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Chapter 1

Introduction

1.1 Problem formulation and motivations

Quantized control systems are controlled dynamical systems with input and/or output maps
taking values in discrete (say, quantized) sets. As a simple reference model, consider a discrete
time system of the type

x(t+1)= f(:v(t),u(t))
y(t) = gy (=(t)) (1.1)
z(t) eR™, u(t) e CR™, gy(x) €Y,

where Y and/or Y are finite sets and f : R™ x R™ — R” is such that, Vz € R™, f(-,z2)
is a smooth function. Depending on the problem, the control set ¢/ and/or the output map
gy may be assigned or be a design objective. In this framework, a controller is a system
processing sequences of outputs y(¢),y(t — 1),... and returning an input u(t) € U for
the system with the purpose that the resulting trajectories z(t),x(t + 1),... have desired
behaviors.

Quantized control systems belong to the wider class of hybrid systems. The hybrid nature of
the model is caused by the coexistence of continuous state variables with discrete input and/or
output variables. In particular, in a quantized control problem, the overall system results
to be organized into two levels reflecting its mixed logical/dynamical nature (see Fig. 1.1):
at the physical level, the plant is modelled by an equation like (1.1); at the logical level,
the controller is a device mapping output strings to input strings from discrete alphabets.
The designer operates at the logical level. The overall picture results in a highly nonlinear
dynamical system. Actually, even in the seemingly easy situation in which the dynamics is
described by a linear transformation, that is

f(x,u) = Az + Bu,

the presence of discrete variables produces nonlinear closed loop dynamics which may exhibit
features such as the presence of multiple isolated equilibria, limit cycles and chaotic behaviors

7
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(discrete) U D U 52%:1%}1 Yy € Y (discrete)

(continuous)

/@\ —

O=@

Controller: finite state machine

_Physical level
Logical level

Figure 1.1: Graphical illustration of the hybrid structure of a quantized control system.

(see e.g., [63, 127, 29, 42]) . This kind of models are referred to as quantized linear systems
and are the subject of this thesis. From now on, we will tacitly refer to this class of systems.

The presence of quantization is traditionally believed to play adversely on control performance
(if anything, it disrupts linearity of the system). However, its introduction has profound
practical and technological motivations deeply rooted in the following two classes of problems:
the “control with discrete sensors and/or actuators” and the “control under communication
constraints”.

Control with discrete sensors and/or actuators: digital controllers interact with the envi-
ronment by means of Analog—to—Digital or Digital-to—Analog converters that have a finite
resolution, which may even be very coarse. Think, for instance, of a stepper motor (where
the allowed control actions are: “stand still”, “one step forward” or “one step backward”; i.e.,
U is made up of three elements only) or a low resolution camera. More in general, think of a
low cost sensing and actuation apparatus. In these cases, the input and/or output variables
are inherently quantized. As a result, the set of control actions U in system (1.1) and the
output map ¢, (modelling the sensors) are fized. Prominent issues are in this case to sort
out the achievable control goals and to synthesize a controller that maximizes performance.

Control under communication constraints: when a finite capacity communication link is
present in the control loop, even if sensors and actuators have high resolution and can be
reasonably modelled by means of continuous variables, the input and/or output signals have
to be quantized and encoded into discrete-valued variables, suitable for the transmission
(see Fig. 1.2). In a growing number of applications of modern technologies, one has to
deal with large scale, possibly geographically distributed, complex and networked systems
where multiple tasks are to be accomplished at the same time. Think, for instance, of the
management of the control devices in a vehicle, of the remote control of a plant (being that a
manufacturing process or a complex robotic device) or of the mobile telephony. In this kind
of applications, the issues of control and of communication between the different components
of the system cannot be separated. Indeed, although the overall communication capacity
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Figure 1.2: The basic scheme for the “control under communication constraints” problem.

may be high, due to the large amount of control tasks, only a small amount of it can be
reserved for each subsystem. Not only this is the cause of performance deterioration, but
even basic properties such as stability can be jeopardized. An efficient management of the
limited communication resource requires that control and communication problem be jointly
treated [131].

In terms of mathematical models, consider the control of a system whose input and output
variables take values in continuous spaces (e.g., u € R™ and y € R?), but where the flow of
information between the various components of the control loop is subject to communication
constraints. Quantization has to be introduced so as to enable communication: thus, the
quantized sets U and Y, as well as the output map ¢, , are design parameters chosen to
accomplish the desired goals and to satisfy the communication constraint.

The two cases are often combined.

Since the beginning of the nineties, quantization has been studied under a new perspective.
The underlying point of view has been that of regarding quantization as a useful tool rather
than an undesirable phenomenon. For instance, in the control with discrete sensors and ac-
tuators, quantization is studied with a view to the possibility of attaining a control goal by
means of the simplest and less expensive technology; in the control under communication
constraints, quantization is introduced on purpose and the interest is for the coarsest quan-
tization that preserve the possibility of achieving a desired control objective. The need for
a deeper understanding of the role of quantization in systems dynamics has encouraged the
different competencies of various scientific areas (such as Systems theory, Information and
Communication theory as well as Theoretic Computer Science) to meet in a common math-
ematical background. Thus, it is not surprising that such a change of viewpoint has allowed
to unveil undisclosed properties of quantized systems and to bring to light new opportunities
offered by quantization.

Stability is the fundamental property required for a controlled system. Accordingly, stabi-
lization is the master problem in control. As far as quantized linear systems are concerned,
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the basic observation is that, if the control function w(t) is constrained to take values from a
finite set and the system is open loop unstable, then it is not possible either to achieve closed
loop asymptotic stability or to confine the trajectories within arbitrarily small neighborhoods
of the origin [29]. The first consequence of this fact is that the two examples presented above
are quite different with regard to the stabilization problem.

In the control with discrete sensors and/or actuators, since the control set U is fixed and
typically finite, then the problem has to be properly reformulated in terms of a weaker pro-
perty than classical Lyapunov stability. For these models, practical stability notions are to
be considered [29, 131, 45, 118]. Accordingly, the practical stabilization may consist in the
synthesis of symbolic feedback controllers capable of steering the system to within sufficiently
small neighborhoods 2 of the equilibrium, starting from large attraction basins Xg (this
property is referred to as (Xp, Q)fstabﬂity). In this framework, the interesting issues to be
studied are really varied and mutually dependent: beginning with, but not limited to, the
characterization of the feasible pairs (Xp,€2) such that (Xp,2)—stabilization is possible and
the synthesis of a control law that accomplish the stabilization task.

In the control under communication constraints, instead, one can take advantage of the pos-
sibility of designing quantization to achieve asymptotic stabilization. This can be done by
means of control policies where a finite set of control values is taken to be time-varying
and adaptively chosen [17, 123]. In other words, the quantizer resolution is increased as
the trajectories get close to the equilibrium but, at each stage, the control law takes values
from a finite set (so that the communication constraint be satisfied) . However, in order that
stabilization can be achieved, at each stage it is necessary that a sufficiently large number
of control values be available. The discovery of the minimal number of symbols to be trans-
mitted and enabling the stabilization, as well as a stabilizing control policy (or, equivalently,
the identification of a minimal value R > 0 for the capacity of the communication channel
allowing for stabilization and a corresponding control and communication protocol), have
been the most relevant contributions on the subject in the recent past [131, 5, 126, 89, 80] .

Motivated by the emerging control applications and by the never—ending interest for large—
scale systems, most of the efforts of the researchers in the control community have been
addressed to the problem of the stabilization under communication constraints. In this the-
sis, instead, the main focus is on some mathematical issues stemming from the stabilization
problem for systems with discrete sensors and/or actuators. In particular, the underlying
assumption all along this work is that the input and/or output quantization is assigned. Al-
though also some aspects concerned with the control under communication constraints will be
considered, the preponderant role of quantization is that of representing a physical constraint
on the system rather than a degree of freedom in design.

Let us briefly describe the main questions we deal with in this thesis. The (X, Q2)—stabiliza-
tion is based on two main ingredients: a pair (X, 2) of controlled invariant sets [11] (that
is, sets within which it is possible to maintain confined the trajectories of the system) and a
control law realizing convergence from Xy to 2. Thus, a preliminary step with respect to
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the control synthesis consists in studying the controlled invariant neighborhoods of the equi-
librium: this is referred to as the analysis stage. Because of the quantization constraint, both
the invariance analysis and the control synthesis, which in turn is related with the reachabil-
ity issue [2, 119, 10], are quite involved problems and many questions are still open. Besides
practical stabilization, also the study of closed loop performance is a central issue, as well as
the study of the price one has to pay in terms of complexity of the quantization in order to
achieve desired performance. More precisely, as far as closed loop performance are concerned,
not only one is interested in the study of the transient behavior (which may be measured in
terms of the speed of convergence towards the final set ), but also the steady-state pro-
perties are a relevant parameter to be taken into account (e.g., through some suitable notion
of size for the final set 2 or through the amount of contraction Volume (Xy)/Volume (£2) ).
As for the complexity of an (Xj, Q)-stabilizing control law, it is meant as a measure model-
ling the cost to implement such a controller. According to the situation, complexity may be
related with the sophistication of the sensing and control apparatus or, in a “control under
communication constraints” framework, with the bandwidth required to transmit the con-
trol law. A feasible choice is that of considering a quantity related with the entropy of the
controller (which in turn is related with the number of control values taken by the controller
to accomplish the stabilization task). In particular, the measure of complexity is depending
on the geometric structure of the considered quantization. The problems we want to tackle
consist in the analysis of the way closed loop performance vary with the complexity of the
controller, in provide formal mathematical tools to quantify the existing trade off between
performance and complexity, and in the identification of fundamental performance limits in
quantized control.

To sum up, for a quantized linear system where U C R™ is an arbitrarily assigned quantized
input set (i.e, besides being quantized, there is not any further assumption on the structure
of the assigned input set) and ¢, is an arbitrarily assigned output map returning quantized
measurements of the state of the system, we address the following questions and we propose
innovative contributions (see next Section 1.3):

1. Analysis: determine a family of controlled invariant sets. Among all controlled in-
variant sets, determine the smallest (in some proper sense) final neighborhood of the
equilibrium € within which convergence of the trajectories can be ensured;

2. Synthesis: provide systematic tools for the design of controllers achieving practical
stability properties;

3. Performance and complexity: introduce suitable measures of performance and com-
plexity, analyze their mutual dependence and the limits on performance imposed by a
fixed complexity.

To be precise, in the analysis and synthesis problems, the control set is always assumed to
be quantized whereas the output of the system is either the full state x (absence of output
quantization) or a quantized measurement of z. The quantized measurement case is divided
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in two instances: state quantization (i.e., state space partitions made up of bounded sets) or
output quantization (i.e., the output is of the type y = ¢y(x) = ¢,(Cx), with C € R?*"
and ¢, induces a partition of the output space R? made up of bounded sets). In the study
of performance and complexity, the focus is on state quantization.

1.2 Overview of the literature on quantized systems

Quantization has been studied ever since the late fifties (Kalman [63], Bertram [8]). Several
years before the formal definition of chaos, Kalman showed the emergence of limit cycles and
chaotic behaviors in dynamical systems under quantized control.

Sampled—data systems and signal processing have been the first field of interest for quan-
tization: in this framework, there exists a considerable amount of literature on estimation
problems and optimal control under quantized measurements (see the book of Curry [27]
and references therein). In many of the pioneering works, quantization is modelled as an
additive white noise perturbing a nominal system and techniques from Bayesian estimation
and stochastic control are adopted. This assumption, however, is to be verified and results
to be reasonable only if the quantizer has sufficiently high resolution. A remarkable excep-
tion is represented by the work of Curry, where a quantizer is modelled as a deterministic
memoryless nonlinearity. Such an approach allows for a more qualitative study of the effects
of quantization and keeps up with the novel interpretation, proposed by the author, of re-
garding a quantizer like a device providing limited information rather than a mere source
of approximation. It is notable that the idea of modelling quantization as a deterministic
nonlinearity is underlying many important contributions on the subject up to nowadays (e.g.,
Delchamps [29], Brockett and Liberzon [17], Fu and Xie [51]): this approach is taken also
in this thesis.

Another interesting model for quantization is the set—membership description proposed by
Schweppe [112] and by Bertsekas and Rhodes [9] to deal with state estimation problems under
quantized measurements.

Digital implementation of control systems has been for long time the major field of interest
in the framework of quantized systems (Moroney [87]). With regard to this problem, most of
the efforts are spent to construct controllers (often quite involved) allowing for mitigation of
the quantization effects. Ingenious analysis tools to study the effect of quantization on digital
controlled systems are those based on norm—Lyapunov functions and presented by Michel et
al. in [84, 85, 56] (the last of these references is concerned with nonlinear systems) .

A renewed interest on quantization was brought by the seminal paper of Delchamps [29].
In that work, the idea of regarding quantization simply as a partial observation, as inspired
by the work of Curry, is revived. Such an approach, and the tools provided by the ergodic
theory [81, 71], has allowed the author to make a significant contribution towards the un-
derstanding of the role of quantization. Specifically, Delchamps has showed that asymptotic
stabilization of an unstable plant is not possible in the presence of quantization; nevertheless,
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if the plant is not too unstable, it is possible to control the state of the system as close as
desired to the origin; if instead the condition of “mild” instability is not satisfied, controlla-
bility to the origin is not possible and chaotic behaviors arise. This work has given the first
intuition on the existence of a critical rate of transmission, depending on the instability of
the system, below which there is no control policy enabling for asymptotic stabilization of the
system. For this reason, it has been the cornerstone for much of the subsequent developments
in the studies on quantized control systems, especially in the framework of the control under
communication constraints.

Further insight was brought by the work of Wong and Brockett [131], where the stabilization
under communication constraints is studied by complementing the tools from the Systems
theory with those from the Information theory. In that paper, the practical stability notion
of containability is introduced and, by means of an information theoretic inequality (i.e., the
Kraft inequality [26]), the first explicit necessary condition for stabilizability is carried out
that relates the instability of the system with the available bit—rate for communication.
These results explicitly show that the presence of a communication constraint in the stabi-
lization of a continuous time system has a profound impact. Indeed, if communication were
possible at any rate, then stabilization would be always achieved by reducing the sampling
period. In other words, it is possible to approximate any continuous time signal by switching
very fast between discrete values (Raisch [109]). On the contrary, the presence of such a
constraint induces a lower bound on the sampling period inhibiting this possibility.

The definition of a dynamic quantization scheme, where the range of the quantizer is time—
varying and adaptively chosen so that the resolution is increased as the trajectories get close
to the equilibrium (Brockett and Liberzon [17], Tatikonda [123]), has been one of the most
significant methodology introduced in the recent literature (this approach is often referred to
as the “zooming” technique and an embryonal version of it can be found in the paper of Sznaier
and Sideris [120]) . This policy is proved to guarantee asymptotic, rather than mere practical,
stabilization. With reference to this technique, a precise mathematical formulation is given by
Liberzon [75] to the idea that closed loop asymptotic stability is achievable provided that the
expansion due to the instability of the open loop system can be outweighed by a sufficiently
fine partition of the state (or output) space. When a finite capacity communication link is
present in the control loop, this policy can be successfully implemented only if the capacity
of the channel is sufficiently high. These ideas have been the basis to determine the necessary
and sufficient condition on the rate of the channel that preserve asymptotic stabilizability
(Tatikonda and Mitter [123, 126], Hespanha et al. [55], Nair and Evans [88]). For discrete
time systems, the condition is

R> Y logy|Xi(A), (1.2)
[Ai(A)[>1

where \;(A) are the eigenvalues of the open loop system. A similar analysis, allowing for
the possibility of packet losses, is offered by Ling and Lemmon [80]. In [89], Nair and
Evans consider the case of linear systems under non—deterministic and unbounded noise:
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the instability of the system is characterized in terms of the entropy rate of the open loop
dynamics and the use of the entropy power inequality of Information theory [26] allowed
the authors to show that inequality (1.2) is a necessary and sufficient condition also for
mean square stabilizability. A thorough study of the dynamical properties of scalar systems
operating near the data rate limit has been worked out by Baillieul in [5] and, in accordance
with Delchamps’ work, the emergence of chaotic behaviors is observed.

The crucial property ensuring that the zooming technique does indeed permit asymptotic
stabilization is the input-to-state stability [62] of the ideal (i.e., non—quantized) underlying
dynamics: this fact makes for the generalization of this technique to more general nonlinear
systems (Liberzon and Hespanha [77], De Persis [31]) . Moreover, it has been explicitly shown
by Liberzon and Nési¢ [92, 78] that the zooming technique is also related with small-gain
theory [67] : this has been the basis for extensions to input—to—state stabilization of quantized
linear systems in the presence of an unknown disturbance (Liberzon and Nési¢ [79]) .

Also in the framework of static quantizers, small-gain theory offers profitable tools. A fun-
damental contribution and a point of reference for the scientific community is provided by
the work of Elia and Mitter [39]: in this paper, the authors are interested in the problem
of understanding the minimum information needed to carry out a stabilization task. It is
shown that, for a given stabilizable discrete time linear system, the minimum density of a
static single-input quantizer ensuring that stabilizability is preserved is achieved by a lo-
garithmic quantizer. This result is in accordance with the intuition that, when the system
state is far off from the equilibrium, a coarse control action can be used, whereas when the
state is approaching the equilibrium, “fine—grained” corrections are needed. A logarithmic
quantizer, when modelled as a static nonlinearity, can be seen as an uncertainty included in
a sector [67]. As a counterpart, the nonlinearity representing the corresponding quantization
error is a standard example of a finite gain nonlinearity. Actually, the results in [39] can be
interpreted in terms of small-gain conditions in the functional space H,,. Thus, by taking
advantage of robust control techniques, the results of Elia and Mitter has been extended by
Fu and Xie [51] to more general cases such as systems with multiple inputs or with output
quantization. Moreover, it is possible to include performance requirements such as guaran-
teed quadratic cost under quantized outputs or H., performance under quantized inputs.
Some of the ideas on logarithmic quantization are extended by Ishii and Francis to continuous
time models in [60, 61] .

In the aforementioned papers, the range of the control law u(t) is made up of infinite points
accumulating towards 0 (as it follows by the increase of the quantizer resolution while the
trajectories get close to the equilibrium) and asymptotic stabilization is possible. This is not
the case if instead the controller is forced to take only a finite number of values: in this case,
0 is an isolated point for the range of the quantized control law and only practical stability,
such as (Xp, Q)-stability, can be ensured.

An issue related with the work of Elia and Mitter, but referred to finite range quantizers, is
the one considered by Bullo and Liberzon [18]. In this paper, for a given continuous time
linear system and a feedback law guaranteeing closed loop stability in the absence of quan-
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tization, a static state quantizer taking a prefixed number of values has to be found so that
a “destabilizing measure” is minimized (thus, ensuring good practical stability properties for
the closed loop dynamics in the presence of quantization). It is shown that the design can be
conveniently cast as a locational optimization problem [36] and different algorithms to solve
it are discussed.

The emergence of chaos in linear systems under quantized control bears an unsuspected
design opportunity for constructing efficient practically stabilizing controllers (Fagnani and
Zampieri [42, 43]). The idea is as much brilliant as it is simple: if the dynamics within
Xo is chaotic, then almost all the trajectories will eventually enter any neighborhood €2 of
the equilibrium; in addition, the quantized control law can be defined so as to ensure the
invariance of ), thus trapping the trajectories therein. Therefore, with the effort needed to
guarantee the invariance of Xy, also the convergence towards 2 is ensured. As one expects,
the smaller € is, the larger the mean time taken by the trajectories to enter € is. More in
general, there exists a trade off between performance of the closed loop system and complez-
ity of the controller. Fagnani and Zampieri report a detailed study of this trade off in [45].
As already mentioned in the previous section, the analysis is enriched by the necessity of
defining two performance parameters: one accounting for the transient behavior, the other
for the steady—state. This yields a variety of optimal quantized controllers depending on the
relative weight given to these parameters. This kind of analysis is extended by Delvenne [30]
to quantizers with more complex topological structure.

Many results have been developed also for stochastic models. In [110, 111], Sahai and
Mitter consider the feedback stabilization over a noisy channel. They show that the classical
characterization of a communication channel in terms of the Shannon capacity is not suitable
to deal with the stabilization of unstable processes. It is proved, instead, that the right
notion is that of anytime capacity, a function of the so called anytime reliability (namely,
the exponential rate at which the probability of decoding error of a message is guaranteed to
decay with time when communication happens at rate R). By establishing the equivalence
between feedback stabilization and reliable communication in the anytime sense, these works
have contributed to bring further insight on the relations between control and communication.
Borkar and Mitter [14] and Matveev and Savkin [82] have studied LQG control under limited
data rate. The former reference, in particular, deals with separation properties between
coding and control, an issue which is further analyzed by Tatikonda et al. in [125].

Other references on the control under communication constraints include papers dealing
with the control of networked systems having a topological structure which is more complex
than a single feedback loop (Tatikonda [124], Nair et al. [90], Matveev and Savkin [83], Li
and Baillieul [73]) and the special issue of the IEEE Transactions on Automatic Control on
“Networked control systems” [1]. A comprehensive presentation of the main results from the
literature can be found in the work of Nair et al. [91].

Most of the papers listed above presume that the quantization better suited to the control
objective can be freely chosen. Much more limited is the list of papers dealing with the
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control of systems under assigned input and/or output quantization. Moreover, in most of
the contributions only uniform quantization is considered. For instance, the reachability
of a neighborhood of 0 under uniform input or state quantization is studied by Sznaier et
al. [119, 120] by means of the Minkowsky functional [12]. The work of Delchamps [29] deals
with uniform state quantization and practical stability properties are studied in terms of
standard quadratic Lyapunov functions. In addition to uniform quantizers, analysis results
are provided by Michel et al. in [85] for logarithmic quantizers. Also the recent paper of Azuma
and Sugie [4] deals with assigned uniformly quantized inputs, but dynamic quantization
is proposed: namely, a dynamic quantizer is designed so as to minimize the norm of the
difference between the given linear plant and the cascade interconnection of the quantizer
with the given plant. The study is restricted to open loop behavior.

Different approaches are those based on optimal control techniques: in this case, the control
law is the result of an optimization problem. Among these methods, a suitable framework
is provided by the so called Model Predictive Control techniques (MPC), for their ability to
effectively deal with constraints in the control action. A detailed study of the application of
MPC to quantized control systems can be found in the work of Quevedo et al. [108]. In this
paper, the practically stabilizing control law is provided in closed form and analysis methods
are included to determine the invariant sets for the corresponding closed loop dynamics. An
extension of MPC based techniques for networked control systems is proposed by Goodwin
et al. in [54]. Here, assigned finite input sets and quantized measurements are considered:
the state estimation problem is studied either in terms of a set—valued observer or, for non—
deterministic plants, via Kalman filtering; the control synthesis is then carried out with a
receding horizon policy. Closed loop analysis is offered only for open loop stable plant.

The so called dual mode MPC scheme is considered by Picasso et al. in [98]: in this case,
convergence to within a priori determined invariant sets can be enforced. For uniformly quan-
tized single—input systems, Picasso and Bicchi present the corresponding feasibility analysis
of the quantized MPC scheme in [101].

In the contribution proposed by Su et al. [118], the design of practically stabilizing controllers
is converted into a nonlinear programming problem: such an approach can be applied to a
wide class of hybrid systems including quantized input models as a particular case.

A synthesis of the main results on the stabilization of quantized systems, including technical
details, can be also found in the contribution of Picasso et al. [106] .

1.3 Summary of the thesis and main contributions

1.3.1 Summary of the thesis

We focus on the practical stabilization problem for discrete time linear systems under assigned
input and/or output quantization. The study has been organized into three steps: analysis,
synthesis and study of the relations between performance of the closed loop system and
complezity of the controller.
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In Chapter 2, besides the main definitions, the most relevant issues addressed in the thesis
are presented through simple scalar examples.

The analysis stage is presented in Chapter 3. This study is prior to the control synthesis
and, in agreement with the final goal of (X, 2)—stabilization, it is concerned with the search
for controlled invariant neighborhoods of the equilibrium. Two methods are proposed: the
first one provides controlled invariant hypercubes. This technique can be applied to reachable
single-input systems only but it has optimality properties (i.e., it is capable of returning a
final set Q0 of minimal size, see Section 3.1.2) and it is suitable to handle the cases of systems
under input and output quantization. In the second method, controlled invariant ellipsoids
are considered which result from classic Lyapunov arguments for quadratic functions: this
approach is feasible for any stabilizable system but results are often quite conservative and
limited to input quantization. In Section 3.1.3, an extension is proposed to the controlled
invariance analysis for multiple scalar systems sharing a limited capacity communication
channel: in this case, the issues of the control under assigned quantization are combined with
those from the control under communication constraints.

The control synthesis problem is faced in Chapters 4, 5 and 6.

It is shown in Chapter 3, that a quantized version of the classical deadbeat controller (the
so called gdb—controller) is directly involved in the invariance analysis of hypercubes. Hence,
in Chapter 4, (Xj, 2)-stability of the closed loop dynamics generated by a qdb—controller
is studied in terms of pairs (Xp,{2) made up of hypercubes. This analysis is developed
for various cases including systems with arbitrarily assigned single—input and single—output
quantization (in this most general case, the study is performed in terms of the size of hy-
percubes bounding the initial condition, the state transient and the steady—state evolution,
which is the so called (Xo, X1, Q)-stability).

Small-gain theorems [67] are the technical tool allowing us to deal with the general class
of multi-input systems. The small-gain approach for the design of practically stabilizing
control laws is presented in Chapters 5 and 6. It is an abstract methodology enabling to
solve the control synthesis problem in a systematic way. In this framework, the system and
the feedback controller are seen as input/output operators. Small-gain theorems provide
conditions for the closed loop stability in terms of the norms of these operators. In this way,
the control synthesis problem is converted into the satisfaction of suitable relations between
the norms of the system and of the controller. A more detailed introduction to this approach
is given in Section 5.1. In this part of the thesis, systems under arbitrarily assigned multi—
input quantization are considered, while full state is assumed to be available (in particular,
measurements are not quantized) . Two small-gain approaches are fitted on quantized input
systems so as to guarantee closed loop practical stability.

The first approach is presented in Chapter 5 and consists of considering the input/output
operators as elements of the so called Hardy’s functional space H, . In this way, the con-
trol synthesis for practical stabilization is transformed into a particular control problem in
H, [132, 117]. The corresponding practical stability analysis is based on the Lyapunov ar-
guments for quadratic functions illustrated in Chapter 3 and yields pairs (Xp,2) of invariant
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ellipsoids.

The other method is proposed in Chapter 6 : here, the input/output operators are associated
with elements of the functional space ¢;, hence the control synthesis for practical stabiliza-
tion is turned into a control problem in ¢; [128, 34]. The corresponding practical stability
analysis provides hypercubes within which the trajectories are proved to be confined. These
results extend to multi-input systems those illustrated in Chapter 4 for the qdb—controller,
which indeed are shown to be achievable as a particular case of the ¢1 control technique.
For single-input systems, the control synthesis problem is entirely solved by means of the
¢1 approach whereas, in the multi-input case, the proposed methodology is complementary
to the one relying on the H,, theory. Namely, the control synthesis is performed in the
H,, framework, whilst a small-gain theorem in ¢; enables us to obtain a less conservative
steady—state analysis of the closed loop dynamics than that based on invariant ellipsoids pro-
vided in Chapter 5. Furthermore, a formulation of the control synthesis problem for practical
stabilization is also proposed in terms of a mixed Hy,/¢; control problem. As far as the size
of the final set  is concerned, the control synthesis in ¢;, and the corresponding closed
loop analysis, appears to inherit the optimality properties of the analysis based on invariant
hypercubes (in this respect, only numerical examples are given).

Finally, the analysis of the relations between the closed loop performance and the complexity
of the controller is carried out in Chapter 7. The study is performed with reference to
the coding issue rising in the “control under communication constraints” framework (thus,
the complexity of the controller is related to the bandwidth needed for transmission of the
control symbols). To this end, it is convenient to analyze the dynamics of the system in a
probabilistic fashion. Namely, the state of the system at time ¢ is represented by a proba-
bility distribution pu;: the focus is on the evolution of the second moment of the distribution
(i.e., the mean—square value, or energy, of the distribution). An entropy—like function of the
energy is defined to measure the complexity of the state quantization induced by the con-
troller. The asymptotic and the transient behavior of the system are described in terms of
the asymptotic value of the energy of the evolving distributions and of the convergence rate
towards the asymptotic value, respectively. The behaviors of the considered quantities for
various types of quantizers are analyzed, including (but not limited to) the main quantizers
considered in the previous chapters of the thesis. Moreover, fundamental relations between
complexity and steady—state performance and between complexity and transient behavior are
worked out by means of the mathematical tools offered by the Information theory. The study
is restricted to the case of scalar linear systems, which already contains the basic difficulties
one encounters for more complex systems.

A general picture of the thesis organization, including references to the various types of
quantizations taken into consideration and to the relations between the different addressed
topics, is given in Fig. 1.3.
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1.3.2 Main contributions

A list of the main contributions of the thesis is the following;:

1.

The practical stabilization problem for discrete time linear systems under arbitrarily
assigned input and/or output quantization has not received sufficient attention by the
control community. For this problem, systematic analysis and control synthesis tools
are offered. The cases where only practical stabilization is possible (e.g., when the
quantizers are static and have a finite range) are considered.

. For single—input systems, an original method is proposed to determine hypercubic con-

trolled invariant sets. The approach is completely analytic (rather than algorithmic)
and it is capable of dealing with systems under arbitrarily assigned quantization. One
relevant contribution is the possibility of handling also output quantization. Moreover,
it is proved that the considered family of invariant sets contains an element whose size
is minimal with respect to any controlled invariant set. Convergence to such a set
is ensured by a gqdb—controller, whose practically stabilizing properties are studied in
terms of invariant hypercubes. (See Chapters 3 and 4).

. A quantized version of a control law which is stabilizing in the absence of quantization

(as, for instance, u(z) = q,(Kz), for some ¢, : R™ — U and a stabilizing control gain
K e Rmxn) is not guaranteed to achieve practical stabilization. The idea of resorting
to robust control techniques to determine feasible choices for the non—quantized control
law is not new, but a thorough study of the small-gain approach for the control synthesis
of practically stabilizing quantized controllers under assigned multi-input quantization
indeed is. In particular, the method based on the ¢; theory is quite new and especially
indicated to deal with practical stabilization. (See Chapters 5 and 6) .

. A parallel issue, where quantization is not directly involved, has been the development

of innovative tools for the analysis and the control synthesis in ¢;. In this respect,
interesting results have been worked out for the special class of positive systems. (See
Section 6.1) .

. An analysis of performance and complexity for static quantizers capable of dealing

with distributions having unbounded support has not been previously considered in
the literature and poses interesting theoretical issues. A powerful relation between
the complexity of the controller (as measured by an entropy-like function) and the
geometric structure of the corresponding quantization is worked out in terms of the
Laplace transformation. Moreover, fundamental limits in performance, enforced by
the given complexity of a controller, have been carried out by means of information
theoretical inequalities relating the entropy of the control process to the behavior of
the energy of the evolving distributions. (See Chapter 7).

Let us discuss the items of the above list with detailed references to the existing literature.
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1. As we have clarified in previous Section 1.2, the control under communication con-
straints have been the predominant subject of the recent literature on quantized control
systems. There are two main consequences of this fact: first, recently developed control
tools (as for instance the robust control techniques in ¢; ) have not been extensively
applied to the practical stabilization problem under assigned quantization. Secondly,
most of the methods introduced in the literature are tailored to the asymptotic stabiliza-
tion and dynamic quantizers: for this reason, with few remarkable exceptions [39, 61],
they overlook the practical stabilization issue and, above all, they rarely provide the
tools to solve the problem under arbitrarily assigned quantization (i.e, when no special
assumptions are made on the structure of the assigned quantized sets) .

2. Although there exist a wide literature on controlled invariance (see [11] and references
therein) , the problem for quantized input systems is not trivial. In fact, not only quan-
tization disrupts linearity of a system, but also other properties, such as convexity of
the control set, are lost. This fact inhibits the use of many classical results on controlled
invariance under constrained control.

The perturbation technique proposed in [108] contains some ideas similar to those pre-
sented in this thesis but it only allows to determine invariant sets for a specified closed
loop dynamics and it is often computationally untractable. In [19] a method is pro-
posed which employs geometric arguments and allows one to deal with multi-input
systems and robustness issues. However, only quantization resulting from the uniform
tiling of the state space can be handled. A quite general framework within which in-
variant sets can be studied, and allowing one to deal with quantization, is provided
by the Viability theory [3]. We mention, inter alia, the “Controlled Invariance Kernel
Algorithm” [113]. The main drawback of this technique is that it is computationally
intensive because of the increasingly larger number of constraints needed to describe
the sets generated at the various stages of the algorithm. Another interesting approach
is the one proposed in [118] for switching systems (thus including quantized systems as
a special case) where invariant Euclidean balls are algorithmically computed using non-
linear programming. This technique can efficiently handle the two stages of practical
stabilization (i.e., invariance and convergence) but it has to cope with a non—convex op-
timization, hence the global optimum may not be found. Furthermore, in many cases,
looking for invariant Euclidean balls is too restrictive as a quantized input system may
have invariant sets but no invariant balls. Among classical methods for the analysis of
controlled invariance, those based on Lyapunov theory and quadratic functions are the
most easily adaptable to quantized systems. Although not always explicitly referred to
the controlled invariance problem, this approach is common in the literature (see, for
instance, [29, 17, 39]).

While all these techniques are of quite general application, on the other hand they typ-
ically yield conservative results. That is, they are not capable of providing information
on the minimal invariant set for a system under assigned input quantization.
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Moreover, the nature of the practical stabilization problem varies with the different
types of output map ¢, considered. Results in the literature are mainly concerned
with quantization of the state [29, 17, 80] or quantization of the innovation [39, 126].
Results for quantized outputs are given in [17, 51] but a detailed study on the synthesis
of symbolic controllers for discrete time systems with arbitrarily assigned quantized
outputs has not been addressed so far (to the best of our knowledge) .

. Robust control techniques have been already used to study the stabilization problem for

quantized systems. The analysis techniques proposed in [84, 85] and employing norm—
Lyapunov functions are similar to those based on quadratic functions illustrated in this
thesis. However, they are not suitable to deal with control synthesis and are limited
to SISO systems. In [61], sample—data systems and uniform or logarithmic quantizers
are considered. The small-gain approach in H,, proposed in this thesis, instead, is
closely related to the sector bound approach proposed in [51]. In the work of Fu and
Xie, the Hy, control tools are employed to design the coarsest quantizers preserving
asymptotic stabilizability. In this way, logarithmic quantizers are considered for MIMO
systems. The study does not involve quantitative analysis of practical stability and
is restricted to particular types of quantizers (namely, logarithmic quantizers acting
independently on each component of the multi-input or multi-output variable, thus
giving rise to a quantized set in the form of a cartesian product). On the contrary,
the formulation in terms of small-gain conditions proposed in this thesis can efficiently
handle any arbitrarily assigned multi-input quantized set.

The functional space Hy, is isomorphic to the space of the operators between input
and output sequences belonging to f», hence vanishing for ¢ — +o0o. It is deeply—
rooted in this fact the reason why the H., control tools are indicated for those cases
where asymptotic stabilization is achievable (i.e., when the range of the control function
u(t) is allowed to have 0 as an accumulation point so that the quantization error is
vanishing for ¢ — +o0). This is not the case when, for instance, the control function
is forced to take a finite number of control values. In this situation, the quantization
error is a persistent (i.e., non—vanishing) disturbance which can be seen as a sequence
in £ . Therefore, the choice of studying the practical stabilization in the ¢; functional
space (whose elements define operators between input and output sequences belonging
to loo ) is natural and it is not surprising that, as for the steady—state performance, the
corresponding results appear to be less conservative than those based on H,, theory.

Although we are mainly interested on the stabilization under assigned quantization,
the proposed techniques can be applied also to design the quantizers so as to achieve
desired stability properties. In this case, the results based on ¢; control turn out to be
conservative in terms of bit-rate with respect to the tight bound proved in [126, 89, 80] .
This is however inherently related with the faster convergence rate the proposed control
strategy ensures (see Remark 16 in Section 4.2.2).
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4. The design of a controller so that the /., —gain' of the operator associated to the
corresponding closed loop dynamics is below a desired threshold, or minimized, is called
the ¢;—control problem. This problem has been introduced in [128] and has been the
subject of a certain amount of literature [28, 34, 113, 65, 38, 7|]. The main proposed
approaches take advantage of the convex structure of the set of all stabilizing controllers
and, either the problem is transformed into an infinite dimensional linear optimization,
or a linear (or quadratic) programming formulation is presented. Hence, algorithmic
procedures are carried out for numerical approximation of the solution. Differently from
the case of dynamic controllers, the problem of minimizing the f,,—gain by means of
static output feedback has been less investigated. In this case, the main difficulties rise
from the fact that the set of stabilizing control gains is not convex.

Assuming that a good synthesis methodology may be found if suitable analysis tools
are available, we have first turned our attention to the problem of evaluating the f£.,—
gain of a BIBO-stable linear system. In this respect, the main results [6, 58] are still
based on algorithmic procedures that do not appear to be practical for extension to
control synthesis problems. The main contribution of Section 6.1 consists in providing
an easy method for the computation of an upper bound for the ¢,,—gain of a BIBO—
stable linear system. Although the proposed bound is not always feasible (i.e., it can
be computed only for some particular systems) and often quite conservative, yet it is
useful in some interesting cases. In particular, the bound is proved to be tight for
single—input positive systems. Furthermore, the proposed method can be extended to
deal with control synthesis: a sufficient criterion is provided that allows one to find a
static output feedback w = Ky so that the {,,—gain of the closed loop dynamics is
below a desired threshold. This can be done by solving a system of linear inequalities.

5. The presence of a communication constraint in the control loop is the cause of perfor-
mance deterioration mainly due to quantization and transmission delays. The suitable
mathematical framework within which these phenomena can be analyzed is offered by
the Information theory. This approach has been pursued ever since [131] and later
on by [89, 44, 125, 30]. Motivated by the “control under communication constraints”
problem, the analysis of the relations between closed loop performance and complexity
of the controller has been first offered in [42, 45]. An information theoretical oriented
study is given in [44, 30] . These works deal either with distributions having a bounded
support or with dynamic quantizers. As clarified in [89], to cope with distributions hav-
ing an unbounded support, control laws taking infinite values are necessary. Because
we consider static controllers (as opposed to time—varying techniques widely studied in
the literature [123, 17, 125, 89, 80]), infinite symbols are necessary to encode the con-
trol values. This poses technical problems concerned with transmission delays caused
by the presence of arbitrarily long coding sequences, as well as theoretical questions
on the definition of a proper complexity measure for a controller (indeed, a cardinality

'That is, the induced norm of an operator between sequences belonging to o .
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function as proposed in [45] is no more meaningful). Not only the notion of entropy
in Information theory is enabling us to deal with these problems, but it provides us
with powerful technical aids for the analysis of the relations between performance and
complexity. For instance, recently studied information theoretic relations between the
entropy of continuous and discrete variables [46] allow us to determine a lower bound
on the achievable asymptotic value of the energy under assigned quantization.

Further discussions can be found in the introductory parts of the various sections.

References [97, 100, 102, 48, 103, 105, 104, 106, 107] are a selection of the main publications
where earlier versions of the contributions of this thesis can be found. The writing of other
papers, on the most recently developed parts of this work, is in progress.
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1.5 Notation and terminology

Matrices and vectors:
Consider a given square matrix A € R™*™ and a vector = € R".

o Let
A(A) be an eigenvalue of A

S(A) := {\(A4) € C|A\(A) be an eigenvalue of A} be the spectrum of A

p(A) ::)\(j])ags)‘((A) IA(A)] be the spectral radius of A.

If p(A) <1, then the matrix A is said to be Schur.
e 2/ and A’ stand for the transpose of the vector z and of the matrix A, respectively.
e ¢; is the i—th vector of the canonical basis.

e z;:= ¢z is the i—th component of the vector z.
The i—th component of the vector Az is denoted by (Ax); .
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o A;j:=cixe; is the (i,7)-th entry of the matrix A.

e I, is the identity matrix in R"*". Sometimes, when the dimension is clear from the
context, the subscript “h” is omitted.

e For QCR" AQ:={Aw|we Q}.
Systems:
e A discrete time, time—invariant and strictly proper dynamical linear system

x(t+1) = Azx(t) + Bu(t)

y(t) = Cx(t)
reR?” weR™ and yeR?

is denoted by X(A, B,C). In order to avoid useless redundancies, the matrices B and
C' are always supposed to be full rank.

e Either % (¢) or simply z* are often used to denote z(t+1).
Norms:
e For v € R" and p € [1, o], we let:

(S0, Jul?)? it pell, oo

max | if p=oo.
i=1,...,n

[vllp =

e For A€ R™™ and p € [l, oo, we let:

Azx
|Allp == sup |Az],
z€R™ 240 ||5U||p

It holds that

Vo(ATA) = \/p(AA)) if p=2

All, =
141 max y - |Aijl if p=o0.
i=1,..n = ’

Sets:
e The cardinality of a set S is denoted by # 5.

e A set S issaid to be finite iff # S5 < 400, whereas, it is said to be countable iff there
exists an injective function f: .S — N. Hence, finite sets are countable sets.

e Intervals are denoted by: [a, b] :={z €R|a <z <b}, Ja,b[:={x eR|a <z <Db},
[a,b[:={z e R|a <z <b}, etc.

e Let RT:=RNJ0, +oo].
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e For a given € >0, let €Z := {ez|z € Z}.
o Let Br:={z e R"||z|2 < R}.
e For a given R"™" 3 P >0 and r € R, let

Epp2 i={z e R" |2/ Pz < T2} :

e Let FCR":
E denotes the closure of E;
XE(x) is the characteristic function of E', namely:

1 if z€F
Xe(r) =

0 otherwise;

¢E denotes the complementary set;
for veR™, let E—v:={xcRF|z+veE}.

e Given two sets D and F,let E\D:={ec E|e¢ D}.

e For F CR, diam(FE) :=sup |z — y| is the diameter of E.
zyelE
e For QCR", let Pr; Q:={w; e R|Tw = (w1,...,wi,...,wp) € A} ={w; |w € Q};
diam;  := diam(Pri Q) .

o Let
Qn(d)=[-3, 2] " ={zeR" ||zl < 3}

be the closed hypercube of edge length A;

denote by Q%(A) := [— %, % [n the semi—open hypercube.

Probability:

e Probability spaces are simply denoted by the sample space €2, both the oc—algebra and
the probability measure are understood (to our purposes, it is enough to specify the
distribution of the considered random variables) .

e We denote by Pr(R) the space of Borel probability measures on R.

e For m €]0, 1] and = € R, md, denotes the delta—measure having mass m concen-
trated at x € R. That is, if A C R is a Borel set, then

m if z€A

mo,(A) = {

0 otherwise.

e Let X be a random variable taking values in R: by E[X] and Var[X]| we mean the
expectation and the variance of X .
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We denote by Pr(Z) the space of discrete probability measures on Z: its elements
will be identified with sequences p = {pi}rez of non—negative real numbers such that

ZkeZ pe=1.

Other notation:

If not otherwise stated, the logarithms are in the base e.

The floor function is |z] := max{z € Z|z < z};
the ceil function is [z] := min{z € Z|z > z}.

The Gamma function is defined by

I(z):= f0+oo et Lat
z>0.

For n € N, it holds that T'(n + 1) = n!.

The sign function is defined by

sign (x) :=

{ 2t 2 0

1 otherwise.

Let f:X—>)Y and g : Y — Z:
for Y CY, f71(Y):={x € X|f(z) € Y} denotes the inverse image of Y ;
go f denotes the composite function, (go f)(z) := g(f(z)) .

Consider a function ¢ : X — R and assume that p szi)I(l ¢(x) is well-defined. We
TEe
let,

argmin ¢(z) :=={z € X |o(z) = p}.
reX

We write y =argmin ¢(z) to mean any y € argmin ¢(x). Symmetric assumptions are
PSS TEX
considered for argmax ¢(z) .
TEX
Let f and g be two real functions defined on a half-line [zy, +00[ C R and such that

limg 400 f(2) = limg— 400 g(x) = 400 . By the notation

for z— 400, f(z)~g(x)
we mean that lim, % = 1 or, equivalently, that f(z) = g(z)(1 + h(z)) with
limg 400 h(x) =0.



Chapter 2

Definitions and examples

This thesis is concerned with the practical stabilization problem for a discrete time and
time—invariant dynamical system of the type

z(t+1) = Az(t) + Bu(t)

y(t) = gy (z(t))

reR" weldUCR™, ye)y
AEeR™™ BeRY™ ¢eN.

(2.1)

It is assumed that 0 € U, thus (x = 0,u = 0) is an equilibrium pair, and U is an assigned
quantized set. Also the output map ¢, : R — ) is assigned and, according to the consid-
ered problem, either is the identity map ¢y(xz) = x (full state available) or ) is a countable
set (quantized measurement) .

Some clarifications are in order: first, the definition of quantized set is needed; secondly,
precise assumptions on the output map ¢, are to be specified; finally it must be clarified
what a controller is and which the proper notion of practical stability/stabilization for sys-
tem (2.1) is. This is the subject of the next few sections. The review of these points allows
us to emphasize some features of system (2.1) that raise some of the main questions on the
stabilization problem which are studied in this thesis.

Our first concern is the case where the input set U and the output map ¢, are given. No
special assumptions are done on the structure of I/. Particular cases, such as uniform or
logarithmic quantizations, will be considered in examples only, whilst the theory can be ap-
plied to very general input sets. Similarly, the assumptions specified for ¢, will be really
mild. Most of the proposed results can be extended to the case where the designer has the
freedom to choose the input set and/or the output map: references to this case will be given
in remarks and examples.

29
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2.1 Quantized sets and locally finite partitions

We assume that the reader is familiar with basic notions of general topology, such as those
of closed set, compact set, isolated point and accumulation point for a set. These concepts
can be revised in [66] .

Definition 1 A set U endowed with a topology is said to be discrete iff all its points are
isolated.

Definition 2 A set U C R™ is said to be quantized iff it is closed and discrete with respect
to the standard Fuclidean topology.

Elementary examples of quantized sets are the following: any finite set f C R™ is a quantized
set; an easy case of a quantized set having infinite cardinality is 4 = Z C R.

Lemma 1 (Basic properties of quantized sets)
1) The following properties are equivalent:

1- U CR™ is quantized;

2- U has no accumulation points;

3- VS C R™ such that S is bounded, it holds that #(UNS) < +o0.
w) If U CR™ is quantized, then U is countable.

Proof. See in Appendix A.1.1. m

While quantized sets are countable, the contrary is not true: e.g., the set of rational numbers
Q C R is countable but it is not a quantized set. With an expressive sentence, we may say
that the notion of quantized set is the closest concept generalizing that of a finite set.

A relaxation of the notion of quantized set, where the accumulation of values towards one
point (which is taken to be 0) is allowed, is provided by the following

Definition 3 A set U C R™ is said to be quantized in the generalized sense (generalized
quantized set) iff U is a closed set and U \ {0} is discrete.

If U is a quantized set, then it is also a generalized quantized set (but not vice versa, see
next Example 1). Hence, the properties stated for generalized quantized sets hold also for
quantized sets.

Example 1 The set

L{::{O}U{inil\neN}

is a generalized quantized set but it is not a quantized set. In fact, 0 is an accumulation
point for U . In other words, U 1is closed but it is not discrete . )
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We shall see in Section 2.3 that the stabilization problem for system (2.1) is significantly
different depending on the fact that the control set U is assumed to be quantized or quantized
in the generalized sense.

Let U, C R™ be a generalized quantized set. A quantized set can be obtained by the
truncation of Uy : consider a neighborhood Qg of 0, then U := {0} U (Uy N Q) is a
quantized set which is said to be obtained by truncation of iy within €)y. In a broad sense,
the term truncation will be used to allude to the fact that 0 is an isolated point.

Definition 4 Let U C R™ be a generalized quantized set: a quantizer is a map
q :R™—U.

When U is a control set, q, is called an input quantizer.
For a given quantizer, the corresponding quantization error is the map defined by
Qe =q—1: R — R™
y = ) -y
The following special class of quantizers is relevant for our study:
Definition 5 Let U C R™ be a generalized quantized set: a quantizer q, : R™ — U 1is said

to be a nearest neighbor quantizer iff Yy € R™, q,(y) is an element of U minimizing the
Euclidean distance from vy .

The nearest neighbor quantizer is well-defined because U is a closed set. For a given set
U , there are several nearest neighbor quantizers but they only differ for the values taken in
correspondence of those y € R™ such that

# argmin [ly — ul[2 > 2.
ucl

Notice also that, if ¢, is a nearest neighbor quantizer, then the associated quantization error

is such that the function
lgell2 : R™ — R

y = g2

1S continuous.

Definition 6 A partition of R™ is a family of subsets of R™ , say {Ci}icz (for some set of
indices T ), such that R™ = J;c7Ci and Viy,ia €T, iy #ia, C;; N Ci = 0.
A partition is said to be locally finite iff for any bounded set S C R™ | it holds that

#{ieZ|SNC #0} <+4o00.
For any given map f: R™ — T, the partition of R™ defined by
{ R™ = Uiez Ci
Ci={y eR"[f(y) =i}
is referred to as the partition induced by f.
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Figure 2.1: Uniform quantization of R? with ugy = % -ug1 . Broken lines define the partition
of R? induced by g, .

Let us discuss the relations between locally finite partitions and the partitions induced by a
quantizer.

The partition induced by a nearest neighbor quantizer is the so called Voronoi partition
generated by U (see [94]). If U is a quantized set, then the Voronoi partition generated by
U is locally finite.

Given a locally finite partition {C;};cz of R™, Vi € T, pick! u; € C;. It is easy to see that
the set U := {u;|i € Z} is a quantized set. Moreover, the quantizer ¢, : R™ — U defined
by qu(y) = u; if and only if y € C; is such that its induced partition is the given one and
Yuel, u€qy 1(u) Vice versa, it is easy to construct examples of quantizers ¢, taking
values in a quantized set U (not in the generalized sense) and such that Yu € U, u € ¢; " (u)
but the induced partition is not locally finite (see Example 30 in Appendix A.1.1): of course,
such a quantizer is not a nearest neighbor one.

Let us provide some typical examples of quantizers.

Definition 7 (Uniform quantization of R™) Let up > 0. A set U C R is said to be
uniformly quantized with parameter ug iff U = wgZ. By a uniform quantization of R with
parameter ug we mean a nearest neighbor quantizer q, : R — U = ugZ.

For i=1,...,m, let up; > 0. By a uniform quantization of R™ with parameters (ug;,...,
Ugm) we mean a nearest neighbor quantizer q : R™ — U := ug1 ZX - - - XugmZ (see Fig. 2.1).

It is straightforward to see that

Lemma 2 If q, is a uniform quantization of R™ with parameters (up1, ... ,Uom) and qe
18 the corresponding quantization error, then Yy € R™, it holds that

'Notice that, for the construction, we are using the Zermelo’s axiom of choice [86].
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Figure 2.2: Componentwise logarithmic quantization of R? with ugy = %-um , 01 = 1.4 and
2 = 1.6. Broken lines define the partition of R? induced by g, .

Definition 8 (Componentwise logarithmic quantization of R™) Let uy > 0 and
0>1. A set U CR is said to be logarithmically quantized with parameters (ug,8) iff

U=1{0} U{£upb"|hecN}.

If instead h € Z, then U is a generalized quantized set and it is said to be logarithmically
quantized in the generalized sense.

By a (generalized) logarithmic quantization of R with parameters (ug,6) we mean a nearest
neighbor quantizer q, : R — U, where U is a (generalized) logarithmically quantized set of
parameters (ug,0) .

For i« = 1...m, let up; > 0, 6; > 1 and U; be a logarithmically quantized set of
parameters (ug;,0;). By a componentwise logarithmic quantization of R™ with parameters
((um, 01),..., (wom, Gm)) we mean a nearest neighbor quantizer q, : R™ — U :=U7 X -+ X
Unm (see Fig. 2.2).

The quantizer
G : R — Ui X -+ XUnp
Yy = (QLq (yl) y s Quiy, (ym)) ’

where Vi = 1,... ,m, q, : R — U; is a logarithmic quantization of R, is a particular
componentwise logarithmic quantization of R™ .

Notice that the cartesian product of generalized logarithmically quantized sets is not a gen-
eralized quantized set: in fact, fix an index ¢ € {1 ..., m} and, Vj # i, fix an integer k;,
then the sequence

U D {upthez = {(uof" - ugibf - ugnbir ) ez
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is accumulating towards
k ki—1 kit1 k
u= (unb" - uoi—10;"7" 0 woi10; 7 - vombpn ) -

Hence, there are infinite accumulations points different from 0.
For logarithmic quantizations of R™ | the quantization error is not bounded. Nevertheless,
the relative quantization error is bounded:

Lemma 3 Consider a generalized logarithmic quantization of R with parameters (ug,0),
then Yy # 0,

>
—

<
_l’_

‘qe(y)’
lyl

>
—

Proof. See in Appendix A.1.1. =

The relative error of a logarithmic quantization of R differs from that of a generalized
logarithmic quantization only in a neighborhood of 0. Because of the truncation, around
0 the relative error is larger than in the generalized logarithmic quantization case and it
reaches its maximal value equal to 1 for 0 < |y| < up/2. The details will be illustrated in
Example 19 of Chapter 5 (see also Fig. A.2 in Appendix A.4.1). In Example 20 of the same
chapter, also the behavior of the relative error of componentwise logarithmic quantizations
of R? is studied .

In the above examples, the quantized sets &/ C R™ are all in the form of a cartesian product,
that is U =Uy X -+ X U, , with U; C R. In this case, it is possible to deal with quantizers
qu acting separately on each component of the vector y € R™ . This is not possible for more
general quantized sets U C R™:

Definition 9 (Joint radial logarithmic quantization of R?) Let N> N >3, up > 0
and 6 > 1. Consider

O = {(xl,:rg) = (Acos(2mk/N), Asin(27k/N)) € R2| A > 0} . k=01,... . N—1,

ch = {x € R?*[||z]2 = uot"}, heN.

Let L := Uivz_ol b, and C := Upen cn- A set U C R? is said to be radially logarithmically
quantized with parameters (N, ug,0) iff

U={0}u(Lnc)

(see Fig. 2.3). If instead, in the definitions of ¢, and C, we let h € Z, then U is a
generalized quantized set and it is said to be radially logarithmically quantized in the generalized
sense.

By a (generalized) radial logarithmic quantization of R? with parameters (N, ug,0) we mean a
nearest neighbor quantizer q, : R?> — U, where U is a (generalized) radially logarithmically
quantized set of parameters (N,ug,0) .
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Figure 2.3: Radial logarithmic quantization of R? with N =6 and § = 2. Full lines define
the partition of R? induced by ¢, .

Also for the generalized radial logarithmic quantization the relative quantization error is
bounded.

Lemma 4 Consider a generalized radial logarithmic quantization of R? with parameters
(N, uo,0) , then ¥y € B2\ {0},

lae@ll _ [, 49cos(x/N)
Tvllz S\/1 CESVERS

Proof. The joint radial logarithmic quantization will be studied in details in Chapter 5 and
the proof of this lemma is reported at the end of Appendix A.4.1. m

Considerations similar to those we made for the relative error of a logarithmic quantization
of R can be done on the behavior of the relative error of a radial logarithmic quantization
of R? (in particular, its maximal value is equal to 1 in a neighborhood of 0). The details
will be illustrated in Example 21 of Chapter 5.

In the particular case of quantized sets U C R, it is useful to introduce the following quan-
tities.

Definition 10 Let U C R be a quantized set such that U # {0} . The resolution at 0 of U
is defined by

up = min |ul.
ucl\{0}

The definition of resolution at 0 can be generalized to a notion taking into account the overall
control set or, more in general, a portion of it:
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Uy Uz us ug us ug U

Pu

Figure 2.4: Representation of the dispersion of a quantized set U= {ur,...,u¢} CR.

Definition 11 Consider a quantized set U C R, let U CU and denote by UMD the convex
hull of U. The dispersion of U s defined as

_{sup{b—a‘]a,b[CZ:l\Ch and ]a,b[ﬂLA{:@} if #U>1 (22)

+00 otherwise .

In plain words, the dispersion of U is the maximal gap between consecutive elements of u
(see Fig. 2.4) .

2.2 The output map g,

The output map ¢y : R™ — ) of system (2.1) is characterized by its induced state space

{ R™ = Uye;)) Cy
Cy = %71(3/) .

partition:

(2.3)

We consider three cases:

1. Full state: it is the case in which quantization is on inputs only while full state is
available. Namely, ¢y (z) =z and Y =R" (clearly, Vy € YV, Cy, = {y}) . In this case,
system (2.1) is referred to as full state or as quantized input (depending on the context)
and it is often denoted by (A, B,U).

The following two instances are generically referred to as quantized measurement case. In
both cases, the induced state space partition is assumed to be locally finite.

2. State quantization: it is the case in which, at least in a sufficiently large neighborhood
of the equilibrium, the state space partition is made of bounded sets. Namely, there
exists a sufficiently large r > 0 such that Vy € ¢y(B,), Cy is bounded. In this case,
system (2.1) is referred to as quantized input and quantized state (or quantized state,
for short) .

3. Output quantization: it is the case in which the output map is of the type ¢, = g,0oC,
with C € R?”*" (¢ < n) and the map ¢, : R? — ) induces a locally finite partition
of R?. It is assumed that (A,C) is an observable pair. As ¢ < n, the state space
partition is made of unbounded sets. In this thesis, we only deal with single-output
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systems (i.e., ¢ = 1) and it is assumed that Vy € )V, ¢, '(y) C R is a connected
set (thus, ¢;'(y) C R is either an interval of finite length or a half-line). This case
of system (2.1) is referred to as quantized input and quantized output (or quantized
output, for short) .

The quantized measurement case is a model for situations where, although the dynamics is
deterministic, only partial information about the state of the system are available.

2.3 The stabilization problem for quantized linear systems

The basic fact on the stabilization problem for system (2.1) is that, if ¢ is a quantized set
and the system is open loop unstable, then stabilization in the Lyapunov sense is not possible
(see also [29]). Namely, for any control law u(-) taking values in a quantized set U, 0 is
not a stable equilibrium for the closed loop dynamics (regardless of the argument of w).
This gives reasons for the need of introducing a weaker notion of stability to be considered
for quantized systems, that is the so called practical stability. The following example is useful
to gain insight on this fact:

Example 2 Consider the quantized input system
x(t+1) =az(t) + u(t)
la] > 1 (2.4)
ueUCR,

where U # {0} is a quantized set containing 0. It holds that any control law u(-) taking
values in U does not stabilize the system. In fact, assume that u(-) is such that 0 is a
stable equilibrium for the closed loop system: by definition [67], this means that

Ve>0 and Ytg >0, (e, tg) >0 such that |z(ty)] < d(e, to) = |z(t)| <e Vt>ty.

We claim that, if such a control law exists, then u(t) =0 whenever |z(t)] < ﬁ , where g
1s the resolution at 0 of the control set U . This is a contradiction because, in the neighborhood
Qo = {x € ]R| lx| < %‘fa'} , the closed loop system coincides with the open loop dynamics
x(t +1) = azx(t) which is unstable.

The proof of the claim is trivial, it is sufficient to show that, for ¢ = $|0a\ , it holds that, if
lx(t)] < € and |z(t+ 1)] < €, then u(t) = 0: |z(t+1)] < € if and only if —e — ax(t) <
u(t) < e —ax(t). From this inequality it follows that if |x(t)] < e = ﬁ(l)a\ , then |u(t)| < ug .
By definition of uq, this implies that u(t) = 0. &

The key point of the example is that the value u = 0 is an isolated point of U (i.e., ugp >0).
The same arguments can be hence easily extended to show that, for any open loop unstable
quantized linear system (2.1) and any control law taking values in a quantized set, if x =0
is an equilibrium for the closed loop dynamics, then such an equilibrium is unstable.

Next Example 3 shows that, if instead the control set is quantized in the generalized sense,
then closed loop asymptotic stability can be achieved.
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Figure 2.5: Closed loop dynamics in Example 3 (a =2, K = —3/2 and 6 =3/2).

Example 3 Consider again system (2.4) but assume that U is a logarithmically quantized
set in the generalized sense with parameters (ug,0) . Let us consider a control law of the type
u(z) = qu(Kx), where q,: R — U is a nearest neighbor quantizer and K € R is such that
la+ K| <1 (i.e., K is a stabilizing control gain in the ideal case of absence of quantization).
The corresponding closed loop dynamics is

o(t+1) = (a+ K)z(t) + g (Kz(t)) :

this is the feedback interconnection of the asymptotically stable linear system X(a+ K, 1, K)
with the nonlinearity q. representing the quantization error.

If K is such that Vx # 0, |zt| < |z|, then V(x) := 2% is a Lyapunov function for the
closed loop system and x = 0 1is a globally asymptotically stable equilibrium. We look for a
condition on K ensuring that this property holds irrespective of the choice of the particular
nearest neighbor quantizer (recall that, given U , a nearest neighbor quantizer is not unique) .
It is easy to show that a necessary and sufficient condition in order that this happen is

6—1
Kl+—|K| <1 2.5
0+ K|+ 2 IK] (2.5)
(see Fig. 2.5 and Lemma 25 in Appendiz A.1.2). With ~.(0) := g;—% and vs(K) :== % ,

under the assumption that |a + K| < 1, condition (2.5) is equivalent to
¥s(K) - 7«(0) < 1. (2.6)

Inequality (2.6) is called small-gain condition: this issue will be investigated in Chapters 5
and 6, here we tell in advance that vs(K) is the la—gain (or, equivalently, the Ho,—norm)
of the linear system ¥(a+ K, 1, K), whereas () is the la—gain of the nonlinearity qe .
The allowed choices for K ensuring that stabilization in the presence of quantization is
achievable are less than in the ideal case of absence of quantization. In fact, let

Kug = {K € R|7,(K) - 7.(6) < 1}
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and
K:={K eR||la+ K| <1},

by condition (2.5),
Ksg C K.

Moreover, if 6 is too large (i.e., if v.(0) 1is too close to 1), Ksg may be empty. Indeed,
as K € R waries so that |a + K| < 1, ~4(K) is minimized for K = —a, accordingly
vs(—a) = |a|. Hence, 3K € R such that, for any nearest neighbor quantizer, V(zx) = z% is
a Lyapunov function for the closed loop dynamics (or, equivalently, Ksg # 0 ) if and only if
|a\g_T1 <1, that is

la| + 1

ja| =1

If instead one has the freedom to choose a generalized quantized set U (i.e., U is not as-

0 <

(2.7)

signed) , then the problem is easier and stabilization is always achievable. Namely, ¥V |a| > 1
and for any control gain K € IC, there exists a logarithmically quantized set in the generalized
sense such that the system is stabilized by u(x) = q,(Kx). In fact, it is sufficient to choose
the parameter 6 so that v.(0) < 1/vs(K). Therefore, any choice of 6 within the non—empty

interval
}1 s (K) +1
T s(K) -1
is feasible. With K = —a, 7vs(K) is minimized and zzgggi achieves its maximum value
equal to IZIE : since for la| > 1, IZ{E is a decreasing function of |a|, then the more

unstable the open loop system is, the smaller the allowed values for 6 are. As it is clear by
Definition 8, smaller values of 6 correspond to more densely quantized sets (see [39] for a
formal definition of density of quantization). &

Exactly because stabilization is possible with generalized quantized sets whereas it is not
possible in the presence of quantization (unless the system is already open loop stable),
our interest is focused on the latter case. Moreover, generalized quantized control sets with
values accumulating towards the origin are an idealization where the peculiar features of
quantization are lost. In fact, infinite control values belong to any bounded neighborhood
of 0 and this situation is really different from the property stated in Lemma 1.2 that makes
quantized sets closely related to finite sets.

2.3.1 Practical stability

A notion of stability suited to quantized systems comes out naturally by the discussion of
the following example.

Example 4 Consider again system (2.4). Let the control law be u(x) = q,(—ax), where
qu 18 a nearest neighbor quantizer. The corresponding closed loop dynamics is

z(t+1) = ge( — az(t)).
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Figure 2.6: Closed loop dynamics in case 1 of Example 4 (a =2).

z(t+1)4

Figure 2.7: Closed loop dynamics in case 2 of Example 4 (a =2 and 6 =7/3).

Let us analyze this dynamics for three different quantized sets.

Case 1: assume that U = uoZ. By Lemma 2, it holds that Yz € R, |z7| < up/2 (see
Fig. 2.6). Namely, for t > 1, all the trajectories are confined inside the interval §) :=

[~ %, %),

Case 2: assume that U is a logarithmically quantized set of parameters (ug,0) and 0 is
such that inequality (2.7) holds. In this case, for |x| < ug/2, it holds that |7 | = |ge(—az)| <
up/2, whereas for |z| > up/2, |zt < ]a\z;—% x| < |z| by inequality (2.7) (see Fig. 2.7).
Thus, with Q := [=4%2, %] it holds that Yz € Q, 2t € Q and Vz(0) € R, It € N such
that x(t) € Q : also in this case all the trajectories eventually enters a neighborhood Q0 of the

equilibrium and remain confined therein.

Case 3: assume that U = {0} U {tuo,+2uqg, +4ug,t6up} (thus, U is a finite set) and
a=2. In this case, for |z| < ug/2, it holds that |xt| = |ge(—2x)| < ug/2; for up/2 < |x| <
6uo, |zT| < |z| and for |z| > 6ug, x| > |z| (see Fig. 2.8). Thus, with Q = [-42, %]
and Xy := [f%, %] (for any Ag € [0, 12ug[), it holds that Yz € Q, z* € Q and
Vz(0) € Xo, 3t € N such that x(t) € Q. That is, all the trajectories starting from Xg

eventually enters a neighborhood Q0 of the equilibrium and remain confined therein. )
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x(t+1)d

Figure 2.8: Closed loop dynamics in case 3 of Example 4.

In the three cases, although = = 0 is an unstable equilibrium for the closed loop dynamics, it
is possible to make the trajectories non—divergent (in the finite case, only those starting from
a sufficiently small neighborhood X, of the equilibrium) and, even better, to make them
convergent to a bounded neighborhood 2 of the equilibrium. This property is not stability
in the Lyapunov sense, but it is the closest behavior to stability that one can aim to obtain
by the quantized control of an open loop unstable linear system. This is an example of the
typical behavior of the so called practically stable systems.

We are ready to introduce the formal notion of practical stability. Many definitions for this
property have been introduced in the literature on quantized systems, all of them are related
with the requirement of ultimate boundedness of the trajectories and with the notion of
invariant set [11].

Let us consider a time invariant dynamical system

{ at = f(z)

2.8
r € R". (28)

Definition 12 A set  C R"™ is said to be positively invariant for system (2.8) iff Va € 2,
zteN.

We consider the following notions of practical stability:

Definition 13 (Practical stability) Let Q, Xy and X; be bounded subsets of R™ such
that Q@ and Xy are neighborhoods of the origin, 2 C X1 and Xg C X7 .

1) System (2.8) is said to be (Xo,X1,2)-stable iff Vx(0) € Xo, z(t) € X3 Vt > 0 and
3t € N such that VYt >t, x(t) € Q.

w) System (2.8) is said to be (Xo,€2)-stable iff both Xo and Q are positively invariant and
Vz(0) € Xg 3t €N such that Yt >1t, z(t) € Q.
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Remark 1 ((Xo, Xo, Q2)—stability vs (Xo, Q)—stability) Consider the particularization
of (Xo,X1,Q)—stability to the case X1 = Xo, that is (Xo, Xo, Q)—stability. If system (2.8)
is (Xo,Q)—stable, then it is (Xo, Xo,2)—stable. In general, the contrary is not true because,
although the trajectories starting from Xog will eventually remain confined within ), the
set ) is not guaranteed to be positively invariant. Thus, (Xo, Xo,Q)-stability, is a weaker
stability notion than (Xo, Q) -stability.

Let us introduce the practical stabilization problem for system (2.1). First, the notion of

positive invariance is extended to controlled systems:

Definition 14 A set QO C R"™ is said to be qy—controlled invariant for system (2.1) iff Vy €
¢ (Q), Ju U such that Vo € ¢ (y)NQ, 2t = Az + Bu € Q.
Controlled invariance is the particularization of the notion of qy—controlled invariance to

quantized input systems (i.e., qy is the identity map): a set Q@ CR™ is said to be controlled
invariant for system (A, B,U) iff Vo € Q, Ju €U such that v+ = Az + Bu € Q.

Namely, Vx € 1 it must be possible to select a control, as a function of the available
measurement ¢y (z) only, such that 2™ € Q.

Given the most general form of system (2.1) (i.e., in the quantized input and quantized output
case), a controller is a machine (see [114]) that, based on quantized output measurements
y € Y and on the internal state w € W, selects a quantized control value v € U. In
formulae, the controller is described by the following system defined on some set W:

w(t+1) = ’y(w(t),y(t),t)
u(t) = k(w(t), y(t),t) (2.9)

teN,

where v: W x Y xN — W and k: W x Y x N — U (the map k, when it is not explicitly
depending on the time, is simply denoted by k). The closed loop dynamics induced by the
feedback interconnection of such a controller with system (2.1) is:

z(t+1) = Ax(t) + Bl%(w(t),qy(x(t)),t)
wt+1) =7 (w(t), gy (2(1)), 1)

In some cases (i.e., full state or quantized state systems), it will be sufficient to consider the

(2.10)

subclass of controllers (2.9) made of static and time-invariant controllers: namely, W = {w}
and k is not depending on t. In this case, the control law is a static state feedback u(-) of
the type ko ¢y : R* — U, for some k: Y — U, and the closed loop dynamics

v = Az + B(k o gy)(z) (2.11)

is of the type in equation (2.8).
The goal is to design a controller so that the corresponding closed loop dynamics have practi-
cal stability properties. The controllers considered in this thesis are all defined on a quantized
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set W and practical stability properties are referred only to the state variable x of the con-
trolled system (i.e., to the continuous component of the overall state (z,w) of the closed
loop system (2.10)):

Definition 15 (Practical stabilization) (Cf. [45]) Let Q, Xo and X be bounded subsets
of R™ such that Q@ and Xo are neighborhoods of the origin, @ C X1 and Xo C X;.
The controller (2.9) is said to be (X, X1,Q)-stabilizing iff the corresponding closed loop
dynamics (2.10) is so that Vx(0) € Xy and Vw(0) € W, z(t) € X1 YVt >0 and 3t €N
such that YVt > t, z(t) € Q. In this case, system (2.10) is said to be (Xo, X1,2)-stable.

A static and time—invariant controller ko qy is said to be (Xo,2)—-stabilizing iff the closed
loop system (2.11) is (Xo, Q)—stable.

The set €2 is often referred to as the final set.

Remark 2 To be really precise, the definition of (Xo, X1, Q)-stabilizing controller should
take into account the fact that the controller (2.9), and hence system (2.10) , is time—varying.
Nevertheless, most of the controllers we consider in this thesis are time—invariant. The only
time—varying controllers are such that 3T <n so that, for t > T,

{ w(t +1) =7 (w(t),y(t))
u(t) = k(w(t),y(t)).

Namely, after a few time instants the controller behaves like a time—invariant system. For this
reason, we find unnecessary to introduce a more general definition of stabilizing controller.

Remark 3 (On the steady—state behavior) Because an open loop unstable system (2.1)
with quantized input set U is not stabilizable in the classical sense, then it is not possible to
confine the trajectories within arbitrarily small final sets Q. Thus, for a given system (2.1),
it 1s interesting to evaluate the optimal closed loop steady—state behavior that can be achieved
or, in other words, to find the minimal (in some proper sense) final set . This issue will be
inwvestigated with particular attention, starting from the analysis of the minimality properties
for controlled invariant neighborhoods of the origin (see Section 3.1.2).

If ko gy is (Xo,Xo,Q)— or (Xo,Q)-stabilizing, then Xy (and, in the latter case, also Q)
is positively invariant for the closed loop system. The following lemma makes explicit the
relation between positive invariance and g¢y—controlled invariance. Thus, with regard to
the practical stabilization problem, it clarifies the importance of searching for g,—controlled
invariant sets for system (2.1).

Lemma 5 Let Xg C R", there exists a controller of the type ko q, such that Xq is positively
invariant for the closed loop system x+ = Ax+ B(kogy)(x) if and only if Xo is qy—controlled
mvariant.

Proof. It is a trivial consequence of the definition of ¢,—controlled invariance. m
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We conclude this section with the definition of a controller that is often encountered in this
thesis and that, especially for single-input systems, plays a central role for the practical
stabilization problem. It is the quantized version of the classical deadbeat controller:

Definition 16 (The gdb—controller) Given a quantized input system (A, B,U) , if K €
R™*™ 4s such that all the eigenvalues of the matriz A+ BK are in 0 and q, is a nearest

neighbor quantizer, then the feedback law

k: R — U
v o qu(K2)

is called quantized deadbeat controller (gdb—controller).

This is exactly the controller we analyzed in Example 4 and, except for the fact that U was
a generalized quantized set, in Example 3.

2.3.2 Nonlinear behaviors of quantized linear systems

Although the dynamics of the state of system (2.1) is described by a linear transformation, a
quantized linear system is a nonlinear system in every respect. Certainly, the input/output
relation is nonlinear if measurements are quantized. If full state is available but inputs are
quantized, even if the “superposition principle” is still valid, nonlinearity arises from the
fact that the inputs are restricted to take values in a nonlinear space (in other words, the
operator mapping the input to the state of the system is the restriction of a linear operator
to a nonlinear domain). Therefore, the closed loop dynamics of a quantized linear system
is nonlinear and may exhibit typical features of nonlinear dynamics such as the presence
of multiple isolated equilibria, limit cycles and chaotic behaviors. For instance, when K in
Example 3 is chosen so that vs(K)-v«(0) = 1, the closed loop dynamics has multiple isolated
equilibria and/or limit cycles (depending on the sign of a and a + K). Whereas, when
a€Z (la] >1), the closed loop behavior within Q in case 1 of Example 4 is the prototype
of discrete time chaotic dynamics (see [71, 81]).

2.4 Complexity vs performance

Let us direct our attention towards case 1 and 2 of Example 4. In both cases, the trajectories
converge to the same final set €): this property can be expressed by saying that the closed
loop dynamics have the same steady—state performance. On the other hand, the two closed
loop behaviors are different: under the uniform quantization it holds that convergence to the
final set is achieved in time ¢ = 1; in the case of logarithmic quantization, instead, the time
required to converge into {2 is not constant. That is, the closed loop dynamics have different
performance in the transient behavior.

Closed loop performance depend on the quantization scheme. It is intuitive that the more
dense (in some proper sense) the control set U is, the better closed loop performance can
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be achieved. Namely, there exists a trade off between performance and what will be referred
to as the complezity of the quantizer. Besides practical stabilization of system (2.1), we are
interested in a quantitative study of the relations between quantization and performance. To
this end, we need to introduce suitable parameters to measure performance and to charac-
terize quantizers.

Performance can be measured in several ways. For instance, the transient behavior may be
evaluated through the decaying rate of the norm of the state of the system or in terms of the
mean time taken by the trajectories to reach the final set (in the latter case, see [45]). The
steady—state performance can be measured through the size of the final set 2 or through

2. On the contrary, it is less evident

the amount of contraction realized by the control law
how to properly introduce a quantitative description of a quantizer. As a starting point, let
us consider the following function: for a given quantizer ¢, : R™ — U, let {Cy}ueyy be the

partition induced by ¢, and assume that it is locally finite; let

N:Rt — N
ro— #{ueld|C,NB. #£0}.

We call this function, the complezity function associated to the quantizer g, .

The motivation to consider this kind of function and the reason why we associate it to the
idea of complexity of a quantizer have an explanation in the framework of networked systems.
In fact, consider a quantized input system controlled by a state feedback ¢, : R" — U
and assume that the state of the system is transmitted to the controller through a digital
communication link. To this end, the state x has to be properly encoded. Actually, to select
the right control value, the controller needs only to know the element C, of the partition
the current state belongs to. Hence, it is sufficient to encode the elements {C,},es of the
partition rather than the continuous variable x. Moreover, if the state of the system is known
to be confined in a bounded set, say = € B, (for some r > 0), then one has to encode only
the elements C, intersecting B, : the function N(r) exactly returns the number of elements
to encode.

Example 5 (Complexity vs Performance for logarithmic quantizers) As an illu-

strative example, let us consider again case 2 of Example /. Since the final set is ) =

[— =, %] , we let ug be the parameters measuring the steady—state performance: the smaller

is ug the better are the steady—state performance. As for the transient behavior, we have
seen that, if z(t) & Q, then |z(t)] < (|a|%)t - |x(0)| . Hence, the norm of the state is
exponentially decreasing at a rate not smaller than

0+1
T(0):=log—— 2.12
(6) =08 15—y (212)
2Formal definitions for these concepts will be given when necessary. As an explanatory example, in case 3
of Example 4, VAo < 12up, the closed loop dynamics is ([f%, %} =%, “2—0})7stable: in this case we

may say that the size of the final set is uo or that the contraction is equal to 12.
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that is
if 2(t)¢Q, |a(t)] < e TOM(0)].

We let T(0) be the measure of performance in the transient behavior. The decaying rate
T(0) is a decreasing function of 0 : thus, the increase of 0 is the cause of deterioration of
performance in the transient. It holds that

hme—>(‘|g‘|ﬂ)_ 7(0)=0.
Let us compute the complexity function associated to the logarithmic quantizer u(x) = g, (x)
of parameters (ug,0). The state space partition induced by q, is made of intervals such that
the set of the extremes of these intervals is

ug up(0 +1)
) L W8T ) gl g, R.
S(uo, f) { 2|a|}u{ 2]l [heNc

By the expression of S(ug,0), it is an easy computation to see that, for sufficiently large r,
the qualitative behavior of the function N(r)/2 is®
2|alr

log (—7=5 ~
N(r) - (u0(9+1)) — N(r).
2 log 0

Inverting equation (2.12) and substituting for 6 in the expression of N, we obtain

(lale” =1)r
uge?

lale? +1

laleT —1

log

N(T ,up) = (2.13)

log

This equation establishes the connection and the trade off between the complexity of the quan-
tizer and the performance in both the steady—state and the transient behavior. Let us comment
the main features of equation (2.13) : assume that r > 0 is fized and sufficiently large,

1. Given ug and |a|, N is an increasing function of T . Moreover, limy_ oo N(T) =

+o00 and
for T — 400, N(T)~ Ci(ug,lal,r) €T,
where C1(ug,|al,r) = %log (%) . That is, the complexity grows as performance in

the transient improve and, asymptotically, is exponentially divergent.

2. Given T and |a|, N is a decreasing function of ug . Moreover, lim,,, o+ N(ug) = +00
and

for wug— 0", N(ug) ~—Ca(T,lal) - logug,

T
where Cy(7T ,|al) = 1/log IZ}ZT—S . That is, complexity grows as performance in the

steady—state improve and, at the vanishing of wg , is logarithmically divergent.

3The function N(r)/2 contains all the information because the partition is symmetric with respect to the
origin. The choice of considering N(r)/2 is consistent with the treatment of this topic that will be developed
in Chapter 7.
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3. Given T and ug, N is an increasing function of |a|. Moreover, lim g~ 400 N(|a]) =

+o00 and
T

for |a|] — +oo, N(a)w%-\a\log]a\.

That is, complexity grows with the instability of the open loop system and, asymptoti-
cally, is quasi-linearly divergent. &

The definition of the complexity function N has been motivated with reference to the coding
issue. Actually, it is relevant not only the number of symbols to be encoded, but also the
length of the coding sequences: in fact, if the communication link in the control loop can
transmit at a finite rate, then long coding sequences are the cause of delay and hence of
performance deterioration. If the model includes a statistics on the cells, then the average
length of the coding sequences can be minimized by encoding the most probable cells with
the shortest sequences, and vice versa. Hence, a more suited complexity function should be
defined by taking into account the underlying statistics. To this end, the right mathematical
framework is that of the Information theory and the right notion to be considered is that of
entropy. This issue, and the corresponding analysis of complexity vs performance, will be
addressed in Chapter 7.






Chapter 3
Analysis

In this chapter, the problem of the search for gy—controlled invariant sets for system (2.1)
is considered. Although there exists a wide literature on controlled invariance (see [11] and
references therein), the problem for quantized input systems is not trivial. Indeed, most
of the results on constrained control are limited to bounded convex sets and hence do not
apply to the quantized control case. The main results available for quantized systems are
based on algorithmic procedures: we mention, inter alia, the “Controlled Invariance Kernel
Algorithm” [113] in the framework of the Viability theory [3], the “Inclusion Principle” [108]
and methods based on nonlinear programming [118]. While these approaches are of quite
general application, on the other hand they are affected by the limitations due to compu-
tational complexity and, above all, they typically yield conservative results. That is, in a
(Xo, Q)-stabilization problem, it is desirable to find a small final invariant set 2 but the
aforementioned methods are not capable of providing information on the minimal invariant
set for a system under assigned input quantization.

In this chapter, we propose two analytical methods. The first one is completely original and
deals with the controlled invariance analysis of hypercubes: although it can be applied to a
restricted class of systems (i.e., reachable single-input systems), on the other hand it has
some features making this approach quite appealing. In fact, the analysis is really simple to
handle and, for this reason, it is suitable to deal with cases that, in the current literature, have
been faced only marginally: namely, the analysis (and, in next Chapter 4, also the synthesis)
for systems under arbitrarily assigned input and output quantization. Moreover, in many
interesting cases (e.g., in the presence of uniform or logarithmic input quantization), the
family of invariant hypercubes contains an element which is, in a precise sense, the smallest
one with respect to any other controlled invariant neighborhood of the equilibrium.

The second approach relies on classical tools derived by stability analysis based on quadratic
Lyapunov functions and returns controlled invariant ellipsoids: this method can be applied to
the more general class of stabilizable multi—input systems but only the quantized input case
has been considered. Moreover, results are often quite conservative. Anyhow, this approach
turns out to be very useful also in the context of control synthesis for practical stabilization

49
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(see Chapter 5).

The chapter is organized as follows: Section 3.1 deals with the controlled invariance analysis
for quantized input systems in the full state case. The analysis based on hypercubes is intro-
duced in Section 3.1.1; in subsequent Section 3.1.2, the minimality properties of hypercubes
are proved; Section 3.1.3 is devoted to an extension of the results presented in the previ-
ous sections to a problem in the framework of the control under communication constraints.
The invariance analysis based on ellipsoid is described in Section 3.1.4. In Section 3.2, the
analysis of controlled invariant hypercubes is extended to the case of systems with quantized
single-input and quantized measurements: Section 3.2.1 deals with the quantized state case;
in Section 3.2.2, quantized outputs are considered.

3.1 Controlled invariance: quantized input

In this section we study the controlled invariance problem for system (2.1) in the full state
case. Hence, we consider a system (A, B,U) where only the input set is quantized.

3.1.1 Controlled invariant hypercubes: single—input

Let us suppose that system (2.1) is single-input and that the pair (A, B) is reachable. In this
case, under the general assumption that U is a quantized set, it is possible to find controlled
invariant sets within a particularly simple class of polytopes. Namely, hypercubes in the
controller form coordinates.

Because of the reachability assumption, throughout this section it is assumed without loss of
generality (see [114]) that the system is represented in the controller form coordinates, that
is:

A0)
0 1 0 0
A= , B= , (3.1)
0 0 1
ay a2 Qp, 1

1

where 2" —a,z"" " —--- —asz — ay is the characteristic polynomial of A.

In the controller form coordinates, ||A|cc = max > Al = max{1, > |a;|} . Let
i=1,....,n

n
= Z la;] .
i=1

If @ < 1, then the system is open loop stable: in fact, YV € R", ||Az||x < [|Z]lo - In
particular, VA > 0, the hypercube @, (A) is controlled invariant. Hence, the interesting case
to study the invariance problem is o > 1. Nevertheless, in anticipation of the stabilization

problem, it is convenient to state some results under the more general assumption o > 1.
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Remark 4 (The qdb—controller) Notice that K = (—ay -+ — ay ) is the unique K €
RY™™ such that the controller k(z) := q,(Kx), where q, : R — U is a nearest neighbor
input quantizer, is a gdb—controller. Thus, for single—input reachable systems L(A, B,U) in
the controller form coordinates, a qdb—controller takes the form

k) = qu( = 2 airi) = @u( = (Az)n) (3-2)

and the closed loop dynamics x+ = Ax + Bk(z) is such that

.’L'j:—:.%'z‘_i_l for i=1,... ,n—1 (3.3)
N .
n

The analysis of controlled invariance for hypercubes @Q,(A) in controller form coordinates is
particularly simple. In fact, given A >0, let = € @,(A) and u € U : by the controller form
of (A,B),

xt = (acg, ey Ty Y AT +u) €QnA) & |El a;x; + u‘ < %. (3.4)

Thus, for hypercubes @, (A) in controller form coordinates, invariance can be tested consid-
ering the n—th component only. We seek a characterization of controlled invariant hypercubes
in terms of algebraic relations between quantities related to the dynamics of system (2.1) and
to the control set U .

To this end, we first notice that the controlled invariance of a given hypercube @, (A) only
depends on a bounded subset of the whole control set U, indeed:

Lemma 6 Consider system (2.1), assume AO and that o > 1. If © € Qn(A) and u 1is
such that x € Qu(A), then u € [ — %(a +1), 5(a+1)].

Proof. Since ||A||oc = @ and A is in controller form, then
Pr, (AQn(A)) = [ - % a, % al. (3.5)

Now, z© € Q,(A) implies that —% < (Ax)p+u < % , namely —%—(Ax)n <u< %—(Aaj)n
which implies —£(a+ 1) < u < £(a + 1) because of (3.5). =

Hence, the set of control values that are relevant to ensure the invariance of @, (A) is
UA) =UN][-Z(a+1), S(a+1)]. (3.6)

It holds that U(A) # 0 (in fact, it contains 0) and, by Lemma 1.2, U(A) is a finite set.
The analysis of controlled invariant hypercubes is carried out in terms of the following scalar
functions of the edge length A': let

m(A) := minU(A)
{ M(A) := maxU(A) (3.7)
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mA) _p(a) M(A)

’u;l u9 us Uy Uus U;G Z{
—%a-1) | 3@-p | R
—2(a+1) Sla+1)

Figure 3.1: U(A) = {m(A) = w1, ua, us, us,us,ug = M(A)}: p(A) = uz — ua, the thicker
segments represent the intervals where m(A) and M (A) satisfy inequalities (3.11a-b).

and, according to (2.2), let
sup {b—al]a,b[C [m(A),M(A)] and
P(A) = pyn) = Ja,b[NUA) =0} if #UA)>1 (3.8)
+oo  otherwise
be the dispersion of U(A) (see Fig. 3.1). The three functions m(A), M(A), p(A) depend
on the dynamics of the system only through the infinity norm of A. The function M(A)

is piecewise constant and non—decreasing with A, whilst m(A) is piecewise constant and
non-increasing. Given U # {0}, let

~ 2u0
A= .
a+1 (39)

(where ug is the resolution at 0 of U, see Definition 10), then: for A < A, p(A) = +o0o;
for A > A, p(A) is piecewise constant, right continuous and non-decreasing with A . Since
p(A) =g and ug > A, then

p:[A, +oo[— [A, 4oo. (3.10)
Further details on the behavior of these functions are given later on in Remark 5.

Theorem 1 (Controlled invariant hypercubes) Consider system % (A, B,U), assume
A0 and that o = [|Allec > 1. For A >0, Qn(A) is controlled invariant if and only if

m(A) < —% (a—1) (3.11a)
M(A) > % (—1) (3.11b)
p(A) <A (3.11c)

The following result is useful to prove the theorem and clarifies the role of the gqdb—controller
for the invariance problem.

Proposition 1 Consider system %(A, B,U), assume AO and let k : R — U be a qdb—
controller. For A >0, Qn(A) is controlled invariant if and only if it is positively invariant
for the closed loop system xt = Az + Bk(z) .



3.1. CONTROLLED INVARIANCE: QUANTIZED INPUT 53

Proof. By condition (3.4), Q,(A) is controlled invariant if and only if Vo € Q,(A),
Ju € U such that ‘(Aa:)n + u} < % . By definition of nearest neighbor quantizer,

ar;gergin }(Ax)n +ul = qu(— (Az)n) .

As qu(— (Az),) = k(x), the thesis follows. m

Proof of Theorem 1. Let us prove the necessity of (3.11a): let = € @,(A) be such that
(Az), = %a (see equation (3.5)) . If Qn(A) is controlled invariant, then 3u € U such that
2> [(Az)p +u| = |%a+u‘ . That is, Ju € U such that —9(a+1) <u< —2(a—1): by
definition of m(A), this means that m(A) < —%(a —1) (see Fig. 3.1).

The necessity of (3.11b) can be proved similarly by considering = € @, (A) such that (Ax), =
g,

To prove the necessity of (3.11¢) we argue by contradiction: if p(A) = +oo, then U(A) = {0}
but ||Allcc = @ > 1 implies AQ,(A) € Q,(A) which contradicts the invariance of @, (A).
If instead A < p(A) < 400, then Ju; € U(A) and ug € U(A) such that ug —u; > A and
Jui, ue[NU = 0. Let w:= 12 4 € Pr,, (AQn(A)) = [~ 5 a, 5 a] because us—u; > A
and, by equation (3.6), u1 > —5(a+1) and us < 5(a+1). Hence, 37 € Q,(A) such that

(AZ), = —w. Let ¢, be a nearest neighbor quantizer: by construction, |g,(w)—w| > %,
but )
- (a) A
[quw) = w] = Jau( = (AB)n) + (AB)| = 177] < 5,

where equality (a) holds by equation (3.3) and inequality (b) follows by Proposition 1.

Finally, let us show that the validity of inequalities (3.11) is a sufficient condition for the
controlled invariance of Q,(A). According to condition (3.4) and Proposition 1, let us show
that Vo € Qn(A), |qu(—(Az)y)+(Az),| < A . If x issuch that —(Az), € [m(A), M(A)],
then |qu(— A:U) ) + (Az)n| < p( ) by deﬁnltlon of p(A). If instead —(Ax), < m(A), then

|qu( (Ax), ) (Am)n| (2 ‘m(A) + (A.Z‘)n‘ =m(A) + (Az), % —%(a —1)+ %a = % ,

—
=

where in inequality (c) we used the fact that argmin |u + (Az),| = qu( — (Az),) and in
uel

inequality (d) we used inequality (3.11a) and the fact that (Az), < %a (see equation (3.5)).

The case —(Ax), > M(A) is similar. =

Before presenting some examples, let us briefly describe the way to compute the functions

p(A), M(A) and m(A).

Remark 5 (Computation of p(A), M(A) and m(A)) For the sake of simplicity, we
consider the case of a control set U symmetric with respect to the origin, the extension to
the general case is straightforward. Consider a system X(A, B,U) in the controller form
coordinates with o« >1 and

U:{O}U{j:uo,j:ul,j:UQ,...},
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where 0 < ug < up < ug < ---. Let K:= {k € N|ugp € U} be the set of indices for the
elements of U\ {0} (thus, either K= {0,1,...,N} or K=N, depending on whether U is
a finite set or not) .

First, compute a = ||A|oo -

e Computation of M(A) and m(A): since U is symmetric with respect to the origin,

YA>0, m(A)=—M(A).

Let us compute M(A) : this function is piecewise constant, non—decreasing and right contin-
uous. According to equations (3.6) and (3.7), the set of the discontinuity points of M(A) is

I = {A>O|%(oz-|-l):u;C for some kGK}:{%MEK}. Therefore, for A >0,

0 if Ae]o0, 2w
M(A)—{ f E] a+1[

B . 2up  2Upy
up if Ac [ai—&-kl’ a+l [

(3.12)

(if U is finite and K ={0,1,...,N}, then M(A)=uy VA > i”—ﬁ)

e Computation of p(A): also p(A) is piecewise constant, non—decreasing and right con-
tinuous but, while the set Jy; of the discontinuity points of M(A) is depending on all the
positive values of U , the set J, of the discontinuity points of p(A) only depends on a subset
of the positive control values (which are referred to as critical control values). In fact, p(A) is
discontinuous in correspondence of those values of A such that U(A) includes a new control
value uy, whose distance from wuy 1 is larger than the dispersion of U N [—ug,—1,Uk,—1] -
In formulae, let u_1 :=0 and

K. := {O}U{kEK\{O}|VZ<k, uk—uk,1>ui—ui_1}
= {k‘o,kl,k‘g,...}gK

be the set of indices corresponding to the critical control values (0 = ko < k1 < ko < -+ ).
Then, J, = 2ug |k € Kc} . Therefore, for A >0,

a-+1
400 if A<A= o%ol
. 2
p(A) ={ ug if Ae (3t (3.13)
. Qup. 2Uk.
ukl - uki—l lf A E [a’%‘fi7 Oc]:l-_‘l—l [

(if K¢ is a finite set, say K. = {ko,..., kn}, then p(A) = ugy —upy—1 VA > 2:ff )

Notice that, ¥ Ag > A, the function p takes only a finite number of values over the interval
[A,Ag] (it is a consequence of the fact that 0 € U is an isolated point) .

Example 6 (Finite control set) Consider the quantized input system

0 1 0
x+:<5/4 1/4 >$+<1>“

u€eEU,
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M(A)A
24 1 - -
16 1
12 1 _
8 —
6 —
4 —_— e B
3 - - y=3A4=7%
5 _ -
1 - -
481216 24 32 48 64 % A
5555 5 5 5 5 5

Figure 3.2: Plot of M(A) for the system in Example 6.

where U = {0,+1,+2,4£3,+4,4+6,4+8, 412,416,424} . Let us determine the controlled
invariant hypercubes by applying Theorem 1. Notice that, since |det A| = 5/4 > 1, the
system is open loop unstable.

Let us compute the functions M(A) and p(A) (m(A)=—M(A)).

The infinity norm of A is a = %

The function M(A) is determined by simple substitution of the numerical values of o and
ug in equation (3.12). The plot of M(A) is reported in Fig. 3.2, here we report only
its discontinuity points: Ty = {% |k € K} = {% , % , %2 , % , % , % , % , % , %} . Condi-
tions (3.11a-b) are satisfied for A € [%, 96} )

As far as p(A) is concerned, the set of the critical control values is {1,6,12,24} C U . Thus
Tp = % ,2—51 , 4—58 , %} and, by equation (3.13),

( . A
400 if A<A:%

1 if Ae[3,%]
p(A) =< 2 if Ae 3 %2] (3.14)
4 if Ae [$,92]

8 if A>%,

see the plot in Fig. 8.3. In particular, condition (3.11c) is satisfied VA > 1.
Therefore, Q2(A) is controlled invariant if and only if 1 < A < 96. &
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Figure 3.3: Plot of p(A) for the system in Example 6.

Example 7 (Uniformly quantized controls) Given a system (A, B,U) in the control-
ler form coordinates with o = ||Al|lo > 1, if U is uniformly quantized with parameter uy,
then YA > wug, the hypercube Q,(A) is controlled invariant. To show this, let us apply
Theorem 1.

In this case, a closed formula for M(A) can be provided, in fact: for A >0, M(A) = kug,
where k is the largest integer such that kuy < (o +1) (see equations (3.6) and (3.7)) .
Hence,

)= (o= [20D]

Since M(A) > (A(;;;l) — 1)u0 = % , then

VA>uy, M(A)> %(a—l)

and both inequalities (3.11a) and (3.11b) are satisfied.
As for p(A), the unique critical control value is g, therefore

a+1

: 2
u if A=

+oo if A< A=2u
p(A) =

Since a > 1, then A < wug and inequality (3.11c) is satisfied ¥ A > ug .
The plots of M(A) and p(A) are reported in Fig. 3.4 . &

Remark 6 Notice that the commonly used inequality |x| > x — 1 is tight. That is, for any
arbitrarily small € > 0, it holds that |x| — (x — 1) = € whenever x =z —¢€, with z € Z and
0 < e < 1. The same holds for the inequality [z] < x + 1.

Example 8 (Logarithmically quantized controls) Given a system X(A,B,U) in the
controller form coordinates with o = ||Allec > 1, if U s logarithmically quantized with
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M(A)A p(A) A
3ug —_— - -
Ly=A
2u0 _— ///
uo —///g/:—aglA:% uo A = ad - -
2ug 2 2"u,0 3 2"u,0 Z 21100 Z
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Figure 3.4: Plot of M(A) and of p(A) for a system with a = 2 and uniformly quantized
controls (see Example 7).

parameters (ug,0) and 1 < 0 < g—ﬂ, then YA > ug, Qn(A) is controlled invariant. To
show this, let us apply Theorem 1.

We first compute the functions M(A), m(A) and p(A) in the general case § > 1. Also in
this case, a closed formula for M(A) can be provided, in fact: according to equation (3.12),
M(A)=0 for 0 < A< 0%01, whilst for A > jff_ol , M(A) = ugb® , where k is the largest
integer such that uf* < %(a +1) (see equations (3.6) and (3.7)) . Hence,

0 if 0<A< 24
M(A) =-m(A) = Llo ((a+1)A)J
ug - 0 8o \"2u, if AZ%_
As far as p(A) is concerned,
+00 if A<A=2u
2
(D) =1 ug if 2 < A < 2u gl i) (3.15)
(a+1) A 2
quTTl . Qtloge ( ;L“O )J Zf A Z QQL& QLlOgB(%)J

(the details of the computations are reported in Appendix A.2.1).

Now, let us assume that 1 < 6 < 2L and let us show that conditions (3.11) are satisfied

a—1
. 2ug
VA Z up fOT A 2 oatl’

(a+1)AY)
M(A) >u0-910g9( )1 O‘;elAz %(a—l)

because 6§ < g—ﬂ and o > 1. In particular, conditions (3.11a-b) are satisfied for A > ug .

(92
As for condition (3.11c), for A > 24 thog"(ﬁ)J , by removing the floor function in the
expression of p(A), we have

0 —1)(a+1)

p(A) < 20

A<A
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M(A)A p(A) A
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Figure 3.5: Plot of M(A) and of p(A) for a system with o = 2 and logarithmically quantized
controls with parameter (up, = 1.8) (see Example 8).

because, for § >0 and o > 1, % <1&0L % Hence, a fortiori, VA > ug,
p(A) <A (see also Fig. 3.5). s
Remark 7 If 1 <6< g—ﬂ , by the above computations it follows that

p(uo) = ug

p(A) < A if A > (3.16)

M(A) > S(a—1) if A>up.

It is immediate to check that these relations hold true also for a« = 1 and 0 > 1. These
properties will be useful in Chapter 4 when dealing with the control synthesis for practical
stabilization.

If instead 6 > g—ﬂ, the set of the values of A such that Q,(A) is controlled invariant
becomes a non—connected union of intervals whose size decreases as 0 increases and, for
sufficiently large values of 6, it becomes empty.

3.1.2 Hypercubes are minimal invariants

There are many possible shapes for invariant sets, the reasons for considering one class or
another (e.g., ellipsoids, hypercubes or more general polytopes) can be varied. Three basic
requirements one would aim at satisfying are: simplicity of description of the considered
sets, simplicity of practical stability analysis and optimality. Since the goal of practical
stabilization is to confine the trajectories of the system within small controlled invariant
neighborhoods of the equilibrium, then optimality means that the considered family contains
an invariant set which the trajectories can be made convergent to and that the size of such a
set is minimal with respect to all controlled invariant sets. These requests are often trading
off: e.g., ellipsoids can be easily described but they are not optimal (as it will be shown
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in Section 3.1.4); polytopes instead are usually optimal but may be of arbitrarily complex
description.

In this section, once explicitly remarked the simplicity of the controlled invariance analysis
based on hypercubes, we analyze geometric properties holding for invariant sets of arbitrary
shape and show the peculiarities exhibited by hypercubes in controller form coordinates. This
analysis is helpful to properly define the concept of size for a set and is introductory to the
statement of the minimality theorems for hypercubes. The bottom line is that the choice
of considering hypercubes for the practical stabilization problem is motivated by the fact
that they meet all the requirements of simplicity of description, simplicity of analysis and
optimality.

Unless otherwise stated, throughout this section it is assumed that the system is represented
in the controller form coordinates (See assumption A0 in equation (3.1)). Notice that there
is no loss of generality in changing coordinates in the state space and to compare different
sets all in the same coordinates.

Invariance analysis for hypercubes is simple

The simplicity of description of hypercubes, as well as the resulting controlled invariance
analysis (see Theorem 1), is apparent. The following simple result is helpful to appreciate
such a simplicity compared with other types of sets:

Lemma 7 [43] Q CR" is controlled invariant if and only if AQ C J,q, (2 — Bu) . O

Despite the simple formulation, the practical application of this invariance criterion is not
straightforward when dealing with arbitrary sets . In particular, to test the invariance of
), it is in general necessary to determine A{). We have seen instead that for Q = Q,(A)
the analysis can be reduced to a l1-dimensional problem where invariant hypercubes are
characterized by simple algebraic relations between A, « and the scalar functions p(A),
m(A) and M(A). Furthermore, while Lemma 7 may give some insight on the geometric
characteristics of controlled invariant sets, on the other hand it does not really answer the
question of how to construct controlled invariant sets for a given system (A, B,U).

Geometric properties of invariant sets

The attention is now turned to the study of some geometric properties holding for arbitrarily
shaped invariant sets and on how these results can be used for the practical stability analysis.
First, it is useful to extend Definition 15 as follows:

Definition 15b A static and time—invariant state feedback controller k : R™ — U is said to
be (Xo,Q)-stabilizing in N steps iff the closed loop system xt = Ax + Bk(x) is (Xo,Q)-
stable and ¥V x(0) € Xq, it holds that z(N) € Q.

Since we will widely exploit the properties of the canonical controller form, it is worth recalling

that the control acts only on the n—th component while the others shift upwards.
Let Prg, i) T = (Tiyyevy Ty )t
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Proposition 2 Consider system X(A, B,U) and assume AO. If Q C R"™ is controlled
invariant, then Prip ) Q C Pry -1 Q. In particular, Pr,Q C Pr,1Q C--- C Pr; Q
and diam, Q < diam,,_1 Q2 < ... <diam; Q2.

Proof. Yy = (y2,...,yn) € Pro, ), 32 € Q with = (z1,92,...,yn). Let u € U be
such that =™ € Q: 2" = (y2,...,yn,27}), hence y € Priy_ ,1)Q. =

Given 2 CR", let Z:= Pr,Q and
Q=Qn2Z". (3.17)
The main property of Q* is exhibited by the following

Proposition 3 Consider system X(A, B,U) and assume AO. If Q C R"™ is a controlled
invariant neighborhood of the origin, then Q* is a controlled invariant neighborhood of the
origin and ¥ ¢ : R™ — U rendering Q0 positively invariant, ¢ is (2, Q*)=stabilizing in n—1
steps.

Proof. Q* is a neighborhood of the origin because so are both € and Z™. Since 2 is
positively invariant, to prove that ¢ is (€2, Q*)-stabilizing in n — 1 steps, we have to show
that Vz(0) € Q, Vi>n—1 and Vi=1,...,n, x;(t) € Z. Indeed, Vx € Q, xf € Z by
the definition of Z. Since the system is in controller form, the thesis follows. m

Corollary 1 If ¢ is (Xo,Q)-stabilizing, then ¢ is (Xo,2*)—stabilizing. O

Therefore, 2\ Q* is a redundant part of the invariant set 2, meaning that the trajectories
lie within Q \ Q* only for a transient time of at most n — 1 steps. As the aim of practical
stabilization is to confine the trajectories within small controlled invariant neighborhoods of
the origin, in the analysis of stabilizing control laws it is then proper to replace the final set
Q by Q*, namely to “cut off” the redundant region. This procedure is effective because, by
Proposition 2, Pr; Q C Pr;_1Q Vi=2,...,n and Q\Q* # () whenever one of the inclusions
is strict. In general, (Q2*)* C Q*, namely the cut—off procedure can be iterated.

Notice that if Q = Q,(A), then Q* = Q, namely the hypercubes @, (A) are non-redundant.
This is not the case for more commonly encountered types of invariant sets such as ellipsoids.
Quantitative results on the effect of the cut—off procedure on ellipsoids will be given in
Section 3.1.4.

Hypercubes are not the only example of invariant sets such that Q* = Q)| the same property
holds if € is inscribed in a hypercube. This fact will be relevant in next section when
discussing on the minimality of hypercubes and is related with the advisability of introducing
two notions of minimality. Indeed, among these notions, the strongest one allows us to exclude
the existence of invariant sets {2 inscribed in the smallest invariant hypercube.

Minimality properties of invariant hypercubes

In order to investigate the minimality properties of the smallest controlled invariant hypercube
with respect to all controlled invariant sets, we need to introduce a suitable notion of size
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for controlled invariant sets. We choose to study the minimality problem by comparing sets
according to their extension in some vector norm || - ||«. That is, for a neighborhood Q of
the origin, we consider

12« :=sup [z .
zeQ
Indeed, by achieving the convergence of the trajectories to within €2, it is guaranteed that

limsup ||z (t)|« < |||«
t——+o0

For comparison purposes, we will also consider the volume and the containment relation.
Nevertheless, the volume only is not suitable in the practical stability framework because it
does not provide any information about how far a trajectory can go away from the equilibrium.
As for the containment relation, although it may appear to be a natural way of comparing
invariant sets, this relation is not a total ordering and controlled invariance does not behave
well as for intersection (i.e., if €; and Qo are controlled invariant, then €3 N Q9 is not
necessarily controlled invariant), therefore the minimality problem formulated in terms of
the containment relation is not well posed.

In what follows, sets are measured by considering their extension in the infinity norm in the
controller form coordinates. More precisely, we consider the diameter of the sets along the
n coordinate directions (i.e., diam;Q, ¢ =1,...,n). Actually, according to Propositions 2
and 3, the relevant quantity is diam, ), in fact longer extensions of {2 along the other
directions can be cut off. Hence we give the following

Definition 17 Consider a system xt = Az + Bu in the controller form coordinates and let
Q be a controlled invariant neighborhood of the origin: the quantity diam, ) is referred to
as the magnitude of Q. We say that € s minimal in magnitude iff any bounded controlled
invariant neighborhood of the origin Q' has a magnitude greater than or equal to that of ).

If the pair (A, B) is not in controller form, the magnitude of © can be easily computed
through the formula diam(Prp (Q))/||B|3, where Prp(z) :=2’B € R.

Hence, the magnitude is the measure we use for comparing invariant sets. In some cases it is
still possible to consider the containment relation and to study minimality properties which
are stronger than minimality in magnitude: next, a result in this direction will be given in
Theorem 3.

Obviously, if the open loop system z7(t) = Ax(t) is stable, then there exist arbitrarily small
invariant neighborhoods of the origin. Therefore, we only consider the case of systems whose
open loop dynamics is not stable in the Lyapunov sense: we identify these systems by saying
that the matrix A is unstable.

Theorem 2 (Minimality in magnitude) Consider system Y(A, B,U) and assume AO.

Let ug = m{r{l} |u| be the resolution at 0 of U and Q be a bounded controlled invariant
uel\{0
neighborhood of the origin. If A is an unstable matriz, then diam;Q > uy Vi=1,...,n.

In particular, if Qn(ug) is controlled invariant, then Qn(ug) is minimal in magnitude.
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Figure 3.6: Visual help for the proof of Theorem 2 : the thicker segment represents Pr,, (A€) .

Proof. Thanks to Proposition 2, it is sufficient to show that diam, Q > ug (i.e., that the
magnitude of Q is greater than or equal to ug). Let us assume by contradiction that d :=

diam,, Q < ug. Set a1 ::ing2 x, and ag :=sup z,, then Pr, Q C[a;1,a2], az—a1 =d < uy
ze LIS
and 0 € [a1,a2]. Let Qo be the path connected component of © containing 0 (see [115]).

As Pr, o A is a continuous function, Pr, (AQp) is an interval. Two cases can occur:

I) Suppose that Pr, (AQy) N “[a1,a2] # 0: since Pr, (AQg) is an interval that intersects
[a1,a2] (in fact it contains 0), then, with 6 := wy — d, there exists & € y such that
(Az), €]lar —0,a1[ U Jag,az + 0 [. In this case, by the definition of wg, it is easy to see
that Yu € U, ;7 ¢ [a1,a2] (see Fig. 3.6): this contradicts the controlled invariance of
as Pr,Q Cla,a2].

IT) Suppose instead that Pr, (AQy) C [a1,a2]. We claim that 3z € Qp such that Ax ¢ Q.
The claim implies the thesis, in fact: for such an x, by the controlled invariance of 2,
Ju € U\ {0} such that 2T € Q, but u # 0 together with (Az), € [a1, as] and az—a; < ug
imply that z," & [a1,as] which contradicts the fact that z™ € Q.

Let us prove the claim: first, since 2y is a bounded neighborhood of the origin, AQy Z Q.
In fact, if the contrary held, then Vk € N, A*Qy C Qg which contradicts the fact that A is
unstable. Since A is path connected, if AQy C Q, then Ay would be contained in a path
connected component of 2. As 0 € AQyNQy, then AQy C Qy which is a contradiction. m

Corollary 2 If system X(A, B,U) is reachable and A is unstable, a necessary condition for
the (Xo, Q) —stabilizability of the system is that the magnitude of Q0 is greater than or equal
to ug . a

Clearly, for the (Xo,(2)-stabilizability it is also necessary that € is reachable from Xj.
We will be back on this issue in next Chapters 4, 5 and 6, where the focus is on the con-
trol synthesis for practical stabilization. However, it is worth to mention that the cases in
which U is uniformly or logarithmically quantized provide two classes of examples where the
(Xo, Q)-stabilizability holds with € = @, (up) (this will be shown in Examples 15 and 16 of
Section 4.1) . Namely,
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the lower bound for the magnitude of ) necessary for
the (Xo, Q)-stabilizability is attained by a hypercube.

Here, we limit ourselves to notice that, if U is uniformly quantized with parameter wug, the
minimal invariant hypercube is @, (ug) (see Example 7 in Section 3.1.1) which, by Theo-
rem 2, is minimal in magnitude. In the case of a logarithmically quantized control set with
parameters (up,f) and 1 <6 < g‘—ﬂ , the same property holds for @, (ug) (see Example 8).
These fundamental classes of examples are not the only cases where the lower bound for
the magnitude of () is attained by a hypercube. Indeed, the same properties hold for the
particular system considered in Example 6 (the (X[), Qn(u()))fstabilizability will be shown
in Example 14 of Section 4.1).

It has to be stressed that invariant neighborhoods 2 strictly contained in @, (up) and with
smaller volume can exist (see Example 9 below). Nevertheless, Theorem 2 states that, even
if such an ) exists, it spreads up to the border of @, (up) in all the directions of the co-
ordinate axes (i.e., Vi = 1,...,n, diam; Q = ug; see Fig. 3.7) so that Q and @, (up) are
equivalent as for their extension in the infinity norm. Therefore, even if the convergence
of the trajectories to within such an €2 was proved, no improvement would be obtained in
terms of the asymptotic behavior of the system, namely, it would be still guaranteed that

limsup;_, oo |2() oo < 1Qle0 = 1@n(u0) oo -

Example 9 Let us consider the quantized input system

xzt = Az + Bu
reR" uweZz,

where, as usual, the pair (A, B) is in controller form. Assume that A is an unstable matriz
such that 0 < |det A| < 1.

By U =7, it easily follows that the semi-open hypercube Q%(1) = [— %,% [n s controlled
invariant and that ¥z € Q%(1), there exists a unique u € Z such that x+ € Q%(1). It is
hence univocally defined the map

T: Q1) — Q1)

x — ozt

Since A is unstable, Q°(1) is minimal in magnitude by Theorem 2. Because det A # 0,
T is a local diffeomorphism at 0, therefore Yk € N, the set T* (QZ(I)) is a neighborhood
of the origin. Moreover, since TFT1(Q2(1)) C T*(Q4(1)), then T*(Q4(1)) is controlled
invariant and, being a subset of Q2(1), it is minimal in magnitude. Furthermore, we claim
that

VkeN, TFL(Q(1) c TF(Q4(1)) (3.18)

and, denoted by p the Lebesgue measure,

lim u(T’“(Q%(l))) =0. (3.19)

k—-4o00
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Figure 3.7: The non-connected shaded region represents the controlled invariant set
T(Q?L(l)) for the two dimensional system discussed in Example 9 and having a; = 0.4
and a9 = 4.

Namely, {T*(Q%(1))}ren is a strictly decreasing sequence of controlled invariant neighbor-
hoods of the origin made up of minimal in magnitude sets and containing elements of arbi-
trarily small volume. According to Theorem 2, all of these sets spread up to the border of
Qn(1) in all the coordinate directions, thus having the same extension in the infinity norm
as Qn(1). The typical structure of one of the sets of the sequence (in the two dimensional
case) is represented by the shaded region in Fig. 3.7.

Before proving the claim, notice that, by definition, the set Tk(Qfl(l)) 1s reachable in k
steps by any point in Q2%(1) . In next Chapter 4, we will also see that, with a qdb—controller,
Tk (Q%(l)) is reachable in k+mn steps by any point in R™ (see Example 15 in Section 4.1).
Let us prove the claim. As for the inclusion (3.18), because TF+1(Q4(1)) C T*(Q4(1)) , we
have only to show that indeed the inclusion is strict. It holds that

vkeN, p(TH(Qa)) < u((A0TH)(@01)), (3.20)

in fact: Vu€Z, let Sy :={z €R"|u—3 <zp <u+i} and Ry :=8,N(AoTF)(Q5(1)) ;
then (Ao T*)(Q%(1)) = Uyez Ru and TF1(Q2(1)) = Uyez(Ru — Bu) , inequality (3.20)
then easily follows. Since u((A o T) (Qg(1))> = |det A ~M<T’“(QZ(1))) and |det A| < 1,
then inequality (3.20) yields

vEeN, u(T(Qu1)) < ldet ] u(THQA() ) < n(TH(Q5(1)).

This implies that Yk € N, TH1(Qo(1)) ¢ T*(Q9(1)) and u(Tk(Qg(1))) < |det AJ* -
1(Q2(1)) , thus the limit in equation (3.19) holds. )

Example 9 shows that a minimal in magnitude set can contain other minimal in magnitude
sets having smaller volume (indeed, having an arbitrarily small volume). This gives the
reasons for the need to introduce the concept of strong minimality which strengthens the
minimality in magnitude by involving the containment relation.
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Definition 18 A controlled invariant neighborhood of the origin ) is said to be strongly
minimal iff it is minimal in magnitude and any neighborhood of the origin Y strictly contained
in Q is not controlled invariant.

If the system is sufficiently unstable (in a sense specified below) , then the strong minimality
property holds for hypercubes. More precisely,

Theorem 3 (Strong minimality) Consider system X(A,B,U) and assume AO. Let

up = min |u| be the resolution at 0 of U . If
weld\{0}

jar] > 14> |aif (3.21)
=2

and Q C Q% (up) is a controlled invariant neighborhood of the origin, then Q = Q2(up) . In
particular, if Q% (ug) is controlled invariant, then it is strongly minimal.

Proof. We show that if such an () exists, then it contains a subset whose uncontrolled
evolution is confined within @Q2(up) until it covers the whole semi-open hypercube. By
definition of wg, such an evolution is also the unique ensuring that the trajectories starting
from this subset remain within Q9 (ug): since 2 is controlled invariant, this entails that

Q= Q% (’U,()) .
In detail, the matrix A is invertible and
(A\2); = @ it j=1 (3.22)
Tj1 otherwise.

Lot 61— UFXisslai)

lat]

. By the assumption in equation (3.21), # < 1, then

0| + 00 |ais || 2]

n —1
Vo eR", ’(A l‘)l‘g |CL1’

<O [z]loo < l]loo - (3.23)

Equations (3.22) and (3.23) imply that A=*Q%(uo) C Q% (uo), thus Vh € N,
ATRQ0 (o) € ATMHQ0 (ug) € -+ € ATMQS (uo) € Q9 (uo) (3.24)

and in particular ||A™"||, < 1. Moreover, by the Hamilton-Cayley identity,

A a11<[” B ;aiAnl+i> ,

therefore ||A™"||s < 6: this means that A™"Q,(ug) C Qn(0up) and it immediately follows
that Yk € N, A7"Q0 (ug) C Qn(0F uo) .
Let © be a controlled invariant neighborhood of the origin: since lim 6% =0, 3k e N

k—-4o00

such that Qn(ﬁfg ug) € Q, therefore A_"]%Qfl(uo) C Q. We claim that if A7"Q?(up) C Q for
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some m > 1, then A=™F1Q%(ug) C Q. In our case, the hypothesis of the claim is satisfied
Vm > nk and the recursive application of the claim implies that Q% (up) C £, namely the
thesis.

Let us prove the claim. First, we show that if x € Q and Az € Q9 (up), then Az € Q. In
fact, by the controlled invariance of Q, Ju € U such that ™t € Q C Q2(up): such a control
value must be u = 0 because for u # 0, 27 & Q%(up). Indeed, —% < (Az), < % by
assumption, hence

—%+u§x2:(A:r)n+U<%+u, (3.25)

and for u # 0 it holds that |u| > up which, together with inequalities (3.25), yields either
zh > % or zf, < =% . Now, consider y € A~™"1Q9(ug) and let us show that y € Q: since
—m+1 <0, then y € Q9(up) (see the inclusions in equation (3.24)). Let z := A7 'y €
ATQ0 (up): x € Q by assumption and y = Az € Q% (up) , therefore y € Q2. m

Thus, under the assumption in equation (3.21), Q2(up) is strongly minimal in both the cases

%).

of uniformly and logarithmically quantized controls (in the latter case, if 1 <6 < &5

Remark 8 Assuming |a1| > 14+ 1", |ai| , which by the way is a condition involving only the
coefficients of the characteristic polynomial of A, is the same as asking that A=1QC (ug) C
QC(ug) , namely it is a stability requirement on the matriz A=, hence corresponding to an
instability property of A.

It can be shown that the condition ensuring the strong minimality of Q2 (u) is only sufficient
(see [99]) , nevertheless the result is interesting because it shows that there are cases in which,
among the minimal diameter sets (i.e., diam; Q2 =ug Vi=1,...,n), the whole Q%(ug) is
actually the smallest controlled invariant set.

3.1.3 An extension to networked systems

In this section, we take advantage of some results presented in the previous sections to address
an issue in the framework of the control under communication constraints. We consider the
problem of controlling multiple scalar systems through a limited capacity shared channel (see
Fig. 3.8). It is assumed that each system is affected by process noise and can be controlled
by actuators with values in an assigned uniformly quantized set. The control objective is to
bound the evolution of the systems in specified sets (controlled invariance) . It is part of the
problem to find an optimal allocation of the shared communication resource to the different
control activities. This section provides fundamental conceptual tools to attack the design
problem in the formal framework of an optimization problem.

Traditional control design is based on ideal assumptions concerning the type of information
that can flow across the control loop. Unfortunately, real implementation platforms exhibit
non-idealities that may substantially invalidate these assumptions. As a result, the system’s
closed loop performance can be severely affected. This problem shows up with particular
strength when multiple control loops share a limited pool of computation and communication
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Figure 3.8: Pictorial representation of the problem analyzed in Section 3.1.3.

resources. In this case, the designer is confronted with the challenging task of choosing at
the same time the control law and the optimal allocation policy for the shared resources
(control algorithm/system architecture co—design). An intriguing general discussion for this
class of problems can be found in [16]. Investigations in this field have been developed in
several directions. A first prong of research activities has focused on the problem of resource
sharing [95, 57, 22] . However, these works do not explicitly cope with quantization and bit—
rate constraints that, on the contrary, play an important role in complex distributed systems.
A remarkable thread of papers on the problem of stabilization under bit-rate constraints is
included in the recent literature on quantized control systems (see [91, 106] and references
therein) . In most of these works, the authors design quantization schemes instrumental to the
goal of finding encoding/decoding policies that make for an optimal use of the channel. In this
section, instead, we keep on studying the problem under the assumption that quantization is
assigned and we focus on the analysis of the attainable control performance.

The general setting we refer to is depicted in Fig. 3.8. This can be thought of as “smart—
sensor” scenario, i.e., one where processing activities are located in the proximity of sensors
and commands have to be sent to actuators by a channel.

For the sake of simplicity, the analysis is restricted to scalar systems under unform input
quantization and ruled by control laws generated by periodic sampling. A limited bandwidth
channel is shared between several independent control loops: in order to limit the “channel
occupation”, some of the levels provided by the quantized actuators can be left unused.
Therefore, the subset U necessary to accomplish the control task is a design parameter along
with the sampling period. Thus, the quantized actuators are regarded as given “hardware”
components to build on the top of. In this framework, quantization has a twofold role: on
the one hand it is a constraint imposed by the physics of the system (e.g., because actuation
and/or sensing are inherently quantized), on the other hand it is introduced on purpose in
order to allow for communication over the finite capacity channel. The final goal is to produce
automated procedures for the optimal allocation of the channel capacity among the different
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loops and for the choice of the set of design parameters. It has to be stressed that, in this
context, the presence of noise is of particular interest. Indeed, it emphasizes the importance of
the sampling period especially for unstable systems where long sampling intervals determine
performance degradation due to longer uncompensated actions of the noise term.

Notation: In this section, for A > 0, we let! I(A) := [— %; %] .

Problem formulation

Consider a set of N > 1 continuous time scalar plants
7(0)=3%eR
T€RT
i=1,...,N,

(3.26)

where the control function u;(7) takes values in a quantized set U; C ¢ Z (¢ > 0) and
w;(7) € I(w;) (w; > 0) represents an exogenous noise term. It is supposed that w;(7) is an
integrable function. Each scalar system is characterized by the triple (a;,€;, w;) which are
the given parameters and it is denoted by X(a;, €;, w;) .

We assume that the states &; (i =1,..., N ) are sampled periodically at time 0, T;, 275, . ..
(the sampling intervals T; are design parameters). Based on these samples, N individual
control values are derived and transmitted over a shared communication channel to zero—order
hold devices in the respective actuator nodes. The sampled—data control system correspond-

ing to system (3.26) is

_ =0
fg%_x’ (3.27)
i=1,...,N,
where x;(t) = z;(tT;) and
a = eTi
B = fOTie‘”Sds
wi(t) = t(Tt:rl)Ti e“"((tH)Ti_s)lDi(s)ds.

Each T;—sampled system is denoted by X(a;,€;, w;,T;). From the last equation it follows
that the discrete time disturbance w;(t) takes values in I(3 - w;).
In this setting, the discrete time control law is a function

g: R — UCe&Z

s(t) = u(t) (3.28)

!This notation is redundant because I(A) = Q1(A), but certainly it is more intuitive.
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so that, with the zero—order hold, the continuous time control law is the piecewise constant
function
TNJ,Z‘(T):’U,Z‘(t), TE[tTi,(t-i-l)Ti[.

The control goal is to guarantee practical stability for the closed loop dynamics of each plant,
more precisely we consider the controlled invariance problem. Namely, we are interested in
finding neighborhoods of the equilibrium where the trajectories of each plant can be confined
irrespective to any noise affecting the systems. In this framework, the controlled invariance
notion introduced in Definition 14 of Section 2.3.1 is extended in the following way:

Definition 19 (Robust controlled invariance)

1) For a continuous time system X(a,e,w) with control set U C €Z, the interval I(A) is
said to be (T,w)-controlled invariant iff Vi € I(A), 3u € U such that for any integrable
function w : [0, T] — I(w) the solution of

{ #(r) = ai(r) + u+ ()
SEO

is such that, V7T € [0, T], &(r) € I(A).

u) For a discrete time system X(a,e,w,T) with control set U C €Z, the interval I(A)
is said to be w-controlled invariant iff Vo € I(A), Ju € U such that YVw € I(B - w),
T =azr+ pfu+w € I(A).

The following proposition allows us to get rid of the distinction between continuous time and

discrete time:

Proposition 4 Consider system X(a,e,w,T): if 2° € I(A) and u € U is such that, Vw €
I(B-w), 2°7 = a2z’ + Bu+w € I(A), then for any integrable function w : [0, T] — I(w)
the solution x(t) of

S

' (1) = aZ(1) + u+ w(7)
z(0)

is such that, Y7 € [0, T], z(1) € I(A).
In particular, if I(A) is w—controlled invariant for the discrete time system X(a,e,w,T),

(3.29)

70

then it is (T, w)—controlled invariant for the continuous time system X(a, €, w) .

Proof. See in Appendix A.2.2. =

Conversely, it is obvious that if I(A) is (T, w)—controlled invariant for system X.(a, €, w) , then
I(A) is w—controlled invariant for system X(a,e,w,T). Thus, it is sufficient to introduce
and to check the properties based on invariance only for discrete time models.

The plants share a limited bandwidth channel with bit-rate R .

Definition 20 (The channel) By a limited bandwidth channel of capacity R we mean a
device capable of transmitting R bits per unit of time without transmission error.
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In particular, the number of symbols ¢ that can be transmitted during the time interval T
satisfies ¢ < 2RT . Since the number of bits to be transmitted at each sampling instant is
integer, we require that o < 2LRT]

According to some optimality criterion, the total capacity R of the shared communication
link is split among the N control loops. Hence, the bit-rates R;’s devoted to each control
loop have to comply with the following inequality:

SN R <R.

It is supposed that the allocation R; is time—invariant, in other words, the resource assign-
ment is decided once and forever.
In accordance with the framework described so far, we introduce the following

Definition 21 Consider system (a, €, w) , suppose that a channel of capacity R is connect-
ing the controller to the plant: the triple (R,T,A) is said to be feasible for the invariance
problem iff there exists a control set U C €Z rendering I(A) w—controlled invariant for
system X(a,e,w,T) and satisfying #U < 2871

i1 n- Let Ri=(Ri,...,Ry), T:=(T1,...,Tn)
and A = (A1,...,AN). The triple (é,f,&) is said to be feasible iff Vi = 1,...,N,
(R;, Ti, A;) is feasible for the invariance problem related to system X(a;,€;, w;) .

Consider a set of systems {E(ai, €, WZ)}

In this problem, the input quantization is assigned (u; € €7Z) but, in order to meet the
communication constraint, the designer has the freedom to choose the input sets U; C ;7
where the control laws are restricted to take values. Therefore, quantization is both a physical
constraint and a means to enable communication over the shared channel.

We are ready for the explicit problem formulation. The presence of multiple plants opens
up different design possibilities as to how the communication capacity of the link can be
shared between the different control loops with the purpose of solving a controlled invariance
problem. We propose the following approach:

e Problem formulation: For a given set of systems {E(ai,q,wi)}izl _y» consider a
vector 50 identifying a set of IV intervals within which the trajectory of the N systems are
desired to be confined. Let f : (RT)Y — R* be a cost function penalizing realizations A

differing from the desired target Ay, for instance:

o 180 = Al
flA) = ————. (3.30)
180llo0
The design problem is formulated as follows: find
(R*,T*,A*) = argmin f(A)
(RT,A)
D (3.31)

(]5;, T, 5) feasible,
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where D C (R1)™ is a specified domain within which A is desired to lie. Thus, the constraint
A € D can be seen as a performance requirement and/or as a safety constraint.

For each of the N systems, the minimizing tern (é*,f*, 5*) determines the bandwidth
R?’s to be assigned, the sampling periods T;’s and the intervals I(A7)’s which can be
made invariant. By definition, the feasibility of (ﬁ*, T*, 5*) ensures the realizability of the
solution, that is: the existence of N control laws of the type in equation (3.28), each one
taking values in a finite set U; C €7Z so that both the robust invariance of I(Aj) is ensured
and the communication constraint imposed by the available bandwidth R; is satisfied .

e Equivalent problem formulation and solution methodology: Consider

mm & Z len )

where Rgn(Ai) is the smallest bit-rate R; ensuring that there exists a choice of T; such
that (R;,T;, A;) is feasible for the i—th system. It is immediate to check that the minimum
of problem (3.31) is equal to

min f(A)
A

[Gen 35
subj. to: len(&) SR

For, the solution of problem (3.31) can be organized in the following five steps:
1. For each plant, determine the function fo?in(A) and consider problem (3.32);

2. Solve problem (3.32) and find a minimizing vector A*;

3. Assign the bandwidth RY

min

A¥) to the i—th system:;
(A y

4. Choose the sampling periods T;’s so that Vi =1,...,n, the triple (R( ) (A7), T;, Af)

min
is feasible;

5. Determine the corresponding control laws.

In order to compute the function RI(I?iH(A), the characterization of the feasible triples is
needed. Thus, once the first and the second steps of the above list are solved, the other

(@)

min
the control theory and quantization. This is the reason why, in this section, we go into the

steps directly follow. The determination of R 'l (A) is the only step involving issues from

details of step 1 only. As far as the solution of problem (3.32) is concerned, we limit ourselves

(@)

to mention that, once the function Rmm

(A) is available, the problem can be algorithmi-
cally solved with a standard branch and bound scheme [70] and each step of the algorithm
requires the (numerical) solution of a non-linear scalar equation. For the cost function in

equation (3.30), the details of the algorithm can be found in Section 2.4 of [96] .
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Before going into the characterization of the feasible triples and into the computation of the
(%)

function R (A), let us illustrate a simple example which is helpful for the understanding

of the problem setting.

Example 10 (Tracking of an unknown reference) Consider N agents moving on a
line. Denote by y;(T) the position of the i—th agent at time T and assume that its dynamics
is 9;(1) = (7). Let () be an unknown reference to track and suppose that |i-()] < 5.
A camera takes the measures of the displacements z;(7) := §;(1) — r(7) of the agents and
sends the quantized control values U;’s to the actuators (i.e., to each agent) through a shared
channel of capacity R . The resulting dynamics of the displacement of the i—th agent is

zi(1) = ay(r) —7(7)

so that the problem is modelled by system (3.26) with a; =0Vi=1,...,N. &

Single plant analysis: feasibility

This section is devoted to the characterization of the feasible triples (R,T,A) for a given
system X(a, e, w).
Given A > 0 and T > 0, suppose that there exists a control set U C e€Z rendering I(A)
w—controlled invariant for system Y(a,e,w,T). Let ¢(A,T) € N be the minimum of the
cardinality of the control sets U C €Z rendering I(A) w-—controlled invariant. By the
definition of feasibility, it immediately follows that a triple (R,T,A) is feasible for system
Y(a, e, w) if and only if
1

R> = [logy (A, T)] . (3.33)
This condition is an effective tool to solve the feasibility problem once the expression for the
function ¢(A,T) is determined. Let us start with the characterization of the domain D({)
of the function ¢(A,T). Given A > 0, assume that U = €Z and let

T(A):={T > 0] I(A) is w—controlled invariant for system ¥(a,e,w,T)} .
The domain of ¢(A,T) is
D) ={(AT)|TeT(A)}.
The following result is the main step to determine the set 7 (A):

Proposition 5 (w—invariance conditions) Consider system X(a,e,w,T): if w >0 and
U=¢cZ, then
1) if a <0, I(A) is w—controlled invariant if and only if

aT_l

A> min{lﬁ_—wa; ﬁ(e—i—w)} = min{%; e (e—i—W)};
w) if a >0, I(A) is w—controlled invariant if and only if
T (e+w) if a=0

erT—1
a

AZB(e%—w)z{

(e+w) if a>0.
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Proof. System X(a,e,w,T) can be rewritten in the form
T =ar+a+w
U € PeZ
we (B -w).

Thus, I(A) is w—controlled invariant for system (a,e,w,T) if and only if Vo € I(A),
34 € feZ such that Yw € I(§-w) it holds that |ax + 4+ w| < %. This is equivalent to
requiring that Va € I(A), 34 € BeZ such that |ax + 4| < A_Q/BW . Therefore, with

£(A) := max min |az + 4|,
z€I(A) UEBeL

it holds that I(A) is w-controlled invariant for system Y(a,e, w,T) if and only if £(A) <
A— ﬁw
, that is

(3.34)
where £(A) := £(A) — % . It is straightforward to figure out that

) 9N i 0<A<E
Beif A > D

Thus, lima_o+ £(A) =0, lima— 400 &(A) = —00 and, for A € |0, &] £(A) = 21A.
) If @ <0,then 0 < a<1 and £(A) is a decreasing function. Therefore, there exists

A > 0 such that condition (3.34) is satisfied VA > A By the expression of {(A), it is a
trivial computatlon to find that, if —%’V > f(iﬁ) then A = ﬁw : otherwise A = (e +w).

Since —2¥ > 5(56) = % if and only if % < Ble+w), then A= mln{m, Ble+w)}.

u) If a 2 0, then @ > 1 and, for A € ]O, %] , £(A) > 0. Hence, in order that inequal-
ity (3.34) be satisfied, it is necessary that A > %: with £(A) = %, one finds that the
invariance condition is A > f(e+w). m

Remark 9 Differently from the case considered in Section 8.1.1, because of the presence of
the noise term, also for a <0 (namely, for |a] < 1) the invariance problem is meaningful.
If w =20, it is interesting to notice that, while for a # 0 the invariance conditions provided
by Proposition 5 coincide with those we found in Section 3.1.1 for uniformly quantized control
sets, this is not true for a = 0. In fact, if a =0 and w =0, then u = 0 guarantees the
invariance of any subset of R ; instead, with w = 0, the condition of Proposition 5.1 becomes
A > fBe. This fact is not a contradiction (in fact, in Proposition 5 we assumed w > 0 ) and
points out that, for a marginally stable system in the presence of input quantization, as w > 0
varies, the size of the minimal invariant interval I(A) is discontinuous in w = 0.

7(A), and hence the domain of the function ¢(A,T), is determined by solving for 7' the
invariance conditions provided by Proposition 5 :
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Corollary 3 Consider system Y(a,e,w,T), assume w >0 and that U = €Z. For A >0,
the following facts hold:

1) if a <0 and A > X, I(A) is w—controlled invariant YT > 0; if A < %, I(A) is

[a] 7 la] 7
w—controlled invariant if and only if

. A
Tgmm{%log(l—'ﬂrw);ﬁlog(l—k%)};

w) if a=0, I(A) is w—controlled invariant if and only if

T<A

_E—f-W’

w) if a >0, I(A) is w—controlled invariant if and only if

|

aA>.

1
T§710g<1+
a €E+wW

Before we proceed to the calculation of ¢(A,T), we derive a lower bound for ¢ from which
necessary conditions for the feasibility of a triple (R,T,A) are obtained. To this aim, let us
introduce an invariance criterion holding for systems (a, e, w,T): for A > 0 and u € €Z,
let

X, = {zeR|VwelB -w), 2t =az+put+wellA)}=

(3.35)
= {zeR| -4 +pu-EY) << l(5-pu-5Y}.
Consider
T, =1 %+Bu—57w)
— _1(A Bw (3.36)
xu::a(j—ﬁlL—T) :

if X, #0,then X,, = [z, , T,] with Lebesgue measure pu(X,) = A_aﬂw . Tt is straightforward
to see that I(A) is w-controlled invariant if and only if?
U x.21(8). (3.37)

ueU

Hence, if I(A) is w—controlled invariant for system X (a,e,w,T) with U C €Z, then A <
i(Use Xu) < #U- 22 That is,

Ao
#U > {m] . (3.38)
In particular,
#U > [a] = [e*T]. (3.39)

*Both X, and the invariance condition (3.37) can be formulated in the more general case 4 C R. Thus,
condition (3.37) is an extension of Lemma 7 in Section 3.1.2 to systems affected by bounded noise.
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Proposition 6 (Necessary conditions of feasibility) Consider system (a,e,w) : if the
triple (R,T,A) is feasible, then

1 A
Z> R> 1022 +7 logy A-B(T)w -

If moreover, a > 0, then:
w) T > %;
) A > SV (ea/R 1),

a

Proof. See in Appendix A.2.2. m

Remark 10 When w =0 and a > 0, Proposition 6.1 provides the well known bound

a (3.40)

>
~ log?2

(see [5]). The same bound is approached when A > B(T)-w.

The condition in Proposition 6.1 explicitly shows that the presence of a communication
constraint induces a lower bound on the sampling period. Therefore, the possibility of approx-
imating any continuous—time signal by switching very fast between discrete values is inhibited.

We pass now to the exact computation of the function ¢(A,T): we mainly address the case
of an unstable plant (a > 0), which indeed is the most interesting as far as the design of the

sampling interval T' is concerned.

Proposition 7 (Computation of £(A,T) and of the corresponding U)  Consider
system X(a,e,w,T), assume that w >0 and a > 0. Let A >0 be such that T € T(A),

then
A(a—1)

UAT) =1+ ik ifﬁwf ) : (3.41)
Be

where the dependence on T is implicit in a and (6. A control set U C €Z of minimal

cardinality ((A,T) between those ensuring the w—controlled invariance of 1(A) is
U= {u1 <ug < --- <UE(A,T)}7

where

w4 (52 0]

(3.42)
Ukt 1 ::uk—kLAEeﬂwJ - € (fork:zl,...,f(A7T)—1).

Moreover, the invariance of I(A) is ensured by any discrete time control law q : R — U
such that

VeelI(A), qlx)e{urel|ze Xy, }. (3.43)
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Proof. See in Appendix A.2.2. =m

For unstable plants (i.e., a > 0), let us make explicit the dependence of ¢ from the sampling

period T':
UAT) =1+ [Ww
| b (3.44)

TeT(A) fe, 0<T<llog(l+2%).

Single plant analysis: determination of R,in(A)

We pass now to the determination of the smallest bit-rate R ensuring that, for a given
A > 0, there exists a choice of T' such that the triple (R,T,A) is feasible. That is,

Ruin(A) :=min {R > 0|37 such that (R,T,A) is feasible} .

For the sake of brevity, the analysis will henceforth be restricted to the case a > 0 . Let

1 aA
Tax(A) == =1 1 )
( ) a 8 ( + €+ W)
by condition (3.33) and Corollary 3.222,
1
Rupin(A) = ~Tog, (A, T)]. 3.45
(B) =, min | logz ((AT)] (3.45)

Given A > 0, the mapping ¢(A,T) is piecewise constant with 7'. Hence, the local min-
ima of the “channel occupation” function +[logy ¢(A,T)] are taken in correspondence of
discontinuity points of ¢(A,T). The discontinuity points 77 < Th < --- < T} can be deter-
mined using equation (3.44), thus the local minima of the channel occupation function can
be listed. However, a closed formula for Ry,in(A) is difficult to work out. We hence provide

an expression which is a good estimate of Rpyin(A).
Proposition 8 Consider system X(a,€e,w) and assume that a > 0. For A >0, a sufficient
condition on R in order that the triple (R,T,A) is feasible for some T > 0 is

a

al '
log (1 - 2J“§§W]+w)

R> R (A) =

min

Proof. We show that, indeed, RSY (A) = T% [logy (A, T1)], where Ty is the first disconti-
nuity point of ¢(A,T). Let us compute Tj: for a given A > 0, the argument of the floor
in the denominator of equation (3.44) is a decreasing function of 7', in particular ¢(A,T) is
non—decreasing with 7. Hence, to determine 77, it is sufficient to find the largest T such
that the denominator in equation (3.44) is greater than or equal to the numerator, that is to

solve

a w IVCLA—FW—‘

B e )
e(e?l —1) € 2¢
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Figure 3.9: Graph of %[10g2 E(A,Tﬂ fora=2,e=1, w=18 and A =2.
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Figure 3.10: The graph of R®Y (A) for the system of Fig. 3.9.

min

Hence,

1 al\
T = —lo 1+ — ).
' g< 24&%tmw>

Accordingly,
VT €]0,Th], ¢AT)=2 (3.46)

so that T%(logQ Z(A,Tlﬂ = %1 [ ]

Remark 11 The effect of the noise on the system is governed by the function F(T) which
grows exponentially: hence, as the sampling interval T' increases, the system is more and
more affected by the noise. It is then natural to expect that the local minimum in corre-
spondence of the first discontinuity point Ty is close to the actual minimum of the function
(see Fig. 3.9). This fact can be explicitly verified for a A > max {e, w}, in fact (see also
Fig. 3.10) :

lim R (A) = 2

min

A—Yoo - log2’
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namely, as A — 400, RS

tion 6.1 and Remark 10).

(A) approaches the theoretical lower bound on R (see Proposi-

By equation (3.46), the feasible triple (Rfr‘fifn(A),Tl,A) leads to the implementation of a
binary feedback law. It has been shown in [72] that the strategy of considering a binary
control law and a short sampling interval T is the most robust with respect to uncertainties
on the really available bandwidth.

For a given A > 0, if R is not much larger than Ryu,in(A), the set of values of T such
that (R,T,A) is feasible consists of disjoint intervals whose right extremes are discontinuity
points of the function ¢(A,T) (see Fig. 3.9). A criterion to discriminate the allowed va-
lues for T, apart from robustness arguments, should take the entailed channel occupation

%[ logy £(A,T)] into account.

3.1.4 Controlled invariant ellipsoids: multi—input

There is a strict relation between Lyapunov theory and invariance [11, 12]: for instance,
under suitable assumptions on the considered dynamical system, from the knowledge of an
invariant set it is possible to derive a Lyapunov function for the system. Conversely, if V(x) is
a Lyapunov function for a system x+ = f(z), a family of invariant sets is canonically associa-
ted to V. In fact, any sublevel set of V', namely, any set of the type {x € R" |V (z) < v},
v >0, is invariant. For a system x* = f(x,u), control Lyapunov functions are still helpful
to determine controlled invariant sets: in this case the controlled invariance analysis and the
control synthesis problem are not entirely separated. A common technique to find controlled
invariant sets consists of the synthesis of a control law w(-) so that a Lyapunov function V' is
available for the closed loop system; then, the sublevel sets of V' form a family of controlled
invariant sets for the open loop system. Once a controlled invariant set has been found in
this way, the synthesis of a control law ensuring the invariance of such a set is not bound to
the control law w(-) which, thus, may be viewed in general as an auxiliary tool.
Unfortunately, the relation between Lyapunov theory and controlled invariance becomes
weaker in the presence of quantization. There are several mathematical reasons for that,
most of them lie in the fact that major characteristics of the structure of the system are lost
because of quantization. Indeed, not only quantization introduces nonlinearity in the system,
but also convexity properties are lost (a quantized set is not convex). Even more substan-
tially, since closed loop asymptotic stability cannot be achieved for quantized systems, then
it is not possible to construct a control Lyapunov function. Therefore, classical techniques
based on Lyapunov theory must be properly revised in order to deal with quantized systems.
In this section we present results extending the Lyapunov based approach to the quantized
input case. As it is clarified in the second part of this section, this kind of analysis is quite
conservative form the point of view of the search for the invariant set of minimal size. On
the other hand these results will turn out to be fruitful for control synthesis purposes in the
framework of small-gain theory (see Section 5.3).

Consider a linear system x+ = Az + Bu, where the pair (A, B) is stabilizable and u € U =
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R™ . For any fixed K € R™*" such that A+ BK is Schur, let R"*™ 3 P > 0 be a solution
of the Lyapunov inequality

(A+ BK)'P(A+ BK)—P <0.

The function V(x) := 2/Pz is a quadratic Lyapunov function for the closed loop system
xt = (A + BK)z, therefore any sublevel set of V is positively invariant for the closed loop
dynamics. That is, V7 > 0, the ellipsoid £,2 is a controlled invariant set for the original
system T = Az + Bu.

With the suitable corrections, this technique can be used to derive controlled invariant ellip-
soids also when the control set is quantized. In fact, consider a stabilizing matrix K and
P > 0 as above, and the quantized control law u(x) = ¢,(Kz), for some input quantizer
qu : R™ — U . The corresponding closed loop system is

rt = (A+ BK)x + Bq.(Kzx), (3.47)

where ¢.(Kxz) = q,(Kz) — Kz is the quantization error. In this case, V(z) = a'Px is
no more a Lyapunov function for the system. Nevertheless, if x is such that the norm
of the quantization error ¢.(Kx) is not too large with respect to the norm of x, we may
still expect that V(xzt) — V(z) < 0. Therefore, for sufficiently large r > 0, the sublevel
set &p,2 could be positively invariant for system (3.47), hence controlled invariant for the
original system xt = Az + Bu. Proposition 9 below makes precise this argument in the case

where the quantization error is uniformly bounded. Actually, it is clear the intuition that, for
llge (Kz)]|2

. . . . . . . ||KxH2- .
However, the study in terms of the relative quantization error is more tightly intersecting

this kind of argument, the meaningful quantity is the relative quantization error

control synthesis problems than the study in the case of bounded absolute quantization error.
Therefore, we put off this more general case till Section 5.3, where the controlled invariance
analysis under uniformly bounded relative quantization error follows from control synthesis
results based on a small-gain theorem (see Remark 25 at the end of Section 5.3.2) .

Proposition 9 (Uniformly bounded error) Consider the system
27 (t) = Fx(t) + Be(t), (3.48)

assume that F is Schur and that ¥Vt >0, |le(t)]|2 < Eyg. For any R™™ >S5 >0, let P be
the solution of the Lyapunov equation

F'PF—-P=-§ (3.49)

and
r2 .= R2 ()\max(P —-9)+ )\min(S’)) , where

1

R= s a(P), and (3.50)

a(P) = ||[F"PBll2 + /[ F'PBl3+ Amin(S)[| B'PB]|2 .

Then, V1? > rZ, Eprp2 18 invariant.
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Proof of Proposition 9. The initial part of the proof mimics arguments used in [17].
Let V(z) := 2/Pxz, where P > 0 is the solution of the Lyapunov equation (3.49) for some
R™" 5 S > 0. Then,

AV(z):= V(zt)-V(z) =
—2'Sz + 22/ F'PBe + ¢/ B'PBe <

IN

—2'Sx + 2|2’ F'PBe| + |¢ B'PBe| <

IN

—Amin(S) |23 + 2Eo|[F'PB2 - ||zll2 + E§ | B'PBll2 := f([l]2),

where the last expression is obtained thanks to the Cauchy—Schwarz inequality. Notice that
f(llz|l2) is a second order polynomial having roots of opposite sign. Let us determine R > 0
such that f(R) =0: it holds that

{ R= %O(S) a(P), where

(3.51)
a(P) = ||[F'PBll2 + /[[F"PBI[5 + Awin(S) [ B'PBl2 .

Hence, for x such that [|z]|2 > R, AV (z) < f(||z]|2) < 0. Namely, as long as the state lies
outside the closed ball Br, V is decreasing along the trajectory.
Let us consider the behavior of the trajectories starting from Br. With

M2 :=max V(zT
0 i=max (™),

it holds that Vr? > Mg, the ellipsoid &€ pr2 18 invariant. In fact,
5}3,1“2 = (‘(:P,r2 N Bgr) U ((c;P,T2 \ Br)

and 2t € &, if and only if V(zT) <r?: if z € £,,2 N Bg, then V(zT) < MZ < r?; if
instead = € €2 \ B, then V(zT) < V(z) < r?.
It is hence sufficient to show that r? defined in equation (3.50) is an upper bound for Mg :
Viet)= AV(z)+V(x)=
= 2/(P—-S)x+22'F'PBe+ ¢ B PBe <
< Amax(P = )2z + 2E0[|[F'PB2 - |z]l2 + E§||B'PB|2 == g(||2[l2) -
By equation (3.49), Amax(P —S) = Amax(F'PF) > 0, therefore

max T =g(R
max g(lell) = g(F)

and

Mg =max V(z") <max g(||z[]2) = g(R).
z€BR z€BR

Since g(|[z[l2) — f([[z[l2) = Amax(P = S)[|#[13 + Amin(S)[|z]|5 and f(R) =0, we get
g(R) = R? ()‘max(P - S)+ )\min(S)) = 7"12 (3.52)

and this concludes the proof. m
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Remark 12 The fact that practical stability properties hold for system (3.48) under bounded
iputs is a straightforward consequence of the fact that a stable linear system is input—to—state
stable [62]. The contribution of Proposition 9 consists in providing a quantitative invariance
analysis for ellipsoids. Actually, Proposition 9 can be easily extended to include also the
analysis of convergence properties: this aspect is postponed to Chapter 5 (see Proposition 14
in Section 5.3.1) which is specifically devoted to the convergence issue in practical stabilization.

Let us show how Proposition 9 can be used to determine controlled invariant sets for a
quantized input linear system. Consider a system

(3.53)

xt = Ax + Bu
reR", weld CR™,

where (A, B) is a stabilizable pair. Assume that the input quantizer g, : R™ — U is such
that the corresponding quantization error is uniformly bounded, namely

Ep :=sup Jlqu(y) —yll2 < +o0. (3.54)
yeR™

Consider any K € R™*™ such that F' := A+ BK is Schur. Let u(x) := ¢, (Kz): the
resulting closed loop dynamics is described by system (3.47). The assumption (3.54) ensures
that VK € R™*" and Vx € R", |¢e(Kz)||2 < Ey, therefore the closed loop system satisfies
the hypotheses of Proposition 9. Accordingly, for any R®*"™ 5.5 > 0, let P be the solution
of the Lyapunov equation (3.49) and r? be defined as in (3.50). Then, Vr? > r?, the
ellipsoid &2 is invariant for the closed loop system (3.47) and, in particular, it is controlled
invariant for system (3.53).
Uniform quantizers (see Definition 7 in Section 2.1) are the typical examples where the
corresponding quantization error is uniformly bounded and the proposed analysis technique
can be applied.

Example 11 Consider the quantized input system

2 2 -1 1 0
zt=Az+Bu=| 0 0 1 z+1 0 0 |u
(3.55)
0 -4 4 0 1

welU =72%c R

The pair (A, B) is reachable, thus stabilizable. However, denoted by Bl the i~th column of
B, both the pairs (A, BM) and (A, B are neither reachable nor stabilizable.
Following the theory developed above, let us provide controlled invariant ellipsoids.
Consider the quantized control law u(w) := q,(Kz), where q, : R? — Z? is a uniform
quantizer. With the usual notation F = A+ BK and q.(Kz) = q,(Kz) — Kx € R?, the
closed loop dynamics is

rt = Fz + Bq.(Kz), (3.56)
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where, according to Lemma 2, ¥z € R?, ||qo(Kx)|l2 < Ey = ? irrespective of K € R?*3.

Two choices for the matriz K are considered, in both cases uw = Kz is a deadbeat controller.
-2 -1 1
K= )
0 4 -4

01
F=100
0 0

Case 1: with

the closed loop matrix

o = O

is such that F2 #0 and F3 =0 . With S =1, the Lyapunov equation (3.49) is solved by

P =

o O =
o N O
w o O

According to equation (3.50) , elementary computations allow one to find ri2 = % . Therefore,
V2 > % the ellipsoid

Ep r2 = {:1; eR?|x? + 223 + 33;% < r2}

is invariant for system (3.56), hence it is controlled invariant for system (3.55) .
The lengths of the semi-axes of the minimal invariant ellipsoid &, .2 are s; :=

7 =1,2,3. That is,

\;(P)’

S1 = %\/6 ~ 3.67 in the direction of x1
So = %\/3 ~ 26 in the direction of xo
S3 = %\/5 ~ 2.12 in the direction of x3.

Case 2: if instead

the closed loop matrix
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and it can be easily found that 7'12 = 2. Hence, Y12 > 2, the ellipsoid
Epyr2 = {1 € R3 |29 + 23 + 223 < 7"2}

is invariant for system (3.56), hence it is controlled invariant for system (3.55).
In this case, the lengths of the semi—azes of the minimal invariant ellipsoid 5P2m2 are:

s1 =v2~1.42 in the direction of x1
s9 =2 in the direction of xs
s3=1 in the direction of x3.

In case 2, we found a minimal invariant ellipsoid which is smaller than in case 1. This is
consistent with the fact that the considered control law is such that F? =0 while, in case 1,

F24£0. &

Single—input reachable systems: hypercubes vs ellipsoids

In this subsection, single-input reachable systems under uniformly quantized controls are con-
sidered and a quantitative comparison is provided between the result of the invariance analysis
based on ellipsoids and on hypercubes. As explained at the beginning of Section 3.1.2, with
reference to the practical stabilization problem, a good mark for the considered family of sets
is that it contain a small invariant set. Thus, the comparison involves different measures of
the size of the minimal invariant set contained in each family. Both the volume, the contain-
ment relation and the diameter of the considered sets in specific directions are considered.
Also the effect of the cut—off procedure (see equation (3.17)) is studied. It is shown that
invariant ellipsoids are significantly more conservative than hypercubes and that also the
cut—off procedure allows for significant improvements. The case of two dimensional systems
is considered in full details. Some results are presented for the general case too and suggest
that, as the state space dimension increases, ellipsoids are more and more conservative.

Let us consider a generic second order and single—input reachable system under uniform input

0 1 0
T T+ bu (al a )x—l—(l )u (3.57)

u€EZ.

By Example 7 in Section 3.1.1, we know that VA > 1, @Q2(A) is controlled invariant.
By Proposition 1, we also know that a gdb—controller makes these hypercubes (squares)

quantization:

positively invariant for the corresponding closed loop system. Let us analyze the invariance
of ellipsoids when the system is controlled by a qdb—controller.

Let ¢, be a nearest neighbor quantizer and let u(x) = ¢, (Kx), where K = (—a; — a2).
With ¢.(Kz) = q,(Kx) — Kz, the closed loop dynamics is

27 = Fo + Bq.(Kz) = < 8 (1) >a:+ < (1) ) ¢e(Kx) (3.58)
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and Vo € R?, qe(Kx)} < % . Let us apply Proposition 9: for
R2%2 5 § = ( oL ) >0 (3.59)
S3 S92

(hence with s1 >0, s3>0 and s;52 — 3% > 0), it holds that

$1 + 89 — \/(51 — $9)2 + 453
5 )

Amin(S) = (3.60)

Denote by P(S) the solution of the Lyapunov equation (3.49), then

P(S) = ( I ) . (3.61)

83 S11 82
Therefore,
0 0 , 0 ,
P(S)—Sz(o ), FP(S)Bz( ), B'P(S)B = s1 + s2,
S1 83
consequently
1 2
R = gy (1950 + /5 4 dun() 1+ 52) ) (3.62a)
— 1 2
= m(!szﬂ + 1/ Anin (9) +5182> (3.62D)
and
T?(S) = R2 (81 + Amin(s)) . (363)

Thus, for any given R**? 5§ > 0 and Vr? > r2(5), the ellipsoid &g, 2 is invariant for
system (3.58), hence it is controlled invariant for system (3.57).

Let us compare the minimal invariant hypercube @2(1) and the minimal invariant ellipsoid

&

P(5),r?
that, V.S > 0, the minimal invariant ellipsoid &,

provided by Proposition 9 as the matrix S > 0 varies. The following result establishes
is larger than the hypercube Q2(1)

(5),r?
both in terms of the volume and of the containment relation.

Proposition 10 In the above setting it holds that:

1) R“Igg%w Area (Ep g ,2) = % and such a minimum is achieved if and only if S = s11.
’LZ) vSsS >0, QQ(l) C gP(S),riQ(S) .
Proof. See in Appendix A.2.3. =

Thus, with the choice S = I resulting in the controlled invariant ellipsoid of minimal area,
one obtains r? =1 and

2 2 2
Epnaziy = 1w € R |2t + 225 <1}
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Figure 3.11: Left : The minimal invariant ellipse provided by Proposition 9 with the optimal

choice of S = I and, in darker grey, the smaller invariant set &7 O obtained via the

cut—off procedure. Right: The dotted region represents the minimal invariant hypercube.

The area reduction brought by considering the minimal invariant hypercube is really signifi-
cant, in fact

Area (Q2(1)) V2

=— ~045.
Area (gP(I),TiQ(I)) T

Let us quantify the effect of the cut—off procedure in terms of area reduction (see also

Fig. 3.11): it holds that Pry(E,,,2,) = [— V2 @} whereas Pry (€, ,2)) = [-1,1],
therefore 5;;(1” 2y = Epayrzay N Q2(v2) and?

V2/2 w24l
Area(SP(I)T ) = \/_ V1 —22dx 5

Hence,

Area (51:(1) 2 (I)) 1

1
—i— — ~0.82.
Area (SP(INH (I)) 2

Namely, also taking the cut—off into account provide a tangible improvement in the invariance
analysis.

We conclude the section with a brief study on the extension of the above comparison to n—th
order single—input reachable systems.

Consider the n—th order version of the system in equation (3.57). Also in this case, we know
that VA > 1, the hypercube @, (A) is controlled invariant. Let us analyze the invariance
of ellipsoids when the system is controlled by a qdb—controller. For S = I € R™*™ | the
minimal invariant ellipsoid provided by Proposition 9 is

gP(I),riQ(I) {55 eR"| Z] 1] 2 < nT}

*Indeed, [V1—22dz = L(zv/1—2? + arcsinz) .
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and, for j=1,...,n, Pr; (SP(I),T?(I)) =[- QL\/E’ #] . In particular,

diamy, £, 2.y = V.

Therefore, as the state space dimension n increases, while the magnitude (see Definition 17 in
Section 3.1.2) of the minimal invariant hypercube remains constant equal to 1, the magnitude
of gP(I),TiQ(I
A qualitative result on the analysis of the effect of the cut—off procedure can be obtained by

, diverges.

considering the ratio between diamy &, 2, and diamy, £ ;2 ;) - Indeed,

n
* —
P21 5P<1>,r?<1> N <Prn (5P<1>,r?<1))> )

is the magnitude of the invariant set £*

so that diam, &y, 2, o
of the “cut”, while, according to Proposition 2 in Section 3.1.2, the direction along the first

and dictates the entity

coordinate is the one more affected by the cut—off procedure. Because

diamy Ep ) 20y

— Vi,

diam,, EP(I),T?(I)

also the effect of the cut—off procedure is more and more significant at the increasing of the
state space dimension.

The same phenomenon is pointed out when analyzing the volume of the minimal invariant
ellipsoid. In fact, such a volume, which is to be compared with the unitary volume of the
minimal invariant hypercube Q,(1), is*

ny/m)"
Volume (€ ;) ,2()) = (ny/m) = V(n)

2" T (5 +1)Vn!

and, using the Stirling’s formula [50] to bound n!, it can be seen that lim,_, 4+ V(n) = +00.

4Recall that the volume of the unit n-ball is %

Section 1.5).

and that I'(n + 1) = n! (see the notation in
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(5]
e

Figure 3.12: An example of state space partition induced by a state quantizer g, .

3.2 Controlled invariance: quantized single—input and quan-
tized measurements

In this section we study the gy—controlled invariance problem for system (2.1) in the case
where both the inputs and the measurements are quantized. We first consider the quantized
state case, the theory is then extended to deal with quantized outputs. The latter case is
handled by constructing a state—observer fed by the discrete output values of the system and
returning a state space quantization. Because the state quantization obtained in this way
is time—varying, the results from the quantized state case need to be further elaborated in
order to be applied to the quantized output problem.

As in Section 3.1.1, throughout this section we assume that the pair (A, B) is reachable and
that it is in the controller form (see assumption AOQ in equation (3.1)). Recall that

n

a::Z|ai|.

i=1
3.2.1 Controlled invariant hypercubes: state quantization

In this section, we extend to the quantized state case the invariance analysis of hypercubes
Qn(A) developed in Section 3.1.1. According to the definition given in Section 2.2, this is
the case in which, at least in a sufficiently large neighborhood of the equilibrium, the state
space partition induced by ¢, is made of bounded sets, see Fig. 3.12. Namely, there exists
a sufficiently large r > 0 such that Vy € ¢y(B;), C, is bounded.

For a given A > 0, consider the hypercube @, (A) and let

Y(A) = qy(Qn(A)) €Y (3.64)

be the set of possible outputs when z € Q,(A). Consider also C := Cy N Qn(A), where
Cy=q5"'(y) (see equation (2.3)).

The gy—controlled invariance of @, (A) is tantamount to requiring that Vy € Y(A), Ju el
such that ACy + Bu C Qn(A). By relation (3.4), this is equivalent to

VyeY(A), Juell suchthat Pr,(AC))+u<[-%5, 5] (3.65)
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As we did in Section 3.1.1, we seek an algebraic relation to identify the g,—controlled invariant
hypercubes. To this aim, we have to introduce a quantity suited to describe the output
quantizer gy . For A >0 and y € Y(A), let h*(y) := diam,(ACy) and

H*(A) = h* ().
(A) Bl (v)
Moreover, let
C:up(y) ‘= sup {Prn(AC;)}
Che(y) := inf {Pr, (AC])} (3.66)

* Csu ¢ ok - .
Cmid(y) — p(y)2 £(y) (y) + h*(y) .

these quantities depend on A too.
Consider also

h(y) := diam,,(AC,) (3.67)
and
H(A):= sup h(y). (3.68)
yeY(A)

These quantities are more easily computable than h*(y) and H*(A) as they avoid determin-
ing the intersection C; = C, N Q,(A). But, as a consequence of the fact that H(A) > H*(A),
they lead to a more conservative analysis. Notice that H(A) and H*(A), which are de-
fined in controller form coordinates, depend on A and are non—decreasing functions of A.
Furthermore, since the state space partition induced by ¢y, is locally finite, then ¥V Ay > 0,
H(A) takes only a finite number of values over the interval [0, Ag] .

Theorem 4 (gy—controlled invariant hypercubes) Consider system (2.1), assume AO

and that o = ||Allec > 1. For A >0, necessary conditions for the g, —controlled invariance
of Qn(A) are:
( A
m(A) < —E(a —1) (3.69a)
M(A) > é(a -1) (3.69D)
2
p(A) <A (3.69¢)
H*(A) <A. (3.69d)

If moreover p(A) + H*(A) < A, then Qn(A) is gy—controlled invariant.

To prove Theorem 4 (and other results that will follow), we need two preliminary results.
Next Proposition 11 is the counterpart of Proposition 1 in Section 3.1.1:

Proposition 11 Consider system (2.1), assume AO and let q, : R — U be a nearest
neighbor quantizer. For A >0, Qn(A) is qy—controlled invariant if and only if
h*(y) _ A

Yy e YA, ’C;knid(y) +aqu( — C;knid(y))l T 92 = 2
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Proof. By condition (3.65), @,(A) is gy—controlled invariant if and only if

Vye Y(A), Juel such that Prn(AC;‘)—&—ug[—%,%] FON

Vy e Y(A), JuelU such that }c

mld

2
VyeV(A), ekl >+qu(—c:md<y>)\+h*§y>s%7

where equivalence (a) is an easy consequence of the definitions of ¢} ;;(y) and h*(y), and
equivalence (b) holds because argmin |c}(y) + u| = qu( — cyg(y)) . =
uel

Thus, nearest neighbor quantizers have a central role also for the ¢y—invariance problem. We
hence dwell on proving some basic properties of these quantizers. To this end, it is helpful
to refer to the following notation: under the assumption that o > 1, VA > 0 such that
p(A) < 400, define the partition

R= Sm(A) U Na U 'SM(A)

where
Smiay = |00, m(A) - ER] (3.70)
Na = [m(A) o2 M(A) 4 22

Let Sa = Spa) U Sara) - As it is better clarified in the following Lemma 8, the set Sa
represents the region where the nearest neighbor quantizers are saturating.

Lemma 8 (Properties of the nearest neighbor quantizers) Consider system (2.1),
assume AOQ and that o > 1. Let ¢, : R — U be a nearest neighbor quantizer. Con-
sider A >0:
v) if inequalities (3.69a-b) hold, then ¥z € Pr,(AQn(A)), qu(z) € U(A);
w) if p(A) <400 and z € Na, then |qu(z) — z] < @;
1) assume p(A) < oo and let z be such that q,(z) € U(A) :

if z€Syay, then qu(z) = M(A) and |qu(z) — 2| = —(qu(z) — 2) > —)

if 2 € Sy, then qu(z) =m(A) and |qu(z) — 2| = qu(z) — 2 > p(A)

Proof. See in Appendix A.2.4. m

Proof of Theorem 4. First notice that, if @Q,(A) is gy—controlled invariant for sys-
tem (2.1), then a fortiori it is controlled invariant for the system (A, B,U) where the output
map ¢y is replaced with the identity map. Therefore, the necessity of conditions (3.69a—b—c)
holds by Theorem 1 in Section 3.1.1.

If @,(A) is gy—controlled invariant, by Proposition 11 it holds that Vy € Y(A), h*(y) < A:
the necessity of (3.69d) hence follows .

Finally, let us show that the validity of inequalities (3.69a-b) together with p(A)+ H*(A) <
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A is a sufficient condition for the gy—controlled invariance of Q,(A). We prove it by ap-
plying Proposition 11: first, since Pry, (AQn(A)) = [— % o, % a] (see equation (3.5)) and
Uyeya)Cy = Qn(A), then Vy € Y(A),

Gpy) < S o
>

¢ () % (3.71)

Consider a nearest neighbor quantizer ¢, . Let y € Y(A), if —c!.,(y) € Na, then by
Lemma 8. 22,

h* (y) < p(A) n h*(y) <

2 2 2

|Cmia(¥) + @u (= Cria(v)) | +
If instead —c,;4(y) € Spr(a), then

a

|chia®) + qu( = Chg@)) | + 22 e (y) + M(A)] + 2 =

—
Nasy

=
—
)
g
(oW
—~~
<
~
_|_
=
>
S~—
+
=
*
N~
<
I

I
b—-O*
5
—~
<
~—

|
=

>
~—
IN

INZ
| >
o

|
| >
)

|
=

Il

>

where equalities (a) and (b) follows by Lemma 8.1: (which can be applied because, since
—chia(y) € Prp(AQy(A)), then by Lemma 8.1, gy ( — cfiq(y)) € U(A)), and inequality (c)
follows by inequalities (3.71) and (3.69b) .
The case — cj;q(y) € Sp(a) is similar. m

Since H(A) > H*(A), then an easily computable invariance condition is provided by the
following corollary:

Corollary 4 Under the same assumptions of Theorem 4, a sufficient condition for the g, —
controlled invariance of Qn(A) is that inequalities (3.69a-b) hold together with p(A) +
H(A) <A. O

Remark 13 The boundedness assumption of C, has never been ewxplicitly invoked and it is
relevant only when dealing with the function H(A). Indeed, the results presented in this
section hold true also in the quantized output case. Nevertheless, in this more general case,
the hypotheses of Theorem / are typically not satisfied: in particular, condition (3.69d) is
met only in special cases. As far as Corollary 4 is concerned, in the quantized output case
qy = qooC, H(A) = +oo unless® KerC =Ker(a -+ ay).

*Where Ker C := {z € R" |Czx = 0}.
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Example 12 (Finite control set and quantized state) Let us consider a quantized sta-
te version of the system in Example 6 of Section 3.1.1, that is

0 1 0
vt = ( 5/4 1/4 >x+ ( 1 )“
_ ) = QCW($1)
y_qy( ) ( qCW('rQ) > ’

where, as in Example 6, uw € U = {0,+1,+2,+3,+4,+6,4+8,+12,+16,+24}, and the
quantizer qew : R — Y1 C R is defined as follows:

[2] — % if 0<z<4

2" e () if 2P <z <2V for h=2,34
Gew(2) ==

40 if 2> 32

_QCW(_Z> Zf 2z <0.

Let us determine the function H(A) and the values of A such that the sufficient condition
for the gy—controlled invariance of Q2(A) given in Corollary 4 is satisfied.

To this end, we first briefly describe the state space partition induced by q, (see Fig. 3.13).
It is a componentwise quantization, we hence focus on the partition induced by qew . The
interval [0,4] is divided into 4 intervals of equal length 1; each interval [4,8], [8,16] and
[16,32] is divided into 2 intervals of equal length (2, 4 and 8, respectively). For z > 32,
the quantizer is saturating. The partition induced by qew 1S a saturated version of a so called
floating—point quantization, a type of quantization that will be studied in Chapter 7 and that
extends the logarithmic quantization.

Since diamg (AQQ(/\)) = ||Aljoo-A = %)\ , by the properties of the quantizer qew it immediately
follows that

;

3/2 if 0<A<S8
3 if 8<A<16
H(A) =< 6 if 16<A<32
12 if 32<A<64
+oo if A>64.

\

Finally, let us determine the values of A satisfying inequalities (3.69a—b) and p(A)+H(A) <
A . The functions M(A) and m(A) depend only on the control set U and have been
determined in Example 6. The function p(A) + H(A) is obtained by combining H(A)
with p(A) determined in equation (3.14) of Example 6 (see the plot reported in Fig. 3.14).

Therefore, according to Corollary 4, a sufficient condition for the qy—controlled invariance
of Q2(A) is 3 <A<64. &



CHAPTER 3. ANALYSIS

N Y S N S

92

RN I N A I
RN I N A I

RN W Y

Figure 3.13: State space partition induced by the state quantizer ¢, of Example 12.
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p(A)+ H(A) 4
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Figure 3.14: Plot of p(A) + H(A) for the system in Example 12.
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3.2.2 Controlled invariant hypercubes: output quantization

The techniques we have introduced in the previous sections can be extended to deal with
quantized outputs (see Section 2.2). We consider single—output systems: this is the case
where ¢y = g,0C, with C € R™ and (A, C) is an observable pair. It is assumed that the
map ¢, : R — ) induces a locally finite partition of R and that Yy € Y, ¢;'(y) CR is a
connected set (thus, ¢, *(y) C R is either an interval of finite length or a half-line, the latter
case corresponding to the saturation of the output quantizer).

As we noticed in Remark 13 of the previous section, the property of ¢,—controlled invariance
is too strong for a quantized output system. In this section, we hence consider a particular
kind of invariance which consists of guaranteeing that, at time ¢+ 1, the state of the system
can be confined within a set {2 assuming that the state was in 2, not only at time ¢, but also
for a sufficiently long past time—horizon; the only available information to select the control
value is the corresponding sequence of past (quantized) inputs and outputs. This kind of
invariance will be referred to as dynamic gy —controlled invariance and will turn out to be
useful in next Chapter 4 when considering the control synthesis for practical stabilization in
the presence of output quantization.

First, a state—observer is constructed: in this framework, because of the output quantization,
the observer is a machine fed by discrete values y € ), and returning an estimate Z(t) of
the current state. More precisely, the machine also returns a set Cz;) C R™ within which the
current state x(t) is guaranteed to lie. In accordance with the terminology of Section 2.2, the
ensemble of the sets Cz(;) that the observer can return at a given time ¢ may be viewed as
a state space quantization: that is, in a sufficiently large neighborhood of the origin, the sets
Ci(1)’s are bounded. Therefore, in a second stage, the analysis of the dynamic gy—controlled
invariance of hypercubes can be performed by taking advantage of the theory developed for
the quantized state case. However, those results need to be further elaborated because indeed
the ensemble of the Cz()’s are a time-varying state space quantization. Let us go into the
details.

Construction of the quantized state—observer

By suitably redefining ¢, without modifying the induced output space partition (hence,
without loss of generality) , we can assume that J C R and, if y € } is such that the closure
of ¢, '(y) is an interval of finite length )\, that y is the middle point of such an interval.
Thus, with

Ve :={y €Y |q, (y) is an interval of finite length} , (3.72)

it holds that

Vyede, @iy)=ly—%,y+2]. (3.73)
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The function g, : R® — Y™ defined by o(2) := (¢o(21),.-.,¢0(2n)) induces a partition of
R" such that V§ € Y7, the closure of ¢, '(§) is §+ Py, where

_ )‘371 )‘171 )‘?Jn A?jn
Py—[‘zvzx T2 )
Let
() 0 ()
CB 0 o0
S = CAB CB .0 c Rx(n=1)
CA™ 2B CA"3*B ..- CB

For t > n — 1, denote by #(t) and ¢ (¢) the vectors collecting respectively the last n — 1
inputs and the last n outputs of the system at time ¢ , that is

{ @(t) = (u(t —n+1),... ut—1))
Ft) = (yit —n+1),...,y1)".

Let R:= [A"2B|---|AB|B] € R (=1 and @ € R™ " be the observability matrix (i.e.,
the matrix whose i—th row is CA*"1): O is invertible because the pair (A, C) is observable.
By standard theory on observability (see, for instance, [114]) it holds that

J(t) =@ (Ox(t —n+1)+Sa(t)),

hence
a(t-n+1)e0t (q;l (7(t)) — Sit (t))

and

(t) € Am10 ! (qgl (gj(t))) —AO71SE () + Rid(t).
Accordingly, consider the map 1 : Y x U™ — R™ defined by
U(7, 1) = A0+ (R— A" 1O18)id.
For ¢t > n — 1, the quantized state—observer is defined by the following equations:

B(t) = (7 (1), U (1))

(3.74)
z(t) € AP0 (qgl (g(t))) 4 (R— A™10-19)d(t) .
If i (t) € Y2, since the closure of @, '(§) is ¥+ Py, then
o An—1mn—1 n—1m—1- n—1m—1 — .
x(t) € C:i(t) =A @) (Pg(t)) + A O "jyt)+(R—A O 9)u(t) : (3.75)

Ci() is a bounded parallelogram and Z(t) = 1 (7 (t),u(t)) is the centroid of Cat) -
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Analysis: invariance of hypercubes

As in equation (3.64), for A >0, let

V(A) := (o0 C)(Qn(A)).
If A >0 issuch that Y(A) C Yy, let

AA = max \,. 3.76
8 yg’(}i) Y ( )

We define

_ diam, (A"0 7 (Qu(Aa))) i V(A) SV

H(A) = (3.77)

+00 otherwise .

Similarly to the function H(A) defined in equation (3.68) of Section 3.2.1, the function
H(A) is non-decreasing with A and, ¥ Ag >0, H(A) takes only a finite number of values
over the interval [0,A¢] (the latter property is a consequence of the fact that the partition
induced by ¢, : R — ) is assumed to be locally finite) .

The meaning of the quantity H(A) and its analogy with H(A) become apparent in the
proof of the following result:

Theorem 5 (Dynamic ¢,—controlled invariant hypercubes) Consider system (2.1),
assume AO and that o = ||A|lec > 1. Suppose that the system is quantized single—output
(see Section 2.2) with qy = q, 0 C, where C' € RY*™ and (A,C) is an observable pair. Let
A >0 be such that

A
m(A) < —5(04 -1) (3.78a)
M) > Da-1) (3.78b)
-2
p(A) + H(A) < A (3.78¢)
and U =U(A). For some t > n—1, assume that VT =t—n+1,...,t, x(7) € Qn(A). Let

Z(t) be the issue of the quantized state—observer defined in equation (3.74) and q, : R — U
be a nearest neighbor quantizer. Then, u = qu<— (Afc(t))n) s such that

z(t+ 1) = Az(t) + Bu € Qn(A).
Proof. The proof is given below after a preliminary result. =

Remark 14 The assumption U = U(A) is needed to ensure that u = qu(— (Aa%(t))n> €
U(A). Indeed, by Lemma 6 in Section 3.1.1, this is a necessary condition in order that
x(t+1) € Qn(A). Notice, however, that this is a mild assumption that can be always satisfied
simply by saturating the controller (z’.e., by neglecting the control values out of Z/{(A)) .
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Remark 15 Differently from the analogous invariance theorems presented in the previous
sections (i.e., Theorem 1 in Section 3.1.1 and Theorem 4 in Section 3.2.1), in Theorem &5
we assumed o > 1. While it is still true that the invariance analysis for o =1 is trivial (in
this case, in fact, uw =0 ensures the invariance of any hypercube), on the other hand, since
Theorem & consists of an invariance analysis under a given control law, then also the case
a =1 is significant.

The main tool to prove Theorem 5, as well as other results in next Chapter 4, is the following:

Lemma 9 (Main tool) Consider system (2.1), assume AO and that o = ||Aljcc > 1. Let
A >0 be such that p(A) < +oo and inequalities (3.78a-b) hold. Consider a gdb—controller
k:R"—>U. Given x € Qn(A) and & € R™, let A >0 be such that |(A(x —i’))n} < %
If k(z) eU(A), then xt = Az + Bk(&) is such that

ot <max { 25T el o(8)} (3.79)
where
@(A) ==min { M(A) — S(a—1), —S(a—1) —m(A) }. (3.80)

Proof. By definition of k, 27}, = (Az), + qu( — (AZ),), where g, is a nearest neighbor
quantizer. Notice that, by Lemma 8.2 in Section 3.2.1,

qu(— (Az),) €U(A). (3.81)

With reference to the partition R = S,,,(a) U Na U Syy(a) defined in equation (3.70) of
Section 3.2.1, three cases can occur:

I) Suppose that —(A%), € Na, then

zhl = (Al —12)), + (A%)n + qu(— (AD)n)| <
< (Alz = 2)), |+ [(A2)n + qu (= (A2)n)| <
< Z 48

where the last inequality follows by the hypothesis on 57 and by Lemma 8.12.

IT) Suppose that —(AZ), € Sa and z is such that —(Ax), € Na. If —(Az), € Sy(a),
then k(z) = m(A) thanks to Lemma 8.u2 which can be applied because, by assumption,
k(z) € U(A). Hence,

(a) ®)

where inequality (a) holds because m(A) =min U(A) 3 g, (— (Az),) (see equation (3.81)),
and inequality (b) follows by Lemma 8.22. Moreover, by Lemma 8. w1, (A%)p+qu(—(AZ),) >

p(QAl , and, by assumption, (A(z —2)) > —% . therefore

oh = (Al — ), + (AD)p + qu( — (AR),) > —Z 4 281 5 Zp@A)
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p(A)+H
5 .

The case —(AZ), € Spy(a) is similar.

IIT) Suppose that —(Az), € Sa and —(Ax), € Sa. If —(A), € Sm(a), we know by
part IT that k(2) = m(A) and z} > —‘}f%”m). Assume that —(Az), € Sp(a), since
qu( — (Az),) € U(A), then

To sum up, |z}] <

2t = (Az)y + m(A) < (Az)n + M(A) L (A2} + gu( — (Az),) < 2L

where both equality (c) and inequality (d) hold by Lemma 8.122. Hence, |z7,| < ‘%%’)(A).
If instead —(Az),, € Spya), then [zh] < [|2]le — ©(A). In fact: in this case k(z) = k()
m(A) and, thanks to inequalities (3.78a-b), we can write m(A) = —£(a — 1) — p(A) —
with 6 > 0. Again by Lemma 8.2, a7} = (Az), + m(A) > @ > 0, hence

Y

il = (Ax)n +m(A) < 300 Jai] |2i] +m(A) < o [|z]leo +m(A) =
= a2l — Gla—1) = p(A) = 0 < ||z]c — p(A),

where the last inequality holds because (||z]lo — %) (a—1)—0<0.
The case —(AZ)n € Spy(a) is similar. m

Proof of Theorem 5. By the controller form of the system, it is sufficient to show that
ot (t) is such that |z < 2. Since p(A) + H(A) < A and, by inequalities (3.78a-b),
©(A) >0, then |zf] < % thanks to inequality (3.79) of Lemma 9 with . = H(A). Hence,
it is sufficient to show that the hypotheses of Lemma 9 are satisfied: since & = U(A), then
Qu (— (Ai:(t))n> = k(2(t)) € U(A); it remains only to show that

< @. (3.82)

‘(A(:c(t) - i(t))) :

First notice that, by inequality (3.78¢), it holds that H(A) < +oo and therefore A is
such that Y(A) C )Y.. Moreover, since V7 =t —n+1,...,t, (1) € Qn(A), then
y(t) € Vi'. Hence, Z(t) is the centroid of the parallelogram Cj; ;) defined in equation (3.75)

n

and containing x(¢). Therefore, to prove that inequality (3.82) holds, it is sufficient to show
that diam,(AC;z)) < H(A). Indeed, according to equation (3.75), Cs () is a translation of

the set A" 'O~ (Py)) and Py C Qu(Aa), then

diam,, (AC;() = diam,, (A"O~(Pyy))) < diam, (A”(’)*l(Qn(AA)D —H@B).

Example 13 (Finite control set and quantized output) Let us consider a quantized
output version of the system in Example 6 of Section 3.1.1, that is

0 1 0
x+:<5/4 1/4 >x+<1>“

Y =gqy(z) = ¢(Cz),
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where, as in Example 6, ue U = {0,+1,+2,+3,+4,4£6,+£8,+12,4+16,4+24}. As far as
the output map qy is concerned, suppose that C = ( 3/2 1/3 ) and that the extremes of the
intervals forming the output space partition induced by q, are { + % ,i% ,:t12—5~, i% , i%} .
Let us determine the equation of the quantized state—observer, the function H(A) and the
values of A satisfying inequalities (3.78) .

According to equations (3.72) and (3.73), let Y = Yo U{tys} ={0,£3,+£6,+10,+16,+ys}
(whe?“e Y, collects the middle points of the output quantization intervals and, for |Cx| > % ,
qo takes the saturation values +ys € R: e.g., ys = 20) . With this definition of ), the
equation of the quantized state—observer is

B(t) =¢(F(t), (1) = A0 (t) + (R — AO~1S)a(t),

L1 (114 —24 0 0
01_161<—30 108)’ R_<1) and S_<1/3>’
30 108 \ [ y(t—1) 36

(135 —3)( y(t) )+<162>“(t_1)]‘

In order to determine the function H(A), we have to compute Aa (see equation (3.76)).
First, C(Q2(A)) = [ — HCHOO% , ||C'HOO%} =[-BA,3A]. Hence,

where, since

then

)
)

{0} if0<A <P (asit results by A <
LA <

N[O NJw

1
Y(A) = {0,+£3} if % <A< % (as it results by %—
and so on.

For A =18/11, A = 54/11, and so on, the set Y(A) depends on the value taken by the
output quantizer at the extremes of the intervals forming the output space partition: let us
assume that the intervals where Y(A) is constant are those reported above but closed on the
right (in this example, the final result does not change if other cases are considered).

For y € Yy, the values of A, are:
AMM=A3=A6=3, At10=5 and At16=17.

Therefore, with the above assumption on Y(A),

3 ifA<® (as it results by 1A < 12)
Aa =3 5 if V< A< (g5t results by BA < 22)
7 if < A< B (as it results by BA < B,

For A such that Y(A) C Vs (i.e., for A< %), we have

H(A) = diam, (Ag(’)_l(QQ(AA))).
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p(A) + H(A)A
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Figure 3.15: Plot of p(A)+ H(A) for the system in Example 13.

Since

o1 ! 540 —12
: ~15 537 |’

then diams (A2O_1(Q2(AA))> = 115;{2?7AA = gAA so that

B df 0<ac®
- D Pcagc D
6 if <A<
oo if A> % .
Finally, let us determine the values of A sgtisfyz’ng inequalities (3.78) . Aifor M(A) and
m(A), see Example 6. The function p(A)+H(A) is obtained by combining H(A) with p(A)

determined in equation (3.14) of Example 6 (see the plot reported in Fig. 3.15). Therefore,
A satisfies inequalities (3.78) if and only if 2—75 <AL %. &






Chapter 4

The qdb—controller

This chapter and next Chapters 5 and 6 are devoted to the control synthesis for practical
stabilization of system (2.1).

For single-input reachable systems, we have introduced in previous Chapter 3 a nice and
easy technique for the invariance analysis of hypercubic sets. In the case of quantized input
systems, we have also proved optimality properties of invariant hypercubes: that is, the
smallest final set Q so that (Xo,2)-stabilization can be achieved is a hypercube. We have
also seen that the controlled invariance of hypercubes is directly related to their positive
invariance under a qdb—controller. In this chapter, we go further into the study of single—
input reachable systems: we consider the practical stabilization by means of a qdb—controller
and we analyze the (Xg, X1, Q)-stability properties of the corresponding closed loop dynamics
in terms of hypercubic sets Xy, X; and €. According to the terminology introduced in
Section 2.2, all the three cases of quantized input, quantized state and quantized outputs are
considered: see next Sections 4.1, 4.2.1 and 4.2.2, respectively.

Throughout this chapter, it is assumed that system (2.1) is represented in the controller form
coordinates (see assumption A0 in equation (3.1) of Section 3.1.1). Recall that

n
= Z |a;] .
i=1

Differently from the invariance problem, which is meaningful only for « > 1, the practical
stabilization problem is significant also when a = 1 because convergence properties (from X
to ) are to be ensured. The case o < 1 is trivial because, by Lemma 28 in Appendix A.5.1,
the matrix A is Schur and u(t) =0 guarantees asymptotic stability.

4.1 Practical stabilization: quantized single—input

In this section, we consider system (2.1) in the quantized input case (A, B,U) and a qdb—
controller (see equation (3.2)). The main result on the practical stability properties of the
corresponding closed loop dynamics is the following:

101
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Theorem 6 ((Xo,2)—stabilization: quantized single—input reachable systems)
Consider system X(A, B,U), assume AO and that o = ||Allec > 1. Let k : R" — U
be a qdb—controller. If Ag > 0 is such that

m(Ap) < —%(a -1) (4.1a)
M(Ap) > %(a —1) (4.1b)
p(Ao) < Ag, (4.1c)
then it is well defined
Ajpr := max {A < Ay | p(A) = A} (42)

and the control law u(z) = k(z) is (Qn(Ao), Qn(Ain)) —stabilizing.

Proof. The proof is based on the following idea: it is shown that the gdb—controller is
(Qn(Ag), Qn(A1))-stabilizing, with Ay := p(Ag). The argument is then iterated until A,
is found such that p(A;) = Ay (it holds that Ay = Ay ) . The details of the proof of the
theorem are given after the proof of some preliminary results needed to show these facts. m

The main tool to prove Theorem 6 is the following result:

Lemma 10 (Main tool) Consider system (2.1), assume A0 and that o = ||Al|ec > 1. Let
A > 0 be such that p(A) < +oo and inequalities (4.1a~b) hold. Consider a gdb—controller
kE:R*"—U.

1) If © € Qn(A), then ot = Az + Bk(x) is such that

ot <max { 2 el - o) (4.3

where @(A) is defined in equation (3.80) of Section 3.2.2.
w) Let A= p(A): if p(A) <A, then the qdb—controller is (Qn(A), Qn(A"))-stabilizing.

Proof. 1) It is a particular case of Lemma 9 in Section 3.2.2: in fact, inequalities (4.1a-b)
imply inequalities (3.78a-b), then it is sufficient to consider & = x and # = 0; the only
apparent discrepancy is the supplementary assumption k(&) € U(A) in Lemma 9 but, as we
notice in equation (3.81), for & = x this hypothesis is satisfied.

Since this statement is a simplified version of Lemma 9, it is useful to provide also an explicit
proof of it. This can be found in Appendix A.3.1.

1) It is a consequence of part ¢+ and of the controller form of the system. In fact: p(A) >0
by inequalities (4.1a-b), therefore inequality (4.3) implies that Vv € [A', A], Qn(y) is
positively invariant. Moreover, because z = (z3,...,z,,2}), inequality (4.3) also implies
that

Y2(0) € Qu(A), o)l <max {4 = 22 2(0) — p(A)} :
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since @(A) > 0, the iteration of this argument yields the (Qn(A), Qn(A'))-stability. m

Two more technical results are needed. These statements turn out to be useful also to prove
other results that will follow in Section 4.2 and in Section 6.2.

Lemma 11 Let a < Ag and ¢ : [a,Ao] — [a,Ao[ be a non—decreasing function. If ¢ is
right continuous or ¢ takes a finite number of values for A € [a, o], then the sequence
{Ag}ren defined by Apiq := ¢(Ag) is non—increasing and

Ajpt = kgrfm Ap =max {A < Ag|¢(A) = A}. (4.4)

Moreover, ¥ A €A, Ao] it holds that ¢(A) < A.
Proof. See in Appendix A.3.1. m

Lemma 12 Consider system (2.1), assume AO and that a« > 1. If A > 0 satisfies inequal-
ities (4.1a-b) , then any A" € [p(A), A satisfies inequalities (4.1a-b) .

Proof. See in Appendix A.3.1. =

Proof of Theorem 6. For A > A, the function p is right continuous, non—decreasing and
p i [A,+oo[— [A,+oo| (see the discussion after equation (3.8) in Section 3.1.1). There-
fore, thanks to inequality (4.1c), the restriction of p to the interval [A,Aq] satisfies the
assumptions of Lemma 11. Hence, the sequence {Ag}ren defined by Agiq := p(Ag) is
non—increasing and limy_ o0 A = Ajs, with Ajpe as defined in equation (4.2). Actually,
since for A € [A,Ag], p(A) takes only a finite number of values (see Remark 5), then
dm e N, m > 1, such that Aj; = Ajys. Thus, it is defined a finite and decreasing sequence

Ao >A1> > Ap1 > A= At (4.5)

The thesis of the theorem is achieved by showing that V£ =0,...,/m —1, the gqdb—controller
is (Qn(Ak),Qn(Ak_H))fstabilizing. To this end, we apply Lemma 10.22: it is sufficient to
show that Vk = 0,...,m — 1, Ay satisfies inequalities (4.1). Indeed, p(Ax) < Ay by
construction of the sequence (4.5); inequalities (4.1a—b) are satisfied by Ay as it follows by
recursive application of Lemma 12. m

Theorem 6 will be extended to more general controllers in Theorem 13 of Section 6.2.2.

Example 14 (Finite control set) Let us consider the system in Example 6 of Section 3.1.1
and let k : R? — U be a qdb—controller. It holds that ¥ Ay €]1, 96, the control law
u(z) = k(z) is

(Q2(Ao) , Q2(1)) —stabilizing .

In fact, by the computations done in Example 6, it follows that A satisfies inequalities (4.1)
if and only if 1 < A <96, and p(1) = 1: the result holds by Theorem 6. &



104 CHAPTER 4. THE QDB-CONTROLLER

Example 15 (Uniformly quantized controls) Similarly to Example 7, let us consider
a system X(A, B,U) in the controller form coordinates with o = ||Alloc > 1 and U is a
uniformly quantized set with parameter ug. Let k : R™ — U be a gdb—controller. It holds
that ¥ Ay > ug, the control law u(z) = k(x) is

(Qn(Ao) , Qn(uo)) —stabilizing in n steps

(see Definition 15b in Section 3.1.2).

In fact, by the computations done in Example 7, it follows that A satisfies inequalities (4.1)
if and only if A > ug, and p(ug) = wug (the check that this is true also for a = 1 s
straightforward). Hence, the (Qn(Ao) ,Qn(ug))fstabz'lity of the closed loop dynamics holds
by Theorem 6. To see that the convergence to within @Qn(ug) is guaranteed in n steps,
it is sufficient to notice that the system is in controller form and that Yz € R", |z}| =
{qe( - (Ax)n){ < % (see equation (3.3) in Section 3.1.1 and Lemma 2 in Section 2.1). &

Example 16 (Logarithmically quantized controls) Similarly to Example 8, let us con-
sider a system 3(A, B,U) in the controller form coordinates with a = ||Allsc > 1, U is a
logarithmically quantized set with parameters (up,0) and 1 < 6 < g—ﬂ (if o =1, simply
assume that 6 > 1). Let k : R — U be a gdb—controller. It holds that ¥ Ao > ug, the
control law u(x) = k(z) is

(Qn(Ao) , Qn(ug)) —stabilizing .

In fact, by equation (3.16) in Remark 7 of Section 3.1.1, A satisfies inequalities (4.1) if and
only if A > g, and p(ug) = up : the result holds by Theorem 6. &

4.2 Practical stabilization: quantized single—input and quan-
tized measurements

In this section, the practical stabilization technique presented in the previous section, as well
as the practical stability analysis of the corresponding closed loop dynamics, is extended to
the case where both the inputs and the measurements are quantized.

The qdb—controller & is a state feedback law: therefore, first an estimate & of the current
state x has to be found by processing the quantized measurements, then a control law
of the type u = k(&) can be considered. In the quantized output case, we have seen in
Section 3.2.2 how to construct a state observer to obtain . In the quantized state case,
instead, the problem is easier: indeed, we shall see that it is reasonable to take the output
y € Y as an estimation of the current state.

4.2.1 Practical stabilization: state quantization

Let us consider system (2.1) in the quantized state case. According to the presentation in
Section 2.2, we assume that, at least up to sufficiently large values of A,

H(A) < 400
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(see equation (3.68) in Section 3.2.1).
Let A > 0 be such that H(A) < +oo and, for y € Y(A), consider C,. Similarly to the

definition of ¢ .;(y) in equation (3.66), let

mid

sup {Prn(ACy)} + inf {PI‘n (ACy)}
2

Cmid(y) =

be the middle point of Pr,(AC,). By suitably redefining ¢, without modifying the induced
state space partition (hence, without loss of generality), we can assume that

Y CcR"
(4.6)
Vy € Y such that Cy is bounded, y is such that (Ay), = cmia(y) -

We take y = gy(x) as an estimate of the current state . The control action is then selected
through a qdb—controller, as if the state was y. The main result on the practical stability
properties of the resulting closed loop dynamics is the following:

Theorem 7 ((Xg,2)—stabilization: quantized state and quantized single—input
reachable systems) Consider system (2.1), assume AO and that o = ||Allsc > 1. Let
k :R™ = U be a qdb—controller. If Ag > 0 is such that

m(Ap) < —%(a -1) (4.7a)
M(Ap) > % (—1) (4.7b)
p(Ao) + H(Ap) < Ay (4.7¢)

and* U =U(Ag), then it is well defined
Aine :=max {A < Ag|p(A) + H(A) = A} (4.8)
and the control law u(z) = (ko qy)(x) is (Qn(A0), Qn(Ainf))—stabilizing.

Proof. The proof is based on the same we idea used to prove Theorem 6 in previous
Section 4.1. Also in this case, a preliminary result is needed. Hence, the details of the proof
of the theorem are reported after the proof of next Lemma 13. m

The main tool to prove Theorem 7 is the following result:

Lemma 13 (Main tool) Consider system (2.1), assume AO and that o = ||Allec > 1.
Let A > 0 be such that inequalities (4.7) hold. Consider A’ := p(A) + H(A) and let
k :R™ —U be a gdb—controller: if (ko qy)(Qn(A)) CU(A), then the controller (ko qy) is
(Qn(A), Qu(A)) =stabilizing and (ko gy)(Qn(A)) CU(A).

! As far as the assumption U = U(Ap) is concerned, see the discussion in Remark 14 of Section 3.2.2.
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Proof. First notice that, Va € @, (A), the hypotheses of Lemma 9 in Section 3.2.2 are sat-
isfied with 2 := ¢y(x) and 2 = H(A). In fact: inequalities (4.7) imply inequalities (3.78);
the assumption (ko gy)(Qn(A)) CU(A) ensures that k(2) € U(A); finally,

(b
<

=
—
¢]

2
=
=
>
Z

(A =), € [(42)0 ~ euma(@)] < 5
where equality (a) follows by the assumption in equation (4.6), inequalities (b) and (c¢) hold
by definition of k(%) (see equation (3.67)) and H(A) (see equation (3.68)), respectively.

Thus, z* = Az + B(k o qy)(z) is such that inequality (3.79) holds with J# = H(A).

Moreover, thanks to inequalities (4.7a-b), ¢(A) > 0 (see equation (3.80)). Hence, inequal-

IN

ity (3.79) implies that Vv € [A’, A], Q,(7) is positively invariant and, by Lemma 6 in Sec-
tion 3.1.1, it holds that (ko gy)(Qn(7)) CU(y). Moreover, because z+ = (z2,...,2n,27,),
inequality (3.79) also implies that

Vz(0) € Qu(A), [lz(n)]e <max {4 = AAEHER) 0 0)]|0e — p(A)}

the iteration of this argument yields the (QH(A), Qn(A’))fstability because p(A)>0. m

Proof of Theorem 7. For A € [A,Ag], let ¢(A) := p(A) + H(A). Tt holds that: the
function ¢ is non-decreasing because so are both p and H; ¢(A) > A because ¢(A) >
p(A) > A ¢(Ag) < Ag thanks to inequality (4.7¢); and, for A € [A, Ag], it takes only a
finite number of values because this property holds for both p (see Remark 5 in Section 3.1.1)
and H (see the discussion on the properties of H(A) after equation (3.68)). Hence, by
Lemma 11, the sequence {Ay}ren defined by Agy1 := p(Ag) + H(Ag) is non—increasing
and limg oo A = Ajng, with Ajys as defined in equation (4.8). Moreover, 31 € N,
m > 1, such that Ap = Ajnr. Thus, it is defined a finite and decreasing sequence

A0>A1>'~>Am_1>Am:Amf. (49)

The thesis of the theorem is achieved by showing that V& = 0,...,m — 1, the control law
u(z) = (ko qy)(z) is (Qn(Ak), @n(Ak+1))-stabilizing. To this end, we apply Lemma 13:
it is sufficient to show that Vk = 0,...,m — 1, Ay satisfies inequalities (4.7) and (k o
ay)(Qn(Ar)) € U(Ak) . Indeed, p(Ap) < Ap by construction of the sequence (4.9); in-
equalities (4.7a-b) are satisfied by Ay as it follows by recursive application of Lemma 12;
finally, (ko qy)(Qn(Ak)) CU(A): this holds for k =0 as we assumed U =U(Ao), while
for k=1,...,m —1 it follows by recursive application of Lemma 13. =

Example 17 (Finite control set and quantized state) Let us consider the system in
Ezample 12 of Section 3.2.1. It holds that ¥ Ao € |5, 64], the control law u(z) = (ko
qy)(x), where k : R?2 — U(Ao) is a gdb—controller with saturated inputs (see Remark 14 in
Section 3.2.2), is

(Q2(AO) ; Q2 (%)) —stabilizing .

In fact, by the computations done in Example 12, it follows that A satisfies inequalities (4.7)
if and only if % <A <64, and p(%) + H(g) = g : the result holds by Theorem 7. )
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4.2.2 Practical stabilization: output quantization

Let us consider system (2.1) in the quantized single-output case. The framework and the
terminology is the same as in Section 3.2.2. We define a dynamic gdb—controller: it is a
controller taking the more general form in equation (2.9) and consisting of a qdb—controller
k but the control action is selected as if the current state was &(t), the state estimation
resulting from the quantized state—observer (see equation (3.74)). We then analyze the
practical stability properties of the resulting closed loop dynamics. Since the output #(t) =
Y(7(t),@(t)) of the quantized state—observer is available only after a transient (i.e., for
t > n — 1), then the controller needs to be initialized for ¢ < n — 2: this is the reason why,
in this case, only (Xo, X7, 2)-stability can be guaranteed rather than (X, 2)-stability.

Let the dynamic gdb—controller be defined as follows: denote by k& : R® — U a qdb—controller

and let
o if t<n-2
ult) := { (ko) (F(t),a(t) if t>n—1. (4.10)

This controller can be modelled in the form of equation (2.9) with W := Y™ x YY"~ ! and
suitably defined maps v and k: see the details in Appendix A.3.2.
The corresponding practical stability result is the following;:

Theorem 8 ((Xy, X1, 2)—stabilization: quantized single—output and quantized
single—-input reachable systems) Consider system (2.1), assume AO and that o =
[Allcc > 1. Suppose that the system is quantized single—output (see Section 2.2) with
¢y = qo 0 C, where C € R and (A, C) is an observable pair. Let Ay > 0 be such
that

m(Aq) < —%(a - 1) (4.11a)
M(Ay) > %(a -1) (4.11b)
p(A) + H(A) < A (4.11c)

and> U = U(A1) . Consider Ag := ”AnAflle , then it is well defined
Ajns := max {A < Ay | p(A) + H(A) = A} (4.12)

and the dynamic qdb—controller (4.10) is (Qn(A0), @n(A1), Qn(Aint)) -stabilizing.

Proof. For A € [A,A{], let ¢(A) := p(A) 4+ H(A). It holds that: the function ¢ is
non-decreasing because so are both p and H; #(A) > A because ¢(A) > p(A) > A;
#(A1) < A; thanks to inequality (4.11c); and, for A € [A,Aq], it takes only a finite
number of values because this property holds for both p (see Remark 5 in Section 3.1.1)
and H (see the discussion on the properties of H(A) after equation (3.77)). Hence, by
Lemma 11, the sequence {Ap}rem (o3 defined by Apyq := p(AR)+H(Ayp) is non-increasing

2As far as the assumption U = U(A1) is concerned, see the discussion in Remark 14 of Section 3.2.2.
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and limp oo Ap = Ajs, with Ay as defined in equation (4.12). Moreover, 31m € N,
m > 2, such that Ay = Ajnr. Thus, it is defined a finite and decreasing sequence

AL >Ag> o> Api1 > Ap = Ajr (4.13)

Let us analyze the closed—loop dynamics under the dynamic gdb—controller (4.10). For
t <n—1, by the controller form of A, it holds that

V2(0) € Qu(Ag) and VE<n —1, 2(t) € Qu(Ao][A" o) = Qu(A1). (4.14)

For notational convenience, we let ¢; := 0. The hypotheses of Theorem 5 in Section 3.2.2
are satisfied with A = A; and ¢ =¢; +n — 1: this follows by the property (4.14) and by the
assumption U = U(A;). Therefore, since for ¢t > n—1, u(t) = k((t)) = qL,(— (A:?:(t))n) ,
then it holds that

Vt>n, x(t) € Qn(Ar).

Furthermore, the application of Lemma 9 as in the proof of Theorem 5, guarantees that
H(A A
Vi>n, |oa(t) < max {42 = HEUEA) 1))l — p(A1)}, (4.15)

where ¢(A1) is defined in equation (3.80). Since the system is in controller form and, by
inequalities (4.11a-b), ¢(A1) > 0, then inequality (4.15) implies that

dto > 0 such that Vi > ta, z(t) € Qn(A2). (4.16)

If 7 > 2 (see the sequence (4.13)), then we claim that at time ¢2+n—1 we are in the position
to repeat the above arguments and to prove that J¢3 > 0 such that V¢ > t3, z(t) € Q,(A3).
To this end, it is sufficient to show that the hypotheses of Theorem 5 are satisfied with
A = Ay and t = to +n — 1, and that the strict inequalities (4.11a-b), which ensure that
©(Az) > 0 and guarantee the convergence to within @Q,,(As), hold true. Let us do this check.
By the property (4.16), two facts follow: first, V7 = ta,..., ta+n—1, z(7) € Qn(A2);
secondly, thanks to Lemma 6, Vt > to, k:(ic(t)) € U(A3z). The latter property means that
there is no contradiction in arguing as if U = U(A2). Finally, inequalities (4.11a-b) are
satisfied by Ao thanks to Lemma 12.

The arguments above can be repeated until ¢, is found such that Vit >t , z(t) € Qn(As) -
This proves the (Qn(AO), Qn(A1), Qn(Ainf))*Stabﬂity of the closed loop dynamics. m

Example 18 (Finite control set and quantized output) Let us consider the system in

Example 13 of Section 3.2.2. It holds that VA € ]%, %] , the dynamic qdb—control-

ler (4.10) with saturated inputs U = U(A1) (see Remark 14 in Section 3.2.2), is

<Q2 (%) ,Q2(A1),Q2 (g)) —stabilizing ,

3
5 .
In fact, by the computations done in Example 13, it follows that A satisfies inequalities (4.11)

where a = [|Allcc =
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Figure 4.1: A trajectory generated by the dynamic gdb—controller for the system in Exam-

ple 18 with A; =21 (Ag = 14) and z(0) = (5.42 6.60). Broken lines identify the state
space partition induced by ¢y .

if and only if = DAL 21314 , and p(%) + ﬁ(%) = ? : the result holds by Theorem 8.
An example of tmjectory, corresponding to the case of the dynamic qdb—controller with satu-
rated inputs U = U(A1), Ay =21, is reported in Fig. 4.1. )

Remark 16 (On the design of the I/O quantization) In this thesis, our first concern
1s the stabilizability analysis under assigned quantization. However, the presented results can
be applied also to design quantization so as to guarantee that desired stability properties hold
true. To ensure invariance, it is sufficient to design the control set U and the output map qy
so that the functions p(A)+ H(A), m(A) and M(A) satisfy the hypotheses of Corollary 4
in Section 3.2.1 (or of Theorem 5 in Section 3.2.2 if quantization is on the output); if also
convergence properties are desired, then it is sufficient to satisfy the hypotheses of Theorem 7

in Section 4.2.1 (or of Theorem 8). This can be done by elementary computations.

For instance, when qy(z) = = (i.e., H(A) = 0), a control set ensuring the invariance of

Qn(A) can be constructed according to the conditions provided by Theorem 1 in Section 3.1.1 .
Among these sets, one of minimal cardinality is a saturated version of a uniformly quantized
control set with parameter A and it is made up of approximately ||Al|s elements. In [126,

89, 80], it has been proved that the minimal number of control symbols necessary and sufficient
for stabilization is

#U =T (yesa () Aa(A)]

where Sy(A) := {A(A)[|X(A)| > 1} . Compared with this bound, our result can be conserva-
tive. For znst(mce, if A is antistable (that is, S(A) = Sy(A)), then

HAU(A)ESH(A)p\u(A)’ = |oq| < [|A]jee = Z?:l | .



110 CHAPTER 4. THE QDB-CONTROLLER

On the other hand, our controller guarantees better performance in terms of convergence rate
because it prevents the trajectories from making large excursions while converging towards
the equilibrium. Indeed, our theory can be usefully combined with so—called “zooming” [17]
or ‘“nesting” [45] techniques: examples have been provided in [45] showing that a nesting
version of our controller approaches optimal theoretical bounds relating the number of control
values and the speed of convergence (both considered as functions of the contraction C :=

Volume (Xo)/ Volume () ).



Chapter 5

The small-gain approach in Ho:
quantized multi—input

5.1 Introduction to the small-gain approach

In this chapter and in next Chapter 6, we develop a more systematic approach to the prob-
lem of the synthesis of practically stabilizing controllers. The proposed methodology is based
on the so called small-gain theorems, a class of results on the stability analysis of nonlinear
feedback systems (see Fig. 5.1). In this framework, the system is viewed as a “black box”.
That is, the behavior of the system is described by an input/output operator that specifies
the output of the system as a function of the input only, while the internal dynamics is not
explicitly involved. Although the norm of this operator provides a rough description of the
properties of the system, yet this information can be enough for control synthesis purposes.
In fact, if the system under consideration can be decomposed into the feedback interconnec-
tion of subsystems and the norms of the operators associated to these subsystems satisfy a
suitable relation, the so called small-gain condition, then stability of the overall dynamics
can be asserted. The stabilization procedure based on small-gain theorems exactly consists
in finding a controller so that the norms of the operators associated to the subsystems satisfy
the desired relation. It is hence an abstract methodology, meaning that the control synthesis

3

2

2o

Figure 5.1: Factorization of an overall dynamics ¥ into the feedback interconnection of two
subsystems ¥»; and Xo.

111
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for stabilization is converted into the search for suitable operators within a functional space.
In both Chapters 5 and 6, we consider system (2.1) in the quantized input case (A, B,U),
while full state is assumed to be available. A natural, but not necessarily successful, approach
to the control synthesis consists of considering controllers resulting from the quantization of a
control law that guarantee asymptotic stability in the ideal conditions of absence of quantiza-
tion. By operating in this way, the outcome is a closed loop dynamics that can be described
as the feedback interconnection of the ideal closed loop dynamics with a nonlinearity repre-
senting the quantization error (see Example 3 in Section 2.3) . Stabilization can be achieved
if the ideal controller has robustness properties with respect to the quantization error. In
general, the inference of stability properties from the analysis of the subsystems constituting
a feedback loop is not a trivial issue. For instance, it is well known that the interconnection of
stable systems may return an overall unstable dynamics. When nonlinear terms are included
into the loop, there is not a complete and exhaustive theory for the stability analysis. There
are instead various techniques and, although some of them are of quite general applicability,
they typically provide only sufficient conditions for stability. In this respect, classical meth-
ods are those based on the absolute stability criteria [67] and include small-gain theorems.

As it will be shown into details in next Section 5.2, the gain of a system is a generalization
of the notion of norm for the input/output operator representing the system. Namely, the
gain is a measure of the amplification (or attenuation) of the norm of a signal as it passes
through the system. The small-gain condition ensures that the norm of the signals circu-
lating in the feedback loop remains bounded and, under suitable assumptions, this is also
sufficient to prove stability of the internal dynamics of the system. Nevertheless, the outcome
of a classical small-gain theorem is typically Lyapunov stability. Since open loop unstable
discrete—time quantized systems are not stabilizable in the classical sense, this approach can-
not be directly applied to this kind of systems. As shown in Example 2 of Section 2.3, the
reason why asymptotic stability is not achievable in the presence of quantization lies in the
loss of control resolution as the trajectories approach the origin, which is indeed caused by
the truncation of the quantizer. In particular, it can be seen that the gain associated to
the quantization error is dictated by the behavior of the corresponding operator exactly in
the proximity of 0. Moreover, the value of such a gain is too large so that there is no way
to satisfy the classical small-gain condition (see, for instance, Remark 21 in Section 5.3.2).
Consequently, a relaxed notion of gain for the quantization error is needed that does not take
into account for the input/output relation when the input is small. Accordingly, we introduce
generalized notions of gain for a static nonlinear map which essentially consist of the classical
gain but the behavior of the nonlinearity in a neighborhood of the origin is overlooked. This
allows us to prove generalized versions of the small-gain theorem whose outcome is practical
stability. Indeed, a small-gain condition given in terms of the gain of the ideal system (i.e.,
in the absence of quantization) and of the generalized gain of the quantization error, together
with a bound on the quantization error in a neighborhood of the origin, guarantees that
the closed loop system is practically stable. A quantitative analysis of the size of the final
invariant set within which trajectories are confined is included. This result is the basis to
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carry out a systematic procedure for the solution of the stabilization problem in the presence
of input quantization. In fact, the synthesis of practically stabilizing controllers is obtained
by direct application of the theoretical tools that allow one to analyze the generalized gain
of a nonlinear operator and to synthesize a controller that guarantees that the gain of the
ideal system is below a threshold ensuring that the small-gain condition is met. Moreover, a
family of quantized controllers can be obtained simply by tuning the design parameters as,
for instance, the desired gain of the ideal system or, if also the quantized control set can be
chosen, the generalized gain of the quantization error. In this way, it is possible to study
more general problems than mere practical stabilization, where also requests on the closed
loop performance can be enforced (such as a minimal guaranteed speed of convergence or
desired practical stability properties expressed in terms of the size of the set within which
trajectories can be confined, see Example 24 at the end of Section 5.3.3).

Since the gain of a system depends on the particular choice of the norm used to measure
signals, the control synthesis technique and the practical stability analysis based on a small—
gain theorem changes according to the variation of the considered norm. In this thesis we
focus on two cases: the fo—norm and the f,—norm. The former case is extensively faced in
Section 5.3. When the fs—norm is considered, the input/output operator associated to the
system is an element of the so called Hardy’s functional space H,, and the control synthe-
sis for practical stabilization can be transformed into a particular control problem in Hs,
(see [132, 117]). The corresponding practical stability analysis is based on Lyapunov argu-
ments for quadratic functions and on invariant ellipsoids. The other case, when the ¢,,—norm
is considered, is studied in next Chapter 6: here, the corresponding input/output operator is
naturally associated with an element of the functional space ¢;, hence the practical stabiliza-
tion problem can be turned into a control problem in ¢; (see [128, 34]). The corresponding
practical stability analysis provides hypercubes within which the trajectories are proved to
be confined.

The choice of studying the practical stabilization in the ¢; functional space is natural when
quantized control sets, instead of the most often encountered case of generalized quantized
sets (see Definition 3 in Section 2.1) , are considered. In fact, as a consequence of the fact that
the quantized control values are isolated and do not have accumulation points, the quantiza-
tion error is a persistent (i.e., non—vanishing) disturbance, hence to be treated as a signal in
loo . Accordingly, the steady—state analysis based on results from the control in ¢; appears
to be less conservative than the one based on H,, theory. This fact has a counterpart in the
minimality properties of hypercubes proved in Section 3.1.2. Nevertheless, the literature on
the control in ¢; is not as exhaustive as that for the H,, control and, somehow, the same
holds for the theory we develop here. In fact, some results presented in the framework of /£
theory are less general than their analogous in the H,, case. Anyhow, the complementation
of the H., approach with the ¢; theory is shown to bring significant contributions to the
stabilization problem. In this respect, our main result is a generalized small-gain theorem
for practical stability analysis (see Theorem 12 in Section 6.2.1). The combination of this
theorem with the practical stability analysis relying on Hy, theory leads to a mixed Huo/l3
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analysis tool whose potency is pointed out through some numerical examples. Moreover, also
a solution to the stabilization problem is given in terms of a mixed Ha,/¢; control synthe-
sis problem whose study is one of the most interesting open issues for future investigations.
These results has allowed us to provide a first extension to multi-input systems of the prac-
tical stabilization technique presented in Chapter 4 and based on the analysis of invariant
hypercubes.

Next sections are organized as follows: in Section 5.2, the main definitions on the norms
of signals and systems are briefly reviewed and the notation for the various operators and
functional spaces is fixed. In Section 5.3, a generalized small-gain theorem is proved for oper-
ators belonging to the H., functional space and the application to the practical stabilization
of quantized input linear systems are illustrated. Thorough explanations are provided for
the implementation of the proposed technique and several numerical examples are reported.
Chapter 6 follows the same line but in the case of the ¢; functional space, it includes results
on the mixed Ho,/f; analysis and an example of the mixed H.,/¢; control synthesis.

5.2 Signals and systems

In this section, we briefly review the definitions and some classical results on the norms of
signals and systems. The presentation is restricted to the notions needed for the understand-
ing of the subsequent sections. For a comprehensive presentation we refer to [67] (which,
although devoted to continuous—time systems, has partially inspired the organization of this
section) or to any good textbook on systems theory.

By a signal we mean a function ¥ : N — R"** For ¢t € N, let v(t) be the t-th element
of the sequence defining #', hence we may write ¥ = {v(t)}teny. The signal ¢ is said to be
positive iff Vi=1,...,h, Vj=1,...,k and YVt € N, v;;(t) > 0. The null signal ¥=0 is
denoted by 0. The shift operator o is defined by

ot :={v(t+ 1) }en, (5.1)

its k-th iteration is o*7 = {v(t + k) }ren -

thk

For any given norm || - ||« on and for p € [1,00], let

{7+ N= RPE[ I @] < +oo} if p e [1,00]

Lp(RMF) =
o ) {7 : N—=RP*| sup [Jo(t)]s < 400} if p=o0.
teN

In both cases, £,(R"*) is a normed space with

(S io@ie)” it pe Lo

17l := _
sup [[v(t)]|« if p=oo.
teN
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While the value of ||7]|, depends on the particular choice of the norm |- ||, on R*** on
the other hand, by the equivalence of the norms defined on finite dimensional vector spaces,
the set £,(R"**) does not. The choice of the norm |- ||« can be hence specified from time
to time. From now on, we assume that a vector norm || - ||, has been fixed on R! for any
l €N, and, VM € R"*2  we consider the induced operator norm

M|
Ml = sup 12
z€R2\{0} ]|«

In this section, we deal with the following three cases of signal norms: p =1, p = 2 or

p = 00. As for the choice of the norm || - ||, when p =1 we assume that
k
(0l = o)l = max 3™ for(0); (53)
AR ]:1

when p = 2 we assume that

lo@)ll« = lv®)ll2 = \/p(v(t) - v(1)) 5

when p = 0o we assume that

k
[l i= o)l = max >~ foi;(0)].
3eeey ]:1

Let us consider an input/output dynamical system of the type

z(t+1) = f(:n(t) ,u(t))
y(t) = h(z(t))

z(0) e R™

u€eR™ yeRY

(5.4)

assume that (z = 0,u = 0) is an equilibrium pair, namely f(0,0) =0, and that h(0) =0.
Such a system is denoted by %, (where the subscript aims at stressing the dependence
from the initial condition) . For a given input signal @ = {u(t)}ten, it is univocally identified
the corresponding output signal (@) = {y(t)}+en, where

y(0) := h((0))

y(t) = h(f(:c(t — 1), ult - 1))) for t>0.
There is hence an input /output relation that may be represented as an operator ¢, (o) between
suitable signal sets ¢(*) and ¢ :

Sz(0) * g(u) — g(y) (55)

When such a relation is “well behaved”, the system is said to be input/output stable. More
precisely:
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Definition 22 Let p € [1, o], system Xq) (or, equivalently, the input/output operator
Sz(0) ) s said to be fy—stable iff Vi € £,(R™), (u) € £,(R7).
If moreover, 3v >0 and 3 >0 such that

Vi e p,(R™),  [lg(@)lp, <ylldly + 5, (5.6)

then the system is said to be finite—gain /¢, —stable.
If there exists min {y > 0|38 > 0 such that relation (5.6) is satisfied} := s, then 75 is
said to be the f,—gain of the system.

The ¢,-stability is concerned with the input/output relation only and, in general, it does not
say anything on the properties of the internal dynamics Z = {x(t)};en. The notion of gain
is a generalization of the concept of norm of an operator to the case where ¢, q) (6) #£0: the
affine term 3 in inequality (5.6) is such that ||7(0)||, < 8 and it is called bias term.

Linear systems are a particular class of system (5.4): let us discuss input/output stability
for these special models. In this case, it turns out to be convenient to denote by e the input
of the system. For a linear system of the type

z(t+ 1) = Fx(t) + Be(t)
y(t) = Ca(t)

z(0) € R”

ecR™ yeRY

(5.7)

it holds that y(t) = ya(t) + ye(t), where y,(t) := CF'z(0) is the autonomous output of
the system and y(t) := Zt;:lo CF'""'Be(r) is the forced output (Which is not depending
on z(0)). A sufficient condition in order that system ¥, is f,-stable Vz(0) € R™ and
Vp € [1, oo] is that F is a Schur matrix. Such a condition is not necessary in general,
nevertheless this is the only case we are interested in for our analysis.

Let us analyze the output signals ¢, and g under the assumption that F' is a Schur matrix.
As far as the autonomous output is concerned, it holds that limy . y.(t) = 0 with an
exponential decaying rate. More precisely, two constants b > 1 and 0 < r < 1 can be
computed such that

Vt>0, ||FY.<brt. (5.8)

Also,
inf {r > 0|3b > 1 such that relation (5.8) holds} = p(F).

Therefore, 33 > 0 such that ||y.(t)||s = [|CFz(0)|. < rt (eg., B =Cllx - [|=(0)]]x - b)
and ||#all, < B, where

3 .
ﬁ — (1_rp)1/p lf p € [1700[ (59)

15} if p=oo.
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The forced output y(t) = Zi_:lo CF'"""!'Be(r) depends linearly on the input and can be
rewritten as a convolution: y(t) = ZtT_:lo g(t —1)e(r) := (§*€)(t), where § is the impulse
response of the system, namely

0 if =0
9(t) = { CF'-1B ift>1. (5.10)

Let us denote by G the linear operator representing the dependence of the forced output
from the input:
G GR™) — (R
¢ = (@) =gxe.
By definition,

IGlp = sup L@l (5.11)

st @@y 1l
It holds that Vp € [1,00], [|G]|, < 400 (i.e., G is continuous) and |G|, is the £,—gain of
system (5.7) (see Chapter 5 of [67] for more details). As the operator G acts between the
input and the output signal spaces, then it is invariant under change of coordinates in the
state space (and so it is its norm) .
To sum up, consider system (5.7) and suppose that F' is Schur. Then, for z(0) € R™ and
p € [1, o0] , it holds that

vee bp,R™), (g, < lIGlplelp + 5,

where the bias term [ is provided in (5.9) and is the only quantity depending on the initial
condition z(0).
It is useful to fix some terminology:

Definition 23 Let system (5.7) be given and assume that F is a Schur matriz. The linear
operator G : L,(R™) — £,(R?) is called the input/output operator associated to the system
(with p to be specified from time to time according to the problem under consideration) .
Consider the auziliary system X(F, B, I) : the input/output operator associated to this system
is denoted by GY) and is called the input/state operator associated to system (5.7); the
corresponding impulse response is denoted by G!.

For a linear system of the type in equation (5.7), it is possible to get rid of the dependence
on the initial condition z(0) by defining a notion of input/output stability that takes into
account the forced output only. When the £,,—norm is considered we have the following

Definition 24 Consider system (5.7) and let § : N — R9*™ be its impulse response. If the
linear relation y; = g* € defines a bounded operator

loo(R™) 3 &+ i € o (RY),

then the system is said to be BIBO—stable.
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With reference to the Kalman decomposition of a linear system (see, e.g., [114]), it is well
known that the impulse response ¢, and hence the input/output operator G, only depends
on the restriction of the system to the so called “reachable and observable” part.

Definition 25 Given system (5.7), the eigenvalues of the reachable and observable part of
the system are called the poles of the system.

Let {\1,..., A, } C C be the set of the poles of system (5.7) and, Yk =1,...,np, let my € N
be the algebraic multiplicity of the k—th pole. The polynomial d(z) :=IL," | (z— )™ s called
the polynomial of the poles of the system.

Lemma 14 For a given system (5.7), the following properties are equivalent:

1- the system is BIBO-stable;

2- the poles of the system belong to the interior of the unit ball of C;

3- g€ fl(qum) .
In particular, if system (5.7) is reachable and observable, then it is BIBO-stable if and only
if F is a Schur matrix.

Proof. See, e.g., [114]. m

As a consequence of the fact that the notion of f,,—stability involves the full output signal
i/ = Ua + Ui, there are BIBO-stable systems that are not /,,-stable!. Hence, the study of
|Gllco is meaningful in the more general framework of BIBO-stable systems. On the other
hand, when dealing with ¢.,—stability we always assume that F' is a Schur matrix: in this
case we know by the above discussion that Vxz(0) € R™, system (5.7) is /—stable (in par-
ticular, it is BIBO-stable) and the f~—gain of the system coincides with ||G||cc -

The control problem which consists of finding a stabilizing controller for system (5.7), so
that the /,—gain of the closed loop dynamics is below a desired threshold, is referred to as
the control problem in ¢;. This terminology is motivated by property 3 of Lemma 14 and
by the fact that there is a relation between ||G||o and the ¢;—norm of § (this relation will
be illustrated in Corollary 6 of Section 6.1.1).

In order to evaluate the ¢,-gain of a linear system, it is often useful to resort to its rep-
resentation in the frequency domain. Hence, let us briefly recall the basic facts about the
monolateral Z—transformation of a signal.

Given a signal ¥ : N — R?*™ | the (monolateral) Z-transformation of ¥ is defined as the

formal series
—+oo

Z[i)(z) =Y v(t)z™" (5.12)

t=0
and it is usually denoted by V(z). The basic properties of the Z—transformation are lineari-
ty (i.e., Z[c101 + c2t)(2) = 1 Z[01](2) + c2Z[0a](2) ), the functorial property with respect to

1t is sufficient to consider a BIBO-stable system such that the pair (F,C) is observable but there exists
an eigenvalue of the non-reachable part of the system which is outside the unit ball: if z(0) is an eigenvector
corresponding to such an eigenvalue, then the autonomous output signal is divergent.
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the convolution of signals (i.e., Z[0 * %](z) = Z[t1](2) - Z[t](z) ) and injectivity.

For a given linear system (5.7) , let g be its impulse response and G(z) be the Z—transforma-
tion of §. Because Z[yt](z) = G(z)-Z[€](z), G(z) is called the transfer matriz of the system.
When considered as a function of the complex variable z, it is well known that

G(z)=C(zI - F)'B.

In particular, G(z) is a strictly proper rational matrix (i.e., Vi =1,...,q and Vj =
L,...,m, G;;(2) = ni;(z)/m;(z), where n;;(z) and m;;(z) are polynomials such that
deg(n; ;) < deg(m; ;) ). Moreover, if F is Schur, then G € Hy , where

Hy :={V:C— C™"|for z € C, |z| >1, V is analytical and bounded} .
H, is a Banach space (called Hardy space) with the norm defined by

Voo :="sup [[V(2)]2.
zeC, |z|>1

By the “maximum modulus principle” [21], it follows that

_ i0
Gl = max G-
Remark 17 The norm ||G|leo should not be confused with the norm ||G||s : the former is the
lso—gain of the system and it is concerned with the input/output operator defined on loo(R™)
(hence, in the time domain); the latter is the Hs,—norm of the transfer matriz (hence, in
the frequency domain) and, actually, it is the ly—gain of the system (see Proposition 13 in
Section 5.3) .

Finally, let us briefly review some basic facts on the relation between state space and in-
put/output descriptions of linear systems (i.e., representation as in equation (5.7) or through
the transfer matrix G (z)) . A more detailed and thorough presentation can be found in [114] .
For any given strictly proper rational matrix G(z), it is well known by realization theory that
there exists a finite dimensional linear system of the type in equation (5.7) whose transfer
matrix is G(z). Given two linear systems X (F, B1,C1) and 3(Fb, By, Co) sharing the same
transfer matrix G(z), the reachable and observable part of the two systems coincide but for
a linear change of coordinates. In view of these facts, the notion of pole of a system given in
Definition 25 applies without ambiguity both to a linear system as in equation (5.7) or to a
rational transfer matrix G(z).

Let us introduce the nonlinear input/output relation that will be of primary importance
for our study. A static nonlinearity is a non—dynamical input/output relation of the type
y = h(u) for some h : R™ — R?. We can associate to such a h an input/output operator as
in equation (5.5) , where (@) := {h(u(t)) }teN,
according to Definition 22. With slight abuse of terminology, the ¢,-stability properties of

and to study the £,-stability of this operator

this operator are referred to as the ¢,-stability properties of h. If 3, > 0 and B, > 0 such
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that Yu € R™, ||h(u)|l« < villu|/+« + Bs, then h is finite-gain f.,—stable and relation (5.6)
is satisfied with v = v, and = f,. If h(0) # 0 then Vp € [1, oo[, h is not ¢,stable.
If instead [, = 0, then Vp € [1, co] and V@ € £,(R™), ||7(@)|lp, < v«l/dllp (in particular,
v« does not depend on p, it only depends on the vector norm || - ||« ). This motivates the
following

Definition 26 Let p € [1,00], a function h : R™ — RY is said to be unbiased with classical?
ty=gain v iff Yu e R™, [[h(u)]lp < ~lullp -

We conclude this section with the statement of one classical version of the small-gain theorem
for the /,-stability analysis of discrete-time linear systems under nonlinear static output
feedback:

Proposition 12 (Small-gain for ¢,—stability) Consider the linear system (5.7) and as-
sume that F' is a Schur matriz. Consider on R™ and R? the norm | - ||z, for some
p € [l, 0], and assume that the vector norm || - ||« appearing in equation (5.2) to define the
¢,—norm of the input and output signals € and § is || -||5. Denote by s the corresponding
lp—gain of the system. Let ¢ : R? — R™ be a static nonlinearity which is unbiased with
classical Ly—gain . If vs-v <1, then the system

z(t + 1) = Fx(t) + Bo(Cx(t)) + Be
y(t) = Cx(t)

is {p—stable.

Proof. See, e.g., [69]. It is a consequence of the fact that the small-gain condition implies
that the map GoG : £,(R™) — £,(R™), where 3(¥) := {o(y(t))
0 being its unique fixed point. m

}teN’ is a contraction with

In this thesis we deal with generalized versions of this proposition suitable to study practical
stability, hence including also the analysis of the internal dynamics. We consider the two
cases p = 2 (in Section 5.3) and p = oo (in Section 6.2). In both cases, a reference to the
computation (or the estimation) of ||G||, is included.

5.3 ¥€2/€; small-gain for practical stability of multi-input sys-
tems

Before stating the generalized small-gain theorem for practical stability, let us recall the basic
facts on the f—gain of a linear system and let us introduce a generalized notion of gain for
a static nonlinearity.

2In opposition to the generalized notions of gain that are defined later on.
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Proposition 13 (£2—gain and bounded real lemma) Consider the linear system (5.7)
and assume that F is a Schur matriz. Then the la—gain of the system is equal to |G|~ -
For v >0, |G|l <7 if and only if there exists a unique P >0 such that

P=FPF+ FPB(“I—-BPB)"'B'PF+(C'C
v?I — B'PB > 0 (5.13)
F + B(y*I — B'PB)"'B'PF s Schur.

Moreover, if the pair (F,C) is observable, then P > 0.

Proof. See [33] and [129]. m

Motivated by the discussion in Section 5.1, let us define a generalized notion of gain in ¢ .
Definition 27 Let o9 >0 and v. > 0. A map

p: R — R™
y o~ ey)

is said to have gp-external gain ve iff |lyll2 > 00 = |le@W)|l2 < Yellyll2 -

For a fixed value of gy > 0, if 4. is a gg—external gain of ¢, then also any 7, > 9. is a
oo—external gain of ¢. The smallest feasible value for =, to be a gp—external gain is
le()ll2
Ye(0o) = sup ==
lvll>e0 1912

Sometimes we will refer to the gp—external gain of ¢ : with this terminology we mean ~.(oo) .
As 7, is a non increasing function, if v.(gg) < +00, a smaller value for the external gain may
be obtained by increasing py. However, there are important cases where such a decreasing
property does not hold (we will see examples later on in the class of logarithmic quantizers) ,
we hence give the following

Definition 28 A map ¢ : RP — R™ s said to be standard with natural external gain ~. iff

00 > 0 such that
V00 > 00, wpﬂﬂ@k:%-
lylz>eo  [1Yll2
Notice that, although a natural value of the external gain is associated to a standard non
linearity ¢, decreasing gp below a certain threshold makes in general the gg—external gain

increase (see Examples 19 and 21 in Section 5.3.2) .

5.3.1 Practical stability analysis in H,

The main result in this section provides a sufficient condition for practical stability in terms of
a generalized small-gain theorem, it also includes a quantitative analysis of practical stability.
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Theorem 9 (Small-gain in Hy: (Xo,?)—stability analysis) Let us consider a linear

system
xz(t+1) = Fa(t) + Be(t)
y(t) = Cx(t) (5.14)
r€R" eeR™ yeRP,

where F is a Schur matriz. Let G(z) be the transfer matriz of the system and s := ||G||co

be the £o—gain of the system. For a given q. : RP — R™ | consider the control law
e(t) = qe(y(t)) :
the corresponding closed—loop dynamics is
z(t +1) = Fa(t) + Bg.(Cx(t)) . (5.15)

Suppose that o9 >0, v >0 and Ey > 0 such that the following conditions hold:

a) qe has pp—external gain e ;
b) if [[yll2 < 0o, then [lge(y)ll2 < Eo;

) Ys Ve <1.

Then a matrix R™"™ > P >0 and a constant riQ > 0 can be explicitly determined such that
the following properties hold for system (5.15) :

1) Vr? > 7"12, the ellipsoid &g ,2 is positively invariant;

n) Vr? > 13 >r? the system is (EP,T%,SPm%)fstable.

Proof. Let v > 7, besuch that v, < 1. For R*™*" 5 Q > 0, let Gg(z) := Q%(ZI—F)_lB.
Consider @ > 0 such that

Vs +[1Gllos < (5.16)

(this can be achieved, for instance, with () = Al and sufficiently small A > O) . With

6::< Cl)a
Q>

(2) = (2] — FY 1B = G(z)
G(z)=C(zI - F)'B (GQ(2)>'

Since [|Gloe < Gl + [1GQlloo = s + |Golloo » then [|Glloo < ~. By Proposition 13, as F
is Schur and (F,C) is observable, 3 P > 0 such that system (5.13) is satisfied. In particular,
such a P satisfies the discrete-time algebraic Riccati equation

let

P =F'PF + F'PB(y*I - BPB) 'B'PF+C'C+Q. (5.17)
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Let V(z):=2'Pz and AV (x):=V(z")— V(x) (the dependence on ¢t is omitted), then
AV(z) = 22'F'PBe+ ¢ B'PBe—2'F'PB(y*I — B'PB)"'B'PFz —y'y — 2'Qx =
= 22¢'F'PBe —¢'(v?I — B'PB)e +v*c'e — y'y — 2’ Qx—
—2'F'"PB(y?I — B'PB)"'B'PFz =
= e—y'y—a'Qr—(e—e*) (v’ -~ B'PB)(e—¢*),

where
e* = (y*I — B'PB)"'B'PFz.

Hence,
AV (z) < v2e'e —y'y = y*lell3 — llyl3.

Let 2 be such that y = Cx satisfies ||ylla > 0o: by the hypothesis a, |le]|3 < v2|y|3,
therefore
AV (z) < [lyl3((v-7e)* —1) <0. (5.18)

Assume instead that ||y|l2 < go. With?
S:= F'PB(y*I - B'PB)"'B'PF +C'C+Q >0, (5.19)
P satisfies the Lyapunov equation
F'PF-P=-S (5.20)

(see equation (5.17)) . By the hypothesis b, ||e||2 < Ep, we can hence follow arguments that
are similar to those we used to prove Proposition 9. Indeed, AV (z) can be written as

AV (x) = —2'Sz + 22'F'PBe + ¢/ B'PBe
so that
AV (2) < =Auin(S)|2]|3 + 2Eo|[|F"PB|2 - |2l + EG | B'PBl2 := f(l|z2).- (5.21)
Thus, if ||z||2 > R, where R is defined as in equation (3.51) by

{ R= ﬁo(:;) a(P), where
a(P) = |F'"PB|lz + V/I[F"PBI[5 + Amin(S)[| B'PB]|2 ,

then AV (z) < 0. Therefore, the region where AV (z) may be positive is Dy := Bg N
{z|||Cz||2 < 00}. In order to analyze the behavior of the trajectories starting from Dy,
Ve>0 let D :=Brye N {x]||Cx|2 < 00} and

M? :=max V(z").
mEDe

3 At this stage, the matrix Q > 0 is needed to guarantee that S > 0. We will be back on the importance
of calling @ into the question later on.
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It holds that Vr? > M2, the ellipsoid Epy2 is invariant. In fact,
gP,r2 = (5P,r2 N Do) U (EP,T‘Q \ Do)

and 7 € €, if and only if V(zT) <r?: if 2 € £,,2N Dy, then V(zT) < MZ < r?; if
instead = € Ep,2 \ Do, then V(zT) < V(z) <r?.
Let us provide an upper bound for M?2. As in the proof of Proposition 9, for x € D,
Vizt)= AV(z)+V(z)=
= 2/(P—-S)x+22'F'PBe+ ¢ B'PBe <
< Amax(P = S) |23 + 2Bo||F'PBll3 - |22 + B3I B'PBll2 := g(llz]l2).

By equation (5.20), Apax(P — S) = Apax(F'PF) > 0, then max g(l|z]l2) = g(R +¢).

R+e
Therefore?,

<
max g(llzll2) < g(R+¢)

€

and
Ve>0, M?2<g(R+¢). (5.22)

In particular (follovving the same arguments that led to equation (3.52)) ,
ME < g(R) = R (s P — )+ ().
Hence, the proof of part + is achieved with
17 = R?(Amax(P — ) + Amin(S)) ,  where
R= L a(P),

)\min(S)
a(P) = |F'PBlz + /[ F'PBl5+ Anin(S)[| B'PBl|2 , (5.23)

P is the solution of equation (5.17) and
S =F'PB(y*I - BPB)"'B'PF+C'C+Q.

To prove part 2 let us first show that the following claim holds true: Ve > 0 and Vz(0) €
R™\ D., 3t > 0 such that z(t) € D.. In fact, with C; := {x|||Cx|2 > 0o} and Cs :=
{z|||Cz|l2 < go and [|z||2 > R + €}, it holds that R™\ D, = C; U Cy. By equation (5.18),
if 2 €Cy then AV(z) < 03((v-7.)* — 1) < 0; if instead z € Cy, then, by equation (5.21),
AV (z) < f(R+¢€) < 0. Hence, with ¢ := max {f(R+¢€); 0§((v-7)*—1)} <0, it holds
that

Ve e R"\ D, AV(z) <6 <0 :

the convergence in finite time to D, easily follows because V' is a positive definite quadratic
form.

*Actually, if C € RP*™ with p < n, then max g(llz|l2) = g(R+€). In fact, in this case {z|||Cz||2 < 00}
is unbounded and hence 3z € D, such that ||z]2 = R+ €.
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Given 7 > 73 > r2, as the invariance of both Epy2 and &, 2 has already been verified,
to prove (SP,T%,EP’Tg)fstability we have only to show that Vx(0) € Eprp2, It >0 such that
x(t) € &Epyz. Since g is a continuous function and g(R) = r?2 < r3, Je > 0 such that
g(R+¢) < r?. By the claim, Vx(0) € Epy2, At =2 0 such that xz(t) € D, therefore, by
definition of M2, it holds that z(t + 1) € Ep 2 - The thesis follows because &y ,2 C &y )z

in fact, by equation (5.22), M2 < g(R+¢)<7r3. m
A classical version of the small-gain theorem is a particular case of Theorem 9, indeed:

Corollary 5 (Classical small-gain in H., for asymptotic stability) If Vy € RP,
lge()ll2 < Yellyllz and ~s - ve < 1, then © = 0 is a globally asymptotically stable equi-
librium for system (5.15).

Proof. By the assumption on ¢., Voo > 0, g. has gp—external gain . and |lyll2 < 00 =
llge(@®)|l2 < e - 00 :== Eo(0o). In particular, ¢.(0) = 0 so that 0 is an equilibrium. In the
proof of Theorem 9 we have shown that

Vo eR"\Bg, AV(z)<0,

where
a(P)
)\min(S) '
Since limy,—o Ep(0o) = 0 and pp can be chosen arbitrarily small, then Vo € R™\ {0},
AV(z)<0. m

R = Ey(eo)

If ¢, is bounded in norm, the practical stability analysis becomes simpler as there is no need
to resort to small-gain arguments.

Proposition 14 (Uniformly bounded q.) Assume that Vy € RP | ||g.(y)||2 < Eo. For
any R"™™ 38 >0, let P be the solution of the Lyapunov equation
F'PF—-P=-S

and
7“12 = R? ()\max(P - 8)+ )\min(S)) , where
R = %0(5) a(P), and
a(P) = |F'PBll2 + /| F'PB|3+ Anin(S) | B'PB]f> .

Then the following properties hold for system (5.15) :

1) Vr? > 7"12 , the ellipsoid Ep,2 is positively invariant;
w) Vri>1r3 >r? the system is (Spyr%,gp’rg)fstable.

Proof. Part ¢+ is a direct consequence of Proposition 9.

The proof of part 12 can be obtained with slight modifications of the proof of Theorem 9.2:.
Specifically, it is sufficient to replace D, with Bry. (and, accordingly, to modify the definition
of M.). Correspondingly, one has to change the statement of the claim needed to prove
convergence as follows: Ve > 0 and Vx(0) € R" \ Brye, 3t > 0 such that x(t) € Brye-
The proof of this fact is trivial because Vz(0) € R" \ Brie, AV(z) < f(R+€)<0. m
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5.3.2 Practical stabilization of quantized input systems via H_—control

Let us show how Theorem 9 and Proposition 14 can be used to synthesize practically stabi-

lizing controllers and to analyze the resulting closed loop dynamics for quantized input linear
systems. Consider a system

xt = Az + Bu

{ (5.24)

reR" ueld CR™,

where the pair (A, B) is supposed to be stabilizable. For the moment, the quantized control
set U is assumed to be given, nevertheless, most of the theory we are going to present can
be easily adjusted on the case where also U can be chosen (see also Remark 24 at the end
of this section and Example 24 in Section 5.3.3).
The goal is to design a constant feedback matrix K € R™*™ and an input quantizer ¢, :
R™ — U so that the control law

u(z) = qu(Kx)
practically stabilizes system (5.24).
With the quantization error ¢, : R™ — R™ defined by ¢.(y) = qu(y) —y (see Definition 4
in Section 2.1), the closed-loop dynamics induced by u(x) is

v7 = (A+ BK)r + Bq.(Kz). (5.25)

First notice that, if K is such that A+ BK is Schur, then we are in the right framework to
apply Theorem 9 or Proposition 14: it is sufficient to let F':= A+ BK and C:= K.

Let us begin by considering the simple case in which the quantization error is uniformly
bounded. The typical example where this property occurs is provided by systems under
uniform input quantization (see Definition 7 in Section 2.1). In this case, the suitable tool
to face the problem is Proposition 14. All the details can be found in the discussion and in
the examples presented in Section 3.1.4. The result presented in that section must be simply
combined with the convergence property stated in Proposition 14.12.

Let us consider now the general case. Suppose that ¢. is such that 99 > 0, 7. > 0
and Ep > 0 as in the hypotheses a-b of Theorem 9 (we will be back on this later on). If
K € R™*™ is such that also hypothesis c is satisfied, then Theorem 9 guarantees the practical
stability of the closed loop system (5.25) and provides the final invariant ellipsoid &,,2 to
which convergence can be ensured®. Therefore, the problem is now reduced to find such a
K . In other words, with Gg(z) := K(2I — A — BK) !B, we have to solve the following

problem: given 7, < %, find K € R™*" such that
A+ BK is Schur (5.26a)
1G Koo < Yoo - (5.26b)

The solution of the practical stabilization problem and the analysis of the resulting closed
loop dynamics can be summarized in the following theoretical procedure:

5To be really precise, we have proved the convergence to any ellipsoid of the type Epr2ye, Ve>0.
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Procedure 1 (Practical stabilization and closed loop analysis) Given system (5.24) ,
do:

1. Input quantization: fix an input quantizer q, and analyze the corresponding quantiza-
tion error q. by providing v. and Ey;

2. Control synthesis: let o, < 1/7. and find K € R™*™ that solves problem (5.26) ;
3. Closed loop analysis: apply Theorem 9 with F:= A+ BK and C =K.

(a) Consider the Riccati equation (5.17). Choice of the parameters v and Q : with
Vs = ||Gklloo , let v be such that s < v < 7% and fir R™"™ 3 @Q > 0 such that
condition (5.16) is satisfied. Find P that solves equation (5.17);

(b) Compute r? (which is depending on Eo) according to equation (5.23) ;

4. Final result: Vr? > r3 > r2, system (5.24) controlled with u(z) = q,(Kz) is
(Ep,rf , EP,rg) —stable.

In order to implement such a procedure, a deeper analysis of steps 1, 2 and 3a is needed.
Step 1 is essentially a geometry issue whose study is postponed to the end of the discussion
of the other two steps.

e Control synthesis: implementation of step 2

Problem (5.26) is a standard control problem in H., and a wide literature is available for
that (see, inter alia, [59, 116, 33]). Actually, the formulation in (5.26) is a particular case
of the so called state feedback H., control problem known as the “actuator disturbance”
case (see, e.g., [13]). Namely, the noise term directly affects the input of the system or, with
an equivalent terminology, there is an input-matched disturbance term. We recall here a
classical result which is the particularization to our case of one of the several solutions for
the general state feedback problem.

Definition 29 A matriz A is said to be unmixed iff all its eigenvalues A\(A) are such that

(A £ 1.
Lemma 15 (The actuator disturbance case) Consider a discrete-time system

xt = Ax + B(u+e)
y=u
xr€eR” wueR™

and assume that the matriz A is unmized. With uw= Kx the dynamics gets

2t =(A+ BK)z + Be
y=Kz.
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Let Gg(2) = K(2I — A — BK)™'B be the corresponding transfer matriz. There exists
K € R™" such that A+ BK is Schur and ||Gkl|oo < Ve if and only if there exists
R™ ™ 5 P* >0 such that the following conditions hold:

P = A(P = 5P B(1+ S B'PB) ' BPT) A (5.27a)
(1-BB(1+ 5 P*BB) P )A s Schur (5.27b)
v2I—B'P*B>0. (5.27¢)

In this case, a feasible choice for K 1is the central Hy, controller, namely
Ke(y) i= —B'(I+ 5~ P*BB') ' P*A. (5.28)

Proof. See e.g., [33, 117, 24]. Here we limit ourselves to notice that condition (5.27b) is
tantamount to requiring that A + BK.(7.) is Schur. m

If A is Schur the problem is trivial because K = 0 ensures ||Ggllcc = 0. Hence, unless
otherwise stated, from now on we always assume that the matrix A is not Schur.

Let us suppose that A is unmixed: in order that conditions (5.27) be satisfied, it is necessary
that v, > 1: in fact, for 7, = 1, equation (5.27a) becomes P* = A’P*A and, because A
is unmixed, the only positive semi-definite solution is P* = 0. For v, =1 and P* =0,
condition (5.27b) becomes A is Schur®. For v, > 1, 3 P* > 0 such that conditions (5.27a)
and (5.27b) hold if and only if the pair (A, B) is stabilizable and A is unmixed (see [117]).
However, condition (5.27¢) might not be satisfied for some v, > 1. Hence, the problem
raises of the computation of

Yinf :=1nf {7, > 1|3 P* > 0 such that conditions (5.27) hold } .

For single-input systems, it has been proved in [51] that

Yint = Iy, (a)es,(4)|Au(A)] 5 (5.29)

where Sy(A) := {A(A)||A(4)| > 1}. In other words, the supremum of the feasible gains
for the quantlzatlon error, that is ﬁ , only depends on the unstable poles of the open loop
system. As expected, the more unstable the system is, namely the larger 11, (a)es,(a)lAu(4)]
is, the smaller the allowed values for v, are. Indeed, smaller values of 7, correspond to input
sets more densely quantized.

For multi-input systems it has been proved in [13] that

1< <1+ V 14+ A = YA,B (5.30)

S Actually, the property that if A is not Schur, then ||Gx|leo > 1 holds true also if A is not unmixed (see

Lemma 16) .
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where Ao = || B'PxBl|2 and Ps is the stabilizing solution of the standard Riccati equation
P=A'(P-PB(I+BPB) 'BP)A.

It will be shown in Example 23 in Section 5.3.3 that, for multi-input systems, ~n¢ can be
strictly smaller than II) (4)es,(4)lAu(A)|. That is, to obtain practical stability properties for
a multi-input system, a lower input quantization density is tolerated (i.e., a larger external
gain 7. is allowed) than for a single-input system with the same amount of open loop
instability”.

To sum up, for systems (A, B,U) with A unmixed, Lemma 15 provides the necessary and
sufficient condition for the existence of a solution K to the Ho, control problem (5.26).
An explicit solution is the central Hy, controller K = K.(v.,). For single-input systems,
problem (5.26) is feasible if and only if

1
Yoo € } I, (a)es. () A (A)] 7} : (5.31)

For multi-input systems, by inequalities (5.30), a sufficient condition for the feasibility of
problem (5.26) is

1
Voo € ]’YA,B7 7:|7
Ye

1

a necessary condition is vy, € ]1, %] or, equivalently, v, < 1.

Remark 18 FEzpression (5.29) had already been found in [39] with reference to the search
of the coarsest quantizer guaranteeing asymptotic stability. Indeed, in that paper a method
equivalent to the approach presented in [51], but formally different, was used. The same
expression also appears in the stabilizability condition under bit—rate constraint presented, for
instance, in [89, 126, 80] (see equation (1.2) in Section 1.2; the continuous time version of
this condition is the one in equation (3.40) of Section 3.1.3, see also [5]).

Remark 19 (Recalibration of the Riccati equation) When problem (5.26) is solved by
means of system (5.27), not only one obtains ||Gg(y.)llcc < Voo, but in some cases such a
norm can be significantly smaller than ., . This phenomenon may be undesirable because
the reduction of the Hso—norm of the system can result in the increase of the Ho—morm.
Therefore, one may be interested in using Lemma 15 with the purpose of obtaining a closed
loop system with a Hso—norm approrimately equal to a specified value 7. In this case, one
has to solve system (5.27) with some proper v, > 7. The determination of such a 7. is
referred to in the literature as the recalibration of the Riccati equation. A thorough reference
for this problem is [13].

Remark 20 (Algorithmic computation of ~ins) If A is unmized and not Schur, thanks
to Lemma 15, an easy algorithm for the computation of ~ins can be carried out:

"Notice that we are only talking about the dispersion of the control values, we are not comparing the
number of control values needed to obtain a desired practical stability objective.
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o Let fyéo) =1 and %0) ‘="apt+e€ (forany e>0);

o Assume that %()h) and 7§h) are given, let us construct véhﬂ) and yfhﬂ).

(h) . (R)
Let 41 .= w and try to solve system (5.27) with ~. ="+ :

— If system (5.27) is not feasible, let 76h+1) =~ gnd 'yfhﬂ) = 'Ah) E
— If system (5.27) is feasible, let ’y(()thl) = 'y(()h) and vfh“) = At

It holds that, Vh € N, 'y(()h) < Yinf < %h) : this follows by Lemma 15 because, Yh € N,
system (5.27) is not feasible for v, = 'y(()h) and it is feasible for v, = 7§h). This property
holds for h =0 thanks to inequality (5.30), and for h > 1 by construction. Thus,
lim " = e
N j}:oo " Yinf
Using equation (5.28), the algorithm can also incorporate a sequence KW .= K, (7£h)) of

stabilizing control gains such that

h
VheN, s < [|Grmllos <1

Moreover, we can take advantage of the fact that ||Ggm | < ,Ah) to reduce the number

of iterations needed to reach a suitable approzimation of ~vine. To this end, in case that
system (5.27) is feasible, the updating rule of 7§h) can be modified as follows:

o — if system (5.27) is feasible, let 7(()h+1) = éh) and, with 7h+1 .= 1G k.m0 oo »

let ’y}hﬂ) be any real number such that 4+1) < fy§h+1) < A1)
If A is not unmixed, then Lemma 15 cannot be applied for the implementation of step 2
of the practical stabilization procedure. In this case, one has to resort to other techniques
allowing one to solve problem (5.26) : a reference including a detailed treatment for this case
is [59] . Here we limit ourselves to notice that also in this case a necessary condition in order
that problem (5.26) is feasible is that v, < 1, in fact:

Lemma 16 If A is not Schur and K € R™*" is such that A+ BK is Schur, then
IGkllo > 1.

Proof. Assume that there exists K such that A+ BK is Schur and 7, := ||Gxllec < 1.
Let qu(y) =0, then g¢e(y) = qu(y) —y = —y and Yy € R™, [[ge(y)ll2 = vellyll2 with ve = 1.
Therefore, by Corollary 5, system 27 = (A + BK)z + Bq.(Kz) is asymptotically stable.
But 2t = (A+ BK)z+ Bq.(Kz) = (A+ BK)x — BKxz = Ax that contradicts the fact that
A is not Schur. m

Remark 21 Given a quantized set U C R™ and any input quantizer q, : R™ — U, the
classical €9—gain of the corresponding quantization error q. is greater than or equal to 1.
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In fact, since 0 € U is an isolated point (in fact, U is discrete), 3z € R™\ {0} such that

argmin ||u — z||a = 0, therefore
uel

lge(2)ll2 _ lgu(2) — 2|2 > 10 — z||2
I[P’ Izl = lzll2

This fact, together with Lemma 16, implies that if A is mot Schur, it is not possible to

=1.

design a controller q,(Kx) so that the classical small-gain condition given in Corollary 5
is satisfied. This is not surprising as we know that asymptotic stabilization of an open loop
unstable linear system by means of a quantized control law is not possible (see Example 2 in

Section 2.3).
e Closed loop analysis: implementation of step 3a

The implementation of step 3a requires some indications on the way to choose the parameters
~v and @ to be considered in equation (5.17). Different choices of these parameters give rise
to different results of the practical stability analysis. Some heuristic rules are provided in
order to reduce conservativeness in the practical stability analysis.

Remind that s = |Gkl We have observed that, as 7 varies in ]HGKHoo, 7% [, the
solution P of equation (5.17) changes slowly. Then, according to equation (5.23), the size of
the final invariant ellipsoid &£, ,2 mainly depends on the choice of @ > 0. In particular, the
value of A\pin(S) appearing in the denominator of the expression for rZ is determined by Q:
the more Anpin(S) is large, the more the final ellipsoid is small. Since S is a matrix of the
form S =Q+W(P,v) (where W(P,) is a positive (semi) definite matrix), then, with the
purpose of increasing Amin(S), 7 and @ > 0 can be chosen so as to maximize Apin(Q@). To
this end, a suboptimal choice consists of taking v € }%7 7% [ and letting Q = A - I, , with
A > 0 such that ||Ga.1,|lcc <7 —7s. Clearly, the larger is v, the larger is Apnin(Q) = A. We
can hence obtain a better result by choosing v and @ > 0 as follows: fix € > 0 such that
€K % — s and let

Then, according to condition (5.16), let

Q= argmax Amin(X) . (5.32)
{ R™™ 35X >0
HGXHOO Sy—7s—€

We have also observed that, when K is such that ||Gxl|s is close to 7 and @ ~ 0, then
Amin(S) ~ Amin(Q) ~ 0 so that the final invariant ellipsoid provided by Theorem 9 can be
really large. This situation can not be avoided if ~ius < 1/9. but ~inf - 7e =~ 1: in this case,
in fact, ||Gklloo = Yint and @ =~ 0 (see Fig. 5.2). This is consistent with the fact that, in
this case, 7s-7e ~ 1 (see case 2 of Example 22 in Section 5.3.3). As it will be discussed in
Remark 24, it is important to take this fact into account when Theorem 9 is employed to
deal with a stabilization problem in which the choice of the quantized set U is part of the
design.
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Yinf Vs 1 / Ye
v

Figure 5.2: Representation of the mutual relations between ~ing, vs = |Gxlloo , ¥ (appearing
in equation (5.17)) and 1/7, in the implementation of step 3a.

A
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Figure 5.3: Logarithmic quantization of R, the behavior of |g.| for § = 1.8.

e Input quantization: implementation of step 1

Let us go back to the analysis of the external gain of the quantization error g. and to the
possibility of satisfying the hypotheses a—b of Theorem 9. The analysis of g. consists of two
steps: in order to determine an external gain, one has to study the function

R\ (0} 3 50 () =

and, for fixed positive values of g, to find an upper bound for sup ~(y); in order to
lyll2>e0
determine the absolute quantization error Ey near 0, one has to find an upper bound for

sup ||ge(y)||2. This study, at least theoretically, can be done for any arbitrarily assigned
llyll2<eo
input set & and input quantizer ¢, : R”™ — U . Some typical examples of input quantizers

are considered below. For the sake of clarity of presentation, only the results are presented
while all the technical details can be found in Appendix A.4.1.

Example 19 (The logarithmic quantization of R) Let ¢, : R — U be a logarithmic
quantization of R with parameters (ug,0), where uy > 0 and @ > 1 (see Definition 8 in
Section 2.1). The corresponding quantization error q.(y) = qu(y)—y is standard with natural
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external gain v. = % . More precisely, q. satisfies the hypotheses a-b of Theorem 9 with

00 = u0(299+ D
Yo = 81 (5.33)
Ey= 3
and %;1) is the smallest value of o9 so that the corresponding external gain is the natural
one.

As it is required for the feasibility of problem (5.26) , it holds that v, < 1.

Actually, the analysis of q. can be done according to the variation of oo . In general, changes
of oo induce changes of the parameters Fqo and ~.. Consequently, Procedure 1 is modified
beginning from step 1 and different closed loop systems having different practical stability
properties may be obtained. In particular, the size of the final invariant ellipsoid &, > depends
on these parameters. Let us analyze the way the final invariant set £, ,2 changes with respect
to the case where g takes the value in equation (5.33). As qe is stmlzdard, the op—external
gain does not change if oo > % . On the contrary, the absolute quantization error near
the origin

Eo(00) == sup [lge(y)ll2
llyll2<eo

is non decreasing with gy and limy,— 1o Fo(00) = +00. This behavior reflects on the size of
the final invariant ellipsoid £, .2, in fact: since the external gain is constant, the matriz P
can be held constant (i.e., steps 2 and 3a of Procedure 1 do not vary by changing oo ) ; on the

other hand 7”12 increases quadratically with FEg (see equation (5.23)) . If instead oo < uo(269+1) ,

then, as oy decreases, the og—external gain increases until it reaches the maximal value equal
to 1 for oo =% (see Fig. 5.3 as well as Fig. A.2 in Appendiz A.4.1 where all the details are
given). Whilst, correspondingly, the absolute quantization error remains constant. Hence,
the only effect of decreasing o¢ is that of restricting the range of feasible choices for v in
step 2 of Procedure 1. Thus, there is no improvement in reducing oo . The bottom line is
that the least comservative practical stability result is obtained by choosing Y. and Eg for
step 1 of Procedure 1 according to equation (5.33) .

The problem consisting of tuning the parameters defining the control set U so that desired
values of Ey and gg—external gain . are obtained will be referred to as the inverse problem.
This question is important when the control design includes also the possibility of choosing
the quantized set U (see Remark 24 for a discussion on these problems and Example 24 in
Section 5.8.3). As far as the “inverse problem” for the logarithmic quantization of R is
concerned, both the external gain . and the absolute quantization error near the origin FEy
can be made arbitrarily small by choosing 0 sufficiently close to 1 and ug sufficiently close
to 0, respectively. &

There are two main types of quantized multi-input sets depending on whether &/ C R™ is
in the form of a cartesian product, that is U = U1 X -+ X U, (with U; C R), or not. An
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in—depth discussion on the main differences between the two structures is given in Remark 22
at the end of Example 21 . Here we only recall that if I/ is in the form of a cartesian product,
then it is possible to deal with input quantizers ¢, acting separately on each component of
the input vector (such a ¢, is called a componentwise quantizer) . In the other case instead,
the input components are not decoupled and the multi-input space must be jointly quantized.
The following two examples illustrate these two cases for a planar control space and allow us
to point out some features of the two schemes.

Example 20 (The componentwise logarithmic quantization of ]R2) Let ¢, : R? —
U be a logarithmic quantization of R? with parameters ((u01,01), (u02,92)) , where for i =
1,2, up; >0 and 6; > 1 (see Definition 8 in Section 2.1). Assume, for simplicity, that

w: R — U
Yy = (QMl (yl) s Quio (92)),

with qu, : R — U; being a logarithmic quantization of R with parameters (ug;,6;). In this
case
2(y) = @) =y = (ge1(11) , ge2(12)),

where® qei(yi) = qu,(Yi) — Yi -
For i =1,2, let gg; := %&fl) , then Y o9 > Q%l + Q%Q, ge Satisfies the hypotheses a-b of
Theorem 9 with

Ye(00) = max {\/731 + (@)1 -2) %+ (221 2) }

Eo(00) = v/Eo1(00)? + Eo2(00)? ,

(5.34)

where e; 1= Z?—j and Eoi(00) :== max |gei(yi)] -

¢ lyil<eo
An explicit formula for Eg;(00) is given as follows: with n;(0o) := {loggi %J , 1t holds
that 6+ 1)

UQ; UQ; 4 ; . 1

Eoi(00) = max{;, %i%@ﬂ (o) A ()tl _ Qo} : (5.35)
Let us analyze the main properties of these quantities. The external gain ~. given in equa-
tion (5.34) is a decreasing function and it is such that ¥ oo > \/le + Q(%Q ,

max {'Yel s ’762} < ’76(90) <1 (5'36)

with imyy 400 Ve(00) =max {Ye1, Ye2} - In particular, the componentwise logarithmic quan-

tization is not standard®. More in detail: v.(0o) >max {Ye1, Ye2} because of what we call the

8For a general nearest neighbor quantizer, the functions g.; are not well-defined but equations (5.34)
and (5.35) still hold true.

9 Actually, the expression for ~e(00) given in equation (5.34) is just an upper bound for the smallest feasible
value of v, to be a go—external gain (i.e., for the go—external gain). Nevertheless, it is not difficult to show
that the decreasing property holds true also for such a smallest feasible value.
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Y2

Figure 5.4: Example of a set U C R? logarithmically quantized with parameters
((u01,91),(u02,92)): Ugy = %-um, #1 = 1.4 and 6, = 1.6. The shaded region is the
portion of the input space affected by the truncation of a nearest neighbor quantizer.

anisotropy of the componentwise quantization. Namely, while in the logarithmic quantization
of R the truncation of the quantizer does not affect q, out of a bounded neighborhood of
0, in the componentwise case instead there are special unbounded regions showing the traces
of truncation (see Fig. 5.4). This happens when |ylla > 0o but i € {1, 2} such that
lyil < o0i (i-e., when only one of the components of y is truncated by the corresponding
scalar quantizer). On the other hand this truncation effect fades away as the distance from
the origin increases and this accounts for the decrease of 7. at the increase of og .

Thus, the external gain can be reduced by increasing oo but, similarly to Example 19, FEy is
a non decreasing function of oy such that'" limp,— 00 Eo(00) = +00. Also in this case it is
natural to expect that large values of the absolute quantization error Ey lead to a large size of
the final invariant ellipsoid &,,2 and hence to weak practical stability properties of the closed
loop system. Nevertheless, in this case the analysis is much more involved than the one we
did in Exzample 19 because . is not constant. There is indeed a trade off between ~. and
Ey which are, respectively, decreasing and non decreasing with oo. We do not analyze this
trade off because the complexity of the relations between the parameters contributing to the
definition of the final invariant set €,,2 makes really hard the study of the way such a final
set varies with o9 . Such a complexity is apparent by looking at Procedure 1 where, differently
from Example 19, the results of all the steps are affected by the variation of oo. Here we
limit ourselves to claim that if 09 = +/ le + 932 (i.e., if oo takes the minimal allowed value

'9Also the expression for FEy(go) given in equation (5.34) is just an upper bound for SUD |y |1, <00 12e (W)]2 5
but the qualitative behavior of these two quantities is the same.
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in equation (5.34)) , then

e(00) = max { Voo % Vet 732932} - \f |
00 0]

more precisely,
inf e <\/Q31 + g%2> = \f (5.37)
ugp > 0
uga > 0
0 >1
0 >1

(as usual, the proof can be found in Appendix A.4.1).

This property provides a spin—off for the “inverse problem” as it is clarified by inequal-
ity (5.38) below. Also in this case both the external gain ~v.(0o) and the absolute quantization
error near the origin Eo(0o) can be made arbitrarily small. This is achieved by fixing o9 > 0,
then by choosing 0; sufficiently close to 1 and wg; sufficiently close to 0. In fact, according

to equation (5.34), it is sufficient to have both % and ~o; close to 0. More details can be
Q01

found in Appendix A.4.1. Notice that to obtain a small pg—external gain, must be small

and, consistently with equation (5.37), if "Q%" <ex1l (for i=1,2), then

2 2

Vg +o
00 > % > /g + 05, - (5.38)
&

Finally, let us present an example of a quantized control set & C R? where the different
input components are not independently quantized.

Example 21 (The joint radial logarithmic quantization of R2) Let ¢, : R? — U be
a radial logarithmic quantization of R? with parameters (N,ug,0), where N > N > 3,
ug > 0 and 0 > 1 (see Definition 9 in Section 2.1). The corresponding quantization error

q.(y) = qu(y) —y is standard with natural external gain . = G

precisely, qe satisfies the hypotheses a-b of Theorem 9 with

_ up(6+1)
00 = 3g coos(ﬂ/N)

40 cos?(m /N
Yo = /1 - LG (5.39)

Eo— max{ ety 58/~ 12 + (1 + 0)Ztan®(z/N) }

and %&:2\,) 1s the smallest value of oy so that the corresponding external gain is the

natural one.
Also in this case, Yo < 1 as desired. Because q. is standard, there is no benefit in choos-

ing oo > %. Nevertheless, differently from the logarithmic quantization of R, it
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is possible that a suitable choice of oy < % results in a less conservative practical

stability result. In fact, for such a oo the external gain increases, but it can be shown that,
if 35/(0—1)2 + (14 0)? tan?(x/N) > W, then Ey decreases (whereas in the scalar
case Ey was constant). Again, we do not carry out the analysis of this trade off because the

interdependence between the parameters implicated in the definition of the final invariant el-
lipsoid is really involved. However, considering . and Eqg for step 1 of Procedure 1 according
to equation (5.39) is an effective choice.

Let us consider the “inverse problem”: both the external gain . and the absolute quantization
error near the origin Ey can be made arbitrarily small by choosing N sufficiently large, 0
sufficiently close to 1 and ug sufficiently close to 0. &

Remark 22 (Componentwise quantization vs joint quantization) Let us analyze the
main differences between the componentwise quantization (i.e., U is in the form of a carte-
sian product) and the joint quantization of a multi—input set. While doing that, we point out
how some peculiarities of Examples 20 and 21 are related to the different structure of these
two types of quantization.

The first point we want to emphasize is concerned with the structure assumed by the con-
troller. Since in the componentwise quantization the input quantizer q, acts separately on
each component of the control vector, then the m input channels can be independently run
by the controller without information exchange among them. In the joint quantization case
instead, the independence between the input components is lost and a central intelligence is
needed in the controller to run the different input channels.

As it has been clarified in [64], the same stability performance can be obtained with a coarser
quantization if a joint quantizer is used rather than a componentwise one. Nevertheless,
the advantage of considering a joint quantization may vanish by slightly changing the as-
sumptions. In this respect, an example is provided by the design of the so called “minimum
distortion” quantizer, a critical issue in the framework of control under communication con-
straints [39, 18]. The problem consists of designing the quantizer that minimize the average
norm of the quantization error while guaranteeing stability (under some constraints on the
number of control values or on the density of quantization). Well, it has been shown in [52]
that, if on the one hand it is true that the optimal result is obtained with a joint quantization,
on the other hand the improvements with respect to the componentwise case are modest whilst
complexity grows up exponentially with the dimension of the input space.

Indeed, there is in general a computational complexity problem with joint quantization that
often renders more attractive the componentwise structure. As a matter of fact, many works
recently appeared in the literature and dealing with joint quantization are limited to planar
input sets (see e.g., [40]). Also Example 21 provided here is for U C R? and it is not easily
generalizable to an input space of higher dimension. On the contrary, the definition of the
componentwise quantization can be directly extended to any dimension m € N.

Finally, there is a structural problem with componentwise quantizations, which is what in
Ezxzample 20 was referred to as anisotropy. Since each input component is independently quan-
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tized, then each component is also separately affected by the truncation near 0 of the cor-
responding scalar quantizer. On the overall input space, this causes the propagation of the
truncation effects in special directions and on unbounded regions (see Fig. 5.4). In fact, as
we have already noticed in Example 20, if y € R™ is such that 3i € {1,2,...,m} so that y;
is in a neighborhood of 0 where the i—th scalar quantizer is truncated (and this happens for
y € R™ of arbitrarily large norm), then such an y is affected by the truncation of the com-
bined quantizer. This causes deterioration of performance with respect to a joint quantizer
where instead it is possible to limit the drawbacks of truncation to a bounded neighborhood of
0. Moreover, the analysis itself of a componentwise quantizer is complicated by anisotropy.
For instance, the estimate of v. and Eq, becomes more and more involved as the dimension
of the input space increases. This happens because the truncation can affect any combination
of the m components of vy .

Anisotropy has an influence also for the “inverse problem” (i.e., the design of a quantized set
U so that desired values of Ey and of po—external gain can be obtained). We have seen in
Ezxample 20 that, in order to obtain a small value of the po—external gain, it is necessary that
0o > \/le + Q%Q. That is, the external gain must be measured in a region sufficiently far
from the origin where the truncation effect is attenuated. For joint logarithmic quantizers,
the matter is completely different: because of the standard property, the design of quantization
ensuring a small external gain can be done irrespective of oo (see Examples 19 and 21).

Remark 23 (Generalized logarithmic quantization) As we have shown in Example 3
of Section 2.3, closed loop asymptotic stability, rather than mere practical stability, can be
achieved if generalized quantized control sets are considered. An easy method allowing for the
asymptotic stabilization of a linear system under generalized input quantization consists in
satisfying a small-gain condition.

For instance, let q, be a generalized (radial) logarithmic quantization of R (R?): in this
case, we have shown in Section 2.1 that the quantization error q. has classical lo—gain v, < 1
(the value of v, is provided in Lemma 3 and Lemma 4 , respectively). Therefore, Corollary 5
can be applied and, provided that the Ho, control problem of finding K € R™*"™ such that
IGKlloo < 1/« is feasible, asymptotic stability in the Lyapunov sense can be ensured.

A separate discussion is needed for the componentwise logarithmic quantization of R™ . Al-
though we noticed in Section 2.1 that the cartesian product of generalized logarithmically
quantized sets is not a generalized quantized set, it is interesting to consider also this case.
For such a generalized componentwise logarithmic “quantization” of R™ , it is straightforward
to see that the “quantization” error g has classical la—gain . =max {Vei, Ve2s---» Yem) s
where ~e; is the classical fo—gain of the quantization error along the i—th component.
Notice that, because of the absence of truncation, the problems deriving from anisotropy are
removed and also the generalized componentwise logarithmic “quantization” gives rise to a
“quantization” error which is standard with o natural gain. This is the case considered

in [39, 51].
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Let us conclude this paragraph with a couple of remarks concerned with related issues: first,
the problem where the quantized set U is not assigned and its choice is part of the design is
discussed; afterwards, a backward step is done to the analysis of controlled invariance.

Remark 24 (On the design of the quantized set U ) In the examples above, we have
mentioned the importance of the “inverse problem” with reference to the case where the design
of the quantized set U is part of the control synthesis. Let us discuss a couple of interesting
cases where results based on the small-gain theorem can be usefully applied. Both of them
rise in the context of the control under communication constraints.

Given system (5.24), suppose that a stabilizing matriz K is given while both the quan-
tized input set U C R™ and the quantizer q, must be designed so that the feedback law
u(z) = qu(Kx) guarantee desired practical stability properties. Theorem 9 allows one to
solve this problem. A rough application of it consists of making the quantization error g
satisfy the following properties: . < m (in order to ensure convergence properties)
and Ey is sufficiently small (so that a desired size of the final invariant ellipsoid &,,2 be
achieved). Nonetheless, as it has been clarified in the discussion of the z’mplementatz’oln of
step 3a of Procedure 1, the convergence issue and the assignment of the size of the final set
as resulting from Theorem 9 are mot decoupled, therefore a more aware application of this
result is recommended. There is indeed a trade off between ~. and Ey, let us give some
intuition of this: while the choice of a mazimal allowed value for . permits to minimize the
density of quantization, on the other hand it also makes the gap % — |Gk lloo small. As such
a gap becomes more and more narrow, in order to obtain a small invariant ellipsoid &, 2 ,
Ey must be smaller and smaller'': to this end, the quantizer must be truncated nearer and
nearer 0. In other words, by increasing . , a quantized set that tends to accumulate towards
0 is needed and, despite the decrease of quantization density, the number of control values
within fixed neighborhoods of the origin may increase. This fact has an obvious drawback to
the problem of control under communication constraints where the goal is to minimize the
number of control values that allow one to achieve a desired stability property.

Once the proper values of v, and Egy to be associated to some quantization error q. have
been identified, the construction of U and of q, that accomplish these parameters is mainly
a geometrical issue. The choice of a standard logarithmic quantizer is the natural one for
two interrelated reasons: first, because a standard logarithmic quantizer allows one to obtain
convergence by minimizing the density of quantization [39]; secondly, because a standard log-
arithmic quantizer is characterized by its natural external gain and this makes the “inverse
problem” easy to solve. Of course, also a componentwise logarithmic quantization is a feasible
option as well as other types of quantizers, including a uniform one. In Examples 19, 20
and 21 we have provided all the necessary tools to solve the problem when m =1 or m =2.

HThe discussion on the implementation of step 3a of Procedure 1 is useful to gain insight on this fact: if
% — |Gkl is small, then also the matrix @ resulting from the solution of problem (5.32) is small. Namely,
there isn’t enough room to add a non negligible term @ > 0 in equation (5.17) with the purpose of increasing
Amin(S) (see case 2 of Example 22 in Section 5.3.3) . Since, in general, Amin(S) can be quite small (especially
if |Gxlloo 2 Yint ), then Eo must be small accordingly (see equation (5.23)) .
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A numerical example is reported in Section 5.3.3 (see Example 24).

Other methods for the synthesis of U and q, have been also considered in the literature,
as for instance those related with the theory of “minimum distortion quantization” and “lo-
cational optimization” problems [36]. A paper where the link between stabilization under
quantized control and the locational optimization problem is pointed out is [18]. That paper
also provides comprehensive references to the wide literature on the subject.

A wvariation of this problem consists in designing both K and U so as to guarantee practical
stability properties and to minimize the number of control values or the density of quantiza-
tion. This problem has been stated in [39]: the solution presented in that paper is restricted
to SISO systems and has not a direct interpretation in terms of a small-gain condition. Suc-
cessively, the same problem has been considered again in [51] where a solution has been given
for MIMO systems. In this case the approach is based on a “sector bound” method [67], a
technique directly related to the small-gain approach, but only “componentwise” input quan-
tizations have been taken into account. Moreover, only asymptotic stabilization is considered
so that the issues inherent with practical stability are bypassed.

Remark 25 (Back to controlled invariance analysis) The results of this section, in
particular Theorem 9.1, expand to a broader class of quantizers the kind of controlled in-
variance analysis presented in Section 3.1.4. This wider ensemble includes logarithmically

quantized sets and, more in general, quantized sets so that it is possible to construct an input
llge ()l2

T;T, » rather than the absolute one,

quantizer q, such that the relative quantization error
is bounded.
5.3.3 Numerical examples

The practical stabilization technique and some aspects discussed in the previous section are
illustrated in the numerical examples below.

Example 22 Let us consider the following quantized input system:

0 1 1
a:+:A:B+Bu:<_1 5/2>IL‘+<2>U (5.40)

ueld CR,

where U is a logarithmically quantized set with parameters (ug,0) = (1, 2).

Two practically stabilizing control laws are synthesized and the corresponding closed loop
dynamics are analyzed through the implementation of Procedure 1.

First, notice that the pair (A, B) is not reachable but it is stabilizable. The eigenvalues of
A are \i(A) =1/2 and \a(A) =2, hence A is unmized. According to equation (5.29),

Yint = Inf{ |G |loo | K € R'*? is such that A + BK is Schur} =2.



5.3. £2/€a SMALL-GAIN FOR PRACTICAL STABILITY 141

Case 1:

1. Input quantization: we consider a mearest neighbor input quantizer q, : R — U.
According to equation (5.33), the corresponding quantization error q. satisfies the hy-
potheses a-b of Theorem 9 with

_ 3
00 = 3
_ 1
r}/e—g
_1
Ey=14.

2. Control synthesis: problem (5.26) is feasible if and only if Yo € | Vint , %e} =12, 3] (see
equation (5.31)) . Let us apply Lemma 15: we choose ., ensuring that the closed loop
system has a H.—norm close to ~ins . With v, = 2.01, the Riccati equation (5.27a)

1$ solved by
Pt 0.4430 —0.8860
| —0.8860 1.7719

and, according to equation (5.28),

K := K.(2.01) = ( 0.6645 —1.3289 ).

3. Closed loop analysis: let us apply Theorem 9 for the analysis of the resulting closed loop
dynamics. It holds that

Fe— A+ BK — 0.6645 —0.3289
0.3289 —0.1579

whose eigenvalues are M\ (F) = 1/2 and Ao(F) = 0.0066. It holds that ||Gklleo =
2.0066 < 2.01.

(a) Following the discussion on the implementation of step 3a, we consider equa-
tion (5.17) with v = 2.999 and Q = 0.194 - Iy (we made the suboptimal choice
of considering matrices Q of the type Q = X\ - Iz ). With these choices, equa-

tion (5.17) is solved by
P 0.7990 —0.9630
| —0.9630 1.9992

whose eigenvalues are A\1(P) = 0.2645 and \2(P) = 2.5338.
(b) According to equation (5.23), r? = 4.0579.

4. Final result: V7?2 > r3 > 4.0579, system (5.40) controlled with u(x) = q,(Kx) is
(SPJ,% , 513,7«3) —stable.
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This result becomes more expressive by providing the lengths of the semi—axes of the final
ri

WOk in this case:
j

invariant ellipsoid &, 2. The j—th semi-aris is s; =

~

s1 = 3.9170
so = 1.2655.

Case 2: let us modify the control synthesis step and let us show how performance change
when the gap % —||GKklloo is Teduced. The controller is synthesized so that |G gl|ooYe = 0.9
(in case 1 we have |Gkl - e = 0.6687 ). We hence look for K such that |Gkllco = 2.7.
To this end, we use Lemma 15 together with a recalibration of the Riccati equation (see
Remark 19), so we let v, = 4.243 in system (5.27). With this choice of 7., we obtain

K := K.(4.243) = ( 0.5294 —1.0588 )

and ||Gk|loo = 2.7 as desired. By repeating the steps done in case 1, we find
p_ [ 03957 —0.7764
~ | —0.7764 1.5638

(with A1 (P) = 0.0082 and A2(P) = 1.9513) and r? = 1.0420 - 10*. Thus, the semi-azes of
the final ellipsoid &, 2 are

s; = 1126.8
S9 = 73.1.

The deterioration of the practical stability result is evident. It must be stressed that, as a
1
Ve
smaller than the one we found in case 1: in this case, in fact, Q = 0.0061 - Iy . Moreover,

Amin(S) = 0.0062 ~ A\pin(Q) : this means that the size of Amin(S) is dictated by the size

of Amin(Q) . Hence, the main responsibility for the large size of the final invariant ellipsoid

consequence of the reduced ga — [|GKlloo s in step 3a we find a matriz Q which is much

fall in the lack of room to find a @ > 0 causing the increase of Amin(S). Other numerical
simulations provide a clear evidence of this trend to the worsening of the result as ||Gk||oo
approaches 1/, .

We will be back on this example at the end of Section 6.2.2 (see Example 29). In both cases 1
and 2, we will show that the analysis of the closed loop dynamics can be significantly improved
by supplementing it with arguments based on a small-gain theorem in the £1 functional space.
For case 1, the simulation of a trajectory will be also reported in Fig. 6.3. )

Example 23 Let us consider again the system defined by the pair (A, B) considered in
Ezxample 11 of Section 3.1.4, that is

2 2 -1 1 0
xt=Az+Bu=]1 0 0 1 z+]1 0 0 |u
(5.41)
0 —4 4 0 1

uel C R?,
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where U C R? is a radially logarithmically quantized set with parameters (N, ug,f) =
(32,1,5/4).

In this example, a stabilizing control gain K* € R™*™ s determined which realizes the mi-
nimum value Yint that can be attained by |Gk | . Then, the practical stability properties of
the closed loop system zt = Ax + Bq,(K*z) are analyzed, where q, : R> — U is a nearest
neighbor quantizer.

Recall that the pair (A, B) is reachable, thus stabilizable, and neither the pair (A, BM) nor
(A, B2 are stabilizable (where Bl denotes the i-th column of B). The eigenvalues of
A are all equal to 2, hence A is unmized. By taking advantage of the algorithm for the
computation of vying provided in Remark 20, we find that vine = 4 and that such a value is

K*:<8/5 ~8/5 0 )
0 4 —16/5

The closed loop dynamics is x+ = Fx + Bqe(K*z) , where

attained for

2/5 2/5 -1
F=A+BK*=| 0 0 1
0 0 4/5

and its eigenvalues are \i(F) =2/5, Xo(F)=4/5 and X\3(F)=0.

We can apply Theorem 9 for the practical stability analysis of the closed loop system, in
fact: according to equation (5.39), the quantization error q. associated to the quantizer qy
satisfies the hypotheses a-b of Theorem 9 with

00 = 0.9044
Yo = 0.1478
Ey — max{ 0.5024; 0.1336 } — 0.5024.

Since ||Gg+lloo - Ye = 0.5911 < 1, then also hypothesis ¢ of Theorem 9 is satisfied. The
quantitative analysis of practical stability can hence be obtained by implementing step 3 of

Procedure 1. The method is the same we used in Example 22: with v = 1/v. — € = 6.7665
and @ = 0.1007 - I3, equation (5.17) is solved by

3.2137 3.1130 —0.0671
P = 3.1130  19.2137 —12.8671
—0.0671 —12.8671 16.8894

whose eigenvalues are A\ (P) = 1.7738, Ao(P) = 6.3744 and A3(P) = 31.1687. Finally,
according to equation (5.23), r? = 2390.7 and the semi-azes of the final ellipsoid &,,2 are

s1 = 36.7118
s = 19.3661
s3 = 8.7580.
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Finally, let us give an example where the quantized set U is part of the design.
Example 24 Let us consider a scalar system

+

rh=-r+u,

2

assume that K = —2 and that the problem consists in designing a quantized set U C R and
an input quantizer q, : R — U such that the following properties hold for the closed loop
system

5
rt = §:c—i—qu(Kx) :

1) Vri > 13 > 1, the system is ([—r1,71], [—72,2]) —stable;
w) Yz such that |z| > 1, it holds that |xT| < 3|z.

With the terminology of Theorem 9, the former property corresponds to impose that the
final invariant ellipsoid E,,2 is the interval [—1,1]. The latter condition is a performance
requirement corresponding to enforce a lower bound on the speed of convergence irrespective
to the quantization error.

As usual, the closed loop dynamics can be rewritten in the form

rt = %ar + qe(—22).
It holds that v = || —2(= = ) 7'|| . = 4.
To solve the problem, we apply Theorem 9: a value of 7. is determined such that vs-7v. < 1
and the performance requirement in n is fulfilled; then we look for Ey so as to obtain the
desired size of the final invariant set; finally, we choose U and q, so that the corresponding
quantization error attains the determined parameters . and Ey (i.e., we solve an “inverse
problem”) .

Since .
Ean bm + qe(—Qm)‘

_ _1_2‘(]6(_237)‘
|z |z

1
2 | — 22|

then, in order that for |z| > 1, be |zF| < %|az| , it is sufficient to impose that q. has a
oo—external gain e with go =2 and v, < 1/8 (as far as the condition on . is concerned,
see also inequality (2.5) with ~ye in place of z% and 3/4 in place of 1 in the right-hand
sz’de). Any choice of 7. in this range ensures that s -ve < 1: we pick v = 1/8, which is
the value mazximizing the dispersion of the quantized set. The implementation of step 3a of

Procedure 1 yields Q = 3.996, v = 7.999 and P = 11.5015. In order that &, ,> = [-1,1],
b2

it must be 7"12 = P. Therefore, the inverse implementation of step 3b (i.e., where r7 is given
and Ey is unknown) allows one to determine the needed value of Ey: by equation (5.23),
an easy computation provides Ey = 1/2 (tak‘e advantage of equation (5.20) and of the fact
that all the matrices indeed are scalars) .

Let us construct U and q : we look for a logarithmic quantization of R with parameters

(ug, @) such that the corresponding quantization error q. has 2—external gain equal to 1/8
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and absolute quantization error within By bounded by 1/2. To this end, we solve the “inverse
problem” for the logarithmic quantization of R (see Example 19). A solution is given by
0 =9/7 and uy = 1, in fact: with this choice of the parameters, according to equation (5.33),
00 =38/9<2 and v, =1/8, then the 2—external gain is equal to 1/8 as desired. Let us check

that |m|zl>2< lge(y)| < & : by equation (5.33), for |y| <8/9, |ge(y)| < uo/2 =1/2, whereas, for
yI<

y such that 8/9 < |y| <2 it holds that |qe(y)| < gly| < % &






Chapter 6

The small-gain approach in £;:
quantized multi—input

In this chapter, we lay down the theory for a different solution to the practical stabilization
problem for quantized input systems. The main tool is still a generalized small-gain theo-
rem, but here the signals are viewed as elements of the functional space fo,. As explained
in Section 5.1, this case gives rise to the so called control problem in ¢; and it is the natural
approach to the problem when quantized control sets are considered. Nevertheless, the main
limitations of the theory on ¢; control lie in the fact that, although it has been the subject
of a certain amount of literature [28, 34, 113, 65, 38, 7], this theory is not as elegant and
exhaustive as the one for the H,, control.

The chapter is organized as follows: in Section 6.1, we focus on the study of the f.,—gain
of linear systems. A novel approach to the computation of an upper bound for the f.,—gain
and to the control synthesis in ¢; under static output feedback is presented. The subse-
quent Section 6.2 is the counterpart of Section 5.3: in Section 6.2.1 we prove results on
the practical stability analysis of feedback systems which rely on a small-gain theorem in
41 (i.e., involving the f.,—gains of the operators forming the system). These results can
be merged together with those from Section 5.3.1, thus providing mixed Hs/¢; analysis
tools. In Section 6.2.2, we illustrate how the developed theory can be applied for the prac-
tical stabilization of quantized input systems. We also show that the practical stabilization
technique based on invariant hypercubes, presented in Chapter 4, can be interpreted as the
outcome of the generalized small-gain theorem in ¢;: this observation allows us to extend
that technique to a larger class of controllers than the quantized deadbeat only. Examples are
reported showing the weight of the contribution brought by the ¢; theory to the stabilization
problem, in particular, as far as the analysis of the steady—state performance are concerned.
Although some results are not as general as those presented in the context of the H,, control,
the following sections provide significant improvements to the theory developed so far and
disclose interesting issues for further investigations.

147
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6.1 A factorization approach to the analysis and control syn-
thesis in £,

In this section, we study the /. —gain of a linear system and the problem of the synthesis of
a static output feedback ensuring that the f,,—gain of the closed loop dynamics is below a
desired threshold. As remarked in the above introduction, the theory of the ¢; control still
presents some gaps to be filled. For instance, closed formulae for the f.,—gain of a system
are missing. In [15], an upper bound for the ¢, —gain of a linear system is given in terms of
the singular values of the Hankel operator [53]. This result has been the basis to carry out
efficient numerical algorithms for the computation of ||G|s (see [6, 58]). Although these
methods allow one to find a good estimate of the £,,—gain of a system, they do not appear to
be practical to deal with control synthesis problems. As far as control synthesis is concerned,
the approaches proposed in [28, 34, 113, 65, 38] take advantage of the convex structure of the
set of all stabilizing controllers and, either the problem is transformed into an infinite dimen-
sional linear optimization, or a linear (or quadratic) programming formulation is presented.
Also in this case, algorithmic procedures are carried out for the numerical approximation
of the solution. When the synthesis is restricted to static output feedback controllers, the
problem becomes more complex because the set of stabilizing control gains is not convex.
Actually, the minimization of the closed loop f{.,—gain by means of static output feedback
has been less investigated.

The main contribution of this section consists in providing an easy method for the compu-
tation of an upper bound for the /. —norm of the input/output operator G associated to
a BIBO-stable system (5.7). Although the proposed bound is not always feasible (i.e., it
can be computed only for some particular systems) and often quite conservative, yet it turns
out to be useful in some interesting cases. In particular, the bound is proved to be tight
for single—input positive systems [49]. Furthermore, the proposed method is suitable to deal
with control synthesis: a sufficient criterion is provided that allows one to find a linear static
output feedback so that the £,,—gain of the closed loop dynamics is below a desired threshold.
This can be done by solving a system of linear inequalities.

The upper bound is obtained by factorizing the overall dynamics in terms of subsystems
whose computation of the ¢,,—gain is simple. To obtain the desired factorization, it is conve-
nient to resort to the representation of system (5.7) in the frequency domain, namely to the
transfer matrix G(z) of the system. Let us stress once more that the norm ||G||s considered
in the previous section should not be confused with the norm ||G||o whose study is the main
subject of this section (see Remark 17 in Section 5.2).

Let us recall the definitions of the norms of signals in £, and in ¢;. For ¢ : N — RF |

[0]loo :=sup [[o(t)]loo ;
teN
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while for g : N — R,

+oo
1301 ==Y llg(®)lloo -
t=1

6.1.1 Analysis in ¢,

Under the assumption of BIBO-stability, let us consider the problem of computing |G|~
(see equation (5.11)) . The following Proposition provides an expression of |G|/~ in terms
of the impulse response.

Proposition 15 If system (5.7) is BIBO-stable, then

400 m

1G]loc = max ZZ\gm (6.1)

7=0 5=1

Proof. Although this is a well known fact in systems theory, its proof is explicitly reported
in Appendix A.5.1 for completeness. m

Corollary 6 The following relation holds between ||G|l~ and the {1—norm of the impulse
Tesponse:

1 . "
9l = 19lleo < 11gll -
In particular, for single—output systems, ||G|lco = |11 -

Proof. In fact:

+o00o m

1G]loc = nax ZZ 19i,5(T)] < Z max Z 1955 (M) =117 l1-

7=0 j=1
On the other hand,
g+ max SIS [gig(r)] > L T—oZ] 119i5(T) =

1= 17 -q
;L:()) i Ej:l 19i,5(T)| =

> I max 37 1 (r)] = 7 .
By reversing the order of the summations, equation (6.1) can be rewritten as
1G1mll1
1Glloo = : : (6.2)
ng,lHl o NFgmli

[e.e]

Thus, the analysis of the /.—gain of a MIMO system can be reduced to the study of the
loo—gain for SISO systems.

The expression for ||G|lo given in Proposition 15 is not practical because, in general, it
requires the computation of an infinite series. There are two classes of systems where ||G||c
can be exactly computed: externally positive systems and FIR systems.
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Definition 30 (See [49]) System (5.7) is said to be externally positive iff its impulse response
g is positive.

Clearly, g is positive if and only if Vi=1,...,gand Vj=1,...,m, g;; is positive. Hence,
also the analysis of external positivity can be reduced to SISO systems.

Lemma 17 Consider system (5.7), assume that e € R and y € R. Let

" Pt 12" 2+
P -

be the transfer function of the system. A sufficient condition for the external positivity of
system (5.7) is that Vk=1,...,n, ¢z >0 and f >0.

G(z) =

Proof. See also [49]. The transfer matrix of the linear system X(F,B,C), with

o 1 ... O 0

F— . : 7 B— : and C:<Cl Cco ... Cn>;
o o0 ... 1 0
fi fo .. fa 1

is G(z). As the entries of the matrices F', B and C are non—negative, then the impulse
response is positive. ®

Proposition 16 (||G||c of externally positive systems) If system (5.7) is BIBO-sta-
ble and externally positive, then

1Gllee = IG(W)]co -

Proof. Because g is positive, then Vi=1,...,¢ and Vj=1,...,m,
“+o00
Gij(1) =Y gii(t) = Gijl1-
t=0

The thesis then immediately follows by equation (6.2). m

In next Lemma 18, a well known relation between the H,, norm and the /f,,—gain of a
BIBO-stable SISO system is recalled. A consequence of this relation is that, for externally
positive SISO systems, the two norms coincide.

Lemma 18 (Equivalence of Ho, and ¢; norms for externally positive SISO sys-
tems) Consider a BIBO-stable system (5.7), assume that e € R and y € R. Then

1Glloo < 1G]] co -
Moreover, if the system is externally positive, then

[Glloe = [1G]lo0 = [G(1)]-
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Proof. For 6 € [0,2x[, it holds that

G(e®) = | 255 9(t) - gor| < 55 L9 (0)] -

or| = 191l = 1G]l -

Therefore,

Glloo = G < 1G]l -
|Gl eerr[lggﬂl ()] < 1G]]

For a positive system, ||Glloco = |G(1)| < ||G||loo - The thesis follows. m

Definition 31 Consider system (5.7) and let § be its impulse response. The system is said
to be finite impulse response (FIR) iff 3r € N, such that Yt >r, g(t) =0.

By definition, system (5.7) is FIR if and only if

1 — B
z) = 2729(75)/ !
t=1

for some r € N. This is equivalent to say that all the poles of the system are in 0. Hence,
a sufficient condition for system (5.7) to be FIR is that F' is nilpotent, the condition is also
necessary if the system is reachable and observable.

It is useful to introduce the following notation: if G(z) is the transfer matrix of a FIR system,
we let G € R?”*™" be defined by

6= [g(1)] - 9(r)] (6.3)

For a FIR system, the computation of |G|« is trivial as the series in equation (6.1) is a
finite sum. According to equation (5.3),

1Gloc = max ZZIgm )| = 1IGlloo - (6.4)

Tl]l

We are ready to introduce the main result of this section. Consider system (5.7), assume
without loss of generality that ¢ > m and let G(z) be the transfer matrix of the system:
G(z) is a strictly proper rational matrix. It is always possible to factorize G(z) in the form
-1
G(z) = N(2)(Im + D(2)) ", (6.5)
where N(z) and D(z) are the transfer matrices of FIR systems® (see Fig. 6.1). Three
methods to obtain this factorization are described in next Remark 27.

Theorem 10 (Bound for ||G|le) Consider system (5.7), assume without loss of general-
ity that ¢ > m and let the transfer matriz of the system be factorized as in equation (6.5).
If |D||eo < 1, then the system is BIBO-stable and

Mo

([
1 =[Pl

-1

'If ¢ < m, just consider a factorization of the type G(z) = (I 4+ D(z))” N(z).
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Yoo I, N}
L 5

Figure 6.1: Block diagram representation of the factorization of G(z) considered in Theo-
rem 10.

Proof. Denote by Z,, : loo(R™) — £5(R™) the identity operator. Since ||D|oo < 1, then
the operator (Z,+D) ™! : Loo(R™) — Lo (R™) is well-defined and ||(Z,+D) oo < %
(see Lemma 27 in Appendix A.5.1). Also, N : loo(R™) — £5(R?) because N(z) is a FIR
system. From the factorization (6.5) of G(z), it follows that G = No(Z,,+D) 7! : £o(R™) —

/5 (R7) and hence,

Moo

Glloo <INV I + D) Moo < —22—
1Glloe < Mool (Zm + D)™ oo - Dl .

Remark 26 For a given transfer matriz G(z), a factorization of G(z) of the type in equa-
tion (6.5) is not unique. Different factorizations of the same G(z) give rise, in general, to
different operators N and D, and hence to different upper bounds for ||Glle - Also, it may
happen that condition ||D|e < 1, which allows one to apply Theorem 10, is satisfied for
some specific factorizations whilst it is not for some others. These phenomena, which are
illustrated in next Examples 25 and 26, raise the issue of the search for conditions on G(z)
that guarantee the existence of a factorization (6.5) such that ||D|ls < 1 and the search for
the factorization that minimizes the corresponding upper bound for ||G|lec. In this thesis,
however, we do not face these points and we let them as open issues for future investigations.

Remark 27 (Methods for the computation of the factorization (6.5)) Let wus pro-
vide some methods that, for any strictly proper transfer matriz G(z) (q¢ > m ), allow one to
obtain a factorization as in equation (6.5) .

e Method 1: factorization (6.5) can be obtained in the form of a right coprime rational
matriz factorization of G(z) (see [68]). The standard state space approach to obtain such
a factorization is the following: let X(F,B,C) be a reachable and observable linear system
whose transfer matriz is G(z) and K be a matriz such that all the eigenvalues of F' + BK

are in 0. Then .
N(z)=C(zI — (F+BK)) B 66)

1

D(z)=K(2I — (F+BK)) B

are such that equation (6.5) holds®. The details to determine such a X(F, B,C) can be found,
for instance, in [114].

2If ¢ < m,, just consider a left coprime rational matrix factorization: let L be such that all the eigenvalues
of F4 LC arein 0 and let N(z) = C(2I — (F+ LC))"'B and D(z) = C(2I — (F + LC))"'L.



6.1. A FACTORIZATION APPROACH 153

Next methods 2 and 3 are purely algebraic approaches that do not involve state space realiza-
tions of G(z).

e Method 2: let d(z) be the monic least common multiple of the denominators of G(z)
and r := deg(d) . Let

then equation (6.5) holds with

N(z) = G(2)D(z)
( 7( (6.7)
D(z)=D(z) — I,
e Method 3: for j=1,...,m, let dj(z) be the monic least common multiple of the denom-
inators appearing in the j-th column of G(z) and rj := deg(d;). Let’
D(z) := diag { d(2) S dm(2) } ,
2" 2'm
then equation (6.5) holds with
N(z) =G(2)D(z
(2) 7( )D(z) 65)
D(z) = D(z) — I,

In general, N(z) and D(z) resulting from method 3 are not right coprime rational matrices.
In case they are, the factorizations resulting from methods 1 and 3 coincide.

Next Proposition 17 is just a particularization of Theorem 10 to single—input systems. This
particular case allows us to point out that, for a special class of externally positive single—

input systems, the bound resulting from Theorem 10 is indeed an equality (see Corollary 7
below) .

Proposition 17 (£o—gain of single—input systems) Consider a strictly proper rational
transfer matric G(z) of a linear system with uw € R and y € R?. Let d(z) = 2" —
S hey fez® L be the polynomial of the poles of the system* and GV (z) be defined by G (z):=
Z71/d(2), k=1,...,n. Let C € RT*" be such that G(z) = CGD(2). If f =71 |frl <
1, then the system is BIBO-stable and

1Cloo
< .
EI
3Where diag {d;ﬁ? ey d;’if?} =3 djf-f) eje;, e; € R™.

Tt is easy to see that d(z) is the monic least common multiple of the denominators of G(z); see also [25] .
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Proof. Since > ;_,|fx] <1, then the poles of G(z) lie into the interior of the unit ball of
C (see Lemma 28 in Appendix A.5.1) and the system is BIBO-stable. As G(z) = CGY(z),
then G(z) can be factorized in the form

G(z) =N(2)(1+ D(Z))_1 , with

1
z
N =50 | | =& 5L Caxt (69)
Zn.—l

D(s) — ~Si it

ZTL
(where e; is the ¢—th vector of the canonical basis). By equation (6.4), [[N|c = ||C|loo
and || D]loc = Y4y |ft] <1. We can hence apply Theorem 10 which yields

G < —Wllee  _ [Clloo
Oo_l_”D”oo 1_f

Corollary 7 Under the assumptions of Proposition 17, if Vi=1,...,q and Vj=1,...,n,
Ci; >0 and VE=1,...,n, fp >0, then

_ [[Clloe
61 = 10
Proof. The system is externally positive because, Vi = 1,...,q, G;(z) = €,CGY(z)
satisfies the hypotheses of Lemma 17. Thus, by Proposition 16, |G|l = ||G(1)]lc and, by
equation (6.9),

1 1€l
o0
]
Let us illustrate, through some numerical examples, how to take advantage of Theorem 10 to
compute an upper bound for |G|/ . The transfer matrix G(z) is factorized according to the

different methods presented in Remark 27 and the resulting bounds for ||G||s are compared.

Example 25 Consider a MIMO system whose transfer matrix is

—2 z
z2—1/2  (2—1/4)(2+1/4)

1 z+1
G(Z) _ ( z+1/3  (2—1/2)(2+1/4) ) )

Case 1: Let us factorize G(z) according to the method 1 in Remark 27. A reachable and
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observable linear system X(F, B,C) whose transfer matriz is G(z) can be easily found to be

( 0 1 0 0 0 00
1/6 1/6 0 0 0 10
z(t+1) = 0 0 0 1 0 zt)+ | 0 0 [wu()
0 0 0 0 1 00
0 0 -1/32 1/16 1/2 0 1
12 1 —1/4 3/4 1
t) = t).
y(t) (—2/3 20 —1/2 1)”3()
With
“1/6 ~1/6 0 0 0
K = )
0 0 1/32 —1/16 —1/2
by equation (6.6) one gets G(z) = N(z)(In + D(Z))_1 , where
z;% z2+%3zfi
N(Z): —2z-2 z—% -
3 2
22 22
I N, -1z 34 0 —1/4
= =3 2%+
S\ 221 —2/3 —1/2 0 0
1 1
6% 0
b= (T L) -
0 2 Z%G 32
“1/6 0 160 0 0
3[( 0 —1/2>Z +< 0 —1/16>Z+<0 1/32 )]

Thus,

N=[n(1)|n2)|n@3)] = ( _12 i :;g _31/;12 8 —10/4 )’

and, according to equation (6.4), [|Nls = [N]jec = 2. Similarly,

~1/6 0 -1/6 0 0 0)

D=[d(1)\d(2)!d(3)]=( 0 —1/2 0 —1/16 0 1/32

and | D = |ID||c = 33 < 1. Hence, by Theorem 10,

25,6 400
o< 222 T 10.96.
1l < [—19/32 ~ 39 ~ 100

Case 2: Let us factorize G(z) according to the method 2 in Remark 27. It holds that

d(z)=(z+1/3)(z —1/2)(z + 1/4)(z — 1/4),
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so that, with
4 _1,3_ 11,2
D(z) = 7

by equation (6.7) one gets G(z) = N(z)(I2 + D(z))_1 , where

127
z

L 23—%22—%2—4—3% z —l—%%zQ %
NG = = 3221 13 _ 1.2 1
—22—32 +g2+ﬂ Z_EZ _EZ
D(Z) = z% (—%IQ Z3 — %IQ Z2 + %IZZ + 971612) .
Thus, |[Ne =2 and ||D||s = 5 < 1. Hence, by Theorem 10,
25/6 50
~714.
Hg”‘”—-l 5/12 7

Case 3: In this example, the factorization of G(z) according to the method 3 in Remark 27
leads to the same factorization we found in Case 1.

Case 4: Taking advantage of equation (6.2) and of external positivity properties of some of
the components of G, the exact computation of ||Glleco can be carried out. Since

0 t=0
g11(t) = { (— 1yt ;Z: t>1,

then 1 = ﬁ = % By Lemma 17, both g12 and 922 are positive; hence, by
Proposition 16, ||Gi2lli = Gi2(1) = ¥ and ||g22]i = G22(1) = 13- As for Gon, it holds
that || G211 = 2||g2 11, where g+ is the impulse response of the externally positive system
whose transfer function is GQJ( z) = z—11/2' Thus, ||g2,1l1i = 2G2’1( ) = 4. Therefore

equation (6.2) yields

ugrm_H(?’f 16/5 )H =T 5067,

16/15

In Example 25, the second method of factorization leads to a smaller upper bound for ||G||s
than the one we found when we used the right coprime factorization. Nevertheless, as it is
explicitly illustrated in next Example 26, this is not true in general.

For a MIMO system, instead of applying Theorem 10 to the overall G(z), one may use it to
bound the ¢;—norm of each SISO impulse response g; ; that composes the system, then to
resort to equation (6.2) . While this approach may provide a less conservative upper bound for
|Gloo , on the other hand it does not appear to be profitable for control synthesis purposes.

Example 26 Consider a MIMO system whose transfer matrix is

1
—1/2
z—1/4  =z2-1/5 >

=

Q

—

N

N—

I
VRS
— =

I\
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Also in this example, the factorization methods 1 and 3, presented in Remark 27, lead to the
same factorization of G(z). We hence consider only the algebraic methods.
Case 1: Let us factorize G(z) according to the method 2 in Remark 27. It holds that
d(z) = 2(z—=1/2)(z—1/4)(z = 1/5) =
= 24— %23_,_%22_%2.
It immediately follows that,

19 11 1 5
||D||OO_%+E+E_Z>1

and hence Theorem 10 cannot be applied.

Case 2: If instead we factorize G(z) according to method 3, then

{ di(z) = z(z —1/4)
da(z) = (2 —1/2)(z — 1/5).

Hence, with

= . dl(z) dg(z) 1 2’2 — l2: 0
D(z) = diag 5 3 =3 ! 2 7 1 |
z z z 0 z 107 + 10

Thus, [Nl =35 and |D|o =2 < 1. Hence, by Theorem 10,

52 25

< = .
1Gllee < 1—4/5 2

Case 3: By Lemma 17, G(z) is the transfer matriz of an externally positive system. There-
fore, by Proposition 16,
1Glloc = IG(1)[loc = 3.

This gives evidence of the fact that the proposed bound may be quite conservative. Moreover,
for multi—input systems also the tightness of the bound for positive systems is lost. &
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6.1.2 Synthesis in £,

Let us consider now the following control synthesis problem in /¢; :

Problem 1 (Control synthesis: static output feedback) For a given discrete—time
system
zt = Az + B(u+e)
y=Cz (6.10)
zeR" weR™ yelR

and v >0, find K € R™*Y such that, under the static output feedback u = Ky, the closed
loop system

(6.11)

zt =(A+ BKC)x + Be
y=_Cx.

is BIBO-stable and, denoted by Gr its input/output operator, it holds that ||Gx|leo < 7.

As in Section 5.3.2, we deal with the “actuator disturbance” case. This is indeed the case
that turns out to be useful for the practical stabilization of quantized input systems. One of
the main features of Theorem 10 is that of being suitable to deal with this control synthesis
problem.

Theorem 11 (Static output feedback in £1) Consider system (6.10), assume without
loss of generality that ¢ > m and let G(z) = C(zI—A)~'B be factorized in the form G(z) =
N(2)(Im + D(z))_1 as in equation (6.5). Consider the closed loop dynamics (6.11) under
the static output feedback u = Ky, let Gy (2) := C(2I—A—BKC)™'B be the corresponding
transfer matriz and, if system (6.11) is BIBO—-stable, denote by G its input/output operator.
If K € R™*9 4s such that ||Dklleco < 1, where Dg(z) := D(z) — KN(z), then system (6.11)
is BIBO-stable and

IGxcloo < 00 (6.12)

— Pkl

Before proving the theorem, let us derive the solution to Problem 1 in terms of linear in-
equalities.

Corollary 8 (Linear inequalities formulation) With the same notation of Theorem 11,
let v > |Nloo- As in equation (6.3), let N = [n(1)|---|n(r)] € R*™ and D =
[d(1)| -~ |d(r)] € R™™ (for suitable + € N) be the matrices associated to the FIR
systems N(z) and D(z) appearing in the factorization (6.5). If 3K € R™*? such that

mr q
Vi=1,...,m, Z)Di,j—ZKi,lNl,j(g—W’y’OO, (6.13)
j=1 1=1

then
19K ||loo < v
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Proof. By Theorem 11, a sufficient condition in order that K € R™*? issuch that ||Gx|leo <
v is that ||Di|lec < 1 and = = 7+ This is equivalent to find K € R™*4 such that

N
Dicloc <1~ Pee
~y
Because Dp(z) = D(z) — KN(2) = £ 31, (d(t) — Kn(t))2""", by equation (6.4) it holds
that [|Dx|lecc = ||D — KN||s . Condition (6.13) is tantamount to requiring that ||D— KN||s <
1- % (see equation (5.3)). m

Proof of Theorem 11. It is sufficient to show that Gk(z) = N(z)(In + DK(z))f1
the thesis then follows by Theorem 10. The transfer matrix G (z) can be rewritten as
Gr(z) = (I, — G(z)K) 'G(z). Thus,

Y

1

Gk(z) = (I;—G(2)K) G(2)

—
o
Naig

= G(z)([m — KG(z) )

1 L
N(2)(Im + D(2)) (Im—KN( J(In+D(2) ") =
(Im+ D(z) — KN(2)) " =
= N(2)(Im + Di(2)) "

(2)
N(z)
(2)

where equality (a) follows by Lemma 29 in Appendix A.5.2. m

Theorem 11 and Corollary 8 provide a sufficient criterion for the solution of Problem 1. How-
ever, because the upper bound (6.12) may be in general quite conservative, in some cases the
linear inequalities (6.13) are not feasible even if a solution to the control synthesis problem
exists. Moreover, the issues related with the non uniqueness of the factorization (6.5) (see
Remark 26 and Examples 25 and 26) also affects the control synthesis problem.
Nonetheless, there is a special case of Problem 1 where the proposed control synthesis tech-
nique turns out to be particularly useful, namely, that of state feedback for single—input
systems.

Proposition 18 (State feedback for single-input systems) Consider a strictly proper
rational transfer matriz G(z) of a linear system with w € R and y € R". Let d(z) =
— Y r_arz®t be the polynomial of the poles of the system and GV (z) be defined by
G(z) == 2F"1/d(2), k=1,...,n. Let C € R™™ be such that G(z) = CGD(z). Then,
Vv > ||Clloo, @ control gain K € R™™ can be determined by solving a system (6.13) such
that the closed loop dynamics with w = Kx is BIBO-stable and ||Gk|lco <7 -
Moreover, if Vi,j=1,...,n, C;; > 0, then a solution exists to system (6.13) so that the
equality |G llco = is satisfied.

Proof. First notice that, because the system is of order n and y € R", then C € R"*"
is invertible. It holds that G(z) = N(z)(1 + D(z))_l, where N(z) and D(z) are defined
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as in equation (6.9) (with a; in place of f;). Hence, N =C, D = ( —a; —ag --- —an)
and [|Nleo = ||Clloc . For v > ||C|| , there exists a solution to system (6.13) if and only
if 3K € RY™" such that [[D — KN|jo < 1 — % Since D — KN = (DC~! — K)C', then
[D—KN||oo < |IDC! = K|l s||C|lso - Therefore, K can be chosen so as to make |[DC~!— K| ,
and hence ||D — KN|| , arbitrarily small.

Notice that the row vector D — KN collects the coefficients of the polynomial of the poles of
G (z). The last statement is hence a direct consequence of Corollary 7: let v > ||C||x , it is
sufficient to pick K € R™" sothat D—KN = (—f1 —fa ... —fn), with fr >0 Vk=1,...,n
and >}, fr=1-— % This is achieved with K = (D +(fifo ..o fan ))C’l .

Let us provide an example where the control synthesis technique based on Corollary 8 allows
one to solve Problem 1 for a MIMO system.

Example 27 Let us consider the system

O 0 1 0 00
r(t+1) = 1(/]4 8 3/4 (1) z(t) + (1) 8 (u(t) +e(t))
0 1/4 0 3/4 01

y<t>=<1(/’2 e (1)>a:<t>.

The goal is to find K € R**2 such that, with v = Ky, the closed loop system is BIBO-stable
with ||Gk|leo < 10.

It is a reachable and observable system whose poles are 1 and —1/4 (both with double multi-
plicity) , therefore the system is not BIBO-stable (see property 2 of Lemma 14). The transfer
matriz of the system is

B = 2 -1 1
G(z) = < (z—1)1(72+1/4) (z—l)z(z+1/4) ) _ ( s ) N
—1)(2+1/4) (z=D)(z+1/4) ) A TR

-1

Hence, G(z) = N(z)(I2 + D(2))" " with

1[/2 0 0 -1
NG =2 [( 0 1 ) at ( 1/2 0 )]
1 =34 0 “1/4 0
D(z):= 2 [( 0 —3/4 ) i ( 0 —1/4 )] '
Accordingly,

(20 0 -1 (=34 0 —1/4 0
= < 01 1/2 0 ) and D= ( 0 -3/4 0 —1/4 >‘

and
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Ki24 K04
Py
K K
PP B ey 21
F
K Q1
Py A\ Ko
Q4 @ Q2
Qs

Figure 6.2: The feasibility regions of system (6.13) in the case considered in Example 27 .

As | Nleo = 3, according to Corollary 8, we look for K € R**? such that ||D — KN||s <
1—1%:110. We have

3 1 K2
—1—2K11 K12 71— Ky,
D— KN= ( 4 42 ,

3 K32 1
2K i Kap -5 o3t Ko

thus system (6.13) takes the form of

|2 4 2K 1|+ | Kol + |2+ 522 4 K| <

7
10
2K 1| + ‘%—FKZQ‘ + ‘Kf! + }K2,1 - ﬂ < 110-

The system is solved for (K11,K12) € K1 C R? , where K1 is the quadrilateral whose vertices
are

Pi=(-5.%) P=(-1.0), P=(-

oolw

). Pi=(-2.0),

and for (Ka1,K22) € Ko C R?, where Ky is the quadrilateral whose vertices are

), Qu=(-%,-1)

[Y]
(S
[0

Q=(0.-5), Q@=_(i5 1), Q=0,-

see Fig. 6.2. One feasible choice for K is
K —7/20 —1/20
1/40 —=7/10
(which is identified by the points P and @ represented in Fig. 6.2). For such a K we have
ID — KN||oo = 27/40 and hence ||Gx||oo < % =129 ~ 9.2308.

Notice that, because the closed loop system is reachable and observable, then A+ BKC' is a
Schur matrix and the resulting dynamics is £o—stable. &
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6.2 {./fsx small-gain for practical stability of multi—-input
systems

6.2.1 Practical stability analysis in £; and mixed H,/¢; analysis

In this section, the practical stability analysis for feedback systems is studied in the ¢
functional space. We first introduce a generalized notion of /,,—gain for a static nonlinearity,
then we prove some practical stability results that are based on a small-gain condition in
terms of the f.—gain of the operators forming the feedback system. These results can be
merged together with those from the analogous Section 5.3.1, thus providing mixed Hu/¢1
analysis tools.

For a given function 3 : R™ — R™ | let us introduce some quantities which will be useful for
our analysis. For 2 CR", let

&) i=sup [1() ]| oo -

We always assume that the function ¢ is regular, namely that if Q C R™ is bounded, then
E(Q) < 400.
In the particular case of Q= Q,(A), A >0, we use the notation

&(A):= sup [[¢()]o -
2€EQn(A)

The function &(A) is non—decreasing with A, we can hence define the right continuous
function

ET(A) := lim &(A+¢).

e—0t
Definition 32 For A >0, let the generalized (,—gain of the function 1 be defined by’

N
Ve(A) = gA%) '

Theorem 12 (Small-gain in £;: (Xo, X1, Q)—stability analysis) Let us consider a
linear system

xz(t+1) = Fa(t) + Be(t)

y(t) = Cu(t)

ze€R™" eecR™ yeRP,

where F is a Schur matriz. Let GY be the input/state operator associated to the system.
Assume that q. : RP — R™ is such that the closed—loop dynamics

z(t +1) = Fa(t) + Bg.(Cx(t)) (6.14)

is (Xo, X1,Q)-stable. Consider the function ¢ := g o C : R" — R™ and let A; :=
|G| (Q) . Then,

®In the definition of ., &T(A) is divided by A/2 because x € Qn(A) & ||z|e < A/2.
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1) VA > Ay, system (6.14) is (Xo, X1, Qn(A))—stable.
Moreover, let v.(A) be the generalized lo,—gain of the function 1 :

1) if
16 )ls0 - 7e(A1) < 1, (6.15)
then it is well-defined
max {A < Ay [ [|GD ]| - ve(A) =1} if
Aint = {A<ALGD o0 - 7e(A) =1} #0 (6.16)

0  otherwise,
and ¥ A, > Ays, system (6.14) is (Xo,Xl,Qn(A*)) —stable.

Proof. The proof is given below, after some remarks and some preliminary results. m

In Theorem 12, the closed loop dynamics (6.14) is assumed to be (Xo, X1, 2)-stable and,
by taking advantage of a small-gain condition in the ¢; space, a new stability property is
deduced, that is (Xo,Xl, Qn(A*))fstability. Compared with Theorem 9 in Section 5.3.1,
where practical stability properties can be asserted with no a priori assumptions on the
practical stability of the closed loop dynamics, Theorem 12 is a weaker result. Nevertheless,
the theorem can be used to supplement the practical stability analysis of a dynamics that
has been proved to be practically stable through some other techniques. For instance, the
combination of Theorem 12 with the analysis in H, leads to a mixed Ho,/¢1 analysis (see
Corollary 9 below and Example 29 in next Section 6.2.2). Moreover, this result, when used
in the control synthesis perspective, gives rise to a special type of mixed Hy,/¢1 control
synthesis problem (whose exact formulation, and an example, is provided in Section 6.2.2) .
It is worth noting that, if @,(As) C Q, then the application of the theorem allows one to
improve the steady—state analysis (meaning that, according to the containment relation, the
convergence of the trajectories to within a smaller neighborhood of the equilibrium is proved) .
In general, this is not true. However, because system (6.14) is both (X, X1, )-stable and
(Xo,Xl,Qn(A*))fstable, then it is (XO,Xl,Q N Qn(A*))fstable. As QN Qn(A,) C Q,
then the application of Theorem 12 can only improve the practical stability analysis. The
subsequent presentation and some examples further clarify the relevance of the contribution
brought by this theorem.

The proof of Theorem 12 is based on the following

Lemma 19 (Main tool) With the notation of Theorem 12, consider x(0) € R™ and its
evolution under the closed loop dynamics (6.14). Let S C R™ be such that &(S) < 400
and 3t >0 such that YVt >, z(t) € S. Then, VA > 2||GP||&(S), 3t > 0 such that
Vit>t1, z(t) € Qn(A).

Proof. To prove the result it is sufficient to show that limsup,_, o [|2(t)|lec < |G [|c&(S) .

First notice that, for z(0) € R" and é:= {w(x(t))}teN, it holds that

Vt>0 and VE>0, z(t+k)=Fre®t)+ (@GP «o'e)k),
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where g is the impulse response associated to system X (F,B,I). Since Yt > 1, z(t) € S,
then Vt >, [le(t)]lco < &(S) or, equivalently, ||0'€|loo < &(S). Thus,

lim sup; 1 oo [[2(t)[loe = limsupy_ 4o f|2( + k)00 <

< limsupy_ oo (|FF2(E) [0 + [|(FP * 07) (k) [lo0) <
(@ .

< GD*0'€)||oo <

< 169 |sollotE 10 <

< 16|l (S),

where in inequality (a) we used the fact that, as F' is a Schur matrix, then
lim ||F*z(f)]e = 0.
| F ()]l .

To prove Theorem 12 we also need the following technical result:

Lemma 20 With the notation of Theorem 12, for any fixed A1 > 0, consider the sequence
{Aktkenqoy defined by Apy1 = 2/|GP | (Ar) . Then, Vin € N\ {0}, the following
property holds: V€ >0, 3{ex}tr=1,. m, with ¢, >0 Vk=1...,1m, such that

Ay < AL <Ay + €,

where

(6.17)

Aii_ =A1 + e
A =26 E(Af) + e (for 1 <k <1h).

Proof. See in Appendix A.5.3. =

We are now ready for the proof of the theorem:

Proof of Theorem 12. To prove part 2, since the closed loop dynamics (6.14) is already
known to be (Xp, X1,2)-stable, we have only to show that Vz(0) € Xy and VA > Ay,
3¢; > 0 such that V¢ > t1, x(t) € Qn(A). Such a property follows by the application of
Lemma 19 with S = Q.

To prove part w2, let us first show that Ay, is well-defined. To this end, for A € [0,44],
consider

A(A) = 2[IGV [T (A). (6.18)

The following properties hold for ¢: ¢(A) > 0 and it is a non—decreasing and right contin-
uous function (because these properties hold for &7 ); moreover, by definition,

$A) <A = |60 7e(A) <1, (6.19)

so that, by the small-gain assumption (6.15), ¢(A;) < A;. Hence, by Lemma 11 of Sec-
tion 4.1, the sequence {Ag}ren oy defined by Ay := ¢(Ay) is non-increasing. By equa-
tion (4.4) of Lemma 11 and relation (6.19), it immediately follows that limy_ oo Ar = Ajnt,
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with Ajps as defined in equation (6.16) .

Now, let Ay > Ajr: to prove the (Xo,Xl,Qn(A*))fstability, we construct a sequence
{AZ};@:L_..ﬁ such that Aj;l < A, and, iterating Lemma 19, we show that, Vk=1,...,m,
any trajectory starting from Xy eventually remains confined within Qn(AZ) . In detail, as
limg 0o A = Aing, 37 € N such that Aj; < Ay, Let € := A, — Ay, 0 by Lemma 20,
I{ex k=1, m (with ¢ >0 Vk=1,...,7m) such that

Ap <AL <AL,

where the sequence {Az}k:L_..@ is defined in equation (6.17). Applying Lemma 19 with
S = Qn(Af), if Ity > 0 such that Vit > ty, 2(t) € Qn(A{), then It441 > 0 such that
Vit >tgyr, z(t) € Qn(A;H) . Since in part ¢+ we have shown that this is true for k =1, the
thesis follows by iterating the application of Lemma 19. m

Remark 28 If system (6.14) is (X, Q)-stable, then Theorem 12 states that the system is
(XO,XO,Qn(A*))—stable (for A, > Aig ). The reason why the weakest notion of (XO,XO,
Qn(A*))fstability is provided by Theorem 12 (mther than (XO,Q,L(A*)) —stability, see Re-
mark 1 in Section 2.5’.1) lies in the fact that this result is based only on the analysis of the
forced component of the state, hence providing information only on the asymptotic proper-
ties of the trajectories. Since the transient behavior is not taken into account, the positive
invariance of Qn(Ay) is not guaranteed.

Theorem 12 can be combined with the practical stability results presented so far. For instance,
Theorem 9 of Section 5.3.1 together with Theorem 12 yield a mixed Hs,/¢; stability analysis
result:

Corollary 9 (Mixed Hy /€1 analysis) Under the assumptions of Theorem 9, let v =
ge o C and GO be the input/state operator associated to system (5.14). For r3 > r?, let
&E(r3) = &(Epyz) and
Ap:= inf 2[GV || (r3). (6.20)
5T

Then,
1) V12 > 12 and VA > Ay, system (5.15) is (EPI%,E'P,T%,Q,@(A)) —stable.
Moreover, let v.(A) be the generalized {~—gain of the function 1 :
1) if
16T |00 - 7e(A1) < 1,

then ¥ Ay > Aypr, system (5.15) is (EP’@,SPYT%,Qn(A*))fstable, where Aipne s defined in
equation (6.16) .

Proof. Part ¢: by Theorem 9.1z, Vr} > r3 > r?  system (5.15) is (EPYT%,Epyrg)fstable.
Hence, by Theorem 12.2, VA > 2||GY || & (r3) , system (5.15) is (5P,r§, P2 Qn(A))-stable.
Since this property holds Vr? > rZ, then the (ERT%,EP’T%,Qn(A))fstability is guaranteed

VA > A,
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Part % is simply a restatement of Theorem 12.2 suited to system (5.15). m

The combination of Theorem 12 with the analysis result in the case of uniformly bounded
de (see Proposition 14 in Section 5.3.1) provides the following

Corollary 10 (Uniformly bounded qe) Under the assumptions of Proposition 14, let
Y = g. o C and denote by GY the input/state operator associated to system (5.14), then
Vr? > and VA > 26D Ey , system (5.15) is (Epy2, Epy2, Qu(A))—stable.

Proof. It is a direct consequence of Proposition 14 and of Theorem 12.2: it is sufficient to
notice that VQ C R™, it holds that &(2) < Ep. Indeed, Vz € R", ||ge(Cx)||2 < Ey and
VzeR™, [lz]c < [lz]2. =

As already noticed, Theorem 12 is a weaker result than Theorem 9 , because practical stability
properties are a priori assumed for the closed loop dynamics (6.14). A stronger result can
be instead proved for single—input reachable systems. In this case, in fact, practical stability
properties are derived by a small-gain condition in ¢; without a priori stability assumptions
on the closed loop dynamics. Moreover, the stronger notion of (Xy, 2)-stability is ensured.

Proposition 19 (Small-gain in ¢;: (Xj, Q)—stability analysis of single—input rea-
chable systems) Let us consider a single—input linear system
xz(t+ 1) = Fx(t) + Be(t)
y(t) = Cx(t) (6.21)
z€R", eeR, yeRe,
where the pair (F,B) is assumed to be in the controller form (see equation (3.1) in Sec-

tion 3.1.1). Let 2" — fo,2" ' — ... — foz — f1 be the characteristic polynomial of F and
suppose that =1 | |fil <1. For a given q.: R — R, consider the control law

e(t) = qe(y(t)) :
the corresponding closed loop dynamics is
z(t +1) = Fa(t) + Bg.(Cx(t)) . (6.22)

Let ¢ :==qeoC : R® = R and denote by ~.(A) the generalized {s—gain of the function 1 .
Then, the following properties hold for system (6.22) :

1) YA >0 such that

Qn(A) is positively invariant;
w) if Ag > 0 is such that

<1, (6.23)
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then it is well-defined

Ainf::{max{A<Ao|7f(?c):1} if {A<AO|%?¢):1}7£®

(6.24)
otherwise ,

and ¥ A, €A, Ao], the system is (Qn(AO), Qn(A*)) —stable.

Proof. For A > 0, let ¢(A) := fA + 28T (A). The following properties hold for ¢:
#(A) > 0 and it is a non—decreasing and right continuous function (it is a consequence of
f >0 and of the analogous properties of &1 ); for f € [0,1],

(A
B(A) < A Z(_f)<1; (6.25)
also, for A >0, ¢(A) <A & Vfg—?)gl which is equivalent to
A + A Ye(A)
— A) < — <1. 2
f2+£’()_2<:>1_f_ (6.26)

To prove part 2, let A > 0 be such that 'Yf(fﬁ) <1 and z € Q,(A): because the system is in

controller form, the positive invariance of Q,(A) is guaranteed by showing that |25 < £
(see equation (3.4) in Section 3.1.1). As z}, =31, fiz; + ¢(z), then

IN

flizlloo + &(A) <
flzlloe +&F(A) <

f3+6ET(A) <

A
2

23|

IN A

IN

where the last inequality holds thanks to (6.26) .

To prove part 22, let Ay > 0 be such that the small-gain condition (6.23) holds. In this
case, we can apply Lemma 11 of Section 4.1: hence, the sequence {Ay}ren defined by
Agy1 := ¢(Ag) is non—increasing and, as in the proof of Theorem 12.22, equation (4.4) and
relation (6.25) imply that limg_, 1o Ax = Ajp, with Ay as defined in equation (6.24).
Let A, €]Ajnf, Ag]: by Lemma 11, 3m € N such that Ay < Ay < A, Let us show
that, VA € [Ajnf, Ao], Qn(A) is positively invariant. Indeed, ¢(Ainf) = Ajy and, again
by Lemma 11, VA €]Ajys, Ao, ¢(A) < A: the positive invariance then follows by rela-
tion (6.26) and part . Now, to prove the (Qn(Ao),Qn(A*))fstability, it is sufficient to
show that, Yk =0,...,m — 1, system (6.22) is (Qn(Ak), Qn(AkH))fstable. This property
holds true because Vk € N, if 2(0) € Q,(Ag), then z(n) € Qn(Ak+1). Let us prove this
fact: since the system is in controller form, it is sufficient to show that, Vz € @Q.(Ag),
lzt| < % . Following the same arguments used to prove part 1,

P(Ak) _ At

A
H<rEEpetay = = .
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Remark 29 In Proposition 19, the {so—norm of the input/state operator associated to sys-
tem (6.21) does not explicitly appear in the small-gain condition (6.23). Nevertheless,
%l(fAfO) < 1 is a small-gain condition in £ because, by Proposition 17 in Section 6.1.1,

it holds that [|G" e < 25 -

6.2.2 Practical stabilization of quantized input systems via £;—control: the
hypercubes technique seen as the control synthesis in ¢,

Let us illustrate how the theory on the small-gain in the functional space ¢; can be prof-
itably used to address the practical stabilization problem for quantized input linear systems.
Consider a system

(6.27)

xzt = Az + Bu
reR" ueld CR™,

where the pair (A, B) is supposed to be stabilizable and U is an assigned quantized set. As
in Section 5.3.2, suitable adjustments of the proposed arguments allow one to deal with the
case where also U can be chosen, nevertheless, the details of this problem are not discussed
here.

We search for a constant feedback matrix K € R™*" and an input quantizer ¢, : R™ — U
so that the control law u(x) = q,(Kx) practically stabilizes system (6.27). As usual, with
the quantization error g, : R™ — R™ defined by ¢.(y) = qu(y) —y (see Definition 4 in
Section 2.1), the closed-loop dynamics induced by u(x) is

v7 = (A+ BK)x + Bq.(Kx).

The practical stability analysis of this system can be done taking advantage of the results
presented in the previous section, it is sufficient to let F := A+ BK, C := K and ¢ =
geo K : R" - R™.

We propose two main solutions to the practical stabilization problem:

1. Control synthesis in Hoo and mized Hoo/l1 closed loop analysis.
The synthesis of the controller is done according to the small-gain theorem in Hy, (i.e.,
following Procedure 1). This yields a practically stable closed loop dynamics that can
be analyzed with the mixed H./¢1 tools (namely, through Corollary 9 or Corollary 10,
depending on the structure of U ).

2. Mized Hy/l1 control synthesis and mized Hy /¢y closed loop analysis.
In view of Theorem 12, the control synthesis step of Procedure 1 (i.e., step 2) can be
modified so as to guarantee that, not only the H,,—norm of the closed loop system is
below a desired threshold guaranteeing that the small-gain condition is met, but also
the /,—gain of the corresponding input/state operator is minimized (so as to reduce
the size of the final hypercube Qn(A*)). Namely, step 2 is replaced with
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2. Mixed Hu/l1 control synthesis: let v, < i , find K € R™*™ such that

K = argmin 1G] + (6.28)
X € R™*"  such that
A+ BX is Schur
1Gxlloo < Voo

where Gx(2) = X(21—A—BX)™'B and G is the input/state operator of
the system (A + BX,B,I).

As in the former solution, the closed loop dynamics is then analyzed with the mixed
Hy /t1 tools.

In order to implement these solutions, one has to supplement the discussion on the imple-
mentation of the practical stabilization procedure presented in Section 5.3.2 with the aspects
related to the ¢; theory. Specifically, the first solution requires the analysis of the /,,—gain
of the input/state operator associated to the closed loop dynamics and the analysis of the
function v (in particular, of its generalized f.,—gain). For the second solution, it is also
necessary to solve problem (6.28) .

The analysis of the f.—gain of the closed loop linear system has been extensively discussed
in Section 6.1.1. Efficient numerical methods are also available (see [6, 58]) . Similarly to the
study of the external gain (see the implementation of step 1 of Procedure 1), the analysis
of 1 is mainly a geometric issue that, in principle, can be done for any 1 (hence, for any
input quantizer). However, for general input quantizers and large dimension of the input
space, this analysis may be quite involved. At the end of this section, in Example 28, we
explicitly analyze 1 = q. o K when ¢, is the quantization error associated to a logarithmic
quantization of R. Finally, the one in equation (6.28) is a special kind of mixed H /{1
control problem. In this thesis, we do not go into the details of this issue and we let it as
an open point for further investigations. Here, we limit ourselves to mention that, in the
framework of multi—objective control, there is a certain amount of literature dealing with
mixed Ho/¢1 control problems (see [23, 37, 121]). Moreover, for the study of this problem,
one can make the most of the equivalence between the H,, and the ¢;—norms of externally
positive SISO systems (see Lemma 18) . An associated open issue consists in the study of the
the mixed Hy,/¢1 control problem under the supplementary constraint that K is a feedback
gain ensuring external positivity properties for the closed loop dynamics.

Details on the implementation of the two solutions can be found in Example 29 at the end
of this section where a comparison between the two approaches is presented.

Both the stabilization methods that we proposed rely on the control synthesis in H., . Indeed,
in order to apply Theorem 12, the closed loop dynamics must have a priori known practical
stability properties and Theorem 9 does provide them. In accordance with the corresponding
result on the practical stability analysis, the practical stabilization problem for single-input
reachable systems, instead, can be addressed entirely relying on ¢; theory. This result
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is presented in Theorem 13 below and, not only it provides an interpretation in terms of
a control problem in ¢; of the stabilization technique based on the analysis of controlled
invariant hypercubes presented in Theorem 6 of Section 4.1, but it also extends that approach
to a wider class of controllers (rather than to the quantized deadbeat only).

In detail, let us consider the practical stabilization problem for system (6.27) where m = 1
and the pair (A, B) is reachable. Without loss of generality, we assume that the system
is in controller form (see equation (3.1) of Section 3.1.1). If K € R'*" is such that the
matrix F := A+ BK satisfies f:= > I, |fil <1, where 2" — f,2" 1 — .. — for — fi is
the characteristic polynomial of F', then the practical stability properties of the closed loop
dynamics arising from the control law u(z) = g, (Kx) (for some input quantizer ¢, : R — U )
can be analyzed through Proposition 19. However, this approach has a drawback: in fact, in
the small-gain condition %ﬁ) <1 (see equation (6.23)), the dependence on the control gain
K is not limited to the term concerned with the £,,—gain of the ideal closed loop dynamics
(i.e., ﬁ) but also involves the parameter that takes the quantization error into account
(i.e., fye(A)). When ¢, is a nearest neighbor quantizer, it is possible to obtain a more
general practical stabilization result where the small-gain condition ’Yf(f?) < 1 is replaced
by a similar condition but the dependence on K is restricted to the term taking the ideal
closed loop dynamics into account. To state the result, we refer to the definition of p(4Ay),

M(Ap) and m(Ap) given in Section 3.1.1.

Theorem 13 (Small-gain in £;: (Xo,2)—stabilization of single-input reachable
systems) Consider system (6.27) , assume AOQ (see equation (3.1) in Section 3.1.1) and that®
=" la;| > 1. Let K € RY™ be such that F := A+ BK satisfies f:=Y 1~ |fi <1.
Consider Ag > 0 such that

m(Ag) < —%(a -1) (6.29a)
M(Ag) > %(a -1) (6.29b)
p(Ao) < (1= f)Ao, (6.29¢)

assume that” U = U(Ag) and let q, : R — U(Ao) be a nearest neighbor quantizer. Then it
18 well-defined
Aune(f) = max {A < Ag [ p(A) = (1 A} (6.30)

and ¥ A, €]Aine(f), Ao], the control law u(z) = qu(Kz) is (Qn(Ao), Qn(AL))-stabilizing.

Proof. The proof is reported in Appendix A.5.4. It is based on arguments similar to those
we used to prove Theorem 6 in Section 4.1, as well as Theorem 12 and Proposition 19.22 in
Section 6.2.1. =

In conditions (6.29), f is the only term which is depending on the design parameter K .
Conditions (6.29a-b) are concerned with the structure of the quantized control set ¢ . Thus,

5The case o < 1 is trivial because, by Lemma 28 in Appendix A.5.1, the matrix A is Schur and u(t) =0
guarantees asymptotic stability.
" As far as the assumption U = U(Ao) is concerned, see the discussion in Remark 14 of Section 3.2.2.
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similarly to the practical stabilization via the H.,—control, the analysis of the nonlinearity
due to the quantization error can be carried out apart from the problem of the design of the
control gain K . Namely, if the quantized control set U is assigned, the search of K so that
desired practical stability properties are ensured only consists of satisfying condition (6.29c)
or, in other words, of finding K such that ﬁ , and hence the f,—gain of the input/state
operator associated to system (6.21), is sufficiently small.

Remark 30 (Optimality of the quantized deadbeat controller) Let Ag > 0 be such
that conditions (6.29) are satisfied for some fe [0,1]. For such a Ay, by equation (6.30),
Aint(f) is an increasing function of f. Hence, the size of the final invariant hypercube within
which convergence is guaranteed by Theorem 13, starting from Qn(Ao), can be reduced by
choosing a control gain K making smaller the corresponding value of f. In this respect,
the optimal choice of K , i.e., the one minimizing Awe(f), is the deadbeat controller K =
(—a1 —ag -+ —ayp): in this case, in fact, f =0.

Let us clarify the relation between the small-gain condition Vel(fAfO) < 1 and conditions (6.29) .
Let Ag > 0 and assume that U = U(Ag): because ¢, is a nearest neighbor quantizer and
Ve Qnl), Kz < ||K||Oo% , it is straightforward to see that

A A A
5 (80) = max {220 K[ 52 - M(80), m(a0) + 1K 50}

This means that one condition in terms of &7 (Ag) can be expressed as three conditions
involving p(Ag), M(Ap) and m(Ap). Hence, taking advantage of relation (6.25),

m(Ag) < =52(f + [ K]loo — 1)
<1 = fAg+261(Ag) <Ag = { M(Ag) > 42(f + | K|l — 1)
p(Bo) < (1= f)Ao.

Finally, as Vi=1,...,n, a; = fi— K;, then a < f+| Ko so that the small-gain condition

LAfO) < 1 implies conditions (6.29). In particular, the latter conditions are less restrictive

Ye(Ao)
1-f

1—
and the range of applicability of Theorem 13 is wider than the range of applicability of the

practical stabilization technique which is based on a direct application of Proposition 19.

Example 28 (Analysis of 1 for logarithmic quantization of R) Let ¢, : R — U be
a logarithmic quantization of R with parameters (ug, @) (see Definition 8 in Section 2.1) and
ge be the corresponding quantization error. Let K € R'™™ and ¢ :=q. 0 K : R* - R :

1) For a given R™ "™ > P >0, the function &(r3) := &(Epyz) 15 continuous and, with

w1 = \/roKP 1K',
it holds that
H1 if <%

E(r3) =
? max {% , %%9"(%)  Jughm )+ — m]} otherwise,

(6.31)
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o = 9+1 and n(p) := {log(; %J )
w) For A >0, the function &(A):= &(Qn(A)) is continuous and, with

where 7,

A
o 1= K ooy
it holds that
12 if p2 <G
E(A) = (6.32)
max {7 s Ve (GH)H" K2) i)+l ug\} otherwise.
The proofs of these facts are reported in Appendixz A.5.4 . &

Example 29 Let us consider again the quantized input system studied in Example 22 of

Section 5.3.3:
xt = Az + Bu = ( f)l 5}2>1:—|— ( ; )u

u€eUCR,

where U is a logarithmically quantized set with parameters (ugp,0) = (1, 2).

For the solution of the practical stabilization problem, three cases are considered: in cases 1
and 2, we perform the control synthesis in Hy, followed by a mized Hoo/l1 analysis of the
resulting closed loop dynamics. Specifically, we consider the controllers designed in cases 1
and 2 of Example 22 and we supplement the closed loop analysis with the results based on the
small-gain in £y (i.e., with Corollary 9). In Case 3 instead, we perform a mized Hs /01
control synthesis followed by a mized Ho/l1 analysis of the closed loop system.

Let K = (K; Ko) € RY™2 be such that A+ BK is Schur. As usual, we consider a control
law u(z) = q,(Kz), where g, is a nearest neighbor quantizer. The transfer matriz G (z)
of the closed loop system (A + BK,B,I) can be easily computed to be

I S
Z—(2+K1+2K2)

2
Z—(2+K1+2K2)

G =

In particular, 2 + Ky + 2Ky is the only pole of the closed loop system. Therefore (see

Section 6.1.1),

2
= , 6.33
19 1— 2+ K + 2K, (6:33)

Case 1: in case 1 of Example 22, the control gain is K = (0.6645 —1.3289). This K has
been designed so that ||Gk|leo is close to ~int, where

Yint = inf{ |Gk |loo | K € RY2 s such that A+ BK is Schur} =2. (6.34)
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Namely, we have chosen an “authoritative” controller: for such a K, we have ||Ggllco =
2.0066 and [|Grllos - 7e = 0.6687 . With

P 0.7990 —0.9630
| —0.9630 1.9992

and 7"12 = 4.0579, we have found that ¥Yri > r3 > r? , the resulting closed loop dynamics s
(SP’T%,SP’TS)fstable. The semi~axes of the final invariant ellipsoid &, 2 are

s1 = 3.9170
so = 1.2655.

Let us complete the analysis through the application of Corollary 9 to the closed loop system

(where, as usual, F= A+ BK, C=K and ¥ =q. oK ).

Consider Corollary 9.1 let us compute Ay = inf 2/1G0||e&(r3) as in equation (6.20) .
TE>T]

By equation (6.33), it holds that |G |lsc = 2.0133. As far as &(r3) is concerned, we
are in the right framework of Example 28: in particular, because &(r3) is continuous and
non-decreasing, then inf &(r3) = &(r?) . Hence, by equation (6.31),

Ty>T]

Ay = 2|60 |e& (1) = 2.0133.

In this case, it holds that Ay = |G\ || just because &(r?) = 1/2. We will see in next
cases 2 and 3 that, in general, this is not true.

Consider Corollary 9.4 : let us check if the small-gain condition is satisfied. In Example 28,
we have shown that &(A) is continuous, therefore &1 (A) = &(A) and v.(A) = é;(—/%). By
equation (6.32), one computes &(A1) =1/2 and (A1) = 1/A1, hence

IG5 Nl - Ye(A1) = 1.

Thus, Corollary 9..1 cannot be applied.

Final result: with u(x) = q,(Kz), Yr? > 4.0579 and YA > 2.0133, the closed loop dynam-
ics s (EP’T%,SP’T%, Q2(A)) —stable.

In order to appreciate the contribution to the closed loop analysis brought by the application
of the £y theory, let us compare the diameters of the final hypercube Q2(A1) and of the
final invariant ellipsoid E,,2. The half diagonal of Q2(A1) is A1/V2 = 1.4236 whereas
the largest semi—axis of Spy;g is s1 = 3.917. Fig. 6.3 provides a visual representation of
such an improvement. It is also reported the simulation of a closed loop trajectory that bears
evidence of the non—conservativeness of the obtained result. Notice that Q2(Ay) is not pos-
itwely invariant but, eventually, the trajectories are guaranteed to remain confined therein
(see Remark 1 in Section 2.5.1).

Case 2: in case 2 of Example 22, the control gain is K = (0.5294 — 1.0588). This K
has been designed so that ||Gklloo - Ye = 0.9 (||Gklloo = 2.7 ), namely we have chosen a less
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Figure 6.3: Comparison between the final invariant ellipsoid &, .2 and the final hypercube
Q2(Aq) in case 1 of Example 29 (control synthesis in H and mixed Ho,/¢; closed loop
analysis) . Representation of the trajectory starting from x(0) = (—2.48 3.57).

“authoritative” controller. With

p_ 0.3957 —0.7764
| —0.7764  1.5638

and r? =1.0420-10*, we have found that ¥ r? > r3 > r2 , the resulting closed loop dynamics
is (EP,T%, Ep,r%)fstable. The semi—azes of the final invariant ellipsoid £, .2 are

s1 = 1126.8
So = 73.1.

Let us complete the analysis by taking advantage of Corollary 9. By equation (6.33), it holds
that HQ%)HOO = 3.4001 . With the same arguments of case 1, the application of Corollary 9.1
provides

A1 =2||GP | (r}) = 153.0816 .

As for the application of Corollary 9.41, by equation (6.32), one computes &(A1) = 17.0424
and ve(A1) = 0.2227. Therefore,

1GP oo - Ye(A1) = 0.7571 < 1

and the small-gain condition in f1 is met. In order to determine ¢ (see equation (6.16)) ,
according to Lemma 11, we can follow an iterative procedure: the sequence defined by Ak =
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2/|G |oo & (Ag) (see equation (6.18)) converges to
Aijpr = 108.8029.

Final result: with u(z) = q(Kz), ¥Yr? > 1.0420-10* and VA, > 108.8029, the closed loop
dynamics is (51:,7«%: P2y Q2(A,)) —stable.

Not only the final hypercube Qao(Aint) is such that® Qa(Ampmg) C SRT? , but also the comparison
between the largest semi-axis s1 = 1126.8 of &2 and the half diagonal Aing/V2 = 76.9353
of Qa2(Aint) gives evidence of the improvement to the stability analysis brought by the appli-
cation of the £1 theory.

Case 3: let us solve the problem through mized Hx /¢y control synthesis.

In this example, problem (6.28) is equivalent to a simpler problem where Gx(z) and G (2)
can be replaced with a unique SISO operator. In fact: by equation (6.33), |G |lco =
(siso) (siso) L 2 _ —2 (siso)
HgK ||007 where GK (Z) = m, and GK(Z) = Z—(Q-l—K—l-‘rQI(Q) _GK (Z)
Therefore, the one in equation (6.28) is equivalent to the following problem: for ~v., < &=

Ve’
find K € RY™2 such that

K= argmin 1G5 0o - (6.35)
X € RY™™2  sych that
A+ BX is Schur
1GE* Moo < Yoo

Furthermore, because the system is SISO, by Lemma 18 it holds that ||G'%* ||lso < 1G5 ||oo -
Hence, Vo > Yint = 2 (see equation (6.34)) , the solution to problem (6.35) is given by

(siso)

K= argmin 1G5 |0 -
X € RY™2  sych that
A+ BX is Schur

According to equation (6.33), a solution is K = (0 — 1) which yields

195 lloe = G oo = 2 = Yint -

(siso)

Actually, because it is a first order system, it holds that |G|l = |G%*7|lee for any
stabilizing K € R1%2 .

For such a K, let us analyze the closed loop dynamics induced by u(x) = q,(Kx). First,
according to the Hoo analysis we find that, with

p_ 3.7165 —1.7587
\ —1.7587 2.0785

SThis can be easily verified as Q2(A) C Ep,2 & &= (Pi1+ Pap +2|Pan]) <r°.
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Figure 6.4: Comparison between the final invariant ellipsoid &, ,> and the final hypercube
Q2(Ajnt) in case 3 of Example 29 (mixed Ho/¢; control synthesis and mixed Hy,/¢1 closed
loop analysis) . Representation of the trajectory starting from z(0) = (—2.48 3.57).

and r? = 41.7306, Vr? > r3 > 12, the closed loop system is (Spﬂrf,gp’rg)fstable. The
semi—azxes of the final invariant ellipsoid &, .2 are

s1 = 6.6017
so = 2.9371.

The completion of the analysis with the {1 theory yields the following results:
A1 = 2G| (r7) = 7.1457;
the small-gain condition in 1 is satisfied because
1G5 lloo - Ye(A1) = 0.5598 < 1;
finally, with the iterative method described in case 2, we compute
Ajpr = 2.

Final result: with u(x) = q,(Kx), Vr? > 41.7306 and ¥V A, > 2, the closed loop dynamics
is (Epyr%, Epr2; Q2(A)) —stable.

Also in this case, Q2(Aing) C Spyriz. The comparison between the largest semi—axis s1 =
6.6017 of &£,,2 and the half diagonal Aint/V2 = V2 of Qo(Aing) gives further evidence of
the z'mprovemelnt brought by the application of the €1 theory. This is shown also in Fig. 6.4 .
In the figure, the simulation is reported of the closed loop trajectory corresponding to the same
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initial condition considered in case 1: the comments we made to Fig. 6.3 are valid also for
this case.

Notice also that, compared with the previous cases, the mized Hy, /€1 control synthesis yields
the best stability result, that is the size of the final hypercube is minimized (even if there is only
a slight improvement with respect to case 1). Actually, taking advantage of the fact that the
non-reachable dynamics of the system is vanishing and applying Theorem 3 of Section 3.1.2
to the first order system describing the reachable dynamics, it is not difficult to see that Q2(2)
is indeed the smallest ball in the infinity norm within which can be ultimately bounded the
trajectories of the system. &






Chapter 7

Performance vs complexity

In Section 2.4, an analysis was presented on the mutual dependence between performance
of a closed loop system and complexity of the corresponding quantized controller. The no-
tion of complexity of a quantizer has been introduced with reference to the problem of the
control under communication constraints. If the plant can exchange information with the
controller through a finite rate (noiseless) communication channel (e.g., because the plant
and the controller are remotely located, see Fig. 7.1), then the need rises for the encoding
of the variables into symbols suited for transmission over the channel. In order to reduce
performance deterioration, we want such an encoding to be so that transmission delays are
minimized. In this respect, as discussed at the end of Section 2.4, suitable analysis tools
should take the statistics of the symbols to encode into account. The study of the relations
between performance and complexity in this probabilistic framework is indeed the subject of
this chapter.

We consider scalar linear systems and we analyze the dynamics of probability distributions
when the system is controlled by a static quantizer. The probabilistic notion of practical
stability considered in this chapter is the so called mean—square practical convergence. This
property amounts to ensuring that, for any initial distribution belonging to a specified class
P, the energy of the evolved distribution definitively stays below a desired threshold. Many
quantized control strategies achieving this target can be found in the literature [29, 131,
17, 39, 45, 108], as well as in the previous chapters of this thesis. In this chapter, instead,
the focus is on providing the theoretical tools for the analysis of the achievable closed loop
performance according to the complexity of the quantizer. In such a probabilistic framework,
it is part of the problem to identify the suitable performance and complexity measures.

The study is developed so as to include the analysis of distributions with unbounded support.
There are two main reasons for this choice: first, it allows us to treat standard cases such as the
analysis of the evolution of Gaussian distributions; secondly, it makes the developed theory
ready for extensions to the case where also noise terms affecting the system are considered.
In fact, even under the assumption that the initial distribution has a bounded support, if the
presence of unbounded noise terms is included in the model (e.g., a Gaussian noise), then

179
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the evolving distributions have an unbounded support. Taking distributions with unbounded
support into consideration poses interesting issues from both the theoretical and the practical
point of view. In fact, whatever the control goal, an essential requirement is that the energy
(i.e., the mean—square value) of the distributions remains bounded during the evolution. As it
has been clarified in [89], when dealing with open loop unstable plants and distributions with
unbounded support, in order to keep bounded the energy, control laws taking infinite values
are necessary. Because we consider static controllers (as opposed to time—varying techniques
widely studied in the literature [123, 17, 125, 88, 89]) , infinite symbols are necessary to encode
the control values. This poses technical problems concerned with transmission delays caused
by the presence of arbitrarily long coding sequences, as well as theoretical questions on the
definition of a proper complexity measure for a controller (indeed, a cardinality function as
the one considered in Section 2.4 is no more meaningful) . The theoretical framework allowing
us to address these issues in a formal mathematical way is provided by the Information theory.
In particular, the measure of the coding complexity is a basic issue in Information theory and
its characterization is strictly related to the notion of entropy of a probability distribution.

Let us summarize the main contributions of this chapter. First, the complexity of a quantizer
is defined in terms of an entropy—like function H , the so called “coding complexity function”.
This function is defined through the solution of an infinite dimensional optimization problem
to which an explicit solution is not available. However, a detailed analysis of this function
is possible because a nice relation is proved between H and the Laplace transformation
of an easily computable function providing a geometric description of the quantizer. The
use of the Laplace transformation theory allows us to carry out the asymptotic analysis of
the coding complexity function for a wide range of quantizers. Secondly, a lower bound
on the achievable asymptotic value of the energy under an assigned quantization is found.
This result, which establishes a relation between steady—state performance and complexity,
is carried out by means of two Information theoretical inequalities: one that quantifies the
counteraction to the increase of entropy, due to open loop instability, that can be obtained

|

Channel

Finite Rate
Communication

oj|1(o|1|1(0|1|0

L

—| Controller

Figure 7.1: The control scheme considered in this chapter.
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through a quantized controller; the other one that relates the energy to the entropy of a
distribution. As for the analysis of performance in the transient behavior, we first show
that if monotonic decrease of the energy is desired, then the complexity of the quantization
must be at least that of a logarithmic quantizer. In the case of logarithmic quantizations,
an asymptotic analysis of the relations between complexity and performance in the transient
behavior is then provided. Finally, the applicability of the developed tools is borne out by
their use to analyze performance and complexity for the class of so called nested quantizers,
introduced in Section 7.5.

We remark that the case of scalar linear systems is considered because it already contains
the basic difficulties one encounters for more complex systems.

The chapter is organized as follows: in Section 7.1, basic facts on the notion of entropy
in Information theory are recalled. The considered models as well as the parameters to
measure performance and complexity are defined in Section 7.2. Subsequent Section 7.3 is
devoted to the analysis of the complexity measure function and includes the study of the
main quantizers considered in the previous chapters of the thesis. The relations between
complexity and performance are studied in Section 7.4. In Section 7.5, the analysis for
nested quantizers is presented.

Remark 31 (Notation) For the notation and terminology we refer to the homonymous
Section 1.5 in the introduction of the thesis, in particular to the paragraph “probability”.
Here, we stress that, differently from the usual convention in Information theory (where
logarithms are in the base 2 ), if not otherwise stated, the logarithms are in the base e.

7.1 The entropy in Information theory

Let us briefly recall some basic facts on the notion of entropy in Information theory. The
presentation is limited to the properties instrumental for the subsequent presentation, a more
comprehensive treatment can be found in [26, 52].

Definition 33 Let X : Q — X be a random variable taking values in a countable set X
and let X > x> p, € [0, 1] be its probability distribution. The discrete entropy of X is
defined by

H(X):=>  —pslogps.
TEX

The entropy of a random variable only depends on its distribution, therefore, more in general,

for a distribution defined on a countable set X 3 2z 2% p, € [0,1], we let H(px) :=

= wex Pzlogps.

By a discrete random source we mean a sequence {X;};cn oy of independent and identically
distributed random variables defined on some probability space ) and taking values in a
finite set X'. Let X > z+> p, € [0, 1] be the probability distribution of any of the random
variables defining the process and denote by H(X) the discrete entropy of such a distribution:
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H(X) is referred to as the entropy of the source. We think of this process as the model for
a device generating symbols according to some statistics. This process is the subject of the
remaining part of this section.

We are interested in the following problem: suppose that another finite set of symbols A is
given and that strings of symbols drawn by the source are to be transformed (say, encoded)
into strings of symbols from the alphabet 4. We want this transformation to be invertible
and so that the average length of the strings used to encode the symbols of the source is
minimized. This problem is one of the basic issues raising in communication theory, where
the symbols generated by some source (e.g., letters from the English alphabet or the elements
{Cu}ueu considered in Section 2.4) are to be transmitted through a communication bus
capable of handling symbols from the alphabet A (e.g., a digital communication channel
where A = {0,1} ). If only a finite number of symbols per unit of time can be transmitted
over the channel (namely, communication happens at a finite rate), then the average length
of the strings has to be minimized to reduce transmission delays.

Let us introduce the formal definitions and the main result concerned with the described
problem.

Definition 34 Let A be a finite set and consider A* := UneN\{o} A" . The elements of A*
are called strings of symbols in the alphabet A and are denoted by a. For a € A*, there
exists a unique n € N such that a € A" : such an n is called the length of the string a and
it is denoted by len(a) .

Let X be a finite set. A map ¢: X — A* is called a code for the set of symbols X . The
elements of the set ¢(X) are called codewords. For T = (x1,...,x,) € X", let ¢(z) =
(c(z1),...,¢c(xn)) € A*. A code c is said to be uniquely decodable iff ¢ : X* — A* is an
injective function.

Let X : Q — X be a random variable and let X > x +— p, € [0, 1] be its probability
distribution. For a given code ¢ : X — A*, let the average length of the codewords be

Ellen(c(X))] = >, cx pa - len(c(z)) .

Proposition 20 (Source coding theorem) Let X : Q — X be a random variable taking
values in a finite set and let X > x — p, € [0, 1] be its probability distribution. If ¢: X —
A* is a decodable code, then

H(X)

E[len(c(X))] > Tog(#A)

Moreover, if Vo € X, py, > 0, then there exists a decodable code ¢ such that
H(X)
E|(len(c(X < ———+41.
len(e(X)] < {0y
Proof. See, e.g., [26] or [52]. =

Thus, except for the constant factor 1/log(# .A), which could be incorporated in the defini-
tion of the entropy by taking the logarithm to the base # A, the entropy of X fixes a lower
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bound on the minimal achievable average length of the codewords. Such a lower bound can
be approached if the code is defined on X™ (for sufficiently large n) namely, if a so called
“block coding” of the source is done instead of considering the symbols one by one. In fact,
for n # 0, consider
XM 0 - an
w — (Xi(Ww),..., Xp(w)).

Proposition 20, applied to the random variable X (™ | ensures the existence of a coding

c: X" — A* such that E[len(c(X(”)))] < % + 1. By the independence of the

{Xi}ienm\(oy and standard properties of the entropy (see [26]) , it holds that E [len(c(X(”)))] <

n% + 1. Thus, dividing by n both sides of the inequality, we have

P Eflen(c(X™))] _ H(X) L1
e n “log(#A) n’

L,, represents the minimal average length of the codewords per symbol of the source. Hence,
by coding sufficiently long blocks (i.e., for sufficiently large n), such a length can be made
as close as desired to the entropy of the source.

The code minimizing the average length of the codewords is the so called Huffman’s code
(see [52]). It can be algorithmically constructed by the knowledge of the distribution of the
X;’s and it is such that long codewords are assigned to the least probable symbols and vice
versa. Actually, for our purposes, it is enough to know the minimal average length of the
strings rather than the code achieving such a minimum. Thus, entropy of the source contains
all the relevant information.

We are now interested in counting the codewords needed to encode a discrete source. The
number of codewords needed to encode the random variable X is (# X)". However,
this number does not take the statistics of the symbols into account. A fair way to include
statistics in the count of the codewords is provided by the so called asymptotic equipartition
property. In details, let py ) be the distribution of X (") by the independence assumption,
it holds that
X" 3 (21,...,xn) — pX(n)((:Ul, . ,ZL‘n)) =111 pg, -
In correspondence to the given process, consider the function

W: X — RT

r — —logpg
and the sequence of random variables {W (X;)}, eN\{0} It holds that
EW(X;)] = Y pe- W(z) = H(X).

reX

Consider the sequence of random variables {AE;) }n eN\{0} defined by Agﬁ) = w

By the weak law of the large numbers [50], it holds that
lim AW = B[V (X,)] = H(X),

n—-4oo
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where convergence is in probability. This limit can be equivalently expressed in the following
way: let

7™ = {(:cl,...,xn) x| |LY0, W) — H(X)| < e} -

= {('rlv e 7xn) € Xn ‘ ein(H(X)+6) < pX(”) (((1}'17 . an)) < 67”<H(X)76) }7 (71)
then Ve >0 and VJ > 0, dn such that Vn >n,
Pxx) (Te(n)) >1-—-96.

Thus, for sufficiently large n, most of the sequences of length n drawn by the source belong
to the set Te(n) : these sequences are referred to as typical. Moreover, equation (7.1) expresses
the fact that typical sequences are approximately equiprobable, say V(z1,...,x,) € Te(n),

Px ) ((xl, .. ,a;n)) ~ ¢ "H(X)  These two properties yield

# T ~ nHX) (7.2)

This means that, for sufficiently large n, the behavior of the discrete random source made
of the blocks of length n of the original process can be approximated by a sequence of inde-
pendent and uniformly distributed random variables taking values in a set made of e™(X)
symbols (this is a formulation of the “asymptotic equipartition property”). Taking the n—th

root in both sides of equation (7.2), we have

]\_fn = \n/ # Tﬁ(n) ~ eH(X) ,

where N,, represents the average number of codewords needed to encode each variable X;
of the source.
Notice that, if the random variables X; are not uniformly distributed, then H(X) <
log(# X) (see [26]) and
#Te(n) enH(X)
L xn " enlog(#X)

That is, for large n , typical sequences are a negligible portion of the total number of sequences

— 0 for n — 4+o00.

drawn by the source but they account for most of the probability: this gives a further mo-
tivation to the choice of counting the codewords needed to encode a discrete source through
# Tg(n) instead of # X™.

To recap, the entropy H(X) of the source is a measure of the minimal average length of the

codewords among decodable codes of the source. Moreover, eH(X)

represents, in the sense
of the asymptotic equipartition property, the average number of codewords needed to encode

each variable Xj;.

Remark 32 We have considered the case of a source made of independent and identically
distributed random variables. Actually, analogous results can be proved for more general pro-
cesses as, for instance, Markovian sources (see [52]). In particular, the asymptotic equipar-
tition property is based on the weak law of the large numbers, therefore it holds for a wide
variety of stochastic processes to which that law can be applied, such as ergodic processes.
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7.2 The measure of performance and complexity

Let us introduce the class of quantized systems considered in this chapter, then, for these
systems, we define the measures of performance and the notion of complexity of a quantizer.
With reference to the framework introduced in Section 2.4 , when analyzing the complexity of
a quantizer, what matters is not the knowledge of the function, but only to know the induced
partition. Therefore, in this chapter, quantizations keep up with locally finite partitions. We
limit ourselves to consider partitions of R made of intervals:

Definition 35 A partition of R of the type R = U,z Ix which is locally finite and such
that Yk € Z, I, is an interval of nonzero length, is called a quantization of R.

A quantization of R is denoted by Z = {Ix}rez. In compliance with Definition 35, all
along this chapter, by a quantizer we mean any function ¢ : R — U such that the induced
partition R = J,,{¢"*(v)} is a quantization of' R.

We consider a discrete time scalar linear system interconnected with a static feedback quan-
tizer v : R — U C R, namely:

= p(x) := ar + u(z), (7.3)

where |a] > 1. Let Xp: Q2 — R be a random variable (defined on some probability space
Q) representing the initial condition: X; = !'(X() represents the state of the process at
time ¢. The distribution of X; is denoted by p; while its mean—square value (or energy) is
denoted by &(uz) := [p x*dpy (when py is clear from the context, we also denote it by & ).
The initial distribution pg is supposed to belong to some class of probability distributions
P. We assume that P is closed under the dynamics ¢ (namely, pg € P = p1 € P) and
Ve P, E(u) < 4o0o. A class of distributions P with these properties is referred to as
admissible. Examples of admissible classes P are

Pan := {p € Pr(R) | E(p) < +oo}, (7.4)

or the space of probabilities that are absolutely continuous with respect to the Lebesgue
measure and having finite energy.

Definition 36 A quantized control law v : R — U is said to be Es,—converging iff the
closed loop dynamics (7.3) is such that Vo € P, limsup, ., & < Ex . We say that v is
mean—square practically converging if it is Eoo—converging for some Ex .

The quantity £, represents a steady—state performance measure of the closed loop system.
We are interested in analyzing also the transient behavior of this kind of dynamics. To this

'The terminology and the notation used in this chapter is slightly different from that introduced in Chap-
ter 2. In particular: since the elements of the considered partitions are intervals, they are more conveniently
denoted by I, instead of using the symbol C. Also the term quantizer is referred to a different notion from
that introduced in Definition 4: in fact, U is not supposed to be a quantized set but the induced partition is
required to be locally finite (and made of intervals) .
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end we consider a parameter related with the decaying rate of the energy. More precisely, let
Jo := [-710, r0] C R, for some rg > 0, and J. := R\ Jy. We assume that ¢ is such that
©(Jp) C Jp. In this framework we introduce the following

Definition 37 Let p € Pr(R), the external energy of p is defined by E.(u) == fJe x2du .

Clearly, if it happens that
Y €P, tLierOOSe(ut) =0,

then the control law is Ex,—converging for every €, > 73 . In this context a way to measure
the transient behavior is through

log e (put)

7. := — sup limsup (7.5)

HOEP  t—+00

which represents the worst case decaying rate of the external energy. Increasing positive
values of 7. correspond to faster convergence towards zero of the external energy.

Before introducing a measure of complezity for a quantized controller, the following prelimi-
nary remark is needed. Since the system was supposed to be open loop unstable, if the class
P contains distributions having unbounded support, a necessary condition for the mean—
square practical convergence is that the quantizer u takes infinite values. In fact, if U is
a finite set, then the induced quantization contains unbounded elements (namely, the con-
troller u(z) saturates) and the energy diverges [89]. Therefore, we tacitly assume that any
quantization Z = {Ij}rez considered in this chapter is such that Yk € Z, Ij is bounded.
The definition of a complexity function for a controller has been motivated in Section 2.4 with
reference to the coding problem. In Section 7.1, the coding problem has been also related to
the minimization of transmission delays which is a crucial issue in control. Let us follow the
approach taken in Section 2.4 and let us show how the theory presented in Section 7.1 allows
us to fit it to the probabilistic setting considered in this chapter.

In Section 2.4, the complexity function was defined by counting the number N (r) of control
values needed to deal with a system whose state belongs to a bounded set B, . Here, r may
be replaced by an energy value £ and B, by the family of probability distributions whose
energy is not larger than £. In this case, however, the natural choice of replacing N with
the worst case number of control values needed to deal with these distributions is meaningless
because the considered family contains distributions having unbounded support, thus requir-
ing infinite control values. As we have illustrated in Section 7.1, the count of the needed
control values may be more suitably done by taking the statistics into account as suggested
by the “source coding theorem” and by the “asymptotic equipartition property”. Therefore,
we define a coding complexity function H for system (7.3), as well as the corresponding cod-
ing cardinality function N, as entropy-like functions associated to the quantization induced
by w.
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Definition 38 (Coding complexity function) Let 7 = {Iy}rez be a quantization of R
such that Vk € Z, I, is bounded. Given a probability measure p € Pr(R), let p,z € Pr(Z)
be defined by puz := {u(Ix)}rez .- The coding complexity function H associated to I is
defined by
H: Rt — RF
£ +— sup H(puz). (7.6)

pnePr(R):

[r #2dp=¢€
Accordingly, the function N (€) := eM(€) represents the worst case average number of control
symbols necessary to encode a distribution having energy £ and will be referred to as the
coding cardinality function.
The coding complexity function is well-defined under suitable assumptions on the quantiza-
tion Z which are quite general and will be specified in next Section 7.3.1.

Remark 33 The definition of a coding complexity function has been related to the effect of
transmission delays on the dynamics of the system caused by the presence of arbitrarily long
coding sequences. In this chapter, however, we do not consider delays and the presented anal-
ysis is quite theoretical. Namely, the coding and delay issue are the motivation to introduce
the considered measures of complexity but, at this stage, there is mo code implementation.
Anyhow, the study of the coding complexity function has a central role in our analysis. In-
deed, not only this study is the first step towards the analysis in a more general case including
the effects of delays, but also it allows us to point out fundamental relations between the quan-
tization structure and the achievable performance in terms of the convergence rate 7. and of
the minimal asymptotic value of the energy E . These issues are illustrated in Section 7.4 .

7.3 The coding complexity function

7.3.1 Analysis

It is not apparent from Definition 38 how to analyze the properties of the coding complexity
function. In particular, the value of H(E) results from a maximization problem over a space
of probability distributions on R. We first show that the function H has an equivalent
definition involving a maximization problem over discrete probability measures only. For such
a problem an implicit solution can be found. Moreover, we introduce an easily computable
way to characterize the geometric structure of the quantization and we show that the relation
between the geometric structure of the quantization and the behavior of the coding complexity
function can be expressed in terms of a Laplace transformation. This is the fundamental step
which allows us to analyze the behavior of the coding complexity function associated to a
wide range of quantizers. A synthesis of the main results on the Laplace transformation is
given in Appendix A.6.1.

For the sake of simplicity, we consider symmetric quantizations?, that is: let Dr = {di}rez,

2This assumption can be removed, see next Remark 35.
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where dj, :=argmin |z| (namely, Dz is the set containing 0 and the extremes of the intervals
xefk
Ii.’s) , we assume that Dy = —Dz.

Since a quantization Z is a locally finite partition, we can suppose that the elements of Dz
are indexed so that Vk € Z, dy < dx41 and dp = 0. In particular, it holds that d_; = —dj .
The geometric structure of the quantization Z is described by the following function:

Definition 39 Given a symmetric quantization T , the function

g(x) :=# (DIﬁ 10, \/:E])
is referred to as the g—function associated to T .

It holds that Vk € N and Va € [df, d2 [, g(x) = k. Also, as the I}’s are bounded,

lim g¢(z) = +o00.
r——+00
In order to ensure the existence of the coding complexity function, we restrict ourselves to
consider quantizers u whose induced quantization Z is such that the growth of the dg’s is
at least monomial, namely

A1) 3\ >0 such that
— = 400. (7.7)

Assumption A1l can be equivalently formulated in terms of the g—function whose growth
must be at most monomial (see Lemma 32 in Appendix A.6.2):

A1) 3~ > 0 such that
TCI (7.8)

z——+oo 7
Such an assumption is a mild restriction, in fact all the typically encountered quantizers (such
as uniform and logarithmic ones) are included in our analysis.
Consider the following discrete version of the coding complexity function:
H: Rt — R*
& = sup H(p). (7.9)

PEPT(Z)
Yk d%pk:ff

The main result on the analysis of the coding complexity function is provided by the following
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Theorem 14 (Properties of H ) For a symmetric quantization I satisfying A1 the fol-
lowing facts hold:

1) H(E) =H(E) ;

1) The function H(E) is implicitly defined by the following system

H((8)) = log (1+20G(9)) + BE(B) (7.10a)
£(8) = —ddﬁ log (1 + 26G(5))

2(G(8) + BG(9))

= =156 (7.10b)
6>0.

where G(s) is the Laplace transform of the g—function associated to T .
w) E(B) is a decreasing analytic function with

limg_,o+ £(B) = +o0
{ limg_, 1 €(B) = 0.
w) H is analytic and % = (. In particular, H(E) is an increasing function. Moreover,
limg_,o+ H(E) =0
{ limg_ 4o H(E) = +00.
Proof. The proof is given below, after one preliminary result. m

Remark 34 By Theorem 141, E(B) is an analytic and invertible function having non
zero derivative, therefore its inverse ((E) is analytic. Parts w and w of the theorem can
be hence rephrased by saying that E(B) is an analytic diffeomorphism from RT to itself not
preserving the orientation and that, in the new coordinates, H is represented by the function

T 21
(9) = H(e() =tou 1 + 200(9) - *PSOLEEO).

In order to prove the theorem we shall make use of some concepts borrowed from the statistical

(7.11)

mechanics:

Definition 40 Let T = {Iy}rez be a quantization of R. Should the series ) ;. , e—Pd;
converge for some 3 € R, then it defines a function Z(B) which is called the partition
function associated to T .

Proposition 21 (Representation of Z as a Laplace integral) Consider a symmetric
quantization I satisfying assumption A1l. Then the partition function associated to I is
defined Y3 > 0. Moreover, the right half-plane of convergence of the Laplace transform
G(s) of the g—function associated to T contains {s € C|Re(s) >0} and

Z(6) = 1+26G(5).
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£

Figure 7.2: Typical behavior of the function H(E) .

Proof. Let ®(8) :=> (e Adi | by the symmetry assumption

Z(B)=1+20(9).

Assumption Al in the form of equation (7.7) implies that 3A > 0, M > 0 and kp > 0
such that Yk > kas, dp > MEN. In particular, e—ﬂdi < e BME? Gince VB3>0, 3k >0
such that Vk > k, e MK < —2 and > k2 is convergent, then ®(5), and hence the
partition function, is defined on ]R+ .

By assumption A1 in the form of equation (7.8), 34 > 0, ¢ > 0 and z. > 0 such that
Vo > z., g(x) < ex?. Hence, V3 > 0, G(f) = OJFOOg(x)e*ﬂxd:U < foxeg(x)efﬁ“”da: +
efxtoo e PPy < +o0.

Finally, let us show that ®(8) = SG(5). Indeed,

BG(B) = 5f e Prdy = By 08 d2k+1 g(m)e‘ﬁxd:n =

= B k:fd;‘“ e Prdy = S0 k(e Pd — ¢ P%ar),

Let us compute the partial sum of the latter series: = Z;qu_ol k(e‘ﬁdi — e‘ﬂdiﬂ) =
ZkN 11 e Pdi — (N = 1)e P4y . Hence, ®(3) — Sy = Zk Ne_ﬁdi + (N — 1)e P9 which
converges to 0 as N — +oo thanks to the assumption on the growth of the di’s. m

Remark 35 A representation of Z(3) as a Laplace integral can be obtained also when the
set Dz is not symmetric. To this aim call g™ (x) the function introduced in Definition 39

and let g~ (x) :=# (—DzN]0, Vx]) : it is easy to see that Z(3) =1+ (G (8)+G*(3)) .

We are ready for the
Proof of Theorem 14. We first prove the properties of the function H (i.e., parts w—wv)
as some of them are instrumental for the proof of part .

Proof of part w: the optimization problem in (7.9) can be solved via the use of Lagrange
multipliers. This yields that, for £ > 0, the maximizing probability measure results from
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the solution of the following system:

logpr, +1+a+Bd2 =0, keZ (7.12a)
Sppe =1 (7.12b)
S dipp=E. (7.12¢)

Solving equation (7.12a) for py, one gets py = ce=Pd; , with ¢ not depending on k. Such a
constant is determined by imposing the normalization condition in equation (7.12b). In this
way, an implicit solution for system (7.12) is

_ 1 s

(where the partition function is convergent thanks to Proposition 21). The multiplier 3,

which is necessarily positive, is determined by equation (7.12c), namely

2 —Bd2
> kez die 7

=£. 7.14
ez €% 71y
This equation can be written in the form
d Z'(B)
EB)=——logZ(B) =— . 7.15

Let pmax(€E) = {prtrez be the maximizing probability measure. By direct computation (i.e.7
plug the expression of the py’s given in equation (7.13) in the definition of the entropy and
take advantage of equation (7.14)), the corresponding value of the entropy is given by the
implicit expression

H (pmax(€)) = H(E(B)) =log Z(8) + BE(B) - (7.16)

Using the representation of Z as a Laplace integral, equation (7.16) can be written as

H(E(B)) = log (1 +26G(5)) + BE(H)
and equation (7.15) as

EB) = _ddﬂ log (1 + QﬁG(ﬁ)) :

this concludes the proof of part 2.

Proof of part wi: by equation (7.10b), the analyticity of £(3) is a consequence of the
analyticity of G(() which follows by Theorem 18 in Appendix A.6.1. Let us show that £(03)
is decreasing: by equation (7.15) we have %5(6) = —%% = —(%ﬂ — (%)2) = —(%/ —-&%).
Consider pmax(€) = {pr}rez and let pp, be the probability measure on Dz defined by

pp,(di) :=pi . Let D be a random variable taking values in D7 and distributed according
4@76d22

to pp, : by equation (7.14), & = E[D?] and %/ = Zie% = E[D%]. Hence, %S(ﬁ) =
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—(E[D*] — (E[D?))?) = —Var[D?] < 0.
Let us prove that limg o+ £(8) = +oo. According to Proposition 21, equation (7.15) can
be written as

_29°(B)
1+20(3)

where ®(3) = Y1755 e=Pd . Also, ®(3) = BG(B) and, by the “Final value theorem” (see
Theorem 20 in Appendix A.6.1), limg_ o+ ®(8) = +oc. We have hence to prove that
limg_, o+ —% = 400. Indeed, by assumption A1 in the form of equation (7.7), IA > 0
such that limy_. e % = +oo. Hence, VM > 0, Jky such that Vi > kyy, dp > ME>.
Let S(8) := S8t d2e P | then

£(B) =

wpy | SOISE, de

~35) = B(5) =

2
S(B)+M> 3% Kre M

(8)

542
S(B)+MK3} 3205 e pdy,

3(0) -
(5@ -Mr3 S ) a0 (8)
- (3)
(8) ’

v

Y

Y

where .7(B) := S(B8) — M?k3} Ziﬂfl ePdi . (3) is defined by a finite sum and has a
finite limit as 3 — 0T, therefore

/ A
lim inf — *'(0) > i Z(6) + MQk]QV[@(ﬁ)

im = M2E2).
g0t ®(B) T oot o() M

Since M can be chosen so as to make M 214:%/)[‘ arbitrarily large, the thesis follows.
Finally, let us show that limg .. £(8) = 0. Consider the expression for £(3) given in
equation (7.10b). By the “Initial value theorem” (see Theorem 19 in Appendix A.6.1),

lim BG(B) = lim g(x) =0, (7.17)

B—+o00 z—0t+

therefore limg_ 4. G(8) =0. Also,

lim BG'(0) = i BL[-2g(2))(8) = — lim zg(x) =0,

B——+o00 r—0t
where the first equality holds by Theorem 18 and the second one by Theorem 19. These
limits, applied to equation (7.10b), yield the result.

Proof of part w: we have already noticed in Remark 34 that part 222 implies the analyticity
of B(€). It then follows that H(E) is analytic because H(E) = H(B(E)) and H(B) (see
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equation (7.11)) is analytic by Theorem 18.
Using the expression for H(() given in equation (7.16),
dH(E) dH(B(E)) dH(B) dB 2 df  .df dE dp

i€~ de~ ap adgez g "CagPapae ="

because & = —% (see equation (7.15)).
By part we, limg g+ H(E) = limpg_ 0o H(E(B)) and limg_ ;oo H(E) = limg o+ H(E(B)) -
Let us compute these two limits.
By equations (7.11) and (7.17),
lim H(E(B)) = -2 lim B*G'(B).

B——+o0 B——+o0

Since G(f) =2, then

B2G(B) = () — @(5)
and, again by equation (7.17), limg_, . ®(3) = 0. It is hence sufficient to show that
limg_ o B®'(B) = 0. Indeed, BP'(3) = —> 12 ﬂdie‘ﬁd% : this series is uniformly conver-
gent on [1, +oo], thus?

lim Zﬂdz ﬁdk—z hm ﬂdQ —Bdi — .

f—-+o0 £

To compute the last limit, let us use the expression for H(5 (ﬁ)) given in equation (7.10a).
Since V3 > 0, BE(B) > 0, it is sufficient to show that limg_,q+ log (1+2ﬁG(6)) = +oo. This
holds true because we have already shown in the proof of part »: that limg_,g+ BG(B) = +o0.
Proof of part v: we first prove that H(E) > H(E) by showing that Vu € Pr(R) such that
Jg#?dp = &, it holds that H(p,z) < H(E). Indeed, given such a p, consider {pj}rcz =
Puz- Since & = [pa?dp =3, 1. *dp >3 dipy =& and H(E) is an increasing
function (thanks to part w), then H(p,z) < H(E') <H(E).

On the other hand, let p = {pi}rez be such that Y, d2py = £: it is easy to see that
Ve > 0, 3pe € Pr(R) such that p,.7 = p and [, 22dpe = £ + €. This implies that
Ve >0, H(E+e€) > H(E). Now, suppose by contradiction that H(E) = H(E ) — 4 with
0 > 0: by the continuity of H(E), Je > 0 such that H(E —e) > H(E) — 6. Hence,
H(E) > H(E —€) > H(E) — 0 which is a contradiction. m

Remark 36 In the proof of part w of Theorem 14, we have shown that limg_, B2G(B) =
0 wusing tools from elementary analysis. An alternative proof of this equality can be obtained
by resorting to the theory of the Laplace transformation as follows: let g(x) be a function
defined for x >0, Dg(x) is said to be a generalized derivative of g(x) iff

for >0, g(x)= lim g(x /Dg

z—0t

3 An alternative way to show that limg_ ., 3°G’(3) = 0, based on the theory of the Laplace transforma-
tion, is provided in Remark 36 at the end of the proof of the theorem.
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It holds that (see [35], Theorem 9.2, page 41) if g(x) has the generalized derivative Dg(x)
and L[Dg|(f) converges for some (>0, then G(3) converges too for such a 3 and

LIDg)(8) = BG(B) — lim g(a). (7.18)
Hence,
—limpoioo F2G(F) = —limsyo B(BG'(5)) =

= limg 4o B(BL[zg(2)](8)) =
= limg_ o0 B(L[D(2g(2))] (8
= limg_.1oo B(L[D(29(2))] (B

= lim, o+ D(zg(z)) =0,

(8) +lim, o+ 2g(x)) =
(8) =

where equality (a) holds by Theorem 18, equality (b) by equation (7.18) and equality (c) by
the “Initial value theorem”.

The study of the function H(E) is aided by the tools provided by the Laplace transformation
theory. As it is shown in next Section 7.3.2, this theory is particularly helpful to go into a
thorough analysis of the asymptotic behavior of H(E) as &€ — +oo.

Proposition 22 (Monotony with respect to the g—function) Let Z; and Iy be two
quantizations of R. Denote by g1 and g the corresponding g-functions and by Hy, and
Hg, the respective complexity measure functions. If gi(x) > ga(x) Yo > 0, then Hy, (£) >
Hg, (€) VE > 0.

Proof. Denote by dj; the elements of Dz,. The assumption gi(z) > go(z) Vo > 0 is
equivalent to assume that dy; < dy2 Vk > 0. Therefore, for p € Pr(Z), > .ds pr <

>k digpk and
HQQ (5) = sup H(p)

peEPT(Z):
Yk (ii,2pk=£

IN

sup  H(p)
pePr(Z):
T dj 1pR<E

= Hy (€),

where the last equality holds because, by Theorem 14.2v, Hg, (£) is an increasing function.
|

7.3.2 Asymptotic behavior of H(€): monomial and floating—point quan-
tizations

In this section we introduce two main classes of quantizers that extend the uniform and
the logarithmic quantizers defined in Section 2.1. By taking advantage of Theorem 14, we
analyze the asymptotic behavior of the corresponding coding complexity function.
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If D7 ={+dik* : k€ N}, d; >0 and X >0, then

g(z) = K;%)l/ﬂ : (7.19)

When A =1, 7 is a uniform partition of R with step size d;. More in general,

Definition 41 A quantization is referred to as monomial with parameters (\,[l) (with A > 0
and 1 > 0 ) iff the corresponding g—function is such that

oglx)
Ny

Proposition 23 (Monomial quantizations) If the quantization I is monomial with pa-
rameters (A1), then

lim N<€)

Lim TP =), (7.20)

where* c(\,1) := F(%) %(2)\ e)'/?A . In particular,

HE) 1

5—1>Too log€ 2\~

Proof. Thanks to Theorem 14, it is sufficient to prove that

)
ﬂli)l’gl+ W = C()\, l) .

According to the expression for H(£(3)) given in equation (7.10), we have to analyze the
behavior of G(8) and £(8) as  — 07 . By Corollary 11 in Appendix A.6.1,

lim (ﬁ),

G
—=1.
(L )8 (+1)

By Theorem 21.22 we also have that
GI
ﬁlim+ C) ( - )
—0 1 1 —(&+2
(5 + 1) T (5 +1) 57\

Thus (see equation (7.10b)),
. . 2B\ G(B)+BG'(8)
limg_o+ E(B) = limg_o+ _(1+2,8—G(m) -

_ _(1 + limg_, o+ %) -

1
o2

4See the definition of the function T'(x) in Section 1.5.
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To sum up,

(e®) (1+28G(8)) 5@

lim5_>0+ W = limﬁ_>0+ 5(ﬁ)1/2)‘

. 2/80/8 1/2X
= 11m5_>0+ (%)1/(2% ==

- zzr% + 1) (21e)/2) =
= A1),
where the last equality holds because I'(z + 1) = zT'(z). =

In the particular case of a uniform partition Z with step size dj, it holds that

V2re e
1

for & — 400, N(E)~ y

We now introduce the class of floating—point quantizers as a generalization of the logarithmic
quantizers. Let 6 > 1, (ng, M) be a pair of positive integers and R 3 ro > 0. Consider a
symmetric quantization Z such that [0, ro] is partitioned into ng intervals and Vh € N,
[rof" , 70601 is partitioned into M intervals. For z > r2 it holds that ro0" 1 < \/z < rof",
where h = [loge ‘/E] . Hence, Vx > 7“3,

0

vz vz
o 0

no —|—M<{log9 f] — 1) < g(z) < no + M|log, f}

and
lim 79(33) =

z——+oo (M /2)logy
Namely, the growth of the g—function is logarithmic and its asymptotic behavior only depends
on M and 6.
The case M =1 corresponds to a logarithmic quantization. When 6 € N and rqg = 6~™ for
some m € N, notice the analogy between the described quantization and the one induced by
a floating—point representation of the real numbers in the basis 6.
More in general,

Definition 42 A quantization is referred to as floating—point with parameters (M, 0) (with
M >0 and 0 > 1) iff the corresponding g—function is such that
9(z)

lim — 2%y
r—+to0 (M/2) logy «

Remark 37 (Floating—point quantizations are logarithmic quantizations) Notice
that a quantization is floating—point with parameters (M,0) if and only if it is floating—point
with parameters (1,0M) . In fact, (M/2)loggx = (1/2)loggir x .
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Proposition 24 (Floating—point quantizations) If the quantization Z is floating—point

with parameters (M, 6), then
N(E) M
im = )
E—+oo logE  logb

(7.21)

In particular,
. H(E)
im ————— =
E—+oo loglog &

Proof. The proof follows similar arguments to those we used to prove Proposition 23. The
details are reported in Appendix A.6.3. =

The theoretical interest of logarithmic quantizations has been repeatedly pointed out in
various parts of this thesis and, with reference to the small-gain theorems, has been discussed
in Example 3 of Section 2.3 as well as in Remark 24 of Section 5.3.2. Let us linger over
logarithmic quantizations and let us analyze the controllers built on logarithmically quantized
sets proposed in the previous chapters.

If u(zx) = qu(Kz), where ¢, is a logarithmic quantization of R with parameters (ug,@),
then the quantization induced by wu(z) is floating—point with parameters (1,0). In fact,
it is straightforward to see that D7 = {0 i2|K|} U { + u°2(|6K+|1 6" |h € N} In particular,
the asymptotic behavior of the corresponding coding complexity function does not depend

on uy and K. When K = —a (i.e., u(x) is a qdbfcontroller), the closed loop dynamics
has the following properties (see case 2 of Example 4 in Section 2.3.1 and Fig. 2.7): for
0+1 .
o > WO = ay, Jp(x)| < ofa|, where o = |al37}; for [a| > @0, |p(@)| = olz| in
correspondence of the discontinuity points of ¢. It is useful to summarize these properties

in the following

Definition 43 Consider system (7.3), for o €]0,1] and zo > 0, let 6 = }Ztg and
xp = x00", heN.

1) The quantized control law defined by

0 Zf T e [0 , 1’0[
u(z) = —sign(a)(|a| +o)zn if x € [zh, Thpa| (7.22)
—u(—2x) for <0

is referred to as a standard logarithmic quantizer of parameter o .

n) A closed loop dynamics x+ = p(x) as in equation (7.3) is said to be standard logarithmic
of parameter o iff xo > 0 such that ¥z with ]:1:\ > xq, it holds that |p(z)| < o|z| and for
x| > xo the set of the discontinuity points of p(z) is { £x¢0" |h € N\ {0}}.

By the definition it follows that, if ¢ is standard logarithmic of parameter o, then
VheN, limxﬁxz o(x) = —sign(a)oxy,
Vh>1, limxﬂx; o(x) = sign(a)oxy, (7.23)
Vh=1, |e(zn)| = |e(—zp)| = o .
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p(x)4 y=ox

Xo / T1 Xo

Figure 7.3: Closed loop dynamics generated by a standard logarithmic quantizer u(x) of
parameter o = 7/10 (a =5/2 and, accordingly, 0 ~ 1.78).

The closed loop dynamics induced the control law in equation (7.22) is standard logarithmic of
parameter o (see also Fig. 7.3). More in general, any control law u(z) realizing a closed loop

dynamics which is standard logarithmic of parameter ¢ induces a floating—point quantization
_ lato

~ a0

of parameters (1,6), where 6 . Accordingly, the corresponding coding cardinality

function N is such that,

1

for £ — 400, N(E)Nloge

log €. (7.24)

The decrease of o assures a faster convergence rate (i.e., a better transient behavior) , but it
produces the increase of the controller complexity (in fact, lim,_, o+ @ = +00): a detailed
quantitative analysis of this trade off is offered in Section 7.4.2.

Remark 38 Notice the analogy between the notion of standard logarithmic dynamics of pa-
rameter o and that of standard nonlinearity with natural external gain . given in Defini-
tion 28 of Chapter 5.3.

7.4 Performance vs complexity

In this section, we aim at highlighting relations between the behavior of the energy and the
complexity of the controller as measured by the function N .

7.4.1 Lower bound for the minimal asymptotic energy

Suppose that a quantization of the state space is assigned and that the designer is only
allowed to select the control values taken by the quantizer u within each element of the
quantization. In a mean—square practical convergence problem, the goal is to design u so
as to minimize £ (see Definition 36). Because of quantization, it is not possible to obtain
arbitrarily small values for £ . In this section, a lower bound for &, is provided which
depends on the dynamics of the system through a, and on the assigned quantization through
the corresponding coding complexity function H .
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Definition 44 Let X be a random variable taking values in R : if the probability distribution
of X s absolutely continuous with respect to the Lebesque measure and f is its density, the
differential entropy of X is defined by

B(X) = — /R f(x) log f(z)dx

(provided that the integral makes sense).

The differential entropy of a random variable X is a measure of the dispersion of its density
(see [26]). The increase of the dispersion caused by the unstable dynamics can be counter-
acted by control. However, the amount of contraction which can be obtained by a quantized
controller is bounded: this phenomenon can be quantified in terms of the following entropy
inequality

Lemma 21 Let Y = X +U where X is a continuous random variable having differential
entropy h(X) € R and U s a discrete random variable. Then,

WY) > h(X) — H(U).

Proof. See [46]. =

This inequality, together with an Information theory inequality relating the differential en-
tropy to the energy of the distribution, yields a lower bound on the attainable asymptotic
value of the energy. Indeed we have the following

Theorem 15 (Lower bound for £.,) Consider the closed loop system (7.3) and let H be
the coding complezity function associated to the quantization induced by w (which is supposed
to satisfy A1l). If the distribution g of Xo is absolutely continuous with respect to the
Lebesgue measure and h(Xp) € R, then

limsup_, ;o0 (1) > H 1 (log|al).

In particular, if P contains any probability as po above, then the closed loop system (7.3)
can not be Exo—stable for any Exo < H1(loglal).

Proof. Let U; := u(Xy), then
H(U) < H(E(m)) (7.25)

in fact: u(x) takes a constant value, say wuy, on each interval I, hence H(U;) < H(pu, 1)
(with equality if ki # ko = wg, # ug, ) and H(pp,z) < H(E(we)) by definition of H .
By X; = a'Xo+ Y./} a=""'U; , it follows that

t—1

h(X1) > h(Xo) +loglal = Y H(E (), (7.26)
=0
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in fact:
WX D h(a'Xo) — H(SCD a0 >
(g h(Xo) + log |a|l® — H(Uy,...,U;_1) >
2 h(Xo) +loglalf — S7L H(T) >
S (o) + loglal' — SELH(E Q)

where inequality (a) follows by Lemma 21, inequalities (b—c) follow by standard properties of
the differential and of the discrete entropy (see [26]), and inequality (d) follows by inequal-
ity (7.25).

The variance of X; is £(u;) —m? , where my := E[X;]. Since the Gaussian distribution max-
imizes the differential entropy among the distributions having the same variance (see [26]),
then h(X;) < %log ((2me)(E(u) —mF)) which, together with inequality (7.26), yields

2h(Xo) |a|2t

Zne oyl n(em)

€ 2

+my .

E(pe) =

If limsup,_, 4o E(u) < +oo, then I& such that Vi € N, E(uy) < €. Because H is an
increasing function, V¢ € N, H(E(u)) < H(E), hence

(eli‘;) )t +mi.

ezh(XO)

>
S(Mt) = ore

Since the sequence {€(¢)}en is bounded, then e2|;11|(25) < 1: by the monotonicity of H and

the fact that limg_ o+ H(E) = 0 (see Theorem 14), this is equivalent to £ > H!(log|al).
As a consequence, Ve > 0, the sequence {E(u¢)}teny cannot be definitively upper bounded
by H~'(log|a|) — €: the thesis follows. m

Remark 39 Because of quantization, even if E(uo) > 0 is arbitrarily small (e.g., po is
Gaussian with zero mean and arbitrarily small variance), the closed loop dynamics is so that
such a density spreads over and the energy increases at least up to H~*(log|al) .

7.4.2 The transient behavior and its relations with the controller complex-
ity: the logarithmic regime

According to the framework in which the performance parameter 7. was defined, let us
suppose that the closed loop dynamics 7 = p(x) in equation (7.3) is so that ¢(Jy) C Jo
for some Jy = [—7¢, ro] and that, with J. :=R\ Jy,

Vo € P, lim () =0.

The monotonic convergence to zero of the external energy is a desired property as it guarantees
practical stability properties (rather than mere convergence). We hence give the following
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Definition 45 Consider system (7.3), an external energy value n > 0 is said to be p—
invariant iff Yo € Pr(R) such that E(po) < n, it holds that E.(p1) < n. The external
energy is said to be monotonically decreasing iff ¥V g € Pr(R) such that 0 < E.(pp) < +00,
it holds that Ec(p1) < Ee(po) -

Clearly, the monotonic decrease of the external energy implies the p—invariance of any n > 0.

Lemma 22 Assume that p(x) in equation (7.3) is such that ¢(Jy) C Jo .

1) A necessary condition for the p—invariance of a value n > 0 of the external energy is
Va €. such that |z|> /1, |p(x)] < |z|.
1) A necessary condition for the monotonic decrease of the external energy is
Vo e e, o) <z
w) A sufficient condition for the monotonic decrease of the external energy is
Jdo <1 suchthat Yze ., |p(x) <oz,
in this case Ee(p1) < o2& (o) -
Proof. See in Appendix A.6.4. =

Remark 40 The external energy, and hence the performance parameter I, , has been defined
for closed loop dynamics ensuring that o(Jo) C Jo. This requirement is not restrictive. In
fact, similarly to Definition 45, one may introduce the more general concept of p—invariance
of the total energy as follows: an energy value n > 0 is said to be p—invariant iff ¥ ug € Pr(R)
such that E(po) < n, it holds that E(u1) < n. Then, following similar arguments to those
used to prove Lemma 22, it is easy to show that a necessary condition for a total energy value
n > 0 to be p-invariant is that ¥ such that |x| < /1, |¢(z)| < /n and Yz such that
lz| > /1, |e(@)| < |z|. Namely, the interval [—/n,/n] plays the role of Jo. In particular,

the property go([—\/ﬁ, \/ﬁ]) C [=/M,/1N] has to be guaranteed also in this (apparently) more
general case.

The main consequence of Lemma 22, is that requiring the ¢—invariance of a single value of
the external energy (and, a fortiori, requiring the monotonic decrease of the external energy)
entails that the controller complexity is at least that of a logarithmic controller. Indeed,

Theorem 16 ( p—invariance implies logarithmic complexity) Consider system (7.3),
assume that w(x) is such that ¢(Jo) C Jo for some Jy = [—ro, o] and that there exists a
value n > 0 of the external energy which is @—invariant. Let N'(E) be the coding cardinality

function associated to ¢ . Then
VE>0, N(&) = Na(é), (7.27)

where N (€) is the coding cardinality function associated to a closed loop dynamics which is
standard logarithmic of parameter o = 1. In particular, 3E* >0 and C > 0 such that

VE>E, N(E) > Clog€. (7.28)



202 CHAPTER 7. PERFORMANCE VS COMPLEXITY

Proof. Let g := max{rg,/n}: by Lemma 22.2 it holds that
if |z|>xo, then |p(z)|<|z|. (7.29)

For such an zp and o = 1, let ug(z) be the control law in equation (7.22). The resulting
closed loop dynamics is standard logarithmic of parameter o = 1. Denote by gg(z) the g—
function associated to the quantization induced by ug(z) and by Ng(€) the corresponding
coding cardinality function. Also, let g(z) be the g—function associated to the quantization
induced by u(z): because p(x) satisfies the property in equation (7.29), it is easy to recog-
nize that Vo > 0, gq(x) < g(z). Therefore, inequality (7.27) follows by the monotonicity of
H(E) with respect to the g—function (see Proposition 23).
The existence of £* > 0 and C' > 0 such that inequality (7.28) holds is a consequence of
inequality (7.27) and of the fact that, by equation (7.24) , for € — 400, Ng(€) ~ @ log€ .
|

The above theorem says that there is no control law u(x) which induces a coarser quantization
than a floating—point one and produces closed loop dynamics with monotonic decrease of the
energy. Actually, floating—point quantizations do indeed permit to obtain such behaviors.
This is the case, for instance, when () is standard logarithmic of parameter o < 1, in fact

the monotonic decrease is guaranteed by Lemma 22.222 .

For standard logarithmic dynamics, a thorough analysis of the measure 7. of performance
in the transient behavior is possible: this, together with the study of the relation between
7. and the behavior of N (£), is the subject of the remaining part of this section.

First, recall that 7. depends on the considered class of distributions P (see equation (7.5)).
Furthermore, 7. depends on the parameter o associated to the standard logarithmic dy-
namics: next Lemma 23 and Lemma 24 provide bounds for 7. that allow us to catch the

main properties of such a dependence.

Lemma 23 (Lower bound for 7.) Consider system (7.3), assume that p(Jy) C Jy for
some Jo = [—ro, ro] and that o < 1 such that Vz € J., |o(x)| < olx|. Let P be any
class of admissible distributions (see Section 7.2), then

T. > —2logo. (7.30)

Proof. By Lemma 22.221, E(py) < 02Ee(py—1) . Therefore, Vg € P, E(iy) < 02 & (o)
so that w <2logo + w : the thesis follows. m

In general, the lower bound provided by the lemma is conservative. For instance, in the
presence of a uniform partition of step size dj, it is possible to design a control law wu(x)
such that Vo € R, ¢(z) € Jo:= [ — |a‘2d1 , M%] : in this case 7. = +00. In the logarithmic

regime, instead, the following upper bound can be proved:

Lemma 24 (Upper bound for T.) Consider system (7.3), assume that ¢(Jo) C Jy for
some Jo = [—ro, o] and that ¢(x) is standard logarithmic of parameter o < 1. Let
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m(o) = {— 10g aj+o 0—‘ and P = Py (see equation (7.4)), then
la|—c

la| + o
la| — o~

T. < 2m(o)log (7.31)

Proof. The proof is much more involved than the one for the lower bound and it is given in
Appendix A.6.4. m

Thus, under the assumptions of Lemma 24,

T. < 2m(o)log {22 < 2( —logaj+o 0 + 1) log 277 =

e Jal= e (7.32)
= —2logo +2log Iztg = fi1(o),
whereas, under the assumptions of Lemma 23,
T. > —2logo := fa(o). (7.33)

Both fi(0) and f2(0) are invertible functions on an interval 0, o¢[, for sufficiently small
09 > 0. When both Lemma 23 and Lemma 24 hold, the behavior of 7, for o — 07 is well
described by the function fs and it is possible to establish a relation between 7. and the
behavior of the coding cardinality function.

Theorem 17 (Asymptotic trade off between complexity and performance) Consi-
der a family of systems

{x+ = @,(z) :=azx + ug(a:)}o_e}OJ[
of the type in equation (7.3) such that the following properties hold:

a) Vo €]0, 1], v, is standard logarithmic of parameter o ;
b) 3Jo = [—ro, 0] such that Vo €]0, 1], ¢s(Jo) C Jo;
c)Ve e J. and Yo €10, 1], |po(x)| < olz|.

Consider the functions fi(o) and fa(o) defined in equations (7.32) and (7.33), respectively.
Let P = Pan (see equation (7.4)), denote by T.(c) the measure of the transient behavior
for system xT = @ (x) and by N,(E) the coding cardinality function associated to the
quantization induced by us(z). Then,

) fo(0) < T(0) < fi(0), with limg_g+(fo = f1)(0) = 0 and lim,_g+ % = 1;

w) for € — +oo, Ny(€) ~C(o)log&, where

1

|a|+o

Clo) =
log o=

(7.34)

is such that, with C;(7T;) := C’(f-_l(’];)), i=1,2,

(2

C1(To(0)) < C(0) < Ca(To(o)) (7.35)
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and
for T.— +oo, Ci(T) ~ Co(T,) ~ @67‘3/2.

In particular, if Te(o) is an invertible function of o, then

{ for € — +oo, N(&)~C(T)logé (7.36)

for To — +oo, C(T) ~ ‘%leTe/Q,
where, with slight abuse of notation, we let C(71;) := C(o(Ze)) .

Proof. It is a consequence of the fact that Yo €]0, 1], the hypotheses of both Lemma 23
and Lemma 24 hold for ¢, . The details of the proof are reported in Appendix A.6.4. m

In brief, system (7.3), when controlled so that the closed loop dynamics is standard loga-
rithmic, shows an asymptotic trade off between complexity and performance of the type in
equation (7.36).

7.5 Example: analysis of performance and complexity for ne-
sted quantized control laws

The class of closed loop dynamics generated by nest—structured quantized control laws has
been studied in [45]. Let us analyze them in terms of the performance and complexity
parameters introduced so far.

Let the scalar dynamical system
T =azx+u

be such that a € Z, |a| > 1.
Consider a nest—structured quantized control law u : R — U defined as follows: let 6 > 1
be in the form 6 =1+ & for some v € N\ {0} and

2|52 if ze [0, d]
w(x) =4 0 -u(y) if xelft, 6], i e N\ {0}
—u(—z) if z<0.
As usual, denote by ¢(x) := ax + u(z) the corresponding closed loop dynamics. Let J; :=
[0, 0], i€ N,and J_j:=0: () is such that o(Jy) C Jo and

Vi>1, (i) CJia (7.37)

(see Fig. 7.4).
With reference to the terminology introduced in Section 7.2, we consider two classes of initial
distributions.
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Figure 7.4: The closed loop dynamics generated by u(z) when a =3 and 6 = 2.

Case 1: P = Ppyc, where

Powe 1= {11 € Pr(R)|E(n) < +00 and p= f(a)de with f(z) = S5 as- v, (@)}
namely, Ppwc is the set of probability distributions having finite energy and constant density
on Ji\Jifl, VieN.

Case 2: P =P (see equation (7.4)).

Both classes are closed under the dynamics ¢, therefore admissible.

7.5.1 Complexity analysis: N (&)

The controller complexity is represented by the coding cardinality function N (€) = eM(&)

associated to the quantization induced by w(z). Such a quantization is floating—point with
parameters (M , 9) , where, by definition of 6,

M= ]| = P“'(Z_ﬂ . (7.38)

Therefore, by Proposition 24,

|a[(6—1)
2

7.5.2 Performance analysis: £, and 7,

In both cases of P = Ppwe and P = P,y , we compute the transient performance parameter
7. and analyze the steady—state performance by finding the minimal value for £, such that
the dynamics ¢ is Ey—converging. As for 7., with J. = R\ [-1, 1] we are in the right
framework to define and analyze the behavior of the external energy.
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Case 1: 1 € Ppwe

For 1 € Ppwe we have

Proposition 25 For any initial distribution pg € Ppwe and Yt >0 it holds that E(ur) > %
and 1

In particular, the closed loop dynamics & = p(z) is Ex—converging if and only if Es > % .
Moreover,

T. =log(f*+0+1). (7.40)

In order to prove the proposition, it is useful to give an explicit representation of the Perron—
Frobenius operator associated to ¢ and describing the dynamics of the probability distribu-
tions p1 € Ppwe . Namely, to represent the linear operator F such that g1 = F ().
Suppose that at time ¢ the state of the process is distributed according to iy € Ppwe: we use
the infinite vector p(t) := {pi(t) }ien , where p;(t) := ut(Ji\Ji—1) , to identify p; . In this case,
the Perron-Frobenius operator can be represented as an infinite matrix F := {F j}; j)enz ,
that is:

p(t+1) = Fp(t),

where this notation means that Vi € N, p;(t + 1) = ;08 Fijpj(t). Simple calculations
show that
Foo=1
Foj =011 if j>1
0 = (7.41)
Fij=0-1)0"7 if 1<i<j
Fij=0 otherwise .

Let ( := {Gi}ien, where
=1
7.42
{ ¢ = CHOHL 21 for > 1, (742)

For a distribution p € Ppywe represented by the probability vector p = {p;}ien, it is straight-
forward to see that

+0o0
Ew)=¢ p= > Gipi-
=0

Given fi9 € Ppwe, the energy E(u¢) is shortly denoted by & . The energy at time ¢ 41 is
given by the expression

Er1=C-Fp(t).
Proof of Proposition 25. Let us start by analyzing the dependence of &1 from
& and p(t). Denote by ¢ the infinite vector such that® ej(l) = 0j;, then &4 =

1 if i=j

5
Wh dij =
ere O { 0 otherwise.
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¢- FY % pi(t)e® . Using equations (7.41) and (7.42), a direct computation allows one
to show that
for ¢=0

7o Fed) = .
¢ 621 for > 1.

Wl Wl

We can hence explicitly write & and &1 in the form

1 02+ 60+1<X
& = gpo(t) T3 > 62 Ipi(1) (7.43)
i—1
and
5t+1 - po Z 92 i- 1 (7.44)

Therefore, &1 — % po(t) = m(é’t — 1po(t)) and

L o O +0m()
02 +0+17" " 3602+6+1)

gtJrl - (745)
Since 6 > 1, then Vi > 1, (0> 40+ 1)92("*1) > 1. Therefore, by equation (7.43), & >
1 +oo . _ 1

3 iz Pit) = 5

By equation (7.45) we immediately get

1 &— 1 (0% +0)(po(t) — 1)

S | 302+ 6+ 1)

As po(t) —1 <0, then &4 — % < m (Et — %) and, because & — % > 0, it holds that

limt_>+oo 5t == % .

Let us show that 7. = log(6% + 6 + 1). Given pg € Ppye, the external energy E.(u:) is
shortly denoted by &.:. Notice that

Eet = & — Copo(t) ZQPz 0) (7.46)
thus (see equation (7.43)),

Eor = 92+9+1292Z Dpi(t). (7.47)
At time £+ 1,

“+oo
(a) () i+, (g) 1 2(i—1 —it1
Eett1 = &1 — Copo(t+1) = &1 — po +Ze = 3;(9 GV — 07 Npi(t)
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where equality (a) follows by equation (7.46), in equality (b) we used (o = 1/3 (see equa-
tion (7.42)) and the expression for F given in equation (7.41), and equality (c) follows by
equation (7.44). Thus (see equation (7.47)),

& 1
£ o Get = 9*141 (t
et+1 62+9+1 3; pl()
and Egpy1 < Wbﬂ&t from which it immediately follows that

T. > log(0*+ 0 +1).

To prove the equality, let us restrict to consider initial probability distributions pg € Ppwe
having exponentially decaying masses. More precisely, let p(0) be such that p;(0) = (1—q)¢’
for some ¢ €]0, 1[. The energy of this type of distribution is

—q)(0? 00 in2(i—
€0 = ¢ p(0) = G (Gl + 3 ¢'0207Y)

and it is finite if and only if ¢ < 0% .
Given such a probability distribution pg, the external energy at time ¢, which depends on
q, is denoted by &c+(q). The thesis is achieved by showing that

log get(Q)
t

— sup limsup —=log(0*+60+1).

q€]0, gy[ t—Foe

To this aim, it is useful to introduce the following block decomposition: let p* := {pi}ieN\{O}
and ¢*:= {G}iem{oy - For ¢ €]0, 5[,

_ _ po(0) \ _ po(1)
pm‘f“m‘f<w@>‘(xww@>’

q(f —1)
0—q ’

p(t) = ftp(o) = ( )\(f)?fi)tz(o) ) :

Therefore, &4 = f* -pr(t) = A(q)tf* -p*(0). Since 5* -p*(0) does not depend on ¢ we get

where

AMg) =

(7.48)

and

log &
lim sup Ogt L Aq) .

t——+o0

, 1
Jm A9 =
02

(see equation (7.48)) , the thesis follows. m
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Case 2: i € Pa
For p € P,y we have

Proposition 26 It holds that

sup limsup&(u) =1,
HoE€Pay t—+00

in particular, the closed loop dynamics x = @(x) is Exo—converging if and only if Ex > 1.
Moreover,
T > log6”

and if 1 —a — v is an even number,
T. = log 6*. (7.49)

Proof. Let us start by proving the results on 7. For k € N, let Ly := Ji \ Jx—1. Namely,
Lo = Jo and, for k > 1, Ly = [-0F, —0k"1[u )0k~ 0%]. Clearly, L;NL; =0 for i # j,
and Je = > Li - Also, by equation (7.37),

{ if k<t, ' (Lk) € Jo (7.50)

if k>t+1, o (L) C Jpyt-

For any given pg € Pan, let

1o = po(Lk)dgr
keN

Let us show that ug € Pau , in fact:

E(po) = fR a?dp = 2keN ka, a?dpg > 0+ Zk21 92(’?71)#0([%) = 9%(5(#8) - MO(LO)) )

thus €(ud) < 02E(uo) + po(Lo) < +oc.
Let pg € Pan, it holds that

(7.51)

in fact:
ge(/”) = f]e xQd/‘t

= fgo*t((]e) (‘Pt@))Qdﬂo
= 21 Je) L, (‘Pt(ﬂf))Qduo

2
= Dk>t41 pr—t(Je)ﬂLk (")) dpo

< Yrser 2 ho(L)

= (i) = b, 0% (L))

Ee(ud
< L)
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where both equality (a) and inequality (b) follow by equation (7.50). By inequality (7.51),

log &
Vg € Pan, limsup M <log —
t——4o00 9

and hence 7T, > log#?.

Let us show that, when 1 —a — v is an even number, also the converse inequality holds. In
this case it holds that
Vik>1, @@F) =61, (7.52)

Similarly to the case P = Ppwc , let us restrict to consider initial probability distributions in
the form po = 1%1(1 > is1 @ 0gr for some g €]0, 1[. The energy of this type of distribution
is E(po) = %q Zk21(q92)k and it is finite if and only if ¢ < 9%. Given such a probability
distribution pg,

Eelpu) = 1%(1 D k>4 g2t

_ (¢9)? t
T T

where in the first equality we take advantage of equation (7.52). Therefore,

limsup;_, | o loggf(“t) =loggq

and

log &
7. < — sup limsupmzlogOQ.

q€]0, gz tmtee

Finally, let us prove that sup limsup&(u) =1. For any uo € Pay,
Ho€EPan t—+00

1
E () = / P+ Eulp) < () + Eelp) < 1+ Exlp).

By inequality (7.51), limy— oo Ee(pe) = 0, therefore sup limsup&(p) < 1.
Ho€EPan t—+00
On the other hand let p be the uniform distribution on Jp with unitary total mass. The

measure p is ergodic for the closed loop dynamics ™ = p(z) restricted to Jy (see [71]),
this means that
Zf:o X[1—e,1] (@Z(fﬁo))

Ve >0 and for u—almost all xg € Jy, lim —e€.
t——+o00 t

That is, the frequency with which a trajectory starting from xy visits the interval [1 —¢€, 1]
converges to €. Hence, for such an zq, pig = 0y, is such that limsup, , & > (1 —€)2.
This yields the result. =

As it is expected, the worst case decaying rate of the external energy is smaller in the
general case (i.e., there are distributions, not belonging to Ppwc, whose external energy
has a decaying rate which is slower than the decaying rate of any pg € Ppwe). Also the
steady—state performance are worst in the general case.
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Remark 41 In case 1 —a — v is odd, because Ppwe C Pan, we can conclude that log 0% <
T. < log(6% + 0+ 1). As it will be clear in next Section 7.5.3, this guarantees that the
asymptotic trade off between complexity and performance does not depend on the parity of

l—a—v.

7.5.3 Performance vs complexity

Relation (7.39) compared with either (7.40) or (7.49) shows an asymptotic trade off between
complexity and performance of type

Te/2

for 7. — +oo, C(Te) ~ |al“F

{for E— 400, N(E)~C(T)logé

Notice that, in this case, 7. — +o0o corresponds to § — +oco: thus, in order to improve
performance it is necessary to change both the parameters of the floating—point quantization
(see equation (7.38)).






Conclusion

We have presented various results on the practical stabilization problem for linear systems
under arbitrarily assigned input and/or output quantization. Novel analysis techniques to
study controlled invariance have been proposed and particular attention has been turned
to optimality of the steady—state performance (i.e., in finding minimal invariant sets within
which the state of the system can be ultimately bounded). The small-gain approach has
offered systematic tools for the control synthesis, those based on ¢; theory are particularly
suitable to deal with quantized controls. We have then analyzed how the closed loop per-
formance changes as the complexity of the quantized controller varies. Information theory
provided us with suitable tools to carry out fundamental relations between performance and
complexity. Some directions of research which may be further explored are the following:

e For multi-input systems only input quantization has been considered in this thesis.
The extension of the small-gain approach to include quantized multi-input systems
under arbitrarily assigned quantized measurements is certainly a matter of primary
importance. More in general, in analogy with the framework proposed in [122] for
hybrid systems, we expect that the small-gain approach may offer the tools enabling
one to work out a systematic theory for the synthesis of practically stabilizing dynamic
controllers under assigned input and output quantization.

e In the case of multi-input systems, the control synthesis results based on ¢; theory
need to be extended so that the design of the controller can be done with a pure ¢4
approach (whereas, in the present version, the control synthesis still relies on the Hy,
theory) . Moreover, the proposed formulation of the control synthesis design in terms
of a mixed Hy/¢1 control problem has been investigated through a simple example
only: we think that this is an interesting issue which deserves further investigations
especially for the class of positive systems where a special relation between the H.
norm and the f,,—gain of the system holds.

e The proposed analysis of performance and complexity does not take transmission de-
lays into account. Under this simplifying assumption, controllers of increasingly high
complexity offer better and better performance. In practice, however, the deleterious
effects of delays increase with the complexity: there is hence a more involved trade off
between complexity and performance which is worth studying. To this end, a more
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CONCLUSION

in—depth analysis of the coding issue is needed and the proposed theoretical framework
has to be declined in a more practical context.

Motivated by the spreading of technological applications involving complex and dis-
tributed systems, the most important research areas on quantized control have been
those related with the control under communication constraints. This appears to be
the predominant trend also for the close future: topics like networked and decentral-
ized control of distributed systems are the hub of the most recent developments (see,
e.g., 93, 20]) . In this context, there is still much insight to gain on the relation between
quantization and control/communication protocols. The integration of these issues with
those from the control under assigned quantization, such as the analysis presented in
Section 3.1.3, opens up for interesting design problem to be further investigated.
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Appendix

A.1 Appendix to Chapter 2

A.1.1 Appendix to Section 2.1

Proof of Lemma 1. 1) Proof of 1 = 2: if @ was an accumulation point for U, then
u € U because U is closed, but @ is not isolated.

Proof of 2 = 3: let S C R™ be a bounded set and consider S, it is sufficient to prove that
the set L := SN U is finite. The set L is closed and bounded, therefore it is a compact set.
By contradiction, if L was made of infinite points, then an injective sequence [ : N — L
could be defined and, because L is compact, it can be assumed that [ is convergent. This
is a contradiction because, lim, 1o l(n) = ¢ and the injectivity of ! imply that ¢ is an
accumulation point for L, and hence for U .

Proof of 3 = 1: this implication is trivial.

u) For uel, let d(u) := g{fj{ ) |lu — vl||2 . Because U is discrete, then Yu € U, d(u) > 0.
(IS u

By construction, the family {B(u)}ueu’ where B(u) := {z € R™ ||z — ull2 < d(u)/2}, is
made of disjoint elements. Thus, it can be defined an injective function @ : U — Q™ such
that Q(u) € B(u): this concludes the proof as it is well known that there exists a bijection
between Q™ and N. m

With reference to the discussion on the relations between locally finite partitions and the
partitions induced by a quantizer, consider the following case:

Example 30 Let us construct an example of quantizer ¢, : R? — U C R? such that Vu € U,
u € qgl(u) but the induced partition is not locally finite. Consider the following partition of
R2: let

Co = {(y1,42) € R?|y2 = 0}

Cr:={(y1,12) € R? |y > 1}
Cn::{(yl,y2)€R2]%<y2§ﬁ}, N>n>2
C_,:=-C,, Non>1.
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The family {C;}icz, defines a partition of R% which is not locally finite because any neigh-
borhood of 0 intersects infinite elements of the partition. On the other hand, the map q
defined by
(0,0) if yeCo

2

) if yel

Q(y) = ) .
(n,-Y5) i yeCy, Non>2
—qu(-y) i yeCpn, Non>1
is a quantizer inducing the partition {C;}icz and such that Vu €U, u € ¢ (u) . &

Proof of Lemma 3. Without loss of generality, we assume that y > 0. For h € Z, let

up, = upf" € U. Let us consider first the case in which y is equidistant from two control

unttngr — w00+ gh and no matter
D) = 3 )

values, say wp and wupyi. In this case, y = yp =
whether q,(yn) = up or qu(yn) = up+1, it holds that

|ge(yn)] _ (uns1 —un)/2 _0—1
Y] (up +une1)/2  O+1°

irrespective of h. If instead y belongs to the interior part of the interval ¢, 1(uh), that is

Yy €Y1, yn[, then q,(y) = up and chﬁ)l = |uf|1y_‘y‘ = ‘% —1|. This function approaches
its supremum for y approaching the extremes of the interval g;'(uj) where % =
|qe|35?:b’|’)| = gﬁ , irrespective of h. m
A.1.2 Appendix to Section 2.3
With reference to Example 3, let us prove the following
Lemma 25 Consider the scalar system

z(t+1) = azx(t) + qu(Kz(t)) = (a + K)z(t) + ¢ (Kxz(t)) (A1)

where |a|] > 1, ¢, : R — U is a nearest neighbor quantizer and U is a logarithmically
quantized set in the generalized sense with parameters (ug,0). The function V(z) = z?
is a Lyapunov function for system (A.1), for any choice of the nearest neighbor quantizer
w: R—=U, if and only if K € R is such that inequality (2.5) is satisfied.

Proof. For x # 0, it holds that

<1.

2| < |z & |(a+ K)z+ g (Kz)| < |z < ’(Q+K)+qe($fffﬁ)

By Lemma 3, Va # 0, it holds that ‘QTE(KT” < ZH

tion (2.5) , indeed ‘(a + K) 4 =52 ‘ <la+ K|+ 'qTKffj K| < |a+ K|+ 872 K.
Let us prove the necessity: let  be such that Kz is a discontinuity point for g., namely

: this implies the sufﬁciency of condi-
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Kz = WM, then ¢.(Kz) = i%@h (see also the proof of Lemma 3). The sign
of ge(Kx) depends on the particular choice made in the definition of the nearest neighbor

quantizer for y = Kz ( Kz is equidistant from uof" and ugf"*!). Thus, for such an x,

(a + K) + &) :‘(a—i—K)—i—%K’:’(a—kK)ig%K @|a+K|+%|K|,where

x
equality (a) holds if ¢,(Kz) has been defined so that sign(a + K) = Sigﬂ(%[() , the
thesis follows. m

A.2 Appendix to Chapter 3

A.2.1 Appendix to Section 3.1.1
Example 8: logarithmically quantized controls.

Let us prove that the one in equation (3.15) is the expression for p(A) when U is a loga-
rithmically quantized set with parameters (ug,6). In fact: with the notation introduced in
Remark 5, let wug := ugf*, k € N. For k> 1, it holds that

Uk — Uk—1 = u0(9 — 1)9’671 .

In particular, Vk > 2, up —ug_1 > ugp_1 — ug—2 . This means that K. ={0,k; k1 + 1,k +
2 ---}. By definition, k; is the smallest value of £ > 1 such that ug — ug—1 > ug, that is

k= | logy Gz;lJ +1= Llogeﬁ%-lj = | logy %J.

2 2up0F1 . 2un0*1 2u,
Thus, for A € [%_fl, P [, p(A) = up; instead, for A > e = a_:fi, p(A) =

Up — Up—1 = uo%Qk, with k& such that A € [i%r"l, 22:1*11 [, that is k= | logy ((O‘;HIO)A)J )

A.2.2 Appendix to Section 3.1.3

Proof of Proposition 4. Let #,,(7) be the solution of

{ :E(T) =aZ(T)+u—7%
20

and Zp7(7) be the solution of the same system with +% in place of —% . For any integrable
function w : [0, T'] — I(w), the solution Z(7) of system (3.29) is such that Z,,(7) < z(7) <
Zp(7), in fact:

H(r) — m(r) = /O L= (i) + ¥)ds > 0

because the integrand is positive. The other inequality is analogous. It is then sufficient to
show that V7 € [0, T'], Zp(7) € I(A) and Zp(7) € I(A). Since Z,(7) is the solution of

the differential equation & = aZ 4+ u — ¥

2
on 7, then Z,,(7) is a monotonic function. Hence, the desired property holds because, by

and the right hand—side is not explicitly depending
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a
2

Figure A.1: Construction of U in the proof of Proposition 7.

assumption, both Z,,(0) € I(A) and z,,(T) € I(A).
Similar arguments can be applied to Zp/(7). m

Proof of Proposition 6. 1) It holds that

®) 1

(a)
R > %logM(A,T) > - -

1 1
1 —1 = 1
T O80T P8 AT T T log2 T T 2 A B(T) W

where inequality (a) follows by condition (3.33) and inequality (b) by inequality (3.38).

(c)
w) Since T > 0 and a > 0, then 2 < [e*T] < (A, T) < 28T (inequality (c) follows by
inequality (3.39)), that is RT > 1.
112) Apply Proposition 6.2 to the condition provided by Proposition 5.22. m

To prove Proposition 7, we first need the following result:

Lemma 26 Vz € R and Vne N\ {0}, [£] = Pi—r‘

X
n
Proof. Any x € R can be written as « = [z]| — 0,, with 0 <6, < 1. Then,

v_lzl 6
non n
|- af-a ko
If instead % ¢ 7, since © < %, then the thesis follows by the fact that Unﬂj < 2. Let
[z] =qn+r,

0
If [nﬂEZ,then {%1 = Pi—]—?
us show that this inequality holds true: according to the Euclidean division,
with 1 <r < n, hence L%J:Lq+£J:q:%—i<M—e—z:§. [ ]

n n n n

Proof of Proposition 7. We show that the control set U defined by equation (3.42)
ensures the w—controlled invariance of I(A) and that a control set Umin C €Z of minimal
cardinality between those ensuring the invariance of I(A) is such that # Umin = #U . The
statement on the invariance of I(A) under a control law of the type in equation (3.43) is a
consequence of the definition of X,, (see equation (3.35)).

According to the notation introduced in equation (3.36) , consider the control set Z/ defined
by the following algorithm (see also Fig. A.1):
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o Let U:= {1}, where @ issuch that Ty, = min T, ;

u € ez
{:cu > £
e While z; > —%, (A.2)
let U:=U U {41}, where @gqy is such that Ty, , = min T, .
u € €z
Ty = Ly,

Let us show that &/ =2 and that it ensures the w-controlled invariance of I(A).
With u= —z2¢ and 2z € Z,

fu2%<:>é(é—FﬁZE—BTW)Z%@ZZi(#-FW) @zZ{i(%—l—wﬂ,

therefore, 4y = uy . Moreover, if z; > —%, then

- - A — PBw
Uf4+1 = Uk T+ "B €,
in fact: by equation (3.36), it holds that Ty, = T, — gze. Therefore, g1 = u + he,
where h € N is the largest integer such that ghe < u(Xg,) = A_aﬁw (p stands for the
Lebesgue measure) . That is,
h— {A—ﬁwJ _
e

Notice that, since T € 7(A) and a > 0, then A > f(e + w) (see Proposition 5.1 ).
Therefore, h > 1 and this guarantees that the algorithm (A.2) terminates in a finite number
of steps (in fact, @41 > @y so that z; <zg, ).

To prove that U = U, it remains to show that the cardinality of U is equal to the right
hand-side of equation (3.41). By equation (3.36), it holds that z,, . = z, — gze. From
this equation and the construction of I/ it follows that #U = [, where [ € N is the smallest

integer such that

that is,

To show the equality of [ with the right hand-side of equation (3.41), consider y :=

i (A(aﬁfl) + W) , then
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Thus,

a B Bw
(5225, +8)] @ 5(2(—%+awk+n)w>

= v [ @y [lepl] g ]

= 14 _2(216<A(%1)+Wﬂ—‘ :

[5522]

where equality (a) is obtained substituting x5, with the expression given in equation (3.36)
with @; = —[y]e and equality (b) follows by Lemma 26 .
By construction, I is such that the invariance condition (3.37) is satisfied (see also Fig. A.1).

Finally, let us show that ¢(A,T) coincides with the expression in equation (3.41). Assume
that Umin C €Z is a control set of minimal cardinality within the family of the control sets
U C €Z ensuring the w—controlled invariance of I(A): the thesis is achieved by showing that
# Umin = #Z/I Suppose that the elements of Ui, = { mm) .. ,ufﬁ“ in)} are ordered so that

xugmin) > xu(Qmin) > > xusbnin) .

By the invariance criterion (3.37), it holds that = i) > & . Therefore, by definition of @,

§u<1min> > Ty, - This implies that = u{min) > Tq, , In 'fact: by definition of T, , it is sufficient

©

to show that = umin) > x5 . This inequality holds because = uGmin) >z i) > zg, , where

=uy

inequality (c) holds by the invariance criterion (3.37). Iteratlng the same argument one can
A

A
show that T mn) = Tg,, and hence z; < Z, (min) < —3: since by construction z; < —5

only for i = #U , then #U =m = #Umin. W
A.2.3 Appendix to Section 3.1.4

Proof of Proposition 10. 1) The semi-axes of the ellipse Ep () r;(s) are ri(S)/1/Amin (P(S))
and 1i(S)/1/Amax(P(S)) , then

Area (Epsyr) = —mmete. (A.3)
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Let us show that V.S > 0, Area(Epsyr) > 75 and that the equality holds if and only if
S = s11. Indeed,

5 2
(Isal + V5 + Auin(S) (51 +52) ) (514 Amin( )
>
A2 (9)\/s3 + s180 — s5 -

© 1 Awin(S)(s1 4 82) (514 Auin(S)) _

Area (813(5) T ) @

B

-4 Main(9)V/sT + 5152
A4
- T (1 + ) J1+ 2> (4-4)
4 S1
(c) T S92
> — |1 14+ —=>
- 4 < + mln{sl, 52}> + s1
(d)
>

5o

where equality (a) results from plugging in equation (A.3) the expressions for det P(S5),
ri and R which can be obtained by equations (3.61), (3.63) and (3.62a), respectively;
inequality (b) follows by replacing the s3’s explicitly appearing in the right hand-side of
equality (a) with 0; inequality (c¢) holds because p- ( S is an increasing function of s2 (See
equation (3.60)) and, for s3 =0, Amin(S) = mln{sl, s9}; finally, inequality (d) follows by
the fact that in both cases s > so or so > s1, the minimum of the expression in the right

hand-side of inequality (c) is achieved for s; = so and it is equal to

=5

Since inequality (b) is strict for s3 # 0 and the chain of inequalities (A.4) becomes a chain

of equalities when s3 =0 and s; = s9, the thesis follows.

“) QQ(l) C SP(S)J’i(S) if and only if

Ve Ql), slx% + 2s3w172 + (81 + 32):10% < riz(S) .

For |zi| < % and |za| < % it holds that sjz? + 2s3w129 + (51 + s2)23 < w. We
have hence to show that

2 2
nEBnlE ). (A.5)
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Indeed, inequality (A.5) holds if and only if

(|53| + m>2(51 + Amin(9)) (A.6a)

A1211111(5)

251 4+ 2|s3] + 52 <

& )\2min(S) (281 + 2|83| + 82) < s (Sg + )\?nin(S) + 5189 + 2‘83| A2 (S) + 8182>+

min

4 Amin(S) (233 + Amin(S)(s1 + 52) + 2lss|y /A2, (S) + 3132> (A.6b)

< 2/\?nin(S)|s3’§51<3§+8132+2’33’ A2 (S)—l—SlSQ)—I—

min

+ Auin(S) (233 +20s3] /A2, (S) + 5152) , (A.6c)

where to write inequality (A.6a) we used the expression for R given in equation (3.62b)
and to write the second addendum in the right hand side of inequality (A.6b) we took
advantage of both the expressions for R given in equation (3.62) (in particular, the fact that
VA Ain(8) (51 + 52) = /A, (8) + 5152 ).

To conclude the proof, let us show that inequality (A.6¢) holds true: in fact,

S1 (S% + 5189 + 2‘83‘ )\I2mn(S) + 8182) + )\min(s) (28:2; + 2’83‘ /\1211111(5) + 8182) >
2Amin(9) |53/ A2, (S) + 5152 >

220 (S)]53]

The Proposition is proved. m

A.2.4 Appendix to Section 3.2.1

Proof of Lemma 8. 1) It is enough to show that ¢, maps the extremes of the interval
Pr,(AQn(A)) to U(A). It holds that 0 < (5§ @) < M(A), in fact: if u € U and
u > M(A), then u > %(a—i—l), so that ‘%a—u‘ > %; but ‘%Q—M(A)} < % by
definition of M(A) and inequality (3.69b). That is, % a is closest to M(A) than to any
other u € U such that u > M(A) and therefore qu(% «) < M(A). The other inequality
holds because % a is not further from M (A) than from 0, in fact % o> % .

Similarly, g, ( — % a) > m(A).

1) We have to show that Vz € Na, Ju € U such that |u— z| < @: this is obvious
for z € [m(A) — %A) ,m(A) [ U]M(A), M(A) + @] ; whilst for z € [m(A), M(A)] the
property holds by definition of p(A) (see equation (3.8) in Section 3.1.1).

) It easily follows by the definition of Spra) and Spya). ®
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A.3 Appendix to Chapter 4

A.3.1 Appendix to Section 4.1

Proof of Lemma 10... By definition of k, z73, = (Az), + qu( — (Az),), where g is
a nearest neighbor quantizer. With reference to the partition R = S,,a) U Na U Spy(a)
defined in equation (3.70) of Section 3.2.1, two cases can occur:

I) Suppose that —(Axz), € Na, then, by Lemma 8.1z,
A
o] = |(Az)n + qu(— (Az),)| < 252

IT) Suppose that —(Az), € Sa. If —(Az), € Spy(a), then [27] < [[z]|oo — ©(A). In fact:
in this case, k(z) = m(A) as it follows by Lemma 8.122 that can be applied because, by
Lemma 8.1, k(z) = qu( — (Az),) € U(A). We then conclude as in part III of the proof of
Lemma 9.

The case —(Az), € Spr(a) is similar. =

Proof of Lemma 11. Let us prove by induction that the sequence {Ag}ren is non—
increasing: A; < Ay by assumption (in fact, ¢ takes values in the semi-open interval
[a, Ag[). Let m > 1, suppose that A,, < A,,_1 and, by contradiction, that A,,11 > A,,
The latter inequality is equivalent to ¢(A,,) > ¢(A,—1) which, by the monotonicity of ¢,
implies A,, > A,,—1. Therefore, because of the inductive hypothesis, A,, = A,,,—1. As a
consequence, Yk > m, A = A,, which contradicts the assumption A,,11 > A,

As the sequence is monotonic, FAy¢ = limg 400 Ax. To prove the equality Ajs =
max {A < Ag | ¢(A) = A} it is sufficient to show that
d)(Ainf) = Ainf (A7)
and
VA €]Aps, Aol, o(A)<A. (A.8)

Equation (A.7) holds by the right continuity of ¢ ; if instead ¢ is not right continuous but it
takes a finite number of values for A € [a, Ag], then equation (A.7) holds because 37 € N
such that Ay =limg 100 A = Ajng -

The property in (A.8) follows by showing that if Agi; < Ap (ie., ¢(Ax) < Ag), then
VA €lp(Ag), Ag] it holds that ¢(A) < A: indeed, if it was ¢(A) > A, then ¢p(A) > A >
¢(Ayg), therefore A > Ay which is a contradiction. m

Proof of Lemma 12. Let A’ € [p(A),A], m(A') < —%/(a —1) & Ju € U such that
uel :=[-5(a+1), ~S(a-1)] & UA)NT #0 & UA)NT' #0, because A’ < A.
It holds that [m(A), M(A)NI' = [max{m(A);—%/(oH-l)} A/(Oz—l)[#(b: this is an
easy consequence of m(A) < —2(a—1) < —%/(a —1). By contradiction, if U(A)NI'=10,
then m(A) < ——(a +1) and I' C [m(A), M(A)]: I’ is a semi-open interval of length
A, therefore p(A) > A’ (see the definition of p(A) in equation (3.8) of Section 3.1.1) , but
A" e [p(A), Al.

Similarly, M(A') > (a —-1). m
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A.3.2 Appendix to Section 4.2.2

Let us represent the dynamic qdb—controller defined in equation (4.10) in the form of equa-
tion (2.9). Let
W= Y xu™t,

the elements w € W are denoted both by w = (¢, @) and by w = (w1, -+ ,ws,—1) . Consider

E: Wx (NU{-1}) — U

defined by

~ 0 if t<n-2

k((y,u),t) = -

(@91 {(kow@,a) it t>n-1,
and

y: WxYxN —- W
defined by
f)/(way7t) = (U)Q,' oy Wny Y, Wnt2, -0 7w2n—17k(w7t_ 1)) :

Finally,

ol

WxYxN — U
(w,y,t) = E(y(w,y,t),t).

In practice, w(t) = (§(t—1),4(t—1)) and l%(w(t) gt—1)=u(t—1).

A.4 Appendix to Chapter 5

A.4.1 Appendix to Section 5.3.2

Let us provide the details of the computations leading to the properties of the quantizers
that we have presented in Examples 19, 20 and 21 of Section 5.3.2.

Example 19: logarithmic quantization of R.

Let us consider the function

|Q<TZ(JZ|/)| if Y ?é 0
1 ify=0.

(see Fig. A 2) We show that there exists an unbounded sequence {yj}nen such that Vh € N,

v(yn) = m and if |y| > UO(QH) , then ~(y) < zﬁ this proves that g, is standard with
0

natural external gain ﬁ We also show that if |y| < UO(GH) , then ~(y) > 9 +1 : this proves
that “o(0+1)
20

is the smallest value of gy ensuring that the corresponding external gain is the

natural one.

Since ¢e(y) = qu(y) —y and g, is a nearest neighbor quantizer, then the following properties
hold for ¢, (see also Fig. 5.3 in Section 5.3.2) : the set J of the discontinuity points of g, is
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S=lo: 1

uo/2w ug Ouo ! 02U0
uo<9+1) TCESVIEURST
2

Figure A.2: Logarithmic quantization of R, the behavior of ~(y) for 6 = 1.8.

made of the middle points between consecutive elements of U ; the function |g.| is continuous
and the set of its local maxima is exactly J . It holds that

J:{iu;}u{iuo(e;l)eh\hel\?}. (A.9)

Again by the definition of ¢, , it is easy to verify that the following properties hold (see also
the proof of Lemma 3 in Appendix A.1.1): ~ is a continuous function; Vy € R, v(y) < 1; the

set of the local maxima of v is J U [-%, &]. As v is continuous, most of the information

we need about y can be obtained by evaluating this function in correspondence of the local

maxima (the analysis can be restricted to y > 0 because U is symmetric with respect to the
uo(6+1) gh _ w(@=1)gh
2 ) ‘qe(y)| - 2

uo

origin). For y € [O —] , 7(y) = 1; whereas for y = yj :=

12
e ()| _ 01
de\Yn -
= A.10
Y(yn) = o 1 (A.10)
irrespective of h. On the interval [%, up], 'y(y) is decreasing, in fact v(y) = % In
particular, 7(“ ) =1, v(ug) =0 and ~(y) = 6+1 if and only if y = u°(9+1) . For y > uyg,

v(y) < z J& because v is continuous and, in correspondence of the local maxima larger than

ug, Y(y) = 9 +1 All these facts yield the desired properties on g, and g .
As for Ey, since 09 € |, ug[, it is immediate to check that |H‘1ax lge(y)| = 5.
For later use, it is useful to explicitly write the relation (o) = fy; as

IQEZLJO) = . (A.ll)

Example 20: componentwise logarithmic quantization of R2.

With reference to the notation introduced in Example 20, let us first prove that, for gy >
03, + 025, qc has gp—external gain 7.(0p). Consider y € R? such that |lyll2 > 0o >
V03 + 035 - 1t holds that |y1]| > o1 or |y2| > 002 . Let us divide the analysis in three cases:
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I) If |y1] > 001 and |y2| < 002, then o} < v +y3 < yi + 0, and |y1| > 0} — 03,
Therefore,

lae@)ll2 _ [llae@)3 _  [lger(y1)® + lge2(y2) | < Yalyil? + lye* W(y1, )
lyll2 lyl3 ly1]? + |y2|? [y1]? + [yo|? e

where the inequality holds because, in the computations done for Example 19, we have shown
that for |y1] > 001, |ge1(y1)] < Yer|y1| and for |ya| < ooz, |ge2(y2)| < [y2|. It is easy to see

that, since 72 < 1, then
sup U(yr,y2) = ‘If(\/a% — 0%, Qo2> :
{ 1l > /0§ — 03,

[y2] < 002

therefore

llge(y)l]2 002\ 2
sup |TZ/||2’ < q’(\/ 9% — % 902) = /74 + (E) (1—-92) .
{ 1l > /02 — 03,

ly2| < 002

IT) Similarly, if |y1] < 001 and |y2| > 02, then |ya| > \/Q% — 9(2)1 and

llge(y)|l2 001 2
sup - < 732 + (7) (1- 732) .
e ol o
{ lyal > v/ 0§ — 051

III) Finally, if |yi| > 001 and |ya| > go2, then

lge@)ll2 . [v&lval® + 2ol
Iyl — ly1]? + [y2]?

<max {'Yel 7'762} .

To some up, as for ¢ =1,2, v, < 1, then
2
VA (22)7 (1 =2) > e
VBt (221 - 92) > 7.

Therefore, with 7.(09) defined as in equation (5.34), it holds that Vy € R? such that

Iyl > 0, llge(y)ll2 < 7e(eo)llyll2- This proves that, for oo > /0§ + 0F2, de has eo-
external gain v.(0o) -

(A.12)

By inequalities (A.12), it holds in particular that ~.(0o) >max {7e1, Ye2}. To complete the

proof of inequalities (5.36), let us show that 7.(09) < 1. This is again a consequence of the
fact that ~.; < 1, in fact:

2
gl —0%,) + 02
\/7@1 + (002/00) (1—7621):\/ (g5 02) 02 <

Qo
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and analogously, v/, + (001/00)2(1 —~2%) < 1.

Let us prove that relation (5.37) holds true. Namely, that for gy = /03, + 03, , the infimum
of the achievable values for 7.(gp) given in equation (5.34) is @ . In fact,

3 5 3 53 3
: 2 2 _ : Ve1001 0] 00117220 o
inf ’Ye(\/001+902>— 1§1f max{\/ 19(31 02’\/0190 202}__@.
ugy > 0 0< Yer < 1
ug2 > 0 0<v34 <1
0 >1 00 >0
00 > 1 2 42 2
2 Q01 T Qo2 = Q
Also,
02 — inf max {7319(2)12"‘9(2)2 7 9?)1"‘7232932 } .
0<~3 <1 % %
0<v3 <1

00 >0
2 2 2
%01 + %02 = 9

let us show that ©% = % . Since, max {1,292} > % , then

max {721931 + 06 051+ V200 } > 081 (1 +921) + 08 (1 +2) — 2

0% ’ 0} - 208
Therefore,
2 2
1
02 > inf 12 > inf 2 > inf w =
0<v3 <1 72 >0 {Qo>0 )
0<% <1 7% >0 0% + 032 = 0§
00 >0 00 >0
%1 + 952 = 05 981 + 052 = 05

It is then easy to see that it is possible to have . arbitrarily close to @ by choosing

ug1 = uge and 01 = Oy with 6y sufficiently close to 1.

As far as the absolute quantization error is concerned, let us show that for ||y||2 < go it holds
that [|ge(y)|l2 < Eo(go), where Ey(0p) is defined by equations (5.34) and (5.35) . Indeed, we
have only to prove that equation (5.35) holds true, namely that

Uo; uoi(0; + 1) n; n;
Eoi(00) = max |gei ()| = maX{QU , %io(2)9i (00} |u0:; (eo)+1 _ Qo|} . (A13)

In fact, if ||y|l2 < 0o, then both |y1| < 0o and |y2| < go, therefore

lge)ll2 = v/Ige1 (1) > + 1ge2(y2)]? < v/Eo1(e0)? + Eo2(00)? -
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Because of symmetry, we can restrict to 0 < y; < 0g. We have seen in the treatment of
Example 19 that |ge;| is a continuous function and, for y; > 0, the set of its local maxima is

{5 o {0 anen}

(see equation (A.9)). Since oo > “§* (in fact, oo > 0o; > “§*) and, for hy > hg, it holds

that |ge(“2G7060) | > [ge (12 G607) ], then
()| = (Ui (u0i(0i +1) yni(oo) ‘ ,
yigﬁ(%)zo] |Qez(yz)| = nax { Qei (7)‘ ) Qez(fei > ) |Qez(g0)‘ ) (A.14)

where n;(09) is the largest value of h € Z such that W@? < 0o (notice that for
h = -1, WG? = 00i < 00, hence n;(gyp) > —1: even if gp; is not a local max-
imum for |ge;|, including also the case h = —1 allows us to give a unique formula for
EOZ‘(Q())) . Let us show that the three quantities appearing in the maximization (A.14) are
exactly those appearing in the maximization (A.13): qei(ugi)

i it is straightfor-

)
qei<u0i(92i+1)9?i(90)) = Yo “02’(921'4'1)0?2'(90)

(this follows by equation (A.10) if n;(00) > 0, and by equation (A.11) if n;(g) = —1).
(00)+1

ward to see that n;(0g) = Lloggi %J , thus

To conclude the proof we have only to show that ‘qei(goﬂ = |u0i9;” — 0o0|. Indeed,

UO¢(92¢+1)9T11(Q0) UOi(02i+1)0?i(QO)+1:| and on this interval g (y) = uOielﬁi(go)—i—l —y: the

7 )

Qo € [
desired property follows.

Finally, let us show that both 7.(gp) and Ey(gp) can be made arbitrarily small by prop-
erly choosing the parameters ug; and 6; defining the quantized set U . Let us start by
noting that, following the above computations, it is immediate to see that, for ¢ = 1,2,
Ei(00) <max {% ; %i%ﬂi(m“}- 220

i uOi(9¢+1) ?
ui(0;+1) pni +1
then P)’ei%ei (QO)

Because by definition n;(09) < logy

< Yei008; , therefore

ug;
Eoi(00) <max {70, %iQOQi} - (A.15)

Let us fix gg > 0. One can first make ~,; arbitrarily close to 0 by choosing 6; sufficiently

close to 1. Then, also %

can be made arbitrarily small by picking ug; sufficiently close to
0. With these choices, according to equation (5.34), 7.(go) can be made arbitrarily small.

The same holds for Ey(gp) thanks to equation (A.15).
Example 21: the joint radial logarithmic quantization of R2.

e The input space partition: let us first give a quick description of the input space
partition induced by ¢, (see Fig. A.3). This is the Voronoi partition generated by U (see
e.g., [94]) . With the notation introduced in Example 21 and in Definition 9 in Section 2.1,
Vk=0,...,N—1 and Vh € N, let ug := £ Ncp and Vi, be the Voronoi region containing
ugh , that is

Vin ={y € R? | qu(y) = wrn} -
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Figure A.3: Radial logarithmic quantization of R? with N =6 and # = 2. Full lines define
the input space partition induced by g, .

Since U is invariant under rotations of an angle %’r around the origin, we can limit ourselves

to consider the case £k = 0. It is easy to see that
Von = {y € R*| —y1tan(r/N) < yo <yitan(r/N) and ¢, <y1 < Cryr )

where
uo if =0
wligh=1 if p>1,

Therefore,
%h:{y:(yl,yltango)ER2| —W/NS(,OSW/N and §h§y1§Ch+1} (A16)

(see Fig. A.4). By V we denote the Voronoi region containing u = 0, that is

Voi= Ty €RTaul) = 0 =R\ (U, o\ Vi)

Vb is a regular polyhedron centered in the origin, having N edges and the radius of the circle

inscribed into it is 4. Hence, denoted by r. the radius of the circle circumscribed to Vjp,
we have
u

Te = 5 A cos(n/N) (A.17)

e Properties of qe: let us prove that ¢. is standard with the natural gain . given in

equation (5.39) and that % is the smallest value of gy ensuring that the correspond-

ing external gain is the natural one. To this end, let us start by analyzing the behavior of
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llge ()1l2
llyll2

We hence consider ug;, = (upf”,0) € Vo, , h € N. Thanks to equation (A.16),

within Vi, . By the symmetry of U, there is no loss of generality in assuming k£ = 0.

oy M@l max e yitan o)z
veVorn  |lyll2 PE[—x s w) v1€lCn s Cnral | (y1, 91 tan ) ||2
I 2 . llge (y1,31 tan ©)[|3
For ¢ & [~ F, &), let Tp):= max S ot » then
20, (uob"—y1)*+yf tan® o
F ((’0) B yle[rgilbé)éh+l] y%(1+tan2 (,0) -
_ max y%—2y1u09h cosZap—f—u%@Qh cos? ¢ _
Y1€[¢h 5 Chr1] Y1

max U, (N,
AEL/Chrr s 1/Ch] o)

where A := L and U, (A) := (u30?" cos? p)A\2 —2(upf" cos® p)A+1 . For h > 1, it holds that

y1
U,(1/Cht1) = Wu(1/) =1 — 4&??;‘". Moreover, u3f?" cos? ¢ > 0 because |p| < % < I,
therefore D oo
40 cos* ¢
I(p)=1- Or2

Thus, Vh > 1, we have

2
max 1eWllz T oy [y et m/N)
vevon |yl vel-% , %] (0+1)

As for h =0, let

‘700 = {y € R2| —yi tan(m/N) < yo < yj tan(w/N) and 60 <y < Cl} C Voo,

where Q:O = % = uo(g(jl) (see Fig. A.4). By repeating the above computations, we have

llge(y)]]2
y€Voo ||y||2

V= U Vin U U Vio
k

k=0,...,.N—1;h>1 =0,...,.N—1

=Ye. (A.18)

To sum up, with

it holds that
1ge(y)]]2

lyll2 —

Thus, with gp equal to the radius of the circle circumscribed to R?\ V', we have proved that

e -

Yyey,

e has gp—external gain .. As R?\V is a regular polyhedron centered in the origin, having
N edges and the radius of the circle inscribed into it is (g, then

'LLQ(H + 1)

00 = H(Eofo tan(m/N))||, = 260 cos(n/N)
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Y24 ,
Voo \ Voo = W
Y2 = tan(m/N)ys
e
-~
Vo + -
L A\ Voo Vou
i hn
CO 0? Uo Cl
L \ g I~
~N
WOe

Figure A.4: Visualization of the symbols intervening in the computations to prove the facts
concerned with Example 21 (the parameters are the same as in Fig. A.3).

Indeed, we have also shown that {y(h)}heN\{O}, where y") = (¢h, Cptan(m/N)) , is an

(h)
unbounded sequence such that %

gain 7. . Moreover, resuming the computations leading to equation (A.18), one sees that for
A>4 and o = 5, U (N) > W, (1/¢p) = 72: this means that if y = (y1,y1 tan(w/N))

G
with (o < 11 < (o, then lge@llz e . Therefore, if gy < H(CO,CO tan(ﬂ/N)) then the

llyll2
oo—external gain of ¢, is strictly larger than ~. .

= 7. This proves that g. is standard with natural

Iy

Now, let us show that max llge(y)||2 = Eo, where Ej is defined in equation (5.39) . Consider
yEDLgg
the Voronoi region Vj containing u = 0: by construction, Vy C B,, . It holds that
Uuo

gg‘%{ ge(y)ll2 = W: (A.19)

in fact: for y € Vo, |l¢e(y)||2 = ||lyll2, therefore max llge(y)ll2 is equal to r¢, the radius of
yeho

the circle circumscribed to V. Thus, equation (A.19) follows by equation (A.17).
Let us evaluate max ||ge(y)|l2. Let Wy := By, N (UnenVor). As before, because of

Y&Bog \Vo
Symimetry,

max —max .
o llge(y)l]2 max 1ge(y)l2

Also, Wy = Wy U Woe, where Wy = Voo \ Voo and Wye = Wo NV (see Fig. A.4). For
y € Woe it holds that

Uo

(a) (b)
lge(®)ll2 < vellylla < veco = %\/(9 —1)% + (1 +0)* tan?(/N) , (A.20)
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where inequality (a) holds because Wpe C V and inequality (b) because Wye C By, -

For y € Wy, the maximum of ||¢.||2 is achieved on the boundary of Wy;. In fact: by the
definition of ¢, , the function ||¢e||2 is continuous and its local maxima lie on the boundary
of the Voronoi regions; by construction, Wy; does not contain any of these boundary points
into its interior. The only portion of the boundary of Wy which is not contained into the
already analyzed set Vo U Wy, is made of the segments

I :={y = (y1,y1 tan(7/N)) e R? | % < y; < 50}
I~ = {y = (y1.—w tan(r/N)) € R?| % <y <o} -
(see Fig. A.4). For y € I* | it holds that

lae(@)ll2 = || (w0 — y1, ~yn tan(/N)) [, = /(L + tan(m/N)) g3 — 2uqun + 3 = (1),
then
sup  f(y1) = max {f(uo/2), f((o)} =

y1€]u70750[

= max { 5y, 3V/(0— 17+ (1 + 0 tan’(x/N) |

This result, compared with those in equations (A.19) and (A.20), yields the expression for
Ey given in equation (5.39).
Finally, running again through the computations done to determine Fj, we immediately

realize that if $%/(0 —1)2 4 (14 0)2 tan*(7/N) > Feos(e7y and 2o < oo, then

< Ey.
max fge(y)]l2 < Eo

Q0
Proof of Lemma 4 of Section 2.1. In the discussion of Example 21, we have shown that
the quantization error associated to a radial logarithmic quantization of R? is such that, for

h>1,
max 7”%@)”2 = \/1 — —40 cos*(m/N) . (A.21)

veVor  [lyll2 (6 +1)

For a generalized radial logarithmic quantization of R?, to prove Lemma 4, it is sufficient
to replace h > 1 with h € Z both in the definition of Vj;, and in the computations leading
to equation (A.21). m

A.5 Appendix to Chapter 6

A.5.1 Appendix to Section 6.1.1

Proof of Proposition 15. Let @ = {u(t)}en € loo(R™), then gi(d) = (g @), that is
ye(t) = Zt;:lo g(t — 7)u(7) . According to equation (5.11), we have to show that

+o0o m

sup M: max ZZ“%J(T)’

€Loo (R™)\{0} ]| i=10q 70 =
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Let @ € o(R™)\ {0}, denote by 7, for short, the corresponding output (@), then
[Gtlloo = sup [lye ()]0 =
teN

— sup max |yri(t)] =

teN Z_la -q
= sup max ‘ZT 0 €ig(t —7)u (T)| <
tENZ 7 -q
< sup ax Ztr;o lefg(t — T)u(T)| =
teN =19
= sup max E |EJ 1935 (t —T)uj(T )‘ <
tENZ 7 -q
< sup max S0 2oy 1gig(t = T)llug(r)] <
teN 1=
t—1
< e 8, o)) T S5 ot + 1] =

t
= sup |(_pnax (), g% o S s ()] <

< toosm L ]:
< sup [(maxu(r)loc) max S5 g1 ()]

= Nlloor max %550 1gis (7))
Thus,
(@)oo _ ot
sup S < max Y 0 i)
detou(®o\(G} oo Ti=lia S
Vice versa, first notice that
+o0o m
Jnax > lgig(r |<Z max ZL%] )| = lglh < +oc
7=0 j=1

because the system is assumed to be BIBO-stable (see property 3 of Lemma 14). For any
fixed T' >0, let

i:= argmax Z Z lgi (T (A.22)

Leog 2 0j5=1
and consider 4™ € (o (R™) defined by

D) o { sign(gi;(T—t)) if 0<t<T-—1

uj
0 if t>T.

Denote by ¢, for short, the corresponding output signal ¢(@ ™), then Vi=1,...,q
’yfi(T)‘ = ‘Zr—o Z] 19z,J( —T)u ;'T>(7')‘ <

> rmo i 1gig (1)) <

>0 X5 9 ()] =

lyea(T)]

Y

IN
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therefore ||%tlloo > [|ys(T)|lco = |yes(T)| =, max_ ST, > i 19i5(7)] (see equation (A.22)).

Since ||@ ™00 = 1, then

VT >0, sup 19 (@) [l oo > \\yfgu )l > max 33 o).
dctoo @@ lloo [T oo~ i=liing 4= 4= 7
€l (R™)\ {0} =
In other words,
VYT >0, sup M_H Hoo,
deton @G} Tl

where ¢(7) .= YT >ty lgig(T)] € RY. Since max S i Y 1gij(T)| < +oo, then
1= 7"'7q
there exists limp_, o g7 = :fif) ;-n:l |9i,;(7)| and, by the continuity of the vector norm

I lloe in R, timg o g7 o = max 320 77, [gis(7)] - Thereore,

sup [:(@le > max ZZLQW : (A.23)

deta@mN @) Tlloo Timlea T2
this concludes the proof. m

Lemma 27 Let ¢ be a Banach space, denote its norm by || -|«. Let ¥ : £ — £ be a linear

*

operator and assume that |V« < 1, where ||¥|, := sup ||\1|f|£)”)||* . Then it is defined the
vel\{0} i
operator (I + W)~ it holds that (I + ¥)~! FR(=0) and ||[(I+ )7, < ﬁ

Proof. Since ||¥[l. < 1, then X5 ([(—P)!|. < S 51| = m < 4o00. Because
¢ is a Banach space, this ensures the existence of a bounded linear operator represented by
F£9°(~W)" and that I Z;OS’(_\I/)%H* < m To see that Y 5 (—W) = (I + )7},
is sufficient to notice that Vk € N, one has (I + V) Zk o(=U) =T + (=1)*UFH1L: letting

k — +o00, since limy_ oo |[U¥|« =0, then (I 4+ W)Y 5 (~0)! =1 as desired. m

Lemma 28 Let p(z) := 2" — Y0 fiz'™ L. If S0 |fil <1 and 2z, € C is such that
p(ze) =0, then |z < 1.

Proof. If p(z,) =0 and |z > 1, then
|20l =130 firH < L Al < 27 0 Uil

Therefore, > i, | fil > |22|/|227| = |24] > 1, the thesis follows. m

A.5.2 Appendix to Section 6.1.2

Lemma 29 Let L € CP*9, M € C¥*P and X € C\{0}. Assume that both A\I,+LM € CP*P
and Mg+ ML € C™? are invertible, then

M\, +LM)™ = (A, + ML)™*M .
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Proof. Indeed,
M= (M;+ML)"*(\,+ ML)M =

= (My;+ML)"'(AM + MLM) =
= (My+ML)"*M(\,+ LM).

Multiplying the first and the last terms of the equality by (A, + LM)~! on the right, the
thesis follows. m

A.5.3 Appendix to Section 6.2.1

Proof of Lemma 20. By induction on r: for m = 1 it is sufficient to take € €]0,€[.
Let us show that if the desired property holds for some 7m > 1, then it holds for m+ 1. Let
¢ > 0: by definition of &*(Ay), 3¢ > 0 such that

6/

~ R (A - -
Veelo,d, &(Amn+e <& (Am)+4||g(1)||oo'

For such a €, by the inductive assumption, 3 {ex}r=1,. s (With ¢, >0 Vk=1...,7m ) such
that A:A; = Ap + ¢ with € €]0,€[: we claim that these e;’s and €511 = %/ ensure that
Apyr < A;H < Apt1+ €. In fact:

At = 216D B(A) + €t =
= 2|0V oo (Ap +€) + 5 <
< 2099l (64 (M) + 75T=) + 5 =
= 26D b (Ag) +¢ =
= Apt+e€.
On the other hand,
At = 201GVl (Dim+€) + G >
> 2|GV 0 (D) + § =
= Appt+§>

> A'rﬁ—H .

A.5.4 Appendix to Section 6.2.2

Let us prove Theorem 13. As in the proof of Theorem 6 in Section 4.1, the core argument
is provided by a preliminary lemma yielding a partial practical stability result for the closed
loop dynamics.
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Lemma 30 (Main tool) Consider system (6.27), assume AO and that o > 1. Let K €
RY™™ be such that F := A+ BK satisfies f = Y, |fi| < 1. Consider the control law
u(z) = qu(Kx), where g, : R — U is a nearest neighbor quantizer. Let A > 0 be such that
p(A) < 400 and inequalities (6.29a-b) hold.

1) If x € Qn(A) and u(x) € U(A), then ™ = Ax + Bk(x) is such that

ot <max {42 ol - o)} (A.21)
where, as in equation (3.80),
@(A) := min {M(A) %(a -1), %(a 1) —m(A)}.
ZZ) fP(A) A and YV € Qn(A)

(1- »u(x) € U(A), then, VA" € [fA+ p(A),A],
is (Qn(A), Qn(A"))-stabilizing and u(Qn(A)) CU(A'). In particular, VA € [fA+
( ),A], @Qn(A')

Proof. The proof is similar to that of Lemma 9 in Section 3.2.2 (see also the proof of

1$ positively invariant.

Lemma 10 in Section 4.1 and in Appendix A.3.1).

1) Consider the quantization error ¢ = ¢, — I : R — R, then

n
—7’;:2 xz+Qu K$ Zf11'1+Q6 Kl’)
i=1 =1

With reference to the partition R = §,,(a) U Na U Snr(a) defined in equation (3.70) of
Section 3.2.1, two cases can occur:
I) Suppose that Kx € Na, then

okl = | X firi + ge(Kx)| <
< | R fim] + |ge(Kx)| <
< f5+e,
where the last inequality follows by the fact that x € @,(A) and by Lemma 8.2z in Sec-
tion 3.2.1.

II) Assume instead that Kz € Sa. If Kz € Sppa), then q,(Kx) = M(A) thanks
to Lemma 8.222 that can be applied because we assumed that u(z) = q.(Kz) € U(A).
Thus, z}, = Y0 aw; + M(A). Since —Y 0 aix; = Y iq(—a))z; < alz|, then

n =

xh > —alzl|ec + M(A). Thanks to inequalities (6.29a-b) and by definition of p(A) we
can write M(A) = %(a — 1)+ ¢(A) + 6, with § > 0. Hence,

ah, 2 —alzllo + M(A) = —allzllo + 5 (e — 1) +9(A) + 6 = —|]lw + (A)

where the last inequality holds because (a — 1)( HxHoo) + 60 > 0. On the other hand,
Ty = 2?21 fixitge(Kz) < zz 1 fiwi— (A) by Lemma 8.222. Thus x} < ZZ L Jizi— p(A) <
|Z?:1fi i — 7‘ < fA + pA) Namely,

—|lloo + p(A) <zt < f5 4 22
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which implies |z7}| < max {f% + @ , 1z]loe — @(A)} : in fact, if —||2[ + @(A) >0, then

lzt| < f% + @; if instead —||z]|co + ©(A) < 0, then |z7| < max{f% + @, }— 700 +

@A)} = max {£5 + 22, oo — p(A)}

The case Kz € Sy, (a) is similar.

1) It is a consequence of part ¢ and of the controller form of the system. In fact: Vz € Q,(A),
inequality (A.24) holds; ¢(A) > 0 by inequalities (6.29a-b) , therefore inequality (A.24) im-
plies that VA" € [fA+ p(A),A], Qn(A’) is positively invariant and, by Lemma 6 in Sec-
tion 3.1.1, u(Qn(A’)) CU(A'). Moreover, because zt = (z2,...,x,,27}), inequality (A.24)
also implies that

V2(0) € Qu(A),  [[o(n)]loo <max {5 + 22, [2(0)]o — p(A)} :

since @(A) > 0, the iteration of this argument yields the (Qn(A), Qn(A'))-stability. m

Proof of Theorem 13. Let
B(A) == fA+ p(A) :

with A = 0%01 (see equation (3.9) in Section 3.1.1), ¢ : [A,+oco[— R. Actually, ¢ :
[A, 4+00[— [A,+o0] and it is a non-decreasing and right continuous function. In fact: ¢
is non-decreasing and right continuous because so is p and f > 0; moreover, YA > A,

P(A) > p(A) > A (see equation (3.10)). Notice that, for A > A,
P(A) <A = p(A)<(1-fA. (A.25)

Because inequality (6.29¢) holds, then the restriction of ¢ to the interval [A, Ag] satisfies the
hypotheses of Lemma 11 in Section 4.1. Consider the sequence {Ay}ren defined by Agyq =
¢(Ag): by Lemma 11, it is a non—increasing sequence and, as in the proofs of Theorem 12.2
and Proposition 19.22, equation (4.4) and relation (A.25) imply that limg_ o0 Ar = Aine(f),
with Aine(f) as defined in equation (6.30) .

Let Ay €]Aine(f), Ap]: by Lemma 11, 3m € N such that Ay < Ay < A,. We can hence
define 1 := min{m € N| Az < A,}. We claim that VA =0,...,m — 1, the hypotheses of
Lemma 30.12 are satisfied with A = Ay

The claim implies the thesis, in fact: by Lemma 30.2, Vk = 0,...,m — 1 and VA’ €
[Aki1, Ag], Qn(A’) is positively invariant, in particular so are both @Q,(A¢) and Q,(A,);
moreover Yk =0,...,m—1, u(x) is (Qn(Ak), Qn(Agy1))-stabilizing, in particular u(z) is
(QH(AO), Qn(Am))fstabilizing and, because Ay < Ay, (Qn(AO), QH(A*))fstabilizing.

Let us prove the claim: inequality (6.29¢) is satisfied by Ay if and only if ¢(Ax) < Ay,
namely Api; < Ap. Let us show that for £ < m — 1, it holds that Ap,; < Ap. This
is a consequence of the following two facts: first, by definition of m, Ap > A, > Ag;
secondly, if Ay = Apyq for some h € N, then Vk > h, Ag = Ay . Inequalities (6.29a-b) are
satisfied by Ag, Vk € N: by induction, for kK =0 they hold by assumption while for k > 1,
since Ag = fAp_1+ p(Ax—1) > p(Ak_1), it follows by Lemma 12 of Section 4.1. Finally,
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u(Qn(Ag)) € U(Ag): this holds for k =0 as U = U(Ag), while for k =1,...,m —1 it
follows by recursive application of Lemma 30.22. m

Let us provide the details of the computations allowing us to prove equations (6.31) and (6.32)
in Example 28 of Section 6.2.2.

Example 28: Analysis of ¢ for logarithmic quantization of R.

Proof of ¢: by definition,
E(r3) = sup |[[P(2)]o =

:EGEP,%
= sup ‘qe(K:U)‘:
a?GSP’r%
= sup  qe(y)l,
yeR: |y[<p
where pp := max |Kz|.
z€ P,r'%

From this relation, it immediately follows the continuity of &(r3), in fact: p is continuous
with respect to r% and |g.| is continuous with respect to y (the latter holds because ¢. is
the quantization error associated to a nearest neighbor quantizer, see also Fig. 5.3) .

To complete the proof, it is sufficient to show that

max |Kz|=roVKP 1K' (A.26)

IESP’Tg

and that sup |qe(y)’ is equal to the right—hand side of equation (6.31).
YER: |y[<p
The one in equation (A.26) is a standard constrained maximization problem that can be

solved through the application of the Lagrange multipliers method. As 5P,r§ is symmetric
with respect to the origin, then, with L(x,)\) := Kz + A(2'Pz — r2), a value of x € Epr2
maximizing |Kz| is so that the following system is satisfied for some A € R:

OL

— =K+2X2’P=0 (A.27a)

oz

oL

T a'Pr—1r3=0. (A.27b)
Equation (A.27a) implies that 2\z’ Pz = — Kz, then, using equation (A.27b), 2\r? = — Kz .
By equation (A.27a), we can also come to 2Ar = —P~ 'K’ which combined with the former

expression yields (Kz)z = r3P~1K’. Multiplying both sides of the latter expression by K,
we find (Kz)? = r3KP 'K’ so that equation (A.26) follows.

Finally, the equivalence between ~ sup  |ge(y)| and the right-hand side of equation (6.31)
YyeR: [y|<m

is just a generalization of equation (5.35) including the case gp < % . The proof can be

easily obtained following that of equation (5.35) given in Appendix A.4.1.

Proof of #: it follows by the same arguments used to prove case . We have only to notice

that, by definition of ||K|leo, g := Kz| = |K||e2 .
at, by definition of [|K|loc, 2 zerg‘%)l z| = || Koo 5
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A.6 Appendix to Chapter 7

A.6.1 Basic properties of the Laplace Transformation

We briefly recall the properties of the Laplace transformation that turns out to be useful
for our presentation. In the sequel, the real functions to which the Laplace transformation
is applied are tacitly assumed to be bounded on every finite interval. By s we denote a
complex—valued variable whereas (3 denote a real-valued variable. The real part of s is
denoted by Re(s).

Let g(z) be a real function, the Laplace transform of g is defined by

+o00
G(s) = /0 g(x)e *dx .

The Laplace transform of ¢ is also conveniently denoted by

Theorem 18 Let g(x) be a real function with Laplace transform G(s) converging on the
right half-plane {s € C|Re(s) > c*}. Then G(s) is an analytic function in the interior of
the half-plane of convergence and its n—th derivative is G (s) = (=1)"L[z"g(x)](s) .

Proof. See [35] (Theorem 6.1, page 26). m

Theorem 19 (Initial value theorem) Let g(x) be such that 3 lim,_,y+ g(z) and IG(B)
for some B> 0. Then

lim BG(F) = lim g(x).

B——+o00 z—0+

Proof. See [35] (Theorem 33.4, page 226). =

Theorem 20 (Final value theorem) Let g(z) be such that 3 lim,— 4o (%) = goo € RU
{xoc} and G is convergent on the right half-plane {s € C|Re(s) > 0}. Then

3 lim_5G(5) = goc .

Proof. When g, € R, see [35] (Theorem 34.3, page 233) . Let us prove the case goo = 4o00:
VM > 0 3%(M) such that Vo > &(M), g(z) > M . Hence, SG( ﬁf x)dxr =

B Jy O e Prg(a)da + B [og e Prg(w)de > BK(B) + MB [55 e ﬁxdx where K(ﬁ) =
fox(M)e e )diL‘ is a bounded function of §. Therefore, 3G(3) > BK(B) + Me B(M)
and liminfg_,o4 BG(B) > M . Since M can be chosen arbitrarily large, the thesis follows. m

Theorem 21 Let f and g be real functions with Laplace transforms F and G converg-
ing on the right half-plane {s € C|Re(s) > 0}. Assume that Vo > 0, g(z) > 0,
limg 400 f(x) = limy—y oo g(x) = +00 and that

f(z)

lim =1
a—t50 g(x)
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then

F(p)
1) lim —==1;
) o G(B)

- F(B)

W ) !
Proof. 1) Let My be such that Vo > My, g(z) > 0. For z > My we can write f(z) =
g(x) + h(z)g(x) with limg, 4 h(x) = 0. For any given ¢ > 0, let M > My be such that
Vo> M, |h(z) <e.
F(s) =G(s) + fOM (f(z) — g(z))e **dx + f;loo h(z)g(x)e **dz .
Because for Re(s) >0, |e™"| < 1, then | fOM (f(@) —g(x))e s*dz| < fOM |f(x) —g(z)|de =
K(e) where K(e) is a finite constant (thanks to the boundedness assumption on f and g)
not depending on s. Also, ‘f;/;oo h(z)g(z)e 5 dx| < € M > g(z)e ReTdy < e G(Re(s)),
where in the last inequality we use the fact that g(z) >0 on [0, M].

G(Re(s) € .
|(G(S)|) + |Ic§((s§|' Since for 5 > 0, G(B) > 0, then

‘% - 1’ < e+ g((;; . The thesis follows because, as a consequence of the “Final value
theorem”, it holds that limg o+ G(3) = 400
zf(x)

7—+00 1g()

We hence have that ’ggz; — 1’ < e

1) =1, the thesis then follows by part ¢+ and Theorem 18. m

Corollary 11 If 3X > 0 such that limg_ 4 % =1, then G(s) exists for Re(s) >0 and

G(B)

~1.
40+ AT(A + 1)F—0FD)

Proof. It is a particular case of Theorem 21.1 (see also [35], Theorem 34.1 — page 231). m

Lemma 31 Let 0 > 1 and

if «x , 1
fz) = { ?oggx sz z i [10, | (4.28)
then
0 ﬂlijéh Flggg - 1029;
w) F'(B) = 7(% + [pe;f;o) , in particular glgng I?%g) 1029 .
Proof. ) For >0,
efr g

F(g) = 1ogef €7ﬁzlogxdx—ﬁlog9f+°° _
o0 1 oo
= moao i T W= gmgfs +fge':1d + et ay) =
= ﬁlogO{ 10gﬂ+w(ﬂ)+62]7
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where c3 > 0 and limg_,o+ 9(8) = c1 < 0: the thesis follows.
1) By Theorem 18, for ﬂ >0, F'(3 1Og9 f+°° e Prrlogadr =
_ + - _ F(B) —h

Yoo _
mogef > e P (log 2+

A.6.2 Appendix to Section 7.3.1

The following Lemma provides a relation between the growth of g(z) and that of dj with k.
Lemma 32 Given a quantization I, there exists A > 0 such that

li di _

Mg —+oo px = +00
if and only if there exists v > 0 such that the corresponding g—function is such that

im £ .
r—4oco 7Y

Proof. If A > 0 is such that limy_, 4 g—’; = 400, then VM > 0, ks such that Vk > kp,

dp, > Mk (A.29)
Consider a quantization Zp; such that Dz,, = { + MKk € N} and let gps be the
corresponding g—function. By inequality (A.29) and the definition of g—function, it holds that

Vo> d%M , 9(x) < gm(x) . Therefore, VM >0, limsup, ;71(% < limg 100 if‘f/g“;) = ﬁ
(see equation (7.19)) . Namely, the thesis holds with v = 3¢

Vice versa, if v > 0 is such that lim,_, % =0, then Ve >0, da. such that Vz > z.,
g(z) < ex?. In particular, since k = g(d}) and g is a non decreasing function, then
Vk > g(ze), d2 > z. and hence k < ed?. Namely, Ve >0 and Yk > g(z), o > -

v Rl/2v = (/290
therefore the thesis holds with A\ = % .

A.6.3 Appendix to Section 7.3.2

Proof of Proposition 24. We follow the arguments used to prove Proposition 23. Let
f(x) be the function defined in equation (A.28) in Appendix A.6.1: by assumption, the
g—function associated to Z is such that limg,_, 4o % = 1. Hence, by Lemma 31.2 and
Theorem 21.: in Appendix A.6.1,
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Using the expression for SE(F) deriving from equation (7.10b) we get

BG'(8)
) ) 1+
limg_,o+ BEB) _ limg g+ —F 2 =
—log B log B8
F(ﬁﬁ) =B
262 log 0
@ i b5 _
log 8

. —e Plogp
= limg_p+ 425F(B)10g9

—
=

= 1,

where equality (a) holds by Theorem 21 and Lemma 31.22, equality (b) follows by Lemma 31.2.
To sum up,

. a(e®) , (1+28G(8)) eB€®)
limg_,o+ Togf(@) — limg_,o+ oz £(3) =
T Tog @ e g log 8 M
- hmﬂ—>0+ —log(—log 8)—log B~ logf - u

A.6.4 Appendix to Section 7.4.2

Proof of Lemma 22. Proof of part »: Suppose by contradiction that 3z € J, such that
|z| > /1 and |@(Z )| > |Z|. Consider po = 56z + (1 — 25)do, then E.(po) = 1 whereas
1 = 250,z + (1= 25)0,00) and E(p1) = #he(2)* > 1.

Proof of part w: Suppose by contradiction that 3% € J. such that ]<p( )| > |Z|. Consider
po = 0z , then Ec(po) = #* whereas 1 = 6,3 and Ee(pu1) = p(2)? > 22 = Ee(po) -

Proof of part wi: For any given pg € Pr(R), E(u1) = fcp—l(Je) o(x)?dpg < fJ (z)2dpo <
o? ch 22dpg = 02E.(uo) , where the first inequality holds because, since (.Jp) Q Jo, then
e HJ)CJ.. m

Proof of Lemma 24. First notice that the class P, is admissible: indeed, it is sufficient
to show that P,y is closed under the dynamics ¢ and this is an easy consequence of the fact
that ¢ is standard logarithmic.

Let zop > 0 and 6 = iZIJFU be as in Definition 43.22. For ¢ as in the assumptions of the

lemma, we claim that it is possible to construct a sequence {y,}nen such that

VneN, y,ele (A.30a)

VneN,  Yome) < lynl < z0"@) 1 (A.30b)

forn >1 ) (P(yn) =Yn—-1, (A.30C)
where, for h € N, v, = la “a| ot 4 I ‘a|

The thesis follows by the claim, in fact: consider g := (1—gq) ZZ 5 ¢y, , for some ¢ €]0, 1[.
The energy of such a distribution is £(ug) = (1—q) E:“OOO q'y? < (1—q)(z00)? j:ooo(qOQm("))"
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by inequality (A.30b). Hence, if ¢ €]0 [, £(mo) < +oo. By equation (A.30c),

_1
’ g2m(o)
VieN and VteN, pu(y) > po(yive) = (1 —q)g™, (A.31)

therefore,
Ee(pe) = fj xzdﬂt

> Z;LOS yg/‘t(yz)

(a)

> (1-9q) Zz 0 qz+t%2
(b) .y

> (1= )d" X 47

—~
o
N2

2 .
(1- q)(\a||:‘a$0) gt S (g2 @)y

2
_ 1—q lal+o t
- 1_q92m(d) ( |a| xo) q,

where inequality (a) follows by inequality (A.31), inequality (b) by inequality (A.30b) and

inequality (c) holds because ~p > MHT_'(TJJOG’“‘H . Hence,

log &
lim sup L(Mt) > loggq
t——+o0 t
and |
T. < — sup lim sup 08 Ee(411) <log g>m (o)
q€]o0, W[ t—+o00
That is,
al+o
7. < 2m(o)log a: — -

Let us prove the claim, namely, let us show the existence of a sequence {y,}nen satisfying the
conditions (A.30). With zj, := zo0", since |p(z)| = oz, (see equation (7.23)), JheN
such that Vh > h, ¢(zn) € Jo. Hence, provided that zo is redefined as zo := z;, we can
assume that Vh € N, |@o(xp)| > ro. For h € N, let

If—:_ 1:]’7h ) xh+1[7

where v, €]zp, xp41[ is such that ¢(y,) = sign(a)rg. The existence of such a ~; is
guaranteed by equation (7.23) and by the fact that |p(zp)| > ro (see Fig. A.5). Moreover,
it is easy to figure out that v, = |a|‘ 20 oh+1 ‘T°| Let
- ._ 7t
I =—IF.

Accordingly,
ifa>0, o) =]ry, czp| (A.32a)

4y 7 _
ita<o, {§ PUn)=l=own, =l (A.32b)
SD(Ih) Iro, oy
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Y=oz

Figure A.5: Construction of the intervals I 2‘ ’s in the proof of Lemma 24.

It holds that
if h>m(o), then oxpi1 > T )41 - (A.33)

In fact: oxpi1 > Thomo)+1 < oxofhtt > goph—m(O)+l o gmlo) > % < m(o) > —loggo
which is the case since m(o) = [—logy o] .
Conditions (A.32) and (A.33) imply that, for h > m(o),

ifa>0, o)D) .0 (A.34a)
INY> I,
ifa <0, #l " ) h—m(o) (A.34D)
SO(Ih ) 2 Ih—m(a) :

We are now in the position to construct the desired sequence. Let us do it recursively: fix
any o € ISF . In the case a > 0, assume that Vi < n, y; has been found which satisfies

the properties in equation (A.30) and y; € I;;%( then y,41 can be determined as follows:

o)’
Yn € I:er(a) C w(IaH)m(a)) by equation (A.34a), therefore Elynﬂ € I(J;H)m(a) such that
©(Ynt+1) = Yn - The case a < 0 is similar, in this case y; € (—1)21;”(0) , namely the sequence

is alternating. m

Proof of Theorem 17. For any o €0, 1[, ¢, satisfies the hypotheses of both Lemma 23
and Lemma 24 . Hence, part 2 is a direct consequence of Lemma 23 (and inequality (7.33))
and of Lemma 24 (and inequality (7.32)).

The fact that, for € — +oo, N,y(E) ~ C(o)log€, with C(o) as in equation (7.34), was
shown in equation (7.24).
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Inequality (7.35) is a consequence of the inequality proved in part + and of the fact that, on
an interval |0, oo[ (for sufficiently small op > 0), C is a decreasing function of ¢ and both
fi U and fo ! are decreasing functions of 7.

Let us show that limz, 4 g;gi; =1:

o)

o)
li _ C(y)

_ ) T (e )

y:=fi (T

C(y) _

= lim b =
y—0 y(la]—y)
C( lal+y )

. C1 (T .
limz, 4 % = lim7, 4

2 2
a®+2ylal—y
(®) log a24y2

= limy*)0+ log }Zl‘fz =1 y
where in equality (a) we used the expression of f; given in equation (7.32) and the fact that,
by equation (7.33), f, '(7.) = e~ %/2; in equality (b) we used the expression of C' given in
equation (7.34) .
Finally, for 7, — 400, Co(7c) ~ %‘eT‘i/Q, because

1

Co(Te) = C(f5 1(Te)) = log are T °
og

la|—e=7e/2 [
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