max{q,p} by definition. Thus, dim HR = (¢q,p) < (N, N) and the second

statement of the lemma follows from the first one. O

Corollary 24. If Q has a hybrid representation HR such that dim HR < (q,p) then
for

M= q-card(Jo)+p if Jo£D
p if Ja=10

HRyrq ts a minimal representation of Q1. If

N> q-card(J2)+p if Jo#£0D
B max{q,p} if Jo=10

then HRn N is a minimal hybrid representation of €.

In particular, if €2 is a finite collection of hybrid formal power series it is known
that © has a realization of dimension at most (p, ¢), then a minimal hybrid represen-

tation of 2 can be constructed from finite data.
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The results above also allow us to check reachability and observability of hybrid
representations algorithmically and to construct an equivalent minimal hybrid rep-

resentation from a specified representation H R. Consider a hybrid representation.

HR = (Aﬂ y? (ch {Aq,z? Bq,z,jz }j€J272€X1 ’ Cq? {Mé(q,y),y,q}y€x2)qEQ7 J’ ,LL)

where A = (Q, X2,0,68,)). Recall the definition of Axr and recall the definition
of the formal power series 15 ;, ¢ € @, 7 € Jo. For any N € N, N > 0 define the
following Moore-automaton

Anrn = (Q,X2,0 x Oy, 6,X), and A(q) = (Mq), (v (Ty,1))se.)

That is, M(q) = (o, (NN (S;))je if Ag) = (0,(Sj)jes,). Recall that for each g € Q,
j€J2, Yi,- - Yk €X27 kZOa T1y-- oy Th+1 GXT, k+zki_}xz <N

z
(TqJ)N(xlyl S TRYRThA1) = CQkAQk7$k+1MQk7yk7Qk:—1 My ya 1 Ag 15 Ba iz

where | = min{z | |z.| > 0}, s; € X7,z € Xy,2; = z15 and ¢; = (g, v+ V),
i=0,... k.

Lemma 58. Assume the notation above. If HR is a representation of 2, then
(Apr,N,up) is a realization of Do n. The Moore-automaton (Apr n,up) is reach-
able if and only if (A, pup) is reachable. Assume that dim HR = (q,p) and N >
q-card(J2)+p, or, rank Ho n n = rank Hgq and A is reachable. Then (Aggr,n,pD)
is observable if and only if (Agr, up) is observable.

Proof. Define the map hy : OxO — OxOp by hy : (0, (T)jer,) — (0, (v (T}))je)-
Notice that k¢ n(w) = hn(kf(w)), f € Ji. Recall from Theorem 5 that if HR is a
representation of () then (A, up) is a realization of Dg. Thus, A(up(f), w) = ks(w).
But for each ¢ € Q, AMq) = (Aq), (T )jes), thus Mq) = hn(M(q)). That is,
Mun(f)ow) = hyA(up(f),w) = hy(ks(w)) = wpx. That is, (Aur,ip) is a
realization of Dq y. It follows from definition that (Agg n,up) is reachable if and
only if (A, up) is reachable (the state-space and the state-transition maps of the two
automata coincide ).

First we will show that if (A, up) is reachable and rank Ho y v = rank Hg, or
N > q-card(J2) + p, then the map ny : R? < X* >3 T T|pex |wj<n € RP <
X<No> s injective when restricted to 13, j, ¢ € @, j € Ja.

Assume that (A, up) is reachable. Then (A, jup) is reachable. It means that for
all ¢ € Q there exists w € X3, j € Jy such that ¢ = §(up(j), w). Since (A, up) is also
a realization of D we get that A(q) = x;(w), that is, A(q) = (M), (Ty.jn)jacsn) =
((Zj)p(w), (wo (Zjj,)c)jsetn). Thus, wo (Z;,,)c =Ty, for all jo € Jo. That is,
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T, € Wy, for all j € J. Assume that rank Ho y,n = rank Hg. Then ny : Wy, —
RP < X<V > is injective. In particular, ny is injective on {7}, ; | ¢ € Q,j € J2}.

Assume that dim HR = (d,n) and n + dm < N. Let jl = Hyr, J = ,71 U
(jl x Jy). Define the hybrid formal power series Sp, ; and Si, h € Hugr,j € Jo
as follows. Let Shj;, = ((Sh)p,Tq,j,), where (Sp)p(w) = Mg, w), if h = (¢, )
and w € X3. Let S, = ((Sn)p, (Sh)c), where Sp(w) = Iy o vggr(h,w). De-
fine the following set of hybrid formal power series © = {S; | j € Jy. Tt is
easy to see that for all j1 € Ji, Z; = Suy,) and Zj, 4, = Sugi)je» J2 € Jo
It is also easy to see that T, ; = (S(g,0),;)c for all j € Jo. Assume that HR =
(A D (X {Ay 2 By 2 gy Yiedszexis CopnAMis g )y g uexa)acqy I i) Let

HR = (A, (Xq7 {Aqm Bq,z,j}jer,zeXl ) Oq7 {MJ(q,y),y,q}yEX2)q€Q7 J, /7)

where [i((q,2)) = (¢,x) be a hybrid representation. Notice that HR coincides with
HR except i and Huyr = Hig, vur = vgg. It is easy to see that HRis a hybrid
representation of © and thus by Lemma 57 rank He yn = rank Hg, thus ny is
injective on Wy, . Since Ty ; = (S(g,0),;)c € Wy, for all j € Jo,q € Q, we get that
nn is injective on the set {7, ; | ¢ € Q,j € Ja}.

That is, if either dim HR = (¢,p) and gm +p < N or rank Ho y v = rank Ho
and (A, up) is reachable, then 7y is injective on the set S = {T,; | j € J2,q € Q}.
Thus, the map hy is bijective on the set O x {(Ty,;)jes, | ¢ € Q}. Hence, for each
w € X3, q1,q2 € Q, hn(Mq1,w)) = X(ql,w) = X(qg,w) = hy(M(q1,w)) is equivalent
to Mg1,w) = Mgz, w). (A, pup) is observable if and only if (Vw € X3 : A(¢q1,w) =
Mga,w)) = @ = q2. But (Vw € X3 : Mg, w) = Mgo,w)) is equivalent to
(Vw € X3 : Mqi,w) = A(gz,w)). Thus, observability of (A, up) is equivalent to
(Vw € X3 : Aq1,w) = A(g2,w)) = q1 = ¢2), which is equivalent to (AHR,N, D)
being observable. O

Consider the following algorithm for computing (Amr,n, D).

ComputeMooreAutomata(H R, N)

1. For each ¢ € Q, define \(q) = (M), (T4 5)N)jes, (Tg;)nv € RP < <y .
J € Ja.

(Tq j)N(2171 t szk+1) = CQkAQkyzk+qu1cv'Yk:Qk—l o MQZa'YlyQZ—lAQZ—laUl BQz—l,S’j

where q; :6(Qa7171)7l:m1n{h | |Zh| > O}’ Z?ill ‘Zl|+k. < N7i:O7"'7k7
Vs Vk € Xoy 21,0, 241 € X7, k> 0. 2 = suy, s € X1, v € XT,

2. return (Q, Xo,0 x Oy, 6, X),,uD)
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Since
(Tq7j)N(2171 T szk-H) = CQkAQk’Zk+1MQk7'Yk»Qk—1 T M‘Ily')’l»‘]l—lAql—lyvl Bql—lvsvj =
=Ty (z171  Yr2ht1)
forall w = 2171 Yezes1 € X5 k>0, 21, 2641 € X5 71,007k € Xo, 21 =
S =zi1 =€ 2z = sy, s € Xq, |w| = k;—l—zfill\zﬂ < N. Tt follows that
ComputeMooreAutomata(H R, N) always terminates and returns (Aggr n, D).

The following algorithm constructs Ryg from HR. Assume that

HR = (Aa Y, (Xq7 {Aq,za Bq,z,jz }jer,zeXl ) Cq? {Mé(q,y),y,q}yeXz)qEQa J, ,U)

Assume that Q = {q1,...,qa}, card(J2) =m, Jo = {j1,...,jm}, &, =R", ¢ € Q
and n = ng, +ng, +---+ng,. Denote by O ; € Ryy; the matrix, all entries of which
are zero. We will represent the state-space of Ry g by R4 = R" @ R4™. The first
ng, coordinates correspond to the space &y, the second ng, coordinates correspond
to the space X,, and so on. Thus, the coordinates from n — n,, to ng correspond
to the space X,,. The first m coordinates after the first n coordinates correspond
the the space spanned by vectors {eq, j,,---;€q, ..} taken in this order. That is,
the first coordinate inside the block of m coordinates correspond to eg, j,, the second
coordinate to eq, j, and so on. The subsequent block of m coordinates corresponds to
the space spanned by {eg, i, - -, €gs.j, }» Where the first coordinate inside the block
corresponds to eg, j,, the second coordinate to ey, j, and so on. That is, the [th
coordinate in the ith block of m-coordinates corresponds to the vector e, ;,, for all
1=1,...,d, 1l =1,...,m. Here we used the notation of the definition of Rygr in
Subsection 3.3.2.

ComputeRepresentation(HR)

1. For all z € X7, define

Ag 0 0 0
T B
0 0 0 Ag, -
By, - 0 0 0
Mo, = 0 By, - 0
0 0 -~ By,
where Eq& = [Bq,z,jl By 2 j» Bq,z,jm} e R"*™ for all ¢ € Q, z € X;.

Me,l,z Me,2,z

Let M, =
©dm,n ©dm,dm

] for all z € X;.
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2. For all v € T, define

Mq1mq1 Mql,%qz e MQ1777Qd
qumql Mszqz U ququ
My, =

qumth ququ e ququ

5(11,%q1 5q1,%qz T 5417’)’1‘1(1

M 5!127%!11 51127%!12 e 5!127’77%

v¥,2 — . . .
5qqul 5qquz T 6Qd7'¥7Qd

, where My, ~ 4, = 01if 8(g2,7v) # ¢1 and

—~

5 @) e R S(ge,y) = ¢
e ) (0,0,...,0) € R otherwise

M n,dam
Let M., = 71 Ond for all v € Xs.
(O)n,dm MA{,Q
3. Define
C = {qu Cp ++ Cq 00 --- 0

4. Forall f € Jy, 5 € Jo, 1l =1,...,m, define Ef,jz = ek, where k = n+(i—1)m—+I,
up(f) = q; and e, € R,

Ok1

5. For all f € Jj, define Ef = nelf) , where pup(f) = ¢; and k =

i—1
23:1 Ng;-
6. return R = (R"T9™ {M.}.cx, R 5)

It is easy to see that the algorithm ComputeRepresentation returns a representation
isomorphic to Ry g.

Let R = (R",{M.}.ex, E, 5) be an observable representation of W and assume
that (A, () is a reachable realization of Dg n. The following algorithm constructs
the linear hybrid representation Hp 4 ., where A is constructed from A as described

in Lemma 56.

ComputeHybridRepresentation (R, .,Z, )
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1. Assume A = (Q, X2,0 x ON,(S,X).
2. Let A = (Q, X3,0,8,)), Mg) = Tlo(A(g)), for all g € Q.

3. Assume that Q = {q1,...,qa}-
Let {Uql, Ugpy - ,qu} = ComputeStateSpace(R, A, ()
where U, € R"*"a.

4. For each q € Q, let /'?q = R", and Kw = UqTMqu, for all z € X;.
5. For each q1,q2 € Q,7 € Xa, 6(g2,7) = a1 let My, .4, = UL M, U,
6. Let C, = CU,, for all q € Q.
7. For each ¢ € Q, let (wy, f) = ComputePath(.Z, ¢,q)
For all j € Jp, 2 € Xy let By, ; = UT M, M,, By;
8. For each f € Jy let i(f) = (C(f), By).
9. Let HR = (A, (Xg,{Ag, By.zj}tieszexi: Cor {Ms(qr) yabvexs)acqs I, i)

10. return HR

We used the following algorithms

ComputePath (A, (,q)

L. So={(69)}
2. Spr1 = {(g,yw) € (Q x X3) | (8(¢,7),w) € Sk}

3. if there exists (¢, w) € Sg such that ¢ = ((f), then return (w, f) else goto 2

Proposition 40. If (A, () is reachable, then the algorithm ComputePath(A,(,q)
terminates and it returns a pair (w, f) such that 6({(f),w) = q.

Proof. Assume that w = ~;-- v is such that 06(¢(f),w) = ¢ for some f € Ji.
Let ¢i = 0(C(f),71--7). Then (i, viy1%it2 ) € Sk—i. Indeed, by induction
on k—i, if k =i, then gy = ¢ and Sp = {(e,¢)}. Assume that the statement
holds for k —i < I. Then q—1 = 6(¢(f),71---v-1) and (@, V41 k) € Sk—1-
But then 6(q;—1,v) = ¢ and thus (¢i—1,%Vi+1 - V&) € Sk—i+1. Thus, we get that
(C(f);v1---vk) = Sk. That is, after at most k steps the algorithm terminates

It is also easy to see by induction on k that (s,w) € Sy implies that d(s, w) = gq.
Hence, if the algorithm terminates, it returns (w, f) such that 6(¢(f),w) = q. O
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ComputeStateSpace (R, A, ()
1. Assume that A = (Q,X3,0,6,A), and Q = {q1,...,qq}. Assume that R =
(R", {M.},ex,B,C). Assume X = {z1,...,2p}.
Fori=1,...,d,
(w;, fi) = ComputePath(A,(,q;)
Fo, ={finJ1 [ ¢(f) = @}
Assume F,, = {fi1,..-, fin, } Let

BF — [quz,u Bfi:zv 7Bfi,hi:| if Fy, 7é®
" 0eR" if F, =0
- 4T
BFg;
(leMwiBfis.jl

(MZ1MwiBC(fi)J2)T
M, M, By ; )T
qu,o — ( 1 i fu]m,)

(le MwiBfiajl )T
(MZ1 Mw'iBf'iij)T

(MZpriBfi,jm)T ]

2. For each i = 1,2,...,d compute the set {g;1,---, ¢k} and {Yiqs - Vhirqs t
such that for each ¢ € @, §(q,7v) = ¢; if and only if ¢ = ¢; j,v = ;,4, for some
=1,k

3. Foreachi=1,...,d
A= Ry MeRyp, MoyRgs - MRyl
B =M, Ry My, Rosrs My, Ry, ]
Ry 1= [A B

4. If for all ¢ =1,...d, rank R; ;41 = rank R;j then

(a) Compute Uy, € R™*"a such that ng, = rank Ry, Ul Uy, = Id € R™ ¥
and ImU,, = R; .

(b) return (U, U, --- qu}
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else repeat step 3

Recall the definition of a hybrid representation

HRR’_A}C = (A, y7 (Xq7 {Aq’z; Bq’z’jQ }jEJQ,ZEX17 Cq? {Mé‘(q’y)’y,q}yeX2>q€Q7 ‘]7 /’l’)

associated with the representation R and automata (A, () from Section 3.3. With

the notation above the following holds.

Proposition 41. The algorithm ComputeStateSpace(R,A,() always terminates
and it returns the matrix [Uql qu} such that ImU,, = &, and Ug;U , =1.

Proof. Recall the formula (3.15) from Section 3.3. Notice that ImRy x C ImRy 41,
i.e. rank R, < rank R, ;1. By induction on k it follows that ImR, ; C X, holds
too. First we show that if rank R, 41 = rank Ry for all ¢ € @, then rank R, ;10 =
rank R, ;41 for all ¢ € Q. Equivalently, we will show that if ImR, ;11 = ImRg
then ImRy 42 = ImRy 141 holds too. Indeed,

ImR%JH-? = Iqui,k-o-l + lelmRQi7k+1 +eee ‘7\4’517IIHR117:J€+1Jr
+ M’h,qumRQi,hk‘-l-l +oet M'Yki,qi ImRQi,kwk“l‘l =ImRy, k+
+ lelquuk +oee MzkIquz'Jf + M'Yl,ququ'i,hk +--M

Vija; ImRQi,ki k=

= ImRQi,kJrl

Assume that the algorithm never terminates, that is, for each £ > 0 there exists
gr such that ImR,, € ImR,, x+1. Let ng = Zle rank Ry, . Thus we get that
ng <nig <---<ng<---, which implies that ny > k. But n; < Zle dim X, < dn,
where dim R = n. But ng,4+1 > dn+1 > dn, a contradiction. That is, the algorithm
terminates and it terminates in at most nd steps. It is easy to see by induction on k
that

ImR, ;= Span{M, ., M, M, --- M, M, M,M,, , ---M,, M, By,

|je‘]2771a"'77'f' eXQvf6J171§léraz7‘+la"'azl GXT,

-1

r+1
v €X15k207q:5(c<f)afyl’YT)’T—FZJ'L S k}"'_

i=1
+Span{M,,,, My M., - My M, Bf|v,...,m € X,

r+1
Zr+17~-~aZIXT7T Z an:(s(g(f)7’yl ""YT)aT+Zji S k}
i=1

Thus, X; = > oo, ImR, ;. If ImR,; = ImR, ;41 for all ¢ € Q then ImR, ), =
ImRy 4 for all ¢ € @, I € N. Thus, if ImR,, = ImR, ;41 for all ¢ € @ then
X, = Zle ImR,; = ImR, . Since ImU, = ImR,; and UqTUq = I, we get the

statement of the proposition. O
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Now we are ready to show that ComputeHybridRepresentation(R, .Z, ¢) works
correctly.

Proposition 42. Assume that R is an observable representation of Vo and (.Z, )
is a reachable realization of Do n. Then ComputeHybridRepresentation (R, ./T, ¢)
always terminates. If R is a representation of Vo and rank Hq y n = rank Hgq, then
ComputeHybridRepresentation (R, ,Z, C) returns a hybrid representation isomorphic
to the hybrid representation HRp 4 ., where A is obtained from A as described in
Lemma 56. That is, if A= (Q,X2,0 X On,d,\) then (A, () is a realization of D,
where A = (Q, X2,0 x O,5,)\) and

Ma) = (0, (3 (T))jen) <= Na) = (0, (T))je.)
Notice that by Lemma 56 (A, () is a reachable realization of Dq.

Proof. From Proposition 41 it follows that
ComputeStateSpace (R, .Z, )
terminates. Proposition 40 implies that
ComputePath(A,(,q)
always terminates too. Thus, we get that
ComputeHybridRealization(R, A, ()

always terminates.

It follows from Proposition 41 that with the notation of
ComputeHybridRepresentation

ImU, = X, and U] U, = I. Notice that if rank Ho y = rank Hg, then by Lemma
56 (A, ) is a reachable realization of Dg, if (,AT, () is a reachable realization of Dg y.
Thus, HRp . is a well-defined realization of (2. Use the notation of

ComputeHybridRepresentation.

Denote by HR the hybrid representation returned by the algorithm. Define the
following map: T¢ : @qu /'?q — @qu Xy, To(x) = Uyx for each z € /’?q, q € Q. We
claim that (id,Tc): HR — HRp g is a hybrid representation morphism, where id
is the identity map on Q. It is clear that id is a Moore-automata map. It is also

clear that Tc(fq) =ImU, = X,. It is easy to see that U,U]y =y for each y = Uyz.

Hence, for each ¢ € Q, z € X1, Tc(A4y.z) = UquTMZqu = M, Uz = A, Tcz,
since M,Tcx € X, and therefore there exists y € R™s such that Uy = M.Tcz.
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Similarly, for each q1,¢2 € @, v € X3, 6(g2,7) = q1, Tcﬂqlqum =U, UquMWqucL‘ =
M\Ug,x = My, ¢, Tc(x), since M,z € X, and therefore M x = Uy, y for some y €
R"™a . For ezich q€Q,z€ X1, € Jyit holds that Tcéq,zyj = UquTMZquBC(f)’j =
By.; and Cqxz = CUgx = CyTcx. Finally, Tou(f) = TCU,;{TBf = By = p(f), since
By = Uz € X, for some z € R, ¢ = {(f). That is, (id, T¢) is indeed a linear hybrid
system morphism. Moreover, id is a bijection and T¢ is a linear isomorphism, since
> geo Mg = D_yeqdim Ay, That is, (id, Tc) is a linear hybrid system isomorphism.
But it means that HR is a realization of €). U

The algorithms above enable us to formulate algorithms for minimisation, ob-
servability and reachability reduction of hybrid representations. We will also be able
to present an algorithm for constructing a hybrid representation from finite data.
Recall from Section 10.2 the algorithm ComputeAutomataRealization. Recall from
Section 10.1.3 the algorithm ComputePartialRepresentation. Consider the follow-

ing algorithm
ComputePartialHybRepr (Ho ni1,n, Wpg x,D,D)
1. R = ComputePartial Representation(Ho n+1,N)
2. (A, () = Compute AutomataRealization(Wpg, v p.D)
3. HR = ComputeHybrid Representation(R, A, <)

4. return HR

Proposition 43. Assume that rank Hq n ny = rank Ho yi1,8 = rank Ho n n41
and card(Wpg, ,p,p) = card(Wpg, v py1,p) = card(Wpg, v p.p+1). The algorithm

ComputePartialHybRepr (Ho ni1,n, Wpg . D,D)

always terminates. Ifrank Ho y v = rank Hq and card(Wp, y,p,.p) = card(Wpg, )
then

ComputePartialHybRepr (Ho ni1,n, Wpg . D,D)

returns a mintmal hybrid representation of Q) which is isomorphic to HRy p from
Theorem 67.

Proof. We will use the notation of the algorithm ComputePartialHybRepr and the
proof of Theorem 67. If rank Ho y n = rank Ho y41,8 = rank Hg ny ny1 it follows
form Theorem 65 that
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ComputePartialRepresentation terminates and it returns an N-partial represen-
tation of Wq. Similarly, ff

C(J/I“d(WDQ,N)D)D) = Card(WDQ,N,DJrl,D) = Card(WDQ,N’D)D+1)

then it follows from Proposition 37 that ComputeAutomataRealization terminates
and it returns a D partial realization of Dg .

Assume that rank Ho y = rank Hq and card(Wop,, ,p,p) = card(Wp,, ). It fol-
lows from Proposition 42 that H R is isomorphic to H Ry 4 . From Theorem 65 it fol-
lows that there exists a representation isomorphism 7' : R — Ry. From Proposition
37 it follows that there exists a Moore-automata isomorphism ¢ : (JZ, ¢) — (Ap,up).
It is easy to see that ¢ determines an automaton isomorphism ¢ : (.AT, ¢) — (AD, Up)-
Then by Lemma 16 (¢, Tc) : HRp 4 — HRn p is a surjective hybrid representation
morphism Te(x) = Tz for all x € X,;. Thus, T¢ is surjective. We will argue that
Tc is injective too. Indeed, Tex = Ty implies that Tox = Toy € Xy, where X is
the continuous state-space belonging to the discrete state s of HRx p. Since ¢ is
bijective, we get that ¢~!(s) = ¢ for some ¢ € Q. Here Q is the discrete state-space
of A. Thus, z,y € &, where &, is the continuous state-space component belonging
to to discrete-state q of HRp g . Thus, Tox = Tey = Tx = Ty. But T is injective,
therefore x = y. That is T¢ is injective. It is also surjective hence T¢ is a linear
isomorphism. Consequently, (¢, T¢) is an isomorphism. Thus, we get that HR is iso-
morphic to HRp 4, and HRp 4 ¢ is isomorphic to HRy, p. Hence HR is isomorphic
to HRN7D.

If rank Ho y = rank Hgq and card(Wp,,  p.p) = card(Wp,, ) by Theorem 67
HRy p is a minimal realization of €. Since HR and HRy p are isomorphic, it

follows that HR is a minimal realization of Q2 too. O

Using the algorithms above we can construct algorithms for minimality reduction of
hybrid representations. It will also enable us to check reachability, observability of
hybrid representations.

Assume that HR is a hybrid representation of 2. The following algorithm con-

structs a minimal hybrid representation of €.

ComputeMinimalHybRepresentation(H R)

1. R = ComputeRepresentation(H R)

2. Assume that dim HR = (¢, p). Let N = gm + p.

(A, ¢) = ComputeMooreAutomaton(HR, N)
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3. Rpin = ComputeMinimal Representation(R)

4. (Amin, Cmin) = C’omputeMim’malAutomata(.Z, ¢)

5. HRpin = ComputeHybrid Realization(Rmin, Amin, Cmin)
6. return HR,,;y,

Proposition 44. The algorithm ComputeMinimalHybRepresentation(HR) above

computes a minimal realization of ).

Proof. Indeed, by Proposition 41 R is a representation of (2, therefore R,,;, is a mini-
mal representation of Uq. Similarly, by Proposition 40 (A, ¢) is a realization of Dg n.

It follows that (Amin,(min) is & minimal realization of Do n. Thus, (Amin, Cmin) 1S

a reachable and observable realization. By Lemma 56 (Auin, (min) is a reachable
and observable realization of Dq. Therefore it is a minimal realization of Dg. Thus,

by Corollary 9 HRp i is a minimal realization of €. Since H R,,;, is iso-

min, Amin;Cmin

morphic to HRp . 7 . . . we get that H Ry is a minimal realization of . [J
Reachability of HR can be checked by the following algorithm
IsHybReprReachable (H R)
1. R = ComputeRepresentation(HR)

2. (.A, C) = (AHR7MD)

3. if IsReachable(R) and IsReachable Automata(A, () then return true otherwise

false

It follows easily from Lemma 13 that IsReachable( H R) returns true if and only if HR
is reachable and returns false otherwise. The following algorithm checks observability
of HR.

IsHybReprObservable (HR)

1. R = ComputeRepresentation(HR)

2. Assume dim R = N.

(A, up) = Compute Moore Automata(HR, N)

3. O = ComputeObservabilityM atriz(R)
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4. Assume that Q = {q1,...,q4} and J» = {j1,...,jm}. Foreach i =1,...,d
define I, € R™™™, n = ng, + --- + ng,, where ng, is the dimension of the

continuous state-space associated with ¢, i.e. X, = R"¢, as follows

(I, )i s = 1 ifi:jzzlz;inz—l—lforsomel:l,...,nqk
I 0 otherwise

1 @n m
Eq = " .
(O)dm,n (O)dm,dm

5. If IsObsemableAutomata(.Z, 1p) returns true and for each i = 1,. .., k, rank O-

E,, = ng, then return true else return false

Proposition 45. The algorithm IsHybReprObservable(HR) always returns true

if HR 1is observable and false otherwise

Proof. We will use the notation of IsHybReprObservable(HR). From Lemma
13 it follows that HR is observable if and only if Rygr is &, observable for all
q € Q and (A, up) is observable. It follows from 64 that if N = dim Rgr then
rank Ho < N and thus rank Ho y n = rank Hg. Hence by Lemma 58 it follows
that (A, up) is observable if and only if (./Z, wup) is observable, that is, if and only if
IsObservabelAutomata(/Nl, ip) returns true. Notice ComputeRepresentation(H R)
returns a representation R which is isomorphic to Rgr. We will use the notation of
Subsection 3.3.2. Fix the isomorphism T : Ryr — R. It is easy to see that for all
reX,,i=1,...,d (Tz); =z ifj = 22;11 ng, +! and (T'z); = 0 otherwise. For all
i=1,....,d,z=1,...,m, (Teq, ;.1 =1ifl = (i—1)*m+z and (Teq, ;. )i = 0 other-
wise. It is easy to see that for each i = 1,...,d, if * = y+ 2 such that y € T'(X,,) and
2 €D ajul( Xy @ R4™) then E,z = y. Thus, ker O - E,, = ker O N T(X,,).
Since ComputeObservabilityMatrix(R) returns a matrix O such that kerO = Og
we get that kerO - E;, = Or N T(X,). Notice that rank O - E;, = ng, if and only
if kerO - E;, = Or NT (X, = {0}). Thus, the condition that for each ¢ = 1,...,d
rank O - E,, = n,, is equivalent to R being T'(X,) observable for each ¢ € (). Since
Rpr and R are isomorphic, R is T'(X,) observable if and only if Ryg is X, observ-
able. Thus, IsHybReprObservable returns true if and only if Ryg is &, observable
for each ¢ € Q and Agp is observable, that is, if and only if HR is observable. [

If J, =0 or Jy # () but we can decide whether Ty, ;(w) = Ty, j(w) for all ¢1,¢2 € Q,
w € X*,|Jw| < N, j € Jo, then the procedure ComputeMinimalHybRep and pro-
cedure IsHybReprObservable above can be implemented as a numerical computer

algorithm. In particular, if the matrices A, ., Cy, By 2,5, Mg, 4,4, are rational for all
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2 € X1,y € X9, ¢,q1,q2 € Q,j € Ja, or Jo = (), then the procedure above yields
a computer algorithm for computing a minimal hybrid representation of family of
hybrid formal power series.

In fact, the procedures presented above imply the following. Assume that X, =
R™a, all matrices of Ay ., My, y.q,
and for all ¢ € Q, j € Jo, 2 € X1, y € Xy and pu(j) is a rational vector (has

,Cq, By, ; are rational (have only rational elements)

only rational entries) for all j € J;. Assume that Jy is finite. Then the procedures
IsHybRepObservable, IsHybRepReachable and ComputeMinimalHybRepresentation
above are algorithms in the sense of classical Turing computability. That is, they
can be implemented by a Turing machine. Thus, observability and reachability of
hybrid representations is algorithmically decidable in this case. Similarly, minimal

representation can be constructed by an algorithm.

10.4 Switched Systems

The section presents results on partial realization theory of switched systems. The fol-
lowing two subclasses of switched systems will be discussed: linear switched systems
and bilinear switched systems. Switched systems with both arbitrary and constrained
switchings will be investigated. The section also deals with the algorithmic aspects
of realization theory for linear and bilinear switched systems. That is, algorithms for
constructing minimal (bi)linear switched system realizations will be presented, along
with algorithms for checking semi-reachability and observability of such systems or
transforming (bi)linear switched systems to equivalent semi-reachable and observable
(bi)linear switched systems.

An algorithm for computing a N partial realization of (bi)linear switched systems
will be presented too, for arbitrary N. The realization computed by the algorithm
will turn out to be a minimal realization, provided that the rank of the finite chunk of
the Hankel-matrix equals the rank of the full Hankel-matrix. An lower bound on the
size of the finite portion of the Hankel-matrix will be formulated, such that any finite
portion of the Hankel-matrix of size greater than this lower bound will be of the same
rank as the infinite Hankel-matrix. The algorithm uses matrix factorization, thus any
matrix factorization algorithm, including SVD decomposition can be used for the
implementation. The algorithm might serve as a basis for subspace identification-
like methods for linear or bilinear switched systems.

A modified version of the algorithm above which computes a N partial (bi)linear
switched system realization with constrained switching will be presented too. If the
finite chunk of the Hankel-matrix if of the same rank as the Hankel-matrix, then the
algorithm gives a realization by a (bi)linear switched system too. A lower bound on
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the size of the Hankel-matrix can be given, such that any finite portion of the Hankel-
matrix, which is of greater size than the lower bound will have the same rank as the
infinite Hankel-matrix. Unfortunately, the computed realization need not be a mini-
mal one, but it will be semi-reachable and observable. As it was already described in
[65, 51, 53], it is difficult to find a minimal realization for (bi)linear switched systems
with constrained switching. Instead, we can find a semi-reachableand observable re-
alization, which need not be of the smallest possible dimension. However, there exists
a constant M, which depends on the set of admissible switching sequence, such that
no other realization can have more than M times smaller dimension. The realiza-
tion algorithm presented in this paper computes precisely such a ”almost minimal”
realization. The algorithm it might serve as a foundation for a method similar to
subspace-identification.

The outline of the section is the following. Subsection 10.4.1 discusses partial real-
ization theory for linear switched systems with arbitrary switchings. It also presents
algorithms for computing a minimal realization and checking observability, reacha-
bility and minimality. Subsection 10.4.3 deals with bilinear switched systems with
arbitrary switchings, it presents partial realization theory and related algorithms for
this class of systems. Subsection 10.4.2 discusses partial realization theory for linear
switched systems with constrained switching and Subsection 10.4.4 discusses partial

realization theory for bilinear switched systems with constrained switching.

10.4.1  Partial Realization Theory for Linear Switched Sys-
tems: Arbitrary Switching

Recall from Section 4.1 the results on realization theory of linear switched systems.
Recall that the realization problem for linear switched system can be reduced to
finding a rational representation for a suitable family of formal power series. Recall
that observability, reachability and minimality of linear switched systems is equivalent
to observability, reachability and minimality respectively of suitable rational formal
power series representations. The theory of rational formal power series allows us
to formulate a partial realization theorem for linear switched systems. Let & C
F(PC(T,U) x (@ x T)*,Y). Let Hp Ny .amr = Hy,, N, Notice that

el DOy (e quuvg,) ifi=px(h—1)+1k=|uw]

(H ) _ and .7 = (q7 Z)
N, M) (v,i),(u,j) = el DUEO) £(0,uvgy)  ifi=px* (h—1)+1,k=|uw]
and j=fe®

That is, Hp n v can be computed directly from the input-output maps belonging to
®. Let (X, ) be a linear switched system realization. We will say that (X, u) is a
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N-partial realization of ® if Ry, , is an N partial representation of Wg. The intuitive
interpretation of the concept is the following. If (3, i) is an N-partial realization of
®, then for all f € ® the Taylor series expansion of ys(u(f),.,.) and f coincide up
to the elements of order N. That is, ys(u(f),.,.) can be thought as a some sort of
approximation of f.

Theorem 11 and Theorem 12 imply the following.

Theorem 68 (Partial realization of linear switched systems). Assume that
rank He vy = rank Heo ny+1,v = rank He n n41 holds. Then there exists an N -
partial realization (X, un) of ®. If rank He y n = rank Hg or there exists a linear
switched system realization (3, 1) of ® such that dimY < N, then the realization

(XN, un) is a minimal realization of ®.

Proof. The condition rank He n v = rank He yi1,nv = rank He n 41 can be rewrit-
ten as rank Hy, y n = rank Hy, yy1,nv = rank Hg, n nv+1. Applying Theorem 64
we get that there exists a representation Ry such that the following holds. Ry is an
N-partial representation of g and if rank Hy, nn = rank He yn = rank He =
rank Hy, or there exists a representation R of Uy such that dim R < N, then Ry
is a minimal representation of Wg. Define the linear switched system realization
(En,6n) = (Zrys Ry ). I Ry is a N-representation of ¥g, then (X, uy) is an
N-realization of ®, since Ry, = Rn. Similarly, if Ry is a minimal representation
of Uy, then (X, 1) is a minimal realization of ®. Notice that there exists a repre-
sentation R of U4 such that dim R < N if and only if there exists a linear switched
system realization (X, u) of @ such that dim ¥ < N. Thus we get the second part of
the theorem. O

The results of Section 10.1.3 allow us to formulate algorithms for computing a
minimal realization of ¥, deciding semi-reachable and observability and to transform
a specified linear switched system realization to a minimal one. Below we will present

these algorithms.
ComputeLinSwitchRealization(He ny1,n5)
1. R = ComputePartial Representation(Hg N1, N)
2. If R = NoRepresentation then retun NoRealization
3. Return (Xg, ur).

Proposition 46. (i) The algorithm

ComputeLinSwitchRealization
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returns a linear switched system realization whenever
ComputePartialRepresentation

returns a formal power series representation. The realization (X, ) which is

returned by
ComputeSwitchLinRealization (Ho ny1 N)

is an N + 1-partial realization of ®.

(i1) If rank He nyy1,nv =rank He n nyi1 =rank He y N then
ComputeLinSwitchRealization (Ho ny1 N)

always returns a linear switched system realization (X, ) and this realization

is isomorphic to the realization (X, un) from Theorem 68.

(1) Ifrank He n v =rank Hg or ® has a linear switched system realization (=, 70)
such that dim Y < N, then the realization (X, p) returned by

ComputeLinSwitchRealization(He ni1,n) 15 a minimal realization of ®.

Proof. We will use the notation of the algorithm
ComputeLinSwitchRealization throughout the proof. Part (i)
It is clear that whenever ComputePartialRepresentation returns a valid representa-
tion, the algorithm ComputeLinSwitchRealization returns a valid linear switched
system realization. By part (i) of Theorem 65 we get that R is a N + 1 partial
representation and thus (X g, ug) is a N + 1 partial realization.

Part(ii)
If rank He n,n = rank He nyi1,n = rank He n n41 holds, then we get that

rank H\pq,,NJv = rank H\pq,7N7N+1 = rank H\I/,N+1,N

Thus by part (ii) of Theorem 65 we get that that ComputerPartialRepresentation
returns a valid representation and there exists an isomorphism ¢ : R — Ry. From
[55] we know & : (Zgr,pur) — (Bry,try) = (N, pn) is a linear switched system
isomorphism.

Part(iii)
If dim % < N then dim Riﬁ < N and Riﬁ is a representation of Wg. Then from
Theorem 65 we get that R is a minimal representation of Vg. If rank He nnv =
rank Hg then by Theorem 65 it follows that R is a minimal representation of WUg.

Thus, in both cases, (Xg, tr) is a minimal realization of ®. O
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Let (X, i) be a linear switched system realization of ®. It is clear from Proposition 11
that reachability of (3, 1) can be checked by checking if IsReachable(Ry , returns
true. Similarly, observability of (3, 1) can be checked by checking if

IsObservable(Ry )
returns true or not. Consider the following algorithm.

ComputeReachableRealization ((X, u))

1. R = ReachableTransform(Rs, ;)
2. Return (Xg, pr).

Proposition 47. The algorithm ComputeReachableRealization (X, ) returns a

semi-reachable realization of ®.

Proof. Since Ry, is a representation of W4, we get that
R = ReachableTrans form(Rs ;)

is a reachable representation of Ug. Then by Theorem 10 (Xg, ug) is a realization
of ®. Notice that Ry, ., = R is reachable, thus (Xr, ur) is semi-reachabletoo by
Corollary 11. O

Similarly, (X, ) can be transformed to an observable realization of ® with the fol-

lowing algorithm.

ComputeObservableRealization((X, u))

1. R = ComputeObservableRepresentation(Rx, )
2. Return (X, tto) = (Zr, R)-

Proposition 48. The algorithm ComputeObservableRealization((3,u)) returns
an observable realization (X, o) of ®. If (X, ) is semi-reachable, then (3o, o) is
semi-reachable too.

Proof. Since (X, p) is a realization of ®, Ry, is a representation of Ug. Thus,
R = ComputeObservableRepresentation(Ry,,,) is an observable representation of
Ug. Moreover, if (X, u) is semi-reachable, then Ry, ,, is reachable, thus R is reachable.
Thus, (Xg, ur) is a realization of ® and it is observable. If (¥, i) is semi-reachable,
then Ry, ., = R is reachable, and thus (Xg, ug) is reachable too. O

Finally, minimality realization of ® can be computed as follows.
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ComputeMinimalRealization((X, 1))

1. Rpin = ComputeMinimal Representation(Rx, ,,)

2. return (Xg,.., LR, )

It easy to deduce from Proposition 10 that ComputeMinimalRealization((X,pu))
indeed returns a minimal realization of ®.

In [69] reachability and observability of linear switched systems were studied. In
particular, if Imp = {0}, then X is reachable in sense of [69] whenever (3, ) is
semi-reachable. In [69] procedures were presented to compute the reachability and
observability matrices. In fact, these matrices correspond spaces Wgy , and Ogg, ,,.
The algorithms in [69] are quite similar to those presented here, but apply to a much

more restricted class of problems.

10.4.2  Partial Realization Theory for Linear Switched Sys-
tems: Constrained Switching

Recall from Subsection 4.1.4 the results on realization theory of linear switched sys-
tems with constrained switching. The results from Subsection 4.1.4 allow us to de-
velop partial realization theory for linear switched systems with constrained switch-
ing. We will use th notation of Subsection 4.1.4 in the sequel. Assume that L is
regular. Then from Lemma 19 it follows that € is rational. Notice that €2 depends
only on L. In fact, a representation of ) can be computed from a finite automa-
ton recognising L. Similarly to the case of arbitrary switching, we say that (3, u)
is an N-partial realization of ®, if Ry, is an N-partial realization of Wg. Let

Ho vy = Hyg NoM-

Theorem 69. Assume that rank He vy = rank He nyy1.v = rank He n N1
Then there exists a N-partial realization (X, pn) of ®. Assume that rank Hg, < M
and there exists a realization (X, 1) of ® with constraint L such that dim> < N.
Then rank H<I>,NM,NM = rank H<I>,NJV1+1,N = rank H@,NM,NM—H and (ZNM,,LLNJV[)
18 a realization of ® with constraint L, it is semi-reachable, observable and it satisfies
(4.15) and (4.16). Similarly, if rank He y n = rank Hg then (Sn,pun) is realiza-
tion of ® with constraint L, its is semi-reachable, observable and satisfies (4.15) and

(4.16).

Proof. If rank He, nn = rank He, ny+1,8v = rank He, n n+1 then by Theorem
64 there exists a N representation Ry of Wg. Then by Theorem 14 (Xn,un) =

(Xgy, Ry ) is an N realization of ®. Assume that there exists a realization (X, u)
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of @ such that dim > < N. Then from Theorem 13 it follows that V¢ = Q¢ © Ky ;..
Since Ry 00(y) is a representation of Ky ;, and dim Ry 0y () = dim X < N, we get
that rank HKE,M < N. Thus, by Lemma 6 rank Hy, < rank Hq, - rank HKz,,,, <
NM. Thus, by Theorem 64 Rpyps is a minimal representation of Wg. Similarly, if
rank He n,n = rank Hg, then by Theorem 64 Ry is a minimal representation of ¥e.
Let (X, 1p) = (Enmspnvm) = (BRyar HRyay) if there exists a realization ¥ of @
such that dim > < N. Let (X,, 1) = (XRry, Ry ) if rank Hg n v = rank Hg. Thus
in both cases,by Theorem 14 (X,, u,) is a realization of ® with constrained L and
(4.15) holds. Since Ry s (Ry) is reachable and observable by Corollary 11 we get that
(3, 1p) is semi-reachable and observable. Since Ry (Rn) is a minimal realization,
it holds that rank He, = dim Ryy = dim ¥, (or rank He, = dim Ry = dimX,).
Assume that (i,ﬁ) is a realization of ®. Then Vg = Q¢ © Ki,ﬁ’ thus by Lemma
6 dim¥, = rank Hg, < M - rank HKi.,z < M -dim3X. Thus, (X,,p#,) satisfies
(4.16). O

Consider the following algorithm.
ComputeLinSwitchConstRealization(Hg n41,n)

1. R = ComputePartial Representation(He n+1,N)

2. If R = NoRepresentation then return NoLinConstRealization

3. Return (Xg, ur)

Recall the notion of linear switched isomorphism (algebraic similarity) from [55, 51].

Proposition 49. (i) The algorithm
ComputeLinSwitchConstRealization
returns a linear switched system realization whenever
ComputePartialRepresentation

returns a formal power series representation. The realization (X, u) which is
returned by

ComputeLinSwitchConstRealization(He ny1,n)

is an N + 1-partial realization of ®.
(7/2) If rank H<I>,N+1,N = rank H<I>,N,N+1 = rank Hq>7N’N+1 then
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ComputeLinSwitchConstRealization(He ny1,N)

always returns a linear switched system realization (X, ) and this realization
is isomorphic to the realization (X, un) from Theorem 69.

(ii) If rank He y n = rank Hg then the realization (X, u) returned by
ComputeLinSwitchConstRealization(He ny1,n)

is semi-reachable and observable and it satisfies (4.15, 4.16).

(iv) If ® has a linear switched system realization (,]i) such that dim% < N, and
rank Hq, < M then the realization (X, u) returned by

ComputeLinSwitchConstRealization (Ho nar1,nM)

is a realization of @, it is semi-reachable and observable and it satisfies (4.15,4.16)

Proof. We will use the notation of the algorithm
ComputeLinSwitchConstRealization throughout the proof.

Part (1)
It is clear that whenever ComputePartialRepresentation returns a valid represen-
tation, the algorithm ComputelLinSwitchConstRealization returns a valid linear
switched system realization. By part (i) of Theorem 65 we get that R is a N + 1
partial representation and thus (Xg, ugr) is a N + 1 partial realization.

Part(ii)
If rank H@,N,N = rank H@,N+1,N = rank HCID,N,N+1 hOldS, then we get that

rank H\pQ’N,N = rank H\I}cb’N’NJrl = rank H\pq)’N+17N

Thus by part (ii) of Theorem 65 we get that that ComputePartialRepresentation
returns a valid representation and there exists a isomorphism ¢ : R — Ry from
Theorem 64. From [55] we know & : (Xg, ur) — (Zry, ey ) = (N, pn) i a linear
switched system isomorphism.

Part(iii) If rank Hs n n = rank Hg, then by Theorem 65 the representation
R returned by ComputePartialRepresentation is a minimal representation thus,
it is reachable and observable. Hence, by Corollary 11 (Xg,ur) is semi-reachable
and observable and by Theorem 15 part (ii) it satisfies (4.15). Since (Xg, ur) is
isomorphic to (X, un) we get that dimXp = dim Xy and thus (g, ur) satisfies
(4.16).

Part (iv)
If dim ¥ < N then by Theorem 69 (Xnas, tnar) is a semi-reachable and observable
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realization of ® and it satisfies (4.15,4.16). Since R is isomorphic to Ry and Ry s
is a minimal, that is, it is reachable and observable, we get that R is reachable and
observable too. Thus, (Xg,pur) is semi-reachable and observable. From Theorem
15 part (ii) it follows that (X g, pr) satisfies (4.15). Since (X g, pr) is isomorphic to
(XN, ) we get that dim X g = dim Xy and thus (Xg, ug) satisfies (4.16). O

Below we will give an estimate on M = rank Hgq,. At the same time, the proof of
the estimate will also demonstrate that M depends only on L. Recall from Subsection
4.1.4 the definition of the language L.

Lemma 59. Assume that L is reqular. Denote by n; the cardinality of the state-

space of the minimal automaton recognising L. Then
rank Hq, <nj

Proof. Notice [55] that L, = {w € Q* | wqg € L} and Ly, 4, = {w € Q* | wgy €
Z} Let A = (5,Q,9,5s0, F) be a minimal finite-state automaton recognising L.
Here S is the state-space, § : S x Q — S is the state-transition function, sg is
the initial state, F' is set of accepting states. For more on automata and formal
languages see [17]. For each ¢ € Q, let s, = (s0,q) and H, = {s € S| 6(s,q) €
F}. Then it is easy to see that Zq is accepted by (S, Q,0d,s0, Hy) and qum is
accepted by (S,Q,9,54,,Hy ). Assume that S = {s1,...,8,}, n = nj. Consider
the representation. R = (R",{A.}.cq,C, B) such that the following holds. Denote
by e; the ith unit vector of R™. For each ¢ € Q, Ay(e;) = ex if §(s4,q9) = sk,
it =1,...,n. The map C is of the form C = [ij; WT}

an |’
(1,...,)T eRP if s; € H,,

0 otherwise
that s = s, and for each f € ®, By = e; such that s; = so. Then, it is easy to
see that W, A, By = (1,...,1) if and only if w € qu and Wy, A, By = 0 otherwise.
Similarly, Wy, AwBg,;) = (1,...,1) if w € qu’q and it is zero otherwise. That is,
CAyBq,;) = T'q(w) and CA, By = I'(w). Thus, R is a representation of Qg. Thus,
M =rank Hg, < dim R = n;. O

where Wy e; =

. For each (q,7) € @ x{1,...,m}, B, ) = ex such

Corollary 25. With the notation and assumptions of Lemma 59
rank Hq, < one|QI+1

where ny, is the cardinality of the state-space of a minimal automaton accepting L.

Proof. Let (S,Q,96,so, F') be a minimal automaton accepting L. Consider the non-
deterministic automaton B = ((S x Q) U {sy}, @, 0z, sy, F x Q) defined in the proof
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of Lemma 8, [55]. Recall that (s ,z) € 65(sy,z) if and only if there exists w € Q*,
such that §(so,wz) = s and (s, u) € dp((s,z),u) if and only if either u = z,s = s
or there exists w € Q* such that d(s,wu) = 5. Then it follows from the proof of
Lemma 8, [55] that B accepts L. We can construct a deterministic automaton from
B which accepts L. This automaton will have at most 2‘(SXQ)U{50H = 2nulQlI+l
states. Thus, ny < 2"t @I+ and by Lemma 59 rank Hg, < 274QI+1, O

10.4.3 Partial Realization Theory for Bilinear Switched Sys-
tems: Arbitrary Switching

Recall from Section 4.2 the results on realization theory of bilinear switched systems
and the role of formal power series in it. The results of Section 4.2 allow us to
formulate partial realization theory for bilinear switched systems. In the sequel we
will use notation and terminology of Section 4.2. Define Ho ypr = Hog v In
fact, the following holds.

(Hon,0) (0,0),(u,p) = €1 ¢f(i(uv)(gn, €))

for each w,v € T'*,|v] < N,|u| < M, i=px(h—1)+1, f € &. That is, the entries
of He n,m can be obtained from the generating convergent series which generate the
elements of ®. We will say that a bilinear switched system realization (X, u) is an
N-partial realization of ® if Ry, ,, is an N-partial representation of Ug. Intuitively,
(X, 1) is an N-partial realization of @, if the following holds. For any f € & the
values of the generating convergent series of f and ys(u(f),.,.) coincide for all words
of length at most N. That is, ys(u(f),.,.) can be thought of as an approximation of
f. With the notation of Theorem 64 the following holds.

Theorem 70 (Partial realization). Let ® C F(PC(T,U) x (Q x T)*,Y). As-
sume that rank Hg n n = rank He yi1,n = rank He n ny1. Then there exists a N
realization (Xn, pn) of ®. If rank He y Ny = rank Hg or ® has a realization (X, p)
such that N > dim X, then the realization (X, un) is a minimal realization of ®.

Proof. The condition rank He n v = rank He nyi1,n = rank He n y1 is equivalent
to rank Hy, n v = rank Hy, 41,8 = rank Hy, v v41. Thus, by Theorem 64,
there exists a representation Ry, such that Ry is an N-representation of Wg. Define
(XN, pn) = (g, ur). Then Ry, ., = Ry, and thus (Xn, ) is an N-realization
of ®. Notice that ® has a bilinear switched system realization (X, u) such that
dim¥ < N if and only if ¥4 has a representation R, such that dim R < N. Thus,
if ® has a bilinear switched system realization (¥, ), such that dim ¥ < N, then by

Theorem 64 Ry is a minimal representation of Ug. But it means that (X, puy) is a
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minimal realization of ®. Similarly, if rank He n, n = rank Hg then by Theorem 64

Ry is a minimal representation, therefore (X, ) is a minimal realization. O

The results of Section 10.1.3 allow us to compute a (partial) realization of ®
using SVD decomposition. It also enables us to formulate algorithms for deciding
semi-reachableand observability of bilinear switched systems.

Consider the following algorithm

ComputeBilinSwitchRealization(Hy n41,n)

1. R = ComputePartial Representation(Hg N1, N)
2. If R = NoRepresentation then return NoRealization

3. Return (Xg, pur).

Proposition 50. (i) The algorithm
ComputeBilinSwitchRealization
returns a bilinear switched system realization whenever
ComputePartialRepresentation

returns a formal power series representation. The realization (X, 1) which is

returned by
ComputeSwitchBilinRealization(Ho niy1 N)

is an N + 1-partial realization of ©.

(i) If

rank H@,N+1,N = rank HCD,N,N-&-I = rank H<I>,N,N+1

then
ComputeBilinSwitchRealization(Ho ny1,n)

always returns a linear switched system realization (X, ) and this realization

is isomorphic to the realization (X, un) from Theorem 70.

(i) If rank He yn = rank He or ® has a bilinear switched system realization
(3,71) such that dim% < N, then the realization (3, 1) returned by
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ComputeLinSwitchRealization (Ho niy1,N)

is a minimal realization of P.

Proof. We will use the notation of the algorithm ComputeBilinSwitchRealization
throughout the proof.

Part (1)
It is clear that whenever ComputePartialRepresentation returns a valid repre-
sentation, the algorithm ComputeBilinSwitchRealization returns a valid bilinear
switched system realization. By part (i) of Theorem 65 we get that R is a N + 1
partial representation and thus (Xg, ug) is a N + 1 partial realization.

Part (ii)
If rank H@J\],N = rank H@,N+1,N = rank H@,N,N-&-l hOldS, then we get that

rank Hq;q)’N’N = rank H\I/@’N’NJrl = rank H\p,N+17N

Thus by part (ii) of Theorem 65 we get that that ComputePartialRepresentation
returns a valid representation and there exists a isomorphism £ : R — Ry from
Theorem 64. From [55] we know & : (¥R, ur) — (Bry,try) = SN, pn) IS a
bilinear switched system isomorphism.
Part(iii)

If dim % < N then dim Riﬁ < N and Riﬁ is a representation of Wg. Then from
Theorem 65 we get that R is a minimal representation of Wg. Thus, (Xg, ur) is a
minimal realization of ®. Similarly, if rank Hs n v = rank Hg, then by Theorem 65

R is a minimal representation and thus (Xg, ptr) is a minimal realization. O

Let (X, 1) be a bilinear switched system realization of ®. It is clear from Proposi-
tion 23 that reachability of (X, 1) can be checked by checking if IsReachable(Rsy ),
returns true. Similarly, observability of (3, 1) can be checked by checking if

IsObservable(Ryx ) returns true or not. Consider the following algorithm.
ComputeBilinReachableRealization((X, u))
1. R = ReachableTransform(Rsy ;)
2. Return (Xg, pur).

Proposition 51. The algorithm ComputeBilinReachableRealization((X,pu)) re-
turns a semi-reachable realization of ®.

Proof. Since Ry, is a representation of Vg, we get that
R = ReachableTrans form(Rx, )
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is a reachable representation of ¥g. Then by Proposition 16 (X g, ur) is a realization
of ®. Notice that Ry, ., = R is reachable, thus (Xg, ur) is semi-reachable too by
Lemma 23. O

Similarly, (X, ) can be transformed to an observable realization of ® with the fol-

lowing algorithm.

ComputeBilinObservableRealization((X%, ut))

1. R = ComputeObservable Representation(Rsx, )
2. Return (2., fto) = (¥R, 4R)-

Proposition 52. The algorithm ComputeBilinObservableRealization((X,u)) re-
turns an observable realization (Xo, po) of ®. If (3, p) is semi-reachable, then (Xo, o)
is reachable too.

Proof. Since (X, p) is a realization of ®, Ry, is a representation of Ug. Thus,
R = ComputeBilinObservable Representation(Ry ,,) is an observable representation
of Wg. Moreover, if (¥, ) is semi-reachable, then Ry, is reachable, thus R is
reachable. Thus, (X g, ur) is a realization of ® and it is observable. If (X, ) is semi-
reachable, then Ry, ,, = R is reachable, and thus (Xg, 1tr) is reachable too. O

Finally, minimality realization of ® can be computed as follows.

ComputeBilinMinimalRealization((X%, 1))
1. Rpin = ComputeMinimal Representation(Rx, ,,)
2. return (2R, s R )

It easy to deduce from Lemma 24 that ComputeBilinMinimalRealization((X, u))
indeed returns a minimal realization of ®.

10.4.4 Partial Realization Theory for Bilinear Switched Sys-
tems: Constrained Switching

Recall from Subsection 4.2.4 the results on realization theory of bilinear switched
systems with constrained switching and the role of formal power series in it. Below
we will use those results to develop partial realization theory for bilinear switched
systems with constrained switching. We will use the notation of Subsection 4.2.4
in the sequel. Assume that ® C F(PC(T,U) x TL,Y) admits a generalized Fliess-

series expansion. Assume that L is a regular language. Just as for linear switched
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systems, we will say that a bilinear switched system (3, i) is an N partial realization
of ®, if Ry, is an N partial representation of Uy. We will denote Hwy, n ar by
Hg n - Similarly to Subsection 10.4.3, by a realization of ® we will always mean a
bilinear switched system realization of ® with constrained L. If (X, u) is a (bilinear
switched system) realization of ®, then Ry, denotes the associated representation
as defined in Subsection 10.4.3. Similarly, if R is a suitable representation, then
(2R, pr) denotes the bilinear switched system realization associated with R. With
the notation above the results on partial realization theory literally coincide with
those for linear switched system presented in Subsection 10.4.2. Thus the notation

emphasises even further the similarity between the two theories.

Theorem 71. Assume that rank He y ny = rank He nvi1,n = rank He n n41-
Then there exists a N -partial realization (Xn, pun) of ®. Assume that rank Ho, < M
and there exists a realization (X, u) of ® with constraint L such that dim¥ < N.
Then rank He ny vy = rank Heo nvar+1,v = rank Ho vy nvav+1 and (Sna, pnm)
s a realization of ® with constraint L, it is semi-reachable, observable and it satis-
fies (4.25) and (4.26). Similarly, if rank He y v = rank Hg, then rank Ho vy =
rank Hp y11,nv = rank He v vy1 and (En, un) = (Zry, Ry ) 1S a semi-reachable
and observable realization of ® and it satisfies (4.25) and (4.26).

Proof. If rank He, n v = rank He, n+1,8v = rank He, n n+1 then by Theorem
64 there exists a N representation Ry of Wg. Then by Theorem 19 (Xn,un) =
(2R, Ry ) is an N realization of ®. Assume that there exists a realization (X, u)
of ® such that dim>» < N. Then from Lemma 26 it follows that ¥4 = Q¢ © Oy ;.
Consider the map p : ys(u(f),.,.) — n(f). It can be shown ( Subsection 4.2.4) that
1 is well defined and (2, 1) is a realization of ® (without constraints). Thus Ry, o/ is
a representation of Oy, and dim Ry, ,» = dim¥ < N, we get that rank He, , < N.
Thus, by Lemma 6 rank Hy, < rank Hq-rank He, , < NM. Thus, by Theorem 64
Ry is a minimal representation of Wg. Similarly, if rank He y n = rank Hg then
by Theorem 64 Ry is a minimal representation of Ug. Let (X, tbp) = (ZRyars LRyar)
if there exists a realization ¥ of ® such that dim¥ < N. Let (X,, p) = (Xrpy, LRy )
if rank He v = rank Hg. Thus, by Theorem 19 (3,, i) is a realization of ® with
constrained L and (4.25) holds. Since Ryas (Rn) is reachable and observable by
Lemma: 23 we get that (2, 11p) is semi-reachable and observable. Since Ry (Rn)
is a minimal realization, it holds that rank He, = dim Ry = dim ¥, (rank He, =
dim Ry = dim¥,). Assume that (3, /1) is a realization of ®. Then ¥y = Q©® O5 7
thus by Lemma 6 dim ¥, = rank Hg, < M -rank H@iﬁ < M -dim ¥, where M =
rank Hq. Thus, (X,, ) satisfies 4.26. O

Consider the following algorithm.
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1.

ComputeBilSwitchConstRealization(Hg n41,n5)

R = ComputePartial Representation(He N+1,N)

2. If R = NoRepresentation then return NoBilConstRealization

3.

Return (Xg, pr)

Recall the notion of bilinear switched isomorphism (algebraic similarity) from [55, 53].

Proposition 53. (i) The algorithm

(i)

(iii)

(i)

ComputeBtlSwitchConstRealization
returns a bilinear switched system realization whenever
ComputePartialRepresentation

returns a formal power series representation. The realization (X, u) which is

returned by
ComputeBilSwitchConstRealization(He ny1,N)

1s an N + 1-partial realization of ®.

[f rank H<I>,N+1,N = rank H<I>,N,N+1 = rank H<I>,N,N+1 then
ComputeBilSwitchConstRealization(He ny1,n)

always returns a bilinear switched system realization (X, 1) and this realization

is isomorphic to the realization (X, un) from Theorem 69.

If rank Hy n n = rank Hy then the realization (3, u) returned by
ComputeBilSwitchConstRealization(He ny1,N)

is a realization of ®, it is semi-reachableand observable and it satisfies (4.25,4.26)

If ® has a bilinear switched system realization (f], 1) such that dim ¥ <N, and
rank Ho, < M then the realization (X, u) returned by

ComputeBilSwitchConstRealization(Ho nnar+1,NM)
is a realization of ®, it is semi-reachableand observable and it satisfies (4.25,4.26)
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Proof. We will use the notation of the algorithm
ComputeBilSwitchConstRealization throughout the proof.

Part (i)
It is clear that whenever ComputePartialRepresentation returns a valid represen-
tation, the algorithm ComputeBilSwitchConstRealization returns a valid bilinear
switched system realization. By part (i) of Theorem 65 we get that R is a N + 1
partial representation and thus (X g, ugr) is a N + 1 partial realization.

Part(ii)
If rank He n,n =rank He nyi1,n = rank He n nv1 holds, then we get that

rank H\pq,,NJv = rank H\pq,7N7N+1 = rank H\I/,N+1,N

Thus by part (ii) of Theorem 65 we get that that ComputePartialRepresentation
returns a valid representation and there exists a isomorphism ¢ : R — Ry from
Theorem 64. From [55, 53] we know & : (Xg,pr) — (Zry,try) = (BN, pn) s a
bilinear switched system isomorphism.

Part(iii) If rank Hg n v = rank Hg, then by Theorem 65 the representation
R returned by ComputePartialRepresentation is a minimal representation thus,
it is reachable and observable. Hence, by Lemma 23 (Xg, pug) is semi-reachable
and observable and by Theorem 20 part (ii) it satisfies (4.25). Since (Xg,ur) is
isomorphic to (X, un) we get that dim¥p = dim Xy and thus (Xg, ugr) satisfies
(4.26).

Part (iv)
If dim % < N then by Theorem 71 (Xnas, tnar) is a semi-reachable and observable
realization of ® and it satisfies (4.25,4.26). Since R is isomorphic to Ry and Ryas
is a minimal, that is, it is reachable and observable, we get that R is reachable and
observable too. Thus, (X g, ug) is semi-reachable and observable. From Theorem 19
it follows that (X g, ug) satisfies (4.25). Since (X g, pr) is isomorphic to (Xnar, nar)
we get that dim X = dim Xy, and thus (Xg, pug) satisfies (4.26). O

Below we will give an estimate on M = rank Hq. At the same time, the proof of
the estimate will also demonstrate that M depends only on L. Recall the definition
of the language L from Subsection 10.4.2.

Lemma 60. Assume that L is reqular. Denote by n; the cardinality of the state-

space of the minimal automaton recognising L. Then
rank Hg < ny

Proof. Recall from the proof of Lemma 17, [55] that L, = prél(zq). Thus, using

the notation of the proof of Lemma 59, if (S,Q, 4, so, F,) is a minimal automaton
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accepting L, then (ST, g, 0, Fy) is an automaton accepting L,, where Zzs)(s, (r,9)) =
d(s,r), s € S,(r,j) € T'and F, = {s € S| d(s,q) € F}. Assume that S =

{$1,...,8n}. Define the following representation

R= (Rna {Az}zefa Ca B)

where A, jyei = ey if 3(si, (¢, 7)) = sk, (¢,7) €T, By = s and
_ T T
C= WQl e WQN

L...,.)TeRr ifs; € F,

1
such that quei:{ (L1, ,l=1,...,N. Thus,

0 otherwise
WoAwBy = Cy, (w)
and therefore R is a representation of 2. Thus, rank Ho < dimR=n = ng. O

Corollary 26. With the notation and assumptions of Lemma 59
rank Hgq < 2nelQl+1

where ny, is the cardinality of the state-space of a minimal automaton accepting L.

Proof. From the proof of Corollary 25 it follows that ny < 27°1Q+1 and thus by
Lemma 60 we get the required inequality. O

10.5 Hybrid Systems Without Guards

The section presents partial realization theory for linear and bilinear systems. Algo-
rithms for computing minimal realizations and checking observability, semi-reachability
and minimality will be discussed too. Numerical examples will be presented too. The
main tool for deriving these results is the partial realization theory of hybrid power
series and the related algorithms presented in Section 10.3. The outline of the section
is the following. Subsection 10.5.1 presents partial realization theory and the related
algorithms for linear hybrid systems. Subsection 10.5.2 presents partial realization

theory for bilinear hybrid systems.

10.5.1 Linear Hybrid Systems

The theory of hybrid formal power series developed in Section 3.3 allows us to for-

mulate a partial realization theorem for linear hybrid systems. It also enables us to
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formulate algorithms for deciding observability and semi-reachability of linear hybrid
systems and to give an algorithm for constructing a minimal linear hybrid system
realization based on a specified linear hybrid system realization.

Let ® be a set of input-output maps and assume that ® has a hybrid kernel
representation. Our first objective is to construct a linear hybrid system realization
of @ from finitely many data points. It is easy to see that all information needed for
constructing the indexed set of hybrid formal power series (2 = W4 can be obtained
(in theory) from the set of input-output maps ®. In the remaining part of the section
we will tacitly assume that @ is finite, i.e., ® consists of finitely many input-output
maps.

Recall the results of Subsection 10.3. If ® is a finite collection of input-output
maps, then the index set J = ® U (® x {1,...,m}) of Ug is finite. It is easy to see
that if ® is finite then all the data for constructing WD\pq),N,D,D and Hy, y N can
be obtained from the input-output maps of ® and the number of data points needed
for constructing WD%, ~.0,p and Hg, y n is finite. Theorem 67 yields that the
finite data from WD%,N,D,D and Hy, n v can be used to compute a minimal hybrid
representation of Ug. But any minimal hybrid representation HR of Wg yields a
minimal linear hybrid realization (Hpg,uggr) of ®. Thus, we get the following
result. Let He nar = Hy, nov, Po,n = Dy, v for all NM € N, N, M > 0.

Theorem 72. Assume that ® is a finite collection of input-output maps and ®
has a hybrid kernel representation. Assume that rank He vy = rank He and
card(Wp, v .p,p) = cardWp, ). Let HRy p be the hybrid representation from
Theorem 67. Then (Hn,p,un,p) = (HuRy psHHRy p) 15 @ minimal linear hybrid
system realization of ® and it can be constructed from finite data which can be ob-
tained directly from ®. In particular, if ® has a linear hybrid system realization
(H,p) such that dim H = (p,q) and gm +p < N, then (Hn n,pN,n) 15 a minimal
linear hybrid system realization of ® and it can be constructed from finitely many
data which is directly obtainable from .

The results of Subsection 10.3 also allow us to check observability and semi-
reachability of linear hybrid systems algorithmically. Indeed, consider a linear hy-
brid system realization (H,p). It is easy to see that the construction of HRpy ,
can be carried out by a computer algorithm. It follows that HRpy , is reachable
if and only if (H, ut) is semi-reachable and HRp,, is observable if and only if H is
observable. Recall the procedures IsHybRepObservable and IsHybRepReachable.
To check semi-reachability of (H, u) we can use IsHybRepReachable on HRp ;. To
check observability of (H, u) we can apply IsHybRepObservable to HRp,,. Finally,

we can apply ComputeMinimalHybRepresentation to H R, to obtain a minimal
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hybrid representation HR and then we can construct (Hpgg,ppr) which will be
a minimal linear hybrid system realization of ®. Notice that the construction of
(Hur, brr) can be carried out algorithmically. Thus, if all the entries of the system
matrices of H are rational and all the values of p are rational, then observability and
semi-reachability of (H, u) is algorithmically decidable and a minimal linear hybrid
realization of ® can be constructed from (H, ) by an algorithm in sense of classical
Turing computability.

As an illustration we will present below a numerical example.

Example
Consider the following linear hybrid system. Consider the Moore-automaton 4 =
(Q,T,0,0,X), where Q = {q1,¢2}, T = {a,b} and O = {0}. Define the discrete state
transition map by 6(q1,a) = q1,5(q1,b) = q2,5(q2,b) = q2,(g2,a) = q2. Define the
readout map A(q1) = A(¢g2) = o. Consider the linear hybrid system

H= (A7u7ya (anAq7Bq7Cq)q€Q7 {Mql,ry,qQ | qi1,92 € Qa’y € Fan = 5(Q27’Y)})

where Y =U =R, p=m =1, X, =R? and X,, = R? and the matrices A,, By, Cy,
q € {q1, g2} are of the following form

1 0 0]
Ap=10 3 0] By=|o| Cu=[1 1 1]

0 0 4] 0

2 0] [0
AQQ: lo 1 By, = 1] CQ2: [1 1}

The linear reset maps are the following

01 0 1 0
Mg a4, = |1 0 qu,b,ql—ll 0 0
0 0 .
100 1 0]
Mg 0, =10 1 0 Mg, 6,9, = [O 1
0 0 1 .

T
The form of the input/output map vy ((ge, zo),.) induced by (g2, x0), To = {1 0}
is quite complex, as a demonstration we will present below the output to the discrete

input sequence (b,t1)(a,t2)(a,t3)(b,tsg).
’UH((QQ, 1‘0), u, (b, tl)(a, tg)((l, tg)(b, t4), t5) =

tite s
(0, %5 eBtaedta etz | / ettty (s)ds)
0
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Consider a linear hybrid system H,, of the following form

(A™UY, (X A, B Cf ) geqm AM, g, | €102 € Q™ vy €T,q1 = 6" (q2,7)})

where Q™ = {q}, X" = R3, the automaton A™ = (Q™,T,0, 5™, \™) is given by
0™(q,2) = q,z € {a,b} and A" (q) =0

The matrices AJ', B)", Ci, MJ", ., 2 € {a,b} are specified below

q9,%,9?
2.0 0 0
ap=1lo 3 of Byp=|-1| cr=[-1 -1 -1414214]
00 1 0
000 110
m.=11 1 0] Mn,=l00 0
00 1 00 1

T
Define i (v (g2, %0), ) = (4, z0) by 20 = [70 0 70.707107} . Then (Hy, im)
is a minimal linear hybrid system realization of vy ((ge, zo),.). The realization H,,

was computed using a Matlab implementation of the algorithm presented in the

paper. °

10.5.2 Bilinear Hybrid Systems

The theory of hybrid formal power series developed in Section 3.3 allows us to for-
mulate a partial realization theorem for bilinear hybrid systems. It also enables us
to formulate algorithms for deciding observability and semi-reachability of bilinear
hybrid systems and to give an algorithm for constructing a minimal bilinear hybrid
system realization based on a specified hybrid system realization. In fact, the results
presented below are more general than the ones described in [48]. Notice that the
algorithmic aspects of realization theory are treated in this paper in a much more
detailed manner than in [48].

Let ® be a collection of input-output maps and assume that ® admits a hybrid
Fliess-series expansion. It is easy to see that all information needed for constructing
the indexed set of hybrid formal power series 2 = Ug can be obtained (in theory)
from the set of input-output maps ®, more precisely, from the generating series cy
and discrete input-output maps fp for all f € ®. In fact, the values of c; can be
recovered from f by taking high-order derivatives with respect to time and continuous

inputs.
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Assume that ® is finite collection of input-output maps. Notice that it also implies
that the index set J = ® of W4 is finite. Unless stated otherwise, we will use this
finiteness assumption in the rest of this section.

Our first goal is to construct a bilinear hybrid realization of ® from finite number
of data points. Recall the results of Subsection 10.3. It is easy to see that if ®
is finite then all the data for constructing Wp,, . p,p and Hq ny,n can be obtained
from the input-output maps of ® and the number of data points needed for con-
structing Wpg, v p,p and Hq n N is finite. Theorem 67 yields that the finite data
from Wpg, v p,p and Ho y n can be used to compute a minimal hybrid representa-
tion of €2. But any minimal hybrid representation H R of €2 yields a minimal bilinear
hybrid realization (Hgg,pugr) of ®. Thus, we get the following result. Denote

Ho nov = Hoy oM, Do, Ny = Dy, N-

Theorem 73. Assume that ® is a finite collection of input-output maps and ® ad-
mits a hybrid Fliess-series expansion. Assume that rank He nn = rank Hg and
card(Wp, y.p,p) = cardWp, ). Let HRy p be the hybrid representation from
Theorem 67. Then (Hn.p,pun,p) = (HHRy.p+MHRN.p) 5 @ minimal bilinear hy-
brid system realization of ® and it can be constructed from finite data which can be
obtained directly from ®. In particular, if ® has a linear hybrid system realization
(H, p) such that dim H = (p, q) and max{p,q} < N, then (Hy N, un,N) is a minimal
bilinear hybrid system realization of ® and it can be constructed from finitely many

data which is directly obtainable from .

The results of Subsection 10.3 also allow us to check observability and semi-
reachability of bilinear hybrid systems algorithmically. Indeed, consider a bilinear
hybrid system realization (H,p). It is easy to see that the construction of HRy,,
can be carried out by a computer algorithm. It follows that HRpy , is reachable
if and only if (H,u) is semi-reachable and H Ry, is observable if and only if H is
observable. Recall the procedures IsHybRepObservable and IsHybRepReachable.
To check semi-reachability of (H,p) we can apply IsHybRepReachable to HRpg .
To check observability of (H,u) we can apply IsHybRepObservable to HRy ,. Fi-
nally, we can apply ComputeMinimalHybRep to HRpy , to obtain a minimal hybrid
representation HR and then we can construct (Hgg, pr) which will be a minimal
bilinear hybrid system realization of ®. Notice that the construction of (Hyr, tur)
can be carried out algorithmically. Thus, if all the entries of the system matri-
ces of H are rational and all the values of u are rational, then observability and
semi-reachability of (H, p) is algorithmically decidable and a minimal bilinear hybrid
realization of ® can be constructed from (H, ) by an algorithm in sense of classical
Turing computability.
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Below we will present a numerical example
Example
Consider the following bilinear hybrid system. Consider the Moore-automaton A =
(Q,T,0,6,)), where Q = {q1,92}, T’ = {a, b} and O = {0}. Define the discrete state
transition map by (q1,a) = q1,0(q1,b) = g2,0(g2,b) = q2,(g2,a) = q2. Define the
readout map A(q1) = A(¢2) = o. Consider the linear hybrid system

H = (A,Z/[,y, (anAqv {Bq7j}j:1 ..... macq)qGQa {Mé(q,'y),'y,q ‘ q € QaPY € F})

where Y = U = R, ie. p=m =1, X, = R? and X,, = R? and the matrices
Ay, By1,Cy, q € {q1,q2} are of the following form

300 10 0
A =10 1 0] Bya=|0 0 0| Cou=[1 1 1
00 4 00 0
2 0 00
AQ2_[O 1] BQ271_l0 1 C(I2_[1 1}

The linear reset maps are of the following form

0 1 0
M‘hl’#hL 0 0]

M,

q1,a,92 —

o = O
o O =

T
The input/output map vg((g2,xo),.) induced by (g2,x0), 9 = [O 1} , is quite
complex, as a demonstration we will present below the output to the discrete input
sequence (b, t1)(a,t2)(a,t3)(b,ty).

U((q27 xO)a u, (bv tl)(aa t2)(a7 t3)(b7 t4)7 t5) =
(O, Z 3nz(w2)+nz(w3)‘/1vl7.“7“)5 [u](tlv s 7t5))

w1,...,ws €LY,

where nz(w) is the number of occurrences of the symbol 0 in w, Vi, ws [u](t1,- -, t5)
— product of iterated integrals.

A minimal realization of vy ((ge, o), .,.) of the following form.
Hm = (Anlauaya (X(;naAgla {ngj}jzl,...,ma C;n)qum, {Mg%(qﬁ),%q | q S inafy S F})

where Y =Y =R, Q™ = {q}, X" = R?, the automaton A™ = (Q™,T,0,6™,\") is
given by
0"™(q,z) = q,z € {a,b} and \"'(q) = o
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The matrices Ay*, B, C;", M,", .z € {a, b}

q,1» q,%,q°

A = g ﬂ Bg}lzl; ﬂ cr =1 -1

q

Reset maps:

. o o . [t -1
qvb’q[q 1] Mqv“[o 0

T
Define i, (ve ((g2,20),-)) = (¢,20) by 20 = [O -1 ] . Then (Hp,, ftm,) is a min-
imal bilinear hybrid system realization of vy ((ge,z0),.). The realization H,, was

computed using a Matlab implementation of the algorithm presented in the paper.
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Chapter 11

Conclusions

The aim of this chapter is to draw conclusions from and to outline further research
direction based on the work presented in this thesis. We will start by recapitulating
what was achieved in this thesis. Then we will proceed with formulating a number of
claims concerning further research directions in the area of hybrid systems in general
and in the field of realization theory of hybrid systems in particular. We will also
suggest a number of mathematical theories, which, we believe, could be useful in

study of hybrid systems.

11.1  Short Summary of the Thesis

In this thesis we presented realization theory for a number of classes of hybrid sys-
tems. With one exception only hybrid systems without guards, i.e. without au-
tonomous switching were considered. The exception is the class of discrete-time
piecewise-affine hybrid systems. This class is essentially the same as the class of
PL systems introduced by Sontag in [15]. Unfortunately the results obtained for
this class of hybrid systems are incomplete and inconclusive. Much more research is
needed.

In contrast to PL systems, realization theory for continuous-time linear and bi-
linear switched and hybrid systems is rather complete. We were also able to present
numerical algorithms for computing a minimal realization, checking semi-reachability,
observability and minimality and for computing a realization from finite input-output
data. These result have a great potential impact on control and identification meth-
ods for hybrid systems of the above class. The main tool in realization theory of

these systems was the framework of rational formal power series. Precisely this clas-
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sical theory allowed us to prove the presented results. We also managed to make the
first inroad into realization theory of nonlinear hybrid systems without guards. The
obtained results a promising but much further research needs to be done.

Unfortunately, we did not manage to obtain too many results concerning hybrid
systems with guards. This stays entirely a topic of further research.

11.2 Conclusions

The present thesis offers a rather complete and coherent view of realization theory of
hybrid systems without guards. In author’s opinion, the main reason for the relative
ease with which these results were obtained is the realization that hybrid systems in
essence are nonlinear systems.

In fact, this statement is absolutely true for switched systems. Switched sys-
tems can be viewed as a collection of vector fields, which is exactly a point of view
adopted by nonlinear systems theory. Perhaps the only difference between classi-
cal nonlinear systems and switched systems is the choice of admissible inputs. In
case of classical nonlinear systems the admissible input were mostly either smooth
or analytic or piecewise-continuous, or integrable or piecewise-constants. In case of
switched systems the admissible input are such that one input component has to be
piecewise-constant, the other can be smooth, continuous, analytic etc.

Switched systems with constrained switching stand already a bit further from
classical nonlinear systems. In this case the set of admissible inputs is further re-
stricted, in fact, it is not closed under composition. Indeed, if two finite switching
sequences are admissible, then it does not follow that their composition will be ad-
missible too. In some sense a switched system with constrained switching represents
contains more information then its input-output behaviour. Indeed, if we now all
the vector fields and readout maps, then we also know how the system would behave
for non-admissible switching sequences, but of course we cannot measure such a be-
haviour. This basic fact is reflected in the problems we encountered while trying to
obtain minimal switched system realizations under switching constrains.

General hybrid systems without guards are even further from nonlinear systems.
There is no way to view them as classical nonlinear systems. In the author’s opinion,
developing realization theory for such systems was a much more challenging task than
developing realization theory for switched systems. Nevertheless, nonlinear system
theory, in particular, theory of rational formal power series did provide us with the
necessary tools. The results derived for hybrid systems without guards present an
interesting combination of automata theory and theory of formal power series. The

latter has been a well-established tool of nonlinear control theory for a long time.
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Thus, theory of hybrid systems without guards seems to be close to fulfilling the hope
that hybrid systems theory can built by smart combination of automata theory and
classical control systems theory.

Although we just argued that theory of hybrid systems without guards are a
combination of the classical control theory and automata theory, we would like to
note that we did not succeed in using too many off-the-shelf results from either
of fields. That is, the developed theory is not so a much combination of classical
theorem, rather, it is the result of rethinking and extending the classical results.
This is also reflected in the fact that we use only very few classically known results.
It is more the ideas, rather than the known results we used.

An important common feature of hybrid systems without guards and nonlinear
systems is that in the analytic case the long-term behaviour of the system can be
recovered from the local, small-time behaviour. That is, if two systems have the same
behaviour locally, for small times, they will have the same behaviour globally too.
This is a very important feature from the point of view of realization theory. Indeed,
almost all results on realization theory of continuous time systems rely on collecting
this local behaviour, represented in a way or another by high-order time derivatives
at zero, in the Hankel-matrix and requiring different finiteness conditions to hold for
the resulting infinite matrix. Together with the finite rank property it also allows
designing numerical algorithms for computing realization from input-output data.
The property that knowledge of local behaviour is enough for building a realization
was heavily exploited in all the hybrid systems without guards considered in this
thesis.

Unlike nonlinear systems, hybrid systems without guards have dynamics, which is
not necessarily defined by action of a family of (local) diffeomorphism on a manifold.
This is due to the presence of reset maps, which need not be invertible. In this
sense hybrid systems are quite close to discrete-time nonlinear systems with non-
invertible right-hand side. That property of hybrid systems without guards makes
global analysis difficult. In particular, it makes it difficult to study accessibility
and observability properties. For nonlinear systems the main tool for studying such
properties is Sussmann’s orbit theorem. But Sussmann’s orbit theorem does not
seem to work for systems, where the dynamics is not generated by diffeomorphism.
In fact, the orbits of such systems need not be manifolds, they fall into the category
of differentiable spaces.

The current thesis hardly scratches the surface of hybrid systems with guards.
The only class of such hybrid systems which is dealt with in this thesis is the class of
piecewise-affine hybrid systems in discrete-time, i.e. the rather Sontag’s PL systems.

The results which are presented in this thesis are quite elementary. They rely on
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techniques, which are in some sense similar to those for time-varying linear systems.
As for other classes of hybrid systems with guards, the realization problem is still

open for those systems.

11.3 Further Research

In this section we would like to give ideas and suggestions for future research in the
topic. We would also like to draw attention to what we see as potential difficulties
and suggest mathematical techniques, which, in our opinion, could help to solve
those difficulties. We will divide this section into several subsections, each discussing

a specific topic.

11.3.1 Coalgebraic Approach to Realization Theory of Non-
linear and Hybrid Systems

Although, as we have already pointed out, hybrid systems with guards are much
more interesting object to investigate than hybrid systems without guards, we still
think that it is worthwhile to clarify a number of issues for hybrid systems without
guards too. Not the least because hybrid systems without guards can always occur as
extremal versions of hybrid systems with guards. More precisely, if a hybrid system
with guards is such that for any guard there are input values which immediately steer
the system to the guard, then in fact we get a hybrid system without guards, where
the role of external discrete events is taken over by those special input values. That
is, by feeding in a suitable continuous input impulse, we can force an instantaneous
discrete-state transition. Thus, certain continuous inputs will act as discrete inputs
and will trigger discrete state transitions. That is, such hybrid systems with guards
will function as hybrid systems without guards.

Another motivation for studying hybrid systems without guards is that while
hybrid systems without autonomous switching do not seem to occurs too often, hybrid
systems with both autonomous and external switching seem to be quite frequent.
Investigating hybrid systems with external switching only seems to be a logical step
towards exploring hybrid systems with both autonomous and external switching.

As the reader has already seen, theory of Hopf-algebras and bi algebras played
a prominent role in realization theory of hybrid systems without guards. In fact,
relevance of Hopf-algebra in realization theory was noticed much earlier, see [27, 29].
So far, Sweedlet-type coalgebra theory was used only for local realization. In fact, as

the reader could see, even local realization is not yet fully solved for hybrid systems.
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Nevertheless, we are quite confident that it can be solved using the approach and
results of the current paper as a starting point.

In fact, we believe that the theory of Sweedler-like coalgebras could be successfully
used for solving the global realization problem too. Let us outline how, in our opinion,
it could be done.

Consider the duality between manifolds and algebra of smooth functions on man-
ifolds. It is known that the algebra of smooth functions over a manifold has a natural
topology which makes it a Frechet-algebra. The underlying manifold corresponds to
the set of those algebraic homomorphisms from the algebra to reals, which are con-
tinuous in the topology of the algebra. The topology of the manifold itself coincides
with the Zariski topology of it as a real spectrum of the algebra of smooth functions.
We suggest to make a step further, and view a manifold together with the covariant
tensors spaces at each point as a coalgebra. This coalgebra will be a direct sum of
pointed cocommutative irreducible cofree coalgebras. To each point of the manifold
there corresponds a pointed irreducible component, which is the cofree cocommu-
tative irreducible pointed coalgebra generated by the tangent space at that point.
The unique group-like element of this coalgebra is the point of the manifold. The
topology of the manifold induces a topology on this coalgebra. Then the algebra of
smooth functions over the manifold is in fact the topological dual of this coalgebra.
That is, we have duality between topological coalgebras and topological algebras.
This leads as to studying objects which are very similar to those of formal groups.

The ideas above lead us to the following approach to control systems on manifolds.
Let us view the state-space manifold as a coalgebra. Let us view the input-space as a
coalgebra. Notice that regardless of whether the input-space is a manifold or discrete
set, we can always adopt such a point of view. By input-space we mean the index
set of the semi-group of transformations, which define the dynamics of the system.
For instance, if this transformation semi-group is generated by flows of a family
of vector fields, then our input space will be the set of timed sequences of indices
of the vector fields which make up the family. Notice that the input-space has a
natural algebra, moreover a bialgebra structure. If the input space forms a group
with respect to concatenation, then it can be assigned a pointed cocommutative
Hopf-algebra structure.

By adopting the point of view described above, the dynamics is just a coalgebra
map from tensor product of the input- and the state-spaces to state-space, the initial
states just group-like elements of the state-space and the readout maps just elements
of the (topological) dual of the state-space. If we consider the (topological) dual of
the state-space, then the coalgebra map describing the dynamics yields a measuring.

A measuring is a map from a coalgebra and algebra to an algebra, such that the
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map has certain special properties. Thus, we naturally arrive to the framework of
coalgebra and algebra systems, after possibly defining a suitable topology on the
state-space.

The author does not see it inconceivable that realization theory could be carried
out in a way, similar to what was done for local realization of nonlinear and hybrid
systems. Of course, topological arguments should be taken into account too, the
constructions would not be purely algebraic. But one can still hope that the approach
described above could serve as a unifying framework for a number of constructions.

Let us remark that the point of view described above is quite similar to the
concept of k systems described in [64]. Indeed, the spectrum of any algebra can be
identified with a coalgebra formed by the space spanned by algebraic maps from the
algebra to the ground field ( we tacitly assumed that the algebra is reduced ). The
duality between spectrum and algebra is analogous to the duality between algebra
and coalgebra described above.

It would be interesting to explore further the possible use of Hopf-algebra the-
ory in solving the realization problem. It would be also interesting to see how the
already known results could be proven with this approach. However, the suggested
coalgebraic approach might not be suitable for tackling all types of systems. In par-
ticular, in case of polynomial systems it is questionable how useful the coalgebraic
approach is, as the author is not aware of nice characterisation of finitely generated
algebra or algebra with finite transcendence degree as duals of suitable coalgebras.
Hence, what the author suggests is not to use the coalgebraic approach as a universal
tool. It seems more appropriate to use duality and look at algebras and coalgebras,
depending on which point of view seems to be more fruitful.

In fact, Sontag’s ”algebraic approach” ([64]), which is more or less explicitly
present in many of his papers, is dual to the coalgebraic approach. We believe that
our approach is more useful for general nonlinear systems, while his approach is more
useful for systems, algebra of which is finitely generated or has finite transcendence
degree, such as rational or polynomial systems.

We conjecture that even global results on realization theory of nonlinear and
hybrid systems could be successfully dealt with in our framework. In particular
we think that Jakubczyk’s approach to realization theory could be recast in our
framework. As in his case the input-space forms a group, we would get that the
input bialgebra is in fact a Hopf-algebra. Hopf-algebras have nice properties and can
be easily related to enveloping algebras of Lie-algebras. This algebraic relationship
could perhaps be combined with topological arguments to yield the construction of

a state-space manifold.
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11.3.2 Realization Theory of Hybrid Systems with Guards

As we mentioned earlier, this thesis contains very few results on hybrid systems with
guards. The results on discrete-time hybrid systems which were presented in this
thesis are rather elementary. The approach which we used to obtain them is not
likely to be extendable to hybrid systems with inputs. That is because we assumed
the the initial state uniquely determines the switching sequence. This is true for
the autonomous case, but false for non-autonomous case, as the inputs can influence
the switching sequence. In fact, it is easy to construct such an example where any
switching sequence can be obtained by feeding in suitable inputs. On the other hand,
the approach presented in this thesis may still work if the inputs do not influence
the switching sequence. Even if the switching sequence depends only on the initial
state, there are a number of questions which remain unanswered. In particular, it
remains to be explored how the presented conditions can be checked algorithmically
and how the construction of a realization can be carried out by an algorithm. The
issue of minimality remains unexplored too.

Continuous-time hybrid systems with guards, in particular piecewise-affine hybrid
systems with guards were not mentioned at all in this thesis. Realization theory for
this class of hybrid systems remains completely a topic of further research.

A possible line of attack would be extension of the approach presented in this
thesis. That is, we assume that the switching depends only on the initial state and
we translate the realization problem for hybrid systems with guards to realization
problem for time-varying systems of a particular structure. This approach might
also give results and insights to realization theory and identification of PV and LPV

systems.
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Samenvatting

De nederlandse vertaling van de titel van dit proefschrift is ¢ Realisatietheorie van
Hybride Systemen ’ .

Het onderwerp van wiskundige regeltheorie is het regelen van systemen die voor-
komen in natuur of techniek. Voorbeelden van zulke systemen zijn vliegtuigen, auto’s,
transportbanden en zelfs apparaten voor de automatische dosering van geneesmid-
delen. Zulke systemen hebben de volgende eigenschapen gemeen. Ten eerste, hun
gedrag verandert in de loop van de tijd. Ten tweede, het doel van het regelen is het
systeem een bepaald gedrag af te dwingen. Zoals de naam suggereert, bestudeert
men in wiskundige regel- en systeemtheorie de wiskundige modellen van systemen
die in het praktijk voorkomen. Door naar de wiskundige modellen van systemen
te kijken wordt het probleem van de regeling van systemen vertaald naar een goed
gedefinieerd wiskundig probleem. Juist het oplossen van wiskundige problemen die
op zulke manier zijn ontstaan is de taak van wiskundige systeem- en regeltheorie.

Om een voorbeeld te geven, differentiaalvergelijkingen worden vaak gebruikt voor
het modelleren van in de praktijk voorkomende systemen. In dit geval worden de
mogelijke regelacties gemodelleerd als een ingangsfunctie in de rechterkant van de dif-
ferentiaalvergelijkingen. Het regelen van het systeem correspondeert met het kiezen
van een functie die bij elk tijdstip een ingangswaarde kiest. Op deze manier verkrijgt
men een differentiaalvergelijking die tijdsafhankelijk is. De wiskundige vertaling van
het regelprobleem wordt het kiezen van zo’n functie, zodanig dat de oplossing van
de resulterende tijd-variabele differentiaalvergelijking aan de vereiste voorwaarden
voldoet.

Wiskundige systeem- en regeltheorie is een multidisciplinair vakgebied, dat wis-
kunde, techniek en informatica combineert.

Een van de kernproblemen van systeem- en regeltheorie is het vinden van realis-
tische wiskundige modellen van in de praktijk voorkomende systemen. In de mees-
te gevallen zijn de wiskundige modellen van in de praktijk voorkomende systemen
slechts gedeeltelijk bekend. Om een volledig wiskundig model te vinden, moet men
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gebruik maken van experimentele gegevens. Op deze manier ontstaat er het volgende
wiskundige probleem. Welke wiskundige modellen van een bepaald type kunnen het
waargenomen gedrag van het systeem beschrijven ? Als het waargenomen gedrag
gewoon uit een eindig aantal experimentele gegevens bestaat, dan spreekt men over
een identificatieprobleem. Als het waargenomen gedrag een abstrakte wiskundige re-
latie is, die de samenhang tussen de waarnemingen (de uitgang) en de regelacties (de
ingang) beschrijft, dan spreekt men over een realisatieprobleem. De abstrakte wis-
kundige relatie tussen ingang en uitgang wordt vaak als het ingangs-uitgangsgedrag
van het systeem genoemd. Het vakgebied van systeemidentificatie bestudeert het
oplossen van het identificatieprobleem voor verschillende klassen van systemen. Het
vakgebied van realisatietheorie bestudeert het oplossen van het realisatieprobleem
voor verschillende klassen van systemen.

Het is duidelijk dat systeemidentificatie enorm belangrijk is voor de praktijk.
Echter men kan zich afvragen waarom realisatietheorie van belang is. De reden voor
het bestuderen van realisatietheorie is de volgende. Realisatietheorie beantwoordt
een heel fundamentele vraag over regelsystemen. Hij legt verband tussen het waarge-
nomen gedrag van het systeem en zijn interne structuur. Deze kennis, die op zichzelf
heel waardevol is, kan heel goed toegepast worden bij het oplossen van een aan-
tal meer praktische problemen, onder andere, voor het systeemidentificatieprobleem.
Realisatietheorie kan beschouwd worden als een geidealiseerd systeemidentificatie-
probleem, waarbij heel veel praktische problemen buiten beschouwing zijn gelaten.
Dus, als het realisatieprobleem onvolledig is begrepen, dan is er weinig kans voor het
vinden van een bevredigende oplossing van het identificatieprobleem. In feite, vormt
realisatietheorie de grondslag voor een groot aantal identificatiemethoden.

Realisatietheorie speelt ook een belangrijke rol bij een reeks andere problemen
van de regeltheorie. Een van de belangrijke bijdragen van realisatietheorie is het
bestuderen van de structuur van minimale systemen en het leggen van een verband
tussen de minimaliteit van systemen en zulke belangrijke systeemeigenschapen als
regelbaarheid en als waarneembaarheid. Op hun beurt, zijn de eigenschappen als
waarneembaarheid en regelbaarheid meestal noodzakelijke voorwaarden voor het be-
staan van oplossingen van regelproblemen.

Dit proefschrift behandelt het onderwerp van realisatietheorie van hybride syste-
men. Hybride systemen zijn systemen die zijn opgebouwd uit discrete deelsystemen
en continue deelsystemen. Continue systemen zijn systemen die in een oneindig
aantal toestanden kunnen verkeren. Discrete systemen zijn systemen waarvan de
toestand slechts een eindig of aftelbaar aantal waarden kan aannemen. Een auto met
een versnellingsbak levert een goede analogie op. Als wij de rijdende auto als een

systeem beschouwen, dan zijn de positie en de snelheid van de auto en de versnelling
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waarin hij rijdt componenten van het systeem. Omdat de snelheid en de positie een
oneindig aantal verschillende waarden kunnen aannemen, behoren zij tot de conti-
nue componenten van het systeem. De versnellingsbak kan maar een eindig aantal
verschillende toestanden aannemen (in de meeste auto’s zijn er maar vier versnellin-
gen), dus behoort de versnellingsbak tot de discrete deelsystemen van het systeem.
Om in wiskundige termen te spreken: de continue deelsystemen worden meestal door
differentiaalvergelijkingen beschreven, terwijl de discrete deelsystemen worden be-
schreven door een eindig aantal regels, die de toestand van de discrete componenten
bepalen. Deze regels hebben de vorm: ¢ als de voorwaarde A geldt dan moet de
discrete component X in de toestand Y verkeren ' . Vaak worden deze regels met
behulp van een automaat met een eindig aantal toestanden beschreven. De motivatie
voor het bestuderen van zulke systemen is de volgende. Ten eerste, een reeks van
verschijnselen in de natuur vertoont een hybrid karakter en kunnen deze verschijn-
selen op natuurlijke wijze met hybride systemen gemodelleerd worden. Ten tweede,
worden heel veel technische systemen met behulp van computers bestuurd. Vaak
is het nuttig om het onderliggende technische systeem en de besturende computer
als één systeem te beschouwen. Terwijl technische systemen meestal goed beschre-
ven kunnen worden door differentiaalvergelijkingen, moet de besturende computer
als een automaat met een eindig aantal toestanden gemodelleerd worden. Op deze
manier krijgen wij systemen waarvan sommige deelsystemen een continu en andere
deelsystemen een discreet gedrag tonen. Door de aanwezigheid van zowel discrete als
continue onderdelen ligt het vakgebied van hybride systemen op het kruispunt van
wiskundige regel- en systeemtheorie en informatica.

Dit proefschrift behandelt bijna uitsluitend hybride systemen, waarvan het ge-
drag van de discrete deelsystemen onafhankelijk is van het gedrag van de continue
deelsystemen. Zulke hybride systemen zijn makkelijker te bestuderen dan hybride
systemen van meer algemene vorm. Toch hoopt men dat het bestuderen van deze,
meer beperkte, klasse van hybride systemen zal helpen in het bestuderen en begrijpen
van hybride systemen van meer algemene aard.

De hoofdstuk 1 bevat een informele inleiding tot de inhoud van dit proefschrift.
Hoofdstuk 2 bevat de belangrijkste wiskundige begrippen en notaties, die verder ge-
bruikt zullen worden in dit proefschrift. Hoofdstuk 3 is een van de belangrijkste
hoofdstukken van dit proefschrift. Dit hoofdstuk formuleert de abstrakte wiskundige
theorie van hybride en klassieke formele machtreeksen. Deze theorie vormt de theo-
retische grondslag van realisatietheorie van een reeks klassen van hybride systemen.
Hoofdstukken 4 en 7 behandelen de realisatiethorie voor de volgende klassen van
hybride systemen: linear switched systems, bilinear switched systems, linear hybrid

systems en bilinear hybrid systems. Hoofdstuk 8 bevat enkele resultaten over rea-
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lisatietheorie van niet-lineaire hybride systemen. Dit hoofdstuk maakt gebruik van
de theorie van zogenaamde coalgebras, in de zin van het beroemde boek van Sweed-
ler. Hoofdstuk 9 bevat enkele voorlopige resultaten over realisatietheorie van de
zogenaamde discrete-time piecewise-affine hybrid systems. Deze klasse van hybride
systemen is de enige klasse van hybride systemen, die in dit proefschrift bestudeerd
wordt en die hybride systemen toelaat, waarvan het gedrag van de discrete compo-
nenten wel afhankelijk is van het gedrag van de continue componenten. Hoofdstuk
10 behandelt de algorithmische aspecten van realisatietheorie van hybride systemen.
Hoofdstuk 5 wijkt een beetje af van het hoofdkader van dit proefschrift. Het onde-
werp van dit hoofdstuk is geen realisatietheorie, maar de structuur van de verzameling
van bereikbare toestanden van linear switched systems. Hoofdstuk 6 beschrijft een
alternatieve methode voor het ontwikkelen van realisatietheorie voor linear switched
systems, waarbij er geen gebruik wordt gemaakt van de theorie van formele macht-
reeksen. Tenslotte, worden er in Hoofdstuk 11 enkele conclusies getrokken en enkele

suggesties gedaan over toekomstige onderzoekthema’s.
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Summary

Mathematical control theory is concerned with control of natural and engineering
systems. The range of such systems includes aeroplanes, conveyor belts, cars and
even systems for automated injection of medicines. A common property of such
systems is that their behaviour changes with time and the goal of the control is to
achieve a particular behaviour of the system as time advances. As its name suggests,
mathematical control theory studies the mathematical models of such systems. By
looking at the mathematical models the problem of controlling the system translates
into a well-defined mathematical problem. Solving mathematical problems which
arise in this way is the primary task of mathematical control theory.

For example, differential or difference equations are widely used to model real-life
systems. In this case the possible control actions correspond to input functions in the
right-hand side of the equations. The process of controlling the system is modelled as
a function of time, taking values in the input space. Substitution of such a function
into the right hand side of the equation results in a time-varying differential /difference
equation. The mathematical reformulation of the control problem in this case is to
choose this function in such a way that the solution of the resulting time-varying
differential /difference equation meets the specified control objectives.

Mathematical control theory is inherently a multidisciplinary subject, which com-
bines (applied) mathematics, engineering, and computer science.

One of the core problems of control theory is to find proper models of real-life
systems. Usually the mathematical models of real-life phenomena are only partially
known. In order to obtain a full mathematical model, experimental data of the real-
life system is required. In this way the following mathematical problem arises. Which
mathematical models of a certain type can generate the observed behaviour of the
system 7 If the observed behaviour is a finite collection of experimental data, then
the question above is usually referred to as the system identification problem. If the
observed behaviour is an abstract mathematical relation describing the relationship

between controls (inputs) and observable features of the system (outputs), then we
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speak of the realization problem. This abstract relationship between controls and
observed behaviour is often referred to as the input-output behaviour of the system.
The field of system identification studies the solution of the system identification
problem for various classes of systems. The field of realization theory studies the
realization problem for various classes of systems.

Clearly, the field of system identification is of huge practical importance. But
one may wonder why realization theory is important at all. The reason for studying
realization theory is the following. Realization theory answers a very fundamental
question about systems, by establishing a relationship between the observed beha-
viour of the system and its inner structure. This knowledge, which is valuable on
its own, can also be used for solving a number of more practical problems. One of
those problems is system identification. The realization problem can be thought of
as system identification problem under idealised circumstances. Thus, if realization
theory is poorly understood for a class of systems, then there is little hope for finding
a satisfactory solution for the identification problem. In fact, a great deal of system
identification techniques are based on realization theory.

Realization theory plays an important role in other branches of control theory too.
One of the important contributions of realization theory is the study of the structure
of minimal systems and the investigation of the relationship between minimality and
such important properties of systems as controllability and observability. In turn,
these properties and the structure of the minimal system play an important role in
developing control methods.

This thesis deals with realization theory of hybrid systems. Hybrid systems are
control systems which contain both discrete and continuous components. Roughly
speaking, continuous components are components which can take infinitely many
different states. Discrete components are components which can have only finitely
many different states. Perhaps a car with a gear box offers a good analogy. If we
consider the position, speed and the position of the gear of the car as components of
the system describing the motion of the car, then the speed and position can have
infinitely many values, while the gear can only be in four or five different positions.
Thus, the position and the speed of the car are the continuous components and
the position of the gear is the discrete component. In mathematical terms, the
continuous components are described by differential /difference equations, and the
discrete components are described by a finite set of rules, which prescribe the state
of the discrete components. These rules are of the form if condition A holds, then
discrete component X has to be in state Y”. Very often these rules are specified
by a finite state automaton. The motivation for the study of hybrid systems is the
following. First, a number of natural phenomena can be naturally viewed as hybrid
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systems. Second, many engineering systems are controlled by computers. Very often
it makes sense to model the engineering system and the computers controlling it as
one system. While the underlying engineering system is usually best modelled by
differential/difference equation, the controlling computers have to be modelled by a
finite state automaton. Hence, we get systems some components of which exhibit
continuous behavior and some components exhibit discrete behavior. Due to the
presence of discrete components, hybrid systems lie on the junction of control theory
and computer science.

This thesis deals mostly with hybrid systems without guards. Hybrid systems
without guards are such hybrid systems in which the time evolution of the discrete
components is independent from the time evolution of continuous components. Hy-
brid systems without guards are easier to study than more general hybrid systems.
One can hope that the results obtained for hybrid systems without guards will help
studying more general hybrid systems.

Chapter 1 contains an informal introduction to the thesis, Chapter 2 presents the
main mathematical notions used in the thesis. Chapter 3 describes the abstract ma-
thematical framework of hybrid power series. This framework forms the theoretical
basis for realization theory of hybrid systems. Chapters 4 and 7 present realization
theory of linear and bilinear switched systems and linear and bilinear hybrid systems.
Chapter 8 presents some preliminary results on realization theory of nonlinear hy-
brid systems. This chapter uses the machinery of Sweedler-style coalgebras. Chapter
9 presents preliminary results on realization theory of piecewise-affine discrete-time
hybrid systems. This is the only class of hybrid systems dealt with in this thesis,
which contains hybrid systems with guards. Chapter 10 addresses the algorithmic
aspects of realization theory. Chapter 5 is a bit different from the other parts of the
thesis. It does not address realization theory, rather it deals with a related topic,
the structure of reachable sets of hybrid systems. Chapter 6 discusses an alternative
approach to realization theory of linear switched systems, such that no use of formal
power series theory is required. Finally, Chapter 11 presents some conclusions and

sketches some possible future research directions.
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