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INTRODUCTION

Mathematical models play a central role in many scientific disciplines. From
the elaborate models of electrical grids used in power engineering, to models
of opinion dynamics used in sociological research, the applications of mathe-
matical modeling are endless. Models can aid understanding of complicated
phenomena and can be used to obtain predictions of the future. In fact, on
a daily basis we are heavily influenced by such models, as evidenced by the
weather forecast and the, at time of writing extremely relevant, models of dis-
ease spreading.

The use of mathematics for modeling is very natural. Without elaborating
into a discussion of mathematical philosophy, the use of mathematical models
has a few obvious benefits: First of all, it is very precise. This is illustrated by
the fact that the Dutch word for mathematics is ‘wiskunde’, which translates to
‘the art of what is certain’. Aside from leaving no room for misinterpretation,
this also enables the use of computers in modeling. Secondly, relatively simple
mathematical models can describe surprisingly complex phenomena. In par-
ticular, linear dynamical systems have found a plethora of applications. Lastly,
mathematical modeling allows for recycling of results: If two phenomena can
be modeled in the same way, results for one can be applied to the other. For
example, electrical circuits with resistors, inductors and capacitors admit the
same mathematical description as mass-spring-damper networks. This obser-
vation has led to strong links between electrical and mechanical engineering.

This motivates the following question: Given a dynamical system, how do we
decide whether it exhibits certain qualitative or quantitative properties? An in-
teresting example of this is characterizing stability, that is, determining whether
the system comes to a rest if it is left alone. For dynamical systems with inputs
we will also consider control problems, an example of which is to find a choice
of input such that the resulting system comes to a rest. These problems are at
the core of the field of systems and control and this thesis. In particular, we
will extend the theories of analysis and control of dynamical systems towards
broader classes of systems.
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1.1 LINEAR SYSTEMS

Of course, the use of a mathematical model is to describe reality in some
meaningful way. This means that the properties of the phenomenon under
consideration need to be reflected in the dynamical systems we employ. Often,
this motivates the assumptions of linearity and time-invariance.

Indeed, for linear time-invariant systems, the field of systems and control is
very mature. For a very thorough introduction to most of the topics below, we
refer to [165]. Here we will discuss some early results from the theory of linear
systems that will play a recurring role in the remainder of this thesis.

1.1.1  Properties of systems

With the introduction of state space by Kalman (see e.g. [88,89,91,94]), the
properties of controllability and observability were defined. The duality between
these notions was shown, and characterizations were given: Both in terms of
positive definiteness of the controllability Gramian and in terms of the rank
of the controllabilty matrix. It was also shown that controllability of linear
systems is equivalent to the related concept of reachability.

In addition to studying these properties for their own sake, these papers
revealed the links between these system-theoretic properties and solvability
of the linear quadratic regulator (LQR) problem. In fact, analysis of system
theoretic properties is often an important stepping stone in the development of
new control results.

Further investigation of these properties led, among others, to a spectral char-
acterization of controllability. In other words, a test in terms of the eigenvalues
of the state map. This result is known as the Hautus or Popov-Belevitch-Hautus
lemma, as the result by Hautus in [73] was also independently found by Popov
in [135] and by Belevitch in [20]. One of the most appealing properties of the
Hautus lemma is that in [74] it was shown to lead in a natural way to charac-
terizations for stabilizability and detectability as well.

A popular and versatile tool in control theory is the Lyapunov function. These
are based on the observation that, if there exists a function of the state which
is bounded below, and which decreases along each trajectory, then the system
must be stable. The methods of Lyapunov, as described in [109], were first ap-
plied to stabilization in a system theory setting in the works of Kalman [92,93].
Lyapunov functions arise in many settings as an analogue to ‘energy’ in phys-
ical systems. In addition to its use in stability analysis, the study of Lyapunov
functions has many applications in control. A particularly relevant result is
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the Kalman-Yakubovich-Popov (or bounded real) lemma, discovered indepen-
dently in [90,134,185]. In a modern reformulation, this result links the study of
Lyapunov functions and linear matrix inequalities.

1.1.2 Geometric control theory

It should be observed that the previously mentioned methods are seemingly
dependent on the representation of the system, as they are stated in either sys-
tem matrices or by explicit functions. However, properties like controllability
and stabilizability are clearly independent of any choice of basis. This suggests
that it may be more natural to work with linear maps and subspaces than to
work with explicit matrices. More eloquently, Wonham, one of the proponents
of geometric control, stated in the introduction of [183] that:

The geometry was first brought in out of revulsion against the orgy of ma-
trix manipulation which linear control theory mainly consisted of. Whereas
the main advantage of the theory is that it works coordinate free, and hence,
successfully captures the essence of many analysis and synthesis problems.

The geometric theory of control views properties of the system in terms of
subspaces of the state space. Here, the central concepts are controlled invariant
subspaces and their duals, conditioned invariant spaces. These were indepen-
dently introduced by Basile and Marro in [18] and Wonham and Morse in [184].
In layman’s terms: A subspace is controlled invariant if, given a state inside it,
there exists an input such that the resulting trajectory stays inside the subspace.
For example, by definition the subspace containing all stabilizable points has
this property. As such, characterizations of for example reachability and stabi-
lizability were given in terms of geometric properties.

These and related notions can be applied in a myriad of analysis and con-
trol problems. Some noteworthy examples include the disturbance decoupling
problem and the (algebraic) regulator problem. These, and many other results
from geometric control may be found in the books [19,165,183].

1.2 CONSTRAINED SYSTEMS AND CONVEX PROCESSES

Recall that the most important property of a mathematical model is that it
reflects the properties of the (natural) phenomena under investigation. How-
ever, in many real applications the assumption of linearity is too restrictive. As
such, many of the above-mentioned concepts have been generalized towards a

13
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nonlinear setting. For an overview of different approaches, we point towards
the works of Nijmeijer and Van der Schaft [124], Isidori [84] and Khalil [98].
These works largely deal with differentiable nonlinear systems, and as such,
these systems can be linearized locally. This means that these theories need to
recover the linear theory both as a special case, and as a limit case when viewed
locally.

However, not all nonlinear systems exhibit such properties. A simple exam-
ple is the following: Consider a mass on which a force is applied by means
of a rope. With an idealized rope, forces can only be applied in one direction,
which means that this input is constrained to be nonnegative. As such, the sys-
tem is not linear. Similarly, many models use state variables that are physically
incapable of being less than zero. In the presence of such constraints, it is no
longer possible to locally linearize the system. This means that these situations
are not (easily) captured by the general classes of nonlinear systems considered
in the greater literature.

In addition, there is always a trade-off between generality of the system class
and strength of the corresponding analysis results. Since results hold more
readily for all linear systems than for all nonlinear systems, it seems prudent
to consider a class of systems that is (in some sense) as small as possible. In
the first part of this thesis, we will focus on developing analysis results for con-
strained linear systems. To be precise, we will focus on convex conic constraints.

1.2.1  Constrained linear systems

Of course, the problem of characterizing system-theoretic properties for con-
strained linear systems is not a new one. In broad strokes, the problem of
analysis of constrained linear systems has been attacked from two sides: From
either a control theory or a convex analysis standpoint.

Early papers from the control theory side have focused on input constraints
only. To the best of our knowledge, the first work in this regard is Brammer’s
work characterizing controllability and null-controllability in [36]. To be pre-
cise, this paper considers nonnegative input constraints for continuous time
systems. With regard to controllability, this work was extended by Saperstone
in [149] and the problem was viewed geometrically in [79]. Another important
consideration was the discrete time version of the same problem. This was re-
solved by Evans and Murthy in [52]. Later works, [51, 122], considered more
general input constraints. Since, for discrete time linear systems controllabil-
ity and null-controllability are not equivalent, the latter was more extensively
investigated in discrete time by Sontag [160] and Nguyen [123].
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Stepping away from input constraints, there are a number of types of systems
with state constraints that are well studied. First among these are systems
where the state is constrained to a subspace of the state space. Such systems are
referred to as implicit, singular, descriptor, differential-algebraic (or difference-
algebraic) systems. Due to the many applications of such systems, they have
attracted significatn attention. Relating to the work in this thesis, we note the
thorough overview on controllability of such systems in [24].

Another class of systems with state constraints is the class of positive systems.
Simply put, these are systems whose states evolve in the nonnegative orthant
of the state space. For a general overview, we refer to the work of Farina and
Rinaldi in [54], and the references therein. With particular relevance to this
thesis are the investigations of the geometry of the reachable set for such sys-
tems given in [21,53,128]. A recent paper in this vein, [187], points towards an
interesting complication: Even in the presence of polyhedral state constraints,
the structure of the reachable set might not be polyhedral.

One particularly interesting property of linear positive systems is with re-
gard to Lyapunov functions. In papers by Willems [179] and Barker, Berman
and Plemmons [17, 25] (see for a more modern approach [155]) it was shown
that these systems are stabilizable if and only if they admit a diagonal quadratic
Lyaponov function. As such, the amount of variables in the design of a Lya-
punov function is linear, instead of quadratic, in the dimension of the state.
Indeed, in recent papers by Rantzer [137-139] it is shown that this allows for
well-scaling control schemes. This result was extended to the more general
setting of the Kalman-Yakubovich-Popov lemma in [163, 164].

For other types of state constraints, invariance is also used as a central con-
cept in the so-called set-theoretic methods of e.g. Blanchini and Miani [31,32].
Based on these ideas, a currently popular method for control of constrained
systems is that of control barrier functions. For an overview of this topic, see
for instance [6]. Lastly, stabilizability was also investigated with more general
input and state constraints in [145,146,153,176,177].

The last type of constraints discussed in the literature are mixed constraints,
that is, constraints on the input and state simultaneously. In this setting the first
characterization of reachability is the work by Heemels and Camlibel in [76]. To
be precise, this paper considers right-invertible systems, and constraints that
are polyhedral and solid, that is, they span the entire space. In [77], the same
authors characterized null-controllability under similar conditions.

15
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1.2.2 Convex processes

As said, the second field attacking the analysis of constrained systems is con-
vex analysis. These methods use the language of convex processes. A convex
process is a set-valued map whose graph is a convex cone. This thesis will ex-
plicitly work within a framework of difference inclusions with convex processes.
This class of system has a few properties worth discussing.

First of all, this class can be used to describe any linear system with convex
conic constraints on the input, state or both. This link can easily be made
explicit, and therefore it is straightforward to translate any analysis result for
convex processes into one for conically constrained systems and vice-versa. In
addition, in a behavioral sense (see e.g. [180,181], convex processes are a first
step away from linearity. To be precise, note that linear systems are such that
any linear combination of two trajectories is another trajectory. This property
is reflected in the fact that for convex processes, any conic (or nonnegative)
combination of trajectories results in a trajectory. As such, any investigation of
properties of convex processes serves as a stepping stone towards a theory for
more general nonlinear dynamics.

The analysis of system-theoretic properties of convex processes can be said
to have started with the seminal paper by Aubin, Frankowska and Olech [14].
In this paper, the authors characterize reachability of strict (that is, nonempty
everywhere) convex processes in continuous time. Following this this, Phat and
Dieu investigated reachability and null-controllability in discrete time in the
paper [132]. More recently, in the works of Kaba and Camlibel [85, 86] it was
shown that these conditions could be generalized towards certain classes of
nonstrict convex processes. This revealed that a characterization of e.g. reach-
ability for linear systems with state constraints was possible in a context of
convex processes. Similarly, works by Phat [131] and Smirnov [159] have char-
acterized stabilizability for strict convex processes.

These works have a few properties in common. First of all, each of them
relies heavily on duality of convex processes. Secondly, these characterizations
are all spectral, that is, in line with the Hautus Lemma. However, the theories
behind these concepts are not as mature for nonstrict convex processes as they
are for the strict case. As such, the first part of this thesis will discuss duality,
eigenvalues, invariance, and the links between these concepts.

Of course, this all stands in a wider setting of analysis of convex processes.
The history of convex processes starts with their definition by Rockafellar in
[141, 142]. With regard to this thesis, we note a number of relevant works. Du-
ality of convex processes in general was investigated by Borwein [33,34] (see
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for a modern approach [8]). Leizarowitz [104] and Seeger [151] deal with eigen-
values and eigenvectors. Extending on the aforementioned characterizations
of controllability, Lewis [105] investigates the robustness of this property in
terms of distance to uncontrollability. Lastly, we note the work of Henrion [78],
which deals with sequences and boundedness of convex processes. In a con-
text of more general set-valued maps, a topic of particular interest is Viability
theory [10,13], which focuses on what we call the feasible set in this work.

Of course, any convex process is a linear process. This means that any re-
sult for the analysis of convex processes has a special case pertaining to linear
systems with linear constraints, that is, difference algebraic systems. Controlla-
bility and observability of linear processes have also been studied in their own
right, in e.g. [62].

1.2.3  Contributions of the first part

In Chapter 2 we will look at the following problem: Given a convex process
and a convex cone, develop conditions under which we can guarantee the ex-
istence of an eigenvector of the process within the cone. Our solution to this
problem will be shown to generalize all earlier similar results, and will be used
as a stepping stone towards analysis of convex processes in Chapters 3 and 4.

This chapter also highlights an important difference between linear systems
and convex processes: The latter cannot be represented as easily. This is due to
the fact that, while a subspace can be represented by a (finite) number of linear
equations, representing a convex cone requires a possibly infinite number of
linear inequalities. As such, working with explicit representations would be
very burdensome. Therefore, our main approach when developing analysis
results is geometric in nature.

In particular, the conditions of the main theorems are stated in terms of cones
and subspaces relating to the given convex process and cone. In fact, one of
the main assumptions that is required is that the given convex cone is weakly
invariant under the convex process. This notion precisely generalizes that of
controlled invariance. This relation between weak invariance and controlled
invariance is illustrative for the second part of Chapter 2, where we will formu-
late the conditions of the main theorem in terms of classical geometric control.
This will rely on a realization linear processes as linearly constrained linear
systems.

Chapter 3 contains the bulk of the new results on analysis of convex pro-
cesses. In this chapter, we will use the results of Chapter 2, in order to obtain
Hautus-like characterizations of reachability, null-controllability and stabiliz-
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ability. This chapter will use analogues of many of the techniques mentioned
above:

First, we will generalize the geometric characterizations of these properties.
This will allow us to properly define e.g. reachability in terms of convex cones.
We will consider weakly and strongly invariant cones, which we correspond
to controlled and conditioned invariant subspaces respectively, and show that
under certain conditions theses notions are dual. As for linear systems we
will see that the reachable, stabilizable and null-controllable sets naturally have
such invariance properties.

Note that any cone contains a largest subspace and is contained in a smallest
subspace. Using this with respect to the graph of a convex process gives rise to
the definitions of the minimal and maximal linear processes. Clearly, in order
for a convex process to be reachable, it is required that the maximal linear
process is reachable. In addition, as we will show in Chapter 2, the study of
linear processes is equivalent to that of linearly constrained systems. As such,
we can characterize the reachable set of the maximal process. Similar to the
classical Kalman decomposition of linear systems, we will consider the convex
process within and outside of the reachable set of the maximal linear process.

Under a condition on the domain of the convex process, this will allow us
to characterize reachability and stabilizability in the vein of the Hautus lemma.
We further prove that under these conditions a reachable convex process is
guaranteed to be null-controllable and therefore controllability. However, as
for unconstrained linear systems, null-controllability does not imply reacha-
bility. Under a further condition on the image, we can also characterize null-
controllability. These results will generalize all previously known results.

Lastly, in Chapter 4, we develop Lyapunov theory for nonstrict convex pro-
cesses. The results of this chapter also come in two parts. At first, we develop a
framework of extended real-valued Lyapunov functions. Using functions that
are allowed to be infinite outside of the constraints of the system, will allow
us to better reflect the constraints in the design of our Lyapunov functions. In
particular, we will define notions of weak and strong Lyapunov functions, cor-
responding to the specific notions of uniform exponential stabilizability and strong
stability. One of the main results of this part, is that a convex process is uni-
formly exponentially stabilizable if and only if there exists a weak Lyapunov
function in a certain class.

The second part of Chapter 4 is motivated by two related observations. First,
there is the duality that is central in Chapter 3: In the characterization of sta-
bilizability it can be seen that stabilizability of a convex process and strong
stability of its dual are related. Furthermore, earlier work like [159] employed
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Lyapunov functions in proving the relation between stabilizability of a primal
system and strong stability of the dual. This relation was made much more
explicit in [69]. As such, we will generalize the aforementioned results to work
for nonstrict convex process. After this, we will bring together a number of
results on duality into a result that links different stability notions, Lyapunov
functions and duality.

1.3 DATA INFORMATIVITY

So far, we have dealt with problems in model-based systems and control the-
ory: Given a dynamical system as a model of some (natural) phenomenon, we
developed tests for certain properties the system might have. A clear prerequi-
site of any such problem is the construction of a suitable model, for example
from first-principles modeling. However, this may not always be tractable. As
such, the second part of this thesis deals with situations where such a model
is unknown. To offset this lack of knowledge, we assume that we have access
to measurements of the system. The goal of this part is performing analysis and
designing controllers for the unknown system based on these measured data.

1.3.1 Data-driven analysis and control

Recently, the field of data-driven control has been extremely active. While it
is impossible to list all contributions, we note the works of [1,2,16,35,43,58,59,63,
71,95,121,129,154,158] with regard to control. In addition to data-driven control
we also mention the data-driven analysis methods of e.g. [106,125,178, 188].

A particularly relevant result is Willems’ fundamental lemma, which was
proven in the paper by Willems et al. [182]. For a recent proof using state space
methods see [171]. This result shows that all trajectories of a linear time invari-
ant system can be written in terms of a single measured trajectory, provided this
measurement is sufficiently exciting. This work immediately had repercussions
in the field of data-driven control.

The first results building on Willems’ lemma were developed in a behavioral
context by Markovsky and Rapisarda [111,112]. More recently, the work was
brought into the context of state space systems in for instance [15, 23, 30, 42,
72,83,118]. Also data-driven analysis has benefited from the development of
the fundamental lemma. A particularly active area is the study of dissipativity
on the basis of measured system trajectories, as seen in e.g. [22,113, 143, 144].
Extensions with regard to controllability are provided in [186].
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Since a large part of this thesis is on constrained systems, we specifically note
the developments in model predictive control (MPC). Many methods arising
from MPC are particularly well suited to constrained systems. For an overview
of such methods, we refer to the book by Mayne et al. [116] or the survey paper
by Mayne [115]. Using Willems” lemma, MPC has recently been brought into a
data-based context in [3,4,41,133].

In a sense, these works all use a single trajectory of a system as a model for
the system. In this thesis we will be interested in problems where potentially
a model can not be uniquely identified from the data. Inspired by the concept
of data informativity in system identification [66, 67, 108], we will look at infor-
mativity for other system-theoretic properties. This means that we will present
conditions on the data under which it is guaranteed that the measured system
has a given property. Clearly, informativity is a prerequisite for any type of
control problem: Before trying to obtain a controller from data, it should be
checked whether such controller can exist. Of course, previous methods of
data-driven analysis and control have (necessarily) assumed that the data are
informative, but the property itself has not been studied in the literature explic-
itly. As such, many earlier works have employed assumptions on the data that
are more restrictive than necessary.

The work on informativity presented in this thesis has led to applications of
the framework to a myriad of analysis and control problems, model classes, and
data structures. In particular, suboptimal LQR and 3, control were discussed
in [173], control based on noisy data in [169, 170], the paper [166] considers
tracking and regulation, and model reduction in [38]. Additionally, the pa-
per [168] considers the essential problem of obtaining informative data from
experiments.

1.3.2 Contributions of the second part

In Chapter 5 we introduce the data informativity framework. This framework
is based on the following simple observation: Suppose that we wish to assess
whether an unknown system has a certain property based only on measure-
ments performed on the system. We can only guarantee that the property
holds for the unknown system if it holds for all systems that could have gen-
erated the data. As such, we will focus on developing methods that guarantee
analysis and control properties for sets of systems.

After setting up the data informativity framework, we will resolve a number
of informativity problems. To be precise we will consider measured input and
state data, and characterize controllability, stabilizability and stability. In addi-
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tion to analysis results, we will also resolve a number of control problems. Here
we will characterize stabilization by static state feedback and the LQR problem.
The latter of these is interesting in the fact that informativity for LQR design im-
plies that we can uniquely recover the true system from data. This means that,
from an information standpoint, data-driven LQR cannot outperform system
identification combined with model-based methods. The last results of this
chapter will involve also measured outputs, with which we will characterize
informativity for stabilization using dynamic measurement feedback.

Chapter 6 will deal with informativity problems involving noisy data. This
means that we will assume the true system is unknown and we will develop
tests characterizing structural properties based on noisy measurements of the
state, input, and outputs. Specifically, we will consider unbounded, structured
noise. As such, we will assume that our true system is linear, where the state
map is unknown but the other system maps are known. This situation arises in,
for example, situations of networks: It is known how the disturbances and in-
puts enter the system, but unknown what happens internally. Mathematically,
we will show that the set of such systems consistent with given measurements
is an affine set of a certain form.

After this, we will give conditions under which the Rosenbrock system ma-
trix satisfies a rank condition for all systems in such a set. This will naturally
allow us to characterize (strong) controllability, stabilizability, observability and
detectability using the same result. In a similar fashion, we will consider sub-
spaces that are invariant for all systems in a specific affine set of systems. This
will provide geometric characterizations of the aforementioned properties.

Lastly, in Chapter 7 we will bring together results from both parts of this the-
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sis, by developing informativity conditions for reachability and null-controllability

the class of convex processes. In order to do this we develop a few extensions
of our previous work.

As before, developing informativity conditions will require us to develop
analysis results for a set of systems. Here, the framework of set-valued maps
will prove very useful: Given a set of measurements on the state, we will show
that the set of all convex processes consistent with the data can be conveniently
written in terms of the graph. To be precise, this set is equal to all convex
processes which are greater than (with respect to the graph) a given convex
process. We will then prove that, under certain conditions, if this “lower bound’
is reachable or null-controllable, so are all “larger” convex processes.

A further development is that we will specify the analysis results of Chap-
ter 3 and formulate them specifically for polyhedral convex processes. Bringing



22 | INTRODUCTION

these together will allow us to develop informativity conditions for reachability
of convex processes.
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2 ON EIGENVALUES AND
EIGENVECTORS OF CONVEX
PROCESSES

In this chapter, we will begin our investigation of convex processes. We will
focus on proving that under certain conditions there exists an eigenvector
in a given cone corresponding to a nonnegative eigenvalue. This result
will prove instrumental in the results of coming chapters. The second part
of this chapter will illustrate how linear processes and linear systems are
linked. In particular, this will reveal geometric characterizations for the
conditions of the main result.

2.1 INTRODUCTION

Eigenvalues and eigenvectors of convex processes have been studied in the
literature from different angles and for different purposes. In particular, ex-
istence of eigenvectors of convex processes within invariant cones has been
investigated (see e.g. [14, Thm. 4.1], [132, Thm. 2.1], [159, Thm. 2.13]). More
precisely, it is shown (see [86, Thm. 3.2]) that a closed convex process H admits
an eigenvector corresponding to a nonnegative eigenvalue within a nonzero
closed convex pointed cone X if H(0) N K = {0} and H(x) N XK # & for all x € X.
This result and its variants have been employed in the study of controllability
and stabilizability of differential/difference inclusions with strict closed convex
processes in [14, 131, 132, 159] and with particular nonstrict convex processes
in [45,86].

The main result of this chapter, Theorem 2.3, deals with the case for which
X may contain a line. Under certain assumptions, Theorem 2.3 establishes not
only existence of eigenvectors but also provides information about the loca-
tions of them. In addition, we prescribe a way to verify the assumptions of
Theorem 2.3. The main contribution of the chapter is twofold. On the one
hand, the results we present shed a new light on the spectral properties of con-
vex processes by extending the existing results. On the other hand, they enable
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spectral characterizations of reachability, (null-)controllability, and stabilizabil-
ity of difference inclusions with nonstrict convex processes, as will be studied
in Chapter 3.

Of course, this chapter stands in a broader context of spectral analysis of
set-valued maps. An introduction to this topic can be found in [151]. The links
between stability and eigenvalues were explored in [5, 40, 65, 103]. However,
as was also noted in [151], if the set-valued map under consideration is not a
convex process, then the chances of obtaining an extension of known results are
remote. With regard to the related work on eigenvalues of convex processes, the
paper [104] studies extremal characterizations of eigenvalues and [64] studies
“higher-order” eigenvalues in the context of weak asymptotic stability.

Similarly relevant works are those developing different generalizations of the
Perron-Frobenius theorem regarding linear maps with eigenvectors in given
cones. Here, we specifically note [29,174]. Furthermore, there is the Krein-
Rutman theorem [102], which generalizes this to the context of Banach spaces.
An extensive overview of this topic can be found in [162].

The organization of this chapter is as follows. Section 2.2 is devoted to the
preliminaries whereas Section 2.3 presents the main results. In Section 2.4, we
discuss how the assumptions of main results can be verified. Finally, Section 2.5
closes the chapter with conclusions.

2.2 PRELIMINARIES

For two sets 8,7 C R™ and a scalar p € R, we define 8+ T :={s+t | s €
8,t € T} and p8 := {ps | s € 8}. By convention $+ @ = @ and po = . We
denote the closure of a set 8 by cl(8). For a convex set 8, we denote its relative
interior by ri(8). We let (-,-) denote the Euclidean inner product and |- | the
Euclidean norm.

A nonempty set C is said to be a cone if px € € for all x € € and p > 0. Given
a convex cone C C IR™, we define lin(€) = €N —C and Lin(€) = € — €. These
are respectively the largest subspace contained in € and the smallest subspace
containing €. A cone € is said to be pointed if it does not contain a line, i.e.
lin(€) ={0}.

We can identify any set-valued map H : R™ = R™ with a subset of R™ x R™
by considering the graph:

gr(H) :={(x,y) e R* xR™ |y € H(x)}.
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Using this identification, we say that the map H is closed, convex, a process or a
linear process if its graph is closed, convex, a cone or a subspace respectively.
Direct application of this definition shows that if H is a convex process, then
H(x) + H(y) € H(x+y) for all x,y € dom(H). In addition, H(px) = pH(x) for
all x € R™ and all p > 0. We define the domain, image and kernel of a set-valued
map by

dom(H) :={x € R™ | H(x) # &},
im(H) :={y e R™ | 3x € R" s.t. y € H(x)},
ker(H):={x ¢ R™ |0 € H(x)},

respectively. If H is a convex process, the domain, image and kernel are all
convex cones. However, these sets are not necessarily closed even if H is closed.
A set-valued map is said to be strict if dom(H) = R™. For any set-valued
map H : R™ = R™, we define the inverse H™! by letting x € H™'(y) if and
only if y € H(x). This makes it clear that the domain of H is equal to the image
of H™! and vice versa. In terms of the graph, the inverse can be expressed as

gr(H’1) = {(I) (I)] gr(H). (2.1)

We will denote the image of the set § under H by H(S) = {y € R™ | 3x €
§s.t. y € H(x)}. A direct application of the definitions shows that

H(8) =1[0 I} (gr(H)N (8 xR™)). (2.2)
For q > 1, we define the g-th power of a set-valued map, H9 : R™ = R™ by
HY(x) := H(HI'(x)) Vx e R™, (2.3)

with the convention that H° is equal to the identity map. For given A € R, we
define H — Al as the set-valued map such that (H—AI)(x) ={y —Ax e R™" |y €
H(x)}

We define the negative dual of a convex process H by

peH (q) <= (p,x) =(qy) VYixy)e€gr(H). (2.4)

The negative dual is a closed convex process, regardless of whether H is closed.

For a nonempty set € C R™, we define the negative polar cone by

CT={yeR"|(x,y) <0 V¥xecCL
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This allows us to characterize the negative dual in terms of the graph as

grit) = | &) g fexth) (25)

It is straightforward to check that if H is a convex or linear process, then so
are powers H9 for all g, the inverse H-',H—AlforallA € R and H™.

Using the graph, we define the minimal and maximal linear processes of a con-
vex process H, denoted by L_ and L respectively, as

gr(L_) :=lin(gr(H)) and gr(Ly):= Lin(gr(H)).

Clearly, L_ and L, are, respectively, the largest and smallest (with respect to
graph inclusion) linear processes that satisfy

gr(L-) C gr(H) C gr(Ly).

In the case that the process H is not clear from context, we will denote these
processes by L_(H) and L (H) to avoid confusion.

If H is a convex process whose graph contains a nontrivial subspace, we can
apply the following lemma to simplify its structure.

Lemma 2.1. Let H be a convex process and let L be a linear process such that
gr(L) C gr(H). For all x € dom(H), y € dom(L), we have

H(x+y) = H(x) + L(y).

Proof. Let x € dom(H) and y € dom(L). We will prove the equality by mutual
inclusion. Note that, as gr(L) C gr(H), we know that L(y) C H(y), and therefore

H(x) 4+ L{y) € H(x) +H(y) € H(x+y).

For the reverse inclusion, first observe that y € dom(L) implies that —y €
dom(L) as L is a linear process. Then, we have

H(x+y) +L(—y) € H(x +y) +H(—y) € H(x).

This shows that H(x +y) € H(x) —L(—y) = H(x) + L(y), where the last equality
follows from L being a linear process. |

A central role in this chapter will be played by weakly H invariant cones:

Definition 2.1. Let H be a convex process, we say that a convex cone € is weakly
H invariant if H(x) N € # @ for all x € €. Equivalently, C is weakly H invariant
ifecHT ().
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A real number A and vector £ € R™ \ {0} form an eigenpair of H if A& € H(E).
In this case A is called an eigenvalue and & is called an eigenvector of H. For
each real number A and convex process H, it is easily verified that the convex
cone ker(H — AI) contains all eigenvectors corresponding to A and the vector
0. This set is called the eigencone corresponding to A. This means that A is an
eigenvalue of H if and only if ker(H — AI) # {0}.

If H is a convex process and A > 0, then the eigencone corresponding to A is
a weakly H invariant cone, as Ax € H(x) Nker(H —AI) for all x € ker(H —AI).

As noted in the introduction, we will investigate the eigenvalues of H with
corresponding eigenvectors in a weakly H invariant cone. For this, we define
the spectrum of H with respect to X as

o(H,X) :={A € R | 3& € X\ {0} such that A§ € H(&)}.

If @, X are cones such that € C X, then it is clear that o(H,C) C o(H, X). Note
that, unlike the common definition of the spectrum of a linear map, we consider
only real eigenvalues.

2.3 MAIN RESULTS

Our goal is to study eigenvalues and eigenvectors of convex processes. Before
stating our main theorem, we make a few observations on properties of spectra.
We begin with elementary results on the closedness and boundedness of the
spectrum of a closed convex process.

Lemma 2.2. Let H be a closed convex process and X be a convex cone. Then,
o(H,X) is

i. closed if X is closed.
ii. bounded above if H(0) N cl(X) = {0}.

Proof. Closedness of o(H,X) readily follows from those of H and K. For the
boundedness, suppose that o(H, X) is not bounded above. Then, we can take a
sequence of eigenvalues of H, (Ay)xen, such that Ay > k for each k. Let &y be
an eigenvector corresponding to the eigenvalue Ay with |Ex| = 1. Note that

1
(E‘ikr &x) € gr(H), (2.6)

since H is a convex process. It follows from the Bolzano—Weierstrass theorem
that (Ex)ken converges, say to &, on a subsequence. Clearly, we have [E] = 1.
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By taking the limit in (2.6) on that subsequence, we see that (0,&) € gr(H) as H
is closed. Therefore, we have & € H(0) Ncl(X). From the hypothesis, we obtain
& = 0 which is a contradiction. Consequently, o(H, X) must be bounded above.

[ |

Next, we deal with finiteness of spectra. Linear transformations mapping
R™ to R™ are particular instances of linear (and hence convex) processes. Both
a linear transformation and its dual have finitely many eigenvalues. A curious
question to ask whether there are other convex processes that enjoy a similar
finiteness property. It turns out that linearity is a crucial property for the spectra
of a convex process and its dual to be finite at the same time.

We say a set-valued map H : R™ = IR™ is an n-dimensional linear process if its
graph is an n-dimensional subspace. Typical examples of n-dimensional linear
processes are linear transformations from R™ to IR™. Note that inverse of an
n-dimensional linear process is also an n-dimensional linear process.

Theorem 2.1. Let H:IR™ = IR™ be a convex process. Suppose that H is not an
n-dimensional linear process. Then, any real number is an eigenvalue of either
Hor H™.

Proof. Suppose A is an eigenvalue of neither H nor H™. This means that
ker(H™ —AI) = {0}. By [12, Proposition 2.5.6], we know that ker(H™ —AI) =
im(H — AI)~. Therefore, we have that im(H —AI) = R™. This implies that
dom(H —AI)~" = R™. In other words, (H—AI)~"! is strict. On the other
hand, as A is not an eigenvalue of H, we see that ker(H — AI) = {0}. Therefore,
we have that (H—AI)"'(0) = {0}. Then, it follows from [142, Theorem 39.1]
that (H—AI)~! is a linear transformation and hence an n-dimensional linear
process. Consequently, (H —AlI) is also an n-dimensional linear process. Note
that

gr(H—Al) = {_IM ﬂ gr(H).

Since the matrix on the right hand side is nonsingular, we see that H is an
n-dimensional linear process as well. n

Example 2.1. Let H: R = R be given by

1
Hx) :{[ZX,ZX] x>0,
%) x < 0.
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Clearly, any A € [%,Z] is an eigenvalue of H. We can find the dual to be:

v )[2x,00) x>0,
H™(x) '{Bx,oo) x < 0.

Indeed, any A ¢ (%,2) is an eigenvalue of H™.

The converse of this theorem is not true in general: Not all n-dimensional lin-
ear processes have only finitely many eigenvalues. For instance, let H be given
by gr(H) := ({0} x R) x ({0} x R). Then H is a 2-dimensional linear process and
all real numbers are eigenvalues of H.

We now approach our main result. As stated in the introduction, we will
first discuss the result we aim to generalize. The following proposition provides
conditions for the existence of eigenvectors contained in weakly invariant cones
under convex processes.

Proposition 2.1 ([86, Thm. 3.2]). Let H : R™ = R™ be a closed convex pro-
cess and {0} # K C R™ be a closed convex pointed cone. Suppose that X is
weakly H invariant and H(0) N X = {0}. Then, X contains an eigenvector of H
corresponding to a nonnegative eigenvalue.

This proposition is a slight generalization of similar statements that appeared
in the literature before (e.g. [14, Thm. 4.1], [132, Thm. 2.1], and [159, Thm. 2.13]).
These results were employed in the study of differential/difference inclusions
involving strict convex processes. Based on them, [14, Thm. 0.4], [132, Thm. 3.1],
and [159, Ch. 6] characterize reachability and [131, Thm. 3.1] and [159, Thm.
8.10] weak asymptotic stability of strict convex processes in terms of the spectral
properties of their dual processes. In Chapter 3, we will develop a framework
to study similar system theoretic properties of nonstrict convex processes. It
turns out that the pointedness hypothesis of Proposition 2.1 is typically not
satisfied in the context of nonstrict convex processes. This calls for a study of
existence of eigenvectors contained in weakly invariant cones that may contain
lines.

However, the proof of Proposition 2.1 heavily relies on the assumption that
X is pointed. Our approach to resolve this issue is based on the following
decomposition: Let X be a convex cone and W be a subspace such that W C X.
Then, we can express X (see e.g. [142, page 65]) as the direct sum

K=Wa (XKnwh). (2.7)

33



34

| ON EIGENVALUES AND EIGENVECTORS OF CONVEX PROCESSES

We will investigate the behavior of H within X by looking at the behavior in
W and X N'W' separately. For this, we will require two convex processes
associated to H. We define the restriction of H to X by

gr(Hg) == gr(H) N (K x X). (2.8)

Based on (2.7), we define the convex process Hx vy by

gr(Hacw) := (gr(Hx) + ({0} x W)) N <(1KﬂWJ‘) X (JCOWJ‘)) (2.9)

In the following, we will describe how eigenvectors of H in K\ 'W are related
to eigenvectors of Hgc 1y in the set X N'W-. The main benefit of using this
relations is found for the particular choice of W = lin(X). As XN lin(X)1 is a
pointed cone. for any X, the existence of eigenvectors of Hy vy in K N lin(X)+
can be analyzed by employing Proposition 2.1. This line of reasoning will allow
us to weaken the assumptions made in Proposition 2.1, allowing for cones X
that may contain a line.

To relate the eigenvalues of H with those of Hx 1y, we need the subsequent
technical result.

Lemma 2.3. Let H : R™ == R™ be a closed convex process and {0} # X C R™
be a closed convex cone. Suppose that X is weakly H invariant and H(0) N X is
a subspace. Let W be a subspace such that H(0) N € 'W C K. Then, we have:

i. Hge w is closed,

ii. Hac,w(0) = {0},
iii. KN W= is weakly Hy yy invariant.

Proof. (i): It suffices to verify the closedness of the set gr(Hs) + ({0} x W) since
K N'W+ is closed and the intersection of closed sets is closed. In view of [142,
Corollary 9.1.1], it is enough to show that gr(Hg) N ({0} x W) is a subspace.
Note that

gr(Hgc) N ({0} x W) = gr(H) N (X x K) N ({0} x W)
= gr(H) N ({0} x W)
= {0} x (H(0) n'W).
Now, as (H(0) NXK) € W, and both are subspaces by assumption, we see that

gr(Hgc) N ({0} x W) is a subspace. Therefore, gr(Hx) + ({0} x W) is closed and
hence Hy yy is closed.
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(ii): Note that Hac 1 (0) = (Hgc (0) +W) N (X N'WL). As Hge(0) € W by assump-
tion, we see that Hy 1w (0) = WNXnN wt ={o.

(iii): Let & € XN'W- and n € Hyc(&). By the definition of Hyc, we see thatn € K.
Due to (2.7) we can write 1 = { + 0, where { € W and 6 € X N'W-.. Note that
(£,0) = (§,m) + (0,—). Since (§,m) € gr(Hx), —C € W, and 6 € KN'W, we
see that (£,0) € gr(Hg w) and hence XN W is weakly Hg  invariant. [ |

We are in a position to relate the eigenvectors of H and Hg .

Theorem 2.2. Let H: IR™ = R™ be a closed convex process and X C R™ be a
weakly H invariant closed convex cone such that H(0) N X is a subspace. Let W
be a subspace such that

(@) HO)NKX CWC X,

(b) W is weakly L_(H) invariant and

() WC (L_(H)—AI)W for all A > 0.
Then the following hold:

1. o(H, X\ W)NRy = o(Hg w, KNWL)NIR and the set o(Hgc 1, KNW)
is closed and bounded above.

2. If ker(H—AI) €W for A > 0 then ker(H — Al is a subspace.

Proof. Before starting the proof, we define a linear process Lyy by taking:
gr(Lyw) =gr(L_(H)) N (W xW).

Clearly gr(Ly) C gr(Hg) and it is straightforward to show that dom Ly =W
if and only if W is weakly L _ (H) invariant. Furthermore, by definition we know
that

(Lw—ADWCW VAeR. (2.10)

As we can write (Lyy —AI)W = ((L_(H) —?\I)W) N'W, we know that (c) and
(2.10) imply that
(Lyy —ADW =W VA >=0. (2.11)

We can now prove the claims of the theorem in order.

To prove 1, we note that by Lemma 2.3 Hyc 1y is closed. As X N'W is closed,
we know the set o(Hg w, XN W-) is closed by Lemma 2.2. From Lemma 2.3
we also know that Hy 1 (0) = 0 and therefore by Lemma 2.2 we know that this
spectrum is bounded above. We will prove the equality of the two spectra by
mutual inclusion.
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Let A € o(H,X\W)NIR,. Then A > 0 and there exists & € X\ W such that
A& € H(E). Clearly (A, &) is then also an eigenpair of Hy. By the direct sum
(2.7) we can write § = {+1n where { € Wand n € XN W, Using Lemma 2.1
and the fact that dom(Lyy) = W we can use this decomposition to show that
A(C+m) € Hy(m) + Lw(d). By (2.11), we know Ly () —AC € W and we can
conclude that

A € Hxe(m) +W = An € Hyc,w(n).

Now, as & € KX\ W, we know that 1 # 0, and therefore
o(H, K\ W) C o(Hg,w, K NWH).

It now sulffices to prove the reverse. For this, let A € o(Hg w, XN W NR,.
In other words, A > 0 and there exists 0 #£ & € XN W such that A& € Hae w(&).
Using the definition of Hg yy, we know there exists 1 € W such that A& €
Hgc (&) +m. Using (2.11), we can find ¢ € W such that n € (Lyy — AI)C. Now we
can apply Lemma 2.1 to show that

AE+AC € Hye(8) + L (C) = Ha (§+¢) € H(E+ Q).

As ¢ € W and & # 0 we can conclude that &+ ¢ € X\ 'W. Combined with the
first part, this proves the claim.

Next we prove 2. Let ker(H—AI) C ‘W and let (A, &) be an eigenpair of H
with A > 0. Then £ € W C X and therefore (A, &) is an eigenpair of Hy. In fact
by Lemma 2.1 we know that H(&) = Hgc (&) = Hg (0) + Ly (&). As we assumed
that Hq(0) = H(0) N X is a subspace, we know that

A(=&) € Hx(0) + Ly (=€) = Hac (&) € H(=¢E).

Therefore & € ker(H — AI). As the set ker(H — Al) is a closed convex cone, this
implies that the set is also subspace. |

The pointedness assumption of Proposition 2.1 can be weakened with the
help of Lemma 2.3.

Theorem 2.3. Let H : R™ = R™ be a closed convex process and X C R"
be a weakly H invariant closed convex cone such that H(0) N X is a subspace,
lin(X) is weakly L_(H) invariant and lin(X) C (L—(H) —AI) lin(X) for all A > 0.
Then X = lin(X) if and only if any eigenvector of H in K corresponding to an
eigenvalue A > 0 belongs to lin K.

Proof. Taking W = lin(X) in Theorem 2.2 , we see that (a) — (c) hold. Note that
lin(X) = X if and only if XN (1lin(K))+ = {0}. As KN (lin(X))* is pointed, it
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follows from the results of Lemma 2.3 and Proposition 2.1 that X N (lin(X NE £
{0} if and only if XN (lin(%))+ does not contain an eigenvector of Hy  that
corresponds to A > 0. By Theorem 2.2.1 these eigenvectors correspond to those
of H in X\ lin(X), therefore this proves the claim. [ |

If the cone X is pointed, we know that lin(X) = {0}. As in addition {0} is
weakly L_ invariant and {0} C (L_ —AI){0} = L_(0) for any H and A, we see
that this theorem generalizes Proposition 2.1.

Theorem 2.3 has two useful applications. The first of these is a spectral test
for a given cone to be equal to a subspace. In general, testing whether this is
true is nontrivial. This application is used in Chapter 3 (Theorems 3.1, 3.2, 3.4)
to obtain necessary and sufficient conditions for reachability, stabilizability and
null-controllability of nonstrict convex processes.

On the other hand, the negation of this theorem gives an existence result:
Under the assumptions of Theorem 2.3, if X # lin(X) then there exists an
eigenvector of H in K\ lin(X).

Example 2.2. A noteworthy observation is that Theorem 2.3 leads to a general-
ization of a part of the well-known Perron-Frobenius theorem when applied to
(single-valued) linear maps. To show this, let H(x) = {Ax}, where A is a matrix
with nonnegative elements. Let X be the cone of nonnegative vectors. Clearly,
X is a closed, pointed cone, and is weakly H invariant. Furthermore, since
H(0) = {0}, all assumptions are satisfied. Therefore, since X is not a subspace,
there exists a nonnegative real eigenvector corresponding to a nonnegative real
eigenvector of A.

2.4 SATISFYING THE ASSUMPTIONS

At this point, one might wonder how to satisfy the assumptions of Theo-
rem 2.2. It might seem that the assumptions (a) — (c) are difficult to check. We
will show here that neither is the case.

In fact, we will find the largest subspace W satisfying these assumptions,
if one exists. As shown in Theorem 2.3, taking a larger W that satisfies the
assumptions results in more information on the location of eigenvectors of H.
In addition, if the assumption H(0) "X C W does not hold for the largest
subspace satisfying (a) — (c), it does not hold for any such subspace. Therefore,
we are interested in finding the largest subspace W that satisfies (a) — (c).

It is straightforward to check that in the assumptions (b) — (c) , the process
L_(H) can be replaced by any linear process L such that gr(Ly) C gr(L) C
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gr(H) without changing the proof. In particular the linear process L, defined
by
gr(L) = gr(L_(H)) Nlin(X) x Lin(X), (2.12)

satisfies this property and for this choice, (a) holds immediately. This means
that we are interested in finding the largest subspace W such that W is weakly
L invariant and such that W C (i —ADW for all A > 0.

The main result of this section is a characterization of this subspace in terms
of stabilizability subspaces of linear systems. As a consequence of this, we
present an algorithm which finds this subspace in a finite amount of steps.

Next, we study the relation between linear processes and linear systems.
Consider the discrete-time linear input/state/output system £ = (A, B, C, D)
given by

Xk+1 = Axg + Buy, (2.13a)
Yk = Cxx + Duy, (2.13b)

where k € N, ux € R™ is the input, xi, € R™ is the state, yi, € R™ is the
output, and A, B, C, D are matrices of appropriate dimensions.
We define Ly, the linear process associated with L by:

-1
gr(Ly) := [IK g] ker [C D] = [/é _én} im [g] , (2.14)

where M—1(Y) denotes the preimage of the set Y under M, that is M1 (Y) =
{x | Mx € Y}. Direct inspection shows that the second equality holds for any
quadruple (A, B, C, D) with appropriate dimensions.

We say that a linear system X is a realization of a linear process L if L = Ls.
Given a linear process L : R™ = R™, a realization X of L can be constructed as
follows.

Example 2.3. Let L be a linear process, then we can construct a realization as
follows: Let T = 2n —dim(gr(L)), then we can find C,D € RT*™ such that
gr(L) =ker [C D]. Now, we take A = Onxn and B = I xn. It is clear to see
that (A, B, C,D) is a realization of L.

Example 2.4. Let L be a linear process, then we can construct a realization
as follows: Let T = dim(gr(L)), then we can find B,D € R™*T such that

gr(L) =im {g} Now, we take A = 0;,xn and C = Oy, x . It is clear to see that
X(A,B,C,D) is a realization of L.
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As the previous examples show, a linear process L admits many realizations.
In the following section, we will discuss a few subspace algorithms that benefit
from having lower input and output dimensions. In this regard, the realization
in Example 2.3 has an obvious downside: The dimensions of its input is always
equal to n, and the dimension of the output is equal to T. As such, we are
interested in obtaining a representation whose input and output dimensions
are minimal.

Lemma 2.4. Let L : R™ = IR™ be a linear process. Denote m = dim(L(0)),
p = n—dim(dom(L)). Then, there exist matrices A € R™*™, B € R™*™ and
C € RP*™ such that Z(A, B, C,0p xm) is a realization of L.

Proof. Let B, C be full rank matrices such that im B = L(0) and ker C = dom(L).
Let V be any subspace such that V@ L(0) = R™. Let © denote the projection
of R™ onto V along L(0). We will first prove that for each x € dom H, we have
that 7t(L(x)) is a singleton.

Lety,{ € m(L(x)). By the definition of 7t we have that y,J € V and there exist
z,2 € L(0) such that y +z,7 + 2 € L(x). By linearity we have that (y —4) + (z—
2) € L(0). Therefore y — 3 € VN L(0), which proves that y = 7.

As any projection is a linear map, we can take A any matrix such that
Ax = m(L(x)) for all x € dom(L). Then, it is straightforward to see that
Z(A,B,C,0pxm) is a realization of L. [ |

Let & = Z(A, B, C, D) be a realization of the linear process Lasin (2.12). Note
that

(i) W is weakly L invariant if and only if
A . |B
{C] W C ((W x {0}) +1im {D}) . (2.15)

(i) W C (L—AI)W for all A > 0 if and only if

A —AI

Wx{O}g{ c

} W +im [g] forall A > 0. (2.16)

Let Vg denote the stabilizable weakly unobservable subspace with respect to the
stability domain Cg = C \ R of the system T (see e.g. [165, Sec. 7 and Ex. 7.16-
7.17]). By definition, Vg is the largest of the subspaces W satisfying both (2.15)
and (2.16). Therefore, we have W* = V.
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The subspace Vg (and hence W*) can be computed in terms of certain other

subspaces associated with T Indeed, it is well-known (see e.g. [165, Ex. 7.17¢,
Cor. 4.27, and Thm. 8.22]) that

Vg = (Xg(A+BF)NV) + (TNV). (2.17)

Here V is the weakly unobservable subspace of I, Fisa friend of V, T is the strongly
reachable subspace of f, and xg(A + BF) is the Cg—stable subspace of A + BF. In
what follows, we will discuss these ingredients further.

The weakly unobservable subspace V of % can be computed via the following
subspace algorithm:

Vo :=R" (2.18a)
-1
Vet = Kf} (W x {0} +im [g]) for £ > 0. (2.18b)

It is well-known (see e.g. [165, Thm. 7.12]) that
VoO V1D DVe =V =V (2.19)

for some v < n where ‘D’ denotes strict inclusion.

Note that »
V= {é} (\7 x {0} +im [g]) (2.20)

since V =V, =V, 1. From this property of V, one can show that there exists
F € R™*™ such that (A +BF)V C V and V C ker(C + DF). Such an F matrix is
called a friend of V. One can find a friend as follows: If V is the zero subspace,
then every m x n matrix is clearly a friend. If V = IR™, then (2.20) implies
that im C C im D. Hence, there exists F such that C + DF = 0 and every such
F is a friend. If V is a proper subspace, let n > q = dim(V) > 1. Also, let
X1,X2,...,Xn be a basis for R™ such that x1,%5,...,xq is a basis for V. From
(2.20), we see that for i € {1,2,...,q} Axi = v{ + Buy and Cx; + Duy = 0 where
vi € Vand u; € R™. Now, one can construct a friend F by taking Fx; = u; for
ie{1,2,...,q}and Fx; =0forie{q+1,...,n}

The strongly reachable subspace T of T = X(A,B,C,D) is the dual of V in the
sense that (T)1 is the weakly unobservable subspace of the dual system

T =5(AT,c",BT,D").

As such, the subspace algorithm (2.18) can be used to compute T of I
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Finally, the Cg—stable subspace of A + BF, xg(A + BF), is in order. Let x be
the characteristic polynomial of A + BF. Factorize x as x = xgxp where all roots
of xg are in Cg = C\ R and those of Xy, are in R;. Then, we have

Xg(A + BF) = ker xg(A + BF).

Summarizing, existence of a subspace W satisfying the hypotheses (a)-(c) of
Theorem 2.2 can be verified by first finding a realization for the linear process L
given in (2.12), then finding V, from (2.17), and finally checking if H(0) "X C
Vg. If this is the case, then applying Theorem 2.2 by taking W = Vg results in
the sharpest statements that can be achieved by this theorem.

2.5 CONCLUSION

In this chapter, we investigated the existence of eigenvectors of convex pro-
cesses within a weakly invariant cone. For this we made some assumptions on
the considered convex process, under which we revealed the link between the
eigenvalues of the convex process and those of a related process. Using this
allowed us to prove a generalization of all known related results.

In the second part of the chapter, the aforementioned assumptions were ex-
plained in terms of classical geometric control theory. For this we made explicit
the link between, among others, weakly invariant and weakly unobservable
subspaces. In particular this revealed that the assumptions of the main results
are satisfied by the stabilizable weakly unobservable subspace of a linear sys-
tem associated to the convex process. In particular, this results allows easy
verification of the assumptions.
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3 REACHABILITY AND
STABILIZABILITY OF CONVEX
PROCESSES

In the previous chapter, we investigated eigenvalues of convex processes.
This chapter will apply these results to a number of analysis problems. To
be precise, we will develop Hautus-like conditions for reachability, stabi-
lizability and null-controllability. In addition, we will prove results for
controllability. The results of this chapter will play a key role later in
Chapters 4 and 7.

3.1 INTRODUCTION

This chapter deals with a class of nonlinear systems, namely the class of
difference inclusions of the form

Xk+1 € H(xi), (3.1)

where H : R™ =% RR™ is a convex process, that is, a set-valued maps whose
graph is a convex cone. These maps and their associated difference inclusions
are encountered in various contexts, and have many applications. As such,
analysis of these systems has attracted attention.

Convex processes were first introduced by Rockafellar in [141, 142] in the
context of convex analysis. As such, many of the results on the analysis of
convex processes have been within this context. While giving a full overview
of works is impossible, we mention a number of works of interest. The pa-
per [140] specifically considers normed convex processes. Duality of convex
processes was investigated in [33,34] and the focus of [104, 151] was on eigen-
values and eigenvectors. Lastly, we note [78], which deals with sequences and
boundedness of convex processes.

Of particular relevance is the investigation of system-theoretic properties of
convex processes. The study of reachability for convex processes was started
in the seminal paper [14]. In the case that H is a strict convex process, that is,
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nonempty everywhere, this paper provides necessary and sufficient conditions
for reachability in continuous-time. For discrete-time systems, in a Banach
space setting, the paper [132] provides similar conditions. To the best of our
knowledge, the stabilizability problem was first resolved under this assump-
tion of strictness in [131] and [159] in discrete- and continuous-time respec-
tively. The study of stabilizability has been extended to encompass Lyapunov
functions in [69].

One of the main sources of applications of systems of the form (3.1) arises
from the fact that these maps capture the dynamics of any linear system with
convex conic input/state constraints. In this context, the assumption of strict-
ness corresponds to the absence of state constraints. Similar to the situation
for convex processes, the study of constrained linear systems has also mainly
focused on input constraints (see e.g. [27,28, 37, 55, 56, 100, 161]). This has de-
veloped to the point where reachability and null-controllability are rather well
understood in the presence of input constraints. State constraints have only
been considered under rather restrictive assumptions, in e.g. [76, 77, 101, 107].
With regard to stabilizability, we note the works [145, 177]. The first work to
combine the approaches of convex processes and constrained linear systems,
were the reachability results in the recent paper [86]. This paper provides con-
ditions for reachability of certain convex processes induced by linear systems
with constraints.

In this chapter, we will study system theoretic properties of general nonstrict
convex processes. In particular, we are interested in characterizing reachability,
null-controllability, controllability, and stabilizability. One of the main observa-
tions from the so-called geometric approach (see e.g. [19, 165,183]) is that for
unconstrained linear systems, these properties can be naturally described in
terms of invariant subspaces of the state space. Therefore, with an aim of gen-
eralizing the geometric approach towards convex processes, we will develop a
framework of invariant cones of convex processes.

A second key observation is that the previously mentioned characterizations
of reachability of convex processes rely on a relation between the reachable set
of the convex process H and the feasible set of the dual process of H. When
H is nonstrict, however, this duality relation breaks down in general as shown
by [152]. Therefore, this paper will focus particularly on duality properties of
these invariant cones.

The framework we will develop leads to necessary and sufficient conditions
for reachability, null-controllability, and stabilizability of nonstrict convex pro-
cesses under a certain domain condition. These characterizations have a few
appealing properties. First of all, they resemble the well-known Hautus test,
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that is, they are formulated in terms of eigenvalues and eigenvectors of the
dual convex process. Secondly, the domain condition we will work with is
shown to be easily verified. Finally, we show that they generalize all previ-
ously known results. Aside from these characterizations, the framework that is
developed is interesting in its own right, and opens up new research lines.

The chapter is organized as follows. We begin with a formal problem state-
ment in Section 3.2. To be able to state the main results, we have certain re-
quired preliminaries, which are introduced in Section 3.3. This is followed by
the main results in Section 3.4. Before being able to prove these results, we
introduce the novel framework in Section 3.5, after which Section 3.6 contains
the proofs. We provide conclusions in Section 3.7.

3.2 PROBLEM FORMULATION

Let H:IR™ = R™ be a set-valued map. Its graph is defined by
grH:={(x,y) e R" xR" |y € H(x)}

We say that H is closed, convex, a process or a linear process if its graph is closed,
convex, a cone or a subspace, respectively.
Consider the difference inclusion

Xk+1 € H(Xk). (3~2)

A trajectory of (3.2) is a sequence (xy)reN satisfying (3.2) for every k > 0. In
what follows, we will introduce several sets associated with (3.2).
The behavior (see e.g. [180]) is the set of all trajectories:

B(H) .= {(xx)ken | (3.2) is satisfied for all k € IN}.
For an integer q > 1, we define the q-step behavior as
Bq(H) =={(xx)y_, | (3.2) is satisfied for all k € {0,1,...,q —1}}.
The feasible set F(H) is the set of points from which a trajectory emanates:
F(H) :=={& | Ixi)ken € B(H) with xo = &) (3-3)

The reachable set R(H) is the set of points that can be reached from the origin in
finite steps:

R(H) == {&3Ixx)g_g € Bq(H) s.t. xo =0,xq = &} (3-4)
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The stabilizable set $(H) is the set of points from which a stable trajectory exists:
S(H):={& | Ixk)ken € B(H) with xo =&, lim x; = 0} (3-5)

The exponentially stabilizable set 8.(H) is the set of points from which an expo-
nentially stable trajectory exists:

Se(M):={& | Ixi)ken € B(H), >0, i€ [0,1) s.t. xo = & and il < anle]}
(3-6)
where | - | denotes the Euclidean norm.
The null-controllable set N(H) is the set of points that can be steered to the origin
in finite steps:

N(H) := {&|3(xk)_y € Bq(H) s.t. xo = §,xq =0}. (3.7)

All the sets defined above inherit algebraic properties of the set-valued map
H. In particular, they are all convex cones if H is a convex process and subspaces
if H is a linear process. However, they do not retain topological properties from
the underlying set-valued map in general. Indeed, none of these sets would be
necessarily closed even if H is closed.

We say H is reachable, stabilizable, exponentially stabilizable, null-controllable if
F(H) CR(H), F(H) C 8(H), F(H) C 8e(H), F(H) C N(H), respectively.

Also, we say H is controllable if for all £, € F(H) there exist { > 0 and
(xx)keN € B such that xo = & and xy =n. As the origin belongs to F(H), we
see that H is controllable if and only if it is both reachable and null-controllable.

The problems we study are to find necessary and sufficient conditions for
reachability, (exponential) stabilizability, null-controllability, and controllability
of convex processes.

One of the motivations to study convex processes stems from their link to
constrained linear systems. To elaborate further on this connection, consider the
discrete-time linear input/state/output system given by

X1 = Axy + Buy (3.8a)
Yk = Cxy + Duy (38b)

where k € IN, ux € R™ is the input, x, € R™ is the state, yx € RP is the
output and the matrices A, B, C, D are of appropriate dimensions. Suppose that
the output of this system is constrained by

Yy €Y (3.8¢)
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for all k € N where Y C IRP is a convex cone. Now, define the set-valued map
H:R™ = R" by
H(x) :={Ax+Bu| Cx+Du e Y} (3.9)

Since Y is a convex cone, the set-valued map H is a convex process. This shows
that we can view the linear constrained system (3.8) as a difference inclusion of
the form (3.2) where H is given by (3.9).

3.3 PRELIMINARIES

In this section, we will introduce the notational conventions that will be in
force throughout the chapter as well as the notions that will be employed in the
study of reachability and stabilizability.

3.3.1  Convex cones

Let 8,7 C R9 be nonempty sets and p € R. We define S+ T :={s+t|s €
§,t € T} and pS := {ps | s € §}. By convention 8 + & = @ for every § and
p@ = & for every p. The relative interior of § is denoted by ri(§). We say that
8 is a cone if px € § whenever x € § and p > 0. The conic hull of § will be
denoted by cone(8). We say that a cone is finitely generated if it is a conic hull of
finitely many vectors.

Next, we state four auxiliary results that will be used later. First, we prove a
relation between sums and intersections of cones and subspaces.

Lemma 3.1. Let € C R™ be a convex cone and let V C W C R™ be subspaces.

Then, (CNW)+V = (€+V)N'W and the following statements are equivalent:
1. (CNW)+V=W.
2. (C+V)NW="W.
3. WCE+V.
4. C+V=C+W.

Proof. We will prove this case by case.
(1) ©(2@): AsVCW, (C+V)INW=(CNW)+(VNW) =(CN'W)+V.
(2)=(3): This implication is immedjiate.
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(3)=(4) : f W C C+V, we can add C to both sides. Using the fact that C is
a cone we know C+ C = C and hence C+W C C+ V. As V C W, the reverse
inclusion is immediate, thus proving C+V = C+W.

(4) =(2): Using C+V = C+ W, we can intersect both sides with 'W. Clearly
(C+W)NW =W. Thus proving that (C+V)N'W ="W. [ ]

We move on to a characterization of the property that the difference of two
convex cones is equal to a subspace.

Lemma 3.2. Let ¢, X C R™ be convex cones. The set € — X is a subspace if and
only if ri(C) Nri(X) # @.

Proof. By [26, Prop. 1.3.7] we see that ri(C —X) = ri(X) —ri(X). As such,
ri(C) Nri(X) # @ if and only if 0 € ri(€C — X). In turn, since € — X is a cone, this
holds if and only if € — X is a subspace. |

The following gives a condition for when the difference of two convex cones
is a closed set.

Lemma 3.3. Let C, X be closed convex cones such that €N X is a subspace. Then
C—X is closed.

Proof. Let A = [I —I] and 8 = € x X. As a consequence of [142, Thm. 9.1], if
every z € § such that Az = 0 belongs to lin §, then AS is closed. Note that z € §

with Az =0 if and only if z = [ﬂ where y € CN X, proving the lemma. n

Lastly, we prove a useful property of finitely generated cones that are the
union of a nested sequence of convex cones.

Lemma 3.4. Let € for { € IN be convex cones with C; C Cgyq. If [J72 o Gy is
finitely generated then there exists q > 0 such that € q+e= Cq forall £ > 0 and

U?O:o Co = Gq.

Proof. Let C = [J;2, C¢ = cone(8) where 8 is a finite set of vectors. Then, we
know that for each element s € 8 there is a number g5 such that s € Cq,. Since
the set 8 is finite, there exists q > 0 such that ¢ > qs foralls € §. AsCqisa
convex cone containing §, we have € C C4. By definition Cq C C. As such, we
obtain € = €4, which proves the lemma. n
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3.3.2 Convex and linear processes

Let H:IR™ = R™ be a convex process. Clearly, H(0) is a convex cone. For all
x,y € R™ and p > 0, we have

H(px) = pH(x), (3.10)
H(x) + H(y) € H(x +y), (3.11)
H(x) = H(x) + H(0), (3.12)

and H(x) is convex.
We define its domain, image and kernel by

dom(H) :={x € R™ | H(x) # &},
im(H) :={y e R™ | 3x € R™ s.t. y € H(x)},
ker(H) :={x €¢ R™ |0 € H(x)},

respectively. If dom(H) = IR™, we say that H is strict.
The inverse of H is defined by

H '(y) :={x € R™ |y € H(x)}.
Clearly, dom(H™ ") = im(H), im(H~ ') = dom(H), and

0 In

st = |0 5] w0, 613

In

For A € R, we define the set-valued map H— Al by (H —AI)(x) := {y —Ax |
y € H(x)}. Then, we have

gr(H—AI) = [I}\T}n I(ﬂ gr(H).

We denote the image of a set S under Hby H(§) ={y e R™ | Ix € 8s.t. y €
H(x)}. Powers of H are defined as follows. By convention, HO is the identity
map, that is HO(x) := x for all x € R™. For q = 1, we define

HIT1(x) := H(H9(x)) Vx € R™

Clearly, H(0), dom(H), ker(H), and im(H) are all convex cones. In addition,
the inverse H™', H9, and H — AI are convex processes for all ¢ > 0 and A € R.
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Similarly, for a linear process L : R™ = IR™, we have that L(0), dom(L),
ker(L), and im(L) are all subspaces and the set-valued maps L~!,L—AL LY are
all linear processes. Furthermore, for all x,y € R™ and nonzero p € R, we have

L(px) = pL(x), (3-14)
L(x) +L(y) =L(x+y), (3.15)
L(x) =L(x)+L(0), (3.16)

and L(x) is an affine set.

3.3.3 Eigenvalues/vectors of convex processes

A real number A and nonzero vector § € R™ form an eigenpair of H if AE €
H(&). In this case A is called an eigenvalue and ¢ is called an eigenvector of H
corresponding to (the eigenvalue) A.

For each real number A, the convex cone ker(H — AI) contains all eigenvec-
tors corresponding to A and the origin. This set is called the eigencone of H
corresponding to A. This means that A is an eigenvalue of H if and only if
ker(H —AI) # {0}. Given a set X, we define the spectrum of H with respect to K
by:

o(H,X):={A € R|3E € KX\ {0} such that A& € H(&)}.

and the spectrum by o(H) := o(H, R™).

3.3.4 Dual processes

For a nonempty set ¢ C R™, we define the negative and positive polar cone by

e~ ={yeR™"|{(x,y) <0 W¥xec},
Ct ={yeR™|{x,y)=0 V¥xecC}

respectively.

Both the negative and positive polar cones of a set are always closed convex
cones. In addition, G, its closure, convex hull and conic hull have the same
polar cones. Furthermore, if C is a closed convex cone, then (C7)~ = C. We
also point out that for sets € and 8:

(C+8) =€ N8, (N8 =dc(€ +8). (.17)
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We define the negative and positive dual processes H~ and H* of H by:
peH (q) = (¥ =(qy), "xeR"Y, WyeHx), (3.18a)
peH (q) < (p,x) <(qy), x€R", VyeHX), (3.18b)
respectively. The graphs of the dual processes are related to that of H as follows:

R I ) R B I (LG e

The following lemma collects properties of the dual processes that will be
used later.
The following properties of the dual processes follow from the definitions.

Lemma 3.5. Let H: R™ =3 IR™ be a closed convex process. Then, we have
1. H(0) =dom(H")" = (dom(H™))".
2. (H-1)= = (HH)~ .
3. gr(H™) = —gr(H™).
4 gr((H)+) = gr ((H7)7) = —grlH).
5. gr ((H7)*) = gr ((H*)7) = gr(H).
6

. (dom(H)) ™ = —H=(0) = H*(0).

7. (im(H—AI))" =ker(H™ —AI) forall A € R.

3.3.5 Minimal and maximal linear process

For a cone € we define lin(€) := —CN € and Lin(€) = € — €. Note that both
lin(€) and Lin(C) are subspaces and, in particular lin(C) is the largest subspace
contained in € whereas Lin(C) is the smallest subspace that contains C.

Let H: R™ =2 R™ be a convex process. Associated with H, we define two
linear processes L_ and L by

gr(L_) :=lin (gr(H)) and gr(Ly):=Lin (gr(H)). (3.20)

Further, L_ and L, are, respectively, the largest and smallest (with respect to
the graph inclusion) linear processes satisfying

gr(L-) C gr(H) C gr(Ly). (3-21)
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We call L_ and L, respectively, the minimal and maximal linear processes
associated with H. If H is not clear from context, we will specify it by writing
L_(H) and Ly (H).

The domains of the minimal/maximal linear processes are related to that of
H:

dom(L_) Clin (dom(H)) and dom(L;)=Lin (dom(H)). (3.22)

The reverse inclusion for the former does not hold in general.
Inverses of minimal/maximal linear processes can be characterized in terms

of the inverse of H:
L (H"Y=LZ"MH) and L,(H")=L7"(H). (3.23)

Note that for a linear process L, the positive and negative duals coincide.
Therefore, we denote it by [l := L= = L*. The minimal and maximal linear
processes associated with a convex process enjoy the following properties that
immediately follow from the definitions:

L (H)=Li(H"* and Ly (H)=L (H)" (3-24)

Example 3.1. Consider the following linear system with constraints (3.8), and
its corresponding convex process H, defined in (3.9). It is easy to check that the
following hold:

o If the set {u | Bu = 0,Du € Y} is a subspace, then

L ={Ax+Bu|Cx+Due€lin(Y)}.

o Ifim [C D] +Y is a subspace, then

Ly ={Ax+Bu| Cx+Du € Lin(Y)}.
o Ifim [C D] +Y is a subspace, then

H™ (x) = {ATx—i— C'uluey",B'x+D'u= 0} .

3.4 MAIN RESULTS

In this section we will state the main results whose proofs can be found in
Section 3.6.
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For linear processes, it can easily be verified that both the feasible and reach-
able sets can be computed in finitely many steps. For later use, we state this
fact below and omit its rather elementary proof.

Lemma 3.6. Let L : R™ =% R™ be a linear process. Then, F(L) = dom(L™) =
L7 ™(R™) and R(L) = L™(0) are subspaces.

Let H:IR™ = R™ be a convex process. In the rest of the chapter, we will use
the following shorthand notational conventions:

R_:=R(L_(H)) and Ry :=R(L+(H)). (3.25)

Both R_ and R are subspaces that can be computed in finitely many steps as
stated in Lemma 3.6.
Our main results will rely on the following domain condition:

dom(H) +R_ is a subspace and dom(H)+R_ =dom(H)+R;. (DC)

Note that the domain condition (DC) readily holds whenever H is strict, or H
is a linear process.

Since dom(H) is a convex cone and R_, R are subspaces with R_ C R, it
follows from Lemmas 3.1 and 3.2 that the domain condition (DC) is equivalent
to

ri(dom(H))NR_ #2@ and Ry C dom(H)+R_.

Next, we will introduce two convex processes associated with H that capture
the behavior of H inside and outside R, respectively.
We define the the inner process Hi, : R™ = R™ by

gr(Hin) := gr(H) N (R4 x Ry)

and the outer process Hout : R™ = IR™ by

gr(Hout) := (gr(H) + (Ry x ﬂh)) N(Vxv),

where V C R™ is a subspace such that R, &V =R™.
We will study these processes in detail in Section 3.5. For the moment, we
mention only the following result that will be needed to state our main results.

Lemma 3.7. Let H be a convex process satisfying the domain condition (DC).
Then, the outer process Hoyt is a single valued linear process, F(Hout) = (fr" (H)+
R4+) NV is a subspace and Hout(F(Hout)) € F(Hout)-
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We denote the restriction of Hout to F(Hout) by Houtl5(H,y)-

Example 3.2. Consider the linear system
XK1 = Axy + Buy. (3.26)

It is well known that a linear system admits a Kalman decomposition, that is,
the system is similar to a system of the form:

Al A B
Xk+1 = ( (;] AZ) Xk + ( O1> Uk,
where (Aq1,B1) is reachable. As such, the system (3.26) can be said to consist
of a reachable part and an autonomous part. Clearly, (A, B) is reachable if and

only if the autonomous part is trivial.
Now consider the linear process corresponding to this system, that is,

L(x) ={Ax+imB}.

Then L, corresponds to the reachable part of the Kalman decomposition and
Lout to the autonomous part.

Now, we are in a position to state the main results of the chapter. We begin
with reachability.

Theorem 3.1. Let H be a convex process satisfying the domain condition (DC).
Then, the following statements are equivalent:

(i) H is reachable.
(ii) Both H;, and Hgyt are reachable.

(iii) All eigenvectors of H;_ corresponding to eigenvalues in [0, co) belong to
R+ and F(Hout) = {0}

Moreover, if H is reachable, then R(H) = R and R(H) is finitely determined.

Theorem 3.1 captures all existing reachability results for convex processes in
the literature as special cases.

The well-known reachability characterization for strict convex processes [132,
Thm. 3.1] (see also [14, Thm. 0.4] for the continuous-time counterpart) follows
from Theorem 3.1. To see this, note that if H : R™ = IR™ is strict, that is
dom(H) = R™, then the domain condition readily holds and F(H) = R™. In
view of Lemma 3.7, this means that F(Hoyt) = V. Therefore, Theorem 3.1
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boils down to H is reachable if and only if R = R™ and H,  does not have
any nonnegative eigenvalues. Note that R, = R™ implies H;;, = H. Hence,
Theorem 3.1, for the strict case, states that Ry = R™ and H™ does not have any
nonnegative eigenvalues. As what [132] calls the rank condition is equivalent to
R+ =R", [132, Thm. 3.1] is a special case of Theorem 3.1.

Reachability of convex processes of the form (3.9) have been studied in [76]
and [86]. While [76, Thm. V.3] assumes that im D + CT* = R™, [86, Thm. 6.3]
assumes that im D 4+ CT* +Y = R™. Here T* is the so-called strongly reachable
subspace associated with the linear system (3.8). These assumptions imply
dom(H) + R_ = R™ which, in turn, implies the domain condition (DC). Hence
both [76, Thm. V.3] and [86, Thm. 6.3] are special cases of Theorem 3.1. In
addition, [45, Thm. 1] is a special case of Theorem 3.1 since it works under the
stronger domain condition dom(H) +R_ = R™ as well.

Another noteworthy point is that the results [132, Thm. 3.1] and [76, Thm.
V.3] require closedness of the convex processes that they deal with whereas
closedness is not assumed by Theorem 3.1.

Last but not the least, none of the existing results [132, Thm. 3.1], [76, Thm.
V.3], [86, Thm. 6.3], and [45, Thm. 1] can directly be applied to nonstrict linear
processes. In case H is a linear process, we have H = L_ = L. Together with
Lemma 3.6, this implies that the domain condition (DC) is readily satisfied for
linear processes. Moreover, Hj, is reachable whenever H is linear. Therefore,
Theorem 3.1 asserts that a linear process H is reachable if and only if F(Hout) =
{0}.

The domain condition (DC) proves itself useful also in the context of stabiliz-
ability. Even though the next result has a very much parallel statement to that
of reachability, its proof is substantially more involved as we will see later. This
is mainly because of the different nature of the sets R(H) and §(H). Indeed,
as will be discussed in detail in Section 3.5, R(H) turns out to be a strongly H
invariant set whereas §(H) is a weakly H invariant set.

Theorem 3.2. Let H be a convex process satisfying the domain condition (DC).
Then, the following statements are equivalent:

(i) H is stabilizable.
(if) H is exponentially stabilizable.
(iif) Both Hjn and Hoyt are exponentially stabilizable.

(iv) All eigenvectors of H;_ corresponding to eigenvalues in [1,c0) belong to
R+ and all eigenvalues of the linear map Houtl5(11,,,) are in the open unit
disc.
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To the best of our knowledge, spectral conditions for stabilizability as stated
above have appeared only in [159, Prob. 8.6.4] (see also [159, Thm. 8.10] for the
continuous-time counterpart). Since [159, Prob. 8.6.4] deals with strict closed
convex processes, the domain condition (DC) is automatically satisfied. As
such, [159, Prob. 8.6.4] can be recovered as a special case from Theorem 3.2.
In [64, Thm. s5.1], it is shown that a sufficient condition for stabilizability is
that the domain of a convex process admits a particular representation via
certain types of eigenvectors of the process itself. Since our stabilizability result
stated in terms of the eigenvectors of the dual process instead, it is difficult to
compare our result with [64, Thm. 5.1]. Nevertheless, it should be remarked
that [64, Thm. 5.1] could be applied only if F(H) = dom(H) whereas our result
does not require this assumption.

Example 3.3. Let A €¢ R™™ and b € R™*! and define
H(x) ={Ax+bu|u > 0}.

Clearly, L (x) = {Ax +imb}. Therefore F(Hout) = {0} if and only if Ry = R™,
that is, if and only if (A, b) is reachable. Furthermore, if R, = R™, then
H-(x) ={A x| b x <0}

m

As such, H is reachable if and only if (A, b) is reachable and AT has no real
eigenvalues A > 0. This is the well-known result of [52, Thm. 1].

Next, we turn our attention to null-controllability. It is a well-known fact that
reachability implies null-controllability for discrete-time linear systems which
correspond to linear processes in the framework of this chapter. As shown in
the following example, however, reachability does not imply null-controllability
in general for convex processes.

Example 3.4. Let H be the convex process given by:

Hix) = {[x,OO) x>0,
o x < 0.

Then clearly R(H) = F(H) = {x | x > 0}, but N(H) = {0}. Thus H is reachable
but not null-controllable.

Interestingly, this implication does always hold under the domain condition
(DQ).



3.4 MAIN RESULTS |

Theorem 3.3. Let H be a convex process satisfying the domain condition (DC).
If H is reachable, then it is null-controllable. In particular, this means that H is
reachable if and only if H is controllable.

One may think that the results on reachability and stabilizability can be ex-
tended to null-controllability in the same way. However, the following example
reveals why the domain condition (DC) is not enough to formulate spectral con-
ditions for null-controllability. Nevertheless, it is still possible to give a spectral
characterization by assuming the following image condition:

H(Ry) — (N(L_(H) N Ry ) = R (IC)

Example 3.5. Let H: R = R be the convex process defined by:
if x =0,

Ho = {100 i
(0,00) ifx#0.

Clearly, H is strict, and therefore the domain condition (DC) holds. However,
H is not null-controllable since N(H) = {0}.

Let H be the closure of H, that is, H(x) = [0, ) for any x € R. Then the
process H is also strict. Since 0 € H(x) for every x € R, the convex process H is
null-controllable.

Even though H and H have the same dual H™, the latter is null-controllable
whereas the former is not. This reveals the role played by the assumption on
the image. Indeed, in both cases Ry = R, but we have imH —N_ = [0, o0)
whereas im H —N(L_(H)) = R.

We will state our main result on null-controllability

Theorem 3.4. Let H be a convex process satisfying the domain condition (DC)
and the image condition (IC). Then, the following statements are equivalent:

(i) H is null-controllable.
(ii) Both Hj, and Hgyt are null-controllable.

(iii) All eigenvectors of H; corresponding to eigenvalues in (0, co) belong to
R+ and the linear map Hout|5 (H,,) 1S nilpotent.

Unlike reachability, null-controllability for convex processes has not been ex-
tensively studied in the literature. In [132, Thm. 3.2], the authors assume that
both H and H™~! are strict. In that case, both the domain condition (DC) and
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the image condition (IC) are trivially satisfied. As such, [132, Thm. 3.2] is a par-
ticular case of Theorem 3.4. Yet another particular case is [45, Thm. 2] which
works under the stronger domain condition dom(H) + R_— = R4 = R™ as well
as the stronger image condition im(H) + N(L_(H)) =R™.

Example 3.6. Let c; # 0 and consider the linear system

11 0

Xk4+1 = 0 1 Xk + 1 Uy,
which is constrained to the half-space given by:
[c1 c2]xk >0.

We are interested in characterizing all ¢y, c; with ¢, # 0 for which the system
is reachable, stabilizable or null-controllable. For this, we first write the system
as a convex process, by letting:

x+{0} x R [01 cz}x20,

1
1

] otherwise.

H(x) :=

It is straightforward to conclude that L _ and L are given by

11
0 1

& otherwise.

Ly(x) = { [(1) ” x +{0} x ]R}.

Note that, since ¢y # 0, we have that domH +R_ = R2. Furthermore, Ly is
reachable and R, = R?. Therefore F(Hout) = {0}. Calculating the dual of H,
1 0

we get:
c1
X+ R 0 1{x=0,
11 <CZ> M { }

1] otherwise.

Suppose that A& € H™ (&), then

A\ _ &r+cav _
(Mz) N (51 +& +sz> o £2=0 and v>0.

x+{0} xR {01 cz}x:o,

L_(x) =

H™ (x) =

We see that A§, € H™ (&) if and only if A = (1 — %) Therefore:
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o H is stabilizable if and only g—; > 0.
e H is null-controllable if and only if % > 1.

o His reachable if and only if ¢ > 1.

3.5 TOWARDS THE PROOFS

In this section we will introduce the notions and tools that will be used in
the proofs of the main results.

3.5.1 Strong and weak invariance

In the rest of the chapter the following invariance notions will play a key
role.

Definition 3.1. Let H: R™ = R™ be a convex process and € C R™ be a convex
cone. We say that C is

(i) weakly H invariant if H(x) N € # @ for all x € C.
(ii) strongly H invariant if H(x) C C for all x € C.
From these definitions the following facts immediately follow.

Lemma 3.8. Let H : R™ = R™ be a convex process. Then, the following
statements hold:

(i) A cone W is weakly H invariant if and only if W € H~!(W). A cone § is
strongly H invariant if and only if H(8) C 8.

(ii) If 8 is strongly H invariant, then it is also weakly invariant if and only if
8§ € dom(H).

These two notions of invariance enjoy the following properties

Lemma 3.9. Let H be a convex process. If W and § are, respectively, weakly
and strongly H invariant, then WN 8 and § — W are, respectively, weakly and
strongly H invariant.

Proof. To prove the first part of the statement, let x € WN 8. Since W is weakly
invariant, there exists y € H(x) "W # @. In view of strong invariance of §, we
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have H(x) C 8. Therefore, y € H(x) N8 N'W # @ and hence WN § is weakly H
invariant.

For the second part, let x € 8 —'W. Then, there exists s € § and w € W such
that x = s—w. If x ¢ dom(H), we have H(x) = @ C § —'W. Suppose that
x € dom(H). Since W is weakly invariant, w € dom(H). As dom(H) is a convex
cone, we see that s = x +w € dom(H). Note that H(x) + H(w) C H(s) C 8
since H is a convex process and 8 is strongly invariant. Weak invariance of 'W
implies that there exists z € H(w)N'W # @. Then, we have H(x) +{z} C §
which implies that H(x) C 8 —{z} C § —W. Consequently, § — W is strongly H
invariant. |

Next, we will investigate invariance properties of the feasible, reachable, (ex-
ponentially) stabilizable and null-controllable sets.

Lemma 3.10. For a convex process H, the feasible set F(H) is the largest weakly
H invariant convex cone. Moreover, F(H) = H™ 1 (F(H)).

Proof. Clearly, F(H) is a convex cone. By definition, we can see that the feasible
set of H is weakly H invariant: If a trajectory exists from x¢, there also exists
one from any corresponding x1. Therefore x; € H(xp) N F(H) and hence, by
Definition 3.1 the set F(H) is weakly H invariant. As any weakly H invariant
set naturally allows a trajectory, we can see that F(H) is the largest weakly H
invariant cone.

For the second part we know by Lemma 3.8 that F(H) C H-1(F(H)). Tt
thus suffices to prove the reverse. Applying H~! on both sides, we know
H=T(F(H)) € H'(H"(F(H))) and therefore H~"(F(H)) is weakly H invari-
ant. As F(H) is the largest of such, we have proven the statement. n

Any feasible state is contained in the domain of H® for any ¢, hence

FH) C () HR™) = [ dom(H"). (3-27)
LeN LeN

A case where (3.27) holds as equality is when F(H) = dom(H9) for some q.
In this case we say that F(H) is finitely determined.

Lemma 3.11. The feasible set F(H) is finitely determined if and only if dom(H9) =
dom(H9*1) for some q.

Proof. As F(H) C dom(H9*") C dom(H9) for all q > 0, necessity is clear. For
sufficiency, let q be such that dom(H9) = dom(H9*1) and let x € dom(H9). As
dom(H9) = dom(H9*1), clearly, there exists y € H(x) such that y € dom(HY).
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Thus y € H(x) Ndom(H9Y), proving that dom(H9) is weakly H invariant. As
F(H) is the largest of such sets, we see that F(H) = dom(HY), proving the
lemma. [ |

For the reachable set, we can prove analogous results. To do so, first note
that

R(H) = ] HI(0). (3.28)

Lemma 3.12. For a convex process H, the reachable set R(H) is the smallest
strongly H invariant convex cone. Moreover, R(H) = H(R(H)).

Proof. Clearly, R(H) is a convex cone. Let & € R(H). From (3.28), we see
that & € H9(0) for some q > 0. Letn € H(&). Then, we have n € HI+T1(0).
This means that 1 € R(H). Therefore, R(H) is strongly H invariant. Let R’
be a strongly H invariant cone. As 0 € R/, we have HY(0) C R’ for all £ > 0.
Therefore, R C R’ and hence R(H) is the smallest strongly H invariant convex
cone.

For the second part, note that H(R(H)) C R(H). Applying H on both sides,
we see that H(R(H)) is strongly H invariant. Since R(H) is the smallest of such
cones, we see that R(H) C H(R(H)). Therefore, we have H(R(H)) = R(H). N

We say R(H) is finitely determined if R(H) = H9(0) for some q. Similar to
Lemma 3.11, we can state the following.

Lemma 3.13. The reachable set R(H) is finitely determined if and only if H9(0) =
Ha+1(0) for some q.

Proof. Since H9(0) € HIt1(0) C R(H), necessity is clear. As H(HY(0)) =
H9t1(0), we see that H9(0) is a strongly H invariant cone. As R(H) is the
smallest of such cones, we see that R(H) = H9(0). |

Unlike for linear systems, the reachable set is not always finitely determined,
as shown by the following example.

Example 3.7. Let the convex process H : R? = R? be defined by
Vo 0 (X

gr(H) := 2 1T 10 —1 2 0

Y2 Y2

WV
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Clearly, this is a convex cone. For any x € R? we have
H(x) ={y [x1 <y1, 0<y2 <x7+x2}.
Note that H*(0) ={x | 0 < x7, 0 < x2 < kx1}. Assuch,
RMH)={0}u{x|x7 >0,x3 >0}

This means that, even though H is closed, R(H) is not a closed convex cone.
Furthermore, we see that R(H) is not finitely determined, that is, R(H) # H¥(0)
for any k > 0.

Even if R(H) is finitely determined, it is, in general not possible to give an
upper bound on the number of steps required.

Example 3.8. Let 0 € [0, 27), and define the strict convex process Hg : R2 = R?
by

cos® —sinB
sin® cos©

Hg(x) := { } x+ R4 x {0}.

Then it is straightforward to check that R(Hp) = Hp(0) = R4 x{0}and R(H,) =
HZ(0) = R x {0}. If 0 < 7t then R(Hg) = R? and R(Hg) = Hg (0) for q such that
q6 > . This means that, for small 8, certain points in the state space can only
be reached in a large number of steps.

Similar to feasible and reachable sets, stabilizable sets also enjoy certain in-
variance properties.

Lemma 3.14. Let H be a convex process. Then, 8.(H) C §(H) C F(H). In
addition, the sets §(H) and 8.(H) are both weakly H invariant convex cones
satisfying §(H) = H1(S(H)) and Se(H) = H™ 1 (8e(H)).

Proof. The inclusions are immediate from the definitions. Now let & € S§(H),
then there exists a stable trajectory (xi)keny € B(H) such that xo = & Now
clearly x1 € H(&) N8(H) and thus $(H) is weakly H invariant.

Now let & € 8.(H). Therefore there exists a« > 0, € [0,1) and a trajectory
(x1)xen € B(H) such that xg = & and [xy| < au®[E| for all k > 0. If x; =0,
then we have x1 € H(&) N8e(H). If x1 # 0, let yx = xy4+1 for all k > 0. Clearly,
(Yk)ken € B(H) and yo = x;. Note that lyy| = [xx1| < ap* gl = BuFlyol
for all k > 0 where 3 = aulé|/lyol- Therefore yg = x1 € H(E) N Se(H) and thus
8e(H) is weakly H invariant.

Due to Lemma 3.8.(i), we already know that 8(H) C H-1(8(H)) and S¢(H) C
H~'(8¢(H)). What remains to be shown are the reverse inclusions. To do so,
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let first 1 € H™1(8(H)). Then, there must exist & € $(H) such thatn € H™1(&).
Since & € 8(H), there exists a stable trajectory (xy)xen € B(H) with xo = &.
Now, define yp =n and yx = xx_1 for k > 1. Clearly, (yx)ken € B(H) is a
stable trajectory. Therefore, yo =1 € 8(H). Consequently, we can conclude that
H~1(8(H)) C 8(H). The same argument is still valid if one replaces stability by
exponential stability. As such, we also have that H=1(8c(H)) C 8e(H). [ |

For the exponentially stabilizable set, we have the following property.

Lemma 3.15. Let H be a convex process. Then, the exponentially stabilizable
set 8¢(H) is strongly (H — ul)~ ! invariant for all p € [0,1).

Proof. Let u € [0,1) and & € 8c(H). If & ¢ dom(H — ul)~!, then we have @ =
(H—ul)"1(&) C Se(H). If & € dom(H — puI)~ !, there exists n € (H— )~ (§).
Since & € 8c(H), we know that there exists an exponentially stable trajectory
(xi)ken € B(H) with xo = & Define yo =n and yx = pkn + Y f=g 1k~ x,
for k > 1. It can be verified that yy1 € H(yk) for all k € IN. Since u € [0,1)
and (xy)keN is exponentially stable, so is the trajectory (yx)xen. Therefore,
Yo =1 € 8¢(H). Consequently, 8¢(H) is strongly (H — ul)~! invariant. [ |

For the null-controllable set, we can prove the following invariance properties
in a similar fashion to Lemma 3.14.

Lemma 3.16. Let H be a convex process. Then, N(H) € F(H). In addition, N(H)
is weakly H invariant and N(H) = H-T(N(H)).

In addition to the reachable set of H, we will also consider the reachable sets
of L_ and L. One relation between these respective reachable sets, is given in
the following lemma.

Lemma 3.17. Let H be a convex process and denote R = R(H) and R+ = R(L).
If dom(H) — R is a subspace, then R — R = Ry and R..

Proof. It follows from (3.21) that H¢(0) C Lﬂ(O) for all £ € IN. Then, we get
R—R C Ry — Ry = Ry where the last equality follows from the fact that
R4 is a subspace. As R, is the smallest strongly L, invariant cone, the reverse
inclusion Ry € R — R would follow if R — R is strongly L invariant. Therefore,
it suffices to show that L (R—R) C R—R. Let x € R —R. Then, there exist
11,72 € R such that x = vy — 7. If x € dom(L;) = dom(H) — dom(H), we
readily have L, (x) = @ C R—R. Suppose that x € dom(H) —dom(H) and
y € Ly(x). From the definition of L. (3.20), it follows that there exist x1,x, €
dom(H) such that x = ry — 72 = x; —x3 and y € H(x7) — H(x2). Note that
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1 —x1 =712 —%2 € R—dom(H). Since dom(H) — R is a subspace, we have
R —dom(H) = dom(H) — R. Therefore, there exist X € dom(H) and ¥ € R
such that 11 —x; = 1 —xp = X — 7. Since H is a convex process, we have
H(x)+H(xi) € H(x +xi) = H(r{ +7) for i = 1, 2. This leads to H(x7) — H(x2) C
H(ry +7) — H(ry +7) + H(x) — H(X) since X € dom(H). From H(R) C R, we
know that H(r; +7) —H(r; +7) € R — R since r1,13, 7 € R. Thus, it suffices to
show that H(x) —H(x) € R — R for all x € dom(H). Let x € dom(H). As 0 € R,
we have X € dom(H) — R. Since dom(H) — R is a subspace, —x € dom(H) —R
and hence there exist £ € dom(H) and n € R such that —x = & —1. This
means that H(X) + H(&) € H(x+ &) = H(n) as H is a convex process. Since
& € dom(H), we get —H(x) C H(&) — H(n). Then, we obtain H(x) — H(x) C
H(x) +H(§) —HM) C H(x+ &) —H(n) = Hn) —H(n). As H(n) C R, we finally
arrive at H(x) —H(%) C R — R sincen € R. |

Next, we investigate some consequences of the domain condition (DC).

Lemma 3.18. Let H be a convex process and let V be a strongly H invariant
subspace with R_ C V. If dom(H) + R_ = dom(H) +V then dom(HK) +R_ =
dom(H*) +V forall k > 1.

Proof. We can use Lemma 3.1 to give an equivalent statement of the implication
in the lemma as:

VCdom(H)+R- = VCdom(H)+R_ Vk>1
To prove this, we begin with defining the convex process He : R™ = R™, by
gr(He) = gr(H) +R_ x {0}

We will start by proving that for all k > 1, we have dom(HK) = dom(H*) +
R_. Clearly R_ C dom(Hé‘) and dom(Hk) C dom(Hb). Therefore dom(H*) +
R_C dom(HLf).

It remains to show that the reverse inclusion holds. This will be achieved by
induction on k. For k = 1, note that clearly dom(He) € dom(H) + R_. For the
induction step assume that dom(HE) C dom(H¥) +R_ for some k > 1. Let
£ € dom(HK*"). Therefore, there exists ¢ € dom(HX) such that ¢ € He(&). By
the induction hypothesis, we see that { = {; — (; where (; € dom(H*) and
—(y € R_. Hence, we obtain (7 € H(§) + (5.

As R_ is the reachable set of L_, we know there exists n € R_ such that
(» € L_(n). This yields {; € H(&) +L_(n). Then, Lemma 2.1 implies that
{1 € H(& +1). Since ¢; € dom(H*), we can conclude that & +n € dom(HK*1)
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and hence & ¢ dom(Hk“) + R_. This proves that for all k > 1, we have
dom(H¥X) = dom(H¥) +R_.

To prove the lemma, recall that it suffices to show that V C dom(H¥) + R_.
By the hypothesis, we have V C dom(H) + R_ = dom(He). Next, we claim that
V is strongly He invariant. To see this, let x € V and y € He(x). Then, there
must exist x’ € dom(H) and z € R_ such that (x,y) = (x’,y) — (z,0) due to
the definition of He. As such, we have y € H(x +z) C H(R;) C V where the
first inclusion follows from the fact that x +z € V+4+ R_ = V and the second
from the fact that V is strongly H invariant. Therefore, we have He(V) C 7V,
in other words, V is strongly He invariant. Since V C dom(H.), we can use
Lemma 3.8.(ii) to conclude that V is also weakly H. invariant. Therefore, we
get V C F(He) € dom(HE) = dom(H¥) +R_ for all k > 1 where the first
inclusion follows from the fact that F(H) is the largest weakly He invariant
cone, the second from (3.27), and finally the third from the first part of this
proof. [ |

The image of a convex cone under a convex process enjoys the following
duality relation. Note also [12, Thm. 2.5.7] which additionally assumes closed-
ness.

Proposition 3.1. Let H be a convex process and K be a convex cone such that
K —dom(H) is a subspace. Then,

(H(K)) ™ = (H7) (K.
Proof. We can write the left-hand side in terms of the graph by:
HK)™ = ([0 I](gr(H)NKxR™)) .

Using [142, Cor. 16.3.2], this means that:

fr—1
(H(K))™ = (gr(H)NK xR™)™

-1
= cl (gr(H)™ + K™ x{0})

-1 —1
0 0 I _
=] [—I O] cl(gr(H™) +{0} x K*).
By Lemma 3.5 we have

[dom(H)—K]T =H (0)nK™.
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Therefore, from our assumption follows that gr(H™) N {0} x K™ is a subspace,
which allows us to use Lemma 3.3 to reveal that gr(H ) +{0} x K" is closed.
Therefore we can drop the closure from our derivation, and find:

—1
(H(K))™ = LI)] (gr(H™) +{0} x KT) =(H7) (K.

Thus proving the lemma. |

Strong and weak invariance become dual notions under certain conditions.

Theorem 3.5. Let H be a convex process and K be a convex cone such that
K —dom(H) is a subspace. Then, K™ is weakly H™ invariant if K is strongly H
invariant. Conversely, K is strongly H invariant if K is closed and K™ is weakly
H™ invariant.

Proof. Suppose that K is strongly H invariant. Then, H(K) C K in view of
Lemma 3.8. Hence, K= C [H(K)]™. From Proposition 3.1, we have K= C
(H™)~'(K™). Therefore, K~ is weakly H™ invariant due to Lemma 3.8.

Now suppose that K is closed and K™ is weakly H™ invariant. Then, K= C
(H)~1(K™). Proposition 3.1 implies that ([H(K)}*)f C (K7)~. This means
that cl(H(K)) C K since K is closed. Hence, H(K) C K. In other words, K is
strongly H invariant due to Lemma 3.8. u

3.5.2 Eigenvalues of convex processes

For a detailed study of eigenvalues and eigenvectors of convex processes, we
refer the reader to Chapter 2.
Next, we relate nonnegative eigenvalues of H™ to the reachable set of H.

Lemma 3.19. Let H be a convex process and A > 0. Then, ker(H™ —AI) C
R(H)~.

Proof. For this, let & be an eigenvector of H™ corresponding to a nonnegative
eigenvalue A, that is, A& € H™(&). Clearly this means that (NENHTE) € grH™
for any j > 0. Now take 1 € R(H), i.e. n € H9(0) for some q. Then there exists
a (finite) sequence (Xk)g:o such that xo = 0, xq =n and (xy,xx4+1) € grH for

k=0,...,q9— 1. By the definition of the dual process in (3.18), we know:

NTTEx) = (VExp1)
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foranyj > 0and k=0,...,q— 1. In particular we can conclude that:
0=AEx0) = NITTE,x7) = = (AE,xq_1) = (§,%q) = (E,M).

This allows us to conclude that & € R(H) ™. [ |

3.5.3 Inner and outer processes

In this section, we will study inner and outer processes as defined in Sec-
tion 3.4. We begin with recalling the definition of the inner process H;, : R™ =
R™:

gr(Hin) == gr(H) N (Ry x R+ ). (3.20)

The following observations readily follow from (3.29):

dom(HK) = dom(H*) N R, Vk>1 (3.302)
F(Hin) = F(H) N Ry, (3.30b)
R(Hin) = R(H), (3-30¢)
8(Hin) = 8(H) N R4, (3-30d)

Se(Hin) = 8e(H) N Ry, (3-30€)
N(Hin) = N(H) N R (3.30f)

The subsequent results play an instrumental role in studying reachability,
stabilizability and null-controllability.

Lemma 3.20. Let H be a convex process satisfying the domain condition (DC).
Then, F(Hj,) = dom(H]}) and F(Hj,) + R = R,. Moreover, if W is a weakly
Hj, invariant convex cone, then the following statements are equivalent:

(i) g(Hin) - :R(Hin) -W
(i) R(Hin) =W =R

(iii) H;, has no eigenvector in (R(Hijy) — W)~ \ R that corresponds to a non-
negative eigenvalue.

If, in addition, H;l] (W) C ‘W then the statements are above equivalent to:

(iv) F(Hin) =W
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Proof. To show that F(H;,) = dom(H}), we first claim that R(L_(Hj,)) = R_.
Since gr(Hin) C gr(H), we readily have that R(L_(H;,)) € R_. For the reverse
inclusion, let & € R_. Then, there exists q > 0 and (xk)gzo € B4(L_(H)) such
that xo = 0 and xq = & Note that x, € R for all k € {0,1,...,q}. Since
R_ C Ry and gr(L—(Hin)) = gr(L—(H)) N (R4+ x Ry ), we see that (xk)ﬂzo €
Bq(L_(Hin)) and hence & € R(L_(H;,)). This proves that

R(L-(Hin)) = R—. (3-31)

Next, note that (dom(H)NR,)+R_ = Ry due to R C R4 and Lemma 3.1.
In view of (3.30a), we see that

dom(Hin) + R— = R4 (3.32)

Now, we claim that dom(H;}) = dom(HiT;H ). To see this, let n € dom(Hj})
and ¢ € Hi}(n). Since gr(Hj,) € Ry x Ry, we see that ¢ € R,. From (3.32),
it follows that ¢ = (7 — (» where {7 € dom(H;,) and {, € R_. As R_ C
H(0) due to (3.31) and Lemma 3.6, we have that (; € HJ}(0). Therefore,
(1 =C+ ¢ € HE(M) +HE(0) = HY(n). Since ¢; € dom(H;,), we can conclude
thatn € dom(Hi’rllH ). This means that dom(H) C dom(H*"). As the reverse
inclusion is obvious, we obtain dom(H;}) = dom(H&H ). Now, it follows from
Lemma 3.11 that F(H;n) = dom(H]}).

To show that F(H;y) + R— = R, note first that the domain condition (DC)
and Lemma 3.18 imply dom(H™) + R_ = dom(H™) + R4. Since R_ C Ry,
Lemma 3.1 implies that (dom(H™)NR;) 4+ R_ = R4. Then, it follows from
(3.30a) that dom(H]}) + R = Ry. Since F(Hj,) = dom(H]}), we see that
F(Hin) + R— = R4

For the rest, we will prove the implications (i) = (ii), (ii) = (i), (ii) < (iii), (iv)
= (ii), and finally (ii) = (iv) under the extra hypothesis H; (W) CW.

(i) = (ii): Since R_ C R(H) = R(H;n), we see that F(H;,) + R € R(H;n) —W.
Then, we have Ry C R(Hjn) — W as F(Hj,) + R— = R. The reverse inclusion
readily holds since W C dom(H;,) € R4. Therefore, we can conclude that
R(Hjn) — W =R,

(i) = (i): This readily follows from the fact that F(H;,) € R4.

(ii) < (iii): For this part of the proof, we want to apply Theorem 2.3 to the
closed convex cone X := (R(Hijn) — W)~ = R(Hin)~ N WT. To do this, we need
to show that the following hypotheses are satisfied:

(a) X is weakly H;_ invariant.

(b) H;,(0)NX is a subspace.
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(c) lin(X) is weakly L (H;.) invariant.
(d) Lin(X) € (L—(H;,) —AI) lin(X) for all A > 0.
To verify these hypotheses, note first that we have

dom(H;n) + R_Cdom(Hiy) —R(H) C dom(H;,) + Ry,
Ry Cdom(Hj,) —R(H) C Ry,

where the first line follows from R_ C R(H) C R and the second from (3.32)
and (3.30a). Therefore, we see that

dom(Hj,) —R(H) = R,
Since W is weakly Hj, invariant, we have
W C dom(Hjn) € R+ (3:33)

This means that
dom(Hjp) — (R(H) — W) = Ry (3-34)

Since R(H) = R(Hjn) is strongly Hj, invariant and W is weakly Hj, invariant,
we see from Lemma 3.9 that R(H) — W is strongly Hj, invariant. Then, it follows
from (3.34) and Theorem 3.5 that X is weakly H, invariant. This proves (a).

Let G be the convex process given by gr(G) = cl ( gr(Hm)). Note that we
have ri( dom(G)) = ri( dom(H;y)). Since G is closed and G~ = H;, Lemma 3.5
yields that H(0) = (dom(Hin))+. Then, we see from (3.34) that H; (0) N X =
R+ is a subspace. This proves (b).

From Lemma 3.17, we know that R(H) —R(H) = R4. Since R(Hjn) = R(H),
it follows from (3.33) that Lin (R(H) — W) = R.. This results in

lin(X) = R+E. (3.35)
From the definition of Hy, in (3.29), we have that
gr(H,) = gr(H) + (Rf x RT). (3.36)

In particular, we have Rt C H_ (&) for all & € Rf. This implies that Rt C
(Hi;)_] (fRi). As such, fRi is weakly H, invariant. Together with (3.35), this
proves (c).

Note that L_(H;)(0) = lin (H;(0)). Then, we see that R+ C L_(H;)(0) from
(3-36). Therefore, we have

R C Lo (Hi)(0) = (L-(H;,) = A1) (0) € (L-(H;,) — AL (Ry),
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for all A > 0. Together with (3.35), this proves (d).

Since H. and X satisfy the hypotheses (a)-(d), Theorem 2.3 and (3.35) imply
that (ii) holds if and only if (iii) holds.

(iv) = (ii): As F(Hjn) + R = R4, we see that R, C F(H;,) — R(Hin) =
W — R(Hjn). Since the reverse inclusion is evident, we se that R(H;,) —W = R..

H. ' (W) C W and (ii) = (iv): Note that R(Hin) — W = UgsoHE (0) — W. Since
R(Hin) — W = R,, we see that UQonn(O) — W is finitely generated. Then, it
follows from Lemma 3.4 that Hicr‘l(O) —W =R, for some q > 0. Let & € F(Hjy).
Therefore, there exists a trajectory (xi) € B(Hjn) such that xo = &. Clearly,
Xq € Hii(ci) € Ry. Therefore, xq = (—n where ( € Wand n € Hg(O). This
means that ( € HEI(E,). Thus, we see that & € Hi;q ('W). Since Hi;] (W) CW, we
further see that £ € W. Therefore, we proved F(Hj,) C W. The reverse inclusion
readily holds since W is weakly H;, invariant and F(Hj,) is the largest weakly
H;, invariant set. Therefore, we can conclude that F(H;,) = W. |

Lemma 3.20 leads to the following results for Hj,.

Lemma 3.21. Let H be a convex process satisfying the domain condition (DC).
Then, the following statements hold:

(i) Hjn is reachable if and only if all eigenvectors of H,
eigenvalues in [0, c0) belong to R+.

corresponding to

(ii) Hi is exponentially stabilizable if and only if all eigenvectors of H;  cor-
responding to eigenvalues in [1, 00) belong to R+.

(iii) If Hj, is null-controllable, then all eigenvectors of H.  corresponding to
eigenvalues in (0, c0) belong to R+.

(iv) Suppose that H satisfies in addition the image condition (IC). If all eigen-
vectors of H; = corresponding to eigenvalues in (0, c0) belong to R+, then
H;, is null-controllable.

Proof. (i): By applying Lemma 3.20 with the choice W = {0}, we see that Hj, is
reachable if and only if H;  has no eigenvector in R(Hj,) ™ \Ri— that correspond
to a nonnegative eigenvalue. Since all eigenvectors of H, corresponding to
nonnegative eigenvalues necessarily belong to R(Hj,)~ due to Lemma 3.19,
we can conclude that Hj, is reachable if and only if all eigenvectors of H,
corresponding to eigenvalues in [0, 00) belong to R+

(ii): To prove the ‘only if” part, let A > 1 and & be such that AE € Hi;(a).
Also let * € F(Hj,). Since Hj, is exponentially stabilizable, there exists an
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exponentially stable trajectory (xx)ken € B(Hin) with xo = X. Note that we
have (&, xy11) < A(E, xx) for all k > 0. In particular, this means that

1
T<Ev/ Xk> < <E,,X0>

A
for all k > 0. By taking the limit as k tends to infinity, we see that & €
(5"’(Hm))+ = (Se(Hin))+. Together with Lemma 3.19, this implies that & €
(iR(Hin) —Se(Hm))f. From Lemma 3.14, we know that Hi;] (8e(Hin)) € Se(Hin).
Since Hjy, is exponentially stabilizable, it is clear that Lemma 3.20 implies that
R(Hijn) — Se(Hin) = R4.. Therefore, we see that & € iRi.

Finally, what remains to be proven is the ‘if’ part. Since H].;] (8e(Hin)) C
S8e(Hjn) due to Lemma 3.14, the claim would follow from Lemma 3.20 if all
eigenvectors of H; within (fR(Hin) — Se(Hin))_ corresponding to nonnegative
eigenvalues belong to R+. To show this, suppose, on the contrary, that there
exist A > 0 and

&€ (R(Hin) —Se(Min)) ~ \ R such that A& €H(£).  (337)
Clearly, we have

o(Hy,, (R(Hin) — Se(Hin)) ™ \ R) € o(Hy, R(Hin) ™ \ ).

in’/

Since ¢ belongs to the set on the left hand side, both sets are nonempty. In
addition, we know from Theorem 2.2.1 that both sets are closed and bounded
above. Therefore, there exists A € o(Hy,, R(Hin) ™~ \Ri) such that A’ < A for
all A" ee o(Hy, R(Hin) ™\ fRi—). As all eigenvectors of H;  corresponding to
eigenvalues in [1, co) belong to R+, we know that A < 1. Now take u such that
A < u < 1. From (3.36), we see that Ri C ker(H,,, — uI). Since p > A, we also

see that ker(H; —ul) C iRi. Hence, we have
ker(H, —pl) = R (3.38)
From Lemma 3.15, we know that
(Hiy — 1D (8e(Hin)) € Se(Hin)- (3-39)

Now, we claim that dom ((H;, —pI) ™) —8e(Hin) = R+ To see this, let G be the
convex process given by gr(G) = cl (gr(Hin)). Since G is closed, it follows from
Lemma 3.5 that (im(G — ul))” = ker(G™ — uI). Note that (im(G —ul))” =
(im(Hip —pul)) and G- = H;.. Therefore, we see that (im(Hj, —ul)) =
ker(H;, — uI). From (3.38) and the fact that im(H;, — uI) = dom ((H;1 — )~ ! ),
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we see that dom ((H;; —uI)~') = R;. Since 8¢(Hin) C R4, we can conclude
that dom ((H;1 — uI)_]) — 8¢(Hin) = Ry4. Then, the application of Proposi-
tion 3.1 to (3.39) results in

‘Se(Hin)Jr - (HI; - HI)SG(Hin)+~ (3-40)

Recall that ut > A > 0 and & € (R(Hin) — Se(Hin))™ \Ri. As (R(H;) —
S8e(Hin))™ = R(Hin)™ N 8e(Hin)™, we see from (3.40) that there exists n €
8e(Hin)™ such that &+ un € H_(n). Together with A& € H._ (&), this yields

r(E+ (k—2AN) € H (E4 (n—A)n).
Since ker(H,, — ul) is a subspace, we see that —& — (u—A)n € ker(H;, — ul). By
using the fact that & + un € Hj,(n), we obtain

—AE e H (—&).

Then, Lemma 3.19 implies that —& € R(Hj,) ™. Thus, we see that & € R(Hj,) ™ N
R(Hin)* = R+. This contradicts with (3.37).

(iii): Let A > 0 and & be such that A& € H (). Also let x € F(Hjy). Since
Hin is null-controllable, there exists a trajectory (xi)xen € B(Hin) with xo =%
and xq = 0 for some q > 0. Note that we have (&, xx41) < A(E,xy) for all
k > 0. In particular, this means that (&, xy) < 7\k<£, %) for all k > 0. Since
xq = 0 and A > 0, we see that ({,X) > 0. As Hj, is null-controllable, we
see that £ € N(Hj,)". From Lemma 3.19, we know that § € R(Hj,)”. As
such, we have that & € (R(Hin) —N(Hin)) . It follows from Lemma 3.16 that
H; (N(Hin)) € N(Hjn). By taking W = N(H;,) and applying Lemma 3.20, we
see that R(Hj,) — N(Hiy) = R. Therefore, we see that & € R+.

(iv): Since Hi;] (N(Hin)) € N(Hjn) due to Lemma 3.16, the claim would fol-
low from Lemma 3.20 if all eigenvectors of H; within (fR(Hin) — N(Hin))_ cor-
responding to nonnegative eigenvalues belong to R+. Since all eigenvectors of
H;. corresponding to eigenvalues in (0, 00) already belong to R+, it remains

to prove that & € R+ whenever 0 € H; (&) and & € (R(Hin) —N(Hin)) . To
see this, note first that 0 € H; (&) implies that & € (im(H;y)) ™. Since R(H;,) €
im(H;n), we see that & € (im(Hin) —N(Hin)) . Note that im(Hy,) = H(R+) due
to (3.29) and N(Hj,) = N(H) N R4+ due to (3.30f). Since N(L_(H)) € N(H), we
see that the image condition (IC) implies that R4 C im(Hjn) — N(Hj,). There-
fore, & € IRﬂ;. [ |

The next result will be employed for exponential stabilizability.
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Lemma 3.22. Let P C F(H) be a bounded polyhedron. Suppose that there exist
g and p with ¢ > 1 and p € (0,1) such that H9(x) N pP # & for all x € P. Then
P C 8e(H).

Proof. Let P = conv{x! |i=1,...,7}. Since H9(x) N pP # @ for all x € P, there
exist xé, el x}] such that

xp =x, (3.41)
xg € p?, (3-42)
Xkiq €EH(xE) Vk=0,...,q—1 (3-43)

From (3.42), we see that xiq =P a;ix) where a;j; > 0 and 2_jaji = 1. For
k=0,1,...,q, define

X=[x} x¢ - x}] e R™.

Also, define the matrix A = (aj;) € R"™*". Then, Xq = pXpA.

Let & € P. If £ = 0, then clearly & € 8¢(H). Suppose that & # 0. Then,
£=73 ,bix* where b; > 0and J_; b; = 1. Alternatively, we can write & = Xob.
Now, we construct a trajectory (xi)xen as follows:

Xqgmit =P XeA™b  for meN and (=0,...,q—1.

Recall that all entries of A and b are nonnegative. Thus, so are the entries of
A™b for all m € IN. This implies that

Xqm+t+1 =P Xeyp 1A™D € H(p™XA™b) = H(xgm+e)

forany m € N and { =0,..., q — 2. Further, it follows from Xq = pXpA that

Xq(me1) =P XoA™ b = p™MXGA™b € H(p™Xq_1A™b) = H(Xgm(q—1))-

Therefore (xx)ken € B(H) with x¢ = &. It remains to prove that this sequence
is exponentially stable. For this, let p and o be real numbers such that

ud=p, and o=-— max [|x;|.

Then, we see that

Xqm+el =P XA™Dl < u™ - max gl < odm ),

0<e<q—1

73
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since p < u! for all ¢ with 0 < € < q— 1. This proves that & € 8¢(H) and
therefore concludes the proof. |

Now, we turn our attention to the outer process. Recall that outer process
Hout : R™ = IR™ is defined by

gr(Hout) i= (gr(H) + (Re xR+) ) 0 (Vx V), (3.44)
where V C R™ is a subspace such that
Ry ®V=R" (3-45)

Even though the subspace V is not unique in general, the subsequent theory
will work regardless of the choice made.
In addition to Hoyut, we define Ly oy : R™ = R™ in a similar fashion:

gr(Liou) = (Br(Le) + (Re x Ry) ) N (V x V). (3.46)
The following lemma will collect essential properties of the outer process.
Lemma 3.23. Let H be a convex process. Then, the following statements hold:
(i) dom(Hoyt) = (dom(H) +Ry)NV.
(ii) Ly out is a single valued linear process, i.e. a linear map.
If, in addition, H satisfies (DC), then we have:
(iii) Hout = L+ out-
(iv) dom(HY,) = (dom(H*)+ R, )NV forall k > 1.
(v) F(H) = dom(H™).
(vi) F(Hout) = (F(H) + R4) NV is a subspace.
(vil) F(H) + R4+ is a subspace.

Proof. (i): Clearly, we have dom(Hout) € (dom(H)+ Ry)NV. As such, it
suffices to prove the reverse inclusion (dom(H) + fR+) NV C dom(Hgyt). Let
£ € (dom(H)+Ry)NV. Then, & = &; + &, where &1 € dom(H) and &, € Ry
Let ¢; € H(&7). From the direct sum (3.45), we see that {; = {— (> for some
¢ € Vand (; € Ry. Note that (§,¢) = (&1,C1) + (&2,C2) € gr(Hout). This
means that & € dom(Hoyt), proving the statement.
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(if): For a linear process to be single valued, it is enough to show that
Liout(0) = {0}. To do so, let y € Ly out(0). This means that y € V and
there exist x’ € dom(Ly)NRy, y" € Ly(x'), and z’ € R, such that (0,y) =
(x,y’) + (—x’,2’). Since R is strongly invariant, we know L, (Ry) C Ry and
thus we see that y’ € R . This means that y =y’ + 2z’ € R,. Recall thaty € V
as well, and hence y = 0.

(iii): It follows from (i) that dom(L4 out) = (dom(L4) + R4 ) NV by replac-
ing H and Hoyt, respectively, by Ly and Ly out. Since dom(H) + Ry is a sub-
space and dom(L;) = Lin(dom(H)) due to (3.22), we know dom(L) + Ry =
Lin(dom(H)) + R4 = dom(H) + R4+. As L oyt is single valued and its graph is
larger than that of Hoyut, we see that Hoyt and L oyt coincide.

(iv): First, we claim that (dom(H*) +®R;) NV C dom(H¥,) for all k > 1.
To see this, let k > 1 and xp € (dom(Hk) 4+ Ry)NV. Then, there exist
Yo € dom(H*) and zg € R, such that xg = yg + z¢. Since yo € dom(H¥), there
exist Yy1,Y2,..., Yk such that ye, 1 € H(yg) with€=0,1,...,k— 1. From the di-
rect sum (3.45), we see that there exist z1,z5,...,zx € R4y and xq1,%2,...,x €V
such that yp =x¢ —z¢ forall £ =1,2,...,k. Note that (xg,x¢r1) = (Ye, Yea1) +
(zg,z¢+1) € gr(Hout) for all £ = 0,1,...,k—1 since (yg, yes1) € gr(H) and
(z¢,2¢41) € Ry X Ry. Therefore, we have xg 1 € Hout(x¢) forall =0,1,...,k—
1 and hence x;. € HX;(x0). In other words, xo € dom(HX,,). Consequently, we

out
obtain (dom(H*) + R, )NV C dom(HK,,).

Therefore, it remains to show that dom(Hk,) C (dom(H*)+ R;) NV for
all k > 1. We will prove this by induction on k. Note that dom(Hout) =
(dom( H) + IR+) NV due to (i). As the induction hypothesis, we assume that

dom(HY,) = (dom(H*) + R} ) NV for some k > 1.

Now let x € dom(H]&:@1 ). In particular, we have x € dom(Hoyt). Due to (i)
and the domain condition, we see that xo € (dom(H) +R_) N'V. Therefore,
there exist x; € dom(H) and x; € R_ such that x = x7 +x3. Lety; € H(xq).
In view of the direct sum (3.45), y1 = y—yz wherey € V and y € R,.
Then, we have (x,y) = (x1,Y1) + (x2,Y2) € gr(Hout) since (x1,y1) € gr(H) and
(x2,Yy2) € R xRy C Ry xRy

Recall that Hoyt is single valued due to (ii) and (iii). As x € dom(H‘O‘J; h,
this means that y € dom(HX,,;). From the induction hypothesis, we then have
y € (dom(H*)+R,)NV. Note that y; = y—1y; € dom(H*)+ R,. Since
dom(H¥) + R, = dom(H¥) 4+ R_ due to Lemma 3.18, there exist & € dom(H*)
and n € R_ such that y; = &—n. As R_ = LT(0) there exists { € R_
such that 1 € L_({). Therefore, we have & € H(x7)+1n C H(x1)+L_(Q) =
H(x1 + ). Since & € dom(HX), we get x1 +( € dom(H**1). This yields
x71 € dom(H**t1) +R_ since ¢ € R_. Note that x = x; + x> where x, € R_. As
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such, we can conclude that x € (dom(HkH )+ IR_) NV. Finally, Lemma 3.18
implies that x € (dom(H**1)+®R) NV which proves that dom(HX}") C
(dom(H* )+ Ry )N V.

(v): From the statement (iii), we know that Hoyt is a linear process. Therefore,
we have

F(Hout) = dom( gut) (3-47)

due to Lemma 3.6. Clearly, F(H) € dom(H"). The reverse inclusion would
follow from Lemma 3.11 if dom(H™) C dom(H™+1).

Let & € dom(H™). As such, we see that there exist xg,x1,...,xn such that § =
xo and xx11 € H(xk) for all k with 0 < k < n—1. From the direct sum (3.45),
there exist yo,y1,...,Yyn € R+ and zp,21,...,2n € V such that xx = yy + zx
forall 0 < k < n—1. Note that (zy, zx1+1) = (%k, Xk+1) — Uk, Yk+1) € gr(Hout)
since (xy, Xk+1) € gr(H) and (yi, yx41) € Ry x Ry

As Hoyt is single valued, and zp € F(Hout), we know that after n steps, we are
still inside the feasible set: z,, € F(Hout) € dom(Hoyt). The domain condition
and dom(H) +R_ = dom(H) 4+ R+ and (i) imply that dom(Hout) = (dom(H) +
iR,) N V. Therefore there exist Z € dom(H) and Z € R_ such that z,, = Z+Z.
Due to the domain condition and Lemma 3.1, we have R, C dom(H) + R_.
Then, there exist § € dom(H) and § € R_ such that yn, = §+ 7. We know
that R_ = L™ (0) € H™(0) where the last inclusion follows from (3.21). This
means that §+2Z = xn —§ —Z € H™(xg). Since § +Z € dom(H), we see that
& = xo € dom(H™). Therefore, we see that dom(H™) C dom(H™*'), which
proves the statement.

(vi): From (3.47), (iv) and (v), we see that F(Hout) = dom(H7,) = (3" (H) +
iRJr) NV. Since Hoyt is a linear process due to (iii), F(Hout) is a subspace.

(vii): Since F(H) + R is a convex cone, it is enough to show that & € F(H) +
R4 implies —& € F(H) +R4. Let & € F(H) +R4. Then, & = (+n where
¢ € F(H) and 1 € Ry. We also know from (3.45) that & = &; + &, where
&1 € Ry and &, € V. It now follows from (vi) that £; = {+n— &7 € F(Hout)-
Since F(Hout) is a subspace, we have that —&; = F(H)+ Ry. Then, —& =
—&1 — &2 € F(H) + R Therefore, F(H) + Ry is a subspace. [ |

It turns out that the trajectories of the difference inclusion (3.2) can be decom-
posed according to (3.45) by using the outer process Hout as stated next.

Lemma 3.24. Let H be a convex process and (xx)ken € B(H). Then, there exist
sequences (Ex)keN C F(Hout) and (Mi)ken C R4 such that xi = & +ny and
Ex+1 = Houtlg (1) (Ex) for all k € IN.
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Proof. Existence of sequences (&x)ken € V and (i )ken C R4 such that x =
Ex + 1y forall k € IN follows from the direct sum (3.45). From (3.44), we see that
i1 € Hout(&x) and hence & € F(Hout) for all k € IN. Since Hoyt is a linear
map due to Lemma 3.23.(ii)-(iii), we further see that &1 = Hout|g () (Ex)
for all k € IN. [ |

3.6 PROOFS

This section will use the derived framework, and previously proven results
to prove the main results of this chapter.

3.6.1  Proof of Lemma 3.7

It follows from Lemma 3.23 that Heyt is a single valued linear process, i.e.
a linear map and F(Hout) = (F(H) + R4) NV is a subspace. Since F(Hout) is
weakly Hoyt invariant due Lemma 3.10, single valuedness of Hyy: readily imply
that Hout(F(Hout)) € F(Hout)-

3.6.2 Proof of Theorem 3.1

We will prove the implications (i) = (ii), (ii) = (iii), and (iii) = (i).

(i) = (ii)): From (3.30b), we have that F(H;,) = F(H)NR,. Since H is
reachable, this implies that F(H;,) € R(H). In view of (3.30c), we have that
F(Hin) € R(Hjn). Therefore, H;, is reachable. To show that Hgy; is reachable,
note that F(Hout) = (?(H) + SR+) NV due to Lemma 3.23.(vi). Since H is reach-
able, we see that F(Hoyt) € R4y NV ={0}. As such, Hyyt is reachable.

(ii) = (iii): From Lemma 3.21.(i), reachability of H;, implies that all eigen-
vectors of H corresponding to eigenvalues in [0,00) belong to Rt. Note
that Hoyt is single valued due to Lemma 3.23.(ii) and (iii). This implies that
Hout(0) = {0} and hence that R(Hout) = {0}. Therefore, reachability of Hout
implies that F(Hout) = {0}

(iii) = (i): Since F(Hout) = {0}, it follows from (3.45) and Lemma 3.23.(vi)
that F(H) € R4. Then, we have that F(H) = F(Hj,) in view of (3.30b).
From Lemma 3.21.(i), we see that Hj, is reachable since all eigenvectors of
H; corresponding to eigenvalues in [0, c0) belong to R+. Therefore, we have
F(H) = F(Hin) € R(Hjn)- Since R(Hjn) = R(H) due to (3.30c¢), H is reachable.
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For the last claim, suppose that H is reachable. From Theorem 3.1.(ii), we
know that Hj, is reachable. In turn, Lemma 3.20, with the choice of W = {0},
implies that R(H;,) = R. Since it readily holds that R(H;j,) € R(H) C R, we
see that R(H) = R.. By taking €, = H*(0) and applying Lemma 3.4, we obtain
R(H) = HY9(0) for some q > 0.

3.6.3 Proof of Theorem 3.2

The implication (ii)) = (i) is evident. In what follows, we will prove the
implications (i) = (iv), (iv) = (iii), and (iii) = (ii).

(i) = (iv): Since H is stabilizable, it follows from Lemma 3.24 that all eigen-
values of the linear map Hout|5(nH,,) are in the open unit disc. To prove
the rest, we first observe that H;, is stabilizable whenever so is H. Now, let
A > 1 and & be such that AE € H,_ (&). The arguments used in the proof of
Lemma 3.21.(ii) result in & € (fR(Hin) — S(Hin))_. From Lemma 3.14, we know
that H; (8(Hin)) € 8(Hjn). By taking W = 8(Hj,) and applying Lemma 3.20,
we see that R(H;n) — S(Hjn) = R. Therefore, we see that & € iRi.

(iv) = (iii): This implication follows from Lemma 3.24 and Lemma 3.21.(ii).

(iif) = (ii): To prove this implication, we will first construct a bounded poly-
hedron P as in Lemma 3.22 and then show that every feasible point can be
steered to P in finitely many steps.

To construct P, we need some preparation. Let W be a subspace such that

Ry = (Lin(FH)NRL) D W. (3.48)
For & € F(Hout), define

G(&) = (B &) NRy) + (Lin(@FH) NR4) ) AW, (3.49)

It can be easily verified that G is a convex process. From Lemma 3.23.(vi), we
know that for every & € F(Hout) there exists 1 € R4 such that &+n € F(H).
Further, the decomposition (3.48) implies that there exist 7 € Lin(F(H)) N R4+
and n; € W such that n =17 +13. Then, we see that n; € G(&). Therefore, we
have that dom G = F(Hout).

Now, we claim that G is single valued. For this, take 1, ¢ € G(&). This means
that there exist 11, {7 € Ry and 12, (> € Lin(F(H)) N R such that

E+m eTFH), E+Ge€TFMH), m=m+n G=0+C

By using the first two relations, we obtain 17 — ¢; € Lin(F(H)). This implies
thatny — ¢; € Lin(F(H)) NR4. Note thatn— = (7 — {3) — (N2 — {2). There-
fore, we see that 1 — ¢ € Lin(F(H)) NR4. Sincen— ¢ € W, it follows from (3.48)
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that 1 = ¢, i.e. G is single valued. Since its domain is a subspace, we further
see that G is a linear map.

Since F(Hout) is a subspace due to Lemma 3.23.(ii)-(iii), we can find a bounded
polyhedron Q C F(Hout) containing the unit ball relative to F(Hout), i.e.

{& € F(How) [ IE] <1} C Q. (3-50)

From (3.49), we see that
(I+G)Q C Lin(5(H)). (3:51)
Moreover, (I+ G)Q is a bounded polyhedron since G is a linear map.

From Lemma 3.17, we know that R(H) —R(H) = R;. Then, Lemma 3.4
implies that there exists q1 > 0 such that

H9(0) —HI(0) = Ry (3.52)

for all ¢ > qy. Since Hj, is exponentially stabilizable, we have S¢(Hin) —
R(H) = R4 due to Lemma 3.20 and the fact that R(H;,) = R(H). By apply-
ing Lemma 3.4, we see that there exists q, > 0 such that 8¢(Hj,) —H9(0) = Ry
for q > q».

Let q3 = max{q1, q2}. Since 8¢(Hj,) —H93(0) is a subspace, it follows from
Lemma 3.2 that there exists y such that

y € ri(8e(Hin)) Nri(H93(0)). (3-53)

As ri(cone(y)) Nri(H93(0)) # @, we know cone(y) — H93(0) is a subspace from
Lemma 3.2. This means that R4 = Lin(H93(0)) C cone(y) — H93(0) C R..
Thus, we see that

cone(y) —H93(0) = R (3-54)

As H3(0) € H(0) for all q > q3 and q3 > q1, (3.52) implies that
ri(H93(0)) C ri(H9(0)) (3-55)
for all g > q3. Therefore, we see that
Y € 1i(8e(Hin)) Nri(HT(0)), (3.56)
cone(y) —HI(0) = Ry (3-57)

forall q > q3.

Now, let A € (0,1). Let B = {x € R4 | |x|] < 1} denote the unit ball in R...
From (3.55) and (3.56), we see that there exists ¢ > 0 such that y + ¢B C H9(0)
for all q > q3. Since y € 8¢(Hjn), there exists q4 > 0 such that for all q > qq
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there exists yq € H9(y) with [yql < eA. Asy € Ry and Ry is strongly H
invariant, yq € Ry. Then, Ay —yq € H9(0) for all ¢ > q4. As such, we can
conclude that

Ay =yq —Yq +Ay € HI(y) + HI(0) C HY(y) (3-58)

for all q > q4.

Since Hj, is exponentially stabilizable, F(Hi,) = Se(Hin)). In view of (3.56),
this means that y € ri(F(Hjn)). From Lemma 3.23.(vi), we have that F(H) + R+
is a subspace. According to Lemma 3.2, we have that ri(F(H)) "Ry # @.
Together with [142, Thm. 6.5], this implies that ri(F(H) "Ry ) = ri(F(H)) N R4
Thus, we see that

y € 1i(F(Hin)) = ri(F(H) N Ry ) = ri(F(H)) N R,

Now, let Q = conV{E,}) |[i=1,...,r}. Since y € ri(F(H)), it follows from (3.51)
that there exists 37 > 0 such that

(I+G)Es + By € F(H) (3-59)
for all i and B > B7. Let 511 € HJ(EL). Take p € (A, 1). As Hoy is single

valued and exponentially stabilizable, there exists q5 > 0 such that IE,iq\ < p for
alliand q > gs.
From (3.59), we see that there exists (z; Jxen € B(H) with z§ = E}) + G(E})) +
By. In view of (3.45), (3.48), and Lemma 3.24, we have that
zh = & + G(&) +ni

where E}( € Hk (E(i)) and n}{ € R4 for all k € N. Now, let q = max{q3, q4, g5}

Out N . . . .
Then, we see from (3.57) that n}] = o'y — (', where ' > 0 and ' € HY(0).
Then, we have that

£+ G(EY) +aly € HI(E5 + G(E) + By).

From (3.56) and (3.58) and , we know that y € H9(0) and Ay € H9(y). There-
fore, we have

Eq +GEY) + (ot +YA+8Y)y € HI (g5 +G(&5) + (B +V)y) (3-60)

forally > 0 and &' > 0. Note that we can take y and &' such that ot +yA+ 6 =
p(B + ) for all i since A < p. Then, (3.60) boils down to

EL+G(EL) +p(B+Y)y € HI(E + G(EY) + (B +V)y).
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Now, take P = (I+G)Q+ By where p = B+7v. Let x € P. Then, x =
&0 + G(&o) + Py where &y € Q. This means that &y = ) ; a;&} where a; > 0
and ) ; a; = 1. Thus, we can conclude that

&+ G(E) +pBy € H (&0 + G(&0) + By) = HI(x),

where £ =) aiéa. Since IEEI < p, we have |&| < p. As such, we see from (3.50)
that & € pQ. This proves that H(x) N p? # @. By applying Lemma 3.22, we
can conclude that P C 8e(H).
Now, let x € F(H). If X = 0, then we clearly have that X € S¢(H). Suppose that
% # 0. Let (xk)ken € B(H) be a trajectory with xo = X. From (3.45), (3.48), and
Lemma 3.24, we see that xj = &x + G(&) +nx where &x 1 € Houtlg (1, (Ex)
and (Mx)ken C Ry. Since Hoyut is exponentially stabilizable, there exists § >
max{q3, q4, qs} such that [E5] < 1. From (3.56) and (3.57), we see that there
exists & such that
£q+G(&q) + oy € HI(X) (3.61)

for all « > & Due to (3.50), we have that {5 + G(£q) € (I+G)Q. As such,
£q+G(&g) + By € P C 8e(H). By taking o’ = max(&, ), we see that &g +
G(&q) +a'y € 8e(H) sincey € 8¢(H) due to (3.56). From (3.61), we have that €
H™9(£q + G(&g) + «'y). Therefore, it follows from Lemma 3.14 that X € Se¢(H).
This proves that F(H) C 8¢(H) and hence H is exponentially stabilizable. [ |

3.6.4 Proof of Theorem 3.3

Clearly, H is controllable if and only if H is both reachable and null-controllable.
Therefore, what needs to be proven is that reachability of H implies its null-
controllability. From Theorem 3.1 we obtain R(H) = H9(0) for some q > 0. Let
& € F(H) € R(H). Then, there exists a trajectory (xx)xen € B(H) with xo = &.
Clearly, we have xq € H9(&). As R(H) is strongly H invariant, we know that
Xq € R(H) = R,.. Hence, we see that —xq € R(H) = H9(0). It then follow from
(3.12) that 0 = xq —xq € HI(&) + H9(0) = H9(&). Consequently, F(H) C N(H),
that is H is null-controllable.

3.6.5 Proof of Theorem 3.4
We will prove the implications (i) = (iii), (iii) = (ii), and (iii) = (i).

(i) = (iii): Since H is null-controllable, it follows from Lemma 3.24 that all
eigenvalues of the linear map Houtlg(1,,) are zero and thus Hout|5 (1, 18
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nilpotent. For the rest, we first observe that Hj, is null-controllable whenever
so is H due to (3.30b) and (3.30f). Then, it follows from Lemma 3.21.(iii) that all
eigenvectors of H corresponding to eigenvalues in (0, co) belong to R+

(iii) = (ii): This implication follows from Lemma 3.24 and Lemma 3.21.(iv).

(ii) = (i): Let X € F(H). Then, there exists a trajectory (xx)xen € B(H) such
that xp = x. From Lemma 3.24, we have that xj. = xy = & + 1 whereny € Ry
and &x 11 € Houtlg (1) (&x) for all k € IN. Since Hoyt is null-controllable, there
must exist q > 0 such that £q = 0. This means that ng € F(H) N R = F(H;,)
since xq € F(H). As such, we have that x4 € N(H;,) € N(H) since H;, is
null-controllable. This means that X € H™9(xq) € H™9(N(H)). Then, it follows
from Lemma 3.16 that X € N(H). This proves that F(H) € N(H) and hence H is
null-controllable.

3.7 CONCLUSION

In this chapter, we have developed a framework for analysis of convex pro-
cesses. Central concepts in this are weakly and strongly invariant cones, the
minimal and maximal linear processes and duality. It was shown that these
concepts naturally have a central role in the analysis of convex processes.

Within this, we developed Hautus-type spectral tests for reachability, stabi-
lizability and null-controllability of nonstrict convex processes. In essence we
have shown that, under a condition on the domain, we can investigate the prop-
erties of a convex process by considering its inner and outer processes separately.
This result is akin to the so-called Kalman decomposition for linear systems. Af-
ter this, spectral characterizations for either of these processes were developed.
In particular for the inner process, this required additional developments in
duality of convex processes. Moreover, we have proven that, under the domain
condition, reachability and controllability are equivalent.

It was shown that these main results generalize all previously known char-
acterizations. In particular, the known results for (strict) convex processes and
for linear processes were unified.

Future work

As noted, the framework of this chapter can be applied to many different
problems regarding convex processes. The results in duality will prove useful
for different stabilizability problems. Indeed, it was shown in [46], that a stricter
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domain condition plays a role in the study of (duality of) Lyapunov functions
for convex processes.

Another avenue of extensions would be to consider control of convex pro-
cesses. While in the case of linear systems stabilizability is equivalent to the
existence of a static state feedback controller, for convex processes such results
do not hold. An interesting problem is to develop a theory of control for this
class of systems.

In this chapter, we considered only convex processes, with a motivation of
developing results for conically constrained linear systems. A logical extension
would be to investigate properties of more general set-valued maps. In partic-
ular set-valued maps with a convex graph would prove interesting. Parallel
to the work of this chapter, an investigation of properties of set-valued maps
with affine graphs would prove another relevant intermediate point towards
the general convex case. The first steps in this regard were made in [87].
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LYAPUNOV FUNCTIONS FOR
CONVEX PROCESSES

In the previous chapter, we have characterized, among others, stabilizabil-
ity for nonstrict convex processes. However, knowing whether a convex
process is stabilizable is not equivalent to knowing how to find a stabiliz-
ing trajectory from a given point. This problem motivates an investigation
of Lyapunov functions for convex processes.

4.1 INTRODUCTION

In this chapter we study Lyapunov functions for systems given by difference
inclusions of the form
Xk+1 € H(Xk)/

where H : R™ = R™ is a convex process: a set-valued map whose graph is a
convex cone. Since being introduced in [141, 142], these maps have attracted
attention for a few reasons.

Chief among these is the fact that any conically constrained linear system
can be rewritten as one these systems. Conic constraints are ubiquitous in real-
life applications: From economic growth models [110] and cable-suspended
robots [86, 126, 127] to chemical reaction networks [7]. In addition, any linear
positive system, that is, a system whose state is constrained to the nonnegative
orthant, can be written as a convex process. For more details on positive sys-
tems, we refer to [54], and the references therein. Lastly, as shown in e.g. [11,61],
difference inclusions of convex processes can be used as approximations of
more complex set-valued maps. As such, local properties of more general dif-
ference inclusions can be described in terms of properties of an approximating
convex process.

As such, developing tools for the analysis of systems described by convex
processes is an interesting and relevant problem. This line of research started in
[14] and [132], where the controllability problem is resolved for strict (nonempty
everywhere) convex processes in continuous-time and discrete-time, respec-
tively. After this, the works [159] and [131] characterize stabilizability for strict
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convex processes in a similar fashion. An important ingredient of these results
is the use of duality: Controllability and stabilizability of a convex process can
be characterized in terms of spectral properties of the dual (or adjoint) convex
process. However, the assumption of strictness is rather restrictive in practice.
To be precise, strict convex processes correspond to linear systems without
constraints on the state of the system. Recently, the works [44, 45, 86] provide
conditions under which the previously mentioned results can be generalized
towards nonstrict convex processes.

As mentioned, this chapter considers Lyapunov functions for convex pro-
cesses. It is well known that (quadratic) Lyapunov functions are natural and
useful tools in stability analysis and control for linear systems. From a control-
oriented standpoint, investigation of different classes of candidate Lyapunov
functions has proven very practical with regard to constrained systems. In par-
ticular, in [17,25,179] (see for a more modern approach [155,164]), it was shown
that linear positive systems are stabilizable if and only if they admit a diagonal
quadratic Lyaponov function. As such, the amount of variables in the design of
a Lyapunov function is linear, instead of quadratic, in the dimension of the state.
Indeed, in for example [137] it is shown that this allows for well-scaling control
schemes. For Lyapunov functions regarding systems with more general types
of constraints, a recent development is the one of control barrier functions. For
this, we refer to [6] and the references therein.

More general difference inclusions also admit a useful Lyapunov theory, as
evidenced by e.g. [7,68,96,97]. For the more specific class of convex processes,
[159] has already employed Lyapunov functions in proving a relation between
stabilizability of a primal system and stability of its dual. This relation was
generalized in the extensive treatise on Lyapunov functions given in [69]. A
result of particular interest is Theorem 2.2 of [69]. This theorem reveals for
strict convex processes that the convex conjugate of a weak Lyapunov function
for the primal system is a (strong) Lyapunov function for the dual.

Extending on the aforementioned work, this chapter will investigate the du-
ality between different notions of stability and their corresponding types of
Lyapunov functions. The contribution of this chapter is as follows.

1. We use extended real-valued functions to modify the definitions of weak
and strong Lyapunov functions. These will better reflect the stability prop-
erties of nonstrict convex processes. To be precise we will show that the
notion of uniform exponential stabilizability precisely corresponds admitting
a Lyapunov function in a given class of extended real-valued functions.
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2. We will prove results generalizing those of, among others, Theorem 2.2
of [69]. To be precise, we show that we can obtain a strong Lyapunov
function for the dual process by taking a weak Lyapunov function of the
primal process and applying a restriction and the convex conjugate. The
domain conditions required to obtain this result can be shown to be close
to those required for the existence of such a strong Lyapunov function.

3. Lastly, we will bring together a number of different theorems relating sta-
bility and duality. We will show that for convex processes with a polyhe-
dral graph the concepts of stabilizability and strong stability are related
by duality. Similarly, this result will relate weak and strong Lyapunov
functions.

This chapter starts with some preliminary knowledge on convex processes
and extended real-valued functions in Section 4.2. There, we will also define
weak and strong Lyapunov functions and motivate this definition. Then, in
Section 4.3 we will introduce the notions of uniform exponential stabilizability
and uniform exponential strong stability. These will be used to prove converse
Lyapunov results. After this, we turn our attention to duality, and give pre-
liminaries for this in Section 4.4. The main results of the chapter will then be
presented in Section 4.5. Lastly we provide conclusions in Section 4.6.

4.2 LYAPUNOV FUNCTIONS FOR CONVEX PROCESSES

Before defining Lyapunov functions for convex processes, we require some
preliminaries with regard to convex analysis.

Given a convex set 8 C IR™, we denote its closure by cl8 and its relative
interior by ri8. Given another convex set 7 C IR™ and scalar p € R we define
the sum and scalar product of sets as:

§+T={s+t|se8tecT}, pS={ps|ses8h

A convex set C is a convex cone if pC C € for all p > 0. This means that C is
closed under conic combinations: If cq,...,cn € C then

n
Z aici € € Voy = 0.
i=1
The set of all conic combinations of a set 8 is called the conic hull and is denoted
by cone 8. If there exists a finite set 8 C € such that € = cone 8, we say that C is
finitely generated or polyhedral.
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A set-valued map H : R™ = R™ is called a convex process, a linear process,
closed if its graph

gr(H) ={(x,y) € R™ x R™ [y € H(x)}

is a convex cone, a subspace, closed, respectively.
The domain and image of H are defined as dom(H) = {x € R™ | H(x) # @} and
im(H) ={y e R™ : 3x s.t. y € H(x)}. If dom(H) = R™, we say that H is strict.
In this chapter, we consider systems described by a difference inclusion of the
form:
Xk+1 € Hix) k>0, (4.1)

where H : R™ = R™ is a convex process. By a trajectory of (3.1), we mean a
sequence (xy )kenN such that (3.1) holds for all k > 0. The behavior (see e.g. [180])
is the set of all trajectories:

B(H) = {(xk)keN e (RM)N] (xx)keN is a trajectory of (3.1)}.

The feasible set of the difference inclusion (3.1) is the set of states from which a
complete trajectory emanates:

FH) ={&] 3(xx) € B(H) with xo = &}.
The stabilizable set is the set of states from which a stable trajectory exists:

S8(H) :={& | A(xx) € B(H) with xg =§, ]}Ergoxk = 0}.

In addition, we define the strongly stable set as the set of states from which all
trajectories are stable:

S(H) :={& | V(xx) € B(H) with xg =&, ]}gr;oxk =0}

It is straightforward to show that if H is a convex process, the sets F(H) and
8(H) are convex cones. The set S(H) is a convex cone if it is not empty.

We say the system (4.1) (or the convex process H) is stabilizable if every fea-
sible state is stabilizable, that is, F(H) C §(H). Similarly, we say it is strongly
stable if F(H) C §(H).

Remark 4.1. If H is not a strict convex processes, we have that F(H) # R™.
Therefore, the notions on (uniform exponential) stabilizability do not require
the existence of a stable trajectory from all points in IR™. This stands in contrast
with the notions of stabilizability employed in e.g. [131] and [64], where the
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authors consider weak asymptotic stabilizability and weak asymptotic stability,
respectively. These papers require all points in R™ to admit a stable trajectory
and as such strictness is required for the corresponding notions. However, as ar-
gued before, strictness is a very restrictive assumption, especially when applied
to constrained linear systems.

Similarly, for strong stabilizability we require that all trajectories are stable.
This coincides with the notion of pre-attractivity used in [69]. In that paper,
a distinction is made between pre-attractivity and attractivity, where the latter
requires in our notation that dom(H) = F(H).

In this chapter, we will consider Lyapunov functions corresponding to the class
of systems given by difference inclusions with convex processes and to the
notions of stabilizability and strong stability. For the class of linear systems,
Lyapunov functions are often chosen (without loss of generality) to be quadratic
functions of the state. However, for nonstrict convex processes the feasible set
is not the entire state space. As such, it is restrictive to assume that a Lyapunov
function is defined outside of the feasible set. To formalize this, we will work
with extended real-valued Lyapunov functions.

Let f be an extended real-valued function, i.e. a function f: R™ — R U {#o0}.
We define the epigraph of f by

epif:={(x,a) e R™" xR | x > f(x)}.

A function is said to be convex or closed if its epigraph is convex or closed as
a set. The closure and convex hull of f, denoted cl f and conv f respectively, are
the extended real valued functions whose epigraphs are the closure and convex
hull of epif. The (effective) domain of the function is the set domf = {x € R |
f(x) < oo}. The function f is proper if f(x) > —oo for all x € R™ and dom f # @.

The function f is called positively homogeneous of degree 2 if f(Ax) = A>f(x) for
all A > 0 and x € R™. If f is positively homogeneous degree 2, it is straightfor-
ward to check that the domain of f is a cone.

A function f is positive semi-definite if f(0) = 0 and f(x) > 0 for all x € R™.
Clearly, any such function is proper.

Definition 4.1. Let V denote the set of all extended real-valued functions that
are convex, positive semi-definite and positively homogeneous of degree 2.

Definition 4.2. Let € be a convex cone. We say a function f € V is positive
definite with respect to C if there exist 0 < o« < 3 < oo such that for all x € C:

o [x||? < F(x) < BIx|1*.
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In particular, this implies that if f is positive definite with respect to C, then
0 < f(x) < oo for all x € €\ {0}. As a result, this also implies that € C dom f.

These preliminaries lead us to a definition of Lyapunov functions for convex
processes.

Definition 4.3. Let H be a convex process. A function V € V is a weak Lyapunov
function for H if V is positive definite with respect to F(H) and there exists
v € (0,1) such that

vx € F(H), Jy € F(H)NH(x) s.t. V(y) < vV(x). (4.2)

A function V € V is a strong Lyapunov function for H if V is positive definite with
respect to F(H) and there exists y € (0, 1) such that

Vx € F(H), Yy e F(H)NH(x) V(y) <vyV(x). (4-3)

The following example shows that, unlike for linear systems, it is not suffi-
cient to consider only quadratic functions as Lyapunov function candidates.

Example 4.1. Let 0 <1 < 1 and define the convex process H : R? = R? be
defined by

X1 -n 0 1 0 X1

X2 -n 0 0 1 X2
r(H) := >0
gr(H) Y1 0 —m 1 0] |ys

Y2 0 —m 0 1] \y2

Since this is a convex cone, H is a convex process. Furthermore, H is strict and
for any x € R? we have

H(x) ={y ly1,y2 > nmax{xq,x2}}.

o4

Let &y = <B

) € R? and m := max{«, B}. Then, for k > 1, define

£ =1 (E) .

Note that &1 € H(&k). As such, we see that H is uniformly exponentially
stabilizable. In fact, we can find a weak Lyapunov function V by taking

V(x) = max{x%, x%}.

Note that if i) is large enough, there does not exists a weak Lyapunov function
of the form f(x) = x " Ax.
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We will now compare this definition to earlier notions of Lyapunov functions
for nonstrict convex processes. In terms of the notation of this chapter, the
definition for a weak Lyapunov function used in [69] requires V € V to be
positive definite with respect to R™ and the existence of v € (0, 1) such that

vx € dom(H), Jy € H(x) s.t. V(y) < vV(x). (4.4)

Similarly, (strong) Lyapunov functions are defined in [69] as functions V € V
that are positive definite with respect to R™ such that there exists vy € (0,1)
satisfying
Vx € dom(H), vy € H(x) V(y) <vV(x). (4.5)
Note that for strict convex processes dom(H) = F(H) = R™. This makes
these definitions coincide with Definition 4.3. On the other hand, for nonstrict
convex processes, important differences arise. Using the following two exam-
ples, we will argue that Definition 4.3 is more natural for both weak and strong
Lyapunov functions. First, we consider weak Lyapunov functions. The follow-
ing is an example of a convex process and a function that is a weak Lyapunov
function in the sense of (4.4), which fails to be stabilizable.

Example 4.2. Let H: R?> = R? be the convex process given by:

0 0
Hx)=<¢ 1|1 0

o] otherwise.

x+ (R x {0}) if L]) 12]@0,

Here ‘>’ is understood to hold element-wise. It is straightforward to check that
F(H) = dom(H). Let V(x) = %Htz, then for each x € dom(H), there exists y €
H(x) such that V(y) < %HXHZ. On the other hand, it is straightforward to check
that H is not stabilizable. Indeed, for x € F(H), we have that y € F(H) N H(x)
implies that V(y) > V(x).

The following is an example of a convex process which is strongly stable, but
for which there does not exist any strong Lyapunov function in the sense of

(4-5)-
Example 4.3. Let H: R? = RR? be the convex process given by:
Moo {—;x+{0}x1R if [0 1]x>0

o) otherwise.

and empty for other x. It is straightforward to see that F(H) = {x | [0 1] x =0},
and that H(x) N F(H) contains only —%x for any x € F(H). Therefore H is stable.
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However, for the point x = ({), we have that x € dom(H) and H(x) = {(9) |
< —%}. Clearly there does not exist a function V € V that is positive definite
with respect to RZ and y € (0,1) for which we have that V(y) < vV(x) for each
y € H(x).

4.3 (CONVERSE) LYAPUNOV RESULTS

In this section we will investigate the links between the existence of weak
(strong) Lyapunov functions and stabilizability (resp. strong stability).

We say the system H is uniformly exponentially stabilizable if there exists v € R
and p € [0, 1) such that for all x € F(H)

I(xx) € B(H) with xg =&, ||xk]|| < vuk||xo||.

In a similar fashion H is uniformly exponentially strongly stable if there exists
v > Tand u € [0,1) such that for all (x;) € B(H) we have that ||xi || < vit*®|[xo]|-
Clearly, H is stabilizable (strongly stable) if it is uniformly exponentially stabi-
lizable (resp. strongly stable).

It is well known that for linear systems, stabilizability and (uniform) exponen-
tial stabilizability are equivalent, a result generalized in the following lemma,
which is a restatement of [69, Prop. 3.1] in our terminology.

Lemma 4.1. Let H be a convex process such that F(H) is a polyhedral cone.
Then H is stabilizable if and only if it is uniformly exponentially stabilizable.

The following lemma makes the relation between weak and strong Lyapunov
functions and stabilizability and strong stability explicit.

Lemma 4.2. Let H be a convex process. If H admits a weak Lyapunov function,
then H is uniformly exponentially stabilizable. If H admits a strong Lyapunov
function, then H is uniformly exponentially strongly stable.

Proof. We will prove only the first part as the second part follows in a similar
fashion. Let V be a weak Lyapunov function for H with corresponding vy €
(0,1). Let x € F(H). Then there exists a sequence (xi) € B(H) such that xp =%
and V(xy) < vV(xx—1) for all k > 1. Clearly, this implies that for each k > 1
we have that V(xi) < y*V(xo). Using the fact that V is positive definite with
respect to F(H), we see that there exists 0 < « < 3 < oo such that:

alpac]? < Vi) < ¥*Vi(xo) < By*Ixol%



4.3 (CONVERSE) LYAPUNOV RESULTS | 93

By dividing each side by « and taking the square root, we see that H is uni-
formly exponentially stabilizable. n

This result allows us to conclude stabilizability from the existence of a weak
Lyapunov function, and strong stability from the existence of a strong Lya-
punov function. We now turn our attention to converse Lyapunov results, that
is: We will prove that the existence of a weak Lyapunov function is also neces-
sary for uniform exponential stabilizability.

Given a convex process H, define the extended real-valued function V,, by:

o0
Vi (x) == inf xkll* .
" (Xk)e%(HJ{kZ_O” Kl
0=X =

X

A few observations can be made immediately. Because V;,(0) = 0 and
Vw(x) = |Ix|> forall xeRm", (4.6)

we see that V,y is positive semi-definite. In addition Vi (Ax) = A2V (x) for all
A > 0 since ®B(H) is a cone. In other words, Vi, is positively homogeneous of
degree 2. The following lemma will prove that in fact Vi, is convex and hence
belongs to V.

Lemma 4.3. Let H be a convex process. Then Vi, (x) is a convex function.
Proof. Let x,y € F(H) and ¢ > 0. By definition, there exist (xx), (yx) € B(H)
such that xo =%, yo =y and

0]

o0
>l < V) +e Yyl < Viely) +e.
k=0 k=0

Because H is convex, the convex combination of two trajectories of H is a trajec-
tory. Thus, if we let 0 < A < 1, then:

o0

Vi + (1=Ay) < Y A+ (1= Ay
k=0

<A (Vae () + &) +(1 = M2 (Vi (y) + )
<AV () + (1= AVae (y) +e.

As this inequality holds for any e > 0, this proves that V is convex. |

Next, we deal with the positive definiteness of V.
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Lemma 4.4. If H is uniformly exponentially stabilizable, then V,, is positive
definite with respect to F(H).

Proof. Recall that Vi, (x) > ||x||? by definition. Therefore it suffices to prove that
there exists B > 1 such that V(x) < B]||x||? for all x € F(H). As H is uniformly
exponentially stabilizable, there exist v € R and p € [0,1) such that for all
x € F(H):

I(xx) € B(H) with xo = x, [[xie]| < vi*<[x]. (47)

Let x € F(H) and let (xi) be the trajectory from (4.7). Then:

o0 o0 2
y
Vie(x) < k;) IPicll? < v? (1;) u2k> IxI* = 7=

Since v > 1 and p € [0, 1), this proves the lemma. ]

2
3 [l

We can now combine the previous parts to obtain a converse Lyapunov result
for convex processes.

Theorem 4.1. Let H be a convex process. Then H is uniformly exponentially
stabilizable if and only if V;, is a weak Lyapunov function for H.

Proof. In view of Lemma 4.2, it suffices to prove necessity. Recall that Vi, € V
and that Vi, is positive definite with respect to F(H). Therefore, we are required
to prove that (4.2) holds for some y € (0, 1).

As a first observation, we see that 0 € F(H) N H(0) for any convex process,
and therefore it suffices to prove that (4.2) holds for all 0 # x € F(H).

Let X € F(H) and let ¢ > 0. By definition, there exists (xi) € B(H) such that
xo =X and

o0
D xll® < V() +e
k=0

Now note that x; € F(H) N H(X), and that by definition:
(e}
Violx1) € 3 el < V(%) — 15112 + . (4.8)
k=1

By Lemma 4.4 and (4.6), we know that for V,, there exist T < o < 3 < o0
such that

%Vw(x) < ||x||2 < %«Vw(x) for all x € F(H) (4-9)
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Combining (4.8) and (4.9) we see that if 0 # X € F(H), then for any ¢ > 0 there
exists § € F(H) N H(x) for which

Vw(g) < (1 — []5) Vw(X) +e.

Let‘ybesuchthat]—%<y< 1. Asi;é(),wecannowpicke:(y—l—%—

1)V (%) > 0, which leads to
Vv (§) < yVw(X).

This proves that (4.2) holds for all x € F(H). [ |

Remark 4.2. The previous was proven for strict convex processes in [69, Prop.
43].

We now turn our attention to converse Lyapunov results for uniform expo-
nential strong stability. For this, we will first define an intermediate function:

[e 9]
W(x):= sup {Z |xk||2} .
(x1)€B(H) (k=0
X0=X
Let H be uniformly exponentially strongly stable. Similar to Vi, it is straightfor-
ward to prove that W is positive semi-definite and positively homogeneous of
degree 2. Furthermore, analogously to the proof of Lemma 4.4, we can derive

that
V2

x> < Wix) < 12 (4.10)

1—u2
for all x € F(H). Therefore, W is positive definite with respect to F(H).
Lastly, by the definition of the supremum, we know that

1— 2
W(x) > W) + [x]2 > W(y) + Vz“ W(x) forally € F(H) NH(x).
This results in 5
] _
Wiy) < (1 Sk ) Wix). (4.11)

Remark 4.3. Note that W is not necessarily convex but does satisfy the other
properties required to be a strong Lyapunov function. This is similar to the
result in [69, Lem. 4.5]
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The following theorem will give conditions under which W leads to a strong
Lyapunov function.

Theorem 4.2. Let H be a convex process. Suppose that H is strongly uniformly
exponentially stabilizable with parameters v and p such that v? < 2 —2u?.
Then there exists a strong Lyapunov function for H.

Proof. Let Vs = conv W. Then, we have

o0
Vs(x):= inf iZAi sup {Z ||Xk|2}

xo=x"

We consider Vs as a strong Lyapunov function candidate. Again, Vs is obvi-
ously positive semi-definite and positively homogeneous of degree 2.

Let x € F(H). Note that V; is the largest convex function that is majorized by
W. Therefore, taking the convex hull of the functions in (4.10), we obtain

v2

]l * < Vs(x) < W(x) < x| (4.12)

1—p?

As such, V; is positive definite with respect to F(H). A consequence of (4.12) is
that:

W(x) < WVS (x). (4.13)

We can now apply (4.13) to the inequality in (4.11). This shows that

v2
Valy) < Wiy) < <1 s —1) Va(x),
whenever x € F(H) and y € F(H) N H(x). Recall that by assumption v <
2—2u?. Now lety == % —1. Theny < 1 and
Vs(y) < vVs(x).
This concludes the proof. u

In Section 4.5 we will revisit the converse Lyapunov problem for strong sta-
bility. There, we will present different conditions under which we can explicitly
construct a strong Lyapunov function.
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4.4 PRELIMINARIES ON DUALITY

4.4.1  Duality of convex processes

We denote the image of a set $ under Hby H(8) ={y e R™ [Ix € §s.t. y €
H(x)}. This shorthand notation allows us to define powers of convex processes,
by taking H' = H and

HITT(x) :=H(HY(x)) ¥xeR™ forallq>1.

We can define the inverse of a convex process by H™'(y) ={x |y € H(x)}. Note
that this is always defined as a set-valued map. For negative powers of H we
write H ™ (x) = (H™1)™(x). We define the set of qg-step trajectories as

Bq(H) = {(xk)ﬂzo € (R™)9+71 | (x) satisfies (4.1)}.

Using this, we say that a point & € R™ is reachable if there exists a g-step
trajectory from the origin to &. The set of such points is the reachable set:

RH)={&13q, (xi)]_y € Bq(H) s.t. xo =0,xq = &}

For a convex cone € C R™, we define lin(€) = —€NE€ and Lin(C) = C—C. It
is clear that lin(C) is the largest subspace contained in € whereas Lin(C) is the
smallest subspace that contains C.

Let H be a convex process. Associated with H, we define the two linear
processes L_ and L by

gr(L_) =lin (gr(H)) and gr(L{) =Lin (gr(H)). (4.14)
By definition, we therefore have
gr(L-) C gr(H) C gr(Ly). (4.15)

It is clear that L_ and L are, respectively, the largest and the smallest (with
respect to the graph inclusion) linear processes satisfying (4.15). We call L_ and

L, respectively, the minimal and maximal linear processes associated with H.

If H is not clear from context, we write L_(H) and L, (H) in order to avoid
confusion. For the respective reachable sets, we write:

Ro=R(L-), Ry =R([Ly).
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For a nonempty set € C R"™, we define the negative and positive polar cone,
respectively,

€ ={yeR™" | (xy)

< Vx € C},
et ={yeR" | (x,y) >

0
0 VxecCkL

For a subspace §, we have that §~ = 8§t = 8+, where 81 denotes the orthogonal
complement of 8. Given sets C and 8, we have the following:

(C+8) " =C"N8, (€N8) =cl(C +8). (4.16)

The same equations hold for the positive polar cone, since ¢ = —€~.
Based on the definition of the negative and positive polar cones, we define
negative and positive dual processes H™ and H™ of H as follows:

peH (q) = (p,x)
peH (q) < (p,x)

(q,y) V(xy)egr(H), (4.17a)
(q,y) Y(xy) € gr(H). (4.17b)

Remark 4.4. The positive dual process is alternatively called the adjoint or (left-)
transpose in the literature.

Note that H* (q) = —H ™ (—q) for all q. If H is closed, we know that (H")™ =
H and

H(0) = (dom(H"))" = (dom(H ™))" (4.18)

If L is a linear process it is clear that its negative and positive dual processes
coincide, in which case we denote it by [+ := L= = L*. The reachable and
feasible sets of a linear process L can be determined in a finite number of steps.
To be precise F(L) = L™™"(R™) and R(L) = L™(0). The feasible and reachable
set of a linear process and its dual are related by:

F(Lh) =RD)*, (4.190)
R(LY) = F(L)*. (4.19b)

In addition, the minimal and maximal linear processes associated with a
convex process enjoy the following additional properties:

_(H") =17, (4.20a)
L(HT) =11 (4.20b)
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In order to characterize stabilizability for linear processes, we will consider
the outer process next. Let H be a convex process and let W C IR™ be a subspace
such that R & W = R™. Then the outer process of H is defined by

gr(Hout) == (gr(H) + (R4 x iRJr)) N(WxW).

In the specific case of linear processes, the following is a direct consequence of
Lemma 3.7 and Theorem 3.2.

Lemma 4.5. Let L be a linear process. Then Loy is a single-valued linear process,
that is, a linear map. Furthermore, L is stabilizable if and only if all eigenvalues
of Loutlg(1,,,) are in the open unit disc.

In the following, we will assume that dom(H) +XR_ = R™. This assumption
has a few important consequences. First of all, Lemma 3.23.(v) shows that

dom(H)+R_ =R"™ = JF(H) =dom(H™). (4.21)
Furthermore, Lemma 3.18 shows that
dom(H) 4+ R_ =R™ = dom(H*)+R_ =R™ Vk>1. (4.22)

These two facts can be combined to obtain the following, which will be used
later.

Lemma 4.6. Let H be a convex process such that dom(H) + R_ = R™. Then,
FH)” Nc(FHT)) ={0}and F(H) Ncl(F(H7)) = {0}

Proof. Combining (4.21) and (4.22), we get that:
R™ =dom(H)+R_ =F(H)+R_. (4.23)
By (4.20), we have that L (H*) = L. Therefore, by (4.19), we have
FHY) CFLy(HD) =F (L) =RE (4.24)

As the right-hand side is closed by definition, we have that cl(F(H*)) C RL.
Taking the negative polar of (4.23), we have by (4.16) that F(H)~ N Rt = {0}.

By the previous, we therefore have that F(H)™ Ncl(F(H")) = {0}. One can

repeat the same arguments for F(H)~™ NclF(H™) = {0}. [ |
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4-4.2 Duality of extended real-valued functions

Given an extended real-valued function f, we define its convex conjugate by

(y) = sup {y - x—f(x)}.
x€R™

It is well known (see e.g. [142, Thm. 12.2]) that the convex conjugate of proper
convex function is a proper closed convex function. In addition, if f is a convex
function, then f** = cl f. As taking the convex conjugate also preserves positive
semi-definiteness and positive homogeneity of degree 2, we see that f € V if
and only if f* € V.

It is straightforward to show that if f1(x) > f2(x) for all x € R™, then 7 (y) <
f5(y) forally € R™.

Let ¢ C R™. The indicator function of € is the function 3(- | C) given by

5(x|e)::{zo z;g

It is straightforward to check that domd(- | €) = € and that the indicator
function is a convex (closed) function if and only if € is closed (resp. convex).
We define the restriction of f to C by

fle(x) = f(x) +6(x | C).

If f € V then we have that f|e € V for any convex cone C.
Given proper convex functions f and g, we define their infimal convolution
fo g by the relation epi(fog) := epif + epig, or equivalently:

(fog)(x) == inf f(x—y)+g(y).
yeR™

A consequence of [142, Thm. 16.4] is the following.

Corollary 4.1. Let f and g be proper convex functions, then (fog)* = f* + g*
and (cl(f) + cl(g))* = cl(f*og*). If in addition ri(dom f) Nri(dom g) # &, then
(f+g)*=f"og™.

We will now consider a number of simple examples, which will be of use in
the remainder of this chapter.

Example 4.4. Let C be a convex cone. Consider the functions f(x) = %||x||2 and
g(x) =6(x| €). Then f*(y) = %||y||2 and g*(y) = 8(y | €7). Denote the squared
distance function to C as

h(x) i inf FlIx—yl? = (fag)(x).
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Corollary 4.1 implies that:
W (y) = 3lyll* +8y 1€7) = Fle-.

Let § C R™ be a convex set such that 0 € §. We denote the squared gauge of §
by
8):= inf{A? | x € AS}.
g(x|8) Algo{ [ x € AS}

It is straightforward to show that if § C T then g(x | 8§) > g(x | T) for all x € R™.
For o« > 0, the a-sublevel set of a function f is the set S4(f) := {x | f(x) < o}.

The squared gauge is related to the sublevel sets by the following lemma.
Lemma 4.7. Let f € V. Then f(x) = g(x | 81(f)) for all x € R™.
Proof. Let x € R™. Note that
9(x|81(1) = inf {A*[x &My | fly) < 1)}
= A 1100 <%
= f(x).

Thus proving the lemma. n

It is well known that if f is positive definite with respect to R™, then so is f*.

This result is generalized in the following theorem.

Theorem 4.3. Let f € V and let ¢,D C R™ be convex cones such that f is
positive definite with respect to € and €~ Ncl(D) = {0}. Then, (fle)* € V and
(fle)* is positive definite with respect to D.

Proof. Recall that if f is a function in V, then its restriction to a convex cone
and its convex conjugate are also in V. Therefore (fle)* € V.
From Definition 4.2, we know that there exists 0 < & < oo such that

af|x[|? +8(x | €) < fle(x).

Recall that fle(x) > h(x) for all x € R™ implies that (fle)*(y) < h*(y) for all
y € R™. By using Corollary 4.1 and Example 4.4, we therefore have that

1.
(fle)*(y) < T xlenef— ly—x|[[? forallye R™
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Note that 0 € €. Therefore, we have

1
(fle)* (y) < 7 Iull* (4.25)

Before we are able to prove that (f|e)* is positive definite with respect to D,
we require a preliminary result. Given D, we define the function h by

h(y) = inf [ly—x|*+38(y|D).
xeC

Taking 8 = {y | |ly||?> = 1}, we have that

inf h(y) = inf inf [jy—x|?
yes yesND xeC—

> inf inf |y —x||2
yesSNcl(D) xeC—

We will now prove by contradiction that the last term of the above inequality is
positive. Assume the contrary, i.e. that there exist sequences (x1)3°_, (Yi)3o
where x; € € and yy € SNcl(D) for all k > 0, such that limy_, [[yx —xk|| =
0.

Note that 8 Ncl(D) is both closed and bounded. Therefore there exists a
subsequence (yy,)2, that converges to §j € §Ncl(D). We can now use the
triangle inequality to show that

Jim 9 i | < Jim (19— i+ Jim [y, x| =0
—00 {—o00 {—00

As C™ is closed, this implies that§ € €~ N (SNcl(D)). Recall that by assumption
CTNcl(D) ={0}and 0 ¢ §, thus leading to a contradiction.

Following the previous, we know that there exists y > 0 such that inf,cs h(y) >
Y. As h is positively homogeneous of degree 2, we can conclude that h(y) >
Y|[y||? for all y € R™.

Similar to the first part of this proof, there exists 0 < < oo such that we

have :
75 inf ly—x||? < (fle)*(y) for eachy € R™.

Using our previous results, we therefore have that

(1) () +3(y | D) > 7hiy) > vl

Combining this with (4.25) shows that (f|¢)* is positive definite with respect to
D, thus proving the theorem. n

Remark 4.5. Indeed, if f is positive definite with respect to R™, we can take
D =IR™ and see that f* = (fl[grn)* € V is positive definite with respect to R™.
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4.5 DUALITY THEOREMS

This section will focus on the links between duality and the different stability
properties under consideration. The following example shows that the fact
that stabilizability and strong stability are in some sense dual to each other is
already well known, albeit not in the notation we employ.

Example 4.5. Let L be a strict linear process. It is easy to see (see e.g. Lemma 2.4)
that we can find matrices A and B such that for all x we have that L(x) :=
Ax +1im B. Consider the linear system given by

Xk+1 = Axy + Buy

Note that the matrix pair (A, B) is stabilizable if and only if L is stabilizable.
Taking the dual of L, we see that

AT 1
gr(Lt) = ker [BT 0 ] .

Note that therefore yy 1 € L*(yy) if and only if:
Y1 =ATyr and Blyc=0.

This means that L+ is strongly stable if and only if the matrix pair (BT,AT)
is detectable. Recall from linear systems theory that (A,B) is stabilizable if
and (BT,AT) is detectable, and therefore L is stabilizable if and only if L1 is
strongly stable.

Another iteration of such duality is found in spectral characterizations of
stabilizability. We say A is an eigenvalue of H if there exists & # 0 such that
A& € H(E). A special case of Theorem 3.2 gives the following result with regard
to stabilizability.

Corollary 4.2. Let H be a convex process such that dom(H) + R_ = IR™. Then
H is stabilizable if and only if L is stabilizable and H™ has no eigenvalues
A>T,

Together, Example 4.5 and Corollary 4.2 suggest a link between stabilizability
of a convex process H and strong stability of the dual H™. In this section, we
will prove that under certain conditions we can transform a weak Lyapunov
function of H into a strong Lyapunov function for H. A special case of this
result, for strict H, was already proven in [69, Thm. 2.2]. This result will then be
combined with a previously known characterization of stabilizability to obtain
a result relating stabilizability of H to strong stability of its dual process.

103



104

| LYAPUNOV FUNCTIONS FOR CONVEX PROCESSES

Remark 4.6. We will focus our theorems on the positive dual H*. As for the
negative dual, it might be good to note that (xy) is a trajectory of H™ if and
only if (—xy) is a trajectory of HT. Therefore, we can interchangeably look at
stability properties of H~ and H. This means that if V is a weak (respectively
strong) Lyapunov function for H*, then V(—-) is a weak (respectively strong)
Lyapunov function for H™. As such, the choice to focus on H™ is not restrictive.

4.5.1 Duality for Lyapunov functions

As we are interested in constructing strong Lyapunov functions for the dual
process, we will first investigate necessary conditions for (uniform exponential)
strong stability of the dual process. If HT is strongly stable, then in particular
all trajectories from the origin are stable. In view of (4.18) we can state the
following result.

Corollary 4.3. Let H be a convex process such that H™ is strongly stable. Then,
FMHT)NHT(0) ={0}

Example 4.6. Let L be a linear process such that L(0) = {0}, then it is clear that L
is single valued. We also see that, if L is strongly stable, then L(0) N F(H) = {0}.
As such, if L is strongly stable, only a single trajectory emanates from any
feasible point. Now let H be the convex process defined by

H(X) = {[;X’ %X] x 2 0’
& x < 0.

Note that indeed H(0) = {0}, but that H is not single valued. Furthermore,
we see that H is (uniformly exponentially) strongly stable, whilst admitting
different trajectories from nonzero feasible points.

Clearly, Corollary 4.3 implies that H* admits a strong Lyapunov function
only if F(H") N (dom(H))™ = {0}. In fact, we will work under a slightly
stronger assumption, namely that F(H)™ Ncl(F(HT)) = {0}. Note that by
Lemma 4.6 we can guarantee that this last condition holds if dom(H) +R_ =
R™.

We can now state and prove the result relating strong and weak Lyapunov
functions.

Theorem 4.4. Let H be a convex process such that F(H) ™ ncl(F(H')) = {0}. If
V € Vis a weak Lyapunov function for H, then W := (V|5 (1y))* is a strong
Lyapunov function for H*.
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Proof. We can use Theorem 4.3 to conclude that W € V and W is positive
definite with respect to F(H"). What remains is to prove that there exists
v € (0,1) such that (4.3) holds for HT and W. Let ¢ € F(H™) and p € F(HT) N
H*(q), then

W(p) = (V+5(- | F(H)))" (p)

= sup {p-x—V(x)L
x€F(H)

Note that V is a weak Lyapunov function for H. Therefore, if x € F(H), we
know that V(x) > %V(g) for some y € F(H) N H(x), allowing us to write

1
W(p) < sup {p-x—— inf V(y)}
L XE?FH) P Y yeF(H)NH(x) Y

1
= sup sup {p-x—=V(y)k
XEF(H) yeF(H)NH(x) Y

Then, following the definition of H*, we see that p - x < q -y and hence
1
W(p) < sup sup  {q-y——V({y)
x€F(H) yeF (H)NH(x) Y
Note that for each x € J(H) the set F(H) N H(x) is nonempty by definition, and

therefore

1
W(p) < - sup {yq-y—V(y)}
Y yeF(H)

_ %W(vq) —YW(q).

Thus proving that (4.3) holds, which proves the theorem. u

Remark 4.7. Note that if H is a strict convex process, the condition dom(H) +
R_ = R™ holds immediately. This means that the previous theorem is a gener-
alization of [69, Thm. 2.2].

Example 4.7. Let H and V be as in Example 4.1. Recall that V is a weak Lya-
punov function for H. Calculating the dual of H results in

a1 101 0
01 0
r(HT) := 42 S R*
griH™) P1 nn 00
P2 0 0 mn
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This implies that

+rh_JplIpr+p2=nlq1+4q2),y<0 q<0
H™(q) = .
%) otherwise.

In addition,
V*(y) = 1 (ly1] +ly2))?.

Clearly, this is a strong Lyapunov function for HT.

Combining Theorem 4.1 and Theorem 4.4 implies that if dom(H) + R— =
and H is uniformly exponentially stabilizable, then we have that

Ve(y):== sup <y ~x— 1nf {Z ||xk||2}
x€F(H) x x

O

is a strong Lyapunov function for H". Since (H*)~ = cl(H), we obtain the
following.

Corollary 4.4. Let H be a closed convex process such that H™ is uniformly
exponentially stabilizable and dom(H™) + R(L_(H™)) = R™. Then

sup Yy-x— inf ||ka2
xEF(H™) { (xx) 6‘3 {Z

is a strong Lyapunov function for H.

Remark 4.8. Note that dom(H™) + R(L_(H™)) = R™ if and only if H(0)™
F(Ly) ={0}.
The following theorem, which is based on [69, Thm. 2.4], provides condi-

tions under which a strong Lyapunov function for a convex process H can be
transformed into a weak Lyapunov function for another convex process.

Theorem 4.5. Let H and G be convex processes such that F(H)™ Ncl(F(G)) = {0}
and for all x € F(H) and q € F(G):

inf  p-x<  sup  y-q. (4-26)
PEF(G)NG(q) ye?(H)]%H(X)

If V € Vis a strong Lyapunov function for H, then W := (V|5 ))* is a weak
Lyapunov function for G.
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Proof. We can follow the proof of Theorem 4.4, to see that W € V and W is
positive definite with respect to F(G).
Note that to prove the theorem it suffices to prove that for every q € F(G),
the following holds:
inf W(p) < YW(q).
e () (p) <YW(q)

Let q € F(G). Then, we have

inf W(p) = inf sup {p-x—V(Hx)}
PEF(G)NG(q) p) pef{G)ﬂG(q)xeg{)H)p (x)

As Vg (1) is coercive, we can swap the infimum and supremum using [142,
Thm. 37.3], leading to:

inf W(p)= su inf {p-x—V(Hx)}L
PEF(GING(q) P xegFH)PE’J”(G)ﬂG(q)p

Then, we can apply the inequality of (4.26) to obtain:

inf W(p) < sup sup {y-q—V(H)L
peF(G)NG(q) x€F(H) yeF(H)NH(x)
As V is a strong Lyapunov function for H, we know that V(x) > %V(y) for all

y € F(H) N H(x). Therefore we have

inf ~ W(p)< sup sup  {y-q—V(y)
PEF(GING(q) x€F(H) yeF (H)NH(x) Y
< sup {y-q— 5 V(y)}=vW(q).
yeF(H)
This proves the theorem. [

So far, checking the conditions under which the previous theorem works
might seem daunting. However, for a few choices of G, we can check this
condition easily.

Example 4.8. If G = H*, we see that the assumption that (4.26) is satisfied
for all x € F(H) and q € F(H") holds immediately. As any strong Lyapunov
function is a weak Lyapunov function, this reduces Theorem 4.5 to a specific
case of Theorem 4.4.

Example 4.9. If G = H™, the assumption that (4.26) is satisfied for all x € F(H)
and q € F(H7) is equivalent to the assumption that for all x € F(H) and
qeFMHT).

su -x < inf -q.
pezr(HﬂI;Hﬂq)p ye?(H)ﬁH(x)y q
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In turn, we can use [159, Thm. 2.9] to show that this follows if for example
F(H) C ri(dom(H)). As an example, for linear processes this condition is al-
ways satisfied.

4.5.2 Duality and stability

We now move towards a generalization of the result in Example 4.5.

Lemma 4.8. Let L be a linear process. Then L+ is strongly stable if and only if
L is stabilizable and dom(L) + R(L) = R™.

Proof. From Corollary 4.3, we know that if L+ is strongly stable, then F(L+) N
L+(0) = {0}. Taking the orthogonal complement and using (4.18) and (4.19), we
obtain that dom(L) + R(L) = R™.
In the remainder of the proof, we will make use of the linear process defined
by:
gr(L) :=gr(L) + R(L) x R(L).

To be precise, we will prove that, if dom(L) + R(L) = R™:
(a) L is stabilizable if and only if L is stabilizable.
(b) L is stabilizable if and only if Lt is strongly stable.
(c) Lt is strongly stable if and only if L is strongly stable.

Note that proving these claims is sufficient to prove that L is stabilizable if and
only if L+ is strongly stable.

(a): Note that Loyt = Lout. Therefore this statement follows immediately from
Lemma 4.5.

(b): Note that dom(L) = dom(L) + R(L). Therefore by assumption L is strict.
We can now apply the result in Example 4.5 to conclude the claim.

(c): It is straightforward to show that:

gr(lt) = gr(lH) NnF(Lh) x F(LL).

Therefore any trajectory of L+ is one of [+ and vice-versa. As such, the claim
holds. |

Having proven the previous, we can formulate the following result that sum-
marizes the duality between H and H*.

Theorem 4.6. Let H be a convex process such that dom(H) +R_ = R™ and
J(H) is polyhedral. Then the following are equivalent:
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1. H is stabilizable.

2. H is uniformly exponentially stabilizable.

3. H admits a weak Lyapunov function.

4. H* admits a strong Lyapunov function.

5. HT is uniformly exponentially strongly stable.

6. HT is strongly stable.

7. L_(H™) is strongly stable and H™ has no eigenvalues A > 1.
8. L, is stabilizable and H* has no eigenvalues A > 1.

Remark 4.9. By Lemma 3.23.(v) we know that if dom(H) + R_ = R"™, then
by (4.21) we have F(H) = dom(H"™). Recall in addition that R_ is finitely
determined. This means that we can test for both conditions with algorithms
that halt in a finite number of steps.

Proof. We will prove the theorem by proving that each statement implies the
next one and finally that the last implies the first.

The first four implications are proven as, respectively, Lemma 4.1, Theo-
rem 4.1, Theorem 4.4, and Lemma 4.2. Furthermore, (5) = (6) is immediate.

(6) = (7): Note that if H' is strongly stable, then HT clearly has no eigen-
values A > 1. Furthermore, by definition any trajectory of H™ is also one of
L_(H™). Therefore it is clear that L_(H™) is also strongly stable.

(7) = (8): Note that L_(H*) = L (H)* for any H. Applying Lemma 4.8, we
get that L is stabilizable.

What rests is proving that (8) = (1). Recall from Remark 4.6 that any eigen-
value of H™ is also an eigenvalue of H™. This implies that H™ has no eigenval-
ues A > 1. We can now use Corollary 4.2, which states that H is stabilizable if
and only if L is stabilizable and H™ has no eigenvalues A > 1. This finalizes
the proof. n

This theorem has a few noteworthy consequences, which we will discuss
next. The first of these formalizes the duality between stabilizability and strong
stability.

Corollary 4.5. Let H be a convex process such that dom(H) + R— = R™ and
F(H) is polyhedral. Then H is stabilizable if and only if HT is strongly stable.
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Note that this property does not hold for any H; we require a condition on the
domain. As noted in Corollary 4.3, we know for instance that H™ (0) NF(H) =
{0} is necessary for HT to be strongly stable. As a simple example, consider
gr(H) :={0} x {0}. Clearly, H is stabilizable, but its dual, gr(H") = R x R, is not
strongly stable.

Now, we note the following analogue of Lemma 4.1 with regard to uniform
exponential strong stability.

Corollary 4.6. Let H be a convex process such that dom(H) + R_ = R™ and
F(H) is polyhedral. Then H™ is strongly stable if and only if HT is uniformly
exponentially strongly stable.

One aspect of this result that is perhaps surprising is that, while we assume
F(H) is poyhedral, we do not assume F(H™) is polyhedral. This means that
strong stability and uniform exponential strong stability are equivalent, with-
out explicit assumptions on the feasible set.

4.6 CONCLUSIONS

In this chapter, we have provided a new definition for Lyapunov functions
for difference inclusions of nonstrict convex processes. As shown in a few
examples, this definition better captures the stabilizability properties of these
systems. Indeed, we prove that a convex process is uniformly exponentially
stable if and only if a there exists a weak Lyapunov function within our frame-
work. Building on this definition, we have shown that under certain conditions,
a weak Lyapunov function for a convex process can naturally be transformed
to a strong Lyapunov function for its dual. In addition we reveal conditions
under which a strong Lyapunov function can be transformed to a weak Lya-
punov function for another associated convex process. These results generalize
known results and the conditions required on the domain are, in some sense,
close to being necessary. Lastly, we have combined this result with some earlier
duality results. This proved that under weak assumptions, stabilizability and
strong stability are dual notions.
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5 DATA INFORMATIVITY

In this part of the thesis, we shift our focus to problems involving data.
Instead of performing analysis on a given model, we begin with measured
data. If the data is such that we can find a unique model, we can simply
find this model and use a suitable model-based method. However, it may be
the case that there is no unique model that is consistent with the data, and
yet we still want to test for certain properties. This, in essence, is what we
will investigate in the following chapter.

5.1 INTRODUCTION

One of the main paradigms in the field of systems and control is that of
model-based control. Indeed, many control design techniques rely on a system
model, represented by e.g. a state-space system or transfer function. In practice,
system models are rarely known a priori and have to be identified from mea-
sured data using system identification methods such as prediction error [108]
or subspace identification [167]. As a consequence, the use of model-based con-
trol techniques inherently leads to a two-step control procedure consisting of
system identification followed by control design.

In contrast, data-driven control aims to bypass this two-step procedure by
constructing controllers directly from data, without (explicitly) identifying a
system model. This direct approach is not only attractive from a conceptual
point of view but can also be useful in situations where system identification is
difficult or even impossible because the data do not give sufficient information.

The first contribution to data-driven control is often attributed to Ziegler and
Nichols for their work on tuning PID controllers [189]. Adaptive control [9],
iterative feedback tuning [80,81] and unfalsified control [147] can also be re-
garded as classical data-driven control techniques. More recently, the prob-
lem of finding optimal controllers from data has received considerable atten-
tion [1, 2,16, 35,58,63,71, 111, 121, 129, 154, 158]. The proposed solutions to this
problem are quite varied, ranging from the use of batch-form Riccati equa-
tions [158] to approaches that apply reinforcement learning [35]. Additional
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noteworthy data-driven control problems include predictive control [41,57,148],
model reference control [39,60] and (intelligent) PID control [59,95]. For more
references and classifications of data-driven control techniques, we refer to the
survey [82].

In addition to control problems, also analysis problems have been studied
within a data-based framework. The authors of [130] analyze the stability of
an input/output system using time series data. The papers [106, 125,178, 188]
deal with data-based controllability and observability analysis. Moreover, the
problem of verifying dissipativity on the basis of measured system trajectories
has been studied in [22,113, 143, 144].

A result that is becoming increasingly popular in the study of data-driven
problems is the so-called fundamental lemma by Willems and coworkers [182].
This result roughly states that all possible trajectories of a linear time-invariant
system can be obtained from any given trajectory whose input component is
persistently exciting. The fundamental lemma has clear implications for system
identification. Indeed, it provides criteria under which the data are sufficiently
informative to uniquely identify the system model within a given model class.
In addition, the result has also been applied to data-driven control problems.
The idea is that control laws can be obtained directly from data, with the un-
derlying mechanism that the system is represented implicitly by the so-called
Hankel matrix of a measured trajectory. This framework has led to several in-
teresting control strategies, first in a behavioral setting [111,112,114], and more
recently in the context of state-space systems [22,23,41, 42,83,143].

The above approaches all use persistently exciting data in the control design,
meaning that one could (hypothetically) identify the system model from the
same data. An intriguing question is therefore the following: is it possible to
obtain a controller from data that are not informative enough to uniquely iden-
tify the system? An affirmative answer would be remarkable, since it would
highlight situations in which data-driven control is more powerful than the
combination of system identification and model-based control. On the other
hand, a negative answer would also be significant, as it would give a theoretic
justification for the use of persistently exciting data for data-driven analysis
and control.

To address the above question, this chapter introduces a general framework
to study data informativity problems for data-driven analysis and control. Specif-
ically, our contributions are the following:

1. Inspired by the concept of data informativity in system identification [66,
67,108], we introduce a general notion of informativity for data-driven
analysis and control.
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2. We study the data-driven analysis of several system theoretic properties
like stability, stabilizability and controllability. For each of these problems,
we provide necessary and sufficient conditions under which the data are
informative for this property, i.e., conditions required to ascertain the sys-
tem’s property from data.

3. We study data-driven control problems such as stabilization by state feed-
back, stabilization by dynamic measurement feedback, deadbeat control
and linear quadratic regulation. In each of the cases, we give conditions
under which the data are informative for controller design.

4. For each of the studied control problems, we develop methods to compute
a controller from data, assuming that the informativity conditions are
satisfied.

Our work has multiple noteworthy implications. First of all, we show that
for problems like stabilization by state feedback, the corresponding informa-
tivity conditions on the data are weaker than those for system identification.
This implies that a stabilizing feedback can be obtained from data that are not
sufficiently informative to uniquely identify the system.

Moreover, for problems such as linear quadratic regulation (LQR), we show
that the informativity conditions are essentially the same as for system identifi-
cation. Therefore, our results provide a theoretic justification for imposing the
strong persistency of excitation conditions in prior work on the LQR problem,
such as [111] and [42].

The chapter is organized as follows. In Section 5.2 we introduce the problem
at a conceptual level. Subsequently, in Section 5.3 we provide data informativity
conditions for controllability and stabilizability. Section 5.4 deals with data-
driven control problems with input/state data. Next, Section 5.5 discusses
control problems where ouput data plays a role. Finally, Section 5.6 contains
our conclusions and suggestions for future work.

5.2 PROBLEM FORMULATION

In this section we will first introduce the informativity framework for data-
driven analysis and control in a fairly abstract manner.

Let X be a model class, i.e. a given set of systems containing the ‘true’ system
denoted by 8. We assume that the ‘true’ system 8 is not known but that we have
access to a set of data, D, which are generated by this system. In this chapter
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we are interested in assessing system-theoretic properties of § and designing
control laws for it from the data D.

Given the data D, we define Ly C X to be the set of all systems that are
consistent with the data D, i.e. that could also have generated these data.

We first focus on data-driven analysis. Let P be a system-theoretic property.
We will denote the set of all systems within ~ having this property by Zs.

Now suppose we are interested in the question whether our ‘true’ system
8 has the property P. As the only information we have to base our answer
on are the data D obtained from the system, we can only conclude that the
‘true’ system has property P if all systems consistent with the data D have the
property P. This leads to the following definition:

Definition 5.1 (Informativity). We say that the data D are informative for prop-
erty Pif Lp C Zop.

Next, we illustrate the above abstract setup by an example.

Example 5.1. For given n and m, let £ be the set of all discrete-time linear
input/state systems of the form

x(t+1) = Ax(t) + Bu(t)

where x is the n-dimensional state and u is the m-dimensional input. Let the
‘true’ system 8 be represented by the matrices (As, Bs).

An example of a data set D arises when considering data-driven problems on
the basis of input and state measurements. Suppose that we collect input/state
data on q time intervals {0,1,..., i} fori=1,2,...,q. Let

ut = [ut(0) ui(1) - uHT -1, (5.1a)
Xti=[x40) xH(1) - xH(T)] (5.1b)

denote the input and state data on the i-th interval. By defining

M) XHT=1)], (5.2a)
XU= 1) xH2) - xH(T)], (5.2b)

we clearly have X’i = A XY +B,U! for each i because the ‘true’ system is
assumed to generate the data. Now, introduce the notation

u_:=[u" ... ui], x=I[x ... Xxdg], (5.32)
Xo=[x1 oo X9], xp=[xb oo X3 (5.3b)



5.2 PROBLEM FORMULATION \

We then define the data as D := (U_, X). In this case, the set Ly is equal to
L (u_,x) defined by

=B = A 8| ] 54)

Clearly, we have (A, Bs) € Zp.
Suppose that we are interested in the system-theoretic property P of stabiliz-
ability. The corresponding set Ly is then equal to Zg,p, defined by

Zatab = 1{(A,B) | (A, B) is stabilizable}.

Then, the data (U_,X) are informative for stabilizability if Ly x) € Zsuap-
That is, if all systems consistent with the input/state measurements are stabi-
lizable.

In general, if the ‘true’ system 8 can be uniquely determined from the data
D, that is Zp = {8} and § has the property P, then it is evident that the data
D are informative for P. However, the converse may not be true: L might
contain many systems, all of which have property P. In this chapter, we are
interested in necessary and sufficient conditions for informativity of the data.
Such conditions reveal the minimal amount of information required to assess
the property P. A natural problem statement is therefore the following;:

Problem 5.1 (Informativity problem). Provide necessary and sufficient condi-
tions on D under which the data are informative for property P.

The above gives us a general framework to deal with data-driven analysis
problems. Such analysis problems will be the main focus of Section 5.3.

This chapter also deals with data-driven control problems. The objective
in such problems is the data-based design of controllers such that the closed
loop system, obtained from the interconnection of the ‘true’ system & and the
controller, has a specified property.

As for the analysis problem, we have only the information from the data to
base our design on. Therefore, we can only guarantee our control objective
if the designed controller imposes the specified property when interconnected
with any system from the set Zp.

For the framework to allow for data-driven control problems, we will con-
sider a system-theoretic property P(X) that depends on a given controller X.
For properties such as these, we have the following variant of informativity:

Definition 5.2 (Informativity for control). We say that the data D are informative
for the property P(-) if there exists a controller X such that Zpp C Zp ().
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Example 5.2. For systems and data like in Example 5.1, we can take the con-
troller X = K € R™*™ and the property P(X) : ‘interconnection with the state
feedback K yields a stable closed loop system’. The corresponding set of sys-
tems L (g is equal to Ly defined by

x ={(A,B) | A+ BK is stable'}.

The first step in any data-driven control problem is to determine whether it
is possible to obtain a suitable controller from given data. This leads to the
following informativity problem:

Problem 5.2 (Informativity problem for control). Provide necessary and suffi-
cient conditions on D under which there exists a controller X such that the data
are informative for property P(X).

The second step of data-driven control involves the design of a suitable con-
troller. In terms of our framework, this can be stated as:

Problem 5.3 (Control design problem). Under the assumption that the data D
are informative for property P(-), find a controller X such that £p C Zp ().

As stated in the introduction, we will highlight the strength of this frame-
work by solving multiple problems. We stress that throughout the chapter it is
assumed that the data are given and are not corrupted by noise.

5.3 DATA-DRIVEN ANALYSIS

In this section, we will study data-driven analysis of controllability and stabi-
lizability given input and state measurements. As in Example 5.1, consider the
discrete-time linear system

x(t+1) = Agx(t) + Bsu(t). (5.5)

We will consider data consisting of input and state measurements. We define
the matrices U_ and X as in (5.3a) and define X_ and X4 as in (5.3b). The set
of all systems compatible with these data was introduced in (5.4). In order to
stress that we deal with input/state data, we rename it here as

i = {(A,B) Xy =[A B BH (5.6)

1 We say that a matrix is stable if all its eigenvalues are contained in the open unit disk.
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Note that the defining equation of (5.6) is a system of linear equations in the
unknowns A and B. The solution space of the corresponding homogeneous
equations is denoted by Zio/ s and is equal to

zio/s = {(AO/BO) |0 = [Ao Bo] L),(l] } . (5.7)

We consider the problem of data-driven analysis for systems of the form (5.5).
If (A, Bs) is the only system that explains the data, data-driven analysis could
be performed by first identifying this system and then analyzing its properties.
It is therefore of interest to know under which conditions there is only one
system that explains the data.

Definition 5.3. We say that the data (U_, X) are informative for system identifica-
tion if Lj,5 ={(As, Bs)})

It is straightforward to derive the following result:

Proposition 5.1. The data (U_, X) are informative for system identification if
and only if

rank [ﬁ] =n+m. (5.8)

Furthermore, if (5.8) holds, there exists a right inverse? [V1 Vz] such that

X I 0
[u} Vi Vo] = {0 J , (5.9)
and for any such right inverse Ay = X4 V7 and Bg = X V,.

As we will show in this section, the condition (5.8) is not necessary for data-
driven analysis in general. We now proceed by studying data-driven analysis
of controllability and stabilizability. Recall the Hautus test [165, Theorem 3.13]
for controllability: a system (A, B) is controllable if and only if

rank [A—Al B] =n (5.10)

for all A € C. For stabilizability, we require that (5.10) holds for all A outside
the open unit disc.
Now, we introduce the following sets of systems:
Zeont :={(A,B) | (A, B) is controllable}
Zaab =1{(A,B) | (A, B) is stabilizable}.

2 Note that [V1 Vz} is not unique whenever T > n + m.
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Using Definition 5.1, we obtain the notions of informativity for controllability
and stabilizability. To be precise:

Definition 5.4. We say that the data (U_,X) are informative for controllability if
Li/s € Zcont and informative for stabilizability if Zi/s C Zgap-

In the following theorem, we give necessary and sufficient conditions for the
above notions of informativity. The result is remarkable as only data matrices
are used to assess controllability and stabilizability.

Theorem 5.1 (Data-driven Hautus tests). The data (U_, X) are informative for
controllability if and only if

rank(X, —AX_)=n VA eC. (5.11)
Similarly, the data (U_, X) are informative for stabilizability if and only if
rank(X4 —AX_)=n VYA€ Cwith|A| > 1. (5.12)

Before proving the theorem, we will discuss some of its implications. We
begin with computational issues.

Remark 5.1. Similar to the classical Hautus test, (5.11) and (5.12) can be verified
by checking the rank for finitely many complex numbers A. Indeed, (5.11) is
equivalent to rank(X4) =n and

rank(Xy —AX_) =n

for all A # 0 with A~T € U(X,XL), where XL is any right inverse of X . Here,
0(M) denotes the spectrum, i.e. set of eigenvalues of the matrix M. Similarly,
(5.12) is equivalent to rank(X; —X_) =n and

rank(X; —AX_) =n

forall A # 1 with A—1)"T € o(X_(Xy — X)), where (X, —X_)T is any right
inverse of X, — X_.

A noteworthy point to mention is that there are situations in which we
can conclude controllability/stabilizability from the data without being able
to identify the ‘true’ system uniquely, as illustrated next.

Example 5.3. Suppose thatn =2, m =1, q =1, T; =2 and we obtain the data

01 0
X:[O 0 1] andU_=[1 0].
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This implies that

X+:[(1) ﬂ andX:[g (1)}

Clearly, by Theorem 5.1 we see that these data are informative for controllability,
as

T —A
0 1

As therefore all systems explaining the data are controllable, we conclude that
the ‘true’ system is controllable. It is worthwhile to note that the data are not
informative for system identification, as

Lijs = {([(1) z;] , BD lar,az € ]R}- (5.13)

Proof of Theorem 5.1. We will only prove the characterization of informativity
for controllability. The proof for stabilizability uses very similar arguments,
and is hence omitted.

Note that the condition (5.11) is equivalent to the implication:

rank{ }:2 VA eC.

zeC',AeCand z*Xy = Az*X_ = z=0. (5.14)

Suppose that the implication (5.14) holds. Let (A,B) € %;j,5 and suppose that
z* [A—Al B] = 0. We want to prove that z = 0. Note that z* [A—AI B] =0
implies that

u_

or equivalently z*X; = Az*X_. This means that z = 0 by (5.14). We conclude

that (A, B) is controllable, i.e., (U_,X) are informative for controllability.
Conversely, suppose that (U_, X) are informative for controllability. Let z €

C™ and A € C be such that z*X = Az*X_. This implies that for all (A,B) € Z;/s,

Z[A—AL B] [X—] —o,

we have z* [A B [ﬁ} = Az*X_. In other words,
z" [A—Al B X—1 _o (5.15)
w )

We now distinguish two cases, namely the case that A is real, and the case
that A is complex. First suppose that A is real. Without loss of generality, z is
real. We want to prove that z = 0. Suppose on the contrary that z # 0 and
2"z = 1. We define the (real) matrices

A:=A—zz' (A—Al)and B:=B—zz'B.
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In view of (5.15), we find that (A, B) € £;/5. Moreover,
2TA=zTA—zT(A=Al) =Az"

and
z'B=z"B-z'B=0.
This means that
zT [A-Al B] =o0.
However, this is a contradiction as (A, B) is controllable by the hypothesis that
(U_, X) are informative for controllability. We conclude that z = 0 which shows
that (5.14) holds for the case that A is real.

Secondly, consider the case that A is complex. We write z as z = p +1iq, where
P,q € R™ and i denotes the imaginary unit. If p and q are linearly dependent,
then p = aq or q = pBp for o, p € R. If p = aq then substitution of z = (x+1)q
into z*X; = Az*X_ yields

(x—1)q "Xy =A(x—1)q" X,
that is, g X4 = Aq'X_. As q"Xy is real and A is complex, we must have
q'X; =0and q"X_ = 0. This means that z*X; = z*X_ = 0, hence z*X| =
uz*X_ for any real p, which means that z = 0 by case 1. Using the same
arguments, we can show that z = 0 if q = Bp.

It suffices to prove now that p and q are linearly dependent. Suppose on

the contrary that p and q are linearly independent. Since A is complex, n > 2.
Therefore, by linear independence of p and q there exist 11, { € R™ such that

lma-f 5]
We now define the real matrices A and B as
A 8= 8-h g BTN )]

By (5.15) we have (A, B) € Z; /5. Next, we compute

Z"[A B]=z"[A B]-[1 i

Re (z* [A — Al B])]
Im (z* [A—AI BJ)
=z"[A B|]—z"[A—Al B]

=z*[AI 0].
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This implies that z* [A —AI B| = 0. Using the fact that (A, B) is controllable,
we conclude that z = 0. This is a contradiction with the fact that p and q
are linearly independent. Thus p and q are linearly dependent and therefore
implication (5.14) holds. This proves the theorem. n

In addition to controllability and stabilizability, we can also study the stability
of an autonomous system of the form

x(t+1) = Agx(t). (5.16)

To this end, let X denote the matrix of state measurements obtained from (5.16),
as defined in (5.3a). The set of all autonomous systems compatible with these
data is

Lo ={A| X4y = AX_}.

Then, we say the data X are informative for stability if any matrix A € ¢ is
stable, i.e. Schur. Using Theorem 5.1 we can show that stability can only be
concluded if the ‘true’ system can be uniquely identified.

Corollary 5.1. The data X are informative for stability if and only if X_ has full
row rank and X, X' is stable for any right inverse xt, equivalently &5 = {Ag}
and Ag = X+XT_ is stable.

Proof. Since the ‘if’ part is evident, we only prove the ‘only if” part. By taking
B =0, it follows from Theorem 5.1 that the data X are informative for stability
if and only if

rank(Xy —AX_)=n VA e Cwith|]A| > 1. (5.17)

Let z be such that z"X_ = 0. Take A € Z; and A > 1 such that A is not an
eigenvalue of A. Note that

ZT (A=A (XL —AX_) =z X_ =0.

Since rank(X4+ —AX_) = n, we may conclude that z = 0. Hence, X_ has full

row rank. Therefore, £y = {As} where Ag = X X' for any right inverse X" and
Ag is stable. ]

Note that there is a subtle but important difference between the characteri-
zations (5.12) and (5.17). For the first the data X are assumed to be generated
by a system with inputs, whereas the data for the second characterization are
generated by an autonomous system.

123



124

| DATA INFORMATIVITY

5.4 CONTROL USING INPUT AND STATE DATA

In this section we will consider various state feedback control problems on
the basis of input/state measurements. First, we will consider the problem
of data-driven stabilization by static state feedback, where the data consist of
input and state measurements. As described in the problem statement we will
look at the informativity and design problems separately as special cases of
Problem 5.2 and Problem 5.3. We will then use similar techniques to obtain a
result for deadbeat control.

After this, we will shift towards the linear quadratic regulator problem, where
we wish to find a stabilizing feedback that additionally minimizes a specified
quadratic cost.

5.4.1 Stabilization by state feedback

In what follows, we will consider the problem of finding a stabilizing con-
troller for the system (5.5), using only the data (U_, X). To this end, we define
the set of systems (A, B) that are stabilized by a given K:

Xk :={(A,B) | A+ BKis stable}.

In addition, recall the set Z;/s as defined in (5.6) and Zio/s from (5.7). In
line with Definition 5.2 we obtain the following notion of informativity for
stabilization by state feedback.

Definition 5.5. We say that the data (U_,X) are informative for stabilization by
state feedback if there exists a feedback gain K such that Z;,; C Y.

Remark 5.2. At this point, one may wonder about the relation between infor-
mativity for stabilizability (as in Section 5.3) and informativity for stabilization.
It is clear that (U_, X) are informative for stabilizability if (Ll_, X) are informa-
tive for stabilization by state feedback. However, the reverse statement does not
hold in general. This is due to the fact that all systems (A,B) in X;/; may be
stabilizable, but there may not be a common feedback gain K such that A + BK
is stable for all of these systems. Note that the existence of a common stabiliz-
ing K for all systems in Z;/s is essential, since there is no way to distinguish
between the systems in %;,¢ based on the given data (U_, X).

The following example further illustrates the difference between informativ-
ity for stabilizability and informativity for stabilization.
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Example 5.4. Consider the scalar system
x(t+1) =u(t),

where x,u € R. Suppose that ¢ =1, Ty = 1 and x(0) = 0, u(0) = 1 and
x(1) = 1. This means that U_ = [1] and X = [0 1]. It can be shown
that Z;;s = {(a,1) | a € R}. Clearly, all systems in Z;/ are stabilizable, i.e.,
Zi/s C Zstap- Nonetheless, the data are not informative for stabilization. This is
because the systems (—1,1) and (1,1) in X; 4 cannot be stabilized by the same
controller of the form u(t) = Kx(t). We conclude that informativity of the
data for stabilizability does not imply informativity for stabilization by state
feedback.

The notion of informativity for stabilization by state feedback is a specific
example of informativity for control. As described in Problem 5.2, we will
first find necessary and sufficient conditions for informativity for stabilization
by state feedback. After this, we will design a corresponding controller, as
described in Problem 5.3.

In order to be able to characterize informativity for stabilization, we first state
the following lemma.

Lemma 5.1. Suppose that the data (U_,X) are informative for stabilization
by state feedback, and let K be a feedback gain such that Z;/; C k. Then
Ao+ BoK =0 forall (Ag,Bg) € Zio/s' Equivalently,

o[ mfs]

Proof. We first prove that Ay + BoK is nilpotent for all (Ag,Bo) € Zio/s. By
hypothesis, A + BK is stable for all (A,B) € Xj,;. Let (A,B) € %j/; and
(Ag,Bo) € Zio/s and define the matrices F := A 4+ BK and Fy := Ay + BoK.
Then, the matrix F + oF is stable for all « > 0. By dividing by «, it follows
that, for all « > 1, the spectral radius of the matrix

1
My = —F + Fo
x

is smaller than 1/«. From the continuity of the spectral radius by taking the
limit as « tends to infinity, we see that Fy = Ao + BoK is nilpotent for all
(Ao,Bo) € L. Note that we have

((Ao +BoK)TAg, (Ao +BoK) 'Bo) € Zf/
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whenever (Ag,Bg) € Zio/s. This means that (Ag +BoK) T (Ao +BoK) is nilpotent.
Since the only symmetric nilpotent matrix is the zero matrix, we see that Ay +
BoK =0 for all (Ag,Bg) € Zio/s. This is equivalent to

ker [XI UI] C ker[I KT]

which is equivalent to im []I(] Cim [ﬁ} . [ |
The previous lemma is instrumental in proving the following theorem that

gives necessary and sufficient conditions for informativity for stabilization by
state feedback.

Theorem 5.2. The data (U_,X) are informative for stabilization by state feed-
back if and only if the matrix X_ has full row rank and there exists a right

inverse X of X_ such that X4 X! is stable.
Moreover, K is such that Z;,; C Zk if and only if K = U_Xx", where X"
satisfies the above properties.

Proof. To prove the ‘if” part of the first statement, suppose that X_ has full row
rank and there exists a right inverse X" of X_ such that X X' is stable. We
define K := U_X' . Next, we see that

X_

X;xt =[A B]Ll

}XT:A+BK (5.18)
for all (A,B) € ZLj/s. Therefore, A + BK is stable for all (A,B) € L/, ie,
Li/s € Xk. We conclude that the data (U_, X) are informative for stabilization
by state feedback, proving the ‘if” part of the first statement. Since K = u_xt
is such that Z; /s C Xk, we have also proven the ‘if” part of the second statement
as a byproduct.

Next, to prove the ‘only if” part of the first statement, suppose that the data
(U_,X) are informative for stabilization by state feedback. Let K be such that
A + BK is stable for all (A, B) € Z;/s. By Lemma 5.1 we know that

ol mfs]

This implies that X_ has full row rank and there exists a right inverse X! such

that
[]IJ = [ﬁ_} X', (5.19)
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By (5.18), we obtain A +BK = X+XL which shows that X+XT, is stable. This
proves the ‘only if” part of the first statement. Finally, by (5.19), the stabilizing
feedback gain K is indeed of the form K = u_X", which also proves the ‘only
if” part of the second statement. n

Theorem 5.2 gives a characterization of all data that are informative for stabi-
lization by state feedback and provides a stabilizing controller. Nonetheless, the
procedure to compute this controller might not be entirely satisfactory since it is
not clear how to find a right inverse of X_ that makes X X! stable. In general,
X_ has many right inverses, and X4 X" can be stable or unstable depending
on the particular right inverse X', To deal with this problem and to solve the
design problem, we give a characterization of informativity for stabilization in
terms of linear matrix inequalities (LMI’s). The feasibility of such LMI’s can be
verified using standard methods.

Theorem 5.3. The data (U_, X) are informative for stabilization by state feed-
back if and only if there exists a matrix © € RT*™ satisfying

(5.20)

X_0=(X_0)" and [X@ X*ﬂ 0.

e0'x] x_®

Moreover, K satisfies Lj;; C Zx if and only if K = U_O(X_0)"! for some
matrix O satisfying (5.20).

Remark 5.3. To the best of our knowledge, LMI conditions for data-driven
stabilization were first studied in [42]. In fact, the linear matrix inequality (5.20)
is the same as that of [42, Theorem 3]. However, an important difference is that
the results in [42] assume that the input u is persistently exciting of sufficiently
high order. In contrast, Theorem 5.3, as well as Theorem 5.2, do not require
such conditions. The characterization (5.20) provides the minimal conditions
on the data under which it is possible to obtain a stabilizing controller.

Example 5.5. Consider an unstable system of the form (5.5), where A and B

are given by
1.5 0 1
AS:[1 0.5]’ BS:M‘

We collect data from this system on a single time interval from t = 0 until t = 2,
which results in the data matrices

1 05 —0.25
x:{o o ] U =[-1 —1].
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Clearly, the matrix X_ is square and invertible, and it can be verified that

T [0.5 o.ﬂ
X1 =

1 0.5

is stable, since its eigenvalues are %(1 + ﬁi). We conclude by Theorem 5.2 that
the data (U_, X) are informative for stabilization by state feedback. The same
conclusion can be drawn from Theorem 5.3 since

1 -1

o<l 2|
solves (5.20). Next, we can conclude from either Theorem 5.2 or Theorem
5.3 that the stabilizing feedback gain in this example is unique, and given by

K = U_XZ" = [-1 —0.5]. Finally, it is worth noting that the data are not
informative for system identification. In fact, (A, B) € /4 if and only if

A= 1.5+ aq 0.5a4 B — 1+ ag
" | T+ay 05+05ay|’ B a

for some a1, a; € R.

Proof of Theorem 5.3. To prove the ‘if” part of the first statement, suppose
that there exists a © satisfying (5.20). In particular, this implies that X_© is
symmetric positive definite. Therefore, X_ has full row rank. By taking a Schur
complement and multiplying by —1, we obtain

X;0(X-0) '(x_e)(x-e) 'Te'X] -X_e<o.

Since X_O© is positive definite, this implies that X, ©(X_0©)~" is stable. In
other words, there exists a right inverse X = O(X_0)~ " of X_ such that
X+XT_ is stable. By Theorem 5.2, we conclude that (U_, X) are informative for
stabilization by state feedback, proving the ‘if’ part of the first statement. Using
Theorem 5.2 once more, we see that K := U_©(X_0)~! stabilizes all systems
in X; /5, which in turn proves the ‘if” part of the second statement.

Subsequently, to prove the ‘only if” part of the first statement, suppose that
the data (U_,X) are informative for stabilization by state feedback. Let K be
any feedback gain such that £;,; C Zx. By Theorem 5.2, X_ has full row rank
and K is of the form K = U_X' , where X' is a right inverse of X_ such that
X, X' is stable. The stability of XXt implies the existence of a symmetric
positive definite matrix P such that

X xDpxext)T—p<o.
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Next, we define © := XEP and note that
X, 0P '(X,0) T —P<o.

Via the Schur complement we conclude that

P X;0
{@TXI p ] > 0.

Since X_X| = I, we see that P = X_©, which proves the ‘only if” part of the
first statement. Finally, by definition of ®, we have Xt —er'—ex_e)".
Recall that K = U_XJL, which shows that K is of the form K = U_©O(X_©)"!

for O satisfying (5.20). This proves the ‘only if’ part of the second statement
and hence the proof is complete. |

In addition to the stabilizing controllers discussed in Theorems 5.2 and 5.3,
we may also look for a controller of the form u(t) = Kx(t) that stabilizes the
system in finite time. Such a controller is called a deadbeat controller and is char-
acterized by the property that (As + BsK)'xp =0 for all t > n and all x5 € R™.
Thus, K is a deadbeat controller if and only if A + BsK is nilpotent. Now, for
a given matrix K define

Z?(ﬂ :={(A, B) | A+ BK is nilpotent}.

Then, analogous to the definition of informativity for stabilization by state feed-
back, we have the following definition of informativity for deadbeat control.

Definition 5.6. We say that the data (U_, X) are informative for deadbeat control
if there exists a feedback gain K such that £;,, C £l

Similarly to Theorem 5.2, we obtain the following necessary and sufficient
conditions for informativity for deadbeat control.

Theorem 5.4. The data (U_, X) are informative for deadbeat control if and only
if the matrix X_ has full row rank and there exists a right inverse X! of X_
such that X X' is nilpotent.

Moreover, if this condition is satisfied then the feedback gain K := U_XT,
yields a deadbeat controller, that is, Z; /s C Zr]1<11_

Remark 5.4. In order to compute a suitable right inverse X' such that X X"
is nilpotent, we can proceed as follows. Since X_ has full row rank, we have
T > n. We now distinguish two cases: T = n and T > n. In the former case,
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X_ is nonsingular and hence X, X_" is nilpotent. In the latter case, there exist
matrices F € RT™*™ and G € RT*(T=™) guch that [F G| is nonsingular and

X_ [F G] = [In O x (T—n)]~ Note that X' is a right inverse of X_ if and only
if X = F+ GH for some H € R(T—m)xn, Finding a right inverse X' such that

X+XT, is nilpotent, therefore, amounts to finding H such that X, F+ X GH is
nilpotent, i.e. has only zero eigenvalues. Such a matrix H can be computed
by invoking [165, Thm. 3.29 and Thm. 3.32] for the pair (X4 F, X+ G) and the
stability domain Cg = {0}.

5.4.2 Informativity for linear quadratic requlation

Consider the discrete-time linear system (5.5). Let xx,..(-) be the state se-
quence of (5.5) resulting from the input u(-) and initial condition x(0) = xo. We
omit the subscript and simply write x(-) whenever the dependence on xy and
u is clear from the context.

Associated to system (5.5), we define the quadratic cost functional

Jixo,w) = D x " (0Qx(t) +u' (t)Ruft), (5.21)
t=0

where Q = QT is positive semidefinite and R = R is positive definite. Then,
the linear quadratic regulator (LQR) problem is the following:

Problem 5.4 (LQR). Determine for every initial condition xy an input u*, such
that lim¢_; o0 Xxo,u (t) = 0, and the cost functional J(xo,u) is minimized under
this constraint.

Such an input u* is called optimal for the given xo. Of course, an optimal
input does not necessarily exist for all x;. We say that the linear quadratic
regulator problem is solvable for (A, B, Q, R) if for every x( there exists an input
u* such that

1. The cost J(xq, u*) is finite.

2. The limit lim¢ o0 Xxy,u (1) = 0.

3. The input u* minimizes the cost functional, i.e.,
J(xo0, w*) < J(xo, )

for all i such that lim¢_,o0 Xx,,a(t) = 0.



5.4 CONTROL USING INPUT AND STATE DATA \

In the sequel, we will require the notion of observable eigenvalues. Recall
from e.g. [165, Section 3.5] that an eigenvalue A of A is (Q, A)-observable if

rank (A QM) =n

The following theorem provides necessary and sufficient conditions for the
solvability of the linear quadratic regulator problem for (A, B, Q,R). This the-
orem is the discrete-time analogue to the continuous-time case stated in [165,
Theorem 10.18].

Theorem 5.5. Let Q = Q' be positive semidefinite and R = RT be positive
definite. Then the following statements hold:

i If (A,B) is stabilizable, there exists a unique largest real symmetric solu-
tion P to the discrete-time algebraic Riccati equation (DARE)

P=ATPA—ATPB(R+B'PB)"'B"PA+Q, (5.22)

in the sense that P™ > P for every real symmetric P satisfying (5.22). The
matrix PT is positive semidefinite.

ii If, in addition to stabilizability of (A, B), every eigenvalue of A on the
unit circle is (Q, A)-observable then for every x( a unique optimal input
u* exists. Furthermore, this input sequence is generated by the feedback
law u = Kx, where

K:=—(R+BTP*B)""BTPTA. (5.23)
Moreover, the matrix A + BK is stable.

iii In fact, the linear quadratic regulator problem is solvable for (A, B, Q,R)
if and only if (A, B) is stabilizable and every eigenvalue of A on the unit
circle is (Q, A)-observable.

If the LOR problem is solvable for (A, B, Q,R), we say that K given by (5.23)
is the optimal feedback gain for (A, B, Q, R).

Now, for any given K we define ZS’R as the set of all systems of the form
(5.5) for which K is the optimal feedback gain corresponding to Q and R, that

is,
ZS’R :=1{(A, B) | K is the optimal gain for (A, B, Q,R)}.

This gives rise to another notion of informativity in line with Definition 5.2.
Again, let Z; /5 be given by (5.6).
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Definition 5.7. Given matrices Q and R, we say that the data (U_, X) are infor-
mative for linear quadratic regulation if there exists K such that X, C ZS'R.

In order to provide necessary and sufficient conditions for the corresponding
informativity problem, we need the following auxiliary lemma.

Lemma 5.2. Let Q = QT be positive semidefinite and R = R be positive defi-
nite. Suppose the data (U_, X) are informative for linear quadratic regulation.
Let K be such that Z;/s C ZS’R. Then, there exist a square matrix M and a
symmetric positive semidefinite matrix P* such that for all (A, B) € Z;/q

M = A + BK, (5.24)
PT=ATPTA—ATP*B(R+B'P*B)""TB"PTA+Q, (5.25)
PFT—MTPTM =K'RK+Q, (5.26)
K=—(R+BTP*B)"'BTPTA. (5.27)

Proof. Since the data (U_, X) are informative for linear quadratic regulation,
A + BK is stable for every (A,B) € L;/s. By Lemma 5.1, this implies that Ay +
BoK = 0 for all (Ap,Bg) € Zio/s. Thus, there exists M such that M = A + BK
for all (A, B) € Xj/s. For the rest, note that Theorem 5.5 implies that for every

(A,B) € Zj/s there exists P, p, satisfying the DARE

+ _ ATp+ Tp+ Tp+ —1rTp+
Piag) =A PlagA—ATPL 5 BR+BPl B 'B'PL p A+ Q (5.28)
such that
K=—(R+B'P/, 5B 'BTP}, 5)A. (5-29)

It is important to note that, although K is independent of the choice of (A, B),
the matrix PTA,B) might depend on (A, B). We will, however, show that also
PELA/B) is independent of the choice of (A, B).

By rewriting (5.28), we see that

+ T+
Pias) —M Piag)

M = K'RK + Q. (5.30)
Since M is stable, PELA B) is the unique solution to the discrete-time Lyapunov
equation (5.30), see e.g. [157, Section 6]. Moreover, since M and K do not
depend on the choice of (A,B) € %/, it indeed follows that PTA B) does not
depend on (A, B). It follows from (5.28)—(5.30) that P™ := P(JFA,B) satisfies (5.25)-

(5.27). u

The following theorem solves the informativity problem for linear quadratic
regulation.
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Theorem 5.6. Let Q = Q' be positive semidefinite and R = RT be positive
definite. Then, the data (U_, X) are informative for linear quadratic regulation
if and only if at least one of the following two conditions hold:

i The data (U_,X) are informative for system identification, that is, Z;/s =
{(As, Bs)}, and the linear quadratic regulator problem is solvable for the
matrices (As, Bs, Q,R). In this case, the optimal feedback gain K is of the
form (5.23) where P is the largest real symmetric solution to (5.22).

ii For all (A,B) € Zj/s we have A = A;. Moreover, A is stable, QA5 =0,
and the optimal feedback gain is given by K = 0.

Remark 5.5. Condition (ii) of Theorem 5.6 is a pathological case in which A
is stable and QA = 0 for all matrices A that are compatible with the data.
Since x(t) € im A for all t > 0, we have Qx(t) = 0 for all t > 0 if the input
function is chosen as u = 0. Additionally, since A is stable, this shows that the
optimal input is equal to u* = 0. If we set aside condition (ii), the implication
of Theorem 5.6 is the following: if the data are informative for linear quadratic
regulation they are also informative for system identification.

At first sight, this might seem like a negative result in the sense that data-
driven LOR is only possible with data that are also informative enough to
uniquely identify the system. However, at the same time, Theorem 5.6 can
be viewed as a positive result in the sense that it provides fundamental justi-
fication for the data conditions imposed in e.g. [42]. Indeed, in [42] the data-
driven infinite horizon LQR problem? is solved using input/state data under
the assumption that the input is persistently exciting of sufficiently high order.
Under the latter assumption, the input/state data are informative for system
identification, i.e., the matrices As and Bs can be uniquely determined from
data. Theorem 5.6 justifies such a strong assumption on the richness of data in
data-driven linear quadratic regulation.

The data-driven finite horizon LQR problem was solved under a persistency
of excitation assumption in [111]. Our results suggest that also in this case infor-
mativity for system identification is necessary for data-driven LQR, although
further analysis is required to prove this claim.

Proof of Theorem 5.6. We first prove the ‘if” part. Sufficiency of the condition
(i) readily follows from Theorem 5.5. To prove the sufficiency of the condition
(ii), assume that the matrix A is stable and QA =0 for all (A, B) € Z; /5. By the
discussion following Theorem 5.6, this implies that u* = 0 for all (A,B) € Z;/s.

Note that the authors of [42] formulate this problem as the minimization of the H;-norm of a
certain transfer matrix.
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Hence, for K = 0 we have Z;/; C Z%’R, i.e., the data are informative for linear
quadratic regulation.

To prove the ‘only if” part, suppose that the data (U_, X) are informative for
linear quadratic regulation. From Lemma 5.2, we know that there exist M and
P* satisfying (5.24)—(5.27) for all (A, B) € Z;/s. By substituting (5.27) into (5.25)
and using (5.24), we obtain

ATPTM =P+ —Q. (5.31)

In addition, it follows from (5.27) that —(R+BTP*B)K = B P*A. By using
(5.24), we have
BTPtM = —RK. (5.32)

Since (5.31) and (5.32) hold for all (A, B) € Z;/s, we have that

for all (Ag,Bg) € Z?/S. Note that (FAy, FBy) € Zio/s for all F € R™*™ whenever
(Ag,Bo) € Zio/s. This means that

.
[gﬁ%] FTPTM =0
0

for all F € R™*™. Therefore, either [AO Bo} = 0 for all (Ap,Bg) € Zio/s

or P*M = 0. The former is equivalent to Zio/s = {0}. In this case, we see
that the data (U_,X) are informative for system identification, equivalently
Zi/s ={(As,Bs)}, and the LOR problem is solvable for (A, Bs, Q, R). Therefore,
condition (i) holds. On the other hand, if P™M = 0 then we have
0=P"M =P (A +BK)
=PT(A—-B(R+B'P"B)"'BTPTA)
=(I-P'B(R+BTPTB) 'BT)PTA.

for all (A, B) € /. From the identity
(I+Pt*BR'BT) ' =1—-P'B(R+B'P*B) "B,

we see that PTA = 0 for all (A, B) € Z; /. Then, it follows from (5.27) that K = 0.
Since Ag + BoK = 0 for all (Ag,Bg) € Zio/s due to Lemma 5.1, we see that Ap
must be zero. Hence, we have A = A for all (A,B) € L5 and A is stable.
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Moreover, it follows from (5.31) that P™ = Q. Therefore, QAs = 0. In other
words, condition (ii) is satisfied, which proves the theorem. [ |

Theorem 5.6 gives necessary and sufficient conditions under which the data
are informative for linear quadratic regulation. However, it might not be di-
rectly clear how these conditions can be verified given input/state data. There-
fore, in what follows we rephrase the conditions of Theorem 5.6 in terms of the
data matrices X and U_.

Theorem 5.7. Let Q = QT be positive semidefinite and R = RT be positive
definite. Then, the data (U_, X) are informative for linear quadratic regulation
if and only if at least one of the following two conditions hold:

i The data (U_,X) are informative for system identification. Equivalently,
there exists [V1 Vz] such that (5.9) holds. Moreover, the linear quadratic
regulator problem is solvable for (A, Bs, Q,R), where Ay = X, V7 and
Bs = X4 V).

ii There exists ® € RT*™ such that X_© = (X_0)",U_© =0,

X_© X,0

and QX0 =0.

Proof. The equivalence of condition (i) of Theorem 5.6 and condition (i) of
Theorem 5.7 is obvious. It remains to be shown that condition (ii) of Theo-
rem 5.6 and condition (ii) of Theorem 5.7 are equivalent as well. To this end,
suppose that there exists a matrix ® € RT*™ such that the conditions of (ii)
holds. By Theorem 5.3, we have L, C Xk for K =0, that is, A is stable for all
(A,B) € Z;/s. In addition, note that

xoix-0) ' =Q[a B[ ool =oa (s

for all (A,B) € Zj/s. This shows that QA = 0 and therefore that condition
(ii) of Theorem 5.6 holds. Conversely, suppose that A is stable and QA = 0
for all (A,B) € Z;/s. This implies that K = 0 is a stabilizing controller for all
(A,B) € Xi/s. By Theorem 5.3, there exists a matrix © € RT*™ satisfying the
first three conditions of (ii). Finally, it follows from QA = 0 and (5.34) that ©
also satisfies the fourth equation of (ii). This proves the theorem. |

135



136

| DATA INFORMATIVITY

5.4.3 From data to LQ gain

In this section our goal is to devise a method in order to compute the optimal
feedback gain K directly from the data. For this, we will employ ideas from the
study of Riccati inequalities (see e.g [136]).

The following theorem asserts that P* as in Lemma 5.2 can be found as the
unique solution to an optimization problem involving only the data. Further-
more, the optimal feedback gain K can subsequently be found by solving a set
of linear equations.

Theorem 5.8. Let Q = Q' >0and R =R > 0. Suppose that the data (U_, X)
are informative for linear quadratic regulation. Consider the linear operator
P — L(P) defined by

L(P):==XTPX_ —XIPX; —XxTQX_—Uu'rRu_.
Let P be as in Lemma 5.2. The following statements hold:

i The matrix P is equal to the unique solution to the optimization problem

maximize trP

subject to P = PT >0 and L(P) <.

ii There exists a right inverse X' of X_ such that
£(PH)xt =o. (5-35)

Moreover, if X! satisfies (5.35), then the optimal feedback gain is given
by K=U_X'.

Remark 5.6. From a design viewpoint, the optimal feedback gain K can be
found in the following way. First solve the semidefinite program in Theorem

5.8(i). Subsequently, compute a solution X' to the linear equations X X =1
and (5.35). Then, the optimal feedback gain is given by K = u_x'.

Remark 5.7. The data-driven LQR problem was first solved using semidefinite
programming in [42, Theorem 4]. There, the optimal feedback gain was found
by minimizing the trace of a weighted sum of two matrix variables, subject to
two LMI constraints. The semidefinite program in Theorem 5.8 is attractive
since the dimension of the unknown P is (only) n x n. In comparison, the
dimensions of the two unknowns in [42, Theorem 4] are T x n and m x m,
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respectively. In general, the number of samples T is much larger* than n. An
additional attractive feature of Theorem 5.8 is that P™ is obtained from the data.
This is useful since the minimal cost associated to any initial condition x¢ can
be computed as x; P xo.

The data-driven LQR approach in [71] is quite different from Theorem 5.8
since the solution to the Riccati equation is approximated using a batch-form
solution to the Riccati difference equation. A similar approach was used in [1,63,
154, 158] for the finite horizon data-driven LQR/LQG problem. In the setup of
[71], the approximate solution to the Riccati equation is exact only if the number
of data points tends to infinity. The main difference between our approach and
the one in [71] is hence that the solution P™ to the Riccati equation can be
obtained exactly from finite data via Theorem 5.8.

Proof of Theorem 5.8. We begin with proving the first statement. Note that

L(P)z[X]T[P—ATPA—Q ~ATPB HX]

u_ —BTPA —(R+BTPB)| |U_
for all (A, B) € Lj/5. We claim that the following implication holds:
P=PT >0 and £(P)<0 = P" >P. (5:36)

To prove this claim, let P be such that P = PT > 0and £(P) < 0. Since the data
are informative for linear quadratic regulation, they are also informative for
stabilization by state feedback. Therefore, the optimal feedback gain K satisfies

g ]

due to Lemma 5.1. Therefore, the above expression for £(P) implies that

11"[P-ATPA—Q —ATPB 1,
K —BTPA —(R+BTPB)| |K|

for all (A, B) € Zj/. This yields
P—MTPM < KTRK+Q
where M is as in Lemma 5.2. By subtracting this from (5.26), we obtain

(P*—P)—MT(PT —P)M > 0.

4 In fact, this is always the case under the persistency of excitation conditions imposed in [42] as
such conditions can only be satisfied provided that T > nm +n 4+ m.
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Since M is stable, this discrete-time Lyapunov inequality implies that P* —P >
0 and hence P* > P. This proves the claim (5.36).
Note that R +BTP*B is positive definite. Then, it follows from (5.25) that

PF—ATPtA-Q —-ATP'B

<
—BTPTA —(R+BTP*B)| 0

via a Schur complement argument. Therefore, £L(P*) < 0. Since P* > P, we
have tr P > tr P. Together with (5.36), this shows that P™ is a solution to the
optimization problem stated in the theorem.

Next, we prove uniqueness. Let P be another solution of the optimization
problem. Then, we have that P = PT > 0, £(P) < 0, and trP = trP*. From
(5.36), we see that P* > P. In particular, this implies that (P*);; > Py; for all 1.
Together with tr P = tr P, this implies that (P*);; = Py; for all i. Now, for any
i and j, we have

(ei—ej) PP (ei—ej) > (ei —ej) ' Pley —e;) and
(ei+e5) PT(ei+e5) > (ei+e) Plei+ej),

where e; denotes the i-th standard basis vector. This leads to (P™)i; < Pij and
(PT)ij > Pyj, respectively. We conclude that (P*);; = Pyj for all 1, j. This proves
uniqueness.

Finally, we prove the second statement. It follows from (5.25) and (5.27) that

L(PT)=—(U_—KX_ )" (R+BTPTB) (U_ —KX_). (5.37)

The optimal feedback K is stabilizing, therefore it follows from Theorem 5.2 that
K can be written as K = U_T, where T" is some right inverse of X_. Note that

this implies the existence of a right inverse X of X_ satisfying (5.35). Indeed,
X! := T is such a matrix by (5.37). Moreover, if X isa right inverse of X_
satisfying (5.35) then (U_ — KX_)X]: = 0 by (5.37) and positive definiteness of
R. We conclude that the optimal feedback gain is equal to K = u_X", which
proves the second statement. [ |

5.5 CONTROL USING INPUT AND OUTPUT DATA

In this section, we will consider problems where the output does play a role.
In particular, we will consider the problem of stabilization by dynamic mea-
surement feedback. We will first consider this problem based on input, state
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and output measurements. Subsequently, we will turn our attention to the case
of input/output data.
Consider the ‘true’ system

x(t+1) = Agx(t) + Bsu(t) (5.38a)
y(t) = Cex(t) + Dsu(t). (5-38b)

We want to design a stabilizing dynamic controller of the form

w(t+1) = Kw(t) + Ly(t) (5.39a)
u(t) = Mw(t) (5.39b)

such that the closed-loop system, given by

x(t+1)] [ As B:M x(t)
{w(tqﬂ)} N [LCS K+LDSM} {w(t)] ’

is stable. This is equivalent to the condition that

B ) o2

LCs K+LDsM

is a stable matrix.

5.5.1 Stabilization using input, state and output data

Suppose that we collect input/state/output data on { time intervals {0, 1, ..., T;}
fori=1,2,...,q. Let U_,X,X_, and X be defined as in (5.3) and let Y_ be
defined in a similar way as U_. Then, we have

Xy [As B [X-

=l e 540
relating the data and the ‘true’ system (5.38). The set of all systems that are
consistent with these data is then given by:

Ti/eso = {(A,B,c,DH [ﬂ - [/é g} [ﬁ‘]} (5.42)

In addition, for given K, L and M, we define the set of systems that are stabi-
lized by the dynamic controller (5.39) by

Sk = {(A,B,C,D) {LAC ‘ f{‘gM] is stable}.
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Subsequently, in line with Definition 5.2, we consider the following notion of
informativity:

Definition 5.8. We say the data (U_, X, Y_) are informative for stabilization by dy-
namic measurement feedback if there exist matrices K, L and M such that %;,5/,, C

IK,L,M-

As in the general case of informativity for control, we consider two conse-
quent problems: First, to characterize informativity for stabilization in terms of
necessary and sufficient conditions on the data and next to design a controller
based on these data. To aid in solving these problems, we will first investigate
the case where U_ does not have full row rank. In this case, we will show that
the problem can be ‘reduced’ to the full row rank case.

For this, we start with the observation that any U_ € R™*T of row rank
k < m can be decomposed as U_ = SU_, where S has full column rank and
U_ € R¥XT has full row rank. We now have the following lemma:

Lemma 5.3. Consider the data (U_,X,Y_) and the corresponding set Z;/g/,.
Let S be a matrix of full column rank such that U_ = SU_ with U_ a matrix of
full row rank. Let ST be a left inverse of S.

Then the data (U_, X, Y_) are informative for stabilization by dynamic mea-
surement feedback if and only if the data (U_,X,Y_) are informative for stabi-
lization by dynamic measurement feedback.

In particular, if we let £;/,/, be the set of systems consistent with the ‘re-
duced’ data set (U_,X,Y_), and if K L and M are real matrices of appropriate
dimensions, then:

Ziss/o S TkLM = Liss/0 C Ty L stms (5-43)

Liss/o C Tgi . = Ziss/o © Tt she (5-44)

Proof. First note that

o fa oA Ay [X A B [x_
Zi/S/OZ {(A/B/C/D) |:Y+:| - |:C D:| |:u_:|}

We will start by proving the following two implications:
(A,B,C,D) € Zi/s/0 = (A,BS,C,DS) € £i/5/0, (5.45)
(A, ]%, é, D) S ii/s/o - (A, EST, C, DST) € Zi/s/o- (5.46)

To prove implication (5.45), assume that (A,B,C,D) € Z;/s/o. Then, by defini-

I E ]
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From the definition of S, we have U_ = SU_. Substitution of this results in
Xyl [A B[ X-| [A BS|[Xo
Y_| |[C D]|st_] |Cc Ds||U_|"
This implies that (A, BS,C,DS) € £;/s/,. The implication (5.46) can be proven
similarly by substitution of U_ = STU_.

To prove the lemma, suppose that the data (UL_, X, Y_) are informative for
stabilization by dynamic measurement feedback. This means that there exist K,
L, and M such that

A BM
LC K+LDM
is stable for all (A,B,C,D) € Zj/s/o. In particular, if (A,B,C,D) e )ii/s/o then
(A,BST,C,DST) € Li/5/0 by (5.46). This means that the matrix
A BSt™M
LC K+LDS™
is stable for all (A,B,C,D) € £;/5/o. In other words, £;/5,, C I 1stm and
hence implication (5.43) holds and the data (I, X, Y_) are informative for sta-

bilization by dynamic measurement feedback. The proofs of (5.44) and the ‘if’
part of the theorem are analogous and hence omitted. |

We will now solve the informativity and design problems under the condi-
tion that U_ has full row rank.

Theorem 5.9. Consider the data (U_,X,Y_) and assume that U_ has full row
rank. Then (U_, X, Y_) are informative for stabilization by dynamic measure-
ment feedback if and only if the following conditions are satisfied:

1 &Ve lla\/e
] X_
u,

Equivalently, there exists [V; V] such that (5.9) holds. This means that

Lissso ={(X4Vq, X4 V2, Y V7, Y_V2) L

ii The pair (X4+V7,X4V,) is stabilizable and (Y_V7,X V1) is detectable.
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Moreover, if the above conditions are satisfied, a stabilizing controller (K, L, M)
can be constructed as follows:

(a) Select a matrix M such that X, (V; + Vo M) is stable.
(b) Choose a matrix L such that (X; —LY_)V; is stable.
(c) Define K := (X —LY_)(V] +Vo2M).

Remark 5.8. Under the condition that U_ has full row rank, Theorem 5.9 as-
serts that in order to construct a stabilizing dynamic controller, it is necessary
that the data are rich enough to identify the system matrices A, Bs, Cs and
Ds uniquely. The controller proposed in ((a)), (b)), ((c)) is a so-called observer-
based controller, see e.g. [165, Section 3.12]. The feedback gains M and L can be
computed using standard methods, for example via pole placement or LMI’s.

Proof of Theorem 5.9. To prove the ‘if” part, suppose that conditions (i) and
(ii) are satisfied. This implies the existence of the matrices (K,L, M) as de-
fined in items ((a)), ((b)) and ((c)). We will now show that these matrices in-
deed constitute a stabilizing controller. Note that by condition (i), Zi/s/0 =
{(As, Bs, Cs, Ds)} with

{As BS} B [xwl x+v2}

Cs Ds| |Y_v; Y_V,

By definition of K, L and M, the matrices A + BsM and As — LC; are stable
and K = Ag + BiM — LCs — LDsM. This implies that (5.40) is stable since the
matrices

(5-47)

As BsM nd As+BsM B:M
LCs As+BsM—LC; 0 As —LCs

are similar [165, Section 3.12]. We conclude that (U_, X, Y_) are informative for
stabilization by dynamic measurement feedback and that the recipe given by
((a)), ((b)) and ((c)) leads to a stabilizing controller (K,L, M).

It remains to prove the ‘only if” part. To this end, suppose that the data
(U_, X, Y_) are informative for stabilization by dynamic measurement feedback.
Let (K,L, M) be such that %;/5/o € Xk 1 m. This means that

A BM
LC K+LDM
is stable for all (A,B,C,D) € %/5/,. Let { € R™ and 1 € R™ be such that

(" n'] [iﬂ =0.
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Note that (A +¢C",B+',C,D) € £/, if (A,B,C,D) € Z;/5/0- Therefore,
the matrix

A BM
LC K+LDM

r--T T
]+(x W' oo M]

0 0

is stable for all & € IR. We conclude that the spectral radius of the matrix

Wy :

_1[A BM ] ' m™
"« [LC K+LDM| 0 0

is smaller than 1/x. By taking the limit as ® — oo, we see that the spectral
radius of ¢ must be zero due to the continuity of spectral radius. Therefore,
¢ must be zero. Since U_ has full column rank, we can conclude that n must be
zero too. This proves that condition (i) and therefore Z;/s/, = {(As, Bs, Cs, Ds)}
Since the controller (K, L, M) stabilizes (As, Bs, Cs, Ds), the pair (As, Bg) is sta-
bilizable and (Cs, As) is detectable. By (5.47) we conclude that condition (ii) is
also satisfied. This proves the theorem. |

The following corollary follows from Lemma 5.3 and Theorem 5.9 and gives
necessary and sufficient conditions for informativity for stabilization by dy-
namic measurement feedback. Note that we do not make any a priori assump-
tions on the rank of U_.

Corollary 5.2. Let S be any full column rank matrix such that U_ = SU_ with
U_ full row rank k. The data (U_,X,Y_) are informative for stabilization by
dynamic measurement feedback if and only if the following two conditions are
satisfied:

i We have
rank R(l_] =n+k.

Equivalently, there exists a matrix [V; V,] such that

o= o]

ii The pair (X4+V7,X4V,) is stabilizable and (Y_V7,X V1) is detectable.

Moreover, if the above conditions are satisfied, a stabilizing controller (K, L, M)
is constructed as follows:

(a) Select a matrix M such that X, (V; 4+ V2 M) is stable. Define M := SM.
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(b) Choose a matrix L such that (X —LY_)V; is stable.
(c) Define K := (X, —LY_)(V; + Vo M).

Remark 5.9. In the previous corollary it is clear that the system matrices of the
data-generating system are related to the data via

& o) =[] mov

Therefore the corollary shows that informativity for stabilization by dynamic
measurement feedback requires that A and Cs can be identified uniquely from
the data. However, this does not hold for Bs and Dy in general.

5.5.2 Stabilization using input and output data

Recall that we consider a system of the form (5.38). When given input, state
and output data, any system (A, B, C, D) consistent with these data satisfies

rﬂ - {é g] [ﬁ} ‘ (5.48)

In this section, we will consider the situation where we have access to input and
output measurements only. Moreover, we assume that the data are collected on
a single time interval, i.e. q = 1. This means that our data are of the form
(U_,Y_), where

U_ = [u(0) uw(l) - w(T—1)] (5-492)
Yoi=[y(0) y() - y(T-1)]. (5.49b)

Again, we are interested in informativity of the data, this time given by
(U_, Y_). Therefore we wish to consider the set of all systems of the form (5.38)

with the state space dimension® n that admit the same input/output data. This
leads to the following set of consistent systems:

Si/0 = {(A, B,C,D) | 3X € R™*(T+1) st (5.48) holds} :

As in the previous section, we wish to find a controller of the form (5.39) that
stabilizes the system. This means that, in line with Definition 5.2, we have the
following notion of informativity:

The state space dimension of the system may be known a priori. In the case that it is not, it can be
computed using subspace identification methods, see e.g. [167, Theorem 2].
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Definition 5.9. We say the data (U_,Y_) are informative for stabilization by dy-
namic measurement feedback if there exist matrices K, L and M such that ¥;,, C
LK,L,M-

In order to obtain conditions under which (U_,Y_) are informative for sta-
bilization, it may be tempting to follow the same steps as in Section 5.5.1. In
that section we first proved that we can assume without loss of generality that
U_ has full row rank. Subsequently, Theorem 5.9 and Corollary 5.2 character-
ize informativity for stabilization by dynamic measurement feedback based on
input, state and output data. It turns out that we can perform the first of these
two steps for input/output data as well. Indeed, in line with Lemma 5.3, we
can state the following:

Lemma 5.4. Consider the data (U_, Y_) and the corresponding set Z;/,. Let S
be a matrix of full column rank such that U_ = SU_ with U_ a matrix of full
row rank.

Then the data (U_, Y_) are informative for stabilization by dynamic measure-
ment feedback if and only if the data (U_,Y_) are informative for stabilization
by dynamic measurement feedback.

The proof of this lemma is analogous to that of Lemma 5.3 and therefore
omitted. Lemma 5.4 implies that without loss of generality we can consider the
case where U_ has full row rank.

In contrast to the first step, the second step in Section 5.5.1 relies heavily
on the affine structure of the considered set %;,5/,. Indeed, the proof of Theo-
rem 5.9 makes use of the fact that Zio/s /o 18 a subspace. However, the set Z;, is
not an affine set. This means that it is not straightforward to extend the results
of Corollary 5.2 to the case of input/output measurements.

Nonetheless, under certain conditions on the input/output data it is possi-
ble to construct the corresponding state sequence X of (5.38) up to similarity
transformation. In fact, state reconstruction is one of the main themes of sub-
space identification, see e.g. [119,167]. The construction of a state sequence
would allow us to reduce the problem of stabilization using input/output data
to that with input, state and output data. The following result gives sufficient
conditions on the data (U_,Y_) for state construction.
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To state the result, we will first require a few standard pieces of notation.
First, let f(0),...,f(T —1) be a signal and { < T, then we define the Hankel
matrix of depth € as

£(0) (1) - f(T—1¢)
f(1) f(2) -+ f(T—L+1)
He(f) = : : :
fe—1) () - f(T—1)

Given input and output data of the form (5.49), and k such that 2k < T we
consider Hy (u) and Hyk (y). Next, we partition our data into so-called ‘past’
and ‘future’ data as

Hor(u) = [Eﬂ, Horly { ]

where Uy, Uy, Y, and Yy all have k block rows. Let x(0),...,x(T) denote the
state trajectory of (5.38) compatible with a given (U_, Y_). We now denote

Xp=[x(0) - x(T—2K)],
Xe=[x(k) - x(T—=X)].

Lastly, let rs(M) denote the row space of the matrix M. Now we have the
following result, which is a rephrasing of [119, Theorem 3].

Theorem 5.10. Consider the system (5.38) and assume it is minimal. Let the
input/output data (U_,Y_) be as in (5.49). Assume that k is such thatn < k <
1

> T. If

2

rank [iit&ﬂ =2km+n, (5.50)

(] o (1)

and this row space is of dimension n.

then

Under the conditions of this theorem, we can now find the ‘true’ state se-
quence Xy up to similarity transformation. That is, we can find X = SXy for
some unknown invertible matrix S. This means that, under these conditions,
we obtain an input/state/output trajectory given by the matrices

U= [uk) uk+1) - wT-k-1)], (5.51a)
Yo =[yk) yk+1) - y(T—k-1)], (5.51b)
X=S[x(k) x(k+1) -+ x(T—X)]. (5.51¢)
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We can now state the following sufficient condition for informativity for sta-
bilization with input/output data.

Corollary 5.3. Consider the system (5.38) and assume it is minimal. Let the
input/output data (U_,Y_) be as in (5.49). Assume that k is such that n <
k < %T. Then the data (U_, Y_) are informative for stabilization by dynamic
measurement feedback if the following two conditions are satisfied:

i The rank condition (5.50) holds.

ii The data (U_,X,Y_), as defined in (5.51), are informative for stabilization
by dynamic measurement feedback.

Moreover, if these conditions are satisfied, a stabilizing controller (K, L, M) such
that Z;/, € Xk, 1,m can be found by applying Corollary 5.2 ((a)),((b)),((c)) to the
data (U_, X, Y_).

The conditions provided in Corollary 5.3 are sufficient, but not necessary for
informativity for stabilization by dynamic measurement feedback. In addition,
it can be shown that data satisfying these conditions are also informative for
system identification, in the sense that ;,, contains only the ‘true’ system (5.38)
and all systems similar to it.

An interesting question is whether the conditions of Corollary 5.3 can be
sharpened to necessary and sufficient conditions. In this case it would be of
interest to investigate whether such conditions are weaker than those for infor-
mativity for system identification.

At this moment, we do not have a conclusive answer to the above question.
However, we note that even for subspace identification there are no known
necessary and sufficient conditions for data to be informative, although several
sufficient conditions exist, e.g. [119, Theorems 3 and 5], [167, Theorem 2] and
[175, Theorems 3 and 4].

56 CONCLUSIONS AND FUTURE WORK

Results in data-driven control should clearly highlight the differences and
possible advantages as compared to system identification paired with model-
based control. One clear advantage of data-driven control is its capability of
solving problems in the presence of data that are not informative for system
identification. Therefore, informativity is a very important concept for data-
driven analysis and control.
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In this chapter we have introduced a comprehensive framework for studying
informativity problems. We have applied this framework to analyze several
system-theoretic properties on the basis of data. The same framework was
used to solve multiple data-driven control problems.

After solving these problems, we have made the comparison between our
data-driven methods, and the ‘classical’ combination of identification and model-
based control. We have shown that for many analysis and control problems,
such as controllability analysis and stabilization, the data-driven approach can
indeed be performed on data that are not informative for system identifica-
tion. On the other hand, for data-driven linear quadratic regulation it has
been shown that informativity for system identification is a necessary condi-
tion. This effectively means that for this data-driven control problem, we have
given a theoretic justification for the use of persistently exciting data.

Future work

Due to the generality of the introduced framework, many different problems
can be studied in a similar fashion: one could consider different types of data,
where more results based on only input and output data would be particu-
larly interesting. Many other system-theoretic properties could be considered
as well, for example, analyzing passivity or tackling robust control problems
based on data.

It would also be of interest to generalize the model class under considera-
tion. One could, for instance, consider larger classes of systems like differential
algebraic or polynomial systems. On the other hand, the class under considera-
tion can also be made smaller by prior knowledge of the system. For example,
the system might have an observed network structure, or could in general be
parametrized.

A framework similar to ours could be employed in the presence of distur-
bances, which is a problem of practical interest. A study of data-driven control
problems in this situation is particularly interesting, because system identifi-
cation is less straightforward. We note that data-driven stabilization under
measurement noise has been studied in [42] and under unknown disturbances
in [23]. Additionally, the data-driven LQR problem is popular in the machine
learning community, where it is typically assumed that the system is influenced
by (Gaussian) process noise, see e.g. [43].

In this chapter, we have assumed that the data are given. Yet another problem
of practical interest is that of experiment design, where inputs need to be chosen
such that the resulting data are informative. In system identification, this prob-
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lem led to the notion of persistence of excitation. For example, it is shown
in [182] that the rank condition (5.8) can be imposed by injecting an input se-
quence that is persistently exciting of order n + 1. However, as we have shown,
this rank condition is not necessary for some data-driven control problems, like
stabilization by state feedback. The question therefore arises whether we can
find tailor-made conditions on the input only, that guarantee informativity for
data-driven control.
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6 INFORMATIVITY OF NOISY DATA

In the previous chapter, we saw that resolving an informativity problem
can be done in essentially two parts: First, we describe the structure of the
set of systems compatible with the data. After this, we develop methods to
test whether all systems in such a set have the required property. In this
chapter consider a situation where the measurements have noise, but where
certain system matrices are known. Using the specific affine structure that
arises, we can then develop spectral and geometric tests for a number of
properties.

6.1 INTRODUCTION

In this chapter we will study the problem of determining whether a given
unknown dynamical system has certain structural properties, based on noisy
data obtained from this system. One way to approach this problem is to use the
data to identify an explicit model representing the system, and apply a suitable,
model based, test to this model. In the present chapter we will approach the
problem from a different angle, and establish tests, directly on the noisy data,
to check structural system properties.

As a major tool, we will use the general framework of informativity of data,
recently introduced in [172]. In that paper, it was shown that the data-driven
approach can also be useful if the data do not give sufficient information to
identify the ‘true’ unknown system. In that case, a given set of data gives rise
to a whole family of system models, all of which could have given the same data.
On the basis of the data it is then impossible to distinguish between models,
and a given system property will hold for the 'true” system model only if its
holds for all models compatible with the data. Formalizing this, a set of data
is called informative for a given system property if the property holds for all
systems that could have given this set of data.

In [172], tests were established for checking whether a given set of noiseless
data is informative for controllability, stability and stabilizability. In [50], infor-
mativity of noiseless data for observability was studied. In the present chapter
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we will deal with informativity of noisy data. We will establish informativity
tests for several relevant structural system properties. More specifically, we will
study informativity for observability and detectability, strong observability and
detectability, strong controllability and stabilizability, and invertibility of linear
systems. These structural properties are relevant in in a wide range of observer,
filter and control design problems. For definitions and extensive treatments we
refer to [75,117,120,150,156,183], and [165] and the references therein.

Analysis of system properties based on data has been studied also in [106,125,
178,188], which deal with data-based controllability and observability analysis.
Whereas in the present chapter general data sets are allowed, these references
impose restrictions on the data. The paper [130] deals with the problem of
determining stability properties of input-output systems using time series data.
More recently, there has also been an increasing interest in the problem of veri-
fying dissipativity on the basis of system data. This problem has, for example,
been addressed in [22,99, 113, 143].

6.2 PROBLEM FORMULATION

In this chapter we will consider the linear discrete-time input-state-output
system with noise given by

x(t+ 1) = Aguex(t) + Bu(t) + Ew(t), (6.1a)
y(t) = Cx(t) + Du(t) + Fw(t), (6.1b)

where x € R™ is the state, u € R™ a control input, y € RP an output, and
w € R" is unknown noise. We assume that Aiue is an unknown matrix, but that
the matrices B, C, D and E, F are known. The assumption that these matrices are
known is reasonable, for example in networked systems, in which the input and
output nodes are given, but the interconnection topology is unknown. Typically,
in that context, the matrices B, C and D would be matrices whose columns only
contain 0’s and 1’s, with in each column at most one entry equal to 1. The term
Ew(t) represents process noise, whereas Fw(t) represents measurement noise.
The special case that E = 0 and F = 0 is called the noiseless case.
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We assume that we have input-state-output data concerning this unknown
‘true’ system in the form of samples of x, u and y on a given finite time interval
{0,1..., T} These data are denoted by

U_:=[u0) u(l) - wT-=1)], (6.2a)
X:=[x(0) x(1) -+ x(T)], (6.2b)
Yo :=[y(0) y() - y(T-1)]. (6.2c)

It will be assumed that the data (6.2) are ‘harvested” from the true system (6.1),
meaning that there exists some matrix

Wo=[w(0) w(l) - w(T—1)]
such that
X4 = AgueX— +BU_ +EW_, (6.3a)
Y_ =CX_ +DU_+FW_, (6.3b)
where we denote
X_ = [x(0) x(2) X(T-1)],
X4 = [x(1) x(2) x(T)]

We then say that the data are compatible with the true system (Aywe, B, C, D, E, F).
The set of all n x n matrices A such that the data (6.2) are compatible with
the system (A, B, C,D, E, F) is denoted by Agqy,, i-e.,

Adat = {A € R™™ [ IW_:

()= (¢ o) ()~ () wr 64

Let P denote some system theoretic property that might or might not hold for a
given linear system. The general problem that we will address in this chapter is
to determine from the data harvested from (6.1) whether the property P holds
for the unknown true system (A¢re, B, C, D, E, F). Since on the basis of the data
we can not distinguish between the true Ayye and any A € Ag,t, we need to
check whether the property holds for all systems (A, B, C,D, E, F) with A € Aga;.
Following [172], in that case we call the data informative for property P.

Example 6.1. For P take the property ‘(A,B) is a controllable pair’. Suppose
that on the basis of the data (U_, X, Y_) we want to determine whether P holds
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for the pair (Atrue, B) corresponding to the true system. This requires to check
whether the data are informative for property P. Using Theorem 8 in [172], it
can be shown that in the noiseless case (i.e. the case that E = 0 and F = 0) the
data (U_, X, Y_) are informative for P if and only if rank [X; —AX_ B] =n
forall A € C.

Example 6.2. For P take the property ‘the pair (C,A) is detectable’. In the
noiseless case it can be shown that the data (U_, X, Y_) are informative for P if
and only if ker C C im X_ and for all A € C with [A| > 1 we have

rank <X+ B BCL;(_,_ AX_) =rank X_.

This will be one of the results in this chapter.

Remark 6.1. We note that the case of independent process noise and measure-
ment noise is also covered by the noisy model (6.1) introduced above. The noise
matrices should then be taken of the form E = (E; 0) and F = (0 F,), while the
. . . . w1 . . Wi
noise signal is given by the vector w = (Wz) and likewise W_ = <W2> A
special case of this is that only process noise occurs, in which case F; is void and
E =E; and F = 0. In other words, in the case of independent process and mea-
surement noise we have A € Aq,; if and only if there exists a matrix W7 _ such
that X4 = AX_ +BU_ + EyWj_. The equation Y_ = CX_ +DU_ +F,W,_
can then be ignored since it does not put any constraint on A.

The purpose of this chapter is to establish necessary and sufficient conditions
on the input-state-output data obtained from (6.1) to be informative for a range
of system properties P. Throughout, we will restrict ourselves to the situation
introduced above, namely, that the state map Agye is unknown, but that the
matrices B, C and D are known. We will study both the noisy case as well as
the noiseless case. In the noisy case it will be assumed that the noise matrices
E and F are known.

The outline of the remainder of this chapter is as follows. In Section 6.3, we
will state and prove a theorem that will be instrumental in order to obtain our
results on informativity in the rest of the chapter. The theorem expresses a rank
property of the Rosenbrock system matrix of the unknown system in terms of
a polynomial matrix that collects available information about the unknown sys-
tem. In Section 6.4, this result will be applied to obtain necessary and sufficient
conditions for informativity of noisy data for the following system properties:

e strong observability and strong detectability of (A, B, C,D),
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e observability and detectability of (C,A),
e strong controllability and strong stabilizability of (A, B, C, D),
e controllability and stabilizability of (A, B).

In Section 6.5, we apply ideas from the geometric approach to linear systems,
see [165,183] to set up a geometric framework for informativity analysis for
strong observability and observability. This framework will then be applied to
the analysis of informativity for left-invertibility. Finally, in Section 6.6 we close
this chapter with concluding remarks.

63 A RANK PROPERTY FOR AN AFFINE SET OF SYS-
TEMS

In this section we will establish a general framework that will enable us
characterize informativity of input-state-output data for the properties listed in
Section II.

Let P € R™*7, Q ¢ R&™ and R € RY*™ be given matrices. Here, v and ¢{
are positive integers, and the symbol n has the usual meaning of state space
dimension. Using these matrices, we define an affine space of state matrices A
by

A:={A e R™™|R=QAPL (6.5)
It is easily seen that A is nonempty if and only if im R C im Q and ker P C kerR.
Assume this to be the case.

Now let B € R™*™, C € RP*™ and D € RP*™ be given, and for each A € A

consider the system

x(t+1) = Ax(t) + Bu(t), (6.6a)
y(t) = Cx(t) + Du(t). (6.6b)

The Rosenbrock system matrix associated with the system (6.6) is defined as

the polynomial matrix
A—sl B
( C D) . (6.7)

In addition, we we will consider the polynomial matrix

)

155



156

| INFORMATIVITY OF NOISY DATA

associated with the given matrices (P,Q,R) and (B, C,D). The following the-
orem expresses a uniform rank property of the set of system matrices (6.7),
with A ranging over the affine set A, in terms of a rank property of the single
polynomial matrix (6.8).

Theorem 6.1. Let (P, Q,R) and (B, C,D) be given. Then

A—Al B B
rank ( c D) =n+rank <D> (6.9)
forall A € A and A € C if and only if C'imD CimP and
R—AQP QB\ QB
rank < CP D ) = rank P + rank ( D > (6.10)

forallA e C .1
In addition, (6.9) holds for all A € A and A € C such that [A| > 1 if and only
ifC"1imD CimP and (6.10) holds for all A € C such that [A] > 1.

Proof. To start the proof, first observe that for any A € A:

I 0
A —Al B> <A —Al 1 O)
= 0 B]. (6.11)
< C D C 01 ( 0 D)
Note that for any pair of matrices M and N we have rank MN = rank N if

and only if ker MN = ker N. By applying this to (6.11), we see that (6.9) is
equivalent to

R R

It is straightforward to check that, in turn, this holds if and only if

(" B) ()0 o -

Similarly, note that for all A € A

R—AQP QB\ (Q(A—AI) I 0 g OB
(CP D)_(C OI)OQD'

1 For a given subspace £ and matrix M we denote by M1 L the inverse image {x | Mx € L}.
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This makes (6.10) equivalent to

<R —C?]\DQP %B> G) 0 — Py—0 (6.13)

From here on, we will prove the first statement of the theorem, noting any
changes required for the second part.

(<): Let A € Aand A € C (resp. A € C such that [A| > 1). Assume that
C~'imD C imP and (6.10) holds for A. We will prove that (6.12) holds. For

this, let & and 1 satisfy
A—Al B &\ 0
C D/\n/

Since £ € C~'imD C imP, we can write & = Pv for some v. Now, by pre-

Q O) we obtain that

0 I
(R—?\QP QB) <v) N
CP D 1 )
We can now apply (6.13) and thereby conclude that & = Pv = 0. This proves
that (6.12) holds.

(=): Assume that (6.12) holds for all A € A and A € C (resp. A € C such that
Al > 1). We will first prove that C 'imD CimP.

Let & € C " 'imD \im P, that is, 8 € im P and there exists a {t such that
Cx + D1t = 0. Without loss of generality take % and 11 as real vectors. Take any
A€ Aand p € R (resp. p € R such that |u| > 1). Let Ay be any real n x n
matrix such that QAoP = 0 and Agk = —(A — ul)k — B{.. Note that such matrix
exists as & € im P and —(A — ul)& — Bil is a real vector. Now define A := A + Ay.

Note that A € A and _
A—ul B) (%) 0
C D)\t
By (6.12), we see that X = 0, which contradicts with x ¢ imP. Therefore

C'imD CimP.
We now move to proving (6.13). Let A € C (resp. A € C such that [A| > 1),

and let v and 1 satisfy
R—AQP QB) [v) _ 0
CP D n)

Denote & = Pv, then we see that C&+ D = 0 and (A —AI)E + Bn € ker Q for
any A ¢ A.

multiplying with (
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We will prove (6.13) holds in three separate cases: First, we prove the state-
ment for real A. For complex A we consider the cases where the real and com-
plex parts of & are linearly dependent and where these are linearly indepen-
dent.

First suppose that A € R. Then, without loss of generality, v and n are real,
and as such & is real. Suppose that & # 0, and take any A € A. Let Ay be any
real n x n matrix such that Ag§ = —(A — AI)§ — Bn and QAP = 0. Such a
matrix exists as —(A —Al)E, — Bn € ker Q and is a real vector and & # 0. Now
take A = A + Ap. Then it is immediate that A € A and:

SR

As (6.12) holds for A by assumption, we see that & = 0, which leads to a
contradiction. Therefore & = 0.

Now consider that case where A ¢ IR. Suppose that the real and complex
parts of & are linearly dependent. Therefore, there exist real scalars «, 3 € R
and a real vector r such that & = («x +ip)r. Let f = (« —ip)& = (a? + p2)r. Let

A € A, then:
QA—AD) QB P o
( C D) ((ociﬁ)n) -

Denote A = a+ bi, where b # 0, and (« —1if)n = 17 +iny. Then we see that:
QA—al)*+QBny = —b#+QBny =0 and C#+Dny =Dny =0. Letp € R
(resp. p € R such that [ > 1). Note that

<Q(A—p1) QB> ( b ) e
C D ) \bn + (L—an2 '

As pis real, we can now apply the previous part of the proof to note that b =0,
which holds only if & = 0.

Now suppose that & = Pp +iPq, where Pp and Pq are linearly independent.
If we take any A € A, we know that Q(A —AI)&+ QBn = 0, and that we can
denote (A —AI)E + Bn = ¢ + (21, where (3, (; € ker Q. Take Ay any real map
such that AgPp = —1, AoXq = —(; and QApP = 0. Such a map exists as
Pp and Pq are linearly independent. Now take A = A + Ag, then A € A and

clearly .
A—Al B\ (&) _
(e o)) =0

Using (6.12), this implies that & = 0. This is a contradiction with the fact that
Pp and Pq are linearly independent. |
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64 DATA DRIVEN INFORMATIVITY ANALYSIS

In this section we will apply Theorem 6.1 to obtain necessary and sufficient
conditions for informativity of input-state-output data for the system proper-
ties listed in Section II. For a given system (6.6) we will denote by x(t,xo, 1)
and y(t, xp, u) the state and output sequence corresponding to the initial state
x(0) = xp and input sequence u.

6.4.1 Informativity for strong observability and detectability

We first briefly review the properties of strong observability and strong de-
tectability (see also [165]).

Definition 6.1. The system (6.6) is called strongly observable if for each xop € R™
and input sequence u the following holds: y(t,xo,u) =0 for all t € Z_ implies
that xo = 0. The system is called strongly detectable if for all xo € R™ and every
input sequence u the following holds: y(t,xo,u) = 0 for all t € Z, implies
that lim¢_, 0 x(t, xo,u) = 0.

For continuous-time systems, necessary and sufficient conditions for strong
observability and strong detectability were formulated in [165]. It can be ver-
ified that also the discrete-time system (6.6) is strongly observable (strongly
detectable) if and only if the pair (C + DK, A 4+ BK) is observable (detectable)
for all K. It is also straightforward to verify the following.

Proposition 6.1. The system (6.6) is strongly observable if and only if for all

AeC
A—Al B B
rank ( C D) =n+rank (D) . (6.14)

The system (6.6) is strongly detectable if and only if (6.14) holds for all A € C
such that [A| > 1.

As in Section III, we now consider the situation that only the matrices B, C
and D are given, and that the matrix A can be any matrix from the affine set
(6.5) with P,Q and R given matrices. By applying Theorem 6.1 we then get
the following necessary and sufficient conditions for strong observability and
strong detectability of all systems (6.6) with A ranging over the affine set A.
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Theorem 6.2 (Uniform rank condition). Let (P, Q,R) and (B, C, D) be given ma-
trices. Then (6.6) is strongly observable for all A € A if and only if C~'im D C
im X and for all A € C we have

rank <R —C7]\>QP %B> = rank P + rank <%B> . (6.15)

Similarly, (6.6) is strongly detectable for all A € A if and only if C~'imD C
im P and (6.15) holds for all A € C such that [A| > 1.

Proof. This follows immediately by combining Proposition 6.1 and Theorem 6.1.
|

We will now apply the previous result to informativity of input-state-output
data. Suppose the data are (U_,X,Y_). Recall Definition (6.4) of the affine
set Agat of all n x n matrices A such that the data are compatible with the
system (A,B,C,D,E,F). We want to obtain conditions under which the data
are informative for strong observability and for strong detectability. To this
end, let (M N) be any matrix such that

ker(M N) =im (E) . (6.16)
Then we have A € Ay, if and only if R = MAX_ with

R:= (M N) (Y EEXBEDU) . (6.17)

The following then immediately follows from Theorem 6.2.

Theorem 6.3. The data (U_,X,Y_) are informative for strong observability if
and only if C~!im D C im X_ and for all A € C we have

<R —AMX_ MB
rank

MB
cxX_ D ) = rank X_ + rank ( > , (6.18)

D

where R is given by (6.17).
The data are informative for strong detectability if and only if C~"imD C
im X_ and (6.18) holds for all A € C with |A| > 1.

In the case of independent process and measurement noise (see Remark 6.1),
in which E = (E4 0) and F = (0 F2), we have A € Aq,; if and only if there exists
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a matrix Wj_ such that X; = AX_ +BU_ +E;W;_. Thus, A € Ay, if and
only if R = MAX_ with

R:=M(X; —BU_), (6.19)
and M such that kerM = imE; = imE. In this case, the formulation of Theo-
rem 6.3 holds verbatim with this M, and the new R given by (6.19).

Finally, for the special case E = 0 (the case with no process noise), we have
A € Agq if and only if R = AX_ with

R: =Xy —BU_, (6.20)

In that case, Theorem 6.3 holds verbatim with M = I;; and R given by (6.20).

6.4.2 Informativity for observability and detectability

Next, we turn to characterizing informativity of the data for the properties
of observability and detectability. Consider the system

x(t+ 1) = Ax(t), y(t) = Cx(t). (6.21)
The Hautus test states that (6.21) is observable (detectable) if and only if

A —Al
rank( c ) =n

for all A € C (for all A € C with [A| > 1).

Now, take the situation that only C is known, that matrices P, Q and R are
given, and that A can be any matrix from the affine set A given by (6.5). By
applying Theorem 6.7 to the special case B = 0 and D = 0, we then obtain the
following.

Corollary 6.1 (Uniform Hautus test). Let (P,Q,R) and C be given matrices.
Then (6.21) is observable for all A € A if and only if ker C C im P and for any

A € C we have
R—AQPY
rank ( CP ) =rank P. (6.22)

Similarly, (6.21) is detectable for all A € A if and only if ker C C im P and (6.22)
holds for all A € C such that [A| > 1.

We now apply the previous result to the situation that input-state-output
data on the system are available, as explained in Section II. As before, suppose
the data are (U_, X, Y_) and consider the affine set A4,; of all n x n matrices
given by (6.4). The next result establishes conditions under which the data are
informative for observability and for detectability.
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Corollary 6.2. Let (U_,X,Y_) be given input-state-output data. Let (M N)
be any matrix such that (6.16) holds. Let R be given by (6.17). The data are
informative for observability if and only if ker C C im X_ and for all A € C we

have
R—AMX_
rank ( X ) =rank X_. (6.23)

The data are informative for detectability if and only if ker C C im X_ and (6.22)
holds for all A € C with [A| > 1.

Again, in the special case that the process noise and measurement noise are
independent, Corollary 6.2 holds verbatim with M such that ker M =im E and
R given by (6.19). For the case that there is no process noise, in the rank test
(6.23) we should take M = I, and R given by (6.20).

Example 6.3. As an example, consider the system (6.1) with

0 1 0 1
Atrue_<2 O)/B_<]>/E_(O>/

C=( 0),D=0, F=0.
Suppose that the following data are given:

U_ = (1 1),x:<g ? f),vz(o 0). (6.24)

These data are indeed compatible with the true system, since (6.3) holds with
W_ = (0 1). Itis easily verified that

b
Adat = { <: 0> la,b,c € R}.

We will check whether the data are informative for strong detectability. Take
M = (0 1). Since F = 0 we have R = M(X,_. —BU_) = (0 0), MX_ = (0 1),
CX_ = (0 0), MB = 1. The condition C~'imD C imX_ is satisfied, so
informativity for strong detectability holds if and only if

0 —A 1
rank ( 0 0 0) =2
for [A| > 1, which is clearly not the case. We now check informativity for
detectability. This requires ker C C im X_ and

0 —A
rank(o O)z]
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for |A| > 1. Both conditions indeed hold. On the other hand, the data are not
informative for observability since the rank condition fails for A = 0. If, in
the example, we modify C and take C = (0 1), and accordingly Y_ = (0 1),
then the data are still not informative for strong observability. In that case the
rank condition does hold for all A € C, but the condition C~'imD C im X_ is
violated.

Remark 6.2. For the noiseless case, without proof we mention that if, apart
from Agye, also Cirye is unknown (but B and D are still known), then both
for informativity for observability and detectability a necessary condition is
that X_ has full row rank. As illustrated in Example 6.3, this is no longer the
case if Cirye is known. Since Xy = AgueX— +BU_ and Y_ = CyueX_ +DU_,
this implies Ayue = (X4 — BU_)XE and Cyye = (Y- — DU_)XT, for any right-
inverse XT, of X_. Hence, in that case the data are informative for observ-
ability (detectability) if and only if X_ has full row rank, and the pair ((Y— —
DU,)XT_, (X4 — BU,)XT_) is observable (detectable). The unknown Ayue and
Cirue are then uniquely determined by the data.

6.4.3 Informativity for strong controllability and stabilizability

For the system (6.6), the dual properties of strong observability and strong
detectability are strong controllability and strong stabilizability. These proper-
ties can be defined in terms of trajectories of the system. Here, for brevity,
we define (6.6) to be strongly controllable (strongly stabilizable) if the pair
(A4 LC,B+LD) is controllable (stabilizable) for all L. From this it is imme-
diate that (6.6) is strongly controllable (strongly stabilizable) if and only if the
dual system (AT,CT,BT,DT) is strongly observable (strongly detectable). As
before, assume that B, C and D are given, but that A can be any matrix from the
affine set A :=={A € R™*™ | R = QAP}, where P, Q and R are given. Obviously,
A € Aifand only if AT satisfiesRT = PTATQT. The above observations make
the following a matter of course.

Corollary 6.3. Let (P,Q,R) and (B,C,D) be given. Then (6.6) is strongly con-
trollable for all A € A if and only if ker Q C BkerD and forall A € C

rank <R 7C}]\3QP %B) =rank Q +rank (CP D). (6.25)

Similarly, (6.6) is strongly stabilizable for all A € A if and only if kerQ C
B ker D and (6.25) holds for all A € C such that [A\| > 1.
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Since a given pair (A, B) is controllable (stabilizable) if and only if the quadru-
ple (A, B, 0,0) is strongly controllable (strongly stabilizable), the following also
follows immediately.

Corollary 6.4 (Uniform Hautus test). Given (P, Q,R) and B, the pair (A, B) is
controllable for all A € A if and only if ker Q C im B and for any A € C

rank (R—AQP QB) = rankQ. (6.26)

Furthermore (A, B) is stabilizable if and only if ker Q C im B and (6.26) holds
for all A € C such that [A| > 1.

By appying the above in the context of informativity, we immediately obtain
the following.

Corollary 6.5. Let (M N) be such that (6.16) holds. Given the data (U_—,X,Y_),
let R be given by (6.17). The data are informative for strong controllability if
and only if ker M C im B and for all A € C we have

rank R—AMX_ MB
CX= D

) =rank M + rank(CX_ D). (6.27)

The data are informative for strong stabilizability if and only if ker M C im B
and (6.27) holds for all A € C with [A| > 1.

Corollary 6.6. Let (M N) be such that (6.16) holds and let R be given by
(6.17). The data (U_,X,Y_) are informative for controllability if and only if
ker M C im B and for all A € C we have

rank (R—AMX_ MB) = rank M. (6.28)

The data are informative for stabilizability if and only if kerM C imB and
(6.28) holds for all A € C with |A| > 1.

As before, in the special case of independent process and measurement noise,
Corollary 6.5 and 6.6 hold verbatim with M such that ker M = im E and R given
by (6.19). In this special case, the rank test for controllability and stabilizability
can be simplified to rank M (X;. —AX_ B) =rankM forallA € C,and A € C
with [A| > 1, respectively.

If there is no process noise, in the rank tests (6.27) and (6.28) we should
take M = I, and R = Xy —BU_. For this special case, the rank test for
controllability and stabilizability can even be simplified to

rank (X; —AX_ B)=n (6.29)

forall A € C, and A € C with [A| > 1, respectively.
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Remark 6.3. The rank test (6.29) can also be derived from [172, Theorem 8].
Indeed, that theorem states that all pairs (A, B) that satisfy the linear equation
X4 = AX_ 4 BU_ are controllable if and only if rank (X, —AX_) = n for all
A € C. This result can be applied to our set up, where we assume that only A
is unknown and that B is given. Indeed, by defining ‘new data’ by

Koo= [Xe B]LXCi=[XC 0],0=[U_ In], (6.30)

we have that a matrix A satisfies X, = AX_ 4+ BU_ if and only if (A, B) satisfies
X4 = AX_ +BU_. By applying [172, Theorem 8] to the new data (6.30) we then
get that (A, B) is controllable for all A satisfying X, = AX_ +BU_ if and only
if (6.29) holds.

Example 6.4. Again take as the true system the one specified in Example 6.3.
Also, let the data be given by (6.24). Note that the condition kerM C imB
is violated, so the data are neither informative for strong controllability nor
for strong stabilizability. They are also not informative for controllability or
stabilizability.

65 A GEOMETRIC APPROACH TO INFORMATIVITY

It is well known, see for example [165], that observability and strong ob-
servability also allow tests in terms of certain subspaces of the state space,
more specifically, the unobservable subspace and weakly unobservable sub-
space. Properties of the weakly unobservable subspace also characterize left-
invertibility of the system. In this section we will use these ideas to characterize
informativity for strong observability, observability and left-invertibility.

Again consider the system (6.6). We call a subspace V C R™ output-nulling
controlled invariant if

{é} V CVx{0}+im [g] , (6.31)

(see [117,165]). Since any finite sum of such subspaces retains this property,
there exists a unique largest output-nulling controlled invariant subspace, which
will be denoted by V(A, B, C, D). This subspace is called the weakly unobservable
subspace of the system (6.6). The system (6.6) is strongly observable if and only
if V(A, B, C,D) ={0}, see [165, pp. 159-160 and Theorem 7.16].

Now, again consider the situation that the matrices B, C and D are specified,
but that A can be any matrix from the affine set A given by (6.5), where the
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matrices P € R™*7, Q € R*™ and R € R**™ are given. We consider the set of
all subspaces § C R" that satisfy the following inclusion:

{gp} J C QPJ x {0} +im {%B] . (6.32)

It is easily verified that any finite sum retains this property, and therefore there
exists a largest subspace of IR™ that satisfies the inclusion (6.32). We will denote
this subspace by J*.

Remark 6.4. It is straightforward to check that J* can be found from B, C, D, P, Q
and R in at most 1 steps by letting Jo = R", and iterating

1
Jiv1 = [CRP} (QPHt x {0} +im [QDB]> . (6.33)

The following result will be instrumental in the remainder of this section.

Theorem 6.4. Let (P,Q,R) and (B, C,D) be such that C~'imD C imP. Then
the following hold:

1. For all A € A, we have V(A,B,C,D) C Pg*.
2. There exists A € A such that PJ* C V(A, B, C,D).

Proof. (1): Assume that C'imD C imP holds. Let A € A and let V C R™
be an output nulling controlled invariant subspace. Note that CV C im D, and
therefore there exists a subspace J such that V = PJ. We now see that

R Q 0)\[A . [QB
&)= (3 1) o] oo [

Due to the definition of J*, we then obtain V(A,B,C,D) C PJ*.
(2): Let J satisfy (6.32). Then for any A € A and x € PJ there exists u € R™
such that:
Cx+Du=0, and QAx+ QBue QPJ.

This implies that
Ax+BuC Q 'Q(Ax+Bu) C Q 'QPJ = PJ + ker Q.

Now let {x1, ..., xx} be a basis of the subspace PJ. We can use the previous to
write Ax; +Buy = yi +zi, where Cx; + Duy = 0, y; € PJ and z; € kerQ.
Let Ay be any real n x n matrix such that Agpx; = —z; fori = 1,...,k and
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QAP = 0. Then, if we define A = A+ Ay, we see that A € A. By definition
Axi +Buy = yi € PJ, and therefore, if we write V = PJ, we have:

[é\] VCVx{0}+im {g}

Therefore PJ C V(A, B, C, D), proving that PJ* C V(A,B,C,D). [ ]

Using Theorem 6.4 we immediately obtain the following.

Theorem 6.5. Let (B,C,D) and (P,Q,R) be given. Then the system (6.6) is
strongly observable for all A € A if and only if C~"im D C im P and J* C ker P.

Proof. From Theorem 6.2 we see that C~"imD CimPisa necessary condition.
The rest follows from Theorem 6.4. [ |

The procedure can be mimicked in order to characterize observability. For the
system (6.21), the unobservable subspace N is the largest A-invariant subspace
contained in ker C, and (6.21) is observable if and only if N = {0}. In the
situation that only C and matrices (P, Q, R) are given, while A can be any matrix
in the affine set A, we should look at the largest subspace L C R" with the
properties that

RL C QPL and CPL = {0}. (6.34)

Denote this subspace by £*. Then we have

Corollary 6.7. Given (P,Q,R) and C, then (6.21) is observable for all A € A if
and only if ker C Cim P and £* C kerP.

The subspace £* is obtained in at most T steps by applying the iteration (6.33)
with B=0and D =0.

We now very briefly put the above in the context of informativity of input-
state-output data. As before, let (LL_, X, Y_) be the noisy data obtained from the
system (6.1). Let (M N) be any matrix such that (6.16) holds. Then, by Theorem
6.4, these data are informative for strong observability of (6.6) if and only if
C'imD Cim X_ and J* C ker X_, where J* is the largest subspace satisfying
(6.32) with R given by (6.17), P = X_ and Q = M. Likewise, informativity for
observability holds if and only if ker C € im X_ and £* C ker X_.

Obviously, the above can, again, be dualized to obtain alternative tests for
informativity for controllability and strong controllability. We omit the details
here. Instead, we will turn to informativity for the property of left-invertibility
of the system (6.6) now. We briefly recall the definition.
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Definition 6.2. The system (6.6) is called left-invertible if for each input sequence
u the following holds: y(t,0,u) =0 for all t € Z_ implies that u(t) = 0 for all
te”Z.,.

The following characterization of left-invertibility was given in [165, Thm.
8.26].

Proposition 6.2. The following are equivalent:

1. The system (6.6) is left-invertible.
2. V(A,B,C,D)nBkerD = {0} and (g) has full column rank.

The next result then, again, follows from Theorem 6.4.

Theorem 6.6. Let (P,Q,R) and (B, C,D) be given. Assume that C'imD C
imP. Then the system (6.6) is left-invertible for all A € A if and only if Pg* N

BkerD = {0} and <g> has full column rank.

As before, this can immediately be applied in the context of informativity.
We omit the details.

Remark 6.5. Note that Theorem 6.6 requires C 'imD C im P, which, unfor-
tunately, for left-invertibility for all A € A is not a necessary condition. This
can be seen, for example, by taking D = I. Then, regardless of our choice of
(P,Q,R), B and C, we see that (6.6) is left-invertible for all A € A. However,
in this case C~'im D = R", so the condition C~'im D C im P is violated if P
does not have full row rank.

To conclude this section, we note that Theorem 6.6 can be dualized in a
straightforward way to obtain a characterization of right-invertibility for all
A € A, and conditions for informativity of data for right-invertibility. Again,
we omit the details.

To illustrate the the theory developed in this section we give the following
example.

Example 6.5. Consider the system (6.1) with

01 00 1 0

0 01 0 0 0
Atrue - 0 0 O -] 7 B - 0 7 E - 0 ’

0 0 0 O 0 1
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Since there is only process noise, we should take M such that ker M = imE.
Define

10 00 0 0 1

01 00 010
M= 00 1 ol and R=M(X, —BU_)= 1 0 0

00 00 0 00

It is easily verified that
aig 1 0 0
- anzq 0 1 0 B
Adat = as; 0 0 ;| lajeR

aq1 Q42 043 Q44

Note that C~"im D C im X_. In this case J* = R3, and therefore the data are
not informative for strong observability. On the other hand, £* = {0}, proving
that we do have informativity for observability.

If we modify our system by taking B = ej, the ith standard basis vector
in R* (i = 2,3,4), and adapt the data X accordingly, we get J* = R*~t x
{0}*~1. This means that X_J* = {0}' x R*~*. Thus, only for i =4, the data are
informative for strong observability. For i = 2, 3,4 the data are informative for
left-invertibility.

6.6 CONCLUSIONS

In this chapter we have given necessary and sufficient conditions for infor-
mativity of noisy data obtained from a given unknown system for a range of
system properties. These conditions are in terms of rank tests on polynomial
matrices that can be constructed from these noisy data. The main instrument
used to obtain these tests was a general theorem that expresses a rank prop-
erty of the Rosenbrock system matrix of an unknown system in terms of a
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polynomial matrix that collects available information about that system. We
have also set up a geometric framework for informativity analysis. Within that
framework we have found geometric tests for informativity of data for strong
observability, observability, and left-invertibility.

Within the framework of this chapter, no assumptions are made on the noise
samples, and in that sense our noise model is very general. On the other hand,
complete knowledge on how the noise influences the system is assumed to be
available (via E and F). A drawback of this noise model is that in some situ-
ations it may not be possible to draw conclusions on the system on the basis
of data. For example, if within our framework E = I and F = 0, it is impos-
sible to draw conclusions from data, no matter how many input/state/output
samples have been collected. An interesting problem for future research would
therefore be to investigate data-driven analysis from noisy data under the as-
sumption that the noise samples W_ are bounded. Relevant noise models with
bounded noise samples have, for example, been proposed in [23,42,99,173].

As an extension of the work in this chapter we also see its generalization
to the case that, apart from the A-matrix of the unknown system, also (parts
of) the matrices B, C and D are unknown. Finally, it would be interesting to
apply Theorem 6.1 in the context of structured systems, where specific entries
of the system matrices are constrained to satisfy certain linear equations, and
the remaining entries are arbitrary.
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PROCESSES

In this chapter, we will bring together the two parts of this thesis. In
particular, we will work on informativity conditions for data collected from
a convex process. This will highlight a number of appealing properties of
both the framework of convex processes and that of informativity.

7.1 INTRODUCTION

This chapter deals with the question: what can be inferred from an unknown
constrained linear system on the basis of state measurements? A similar ques-
tion, for unconstrained systems, has recently led to the development of the
informativity framework in [172]. The observation at the center of this framework
is that we can only conclude that the unknown system has a given property
if all systems compatible with the measurements have this property. In the
context of linear systems this has lead to, among others, results for analysis
problems in [49] and control problems in [166, 170]. Parallel to the work per-
formed within this framework, similar analysis problems are addressed in [99],
while control problems are addressed in [23, 42].

In contrast to this earlier work, we will be focusing on conically constrained
linear systems. Such conic constraints often arise naturally in modeling, taking
the form of e.g. nonnegativity constraints on the input or states. Specifically,
we will be looking at the class of difference inclusions of the form

Xk4+1 € Hixi)

where H : R™ = IR™ is a convex process, that is, a set-valued map whose graph
is a convex cone. It it straightforward to show that any conically constrained
linear system can be written as such a system and vice versa. Such differ-
ence inclusions arise naturally in many different contexts, including chemical
reaction networks [7], von Neumann-Gale economic growth models [110] and
cable-suspended robots [86,126]. Lastly, as shown in e.g. [11, 61], difference
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inclusions of convex processes can be used as meaningful approximations of
more complex set-valued maps.

The many applications of convex processes have led to interest in the analysis
of such systems. In particular, this chapter will consider the system-theoretic
properties of reachability and null-controllability. For a given convex pro-
cess, tests for these properties have been developed in terms of spectral con-
ditions. First among these were the characterizations of reachability and null-
controllability in [14, 132]. However, the aforementioned characterizations only
regard strict (nonempty everywhere) convex processes, which limits the appli-
cability for our goals. In [45] both of these results are generalized to work for a
class of nonstrict convex processes. In this chapter, the characterizations of [45]
will be fundamental in our investigation of informativity. In particular, we will
be interested in analyzing whether these system-theoretic properties hold for
all convex processes compatible with a measured state trajectory.

Apart from the aforementioned work, some results in data-driven analysis
and control should be mentioned. With regard to unconstrained linear systems
[130] analyzes stability of an input/output system using time series data. The
works [106,125,178,188] deal with data-based controllability and observability
analysis. Lastly, many methods arising from Model Predictive Control (MPC)
are well suited to constrained systems. For an overview of such methods, we
refer to [115,116]. More specifically, MPC has recently been brought into a
data-based context in [41,133].

The contribution of this chapter is threefold:

1. We expand the informativity framework of [172] towards the class of
convex processes. This framework will naturally lead to the formula-
tion of a number of problems. In particular, we will illustrate the frame-
work by resolving the problems of informativity for reachability and null-
controllability.

2. We develop explicit tools to manipulate and perform analysis on convex
processes with a polyhedral graph. Assuming polyhedrality will allow us
to represent convex processes and the conditions required for reachability
and null-controllability in a convenient way.

3. Lastly, we note the fact that polyhedral convex processes naturally arise
from the aforementioned informativity problems with finite measurements.
This allows us to combine the previous points to formulate tests on mea-
sured state data to conclude that all convex processes consistent with the
data are reachable or null-controllable.
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This chapter is organized as follows: We begin in Section 7.2 with defini-
tions of convex process and reachability and null-controllability. After this,
Section 7.3 introduces informativity and formally states the problem we will
consider in this chapter. In Section 7.4, we will present some known results
regarding the analysis of convex processes, which will be applied in Section 7.5
to our problem. We finalize the chapter with conclusions in Section 7.6.

7-2 CONVEX PROCESSES

Given convex sets §, T C IR™ and scalar p € R we define the sum and scalar
multiplication of sets as:

8§+ T:={s+t|se§,teT}, pS:={ps|secsS}h

We denote the closure of 8§ by cl8. A convex cone is a nonempty convex set that
is closed under nonnegative scalar multiplication.

A set-valued map, denoted H : R™ = R™ is a map taking elements of R™ to
subsets of R™. It is called a convex process, closed convex process or linear process
if its graph

gr(H) :=={(x,y) € R™ x R™ |y € H(x)}
is a convex cone, closed convex cone or subspace, respectively.

The domain and image of H are defined as dom(H) = {x € R™ | H(x) # @} and
imH={y e R":3xs.t. y € H(x)}. If dom(H) = R™, we say that H is strict.

In this chapter we consider systems described by a difference inclusion of the
form

X1 € Hixy) (7.1)
where H : R™ = R™ is a convex process. Our main motivation for considering
this class of systems is the fact that this class of systems captures the behavior
of all linear systems with convex conic constraints. This will be made explicit
in the following example.

Example 7.1. Consider states xi in R™ and inputs uy € R™. Let A and B be
linear maps of appropriate dimensions and let ¢ C R™"™ be a convex cone.
Consider the linear system with conic constraints given by:

Xk4+1 = Axk + Buy, L)iﬂ e C. (7.2)

Note that this description can be applied to any combination of input, state and
output constraints.
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We can describe the dynamics of (7.2) by the difference inclusion (7.1) with
the convex process H defined by:

H(x) := {Ax—i—Bu’ H c e}.
u

This reveals that we can study the properties of conically constrained linear
systems by studying convex processes, without any loss of generality.

Next, we define a number of sets associated with the difference inclusion
(7.1). A g-step trajectory is a (finite) sequence Xy, ..., xq such that (7.1) holds for
all k < q. We define the q-step behavior as:

By (H) := {(xk)gzo € (R™)9+1 | (x) satisfies (7.1)}.
Using this, we define the reachable and null-controllable sets by:

R(H) = {Er | EIq/ (Xk)EZO S %q(H) s.t. X0 = O,Xq = E},
N(H) = {&13q, (xx)]_y € Bq(H) s.t. xo = &,xq =0}

We say that a point & € R™ is reachable if & € R(H). That is, there exists a
g-step trajectory from the origin to &. Similarly, we say a point £ € R™ is
null-controllable if & € N(H).

By a trajectory of (7.1), we mean a sequence (xy )xeN such that (7.1) holds for
all k > 0. The behavior is the set of all trajectories:

B(H) := {(xk) e (RN | (xy)isa trajectory of (7.1)}.

The set of feasible states of the difference inclusion (7.1) is the set of states
from which a trajectory emanates:

F(H) :={&] I(xk) € B(H) with xp = &}.

Clearly, if H is a convex process, then F(H) is a convex cone.

It is important to stress that in general not every point in the state space is
feasible: In Example 7.1, if we consider a point x¢ for which no uy satisfies the
constraints, we have that H(xp) = @. This means that x( is not a feasbile point.
As there is no need to reach or control states that violate the constraints, we say
the system (7.1) is reachable or null-controllable if every feasible state is reachable
or null-controllable respectively. In terms of the previously defined sets, these
can be written as F(H) € R(H) and F(H) C N(H) respectively.

It is important to note that, as is the case for discrete-time linear systems,
reachability and null-controllability are not equivalent notions.
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7-3 PROBLEM FORMULATION

In this chapter we are interested in analyzing the properties of an unknown
system based on measurements performed on it. We will assume that the
system under consideration is given by

Xk+1 € Hs(xk)

where H; is an unknown convex process. However, we do have access to a
number of exact state measurements corresponding to (q—step) trajectories of
Hs. It is clear to see that we can view a single q—step trajectory as q separate
1—step trajectories. Therefore, without loss of generality, we assume that we
measure single steps. That is, we are given a finite number of pairs (xy,yx) €
gr(Hg), withk=0,...,T

Suppose that we are interested in characterizing reachability of Hs. As Hg
is unknown, it is indistinguishable from all other convex processes that could
have generated the measurements. Therefore, we may only conclude that H; is
reachable if all convex processes that are compatible with the data are reachable.
This motivates the following definition. Let X denote the set of all convex
processes H : R™ = R™ and let D C R™ x R™ be a finite set of measurements.
Define the set of all convex processes compatible with these measurements by:

Ip={HeX|DCgr(H)}. (7-4)

Recall that, in order to characterize whether H; is reachable, we require all
convex processes compatible with the measurements to be reachable. As such,
we say that the data D are informative for reachability if every H € L is reachable.
In a similar way we define informativity for null-controllability.

Note that informativity is fundamentally a property of the data and the sys-
tem class, but not of the system Hj. This leads to the following problem formu-
lation:

Problem 7.1. Provide necessary and sufficient conditions on the data D under
which the data are informative for reachability or null-controllability.

Remark 7.1. Following Example 7.1, it is clear that all convex processes consis-
tent with the data are reachable if and only if all conically constrained linear
systems consistent with the data are reachable. As these problems are equiv-
alent we will only focus on formulations in terms of convex processes in the
remainder of this chapter.

It should be noted that, in certain cases, the informativity problem can be
resolved trivially, as shown by the following example.
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Example 7.2. Let n = 1, and assume that we measure the 2-step trajectory given
by xo =0, x1 =1, and x, = —1. Then we have D ={(0,1), (1,—1)}.

Note that nonnegative scalar multiples of these measurements are also (finite
step) trajectories of any convex process in L. As such, it is clear that for any
o, 3 > 0 we have 2-step trajectories yo =0,y = o, y» = —xand zp =0, z1 =0,
zy = 3. Furthermore, the sum of two such 2-step trajectories is one as well.
Therefore (0, 3 — «) € B,(H) for any H consistent with the data. As such,
R(H) =R for any H € .

In general, however, resolving the problem is not this straightforward. To
be precise, it is made difficult by two things. First of all, apart from trivial
examples, the set L contains infinitely many convex processes. As such, it is
usually not possible to take an approach based on identification. In addition,
there may not exist q for a convex process H such that

RH):={& | Ix)_y € Bq(H) s.t. xo = 0,xq = &}

Therefore, testing whether a given convex process is reachable or null-controllable
is a nontrivial problem in itself (see e.g. [14,45]).

7-4 ANALYSIS OF CONVEX PROCESSES

By definition a convex cone € is closed under conic combinations: If cq, ...,cq €

C then
¢

Z xici € C Voy = 0.

i=1
The set of all conic combinations of a set 8 is called the conic hull and is denoted
by cone 8. If there exists a finite set § such that C = cone § we say that C is finitely
generated or polyhedral. We denote the set of vectors of length £ with nonnegative
and nonpositive elements by RY and R* respectively. Then, if M € R**¢ and
8 is the set of columns of M, we have that

cone§ = MIR'_ZF. (7.5)
For a nonempty set € C R™, we define the negative and positive polar cone,
respectively,
CT={yeR™|{x,y) <0 V¥xecC}
Cri={yeR™|(x,y) =0 VxeC}L
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Given sets € and 8, we have that (67)~ = cl(cone @), and:
(C+8) =€ N8, (EN§) ™ =cl(C™ +87). (7.6)

Let A be a linear map and let #~' denotes the inverse image, thatis, A=~ =
{x | Ax € €7}. Then if C is a convex cone we have that (see e.g. [12, Theorem
2.4.3]):
(ATe) =A""e . (7.7)
The aforementioned properties also hold for the positive polar cone.
Let H : R™ = R™ be a convex process. We define negative and positive dual
processes H™ and H* of H as follows:

peH (q) < (p,x)
peH'(q) <= (p,x)

(q,y) V(xy)egr(H), (7.8a)
(q,y) Y(xy) € gr(H). (7.8b)

Note that H" (q) = —H ™ (—q) for all q. If H is a closed convex process, we
know that (H*)™ = H and

H(0) = (dom(H™"))™ = (dom(H ™))™ (7.9)

2
<

It is straightforward to check that

e e I [ G B I U A

For a convex cone € C R™, we define lin(€) = —€N € and Lin(€) = € — C. We
can now define two linear processes L _ and L, associated with H by

gr(L_) :=lin (gr(H)) and gr(L) := Lin (gr(H)). (7.11)
By definition, we therefore have
gr(L_) C gr(H) C gr(Ly). (7.12)

It is clear that L and L, are, respectively, the largest and the smallest (with
respect to the graph inclusion) linear processes satisfying (7.12). We call L_ and
L, respectively, the minimal and maximal linear processes associated with H.
If H is not clear from context, we write L_(H) and L, (H) in order to avoid
confusion.

If L is a linear process it is clear that the negative and positive dual processes
are equal, which allows us to denote it by L+ := L~ = L*. In fact, the mini-
mal and maximal linear processes associated with a convex process enjoy the
following additional properties:

L_(H)=L_(H") =Lz, (7.13a)
Ly(H)=LyH") =L (7.13b)
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For the reachable and null-controllable sets of L_ and L we use the following
shorthand notation:

R_ = IR(Lf), RJF = :R(L+)

N_:= N(Lf), NJr = N(LJr)

We denote the image of a set § under a convex process H by H(S) = {y €
R™ | 3x € 8§ s.t. y € H(x)}. A direct consequence of this definition is that

H(8) = 1[0 In] (gr(H)N(8 xR™)). (7.14)

We can define powers of convex processes, by taking H® equal to the identity
map, and letting for q > 0:

H9F1(x) := H(HY(x)) Vx € R™.

We can define the inverse of a convex process by H '(y) ={x |y € H(x)}. Note
that this is always defined as a set-valued map. For higher negative powers of
H we use the shorthand: H ™ (x) = (H~1)"(x).

Let L : R™ =2 R™ be a linear process, then we know that F(L) = L™ (R")
and R(L) = L™(0). In addition

FLH) =R, (7.152)

R(LY) = F(L)*. (7.15b)

We will characterize reachability in terms of spectral conditions. For this we
require one more definition: A real number A and vector & € R™ \ {0} form an
eigenpair of H if A& € H(E). In this case A is called an eigenvalue and & is called

an eigenvector of H.
In the following, we will need the assumption:

dom(H) +R_ =R". (7.16)

As proven in Theorem 3.1, Lemma 3.20 (see also [45, Thm. 1, Lem. 7]), we can
characterize reachability in terms of eigenvalues of the dual process.

Theorem 7.1. Let H be a convex process such that (7.16) holds. Then, the
following are equivalent:

1. H is reachable.

2. R(H) = R™.
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3. Ry =R™ and H™ has no nonnegative eigenvalues.

We now move towards null-controllability. It is tempting to think that null-
controllability of H is equivalent to reachability of H~'. However, while indeed
it is true that R(H~') = N(H), we do not necessarily have that FH) =F(H).

As such, we require a characterization of null-controllability. This will be
done under slightly more restrictive assumptions than Theorem 7.1. To be
precise, we will assume both (7.16) and

Ry =imH+N_ =R". (7.17)

The following was proven in Theorem 3.4, Lemma 3.20 (see also [45, Thm. 2,
Lem. 9]):

Theorem 7.2. Let H be a convex process such that (7.16) and (7.17) hold. Then,
the following are equivalent:

1. H is null-controllable.

2. N(H) —R(H) =R™.

3. H™ has no positive eigenvalues.

The following shows why we require separate tests for these two properties.

Example 7.3. Recall that, as is the case for discrete time linear systems, a convex
process can be null-controllable without being reachable. As a simple example
consider the convex process given by:

gr(H) := R x {0}.

On the other hand, we know that reachability implies null-controllability for

discrete time linear systems. For general convex processes this is not the case.

As an example, let:
gr(G) ={(xy) 10 <x <yk

Note that R(G) = Ry = F(G), and therefore G is reachable. As any trajectory
of G is a nondecreasing sequence, G is clearly not null-controllable. This means
that in general tests for reachability can not be employed to obtain results for
null-controllability.

These two theorems allow us to check for reachability and null-controllability
without explicitly determining R(H) or N(H). This will be central in resolving
Problem 7.1 in the next section.
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We turn our attention to the context of informativity. Let D C IR™ x R™ be a
finite set of measurements. We define the most powerful unfalsified process, Hqp,
by:

gr(Hp) := coneD.

By definition we see that Hp € Xg and gr(Hp) C gr(H) if and only if H € Zp.
Our goal is to find conditions on D under which every H € L, is reachable or
null-controllable. we start with the following theorem:

Theorem 7.3. Suppose that (7.16) holds for Hp. Then Hyp is reachable if and
only if every H € L is reachable.

Proof. Note that Hpy € Zp. Therefore the ‘if’ part is immediate. For the ‘only if’
part, assume that Ho is reachable. By Theorem 7.1, we have that R(Hp) = R™.
Now let H be a convex process such that gr(Hp) C gr(H). As any q—step
trajectory of Hqp is one of H, it is immediate that R(Hp) C R(H). Therefore
R(H) = R™. This implies that H is reachable. |

Remark 7.2. It is important to stress that a convex process H is defined to
be reachable if F(H) C R(H). Therefore a nonstrict convex process H can be
reachable whilst R(H) # R™. Now let gr(H) C gr(G). Note that we may not
conclude reachability of G from reachability of H in general. As an example,
let gr(H) = {0}. This convex process is reachable, and its graph is contained in
the graph of any other convex process, which are not necessarily reachable.

Next, we study null-controllability. It is clear that the reasoning of Remark 7.2
also applies to null-controllability. This leads to an important point of contrast
between Theorem 7.1 and Theorem 7.2: Under the conditions of the latter the
convex process H can be null-controllable even if N(H) # R™.

Theorem 7.4. Suppose that (7.16) and (7.17) hold for Hp. Then, Hyp is null-
controllable if and only if every H € L is null-controllable.

Proof. Again the ‘if” part is immediate. For the ‘only if” part, assume that Hyp
is null-controllable. Let H be a convex process such that gr(Hp) C gr(H). Asin
the proof of Theorem 7.3, we see that R(Hp) € R(H) and N(Hp) € N(H). This
implies that

R™ =N(Hp) —R(Hp) € N(H) —R(H).
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Note that we also have gr(L_(Hp)) € gr(L_(H)) and gr(L+ (Hp)) C gr(L(H)).
Therefore, it is clear that (7.16) and (7.17) hold for H. This implies that H is null-
controllable. [ |

The question rests whether we can provide simple tests for reachability and
null-controllability of Hp in terms of the data D. In order to resolve this, we
will begin by giving two equivalent representations of Hyp.

Denote T = |D] and D = {(x¢,y¢) : t = 1,...,T}. We define the matrices
X,Y € R™*T by taking:

Xe=[x1 x2 -+ x|, Y=[y1 y2 - yr].

Since cone D is a convex cone, we have that DT = (coneD)". As D is a finite
set, we have that coneD and D™ are polyhedral cones. This means that there
exists £ € N and 11,...,m¢ € R?™, such that Dt = cone{ny,...,n¢). We can
now define matrices Z, W € R'™ by the following partition:

(Z —W]:=[m ... n

As cone D is closed, it is equal to (D))", Recall that gr(Hp) = cone D. There-
fore, we can use (7.5) to represent Hyp in the following ways:

]T

X X
i) = VR = {xu iz W[} ere}. a9
Immediately, we see that
dom(Hp) =XR} and imHp =YRT.

Using (7.18) we can express the minimal and maximal linear processes of Hqp
as follows:

gr(L_(Hp)) =ker [Z —W],
gr(Ly(Hp)) =im [ﬂ .

For the characterizations of reachability and null-controllability in Theorem 7.1
and Theorem 7.2 respectively, we need the reachable and null-controllable sets
of Ly and L_. In order to characterize these in terms of the data D, we first
look at the image of a set under these linear processes. For a given set § C R™
we can apply (7.14) to verify that:

L_(Hp)(8) =Wz,
Ly (Hp)(8) =YX'S.
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Recall that for a linear process L the reachable set is finitely determined and
R(L) = L™(0). Combining the above with some slight abuse of notation, we can
write:

R(L-(Hp)) = (W~ 1Z)™0},
R(Ly (Hp)) = (YX1)™0}.
This characterizes the reachable sets of L_(Hp) and L4 (Hp) using subspace

algorithms with at most n steps. Following the same reasoning with negative
powers, we obtain that:

N(L-(Hp)) = (Z7'W)™0},
N(Li(Hp)) = (XY~1)™{0).
We now shift our focus to the negative dual of Hp, and show that it can be

represented in terms of X and Y or Z and W as well.
By (7.10) and the first representation of (7.18) we have that:

wts) =5, 8] ()

By (7.7) this implies that:

gr(Hp) = { ? Ig} XT YT]7'RT = [YT —XT]'RT.
in

Similarly, we can begin from (7.10) and the second representation in (7.18) in-

stead. As such, we can conclude that the negative dual of Hq satisfies:

gr(Hy) = [VZVTT] R = {(x,y) YT —XT] m € 1RI}.

Then, we have that A and & form an eigenpair of H; if and only if & # 0 and
ET(Y—2AX) <O.

We can now combine the previous discussion with Theorem 7.1 and Theo-
rem 7.3 to obtain the following characterization of informativity for reachability
in terms of data:

Theorem 7.5. Let D C R™ x R™ be a finite set. Suppose that
XRY +(W~1Z)™0} = R™

Then, D is informative for reachability if and only if (YX~1)™{0} = R™ and for
allA > 0:
ET(Y-AX) <0 = &=0.
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Remark 7.3. Note that (YX~1)™{0} = R™ implies that R(L) = R™ for all linear
processes L such that D C gr(L). That is, all such linear processes are reachable.

Example 7.4. Let n = 2 and suppose that we measure the following 4—step

trajectory:
0 1 0 0 —1
o= mo =g =] = (B[]

If we define X and Y as before, we get

010 0 10 0 -1
X:[o 0 1 1]’ Y:{o 1 1 o}'

We can use these to find Z and W:

z -w=[} 55 5]

First, note that X]Ri =Ry xR and (W=12)2{0} = R x {0}. Therefore, we can
now use Theorem 7.5 to check for informativity.

Now, it is straightforward to verify that (YX—1)2{0} = R2. Lastly, let A > 0
and

1T —A 0 —1
(&1 éz]{o 1 _1-a )\}SO.

By direct inspection, it is clear that this implies that
£1<0, & <AL, 0<(T+HA)E, A& <&y,

These inequalities show that for any A > 0 we have that &; = &, = 0. This
proves that D is informative for reachability.

In a similar fashion we can apply our discussion to Theorem 7.2 and Theo-
rem 7.4 to obtain a characterization of informativity for null-controllability.

Theorem 7.6. Let D C R™ x R™ be a finite set. Suppose that
XRL +(W=1Z)M0} = R™
and
(YX~ ™o} = YR + (27 'W)™{0} = R™.
Then D is informative for null-controllability if and only if forall A > 0:
ENY=AX) <0 = £=0.
Remark 7.4. If H is a convex process whose graph is polyhedral, we can always
find a finite set D such that H = Hq. This means that the results of Theorem 7.5

and Theorem 7.6 can be applied to any polyhedral convex process without loss
of generality.
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7.6 CONCLUSIONS

In this chapter, we have resolved a number of informativity problems for
conically constrained linear systems. This means that we have formulated con-
ditions on finite, exact, state measurements under which we can test whether
the measured system is reachable or null-controllable. The resulting tests take
the convenient form of subspace inclusions and spectral conditions.

Future work includes extending the ideas in this chapter towards the more
general class of linear systems with convex constraints. It is easy to see that
these systems can be viewed as difference inclusions of convex set-valued maps.
Similar to the approach in this chapter, we can define the smallest set-valued
map consistent with the data by taking the convex hull instead of the conic hull.
As such, a characterization of reachability for such systems will lead to infor-
mativity results for this class of systems. Another direction of future work is
investigating informativity for the analysis of other properties and for control.
Interesting problems are for example dissipativity or feedback stabilization. Re-
solving such a problem would require formulating characterizations for a given
convex process to have the aforementioned properties. Lastly, this chapter con-
siders only exact measurements of the state. However, many realistic scenarios
will involve noisy measurements. Incorporating noisy data within this frame-
work will lead to interesting informativity problems.



CONCLUSION

8.1 CONTRIBUTION

In Chapter 2 we gave conditions under which a convex process has an eigen-
value in a given convex cone. These conditions were stated in terms of prop-
erties of the convex process and its minimal process. Using a realization of
this minimal process, we were able to reformulate these in terms of classical
geometric concepts. As such, verifying the conditions of the main results was
proven to be straightforward.

Chapter 3 contains Hautus-like tests of reachability, stabilizability and null-
controllability of convex processes. That is, under certain assumptions we de-
veloped tests for these properties in terms of eigenvalues of convex processes.
The main result of the previous chapter was shown to be instrumental in this.
The results of Chapter 3 were shown to generalize all previously known cases,
including the linear case. As an aside it was proven that under the aforemen-
tioned conditions reachability implies controllability.

The focus of Chapter 4 was Lyapunov functions. We developed a frame-
work of extended real-valued functions, in order to better capture the intri-
cacies that arise when considering nonstrict convex processes. In particular,
we have proven that the notion of uniform exponential stabilizability is pre-
cisely captured by weak Lyapunov functions in the specific class of functions
we consider. Furthermore, the second part of this chapter discussed the re-
lation between duality and stability notions. In particular, we generalized all
known results on duality of weak and strong Lyapunov functions for convex
processes. Further duality results were formulated with the help of the results
of the previous chapter.

Chapter 5 moved the attention to data-driven analysis and control. The main
contribution of this chapter is the introduction of the informativity framework,
which provides a unified approach to the problems of analysis and control
of unknown systems based on measured data. After the introduction of this
framework, we resolved a number of different problems. To be precise, for
linear time-invariant input-state systems, we characterized controllability, stabi-
lizability, stabilization by static feedback and linear quadratic regulation based
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on noiseless data. Furthermore, for systems with outputs we looked at dynamic
output feedback controllers.

Extending these results, in Chapter 6 we considered systems with unbounded
noise. To compensate for this added uncertainty we assumed that the system
maps were known, apart from the state map. Based on data, we formulated the
informativity problem of characterizing whether an unknown systems with this
structure has the system-theoretic properties of strong controllability, stabiliz-
ability, observability and detectability. Instrumental in resolving this result was
a rank property for affine sets of matrices, which led to a Hautus-like test. After
this, we considered a geometric version of the same problem, which led to a
result for common invariant subspaces.

In Chapter 7 we brought together the results of the earlier chapters. To be
precise, we used convex processes to obtain informativity conditions for con-
strained linear systems. This showed that looking at the graphs of set-valued
maps is a natural way to look at the sets of systems that arise from data-driven
problems. On the way of resolving the informativity problem, we also formu-
lated characterizations specifically for polyhedral convex processes.

8.2 FUTURE WORK RELATING TO PART I

Due to its many applications, developing the theory of analysis of convex
processes further is a promising research direction. However, the theory is
still very much in the early stages of development. As such, an extension
of the ideas presented in the first part of this thesis is in order. Some clear
extensions of the work, like considering e.g. strong reachability, can be found
in the properties under consideration in Chapter 6.

Of course, most analysis results are used as steps towards control design
methods. As such, a logical extension of the work in this thesis would be to
consider control problems. Since in the framework of difference inclusions with
convex processes the input is implicit, a natural course of action would be to
investigate methods in the vein of control by interconnection. This would reduce
the stabilization problem for convex processes to the following: Find a stable
single valued map, whose graph is contained in the graph of the convex process
and whose feasible set is equal to that of the convex process.

A different approach would be the investigation of systems with external
variables. That is, systems with inputs and outputs, whose dynamics are given
by difference inclusions of convex processes. A particularly important problem
for this class of systems is stabilization.
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After developing Lyapunov theory for convex processes, another natural ex-
tension would be the development of passivity and dissipativity theories for con-
vex processes. Since the inception of the notion of dissipativity, its connection
to H, and H, control and the study of linear matrix inequalities made dissipa-
tivity one of the central concepts in system analysis. A good starting point for
this is the discussion on duality and dissipativity for linear processes in [70].

Apart from the continuation of research on convex processes, different gen-
eralizations of linear maps are also of great interest. For example, we could
broaden the class of systems under consideration further towards just convex
set-valued maps. Such convex set-valued maps correspond to linear systems
with convex constraints, a class of systems with a great number of applications.
Properties of such systems can be investigated in a similar fashion to the work
in this thesis, with central roles for invariance and duality. Of course, any
results for this class of systems should reduce to the results of this thesis as
special cases.

Instead of tackling this problem immediately, it is also possible to first con-
sider different generalizations of linear processes. In terms of the graph, certain
avenues for generalization are clear. Since the graph of a linear process is closed
under linear combinations, set-valued maps with an affine graph are of partic-
ular interest. Again, linear systems with affine constraints can be viewed as
special cases of this class of systems. Such affine constraints often arise in the
form of conservation laws: For instance if the sum of certain states is constant.
Interestingly, this class of systems can serve, alongside convex processes, as
a second intermediate point in the development of results for more general
convex set-valued maps.

In this thesis, we have considered only systems in discrete time. Developing
results similar to the ones presented in continuous time is an interesting research
direction. As for linear systems, the study of discrete time and continuous time
are similar, but not equal. Clearly, stabilizability and null-controllability would
have rather different characterizations.

83 FUTURE WORK RELATING TO PART Il

By the nature of the informativity framework, the bulk of resolving a data-
driven control problem in this manner is comprised of verifying properties for
sets of systems. In other words, this requires resolving a certain type of robust
control problem. However, in contrast to the usual setup of robust control, there
is not a nominal system. Furthermore, instead of describing the ‘uncertainty’
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a priori, it is derived from the data. For example, in Chapter 5, data-driven
control and analysis are viewed as robust control and analysis of a class of
affine sets of systems. In addition the data-driven analysis results in Chapter 6
hinge on a uniform rank condition for affine sets of systems. Yet another ex-
ample is given in [170], which considers sets of systems described by quadratic
matrix inequalities. From this viewpoint, any development of new data-driven
methods is naturally reliant on developments in analysis and control of sets
of systems. As such, developing methods for robust analysis and control of sets of
systems is in order.

More specifically, certain specific types of sets of systems are particularly in-
teresting. For instance, those arising from combining the use of data with a priori
knowledge of structure. So far, most data-driven methods treat the system under
consideration as completely unknown. Naturally, this leads to relatively strict
conditions on the data in order to guarantee, for example, stability. In practice,
however, it is often clear that certain assumptions can be made on the structure
of the unknown system. For instance, if the system admits a parametrization,
network structure or can be viewed as an additive/multiplicative perturbation
to a nominal system. Now, if we collect measurements on the system the inter-
esting situation can arise where the data nor the structure alone are sufficient to
guarantee stability whereas the combination of these is. Formulating necessary
and sufficient conditions for informativity in the presence of structure is a wide
and open area of research.

In addition to considering different model classes, resolving different control
problems is interesting. So far, most works in the literature have focused on
the use of relatively simple controllers for data-driven stabilization. Of course,
it is well known that an LTI system is stabilizable if and only if there exists a
static state feedback law such that the closed loop is stable. However a similar
result no longer holds in the context of data-driven control. Indeed, it is shown
in Chapter 5 that conditions guaranteeing that all systems consistent with the
data are stabilizable are significantly weaker than those guaranteeing stabiliza-
tion with a single static feedback. As such, an investigation of dynamic and adap-
tive controllers is in order. This line of research will aim at finding classes of
controllers such that, if all systems in a given set are stabilizable, there exists a
controller stabilizing them.

Another class of problems arises when considering different types of data.
For instance, problems based on only input-output measurements or, more gen-
erally, measurements on external variables. Of course, investigating e.g. state
controllability on the basis of such data is impossible, as the same external be-
havior can be generated by many different choices of state variables. However,
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properties such as stability and dissipativity can be investigated based on only
such measurements.

Data can also be corrupted by different types of noise. Many recent meth-
ods in data-driven control have focused on the situation where any noise is
assumed to be bounded. However, this creates a mismatch with the field of
system identification, where stochastic noise is commonly used. For many appli-
cations, such as measurement errors, it is more natural to model the noise using
stochastic methods. It would therefore be interesting to extend the notion of
informativity towards data corrupted by such stochastic noise. Problems like
stabilization and optimal control in particular will form interesting challenges.

Lastly, the methods developed in the first part of this thesis, and the afore-
mentioned topics of future research are particularly well suited to applications
in data-driven analysis and control. In particular, we have shown in Chapter 7
that taking conic combinations of measurements led to the definition of the
most powerful unfalsified convex process. This concept played a natural role
within the study of informativity problems. Clearly, a similar approach can
be taken for linear and affine processes and, more generally, convex set-valued
maps. Of course, any research in this direction is dependent on developments
in the analysis of difference inclusions of such set-valued maps.

189






BIBLIOGRAPHY

[1] W. Aangenent, D. Kostic, B. de Jager, R. van de Molengraft, and M. Stein-
buch. Data-based optimal control. In Proceedings of the American Control
Conference, pages 1460-1465, June 2005.

[2] S. Alemzadeh and M. Mesbahi. Distributed Q-learning for dynamically
decoupled systems. In Proceedings of the American Control Conference,

pages 772-777, July 2019.

[3] A. Allibhoy and J. Cortés. Data-based receding horizon control of linear
network systems. IEEE Control Systems Letters, 5(4):1207-1212, 2021.

[4] D. Alpago, E. Dorfler, and J. Lygeros. An extended Kalman filter for
data-enabled predictive control. IEEE Control Systems Letters, 4(4):994—

999, 2020.

[5] F. Alvarez, R. Correa, and P. Gajardo. Inner estimation of the eigenvalue
set and exponential series solutions to differential inclusions. Journal of
Convex Analysis, 12:1-11, 01 2005.

[6] A. D. Ames, S. Coogan, M. Egerstedt, G. Notomista, K. Sreenath, and
P. Tabuada. Control barrier functions: Theory and applications. In Pro-
ceedings of the European Control Conference (ECC), pages 3420-3431, 2019.

[7] D. Angeli, P. De Leenheer, and E. D. Sontag. Chemical networks with
inflows and outflows: A positive linear differential inclusions approach.
Biotechnology Progress, 25(3):632—642, 2009.

[8] F.J. Aragén Artacho. A new and self-contained proof of Borwein’s norm
duality theorem. Set-Valued Analysis, 15:307-315, 2007.

[9] K.J. Astrém and B. Wittenmark. Adaptive Control. Addison-Wesley, 1989.

[10] J.-P. Aubin. A survey of viability theory. SIAM Journal on Control and
Optimization, 28(4):749—-788, 1990.

[11] J.-P. Aubin and I. Ekeland. Applied nonlinear analysis. Pure and applied
mathematics. J. Wiley, 1984.



192

| BIBLIOGRAPHY

[12] J.-P. Aubin and H. Frankowska. Set-valued Analysis, volume 2 of Systems &
Control: Foundations & Applications. Birkhduser Boston Inc., Boston, MA,

1990.

[13] J.-P. Aubin and H. Frankowska. Viability kernel of control systems. In
Nonlinear synthesis, pages 12—33. Springer, 1991.

[14] J.-P. Aubin, H. Frankowska, and C. Olech. Controllability of convex pro-
cesses. SIAM Journal on Control and Optimization, 24(6):1192—-1211, 1986.

[15] G. Baggio, D. S. Bassett, and F. Pasqualetti. Data-driven control of com-
plex networks. Nature communications, 12(1):1-13, 2021.

[16] G. Baggio, V. Katewa, and F. Pasqualetti. Data-driven minimum-energy
controls for linear systems. IEEE Control Systems Letters, 3(3):589-594, July
2019.

[17] G. P. Barker, A. Berman, and R. J. Plemmons. Positive diagonal solutions
to the Lyapunov equations. Linear and Multilinear Algebra, 5(4):249—256,

1978.

[18] G. Basile and G. Marro. Controlled and conditioned invariant subspaces
in linear system theory. Journal of Optimization Theory and Applications,

3:306—315, 1969.

[19] G. Basile and G. Marro. Controlled and Conditioned Invariants in Linear
System Theory. Prentice Hall, 1992.

[20] V. Belevitch. Classical Network Theory. Holden-Day, San Francisco, 1968.

[21] L. Benvenuti and L. Farina. The geometry of the reachability set for lin-
ear discrete-time systems with positive controls. SIAM Journal on Matrix
Analysis and Applications, 28(2):306—325, 2006.

[22] ]J. Berberich and F. Allgéwer. A trajectory-based framework for data-
driven system analysis and control. In Proceedings of the European Control
Conference (ECC), pages 1365-1370, 2019.

[23] J. Berberich, A. Koch, C. W. Scherer, and F. Allgéwer. Robust data-driven
state-feedback design. In Proceedings of the American Control Conference,
pages 1532-1538, 2020.

[24] T. Berger and T. Reis. Controllability of linear differential-algebraic
systems-a survey. In Reis T. Ilchmann A., editor, Surveys in differential-
algebraic equations I, pages 1-61. Springer, 2013.



BIBLIOGRAPHY |

[25] A. Berman and R. ]. Plemmons. Nonnegative matrices in the mathematical
sciences. Academic Press, 1979.

[26] D. P. Bertsekas. Convex optimization theory. Athena Scientific Belmont,
2009.

[27] R. M. Bianchini. Instant controllability of linear autonomous systems.
Journal of Optimization Theory and Applications, 39(2):237-250, 1983.

[28] R. M. Bianchini. Complete controllability. Journal of Optimization Theory
and Applications, 50(1):69-82, July 1986.

[29] G. Birkhoff. Linear transformations with invariant cones. The American
Mathematical Monthly, 74(3):274—276, 1967.

[30] A. Bisoffi, C. De Persis, and P. Tesi. Data-based stabilization of unknown
bilinear systems with guaranteed basin of attraction. Systems & Control
Letters, 145:104788, 2020.

[31] E Blanchini. Set invariance in control. Automatica, 35(11):1747-1767, 1999.
[32] F. Blanchini and S. Miani. Set-Theoretic Methods in Control. Springer, 2015.

[33] J. M. Borwein. Adjoint process duality. Mathematics of Operations Research,
8:403-434, 1983.

[34] J. M. Borwein. Norm duality for convex processes and applications. Jour-
nal of Optimization Theory and Applications, 48:53-64, 1986.

[35] S.J. Bradtke. Reinforcement learning applied to linear quadratic regula-
tion. In Advances in Neural Information Processing Systems, pages 295-302,

1993.

[36] R. E. Brammer. Controllability in linear autonomous systems with pos-
itive controllers. SIAM Journal on Control and Optimization, 10:339-353,

1972.

[37] R. E. Brammer. Differential controllability and solution of linear inequali-
ties. IEEE Transactions on Automatic Control, 20(1):128-131, 1975.

[38] A. M. Burohman, B. Besselink, J. Scherpen, and M. K. Camlibel.
Informativity for data-driven model reduction through interpolation.
https://arxiv.org/abs/2005.04427, 2020.

193



194

| BIBLIOGRAPHY

[39] L. Campestrini, D. Eckhard, A. S. Bazanella, and M. Gevers. Data-driven
model reference control design by prediction error identification. Journal
of the Franklin Institute, 354(6):2628—2647, 2017.

[40] R. Correa and P. Gajardo. Eigenvalues of set-valued operators in Banach
spaces. Set-Valued Analysis, 13(1):1-19, Mar 2005.

[41] J. Coulson, J. Lygeros, and F. Dérfler. Data-enabled predictive control: In
the shallows of the DeePC. In Proceedings of the European Control Confer-
ence, pages 307-312, June 2019.

[42] C. De Persis and P. Tesi. Formulas for data-driven control: Stabiliza-
tion, optimality, and robustness. IEEE Transactions on Automatic Control,

65(3):909—924, 2020.

[43] S. Dean, H. Mania, N. Matni, B. Recht, and S. Tu. On the sample complex-
ity of the linear quadratic regulator. Foundations of Computational Mathe-
matics, Aug 2019.

[44] ]. Eising and M. K. Camlibel. https://arxiv.org/abs/2106.05128.

[45] J. Eising and M. K. Camlibel. On reachability and null-controllability
of nonstrict convex processes. IEEE Control Systems Letters, 3(3):751-756,
2019.

[46] ]. Eising and M. K. Camlibel. On duality for Lyapunov functions of non-
strict convex processes. In Proceedings of the IEEE Conference on Decision
and Control, pages 1288-1293, 2020.

[47] J. Eising and M. K. Camlibel. Data informativity for analysis of linear
systems with convex conic constraints. IEEE Control Systems Letters, early
access, 2021.

[48] ]. Eising and M. K. Camlibel. On eigenvalues/eigenvectors of convex
processes. https://arxiv.org/abs/2106.05004, 2021.

[49] J. Eising and H. L. Trentelman. Informativity of noisy data for structural
properties of linear systems. https://arxiv.org/abs/2009.01552, 2020.

[50] J Eising, H.L. Trentelman, and M.K. Camlibel. Data informativity for
observability: an invariance-based approach. In 2020 European Control
Conference (ECC), Saint Petersburg, Russia, pages 1057-1059, 2020.

[51] M. E. Evans. The convex controller: controllability in finite time. Interna-
tional Journal of Systems Science, 16(1):31—47, 1985.



BIBLIOGRAPHY |

[52] M. E. Evans and D. N. P. Murthy. Controllability of discrete-time sys-
tems with positive controls. IEEE Transactions on Automatic Control, AC-

22(6):942-945, 1977.

[53] L. Farina and L. Benvenuti. Polyhedral reachable sets with positive con-
trols. Mathematics of Control, Signals, and Systems, 10:364—380, 1997.

[54] L. Farina and S. Rinaldi. Positive Linear Systems: Theory and Applications.
Wiley, 2000.

[55] M. Fashoro, O. Hajek, and K. Loparo. Controllability properties of con-
strained linear systems. Journal of Optimization Theory and Applications,

73(2):329-346, MAY 1992.

[56] M. Fashoro, O. Hajek, and K. Loparo. Reachability properties of con-
strained linear systems. Journal of Optimization Theory and Applications,
73(1):169-195, APR 1992.

[57] W. Favoreel, B. De Moor, and M. Gevers. SPC: Subspace predictive con-
trol. IFAC Proceedings Volumes, 32(2):4004—4009, 1999.

[58] W. Favoreel, B. De Moor, P. Van Overschee, and M. Gevers. Model-free
subspace-based LQG-design. In Proceedings of the American Control Confer-
ence, volume 5, pages 3372-3376, June 1999.

[59] M. Fliess and C. Join. Model-free control. International Journal of Control,
86(12):2228-2252, 2013.

[60] S. Formentin, A. Karimi, and S. M. Savaresi. Optimal input design
for direct data-driven tuning of model-reference controllers. Automatica,
49(6):1874-1882, 2013.

[61] H. Frankowska. Local controllability and infinitesimal generators of semi-
groups of set-valued maps. SIAM Journal on Control and Optimization,

25(2):412—432, 1987.
[62] H. Frankowska. On controllability and observability of implicit systems.

Systems & Control Letters, 14(3):219—225, 1990.

[63] K. Furuta and M. Wongsaisuwan. Discrete-time LQG dynamic con-
troller design using plant Markov parameters. Automatica, 31(9):1317-

1324, 1995.

195



196

| BIBLIOGRAPHY

[64] P. Gajardo and A. Seeger. Higher-order spectral analysis and weak asymp-
totic stability of convex processes. Journal of Mathematical Analysis and
Applications, 318(1):155-174, 2006.

[65] P. Gajardo and Alberto Seeger. Epsilon-eigenvalues of multivalued oper-
ators. Set-Valued Analysis, 11(3):273—-296, Sep 2003.

[66] M. Gevers, A. S. Bazanella, X. Bombois, and L. Miskovic. Identification
and the information matrix: How to get just sufficiently rich? IEEE
Transactions on Automatic Control, 54(12), Dec 2009.

[67] M. Gevers, A. S. Bazanella, D. F. Coutinho, and S. Dasgupta. Identifi-
ability and excitation of polynomial systems. In Proceedings of the IEEE
Conference on Decision and Control, pages 4278-4283, Dec 2013.

[68] R. Goebel. Set-valued Lyapunov functions for difference inclusions. Au-
tomatica, 47(1):127 — 132, 2011.

[69] R. Goebel. Lyapunov functions and duality for convex processes. SIAM
Journal on Control and Optimization, 51:3332-3350, 2013.

[70] R. Goebel, A.R. Teel, Tingshu Hu, and Zongli Lin. Dissipativity for dual
linear differential inclusions through conjugate storage functions. In Pro-
ceedings of the IEEE Conference on Decision and Control, volume 3, pages
2700-2705, 2004.

[71] G. R. Gongalves da Silva, A. S. Bazanella, C. Lorenzi, and L. Campestrini.
Data-driven LQR control design. IEEE Control Systems Letters, 3(1):180—
185, 2019.

[72] M. Guo, C. De Persis, and P. Tesi. Learning control for polynomial sys-
tems using sum of squares. pages 2436—2441, 2020.

[73] M. L. J. Hautus. Controllability and observability conditions of linear
autonomous systems. Ned. Akad. Wetenschappen, Proc. Ser. A, 72:443-448,

1969.

[74] M. L. J. Hautus. Stabilization, controllability and observability of linear
autonomous systems. Ned. Akad. Wetenschappen, Proc. Ser. A, 73:448—455,
1970.

[75] M.L.J. Hautus. Strong detectability and observers. Linear Algebra and its
Applications, 50:353-368, 1983.



BIBLIOGRAPHY |

[76] W. P. M. H. Heemels and M. K. Camlibel. Controllability of linear systems
with input and state constraints. In Proceedings of the IEEE Conference on
Decision and Control, pages 536-541, 2007.

[77]1 W. P. M. H. Heemels and M. K. Camlibel. Null controllability of discrete-
time linear systems with input and state constraints. In Proceedings of the
IEEE Conference on Decision and Control, pages 3487-3492, 2008.

[78] R. Henrion and A. Seeger. Uniform boundedness of norms of convex
and nonconvex processes. Numerical Functional Analysis and Optimization,

29(5-6):551-573, 2008.

[79] M. Heymann and R. J. Stern. Controllability of linear systems with pos-
itive controls: geometric considerations. Journal of Mathematical Analysis
and Applications, 53:36—41, 1975.

[8o] H. Hjalmarsson, M. Gevers, S. Gunnarsson, and O. Lequin. Iterative
feedback tuning: theory and applications. IEEE Control Systems Magazine,
18(4):26—41, Aug 1998.

[81] H. Hjalmarsson, S. Gunnarsson, and M. Gevers. A convergent iterative
restricted complexity control design scheme. In Proceedings of the IEEE
Conference on Decision and Control, volume 2, pages 1735-1740, Dec 1994.

[82] Z. Hou and Z. Wang. From model-based control to data-driven control:
Survey, classification and perspective. Information Sciences, 235:3—35, 2013.

[83] L. Huang, J. Coulson, J. Lygeros, and F. Dorfler. Data-enabled predictive
control for grid-connected power converters. pages 8130-8135, 2019.

[84] A. Isidori. Nonlinear Control Systems. Communications and Control Engi-
neering. Springer-Verlag London, 1995.

[85] M. D. Kaba. Applications of Geometric Control: Constrained systems and
switched systems. PhD thesis, University of Groningen, The Netherlands,
2014.

[86] M. D. Kaba and M. K. Camlibel. A spectral characterization of controlla-
bility for linear discrete-time systems with conic constraints. SIAM Jour-
nal on Control and Optimization, 53(4):2350-2372, 2015.

[87] M. D. Kaba and M. K. Camlibel. A characterization of con-
trollability for discrete-time linear systems with convex constraints.
https://arxiv.org/abs/1812.01648, 2018.

197



198

| BIBLIOGRAPHY

[88] R. E. Kalman. Contributions to the theory of optimal control. In Boletin
de la Sociedad Matématica Mexicana, 5, pages 102—119, 1960.

[89] R. E. Kalman. On the general theory of control systems. In Proceedings
of the 1st World Congress of the International Federation of Automatic Control,

pages 481—493, 1960.

[90] R. E. Kalman. Lyapunov functions for the problem of Lur’e in automatic
control. Proceedings of the National Academy of Sciences of the United States
of America, 49(2):201-205, 1963.

[91] R. E. Kalman. A new approach to linear filtering and prediction problems.
Journal of Basic Engineering, 82 (1):35—45, 1966.

[92] R. E. Kalman and J. E. Bertram. Control system analysis and design via
the “second method” of Lyapunov: I-—continuous-time systems. Journal
of Basic Engineering, 82 (2):371-393, 1960.

[93] R. E. Kalman and J. E. Bertram. Control system analysis and design via
the “second method” of Lyapunov: II—discrete-time systems. Journal of
Basic Engineering, 82 (2):394—-400, 1960.

[94] R. E. Kalman, Y.C. Ho, and K. Narendra. Controllability of linear dynam-
ical systems. Contributions to Differential Equations, 1:189—-213, 1963.

[95] L. H. Keel and S. P. Bhattacharyya. Controller synthesis free of analytical
models: Three term controllers. IEEE Transactions on Automatic Control,

53(6):1353-1369, July 2008.

[96] C. M. Kellett and A. R. Teel. Discrete-time asymptotic controllability
implies smooth control-Lyapunov function. Systems & Control Letters”,

52(5):349-359, 2004.

[97] C. M. Kellett and A. R. Teel. Smooth Lyapunov functions and robustness
of stability for difference inclusions. Systems & Control Letters, 52(5):395—

405, 2004.
[98] H.K. Khalil. Nonlinear Control. Pearson Education Limited, 2015.

[99] A. Koch, J. Berberich, and F. Allgower. Verifying dissipativity properties
from noise-corrupted input-state data. In Proceedings of the IEEE Confer-
ence on Decision and Control, pages 616-621, 2020.



BIBLIOGRAPHY |

[100] V. 1. Korobov. Geometric criterion for controllability under arbitrary con-
straints on the control. Journal of Optimization Theory and Applications,
134(2):161-176, AUG 2007.

[101] M. L. Krastanov. On the constrained small-time controllability of linear
systems. Automatica, 44(9):2370-2374, 2008.

[102] M. G. Krein and M. A. Rutman. Linear operators leaving invariant a cone
in a Banach space. Uspehi Matem. Nauk., 3:1—95, 1948. Translation: Amer.
Math. Soc. Transl. 1950.

[103] P. Lavilledieu and A. Seeger. Eigenvalue stability for multivalued opera-
tors. Topological Methods in Nonlinear Analysis, 15:115-128, 03 2000.

[104] A. Leizarowitz. Eigenvalues of convex processes and convergence prop-
erties of differential inclusions. Set-Valued Analysis, 2(4):505-527, 1994.

[105] A. Lewis, R. Henrion, and A. Seeger. Distance to uncontrollability for
convex processes. SIAM Journal on Control and Optimization, 45(1):26-50,
2006.

[106] D. Liu, P. Yan, and Q. Wei. Data-based analysis of discrete-time linear sys-
tems in noisy environment: Controllability and observability. Information
Sciences, 288:314—329, 12 2014.

[107] D. R. Liu and A. N. Michel. Null controllability of systems with control
constraints and state saturation. Systems & Control Letters, 20(2):131-139,
FEB 1993.

[108] L. Ljung. System Identification: Theory for the User. Prentice Hall informa-
tion and system sciences series. Prentice Hall PTR, 1999.

[109] A. M. Lyapunov. The general problem of the stability of motion. Doc-
toral dissertation, Univ. Kharkov, 1892. Translated: International Journal of
Control, International Journal of Control, 1992.

[110] V. L. Makarov and A. M. Rubinov. Mathematical Theory of Economic Dy-
namics and Equilibria. Springer-Verlag, 1977.

[111] I. Markovsky and P. Rapisarda. On the linear quadratic data-driven con-
trol. In European Control Conference, pages 5313-5318, July 2007.

[112] I. Markovsky and P. Rapisarda. Data-driven simulation and control. In-
ternational Journal of Control, 81(12):1946-1959, 2008.

199



200

| BIBLIOGRAPHY

[113] T. M. Maupong, ]J. C. Mayo-Maldonado, and P. Rapisarda. On Lyapunov
functions and data-driven dissipativity. IFAC-PapersOnLine, 50(1):7783—
7788, 2017.

[114] T. M. Maupong and P. Rapisarda. Data-driven control: A behavioral
approach. Systems & Control Letters, 101:37—43, 2017.

[115] D. Q. Mayne. Model predictive control: Recent developments and future
promise. Automatica, 50(12):2967 — 2986, 2014.

[116] D. Q. Mayne, J. B. Rawlings, C. V. Rao, and P. O. M. Scokaert. Constrained
model predictive control: Stability and optimality. Automatica, 36:789-814,
2000.

[117] B.P. Molinari. On strong controllability and observability in linear multi-
variable control. IEEE Transactions on Automatic Control, 26:761—764, 1976.

[118] N. Monshizadeh. Amidst data-driven model reduction and control. [EEE
Control Systems Letters, 4(4):833-838, 2020.

[119] M. Moonen, B. De Moor, L. Vandenberghe, and ]. Vandewalle. On- and
off-line identification of linear state-space models. International Journal of
Control, 49(1):219-232, 1989.

[120] A.S. Morse. Structural invariants of linear multivariable systems. SIAM
Journal on Control and Optimization, 11:446—465, 1973.

[121] S. Mukherjee, H. Bai, and A. Chakrabortty. On model-free reinforcement
learning of reduced-order optimal control for singularly perturbed sys-
tems. In Proceedings of the IEEE Conference on Decision and Control, pages
5288-5293, 2018.

[122] K. S. Nguyen. Controllability of linear discrete-time systems with con-
strained controls in Banach spaces. Control and Cybernetics, 10(1-2):5-17,
1981.

[123] K. S. Nguyen. On the null-controllability of linear discrete-time systems
with restrained controls. Journal of Optimization Theory and Applications,

50(2):313-329, 1986.

[124] H. Nijmeijer and A.]J. van der Schaft. Nonlinear Dynamical Control Systems.
Springer, 1990.



[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

BIBLIOGRAPHY |

H. Niu, H. Gao, and Z. Wang. A data-driven controllability measure for
linear discrete-time systems. In IEEE 6th Data Driven Control and Learning
Systems Conference, pages 455466, May 2017.

S.R. Oh and S. K. Agrawal. A reference governor-based controller for a
cable robot under input constraints. IEEE Transactions on Control Systems
Technology, 13(4):639—645, 2005.

S.-R. Oh and S.K. Agrawal. Cable suspended planar robots with re-
dundant cables: controllers with positive tensions. IEEE Transactions on
Robotics, 21(3):457-465, June 2005.

Y. Ohta, H. Maeda, and S. Kodama. Reachability, observability, and re-
alizability of continuous-time positive systems. SIAM Journal on Control
and Optimization, 22(2):171-180, 1984.

B. Pang, T. Bian, and Z. Jiang. Data-driven finite-horizon optimal control
for linear time-varying discrete-time systems. In Proceedings of the IEEE
Conference on Decision and Control, pages 861866, Dec 2018.

U. S. Park and M. Ikeda. Stability analysis and control design of LTI
discrete-time systems by the direct use of time series data. Automatica,

45(5):1265-1271, 2009.

V. N. Phat. Weak asymptotic stabilizability of discrete-time systems given
by set-valued operators. Journal of Mathematical Analysis and Applications,
202(2):363 — 378, 1996.

V. N. Phat and T. C. Dieu. On the KreIn-Rutman theorem and its appli-
cations to controllability. Proceedings of the American Mathematical Society,

120(2):495-500, 1994.

D. Piga, S. Formentin, and A. Bemporad. Direct data-driven control
of constrained systems. IEEE Transactions on Control Systems Technology,
26(4):1422 — 1429, 2018.

V. M. Popov. Absolute stability of nonlinear systems of automatic control.
Avtomatika i telemekhanika, 22(8):961-979, 1961.

V. M. Popov. Hiperstilitatea Sistemelor Automate. Editura Axcademiei Re-
publicii Socialiste Romania, 1969. Translated: Hyperstability of Control
Systems, Springer-Verlag Berlin, 1973.

201



202

| BIBLIOGRAPHY

[136] A. C. M. Ran and R. Vreugdenhil. Existence and comparison theorems
for algebraic Riccati equations for continuous- and discrete-time systems.
Linear Algebra and its Applications, 99:63-83, 1988.

[137] A. Rantzer. Distributed control of positive systems. In Proceedings of the
IEEE Conference on Decision and Control and the European Control Conference,
pages 6608—6611, 2011.

[138] A. Rantzer. Scalable control of positive systems. European Journal of Con-
trol, 24:72-80, 2015.

[139] A. Rantzer. On the Kalman-Yakubovich-Popov lemma for positive sys-
tems. IEEE Transactions on Automatic Control, 61(5):1346-1349, 2016.

[140] S. M. Robinson. Normed convex processes. Transactions of the American
Mathematical Society, 174:127-140, 1972.

[141] R. T. Rockafellar. Monotone Processes of Convex and Concave Type. American
Mathematical Society memoirs. American Mathematical Society, 1967.

[142] R. T. Rockafellar. Convex Analysis. Princeton Mathematical Series, No. 28.
Princeton University Press, Princeton, N.J., 1970.

[143] A. Romer, J. Berberich, J. Kéhler, and E. Allgéwer. One-shot verification
of dissipativity properties from input-output data. IEEE Control Systems

Letters, 3(3):709-714, July 2019.

[144] A. Romer, J. M. Montenbruck, and F. Allgéwer. Determining dissipation
inequalities from input-output samples. IFAC-PapersOnLine, 50(1):7789—
7794, 2017.

[145] A. Saberi, ]J. Han, and A. A. Stoorvogel. Constrained stabilization prob-
lems for linear plants. Automatica, 38(4):639-654, 2002.

[146] A. Saberi, A. A. Stoorvogel, G. Shi, and P. Sannuti. Semi-global stabiliza-
tion of linear systems subject to non-right invertible constraints. Interna-
tional Journal of Robust and Nonlinear Control, 14(13-14):1087-1103, 2004.

[147] M. G. Safonov and T. Tsao. The unfalsified control concept and learning.
IEEE Transactions on Automatic Control, 42(6):843-847, June 1997.

[148] J. R. Salvador, D. Mufioz de la Pefia, T. Alamo, and A. Bemporad.
Data-based predictive control via direct weight optimization. IFAC-
PapersOnLine, 51(20):356—361, 2018.



BIBLIOGRAPHY |

[149] S. H. Saperstone. Global controllability of linear systems with positive
controls. SIAM Journal on Control and Optimization, 11:417—423, 1973.

[150] J.M. Schumacher. On the structure of strongly controllable systems. In-
ternational Journal of Control, 38:525-545, 1983.

[151] A. Seeger. Spectral analysis of set-valued mappings. Acta Mathematica
Vietnamica, 23:49-63, 01 1998.

[152] A. Seeger. A duality result for the reachable cone of a nonstrict convex
process. Journal of Nonlinear and Convex Analysis, 2(3):363—368, 2001.

[153] G. Shi, A. Saberi, A. A. Stoorvogel, and P. Sannuti. Output regulation of
discrete-time linear plants subject to state and input constraints. Interna-
tional Journal of Robust and Nonlinear Control, 13(8):691-713, 2003.

[154] G. Shi and R.E. Skelton. Markov data-based LQG control. ASME Journal
of Dynamical Systems, Measurement, and Control, 122(3):551-559, 1998.

[155] R. Shorten, O. Mason, and C. King. An alternative proof of the Barker,
Berman, Plemmons (BBP) result on diagonal stability and extensions. Lin-
ear Algebra and its Applications, 430(1):34—40, 2009.

[156] L.M. Silverman. Properties and application of inverse systems. IEEE
Transactions on Automatic Control, 13:436—437, 1968.

[157] V. Simoncini. Computational methods for linear matrix equations. SIAM
Review, 58(3):377-441, 2016.

[158] R. E. Skelton and G. Shi. The data-based LQG control problem. In Pro-
ceedings of the IEEE Conference on Decision and Control, pages 1447-1452,
Dec 1994.

[159] G. V. Smirnov. Introduction to the Theory of Differential Inclusions, vol-
ume 41 of Graduate Studies in Mathematics. American Mathematical So-
ciety, Rhode Island, 2002.

[160] E. D. Sontag. An algebraic approach to bounded controllability of linear
systems. International Journal of Control, 39(1):181-188, 1984.

[161] H. ]J. Sussmann. Small-time local-controllability and continuity of the
optimal time function for linear-systems. Journal of Optimization Theory
and Applications, 53(2):281—296, MAY 1987.

203



204

| BIBLIOGRAPHY

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

B. S. Tam. A cone-theoretic approach to the spectral theory of positive
linear operators: The finite dimensional case. Taiwanese Journal of Mathe-
matics, 5(2):207—277, 2001.

T. Tanaka and C. Langbort. KYP lemma for internally positive systems
and a tractable class of distributed H-infinity control problems. In Pro-
ceedings of the 2010 American Control Conference, pages 6238-6243, 2010.

T Tanaka and C. Langbort. The bounded real lemma for internally pos-
itive systems and H-Infinity structured static state feedback. IEEE Trans-
actions on Automatic Control, 56(9):2218—2223, 2011.

H. L. Trentelman, A. A. Stoorvogel, and M. L. J. Hautus. Control The-
ory for Linear Systems. Communications and Control Engineering Series.
Springer-Verlag London Ltd., London, 2001.

H. L. Trentelman, H. ]J. van Waarde, and M. K . Camlibel.
An informativity approach to data-driven tracking and regulation.
https://farxiv.org/abs/2009.01552, 2020.

P. van Overschee and B. de Moor. Subspace Identification for Linear Systems:
Theory, Implementation, Applications. Kluwer Academic Publishers, 1996.

H. J. van Waarde. Beyond persistent excitation: Online experiment design
for data-driven modeling and control. IEEE Control Systems Letters, pages
1-1, 2021.

H. J. van Waarde and M. K. Camlibel. A matrix finsler’s lemma with
applications to data-driven control. https://arxiv.org/abs/2103.13461, 2021.

H. J. van Waarde, M. K. Camlibel, and M. Mesbahi. From noisy data to
feedback controllers: non-conservative design via a matrix S-lemma. to
appear in IEEE Transactions on Automatic Control, 2022.

H. J. van Waarde, C. De Persis, M. K. Camlibel, and P. Tesi. Willems’
fundamental lemma for state-space systems and its extension to multiple
datasets. IEEE Control Systems Letters, 4(3):602-607, 2020.

H. J. van Waarde, . Eising, H. L. Trentelman, and M. K. Camlibel. Data in-
formativity: a new perspective on data-driven analysis and control. IEEE
Transactions on Automatic Control, 65(11):4753—4768, 2020.

H. J. van Waarde and M. Mesbahi. Data-driven parameterizations of
suboptimal LQR and H2 controllers. IFAC-PapersOnLine, 53(2):4234—4239,
2020.



BIBLIOGRAPHY |

[174] J. S. Vandergraft. Spectral properties of matrices which have invariant
cones. SIAM Journal on Applied Mathematics, 16(6):1208—1222, 1968.

[175] M. Verhaegen and P. Dewilde. Subspace model identification part 1. The
output-error state-space model identification class of algorithms. Interna-
tional Journal of Control, 56(5):1187-1210, 1992.

[176] X. Wang, A. Saberi, A. A. Stoorvogel, S. Roy, and P. Sannuti. Compu-
tation of the recoverable region and stabilisation problem in the recov-
erable region for discrete-time systems. International Journal of Control,
82(10):1870-1881, 2009.

[177] X. Wang, A. Saberi, A. A. Stoorvogel, S. Roy, and P. Sannuti. Semi-global
stabilization of discrete-time systems subject to non-right invertible con-
straints. International Journal of Robust and Nonlinear Control, 20(11):1234—
1254, 2010.

[178] Z. Wang and D. Liu. Data-based controllability and observability analy-
sis of linear discrete-time systems. IEEE Transactions on Neural Networks,
22(12):2388-2392, Dec 2011.

[179] J. C. Willems. Lyapunov functions for diagonally dominant systems. Au-
tomatica, 12(5):519-523, 1976.

[180] J. C. Willems. Paradigms and puzzles in the theory of dynamical systems.
IEEE Transactions on Automatic Control, 36(3):259—-294, 1991.

[181] J. C. Willems and J. W. Polderman. Introduction to mathematical systems the-
ory: a behavioral approach, volume 26. Springer Science & Business Media,

1997

[182] J. C. Willems, P. Rapisarda, I. Markovsky, and B. L. M. De Moor. A note
on persistency of excitation. Systems & Control Letters, 54(4):325-329, 2005.

[183] W. M. Wonham. Linear Multivariable Control: a Geometric Approach. Appli-
cations of Mathematics. Springer-Verlag, 1985.

[184] W. M. Wonham and A. S. Morse. Decoupling and pole assignment in
linear multivariable systems: A geometric approach. SIAM Journal on
Control and Optimization, 8(1):1-18, 1970.

[185] V. A. Yakubovich. Solution of certain matrix inequalities encountered in
non-linear control theory. In Doklady Akademii Nauk, volume 156, pages
278—281. Russian Academy of Sciences, 1964.

205



206 | BIBLIOGRAPHY

[186] Y. Yu, S. Talebi, H. J. van Waarde, U. Topcu, M. Mesbahi, and B. A¢ikmese.
On controllability and persistency of excitation in data-driven control: Ex-
tensions of Willems’ fundamental lemma. https://arxiv.org/abs/2102.02953,
2021.

[187] Y. Zeinaly, J. H. Van Schuppen, and B. De Schutter. Linear positive sys-
tems may have a reachable subset from the origin that is either polyhe-
dral or nonpolyhedral. SIAM Journal on Matrix Analysis and Applications,

41(1):279-307, 2020.

[188] B. Zhou, Z. Wang, Y. Zhai, and H. Yuan. Data-driven analysis methods
for controllability and observability of a class of discrete LTI systems with
delays. In IEEE 7th Data Driven Control and Learning Systems Conference,
pages 380384, May 2018.

[189] J. G. Ziegler and N. B. Nichols. Optimum settings for automatic con-
trollers. Transactions of the ASME, 64:759—768, 1942.



SUMMARY

Different scientific disciplines employ dynamical systems to model (natural)
phenomena. In this thesis we specifically consider dynamical systems in dis-
crete time. In mathematical terms, such a system consists of two parts, working
together. First of all there is the state space, consisting of all variables derived
from the considered phenomenon. Some examples are the location and veloc-
ity of a moving object, or the voltages and currents in an electrical network.
Secondly we consider discrete-time dynamics. This means that we describe the
system at instances of time, and have a mathematical description of which
states can ‘follow” a given state. Often these descriptions are linear and time
invariant: we can find the next state by applying a linear map to the current
state and adding the effect of an input.

As noted, such models have applications in a large number of scientific fields.
Therefore, characterizing when dynamical systems exhibit certain quantitative
or qualitative behavior is of great interest. Can we, for instance, decide from the
mathematical description whether there exists inputs that brings the system to
rest? Do there exist inputs such that from a given state we can reach any other
point? This type of problems are central in systems analysis. In line with this
is actually finding the input that achieves the aforementioned properties. In
essence, this is the main problem of control. Clearly, analysis results are often
required in order to resolve control problems.

For linear time-invariant systems the theories of analysis and control are well
developed. Of particular interest with respect to this thesis is the geometric
approach to systems and control. To illustrate the this approach in a simplified
way, we can consider for instance the reachability problem: Determine whether
for every point of the state space there exists a sequence of inputs such that,
starting from zero and applying these inputs, we end up at the prescribed point.
However, we might not be able to test each point separately. The geometric
approach to this problem is to consider the set of all states that can be ‘reached’.
If we can show that this reachable set has certain mathematical properties, and
that the only set that has these properties is the entire state space, then the
reachable set must be equal to the entire state space.

In this thesis we consider a number of analysis and control problems in this
manner. In part one we consider linear systems with constraints. Many phenom-
ena naturally have certain constraints, but these are often disregarded in mod-
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eling. To be specific, we work with linear systems with convex conic constraints.
This will allow us, for example, to consider systems where certain variables are
taken to be nonnegative. However, in the development of geometric methods
previous work has focused on either linear systems, or very general nonlinear
systems. Since considering more general classes of systems inevitably restricts
the results we can obtain, we will take an approach that is specifically tailored
to the class of linear systems with convex conic constraints.

As such, we will consider the problem in a framework of difference inclusions
of convex processes. These form a mathematical formalism, that can be used to
capture the dynamics of all linear systems with such constraints. For this class
of systems we develop a theory parallel to the classical theory of geometric
control, with a special focus on invariance and duality. As a consequence we
obtain new characterizations of reachability, null-controllability, controllability
and stabilizability. Then we show that these generalize all previously known
results for both (conically) constrained linear systems and convex processes.
Beyond developing these characterizations, we extend the theory of Lyapunov
functions within this framework.

So far, we have considered situations where we have access to a model of
the phenomenon under consideration. However, sometimes we are in the situ-
ation where a unique system is unknown, but where we instead have access to
measurements. Performing analyis or control based on such measured data is
known as data-driven analysis and control. In this thesis, we develop the theory
of data-informativity, that is, we describe conditions on the data under which
the measured system is guaranteed to have certain properties. This is based
on the following simple observation: We can only conclude whether the mea-
sured system is (for instance) controllable if all systems compatible with the data
are controllable.

The second part of this thesis is set in a context of data-informativity. As
a first step, we consider exact measurements. For this type of data we provide
informativity conditions for a range of different analysis and control problems.
After this we consider the situation of data with structured noise. This means
that the measurements are corrupted by an unknown, but structured distur-
bance. For this situation we develop a generalization of the earlier, noiseless
results. Finally, we bring the two parts of this thesis together and consider
data-informativity in a context of convex processes.



SAMENVATTING

Titel: “Een geometrisch raamwerk voor beperkingen en data: van lineaire
systemen tot convexe processen.”

Verschillende wetenschapsdisciplines gebruiken dynamische systemen om
(natuurlijke) fenomenen te modelleren. In dit proefschrift beschouwen we spe-
cifiek dynamische systemen in discrete tijd. In wiskundige termen, bestaat een
dergelijk systeem uit een tweetal samenwerkende delen. In de eerste plaats is
er de toestandsruimte, welke bestaat uit variabelen afgeleid van het beschouwde
fenomeen. Een aantal voorbeelden zijn de locatie en snelheid van een bewe-
gend object, of the spanning en stroom van een elektrisch netwerk. Ten tweede
beschouwen we discrete tijd dynamica. Dit betekent dat we het systeem beschrij-
ven op instanties van tijd, en een wiskundige beschrijven hebben van welke
toestanden een gegeven toestand ‘op kunnen volgen’. Vaak zijn deze omschrij-
vingen lineair en tijdsinvariant: We kunnen de volgende toestand bepalen door
een lineaire afbeelding toe te passen op de huidige toestand en daar het effect
van een ingangssignaal bij op te tellen.

Zoals aangegeven hebben dergelijke modellen toepassingen in een groot aan-
tal wetenschappen. Daarom is karakteriseren wanneer een dynamisch sys-
teem bepaalde kwalitatieve en kwantitatieve eigenschappen vertoont een prob-
leem van groot belang. Kunnen we, bijvoorbeeld, op basis van de wiskundige
beschrijving bepalen of er ingangssignalen bestaan welke het systeem tot rust
brengen? Bestaan er ingangssignalen zodanig dat we vanaf een gegeven toes-
tand een ander punt kunnen bereiken? Dit soort vragen staan centraal in sys-
teemanalyse. In het verlengde hiervan ligt het daadwerkelijk bepalen van het in-
gangssignaal dat de bovenstaande eigenschappen behaalt. Dit is het essenti€le
probleem in de regeltechniek. Het moge duidelijk wezen dat analyseresultaten
vaak noodzakelijk zijn voor het oplossen van regelproblemen.

Voor lineaire, tijdsinvariante systemen zijn de theorieén van analyse en rege-
ling goed ontwikkeld. Van bijzonder belang met betrekking tot dit proef-
schrift is de geometrische benadering van systeem- en regeltechniek. Om
deze benadering op een simpele manier te illustreren, kunnen we bijvoorbeeld
het bereikbaarheidsprobleem bestuderen: Bepaal of voor elk punt in de toestand-
sruimte of er een ingangssignaal bestaat zodanig dat, als we beginnen in het
nulpunt en deze signalen toepassen, we uitkomen bij het voorgeschreven punt.
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Echter, het hoeft niet mogelijk te zijn om elk punt apart te testen. De ge-
ometrische benadering van dit probleem is om de verzameling van alle ‘bereik-
bare’ punten te beschouwen. Als we kunnen laten zien dat deze bereikbare verza-
meling bepaalde eigenschappen heeft, en dat de enige verzameling met deze
eigenschappen de volledige toestandsruimte is, dan is de bereikbare verzamel-
ing gelijk aan de toestandsruimte.

In dit proefschrift beschouwen we een aantal analyse- en regelproblemen op
deze manier. In deel een bekijken we lineaire systemen met begrenzingen. Veel
fenomenen zijn op een natuurlijke manier begrensd, maar deze worden vaak
buiten beschouwing gelaten bij het modelleren. Om specifiek te zijn werken
we met lineaire systemen met begrenzingen in de vorm van convexe kegels. Dit
zorgt ervoor dat we bijvoorbeeld systemen kunnen bekijken waarbij bepaalde
variabelen niet-negatief zijn. Echter, bij het ontwikkelen van geometrische meth-
oden lag voor zover de focus ofwel bij lineaire systemen ofwel bij zeer algemene
niet-lineaire systemen. Aangezien het beschouwen van algemenere klassen van
system er onvermijdelijk voor zorgt dat de resultaten die te behalen zijn beperkt
zijn, nemen we een benadering die precies aansluit bij de klasse van lineaire
systemen met convexe kegelbegrenzingen.

Met dit doel ontwikkelen we een raamwerk van differentie-inclusies van con-
vexe processen. Deze vormen een wiskundig formalisme, waarin de dynamica
van elk lineair systeem met dergelijke begrenzingen gevat kan worden. Voor
deze klasse systemen ontwikkelen we een theorie gestoeld op de klassieke ge-
ometrische regeltechniek, met een specifieke focus op invariantie end dualiteit.
Als gevolg hiervan verkrijgen we nieuwe karakterisaties van bereikbaarheid,
nulregelbaarheid, regelbaarheid, en stabiliseerbaarheid. Vervolgens laten we
zien dat deze alle bekende resultaten generaliseren. Naast het ontwikkelen van
deze karakterisaties, bereiden we de theorie van Lyapunovfuncties uit naar deze
klasse.

Tot nu toe hebben we gekeken naar situaties waarin we een model van het
fenomeen in kwestie tot onze beschikking hebben. Echter, soms zijn we in
de situatie waarin een uniek systeem onbekend is, maar waarin we in plaats
daarvan een aantal metingen hebben. Het uitvoeren van analyse en regeling
op basis van dergelijke gemeten data staat bekend als datagestuurde analyse en
regeling. In dit proefschrift ontwikkelen we de theorie van data-informativiteit,
dat wil zeggen, we omschrijven voorwaarden voor de data onder welke het
gemeten system gegarandeerd is om zekere eigenschappen te hebben. Dit is
gebaseerd op de volgende simpele observatie: We kunnen louter concluderen
dat het gemeten systeem (bijvoorbeeld) regelbaar is als alle systemen die verenig-
baar zijn met de data regelbaar zijn.
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Het tweede deel van dit proefschrift staat in een context van data-informativi-
teit. Als eerste stap beschouwen we exacte data. Voor dit type data formuleren
we informativiteitsvoorwaarden voor een reeks aan verschillende analyse- en
regelproblemen. Hierna beschouwen we een situatie met data met gestruc-
tureerde ruis. Dit betekent dat de metingen gecorrumpeerd zijn met een on-
bekende, maar gestructureerde verstoring. Voor deze situatie ontwikkelen we
een generalisatie van de eerdere, ruisloze resultaten. Ten slotte brengen we de
twee delen van dit proefschrift samen en beschouwen we data-informativiteit
in een context van convexe processen.
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