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ADAPTATION IN DYNAMICAL SYSTEMS

In the context of this book, adaptation is taken to mean a feature of a system
aimed at achieving the best possible performance when mathematical models of
the environment and the system itself are not fully available. This has applications
ranging from theories of visual perception and the processing of information to the
more technical problems of friction compensation and adaptive classification of
signals in fixed-weight recurrent neural networks.

Largely devoted to the problems of adaptive regulation, tracking and identi-
fication, this book presents a unifying system-theoretic view on the problem of
adaptation in dynamical systems. Special attention is given to systems with nonlin-
early parametrized models of uncertainty. Concepts, methods, and algorithms given
in the text can be successfully employed in wider areas of science and technology.
The detailed examples and background information make this book suitable for a
wide range of researchers and graduates in cybernetics, mathematical modeling,
and neuroscience.

IVAN TYUKIN is an RCUK Academic Fellow in the Department of Mathematics,
University of Leicester. His research and scientific interests cover many areas,
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Preface

Adaptation is amongst the most familiar and wide spread phenomena in nature.
Since the early days of the nineteenth century it has puzzled researchers in broad
areas of science. Since it had often been observed in responsive behaviors of bio-
logical systems, adaptation was initially understood as a regulatory mechanism that
helps an animal to survive in a changing environment. Later the notion of adaptation
was adopted in wider fields of science and engineering.

As a theoretical discipline it began to emerge as a branch of control theory
during the first half of the twentieth century. Its beginning was marked by pub-
lications discussing basic principles of adaptation and its merits for engineering.
Imprecise technology and mechanisms were, perhaps, amongst the strongest prac-
tical motivations for such a theory at that time. Various notions of adaptation were
adopted by engineers and theoreticians in order to grasp, understand, and imple-
ment relevant features of this phenomenon in practice. The first applications of
the new theory were simple schemes for extremal control of mechanical systems;
these systems could be described by just a few linear ordinary differential equations.
Since then adaptive controllers have evolved to encompass substantially more com-
plex devices. The controlling devices themselves can now be viewed as nonlinear
dynamical systems with specific input—output properties. Methods for the design
and analysis of such systems are currently recognized by many in terms of the
theory of adaptive control and systems identification.

Because the initial motivation to develop a theory of adaptation was driven
mainly by the demands of mechanical engineering and the need for robust design
of otherwise imprecise machines, the domain of application of the theories of adap-
tation was naturally restricted to the realm of artificial devices and engineering.
The focus of the developing theory was restricted, in particular, to the problems
of control of a relatively narrow class of well-studied and modeled mechanical
systems, many of which were stable in the Lyapunov sense, for which the values
of some parameters and variables are unknown and cannot be measured explicitly.

iX
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Yet, the potential role of the theory of adaptation was much wider and broader. It
has become evident recently that there exists a demand for a systematic theory of
adaptation outside of the domain of engineering.

Understanding basic mechanisms and principles of adaptation and regulation is
recognized as relevant in physics, chemistry, biology, and brain sciences (Sontag
2004; Fradkov 2005). Because of the huge complexity of the phenomena studied in
these domains, using the standard language of each particular science for systematic
studies of the phenomenon of adaptation might not be adequate. Therefore in these
areas system-theoretic views, irrespective of the particular subjects of study, have
exceptional potential.

Apart from in the natural sciences, the needs for further development of the theory
of adaptation are evident in handling complex artificial systems. This is especially
true when changes in the working environment cannot be predicted a priori or there
is a substantial degree of uncertainty about the system’s internal state. Although
there is a large literature on the theory of adaptive systems, both in the theoretical
and in the applied domain, there are several issues preventing explicit application
of classical recipes of adaptive control in these fields. These issues with classical
schemes are

o the necessity to have a precise mathematical model of a controlled system,

o the requirement that models of uncertainties are linear or convex with respect to
unknown or uncertain variables,

o the assumption that the target dynamics is stable in the Lyapunov sense,

o the assumption that a corresponding Lyapunov function for the target
motions is available (Sastry and Bodson 1989; Narendra and Annaswamy 1989;
Kirsti¢ et al. 1995; Ljung 1999; Eykhoff 1975; Bastin ef al. 1992; Fradkov et al.
1999).

Every one of these requirements alone limits the role of the existing theory of
adaptive systems in solving relevant problems in science. Altogether they constitute
the “standard” approach which applies to several canonical cases, which are limited
even within the realm of engineering.

The purpose of this work is to contribute towards extending the existing theory
of adaptation and adaptive control beyond the scope of its usual applications in
engineering to new and non-conventional areas, such as neuroscience and mathe-
matical modeling of biological systems. It is hoped that this extension will create
additional opportunities for control theorists to apply their expertise in novel and
still developing fields of science; it will also help to expand the synthetic and
analytical functions of systems and control theory into the natural sciences.

The focus of this book on the analysis of possible adaptation mechanisms in sys-
tems with nonlinear parametrization and unstable target dynamics was influenced
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by the author’s work in the Laboratory for Perceptual Dynamics, RIKEN Brain
Science Institute, Japan from November 2001 to March 2007. Neural systems of
living organisms, and ultimately the human brain, were the source of inspiration.
It became clear very quickly that the standard tools and methods in the arsenal of
conventional adaptive control theory do not offer an acceptable explanation for the
versatility and robustness of neural systems working in an uncertain environment.
The aim therefore was to enhance the theory by making it suitable for the analysis
and synthesis of adaptive schemes for nonlinear dynamical systems:

o with potentially Lyapunov-unstable and non-equilibrium target dynamics;

o when explicit definition of the target sets is not possible;

e using minimal, qualitative, macro-information about the system, and also
allowing substantial uncertainty about the specific mathematical model of the
system,;

« allowing uncertainty models that are maximally adequate to describe the physical
laws of processes and phenomena in the system.

The necessary ingredients of this extended theory of adaptation follow naturally
from the logic of its development: from basic principles of the system’s organization
in the presence of uncertainties to specific laws of regulation. These ingredients
include

(1) methods for analysis of basic input—output properties of the nonlinear systems;
they should allow incomplete knowledge of equations describing the system
dynamics; and they also should apply both to stable and to unstable systems;

(2) principles and methods of adaptation to disturbances that are unknown a priori
and unavailable for measurement; the principles should rely exclusively on the
fundamental physical properties of the systems considered; and the adaptation
mechanisms should be able to realize these principles using adequate physi-
cal models of uncertainties and requiring a minimal amount of measurement
information.

The following topics received particular attention: analysis of the completeness,
realizability, and state boundedness of interconnections of uncertain dynamical sys-
tems; conditions ensuring convergence of the system’s state to the target sets and
their neighborhoods; designing laws of adaptive regulation and parameter estima-
tion of nonlinearly parametrized models; characterizing the quality of the transient
dynamics in systems with uncertainties; and parametric, signal/functional pertur-
bations. In order to provide the reader with the necessary background and also
to support our own argumentation a brief review of major classical concepts of
adaptation is included.
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The content of the book is based largely on the work I had the privilege to carry
out together with my colleagues and co-authors.' The structure of the book can
be summarized as follows. The text is organized into three large parts. The first
part (Chapters 1-3) contains mainly introductory and preliminary results. Proofs of
lemmas and theorems presented in this introductory part are kept within the main
text.

In Chapter 1 we provide an informal discussion of the notion of adaptation
followed by an overview of the range of specific problems considered in the text.

Chapter 2 contains background and preliminary results such as basic notions
of stability, a very brief introduction to the method of Lyapunov functions, and a
particularly important result on the exponential stability of the origin for a class of
linear systems of ordinary equations with skew-symmetric matrices.

In Chapter 3 we review and analyze conventional approaches to the problem of
adaptive control of nonlinear systems. We formulate the main theoretical and prac-
tical issues arising in these standard approaches (Fomin et al. 1981; Fradkov 1990;
Narendra and Annaswamy 1989; Krsti¢ ef al. 1995) and their mathematical state-
ments of the problem. These issues include the ambiguity of standard mathematical
notions of an adaptive system, performance measures, limitations on defining the
system’s target sets,” restricted classes of the uncertainty models, and requirements
for precise knowledge of the mathematical model of a system.

The second part, Chapters 4 and 5, presents the main theoretical results developed
in the monograph. In order to preserve the integrity of the text, proofs of statements
formulated in this part are given in appendices at the ends of these chapters.

In Chapter 4 we consider nonlinear systems defined in terms of their “input-
to-output” and “input-to-state” characterizations given by mappings, or operators
in functional, L, spaces. We introduce mathematical tools for the analysis of
interconnections of dynamical systems with input—output (input—state) operators
that are locally bounded in state and provide a formal statement of the problem for
functional synthesis of an adaptive system. We demonstrate how this problem can
be solved. The solution to the problem of functional synthesis of an adaptive system
allows us to formulate various principles of its organization at the macroscopic level:
the separation principle, the bottle-neck principle, and the emergence of weakly
attracting sets in the interconnections of systems with contracting and wandering
dynamics. The latter result is based on Tyukin et al. (2008a).

1 This includes earlier texts such as Tyukin and Terekhov (2008).

2 One of the most severe restrictions is the requirement for the target dynamics to be globally stable in the
sense of Lyapunov. In addition, there is a necessity to specify target sets of the adaptive system a priori. The
latter condition either requires prior identification of the system, which contradicts the very essence of adaptive
behavior, or leads to enforcing motions that are not necessarily inherent and, hence, optimal to a physical system
itself.
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In Chapter 5 we utilize the principles derived in the previous chapter in order to
provide an adequate statement of the problem of adaptive control and regulation of
nonlinear dynamical systems. Its distinctive features are that the uncertainty models
are allowed to be nonlinearly parametrized, mathematical models of the system
need not be known precisely, the target dynamics is not restricted exclusively to
globally Lyapunov-stable motions, and the target sets could be defined implicitly —
as invariant sets of an auxiliary dynamical system. Generally, the problem is stated
as that of regulating the influence of uncertainties on the target dynamics to some
functional space. This allows one to refrain from explicit use of the method of
Lyapunov functions and, hence, avoid its limitations.

We also consider several specific problems that have substantial theoretical and
practical interest:

« adaptive regulation to invariant sets;

« adaptation in interconnected systems;

o state and parameter inference for systems with nonlinear parametrization of
uncertainty.

In order to solve these problems two synthesis strategies were developed: the
method of the virtual adaptation algorithm presented in Tyukin ef al. (2007b) and
the strategy based on purposeful introduction of unstable attracting sets into the
system’s state space (Tyukin er al. 2008a).

In the third part of the book (Chapters 6—8) we illustrate how the theory can be
used to solve a number of practical problems of control, processing of informa-
tion, and identification in mechanics, experimental biophysics, and computer and
cognitive science. In particular, we consider the problem of adaptive classification
in neural networks with fixed weights, the problem of identifying the dynamics
of neuronal cells, and the problem of invariant recognition of spatially distributed
information. We discuss why existing techniques cannot be successfully applied to
solve these problems, or their application yields practically inefficient outcomes.
The content of this part is based on Tyukin ez al. (2008b), Tyukin et al. (2009), and
Fairhurst er al. (2010).

This book would never have seen the light of day without the continuous sup-
port, help, and encouragement I received from many people with whom I have
had the honor of working. I would like to express my deep gratitude to Professor
V. A. Terekhov, my teacher, friend, and co-author, for his help, fruitful and moti-
vating discussions of the philosophical foundations of the problem of adaptation,
and unlimited patience. I am grateful to my colleagues and co-authors Cees van
Leeuwen, Danil Prokhorov, Henk Nijmeijer, Erik Steur, David Fairhurst, Alexey
Semyanov, and Inseon Song who contributed to the development of the ideas in the
monograph. I am grateful to Dr Steven Holt and his colleagues for proof-reading
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and editing the monograph at the final stage of production. Finally, I am indebted
to my dear wife Tanya, who contributed to the applied side of the project, assisted
with the artwork, and also helped me enormously to summarize the results during
the later stage of the production of the manuscript. My own personal role was lim-
ited to mere listening, interpretation, and writing. As is unfortunately the case in
scientific endeavors, errors are inevitable companions. Even though I tried to avoid
these unwelcome companions, my own journey is unlikely to be an exception, for
which I fully accept sole responsibility. I would therefore be extremely grateful to
readers, should they wish to help by contacting me when an error is found.



Notational conventions

Throughout the text the following notational conventions apply.

e Symbol R defines the field of real numbers and R>, = {x € R|x > c}; N defines
the set of natural numbers; and Z denotes the set of whole numbers or integers.

e Symbol R” stands for an n-dimensional linear space over the field of reals.

e C denotes the space of functions that are at least k times differentiable.

e Symbol K denotes the class of all strictly increasing functions « : R>g — Rxg
such that x(0) = 0; symbol K, denotes the class of all functions x € K such
that lim;_, 5o k£ (s) = 00.

e Let Q2 be a set, then by S{Q2} we denote the set of all subsets of 2.

e ||x|| denotes the Euclidian norm of x € R".

e The notation | - | stands for the absolute value of a scalar.

e The notation sign(-) denotes the signum function.

e By L’;,[to, T], where tg > 0, T > 19, p > 1, we denote the space of all functions
f : R>o — R" such that

T 1/p
1l g = ( / ||f<r>||f’dr) < 0.
to

o The notation ||f]| ,,[,,,7] denotes the L'I’,[to, T]-norm of f(¢).
e By L! [to,T],to > 0, T > 19, we denote the space of all functions f : R~y — R”"
such that
£ llcc.19.71 = esssup{|[[f @) |, 7 € [to, T1} < oo,

and |/f || 0,4y, 77 Stands for the L [#o, T]-norm of f(z).
e Let Abeasetin R”, x € R", and let | - || be the usual Euclidean norm in R”. By
the symbol ||| 4 we denote the following induced norm:

= inf — .
I1X1.4 érelA{IIX qll}

XV
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e Let A € R, then the notation [|x]|| 4, stands for the following equality:

il = | IXla= A x> A,
S Ix[l4 < A.

e The symbol ||| 4 1. 1s defined as follows:

XD Ao 1061 = SUP [1X(T) | 4 -
T€[ty,t]

e Letf : R” — R™ be given. The function f(x) : R” — R is said to be locally
bounded if for any ||x|| < 8, § € R there exists a constant D(§) > 0 such that
IEx) [ < D).

e Let["beann xn square matrix, thenI" > O denotes a positive definite (symmetric)
matrix. (I ™! is the inverse of I'). By I' > 0 we denote a positive semi-definite
matrix.

We reserve ||x||12- to denote the quadratic form x''x, where x € R” and x! is the
transpose of x.

Symbols Apin (I') and Apax (I') stand for the minimal and maximal eigenvalues
of I, respectively.

e By the symbol / we denote the identity matrix.

The solution of a system of differential equations x = f(x,7,0,u(z)),u: R>o —
R™, 0 € R? passing through point X at = 1o will be denoted for r > fg as
x(t, Xq, fp, @, 1), or simply as x(¢) if it is clear from the context what the values
of x¢ and € are and how the function u(z) is defined.

Letu: R" x R4 x R>9 — R™ be a function of state x, parameters 0 , and time ¢.
Let in addition both x and @ be functions of 7. Then, when the arguments of u are
clearly defined by the context, we will simply write u(¢) instead of u(x(¢), 9(t), 1).
e When dealing with vector fields and partial derivatives we will use the following
extended notion of the Lie derivative of a function. Let it be the case that x €
R"™ and x can be partitioned as follows: x = x| @ xp, where x; € R?, x; =
(x11,...,x1q)T, X, € RP, xp = (xz1,...,xzp)T, q + p = n, and & denotes
concatenation of two vectors. We define f : R” x RY x R — R” such that
£f(x,0,1) = £1(x,0,1) ® f2(x,0,1), where f; : R” x R x R — RY, fi(-) =
(11O figO) T B RPXRYXR — RP, and £5(-) = (f21(), - .., fap ()T
Then Lg;x 0,V (X,1),1 € {1,2}, denotes the Lie derivative of the function ¥ (x, 1)
with respect to the vector field f; (x, 0, 7):

dim x;
LY (x, 1)
Lt xo.nV (x,1) = Z Tﬁj(x,a,t).
Jj=1 &
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o Letf,g: R"” — R” be differentiable vector fields. Then the symbol [f, g] stands

for the Lie bracket:
of og

f,g] = —g — —f.
[f. 2] axg 0x

The adjoint representation of the Lie bracket is defined as

ad(}g =g, ad]f(g = [f,ad'f‘_lg].






Part 1

Introduction and preliminaries






1

Introduction

Consider a living organism or an artificial mechanism, which we shall refer to for
the moment as a system, aiming to perform optimally in an uncertain environment.
Despite the fact that the environment may be uncertain, we will suppose that we
know the structure of the physical laws of the environment determining plausible
motions of the system. Suppose that we even know what the system’s action might
be and assume that criteria of optimality according to which the system must deter-
mine its actions are available. Would we be able to decide a priori which particular
action a system must execute or how it should adjust itself in order to maintain its
behavior at the optimum?

Depending on the language describing the system’s behavior, environment, and
uncertainties a number of theoretical frameworks can be employed to find an answer
to this non-trivial question. If the available information about the system is limited
to a statistical description of the events and their likelihoods are known, then a
good methodological candidate is the theory of statistical decision making. On the
other hand, if the more sophisticated and involved apparatus of stochastic calculus
is used to formalize the behavior of a system in an uncertain environment then
a reasonable way to approach the analysis of such an object is to employ the
theory of stochastic control and regulation. Despite these differences in how the
behavior of a system may be described in various settings, there is a fundamental
similarity in the corresponding theoretical frameworks. This similarity, if expressed
informally, is that every framework should contain a description of the system’s
actions, mechanisms for maintaining and adjusting its behavior, and criteria of
optimality or goals. These are in essence components of what we usually understand
when calling a system adaptive.

In biology, according to the Encyclopedia Britannica, adaptation is described as
a “process by which an animal or plant species becomes fitted to its environment; it
is the result of natural selection’s acting upon heritable variation. Even the simpler
organisms must be adapted in a great variety of ways: in their structure, physiology,
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and genetics, in their locomotion or dispersal, in their means of defense and attack,
in their reproduction and development, and in other respects.” Actions, regulation
and adjustments, criteria of optimality (fitness) are all present in this definition.

In systems theory there is less consensus on what the term “an adaptive system”
describes. According to Evleigh (1967) a system is called adaptive if it “is a system
which is provided with a means of continuously monitoring its own performance
in relation to a given figure of merit or optimal condition and a means of modifying
its own parameters by a closed-loop action so as to approach this optimum.” Other
definitions of an adaptive system have been provided by e.g. L. Zadeh, R. Bellman
and R. Kalaba, J. G. Truxall, and V. A. Yakubovich, which we will consider in
detail in Chapter 3. Yet they all share the very same ingredients such as actions,
adjustments, and criteria of optimality. In this book we will also use the same
general understanding of what an adaptive system means, though we will allow
some technical deviations from these classical definitions.

Because the phenomenon of adaptation is generally understood as a special reg-
ulatory process in which a system maintains its performance at the optimum by
adjusting itself and its actions, a natural language to analyze the phenomenon
of adaptation is the language of systems and control theories. There are many
inspiring and excellent monographs covering the general topic of adaptation. A
non-exhaustive list of influential texts includes Tsypkin (1968), Tsypkin (1970),
Narendra and Annaswamy (1989), Sastry and Bodson (1989), Krsti¢ et al. (1995),
and Fradkov er al. (1999). Hence it is reasonable to ask whether anything new
can be added to this wealth of intellectual resources by one more text. As is often
the case in science, novelty is a frequent consequence of a new formulation of a
known problem, or it emerges as a result of answering new questions about familiar
objects.

The purpose of this monograph is to contribute to the theory of adaptive sys-
tems by presenting a list of challenging questions and providing a unified theory
that would allow one to find answers to these questions in a rigorous and system-
atic way. There are numerous examples illustrating the benefits of mathematical
analysis of the phenomenon of adaptation: they range from solving the problems
of crisis predictions (Gorban et al. 2010) to explaining plausible mechanisms of
cell functioning in biology (Moreau and Sontag 2003), understanding the evolu-
tion of species (Gorban 2007), and motor learning (Smith ez al. 2006). It is the
author’s hope that the methods developed here will also be useful for addressing
open questions in science.

Below we present several examples of these questions emerging across the
disciplines ranging from brain modeling to the issues of precise perturbation com-
pensation in engineering and the problems of signal classification and pattern
analysis in artificial intelligence. These examples are split into two major groups
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related to the problems of observation and regulation. For each of these groups
we provide informal statements of the corresponding adaptation problems. These
statements are not to be considered final and we will reshape them later on in the
text. The function of these statements is to emphasize different facets of the problem
of adaptation. There was no specific reason for choosing particular subject areas
from which the examples are taken except probably the author’s personal interests
and bias.

1.1 Observation problems

The problem of state and parameter reconstruction of dynamical systems from
the values of just few variables is a common task in the domain of mathematical
modeling. Despite the fact that this problem received substantial attention in the
past (see e.g. Bastin and Dochain (1990) and Ljung (1999)), there are gray spots
in the literature for which finding a computationally plausible and theoretically
rigorous solution remains a non-trivial task. The usual sources of difficulties are
the presence of nonlinear parametrization, and the fact that we are not allowed to
influence the system’s behavior by varying its inputs in a reasonably broad class of
functions.

There are numerous observation problems of this kind in physics. We start by
presenting two examples from the domains of biophysics and neuroscience.

1.1.1 Example: quantitative modeling in biophysics and neuroscience

Let us consider the problem of simultaneous state and parameter reconstruction of
models describing the dynamics of neural cells. Most of the available models of
individual biological neurons are systems of ordinary differential equations describ-
ing the cell’s response to stimulation; their parameters characterize variables such
as time constants, conductances, and response thresholds, which are important for
relating the model responses to the behavior of biological cells. Even the simplest
models in this class, such as the Morris—Lecar model (Morris and Lecar 1981), are
a great source of inspiration from the modeler’s perspective (see Figure 1.1). This
model is defined by the following system of equations:

. 1
V= E(_é—'Camoo(V)(V — Ecy) — gxw(V — Ex) —gL(V — EL)) + 1,

1 Weo (V)
= — w .
(V) (V)

(1.1)
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Figure 1.1 Incompleteness of information in quantitative modeling of a cell’s
behavior. The diagram on the left shows a basic phenomenological description of
how currents propagate through a patch of the cell’s membrane. There is a number
of voltage-dependent channels, such as for Ca, Na, and K depicted in the figure.
These channels pump ions through the membrane, and each of these channels
has its own dynamics. The problem is that recording currents through every single
channel in the membrane simultaneously is not always possible. Thus they must be
estimated from available measurements, such as the membrane potentials depicted
in the right diagram.

Meo (V) = 0.5 (1 + tanh (V —Vi )) i
V2

Woo (V) =0.5( 1 4+ tanh ,
Va

1
cosh (V — V3)/2Vy)

where

(V) =T,

The variable V in (1.1) corresponds to the measured membrane potential, and
I models an external stimulation current. The parameters gca, gk, and gr stand
for the maximal conductances of the calcium, potassium, and leakage currents,
respectively; C is the membrane capacitance; Vi, V», V3, and V4 are the parameters
of the gating variables; Tp is the parameter regulating the time scale of ionic currents;
Ec, and Ex are the Nernst potentials of the calcium and potassium currents; and
Ey is the rest potential.

The total number of parameters in system (1.1) is 12, excluding the stimulation
current /. Some of these parameters can be considered typical. For example the
values of the Nernst potentials for calcium and potassium channels, Ec, and Ek,
are known and usually are set as Ec, = 100mV and Ex = —70mV (Koch 2002).
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The value of the rest potential, Er,, can be measured explicitly. The values of the
parameters, gca, &K, &L, and Tp, however, may vary substantially from one cell to
another, and in general they are dependent on the conditions of the experiment. For
example, the values of gc,, gk, and g1, depend on the density of ion channels in a
patch of the membrane; and the value of Tj is dependent on temperature. Hence, to
be able to model the dynamics of individual cells, we have to recover these values
from data.

Another example of the same nature is a model predicting the force generated by
rat skeletal muscles during brief isometric contractions (Wexler et al. 1997). The
model consists of three coupled nonlinear differential equations,

. F F
F=aT|l]l—- — ) - ———,
Fmn 11+ 1T /T

T = k1T0C2 — (k]C2 + k)T,
C =2(kiC? + k)T — 2k TyC? + kCo — (k + ko)C,

(1.2)

where F is the force generated by the muscles, T is the concentration of CaZt—
troponin complex, and C is the concentration of Ca>* in the sarcoplasmic reticulum.
The parameters t1, Co, and k are fixed, while the parameters kg, k1, k2, 72, Fn, a,
and Ty are free. The values of T and C are not available for direct observation, and
the values of F over time can be measured. The question is whether it is possible
to reconstruct the free parameters of the model together with the values of the
concentrations 7" and C from the measurements of F. As in the previous example,
we are dealing with an uncertain system in which the unknown parameters enter
the right-hand side of the corresponding differential equations nonlinearly.

1.1.2 Example: adaptive classification in neural networks

The problem of estimating parameters of ordinary differential equations is not
limited to the domain of modeling. It has an important relative in the field of
artificial intelligence, namely the problem of adaptive classification of signals. An
example of this problem is provided below.

Consider a set of signals defined as

f: {ﬁ(S(I)’el)}’ l e {]‘"“’N‘f}’
fi:RxR—>R, fi(.)eC,
£:R=g — R, £(-) € C' N Lyo[0, 00, (1.3)

where 6; € Qg C R are parameters of which the values are unknown a priori,
Q9 = [Omin, Omax | 1s a bounded interval, and & (¢) is a known and bounded function.



8 Introduction

Signals f;(£(¢), 6;) constitute the set of variables chosen to represent the state of
an object.

Lets € F be an element of class F. The values of s (¢, 6) are fed into the following
system of differential equations:

N
Xj = Z Cj,mG(W;r’mX + ws,jms(t) + we, jm& +bjm),
m=1
je{l,..., Ny},
X = col(xy,...,xn,), X(fo) = Xo. (1.4)

System (1.4) is often referred to as the recurrent neural network with standard multi-
layer perceptron structure. Here ¢; y, W m, Ws, j m» We, j.m, and b ,,, are parameters
of which the values are fixed, and the function o : R — R is sigmoidal:

“P =T
The problem of classification can now be stated as follows: is there a network of
type (1.4) that is able to recover uncertain parameters i and 6; from the input s(¢)

(see Figure 1.2)? Informally, this means that there exist two sets of functions of the
network state x and input s(7):

{hyj(x(@), s}, {ho,j(x(1), (1))},
hyj R xR—>R, hgj :R™ xR—R, je{l,...,Ny},

such that the values of i and 6; can be inferred from {hy ;(x(¢),s(z))} and
{hg,j(x(2),s (1))}, respectively, within a given finite interval of time.

Class 1:  f,(&(),9)

Class 2: £, (&(0), N > Signals of which class
12(&( %) were presented on the input?

Class N;: f N,/(_E,(t),QN, )

Figure 1.2 Adaptive classification of temporal signals in recurrent neural networks
with fixed weights.
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Networks (1.4) form an important class of computational structures of which the
practical utility and capabilities are widely acknowledged in the literature (Haykin
1999). This class has been shown to be successful in dealing with a wide range
of classification problems, including that of classifying signals from (1.3), pro-
vided that the values of 6; in (1.3) are known. Empirical studies suggest that
recurrent neural networks of this type are able to solve the classification problem
(Feldkamp and Puskorius 1997; Prokhorov et al. 2002a) even if 6; are unknown.
The question, however, is how to show that this is indeed the case.

The problem of adaptive classification may look different from the previous
examples in the domain of modeling. Indeed, here we have an existence ques-
tion, whereas in the examples before we asked for a specific estimation algorithm.
Despite these differences, there is substantial similarity in these problems. To be
able to see this similarity, we would like to state the observation problem in a more
general context below.

1.1.3 Preliminary statement of the problem

Let us generalize model (1.1) to the following class of dynamical systems:

x =f(x,0) +gx,0)u@), x(to) e Q CR",
y=h(x), xeR", 0eQy QR yeR, (1.5)

where f,g : R" x RY > R", h:R" - R,and u : R — R are continuous
and differentiable functions. The variable x stands for the state vector, u € U C
Clto, 00) is the known input, @ is the vector of unknown parameters, and y is the
output of (1.5). Given that the right-hand side of (1.5) is differentiable, for any
X € Qu,u € Cl[to,oo) there exists a time interval 7 = [fg, 1], 11 > o such
that a solution x(z,x”) of (1.5) passing through x’ at 1y exists for all 7 € 7. Hence,
y(t) = h(x(¢)) is defined for all ¢ € 7. For the sake of convenience we will assume
that the interval 7 of the solutions is large enough or even coincides with [fy, 00)
when necessary.

Taking these notations into account, we can now state the observation problem
as follows: suppose that we are able to measure the values of y(¢) precisely; can
the values of X’ and the parameter vector @ be recovered from the observations of
y(t), and, if so, how? In particular, we are interested in finding a computational
algorithm

E=pE r,u@),y1), & =E®1) e Q, (1.6)
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such that for some known functions h, (§) and hy (¢) and given number ¢ > 0 the
following property holds:

limsup|[hy (§(z,80)) —x@)[ <&,

1—>00

lim sup|lhg (£(,£0)) — 0] < eV &) € Q.

t—00

(1.7)

In order to see how this statement is related to the adaptive classification problem
in neural networks it is sufficient to notice that (1) the right-hand side of (1.4) can
approximate an arbitrary continuous function in a bounded domain (hence it can
model the right-hand side of (1.6)), and (2) the function s in (1.4) may be modeled
as an output of system (1.5).

System (1.5) can be viewed as an external object or environment, and compu-
tational algorithm (1.6) and the functions h, (§) and hy (&) constitute the adapting
system. The system responds to changes in the environment so that its performance
(defined here by (1.7)) reaches an acceptable level and is maintained at this level
indefinitely. If (1.5) were linearly parametrized, i.e. the functions f (x, #) and g(x, 0)
were linear in @, then in order to answer this question we could employ the well-
developed machinery of standard adaptive observers design (Marino and Tomei
1995b). Yet, as model (1.1) illustrates, the assumption of linear parametrization
does not always hold. Hence alternative methods are needed.

This question (as well as other related issues of parameter estimation of nonlinear
ordinary equations) is discussed in detail in Chapter 5. In addition to presenting
sufficient conditions stipulating the mere existence of solutions to the observation
problem, we provide specific computational algorithms (1.6) satisfying the required
asymptotic properties (1.7). Special attention is paid to the analysis of the conver-
gence rates of these algorithms. One may expect that the rates of convergence are
likely to depend on the classes of nonlinearities in the models. This is indeed the
case, as we illustrate in Chapter 5.

1.2 Regulation problems

Suppose now that we are not interested in reconstructing the values of the state
and parameters of system (1.5). We do, however, require that the system’s state is
regulated to a given set in the system’s state space for all § € y. Consider for
example the following system:

X1 = x2,
_ (1.8)
Xy = —x1 —x2 + g(x1,x2,0) +u,
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where x1 and x; are the state variables, € ¢, Qp C R is the vector of unknown
parameters, g : R x R x R? — R is a continuous function, and u : R — R is an
input. Equations (1.8) describe a large class of mechanical and chemical systems.
If we accept a simplified interpretation in which x is the position of an object
in space and x» is its velocity then g(x1,x2,0) could stand for the friction terms
(Canudas de Wit and Tsiotras 1999). If (1.8) is a model of a bio-reactor then x
and x» are the substrate concentrations and g(xy, x2, @) could stand for the standard
Michaelis—Menten nonlinearity (Bastin and Dochain 1990). In all these cases the
function g(xp, x2,0) is nonlinear in #. The question is whether there is a function
u(xy,xa, é) such that the solutions of (1.8) converge to the origin for all § € 2.

1.2.1 Example: non-dominating adaptive regulation

If no additional constraints are imposed then the above problem can be easily solved
within the framework of dominating functions (Lin and Qian 2002b; Putov 1993).
In this framework the original nonlinearly parametrized uncertainty g(xi, x2, @) is
replaced by a dominating linearly parametrized one |g(x1,x2,0)| < g(x1,x2)Tn
and the problem is then solved using the standard method of Lyapunov functions
(see Lin and Qian (2002b) for details). Although practical, this approach is not
necessarily optimal for systems with limited resources. If the system is a living
organism then using resources excessively may be an important limiting factor.
The same argument applies for artificial yet autonomous systems. For these classes
of systems a reasonable assumption is that the system is penalized for excessive
use of domination terms in control.

One of the simplest examples of such non-dominating control schemes is the
compensatory control u = —g(x1, x2,#). If the value of § were known then this
feedback would be able to steer the system to the origin. The problem, however,
is that the values of # are unknown and the function g(xp,x2,6) is nonlinearly
parametrized. A possible strategy would be to make an initial guess at # and then
adjust its value over time. The question, however, is how should one do this? This
is a typical example of the non-dominating adaptation problem, of which a more
formal statement is provided at the end of this section.

1.2.2 Example: adaptive tuning to bifurcations

In the previous case the set to which the system solutions are to converge was a
priori known. There are systems for which information of this kind is not explic-
itly available. Their goal is not to reach a given state in the system’s state space
but rather to maintain adaptively a certain functional property of the system. An
interesting example is the problem of adaptive self-tuning of a hearing nerve cell
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Amplitude
Amplitude

Not tuned  py-p=1 Tuned — Ho-u=0

Figure 1.3 A diagram illustrating sensitivity control in the hearing cells via tuning
to Andronov—Hopf bifurcation. The left panel shows response of the model, (1.9),
A =1, =1,toastimulus u(t) = sin(¢) at uop — u = 1. The middle panel shows
the response of the “tuned” model with g = u to the same stimulus. We see that
the amplitude of oscillations in the tuned cell is many times larger than that in the
untuned one.

(Moreau and Sontag 2003). The dynamics of the cell can be described by a nonlinear
oscillator

¥4 (o — )X + 2% + 0’x = u(t), » € Roy, (1.9)

where p is the parameter to be adjusted and u(¢) is the input (stimulus). When
the value of u is set close to o the system’s dynamics approaches supercritical
Andronov—Hopf bifurcation. This leads to the possibility of substantial amplifica-
tions of signals in the specific frequency range (Camalet e al. 2000) (see Figure
1.3). The question, however, is what are the mechanisms ensuring that the system
is always operating in close proximity to the bifurcation?

It has been shown in Moreau and Sontag (2003) that a simple adaptation
procedure,

= —alog\/x>+i2/w? —b, a,b € Roy, a < b,

provides the required property. The value of this and similar results is difficult to
overestimate, for they provide plausible adaptation models that can be searched for
and validated in experiments. Moreover, the example motivates us to generalize
this question even further and ask whether there exists a general recipe for deriving
such feedbacks. This is the class of problems also known as adaptive tuning to
bifurcations.
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1.2.3 Example: adaptive regulation to invariant sets

The question of adaptive tuning to bifurcations is closely related to another inter-
esting problem, that of adaptive regulation to invariant sets. The need to pose the
problem of regulation as that of steering to a given invariant set emerges under
those conditions, when the target set is not completely known. For example, we
may know that the target set is necessarily an equilibrium or a periodic orbit, yet
the precise location and shape of these sets might not be known. In Chapter 5 we
present a set of results that allow us to solve both the problem of adaptive tuning
to bifurcation and the problem of regulation to invariant sets in a unified manner
using the method of a virtual algorithm of adaptation.

1.2.4 Preliminary statement of the problem

Let us now summarize the regulation problems considered above. Suppose that the
system’s motions are governed by the following set of equations:

x =fo(x) +f(x,0) + gX)u, (1.10)

where fy, f and g are continuous functions and @ is the vector of unknown parame-
ters. The standard adaptive regulation question is that of whether there is a feedback

U= u(x,é),
. (1.11)
0= A(x)

such that the system’s state is stirred asymptotically to the origin. As our examples
motivate, in addition to this standard requirement, we may wish to require that a
functional of u(x, @) is optimized over time. A reasonable requirement could be

that
t

tlim (u(x(t,xq),0) — u(x(t,xo),@(r)))2 dt — min.
-0 Jo

In the next chapters we shall see when, how, and in what sense such requirements
may be satisfied.

Let us now suppose that system (1.10) undergoes a certain bifurcation at @ = 0
and its operating conditions require that this regime is maintained adaptively. Yet
the values of # may change abruptly. In this case the adaptive regulation problem
can be stated as that of looking for the functions (1.11) such that

JHim £(x(t,x0). 6) + g(x(t, X0))u (x(t, X0). 6(1)) = 0.

The question, however, is how do we find such algorithms?
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1.3 Summary

The examples of problems presented above are a sample of the sorts of challenges
we wish to attack in this book. Although they originate in rather different fields, they
are connected together by the need for theoretical assessment of how adaptation
may be organized and analyzed in these systems. The systems considered in the
examples contain nonlinearly parametrized uncertainties, and their target behavior
need not necessarily be stable. Even the definition of the target sets is allowed to
bear a degree of uncertainty. The main theoretical focus of this book is to provide
a systematic extension of the existing theories of adaptation so that all these chal-
lenging problems, irrespective of their field of origin, can be addressed in a rigorous
and unified manner.

The main strategy in our quest to create such an extension can be described
as that of looking beyond the usual presumptions in the domain of analysis and
synthesis of adaptive systems. In particular, we will concentrate on breaking through
the following constraints (presumptions) which are often implicitly or explicitly
imposed in the standard statements of the problem of adaptation:

(1) a practically successful adaptive system must be stable in the sense of
Lyapunov;

(2) the analysis and synthesis methods should operate exclusively and at all times
with those variables of which the values are available for direct observations;

(3) a successful system should be able to maintain its optimal performance over
infinitely long intervals of time.

In order to be able to avoid these constraints when their presence in the problem is
not at all necessary, we shall present a systematic view on the problem of adaptation
starting from the very basic principles of a system’s organization and passing on
to the laws implementing these principles in particular settings. As a result of this
hierarchical approach, a likely object of our analysis would be a system that is
adapting, albeit not necessarily being globally stable in the sense of Lyapunov.

A possible way to develop a feeling for why some constraints are important
whereas others can be removed from the problem is to look at the problem retro-
spectively (Lakatos 1976). In the next two chapters we review the most influential
concepts of adaptation in the literature of systems and control theories and justify
the research program that guided the development of our own contribution.
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Determining asymptotic properties of dynamical systems, including the formula-
tion of a qualitative picture of the system’s trajectories over large intervals of time,
is one of the central questions of modern theory for adaptive systems. This is not
surprising, for the very reason for adaptation is the lack of available measurement
information. If such information is not available a priori, and carrying out numer-
ical or physical experiments is not a feasible option, assessment of the qualitative
properties of the system’s behavior is often the only way to characterize the system.
What are these qualitative properties? Informally, from these properties we should
be able to tell, for example, how a system might respond to external perturbations,
or how the system’s variables behave over long intervals of time. Formally, we may
wish to know whether the system is stable in some sense, whether its trajectories
are bounded, and to what sets these trajectories will be confined with time.

In this chapter we shall provide a brief summary and necessary background
about these qualitative properties of dynamical systems. We do not wish, however,
to present an exhaustive review of all concepts. There are many excellent texts
devoted to detailed analysis of every single issue mentioned above. Here we will
rather review these concepts with a level of detail and generality just sufficient for
developing a qualitative understanding of the problem of adaptation and the basics
of methods of adaptive regulation. Let us start with the simplest and at the same
time the most difficult notion for analysis: the notion of an attracting set.

2.1 Attracting sets and attractors

In order to introduce the notion of an attracting set it is often useful to think of
a system as a family of parametrized maps x : R x R" — R". In the modeling
language this will restrict our attention to the following models: x(¢, Xp), or flows,
where ¢ stands for the time instance and Xg is the value of the system’s state at

15
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t = 0. Usually an additional semi-group property is imposed on x(¢, Xg):
x(t',x(t",x0)) = x(¢' +1",%0).

Although this assumption is not entirely necessary for producing the definition, we
shall keep this possibility in mind, for it provides us with a link to physical reality.
We would also like to notice that models x(¢,Xp) do not yet have any explicit
reference to any inputs or other factors acting on a real system externally. These
factors are all hidden in the model. The main reason for this is that we want to keep
the notation compact. However, should such a necessity arise, one can easily modify
the definitions below so that all external variables are made explicitly visible.

Before we proceed with a formal definition explaining what we will understand
under the term attracting set we will need to introduce one additional notion. This
is the notion of an invariant set with respect to a given flow x(¢, Xg).

Definition 2.1.1 Aset A C R” is called invariant with respect to the flow x(z, Xg)
iff for all xg € A, t € R the following property holds:

x(t,xg) € A.

It is sometimes useful to distinguish between forward-invariant and backward-
invariant sets, of which the definitions are provided below.

Definition 2.1.2 A set A C R” is called forward-invariant with respect to the
flow x(z,xp) iff for all xo € A, t € R>¢ we have that x(¢,x9) € .A. The set is
backward-invariant iff x(z, xg) € A for all x9 € A, t € R<.

Simple examples of invariant sets are equilibria, limit cycles, or just orbits of
autonomous systems in the state space (see Figure 2.1). Whether a given set is
invariant or not is an important item of information for the analysis of uncertain
systems. Indeed, if we know that .4 is invariant then all trajectories passing through
at least one point of A4 will necessarily remain there for all 7. Despite its clear
benefits for analysis, the notion of invariance of a set with respect to x(#, Xq) is not
a very instrumental property from the viewpoint of regulation. Suppose that we
know that A C R" is forward-invariant with respect to x(z, Xo), and let us suppose
that the system’s state passes through a point that does not belong to A. Let us
finally assume that for some reason we wish to know whether the system’s state
will reach A or its arbitrarily small vicinity in finite time. For example, if x(7, X¢)
models trajectories of an organism in space and A is the set of locations of food
then a question of vital importance for this organism is whether it should employ
its resources to initiate movements towards the set .4 or whether it should wait for
some time until external forces such as the flow of water or wind eventually bring it
to A in areasonable amount of time. Answering this question might not be a feasible
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Figure 2.1 Examples of invariant sets of autonomous dynamical systems: 1,
equilibrium; 2, a limit cycle; and 3, an orbit.

|

exercise in the absence of additional information about the system. We may still
view this property as preferable and desirable. An invariant set possessing such a
property is often referred to as attracting. Formally the notion of an attracting set
is provided in the next definition

Definition 2.1.3 A closed’ invariant set A C R” is called attracting iff

(1) there is a neighborhood U (A) of A such that
x(t,x0) € U(A) Vxp € U(A), 1t € Rxo; 2.1
(2) the following limiting property holds
[1_1>Iglo Ix(z,x0)|| 4 =0V X9 € U(A). (2.2)

According to Definition 2.1.3 a closed invariant set A is attracting if there is a
forward-invariant neighborhood U (A) such that all trajectories starting in U (A)
converge to A asymptotically. At first glance the definition is rather general and
clear. Although this is indeed the case, there are situations in which a generalization
of this notion may be required. Let us consider an example.

1 Let us remind the reader that a set A is closed iff it contains all of its limit points. For example, if A is closed
anda; e Ai =1,..., 00 is a sequence then lim;_, , @; (if exists) should also belong to .A. If A is an interval
then it is closed iff A contains its boundaries. A point in R” is obviously a closed set. In addition to these simple
examples there are more exotic instances of closed sets such as the Cantor set (also known as “Cantor dust”).
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Figure 2.2 The phase portrait of system (2.3).

Example 2.1.1  Suppose that the system dynamics is governed, up to a coordinate
transformation, by the following set of ordinary differential equations:

X1 = —x1 + x2,
. (2.3)
X2 = |x2].

The solution of the second equation in system (2.3) is a non-decreasing func-
tion of ¢ for all initial conditions. Furthermore, for all x,(0) < 0 we have
lim; s o0 X2(¢, x2(0)) = 0; and lim;_, 5 x2(¢, x2(0)) = oo for all x,(0) > 0. From
this simple analysis we can conclude that solutions of the system will necessarily
approach the origin asymptotically for all x2(0) < 0, and will move away from
the equilibrium for arbitrarily large distances if x2(0) > 0. This is illustrated in
Figure 2.2 depicting the phase portrait of system (2.3). This figure demonstrates
that for any neighborhood U (A) of the origin A there are points X' € U (A) such
that solutions x(z, x") escape the neighborhood U (A) and never come back. Hence,
according to Definition 2.1.3, 4 cannot be called an attracting set. On the other
hand, there are points X" € U(A) such that lim;_, o, x(z,x”) = 0. If U(A) is an
open circle, then the number of such points is as large as the number of points
corresponding to the solutions escaping U (.A). Thus the set A bears an overall
signature of attractivity.
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Contradiction of the type we discussed in this example was noticed and analyzed
by many authors, e.g. in Gorban and Cheresiz (1981).” This led to the emergence of
the new notion of a weakly attracting set, which was formally defined by J. Milnor
in his seminal work (Milnor 1985):

Definition 2.1.4 A set A is a weakly attracting, or Milnor attracting, set iff

(1) it is closed, invariant, and
(2) for some set V (not necessarily a neighborhood of A) with strictly positive
measure and for all xg € V the following limiting relation holds:

tl_l)nolo x(t,x9) = AV xg € V(A). (2.4)

The key difference of the notion of a weakly attracting set from that provided
in Definition 2.1.3 is that the domain of attraction V is not necessarily a neighbor-
hood of A. Despite the fact that this difference may look small and insignificant at
first glance, it becomes very instrumental for successful statement and solution of
particular problems of adaptation. In Chapter 5 we will present a large class of prob-
lems for which solutions might not even exist if the standard definition of attracting
sets were exclusively used in the formal statement of the problem. Although we
are not yet ready to provide these examples now, we still would like to point out
the existence of these two rather different views on what an attracting set may
mean.’

So far we have defined the notions of invariance and attractivity of a set with
respect to a flow. In the context of adaptation, invariance and attractivity are often
desirable asymptotic characterizations of the preferred domain to which the state of
an adapting system must be able to move. The question, however, is whether these
properties characterize the preferred state with minimal ambiguity. To some degree,
thanks to the requirement of invariance in the definitions, this issue is already taken
into account. In order to illustrate this point let us suppose that the invariance
property in Definitions 2.1.3 and 2.1.4 is replaced with forward-invariance.

Consider system (2.3) from Example 2.1.1. If we replace the invariance require-
ment with forward-invariance in Definition 2.1.4 then the equilibrium of this system
will still be weakly attracting. One can easily see that in this case the equilibrium
will not be the only attracting set in the state space. In fact, if we were to replace
invariance with mere forward-invariance, the bottom half of every disk centered at
the point (0, 0) would be a weakly attracting set too. Indeed, all sets defined in this

2 See also Gorban (2004) for a more recent and extended review.

3 We would like to note that Definitions 2.1.3 and 2.1.4 do not exhaust all of the possibilities for defining attracting
sets of dynamical systems. There are many other alternatives, such as in Bhatia and Szego (1970). Our choice
of particular notions is motivated mostly by the scope of the problems we will consider in this book.
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way are forward-invariant according to Definition 2.1.2, and for every such set there
exists a set V(O) (e.g. pick V(O) = {(x1,x2)|x2 < 0}) satisfying condition (2.4).
Thus the number of weakly attracting sets in system (2.3) would be infinite and not
even countable. Hence an object specified in terms of mere forward-invariance and
attraction can in principle bear a substantial degree of ambiguity.

In order to disambiguate the asymptotic behavior of dynamical systems even
further, the attractivity property of a set is often considered, together with its mini-
mality. Informally the minimality property can be viewed as a requirement that an
attracting set .4 should not contain any other attracting sets strictly smaller than A.
Formally this can be stated as the requirement that for every xo € A the trajectory
x(t,Xg) is dense in A. Attracting sets having this latter property are often referred
to as attractors. Similarly to attracting sets, there are standard and weak attractors,
and we shall be able to see the advantage of both notions in the next chapters.

So far we have provided formal definitions for invariance, attracting sets, and
attractors. It is natural now to ask how we can tell whether a set is invariant,
attracting, or is an attractor for a given dynamical system. In other words, in addition
to the definitions we need to have instrumental criteria for establishing at least the
existence of the sets with the aforementioned properties. The role of these criteria
in the domain of analysis and synthesis of adaptive systems is that these criteria
will provide specific target constraints an adapting system should implement in
order to be able to fulfill its goals.

In the literature on adaptive control there are many criteria of this kind. Here we
consider only those criteria that are necessary in order to understand state-of-the-art
statements of the problem of adaptation which we discuss in Chapter 3. These are
Barbalat’s lemma, stability, persistency of excitation of a vector-function, and one
special class of dynamical systems of which the asymptotic behavior can be easily
analyzed analytically. Let us start with the simplest of them — Barbalat’s lemma.

2.2 Barbalat’s lemma

An inherent feature of many adaptive systems is that they operate in conditions
under which information about the environment and their own dynamics is lacking.
A simple example is that of an organism that may be able to measure its relative
position in space with a certain tolerance but is not able to measure its velocity.
Yet, it needs to detect conditions under which the velocity is converging to zero
asymptotically. More generally, let 2 : R — R be a function of which the value
is physically relevant, but we do not know this function precisely. Suppose that
we know some integral characterization of the function, such as the upper and
lower bounds of its integral over a family of intervals. What can we say about the
asymptotic properties of the function? Is there a limit of 4(¢) at t — o0, and, if so,
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what is its value? The answer to this question is partially provided by Barbalat’s
lemma.

In order to state the lemma let us recall the property of uniform continuity of a
function of a real variable.

Definition 2.2.1 A function 2 : R — R is called uniformly continuous iff for
every ¢ > 0, ¢ € Rthereexists§ > 0,6 € Rsuchthatforall?, 7 € R the following
inequality holds:

[t —1| < &= |h(t) — h(T)| < &. (2.5)
The lemma now can be formulated as follows.

Lemma 2.1 Lerh : R — R be a uniformly continuous function and suppose that
the following limit exists:

t

lim h(t)ydt =a, to € R, a € R. (2.6)
1—>00 ZO
Then
lim A(r) = 0. 2.7
—00

Proof of Lemma 2.1. Suppose that (2.7) does not hold. This implies that there
exists a diverging sequence of t,, n = 1, ..., 00 such that

|h(ty)| > €, e €R, e > 0.
Because the function 4(¢) is uniformly continuous we have that
Ver >0,e1 € R3I61 >0,81eR: |t —t,] <61 = |h(t) — h(ty)] < e1.
Let g1 = ¢/2, then
RO+ [h(ty) —h(O)| = ()] = |h(@)] = |h(t)| — |h() —h(t)] = €/2 (2.8)

Vtelt,,t, + 61]. Consider now

th 451 n
/ h(t)drt —f h(t)drt
o to

Given that (2.6) holds, we can conclude that there exists a number n’ such that

1401
/ h(t)drt
tn

tn+(sl
/ h(t)dt
1,

n

. (2.9)

<&, >0, e0eRYn>n, (2.10)
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where ¢ is an arbitrarily small number. On the other hand, on applying the mean-
value theorem to the right-hand side of (2.9) and using (2.8) we obtain that the

estimate
t+381
/ h(t)dt| = [8ih(t)|, 1" € [tn, ta + 8] =
In
1401
/ h(t)dt| > 61€/2 (2.11)
In

must hold for all » = 1,...,00. Thus, taking (2.11) and (2.10) into account, we

can conclude that
tn+61
/ h(t)drt
In

Given that the value of ¢, can be chosen arbitrarily small and that §;¢/2 > 0, we
obtain a contradiction. Hence the assumption that 4(¢) does not converge to zero
is not true. U

An instrumental function of Lemma 2.1 in the domain of synthesis and analysis
of adaptive systems is that it constitutes a simple convergence criterion. If we know
that the state vector x of a system satisfies the integral inequality

&) > > 81€/2, Vn>n'

t
/ Ix(t,x0)|I*dt < B, B € Rsq, V1 > 19,
Io

and the derivative of x(f,Xg) with respect to ¢ is bounded, we can conclude that
x(t,X9) — 0 att — oo. In other words, the system’s state will have to approach
the origin asymptotically. Although simple, this argument is a common component
of convergence proofs in the domain of adaptive regulation.

Despite their simplicity and practical utility, the analysis arguments based exclu-
sively on Lemma 2.1 have obvious limitations. This is because the lemma does not
characterize the transient properties of the converging functions. For example, we
may be interested in knowing how fast a function approaches its limit values, or
how large the excursions of the state vector in the system’s state space may become
before it will settle in close proximity to the origin. The answers to these impor-
tant questions cannot be derived explicitly from Lemma 2.1. The lemma does not
guarantee that the convergence is going to be fast or slow, or that the state does not
deviate much from the origin over time. In order to be able to produce these more
delicate predictions, additional characterizations of the system’s flow rather than
simply uniform continuity are needed. One such characterization is the notion of
stability.
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2.3 Basic notions of stability

Let us ask ourselves what we usually mean by referring to some system or process
as being stable. Intuitively and in vague everyday language we link stability with
the property of a system that a given variable or perhaps a set of variables will not
change much in a certain sense in response to perturbations of some kind. In order to
state the very same definition formally, one needs to clarify what these variables and
perturbations are and what this phrase “will not change much” means. Fortunately,
all necessary clarifications usually follow explicitly from the nature of the problem
and our own understanding of the goals of the analysis. However, depending on the
problem, these specific clarifications vary from one case to another. This gives rise
to arich family of stability definitions. Here we will consider only those few which
from the author’s point of view are immediately relevant for the analysis of classical
mathematical statements of the problem of adaptive regulation provided. These are
the notions of Lyapunov stability, Poincaré stability, and Poisson stability. Other
basic stability notions, such as input-to-state and input-to-output stability, which
will be instrumental for the further development of the problem of adaptation, are
introduced in Chapter 4.

Definition 2.3.1 Letx(,X%p) : RxR"” — R" be a solution of a dynamical system
defined for all ¢ > 19, 79, € R and passing through xo € R" at ¢t = fg. Solution
X(t, Xp) is globally stable in the sense of Lyapunov iff for every ¢ > 0, ¢ € R there
exists § > 0, § € R, such that the following holds:*

X0 — Xpll <8 = [Ix(t,%0) — x(t,x)[| < eVt

v

1. (2.12)
Alternatively,

Ixo — xgll <8 = ||x(t,x0) — x(t,xp)|| <e. (2.13)

00,[19,00] —

If property (2.12) holds only in a neighborhood of x(¢, xp) then the stability is
local. The property of Lyapunov stability of a solution has a very simple inter-
pretation. Let us view the flow x(#, Xg) as a mapping from the space R” of initial
conditions Xq into the space of trajectories x(z,Xg), and let the space of trajecto-
ries be endowed with the standard uniform norm || - ||oo,[1y,00]- Then stability of a
solution in the sense of Lyapunov is analogous to the usual notion of continuity
of the mapping x : R" — L% _[fy, 00]. This is precisely what expression (2.13) in
Definition 2.3.1 states. In other words, small variations of initial conditions lead
to small variations of x(z,Xq) over all ¢t > 1. If x(¢,Xg) is stable in the sense of
Lyapunov then we can make sure that the value of an observed trajectory x(, X())

4 Here and in other definitions of stability, when this applies, we assume that x(¢, x(/J) is also defined for all 1 > .
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[ x(23,%0)

dy> dy> di

dy > dy> dj X(t2,%)

Figure 2.3 Diagrams illustrating the notions of Lyapunov stability of a solution
(@) (d; = ||x(t,x9) — x(ti,x(/))”) and Poincaré stability of an orbit (b) (dlf =
[x@i,x)) | 4» A= {p € R"[p =x(t,X0),7 € R}).

at any ¢ would not be far from the value of x(¢, Xp) at the same ¢, provided that the
perturbation in x is sufficiently small (i.e. x;, is sufficiently close to Xo).

In some cases knowing that the deviations are guaranteed to be small, provided
that the perturbations in initial conditions are small, might not be enough. For
example, asymptotic convergence of a perturbed solution to its unperturbed version
may be required. In this case we will use the notion of asymptotic Lyapunov stability
of solutions

Definition 2.3.2 Asolution x(#, Xg) is (globally) asymptotically stable in the sense
of Lyapunov iff it is (globally) stable in the sense of Definition 2.3.1 and

lim x(¢,x() — x(7,%p) = 0. (2.14)
t—00

The isochronous property of Lyapunov stability of a solution is illustrated in
Figure 2.3(a). In order to tell whether x(#,X¢) is stable we have to compare the
values of x(z,xg) and x(z, x(’)) at the same values of 7.

Clearly, Lyapunov stability does not exhaust the whole spectrum of plausible
asymptotic descriptions of solutions of a dynamical system with respect to each
other. Consider an example. Let x(z, x6) and x(7, Xg) be two solutions of the same
system, and X;, # Xo. Then a possible characterization of their relative position in
the state space could be

P, x(1,%0), X(t,%0)) = |[x(t, %) | 4
A={peR"p=x(1,%), t € R}. (2.15)

In (2.15) solution x(¢,Xg) is viewed as an invariant set of the system (see the
comment after Definition 2.1.1 and also Figure 2.1); the closeness of the solutions
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to each other at the given time instant ¢ is determined as the distance from the point
x(t,x() to the curve .A. On defining the closeness of solutions or trajectories as
(2.15), we arrive at the notion of stability in the sense of Poincaré.

Definition 2.3.3 Let x(z,%xp) : R x R" — R" be a solution of the system defined
for all ¢ > 1o, with 79, ¢ € R, and passing through a point xo € R" atr = 9. Let A
denote an invariant set induced by x(¢, Xg):

A={p eR"|p=x(t,x0), t > 19, t € R}.

Solution x(#, Xg) is stable in the sense of Poincaré iff for every ¢ > 0, ¢ € R there
exists § > 0, § € R such that

Ixolla <8 = IIx(t,xp)la < eVt > 1. (2.16)

The main difference of the stability notions in the senses of Lyapunov and
Poincaré are illustrated in Figure 2.3(b). We can see that an unstable solution in
the sense of Lyapunov can in principle be stable in the sense of Poincaré. In this
respect Poincaré stability is a weaker requirement.

The difference between these notions can be further illustrated with a simple
thought-experiment. Let us imagine a car moving along a road on a flat surface with
constant velocity. Suppose that the driver is to follow a point on a path specified by
a curve within the boundaries of the road. The point moves with the same velocity
as the car. Let us denote the trajectory of the car by x(¢, Xg), and the trajectory the
driver should follow by x(t,x6). The difference ||xg — X(’)ll stands for the initial
distance of the car from the curve, and the driver aims to minimize the value of
Ix(z, X6) —X(t,X0)||. When the path is an infinitely long straight line this difference
would not exceed the value of ||xg — x6||. Thus the motion would be stable in the
sense of Lyapunov. Let us imagine now that the path x(z, X)) is not a straight line
but a curved one, for example, a circle. Elementary physics tells us that when the
curvature of x(¢, x{)) exceeds a certain critical value the friction forces would not
be able to support the motion of the car along the path x(z, x;,). Hence eventually,
even if ||xg — X(’)ll = 0, the car’s trajectory x(¢,Xp) would deviate from x(t,xg)).
Therefore this motion of x(7, Xg) with respect to x(¢, X(’)) cannot be defined as stable
in the sense of Lyapunov. Moreover, if it were stable for all non-zero velocities and
all circle curvatures then such a motion would contradict the laws of physics.

Does this imply that stable and at the same time physics-consistent motions are
not achievable in this example? Apparently not, provided that we allow the driver
to change the velocity of the car. Although in this case we may not be able to ensure
that the motions are stable in the sense of Lyapunov, we will be able to invent a
driving strategy that makes these motions stable in the sense of Definition 2.3.3.
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Indeed, steering the car towards the path (now it is viewed as a set .A) and then
driving along the path with sufficiently slow velocity would be a plausible solution.

This example, although informal and simple, allows us to draw rather general
conclusions. In the first case, when the velocities are fixed and equal, we considered
a tracking problem in which the system (comprised of the driver and the car) is to
follow trajectories x(7, x;,) generated by a reference model. In the second case we
considered a path-following problem. Tracking a reference trajectory is shown to
be a stricter goal than simply traveling along a path. Similarly, stability of solutions
in the sense of Definition 2.3.1 is a stricter requirement than stability in the sense of
Definition 2.3.3. In some problems achieving the latter is a more realistic goal than
achieving the former. Taking advantage of the possibility of using various stability
notions allows us to formulate (or in some cases imagine) the system’s goals which
are most adequate to the constraints inherent to the system. This in turn enables
us to avoid unnecessary complications from the beginning and thus allows us to
concentrate on the very essence of the problem.

Let us proceed with the analysis of stability notions considered so far. The set
A in the definition of Poincaré stability is determined by some trajectory of the
same system (see Figure 2.3(b)). It is obvious that the set .4 thus defined cannot be
arbitrary. Further generalization of this notion leads us to the notion of stability of
a (positively) invariant set A in the sense of Lyapunov (Zubov 1964).

Definition 2.3.4 Letx(r,Xp) : R x R” — R” be a solution of a dynamical system
defined for all # > 19, tp,# € R and passing through xo € R" at t = #(; suppose
that A C R” is a closed (forward) invariant set. The set A is stable in the sense of
Lyapunov iff for every ¢ > 0, ¢ € R there exists § > 0, § € R such that

[Xoll4 =& = lIx(t,X0) |4 =€ V1 =10. (2.17)

Alternatively,

IXoll4 =8 = I1X(2,X0) | 4o 19.00] = €- (2.18)

The simplest example of Lyapunov stability of invariant sets is the Lyapunov
stability of equilibria.” In general Definition 2.3.4 allows us to define the stability of
forward-invariant domains. The latter property is useful for those problems in which
the precise location of the target set is unknown but information about the domain
to which it belongs is available. Similarly to the case of stability of solutions, one
can also define the (global) asymptotic stability of sets in the sense of Lyapunov.
In order to do so, we require that in addition to (2.17) and (2.18) the following

5 Notice that in this case all three of the versions of stability considered are equivalent.
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property holds:
lim ||x(¢,x0)|| 4 = O. (2.19)
t—00

All stability notions considered so far relate the behavior of the system’s solu-
tions to a set or another trajectory over infinitely long and connected intervals of
time. There are systems, however, for which the solutions do not stay near a given
set indefinitely. Solutions of these systems may eventually escape any small neigh-
borhood of the set. However, they always return to the same neighborhood after
some time. The key property here is the recurrence of motion, and stability of such
recurrence is formally specified by the notion of Poisson stability.

Definition 2.3.5 Letx(7,xg) : R x R” — R”" be a solution defined for all ¢ > 1y,
with 79,7 € R, and passing through xg € R" at t = #y. Point xg is called stable in
the sense of Poisson iff forall e > 0,8 > 0, &,8 € R and any ¢’ > 1) there exists
t" > t" + 8 such that

Ixo —x(t",%0) || < e. (2.20)

Poisson stability of a point implies that, should the system’s trajectory pass
through a point xg once, it will visit an arbitrarily small neighborhood of x¢ infinitely
many times. Notice that, despite the fact that we refer to the point X as stable, the
system’s trajectories associated with this point are allowed to generate arbitrar-
ily large (but finite) excursions in the state space. This property is illustrated in
Figure 2.4.

One can clearly see that stability of a point in the sense of Poisson is a much
weaker requirement than that of stability in the sense of Lyapunov. Generalization
of the former, when property (2.20) holds for every point in a set leads to the notion
of Poisson stability of a set. In Chapter 5 we will demonstrate how this property can

Figure 2.4 Stability in the sense of Poisson: despite the fact that the distances from
x(t),i = 1,2,... to X (depicted as black solid bold lines) do not grow with time,
the maximal deviation of the solution from xo grows.
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be used to solve a class of adaptive regulation problems for systems with nonlinear
parametrization.

So far we have reviewed a number of stability notions determining various
degrees of “smallness” of the system’s response to perturbations. Even though
we did not provide a detailed comparison of these notions in every respect, we
illustrated the fact that the difference in how the “smallness” is defined may be
an important factor both limiting and enabling solutions to specific problems of
regulation. In the moving-car example considered earlier, however, we did not use
any formal criteria for specifying the desired asymptotic behavior of the system.
Instead we used our common-sense intuition and basic knowledge of physics. In
order to be able to solve a wider range of problems such formal criteria and methods
for assessing asymptotic properties of the system’s solutions are needed. One such
criterion has already been discussed (see Lemma 2.1). This criterion, although use-
ful for establishing facts of asymptotic convergence of the solutions to zero, does
not tell us enough about other asymptotic properties of the system, such as stability.
In the next section we will present a brief review of one of the most powerful and
instrumental techniques for deriving such stability criteria — the method of Lya-
punov functions. Our introduction of the method is kept here at the very elementary
level, which is just sufficient for one to understand how the method is used in
the domain of adaptive regulation. Those interested in developing a more detailed
familiarity with the method are referred to the excellent texts by Zubov (1964),
Bhatia and Szego (1970), and Lyapunov (1892).

2.4 The method of Lyapunov functions

Let us suppose that the system’s behavior is described by the following equation:
x=f(x,0,u,1), f:R"xR!xR"xR—>R" fe( (2.21)

where x is the state vector, @ is the vector of parameters of which the value is
unknown, and u stands for the vector of inputs. We will suppose, if not stated
otherwise, that the inputs u are modeled by continuous functions u : R — R™. In
addition, we will assume that the right-hand side of (2.21) is locally Lipschitz, that
is, for some given and bounded domains €2, g, €2, there exist constants D, Dg,
D, suchthatVx,x € Q,, 0,0’ € Qp, u,u’ € Q,:

If(x,0,u,0) —£(x', 0", 0’ )|l < Dxllx —x'|l + Dyl —0'|| + Dyllu—u’||. (2.22)

What can we say about the global asymptotic properties of (2.21) from knowledge
of some local properties of the system, for example property (2.22)? It is well known
that continuity of the right-hand side of (2.21) guarantees local existence of the
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system’s solutions, and property (2.22) ensures that solutions of (2.21) are uniquely
defined locally (Arnold 1990). In order to provide further global characterizations
of the system’s behavior, additional information about the right-hand side of (2.21)
is required. In the analysis of stability, defining such local information involves the
notion of a positive definite function.

Definition 2.4.1 A function V : R" — R is called positive definite iff V (x) > 0
for all x € R”.

In the class of positive definite functions we will consider only those functions
which satisfy the following additional constraint:

prIxlh) = V(x) = p2(1x1D, - p1(), p2() € Keo. (2.23)

Constraint (2.23) enables us to use the functions V (x) as the estimates of distance
from a given point x to the origin. Indeed, one can easily see that if the function
V (x(¢,X0)) does not grow with time then the corresponding solution x(¢,xg) of
(2.21) remains bounded in forward time. This and other properties can be deduced
from a more general statement such as the Lyapunov stability theorem. Theorem 2.1
below is a special case of this theorem.

Theorem 2.1 Let x = 0 be an equilibrium of system (2.21), and there exists a
positive definite and differentiable function V (X) satisfying (2.23). Let us suppose
that for all X the following property holds:

vV <0. (2.24)

Then the equilibrium x = 0 is (globally) stable in the sense of Lyapunov.
In addition, if there exists a positive definite function

W) :R" = R, e (|Ix]) = W(x), a1 () € K, (2.25)

such that
V < —W(x(t,%0)), (2.26)

then the equilibrium x = 0 is (globally) asymptotically stable in the sense of
Lyapunov.

Proof of Theorem 2. 1. Given that the right-hand side of (2.21) is locally Lipschitz
in x and continuous in 7, we can conclude that for every xg € R” there exists an
interval [#g, T], T > fo, such that solution x(#, Xg) of the system is defined for all
t € [tg, T]. Furthermore, condition (2.24) guarantees that the solution x(¢, Xp) is
defined for all ¥ > ¢.
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Indeed, let [#o, T'] be the maximal interval of existence of the system’s solution,
and let T be finite. Consider the difference V (x(,Xp)) — V (x(¢9, X0)):

t

aV
V(x(t,x0)) — V(x(t9,X0)) = f a—xf(x(r,xo),o,u(r),t)dr.

fo
On taking (2.24) into account, we obtain

t

V@mmD—V@%mwﬁi/V@Mrfa

Ty

Hence
V(x(t,%0)) < V(X0) V1 € [10,T].
Moreover, in accordance with (2.23) the following holds:

p1([Ix(.x0)[)) = p2(lix0l) ¥V 1 € [10,T] =
Ix(t,%0) [l < o1 ' (p2(lIX0l) ¥ 1 € [0, T,

where ,ol_l(pl(s)) = s Vs > 0. Consider the domain D = {(¢,x), t € [tp,T], x €
R*|lIx|l < 2,01_1(pz(||X0||))}; D is compact, and hence x(z,Xq), ¢ € [tg, T] can be
continued until the boundary of D (the right-hand side is Lipschitz in x and u, and
continuous in ¢). Because x(#,Xg) cannot reach the boundary x = 2,01_1 (p2(IIx01))
it must necessarily cross the boundary + = 7. Given that the right-hand side of
(2.21) is locally Lipschitz and continuous in ¢, the interval of existence of the
solution x(7, Xg) of (2.21) can be extended by a finite increment A. This, however,
is in contradiction with the fact that 7T is finite. Hence we can conclude that x(7, X))
is defined for all ¢ > f¢, and that it is bounded.

Notice that the composite p,° 1(,oz(s)) is a non-decreasing function of s, and
pl_l(,oz(s)) € Koo- Thus, denoting €(5) = ,01_1(,02(8)), we arrive at

Ixoll <8 = IIx(t,x0) | < oy ' (p2(8)) = £(8).

The function £(8) € Ko, hence its range coincides with R>q. Therefore we can
conclude now that for every € > 0 there exists § = e~ 1(8) > 0 such that

Ixoll <8 = [Ix(t,%0) || < £(8) = e(e~ ' (8)) = &.

In other words, according to Definition 2.3.4, the origin is globally stable in the
sense of Lyapunov.

To prove the second part of the theorem we will follow the argument presented
in Khalil (2002). Notice that inequality (2.26) automatically implies

V < —ar(|x]). (2.27)
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Therefore
t
V(x(t,%0)) — V(x0) < / —ay(|[x(z,x0)[NdT ¥Vt > 1o, (2.28)
0]
and hence ,
tlirgo/ ai(|[x(t,xp)[Ddt < V(Xp) < oo. (2.29)
— tO

Moreover, V (x(#,Xg)) is a monotone function of ¢, and it is bounded from
below because it is positive definite. Thus there exists a € Rxo such that
lim;_, 5 V (x(¢,X9)) = a. Let us now show that a = 0. Suppose that a > 0.
Inequality (2.23) implies that ||x|| > pgl (V(x)), thus V < - (Ixlh=< —
a1 (o (V(x(t,x0))))< — o1 (,oz_l(a)). This leads to the conclusion that the func-
tion V (x(t,xg)) < V(x(t9,X0)) — (t — to)al(pgl(a)) becomes negative in finite
time. The latter, however, is not possible because V (x) is assumed to be positive
definite.

If the function u : R — R on the right-hand side of (2.21) is bounded, the
function f(-) is bounded with respect to ¢, and the function o (-) is differentiable,
then the proof of the second part of the theorem can be easily completed by using
Lemma 2.1. Indeed, in this case differentiability of o1 (-), boundedness of x, u, and
0, and boundedness of the right-hand side of (2.21) with respect to ¢ imply that
the function a1 (]|x(#, Xo)||) is uniformly continuous in ¢. According to Lemma 2.1,
inequality (2.29) assures that

lim o ([x(#,%0)[)) =0,
—00

and strict monotonicity of the function «j(-) implies that ||x(¢,xg)|| — O as
t — oo. O

The main benefit of Theorem 2.1 is that it allows us to reduce the analysis of
asymptotic properties of the system’s solutions to an easier problem of checking
the algebraic inequalities (2.24) and (2.26). These inequalities can serve as target
constraints determining the desired behavior of an adaptive system. Notice that
these constraints do not require precise knowledge of the unknown parameters 6.
This property allows us to consider the theorem (and many other similar statements)
as a suitable tool for solving a range of synthesis problems in the domain of adaptive
regulation.

In the proof of the second part of the theorem, regarding asymptotic stability,
we considered a specific case illustrating how Lemma 2.1 can be used to show that
x approaches the origin asymptotically. The main reason for using this particular
technique is that the use in tandem of a stability proof ensuring boundedness of the
system’s solutions followed by the analysis of estimates (2.27)—(2.29) lies at the
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core of many stability proofs in the literature on adaptive control and regulation.
This motivated us to use the very same idea in the proof of Theorem 2.1. We too
will regularly use this tandem in the next chapters.

Despite its simplicity and generality, the method of Lyapunov functions has an
obvious disadvantage. In order to be able to use the method one needs to find
a function V (x) satisfying properties (2.24) and (2.26). Finding such a function
is a non-trivial operation. Yet, there are large classes of systems for which the
corresponding Lyapunov functions are already known. One of these classes of
systems is considered in the next section.

2.5 Linear skew-symmetric systems with time-varying coefficients

Let the system’s dynamics be given by the following system of ordinary differential
equations:

X1 = AX| + Bo (1)xa,
x; = —¢(1)Cxy,

(2.30)

wherex; € R?,x, € R?,¢(¢t) : R — RP*™ isacontinuous functionof z,and A, B,
and C are g X ¢q, g xm, and m x g matrices, respectively. We have already mentioned
that a number of problems in the domain of adaptive regulation can be reduced
to the analysis of (2.30) (see e.g. Narendra and Annaswamy (1989)). Therefore
understanding the basic asymptotic properties of system (2.30) is desirable.

Let us first investigate the stability of the zero equilibrium of system (2.30).
Suppose that there exists a positive definite and symmetric matrix P = PT:

X'Px>0 Vx#0 (2.31)

such that
PAT+AP=-0, 0=0",x"0x>0Vx #0,

(2.32)
PB=CT.

Since P = PT and Q = QT are positive definite, the eigenvalues of P and Q are

real and positive, and moreover the following property holds:
Jmin(PYIXI* < X" PX < Amax (P[],

5 T 5 (2.33)
Amin (@) IX]]7 < x" OX < Amax (Q) [IX]|~.

Indeed, let 1 be an eigenvalue of P (possibly complex), x; be its corresponding
eigenvector, and A* and x} be the complex conjugates of A and x; respectively.
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Then, according to (2.31), the following holds:
0 < x:Px; = A% |17 = x] Px;T = A%||x; |2

Therefore, A € R and A > 0. In order to see that (2.33) holds too, we notice that
P = PT is Hermitian. Hence there is a non-singular orthonormal ¢ x ¢ matrix
T, TTT = I, consisting of the eigenvectors of P (see e.g. Bellman (1970) and
Lancaster and Tismenetsky (1985)) such that TTPT isa diagonal matrix with the
eigenvalues of P placed on its main diagonal. Finally, let x = T'&, and notice that
Ix||> = £TTTTE = ||&]|. Thus
X' PX < hmax (P)IEII> = Amax (P)IxII%,
- 5 5 (2.34)
X PX = Amin(P)IE]I7 = Amin (P) X[

Letus proceed with the stability analysis of the zero equilibrium of (2.30). We will
do so using the method of Lyapunov functions. According to the method, stability of
the equilibrium is guaranteed if we find a function V (-) satisfying conditions (2.24)
and (2.26). We don’t know this function yet, hence a plausible option is to select
a candidate function (Lyapunov candidate function) that satisfies the constraint of
positive definiteness. After completing this step we can continue with checking
whether the second condition, (2.26), holds too.

Let us pick the following Lyapunov candidate for system (2.30):

V(x) = x| PX| +X)X). (2.35)

Function V (x) defined as in (2.35) satisfies condition (2.23). Hence Lyuapunov
stability of the origin will follow if we show that

vV <O0.
For this purpose we consider
V =x{ P(Ax] + Bo(1)"x2) + (Ax; + B (1) "x2) T Px; — 2%3 ¢ (1) Cx
=x] (PA+ ATP)x; 4+ 2x] PBo (1) "x2 — 2x3(1)Cx. (2.36)
Taking (2.32) into account, we obtain that
V < —x10x1 4+ 2x] PBo(1)Txp —2x1p(1)Cx; < —x] Ox; < 0. (2.37)

The latter inequality, as follows from Theorem 2.1, guarantees that the zero equi-
librium of (2.30) is stable. Formally this statement is summarized in the following
lemma.
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Lemma 2.2 Consider system (2.30) and suppose that there exists a positive def-
inite and symmetric matrix P = PT satisfying the conditions (2.32). Then the zero
equilibrium of (2.30) is globally stable in the sense of Lyapunov.
If, in addition, the function ¢ (t) on the right-hand side of (2.30) is bounded
uniformly in t,
IMeR: ¢ <MVieR, (2.38)

then
lim x;(t) = 0. (2.39)
1—00

Proof of Lemma 2.2 The first part of the lemma is already proven. In order to see
that the second part of the lemma holds too, one can employ the estimate

Amin(Q)IX1 117 < X] OX1 < Amax (Q) [I%1 ||

and apply Lemma 2.1 to

t

1
V(x(1) — V(x(t9)) < — / x1(1)T Ox(r)dt < — / Amin(Q) X1 (D) ? dT =

Ty 0]

1
/ min(Q) X1 (D *dt < V(x(10) Y1 = 19.  (2.40)
fo

]

Lemma 2.2 and its proof constitute a simple illustration of how the method of
Lyapunov functions can be used in the analysis of stability of equilibria in system
(2.30). Even though the proof is rather elementary, it offers a useful and instrumental
interpretation in the context of adaptive regulation. Let us suppose, for example,
that ¢ (¢) is a disturbance acting on the system’s dynamics. Property (2.39) can
be viewed as the desired behavior of the system, and x, are the system’s internal
variables, of which the function is to minimize the influence of the disturbance
on the desired behavior. The first line of condition (2.32) serves as an existence
hypothesis stipulating the possibility that the desired behavior (2.39) is realizable
in the absence of perturbations.

The argument in the proof of Lemma 2.2 can be straightforwardly generalized
to the case of nonlinear systems. We consider such cases in detail in Chapter 3. We
will see that a sequence of steps very similar to that described by (2.36)—(2.40) is
a common ingredient of many stability proofs in the domain of nonlinear adaptive
regulation. In this respect the equations in (2.30) constitute a good prototype for
the systematic study of such systems.

So far we have demonstrated how the method of Lyapunov functions together
with Lemma 2.1 can be employed to derive conditions ensuring that a part of
the system’s state vector, X (¢), converges to zero asymptotically. What can we
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say about the rest of the system’s variables, namely about x,(¢)? First of all, by
applying Lemma 2.1 to (2.38) and (2.39), we can conclude that

Jim % (1) = 0. (2.41)
Hence
lim Ax; (1) + Bo () xa(1) = Jlim_ B (1) xx(1) = 0. (2.42)

If x, = 0 then property (2.42) implies that the vector x,(¢) is orthogonal to all of
the rows of the matrix «(t) = B¢ (¢)T. A vector that is orthogonal to all of the basis
vectors of a vector space must necessarily be zero. Hence, if @ (¢) spans R?*4, then
(2.42) implies that x, = 0. In our case X # 0, but it is nevertheless asymptotically
vanishing. Therefore, it is intuitively clear that if «(#) has non-zero projections
onto all matrices (vectors) in R”*%_ and «(#) moves sufficiently fast (e.g. so that
its velocity is non-vanishing), then condition (2.42) could imply that x(¢#) — 0 as
t — oo. These properties of «(¢) having non-zero projections to every vector in
R%*P together with the requirement that its velocity is non-vanishing are captured
by the notion of persistency of excitation.

Definition 2.5.1 A function ¢ : R — RP’*? is called persistently exciting iff
there exist 7,8, A € R., such that for all # € R and every # € R” the following
inequality holds:

t+T
516> < o7 (/ a(D)a(t)T dr) 0 < A0 (2.43)
t

Persistency of excitation of a function admits a simple geometric interpretation.
On applying the mean-value theorem to (2.43) we obtain that

t+T
o7 (/ a(r)a(t)Tdt) 0 =T@O x()(a(x)'0), t €t,t + T).
1

Therefore, noticing that 0Ta(t)Ta(1)8 = ||a()0] and taking (2.43) into account
we can conclude that there exist 7,5, A € R.g:

B A
VieRIATe[t,t +T]: 7||9||2 < la(0)8)? < 7||0||2. (2.44)
If a(¢) is a vector-function, i.e. ¢ = 1, then

a(1)f = [la()[[[|#]lcos(B(T)),

where 8(7) is the angle between the vectors «(t) and @, T € [t,7+ T]. Thus (2.44)
in this case is equivalent to

S|

1)
= = la ()| cos*(B(T)) <
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(@) ) (b)

o (%)

Figure 2.5 Persistency of excitation of the function «(¢). In (a) «(¢) is not per-
sistently exciting. The vector «(¢) stays in 2 for all # € R, where 2 is the plane
normal to €. In (b) «(¢) is persistently exciting. The vector «(¢) does not stay in
 for all ¢. In particular, there are time instants #; and t, at which its projection on
 is not zero.

This means that for all # there exists a time instant t € [¢, t 4+ T'] such that the angle
B(t) deviates from +m/2 + 21k, k € Z. If the length of ||x(7)| is bounded from

above by M, then
[cos(B(T))| = ! vV 0

and hence the vector «(7) must have a non-zero projection on 6. This is illustrated
in Figure 2.5.

Let us show that persistency of excitation of the function B¢ T in (2.30)
together with condition (2.39) ensures that

lim x5(t) = 0.
11— 00
The result is formulated in Lemma 2.3

Lemma 2.3 Consider the system

X2 = —¢()Cx1 (1),

where X1(t) is a bounded and continuous function satisfying conditions (2.39) and
(2.41). Suppose that

lim B¢ (") Txa2(1) = 0,

— 00

where ¢ (t) is a bounded continuous function, and B¢ (1)1 is persistently exciting.
Then

lim x,(t) = 0.

—00

Proof of Lemma 2.3 Consider the interval [fp, c0) as a union of the intervals
i, tiv1), tiz1 =t +T,i =0,1,... Given that x;(f) — 0 as t — oo and that the
function ¢ (¢) is bounded, there should exist a function §>(7) : R — RP? such that
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X2(7) = X2(ti) + 82(7), ¥V T € [t fi1], lim (1) = 0. (2.45)

Letus denote B¢ (t) = a(¢). The function «(¢) is persistently exciting, hence there
exist ; € [t;,t; + T] such that

)
lle(zi)x2 (1) | = = [Ix2 ()] (2.46)

On substituting (2.45) into (2.46) we obtain

8
7 %21 = llor(m) (xa(7i) = S2(z)) | = fle(m)o2 ()| + llee(mi)xa (T,

and finally

8
Aim —Cllxa ()l = im (flee(zi)dz ()] + lle(m)xa(zo)[l) = 0.

Therefore, x> (t;) — 0asi — o0. This, together with (2.45), implies thatx(¢) — 0
ast — oo. O
A remarkable property of system (2.30) subjected to conditions (2.32) is that
persistency of excitation of ¢ (¢) not only assures that both x;(¢) and x,(¢) con-
verge to zero asymptotically but also guarantees that the rate of this convergence is
exponential. Numerous versions of this result can be found in the literature on adap-
tive control (see e.g. Morgan and Narendra (1992), Sastry and Bodson (1989), and
Narendra and Annaswamy (1989)). We will reproduce it here, providing, in addi-
tion, the rate of convergence expressed in terms of A, B, C, and ¢ (¢). The result is
generally based on the argument presented in Loria and Panteley (2002).

Theorem 2.2  Consider system (2.30), and suppose that conditions (2.32) hold.
Moreover, let the function B¢ (t)T in (2.30) be persistently exciting:

t+T
38, T : / ¢ (t)B"Bp(t)dt > 8V 1, (2.47)
t

and®

max{[l¢@®)l, l¢)Il} < Bi.

Let ®(t,tg), ®(ty, t0) = I be the fundamental system of solutions of (2.30), and
let p be a vector from RPT4. Then

|® (12, 11)pll < e 2 |p| D2, V12 > 11 > 10,

6 In what follows, if not stated otherwise, the symbol | - || applied to a ¢ x p matrix A will stand for the induced
norm [|All = supyerp /40y IAXIl/[IX]l. It is clear from this definition that [|Ax|| < [|A[l|x]|. The value of [|A]|
is ||A] = )»max(ATA)l/2 (see e.g. Bernstein (2005)). In systems with uncertainties, finding the eigenvalues of
ATAcanbea challenging task. In these cases the following estimate of || Al is useful: [|A]| < \/gp max; ; la; j|.
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where the parameters p and Dj do not depend on ty and p, and can be expressed
explicitly as functions of By, the constants 6 and T in (2.47), and matrices A, B,
C, P, and Q.

Proof of Theorem 2.2 Let us start with the following lemma

Lemma 2.4 Lerx(t) : R — R”" be a function satisfying
max {[[XIl2,[,00], IXlloo, 1,001} < X, ¥V = to. (2.48)

Then

_r=n
Ix(0)] < ce'Ze™ 22 |x(t)l, Yt > 11 > 1. (2.49)

Proof of Lemma 2.4. Notice that (2.48) implies

00,[t,00] =

o0
/ Ix(0) |2 dt < 2 |x0)]1%, ||| < Ax()]1%.
t

Let () = [ lIx()*dz, then 0 = —[x(0)> < —(1/¢*) [T lx()|Pdt =
-1/ (c2v). Invoking the comparison lemma from Khalil (2002) results in

o _t27tl [ee}
f Ix()|?dt <e & / Ix(0)|1>dz, 1 > 11 > 10.
15} n

Notice that

t+T

TIx(t2 + T < TIX[3ps47.00) < / X112 fr.00 4T
5]

* 2 2 =220, 2
5/ Alx@)2dr < e 7 Alxe)|.
5]

On letting T = ¢? we obtain that

T _72+T—t1 1 _)‘2+T—t1
Ix(t2 + DIl < cexe 22 [x(t)|| =ce2e 27 |x(r)]].

Denoting 7 =1, + T, we get

1 _Th
[X(D)]] < ceze 2 |x(@)|VT =t +T.

The lemma will be proven if we show that the same estimate holds for 7y < #; <
T < t; + T. Condition (2.48) implies that ||x(7)|| < c||x(¢1)]|| for all T > ¢1. On the
other hand,

1 T 1 T 1

1l =¢e%2¢ 22 <e2e 22 <e2 VHy<t<t+T.

-1

Hence ||x(7)|| < c||x()]|| < cere” 22 Ix(t)|| forty <7 <y +Taswell. O
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Let us turn to the proof of the theorem. Consider x = col(x1, Xp). If we show
that there exists ¢ € R ¢ such that (2.48) holds then according to Lemma 2.4, we
can conclude that

I
—5 (12—11)

) -
Ix(#2)|| < ce2e 2 Ix@)|, Y2 > t1 > 19.

The result would then follow immediately if we let x(¢#{) = p and substitute x(#;) =
® (1, t1)p into the inequality above. Let us now find a constant ¢ such that (2.48)
holds for system (2.30).

Consider the positive definite function V (x) = xlTle + |Ix2]|%, where P is a
symmetric positive definite matrix satisfying (2.32). According to (2.35)—(2.37),
we can conclude that

min{Amin (P), L}IIX|I* < V(X) < max{Amax(P), 1}[Ix[|?,
and that V < —xT OX| < —Amin(Q)IIX1]|?. Thus

max{Amax (P), 1}1/2
)\min (Q)1/2
max{Amax (P), 1}1/2
min{Amin (P), 1}1/2

Ix(@)|| = c1lix@Il,

1X11l2,12,00] <
(2.50)

[IXllo,[z,001 = x| = c2lx@)l, V1 = 10.

Let us now estimate [|X2[|2,(z,00]. In order to do so we introduce a new variable
z = xo — ¢ (1) BTx, and consider its derivative w.r.t. 7:

2=—¢1)B B 1)z~ ()BT A+ (¢(1)B"Bo(1) (1) BT
+¢1)C + d(t)BTIxy. (2.51)
To proceed further we will need the following lemma.
Lemma 2.5 Consider the system
z=-Ta®)a®)'z, ze R, a: R - R, (2.52)

where o is persistently exciting (i.e. property (2.43) holds), ||la ()| < M, and
I' = I'T is a positive definite matrix. Let z(t, ty) be a solution of (2.52) passing
through zg at t = to. Then there exist A, D € R~ such that

lz(t, 10)|| < De ) |1z9], ¢ > 10,

where

1
_ (}\max(r)> 2 e}‘T % = 8 Amin (")
Amin (") ’ T (1 + hmax(T)M?2T)?
independently of 7y, t, and t.
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Proof of Lemma 2.5. Consider the following positive definite function:
V(@) =zl Anin(@ )21 < V(@) < dnac (T 2]

Its derivative is V = —2||lz a(r)||, and hence

to+T
V(z(to + T)) — V(z(tp)) < —2 / la(v) z(r)|? dr.

Ty

Giventhatz(t) = z(10)—T [l e/(s)er(s)2(s)ds and (a—b)? = a>B/(1+B)—pb?,
B € R, we have that

T 2
la(t)Tz(0)|? > IIW(T)TZ(fo)HzL -8 ( / a(r)TFa<s>a<s>Tz(s)ds> :
1 + /3 fo

Thus, taking into account that «(¢) is persistently exciting we can derive the
following estimate:

to+T
> / (@) 2(0)]2 dx
1

0
L 260
1+8

to+T to+T
() ])? — 2 / ' / (D) Tals)) ds
o fo

to+T
X / la(s)Tz(s) || ds dt

Io

B
B 1+,3)\max(r_l)

Hence

V(2(1)) — Brmax (D> MAT(V (z(t)) — V (z(to + T))).

_ B 26
1+8 Amax (D1

+ Brmax (D> MAT(V (2(1)) — V (z(to + T))) =
V(a(to + T)) < pV (z(tp)),

_(1_ 25 B )
P T T D) (1 A1+ PR (OMTE) )

The value of p is minimized at 8 = 1/ (Ayax ()M 27T, in which case’

Viz(to +T)) — V(z(10)) =<

V(z(t0))

where

28 1
Vit +1) = pViio). p = (1 " D (1 + Amax<F>M2T)2)'

7 Notice that condition (2.43) implies that 0 < p < 1, and hence In(p) is defined.
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Notice that

Therefore

Vo +T)) < e T TV(at) < e 2TV (a(t)),
8 1
© Amax(D™D) T(1 4 Amax (T)M2T)2'

Since any At > 0 can be expressed as Ar = nT +t/, 1" € [0,T), we have that

—20(nT+t) —20At

e
V(alio + AD) < 5V (@) < iV (alio).
Finally
-1 1/2
lz(to + A < De A |z(tp)|l, D = (L> e
mln(r_ )

The desired inequality now follows from obvious identities: Amin(C™H =
1/Amax(I") and )\max(Fil) = 1/Apin(I). O

Let ®(¢, 1), ®1(#, to) = I be the fundamental system of solutions of

z1=—¢@)B "B (1) z.

According to Lemma 2.5, we have that ||® (2, 11)z(t1)|| < cze” 727 |z(11) ],

where®
T T = s )
T(1 4 T2Amax (BT B) B?)2

Given that any solution of (2.51) can be expressed as

c3=c¢e

t
z(t) = ®y(z,1)z(1) +/ Dy, s)x($)x1(s)ds, t > 11 > 1o,

1

where x (s) = —(¢(s)BTA + (¢(s)BTB#(s))¢p () BT + ¢ (s)C + ¢(s)BT), and
that
Ix )l < Bi(IANIBI + ICIl+ I1BI) + B} I BI® = ca,

we can immediately derive that

t s 2
/ l2(s)%ds < ||2(11)])? —+C4C; / < / e_f(s_a)llxl(a)ndo) ds.
51 1

8 Here we use the fact that || B¢ (1) T|| < || BIl|l¢ ()Tl and that Amax (GTG) = Amax (GGT) for any G € RP*™
(see Bernstein (2005), Proposition 4.4.9, for more details). Hence we have that ||¢(t)T|| =@, HBTII =||B],
and B0 T < Amax(BTB)!/2By.
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According to Khalil (2002), page 200, the double integral above can be estimated
as

t K 2
f ( / e’<”>||xl(o>||do> ds
1 1
t s 2
:/ (/ ef“")/zeT<S”>/2||x1(o)||do) ds
n 151
t N N
/ / e 6o / e 767 \Ix (o) |* do ds
1 Jn 1

IA

1 t K ] 1 t t
<! / / 0= ) (0) P dor ds = ~ / / Ix1(0) |2~ ds do
T  J1 T o
1 [ 5 [ 1
_! / %1 f T dsdo < 1%
T 11 o
Therefore
2 22
2 ‘3 2, G4 2
||Z||2,[;1,;] = ;”Z(Il)” + ?”XI ||2,[t1,t]-
Given that z = xp, — d)(t)BTX], the following estimate holds: [|z|2;,.; >

I%2ll2.11.01 — 16 () BTX1]12,1¢,.1]- Thus

1X2112,17.61 < NZll2,12,.07 + Bl BIIX1 12,1207

and hence

X2 2,[t1,t] = z(hy X1 2,[t1,t Bl B X1 2,[t1,t]-
[71.1] /_2 [71.1] [71.1]
Given that

Izl < (BilBlllIxi GOl + [Ix2@D 1) = (1 + Bl BIDIx(],

we obtain
c3 C4C3
Il = 2=+ BIBDIX@N + [ + BB It

= cs|Ix()Il + cs Xt ll2,1,.1-

Thus, invoking (2.50), we can derive that

1X[12,17,,11 < (c5 + cice) [[x(21) ]
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Hence

max{[|X||2,(z.11» IXlloo (7,11} < 711X, ¢7 = max{(c5 + c1¢6), C2},

and
1@ (t0, )Pl < Dae P |p|l, Dy = c7e'/%, p = 1/(2¢2).

Let us now summarize the main results of this chapter. In this chapter we intro-
duced basic notions of asymptotic characterization of dynamical systems such as
invariant sets, attracting sets, and attractors. We introduced various definitions of
stability and discussed tools of stability-analysis such as the method of Lyapunov
functions and Lemma 2.1. These tools are illustrated with the stability analysis
problem for system (2.30). Our choice of the system is motivated primarily by
the fact that equations of this type emerge in many problems of adaptive regula-
tion. Even though stability analysis of the zero equilibrium in this system turns
out to be a simple exercise, we will come back to this example many times. We
have not yet explained, however, why other concepts and notions introduced in this
chapter, such as Poisson and Poincaré stability, are no less important. The main
reason for postponing more detailed motivation of these matters is that we wanted
to jump to the analysis of modern methods of stable adaptive regulation as quickly
as possible. This is presented in the next chapter. The analysis would allow us to
formulate basic theoretical limitations of these classical methods. In this way the
necessity to employ wider stability and convergence concepts emerges naturally as
a consequence of such limitations.



3

The problem of adaptation in dynamical systems

In this chapter we provide an overview of mathematical formulations of the problem
of adaptation in dynamical systems. Adaptation is considered here as a special
regulatory process that emerges as a response of a physical system to changes in the
environment. In order to understand the notion of adaptation the terms “regulation,”
“response,” and “environment” need to be given some physical sense and precise
mathematical definitions. Instead of inventing a new language of our own, we adopt
these terms from the language of mathematical control theory. It is clear that this
adoption of terms will create a certain bias in our approach. On the other hand, it
will allow us to operate with rigorously defined and established objects that have
already passed the test of time.

We start with a retrospective overview and analysis of main ideas in the existing
literature on adaptation in the domain of control. These ideas gave rise to dis-
tinct mathematical statements of the problem of adaptation. We will discuss their
strengths and limitations with respect to the demands of new real-world applica-
tions in biology, neuroscience, and engineering. As a result of the analysis, we will
formulate a list of features that a modern theory of adaptation must inherit, and
propose a program that will allow us to contribute to the development of such a
theory in the following chapters.

3.1 Logical principles of adaptation

The theory of adaptive regulation, as a set of notions, methods, and tools for sys-
tematic study of systems adjusting their properties in response to changes in the
environment, has a long history of development. As with many other theories,
mathematical formalizations are often preceded by the development of a general
common-sense understanding of the phenomenon. This common-sense understand-
ing is then supplied with a range of models that are believed to be adequate to
the phenomena being studied at the time. These models, together with empirical

44
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insights, are then expressed in precise mathematical language. Axioms, assump-
tions, and constraints are clearly an inherent part of such a description. Since basic
models, axioms, and assumptions are influenced by paradigms and views prevail-
ing at the time of their development, so are the resulting theories. Thus, in order
to understand the boundaries and scope of existing theories of adaptation it is only
natural to view existing classical results through the prism of their historical neces-
sity. Here we do not wish to discuss these classical statements in great detail. We
will, however, review core logical principles of the early theories of adaptation.
These principles, though old, constitute the basis of ideas inherent to many recent
results and statements.

3.1.1 Searching-based adaptation and extremal systems

The first theories of adaptive regulation emerged at the end of the 1930s. These
results were initially motivated by the necessity to develop systems for automatic
optimization of performance for industrial machines and combustion engines. Typ-
ically, a criterion determining the performance of a machine was defined by means
of a function of measured physical variables. The main operational principle of such
automatic optimization systems can be described as searching for the extremum
of this function followed by regulatory actions aimed at keeping the system’s
performance at the optimum.

Examples of these early automatic extremum-seeking or peak-holding proce-
dures in the context of adaptation were described by Y. S. Khlebtsevich and
V. V. Kazakevich (Khlebtsevich 1965; Kazakevich 1946). In the 1950s extremum-
seeking systems and the associated set of theoretical problems received substantial
attention in the literature (Draper and Lee 1951, 1960; Tsien 1954; Ivakhnenko
1962; Kazakevich 1958; Aseltine et al. 1958; Feldbaum 1959; Morosanov 1957;
Ostrovskii 1957; Pervozvanskii 1960). One of the first systematic studies of these
systems was presented in the Principles of Optimalizing Control Systems and an
Application to the Internal Combustion Engine (1951) by C. S. Draper and Y.
T. Li. A large bibliography on adaptive systems can be found in Aseltine ez al.
(1958). In most of these early works the input—output behavior of the systems was
described by static maps. In the 1990s these models were extended to the class of
Wiener—Hammerstein systems explicitly incorporating some linear dynamics (see
e.g. Wittenmark and Urquhart (1995)).

Despite the apparent simplicity of the models, the problem of ensuring the over-
all Lyapunov stability of the extremum-seeking adapting systems remained open
for nearly 40 years. One of the first theoretically justified schemes of extremal
controllers for a broad class of dynamical systems appeared in Krsti¢ and Wang
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(2000). The main idea is to use searching signals modeled by an external har-
monic perturbation of small amplitude. The latter serves as a generator of certain
exploratory motions of the system in the vicinity of its current state. Applications of
adaptive systems based on extremum-searching are reviewed in Sternby (1980) and
in Astrom and Wittenmark (1961). These applications range from control systems
for combustion engines, turbines, and windmills to solar panels. Potential applica-
tions include automotive systems such as brake controls (Drakunov ef al. 1995)
and soft landing of valves (Peterson and Stefanopoulou 2004), and bioreactors
(Guay et al. (2004). Yet, despite all these success stories, adaptation mechanisms
based on the extremum-seeking procedures still have not gained broad popularity.

There are several reasons for the lack of wider popularity of these methods. Some
of them are provided below. First of all, we would like to mention the necessity
of exploring motions in these systems. Such motions, if present in the normal
operating regime of a system, inevitably will interfere with the system’s own goals.
Second, the amount of time needed to locate the extremum is often a non-negligible
quantity. Third, unmodeled dynamics, delays, and external perturbations combined
with the necessity to follow pre-specified exploratory motions may give rise to
the emergence of undesired oscillations in the behavior of the resulting adapting
systems. Finally, the common assumption that the input—output behavior of the
system is described by a unimodal function prevents straightforward application of
the existing methods to systems with multiple extrema.

3.1.2 Principles of adaptation beyond searching-based
optimization strategies

An alternative and an extension to the trial-and-error adaptation employed in sys-
tems with extremum-seeking regulatory mechanisms is the idea of direct, searchless
optimization proposed in the 1960s. In the context of adaptive systems this alterna-
tive corresponds to a family of regulatory mechanisms that allow one to steer the
system’s state to the optimal values without resorting to exploration. Therefore, this
class of systems is sometimes referred to as “analytical” or “searchless” self-tuning
systems (Krasovskii 1963; Solodovnikov 1965; Kazakov and Evlanov 1965). The
advantage of the latter concept is that it is no longer limited to extremum-seeking
mechanisms and, hence, allows one to cover a wider range of problems within a
unified theoretical framework. Yet, this generality comes at a price. The cost of
such extension was that the definition of adaptation needed to be revised. Particular
notions of adaptation inevitably affect the range and content of basic operational
principles determining the resulting behavior of an adapting system or process. In
order to be able to understand the development of these principles, let us review
how the notion of adaptation evolved over time in the literature.
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Adaptive systems. Point of view 1. According to Bellman and Kalaba (1960) an
adapting, self-organizing, and self-regulating system is one that gradually improves
its performance through observation of its inputs in some stochastic environment.
More precisely, in the summary to Bellman and Kalaba (1960), Bellman and Kalaba
write that “... in many engineering, economic, biological and statistical control
processes, a decision-making device is called upon to perform under various con-
ditions of uncertainty regarding underlying physical processes. These conditions
range from complete knowledge to total ignorance. As the process unfolds, addi-
tional information may become available to the controlling element, which then
has the possibility of learning to improve its performance based upon experi-
ence; i.e., the controlling element may adapt itself to its environment.” Following
this intuition R. Bellman and other authors defined adaptation (and adaptive con-
trol) as an iterative control strategy involving Bayesian estimation of uncertain
random variables (e.g. parameters of the process models, statistical characteris-
tics of input signals, and perturbations) combined with the ideas of optimality
(Bellman and Kalaba 1960; Bellman 1961; Bellman and Kalaba 1965; Fu 1969;
Kwakernaak 1969).

For example, in Kwakernaak (1969) adaptation necessarily includes (a) identifi-
cation or estimation of a-posteriori statistics followed (b) by stochastic control. In
particular, if the uncertainties are limited to parameters of the model and the values
of this parameter are distributed in accordance with some probabilistic law then (b)
can be viewed as a standard Bayesian optimization task.

Adaptive systems. Point of view 2. A number of authors attempted to define
adaptation by considering specific ways in which adaptive behavior can be realized
in a given system. For example, in Li and van der Valde (1961) the authors sug-
gest the following hierarchy of regulatory actions, depending on their complexity,
ensuring a certain degree of adaptivity:

(a) high-gain time-invariant compensatory feedbacks;

(b) modification (or switching) of the system’s parameters according to a given
program or a set of rules;

(c) modification of the system’s parameters determined by a given performance
criterion;

(d) modification of the systems’s structure in order to optimize a given performance
criterion.

This hierarchy offers a characterization of adaptive systems with respect to the
preferred regulatory action. This characterization allows one to organize adaptive
systems into four classes (a)—(d).

Class (a) consists of those systems in which an appropriately selected time-
invariant control ensures satisfactory performance under various conditions. A
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simple example of such a system can be described as follows. Suppose that the
system’s dynamics is given by the equation

¥ =d(t,x) +u, (3.1)

where u is a regulatory or control input, and d : R x R — R is a continuous and
bounded function, i.e. ||d (¢, x)|| < B, B € R.¢. The function d(-, -) is unknown,
and the purpose of the system is to keep its state, x, in the e-neighborhood of the
origin. If the function d (-, -) were known then the feedback

u=—kx—d(,x), ke Rog 3.2)

would be the desired solution. This feedback would “compensate” for the influence
of d(-, -) on the system’s dynamics and make the origin asymptotically stable. The
problem, however, is that the function d (-, -) is not known, and hence compensatory
feedback (3.2) cannot be used. A reasonable strategy for the system would be to
use a feedback compensating for the influence of all possible perturbations d (-, -)
and ensuring that the system’s solutions satisfy

lim sup|x (¢, xg)| < e.
—00

An example of such a feedback is

B
U=——2x. (3.3)
3

An obvious advantage of this control function is that it does not require any addi-
tional information about the function d(-, -) apart from knowledge of the bounds
for ||d(z,x)||. The disadvantage is that the gain B /e may become very large, and
hence control (3.2) is not suitable when minimal regulatory actions are preferable.

The adaptation mechanisms in systems of class (b) are more sophisticated than
mere high-gain domination of the uncertainties described above. Examples of these
systems include cyclic switching, and hysteresis-based adaptation mechanisms
(Middleton ef al. 1988; Morse et al. 1988), and perhaps the wealth of adaptation
schemes in the domain of supervisory control based on pre-routing (Morse 1995).
In these works the adaptive controller consisted of an indexed family of elemen-
tary control functions. Each control function corresponds to a certain state of the
regulated process, and it is chosen such that the process’s dynamics is satisfactory
with this controller. Adaptation in this system is realized via switching from one
elementary control function to another according to a specific program.

Class (c) contains the vast majority of algorithms of parameter adaptation
reported in the literature. These algorithms include gradient-based algorithms for
parameter tuning and many other schemes described in the classical monographs
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by Narendra and Annaswamy (1989), Krsti¢ et al. (1995), and Fomin et al. (1981).
In order to illustrate these schemes, consider the system

X =0d(t,x)+u. (3.4)

This system is a modification of (3.1) in which the function d (-, -) is multiplied by
0 € R. Let us suppose that the function d(-, -) is known, but the value of 6 is not
available. The objective is to find a control input u that will steer the system’s state
to the origin. This objective can be attained if we choose the following control:

u = —kx —0d(t,x), k € Ry,
where the parameter 6 is updated according to the following rule:
0 = xd(1,x). (3.5)
Observe that
V(x,0) = ey l(9 —6)?

T2 2

is a Lyapunov function for (3.4) and (3.5), and that
1% < —kx2.

Hence, solutions of (3.4) and (3.5) exist and are bounded. Furthermore, by invoking
Lemma 2.1 we can conclude that lim;_, 5o x (¢, xg) = 0.

Class (d) in the classification above includes regulatory mechanisms based on the
automatic compensation of parameter uncertainties by a limit cycle in the control
loop. Also systems with variable structure (Emelyanov 1967) and sliding mode-
based control (Utkin 1992) can be related to this class. The utility of this class of
regulatory mechanisms is that they do not generally require detailed knowledge of
the system’s dynamics, as is often the case for the mechanisms of class (c).

The notions of adaptation provided in variants 1 and 2 were criticized on account
of the fact that they allow a substantial degree of flexibility, in interpretation. As a
reaction to this flexibility, a new interpretation emerged.

Adaptive systems. Point of view 3. In Gibson (1961), Mishkin and Braun
(1961), and Truxhall (1965) the authors criticize flexible application of the term
“self-tuning” to “adaptive” systems classified as of class (a) or (d) in the classifi-
cation above. The critique can be generally expressed as Truxhall’s statement that
adaptation and self-tuning are mere interpretations or points of view of an observer
studying the behavior of a system (Truxhall 1965). This claim is a natural reaction
to a number of attempts to classify any system with uncertainties as adaptive (Tou
1964). A system that does possess a certain degree of adaptation is likely to operate
according to the following sequence of steps:
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(a) determine relevant behavioral variables (characteristics) and criteria of optimal
performance;

(b) compare current values or characteristics of these variables with the ones
corresponding to optimal behavior;

(c) adjust itself in such a way that the variables previously selected attain optimal
values.

Steps (b) and (c) are to be realized automatically by the system, whereas step (a) is
the responsibility of the designer. The main logical stages inherent to developing
any adaptive process according to Truxhall are optimization, identification, and
stability analysis.

On analyzing classical points of view on the notions and principles of adaptation,
we can conclude that, despite the fact that these views may differ substantially in
terms of the definitions and interpretations, there are certain invariants that may
allow us to produce a rather meaningful, albeit informal, characterization of an
adaptive system. One of these is that adaptation is commonly recognized as a
purposeful regulatory process in a system operating in an uncertain environment.
This regulation is often related to the adjustments of the system’s structure or tuning
of its parameters constrained by a set of problem-specific optimality conditions.
Almost all of the concepts considered share the same postulate that effective learning
or adaptation should be based upon some prior information about the system and/or
environment. Further specification of the concept requires a more detailed and
precise description of the environment, regulated processes, and system. These are
considered in the next section.

3.2 Formal definitions of adaptation and mathematical statements
of the problem of adaptation

Formal statements of the problem of adaptation and adaptive regulation received
great attention in a number of fundamental works (Tsien 1954; Ivakhnenko 1962;
Feldbaum 1959, 1965; Li and van der Valde 1961; Margolis and Leondes 1961;
Mishkin and Braun 1961 ; Florentin 1962; Zadeh 1963; Lee 1964; Yakubovich 1968;
Krasovsky et al. 1977; Saridis 1977; Sragovich 1981; Fomin et al. 1981; Widrow
et al. 1976; Tsypkin 1968, 1970). Despite the fact that these statements may vary
in terms of the degree of mathematical rigor and their particular language, there are
useful invariants in these statements that will help us to understand the evolution of
the problem of adaptation over time. In what follows we review those statements
which are not linked explicitly with any particular mechanism of adaptation and
thus bear a substantial degree of generality.
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3.2.1 The formulation of the problem of adaptation by R. Bellman
and R. Kalaba

In the fundamental work by Bellman and Kalaba (1965) adaptation and adaptive
(control) systems are discussed within the following framework of assumptions. '
An adaptive control process is described by

pr1=T(p,q,r),

where p is the system’s state variable, ¢ is the decision variable, r is a random
variable with a fixed, but unknown, distribution function, and 7' (-, -, ) is a trans-
formation describing the dynamics of the state over time. Let d G (r) be an a priori
estimate for the unknown distribution function of r. The physical state of the system
is p, but the state of the control process is the couple (p, G).

The aim is to use a control policy maximizing the expected value of the “criterion
function”

Ry =g(p,q1,r1) +g(p1,92,12) + -+ g(PN-1,9N,TN)-

The control policy here is the sequence of values of the decision variable:
q1.92,---,4N-

The set of solutions to this problem is constrained by the following additional
assumptions.

(1) We can observe the state of the system at each stage.

(2) Ateach stage, we regard the a-priori estimate as the actual distribution function.
Expected values are obtained on this basis.

(3) We have a systematic procedure for modifying the a-priori distribution function
as the process unfolds; this procedure itself may be an adaptive one.

As a result of the choice of g1, we then have the transformations

r1=T(p,q1,11),

(3.6)
dGi(r) = S(r;p,q1.11,G).

In words, the new estimate of the distribution function depends upon the old distri-
bution function, the value of ry, if observed, the original state p, the new state pj,
and the decision ¢ .

Let fa(p,G) be the expected value of Ry obtained using an optimal policy,
starting in the stage (p, G). Then the principle of optimality yields the functional

1 We present the description of an adaptive control process as it is stated in the original work by Bellman and Kalaba
(1965), pages 102-103.
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equation

n(p,G) = H}ﬁlx [/[g(l?,éh,m) + fn-1(T(p,q1,11), G1)]dG(r1)} ,

where G is as in (3.6), for N > 2 and for N = 1 we have

f1(p, G) = max [/ g(p,ql,rl)dG(n)] .

In the conclusion to this statement the authors acknowledge that it is not too diffi-
cult to write down these relations, but it is quite difficult to obtain either analytical
or numerical results from these equations.

3.2.2 Adaptivity according to L. Zadeh

An alternative approach for developing a constructive and precise notion of adap-
tivity is suggested in Zadeh (1963). According to L. Zadeh, finding a satisfactory
definition of adaptation is a difficult problem. This is because of . . . the lack of clear
differentiation between the external manifestations of adaptive behavior on the one
hand, and the internal mechanism by which it is achieved on the other. To subsume
both under a single concise definition has proved to be an elusive objective, since it
is very difficult — perhaps impossible — to find a way of characterizing in concrete
terms the large variety of ways in which adaptive behavior can be realized.”

In order to define external manifestations of adaptivity, L. Zadeh employs the
following language. Consider a system .4 endowed with a family of functions S,

Sy ={ulu:R.o — R™}.

The family S, defines all admissible inputs to the system. It is assumed that some
components of u(t) represent external inputs applied to .4 by a controller, whereas
others model the influence of disturbances. In L. Zadeh’s terminology the family
S, constitutes a source, possibly, but not necessarily, with a probability measure
defined on this family in such a way as to make S, a stochastic process. It is
supposed that there is a specified family of sources {S, } parametrized by y € G,
where G is a set. Thus we have a system .4 for which the inputs are some functions
u(t) from S, . The latter is a member of a family of sources {S, }.

In order to define the performance of A an additional performance function P
is introduced. A possible way to do this is as follows. Let A(S,) denote a set of
the system’s responses to inputs S, . For consistency we suppose that the set of
responses is a family of functions parametrized by y . Thus for every class of input
signals S, there would be a corresponding set of responses R, . Hence, one can
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now define P as a function from G into R?, and the value of P(y) quantitatively
measures the system’s performance.

Suppose now that W C R? is a set specifying the acceptable performance of
the system. In other words, we say that the performance of A is acceptable iff
P(y)eW.

Definition 3.2.1 A system A is adaptive with respect to {S,, } and W if it performs
acceptably well,i.e. P(y) € W, with every source in the family {S, }, y € G. More
compactly, A is adaptive with respect to G and W if it maps G into W.

According to L. Zadeh’s comment regarding this definition, every system is
adaptive with respect to some G and W. Thus what matters is not whether system
A is adaptive, but with respect to which sets G and W its adaptive behavior is
evident.

3.2.3 The problem of adaptation according to V. A. Yakubovich

Perhaps the most general and rigorous definitions of the term “adaptation” and
subsequently formal statements of the problem of adaptive regulation are those pro-
vided in Yakubovich (1968), Saridis (1977), Sragovich (1981), Fomin et al. (1981),
and Fradkov (1990). These definitions gave rise to a set of successful concepts of
adaptation that resulted in the mathematical theory of adaptive control presented
in the monographs by Fomin ef al. (1981) and Fradkov (1990). Adaptation, as a
regulatory process, is not restricted to a finite interval of time but can continue
indefinitely. The goals of adaptation are some asymptotic regimes of the system’s
dynamics. These goals are thus not explicitly dependent on transients. For the sake
of illustration let us consider a simplified statement of the problem of adaptation
from Fomin ez al. (1981).

Suppose that the system’s dynamics is governed by the following system of
ordinary differential equations:

x=1(x,0,1,u),
(3.7)
y =h(x,0,t,u),

where 6 is the vector of unknown parameters, 29 C R?, andu € R, f : R" x 2y x
Rso x R" - R", h:R" x @y x R>g x R" — R¥ are some sufficiently smooth
functions. Without loss of generality, and if the nature of the problem requires it,
one can replace the parameter 6 on the right-hand side of (3.7) with a continuous
function of #: 8 : R>og — Qp, 0(r) € O. In this case the set ® becomes a set
of functions of a given class. The broadness of this class determines the class of
adaptivity of the system.
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The goal of adaptation (or adaptive regulation) is defined by means of a certain
goal functional Q:

O[x(1),u(r),0 <t <t] <AVt >1",

where A > 0 is a threshold of acceptable performance. The functional QI-, -, -]
relates the system’s state and corresponding control signals u € R to a value from
R. The latter is an indicator of the system’s performance.

The problem of adaptive regulation is stated as that of finding a control law
ensuring that the goal requirement is fulfilled. The values of the control input at
time ¢ should be explicitly computable from the available measurement information
about the system’s behavior in the past. More precisely, the following class of
control functions is considered admissible:

u=Uy(r),u(r),B(r),0 <1t <1],
B = Biy(r),u(r),B(r),0 <7 < 1],

where 8 € R? is the vector of adjustable parameters of the control law u. Once the
functional U;[-, -, -, -] has been chosen, ensuring that the goal functional is satisfied
and that the system’s state is bounded depends solely upon a suitable choice of
the adjustment law for 8. Overall the choice of U,[-,-,-, -] and B[, -, -, -] should
guarantee that the goal requirement is satisfied for all @ € 24 (or 0(¢) € ®) and
initial conditions x(0) and 8(0).

Before we conclude this section, let us briefly comment on the evolution of the
problem of adaptation in the context of dynamical systems and regulation. Orig-
inally the notions of adaptation and mathematical formulations of the problem of
adaptive regulation were confined to the framework of stochastic processes and
iterative optimization. This is not surprising, for the uncertainties were understood
as stochastic processes. This inevitably led to the perception that the most suitable
tools for developing the notion of adaptation and general principles of adaptivity
are the theories and language of stochastic analysis. Furthermore, adaptation itself
was limited to a descriptive characterization of how an abstract dynamical system
responds to a certain class of inputs. The lack of agreement on how a particular adap-
tive behavior is to be realized resulted in the vagueness of the notion of adaptation
which led to L. Zadeh’s and J. Truxhall’s critique that a safer and more meaningful
position would be to define adaptation in terms of its external manifestations.

This was the case before the emergence of parametric formulations of the notions
and problems of adaptation. Despite the fact that these formulations did not inherit
the same level of generality as the non-parametric ones, they enabled a more precise
and specific description of what an adaptive system is. According to these formu-
lations, adaptation is a specific process of tuning of the parameters of a controller.
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This process must ensure a satisfactory performance of the system in the presence
of uncertainties. In this text we accept this particular view on the problem of adap-
tation. We restrict our attention to deterministic systems and aim to provide a set of
methods applicable to solve the observation and regulation problems considered in
Chapter 1. In order to understand what sort of methods we need, let us first review
existing methods in the domain of adaptive control and regulation. We do not wish
to provide an exhaustive analysis of all of the methods available in the literature.
Our goal is more modest. We will focus on a few basic ideas forming the core of
many existing methods for solving the problem of adaptive regulation in various
parametric formulations.

3.3 Adaptive control for nonlinear deterministic dynamical systems

Suppose that the class of dynamical systems for which an adaptive regulatory (or
control) mechanism is to be derived is specified as follows:

x =f(x,0,t,u), (3.8)

where f : R” x R? x R x R™ — R" is a locally Lipschitz function with respect to
X, @, and u, uniformly in 7, x € R" is the state vector, @ € 2y, where 2y C R9 is
the vector of parameters, and u is the control input. The values of @ are supposed
to be unknown a priori.

The main objective is to find a control input such that the state x is steered
into a small neighborhood of a given set 2, C R", or tracks asymptotically some
trajectory r(¢) : R — R” for all § € Qy C R?. The desired control input u should
comply with the following requirements:

(1) wuis not a function of the time-derivatives of x;
(2) u does not depend explicitly on 6.

The class of possible control inputs will be limited to
u:R" xR x R - R™, u=u(x,é,t), 3.9
where @ is generated by

é =f:(§,x,1,u), f; ‘RE xR" x R x R" — RS,
R (3.10)
0 =h:(£,%,1), hg : R x R" x R — R”.

The right-hand side of (3.10) is supposed to be locally Lipschitz; & is the vector of
the internal state of the controller, and @ is the vector of adjustable parameters.
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3.3.1 Velocity gradient

The method of velocity gradient was proposed in Fradkov (1979) and further devel-
oped in Fomin et al. (1981), Fradkov (1990), and Fradkov et al. (1999). The main
idea of the method is two-fold: (1) the process of adaptation is viewed as an opti-
mization procedure; and (2) this procedure is to minimize the instantaneous velocity
of a goal functional Q(x,7) : R” x R>¢p — R. Let us now consider this method in
more detail.

Suppose that the system’s dynamics is given by (3.8), and that the objective is
to find the function u and corresponding auxiliary system (3.10), such that for all
0 € Qg the following property holds:

t1—1>120 Q(x(t,xp),t) = 0. (3.11)

The function Q(X,¢) in (3.11) is supposed to be a positive definite function with
respect to x uniformly in ¢. In particular, we suppose that

3010, 02() € Koo : p1(IIXI) = Q(x,1) < p2([Ix]) V1 € R. (3.12)

The method requires that the following two assumptions hold for (3.8) and
Q(x(t,X0)).

Assumption 3.1 There exists and is known a functionu : R" x R? x R —
R™, such that for every 0 € Qg on the right-hand side of (3.8) there is a vector
0" ensuring that the zero equilibrium of the combined system (3.8) with control
u(x, é*, t) is globally asymptotically stable in the sense of Lyapunov. Furthermore,
the following holds:

aQ(X t)f(x 0.6,u(x,0", 1) + % < —a1(Q), a; € K. (3.13)

Assumption 3.1 simply states that for every € g there exists a feedback
u(x, 9, t) globally (asymptotically) stabilizing the origin. Furthermore, the function
Q(x, 1) specifying the goal of adaptation in (3.12) is the corresponding Lyapunov
function.

Assumption 3.2  There exists and is known a function satisfying Assumption 3.1,

and furthermore for all 0,@,5 € Qp, x € R", and t € R the following inequality
holds:

T
@ — o) (i [@f(x,o, u(x, , z))D
90 | 0x

8Q(X t)f(x 0,1,u(x,0,1) — 8Q( )f(X 0.1.ux.0.1). (.14)



3.3 Adaptive control for nonlinear deterministic dynamical systems 57

Assumption 3.2 is a sort of convexity constraint. It requires that the partial
derivative
Qf(xﬂ,t,u(x,é,t)) (3.15)
ox
be convex with respect to 9. Notice that Assumption 3.2 is a stronger requirement
than simply an extra convexity constraint imposed on the function u(x, 9, t).Indeed,
even for functions u(x, 9, t) that are convex with respect to 9 the actual sign of
inequality (3.14) depends on d Q(x, t)/0X.
Let us suppose that Assumptions 3.1 and 3.2 hold, and consider the evolution of
QO (x, t) over time. This evolution satisfies the following differential equation:

Q = Qf(x,ﬂ,t,u(x,é,t)) + w
o0x ot

By invoking Theorem 2.1 we can conclude that condition (3.11) is automatically
satisfied if the inequality

0 < —ai(Q)

holds for all x, ¢, and #. Thus affecting the system dynamics in such a way that
the derivative Q is decreasing with time may be a plausible control-and-adaptation
strategy. In the framework of parametric adaptation we can influence the system’s
dynamics by adjusting parameters of the controller. Following this logic, we can
propose a plausible adaptation algorithm, in which parameters of the controller are
adjusted proportionally to the gradient of (3.15) or Q with respect to 6.In particular,
we set

) T

§=-r (i [%f(x,a,t,u(x,é,t))}> , > 0. (3.16)

00 | 0x

The quantity Q can be viewed as a sort of “velocity” of Q(x,1); hence the above
proposal is referred to as the method of velocity gradient.

Clearly the right-hand side of (3.16) may depend on @ explicitly. Hence, in order
to be able to implement this algorithm without violating the original statement that
the values of # are unknown, we shall impose an additional technical assumption.
This assumption is that the partial derivative
! |:§f(x, 0,1,u(x,0, z))}

ox

90

does not depend on @ explicitly.
Asymptotical properties of the velocity-gradient adaptation scheme are formu-
lated in the next theorem (see also Fomin e al. (1981)).
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Theorem 3.1 Consider system (3.8) and suppose that there is a function Q(X,t)
satisfying condition (3.12). Furthermore, let us suppose that there exists a function
u(x,t, é) satisfying Assumptions 3.1 and 3.2.

Then solutions of the closed-loop system with control u(x, 9, t) and adaptation
algorithm (3.16) exist for all t > to and are bounded for every 0 € Qg and all
initial conditions X(tg) = Xo € R". Moreover, property (3.11) holds.

Proof of Theorem 3. 1. The proof of the theorem can be easily completed following
a logic similar to that we used when we analyzed system (2.30). We will start with
demonstrating the existence and boundedness of the system’s solutions by invoking
the method of Lyapunov functions. Then we will apply Lemma 2.1 to show that
(3.11) holds.

Consider the following function:

~ 1 ~ ~
Vx8.0%0) = 0x.0) + 10 0717,

where ||é — é*“lz,_l stands for (é — é*)TF_l(é - é*). The function V is positive
definite in R"*? and hence satisfies condition (2.33). Taking (3.16) into account,
we obtain

. 3 [a « T
V=0-0-6)Tr'r <—A [—Qf(x,a,tu(x,O,t))]) .
90 | Ix
Property (3.14) implies that
S 3 a ~ T
V=0-0-6)" (7 [—Qﬂx,o,z,u(x,o,z))D
960 | ox

<0 Q(X QD) ¢+ 6.1 ux.0,1)) — Fx, 0,1, u(x,0", )],

Thus, taking into account the equality

aQa(x . 1) [£(x,0,7,u(x,0,1) —£(x,0,t,u(x,0",1))]
aQa(x 1) [f(x,0,7,u(x,0,1)) — £(x,0,1,u(x,6",1))]
00(x, 1)  9Q(x,1)
+ ot N ot
_o- 8Q( )f(X 0.1,u(x,0 1) — 8Qa();’t)

and invoking (3.13), we conclude that

aQ(X t)f(x 0,1, u(x, 0" 1) + 00, 1)
0x ot

< —a1(Q) =0. (3.17)
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This demonstrates that the point (X,é) = (0,9*) in the extended state space of
the system (3.8) and (3.16) is globally stable in the sense of Lyapunov. Thus the
existence and boundedness of the solutions follow.

Notice that (3.17) implies that the following integral inequality holds:

t
/ a1 (Q(x(1), )dT < V(X(1),0(10),0",10) < 00V 10, 1 € R.
fo
Then, according to Barbalat’s lemma (Lemma 2.1),
lim o1 (Qx(t),1)) = 0= lim Q(x(¢),t) =0.
—00 —00

g

Remark 3.1 The concept of velocity gradient can, in principle, be applied to a
wide range of systems (3.8) with linear and nonlinear parametrization of the right-
hand side with respect to the vector of unknown parameters 6. One needs to ensure,
however, that the convexity requirement, as specified by (3.2), holds. This require-
ment can be viewed as a constraint on the class of admissible regulatory inputs
u(x,é, t) and functionals Q(x,t). Notice that this constraint does not explicitly
limit the class of parametrizations of f(x, 8, ¢, u). It does, however, impose certain
restrictions on the choice of u(x, 8, ). Let us consider an example. Suppose that
the system’s dynamics is described by the equation

x = cos(O1x + 6)x% + u, (3.18)

where 0 and 6, are some unknown real numbers, and the goal is to steer the
system’s state to the origin by selecting an appropriate input u. Clearly, system
(3.18) is nonlinearly parametrized with respect to 6; and 6;. Let

u=—0x — x> (3.19)

This choice of the control input satisfies Assumptions 3.1 and 3.2. Indeed, Assump-
tion 3.2 holds when the function u is linear in 6. In order to see that Assumption
3.1 holds too, one may pick Q(x,t) = %xz and derive

0 = —x%(0 — cos(B1x + B2)x + x2).
Given that the inequality 6* > 1 /4 + p ensures that the estimate
6* —cos(O1x +0)x +x>>p, p>0, peRr
holds for all x, it also implies that

0 < -2p0Q.
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The latter inequality guarantees that Assumption 3.1 holds. Thus, one can apply the
method of velocity gradient to derive a feedback ensuring that the state of system
(3.18) is adaptively regulated to the origin. Further generalizations of this approach
can be found in a number of works, e.g. Putov (1993) and Lin and Qian (2002b).

Remark 3.2 An interesting special case to which the theorem might apply is the
class of systems that are affine in control with linear parametrization of admissible
control functions:

x =f(x,0,t) + g(x,1)u,
u=®d(x,1)0, ®:R" xR — R”.

In this case algorithm (3.16) reduces to

. T
= r(ﬁ%ﬁﬂgxn¢uJ0 . (3.20)
ox
Denoting
IQ(x, B ,
(%g(x,rmm) = $(0). x1 = Q(x.1), x2 =0 0,
and assuming that (3.13) can be written as an equality,
aQ(X )[f( 0,t) +g(x,1)D(x, 10 )] 8Q;j’t) =—a0, (3.21)

where o € R, we arrive at the following description of the closed-loop system:

d (x1\_( —a« ¢®OT (x
E(Xz)‘(—w(r) 0 )(2) 622

In Chapter 2 (Lemmas 2.2 and 2.3 and Theorem 2.2) we formulated some of the
asymptotic properties for such systems.

As follows from the remarks above, successful application of the rgethod of
velocity gradient depends on the choice of functions Q(x,¢) and u(x, ,7). The
former serves as a goal functional and at the same time doublAfis as the Lyapunov
function linked to the class of admissible control inputs u(x, 8 ,¢). Finding these
functions for general nonlinear systems is outside the method’s scope. These func-
tions are assumed to be given. There are, however, classes of systems for which this
assumption may be lifted. These systems and corresponding methods are presented
in the next section.
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3.3.2 Adaptive integrator back-stepping

Below we present the method of adaptive integrator back-stepping as it is described
in the original work by Krsti¢ er al. (1992). Consider the class of systems with
lower-triangular structure:

X =xip1 + 0T (x1,. .., x0), (3.23)
Xn = ¢o(x) + 07 ¢, (%) + Bo(X)u, (3.24)

where # € R? is the vector of unknown parameters, and ¢o(-), ¢, (), and Bo(-)
are sufficiently smooth functions. We suppose that the function By(x) is separated
away from zero for all x € R":

35 €Rog: |Bo(x)] >8Vx e R".

Let our objective be to find a control input steering the variable x| to x; = x* =0
and simultaneously stabilizing the system in some sense. In order to find such a
control input Krsti¢ er al. (1992) developed the following iterative procedure.

Step 1. Let us denote z; = x1 and 7o = xp — «1 and rewrite the first equation of
the original system in the above notation x; = x» + 0T¢1 (x1):

=204 a1+ 0T (x)). (3.25)
The variable «; is considered as a virtual control. Now consider

A 1 ~
Vi(e1,0) = S2i 418 = 0lIf.., T > 0,

where 0 : Rxo — RP? is a differentiable function yet to be defined. Differentiating
Vi(z1,0) and taking (3.25) into account, we obtain

Vi =21(z2 + a1 + 67, (x1)) + @ —0)r '8
a0 )+ @ —OT O — Tz, (x1)). (3.26)

If the system (3.23) and (3.24) consisted of just one equation E.l.nd xp were the actual

control input u, i.e. x = «; = u, then, on setting 7 (xy) = 91,

11 =Tz1(xD @ (x1), (3.27)
A AT
a1(x1,0) = —c1z1 — 0 ¢(x1), c1 € R, (3.28)
would ensure that V1 = —c1z% = —cl)cl2 < 0. Hence this choice would guarantee

asymptotic convergence of the system’s state to the set x; = 0. The function
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oq(xq, é), therefore, can be called the first stabilizing function, and the function
71(x1) is the corresponding first tuning function.
Since x3 is not the actual control input, zo 7 0, and hence our previous choice

U= o (xl,@), b = T1(x1) is not justified. For the moment, let us simply rewrite
z1 and V] using the notations above:

Vi=—czi+un+@®-0r"'@ -0, (3.29)
fr=—c1z1+ 22+ 0 — )T (x). (3.30)

Step 2. Let us introduce the new variable z3 = x3 — «» and rewrite the second
equality in (3.23) and (3.24), namely x, = x3 + 0T¢2 (x1,x2), as follows:

30!1({1,9)5

(x2+ 0", (x1) —

. doq(x ,é
=34 a+ 0T, (x1,x0) — %

(3.31)

Suppose that we can use a2 as a control input, and consider the function V, =
Vi + %z% According to (3.30) and (3.31) the time-derivative of V; is

. 2 30!1 30(1 A
Woi=—czi+2|atznto——x——
dx1 06

A 0
+ s (¢2(X1,X2) - _8041¢1(x1)>]
X1

~ X d
+@—-0Tr! [0 —-I (Zl¢1(x1) +22 (¢2(X1,x2) - a;:¢1(xl)>)i| .
(3.32)

If x3 were the actual control u then the value of z3in (3.31) and (3.32) would be zero.
Thus, by compensating for the term 9 —0in (3.32) by setting 0 = 75(x1,x2, 9),
where

T2(x1,x2,0) =T |:Z1(X1)¢1(X1)

. 3 .0
+ 22(x1,x2.0) <¢2(x1,x2> = %wxoﬂ

3 .0
= 11(x)) + 2o ((bz(xl,xz) _ %qﬁl(xl)) . (333)
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and assigning

@ (x1,%2,0) = —z1(x1) — e222(x1, x2,0) + aala(—j:’é)xz
M T2(x1,%2,0)
-6 (¢2<x1,x2> ““’”””dn( 1>) (3.34)
we would ensure that
V) = —ciz2] — c223.

However, the variable x3 is not the actual control input u, and therefore z3 # 0. Yet,
taking the notation (3.34) into account, V, can still be expressed in the following
simplified form:

. 0 ~ X
Vo= —ciz} — 225 + 2233 + [zz a‘;‘; +0— 0)TF‘} (t2—0), (335

and (3.31) may be rewritten as

) 9 9
h=—z1—caza+z+ 0 —60)T <¢2 _ ﬂqs ) il ). (3.36)

Step 3. Let us introduce the new variable z4 = x4 — 3 and, taking this denotation
into account, rewrite the equality X3 = x4 + 0T¢3 (x1,x2,x3) as follows:

30(2 A

. 30(2 80:2
=zt a3 +0T¢; — a—m(xZ +0T¢,) — a—xz(X3 +0T¢,) — (3.37)

Using the same logic as in Steps 1 and 2, we suppose that «3 is a control input,
and introduce the following Lyapunov candidate function for the extended system:
=V, + %z% (the state vector of this system is (z1, 22, 23, @)). Consider V3:

. aal A
V3 = —clz% - czz% +228—A(1'2 —0)

don 80{2 dap A
0x 8x2 30

(¢3 - @(151 - %%)]

+ 23 [zz—i—u—l—a
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+@-0T! [é -T (msl + 22 (¢2 - %m)

9 9
-¥Z3<¢3—-5%%¢1—-5%§¢2>)] (3.38)

and compensate for the term 9 —0in (3.38) by setting 0 =13

0 0 0
3="_ [11¢1 +22 (¢2 — a;:(bl) +23 <¢3 - 8%?‘/’1 - a;z(bzﬂ

dop day
=17+ 1z (¢3—a—xl¢1——)-

3.39
372 (3.39)

Given that

2 X X dan dan
0—120=0—-13+13—120=0—-13+T23(Pp35— —¢; — —¢, |, (3.40)
0x] 0x2

we can rewrite (3.38) as follows:

. oo X
Vi = —C1Z% - CQZ% +Z28_él <T3 — 0)

oo oo doen A
t23| bty — xy — 3 — B
9x1 0x2 00
AT aa1 80(2 30(2
o — 2% gy %
+< 22 % ) (¢3 8x1¢1 8x2¢2):|
+®@—-0)TT' (@ —13). (3.41)

If x4 (or equivalently «3) were the actual control then z4 = 0 and the choice

dap day doy
03 = —720 —C323+ — X2+ —x3+ —=1T3
axq 0x2 90
30(1 AT 80!2 30(2
—I" -6 - —¢, — — 3.42
* (12 00 ) <¢3 dx1 4 dx2 ¢2) (642
would ensure that
Vi = —ciz] — c225 — €333

Since this is not the case, we have that

V3 = —clz% — czz% - C3Z§ + 2324

0 0 A~ X
+ [Zz Oil + z3 Oiz + (0 — 6’)Tr‘_li| (t3—0), (3.43)
00 20
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and, taking (3.37) and (3.42) into account, the right-hand side of z3 can be
determined as

. ~ don don
i=—2—c3z3+za+ 0 —0)T <¢3 — —¢1 — —¢2>
day dop
(¢3 - —¢1 - —¢z> (3.44)
Step i. Consider z;11 = x;j4+1 — «; and rewrite the equation X; = x;4+1 +

0T¢,- (x1,...,x;) accordingly:

i1
l dai—1 4

. a1
=z o +07g =) (u + 0T — ——0.  (3.45)
=1 Ok
Let «; be a virtual control of the system in (zy,...,z;) coordinates. Looking for
stability conditions for the extended system with state (zy, . . ., z;) ©0, we introduce

the Lyapunov candidate function V; = V;_1 + %zlz Its time-derivative is

i—1
. aay
V: = E Cka+< 80)('[1 1_0)
k=1

k=1

i—1
oo 01 A
+zi |:Zi—1+Zi+1+Oli—Z d 1Xk+1— 8%?10

L o
T<¢i_z SXkl¢k):|

k=1

+@6 —6)Tr! {0 r Zzl (¢, Z 90— 1%)} . (3.46)

On choosing the function z; in =1 ; as

i—1
0 oo
7, =1 ZZ[ (¢l Z il 1¢k) =17, +Iz ((15,- - Z gxkl(bk) (3.47)

k=1 k=1

we can annihilate the influence of # — @ in (3.46). Furthermore, given that

. . . i1
0—1i 1 =0—-1i+1i—T;\_1=0—1; 4T3 <¢i_z
k=1

ot
;" ‘¢k), (3.48)
Xk
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we can rewrite V; as

i—1 i—2
. aak A
V= — E cxzp + E Zk+1— (Ti — 0)
k=1 k=1 96

i—1 i—2
80!'_1 80['_1 A AT aotk
+zi |:Zi—1 +Ziy1 + o —Z B;k Xkl — alé 0 +(0 —Z Tkt 1 0 F)

k=1 k=1
i1 g, | .
X <¢i D ¢k>} +@-0)"T7'0 - 1). (3.49)
0Xy
k=1
If x; 41 were the actual control input, i.e. «; = u = x;4+1, then consequently setting
= aa, 1 o1
® = —Zi—1 —CiZi + Z 8;;( Xk+1 T alé Ti

k=1

i—2 i—1
aak AT 30[,'_1
+ E Zkt1— — 0 ¢i_E ¢ (3.50)
|:k:1 ) :|( g

k=1

would ensure that _
1
y 2
Vi=— E CkZf-
k=1

Since this is not the case we have

i i—1
. ooy A _ A
Vi=—) cizt +zizip + {2: " +(0-6)'T 1} (ti—6). (351

k=1 k=1

and z; satisfy the following equations:

. . . oo
Gi=—zim1—cizi+zip1+ (0 — )T (¢i B Z 8xk1¢k>

i—2 i—1
oo A \ ooy oo
+ —(t; — 0) + Zkrl—L | | @; — o). (3.52)
90 (,; 20 ’ ,; dxp
Step n. Let z,, = x, —ay—1. Observe that the variable o, is already defined
at the previous, n — 1, step of the procedure. Thus, taking x,, = ¢o(x) + 0T¢n x) +

Bo(xX)u, (3.51), and (3.52) into account, we can express z, as

n—1

=0+ 0", + Pou— )

k=1

0o, 1 A
-l (3.53)

a1

(xks1 +0T¢) —
0X
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Let us now introduce the following function V,, = V,,_1 + %z% Clearly, the function
Vy is positive definite with respect to z; and (é — 0), and its derivative satisfies

n—1 n—2 day A
Vi =— ZCkZ;% + (Z Zhk+1 ) (tho1—0)
k=1 k=1

30
! Jdo 1 oo, 1A
+2n | Zu—1 + Bou + do — C Xkl — ——0
T n—1 Aty 1 . n -1
+6 <¢n D Dk dm)} +@®—07r"" [0 ~-T> g (¢1 — quk)}.
=1 Tk I=1 k=1
(3.54)
In order to compensate for the term (9 — 0) in (3.54) we set
. n [—1 80([ |
0:‘[,,:FZZ[<¢[—Z _¢k>
0Xk
=1 k=1
n—1 S
=1+ Tz (0, = > " | (3.55)
P Xk

Taking (3.54) and

n—1
R dotn_
0 -1, 1=1,—1,_1 =Tz, (qsn -y “ 1¢k> (3.56)

0x
k=1 Ok

into account, we can conclude that

n—1 n—1
. da,—1 00,1 A
Vo = Zcu,% + zn |:Zn—1 + Bou + ¢o — Z a; Xyl — ——0
k=1 k=1

I oy, ! oa 1
+10 - ) z —T "= i :
( ]; Y )<¢ Z:: ot ¢k)j|

k=1
(3.57)
Thus choosing u as
1 = doy—q doy—q
U=—|—=2zp-1—Cnzn — Yo + X4l + ——T
ﬂo[" SR M

n—2 n—1
30tk AT 80(,,_1
+ E z —I'—0 —E (3.58)
(k:l Y ) <¢n 0x ¢k)j|

k=1
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will ensure that the derivative V,, is non-positive:
n
y 2
Vn = - Z ckzk’
k=1

and consequently that z; and 9 are bounded along the solutions of (3.23) and (3.24).
Given that

X1 =21, x2 =220 + 1(z1,0),

X3 =23 + 02(x1, x2,0) = 23 + @2(z21, 22 + 1 (21, 6), 0),

and that the functions «; (x1, ..., X, é) are smooth, we can conclude that x(z, Xg) =
(x1(¢,X0), ..., x,(t,X0)) is bounded and defined for all t > #y. Moreover, according
to Lemma 2.1,

lim z;(t) = 0. (3.59)
1—00

In order to see that x(z,Xg) converges to a limit at t — o0, let us rewrite (3.23)
and (3.24) in the z;-coordinates. On denoting

i—1

N daj—
Wikt 0) = (e x) = ) (3.60)
k=1

we obtain that

z1=—c1z1 +220+ (0 — é)Twl(Xl,é),

h=—z1—c2zo+ 23+ (0 — ) Twa(xi, x2,0)
1 0or| ~
_Z ~ szwk(xl”-xk90)’
i 00
3= —2— 323+ 24+ (0 — 0) w3 (x1, x2,x3,0)

" don ~ dorg ~
- Z ~Lziwi(x1, ..., x5, 0) + 22—T'wW3(x1, X2, x3,0),
~ 36 20
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Zi = —2Zi—1 — CiZi +Zi+1 + (0 — 0O w(xi,....xi,0)

-y

k=i+1

FZka(X1, ce Xk, 0)

+sz+1 sz(xl’---,xi,é),

(3.61)

Zn = —Zn—1 —CnZn + (0 - é)Twn(-xla e ,xn’é)

+sz+l le’l(xlv"'axn’é)v

0=r ZZiWI(X1,...,xz',9)-
i=1

The right-hand side of (3.61) is a smooth vector field. Hence, Z; are bounded due
to the fact that the variables X, z;, and @ are bounded. According to Lemma 2.1,
(3.59) implies that

lim z(t) = 0.
—00
Hence, in accordance with (3.61), the following limits exist:
lim (8 — 0(2))w; (x1(t), . ..,xi(1),0(t)) = 0. (3.62)
[—00
Let us demonstrate that x; () also converge to the corresponding limits as t — 00.
Indeed, since x; = z1, the equation lim;_, o z1 () = O implies that lim;_, o x1(¢) =
0. Notice that wy(x1,0) = ¢(x1) and
lim (0 — (1)) w1 (x1(),0() = lim (0 — ()T (x1(1) =0 =
I—00 —00
. . AT
lim 67¢,(x1(1)) = lim 8 ¢,(x1(t)) = 67, (0);
—00 t—00
hence,
lim x2(t) = lim 22(t) + o1 (z1(1), (1))
I— 00 1—00

= lim () — c121(0) = 00§ (11 (1) = ~07¢,(0).
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Thus, using (3.62) and (3.61), we arrive at
Jlim (8 —8(1) w1, x2,6(0) = 1im (6 — 6(1) ¢ (x1 (1), 12(1) = 0=
. AT
lim 87 (1 (1 (1), 22(1)) = 07 (0, x5).

According to (3.50) the variables «; satisfy

i—1
oo AT oo
Q =—2Zj_1 —CiZ + i (Xk+1+0 ¢k>+ IAITi
= O 00
=2 30{k T
+ ZZk-H —1I'—0 |¢;;
= 00
hence,
lim ax(r) = lim = —07¢,(0,x5),
=00 I—00
and lim;_, 5o x3(¢) = lim; 0 23(F) + a2 () = —0T¢2(0, x5). On repeating these
steps for i = 3,...,n we obtain
. AT
lim 0 (1)¢; (x1(2),...,xi (1)) = 07¢,;(0,x5,...,x5),
—00
. T
tl_l)lgox,-(t) =—0"¢,_1(0,x5,...,x7_)).

Summarizing the results, we can now state the following theorem (Krsti¢ e al.
1992).

Theorem 3.2 Let the system (3.23) and (3.24) be given, with u defined as in
(3.58). Then the equilibrium x° @ 0, xX° = (x{,...,xy) of the extended system is

>'n
globally stable in the sense of Lyapunov. Furthermore,

lim x(z) = x°.
[—00

The method of adaptive integrator back-stepping resolves the issue of searching
for the goal functional Q(x, r) required in the method of velocity gradient. Although
the method applies to a narrower class of systems, it is fully constructive and hence
constitutes a convenient solution to the problem of adaptive regulation. One can
also view this method as a synthesis technology.

Before we proceed further, let us comment that both of the methods considered
so far assume (or impose, should we consider dominance-based generalizations)
linear or convex parametrization of the corresponding control input. This inevitably
motivates the question about the possibility of ensuring a certain degree of adap-
tivity in systems with nonlinearly parametrized controls. In the next sections we
review the ideas offering answers to this question.
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3.3.3 Minimax and domination-based algorithms of adaptive regulation

A technique aimed at addressing the issue of nonlinear parametrization was
proposed in Loheral. (1999). The authors consider systems in the so-called
error-model form:

éc = —kiec + k [‘P}(W —ay) + Z <fi(¢,-,9i) - fi((bi’éi)) - ua(l)i| ,
i=1

(3.63)

where e stands for the error (or state); ey € Rf and 9; € ©; C R are parameters
of which the values are unknown, and &, € R¢, éi are their estimates. The domains
®; are supposed to be closed intervals in R with known boundaries, k; € R~ and
k> € R are known parameters of the model, and ¢; : R>9 — R?, ¢, : R5o — R¢,
and f; : R” x R — R are some known continuous functions. The variable u,(¢)
is the auxiliary control input.

The objective is to find an auxiliary input u,(¢) and an adaptation algorithm for
&, and §; such that the values of e; and &; and é; are bounded.

Let us introduce the new variable e., € € R.,

17 60/62 1’

e = e, —eS(e—C), S(ﬁ> = efe, leo)el <1, (3.64)
€

¢ —1, ecfe <—1,

and choose the class of admissible adaptation algorithms and auxiliary control
inputs as

m
Uy = sign(kZ)S(e—c) 3 ai @), (3.65)
€ i=1
ay = sign(ky)Tgecpy, To > 0, (3.66)
6; = sign(ka) v ecw 61, 1), v, > 0. (3.67)

The functions @’ : R x R — Rand o] : R x R — Rin (3.65)—(3.67) must satisfy
the following equations:

af B;.1) = min max sign(ecka) [ /i(6;(1).6) — fi(@;(0).6) + @ — Bi)o |
(3.68)

wF (Gr,1) = arg min max sign(ecka) | £i(9;(1.6) = i@ (0.0) + O — 0w |
(3.69)
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The asymptotic properties of the system (3.63)—(3.69) are formulated in the next
theorem (Loh ef al. 1999).

Theorem 3.3 Consider the system (3.63), where the variables é,- and oy, uy(t)
satisfy (3.64)—(3.69).

Then solutions of the system (3.63)—(3.69) are bounded for all initial conditions
&y (to) € R ec(ty) € R. If, in addition, the functions @,(-) and ¢;(-),i =1,...,m
are globally bounded then

. ec(t)
tgr&ee(t) =ec(t) — 65( c > =0. (3.70)

Proof of Theorem 3.3. Consider the function

1 . i oA
V=3 (ez + kol (B — 00) T @0 — ag) + [kl Dy ' (6 — e,-)2>

i=1
and compute its time-derivative:
0, lec| <€,
V= | —kiecee + ko SILL [ /i@ 00,60 — fi(@:(0).6) 3.71)
+ 6 - w; — a sign(k)S(ec/e) |, lecl > e.

Taking the definition of e, into account (see (3.65)), we can conclude that the second
equation in (3.71) implies that

. k " R
V < lka (—@eﬁ + ee Z {sign(kz) (fi(¢,- (),0;) — fi(@; (t)ﬁi))

i=1
+ 6 — 0w —a's (%)D . (3.72)

Now consider two cases, (1) e > 0 and (2) e. < 0, and show that the inequality
1% < 0 holds in both cases.

Case 1. Letec > 0 and |e.| > €. Given that S(e./€) = sign(e.) for |ec| > €, we
first notice that the inequality V < 0 would be satisfied if we could show that

af = sign(ko) | fi (@i (0,00 — fidi .00 + G —6pi | 373)

holds for all 6; € ©;. Clearly (3.73) holds if for some a-priori-chosen w; the
following condition is satisfied:

af (6.1 = max sign(ko) | fi(6;(1).6) = fi(@;(0.6) + 6 — 0o} |
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Observe that the functions a* serve as auxiliary dominating terms in (3.65). Thus
choosing the functions w;" such that the values of a* (é,-, t) are minimized leads to

af (0. 1) = min max sign(ka) | /i (@;(0).6) — fi(@;(0).0) + B — 6n)o ).

] = arg min max sign(ka) | fi(9;(1).6) = fi(;(0).0) + 6 — 6o |
(3.74)

Case 2. Let e. < 0, then the required inequality V < 0 is satisfied if
af 6.1 = max signka) | £1(9:(1).6) = £i(9;(0.6) + (6 — 8o
for all §; € ®;. Imposing the minimality constraints leads to the following:

a} (6.1) = min max sign(ko) | /i (@i (0.8) — fi@i(0.6) + 6 — by .

wj eR 9,‘ E("‘),‘
o} (6,1) = arg min max sign(k) | £i(9:(1,8) — fi(9;(1,6) + @ — Bo |
w; €R 0, €0;
(3.75)

Finally, notice that (3.68) and (3.69) specify the same functions as the combination
of conditions (3.74) for e > 0 and (3.75) for e < 0. Therefore, we can conclude
that V < Ofor all > #g, provided that the theorem conditions hold. Boundedness
of the function V implies that solutions of the system are bounded.

In order to see that (3.70) holds, notice that

V < —kleg.

Hence, boundedness of the functions ¢, and ¢, implies that é. is bounded. Thus
éc 1s bounded, and e, is uniformly continuous for all # > #(. In this case property
(3.70) follows immediately from Barbalat’s lemma (Lemma 2.1). The theorem is
proven. (|

In addition to the minimax method there are other alternatives for dealing with
nonlinear parametrization of uncertainties. One of the ideas can be briefly presented
as follows. Instead of presenting a nonlinearly parametrized compensator in the
controller (which leads to error models (3.63) that are nonlinearly parametrized
W.I.L. éi) one can search for an admissible controller that is nonlinear in x but
linear in 6; (or, generally, a controller satisfying Assumptions 3.2 and 3.1). The
literature about various formulations of this idea is large (see e.g. Lin and Qian
(2002a,b), Ding (2001), Boskovic (1995), and Putov (1993)). These methods are
similar to the minimax-based techniques in that the control functions on the right-
hand side are used to dominate (majorize) the nonlinearity rather than to compensate
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for it precisely. In addition, we wish to mention that Karsenti ez al. (1996) and
Astolfi and Ortega (2003) offer alternative solutions to the problem of adaptive
regulation in the presence of nonlinear parametrization. These solutions bear an
overall similarity to the adaptation algorithms in finite form which we present in
Chapter 5. Therefore we do not discuss them in detail here.

3.4 Applicability issues of conventional methods of adaptive
control and regulation

The synthesis and analysis methods considered so far obviously do not exhaust
the vast variety of intricate techniques available in the literature on adaptive con-
trol and regulation to date. Variations of these general ideas are many; they are
detailed in a number of monographs (see e.g. Fradkov er al. (1999)), and review-
ing all of these with the same level of detail would divert the discussion away
from the main topic of this book. Yet an overview of basic statements of the
problem of adaptation and, consequently, methods of adaptive control and regula-
tion, from Bellman’s classical works (Bellman 1961; Bellman and Kalaba 1965)
to Krsti¢ et al. (1995), Ioannou and Sun (1996), Fradkov et al. (1999), Kolesnikov
(2000), and Astolfi and Ortega (2003), allows us to formulate a number of fun-
damental problems and challenges in the area. In what follows we specify
four general issues that motivated the development of results presented in this
book.

The first class of problems is related to the very notion of adaptation in regulated
dynamical systems. Truxhall’s general thesis that adaptation is a mere viewpoint of
a designer is too ambiguous and not very constructive to serve as a formal defini-
tion of an adaptive system. On the other hand, more formal and classical statements
of the problem of adaptation, such as those provided by L. Zadeh (Zadeh 1963)
and V. A. Yakubovich (Yakubovich 1968; Fomin et al. 1981), despite their having
guided the development of the theory over many decades, do not go far beyond the
usual presumption about what an adaptive system is. In particular, within this frame-
work adaptive regulation (and, hence, adaptation) is associated with a special behav-
ior of a set of the system’s variables (outputs) of which the values behave in a certain
sense predictably in the presence of perturbations and unknowns regarding the part
of the system to be regulated. This definition of adaptivity leads to a number of
issues, of which some examples are listed in the preface to the special issue of System
& Control Letters devoted to the problems of adaptive control (Polderman and Pait
2003). Polderman and Pait stress that adaptivity on the one hand and the overall
reduction of uncertainty about the regulated system as a result of adaptation on the
other are not sufficiently well connected in most of the conventional statements of
the problem of adaptation. Thus, usual interpretations of adaptive regulation without
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any additional references to, for example, optimality blur the boundaries between
the general problem of regulation and adaptive regulation. As an illustration, con-
sider the following statement of the output-regulation problem (Byrnes and Isidori
2003). The mathematical model of the system to be regulated is

x =f(x o,u),

® = S(®),

(3.76)
y =kx, w),
e = h(x,w),

where y € R” is the vector of measured variables, e € RY is the vector of regulated
variables, u € R™ is the control input, and (¢, wg, p) is the perturbation function
defined as a solution of the following initial-value problem

® = S(w), w(ty) = wo.
The functions f, h, k, and S are supposed to be C¥-smooth. The goal is to ensure that

lim e(r) =0 3.77)
t—00

holds for all x(z9) € R" and w(z9) € Q2 C RY. The problem constituted by (3.76)
and (3.77) is stated as a typical regulation problem. Despite, however, the fact
that the term adaptation is not explicitly mentioned in Byrnes and Isidori (2003),
this statement of the problem is very similar to that of Yakubovich (1968) and
Fomin ef al. (1981). This suggests, if we leave some mathematical details aside,
that the latter statement in principle is no more general than the former. It is, there-
fore, clear that adaptive regulation must be considered a more specific problem. One
such specific distinction could be, for example, the addition of a formal requirement
for an increase of the system’s performance with time.

The second class of problems is the general issue of the goals of adaptation.
Standard statements of the adaptive-regulation problem require that the adaptation
goal be defined as

O[x(1),u(1),0 <7 <t] <A, Vit >t¥

where Q(-) is a known sign-definite function(al). In many cases, e.g. in
Narendra and Annaswamy (1989), loannou and Sun (1996), Fradkov (1990), and
Fradkov et al. (1999), applicability of the results additionally requires that the
functions Q(-) satisfy the following list of properties:

e O(X,1) : R" x Rag — Rxp, Q € Cl;
o limx|o00 O(X,1) =00,V 1 € Rxp;
e 0(0,¢) = 0 (if regulation to the origin is required).
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These properties, coupled with the standard Assumption 3.1 for the velocity-
gradient method (Fradkov 1979, 1990), or with a similar condition for other
gradient-based methods (Narendra and Annaswamy 1989), automatically imply
that Q is a corresponding Lyapunov function for the system in which the param-
eters are “frozen” and are set to the optimal values. Thus availability of a
Lyapunov function for the unperturbed system (no parametric perturbations) is
necessary for many standard adaptive-regulation schemes. Existing improvements
(Panteley er al. 2002) allow one to replace the requirement of availability of a Lya-
punov function with the knowledge that such a function exists. However, even if
the mere existence of the Lyapunov function is required, such a requirement implies
that the system’s target motions have to be globally stable in the sense of Lyapunov.
This obviously restricts the range of admissible motions in such adaptive systems
a priori. Hence dealing with unstable, multi-stable, or even locally stable target
dynamics is problematic within this classical framework.

On the other hand, there exist systems in which multi-stability is natu-
ral. These systems include lasers (Brambilla er al. 1991; Chizhevsky 2000,
2001; Chizhevsky and Corbalan 2002), chemical reactors, metabolic networks,
and biological and social systems (Bak and Pakzusci 1995; Sneppen ef al.
1995; Ito et al. 2003; Hindmarsh and Rose 1984; Ditchburn and Ginzburg 1952;
Martinez-Conde et al. 2004; Solé et al. 1999; Bak and Sneppen 1993; Makarova
2002; Malinetskii 2006). The class of problems in which only locally stable motions
are generally plausible includes the interesting problem of bifurcation control
(Krener et al. 2004) in the presence of uncertainties. Unstable and chaotic target
dynamics also occur in large-scale models of the human brain and information pro-
cessing (van Leeuwen et al. 1997; Kaneko and Tsuda 2000; Kaneko 1990, 1994).
There are examples of dynamical systems in which unstable attractors not only
exist and are plausible but also prevail and have a certain behavioral function
(Timme et al. 2002).

All these systems and processes do not admit a single globally asymptotically sta-
ble equilibrium, and, hence, finding the corresponding goal function Q(-) is hardly
possible without invoking additional regularization procedures (e.g. extending the
system’s state space, introducing a reference model, etc.). The sole purpose of such
procedures is to transform the problem into the usual framework for which a Lya-
punov function may be found. The questions, however, are is this regularization
always possible, is it actually needed, and is it natural? Or, perhaps, would enabling
unstable target dynamics and developing appropriate analysis and synthesis tech-
niques be more beneficial? This motivates the development of novel methods of
adaptive regulation that are suitable for systems with unstable target dynamics.

The third general class of problems is the problem of performance of adaptive
systems. Often the performance of an adaptive system is considered acceptable if, in
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addition to some asymptotic properties of the system, the overall Lyapunov stability
is guaranteed (Fomin ef al. 1981; Fradkov 1990; Fradkov et al. 1999; Sastry 1999;
Sastry and Bodson 1989; Narendra and Annaswamy 1989; Krsti¢ ef al. 1995) in an
extended state space. Let Z be such extended state space including the state vector
of the system, the vector of unknown parameters, and the vector of other internal
variables of the system. Let zy be an element of Z, let 2, C Z be the target set, and
denote solutions of the extended system passing through zg at t = g by z(¢,zp).
Stability of €2; in the sense of Lyapunov implies that for any ¢ > 0 there exists
d > Osuch that [|zollq, < 8 = [|z(7,20)llq, < € forall 7 > 7. If for a given small
& the value of § could be made reasonably large then the performance of such a
system would be very satisfactory.

In practice, however, this is rarely the case, at least in the domain of adaptive
control. What we are likely to observe is a more conservative situation in which
the value of 6 is small when the value of ¢ is small. In order to illustrate this point,
consider the case in which €, = z* is a point and V (z,z*) is a Lyapunov function
satisfying the usual conditions y (|z—z*|) < V(z,z*) < a(|lz—z*|), @,y € K.
Thus V < 0 implies that V (z(,20),z*) < V(20,2*) < a(||zo — z*||). On the
other hand, y (||z(z,2z0) — z*||) < V(z(¢,20),z*), and hence |z(¢,z9) — z*| <
y Na(l|lzo — z*||)). If we now demand that ||z(,2z9) — z*|| < &, this would be
automatically satisfied if zg satisfied the inequality y ' («(||zo — z*||)) < . This
is equivalent to saying that ||zg — z*| < a_l(y(s)) = §(¢). Notice that this usual
procedure results in an estimate of § of which the value is a monotone function of
g, and hence the smaller & the smaller §.

While this analysis is acceptable in many applications, it has clear limitations in
the domain of adaptive systems. This is because substantial changes in the system’s
operational conditions (zg becomes distant from z*) constitute the main reason for
adaptation. Thus performance measures concerning small deviations due to small
perturbations might not make a lot of sense in problems of this kind.” In order to find
a remedy to this issue, a stronger requirement of asymptotic and even exponential
Lyapunov stability is sometimes imposed (Sastry and Bodson 1989). The ability
to satisfy these new requirements often comes at a cost: the need to ensure that
certain variables of a system satisfy a sort of persistency-of-excitation condition
(Lee and Narendra 1988; Morgan and Narendra 1992) (see Definition 2.5.1). Given
that the actual trajectories of these variables will generally depend on a number of
uncertain quantities, checking whether this condition holds constitutes a separate
issue.

2 This view that adaptation (as a re-tuning) becomes advantageous (and, hence, makes sense) over other approaches
to regulation, when the degree of uncertainty is relatively high, is illustrated in French (2002).
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Alternative characterizations of the performance of adaptive systems include
upper bounds of Lj- and Lo-norms for the state, parameter estimates, control
inputs, and error signals (Ioannou and Sun 1996; Krsti¢ ef al. 1995; French et al.
2000; French 2002). An interesting performance measure involving an adaptation
time is introduced and studied in Timofeev (1988). In all these cases, however, the
class of systems is limited to a specific system of ordinary differential equations, or
the analysis is restricted to one or just a few algorithms of adaptation. In addition
to these results there is a number of working heuristics aimed at improving the per-
formance of adaptive systems, see e.g. Narendra and Balakrishnan (1994, 1997)
or Krsti¢ et al. (1992, 1994), and Krsti¢ and Kokotovi¢ (1993). In Krstié ef al.
(1994), for example, the authors make a very interesting observation that a special
class of nonlinear adaptation schemes constructed for linear models outperforms
standard adaptation schemes for the same model class. This suggests that the stan-
dard schemes are indeed too conservative and that there is room for performance
improvement. The problem, however, is that finding a systematic procedure for
generating such algorithms is a non-trivial issue.

The fourth class of problems is the problem of the adequacy of mathematical mod-
els of reality used for the creation and analysis of adaptive regulatory mechanisms.
As we mentioned earlier, the standard models considered in the domain of adaptive
control are ordinary differential equations, in which the uncertainties are linearly
parametrized functions:

f(x.0) =) ¢;(x)0;. ¢; :R" > R", 0= (01.62.....00)"
i=1

A positive aspect of these models is the availability of a wide spec-
trum of analysis tools and adaption algorithms aimed at dealing with this
class of system (Sastry and Bodson 1989; Sastry 1999; Fomineral. 1981;
Narendra and Annaswamy 1989; Ioannou and Sun 1996; Fradkov et al. 1999). To
a first approximation such modeling is valid and is sometimes very instrumental. In
particular, linearity with respect to @ allows one to extend the applicability of stan-
dard adaptation algorithms in which knowledge of x(#) is needed to those schemes
in which only a function x(¢) (measured outputs) is available for direct observation
(Kreisselmeier 1977; Krsti¢ and Kokotovié 1996; Marino and Tomei 1993; Marino
1990; Nikiforov 1998). On the other hand, models of a large class of physical pro-
cesses are genuinely nonlinearly parametrized. This is the case e.g. for models of
biological and chemical reactors (Boskovic 1995; Stigter and Keesman 2004), mod-
els of friction in mechanical and biomedical systems (Armstrong-Helouvry 1991,
1993; Canudas de Wit and Tsiotras 1999; Pacejka and Bakker 1993; OLeary etal.
2003), induction motors and magnet suspensions (Costic ef al. 2000; Ghosh et al.
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2000), electromechanical valves (Peterson and Stefanopoulou 2004), and models of
engines and power plants (Bachmayer e al. 2000; Gelfi e al. 2003).

Generally adaptive control methods for these models invoke domina-
tion or majorization techniques (Loheral 1999; Annaswamy efal. 1998;
Kojic and Annaswamy 2002; Ding 2001; Lin and Qian 2002a,b; Boskovic 1995).
This leads to excessive overcompensation of “unwanted” nonlinearities, which
in turn negatively affects the performance of the whole system in the long
term. Non-dominating adaptation algorithms are either local (Karsenti ef al.
1996) or not practical enough (Pomet 1992; Ilchman 1997; Martensson 1985;
Martensson and Polderman 1993).3

3.5 Summary

Analysis of the evolution of the problem of adaptive regulation and control allows us
to formulate several key limiting characterizations of standard and commonly used
mathematical statements of the problem (for deterministic systems). Relaxation of
one or all of these limiting factors is a feature that we consider highly desirable.

In the rest of the book we will develop a set of results that will allow us to
construct and analyze adaptation mechanisms with these desired features. We will
depart from an understanding that the target dynamics of a system is not restricted
to stable motions in the sense of Lyapunov. Regarding the information we will
require about the systems that are adaptively controlled, we will try to keep these
requirements at the minimal levels that are adequate to the needs of analysis. In order
to develop general principles of adaptation and adaptive regulation we will need to

(1) use a language that allows us to describe dynamical systems without the
need to know the corresponding differential equations in detail (or without even
assuming that the model is specified by ordinary differential equations);

(2) introduce and develop analysis methods for studying asymptotic properties
of such objects; no stability assumptions about asymptotic regimes must be used
unless stated overwise.

These results should allow us to formulate general principles for the function-
ing and organization of an adaptive system in the presence of uncertainties. The
principles are expected to take the shape of certain constraints specifying general
input—output and input—state properties of such systems. These principles of the
general functioning and organization of an adaptive system will then be used to
formulate specific goals of adaptation. Since no stability requirements would be
introduced at the stage of development of these principles, it is natural to expect

3 These algorithms constitute a mathematical proof that an adaptation law exists but cannot be considered as
practical solutions to the problem (Martensson 1985; Martensson and Polderman 1993).
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Figure 3.1 A hierarchical outline of methods and results presented in the text.

that no stability constraints would be needed in order to ensure that these goals are
realized by a specific adaptation mechanism.

Adiagram illustrating this strategy for creating a set of tools and methods suitable
to solve the five issues mentioned above is shown in Figure 3.1. This diagram shows
the general strategy the author personally pursued. Naturally, it reflects the structure
of the book.



Part 11
Theory






4

Input—output analysis of uncertain
dynamical systems

In this chapter we provide analysis tools for dynamical systems described as input—
output and input—state mappings (or simply operators) in the corresponding spaces.
Such a description is advantageous and natural when mathematical models of the
systems are vaguely known and uncertain. We will see that the basic properties of
these input—output and input—state mappings (such as boundedness and continuity)
constitute important information for our understanding of the various ways in which
an adaptation can be organized in these systems.

In particular, we will see that some basic stability notions (Lyapunov stability
of invariant sets (LaSalle and Lefschetz 1961), stability of solutions in the sense of
Lyapunov, and input-to-state, input-to-output, output-to-state, and input—output sta-
bility (Zames 1966)) are equivalent to continuity of a certain mapping characterizing
the dynamics of the system (Theorems 4.1 and 4.3).

As we have said earlier, real physical systems, however, are not always stable and
hence their input—output and input—state characterizations are not always continu-
ous. Moreover, the target dynamics of these systems should not necessarily admit
continuous input—output or input—state description. Indeed, continuity of a mapping
S at a given point uq in essence reflects the fact that the value of the mapping S(u),
can be made arbitrarily close to S(ug), provided that u remains sufficiently close to
uo. In reality this is a quite idealistic picture, and in most cases such infinitesimal
closeness is not needed. What is needed, however, is that the system’s behavior
(the quantity S(«)) does not change much if # remains close to ug. However subtle
the difference between these wordings might appear, the objects of study are quite
different mathematically. In the former case they are continuous mappings, whereas
in the latter case they are not. Therefore the results available for systems for which
the input—output or input—state mappings are continuous cannot be extended auto-
matically to the realm of systems for which these mappings are discontinuous. Thus
results that would allow us to analyze the asymptotic properties of such systems
and their interconnections are needed.

83
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In this chapter we will study the asymptotic properties of interconnections of
systems whose behavior can be described by locally bounded mappings and that
are not necessarily continuous. We will provide conditions specifying the existence,
completeness, and boundedness of variables in such interconnections (Theorems
4.4 and 4.5), and estimate the locations of limit sets in these systems (Corollary
4.1). These results about the general properties of interconnections of systems
with locally bounded input—output mappings will be used to state the problem of
functional synthesis of a general adaptive regulator.

Two general solutions of the problem will be provided. One solution is called
here the bottle-neck or jamming synthesis principle. It will allow us to formulate
a sort of separation principle (Theorem 4.6) in the domain of adaptive regulation.
The other solution, the contraction—exploration principle, is based on studying
systems consisting of compartments of which the dynamics is either contracting or
exploring. Contracting compartments reflect relaxation of the system’s variables to
invariant sets, whereas exploring compartments correspond to a searching mecha-
nism of an adaptive system looking for the most optimal conditions of operation.
We will study how these two compartments must interact so that weakly attracting
sets emerge at the optimal conditions of the system’s operation (Theorem 4.7, or
the non-uniform small-gain theorem). We will analyze the asymptotic properties of
such systems (Corollary 4.2) and provide simple criteria connecting parameters of
the input—output and input—state mappings of the interacting contracting-exploring
compartments with the estimates of attractor basins (Corollary 4.3). In addition
to providing general principles for functional and structural synthesis of adaptive
systems, these results lead to a generalized non-uniform small-gain theorem for
cascades of integrally input-to-state stable systems with bidirectional connections.

4.1 Operator description of dynamical systems

Similarly to Zadeh and Desoer (1991) and Pupkov ef al. (1976), let us consider a
physical object O. Let us suppose that the following list of assumptions holds:

(1) observation of variables, parameters, and generally, processes of O does not
change the object;

(2) processes of O are described by real functions of real variables defined on a
non-empty interval 7 C R;

(3) external stimulation u, the influence of the environment e, internal processes x
in the object, and measurements y of these processes are also real functions of
real variables defined on 7.

The function u : 7 — R™ is referred to as a control input, the function e :
7T — R® models the influence of the environment (perturbations), the function
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x : T — R is the state of O, andy : T — R’ are the observables or outputs
of O.

The sets of admissible functions u(z), e(t), x(¢) and y(¢), t € 7 are defined by
the symbols U/, £, X, and ), respectively.

The intervals 7, on which these functions are defined, are referred to as intervals
of existence of the object. The maximal interval of existence 7 *(O, u, e) for some u
and e will be referred to as the existence time of O. It is clear that the existence time
of O depends on u € U and e € &. If such dependence is clear from the context,
then for the sake of notational compactness we will replace 7 *(O, u, e) with 7*,

Example 4.1.1  Solutions of the following equation present an example of objects
for which the existence time may be finite, depending on the inputs:

*=x>4u, xty) = 0.

If u(t) = constant, u < 0 for all + > #(, then the solution to this initial-value
problem is defined for all ¢ > ¢, and hence the existence interval is [fp, 00) C R.
If, however, u > 0, then x(¢) reaches infinity in finite time 7*. Hence the existence
interval in this case is 7% = [ty, T™).

In mathematical systems theory a “system” is understood as a binary relation S,
definedon {U xE} x {X x V}. Let P C {UxE}x{X x Y} be the graph of this relation.
Then a system is defined by a set of pairs ({u, e}, {x,y}) € {U x E} x {X x V}. It
is allowed that x(¢) and y(¢) need not be defined for some u € U/ and e € £. This
general definition, however, does not account for causal relations between inputs
and outputs.

In dynamical systems causal relations are important. In many cases we are inter-
ested in predicting the values of x(#) and y(¢) in response to u(¢) and e(z). Thus, in
order to introduce such causal relations between elements defining the system (i.e.
u(?), e(t), x(¢), and y(¢)), we need to extend our former definition of a system. A
possible way to do so is provided in the definition below.

Definition 4.1.1 Let 4, £, X, and Y be given. A system S, defined on U, &, X,
and Y is a six-tuple (U, &€, X', Y, S1, H1), where

Sr: fu@),e()} SUx E — {x(1)} C X, (4.1)

Hr: {u(®),e@),x(N} SUXEXX = {yB)} €V, (4.2)
T =[to,T] < T".

Mapping St in (4.1) determines the input-to-state properties of the system, and
the mapping H7 in (4.2) defines the input/state-to-output relation.
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In order to be able to compare state x(¢) and output y(¢) of the system for different
u(?) and e(?), a metric in the sets of U/, £,' X, and ) is needed. Moreover, in many
problems the sets of functions &/ and X inherit the structure of linear space. In
other words, in these sets there is an operation “+” with respect to which they form
an Abelian group, and there is an operation “-” of multiplication on a scalar that is
distributive w.r.t. the operation “+”. Thus in what follows we will suppose that U/, £
X, and ) are normed linear spaces of functions defined over 7. In particular we will
restrict our attention to L’; [t0, T']-spaces, p € R>1, R>1 = {x € R|x > 1} U oo,
n € N. This choice is motivated by the fact that the relevant features of u(z),
x(?), and y(¢), e.g. energy, power, and maximal amplitude, are the values of the
corresponding | - [|p,[z,71-norms. Moreover, some standard performance criteria are
naturally defined as L7[to, T ]-, L5[to, T ]-, and L [to, T ]-norms.

The set £ is chosen here to be a linear normed space L,. This is because the set £
will accommodate not only the functions of time but also unknown parameters of O
and initial conditions. An example of L, is adirect sum £, = Rie Ly[to, T], where
Il - llz, in L, is induced by the Euclidean norm in R4 and Ly, T'], respectively:

Vze L, z=£®v, R’ ve Ly, T1= |zlc, = &Il + V(O llpgp.11-

From now on we will consider systems S of which the input-output properties
are defined in the following sense.

Definition 4.1.2 Consider a system (U, &, X, Y, St, Hr), where
X C Lylto, T1 S Lylto, T1,
U C Lul10.T1 S LYo T,
Y C Lylto, T1 S LY10,T1, q, p, k € Rs1 U {oo}.
The system admits an input—state operator S (u, e),
St(u,e): L,lto, T] x &+ Lylto, T, (4.3)
and an input—output operator Hz (u, e),
Hr(u,e): Lylto, T1 x E— Ly[ty, T, 4.4)
on 7 = [tg, T] if and only if
u(t) € Lyto, T] = x(t) € Li[ty,T], Ve €&,

ut) € Lylto, T1=y() € Lylto, T], Veec k.

1 We will see below, however, that introducing a metric for £ is not actually necessary for all results of this chapter.
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If mappings S7(u,e) and H7(u,e) were known and available then we could
immediately proceed to the analysis of these objects. The problem is that in the
context of adaptation these mappings are rarely known precisely. On the other
hand, having some information about input—state and input—output properties of
the system is necessary for the goals of analysis. This information should allow
comparison of the values of x(¢) for different functions u(¢). Yet, it should be of
a rather general type that could easily be provided at the modeling stage. Possible
candidates for such additional information about the system are the input—state and
input—output margins.

Definition 4.1.3 Consider the system (4.1) and (4.2) defined on 7 = [ty, T]. We
say that the system admits input-state and input-output margins ys ¢, and yy r,
if and only if

(1) the system (4.1) and (4.2) admits an input—state operator St (u,e) : L,[ty, T] X
& +— Ly[to, T] and there exists a function ys 2 : L, x R>9 x R — Rx¢, such
that

I1X(O 210,71 = V5., (€ 0@ 2,110,717, T, 4.5)

where ys 2 (e, [[u(?)| 2,110,771, T) is non-decreasing with respect to the term
lla(t) |l z, 110,71 and is locally bounded;

(2) the system (4.1) and (4.2) admits an input—output operator Hz (u, e) : L,[to, T']
x & + Ly[to, T] and there is a function yg o, : L, X R>9 x R — R0, such
that “

IOl 2, 10,1 < V.2, (€ 0@ | £, 100,71 T (4.6)

where the function yg » (e, lu(?)l 2, 11,71, T) is non-decreasing with respect
to |lu(?) ||z, 110,71 and is locally bounded.

The functions ys,c, and yn ¢, provide us with a reasonably rough estimation of
how the system’s behavior might change with u(#) and e. These characterizations
allow a substantially high degree of uncertainty about the system. Notice, however,
that there may be many such margins defined for one system and in this sense these
functions do not define the system uniquely. Moreover, these functions may be
defined for different norms. Let us illustrate this with an example.

Example4.1.2 Consider the following ordinary differential equation of first order:

X =—x+u, x(tg) € £ C R,

477
y=x,T=1[t),T], @D

where u € C[tg, T1andu € L. [to, TINL1, [to, T]. Clearly (4.7) admits an input—
state operator St : Léo[to, TN Lé, [to, T] x € — Léo[to, T1N LY (10, T]. It is
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also easy to see that this system admits at least four different input—state margins,
1 1 gl I 1 1 1
Ly Lo, Ly Ly, Loy Ly,and L, — L.

Amongst all the possible types of input—state and input—output margins the exis-
tence of the margins for £, C L7 [t,T]and £, C Lﬁo [#0, T'] and correspondingly
forthe norms |- ||z, = || lloo,iro,71a0d || -l 2, = |- lloo,[1,77 18 Of special importance.
These margins will be denoted by ys o and YH .00, Tespectively. The existence of
¥s.00 and YH o implies that there exists a non-empty interval 7" on which the state
of the system (4.1) and (4.2) is a bounded function. The latter is a manifestation
of the physical realizability of the system. This motivates the introduction of the

following notion.
Definition 4.1.4 System S is called

(1) realizable if for every u € £, and e € &£ there exists a number 7 (u,e) > 1o
such that

1X(®) loo,[5,7] < OO» (4.8)
Y () lloo,[1,7] < OC3 4.9

(2) realizable with a margin with respect to the norm || - || ¢, if for every e € £ there
exists a number 7 (e) > fp such that the following margins ys oo and yg ~ are
defined for Son 7T = [1y, T']:

I|X(t)||00,[t(),T] S )/S,oo(E, ||u(t)||£u,[l‘(),T]’ T)’ (410)

1Y lloo,l10,71 < VH 0o (@, @D 2, 150,77, T)- (4.11)

The interval 7 = [#y, T] is referred to as the realizability interval of the system
for the givenu € £, and e € £.

Itis clear that every system defined by a system of ordinary differential equations
with continuous right-hand sides is realizable if u(¢) € C 0. This follows immedi-
ately from the Peano existence theorem. Notice that realizability implicitly suggests
that the values of [u(?)|z, [+,7] are defined for those inputs for which realizabil-
ity is claimed. Using the notion of realizability of a system on 7, let us proceed
with defining another important characterization of a dynamical system with inputs,
namely completeness.

Definition 4.1.5 A system S is called

(1) complete, if it is realizable and its realizability interval 7 = [fy, 00);

(2) complete with a margin with respect to the norm || - ||, , if it is complete and
there exist ys oo and yx o such that inequalities (4.10) and (4.11) hold for all
T > 1.
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Completeness of a system implies that the interval on which the system is defined
is [#g, 00). For systems modeled by ordinary differential equations completeness
implies that solutions are defined for all ¢, e € £ and u(r) € L,.

Often completeness of an elementary system describing the original object in
the sense of Definition 4.1.5 does not need a proof. In fact, in many cases we
start the analysis assuming that the system is complete (excluding exotic cases
such as in Example 4.1.1). Yet, when analyzing more complex objects such as
various interconnected compartments comprising an adaptive system, establishing
completeness becomes an important step in the analysis. Indeed, in order to tell
how the state of a system behaves at t — 00, one must be sure that it is at least
defined for all r. We will discuss this in the next sections of this chapter.

Now we will move on to the input—output analysis of systems. We start by
establishing basic input—output and input—state properties of stable systems and
then proceed with developing analysis methods for the unstable ones.

4.2 Input-output and input-state characterizations of stable systems

Traditional stability notions invoke the notion of the phase flow, or simply flow
(LaSalle and Lefschetz 1961). The flow is defined as a mapping

x(t,Xp, %), X : R x R" x R — R”, (4.12)
satisfying the following condition:

X(t0, X0, 1)) = Xo.

The arguments of x(¢, Xg, f9) are the variable t € R representing a time instant,
the vector xg € R” defining initial conditions, and 7y € R corresponding to a time
instant at which the value of x is equal to Xg. Notice that, since the values of xg and
to are fixed, we can consider the pair (Xq, fp) as an element of a set &g € R" & R
that is a subset of the space £ modeling environmental (external) factors. Thus the
phase flow (4.12) can be thought of as a mapping that relates pairs (xg, #p) € & C €
to elements from L% [19, T'].

Since we are interested in studying systems, not the flows, let us associate the
following system with flow (4.12):

Sr: & Ly C L [10,T],

(4.13)
Hr: & Ly C L% [1,T).

The mappings are defined on 7 = [fg, T']. For the moment we will consider £ as
the space of inputs. Let 2* C R” be an invariant set with respect to x(¢, Xo, fp). In
Chapter 2 we provided a number of stability definitions relating to the asymptotic
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behavior of a flow with respect to an invariant set. Despite some differences in
many of these stability definitions, they share important general properties. These
properties are continuity of the mapping S and the existence of the corresponding
continuous input—state margins ys . (e, T):

vs.c.(@T)=vysc Xo®t,T) = ys,c.(xolle T). (4.14)

While continuity of the function ys . (-, -) does not require any additional com-
ments, we would like to clarify our current use of the term “continuity” with regard
to the mapping S7. Let us define a closeness measure of an element e = xy & g of
E to Q* as

pe(e,€2) = [Xoll @,
and a closeness measure of an element x of £, to S(Q*) = {z € L,|z(t) =
x(1,p,t0), p € %} as

px (X(1), S(Q)) = [IX() [l 119,001
Qs = {& e R = p(1), p(1) € S(QF), t = 1o} (4.15)

We will call the mapping S continuous with respect to xg at * iff
Ve>038>0:p.(e,RQ) <= py(x(¢),S(Q¥)) < &. (4.16)

Similarly, it will be called locally bounded with respect to X in a neighborhood of
Q* iff

pe(€,Q) <8 =3e: pe(x(1),S(Q")) < e. 4.17)
Having these notations in mind, we can now formulate the following statement:

Theorem 4.1 Consider a complete system of which the input—output properties
are defined by (4.13).

(1) Let Q* be an invariant set. Then it is stable in the sense of Lyapunov iff the
following alternatives hold:

(1.1) the mapping S7(Xo,t0) = ST (X0 @ t9), T = [tp, 0] from R" x Rto L, C
L% [to, o0] is continuous with respect to Xo at Q* for all ty € R;

(1.2) the input—state margin ys c_(e,T) of St can be represented as in (4.14),
where ys .. (0,10) = 0, VY 1o € R is a locally bounded with respect to t,
continuous, and non-decreasing function of ||Xo||q* in a vicinity of zero.

(2) The set Q* is (locally) stable in the sense of Lagrange if the following
alternatives hold:

(2.1) the mapping 83 (Xo,19) = St(X0 @ t9), T = [to, 0] from R" x Rto L, C
L% [to, oo] is locally bounded with respect to X¢ in a neighborhood of Q* for
all ty € R;
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(2.2) the input—state margin ys r, (e, T) of St can be represented as in (4.14), in
which the function ys 1., (0,19) = 0, Vty € Ris locally bounded with respect
to ty and ||Xo|| @+ (in a neighborhood of zero).

(3) A solution is stable in the sense of Lyapunov if S5 (Xo, to) = St (X0 @ to) with
T = [to, 00] is continuous with respect to Xo (Lx < L2 [to, 00] is a space
with standard || - || 0, [1y,00] MeELrics).

As follows from Theorem 4.1, stability of sets and solutions in the sense of
Lyapunov are equivalent to continuity of some mappings in the corresponding
spaces. In each case, however, the closeness measures in £, with respect to which
the continuity is defined differ. Stability in the sense of Lagrange is equivalent to
local boundedness of S7(Xo, o). Itis also worth mentioning that in the case of stable
sets and solutions there exist input—state margins ys . (e, T) that do not depend
onT.

Standard stability notions in the domain of dynamical systems characterize the
asymptotic behavior of states without paying much attention to inputs. The lat-
ter, however, are important components of an abstract system. An extension of
the standard stability notions characterizing the actual input—output and input—
state behavior of systems was introduced in a series of works by Zames (1966),
Sontag and Wang (1996), Angeli et al. (2004) and Krichman et al. (2001). These
are the notions of input-to-output stability and input-to-state stability.

Consider a system, and let x(t) € L% [to, T],u(t) € L,[tp,T],and € = R" G R.
Then, according to Definition 4.1.2, we have that the system’s input—state and
input—output relations are defined as

St Ly xEw Ly C LY [to, T],

(4.18)
Hr: Ly xEw Ly, S L [to, T1.

Suppose that system (4.18) is complete. Now, following Zames (1966) and Khalil
(2002), we can introduce the notion of input-to-output stability as follows.

Definition 4.2.1 A system (of which the input—output relations are defined by
(4.18)) is called input-to-output stable if there exist « € I and 8 € R. ¢ such that

IYOllzy 50,71 = allu®) iz, 119,77) + B (4.19)

holds for all u(z) € L,[tg, 00l N Ly[tg, T], e € .
A system is input-to-output stable with a finite input-to-output gain if there exists
y > 0 such that

ly®llz,.ir0,11 = VIl 2, 110,71 + B- (4.20)
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Figure 4.1 A diagram showing feedback interconnection of two systems.

An important property of input-to-output systems is that this characteristic not
only allows one to characterize the input—output properties of a single system but
also provides a useful tool for the analysis of the existence and stability of intercon-
nections of uncertain systems. Consider, for example, a feedback interconnection
of two systems S; and Sy of which the input—state relations are defined by H; 7
and Ho 7:

Hir o y1(0) = Hir(ui (1)),

Ho1 1 y2(t) = Ho 7 (ua(t)).

The diagram of this interconnection is shown in Figure 4.1. It is shown in Zames
(1966) that if the product y; > (or the composition a1 orp) is strictly less than 1 then
the feedback interconnection is also input-to-output stable. A simple statement of
this result, also known as the small-gain theorem, is presented below (Khalil 2002;
Zames 1966).

Theorem 4.2 Let Sy and 5> be two input-to-output stable systems:
Y1z, 100,11 < Villar @iz, 10,71 + B1s

Iy2) 2,100,771 < v2ll2 ()l 2,120,771 + P2

Then the feedback interconnection of 81 and S is input-to-output stable (with
(uy,wp) as input and y (or y2) as output), provided that

r1v2 < L. 4.21)

The main idea of the proof can be sketched as follows. Given that both systems
are input-to-output stable, and that in the feedback interconnection u; is replaced
with y» 4+ uj (u; is replaced with y; + up), we can write

Y1l 2,120,771 < ViUIY2) 2y 110,71 + W1 D 2y 110,71 + B1
< yvr2llyi1®llz,.io. 71 + Vil @)l 2, 17,71
+yvivallwe )z, .71 + B1 + v1B2.
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Thus the condition y1y, < 1 allows us to express ||y1(t)||l;y,[t0,r] as

yillar @l z, .71 N niyvallwa@®)llz, .11
1=y L =yiy

+ B3,

Iy1@llzy. 100,11 <

where B3 = (B1 + y182)/(1 — y1v2).

There are generalizations of this result that replace input-to-output stability in the
statement of Theorem 4.2 with a less restrictive notion of practical input-to-output
stability (Jiang et al. 1994).

Definition 4.2.2 System (4.18) is called practically input-to-output stable if there
exist functions « € K, 8 € KL, and D € R such that

ly®I < BdIxoll, ) + a(lw®) | z,.11.71) + D (4.22)
forallu(r) € L,[t0, TN Ly[t9,T], e € £.

Input—output stability and small-gain theorems are instrumental for establishing
input—output characterizations of larger systems composed of input—output-stable
components. They do not, however, immediately allow one to characterize the
asymptotic properties of the system’s state. A powerful extension of the notion of
input—output stability that allows one to characterize both the input—output and
the input—state asymptotic behavior of systems is developed in Sontag and Wang
(1996), Krichman er al. (2001), and Angeli ef al. (2004). A key element of this
extension is constituted by the notions of input-to-state, output-to-state, and input-
to-output-state stability.

Definition 4.2.3 Consider a complete system (4.1) and (4.2), and let Q* be an
invariant set of the system for u(z) = 0. The system is called

(1) globally input-to-state stable w.r.t. * C R”" if there are functions y € K and
B € KL such that

x(z, %0, 0) [l2+ < B(l[Xoll+,7) + ¥ (Iu(T) 0o [19,11) (4.23)

holds for all xg € R", t > 1p;
(2) globally integrally input-to-state stable w.r.t. Q* C R” if there are y € K and
B € KL such that for all xg € R” and t > 1y the following estimate holds:

t

Ix(z, %0, f0) [l @+ < ,3(||Xo||sz*,t)+/ y (la(m)|Ddz; (4.24)

fo
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(3) globally input-output—state stable w.r.t. Q* C R" if there are y, € IC, y,, € C,
and 8 € KL such that for all xg € R", t > 1, the following holds:

IXx(2, X0, 10) [lo* < B(IXolle*, 1) + Yu (II0(T) loo (1.1 + ¥y Y (T) 0o, [19,61)5
(4.25)

(4) globally output—state stable if there are y, € K, B € KL such that

1x(z, X0, 20) [lo* < B(IXolle*, 1) + ¥y (Y (T)lloo,ir0.11) (4.26)
for all xg € R”, ¢t > 1.

The notion of input-to-state stability is closely related to that of Lyapunov. In
particular, in Sontag and Wang (1996) the input-to-state stability is shown to be
equivalent to the existence of a Lyapunov function for the original system without
inputs. In addition the following obvious properties hold.

Theorem 4.3 Let (4.18) be a complete system. Then

(1) if the system is input-to-output stable then there exists a locally bounded
w.r.t. e, continuous in |[ullz, 1,71 and bounded in T input—output margin
Yh.c, (€ [a@®)z, 1,11, T);

(2) if the system is input—state stable then there exists an input—state margin ys,r,
(e, lu) 2,110,717, T):

vs.c. @ ) 2,110,771 T) = Vs, Lo (X0 x5 0, () | 2, 110,71, T,

where ys . (-) is a function that is continuous w.rt. |[Xo|lo+ and
la(®) Il z,.110,71, Which is locally bounded in ty and bounded in T. Moreover,
YS5.L+(0,20,0,T) =0 for all to, T > 1.

The theorem follows immediately from Definition 4.2.3.

Similar properties can be established for integral variants of input-to-state sta-
bility. The general properties of stable systems formulated in Theorems 4.1 and
4.3 allow us to establish specific properties of the corresponding input—output and
input—state relations in the definitions of these systems. These results will be used
in the next section to determine what the general invariants of unstable systems are,
and what kind of analysis tools may be made available for studying them.

4.3 Input-output and input-state analysis of uncertain unstable systems

The analysis in the previous section showed that popular and widely used notions
of stability are very closely related to continuity of the corresponding input—output
and input-state characterizations of the system. As has been mentioned earlier,
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stability in the sense of Lyapunov is often a criterion of the fitness and robustness
of a system. Thus establishing continuity of S7(Xo, 7)) W.r.t. Xo or continuity of
¥s.L., would automatically ensure the robustness and fitness of the system.

Continuity and the availability of certain input—output or input-state charac-
terizations of a system allow one to employ a wealth of mathematical resources
when studying the asymptotic properties of such systems and their interconnec-
tions. In particular, knowledge of a continuous input—output margin is necessary
for conventional small-gain-based analysis.

The main issue, however, is that tight, albeit continuous, input—output and
input—state characterizations of a system are not always available. A more realistic
requirement is that these characterizations are modeled by some locally bounded
rather than continuous functions. Thus an extension of the theory to this class of
systems is needed.

In order to be able to proceed with a formal statement of the problem, let us first
define three basic types of interconnections: serial, parallel, and feedback. For this
purpose consider two systems S1 and S»:

Siz: Ly, xE1 > Ly, € LY to, T,

Hiz: Ly, xE1 = Ly S LY 1o, T, 4.27)
So1 i Lyy xE > Ly, € L2t0, T,
Hz,'f : £u2 x & Eyz - L’goz[to, T]. (4.28)

Definition 4.3.1 Let systems S; and S; be given, and Ly, < L,,. Serial
interconnection of §1 and &, is the system S:

St Ly x E> L CLIT[1,T],

(4.29)
Hr: Ly xEw Ly S L2[to, T,
where
&= 51 6952’ Lx = Exl @»sz, »Cy = £y2’ Eu = »Cula
St(u,e; der) =S 7(u,e1) S 7(Hir(u,e1),e),
Hr(u,e; ®ey) =Hor(Hir(u,e1),e). (4.30)

Definition 4.3.2 Let systems S; and S be given, and £, = £,, N L,, # 0.
Parallel interconnection of 87 and S; is the following system S:
St: Ly xE— L, C L’gé+"2[t0, T1,

(4.31)
Hr: Ly x E > Ly, C LMT™[1, T,
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where
E=61@®E, Li=Ly®Ly,, Ly=Ly DLy,

St(u,e; er) =S 7(u,e) ®Sr7(u,e2),
Hr(u,e; ®ey) =Hir(ue) dHor(u, e).

Definition4.3.3 LetS;and Sy begiven,and Ly, € £, and Ly, € L,,.Feedback
interconnection of Sy and & is the system S:

(4.32)

St Ly xE Lo C L[, T,

Hr: Ly x E > L, C LMT™[1, T, (339
where
E=E0E, Li=Ly® Ly, Ly=Ly DLy, Ly=Ly &Ly,
yi =Hir(u +ys,ep),
Y2 = Ha 7 (w2 +y1,€2), 434

St(u; @uz, e Pey) =S 7 +y2.€1) @Sy 7(uy +yi,e),
Hr(u Quy,e; @ey) =Hiz(u +y2,e) @ Hor(u +yi,e).

One of the basic questions about interconnections is whether they are realizable
and complete. While establishing the realizability and completeness of serial and
parallel interconnections of two or more systems is arather straightforward exercise,
finding a satisfactory answer for the feedback interconnections is non-trivial. This
is because the definition of feedback interconnections, (4.34), is implicit. Thus S
and H 7 are not explicitly defined. Moreover, we wish to allow that the input—output
and input—state characterization of each system involved be known up to a locally
bounded function. Thus the questions of realizability and completeness become
even more complicated since the functions H; 7 and S; 7 in (4.34) are not known
precisely.

Realizability and completeness are not the only properties one needs to know
when dealing with interconnections of uncertain systems. In particular, having
estimates of the norms of the system’s state and output (in £, and L) for the given
input environmental factors from £ is often desirable. In addition, estimating the
limit sets (w-limit sets) of the interconnection is sometimes required.

Thus the following problems are relevant.

Problem 4.1  Realizability and completeness analysis. Let S, defined by
St: Ly xE— Ly C LY [to, T],

(4.35)
Hr: Ly x & Ly S LY [to,T],
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be an interconnection (serial, parallel, feedback) of two systems S and S;.
Determine

(1) conditions” when the system S is realizable;
(2) conditions when the system S is complete.

Problem4.2  Local boundedness of input—state/input—output characterizations of
interconnections. Let S be a complete system defined by (4.35).

(1) Determine conditions ensuring that input—state and input—output mappings of
S are locally bounded for allu € £,.

(2) Estimate the input—state, ys . (-, -, ), and input—-output, yg 2 (-, -, ), margins
of the corresponding input—state and input—output mappings:

XDl 2, 110,71 = Vs, (& @) Nl 2, 110,715 T,

YO llzy 10,11 < VAL, (& N0l 2, 10,71 T)-
Problem 4.3  Asymptotic analysis of interconnections of systems. Let S be a com-
plete system defined by (4.35), and let its input—state and input—output mappings
be locally bounded.

Determine estimates of the w-limit sets of state x(#) and output y(¢) of the system.
In addition, derive the bounds for

lim [X(D)llz, 7,001, M [[y(@)llz, [7,00] (4.36)
T—o0 T—o00

as functions e € £ andu € L.

Solutions to these three problems and other related questions are provided in the
next sections.

4.3.1 Realizability of interconnections of systems
with locally bounded operators

Let us consider the realizability and completeness problem, and let us start with the
simplest cases of serial and parallel interconnections. Completeness and realizabil-
ity conditions of the interconnections in these cases are provided in the theorem
below.

Theorem 4.4 Consider (4.27) and (4.28), and let (4.31) and (4.32) be realizable
(complete).

2 Here the term conditions refers to specific properties of S; and Ss.
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Then

(1) parallel interconnection of (4.31) and (4.32) is realizable (complete).
In addition, if systems S| and S» admit input—state and input—output margins
w.r.. the norms | - \lz,, and | - lz,, on [t0,T1], (10, T2), and yu c,,,

uq

1Yt 2oylt0. 11 < VH Ly L4, @1 W1 @)l 2, T,

then
(2) serial interconnection (4.29) and (4.30) of &1 and &> is also realizable
(complete), and its input—state and input—output margins can be defined as

X lloo,it0,71 < VS1.00(€@1 U1l 2,y 170,77, T)
+ Vsr.00(€2, YH 2y, (01, U1 (DI, T), T), (4.37)
1Y@ lloo,ito, 71 = YHa00(€2, Va,L, (01, W1 (DI, T), T).

In the case in which the systems are not complete, the existence time T = T*(S)
can be estimated as
T*(S) < min{T*(S)), T*(S)}. (4.38)

Realizability and completeness of serial and parallel interconnections together
with estimates (4.37) will be used in the analysis of feedback interconnections of
systems. Before we proceed to these results, let us first introduce an additional
useful notion.

Definition4.3.4 Considerasystem S given by (4.1) and (4.2) for which the input—
state and input—output mappings are St and Hr, (4.3) and (4.4), and 7 = [0, T'].
Let, in addition, the following mapping be defined for S:

¥ Lylto, T] x Ey = Lylto, T, 4.39)

where Ly [to, T] is a linear normed space with the norm || - ”ET//’[IO’T]’ and £y is a
linear space.

We will say that the mapping ¥ (x(¢), ey) € Ly [fo, T] majorizes state x(¢) and
outputy(z) withrespectto | - || z,, , iff there exist functions j5,00 : € X R>9 — Rxg
and iy o 1 € X R>g — R such that

X oo, it9,71 = 15,00 (&5 (1Y (X(2), €9) [l 2, 110,71 (4.40)

1Y () loo.[t.71 < Wk 00(€ 1Y (X(2), €y) [l 2,y 110,71 (4.41)

Without loss of generality we will suppose that (s oo (-, p) and pwg oo (-, p) are
non-decreasing functions of a real variable p.
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Majorization in general and majorizing functions in particular have been used
successfully in various areas of adaptive regulation and control.” The utility of
using majorizing functions is that they allow us to tell how a number of (potentially
unaccessible) variables of a system vary by observing just a few available quantities
(majorizing functions).

Let X € R”, then an example of a majorizing function state is any estimate of
the following type:

Ixll = wdl¥®ID. (4.42)

Notice that standard conditions (2.23) specifying the choice of a Lyapunov function
in the analysis of stability V (x, 1),

ar(Ix[) = V(x, 1) < az(lIx), a1, 02 € Koo,

can be viewed as a majorization.

Despite the fact that (2.23) and (4.40)—(4.42) may indeed look very similar, they
are different in that the latter trio relates norms of functions in the corresponding
spaces while the former expression compares the values of functions at a point.
This difference is further illustrated in the example below.

Example 4.3.1 Consider the following system of equations describing the motion
of a point mass attached to a spring:

X1 = x2,

X2 = kox1 + f(xa,t) +u(t), ko <O0.

(4.43)

The function f : R x R>9g — R, f € C! models the influence of nonlinear
damping. Let ¥ (x(¢), A) = Ax1(t) + x2(t), A € R, and consider

X1 = —Ax1 + ¥ (1).
The function vy (x(¢),A) € LC1>o (70, T'] majorizes the state of (4.43) w.r.t. the uniform

norm || - [leo,[1,7]- We notice that xy () satisfies the following equation:

13
x1(t) = e 0% (19) + e / Ty (t)dt =

fo
1
lx1(0)] < [x1(t0)] + Xllw(t)||w,[to,t]-

Then, using
2] < [ (O] + Alxi (D],

3 See, for example, Putov (1993), where the concept is used for solving problems of robust adaptive control.
In Lin and Qian (2002a,b) majorizing functions are employed to ensure adaptive compensation of nonlinearly
parametrized perturbations.
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we can obtain that
1
1X() 0o, (20,61 < (1 + X) 19 () Ml oo,[19,1 + (1 + A)[x1(20) . (4.44)

Moreover, in addition to proving that (4.44) holds, it is possible to show that
the function ¥ (x(¢),A) € Léo[to, T] majorizes x1(¢) in (4.43) w.r.t. the norms
L},[to, T], p > 1. Indeed, using Holder’s inequality and the triangle inequality
(Kolmogorov and Fomin 1976) and also that

1
t 1 1
() < (3
o )"q

1
1\« 1 1
11 () loo (19,61 = |x1(t0)] + (E) 1 () Nl p1ro.15 > + 7 =1

we can obtain

Hence variable x () of (4.43) is majorized by ¥ (1) w.r.t. the norms || - [|p,[z./] t0O.
These examples imply that, to keep the values of x; (¢) and x,(¢) within some given
bounds, it is sufficient to ensure that the value of ||/ (?) || 0o,[1,,] 1S bounded from
above. If boundedness of x; (7) is needed, then ensuring that || ()| p,i..1, P = 118
bounded suffices. Moreover, precise knowledge of the nonlinear damping f (x2, )
is not required in order to draw such a conclusion.

Let S be a system and ¥ (X, ey,) be a majorizing mapping for this system. Given
that the state of the system can be expressed as x = S7(u, e), the following mapping
can now be defined:

Pr(u,e,ey) : Ly[t0,T] x E x Ey = Lylto, T,
Pr(u,e,ey) = ¥(S7(u,e),ey).

(4.45)

Similarly to input—state and input—output margins, we can introduce a margin
function YP.Ly for Pr(u, e, ey):

1Y D2y it0.11 < ¥P.cy (€ ey, @)z, 11,71, T),

where yp ., is a function that is locally bounded and non-decreasing in
@)z, 10,71

General input—output, input—state, and majorizing characterizations of systems
define the behavior of systems for all inputs u and e. In addition to this general
description, it is also useful to know the system’s behavior relative to a certain class
of inputs. For example, it may happen that the system’s inputs can be decomposed
asu(r) = u*(¢) +46(t), where u* is an element of £,, and § is an element of a subset
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Figure 4.2 Feedback interconnection of systems Sj and Ss.

of £,, with some special properties. In order to be able to capture these possibilities,
let us summarize this as an assumption.

Assumption 4.1 Consider a system S and suppose that for every e € & there is
a function u*(e,t) and a subspace Ls[ty, T] C L, [to, T] such that the following
relations hold:

1Y (Ol cy.it0.11 < VP.cy (€ €y, 18(E) | 25.12.77 T)s (4.46)
Iy llzy.it0.71 < YH*2, (€ NSl 25,110,775 T)- (4.47)

The functions yp r,, and yu+ r, are the margins for the corresponding majorizing
and input—state mappings Ls[to, T1 > Ly[to, T]and Ls[ty, T]— Lylto, T]:

PT(u*(ee t) + S(t)a €, el//)’
St (u*(e, 1) +8(1)).

Let us now consider a feedback interconnection of a system Sj satisfying
Assumption 4.1 and a system S. The diagram of this interconnection is shown
in Figure 4.2. As has been mentioned earlier, feedback interconnections (4.34) are
not explicitly defined in terms of the input—output mappings of S; and S», hence
determining the realizability and completeness of the interconnection is generally
an issue. The problem becomes even more challenging if merely input—state and
input—output margins are known. Yet, in a number of cases, the realizability and
completeness of feedback interconnections can be established relatively easily.
These cases are specified in the theorem below.

Theorem 4.5 Existence of small gain, or the bottle-neck theorem. Ler S be a
realizable (complete) system of which the input—output and input—state mappings
S1,7 and Hy 1 are defined as (4.27), and let T = [to, T'] be the realizability interval
of 81. Let us suppose that

(1) forthe system Sy there exists a majorizing mapping ¥ (X1 (t), ey,) and a function
u*(ey,t) € Ly[ty, T] satisfying Assumption 4. 1.
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Consider Sy, (4.28), of which the input—state and input—output mappings are
So1 i Ly, T] x & = Ly, [t0, T,

Ho1 : Ly lto, T1 x E — Lslto, T,

and let system S»

(2) be realizable (complete) w.r.t. the norm || - ||5y1 Tt0.T]

(3) and have an input—output margin ymp, s that is globally bounded w.r.t.
|- ||5y1 lto,T1; i-e. there exists a continuous function y;}z,ﬁs (e2,T): E3xRsp —
R>o such that the inequality

vincs €2 Y1z, 0,115 T) < Vi (€2, T) (4.48)
holds for all y,(t) € Ly, [to, T].

Then the feedback interconnection (4.34) of systems Sy and S» is realizable
(complete) for all u(t):

u(t) =u*(e, 1) +8(), 8(t) € Ls[to, T1. (4.49)

Moreover, if the functions yp c, (*) and y;f,z Ls(') are bounded in T,

Sup yP,ﬁl/;(elve'(/fvd’ T) = AP(el’el/f’d)a
T>t

Sup i, r,(€2,T) = Ac(ez),
T=tg

then x1(t) and y|(t) are bounded, and hence the following estimates hold:

1X1 () loo,[2,7] < Ms;,00(€1, Ap(er, ey, Ac(er) + 1I6(D) zs,110.71))s

(4.50)
Y1 () lloo (1,71 < MH;,00(€1, Ap(er, ey, Ac(er) + 16() s,i10.71))-

According to Theorem 4.5, which we will refer to as the existence of small
gain theorem or the bottle-neck theorem, realizability (completeness) of the feed-
back interconnections of systems S; and S with locally bounded input—state and
input—output mappings follows automatically if an input—output margin yg, r;
corresponding to the input—output mapping Ly, [to, T] in Ls[to, T'] is a bounded
function of ||YI(I)||L),1,[t0,T] for all y () € Ly,[to, T]. In contrast to the standard
small-gain results (see e.g. Theorem 4.2), Theorem 4.5 does not require the exis-
tence and availability of input—output gains y; and y» for H; and H,, and does not
require that the product y1y» < 1. Instead, the mere existence of an input—output
margin of mapping (4.48) that is bounded w.r.t. ||y (¢)|| Ly, l10.T] is required. The
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Figure 4.3 Illustration of the conditions of Theorem 4.5.

input—output gains for both systems,

IH1,7 (@ (e, 1) +8(r), eIz, 11,71

YL, .L; =  Sup
T s(yeLslio.T] 18 || 25110, 71
1H2,7 (y1(2), €) |l 25,1171
VisLy, =  SUp =, 4.51)
Vi()eLy, [10.T] Iy1®llzy, 110,71
1Ho 7 (Hi7(u(er, 1) + 8(t),e1), el 2s.11.7]
YLs,.Ls = su ,
8(1)eLslto.T] 18 25.110.1

are allowed to be undefined for certain inputs (see Figure 4.3(c)), grow unboundedly
(Figure 4.3(a)), and do not necessarily satisfy the smallness condition y.; r; =
YLy Ls  VEsLy, < 1 forally(r) € Ly, [to, T1and §(t) € Ls[to, T] (Figure 4.3(b)).
Figure 4.3(a) depicts graphs of YH} Ly, (e1, 16() |l zs,[z0,77> T) for three different
values of e. Figure 4.3(b) shows yu, r; (€2, [ly1(¢) ||£y1 1t.71- T), and Figure 4.3(c)
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depicts the corresponding input—output gains yjs’ £, At8(1) € Ls[to, T

V.5 (€2, Yay .z, (@1 18 s 10,71, 1), T)
181l 25.110.71 '

v £ I8y pr0.1: T) =

Given that condition (4.48) holds, there exists a non-increasing function the graph
of which is above the graph of VZ;,L(;(”‘S(I)”Ea,[to,T]’ T) foreverye; € & and T
fixed (see Figure 4.3(c), in which plots of VE(;, s (16 |l .110,71> T) corresponding
to various values of e; are shown in different styles). It is also clear that for every
such e; € & there is r(e;) € R>¢ such that

Yes.cs(r(en) = sup Vis.cs 8Dl 2y ir,r1. T) < 1 (4.52)
18N 2,119, 1> 7 (1)

(the leftmost boundary of the shaded domain in Figure 4.3(c)). Hence, foralle; € &
there would exist (e;) > 0, such that the loop gain yz, o, in (4.51) is strictly
smaller than 1 for §(¢) € Ls[ty, T] of which the norm [|§(#) || 2,11, 7] 1s sufficiently
large: [|8(t) |l zy,140,77 > 7(e1). If, in addition, the function Vljz,ca (ep, T) in (4.48)
is globally bounded in T then the loop gain in the feedback interconnection of S
and S, will be strictly smaller than 1 for all T > ty and [|6(¢) || zg,11,71 > 7(€1).
This property is very similar to the standard small-gain condition. The difference
is that in our case this condition is satisfied for signals 6(¢) of which the norm is
sufficiently large.

Notice also that, on denoting §.(t) = §(¢) + y2(¢) and using (4.52), one can
derive the following estimate:

N¥2() ll 2s,100,71 = Vis.cs(r@ISe (O 2s,110,71

< ves.csrE@INY20) | 25,110,771 + Vis,cs r @ISO || 2g, 10,71 =

Ves.cs(r(er))
I - YLs.Ls (F(el))

Iy2(O 25, [10,71 =< I8N 25.10,71- (4.53)

Inequality (4.53), in turn, can be referred to as input—output stability “for large
inputs,” where the term “large inputs” refers to 6 : [|8(¢) |l 25,11, 7] > r(ep).?

The term input—output stability for large inputs introduced above complements
the notion of input—output stability in small (Khalil (2002), Definition 5.2, p. 201):

Y2l 2g. 100,71 =< tr SOl 25.120,77) + B>

where o, € K is defined for [|6(f) 25,110,771 < r. Indeed, input—output stability in
small assumes that all singularities and resonances occur outside a bounded domain

4 See also Definition 4.2.1, in which the notion of input—output stability is specified.
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Do(r) € Lslto, T1: 116t | 2s,15,71 < r in Ls[to, T']. Input—output stability for large
inputs, (4.53), however, implies that singularities and resonances can occur only
for those inputs § of which the amplitude is sufficiently small. For every e the
domain within which these singularities and resonances occur is bounded by the
sphere Dy(r (ey)).

In the next section we will use the results of the analysis of realizability and
completeness of serial, parallel, and feedback interconnections summarized in The-
orems 4.4 and 4.5 for stating and solving the problem of input—output (functional)
adaptive regulation.

4.3.2 Functional synthesis of adaptive systems: the
separation principle

In order to be able to make a step forward from the analysis of interconnections
of systems of which the models bear a degree of uncertainty to developing basic
principles of organization of systems of which the goals include adaptive regulation
we need to specify the notions of a controlled or regulated process (object) and
of a controlling or regulating process (controller), and the goals and objectives
of regulation/control, including a performance measure. We will suppose that an
object to be controlled can be defined as the following system Sp:

Sp,’]’ o Lylto, T] x gp = Exp[to, Ty,
Hp1 o Lulto, T1 x E > Ly [0, T, (4.54)
’Pp,']' : /:,xp[t(), T] x Sp X &/, = E,/,p[t(), T].

Let the space of inputs be denoted as £, [ty, T, and let U/* C L,[ty, T] be the set
of admissible inputs. We allow that the inputs u* can be functions of x,(¢) and e,
as long as these functions are defined. Keeping this dependence in mind, we write:

u(r) = u*(ep, X, (1), 1).

Notice that L£,[f, T] is a linear space. Hence, an element u(¢) € L,[7,T] can
always be represented as the following sum:

u(r) = u*(ep, xp(1),1) +8(t), 8(t) € Lslto, T]1 S Lul10, T], (4.55)

where u(r) € U* is given and Ls[tg, T'] is a subspace of L,[r, T1.° The decom-
position (4.55) allows us to view the original system (4.54) as a new system Sl’;
of which the inputs are from Ls[tg, T] C L,[to, T]. “Modified” input—output and

5 A trivial example of Ls[to, T1is Ly [tg, T1.
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input—state mappings of (4.54) can be obtained by replacing u(¢) in (4.54) with
u*(ep, Xp(1), 1) +8(1), 8(t) € Lslto, T1 S Lylto, T

Spr6.e) =Spr(u* + 4, ep),
Hy 7 (8,€) = Hpr(u* + 8, ep), (4.56)
Pyr(8.e,ey) = Ppr(u* +3,epey).

A minimal control objective at this stage is to ensure that the state x,(7) and
output y,(t) of Sp, are defined for all 7 € [#o, T']. If u*, x;, and e, were known then
this goal could easily be attained by choosing the input appropriately. The problem,
however, is that this is not always the case, and hence a procedure for feeding the
system S, with admissible inputs is needed.

A controller is a system S,

SC,T : 'Cyp[to, T] X gC = ﬁxc[to’ T]’
HC,T . 'Cyp[to’ T] X gC = 'Cyc[th T] g Eu [t09 T]a

(4.57)

producing the estimates of yc(t) € Ly [to, T] € Ly[t0, T], u*(ep, xp(1),1) € U*
from yp (1) € Ly, 10, T].

Giventhatu*(e,, x(¢), 1) € U* depends onxy(t),e, € &y, and that these functions
might not be available, reconstruction of relevant information about the values of
Xp(7) and e, is necessary. For this purpose we introduce an additional observer
system S,

SO,T : ‘Cyp[t()a T] X <5‘0 = ‘C)C(,[to’ T]5

(4.58)
HO,T : Eyp[t()’ T] X 80 = ﬁyo[t()a T]’
an adaptation system S,,
Sa1 i Ly lto, T1® Ly, lt0, T1 x Ea > Ly 10, T,
(4.59)

Hat - »Cyp [00,T]® »Cyo (10, T] x & ['ya [t0,T],
and the functions

U, E x Ly [t0, T] x Rxg — Ly[10, T,
u, . Eya[t(), T] X Lyo[t(% T] X RZO - »Cu[to’ T]a

where y,(7) is the estimate of x,(¢) at e, as a function(al) of yp, and y,(¢) is
the estimate of e, as a function(al) of yp(7) and y,(¢). Notice that the function
u,(ep, yo(?), ) can be thought of as an estimate of u*(ep, x,(¢), t) from the values
of yp(); knowledge of the values of e, is assumed. The function u, (ya(2),yo(?), ),
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in turn, is an estimate of Uy (€p, yo(?), ) from just y,(¢) and yo (). Thus the function
u, (ya(?),Yo(t),1) is an estimate of u*(e,, Xp(¢),7) from yp(#). We will therefore
assign that u, (y, (1), Yo (1), 1) is the output y.(¢) of the controller S..

In general, the performance of a system is measured in terms of how far the
system’s behavior is from the desired one. Since the desired behavior in our case
is mere boundedness of state and outputs, accessing the performance of the system
in terms of the closeness of the actual inputs to S, to the desired ones is a plausible
option. In particular, the distances separating U, (€p, Yo (7). 1), Ua(ya(?), Yo (), ), and
u*(ep, Xp(?),1) in Ls[tp, T'] can be chosen as indicators of the overall performance
of an adaptive system:

Jxlto, T1= |lu”(ep, xp(1), 1) — Uo(€p, Yo (1), )l 25,110,715 (4.60)
Telto, T] = [[uo(ep, yo(1), 1) — Ua(Ya(t), Yo (1), )l £s.[10,T1- (4.61)

Taking these notations into account, the problem of functional synthesis of an
adaptive system (or adaptive controller) can be stated as follows.

Problem 4.4 Functional synthesis of adaptive controllers. Let system S, be real-
izable (complete) with input—output and input—state mappings defined as (4.54).
Determine the functions u*(ep, X, (7), #) and systems S, and S, in (4.58) and (4.59)
such that for all e, € &,

(1) the feedback interconnection of system S;‘ (4.56) and S, and S, is realizable
(complete);

(2) the states and outputs of S;, and the controller are bounded.
In addition, determine conditions when

(3) Jy and 7., (4.60) and (4.61), and ||Xp(t)||[;xp,[,0,T] and ||yp(t)||£yp,[t0,T] can be

estimated from the above as functions of ep, €, and e,.0

Sufficient conditions specifying classes of systems S, and S, for which this
problem is solvable follow from the next theorem.

Theorem 4.6  Consider system (4.54), of which the input—output and input—state
properties are defined by mappings Sp 1, Hp 7, and Pp 1. Suppose that

(1) there is an input (4.55) such that the system (4.56) satisfies Assumption 4.1;

(2) there are realizable (complete) systems S, (4.58) and S, (4.59) with input—state
and input—output mappings So 1, Ho.1 and Sy 1, Ha 1, respectively;

(3) the values of Jxlto, T] and J,lto, T] defined by (4.60) and (4.61) are bounded,

Je <Ay, Je = Ay, (4.62)

6 This requirement will be needed for comparing behaviors of the system in various environments.
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Then the feedback interconnection of system Sy, with S,

Sc,T(Yp, e dey) = Sa,T(Ypa Ho,T(Yp, €),€) D SO(Yp, €),
Hc,T(Yp, e0de,) = ua(Ha(Yp, Ho(Ypa €),€a), Ho(Ypa €o),1),

(4.63)

is realizable (complete) for all 5(t) € Ls[ty, T). In addition, if the function
yp.c, () is bounded w.rt. T,

sup yP,L’(p (ep’ellfy d’ T) = AP(ep’ ew’d)a (4‘64)

T>1

then Xp(t) is bounded:

1Xp (D) lloo 119,71 < 18,00 (€ps Ap(€p, ey, Ay + Ay, + 18| £5.120,77))-
(4.65)

Theorem 4.6 specifies conditions ensuring the solvability of task (1) of Problem
4.4. The solution to task (2) follows automatically if systems S, and S, share
the bounded-input—bounded-output property. Indeed, according to Theorem 4.6,
condition (4.64) implies that X, (7) is bounded. Obtaining solutions to task (3) clearly
requires the availability of estimates of the input—output mappings of S, and S;;
this information, however, is often available for specific systems.

According to Theorem 4.6, the synthesis problem can be split into the following
sequence of elementary tasks:

(1) determine the class of functions u*(ep,xp(#),#) (for x, and e, known)
transforming S, into system (4.56) satisfying Assumption 4.1;

(2) derive system S, (observer) ensuring that 7, [to, 7] is bounded for all u* € U/*
(the values of e, are assumed to be known);

(3) derive system S, (adaptation to e) ensuring that 7,[fy, T'] is bounded for all
Yo € Ly,.

Notice that the conditions of realizability and completeness of the overall system
are not required to depend on any knowledge of how solutions to the particular
problems (1)—(3) above are obtained. For example, solution of (1) does not depend
on the outcomes of tasks (2) and (3). One needs just to find u* € U satisfying
Assumption 4. 1. On the other hand, solving tasks (2) and (3) is equivalent to ensuring
that (4.62) holds. If these tasks are solved for classes of u* € U and 'y, € Ly, then
the overall solution does not depend on the particular choice of functions u* and
Yo- Thus the theorem can be viewed as a separation principle too.
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4.4 Asymptotic properties of systems with
locally bounded input—output and input—state mappings

In the previous sections of this chapter we considered analysis and, partially,
synthesis problems of systems and their interconnections. Input—state and input—
output mappings of these systems were assumed to be locally bounded. Theorems
4.4, 4.5, and 4.6 establish conditions ensuring that serial, parallel, and feedback
interconnections of systems with locally bounded mappings are also systems of
which the input-state and input—output mappings are defined; these mappings
are also locally bounded. These results provide us with solutions to Problems 4.1
and 4.2.

Finding a solution to Problem 4.3 not only involves showing that the system’s
state is bounded but also requires specification of domains to which the state belongs
(e.g. (4.36)). Rough estimates of these domains can be derived immediately from
(4.65) or (4.50), provided that the upper bounds for [|§ ()|l z;.[#,,00] are known and
that the functions (s (), A co(-), and [Lsp’oo(-) are available together with the
bounds for e, and Jy [y, oc] and 7, [y, oc]. More accurate estimates can be obtained
by using the notions of invariant (see Definition 2.1.1) and limit sets (Birkhoff 1927;
Guckenheimer and Holmes 2002).

Definition 4.4.1 Consider a flow x(¢, Xg, f9), Xo € R”, r € R. A point p € R" is
called an w-limit point of xg w.r.t. the flow x(z, Xq, fp), iff there exists an infinite
sequenceof t| < fh < -+ < t; <...,limj_ t; = 00 such that

lim x(#;,Xo, %) = p.

i—00
The set of all w-limit points p of Xg is called the w-limit set of xg.

The literature on the analysis of limit sets of (dynamical) systems is huge. We
do not wish to provide a review of these results here, but rather concentrate on the
simple case of an autonomous system

x = f(x), (4.66)

in which the function f(-) is locally Lipschitz. Fundamental properties of limit sets
of these systems are formulated in the lemma below (see Birkhoftf (1927), p. 198,
or Khalil (2002), p. 127, Lemma 4.1).

Lemma 4.1 Suppose that solutions of (4.66) are bounded for all xg € D in the
interval [0, 00). Then the set Q(D) = UXO ep @ (Xo) is closed and invariant, and

lim [|x(,Xo,10) |l (p) = O.
11— 00
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The following corollary follows immediately from Lemma 4.1 and Theorem 4.6.

Corollary 4.1  Let S, and S; be systems satisfying the conditions of Theorem 4.6.
In addition, suppose that the input—state and input—output mappings of systems
S, and S, are locally bounded and that 6(t) = 0. Moreover, let the feedback
interconnection be described by (4.66) in the domain specified by (4.65).” Then the
state of the interconnection converges asymptotically to the maximal invariant set
contained in

X,/ < max e, d),
| p” = eyclnd=M //vSp,oo( p )

M = max Ap(ep, ey, d). (4.67)
epcép.ey ely d<A; +Ay,

In order to apply the corollary, one needs to make sure that the description of the
overall system (including the process to be controlled or regulated, the controllers,
and the environment) as a system of ordinary differential equations is plausible. If
this is the case, then the next key assumption is knowledge of the system’s invariant
sets. In some cases the allocation and topology of these sets can be easily estimated
(e.g. equilibria and periodic orbits of systems in the plane). In general, however,
finding the invariant sets of a dynamical system is a rather difficult and technically
involved task. In addition to the genuine theoretical difficulty of this task, in the
context of adaptive control and regulation it gains additional complications. The
first is the presence of uncertainties in any system in which adaptation is needed.
The second complication is that the dimension of the overall system (and hence the
difficulty of finding all of the invariant sets) increases substantially due to the need
to incorporate the state vectors of the controllers into the extended state space of
the system.

A possible remedy that would facilitate the finding of a solution to this prob-
lem is to derive mechanisms and schemes of adaptation that do not induce new
undesired invariant sets in the extended state space. The ultimate goal, of course,
is that the invariant sets of the extended system correspond to the system’s target
motions.

In conclusion, we would like to emphasize the differences between the estimates
(4.67) which follow from the input-state and input—output analysis of systems
and the standard estimates of asymptotic behavior adopted in the theory of adap-
tive control. These differences are illustrated with Figure 4.4. Our conditions for
realizability, completeness, and state boundedness involved majorizing mappings
¥ (X, ey ). For simplicity, consider the case in which ¢ : R" — R is a scalar and

7 In this case x is the generalized state vector combining the states of the controlled process, controller, and
variables of the environment.
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x(f) -

x)<A Xl <

Figure 4.4 (a) Conventional Lyapunov-function-based estimates. (b) Estimates
following from (4.67).

differentiable function that does not depend on ey, . The set 2y = {x € R"[¢(x) =
0} defines a target set in R". In standard formulations of adaptive regulation and
control problems the target sets are defined as sets on which a known positive
definite and radially unbounded function V : R" — Rx( is zero (Figure 4.4(a)).
This condition implies that these target sets need to be known a priori. If these
sets are to be modified then the function V may need to be altered too, and like-
wise the adaptation mechanisms. In the case of target-set assignment based on the
input—state and input—output analysis these restrictions may be relaxed. Indeed,
the boundedness of the system’s state follows from Theorems 4.5 and 4.6 (the
sphere Qx = {x € R"|x : ||x(¢)|]| < A} in Figure 4.4(b)). On the other hand,
x(t) € Q%Aﬁ/l = {x € R"|x : |{(x)|] < M}. Thus, the trajectory x(¢, Xo, fo, 0, u(z))
will necessarily be in Qx N Qy for all t > ¢ (the shaded domain in Figure 4.4(b)).
If, in addition, the extended system can be described by (4.66), then its solutions
will have to converge to the maximal invariant set in Q2 N Qy . Knowledge of this
set is not required a priori. If, however, ¥ (x) € C! and it is known that ¢/ — 0 as
t — 00, then one can easily see that the solutions will converge to the maximal
invariant set in Qy,.

Figure 4.4 also illustrates the differences between the possible target-set assign-
ments in the realm of input-state and input—output approaches and those for
approaches based on geometric representations (Astolfi and Ortega 2003). Results
based on coordinate transformation around the target manifold (5.4) are applica-
ble only in a subset of R"” where ¥ (x, ) does not depend explicitly on ¢ and the
rank of ¥ (x, t) is constant. In this respect these results are local. Theorems 4.5 and
4.6 do not require constant-rank conditions and allow time-varying ¥ (x, ¢). They
may therefore replace the conventional ones for systems with non-stationary target
dynamics or ones that are far away from the target manifolds.



112 Input—output analysis of uncertain dynamical systems

4.5 Asymptotic properties of a class of unstable systems

Analysis of asymptotic properties of dynamical systems is often based on the
notions of Lyapunov stability and attracting sets (see Definition 2.1.3). Although
the conventional concepts of attracting sets and Lyapunov stability are a power-
ful tandem in various applications, some problems cannot be solved within this
framework. Condition (2.1), for example, could be violated in systems with inter-
mittent, itinerant, or meta-stable dynamics. In general the condition does not hold
when the system’s dynamics, loosely speaking, is exploring rather than contracting.
Such systems appear naturally in the context of global optimization. For instance,
in Shang and Wah (1996) finding the global minimum of a differentiable cost
function Q : R" — Rs¢ in a bounded subset 2, C R" is achieved by split-
ting the search procedure into a locally attracting gradient S,, and a wandering
part Sy :

00 (x)
T t B s IR> B
P + w1 T(1), py, e € Rxo 4.68)

Sw 1 T(t) = hit,x(1)}, h : Rxg x L5 [to, 1] — L35 [to,1].

Sa i X = —Uy

The trace function, 7'(¢), in (4.68) is supposed to cover (i.e. be dense in) the whole
searching domain €2,.. Even though the results in Shang and Wah (1996) are purely
simulation studies, they illustrate the superior performance of algorithms (4.68)
compared with standard local minimizers and classical methods of global optimiza-
tion in a variety of benchmark problems. Abandoning Lyapunov stability is likewise
advantageous in problems of identification and adaptation in the presence of gen-
eral nonlinear parametrization (Tyukin and van Leeuwen 2005), in maneuvering
and path searching (Suemitsu and Nara 2004), and in decision making in intelligent
systems (van Leeuwen and Raffone 2001; van Leeuwen ef al. 2000). Systems with
attracting, yet unstable, invariant sets are relevant for modeling complex behav-
ior in biological and physical systems (Ashwin and Timme 2005). Last but not
least, Lyapunov-unstable attracting sets are relevant in problems of synchronization
(Bischi e al. 1998; Ott and Sommerer 1994; Timme et al. 2002).

Even when it is appropriate to consider a system to be stable, we may be limited
in our success in meeting the requirement to identify a proper Lyapunov function.
This is the case, for instance, when the system’s dynamics is only partially known.
Trading stability requirements for the sake of convergence might be a possible

8 See also Pogromsky ez al. (2003), where the striking difference between stable and “almost stable” synchro-
nization in terms of the coupling strengths for a pair of Lorentz oscillators is demonstrated analytically.
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remedy. Known results in this direction can be found in Iichman (1997) and Pomet
(1992).”

In all the cases which are problematic under condition (2.1) of Definition 2.1.3,
condition (2.2), namely the convergence of x(z,Xg) to an invariant set A4, is still a
requirement that has to be met. In order to treat these cases analytically we shall, first
of all, move from the standard concept of attracting sets in Definition 2.1.3 to one
that does not assume that the basin of attraction is necessarily a neighborhood of the
invariant set .A. In other words, we shall allow convergence that is not uniform in
initial conditions. This requirement is captured by the concept of weak, or Milnor,
attraction (Milnor 1985) (Definition 2.1.4).

Conventional methods such as La Salle’s invariance principle (La Salle 1976) or
center-manifold theory (Carr 1981) can, in principle, address the issue of conver-
gence to weak equilibria. They do so, however, at the expense of requiring detailed
knowledge of the vector fields of the ordinary differential equations of the model.
When such information is not available, the system can be thought of as a mere inter-
connection of input—output maps. Small-gain theorems (Zames 1966; Jiang ef al.
1994) are usually efficient in this case. These results, however, apply only under
the assumption of stability of each component in the interconnection. If stability
is not explicitly required, as is the case for Theorem 4.5, global boundedness of
input—output mappings is needed.

In this section we will provide a result that would allow us to analyze intercon-
nections of systems that are neither necessarily stable nor required to have globally
bounded input—output mappings. The systems we consider here, however, are of a
rather special class. The object of our study is a class of systems that can be decom-
posed into an attracting, or stable, component S, and an exploratory, generally
unstable, part Sy,. Typical systems of this class are nonlinear systems in cascaded
form,

S, x=1(x,z),
) (4.69)
Sw 1 z2=q(z,X),

where the zero solution of the x-subsystem is asymptotically stable in the absence of
input z, and the state of the z-subsystem is a function of the integral ft; Ix(7)|ldr.
Even when both subsystems in (4.69) are stable and the x-subsystem does not
depend on state z, the cascade can still be unstable (Arcak ef al. 2002). We show,
however, that for unstable interconnections (4.69), under certain conditions that
involve only input-to-state properties of S, and Sy, there is a set V in the system’s

9 In Chapter 8 we demonstrate how explorative dynamics can solve the problem of simultaneous state and
parameter observation for a system that cannot be transformed into a canonical adaptive-observer form
(Bastin and Gevers 1988).
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state space such that trajectories starting in ) remain bounded. The result is formally
stated in Theorem 4.7. When an additional measure of invariance is defined for S,
(in our case a steady-state characteristic), a weak, Milnor attracting set emerges.
Its location is completely determined by the zeros of the steady-state response of
system S,.

Consider a system that can be decomposed into two interconnected subsystems,
S, and Sy :

Sa : (ua, XO) = X(t)’
(4.70)
SW : (uW7ZO) = Z(t)’

where u, € Uy C Lo[tg,o0] and uy € Uy, S Lo[t, 00] are the spaces of inputs

to S, and Sy, respectively, xg € R” and zy € R™ represent the initial conditions,

and x(t) € X C L7 [tp,o0] and z(t) € Z C L7 [ty, oc] are the system states.
System S, represents the contracting dynamics. More precisely, we require that

S. is input-to-state stable'” (Sontag 1990) with respect to a compact set .A.

Assumption 4.2

Sat x4 = BUXG@I 4,1 — 10) + cllua(®)lloo,rg.15
VipeRso, t > 10, 4.71)

where the function B(-,-) € KL and ¢ > 0 is some positive constant.

The function B(:, -) in (4.71) specifies the contraction property of the unperturbed
dynamics of S,. In other words, it models the rate at which the system forgets
its initial conditions Xg, if left unperturbed. Propagation of the input to output is
estimated in terms of a continuous mapping, c||#a(?) ||co,[1,r]» Which, in our case, is
chosen for simplicity to be linear. Notice that this mapping should not necessarily
be contracting. In what follows we will assume that the function (-, -) and constant
¢ are known or can be estimated a priori.

For systems S, of which a model is given by a system of ordinary differential
equations

x =f,(x,uy), £,(-,-) € C, (4.72)

Assumption 4.2 is equivalent, for instance, to the combination of the following
properties: !

10 In general, as will be demonstrated with examples, our analysis can be carried out for (integral) input-to-
output/state stable systems as well.

11 For a comprehensive characterization of the input-to-state stability and detailed mathematical arguments we
refer the reader to the paper by E. D. Sontag and Y. Wang (Sontag and Wang 1996).
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(1) letuy(t) = O for all ¢, then set A is Lyapunov stable and globally attracting for
(4.72);

(2) forall u, € U, and Xo € R" there exists a non-decreasing function k : R>o —
Rxo : «(0) = 0 such that

inf ||x(¢ < t .
ot Ix(@)ll4 < € (I (®)lloo,119.001)

The system Sy, stands for the searching or wandering dynamics. We will consider
Sw subject to the following conditions.

Assumption 4.3  The system Sy, is forward-complete:
uw(t) ey =>z() € Z, Vit > 1y, to € R,

and there exists an “output” function h : R™ — R and two “bounding” functions,
Y0 € Koo and y1 € Koo e, such that the following integral inequality holds:

Sw ftt Y1(uw(t))dT < h(z(t9)) — h(2(1)) < ftt yo(uw(7))dr,
0 0
Yt >ty to € R>p. (4.73)
When system Sy, is specified in terms of vector fields
z="f.(z,uy), f.(-,-) € CL. 4.74)

Assumption 4.3 can be viewed, for example, as postulating the existence of a
function & : R™ — Rs( of which the evolution in time is a mere integration
of the input uy, (¢). In general, for uy : uy(t) > 0 V¢ € Rso, inequality (4.73)
implies monotonicity of function 4 (z(t)) in ¢. Regarding the function yg(-) in (4.73),
we assume that for any M € R there exists a function yp1 : R0 — R>p and a
non-decreasing function yp> : R>o — Rx¢ such that

yola - b) < yo,1(a) - yo2(b), Va,bel[0,M]. (4.75)

Requirement (4.75) is a technical assumption that will be used in the formulation
and proof of the main results which follow. Yet, it is not too restrictive; it holds,
for instance, for a wide class of locally Lipschitz functions yp(-) : ypo(a - b) <
Lo(M) - (a-b), Lo(M) € Rx(. Another example for which the assumption holds
is the class of polynomial functions yo(-) : yo(a -b) = (a - b)P = a? -bP, p > 0.
No further restrictions will be imposed a priori on S,, Sy,.

Now consider the interconnection of (4.71) and (4.73) with coupling u,(t) =
h(z(t)), and us(t) = ||x(¢)]| 4. The equations for the combined system can be
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(2) (b)
(1) x(1)

h(z(1) x(t)

W

Figure 4.5 (a) The class of interconnected systems S, and Sy. System S,, the
“contracting system,” has an attracting invariant set .4 in its state space, whereas
system S,y does not necessarily have an attracting set. It represents the “wandering"
dynamics. A typical example of such behavior is the dynamics of the flow in a
neighborhood of a saddle point in three-dimensional space (b).

written as:

IX@1l.4 = BUIXE0)| 47 = 10) + cllh(2(1)) [l o, 110,115

t t (4.76)
/ Yiix@)lldt < h(z(to)) — h(z(1)) < f yo(llx(@) Il 4)dz.
1o

0]

A diagram illustrating the general structure of the entire system (4.76) is given in
Figure 4.5.

Equations (4.76) capture the relevant interplay between contracting, S,, and
wandering, Sy, dynamics inherent to a variety of searching strategies in the realm
of optimization, (4.68), and interconnections (4.69) in general systems theory. In
addition, this kind of interconnection describes the behavior of systems that undergo
transcritical or saddle-node bifurcations.

Example 4.5.1 Consider for instance the following system:

X1 = —x1 +x2,
5 @4.77)
Xo=¢e+yxy, y>0,

where the parameter ¢ varies from negative to positive values. At ¢ = 0 stable and
unstable equilibria collide, leading to the cascade satisfying equations (4.76). An
alternative bifurcation scenario could be represented by the system

Xp = —x1 + x2,
5 (4.78)
Xo=¢e+yxy, y>0.
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In this case, however, the dynamics of the variable x, is independent of x|, and
the analysis of the asymptotic behavior of (4.78) reduces to the analysis of each
equation separately. Thus systems like (4.78) are easier to deal with than (4.77).
This constitutes an additional motivation for the present approach.

When analyzing the asymptotic behavior of interconnection (4.76) we will
address the following set of questions. Is there a set (a weak trapping set in the
system’s state space) such that the trajectories which start in this set are bounded?
It is natural to expect that the existence of such a set depends on the specific func-
tions yp(-) and y;(-) in (4.76), on the properties of B(-, -), and on the values of c. If
such a set exists and could be defined, the next questions are, therefore, where will
the trajectories converge and how can these domains be characterized?

We formulate conditions ensuring that there exists a point Xo @ zg such that the
w-limit set of Xo @ zo'? is bounded in the following sense:

llox (X0 © 20) [ 4 < 00, |h(wz(X0 & 20))| < 00. (4.79)

These conditions and also a specification of the set 2, of points x" @ z’ for which
the w-limit set satisfies property (4.79) are provided in Theorem 4.7.

In order to verify whether an attracting set exists in @ (£2,,) that is a subset of €2,,,
we use an additional characterization of the contracting system S,. In particular, we
introduce the intuitively clear notion of the input-to-state steady-state character-
istics'® of a system. It is possible to show that, when system S, has a steady-state
characteristic, there exists an attracting setin w (2, ) and this set is uniquely defined
by the zeros of the steady-state characteristics of S,. A diagram illustrating the steps
of our analysis is provided in Figure 4.6, together with the sequence of conditions
leading to the emergence of the attracting set in (4.76).

4.5.1 Small-gain theorems for the analysis
of non-uniform convergence

Before we formulate the main results of this subsection, let us first comment briefly
on the machinery of our analysis. First of all, we introduce three sequences

00
S ={oi};2, 0i € Rxo,
— 1)
E={&}20 & € R,
00
T = {‘L’l' }i:O’ T € RZQ.
12 Recall that in our current notation a point p € R”¥" is an w-limit point of X’ @ z’ if there exists a sequence
{t;},i =1,2,... such that lim;_, o #; = 00 and limy; 00 X(t;, X' ® 2') ® 2(t;, X’ ®2') = p, where x(t,x' @
7)) @ z(t,x' ®2') denotes the flow of interconnection (4.76). A set of all w-limit points of X’ @ z’ is an w-limit

setof X' 7.
13 A more precise definition of the steady-state characteristics is given in Section 4.5.2.



118 Input—output analysis of uncertain dynamical systems

Figure 4.6 The emergence of a weak (Milnor) attracting set Q. In (a) the target
invariant set Q. is depicted as a filled circle. First (Theorem 4.7), we investigate
whether a domain 2,, C R" xR exists such that ||x() || 4 and 2 (z(¢)) are bounded
for all xo ® zo € 2. In the text we refer to this set as a weak trapping region or
simply a trapping region. The trapping region is shown as a gray domain in (b)
In principle, the system’s states can eventually leave the domain €2,,. They must,
however, satisfy (4.79), ensuring boundedness of ||x(¢)[| 4 and A (z(¢)). As a result
they will dwell within the region shown as a circle in (b). Notice that neither this
domain nor the previous one need necessarily be neighborhoods of ©24,. Second
(Lemmas 4.2 and 4.3, Corollary 4.2), we show in (c¢) the conditions which lead to
the emergence of a weak attracting set in the trapping region 2,,.

The first sequence, S, partitions the interval [0, 4 (zg)], h(zg) > O into the union of
shrinking subintervals H;:

[0, h(z0)] = U2 Hi, H; = [0i+1h(20), 01h(20)]. (4.80)

For the sake of transparency, let us define this property formally in the form of
Property 4.1.

Property 4.1 The sequence S is strictly monotone and converging,
{on}y2o: lim 0, =0, o9 = 1. (4.81)
n—oo

—~

Sequences E and 7 will specify the desired rates & € E of the contracting
dynamics (4.71) in terms of the function 8(-,-) and 7; € 7. Let us, therefore,
impose the following constraint on the choice of E and 7.

Property4.2 Sequences E andT are such that for the given function B(-,-) € KL
in (4.71) the following inequality holds:

BG.T) <&B(0), VT = 7. (4.82)

Property 4.2 states that, for the given, yet arbitrary, factor & and time instant #y,
the amount of time 7; is sufficient for the state x to reach the domain:

x4 = &BUIx )[4 0).

in the absence of u,.
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In order to specify the desired convergence rates &;, it will be necessary to define
another measure in addition to (4.82). This is a measure of the propagation of initial
conditions X and input 4(zg) to the state x(¢) of the contracting dynamics (4.71)
when the system travels in h(z(t)) € [0, h(zg)]. For this reason we introduce two
systems of functions, ® and Y:

Pj(s)=¢pj10ppEi—j-B(s,0), j=1,...,i,

4.83
Po(s) = B(5.0), 89
vi(s) =j-10p0,;0), j=1,....1,
’ 4.84
w(s) = B(s.0), (59
where the functions py, j, py,; € K satisfy the following inequality:
¢j-1la+b) =pj_10pgja+¢j_10py;b). (4.85)

Notice that in the case B(-,0) € K the functions py ;(-) and p, ;(-) will always
exist (Jiang er al. 1994). The properties of the sequence E which ensure the desired
propagation rate of the influence of the initial condition x¢ and input /(zg) to the
state x(¢) are specified in Property 4.3.

Property 4.3 The sequences

o, dulllxoll0), o, (Z u,-<c|h(zO)|an_i>> ,n=0,...,00

i=0

are bounded from above, i.e. there exist functions B (||Xol|) and B2(|h(zg)|, ¢) such
that

o7 n(lx0lla) < Bi(lIXolla)s (4.86)

o, (Z vi<c|h<zo)|an_,->) = Ba(lh(z0)],¢) (“4-87)

i=0
foralln =0,1,...,00.

For a large class of functions S(s, 0), for instance those that are Lipschitz in s,
these conditions are reduced to more transparent ones that can always be satisfied
by an appropriate choice of sequences E and S. This case is considered in detail as
a corollary of Theorem 4.7 in Section 4.5.3.

In order to prove the emergence of the trapping region, we consider the following
collection of volumes induced by the sequence S; and the corresponding partition
(4.80) of the interval [0, 2 (zg)]:

Q ={xeX,ze Z|h(z(t)) € H;}. (4.88)
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For the given initial conditions X9 € X and zp € Z two alternative possibilities
exist. First, there exists an i such that the trajectory x(¢, Xg) @ z(t, Zg) enters 2; and
stays there forever. Hence, for t — oo the state will converge into

Qa={xeX, zeZ||xllgy <c-h(zp), z: h(z) € [0,h(zp)]}. (4.89)

The second alternative is that foreachi = 0, 1, . .. the trajectory x(¢, Xo) D z(¢, zg)
enters €2; and leaves some time later. Let #; be the time instants when it hits the
hypersurfaces h(z(t)) = h(zp)o;. Then the state of the coupled system stays in
U, 2; only if the sequence {t;}72, diverges. Theorem 4.7 provides sufficient
conditions specifying the latter case in terms of the properties of sequences S, &,
and 7 and the function y(-) in (4.76). For a large class of interconnections (4.76)
it is possible to formulate these conditions in terms of the input—output properties
of systems S, and S, explicitly, i.e. in terms of functions B(-, -) and yp(-) and the
values of c. The results are presented as immediate corollaries of Theorem 4.7.
A diagram illustrating the main ideas of the proof is provided in Figure 4.7.

Theorem 4.7 Let systems S, and Sy, be given and let them satisfy Assumptions 4.2
and 4.3. Consider interconnection (4.76) and suppose that there exist sequences
S, B, and T satisfying Properties 4.1-4.3. In addition, suppose that the following
conditions hold:

(1) There exists a positive number Ay > 0 such that

1 A .
ST S Ay Vi=0,1,....00 (4.90)
7 Y0,1(07)

(2) The set 2, of all points X and 2y satisfying the inequality
v02(Bi(l1%oll 1) + B2(lh(20)l, ¢) + c|h(zo)]) = h(z0) Ao 4.91)

is not empty.
(3) Partial sums of elements from T diverge:

[o,0]
Z 7 = 00. (4.92)
i=0

Then for all X, 2o € $2, the state X(t,2y) ® Z(t, 29) of system (4.76) converges into
the set specified by (4.89),

Qo={xeX, zeZ||xllg <c-h(zp), z: h(z) €[0,h(zp)]}.

The major difference between the conditions of Theorem 4.7 and those of conven-
tional small-gain theorems (Zames 1966; Jiang ef al. 1994) is that the latter involve
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Standard Proposed

1) Domain of attraction is a neighborhood 1) Domain of attraction is a set of posi-
tive measure (not necessarily a neighbor-
hood)

2) Implies Lyapunov stability 2) Allows one to analyze convergence in
Lyapunov-unstable systems

Qg
Hf(to)G?Z(to)H:Ao Q1
C e (@ z(tq)] = A Q.
A\ Jx (E)@ z(t5)] = A,

X (E0)® Z(0) € Qo

NI (E)@z(t) € Q4
x (t)@z(ty) € Q)

..,‘_,,‘_..Hx(ti)EBz(ti)H =A; A x(t)ea(t € O,

Given: a sequence of diverging time Given: a sequence of sets €2; whose
instants t; distance A; to A is converging to zero

Prove: convergence of norms [|x(#;) @ Prove: divergence of {t;}, where #
z(1;)|| = A; to zero x(t;) B z(t;) € Q;

Figure 4.7 Key differences between the conventional concept of convergence
(left panel) and the concept of weak, non-uniform, convergence (right panel).
In the uniform case, trajectories that start in a neighborhood of .4 remain in a
neighborhood of A (solid and dashed lines). In the non-uniform case, only a fraction
of the initial conditions in a neighborhood of .4 will produce trajectories that remain
in a neighborhood of A (solid bold line). In the most general case a necessary
condition for this to happen is that the sequence {t;} diverges. In our current
problem statement divergence of {#;} implies boundedness of ||x(#)]| 4. To show
state boundedness and convergence of x(¢) to .4, additional information on the
system dynamics will be required.

only input—output or input—state mappings. Formulating conditions for state bound-
edness of the interconnection in terms of input—output or input—state mappings is
possible in the traditional case because the interconnected systems are assumed to
be input-to-state stable. Hence their internal dynamics can be neglected. In our case,
however, the dynamics of S,y is generally unstable in the Lyapunov sense. Hence, in
order to ensure boundedness of x(¢, Xg) and A (z(z, Zg)), the rate/degree of stability
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of &, should be taken into account. Roughly speaking, system &, should ensure
a sufficiently high degree of contraction in x¢ while the input—output response of
Sw should be sufficiently small. The rate of contraction in Xy of S,, according
to (4.71), is specified in terms of the function (-, -). Properties of this function
that are relevant for convergence are explicitly accounted for in Property 4.3 and
(4.92). The domain of admissible initial conditions and actually the small-gain con-
dition (input—state—output properties of Sy, and S,) are defined by (4.90) and (4.91),
respectively. Notice also that €2,, is not necessarily a neighborhood of €2, thus the
convergence ensured by Theorem 4.7 is allowed to be non-uniform in x¢ and z.

In addition, notice that the theorem remains valid if instead of interconnection
(4.76) the following is considered:

x4 = BUX0) 4.1 = 10) + cllh(Z()) oo, [10.01 + 1€ E) | oo, 110,01

t t (4.93)
/ Yix(@) |l Ddt < h(z(tn)) — h(z@)) < / Yo(lIx(7) |l 4)d7,
1

) 0]

where €(¢) is an asymptotically decaying perturbation that satisfies

1
()| < M - h(zo) - 0i, t = Y T — 0.
j=0

In this case condition (4.91) transforms into
v02(Bi(lIx0ll 4) + B2(1A(zo)|, ¢ + M) + (¢ + M)|h(zo)|) < h(zo)Ao. (4.94)

This enables one to apply Theorem 4.7 for systems of which the state is known up
to an asymptotically decaying error.

4.5.2 Estimates of Milnor attracting sets in the system’s state space

Even for interconnections of Lyapunov-stable systems, small-gain conditions usu-
ally are effective merely for establishing boundedness of states or outputs. Yet, even
in the setting of Theorem 4.7, it is still possible to derive estimates (such as, for
instance, (4.89)) of the domains to which the state will converge. These estimates,
however, are often too conservative. If a more precise characterization of these
domains is required, additional information on the dynamics of systems &, and S
will be needed. The question, therefore, is how detailed should this information
be? It appears that some additional knowledge of the steady-state characteristics of
system S, is sufficient to improve the estimates (4.89) substantially.
Let us formally introduce the notion of a steady-state characteristic as follows.
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Definition 4.5.1 We say that system (4.71) has steady-state characteristic yx :
R — S{R>¢} with respect to the norm ||x|| 4 if and only if for each constant u, the
following holds:

Viuat) € Us s im ua(t) = sty = lim [x(@)]4 € X (@) (4.95)

The key property captured by Definition 4.5.1, is that there exists a limit of
Ix(#)|| 4 as t — oo, provided that the limit for u,(¢), t — o0 is defined and
constant. Notice that the mapping y is set-valued. This means that for each u,
there is a set x (#a) C Rxq such that |[x(#)]| 4 converges to an element of y (it,) as
t — oo. Therefore, our definition allows a fairly large amount of uncertainty for
Sa. It will be of essential importance, however, that such a characterization exists
for the system S,.

Clearly, not every system obeys a steady-state characteristic x (-) of Definition
4.5.1. There are relatively simple systems for which the state does not converge even
in the “norm” sense for constant converging inputs (condition (4.95)). In mechanics,
physics, and biology such systems encompass the large class of nonlinear oscil-
lators that can be excited by constant inputs. In order to take such systems into
consideration, we introduce a weaker notion, that of a steady-state characteristic
on average.

Definition 4.5.2 We say that system (4.71) has a steady-state characteristic on
average 7 : R — S{Rx} with respect to the norm ||x|| 4 if and only if for each
constant u, and some 7" > 0 the following holds:

t+T
Viua(t) € Uy + lim uy(t) = ity = llggof IX(T)ll 4 dT € xr(a). (4.96)
t

Steady-state characterization of system &, allows further specification of the
asymptotic behavior of interconnection (4.76). These results are summarized in
Lemmas 4.2 and 4.3 below.

Lemma 4.2 Let system (4.76) be given and let h(z(t,z¢)) be bounded for some
xo and zo. Let, furthermore, system (4.71) have steady-state characteristic x (-) :
R — S{Rx¢}. Then the following limiting relations hold:'*

lim |[x(7,%0)[| 4 =0, lim h(z(t,20)) € x~'(0). (4.97)
t—00 t—00

As follows from Lemma 4.2, in a case in which the steady-state characteristic of
S, is defined, the asymptotic behavior of interconnection (4.76) is characterized by

14 The symbol X_I(O) in (4.97) denotes the set X_l 0) = UﬁaeR>O Uy x(ua) 0.
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the zeros of the steady-state mapping x (-). For the steady-state characteristics on
average a slightly modified conclusion can be derived.

Lemma 4.3 Let system (4.76) be given, let h(z(t,zg)) be bounded for some
X0,20, h(z(t,20)) € [0,h(zo)], and let system (4.71) have steady-state charac-
teristic x7(-) : R — S{Rx>¢} on average. Furthermore, let there exist a positive
constant y such that the function y1(-) in (4.73) satisfies the following constraint:

vi(s) >y -s, Vsel0s],s eRsp: §>c-h(zp). (4.98)

In addition, suppose that xr (-) has no zeros in the positive domain, i.e. 0 ¢ xr(uy)
forallu, > 0. Then

lim |[x(¢,x0)]l4 =0, lim h(z(t,z9)) = 0. (4.99)
—00 =00

An immediate outcome of Lemmas 4.2 and 4.3 is that when the conditions of
Theorem 4.7 are satisfied and system (4.71) has steady-state characteristic y (-) or
X1 (-) the domain of convergence €2, becomes

Qa={xeX,ze Z||xl|4,=0, z: h(z) €[0,h(zy)]}. (4.100)

It is possible, however, to improve estimate (4.100) further under additional
hypotheses on the dynamics of systems S, and Sy,. This result is formulated in
the corollary below.

Corollary 4.2 Let system (4.76) be given and let it satisfy the assumptions of
Theorem 4.7. In addition,

(Cl) let the flow x(t,Xg) @ z(t,zg) be generated by a system of autonomous
differential equations with locally Lipschitz right-hand side;
(C2) let subsystem Sy, be practically integral-input-to-state stable:

t

12(T) lloo, 10,1 = C- +/0 yi(uw(v))dr, (4.10D)

and let the function h(-) € C° in (4.73);
(C3) let system S, have steady-state characteristic  (-).

Then for all Xo,2¢ € 2y, the state of the interconnection converges to the set
Q={xekX,zeZ||xl|4=0, h(z) € x 10} (4.102)

As follows from Corollary 4.2, the zeros of the steady-state characteristic of
system S, actually “control” the domains to which the state of interconnection
(4.76) might potentially converge. This is illustrated in Figure 4.8. Notice also that
in this case condition (C3) in Corollary 4.2 is replaced with the following alternative:
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Figure 4.8 Control of the attracting set by means of the system’s steady-state
characteristics

(C3') if system S, has a steady-state characteristic on average xr(-), condition
(4.98) holds, and x7 (-) has no zeros in the positive domain, then it is possible
to show that the state converges to

Q=I{xeX,zeZ| |xll4=0, h(z) =0}. (4.103)

The proof follows straightforwardly from the proof of Corollary 4.2 and is
therefore omitted.

4.5.3 Systems with separable dynamics in space-time

So far we have presented convergence tests and estimates of the trapping region, and
also characterized the attracting sets of interconnection (4.76) under the assump-
tions of uniform asymptotic stability of S, and input—output properties (4.73)
and (4.101) of system Sy. The conditions are given for rather general functions
B(,-) € KL in (4.71) and yp(-) and y1(-) in (4.73). It appears, however, that
these conditions can be substantially simplified if additional properties of B(-,-)
and yp(-) are available. This information is, in particular, the separability of the
function B (-, -) or, equivalently, the possibility of factorization:

BUIXIl4.1) < Bx(lIxl 4) - B (2), (4.104)
where B, (-) € K and f;(-) € C¥ is strictly decreasing'” with

lim (1) =0. (4.105)

In principle, as shown in Grune ez al. (1999), the factorization (4.104) is achievable
for a large class of uniformly asymptotically stable systems under an appropriate

15 If B;(-) is not strictly monotone, it can always be majorized by a strictly decreasing function.
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coordinate transformation. An immediate consequence of the factorization (4.104)
is that the elements of sequence E in Property 4.2 are independent of [|x(#;) | 4. As
a result, verification of Properties 4.2 and 4.3 becomes easier. The most interesting
case, however, occurs when the function Sy (-) in the factorization (4.104) is Lips-
chitz. For this class of functions the conditions of Theorem 4.7 reduce to a single
and easily verifiable inequality. Let us consider this case in detail.

Without loss of generality, we assume that the state x(¢) of system S, satisfies
the following equation:

X4 = IX(@0) |4 - Bi(t — 10) + ¢ - |1 (2(T, 20)) |l oo, [10.11> (4.106)

where B;(0) is greater than or equal to unity. Given that B;(¢) is strictly decreasing,
the mapping g : [0, oo] — [0, B;(0)] is injective. Moreover, since f;(t) is contin-
uous, it is surjective and, therefore, bijective. In other words, there is a (continuous)
mapping ;" : [0, 4 (0)] > Rxo:

Bl oty =1,Y1>0. 4.107)

Conditions for the emergence of the trapping region for interconnection (4.76) with
the dynamics of system S, governed by (4.106) are summarized below.

Corollary 4.3 Let the interconnection (4.76) be given, let system S, satisfy
(4.106), and let the function yo(-) in (4.73) be Lipschitz:

lvo(s)| < Dy - Is]. (4.108)

Furthermore, the domain

1 (d 11
Qy . Dy’() S ﬂt (;) P
h(zo)

- B (0)[Ixoll 4 + B (0) - ¢ - |h(20) (1 + « /(1 — d)) + c|h(z0)]
(4.109)

is not empty for some d < 1, k > 1. Then for all initial conditions Xy, Zy € 2,
the state x(t,Xo) @ z(t,Zo) of interconnection (4.76) converges into the set 2,
specified by (4.89). If, in addition, conditions (C1)-(C3) of Corollary 4.2 hold, then
the domain of convergence is given by (4.100).

A practically important consequence of this corollary concerns systems S, that
are exponentially stable:

Xl 4 < [IX(0) | 4Dp exp(=A(t — 1)) + ¢ - [|h(z(t, 20)) |l 00, [19.11>
A>0, Dg=>1. (4.110)



4.5 Asymptotic properties of a class of unstable systems 127

In this case the domain (4.109) of initial conditions ensuring convergence into €2,
is defined as

d\\ k-1
Dyp< max —Alln|—
k>1,de(0,1) K K

o h(zo)
Dglixolla + Dg - ¢ - |h(zo)|(1 + k /(1 = d)) + c|h(zo)|

We would also like to mention that statements of Theorem 4.7 and Corollaries
4.2-4.3 constitute additional theoretical tools for the analysis of the asymptotic
behavior of systems in cascaded form. In particular, they are complementary to the
results of Arcak ef al. (2002), where asymptotic stability of systems of the type

x = f(x),
z=qx,z), f:R" > R", q:R" x R" — R"

was considered under the assumption that the x-subsystem is globally asymptot-
ically stable and the z-subsystem is integral-input-to-state stable. In contrast to
this, our results apply to establishing asymptotic convergence for systems with the
structure

x =f(x,2),
z2=qx,z), f:R" xR" > R", q:R" x R" - R",

where the x-subsystem is input-to-state stable, and the z-subsystem could be prac-
tically integral-input-to-state stable (see Corollary 4.2), although in general no
stability assumptions are imposed on it.

Corollary 4.3 can be easily modified to tackle interconnections in which a stable
subsystem, S,, is perturbed by a bounded additive disturbance. In particular, the
following result holds.

Corollary 4.4 Consider an interconnection of systems that is governed by the
following set of equations:

XDl < Bt — 10) UIx @) | + Iy (@) D + cllA(Z(D) o 1.1 + A, A € R0,

t
—/ o(Ix(@)lle)dt < h(z(t)) — h(z(10)) < h(z(0)), yo € K, (4.111)
0]

where B; : R — R is a strictly monotone function asymptotically decreasing to
zero, and yy satisfies (4.108). Then trajectories x(t) and h(z(t)) passing through
X(tg) = xg and h(z(tg)) = hg at t = tog are bounded in forward time, provided that

k—1[ _,[/d -1 ho
Dy 0= /31 -
’ K K B O)[x(o) | + cho(1 + kB (0)/(1 — d))
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~1
&> (,B,(O) (1 — %) + 1) A (4.112)

for some of d € (0,1), k € (1,00).

and

The conditions specifying state boundedness formulated in Theorem 4.7 and
Corollaries 4.2 and 4.3 depend explicitly on the initial conditions x(#p) and z(t).
Such a dependence is inevitable when the convergence is allowed to be non-
uniform. But if the mere existence of a trapping region is asked for, the dependence
on initial conditions may be removed from the statements of the results. The next
corollary presents such modified conditions.

Corollary 4.5 Consider interconnection (4.76) where the system S, satisfies
inequality (4.106) and the function yo(-) obeys (4.108). Then there exists a set
Q,, of initial conditions corresponding to the trajectories converging to 2, if the
following condition is satisfied:

D,o-c-G <1, (4.113)

e g k K
b (e (0159 )

for some d € (0,1), k € (1,00). In particular, 2,, contains the following domain:

h(z(to)) | 1 A\ k-1
Ix(0)ll 4 < 5,0) [m (ﬁ; (;)) 7

!

If the function h(z) in (4.76) is continuous, the volume of the set ., is non-zero in
R" @ R™.

where

Notice that when the dynamics of the contracting subsystem S, is exponentially
stable, i.e. it satisfies inequality (4.110), the term G in condition (4.113) reduces to

G=2 () (py(1+-2)+1 (4.114)
_X'H(E>k—1(ﬁ< 1—d> ) '

For Dg = 1 the minimal value of G in (4.114) can be estimated as

1 k 15.6886 16
G*=-— min In(Z% 2+ 5\~ <=, (4115
A de(0,1), ke(1,00) d/k—1 1—-4d A A
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which leads to an even simpler formulation of (4.114):

c 1
Dy - 7 < T

Corollary 4.5 provides an explicit and easy-to-check condition for the existence
of a trapping region in the state space of a class of Lyapunov-unstable systems. In
addition, it allows one to specify explicitly the points x(#y) and z(f9) which belong
to the emergent trapping region. Notice also that the existence condition, inequality
(4.113), has the flavor of conventional small-gain constraints. Yet, it is substantially
different from these classical results. This is because the input—output gain for the
wandering subsystem, Sy, need not be finite or need not even be defined.

To elucidate these differences as well as the similarities between conditions of
conventional small-gain theorems and those formulated in Corollary 4.5 we provide
an example.

Example 4.5.2  Consider the following systems:

X1 = —Aix1 +crxo,

. (4.116)
X2 = —Axx2 — c2lx1l,

X1 = —Aix1 +cixo,

_ (4.117)
X2 = —calx1].

System (4.116) can be viewed as an interconnection of two input-to-state stable
systems, x; and xp, with input—output L.,-gains c¢i/A; and c2/A2, respectively.
Therefore, in order to prove state boundedness of (4.116) we can, in principle,
invoke the conventional small-gain theorem. The small-gain condition in this case

18 as follows:
cr

A A2
The theorem, however, does not apply to system (4.117) because the input—output
gain of its second subsystem, x7, is infinite. Yet, by invoking Corollary 4.5, it is
still possible to show the existence of a weak attracting set in the state space of
system (4.117) and specify its basin of attraction. As follows from Corollary 4.5,
the condition

< 1.

c1 1
—_— . — < —
M A 16
ensures the existence of the trapping region, and the trapping region itself is given

by
|x1(t0)| < —1 A (111 (K{)) lk 1 - <2 . Ci) x2(f0)
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Results provided in this section play an important role in the development of
various adaptation laws and procedures which we present in the next chapters.
These include adaptive observers and identification algorithms for systems with
nonlinear parametrization and models of which the equations are not in adaptive-
observer canonical forms (Bastin and Gevers 1988). The latter algorithms and
procedures will form a basis for explaining adaptation mechanisms in fixed-
weight recurrent neural networks and adaptation algorithms for solving an invariant
template-matching problem.

Appendix to Chapter 4
A4.1 Proof of Theorem 4.1

Let us first prove statement (3) of the theorem. Consider S7-(Xo, 7o) : R" xR — L,
where £, is a linear normed space with a norm || - ||z, and let || - ||r» stand for
the Euclidean norm. According to the standard ¢ — § definition of continuity of
functions in metric spaces, continuity of S7(xo, fo) with respect to Xq is equivalent
to the following:

Ve>038(e,10)>0: [x5—Xgllre < 8(e,10) =

|87 (X0, f0) — S7(Xg, 10) |l 2, < €. (A4.1)

Taking into account that S7(Xo, o) = S7(Xo @ #o) we can conclude that (A4.1) is
equivalent to

Ve>038(e,10) >0: x5 —xpllrn < 8(e,t0) =

(A4.2)
IS (xp D t0) — ST (X Do)z, < é.

On replacing S7(x;, ® 19) and S7(x; @ to) in (A4.2) with x(z, x{), o) and X (¢, X5, 10)
we obtain that
Ve>038(e10) > 0: |Ixy—xgllre < 8(e,10) =

, . (A4.3)
||X(tax()7 tO) - X([,Xo, tO)HC( < €.

Clearly (A4.3) is equivalent to the definition of stability of a solution x(¢, xé, fp) in
the sense of Lyapunov. Thus statement (3) is obvious.

Let us now prove statement (1). The set Q* is forward-invariant, and hence one
can easily see that Q; C Q* (€ is defined in (4.15)). On the other hand, since
xo(fo, X0, f0) = Xp, * C €, and hence Q* = ;. Thus, according to (4.16),
continuity of S7(xo, fo) implies that

Ve>036(,19) >0: ||xpllox < b(e,tg) =

. (Ad4.4)
”S']‘(XO,IO)”Q*,[I(),OO] < €.



Appendix to Chapter 4 131

Given that x(t, X9, ) = S (Xo, 1) = S7(X0 D t9), we can conclude that inequality
(A4.4) is identical to that used in the definition of stability of a set in the sense of
Lyapunov.

Let us prove property (1.2). We start by showing sufficiency of existence of a
function ys ... (-) defined as in (4.14). According to (4.10) and (4.14) the following
holds:

1X() |l oo, (1,001 < ¥s.c.(€,T) A45)
= ys,c, (X0 ® 10, T) = ys,L., (IX0ll@*. 10),

where ys 1 (IIXollQ*, to) is non-decreasing w.r.t. ||Xpllo+, and ys 1. (0,7) = 0.
It is clear that for every # the function ys ;_ ([|Xol @+, fo) can be majorized by a
continuous and strictly monotone function y; : R>¢ x R — Rx( such that

lim y;(r, o) = oo.
r—0o0
Taking (A4.5) into account, we can conclude that

X lloo, 119,001 = ¥s (X0l 2%, o). (A4.6)

The function y;(r, fy) has an inverse ys_l (r, 1o):

s (v 10),10) =,

and the function ys_l (r, tp) is a strictly monotone and non-decreasing function w.r.t.
r. Thus the following inequalities hold:

Vs(a,tO) E Vs(b,tO) Va S ba aab S Rzo,
vl a,t0) <y ' (b.to) Va < b, a,b € Ry,

Hence for all xg € V(R*,6), V(Q*38) = {x € R"| ||x]lgx < 8}, where § =
ys_l (g,10), € € Rx¢ the following holds:

1X(0) oo fi.001 < Vs (X0l 10) < ¥5(vy ' (e, 10), 10) = €. (A4.7)

Notice that, since the value of ¢ was arbitrary, inequality (A4.7) is true for all ¢ > 0,
provided that X is in a §-neighborhood of Q*, § = ys_l (&, 19). Thus

Ve>0338(,10) =y, '(e,00) 1 [Xoller < 8(e,10) = [x(D)llox < e,

which proves sufficiency.
Let’s prove the necessity part of property (1.2). Consider ¢ as a function of §
and #q:

e1(8,10) = sup  |Ix(z, X0, 70) |2+ [19,00]-
X0EV(Q*.8)
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It is clear that &1 (8, fy) > 8. Moreover, £1(0, #y) = 0 because the set Q* is invariant.
In addition
£1(81,10) > €1(82,120), ¥V 81,82 € R0, 81 > 82,

because V(2*,81) 2 V(2%, 82). Thus the function g1 (6, fp) is non-decreasing w.r.t.
4. Finally, observe that the function €1 (6, #p) is continuous w.r.t. § at § = 0. Setting

Vs.Ls (IXoll*, t0) = e1(||Xo0llo*, t0)

completes the proof of necessity.

Statement (2.1) of the theorem can be proven along the same lines as in the proof
of (1.1) and (3). According to the definition (of local boundedness, (4.17)) we have
that

Ve>0368(,X0,2): [Xollo <& =
157 (X0, t0) | 2% 19,001 = IIX(#, X0, 10) |2 115,001 < (&, X0, 70)-
Let us prove (2.2). Sufficiency follows immediately from the definition of the
input—state margin,
IX() %, [19,001 = V5.2, (€,00) = V5,1 ([X0ll*, t0),
and the local boundedness of ys 1. (|[Xollq*, f0) W.I.t. || X0 [|Q*:
Ve>036(,1ty): [|Xollox <& =
IX(2) | [19,001 = ¥5,Loe (IX0ll2*, f0) < 8(€, 10).

Let us show the necessity part. Stability in the sense of Lagrange implies that
1X(#) 2% 11,00 18 defined. Consider

d1(e,10) = sup  [1x(z, X0, 0) | 2* [19,00]-
X0EV(Q%,¢)

The function §1 (¢, fo) is non-negative and locally bounded w.r.t. fo and ¢. Moreover,
31(0,t9) = 0 because the set Q* is invariant. Hence choosing

¥s,Ls (IXoll@*, t0) = 81(I[Xoll e, t0)

completes the proof of (2.2) and the theorem. ]

A4.2 Proof of Theorem 4.4

Consider parallel interconnection of &7 and &> specified by (4.31) and (4.32).
Systems S; and S are realizable. Thus for every pair (u,e;) € £, x & and
(u,ep) € L, x & there exist positive numbers 77 (u, e;) and 7> (u, ) such that

151 (w, 1) oo 110,771 < OO, IH 1 (, 1)l oo,[1, 73] < 003
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1S2(w, €2) [l oo, 119,751 < OO, H2(a, €2) [loo,[1,75] < O©.
Let
T = min{Ty, T»}. (A4.8)

Then, taking (4.32) into account we can produce the following estimate:

IS(u, e1 ® €)oo, s, 71 = IS1(W, €1)l00 (10,71 + [|S2(W, €2) [l 00,119, 71 < OO,
IH(a,e; @ e2)lloo,t,7] = IH1(W, €1) 0o (1,77 + H2(0, €2) 00,19, 7] < OO.
(A4.9)

This shows the realizability of the parallel interconnection. Given that the values of
Ty and T, can be chosen arbitrarily large for complete systems S1 and S, complete-
ness of parallel interconnections of complete systems now follows immediately
from (A4.9) and (A4.8).

Let us consider serial interconnection, (4.29) and (4.30), of S| and S,. Systems
S1 and S, are realizable. Thus for every e; € £ and e; € &, there exist positive
numbers 77 (e1) > 79 and T>(e>) > to such that

IS1(u1, €D lloo,itg, 711 = Vsi,00(@1, U1 (Dl 2, 119,711> T1,
IH1(ay, e1)lloo,itg,71] = YHi 001, 01Dl 2,110,711, T1,

(A4.10)
1S2(2, €2)[loo,(10. 751 = ¥Sp.00(€2, W2 (D)l 2, 10,721 T2)

H2(02, €2) lloo,it9,72] = VHa,00(€2, [W2(D)l £, 110,721, T2)-

According to the assumptions of the theorem the following inequality holds:

IHi(u, ez, < va.c, (e lur@®lg,,, T1).

Thus, on choosing the value of T according to (A4.8) and taking into account that
the functions ys, ~ and yg, oo are monotone w.r.t. [[uy(?)|| L,,» We can derive that

IS2(Hi(uy, e1).e2)llo0 19,71 < V$p.00(€2, Y £, (€1, 01 (DI, » T), T),

IH2 (K1 (i, e1).e2) lloo,10,71 = VHr00(€2, YH £y, (€1, U1 (DI, T), T). (A4.11)

Finally, we notice that (4.29), (4.30), and (A4.10) imply

X llco,10,71 = I1X1(t) @ X2(8) |l 00,[10.7]
= [|S1(uy,e1) © S2(Hi(ug, 1), €2)lloo,1,7]
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< IS1(uy, 1) lloor,71 + IS2(H1 (uy, €1), €2) lloo,10,77]
< Ysi.oo(ers lmi @z, 10,77, T)
+ ¥Sr.00(€2, YH £, (1, W1 (D]l 2, - T), T),
Iy (@) lloo,[t,71 = Y2 loo (10,71 = IIH2(H1 (a1, €1),€2) lloo,[1,7]
< Vioo(@2. vi.c,, (€1 01 (D)2, T). T, (A4.12)

Inequality (A4.12), in turn, assures that serial interconnection (4.29) and (4.30) is
realizable (complete). Moreover, (A4.8) guarantees that (4.38) holds. O

A4.3 Proof of Theorem 4.5

Consider serial interconnection, (4.30), of systems &1 and S, provided that the
class of inputs U; for system Sj is restricted to (4.49). System S; in this case
can be redefined as a system 5‘1 mapping signals from Ls[7g, T1] x £ (where
Lslto, T1] € Lylto, T1) into Ly, [t0, T1] and Ly, [0, T1]:

SiT = Si7*(e, 1) +8(1),e1),

B (A4.13)
Hiz = HizW*(er,1) +8(1),ep).

According to Theorem 4.4, serial interconnection of two systems S; and S, is
realizable (complete) if (1) they are realizable (complete) and admit input—state and
input—output mappings w.r.t. the norms ||- || £ (s, 751 and [| - () || Ly, l10,T>] respectively,

and (2) system S| admits the following input—output margin:

Y1z, 0011 = Vi, £, @1 18Ol 25,100, 717- T1)- (A4.14)

According to assumption (2) of Theorem 4.5, system S, is realizable (complete)
and admits input—state and input—output mappings w.r.t. || - || Ly, .l19,7>]- Let us show

that S | is realizable (complete) too. Condition (1) of the theorem implies the exis-
tence of a majorizing mapping ¥ (x(¢), ey) for S;. In addition, the following holds
for all u(z) in (4.49) (see (4.46), Assumption 4.1):

1V DNl 2yit0.11 < vP.Ly (€ €y, 180l 25110.71> T1)-

In accordance with (4.40), (4.41) (Definition 4.3.4), and (4.46), we obtain that

X1 () loo 19,711 = HS1.00(@1, ¥P.L, (€1, €y, 18l 25,110,711 T1))s (A4.15)

Y1) lloo.it0.711 < KH 00(€1, VP Ly, (€1, €y, 18 25,110,711 T1))- (A4.16)
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Inequalities (A4.15) and (A4.16) imply that system Sy, defined by (A4.13), is com-
plete. Notice that (4.47) in Assumption 4.1 implies that (A4.14) holds. Hence serial
interconnection of S 1 and & is realizable (complete).

Let us show that feedback interconnection of these systems is also realizable
(complete). In order to do so, pick 7 = min{T7, 7»}.'° Notice that the conditions
of the theorem (inequality (4.48)) ensure that the following estimate holds:

12Dl 25.110.71 < Vit 05 (€2, T).

Hence, on taking (A4.15) and (A4.16) into account and denoting v () = y2(¢)+46(¢),
we obtain

X1 () loo,t0.7] < Hs).00(€1, ¥P.£y (€1, €y, [Vl 25,170,771, T))

=< MSl,OO(el’ VP,Q,, (el’eiﬁ’ ”(s(t)”[,a,[l(),T] + y;[z,ﬁa (eZa T)a T))’
(A4.17)

Y1) looit9.71 < Hy00(€1, VP £, (€1, €y [Vl 25,110,771 T))

< 1 co(@1, 7Py (@1, ey, 18 | 2510071 + Vi, (€2, T), T)).
(A4.18)

Using (A4.14) and invoking similar arguments, the norm |y (¢)|| Ly, .l19,T] can be
estimated as follows:

Y12y, 0.7 < Vi, oo(@1 VOl 25 110,71: T)
< Vi, 00 @ NSO N 510,71 + Vi, 25 (€2, T), T).
Therefore, realizability (completeness) of S> implies that

X2 () oo 10,71 < Vsp,00(€2, IY1(D)ll £y, 119,71, T)

< V52.00(€2, Vg, oo @1 18l 25, 110.71 + Vit 25 (€2, T), T), T),
(A4.19)

V2D oo 10,71 = VH.00(€2, Y1 (D2, 10,71, T)

< VHy00(€2, V7, oo €1 18Dl 25 110,71 + Vipy 2, (€2, T), T), T).
(A4.20)

16 T = 75 since system 31 is complete.
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Inequalities (A4.17)—(A4.20), in turn, guarantee that

X)) lloo.l19.71 < 145).00(€1, ¥P £, (€1, €y, 18 || 25.110.71 + Vigy 0, (€2:T), T))

+ ySz,OO(eZ’ y[:[hoo(elﬁ ||8(t)||£5,[t(),T] + y;]z,ﬁa (ez’ T)7 T)’ T)’
(A421)

1Y (D)lloo.lt0.71 < L Hy 00 (€1, ¥P.Ly (€1, €y, 18| 2510071 + Viry 5 (€2, T), T))

+ Vi,00(€2, V7, oo €1 18O 25,110,71 + Vi 5 (€2, T), T), T).
(A4.22)

Equations (A4.21) and (A4.22), clearly, assure the realizability of the interconnec-
tion. Furthermore, if system S, is complete then the interconnection S is complete
as well. Inequalities (A4.17) and (A4.18) automatically imply that (4.50) holds. [J

A4.4 Proof of Theorem 4.6

Notice that system S is serial interconnection of S, and S, (Definition 4.3.1).
According to Theorem 4.4, realizability (completeness) of S, and S, (condition
(2)) automatically implies that S, is realizable (complete). Thus realizability (com-
pleteness) of the overall system is guaranteed if feedback interconnection of S and
Sp is realizable (complete).

According to (4.63) and condition (1) of the theorem, feedback interconnection
of §p and S can be represented as feedback interconnection of systems S; and S,
where

SC,T(Yp du'e, dey) = Sa,T(Yp, Ho,T(Yp, €),€) D So(Yp, €),
ﬂc,T(Yp ®u',e, Dey) = uy (Ha(¥p, Ho(Yp> €0)s€a), Ho(¥p, €0), 1) (A4.23)
—u*(r).
Condition (3) of the theorem implies that the mapping 7'~{c,7 in (A4.23) is bounded:
I Hez (vp © 0", €0 @ €2) | 2,110,171 < A + Ay,

Therefore in accordance with Theorem 4.5 feedback interconnection of systems
Sfj and S is realizable (complete). Hence interconnection of S, and S is also
realizable (complete). Estimates (4.65) now follow from (4.50). U

A4.5 Proof of Theorem 4.7

Let the conditions of the theorem be satisfied for given #9 € R>¢ : x(#p) = Xo,
z(tp) = z¢. Notice that in this case h(zg) > 0, otherwise requirement (4.91) will be
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violated. Consider the sequence (4.88) of volumes €2; induced by S:
Q ={xeX, ze Zlh(z(t)) € H;}.

To prove the theorem we show that 0 < h(z(t)) < h(zg) for all + > ty. For the
given partition (4.88) we consider two alternatives.

First, in the degenerative case, the state x(7) @ z(7) enters some 2;, j > 0 and
stays there afterward, which automatically guarantees that 0 < |h(z)| < h(zop).

Then, according to (4.71), the trajectory x(¢) satisfies the following inequality:
x4 < BUIXolla,t — 10) + cllh(z())ll oo, 110,
A A eoliod] (A4.24)
< B(lIxoll 4, — t0) + c|h(zo)|.

Taking into account that B(-,-) € KL we can conclude that (A4.24) implies that

lim sup [Ix(®)]l 4 < c|h(zo)|. (A4.25)
11— 00
Therefore the statements of the theorem hold.
Let us consider the second alternative, where the state x(¢) @ z(¢) enters each
2; and leaves later. Given that /(z(7)) is monotone and non-increasing in 7, this
implies that there exists an ordered sequence of time instants 7;:

o<t <ty ---tj <tjyr--- (A4.26)

such that
h(z(t;)) = o;h(zgp). (A4.27)

Hence, in order to prove the theorem we must show that the sequence {#;}7°, does
not converge. In other words, the boundary o,./4(z9) = 0 will not be reached in
finite time.

In order to do this, let us estimate the upper bounds for the following differences:

Ti =tit1 — 1.

Taking into account inequality (4.73) and the fact that yy(-) € K., we can derive
that

h(z(1)) — h(z(tiy1) < T;  hax ]Vo(IIX(T)IIA)

€ltili+1
< T (IR g 1141 7)- (A4.28)

According to the definition of # in (A4.27) and noticing that the sequence S is
strictly decreasing, we have

h(z(t;)) — h(z(ti+1)) = (0i — 0i41)h(z0) > 0.
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Hence h(zg) > 0 implies that VO(”X(T)”AOQ,[QJM]) > 0 and, therefore, (A4.28)
results in the following estimate of 7;:

o h@@) = h(z(tiv) _ h(zo)(0i — 0it1)
B V0(||X(T)||Aoo,[z,»,¢,-+l]) V0(||X(T)||Aw,[;i,;,+1])'

(A4.29)

i

Taking into account that /(z(¢)) is non-increasing over [#;,#;4+1] and using (4.71),
we can bound the norm ||x(7) ”-Aoo,[tiJH—l] as follows:
XN A 11,1011 = BUXE) 45 0) + cllh(2(T)) oo, [1.4;411

< BUXE)I 4,0) + ¢ - oih(20). (A4.30)

Hence, on combining (A4.29) and (A4.30) we obtain that

T > h(zo)(0i — 0i41)
1 — — .
yo(oi (o7 BUX(E)1 4. 0) + ¢ - hi(z0)))
Then, using property (4.75) of function yg, we can derive that
7. > 120 (i —0it1) 1
1 _ .
010 yo(0; BUXEIA0) + ¢ - h(z0))

(A4.31)

Taking into account condition (4.92) of the theorem, the theorem will be proven if
we assure that
T, > 1; (A4.32)

foralli = 0,1,2,...,00. We prove this claim by induction with respect to the
indexi = 0,1,...,00. We start with i = 0, and then show that for all i > O the
implication

Ii =zt = Tiy1 = Tiq1 (A4.33)

holds. Let us prove that (A4.32) holds for i = 0. To this end, consider the term

(oi — 0i+1)/v0,1(07).

As follows immediately from the conditions of the theorem, (4.90), we have that

O0j — 0i+] .
— > 1 AgVi>0. (A4.34)
Y0,1(07)
In particular
00 — 01
> 19Ap.
v0,1(00)
Therefore, inequality (A4.31) reduces to
h(zo)

Tp = 100

- . (A4.35)
v02(0y  BUX(0)l 4,0) + ¢ - h(zo))
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Moreover, taking into account Property 4.3 and (4.83) and (4.84), we can derive
the following estimate:

oy ' BUX0) 14, 0) < o ' po(Ix(t0) [l 4) + 0 'volc - 1h(zo)loo)
< Bi(IIx0llg) + B2(1h(z0)], ©).

According to the theorem conditions X and z satisfy inequality (4.91). This in turn
implies that

Y02(0g  BUX(0) I 4, 0) + ¢ - h(zo))
< y02(B1(Ix0lla) + B2(|h(z0)|,¢) + ¢ - h(z)) < Ao - h(zg).  (A4.36)

On combining (A4.35) and (A4.36) we obtain the desired inequality

h(zo) o Boh(zo) _

To = 9o - > 19 =19
0.2(05 ' BUX(0) 114, 0) + ¢ - h(z0)) Aoh(z)

Thus the basis of induction is proven.
Let us assume that (A4.32) holds foralli =0, ...,n,n > 0. We shall prove now
that implication (A4.33) holds for i = n + 1. Consider the term B([|X(#,+1)l 4,0):

BUXEn DI 4,0) = BBUXEDN A5 Th) + clln(@Z(D) oo ltt0111- 0)
< BBUXEI 4> Th) + ¢ - 0n - h(20),0).

Taking into account Property 4.2 (specifically, inequality (4.82)) and (4.83)—(4.85),
we can derive that

BUXEnsr DI 4-0) < B&n - BUXE) N 450) + ¢ - 0n - h(20),0)
= $1(Ix@) 4 + vilc - [h(z0)| - 04). (A4.37)

Notice that, according to the inductive hypothesis (7; > t;), the following holds:

Ix(@iv )l 4 = BUXE)I A, T + ¢ - 07 - h(zo)

(A4.38)
< &BIxE)N.4,0) 4 ¢ - 0i - h(zo)
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foralli =0,...,n. Then (A4.37), (A4.38), and (4.83)—(4.85) imply that

BUXEn+ DI 450) = 1 (EBUXE-DI4,0) + ¢ - on1 - h(z0))
+ vi(c - [h(z)o| - on)
< o2(Ix(tn—D 1l o) + v2(c - |R(20)] - 0n—1)
+ vi(c - [h(zo)| - on)

n+1

< dnri(xoll ) + Y vile - |h(zo)|owt1-)
i=1
n+1

< @ut1(lIxo0ll2) + Z vi(c - |h(20)|ont1-i)- (A4.39)
i=0

According to Property 4.3, the term
n+1
op <¢n+1<||xO||A> + v |h<zO>|an+1_,-))
i=0

is bounded from above by the sum

Bi(lIxoll 4) + B2(lA(2o)l, ¢).

Therefore, the monotonicity of yy 2, estimate (A4.39), and inequality (4.91) lead to
the following inequality:

V0,2(0,1_+11/3(||X(fn+1)||,4 ,0) + ¢ - h(zp)) < yo2(Bi1(lIx0ll4) + B2(|h(z0)], c)
+c - h(zp))
< h(zp) Ao.

Hence, according to (A4.31) and (A4.34) we have

Opntl — Opi2 h(ZO)
Tn+1 = ]
Y0.100n+1) 10200, BUXEnr 1)1l 4,0) + ¢ - 7 (z0))
g, Dok
st n+1A()/’l(Z()) n+1-

Thus implication (A4.33) is proven. This implies that £(z(¢)) € [0, h(zp)] for all
t > 1o and, consequently, that (A4.25) holds. O
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A4.6 Proof of Lemma 4.2

As follows from the assumptions, /(z(¢, zp)) is bounded. Assume it belongs to the
interval [a, h(zg)], a < h(zp). Taking into account that h(z(t,zp)) is bounded
and monotone in ¢ (every subsequence of it is again monotone) and applying
the Bolzano—Weierstrass theorem, we can conclude that 4 (z(¢,zg)) converges in
[a, h(zp)]. In particular, there exists h € [a, h(zo)] such that

tlingo h(z(t,20)) = h. (A4.40)

Therefore, as follows from (4.73), we can conclude that

t
0 < lim / yi(x(z, o) d < lim (h(zo) — h(z(,20)))
=0 J1y - (A4.41)

= h(zo) — h < h(zy) —a < oo.

According to the lemma assumptions, system S, has steady-state characteristics.
This means that there exists a constant x € Rx¢ such that

lim [|x(t,x0)]| 4 = . (A4.42)
I—00

Suppose that x > 0. Then it follows from (A4.42) that there exists a time instant
1, to <t < o0, and some constant 0 < § < x such that

IX()[| 4 =08V =1.

Hence, using (A4.41) and noticing that y; € K., we obtain

_ t t

00 > h(zg) —h = lim / y1(Ix(z,x0) [ Dd7 > lim / y1(8)dt = oo,
11— 00 to —00 1
Thus we have obtained a contradiction. Hence, x = 0 and, consequently,
Tim [Ix(0)]4 = 0.

Then, according to the notion of a steady-state characteristic in Definition 4.5.1,

this is possible only if 2 € x ~1(0). O

A4.7 Proof of Lemma 4.3

Analogously to the proof of Lemma 4.2, we notice that (A4.41) holds. This, however,
implies that for any constant and positive 7 the limit

t+T
tim [ nasolLods
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exists and equals zero. Furthermore, h(z(¢,z¢)) € [0, h(zo)] for all # > #9. Hence,
there exists a time instant ¢’ such that

IX(1)| 4 < c-h(zo) +&, Vi>1,

where ¢ > 0 is arbitrarily small. Then, taking into account (4.98) we can conclude
that

t+T t+T
lim / 7X@ L0dT = 7 / (04 dT =0. (A4.43)
t t

Given that (A4.40) holds, that system (4.71) has the steady-state characteris-
tic on average and that x7(-) has no zeros in the positive domain, the limiting
relation (A4.43) is possible only if h = 0. Then, according to (4.71), lim;_,
Ix(®)l 4 = 0. 0

A4.8 Proof of Corollary 4.2

As follows from Theorem 4.7, the state x(¢,xg) @ z(f,zg) converges to the set
Q, specified by (4.89). Hence h(z(t,zo)) is bounded. Then, according to (4.73),
estimate (A4.41) holds. This, in combination with condition (4.101), implies that
z(t,20) is bounded. In other words

x(t,X0) @ z(t,29) € Q' V1 > 1o,

where €' is a bounded subset in R” x R”. By applying the Bolzano—Weierstrass
theorem we can conclude that for every point Xo ® zo € €2, there is an w-limit set
w(Xo ® z9) C Q' (non-empty).

As follows from (C3) and Lemma 4.2, the following holds:

Jlim h(z(1,20)) € x10).

Therefore, given that 4(-) € C°, we can obtain that

Jim h(a(ti,20)) = h (,ilirréo Z(ti,zo)> = h(w; (X0 ® 29)) € x ' (0).
In other words,
w (X0 ®20) S = (x € R", 2 € R"|h(2) € x ' (0)}.
Moreover,

oy (X0 D 2z9) C 2y ={xeR", zeR"||x] 4 =0}
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According to assumption (C1), the flow x(¢, xg) @ z(¢, ) is generated by a system
of autonomous differential equations with locally Lipschitz right-hand sides. Then,
as follows from Khalil (2002) (Lemma 4.1, page 127),

Jim dist(x(1, X0) @ 2(1, 20), @ (X0 @ 29)) = 0.
Noticing that

dist(x(z,xg) @ z(t, z9), 0 (Xo @ Zg)) > dist(x(z,Xg), La) + dist(z(z, zg), Q)
we can finally obtain that

lim dist(x(¢,Xg), 2,) =0, lim dist(z(z,zp), 2;) = 0.
t—00 —00

A4.9 Proof of Corollary 4.3

As follows from Theorem 4.7, the corollary will be proven if Properties 4.1-4.3 are
satisfied and also (4.90)—(4.92) hold. In order to satisfy Property 4.1, we select the
following sequence S:

S ={oi}2y, 0i = %, k € Rxg, k > 1. (A4.44)

Let us choose sequences 7 and E as follows:
T ={u}2y =1, (A4.45)
E={&}2 & =§", (A4.46)

where 7* and &* are positive constants that have yet to be defined. Notice that
choosing 7 as in (A4.45) automatically fulfills condition (4.92) of Theorem 4.7. On
the other hand, taking into account (4.82) and (4.106) and that ; () is monotonically
decreasing in ¢, this choice defines a constant £* as follows:

Bi(t") <&EBi(0) < B(0), 0 <&" < 1. (A4.47)

Given that the inverse S, I exists, (4.107), this choice is always possible. In
particular, (A4.47) will be satisfied for the following values of 7*:

T > B (EFB(0)). (A4.48)

Let us now find the values for t* and £* such that Property 4.3 is also satisfied.
To this end, consider systems of functions ® and Y specified by (4.83) and (4.84).
Notice that the function B(s,0) in (4.83) and (4.84) is linear for system (4.106),

B(s,0) = s - B:(0),
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and therefore the functions py_;(-) and py,;(-) are identity maps. Hence, ® and T
reduce to the following:

B (5) = dj1 & B(s,0) = £ Bi(0) - ;1 (5),
Go(s) = Bi(0) s, j=1,....i (A4.49)

vi(s) =¢j—1(s),

vols) =B 0)-s, j=1,...,i
Taking into account (A4.44), (A4.49), and (A4.50), let us explicitly formulate
requirements (4.86) and (4.87) in Property 4.3. These conditions are equivalent
to the boundedness of the following functions:

(A4.50)

x(t0) |4 - B (0) - k" (E - B (0))", (A4.51)

h 0)clh
(ﬂ:(@c' z0)] ’g’(zf' z0)] +ﬁf(0)2c|h<zo>|kn -

(E* - Bi(0)) ™ 1)

= Bi(0)c|h(z0)| + B;(0)c|h(zo) i (1 + ZK"—I@* : ﬂf«»)"—‘) . (A4.52)
i=2
Boundedness of the functions Bj (||l 4) and B2 (|h(zo)|, ¢) is ensured if £ * satisfies

the inequality
d

* <
© = K - B (0)
for some 0 < d < 1. Notice that « > 1 and 8;(0) > 1 imply that £* < 1 and
therefore constant t* satisfying (A4.48) will always be defined. Hence, accord-
ing to (A4.51) and (A4.52), the functions Bj(||xoll 4) and B2(|h(zp)|, ¢) satisfying
Property 4.3 can be chosen as

By ([[xoll 4) = B:(0) lIxoll 4 »

(A4.53)

« (A4.54)
1— d) ‘

Ba(|h(zo)l,¢) = B (0) - ¢ - |h(zo)| (1 +

In order to apply Theorem 4.7 we have to check the remaining conditions (4.90)
and (4.91). This requires the possibility of factorization (4.75) for the function yp(-).
According to assumption (4.108) of the corollary the function yg(-) is Lipschitz:

1V0(s)] < Dy o - Is|.
This allows us to choose the functions yy 1 (-) and yp2(-) as follows:

Y0,1(8) = s, Y02(s) =Dy o - 5. (A4.55)
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Condition (4.90), therefore, is equivalent to solvability of the following inequality:
1 1 «!

) = > Ay. (A4.56)

Taking into account inequalities (A4.48) and (A4.53), we can derive that solvability

of
—1
Ao = (ﬂf : (é)) 1 (A4.57)
K K

implies the existence of Ag > 0 satisfying (A4.56) and, consequently, condition
(4.90) of Theorem 4.7. Given thatd < 1,k > 1, and 8,(0) > 1, a positive solution
to (A4.57) is always defined. Hence, the proof will be complete and the claim is
non-vacuous if the domain

(A k-1
o= (57 ()
h(zo)

“ BiOxoll 4+ Bi(0) - ¢ - 1hz)|(1 + /(1 — d)) + clh(zo)]

(A4.58)

is not empty. O

A4.10 Proof of Corollary 4.4

Similarly to the proof of Theorem 4.7, we introduce a strictly decreasing sequence
{oi}, i =0,1,...,
such that og = 1, and o; asymptotically converge to zero. Let
{t:i},i=1,...
be an ordered sequence of time instants such that'’
h(t;) = oih(ty).

We wish to show that the amount of time needed to reach the set specified by
[Ix(2)|| = O from the given initial condition is infinite.

17 When this equality does not hold, nothing remains to be proven; for ||z (¢)|| will always be separated away from
zero for all t > 1.
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Consider time differences 7; = t; — t;_;. It is clear that

ho(oi—1 — 0})
TR o) = o

>

Dy o
ho(oi—1 — 07) 1 (A4.59)
. Dyo  IXllogy s — €
i =
IX(@) oo 1.1 — € > O,
00, ”X(T)”oo,[t,;hti] —e=<0.

Consider the case when [|X(7) || o[, _,.,,7—€ > Oforalli, and introduce the sequence
{t;}, i = 1%, 1* € Rag,i = 1,... The sequence {t; = 7*} gives rise to the series
with divergent partial sums ) _; 7; = ) ; T*. Hence proving that

Ti>t"=> T >t Vi

will constitute the proof that x(¢) and h(t) are bounded for all + > #. Let 7; > t*
forall 1 < j <i — 1 and consider

IX( oo fi; 17 < Be(O) Ix(ti— )l + chooi—1 + A
< B (O)[B: (T;=1) IIX(#;—2) || + chooi—2] + chooi—1 + B (0)A + A
< B (0)BZ(T*) Ix(ti—3) || + P2,

where

Py = Bi(0)[ i (t%)coi—3 + coi—2|ho + coi—_1hg
+ B (0) [Bi(tH)A + A] + A.

Repeating this iteration with respect to i leads to
IX@ oo 1.1 < B OB @) Ix(t-a)]| + P,
Py = chofy(0) | BA(T")0i—4 + By ()03 + 0i—2 | + 6i-1cho

+ AB:(0)

||

B + BT +1]+ A

2 2
= chofy(0) | Y B/ (tNoi_ja | + chooi_i + AB0) | Bl | + A,

| j=0 j=0
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and after i — 1 steps we obtain

IX() oo 1111 < Br OB ()~ lIx (o)l + Pii,

i—2 i—2
Pioy = choB(0) | Y B/ (t*)0i—j—2 | + chooi—1 + ABO) | DBl () | + A.
j=0 j=0

(A4.60)
From (A4.59) it follows that

o1 — Oj h() 1

: —1 :
-1 Dyoo "y (IXO)lloo i1 —¢)

T, >

Hence, if we can show that there exist X such that for some Ag € R>¢ and ¢,

C = h
Gzl 700 S A, (A4.61)
Oj—1 T*
we have
Dy 00, (IK() oo, ,i1 — €) < DyoB(X0) < Ao Vi, (A4.62)

where B (-) is a function of X, then boundedness of trajectories will follow. Consider
the term ai:ll 1X(T) | oo, 1, _,.4,7> and let

1

o =—, k > 1.
l
K

According to (A4.60) we have

0 (IX@ o1 =€) = 81O [0 748 Ix(to)]
+o Y Pi—a\e
= O (kB () x|l + T Py — ke

= B (0) (e By (T)) ~ Ix(20) |

i—2
+chof (O | B/ (x5!
j=0
. i—2 )
+cho+ k" BOAD BT +A—¢
j=0

Hence choosing the value of t* as

kBi(t*) <d, d € (0,1) (A4.63)
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results in the following estimate:

o (IX@) oo i1 — €) < B(X0)

— B,(O)Ix(t0) | + cho (1 + ’3’(0”) it (A[ O 1] _8).

1—d 1—dJk

Condition (4.112) implies that
; 0
(o] LO ) <o
1—-d/k

o (X ooy — €) < B(X0)

ﬁt(O)K)
1—d )’

Hence

— BiO)Ix(to)]| + cho (1 +

Solving (A4.63) and (A4.61) with respect to Ag results in

—1
w2 ()]

This in turn implies that for all xg and /¢ such that

k=1, (d\T" ho
DyO =< ﬂz -
’ K K B (O) [Ix(10) || + cho(1 + «p:(0)/(1 — d))

the following implication must hold: 7; > t* = T;; > t*. Therefore, trajectories
x(t) and h(t) passing through x(#p) = xo and h(ty) = hg at t = o are bounded in
forward time. O

A4.11 Proof of Corollary 4.5

It follows from Corollary 4.3 that the state of the interconnection converges into $2,
for all initial conditions X and zg satisfying (A4.58). In other words the following
inequality should hold:

1—-d

d\\ 'k —1
s(ﬁ;l(;)) "K - h(zo).

Do <ﬁ¢<0>||xO||A +Bi(0) - ¢ - [h(z0)| (1 + L) + c|h(zO)|)
(A4.64)
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Hence, assuming that 4(zg) > 0, we can rewrite (A4.64) in the following way:

d\\ 'k -1
Do B (O)xoll4 < ( (ﬁ;l (;)) £ ;
D¢ (ﬂ,(O) : <1 + lf—d> + 1)) h(zo).

(A4.65)

Solutions to (A4.65) exist, however, if the inequality

1 (d | K
(7 (2)) om0 (14 755) +1)

or, equivalently,

K 1 (d K
Dyo-c- <,Bt(0) . (1 + m) + 1) - B, (;) p— <1 (A4.66)

is satisfied. The estimate of the trapping region follows from (A4.65).

Let us finally show that continuity of /(z) implies that the volume of €2,, is non-
zero in R" @ R™. For the sake of compactness we rewrite inequality (A4.65) in the
following form:

Ix0ll4 = Cyh(zo), (A4.67)

where Cy, is aconstant depending ond, «, 8;(0), and D), o. Given that (A4.66) holds,
we can conclude that C,, > 0. According to (A4.67), the domain 2, contains the
following set:

{xo e R", zg € R"|h(z9) > D; € R>o, lx0ll4 < C, D_}.

Consider the following domain: Qy, = {xo € R"| |[Ix¢l|4 < C, D.}. Clearly,
it contains a point X1 € R" : on, 1 H 4= C, D;/2. For the point X¢; and for all
€1 €R": || < CyD./4wehavethat |xo1 + &1 , = infqea X0, +&1—q| <
infqea{lxo1 — qll + lle1]} < 3C,D./4. On the other hand, |xo; + &1 , =
infge 4 [IX0,1 + &1 — q| > infgeal{lXo1 — qll — lle1ll} = Cy D;/4. This implies
that there exists a set of points xo» = xo,1 + &1 € R": [|x0,1 — x02[| < C, D, /4,
x02 ¢ A, |x02| , < C, D

Consider now the following domain: ,, = {zo € R"|h(z9) > D,}. Let us
pick zg1 € Qg,,: h(zo,1) = 2D,. Because h(-) is continuous we have that

Ve > O, 45 >0: ||Z()’] — Z0’2|| <4 = |h(Z0’]) — h(Z0,2)| < €.

Let e = D, then —D; < h(zp1) — h(zp2) < D; and therefore h(zp2) > D;.
Hence there exists a set of points zop € R™: [|zo1 — 202l < 8,202 € 2g,).
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Consider the following set:

2 2

Quy = {X € R", 2 € R Ixos =X+ o1 — 217 = 72,

r = min {8, €y D: H

4
For all X,z € 2z, we have that xg € Qy, and zg € €, ,. Hence, inequality
(A4.67) holds, and xo & zy € £2,,. The volume of the set 2y, ,, is defined by the
volume of the interior of a sphere in R”* with non-zero radius. Thus the volume
of Q) D Qyg, is also non-zero. O



5

Algorithms of adaptive regulation
and adaptation in dynamical systems
in the presence of nonlinear parametrization
and/or possibly unstable target dynamics

In this chapter we discuss a range of synthesis problems in the domain of adap-
tive control and regulation for dynamical systems with nonlinear parametrization
and, possibly, unstable target dynamics. Results presented in the previous chapters,
such as e.g. the bottle-neck principle and (non-uniform) small-gain theorems from
Chapter 4, will play important roles in the development of suitable formal state-
ments of these problems. In particular, when specifying the target dynamics of an
adapting system, we will exploit input—output characterizations such as input—state
and input-output margins, and majorizing of mappings and functions. No stability
requirements will be imposed on the target motions in the adapting system a priori.
This will offer us greater flexibility and thus will create opportunities to overcome
certain limitations of standard approaches (see Chapter 3) with regard to the target
dynamics and nonlinear parametrization.

We begin by stating the general problem of adaptation and adaptive regulation
and providing a set of solutions to this problem. Having developed these solutions,
we will proceed by considering several specific problems of adaptation. These
problems are

(1) adaptive regulation to invariant sets;

(2) adaptive control of interconnected nonlinear systems;

(3) parametric identification of systems of ordinary differential equations with
monotone nonlinear parametrization;

(4) non-dominating adaptive control and identification for systems with general
nonlinear parametrization of uncertainties.

In order to provide particular solutions to the general problem of adaptation and
also to the specific problems (1)—(4) we introduce a synthesis method — the method
of the virtual adaptation algorithm. The method is explained in detail in Section
5.2.1. The non-uniform small-gain theorem will be applied in problem (4), and the
bottle-neck principle will be used in finding solutions to problems (1)—(3).
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5.1 Problems of adaptive control of nonlinear systems in the presence of
nonlinear parametrization

Consider models the dynamics of which are governed by the following system of
ordinary differential equations:
X1 =fi(x,7) + g1 (X, Du,

. 5.1
xo =H(x,0,1) + g (X, H)u,

where
x| = (X11,...,%14)" € R,
X2 = (x¥a1,...,x2,)" € RP,
X = (X11, <o X1gs X215 - - .,.XZP)T e R".
The symbol § € Q9 C R? in (5.1) stands for a vector of unknown parameters; for
simplicity we will suppose that Q is a closed bounded subset of R?; u € R is the
control input; knowledge of the boundaries of €2y is not required, unless specified

otherwise or they are clear from the context. The vectors X1 o and X, ¢ are the initial
conditions. The functions

fil:R" xR — RY, £, : R" x R x R — R?,

g :R"XR—>RY g :R'xR—> R?
are locally bounded and continuous in x (if not stated otherwise) and globally
bounded and continuous in 7." The vector x € R” is a state vector.

Unless stated otherwise, we will suppose that the values of functions fj (x, #) and
g1(x, t) are known for every x and 7, whereas the values of function f,(x, 6, t) may
be unknown because e.g. of the dependence of f> on the unknown 0. Thus, vectors
x| and x, are referred to as uncertainty-independent and uncertainty-dependent

partitions of x, respectively. For the sake of compactness we will also use the
following description of (5.1):

x =f(x,0,1) +gx, Du, (5.2)
where
g(x,1) = (g11(%,1), ..., 814X, 1), 821(X, 1), ..., 82p (X, )T,

f(Xaoet) = (fll(X’ t)’ et flq(xet)s fZI(X’o’I)v teey f2p(X’0’t))T’

1 In principle the continuity requirement can be lifted, provided that solutions of the system remain defined, at
least locally in ¢.
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so all of the assumptions and constraints we imposed on the right-hand side of (5.1)
apply automatically to the functions f(x, 8, ¢) as well.

Our general objective here is to derive the control input as a function of the
state variable x(#), controller parameters é(t) Rsp — R4, and time ¢, eg. u =
u(x(1), é(l), t) such that, for a class of nonlinearly parametrized f (x, 6, 1), all @ € Q9
and x1,0 ® x20 € R", (1) all trajectories of the system with u = u(x(¢), é(t), t) are
bounded and (2) state x() converges to a given bounded target set, (3) ensuring, if
possible, that the estimate é(t) converges to unknown 6 € 2y asymptotically.

Let us now proceed by providing a formal statement of the general synthesis
problem of adaptive regulation. In the previous chapters we have seen the benefits of
describing the behavior of complex and uncertain dynamical systems in terms of the
majorizing mappings and corresponding input—output margins (Definition 4.3.4).”
In particular, this description allows us to reduce the amount of prior knowledge
about the system, which is especially useful when mathematical models of the
system are uncertain. Therefore, bringing in elements of such description into the
statement of the synthesis problem of adaptive regulation and control is a desirable
option.

To this end, we introduce and consider the function ¢ : R” xR>o — R, ¥ € C !
satisfying the following assumption.

Assumption 5.1  For a given function ¥ (x,t) € C' and all T > 1y the following
property holds:*

1X(D)lloo,110,71 < 7 (X0, 0, 1Y (X(1), D) llow,10,71) » (5.3)

where y (XO,O, v (x(2), t)|loo,[,0,T]) is a non-negative, locally bounded function
that is non-decreasing in ||y (X(1), 1) |loo,[1o,T]-

According to Definition 4.3.4, the function ¥ (X, ) majorizes state x(¢) of system
(5.1), hence the distance from x(7) to

Qo = {x(@t) € R"|¢(x(1), 1) = 0} (5.4

is one of the natural performance criteria in this case. The fact that x(¢) stays within
an e-neighborhood of g implies that x(¢) is bounded, and that the upper bound
for ||x(7)|| is a function of the initial conditions X, the unknown parameter vector
0, and ¢. In what follows the set ¢ will be termed the target set.

In a number of standard statements of the problem of adaptive regulation and
control the function v (x,7) should additionally satisfy some (algebraic) metric

2 These are also known as macro-variables in the terminology of Kolesnikov (1994).
3 Without substantial loss of generality we will suppose that # > 0.
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restrictions. In particular, itis required that ¥ (x, t) be (positive) definite with respect
to the target set 9. For example, in problems involving regulating the state x(#)
to & € R”, these restrictions lead to the following constraints:

villx — &) = ¥ x,0) < w(lx—E&ID, vi,v € Keo. (5.5

In addition, the function (X, ) is required to be a Lyapunov candidate for the
closed-loop system at 6=0. Knowledge of ¥ (x, 1) is explicitly used in standard
certainty-equivalence approaches (Fomin et al. 1981; Fradkov 1990; Fradkov et al.
1999). Finding such a Lyapunov candidate is not a trivial task. For systems with
globally Lyapunov-unstable target dynamics no appropriate goal function (X, )
could be given. That is why, instead of confining ourselves to the realm of stable
systems and motions in the sense of Lyapunov, we opted to specify conservative
target sets as in Assumption 5.1.

Specification of target sets as in Assumption 5.1 applies to a wider class of sys-
tems. Indeed, no stability constraints are imposed a priori, and there is no need to
demand that the function 1 (x, #) in the definition of the target set (5.4) should addi-
tionally satisfy condition (5.5). The standard algebraic restriction (5.5) is replaced
in Assumption 5.1 with operator relations. Standard norms || - || in R” in (5.5)
are replaced with functional norms ||X(t)| p.110,71, T > to in the functional spaces
Lylto,T], T > to, p € Ry U oo. This allows us to keep the function ¥ (x, 1)
as a measure of the closeness of trajectories x(¢) to the desired set 2o, without
imposing state-metric or definiteness restrictions (5.5) on ¥ (X, t).

Assumption 5.1 can be interpreted as the unbounded observability (Jiang et al.
1994) of system (5.1) with respect to the “output" ¥ (x,¢). Clearly, it includes
conventional definiteness requirements on (X, t) as a special case. A large class
of systems obeys Assumption 5.1 without requiring the function v (x,t) to be
definite (see e.g. Example 4.3.1 in Chapter 4.). For a more general class of
systems

xXi = fi(xt,..x) +xip, i ={1,...,n — 1},
-).Cn:fn(xls---axn)+v(x,0)+u (56)
and a class of non-definite functions ¥ (x,1) = x, — p(x1,...,X,—1), p(-) € C',

checking Assumption 5.1 amounts to establishing a bounded-input—bounded-state
property for the following cascade:

Xi= filxt,..x) +xiq1, i ={1,...,n =2},

Xp—1 = pX1, .., X0—1) + fu—1(X1,. ., X0—1) + V.



5.1 Adaptive control in the presence of nonlinear parametrization 155

In some systems the state x(#) may be bounded for all 8. Clearly, in these cases
the choice of the function ¥ (x, t) for determining the conservative target set (5.4)
should not be restricted by the need to satisfy Assumption 5.1. These, however, are
rather exceptional situations, and in what follows we will presume that there exists
a set of initial conditions and values of @ such that the corresponding solutions of
the original system grow unboundedly with ¢. Thus, it is necessary to find a proper
control input u.

Let us specify a class of control inputs « that can ensure boundedness of solutions
x(t,Xq, o, 0, u) for every 0 € Qy and xo € R". According to (5.3), boundedness
of x(z,xq, 0,0, u) is ensured if we find a control input u such that ¥ (x(¢),t) €
Léo[to, oo]. To this end, consider the dynamics of system (5.2) with respect to
v(X,t):

o (x,1)
ar

In what follows we will consider control inputs « from the class of functions I/*
such that

U = Lepny¥ (X, 1) + LoV (X, Du + (5.7)

IV (x,
ueld* = Lf(x,ﬂ,t)‘p(xat) + Lg(x,t)‘ﬁ(xyt)” + %
= f(%,0,1) — f(x,0,1) — o(V,®,1) + (1), (5.8)

provided that solutions of the closed-loop system are defined locally. According to
(5.7) the dynamics of ¥ (x, t) is affected by unknown @ through the following term:

Lexon¥ (x.1) = f(x,0,1). (5.9)

We require a feedback u(x,é, t) that is capable of annihilating the influence of
uncertainty f(x,0,¢) on the dynamics of ¥ (x, ) and, in addition, ensures bound-
edness of ¥ (x, t). Assuming, for example, that the inverse (Lg(x,,)i//(x, t))_l exists
everywhere* and using the notation (5.9), we define the control input u as follows:

oY (x,1)
0

u(x,0,0,1) = (Lgex n ¥ (x,1) " [— fx,0,0) — oV, 0,1) — ;

o)
¢: RxRY xRsg = R, (5.10)

where ® € Q, C R" is a vector of known parameters of the function ¢ (¢, , t),
and the function ¢ : R>9p — R stands for disturbances due to measurement

4 This assumption limits our choice of functions v (X,7) to ones that satisfy the following constraint:
sign(Z?=1 8i(X,1)0y(x,1)/0x;) = constant. Even though invertibility of Lg(x ;¥ (x,7) is not at all neces-
sary for our approach and the specific choice of feedback u(x,8,t) is not the central topic of our present
contribution, we sacrifice generality for the sake of constructive design.
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noise, unmodeled dynamics etc. Unless stated otherwise, we assume that ¢ €
Ll[to, 001N CO.

Feedback (5.10) renders (5.7) into the error-model form> (Narendra and Annaswamy
1989):

U= f(x,0,t) — £(x,0,1) — (Y, @, 1) + (1), (5.11)

or, when ¢(t) = 0,

Vo= f(x,0,1) — £(x,0,1) — o, @,1). (5.12)

The vector @ in (5.10) and (5.12) can be interpreted as an estimate of the unknown
parameter vector 6.

Let us now specify the desired properties of the function ¢ (Y, ,t) in (5.10)—
(5.12). Often (see e.g. (Sastry and Bodson 1989; Narendra and Annaswamy 1989;
Krstic¢ et al. 1995; Fradkov 1990), and Fomin et al. (1981)) the desired, or target,
dynamics of the controlled system at 0 =0 is expected to be stable in the sense
of Lyapunov. An example of such a standard requirement in our setting is that
¥ (x,t) = 0is a globally asymptotically stable equilibrium of (5.12) at§ = 9. This
requirement, however, might not always be natural. On the other hand, a wide class
of processes satisfies a passivity property: an input signal of which the energy is
finite produces finite (bounded) state deviations. Thus, instead of global Lyapunov
stability of system (5.11) for § = 0, we propose that finite energy of the signal
f(x(),0,t) — f(X(t),@(t),t), defined for example by its L%[to,oo]—norm with
respect to the variable ¢, results in boundedness of 1 (x(¢), t) and hence, by virtue
of Assumption 5.1, of the state x(¢). Formally this requirement is introduced in
Assumption 5.2.

Assumption 5.2  Consider the following system:

V= -, w,1) + (1), Yo €R, (5.13)

where { : R>o — Rand (', w,t) is from (5.11). For every w € 2, system (5.13)
has L%[to, o] Léo[to, oo] margin with respect to input ¢ (t). In other words,
there exists a locally bounded function ys2 : R x R” x R>¢ — Rxq such that

1 () oo 0.1 < Voo2 (W0, @, [E(O) lago.r1)s Y () € Lilto, T (5.14)
and the function yso 2 (Yo, @, | (t)|12,110,71) is non-decreasing in || (t)12,11,77]-

5 Error models (5.12) have been shown to be convenient when solving adaptive control, regulation, and identi-
fication problems for systems with nonlinear parametrization (Loh e al. 1999; Tyukin ef al. 2003a; Cao et al.
2003).
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Assumption 5.2 does not require global asymptotic stability of the origin of the
unperturbed system (5.13), i.e. for {(z) = 0. System (5.13) is allowed to have
Lyapunov-unstable equilibria, multiple attractors, or no equilibria at all. When the
target dynamics is stable, a benefit of Assumption 5.2 is that there is no need to
know the particular Lyapunov function of the unperturbed system.

In addition to the problem of proper selection of target sets and target dynam-
ics there is another important issue we wish to mention here. This issue is the
possibility of achieving control objectives by using control signals that are small
in some meaningful sense. In the framework of adaptive control it is not very
clear how to characterize the smallness of control signals in the most natural
fashion. This is because classes of admissible feedbacks are often presumed to
be given, and the problem is restricted to finding a suitable adaptation algorithm
for tuning the parameters of these feedbacks (Fomin er al. 1981; Fradkov 1990;
Narendra and Annaswamy 1989; Krsti¢ ef al. 1995). Here we do not wish to dis-
pute this strategy. Yet, we would still like to introduce a reasonable characterization
of control smallness in the context of adaption. This characterization is the property
of non-domination, of which the formal definition is provided below.

Definition 5.1.1 The adaptation law 9(x,t) :R" x Rsp — R4 is called non-
dominating of class C, iff the control objective is reached for all xo € R", 6 € Qg
and ¢ € Cy.

Let an adaptation law be non-dominating, for example, in the class of functions
Co=1{p:R— R|lp()| € K, p(0)o <0, o € R}. Then, according to Definition
5.1.1, the goal of the regulation should be achievable in this system for all ¢ (1) =
kyr, k € R, irrespective of how small the value of k is.

So far we have discussed the main constraints on the classes of target sets, target
dynamics, and control functions. Let us now shift our attention to describing the
class of functions f(x,0,t) in (5.11). It is obvious that the larger the class of
admissible functions f(x,#8,¢), the wider the spectrum of potential applications.
We will allow two classes of nonlinearities f(x,0,7): one is the class of locally
Lipschitz functions with respect to @ (which is termed here general), and the other
1s somewhat more restricted (termed here monotone).

With regard to the second class of functions, instead of considering general
nonlinear parametrization of f(x,6,7) we find that a broad range of physical,
mechanical, and biological phenomena can be described by a specific class of
nonlinear functions, in particular

f(x,0,1) = A(x, 1) fn (X, §(x,1)70, 1), (5.15)

where A : R"xR>o - R, ¢ : R"xR>9 — Rd,andfm  R"xRxR>9 — Rare
continuous functions and f, (X, ¢ (X, 110, ) is monotone in P (x, 1)T0. Functions
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Table 5.1. Examples of nonlinearities satisfying Assumption 5.3. The parameter
Ay is a positive constant

Domain
Mathematical model of physical
Physical meaning of uncertainty f(x,0,1t) relevance o(x, t)T
. . . 9 —x%@l
Stiction forces J i Boe
— o~1301+In(60) Ag > 60,61 > 0 (=x3,1)
X = (x1,X2)
Tyre—road [ Fpsign(x; —rxz)
friction 0GP+ gS
g0 _X3
9G+L1_X3 Ag >0 >0,
G = -
(e —_i_% e) x1,x2 > 0, x3/(1 — x3)
xe [mai) x3 € (0, 1)
X = (X1,X2,X3), 4§ > JAC
F,,L,r,00, ks, kC > 0-
parameters
f:
Force suppprted Ko(0 + D Ap(x1 — x2)
by hydraulic L0 + KoPo/x2) Ap>0>0 B
emulsion in Ap(x1 — x2)
suspension X = (x1,x2,x3) x3 >0
dampers Ko, Ap, Po, L > 0 —
parameters
X1X2 X1X2
: A 60,01 > 0
Nonlinearitiesin - 00+ 0151 0o + 0122 6 = 0,01 > xix2(1,x1)
Monod’s X = (x1,X2) x1,x2 >0 x1x2(1, x2)
growth model
of microorgan-
isms
Blur distortion f: Apg>60>0
. L ,
model in Jo, e 805 &) g, s(x) is bounded
problems of x N |
processing 2, CR and non-
visual X = (x1,x2), nega;(u;/eéor all
information 51 Qy — Rxo—image x

(5.15) naturally extend from linear to nonlinear parametrizations, covering

a wide range of practically relevant models (Armstrong-Helouvry

1993;

Canudas de Wit and Tsiotras 1999; Kitching et al. 2000; Boskovic 1995), as illus-

trated in Table 5.1.

These observations motivated us to consider functions f(x,#,t) satisfying the
following assumption.
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Assumption 5.3  For the given function f(x,0,t) in (5.11) there exists a function
a(x,t) : R" x Rsg — RY, a(x,t) € C! and positive constant D > 0 such that

(f(x,0,1) — f(x,0,0)(ax1)"@ —8) >0, (5.16)
| f(x,0,1) — f(x,0,1)] < Dla(x,)T (0 — 0)|. (5.17)

Inequality (5.16) in Assumption 5.3 holds, for instance, for all functions (5.15). In
this case the function e« (x, ¢) can be given as follows: e (x,1) = (—1)”A(x, 1)@ (X, 1),
where p = 0 if fin(x, P(x, H70,1) is non-decreasing in ¢ (X, 1)T0 and p = 1if
fm (X, ¢(x,1)70, 1) is non-increasing in ¢(x,1)74.

Inequality (5.17) is satisfied if fi, (X, §(x, 110, 1) does not grow faster than a lin-
ear function in the variable ¢ (x, )T for every x € R”. This requirement holds, for
example, for functions fi, (X, @(X, 110, ) that are globally Lipschitz in ¢(x, HTo:

| fn (X, (X, )70,1) — fin(x,¢(x,0)10",1)| < Dy (x,1)|p(x,1)" (6 — 6)].

In this case, inequalities (5.16) and (5.17) hold for the functions f(x,#,t) defined
by (5.15) with a(x, 1) = (—=1)? Do(x, t)A(X, 1) (X, 1).

Figure 5.1 illustrates possible choices of the function a(x,?). Examples of
the relevant parametrizations in Table 5.1 also satisfy Assumption 5.3. Their
corresponding functions (X, ¢) are listed in the right-hand column.

In general, when f(x,0,t) € C ! validation of Assumption 5.3 amounts, accord-
ing to Hadamard’s lemma, to finding (X, ) and D such that the following holds
for all x, 6, and 0:

Lo f(x,50.0,0),t
0< oz(x,t)/ fx,50.0.9).0 ;- pax. Hex.T,
o 3s0.0.0)

$(0,0,0) =00 + (1 — ). (5.18)

A

fon 000070, 0] AR

0(x)T0

¢(X)T(;

Figure 5.1 An illustration of the conditions of Assumption 5.3 for functions
f(x,0,r) that belong to the class (5.15). Thick lines represent the function
Do(x,1)T0, D = maxy; |Dg (X, t)A(X, t)| in each block, respectively.
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Assumption 5.3 bounds the growth rate of the difference | f(x, 6,¢) — f (X, é, )|
by the functional D|e(x, )T (é —@)|. This will help us to find a parameter-estimation
algorithm such that the estimates converge to 6 sufficiently fast for the solutions
of (5.1) and (5.11) to remain bounded with non-dominating feedback (5.10). On
the other hand, parametric error @ — 0 can be inferred from the changes in the
variable (X, 1), according to (5.11), only by means of the difference f(x,0,t) —
f(x, 0, t). Therefore, as long as convergence of the estimates 0 t0 0 is expected, it
is useful to have the estimate of | f (x,8,¢) — f(x, 9, t)| from below, as specified in
Assumption 5.4.

Assumption 5.4 For a given function f(x,0,t) in (5.11) and a function a(X, 1)
satisfying Assumption 5.3, there exists a positive constant D1 > 0 such that

|f(x,0,1) — f(x,0,1)] = Dyla(x,1)" (0 — 0)]. (5.19)

In problems of parameter estimation, the effectiveness of the algorithms often
depends on how “good” the nonlinearity f(x,@,¢) is, and how predictable locally
the system’s behavior is. As measures of goodness and predictability, usually
smoothness and boundedness are considered. Likewise, in our study, we distinguish
several specific properties of the functions f(x,8,¢) and ¢ (Y, ,1):

H 1. The function f(x,8,t) is locally bounded with respect to x and 0 uniformly
int.

H 2. The function f(x,0,t) € cl, and 0f(x,0,t)/0t is locally bounded with
respect to X and 0 uniformly in t.

H3. Let U, C R"and Uy C R? be bounded. There exists constant Dy v, > Osuch
that for everyx € U, and 0,0 € Uy Assumption 5.4 is satisfied with D1 = Dy _ y,.

H 4. The function (¥, w, t) is locally bounded in { and @ uniformly in t.

Assumptions 5.1-5.4 and hypotheses 1-4 allow us to state several specific
problems of adaptation, which we will study in the next paragraphs.

Problem 5.1 Consider the system (5.1) and (5.8), and suppose that it satisfies
Assumptions 5.1-5.3 and, possibly, Assumption 5.4. Find a class of adaptation
algorithms

=001 (5.20)
ensuring that

(1) the system is forward-complete;
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(2) the signal f(x(t),0,t) — f(x(2), é(t), t) has bounded L;[fg, o¢0]-norm,

fx(1),8,1) — f(x(1),0(t),1) € Li[1g, 0],
I £ (x(0),0,1) — fx(),0(), 1) 121,000 < OO,

for all xo € R" and 6 € Qp;
(3) the influence of uncertainty on the target dynamics vanishes asymptotically as
t — oo:

(5.21)

lim f(x(1).0,1) — F(x(0),6),1) = 0. (5.22)

Finding an adaptation algorithm that is a solution to Problem 5.1 allows one
to ensure that solutions of the combined system exist and are bounded on any
bounded interval (property (5.21) and see Assumptions 5.1 and 5.2). The limiting
relation (5.22) ensures that the influence of uncertainties on the target dynamics
is compensated for asymptotically; this is in full agreement with what is expected
from an adaptive system (Polderman and Pait 2003).

Developing adaptation laws with more delicate and “certain” asymptotic behav-
ior is a natural step forward after solutions to Problem 5.1 have been found. Suppose
that @ is a perturbation and the system has an invariant set at # = 0. Then an inter-
esting question is that of whether we can steer the system’s state to this set when
the value of @ # 0 and is uncertain. This constitutes Problem 5.2.

Problem5.2 Consider system (5.1), and let g be its invariant setat = 0,u = 0.
Find the functions
u=ulx,0,1), 0 =60(x,1), (5.23)

such that for all # € 2y trajectories x(¢) of the combined system (5.1) and (5.23)
converge to 2p asymptotically.

Equations (5.1) in Problems 5.1 and 5.2 describe a single system with uncertain-
ties. Yet, in a range of situations it is worthwhile to decompose the system into an
interconnection of smaller ones. Each smaller subsystem will have its own inputs,
outputs, and states, and a state of one subsystem may not be generally accessi-
ble from another. The question is how can adaptation and adaptive regulation be
realized in this case? Thus we converge to Problem 5.3.

Problem 5.3 Consider an interconnection of (not necessarily identical) systems
S1 and S;. Suppose that the dynamics of each system is governed by (5.1), (5.8),
and (5.20), and that these control laws are solutions of Problem 5.1 for each of the
subsystems.

(1) Determine conditions ensuring that
(1.1) the interconnection is complete;
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(1.2) the state of the combined system is bounded for all 8; € $p, and
0> € Qp,; 01 and 0, are unknown parameters of systems S; and Sy
respectively; 0 = 01 & 65;

(1.3) the limiting relation (5.22) holds for each subsystem.

Consider interconnection of systems S; and D,, where D; is complete.

(2) Determine conditions ensuring that
(2.1) the interconnection is complete;
(2.2) the state of the interconnection is bounded for all @ € .

(3) Find solutions of (1) and (2) for interconnections of an arbitrary (finite) number
of systems.

Notice that the decentralized adaptive control problem is a special case of
Problem 5.3.

Problems 5.1-5.3 focused on the issues of control and regulation of uncertain
dynamical systems, albeit in the framework of adaptation. Let us now introduce two
more problems in which estimation of unknown parameters of dynamical systems
is necessary.

Problem 5.4 Consider (5.1) and (5.8), and suppose that Assumptions 5.1-5.4
hold. Find an adaptation algorithm (5.20) such that

(1) the combined system is complete;

(2) the property
lim 0(z) =6 (5.24)
t—00

holds forall xg € R" and @ € g, preferably providing the rates of convergence
of 6 to 6.

Unlike other problems considered so far in this chapter, Problem 5.4 does not
require that solutions of the combined system remain bounded or converge to
some specified set. Since the function u is fixed, we can interpret this problem
as a kind of adaptive bifurcation control should the dynamics of the combined
system change dramatically at § = 9. The fact that nonlinear parametrization is
allowed here makes this formulation different from other known statements (see
e.g. Moreau et al. (2003) and Moreau and Sontag (2003)).

Notice that, despite the fact that the models in Problem 5.4 are allowed to be
nonlinearly parametrized, they are restricted by the monotonicity constraints for-
mulated in Assumptions 5.3 and 5.4. The main reason for introducing this constraint
is that in Problem 5.4 we aim at finding algorithms by solving the estimation prob-
lem globally. That is, we require that (5.24) holds for all xo € R" and 0 € Q.
In the case of a more general class of parametrizations it may be impossible to
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establish global results. Yet, one can still pose a question about finding parameter-
estimation algorithms for systems in which the uncertainty models are not limited
to nonlinearities that are monotone in parameters. For this reason we introduce
Problem 5.5.

Problem 5.5 Consider system (5.1). Find a control input «, as a function of x and
t, adaptation algorithm (5.20), and domains €2, Q; C 2p such that state x of (5.1)
is bounded and (5.24) holds for all xg € 2, and 6 € Q/e.

Solutions of Problems 5.1-5.5 are provided in the following sections.

5.2 Direct adaptive control

In this section we will present constructive solutions to Problem 5.1. We start by
introducing a synthesis method, the method of the virtual adaptation algorithm. The
method is described in Section 5.2.1, and its applicability conditions for system (5.1)
are presented in Theorem 5.1. One of the most critical conditions is an integrability
constraint. This constraint allows us to specify a class of systems for which the
method can be applied directly. In Section 5.2.2 we present a technique enabling
us to expand the results to a wider class of systems, which do not satisfy the
conditions of Theorem 5.1 explicitly. The technique is based on reducing the number
of independent variables in the integrability constraint so that the integrability
condition will eventually be satisfied. This is achieved by a purposeful extension
of the state space of the original (5.1). In Section 5.2.3 we demonstrate how the
results of Sections 5.2.1 and 5.2.2 can be applied to deal with the cascades of (5.1).

5.2.1 Virtual adaptation algorithms. Sufficient conditions of realizability

Standard approaches in parameter-estimation and adaptation problems usually
assume feedback and a parameter-adjustment algorithm in the following form:

w=ux0,0, 8= Ay, x0), (5.25)

where .Alg : R x R" x Ryg — R? is a function of the error function
¥ (x,t), state X, and time ¢. The favorite strategy for finding these is a two-stage
design prescription, known as the certainty-equivalence principle. First, construct
uncertainty-dependent feedback u(x, 0,¢), 8 € Qg which ensures boundedness of
the trajectories x(¢). Second, replace # with 0 in u(x,0,t) and, given the con-
straints (e.g. @ and x cannot be measured explicitly while state x is available),
design a function Ay, (-) that guarantees (5.21)—(5.24), and/or ¥ (x(t),t) — 0.
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With this strategy, the design of the feedback u(x,0,¢) is generally indepen-
dent® of the specific design of the parameter-estimation algorithm A (¥, X, 1).
This allows one to obtain the full benefit of nonlinear control theory in design-
ing the feedback u(x,@,7). On the other hand, this strategy equally benefits from
conventional parameter-estimation and adaptation theories, which provide a list
of ready-to-be-implemented algorithms under the assumption that the feedback
u(x,0,t) ensures stability of the system.

Ironically, the power of the certainty-equivalence principle — simplicity and inde-
pendence of the design stages —is also its Achilles’ heel. It ignores the possibility of
advantageous interactions between control and parameter estimation procedures.
There are numerous reports (Stotsky 1993; Ortega et al. 2002; Astolfi and Ortega
2003; Tyukin et al. 2003a) that an additional interaction term

0p(x,1) :R" x Rag — R? (5.26)
added to the parameters 0 in the function u(x, é, 1),
u(x,0 +0p(x,1,0), (5.27)

introduces new properties to the system. Unfortunately, straightforward introduc-
tion of this term as a new variable of the design negatively affects its simplicity and
hence the so-much-favored independence of the design stages.

An alternative strategy is proposed in Tyukin (2003) and Tyukin ef al. (2003b).
It introduces a simple design paradigm for choosing (5.26) and (5.27), in which
the adaptation algorithms in (5.25) are initially allowed to depend on unmeasurable
variables 1&, X, and 6:

0 = A, (0,1, %,%,0,0). (5.28)
For this reason such algorithms are called virtual algorithms. If the desired prop-

erties (5.21)—(5.24) are ensured with (5.28) then the unrealizable algorithm (5.28)
is converted into integro-differential, or finite, form (Fradkov 1986):

6 =T0px1)+0,01),

X (5.29)
0 = Aig(¥,x,0), T e R4, T > 0.

Under the following condition, the finite-form representation (5.29) is equivalent

to (5.28):

30p(x,1).  30p(x,1)
X +
0x ot

Ar (.. x.%,0,0) =T ( +A1g(1//,x,t)> . (5.30)

6 In particular, it is a standard requirement that the function u(x, #, ) should guarantee Lyapunov stability of the

system for § = 6, whereas parameter-adjustment algorithms use this property in order to ensure stability of the
whole system. No other properties are required from the function u(x, 8,17).



5.2 Direct adaptive control 165

Thus, instead of attempting to solve a synthesis problem subject to a given set of
constraints, we propose to start by finding solutions to an unconstrained problem.
At a later stage, the initial constraints will be taken into account, and we shall retain
only those solutions which satisfy these constraints.

According to this strategy, design of the adaptation algorithms requires, first,
finding appropriate virtual algorithms Ai“g(w,tﬁ,x, X,0,t) and, second, solving

(5.30) for 0 p(x,1) and Ajg(,x,1). This approach preserves the convenience of
the certainty-equivalence principle, since the feedback u (x, @, ¢) could, in principle,
be built independently of the subsequent parameter adjustment procedure. At the
same time, it provides in a systematic way the necessary interaction term ép (x,1),
ensuring the required properties (5.21)—(5.24) of the closed-loop system even if the
function f(x,0,t) in (5.11) is nonlinear in 6.

Clearly, the choice of equations describing virtual adaptation algorithms (5.28)
mustbeadequatetotherequirementsof Problems5.1-5.5. Inparticular, thealgorithms
must be able to cope with nonlinear parametrization without invoking any unneces-
sary domination of the unknown nonlinearities (this contrasts sharply with a more
conservative design philosophy in Putov (1993), Loh er al. (1999), and Lin and Qian
(2002a,b)). Second, they have to guarantee that property (5.24) (Problems 5.4 and
5.5) holds. Finally, in order to be able to find a solution to Problem 5.2, it is natural
to require that no unwanted invariant sets emerge as a result of adaptation.

Taking these requirements into account, we consider the following class of virtual
adaptation algorithms:’

0 =T + o, o)1) + O 0,00 —0), T eR>™ T =0 (531)

where Q(x,(;,t) cR" x RY x R — R?*4 Q(.) e C°. Indeed, depending on
the choice of Q and &, adaptation can be switched off either along the trajectories
corresponding to the target dynamics ¥ = —@(¥,®,) or when 0 =0.Asa
candidate for the finite-form realization (5.29) of algorithms of type (5.31) we
select the following set of equations:

0(x,t) =T@p(x,1)+0;(t)), T e R4 T > 0,
Op(x,1) = ¥(x,D)a(x, 1) — W(x,1),
0 = o (x.1), @ D%, 1) + R(x, 0, u(x,0,1), 1), (5.32)

where the function ¥ (x,7) : R” x R>g — Ry, W(x,1) € C! satisfies the following
integrability assumption.

7 This choice is motivated by our previous study of derivative-dependent algorithms for systems with nonlinearly
parametrized uncertainties (Prokhorov ez al. 2002b; Tyukin er al. 2003a).
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Assumption 5.5  There exists a function W (x,t) such that

ov(x,1) D) da(x,t)

= B(x,1), (5.33)
0Xo

where B(x,t) : R" x R>g — RXP s either zero o, if f2(x, 0, 1) is differentiable
in 0, satisfies the condition

Bx,t)F(x,0,0",t) <0 V0,0 € Q, xeR",

1
]-'(x,0,0/,t):/ IESD)D) o Sy = 0h 481 — ).

0 as ’

The function R(x, 0, u(x,0,1),7) : R" x R? x R x R~¢ — R¥ in (5.32) is given
as follows:

R0, u(x.0.0).1) = % _ w(x,;)aag);,t)

- (w(x’ t)Lfla(Xe t) - Lf] "IJ(X’ t))
— (Y (X, 1) Lg,0(X, 1) — Lg, W (X, 1))u(x,8,1)
+ B, )(F2(x,0,1) + g2 (x, Hu(x, 0, 1)). (5.34)

The functions W(x, 7) and R(x, 9, u(x, 9, t),t) are introduced into (5.32) in order
to shape the derivative 9(x, t) to fit (5.31). The role of the function ¥ (x, ¢) in (5.32)
is to compensate for the uncertainty-dependent term ¥ (X, 7)L¢,(x 0, (X, 1), and
(5.33) is the condition for such a compensation to be possible.® With the function
R(x, é, u(x, é, 1), t) we eliminate the influence of the uncertainty-independent vec-
tor fields f1(x,7), g1(x, ), and g>(x, ¢) on the desired form of the time-derivative
0 (x, t). In this sense Assumption 5.5 specifies the condition for solvability of (5.30)
for the class of virtual algorithms (5.31).

The properties of the system (5.1) and (5.11) with adaptation algorithm (5.32)
and (5.34) are summarized in Theorem 5.1.

Theorem 5.1 Let the system (5.1), (5.11), (5.32), and (5.34) be given and let
Assumptions 5.3-5.5 be satisfied. Then the following properties hold.

(1) Let, for the given initial conditions X(tg), 0 (ty), and parameter vector 0, the
the interval [ty, T*], T* > ty be the (maximal) time-interval of existence of

8 Its technical relevance and issues related to validation of Assumption 5.5 are discussed after the formulation of
Theorem 5.1.
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solutions in the closed-loop system (5.1), (5.11), (5.32), and (5.34). Then

Fx(0),0,1) — f(x(1),0(1),1) € Li[to, T*], (5.35)
A A~ D
10 — )7 < [6(t0) — 017, + 2—D%||e(r>||§,m,m. (5.36)
In particular,

L (x(2).0.0) — FX@).00). )2 10,741 < D@10, T, l6() 12,110,741

(5.37)
where
D 0.5
A 2
Dy (0,10, T, le®)l2,19,7%1) = (5”0 - 0(to)llr_1)
D
+ D—||8(t)||2,[zo,T*]- (5.38)
1
In addition, if Assumptions 5.1 and 5.2 are satisfied then
(2) Y (x(@t),1) € Lilto,00], x(1) € LI t, 0], and
1 (X (1), ) lloo,l1.00] < Yoo2 (¥ (X0, 70), @, D)., (5.39)

where D* = Dy (0,10, T, € () l|2,19,00) + l€(®)]l2,19,001-
(3) if properties HI and H4 hold, and the system (5.13) admits an L;[to, o]
Lrl,[to, o], p > 1 margin with respect to input £ (t) and output \r, then

e(t) € Liltg,00] N Liltg, 001 = lim ¢ (x(1),1) = 0. (5.40)

If, in addition, property H2 holds, and the functions o(X,t) and 9y (X,t)/dt
are locally bounded with respect to X uniformly in t, then
(4) the following limiting relation holds:

Aim (f (x(1),0,1) — fx(@0),60),1) =0. (5.41)

Theorem 5.1 provides a set of conditions ensuring that algorithms (5.32) are
solutions of Problem 5.1. In addition to assumptions introduced earlier, the theorem
requires that an extra assumption holds, namely Assumption 5.5. Therefore, prior
to discussing the results of Theorem 5.1, we wish to comment on Assumption 5.5.
Because the function v (x, t) specifies the desired target set and et (X, ) is determined
by f2(x,0, 1) in (5.1) and the function ¥ (X, ¢), the uncertainty models f>(x, 8, ¢) and
the choice of the goal function 1/ (x,t) are interrelated through the conditions for



168 Algorithms of adaptive regulation and adaptation in dynamical systems

existence of a function W(x,r) satisfying (5.33). When B(x,1) € C!, B(x,t) =
col(Bi(x,1), ..., By(x,1)), and ae(x,1) € C2, at(x,1) = col(a|(X,1),...,aq(X,1)),
these conditions follow from

9 (w(x, 24D | g r))
0Xo 0Xo

, T
- (i (vf(x,nw + B,-<x,r)>) |
X2 0X)

As a condition for the existence of W(x,t), this relation takes into account the
structural properties of the system (5.1) and (5.11). Indeed, let B(x,¢) = 0, and
consider partial derivatives do;(X,t)/0xy and 0y (x,1)/dX> with respect to the

(5.42)

vector xp = (x21,... ,xzp)T. Let for some k € {1,..., p} the following hold:
Y (x,1) 00---0 % 0---0
— —_—— ~—— s
0xo k—1 p—k
(5.43)
do (X, 1) 00---0 x 0---0
- = —— ~—— s
) k-1 p—k

where the symbol * denotes a scalar function of x and . Then condition (5.43)
guarantees that the equality (5.42) and, consequently, Assumption 5.5, hold.
Hence, whether Assumption 5.5 holds depends, roughly speaking, on how the
partition x, enters the arguments of the functions v (x,7) and a(x,t). When
do(x] @ Xxp,1)/0xp = 0, Assumption 5.5 holds for arbitrary ¥ (x,7) € cl It
¥(x,t) and e (X, t) depend on just a single component of x5, for instance x», con-
ditions (5.43) hold and the function W(x, ) can be derived explicitly by taking the
indefinite integral

o(x,t)
W(x,1) =/1ﬁ(x,t) . dxo, (5.44)

or, numerically,

X2k (1)
W(x,1) = / v 2D (5.45)
xax (o) dx2k

In all other cases, the existence of the required function W (x, ¢) follows from (5.42).
The necessity to satisfy Assumption 5.5 may, at first, look like a strong con-

straint. Yet, we notice that Assumption 5.5 holds in the relevant problem settings

for arbitrary a(x, 1), ¥ (x,t) € C!. Consider for instance Cao ez al. (2003), where

the class of systems is restricted to (5.46):

X =—ox,u)x+ f0,u,x), x e R,o(x,u) > Omin > 0. (5.46)
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The system state in (5.46) has dimension dim{x} = dim{x>} = 1. Hence, according
to (5.44), and in the case of functions ¥ (x, 1), a(x,t) € C I there will always exist
a function W (x, r) satisfying equality (5.33) with B(x,7) = 0.

In alarge variety of situations, when dim{x,} > 1, the problem of finding W (x, )
satisfying condition (5.33) can be avoided (or converted into one with an already
known solution such as (5.42) or (5.44)) by the embedding technique proposed
in Tyukin ef al. (2003b) and Tyukin and Prokhorov (2004). We will describe it in
detail in Section 5.2.2.

For the time being, however, let us proceed with a brief discussion of the results
stated in Theorem 5.1. The theorem ensures a set of relevant properties for both
control (properties 2 and 3) and parameter-estimation problems (properties 1 and 4).
These properties, as illustrated with (5.35)—(5.41), provide conditions for bound-
edness of the solutions x(z, Xq, fp, @, u(t)), zeroing of the goal function ¥ (x,?),
and exact compensation of the uncertainty term f(x, @,t) even in the presence of
unknown disturbances e(t) € L%[to, oco]N Lclx) [9, oo]. All this follows from the fact
that (f(x(2),0,1) — f(x(t), é(t), 1)) € Lé[to, oo] (see also (5.21) in Problem 5.1)),
which in turn is guaranteed by properties (5.16), (5.17), and (5.19) of the function
f(x,0,1) in Assumptions 5.3 and 5.4. Estimate (5.19) in Assumption 5.4 is par-
ticularly important by virtue of allowing potentially unbounded disturbances from
Lé[to, oo]. When no disturbances are present, it is possible to show that properties
1-4 hold without involving Assumption 5.4.

Corollary 5.1 Let the system (5.1), (5.11), (5.32), and (5.34) be given, let e(t) =
0, and let Assumptions 5.3 and 5.5 hold. Then

(5) the norm |0 — é(t) ||%,l is non-increasing and properties 1-4° of Theorem 5.1
hold with e(t) = 0.

In addition to the fact that | f (x,0,¢) — f(x, é, t)| is not required to be bounded
from below as in (5.19), Corollary 5.1 ensures that ||§ — é(t)||%,_1 is not growing
with time when ¢(¢#) = 0. Its practical relevance is that it guarantees the desired
convergence (5.24) with a much weaker, local, version of Assumption 5.4. It will
also help us to establish conditions for exponential stability in the unperturbed
system. However, before we start analyzing these new properties of algorithms
(5.32), let us first address the question of how to avoid complications arising due
to the integrability assumption, Assumption 5.5, for (5.1).

9 In this case the bound for ||y (x(r), 1) ||oo,[,0,OQ 1 will be different from the one given by (5.39) in Theorem 5.1.
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5.2.2 Embedding problem

When dim{x,} > 1, the problem of finding W (x, ¢) satisfying condition (5.33) can
be avoided (or converted into one with an already known solution such as (5.42)
and (5.44)) by the embedding technique proposed in Tyukin et al. (2003b). The
main idea of this method is to introduce an auxiliary (forward-complete) system

§ =1f:(x,§1), § eRY;
(5.47)
hs = hg(§,7) : R® x Ryg — R,

such that for all § € R?
gg(t) = f(x(2),0,1) — f(x1(2) ®he (1) DX5(1),0,1) € L%[to, 0] (5.48)
and dim{hg} 4 dim {x}} = p. Then (5.11) can be rewritten as'’

V= f(x1 @hs ®x5,0,1) — f(x1 Dhs ®x5,0,1) — p(¥, @, 1) + ££(1), (5.49)

where g¢ (1) = g9 (1) +e(1) € L;[to, 0o], and dim{xé} = p—h < p.Inprinciple, the
dimension of x/, could be reduced to 1 or 0. As soon as this is ensured, Assumption
5.5 will be satisfied, and the results of Theorem 5.1 follow.

The desired properties of system (5.47) are summarized in the following
assumption.

Assumption 5.6  System (5.47)
(1) is forward-complete,
x € L: [to,T] = & € L [t0,T]; (5.50)

(2) there exists a locally bounded function A : R? x R" — R>¢ such that for all
0 € Qg and x(ty) the following holds along the solutions of (5.47):

| f(x,0,1) — f(x1 DX, @ he,0,0)21,74] < Ae(0,X0), (5.51)
where T* is the maximal interval of existence of the solution X(t, Xq).

Extending the state space of the original system (5.1) by including extra variables
of which the dynamics is governed by (5.47) transforms (5.11) into (5.49), where

llee (D) 1l2,11,71 < Ae(8,X0).

10 In general, the L%[to, oo]-norm of &y (t) depends on 6. Therefore, given that bounds of ) might not be available
a priori, it is not always possible to prove that the L;[to, o0o]-norm of &5 (t) is bounded. In this case a modified
control (5.10), where the term f(x, 0, t) is replaced with f (x1 () ®hg (1) ® x/2 (1), é, 1), could be used to render
(5.11) into (5.49) with eg (t) = e (1) + (1) € Lé[to, 00].
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Let us now introduce the following adaptation algorithm for the extended system
(5.1) and (5.47):

0x,1)=T@px,1)+0;(t)), T e R T >0,
Op(x,1) = ¥ (x,a(x; x> ®he,1) — W(x; & x5 ® h, 1), (5.52)
0, = (Y (x.1), 0, De(x; DX ®he. 1) + R(x.0,u(x,0,1).1),
where the function ¥ (x; @ x/2 @ hg, 1) satisfies Assumption 5.7.

Assumption 5.7 There exists a function V(x| @ x’2 ®hg,t) el U such that the
following holds:

IV (x1 & X/2 @ hg, 1) _

da(x1 ® Xy © he, 1)
0x) '

/
8x2

v(x,1) (5.53)

The function R(x,@,u(x,é,t),t) R x R? x R x Rs>o — R4 in (5.52) is
defined as

da(x] ® X, @ hg, 1)

n OV (x; X, @ he, 1)
R, u(x,0,1),1) = i L) -
OV (x; B x, ®he,t) do(x] Bx, @ he, 1)
+ ( ahz § —Y(x1) 2 3 )
3 dhg
doh:(&,1)
) %fg(x,é,t) — (Y (x, 1) Lo (x; DX, D he,1)

— LfI\I’(Xl [ans X,2 EBhg,t))
— (Y (x,1)Lg,0(x; ® X, D hg, 1)
— Lg, W(x; ® X, @ he, 0)u(x,,1). (5.54)

The properties of the extended system (5.1), (5.47), (5.52), and (5.54) are
formulated in Theorem 5.2.

Theorem 5.2  Consider the system (5.1), (5.47), (5.52), and (5.54), and suppose
that system (5.47) satisfies Assumption 5.6. Then the statements of Theorem 5.1
hold for trajectories x and o of the extended system, provided that Assumption 5.5
in the formulation of Theorem 5.1 is replaced with Assumption 5.7.

Moreover, if Assumption 5.2 holds for systems (5.1) and (5.13) then the extended
system is forward-complete and its solutions are bounded.

Theorem 5.2 enables us to replace the integrability constraint specified in
Assumption 5.5 with a much weaker requirement formulated in Assumption 5.7.
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Indeed, the existence of system (5.47) satisfying Assumption 5.6 with dim{hg } = p
implies that Assumption 5.7 holds. Hence we can conclude that Theorem 5.2
reduces Problem 5.1 to that of finding a suitable embedding of the original (5.1)
into a higher-dimensional system (5.1) and (5.47), with dim{hg} = p satisfying
Assumption 5.6.

Let us now describe examples of dynamical systems for which it is possible to
find such an embedding. We start with (5.1) in which the functions f>(x, €, ¢) satisfy
the following assumption.

Assumption 5.8  There is a function §y(x,1) : R" x R>g — R?, §7;(x,1) > 0,
i = 1,...,p, such that for every 0 € Qg and all x € R", t € Rx( there exist
0 € RP and 0, € RP ensuring that the following inequality holds:

[f2,i(X,0,0)] < Of;i-87i(X,8)+0p;, i=1,...,p. (5.55)

According to Assumption 5.8 for every 6 € 2 there are Ay : R? x R>og —
RPFLAr(x,1) = 87(x,1) ® 1, and n € RPT! such that

1£2(x, 8,0 < 9T A p(x,1). (5.56)

Systems satisfying conditions (5.55) and (5.56) include a broad class of equations
of which the right-hand side is locally bounded in 6. In this respect Assumption 5.8
is not at all restrictive. A somewhat restricting factor, however, is that the functions
dr(x,t) and A ¢(x,1) in (5.55) and (5.56) are supposed to be known. Let us now
impose one more technical condition on f(x,8,1).

Assumption 5.9  There existh. : R? x R" x R>g — R”, hg : R? — R?, and
h.,hs e C U such that

[he (§,%,7) —he(x2,x,0)[| > | f(x1 ®he(§),0,1) — f(x1 ©x2,0,1)],
Yo € Q. (5.57)
Assumption 5.9 holds, obviously, for the functions f(x, @, ¢) which are Lipschitz

n X.
Consider

E=HEXDHE XD+ X — &) +@Xx,Dutv, f>0,  (558)

where

1
HE,x, 1) = /O 8hf(s(k’8i’ XX D) 1 SOLEX) = Axa + (1 — W,
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and v is defined as

=~ A p(x,1) - sign(€ — x2),

. (5.59)
n=T,Arx,1)-sign(§ — x) (& — x2), r,>0.

Some asymptotic properties of (5.58) and (5.59) are formulated below.

Theorem 5.3  Consider serial interconnection of (5.1) and (5.58) plus (5.59). Let
system (5.1) satisfy Assumption 5.8, and let he (+) in (5.58) satisfy Assumption 5.9
with hg = §. Then

(1) the system (5.58) and (5.59) is complete in the sense thatx(t) € L% [to, T],x €
CO'= &(t) e L [to, T
(2) the following estimate holds for all Xo € R" and 6 € Qq:

| f(x1 ®he,0,1) — f(x1 ©x2,0,1)|2,11,7%]

S

f(nsao)—xmo)n G = nlk) . (5.60)

where T* is the maximal time of existence of the solution x(t, Xq).

The theorem allows one to replace the problem of finding functions W satisfying
Assumption 5.5 or Assumption 5.7 with that of checking Assumptions 5.8 and 5.9.
These assumptions are not linked with any integrability constraints. Indeed, if the
function f,(x, 0, 1) is locally bounded in 6 and f(x,#,¢) is Lipschitz in x, then
an extension (5.47) satisfying these new assumptions will always exist. Moreover,
the theorem ensures that the system (5.58) and (5.59) can serve as an extension
satisfying Assumption 5.2. Thus according to Theorem 5.2, Problem 5.1 can be
solved for a broad range of systems with locally bounded right-hand side. Particular
algorithms of adaptation follow from (5.52), (5.54), (5.58), and (5.59).

Notice, however, that the right-hand side of (5.58) is not guaranteed to be contin-
uous. It could be made continuous for systems in which the vector fields governing
the dynamics of partition x) of x, are linearly parametrized (see Section 5.3). In
general, however, finding extensions (5.47) with continuous right-hand side and at
the same time satisfying Assumption 5.6 is a non-trivial task. Nonetheless, continu-
ity and even differentiability could be needed in a number of applications. Adaptive
regulation of cascaded systems is an example of such problems. Solving the prob-
lem of adaptive regulation for this class of systems usually involves calculation of
partial derivatives (up to the nth order) of the vector fields on the right-hand side of
the system (Krsti¢ e al. 1992; Kolesnikov 1994). Thus an extension of the results
to cascaded systems is needed. This extension is provided in the next section.
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5.2.3 Direct adaptive control for systems with lower-triangular structure

Consider the following class of models:

Xi = fi(x1,...,x,0;) + xi41,
Xn = fa(xt, ..., X0, 0,) +u+ (1), (5.61)
e(t)ely, 0; €eQ,i=1,...,n—1,0, € Qp,

where the functions f;(-),i = 1, ..., n, satisfy Assumptions 5.3 and 5.4, and the cor-
responding functions &; (x) are smooth (i.e. the function is differentiable infinitely
many times). In addition, suppose that the following assumption holds.

Assumption 5.10 There exist smooth functions D;(") : Rt x Rl — R such that
(fi s xi00) — fix]s. . x),00)* < DR x)Ixi — x{[1%, ¥ 0; € Qo,
where X; = (x1,...,xi)7 and X; = (x},. .. ,xl()T.

Let the control goal be to reach asymptotically the following manifold ¥ (x;) = 0
in the system’s state space:

Am 9 (e () = 0. (5.62)

We start with the following lemma.

Lemma 5.1 Consider
Xi = fi(x1,...,x;,0;) + Bi(x,1), xg = X(ty), (5.63)

i = 1,...,n and a smooth function u(X,z,0p) : R* x R™ x RY — R. Let [to0, T,
T > ty, be an interval of existence of solutions of (5.63).

Let us suppose that 0y € Qg, where Qg is bounded. In addition let there exist
functions F(x,x,z) and D;(x,x), i = 1,...,n such that

(1) (u(x,2,00)—u(x,2,00))* < |[x—x'| F*(x,x,2),¥ 0y € Qf, withx,x' € R",
(2) (i1 oxi00) = filx],. . x],00) < 1% =X |2DA(x.X) Y 8; € Qg with
il,i; € Rl’l’
il = (X],...,.xi,o,--',o)T’
X = (.20, 0T

Finally, let there exist and be known functions a; (X) such that Assumptions 5.3 and
5.4 hold for the respective functions fi(xy,...,x;i,0;).
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Then there exist £(t) : R — R", v(t) : R — R™, smooth functions f: (-) and
f, (-), and the corresponding system

g = fé(X,éaZa V), EO € Rn,

(5.64)
l.’ = fl)(ngaza V), V() € Rma

such that

(1) u(x,z,0p) —u(q;,z,00) € Lo[to, T], i =1,...,n,

)T.

)

Qi - (519---’§i’xi+1,---’xn

(2) fi(x1,...,xi,0;) — fi(61,...,&-1,%;,0;) € La[tg, T), i =2,...,n;
(3) X € Loolto,T] = &,v € Loo[to, T

Moreover, the corresponding Lo- and L «-norms can be bounded from above by
constants whose values do not depend on T.

Lemma 5.1 allows us to prove the following result.

Theorem 5.4 Let system (5.61) and the goal functional ¥ (x1) = 0 be given.
Suppose that the function r is smooth, and ¥ (x1) € Leolty, T] = x1 € Lolto, T].
Let fi(x1,...,xi,0;) in(5.61) be smooth and satisfy Assumptions 5.3 and 5.4 with
smooth functions o;(x1, . . ., x;), respectively. In addition, suppose that Assumption
5.10 holds.

Then there exists an auxiliary system

§=1f(x&v), v=FxE,v),

(5.65)
&) eR", vpeR",
as well as smooth functions Vi(x;,t), i = 1,...,n, 0 p(x,&), control input
u(x,0,&,v), and an adaptation algorithm
0(x,6,0)=y@px.&)+0)), y >0,
. (5.66)

b, = é(X,é,E,V),
such that

(1) Yi(xi, 1), ¥ € Lalto,00] N Loolto, 00), ¥, ¥ € Lalig, 001, i = 1,....n;
(2) 0 € L[tg,00] and u(x,0,&,v) —u(x,0,,&,v) € Ly[ty, 0],

(3) x,&,v € Loolto,00];

(4) if e(t) € Lsolto,00], then 1/}, xﬁi € Loltg, o0), and the following holds:

lim ¥ (x1() =0,  lim ¥;(x; (), 0) =0,i=1,...,n.
t—00 [—00
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Similarly to Theorems 5.2 and 5.3, Theorem 5.4 establishes conditions (Assump-
tion 5.10) allowing one to replace the integrability constraint (5.33) with the weaker
requirement of finding an auxiliary system (extension) (5.47), (5.58), (5.59) or
(5.65), satisfying Assumption 5.6. Such an auxiliary system, or extension, can be
viewed as a functional observer S, (see Section 4.3.2) for X, ensuring the bound-
edness of the estimation error with respect to the norm (4.60). Thus, completeness
and the boundedness of the system’s state follow immediately from Theorem 4.6.

Our proof of the theorem is constructive (see the appendix to this chapter). This
implies that it not only establishes the existence of an adaptive control law for (5.61),
but also presents specific adaptation algorithms (e.g. (A5.44)). In order to illustrate
how these algorithms can be constructed, two examples are considered below. In the
first example we show how Theorems 5.2-5.4 can be used for designing adaptation
algorithms for cascaded systems with linear parametrization. In the second example
we demonstrate how the very same method can be applied to systems with nonlinear
parametrization.

Example 5.2.1 Let us consider the following system:
X = x%@o + X2, X2 = X101 + x20 + u, (5.67)

where the parameters 8y, 61, and 0 are assumed to be unknown. The control goal
is to steer the system towards the manifold x; — 1 = 0 in R?. To design adaptive
algorithms in finite form for system (5.67), we follow the steps in the proof of
Theorem 5.4.

(1) Intermediate control design. Derive the control function u(x1, éo), such that
for the reduced system

X1 = x300 4+ u1(x1,00) + e1(1), e1(t) € La; o = Oo.p(x1) + 601 (1),

attainment of the control goal is guaranteed: ¥ (x1(¢)) = x1(¢) — 1 — 0 as
t — 0o. Moreover, the function u(x1, 6y(x1, 6p,7)) should ensure that ¥, w €
L (19, o0].

(2) Embedding. Extend the system dynamics with (or embed it into) the auxiliary
system

E=fr(x,E,1), V= fi(x,£) (5.68)

in order to guarantee that

u(x1,00(x1,60.0)) — u(£,00(8,00.0)) € Lalto, T1,  x1 —& € La[to, T,
(5.69)
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These L;[ty, T']-norms are to be bounded by continuous functions of the initial
conditions and, possible, parameters.

(3) Control-function design. Introduce a new goal function ¥ (x3,1) = x2 —
ui (€, éo(é, éo, 7)) and derive a control function u(x, x3,&,1) such that 1&2 €
Lo[tg, 00], Y2 € Ly N Loolt, 00]. The last condition automatically implies that

&1 = x360 + x2 = X360 + w1 (x1,60(x1,60.1)) + p(1),
where
(1) = xa — u1 (x1, 00 (x1, 00.0))
= (x2 — u1(€,00(&,00.0))) + (u1(€.00(2.,00.1))
— u1(x1.60(x1.00.1))) € Lalto, ool.
Therefore, according to the choice of the function ul(xl,éo(xl,éo,l)), control
u(xy,xz,&,t) guarantees that ¥ (x;(z)) — 0 ast — oo, with ¥, ¢ € L[tg, o0].
We begin by determining the function u(xi,60(x1,60.7)). Let ui(x1,6p) =

—Ci(x;—1) — éoxlz, where C; > 0 is the design parameter and éo satisfies the
following differential equation (virtual adaptation algorithm):

6o = Y (C1(x1 — 1) + i)x2, yo > 0. (5.70)

It follows from Lemma A5.2 (see the proof of Lemma 5.1 in the appendix to this
chapter) that the control function u(x1, éo) with algorithm (5.70) guarantees that
v, w € La[tg, 00], ¥ (x1(t)) = Oast — oco. According to Theorem 5.1, the finite-
form realization of (5.70) can be given as follows: éo(xl,éo,l (1)) = yo(%xf +

éo,I(I)), QAOJ = Ci(x] — 1)x12. On substituting these into ul(xl,éo) we get the
following expression for 1 (-):

~ ~ 1 ~
u1(x1,00(x1,00.0)) = —C1(x1 — 1) — yo (gxﬁ + X1290,1(l)) :
(5.71)

fo.s = Y (e (x1) = Cp(xp — D2,

This completes step 1 of the synthesis procedure.
Let us design a system (5.68) that guarantees that (5.69) holds for the function
(5.71). First, consider the difference

u(x1,00(x1,60.1)) — u(&,00(&,60.1))

~ 1
= —(x] — &) <01 + 0 (<x1 +&)o1 + §(xi‘ + X8 + X782+ x1E7 + s4>>> :
(5.72)
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and denote F (x1,&,07,0) = C1+yo((x1+8)00,1+1 (xf+x36 +x26 242183 +£H). Tt
follows from Lemma 5.1 that there exists a system (5.68) such that condition (5.69)
holds. This system can be given by the equation

E=(x1 — &) (F*(x1,&,000) + 1) + x70: + x2, (5.73)

where ég satisfies the following differential equation: ég =(x] —&+4+x — é)x%.
The finite-form realization of this algorithm“ follows from Theorem 5.1, and it
can be written as

~ 1 ~
95 = §x13 + 95,1,

Deg = (1 — E)x% — x2((x1 — )(FA1.£.000) + 1) + 220 +x2).  (5.74)

Taking into account (5.74) and (5.73), the system (5.68) which ensures (5.69) can
be represented as follows:

. ~ 1 ~
£ = (x; — &) (F2(x1,£,00) + 1) + gxf + 0z 1 (0)x] + x2,
Oer = (x1 — E)x2 — x2((x) — E)(F2(x1,&,80.) + 1)

1 .
+ gxf + 6z 1 (1)x] + x2). (5.75)

This completes the second step of the iteration.
To conclude the procedure we consider the new target set

x2 —u1(&,00(€,60.0)) =0

and goal function

I 1 .
Yo (x2,1) = x2 —u1(§,00(5,00,0) =x2+C1(§ = 1) +n <§$5 + 90,1$2> .

11 The introduction of algorithms (5.74) is not necessary because the original system is linearly parametrized and
condition (5.69) can be satisfied even with conventional adaptation schemes. Nevertheless, we would like to
keep the calculations consistent with the steps in the proof of Theorem 5.4 in order to show how the method
operates, in preparation for cases in which the right-hand sides are nonlinearly parametrized.
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Let us write the derivative with respect to time ¢ of the function ¥, (-):

du1(€,60(5,80.1)) ; i dur(,60(5,60.0)) ; .

U = iy —
0& 360, 1

5 A
= x101 + x26h + u + yoCléz(xl — 1))612 + <C1 + 1 (554 + 250(),1>)

~ 1 ~
X ((m — E)(F?(x1,€,60.0) + 1) + y0 (gxf + 95,1(l)x12) + xz) :
Therefore, the control function

u=—£0) — x20) — yoC162(x1 — Dx}

1 o
-G (xz +CiE— D+ <§§5 + 90,152))

5 ~
— (Cl + 0 <§§4 + 2%‘90,1))
~ 1 ~
X ((xl —E)(F*(x1,€.00) + 1) + w0 <§Xf + Qs,l(t)xf> +X2> , (5.76)

where C> > 0 is a design parameter, ensures that 1'02 = —Co¥ra(x2,t) + x161 +
X00r—& 01 —x20,. Taking condition (5.69) into account, we can rewrite the derivative
1&2 as 1&2 = —CYn(xa,t) + £01 + X200 — éél — x20, + e(t), where e(t) =
(x1—&)01 € Lo[tg, T] (where T is the maximal interval of existence of the system’s
solution). It follows from Lemma AS5.1 that the adaptation algorithm

)1 = yo(Cavra (x2, 1) + ¥2)a1 (),

A . (5.77)
02 = yo(Coa(x2,1) + Y2)az(x2), a1(§) =&, az(x2) = x2,

guarantees that ¥, € Lr N Ly[fo, T] and 1&2 € Lj[ty, T]. The realization of
algorithms (5.77) can be obtained from Theorem 5.1:

~ N 1 ~ ~
01(x2,§,00,1,1) = yo ((XZ +Ci¢E-1D+n (355 + 90,1§2>> & +01,1(Z)) ,

) s, 2 o £
01 = C2 (XZ"‘Cl(E -—D+w (g% + 00,16 )) <§ - C_2>

2

A A X A
02(x2,&,00,1,1) = 0 (—2 + 92,10)) , (5.78)

2

5 s~ Mo, s
O =Colx2+Ci (-1 +n 55 + 60,1 X2+¥$+ 901,
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where Wy (x2,€,601) = [ ¥2(x2,0)d02(x2)/dx2 dxa =x3/2 + (C1(§ — 1) +
VO(%S >4+ éo, 1E%))x,. Given that the L»[fo, T]-norms of &, yr», and yr, are bounded
by continuous functions of the initial conditions and parameters, we can conclude
that x (¢) and x, (¢) can be bounded by some continuous functions of the initial con-
ditions and parameters. This implies that solutions of the combined system exist
for all # > 19 and are bounded, and that 1 (x(¢)) — 0 ast — oo.

We would also like to compare the performance of the proposed control
scheme with that of adaptive backstepping control algorithms (Krsti¢ ef al. 1992;
Kanellakopoulos er al. 1991). Adaptive backstepping design for system (5.67)
according to Kanellakopoulos ef al. (1991) results in the following control algo-
rithm:

up = —Co(xa + Cr(x1 — 1)+ 63x}) — yox}(x1 — 1) — x2(Cy + 2x163)
— (C1x12 + 2é3x13)é — xlél — xzég,
6 = yo(x2 + Ci(x1 — 1) + B33 (C1 +203x1),
51 = yo(xa + C1(x1 — 1) + 63x})xy,
52 = po(xa + C1(x1 — 1) + 63xH)x2,
by = yo(xi — D2, (5.79)

where C1 > 0, C» > 0, and yp > 0 are parameters. As before, the parameters
C; and C; stand for the feedback gains, and yy is the adaptation gain. Adaptive
back-stepping with tuning functions (Krsti¢ et al. 1992) results in

up = —Ca(xa + Ci(xy — 1) + x30) — (x1 — 1)
—(C1 + 2x1é)(x2 + éx%) — x%r — xlél — xzéz,
b=1; =y — Dx?+ (12 + Cr(x1 — 1) + x20)x2(C + 2x10)),
01 = yo(xa + C1(x1 — 1)+ x20)x1, (5.80)
6> = yolxa + C1(x1 — 1)+ x26)xs.

The meanings of the parameters C1, C2, and yy in (5.80) are analogous to those in
(5.79).

We simulated the adaptive system dynamics for the set of parameters 6y = 6; =
1,6, =0.5,and C; = C; = y = 1 and initial conditions x;(0) = 2, x2(0) = 0.2,
63(0) = By(0) = 3,01(0) = 6(0) = —2, £(0) = 0, and £(0) = x1(0). The
initial conditions for 8; ;(0), 62,;(0), and 65 ;(0) in (5.78) where chosen to satisfy
él 0 = 92(0) = —2 and é3 (0) = 3. As an additional measure of performance,
we introduced the variable Af(t) = || — 9(t)||, which is the Euclidean distance
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Figure 5.2 Plots of system (5.67) trajectories with control functions (5.76) and
(5.78) (thick solid lines), (5.79) (dotted line), and (5.80) (dash—dotted line). In (a)
x1 is shown as a function of time, in (b) x> is depicted as a function of time, in (c)
A@ is shown as a function of time, and in (d) u is shown as a function of time.

between estimates é(t) and the real values of the parameters. Simulation results
are presented in Figure 5.2. For the given set of initial conditions and controller
parameters, the transient performance of the proposed adaptive algorithms is better
than that of conventional algorithms. In addition, we calculated the integral I =
fOT u%(r)d 7, T = 500, for every controller for the system solutions. The values of
the functional / indicate how much energy is spent to achieve the control goal. For
the control function (5.76) and (5.78) I = 627.10, for the adaptive backstepping
controller (5.79) I = 13329.28, and for the controller (5.80) I = 263 872.58.

The picture remained the same when we varied the controller parameters Cp, Ca,
and yp. In particular we let C; = C» = ¢ and varied the parameter c in the interval
[1,5]. The parameter yp was chosen randomly in the interval [0.1, 2].

For other values of the initial conditions x1(0) and x,(0) there was no definite
winner. Yet, on average, the performance of the proposed scheme in terms of the
L>-norms calculated for the error function x1 (¢) — 1 and control u(¢) was superior to
the best of (5.79) and (5.80). The results are shown in Figure 5.3. Simulations also
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Figure 5.3 Performance diagrams comparing backstepping algorithms (5.79) and
(5.80) with the currently proposed scheme (5.76) and (5.78) for the domain of initial
conditions x1(0) € [—2,2], x2(0) € [—2,2] and parameter values 6y = 1, ) = 1,
and 6, = 1. Each row contains the results for a single value of the controller
parameters C1, C;, and yp. The left column contains the data on the L,-norm
of u(t), the middle column stands for the L;-norm of the signal x;(t) — 1, and

the right column represents the results for A = ||§ — é(T)H. The simulation
time 7 was set to 30 s. White and shaded surfaces in the right column correspond
to backstepping algorithms (5.79) and (5.80) respectively; the black “gridded”
surface corresponds to adaptive feedback (5.76) and (5.78). White areas in the left
and middle columns represent domains of initial conditions where either of the
two backstepping algorithms (5.79) and (5.80) outperforms our proposed scheme
with regard to the values of L;-norms for signals u(¢) and x{(¢) — 1, respectively.
The filled areas mark those domains where our scheme works better than both
(5.79) and (5.80).
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Figure 5.4 A spring—mass system.

indicate that, for the proposed algorithm (5.76) and (5.78), the uncertainty measure
A@(T) did not increase compared with A#(0) = 4.609. Standard backstepping
algorithms, however, often led to a substantial increase in A@(T).

The next example illustrates the application of the method to systems of which
the models contain nonlinearly parametrized uncertainties.

Example 5.2.2 Let us consider a mass—spring system with unknown stick/slip
friction (or, in general, nonlinear damping) and actuator dynamics. The system is
schematically depicted in Figure 5.4. The equations which govern the system’s
dynamics are derived explicitly from Newton’s laws:

X1 = x2,

iy = —kxy + k(x3 — x1) — tanh(Spx2) (C) + 0y pe~11%2),
X3 = bhx3 + u. (5.81)

The coefficients k in (5.81) denote elastic stiffness, and the term tanh(Sfx,)(C; +
91’26_01’1)(% ), S = 50 models friction forces acting on the connected bodies.
The coefficient C; stands for Coulomb friction, and the parameters 611 and 61
parametrize Stribeck friction forces. The parameter 6, denotes the time constant of
the actuator. For simplicity we assume thatk = C| = 1. Equations (5.81) describe a
practically relevant process representing, among others, systems of electromechan-
ical valves, artificial/natural muscles (though with a different type of nonlinearly
parametrized damping), and various haptic interface systems (Lawrence ef al.
1998).

The lumped Coulomb static friction and elastic stiffness are defined mostly by
the physical properties of the materials and can be estimated a priori. The Stribeck
force, however, is more sensitive to the changes in operating conditions of the
system (such as position) due to the principal spatial heterogeneity of the contact



184 Algorithms of adaptive regulation and adaptation in dynamical systems

surfaces. Therefore, adaptation is needed. The adaptation should, however, be non-
dominating in order to avoid overshooting in control and thus provide good transient
behavior of the system.

Let the control goal be to steer the system to the manifold x; = 1. System
(5.81) has lower-triangular structure and therefore the results of Theorem 5.4 are
applicable if Assumptions 5.3, 5.4, and 5.10 hold. Given that the velocity x3, is, in
principle, bounded and

91 ze—el,lxg — 6—91,1x%+10g91,2’

we can conclude that Assumptions 5.3 and 5.4 are satisfied, at least locally, with
o(x) = (xg ,—x2)T. Assumption 5.10 is also satisfied since the nonlinearities are
locally Lipschitz in x. Consider the first two equations, where x3 is replaced with
a virtual input u1:

X1 = x2,
iy = —2x1 — tanh(Sgx2) (1 + 01 2 1%2) + uy. (5.82)

Let ¢/ (x1) = x1 — 1. There are no uncertainties in the first equation; we therefore
select ¥ (x1,x3) = x1 — 1 + xp and

uy(x,01) = =1 (x1,x2) + 2x1 — x3 + tanh(Spxp) (1 + e Otxatlozdiay - (5 83)
which ensures that the following holds:
Y1 = —Y1 (1, x2) + tanh(Spxo) (e~ 11 HOE N2 0Lty (5 84
The adaptation algorithms for él,l and 0 12 are as follows:

O1.1(x1,x2,1) = —y (=1 (x1,x2)%3 — W11 (x1,x2) +01.1.0) +601.1(0), y >0,

A oWy 1 (xy,x2)
O11s = —V1 (X1, x)x) + —— T (5.85)
0x1
3 34
Wii(xr,x2) = —(x1 — Dx; — 22

012(x1,x2,1) = —y (Y1 (x1,x2)x2 — Wi 2(x1,x2) +010.7) +6012(0), y >0,

oW1 2(x1,x2)
—_———X

s 5.86
o1 2 (5.86)

0120 = V1 (x1,x2)x2 +

2

)
Wia(x1,x2) = (x1 — Dxp + 5
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The functions ¥y 1 = [ 91 (x1,%2)3x3 dxz and W5 = [ ¥ (x1, x2)dx> are chosen
according to Assumption 5.5 of Theorem 5.1 to ensure that él,l and 51,2 satisfy the
following differential equations:

51,1 =y (¥ + Wl(XhXZ))XS,
Bra = —y (1 + Y1 (x1.x2)x0. (5.87)

According to Lemma A5.2 we can conclude that solutions of the system (5.82),
(5.83), and (5.87) satisty lim;— o ¥ (x1(¢), x2(¢)) = 0. Notice that the finite-form
realizations (5.85) and (5.86) of algorithms (5.87) are derived without introducing
an auxiliary system (5.64). This is because the derivative x| does not depend on the
vector @ explicitly and hence we can compensate explicitly for Wy 1 (x1,x2)/9x1%]
and 3‘111,2()61,)62)/8)61)'61 in é1,1,1 and 51,2,1 as well.

This completes the first step of our iterative synthesis procedure. Let us now con-
sider the original system (5.81) and select ¥>(x1, x2, x3,1) = uj(x1,x2,1) — x3.12
Unlike in the case considered previously, the derivative i depends not only
on f3(x,0p) = x36, + u but also on f>(x,0;). The sum of two monotonic
functions, however, generally is known to be not a monotonic function with
respect to @1 @ 6. Therefore, in order to satisfy Assumptions 5.3 and 5.4 in this
case we need to replace the variable x, in Y with a new variable, £. In other
words, we shall embed the original system into one of higher order, ensuring that
ui(xy,xo,t) — ui(x1,&,t) € Loltg, T] (see Lemmas 5.1 and AS5.1 for details).
Notice that according to the realizability requirements (the existence of finite-
form realizations) and the requirements of Lemma A5.2 this embedding should
also guarantee that f3(x,602) — f3(x1 & & @ x3,62) € La[ty, T']. In our example,
however, the function f3 does not depend on x,. Hence, it suffices to show that
ui(xy,xo,t) —ui(x1,&€,t) € Laltg, T], and that the norm is a continuous func-
tion merely of the initial conditions and parameters, in order to guarantee both
convergence of 1 to 0 and derivative-independent realization of the adaptation
algorithm.

Let us consider the difference u(x1,x2,1) —ui(x1,&,1):

MI(XI,XZ, t) - l/ll()(f],é:,t) = —2(X2 - S)
)(6 A )C2 A~
+ tanh(SfXZ)e—%+91,1,l(l‘)xg—%+91,2,1(t)

£ 5 2 825
_ ‘[anh(SfS)e_T—’_e"”(t)s =y 020 @)

12 For compactness of notation we supposed here that the function 1| depends on ¢ explicitly rather than implicitly
through 8} 1 7 (t) and 6} 5 1 (¢).
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On applying the mean-value theorem we get that

lur(xr, x2,1) —ur(x1,8, 0] < |x2 = §|(2 + S F (1)),

where
F(t) = max Fy(7); (5.88)
0<t<t
Fo(t) = max ie—g-i-él,u(t)sz—%-i-él,m(l)
rel0,1] | [0s ’
s = Axo(t) + (1 — A)E(). (5.89)

Let us introduce the variable &:
E= (x— &)1+ FX(1) — 2x1 + x3 — tanh(Spxa) (1 4 e~ 153462y (5.90)
and consider llrg (x2,E) =xp — &
Ve = —Ye(1 4+ F2(1)) + tanh(Spxp) (e %1502 — p=0i1x+012)

According to Lemma A5.2, the function (xo — &) F(t) € L»[fo, T] (and, conse-
quently, the difference u (x1,x2,1) —u1(x1,§,1) € La[ty, T])if ¢ 1 and 6 5 satisfy
the following differential equations:

Os1 =y (s + Y (1 + F2(1)))x3,
ben = —y (e + Ve (1 + F2(1)))x2. (5.91)

The integral-differential realization of (5.91) is

Os1 = —y(—(x2 — E)x3 — Ve 1 (x2,&) + Os.1.1),
. \\) .
0571’1 = —(xz — E)Xg + a%(;z’s)s, (592)
3
W1 (x2,6) = — / 3~ )y = ok 6

Ocnp = —y((x2 —&§)x2 — Ve n(x2,8) + ég,z,l),

OWe 2(x2,8) .
T (5.93)

1
Wi p(x2, &) = / (x2 — &)dxy = 5x§ — Ex2.

b2y = (x2 — E)x2 +
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Equations (5.90), (5.92), and (5.93) form the desired extension of the original
system.

Let us finally introduce ¥ (x1,x3,&,¢) = ui(x1,&,t) — x3 = 0. Ensuring that
Yo € Ly N Lxo[to, T] and that the corresponding norm depends only on the initial
conditions and parameters will assure that the trajectories of (5.82), (5.85), and
(5.86) are bounded and ¥ (x;) — 0 as t — o0. Then boundedness of x3 will
follow from boundedness of x; — & and smoothness of u(xy, &, t). Consider 1,'02:

ouy(xy, &,t ouy(x1,&,t) .  Jduy(xy, &t
1(1$)x2+ 1(1$)+ 1(x1,8,1)

i — — x30> — u.
Y2 ox1 o8 3 o x36h —u
Letting
8 P ,t a ) 7t S
"y ui(xq 5 )x2+ uy(xy é )f
x| 0&
dui(x1,§,1) A
we obtain that
Yo = —Y(x1,£,x3,1) + x302 — x305. (5.95)

Notice that because (5.95) is linearly parametrized we can now complete the design
by applying conventional approaches. For the sake of consistency, however, we
derive estimates 6 according to the proof of Theorem 5.4. The resulting equations
for the estimates éz can be given as follows:

02(x1,€,x3,1) = —y (Y2 (x1, &, x3)x3 — Wa(x1,£,x3) + 02.1),

8W2(X1,S,X3)x2+ 3‘1’2(x1"§’x3)§, (5.96)
ax1 €

621 = Yo(x1,&,x3)x3 +

273

According to Lemma A5.2 the algorithms (5.96) guarantee that y¥» € L, N
Lsolto, T, and that the norm can be bounded by a continuous function of the
initial conditions and parameters. This in turn implies that x1, x2, x3 € L0, 00].
Moreover, ¥ (x1(¢),x2(t)) — 0 and ¥(x1(¢)) — 0 ast — oo. We simulated
system (5.81) with the control function (5.94) and (5.96) and the auxiliary system
(5.90), (5.92), and (5.93) for the following set of initial conditions and parameter
values: x1(0) = 2, x2(0) = 1, x3(0) = 1,011 = 2,012 = 3,6, = 2,£(0) = 2,
011.1(0) = 0, 612.7(0) = =3, 0¢,1,1(0) = 0, and 0 1;(0) = -3, 02.1(0) = 0,
and y = 1. Results of computer simulations (the trajectory x1(¢)) of the system
with our adaptive control are shown in Figure 5.5. The system approaches the goal
manifold ¥ (x;) = 0 asymptotically as required.

1
Wy (x1, &, x3) =f<u1(x1,s)—x3>dx3 = uy(x1,6)x3 — =3
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Figure 5.5 The trajectory x(¢) as a function of time.

5.3 Adaptive regulation to invariant sets

In the previous sections of the chapter we focused on determining algorithms
of adaptation that could be viewed as solutions to Problem 5.1. Asymptotic
characterizations of the resulting systems have been limited so far to

lim ¥ (x,7) =0
I—00

(see e.g. Theorems 5.1 and 5.4). The question, however, is whether we can state
anything stronger than the limiting relation above regarding the asymptotic proper-
ties of the system’s solutions. It turns out that for a class of systems this possibility
could exist. In particular, it is possible to show that the adaptation schemes devel-
oped here are capable of steering the system’s state to invariant sets of which the
location can be estimated a priori. One of the mechanisms enabling this possibility
is requirement (5.21) in Problem 5.1 (i.e. the condition demanding that the influ-
ence of uncertainty on the target dynamics is compensated for up to a perturbation
from L;[1g, 00]).

5.3.1 Systems with parametric uncertainties and nonlinear parametrization

Consider a subclass of (5.1):
Xl = fl (X’ C) + g1 (X’ ;)M,
X = 0(x,0,8) + g2, §)u, (5.97)
¢ =5@.%),
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where the system
£ =S(,x), S: RS xR" - RS (5.98)

is complete and admits an L” [fp,00] +— Lio[to, oo] margin (bounded-input—
bounded-state property). The following corollary from Theorem 5.1 holds for such
systems.

Corollary 5.2 Consider the system (5.11), (5.32), (5.34), and (5.97) with e(t) =
0, and suppose that Assumptions 5.1, 5.2, 5.3, and 5.513 hold. In addition, let
us suppose that the right-hand side of the combined system is locally Lipschitz,
properties HI, H2, and H4 hold, the functions o (X, t) and 0y (X,t)/0t are locally
bounded in x, and system (5.13) admits an L;[to, 0] L;,[to, oo] margin.

Then solutions of the system are bounded for all x(ty) and & (tg), and converge
to the maximal invariant set in

(xeR" ¢ eR R f(x,0,0)— f(x.0,0)=0). (599
Corollary 5.2 states that all limit motions in the controlled system will satisfy

¢ = —§0(W’ w, C)’

: (5.100)
& =5x,9).

In other words, the intersection of the invariant sets of (5.100) and the set of
“compensated uncertainties” defined by (5.99) contains limit sets of the controlled
system. This gives us the possibility of establishing adaptation mechanisms for sys-
tems of which the target motions are not fully known a priori, as functions of state
or time, but can still be defined as a limit set of (5.100). An example illustrating
this idea is discussed in the next section.

5.3.2 Systems with signal uncertainties and linear parametrization

Let us consider the following class of systems:

x=fx)+ G,(¢p(x)0 + u),

) (5.101)
6 =S, 0(t)) € Q C R,

wheref : R” — R", ¢ : R" — R™>4 are C!-smooth vector fields, G, € R">™_ 0
is the vector of variables of which the exact values are unknown, and S : R — R4,
S € C! is a known function. The initial conditions 0 (fy) = 0y € 2y are supposed

13 1n the statement of the theorem the functions v(x,1),f(x,0,1),and g(x, t) are allowed to depend on 7 explicitly.
Here we replace this dependence with the implicit one, through the variable ¢ (¢): ¥ (x, ¢ (1)), £(x,0,¢(1)),
g(x, £ (1)).
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to be unknown. Let Q5(29) € 29, and let 2 be bounded. Our goal is to steer the
system’s state to the following rarget set:

Q*(x) C R". (5.102)

A very similar problem was stated and analyzed in detail in Panteley ef al. (2002).
Here we illustrate how this problem can be solved by employing methods developed
in the previous sections.

An important feature of this problem, compared with the ones we considered
earlier, is that the target set (5.102) is no longer a surface of which the functional
(implicit) definition is known. Now it is a mere set in R” satisfying the following
assumption.

Assumption 5.11 Q*(x) is a a bounded and closed subset of R".

With respect to the motions 6 (z,0), we will consider only those which satisfy
the following assumption.

Assumption 5.12  There exists a positive definite matrix H = HT € R4*4 such
that the following holds for the function S : R — R? in (5.101):

T
HBS(O) . 95(0)

H <0, V6 cR?
20 90 = <

According to this assumption the vector @(z) not only represents the standard
parametric uncertainty but also can model motions of which the solutions are stable
in the sense of Lyapunov. With regard to the input u we suppose that the following
holds.

Assumption 5.13  For the given Q*(x) defined by (5.4) and system (5.101) there
is a function ug(x),ug € C' such that

Guuo(x) +1(x) = fo(x).
Moreover, Q*(x) D Qf,(x) for all xg € R", where the flow X(t, X, o) is generated
by
x = fo(x). (5.103)
Finally, let us introduce two additional alternative technical hypotheses with

regard to the target set (5.102). The first one is formulated in Assumption 5.14, and
the second one is presented in Assumption 5.15.

Assumption 5.14  There exist functions Y (x) : R" — R, ¢ : R - R, such
that
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(1) QF 2 Qg (Qy), Qy = {x € R x: oY (x)) = 0}, that is Q*(x) contains
invariant sets of system (5.103) restricted to Qy;;

(2) there exists a function B(x) : R" — Rxq such that B(X) is separated away
from zero and satisfies

9
v 0000 < ~popnv,
v ’ (5.104)
/ p(o)do >0, lim f p(0)do = oo;
0 W—00 0

(3) for the function ¥ (x) : R" — R, ¥(x) € C!, with 8y /dx being Lipschitz,
Assumption 5.1 holds.

Notice that ¥ (x) and ¢ (i) are not required to be sign-definite.

Assumption 5.15  Consider (5.103) with an additive perturbation &:
x = fo(x) + &0(1), €0 € Lilty,00] NC. (5.105)
System (5.105) admits an L% [y, 00] — L3 [to, 00] margin, and Q* 2 Q.

Let us now proceed with determining the existence conditions for a feedback
u(x.§) = u(x.£.0). § =f(x.£.0), § € R*

steering state x(z) of system (5.101) to * as t — oo. In order to derive these
conditions we employ the method of the virtual algorithm of adaptation. First, we
specify a suitable class of feedbacks and look for a virtual adaptation algorithm (a
system of differential equations of which the right-hand side depends on unmea-
sured quantities @ explicitly) ensuring that x(r) — Q* ast — oo. Such algorithms
and their properties are defined in Lemma A5.2. In order to obtain an adaptation
scheme that does not require information about the values of @ we rely on the
embedding technique described in Section 5.2.2. The main results are provided in
Theorems 5.5 and 5.6. For the sake of compactness these results are formulated
in the existential form. Nevertheless, the proofs are constructive, offering specific
procedures for finding control inputs that steer the system’s state to Q* adaptively.

Theorem 5.5 Let system (5.101) be given and suppose that Assumptions 5.11—
5.14 hold. In addition, suppose that there is a C'-smooth function k (X) such that

H A (x)
15).¢

=< [kX)].
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Then there exists a system

§=1f:(x,§,v),

(5.106)
1" = fv(xvgav)a g € Rn’ Ve Rd’

a control function u(x, é) =uy(x) — (& )9(t), and an adaptation algorithm

0= (H'"VEX+0,0),

W) = (&) + D(Gup (&), (5.107)
01 =50) - H_l%f)fs(xf, v)x — H™'W(E)fox).

such that the following properties hold:

(1) 6(1),x(t) € L" [19, 00];

(2) x(t) converges to QQ* asymptotically as t — 00;

(3) ifthe function G, ¢ (&(t)) is persistently exciting and S(0) = O, then é(t, éo, 1)
converges to 0g as t — oo.

Theorem 5.6 Consider system (5.101), and let Assumptions 5.11-5.13 and 5.15
hold. Then there is a system (5.1006), a control input u(X, (;’) = up(x) — d)(&)é(t),
and an adaptation algorithm (5.107) with k (§) = 0 such that statements (1)—(3) of
Theorem 5.5 hold.

5.4 Adaptive control of interconnected dynamical systems

In the previous sections of this chapter, when analyzing and designing algorithms
of adaptive regulation and control, the spectrum of unmodeled dynamics and the
perturbation was limited to functions from Lj[#y, o0]. No specific attention was
paid to the nature of the perturbation dynamics either. Now we wish to consider
this issue in greater detail. In particular, we consider the following class of models:

x; = (x) + g1 (X)u,

) (5.108)
Xy = f(x,0) + 2(x,q(1), 1) + g(X)u, x(1) = Xo,
where signals q(¢) are generated by
q=1,(x,q,1), q(to) = qo € R’. (5.109)

System (5.109) is supposed to be complete for all x(r) € L% [fy, 00). Equations
(5.109) can model unmeasured but modeled perturbations; interestingly, they can
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also stand for another compartment of a larger adapting system affecting the dynam-
ics of (5.108) through coupling. These cases are considered and analyzed separately
in the next sections.

5.4.1 Systems with unmodeled dynamics

As before we suppose that the goal of regulation is to ensure that
lim ¢ (x(z,x0),7) =0,
—00

where 1/ (X, t) is the function satisfying Assumption 5.1. Let the control input u be
defined as in (5.10). Then

w = _SD(W,Q), t) + f(X,O,t) - f(X’é’t) +Z(X’ qat)’ = LZ(X,q,l‘)w' (5110)
We will assume that the function z(x,q,?) € C I satisfies
|z(X,q, )| < [hx(X, )| + |hg(q, 1)], (5.111)

where iy : R" XxR>o — R, hy : R¥ xRx9 — R, Ay (0), hy(+) € C% Our analysis of
the system (5.108), (5.109), and (5.10) will be based on the small-gain argument.
Therefore some quantitative knowledge about gain margins (5.14) is needed. In
particular, we suppose that the following additional information is available.

Assumption 5.16  There exist functions yn,, v, Y2, Yx.0o € K and constants
Bhy> Bny» By .2, and B oo such that

(1) system (5.108) satisfies
17 (X(0), D ll2,100,71 = Vi, (W X (@), D lloo,110,77) + B (5.112)
(2) system (5.109) satisfies
g (@), Dll2,12,71 < Vi, IX() lo0,110,71) + Bhy (5.113)
(3) the function ¥ (X,t) majorizes state X of (5.108),
XD lloo,[10,71 = V.00 1Y (X(1), D) loo,[19,77) + P00 (5.114)
(4) system (5.13) admits Lo[ty, T] — La[to, T'| margin,
1V O loo,it0.71 = Yy 2SO Nl2110,71) + By 2 (5.115)

Inequalities (5.114) and (5.115) in Assumption 5.16 constitute slightly stronger
versions of Assumptions 5.1 and 5.2. Inequalities (5.112) and (5.113) characterize
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the interaction between the perturbation subsystem, (5.109), and (5.108). Now we
are ready to formulate the following result.

Theorem 5.7 Consider the combined system (5.10), (5.34), and (5.108)—(5.110).
Suppose that Assumptions 5.3-5.5 and 5.16 hold, and that there exist functions

A1), 220, i (1) € Koo
such that

(Id + 12) o (Id = yn, )~ © (p9 + Ia) o v,

o(ld + 1) o (Id = yi, )" o (o8 + La) 0 Vi, (5) < s,
(Id+ 1) o (Id —yn, )" o (ps + 1a) o y,,

o(Id +32) o (Id =y, )" 0 (p9 + 1a) o i, ()5 < 5,

forall s > so, where

Ve (8) = ¥n, 0 (p4a+ Id) o yy 20 (p1 + Id) o (p2 + 1d)(Cps),
Vhey($) = ¥n, 0 (pa+1d)o /04_1 o(ps+1d)oyyro(p1+1d)
o (p2+ 1d) o p; ' (Cps),
Vhga(8) = ¥, 0 (p3+1d) 0 Yx 00 0 (ps+ 1d) o yy 2
o (p1 +1d) o (p2+ 1d)(Cps);
Vigy(8) = Vi, © (p3 + 1d) 0 Yr0 0 (06 + Id) 0 pg ' o (p7 + Id)

_ D
ovyao(pr+1d)o(p+Id)epy ! (Cps). Cp=1+ -

Then

(1) solutions of the system exist for all [ty,o00), and Xx(t) € L% [ty, o], é(t) €
Lgo[to, 00]; moreover, q(t) € L3 [ty, 00], provided that system (5.109) admits
Lo — Lo marging

(2) f(x(1),0)— f(x(1),0(1)) € Lé[z‘o, ool; in addition, if f(-,-) € C' and z(x, q, 1)
and a(X,t) are locally bounded uniformly in t, then

Aim f(x(1),6) — fx(0),0() =0. (5.116)

Theorem 5.7 establishes sufficient conditions ensuring the existence of a success-
ful adaptation scheme for systems (5.108) in the presence of unmodeled dynamics
and nonlinear parametrization. The result is based on the nonlinear small-gain
theorem, and thus the conditions are rather conservative. Despite this obvious lim-
itation, an advantage of this approach is that knowledge of the Lyapunov functions
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describing motion in the individual subsystems is not required. Notice also that
some specific properties of the uncertainty model (coefficient Cp) are inherent
parts of the resulting small-gain condition.

A practically relevant feature of the adaptation scheme discussed above is that
asymptotic compensation of the influence of uncertainty on the target dynamics,
(5.116), is still guaranteed. This enables reconstruction of the true values of @, pro-
vided that a nonlinear persistency-of-excitation condition holds (Cao ef al. 2003;
Tyukin and van Leeuwen 2005) (see also Theorem 5.9). In addition, if the map-
pings v, . Vn g0 V2 and Yy oo in Assumption 5.16 are linear then the requirements
on the functions yj_, ¥, ¥y 2, and yx oo in Theorem 5.7 can be reduced to

Vhex = Vhe " Y2 " Cp <1, V/’lqu = th *VYx,00 V2 Cp <1,
Vher Vi
L= Yny 1= Vo,

<1,

Yhey = Vi, - Vg2 Cb, Yhgn = Vhy * Vroo " V2 - Cp.

5.4.2 Decentralized adaptive control

So far we have considered adaptive control and regulation problems for systems
consisting of the controlled subsystem (5.108) and perturbations governed by e.g.
(5.109). Let us now consider the case of interconnected adapting systems S, and
Sy. Regulatory, control, and adapting mechanisms in one of these subsystems do
not necessarily account for the other. The question is what can we say about the
overall behavior of such interconnection?

Questions of this kind are inherent to the domain of decentralized adaptive
control. There is a large literature on this topic containing successful solutions
to problems of adaptive stabilization (Gavel and Siljak 1989; Jain and Khorrami
1997), tracking (Ioannou 1986; Jain and Khorrami 1997; Shi and Singh 1992;
Spooner and Passino 1996), and output regulation (Jiang 2000; Ye and Huang
2003) of linear and nonlinear systems. In most of these cases the problem of
decentralized control is solved within the conventional framework of adaptive stabi-
lization/tracking/regulation by a family of linearly parametrized controllers. While
these results may be successfully implemented in a large variety of technical and
artificial systems, there is room for further improvements, in particular when the
target dynamics of the systems is not stable in the Lyapunov sense but intermittent,
meta-stable, or multi-stable, or when the uncertainties are nonlinearly parametrized
and no domination of the uncertainties by feedback is allowed.

Here we take advantage of the results from Sections 5.1 and 5.2 and show
how these issues can be addressed simultaneously for a class of nonlinear
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dynamical systems. Our contribution is that we provide conditions ensuring
forward-completeness, boundedness, and asymptotic reaching of the goal for a pair
of interconnected systems with uncertain coupling and parameters. The method
does not require either the availability of a Lyapunov function for the desired
motions in each subsystem or linear parametrization of the controllers. Moreover,
the results can straightforwardly be extended to interconnection of arbitrarily many
(but still a finite number of) subsystems.
Consider interconnection of systems S, and Sy:

x1 = f1(x) + g1 (X)uy,

S L
Yo =000+, (y.1) + gX)uy,

(5.117)

yi=q1(y) +z1(y)uy,
Syt 5.118
Y ¥y = .0,) + v (k1) + 12y, (5-118)

where x € R" andy € R" are the state vectors of systems S, and Sy, respectively,
the vectors 6, € R~ and @, € R"” are unknown parameters, and the functions
f=fix)0h(x,0,) : R xR" — R™, q =qi(y) ®q(y,0y) : R xR" —
R™, g = gi(X) ® g2(x) : R — R™, andz = z(y) ® %2(x) : R" — R™
are continuous and locally bounded. The functions y, : R" x R>9 — R, and
vx @ R™ x R>9p — R, stand for nonlinear, non-stationary, and, in general,
unknown couplings between systems S, and Sy, and u, € R and u,, € R are the
control inputs.

Let ¢, : R™ x R>9 — Rand ¥y : R" x R>o — R be the goal functions for
systems S, and Sy, respectively. In other words, for some values ¢, € R>g and
ey € R>¢ and time instant * € R, the inequalities

V% (X (1), ) lloo,[1%,001 = Ex; 14y (¥ (), D lloo,[1%.001 =< &y (5.119)

specify the desired state of the interconnection (5.117) and (5.118). Our goal is to
specify the class of functions u, (X, ) and u,(y,t) constituting solutions to part 1
of Problem 5.3, in particular ensuring that for all §, € R"% and 6, € R"%

(1) the interconnection (5.117) and (5.118) is complete;

(2) the trajectories x(¢) and y(¢) are bounded;

(3) forgivenvaluesofe, and ey, somet* € R exists such thatinequalities (5.119)
are satisfied or, possibly, the functions ¥, (x(¢),) and v, (y(¢),) converge to
Zero as t — oo.

The function u, (-) should not depend explicitly on y and, symmetrically, the func-
tion u(-) should not depend explicitly on x. The general structure of the desired
configuration of the control scheme is provided in Figure 5.6.
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Sy —
I_' i}

Yy Oy Tx
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Figure 5.6 The general structure of the interconnection (5.117) and (5.118).

Consider the following functions:

Uy (X, 0, 0,,1) = Ly ¥a (X, 1)) 7!

0V (X, 1)
X <_Lf(x’éX)Wx(X,t) — Ox (Y, 0y, 1) — WXT) , (5.120)
or: RxRY xRs9 — R,
Uy (¥,0y, @y, 1) = (Lo ¥y (y, 1)
APy (y. 1)
x <—Lq(y,,;_v)wy(y,r> — oy (Py,@y.1) = ya—t) (5.121)

¢y RxRY xR>9 — R.

These functions transform the original equations (5.117) and (5.118) into the
following form:

Ve = —x (Y. 00, 1) + fr(X,05,1) — fe(X.0,,0) + hy(x,y.1), (5.122)
Ty = =@y (Prer @y, 1) + Fy(7.0300) — f3 (¥, 0y.0) + he(x,¥. 1),

where

hy(X,y.0) = Ly, go¥x(X1),  hyX,¥,0) = Ly xn¥y(y.1),
fx (X’ 0X, t) = Lf(X,GX)wx (Xa t)’ fy(x, oy’ t) = Lq(y,Oy)Wy(y, t)



198 Algorithms of adaptive regulation and adaptation in dynamical systems
Consider the following adaptation algorithms:
0:(x,1) = Tx(@p(x,1) +0,(1)), Ty e R, T, >0,
0p.c(x.1) = Y (X, Doty (x, 1) — Wy (X, 1), (5.123)
01 = 0 (Ve (%, 1), 00, Nt (%,1) + R (X, 0,10, (%, 8,1), 1),
0,(x,1) =Ty(@p,(y,t) +07,@1), Ty e R Ty >0,
Bp,(y,1) = Yy (y, Dy (y, 1) — U (y, 1), (5.124)
01y = 0y (s (3. 1)@y Dty (¥ 1) + Ry (%, By 10y (v, 8,11,

where R (-) and Ry (-) are defined as in (5.34), and the functions ety (), ey (+), W (+)
and Wy (-) will be specified later. Now we are ready to formulate the following result.

Theorem 5.8 Let systems (5.117) and (5.118) be given. Furthermore, suppose
that the following conditions hold:

(1) the functions ¥ (X,t) and Yy (y, t) satisfy Assumption 5.1 for systems (5.117)
and (5.118), respectively;
(2) the systems

Vo = = (U, 00,0 + 8(0), Yy = —py(Yy, 0, 1) + 4, (1) (5.125)

satisfy Assumption 5.2 with corresponding margins

ono,z (I//)C()’ wx’ ” §X (t) ||2,[t(),T])’ Vyoo,z (1//)1()’ Q)y, || é‘y (t) ||2,[t(),T]);

(3) systems (5.125) admit L1[ty, 0o] — Ll[to, 0o] margins, that is

||wx(x([),[)”2’[t0’7‘] < ny + yxzvg(”{x(t)||2,[10,T])’
1y (¥ (0), Dll2.116.71 = Cry + Vina U1y D210, 71 (5.126)
ny, ny S RZO’ yng’ Vyz,z € ICoo;

(4) the functions fx(x,0,,t) and f,(y,0y,t) satisfy Assumptions 5.3 and 5.4 with
corresponding constants Dy, Dy,, and Dy, Dy, and functions o (X,t) and
ay(y,1) from (5.123) and (5.124);

(5) the functions hy(X,y,t) and hy(X,y,t) satisfy the following inequalities:

lhx Xy, DI < BxllyxX DI, NAyXy. DI < Bylly (¥, DI,
Bx, By € Rxo. (5.127)

Finally, let the functions W, (x,t) and Vy(y,t) in (5.123) and (5.124) satisfy
Assumption 5.5 with B = 0 for systems (5.117) and (5.118), respectively, and
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there exist functions p1(-), p2(-), p3(-) > 1d(-) € K and constant A € Rxo
such that the inequality

D, D,
ByoVy,,0p10 D—+l 0030 Bx 0Yr,, 0020 D +1)(A) <A (5.128)

v,1 x,1
holds for all A > A.
Then

(C1) The interconnection (5.117) and (5.118) with controls (5.120) and (5.121) is
forward-complete and the trajectories x(t) and y(t) are bounded.
Furthermore,

(C2) if properties HI and H4 hold for the functions fy(X,0x,1), fy(y.0y,1),
hy(X,y,t), and hy(X,y,t), and also for the functions ¢x(Yy,®x,t) and

©y(Vy, @y, 1), then
Am Y (x(@),1) =0, lim ¥y (y(1),1) = 0. (5.129)

Moreover,

(C3) if property H2 holds for fy(x,0y,t) and fy(y,0y,t), and the functions
o, (X, 1), 0V (X,1)/0t, oy (y,t), and 3y (y,1)/0t are locally bounded with
respect to X and 'y uniformly in t, then

Jim £ (x(1).05.1) = fr(x(1).8:(0).1) =0,

R (5.130)
lim f,(v(0,0,,0) = f,((0,0,(0),1) = 0.

Let us briefly comment on the conditions and assumptions of Theorem 5.8.
Conditions (1) and (2) specify restrictions on the goal functionals, which restrictions
are similar to those of Theorem 5.1. Condition (3) is analogous to requirement (3) in
Theorem 5.1, whereas condition (5) specifies uncertainties in the coupling functions
hyx(-) and h (-) in terms of their growth rates w.r.t. ¥, (-) and v, (). We observe here
that this property is needed in order to characterize the Ly-norms of the functions
hy(x(1),y(t),t) and hy(x(t), y(¢),1) in terms of the Lp-norms of the functions
Yo (x(1), 1) and ¥y, (y(2), ). Therefore, it is possible to replace requirement (5.127)
with the following set of conditions:

1 (X(2), y(0), O)l|2,[19,77 = B IV (X(2), Dl2,[10,77 + C
1y X(0), ¥y (@), Dll219.71 < Bylly (y (), Dll2,f50,77 + Cy-

The replacement will allow us to extend the results of Theorem 5.8 to intercon-
nections of systems where the coupling functions do not depend explicitly on
Yy (x(2), 1) and vy (y(7), 1). We illustrate this possibility later in Example 5.4.1.

(5.131)



200 Algorithms of adaptive regulation and adaptation in dynamical systems

Condition (5.128) is the small-gain condition with respect to the L%[to, T ]-norms
for the interconnection (5.117) and (5.118) with control (5.120) and (5.121). When
the mappings yx,, () and yy, , (-) in (5.125) are majorized by linear functions

Yrra(A) = 8xyp A, Vy2a (D) = 8y,,A, A =0,

condition (5.128) reduces to the much simpler one

ByB Dy ) (240 <o
— < 1.
yPx8x228y22 Dy, Dy

Notice also that the mappings yx,,(-) and yy,,(-) are defined by the properties
of the target dynamics (5.125), and, in principle, these can be made arbitrarily
small. This, together with (5.128), eventually leads to the following conclusion:
the smaller the L;-gains of the target dynamics of systems S, and S, the wider the
class of nonlinearities (bounds for 8, and By, domains of Dy, D1y, Dy, and D y)
which admit a solution to Problem 5.3 can be.

Example 5.4.1 Let us illustrate the application of Theorem 5.8 to the problem of
decentralized control of two coupled oscillators with nonlinear damping. Consider
the following interconnected systems:

{ X1 = x2,
X2 = fr(x1,6x) +kiyr + uy,
(5.132)

{ yi =y,

2 = fy(y1,6y) + kax1 + uy,

where k1, k> € R are uncertain parameters of the coupling, the functions f(xy,6;)
and f(y1,6y) stand for the nonlinear damping terms, and 6, and 6, are unknown

parameters. For illustrative purpose we assume the following mathematical model
for the functions fy () and fy(-) in (5.132):

Fe(x1,6,) = 6, (x1 — x0) + 0.5sin(6, (x1 — x0)), 5133
Fy(01,6y) = 0,(y1 — yo) + 0.6sin(6, (y1 — Y0)), ’

where xo and yg are known.
Let the control goal be to steer states x and y to the origin. Consider the following
goal functions:

Vx (X, 1) = x1 + x2, Yy(y, 1) = y1 + ». (5.134)
Taking into account (5.132) and (5.134), we can derive that

).Cl = —Xx1+ Wx(X,t), )-71 ==V + wy(y’t)' (5135)
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This automatically implies that

X1 lloor0,71 < IIx1 )| + 1Y (X(2), 1) [l 00,110,715
Iyt llooro,71 < Iy1G) I + 1Yy (¥ (0), ) ll oo, 12,71-

Hence, Assumption 5.1 is satisfied for chosen goal functions v, (-) and v, (-). Notice
also that the equalities (5.135) imply that

12,

Xt N2,5,71 = 27 llx1 (o)l + 1Wx (X, D) ll2,10,775

n (5.136)
Iyt 200,71 < 272131 G0 | + 15 (¥ Dl2.110.77-
Moreover, according to (5.135), the properties
Am e (x(@), 1) = lim x1 (1) + x2(1) = 0,
— —
o o (5.137)
lim ¥y, (y(2),7) = lim yi(#) + y2(1) =0
t—00 —>00
guarantee that
lim x1(t) =0, lim xp(¢t) =0, lim y;(t) =0, lim y,(¢) = 0.
11— 00 —00 —00 —00
Hence, (5.137) ensures that the control goal is attained.
According to (5.120) and (5.121) the control functions
Uy = —Ax Yy — X2 — fx(xl’éx)a
A (5.138)
Uy = _)\ywy —y2 = fy()’l,ey)a Ax, )‘-y >0
transform system (5.132) into the following form:
Vo = —heW¥ + folxr, 60 — felx1, 60) + iy,
(5.139)

U = =AW + fo(x1,60) — fu(x1,60) + kox.

Notice that the systems

wx = _}wax‘i'gx(t)a wy = _Ath+$y(t)
satisfy Assumption 5.2 with
1 1
Yron = —II1¥x (X (@), 2,110,115 Yyor = — WUy (¥ (©), D ll2.11.715
Ax Ay

respectively, and the functions f,(-) and f (-) satisfy Assumptions 5.3 and 5.4 with

D, =1.5, D,1=0.5, oy (X, 1) = x1 — X0,
Dy =16, Dy1 =04 oy =y — o



202 Algorithms of adaptive regulation and adaptation in dynamical systems

Hence conditions (1)—(4) of Theorem 5.8 are satisfied. Furthermore, according to
the remarks regarding condition (5) of the theorem, the requirements (5.127) can
be replaced with the implicit constraints (5.131). These, however, according to
(5.136), also hold with B, = ki and B, = k.

Given that oy (X,7) = x; — xo and ay(y,?) = y1 — yo, Assumption 5.5 will
be satisfied for functions a,(x,7) and ay(y,7) with W,(-) = 0 and W,(-) = 0.
Therefore, the adaptation algorithms (5.123) and (5.124) will have the following
form:

éx = ((x1 +x2)(x1 — x0) + é\x,I)a

Ox,1 = Ax(x1 4+ x2)(x1 — x0) — (x1 + x2)x2,

Oy = Ty (1 + y2)(v1 — y0) + 6y.1), (5.140)

Oy.1 = Ay(y1 +y2)(y1 — yo) — (y1 + y2)¥2.

Hence, according to Theorem 5.8, boundedness of the solutions in the closed-loop
system (5.139) and (5.140) is ensured upon satisfying the following condition

kiky D, Dy Axhy
1 T4+ ) < 1= kik . 5.141
hoxhy < L A N T (5.141)

Moreover, given that properties HI1, H2, and H4 hold for the chosen functions
Yr(x,2) and ¥y (y,?), condition (5.141) guarantees that the limiting relations
(5.129) and (5.130) hold.

Trajectories of the closed-loop system (5.132), (5.138), and (5.140) with the
parameter values I'y =T'y = 1, Ay = Ay =2,x0=yo = l,and 6, = 6y = 1 and
initial conditions x{(0) = —1, x2(0) = 0, y1(0) = 1, »2(0) = 0, éx,l(O) = —1,
and éy, 71(0) = —2 are provided in Figure 5.7. Despite the fact that the values of
the coupling varied substantially from one simulation to another, this variation had
hardly any effect on the transient behavior of the system.

5.5 Non-dominating adaptive control for dynamical systems with nonlinear
parametrization of a general kind

In the previous sections of this chapter the classes of nonlinearly parametrized
uncertainties were limited to those satisfying Assumptions 5.3 and 5.4. Although
this class of functions covers a broad range of models, there are models that do
not fit these assumptions. Thus additional tools to account for these situations are
needed.
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Figure 5.7 Plots of trajectories x1(¢) (a), x2(¢) (b), y1(¢) (c), and y»(¢) (d) as
functions of ¢ in the closed-loop system (5.132), (5.138), and (5.140). The dotted
lines correspond to the case when ki = kp = 0.4, and the solid lines stand for
solutions obtained with values of the coupling of k; = 1 and k, = 0.1.

Consider systems that can be transformed by means of static or dynamic
feedback'* into the following form:

x = fo(x, 1) + F(E(),0) — F(E®),0) + (), (5.142)
where

&(t) € Lo, ool e (@) oo i1 = Ae

is an external perturbation with known A, andx € R". The function & : R>g — R®
is a function of time, which possibly includes available measurements of the state,
0,@ € Qy C R? are the unknown and estimated parameters of the function f(-),
respectively, and the set €2y is bounded. We assume that the function f(£(¢), @) is

14 Notice that conventional observers in control theory could be viewed as dynamic feedbacks.
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locally bounded in € uniformly in &:
IEE().0) — £(E(1).0) < Dfll0 — 6] + Ay,

and the values of Dy € R, Ay are available. The function fy(-) in (5.142) is
assumed to satisfy the following condition.

Assumption 5.17  The system
x = fo(x,1) +u(?) (5.143)
is forward-complete. Furthermore, for all u(t) such that

la() lloo,[t.61 < Au + 00(T) loo 10,01, Au € R0

there exists a bounded set A, ¢ > 0 and a function A : R>o — R satisfying the
following inequality:

IR ans,y < BE — 101X 4., + IO oo ft0r]

where B(-) : Rso — Rxo, limy— o0 B(t) = 0 is a strictly decreasing continuous
function.

Consider the following auxiliary system:
A=SQ), A(1y) = Ao € 2, C R, (5.144)

where ) C R” is bounded, A(#,A9) € 2, for all # € R>p, and S(}) is locally
Lipschitz. Furthermore, suppose that the following assumption holds for system
(5.144).

Assumption 5.18 System (5.144) is Poisson stable in 2,, that is
VAN e, 8€Rs0, ' €Rsp = A" >t +8: A", 1) =L <e,

where € is an arbitrarily small positive constant. Moreover, the trajectory A(t, o)
is dense in Q).:

VA €Q, e €Rog= 3t eRag: [V —A(t,A0)] <e.

Assumptions 5.17 and 5.18 allow us to formulate the following result.

Corollary 5.3 Consider system (5.142) and suppose that the following conditions
hold:

(1) the vector field £o(x,t) in (5.142) satisfies Assumption 5.17;



5.5 Non-dominating adaptive control 205

(2) there exists a (known) system (5.144) satisfying Assumption 5.18;
(3) there exists a locally Lipschitz 5 : R* — R:

") =gl < DylIA" — 17|

such that the set 1(2).) is dense in Qg;
(4) system (5.142) has a steady-state characteristic with respect to the norm

I-langy » M =207+ Ac +8
and input 0, where § is some positive (arbitrarily small) constant.
Consider the following interconnection of (5.142) and (5.144):
% = fo(x, 1) +£(5(1).0) — £(E(1).0) +e(0),
0 =), (5.145)
A =yIxO)lay g, SO,

where y > 0 satisfies the following inequality:

-1
r=(+(0) = 1

K kK DB (O)(1+K/(1—d)+1) (5.146)
Di=c-Dy- Dy-max |SQ)|

for some d € (0,1), k € (1,00). Then, for A(ty) = Ao, some 0’ € Qpy and all
x(tp) = xg € R" the following holds:

. _ . P Y
A Xl gy, =0, lim 8() = 6" € Q. (5.147)

Notice that in the case in which the dynamics of (5.143) is exponentially stable
with a rate of convergence equal to p and 8(0) = Dg, condition (5.146) will have
the following form:

( ( d ))‘%-1 1
y<—p|ln )
Dgk k Dy(Dg(1+«k/(1—d)+1)

According to Corollary 5.3, for the rather general class of systems (5.142) it is
possible to design an estimator @(t) that guarantees not only that the “error” vector
x(t) reaches a neighborhood of the origin, but also that the estimates é(t) converge
to some @’ in €. These two facts, together with additional nonlinear persistent
excitation conditions,

AT >0,peK: VT =[t,t +T], t e Ry9 =
At €T :|f(5(0),0) —£(&(x),0)| = p(ll6 — '),



206 Algorithms of adaptive regulation and adaptation in dynamical systems

n(Mo(A)

—_—

Figure 5.8 Trajectories 5()A) as projections of smooth closed curves. The gray
circles correspond to the nodes of the searching grid. If we were to travel along
the curve 5(X) periodically then we would visit the circle placed at the origin 16
times per period. Other circles would be visited less often, namely twice per period.
Constructing such curves allowing us to take the occurrence of # in €24 into account
is not trivial. Nonetheless, this possibility can be exploited when optimizing the
performance of adaptation.

in principle allow us to estimate the domain of convergence for é(t).

Notice that if the frequencies (probabilities) of occurrence of @ in 2y are known
then mappings » in (5.145) can be chosen to account for such information. This is
illustrated in Figure 5.8.

In the next example we illustrate how Corollary 5.3 can be applied to solve
the problem of adaptive regulation in the presence of nonlinear parametrization of
uncertainty.

Example 5.5.1 Consider the following system
X = —kx +sin(x0 +6) +u, k >0, 0 € [—a,al], (5.148)
where 6 is an unknown parameter and u is the control input. Without loss of gen-
erality we let a = 1 and k = 1. The problem is to estimate the parameter 6
from measurements of x and steer the system to the origin. Clearly, the choice
u = —sin(x6 + 0) transforms (5.148) into
% = —kx + sin(x0 + 0) — sin(x6 + 6), (5.149)

which satisfies Assumption 5.17. Moreover, the system

A=A,
Ja = —ha, M(to) + A5(t0) = 1
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with mapping 5 = (1, 0)TA satisfies Assumption 5.18 and therefore
At = ylxla,
) 5 ) (5.150)
A2 = —ylxlA2, A7(t0) + A5(10) =1

would be a candidate for the control and parameter-estimation algorithm. According
to Corollary 5.3, the goal will be attained if the parameter y in (5.150) obeys the
constraint

( < d >>1K—1 1
y=—p(ln ’
kDg kK Dy(Dg(1+k/(1—d)+1)

p=k=1Dg=1, D=1

for some d € (0,1), « € (1,00). Hence, on choosing, for example, d = 0.5 and
K = 2, we obtain that the choice

05\ '1 1
0 —In(=2) =.2=0.0601
- (2) s

suffices to ensure that
lim x(¢) = 0, lim 4(¢) = 6.
1—00 — o0

We simulated the system (5.149) and (5.150) with & = 0.3 and y = 0.05 and
initial conditions x (zp) randomly distributed in the interval [—1, 1]. Results of the
simulation are illustrated in Figure 5.9, where the phase plots of the system (5.149)
and (5.150) as well as the trajectories of o (t) are given.

5.6 Parametric identification of dynamical systems with nonlinear
parametrization

So far we have focused predominantly on control aspects of the problem of adapta-
tion in dynamical systems. Let us now view this problem from a different angle: state
and parameter inference. Two distinct cases will be considered below. We start with
systems in which the uncertainties satisfy monotonicity restrictions (Assumptions
5.3 and 5.4). Then we continue by discussing a more general class of nonlinearly
parametrized systems with merely Lipschitz nonlinearities.

5.6.1 Systems with monotone nonlinear parametrization

Let us formulate conditions ensuring convergence of the estimates (1) to 0 in
the closed-loop system (5.1), (5.11), (5.32), and (5.34). When the mathematical
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Figure 5.9 Trajectories of the system (5.149) and (5.150) (a) and the family of
estimates 6 (¢) of the parameter 6 as functions of time ¢ (b).

model of the uncertainties is linear in its parameters and does not depend on X,
ie. f(x,0,t) = o ()10, the usual requirement for convergence is that the signal
a(t) is persistently exciting (Sastry and Bodson 1989) (see also Definition 2.5.1).
In particular, the function «(¢) is said to be persistently exciting iff there exist
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constants § > 0 and L > O such that for all # € R the following holds:

t+L
/ a()a(t)dt > 1. (5.151)
t

Checking that condition (5.151) holds often necessitates knowledge of the signal
a(t) as a function of time. In the closed-loop system, however, relevant signals
in the model of uncertainty f(x,0,7) can depend on the state x, initial condi-
tions, uncertainties, parameters of the feedback, and initial time 7. In order to take
such dependences into account the notion of uniform persistent excitation has been
suggested (Loria and Panteley 2002).

Definition 5.6.1 Leta : D xRy, — R", D C R4 be a continuous function.
We say that a(r, t) is uniformly persistently exciting in D if there exist § € R
and L € R such that for eachr € D

t+L
/ a(r,Nar, ) dt >8IVt > 1. (5.152)
t

In the case of models with linear parametrization of uncertainty, persistent exci-
tation of the signal «t(?), i.e. inequality (5.151), implies that the following property
holds:

3t elt,t+L1: |a() (@1 —02)| = 51101 — 62 (5.153)

In other words, the difference |o(r)T(01 — 0)| is proportional to the distance
|01 — 65| in parameter space for some ¢’ € [z, 1+ L]. When dealing with nonlinear
parametrization, it is useful to have a similar characterization that takes model
nonlinearity into account. So it is natural to replace the linear term o (7’ YL@, —90-),
orthe term at(x(¢', 0, Xo), t') T (61 —05) if the regressor is state-dependent, in (5.153)
with its nonlinear substitute f(x(¢"),01,t") — f(x(t'),02,t"), as has been done, for
example, in Cao ef al. (2003) for systems with convex/concave parametrization.
It is also natural to replace the proportion 6]|@1 — 05| in (5.153) with a nonlinear
function. We, therefore, use the following notion of nonlinear persistent excitation.

Definition 5.6.2 A function f(x(¢),0,t) : R" x RY x R>9 — R is said to be
nonlinearly persistently excited with respect to parameters @ € Qy C R iff there
exist constant L > 0 and a function ¢ : R=9 — Rx¢, 0 € K N CY such that for all
t € Rx, 01,0, € @y the following holds:

3l et t + L] | f(x(t),01,1) — f(x(t'),02,1)] = 0(l01 — 02]).  (5.154)

Properties (5.152) and (5.154) in Definitions 5.6.1 and 5.6.2 provide alternative
characterizations of excitation in dynamical systems. While (5.151) accounts for



210 Algorithms of adaptive regulation and adaptation in dynamical systems

properties of the signals in the uncertainty, (5.154) reflects the possibility of detect-
ing parametric mismatches from the difference f(x(¢),01,t) — f(x(¢),02,¢t). The
following theorem presents corresponding alternatives for parameter convergence
in the system (5.1), (5.12), (5.32), and (5.34).

Theorem 5.9 Let the system (5.1), (5.12), (5.32), and (5.34) satisfy Assumptions
5.1-5.3. Let, in addition, Assumption 5.5 hold with B(x,t) = 0. Then x(t) €
L% [ty,00] and 0(t) € Lgo[to, oo]. Moreover, the limiting relation

lim O(x(t),1) = 0
t— 00

is ensured if a (X, t) is locally bounded in x uniformly in t, and one of the following
alternatives holds:

(1) function a(X(t), 1) is persistently exciting, and hypothesis H3 holds;

(2) function f(x(t),8,t) is nonlinearly persistently exciting, i.e. it satisfies condi-
tion (5.154); it satisfies hypotheses HI and H2; the function ¢ ({, @, t) satisfies
hypothesis H4; and the function 0y (X,t)/0t is locally bounded in X uniformly
int.

If alternative (1) is satisfied, the estimates 9(x(t), t) converge to 0 exponentially
fast. If, in addition, a(x(t), t) is uniformly persistently exciting and Assumption 5.4
holds, then the convergence is uniform. The rate of convergence can be estimated
as follows:

10(t) — 8] < e ""18(10) — 0] Dr-, (5.155)
where :
Dr = ()\max(r)>2 epL, o = 3D )\min(rz) =5
Amin (D) L(1 + hmax(D)a2, L2)
Yoo = sup llee (%, 1)]].

111 < 1% oo, 1,001+ 1210

Theorem 5.9 considers error models (5.12) without a disturbance term &(t)
but can straightforwardly be extended to ones with disturbance (5.11). As fol-
lows from alternative (1), the parameter-estimation subsystem is exponentially
stable when a(x(z),t) is persistently exciting. This allows (sufficiently small)
additive disturbances on the right-hand side of (5.12). When the excitation is
uniform, convergence of the estimates é(r) to a neighborhood of @ is guaran-
teed for every e(t) € Léo[to,oo] by the inverse-Lyapunov-stability theorems
(Khalil 2002). In the case of alternative (2), (5.154) guarantees convergence (5.24)
without invoking Assumption 5.4 or hypothesis H3. However, the convergence
might not be robust, which seems to be a natural tradeoff between generality
of nonlinear parametrizations f(x,0,t) and robustness with respect to unknown
disturbances £(t).
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Figure 5.10 A simple scheme for secure communication based on chaotic
nonlinear oscillators.

Let us illustrate the application of Theorem 5.9 with an example. The example
will also demonstrate the applicability of our approach to problems in which the
target dynamics is not necessarily stable.

Example5.6.1 Consider a pair of coupled nonlinear forced oscillators M (master)
and S (slave). Their inputs depend on the parameters 6 € R in M and 6 € Rin
S. The parameter 6 can be understood as a “message” transmitted by the master.
The parameter 6 in the slave subsystem S should track the message transmitted by
M. A review on problems of this kind is available in Yang (2004). Traditionally
this problem is solved within observer-based approaches under the conditions that
there is a stable synchrony between M and S at 6 = 6 and the oscillators are
linearly parametrized in 6. The results formulated in Theorems 5.1 and 5.9 allow
one to solve this problem without the need to demand existence of stable synchrony
between subsystems atf = 6; also they enable extension of the approach to systems
with nonlinear parametrization.

Let us consider a pair of coupled oscillators, for instance, the well-known
Hindmarsh—Rose-model neurons (Hindmarsh and Rose 1984):

x1 = fi(x1,x2,x3) + 1(0,r(1)),

M {2 = folxr, x2,x3),

x3 = f3(x1,x2,x3),

1= fi, 2, 33) + e —x1) + 16, r(1),
S:11y2 = f2(y1, 2, ¥3),

(5.156)

3 = 301, ¥2, ¥3)s
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where f1(x1,x2,x3) = —xf’ + 3x12 + x3 — x3, fo(x1,x2,x3) = 1 — 5)612 — X2,
and f3(x1,x2,x3) = 0.006(4(x; + 1.6) — x3). The variable ¢ : R>g — Rx¢ is
the coupling time-varying coefficient, 1(6,r(¢)) = x /(1 + exp(—0 — r(t))) is the
nonlinear transformation of the input signal (), and 6 and 6 are the thresholds or
“messages.” The value of « defines the upper bound for “stimulation™ (6, r(¢)).
The function (6, r(¢)) is a plausible model of the synaptic gates which open when
the value of r(¢) exceeds the threshold 6. For the current choice of f;(-) we set
k = 4, which allows chaotic bursting in (5.156).

A sufficient condition for synchronization between the M and S subsystems at
6=01is c(t) > ¢* = 21.5 (see Oud and Tyukin (2004) for details). The problem,
however, is how to design 6 as a function of the state of system (5.156), input r (),
and time # such that @ tracks the values of  for c(t) > 0 below c*.

First, we notice that x(¢) and y(¢) are bounded if /(0,r(¢)) and [ (é, r(t)) are
bounded: both M and § are semi-passive with a quadratic storage function, which
is positive definite and radially unbounded outside a bounded domain in the state
space of (5.156) (Oud and Tyukin 2004). For the error function v, we chose the
difference x; — y;. Because boundedness of the state for all é, 0, r(t) is already
ensured by the strict semi-passivity of (5.156), checking Assumption 5.1 is not
necessary for application of our method. Let us consider the dynamics of :

U= fi(x1,x2,%3) — i1, 2, ¥3) — c(OY + 16,7 @) — 1@,r (). (5.157)

Given that x(t), y(¢), 1(6,7(t)), and I(é, r(t)) are bounded, Assumption 5.2 is sat-
isfied for (5.157) with c(¢) > §, where § € R ¢ is arbitrarily small. The function
¢, w, t) in this case can be defined as (i, w,1) = — f1(x1(¢), x2(t), x3(t)) +
F1(y1(2), y2(t), y3(¢)) + c(t)¥r. Notice also that 1 (6, r(¢)) is differentiable. Hence,
according to Hadamard’s lemma, the difference 1(0,r(t)) — [ (é,r(t)) can be
expressed as

dr® —60).  (5.158)

1 o
I(G,r(z»—l(é,r(r)):/ 0fOr+ = W6, r(1))
0 AL+ (1 — 1))

Given that 1(0, r(t)) is strictly monotone in 6, the value of

/1 Af(Or+ (1 — x)é,r(t))dX
0 OX + (1 — 1))

is positive. Furthermore, 01 (6, r(¢)) /00 is ultimately bounded. Therefore, Assump-
tion 5.3 is satisfied with « = constant = 1. Because d/9(x @ y) = 0, Assumption
5.5 is satisfied with W (x @ y, 1) = 0.
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Figure 5.11 Trajectories of the system (5.156) and (5.159) as functions of time 7.
The input signal r(¢) was set as follows: r(¢) = sin(0.001¢). White areas mark the
time instants at which the coupling variable c(¢) exceeds the critical value ¢* =
21.5, ¢(z) = 21.55 ensuring synchronization between the M and S subsystems at
6 = 6. The shaded domains correspond to the time intervals in which conditions
for synchronization are violated: c(¢) = 0.05. Even though subsystems M and S
fail to synchronize over these intervals, the message 6 sent by M is successfully
tracked by S.

Using (5.32) and (5.34) we write the adaptation algorithm for 0 as

0

Y (x1(1) — y1(t) 4 61()),
(5.159)

A

O = = filx1,x2,x3) + f1(¥1, 2, y3) + c(O)(x1 — y1), ¥ € Roo.

According to Theorem 5.1 and Corollary 5.1 the variable 6 is bounded and
non-increasing. Hence, taking into account equality (5.158) and the fact that
al(0,r(t))/a0 is separated from zero for all bounded 6 and r(¢), Assumption 5.4
holds for the nonlinearity 1 (6, r(¢)) in the system (5.156) and (5.157) with bounded
r(t) and algorithm (5.159). Moreover, «(¢) = 1 is uniformly persistently exciting.
Therefore, Theorem 5.9 applies and 6 converges to 0 in (5.156) exponentially fast.
In other words, the message 6 as transmitted can be recovered exponentially fast
using algorithm (5.159). This property is illustrated in Figure 5.11.

5.6.2 Observer-based state and parameter reconstruction for systems with
Lipschitz parametrization

Let us now consider a somewhat more general class of single-input—single-output
nonlinear systems:

X = AX +bo(y,A, )0 + gu(t) + £(1),

T
y =X,

(5.160)
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where ¢,b,g € R", A € R"™", and ¢ = (1,0,... ,0)T are supposed to be known,
and b = (b1, by, ...,by)T, b1 # 0is Hurwitz, i.e. all roots of by p"~! + by p" 2 +
- -+ b, have negative real parts. The pair A, ¢ is observable,'” and moreover A, is
supposed to be in Brunovsky’s canonical form:

aj 1 O o0 ... 0
a 0 1 o ... 0
a—1 0 0 ... O 1
ay o o0 ... 0 O
In (5.160) x = col(xy, x3,...,x,) € R"is the state vector, y is the measured output,

u:R — R, u e Cis aknown function, andé :R —> R", & € CY is an unknown
yet bounded continuous function,

IE) < Ag, Ag € Rog, V> 1o, (5.161)

representing unmodeled dynamics (e.g. noise).'® The system state X is not measured;
only the values of the input u(¢) and the output y(¢) = x1(¢), t > o in (5.160) are
accessible over any time interval [#g, ¢] that belongs to the history of the system.

The function@ : RxR* xR — R™,@(y,A,t) = col(p1 (¥, A, 1),...,0m (¥, A, 1))
is assumed to be continuous and bounded in y, and ¢, and in addition is required to
be Lipschitz in A uniformly in y, and #:

lo(y, A1) —@(y, A", )] < DI —1"||, D € Rxy. (5.162)

The vectors A = col(Aq,...,As) € RY and @ = col(by,...,60,) € R™ are param-
eters of the system. The values of A and @ are supposed to be unknown, yet we
assume that they belong to the hypercubes ©2; C R® and 9 C R™ of which the
bounds are known: 6; € [6; min, 0 max] and A ; € [Aj min, A j max]-

To reconstruct the unknown state and parameters of the system from the values
of y(t) = x1(¢), u(t), we should find an auxiliary system, i.e. an adaptive observer,

q="1(q,y,1), q(to) = qo, q € RY, (5.163)

such that for some given h : R — R¥T"*7" ¢4, § € R, and fy € R the following
property holds:

31 > 101 |h(q(t,qo0) — WD)l <8, Y1 =1, (5.164)

I5 Let us recall that the pair A,c is called observable iff the rank of the n x n matrix (c, ATC,
AN2¢,..., (AN oy isn.

16 For a technical reason we suppose here that the value of Ag is greater than zero. This requirement is not
necessary in general (see the proof of Theorem 5.10 for details).
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where w(t) = col(0, X, x(¢,Xp)).

The goal requirement for our adaptive observer is stated in the form of inequality
(5.164), instead of the more usual requirement lim;_, », h(q(¢, qo)) — w(t) = O.
This is because we allow unmodeled dynamics, &(¢), on the right-hand side of
(5.160). We demonstrate below that asymptotic reconstruction of the state and
parameters of (5.160) in the sense of (5.164) is achievable, subject to a set of
standard persistency-of-excitation conditions on @(y, A, 1).

Traditionally, methods of observer design are based on the notion of Lyapunov
stability of solutions. If a globally asymptotically Lyapunov-stable solution exists
in the state space of the combined system (5.160) and (5.163) such that the require-
ments (5.164) are satisfied, then (5.163) is the observer needed. However, as we
mentioned earlier, in systems with nonlinear parametrization and unmodeled pertur-
bations distinct parameter values on the right-hand side of (5.160) may correspond
to indistinguishable input—output behavior. Hence multiple distinct invariant sets
in the extended state space will co-exist, and only local stability would generally
be guaranteed.

Therefore, instead of the standard requirement that the dynamics of errors of state
and parameter estimates is globally asymptotically stable in the sense of Lyapunov,
we will require mere convergence of the estimates as specified by (5.164). This
relaxation allows us to invoke a wider range of tools for accessing convergence
such as in Chapter 4. We propose that an asymptotically converging observer for
(5.160) consists of two coupled subsystems, S, and Sy,. The role of subsystem S,
is to provide estimates of the state and “linear” parameters 6 of (5.160), and the
role of subsystem Sy, is to search for the values of “nonlinear” parameters A.

Let subsystem S, be defined as

XR=AR+L0 — y) +bo(y, A, 070 + gu(r),
Sut 0=k~ DeG..0). ke Rep, (5.165)
$ =T}, (1) € R”, O(t) € R".
The Vect(A)r 0 = E:ol(éo, él, e, én) in (5.165) is the vector of esAtimates of @, and
A =col(ry,...,As) isthe vector of estimates of A. The values of A will be specified

later. The vector £ in (5.165) is to be chosen such that the following condition holds:
PA+LcH+A+ecHTP <0, (5.166)
Pb =c,

where P, QO > 0 are some positive definite n x n matrices. This choice is always

possible. Indeed, the pair A, ¢ is observable and hence there exists an £ such that the
matrix A +£cT is Hurwitz. Moreover, if rq, . . ., r, € C are arbitrary numbers in the
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left-half of the complex plane, then one can choose £ such that ry, . . ., r, are zeros
of the characteristic polynomial det(p — (A + echy). Finally, notice that H(p) =
T (p—(A+Lc") b= (b1 p" ' +byp" 2+ - +by)/det(p — (A+L£cT)). Thus
there is an £ such that H(p) = 1/(p — ry,). The function H (p) is strictly positive
real.!” Then, according to the Meyer—Kalman—Yakubovich lemma (please see the
Appendix for details), there are positive definite symmetric matrices P, Q > 0 such
that (5.166) holds. In addition, since A and £ are known, we will assume that the
matrices P and Q in (5.166) are also known.

If the values of A are known then the substitution A = A reduces system (5.165) to
a standard gradient-based adaptive observer for (5.160). The asymptotic properties
of this observer have been studied widely in the literature (see e.g. Marino (1990),
Bastin and Gevers (1988), and Kreisselmeier (1977)). The problem is that the values
of A are unknown and therefore these standard techniques cannot be applied directly.
A solution would be to replace the value of A with its estimate, ):, as is done
in (5.165), where the estimate A is to be supplied by an additional subsystem.
Two questions, however, arise with regard to this strategy: first, how to define this
additional subsystem; and second, how to make sure that the estimates of 6 and &
will necessarily converge to the true values of # and A.

With respect to the first question, no particular assumptions are imposed on the
function ¢(y, A, ), except that it is bounded, Lipschitz in A, and continuous in
y and ¢. Hence standard gradient-based estimation algorithms (Farza et al. 2009;
Grip et al. 2010; Tyukin ef al. 2007b) are not guaranteed to converge to a small
neighborhood of A even if the values of # are known. Therefore, searching-based
exploration, which is partially discussed in the previous section, is a plausible
option. The exploration can be realized, for example, by the following class of
dynamical systems:

s =1(s), s(t0) = so,
=BG,

where f : R" — R and § : R — R® are Lipschitz, and sq is such that the
solution s(z,sp) is bounded. As before, let €25 be the set of all w-limit points of
s(t,80), and suppose that this set is Poisson-stable. Finally, suppose that for every
A € @, thereisans € Qg: B(s) = L. This implies that the corresponding trajectory
B(s(t,sp)) is dense in Q2 :

VAeQ, eeRog,t>1t93t >19: ||A— B(s(t,s0))| < &.

I7 A function H : C — C is said to be positive real if it is analytic in the open right half of the complex plane,
and Re(H(p)) > OVp : Re(p) > 0. It is strictly positive real if the function H (p) is not identically zero, and
H(p — €) is positive real for some € > 0.
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Clearly, for any A € 2, and any ¢ > 0 there will exist a sequence of time instants
t; : lim;j_,. o t; = 00 such that ||):(ti) — A|| < e. The issue, however, is how do
we know that a reasonably small neighborhood of A has been reached, and that
the exploration should stop? This is closely related to the second, convergence,
question.

In order to be able to stop in a small vicinity of A an explorative subsystem must
be supplied with a measure of error. In our case, the value of y — y is the most
immediate candidate. Therefore, in what follows we propose that the evolution of
the estimates A = col():l,. .. ,)A»S) in time is described by the following class of
equations:

S=1y@® = 3D llL(s), & € Rxo,
A = B(s), s(t0) = so.

The number of systems satisfying these conditions is infinitely large. For sim-
plicity, let us suppose that system S, is given by the following set of equations:

: 2 2
$2j—-1 =Y  Wj-€-\852j-1—82; —82j-1 (S2j71+s2j>)’
R P— . PR . . s — . 2 2
Su : $2j =y @) 8251+ 827 —8; <S2j—1 +52j)>’ (5.167)

hj = jmin + ((Ajmax = Ajmin) /2) (s2j-1 + 1),
e=o(ly—Jle,

=18, 3 (0) +s53;(0) =1, (5.168)

where o (-) : R — R is a bounded and Lipschitz function: i.e. o (v) < § € R.,
and |o(v)| < |v]| for all v € R. Moreover, we suppose that o (v) = 0 iff v = 0.
The parameters w; € R in (5.167) are supposed to be rationally independent:

Y wik; #£0,Vkj € L. (5.169)

If e = 1 for all # > t( then the variables (s2;_1(¢,80),52;(f,80)) in (5.167) and
(5.168) are

t t
(s2j-1(1,80),52j(t,80)) = (cos (y/ w;tdt + a) , sin (y / w;tdt + a)) ,
fo 0]

aeR.

They densely fill the corresponding invariant tori, and, since w; are rationally
independent, trajectories 5».,- (t,80) are dense in 2, (Arnold 1978).

It turns out that uniform persistency of excitation of ¢ (y(¢), A, ¢) int and nonlinear
persistency of excitation of the same function in A suffice to ensure that the observer
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defined by (5.165)—(5.167) is capable of reconstructing the values of x, €, and A
asymptotically. The result is formally stated in the theorem below.

Theorem 5.10 Consider system (5.160) together with an estimator defined by
(5.165)—(5.167). Suppose that

(1) the function @(y, A, t) is uniformly persistently exciting in the sense of Definition
5.6.1 (condition (5.152) holds for the function @ (y(t,0,ty), A, t) in (5.160) with
r =col(0,1));

(2) the function 0 @ (y, A, 1) is weakly nonlinearly persistently exciting in A

3T, BeRap: V=19, 0N e Q3 e[t,t +T]:
16T (@ (). t) — @ () A NN = BN o (5.170)

where EA) = (A € Qilo(y, ), 1) = @(y, A, 1) V1 € R};
(3) the function @(y, A, t) is Lipschitz in A, (5.162), and d¢(y, X, t)/0t is bounded.

Then there exist numbers ¢ > 0 and y* > 0, and functions ri,ry € K such that
forall y € (0, y*] the following hold along the trajectories of (5.165)—(5.167):

lim [|&(t) — x(t)], = O, (5.171)

I— 00

limsup [1B(1) — 0] = r1(Ag), (5.172)
11— 00

lim sup Hi(r) H = r2(Ag). (5.173)
o £0)

The value of Ag is specified in (5.161).

Theorem 5.10 concludes this chapter. Here we have presented a range of
adaptation algorithms particularly suitable for systems (models) with nonlinearly
parametrized uncertainty and potentially unstable solutions in the target dynamics.
In the next chapters we shall see how these algorithms can be applied to address
several practical issues in the domain of mathematical modeling of neural systems
and artificial intelligence. We will start with the problem of adaptive classification,
and then proceed by discussing a prototype system for invariant template matching.
We will conclude by showing how the set of techniques developed can be used in
the problem of modeling evoked potentials in neural membranes.

Appendix to Chapter 5
A5.1 Proof of Theorem 5.1

Let us first show that property (1) holds. Consider solutions of the system
(5.1), (5.11), and (5.32), and (5.34) passing through the point x(ty), 6;(t) for
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t € [to, T*]."® Let us calculate formally the time-derivative of the function é(x, 1):

Ox,1) =T(0p +0)) = T(ra(x, 1)+ pax 1) — W(x 1) +0)).

Notice that
) . A doe(x,1) . dae(x) .
voa(x,t) —V(x, 1) +0; =y(x,1) X| + Y (Xx,1) )
x| 0Xo
da(x,1)  OV(x,1).
N -
Y= ax;
v (x,1) . ov(x,t A
Wk, D G (A5.1)
X2 ot

According to Assumption 5.5 0W (x, 1) /0x2 = W (X, 1)da(X,t)/0x2+ B(x,t). Then,
taking (A5.1) into account, we can obtain

. ; A da(x,t) oW .
Yax, ) —V(x,1) +0; = <¢(X,;) _ _)

0X1 0X1
da(x,t) W(x,1)
ot ot

B DX, 0,1) + 2(x,0)u) + 0. (A5.2)

+ YU(x, 1)

Notice that, according to the proposed notation, we can rewrite the term

da(x,t) ov .
3X1 8X1

<w(x, 1)
in (A5.2) in the following way:
(¥ (%X, 1) Ly @(X, 1) — Ly W (X, 1)) + (¥ (X, 1) Ly, (X, 1) — Lg, W (X, 1)) u(x,0,1).

Hence it follows from (5.32) and (A5.2) that Yra(x,1) — \iJ(x,t). + él =
o(V,w, a(x,1) + B(X,t)(fz(x,é,l) — f,(x,60,1)). The derivative 9(X,t) can
therefore be written in the following manner:

é =T(( + 0¥, w,1)e(X, 1) + B(X,t)(fz(x,é,t) —6H(x,0,1))). (AS5.3)

Consider the following positive definite function:

(é 0,1) = —1 ||9 - ||2 —/ 2( ) (AS5.4)
A T)art. .
V50,9, > Ol + 2 |, e“(t)d A5.4

18 1n accordance with the formulation of the theorem, the interval [7y, T*] is the interval of existence of the
solutions.
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Its time-derivative can be derived according to (A5.3) as follows:
V;0.0,1) = (9, @,0) + )0 — 0)Ta(x,1)

+ (0 —0)"Bx,1)(f2(x,0,1) — £2(x,0,1)) — %82@). (A5.5)
1

Let B(x,t) # 0, then consider the difference fz(x,é,t) — f2(x,0,1). Applying
Hadamard’s lemma, we represent this difference in the following way:

1

£2(x,0,1) — (x,0,1) = /

0

According to Assumption 5.5, term (9 —0)TBx, 1) (f2(x, é, 1) —f(x,0,1)) is neg-
ative semi-definite; hence, using Assumptions 5.3 and 5.4 and equality (5.11), we
can estimate the derivative Vé as

V;0.0.1) < —(f(x.0,1) — f(x,0,0) + ()@ — ) au(x,1) — %SZ(Z)
1

< —%(f(x,(;,t) 0.0

1 A D ,
+ D—lle(t)llf(x,f),t) — f(x,0,0)] — 4—1)%8 (1)

1 R D 2
< —— 0,1)— 0,1) — —e(t <0. A5.6
< D(If(x, 1) — f(x,0,1)] 2D18()) < (A5.6)
It follows immediately from (A5.6) and (A5.4) that

" A D
10() — 0117, < [6(t0) — 0117, + Wne(nn%,[,o,oo]- (A5.7)
1

Given that inequality (A5.4) implies [|0(t) — 0112, < [6(0) — 01>, +

(D/(ZD%)) lle(t) ||%’[IO’T*], we can conclude that 9(t) € Lgo[to, T*]. Moreover,

A D
|fx(0),0(),1) — f(x(1),0,1)] — 2—D18(t) € L[t T*].

In particular,

~ D 2
H Ifx(@®),000).0) = fx(1).0.0)] = 5--e(t)
LR AT &
D A D? 5
= 510 = 0G0l + 5 1eO oy, 741 (A5.8)

1
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Hence f(x(?), é(t), t) — f(x(1),0,1) € L%[to, T*] as a sum of two functions from
L%[to, T*]. In order to estimate the upper bound of the norm || f(x(¢), é(t), t) —
Fx(1),0,0)2,[1,7+) from (A5.8), we use the Minkowski inequality

A D
Hf(X(t),O(t),t) — f(x(0),0,0)] — Z—Dls(t)

2010.T%]
1
D. - ., \2 D
=< (5”0 - 0(to)llr_1> + 2_D1||8(t)”2,[to,T*],

and then apply the triangle inequality to the functions from Lé[to, T*]:

I f (x(2),0(),1) — f(x(1),0,0)l|2.110.7%]

n D D

< x(1),0(),1) — f(x(1),0,1) — —=¢(t + —|le(t *
f(x(2),0(),1) — f(x(2),0,1) D, (1) v 2Dy lle @)112.120.7%1
D . ., \! D

< EIIO—G(IO)IIM +D_l”8(t)||2,[to,T*]- (A5.9)

Therefore, property (1) is proven.

Let us prove property (2). In order to do this we have to check first whether the
solutions of the closed-loop system are defined for all # € R, i.e. they do not
reach infinity in finite time. We prove this by a contradiction argument. Indeed, let
there exist a time instant 7y such that ||x(z)|| = oo. It follows from (1), however,
that f(x(¢), 9(t), 1) — f(x(1),0,1) € L%[to, ts]. Moreover, according to (A5.9) the
norm

L (x(0),0(t).1) — f(x(1),0. 1) 12, 1)

can be bounded from above by a continuous function of 6, é(to), I', and
le(®)112,11,001- Let us denote this bound by D¢. Notice that Dy does not depend
on t5. Consider the system (5.11) for ¢ € [fg, &]: w = f(x,0,1) — f(x,@,t) —
o(Y,w,t) + e(t). Given that f(x(z),0,t) — f(x(t),é(t),t),e(t) € L%[to,ts] and
taking Assumption 5.2 into account, we automatically obtain that 1 (x(¢),7) €
Léo[to, ts]. In particular, using the triangle inequality and the fact that the function
Voo.2 (Y (X0, 10), @, M) in Assumption 5.2 is non-decreasing in M, we can estimate
the norm || (X(2), 1) |loo,[1,1s] @S follows:

19 1), Dl = Voo (¥30,10,@, Dy + 6B 000) - (AS.10)
According to Assumption 5.1 the following inequality holds:

IX(D) oo lt0.0s] < 7 (X0, 0, W (X(), D) lloc,19.141) -
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Hence
IX(O) ot = 7 (%0-0, voe2 (¥ 50,100, @, Dy + 1613 g001) ) - (AS1D)

Because a superposition of locally bounded functions is locally bounded, we
conclude that [|X(7)lco[r.r,] 15 bounded. This, however, contradicts the previous
claim that ||x(;)|| = oo. On taking (A5.7) into account as well as the fact
that [|&(2) 12,4, %] in (A5.7) is bounded from above by |[l&(t)|[2,(z,00], W€ can
derive that both 0(x(t) t) and 0 ;(t) are bounded for every r € Rxo. Moreover,
according to (A5.10), (A5.11), and (A5.7) these bounds are (locally bounded)
functions of initial conditions and parameters. Therefore, x(¢) € L% [t9, oo] and
9(x(t),t) € Lg'o[to, oo]. Inequality (5.39) follows immediately from (A5.9) and
(5.14), and the triangle inequality. Property (2) is proven.

Let us show that property (3) holds. It is assumed that the system (5.13) admits
Lé[to,oo] — L},[to,oo], p > 1 margin. In addition, we have just shown that
f(x(1),0,1)— f(x(1), é(t), t),e(t) € La[tg, oo]. Hence, taking into account (5.11),
we conclude that ¥ (x(z),7) € LL[to, oo], p > 1. On the other hand, given
that f (x,é, t) and ¢ (¥, ®,t) are locally bounded with respect to their first two
arguments uniformly in ¢ and that x(t) € L] [t9,00], ¥ (x(t),1) € L},O[to,oo],
é(t) € Lgo[to, oc], and 0 € g, the signal (¥ (x(1),1),w,t) + f(x(1),0,1) —
fx(1), é(t), t) is bounded. Thus e(¢) € Léo[to, oo] implies that w is bounded as
well and (3) is guaranteed by Barbalat’s lemma.

To complete the proof of the theorem (property (4)), consider the time-derivative
of the function f(x, 9, 1)

d A A
Ef(x’o’t) = Lipxpnrecnudnf X 00

F 0D L ot b + f(’;—t’”)

Taking into account that f(x,#,7) and g(x,7) are locally bounded with respect
to x, @ uniformly in ¢, the function f(x,#,¢) is continuously differentiable in x
and @, the derivative 9 f(x,6,7)/0t is locally bounded with respect to x and 6
uniformly in ¢, and the functions (X, ¢) and 0y (x, t)/dt are locally bounded with
respect to x uniformly in 7, then d /dt( f(x,0,1) — f(x, 0, t)) is bounded. Given
that f(x(¢),0,t)— f(x(¢), 0(t) ) e Ll > [0, 00], we conclude by applying Barbalat’s
lemma that f(x(¢),0,1) — f(x(t),B(t),t) — 0ast — oo. ([l
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AS.2 Proof of Corollary 5.1

Let e() = 0. By choosing the function V (6, 0, t) as in (A5.4), using (A5.5), and
invoking Assumption 5.3 we obtain that

—(f(x,0,0) — f(x,0,0)a(x,1)(8 — )

Vé(é,o,z)

IA

< —%(f(x,ﬁ?,t) — f(x,é,t))z. (A5.12)

The equality (A5.12) and the fact that ¢(f) = 0 in (A5.4) imply that the norm

||9 -0 ||%,, is non-increasing. Furthermore, (A5.12) implies that

R D .
If (x(),0,1) — fx(0),0), D) ll2.10.7%1 = (EII()(to) - 0||12~1>2 - (A5.13)

This proves property (1). Taking into account (A5.13) and given that Assumptions
5.1 and 5.2 are satisfied, we can conclude that x(¢) € L7 [tp, o] and ¥ (x(¢),1) €
L éo[to, oco] and that the following estimate holds:

1

D . 2
1% (X(1), 1) [l oo, [10,00] < Voo,2 (W(Xo,lo),w, (Ello(to) - 0||12~_1> ) . (A5.14)

Hence (2) is also proven. Properties (3) and (4) follow by virtue of the same
arguments as in the proof of Theorem 5.1. Therefore, (5) is proven. UJ

AS5.3 Proof of Theorem 5.2

According to the conditions of the theorem, system (5.47) is complete. In addition,
the differentiability of ¥ (-), a(-), and W(-) implies that the derivative 9(x, t) is
defined in a small vicinity #9. Moreover, according to Assumption 5.7 this derivative
satisfies .

0=+ o, o, 0)o(x; ®x)®he,1). (A5.15)

Finally,
V= —p, 0.0+ f(x1 ©x, Dhe,0,1) — f(x; ©X, ®hg,0,1) +e5(1),

(A5.16)

where ¢ (t) € La[to, T] and ||e(t) [|2,110,7] < Ag(0,X0). Thus property (1) follows
explicitly from the proof of Theorem 5.1. If the combined system is complete then
the remaining properties also follow from the proof of Theorem 5.1. Complete-
ness of the combined system, however, follows from Theorem 4.6 presented in
Chapter 4. O
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A5.4 Proof of Theorem 5.3

The proof of this theorem is based on the ideas presented in Loria ef al. (2001).
Consider serial interconnection of system (5.1) and the system (5.58) and (5.59):

xo =0H(x,0,1) + g (X, )u,

. - (AS5.17)
§= (HExDTHEXD + ) (o = §) +B2(x Du +v.
Using (A5.17) and invoking Hadamard’s lemma,
H(E,x,1)(x2 — &) = he(x2,X,1) —he(§,x,1), (A5.18)

we can conclude that the differential equation for € = & — x5 can be written as

¢ = —(HE X, 1) THE X, 1) + Ble — £2(x,0,1) — T A f(x,1) - sign(e),

. (A5.19)
n=T,Ar(x,1)- sign(e)T - €, r,>0.
Let us introduce the following positive definite function:
N 1/ A 2
Ve(e,iy = 5 ("e + i = nli2.. ). (A5.20)
2 Ty
where the vector 5 satisfies (5.56). The derivative VE can be expressed as
Ve = —H(E X, 0)€]* — Bllell” — € f2(x,0,1) — 0" A p(x,1) - sign(e)” - €.
(A5.21)
Taking into account (5.56), we can estimate V. in (A5.21) as follows:
Ve < —IHE x, Dell” = Bllel® = n" A px,0)(llell = — ll€l), (A5.22)
where
p
lelz=>"leil.
i=1
Given that

lellz = lel,

and taking (A5.22) into account, we can see that the following estimate holds:
Ve < —IH(E x, )ell> — Bllell* < 0. (A5.23)

Thus
x(t) € L% [10, T],x € C* = &(r) € L% [10, T,
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i.e. the system (5.58) and (5.59) is complete. Moreover, (A5.23) implies that

A

T*
f IHE. X, D)€l < Ve(e(to), (1)) — Ve(e(t), n(t))
fo

IA

1 n
5 (IG0) = xa0) > + Niio) = n} ). (AS24)
Hence, on taking into account (A5.18), (5.57), and (A5.24) we obtain

If (x1(0) @ hz (£(1)),0,1) — f(x1() @ x2(2), 0, 1) l2,[10,7%]

f ||h€(§’x$ t) - hE(XZ’X’ t)”z,[[(),T*]
1

[(IIE(IO)—Xz(to)II o) =l )

where [f9, T*] is the maximal interval of existence of x(¢,Xq, %) in forward
time. O

A5.5 Proof of Lemma 5.1

For the sake of compactness we introduce the following notational agreements:

ﬁ(x1,...,xl',0i)=fi(x,0i), Wsl‘:xi_gi’

(AS5.25)
&i(t) = fi(qi-2(1),0;) — fi(qi-1(1),0)),
i =2,...,n.In addition, we will need the following technical result.
Lemma AS5.2  Consider the system
x =f(x,0,u), xog = x(tp), (A5.26)

and suppose that [to, T], T > 0 is an interval of existence of its solutions. In
addition suppose that the following holds along the solutions of (A5.26):

= —pW)(1 4+ F() + 2(x,0,1) — 2(x,0,1) + &(1). (A5.27)

In (A5.27) the function F : R>g — Rxo, F(t) € C°, and the function ¥ (x,t) :
lWx,1)] <8 = |x]| <&@),8>08:Rs9g— Rsg; e(t) € CO et) € Lo,
o) € CO o)y > OV Y £ 0, limw_mofow ¢(¢)dg = oo. Let, in addition,
Assumptions 5.3 and 5.4 hold for z(x,@,t) with F(t) = 0, e(t) = 0, and let ]
evolve according to

=T + o)1+ F()ax,1), T > 0. (A5.28)
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Then

(1) Y (%,1) € Loolto, T], 9(¥(x,1)) € Lalto, T1N Loglto, T], VE@e (¥ (x,1)) €
Lalto, T1; 8 € Loolto, T1;

(2) 72(x,0,1) — 2(x,0,1) € La[to, T1;

(3) F(t) € Loolto, T1 = ¥ € Lalto, T1.

The corresponding L- and L ,-norms can be bounded from above by constants
whose values do not depend on T. Furthermore, if €(t) € Lo, £() in (A5.26) is
continuous in X uniformly in u, u is bounded, and z(X, 9, t) is locally bounded in
x and 6 uniformly in t then

(4) solutions of (A5.26) exist for all t > ty and ¥ (x(¢),t) — 0ast — oo.

Proof of Lemma A5.2. Notice that, since the function f(x, 0, u(x, 0, t)) is con-
tinuous in X, (3, and 7, there is a non-empty interval [fg,T], T > to such that
solution of the combined system is defined on [#g, T']. Since £(¢) € L, implies that
ftoo e2(1)dt < oo the following function is defined for all ¢ € [y, T']:

V;(0,0.1) b foo 2(t)dt + 1||é 0|2

~ ,0, — eE(T)art - - —1-
o 4p? J; 2 -
Let

. D iND
Vi = =20+ @+ F0) +1) @ — 0) (1)
1

D , A A T
= —me (1) + (z(x,0,1) — z(x,0,t) + ()@ — 0) a(x,1).
1

According to Assumptions 5.3 and 5.4, the derivative Vé can be estimated as follows:

w<—io<0o—<ém—liumf (A5.29)
= "D <X, 0, eX 0, 2D1(9 .

Equation (A5.29) implies that z(x, 8, 1)—z(x, 8, ) € La[to, T], and that ||z(x, 0, t)—
2(x,0,1)|l2,11,71 can be bounded from above by a constant whose value does not
depend on T. Let us denote j1(t) = (1) + z(x(1),0(t),1) — z(x(t),0 ", 1). Thus
(A5.27) can be rewritten as

U=—1+F®)eW) + u),

where the function wu(t) € L[to, T]. Indeed, w(¢) is a sum of two functions from
L>[to, T1, and || (t)||2,1, 7] can again be bounded from above by a constant whose
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value does not depend on 7. Consider now the following non-negative function

Vi, n):

¥ 1 T 5
Vi(y, 1) =/0 w(é)ds—l—zf w=(t)dr.

t

Its derivative is

. 1
Vi=—oW)A+FO)eW) +e@)n@) - Zuz(t)

1 2
< —F(O)¢*(y) — (so(w) - Eu(t)) : (A5.30)

Inequality (A5.30) implies that ¥ (x,t), ¢(¥(x(¢),t)) € Leolto,T], and that
IV (x(2), ) lloo,[10,71 and [l (Y (X(2),1)) l0o,[1,7] can be bounded from above by a
constant whose value does not depend on 7. Moreover,

VFE®) e (x(1),1)) € Lalto, T, e (x(1),1)) — u()/2 € Lalt, T,
with

IV F (0o (x(t), ) ll2,0.71 < Vi (X(t0), 10)) /2,
o (x(1), 1)) — u(®) /22407 < Vi(¥(x(10), 20))"/>.

Given that u(t) € Lo[tg, T] we obtain that ¢ (¥ (x(¢),t)) € La[to, T], and the cor-
responding Ly-norms can be bounded from above by constants independent of 7.
Thus properties (1) and (2) are proven.

Let F(t) € Loolto, T]. Then (1 4+ F(t))p (¥ (x(t),1)) € Lalty, T], and (A5.27)
implies that Yy € Ly[zo, T]. This proves property (3). In order to show that (4) holds,
we notice that (A5.29) implies that ||9(t) ll0o,[70,71 can be bounded from above by a
constant whose value does not depend on 7'. Since boundedness of v (x, t) implies
that x is bounded, we can conclude that [|X() || 00,77 can be bounded from above
by a constant independent of 7. This, in turn, implies that solutions of (A5.26)
are defined for all ¢+ > #y. Finally, notice that Vr is bounded, provided that e(¢) is
bounded and z(x, 6, ¢) is locally bounded uniformly in . Hence, invoking Barbalat’s
lemma, we can conclude that v (x(¢),7) — 0 ast — oo. Il
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Consider now the following equations:

k
&= FAqi-1,qi,2) + Zl_)?Jrl(qi—l,ql') + 1 —$&)
j=i

+ fi(qi—1,0e) + Bi(x,1),

: k

O =ve | Vs Fiz(Qi—laQi,Z)+ZD?+1(Qi—1,qi) + 1|+ Vg | @i(qi-1),
j=i

(AS5.31)

where i = 1,...,k, y5 > 0, and Fi(qi_l,qi,z) = F(qi_l,q,-,z). Taking into
account (5.63) and (A5.31), we can write

k
Ve, =—| | FF@-1.900) + Y _ D7 (qi-1.9) | + 1] v,
j=i

— fi(@i—1,05) + fi(x.0,). (A5.32)

Let k = 1 in (A5.31). Then according to Lemma AS5.1 there exists Cy, € R.g
(C1u € R.g does not depend on T') such that |[u(x,z,00) — u(q1,2z,00)|2,[1,7] <
C1 4, along solutions of (A5.31).

Let k = 2, then taking the equations for ¢g1 and 951 into account and invoking
Lemma A5.1, we obtain that

(F{(q0.91,2) + D3(q0.q1))/*(x1 — &) € Ly, x1 — & € Loo[to, T,
0¢, € Loolto, T1.
Hence
Fi(qo,q1,2)(x1 — &) € Lalto, T1, Da(qo, q1)(x1 — &1) € La[to, T1,

provided that

\/Flz(qO,m,Z) + D3(qo.q1) > | Fi(qo.qi,2)|

and

\/1‘:12(%,(11,1) + D3(qo0,q1) > |D2(qo, q1)l-
Therefore we can conclude that there exist C2, and C3 ¢ € R, independent of
T, such that

lu(qo,z,00) — u(qi,z,00)l2,10.71 < Cou,
Il £2(q0,02) — f2(q1,02) l2,110,71 < C2.7»
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provided that

|lu(qo, 2, 00) — u(qi,2,00)| < |Fi(qo,q1,2)(x1 — &),
| f2(q0,02) — f2(q1,02)| < |Da(qo, q1)(x1 — &1).

Let us denote

e2(1) = f2(qo, 02) — f2(qi1,02) = f2(x,02) — f2(q1,02).
Thus, according to (A5.31) and (A5.32), the following holds:

Ve, = —(F3(q1, q2.2) + De, — f2(q1,0e,) + f2(q1,02) + e2(0),

s, = ve, Ve, (F3(q1,q2,2) + 1) + ¥z aa(qy), ¥z, > 0, (A5.33)
e2(t) € La[to, T1, lle2(®)ll2,15,71 < C2,f-

Applying Lemma A5.1 to (A5.32) and (A5.33), and using the inequality

lu(q1,2,00) — u(q2,z,00)| < |F2(q1, q2,2) (x2 — &)],
we can write

lu(qo,z,00) — u(qi1,z,00)l12,10.71 < Cru> Ix1 — &1lloo,[t0,7] < Cix>
llu(qi,z,00) — u(q2,z,00)2,1.,7] < Cous %2 = &2lloo 19, 7) = Coxs
Il f2(qo,02) — f2(q1,02) 12,110,71 < C2,f» 05, € Loolt0, T, 0g, € Loolto, T,

where the constants Cy ,, C2, C1 x, C2,x, and C2 ¢ do not depend on 7. Moreover,

lu(qo,z,00) — u(q2,2,00)[| < Ciu+ Cou,
k
9 _ 2 N2 i
q=ve | Ve | | Fi@o.a1.2+ ) D3, (qo.qn) | + 1| + v | er(qo).
j=1
According to Lemma A5.2 the following property holds:

1

k 2
Fi(qo.q1,2) + ZD?H(QO,QO (x1 — &1) € La[1, T,
j=1

and the corresponding L»-norm can be bounded from above by a constant that is
independent of 7. Hence there exist constants Cy , and C; y, which are independent
of T, such that
lu(x,z,00) —u(qi,z,00)2,10.71 < Cru,
I1fix,0:) — fi(@1,0)M2,5,71 = Ciy, 1 =2,....k.
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Thus the equation for v¢, in (A5.32) can be written

k

Ve =— | | Faneo+ Y Dl | +1|ve
=3

- fQ(ql’é“Ez) + f2(q1,02) + &2(2),

where €,(t) € Lalto, T], and |le2(2)l|2,[10,r1 can be bounded from above by a
constant whose value does not depend on 7.

According to Lemma A5.2 there are constants C; >, which are independent of
T, such that the trajectories of (A5.31) satisfy

lu(qi,z,00) — u(qz,z,00)l2,1.71 < Cou
I fi(q1,0:) — fi(q2,0)| < Cipp, i=3,...,k.

This implies that

| f3(x,03) — f3(q2,03)12,(50,7] < C3,7 + C3,72.

By following the same logic we can show that the error model for (A5.32), 2 <
k < n, can be expressed as

k
Ve, = — | | FA(di-1,4qi,2) + Dz-+1(qz'—1,qz') + 1|y
J
j=i+1

- fi(qi—l,éé,-) + fi(qi—1,0;) + & (1),

where €;(t) € La[to, T'], and ||&; (¢) ||2,[4,,7] can be bounded from above by constants
that are independent of 7. Thus, invoking Lemma A5.2, one can conclude that there
exist constants C; ,, C; 7 j, and C; x, which are independent of 7', such that

lu(qj-1,2,00) — u(q;,z,00) 2,110,771 < Cjus
I fi(qj—1,0:) — fi(q;, 00215017 < Cif.j>
lxi — &illoo,it, 71 < Cix
0c € Loolto, T1, i=j,...,n.

This, in turn, implies that [|u(x, z, 09) —u(q;, 2, 00) ||2,[110,7] < 2321 C; u- The proof
will be completed if we show that system (A5.31) can be realized in a form that
does not involve knowledge or measurement of 6. In particular, we should seek a
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realization of

) k

95,-21@ (73 F,-z(qz'—l,qi,z)ZDfH(ql'—hqz‘) + 1| e | i(qi-1),
=i

(A5.34)

where yg, > 0, i = 1,...,k, that does not require knowledge of unknown 6; .
Notice that the functions f;(x,6;),i < ndonotdependonx;, j =i+1,...,n
Therefore do; (x)/0x; = 0. Hence there exist finite-form realizations of (A5.34): 19

95,- (qi—1,&i,1) = vg (és,-,P(Qi—l,Si) + 95,-,1(1)),

O, p(Qi—1,6) = Ve (i, & (@i—1) — Vg, (Qi—1, &), (A5.35)
. _ ko
b0 = | | FF@io1.qi.2) + ZD%—H(qi—lvqi) + 1| v, (xiy EDeei(qi—1)
j=i
o i i a i—
+ZM vas,( &) “;‘; Doi@iz) g
j=1 J

o deri (Qi-1) ,
Ve (qi-1,&) = / Ve, (xi, &) —————dxi,
x; (0) 0x;
where Ve > 0. Notice also that x € Lo[tg, T] implies & € Lo[to, T], and
hence 0& r(qi—1,&) € Lsolto, T] provided that 05 p(qi—1, SZ) is smooth (locally
bounded). Given that 0A,§i = Vg (0gi,p(q,_1,3;‘,) + 0&71) and 051,, 051.713((],_1,51) S
Loolto, T, we obtain 0¢, ; € Loolto, T] for X € Lg[to, T]. Denoting v = 0, 1,
one can easily see that the system (A5.31) and (A5.35) can straightforwardly be
transformed into system (5.64) satisfying conditions (1)—(3) of the lemma. [

A5.6 Proof of Theorem 5.4

The proof will carried out by induction w.r.t. the number of equations in (5.61).
Basis of induction. Let the original system be described by an ordinary differential
equation of first order:

= fi(x1,01) +u+e1(2), e1(t) € La[t, o0].

19 The key factor here is that the function a; (q;_1) does not depend on any components of the state vector, except
probably x;. All other components xi, ..., x;—1 are replaced with §;, j = 1,..., i — 1, respectively. Their
derivatives do not depend on 1, .. ., 0;.



232 Algorithms of adaptive regulation and adaptation in dynamical systems

According to the assumptions of the theorem the functions fj(x1,601) and o1 (x1)
are smooth. Let the function u be chosen such that

u(x1,01) = —f1(x1,01) — @1 (¥ (x1)),
0, =y101.px1)+01,0), 1 >0,
01.p(x1) = ¥ (x)ar(x1) — ¥(x),

x1(7) 9
w<x1)=f ¥ (x1) “l(xl) dxi,
x1(0)

011 = o1 (¥ (X))t (1),

where the function ¢ satisfies the assumptions of Lemma A5.2. The function u
is smooth. Thus solutions of the system are defined on some non-empty interval
[to, T, T > to. Let us denote ¥ (x1,1) = ¥(xy). Accordlng to Lemma A5.2 the
properties V1 (x1(t),t) € La[ty, T] N Leolty, T] and 1//1 € Ly[tg, T] hold?" along
the solutions of

(A5.36)

= fi(x1,01) +u(x1,0)) +£1(2), £1(t) € Laltg, 00]. (A5.37)

Given that the function « is smooth, and that [|x{ [|co,[1,,7] and ||91 lloo,[70,7] Can be
bounded from above by constants that do not depend on 7', we can conclude that the
solutions of (A5.37) and (A5.36) are defined for all # > 1y, and properties (1)—(4)
of the theorem hold. This proves the basis of induction.

Inductive hypothesis. Let the theorem hold for systems in whichdim(x) =i > 1.
This implies that there exist u,-(xi,é,-,éi, Vi), X;, &, € R, x; = (x1,...,x)7,
& =(&,... ,&)T, and functions Vi(xj(t),1),j=1,...,isuchthatv;(x;(1),1) €
Ly N Lo and ¥ € Ly for (5.61) with dim(x) < i:

Xj= fj(xl,...,xj',oj') +xj+1’ jefl,...,i —1},

Xi = fi(xt,...,x:,0;) +u; +¢&i(t), &(t) € Lo. (A5.38)
The theorem will be proven if we can show that the same properties hold for systems
(5.61) with dim(x) = i + 1, provided that the theorem holds for systems (A5.38).

Inductive step. According to the inductive hypothesis the fun(A:tion u; is smooth.
Therefore, Hadamard’s lemma assures the existence of F(x;, X;, 0;,&;,v;)suchthat
M,'(Xl',oi,gi, V) — I/ti(Xl{,oi,gi, V) = F(Xi,Xl/.,oi, Si’ vi)(X; — Xl/) Let us denote
Fi2+1 (X, X, 0;, E.vi) = || F(x;,X], 0;, £:,v;)]%. According to the conditions of the
theorem the functions f;(x;,0;), j = 1,...,i+1satisfy the following inequalities:

(fi(x,0,) — f;(x},0,)* < [Ix; —x;[>Dj(x;,x[) V0 € Q.

20 In order to see this one needs to derive él and apply Lemma A5.2 to the resulting system (A5.37).
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Thus Lemma 5.1 guarantees the existence of the following system of differential
equations:
§ip =1, Epxzvip), §eR,

l.’i+] =f\1,‘+1(£i—|—1ax’z)’ Zzéi @E, @vi’
such that

wi (i, 0;(x;, &;,07.),&;,v;) — ”i(§i+1aéi(§i+l,§i,é1,i),§i,Vi) € La[t, T,
Jit1Xig1,0i11) — fir1(§;41 ® xit1,0i41) € Lo[to, T,

where [ty, T], T > 19 is an interval of existence of the solution x(¢). Notice that the
L>-norms can be bounded from above by a constant whose value does not depend
onT.

Let us introduce the new goal function

and consider its derivative ¥ 1:

Vi1 = fir1(Xis1,0i41) + Uiy
- Lfgiui(si—i—l’éi(gi—&-l’Siaél,i),si,vi)
- qu,-ui(gi—i-l’éi(§i+l’§i’91,i)aSi’vi)
— L, i (Ei 1 0i(841,8:.010),6.v)
= Ly i €y, 0i Gy 1, 8,010,810, (A5.39)
Denoting &;41(t) = fit1(Xi+1,0;11) — fix1(; 11 @ xi41,0,41), we can rewrite
(A5.39) as
Yig1 = &ip1 (1) + fir1(Eiyg ®Xig1,0i41)
+uiy1 — Lfgl.ui(EH—I’éi(éi—i—l’gi’él,i)vgi, v;)
- qu,.Mi(§i+17éi(§i+17§i791,i),§i’"i)
— Lp, i Eiy, 00 (841.8:,010),8:.v)
= Ly uiEi,0i Gy £.01.).8;.00). (A5.40)
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We set
Uil = —@ir1(Wiv1(xi+1,8;41, &5, vi,07))
+ Lfgiui(gi—l-l’éi(gi—!—l’giaél,i)agiavi)
+ quiMi(§i+1’éi(giJrl’gi’él,i)’gi’ V)
+Lp, i (g, 0i (8. E0.010),8,v0)
+ Lféi“i(§i+l’éi(§i+l’Ei’él,i)’Si’Vi)
— fir1 i1 ®Xit1,0i11). (A5.41)
On letting, for the sake of notational compactness,
Vet (i1, €141 (0, & (0,95 (0,07, (1) = Yig1 (i, 1)
(where &, ((7),§;(t),v;(¢),and 0 1,i (t) are treated as functions of 7) and substituting
(A5.41) and (A5.40) into (A5.39) we obtain
Vit = —@ip1 Wit1 i 1,0)) + fir1 &g © Xig1,0i11)
— fir1 i @ X1, 0i0) + €141 (1) (A5.42)

It follows from the conditions of the theorem that there is a function e¢; 1 1(§;, | @
x;41) satisfying Assumptions 5.3 and 5.4 for the function f;1(§; | @ x;j41,0i11).
Finally, consider the following equations for ] i+l

i1 = vier(Wis1 + @iv1 Wig1 ip1, D@1 (Er g  xig1)s Vi1 € Roo.
(A5.43)

As has already been demonstrated by (A5.35), algorithm (A5.43) can be realized in
an integro-differential form that does not require knowledge/measurement of ;4 1:

0161 ®xig1.0) = Vig1 Bis1.p €y ® xig1,0) +0i411(D)), Vi1 > 0,

Oiv1.p(Ei g ® i1, 1) = Vi1 (i1, D1 (§i g ® xig1) — Vi1 iy © Xig1,0);

0ir1.1 = @ir1 (W (xip1,0))air1(8;4 1 ®xig1)
— Lait1(§; 11 @ xiv1)
+ L Vir1(i4y ® xig1,1) +0Wit1 (8,11 © xig1,1)/01,
(A5.44)
where
Xi+1(0) dai+1(8; 41 © Xit1)

Vir1(§i41 ® Xit1,0) = / Vig1(Xip1,1)
%i41(0) OXit1

dxiy.



Appendix to Chapter 5 235

According to Lemma A5.2 the following propemes hold for (A5.42), (A5.43),
and (A5.44): 0;11(§;41 ® xi+1,1) € Loolto, T1, Yit1 € Lalto, T, and @i41(Wig1
(xit1,1)) € La[ty, T]1 N Lso[to, T], where the corresponding norms can be bounded
from above by constants that are independent of 7. Moreover, &;+1(t) € La[fo, T']
implies that

wip1(x%,0;41,8;,,1,8;,vi11,v:,07;)
—uip1(Xi, 01,8, 1,&,vi41,vi,01;) € L[to, T].

Finally, let us denote
i1 (X, 01,8, 1,vi01) = uip1(X,0; 11,8, .1, 8, vit1,vi,07,),
withv;1 1 =&, ®v,y+1 ®v; ®0;,;, and choose

Gir1C) 2 |ir1()] = ki1 |Viv1l, kigr > 0.

This guarantees that ¥; 1 (x;+1,7) € La[to, T]1N Lso[fo, T]. Hence, according to the
inductive hypothesis, Yy (xk(¢),t) € La[to, T]1 N Loolty, T] and tﬁk € Lj[ty, T for
allk =1,...,i,¢% € La[ty, T] N L[, T], and 1,0 € Lo[tg, T]. Given that (1) the
corresponding norms can be bounded from above by constants whose values do not
depend on 7', and (2) the right-hand side of the resulting system is continuous and
locally bounded, one can conclude that solutions of the overall system are defined
forall ¢ > f, provided that || x; 41 ||co,[1,, 7] has an upper bound that does not depend
onT.
In order to see that this is indeed the case consider

£i(t) = u; (X, 0; (i, 1,070),E,vi) — i (B4 1,0 (i1, E0,01.0), &, v0).

Given that the function u; is smooth, the sup-norm of this difference admits an
upper bound that does not depend on 7'. On the other hand, we have just shown
that the sup-norm for

Vit = Xig1 — ui €y 1,008 1. 8,008, v)

can be bounded from above by a constant that does not depend on 7. Hence
1% 41 loo,[10,71 has an upper bound that does not depend on T, and thus statements
(1), (2), and (3) of the theorem hold.

The derivatives w j»J =1,...,i are bounded because ¢; (1) are bounded (accord-
ing to the inductive hypothesis the theorem holds for j = 1,...,i). If the function
£(t) 1s bounded then 1/),-+1 is bounded as well. Moreover u;1(-) and f;+1(-) are
smooth, and x; 11, &;,1,v;+1,and 9l~+1 are bounded. Then, as follows from Lemma
A5.2, yi11 — 0ast — oo. Hence statement (4) is proven. Il
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AS.7 Proof of Corollary 5.2

First we notice that Theorem 5.1 and the bounded-input—-bounded-output prop-
erty of (5.98) guarantee that the state of the combined system is bounded. Thus,
according to statements (3) and (4) of Theorem 5.1 the following property holds:

Jlim f(x(1).0.£(0)) = fx(@).00).£)) = 0. (A5.45)

In this case Lemma 4.1 applies, and we can conclude that an w-limit set of the
system exists. Continuity of f(-) and property (A5.45) taken together imply that
every limit point p = x” @ 0" @ ¢ P from this w-limit set satisfies

f(xP.0,27) — f(xP,0",¢7) =0,

Therefore, the w-limit set of the combined system is contained in (5.99). According
to Lemma 4.1, solutions of the system converge asymptotically to the w-limit
set. The latter set is invariant, and it is contained in (5.99). Hence, solutions of
the combined system must necessarily converge to the maximal invariant set in
(5.99). O

AS.8 Proof of Theorem 5.5
Consider the following dynamic feedback:
u(x, 0) = uo(x) — ¢ (£)0(1).

This feedback transforms (5.101) into

x = fo(x) + Gup(E) (O — 0(1)) + Gu(p(x) — p(&))8. (A5.46)
Let us denote G, ¢ (x) = a(x), and consider
% =fx) +a@)® —0) +e@),
=5,
6 =S@ +H ' (2®) + Da@® " @® O — ) +e),  (A547)
k&) :R'" >R, keCl,
£,e:[10,T] > R", EcC, T > 1.

Lemma AS.2  Consider system (A5.47) and suppose that Assumptions 5.11-5.14
hold. In addition, let ||k (§(t))&(t) 2,11, 7] and ||& (1) 2,11, 1] be bounded from above
by constants that do not depend on T.
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Then

(1) there exists Cy, which is independent of T, such that |Ié(t)||oo’[t0’T] < Cp,
provided that 0 (ty) € Q9 and 0(ty) € R4,
(2) there exist Cy and Cy, which are independent of T, such that
ik ()oe(&) O (1) — 0 () |12 10,71 < Cics
loe(®)O (1) — (1)) l1210.71 < Cas

(3) if in addition |0y (X)/0x|| < |k (X)|, and there exists C, which is independent
of T, such that ||X(t) — &(t)|loo,[10,7] < Cx, then X € L[to, T]; the Loo-norm
of X(t) can be bounded from above by a constant that is independent of T ;

(4) if, independently of condition (3), €(t) = 0, the function & is defined for all
t > to and bounded, S(0) = 0, and « (&) is persistently exciting,

t+L
aL,azO:/ (€N TaE(D) = 814 V1 > 1o,
t

then trajectories 0 (t) converge to 0y exponentially fast.

Proof of Lemma A5.2. Let us start by showing that statements (1) and (2) hold.
Consider the following function:

Vo0.0.)=10—81% +e=©0—0)TH® - 8) +e,

where €(¢) = % ftT(Kz(E (1)) + DeT(r)e(t)dr > 0. According to the assumptions
of the lemma, the norm ||k (§(¢))e(t)|l2,14,7] can be bounded from above by a
constant that is independent of 7. This implies that there is a constant C¢, which is
independent of 7', such that €(#) < C, for all t € [#g, T']. Consider the derivative
Vi

Vo=(0—0)TH(S®) — S©@)+ (S©®) — S@)TH® —0)

— 20 (§) + 1)((0 —0)TaT@)aE) 0 - 0)
2
+0—0TaT(&)er) + m)
=0 —0)TH(S®O) — S@)) + (S@) — SO)TH® — 6)
— 22 + DI — ) T (&) + 0.5¢(1)||% (A5.48)

The function S(-) € C!, hence Hadamard’s lemma applies: S(0) — S(é) =
fol[aS(z()\))/az()\)]d)L(O —0),z(,) = 0r + 6(1 — 1). Using the mean-value
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theorem, we therefore obtain that

9S5(z)
0z

S@) — S@) = 0 —0)

for some z € R?. The last inequality implies that

T
Vo= (6 —0)" (@ H + HaS(z)> 0 —0)
0Z 0Z

—26*E®) + DO — 9T (&) + 05801
< =22E) + DO — 0)Ta" (&) + 0.5e(1)||*> < 0. (A5.49)

According to (A5.49),
10(r) — 6113 < 10(t0) — 0(10)1I3; + Ce.
Hence

10(t) — 0() || = Pmax (H) /2min (H))[10(10) — 8(t0) |* + Ce /domin (H).

Given that (Amax (H) /Amin(H)) ||é(t0) —0(10)||*> + C. /Amin (H) is independent of
T and that 0 (¢, 00, 1)) C 2(29) C Qp, where ¢ is bounded, we can conclude that
statement (1) holds.

In order to see that statement (2) holds we notice that the function V (6, 9 t)is
non-increasing and is bounded from below. Therefore

t A~
/ (kK2 E@) + D)@O() — () Ta (& (1)) + 0.5¢(r)||*dt
0]

< 0.5V(0(ty),0(t0), t0), t € [t0, T].

Hence the norms ||« (€§)(0 — 0) o (&) 4 0.5k (£)e|l21,.7) and [0 — 0)TaT (&) +
0.5€||2,14,77 can be bounded from above by a constant that is independent of
T. This automatically implies (invoking the triangle inequality) that the same
holds for ||« (&)@ — 0)TaT (&) 121177 and [0 — 0)Ta™ (&) ||2.110.71, provided that
ik (§)ell2,1,71 and |l€]l2,14,7] can be bounded from above by constants that are
independent of 7. Thus statement (2) of the lemma holds.
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In order to show that statement (3) holds, consider

9 5
i =00+ a0 )+ e
_ % Ip(x) Y (E)
= f( )+< x T )
x (@(®)(® —0) + e(n)) + %’S)( ) +e(t)). (A5.50)

Given that ¢ € C! and 8v/9x is Lipschitz, the property ||x — &llooiro,r] < Cx
implies that: |0y (x)/9x — dyr(§)/0&|| is bounded, and a bound can be found such
that it does not depend on T'. Moreover, ||0y/(§)/9&| < «(§). Hence we can rewrite
(A5.50) as

Y (x)
0x

= fo(x) + (), ®ll20.71) < Cus (A5.51)
where C,, does not depend on T'. Notice that the function B(x) is separated away
from zero: 36 > 0: B(x) > 26 Yx € R". Consider the following function:

v 1 T
Vy = / p(o)do + — [ p*(r)dr. (A5.52)
0 45 t

Taking Assumption 5.14 and (A5.51) into account, one can derive that
Vy < —BXI@*W) + o)) — (1/@8)p*(t) < =280 () + p()u(t) —
(1/(48) > (1) = =8> (W) — 8(p (W) — (1/(28))u(t))* < 0. Thus, according to
Assumption 5.14 ||/ || so,[1,,7] can be bounded from above by a constant that is inde-
pendent of 7', and, consequently, Assumption 5.1 implies that the same applies to
1X] 00, [z, 77- This proves statement (3).

Let us now show that é(t) converges to 5(t0) exponentially fast, provided that
conditions of statement (4) hold. First notice that in this case solutions 9(t) exist
for all + > f¢. Let us denote 6 =0 — 0. Then

6 =50)— SO — H ' (2&) + Da(®) (&)

) (A5.53)
= —H ' (&) + D@ ).

According to Lemma 2.5 there exist A,Dy € [R.o such that: ||é(t)|| <
Doe =116 (1) . 0



240 Algorithms of adaptive regulation and adaptation in dynamical systems

Now consider systems (5.101) with locally Lipschitz ¢; (x):

P(x) : R — R,

¢1,1(X)a ey ¢1,d(x)
ox)=1\| ..., cee e
¢m,1 x), ..., d’m,d (x)

¢i(X) = (¢i,1(X), ..., ¢i.a(X)).

’

We ask whether there is a C!-smooth function &(t) such that [[(x(x) — a(§))
0(t) 2,15, 77 and ||« (§)(a(x) — (§))0(?)ll2,11o,71 can be bounded from above by
constants that are independent of 7', T > 1.

Lemma AS5.3 Consider system (5.101), and let [to, T], T > to be an interval of
the system’s solution. Let the functions ¢; (X) defined in (A5.54) be locally Lipschitz:

i (x) — @i ()|l = i (x,8)lIx — &,

where 1; (X, &) : R" xR" — R, A(X, §) are locally bounded with respect to x and
&. Furthermore, suppose that Assumption 5.12 holds. Then there exists a system

E=1(x)+ Gu+ArxE)x—E) +GupX)v,
b=SWw) +H '(Gpx)T(x— )T,
AxE) =1+ Y M6 +2E), (A5.54)
i=1
such that

(1) there are constants D, and D, which are independent of T: |(a(x) —
(8))0112,110,71 < Dy and ||k (§)(ee(x) — a(§))012,11.71 < Dx, provided that 6
is bounded;

(2) X € Loo = & € Lo, If, in addition, X(t) is uniformly continuous then
lim; 00 X(2) — &(1) = 0.

Proof of Lemma A5.3. Consider the following function Ve: Ve = 0.5]|x — E> +
0.5)0 — V||%1- Its derivative can be estimated as

Ve < —Ax,E)Ix — &7 + (x— ) Gup(x) (0 — v)
+ 0 - (Gup(x)T(x— &) < —Ax,8)lIx — &%,
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The last inequality implies that

120 (%, &) (X = E) 317y < Ve (X(10), & (10), 8(10), v (10)),
lic (€)1 (%, &) (X — E)I3 7y < Ve (X(10), £ (10), B(70), v (10)).

Given that ||¢; (X) — ¢i (§)]| < Ai(x,&)|x — &]|, we can conclude that ||¢;(X) —
¢i(£)||§,[,0ﬂ < Ve(x(10),§(10),0(t0), v(10)) and ||k (&)l (X) — ¢i (E)ll2,5,71 =<
Ve (x(0), & (10), 0(t0), v(t)). Since O (¢) is bounded for all ¢+ > 7y and G, is bounded
as well, we can conclude that there exist D, and D,, which are independent
of T, such that G, (¢i(X) — ¢;(ENOD) 2] < Do and [lk(§)G (i (x) —
$i ()0 12,110, 11 < D

Finally, notice that the function Vg is non-increasing with ¢ and is radially
unbounded. This assures that & () is bounded as long as x(¢) exists and is bounded.
Moreover, A(x, &) > 1 implies that

Ix — &3 150,77 < Ve (X(t0). £ (10). 8 (t0), v (10)).

Let x(¢) be defined for all + > #y and x(#) € L. Then the right-hand side of the
system is locally bounded. This ensures that ||x(¢) —& (¢) | Zis uniformly continuous,
and hence lim;_, oo x(t) — &(r) = 0. O

Let us now continue with the proof of the theorem. Consider trajectories 6(¢)
and x(¢) generated by 0(¢):

x =f(x) + G,(¢p(x)0 +u); 6 = S@B), 0(19) € Q. (A5.55)

Let these trajectories be defined for all ¢ € [#9, T], T > t9. According to Lemma
AS5.3 there is a system of type (A5.54):

=1 +Gu+Arxx—§+Guopx)v,

b =Sw) + H ' (Gup(x)T(x — &),
(A5.56)

Mx,E) =14 2761 + 1% (E)),

i=1

such that |G, (¢ (x) — ¢ (§))0 1|21, 71 and ||k (§) Gy (¢ (X) — ()0 |2,11,,7) can be
bounded from above by constants that are independent of 7. On denoting «(§) =

G,¢(€) and e(t) = (a(x) — a(£))0(r), and taking into account that u(x,é) =
up(x) — ¢ (&)0(r), we can rewrite equations (A5.55) as follows:

x = fo(x) + (€)@ — 0(1)) + e(0),

. (A5.57)
0 =5@).
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Moreover, (A5.57) and (5.107) give rise to the following equation for 0:

0 =S0)+ H ' () + Do) (@)@ — ) + (1)) (A5.58)

Notice that the right-hand sides of the combined system are continuous. Therefore
solutions are defined at least locally in an interval [#o, T], T > fo. According to
Lemma A5.2 we have that [|X(?) [loo,[1,7]> 110 (t) [l 0o,[10,71> and [0 () || 00,10, 7] Can be
bounded from above by constants that are independent of 7. Moreover, Lemma
AS5.3 states that the same holds for [|&(?)||c,[1,,7]- Thus solutions of the combined
system are defined for all # > #¢, and are bounded. This proves statement (1) of the
theorem.

According to Lemma A5.3, x(r) — £(t) — 0 ast — oo. This fact together
with the uniform asymptotic stability of (A5.58) at e(¢) = 0 (see also Lemma 2.5)
guarantees that é(t, 90, to) — 09 as t — oo. This proves statement (3).

Let us show that x(t) — Q* as t — oo. Consider the extended system

x = fo(x) + (€)@ — 0) + [(a(x) — a ()],
0 =S5(),

0 =S®) + H () + Da® @E@)® — 0) + [(@x) — a@)0]),

E=1(X)+Gu+rxEx—&+Gup(X)v,

b=50) +H ' (Gup ) x—§)", (A3.59)

Y (x)
0x

é = —ll(a(x) — (€8]

& = —lla(&)(@ — )|

2

(@(£)(0 — 0) + [(a(x) — a(£))0])

’

We have shown already that all variables in (A5.59) are bounded except, probably,
for the component €. Boundedness of €y (¢), however, follows immediately from the
facts that 01/ (x)/0x is locally bounded and that the norms || (at(x) — et (§))0||2,(1),7]
and |lo(&)(0 — 9)||2’[t0,r] can be bounded from above by constants that are
independent of 7.

Consider the function V = fO‘/’ plo)do + || — 9”%1 + (1/(48))eo(t) +
Lei(t) + (). Tts derivative is V < —38¢>(¥) — @)@ — 8) + 0.5e(1)|>
— )0 — 8) + e = =8> (W) — [w(§)(® — 6) + e(1)]%, where e(1) =
(e(x(t)) — a(£(2)))0(r). According to La Salle’s invariance principle (La Salle
1976), trajectories (x(t), é(t)) converge (as t — 00) to the maximal invariant set
in Qy x ), where Qy = {x € R"[x : ¢(¥(x)) = 0}, and ) : {§ € R, & €
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R", x € R"|a(&)(0 — é) + [((x) — x(&))0] = 0}. This set is clearly contained in
the direct sum of the maximal invariant set of

x = fo(x) (A5.60)

and Qé. According to Assumption 5.14, Q* includes invariant sets of (A5.60)
restricted to Q2. Thus x(¢,x9) — Q* ast — oo. O

A5.9 Proof of Theorem 5.6

Consider system (A5.56). Since the right-hand side of the combined system is
continuous there is a non-empty interval [fg, T], T > ty in which solutions of the
system are defined. Lemma A5.3 and Assumption 5.12 taken together guarantee
that the norm || G, (¢ (x) — ¢ (§))0||2,(z,, 7] can be bounded from above by a constant
that is independent of 7". In addition, there is a constant Cy, which is independent
of T, such that ||6A)(t)||oo,[,0,T] < Cg (this follows straightforwardly from the proof
of Theorem 5.5 if we let k (§) = 0in (A5.49)). Moreover, Lemma A5.2 ensures that
the norm |G, (§)(0 — é) l2,11,71 can be bounded from above by a constant that
is independent of 7. Let us denote €¢(¢) = G, ¢ (§)(0 — é) +Gu(p(x) — ().
Then solutions x(#) of (5.101) should satisfy

x = fo(x) + &0 (1), (A5.61)

where €((t) is continuous, and |eq(t)||2,[4,7] can be bounded from above by a
constant that is independent of 7. System (A5.61), by virtue of the assumptions,
admits Ly — L, margin. Thus we can conclude that x(#) is defined for all > #
andis bounded. This proves statement (1) of the theorem. Statement (3) follows from
Lemma A5.2. Let us show that x(¢) — Q* ast — o0. To this end, consider system
(A5.59) without the variable €p. As has been shown earlier, solutions of (A5.59)
are bounded. Let V = ||§ — éllfq + %61 (t) 4+ €5(¢). Its derivative can be estimated
as V < —[|la(E)® — 0) + e)[> = —GupE)(O — 0) + Gu(p(x) — p(€))0]>.

Thus, according to La Salle’s invariance principle, x(t) — Q* ast — oo. O

A5.10 Proof of Theorem 5.7

The right-hand sides of (5.108), (5.109), (5.32), and (5.34) are continuous and
differentiable. Hence solutions of the combined system are defined on some non-
empty interval [fg, T*], T* > ty. According to (5.32), (5.34), Assumption 5.5, and
(5.108), the derivative of @ can be written as

0 =T + oV, o, 1)a(x, 1),



244 Algorithms of adaptive regulation and adaptation in dynamical systems

Consider 1
Vo(®.0) = 516 — 0.

Taking Assumptions 5.3 and 5.4 into account, we can write

. 1 A 1 n
V= —B(f(Xﬁ) — f(x.0)%+ D—If(X,f)) — fx,0)llz(x,q,0)].
1

Notice that (A5.63) can be transformed into

D|z(x,q,t 2
lz(x,q )I) n

. 1 ~

1

Using (A5.63) and (A5.64) we can derive the following estimate:

A D , , 2
Hf(x(t),ﬂ) — fx(),0(1)) — |Z(X(;)D‘I(t) 1|
! 2,[10,7%]
D A D2
< 7”0 —0t0) 171 + E”Z(X(t)’q(t)’t)”%,[zoj*]-

1

D ,
527 (X, q,1).

(A5.62)

(A5.63)

(A5.64)

Using the triangle inequality and that |0 — 9||12Ll < Amax(T"H0 — 9||2 =

1/Amin(D) 10 — 6|12, we arrive at

L (x(1),0) = f(x(1),0(t)l|2.110.771

= ) j I€ 6A([ ) lz(x(2),q(2), )l
» T*1-
Amin (I") 0 Dy < ’ 2,[t0,T*]

Let us denote By = (D/CAmin(T))) 2116 — 6(t9)|| and Cp = 1 + D/D;. Then

(5.111) and

1
T* 2
(f (lhx x(2), 1) + Ihq(q(t),t)l)zdt>
0]

1

T* 7 T* 2
< ( / hﬁ(x(r),t)dt) + ( / hf](q(t),t)dt>
o 0]

result in the following estimate:

L (x(1),0) — f(x(1), 0(t)l|2.p10. 771
< Bo + (Cp — DIhx (x(@), Dll2110,7%1 + 1hg (@(D), D) 12,19,7%1)-

(A5.65)

(A5.66)
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Thus || f(x(¢),0) — f(X(t),é(t))Hz,[,O,T*] can be bounded from above by the
weighted sum of [|hy(X(2),1)l2,110,7%1> I1hg(Q(?), D) l2,11,7%1» Bo» and Cp. Now,
(5.115) and (A5.66) allow us to estimate ||/ (X(2),1) || p,[z,7%] @S

1 (x(2), Dlloo,fto.741 = Yy.2(Bo + Cpllhx(X(), D) l12,150,7%)

(A5.67)
+ Cpllhg(q®), D21, 71) + By 2-
Let us recall one property of functions from KC (Jiang er al. 1994).
Proposition AS.1 Lety € K, p € Ko, and a,b € R>q. Then
y(@+b) <y(p+I1d)@)+y(p+1d)op™ (b)) (A5.68)

Proof of Proposition A5. 1. The proposition will be proven if we show that
y@a+b) <y@+r@)+ybm+rp)
=y@+r@)+yrec®)+r-tk)

holds for all » € K. Let us pick an arbitrary function r from K. Consider two
cases: r(a) > b andr(a) < b. In the first case we get thata +r(a) > a + b. Given
that y is non-decreasing and non-negative, we obtain y (a + b) < y(a +r(a)) +
y(b + r~L(b)) for all non-negative a and b. In the second case we can see that
a < r~Y(b), and hence y (a + b) < y(r~1(b) + b). O

Taking (A5.68) into account we can rewrite (A5.67) as
1Y (X(#), ) o1, 7] < Vy2((p1 + 1d)(Cpllhy (X(2), 1) 2,110, 7%]
+ Cpllhg(q(®), D) ll2,11.7%1))
+yy2((o1 +1d) 0 py (Be)) + By p1 € Koo
According to (A5.68), we can now expand y o (p1 + Id)(a + b) € K as
vy o (p1 +1d)(Cpllhy(X(t), )l2,110,7%1 + CpIlhg (@), ) 2,120,771
<yo(p1+1d)o(p2+1d)(Cpllhy(x(@),1)ll2,11,71)
+y o (p1+1d) o (p2+ 1d) 0 p; (Cpllhg (@), Dl 15,74, P2 € Koo.
Replacing y o (p1 + Id) with yy 2 o (p1 + Id) results in
I (xX(1), ) lloo,[10,7%] < Vw20 (p1 + 1d) o (p2 + 1d)(Cpllhy(X(t), ) 12,11,7*])
+yy20(p1+1d)o(pr+ 1d)
0 py ' (Cplihg (@), Dll2,110,7+)
+ yy2((o1 + 1d) o p; ' (Bo)) + By 2. (A5.69)
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On the other hand, the following holds

lhq (@0, Dll210.7%1 < Vi, © (03 + 1d) © Yoo (1¥ (X(1), Dl oo, fr0.7+1)
+ ¥h, 0 (p3+ 1d) 0 p3 ' (Bx.p) + Bi,» P3 € Koo,
1 x(t), D)2, 110.7%1 < Vi, (1Y X @), D llootr0,7+1) + B, (A5.70)

Hence, taking (A5.69) and (A5.70) into account, we obtain

| (X(2), D l2,17, 71 < Vi, © (P4 + 1d) 0 Yy 20 (01 + 1d),
o (o2 + 1d)(Cpllhx(X(2), D) l2,11,7%))
+vn, 0 (o4 + Id) o py ' o (ps + Id) o yy2 0 (p1 + 1d)

o (p2+ 1d) o —p; ' (Cpllhg (@), D2 .1+1) + Bi,
(A5.71)

hq (@), D ll2t9.7%) < Vi, © (p3+ Id) 0 Yx .00 0 (06 + Id) 0 - -
oy 0 (p1 + Id) o (p2 + 1d)(Cp|lhy (X(1), )|l 2510.77)
+ Vi, 0 (03 + 1d) 0 Yx oo 0 (p6 + 1d) 0 pg ' 0 (p7 4+ Id) o+ -

cyyao(pr+1d)o(pr+1d)o pEI(CDIIhq(Q(t),t)llz,[zo,T*]) + B2,
(A5.72)

where 81, B2 > 0 and p4, ps, P6, 07 € Koo.
Let us denote

Ve (8) = ¥n, 0 (o4 + 1d) o yy2 0 (p1 + Id) o (p2 + 1d)(Cps),

Viey () = Vi, © (pa+1d) 0 py " o (ps + Id) o yy2 0 (p1 + Id)
o (p2+ 1d) 0 p; ' (Cps),

Vhg(8) =V, 0 (p3+1d) o yx oo 0 (p6+ 1d) o yy (A5.73)
o (p1 + 1d) o (p2 + 1d)(Cps),

Vhgy () = Yh, 0 (p3 + 1d) 0 Yx.00 0 (s + Id) 0 pg ' o (p7 + 1d)
oyy20(p1+1Id)o(pr+1d)o Pz_l(CDS)-
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Taking (A5.73) into account, we can now rewrite (A5.71) and (A5.72) as

1y X(0), D ll2110. 741 < Vi, (1 (X@), ) 12,119,777

+ ¥, , Ulhg (Q(?), D) l2,15,7+1) + B,
12 Q). D211, 71 < Viy, W (X(@), D) ll2,110,7%1)

+ Vg g (1hg(@(0), D12,119,7%1) + B2

(A5.74)

According to the assumptions of the theorem, the following hold:

(Id = yn,,) € Keo, d = yn,,) € Koo.
Therefore (A5.74) allows us to obtain the following estimates:
1y (), D275 < (Td = yi, )" 0 (o8 + Ia)
© Vhyq (g (@), D lI2,119,7%7) + B3,
lhg (@), Dll2i0.7+1 < (Id = yn, )" 0 (po + )
0 Yhg Ulx (X(2), D) 12,119,7+1) + B4,

(A5.75)

where pg, p9 € Koo and B3, Ba € R>(. According to Jiang et al. (1994), proof of
Theorem 2.1, page 110, we can see that the right-hand side of (A5.74) is uniformly
bounded with respect to 7*, provided that

(Id +22) o (Id —yu, )" 0 (p9 + La) 0 i, o (Id + 11)
o(Id =y, )" o (pg 4 1a) 0 i, (5) < s,

(Id + ) o (d =y, )" o (p8+ 1) 0 Yy, o (Id + i)
o(Id —yn,,) " o (po+1a) o yn,,(s) <s.

for all s > sg and some A1, Ay € K. This and (A5.65) imply that

l2(x(2), q(1), D ll2,119,7%7 < 1hx X(0), ) lI2,159,7%1 + I1hg (Q@), Dl2, 119,77 < Bs.
(A5.76)

where B5 € Rx( is a bounded function of the inital conditions and parameters of
the combined system. Then, invoking the contradiction argument, using Assump-
tions 5.1 and 5.2, and taking (A5.63) into account, we conclude that x(¢) and é(t)
generated by (5.108) are defined for all + > #y. Furthermore, they are bounded.
Boundedness of q(¢) is ensured by the existence of the corresponding Lo > Lo
margin.

Statement (2) now follows from (A5.63), (A5.76), and Barbalat’s lemma (see the
proof of Theorem 5.1). O
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AS5.11 Proof of Theorem 5.8
Let us denote
Afx[t()a T] = ”fx(x, OXa t) - fx(x, 0)6’ t)”z,[l‘o,T],

Afylto, T1= || f(¥,0y,1) — (3,05, O ll2500.71-

According to Theorem 5.1, the following estimates hold:

X

D
A fxlto, T]1 = Cx + ) Ay (x(@),y(1), Oll2,10,71> (A5.77)
WX

Afylto, T1 = Cy + #||hx(x(t)aY(t),t)HZ,[tO,T], (A5.78)
Y

where C, and C), are constants that do not depend on 7. Taking (A5.77) and (A5.78)
into account, we can derive

A filto, T+ |y (x(2), y(2), D l2,110.1]
(A5.79)

D
<Cy+ (Dlx + 1) lhy(x(2),y(@), Dll2,119,71
X

Afylto, TT+ 1hx (x(@), ¥ (0), Dl2,110,71

D, (A5.80)
<C,+ (E + 1) | (x(2), y(t), Oll2,110,71-
Y

The theorem then will be proven if we show that the L%[to, T']-norms of the sig-
nals h, (x(¢),y(t),t) and hy(x(1),y(?), ) are globally bounded with respect to T.
Consider inequality (A5.68):

y(a+b) <y((p+1d)@)+y((p+1d)op~ (b)), a,b € Rso, ¥, p € Koo
Applying this inequality to (A5.79) and (A5.80) and using (5.127) results in

||hy(x(t), Y(f)’ t) ”2,[1‘0,T]

D
< By o ¥y,0p1 ((D_y + 1) ||hx(X(f)aY(t)’t)”l[to,T]) +Cys

Ly (A5.81)

17 (X(2), ¥ (@), D) l|2.110.7]

D
< Bx © Yxpp 002 ((Dlx + 1) IIhy(X(t),Y(t),t)llz,m,n) + Cx1,
WX

where p1(+), p2(-) € Koo and p1(+), p2(-) > 1d(-). According to (A5.81), the fact
that a function p3(-) € Koo > Id(-) exists such that the inequalities

D, D,
Byo ¥y, 0p10 D——i-l 0p30px0Yx,,0020 D

+1>(A)<AVA3A
yvl X,l
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hold for some A € R~ ensures that norms

”hy(x(t)a Y(t), t) ||2,[ZQ,T]7 ”hx (X(t)a Y(t), t) ”2,[[(),T]

can be bounded from above by constants that are independent of 7'. The remaining
statements of the theorem follow explicitly from Theorem 5.1. O

A5.12 Proof of Corollary 5.3

Let A(z, 1) be a solution of system (5.144). Consider it as a function of the variable
7. Let us pick some monotone, strictly increasing function o such that the following
holds:

T=0(), 0 : Rs90 = Rxp.

Given that n(£2,) is dense in Qg, for any @ € 2y there always exists a vector
Ag € 2, such that n(Ag) = 0 + €g, where | €g]| is arbitrarily small. Furthermore,
A(7) is dense in 2, hence there is a point A* = A(t*, Ag), which is arbitrarily close
to Ag. Consider the following difference:

£E(1),0) — £(E(1),0) = £(E(1),0) — FED, nA") +£(E 7))
— £, n(A(o(1)))).
The function f(-) is locally bounded and 5(-) is Lipschitz, so
I£(§,0) —£E n(A)|| < Drllegll + Ay = Ag + Ay,
where Ay is arbitrarily small. Hence
I, n(A") —£E, nA (@) < DrllnA*) — (o))l

+Af+ A = Dy DyllA* = Ao @)
+Af+ Ag. (A5.82)

Noticing that A* = A(t*,  9) = A(0(¢¥),Xo) and taking into account the Poisson
stability of (5.144), we can always choose A*(c*, Lg) such that o* > o (¢9) = 19
for any 79 € R>¢. Hence, according to (A5.82), the following estimate holds:

£, n(A")) — £ (A (o))
<Dy - Dyl /( ) SA(o(@)))dt|l + Af+ Ag
o(t
<Dy Dy-max [SM)lo* o] =D -lo* — o] + Af + Ap,

D=Dy¢- D,y {Ié%)i IS (A5.83)
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Denoting u(z) = f(&(¢),0) — £(§(2), 9) + e(t), we can now conclude that

lu@®)l < Ac+ Ar + IfE@),0) — FEO), QAN +D-|o* — o ()]
SAAH205+Ag+Ds|0 —nA)|+D-lo* —o ().  (A5.84)

Notice that due to the denseness of A(¢, Ag) in €2, it is always possible to choose
A* such that

D)0 — A = Dyrlln(hg) —nA")|l < Dy Dyllhg — n(A%) || < A,
Hence, according to (A5.84), we have
la(®) o] < 2AF +Ae +8+D - [0 — 0 (1)l [10.115

where the term § > Ag 4+ A, can be made arbitrarily small.
Therefore Assumption 5.17 implies that the following inequality holds:

Xl 4y = BE = t)IIXW0) a0y + €D llo™ — 0D lloo,iig).  (AS5.85)

Let us now define o () as follows:

t
o0 = [ PV, dr (A5.86)

0

Moreover, let us introduce the following notation:

t
h(t)=0"—0o(t) =0" — / v I &@)laya, 47

0]
then for all ¢/, t > ty, t > t' we have that

1

h(t') — h(t) = / VIV &ED Ao, dT-

1

Taking into account (A5.82) and (A5.83), the equality

M0 (1),A0) _
(oc(ltz) ”= (;Et)S(x(o(t),xo))=VIIW(X(TD”AMM) SA @), do)),

and (A5.85), and denoting D; = ¢D, we can conclude that the following holds
along the trajectories of (5.145):

IR ag gy < B — 10) [1X(10)Lag 3y, + Dill(D 01011

t (A5.87)
h(to) — ht) = f Y I K@),y dr.

0]
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Hence, according to Corollary 4.2, the limit relation (5.147) holds for all |A(zg)|
and [[x(0) [| 4, o that belong to the domain

1 (d L |
()5
h(to)

X
B (O)Ix(20) | 4.5 + B (0) - Dy - |h(20)|(1 + & /(1 — d)) + Dy |h(10)]
forsome d < 1, k > 1. Notice, however, that |[x(¢)|| 4, » is always bounded since

f(-) is Lipschitz in 6 and both # and 6 are bounded (n(-) is Lipschitz and A (¢, L)
is bounded according to the assumptions of the corollary). Moreover, due to the
Poisson stability of (5.144) it is always possible to choose a point A* such that
h(ty) = o* is arbitrarily large. Hence the choice of y in (A5.87) as (5.146) suffices
to ensure that 4 (¢) is bounded. Moreover, it follows that 4 (¢) converges to a limit
as t — oo. This implies that y fzf) ||X(‘L')||AA(M) also converges as t — 00, and,
consequently, A (¢, Ag) converges to some A" € €2;. Hence

lim 6(t) = 0’

—00

holds for some @’ € Qg. According to the corollary conditions, system (5.143) has
steady-state characteristics with respect to . Then, in the same way as in the proof
of Lemma 4.2, we can show that (5.147) holds. O

A5.13 Proof of Theorem 5.9

According to the theorem formulation, Assumptions 5.1, 5.2, 5.3, and 5.5 hold.
Hence, on applying Corollary 5.1 we can conclude that the 6(z) € L‘o’o[to, o]
and x(¢t) € L% [to,o0]. Let us show that the limiting relation (5.24) holds when

alternative (1) is satisfied. To this end, consider the derivative 0:

0 =T +p@)ax ) =T(f(x0,1) — £(x0,1)ax,1). (A5.88)

Given that 9(t) € Lgo[to, ool and x(¢) € L% [y, o0], and that hypothesis H3 holds,
the function fy (X, 0, t) satisfies the following inequality for some D, D; € R.:

Dilax, )"0 —0)| < |f(x,0,1) — f(x,0,1)] < Dla(x,0)" (@ — )],
ax, )70 —0)(f(x,0,1) — f(x,0,1)) > 0.
Therefore, there exists a function k : R>¢g — R>¢, D < K2(t) < D such that

b = —2(OTax, )"0 — o)cic(x, 1) (A5.89)
= —k2(OTax, Hax, 1) @ — 6).
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Notice that I' = I'T and I' > 0. Then, according to Lemma 2.5, we have that
16G) =61l < Dre™“" (16 (10) — 61,

where

1
pr = (D) et p 2
Amin (I") L(1 + Amax (Ma5, L?)

Uoo = sup lee(x, 1)
X1 [1X(0) oo, rg.001- 110

This proves alternative (1) of the theorem.
Let us prove alternative (2). It follows immediately from Corollary 5.1 of
Theorem 5.1 that

lim £ (x(1),0,1) — Fx(@),0(1),1) = 0. (A5.90)

Furthermore, given that 0 = C(f(x(),0,t) — f(x(t),é(t),t))a(x,t), x(t) €
L% [ty,00] and a(x, 1) is locally bounded in x uniformly in ¢, we can conclude

that § — 0 as r — oo. Let us divide the R>¢ into the following union of subinter-
vals: Rxo = ;2 Ai, A = [t + T, 19 =0, ti41 =t + T, i € N. The value
of T is chpsen to satisfy T > L, where L is the constant from Definition 5.6.2. The

fact that @ — 0 as r — oo ensures that

lim [|8(s;) — (x| =0, V 51,7 € A (A5.91)

11— 00
In order to show this, let us integrate (A5.88):

T R
10Csi) — (i)l = IIFf (f(x(7),0,7) — f(x(7),0(7), 1)) (x(7), T)dT].
Si
(A5.92)

By applying the Cauchy—Schwartz inequality to (A5.92) and subsequently using
the mean-value theorem we can obtain the following estimate:

10(si) — 0(z)
ti+T R
< / IT|| - £ (x(2),0,7) — f(x(7),8(2), )] - [le(x(2), 7)||dT
1

=T - T - | fx(t)).0.7)) — F&()).0), )] - lax(x)). ),
) € A (A5.93)
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Given that the limiting relation (A5.90) holds, x(t) € L [to,o0], and a(x, 1) is
locally bounded uniformly in 7, we can conclude from (A5.93) that the limiting
relation (A5.91) holds.

Let us choose a sequence of points from Rx: {‘L’,‘}?il such that 7; € A;,i € N.
As follows from the nonlinear persistent excitation condition, (5.154), for every
é(ri), 7; € A; there exists a point #; € A; such that the following inequality holds:

I £ (x(t)),0,1)) — Fx(t)),0(r). )] = 0|0 — ()] = 0. (A5.94)

Let us consider the differences f(x(t)), 0(z), ) — f(x(t), é(tl./), 1), T, 1l € AL Tt
follows immediately from H1, H2, and (A5.91) that

Jlim F&XEN,0(t), 1) — fx(),0(), 1) =0, 7,1 € A;. (A5.95)
Taking into account (A5.95) and (A5.90), we can derive that
lim £ (x(t)).0.1)) = f(x(t]). 0(z). 1)
= lim (f (x(t)).0.1)) = [ (x(t)). 8¢}, 1))
+ lim f (). 00). 1) — f (). 0(w). 1))
= 0. (A5.96)

According to (A5.96) and (A5.94), the sequence {o(]|§ — @(r,') D}:2, is bounded
from above and below by two sequences converging to zero. Hence

lim o(]|0 — 8(z)|) = 0.
1—> 00

Notice that o(-) € K N C°, which implies that
lim [0 — 0(;)|| = 0. (A5.97)
11— 00

In order to show that lim,_, (8 — 6(¢)) = 0, notice that |0 — ()| < |0 —
9(s,~)||,si = argmaxgen, |10 — é(s)ll VvVt € A;. Hence, by applying the triangle
inequality [|0 — (s;)|| < 16 — (t;)|l + 116(x;) — 8(s;)|| and using (A5.91) and
(A5.97), we can conclude that [|@ — 9(t) | is bounded from above and below by
two functions converging to zero. Hence, |6 — 9(t)|| — 0ast — oo and (5.24)
holds. O

A5.14 Proof of Theorem 5.10

Since the right-hand sides of (5.160) and (5.165)—(5.167) are continuous, there is
at least one solution of the closed-loop system passing through (o, so, @ (t0), X(19),
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x(#p)), and this solution is defined at least locally. Let [#g, #1), #1 > go be an interval
of existence of this solution. Given that

N

d

j=1

we can conclude that trajectories s(t, sp) are globally bounded for all ¢ € [fg, #1):
IIs(¢,s0)|| < D1, D1 € R.¢. Moreover, the value of D; does not depend on
é(z‘o),f((to), x(f9) and parameters ¥, w;, A, and #. This automatically implies that
the right-hand sides of (5.165) and (5.167) are Lipschitz in x, X, (), and that the
corresponding Lipschitz constants can be chosen such that they do not depend on
X, X, 9, and s. Thus, invoking the standard Gronwall lemma-based argument (see
e.g. Khalil (2002)), one can conclude that solutions of the closed-loop system are

defined for all ¢+ > .
Let us denote

A

Q=%-%x  q@=0-0, vlr0)=0"(®y L) — el r0).

Then, according to (5.165) and (5.160), we can write that

(m) [ A+ beGndnT ((h)
Q@) \ —ke(y,A 1)t 0 Q@
+ (g) vk, A, 1) — (1), Eo(r) = col(£(1),0). (A5.98)

Let ®(t,19), ®(t0,t90) = [ be the fundamental system of solutions of the
homogeneous part of (A5.98). Then the solution of (A5.98) is defined as

t

q(r) = ®(,10)q(%0) +f @ (t,7)(bou(A(7), A, T) — £o(0))d,
f0 (A5.99)

t > tog, bg = col(b,0).

We are going to show that there exists y € R.o such that for all y € [0, y)
solutions of (A5.98) and (5.167) are bounded. First we notice that the right-hand
side of (5.167) is locally Lipschitz in s;. Hence the following estimate holds:

IA@I = y*M. M € Roo, " =y max{e;} (A5.100)



Appendix to Chapter 5 255

As follows from the assumptions of the theorem, the function ¢ (y, A, #) is uniformly
persistently exciting. This implies the existence of L, u € R. ¢ such that

t+L
JA, 1) = f (D), A1) (y(1), A, )T = pul Vi > 19, A € Q.
t

(A5.101)

Consider the following matrix:

. t+L R .
J(X(t),t)—/ P(¥(0), A1), D)@ (y(), A(7), T)dT
t
t+L R . .
=/ (@(y(1),A(1),T) — @(¥(), A(1), 7))@  (y(2),A(r), T)dT
t

t+L R . R
+/ P (1), A1), D) (@(¥(1), A1), T) — @(¥(7),A(7), 7))  dt
t
= 1A (), 1) + S (A (D), 1). (A5.102)
Using the inequality

17zl < max |he|llzl, H € R™", 7 € R

and given that || @(y(¢),A,t)|| < B forallt > 1y, A € Q2,, we can conclude that the
matrix (A5.102) satisfies

7N AO.0 + BG0. )2
< 2BDIA(t) — A(Dllcorrt21lIZlI*, D € Roy.
Hence
t+L . .
/ (1), A1), DR  (y(2), A(7), T)dT
t
> J(A(1),1) — 2BD||A(t) — A(D)lloorar11]
> (i — 2BD|A(t) — M(D)llowra+11)]- (A5.103)

Taking (A5.100) and (A5.103) into account, we can conclude that

t+L
/ ¢(Y(T),i(r), r)goT(y(r),i(r), 1)dt > (u —2BDLMy™*)I. (A5.104)
t

Then, by choosing y for instance such that

* I

= —, (A5.105)
4BDLM

v
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we can ensure that

1+L . . "
/ @(y(1), A1), D@ (y(1), A(¥), T)dT > FIvi=t.
t

Then according to Theorem 2.2, there exist p, D, € R such that the following
inequality holds:

19 (1, 10)q(t0) | < e "l q(t0)[| D, (A5.106)

Therefore, taking (A5.99) and (A5.106) into account, we can conclude that, for
any bounded and continuous function v(t), the solutions of (A5.98) satisfy the
following estimate:

t

lq@®)|| = H<D(t,to)(I(fo) + / @(t, T)bu(r)dt
fo
< e P D qto)

t
+Dpf e "D (bolllu(A(2), A, D) + Eg(D)IDdT.  (AS5.107)
Ty

Notice that
U (D), A, )| < 101 DIA@E) —All,  [Eo(D] < Ag.

Hence

t
la@®)] < e D, llq0)]| + ”0””b”DDp/ e PUTONA () — MdT

Ty

t
—I—Dp/ e_'o(’_r)Agdr.
fo

Therefore, for all > 7y > ¢’ the following estimate holds:

161[Ib][ DD,

o ~ AeD
lq@)]| < e P D, llqt) || + IA(T) = Ao + Sp L.

(A5.108)
Now consider solutions of the system
$ — . . . . 2 2
$j-1 =Y wj <32]—1 — 82 —82j-1 <S2j—1 +52j>> >

$2j =Y - wj <S2j—1 + 52j — 82 (S%j—l +s§j)) , (A5.109)
}lj = )\.j,min + (()"j,max — )"j,min)/z)(SZJ'—l +1),
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with initial conditions (5.168). They are forward-invariant on s% i1 (to) + s% . (t9) =
1 and can be expressed as

t
(s2j—1(2,50), 52 (t,80)) = (COS ()// w;tdt +ﬂ>,
1

0

t
sin (y/ a),-tdr+,3>>, B eR.
0]

Taking into account that w; are rationally independent (condition (5.169) in the
definition of the observer), we can conclude that the trajectories 52;1(¢) densely
fill an invariant n-dimensional torus (Arnold 1978), and that system (A5.109) with
initial condition s3 i1 () + 53 ;(10) = 1 is Poisson-stable in Qs = {s2j_1 €
Rls2j—1 € [—1,1]}. This means that for any A € 2,, (arbitrarily large) constant
T € Ry, (arbitrarily small) constant A) € R, and initial conditions on the torus
there will exist A(t') € Q;, 1" —to > T, such that |[A — A(t))|| < A;, Ay € Rxy.
Expressing X(t) generated by (5.167) in terms of the function A(¢) yields

~ t
A(1) =>~(to+)/f O(IIy(r)—ﬁ(r)lls)dr), 1= 1.
Ty

Denoting
t
W) = ' — y/ o (Iy(0) — $(@)ll)dr.
fo
we obtain

IA(#) = Al < Ax + IA@) = A < Ax + Dalh(@),
t
h(t) =h(to)—)// o(lly(@ = y@ledr, (A5.110)
fo
where D, is a positive constant and h(fy) = t’. Hence the following holds along
trajectories of the observer:

la@®)l| < e P Dyllq(to) | + e DallA(t) oo fro.r]
A¢D, 16116l DD,

+———=+cA, c=—7",
P p

t
h(t) = h(ty) — J// a(lly(r) = y(@)lle)dt =

0]

(A5.111)

t
h(19) — y/ lq(D)lle dT < h(t) < h(10),
fo
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where A, is an arbitrarily small constant. Now, invoking Corollary 4.4, we can
conclude that there exist y* and £* such that

lim A(r) =A%, A" € Q. (A5.112)
—00

forall y € (0,y"), e > &*. Moreover
lim |y(r) — 3()|le = 0. (A5.113)
1—00

The value of y*, as follows from Corollary 4.4, (A5.105), and the fact that the value
of h(ty) can be chosen arbitrarily large, can be determined as

P p
v _mm{4BDLM’g}’

—1 D,\T7! 1 D,y \ !
G = sup Lpz [ln(w p>] (l+ p‘ﬂ) )
de©,1), ye(loo) ¥ d 01| DD, D 1—d

The value of &*, according to (4.112) and (A5.111), can be chosen as

£* = (AEpD” + cm) (Dp/K +1),

where K is a positive constant.
To proceed further we will need the following lemma.

Lemma A5.4 Consider the system

% = A()x + b®)u(t) + d(@),

y=cTx, ceR", xeR", As.114

where

u:R>R uelC,b:R—>R" A@): R > R™",

(A5.115)
d:R—>R,db, Ac

and each entry of A(t) is a globally bounded function of t. Suppose that the following
properties hold for (A5.114):

(1) the origin of system (A5.114) is asymptotically stable at u(t) = 0, d(t) = 0;

(2) the term ||cT® (¢, T)d(7)|| < 8, 8 € Rso forallt € R, v < t, where ®(t,7),
O(t,t) = 1, is the fundamental system of solutions of the homogeneous part of
(A5.114);

(3) the term ¢ b(z) is separated away from zero:

IBeRg: |c'b@)| =BVt eR,;
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(4) the time derivative of u(t) is bounded uniformly in t:
30U e Rog: |u@®)| <oUVteR. (A5.116)

Then
1Y) lloo,[9.00] < &> € € Rop (A5.117)

implies the existence of t'(¢) > ty such that

60U 26
+ = > |u@)|, Vi >1'(e),
B B

provided that ¢ is sufficiently small.

2

Proof of Lemma A5.4. First, notice that closed-form solutions of (A5.114) are given
by

t
x(t) = O(¢,10)x0 + / D@, t)[b(v)u(r) +d(r)]dr, (AS5.118)
fo
where ® (¢, 1p) is the fundamental system of solutions of the homogeneous part of
(AS5.114). According to (A5.118) we have

t
y(t) = cTCD(t, t0)Xo + / CTCD(t, T)[b(t)u(r) +d(r)]dr.

0]

Consider y(¢) — y(t — T), T € R.g:

y(t) — y(t = T) = [D(t,10) — D(t — T, 1)1 X0
t
+/ o, [b(r)u(r) + d(x)]dr. (A5.119)
t—T

Denoting
v(t,T) = e [D(t,19) — D(t — T, 19)] Xo
and applying the mean-value theorem to (A5.119), we obtain
y(t) =yt —T)=v(t,T)+ Te' @@, )b Hu(t) +d(x)], ©’ € [t,t — T1.
Hence
() = y(t = T)| = TIe" @, 7)b(z")||u(z)]
—Tlc" o, t)d(r')| — |v(r,T)|, T’ € [t.t — T].

Because (A5.114) is asymptotically stable, the term |v(¢,T)| — 0 as t — oo, and
there exists #1; > R such that

v, T)| <eVt>t.
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On the other hand, condition (A5.117) assures the existence of 7y such that
ly(t) —y(t —T)| <2eVt>1ty, VT > 0.

Therefore there exists ¢’ = max(t1, ty) such that for all 7 > 0 and ¢ > ¢’ the
following holds:

3¢ > Tle @, T)b(x)||u()| — |cT @, t)d(t)], v/ € [t — T,t]. (A5.120)
According to (A5.116) and (AS5.115), inequality (AS5.120) implies
3¢ > (T|c @, t)b()||u@)| — 8) — T?|cT @ (¢, t)b(x))| U, t’ € [t — T, 1].
Because ®(¢,1) = I Vit € R, ®(¢, 7’) is continuous in 7/, and |¢T & (¢, 1)b(1)| > B,
we can conclude that there exists 77 € R~ ¢ such that

1cTo(r, )bt > M = g Viielt—T,1l. (A5.121)

On letting 0 < T < T’ we obtain
3¢
MT

Optimizing the left-hand side of (A5.122) for T yields

3¢dU & 6c U 28 ,
2 +—=2 +—==>lu@®|vVt =1,
M M B B
[6c aU
¢ 5 <T, (A5.123)

i.e. provided that ¢ is sufficiently small. (I
Let us now go back to the proof of the theorem. As follows from (A5.113), there
exists a time instant ¢’ such that

)
+ToU + i > lu@)| Ve >t (A5.122)

provided that

ly(@) — (@) <2eVi>1.

In addition, the vectors ¢g = col(c, 0) and bg in (A5.98) satisfy cgbo = by > 0; the
term cgd>(t, 7)€¢(1), T < t, where ®(¢, 1), (¢,¢) = I is the fundamental system
of solutions of the homogeneous part of (A5.98), can be bounded from above as
||c0TCI>(t, 7)§0(7)|| < vAg, where v is some positive constant. Finally, according to
the assumptions of the theorem, there exists a constant dU € R. ¢ such that

d (A, A1)
— U PR
dt 0

<aU.
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Hence the conditions of Lemma A5.4 are satisfied for the system (A5.98) and
(5.167) for all t > 1y.
Therefore, according to Lemma A5.4 there exists | > ty such that

10T (9o (x0(1), A, 1) — @ (X0(1), A (1), 1))

60U  vA
< 2( Eb n ”b—f) Vit >, (A5.124)
1 1

provided that ¢ is sufficiently small. Hence, it follows from (A5.106) and (A5.107)
that

lim supl|6 (¢)

t—00

2D, b 69U  vAc\  AeD
g < 2ol ) 4 =5
P by by P

Notice that A can be chosen arbitrarily small. In particular, we can choose it to be
proportional to Ag. This proves statement (1) of the theorem.

To prove that statement (2) of the theorem holds, we notice that, according to
the definition of weak nonlinear persistency of excitation, constants L and 8 must
exist such that for all # € R there exists ¢’ € [t — L, ]:

10T (@o(x0(t"), A, 1) = @o(x0(t), A(t), £))| = B - dist(A(t)), E).

Combining this with (A5.124) yields

~ B by by
(A5.125)

A 2 ( |6sdU  wA
Vi>n A1 el — L,t] : disth(r), EQ)) < _< ¢ +”_$>.

Hence there is a sequence of #/,7 = 1,2,... suchthat 3L >t/ —t/_, > L, and

lim distG(). ) < = (02U 4 A
i—00 o - B b by '

Given that i(t{ ) are bounded, we can choose t;. such that

lim A(fj)) =X € Q;.
1j—00

On the other hand, according to (A5.112), X(t) converges to a pointin 2 ast — oo:
lim;_ o0 A(t) = A*. Therefore A* = A and

_ 2 ( [6c0U  wA:
dist(A*,EA)) < — + —.
( A)) 5 ( bi b )
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The latter inequality assures that

. . L 2 60U UAE
lim sup dist(A(),EQ)) < — +—.
100 B by by

Hence, taking into account that the value of A; can be set proportional to Ag,
statement (2) of the theorem follows. O
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6

Adaptive behavior in recurrent neural networks
with fixed weights

Recurrent neural networks (RNNs) with fixed weights are known to solve prob-
lems of adaptive classification, recognition, and control (Prokhorov et al. 2002a;
Feldkamp et al. 1996; Feldkamp and Puskorius 1997; Younger ef al. 1999; Lo
2001). When the objects to be classified are static, e.g. still images or vectors
in R", solutions to these problems are usually characterized in terms of conver-
gence of the RNN state to an attractor (Hopfield 1982; Fuchs and Haken 1988).
Each attractor corresponds to a specific class of objects and its basin determines
which objects belong to the class. Conditions specifying convergence to an attractor
are widely available in this case (Cohen and Grossberg 1983; Michel ef al. 1989;
Yang and Dillon 1994; Chen and Amari 2001; Lu and Chen 2003).

When the objects to be classified are dynamic, for instance nonlinearly
parametrized functions of time of which the parameters are unknown a priori,
no adequate theory exists that explains why the fixed-weight RNN approach is
successful. At present, theoretical results are available to demonstrate that a sin-
gle fixed-weight RNN of a certain type can approximate the solutions of multiple
dynamical systems (Back and Chen 2002). Hence in principle, a fixed-weight RNN
can behave adaptively with respect to changes of its input signals. These theoreti-
cal results, however, are restricted to the class of parameter-replacement networks
(Chen and Chen 1995). The structure of these networks differs from that of the
more commonly used recurrent multilayered perceptrons.

The question is whether adaptive behavior is inherent to other types of RNN.
Several authors have given plausibility arguments that RNNs with conventional
multilayer architecture should also have this ability (Feldkamp and Puskorius 1997,
Prokhorov e al. 2002a). Here we will show how theoretical results presented in
Chapters 4 and 5 can be used to derive a formal proof of adaptive behavior in
fixed-weight nets (Tyukin ef al. 2008b).

We consider adaptive behavior in fixed-weight RNNs with a view to their
ability to classify temporal signals adaptively. We provide a formal proof that

265



266 Adaptive behavior in recurrent neural networks with fixed weights

continuous-time recurrent neural networks with fixed weights can successfully clas-
sify and recognize nonlinear functions of time, which are allowed to be nonlinearly
parametrized with unknown parameter values. The main idea behind our results
consists of presenting a prototype dynamical system that solves the recognition
problem. We then present a proof that an RNN with fixed weights can realize this
system. We construct such a system using the concept of weakly attracting sets
presented in Milnor (1985) and Gorban (2004) reviewed in Chapter 2 as well as
the tests for convergence to such sets obtained in Chapter 4 (see also Tyukin ef al.
(2008a)). To show that our system can indeed be realized by an RNN with fixed
weights, we employ classical results on function approximation by feed-forward
networks (Cybenko 1989).

6.1 Signals to be classified

We consider the following set of signals:
F={fi¢®),0)}, i e{l,..., Ny},
fi:RxR—>R, fi(-,-) €C°, (6.1)
£:Rso— R, £() € C' N Logl0, 00,

where 6; € Qg C R are parameters of which the values are unknown a priori,
€29 = [6Omin, Omax | 1s a bounded interval, and & (¢) is a known and bounded function.
Signals f;(£(¢), 6;) constitute the set of variables chosen to represent the state of
an object.

For the given functions f; (£(¢), 6;) and &£(¢) we say that 6; is equivalent to 9{ iff

Ji€@),6) = fi(6(1),0)) ¥ 1 € Rxo. (6.2)

Hence, an equivalence class for 6; € 24 can be defined as

Ei(6;) = {6; € RIfi;(£(1),0;) = fi(5(1),0)) ¥ 1 € Rx0}. (6.3)

Equivalence classes (6.3) determine sets of indistinguishable parametrizations
of the ith signal. It is natural, therefore, to restrict ourselves to the problem of
recognizing signals (6.1) up to their equivalence classes.

With respect to the equivalence classes E;(6;), we further assume that there is at
least one point 6y € R such that

1001l E;6,) = Ao € Roo V0 € . (6.4)

Requirement (6.4) is a technical assumption. It is satisfied in a wide range of prac-
tically relevant situations in which the union of E;(6;) for all i and 6; belongs to
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an interval of R. The requirement allows us to exclude from consideration patho-
logical cases in which almost all points in g are indistinguishable in the sense of
condition (6.2).

Consider the case in which the values of f; (£(¢), 6;) might not be available for
direct observation. Assume that instead of functions f;(&(¢),0;) we access vari-
ables s; (¢, s; 0, 0;, i (t)), which are solutions to the following ordinary differential
equation:

Si = —i(s;) + fi(6(1),0;) + n;i (1),

(6.5)
si(to) = si0, sip € Q5 CR.
In (6.5) the function n; : R.g — R,
i (t) € Lool0,00], [I1; (1) lloo, 0,001 < Ay € Rxo, (6.6)

corresponds to measurement noise. The value of A, in (6.5) is supposed to be
known, while the values of initial conditions s;(fg) and functions ¢; : R —
R, ¢(-) € C I'in (6.5) are assumed to be uncertain. We do, however, require that
Qs = [Smin» Smax] 1S an interval and that the functions ¢; (s;) satisfy the following
constraint:

8 . .
Vsi € R= opin < i (si)
8S,‘

= ¢max> Pmin> Pmax € R>O- (67)

Condition (6.7) ensures that the dynamics of each variable s;(¢,s; 0, 6;,1;(¢)) at
t — oo is uniquely determined in the absence of noise by f;(£(¢),6;), and the
effects of initial conditions s; o vanish with time asymptotically. In other words,
solutions s; (¢, s; 0, 0;, 0) will asymptotically approach a function of time of which
the shape is uniquely determined by f; (§(¢), 6;).

The reason why we consider signals (6.5)—(6.7) instead of f;(£(¢), 6;) is that in
many systems, artificial or natural, measured physical quantities, represented here
by signals f;(£(¢), 0;), are often unavailable. In the domain of neural computation
and modeling of neural systems this is the case when information about the stimuli is
transferred from one node to another by dynamic synapses (Tsodyks ez al. 1998). In
robotics and motor control the intrinsic dynamics of sensors and moving mechanical
parts often distort stimulus information f;(£(¢),6;). Notice also that solutions to
the differential equation

$i = —t(si — fi(6(1),0)) +ni(1), T € R,

d
ni(t) = - (fi(§(0), 01))



268 Adaptive behavior in recurrent neural networks with fixed weights

with initial conditions s; (f9) = f; (£ (fo), 6;) coincide with f; (£(¢), 6;) forall ¢ > f.!
Therefore, in cases in which the derivative of £(#) is uniformly bounded in ¢, it
is always possible to consider signals f;(£(¢),6;) as if they were generated by
(6.5)—(6.7) with appropriately chosen parameters and terms t f; (§(¢), 6;) instead
of fi(&(¢),0;). Hence, even in the absence of actual dynamics, we can still use
the representation (6.5)—(6.7) for a broad class of signals (6.1), in which the time-
derivative of £(¢) is uniformly bounded in z.

6.2 The class of recurrent neural networks

The following set of differential equations defines a recurrent neural network:

N
i =Y cimoW] ,u(s(t),60).%) +bjm) j€{l...,Ni},
m=1
u(s(r),8(1),x(1)) =s) ® (1) DX,
X = col(xy,...,xn,), X(fp) = Xo, (6.8)
where functions 0 : R — R, o € C° are sigmoid.” The vectors ¢ j = col
(Cj,l, . ,Cj,N) and bj = COl(bj,l, . ,ijv) and matrices Wj = (Wj,l, . ,Wj,N)

are parameters of the RNN. Functions £(¢), s(t) : R0 — R, s(¢),§(?) € CY are
inputs, X is the state vector, and Xg is a vector of initial conditions.

Figure 6.1 shows the general structure of the network; it also illustrates how
the network receives information about the original signals f; (£(¢), 6;). According
to the notation (6.8) the network maps two functions of time, s(¢) and &(¢), into
the functions xi(¢,Xop), ..., xn,(f,Xo), which are the solutions of (6.8). In what
follows we will consider the variables s(¢) and £(¢) as inputs to the network. The
function of the first input, s(¢), is to communicate information about the signal to
be classified. The function of the second input, £ (¢), is to provide the network with
enough information to ensure that classification is successful. Our choice of inputs
is motivated by known results from systems and control theory; if a system adapts
to a class of external signals it must contain a subsystem, or internal model, that
is capable of generating all of the input signals (Conant and Ashby 1970; Sontag
2003). In our case this corresponds to the case in which the network is to model

1 This can easily be verified by taking the time-derivative of e; (1) = s; (¢, s; 0,0;,7; (1)) — f; (5(2),0;)). It will
satisfy the equation é¢; = —te¢;, yielding the target equality ¢; () = e~ (t=10) ¢, (t)) =0Vt =>1.

2 A function o : R — R is called sigmoid if lim; 0 0(z) = 1 and lim;— _ 0(z) = 0. Choosing the
function o in (6.8) in the class of sigmoid functions is not critical for our analysis. In our proof we will require
only that the sums Z,N=1 cia(w?u +bi),ci, bj e R,w; € RNVx+2 are dense in CO([0, 11¥+12). Hence any
continuous function o satisfying this requirement can be used in (6.8). Detailed discussion and specification of
such functions can be found in Chen and Chen (1995).
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Unknown Uncertain dynamic Recurrent Neural — Readout functions
signals transformation Network

SiE®, 8)

Si€(), )

W)+ f(ED.8)+ m(t))

1u(E(0).6,)

(s;-

Figure 6.1 The structure of the network and routing of the signals. The network
receives signals s(¢) and £(¢) on its inputs, and maps these functions into the
trajectories of its state. Classification decisions are communicated through the
state readout functions. The latter can in principle be realized by a feedforward
component. Here we restrict our consideration to the mere existence of these
functions (see Problem 6.1).

the functions f;(£(¢),6;). Hence in general knowledge of £(¢) is necessary for
successful classification.’

6.3 Assumptions and statement of the problem

While the variable & (¢) is known a priori, the variable s(¢) is allowed to vary within
the set of functions s; (¢, s; 0, i, i (¢)), which are the solutions of (6.5). In particular,
we assume that the following condition is satisfied.

Assumption 6.1 There existi € Ny, 0; € Qq, s;0 € 25, and n;(t) specified by
(6.6) such that

s(t) = si(t,5i0,0i,mi (1)) V1 =0. (6.9)

We aim to determine whether there is a network of type (6.8) that is able to

recover uncertain parameters i and 6; from the input s(r),* r > 1y € R>o within a
finite interval of time for all 79 € Rx¢. Informally, this means that there exist two

w

In principle we could have refrained from using input £ (¢) in our system under the assumption that such a signal
can be generated by a fraction of the RNN’s internal states. This, however, would unnecessarily complicate the
analysis and increase the number of technical assumptions. Therefore we decided to use inputs s(7) and & (¢)
instead of just s(¢). Nevertheless, one should keep in mind such a possibility when deemed appropriate.
Because the filters (6.5) are convergent, the effect of uncertainty in the parameter s; ( vanishes with time
exponentially. Hence the only effective uncertainties are i and 6;.

N
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sets of functions of the network state x and input s(¢):

{hyjx(0),s@)}, {he,j(x(1),5(r))},
hpj R xR—>R, hy; :RM™ xR—R, je{l,...,N¢}, (6.10)

such that the values of i and 6; can be inferred from {hf ;(x(¢),s(t))} and
{hg,j(x(1),s (1))}, respectively, within a given finite interval of time. Formally we
can state this as follows.

Problem 6.1 Consider class F of signals (6.1), where the function & (¢) is known,
and the values of the parameters 6; are unknown a priori. Determine a recurrent
neural network (6.8) such that the following properties hold:

(1) thereis asetofinitial conditions 2, such that x(z, Xq) is bounded forall xg € 2,
and t > #yp € R>(; the volume of €2, is non-zero;

(2) there exists a set of output functions (6.10) such that, for all 6; € Qy, s; 0 € 2,
to € R>9, Xo € Qx, and functions n; (¢) given by (6.6), condition (6.9) implies
the existence of a constant 7 € R, time instant ' € (¢, to + 7), (arbitrarily
large) T* € R. ¢, and (arbitrarily small) ¢ € R. and D € K such that

1 1.0 (). 5 () lowirar+741 < € + D(A),
nf o (6@),50) = 0looirr470) < &+ DA,

6/eE(

(6.11)

The functions h 7 ;(-,-) and hg;(-,-) in Problem 6.1 are defined by (6.10). The
existence of these functions implies a simple readout mechanism for recovering
variables i and 6;. When input s(¢) is generated by a signal from the ith class then
h i (x(t),s(t)) must be in the neighborhood of zero for a sufficiently long time 7,
and the function /¢ ; (x(¢), s (7)) should be in the vicinity of some constant over
the same time interval (see Figure 6.1 for an illustration). Furthermore, as follows
from (6.11), the value of 6; is estimated by hy; (x(¢),s(#)). Hence information
about the class and parameters of an input signal can be inferred from the values
of hy;(x(1),s(t)), he,i(x(2),s(t)). If inequality (6.11) holds for multiple indices i,
additional validation might be necessary. This, however, is beyond the scope of our
study. In our current work we wish to answer the question of whether the desired
behavior specified by (6.11) can in principle be realized in RNNs.

In general, Problem 6.1 has no solution for all possible functions &(r) € C',
fi,:) € CY and every 0; € . Consider, for instance, the case in which

fi(§(1),6;) = sin(§(r)6;) and

sin®(In(t — tg + 1)), sin(In(t — to + 1)) > 0,

§(r) = { 0, sin(In(r — 1o+ 1)) < 0,
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The time intervals within which &(¢) = 0 are growing unboundedly in length with
time. Hence for any fixed 7 and 7™ there will always exist a time instant #;, such
that for all # > ¢, the lengths of intervals when &(r) = 0 exceed 7 + T*. For all
such intervals 7;, j = 1,...,00 and every 6; € Qg it holds that f; (§(¢),6;) = 0.
This implies that solutions s; (¢, s; 0, 6;, i (¢)) do not depend on 6; for all # € Tj.s
Hence recovery of the actual values of 6; from signal s () cannot be achieved within
a fixed time interval [fo, o + 7 + T*] for all 1y > t(/). In order to enable a solution
of the classification/recognition problem above, we must introduce an additional
constraint on the functions f; (&£(¢), 6;). This constraint, which is a weak form of the
nonlinear persistency-of-excitation condition (5.166), should ensure that variation
in the parameter 6; can be detected from the values of f;(&(¢),6;) within a finite
time interval. We therefore require that the following property holds.

Assumption 6.2 For the set of functions f;(&(t),0;) specified by (6.1) and all
t > to, 6, 91-/ there exist a constant T € R.q and a strictly increasing function
p R0 = Rxo, p € Koo such that the following condition holds:

Vizn3r e lnt+T1: 1HEE0) = EO.0)1 = p (16l a) - 612

If the equivalence classes E;(0/) consist of single elements, e.g. when there
is a unique value of 9[ = 6; satisfying (6.2), condition (6.12) will have a more
transparent form:

Vi>t3relt,t +T1: |fi(6@),0) — fi(6@),0)] = p(16; — 6. (6.13)

These conditions simply state that within a fixed time interval the values of [|6; || g, ©)
or |0; — 91./ | can be inferred from the differences f;(&(t),6;) — fi(&(?), 91./ ) for all
(S Rzo.

In the next section we show that a solution to Problem 6.1 can be obtained
for the class F of functions f;(&(t),6;) that are Lipschitz in 6;. These results are
presented in the form of sufficient conditions formulated in Theorem 6.1. In addition
to showing the existence of an RNN and corresponding functions (6.10) satisfying
the requirements of Problem 6.1, we demonstrate that the functions (6.10) can be
made continuous and differentiable. Hence, in principle, they can be implemented
as an extra feedforward component in the existing RNN structure (6.8).

5 This is, of course, not true when the initial conditions s; 0 are dependent on 6; and such a dependence is known
a priori. In our work, due to the presence of noise »; (f) and potential uncontrolled changes of 6; for ¢t < fy, we
do not consider this special case.
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6.4 The existence result

As was suggested in Prokhorov ef al. (2002a) and Younger ef al. (1999) the reason
why RNNs with fixed parameters, i.e. weights, demonstrate adaptive behavior could
be found in their dynamics; supposedly, it is already sufficiently rich to have an
adequate adaptation mechanism embedded within it. Finding a system that satisfies
requirements (1) and (2) in Problem 6.1 and is, at the same time, realizable by an
RNN, therefore, automatically constitutes an existence proof. As we will see later,
this intuition is correct. The result is provided in Theorem 6.1 below.

Theorem 6.1 Let the functions £(t) and f;(£(t),6;) be given and defined as in
(6.1), and let Assumptions 6.1 and 6.2 hold. Furthermore, suppose that f;(&(t),6;)
are (locally) Lipschitz:°

3Dy € Rog: |fi(6(1),0) — fi(6(0).0)] = Do 16 ;4 -

Vi>0, 6,0, (6.14)
AD; €Ro0: |fi6.0) — fi(§.00)] < Del§ — &',
Vv 6;,8.& (6.15)

and the time-derivative of £(t) is bounded:

d
‘Eé(t) <0 V1=0, (6.16)
then for any T* € R., ¢ € R.q there is a recurrent neural network (6.8) satis-
fying the requirements of Problem 6.1, provided that the upper bound A, for the
Lool0, 00]-norms of the disturbance terms, 1;(t), is sufficiently small.

Proof of Theorem 6.1. We prove the theorem in four steps. First, we present
a dynamical system, which will be referred to as the convergence prototype. We
have chosen this system to belong to the following class of differential-algebraic
equations:

Si = —i(51) + fi((1),0), (6.17)

b—a

b =a+ (xi + 1), (6.18)

6 Property (6.14) can be understood as a generalized Lipschitz condition. When the equivalence sets E; (0; ) consist
of single elements the property transforms into | f; (§(z),6;) — f; (§(t), 01./ )| < Dgl6; — Gi/ |
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$i = vl = sle (xi = vi = xiGx? +9D).
(6.19)
i = 1 — sl (x4 3 =y +9D)).

where

Yy €Rop, a,b €R, a < Oyin, b > Omax, O € [a,b],
(6.20)
i=1,...,N¢, ¢ € Ry

Notice that it is always possible to choose parameter values of the system (6.17)—
(6.19) in accordance with (6.20). Indeed, the fact that 6y € R implies the existence
of an interval [a, b] C R such that 6y € [a, b] and [Omin, Omax] C [a, b].

The system (6.17)—(6.19) has a locally Lipschitz right-hand side and its solutions
are bounded for all initial conditions §; (t9), x;(f0), yi(to) € R. Equation (6.17)
models the dynamics of the input signal s (¢); this requirement has been shown to be
generally necessary for successful classification and adaptation (Conant and Ashby
1970; Sontag 2003). The intuition behind equations (6.18) and (6.19) is as follows.
For every 6; € 2y and in the absence of n;(¢) there will always exist a point
xi(to) = px, yi(to) = py, p? + p? = 1 such that 6 (x; (¢, pr, py)) € Ei(6;) for
all ¢ > o, provided that s(t) = s;(t, s; 0, 6;,0) (see in Figure 6.2(a)). When signals
n; (t) are present we will show that éi (x; (t, px, py)) will remain in a neighborhood
of E;(6;), of which the size is determined by A,,. When [s(¢) — 5, (¢)| > &, solutions
of (6.18) and (6.19) starting from initial conditions x;(fo)) = x|, yi(to)) = y;»
x(’)2 + y62 = 1 evolve along a closed orbit towards p,, p,. We show that there exist
y > 0and ¢ > 0 and their respective domains, and a point §; (f9) = s(’), xi(th) = x(’),
yi(to) = ¥, such that the trajectories passing through this point converge to the
following target set:

I5; — sille =0, 0;

< eg(e). (6.21)
E;(6:)

Second, we prove that there is a point x; (fy) = x(/), yi(ty) = yé such that conver-
gence is locally uniform with respect to the values of the uncertain parameters 6;
and s; 9. In other words, for all 79 > 0, s; 0 € €, and 6; € 2y there exists T > 0
such that solutions of (6.17)—(6.19) with initial conditions x; (ty) = x(/), yi(tg) = yé
will be in an arbitrarily small neighborhood of (6.21) for all > #y 4+ 7 (see also
Figure 6.3).

The system (6.17)—(6.19), however, is not structurally stable. That is, small per-
turbations of its right-hand side might change the asymptotic properties of the
system drastically. Hence, due to the inevitable approximation errors, it is unlikely
that an RNN realization of (6.17)—(6.19) would solve Problem 6.1. To continue our
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(2)

P C

le@1, .y

Px Xo

Figure 6.2 Diagrams illustrating the invariant and limit sets of the system (6.17)—
(6.19) (a), ¢; = s; — §;, and a schematic representation of the system’s dynamics
in terms of 6; (x; (1)) versus [le;(T)lloo,[r,+7] (b). In (a) are depicted the invari-
ant and limit sets of (6.17)—(6.19) shown as circles p, g. The gray curves show
trajectories that converge to these sets asymptotically. The domains of attraction
of these sets, restricted to the cylinder )cl.2 + yl.2 = 1, are shown by thick lines
on the surface of the cylinder. Notice that these domains are not neighborhoods
of p, g. In (b) the dynamics of (6.17)—(6.19) is depicted schematically: traveling
along an attracting closed orbit until the domain of attraction of either p or ¢q is
reached.

argument, we need to modify (6.17)—(6.19) such that the resulting system becomes
structurally stable.

For this reason, the third stage involves considering the perturbed version of the
system (6.17)—(6.19):

§i = —@iG) + fi(E1).6)),

b—a

) (6.22)
0 =a+

(x; +1),

5=y 8 = sl +8) (w0 — i — 3G +59)).
(6.23)
5= v = slle +8) (3 + 3 = w62 +3D), 8§ € Rep.

Our aim is to achieve structural stability of an otherwise structurally unstable sys-
tem. We show that trajectories of the system (6.22) and (6.23) periodically visit a
small vicinity of (6.21) and stay there for an arbitrary long time, depending on the
value of §.
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(@

Figure 6.3 Diagrams illustrating the main steps of the proof. (a) The case, without

perturbations and approximation errors, in which the estimate 6; (1), shownasa gray
curve, asymptotically approaches points from a neighborhood of the equivalence
class E;(6;) for a given set of initial conditions and all §;. Demonstrating the
existence of such systems (e.g. (6.17)—(6.19)) constitutes the first step of our proof.
In the second step we show that the time required to reach this neighborhood for
a given initial condition and all 8; € €2 is bounded from above by some positive
number . (b) The case in which the convergence prototype is approximated by an
RNN. Because the system (6.17)—(6.19) is not structurally stable, approximation
errors might lead to the emergence of new attracting invariant sets (points p’, ¢/,
and ¢g”) that do not belong to the neighborhood of E; (6;). The system’s behavior
in this case is shown by a thick, solid line. (c) The dynamics of the perturbed yet
structurally stable system (6.22) and (6.23). In this case convergence to invariant
sets p, q isreplaced with arbitrarily slow relaxation in small neighborhoods of these
points (ghost attractors). Even in the presence of disturbances due to approximation
errors, the system’s state still visits these sets (shown by the dashed circle) and
stays there as long as needed. The third step of the proof demonstrates this.
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Fourth, given that the system (6.22) and (6.23) is structurally stable, we apply

the results from Cybenko (1989) to demonstrate that solutions of (6.22) and (6.

can be approximated in forward time over the semi-infinite interval [0, co] by
state of an RNN specified by (6.8).

Figure 6.3 provides diagrams linking the main steps of the proof.
1. Convergence prototype. According to Assumption 6.1 there exist i

23)
the

S

{1,...,N¢}, si0, 0; such that s(r) = s;(z,s;0,0;,n;(t)) for all t > 0. Consider

d
E(si(t) —5i(1)) = —(@i(si) — @i (51) + fi(6(1),6))
— [E@), 0 (xi (1)) + mi (0).

the ith subsystem of (6.17)—(6.19) and analyze the dynamics of the difference
si(t) — 8;(1):
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According to our assumptions, the functions ¢;(-) are differentiable. Hence,
invoking Hadamard’s lemma,

[ 3eGsir + (1= 1)) A
@i (i) — @i (5;) = (/0 d(sir + (1 — r)§i) dr | (si —$i), (6.24)

and denoting

ei(1) = si(1) — 5i (1),

1 . — s
o (1) = / do(si()r + r)ASz (t))dr, (6.25)
o Asi(Or+ (1 —=r)si())
Afi(t) = fiE@®),00) — fi(E@), 0 (xi (1)),
we can obtain the following equivalent representation of (6.24):
ei = —a(t)e; + Afi(t) + n;i(1). (6.26)

Solutions of equation (6.26) satisfy the expression
1 1 ! T
i) = e~ 5 0) 4 o e [l (A (o) 4 o,
0
According to the mean-value theorem the following equivalence holds: «(f) =
Ao (si()r' + (1 —r)s;(1))/9(s; ()r' + (1 — r")§;(¢)) for some r’ € [0, 1]. Hence,

taking condition (6.7) into account, we can obtain that ¢, < ®(f) < @max-
Therefore, using the inequality

e~ f()t a(t)dt < e_wmint,
we can derive the following estimate:

lei (1)] < e~ @1, 0)] +

! T
e~ fiewe [ ol en (s gy 4 o
0
t t T
< e7¥minl ¢, (0)] 4 ¢~ Jo @@ / elo VAT A £i(7) + i (1) |d T
0
1 1
= ¢ ¥minl|¢; (0)] +/ e~ Fe @A A £ (1) 4 i () ld T
0

t
< e~ ¥min! |, (0)]| +/ e~ PminU=D A £i(7) + n; (1)|dT
0

< e~ ¥min’|g; (0)| + (1 — ey (A £i (D) lloo,[0.1 + 11 (T) loo,[0,00])-

(6.27)

(pmm
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Given that ||9; (T)[lco,[0,00] < Ay for all 1 > 0, inequality (6.27) implies that

lei (1)] < e #min’ |e; (0)| + (1 — e #min") (A £; (D) llow 0] + Ap)

Pmin
—e—wmmf<|e.(0)|— A">+ LA @ oo + Ay (628)
= i i 00,[0,¢] nJ- :
Pmin min

Regrouping terms in (6.28) yields

A A 1
<|ei(t)| - ) < e ¥min' (|€i(0)| - )+ — 1A fi (T) lloo,[0.11-

$min min min

Let us denote & = A, /@min and consider the values of |e;(7)[|.. When |e; (¢)| —
Ay /@min > 0 we have

IA fi (T) lloo,i0.1-

min

min

A
llei (Dle = (Iei(t)l - ) < e Mminlle; (0)e +

When |e; ()| — Ay)/@min < 0 then

o 1
llei (1)lle =0 < e™#minl|le; (0) || +

1A fi (D) lloo,f0.11-

(pmln

Hence we can conclude that the following estimate holds along the trajectories of
(6.17):

Ay
—IAfi(Dlloc01, €= ) (6.29)

min min

lei (1)lle < e™“mn"[le; (0] +

On taking into account (6.14) and (6.29) plus the fact that “é,

‘Ei ()
infy g o) 10i — 0;| we can conclude that the following inequality holds:

. Dy -
llei ()]l < e™min"|le; (0) | + 160i — 6 () || 0.0,

min

6; € E;(6;) N[a,b]. (6.30)

Let us now consider (6.18) and (6.19). We select a point x’, y’ that satisfies the
following condition:

Pyt =1 (6.31)
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Solutions of (6.19) passing through this point can be defined as follows:

t
xi(t,x',y") = cos (/0 yISi(@) = s(0)lledt + Vx) ,

x" = cos(vy), vy € [0,27],
(6.32)

t
yi(t,x',y") = sin (/ yI5i(0) — sl dT + Vy) ,
0
y' = sin(vy), vy € [0,27].

This observation can easily be verified when writing (6.19) in polar coordinates:
x;j = rcos(v), y; = rsin(v) (Guckenheimer and Holmes 2002):

F=yllsi —slle-r(1—r),
v ‘ (6.33)

v =ylsi — sl 1.

Given that 6; belongs to the interval [a, b], there is a number h(9;) € [0, 7] such
that for all k € Z the following equivalence holds:

_ b—a
Qi:a—l-

(cos(h(6;) +2mk) +1). (6.34)

Hence, according to (6.18) and (6.32), the norm || 0; — é,- (7)lloo,[0,¢] can be estimated
from the above as follows:

- 4 b—al- - r
10; — 6; (T) lloo,j0,0) = THh(Qz‘) — vy + 2wk — f vIsi(r) —s(0)ledr
0

00,[0,¢]
(6.35)
Denoting
Dg b—a = - = ! ~
c= . h(t,0,k) = h(0;) — v + 21k — [ yl5i(r) —s(D)|edT
Pmin 2 0

and taking into account (6.30) and (6.35), we can conclude that the following holds
along the solutions of (6.17)—(6.19):

llei )1l < et e; (0)[le + cllh(z, 6;, k) lloof0.15

- _ t (6.36)
h(0,9i,k)—h(t,9i,k)=f yllei(Dlle dz.
0

According to Theorem 4.7 (see also Corollaries 4.3—4.5) there exist y* € R. o and
h* such that, for a given bounded ¢; (0), all y € R.q,y < y*, and h(0, 0;,k) > h*,
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the norm ||¢; (7) | 00,[0,00] 1S bounded and
Jim h(t,0;,k) € [0,h(0,6;,k)]. (6.37)

The value of y* can be determined, according to Corollary 4.5, from the following

inequality:
Omi K\ K K !
0<y* <= (In(= 2 :
RS c ! d)k—1 * 1—-d

k eR.1, de(0,1) CR. (6.38)

The value of 4™ can be estimated from

. -1 _
lei (to) e < (ﬁ“;“ (ln <§)) = L. (2 + lf—d)> Wt (6.39)

Given that ||e; (tp) || in (6.39) is bounded from above for all 5 > 0, ||e; (t) || <
Smax — Smin + Do /@min (b — a), the condition

-1
Dy (b — i —1
h* > (Smax — Smin T+ 9( Cl)) ((Dm;n (ln (E)) X
$min Y d K
-1
K
—c|2 , 6.40
c( + 1—d>> (6.40)

together with (6.38), implies that for all §; (f9) € €25 and 4 (0, 0;,k) > h* the norm
lle; (t) lloo,[0,00] 18 bounded and property (6.37) holds.
Notice that in the definition of (0, 6;, k),

h(0,0;,k) = h(6;) — vy + 27k, (6.41)

the value of k can be chosen arbitrarily large. Moreover, l_z(éi) € [0,7] forall 6; €
[a, b]. This implies that there exists a finite k" such that the condition %(0, Q_i, k) >
h* will be satisfied for any fixed 2* (i.e. for all y* satisfying (6.38)) and all 6; €
[a, b]. In addition, the following will hold:

tlingo h(t,0;,k") € [0,h(0,6;,k)] C[0,m — vy +27k'] YV € 6; € [a,b]. (6.42)

Taking (6.32) into account, we can conclude that solutions x;(z,x’,y’) converge
to a point within the interval [—1,1] as t — oo, and, furthermore, the vector
(xi(t,x",y"), yi(t,x, y")) makes no more than k’ full rotations around the origin for
all 0; € [Omin, Omax]. Hence, for a given initial condition x; (0) = x’, y;(0) = y/,
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5i.0 € Q4, and 0; € [Omin,Omax], the estimate ) =a+ B —a)/2- (xit,x,y)
+ 1) converges to a point in [a, b] as t — oo. We denote this point by él.*.

Given that é,- (t) converges to a limit, there exists a time instant ¢* such that for
all # > t* the following condition holds: Iéi @) — éi*l < Moo, Where [too € Ro is
an arbitrarily small constant. Therefore, taking condition (6.14) into account, we
can conclude that for all # > ¢* the derivative ¢; satisfies the following equation:

é = —a(ne + f;(E(0),0) — fi(€W),67) + i (1) + ni (1), (6.43)

where |14; (1)] < Dy Lo 1S a continuous function.
Now we will show that the norm ||6;|| E(6+) Can be bounded from above by

a Kso-function of A,. Consider the term f;(§(2),0;) — fi(§ (t),él.*). According
to (6.12) there exists a sequence of monotonically increasing time instants ;, j =
1,2,... suchthatt; 1 —¢; < 2T and |f,~(.§(tj),Gi)—fi(é(tj),éi*ﬂ > p(||9i||Ei(é,~*))'
Furthermore, according to (6.15) and (6.16), the time-derivative of f;(&(t),6;) —
fi(£(1),67) is bounded:

d A
‘Eﬁ'(é‘(t),@i) — fi6(®),07)| <2Dg - 6o = Dy.

Hence the following estimate holds:

il Uil ey
/ | fi(6(0),60) — fi(€(1).0)] = ARG
t

2Dy ’
L = max {2T, M} . (6.44)
Dy
In order to proceed further we will need the following lemma.
Lemma 6.1 Consider the following differential equation:
2= —(t,2) +u@)+n@), zo = 2(0) € [Zmin> Zmax] C R. (6.45)

Let us suppose that

(1) ()2 = 0, @min < 39(1,2)/02 < Pmax;

(2) u(t) € Lx[0, 00] mcl, ””(t)”oo,[O,oo] =< Uoo, ”L.i(t)Hoo,[O,oo] < Jueo;
(3) n() € Loo[0,00], [[n(1)lloc,[0.00] < A;

(4) there exist constants L and § such that for allt > 0

t+L
/ lu(r)ldt > 6; (6.46)
t
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(5) the following inequality holds:

S 2
(Z) _ Auso > 0. (6.47)

Then, for any p € R, there exist constants L* > 0 and 8* > ((8/L)* —
Auso)/ p, such that

t+L* 1 52
/ 12(0)|dT = 8* > — (Z _ AMOOL> Vi=0. (6.48)
t p

Proof of Lemma 6. 1. We prove the lemma along the lines of an argument provided
in Loria et al. (2003) (Property 1). Consider the time-derivative of zu:

d .
@ = (et tutnutzu = 1 — 12| (Pmax + Buco) — Ju|A. (6.49)

According to (6.49), for all ¢,y € R>¢, t > 1y the following inequality holds:

t t
z(Ou(r) — z(to)u(to) > / u*(T)dT — (Pmax + Buoo)/ lz(7)ldt
Iy

fo
t

— A/ lu(t)|dz. (6.50)
fo

Rearranging terms in (6.50) yields

t
(@max + OUco) / lz(D)|dt = z(t0)u(to) — z(H)u(r)
Io

! 1
+/ uz(f)dr—A/ lu(t)|dx.
1 o

0

Notice that z(fg)u(ty) — z(t)u(t) is bounded from below for all + > 0. We denote
this bound by the symbol M. Furthermore, according to the Holder inequality and
property (6.46), the following estimate holds for all # > 0:

52 1 t+L t+L
T57 (ft |u(t)|dt> < ft u*(t)dr.

Hence for all time instances ¢: (n + 1)L > t — t9 > nL, where n is a positive
integer, we have

2

t 82 t
(¥max + 8uoo)/ lz(D)ldt = M +n— — A/ lu(z)ldz
to L 0]

82 82
> M + nz —(n+ DAuge =M — AusL) +n (z — AMOOL) . (6.51)
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According to the requirements of the lemma, inequality (6.47), the difference 8>/ L —
Aus L > 0is a positive constant. Therefore, there exists n = n’ such that the right-
hand side of (6.51) exceeds some 8’ = (82/L — AussL)/p’ € Rog, p’ € Roy.
On choosing ¢’ = min,{r — ty} > n’ L we can conclude that

t/
(¢max + 8uoo)/ |lz(v)ldt > &' (6.52)
0]

Given that we could choose the value of #( arbitrarily in the domain R, inequality

(6.52) is equivalent to
t+L*
[ @i =5,
t

where L* = 1’ — 19, 8* = 8/ (¢max + ttoe) = (8%/L — AusoL)/p, and p =
P’ (Pmax + 0eo). . 0

On denoting f;(§(),0;) — fi(§(2),6;") = u(t) and n; (t) + p; (t) = n(t) we can
observe that (6.43) is of the same class as (6.45) in the formulation of Lemma 6.1.
Furthermore, the following inequalities hold:

A< Ay Dopios Dl 0.0 = Do 10i]1 oy < Dalb — @) (6.53)

Notice that the value of oo in (6.53) can be made arbitrarily small because éi (1)
converges to a limit, and él.* can be chosen from its arbitrarily small vicinity. Let
us therefore choose éi* such that Dyt < Aj. Hence, in accordance with Lemma
6.1, the condition

<p2<||9,~||E,.(éi*))

2
2A, Do (b — 6.54
DL >> nDe (b —a) (6.54)

implies the existence of constants L*, p € R. ¢ such that

2
t+L* 1 (P16 le@9)\ 1
/ lei(D)ldt = — || — =+ | 7 — AuxlL
t p 2Dy L
=58>0V t>r" (6.55)

We will now show that the norm ||6; || E:(6%) is bounded from above by a function
e9(Ay) € K for all sufficiently small A,,. Let us parametrize A, as follows:

2ok 2

1

A, = (22D . &* € Rog. (6.56)
2D¢L ) 2Dg(b—a)
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The parametrization (6.56) is always possible because p(-) € K. Moreover, for all
116; 1| E(07) > ¢* condition (6.54) is satisfied. Hence, according to Lemma 6.1 there
exist constants L* and p such that inequality (6.55) holds. Given that §*, L*, ¢nin
€ R. g there will always exist anumber A; € R- ¢ suchthat AZ < (L) '8*@min /2.
This implies that for all A; < A; the following inequality holds:

t+L* S* A
/ le: (D)lledT > —, e = —L. (6.57)
t 2 $min
Let us suppose that the norm ||6; || E:(6%) is greater than &*. In this case (6.54) and
(6.57) hold and the integral

t
/ llei (D) lle dT (6.58)
t*

grows unboundedly with 7. On the other hand, according to (6.36) and (6.37) the
integral (6.58) is bounded. Hence we have reached a contradiction. This implies
that ||6; || Ei(0%) < &*. Given that p(-) € Koo, the inverse p~1 (-) is well defined and
is a Koo-function. Therefore, taking (6.56) into account, we can conclude that the
latter inequality is equivalent to

161l o ae < p~ ' (84, Dy (b — a)D3L? v 6.59
lEi(Qi*)_'O n o( a) f . (6.59)

Thus we have just shown that there exists a point x’, y” in the state space of system
(6.17)—(6.19) and parameters y and ¢, such that for all 5; 0 € 5 and every 6; €
[@min, Omax ] the estimate é,- (x;(t,x',¥")) converges into a small neighborhood of
E;(6;) in finite time and stays there for an arbitrarily long time. The size of this
neighborhood can be characterized by a Koo-function of A;, when A, is sufficiently
small. Let us now show that this convergence is uniform with respect to 6;.

2. Uniformity. Consider (6.42). According to (6.36) and (6.42) trajectories pass-
ing through a point (x’, y’) satisfying (6.31) at t = 0 also satisfy the following
constraint:

o0
k' € Z: h(0) — h(o0) = )//0 llei(t,ei(0),0;,ni(t))lledt
<7 —v+ 21k’ <0 (6.60)

for all 6; € [Omin,Omax] and e; (0). We will use this property to demonstrate that

there is a point (x', y'), vx2 + y2 = 1, 10; (X)) 5,6, = Ao» Ao € Rog, such that
for any 0; € [Omin, Omax] the estimate 6; (x; (7, x", y')) converges into a set

_ 1/4
16:11 5,5, = P 1((8An09<b—a>D?fL2) ) (6.61)
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in finite time 77(6;) for all 7o, §; 0 € 4, and stays there for all t > 7y + T7(6;).
Furthermore, the value of 7’(6;) is bounded from above for all 8; € [Omin, Omax]-

In other words, there exists 771, € R-o:
T'(0;) < Tyax ¥ 0i € [Omin, Omax]- (6.62)

The fact that the estimate 6; converges into a set specified by (6.61) in finite time
T’(6;) and stays there for t > 1o + T'(¢;) for all x’, y' : /x"?> + y’?2 = 1 follows
immediately from (6.59). We must show, however, that (6.62) holds.

According to (6.4) and (6.20) there is apoint 6y € [a, b] suchthat [0y g, g,) > Ao
for every 6; € Q2. Hence, there exists a point 6; 1 € [a, b] such that

_inf 16; — 6i1]l = Ag.
b:E; (61)Nla,b]

Without loss of generality, suppose that the set

Q1 =1{0; € Ei(6;) Nla,b]|6i1 > ;)
is not empty.’ By 6; max We denote 6; max = sup{€2;}. Letus pick apoint; » € [a, b]
according to the constraints

10i2 — 0i1] = 10i2 — Oimax| = Dg/2,  6i1 > 02 > 0i max, (6.63)

and choose the value of v, in (6.32) such that

7 a(cos(vx) + 1), vy € [0,7].

Oip=a+

According to (6.34) there exist ﬁ(@i,max), k such that

a - _
5 (€08(h (i max) + 27Kk) + 1), h(Bimax) €10, 7], k € N.

Gi,max =a-+

Given that 6,2 > 6; max, we set the value of k = 0 and choose fz(@i,max) in
accordance with the following inequality:

Vy < fl(ei,max)- (6.64)

Because [6; (cos(vy)) — 6; (cos(V.))| < ((b — a)/2)|vx — V.| for all vy, € R,
conditions (6.63) and (6.64) ensure the existence of a constant v, < h(6; max),
Vi = vy + Ap/(2(b — a)) such that

10; (cos(vy)) — 0; (cos(V))| < Ag/4 YV V! € [vy, VL], (6.65)

7 If Qq is empty then @y = {6; € E; (6;)N[a, bll6; 1 < 6;} is not empty. We can proceed with the same argument,
replacing the interval [0, 7] with [, 2] and sup with inf when appropriate.
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Hence,

R Ag
16; (cos(WN NI ;) = 7 Vvl € [vy, Vil

The inequality above implies that the values of 6; (cos(vY)) are outside of the Ag /4-
neighborhood of E;(6;) for all v € [vy,v.]. Furthermore, because 6; (cos(+))
is monotone (non-increasing) over [vy, ﬁ(@,- max)), and ;2 > 6; nmax, there are
no values of v/ € [vy, 7(6; max)) such that 16; (cos(WD ;@) = 0.

Let us consider those solutions of the system (6.17)—(6.19) that pass through the
point x; (0) = cos(vy), y; (0) = sin(vy), §;(0) € Q. Suppose that0 < y < y*, and
y* satisfies (6.40) with h* = Ag/(2(b — a)). Then the sum vy + y f(; lle; (T)]le dt
converges to a point in [vy, /(6; max)]- Taking the monotonicity and continuity of
the function 6; (cos(v)) for v/ € [vy, (0 max)] into account, we can conclude that
the trajectory éi (x; (¢, x'(6;))) enters the £*-neighborhood of 6; m,x only once for
all r € [0, o0].

Let us show that the amount of time required for the system to enter this neighbor-
hood is bounded from above for all ; € Q4. Given that the trajectory éi (xi (¢, x",y")
enters the ¢*-neighborhood of ; max only once, we shall show that the amount of
time the system spends outside of this neighborhood is bounded from above for all
6; € Q. We prove this by contradiction. Suppose that for any fixed 7;; € R there
isa6; € [Omin, Omax] such that T'(#;) > T;. Consider the dynamics of (6.17)—(6.19)
when s(t) = s;(¢, si.0,06;, 1 (t)). Let us pick a sequence of time instances {tj}‘]’.’;l,
such that tj41 —t; = Dr, and Dy > L*. For each interval [¢;, ;] we consider
two alternative possibilities:

(1) the norm [|6; (t;) — 6 () lloo l1j ;41 < €. € € Rog, € < Dy ' Ay
(2) the norm ||6;(7j) — 6; (T) lloo,t),t;411 > €-

When the first alternative applies, according to (6.57) the following estimate holds:

f’j‘Hl lle;(t)lle dT = 6*. Hence h(t;)—h(tj;+1) > y8*. When the second alternative
holds, e.g. ||éi (1) —éi(f)lloo,[zj,sz] > €, we can conclude, using inequality (6.35),
that

2

> € .
b—a

T
14 f llei (T e dTy
"

J

00,[1j,tj+1]
Given that h(f) is monotone with respect to 7, we obtain that h(z;) — h(tj11) >
€2/(b — a). Thus we have shown that

h(t;) — h(tj11) > min{y8*,€2/(b —a)} = Ay,

for all j such that |

éi (r)‘ . > ¢* forall T € [tj,¢;41]. Given that h(z) is non-

increasing and 7" is arbitrarily large, there would be a time instant ¢,, < 7’ when
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Z’j" h(tj) — h(tj4+1) = mA, > m — vy + 27k’. This, however, would contradict
(6.60). Hence property (6.62) is proven.

3. Structurally stable prototype. So far we have shown that for the given sys-
tem (6.17)—(6.19) there exists a non-empty set of parameters y, ¢, and x’,y’ :

Vx"? +y2 = 1 such that trajectories x; (,x’,y'), y; (t,x’,¥') converge to a point

on the unit circle in R?, and the variable éi (x;(t,x',y")) reaches a given small
neighborhood of E; (6;) (see (6.61)) within finite time 7}, forall 6; € [Omin, Omax]-

Let us now consider the perturbed system (6.22) and (6.23), where 6 € R~ and
the initial conditions are selected in a neighborhood of x’, y’:

(x; (0),y:(0) € Qx', ),

(6.66)
Q@' y) = {(x,y) € R2I\/(x —x)2 4 (y—y)? < 5,} , 8 € Rog.

In order to distinguish the solutions of (6.22) and (6.23) from the solutions of

the unperturbed system (6.17)—(6.19), we denote the latter by x;k (t,xi(0), yi (0)),

yi (¢, x;(0),y;(0)), and 57 (¢, 6;, 5; 0, i (¢)). For the sake of notational compactness

we also denote the state vector of the ith subsystem of (6.17)-(6.19) as q;" =

(87, x, y¥) and the state vector of the ith subsystem of (6.22) and (6.23) as q;.
Solutions of (6.22) and (6.23) are bounded:

15: (¢, 57,0, 0i (1)l oo,10,00] =< |5i,0] + (max{lal,|b]} Dy + Ay)/Pmins

I1xi (2, x: (0), ¥ (0)) | oo [0.00] < max {1, VX (0% + i <0>2} ’ (6.67)
llyi (2, xi(0), ¥ (0)) | oo.[0.00] < max {1, Vxi (02 + y; <0>2} :

Hence for all §;(0), x; (0), y;(0) € Q; x Q(x’,y’) there exists a constant Dg such
that ||q; (7) [l oo,[0,00] < Do for all 6;. Let us rewrite (6.22) and (6.23) as follows:

S =—piG) + fi€(0),6:(x)),
xi=yI85i —slle <x,~ — i —xi (P + y,-2)) +y8 - ex(xi, yi), (6.68)
yi =vI8i — sl <xl~ + i — yi(x? + y,-z)) +y8 - ey(xi, yi),

where

ex (i (1), yi (1)) = x; (1) — yi(t) — x: (O F (1) + yF (1)),
ey(xi (1), yi (1)) = x; (t) + yi(t) — yi () (P (1) + ¥ (1))
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The right-hand side of (6.17)—(6.19) is locally Lipschitzin §;, x;, and y; (and so is the
right-hand side of (6.22) and (6.23)). We denote its corresponding Lipschitz constant
in the domain specified by (6.67) by symbol L;(Dg). Furthermore, provided that
(6.67) holds, &, (x; (1), y; (1)) and &y (x; (¢), y; (¢)) are globally bounded with respect
to . Let us denote this bound by B:

max { [lex (x; (1), yi (1)) lloo.0,0015 1€y (xi (1), ¥ (1) ll o 0,001} = B-

For the sake of notational compactness let us rewrite (6.68) as follows:

qi =1f(qi,5(0),5@) + v3 - g4, (6.69)

where f(q;,s(¢),£(¢)) and g(q;) are defined to copy the right-hand side of (6.68).
Notice that [[f (q;, s (1), (1))|| < Li(Do)llq; |l and |g(a)]| < B2

According to the theorem on the continuous dependence of the solutions of an
ordinary differential equation on the parameters and initial conditions (see, for
instance, Khalil (2002), Theorem 3.4, page 96) the following holds:

lqi (1) — qF (O] < llqi (t0) — q (o)) [| =i (PO —10)

M ( oLi (D) (t—10) _ 1) , (6.70)
L; (Do)

When the values of §; o and 57 coincide, estimate (6.70) implies that

lgi (1) — @ ()] < 8peli P10 4 byBv2 (eLi(Doﬂ’*’@ — 1) . (6.71)
L; (Do)

This assures the existence of §, € R.g and § € R.¢ such that for a fixed, yet
arbitrarily large, time T"(5,,8) > Ty, solutions of the system (6.22) and (6.23)
passing through a point from Q(x’,y’) at t = £y will remain within a fixed, yet
arbitrarily small, neighborhood of a solution of the system (6.17)—(6.19) with initial
conditions x;(fp) = x" and y;(t9) = y’. The value of T}, does not depend on §,
and §.

Taking (6.33) into account, we can conclude that the set xiz + yi2 = 1 is globally
attracting in the state space of the system (6.22) and (6.23) for almost all initial
conditions (except when x;(fp) = 0 and y;(#p) = 0). This implies that solutions
startingin Q (x’, y") will remain there. In addition, according to (6.32), forany zy > 0
a §,-vicinity of (x’, y") will be visited within at least time ¢’ < 79427 /(y -8). Hence
we have just shown that for all 7o > 0 solutions starting at 25 x € (x’, y") approach
the target set within a fixed time 7., and stay in its vicinity for an arbitrarily long
time 77 (8,,8). The latter time is a function of §, and §: the smaller the values of
3, and §, the larger the value of T”(5,, 5).

ax
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4. Realizability. Let us finally show that the system (6.22) and (6.23) can be
realized by an RNN. More precisely, we wish to prove that there exists a system
(6.8) such that x = §; @ &L @ - @ Ey,n & € R, & = 41 @ L2 ® Giss
i ={l,..., Ny} and solutions &; (¢, q; o) are sufficiently close to q; (¢, q;,0), where
qio € Q x Q(',y) C R,

It is clear that the right-hand side of (6.22) and (6.23) is a continuous and locally
Lipschitz function. According to Cybenko (1989), for any arbitrarily small ey €
R~ 0, any given bounded intervals 2, C R and 2, C R, and any

s(2),§(@)  max{[ls(1)lloc,[0,00]> 1§ () loc,[0.001} < M, M € R0,

there exist N € N, @, € R, atj, € R, Bjm €R, j =1,2,..., N such that

N
D ajmo (@], - us),E),8;) + Bjm)

m=1

_fj(;i’s(t)’S(t)) — )/6 . g/(;l) < 8?[\/’

u(s(r),5(),8) =s) D&M @ L5, (6.72)

where §; € Qy x Qy x Qy, and f;(¢;,s(¢),&(1)) and g;(¢;), j = 1,2,3 denote
the jth components of the vector fields f(¢;,s(¢),&(¢)) and g(¢;), respectively. It
follows from (6.72) that there exist N, @; u, @, and B; , such that

N
Y im0 (@], - u(s(0),E), ) + Bjm)

m=1

=18, 5(0),8(0) +v8-8;(&) + Aj(&;,50),51),
u(s(n),5@),8) =s) dE@) @ L5, (6.73)

where A ;(&;,s(t),&(t)) are continuous and
&
85050 < 5 ¥ j =123,

Let us choose 2, = [—v,v] and Q, = [-v,v], where v € R.o, v > 1 and
consider the dynamics of

¢ =1(8;.5(),8() +yd-8(&) + AL, 5(1), (1)),
AL, s(1),5(1) = A1(5;,5(),5(1) © Aa(&;,5(1),6(1)) © A3(&;,5(1),6()),
A, s(0), @I < en. (6.74)
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System (6.74) has a globally attracting invariant set (for almost all initial
conditions), which can be characterized as follows:

(i e R = pen) < &5+ ¢ < 1+ pEen)}, p € Keo.

This follows immediately from the fact that (6.69) is structurally stable and has
a globally attracting invariant set (for almost all initial conditions). Furthermore,
for any given ey and a bounded set of initial conditions Q. (r) = {¢; € R3|
IE;Il < r, r e R.p} there exists a constant B; such that ||£; (#)]lco,[0,00] < Bi.
Hence solutions of the system

N
Gij= Y ajmo (@), - us).6(0.8) + Bjm).

m=1

us(2),5(),8) =s@)@EO®E;, j=1,2,3 (6.75)

are bounded for all initial conditions from €2, (r), provided that inequality (6.72)
holds over sulfficiently large intervals €2, and €2, (for sufficiently large v). Fur-
thermore, given that ey is sufficiently small, solutions of (6.75) enter the domain
Q; x Q2(x’, y') specified by (6.66) in finite time. Finally, according to equality (6.73)
and Theorem 3.4 in Khalil (2002), solutions of (6.75) starting in € (x’, y’) satisfy
the following inequality:

éN (L‘(Do)(l*to) )
(1,qi0) — & (1, qio)| < ——— (e —1),
llgi(z,qi0) — &; (2,9 0)l L.(Do) e
qio € Q x Q(x',Y). (6.76)

Hence, for any ¢ > 0, solutions of (6.75) starting from €2, (r) approach the target
set within a fixed time (dependent on §) and stay in its vicinity arbitrarily long,
provided that the values § in (6.68) and ey in (6.72)—(6.74) are sufficiently small.
The possibility of the latter follows from Cybenko (1989), i.e. the value of ey can
be made arbitrarily small by appropriate choice of the parameters N, @; u, & m,
and B; »,, and the value of § can be made arbitrarily small because it is our design
parameter.

Taking (6.76), (6.71), (6.25), and (6.22) into account, we conclude the proof by
choosing i ¢ ; (X, s) and hg ; (X, s) as follows:

hf,i(X,S) = hf,i(;l @GBCN]MS) =S _é'l',h
b—a (6.77)
hoi(%.5) = hoi(§1® - ®Lyp8) =a+ ——Uia+ D).

O
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Before concluding this section we would like to provide several remarks regarding
Theorem 6.1.

Remark 6.1 As follows from the theorem, the class to which a given signal
belongs can be determined from the values of A ¢ ;(x(¢),s(7)), j = {1,..., Ny}
(specified, for example, by (6.77)) within a finite interval of time. When s(t) =
s;i (t,5i,0,0;,mi(t)) the values of & ¢ ; (x(¢), s(¢)) should approach a small neighbor-
hood of zero and stay there for a sufficiently long time. The estimate of 6; up to
its equivalence class is available from the values of Ag ; (x(¢),s(¢)) over the same
interval. As follows from our proof, the more accurately the RNN approximates
system (6.68) the larger the interval of time during which & ¢ ; (x(¢), s(7)) is in the
vicinity of zero. Indeed, if the approximation error is small, e.g. the value of ey in
(6.72) is small, then for a given §* € R. the right-hand side of (6.76) should not
exceed 8* forall r € [t + T1:

1 §*L; (Do)
0<T= In +1]).
L; (Do) EN

The smaller ey the larger the value of T and hence the longer the interval of
time during which the trajectories of the RNN stay within the §*-neighborhood of
the solutions of (6.68). The latter, as follows from (6.71), can be made arbitrarily
close to that of the converging prototype (6.17)—(6.19) by choosing the value of
d sufficiently small. Thus the function & ¢ ; (x(¢),s(?)), as defined by (6.77), will
asymptotically approach zero and stay in its close proximity for a sufficiently long
time, subject to the choice of § and ¢y.

From a practical viewpoint it might sometimes be preferable to readout from the
RNN outputs directly, rather than having to satisfy ourselves with the existence
of two sets of readout functions, for the state and input, respectively, of the RNN.
Even though this option is not stated explicitly in Theorem 6.1, it can easily be
shown that the preferred option can, indeed, be realized. Adding to the recurrent
subsystem (6.8) a feedforward part realizing continuous “output” functions (6.77)
enables direct readout from the RNN outputs.

Remark 6.2 Theorem 6.1 does not imply that recognition of the class of the
input signal s(¢) involves convergence of the RNN state to an attractor. Yet its
formulation does not exclude this option either. In fact, when f;(£(¢), 6;) satisfies
some additional restrictions (e.g. linear or monotone parametrization with respect
to 6;), it is possible to replace (6.18) and (6.19) with another prototype system: one
that converges to a point attractor exponentially (see Theorem 5.9). This implies that
it depends substantially on the properties of f;(£(¢),6;) whether the network state
will behave intermittently or asymptotically converge to an attractor. It is important,
however, that in both cases an RNN will successfully solve the recognition problem.
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Remark 6.3  Even though the theorem applies to the case in which 6; is a scalar, it
can be trivially extended to the case in which the uncertain parameters are vectors
from a bounded domain 24 4 C R?. To do so one needs to find a Lipschitz mapping
A : R — R such that for a given small &, € R~ the following property holds:

V0,- € QO,d 3 9,' (S Qg . ||0, — )»(9,')” < Ejr.
Hence the problem will reduce to the scalar case to which Theorem 6.1 applies.

Remark 6.4  Our proof of Theorem 6.1 not only demonstrates the possibility that
an RNN can classify uncertain functions of time adaptively but also allows us to
estimate the number of dynamic nodes, e.g. the value of Ny in (6.8), which is
sufficient for successful classification. As follows immediately from (6.68), (6.74),
and (6.75) the number of the dynamic states, Ny, can be as small as

Ny = 3N/, (6.78)

where N is the number of functions f; (-, ) to be classified. Further, suppose that
N is the number of sigmoidal terms ensuring sufficiently accurate approximation of
each function on the right-hand side of (6.68). Then the total number of sigmoidal
functions in the network, N1, can, in principle, be estimated as follows:

Ntotal - 3NfN (679)

These estimates, despite inheriting a linear dependence on Ny, are still some-
what conservative. Simple numerical examples show that there is room for further
improvements. Consider, for instance, the following set of signals:

§i = —si + fi(E(0),6)), i = {1,2), 6; € [0,4n], (6.80)

where

J1(6(1),01) = sin(§(1)01) + cos(§(1)01),
FEQ@),0) = sin(E(1)02) + cos’ (€(1)62), E(1) = sin(2).

According to (6.78) and (6.79) the number of the dynamic states in an RNN that
adaptively classifies signals (6.80) and (6.81) could be as small as 6. Assuming that
only two sigmoid functions are used to approximate the right-hand side of each
equation of (6.68), the total number of sigmoidal nodes in the RNN is 12. In our
numerical simulations we have found, however, that an RNN with as few as 10
recurrent nodes is able to solve the adaptive classification problem of signals s; (¢)
defined by (6.80) and (6.81). Results of this experiment are provided in Figure 6.4.

(6.81)
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Figure 6.4 Adaptive classification of signals (6.78) and (6.79) by an RNN with
10 dynamic states. The network had two inputs, one for the signals s;(¢#) and
the other for the signal £(¢), and one output. When s1(¢) is present on the first
input, the output should converge to —1; when signal s, () is present, the output
should converge to 1. (a) The trajectories of the actual output (black solid line)
and desired performance (gray dashed line) of the network as functions of model
time. We started with signal sy (¢), in which the value of 6 was set to 8; = 2x.
In the middle of the simulation we replaced s1(¢) with s5(#), in which the value
of 6, was set to 8 = 3. Even though the parameters and signals change, the
network clearly solves the classification problem correctly. The same happens for
other values of §; € [0, 4] for which the network was trained. (b) The difference
between the actual and desired responses of the network. Always, after a short
period of transient behavior, the error settles well within the standard 5% zone
marked by two dashed lines.

In this example we used a network with 10 recurrent nodes. This number obvi-
ously exceeds the value provided by the estimate (6.78). On the other hand, adaptive
classification is achieved by an RNN with a smaller total number of sigmoidal nodes
than that predicted by (6.79). These results motivate further attention to this topic.

6.5 Summary

The result of this chapter is that we have shown how synthesis and analysis methods
from the domain of adaptive control and regulation can be used to derive a formal
proof that an RNN with fixed weights can serve as a universal adaptive classifier
of both static and dynamic inputs. The number of dynamical states in an RNN
recognizing Ny different classes of signals s;(¢) can, according to our analysis,
be as small as 3Ny, i.e. it grows linearly with the size of the set of signals to be
classified.

We stated the classification and recognition problems in a behavioral context
in which, over time, the desired input—output relationship is achieved. Finding a
solution corresponds to a network dynamics in which the state reaches a given
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neighborhood of the a-priori-specified set and stays there for a sufficiently long
time, provided that the input to the network belongs to a given class (Problem
6.1). With these ramifications, RNNs solve the problem of adaptively classifying
time-dependent signals. We did not set out to guarantee, however, that the state of
the RNN will asymptotically converge to an equilibrium or its small vicinity as a
result of recognition. On the other hand, the amount of time a network would spend
in the vicinity of a target set can be made sufficiently large for this approach to
qualify as a practical solution to the classification problem. For classification, after
all, asymptotic convergence is not actually needed.



7

Adaptive template matching in systems for processing
of visual information

Consider spatiotemporal pattern representation in the framework of template match-
ing, the oldest and most common method for detecting an object in an image.
According to this method the image is searched for items that match a template. A
template consists of one or more local arrays of values representing the object, e.g.
intensity, color, or texture. A similarity value between these templates and certain
domains of the image is calculated,' and a domain is associated with the template
once their similarity exceeds a given threshold.

Despite the simple and straightforward character of this method, its implemen-
tation requires us to consider two fundamental problems. The first relates to what
features should be compared between the image So(x, y) and the template S; (x, y),
i € 7. The second problem is how this comparison should be done.

The normative answer to the question of what features should be compared
invokes solving the issue of optimal image representation, ensuring the most effec-
tive utilization of available resources and, at the same time, minimal vulnerability to
uncertainties. Solutions in principle to this problem are well known from the litera-
ture and can be characterized as spatial sampling. For example, when the resource
is the frequency bandwidth of a single measurement mechanism, the optimality
of spatially sampled representations is proven in Gabor’s seminal work (Gabor
1946).” In classification problems, the advantage of spatially sampled image repre-
sentations is demonstrated in Ullman ez al. (2002). In general, these representations
are obtained naturally on balancing the system’s resources and uncertainties in the
measured signal.

1 Traditionally a correlation measure is commonly used for this purpose (Jain er al. 2000).

2 Consider, for instance, a system that measures an image S; (x, y) using a set of sensors {m 1, . . ., my }. Each sensor
m; is capable of measuring signals within the given frequency band A; at the location x; in the corresponding
spatial dimension x. Then, according to Gabor (1946), sensor m; can measure both the frequency content of
a signal and its spatial location with minimal uncertainty only if the signal has a Gaussian envelope in x:

2(x —x;)

2
S; (x,y) ~ €% . In other words, the signal should be practically spatially bounded. This implies that
the image must be spatially sampled.
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Figure 7.1 Spatial sampling of an image S(x,y) : Q¢ x 2y — Rxq according
to the factorization of 2, x €, into subsets Qy; X Qy;, Qs X Qy 4, and
Qx,t3 X Qy,[3.

A variety of sophisticated spatial sampling methods exists (Gabor 1946;
Blake er al. 1994; Bueso er al. 1999; Lee and Yuille 2006). Here we limit ourselves
to spatial sampling in its elementary form, which is achieved by factorizing both
the domain 2, x €2, of the image Sy and the templates S;, i € Z into subsets:

Qe x @y = Qs x Quu 1 € Q Qs S Q1 Q) S Q.

t

(7.1)

Factorization (7.1) induces sequences {S;;}, where S;; are the restrictions of
mappings S; to the domains €2, ; x €2, ;. These sequences constitute sampled rep-
resentations of S;, i € Z1 (see Figure 7.1). Notice that the sampled image and
template representations {S;;} are, strictly speaking, sequences of functions. In
order to compare them, scalar values f(S;;) are normally assigned to each S; ;.
Examples include various functional norms, correlation functions, spectral charac-
terizations (average frequency or phase), or simply weighted sums of the values of
S; r over the entire domain €2 ; X 2y ;. Formally, f could be defined as a functional,
which maps restrictions S; ; into the field of real numbers:

f i Loo(Qur x 2y) = R (7.2)
This formulation allows a simple representation of images and templates as
sequences of scalar values {f(S;,)}, 1 € I%,t € ;. We will therefore adopt
this method here.

The answer to the second question, how the comparison is done, involves finding
the best and simplest way possible to utilize the information that a given image
representation provides, while at the same time ensuring invariance with respect
to basic distortions. Despite the fact that considerable attention has been given to
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this problem, a unified solution in principle is not yet available. The primary goal
of our current contribution is to present a unified framework within which to solve
this problem for a class of systems of sufficiently broad theoretical and practical
relevance.

We consider the class of systems in which spatially sampled image represen-
tations are encoded as temporal sequences. In other words, the parameter ¢ in
the notation f(S;,) is the time variable. This type of representation is frequently
encountered in neuronal networks (Gutig and Sompolinsky 2006) (see also refer-
ences therein). Examples of similar representation schemes are widely reported in
the neuroscience literature. For example, Alonso et al. (1996) show that patches of
visual stimuli that are perceived as spatially close by the processing system (e.g.
when the receptive fields of individual cells overlap) are encoded by similar firing
spike patterns and vice versa. In our model spatially non-overlapping patches are
represented by different sequences { f(S; )}, and identical images have identical
temporal representations. Hence, such systems have a claim to biological plausi-
bility. In addition, they enable a simple solution to a well-known dilemma. This is
about whether comparison between templates and image domains should be made
on a large, i.e. global, or on a small, i.e. local, scale. The solution to this dilemma
consists in temporal integration. Let, for instance, 2; = [0, T], T € R~ . Then an
example of a temporally integral, yet spatially sampled, representation is

t
J(Sip) = ¢i(0) =/ f(Siz)dz, 1 €[0,T], i €Z™. (7.3)
0

The temporal integral ¢;(¢) contains both spatially local and global image char-
acterizations. Whereas its time-derivative at ¢ equals to f(S;;) and corresponds
to the spatially sampled, local representation S; ;, the global representation ¢; (T)
is equal to the integral, cumulative characterization of S;. An example illustrating
these properties is provided in Figure 7.2. A further advantage of spatiotempo-
ral representations ¢; (¢) is that they offer powerful mechanisms for comparison,
processing, and matching of ¢;(¢), i € Z. These mechanisms can generally be
characterized in terms of dynamic oscillator networks that synchronize when their
inputs are converging to the same function.

Despite advantages such as optimality, simplicity, and biological plausibility,
there are theoretical issues that have prevented wide application of spatiotemporal
representations to template matching. The most important issues, from our point of
view, are, first, how to achieve effective recognition in the presence of modeled dis-
turbances, of which the most common ones are blur, luminance, and rotational and
translational distortions; and second, how to take into account inevitable unmodeled
perturbations.
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Figure 7.2 Spatiotemporal image representation via spatial sampling and temporal
integration. Image (a) contains the original object, Sp; (x, y) marks a point on
the image with respect to which the correlation is calculated; factorization of the
domain 2 x 2y into 10 arbitrary (here chosen to be non-intersecting) subsets £ x
Qy = u;‘): 1Qxs; X Qyy;- In (b) templates Sy and S; and plots of f;,(S1.1;)(x,y)
and ftj(Sz,,j)(x, y) — the values of the normalized correlation between S,-JJ. =
Si (S2x,r; X S2y,;) and So(S2y 1, X S2y,1;) —are shown. () Plots of the values of (7.3)
as a function of the parameter ¢ for templates S (gray line) and S, (black line).

The first class of problems amounts to finding a possible transformation of the
template that can model the disturbance. Similarly to the framework of deformable
templates (Amit 2002; Amit ef al. 1991), we assume a disturbance model to be
a mapping that maps the template, S;, into the image, Sp. Unlike in traditional
deformable-template approaches (Miller and Younes 2001), we do not wish to
assume, however, that this mapping is invertible, or forms a group action. This
is because we would like to enable multiple solutions to the matching problem, as
is often the case in biological vision. Furthermore, even when the transformation is
invertible, the inverse operation could be highly susceptible to small image noise,
which, for instance, is the case for integration/differentiation operations. Finally,
for the sake of computational effectiveness we would like to refrain from pos-
ing the matching problem as an optimization problem in the space of functions
(transformations).

For these reasons we will consider modeled disturbances as known, yet non-
linearly parametrized mappings. The parameters of these mappings, however, are
allowed to be uncertain. This enables us to consider standard group actions like
rotation, translation, or scaling as a special case of perturbations. In addition, it
allows us to consider non-invertible and generally nonlinear transformations. Last,
but not least, in the context of our current approach finding a suitable transfor-
mation of the template amounts to designing a dynamic identification/adaptation
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algorithm with proven efficiency in reconstructing parameters of generally nonlin-
ear perturbations. The latter is an optimization problem in finite (low)-dimensional
space compared with optimization in the infinite-dimensional space of functions.
The currently available approaches to designing such algorithms are restricted to
linear parametrization of disturbances, involve overparametrization, or use dom-
ination feedback. Yet, linear parametrization is too restricted to be plausible,
overparametrization is expensive in terms of the number of adjustable units, and
domination lacks adequate sensitivity. For these reasons current methods remain
unsatisfactory. We will, therefore, propose a novel solution to these problems.

The second class of problems, recognition in the presence of unmodeled pertur-
bations, calls for procedures for recognizing an image from its perturbed temporal
representation ¢; (¢). At this level the system is facing contradictory requirements
of ensuring robust performance while being highly sensitive to minor changes in
the stimulation. Here, too, we will advocate a solution.

The proposed solution to both types of problem diverges from current approaches,
which invoke the concept of Lyapunov-stable attractors. We concur that, by allow-
ing the system to converge on an attractor, these methods are able to eliminate
modeled and unmodeled distortions and thus, for instance, complete an incomplete
pattern in the input (Amit et al. 1985; Fuchs and Haken 1988; Herz et al. 1989;
Hopfield 1982; Ritter and Kohonen 1989). The strength of these systems resides in
the robustness inherent to uniform asymptotic Lyapunov stability. There is, how-
ever, a corresponding weakness: such systems are generally lacking in flexibility.
Each stable attractor in the system represents one pattern, but often an image con-
tains more than one pattern. When the system is steered to one template, the other
is lost from the representation. It would, therefore, be preferable to have a system
that allows flexible switching between alternative patterns. Yet, the very notion of
stable convergence to an attractor provides an obstacle to switching and exploration
across patterns. Furthermore, as we will show, for a class of images with multiple
representations and various symmetries globally stable solutions to the problem of
invariant template matching might not even exist.

We propose a unifying framework capable of combining robustness and flexibil-
ity. In contrast to common intuitions, which aim at achieving the desired robustness
by means of stable attractors, we advocate instability as an advantageous substitute.
More precisely, we consider a specific type of instability inherent to solutions con-
verging to proper weakly attracting sets and Milnor attractors (Milnor 1985). The
utility of the notion of weakly attracting sets has already been acknowledged in the
general context of modeling brain activity and decision-making. For example, in
networks of nonlinear oscillators and coupled maps the emergence of Milnor attrac-
tors is considered as a precursor for chaotic itinerancy — the system’s dynamic state
corresponding to sporadic chaotic switching of trajectories from one quasi-attractor
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Figure 7.3 The general scheme of a system for adaptive template matching using
temporal codes. Level 1 contains the adaptive compartments. Its functional role is
to ensure invariance with respect to modeled uncertainties. Level 2 corresponds to
the comparison compartments and consists of coupled nonlinear oscillators. The
solid arrows represent the information flow in the system.

(ghost attractor) to another (Tsuda and Fujii 2007).> Here we demonstrate that the
concept of weakly attracting sets provides a unifying framework for solving pattern-
recognition problems such as that of template matching. We show that trading the
habitual requirement of Lyapunov stability for a more relaxed property of con-
vergence to weakly attracting sets provides both the necessary invariance and the
flexibility needed. Doing so, furthermore, allows us to overcome challenging tech-
nical issues related to nonlinearity and non-convexity of modeled uncertainties with
respect to the tuned parameters. Finally, the relevance of Milnor attractors has been
argued extensively for models of information processing in the human brain (see
van Leeuwen (2008) for a review). We will briefly illustrate with examples how
Milnor attractors could instill functionality in the brain.

To illustrate these principles we designed a recognition system consisting of
two major components (see Figure 7.3). The first is an adaptive component in
which information is processed by a class of spatiotemporal filters. These filters
represent internal models of distortions. The models of most common distortions,
including rotation, translation, and blur, are often nonlinearly parametrized. Until
recently adequate compensatory mechanisms for nonlinear parametrized uncer-
tainties have been unexplored territory. In Tyukin and van Leeuwen (2005) it has
been shown that the problem of non-dominating adaptation could, in principle, be
solved within the concept of Milnor or weak, unstable attractors. Here we provide
a solution to this problem that will enable systems to deal with specific nonlinearly

3 See also the related concepts of heteroclinic channels (Rabinovic ef al. 2008) and relaxation times (Gorban
2004).
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parametrized models of distortions that are typical for a variety of optical and
geometric perturbations.

The second major component of our system consists of a network of coupled
nonlinear oscillators. These operate as coincidence detectors. Each oscillator in
our system represents a Hindmarsh—Rose-model neuron. These model neurons are
generally believed to provide a good qualitative approximation to biological neuron
behavior. At the same time they are computationally cost-effective (Izhikevich
2004). For networks of these oscillators we prove, first of all, the boundedness of
the state of the perturbed solutions. In addition, we specify the parameter values
which lead to the emergence of globally stable invariant manifolds in the system’s
state space. Although we do not provide explicit criteria for the meta-stability that
quasi-attractors provide in this class of networks, the conditions presented allow
us to narrow substantially the domain of relevant parameter values in which this
behavior is to be found.

There is an interesting consequence to the unstable character of the compen-
sation for modeled perturbations. When the system negotiates multiple classes
of uncertainties simultaneously (e.g. focal/contrast and intensity/luminance), dif-
ferent types of compensatory adjustments are made at different time scales.
Adaptation at different time scales is a well-known phenomenon in biolog-
ical visual systems (Baccusand Meister 2002; Demontis and Cervetto 2002;
Sharpe and Stockman 1999; Smirnakis ef al. 1997), in particular when light/dark
adaptationiscombined with optical/neuronal blur (Hofer and Williams 2002; Mather
2006; Mon-Williams ef al. 1998; Rodieck 1998). Our analysis below suggests that
this difference in time scales emerges naturally as a sufficient condition for the proper
operation of our system.

7.1 Preliminaries and problem formulation

We assume that the values So(x, y) of the original image are not available explicitly
to the system; the system is able to measure only perturbed values of Sp(x, y).
Perturbation is defined as a mapping F:

FIS0,01: Loo(S2x X 2y) x RY = Lo (2, x Q),

where 6 is the vector of parameters of the perturbation. The values of @ are assumed
to be unknown a priori, whereas the mapping F is known.

In systems for processing spatial information, mappings F often belong to a
specific class that can be defined as follows:

F[S0,0]1 =61 - F[S0,621, 61 € R, 6, € R,

Fl8S0,02] : Loo(L2, % Q2y) x R — Loo(2, X Qy), (7.4)
0 = (61,07).
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Table 7.1. Examples of typical nonlinear perturbations of So. The parameter Ag
in the right-hand column is a positive constant

Mathematical model Domain of
Physical meaning of F[So, 6>] relevance
Translation (in x), FlSo,62] = So(x + 62, y) 6, € [—Ay, Ag]
0, — shift
Scaling (in x), FlSo,62] = So(6> - x,y) 0<6 <Ay
0, — scaling factor
Rotation F1S0,62] = So(x,(x,y,62), yr (x,y,62)), 0<6<2m
around the origin,
6, — rotation angle Xr(x,y,602) = cos(6r)x — sin(62)y,

yr(x,y,02) = sin(62)x + cos(62)y

Image blur FlSo,02] = foXQy h-SE,v)dEdy 0<6 <Ay

(not normalized),
1) Gaussian:

0, — blur parameter
h— o5 (=M=
2) Out-of-focus:

he | V@), ray <6,
0, else,

Fy) =& =2+ (5 = ))

The parameter 67 € [01min,@1.max] C R in (7.4) models linear perturbations,
for instance variations of overall brightness or intensity of the original image So.
The parameter can also be interpreted as an a-priori-unknown gain in the mea-
surement channel of a sensor. The mapping F(Sp,6) in (7.4), parametrized by
02 € [62.min, 02,max] C R, corresponds to typical nonlinear perturbations of image
So such as image blur (Banham and Katsaggelos 1997). Table 7.1 provides exam-
ples of these perturbations, their mathematical models, and the physical meaning of
the parameter 5. Throughout this discussion we assume that the mappings F[So, 6> ]
are Lipschitz in 6;:

3D eRag: |FLS0.031(x,y) — FLS0.051(x,y)| < DI6; — 651,
Y (x,y) € Q x Qy,05,0) €R. (7.5)

Notice that, strictly speaking, several typical transformations, such as translation,
scaling, and rotation, are not always Lipschitz. This is because the image Sy can, for
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instance, have sharp edges corresponding to discontinuities in x and y. In practice,
however, prior application of a blurring linear filter will render sharp edges in an
image smooth, thus assuring that condition (7.5) applies.*

The image F[So, 0] is assumed to be spatially sampled according to factorization
(7.1):

f[S(),o](X, )’), (X, Y) S Qx,t X Qy,h

0, else. te. (7.6)

Fi[So0,01(x, y) = {
Because the index ¢ in (7.6) is assumed to be a time variable we let ; = [0, 00).
To each F;[So, 0] a value f(F;[So,0]) € R is assigned. Formally this procedure
can be defined by a functional that maps mappings F;[So, #] into the real values:

[ Loo(2y x 2,) — R. (7.7)

In the singular case, when 2, ; x 2, ; is a point (x;, y;), the functional f and map-
ping F;[So,01(x, y) will be defined as f = F;[So,01(x;, y;) = F[S0,01(xz, ys).

We concentrated our efforts on obtaining a solution in principle to the prob-
lem of invariant template matching in systems with spatiotemporal processing of
information. For this reason we prefer not to provide a specific description of the
functionals f. We do, however, restrict our consideration to linear and Lipschitz
functionals, e.g. the functionals satisfying the following constraints:

f&F)=kf(F), Yk €R, |f(F)— f(F)| < DollF = F 'l

(7.8)
D, € R.y.

Examples of functionals f satisfying conditions (7.8) and their physical interpre-
tations are provided in Table 7.2.

Taking into account (7.4), (7.6), and the fact that f is linear, the following equality
holds:

F(F:S0,00) = 61 £ (F[So, 6020,

FI1S0,021(x, ), (x,¥) € Qs X Ry,

0, else. (7.9)

Fi[S0,02] = {

For the sake of compactness, in what follows we replace f (F[So,62]) in the
definition of f(F;[Sp, #]) in (7.9) with the following notation:

F(Fi[S0.621) = folt,02), fo:Qu xR — R. (7.10)

4 In biological vision discontinuity of Sy in x and y corresponds to images with abrupt local changes in brightness
in the spatial dimensions x and y. Although this is a rather common situation in nature, in visual systems actual
images Sy rarely reach a sensor in their spatially discontinuous form. In fact, prior to reaching the sensory
receptors, they are subject to optical linear filtering. Therefore the images that reach the sensor are always
smooth. Hence condition (7.5) will generally be satisfied.
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Table 7.2. Examples of spatially-sampled representations of So

Physical meaning Mathematical model of f

Spectral power within the

given frequency bands: oy g ‘
wy € [wq, wp], f= ®a f“’c fQXXQy F11S0,01Cx, )

wy € [w, wq] x e~ I@x o) gy dy || doy dwy
Weighted sum f= fQXxQ FilSo,0](x, y)e~F—Xol=ly=ylgyx gy
(for instance, convolution (x0, yo) 18 the reference, “attention” point

with exponential kernel)

Scanning the image Qs x Qyr = E@),7(®)

along a given trajectory

(x(0), y()) = (&), (1)) | =FI[S0,01¢ @),y (1))

The notation fy(¢,6>) in (7.10) allows us to emphasize the dependence of f on
the unknown 6,, time variable 7, and original image Sp. The subscript “0” in (7.10)
indicates that fy (¢, 62) corresponds to the sampled and perturbed So ((7.4), (7.7), and
(7.8)), and the argument 6, is the nonlinear parameter of the perturbation applied
to the image. Adhering to this logic, we introduce the notation

F(FS:,01) = 61 f(Fi[Si,62]) = 01 f:(t,62),

[T2X L]
1

where the subscript indicates that f;(t,6,) corresponds to the perturbed and
sampled template §;, and 65 is the nonlinear parameter of the perturbation applied
to the template.

Let us now specify the class of schemes realizing temporal integration of spatially
sampled image representations. Explicit realization of the temporal integration (7.3)
is not feasible because it may lead to unbounded outputs for a wide class of rel-
evant signals, for instance signals that are constant or periodic with a non-zero
average. The behavior of a temporal integrator (7.3), however, can be fairly well
approximated by a first-order linear filter. For the sampled image and template
representations 61 f; (¢, 02), these filters can be defined as follows:

. 1
b0 = ——¢o + k- 01 fo(t,02),
t (7.11)

. 1
b = —;qﬁi +k-01fi(t,62), k,Tt € Rog, i €.

In contrast to (7.3), for filters (7.11) it is ensured that their state remains bounded
for bounded inputs. In addition, to a first approximation, the equations in (7.11)
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present a simple model of neural sensors collecting and encoding spatially dis-
tributed information in the form of a function of time.” With respect to the physical
realizability of (7.11), in addition to requirements (7.5) and (7.8) we shall assume
only that spatially sampled representations 61 f;(t,6,), i € I of S; ensure the
existence of solutions for the system (7.11).

Consider the dynamics of variables ¢o(¢) and ¢;(¢), i € Z defined by (7.11).
We say that the ith template matches the image iff for some given ¢ € R the
following condition holds:

lim sup|¢po(1) — ¢i(1)| < e. (7.12)
11— 00

The problem, however, is that the parameters 81 and 6, in (7.11) are unknown a
priori. While perturbations affect the image directly, they do not necessarily influ-
ence the templates. Rather to the contrary, for consistent recognition the templates
are better kept isolated from external perturbations — at least within the time frame
of pattern recognition, although they may, of course, be affected by adaptive learn-
ing on a larger time scale. Having fixed, unmodified templates in comparison with
perturbed image representations implies that, even when objects corresponding to
the templates are present in the image, the temporal image representation ¢ (¢) will
likely be different from any of the templates, ¢; (¢). This will render the chance that
condition (7.12) is satisfied very small, so a template would hardly ever be detected
in an image.

We propose that the proper way for a system to meet requirement (7.12) is to
mimic the effect of disturbances in the template. In order to achieve this, a template-
matching system should be able to track the unknown values of the parameters 6
and 6. Hence the original equations for temporal integration (7.11) will be replaced
with the following:

. 1
b0 = ——¢o + k- 01 fo(t,02),
t (7.13)

. 1 A A .
b = _;({bi +k-0;1fi(t,6;2), k,t e R, i €T,

where GAZ-’ 1 and éi’z are the estimates of 0, and 6,. The estimates éi, 1 and éi,z must
track instantaneous changes of 6; and 6. The information required for such an
estimation should be kept to a minimum. An acceptable solution would be a simple
mechanism capable of tracking the perturbations from the measurements of the
image alone. The formal statement of this problem is provided below.

5 In principle, (7.11) can be replaced with a more plausible model of temporal integration such as integrate-and-
fire, Fitzhugh—Nagumo, or Hodgkin—Huxley-model neurons. These extensions, however, are not immediately
relevant for the purpose of our current study. We decided to keep the mathematical description of the system as
simple as possible, keeping in mind the possibility of extension to a wider class of temporal integrators (7.11).
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Problem 7.1 For a given image Sp, template S;, and their spatiotemporal
representations satisfying (7.5), (7.8), and (7.13), find estimates

6i1 = 0.1(t, 7.k, 0. $7), Bi2 = 0i2(t, T,k do. i) (7.14)

as functions of time ¢, variables ¢o and ¢; and parameters 7 and « such that for all
possible values of parameters 01 € [61 min> 01.max]> 02 € [02.min> 02.max]

(1) solutions of system (7.13) are bounded;
(2) in the case fo = f; property (7.12) is ensured;
(3) the following holds for some 6] € [0 min, O1,max]» 65 € [02,min> O2.max]:

lim sup [0;,1 (7, T, k,¢o(1), ¢; (1)) — 0] || < 0.1, €01 € Rxo0,
—00

7.15
lim sup |0; 2(1, 7, &, ¢o (1), $i (1)) — 0/ 5| < €02, €02 € R (71
—00

Once the solution to Problem 7.1 has been found, the next step is to ensure that
similarities (7.12) are registered in the system. In line with Figure 7.3, we propose
that the detection of similarities is realized by a system of coupled oscillators. In
particular, we require that states of oscillators i and O converge as soon as the signals
¢o(t) and ¢; () become sufficiently close.

In the present discussion we restrict ourselves to the class of systems composed
of linearly coupled Hindmarsh—Rose-model neurons (Hindmarsh and Rose 1984).
This choice is motivated by the fact that these oscillators can reproduce a broad
class of behaviors observed in real neurons while being computationally efficient
(Izhikevich 2004). A network of these neural oscillators can be mathematically
described as follows:

Xi = —axl.3 —|—bxi2 +yvi—zi+1+u +¢i(t),
zi = &(s(x;i +x0) — zi),

Sp. :

1

The variables x;, y;, and z; correspond to the membrane potential, and aggregated
fast and slow adaptation currents, respectively. The coupling u; in (7.16) is assumed
to be linear and symmetric:

Uugp X0 —-n 1 1
ui X1 1 _ 1

u=| . |=r| " [ .r=vy " ENCAT)
u, X 1 1 - —n

and parameter y € R>¢. Our choice of the coupling function in (7.17) is motivated
by the following considerations. First, we wish to preserve the intrinsic dynamics
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of the neural oscillators when they synchronize, e.g. when x; = x;, y; = y;, and
zi =2j,1,j €{0,...,n}. For this reason it is desirable that the coupling vanishes
when the synchronous state is reached. Second, we seek a system in which syn-
chronization between two arbitrary nodes, say the ith and jth nodes, is determined
exclusively by the degree of (mis)matches in ¢; (¢) and ¢; (1), independently of the
activity of other units in the system. Third, the coupling should “pull” the system’s
trajectories towards the synchronous state. The coupling function (7.17) satisfies
all these requirements.
We set the parameters of (7.16) to the following values:

a=1, b =3, c=1, d=>5,

s=4, xo=16, &=0.001, (7.18)

which correspond to the regime of chaotic bursting in each uncoupled element in
(7.16) (Hansel and Sompolinsky 1992).

The problem of detection of similarities in ¢o(¢) and ¢; (t) can now be stated as
follows.

Problem 7.2 Let the system (7.16) and (7.17) be given and let there exist i € Z
such that condition (7.12) is satisfied. Determine the coupling parameter y as a
function of the parameters of system (7.16) such that

(1) solutions of the system are bounded for all bounded ¢;, i € Z;

(2) states (xo(t), yo(t),zo(t)) and (x;(t), y;(t),zi(¢)) asymptotically converge to
a vicinity of the synchronization manifold xo = x;, yo = ¥i, z0 = z;. In
particular,

lim sup|xo (1) — x; (t)| < 8(e),

—0o0

lim sup|yo(?) — yi(#)| < 8(e),
[—00

lim sup|zo(t) — z; (1)| < 8(¢),
=00

where §(-) is a non-decreasing function vanishing at zero.

In the next section we present solutions to the problems of invariance and detec-
tion. We start from considerations of what an adequate concept of analysis would
be. Our considerations will lead us to the conclusion that, for solving the problem of
invariance, using the concept of Milnor attractors is advantageous over traditional
concepts resting on the notion of Lyapunov stability. This implies that the sets to
which the estimates é,-,l and éi,z converge should be weakly attracting rather than
Lyapunov-stable. We present a simple mechanism realizing this requirement for
a wide class of models of disturbances. With respect to the second problem, the
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problem of detection, we provide sufficient conditions for asymptotic synchrony in
system (7.16).

7.2 A simple adaptive system for invariant template matching

Consider a system of temporal integrators, (7.13), in which the template subsystem
(the second equation in (7.13)) is designed to mimic the temporal code of an image
using adjustment mechanisms (7.14). Ideally, the template subsystem should have
a single adjustment mechanism, which is structurally simple and yet capable of
handling a broad class of perturbations. In addition, it should require the least
possible amount of a priori information about images and templates.

In our search for a possible adaptation mechanism let us first explore the available
theoretical concepts which can be used in its derivation. The problem of invariance,
as stated in Problem 7.1, can generally be understood as a specific optimization task.
Particular solutions to such tasks, as well as the choice of appropriate mathemati-
cal tools, depend significantly on the following characteristics: uniqueness of the
solutions, convexity with respect to parameters, and sensitivity to the input data
(images and templates). Let us consider whether the invariant template-matching
problem meets these requirements.

Uniqueness. Solutions to the problem of invariant template matching are gener-
ally not unique. The image may contain multiple instances of the template. Even
if there is only a single unique object, the template may fit it in multiple ways, for
instance because it has rotational symmetry. Both cases are illustrated in Figure 7.4.
A similar argument applies to translational invariance in the images with multiple
instances of the template (the right-hand picture in Figure 7.4).

template Image 1 Image 2

, 40,

X

Figure 7.4 An example of a template and images that lead to non-unique solutions
in the problem of invariant template matching. Image 1 is a rotated version of the
template. Because the template has rotational symmetry, the angles 6, = 6] &
(wr/2)n and n = 0,1, ... at which the template and the image match each other
are not unique. Image 2 contains two instances of the template, which also leads
to non-uniqueness.



308 Adaptive template matching

Nonlinearity and non-convexity. The problem of invariant template matching
is generally nonlinear and non-convex in 61 and 0. Nonlinearity is already evi-
dent from Table 7.1. For illustration of non-convexity consider the following
function,

01 fi(t,602) = 0y / e~ —=x0l=ly=yol

QX Qy ¢

L ()2 (y—1)2
x (/ ¢ B THTHOTY) >S,-<s,y>d5dy)dxdy, (7.19)
Qy xQy

which is a composition of Gaussian blur (the fourth row in Table 7.1) with spatial
sampling and subsequent exponential weighting (the second row in Table 7.2). In
the literature on adaptive systems two versions of the convexity requirement are
available.® The first version applies to the case in which the difference 0 f; (¢, 62) —
él,i fi(t,éi,g) is not accessible for explicit measurement, and the variables ¢ (#)
and ¢; (¢) should be used instead. In this case the convexity condition will have the
following form (Fradkov 1979):

A J A A ~ 0 A
ei (o, i) |:(91 — 91',1)591',1]3'(%9:',2) + (62 — Qi,Z)TQi,lfi(taQi,Z)j|
i1 i 2

> € (0. 60) |01 /i (1,62) — 01 fi(0.6.2) | (7.20)

The term e; (¢, ¢;) in (7.20) is usually the difference e; (¢pg, ¢i) = ¢o — ¢; and
has the meaning of error. For the same pairs of points 01,6, and éi,l, é,-,z con-
dition (7.20) may hold or fail depending on the sign of e;(¢o(z),p;(¢)) at the
particular time instant ¢. Hence it is not always satisfied, not even for convex
i1 fi (2,0 2).

The second version of the convexity requirement applies when the difference
01 fi(t,00) — é,-,l fi(t, éi,z) can be measured explicitly. In this case the condition is
formulated as definiteness of the Hessian of 6} f;(¢,62). It can easily be verified,
however, that in (7.19) satisfaction of this requirement depends on the values of
Si (&, y). Hence both versions of the convexity conditions generally fail in invariant
template matching.

Critical dependence on stimulation. An important feature of the invariant
template-matching problem is that its solutions critically depend on particular
images and templates. The presence of rotational symmetries in the templates affects

6 Seee.g. the velocity-gradient algorithm (Fradkov 1979) described in Chapter 3, or Assumptions 5.3 in Chapter 5.
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the number of solutions. Hence objects with different numbers of symmetries will
be characterized by sets of solutions with different cardinalities.

We conclude that the problem of invariant template matching generally assumes
multiple alternative solutions, involving nonlinearity and non-convexity with
respect to parameters, and the structure of its solutions depends critically on a-
priori-unknown stimulation. What would be a suitable way to approach this class
of problems in principle?

Traditionally, processes of matching and recognition are associated with con-
vergence of the system’s state to an attracting set. In our case the system’s state is
defined by the vector x:

X = (¢0,¢1,....¢i,...,011,6021,...0i1,6i2,...).

The attracting set, A, is normally understood as a set satisfying attractivity in the
sense of Definition 2.1.3. Traditional techniques for proving attractivity employ the
concept of Lyapunov asymptotic stability. Although the notion of set attractivity is
wider, the method of Lyapunov functions is constructive and, in addition, Lyapunov
asymptotic stability implies the desired attractiviy. For these reasons it is highly
practical, and the tandem of set attractivity in Definition 2.1.3 and Lyapunov stabil-
ity has been used extensively in recognition systems, including Hopfield networks
and RNNG.

The problem of invariant template matching, however, challenges the universal-
ity of these concepts. First, because of the inherent non-uniqueness of the solutions,
there are multiple invariant sets in the system’s state space. Hence, global Lyapunov
asymptotic stability cannot be ensured. Second, when each solution is treated as
a locally stable invariant set, it is essentially important to know the domain of
its attractivity. This domain, however, depends on the properties of the function
01 fo(t,62) in (7.13), which vary with stimulation. Third, no method exists for
solving Problem 7.1 for general nonlinearly parametrized 6 fo(¢, 6>) that assures
Lyapunov stability of the system.

In order to solve the problem of invariant template matching we therefore pro-
pose to replace the standard notion of an attracting set with a less restrictive concept.
In particular we advocate the concept of weak or Milnor attracting sets (see Defi-
nition 2.1.4). The advantage of using unstable attractors in the present framework
is illustrated in Figure 7.5.

In the next section we present technical details of how Problem 7.1 could be
solved within the framework of Milnor attractors.
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(a) (b)

Figure 7.5 Standard stable attractors, (a), vs. weak attractors, (b). Domains of
stable attractors are neighborhoods containing .A; and .A;. Estimates of the sizes
of these domains depend on particular images So.1, So.2, and Sp 3. These estimates
are depicted as closed curves around A1 and A,. Once the state has converged to
either of the attractors it stays there except, probably, when the image changes.
In contrast to this, the domains of attraction for Milnor attracting sets are not
neighborhoods. Hence, even the slightest perturbation in the image induces a finite
probability of escape from the attractor. Hence multiple alternative representations
of the image could eventually be recovered.

7.2.1 Invariant template matching by Milnor attractors

Consider system (7.13):

. 1

b0 = —;¢0+k~91f0(t,92),

. 1 ~ ~

o = —;¢i +k-0i1fi(t,0;2), k,TteR.g, i€l

and assume that the ith template is present in the image. This implies that both
the image and the template will have, at least locally in space, sufficiently similar
spatiotemporal representations. Formally this can be stated as follows:

dJAeR.g: |01 fo(t,602) — 01 fi(t,02)| < A, V01,05, 1 >0. (7.21)

Hence, without loss of generality, we can replace (7.13) with the following:

) 1
$o=——po+k-01fi(t,02) +€(),
t (7.22)

. 1 R R ,
i = —;¢>i +k-0;1fi(t,6i2), k,Tt € Rog, i €L,

where €(t) € Lxo[0,00], [l€(f)|lcoc < A is a bounded disturbance. Solving Prob-
lem 7.1, therefore, amounts to finding adjustment mechanisms (7.14) such that
trajectories ¢(t) and ¢;(z) in (7.22) converge and the limiting relations (7.15)
hold.
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The main idea of our proposed solution to this problem is very similar to what
has been presented in Chapter 6, and can informally be summarized as follows.
First, we introduce an auxiliary system

A =g ¢0,0i,1), AeR* g:R* xR x R x Ryg — R (7.23)
and define é,-,l and é,-,z as functions of A, ¢, and ¢;:
Oi1 =610t 00, 00,60), G2 =00 T,ic 00,40, (7.24)
Second, we show that for some ¢ € R-¢ and 2;, C R* the set
Q" = (g0, ¢ € RA € R [go(1) — ¢i(1)] <&, h € 2 CRY

is forward-invariant in the extended system (7.22), (7.23), and (7.24). Third, we
restrict our attention to systems that have a subset €2 in their state space such that
trajectories starting in 2 converge to Q*. Finally, we guarantee that the state will
eventually visit the domain €2, thus ensuring that (7.12) holds.

Choosing extension (7.23) in the class of simple third-order bilinear systems

: Y1
Al = o (P0 — ¢i),
M=y g0 — dille, v1,72 € R, (7.25)

A==y ha- o — @ille. /A3(t0) + A3(t0) = 1,

ensures the solution of Problem 7.1. Specific technical details and conditions are
provided in Theorem 7.1

Theorem 7.1 Let the system (7.22) and (7.25) be given, and let the function
fi(t,02) be separated from zero and bounded. In other words, there exist constants
D3, Dy € R such that for all t > 0, 62 € [02.min. 02,max] the following condition
holds:

D3 < fi(t,62) < Da. (7.26)

Then there exist positive y1, Y2, and ¢ (see Table 7.3, shown later for the particular
values)

D
&Ly, £>TA (1 + 1)_4) (7.27)
3

such that adaptation mechanisms
i1 = eiy1 + A1,

02,max - 92,min (7'28)

0 2(t) = Opmin + (a(t) + 1) 5
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deliver a solution to Problem 7.1. In particular, for all 01 € [0 min,O1.max], 02 €
[02.min» €2.max] the following properties are guaranteed:

lim sup|go (1) — ¢ (1) < &3 30} € [ min, O2max] = lim Gi2(1) = 63,
00 t—00

where the value of €, depending on the choice of parameters vy, and yi, can be
made arbitrarily close to Tt A (1 + D4/ D3).

Proof of Theorem 7.1. We prove the theorem in three steps. First, we show that
the solution of the extended system (7.22), (7.25), and (7.28) is bounded. Second,
we prove that there are constants p, b, and ¢ and a time instant z’ > 0 such that the
following holds for system solutions:

po(t) — @i ()]le < e "I |l (t0) — ¢i (10)lle + D162 — 0; 2(T) lloo fro.]
Vi>tg>t. (7.29)

Third, using this representation, we invoke results and demonstrate that the
conclusions of the theorem follow.

1. Boundedness. To prove the boundedness of solutions of the extended system
in forward time let us first consider the difference e; (t) = ¢o(t) — ¢; (¢). According
to (7.22), the dynamics of ¢; (¢) will be defined as

] o
6 = =i +k (01/:1.00) = 0.1 £:(1.0.2)) + (o). (7.30)
On noticing that

01 (t,02) — 0;.1 fi(,60;2) = [61 fi(1,62) — 01 f (1,60, 2)]
+ [91fi(t,éi,2) — éi,lfi(t,éi,z)]

and denoting 8; = 6;.1 — 01 and 82(t,01,62,6;2) = 01 f:(t,02) — 01 f(1,6;2) we
can rewrite (7.30) as follows:

. 1 A A
¢ =—_ei— S1lkfi(t,0;2)] + 62(2,01,02,0; 2)k + €(1). (7.31)
Let us now write the equations for é,-,l — 6 in (7.24) in differential form. To
do so we differentiate the variable 6; | — 6; = §; with respect to time, taking into

account (7.30) and (7.31):

b1 = =1 (81lkfi6.20] = 820,601,020k —€)). (1.32)
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The variable €(¢) in (7.32) is bounded according to (7.21). Let us show that
82(t, 01, 62,06; 2) is also bounded. First of all, notice that the positive definite function

Vi =05(23+43)

is not growing with time:

V = lyAsllgo(t) — ¢i(H)lle — Azyarzlldo(t) — ¢i(@)|le = 0.
Furthermore,

t
A2(t) =7 - sin (7/2/ lpo(t) — @i (D)l dT + wo)
10 (7.33)

t
A3(t) =r - cos <yzf lpo(T) — @i (D)l dT + 900) , 90 € R,
0]

Choosing initial conditions A% (t0)+)%(t0) = lensuresthatr = 1. Hence, according
to (7.28), the variable éi,z belongs to the interval [62 min, 62, max]-
Consider the variable §,(¢, 601,62, 6;2):

02(t,01,602,0:.2) = 01 fi(t,62) — 01 f; (1. 0:2(1))
=01 (fi(t,02) — fi(0.020))) (7.34)

Taking into account the notational agreement (7.9), and properties (7.5) and (7.8),
we conclude that the following estimate holds:

182(t, 01,6, 6; 2)| < 011 (1,62) — fi(t,6;2(0))]

A (7.35)
< O1,max D D20 — 0; 2(2)].

Given that QA,-,Q () € [62.min»> 02.max] and using (7.35), we can provide the following
estimate for 82(¢, 61, 62,6; 2):

182(,01,62,0; 2)| < 01 max D D2162.max — O2.minl- (7.36)

Let us consider equality (7.32). According to condition (1) of the theorem, the
term

a(t) = kfi(t,0i2(1))

is non-negative and bounded from below:

a(t) = kf; (t,é,-,g(t)) > kD3, YVt =>0. (7.37)
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Taking into account (7.32) and (7.37), we can estimate |51 (¢)| as follows:
t
810)] < e 7o O 51 10)]

t t T
+ e M e f MM WA oy 4 sy (kldT. (7.38)

0]

According to (7.21) and (7.36) we have that for all t > 9 > 0

le(®) + 82(0)k| < [l€(7) + k82(T) lloo,[10.1]

= A+ kgl,maxDD2|92,max - 92,min| = Ml- (7-39)
Furthermore,
/te)’l ft(r)a(fl)dfl dr = i < 1 e f,E)ot(r)dr _ 1 >
to y1 \a(r) a(to)
< Ly (7.40)
y1D3k

Taking into account (7.38), (7.39), and (7.40), we can obtain the following estimate:

B1(0)] = e P05, ()| - L (7.41)
D3k
Inequality (7.41) proves that 61 (¢) is bounded.

In order to complete this step of the proof it is sufficient to show that e;(¢) is
bounded. This would automatically imply boundedness of ¢;(¢), thus confirming
the boundedness of the state of the extended system. To show the boundedness of
¢; (1) let us write the closed-form solution of (7.30):

-1 ' ro
ei() = e T ei(tg) +e 7 / et (81(r)a(T)) + kb (1)) + e(r))dT).  (7.42)
1

0

Using (7.39) and (7.41) we can derive that
_I—fhy Dy
lei()| = e 7 lei(to)|+ MiT | 1+ Dn +€1(1), (7.43)
3

where €1(#) is an exponentially decaying term:

[ — e-(%—ylk[h)(l‘—to)

1/t = y1kD3

le1(1)| < e VikD3(=0) 01 — 6i.1(t0)].  (7.44)
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As follows from (7.33), (7.41), (7.43), and (7.44), the variables ¢; (1), éi,l(t), and
é,-,z(t) are bounded. Hence, the state of the extended system is bounded in forward
time.

2. Transformation. Let us now show that there exists a time instant ¢’ and constants
p,c € R such that the dynamics of e;(t) = ¢o(t) — ¢;(¢) satisfies inequality
(7.29). In order to do so we first show that the term

81(0kf; (1,6 2(1))
in (7.31) can be estimated as
181(OKfi (1, 0;2(0))] < M2l — 6 2(1)] + Ao + ex(0), (7.45)

where M> and A, are positive constants and €; (¢) is a function of time that converges
to zero asymptotically with time.
According to (7.38) the following holds:

a(tr)dt

510)] < ¢ 0 DN 51 (1))

t t T
+ yle_l/l f;oa(r)drf eyl f[oa(rl)d.’:l|€(r) + 62(T)k|df.

0]

Taking into account (7.21) and (7.37), we can conclude that
B10)] < e PP, (1) +
- kD3

t t T

F e Mg e / M TIN5 (O kd. (7.46)
Iy

Substituting (7.35) into (7.46) results in

A
S1()] < —v1kD3(1—t0) | 5 ¢ _—
101(1)] < e |1(0)|-i-kD3

t t T n
+ Vle_yl f’()a(t)dt / eJ/l fzoa(ﬂ)drl |92 - 9[,2(t)|d7—' ' (kel,maxDDZ)-

0]

(7.47)

Consider the following term in (7.47):

t T ~
/ eyl ftoa(tl)dn 16, — 9,-,2(‘[)|d1'. (7.48)
f

0
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Integration of (7.48) by parts yields

t T R
/ "o I g, G2 (0)lde
0]

1 {1 ' . 6, — 6; 5 (1
I eJ/I _/;Oa(r)drlez _ 91’2([)| . | 2 1,2( 0)'
y1 \a() a(to)

L[l o1 Jip (T <d|92_9i,2(f)|)d

B ; n @(T) dt

Ly [ a(dr A
—e 6, —0;-(¢
kD |62 — 0; 2(2)|

+ 1 /t o f,(r) a(t))dT
}/lkDS to

92,max - 2m1n
2
we can estimate the derivative d |6y — éz,i (t)|/dt as follows:

d|th —0;2(1)]  Ormax — Oomi
2 - 27 < ““"2 20y - Lo (t) — i (1)]. (7.50)

Notice that the value of [¢g (1) — ¢; (t)| = e; () in (7.50) can be estimated according
to (7.43) as

d|6y — 6; 2(7)| p
dt

(7.49)

Given that

02 = 02.min (a(2) + 1),

0() — di ()] < Mt (1 + —3) + ),

=1y . .
where 11(t) ~ €1(t) + e;(t)e” = is an asymptotically decaying term.
Hence, taking into account (7.40), (7.43), (7.47), (7.49), and (7.50), we may
conclude that the following inequality holds:

ledx A
S51()| < : 6 — t —_—
[81(1)] < |2 ’2()|+Dk
V2 01,max D D2 92max_92mm ( )
+ 25 ’ ’ T+ 28) 4 o,
2
Y1 D3k 2

where 14(¢) is an asymptotically vanishing term. Therefore (7.45) holds with the
following values of Mj and A»:

M, = kel,maxDD2D4 )
D3

el,maxDD2D4 (1 + _) 02 ,max . 92,mini| + ADy

(7.51)
Ay = = .
? 4 [ (D3)? D3 Ds
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To finalize this step of the proof, consider the variable e;(¢) for t € [t1,00],
1 > ty. According to (7.35) and (7.42) we have that

_=n A
le; ()] < e 7 |ei(t1)| + TM2|02 — 6; 2() lloo,f1.1]

_i _t*fl
+7h (1= 7 )+ tllea®lloomor (1 - ¢~ )

~ =
+ Tk max D262 = 2O loo iy + 7 (1= 7). (7.52)
Regrouping terms in (7.52) yields

e (O] = 7 (A2 + A+ lea®lloo i eot) < € 7 (leg(1)]
—1(A2+ A+ lle2(®) lloon,001))
+ ‘L'(Mz + kgl,maxDD2)||92
— 020 oo 1111-

On denoting
A =1 (A2 + A+ lle2() oo ft.001) (7.53)
we can obtain
_=n
lei()] — A" < e 7 (|e,-(t1)| — A/)
+ (M2 + k01 max D D2) (102 — 0; 2(1) [l w1101

i
<e T |le(t)lla

+ (M2 + kO max D D) |62 — éi,Z(t)”oo,[tl,t]- (7.54)
Given that
lei(Dlla = le; ()] — A, ei(t)] > A,
ala 0, lei ()] < A,

and taking into account inequality (7.54), we can conclude that

_=n
llei(Dllar = e 7 llei (t)]l

+ T(My + k01 max D D2) 102 — 0. 2(1) | o [11.1- (7.55)
Because equations (7.52)—(7.55) hold for any #; € (tp, o0] and

lim sup|l€2(#) [l 00,[#),00] = 0
11— 00

for every
e>1(A+ Ag),
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there exists a time instant ¢’ > 7y such that the inequality

_t=n A
lle:@lle <e” 7 lleit)lle + T(M2 + kb1 max D D2)1102 — 6; 2(t) lloo,r1.) (7.56)

is satisfied for all ¢t > #; > ¢’. This proves (7.29) for p = 1/t and b = ©(M, +
k61 max D D2). Hence, the second step of the proof has been completed.

3. Convergence. In order to prove convergence we employ Corollary 4.5 from
Chapter 4. In order to apply Corollary 4.5 we need to further transform (7.33) and

(7.56) and

B2.max — Oo.mi
S G (1) 4+ 1) (7.57)

into the form of (4.76). Notice that for every 62 € [0 min, 92.max ] there always exists
areal number A* € [—1, 1] such that

bia(t) = 02,min +

02,max - 92,min

92 = 92,min + )

(A5 +1).

Hence, denoting

92,max - 92,min
2

and using (7.56), we ascertain that the following holds for solutions of the system
(7.22), (7.25), and (7.28):

c=t(M+ kel,maxDDZ)

-
lei(Dlle = e 7

1
llei (tD)lle + cllAs — 22(t) lloo.f 11 (7.58)

fore > (A 4+ Aj),andt >t > 1.
Consider the difference A5 — A2(#). According to (7.33) we have

t

123 =) < |o* —/ v2llei (0)lle — @ol, 23 = sin(o™). (7.59)

n

On denoting
t
h(t) = 0" — / vallei (Dlle — ¢o (7.60)
n

and taking into account (7.58), we therefore obtain the following equations:
_tftl
lei@lle < e 7 llei(t)lle + cllh(®) lloo,(t.15
t (7.61)
h(ty) — hr) = / yalle: (0l .

1

Equations (7.61) are a particular case of (4.76) to which Corollary 4.5 applies. In
r
system (7.61), however, the function j;(¢) is defined as S; () = ¢” . Hence

Bl (1) = —tIn(r).
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Therefore, according to Corollary 4.5, satisfying the inequality

K k K

for some k¥ € (1,00),d € (0,1) ensures the existence of initial conditions ¢; (1)
and A (t1) such that i (¢) is bounded. Given that

K k K
i In{-=)—— 14+ —— 1)~ 15.6886 < 16
Ke(l,org)l,ge(o,l) n <d)k —1 (< + 1— d) + > =

we can rewrite condition (7.62) in a more conservative, yet simpler form:

1
AT

Taking into account notations (7.51) and (7.60) we can rewrite this inequality as

follows:
- i 2 k0 DD 1+ & 92,max - 92,min !
Y2 . 1,max 2 Ds 5 .

Notice that, because the function sin(-) is periodic, the value of o* in (7.59)
and consequently the value of /(#1) can be chosen arbitrarily large. Hence, for any
finite e; (1) and ¢q there will always exist o * and A (#;) such that the variable h(z)
is bounded.

Taking into account that /4 (#) is monotone and bounded, we can conclude that
according to the Bolzano—Weierstrass theorem the function A(#) has a limit in
[0, A (21)]:

Ih* € [0,h(1))] : tl_i)lgoh(t) = h*.

This in turn implies that

t
lim / vallei(@lle dt = 0™ — o — h* < oo.
t—00 t

Therefore,
= 95 € [92,mina 92,max] : lim éi,2(l‘)
t—00
% — 02 mi
= 62 min Z2.max — 72.min 5 2.min (sin(c™ — o —h*) + 1) = 6;.
Moreover, because ||e;(t)]¢ is uniformly continuous in ¢, convergence of ||e; (¢)||«
to zero as t — oo follows immediately from Barbalat’s lemma. O

Let us comment on the conclusions and conditions of Theorem 7.1. First of all, the
theorem shows thateach ith subsystem ensuring invariance of spatiotemporal image
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Table 7.3. Parameters of the compensatory mechanisms (7.28)

Parameter Values
Y1
Vi — =gq,9€R.o
V2
N
eE>T —
Ds
& n E I:@l,maxDlZ2D4 Myt (1 i &) 02 max — 92,min:|> ,
Vi (D3) Ds 2

Ml =A+ kgl,maxDD2|92,max - 02,min|

2 -1
)2 1 Dy 92,max - 02 min
— k6 DDy 1+ — _
v2 = (41’) |: 1,max 2 ( D3> < 2

representation with respect to the given modeled perturbations can be composed of
no more than four differential equations:

. 1 ~ ~
temporal integration : ¢; = ——¢; + k- 0;.1 fi(¢,6;2), (7.63a)
T

fast adaptation dynamics : by 1= n, (o — i), (7.63b)
T

, .o =y2- 23 llgo — Pilles
slow adaptation dynamics : ia =~y A2 0 — oile.
Notice that the time scales of temporal integration, (7.63a), adaptation to linearly
parametrized uncertainties, (7.63b), and adaptation to nonlinearly parametrized
uncertainties, (7.63c), are all different. Because of these differences in time scales,
subsystem (7.63b) is referred to as slow adaptation dynamics and subsystem (7.63c)
as fast adaptation dynamics. The difference between the time scales determines

(7.63¢)

the degree of invariance and precision in the resulting system. For instance, as
follows from Table 7.3, the ratio y» /y; affects the value of ¢. This value defines the
acceptable level of mismatches between an image and a template. In other words,
it regulates the sensitivity of the system. The smaller the ratio y»/y1, the higher the
sensitivity. The ratio y»/(1/7) (see the proof for details) affects the conditions for
convergence.

The slow adaptation dynamics, (7.63c), can be interpreted as a searching, or
wandering dynamics in the interval [0 min, 62,max]. Its function is to explore the
interval [02 min,02,max] for possible values of éi,z when models of perturbation
are inherently nonlinear and no other choice except that of explorative search is



7.2 A simple adaptive system for invariant template matching 321

available. The solutions of the searching dynamics in (7.63c) are harmonic signals
with time-varying frequency y»||¢o(¢) — ¢; (¢) || . The larger the error, the higher the
frequency of oscillation. When y»||¢o(¢) — ¢;(¢) || is constant, for instance equal
to unity, the equations in (7.63c) reduce to

o =13,
) (7.64)
A3 = —Ap
In general, every subsystem
ho = g2(h2, 43, 1),
(7.65)

A3 = g3(h2, A3,1), g2,83 € C°

generating dense trajectories A2 (¢) in [02 min, 02,max] for some initial conditions
A2 (to) and A3(fp) and at the same time ensuring boundedness of A, (¢) and A3(¢)
for all t+ € R>( could be a replacement for (7.64) in (7.63c). The conclusions
of the theorem in this case will remain the same except, probably, with respect
to the choice of the particular values of yy, y», and ¢ in Table 7.3. Our present
choice of subsystem (7.64) in (7.63c) as a prototype for the searching trajectory
was motivated primarily by its simplicity of realization and linearity in state.

The fast adaptation dynamics, (7.63b), corresponds to exponentially stable mech-
anisms. This can easily be verified by differentiating the difference é,-,l (t) — 61 with
respect to time. The function of the fast adaptation subsystem is to track instanta-
neous changes in 6 exponentially fast in such a way that the difference éi’l (t) — 64
is determined mostly by mismatches éi,z (1) — 6,.

The problem of template matching is solved through the interplay of the searching
dynamics éi,z (t) — 6> and the stable, contracting dynamics expressed by ¢o(z) —
@i (t). We use the results from Chapter 4 to prove the emergence of weakly (Milnor)
attracting sets in the system’s state space.

In principle, linearity of the uncertainty models in 61 is not necessary to guarantee
exponential stability of é,-J (t) — 61. As has been shown in Chapter 5, exponential
stability of éi,l(t) — 61 can be ensured by the same function éi’l(t) as in (7.24)
if we replace 61 f; (¢, 6,) with ﬁ(t,@l,éz) : Rsgp x R x R — R. Nonlinearities
f,- (1,01, 6>), however, should be monotone in 0. In this case condition (7.26) is to
be replaced with the following:

- fi(t,0:.1,02) — fi(t,61,02)

D3 - < Dy, Y 601 € [02,min, 02,max]- (7.66)
0i,1 — 61

The general line of the proof remains unaffected by this extension.
The proposed compensatory mechanisms (7.22), (7.25), and (7.28) are nearly
optimal in terms of the dimension of the state of the whole system. Indeed, in
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order to track uncertain and independent 8; and 6, two extra variables need to be
introduced. This implies that the minimal dimension of the state of a system which
solves Problem 7.1 is three. Our four-dimensional system is therefore close to the
optimal configuration. Furthermore, as follows from the proof of the theorem, the
dimension of the slow subsystem could be reduced to one. Thus, in principle, a
minimal realization could be achieved. In this case, however, boundedness of the
state for every initial condition is no longer guaranteed.

Theorem 7.1 establishes conditions for convergence of the trajectories of our
prototype system (7.22), (7.25), and (7.28) to an invariant set in the system’s state
space. In particular, when the matching condition (7.21) is met, the theorem assures
that the temporal representation ¢; (¢) of the template tracks the temporal represen-
tation ¢o(¢) of the image. In the next subsection we discuss how the similarity
between these temporal representations can be detected by a system of coupled
spiking oscillators. In particular, we will consider coincidence detectors (7.16),
(7.17), and (7.18) modeled by a system of coupled Hindmarsh—Rose oscillators.

7.2.2 Conditions for synchronization of coincidence detectors

The goal of this section is to provide a constructive solution to Problem 7.2. First,
we seek conditions ensuring global exponential stability of the synchronization
manifold of ¢o(#) = ¢;(¢) when ¢;(¢) are identical for each i. We do this by
showing that solutions of the system are globally bounded, and that for each pair
of indices i, j € {0,...,n} there exists a differentiable positive definite function
V(xi,yi,2i,Xj,yj,2j), 0V /dx; = —0V /xj such that V' grows towards infinity
with increasing distance from the synchronization manifold and for all bounded
continuous ¢; () = ¢;(¢) the following holds:

V < —aV, a € Roy. (7.67)

When ¢; (1) # ¢;(t), (7.67) implies that
. A%
V< —aV+?(¢i(t)—¢j(t))- (7.68)

Then, using (7.68) and the comparison lemma from Khalil (2002), we show that
convergence of ¢;(t) to ¢;(z) at t — oo implies convergence of the variables
xi (1), yi(t), zi(t), xj(t), yj(t), and z;(¢) to the synchronization manifold. The
formal statement of this result is provided in Theorem 7.2.

Theorem 7.2  Let system (7.16) be given, let the function u be defined as in (7.17),
and let the functions ¢;(t), i € {0,...,n} be bounded. Then

(1) solutions of the system are bounded for all y € R>y;
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(2) if, in addition, the condition

1 >,

is satisfied, then for all i, j € {0, ...,n} the condition

limsup|¢; (1) — ¢; ()| < ¢

11— 00

implies that

lim suplx; (1) — x; ()] < 8(e),

—00

1itm suplyi (1) — y;(#)| < 5(e), (7.70)
—00

lim sup|z; (1) — z; ()| < 8(¢).
1—00

where § : R>o — R is a monotone function vanishing at zero.

Proof of Theorem 7.2. The proof is similar to Oud and Tyukin (2004) and consists
of three major steps. First, we show that a single Hindmarsh—Rose oscillator is a
semi-passive system with a radially unbounded storage function (Pogromsky 1998).
In other words, the system

x=—ax3+bx2+y—z+1+u,
y=c—dx*—y, (7.71)

z==¢(s(x +x9) —2), a,b,c,d,e,s >0

obeys the following inequality:
V(x(@),y(@),z()) — V(x(0), y(0),z(0)

t
S/ x(u(r) — H(x(7), (1), 2(7))dr, (1.72)
0

where the function H (-) is non-negative outside a ball in R3, and the function V is
positive definite and radially unbounded. Second, similarly to Pogromsky (1998),
we show that semi-passivity of (7.71) implies that solutions of coupled system
(7.16) are bounded. Third, for an arbitrary pair (i, j) of oscillators we present a non-
negative function such that properties (7.67) and (7.68) hold for sufficiently large
values of y. Then we use the comparison lemma from Khalil (2002) to complete
the proof.
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(1) Semi-passivity of the Hindmarsh—Rose oscillator. Let us consider the
following class of functions V:

1
Vx,y,2) = 5 (61x2 + Czy2 + C3ZZ> .

Then showing the existence of a function V from the above class that, in addition
satisfies the inequality

V <xu—H(x,y,2), (7.73)

where H is non-negative outside some ball in R3, would imply semi-passivity of
(7.71).
Consider the time-derivative of V:

V(x, V,7) = —c1ax4 — czdxzy — czy2 +clxy — C3822 + (c3658 — c1)xz
+ clbx3 + c1lx + cacy + c3esx0z + c1xu. (7.74)
Let us rewrite (7.74) such that the cross terms xy, xz, and x>y are expressed in

terms of the powers of x, y, and z and their sums. In order to do this we employ the
following three equalities:

—c2y? 4 c1xy = —caray? — ca(l — o) —C—lx ’
2y 1Xy 2A2y 2 21y 2071 — 72
+ o (1.75)
— X~ )
4er(1 — Ao)
2
c3es — ¢
—C38Z2 + (c3e5 —c1)xz = —C38A3z2 —c3e(l —X3) |z — ;x
2c3e(l — X3)

(c3e8 —c1)?

(eses —c1)? o (7.76)
4eze(l — A3)
crd 2
—crax* — cxdx’y = —crahix* — cra(l — M)(xz + my>
d 2
(c2d) 2 (7.77)

dcra(l =

In what follows we will assume that the constants A1, A, and A3 in (7.75)—(7.77)
are chosen arbitrarily in the interval (0,1): 0 < A; <1, i =1,2,3.
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Taking the equalities (7.75)—(7.77) into account, we can rewrite the time-
derivative of V, (7.74), in the following form:

. 2 Czd 2
V(x,y,2) = —cra(l — i —_—
(x,y,2) = —cra( 1)(x t Yead _M)y)

2
— el — xz)(y = —262(1“_ x2>x)

2

Cc3E8 — €

el =gz — 22 T
aetl =) <‘7’ 2c38<1—x3>x)

A cod” 24
—c - coc
A\ =) T
— C38A3z2 + c3e5x07 — cla)qx4 + clbx3
c? (c3es — c1)?
der(1 — A2)  4deze(l — A3)

>x2 +cylx +cyxu.  (7.78)

Our goal is to express the right-hand side of (7.78) in the following form:
V < crxu+ (M — Ho(x,y,2), (7.79)

where Hy(x,y, z) is a radially unbounded non-negative function outside a ball in
R3, and M is a constant. For this reason we select the constants A, and ¢ in (7.73)
as follows:

d? dary(1 — i
Ay — _ed >0, or e < M. (7.80)
dcra(l — Ayp) Cq d?
Noticing that
—c - ccy = —c¢ -
227 dca—an ) T T TN T dea(t — )

2ccra(l — Ay) 2
X J—
Y 4rocra(l — xy) — crd?

clczcza(l — A1)

7.81
4rscra(l — 1) — cad? ( )
and 5 s
&
—C3sk3z2 + c3esx07 = —C36A3 (z — %) % (7.82)

proves representation (7.79) for any fixed x = constant. In order to show that
(7.79) holds with respect to the complete set of variables, e.g. (x, v, z), we use the
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following sequence of equalities:

c% (c3es —c1)?
4eo(1 — Ap)  4deze(l — A3)

—claA1x4+clbx3 + ( )x2—|—011x

= —apx* + a3 +apx? +azx +ay

— —box* — (x = b1)* + box® + bax + ba

= —box* — (x = b1)* + (b2 + do)x® — do(x — )’ +
= —bo(x> =)’ — (x = b)) —do(x —di)* +e1 (7.83)

with
2 2
C s —
ap = ciary, a; = c1b, a = 1 (c3es —c1) ’
der(1 —2X2)  4eze(1 —A3)
a3 = cil, ag =0, bo =ap — 1, by = jai, b2=a2+%a%,
by = a3 — 1_16“13’ by =as+ ﬁa?,
bs 2 by + dy )
dy=1, di=5>, d=b+did, e= . e1=dy+ boe}.
0 1 2d() 2 4 140 0 2b0 1 ) 0€;

(7.84)

Notice that we want the value of by in (7.83) and (7.84) to be positive. Hence
the value of

ap = crar

should be greater than 1. This can be ensured by choosing the value of ¢ in (7.73)
to be sufficiently large. As a result of this choice, taking restrictions (7.80) into
account, we conclude that the value of ¢, in (7.73) must be sufficiently small, i.e.
it must satisfy the following inequality:

darr(1 — Xy)
C]T.

) <

The value for dy can be chosen arbitrarily; here dp = 1.
The time-derivative V can now be written as follows:

V s Vs = - 1—)\. _—
(x,y,2) = —cra( 1)(x + Seradl —M)y)

(1 2s) Cc3€8 — C| 2
—c3e(l — -——x
3 N7 2061 — a3
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2
—ol- “)(y B 2cz<lcl— Az)x>

2 2,2

$X0 c3e8%x0
ez ) 220
3 3<Z 2)»3) 43

chZ 2ccra(l — i) 2
—aoll—— |y — 3
dcra(l — Ayp) 4rrcra(l — Ay) — cod
c1c202a(1 — A1)

4rscra(l — ry) — crd?
—bo(x> —e0)’ — (x —b1)* —do(x —di)* +e1 + crxu. (7.85)

It is straightforward to see that expression (7.85) is of the form (7.79), where

2 cod 2
Hy(x,y,2) = 1—A 4+
00x,y,2) cra 1)(x 2cia(l —A])y>

bese(l — as) c3e8 — C| 2
Cc3€& — - X
3 VN7 2e3e(1 — 2y

F el — h) c1 2+ ; $X0
(1 — - c3€ - —
2 P\ T 260 - n) 3T 20,

cyd? 2ccra(l — Ap) 2
tolr———— |y — 3
decra(l — Ayp) drrcra(l — Xq) — cad

+ bo(x? — eo)2 + (x — bl)4 + do(x — d1)2

and
c3652x0° creacta(l = ap)

+ ej.
iy 4rrcra(l — 1) — cad? !

Let us denote
Hi(x,y,z) =Ho— M
and rewrite (7.79) as
1% <cixu— Hi(x,y,z).

The function Hj(x,y,z) is radially unbounded. Furthermore, it is non-negative
outside a ball in R3. Hence, on choosing

1
Vi(x,y,2) = C—V(x,y,z)
1



328 Adaptive template matching

we assure the existence of a (radially unbounded) positive definite V*(x, y, z) such

that
_ Hi(x,y.2)

1

V* < xu (7.86)

where Hj(x, y,z)/c] is radially unbounded and non-negative outside a ball in R>.
Thus, according to (7.73), semi-passivity of the Hindmarsh—Rose system follows.

(2) Boundedness of the solutions. We aim to prove that boundedness of ¢; (),
i €{0,...,n}implies boundedness of the state of the coupled system. Without loss
of generality we assume that

|9 (T) | 0o,10,001 < Do

Let us denote
1
Vi = V*(xi, yi, 2i)s Hy; = aHl(xi,)’iaZi)-

Consider the following function:

n
Ve(X.y.2) = p (Z Vi, yi.zi). c>, (7.87)
i=0
where x = col(xg,...,x,),y = col(yg,...,¥n), Z=col(zg,...,2,), and
s—C, s=>0C,
'O(S’C)_{ 0, s < C.

The function Vy is non-negative for any C € R and, furthermore, is radially
unbounded. Hence, its boundedness for some C € R implies boundedness of
Xi, vi,and z;, 1 € {0,...,n}.

Let us pick C € R such that the interior of the domain

n
Qc = {X,y,z e R| ZVi(Xi,}’i,Zi) <C
i=0

contains the domain

n
2
Z Hyi(xi, yi,zi) —kxi < M, M; € R>o, k € Ro,
i=0

where M; is an arbitrarily large and « is an arbitrarily small positive constant. In
other words, the following implication holds:

n n
D Vilxiyinzi) = C= Y Hii(xiyinz) —kx} = M. (1.88)
i=0 i=0
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Such a C always exists because Hy; (x;, yi, zi) — le.z can be expressed as a sum of
a non-negative quadratic form in x;, y;, and z; and non-negative functions of the
higher order plus a constant, and V; (x;, y;, z;) is a positive definite quadratic form.

Consider the time-derivative of the function Vx (X, y, z). According to (7.87) and
(7.86)itis zero forall x,y, z € Q¢, and satisfies the following inequality otherwise:

n n n
Vy < inui - Z Hyi(xi,yi,2) = yX' Tx+ infbi(f) - Z Hy i (xi, yi, zi)-
i=0 i=0 i=0
Using Gershgorin’s circle theorem, we can conclude that
n n
Vs < in¢i(t) - ZH1,i(Xi,yi,Zi)-
i=0 i=0

Rewriting

_$i()
2k

2
1
Xi¢i(t) = —« (xi ) + Kxi2 + 4—¢>,-2(t), k>0
K

leads to the following inequality:

n

) n D2
Vs <k Y xi— Y. (Hl,i(xi7Yi’Zi) - 4—,?)
i=0

i=0

n [)2
R Z (Hl,i(xi,yi,zi) — 4—5 - Kxi2> :

i=0
Hence, by choosing the value of C such that M; > Di /(4k) in (7.88) we can ensure
that
Vg <0.
This implies that Vx (x(¢),y(?), z(¢)) is not growing with time. Hence the trajecto-
ries x; (), yi(t), and z; (¢) in the coupled system are bounded.
(3) Convergence to a vicinity of the synchronization manifold. Consider the ith

and jthoscillatorsin (7.16),i, j € {0,...,n},i # j.Letus introduce the following
function:

V=05 (Calri =) + Gy = )2 + Calzi = 2)7) . (1.89)

where Cy, Cy > 0 are to be defined and C, = C,/(s¢).
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Its time-derivative can be expressed as follows:

2 2 2
. ax;: axiy a(x; +x;)
V=—C(x; —x]-)z (Tl + TJ 4 % —b(xi +x;)+yn+ 1))

+ Cx(yi —yj)(xi —xj) — Cyd(xj —x;)(x;i +x7)(yi —¥j)
— Cy(i — yj)* = Coe(zi — 7)) + Cu(xi — x,) (i — @) (7.90)

Consider the following term in (7.90):
Ce(yi — yj))(xi —xj) — Cyd(xi — x;)(x;i + ;)i — y;) — Cy(yi — ¥

It can be written as follows:

C? 2 c2 \*? 0.5 ’
4C),XA1 (xj —x;)°" — (%—XA]) (xi —xj) — (A1Cy) ™ (i — ¥))
2
Cyd? 2 2 2N\, 0.5
+ 422 (xi —xj)"(xi +xj)° = Cy ((E) (i = x5) + A" (i —yj)

— (1= A1 = Ay — yj)% (7.91)

where Ay, Ay € Rogand A1+ Aj € (0, 1). Taking (7.91) into account, we rewrite
(7.90) as

Tt 2 C 4,

2 2 2 2
) ax: axs  a(x; +x; C,d
V < —Cy(x; —xj)z (Tt / (i j) — 2 (x; +Xj)2

—b(xi +x;)+yn+1)— Cx )

4Cy A4
— Cee(zi — zi41)* — Cy(1 — Ay — A) (i — ¥))?
+ Cx(xi — xj) (i — 9;). (7.92)
Let
Cy 2a Ay
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Then

2 2
V < —Ci(x; —xj)? a x~—é +c—l x-—é
— X 1 J 2 l a 2 J a

d? b?
D —— 7
Tyt D 8aA|1Ay a

— (1= A1 = A)Cy (v — y))* = Cre(zi — zig)? + Cu(xi — X)) (i — ¢)).
(7.93)

Hence, by choosing

1 d? 5
y > +b
(n+ Da \8A1A,

we can ensure that the first term in (7.93) is non-positive. The minimal value of y
ensuring this property can be calculated by minimizing the value
1
8A1 AL
for all Ay, Ay € Rog: A; + Ay < 1. This can be done by letting Ay =r — Ay,
r € (0, 1) and differentiating the term 1/(8A1(r — A1)) with respect to Aj. This

leads to the following solution: A; = A, = r/2. Taking this into account, we
rewrite (7.93) as follows:

V<—Cori —x)? 2 (x b2+a : b2+(+1) v
- wXi =X 2x, a 2xj a v 2ar a

— (1 =nCyi = y)* = Cee(zi — zix1)” + Calxi — x)) (¢ — ;). (1.94)

Let 5
1 d
=—— (= +p? , €1 € Roo.
14 (n+1)a<2+ )+81 €1 >0
Alternatively, we can rewrite this as
1 d?
= (4 ,r e (0,1), &3 € Rey.
Y (n+1)a<2r+ )+82r 0,1), &2 € Roo

Hence, according to (7.94), the following inequality holds:
V= —Ciea(xi = x)* = (1 = NCy(yi = ¥))* = Cae(zi = zi1)’
+ Cx(xi — xj) (i — &j).
Then, denoting « = 2 min{e», ¢, (1 — r)}, we obtain

V < —aV + Celxi —x)) (@i — ¢))- (7.95)
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Consider the following differential equation:
U =—av+ Cy(x; —Xj)(¢i —¢j). (7.96)

Its solution can be estimated as follows:

t
()] < e |u(t)| + e f " Cx(xi (1) — xj (1)) (i (v) — ¢ (1)dT
fo
forall r > #. Given that x; (¢) and x (¢) are bounded there exists a constant B such

that
C\B
o lpi(T) — d’j(f)Hoo,[zo,z]-
Then, applying the comparison lemma (see, for example, Khalil (2002), page 102),
we can conclude that

lu(t)| < e 170 u(ty)] +

—o(i— C.B
Vo) = e 0V ) + == 165 (D) = 65(Dllos pi1
Hence, conclusion (2) of the theorem follows. O

Theorem 7.2 specifies the boundaries for stable synchrony in the system of cou-
pled neural oscillators (7.16) as a function of the coupling strength, y, and the
parameters a, b, and d of a single oscillator. The last three parameters represent
properties of the membrane and, combined with x, €, s, and I, completely charac-
terize the dynamics of a single model neuron (Hindmarsh and Rose 1984), ranging
from single spiking to periodic or chaotic bursts.

The distinctive feature of Theorem 7.2 is that it is suitable for analysis of systems
with external time-dependent perturbations ¢; (¢). This property is essential for the
comparison task, wherein the oscillators are fed with time-varying inputs and the
degree of their mutual synchrony is the measure of similarity between the inputs.

While the theorem provides us with conditions for stable synchrony, it allows
us to estimate the domain of values of the coupling parameter y corresponding
to potential intermittent, itinerant (Kaneko and Tsuda 2000, 2003), or meta-stable
regimes. In particular, as follows from Theorem 7.2, a necessary condition for
unstable synchronization in system (7.16) is

;(d—z-l—bz) 7.97
y<(n+1)-a 2 ) (7.97)

Notice that conditions (7.97) and (7.69) do not depend on the “bifurcation” param-
eter / which usually determines the type of bursting in a single oscillator. They
also do not depend on the differences in the time scales defined by the parameter &
between the fast, x and y, and slow, z, variables. Hence these conditions apply for
a wide range of system behavior on the synchronization manifold. This advantage



7.2 A simple adaptive system for invariant template matching 333

also has a downside, because conditions (7.69) and (7.97) are too conservative.
However, this may be a reasonable price to pay in return for invariance of the cri-
teria (7.69) and (7.97) with respect to the full range of dynamical behavior of a
generally nonlinear system.

7.2.3 Further extensions

‘We have provided a solution in principle to the issue of invariant recognition in the
problem of template matching. Recognition occurs when mismatches in the tem-
poral representations of image and templates converge to a small neighborhood of
zero. This in turn leads to synchronized trajectories in a network of nonlinear oscil-
lators serving as detectors of coincidences. Although our overall implementation
of this idea might not be normative, we have tried to keep the number of relevant
parameters to a minimum. In particular, the dimension of the state of a single adap-
tation compartment is three, which is minimal for the generation of spikes ranging
from periodic to chaotic bursts. Moreover, conditions (7.69) and (7.97) allow us
to choose the coupling strength y as a single control parameter for regulating the
stability/instability of the synchronous activity in the network.

In this section we provide further extensions of the basic results of Theorems 7.1
and 7.2, and discuss possible links between the normative part of our theory and
some known results in vision.

Extension to frequency-encoding schemes

For the sake of notational simplicity we restricted our attention to temporal rep-
resentations (7.6) and (7.9) of spatially sampled images. These encoding schemes
can be interpreted as scanning of an image over time. Yet, the results of Section 7.2
apply to a broader class of encoding schemes. One example is the frequency-coding
used in many neural systems. Let us consider the factorization (7.6), where in the
notation F;[So, @](x, y) the symbol ¢ is replaced with v. In order to extend the initial
encoding scheme to the domain of frequency/spike-rate encoding we introduce an
additional linear functional f, as follows:

Jo(t, Fyu[S0,0]) = Zh(wu 1) - f(FulSo.0D), (7.98)

where 7 : R — R is a bounded periodic function, and w, are distinct real
numbers indexed by v. The function A (w, - ) in (7.98) serves as a basis for carrier-
function-generating periodic impulses of various frequencies w,. Thus, each vth
spatial sample of the image is assigned a particular frequency, and the amplitude
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Figure 7.6 (a) Temporal representation of a spatially distributed stimulus using
frequency encoding. A stimulus (upper row) S(x) is spatially sampled by par-
titioning its domain into the union of intervals €2;. For each 2; an integral
fi = f(F) = fQi S(x)dx is calculated and a frequency w; is assigned. The
resulting temporal representation (lower row) is expressed as the sum of two
amplitude-modulated harmonic signals of frequencies, w3 and ws. (b) Temporal
representation of a two-dimensional pattern. The pattern consists of black filled
circles. The image domain is partitioned into a collection of horizontal and vertical
strips. Dark domains correspond to higher frequencies.
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of the oscillation is specified by f(F,[So, @]). Temporal representation of a one-
dimensional stimulus according to encoding scheme (7.98) is illustrated in Figure
7.6(a).

This encoding scheme is plausible to biological vision, when frequencies w,
are ordered according to the positions of domains €2, and €2, , relative to the
center of the image. This corresponds, in particular, to the receptive fields in cat
retinal ganglion cells (Enroth-Cugell er al. 1983). Because the functional f,, is
linear in f(F,[So,@]) and the function i (w, - t) is bounded for all ¢, condition
(7.8) will be satisfied for f,,. Hence, the conclusions of Theorem 7.1 apply to these
representations.

Multiple representations of uncertainties

Another property of the system (7.22), (7.25), and (7.28), in addition to its ability
to accommodate relevant encoding schemes such as frequency/rate and sequen-
tial/random scanning, is that each single value of 6> € (62 min, 62,max) induces at
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least two distinct attracting sets in the extended space. Indeed,
A%(t) + A%(z‘) = constant = 1

along the trajectories of (7.22), (7.25), and (7.28) (see also the proof of Theorem
7.1). Hence, for almost every value of Ay (i.e. except when Ay = =1) in the
definition of 8,(¢) in (7.28) there will always be two distinct values of A3:

A3l =4/1— )\2, Ao =—4/1— )»%.

These two values give rise to distinct invariant sets in the system’s state space for
a single value of 6. The presence of two complementary encodings for the same
figure is a plausible assumption that has been used in the perceptual-organization
literature to explain a range of phenomena, including perceptual ambiguity, and
modal and amodal completion (Hatfield and Epstein 1985; Leeuwenberg and
Buffart 1983, p. 29; Shepard 1981). A consequence of the presence of multiple
attractors corresponding to the single value of perturbation is that the time for
convergence (the decision time) may change abruptly with small variations of ini-
tial conditions. The latter property is well documented in human subjects (Gilden
2001). Furthermore, the presence of two attractors with different basins for a single
value of perturbation will lead to asymmetric distributions of decision times, which
is typically observed in human and animal reaction-time data (Smith and Ratcliff
2004).

Multiple time scales for different modalities in vision

An important property of the proposed solution to the problem of invariance is that
the time scales of adaptation to linearly and nonlinearly parametrized uncertain-
ties are substantially different. This difference in time scales emerged naturally in
the course of our mathematical argument as a consequence of splitting the system
dynamics into a slow searching subsystem and a fast asymptotically stable one. This
allowed us to prove the emergence of unstable yet attracting invariant sets, thus
ensuring the existence of a solution to the problem of invariant template matching.
In particular, Theorem 7.1 requires that the time constants of adaptation to linearly
parametrized uncertainties (for instance, unknown intensity of the image) are sub-
stantially smaller than the time constants of adaptation to nonlinearly parametrized
uncertainties (image blur, rotation, scaling etc.). Indeed, as follows from Table 7.3,
the larger the difference in the time scales the higher the possible precision and
the smaller the errors. This is not to say that successful adaptation is impossible
if the time scales of adaptation are of the same order. Our results are sufficient
and only suggest that having different adaptation time scales may be beneficial
for convergence. On the other hand, a simple geometric argument can be used to
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demonstrate that the larger the value of y;/t the larger the trapping regions of
stimuli-induced attracting sets. In Section 7.3.1 we illustrate with an example how
the time scales of adaptation to different modalities might affect the performance
of a simple recognition system.

Even though the difference in time scales was motivated purely by theoretical
considerations, there is strong evidence that biological systems adapt at differ-
ent time scales to uncertainties from different modalities. For example, the time
scale of adaptation to light is within tens of milliseconds (Wolfson and Graham
2000) whereas adaptation to “higher-order” modalities like rotation and image
blur extends from hundreds of milliseconds to minutes (Webster ez al. 2002). Evi-
dence for the presence of slow and fast adaptation in motor learning is reported in
Smith ef al. (2006). These findings, therefore, motivate our belief that the system
(7.22), (7.25) and (7.28) could serve as a simple, yet qualitatively realistic, model
for adaptation mechanisms in vision, motor behavior, and decision making.

7.3 Examples

In this section we provide simple illustrations of how particular systems for invariant
template matching can be constructed using the results presented above.

7.3.1 Rotation-invariant matching and mental rotation experiments

Let us illustrate how the results of Theorems 7.1 and 7.2 can be applied to template
matching when an object is rotated over an unknown angle and its brightness is
uncertain a priori. Below we consider three examples illustrating the performance
of our system in different experimental settings. The first example corresponds to
the case when only one object is present in the image. The task is to detect an object
and infer its rotation angle and brightness. In the second example we consider an
image that contains two different objects of which the rotation angle and brightness
are uncertain. The system should be able to report the presence of templates and
estimate the values of rotation angles and brightness. In the third experiment we
illustrate the importance of separating the adaptation time scales.

Rotation-invariant matching in images with single objects

Without loss of generality and for the sake of notational convenience, suppose
that the domain 2, x €2y is a square of the following dimensions: Q, x Q, =
[0, Ymax] X [0, Xmax]. In order to obtain a temporal representation of the image we
use the frequency-encoding scheme (7.98) which was illustrated in Figure 7.6(b).
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In particular we use the following transformation

01fi(t,62) = 61 ) h(w, - 1) - f(FISi,02)), (7.99)

where 6, is the rotation angle of image S;(x, y) around its central point, ; is the
image brightness, the function 4 (w, - t) = sinz(a)v - 1), and

F(FolSi6a]) = fg RS 026y dy (7.100)

is simply an integral of the image S; rotated by an angle 6, over the strip 2, , X 2y .

For instance, let us have m horizontal strips aligned along the x-coordinates of
the templates, and n vertically aligned strips along the y-coordinates. Then

[a(i),b()] x [0, ymax], a() <b@G), i=1,...,m,

Qi x Qy; = { [0, Xmax] X [a(),b()], aG) <bG),i=m+1,...,m+n,

and the integrals (7.100) transform into

b(v) Ymax _
/ FoLS1. 0216, v)dE dy,
a(v)y JO

v=1,...,m,

F(FISi,02]) = (7.101)

Xmax b(v) _
/ FoIS1.621(E. v)dE d.
0 a(v)

v=m-+1,...,m+n.

Hence our temporal representation of the image and the templates is simply a
weighted sum of periodic functions of time sin?(w, - ), scaled by 6;, with weights
determined by (7.101).

According to (7.16),(7.22),(7.25), and (7.28) the recognition system (see Figures
7.3 and 7.8 for its general structure) can be described by the system of differential
equations provided in Table 7.4. Implementation details, initial conditions, and the
source files of a working MATLAB Simulink model can be found in Tyukin ez al.
(2007a).

We tested the system’s performance for a variety of input images, in particular
the class of Garner patterns (Garner 1962) (see Figure 7.7, first row; for ease of
computation we used relatively low-resolution images of size 101 x 101, i.e. with
Xmax> Ymax = 101). These patterns serve as an interesting benchmark because in
a long line of behavioral experiments, most recently LLachmann and van Leeuwen
(2005), the human pattern-recognition process of these patterns has been studied
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Table 7.4. Equations of the system for rotation and brightness-invariant template
matching; N is the total number of templates

Function Image Template

Temporal . 1 . 1 A A
integration bo=——do+k 01102 ¢i = _;¢i+k'91,if(t, 62,)

Adaptation No .

to brightness 01 = (g0 — i)y1 + Aij

V1
Al = ?(¢o — &)
Adaptation No 62i = (i () + Dt
to rotation .
rip = y2hizlldo — dille

Ai3 = —v2hi2lldo — dille

Detectors Xo = —axg + bxg + yo — 20 Xi = _axl,?’ 4 bx’? +yi —zi
of similarity +yuo + ¢ot) + I oy + b L1
)"Ozc—dxg—yo )'),-:c—dxl?—yi
20 = &(s(xo + X0) — 20) 2= e(s(xi 4+ %o) — zi)
Couplin _ ' o . |
funcIt)iong up = —(N+ Dxo+3_ 40 %j up=—(N+Dx;i +3 ;%
Parameters Temporal-integration subsys- . '
tem: T = 1,60, = 23,0, = Intensity adaptation
/4, k = 1/20, xmax = 101, subsystem:
Ymax = 101, m = 33, n = Y1 ZQ.S .
17, a(i) = 1,4,7,...,101 — Rotation adaptation
3, w; =1/80, i < m;a(i + subsystem:

m) = L7.13,..., oim = v2 =001, & =0.05

1/30, i <n,b@i) =a(i)+3
Detectors of similarity:
a=1,b=3,c=1,d =5,
e =0.001,s =4,y =05,
I=-62,x=1.6

in great detail. The overall intensity of these patterns does not vary from one pat-
tern to another. At the same time, the numbers of symmetries increases from the
first, through the second to the third pattern in Figure 7.7. Because of this, their
complexity decreases proportionally (Garner 1962).

Using as templates the first row of Figure 7.7, we simulated our recognition sys-
tem of which the description is given in Table 7.4. The second row of Figure 7.7
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Figure 7.7 Template matching for Garner patterns with three levels of complexity.
The patterns (upper row) were rotated by v /4 and had various intensities. Depend-
ing on the number of their rotational symmetries, they induced different numbers
of invariant sets in the system’s state space: two, four, and eight, respectively. The
diagrams of corresponding phase plots are provided in the middle row. Estimates
of the rotation angle as functions of time for different initial conditions are depicted
in the third row.

illustrates the system dynamics involved in template matching. The diagrams rep-
resent phase plots of the successful node j (for the template subsystem in which
the matching occurs). The third row contains trajectories of the estimates of the
rotation angle 6 i 2(1). Each object induces various numbers of invariant sets in the
template subsystems. The number of these invariant sets is inversely proportional
to the complexity of the stimulus. Hence, the higher the complexity the more time
the system requires to reach one. Thus the time needed for recognition increases
monotonically with the complexity of the stimulus. This is consistent with empirical
results reported in experimental studies, for instance Lachmann and van Leeuwen
(2005).

An additional property of our system is that it is capable of reporting multiple
representations of the same object. This is indicated by the dashed trajectories in
Figure 7.7. Even though the system parameters are chosen such that trajectories
converge to an attractor, we can still observe meta-stable behavior. This is because
the attractors in our system are of Milnor type, which implies that trajectories start-
ing in the vicinity of one attractor may actually belong to the basin of another
attractor. Furthermore, it is even possible to tune the system in such a way that it
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will always switch from one representation to another. The latter property suggests
that our simple system in Table 7.4 can provide a simple model for visual percep-
tion, where spontaneous switching and perceptual multi-stability are commonly
observed (Attneave 1971; Leopold and Logothetis 1999).

Rotation-invariant matching in images with multiple objects

Let us now consider the case in which two patterns are simultaneously present in
an image. As an image we chose a concatenation of two rotated Garner patterns.
The values of the rotation angles and intensities of the patterns are supposed to be
unknown. In order to be able to detect and recognize multiple patterns in the image,
the system, in addition to ensuring rotation and intensity adaptation, should be able
to scan the image in space. Therefore, we extend the system for invariant template
matching as proposed in the previous subsection (see Table 7.4) by introducing an
additional operation, i.e. a (moving) frame, which projects part of the image into
a spatiotemporal code, similarly to (7.99). In particular, instead of (7.99)—(7.101)
we will deal with the following spatiotemporal representation:

01 fi(t,02, p) = 0 Zh(wu -1) - f(FuLSi, 62, pD), (7.102)

b(v)+p Ymax _
f FolS:,021(6, y)de d,
aw)+p JO

v=1,...,m,

F(FLSi,02]) = (7.103)

Xmax b(v) _
/ FoS1.621(E. v)dE d.
0 a(v)

v=m+1,...,m+n,

where p is the position of the frame in an image. The spatial configuration of the
frame is chosen to be identical to that of the templates.

The values of p corresponding to the true positions of the objects in the image
are unknown. Therefore, an extra adaptation mechanism is needed. An economical
way to include such an adaptation mechanism into the system is shown in Table 7.5.
Instead of having an additional compartment in each template subsystem to realize
the scanning of an image, we propose that the frame of the recognition system
moves along the x-coordinate of the image (see also Figure 7.8). The equations
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Detectors of similarity
(coupled oscillators)

Temporal representation and
integration of spatial signals

............

Adaptation mechanisms

Figure 7.8 A diagram of the template-matching system detecting multiple objects
in an image. The image is viewed through a frame (depicted as a dotted rectangle)
generating a temporal representation of the corresponding portion of the image
in accordance with (7.102) and (7.103). This temporal representation is provided
to the template subsystems, which search for the values of parameters 6; and 6,
(level 1). The results are passed on to the subsystem detecting coincidence between
temporal representations of the templates and the portion of the image accessible
through the frame.

that govern this motion can be defined as

_ ro1 + 1
p= Pmax—2 s
o1 = Yor i —&illeld,
0,1 =0 o,zig{lg}{llqﬁo oille} (7.104)

702 = —Yoro1 min {llgo — @i lle},
ie{l,2}

where pmax determines the range of scanning. The value of )y needs to be chosen
small enough and is set to be rationally independent of the value of y» to assure
that the conditions of Theorem 7.1 apply. This ensures that every combination of
rotation angles and positions of the templates in the image will be visited during
the process of searching.

If we were to detect just one template in the image then adding these new
equations (7.102)—(7.104) to the previous system would suffice; it would then
behave similarly to Figure 7.7. However, if all patterns need to be recovered, a
slight modification of the adaptation algorithms is required.

In systems with weakly attracting sets connected by homoclinic trajectories (see
e.g. Figure 7.7, the second row) intermittent switching between the attractors can
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Table 7.5. Equations of the system for rotation, position, and brightness-invariant

Adaptive template matching

template matching in images with multiple objects; N is the total number of

templates
Function Image Template
Temporal . 1 . 1 A ~
integration b0 = —;¢O+k'91f(t,92a p) ¢ = _;ff’i +k-01, f(1,02,0)
Adaptation No .
to brightness 01; = (do — Piy1 + Al
; 4!
Ail = ?(qﬁo — &)
Adaptation No
to rotation 02; = (i) + Dm
hip = y2rilido — dille
. his = —whiallgo — dille
Adaptat _ roa+1 i3 V2ri2
p Aol = Yohope
202 = —Yoro.1€
e = min;e(12){lIdo — Pill}
+4
Detectors ¢ = —ax? 2 i
. 3 2 Xi =—ax; +bx’ +y
of similarity Xo = —axy +bxg +Iy0 o Zi Y yul-l—i— q&,-l(t)
STty —po(t) +1

Coupling
function
Parameters
(additional or
having different
values from
those provided
in the previous
examples)

):)0 =c— dx02 -0
20 = &(s(xp + Xo) — 20)

up = —(N + Dxo + 340 X;

Detectors of
similarity:
y=04,1=22
Position adaptation
subsystem:

o = 0.005/7, § =
0.05, pmax = 101

i =c—dx? — y

zi = &(s(x;i + Xo) — zi)
uj = _(N + 1)xi + 217&, Xj

Rotation adaptation
subsystem:
e =02

be achieved by arbitrarily small perturbations applied to the solutions. In our case
we implement these perturbations by adding a small positive constant § to the error
variables ||¢; (t) —¢o () || - This is reflected in the adaptation equations of Table 7.5.

We simulated this simple template-matching system, taking as an input image a
combination of two rotated and shifted Garner patterns (Figure 7.9, on the right).
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Figure 7.9 On the left: trajectories xo(#) —x1 () (top) and x(¢) —x2(¢) (bottom) as
functions of time. The intervals of time corresponding to synchronized parts of the
trajectories xq(t), x1(¢), and x(¢) are marked by gray rectangles. Synchronization
between xo(7) and x1(¢) corresponds to detection of Template 1 (Garner pattern
with no symmetry); and synchronization between x(¢) and x,(¢) indicates detec-
tion of Template 2 (Garner pattern with symmetry). The system switches from one
synchronized state to another, revealing the complete set of patterns present in the
image. On the right: the input image presented to the system.

The system persistently reports the presence of two patterns (Figure 7.9, on the left),
and successfully estimates their positions and rotation angles. Figure 7.10 shows
the accuracy of estimation and demonstrates how much time the system spends in
the states corresponding to successful recognition. The latter amounts to about 50
percent of the total time spent; the rest is due to transients. These values can be
controlled by parameter § > 0: the smaller the value of § the more time the system
will spend in the state of successful recognition.

An additional observation can be made about this model: in both template sub-
systems there are domains (e.g. gray areas on the right in the left-hand picture, and
the areas on the left in the right-hand picture) that are visited relatively often despite
the absence of templates in these regions. These are phantom states induced by the
concurrent presence of several template subsystems. These phantom states occur
because the value of p is shared between the template subsystems. If Template 1
is detected then the value of min; ||¢; (f) — ¢o(¢)] is small, and position p is not
changing much. Because the value of p is shared, the second template subsystem
is forced to search for Template 2 in the same position. This property is reflected
in the picture on the right.
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Figure 7.10 Normalized contour plots of the frequencies with which trajectories

(éz,i (1), p(t)) explore the parameter space of the modeled perturbations (rotation
and translation). The left panel corresponds to the Garner pattern with no symme-
tries (Template 1), and the right panel corresponds to the pattern with one symmetry
(Template 2). As these pictures demonstrate, the system spends most of the time
in close proximity to the true values of 6, and p. In the case of Template 2 the
most visited set consists of two separated domains corresponding to two values of
6, with identical temporal representation due to the symmetry.

The effect of differences in time scales

As we mentioned earlier, the difference in time scales between adaptation to lin-
early and nonlinearly parametrized uncertainties is likely to affect recognition
performance. In particular, our sufficient conditions suggest that the accuracy is
lower when adaptation to linearly parametrized uncertainties is faster than adap-
tation to nonlinearly parametrized ones. Here we check computationally whether
this prediction holds for the template-matching system considered in Section 7.3.1.
In order to avoid the potential influence of image complexity, the Garner pattern
without symmetries was used. We computed system solutions starting from identical
initial conditions but for different values of y; € [0.005,0.1]. In total 200 equally
spaced points in this interval were tested. The value of ¢, regulating the accuracy
of inferring the true value of the rotation angle, was set to ¢ = 0.01. All other
parameters were kept identical to those of the setup described in Section 7.3.1.
For every y; we calculated the amount of time 7 () needed for the estimate of
the rotation angle, éz,l, to converge into a 5-percent neighborhood of its true value,
7 /4. This value was chosen as an estimate of the convergence time. The results of
these simulations are summarized in Figure 7.11. As we observe, very small values
of y1, chosen in the interval [0.005, 0.01], result in large convergence times. When
the value of y; exceeds a certain threshold, y. = 0.02, the convergence times 7 (y;)
reduce substantially and remain relatively constant, with slight fluctuations, for all
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Figure 7.11 The convergence time T as a function of y;. The vertical gray line
delimits the domain of y; into two regions, y; > y» and y| < y».

y1 € [¥.,0.1]. Notice that y. is twice the value of y» corresponding to the time
scale of adaptation to rotation. This supports our initial hypothesis that separate
time scales of adaptation may be advantageous for the system’s performance.

7.3.2 Tracking disturbances in scanning microscopes

We next consider the application of a template-matching system with weakly attract-
ing sets to a problem of realistic complexity. We applied our approach to the problem
of tracking morphological changes in dendritic spines on the basis of measurements
received from a multiphoton scanning microscope in vitro. A distinctive property of
laser microscopy is that in order to “see” an object one needs, first, to inject it with a
photo-sensitive dye (fluorophore). The particles of the fluorophore emit photons of
light under external stimulation, thus illuminating an object from inside the tissue.
Typical data from a two-photon microscope are provided in Figure 7.12.7

We addressed the problem of how to register fast dynamical changes in spine
geometry after application of chemical stimulation. The measurements were

7 The images were provided by S. Grebenyuk, of the group working on neuronal circuit mechanisms, RIKEN
BSIL
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Figure 7.12 Typical images from the two-photon microscope. (a) A dendrite; the
domain of scanning (white line) is in the vicinity of two spines (small protrusions
on the dendrite). The size of the domain is 5.95 p and the speed of scanning, vy, is
one pixel every 2 ps. (b) Results of scanning as a function of time at the beginning
(interval [T, T»]), in the middle (domain [ 73, T4]), and at the end of the experiment
(domain [T5s, Tg)).

performed on slices. Here the need for unstable convergence is motivated by non-
linearly and non-convexly parametrized models of uncertainty. Measurements of
this kind suffer from effects of photobleaching and diffusion of the dye (see Figure
7.12), and dependence of the scattering of the emitted light on the a-priori-unknown
position of the object in the slice. On-line estimation and tracking of the effects of
photobleaching (intensity) and changes of the object position (blur) in the slice are
therefore necessary.

The measured signal is already a temporal sequence, which fits nicely with our
approach. An inherent feature of scanning microscopy is that the object is measured
using a sequence of scans along one-dimensional domains (see Figure 7.12(a)).
Hence, the objects in this case are one-dimensional mappings, and the domain €2,
is an interval 2, = [Xmin, Xmax]. For the particular images we set x;, = 1 and
Xmax = 176, which corresponds to a scanning line of 176 pixels and 5.95 pwm. In
order to reduce measurement noise we consider the averaged data in the scanning
line over n successive subsequent trials.

The measured image, Sp, was chosen to be the averaged data along the scanning
line over n successive subsequent trials. The template, S, substituted the averaged
measurements of the object at the initial time 77.

Samples of data used to generate S are provided in Figure 7.13(a). These corre-
spond to the intensity of the radiation emitted from the object in the red part of the
spectrum for the data shown in the first fragment of Figure 7.12(b). The measured
objects, Sp, are the averaged samples of data at the time instants 7; # T} (pro-
portional to 7). Focal distortions were simulated using conventional filters from
Photoshop applied to S;. These fragments are shown in Figures 7.13(b) and (c).



7.3 Examples 347
(b) ©

xmax
i | i ]
i | i .
i | I i
i I I i
Xmin | | | |
1 1 I 1
1 1 ] 1
T — Ty Ty T—Tn T, T3—Tm T;

Figure 7.13 The data used to generate the template, S; (a), and perturbed
measurements Sg at time instants 75 (b) and 73 (¢).
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Figure 7.14 The trajectories e(?), él (1), and éz (¢) as functions of time. Black lines
and regions correspond to measurements in Figure 7.13(b). Gray lines and regions
correspond to the data in Figure 7.13(c).

The sources of perturbation are the effects of photobleaching (affecting bright-
ness) and deviations in the object position in the slice (affecting scattering and
leading to blurred images). Therefore the following model of uncertainty was used:

01 Fi(x,00,1) = 01 / P EO g, (£)dk (7.105)

Qx

where x (¢), the scanning trajectory in (7.105), is defined as

Xmin + ks - 2, ! < Xmax — Xmin>

ks = 1.
X(f — (Xmax — Xmin))> [ > Xmax — Xmin»

x(1) = {

Figures 7.14 and 7.15 show the performance of the system (7.16), (7.22), (7.25),
and (7.28) in tracking focal/brightness perturbations for two measurements Sp.

Figure 7.14 shows the tracking of unknown modeled perturbations in the images.
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Figure 7.15 Plots of the synchronization error xo(¢) — x1(¢) as a function of time:
(a) corresponds to the data depicted in Figure 7.13(b) and (b) corresponds to the
measurements shown in Figure 7.13(c).

Figure 7.15 shows the synchronization errors of the detection subsystem. The sym-
bol #5y, denotes the “synchronization time” spent in the vicinity of the invariant
synchronization manifold. As can be seen from both these figures, the system
successfully tracks/reconstructs the estimates of unknown perturbations applied
to the object (Figure 7.14). Coincidence detectors report synchrony only when
the error between the profiles of the template and object is sufficiently small
(Figure 7.15). The actual time required for recognition on a standard PC was less
than 5 s.

7.4 Summary

In this chapter we illustrated how the theory and methods from the second part of
the book can be used for deriving a solution in principle to the problem of invariant
template matching on the basis of temporal coding of spatial information. Our
analysis of the problem shows that the traditional requirement of stable dynamics in
the sense of Lyapunov need not necessarily be compatible with the desired behavior
of the system. As a substitute we proposed the concept of Milnor attracting sets,
and at the level of implementation we provided systems in which such attractors
emerge as a result of external stimulation. The results provided are normative in
the sense that we require a minimal number of additional variables and consider as
simple structures as possible.

Even though the proposed systems stem from theoretical considerations, they
capture qualitatively a wide range of phenomena observed in biological visual per-
ception. These phenomena include multiple time scales for different modalities
during adaptation (Wolfson and Graham 2000; Webster et al. 2002; Smith et al.
20006), switching and perceptual multi-stability (Attneave 1971; Leopold and
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Logothesis 1999), perceptual ambiguity (van Leeuwen 1990; Hatfield and Epstein
1985), empirical observations in mental rotation (Lachmann and van Leeuwen
2005) and decision-time distributions (Gilden 2001). This motivates our belief that
the present results may contribute to the further understanding of visual perception
in biological systems, including humans.



8

State and parameter estimation of neural oscillators

In this chapter we show how our approach for developing adaptation algorithms
in dynamical systems can be applied to the problem of quantitative modeling of
individual neural cells. The available measurements are restricted to the values of
input currents, as a function of time, and evoked potentials measured at a point on
the surface of the cell’s membrane.

Most of the available models of individual biological neurons consist of sys-
tems of ordinary differential equations describing the cell’s response to stimulation;
their parameters characterize variables such as time constants, conductances, and
response thresholds, which are important for relating the model responses to the
behavior of biological cells. Typically two general classes of models co-exist: phe-
nomenological and mathematical ones. Models of the first class, such as e.g. the
Hodgkin—Huxley equations, claim biological plausibility, whereas models of the
second class are more abstract mathematical reductions without explicit relation of
all of their variables to physical quantities such as conductances and ionic currents
(see Table 8.1).

Despite these differences, these models admit a common general description,
which will be referred to as canonic. In particular, the dynamics of a typical neuron
are governed by the following set of equations:

0= i@ Dp;0; +1(),
ri = —a;(v,0,0r; + b;i(v,0,1), ®.1)
0 = (01,02,...),
in which the variable v is the membrane potential, and r; are the gating variables
of which the values are not available for direct observation. The functions ¢;(, ),

pi() €C ! are assumed to be known; they model components of specific ionic
conductances. The functions a;(-), b;(-) € C I are also known, yet they depend

350
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Table 8.1. Examples of typical mathematical models of spiking single neurons,
namely biologically plausible equations of membrane-potential generation in a
giant axon of a squid (Hodgkin—Huxley model) and a reduction of these equations
to an oscillator with polynomial right-hand side (Hindmarsh—Rose model)

Hodgkin—Huxley model Hindmarsh—Rose model

0= 1(t) — Orm>h(v + 62) + 63n* (v + 64)

+ 650 + ) 0 =01(62r — f(v) +1(2)
v+ 67 v r=03(g(v) — O4r)
n'1=(l—m)go< )—m@gexp<—)
03 10 f(v) and g (v) are polyno-
] mials:
n=1-n)bp (U_;_ 12) — nbg exp <91)
13 15 f () = 65 + Ogv
h= (1 — h)B16 exp (%) +97v2 + 981)3
17
g(v) = 0y + O19v + 01102
O19 I : R — R is the external
input, 61, . ..,011 — param-
o(x) = x/(expx — 1), 61, ...,019 — parameters, [ : eters

R — R —input current

on the unknown parameter vector 6. System (8.1) is a typical conductance-based
description of the evoked potential generation in neural membranes (Izhikevich
2007). It is also an obvious generalization of many purely mathematical models of
spike generation such as the FitzHugh—Nagumo (FitzHugh 1961) and Hindmarsh—
Rose (Hindmarsh and Rose 1984) equations. In this sense system (8.1) represents
typical building blocks in the modeling literature.

In order to be able to model the behavior of large numbers of individual cells
of which the input—output responses are described by (8.1), computational tools
for automated fitting of models of neurons to data are needed. These tools are
the algorithms for state and parameter reconstruction of (8.1) from the available
measurements of v(¢) and /(¢) over time.

Fitting parameters of nonlinear ordinary differential equations to data is recog-
nized as a hard computational problem (Brewer ef al. 2008) that “has not been yet
treated in full generality” (Ljung 2008). Within the field of neuroscience, conven-
tional methods for fitting parameters of model neurons to measured data are often
restricted to hand-tuning or exhaustive trial-and-error searching in the space of
model parameters (Prinz ez al. 2003). Even though these strategies allow careful
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and detailed exploration in the space of parameters, they suffer from the same
problem — the curse of dimensionality.

In available alternatives, recognizing the obvious nonlinearity of the original
problem, it is proposed that one reformulate the original estimation problem as that
of searching for the parameters of a system of difference equations approximating
solutions of (8.1) (Abarbanel et al. 2009); or predominantly search-based optimiza-
tion heuristics (see van Geit er al. (2008) for a detailed review) are advocated as the
main tool for automated fitting of neural models. Straightforward exhaustive-search
approaches, however, are limited to varying only a few model parameters over
sparse grids, e.g. as in Prinz et al. (2003), where eight parameters were split into
six bands. The coarseness of this parametrization leads to non-uniqueness of signal
representation, leaving room for uncertainty and inability to distinguish between
subtle changes in the cell. Finer-grained search algorithms are currently not fea-
sible, technically speaking. Other heuristics, such as evolutionary algorithms, are
examined in Achard and de Schutter (2006). According to Achard and de Schutter
(2006), replacing exhaustive search with evolutionary algorithms allows one to
increase the number of varying parameters to 24. Yet, the computational complexity
of the problem still limits the search to sparse grids (six bands per single parameter)
and requires days of simulation by a cluster of ten Apple 2.3-GHz nodes. Further-
more, because all these strategies are heuristic, the accuracy of the final results is
not guaranteed.

Here we take advantage of results presented in Chapters 4 and 5, and provide a
feasible substitute for heuristic strategies for automatic reconstruction of the state
and parameters of canonic neural models (8.1). Generally, we will follow the line of
our earlier works (Fairhurst et al. 2010; Tyukin et al. 2008a, 2010). In particular, to
develop computationally efficient procedures for state and parameter reconstruction
of (8.1) we propose to exploit the wealth of existing system-identification and esti-
mation approaches from the domain of control theory. These approaches are based
on the system-theoretic concepts of observability and identifiability (Nijmeijer and
van der Schaft 1990; Isidori 1989; Ljung 1999), and the notions of Lyapunov sta-
bility and weakly attracting sets (see Chapter 2). The advantage of using these
approaches is that an abundance of algorithms (observers) has already been devel-
oped within the domain of control. These algorithms guarantee asymptotic and
stable reconstruction of unmeasured quantities from the available observations,
provided that the system equations are in an adaptive-observer canonical form.
Moreover, this reconstruction can be made exponentially fast without any need
for substantial computational recourses. We examine whether system (8.1) is at all
observable with respect to the output v, that is, whether its state and parameters
can be reconstructed from observations of v. We present and analyze typical algo-
rithms (adaptive observers) that are available in the literature. We show that for a
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large class of mathematical models of neural oscillators at least a part of the model
parameters can be reconstructed exponentially fast.

In order to deal with more general classes of models and also to recover the rest
of the model parameters we exploit a novel observer scheme presented in Chapter
5. This scheme benefits from (1) the efficiency of uniformly converging estimation
procedures (stable observers), (2) the success of explorative search strategies in
global optimization, by allowing unstable convergence along dense trajectories,
and (3) the power of qualitative analysis of dynamical systems. We present a general
description of this observer and list its asymptotic properties. The performance of
these algorithms is demonstrated with examples.

8.1 Observer-based approaches to the problem of state
and parameter estimation

Let us consider the following class of dynamical systems:
x =f(x,0) + gx,0)u(t), x(t) € QL C R",

J (8.2)
y=h(x), xeR", 0ecR yeR,

wheref,g : R"xR"™ — R"andh : R" — Rare smooth functions,andu : R — R.
The variable x stands for the state vector, u € U C C![ty, 00) is the known input,
0 € R™ is the vector of unknown parameters, and y is the output of (8.2). System
(8.2) includes equations (8.1) as a subclass and in this respect can be considered
a plausible generalization. Obviously, conclusions about (8.2) should be valid for
system (8.1) as well.

Given that the right-hand side of (8.2) is differentiable, for any X' € Qy, u €
Clto, o0) there exists a time interval 7 = [fg, 1], f1 > fp such that a solution
x(t,x") of (8.2) passing through x” at 7 exists for all # € 7. Hence, y(t) = h(x(t))
is defined for all r € 7. For the sake of convenience we will assume that the interval
T of the solutions is large enough or even coincides with [#y, o0) when necessary.

We are interested in finding an answer to the following question: suppose that
we are able to measure the values of y(¢) and u(¢) precisely; then, can the val-
ues of x” and the parameter vector 6 be recovered from the observations of y(r)
and u(¢) over a finite subinterval of 7, and, if so, how? A natural framework
within which to answer to these questions is offered by the concept of observability
(Nijmeijer and van der Schaft 1990).

Definition 8.1.1 Two states x;, Xy € R" are said to be indistinguishable (denoted
by x1Zx,) for (8.2) if for every admissible input function u the output function
t — y(t,0,x1,u), t > 0 of the system for initial state x(0) = X1, and the output
function t +— y(z,0,X2,u), t > 0 of the system for initial state x(0) = x», are
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identical on their common domain of definition. The system is called observable if
x1Zx, implies x| = Xo.

According to Definition 8.1.1, observability of a dynamical system implies that
the values of its state, x(¢), t € [t1,12] are completely determined by inputs and
outputs u(t) and y(t) over [t1, t2]. Although this definition does not account for any
unknown parameter vectors, one can easily see that the very same definition can
be used for parametrized systems as well. Indeed, extending the original equations
(8.2) by including the parameter vector # as a component of the extended state
vector X = (x,0)7 results in

X = f(x,0) +gXx,0)u(),
6=0, (8.3)
y=h(x), x(t) € Q2 CR",

or, similarly, in

(X) +8Xu(r),

(8.4)
), X(10) = (x(10),0)T € Q; c R",

x=f

y=h
where f(X) = (f(x,0),0)T, %) = (g(x,0),0)T, and h(X) = (h(x),0). All of
the uncertainties in (8.2) and (8.3), including the parameter vector #, are now
combined into the state vector of (8.4). Hence, the problem of state and parameter
reconstruction of (8.2) can be viewed as that of recovering the values of state
for (8.4).

Definition 8.1.1 characterizes observability as a global property of a dynamical
system. Sometimes, however, global observability of a system in R" is not nec-
essarily needed. Instead of asking whether every point in the system’s state space
is distinguishable from any other point it may be sufficient to know whether the
system’s states are distinguishable in some neighborhood of a given point. This
necessitates the notion of local observability (Nijmeijer and van der Schaft 1990).

Let V be an open subset of R”. Two states x1,X, € V are said to be indistin-
guishable (denoted by x;ZVx,) on V for (8.2) if for every admissible input function
u : [0, T] — R with the property that the solutions x(¢, 0, x;,#) and x(z,0, X2, u)
both remain in V for ¢+ < T the output function  — y(¢,0,xy,u), t > 0 of the sys-
tem for initial state x(0) = x; and the output function ¢ +— y(z,0,x2,u), t > 0 of
the system for initial state x(0) = x» are identical for 0 < ¢ < T on their common
domain of definition.

Definition 8.1.2 The system is called locally observable, at xq if there exists a
neighborhood W C R" of x¢ such that for every neighborhood V. C W of xq the
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relation xoZVx; implies Xg = x;. The system is locally observable if it is observable
at each xg.

Observability tests are available that, given the functions 4 and f on the right-hand
side of (8.4), indicate whether a given system is observable. Particular formulations
of these tests may vary depending on whether e.g. the functions f, and g are analytic
or time-invariant (the inputs are constants).

Here we will restrict our attention to those systems (8.3) in which the inputs
u(t) are constants. In this case we can replace the function u(¢) with an unknown
parameter, and system (8.3) can be viewed as a system of type (8.4) yet without
inputs. One of the most common observability tests for this class of autonomous
systems' is given below (see also Nijmeijer and van der Schaft (1990), Theorem
3.32).

Proposition 8.1  System (8.4) is locally observable at a point x° € U C R+ jf
0 /~ - - - T
rank — (h(i) Lii®) L) ... L’3+d_1h(f<)) —n+d,
0x f f
VxeU. (8.5)

In what follows we shall use the test above to determine whether the models of
neural dynamics are at all observable.

8.1.1 Local observability of neural oscillators

We start our observability analysis by applying the local observability test (8.5) to
the Hindmarsh—Rose model (in Table 8.1). In order to do so we shall extend the
system’s state space so that the unknown parameters are the components of the
extended state vector. In the case of the Hindmarsh—-Rose model this procedure
leads to the following extended system of equations:

X1 913)6?4-9]2)612-1—911)6] + 010 + x2
X2 — 2x2 + O0x? + 021Xy

013 0

bio

on | =
f10
622
A

(8.6)

S O O O OO

1 Given that the functions u are known and constant, for the sake of notational convenience, system (8.4) can be
considered autonomous.
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To test whether there are points of local observability of system (8.6) it suffices
to find a point in the state space of (8.6) at which the rank condition (8.5) holds.
Here we computed the determinant,

0 B 5 B B T
D(i)zy(h(x) Leh® L&) ... L;’_lh(x)),
X
X = (x1,x2,613,012,011, 010,022,621, 1), (8.7)

on a sparse grid (of 101 x 101 pixels) and plotted those regions for which the
determinant is less than a certain value, §. The neuron parameters were set to
L = —2,913 = —10,912 = —4,911 = 6, 910 = 1,922 = —32, and 921 = —32.
Figure 8.1 shows results (obtained using Maple) for various values of §. The shaded
regions correspond to the domains where D(X) < §. According to these results,
when the value of § is made sufficiently small, the condition D(X) > § holds for
almost all points in the grid. This suggests that there are domains in which the
Hindmarsh—Rose model is indeed at least locally observable.

Let us now consider a more realistic (with respect to biological plausibility) set
of equations. One of the simplest models of this type is the Morris—Lecar system
(Morris and Lecar 1981):

0(t) = —gca G + %tanh (U(t;j 1) (v(t) — E1>>
— grw(t)(v(t) — E2) — gm(v(t) — E3),

Lo 11 1 o) + 1 u(r)
w(t) = 3 (5 + 5 tanh < £ ) — w(t)) cosh (E_6) ,

E{ =100, E, = -70, E3 = =50, E, =15, Es = 30,
E¢ = 60, gca = 1.1, gk = 2.0, gm = 0.5. (8.8)

As in the previous example, we extend the system’s state space by considering
unknown parameters as components of the extended state vector. This extension
procedure results in the following set of equations:

o(1) ( —8Ca [% + 3 tanh((v + 1)/15)(v — 100)]
— gkw( +70) — gm(v + 50)
w(t) L [% + 1 tanh((v + 1)/30)) — w]cosh(v/60)
gCa(t) = 0 : (8.9)
gK(t) 0
&m(?)
() \ 8
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Figure 8.1 Observability tests for a Hindmarsh—Rose-model neuron (see Table 8.1).

For this extended set of equations we estimated the regions where the value of D(x)
exceeds some given § > 0. These regions are presented in Figure 8.2 for various
values of §. These results demonstrate that the Morris—Lecar system (8.8) is also
locally observable.

As we have seen above, a fairly wide class of canonical mathematical and
conductance-based models of evoked responses in neural membranes satisfy local
observability conditions. We may thus expect to be able to solve the reconstruction
problem for these models. In fact, as we show below, the reconstruction problem
can indeed be resolved efficiently at least for a part of the unmeasured variables of
the system. However, before we proceed with detailed description of these recon-
struction algorithms, let us first review classes of systems for which solutions to
the problem of exponentially fast reconstruction of all components of state and
parameter vectors are already available in the literature.
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Figure 8.2 Observability tests for a Morris—Lecar-model neuron.

8.1.2 Bastin—Gevers canonical form

We start with a class of systems consisting of a linear time-invariant part of which
the equations are known and an additive time-varying component with linear
parametrization. The parameters of this time-varying component are assumed to be
uncertain. This class of systems was presented in Bastin and Gevers (1988), and its
general form is as follows:

X = Rx+ Q(1)0 + g(1),

(0 kT o u®
R_(O - ) Q(t)_( o0 ) (8.10)
y(t) = x1(1).

In (8.10), x € R”" is the state vector with y = x; assigned to be the output.
0 e R = (04,..., Gp)T is the vector of unknown parameters. R is a known matrix



8.1 Observer-based approaches 359

of constants where kT = (k», . .., k,) and F has dimension (n — 1) x (n — 1) with
eigenvalues in the open left half plane. (¢) € R"*” is an n X p matrix of known
functions of 7; the first row is designated 2 and the remaining n — 1 rows Q. The
vector function g(¢) : R — R” is known.

Equations (8.10) are often referred to as an adaptive-observer canonical form.
This is because, subject to some mild non-degeneracy conditions, it is always possi-
ble to reconstruct the vector of unknown parameters @ and state x from observations
of y over time. Moreover, the reconstruction can be done exponentially fast. Shown
below is the adaptive observer presented in Bastin and Gevers (1988). The system
to be observed, state estimator, parameter adaption, auxiliary filter, and regressor
are given in (8.10), (8.11), (8.12), (8.13), and (8.14), respectively:

X _ pa ~ le_

X(t) = RX(1) + Q(1)0 + g(1) + ( Vb ) : 8.11)
B(1) = Tp()7(1), (8.12)
V() = FV () + Q@), V() =0, (8.13)
o) =VIink + QT @). (8.14)

The outputis y = x, its estimate is y = x; and its erroris y = y — 3. This observer
contains some parameters of its own, which are at the design’s disposal. I' = I'T is
an arbitrary positive definite matrix, normally chosen as I' = diag(y1, y2,...,¥p),
¥; > 0, ¢; > 0. The auxiliary filter V (¢) is an (n — 1) x p matrix and @(¢) isa p
vector.

Using the transformation

i*:i—(fé),i:x—f(, (8.15)

the following error system is obtained:

X _( 0 F )X +( 0o )
6 = —Tpil. (8.16)

It is shown in Bastin and Gevers (1988), for constant unknown parameters, that
the solution x(¢) = X(7), 0 = 9(t) of the extended system (8.11)—(8.14) is globally
exponentially stable, provided that the regressor vector ¢(¢) is bounded for all
t > 0, and is persistently exciting (see Definitions 2.5.1 and 5.6.1). Formally, the
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asymptotic properties of the observer (8.11) and (8.12) are specified in the theorem
below (Bastin and Gevers 1988).>

Theorem 8.1 Suppose that

(1) c1 > 0, and F is a Hurwitz matrix, that is its eigenvalues belong to the left half
of the complex plane;

(2) the function @(t) is globally bounded in t, and its time-derivative exists and is
globally bounded for all t > 0;

(3) the function @(t) is persistently exciting.

Then the origin of (8.16) is globally exponentially asymptotically stable.

Adaptive-observer canonical form (8.10) applies to systems in which the regres-
sor €2(¢)@ does not depend explicitly on the unmeasured components of the state
vector. The question, however, is that of when a rather general nonlinear system can
be transformed into the proposed canonical form. This question was addressed in
Marino and Tomei (1992), in which a modified adaptive-observer canonical form
was proposed together with necessary and sufficient conditions describing when a
given system can be transformed into such a form via a diffeomorphic coordinate
transformation. This canonical form is described below.

8.1.3 Marino-Tomei canonical form

The canonical form presented in Marino and Tomei (1992) is now shown here.
The system to be observed (8.17), state estimator (8.18), and parameter adaptation
(8.19) are given below:

P
X(1) = Aix(1) + @ (y (1), u(1)) + bZﬁi(y(l),M(t))Qi,
i=1

y(t) = Cix(1),

010 0
001 0 (8.17)
Ar=| . 01,
00 0 1
000 ...0
Ci=(100 ... 0),

x(t) € R", y() e R, Bi(,):RxR— R.

2 Here we provide a slightly reduced formulation of the main statement of Bastin and Gevers (1988) corresponding
to the case in which the values of @ do not change over time.
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In (8.17) x(t) € R™ is the state vector with x;(¢) assigned to be the output y.
Matrices Aj, are C; are in canonical observer form, § € R? = (6y,--- ,9,,)T
is the vector of unknown parameters. The functions 8; are known, bounded, and
piecewise continuous functions of y(z), and u(¢z). The column vector b € R" is
assumed to be Hurwitz® with by # 0.

The adaptive observer presented in Marino and Tomei (1992) is

X(t) = (A — KCDX() + ¢o(y (1), u(0))

P
+b > B0, ut)d; + Ky (@), (8.18)

i=1
b = TB()(y — Ci¥)sign(by), (8.19)
K = bi(A1b+/\b) = (ki,- - k)T, (8.20)

n

with I' an arbitrary symmetric positive definite matrix and A an arbitrary positive
real. The n x 1 vector, b, is Hurwitz with by # 0.

For the more general case in which the vector b is an arbitrary vector, an observer
is presented in Marino and Tomei (1995a).

Theorem 8.2 Marino (1990). There exists a local change of coordinates, 7 =
®(x), transforming

p
x=f()+) 6:0qx, y=x,
i=1

x € R", y € R, 0; € R, qi : R" - R", n>2, (8.21)
with h(x°) = 0 and (£, h) an observable pair, into the system

p
i=Az+Y()+ ) 60O, y=Ciz,

i=1
z e R", ¥, :R—> R" (8.22)
with A1 and C1 in canonical observer form (8.17), if and only if
(i) ladig, adjgl =0, 0 <i,j <n—1;

3 We recall that a vector b = (by,.. ., by)T € R" is Hurwitz if all roots of the corresponding polynomial
blp"*1 + -+ b,_1p + by have negative real parts.
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where the vector field, g(x), is uniquely defined by

h(x) 0
<aﬂ Leh(x) ,g(x)>: o1 (8.23)
X

L 'h(x) 1

The proof of this result is constructed along the following lines. Suppose we use
the change of coordinates z = ®(x), then we have

. d09,
Z=—X (8.24)
0x
BL 3 90
= (—f(x)) + o D 6iai(x). (8.25)
0x x:d)fl(z) ox i—1

It is shown in Marino (1990) that, provided we meet the constraint
ladig.ad{g) =0, VxeU, 0<i, j<n-—1, (8.26)

we can cast the system into the adaptive-observer canonical form
, LaNPY:
i=Mz+Y()+ ) —0qi(x), y=Ciz (8.27)
P 0x

with A1 and C; in canonical observer form (8.17). Furthermore, if
[qi,ad{gl =0, VYxeU, 0<j<n—2 (8.28)

then we can put the system into

p
i=Az+Y()+) 0¥, y=Ciz (8.29)
i=1

This representation is linear in the unknown variables, z(¢), z2(t), . .., 2, (¢), and
01(1),02(t),...,0,(t), while it is nonlinear only in the output, y(z), which is
available for measurement.

8.2 The feasibility of conventional adaptive-observer canonical forms

Here we consider technical difficulties preventing straightforward application of
conventional adaptive observers for solving the state- and parameter-reconstruction
problems for typical neural oscillators. We start with the most simple polynomial
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systems such as the Hindmarsh—Rose equations. We show that even for this rela-
tively simple class of linearly parametrized models the problem of reconstructing
all parameters of the system is a difficult theoretical challenge. Whether com-
plete reconstruction is possible depends substantially on what part of the system’s
right-hand side is corrupted with uncertainties. Although in the most general case
reconstruction of all components of the parameter vector by using standard tech-
niques might not be possible, in some special yet relevant cases estimation of a
part of the model parameters is still achievable in principle.

Let us consider, for example, the problem of fitting the parameters of the con-
ventional Hindmarsh—Rose oscillator to measured data. In particular we wish to be
able to model a single spike from the measured train of spikes evoked by a constant
current injection. The classical two-dimensional Hindmarsh—Rose model is defined
by the following system:

¥ =—ax> +bx*+y+1,

(8.30)
y=c—dx’—y,a=1,b=3,c=1,d=5,
in which I € R stands for the stimulation current. Trajectories x(¢) of this model
are known to be able to reproduce a wide range of typical responses of actual
neurons qualitatively. Quantitative modeling, however, requires the availability of
a linear transformation of (x(¢), y(¢)) so that the amplitude and the frequency of
oscillations x () can be made consistent with data.
In what follows we will consider (8.30) subject to the class of transformations

()=( 2)()()mem o
X2 ky k3 y Dy

where k; > 0 and py, py € R are unknown. Transformations (8.31) include
stretching and translations as a special case. In addition to (8.31) we will also allow
the time constants on the right-hand side of (8.30) to be slowly time-varying. This
will allow us to adjust the scaling of the system trajectories with respect to time.

Taking these considerations into account, we obtain the following re-
parametrized description of model (8.30):

3
X = ZXWU + x2,
i =0
5 (8.32)
Xy = —Axy + ZX{@Q,,'.

i=1
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Alternatively, in vector-matrix notation we obtain

( o )=A(x>( i >+¢<x1)0, (8.33)
X2 X2
where
0 1
A(A)—(O _A>,
(1) = X x3 xy 10 0 0 (8.34)
U= 0 0 0 0 &3 X2 x )

0 = (013,012,01,1,6010,023,022,02.1).

One of the main obstacles is that the original equations of neural dynamics are not
written in any of the canonical forms for which the reconstruction algorithms are
available. The question, therefore, is whether there exists an invertible coordinate
transformation such that the model equations can be rendered canonical. Below we
demonstrate that this is generally not the case if the transformation is parameter-
independent. This is formally stated in Section 3.1. However, if we allow our
transformation to be both parameter- and time-dependent, a relevant class of models
with polynomial right-hand sides can be transformed into one of the canonical
forms.

8.2.1 Parameter-independent time-invariant transformations

Let us consider a class of systems that can be described by (8.33). Clearly this
system is not in a canonical adaptive-observer form because A()) depends on the
unknown parameter A explicitly. The question, however, is whether there exists a
differentiable coordinate transformation

z=®(x), z1 = x1

such that in the new coordinates the equations of system (8.33) satisfy one of the
canonical descriptions. The answer to this question is negative, and it follows from
the slightly more general statement in the theorem below.

Theorem 8.3 The system
P
=)+ 6iq(x), y=hX),

i=1
x € R”, y eR, q :R'—>R" n>2 (8.35)
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with
01 1 ...1
f(x) = 000 .0 X, hx)=(1 0 0 ... 0)x (836)
000 ..0

cannot be transformed by a diffeomorphic change of coordinates, z = ®(X), into

p
z=Aiz+¥,0)+ ) 60i¥;(y), y=Ciz,

i=1

zeR", yeR, ¢,:R>R (8.37)

with A1 and Cy in canonical observer form (8.17), if either (i) n > 2 or (ii) there
existsi € {1,...,p}, j €{2,...,n} such that dq; /dx; # O.

Proof The proof is straightforward. Indeed, for the observability test we have

h(x)
Leh(x) X1
Lih(x) 2+ x3+ .+ X
= 0 (8.38)
. 0
L7 'h(x)
and
h(x)
L¢h(x) 10000 ...0
5 Lh(x) 01 1 11 1
— : =] 0 0 0 0 (8.39)
ox
: 00000 0
Ly 'h(x) )

It follows that observability is lost for n > 2. This proves condition (i). In order to
demonstrate condition (ii) we use Theorem 8.2 as follows. From (8.23) we have

(o )2 (1) s
g:(?)- (8.41)

giving
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Condition (i) of Theorem 8.2 will be satisfied since the system is linear, and from
condition (ii) of Theorem 8.2 we have

[q1.ad{'g] = [q;.¢] (8.42)
= %ql — %g (8.43)
_ _% ( ; ) (8.44)
= —g—z;. (8.45)

Thus we satisfy condition (ii) of Theorem 8.2 if and only if dq;/dx; = O for all
xeU. ]

8.2.2 Parameter-dependent and time-varying transformations

Let us now consider the case in which the transformation z = ®(x,1,6,1) is

allowed to depend on unknown parameters and time. As we show below, this class

of transformations is much more flexible. In principle, it allows us to solve the

problem of partial state and parameter reconstruction for an important class of

oscillators with polynomial right-hand sides and time-invariant time constants.
We start by searching for a transformation ®:

®: q=TW)x, [TA)]#0
such that

TOIAMWT (1) = ( - ) (8.46)

where the matrix A (A) is defined as in (8.34). It is easy to see that the transformation
satisfying this constraint exists, and it is determined by

T(A) = < i (1) ) (8.47)

According to (8.46), (8.47), and (8.34) the equations of (8.33) in the coordinates
g can be written as

q=A19+¥(q)n@.2), (8.48)
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0 1
Al =
1(00),
3 2
(4 4 qgq 1 0 0 0 O
‘“q‘)_(o 0 0 0 ¢ ¢ q 1

n(0,1) = (013,012,011 — A, 010, A013 + 023,
AO12 + 622, 0011 + 621,001 0)".

where

(8.49)

Remark 8.1 Notice that

« availability of the parameter vector y in (8.48) and (8.49), expressed as a function
of # and A, implies the availability of @ and A if 61 9 # O (indeed, in this case the
value of A = ng/n4 and the values of all 6; ; are uniquely defined by 7;);

« the condition 6} o # 0 is sufficient for reconstructing the values of x,, provided
that q and » are available (indeed, in this case x = 7! M)q).

As follows from Remark 8.1, the problem of state and parameter reconstruction
of (8.33) from measured data x(¢) amounts to solving the problem of state and
parameter reconstruction of (8.48). In order to solve this problem we shall employ
yet another coordinate transformation:

1 =41,

T (8.50)
2=q+¢ ),

in which the functions ¢ (¢) are some differentiable functions of time. Coordinate
transformation (8.50) is clearly time-dependent. The role of this additional trans-
formation is to transform the equations of system (8.48) into the form for which a
solution already exists.

Definitions of these functions, specific estimation algorithms, and their conver-
gence properties are discussed in detail in the next section.

8.2.3 Observers for transformed equations

Bastin—-Gevers adaptive observer

Proceeding from (8.48) and (8.49) and applying a second change of coordinates

given by
(ZZl) ( lk Ok)(qql)
2 flk 1/ 2 )
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where f € R_g and k € R are some design parameters, we obtain the canonical
form (8.10) presented in Bastin and Gevers (1988)

( o ) =R ( “ ) +g() + Q0@ N),
22 22
0 %
K= ( 0 f )
i)

) =-— < , (8.51)
y3 y? y 1 0 0 0 0 )
Iy flky*  flky flk 1/ky> 1/ky* 1/ky 1/k )°

00, 1) = (013, 012, 011 — A, O10, 623 + AB13, 2 + AB12, B21 + AO11, AB10)T .

Q) =<

System (8.51) now is in the Bastin—Gevers adaptive-observer canonical form.
Notice that the parameter vector 7(#,A) remains unchanged and recall Remark
8.1. Let us proceed to the observer construction following the steps described in
(8.11)—(8.16).

We start by introducing an auxiliary filter of which the general form is given by
(8.13). According to (8.51) the auxiliary filter is defined as follows:

b1 = fur+ (f/h)y>,
b = fua+ (f/h)y>,
b3 = fus + (f/k)y,
U4 = fua+ (f/k),

. 8.52
o5 = fus + (1/K)y%, (8.52)
b6 = fue+ (1/k)y?,
07 = for 4+ (1/k)y,
vg = fug + 1/k.
Hence, in accordance with (8.14) the regressor vector ¢(¢) is written as
o1 = kvy + y3,
@2 = kvp + y2,
@3 =kvs +y,
04 = kvg + 1, (8.53)
@5 = kv,
@6 = kvy,
@7 = kvs,

@8 = kuvy,
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and the observer equations are as follows:

2 — k N R . 0
x:< (;‘1 ¥ >X+(CO' >x1+g(t)+§2(x1)n+( ny )

. . (8.54)
n=Teo(x —x1),

V = (v1, v2,v3, 04, V5, Vg, U7, U8).

On taking (8.52)—(8.54) and (8.16) into account, we obtain the following equations
governing the dynamics of the estimation error, (X*, 7)T:

Sk —c1 k o ‘pTﬁ
e (5 5%,
i = —Tgxi}. (8.55)

The auxiliary filter (8.52) acts here as an inherent component of a time-varying
coordinate transformation rendering the error dynamics into (8.16). This coordinate
transformation is similar to that defined by (8.50), provided that z and # in (8.50)
are replaced by estimation errors X* and 7).

Letus now explore asymptotic properties of the observer. First we notice thatv4(¢)
and vg(¢) both converge to constant values exponentially fast as r — o0. In fact,

1 1
Iim v4(t) = ——, lim vg(t) = ——
t— 00 k t— 00

[k

Thus accordingly ¢4(¢) and @g(¢) both tend to constant values as t — 00:

1
lim @4(t) =0, lim @g(t) = ——.
—00 t—00

f

The latter fact implies that the persistency-of-excitation requirement is necessarily
violated for regressor (8.53). Indeed, this condition does not hold if one of the
components of ¢(¢) is exponentially converging to zero. The question, therefore,
is whether this approach can be used at all to construct asymptotically converging
estimators of the state and parameters of (8.51). The answer to this question is
provided in the corollary below.

Corollary 8.1 Consider the function

@(1) = (@1(1), 92(1), p3(1), 95(1), P6 (1), 7 (1), s (1))

If it is globally bounded and persistently exciting then the following holds along
the solutions of (8.52)—(8.54):

lim x() — x(1) =0, lim 7;(t) —m;i, i #4,
t—00 t—00

and the convergence is exponential.
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Remark 8.2 Corollary 8.1 demonstrates that even though the original result
of Bastin and Gevers (1988), i.e. Theorem 8.1, does not apply to system (8.51)
directly one can still construct a reduced-order observer for this system. This
reduced observer guarantees partial reconstruction of unmeasured parameters, and
this reconstruction is exponentially fast. To recover the true values of unknown
parameters one needs to solve the system

n = 013,
N2 = 012,
n3 =611 — A,

ns = 623 + 1013,
ne = 62 + 1012,
n7 = 61 + A011,
ng = A010,

for 6; and X taking the values of 7); as the estimates of 1;. The solution to this system
might not be unique, hence the reconstruction is generally possible only up to a
certain scaling factor.

The Marino—Tomei observer

Let us define the vector-function ¢ (¢) in (8.50) as follows:

Ci = —k&i + kvr,i(q1) — ¥2,i(q1), k € Ry

In this case we have
8 8 8
=Y Yailqni +k (— > ami+ lﬂl,i(m)m) — Y YnilgDni
i=1 i=1 i=1

8
=k Z(—Ci + YLi(g)n;.

i=1

Hence, taking equality (8.50) into account and expressing g, as g2 = z3 —
cT(t)n(d, 1), we obtain

8
Z1=22+ Z(—Ci + ¥1i(q))ni,

=l (8.56)

8
Gr=kY (=G + i)

i=l
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Notice that 1 4(q1) = ¥28(q1) = 1, hence —¢4 + ¥1.4(q1) and —&g + ¥1.8(q1)
converge to some constants in R exponentially fast as ¢ — 00. Moreover, the sum
—4 + Y¥r1.4(q1) converges to zero and the sum —¢g + 1 g8(g1) converges to —1/k
ast — oo. Taking these facts into account, we can conclude that system (8.56) can
be rewritten in the following (reduced) form:

z=A1z+bo (z1,0)v(0,)) +be(r),

e (0h) (L)

=&+ Y1a(z1)
—& + Y12(21)
—&3 + ¥13(21) (8.57)
—¢s +v18(z1) |
—&5 + Y15(21)
—&6 + V16(21)
—&7 + v17(21)

v(0,1) = (013,012,01.1,01.0, 7013 + 23,7010 + 22,2011 + 621)",

é(z1,1)

where ¢(¢) is an exponentially decaying term.
System (8.57) is clearly in the adaptive-observer canonical form. Hence, it admits
the following adaptive observer:

Z=A1z+ LG —121)+be (21,00,
Cy = (1,0), z) = Ciz,

-1 (8.58)
L= ,h=k+1, b=k,

b = —y (&1 — 20)¢i(z1. 1), ¥ € Reg,
of which the asymptotic properties are specified in the following theorem.

Theorem 8.4 Let us suppose that system (8.57) is given and its solutions are
defined for all t. Then, for all initial conditions, solutions of the combined system
(8.57) and (8.58) exist for all t and

lim z(t) —z(t) = 0.
1—00

Furthermore, if the function ¢(z1,1) is persistently exciting and z(t) is bounded
then

lim v(r) —v(0,1) =0,
—00

and the dynamics of Z — z and 0 — v are exponentially stable in the sense of
Lyapunov.
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Proof The proof of the theorem is standard and can be constructed
from many other more general results (see, for example, Marino (1990) and
Narendra and Annaswamy (1989)). Here we present just a sketch of the argument
for consistency. According to our assumptions, the matrix A; + LC; is Hurwitz.
Moreover one can easily check that the transfer function C1(p — (A1 +LCy ) 'bis
strictly positive real. Hence, using the Meyer—Kalman—Yakubovich—Popov lemma,
we can conclude that there exists a symmetric and positive definite matrix H such
that

H(A; + LC) + (A1 + LC)TH < —Q, Hb = (1,0), (8.59)

where Q is a positive definite matrix. Let us now consider the following function

V(z,0,1) = l(z—i)TH(z—i)Jr l||v — o>y '+ D " 2y
0.0 =5 5 y+/te(r)r,
where the value of D is to be specified later. Clearly, the function V is well defined
for the term & () is continuous and exponentially decaying to zero as t — oo. Thus,
the boundedness of V implies that ||Z — z| and |0 — v|| are bounded.

Consider the time-derivative of V:

V=@-2"(HA +LC)+ (A + LCHTH)(z — D)}
+(z—2)THbp (z1,1)(v — D) + (z — 2)THbe
— (v —9)"(1,00 - D$(z1,1) — De’.
Taking (8.59) into account, we obtain

V<-z-2"0z—-23+lz—12|le(t)|M — De?
< —allz —2|> + ||z — 2|||e(r)|M — D&, (8.60)

where @ > 0 is the minimal eigenvalue of Q%, M is a fixed positive number, and
D is a parameter of V that can be chosen arbitrarily and independently of M. By
choosing D such that
aD
— =M,
4
we ensure that

V<-—Zlz-z2
= —||T — 2|l -
2

Thus, the function V is bounded from above, and, given that the solution z(¢) exists
for all ¢+ > 19, so does the solution of the combined system. The rest of the proof
follows directly from Barbalat’s lemma and the asymptotic-stability theorem for the
class of skew-symmetric-time-varying systems presented in Morgan and Narendra
(1992). O
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Remark 8.3 Similarly to Corollary 8.1 for the Bastin—Gevers observer, Theorem
8.4 provides us with a computational scheme that, subject to the condition that
¢(z1,1) is persistently exciting, can be used to estimate the values of the modified
vector of uncertain parameters v (6, A). The question, however, is that of whether
the values of @ and X can always be restored from v (@, 1). In general, the answer
to this question is negative. Indeed, according to (8.48) we have

013 = vi,

012 = v,

01— A =3,
010 = A01 0 = Vg4, (8.61)

AD13 + 023 = vs,
A1+ 0o = ve,
AB11 4621 = 7.

As follows from (8.61) one can easily recover the values of 63, 012, and 6y ;.
However, recovering the values of the remaining parameters explicitly from the
estimates of v (@, 1) is possible only up to a certain scaling parameter. Indeed, the
number of unknowns in (8.61) exceeds the number of equations by one.

Remark 8.4 Notice that in the relevant special cases, when the value of any one
of either 623, 622, and 6,1 is zero, such reconstruction is obviously possible. Let
us suppose that 6, 3 = 0. Hence, the value of A can be expressed from (8.61) as
U5
A= —, (8.62)
U1
and thus the rest of the parameters can be reconstructed as well. Owing to the pres-
ence of division in (8.62), this scheme may be sensitive to persistent perturbations
when vs = A0 3 is small.

So far we have considered special cases of (8.1) in which the time constants of
unmeasured variables were unknown yet constant and the parametrization of the
right-hand side was linear. As we mentioned in Remark 8.4, even for this simpler
class of systems solving the problem of parameter reconstruction might not be a
straightforward operation. For example, if there are cubic, quadratic, and linear
terms in the second equation of (8.33) then recovering all parameters of (8.33) by
use of the observer (8.58) might not be possible. Nonlinear parametrization, time-
varying time constants, and nonlinear coupling between equations on the right-hand
side of (8.1) make the reconstruction problem even more complicated.
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In the next section we show that for a large subclass of (8.1) there always exists
an observer that solves the problem of state and parameter reconstruction from
the measurements of V. Moreover the structure of this observer does not depend
significantly on the specific equations describing the dynamics of the observed
system.

8.3 Universal adaptive observers for conductance-based models

The ideas of universal adaptive observers for systems with nonlinearly parametrized
uncertainty were introduced in Chapter 5. Here we discuss how they can be applied
to the problem of state and parameter reconstruction of (8.1).

The following subclass of (8.1) is considered:

n
Oy $0(x0, po.1) + Y _ ci(x0,qi- )xi + co(x0, g0, 1) + Eo(t) + u?),

X0 =
i=1
X1 = —Bixo, 11, 1) x1 + 0] 1 (x0, p1.1) + E1(D),
X = —Bi(xo, i, 1) xi + 6, Pi(x0, pi, 1) + & (1),
Xn = —PBu(x0, T, 1) Xpn +0y}‘¢i(x0’ DPn>t) +8,(1),
(8.63)
y=(1,0,...,0)x = xo, xi(t0) = xi0 € R,
X = col(xo,xl, e ,xn), 9,' = 001(9,"1, N ,Gi,d,‘)a
where

¢, RxR"™ xRsg— R4, ¢, €C®, diym; €N, i ={0,...,n},
Bi :RxRxRsg— Reog, Bi €C% i ={1,...,n},
¢i :RxR"xRs9— R, ¢ e Y, r €N, i={0,...,n},

are continuous and known functions, u : R>o — R, u € CY is a known function
of time modeling the control input, and §; : R>g — R, &; € CY are functions that
are unknown, yet bounded. The functions &;(¢) represent unmodeled dynamics,
external perturbations, residuals due to the coarse-graining procedures at the stage
of reduction, etc.

The variable y in system (8.63) is the output, and the variables x;, i > 1 are the
components of state x, which are not available for direct observation. The vectors
6; € R% consist of linear parameters of uncertainties on the right-hand side of the
ith equation in (8.63). The parameters 7; € R, i = {1,...,n} are the unknown
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parameters of the time-varying relaxation rates, B; (xo, T;,t), of the state variables
xi, and the vectors p; € R™ and g; € R, consist of the nonlinear parameters of
the uncertainties. The functions c¢; (xo, g;, t) are supposed to be bounded.

Notice that system (8.63) is almost as general as (8.1). The only difference is
that the variables x;, i > 1 enter the first equation of (8.63) as

n
Zci(xo,qz',t)xi,

i=1

whereas the corresponding variables r; in system (8.1) enter the first equation in a
slightly more general way,

>, 9i@0p;(0;.

For notational convenience we denote:
6= C01(90,91, e ,9,,),
)“ - COl(pO’ q07 Tla p17q17 LECIRE) Tn, p}’l9 Qn),

n
s=dim ) =n+ Z(m,- +ri).
i=0
The symbols 29 and €2; denote the domains of admissible values for # and A,
respectively.

The system’s state X = col(xg, x1, ..., X,) is not measured; only the values of
the input u(¢) and the output y(¢) = xo(z), t > o in (8.63) are accessible over any
time interval [#o, 7] that belongs to the history of the system. The actual values of the
parameters @ and A are assumed to be unknown a priori. We assume however, that
they belong to a set, e.g. a hypercube, with known bounds: 6; ; € [6; min, ¢i max].
Ai € [)\i,min, )\i,max]-

Instead of imposing the traditional requirement of asymptotic estimation of the
unknown parameters with arbitrarily small error we relax our demands to estimating
the values of the state and parameters of (8.63) up to a certain tolerance. This is
because we allow unmodeled dynamics, &;(¢), on the right-hand side of (8.63). As
a result of such a practically important addition there may exist a set of systems of
which the solutions are relatively close to the measured data yet their parameters
could be different. Instead of just one value of the unknown parameter vectors
0 and A we therefore have to deal with a set of @ and A corresponding to the solutions
of (8.63) which over time are sufficiently close. This set of model parameters is
referred to as an equivalence class of (8.63).

Similarly to canonical observer schemes (Marino 1990; Bastin and Gevers 1988;
Marino and Tomei 1995a), the method presented in Chapter 5, in Section 5.6.2,
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relies on the ability to evaluate the integrals

4 t
i (¢, 75, pi) = / ¢~ e BioCOT0d g (x4 (2), pi, T)dT (8.64)
fo

at a given time ¢ and for the given values of 7; and p; within a given accuracy. In
classical adaptive-observer schemes, the values of §;(xo, 7;,¢) are constant. This
allows us to transform the original equations by a (possibly parameter-dependent)
non-singular linear coordinate transformation, ® : x +— 1z, x; = zj, into an
equivalent form in which the values of all time constants are known. In the new
coordinates the variables z», . .., z, can be estimated by integrals (8.64) in which
the values of S;(xo, 7;, ) are constant and known. This is usually done by using
auxiliary linear filters. In our case, the values of B;(xo, 7;, ) are not constant and
are unknown due to the presence of ;. Yet if the values of t; were known we could
still estimate the values of integrals (8.64) as follows:

t
[ e temontoning, xoo). vy
1

0

! t
/ e~ e 00O TN0dX g (xo(7), pi.T)dT = it T pi). (865
t—T

where T € R. ¢ is sufficiently large and t > T + 1.

Alternatively, if @, (xo(?), pi,t) and B;(xo(), Ti, t) are periodic with rationally
dependent periods and satisfy the Dini condition in #, the integrals (8.64) can be
estimated by invoking a Fourier expansion. Notice that for functions w; (¢, 7, p;)
that are continuous and Lipschitz in p; the coefficients of their Fourier expansion
remain continuous and Lipschitz with respect to p;.

In the next sections we present the general structure of the observer for (8.63)
and provide a list of its asymptotic properties.

8.3.1 Observer definition and assumptions

Consider the following function ¢@(xg, A, 1) : R x R x R>g — R, d = Z?:o d;:

@(x0. X, 1) = (po(x0, po. 1), c1(x0, g1, D1 (£, 71, p1)s - ..
(8.66)

Cn (X0, gn, 1) Un(t, T, Pn))T .

The function ¢@(xg,A,?) is a concatenation of ¢(-) and the integrals (8.64). We
assume that the values of ¢ (xg, A, ¢) can be efficiently estimated for all xg, A, > 0
up to a small mismatch. In other words, we suppose that there exists a function
@(x0, A, t) such that the following property holds:

||¢(X(),X, t) - (o(x()’ X’ t)” 5 Ag{)’ A(p € IR>O’ (867)
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where the values of @(xg, A, #) are efficiently computable for all xg, A, and ¢ (see
e.g. (8.65) for an example of such approximations), and A, is sufficiently small.

If the parameters t;, p;, and ¢; on the right-hand side of (8.63) were known,
and ¢;(x0,qi,t) = 1 and B;(xo,7i,t) = Tt;, then the function ¢@(xg,A,?) could
be estimated by (¢ (x0,7), 11, ..., n,), Where n; are the solutions of the auxiliary
system (filter)

ni = —1in; + ¢; (xo, pi,t) (8.68)

with zero initial conditions. Systems like (8.68) are inherent components of standard
adaptive observers (Kreisselmeier 1977; Bastin and Gevers 1988; Marino 1990).
In our case we suppose that the values of 1;, g;, and p; are not known a priori and
that c; (xg,qi,t) and B;(xo, Ti,t) are not constant. Therefore, we replace n; with
their approximations, e.g. as in (8.65):

@(x0, A, 1) = (do(x0, po. 1), c1(x0, g1, D1 (E, T1s P1)se e s
Cn(x()’qn?t)/ll’l(te Tn, pi’l))T'

For periodic ¢;(xo(t), pi,t) and B;i(xo(¢),7;,t) a Fourier expansion can be
employed to define @(xp,A, ). The value of A, in (8.67) stands for the accu-
racy of approximation, and as a rule of thumb the more computational resources
are devoted to approximate ¢ (xo, A, ?) the smaller is the value of A,.

With regard to the functions &; () in (8.63) we suppose that an upper bound, Ag,
of the following sum is available:

n

1
D NE@ oo ioe + 160D loo 001 < Mgy Ag € Rao. (8.69)

i=1 !

Denoting co(xg,q0,t) = co(xo, A, 1), for notational convenience, we can now
define the observer as

A N AT A a
X0 = —a(Xo — x0) +0 @(xo,A, 1) + colxo, A, 1) + u(t),
. (8.70)

0 = —yp(%o — x0)@(x0, A, 1), v, € Rog,

% = —Bi(x0, 7 Ei + 6] ; (x0, pin 1), i = {1,....n), (8.71)
where
é = co](éo,él, - ,én)

is the vector of estimates of #. The components of the vector

X = COl(ﬁO’ éO’ ‘Eh ﬁla(',l\l’ I ] fn, ﬁ}% ‘}n) = COl(j\'l’ e ’5\'5)’
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with s = dim(X), evolve according to the following equations:
Ao ) SRS 9 22
X1,j =y -wj-e- (xl,] —X2,j — X1,j (xl,j +x2’j)),
Xpj=vy-wj-e <£1,,- + A= Ao (3?12,]- + X§,)) ’ (8.72)
ij(il,j) = )\j,min + [()Mj,max - Aj,min)/z](il,j + D),
e = 0o (|lxo — Xolle),
with
J=1{....s}, & ;00)+25;(0) =1,
where o (-) : R — R is a bounded continuous function, i.e. o (v) < S € Ry,

and |o(v)| < |v|forall v € R; w; € R are set to be rationally independent (see
(5.165)).

8.3.2 Asymptotic properties of the observer

The asymptotic properties of the observer are specified in Corollaries 8.2 and 8.3
from Theorem 5.10. Corollary 8.2 establishes conditions for state boundedness of
the observer, and states its general asymptotic properties. Corollary 8.3 specifies a
set of conditions for the possibility of asymptotic reconstruction of 6;, 7;, and p;,
up to their equivalence classes and small mismatch due to errors.

Proofs of these corollaries follow immediately from Theorem 5.10.

Corollary 8.2 Let the system of (8.63) and (8.70)—(8.72) be given. Assume that
the function @ (xo(t), A, t) is L-uniformly persistently exciting, and that the functions
@(xo(t),A,t) and co(xo(t), A, t) are Lipschitz in A:

l@(xo(2), A, 1) — @(xo(1), A, 0)|| < DA =1, 8.73)
llco(xo (), A, 1) — co(xo(t), A, )| < DeJIL —A/]|.
Then there exist numbers ¢ > 0 and y* > 0 such that for all y € (0, y*]
(1) the trajectories of the closed-loop system (8.70)—(8.72) are bounded and
Tim_[lfo() = xo(0)]le = 0;
(2) there exists A* € Qy, k € Roq such that
Jlim A(t) = A" (8.74)
Remark 8.5 Corollary 8.2 assures that the estimates 0(r) and A (1) asymptotically

converge to a neighborhood of the actual values @ and A. It does not specify,
however, how close these estimates are to the true values of @ and A.
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The next result states that, if the values of Ay, and Ag,

ll@(x0,X,1) — @(x0, X, )| = Ay,
n

1
Y & @ oo i.000 + 160D lloo .00 < Ae,

i=1

in (8.67) and (8.69) are small, e.g. @(xo(¢), A, 1) approximates ¢ (xo(?),A,t) with
sufficiently high accuracy and the unmodeled dynamics is negligible, then the esti-
mates 6 (t) and i(z) will converge to small neighborhoods of the equivalence classes
of @ and A. The sizes of these neighborhoods are shown to be bounded from above
by monotone functions A:

A=0]Ay+ Ag

vanishing at zero. Formally this result is stated below.

Corollary 8.3 Let the assumptions of Corollary 8.2 hold, and assume that
Po(x0, A1) € Cl, the derivative 0@ (xo(t),A,t)/0t is globally bounded, and
A = ||0]|Ay + Ag is small. Then there exist numbers ¢ > 0 and y* > 0 such
that for all y; € (0,y™)

(1) limsup, o [10(t) — 0] = r1(A), r1 € K;
(2) if0T¢(x0(t), A, 1) + co(xo(t), A, t) is weakly nonlinearly persistently exciting
with respect to A, then the estimates A(t) converge into a small vicinity of E(1):

imup |10 = raa), 2 k.
1m sup ()m) r(A), r

t—00

8.4 Examples

The canonical form (8.51) and the corresponding observer were implemented in
MATLAB, and numerical results are presented in Figure 8.3. The measured trajec-
tory xo(#) was generated by the Hindmarsh—Rose model with parameter values set
as follows:

A=12027, 013=—104, 0,,=—-435 0,5 =6.65,
010 =09125, 6yp=—3245 6,5 =—32.15.

The parameters of the observer were chosen as
k=1, c1 =1, I' =diag(1,1,1,1,1,1,1, 1), F=-1.

In addition to simulating the Bastin—Gevers observer for the Hindmarsh—Rose
model we also simulated the observer (8.58) derived within the framework of the



380

State and parameter estimation of neural oscillators

2 8 10
0 6
5 8
- 4
-6 Y e
-8 0 4
S0P -2 5
-12 AR mmmm e
14 -6 0
1 2 3 4 5 o 1 2 3 4 5 0 1 2 3 4 5
x10° x10° x10°
@) (1) vs.t (b) () V.1 (© fy(0) vs.t
10 10 5
5 0 0
0 -10 -5
-5
20 -10
~10
s -30 -15
20 e T — -20 [/‘ """""""""
-25 -50 25
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
x10° x10° x10°
(d) Ns(0) vs. 1 (©) A() vs.t () () vs. ¢
. SO
1
0
-1
2
-3
_4
-5
-6

0 1 2 3 4 5
x10°
(2) Ng(t) vs. t

Figure 8.3 Simulation results for the Bastin—Gevers observer. Each 7; (¢), i # 4,
is shown with the true values indicated with a broken line. The periodic time of
the spikes is about 10 s while the total time simulated is 5 x 10° s, thus the figures
spans thousands of spike cycles. The visual effect of these extreme time scales is
seen in the figures; hunting oscillations within the observer are seen as thickening
of the graphs of certain estimated parameters.

approach presented in Marino (1990). In this case we set

-1,
03 =0,

6o = -5,

012 =3, 013 =0,

01 =0,

010 =15,
A=—1.
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There is no particular reasoning behind such a choice of parameters in both this and
the previous case apart from the fact that these parameters must induce persistent
oscillatory dynamics of the solutions of (8.32). The parameters of the observer were
chosen as follows:

I =2, h=1, y =1, k=1.

Simulation results for this system are shown in Figure 8.4.

Let us now turn to a more realistic class of equations, i.e. conductance-based
models. In particular, we consider the Morris—Lecar model (Morris and Lecar
1981):

. 1
V= E(—§Camoo(V)(V — Eca) — gxw(V — Ex) —gL(V = Vo)) + 1,

L we(V)
w = r(V)w+ ) (8.75)

Moo(V) = 0.5 (1 + tanh (V — Vl)) ,
1%}

Weo (V) = 0.5 (1 + tanh (V — V3)) ,
Va

1
cosh[(V — V3)/(2Vy)]

where

(V)="Ty

System (8.75) is a reduction of the standard four-dimensional Hodgkin—
Huxley equations, and is one of the simplest models describing the dynam-
ics of evoked membrane potential and, at the same time, claiming biological
plausibility.

The parameters gca, gk, and gr, stand for the maximal conductances of the
calcium, potassium, and leakage currents, respectively; C is the membrane capac-
itance; V1, Vo, V3, and V4 are the parameters of the gating variables; Tp is the
parameter regulating the time scale of ionic currents; Ecy and Ex are the Nernst
potentials of the calcium and potassium currents; and Et, is the rest potential. The
variable I models an external stimulation current. In this example the value of
was set to I = 10.

The total number of parameters in system (8.75) is 12, excluding the stimulation
current /. Some of these parameters, however, are already available or can be
considered typical. For example the values of the Nernst potentials for calcium and
potassium channels, Ec, and Ek, are known and usually are set as Ec, = 100
and Ex = —70. The value of the rest potential, Vj, can be estimated from the cell
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Figure 8.4 Simulation results for the Marino—Tomei observer. Each 0; (¢) is shown
with the true values indicated with a broken line. The periodic time of the spikes
is about 10 s while the total time simulated is 10 x 103 s, thus the figures span
thousands of spike cycles. The visual effect of these extreme time scales is seen in
the figures; hunting oscillations within the observer are seen as thickening of the
graphs of certain estimated parameters.

explicitly. Here we set Vo = —50. Parameters V| and V; characterize the steady-
state response curve of the activation gates corresponding to the calcium channels,
and V3 and Vy are the parameters of the potassium channels. In the simulations we
set these parameters to standard values as e.g. in Koch (2002): Vi = —1, V, = 15,
V3 = 10, and V4 = 29.
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The values of the parameters gca, gk, &L, and Ty, however, may vary substantially
from one cell to another. For example, the values of gc,, gx, gL depend on the
density of ion channels in a patch of the membrane; and the value of 7p is dependent
on temperature. Hence, in order to model the dynamics of individual cells, we need
to be able to recover these values from data.

As before, we suppose that the values of V' over time are available for direct
observation, and the values of w are not measured. System (8.75) has no linear
time-invariant part, and the dynamics of w are governed by a nonlinear differential
equation with the time-varying relaxation factor, 1/t (V). Therefore, the observers
presented in Section 8.2 need not be applied explicitly to this system. This does not
imply, however, that the parameters gca, gk, gL, and Ty cannot be recovered from
the measurements of V. In fact, as we show below, one can successfully reconstruct
these parameters by using observers defined in Section 8.3.

For the sake of notational consistency we denote xo = V, x; = w, and without
loss of generality suppose that C = 1. Hence, system (8.75) can now be rewritten
as follows:

X0 = 6p,1M oo (x0)(x0 — Eca) + 6p,1x1(x0 — Ex) + 6o3(x0 — Vo) + 1,
_ | (8.76)
x1 = —Bi(xo, M)x1 + x¢1(X0),

where

1 x0— V3
,)\, = - h ) )" = T s
B1(x0, A) 5 €os ( Vi ) 0

xg— V3

¢1(xg) = cosh ( ) Woo (X0).

Noticing that 81 (xg, A) is separated away from zero for all bounded x¢ and positive
), we substitute variable x in (8.76) with its estimation

FO] L[ eoeh(09Y _v
x (A, 1) = / Xe » e COSh( 2Va )ds cosh (%) Wao (x0(T))dT.
—T

4

The larger the value of T the higher the accuracy of estimation for large ¢. After
this substitution system (8.76) reduces to just one equation,

X0 = 60,190,1(x0) + 60,2¢0,2(x0, A, 1) + 603¢0,3(x0) + 1 + &0(1), (8.77)
where
$0,1(x0) = Moo(x0)(x0 — Eca),
$0,2(x0, A, 1) = (xo — Ex) x (%, 1),
$0,3(x0) = (x0 — Vo),



384 State and parameter estimation of neural oscillators

and the term &y(¢) is bounded.

Equation (8.77) is a special case of (8.63), and hence we can apply the results of
Section 8.3 to construct an observer for asymptotic estimation of the values of 6y 1,
602, 603, and A. In accordance with (8.70)—(8.72) we obtain the following observer
equations:

%o = —a(fo — xo0) + é1¢0,1 (x0) + éz(ﬁo,z(Xo, o)+ é3¢>0,3(x0) +1,

01 = —yp (o — x0)P0.1 (X0,

>e

h = —p (Ko — x0)0.2 (X0, A, 1),
)3 = —yp (R0 — X0)¢03(x0), (8.78)
A=34%1

A A A A A2 22
X1,1 =Yye (X1,1 — X211 — X1,1 (x1,1 —I—xz,])),
A . ~ ~ A a2 22
X2 1 =Yye (X1,1 + X2,1 — X2.,1 (xl,l +x2,1>>,
e =0o(|lxo — Xolle). (8.79)

The parameters of the observer were set as follows: « = 1, ¢ = 0.001, y = 0.01,
and yp = 0.05.

According to Theorems 8.2 and 8.3, the observer (8.78) and (8.79) should ensure
successful reconstruction of the model parameters, provided that the regressor is
persistently exciting. This requirement is satisfied for model (8.76) generating peri-
odic solutions. We simulated the system (8.76), (8.78), and (8.79) over a wide range
of initial conditions. Figure 8.5 shows an example of the typical behavior of the
observer over time. As we can see from this figure, all estimates converge to small
neighborhoods of true values of the parameters.

8.5 Summary

In this chapter we have explored observer-based approaches to the problem of state
and parameter reconstruction for classes of typical models of neural oscillators.
The estimation procedure in this approach is defined as a system of ordinary dif-
ferential equations of which the right-hand side does not depend explicitly on the
unmeasured variables. The solution of this system (or functions of the solutions)
should asymptotically converge to small neighborhoods of the actual values of the
variables to be estimated. Until recently, due to nonlinear dependences of the vector
fields of the models on unknown parameters and also due to uncertainties in the
time scales of hidden variables, the observer-based approach to solving the problem
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Figure 8.5 Trajectories of the estimates of parameters 01, 6>, 83, and X as functions
of time. The periodic time of the spikes is about 10 s while the total time simulated
is 8 x 10* s, thus the figures span thousands of spike cycles. The visual effect
of these extreme time scales is seen in the figures; hunting oscillations within the
observer are seen as thickening of the graphs of certain estimated parameters.

of state and parameter estimation of neural oscillators was a relatively unexplored
territory. Here we demonstrate that, despite these obvious difficulties, the approach
can be successfully applied to a wide range of models.

Two different strategies for observer design have been investigated. The first
strategy is based on the availability of canonical representations of the original
system. The success of this strategy is obviously determined by whether one can
find a suitable coordinate transformation such that the equations of the original
model can be transformed into the canonical adaptive-observer form. Because a
coordinate transformation is required, different classes of models are likely to lead to
different observers. The second strategy is based on the ideas described in Chapters
4 and 5. The structure of observers obtained as a result of this design strategy
does not change much from one model to another. The main difference between
these design strategies is in the convergence rates: exponential for the first and
asymptotical for the second. As long as merely the overall convergence time is
accounted for there is no big difference caused by whether the convergence itself is
exponential or not. Yet, the fact that it can be made exponential with known rates of
convergence allows us to derive the a priori estimates of the amount of time needed
to achieve a certain given accuracy of estimation.

We have shown that for linearly parametrized models such as e.g. the FitzHugh-
Nagumo and Hindmarsh—Rose oscillators one can develop an observer for state
and parameter estimation of which the convergence rate is exponential. For the
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nonlinearly parametrized and more realistic models such as the Morris—Lecar and
Hodgkin—Huxley equations we presented an observer of which the convergence is
asymptotic. In both cases the rate of convergence depends on the degree of excitation
in the measured data. In the case of linearly parametrized systems this excitation
can be measured in terms of the minimal eigenvalue of a certain matrix constructed
explicitly from the data and the model. For the nonlinearly parametrized systems
the degree of excitation is defined by a more complex expression. In principle, one
can ensure arbitrarily fast convergence of the estimator, provided that the excitation
is sufficiently high.



Appendix. The Meyer—Kalman—Yakubovich lemma

Definition 1 A function H : C — C is said to be positive real if it is analytic in
the open right-half of the complex plane, and

Re(H(s)) >0V s :Re(s) > 0.
Definition 2 A function H : C — C is said to be

(i) positive real if it is analytic in the open right-half of the complex plane, zeros
and poles of H on the imaginary axis are simple with the remaining residues
> 0, and Re(H (iw)) > 0 for all w € (—00,00);

(ii) strictly positive real if the function H (s) is not identically zero, and H (s — €)
is positive real for some € > Q.

It is easy to see that if the function H (s) is positive real then so are the functions
1/H(s) and H(1/s). Thus, if

biys™ + by_15™ Vo 4 b

H(s) = " PR ,
a,s" + a,_1s + + ap

is positive real then so must be the function

n—m (b + bp—15 + - - + bos™)

G(s)=H(/s)=s
) (/9 an + ap—15 + -+ - + aops"

Because zeros and poles of a positive real function on the imaginary axis must be
simple, this implies that |n — m| < 1. This fact allows one to produce an important
characterization of strictly positive real rational functions H (iw) as w — oo. The
result was first established by J. H. Taylor (1974), and it is summarized in the lemma
below.

387
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Lemmal Let pandd be two polynomials with deg(d) > deg(p), andlet H(s) =
p(s)/d(s) be a strictly positive real rational function. Then Re(H (iw)) can go to

zero no more rapidly than w™2 as @ — 0.

Proof of Lemma [. Given that the function H (s) is positive real, we can conclude
that deg(d) = deg(p) + 1. Let deg(d) = n, then

bn_lsnil + bn_zsn72 + .. _|_ b()
s+ ap_1s" 4+ 4

H(s) = ,bi >0,a,>0V0<i<n-—1.

If the function H (s) is strictly positive real then there must exist € > 0 such that
the function H (s — €),

p(s —e)d(—s —€) . wzn_z(an—lbn—l —byp—€by_1)+---
d(s —e)d(—s —e€) W 4

H(s —¢) =

>

is positive real. This, however implies the existence of € such that b,,_1a,—1 —
bp—2 — €by—1 > 0. Thus limg,_ o Re(H (iw))w?* > 0, and statement of the lemma
follows. (I

Now we are ready to state and prove a version of the Lefschetz—Kalman—
Yakubovich lemma.

Lemma2 Let A € R"™" be a Hurwitz matrix, and b, ¢ € R" be arbitrary vectors.
Then there exist symmetric positive definite matrices P and Q:

PA+ATP =0,
Pb=c

if and only if the function
H(s) =c"(s1 —A)~'b
is strictly positive real.

Proof of Lemma 2.
(i) Sufficiency. First of all notice that for any A € R"", b € R",and P = PT
the following identity holds:

(—iw— A)TP+ P(iw— A) = —(PA+ ATP).
Hence
b (—iw — A HT(—=iw — ATP + Piw — A)liw — A~
=b"P(iw—A) b+ b ((—iw— A)HTPb. (1)
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Case 1. Suppose that (A, b), b € R" is a controllable pair. Since the pair A, b
is controllable there is a similarity transformation 7: Ag = TAT!, by = Tb,
co = (TT)~Le, such that Ag and by are in the canonic controllable form

al az a3 .. an
1 0 0 0

o=l P ML w=de 0T 0
0 0 0 0
0 0 0 0

Let h(s) = (sI — Ag)~'bg, and consider g(s) = cgh(s) + h(s)*co. The function
H(s) = cg h(s) is clearly strictly positive real. Hence, according to Lemma 1, the
function g(iw) = 2 Re(cg h(iw)) is real and can be represented as

. Fa—10™ 2+ rp 0?4 ... Re(pin)d)(—iw))
gliw) = % = ; ;
4 ... di(iw)di (—iw)
_ Re(P(iCU)dl(_ia))), 3)
d(w)

where p(iw),d; (iw), and d () are polynomials with real coefficients, and r,,_; > 0.
Let L be a symmetric positive definite matrix. Consider

w(iw) = giw) — ch(iv)* Lh(iw).

We claim that there exists ¢ > 0 such that w(iw) > 0 for all w € (—o00, 00). Since
L is symmetric, we have that

w(iw) > g(iw) — eAmax (L)h(iw) h(iw).
Notice that the function 2 (iw)*h(iw) is real, and that it can be expressed as

p1(w)

where p; is a real polynomial of w of degree 2n — 2. According to (3) r,—1 > 0.
Hence there is an wg > O such that (r,,_1/2)a)2”_2 > €1Amax (L) p1(w) +
Fp—s@® =% 4 ... for all |w| > |wp|. On the other hand, since the function H (s) is
strictly positive real, there must exist an € > 0 such that g(iw) > €2Amax (L) p1(w)
for |w| < |wgl. Taking ¢ = min{e, €3} ensures that w(iw) > 0 for all w €
(—00, 00).
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Let us fix & > 0 such that w(iw) > 0 for all w. The function w(iw) is a rational
function:

p2(w)
di(iw)di (—iw)’

where the polynomial p; has no real roots. Hence

m n—1
pr=[]m@ +k) [] @ +B@ +B), ki >0, pi e C.
i=1 i=m+1

Noticing that

0+ ki = (o + k) (—iw+ k),

(* +ﬁi)=(ia)+,3i )(—iw—i—ﬂ,- %),
(@ + BF) = (o + B (—iw + pFV?), pr/2 = g/

and that
o+ k) i+ Do+ B
= (o + k) ((0)® + i@+ g + 827
and
(—iw+ k) (—iw+ B (i + %)
= (- zw+k1/2)(( za))z—za)(ﬂ +18*1/2)+181/213*1/2)

are identical polynomials in iw and —iw with real coefficients, we can conclude
that there exists a polynomial p3 such that

(@) p3io)p3(—iw)
dlw) di(iwd (—io)’

Notice that d; (s) must necessarily be the characteristic polynomial of Ag, and that
the degree of p3 is n — 1. Finally, we notice that

(sI — Ag) by = s DT, 4)

T a)

so that p3(s)/di(s) can be represented as
B9 This), g e R, (5)

dy(s)
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Thus

w(io) = h(s)*qq h(s) = cgh(s) + h*(s)co — eh*(s)Lh(s) >0 (6)

and
cgh(s) + h*(s)co = eh*(s)Lh(s) + h(s)*qq  h(s) > 0. (7

Let Py be the solution of
PoAg + Ay Po = —qq" — ¢L. 8)

Given that Ag is Hurwitz, such a matrix always exists and is uniquely defined by ¢
and L. According to (1) and (7) we have that

coh(s) + h*(s)co = bT Poh(s) + h(s)* Pobo.

This implies that Re((cg — b Py)h(s)) = O for all s. The latter fact ensures that
cg — bT Py must necessarily be zero, and hence Pybg = cp.

Finally, on pre-multiplying (8) by T'T, post-multiplying it by T, and denoting
P=TTPyT and Q = TT(qq" + ¢L)T, we get

PA+ATP = -0, Pb=c,

which proves sufficiency for the case of (A, b) being controllable.

Case 2. The pair (A, b) is not controllable. Since the pair does not consist of
controllable identities (2), (4), and (5) might not hold, and hence a modification
of the sufficiency part is needed. The modification was proposed by K.R. Meyer
(1966), and we reproduce it below with minor changes.

First of all notice that strict positive realness of H (s) implies that » and ¢ are
non-zero vectors. For any A € R"", b,c € R", b,c # 0, there is a similarity
transformation 7" such that

~ A A ~ b
-1 _ _ 1 2 T 1
TAT —A—( 0 A3)’ Tb—b—(o),

where A; € R">X™M Ay € RM*" Ay € R™*X™2 py, ¢ € R, ¢ € R, and
(A1, by) is a controllable pair.
Thus if we find a symmetric positive definite matrix

P = < II)JIT ﬁz > P e RMXM . py e RMPX™ 0 py e R2X™2
2 3
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such that

N — G5 i ~ Ly O
q2 0 Lo )
Li>0,Ly >0,
Pb=¢,
then TTPT is the desired solution for the original matrix A and vectors b and c.

Equation (9), if expressed in terms of individual blocks, leads to the following
set of conditions:

PiA| + A{ Py = —qiq{ — ¢L, Piby =cy, (10)

PiAy+ PyAs + ATPy = —q1q3, (11)
PYAy + P3A3 + AT Py + APy = —qoqy — Lo, (12)
Plby = c. (13)

Notice that
Hs)=c'Us— A o="TUUs — A ' T b =¢s —TAT H b
=¢(Is — A)7'b,
where

(Is — A)~! = ( (Is — A~ (Is — A Ax(Is — Az)~! ) |

0 (Is — Az)~!
This implies that
H(s) =é(Is — A 'b=cl(Is — A7 1hy.

Hence the existence of P; = PlT > 0 and g satisfying (10) is already proven
because the pair (A1, b1) is controllable and the function H (s) = clT(I s—A1) " 1b
is strictly positive real (see Case 1). Condition (11) allows us to express an unknown
matrix P> as a function of ¢»:

P A3+ AP, = —qiq; — PiAy =

Y T A (14)
P2=/ e lt(qlqz + P1Ay)e™3 dt.
0



Appendix. The Meyer—Kalman—Yakubovich lemma 393

Given that A and Az are Hurwitz, such a matrix is always defined. Substituting
(14) into (13) results in

o0
T
( / e’ (qag] + AT P! dt) by =c2.
0
On noticing that qlTeAl’ by is a scalar we can rewrite the expression above as

* ra AT % AT Tp A
/ q, € 'h1e™3! dt qzzcz—/ e 3tA2Ple 1'p dt. (15)
0 0

Itis clear that the vector ¢», and hence the matrix P, are uniquely defined, provided

that the matrix
o0 T
R = <f qlTeA”b1eA3’dt>
0

is non-singular. Let M be a non-singular matrix, possibly complex, such that
M AEM ~!is in the Jordan canonical form. Such a matrix always exists, and
det(MRM~") = det R. Thus, if we show that det(M RM~') # 0, then this will
ensure the existence of ¢ satisfying (15). Taking into account that the matrix
M RM ™" is upper-triangular, non-singularity of R would follow if we could show
that each element on the main diagonal of MRM ™! is non-zero. Notice that
MeAitM~! = ¢MA3M™' | Hence the main diagonal of eMATM™1 i comprised
of terms ', with A; being the eigenvalues of A3. Thus the diagonal elements of
MRM~" can be expressed as

00
m; = / q;l“emtble)»it dt = q;F(—I)\i — Al)_lbl.
0

According to (6), the vector ¢g; can be chosen such that qlT(I s — A1)~ by is non-
zero for all s with Re(s) > 0. Given that Re(X;) < 0, we can therefore conclude
that m; # 0. Hence there exist g1, g2, P; and P> satisfying conditions (10), (11),
and (13). Matrices P3 and L satisfying (12) can now be immediately defined. This
proves sufficiency.

(i1) Necessity follows from (1) and the fact that Pb = c. Indeed, let e > 0 be a
small positive number, and consider

Tliw—e—A) b+ bT(—iw—e— A" ¢ =2Re(H(iw — €))
=bTPliw—e—A)"b

b (—iw—e— A" Pb,
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Now, using this fact, and that
(—iw—e— AP+ Pliw—e—A)=—(PA+ ATP) —2¢P,
we can conclude that
2Re(H(iw —€)) = b P(iw— e — A)"'b + b (—icw —e — A)"'" Pb
— T (—iw—e—a)~"
B#w—e—AﬂP+Pﬁw—e—Aﬂ

X (iw—€—A)"'b=

2Re(H(iw —€)) = b (—iw — € — A)"1(Q — 2¢ P)(iww — € — A) b
— b (—iw—e—A) " Qliw—ec—A) b
b (—iw—e—A) 2 Pliw—e—A) b
> liw — € = A) 7" bl Amin(Q)
—2¢]|(i — € = A) ™' b *Amax (P).

Finally, since Apin (Q) > 0, there will always exist a € > 0 such that Re(H (iw —

€)) > 0 for all w € (—00,00). Thus the function H (s) has to be strictly positive
real. .
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