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Preface

When I give lecture to my students, I prefer to introduce the history of inventions
in engineering development rather than to state only theoretically significance. It
seems that my students very like to hear these stories which make them be interested
in the teaching materials presented in the classes and understand the engineering
background. Hence, I spent lots of time to read and collect these stories; of course,
most of them were written by Chinese.

I think the development of control theory may be divided into three phases.

From the book of Joseph T. M. Needham, south-pointed cart designed and
manufactured by Chinese people before Christ was an automatic mechanic device.
On the cart, there was a puppet made of wood, one arm of the puppet always pointed
to the south no matter how to turn the cart. Needham said it might be the first
automatic device in the world.

However, the south-pointed cart was a legend. Nobody has seen the design or
sketch drawing and heard any information from archaeological experts. A great
invention of automatic device was the centrifugal governor for the steam machine.
James Watt held three inventions for steam machines; the centrifugal governor was
the last one by which the Industrial Revolution solved the problem of power and
then happened. Many researchers agreed that the centrifugal governor was the first
automatic control device and used until now. Until the invention of centrifugal
governor by Watt, there had been several controlled devices, but no control theory.

After the invention, lots of physicians investigated the reason why the small
device could make the speed stable for a huge steam machine. It was said that
J. Maxwell also considered the problem, but I did not find any valuable results
about his investigation in this area. The problem was solved by mathematicians who
worked in the field of differential equations; they established the theory of stability
and found the conditions for the stability. Using their words, the governor made
the plant stable. Among these mathematicians, two people, Jules H. Poincaré and
Aleksandr M. Lyapunov, have to be mentioned. They independently presented the
stability theory for differential equations and gave vital effects for the subsequent
investigation of the stability of differential equations.
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In all fairness, the research of stability of differential equations is a part of control
theory. The governor is a controller, the controlled steam machine is a control
system, and the controller stabilizes the plant by the words of the twentieth century.
Till now, every classical textbook of control theory has to state the stability of control
systems. However, at the years of Poincaré and Lyapunov, there was no such a
subject of control theory. On the other hand, the theory of differential equation liked
the sun at noon so that its bright would make others lose their colors. Hence, I called
the phase the Pregnancy Period of Control Theory. There existed controller design
and the researches of stability and stabilization, but there was no terminology of
control theory. It is remarkable that the mathematical model used in this pregnancy
phase was differential equations.

It was commonly recognized the birth of control theory was in World War II.
By 1938, two excellent experts disappeared from the public field of vision. Herdrik
W. Bode and Norbert Weiner were recruited by the army to improve the control
of the radar and anti-aircraft fire. From the film of Eagles over London, one may
understand the contribution of the control of anti-aircraft systems. After the war,
MIT opened a course of Principle of Servo Motors. The course revealed the theory
used in anti-aircraft system control. It was also remarkable that the research used
the transfer function as mathematical model to analyze and design controllers. The
control theory established at that time was called by Classical Control Theory in
China. It also was called as 2P theory since the design could be completed by using
Pencil 4 Paper. 2P has great significance because it solved the control system design
in the computerless era.

Most people love the new and hate the old. When a new theory was born, people
were happy and celebrated its birth, and then they found lots shortcomings of
the theory, and then started to complain. The classical control theory can handle
single-input-single-output (SISO) systems very effectively, but it is hard to treat
the multi-input and multi-output (MIMO) systems. By 1960, Rudolph E. Kalman
applied state space description to research the properties of control systems, so that
the MIMO systems could be treated as the same as SISO systems. Two important
concepts, controllability and observability were defined. When Kalman proposed
his paper, his invention was not attached enough importance. About 2 years later,
the Kalman filter was successfully applied in aerospace technology, people then
looked the state space method with new eyes and called it Modern Control Theory.
In 1982, Kalman visited China, after his presentation, one person asked a question
about the difference between the Kalman filter and Wiener filter. After thinking
a while, Kalman answered the question with a new question, he said: Do you
know the reason why the Soviet Union launched manned spacecraft before USA,
but USA arrived in the Moon first? With one more minutes silence, Kalman
answered the question himself, “It was because the Soviet Union people did not
understand Kalman filter.” As an evidence, I knew in the aerospace engineering
Chinese scientists are applying Kalman filter to process the information sent back
by Chang’e. It is no doubt, the modern control theory uses state space model in its
investigation.
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What can we conclude from the history of control theory? I draw two conclu-
sions: The mathematical model is the mark for the developing phases of control
theory; The birth of new theory needs an engineering background.

Since 1980s, I have heard many times that the third-generation control theory
has been born, such as the theory of large-scale systems, the theory of intelligent
control systems, the theory for complex networks, etc. Except the mathematical
models have been renewed, the birth of a new theory was not accepted by most
people.

In the turn of this century, the word of uncertainty appeared on the desks of
many scientists who were working on different research areas. It is very usual that
the same action will lead to different results. For example, there are ten resistances
made in a production line at almost the same time. They are all labeled 1 K, and
set on ten baseboards. After working 10 h, their resistance values may be similar,
after 10 days, difference starts to happen, after 10 months, it is certain that these
resistances may have more than seven values. It is necessary for us to use a set
to describe these resistance values. The value of a simple resistance is a variable
what can be said for a natural phenomenon? When we deal with the design of
control system, the differential equation x = f (x, u) is applied as the description of
control systems, where x is the state and u the control. The above discussion asserts,
for a determined control u, you cannot expect the state is determined although the
initial condition is fixed. The inner parameters, the environment conditions and other
unknown causes lead to the uncertainty of function f(x, ), and the change shows
irregularly. Therefore, it is much suitable to treat f(x,«) as a set-valued mapping,
and the dynamic model becomes x € f (x, u). This is a differential inclusion, and is
a new mathematical model of control systems. Does the introduction of differential
inclusion model result in a new era of the development of control theory? My
answer is “no, I do not know.” The present research results cannot support such
a conclusion, but it probably leads to a new generation if there is a vital social
necessary.

Before 1980, several authors applied differential inclusion to deal with control
systems. At this period, they tried to extend the maximum principle to the
differential inclusion systems. Similar conclusion has been established. By Year
2000, lots authors were interested in the controllability of such systems. In the
twenty-first century, researchers applied differential inclusions to deal with Luré
system and polytope system. This is the simple history of differential inclusion
control theory. In the past almost four decades, the development of differential
inclusion control theory is very slow. There are two excuses for the researchers
working in the area. One is the development of differential inclusion theory is quite
slow related to other fields of mathematics. The another reason may be the lack
of engineering needs. In China, I could only find two books for the theory. One
is Differential Inclusions — Set-Valued Maps and Viability Theory written by J-P
Aubin and A. Cellina, and the another is Introduction of the Theory of differential
Inclusions by G. V. Smirnov. In Amazon, I did not find other more. These facts
motivated authors to spend almost 5 years to write this book, we really wish it can
generalize the investigation of differential inclusion control systems.
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The arrangement of the book is as follows. The first chapter provides prelimi-
naries, and focuses on convex analysis which is elemental for further investigation.
Chapter 2 introduces set-valued mappings and differential inclusions. The authors
required themselves that the chapter can contain basic knowledge of differential
inclusions so that readers can carry out farther research with a massy base. To
understand the conclusions presented in this chapter needs knowledge of functional
analysis and differential equations. The third chapter deals with convex processes
which can be treated as an extension of linear mappings. The fourth chapter
considers polytope control systems which can be looked as a convex hull of several
linear systems. The last chapter is about Luré differential inclusion systems. Most
of the chapter deals with the design of observers for the systems.

Both Ms. Xiushan Cai and Mr. Jun Huang were my students who studied under
my supervision for their Ph. D. degrees. When they studied in Shanghai Jiao Tong
University, they made many studies for the control of differential inclusion systems.
Now they joined Zhejiang Normal University and Soochow University, respectively,
and still are interested in research of such systems. My students Wei Zhang, Leipo
Liu, Junfeng Zhang, Hai Wu, Shaojie Shen and Peiquan Wang joined seminars and
discussions when they studied in my lab. We are grateful to their contributions.

Shanghai, China Zhengzhi Han
18 August 2015
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Chapter 1
Convex Sets and Convex Functions

The first chapter introduces the fundamental concepts and conclusions of functional
analysis so that readers can have a foundation for going on reading this book
successfully and can also understand notations used in the book. The arrangement of
this chapter is as follows: The first section deals with normed linear spaces and inner
product spaces which both provide a platform for further investigation; the second
section introduces convex sets, and the third section considers convex functions;
the last section of this chapter introduces semi-continuous functions. These are all
necessary for research of set-valued mappings and differential inclusions which are
two key concepts in this book. The most materials given in this chapter are referred
to Conway (1985) which has been widely used in Chinese universities.

1.1 Normed Spaces and Inner Product Spaces

This section introduces normed spaces and inner product spaces which are fun-
damental objectives of functional analysis. The normed space sometimes is called
normed linear space or normed vector space. An inner space is also a normed space
but it holds an inner product.

1.1.1 Sets and Mappings

The section starts with very basic concept of set. In this book, capital letters
A,B, ..., X,Y are applied to express sets and lower case letters a,b, ...,x,y to
express the elements of sets. Sometimes, a compound notation may be applied

© Shanghai Jiao Tong University Press, 1
Shanghai and Springer-Verlag Berlin Heidelberg 2016
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2 1 Convex Sets and Convex Functions

to express a set whenever we need more information, for example, the notation
C ([a, b] , R) is used to express the set of continuous real functions which are defined
on the closed interval [a, b] and take their values on R. We will illustrate the meaning
when a compound notation appears at its first time.

There are two special sets. One is the empty denoted by &, and another is the full
set denoted by €2 which is the largest set in consideration.

Let A and B be two sets. Then AUB, AN B and A\B are the union, the intersection,
and the difference of A and B, respectively. A x B denotes the Cartesian product of A
and B, i.e., A x B = {(a,b);a € A, b € B}, where (a, b) is an ordered pair of a and
b. A¢ is the complement of A, and Z?A is the power set of A. The de Morgan laws
are the following two equations

UA® = (NA)°; NA® = (UA)".

The most common sets used in this book are sets of numbers. Z is the set of
integers, Z7T or N is the set of natural numbers. In this book, the set of natural
numbers is defined by {1, 2, 3, ... }. Let R be the set of real numbers, and C the set
of complex numbers. In this book, the set C is seldom applied. Let Rt and R~ be
the sets of positive and negative real numbers, respectively. Sometimes, we apply
R (> 0) to denote R, and R (< 0) for R™. By such a usage, R (> 0) and Z (> 0)
are the sets of nonnegative real numbers and nonnegative integers, respectively. The
closure of R is denoted by #, i.e., Z = R U {00, —o0}. We also denote R (c0) and
R (—00) for the sets of R U {oo} and R U {—o0}, respectively. On the set Z, we
can operate arithmetic, such as addition, subtraction, multiplication, and division.

But the indefinite operations, such as co — 0o and 0 - 0o, are not allowed. Let R” be
n
——

the n-dimensional real space, i.e., R" = I’é XR XX I?K? R" is always treated as a
linear space over R.

A relation from A to B is a subset of A x B. If A = {a;,a3,a3,a4} and B =
{b1, by}, then M = {(ay, b1), (a1, b2), (as, b1), (a4, by)} is a relation from set A to
set B. Two sets

domM = {a; a € A,3b € B,b # *o0,such that (a,b) € M}
and
rang M = {b; b € B,3a € A, such that (a,b) € M}
are called the domain and range of the relation M, respectively. For a € dom M,
the image of a is defined by M(a) = {b;b € B, (a,b) € M}. Correspondingly, if
b € rang M, M~ (b) = {a;a € A, (a, b) € M} is the inverse of b. Usually, M(a) and

M~'(b) may have more than one elements for a relation M. At the example given
above, M (a;) = {b1, by} and M~ (b)) = {ay, a3, a4}.
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The concepts of image and inverse can be extended from an element to set. For
example, if S| C dom M, then the image of S|, denoted by M(S), is the set of

M (S)) = {b € B, thereexistsan a € S such that (a,b) € M}.

Similarly, we can define M (S>) for a set S, C rang M, the detail is omitted.

A relation f is said to be a mapping from A to B, if for every a € dom f, f(a)
has only one element. But for b € rang f, f~'(b) may hold more than one elements
although f is a mapping.

When the domain and range of a mapping are subsets of R” and R™, respectively,
then the mapping is called by function. When only the range of a mapping is a subset
of R™, the mapping is then called by functional. If R is extended to %, then two
functionsf : A —> #Z andf : A — R may have different domains. Thus, we define
respectively

Dom f = {x;x € Z such that f(x) € #Z}

and

domf = {x;x € R such that f(x) € R}.

Obviously, they are different. dom f is called the effective domain of f. When R is
extended to Z, the effective domain is invariant for a function. For example, for the
function y = In x, we have Dom f = [0, o0] and dom f = (0, co). And for the
function y = \x‘l , if it is considered on %, its domain is %, and moreover it is a
continuous function.

1.1.2 Normed Spaces

Let A be a set. If there exists a functional d : A x A — R (> 0) such that

(1) d(x,y) =0, if and only if x = y;
(2) d(x,y) =d(y,x) forall x,y € A;
3) d(x,y) <d(x,z7) +d(z,y) forall x,y,z € A.

Then d is a distance on A. (A, d) is called by a metric space or distance space.

Usually, the inequality in Condition (3) is called by triangular inequality.

Let X be a vector space on R, p : X — R (> 0) be a functional. If p satisfies the
following conditions, then p is called by a norm on X, and (X, p) is a normed space.

(1) p(x) = 0if and only if x = 0;
(2) p(ax) = |a| p(x), for every a € R where |a| is the absolute value of a;
(3) p(x+y) = plx) + p(y) forallx,y € X.

The equation in Condition (2) is called positive homogeneity.
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An element of a normed space X is called a vector or a point for simplicity.

For sake of convenience, the norm p(x) is denoted by |x||. Moreover, it can be
verified that for x, y € X, ||x — y|| satisfies all conditions of distance; hence, a vector
space has to be a metric space.

Now we present several normed spaces which will be used frequently in this
book.

R" is the n-dimensional real space. On R”, there are lots norms. For example,
let x = [x;x2...x,]" € R, where the superscript “T” is denoted the transpose.
Here a vector in R” is always taken the form of column vector. For o > 1, ||x||, =

1
(|x1]" + |x2|® + -+ + |x4|*)* is a norm of R". The proof that | - ||, satisfies the
three conditions of a norm can be found in every textbook of functional analysis,
and is omitted. || - ||, is called by o-norm of R". ||x||o, = max (|x;|,i =1,2,...,n)
1

can be verified to be another norm of R”. ||x||, is called infinite norm of R". We
also point out that when o — oo, ||x||, — [|x|| for a given x € R". It is the reason
why we call ||x|| o, to be the infinite norm. The frequently used norm is ||x||», which
is called by Euclidian norm. For convenience, the subscript 2 is often omitted and
denote ||x|| for ||x]|>.

The above discussion for R” illustrates that a vector space can be equipped
with different norms. In general, different norms may lead to different topological
properties. But for a space with finite dimension, the topological properties are
almost similar. We now give the following definition.

Definition 1.1.1 Let ||- ||, and || - ||, be two norms of a normed space X. || - ||, is
topologically equivalent to || - ||, if there are two constants C;, C; € R* such that
for every x € X, the inequalities C ||x||, < ||x||, < C2|x||, hold. O

It is obvious that if Cy||x||, < |x||, < C2|x|,, then there are two constants Dy,

a —
D, € RT such that Dy ||x]|, < |lx||, < D2||x||,- The fact supports that the topological
equivalence of two norms is an equivalent relation (Problem 1 of this section).
We have the following theorem whose proof can be found in a textbook for

functional analysis and is omitted.

Theorem 1.1.1 Two norms in a normed space with finite dimension are topologi-
cally equivalent. (]

Theorem 1.1.1 illustrates that when we deal with topological properties such as
convergence, continuity, and compactness for a normed space with finite dimension,
we can select a norm arbitrary. Moreover, we can change the norm flexibly in the
verification of questions.

Let C ([a, b],R)" be the set of continuous functions defined on a closed interval
[a,b]. The norm of C ([a,b],R) can be defined as ||x(r)| = m[a>b;] |x(?)|. There

t€la,

is no difficulty to prove that the definition satisfies three conditions of norm.
Thus, C ([a,b],R) is a normed space. Moreover, let C ([a, b],R") be the set of

At the notation C ([a,b], R), C means continuous, [a,b] is the domain and R is the range.
C ([a, b] , R™) has a similar meaning.
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n-dimensional continuous functions defined on a closed interval [a, b], i.e., for each
x(7) € C([a,b],R") and 1 € [a,b], x(t) = [x1(O)x2(t) - - x,(1)]" € R”. It is easy to
see that C ([a, b] ,R") = (C ([a, b], R))". Thus we can define a norm of x(¢) by

IX@ll = (IO + @] + -+ + ||xn(t)||°')°l'

with @« > 1, where ||x;(¥)|| is the norm of x;(f) on C ([a,b],R). We can prove
that the definition meets the requirements of norm. ||x(¢)||, is called as the «-
norm of x(¢). When o« = 2, we call ||x(¢)||> is the Euclidian norm of x(f) and
is simplified as |x(#)||. The notation of ||x(f)|| may lead to ambiguity. By the
definition of norm, ||x(¢)| is a real number. But if we treat x(¢) as a time-varying
vector, then for every fixed 7, x(f) € R”, we can define its Euclidian norm

lx ()| = \/x% (to) + x3 (to) + -+ - + x2 (ty). When ¢ varies in [a, b], then ||x(r)|| is a
function of #. To distinguish from the norm of C ([a, b] , R"). Hence, we use ||x(?) ||z
to denote its Euclidian function norm, i.e., ||x(#)||g = \/x%(t) + x%(t) + -+ x2(1)
which is a function of ¢.

The above procedure provides a normal method to extend a norm from scalar

case to its vector mode with finite dimension.
Let L, ([a, b], R) be the set of functions which are absolutely Lebesgue integrable

b
on the interval [a,b], i.e., if x(¢) € L; ([a,b],R), then / |x(t)|dt < oo? Then

b
lx®|, = / |x(7)| dt is qualified as a norm of L ([a, b] , R).

Similarly, for p > 1, we apply L, ([a, b],R) to express the set of functions
which are absolutely p-Lebesgue integrable on the interval [a,b], i.e., if x(¢) €
b

L, ([a,b] ,R), then /|x(t)|pdt < o0. The norm of x(7) is defined as [|x(1)|, =

b ,

/|x(t) [Pdt | . Thus L, ([a, b] ,R) is a normed space.

Let Ly ([a, b],R) be the set of essential bounded functions on the interval
[a,b], ie., if x(f) € Lo ([a,b],R), then there exists a constant M such that

|x(1)] < M, t € [a,b]\E, where E C [a,b] is a set whose measure is zero. For
x(1) € Lo ([a, b] , R), the norm of x(¢) can be defined as

lxlloo = nf — ( sup [f(®)])

ECla,b),m(E)=0 r€la,b]\E

2The integration is always in the meaning of Lebesgue integration if we do not give an illustration.
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where m(E) is the Lebesgue measure of set E. By the definition of the norm,
L ([a, D], R) is a normed space.
It can be verified thatif 1 <« < f, then

Ly ([a,b] ,R) D Ly ([a,b] ,R) D Lg ([a,b] ,R) D Lo ([a, b] ,R) .

By the normal procedure of extending the norm of C ([a, ], R) to C ([a, b] , R"),
we can define the normed space L, ([a, b] , R") for every p € [1, oc], and the detailed
statement is omitted.

AC ([a, b] ,R) is the set of all functions which are absolutely continuous on the
interval [a, b]. The absolute continuity is an important concept which will be widely
used, hence, we give a normal definition below.

Definition 1.1.2 Let f : [a,b] — R be a function. f is said to be absolutely
continuous on [a, b], if for every ¢ > 0, thereis a § = §(¢) > 0 such that for
arbitrary non-overlapping intervals (ai, by), (a2, b2) , ..., (a,, b,) C [a,b] which

satisfy Z (bi — a;) < &, then

i=1
D U () — f (@) < e 0
i=1

When n = 1, the definition of absolute continuity leads to the uniform continuity.
Hence, a function is absolutely continuous, then it is uniformly continuous, so
continuous. The reversed statement is not true. A continuous function may not be
absolutely continuous. The following conclusion is necessary in this book.

Theorem 1.1.2 f : [a, b] — R is an absolutely continuous function if and only if it
is derivable almost everywhere on [a, b]. Furthermore,

£ = f(a) + / F(1)di -

Theorem 1.1.2 implies that an absolutely continuous function can be decomposed
into two parts, one is a constant and another is a function with variable on the upper
limit of integration. Theorem 1.1.2 also suggests that the norm of AC ([a, b] , R) can
be defined as follows

b

YOI = @] + / 17/(0)| d. (LLD)

a

It is easy to see the definition of Eq. (1.1.1) meets the requirements of norm. From
Eq. (1.1.1), one can conclude that AC ([a, b] ,R) is isomorphic to a subspace of
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R x L; ([a,b],R) (it is also to say that AC ([a, b], R) can be embedded into R x
Ly ([a, b] ,R)). The above investigation can be extended to AC ([a, b],R") by the
normal way used for C ([a, b] , R), and the detailed processing is omitted.

1.1.3 Elementary Topology

In this subsection, we deal with elementary topology which is an important
foundation for investigation of set-valued mappings and differential inclusions.

Let B = {x;||x|| < 1} be the closed unit ball in the normed space X, and B =
{x; ||x]| < 1} be the inner part of B, sometimes, B is called by the open unit ball.
B\B = {x; ||x|| = 1} is denoted the sphere of B or B, i.e., the boundary of B or B.

Let A C X be a set in the normed space X. x € A is called an inner point of
A, if there exists an ¢ > 0 such that B(x,e) = x + eéB C A, where x + ¢B
is the set of {y;y = x+ ¢b,b € B} and B(x,¢) is called the e-neighborhood of x.
In the following, we will use such notations frequently and without illustration.
intA denotes the set of all inner points of A and called interior of A. x € X is an
accumulation point or a cluster point of A, if in the set B (x, &) N A there exists a
point which is different form x for arbitrarily ¢ > 0. Let A’ denote the set of all
accumulation points of A; sometimes, A’ is called the derived set of A.c1 A = AUA’
is the closure of A. The boundary of A is the set of clA/intA which is denoted by
bdA. The set bdA holds such a property that if x € bdA, then for each neighborhood
B(x, ), the joints B (x,&) N A and B (x, &) N A are nonempty sets, where A€ is the
complement of A.

Let X be a normed space. A set O C X is said to be open if each point in O is an
inner point, i.e., O = int O. A set C C X is said to be closed if its complement C* is
an open set. By the definitions, it is obvious that int A is always an open set and cl A
is always a closed set for every set A in X. It can be proved that A is closed if and
only if A D cl A, or equivalently, A D A’.

A set A is bounded if there is a constant ¥ € R (> 0) such that A C rB.

Let X be a normed space. x € X is a point (vector) and A C X is a set, d (x,A) =
;relg |lx — a|| is defined as the distance between x and A. If A is closed, then there

isay € A such that |x—y| = d(x,y) = d(x,A). In general, the point y is not

necessary to be unique. Let Aj,A, C X be two sets. The distance of A and A; is

defined as d (A1, A,) = Ainf | |lx — y|l. When A; and A; are all closed, there exist
XEA|,yEA

x €A,y € Aysuchthat |x —y|| =d (x,y) = d (A1, A2).

Let A C X be a set. If for every a € A, there is an open set O, such thata € O,,
then the set of open sets {O,} is qualified as an open covering of A.

A set A C X is said to be compact if for an open covering {O,}, there exists a
finite set {01, O3, ...,0,} C {O,} such that O; U0, U---UO, D A. Compactness is
a very useful property for the study of mappings, hence there are lots researches to
investigate the compactness in different normed spaces. It is well-known that a set
in R”" is compact if and only if it is bounded and closed. In the space C ([a, b], R),
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a set is compact if it is bounded and uniformly continuous, the fact is known as
Arzela-Ascoli theorem. Generally speaking, finding a character for the compact set
in a normed space is a hard job. Fortunately, the compact sets considered in this
book are involved mostly in R" or C ([a, b] , R).

{x;sn=1,2,...} C X is a sequence. The sequence {x,;n =1,2,...} is
convergentto a point xy € X, if for every ¢ > 0, there is an N € N, such that for each
n > N, ||x, —xo| < e.Itis obviousthat ||x, — xo|| < €isequivalenttox, € B (xg, €).
The fact is denoted by nl—l>nolo X, = Xp, Or X, — Xg, (n — 00). For the sake of

convenience, {x,;n = 1,2,...} is often simplified as {x,} and x,, — xo, (n — 00)
as x, — Xo, whenever no confusion happens. If x, — xq, then {x,} is a convergent
sequence and x is the limitation of {x,}. By the definition of accumulation, xy is
also an accumulation point of {x,}. For a convergent sequence, its limitation or
accumulation point is unique.

For the compactness in R"”, we have the Weierstrass theorem: A C R” is
compact if for a sequence {x,} C A, {x,} contains a convergent subsequence
{xn,,k =1,2,...}; moreover, the limitation of {x,,,k = 1,2, ...} belongs to A.

A sequence {x,} C X is said to be a Cauchy sequence if for every ¢ > 0, there
isan N € N, such that ||x, — x,,|| < & provided that n,m > N.Let A C X be a set,
A is complete if for every Cauchy sequence {x,} in A, {x,} has a limitation xo, and
xo € A. If A = X, then the normed space is complete. A complete normed space is
usually called Banach space.

These spaces R", C([a,b],R"), L, ([a,b],R"), and AC ([a,b],R") are all
Banach spaces with their norms respectively pre-defined.

There is a wonderful theorem called completion that a normed space can be
densely embedded into a Banach space, i.e., the normed space is isomorphic to a
densely set of a Banach space and the isomorphism is equidistance. Hence when we
talk with a normed space, we always assume that it is complete.

Let X and Y be two normed spaces, and f : X — Y be a mapping. f is continuous
atxg € X if for every ¢ > 0, there is a § > 0, where the § may depend on &, such that
if x € B (xo, §), then ||f(x) —f (x0)|| < &. Equivalently, f (B (x0,6)) C B (f (x0), €).
Moreover, f is continuous on X if f is continuous at every x € X. Such a property is
called by continuity.

There are many criteria for the continuity of a mapping. For example, if f (x,) —
f (xo) for every sequence {x,} with x, — xo, then f is continuous at xo € X. The
conclusion is known as Heine theorem. It is meaningful that the two arrows may
mean two different norms. Another conclusion we will use is that if for every open
set O C Y, f~1(0) is an open set in X, then f is continuous on X. Section 1.4
will deal with the semi-continuity of a mapping. The continuity is a base for further
discussion there. Hence, readers should be familiar with the properties of continuous
mappings.

Let X and Y be two normed spaces. f : X — Y is said to be a linear mapping, if f
satisfies the following conditions:

(1) For two vectors x1, x, € X, the equation f (x; + x2) = f (x1) + f (x2) holds
(2) Forx € X and a € R, then f(ax) = af (x)
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The first condition is usually called as additivity, and the second one is called
homogeneity since f (a"x) = a"f(x) for an integer n.

A mappingf : X — Y is said to be bounded if there is a positive constant M, such
that ||[f(x)|| < M ||x| is true for every x € X. If X = R"” and Y = R", then a linear
mapping f : R" — R is always bounded. But for the general case, the conclusion
does not hold. A well-known conclusion is that a linear mapping f : X — Y is
bounded if and only if it is continuous.

For a linear mapping f : X — Y, we can define its operator norm as follows

Fl s VO

. (1.1.2)
XEX xF#0 ”x”

It is direct to verify that the above definition meets with the all requirements of a
norm. And, it is also clear that f is bounded if and only if ||f|| < oo since Eq. (1.1.2)
implies |[f(x)|| < |If]l llx] for every x € X. Because f is linear, we can prove that
IIf]l is also equal to

IFIl = sup [[fG)ll = sup [[fC)] = = sup

=1 ll<1 Il<tao (x|

Obviously, different definitions of ||f(x)|| and ||x|| may lead to different value of
IIf]l. Consequently, sometimes, Eq. (1.1.2) is rewritten by

IF o) llg

“f”ﬂa XEX xF#0 ”x”a

to emphasize the dependency, where | - || and | - || are a-norm of space X and
B-norm of space Y, respectively. ||f|| g is then called by reduced operator norm. If
there is another ||f|, which is not a reduced operator norm form «-norm and B-
norm, but it also satisfies [|f(x)[|s < [f]l, [|x]l,- Then the [|f]], is called a compatible
norm with x|l and [|y]g.

By the operator norm, all linear bounded mappings from X to Y form a normed
linear space which is denoted by L (X — Y). Especially, if ¥ = R, the space
L(X — R) is simplified as X* and called by conjugate space of X. No matter
whether X is complete, the space X* is always complete.

1.1.4 Limitation Theorems

In this subsection, we introduce several limitation theorems. It is known from the
theory of real functions that the introduction of Lebesgue integration can make the
Newton-Leibniz formula is true for all integrable functions; moreover, it provides
much convenience for the application of limitation theorems. Let us start with
definitions of convergence.
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Let x,(r), n = 1,2,... be measurable functions defined on a measurable
set E C R, and let {x,(r)} denote the sequence of x,(r). The sequence
{x.(t)} is convergent to xo(f) with respect to the measure m(-) (in this book
we only consider the Lebesgue measure), if for every ¢ > 0, the limitation
nlggom {t; ||x,(£) — x0(?)|| > €} = 0 holds. The fact is denoted by x,(?) 5 xo (1)
for simplification.

The sequence {x,(¢)} is convergent to xo(¢) almost everywhere if m(E\{t; lim
n—o0
x,(t) = xo(t)}) = 0, i.e., the measure of the set on which x,(#) is not convergent to

xo(?) is zero. The fact is denoted as x,(¢) = xo(2).
The sequence {x,(f)} is convergent to xo(f) at every point in its domain if the
limitation lim x,(¢) = xo(?) is valid for every t € E where E is the common domain
n—>oo

of x,(¥), n=1,2,... and xo(?). The fact is denoted as x,(t) — xo(¢).
The sequence {x,(¢)} is uniformly convergent to xo(¢) if lim sup||x,(f) —
n—>oo t€E

x0(2)|| = 0. The fact is denoted as x;,(¢) = xo(2).
From the above definitions, one can obtain directly that

X0(1) = x0(1) = X2 () = x0(t) = x,(£) =5 x0() = x(1) = x0(0),

where the last implication requires that m(E) < oo, i.e., the common domain holds
a finite measure. The following theorem is known as Riesz theorem which will be
needed in further discussion.

Theorem 1.1.3 (Riesz theorem) If x,(¢) = xo(1), then there is a subsequence
(X (1)} Of {x,()} such that x,,, (f) = xo (7). O

The theorem gives an opposite result for the conclusion that x,,(¢) % xo(t) =
xa(1) = x0(8).

It is meaningful to note that all of these conclusions are still valid if R is replaced
by R”, and the norms in R” can be defined arbitrarily.

Recall those spaces mentioned before. In C ([a, b], R"), the convergence with
respect to the norm is equivalent to the uniform convergence. In L, ([a, b], R"), the
convergence with respect to the norm is equivalent to convergence with respect to
measure. Because AC ([a, b] ,R") can be embedded into R” x L; ([a,b],R"), its
convergence is equivalent to that the initial values {x,(a)} is convergent and {x,(¢)}
is convergence with respect to its measure on the interval [a, b].

We now turn to the limitation theorems.

Theorem 1.1.4 Let {x,(r)} be a sequence of measurable functions defined on a

measurable set E, and x,,(¢) = xo(); Let F(¢) be an integrable function on E, such
that |x,(f)] < F(¢) fort € E and n € N, then xy(?) is integrable on E and

lim /xn(t)dt = /xo(t)dt. O
E

E
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Theorem 1.1.4 is known as control convergence theorem presented by Lebesgue.
F(¢) is a control function.

Theorem 1.1.5 Let {x,(r)} be a sequence of nonnegative functions on E, and
X () < xu+1(¢) for each n and r € E, then

lim / X (f)dt = / lim x, (£)dt. O
n—o0 n—oo
E E

Theorem 1.1.5 is known as monotonic convergence theorem established by Levi.
If x,(tf) — oo for some ¢ € E, then Theorem 1.1.5 is still true.
The next theorem is called Fatou lemma.

Theorem 1.1.6 (Fatou lemma) Let {x,(¢)} is a sequence of nonnegative functions
defined on a measurable set E, then

lim [ x,()dt > / lim x,(¢)dt. O
n—o0 n—o0
E E

It is worth to note that there is a sequence such that the inequality really holds.

To end this subsection, we deal with some concepts and conclusions about
“weakness”.

Let X be a normed space. A set A C X is said to be bounded if there is a constant
M, such that for every x € A, ||x|| < M. The set A is said to be weakly bounded if for
every f € X*, there is a constant M = M(f), i.e., M may depend on the functional
£, such that |[f(x)| < M for each x € A. It is obvious that a set A is bounded then it is
weakly bounded. the opposite statement may not be true. Let A* be a set in X*, i.e.,
A* C X*. A* is said to be weakly «-bounded if for every x € X, there is a constant
M = M(x) such that |[f(x)| < M foreachf € A*.

X is a normed space. A set A C X is said to be compact if any open covering
can reduce to a finite open covering. The set A is said to be weakly compact if for
every f € X*, the set f(A) = {f(x);x € A} is compact. Let A* be a set in X*, i.e.,
A* C X*, A* is said to be weakly «-compact if for every x € X, the set {f (x);f € A*}
is a compact set of R.

The following theorem was devoted by Alaoglu, its proof is referred to de Bruim
et al. (2009).

Theorem 1.1.7 (Alaoglu theorem) Let X be a Banach space. Then the closed unit
ball in X* is weakly =-compact. ]

By Theorem 1.1.7, every closed bounded set in X* is weakly =-compact. It is
meaningful to comparing with the finite dimensional spaces where a closed bounded
set is compact, but in infinite dimensional spaces it is only weakly «-compact.
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1.1.5 Inner Product Spaces

Inner product will be the major operation in the following investigation. Hence, we
spend some space to deal with the inner product space. In this section, we only give
preliminary conclusions, and others will be given as they are needed.

Let X be a linear space. p : X xX — R3 is a functional. If p satisfies the following
considerations.

(1) p(x,x) > 0foreveryx € X, and p (x,x) = Oifandonly ifx =0

2) plx,y)=p@,x), forx,ye X
3) plax+by,z) =ap(x,2) + bp (y,z), forx,y,z€ Xanda,b € R

Then the p is called as an inner product on X, and X is called as an inner product
space.

The inner product p(x, y) is usually denoted by (x, y) for simplicity. A complete
inner product space is called by Hilbert space.

It is easy to verify that \/ {x, x) is qualified as a norm on X. The norm is then
called the reduced norm obtained from inner product. Therefore, a Hilbert space
is always a Banach space. The opposite statement may fail. Let || - || be a reduced
norm. Then the following equation holds

e = yI + e+ 1 = 2 (Il + 1) (1.1.3)

Equation (1.1.3) is usually called parallelogram law. If a norm in a normed space
satisfies the parallelogram law, then the norm can reduce an inner product

1 2 2
wy) =, (k1P =l =yI).

We have mentioned R", C ([a, b] ,R"), L, ([a, b] ,R") and AC ([a, b] , R") are all
Banach spaces. Among these spaces, (R”, ||x||,) and L; ([a, b] , R") are only Hilbert
spaces, and their inner products are

n
(x,y) = xTy = inyi, x,y € R",

i=1

and
b b,
(x(0),y(0) = / M ()y(odr = / D o x(0yi(ddr,  x(1),y(1) € Ly ([a, 5], R") ,
a a =1
respectively.

3The inner product can be defined as X X X — C. But in this book, we mainly consider the inner
product in R.
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Schwarz inequality is very fundamental in inner product space, it is

e, y) < lIxl Iyl (1.1.4)
where | - | is the reduced norm. By Inequality (1.1.4), we can define an angle
included by x and y as follows

cosf = x.)

[l {1yl

where the value of 6 is restricted in the interval [0, 7).

If 6 = /2, then (x,y) = 0. We say that x is orthogonal to y and denote the
fact by x L y. If x has a unit length, i.e., ||x|| = 1, then (x,y) = ||y|| cos 6. It is the
projection of y at the line where x is located. This fact is frequently cited later. The
following theorem is known as Reisz theorem.

Theorem 1.1.8 (Reisz theorem) Let X be a Hilbert space. Then for every f € X*,
there is a y € X such that f(x) = (x,y). Moreover, ||f|| = ||y]|- O

The theorem illustrates every linear bounded functional in a Hilbert space is only
the inner product.

Let M C X be a set in X. Then all vectors which are orthogonal to M form
a subspace and denoted by ML. M~ is called by the orthogonal complement of
M. No matter whether M is closed, ML is always a closed subspace. Furthermore,
if M is a subspace then M and M+ form an orthogonal decomposition of X, i.e.,
MNM* = {0}, and M + M+ = X.

M is a subspace of X, and y ¢ M. If there is a xp € M such that (y — xp) L M,
then the xg is called by the projection of y on M. The x( holds property that

Iy = %oll = d (v.%0) = d (v, M) = infd (v.) = inf [ly = x|

Usually, we cannot guarantee the existence of xy. But when X is complete and M
is closed there is a unique xy to meet the requirement. In the next section, we shall
extend the property to convex sets by using the above equations.

Problems
1. Let M be arelation on A X A. M is called as an equivalent relation if M satisfies:

(1) Foreverya € A, (a,a) e M
(2) If (a,b) € M, then (b,a) e M
(3) If (a,b) € M and (b,c) € M, then (a,c) e M
Prove that all equivalent norms in a normed space form an equivalent
relation.

2. Let Oy, € I be open sets where [ is a set of indices which may be infinite and
even uncountable. Then UQ,, is an open set. Give an example to show that N0,
o o

fails to be open. But if / is a finite set, then NO, is always open.
o
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3. Let Cy, @ € I be closed sets where [ is a set of indices which may be infinite
and even uncountable. Then NC, is a closed set. Give an example to show that

o
UC,, may fail to be closed. But if / is a finite set, then UC,, is closed.

4. Let A; and A, be two open sets. Is their Cartesian production A; X A, an open
set? Is their linear sum A; + A, an open set? For two closed sets A; and A,
discuss similar problems.

5. Let A; and A, be two compact sets. Is their Cartesian production A; X A, a
compact set? Is their linear sum A; + A, a compact set?

6. Let bdA denote the boundary of set A. Prove the following conclusions:

(1) x € bdA if and only if every neighborhood B(x, €) contains vectors in A and
A€, respectively.
(2) bdA = clA N clAC.

7. Let I be a closed interval in R, and for each k € N, x(t): I — R” be an
absolutely continuous function. If for every ¢ € I, the set {x;(¢)} is a compact
set in R". Moreover, there is a function c(7) : I — R such that |x(1)| < c(?).
Then there is a subsequence {xi, (¢)} of {xx(t)}, {xx,(r)} satisfies the following
properties:

(1) There is an absolutely continuous function x(#): I — R", such that {x;, (1)}
is convergent uniformly to x(f) on the interval /.
(2) {x, (1)} is convergent weakly to x(r).

(Hint: to apply Alaoglu theorem and Arzela-Ascoli theorem)
8. Let X be a Hilbert space, and M be a closed subspace of X. Then for every
y € X, there is a unique yy; € M such that (y — yy) L yy. We can then define
a mapping Py : X — M such that Py (y) = yy. Verify that the Py, is a linear
mapping and ||Py| = 1.
9. Prove that every subspace of a normed space with finite dimension is closed.
10. A matrix A € R™" can be treated as a linear mapping from R” to R™.

(1) Prove that for every matrix norm ||A|| there are two norms | - || and || - ||
in R" and R™, respectively, such that ||A|| is compatible to || - || and || - ||

(2) If n = m, find the reduced norm of A, if [|- ||, = [|- [l = [I- |l
(3) Ifn=mand |- (|, = I Il = II- [, then [|All, = Z aizj is a compatible
ij=1

norm. ||A]|, is called Euclidean norm of matrix A.

1.2 Convex Sets

The convex analysis is a special subject in the theory of functional analysis and
foundation of both optimization and differential inclusions. The theory of convex
analysis contains mainly two contents. One is the convex set which provides a
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stage and another is the convex function which is the role playing on the stage.
This section introduces basic properties of convex sets, and the next section turns to
convex functions. These materials are used frequently in the further investigation of
this book.

1.2.1 Convex Sets and Their Properties

X is always to express a normed space in this subsection. If x;,x, € X and x; # x,,
then equation x = x; +A (x; — x1), A € R, is a line passed x; and x, * The two points
x1 and x, divide the line into three parts. If A € [0, 1], then the equation x = x; +
A (x, — x1) expresses a line segment which starts at x; and ends at x,. The segment
is called the segment connecting x; and x, and denoted by [x}, x,]. Similarly, we
can define inductively (xj, x2], (x1,x2), and so on. It is worth noting that the signal
[x1,x2] expresses an interval, but does not imply x; < x. When A € [1, 00), the
equation x = x| + A (x; — x1) stands for a radial line starting at x, and radiating to
infinite. The radial line is denoted by [x,, 00). We can define similarly (—oo, x;] for
the radial line starting at x; and ending in infinite with opposite direction of [x,, c0).
Forevery A € R, x; = x; + A (x, —x1) = (1 — A) x; + Ax, is denoted for a point
in the line for the specialized A.

Definition 1.2.1 A C X is a convex set in X, if for any two points x,x, € A, the
segment [x;, x;] C A. O

An alternative statement of [x;,x;] C Aisthatxy = (1 —A)x; + Axp € A for
every A € [0, 1].

By the definition, the closed unit ball B of a normed space X is convex. Because
if x;,x, € B, then ||x;|| < 1,i=1,2.For A € [0,1], x; = (1 — A1) x; + Ax,, we have

[l = 1A =) x + Al < (1= x| + [[Axz]| = (1 = A) [l ]l + A [z < 1.

Hence x, € B, i.e., [x1,x] C B.
By a similar way, it can be verified that the open unit ball B is also a convex set.
Preliminary properties of convex sets are listed as follows.

(1) The empty & is convex and X is also convex.

(2) A subspace in X is convex.

(3) The intersection NA; is convex, if A; C X, i € I are all convex, where [ is an
1

index set;
(4) x € X is a vector, then x + A is convex if A is a convex set;
(5) Fora € R, @A is convex if A is a convex set.

4If x; = x3,x = x; + A (xo —x;) = x;. The line degenerates to a point. In this book we do not
consider the special case.
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(6) Ay X A, is a convex set if both A; and A, are convex.
(7) Ay + A, is a convex set if both A; and A, are convex.

It is valuable to point out that the properties (6) and (7) can be extended to the
case where A, A,, ...,A, are n sets, but we are not sure it is true for infinite sets,
since a vectorin A; x A, x --- or A| + A, + - -+ may fail to be normed.

In general, the union of A; and A, A; U A; is not to be a convex set.

Theorem 1.2.1 If A is a convex set, then intA and cl A are all convex sets.

Proof If int A = &, then by the property (1) listed above, the intA is convex. We
now turn to the case that int A # &. If x;,x, € intA, and x € [x1,x;], then there
isaA € [0, 1] such that x = (1 — A) x; + Ax,. Define a subset of interval [0,1] as
follows,

A ={A; Vo e[0,A], (1 —0)x; +0x; €intA}.

A # @ since x; € intA, then § € A for a small positive § since intA is open.
Denote Ay = sup A, then g > 0. If A; = 1, then [x;, xp] C A. The first conclusion
of theorem is verified. We now prove the fact by contradiction.

If Ap < 1, denote x;, = (1 —Ap) x; + Apxz. Because x, € int A, there is an
& > 0 such that B (x2, &) C intA. We now show that B (xy,, Aoe) C intA. Suppose
X3 € B(xy,,A0¢), 1.e., ||x3 — xp, || < Aoe. Now consider

X3 — X1

- (1.2.1)

X4 = X1 +

we have

3 — X1

Ao

X
|xa—2x2|| = || %1+ —X2

1 1
= [a=[(1=Ao) x1+Aoxa][|= | [lx3—x3,ll <e.
Ao /\0

It follows that x4, € B (x2,¢) C intA. By Eq. (1.2.1), we obtain x3 = (1 — A¢) x; +
Aoxg. It implies that x3 € [x,x4] C A since A is convex. Because x3 is selected
arbitrarily in B (xy,, L0€), Xx;, 18 an inner point, and B (xy,, Aog) C intA. Thus Ay +
Aoe € A, it then conflicts with the fact that Ao = sup A. Therefore, sup A = 1.

We now turn to clA. Let x1, x, € cl A. Then there are two sequences {x,ll} C A and
{x2} C A®such thatx} — x; and x> — x,. Thus, (1 — A)x} + Ax2 > (1 —A)x; +
Ax; for every A € [0, 1]. Because A is convex, (1 —A)x! + Ax2 € A. It follows
(1=A)x; + Axp € cl A, ie., [x1,x] C clA. O

The following two theorems extend the results established in Theorem 1.2.1.

5The reader should divide the notation A; U A, from A; + A,.

%1t is possible that {x}} and {x2} are constant sequences.
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z—=Ay

Fig. 1.1 Illustration of the proof of Theorem 1.2.2

Theorem 1.2.2 If A is a convex set, xo € int A and x; € clA, then [xp, x;) C int A.
The proof of Theorem 1.2.2 is similar to that of Theorem 1.2.1, but is more
precise.

Proof If x; € int A, then by Theorem 1.2.1intA is also convex, and then [xg, x;) C
[x0,x1] C int A. Hence, it is sufficient to consider the case that x; ¢ int A, i.e., x is
on the boundary.

Xo € int A, hence there is an & > 0 such that B (xg, ¢) C A. To verify the theorem,
it is sufficient to prove that x; = (1 —A)xo + Ax; € [xp,x;) € int A for every
A € (0,1). Because x; € bdA, thereisay € B (xl, 1;* 8) N A. A is convex, the
segment [xo, y] C A.

Letyr = (1 =A)xo + Ay € [xo,y]. Then [[xp —yall = A [lxi —yl| < (I =A)e.
For every z € B (yy, (1 — A) ¢), we have

(I=Me>lz=mnmll=lz=0=-Dxo -y =01-2)

z— Ay
— . (1.2.2
[ X ( )

—A —A
Inequality (1.2.2) implies Zl Ay € B (xp, ). Furthermore, z = (1 — 1) Zl Ay +
Ay € A. Because z is selected arbitrarily form B (y,, (1 —A) &), B(yva, (1 —1)¢) C
A. We have verified that |xy —yi] = Aflxi—y] < (1—=2A)e, ie, x3 €
B (yx, (1 — A) ¢). Consequently, x; € intA (Fig. 1.1). O

Theorem 1.2.2 presents an important feature of the convex set. A segment which
connects an inner point and a point on the boundary is located in the interior except
the endpoint of boundary. The following theorem can be verified by a similar way,
hence we leave it to readers as an exercise.

Theorem 1.2.3 Suppose A is a convex set, and xo € int A and x; € clA. x =
(1 — A) xo + Axy is the line passed xp and x;. If A > 1, then x; ¢ clA, i.e., (x;,00) N
clA =o. ]

1.2.2 Construction of Convex Sets

This subsection deals with the construction of convex sets in a normed space.
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Let X be a normed space and xj,x, € X. The set {x;x = (1 — A1) x; + Axp, A €
[0, 1]} is called the segment connecting x; and x,, and denoted by [x;,x,] at the last
subsection. It is obvious that the segment [x}, x,] is a convex set and is the minimal
convex set which contains x; and x,. Hence, in this subsection we also call it the
convex combination of two points x; and x,. We now extend the concept to more
than two points.

Let x1,x2,x3 € X. Then the following set

{x = Axg + Ao + Asxz, A, A, A3 € [0, 1], A + A+ A3 =1}

is defined as the convex combination of x;, x;, and x3, and denoted by
conx(xy,xp,x3). When xj, x», and x3 are linear independent, i.e., they are not in
a line,’ then the set conx(xj, x2, x3) is a closed triangle with vertexes x, x», and x3.
The common definition of convex combination is as follows.

Definition 1.2.2 Let A = {x,,n=1,2,...} be a set in X, and {xni,i =1,2,
.,m} C A is a finite subset of A, then x = Zklxn‘ A > 0, ZA, = 1lis

i=1
called a finite convex combination of A. The set of all finite convex combinations

of A is called the convex combination of A and denoted by conx (x,;n =1,2,...),
i.e.,

conx (x,,n = 1,2,...):{x;x: Z/\,-xni,m eN,A; > O,Z/\,- = 1,x, € {x,}
i=1 i=1

(1.2.3)
O

An alternative statement of Eq. (1.2.3) is

conx (x,,n=1,2,... ={xx—2klxn,k >0, ZA =1,

i=1

but only finite A; # 0

Usually, conx (x,; n = 1,2,...)isalso called the polytope of {x,,;n = 1,2, ...},
and x,,n = 1,2,... areits vertexes. If x; —x;,i = 2,3, ... are linear independent,
then conx (x,;n = 1,2,...) is a simplex.

Theorem 1.2.4 conx (x,,n = 1,2,...) is a convex set.

"The requirement is equivalent to x3 ¢ {x;x = (1 — 1) x; + Axy, A € R}.
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Proof Letx,y € conx (x,,n = 1,2,...). Then by the definition, we have

m m
X = E ViXpy, Vi >0, E v =1,
i=1

and®

y:ZMixniv Wi >0, ZH,’ZI.
i=1

Then for every A € [0, 1]

m

A=D)x+ Ay == vixy +AY pixy, = D [(1=A) vi + Apti]
i=1 i=1 i=1

It is obvious that (1 — A) v; + Ap; > 0, and

[(I—A)Vi"i‘/\m]:(1—1)21&'4‘/\2%:1-

1 i=1 i=1

m
i=

The above discussion implies that (1 — A)x + Ay € conx (x,,n = 1,2,...). O

Theorem 1.2.4 also illustrates that if x € conx (x,,n = 1, 2,...), then there exist
ax, €{x,,n=12,...}anday € conx{{x,,n =1,2,...}/{x;,}} such that x =
(1 —=A)x;,, + Ay, A €]0,1]. The detailed proof of the conclusion is left to readers.

From the proof, we can find that the conclusion is still valid in a linear space,
because we have no use of the norms of vectors.

Definition 1.2.3 A C X is a set. The convex hull of A is the minimal convex set
which contains A. The convex hull of set A is denoted by coA. ]

Let ZA be the power set of A. It is well-known that by the operation of
containing, Z?A is only a partial order set. Fortunately, we can prove coA =

n A, the right side is unique, so is the coA. Because conx (x;, x; € A)
ADA,A is convex

is convex and contains A. Hence, it can be proved that coA = conx (x;, x; € A).
If A is a set in a finite dimensional space X. The following theorem given by
Caratheodory reveals the construction of co A.

Theorem 1.2.5 Let X be an n-dimensional linear space, A C X be a set of X.
For every x € co A there exist m vectors x; € A, i = 1,2,...,m, such that

x= Zkixi where A; > 0 and Z A; = 1. Particularly, we can make m < n + 1.

i=1 =1

8By adding zeros, we can require that x and y are yielded by the same x,,,’s.
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Proof If the vector x belongs to A, then the conclusion is obvious. Hence the key
issue is to prove the conclusion for the vector in coA/A. By Theorem 1. 2 4, every

vector in co A is a finite combination Z Aix; where x; € Aand A; > 0, Z Ai=1,

i=1 i=1
i=1,2,...,m Itis sufficient to verify thatm < n + 1.

The conclusion is verified by the following way. If m > n + 1, then there is
another convex combination which also yields x but only contains m — 1 x;’s

Suppose now x = Zkixi withm > n+ 1,all A; > Oand x; € A C X,
i=1

i = 1,2,...,m. X is an n-dimensional linear space, every x; can be expressed
T )
by x; = [xfl) xf,z) . -xf,") ] where x?) is the jth component of x;. Now we expand
L - .o o 1"
x; to an (n+ 1)-dimensional vector X; = [xi X7 x; 1] . The m vectors
X1, X,..., X, have to be linearly dependent. It implies there are m real numbers
ay,q, ...,o, which are not all equal to zero such that a1 X +aX, 4 - -+t X, = 0,
i.e.,
o1x) + oaxy + -0 + X, = 0, (1.2.4a)
a+os+ - +a, =0. (1.2.4b)

Without loss of generality, we assume that «,, # 0 and «,,, > 0 (if o, < 0, we can
multiply —1 to Egs. (1.2.4a) and (1.2.4b).

Now we consider the set A = {2’:;aj>0, Jj= 1,2,...,m}. Because
Amlo, belongs to A, A is a nonempty aild finite set. Let B = Aj /a5, =
min{i’:;aj >0, j= 1,2,...,m}, then B > 0. Let us denote u; = A; — Ba;
for all ; =1,2,...,m. Then p; > 0, and puj, = 0. Now we compute

Z ,Boc)—ZA —,BZal_l

||Ms

and

Zm::uixi = Zm: (Ai — Bai) xi = ijkixi - ,BZm: oiX; = X.
i=1 i=1 i=1

i=1

m

Because pj, = 0, in the equation x = Z Jix;, there are at most m — 1 nonzero
i=1

coefficients. Thus, we complete the proof of the theorem. O
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In an n-dimensional space, a set of basis holds n vectors, and every vector in the
space can be described uniquely by a linear combination of the n vectors. Theorem
1.2.5 shows that a vector in coA can be described by a convex combination of
elements in A, but it may need n + 1 vectors in an n-dimensional space. Moreover,
even if it can be described by a convex combination of n or less vectors, these
vectors still may be linear dependent. The reason is that all coefficients in a convex
combination have to be in the interval [0,1].

As a useful corollary we state the following result.

Corollary 1.2.1 If A is a compact set in an n-dimensional space, then co A is also
compact. (]

The corollary is easy to be verified by using the fact that a compact set in a finite
dimensional space is bounded and closed. We omit its proof and leave it to readers.

When we deal with the topological properties of convex sets, the concepts of
open set, interior and boundary of a set are very frequently mentioned. However
when a convex is located in a subspace of a normed space, it has no inner point. The
fact results in much inconvenience. Hence we yield an idea to introduce the related
topology for these convex sets.

Definition 1.2.4 Let X be a normed space, A C X is a set. If there exists a
vector xo € X and a subspace H C X such that xo + A C H, then the xj is
called by supporting vector, and H is carrying subspace, and the fact is denoted
by H = car A. O

If x is a supporting vector and H is a carrying subspace of A, then for two vectors
a,yeA,x+acHandx+y e H.Itfollowsa—y e H,or —y + A C H for every
y € A. The argument illustrates that if A holds a carrying subspace and y € A, then
—y is qualified as a supporting vector. Hence, the supporting vector is not unique,
but we can prove that the minimal carrying subspace for a set A C X is unique. In
order to prove the conclusion, we give a lemma and omit its proof since it is direct.

Lemma 1.2.1 Suppose xj,x, ...,x, form a basis of an n-dimensional linear
space X. Then the set {x;x = ajx; + axxy + -+ + a,x,, a; € (—¢&, &)} is an open
set containing the origin. O

Lemma 1.2.1 is valid for a finite dimensional normed space X. For R”, we
have a more precise illustration. Let x; be the i-th unit vector of R”", i.e., its i-th
component is 1 and others are all zero. Then the open set defined by Lemma 1.2.1

is ¢ x;max |x;| < &7 . When R” adopts the maximal norm, then the open set is just
i
an open ball whose center is the origin O and radius ¢.

Theorem 1.2.6 Let X be an n-dimensional linear space, and A C X be a convex
set. If int A = &, then there is an m-dimensional (m < n) subspace H of X such that
H = car A.

Proof If A = @, then every subspace is qualified as its carrying subspace. Hence,
we can assume that A 7% &. Let us fix a vector xy € A, and find as many as possible
xiinA,i = 1,2,...,r, such that x; — x( are linear independent. We then consider
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conx(xp, Xy, ...,X;). conx (xg,x1,...,%,) C A because of the convexity of A. To

prove the theorem, we deal with two cases.

(1) If r =n,thenx; —xo,i = 1,2, ..., r, form a basis of X. Define

Xo+ X1+ X2+ 0+ X

)

n+1
then x € conx (x, x1,...,x;) C A. Equation (1.2.5) can be rewritten as
D et L bt (=)
X—Xxg = X1 — X Xy — X Xy — X0) .
S S TS n+1 0

Define a vector x(n) as follows

x(m) —xo = (nj—l + 771) (1 —x0) + (nj—l + 772) (o2 — x0)

1
+~'+(n+1 +nn)(xn—xo)-

(1.2.5)

(1.2.6)

(1.2.7)

where n;, i = 1,2,...,n, all vary in the interval [—1/(}1 + D41/ (n+ 1)2].

Subtracting Eq. (1.2.6) from Eq. (1.2.7), we have

x(m) —x = (x1 —x0) + 12 (x2 — x0) + -+ + 0 (x4 — X0) -

By Lemma 1.2.1, {x(n), n; € [—1/(11—}- D31/ (n+ 1)2], i=12,...

an open set with center x.
On the other hand, x(n) is equal to

x(n) = xo + (nj—l +771) (x1 —xo0) + (nj—l +772) (2 —xp) + ---

1
+ (n+1 + n") (= %0)

,n} is

—l—n—zn:-x—lr 1+ X+ 1+ X+
= na 1 ni | Xo ntl m | X1 ntl N2 | X2

i=1

1
+ (n+1 +nn)xn-

Because 7; € (—1/(n + 1% 1/(n+ 1)2),

n 1 1 1 1 1 n-+2
0< )= - , = +n; < + ,= , <
m+1° n+l (m+1) n+1 n+l m+1)° (m+1)

’
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and

0 < 1 _ 1 n <1 n Zn: < 1 n n
1P ntl a1 T akl ST T oy
2n+1

C(m+ 1)

The above two inequalities are all valid for n € N. Furthermore,
1n2n:4+1++1+++1+—1
n+1 i:lnl n+1 T n+1 n n+1 ) =
(1.2.8)

We conclude that x (1) € conx (xg,X1,...,Xx,) C A forall 5; € (—=1/(n+ 1)%
1/(n + 1)?). Thus, x € intA which contradicts to intA = .

(2) From (1), we have r < n, then A — xy C span (x; —xg, X2—Xo, - . . , X,—X0). By
Definition 1.2.4, —xg is a supporting vector and span (x; — xg, Xp — X, - . . , X — X0)
is the carrying subspace whose dimension is r (< n). O

Using the concept of carrying subspace, we can define the following concepts.

Definition 1.2.5 Letdim (car A) < n. Then x € A is called as a relative inner point
if there is an € > 0, such that x + (¢B N carA) C A. The set of relative inner points
is called relative interior, and denoted by reintA; clA/reintA is called the relative
boundary of A and denoted by re bdA. O

By using Definition 1.2.5, Theorems 1.2.2 and 1.2.3 can be extended to the
relative interior. For example, the extension of Theorem 1.2.2 is given as follows,
and its proof is omitted.

Corollary 1.2.2 If A is a convex set, xo € re int A and x; € cl A, then [xp,x;) C
reint A. O

1.2.3 Separation Theorems

This subsection deals with the separation theorems of convex sets. Separation
theorems are also basic conclusions for the optimization theory. This subsection
starts with the properties of projection on convex sets, and then separation theorems
are presented and proved. In this subsection, X is always an inner product space
whose dimension is finite.

Suppose set A C X, and x € X. The distance fromxtoAisd (x,A) = ;Ielg |lx —all.

Define a set w(x,A) as follows:

7 (x,A) = {yy €A [x—y| = d(xA)}.
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m(x,A) is called by the projection of x on A. For a given x € X, usually, w(x,A) is
only a set. It is because that if A is not closed 7 (x, A) may be empty; but sometimes,
m(x,A) may have more than one elements. When A is a closed and convex set, the
conclusion is determined. The following theorem shows that 7 (x,A) is a mapping
provided that A is a closed and convex.

Theorem 1.2.7 If A is a closed and convex set of X, then for every x € X, w(x,A)
has one and only one element.

Proof Because A is closed, 7 (x,A) # @ for every x € X. We now verify that it has
only one element.

If there are @, b € A and a # b such that |x — a|| = ||x — b|| = d (x, A), then by
the parallelogram law of inner product (Eq. 1.1.3), we have

2 (I = all® + = bI) = la = b + 2 = a — b]]".

Because a # b, |la — b|| > 0. The above equation implies d(x,A)> = |x —a|? >
Hx — “erb ||2 A is convex, consequently, (a + b) /2 € A. The inequality contradicts
to the definition of distance. We then conclude 7 (x, A) has only one element. O

Differing from the case of linear subspace, usually, it is not true for a convex set
in an inner space that (x — 7 (x,A)) L A. An alternative conclusion will be given
below.

We have mentioned at the last section that if ||xg|] = 1, then (x,x¢) is the
projection of x at the line where the vector xj is located. The fact is used to deal
with the separation of two convex sets.

Let A; and A; be two convex sets of an n-dimensional space X, and A| NA,; = &.
If there is an (n-1)-dimensional hyperplane p’x = ¢, where p is the normal vector
of the hyperplane, such that A; and A, locate different sides of the hyperplane, then
we say that A| and A, are separated by the hyperplane p”x = c. Figure 1.2 presents
an illustration of the separation.

If Ay and A, are separated by a hyperplane p’x = c, then for one set, to say
Ay, {(p,x1) < cforevery x; € Ay; and (p,x;) > c for every x, € A,. Therefore,
separating two convex sets by a hyperplane is equivalent to look for a vector p such
that (p,x;) < (p,x,) for every x; € A; and every x, € A,.

Fig. 1.2 Two convex sets
separated by a hyperplane
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Lemma 1.2.2 Suppose A C X is a convex set, and xo ¢ A. Then thereisap € X
and p # 0 such that (p, xo) > (p,x4) for every x4 € A.

Proof The proof of the lemma consists of two cases.

(1) xo ¢ cl A. By Theorem 1.2.6, there is ay € cl A such that y = 7 (x, clA).
It follows that |x4 — xo|| > ||y — xo|| for every x4 € clA. Since A is convex,
Axg + (1 — A1)y € A. We have

Iy —xol> < [Axa + (1 = A)y — xo>

= 22[xa = y[7 + 24 {xa — v,y — x0) + [y — xo”.
Hence, for every x4 € clA and A € [0, 1],

A2xa — ylI> 4+ 24 (x4 — y,y — x0) = 0. (1.2.9)
From Inequality (1.2.9), we can conclude that for every x4 € clA

(xa —y,y —x0) = 0. (1.2.10)

If Inequality (1.2.10) is not true, i.e., there is a x4, € clA such that
(x4 —y,y—x0) < 0, then /X2||)cA0 —y||2 + 2A (xay — ¥,y —x0) < O for some
small A.

Now, let p = xo — y. Then p # 0. Inequality (1.2.10) becomes (x4 — y,p) < 0,
ie.,

(xa.p) < (v, p) = (x0 = p.p) = (x0,p) — IPII*. (1.2.11)

It implies (p, x4) < (p, xo).

(2) If xo € clA/A, then xy is on the boundary. There is a sequence {x;} C A such
that x; — xo. By the proof above, there is a p; for each k such that

(P xa) < {(proxo) — Ipell*.

Define pr = pi/ |lpcll, then ||px]| = 1. Substituting py by pr ||pk|l, the above
inequality yields

(Prxa) < (Proxo) — llpell - (1.2.12)

The shell of the unit ball is a compact set in a finite dimensional space, there is a
subsequence {py, } of {P}, such that p, — po. Because [[py, || = 1, ||po|| # 0. Hence
Inequality (1.2.12) leads to (po,xa) < (Po.xo).

The lemma is proved. (|
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Fig. 1.3 An illustration of
Inequality (1.2.13)

X0V
X0

)

Lemma 1.2.2. illustrates that if xy ¢ A, then there is a hyperplane which separates
xo from A. If the equality sign in (pg,x4) < (po,xo) cannot be removed, then x, €
cl A and the hyperplane is tangent to set A and the point x is on the hyperplane.
Lemma 1.2.2 is a useful conclusion; hence, more remarks are given below

Remark 1 Because y = 7 (xo,A), Inequality (1.2.10) is equivalent to
{xa — 7 (x0,A) ,x0 — 7 (x0,A)) =0, (1.2.13)

where xo ¢ A and A is convex. Inequality (1.2.13) is also true if xy € A, because it
implies xo = 7 (x9,A). Figure 1.3 presents an illustration of Inequality (1.2.13), the
angle included by xyp — 7 (x0,A) and x4 — 7 (x0, A) is always an obtuse angle. [J

Remark 2 In Sect. 1.1, we have mentioned when A is a subspace, then
(xo — 7 (x0,A)) € ML, ie., (x4 — 7 (x0.A) , xo — 7 (x0,A)) = O for every x4 € A.
In this sense, Inequality (1.2.13) is an extension from the subspace case. (]

Remark 3 We can prove an inverse result that for a closed and convex set A, xg ¢ A,
if (x4 —y,x0 —y) < 0 holds for every x4 € A, theny = 7 (x9,A). O

Remark 4 Inequality (1.2.11) is a stronger conclusion than Inequality (1.2.10). It
shows if xy ¢ cl A, then there is a constant § > 0 and a vector p € X, such that
{(x0, p) > B > (xa,p). The fact also can be explained as that if xo ¢ cl A, then there
is a hyperplane which separates xp from A; moreover, neither xo nor A touches the
hyperplane. (]

Remark 5 The conclusion can be extended to the case where X is not finitely
dimensional by using Alaoglu theorem mentioned in Sect. 1.1.4. (]

Lemma 1.2.2 is now used to verify the main conclusion of this subsection.

Theorem 1.2.8 If A; and A, are two convex sets in a finite dimensional space X,
and A N A, = &, then there is p € X such that (x|, p) < (x,,p) for every x| € A,
and every x; € Aj.
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Proof Define A = A| — A», then A is convex (to see Problem 6 of this section) and
0 ¢ A. By Lemma 1.2.2, there is a vector p such that (x4,p) < (0,p) = 0. Note
that the vector x4 takes the form of x4, = x; — x, with x; € A| and x, € A,. Hence
(x1 —=x2,p) <0, ie., (x1,p) < (x2,p). .

Theorem 1.2.8 is also known as variation theorem which plays a primary role in
the theory of variation. Theorem 1.2.8 has a corollary as follows.

Corollary 1.2.3 If A; and A, are two closed and convex sets in a finite dimensional
space X, A; is compact and A; N A, = &, then there is p € X and ¢ > 0 such that
(x1,p) < {x2,p) — e forevery x; € A; and every x; € A,. O

By the property of compact set, the proof of Corollary 1.2.3 is direct, we leave it
to readers as an exercise.

Problems

1. Ais a set in a linear space. If x € A, and ax € A, for every a € R (> 0), then
A is a cone. Prove that A is a convex cone if and only if for x,y € A, o, €
R (> 0), ax + By € A.

2. LetA;,i = 1,2,... be convex sets in a normed space X. Define X*° = XxXx---
is the set of {x = [x1,x2,...],x; € X} in which only finite components x; are
nonzero. X is called as the minimal infinite extension of X. Prove that

(1) X®° is a normed space if X is.
(2) If A} x Ay X --- C X then it is a convex set in X*° (It requires the origin
belongs to almost all A;).

3. If A C X is a bounded set and X is an n-dimensional linear space, then cl coA is
also a compact set.

4. Prove Theorem 1.2.3.

5. Prove Corollary 1.2.1.

6. If A; and A, are both convex sets, A| N A, = &, then A; — A, is a convex. Give
an example to illustrate that the conclusion may fail if A} N A, # &.

7. Let X be an inner product space, and A C X be a convex set. Then the projection
7(x,A) has the following properties.

(1) VxeA, n(x,A) =x.
(2) m(x,A)is aLipschitz mapping and its Lipschitz constant can be 1.
(3) m(x,A)is monotonous, i.e., (7 (x,A) — 7 (y,A) ,x—y) > Oforx,y € X.

8. If A C X is a convex cone, then the projection m(x,A) has the following
properties.

(1) ForxeX,ye A, (x—n(x,A),y) <0
(2) Forxe X, (x—m(x,A), 7 (x,A)) =0
(3) Forx e X, ||x||> = |7 (x,clA)||* + |x — 7 (x, clA)|?

The above conclusions illustrate that a convex cone is more similar to a linear
subspace because they hold many similar properties.
9. Prove Corollary 1.2.3.
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1.3 Convex Functions

At the beginning of the last section, we pointed out that convex analysis contains
two fundamental concepts: convex sets and convex functions. The convex sets have
been considered. This section turns to convex functions. The concept of convex
functions is given first, then elemental properties of convex functions are listed, and
several useful convex functions are introduced; at last, the continuity and derivative
are discussed for convex functions.

1.3.1 Convex Functions and Their Elementary Properties

The space considered in this section is R” which is treated as an inner product space.
f:R" - Zis a function, A C R" is a set.

Definition 1.3.1 f : A — Z is a convex function on a set A if A is a convex set and
forx;,x; € Aand A € [0, 1]

FA=)x +Ax) = (1 =2)f () + Af (x2). (1.3.1)

f is a strictly convex function if the signal “<” in Inequality (1.3.1) can be replaced
by “<9’. D

Remark The set {x = (1 —A)x; + Axz, A €0, 1]} has been denoted by a seg-
ment [x;,x]. Therefore, f is a convex function on A if and only if it is convex on
every segment [x1, x] C A. O

The concave function is defined by using the convex function. f : A — Z is
said to be a concave function if —f is a convex function. It is worth to note that the
domain of a concave function is a convex set. This book does not consider concave
functions except it has to be mentioned.

An equivalent statement of Definition 1.3.1 is as follows.

f is a convex function on the set A, if A is convex and for n vectors x; € A, i =
1,2, ..., n, the following inequality holds

f (Z Am) < Mf (). (1.3.2)

i=1 i=1

where A; € [0, 1], Zki =1.

Inequality (1.3. 1)1 really implies Inequality (1.3.2). The proofis left as an exercise
to readers. Inequality (1.3.2) is known as Jensen Inequality.

The properties of convex functions are listed below and all proofs are omitted.
The readers are suggested to refer to a textbook of convex analysis for these proofs.
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In the following, f and f;, i = 1,2,... are convex functions. They hold the same
domain A.

(1) g =fi +f> and g = af) are convex function if a > 0.

(2) Let M € R™" be a real matrix, and b € R™ be a vector. Then f (Mx + b) is a
convex function.

(3) If g : R — Z is a monotonously increasing and convex function, then g(f(x)) is

a convex function by the definitions that g (co) = supg(x), g(—o0) = inﬂg g(x).
x€R xe
(4) g(x) = supfi(x) is a convex function.

(5) g(x) = lim sup fi(x) is a convex function where lim sup fi(x) =
i—>o00 i—00
lim sup (fi(x)).
=00 fs;

The last two conclusions are also valid if there are infinite f;’s.
As exercises, the readers are suggested to deal with the corresponding properties
for strictly convex functions and concave functions, respectively.

Definition 1.3.2 Let f : A — R be a function. The epigraph of f is defined as
follows

epif ={(x,a); x€A, ¢ €R, and f(x) < «}. O
Theorem 1.3.1 f : A — Ris a convex function if and only if its epigraph epif is a
convex set in R” x R

Proof Suppose that (x;, 1), (x2,02) € epi f. By the definition of epigraph, we
have f (x;) < «a;, i=1,2.

A point in R” x R can be expressed by the form of |: * i| Using the notation, we
o

Xi

S ()

_ X1 X2 | (1=21)x; + Axy .
=2 |:f (xl)i| 4 |:f (xz):| - [(1 — M f (x) +Af (x2)i| €epif,

have |: i| eepi f, i=1,2.Ifepif is a convex set, then

because A is convex, (1 —A) x; + Ax, € A for every A € [0, 1]. By the definition
of epigraph, it is true that f (1 —A)x; + Axz) < (1 —A4)f (x1) + Af (x2). The
sufficiency is verified.

Now we turn to the proof of necessity. If |:xl} cepi f, i =1,2,thenx; € A
Q;

and f (x;) < ;. (1 —A)x; + Ax; € A because A is a convex set. Moreover, since f
is a convex function, f ((1 — A) x; + Axz) < (1 — A) f (x1) + Af (x2). It implies

FA=Dx1+Ax) <A =2)f(1)+ A () <A —=1)ax; + Las.
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By the definition of epigraph,

X1 X2 | (1=A)x; + Axy .
(1=4) |:oz1:| +4 |:052:| a [ (1-Va +Aa2:| € epif.

It implies epif is convex. (]

Define a set as follows
lev (f <a)={xeA;f(x) <a}.

The setlev (f < «) is called the level set of f related to real number «. Similarly, we
can define the set lev (f < «). It can be verified that lev (f < «) and lev (f < @)
are both convex if f is a convex function. In the next chapter and Chap. 4, the concept
of level set will be applied.

To end this subsection, we deal with the Lipschitzian property for the convex
function.

Lemma 1.3.1 Letf : R" — % be a convex function and xo € R". Suppose that f
holds upper bounded on the neighborhood B(xy, ¢), then there is a § > 0 such that f
is a Lipschitzian function on the neighborhood B(xo, §).

Proof By the assumption of the lemma, there is a constant M > 0, such that for
every x € B (xp, ¢), f(x) < M. Now we prove that f is also lower bounded. Let z €
B (xo, €) then there is a 7 € B (xo, €) such that xo = (z + Z/) /2. f is a convex func-
tion; hence we have f (xp) < éf(z) + éf (). f (@) <M, thus, f(2) > 2f (xo) — M.

Denote ¢ = max {|2f (xo) — M|, M}, the above discussion implies |f(z)| <
¢, for every z € B(xp,¢). Take § = ¢g/2, for x;,x, € B(x,8), we denote
A = |x1 —x2]] < 28 and define x3 = x, + (6/A) (x2 —x1). x3 € B(x0,8)
because ||x3 —xo|| < ||lx2 —xol| + (§/A) |lx2 —x1]] < 28 = ¢. From the equation
x3 =x3 + (8/A) (x — x1), we have x, = Ai—&xl + Aﬁ_gxg, hence

fx) = ’

A
SN R

Subtracting f(x;) from both sides, it yields

A

PO —f ) S 60 =) = 09 = Gl = o =l

If we define x4 = x; + (§/A) (x; — x) and repeat the above processing, we can

2
obtain f (x1) —f (x2) < 3; ||x1 — x2]|- The two inequalities together imply

IF () —f ()] < ; 1 — . 0

Lemma 1.3.1 leads to the following theorem directly.
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Theorem 1.3.2 If f : R* — R is a convex function and dom f = R”, then f is a
local Lipschitzian function on R”".

Proof Let x € R". Then there is a simplex ¥ = co (x1,x2,...,X,+1) Which is

convex by Definition 1.2.2, such that x € int X.
n+1 n+1

Because x = Zkixi, Ai >0, Zki =1
i=1

i=1

n+1

£ = YoM () < maxf (x)]

i=1

Because the effective domain of f is R", f is upper bounded. By Lemma 1.3.1, the
theorem is verified. O

Remark From the proofs of Lemma 1.3.1 and Theorem 1.3.2, we obtain two
properties for the convex functions.

(1) Letf be a convex function. If f is locally upper bounded, then it is also locally
lower bounded; furthermore, f is locally bounded.

(2) Let f be a convex function. If f is bounded at a neighborhood of xy, then f is
continuous at x¢. Furthermore, a bounded convex function is continuous. O

1.3.2 Examples of Convex Functions

This subsection provides several convex functions which will be used frequently
later.
In a normed space X, the norm is a mapping from X to R (> 0). Because

I =) x + Al = (1 =) x| + A llx] .

the norm is then a convex function on X.

If V e R™" is positive definite matrix, then we can define a norm for R" by
using V, ie., ||lx|| = +/xTVx. It follows from the above discussion that /x7 Vx is
a convex function on R". Moreover, g(x) = x> is a monotonously increasing and
convex function when x > 0. We conclude, by the property (3) of convex function
(Sect. 1.3), that a positive definite quadratic function V(x) = x” Vx is convex. The
fact can also be seen from the following differential criterion.

Supporting function S(x,A). Let AC R”" be a set. A function S (x,A) : R" - &%
is defined as follows:

S (x,A) = sup (x4, x).

X, €A
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Fig. 1.4 The supporting
function S(x, A)

S(x,A)is called by the supporting function of set A. By the property (4) (Sect. 1.3)
and the convexity of inner product, we then conclude that S(x,A) is convex. It can
verified that S(x, A) is also a homogenous function.

Figure 1.4 gives a geometrical illustration for the supporting function S(x,A).
From the figure, S(x,A) is the maximal projection among the points of cl A on the
vector x. In other words, for a given x € R”, we can define an (n — 1)-dimensional
hyperplane (x,y) = S(x,A), where x is the normal vector of the hyperplane such
that the hyperplane is tangent with the closed set cl A. When A is a convex set, there
is a unique yo € cl A such that (x, yo) = S (x,A).

For a specific set A, the supporting function S(x,A) can hold a specific meaning.
For example, A = {yo}, where yo € R", i.e., A only has one element, then S (x,A) =
(%, ¥0). S(x,A) is a linear bounded functional. Moreover, when ||yo|| = 1, then S(x, A)
is exact the projection of x on yo. One more example is that if A is a closed unit ball
of R", then S (x,A) = ||x||, i.e., the norm of vector x. The supporting function can
be used to describe the property of a set; hence it is a useful tool in the following
investigation. The readers can learn more specific supporting functions from the
problems of this section.

Minkowski function ju(x). Let A C R”" be a convex set, and 0 € intA. The
Minkowski function p (x,A) : R” — R is defined as follows.

p(x,A) =inf{a>0; a 'x€A}.

Sometimes, we just denote j(x,A) by w(x) if A is unambiguous. We can prove that,
for every x € R", x ¢ A, we have co > pu(x) > 1, forx € A, pu(x) < 1. It is also
easy to verify that the p(x) is positive homogeneous. Hence, to prove that p(x) is a
convex function, it is sufficient to show that u (x + y) < u(x) + w(y).

Suppose that a = u(x), b = u(y). For a givene > 0, denote c = a + b + ¢.
Because a + (¢/2) > u(x), we have (a + (¢/2)) 'x € A. By the same reason,
(b + (¢/2))""'y € A. Thus,

a+ (g/2)

Cc

PR ety ea

x4y = (a+ (8/2))_1)6 +
since A is convex. From the definition of Minkowski function, we conclude
pEx+y)y<c=a+b+e=pux+pnQ +e

The inequality holds for all ¢ > 0, hence, © (x +y) < u(x) + w(y).
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1.3.3 Derivative of Convex Functions

We are already aware that a bounded and convex function is continuous. This
subsection will deal with its differential property. We start with a criterion for the
convexity of differentiable functions, then we make a deep discussion about the
derivate of convex functions.

Let A C X be a convex set and f: R — R be a differentiable function. Then
the convexity of f can be determined by its first-order derivative or its second-order
derivative. We present some equivalent conditions of convex functions with single
variable. The proofs for these conclusions can be found in a textbook for convex
analysis and are omitted.

1. f is a convex function on A.

2. f'(x), x € A is a monotone increasing function.
3. f(x2) =f (x1) +f (x1) (x — x1) for xy, x, € A.
4. f"(x) > 0 forx € A.

We now extend these conclusions to multivariable functions.

Theorem 1.3.3 Let A C R” be a convex set, and f : A — R be a function. Then the
following statements are equivalent.

(1) fis a convex function on A.
(2) For two vectors x1,x; € A, (x —x1, Vf(x2) — Vf(x1)) > 0, where Vf is the

d ,
gradient of f, i.e., VfT = f ° where x' is the i-th component
ax! ox? ax"
of x.
3) fx2) =f(x1) +(Vf(x1), x2—x) forx;,.x; €A
(4) V*(x) =0, for every x € A, where V?f = [9%f/0x'9x/] is the Hessian matrix

of f.

Proof By the remark given after Definition 1.3.1, it is sufficient to verify that f is
convex on the segment [x;, x5 ].

We consider now the function f (1) = f (x; + A (x — x1)), where x; and x; are
fixed, but A € [0, 1]is a variable. Hence, f (1) is a scalar function. By the derivate
of compound function, we have

ar(A) [ of(x) d(x; + A (x2 —x1))
dr Wy = x4+ A (2 —x1) ’ dA (1.3.3)
=(VF(x1 + 4202 —x1)), (x2 —x1)) .

By the property (2) listed before Theorem 1.3.3, f (1) is convex if and only if df /dA
is monotonous increasing in the interval A € [0, 1].

°In general, the gradient is a row vector, but we consider V to be a column vector for unification.

10A matrix M > 0 means that the matrix is symmetric and positive definite. M > 0 means it is
semi-positive definite.
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(1)=(2) f(x) is a convex function, so is f(4). By property (2), df/dA is
increasing with the increase of A, then

daf
dA

=Vf(x) (x2—x1) > Vf(x): - (x2—x1) = ji .
2=0

P
(2)=(1) If (2) is true, replacing x; by x; +A (x2 — x1) and x; by x; + 24, (x2 — x1)
we have
0 <([Vf@x1+A2(2—x1)) = Vf(x1 + A1 (2 — x1)) ], (A2 — A1) (2 — x1))
= (A2 = ADA([Vf (x1 + A2 (2 —x1)) = Vf (31 + A1 (2 —x1) |, (32 — x1))

df (%) Q)

= Q=200 dA

A=A

The last equation comes from Eq. (1.3.4). Thus, df /dA is monotonously increasing,
f (L) is convex, so is f(x).

(1) <= (3) The equivalence is verified by using property (iii) of the scalar
case. f (A1) is convex if and only if

F@ R G ) 2/ (A (o + T OTRETI 6,
=f+Al—x))+RX— 1)

x(Vf (1 + A (2 =) s G2 = ) ))
=[x+ A (2 —x1))

+(VF (1 A G2 = x1)) s (e = A1) (2 = x) )
(1.3.4)

Let A; = 0, A, = 1. Then Inequality (1.3.5) leads to conclusion (3). If we define
X1 = x1 + A1 (xp—x1) and X = x; + A, (x —x1), and replace x;, i = 1,2 by
Xi, i = 1,2, respectively, in conclusion (3), then it is exactly equal to Inequality
(1.3.5). The equivalence of (3) is verified.

(1) <= (4) At last, derivating Eq. (1.3.4) both sides related to A, by using the
property (iv), the equivalence of conclusion (4) can be obtained. O

Because the Hessian matrix of x” Vix is 2V, the quadratic function x” Vx is a convex
function if and only if V is positive definite. Moreover, the quadratic function x7 Vx+
bTx + ¢ is also convex provided that V is positive definite and » € R" and ¢ € R
are selected arbitrarily.

Definition 1.3.3 Suppose f : R" — R (c0), v € R" and A € R. If the following

limitation exists

y f (xo + Av) = f (x0)
m
240 A
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(the limitation is allowed to be +00), where A |, 0 means A decreases monotonously
to zero, then the limitation is called by directional derivative of f at xy and along with
the direction v, and the directional derivative is denoted by Df (xg)(v). O

The notation Df(xo)(v) can be understood as a function, i.e., v € R" is the
argument and x is a parameter. The parameterized mapping Df (xp) maps v into Z.

It was known that in calculus, there is also a definition of directional derivative,
but the definition is somewhat different from Definition 1.3.3 where A is convergent
monotonously from right side.

From calculus we have known that if f is continuously differentiable at xg, then
Df (x0) (v) = (Vf(xo), v). For the convex functions, we have the following
conclusion.

Theorem 1.3.4 Let f : R" — R (00) be a convex function. Then for xp, v € R”
the directional derivative Df(xp)(v) exists. Moreover, for a given xg, Df (xg)(v) is
convex and positively homogeneous.

Proof Before proving the theorem, we verify a preliminary conclusion.
Suppose f : R — R is a convex function, and xp < x; < x, then

f(x1) = f (x0) - f (x2) = f (x0) - f(x2) _f(xl).

X1 — X0 X2 — X0 X2 — X1

(1.3.5)

The meaning of Inequality (1.3.6) can be illustrated by Fig. 1.5 as follows.
Denote @ = (x; —x1) / (x2 —x0). If xo < x1 < xp, thena € [0, 1], and x; =
axp + (1 — a) x,. f(x) is a convex function, hence,

1

Fen <2 e+ T ().
X2 — X0 X2 — Xo

It is easy to show that the inequality is equivalent to (X;I):i [()X") </ (X;‘;;:Z (()X"). The
another inequality in (1.3.6) can be verified by a similar way and is omitted.
When f : R" — R(o0) is restricted on the segment [xg,xo + V], f

[x0, X0 + v] — R (00) is a scalar function, it can be rewritten as f (1) = f (xo + Av)
wheref : [0,1] > Randf (1) isconvex.For Ay, A3, A3 e R,with1 > A, > A; >

Fig. 1.5 An illustration of A
Inequality (1.3.5)
- S

S (%)

=y
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Ao = 0, Inequality (1.3.6) implies that /%) =40 < /U700 1 we fix 2y = 0,
then the inequality leads to

J o+ A4v) =f (x0) _ f (xo + A2v) —f (x0)
A - Ay ’

f (o + Av) — f (x0)

It implies that is monotonously decreasing by A | 0. Hence

A
f(xo + Av) —f (x0)

the limitation lim
A0 A

Ifa € R(> 0), then

exists (it may be —00), i.e., Df (xp)(v) exists.

f@ot+Aav)=f (o) _ . fXo+rav)=f (x0) _

Df (x) (av) = lim . im " aDf (x0) (v)
i.e., Df(xp) is positively homogeneous.
At last, we prove it is convex. For u € [0, 1], we have
f(xo +A(pvr + (1 —p) vz)) —f (x0)
A
_ J(r o+ Av) + (1= ) (X0 + Av2)) = f (x0)
A
RUCG+ A0 =00 | (1= ) [ o 4+ ) — f (o)
= 1 + 1 .

Let A | 0, the inequality results in

Df (x0) (vr + (1 = ) v2) < uDf (xo) (V1) + (1 — p) Df (x0) (v2) -
The theorem is now completely verified. (]

Theorem 1.3.4 reveals that convex functions hold similar property to continu-
ously differentiable functions. Moreover, its directional derivative is convex. The
following definition is about subdifferential, it can be treated as an extension of
gradient defined for continuously differentiable functions.

Definition 1.3.4 Letf : R" — R (00) be a convex function. Then the set

of (xo) = {y:Vx € R", f(x) —f (x0) = (v.x —x0)}

is defined as the subdifferential of f at xo. If df (xo) # @, then f is subdifferentiable
at xg. O

It is worth to note that by the third conclusion of Theorem 1.3.3, if f is
continuously differentiable at xo, then its gradient Vf (xg) € 9f (xo). Hence the
subdifferential is an extension of gradient. Moreover, from the definition the
subdifferential df (xo) is a closed and convex set for every xo € R”". The following
theorem presents more property of subdifferential.
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Theorem 1.3.5 Let f : R" — R (0c0) be a convex function, xy € R” and f (xo) #
oo. Then

I (x0) = 9uDf (x0) (V)| =9 = 3uDf (x0) (0)

where 9, is the subdifferential of Df(x()(v) related to vector v.'!

Proof By the definition of directional derivative,

A0) —
D (50 (0) — tim 0 T30 = G0) _ ¢
240 A
And by the definition of subdifferential, for v € R", 9,Df (x9) (0) =

{y:Df (x0) (v) = (y, v)}.
If y € df (x0), then for any v € R", f (xo + Av) —f (x0) = (y, Av) = A (y,v),
i.e.,

S (xo + Av) — f (x0) -

2 (v, v).

Let A | 0. It leads to Df (x0) (v) > (y, v). Hence y € 9,Df (x0) (0), or df (x9) C
dyDf (x0) (0). On the other hand, if y € d,,Df (x0) (0), then Df (xp) (v) > (y, v) by
the definition of d,Df (x) (0). When 0 < A < 1, Inequality (1.3.6) implies that

fx) —f (xo) =f (xo + (x — x0)) — f (x0)
- f o+ A (x—x0)) —f (x0)

A
> Df (x0) (x — xo)
> {y, x—xo) .

From Definition 1.3.4, we conclude y € df (xo), i.e., df (x0) D duDf (x0) (0). The
proof is completed. O

Thus we can restate Definition 1.3.4 as follows.

I (x0) = {y;Yv € R", Df (x0) (V) = (y, v)}. (1.3.6)

Theorem 1.3.6 If f,g : R" — R (c0) are all convex functions, then the following
statements are valid.

(1) f (x0) = min{f(x)} if and only if 0 € If (x¢).
(2) a € R(>0), then da f (xo) = adf (xp).

The reader should understand the meaning of the notation Df(xy)(v). It is emphasized that in
Df(xo)(v) xo € R”" is treated as a parameter, VE R" is the argument, d,, is the subdifferential
related to the argument v.
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(3) If x e dom f Ndom g, then 9 (f + g) (x) D df(x) + dg(x), moreover, if there is
an xo € dom f N dom g such that f or g is continuous at xy, then

I(f + ) () = If(x) + 9g(x)

for all x € dom f N dom g.
Proof

(1) By the definition of subdifferential, if 0 € 9f (xp), then f(x) — f(x) >
(0,x —xp) = 0, i.e., f(xo) reaches its minimum. On the other hand, if f(x¢)
is the minimum, then f(x) > f (xo), hence, f(x) — f (x0) > (0, x — xo) = 0, or,
0e af (XO).

(2) If a = 0, then af (x) = 0, daf(x) = 0. The conclusion holds. Hence, we only
consider the case thata > 0.If y € da f (x0), then af (x) — af (xo) = (y, x — xp).
It follows a~'y € 9f (x0), y € adf (xo). On the other hand, if y € adf (xo), then
a~'y € 9f (x0), hence, f(x) — f (x0) > (@~ 'y, x —xo), y € da f (xo).

3) Ifx, x € dom f Ndom g and y; € df(x), y» € dg(x) then by the definition of
subdifferential, we have f (x) —f(x) > (y;,x — x), and g (x)—g(x) > (y2,x — x).
Consequently, f (x) + g (x) — (f(x) + 8(x)) = (y1 +y2,.x —x),ie, y1 +y €
I(f +g) (x),ie.,d(f +g) (x) DI(x) + dgx).

To prove the second statement of the third conclusion, it is sufficient to show
d(f+g) (x) C If(x) + dg(x). Without loss of generality, we suppose that f is
continuous at xy. Let x € dom f Ndom g and y € d (f + g) (x). Then f(x) + g(x) —
fx)+gx) = (y,x—x),ie,

F)=f(x) = (y,x—x) = g (x) — g(x). (1.3.7)
Define now two relations as follows

F ={(xp,rr) € dom f x R, f (xp) —f (x) = (y,xr —x) < rr},
G = {(xg,r6) € dom g xR, g (x) — g (xg) > 7} -

(1.3.8)

If xr € dom f, there is certainly a rg such that (xg,rr) € F, then F # & and
dom f = dom F. Moreover, for a fixed xr, the rg can go to infinite. Similarly, we
can prove G # @ and dom g = dom G. And the r¢ can trend to negative infinite.

From the fact that both f(x) and g(x) are convex functions, we can verify that F
and G are all convex sets. Furthermore for x € dom f N dom g, Inequality (1.3.8)
implies there is no  such that (x,r) € F and (x,r) € G, consequently, FN G = <.
By using Theorem 1.2.3, we conclude that there is an p € R", o € R, such that
(pT oc) # 0 and (pT «) separates set F from set G, i.e., for every (xr, rr) € F and
every (xg, r¢) € G, the following Inequality (1.3.10) holds

(xp,p) + arp < (xg,p) + arg. (1.3.9)

As pointed out above, rg can go to negative infinite, hence, o < 0.
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We now prove that & # 0. Otherwise, if & = 0, Inequality (1.3.10) leads to

(xr, p) < (xG.p) . (1.3.10)

Because f is continuous at x¢. It means that there is a neighborhood B (xo, &) C
dom f. Wheny € B(0,¢), y # 0, thenxy +y € B (xo,¢) and xo —y € B (xg, €).
When xo + y € B (xo, €), Inequality (1.3.11) leads to (xo +y, p) < (x0,p), i.e.,
(y, p) <0. Similarly, by xo —y € B (xo, &), the same deduction leads to (y, p) > 0.
The both inequalities implies (y, p) = 0. Since y can be selected arbitrarily from
B(0, ), p = 0. Furthermore (p”a) = 0. It contradicts to (p” «) # 0. Therefore,
a #0.

From Inequality (1.3.10), we obtain

<xF, P >_VF§<XG, P >—r(;. (1.3.11)
o] |t

Forevery xp and § > 0,f (xr) —f (x) — (y, xr — x) + 6 are qualified to be the rr. And
for every xg, g (x) — g (x¢) is qualified to be rg. Thus, Inequality (1.3.12) results in

<xF, |Z|>— (F (eF) —F () — (v — ) + 8 < <xG, |§|>— (50 — g (x6)).-
(1.3.12)

Let xr = x. Then due to § > 0 Inequality (1.4.1) results in
p
26 =50 = frg—x- 1 ).

for every x¢ € dom G. Hence — IZ | € dg (x). If x¢ = x, then Inequality (1.4.1)
results in

f(xF)—f(x)z<xF—x,y+ P >

o]

for xr € dom F.Itimplies y+ (p/ |x|) € df (x). Thus,y = y+ (p/ |a]) — (p/ |a|) €
f (x) + 9g (x). O

The second part of Conclusion 3 is also known as Moreau-Rockafellar theorem.
For Theorem 1.3.6, we give two remarks.

Remark 1 The continuity of f at xy is only used to verify o # 0. Hence, if we
can find a vector (p! «) with @ # 0 to separates F from G, then the condition of
continuity can be removed. ]
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Remark 2 In general, we cannot guarantee that dom f N dom g is convex. But we
can guarantee the sets F and G defined in Eq. (1.3.9) are all convex. Defining the
two sets is the critical issue in the proof. (]

To end this subsection, we give a conclusion which reveals the relation of
subdifferential df (x) and gradient Vf(x).

Theorem 1.3.7 If f is differentiable at xy, then df (xo) = {Vf (x0)}-

Proof After Definition 1.3.3, we have mentioned that when f is differentiable
at xp, then Df (xo) (v) = (Vf(xo), v) for every v € R". By Eq. (1.3.7), if
y € of (x0), then (Vf (x0),v) > (y, v). On the other hand, if v is replaced by
—v, then (Vf (x0),—v) > (y,—v), ie., (Vf(xp),v) < (y, v). Consequently,

(Vf (x0),v) = (y, v),ie.,y = Vf(x). [l
Problems
1. For a given x € R”, try to construct a simplex ¥ = co (x1,x2,...,X,+1) such

that x € int X.

2. Prove that the level set lev (f < &) is convex provided that f is a convex
function.

3. Is the statement that “f : R" — & is a convex function, if f is lower bounded
at a neighborhood B(xy, ¢) of xo € R”", there is a § > 0 such that f is upper
bounded at B(xy, §)” true? Why?

4. Let A C R” be closed and convex. Show that a € A if and only if S (x,A) >
(a, x) for every x € R".

5. Prove that if a function j(x) is positively homogeneous and u (x +y) < pu(x)+
1 (y), then p(x) is a convex function.

6. Let A C R"be aconvexset,x € X, a = m (x,clAd),denotey = x —a/ ||x — a|
show that S (y,A) = (y,a).

7. Let A C R" be a compact set. Then S(x,A) is a Lipschitzian function.

8. Letf : R"xR™ — R be a convex function, G be a convex set in R” x R™. Then
the function ¢(x) defined by ¢ (x) = e1g(f )f (x,y) is a convex function where

y X

Gx) ={y e R"; (x,y) € G}.
9. If A is the closed unit ball in R", prove that S (x,A) = |x|. Moreover, prove
that the conclusion is still valid if A is the open unit ball in R".
10. Show that df (xp) is a closed and convex set provided that f is a convex function.

11. Prove thatif £(x) = ||x]|, x € R", then 9f(x) = | o *= O

x/ [lxl[, x # 0.

12. Prove that df (x) = {x*;x* € A, (x*,x) = f(x)}, where f(x) = S(x,A), A C
R" and A is a convex set.

13. Let f : R* — R be a positively homogeneous and convex function. Then
f(x) = S (x,9f(0)) provided that f(x) is bounded for every x in R".

14. Suppose that f : R" — R is a convex function and is subdifferentiable. Then
df (x) is a bounded set for every x in R”.

15. Prove that if df (xo) holds only one element y, then f is differentiable at x, and

Vf (xo) = y.
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1.4 Semi-continuous Functions

In the theory of convex analysis, the semi-continuous function is also a key issue and
is deeply related to the convex function. In the next chapter, almost all set-valued
mappings are semi-continuous. Hence, this section introduces semi-continuous
functions for preparation. Readers are suggested to compare the semi-continuous
function with those set-valued semi-continuous mappings, which will be defined in
the next chapter, and to try find their similarity and difference. This section contains
two parts: the definitions and properties of semi-continuous functions, and examples
of semi-continuous functions which play useful roles in the following discussion.

1.4.1 Semi-continuous Functions and Their Elementary
Properties

In this section, R” is still treated as an inner space. f : R" — Z is a function and set

A CR".

Definition 1.4.1 f : R" — % is a function, if f (xo) > limf(x) = lim sup f(x),"?
X—>X0 X—>x0

then f is upper semi-continuous at x. If for every x € A, f is upper semi-continuous

at x, then f is an upper semi-continuous function on A.

[ R" - Z is a function, if f (xo) < limf(x) = lim inf f(x), then f is lower
X—>x0 X—>X0
semi-continuous at xo. If for every x € A, f is lower semi-continuous at x, then f is

a lower semi-continuous function on A. O

Readers may find from Definition 1.4.1 that f is upper semi-continuous at x if
and only if -f is lower semi-continuous at xy, and vice versa. It is also easy to verify
from the definition that f is continuous at x if and only if it is upper semi-continuous
and lower semi-continuous at xy, simultaneously.

The following equivalent statements are listed for upper semi-continuous func-
tions, their proofs are omitted.

(1) f is upper semi-continuous at xp.

(2) For every ¢ > 0, there is a § > 0 such that f(x) < f(xo) + & provided that
x € B(xp,8) NA.

(3) Forevery a € R, the level set lev (f < a) is an open set.

(4) Forevery a € R, the level set lev (f > a) is a closed set.

12The notation lim supf(x) should be understood as follows. Let § be a small positive real number,

X—>X0
and a(§) = sup f(x). Then a(§) is a monotonously decreasing function with the decreasing
XEB(x0.,8)
of §. Hence, the limitation lima (§) exists. Then lim supf(x) = lima (§) = inf sup f(x). The
8§40 xX—>Xx0 540 s OXEB(xo.S)

meaning of lim inff(x) is similar.
X—>X0
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By the relation that f is upper semi-continuous if and only if —f is lower semi-
continuous. Hence, readers can give the corresponding properties for lower semi-
continuous functions, similarly. We do not repeat them here.

Theorem 1.4.1 Suppose that the sequence {x;} satisfies the property that x; —
x0, f(xx) — a, i.e., the sequence and its corresponding function values are all
convergent. Then f : R* — R (c0) is upper semi-continuous at xo € R" if and only
if a < f (xo) for all sequences {x;} which hold the property mentioned above.

Proof x; — xp, hence there is a sequence {§;} with the property that §; | 0 such

that x; € B (xp, 8). Consequently, f (xx) < sup f(x). By Definition 1.4.1,a =
X€B(x0,8k)

klim f () <limsupf(x) <f (xo). The necessity is verified.
—00 X—>X0

It is sufficient for the sufficiency to prove that there exists a sequence {x;} such
that x; — xo and f (x;) — limsupf(x). If it is proved, then by the condition of

X—>X0

Theorem 1.4.1limsupf(x) < f (xo), i.e., f is upper semi-continuous at xo € R". By
X—>X0

the definition of supremum, for any §; > 0 and & > 0, there is a x; € B (xo, 8x), such
that sup f(x) —e <f(xx) < sup f(x).Letd; | 0.Thenx; — xoand

x€B(x(,0k) x€B(x0.,5%)

lim sup f(x)—e < limf () < lim sup f(x).
k=00, eB(xy.61) k=00 k=00, eB(xy.6)

Because ¢ can be selected arbitrarily, lim f (xx) = lim sup f(x). The suffi-
k—00 k_>°°x€B(xo,5k)
ciency is now verified. (]

The corresponding conclusion of Theorem 1.4.1 for continuous function is
known as Heine theorem in Calculus. The Heine theorem is very useful to prove
that a function is not continuous. Thus, Theorem 1.4.1 is also useful in checking the
semi-continuity.

Example 1.4.1 Consider the function defined by

Fl) = sin i, X f 0,
a, x=0.

It has been analyzed in Calculus that the function is not continuous at x = 0 no
matter the value defined for a. By using Theorem 1.4.1, we can see that if a > 1,
then f(x) is upper semi-continuous at x = 0; and if a < —1, then f(x) is lower semi-
continuous at x = 0. It also shows that the f(x) cannot be continuous at x = 0 by
the selection of a. (Il

Theorem 1.4.2 A functionf : R” — R is lower semi-continuous if and only if its
epigraph epif is a closed set of R” x R.
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Proof Suppose (xi, o) € epi f and (x, ox) —> (X0, o). (xx, o) € epi f,f (xx) < o
by the definition of epigraph. By Theorem 1.4.1, f is lower semi-continuous, hence

£ (xo) < lim inf f (x) < lim o = .
Xk —>X0 k—00

It follows that (xo, &tp) € epif, i.e., epif is closed. The necessity is verified.

If epif is a closed set. We firstly prove that for any real number «, the level set
lev (f < «)isclosed. Let {x;} C lev (f < o) be a convergentsequence, i.e., Xy —> Xo.
Then f (x;) < o < co. We can assume f (x;) — ¢, then ¢ < «. We deal with two
cases.

(1) ¢ # —oo. We have (xt,f (xx)) — (xo,¢) € epi f (k — 00) since epif is
closed. By the definition of epigraph, f (xo) < ¢ < «, i.e., xp € lev(f < ).
lev (f < @) isclosed. (2) c = —oo. We then assert that f (xp) = —oo. If not, we have
f (x0) = co # —o0. Because f (xx) — —oo, for sufficiently large k, f (xx) < co — &
for some ¢ > 0. It implies (xx,co—¢) € epi f. (xx,co—¢&) — (x0,c0 — &),
(x0,co —€) € epi f since epif is closed. By the definition of epigraph, f (xo) <
co—&,1.e.,co < co— €. A contradiction appears. It illustrates that f (xg) = —oo and
X0 € lev(f < ).

We then prove f is lower semi-continuous by using the conclusion that
lev (f < @) is closed. Let x; — xo and f (xx) — c¢. Then for sufficiently large
k,c—e < f(x) < c+ e and x, € lev(f <c+¢). Because lev (f < c+ ¢) is
closed, xp € lev (f < c + ¢),i.e.,f (xo) < c+ ¢e. Itimplies lim f (xx) + & > f (x0).

Xk—)XO

¢ is selected arbitrarily, hence lim f (xx) > f (xo). Theorem 1.4.1 asserts f is lower
Xk —>X0

semi-continuous. O

We are enforced to consider the case of lower semi-continuous functions in
Theorem 1.4.2. Indeed, we can give a similar result for upper semi-continuous
functions if we define the set {(x, ¢) ;f(x) > c} which is called hypograph of f. But
we do not want to do so. As an exercise, readers can try to state and prove it.

In the proof of sufficiency, we exactly prove the properties 3 and 4 given for
upper semi-continuous functions given before Theorem 1.4.1.

Theorem 1.4.3 Letf : R" — R (—o00) be an upper semi-continuous function. Then
f has a finite upper boundary in a compact set A C R".

Proof If f is boundless on A, then there is a sequence {x;} C A, f(w) —
0o. Because A is compact, {x;} has a convergent subsequence. Without loss of
generality, we assume {x;} is convergent, i.e., x; — xo and f (xy) > oo by Theorem
1.4.1. It contradicts to the condition of Theorem 1.4.3 that its range is R (—o0). O

31 f(x;) is not convergent, then we can consider a subsequence {xkj} such that f (xk/.) is convergent.
Hence for simplicity, we assume directly the sequence f(x;) is convergent. The skill will be used
frequently and we shall not give any explanation below.
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We know that a continuous function is bounded in a compact set. Theorem 1.4.3
can be treated as an extension of the conclusion. A upper semi-continuous function
holds upper boundary in a compact set.

Theorem 1.4.4 Let f : R" — R (—o0) be a upper semi-continuous function. If
f is bounded on the set A C R”", then there is a sequence of continuous functions
{fi(x), x € A} for every k such that f(x) | f(x) for every x € A.

Proof For every k € N, we construct a function f;(x) as follows
Jix) = sup{f(2) —kllz—x|}.
ZEA
By the definition, it is clear that for every x € A, fi(x) < oo and

i) = fir1(x) = f(x). (1.4.1)

Now we prove that f;(x) is continuous on A. For every y € A, by the definition of
fi(x), we have

Jiu)) 2 f@) —klz=xl| = f(2) = klz =yl = klly =],

Je0) = sup{f(z) —kllz=ylI} = klly = x| = fiy) = klly — x|

ZEA

By exchanging x and y, the above procedure leads to fi(y) > fi(x) — k|lx—y||-
Hence,

i) =] = klly — x|

Jfi(x) is a Lipschitzian function; therefore, f;(x) is continuous on A.

Now we prove that for every xo € A, fi (x0) | f (x0). The proof consists of two
parts.

(1) f (xo) # —oo. f is upper semi-continuous on A, hence, for a given ¢ > 0,
there exists a § > 0 such that if x € B (xg, §), then f(x) < f (xo) + &. It follows that

f) —kllx—xol <f(x) <f(x)+e. (14.2)

We now prove that Inequality (1.4.3) also holds for x ¢ B (xp,8). Let M =

supf(x). Then M < oo by the condition of Theorem 1.4.4. There exists an integer ko,
X€EA

such that f (xo) > M—kod. On the other hand, when x ¢ B (xo, 8), f(x)—k ||x — xo|| <
M — k. Hence, when k > ko, f(x) — k ||x — xo| <f (x0).

We conclude for sufficient large &, f(x) —k ||x — xo|| <f (xo) + € for every x € A.
i.e., fx (xo) <f (xo)+¢ for sufficient large k. Now combining with Inequality (1.4.2),

Ji (x0) 4 f (x0).
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(2) f (xp) = —oo. There exists § > 0 such that for x € B (xo, §), f(x) = f (x0) =
—oo since f is upper semi-continuous. For every integer N, there exists ko such that
—N > M — k6. Consequently, when x ¢ B (xo,8) and k > ko, f(x) — k [|x — xo|| <
M — k§ < —N. We conclude that for sufficient large k, f(x) — & ||x — xo]| < —N for
all x € A. Therefore, fi (xo) = sup {f(x) — k ||x — xo||} < —N, i.e., fx (x0) | —00 =

XEA

S (xo). 0

We now list several operating properties for semi-continuous functions. We only
deal with the upper semi-continuous functions and leave the discussion for lower
semi-continuous functions to readers.

(1) Iff; and f; are two upper semi-continuous functions on R", then f; + f, and af;
are also upper semi-continuous functions provided that &« > 0;

(2) If fi and f, are two upper semi-continuous functions on R”, and fi > 0, f, > 0,
then f] - f, is also an upper semi-continuous function.

3) If F : R* — R™ is a continuous function and g : R" — % is upper semi-
continuous, then g(F(x)) is a upper semi-continuous function.

@ If F: R" — Z is upper semi-continuous, and g : R — Z is also upper
semi-continuous. After extending the definition of gto g : Z — Z that g(x) =
gx), x € R and g (co0) = supg(x), g (—oo) = infg(x), g (F(x)) is an upper
semi-continuous function.

(5) inff; is upper semi-continuous provided thatf;, i = 1,2, ..., are all upper semi-

1

continuous.
(6) supf; is upper semi-continuous provided that f;, i = 1,2,...,N, are N upper
i

semi-continuous functions where N € N.

1.4.2 Examples of Semi-continuous Functions

In this subsection, we deal with several semi-continuous functions which will be
useful for the further investigation. In this subsection, X is treated as an inner space.

1. Indictor function §(x,A). Let A C X be a nonempty set, the indicator function
of A§(x,A): X — R (0c0) is defined as

0 €A,
=1l 5)

The continuity of 5(x,A) is completely determined by the set A. If A is an open
set, then 6(x, A) is upper semi-continuous; If A is a closed set, then §(x, A) is lower
semi-continuous. §(x,A) is a convex function if A is a convex set.

2. Supporting function S(x,A). The supporting function of a set A S(x,A) has

been defined at the last section where S(x,A) is defined as S (x,A) = sup (y,x).
yEA
Because the inner function f;,(x) = (y, x) is continuous, by the property of upper



46 1 Convex Sets and Convex Functions

semi-continuous function listed at the last subsection, S (x, A) = sup f; is a lower
yEA
semi-continuous. It can be proved that when A is a finite set then S(x,A) is upper
semi-continuous. Thus, it is continuous.
3. Directional derivative Df (x)(v). The directional derivative Df(x)(v) has been
defined at the last subsection. We here give a detailed discussion.

Lemma 1.4.1 Letf : R” — R be a convex and positive homogeneous function.
Then f(x) = S (x, 9 (0)).

Proof Because f is a positive homogeneous function, f(0) = 0. By the definition
of subdifferential, we have df (0) = {x*;f(x) > (x*, x)}. Consequently

f() > sup (x*,x) = S(x,3(0)).
x*€0f(0)

The opposite inequality is verified by contradiction. If there is a xo € R” such that
f (x0) > S (x0, 97 (0)), then (xo, S (x0, df(0))) ¢ epi f. Moreover, by the definition of
epigraph (xo, S (xo, 3f(0))) & cl epi f.

Because f is a convex function, by Theorem 1.3.1, the epigraph of f is convex.
Using the Remark 2 given after Lemma 1.2.2, there exists a (y*, 8) € R” x R and
& > 0 such that

(6, y*) + o - B < (x0,5") + BS (x0,3f(0)) — & (1.4.3)

holds for every (x, a;) € epi f.
We now prove f < 0 and y* € 9f(0). Depending on the definition of supporting
function, Inequality (1.4.4) is equivalent to the following one

Yy o B < {x0,Y*)+ B+ sup {x0,x*) —e. (1.4.4)
X*€3f(0)

Because o, can trend to positive infinite, the validation of Inequality (1.4.5) requires
B < 0. We assert that B < 0. Otherwise, if § = 0, Inequality (1.4.5) leads to
{(x, y*) < {xo0,y*) — €. It is impossible if x = xo. Without loss of generality, we can
fix = —1. Inequality (1.4.5) becomes

(x,y") = < (x0,y") = sup (x0,x") —e. (1.4.5)
x*€0f(0)

Let x be replaced by Ax, and o, be replaced by f(Ax). Then Inequality (1.4.6) is

(Ax,y*) = f Ax) = A ({x.)") = f(¥)) < {x0.Y") = Sup (xo. x™) —&.

Let A — oo. Then the above inequality implies (x,y*) — f(x) < O for every x €
dom f. Hence y* € 9f(0).
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Because (0, 0) € epi f, replacing (x, o) by (0, 0), Inequality (1.4.6) leads to

sup {x0,x™) < {x0,y*) —e. (1.4.6)
x*€9f(0)

Inequality (1.4.7) is not valid since y* € df(0). We then conclude for every x € R”,
fx) = S(x,9f(0)).

The theorem is verified. O

Lemma 1.4.1 illustrates that a convex function is positive homogeneous then it
has to be a supporting function of a convex set.

By Theorem 1.3.4, for (x,v) € R" x R”", the directional differential Df(x)(v)
exists. Moreover, for a fixed x, Df(x)(v) is convex and positively homogeneous.
Thus, we can define a function Df (e) (o) :R" x R" — R by (x,v) + Df(x) (v).
The following theorem shows the function is upper semi-continuous.

Theorem 1.4.5 Suppose f : R* — R is a convex function, then the function
(x, v) = Df(x) (v) is upper semi-continuous.

Proof The effective domain of f is R"; by the conclusion given in the Problem 6 of
this section, we have

Df(x) (V) = S (v, I (x)) . (1.4.7)

We now apply Theorem 1.4.1 to prove Theorem 1.4.5.

Suppose the sequence {(x;, v;)} holds the properties that (1) {(x;, v;)} is conver-
gent to (xg, Vg); (2) {Df(x;)(v;)} is also convergent to @ € R. If we can verify
a < Df (x0) (v9), then Theorem 1.4.1 asserts Theorem 1.4.5 is true. The fact is
proved by two steps.

(1) Uf (x;) is a bounded set, where x; is the element in the domain of pair (x;, v;).

By Eq. (1.4.8), Df (xi) (v;) = S (vi, 9f (x;)) = sup (v;, x). Because Df(x;)(v;)

x€0f (x;)
is finite for every pair (x;, v;), 9f (x;) is a bounded set. If UJf (x;) is boundless, then

there x; € df (x;) for every i, such that x; — oo (i — o0). However,

Df (xi) (vi) = S;;F : (vi, x) = (v, xi) . (1.4.8)
x€of (x;

When i — oo, the left side of Inequality (1.4.9) is convergent by the selection
of {(x;, v;)}, but the right side diverges. It is a contradiction. Hence, Udf (x;) is

bounded.

(2) @ < Df (x0) (vo). If (x;) is a closed set (Problem 10, Sect. 1.3); hence there
exists X; € df (x;) such that Df (x;) (v;) = (v;,%;) for every i. Udf (x;) is bounded,;
consequently, {x;} has a convergent subsequence. Without loss of generality, we
assume X; — x*. Thus, o = (vg, x*).
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On the other hand, X; € 9f (x;), by the definition of subdifferential, we have

fO)—f () = Xy —xi) (1.4.9)

for any y € R". The theorem has assumed f is convex, so is locally bounded; hence f
is continuous at xo by the Remark 2 of Lemma 1.3.1. Let i — oo, Inequality (1.4.10)
yields

FO) —f(x0) = (™, y —x0) .

i.e., x* € df (xp). By the definition of supporting function, we conclude
Df (xo) (vo) = S (vo. 9 (x0)) = (vo.x") = .

The proof is completed. (|

4. Conjugate function f*. To end this section, we deal with the conjugate function
for a semi-continuous function.

Definition 1.4.2 Letf : R” — R (c0) be a normal function.!* f* : R” — R (00) is
the conjugate function of £, if f* (x*) = sup {(x*,x) — f(x)}.1° O
x€X

By the definition, f* is always lower semi-continuous no matter what is the f.
From the definition, we also have

() +£x) > (6" x). (1.4.10)

Inequality (1.4.11) is known as Fenchel inequality.
As an example, let us consider the indicator function §(x,A) where A C R". By
Definition 1.4.2, the conjugate function of §(x,A) is

F5(x*) = sup {(x*,x) =8 (x,A)} = sup (x*,x) = S (x*,A4).
x€R" X€EA
It shows that the conjugate function of the indicator function of a set A is the
supporting function of the set. Now we prove that if A is a convex set, then the

indicator function is also the conjugate function of supporting function for the
identical set. We need a lemma to verify the conclusion.

Lemma 1.4.2 Let B be the closed unit ball of R”, and A C R" is a convex set, then

d(x,A) = sup {(y,x) =S (y,A4)}.

yEB

14Recall that a function is normal if its effective domain is nonempty.

15The argument of f* (x*) is x*, it is independent the x in f(x).
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Proof For a given x € R”, if we denote p, = d (x,A), then x € cl (A + pr). By
Problem 4 of the last section, we have (y,x) < S (y,cl (A + p.B)) forevery y € R".
Particularly, when y € B, we have

S(y.cl(A+pB)) = sup  (y,2) < sup (y,xa) + suppx (y,b) < S(v.A) + px.
z€cl(A+p.B) XpA€A beB

The inequality implies that p, > (y,x4) — S (y,A) for every y € B. Now we verify
that p, = sup {{y,xa) —S (v, A)}.
YEB
Denote a = m (x,cl A), thena € cl A and p, = ||x — a||. We further denoted
yo = x—a/ ||x — al|, then yy € B, and

X—a

{y0,x) = {vo, @) = (yo,x —a) =< ”,x—a> = [lx—all = px.

|lx—a

When a € A, then the above equation implies p, = (yo, x) — (yo, @); if a € clA, then

there is a sequence {ay} C A, ay — a (k — o0). The conclusion is proved. (]
Consider now the conjugate function of S (x*, A). By the definition'¢

S§* (x,A) = sup {{x,x*) — S (x*,A)}

x*eX

sup - [ | {<x = >—S A }
D = (n || )

x*e

Now we fix ||x*|| = «, then $* (x,A) = sup ad (x,A). Because « can be arbitrarily

. a€RT
positive real number, we have
0, xeA,
sup ad (x,A) = {
werr 00, x ¢ A,

ie.,S*(x,A) = sup ad(x,A) = § (x,A). The equation holds due to the definition
aeRt
of indicator function.

The discussion on the indicator function §(x, A) illustrates that when A is a convex
set, then §** (x,A) = & (x, A). The relation of f**(x) = f(x) is not always true. The
following theorem gives the condition for the validation of the equation.

By the definition of conjugate function,

£ @) = sup {{x.x") — ()}

X

Using the Fenchel inequality, it is direct that f** (x) < f(x).

1%Here we denote x for x**.
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Theorem 1.4.6 If f : R" — R(oc0) is a convex and lower semi-continuous
function, then f**(x) = f(x).

Proof If f(x) = oo for all x € X, then by the definition of conjugate function,

f* (") = sup {{x,x") —f(x)} = —oo.

x€R"

It follows f**(x) = oo = f(x). Hence, we can assume that the effective domain
domf # @.

We have mentioned the key issue is to prove f**(x) > f(x). We prove it by
contradiction. If there is a x € dom f such that f** (xg) < f (xo). It follows that
(x0,f™* (x0)) ¢ epi f, Theorem 1.4.2 asserts that epif is a convex and closed set.
Thus, there is (y*, 8) € R" x R and ¢ > 0 such that

(" x) + Bae < (Y. x0) + Bf** (x0) — € (1.4.11)

for every (x,®,) € epi f, especially. If 8 > 0, by the property of epigraph, o, can
go to positive infinite, so is the left side of Inequality (1.4.12). It is a contradiction
since the right side is independent of «,. Therefore, 8 < 0.If 8 = 0, then Inequality
(1.4.12) reduces to (y*,x) < (¥*,x) — &. Take x = xp, the inequality results in
0 < —e. It is impossible. Thus, we ensure 8 < 0. Dividing 8 from both sides, we
have

(17 %)= o > sup {(.0)— e

(x.0) €epi f

> sup {005 b =r (7).

x€dom f

Denote ¥, = x*, the inequality is just that f** (xo) + f* (x*) < (x*,xo) which
contradicts the Fenchel inequality. Theorem 1.4.6 is verified. O

The last conclusion is related to the subdifferential.

Theorem 1.4.7 Letf : A — R(c0) be a convex function. If dom f # & and
x € dom f, then f(x) + f* (x*) = (x*, x) if and only if x* € If (x).

Proof If x* € 0f(x), then by the definition of subdifferential f(y) — f(x) >
(x*,y —x) for all y € dom f. It follows that —f(x) + (x*,x) > —f(y) + {(x*,y).

By again the definition of conjugate function, the yields inequality

2 = sup (7)) —f()) < (FF.x) —F (). (14.12)

y&domyf

Combining with Fenchel Inequality, we obtain f(x) + f/* (x*) = (x*, x).
If we start with Inequality (1.4.12), by the inverse procedure, we can obtain f(y)—
fx) = (x*,y—x), ie., x* € If (x). O
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Theorems 1.4.6 and 1.4.7 present two conditions under which Fenchel inequality

becomes equation. Theorem 1.4.6 asserts that when f is convex and lower semi-
continuous then the equality holds; Theorem 1.4.7 proposes if f is a convex function,
then the equation is only valid on the set of df(x). It is also a characteristic of df (x).

Problems

1.

2.

W

Prove that a function is continuous at xo and only if it is upper semi-continuous
and lower semi-continuous at xg.

Suppose f : R — Z is a lower semi-continuous function, and its effective
domain is nonempty. Let A be a bounded subset of R. Then f holds lower
boundary on A. If A is compact then f can reach its lower boundary.

. Prove all equivalent statements given after Definition 1.4.1.
. Prove all conclusions for the operations of upper semi-continuous functions

given at the end of Sect. 1.4.1.

. If dom f # @ and f is convex and lower semi-continuous, then dom f* # &.
. If f is a convex function and x € int (dom f), then Df(x) (v) = S (v, df (x))

(hint: using Lemma 1.4.1).

. Letf : A — R be a convex function. If xy € dom f and f is continuous at xy, then

f) =)
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Chapter 2
Set-Valued Mappings and Differential Inclusions

This chapter deals with two fundamental concepts for the control systems described
by deferential inclusions. They are set-valued mappings and differential inclusions.
The first two sections introduce the set-valued mappings and the succeeding four
sections involve the differential inclusions.

2.1 Set-Valued Mappings

The set-valued mapping is an important foundation in the theory of differential
inclusions. From the word of “set-valued”, it is obvious that the mapping maps a
variable to a set. Hence, the image of one variable may have more than one elements.
In order to distinguish from the set-valued mapping, the mapping defined in
Chap. 1, where the image of a variable only has one element, is often called by
single-valued mapping in this chapter. This section will give the definition and
elemental properties of set-valued mappings and extend the concepts of continuity
and derivative to set-valued mappings.

2.1.1 Definition of the Set-Valued Mappings

X and Y are supposed to be two normed spaces. || - ||x and | - ||y are the norms of X
and Y, respectively. When there is no confusion, we often omit their subscripts.

Definition 2.1.1 A C X is a set. A mapping F : A — Y is said to be a set-valued
mapping defined on A, if for every x € A, F(x) is a subset of Y.
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The set A is called by the domain of F. The set of {x; F(x) # @} is called by
the effective domain of F and is denoted by dom F. F(x) is called by the image of x,
the set UAF(x) C Y is the range of F, and gra F = {(x,y);y € F(x)} is called by

X€

the graph of F. (]

From the definition, it seems to be better to define the set-valued mapping from A
to the power set of ¥, i.e., F : A — Z7Y. The definition can meet the requirement of
single-valued mapping. The reason we have considered is that Y is a normed space,
and we need to apply the norm of Y and topology induced by the norm.

From now on, capital letters, such as F, G, ... are used to express the set-valued
mappings; and correspondingly, the lowercases, such as f, g, ..., are to express
the single-valued mappings. We assume in this book that dom F # & for every
set-valued mapping F.

We now present more remarks for the set-valued mappings.

Remark 1 If the domain of set-valued mapping F : A — Y is not equal to X, i.e.,
A # X, then we can extend the definition of F to F by

F() = Fx) xeA,
%] x ¢ A.

By the alteration, the domain of F becomes X, but its effective domain of is exactly

equal to that of . Hence we always assert that every set-valued mapping is defined

on whole space X. (|

Remark 2 Fory € Y, the inverse of y is defined as {x; y € F(x)} and is denoted by
F~(y). Itis obvious that F~!(y) is a set of X. Let G C Y be a set. There are two ways
to define the inverse of G for a set-valued mapping F. The set {x; F(x) C G} C X
is defined as the strong inverse of G and denoted by F~'(G) (s) where the letter
“s” means strong. The set {x; F(x) N G # @} C X is called by the weak inverse
of G and denoted by F~!(G) (w) where “w” stands for weak. It is obvious that
F7Y(G) (w) D F7Y(G)(s). At the most time, we apply the definition of weak
inverse, hence, F~!'(G) (w) is simplified as F~'(G). But we keep the notation of
F7Y(G) (s). O

For these two kinds of inverses, we have the following equations and their proofs
are left to readers as exercises.

F(G)(w) =[F'(G) )], (2.1.1a)

FH(G) (s) = [F'(6) W] (2.1.1b)

In Eqgs. (2.1.1a) and (2.1.1b), the complements at two sid_es are in different spaces.
At the left side, G° = Y\G, but at the right side [F_1 (- )]L =X\F~'().
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Remark 3 A set-valued mapping F : X — Y is with closed value if for every
x € X, F(x) is aclosed set of Y. If gra F' is a closed set of X x Y, then F(x) is called
as a closed set-valued mapping or closed mapping for simplicity.

Replacing the word “closed” by “bounded”, we can establish the definitions of
“set-valued mapping with bounded value” and “bounded set-valued mapping”. If it
is replaced by “open” and “compact”, we have the corresponding statements and the
details are omitted. (]

In fact, we have already applied the definition of set-valued mapping, for
example, the epigraph epif is a graph of set-valued mapping, where the set-valued
mapping is F(x) = {a;a € R,a > f(x)}. The another example is subdifferential
df (x), it is also a set-valued mapping, although for some x it only has one element.

2.1.2 Continuities of Set-Valued Mappings

Giving definitions of continuities for set-valued mapping is a precise job. There are
more than one kinds of continuities. Readers have to distinct and compare these
statements, carefully.

Definition 2.1.2 Let F : X — Y be a set-valued mapping and xo € X. F is upper
semi-continuous at xy if for every open set Oy C Y which satisfies that Oy D F (xp),
there is a § > 0 such that F (B (xg, §)) C Oy. If F is upper semi-continuous at every
point x € X, then F is an upper semi-continuous set-valued mapping on X.

F is lower semi-continuous at xo if for every y € F (x¢) and every ¢ > 0, there
is a § > 0 which may depend on y and ¢ such that for every x € B (xp,6), F(x) N
B (y,&) # @.If F is lower semi-continuous at every point x € X, then F is a lower
semi-continuous set-valued mapping on X.

If F is both upper semi-continuous and lower semi-continuous at xo, then F is
continuous at xg. If F is continuous at every point x € X, then F is a continuous
set-valued mapping on X. ]

Note that in Definition 2.1.2, the words “the space X can be replaced by “the set
A”. For example, we can say that F is an upper semi-continuous set-valued mapping
on A (C X).

For the upper semi-continuity and lower semi-continuity, we have the following
equivalent statements.

Theorem 2.1.1 Let F : X — Y be a set-valued mapping. Then the following
statements are equivalent.

(1) F is upper semi-continuous.

(2) For every open set Oy C Y, F~' (Oy) (s) is an open set of X.

(3) For every closed set Cy C Y, F~! (Cy) (w) is a closed set of X.

(4) Letx € X and {x,} C X be a sequence with x, — x. Then for every open set
Oy C Y and F(x) C Oy, thereisan N € N, F (x,,) C Oy provided that n > N.
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Proof (1) = (2). Suppose that Oy C Y is an open set. If x € F~' (Oy) (s), then
F(x) C Oy. F is upper semi-continuous, by Definition 2.1.2, there is a neighborhood
B(x,8) such that F (B (x,§)) C Oy, i.e., B(x,8) C F~' (Oy) (s).

(2) < (3). This is a direct result of Equations (2.1.1a) and (2.1.1b). The details
are omitted.

(2) = (4). Let {x,} C X be a sequence with x, — x. Let Oy C Y be an
open set with F(x) C Oy. Then by the conclusion (2), there is a § > 0, such that
B(x,8) C F7'(Oy) (s). Hence, thereisan N € N, whenn > N, x,, € B (x,§), i.e.,
Xn € F_1 (0y) (S), F(Xn) - 0y.

(4) = (1). If F is not upper semi-continuous at x € X, then there is an open
set Oy C Y such that F (B (x,§)) C Oy is not true. Let §, | 0, there are an x,, €
B(x,8,),and ay, € F(x,), y, ¢ Oy for n € N. Obviously, x, — x.y, € F(x,),
yu ¢ Oy for n € N. It contradicts to the conclusion (4). O

For the lower semi-continuity, we have the following corresponding conclusions.

Theorem 2.1.2 Let F : X — Y be a set-valued mapping. Then the following
statements are equivalent.

(1) F is lower semi-continuous.

(2) For every open set Oy C Y, F~' (Oy) (w) is an open set of X.

(3) For every closed set Cy C Y, F~! (Cy) (s) is a closed set of X.

(4) Letx € X and {x,} C X be a sequence with x, — x. Then for every open set
Oy CY,F(x) N Oy # @, thereisan N € N, F (x,) N Oy # & provided that
n>N. O

The proof of Theorem 2.1.2 is quite similar to that of Theorem 2.1.1 and is left
to readers as an exercise.

There is an alternative way to define the continuity for the set-valued mappings.
This, we call, is the e— continuity.

Definition 2.1.3 A set-valued mapping F : X — Y is ¢— upper semi-continuous
at xo € X, if for every ¢ > 0, there is a § > 0 which may depend on &, such that
for every x € B (x,68), F(x) C F(xp) + ¢B. If for every x € X, F is é— upper
semi-continuous at x, then F is an é— upper semi-continuous mapping on X.

A set-valued mapping F : X — Y is e— lower semi-continuous at xo € X; if
for every ¢ > 0, there is a § > 0 which may depend on &, such that for every
x € B (x0,9), F (xo) C F(x)+¢&B.1If for every x € X, F is e— lower semi-continuous
at x, then F is an e— lower semi-continuous mapping on X. (]

It is easy to see that the relation F(x) C F (xp) + &B for every x € B (xp,6)
is equivalent to F (B (xo,8)) C B(F (x0),¢), and F (x9) C F(x) + B for every
X € B (xo, ) is equivalent to F (xp) C Q\ 8)B (F(x), e).

XEB(xo,

From F (B (x9,6)) C B(F (xg),¢), it can see that if F is upper semi-continuous,
then it is e— upper semi-continuous, since B(F(xp), €) is an open set. But the inverse
statement may fail to be true. A counter example will be given later.
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Fig. 2.1 The graph of F(x)
defined in Example 2.1.1

y=-="

>

1
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For the ¢— lower semi-continuous, the situation is different. The inclusion
F(xp) C F(x) 4+ eB implies that for every yo € F(xp), there is ay € F(x)
such that |ly—yo| < &, ie, F(x) N B(yo,&) # <. On the other hand, if
F(x) N B(yo,e) # o, then there is a y € F(x) such that ||y —yo| < e, ie.,
F (xo) C F(x) + e¢B. We conclude that the lower semi-continuity is equivalent to
the e— lower semi-continuity.

Example 2.1.1 Consider F : R — R? which maps every x € R to the set
F(-x) = {(YMyZ) Y =X,y € [0,00)}, or, F(-x) = {(x,y); X € Rv y G[Os OO)} for
simplicity.

In the plane of R?, for every x the image of F(x) is a radical line which starts
at (x,0) and goes to positive infinite and is orthogonal to the x-axis (Fig. 2.1). It
follows that UF (x) is the upper half plane of R>.

We assert that F is not upper semi-continuous at every x € R. As an example,
let us consider F(0) and an open set M= {(x,y): |xy| < 1}C R2. It is obvious that
M D F(0). However, for every x, x # 0, M cannot contain F(x). It follows that
for every § > 0, the relation M D F (B (0,8)) is not true, i.e., F(x) is not upper
semi-continuous at x = 0.

We can prove that for every x € R, F is lower semi-continuous at x. It is because
that for every (x, yp) € F(x) and every ¢ > 0, we can take § = ¢, then F (B (x,§)) N
B ((x.y0) . €) = B((x.,y0) . ).

By Definition 2.1.3, the mapping F'(x) is e— upper semi-continuous. Because for
every ¢ > 0, we can select § = 7, it follows that F(x) = {(x,y);y € [0,00)} C
F (x0) + ¢B (I

In Example 2.1.1, the open set M cannot be written as the form of F(0) 4 ¢B.
This is the key issue for the failure of F(x) to be an upper semi-continuous mapping.

In Remark 3 after Definition 2.1.1, we have defined a set-valued mapping with
closed value and closed set-valued mapping. By these definitions, the following
conclusions are obvious.

() If F : X — Y is a set-valued mapping with open value, then it is an open
set-valued mapping.
(2) If F : X — Y is a closed set-valued mapping, then it is with closed value.
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Readers can find the inverse instatements of the above conclusion are not valid.
By using the concepts of continuities, we have the following conclusion.

Theorem 2.1.3 If F : X — Y is an upper semi-continuous set-valued mapping,
then it is closed if and only if it is with closed value.

Proof By the above statement (2), it is sufficient to show if ' : X — Y is with
closed value then it is a closed mapping.

Suppose {(x,,y,), n=1,2,...} C gra F such that (x,,y,) — (x0,y0). We
are required to verify (xo,y9) € gra F. By the condition of Theorem 2.1.1, F is
upper semi-continuous; hence, it is e— upper semi-continuous. For every ¢ > 0,
there exists a § > 0, such that F(x) C F (xo) + B for every x € B (xp, §). Because
X, = Xxg,thereisan N € N, whenn > N, x, € B (x¢, 6). It follows that y, € F (x,) C
F (xo)+¢eB where ¢ > 0 can be selected arbitrary. Consequently, yy € cl F (xp) since
Yn = yo. F is with closed value, hence F(xo) is a closed set, F (xg) = cl F (xg). Thus,
(x0.y0) € gra F 0

Readers are suggested to state a similar conclusion for lower semi-continuous
set-valued mappings.

Before giving Theorem 2.1.4, we prove a general result which can be treated as
an extension of separation axiom in Topology.

Lemma 2.1.1 Let Y be a Banach space, A C Y is a compact set, and M D A is an
open set. Then there is an € > 0 such that M D A 4 ¢B.

Proof M is an open set, hence its complement M° is a closed set. M NA = &. Now
consider the distance between M and A, d(M¢, A). We conclude that d (M°,A) > 0
since A is compact and M¢ is closed. Let ¢ = éd (M¢,A). M°N(A+¢eB) =0, ie,
M DA+ ¢B. O

Theorem 2.1.4 If the set-valued mapping F' : X — Y is with compact value, and
Y is complete, then F is upper semi-continuous if and only if it is e— upper semi-
continuous.

Proof 1t is sufficient to show that under the conditions of Theorem 2.1.4, an ¢—
upper semi-continuous set-valued mapping is upper semi-continuous.

By the condition given by the theorem, for every x € X, F(x) is a compact
set. Now let M be an open set which contains F(x). Then by Lemma 2.1.1, there
is an ¢ > 0 such that F'(x) + eB C M. F(x) is e— upper semi-continuous, hence
there is a § > 0, such that for every x; € B (x, ), F (x;) C F(x) + ¢B. It follows
F(B(x,8)) CF(x)+¢eBCM. O

In Example 2.1.1, F(x) is e— upper semi-continuous, but for every x € R, F(x) is
not a compact set. Hence, it fails to be upper semi-continuous.
We now turn to the operation of two mappings.
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For two set-valued mappings F(x) and G(x), because their images are in a normed
space, we can define linear operation o F'(x) + SG(x). But at the most time, we prefer
to define F(x) U G(x) and F(x) N G(x).

Theorem 2.1.5

(1) If F(x) and G(x) are upper semi-continuous, then F(x) U G(x) is upper semi-
continuous;

(2) If F(x) and G(x) are lower semi-continuous, then F(x) U G(x) is lower semi-
continuous.

Proof The theorem is verified by using the conclusion 4 in Theorem 2.1.1 and
Theorem 2.1.2, respectively. Let Oy C Y be an open set. Let {x,,} C X be a sequence
and x,, — x.

(1) If Oy D F(x) U G(x), then Oy D F(x). It follows from the upper semi-
continuity of F(x), Oy D F(x,) for some N, and n > N;. Similarly, there is an
N, such that for n > N, Oy D G (x,). Thus, when n > max {N|,N,}, Oy D
F (x,) U G (x,). The first conclusion is verified.

(2) If Oy N (F(x) U G(x)) # @, then without loss of generality, we assume that
Oy N F(x) # @. If follows from the lower semi-continuity, Oy N F (x,) # & for
some N and n > Nj. Thus, Oy N (F (x,) U G (x,)) # @ when n > Nj. The second
conclusion is also proved.

The situation for the intersections is more complicated. We present them in the
following two theorems.

Theorem 2.1.6 Let F(x) and G(x) be two set-valued mappings from X to Y. If they
are all lower semi-continuous and satisfy that:

(1) F and G have all convex values, i.e., F(x) and G(x) are convex sets for every
x € X.

(2) G(x)islocally bounded, i.e., for every xy € X, there are § > 0 and M > 0 which
may depend on xj such that if x € B (xq, §) then F(x) C MBy where By is the
open unit ball of Y.

(3) There exists a y > 0, such that for every x € X and every z € yBy, F(x) N
(Gx) +z) # 2.

Then F(x) N G(x) is lower semi-continuous.

Proof Letxy € X and yy € F (x0) N G (xp). Because G(x) is locally bounded, there
are §; > 0 and M > 0 such that G(x) C MBy for every x € B (xo, 8;). For a given
e > 0, define n = 1+ 4;4)/,1 . By the lower semi-continuity of F(x) and G(x), there
existsad < &y, such that F(x)NB (yo, ) # &, G(x)NB (yo,n) # & simultaneously
for x € B (xo, ).

Take a point g(x) € G(x) N B (yo, 1) for every x € B (xo, §). The g(x) € B (yo, 1)
and F(x) NB (o, 1) # &, hence thereis af(x) € F(x) such that | g(x) — f(x)| < 2n,
i.e., g(x) € F(x) 4+ 2nz for some z = z(x) € By (Fig. 2.2).
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Fig. 2.2 The relation among
F(x), G(x) and B(yo, 1)

By the third condition of Theorem 2.1.6, for this z = z(x), there are f(x) € F(x)
and g(x) € G(x), such that g(x) = f(x) — yz. Now, we define A = _ 7. it follows

y+2n°
_ 2p _ 2\
1-A= v =y . At last

Ag(x) € AF(x) + 2Anz = AF(x) + 2 (£(x) — g(x))
CAFx)+ (1= Fx)—(1—-21)gx) .

Because both F(x) and G(x) are convex, Ag(x) + (1 — 1) g(x) € F(x) N G(x). On
the other hand,
[Ag(x) + (1 —A) g(x) — yoll = A [lg(x) — yoll + (1 —2) [[g(x) — yoll
<An+Q@A-A1)2M

AMA
=An+ 1

Ag(x) + (1 — 1) g(x) € B(yo, ¢). Thus, (F(x) N G(x)) N B (yo, &) # Do O

This is a constructive proof, it gives an element in (F(x) N G(x)) N B (yo, ). The
next theorem is related to upper semi-continuous mappings.

Theorem 2.1.7 Let F : X — Y be an upper semi-continuous mapping. If the
following conditions are satisfied:

(1) F is with compact value.
(2) graGisaclosedsetin X x Y.

Then F(x) N G(x) is upper semi-continuous on X.

Proof Let Oy C Y be an open set and Oy D F (x9) N G (xp) for xo € X. Then
the target of verification is to find a § > 0 such that Oy D F(x) N G(x) for every
x € B (xo,9).
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If Oy D F (xp), then by the upper semi-continuity of F(x) at xo, thereisa § > 0,
such that Oy D F(x) D F(x) N G(x) for every x € B (xo,8). The conclusion is
proved. Hence it is sufficient to prove the case that F (xo) ¢ Oy. If F (x0) ¢ Oy,
then F (xo) N Oy # @. Denote K = F (xo) N 05, K is a compact set. We conclude
that K N G (xp) = @. Otherwise G (xo) N F (xg) N Oy # @, it is contradicted
to Oy D F(x0) N G (xo). Therefore, for every y € K, (xo,y) ¢ gra G. graG is
a closed set, there exist 8§, > 0 and &, > 0 such that (B (xo,8,) x B (y.&,)) N
gra G = . These B(y,&,)’s construct a open covering of K. There is a finite
subcovering of K, i.e., iQIB (yi,eyi) D K. Denote M = iL_r_lJlB (yi,syi), M is an
open set. Recall the construction of B(y,e,), every &,, corresponds to a §,,. Let
8 = min{8,;i =1,2,....n}. For every x € B (x0.8;), ({x} x M) N gra G = &,
e, MNG(x) = 2.

Because M D K = F (x9) N 0%, Oy UM D F (xp). F is upper semi-continuous,
for the open set M U Oy, there is a §, such that for every x € B (xg, ), Oy UM D
F(x). Let § = min (61, 8,). When x € B (xo, ), it happens Oy UM D F(x) and
M N G(x) = @. Thus,

F(x) N G(x) C (MU Oy) NG(x)
=M NGX) U Oy NGX)
= Oy N G(x) C Oy.

We have prove that Oy D F(x) N G(x) always holds in a neighborhood of x,. O

In Sect. 1.4, we have mentioned that f is a single-valued upper semi-continuous
function if and only if —f is lower semi-continuous. But for set-valued mappings,
there is no such a simple relation.

We now turn to deal with the Lipshitzian property of a set-valued mappings.

Definition 2.1.4 F : X — Y is a set-valued mapping and xy € X. If there are two
positive constants L and § such that

F(x) C F (x0) + L|jx — xo||xBy (2.1.2)

for every x € B (xp,8) where By is the open unit ball in Y. Then F is a locally
Lipschitzian set-valued mapping at xy and L is its Lipschitzian constant.

F is said to be a global Lipschitzian set-valued mapping at x, if the relation
(2.1.2) is valid for all x € X. Moreover, F is a (global) Lipschitzian set-valued
mapping, if (2.1.2) is valid for any x, xy € X. ]

If the relation (2.1.2) is satisfied for F : X — Y, then for y € F(x), there exist
Yo € F (x0) and b € By such that y = yo + L ||x — xo|| b, it is equivalent to

ly = yoll = L lx — xoll [|1bl] <L lx—xoll- (2.1.3)
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Conversely, if Inequality (2.1.3) holds for any two vectors y € F(x) and yo € F (xo),
then the relation (2.1.2) holds. Hence Inequality (2.1.3) is an equivalent condition
for Lipschitzian set-valued mappings.

It is obvious that if F : X — Y is a local Lipschitzian set-valued mapping at
Xo € X, then F is e— upper semi-continuous at xo. The following example shows
the Lipschitzian property of a set-valued mapping does not imply the upper semi-
continuity. This is an important difference from the single-valued mapping.

Example 2.1.2 Let F : R — R? be as follows: for xy € R, its image is

Fxo) = {@y):@—x)’ +y* < 1f.

It is obvious for every xy € R, F(xp) is an open set. Hence, let Oy = F (xp), then
there is no § > 0 such that F (B (xp,8)) C Oy. However, F is a global Lipschitzian
set-valued mapping, its Lipschitzian constant can be 1. ]

Theorem 2.1.8 Let F : X — Y be a Lipschitzian set-valued mapping, its
Lipschitzian constant is L. Let F(x) : X — Y be an extension of F with F(x) =
co F(x). Then F is still a Lipschitzian set-valued mapping whose Lipschitzian
constant is still L.

Proof Let xyp € X and consider F (xg) = coF (xp) C Y. By the property of closed
hull, for yp € F (x¢) and arbitrarily & > 0, there exist yy € F (xp), i =1,2,..., s

andA;,, i=1,2,..., swithA; > 0 and Zki = 1 such that ||y0—2f=1 Aiyi()” <e.
i=1
We now consider x € X, and take s vectors y; from F(x), i.e., y; € F(x), i =
1,2,...,s. We have

||yo — i Ai)’i“ = Hyo — i1 Aivio H + H Dim1 Aivio — iy Aiyi|| =&+
Yoy Aillyvio —yill < L|xo—x|| + e& can be selected arbitrarily, consequently,
Yo € co F(x) + L||x — xol|| By- (|

Theorem 2.1.8 illustrates the Lipschitzian property can be extended to its convex
hull, and the Lipschitzian constant is invariant.

2.1.3 Tangent Cones and Normal Cones

Before considering the derivative of a set-valued mapping, we deal with the tangent
cone and normal cone for a set-valued mapping.

1. Definition of cones

Recall the concept of the cone which is mentioned when we introduce the convex
sets. A set K is called by a cone if x € K then Ax € K forevery A € R(> 0). K is
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Fig. 2.3 Cone K and A
conjugate cone K* and polar K
cone —K™*
N
N
N
RN K
> YA, >
- 1
X 40
I
I
I/
I

said to be a convex cone if and only if for x,y € K and arbitrarily A, u € R (> 0)
such that Ax + py € K.

By the definition, it is easy to verify if K| and K, are two cones, then K; U
K;, K1 NK;, K| + K; and K;\K; are also cones. If K; and K, are two convex
cones, then K; N K, and K| + K, are convex cones.

Let K be a cone, the conjugate cone of K is denoted by K*

K* = {x*; (x",x) >0,Vx e K}.

Moreover, —K™ is called by the polar cone of K. For simplicity, we often apply N to
denote a polar cone. It is obvious that both K* and —K™ are convex and closed no
matter what is the cone K. Figure 2.3 gives an illustration of relations of K, K* and
—K* in R?,

By the definition of conjugate cone, it is direct to verify that (K; + K»)* = K N
K3 for two cones K; and K,.

In order to be convenient to application later, we deal with the support function
of a cone. Let K C R”" be a cone. Then it support function S(x, K) is defined by
S(x,K) = sup ({x,xx)). When x* € —K*, then (x*,xx) < O for every xx € K.

xx €K
Since for all @ > 0, axx € K, S(x*,K) = sup ((x*,axg)) — 0, (@ — 0).
xx €K
When x* ¢ —K*, there is a x¢ € K, such that (x*,xx) > 0, then S(x*,K) =
sup ({(x*, axg)) = 00, (@ — 00). Therefore, we can conclude that
xg €K

S(x*,K) =68 (x*,—K"). (2.1.4)

The fact can be explained form Fig. 2.3
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The following is a fundamental result for a cone and its polar cone.

Theorem 2.1.9 Let K C X be a closed and convex cone, N be the polar cone of
K. x € X is a vector and 7 (x, K) is the projection of x on K. Denote 7w (x, N) =
x — 71 (x, K). Then we have the following conclusions

(1) @ (x,N) €N.
(2) If x ¢ N, then 7 (x, N) is the projection of x on N.
) xll* = [l @ K + 7 (e NP

Proof (1) By Inequality (1.2.13), for every y € K, we have
(x—7m(x,K),y—7m (x,K)) <0. (2.1.5)

K is a cone, hence 0 € K, and by the definition of projection 7 (x,K) € K,
replacing y by 0 and 27 (x,K) € K, respectively, Inequality (2.1.5) yields,
(x—m(x,K), 7 (x,K)) >0and (x — 7 (x,K), 7 (x,K)) < 0. Consequently,

(x—m (x,K), 7 (x,K)) =0. (2.1.6)

Also by Eq. (2.1.6), Inequality (2.1.5) results in (x — 7 (x,K),y) < 0 for every
y € K. It is just that 7 (x, N) = x — 7 (x, K) € N by the definition of polar cone.
The first conclusion is verified.

(2) Let v* € N. We conclude that

(V¥ =7 (x,N),x—7 (x,N)) = (v, x—7 (x,N)) — (m (x, N) ,x— 7 (x,N)) < 0.

It is because 7 (x, K) = x — 7 (x, N), the first inner product is less than or equal to
zero, and the second inner product is zero by Eq. (2.1.6). By Remark 2 of Lemma
1.2.2, w(x, N) is the projection of x on N.

(3) We have

Iell? = llx— 7 (v, K) + 7 (. K)|®
= |x—= (x,K>||j + |7 (x,K)nz +2 (=7 (v, K), 7w (x,K))
=lx—7 K"+ 7 K[ .
The conclusion 3 is now verified. O
2. Tangent cone and normal cone

In order to define the derivative for set-valued mappings, we consider tangent
cone and normal cone of a set.

Definition 2.1.5 Let A C X be a set and x € A. The set

T (x,A) juA—> 2.1.7)
JA) =c 1.
& A>0 A
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is the tangent cone of A at x; —T™ (x, A), the polar cone of T(x,A), is defined as the
normal cone of A at x and denoted by N(x, A). O

Remark T(x,A) is a cone. At first x € A, hence 0 € T (x,A). Moreover, if y €

T (x,A), and thereis a A > O such thaty € A;X, it follows that uy € f‘u__"l , for every

. . A—x o .
u > 0. For vectors in derived set of AUO 5 the proof is similar and omitted. [
>

If X = R" and x € int A, then T(x,A)= R". It is a trivial case. Hence it is only
meaningful to deal with the tangent cones at the boundary of A.

Lemma 2.1.1 LetA be a convex set, and two real numbers A and p satisfy 0 < A <
. Then for x € A, A;X C A;x.

Proof Lety € A be an arbitrarily element of A. Define z = (1 — i ) x4+ ﬁ y, then
7 € A since A is convex. It is equivalent to thaty = % z + (1 — ’)f) x. Thus,

Y=X (K M )X A—x
" =u (AZ Ax—f—x x)— 1 € P

Theorem 2.1.10 Let A be a convex set, and x € A. Then
T (x,A) = %v; lxiﬂ}/\_ld(x + Av,A) = 0} .

Before proving the theorem, we give an explanation. d (x + Av, A) is the distance
of point x 4+ Av to set A. The theorem asserts that, firstly, the tangent cone is a set-
valued mapping and its effect domain is A; secondly, if d (x + Av, A) is a higher
infinitesimal when A intends to zero, then the v belongs to the tangent cone. It
meets well the definition of tangent line in calculus.

The proof of Theorem 2.1.10: If v € T (x, A), then by the Definition of 2.1.5,
for every & > 0, there is a positive real Ay such that v € AA_O * 4+ By where By is
the unit ball of X. By Lemma 2.1.1, it follows that v € A;X + eByx for every A with
0 < A < Ap. For the A, we have

A (x+ Av,A) = 27" inf [x+ Av —y|| = inf [Ju— A" (y—w)| <& (2.1.8)
yEA yEA

Because & > 0 can be selected arbitrarily, A ~'d (x + Av,A) — 0 as A | 0.
Conversely, if liin/l_ld (x + Av,A) = 0, then, for every ¢ > 0, thereisa § > 0,
240

when A < §, we have Inequality (2.1.8). The last inequality means v € clA;x + ¢By,
ie., v eT(xA). O

Theorem 2.1.11 Let A be a convex set and x € A. Then

N (x,A) = {v*; (v*,y—x) <0, ye A}.
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Proof By Definition 2.1.5,A —x C T (x,A), and by the definition of normal cone
N (x,A) = —T* (x,A), we have (v*,y —x) < 0 for every y € A and every v* €
N (x,A). Therefore, N (x,A) C {v*; (v*,y—x) <0, y € A}.

Conversely, let v € T (x, A), then for £ > 0 thereis a A > 0 such that v € A;x +
¢B. It can be rewritten by Hv = H < ¢ for some y € A. Now, if (v*,y—x) <0
holds for every y € A, then

(v*,v) :<U*,v—y;x+y;x>
:<U*’U_YIX>+<U*7)7;X>
7

<e vl

We have applied Schwarz Inequality at the last step. Since the ¢ can be selected
arbitrarily, (v*,v) < 0 for every v € T (x,A). It follows v* € N (x,A). The
conclusion is verified. ]

The last theorem in this subsection reveals the relation of T(x,A) and N(x,A),
when they are treated as set-valued mappings.

Theorem 2.1.12 If T(x,A) is compact and convex for every x € AC X, then gra
N(x,A) is closed if and only if T'(x, A) is lower semi-continuous.

Proof The proof of the theorem applies the conclusion given in Problem 2 of this
section. Let (xn, U:) € gra N (x,A) and (xn, v;) — (x,v*). If we can prove v* €
N (x,A), then gra N(x,A)(x € A) is closed. Let v € T (x,A). T(x,A) is lower semi-
continuous, hence there is a v, € T (x,,A), v, — v. It follows that (vn, vy ) < 0.
0> nlggo (v:, Un> = (v*,v). Thus, v* € N (x,A).

For a vector v € T (x,A), and a sequence {x,} with x,, — x, we should construct
a sequence {v,} such that v, € T (x,,A) and v, — v. Because v € T (x,A),
and T'(x,A) is convex and compact, by using Theorem 2.1.9, we conclude there are
Uy = (v, T (xy,A))€ T (x,,A) and v = 7 (v, N (x,,A))€ N (x,,A) such that
U = v, + vy Thus, || < Jlu]l, {v}} has a convergent subsequence, without loss
of generality, we can assume {v,’} is convergent, v, — v™*. gra N(x,A) is closed,
hence v* € N (x,A). Furthermore, v, = v—v) — v—v™*. If we can prove v* = 0,
then v, — v. The conclusion is verified.

By Eq. (2.1.6), (v*,v — v*) = lim (v}
n—>o0

Fu—vur)=0,ie,
0= {(v*,v—v*) = (v*v)— (v, v*).

Hence, |[v*||* = (v*, v*) = (v*,v) <0, [[v*| = 0. =
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2.1.4 Derivative of Set-Valued Mappings

This subsection starts with the discussion of tangent cone. At the most time, we
restricted ourselves in R".

Definition 2.1.6 Let A C X, and x € A. The set defined as
T+ (x,A) = {U;&iin/\_ld(x 4+ Av,A) = 0}
0

is called by the tangent cone of A at the x.

The set
T_ (x,A) = {v; 1inl1¢infrld(x + Av,A) = o}
0
is called by the contingent cone of A at the x. (]

Recall the definition of limitation inferior of a function, if lim inf f(x) = ¢ then
X—>X0

(1) there exists a convergent {x,} sequence x, — xo, such that f (x,) — c¢; (2) let
{x,} be a convergent sequence, x, — x¢ and f (x,) — ¢, then ¢ > c.

Remark 1 By Definition 2.1.6, it is obvious that both 74 (x,A) and 7_ (x,A)
are closed and T4 (x,A) C T— (x,A). ]

Remark 2 If A is a convex set, then A~'d (x + Av,A) is decreasing with

the decrease of A. Hence, Theorem 2.1.10 concludes that the limitation

lxiink_ld (x 4+ Av, A) exists for every v € A, and T+ (x,A) = T (x,A). Furthermore,
0

T+ (x,A) =T- (x,A). (I

Example 2.1.3 Consider a single-valued mapping

) x| sin ‘il,x £0,

fx) 0. x=o0,

and A = Uepi f(x). Then the tangent cone T4 (0,A) and the contingent cone
T_ (0, A) are shown in Fig. 2.4. O

Let A C R" and @ > 0. Define a set D, C R” x R as follows
D, = {(x,xo) ER'"xR, x> ad (x,A)}.

In R” x R, the set D, looks as a solid basin (Fig. 2.5). Hence Dy, is called by the
basin of A with the slope o.

Theorem 2.1.13 LetA C R”, @ > 0 and X € A. Then

T+ ((x,0),Dy) D {(v, vo) eR"xR, V' >ad(v, Ty ()?,A))} .
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Fig. 2.4 The tangent cone A
and contingent cone of Sx)
Example 2.1.3
(9, F)
T:r ( Oa F ) ['S
X
0]

Fig. 2.5 The figure of D,

Proof Let v’ € R and v* > ad (v, Ty (%,A)). Because Ty (%, A) is closed, there
exists a w € Ty (%, A) such that d (v, T+ (X,A)) = ||v — »]||. Then* > a ||v — 0]|.
Moreover,

ad G+ v, A) <ad G+ Aw,A) + el |[v—o| < ad G+ Aw,A) + WO,

Dividing both sides by A, since w € Ty (X, A), we have liin/l_locd &+ Av,A) <HO.
20

It means A~ ad (& + Av,A) <V + ¢ for small A, ie., (¥ + Av, W + A¢) € D,.

Equivalently,
_ X Av
limA ™! x D, ) <e.
(o]« L) ») =

& > 0 can be selected arbitrarily. Hence, (v, vO) € T4 ((x,0),Dy). O



2.1  Set-Valued Mappings 69

Lemma 2.1.2 Let F : X — Y be a Lipschitzian mapping with Lipschitzian constant
[. Then

d((x.,y).graF) <d(y.Fx)) = (1 +Dd((x.y).gra F).

Proof We have mentioned that in the Cartesian product space X x Y, the norm can
be defined as (x,y) € XxY, |(x,¥)|| = ||x|lx + |y|ly- By the definition, there exists
az € F(x) such thatd (y, F(x)) > ||y — z|| — ¢ for every & > 0. Hence, we have

d((x,y),graF) < (6,y) = (% Dllxxy = [y =zlly =d(, F(x)) + &

Because ¢ > 0 can be selected arbitrarily, it leads to
d((x,y).gra F) < d (y. F(x)). (2.1.9)

The left inequality is obtained.
Similarly, for & > 0, there is (xg, yo) € gra F such that

d((x,y),gra F) = [[(x,y) = (x0, y0) [ xxy — & = [Ix = xollx + [y = yolly — &

Because F is a Lipschitzian mapping, for this x, there is a z € F(x) such that
llz—yolly <!|lx —xo]|x- Then,

d(y.Fx) = [ly —zlly
< Iy =yolly + llyo —zlly
< lly —zlly + lllx — xollx
=@+ Dy —zly + llx—xollx)
<(A4+Dd({(x,y)graF)+e).

The right side inequality can be obtained since € > 0 can be selected arbitrarily. [J

To end this section, we define the derivative for set-valued mappings. We start
with a recall of single-valued function. Let y = f(x) where x,y € R, be a function.
In the plane of R?, the graph of y = f(x) is a set of {(x,f(x)); x € R}, i.e., graf =
{(x,f(x))}. Let f/ (xp) be the derivative of f(x) at xo. Then, the tangent vector at
(x0,f(x0)) is (x,f’ (x0)x). It is clear that the set {(x,f" (x0) x);x € R (> 0)} forms a
cone. The idea is extended to the set-valued mapping.

Definition 2.1.7 Let F : X — Y be a set-valued mapping. Suppose (xo, yo) € gra F.
Then a set-valued mapping D F (xo, yo) : X — Y is defined by

gra D F (xo,y0) = T4 ((x0,y0), gra F).
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DL F (x9,y0) is called by the derivative of F at (xg, o). Similarly, the set-valued
mapping D_F (xo, yo) : X — Y defined by

gra D_F (xo,v0) = T— ((x0,y0), gra F)

is called by contingent derivative of F at (xo, yo)- (|

The statement of (x,y) € gra D4 F (xo,yo) has an alternative explanation that
y € D4 F (x0,y0) (x). By the notion, D4+ F (xp, yo) is qualified as the derivative of set-
valued mapping F at (xp, yo). We have to denote it by two variables x( and y, since
for every xo there exist more than one y € F (xo). Correspondingly, D4 F (xo, o) (x)
is the differential. Similarly, D_F (xo, y) (x) is the contingent differential of F at
(x0,¥0). The following theorem gives an explanation of differential.

Theorem 2.1.14 Suppose F : X — Y is a Lipschitzian set-valued mapping,
then

D F (xo.y0) (x) = {% lﬁ% A7 (o + Ay, F (xo + Ax)) = 0} ;

D_F (x0,y0) (x) = {y; linllui)nfk_ld o + Ay, F (xo + Ax)) = O} .

Proof Let [ be the Lipschitzian constant of . Then By Lemma 2.1.2, we have

d((xo + Ax,y0 + Ay),gra F) <d (yo + Ay, F (xo + Ax))
<A 4+Dd((xo+ Ax,y0o + Ay),gra F) . (2.1.10)

Multiplying both side by A~',and let A |, 0. If (x,y) € T+ ((xo.yo) . gra F), then

d((xo + Ax,yo + Ay),gra F) = 0.

Hence lim A_ld(yo + Ay, F (xo + Ax)) =0.
A0

Conversely, if 1)'1&1}) A~ld (yo + Ay, F (xo + )Lx)) = 0, then by using the first
inequality of (2.1.10), we have 1}11351 ((xo + Ax,yo + Ay),gra F) = 0, i.e., (x,y) €

T+ ((x0,y0) , gra F).
The proof for the contingent derivative is similar to the case of tangent derivative.
Hence it is omitted. O

Theorem 2.1.14 shows that the computation of tangent derivative for the set-
valued mapping is quite similar to that of single-valued function.
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Problems

1. F : X — Y is a set-valued mapping, G C Y is a set. Prove the following
equations.

FH(G)YW) = [F(6) )],

FH(G) () = [F6) W],

2. Prove Theorem 2.1.2.
3. Let F : X — Y be set-valued mapping. Prove the following statements are
equivalent:

(1) F is lower semi-continuous at x.

(2) For every yo € F(xo) and ¢ > 0, there is a § > 0 such that for every
X € B (x,6) there exists ay € F(x) N B (y, €).

(3) For every yo € F (xp), there exists a sequence {x,;x, € X} such that x, —
Xo, moreover, there is a sequence {y,;y, € F (x,)} such that y, — yy.

4. A set-valued mapping F(x) is lower semi-continuous. Is it e— lower semi-
continuous? If you answer “no”, then give a counter example.
5. Prove the following statements:

(1) If the set-valued mapping F' : R” — R”™ is upper semi-continuous, and
g : R? — R™ is continuous single-valued function, then F o g : R? — R"
is upper semi-continuous.

(2) If the set-valued mapping F' : R" — R™ is lower semi-continuous, and
g : R? — R™ is continuous single-valued function, then F o g : R? — R"
is lower semi-continuous.

6. Let F : X — Y be set-valued mapping. Prove the following statements are
equivalent:

(1) F is e— upper semi-continuous.
(2) lim supF(x) = F (xo) (By the definition of upper limitation, it is equivalent

X—>X0
to {up; Ix, — xo, Uy € F (x,) , uy — up}C F (x0));
(3) If u ¢ F (x0), there exist open sets W and V such thatu €¢ W C Y, xy €
VcXandVNF (W) =o.

7. Give examples to show that

(1) F:X — Y is an open set-valued mapping, but there is an xo € X such that
F(xp) is not an open set.
(2) F:X — Y is aset-valued mapping with closed value, but F is not a closed

mapping.
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10.

11.

12.

13.

14.
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Let F : X — Y be set-valued mapping. Suppose gra F' is a closed set, and for
every xo € X and § > 0, the set

M;s = cl {F(x); x € B(x0,0)}

is compact. Then F is upper semi-continuous.

Let K1, K, C R” be two closed and convex cones. If reintK; NreintK, # &,
then cl (K} N K>) = clK| N clK,. Moreover, (K1 N Ky)* = (clK; N clK,)* =
cl (K;" + K5 )

Let K;,K, C R" be two closed and convex cones. Prove the following
conclusions and further to discuss which statement is still valid if the condition
of “closed” or “convex” is removed.

(1) (K1 + K»)* = Kf NK>;

@ K* =K

@) If A : R" - R"is a linear mapping, and AR™ — K; = R”", then
(A_lKl)* = A*K{ (If A is treated as a matrix, then A* is its conjugate
matrix);

(4) 38 (x,K1) = —K].

Letx; e R", i =1,2,...,mand denote K = {y; (y,x;) >0,i=1,2,...m}.
Then K is a closed and convex cone. Moreover, = conx (x;,i = 1,2,...,m).
Let F : R" — R™ be a set-valued mapping with convex and compact value
(i.e., for every x, F(x) is a convex and compact set). Then F is continuous
if and only if the supporting mapping x — S (¥*, F(x)) is continuous for
every y*.

Let F : R" — R™ be a set-valued mapping. If gra F is closed and the set

Ms = cl{F(x); ||x —xol| < d}
is compact for some § > 0, then F is upper semi-continuous at x.

Let F : R" — A be a set-valued mapping, and A C R™ be a compact set. If
gra F is closed, then F is with closed value and is upper semi-continuous.

2.2 Selection of Set-Valued Mappings

In the first section of this chapter, we have introduced the set-valued mapping and
pointed out that the image of a set-valued mapping F(x) is a set for every x in the
domain. Consequently, it is possible to select ay € F(x) for every x € dom F, then
a single-valued mapping y = f(x) yields. It looks a very simple task. The task is
called selection of a set-valued mapping. Alternatively, a selection is to give a way
to construct a single-valued mapping y = f(x) such that f(x) € F(x) forevery x € A.
If there is an x € A, F(x) holds more than one elements, then the selection is not
unique. The requirement is to choose a mapping f(x) with some satisfied properties,
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for example, it is a continuous mapping, or a Lipschitzian mapping, etc. Readers
will find that obtaining a nice selection is a hard work. It is quite extravagant to
obtain a Lipschitzian selection.

Usually, there are three kinds selection: continuous selection, measurable selec-
tion and approximate selection. This book only considers continuous selection and
approximate selection. The later is to look for a sequence {f,(x)} such that the
limitation of f,,(x) belongs to cl F((x). After the theory of selection, we spend some
time to deal with the problem of fixed points which is a very important title in
topology.

2.2.1 The Minimal Selection

Definition 2.2.1 A C X is a set. If there is a vector xp € A such that ||xo] =
min {||x||, x € A}, then the xj is called by a minimal norm element of A. The set of
minimal norm elements is denoted by m(A). [l

In general, we cannot guarantee the existence of minimal norm element for a set.
But if the space is complete and the set is closed, then we can assure m(A) # &.
Moreover, when the set A is convex and closed, then m(A) holds only one element.
If m(A) has only one element, we call it the minimal norm element and also denote
it by m(A) for simplicity.

Suppose A is a convex and closed set. Because m(A) = argmin ||x||' We have

X€EA

m(A) = w (0,A). By Remark 2 of Lemma 1.2.2, (m(A) — x4, m(A)) < 0 for every
xa € A and if there is an element x such that (x — x4, x) < O for every x4 € A, then
x = m(A).

Theorem 2.2.1 Suppose that the set-valued mapping F : R” — R™ is continuous
and with convex and closed value. Then f(x) = m (F(x)) is a continuous selection.

Proof By the condition of theorem, F(x) is a convex and closed set for every x € R”.
Hence, m(F'(x)) has only one element. We now prove that the single-valued mapping
x +— m (F(x)) is continuous.

Denote yo = m (F (xp)). We first consider the case that yo = 0 € R™. By the
condition that F(x) is continuous and is lower semi-continuous at xq. For every ¢ >
0, there is § > 0 such that if x € B (xo, 8), then F(x) N B (0, ¢) # <. It means there
isay(x) € F(x) N B(0,¢). From the definition of the minimal norm element, we
have |m (F(x))| < ly(x)|| < e, i.e.,f(x) is continuous at x.

We now turn to the case where yy # 0. F(x) is upper semi-continuous at xy.
Hence, for every ¢ > 0, there is § > 0 such that if x € B (xo, ), then

IThe notation arg minf(x) expresses a set. If xy € arg minf(x) then f (xo) = Ini/?f (x). Similarly,
XEA XEA x€

we can define arg max f(x). The set arg {f(x) = 0} is the set of roots of f(x) = 0 and x € A.
XEA XEA
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F) CF(o)+ . B 2.2.1)
llyoll

There exists a y(xg) € F (xo) such that m(F(x)) € (y (x0) + ”;()HB,,,), r
equivalently, ||m (F(x)) —y (xo)| < ”;0”. It follows |{yo, m (F(x)) —y (x0))| <

[yoll llm (F(x)) —y (xo)|| < e.
By the remark given behind Definition 2.2.1, (yo —y (x0),y0) < 0, i.e., 0 <
(o, ¥0) < (vo,y (x0)). It leads to

o

00,1 (FQO)) = (305 (x0) ) ) + (o, m (F@) = ¥ (1)
> (yo,y(xo))>—£

> (y0,Y0) — &,

or,

(yo. m (F(x)) = yo) = —e.

From the Problem 1 of this section, the relation (2.2.1) implies ||m (F(x))|| < ||yoll +

¢ . Thus,
lIlyoll

(m (F)) = yo.m (F(9) = yo) = (m (F)) .m (F()) = yo) = (vo.m (F()) = o)
= (m(FC0.m (@) = fm (F@) . 30)
— {y0.m (F(x)) = 30)
= m PG = (m(F) = o + yo. o)
— {yo.m (F) = o)

= m (F)I* = yoll* = 2 (yo. m (F(x)) — yo) -

2 2
On the other hand, ||m (F(x))|]* < (||yo|| + ”;0”) = |lyo|* + 2¢ + (”;0”) . The
above inequality leads to

2
||m(F(X))—YO||2§4€+( ¢ )
ol

We then conclude that f(x) = m (F(x)) is continuous at xg. (|

Corollary 2.2.1 If F : R* — R™ is continuous and with convex and closed value,
then for every a € R", f(x) = & (a, F(x)) is a continuous selection.
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Proof Let x = x —a Then n (a,F(x)) = n(0,F(x+a)) = =« (O,F(x)) =
m (F (x)). It is clear that F is continuous and with convex and closed value. f (x) =

m (F (x)) is a continuous selection by Theorem 2.2.1. Hence, f(x) = f(x —a) is
continuous. (]

Remark 1 Theorem 2.2.1 and Corollary 2.2.1 are still valid, if F is a set-valued
mapping with convex and compact value form a normed space X to a Hilbert space
Y. ]

Remark 2 Recall the proof of Theorem 2.2.1, we have applied the lower semi-
continuity only for the case that yo = 0 € F (xp). Hence, if 0 ¢ F(x) then it
is sufficient for Theorem 2.2.1 that F is upper semi-continuous and with convex
and closed value. Accordingly, Corollary 2.2.1 can be rewritten as “there is a a €
R™ a ¢ F(x) for all x € R”, then F(x) holds a continuous selection provided that
F(x) is upper semi-continuous and with convex and closed value. O

To extend the conclusion to a more general result, we give a lemma now.

Lemma 2.2.1 Let A be a convex and closed set of R”. Then the mapping of
projection x — 7 (x,A) is a Lipschitzian mapping and its Lipschitzian constant
canbe 1.

Proof Suppose x;,x € R'. By Remark 2 of Lemma 1.2.2, we have
(m (x,A) — x4, 7w (x,A) —x) < 0.Replacing x by x, x» and replacing x4 by 7 (x2,A)
and m(x;,A), respectively, we obtain

(m (x1,A) — 7 (x2,A), 7w (x1,A) —x1) < 0 and (7 (x2,A)—7 (x1,A), 7 (x2,A)
—x2) < 0.

The second inequality can be rewritten as (m (x1,A) — 7 (x2,A4) ,x2 — 7 (x2,A))
< 0 and is added to the first inequality, we obtain

(m (x1,A) — 7 (x2,A), 7w (x1,A) —x1 + X — 7 (x2,A)) <O.
It leads to

|7 (x1,A) — ()cz,A)||2 < {x;1 —x, w (x1,A) — 7 (x2,A))

= lxt = x| |l (x1,4) — 7 (x2, A) |-
When 7 (x1,A) # 7 (x2,A), it leads to
| (x1,A) — 7w (2, A)|| < [|x1 — x2]| - 2.2.2)

Inequality (2.2.2) is also valid if 7 (x;,A) = 7 (x2,A). The lemma is verified. [

Theorem 2.2.2 Suppose that the set-valued mapping F : R" — R™ is continuous
and with convex and closed value, and g : R" — R”" is a continuous single-valued
function, then f(x) = & (g(x), F(x)) is a continuous selection of F.
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Proof F(x)is convex and closed, it follows f(x) = m (g(x), F(x)) is a single valued
mapping. Consider now the continuity of f(x).

f)—f(x) =m(g ), F(x1)—m(g(x),F(x))
= (g(x1),F(x1) —m(g(x1),F(x2) + 7 (g(x1), F (x2))
—m(g(x2),F(x2) .

If we take a = g (x1), by Corollary 2.2.1

(g (x1), F (x1)) =7 (g (x1) . F(x2)) = 0, (x1 —x2 = 0);

On the other hand, if we treat F(x,) as set A, by Lemma 2.2.1, we have
T (gx) . F(x) —m(g(x),F(x) >0, @ —x—0).

Consequently, f (x1) —f (x2) — 0 as x; — x, — 0, f(x) is continuous. ]

The selection obtained by Theorem 2.2.1 is called by the minimal selection
since the selected element is the vector with minimal norm. Because Theorem 2.2.2
deduces from Theorem 2.2.1, it is called as patulous minimal selection theorem
or minimal selection theorem for simplicity. The conclusion is still valid if the
R" and R™ are replaced by Hilbert Spaces X and Y. There is an example to show
the minimal selection is continuous but may fail to be Lipschitzian mapping. The
readers who are interested in the example are referred to Aubin and Cellina (1984).

2.2.2 Michael Selection Theorem

The most famous result in selection theory of set-valued mapping is the Michael
selection theorem. It is notable that in the proof of Theorem 2.2.2, we have applied
the operation of inner production. Hence, if we try to apply Theorem 2.2.2, the
image space should be Hilbert space. The Michael selection theorem improves
the condition of Theorem 2.2.1, the image space is only a Banach space. In this
subsection, we do not restrict ourselves in R”. Let us start with a conclusion of unit
decomposition.

1. Unit decomposition

Decomposing the integer 1 into a summation of several nonnegative functions
defined on a normed space is known as the unit decomposition, or the partition
of 1. In the theory of functional analysis, there are many kinds unit decomposition.
This book only introduces the Lipschitzian unit decomposition.
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Let X be a normed space, A C X be a set. {Q;;i € I} is an open covering of A.>
The open covering {€2;;i € I} is said to be a locally finite open covering if for every
Q;, €{Q2;;1 € I}, there are only finite open sets ; €{Q;;i € I},j =1,2,...,Jsuch
that Qig n Qj ?é .

Let {2;;i € I} be an open covering of A C X and {p;(x); i € I}, where p;(x) :
A — R (> 0), be a set of functions. The set {p;(x);i € I} is a unit decomposition
attached to {$2;;i € I}, if it satisfies the following conditions:

(1) pi(x) >0, x€Q;; pilx) =0, x¢&Q;
(2) Foreveryx € A, Zp,-(x) = 1.

iel
If pi(x) is continuous for every i € I, then {p;(x);i € I} is said to be a continuous
decomposition. If p;(x) is a Lipschitzian function for every i € I, then {p;(x);i € I}
is said to be a Lipschitzian decomposition. If the open covering {Q;;i € I} is
determined, we often omit the words “attached to {2;;7 € I}” for simplicity.

Lemma 2.2.2 Let A C R", and {£2;;i € I} be an open covering which is nontrivial
and locally finite. Then there exists a local Lipschitzian unit composition.

Proof For every i € I, define a function ¢;(x) : A — R (> 0), ¢i(x) = d (x, A\Q2;).
By Problem 2 in this section, g;(x) is a Lipschitzian function and its Lipschitzian
constant is 1. Moreover, ¢;(x) = 0,x ¢ ©; and ¢;(x) > 0, x € €; since €; is an open
set. The p;(x) is defined as follows:

qi(x)

> g

jel

pi(x) =

By the definition of g;(x), it is obvious that the set {p;(x);i € I} satisfies the
properties of unit decomposition. The remaining problem is that it is a locally
Lipschitzian function. We now prove this fact.

Let xo € A. Then there is an iy € I, such that xy € £2;,. 2, is an open set, there
is a neighborhood B(xo, €) such that B (xo,¢) C £2;,. The open covering is locally
finite; hence, there are only finite Q;, € {Q;,ie€l}, k = 1,2,...,N such that
B (x0, &) N Qj, # <. It follows that when x € B (xo, €), there are at most N functions
g;, (x) are nonzero in {g;(x); i € I}. On the other hand, there exist 0 < m < M, such
that m < Z g;j(x) < M on the compact set clB(xo, €). Thus, when x, x> € B (xo, €),

jel
we have !

21f there is an Q i» o € I, such that cl ;, D A, then the covering is trivial. We do not deal with
such a special case.
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qix) _ qi(x2)
Z%’ (x1) Z%’ (x2)
q]f(Ixn ZI 9 (x,;),_ gi (x2) ZI gj (x1)
Jj€ Jj€
Zq/‘ (M)Z%’ (x2)
<\ Z |Qi](ill) qj (Xz)]e—l gi (x2) q; (x1) |
,;jzlj (lar G g5 (2) = i (e1) g5 (o)
o ) — a )y o) )
w2 (g el (2) = g5 )| + gy ()] g (o) = s 22)] )
< e (i g (x2) = q; D)) + (g (1) — g () Y g (xe0)])
<L (§I+ MN) |x3 — x1] . -

|pi (x1) — pi (x2)| =

IA

IA

The conclusion is verified. O
2. Michael selection Theorem

This subsection proves the main result of this section: Michael selection theory. We
introduce the following two facts.

Lemma 2.2.3 Suppose that X and Y are two normed spaces, ¢ : X — Y is a
continuous single-valued mapping, and ¢ : X — R (> 0) is a continuous functional.
If G : X — Y is a lower semi-continuous set-valued mapping, then the mapping
defined by

F(x) = B(p(x).£() [ | G&)

is lower semi-continuous. O

The proof of this lemma is a classical exercise of application of ¢ — § language.
Hence we leave it to readers.

Another fact is about paracompactness. A set is said to be paracompact if for
every open covering of the set there exists a fined open covering which is locally
finite. Using mathematical language, it can be defined as follows. Let A be set, and
{U,} is an open covering of A. Then there exists another open covering {Vg}. {Vg}
is locally finite, and for every Vg € {Vg}, there is a U, € {U,} such that Vg C Us.
The {Vg} is called a fineness of {U,}.
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In 1948, A.H. Stone proved that a metric space is paracompact. The proof of this
conclusion is quite complicated, we do not try to provide it in this book. The readers
are referred to textbook for topology for the proof.

Theorem 2.2.3 (Michael selection theorem) Let X and Y be two normed spaces,
and Y be complete. If F is a lower semi-continuous and with convex and closed
value, then F exists a continuous selection.

Proof The proof of Theorem 2.2.3 consists of three steps. The critical step is
construct a continuously single-valued mapping ¢.: X — Y which satisfies
d (pe(x), F(x)) < &. We now deal with the first step.

(1) For a given ¢ > 0, there is a continuously single-valued mapping ¢.: X — Y
such that d (¢.(x), F(x)) < e.

F : X — Y is lower semi-continuous, hence, for a given ¢ > 0 and every x € X,
there is a y, € F(x), such that F (x) N B (y,, &) # & provided that x € B (x, §) for
some § > 0. We now fix the vector y, and the neighborhood B(x, §) for every x € X.

Thus the set {B (x,8), x € X} is an open covering of X. X is a normed space;
consequently, by Stone theorem, {B (x, §) , x € X} holds a fined open covering {U;}
which is locally finite, i.e., for every Uj, there is a B(x;, §;) such that U; C B (x;, ;).
Lemma 2.2.2 shows that the {U;} provides a Lipschitzian unit partition {p;(x)}.

For every x € X, there are only finite Uy, ..., Uy, € {U;}, such thatx € U;, j =
1,2,....N,. Then, there is a B(x;, §;) such that U; C B (x;, ;). From this x; there is
a corresponding y,; such that y, € B (x;,8;) and F (x) N B (yy;. €) # @ provided that
xX€B (xj, 8/-). We now define the following mapping.

Pe(x) = Y pi()yy,

jel

where [ is the index set of i. ¢.(§) is then a local Lipschitzian mapping, so it is
continuous. Because x € U; C B (xj, 8j),F(x)ﬂB (yx_/., 8) # J,i.e., )y € F(x)+&By.

F(x)is a convex set, hence @, (x) = ij(x)yxj € F(x)+¢eBy, ie.,d(p:(x), F(x)) <
jel

¢ for every x € X.

It is worth to note that at the above verification, we did not apply the condition
that F(x) is with closed value.

(2) A Cauchy sequence {f;,(x)} is constructed where every f,(x) is continuous at
X.

Let ¢ = é By the construction method proposed in Step (1) we can obtain
a Lipschitzian functional ¢ ! (x) such that d ((p ! %), F (x)) < ; for every x € X.

Now we denote fi(x) = ¢ ! (x). Let us consider the set-valued mapping F(x) =
B (fl (x), ( 5)2) N F(x), F1(x) is lower semi-continuous by Lemma 2.2.2. Taking ¢ =
i, by the method proposed in Step (1) again, a Lipschitzian functional ¢ ! (%) can

be constructed such that d (qo ! (x), Fi (x)) < }1. Let H(x) = ¢ ! (x). By definition,
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Fi(x) CF(x)NB (fl(x), i), therefore d (f2(x), F(x)) < d (f2(x), F1(x)) < 411 and

@) — @] < dGE.FI@) +d (R, Fi0) < i + i _ ;

Inductively, when we construct f,(x) which satisfies that d (f,(x), F(x)) < (l)n

2
n—1 n+1
and [If,(x) — i1 @) < (5)" . welet F,(x) =B (f,,(x), (;) ) N F(x), then F,(x)
is lower semi-continuous by Lemma 2.2.2. There is a f,+1(x) = ¢ L (x) which is
2”

Lipschitzian and satisfies d (f,+1(x), Fr(x)) < (é)"“. By the definition of F,(x),

d (i1 (). F()) <d (f1 (). Fu()< (3)" and g1 @) = o) | < (3)" Ths,

1) = o) < fatr () = frti—1 G| + -+ + [[far1(x) = fu (||
<) ()
<)

{f,(x)} is a Cauchy sequence.
(3) The selection f(x) is obtained.
Letf(x) = l_i)m f:(x). Then f(x) is continuous. Moreover, the space Y is complete
n—o0

and F(x) is a closed set; consequently, f(x) € F(x). O

2.2.3 Lipschitzian Approximation

If f is a continuous single-valued mapping, then f may not be a Lipschitzian
mapping. But its opposite statement is true. However, a Lipschitzian set-valued
mapping may not be continuous. This subsection will prove that an upper semi-
continuous set-valued mapping can be approximated by a sequence of Lipschitzian
mappings.

Theorem 2.2.4 Let F : R" — R™ be an upper semi-continuous set-valued
mapping. It is bounded and is with closed and convex value. Then there exist
set-valued mappings Fy : R* — R™, k = 1,2,... which satisfy the following
requirements.

(1) Fy : R" - R™, k = 1,2,... are all Lipschitzian mappings and are bounded
and with closed and convex values.

2) F(x) C-++- C Fy+1(x) C Fr(x) C--- C F1(x) C Fo(x).

(3) Forevery e > 0, thereisa K = K (x, €) such Fy(x) C F(x) + &B,, provided that
k> K.
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Proof Suppose F(x) C bB,, for every x € X where b € R (> 0) and B, is the
open unit ball of R”. Denote ¢; = [0...1...0], i.e., its ith component is 1 and

1
others are zeros. {¢;; i = 1,2,...,n} is a set of normal orthogonal basis of R". Let
2" =L XZx---xZ CR"be the set in which components of every vector are all
-

integers. The following proof consists of three steps.
(1) Constructing a sequence of Lipschitzian set-valued mappings {Fi(x)}.
Fix pg = 1 and define Zj = ppZ" = Z". In addition, we define a set

Oy = {x;x = ajey + azey + -+ + azen, a; € (—po. po)} .

Oy is an open cube whose center is the origin and lengths of edges are all
equal to 2pg. Op is obviously convex. Zj + Oy = {Zo + 0o, 20 € Z’(’)} is
qualified as a locally finite open covering of R”. Then the open covering yields
a Lipschitzian unit decomposition p.,(x). For every zo € Zj, we can have a
set C;;, = cl co F(z0+ 20y), then set-valued mapping Fo(x) is defined as
follows:

Fo(x) = Z Pz () Coy.

20 EZG

Because p,(x) is a local Lipschitzian function, Fo(x) is then a Lipschitzian
set-valued mapping and with closed and convex value. F(x) C bB,, leads to
that C,, C bB,,, moreover, Fo(x) C bB, since p,(x) is a unit decomposi-
tion.

We now construct Fj(x). Define p; = épo and Z = piZ;. The element of Z
can be denoted by z; = p1zo with zo € Z§. A set Oy is defined below

11
O = (x;x =aje; +azes + -+ ayey, a; € “33)("

Then Z} + O; forms an open covering of R” and it is locally finite. The open
covering holds a unit partition p;, (x), z1 € Z{. For every z; € Z, define a set

C,, = cl co F(z1 +20;) and a set-valued mapping F(x) can be obtained as
follows:

Fix) = ) py(®)C,.

n
21 EZI

Fi(x) C bB,, and is also Lipschitzian and with closed and convex value.
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Fig. 2.6 The relation of Ogy 0,1)
and O i
o . o
\\§ ° /
(-1,0) ) (1,0)
(0,-1)

Generally, in the kth step, we obtain a set-valued mapping Fy(x), which is
Lipschitzian and with closed and convex value, and is bounded by bB,,. We then
turn to the (k+ 1)th step. By defining pr+1 = é Pk, the set-valued mapping
Fi41(x) can be defined with a similar way, i.e., we define Z; 11 = Pr+1Zg and
Oi+1, then we obtain a unit partition p;,_ (x), z+1 € Zj 4 and closed sets

Cyyy = ¢l co F(zxt+1 + 20k+1) for each zx41 € Zj,,, and at last we define
Fk+1(x) = Z Pziya (X)CZK+1 .

1€,
(2) Proof of F(x) C Fr+1(x) C Fi(x).
If we can prove F(x) C Fi(x) C Fy(x), then by a similar way, we can prove
F(x) C Fi41(x) C Fi(x).

For a fixed x € R", there are only finite zo, € Zg, i = 1,2,..., No, such that
X € zo; + Op. Denote Zy(x) = {z0,;i = 1,2,...,Noy} for the x. Similarly, there
are only finite 21, € Zi,j = 1,2,...,Nix such that x € z1; + 01, and denote

Zi(x) = {z1,;/ = 1.2.....Nix}. A scheme diagram for the relation of Zy(x) and
Z\(x) is given in Fig. 2.6.

We now prove that for every zo, € Zo(x) C Zg and every zi; € Zi(x) C Zj,
21, + 20, C Z0; + 20y.

Lety e 2, + 20;. Then Hy —zy || <2p= épo. In addition, we have

4
|20, = 2] < llzo, = xll + [|x =z, < po+ 1 = 3P0

Therefore, |y —zo,|| < Hy—zlj” + Hzlj — 20; H < %po + ;‘po = 2pp, il.e., y €
20; + 201.
The relation z;; + 20, C zo, + 20 implies C;, C Cy,. C;, is convex; hence,

C, = Z P (X)C; C Z P () Cy -

20€Zp(x) 20€Zp(x)
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It follows that,

Fi(x) = Z pm(x)cm = Z Pz (x)Czl

21 €ZY 21€Z1(x)

C Y pa® D paC,
21€Z)(x) 20€Zp(x)

= Z pzl(x)zpzo(x)czo
21€Z1(x) 20€Z

= > pa®FoX)
21€Z1 (x)

= F()(x) .

Simultaneously, when x € R" and z;; € Z; (x),x € z1;+ 01 and F(x) C C,.

F@x) C Y pa®Cy =Y p,(0C,y = Fi(x).

21€Z1(x) 71€Z}

(3) Convergence of {Fj(x)}.

At last, we verify the convergence of Fy(x). Because F(x) is upper semi-
continuous for x € R” and ¢ > 0, there is a § = § (x, ¢) such that if y € B (x, d),
F(y) C F(x) + 5By. For the x and ¢, there is a K= K (x, &), x + Ok (xe) C B (x, 6).
For every k > K, denote Z;(x) = {zkj;j =1,2,... ,ka}, where x € z; + Ox. Thus,
we have

ij+20ka+30ka+0K.

It illustrates that y € z;; + 20y for every zi; € Zi(x), F(y) C F(x) + 3B

Furthermore,
F (2 +20) C F(x) + 5By Cy = clcoFy (z +20k) C F(x) + 5By C
F(x) 4+ eB,,. F(x) + ¢B,, is convex, hence, when k > K,

Fe(0) = ) pa®Cy= Y pa(0)Cy CF)+ B,

% €LY, 2 €Zk (x)

The theorem is now verified. O

From Problem 7 of this section the readers will conclude if the conditions given in
Theorem 2.2.4 are satisfied, then for every ¢ > 0, there is a single-valued mapping
fe : R" — R™ which is continuous and f;(x) € F(x) 4+ ¢B. The fact leads to the

following definition.
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Definition 2.2.2 Suppose that X and Y are two metric spaces,and F : X — Y isa
set-valued mapping. If for every ¢ > 0, there is a single-valued mapping f; : X — Y
such that gra f, C gra F + ¢B, then F is approximately selectable, and f; is an e—
approximate selection. (]

From Definition 2.2.2, f,(x) € F(x) + ¢B is only a sufficient condition for the
approximate selection. Let us consider the following example.

Example 2.2.1 Consider a set-valued mapping F : R - R

-1, x <0,
Fx)=4[-1, 1], x=0,
1, x> 0.

F(x) is a monotonous mapping which will be studied at the end of this chapter. It is
obvious that F(x) has no a continuous selection. But the sigmoid function

ePr — e=hx

f® = efx 4 e=Px
is continuous. It is direct to show that for 1 > ¢ > 0, when 8 > 21»3 In 2? ,fe(x) is an
&— approximate selection (Fig. 2.7). 0

Example 2.2.1 really gives a new way for the selection since for every 1 > ¢ > 0,
except x = 0, fo(x) N F(x) = @. Furthermore, it can be seen that no matter how
small ¢ is determined, there still isa § > 0, when x € (0,68), d(fe(x), F(x)) > ;,
or, in other words, f; (x) ¢ F(x) + ¢B.

Theorem 2.2.5 Let X be a metric space, Y be a Banach space, and F : X —
Y be a set-valued mapping, which is upper semi-continuous and with closed and
convex value. Then F holds an e— approximate selection; moreover, the selection is
a Lipschitzian mapping.

Fig. 2.7 &— approximate selection of Example 2.2.1



2.2 Selection of Set-Valued Mappings 85

Proof F(x)is upper semi-continuous, then for a given ¢ > 0 and every xp € X, there
isad; = &; (xo, &) such that when x € B (xo,d1), F(x) C F (xo) + ;By. Let § (xo) =

&
27

Xo goes over the space X.X is a metric space; hence, there exists a fined locally finite
sub-covering {U,}. It follows that there is a Lipschitzian unit decomposition p;(x)

attached to {U,}. Because {U,} is a fined covering of {B (xo, S(ZO)), xp € X}, for

min 81). Then these neighborhoods B | xp, ()} form an open covering of X if
( g ; p g

every U; €{U,}, we can find a x; such that U; C B (xi, 8(2")). We now fix the x; for
U; and construct a mapping f, as follows

£ =) pi@m (F(x)). (2.2.3)

where m(F(x;)) is the minimal norm element in F(x;). We analyze the properties
of the f;. At first, because p;(x) is a Lipschitzian mapping, so is the f;. Secondly,
because co gra F' is conveX, (x;, m (F (x;))) € co gra F implies then (x,f:(x)) €
co gra F. At last, we prove that f,(x) € F (xj) + 5 By for some x; € X.

{U;} is alocally finite open covering; consequently, for every xe X, there are only

finite nonzero terms in Zpi(x)m (F(x;)).Forafixedx,letI(x) = {i; pi(x) # 0} =

{i; x € U;}, then I(x) is a finite set. By the definition of Uj;, an x; can be found such
that U; C B (xi, i’) Define §;, = max{5; = 6 (x;),i € I(x)}, the §;, corresponds
to x;,€ X. Then for every x;,i € I(x), d (x,x;) < 5("{") < 8()2"), and d (x;, x;) <
d (xiy,x) +d (x,x;) < 5();’"), furthermore, U; C B (x;,,0;,), i € I(x). Hence, for
ie€l(x)

m(F (x)) € F(x;) C F (x;) + ;By. (2.2.4)

Figure 2.8 is used to illustrate the relations of x and U, x;, §;. x € U; C B (xi, i"),

then d (x;,x2) < d (x;,x) +d (x,x2) < % (in Fig. 8, = max {8;.i € I(x)}), i.e., x; €

Fig. 2.8 The relation of x
and U;
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B (xz, 822) and a point x € B (xi, §;), d (x.x2) < d (x.x;) +d (x1,x12) < 2 + 2 < 6.
Thus, B (x3, 52) D B (x;, 81) D U,.
We have assumed that F' (x;,) is convex, hence, from Relation (2.2.4)

€
fe() =3 pim (F(x:)) € F (i) + By,
i.e., there exists a y;, € F (x;,) such that ||f;(x) — y; || < 5. It follows that

d((x.fe(x)), gra F) < d( (. fe () (Xig» Yig) = d (%, xig) + d (fe (%), yi) < &

O

We sum up the procedure of proof of Theorem 2.2.5. For a giving x € X
and ¢ > 0, the target is to construct f;(x) the image of x. A neighbourhood
B(x, §) is constructed firstly for the upper semi-continuous, then an open covering
{B (x, 3)} is applied to yield a locally finite fined open covering {Uq}. {Uy} yields
a Lipschitzian unit decomposition and a set /(x) which is finite. By i € I(x), x;
is found. At last m(F(x;)) is used to construct the f;(x). To prove the conclusion,
let §;, = max{d;,i € I(x)}, then B (x;,,5;,) DO B (x,-, ‘Z’) It leads to m (F (x;)) €
F (xj) + 5By and f.(x) € F (x;,) + ;By.

It is meaningful to compare Theorem 2.2.5 with Theorem 2.2.4. Theorems 2.2.4
and 2.2.5 do not require the spaces X and Y to be finite dimensions. But, Theorem
2.2.5 does not require F(x) is bounded, because the vector selected in Theorem
2.2.5 is m(F(x;)) which holds determined meaning. However, Theorem 2.2.5 only
provides an approximate selection.

A mapping ¢ : X — Y is said to be locally compact if for every x € X there is a
compact set K, C Y.> and a § > 0 such that ¢ (B (x,8)) C K,. Accordingly, we can
define locally bounded. Let ¢, : X — Y be mappings, ¢.(x) is locally equicompact
if there is a &9 > 0, when gy > & > 0, there exists a § which may depend on x but
be independent of ¢ such that ¢, (B (x,8)) C K,.

Corollary 2.2.2 If all of the conditions of Theorem 2.2.5 are satisfied and the
mapping x +— m(F(x)) is locally compact, then the selection f.(x) is locally
equicompact.

Proof Because x +— m(F(x)) is locally compact, by the definition of local
compactness, there is an 7, > 0, such that m(F (B(x,ny)) C C, where C, is

a compact set. Take &g = " and §y = . Now let ¢ € (0,&)), we prove

3The subscript x is used to express that the compact set K depends on variable x. 7, has the same
meaning.
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f: (B(x,80)) C K,. For every x € B(x,8), the above proof asserts f; (x) =
Zpi (x)m (F (x;)), where x; € B (xi, i’)) CB (x, 5;") C B (x, 82") The last

containing relation comes from the fact that all §(x) < 5 < %) = §. Furthermore,
x € B(x,d0), hence x; € B (x,280) C B (x,n,) and m (F (x;)) € Cy. Let K, = coC,.
Then K, is compact and f; (x) € K. O

2.2.4 Theorems for Fixed Points

To end this section, we deal with the fixed points. The existence of fixed points is
an important issue in both topology and functional analysis. We will extend these
results to set-valued mappings. We start with a new definition for selection.

Definition 2.2.3 Let F : X — Y be a set-valued mapping, and X, Y be two normed
spaces. If there exist set-valued mappings F, : X — Y, k =1,2,... such that

(1) For every k, gra Fy, is a closed set, and Fj holds a continuous selection;
(2) Foreveryx € X, Fjy1(x) C Fi(x) and kaFk(x) = F(x);

then the F is said to be o— selectable and {F;,k = 1,2, ...} is a 0 — selectable
approximate sequence. [l

By Theorem 2.2.4, if F : R" — R™ is an upper semi-continuous mapping, and it
is bounded and with closed and convex value, then F' is 0 — selectable.

Definition 2.2.4 Let f : X — X be a single-valued mapping. x € X is said to be a
fixed point of f; if f(x) = x.

Let F : X — X be a set-valued mapping. x € X is said to be a fixed point of F, if
x € F(x). O

It is obvious, from Definition 2.2.4, that the concept of fixed point for set-valued
mapping is exactly an extension of that for single-valued mapping.
Theorem 2.2.6 is known as Brouwer fixed point theorem and is a famous result.

Theorem 2.2.6 Let A C R” be convex and compact set, f : A — A is a continuous
single-valued mapping, then there is a x € A such that f(x) = x. O

The conclusion was extended to general normed spaces by Schauder. Their
proofs are quite complicated and omitted.

Theorem 2.2.7 Let A C R” be a convex and compact set, F : A — Abeao—
selectable set-valued mapping, then there is a x € A such that x € F(x).

Proof Let {F;(x)} be the o— selectable approximate sequence and f;(x) is a
continuous selection of Fy(x). Consider a continuous mapping from A to A defined
as x +— 7 (fy(x),A). By Theorem 2.2.6, there is a fixed point x; € A such that

X = 70 (fi (xi) , A), e [[fe (i) — 2kl | = d (fic (i) , A).
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Because Fy | F, when m < k, we have fi (xx) € Fy (xx) C F,, (xx) and

d (xg, Fry () < d O, Fre () < |Ife Gi) — xxl| = d (fi () , A)

A is a compact set and {x;} C A, hence, {x;} has an accumulation x € A. Without
loss of generality, we assume x; — x. By Problem 5 of the last section, F), is an
upper semi-continuous set-valued mapping; consequently, for a given ¢ > 0, we
have F,, (x¢) C F,, (x) 4+ &B,, for some large k (> m). Thus,

d(x, Fp (x)) < |lx —xi|| +d (e, Fon () + & < e — x| +d (fi () . A) + &
(2.2.5)

F, | F,itleads to F,, (x) C F (x) + ¢B, for some large m. Therefore,
i () € Fr () C Fy () C Fpyy (x) + 6B, C F(x) + 2¢B,, CA + 2¢B,

ie, d(fi (xx),A) < 2e. Substituting it into Inequality (2.2.5) results in
d(x,F, (x)) < 4e. By F,,(x) C F(x) 4+ ¢B, again, d (x, F (x)) < 5e. Because
¢ can be selected arbitrarily, we obtain x € F (x). O

By Theorem 2.2.4, a direct corollary can be obtained.

Corollary 2.2.3 Let A C R” be a convex and compact set, F : A — A be an
upper semi-continuous set-valued mapping and with convex and closed value. Then
F holds a fixed point on A. O

It R” is replaced by a Banach space Y, Corollary 2.2.3 is still valid and known as
Kakutani fixed point theorem. We restate it below.

Theorem 2.2.8 Let Y be a Banach space and A C Y be convex and compact set.
If F: A — A is an upper semi-continuous set-valued mapping and with closed and

convex value, then F holds a fixed point on A. O

Problems

1. If Aj,Ay, C R" and A} C A; + &B, then for every xo € R", d(x,A;) <
d (x9,A2) + €.

2. Let X be a normed space, A C X be a set, then d(x, A) is a Lipschitzian functional
of X — R and its Lipschitzian constant can be 1.

3.If F : R" — R™ is a Lipschitzian set-valued mapping and with closed and
convex value. Furthermore, for every x € R", F(x) is bounded then F(x) is e—
continuous.

4. Prove Lemma 2.2.3.

5. Let A C R” be a convex and compact set, xp be an inner pointof A. f : A — R”"
is a continuous single-valued mapping. If for every x € bd A, ||[f(x) — x| <
|lxo — x|| then xo € f(A). (Hint: applying Brouwer fixed point theorem and
Minkowski function.)
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6. Give an example to show that f;(x) € F(x) + &B is not a necessary condition for
the approximate selection.

7. Suppose that all conditions given in Theorem 2.2.4 are satisfied, then for every
& > 0, there exists a single-valued mapping f; : R” — R” such that f;(x) €
F(x) + ¢B. (Hint: showing the set-valued mapping constructed in Theorem 2.2.4
is also lower semi-continuous)

8. Try to verify Theorem 2.2.4 is still valid if all conditions given in Theorem 2.2.4
hold but F is replaced that F : X — Y where X and Y are all Banach spaces.

2.3 Differential Inclusions and Existence Theorems

This section deals with differential inclusion. It starts with the definition which
is presented by a comparison with the differential equation. Then motivation of
investigation of differential inclusions is presented. The main content of this section
is existence theorems of solutions of differential inclusions. At last we extend
the conclusion to time-delayed differential inclusions. The extension can show the
advantages of differential inclusion theory.

2.3.1 Differential Equations and Differential Inclusions

The differential equation considered takes an explicit form that
x=f(t,x) (2.3.1)

where f @ [tp,11] x R" — R”" is a single-valued mapping, ¢ € [f,#;] C R(> 0) is
the interval of time, x : [to, tf] — R" is a derivable function to be solved and x is
its derivate related to time ¢. [fy, fr] is the interval where the solution exists. o is the
initial time and # < ¢, is the final time. From geometrical viewpoint, f(z,x) gives
a vector field in R". Solving Eq. (2.3.1) is equivalent to looking for a curve which,
in time ¢, passes through x € R", with its tangent f(z,x). Thus every vector in R”"
yields a curve, i.e., a solution. If Eq. (2.3.1) satisfies the uniqueness condition, then
these curves do not intersect. The fact illustrates the solution of Eq. (2.3.1) contains
a vector of R" as its parameter. Such a solution is called general solution. Usually
for the initial time #; the starting vector x(fy) is assigned. When the initial condition
is given, Eq. (2.3.1) becomes

x =f(x),x(t) = xo.

Solving this differential equation with initial condition is called Cauchy problem.
The solution of Cauchy problem is called the special solution.
If f in Eq. (2.3.1) does not explicitly contain the variable ¢, i.e.,

X = f(x) (2.3.2)



90 2 Set-Valued Mappings and Differential Inclusions

the equation is then time-invariant. For the time-invariant differential equation, the
initial time is usually fixed at 7y = 0.

The primitive target for the investigation of differential equation is to get the
general solution or special solution x(f) in an analytic form. As well-known for
almost all differential equations, we have no effective method to obtain their analytic
solutions. Then researchers cleverly transferred their energy to study the qualitative
properties of the solutions such as existence, uniqueness, stability, continuities on
the parameters, and so on.

If the function f(#,x) in the right side of Eq. (2.3.1) is replaced by a set-valued
mapping F : [t, 11] x R" — R", then Eq. (2.3.1) becomes

ieF(1x) (2.3.3)

Relation (2.3.3) is called differential inclusion and denoted by Inc. (2.3.3) from
now on. Accordingly, if F is only a mapping from R” to R”, then the differential
inclusion is time-invariant. The book mostly considers the time-invariant case, and
the inclusion extended from Eq. (2.3.2), i.e.,

x e F(x), x(0) =xo (2.3.4)

To solve Inc. (2.3.4) is called the Cauchy problem of differential inclusion. For
the case, the initial time is fixed at fp = 0. We apply x(#; [0, ], xo) to denote a
solution of Inc. (2.3.4). In the notation x(z; [0, #], xo), time ¢ is the argument, xo
is the initial condition, # is the final time and [0, #/] is the time interval where the
solution exists. When there is no any confusion, we apply x(z, xo) or x(¢) to substitute
the troublesome notation x(z; [0, ], xo) for simplicity. It is evident Inc. (2.3.4) holds
many solution if F(x) is a nontrivial set-valued mapping.

From the definition of the differential inclusion, one may suggest a way to solve
the Cauchy problem of Inc. (2.3.4). Firstly, we try to find a selection f(x) € F(x),
then solve the Cauchy problem of the differential equation x = f(x), x(0) = xo.
It is really a way that we used to prove many conclusions such as the existence
of solutions; however, the scheme is almost impracticable to serve to solve the
differential inclusions. At first, finding a satisfactory selection with an explicit
description borders on a fantasy. Secondly, even if a simple selection has been
obtained, we still lack a method to solve the Cauchy problem except some very
special cases. Thirdly, even if a solution of the Cauchy problem is obtained, it
still cannot analyze the properties of all solutions. Therefore such a way has been
abandoned to solve Inc. (2.3.4) by almost all researchers.

There are two main differences from the investigation of the differential equation.
At first, the solution of Inc. (2.3.4) is not unique; hence, we usually do not investigate
its uniqueness of solution except some special form of Inc. (2.3.4).* Secondly, the

4The monotonous differential inclusions are a special case which will be studied at the last section
of this chapter.
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solution x(#) of a differential equation is required to be differentiable, and Eq. (2.3.1)
should be held for every ¢ € [to, tf]. But for the differential inclusion, the solution
x(#) is only required to be absolutely continuous; hence, it allows at some time x(7)
is not be differentiable. When x(7) is not differentiable, the left side of Inc. (2.3.4)
becomes meaningless. Hence, we only require Inc. (2.3.4) is valid for almost all ¢
in the interval [0, #], i.e., it is allowed Inc. (2.3.4) to fail on a set whose measure is
zero. The relaxed requirement brings lots advantages for the research of differential
inclusions.

Sio.11(F, xo) is used to denote the set of solutions of Inc. (2.3.4) where T =
min {tf} and [0,7] is the common interval where the solutions all exist, i.e.,
Spo.1 (F, x0) :xEL;(X)x (£ 10, T] , xp). Moreover, the set

Sp.n (F,C) = 'eL[rJ( ){x (t,10,T],x0) ,x0 € C}

is denoted for the set of solutions whose initial values are in set C C R". If the time
interval is not a key issue in the discussing problem, we often omit the low subscript
[0,T].

The following example is given to illustrate the solutions of differential inclusion.

Example 2.3.1 Consider the following differential inclusion
x€[0.1, 0.3]x, x(0)=1. (2.3.5)

The solutions of Inclusion (2.3.5) are full of the shadow area in Fig. 2.9. But it
is not true that every curve in the shadow area is its solution. The trajectories in
S(F, 1) hold the following features: (1) the curve is derivable at almost all points
on the curve; (2) all trajectories start at (0,1); (3) if one trajectory arrives at A(7,
x1) (Fig. 2.9), then the trajectory will be restricted at the darker shadow area where
the starting angle is restricted between 0.1x and 0.3x. Hence the trajectory is always
monotonically increasing; (4) two curves on the boundary of the shadow area, i.e.,
x = €% and x = %3 are solutions, moreover, once a solution x (1;) = B where B
(Fig. 2.9) is on the boundary, then the x() is always at the boundary before #;. [

We note that, throughout of the book, the set-valued mapping F(x) in Inc. (2.3.4)
is with convex and closed value. The integration adopted is in the meaning of
Lebesgue, and x(r) € AC([0,T],R") or x(tf) € AC i.e., x(¢) is an absolutely
continuous single-valued mapping.

2.3.2 Why Do We Propose Differential Inclusions?

Maybe there is a question for some readers: Why do we need to consider the
differential inclusions? The differential equation is quite powerful so that lots
of natural phenomena can be described by differential equations precisely. For
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Fig. 2.9 The solutions area A .
of Example 2.3.1 X X e [0 1, 03]x

x(0)=1

example, the motion of objects can be described by using Newton’s laws which are
described by differential equations. Another example is about the circuit. Because
capacitance, inductance and operational amplifier all can be depicted by differential
(or integral) equations, almost all circuits can be described by using differential
equations. Kirchhoff’s law provides a method to obtain the differential equation.
Hence, do we really need differential inclusions?

The following examples are given to explain the reason why we really need to
introduce differential inclusions.

1. Need from real systems

It was known for us every mechanical system suffers from friction and every
modern electronic system has to apply diodes. These two basic elements should be
depicted by differential inclusions. We now give a detailed discussion with friction
in mechanical system.

In 1902, Stribeck studied the dry friction (friction for the objects without using
lubricant) of a friction pair. He found that the change of friction coefficient has
four phases (Fig. 2.10), i.e., static friction which exists when no motion happens
in the friction pair; Stribeck friction called by later researchers which happens in
a very lower velocity, with the speed increasing the friction coefficient decreases;
Coulomb friction, where the friction coefficient reaches its minimal value; viscous
friction, where the friction efficient increases with the speed increasing. He then
concluded that the friction is a very complicatedly nonlinear phenomenon. The most
undetermined case is the first phase where the friction coefficient is zero but the
function of friction exists.

In 2001, Glocker suggested the friction force A should be depicted by the
following set-valued mapping

A € Fy(q) = —pdy sgn (q) + Fs (9)
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Fig. 2.10 Stribeck plot A
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where ¢ is the displacement of object, ¢ is then the velocity, the sliding friction
Fy (q) is a single-valued function of ¢, u is its friction coefficient, A is the pressure
and sgn (q) is the sign function defined as follows

1 qg >0,
sgn(g) = 1 [1.1] ¢=0, (2.3.6)
-1 g<O.

Then the moving of the mechanical object which suffers from only dry friction can
be described by the following equation

Mg+ Dg+ Kq=Su+T\A (2.3.7)

where M,D,K are the mass matrix, damping matrix and stiff matrix, respectively, g
is genelized displacement which contains both translational motion and rotational
motion, S is the input matrix and u is the control whose components are forces or
moments, T is gain matrix for the friction and A is the vector of friction where the
ith component takes the form of

A € _MiANi sgn (Tqu) + Fg; (Tqu)

The relation is the friction that happens in the ith touch point. In the above relation,
T; is the ith column of T and T/ g is the relative sliding moving happens in the ith
touch point.

Equation (2.3.7) can be rewitten by its state description

x = Ax + Gw + Bu,
z = Hx,

y=Cx,

w € —¢(2),

(2.3.8)



94 2 Set-Valued Mappings and Differential Inclusions

T
where x = [qT qT] is the state, z and w are the input and output of set-valued

mapping ¢(-), respectively. The meanings of other matrices can be known from Eq.
(2.3.7) and are omitted. Equation (2.3.8) is called Luré differential inclusion which
will be dealt with in Chap. 5.

In classical nonlinear control theory, the nonlinear phenomenon depicted by Eq.
(2.3.6) is called by relay nonlinearity, which is very popular in engineering area.
Hence, lots of engineering systems can be described by using Luré differential
inclusions.

2. Control system theory

Since 1980s, the development of differential inclusion is motivated by needs of
control systems theory. Let us consider a state model of a control system. Generally
its state equation is described by a differential equation

X = f (x,u) (2.3.9)

In the almost all textbooks of control theory, there is a paragraph of explanation
attached to the equation: in Eq. (2.3.9), x is the state which is usually an n-
dimensional real vector, and u € U is an m-dimensional control input where U is
the admissible control set. The statement really suggests that if we apply differential
inclusion, the state space model should be described as

xeFxU) = LGJUf (x, u) (2.3.10)

Inc. (2.3.10) is usually called as state inclusion, by the state inclusion, the model
of whole control system becomes

HRF
y G(xU)

The second is the output mapping which is a set-valued mapping altered from output
equation.

There are some effective investigation for the Inc. (2.3.10). Commonly, the
control u# is a mapping form time interval [O, tf] C R(=0) to R"; hence, U is a
set of r-dimensional functions. Without loss of generality, it is commonly assumed
that the U is a compact set of piecewise continuous functions. When U is a compact
set, the continuity of f(x, ) implies the continuity of set-valued mapping F(x, U).
Furthermore, if f(x,«) is a uniform Lipschitzian mapping for every fixed u, then
F(x,U) is also a Lipschitzian set-valued mapping. These facts illustrate that F(x, U)
inherits lots of properties of f(x,u), and f(x,u) is only a continuous selection of
F(x,U). At problems of this section, we will give more properties of Inc. (2.3.10).

In the design of control system, the design target can be often transformed
into performance of state x(¢). For example, the stability is that every trajectory
of Inc. (2.3.10) converges to the origin (it is strongly asymptotically stable, to
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see Sect. 2.5). Let S(2.3.10) denote the set of solutions of Inc. (2.3.10), and
x() be the ideal trajectory satisfying required performance. For the open-loop
control, the design of control system consists of two steps. The first step is
to check whether or not x(rf) € S(2.3.10); if the first step succeeds, then the
second is to find a u(r) € U, such that x(r) = f (x(¢),u(r)). In case x(r) ¢
S (2.3.10), we have two ways to complete the design. One is to extend x(¢) to a
set {x,(f), A € A} where x;’s are called admissible trajectories, and then to check
whether {x;, ()} NS (2.3.10) # @. Then we try to find x(r) € {x;(¥)} and u(r) € U.
The another is to enlarge the control set U such that {x; ()} N §(2.3.10) # @.
The introduction of slide mode control is a meaningful practice of extension of
control ability. For the case of closed-loop control, the admissible control set
U is replaced by U(x) where U(x) is the admissible feedback. Repeating the
above statements, we have the design procedure of closed-loop system design.
Of course, these only give an outline of system design, the check of {x,(¥)} N
S(2.3.10) # @ is very troublesome since we cannot obtain an explicit expression
of $(2.3.10). However, the analysis of S(2.3.10) can give a guide for the design of
controller.

Let us continue to consider Example 2.3.1, the controlled differential inclusion is

x€[0.1, 0.3]x+u, uel,
x(0)=1.

The design target is to stabilize the system by feedback, i.e., the trajectory will trend
to the #-axis as the time goes. Hence, it is necessary to make the shadow area in
Fig. 2.9 can contain an area which is approximate 7-axis as the ¢ increases. Suppose,
at time ¢, the trajectory arrives at A(f1, x;). If we require the trajectory tends to zero,
then the derivative of trajectory has to be less than zero, i.e., u + 0.1x; < 0, the x|
can be selected arbitrarily; hence U D {u;u < —0.1x, t > 0,x > 0} is a necessary
condition (Fig. 2.11).

The above discussion shows that using differential inclusion description can
extend the design thought for control systems.

Fig. 2.11 The design of A
control set for Example 2.3.1
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3. Discontinuous differential equations
We start with an example.

Example 2.3.2 Consider the Cauchy problem for the following discontinuous
differential equation

. 1 x<0
— ’ = 2.3.11
X 1 x>0 x(0)=0 2.3.11)

We consider the trajectory starting at the origin of the (#,x) plane. Because
x(0) = —1, the trajectory should enter the IV quadrant. However, as soon as the
trajectory enters the IV quadrant, then x<0 and x > 0. The trajectory will leave
the IV quadrant and enter the I quadrant. In the I quadrant, x>0, and x < O,
hence, the trajectory should return to the IV quadrant. It is really a trouble. The
trajectory cannot also go ahead along with the 7-axis since its derivative is nonzero.
We conclude that the Cauchy problem has no solution. (]

In Example 2.3.2, as long as x(0) # 0, the Cauchy problem has a solution. If the
trajectory arrives at the r-axis at a finite time, the trajectory then finalizes.

To make these equation solvable at interval [0, oo), Filippov presented an
improved scheme which is now called Filippov theory.

For a differential equation x = f(x), we define a set-valued mapping

F(x) = (el cof (x+ 8B)

§>0

where B is the open unit ball of R”. F(x) is called as the set-valued extension of
f(x), or the Filippov extension of f(x). The Filippov extension holds the following
properties: (1) F(x) is with closed and convex value. Furthermore, if f(xp) is
bounded, then F is upper semi-continuous at xo (Prob. 1-8 of this chapter). (2) If
f(x) is continuous at x, then F(x) = {f(x)}. In the next subsection, we will prove the
above properties and prove that the Cauchy problem of differential inclusion

x e F(x), x(0) =xo

is always solvable. The solution of the above inclusion is called as Filippov solution
of discontinuous differential equation x = f(x). The fact shows that Filippov
extension is a powerful tool for discontinuous differential equations.

Let us return to Example 2.3.2. Atx = 0, forevery § > 0, (0 + 6B) = {—1, 1}.
Hence, cof (0 + 6B) = [—1, 1], or F(0) = [—1, 1]. Then Eq. (2.3.11) becomes

—1 x>0,
xeFx)y=41[-1,1 x=0,
1 x<0.
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F(x) is continuous and its Cauchy problem x € F(x), x(0) = xy is solvable. The
Filippov solution is

Xo — Sgn (X())l‘ t e [O, |XO|] s
0 t> |xol,

x(t) =

where sgn(x) is the single-valued mapping and sgn(0) = 0.

2.3.3 Existence Theorems of Solution of Differential
Inclusions

This subsection deals with the existence of solution of differential inclusions. It is
sufficient for us to show that S (F, xg) # @ for Inc. (2.3.4). Because there are more
than one definitions of continuity for set-valued mappings, we have to deal with the
problem, separately.

In the theory of differential equation, the following conclusion is fundamental
for the existence of the solution.

Consider the Cauchy problem of x = f(x), x(0) = xo, if there is neighborhood
of xo, f(x) satisfies the Lipschitzian condition in the neighborhood, then there
is a ¢ > 0, the Cauchy problem is solvable at [0, t]. Furthermore, if there is
neighborhood of x(7), f(x) satisfies Lipschitzian condition at that neighborhood,
too. Then the solution can be extended.

By the method of using in the proof of Lemma 1.3.1, we can prove that if f(x)
is continuous at xo and xo is a inner point of domain of f, then f(x) is a local
Lipschitzian function at xy. Therefore, some textbooks revise the theorem as if f(x)
is continuous at xo and xg is an inner point of domain, then the Cauchy problem
x = f(x), x(0) = xq is locally solvable.

We now turn to differential inclusion.

Theorem 2.3.1 Let X be a Hilbert space, and F(x) : X — X be an upper semi-
continuous set-valued mapping and with closed and convex value. If the mapping
x +— m(F(x)) is locally compact, then the Cauchy problem of Inc. (2.3.4) has a
solution.

Proof By Theorem 2.2.5, when F is an upper semi-continuous set-valued mapping
and with closed and convex value, then F holds an approximate selection which is
Lipschitzian. Hence for every € > 0, there is a fz(x) such that

fe:(x) € F(x) + ¢B (2.3.12)

Moreover, the selection has the form of

£ =" pix)m (F (x:))
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where p;(x) is a Lipschitzian unit decomposition, m(F(x;)) is the minimal norm
element of F(x;).

Let {e,} be a monotonously decreasing series with that ¢, — 0 (n — 00).
For every ¢, there is an approximate selection f;, (x) (for simplicity, denoted by
[1(X)). fu(x) is a locally Lipschitzian mapping; hence, the Cauchy problem x =
fu(x), x(0) = xo has a solution x,(z).

By Corollary 2.2.2, {f,(x)} is locally equicompact, i.e., there is a § > 0 and
N € N, such that forn > N, f, (B (x9,8)) C K, for acompact set K. It is equivalent to
that x,(f) € K, t € [0, T) for some T > 0. K is bounded hence the sequence {x, (1)} is
equicontinuous at least for n > N. By Arzela-Ascoli theorem (to see Sect. 1.1 of this
book), there are an absolutely continuous function x(¢) and a subsequence {x,, (1)}
of {x,(¢)} such that x,, (f) converges to x(#) uniformly. By Theorem 1.1.7 (Alaoglu
theorem), {)'c,,k(t)} holds a weakly *— convergent subsequence, for simplicity,
without loss of generality; {xnk (t)} is the weakly *— convergent sequence. Thus,

thereisa§ > 0 and v(¢) € L' [0, §) such that /x,,k (r)dr — /v (v) dr.

0
t

On the other hand, x,, (f) = x + / Xn, (t)dt. Let k trend to infinite. We have

0
t

x() = x0 + / v (7) dt. Hence, x(t) € AC and x(f) = v(t) almost everywhere.

0
The approximate selection f,, (x) satisfies that gra f,, C gra F + ¢, B, i.e.,

A (0. foy G(0) , graF ()] < e

Let k trend to infinite again. We have d [ (x(1). (1)) , graF (x)] = 0, i.e., x(1) €
F (x(7)). And x,, (0) = xo, consequently, x(0) = xo. Thus, we prove the theorem. [J

We now apply Theorem 2.3.1 to verify the existence of Filippov solution for
discoutinuous differential equations.

Theorem 2.3.2 Consider the Cauchy problem of differential equation
x = f(x),xo € R",

where f(x) is bounded, but may be discoutinuous. Its Filippov extension is

F(x) = ﬂclcof (x+48B)

>0

Then the Cauchy problem differential inclusion

x € F(x),xo € R",
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exists a solution. Moreover, let x(z,x9) be any solution of the Fillippov extension,
then x (¢, x0) = f (x (¢, xp)) if f(x) is continuous at x(z, xo).

Proof Because f(x) is bounded by the definition F(x) = 8ﬂocl cof(x+ éB), F(x)is
>

bounded and with closed and convex value. The local compactness of x + m (F(x))
is guaranteed. We now verify the following two facts.

(1) If f(x) is continuous at x{, then F (x;) = {f (x1)}.

Let y; # f (x1). Then we denote ¢ = ||y; —f (x1)]|, there is a § > O such that
f(x1+38B)CB (f (x1), ;) since f(x) is continuous at x;. Hence y; ¢ f (x; + B).
Let z;, i = 1,2,...,n be arbitrarily n elements in f (x; + §B). Then for A; >

0, Zki = 1, we have

i=1

<Y l-f )l <

i=1

H (Z /\iZi) —f (x1)
i=1

i.e., y1 ¢ cof (x; + 6B). Furthermore, for z € cof (x; 4+ §B),

Iy =20 = Iy =f Gl = If () =zl =

ie,y ¢ clcof (x; + 6B)

However, for every § > 0, f(x;) € f(x;+ éB), moreover, f(x;) €
clcof (x; + 6B). It follows f (x1) € F (xy).

(2) F(x) is upper semi-continuous.

This is the result of Problem 8 in the first section of this chapter.

Applying Theorem 2.3.1, the Cauchy problem of differential inclusion x €
F(x), x(0) = xo has a solution. Moreover, by the first fact proved in this theorem,
we conclude x (£, xg) = f (x (¢, x0)) if f(x) is continuous at x(¢, xo). O

Theorem 2.3.1 needs a quite strong condition, the local compactness of mapping
x +— m(F(x)), that is difficult to be checked. The following conclusion is about
the Lipschitzian differential inclusion. From the conclusion, we can feel that the
Lipschitzian condition is critical for both differential equation and differential
inclusion.

We will give a theorem which is very useful in the theory of differential inclusion.
Before stating the theorem, we present so-called Granwall inequality.

Lemma 2.3.1 Suppose that x(f) € AC ([0, 7], R). If

|x(0)| < 1) [x(®)] + p(0),

for two single-valued functions I(¢), p(f) € L, ([0, T],R (> 0)). Then for ¢ € [0, T],
we have
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jt'l(s)ds y }l(l’)dl’—j‘l(t)dl’
|x(2)| < e |x(0)| + /,o(s)e“ 0 ds. (2.3.13)

0
]

Lemma 2.3.1 is known as Gronwall inequality. It is a fundamental integral
inequality. Reference (Cai et al. 2009) gives a proof for the inequality. We also
leave it to readers as an example since the skill of proof is fundamental in math.

Theorem 2.3.3 Let F : R" — R™ be a closed Lipschitzian set-valued mapping
with Lipschitzian constant [, M C AC ([0, T],R") be a set, and ry : R" — R”" be a
continuous single-valued mapping. If there is a function p(¢) € L, ([0, T],R (= 0))
such that for every x(f) € M,

d(%(0). F (<) ) = p(0),

and a real number § € R (> 0) such that ||ro(x) — x|| < § for every x € R”. Then,
there is a mapping r : M — Sjo.71 (F, C)°> where C = {ro (x(0)) ,x(f) € M} is a set
of R”. The mapping r holds the following properties:

1. r is continuous;
2. r(x(1)) (0) = ry (x(0)) for every x(¢) € M;
3. If x(f) e MNS (F, C) and ry (x(0)) = x(0), then r (x(¢)) = x(¢);

t
4. Denote £(f) = 8e'l!l + /el(ltl_l‘v‘)p(s)ds © then
0

I[r (@) — x| = §(), (2.3.14)

and

Hjt’(x@) _io|| =0+ 00 (2.3.15)

RVI

for every t € [0, 7.
Proof This is a constructive proof, it consists of four steps.

(1) Construction of function sequence {x;()}

Let () € AC((0.T].R"). Then a mapping o (x() = 7 (&(1). F (x(1) ) is
defined. Because

SBecause Sy.7) (F, C) C AC ([0, T] ,R"), r is a mapping from AC ([0, T], R") to AC ([0, 7], R").

%In the current situation, the absolute value is useless. However, if the interval [0, T7] is replaced
by [T, 0], all conclusions of the theorem are still valid. For convenience of later use, we here
apply absolute |7| to substitute z.
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oo G < [[x@)]] + [Je () — 50|
= [[x0)]| + || (3. F (xta) ) = 560
= [|50)]] + d(). F () )
= 2[x0)|| +d(0.F (x(x)) )
= 2[x(@)[] + d(0. F (x(0)) ) + 1 x() = x(O)] .

where we have applied the fact that F(x) is with closed value in the third step, the
triangle inequality d (x(¢), F (x(1)) < d (0,x(1)) + d(0, F (x(1)) in the fourth step,
and the Lipschitzian condition F (x(¢)) C F (x(0)) + [||x(t) — x(0)|| B in the fifth
step. x(f) € AC, hence x(f) € L [0, T], moreover, w (x(¢)) € L; ([0,T],R"). It is
obvious from the definition, if x(¢) € Sjo 7} (F, C), then w (x(f)) = x(?).

Using the function w(-), a function sequence {x;(¢);k=0,1,2,...} is
constructed as follows:

xo(1) €M,

(1) = ro (1(0)) + / o (x0 (1)) dr.
0

t

220 = x1(0) + / o (x1 (1)) dr.

0

t

xepr (1) = x(0) + / o (5 (1)) d.

0

Note that by the definition of x;(¢), we have x;(0) = ro (xo(0)) and x; () € AC for
every k € N. Moreover, if x(¢) € Sjo.77 (F, C) and ry (x(0)) = x(0), then x;(¢) = x()
for every k.

(2) Convergence of sequences {x(f)} and {x(1)}

At first,
[[x1(®) —x0 (@)l < |70 (x0(0))—x0(0) || + /(w (xo0 (1))—xo (1)) dT §5+/p(f) dr
’ 0(2.3.16)

where the constant § and the function p(r) are those given by the theorem.
Secondly,

1) = 30| = [l @0 () = 300 | = (0. F (x0(0)) ) = p)  2.3.17)
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Now we extend the Inequalities (2.3.13) and (2.3.14) into the case of k > 1.
1) = 50| = |0 (a(®) — 50|
= d (x(1), F (xi(1)))
< d(50). F a0 ) + 1 lse(0) = 5t (0]

= |x(1) = x1 (D]

(2.3.18)

In the third step, we have applied triangle inequality and Lipschitzian condition. In
the fourth step, we have applied the fact that @ (xx—; (f)) = 7w (xx—1(7), F (1 (1)) €
F (xi—1(1))-

We now prove that
- e
e —nof =8+ [T @ 23.19)
0

and

t

1| 1t — [z

L'_l)'+1 (|(|k—|1|))' o (1) dt (2.3.20)
0

41 (1) = ()| < 15(
By Inequality (2.3.18), Inequality (2.3.19) implies Inequality (2.3.20). Hence, it is
sufficient to verify Inequality (2.3.19).

For the case of k = 0, Inequality (2.3.19) degenerates to Inequality (2.3.16).
Hence the inequality holds for the case of k = 0. We assume that Inequality (2.3.19)
holds for the case of k. Now we prove that it is also true for the case of k4 1. Since
k>1,

t

s () — ()] = / (41 (0) — i (1)) dt

0

<1 |lx(r) — -1 ()| dt
[

T

A T e
51/ S(k_l)!+/ (k—1)! p(q)dq | dt
0 0

t T
LI / (el = lgh*™"

=5 (k —1)!

p(q)dgdr .
00
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T T
(el = lqD* (el =lah*™
Because / i k.' | p(q)dg = [ 1 |(|k_|1)|, p(q)dq,
| |
5|lr|"+l]T el =™ dt:5|lr|"+](l|r|—|q|)"p( y
k! (k-1 P k! k! Deq-
00 0

Replacing g by 7, Inequality (2.3.19) is then verified.
ok © &
_ Z Z

Because ¢¢ = ; " for every real number z, ; X
Therefore on the time interval [0, T'], both {x,(f)} and {)'ck (t)} are Cauchy sequences.

(3) Definition of mapping r

From Step (2), for every xo(f) € M, we have constructed a sequence {x;(f)} such
that x;(f) — v(f), (k — oo) for a v(r) € L,. Furthermore if we treat two functions
are equivalent when there are identical except at a set whose measure is zero, then
the limitation is unique. Now we define

— 0, (m— ).

t

r (xo(?)) = ro (x0(0)) + /v (v)dr (2.3.21)

0

then r (xo(¢)) € AC and r (xo(¢)) (0) = ry (x9(0)).
(4) Proof of the conclusions
From Inequality (2.3.18), we know klim d ()'ck(t), F (x (1)) ) = 0. Hence,
—00

t t

Ir (xo (1)) —xx(B)|| = / ()'ck () — v(t)) dr|| < / Hick (r) —v(p) H dt -0
' ' (2.3.22)

Moreover,
0= lim d (&), F () ) = d(v(0). F (r (x0()) = d o) F (r (xo(0))
k—>00 dt

F is with closed value, consequently, dr(’;‘;(’) ) e F(r(x(1)) and r(xo(r)) €
S (F, ro (x0(0))), where we apply r (xo(?)) (0) = 7o (x0(0)). The second conclusion
of Theorem 2.3.3 is obtained.

By Inequality (2.3.19),

t

e () — xo(0) | < Sel®! + / M1l (v de = E(r)
0
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Similarly, from Inequality (2.3.20), we obtained

t

51 () = 500 < 18 +1 / Mp Ry de + p(1) = 150 + p(1)
0
Thus,

I oo (D) =x0(D)| < [Ixe(D)—xo ()| + [l (xo (D)) =2 (D) || < E@)+ I (o (1)) — 2 (D)

Applying the last limitation in Inequality (2.3.22), then it implies ||7 (xo(¢)) — xo(?)||
< &(1), i.e., Inequality (2.3.14) holds. By the same method, we can prove Inequality
(2.3.15) holds. The Conclusion 4 of the theorem is then proved.

If xo(r) € S(F, C), then w (xo(t)) = x¢(?), and ry (x9(0)) = x0(0). We conclude
x1(¢) = x0(¢). By such a way, we obtain x;(f) = xo(¢), k= 1,2,.... Consequently,
v(t) = xo(2), and r (xo(t)) = xo(¢). The Conclusion 3 of the theorem is also verified.

To end the proof of the theorem, we consider the continuity of 7 r is a mapping
from M to the space of AC. If xo(f) € M, then

T

ol = 50O + / o (@) .

0

We can think that x(7) € B (xo(1). €), then x(0) € B (x0(0), &), |x()—xo(n)| < &.
At first, w (x(1)) = 7 (jc(t), F (x(t))) is a continuous mapping from AC([0, T]) to

AC([0, T1]) (to see Prob. 3 of this section). It follows that y(f) = x(0) +/a) (x(r))dr

is a continuous mapping from x(¢) to y(¢). By the reason, for every k,othe mapping
from x((¢) to xx(¢) is continuous. xi(#) is uniformly convergent to v(f). Hence, the
mapping from xo(f) to v(¢) is continuous. At last the mapping r defined by Eq.
(2.3.21) is continuous.

Thus, we complete the proof of the theorem. O

Theorem 2.3.3 is a very important result in the theory of differential inclusion.
It is a constructive proof for the solutions of differential inclusions. One can start
with a set (or a function) in the space of absolutely continuous functions to obtain a
solution of a differential inclusion. It is also a critical key to very problems. The
following theorem is about the existence of the solution of Cauchy problem of
differential inclusion, and the theorem is a natural result of Theorem 2.3.3.

Theorem 2.3.4 Let F : R" — R” be a Lipschitzian set-valued mapping. It is with
closed value. Then the following Cauchy problem

(1) € F(x(t)), x(0) = xo

has a solution.
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Proof Let M = {0}, and ry = xo + x. Take p(t) = d (0, F(0)) and § = ||x¢]. By
Theorem 7(0)(0) = ro(0) = xo,” and there exists a x(t) = r(0) € Sp.00] (F,X0). The
x(1) satisfies

t

O < ol " + / =g (0, F(0)) d.
0

O

Theorem 2.3.4 only verifies that the solution set Sj.oo] (F,Xp) is not empty.
The theorem does not provide all elements of Sjy o) (F,Xo). From the proofs of
Theorems 2.3.3 and 2.3.4, we can find that the time interval where the solution
exists depends on the interval where the Lipschitzian condition holds. When the set-
valued mapping is only a local Lipschitzian mapping, then the above theorem gives
a local result that there is a § > 0 such that Si_s 5 (F, x9) # @. The conclusion is
very similar to that for differential equations.

We give several remarks to Theorem 2.3.3.

Remark 1 In Theorem 2.3.3, we did not require that F(x) is with convex value. We
only require F(x) is with closed value. ]

Remark 2 Theorem 2.3.3 gives an algorithm to calculate solutions from a set of
absolutely continuous functions. It is an approximate method. The key is to calculate
the projection of x(#) on the set F(x(¢)). From the theoretic viewpoint, the calculation
is operable. (]

Remark 3 Inequalities (2.3.14) and (2.3.15) give the errors between xo(f) € M,
Xo(?), and its corresponding solution in S| o0] (F', Xo) and its derivate. These errors
depend on § and p(7). If M = {x((¢)}, i.e., M contains only one function, and xy(0) =
Xo, then § can be zero. Therefore, the less of the distance between xo(¢) and F(xo(t))
is, the faster convergence of x((f) to r(xp(f)). O

Remark 4 As mentioned before, Theorem 2.3.3 allows that T' < 0. This is the reason
why we apply the notations of || and |s|. O

As an application of Theorem 2.3.4, we can estimate the boundary of a solution.
We have

t
Ix (2, x0) | = [|7(O)]| < [|xo]l " + / =10 g (0, F(0)) ds (2.3.23)
0

7In the notation r(0)(0), the zero in r(0) is the zero function in M, i.e., a constant function whose
value is always zero. The anther O is the initial time.



106 2 Set-Valued Mappings and Differential Inclusions

We have d(0, F(0)) = ||m(F(0))||. Suppose ¢t > 0, then Inequality (2.3.23) leads to
llx (2, x0) || < |lxo]| € + }e”_lm (F(0)). The highest increasing speed is e/ which is
similar to the corresponding conclusion for differential equation.

2.3.4 The Existence of Solutions of Time-delayed Differential
Inclusions

Before ending this section, we spend some time to deal with the extension of
the existence theorem for the solution of differential inclusions. In the theory
of differential inclusions, it is only required that Inc. (2.3.4) holds only almost
everywhere, i.e., it is allowed the inclusion does not hold on a set whose measure
is zero. The property makes great convenience for the extension of the existence
theorem. As an example, we deal with the time-delayed differential inclusion since
time-delayed is very popular for almost all dynamic systems.

Suppose F : R" x R" — R" is a closed Lipschitzian set-valued mapping. We
consider the Cauchy problem for the following differential inclusion with time-
delay.

x(t) € F (x(t),x(t—1)); x(t) = ¢(1), t € [-7,0], (2.3.24)

where t € R (> 0) is a given constant and used to express the time delay, and ¢ (¢) €
AC ([—1,0]) is the initial condition. Because F : R"” x R" — R” is a Lipschitzian
set-valued mapping, there exist two constants /; and /, such that

d(F (x1,31),F (x2,¥2)) < li ||lx1 =22/ + L ly1 — »2||
It implies d (F (x,y), F (0,0)) < 1 ||x|| + & ||y]|, or
d(0,F (x,y)) <L |x| + LIyl + &, (2.3.25)

where I3 = d (0, F (0, 0)).

Theorem 2.3.5 Let F : R"xR" — R”" be a closed Lipschitzian set-valued mapping.
Then Inc. (2.3.24) has a solution.

Proof Consider the following Cauchy problem,

x(1) € F(x(1),¢ (t—1)): x(0) = ¢(0).

On the time interval [0,7], ¢ (t—17) is a absolutely continuous function,
hence, F (x(¢), ¢ (t— 1)) can be treated as a time-varying differential inclu-
sion. By an appropriate extension of Theorem 2.3.3, the set of solutions

Spo,7] (F (x(2),¢ (t — 7)), $(0)) is not a empty set.



2.3 Differential Inclusions and Existence Theorems 107
For a solution x(t) € Sp,] (F (x(¢),¢ (t — 7)), ¢(0)), we define

() = o), tel-t0],
x(®), te]0,1],
then x.(f) € Sjo,] (2.3.23) where, for simplicity, we apply the notation Sy 11(2.3.24)
for the set of solutions of Inc. (2.3.24). By Inequality (2.3.23), Sj0,-1(2.3.24) is a
bounded set (the fact can be also verified by Inequality (2.3.25), we leave it as an
problem).
Now for every x;(f) € Sjo ] (2.3.24), we consider the Cauchy problem

x(1) € F(x(1). x: (t—1)): x(7) = x; (1), (2.3.26)

with initial time is 7. On the time interval [t,27], x; (f — 7) is a determined
absolutely continuous function, hence by a similar discussion to the first step,
Siear) (F (x(), x; (t — 7)) , x; (7)) is nonempty.

For every x(f) € Sjz.2¢) (F (x(£), x; (t — 7)) , x; (7)), we define

on () = x (1), te[-t,1],
x(), te]r,21],

then x;(¥) € Sp2q (2.3.23). {xzt (T); x2:(8) € Spoq (2.3.23)} is still a bounded
set, thus, step by step, we can extend the solution to [0, o). (]

Note that x.(¢) is defined on [—t, 7]. At the point t = 0, x,(f) may be not
differentiable. The fact meets with the requirement of solutions of differential
inclusion.

Problems

1. (1) Suppose f(x, u)is continuous for every fixed u € U, then F(x, U) is lower
semi-continuous;
(2) Suppose f(x, u) is continuous at every pair (x,u) and U is compact, then
F(x, U) is continuous.
2. Suppose {f;(x, u), i=1,2,...} is series of continuous mappings from
normed space X to Banach space Y, {U;, i =1,2,...} is a series of compact
and connect subsets of Y. If they satisfy that

(1) F(x) C -+ Cfug1 (x5, Upt1) Cfu (x,Uy) -+ C fi (x, Uy) forevery x € X;
(2) For every ¢ > 0, there is an N € N, when n > N, it holds f, (x, U,) C
F(x) + ¢B where B is the unit ball in Y.

Then F(x) is upper semi-continuous and with compact and connect value.
And

F) =i (x.U)

i=1
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3. Suppose F(x) is the Filippov extension of f(x). If f(x) is only upper semi-
continuous at xp, then what kind continuity can hold the F(x)? If f(x) is only
lower semi-continuous at xo, what is the F(xy)?

4. Prove the Gronwell inequality (Hint: using the comparison principle of differ-

ential equation).

Prove that under the conditions of Theorem 2.3.3, Inequality (2.3.15) holds.

6. Suppose F : R" — R™ is closed. Prove that @ (x(1)) = 7 (x(1), F (x(r))) which
is defined in the proof of Theorem 2.3.3 is a continuous mapping from L, [0, T
to L0, T].

7. Prove the continuity of mapping r defined by Eq. (2.3.21) by using ¢ — §
language.

8. Suppose F' : R" — R™ is a closed and Lipschitzian set-valued mapping and
vy € F (xp). Then there is a solution x(f) € Sjo,7] (F, xo) such that x(0) = vy.
The fact means that we can appoint the initial value of the solution as well as
the value of its derivate.

9. Prove that {x; (t), x;(1) € Sj(2.3.23)} which is defined in the proof of
Theorem 2.3.5 is bounded.

10. Repeat the proof of Theorem 2.3.3 if M = {x,(#)} with x;(#) € Sjor] (F, xo) but

the image of M is Spr) (F,x1), X1 # Xo.

d

2.4 Qualitative Analysis for Differential Inclusions

We carry through the qualitative analysis of differential inclusions in this section.
The study can be treated as an inheritance and development of the similar study for
differential equations since they consider almost the same questions, but methods
used and conclusions are quite different. This section only considers the local prop-
erties of differential inclusions. We start with those differential inclusions which
hold Lipschitzian property, then turn to those which are upper semi-continuous, at
last we deal with the problem of convexification of differential inclusions.

2.4.1 CQualitative Analysis for Lipschitzian Differential
Inclusions

Lipschitzian differential inclusions are studied qualitatively by using Theorem 2.3.3

which is powerful tool in the theory of differential inclusions as mentioned before.
Suppose F : R” — R" is a Lipschitzian set-valued mapping, it is with closed and

convex value. By Theorem 2.3.4, the Cauchy problem of differential inclusion

(1) € F(x(t)), x(0) = xo 2.4.1)
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holds solutions on the time interval [0,7] (and/or [T, 0]®). Si=r.0] (F, xo) is the
solution set of Inc. (2.4.1). In this subsection, three qualitative conclusions are
presented for Sjo,71(F, xo).

Theorem 2.4.1 Let x;(¢),x2(2) € Spo,r7 (F,x0) be two solutions. Then there is a
continuous mapping ¢ : [0, 1] —Sjo,77(F,xo) such that ¢(0) = x;(¢) and ¢(1) =
x(1).

Proof Define M = {(1 — A) x1(¢) + Axa(¢); A € [0, 1]}, then M C AC ([0, T],R").
To use Theorem 2.3.3, we check the distance d( A=) x1(t) + Axa(p),
F((1=2)x1(1) + Axa(1)).

d (1= ) x1(1) + Ao (0), F (1= ) x1(2) + Axa(1)))

<d((1=2)x1(t) + Axa(1), 1) + d(icl(t), F(1-M)x0)+ )sz(t)))

< A|n@) —x@)| +d @@, F (1= 2)xi (1) + Axa(2)))

<A@ =21 || +d (x1(0), F (x1)) + d (F (x1), F (1 = ) x1(1) + Axz(1)))
<A@ — @] + A @) —x @]

< 020 =2 O] + 1) —x 0.

where we have use the triangle inequality in the second and the fourth steps,
respectively, and the facts that d ()'cl, F (xl)) = 0, Lipschitzian condition and A < 1.

Denote p(f) = |x2(t) —x1(0)| + {|lx2() — x1 (1) Then p(r) € L; ([0,T].R)
because x (1), x,(t) € AC ([0, T],R"). Let ro(x) = x. By Theorem 2.3.3, there is a
continuous mapping r : M — Sjo 11 (F, x9). Because x(?), x2(f) € Sp.1 (F,x0), by
Theorem 2.3.3 again, r (x1(¢)) = x1(f), r(x2(f)) = x2(z). Now we define

¢ (A) =r((1 =) x@) + A1)

¢(A) is continuous and ¢ (1) € Sjo ) (F,x) for all A € [0, 1]. It follows ¢(0) =
x1(¢) and ¢ (1) = x,(¢). We have complete the proof. O

We have no reason to assert that the set Sjo7(F,xp) is convex, consequently,
(1 — A) x1(¢) + Axz(f) may fail to be a solution of Inc. (2.4.1).

Theorem 2.4.1 is usually called as arc connectedness theorem. It illustrates that if
we treat two solutions x;(#) and x,(¢) as two points of the vector space of absolutely
continuous functions, then there is an arc which connects the two points such that
every point at the arc is also the solution in Sjo 71(F, x0). In R x R", every solution
in Sjo,7(F, xp) can be drawn as a curve, the conclusion illustrate that there exists a

8We only consider the case of [0, T] below. Readers are suggested to give and prove the similar
conclusions for the case of S|—r.q (F, xo) as exercises.



110 2 Set-Valued Mappings and Differential Inclusions

curved surface which links with x;(7) and x,(¢), and every point in the surface has
passed at least one solution in Syo,77(F, xo) (Fig. 2.12).

Definition 2.4.1 Let F be set-valued mapping, the following set
Ro.1) (F.x0) = {x(T): x(1) € Sjo.11 (F. x0)}

is the T-reachable set of Inc. (2.4.1) with the starting point xo. When 7 and xj are in
unambiguous, the set is called reachable set of Inc. (2.4.1). [l

By Definition 2.4.1, we can restate Theorem 2.4.1 as follows: in R”, Ry 4(F, xo)
is arc wise connected for every ¢ € [0, T].

Theorem 2.4.2 Letx(t) € Sjo,1) (F,x0) be a solution of Inc. (2.4.1), and x(T) = x*.
If x* € bd R, 71 (F. X0), then for every #; € [0, T], x (t;) € bd Rjo ] (F.,xo).

Proof 1t is proved by contradiction. If there is a #; € (0,7) such that x (f;) ¢
bd Ry (F,Xo), then by the definition of boundary, there is an ¢ > 0 such that
B (x(t1), &) C Sjou) (F,x0).

On the other hand, Because x* € bd Ry 7} (F,xo), there is a y € R” such that
y & Rjo.r) (F,xo) and ||y — x*|| < ee~I"="|.To apply Theorem 2.3.3, let M = {x(r)}
and ro(x) = x —x* + y, then p(f) = 0 and § = g 1"~7|. Theorem 2.3.3 asserts
there is a solution y(f) = r (x(#)) € Sy, 1) (F,y1)° where y; = y () which satisfies
y(T) = y (Fig. 2.13).

Fig. 2.12 The shadow part is AR
contained in X, (t)
S[O,T] (F, X()) CRXxXR" 4\/\__/
X,
PN — 4O
t=0 g
x,(1)

bdR, (F,x,)

Fig. 2.13 Tllustration of Theorem 2.4.2

9We apply Theorem 2.3.3 on the time interval [T — t;, T]. The terminal is fixed at y(T) = y. The
solution is y(¢) € Syr—, 17 (F, y1), where y; = y (T — ).
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Using Inequality (2.3.14) in Theorem 2.3.3, we have |y (t;)) —x1 (r)| <

ly — x*[| ™) < e. Hence, y (1) € R (F,xo), i.e., there is a solution x,(f) €
Spo.1] (F,x0) such that x; (t;) = y (#;). We define

x(t) 0<t<1,

o = (20 0=i=n
yo n=t=T.

Then x(t) € Sy (F,x0), and x;(T) = y. It is in conflict with the assumption

y & Ry (F, x0). O

Theorem 2.4.2 illustrates that if x(7T) is on the boundary of Rjo rj(F, xo), then the
trajectory x(f) € Sjo.r] (F, Xo) has the property that for every ¢, € [0, T], x(t,) is at the
boundary of R, (F,xp). The readers are suggested to recall Example 3.2.1, then
you can have a deeper understanding.

Sto.11(F, xo) is the solution set of Inc. (2.4.1), hence Sjo7(F,xp) is a set in
normed space AC ([0,T],R"). We can define a set-valued mapping from R” to
AC([0,T],R") by x — Spo.71 (F,x). This is a mapping form the initial condition
to the solution set. The following theorem is given for the continuity of the
mapping.

Theorem 2.4.3 The set-valued mapping x — Sy 7] (F,x) is Lipschitzian. More-
over, if x1(¢) € Sjo,r1 (F, xo), then there is a continuous selection ¢(x) of Sjo r)(F,x)
such that ¢ (xo) = x1(2).

Proof Let x1,x, € R". By Theorem 2.3.4, Sjo.71 (F,x1) # @. x1(f) is an arbitrary
solution in Sy, 71(F, x1). Let M = {x;(¢)} and ro(x) = x—x; +x2. Then, by Theorem
2.3.3, there is a mapping r : M — Spo.77 (F, x2). By using the notations defined in
Theorem 2.3.3, we have p(f) = 0 and § = ||x2 — x1||gs- Let 7 (x1(¢)) = x2(¢). Then
by Inequality (2.3.14), we have

pr = P — x2ule”

EXCEEN0!

Using the norm defined in AC, we have

T

1 (®) = 22D ]lac = 1 = x2lpn + / 510 = ()| ar < € 1 — x2]|
0

The €T is independent of the selection of x;(#) and x,(¢), hence Sy7y(F,x) is
Lipschitzian globally, i.e.,

Spo.1 (F,x1) C Sjo.r) (F, x2) + €T ||x1 — x2 || B-
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For the second conclusion, let M = {x;(f) + x — xo}'* and ro(x) = x, then there
is a continuous mapping r : M — Sjo 11 (F,x). Let ¢ (x) = r (x((f) + x — xo). Then
the ¢(x) is continuous, ¢ (x) € Sp.77 (F, x) and ¢ (xo) = r (x1(¢)) = x1(?). O

2.4.2 Qualitative Analysis for Upper Semi-continuous
Differential Inclusions

This subsection turns to upper semi-continuous differential inclusions and deals
with the same problems as the last subsection. Because failure of Lipschhitz
condition, we cannot apply Theorem 2.3.3, these conclusions are established by
a different way. Readers are suggested to compare these conclusions as well as the
proof procedures.

Consider the Cauchy problem of the following differential inclusion

(7)€ F (x(r)), x(0) = x (2.4.2)

where F : R" — R” is an upper semi-continuous set-valued mapping and with
closed and convex value. We further assume that the F' is bounded, i.e., there is a
b € R (> 0) such that for every x € R", F(x) C bB. Comparing with Inc. (2.4.1),
the set-valued mapping F in Inc. (2.4.2) is required to be bounded and with convex
value.

Two lemmas are given firstly.

Lemma 2.4.1 Suppose A C R" is a convex and compact set, f(7) € L, ([0, T],R").

T
If for almost all 7 € [0, T], (1) € A, then | / f(r)dr € A. O
0

The lemma can be treated as an extension of mean value theorem of Riemann
integration. It can be proved by the definition of Lebesgue integration, and we omit
it here. It is only pointed out that the condition that A is a convex and compact set is
necessary.

Lemma 2.4.2 Suppose that A C R”" is a convex and compact set, xx(f) €
AC([0,T],R"), k = 1,2,..., and for almost all + € [0,T], x;(t) € A.If
klim xx(t) = x(t) for every t € [0,T], then x(¢r) € AC([0,T],R") and x(f) € A
—00

for almost all ¢ € [0, 7.

10This M is not a solution set.
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Proof A is compact, so is bounded. Because x;(f) € A, there exists a [ € R7 such
that ||5ck(t) || < Iforalmostall r € [0, 7] and all k = 1,2, .... Consequently,

5]

I () — ()] < / i (@) dr < 1], — 1.

151

for all 71, 7, € [0,T]. It implies the sequence {xx(r),t € [0,T],k=1,2,...} is
equicontinuous. Now let k — oo, we have that x(¢) is a Lipschitzian mapping, and
x(t) € AC ([0, T],R").

Moreover, by Lemma 2.4.1,

i 1t+h
t — t
xk(—f-}? xk():h/jck(t)dreA,

t

M0 € A for 1 € [0, T — h] because of the compactness

of A. By the compactness again, x(f) = %in%) x("Hz_X(r) € Aforallz € [0, T]. O

let k — oo, we obtain

The proof of Lemma 2.4.2 illustrates the compactness plays a critical role in the
convergence. It also illustrates that if a sequence of absolutely continuous functions
whose values are on a compact set is convergent, then the limitation is absolutely
continuous.

We now give the main conclusion for upper semi-continuous differential inclu-
sions which holds a similar position to that of Theorem 2.3.3.

Theorem 2.4.4 Let F,F; : R* — R” are all upper semi-continuous and with
convex and closed values. Moreover, they satisfy the following conditions:
Thereis a b € R (> 0) such that

(1) F(x) C -+ C Fry1(x) C Fi(x) C--+ C Fo(x) C bB for every x € R";

(2) For every ¢ > 0 and x € R”, there is a kg = ko (x,&) € N, when k > k,
Fi(x) C F(x) + ¢B;

(3) xx(t) € Sp.71 (Fx) and xi(f) converges to x(¢) uniformly.

Then x(7) € S[O,T] (F)

Proof Because x(f) € Fi (xx(f)) C bB and xi(f) converges uniformly to x(z), we
conclude x(f) € AC by Lemma 2.4.2. Suppose x(¢) is derivable at 7y € [0, T] and
denote xo = x (#p). Using the second condition of the Theorem 2.4.4, for every
e > 0, we have a k > ko (xo, €) such that F, (xg) C F (x9) + B. F}, (xo) is an upper
semi-continuous set-valued mapping, hence, there is an > 0, when x € B (xy, 1),

F,(x) C F, (x0) + eB C F (xo) + 2¢B. (2.4.3)
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On the other hand, x;(7) converges uniformly to x(#), there exist k; > k and y
when k > k; and |t — 1y < y, we have

v IO —x @) <

[[x(2) — x| <
By Relation (2.4.3),
X (1) € Fi (xi (1)) C Fiy (xk(2)) C F, (x(f0)) + €B C F (xo) + 2¢B.

Using Lemma 2.4.2 again, x(t) € F(xo) + 2¢eB for all |t —1#y] < y. Lett = t.
Then x (tp)) € F (x9) + 2¢eB. The ¢ can be selected arbitrary and F(x) is closed,
consequently, x (7o) € F (xo). O

Remark If the condition that F} : R” — R" are upper semi-continuous is replaced
by F; : R" — R”" are Lipschitzian mappings, then it can be proved that Relation
(2.4.3) still holds, hence, the theorem is still valid.

By Theorem 2.2.4 and the above remark, Theorem 2.4.4 supports the following
conclusion, the detailed proof is left to readers.

Theorem 2.4.5 Consider Inc. (2.4.2)i.e., F : R* — R”" is an bounded, upper semi-
continuous set-valued mapping and with closed and convex value. Then its Cauchy
problem is solvable. O

Corollary 2.4.1 Suppose F : R" — R" is upper semi-continuous (or locally
Lipschitzian) and with closed and convex value, and F is bounded, i.e., there is
a b such that for every x € R"F(x) C bB. Then Sy 71(F, xo) is a compact set in AC.

Proof Because F(x) C bB, every sequence of Sy 71(F,xp) is equicontinuous. By
Arzela-Ascili theorem (Sect. 1.1), the sequence holds a convergent subsequence. By
Theorem 2.4.4, replacing all F, by F, we conclude the limitation of the subsequence
belongs also to Sjo 71(F, xo). [l

Corollary 2.4.1 can be extended to the set So r1(F, xo) provided that C C R" is a
compact set in R” (Problem 1).

We now apply Theorem 2.4.4 to complete the corresponding qualitative analysis
for Inc. (2.4.2).

A set A is said to be unconnected if there are two closed sets A; and A, which
satisfy Ay NA; = @,and Ay NA # @ and A, N A # & such that A UA; D A.
Otherwise, A is connected.

Theorem 2.4.6 Suppose that F : R" — R”" is bounded, upper semi-continuous and
with closed and convex value. Then for every xo € R", Sjo,.71(F,xp) is a connected
set of the space C ([0, T],R") !!

Note that the connectedness is considered in normed space C, and is not in R X R". In R x R",
all solutions in Syo 7 (F, xo) start at (0, xp), hence it has to be connected.
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Proof The conclusion is proved by using contradiction. If there are two nonempty
closed sets S; and S, which satisfy S} N S, = &, S U Sy D Sjoq (F.x0), and
S,’ n S[(),T] (F,)C()) 7é <, fori = 1, 2. Denote x,'(l) (S S[(),T] (F,)C()) n S,’, = 1, 2. By
Corollary 2.4.1, Syo,r)(F, xo) is compact, hence S; and S, are all bounded. We have

inf{”)ﬁ(f)—xz(f)” ;x1(8) € S (F,x0) ﬂsl,xz(f) € S, (F,x0) ﬂsz} =25>0
A function is defined as follows:
@:C([0,T],R") > R, ¢ (x()=d(x(),S1)—3$

When x(¢) € S1, ¢ (x(t)) = —8; and x(r) € S, ¢ (x(£)) > 8. We now fix a x,(¢) €
SN S[O,T] (F, X()) and a)C2(l) eSH N S[O,T] (F,)C()).

By Theorem 2.2.4, there are F; : R* — R", k = 1,2,..., which are locally
Lipschitzian set-valued mappings and are with such that convex and closed values.
Moreover, they satisfy

(1) Foreveryx € R", F(x) C --+ C Fy4+1(x) C Fp(x) C--- C Fo(x) C bB;
(2) For every ¢ > 0, there exists a ko(x, &), when k > k (xq, €), we have Fy(x) C
F(x) + ¢B.

When k > kg (x0, €), we consider the Cauchy problem that x € Fy(x), x(0) = xo,
its solution set Sy 71 (Fk, Xo) # @& by Theorem 2.3.4. Using Theorem 2.4.1, there is a
continuous mapping ¢y : [0, 1] — Sjo.7] (Fi, Xo) such that ¢, (0) = x; () and ¢ (1) =
x,(t). Consider the compound function: ¢ o ¢ : [0, 1] — R, we have ¢ o ¢(0) < 0
and ¢ o ¢¢(1) > 0. By the property of continuous function, there is a A; € (0,1)
such that ¢ o ¢ (Ax) = 0. Denote x(t) = ¢ (Ax), then x(t) € S(0,7] (Fy, xo)-
Because sequence {)'ck (t)} C bB, the sequence {x;(7)} has a convergent subsequence.
Without loss of generality, we assume that x;(f) — x(f) by the norm of the space
of continuous functions. Theorem 2.4.4 then asserts that x(¢) € Sy 77 (F, xo). From
@ (xx(¢)) = 0 and the continuity of ¢, we have ¢ (x(t)) = 0. Therefore, x(¢) ¢ S; U
S», it is contradictive to the hypothesis of S; U S, D Sjo 17 (F, x0). Hence Sjo,71(F, xo)
is connected. ]

Theorem 2.4.7 Suppose that F : R* — R” is bounded, upper semi-continuous and
with closed and convex value. Let x* € bd Ry 1] (F, xo). Then there is an x; (1) €
Spo.11 (F, x9) which holds the properties: (1) x;(T) = x*, (2) for every ¢t € [0,T],
x1(¢) € bd R[O,t] (F, xp).

Proof The proof consists of two parts. At first, we construct a solution x(¢) €
Sp.11 (F, x0), then we prove the solution satisfies the requirements of the theorem.
(1) By Theorem 2.2.4, there is a sequence {Fy(x)} such that for every x € R”
F(x) C--- C Fi41(x) C Fr(x) C--- C Fo(x) C bB;

And for every ¢ > 0, there exists a ko(x, ), when k > ko (x, €), Fx(x) C F(x) + ¢B.
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By Corollary 2.4.1, Sjo.71(Fk,Xxo) is compact. Hence, there exists a x; €
Rpo.7y (Fx.xo) such that d (x*,Rjozy (Fx.X0)) = [ —x*|. It is obvious that
Xr € bdRp 1) (Fk.x0). By Theorem 2.4.2, there exists an xi(t) € Sy (Fk,Xo)
such that x;(7) = x, moreover, for every ¢ € [0, T], xx(t) € bdRjp 4 (Fk.xo). By
the same reasoning as used in Theorem 2.4.6, we can assume that x;(f) — x(f) by
the norm of the space of continuous functions, and x(#) € Sjy 17 (F', xo).

(2) We now prove that the x(f) satisfies the requirements of theorem. At first,
we assert that x(T) = x*. The conclusion is verified by contradiction. If § =
|x(T) — x*|| > 0, then there is a ko such that for every k > ko, [|x¢ —x*|| > J where
xx = xx(T) € bdRjo 11 (Fx, Xo). By the condition of theorem x* € Ry 1} (F,x9) C
Rpo.11 (Fk, x0), hence x* ¢ bdRjo 17 (F, xo) (recall the selection of xy). It follows x* is
an inner point of Ry r(F, Xo), consequently, there is an & > 0 such that x* + ¢B C
Rpo.11 (Fr, x0) for all > ko. If y € B (x*, ¢), then we have a y(z) € Sjo.r] (Fk.xo) and
y = yx(T). By the proof procedure applied above, we can assume {y;(#)} converges
uniformly to y(t) € Sp.1 (F,x0). Thaty € Rjo.r1 (F,xo) implies that x* is not in on
the boundary of Ro.77(F%, Xo). It contradict condition of the theorem.

At last, we show that x(f) has the property that x(¢) € bdRjy (F,xo) for every
t € [0, T]. Otherwise, this conclusion is not true, i.e., there is a t; € [0, T, such that
x(t1) + B C Rjp1 (F, x0). Then for k which is large enough, we have

P
X (1) + 23 C x(t1) + eB C Ryo.) (F,x0) C Ryo.1y1 (F, %0)

It conflicts to Theorem 2.4.2 since F is a Lipschitzian set-valued mapping. O

Remark Theorem 2.4.6 and Theorem 2.4.7, in the theory of differential equations
in manifold, are known as Kneser theorem and Hukuhara theorem, respectively.

Readers should distinguish Theorem 2.4.2 from Theorem 2.4.7. Theorem 2.4.2
asserts that if x;(T) = x*, then for every r € [0,T], x;(rf) € bd Ry, (F.x0).
But, Theorem 2.4.6 states that there may be several solutions in Sjo 7)(F, xo) whose
terminals are all x*. Among these solutions there is certainly a x;(z) such that
x1(T) = x* and x,(¢) € bd Ry (F,xo) for t € [0, T].

Example 2.4.1 A set-valued mapping F(x) is defined as follows:

Bz Xy < O,
F(x) = 632 Xy = O, (244)
0 Xy > 0.

where x = [x1 X3 ]T € R?'? and B, is the closed unit ball in R?. Let the initial

condition be x(0) = [0 —4 ]T and terminal be x(T) = [3 O]T, and time interval is
[0,5] (i.e., T=5).

12The superscript T means transposition.
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It is easy to check that the F(x) is an upper semi-continuous and with convex
and closed value. We firstly illustrate that F(x) is not a Lipschitzian mapping. If

x=[10]", then F(x) = 6By; butify = [ 1 £]" forevery & > 0, then F(y) = 0. If
we require that

6B, = F(x) C F(y)+l||x—y||Bz = leB;

then /e > 6. When ¢ — 0, then [ — o0, hence F(x) is not a Lipschitzian mapping.
Now

9
am] | O [ 9} I:xl(t)i|_ 6(t— ) [9 }
[xz(f)}_ —4+89t 1 e 0’2 EREAGCHE 0 2) e 275

is a solution of differential inclusion x € F(x) where F(x) is given in Eq. (2.4.4).
The solution satisfies that

xl(O) __ 0 X1(5) _ 3
|:x2(0):| L —4] [X2(5)} - [0}

97 Ti 0
But whent € |:O, 2}, [xlgg} = | 8 | which does not lay on the boundary of B;.
X2

There is another solution

3
x| _ 5!

which also satisfies the boundary conditions. The solution is always on the
boundary. O

Theorem 2.4.8 Suppose F : R” — R” is a bounded, upper semi-continuous set-
valued mapping, and with closed and convex value. If we treat Sjo71(F,xo) as a
set-valued mapping which maps R” to AC ([0, 7], R"). Then the mapping is upper
semi-continuous.

Proof We prove a more general conclusion that if C C R” is a compact set, then
Sto.m(F, C) is a compact set of AC ([0, 7T, R").

Suppose {xi(x)} C Spo.r1 (F,C) is a sequence. Because F(C) C bB for some
constant b, | % (x)| < b is true for all k and almost all x. The fact implies that
{xx(x)} is equicontinuous. There exists a convergent subsequence by Arzela-Ascili
theorem. Without loss of generality, we assume {x;(x)} is uniformly convergence,
i.e., there is a function xo(r) € AC ([0, T],RR") such that x;,(t) — xo(t), we now
prove that xy(7) € Sjo.77 (F, C).
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Suppose x(t) € Fy (xx(t)) where Fy, = F, k = 1,2,.... Then by Theorem
2.4.4, x0(t) € Spo.1) (F, C). So,r(F, C) is compact by Corollary 2.4.1. Moreover, by
the Problem 9 in Sect. 2.1, we conclude that the mapping xo +— Sjo 17 (F', xo) is upper
semi-continuous. (]

Note that in Theorem 2.4.8, the condition that F'(x) is convex is necessary.

2.4.3 Convexification of Differential Inclusions and Relaxed
Theorem

At last, we deal with the convexification of differential inclusions in this section.
It have been found that convexity is a critical condition for the existence of the
solutions for differential inclusions. One may ask such a question if the setF(x)is
not convex, what can we do? The best answer currently is to make F(x) convex.

Let F : R" — R” be a set-valued mapping, and co F' : R" — R" be the closure
of convex hull of F. Then the differential inclusion

x € co F(x) 2.4.5)
is the convexification of the original differential inclusion
x € F(x). (2.4.6)

For the sake of convenience, the notation co F is simplified as F, and the solution
of Inc. (2.4.5) as x(¢). If the initial conditions are equal, i.e., x(0) = x(0) = xo,
then the solution of Inc. (2.4.6) is certainly the solution of Inc. (2.4.5). In the study
of convexification, the most important problem is to present the conditions under
which the solutions of Inc. (2.4.5) is dense at the solutions of Inc. (2.4.6).

The main target of this subsection is to prove Theorem 2.4.9. The proof is quite
similar to that of the existence of solution for differential equations by using Eular
polygonal lines. But the construction is much complicated.

Theorem 2.4.9 Let xp € R", F : B(x9,b) — R” be a Lipschitzian set-valued
mapping with Lipschitzian constant /. F' is bounded and with closed value. Then
there is a 7> 0 such that the solutions of Inc. (2.4.5) is dense at the solutions of Inc.
(2.4.6) on the time interval I = [T, T.

Proof The theorem is equivalent to prove that for every ¢ > 0 and every x (¢, xo)
which is a solution of Inc. (2.4.5), then there is a solution x(¢, xy) of Inc. (2.4.6) such
that ||x (¢, x0) — x (¢, x0)|| < & foreveryt € I. Both x (¢, x0) and x(#, xo) are in B(xg, b)
foreacht € [T, T].

Because F is bounded, there is a constant M such that F (B (xo, b)) C MB, where
B is the closed unit ball of R". It implies F (B (xo,b)) C MB. F and F are all
Lipschitzian mappings, hence, Inc. (2.4.5) and Inc. (2.4.6) exist solutions.
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If for an ¢ > O given arbitrarily, we can find a z(r) € AC, z(0) = xo (for
convenience, it is denoted by z(¢, xg)) such that for ¢ € I,

e (1, x0) — 2 (1. x0) || < ; 2.47)

and

: l
d (z (t,x0) , F (z (1, xo))) < ) (eng— 3 (2.4.8)

then by the notations used in Theorem 2.3.3, we have § = 0 and p(r) = 2(ellT£— %

Theorem 2.3.3 asserts that there is a solution x € Sy 71 (F, xp) such that

t
le g

1(t—s)
It =zl = [0 0 d <
0

It follows ||x (¢, x0) —x (t,x0)|| < €. The theorem is then verified. Hence, the key
point is to construct a z(z, xo) which satisfies Inequalities (2.4.7) and (2.4.8).

(1) We now construct z(t, xp) by the following two steps.

(i) The time interval [ is divided into 2¢q equal sections, i.e., the length of each
section is Z I; = [t;, t;+1] is denoted for the ith sub-interval and ®; = F (x (¢;, x9)) C
R" is the image of F (x(#;,xo)) which is closed and convex. It is direct to show
F (x(t,x)) is a Lipschitzian mapping and its Lipschitzian constant can be IM (to
see Problem 8 of this section). It follows that forall ¢t € [;, F (x (t, x9)) C ®;+ ”ZTB.

We denote § = &, + MZTB, S is bounded, closed and convex. The S can be contained

J
by a union of finite lattice cubes’3, ie., S C .UlSj where §;’s are lattice cubes with
=

equal side length. We can require that the diameter of the lattice cubes is less than
a given positive number (. Figure 2.14 is given to explain the set S and these lattice
cubes. The line in the lowest position is the segment I, where x (%, xy) is defined. @,
is the image of the set-valued mapping F (x (, x9)), ®, and ®; = F (x (t;,x0)) are
surrounded by full line (both ®, and ®; are slices in Fig. 2.14). S is a stereoscopic
cube and is surrounded by dash lines. S contains ®; '* These straight lines separate
S into lattice cubes. S; is one lattice cube, whose diameter is its diagonal line (no
drawing). We can increase the density of these lattice vertexes so that the diameter
is less than any pointed real number ¢. x (t,x0)€ F (x(t,xp0)), hence x (,x0) passes
through ®, in only one S;.

13A lattice cube is a regular cube whose vertexes are rational numbers ;’1 q€{0,£1,£2,...}
and length of side is ;I.

148 Tooks to like a sandwich and ®; likes a piece of ham in the sandwich.
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Fig. 2.14 Diagrammatic
drawing for the proof of
Theorem 2.4.9

Aset E; = {t; tel, X(t, Xo) € Sj} and a step function £(¢) = Zgj)(j(t) are

j
defined where § € S; N S is a determined vector and y;(f) is the characteristic
function of E}, i.e.,

1, teE;
t — ) ‘Jo
X0 { 0, 1 ¢ E;.

It is obvious that d (&, &;) < ™. H}c(t,xo) —£(7) H <trel

(ii) The function £(f) = Z & x;(¢) is a simple function of S;, we now construct
J
a simple function for F (x (;, x¢)).
Recall §§ ¢ NS C § = &; + ”ZTB. ®;, = F(x(t,x0)) is the closed
convex hull of F (x(#,x0)), hence, there exist k vectors zj, € F(x(t;,x0))h =
1,2,...,k, and kK <n 4+ 1, such that

k
§— D i

h=1

k

> o = 1.0 > 0. (2.4.9)
h=1

2IMT
S 9

t

We now define ¥ (¢) = /Xj(s)ds, the y(¢) is monotonous and ¥ (f;+1) = m (Ej),

ti
where m(E)) is the Lebesgue measure of the set E;. Real numbers 1; < 711 < 1o <
.-+ < 1y can be obtained

h
T = sup { LY (1) < m(E) Zajf’
p=1
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These 7;’s, h = 1,2,...,k define k intervals [tg, 1], (11, T2], . . . (Ta—1, T&] With
7o = t; and ©px = fi41. Set Ej is then defined as Ej, = E; N (tp—1, 1], h =
1,2,...,k, then these Ej;’s hold the properties that Ej,, N Ej, = @, hi # hy and

k
hL_JlEjh = Ej. Let xj»(?) be the characteristic function of Ej,. Then on the set E; a

simple function £;(¢) is defined as follows

G0 =D ()
h

where zj, € F (x (#;, x0)) defined by Inequality (2.4.9). Define now {(¢) = Z ()

J
and finally

z(t,x0) = xo + /é‘(s)ds (2.4.10)
0

(2) We prove that z(¢, xp) defined by Eq. (2.4.10) can meet the requirements of
Inequalities (2.4.7) and (2.4.8).

At first, by the construction of z(¢, xp), we have z (t,x9) = ¢(t) € F (B (xo,b)) C
MB, and z(t, xp) is a Lipschitzian function and its Lipschitzian constant can be M,
the same as x (7, xo). For every t € [T, T], there is an subinterval [;, such that 7 € I,
we have

[l (2, %0) — 2 (2, x0) || < |l (2, x0) — x (&3, x0) | + [|x (i, X0) — 2 (&, x0) | + |z (4, x0)

—Z (ts .X()) ” .

By the Lipschitzian condition, we have

MT
[l (2, x0) = x (ti, , x0) | = . Iz (zi, x0) — 2 (2, x0) | =

Recall the construction that £(r) = Zéj xi(0) and £(1) = ZZZJ" 1ik(®),
J ik

consequently, / £(s)ds = Z m (E;) &, and
j/ J

/ ¢(s)ds = / DO s =YYz / xr()ds =" zpagm (E;) .
I L bk ik I jok
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Therefore,

/ £(s)ds — / p()ds| < m (E;)
I i

Ii

gj - Z ®jkZjk
k

2IMT
q

= Z’"(Ej)

At the time #;, we have

z<ri,xo)—xo—7s<s>ds -1/ p(s)ds—]s(s)ds
0 0

0

=3 [l - swas
k=1 T

4IMT?
< .
q
On the other hand,

ti

/ * (s, x0) — E(s)ds| < / % (s.x0) = £(0) | ds < ¢,
0

0

X (ti, x0) —x0— | £(s)ds
/

The both inequalities lead to ||x (¢;, xo) — z (t;, x0) || < ¢(T + 4”‘;#.
Summing up the above procedure, we have

2MT AIMT?
[l (2, x0) — z (£, x0) || = ‘ + LT+ ‘ (2.4.11)

forevery t € [-T,T].
Recall that S; is a lattice cube. If its length of side is 611 , then its diameter is ‘é"
Inequality (2.4.11) leads to
Al
[lx (2, x0) — z (£, x0) || < ‘ (2.4.12)

where Ay = (2M + /n + 4IMT) T.
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Because z(t,xy) € F(x(t,x)) fort € I, d(Z(t),F(x (t,xo))) < ”ZT. By

Inequality (2.4.12), we have F (x(f)) C F (z(¥)) + Aq‘lB. Using triangle inequality, at
last

IMT Ayl
4

d(Z(t),F(z(t))) < .

Therefore, when

q:mm{ VMJ’V(E”_I) (MT+A1)J} .
e el

where |o] is used to express the largest integer which is less or equal to «.
Inequalities (2.4.7) and (2.4.8) are both satisfied. We complete the proof. ([

Theorem 2.4.9 is also named by relaxation theorem. We emphasize that the

Lipschitzian condition for set-valued mapping F is necessary for the validation of
the theorem.

Problems

1.

W

Suppose F : R" — R” is an upper semi-continuous and bounded set-valued
mapping. If it is with convex and closed value, then prove Sjo7(F,C) is a
compact set in AC where C C R”" is a compact set. Furthermore, Rjo,7|(F, Xo)
is also compact.

. Prove Lemma 2.4.1.
. Prove Theorem 2.4.5.
. Suppose F : R" — R" is a Lipschitzian set-valued mapping, and is with closed

value. By using Theorem 2.3.3, prove the former part of Theorem 2.4.3, i.e., if
we treat Spo,71(F, xo) as a set-valued mapping from R" to AC ([0, 7], R"), then the
mapping is also Lipschitzian.

. Suppose F(x) = {—1,1}. Prove the F is upper semi-continuous and with

closed value, but is not with convex value. Consider the differential inclusion
x € F(x),x(0) = 0. Prove that a saw-toothed function

t— ! L<t< !
— zks 2k_ 21(7 .
xk(t)— i+2 P i=0,1,2,...
ok Tho e = 2k

is its solution for every k € N. The limitation of x;(¢), x(#) = 0 when k — oo, is
not a solution. Hence, Theorem 2.4.7 fails.

. Suppose F' : R* — R" is a bounded and upper semi-continuous mapping, and

with closed and convex value. C C R" is a compact set. We construct a mapping
gra(F) — graSj 1 (F, C). Prove that the mapping is continuous, i.e., for every
& > 0, there exists a § > 0, if graG C graF + 4B then

graSp. 7 (G, C) C graSp 1 (F,C) + €B.
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7. F : A xR" - R", (A,x) — F(A,x) is a set-valued mapping with parameter
A. Suppose F is an upper semi-continuous mapping, and with convex and closed
value for every (A, x). Then for every ¢ > 0, there is a § > 0 such that when

M — A()| <34
graSjo.7) (F (A, x(2)) , x0) C graSjo.7 (F (A0, x(1)) , o) + €B.

8. Suppose F : R? — R? is as

f(() =[]

Prove the following conclusions.

1) F is with compact value;

2) F is not a Lipschitzian mapping;

3) Consider the Cauchy problem for x(¢) € F (x(z)), x(0) = 0. Prove that the
relaxation theorem (Theorem 2.4.9) is not true for the example.

9. Suppose F : R" — R" is a Lipschitzian mapping with Lipschitzian constant
[, and F(x) C MB for every x € R". If x(f) € F (x(¢)) be a solution of the
differential inclusion, then ¢ + F (x(7)) is a Lipschitzian set-valued mapping
whose Lipschitzian constant can be IM.

2.5 Stability of Differential Inclusions

In both theories of differential equations and control systems, stability is always a
very fundamental issue. This section deals with the theory of stability for differential
inclusions, and the elemental method is the Lyapunov direct method. To introduce
the method, we define Dini derivatives firstly. Then the stabilities for differential
inclusion are defined. At last, the theorems for stabilities are presented by using
Lyapunov functions.

2.5.1 Dini Derivatives

This subsection deals with the concept of Dini derivatives and their main properties.
Suppose f : [«, B] — R is a single-valued function and xy € («, ), then

D*F (1) = lim sup? 0 T AV =S (0)

Ax)0 Ax
Ax) —
D.f (xp) = fim inp! 00 A0 =/ 00)
Axd0 Ax
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D/ (o) = lim sup? 0 T A% =/ (x0)

Ax10 Ax
D_f (x0) = lim nf/ &0 A0 =/ ()
Axt0 Ax
are defined to be the right upper Dini derivative, the right lower Dini derivative,
the left upper Dini derivative and the left lower Dini derivative, of f(x) at xo,
respectively.

By the decrease of Ax, sup’ (X"+AA’2_f 0) decreases monotonously, the right upper
Dini derivative is existed no matter what is the function f(x). Of course, D f (xo)
may be equal to infinite. By the same reason, we can conclude that D4f (xo),
D™f (x) and D_f (xo) all exist, of course they may be equal to infinite. However, if
f(x) is a Lipschitzian function, then we can proof the four derivatives all have finite
values.

Lemma 2.5.1 If f : (a,8) — R is a continuous function, then f(x) is a
monotonously increasing if and only if one of the following conditions holds at
every xo € (o, pB):

(1) D*f (x) = 0;
(2) D4f (x0) = 0;
(3) D™ f (xo) = 0;
4) D_f (xo) = 0.

Proof We only prove the first condition, the others are similar and left to readers.

If f(x) is monotonously increasing on (o, fB), then f (xo + Ax) — f(xg) > 0
for every xo € («, ). Hence, when Ax > 0, sup Y (’“’+AA)2_f @) > 0 it follows
D f (x0) > 0.

We now prove the sufficiency. At first, we consider the case that DT f (xo) > 0. If
there are x1,x; € («, B). x1 < x2, but f (x1) > f (x2). Then there exists a constant M
such that f (x;) > M > f (x;). We define a set S={x; x € [x1,x2) ,f(x) > M} which
is a subset of (¢, B).S # @ since (x;,x; + §;,) C S for some small §,, > 0. Let
E=sup S.Then& < x; < B andf (§) = M since f(x) is continuous at £ € («, f).
For x € (¢, & + &) where § is a small positive number, f(x) < M = f (§). Thus,
f (X;:gf) <0, x € (£.&+8).Itleads to DTf (§) < 0. A contradiction appears.

If there is some xo € (a, B), such that DTf (xo) = 0, then we consider a function
2(x) = f(x) + ex with ¢ > 0. It is obvious that D g (xo) = DVf (xo) + & > 0. Then
g(x) is an increasing function, i.e., f (x1) + ex; = g(x1) < g(x2) = f(x2) + ex2
if x; < xp. Or equivalently, f (x;) < f(x2) + & (x2 —x;1). Because ¢ > 0 can be
selected arbitrarily, we have f (x;) < f (x2). O

Remark 1 Theorem 2.5.1 is still valid if the domain [«, 8] is replaced by («, B) if
at both terminals o and 8 only the single-side derivatives are considered. O
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Remark 2 In general, if f(x) is monotonously increasing on B(xo,§) we cannot
conclude that DTf (xo) > 0. O

Remark 3 Theorem 2.5.1 illustrates that for the verification of monotonicity of
a continuous function the four Dini derivatives have the same function. A further
conclusion is if f(x) is monotonous on a (¢, B) C R, then for almost all point in
(e, PB) the four derivatives are equal and take finite values. O

Lemma 2.5.2 Supposef, g : [, ] — R are two continuous functions, if for every
x € (. BYDTf(x) < g(x), then

B
FB) —f (@) < / g()dx

o

Proof Because DTf (a) < g (a), for every & > 0, there exists a §; = & (o, &) > 0
such that @ + &; < B, and for every Ax € [0, §;],

fla+ Ax) —f (@)

Ax <gl@+e

Let Ax = §;. Then the inequality leads to f (@ + §;) —f (@) < 61g (@) + S;¢.
Similarly, by DT f (o« + §;) < g (@ + &;), there is a §, = § (« + 81, ) > 0 such
0{+51+52<,3and

fla+81+8)—f(a+81) <bg(e+81)+ e

K
The procedure can be repeated before o + Z o0; = B."° In the (k + 1)th step, we

i=1
obtain

K+l k k
f(a + Z&) -f (06 + Z&') < 8k+18 (a + Z&) + Okt16,1 <k < K.
i=1

i=1 i=1

Summing up these inequalities yields

K i—1
fB)—fla) = Z&-g (a + Z&) +(B—-a)e (2.5.1)
k=0

i=1

131t is reasonable because on the interval [a, 8], f(x) is equicontinuous.
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where §p = 0. Because g is a continuous function, it is Lesbesgue integrable. When
B

max §; — 0, the right side of Inequality (2.5.1) converges to / g)dx+ (B —a)e.

o
The ¢ is selected arbitrarily, hence, the conclusion is verified. O

‘We now extend the definition of Dini derivatives to R”. Because there are infinite
directions for a point in R”, we have to revise the definition.

Definition 2.5.1 Suppose f : R* — R is a single-valued mapping, xo, v € R”,
then

D*f (x0) (v) = lim sup | &0 T V) =/ (0)
o v—vu h
f (xo + hv') —f (x0)

0 o @) = i ot T

are called to be the upper Dini derivative and lower Dini derivative, respectively, of
f at xp along with the vector v. O

Readers may find that the definition of Dini derivatives is quite similar to the
direction derivative of the convex function defined in Sect. 1.3 except the limitation
of v — v which leads to supremum and infimum. The introduction of supremum
and infimum assures the existence of Dini derivatives in R, the set of closed real
numbers. However, if f is a Lipschitzian function, then Dini derivatives are all finite.

Readers may find that notations used for n— dimensional function are quite dif-
ferent from those for R. For example, by using the notating method for multivariable
case, the upper Dini derivative DT f (x) given at the beginning of this subsection
should be changed to D f (xo) (1). In the notation D f (xo) (1), the superscript “+”
means supremum that differs from that in D*f (xy) where means convergence from
right side, and “1” means the right limitation. By such a notating method D™f (x)
should be changed to DT f (xq) (—1), Df (xo) should to D™f (xo) (1), and D_f (xo)
to D™f (xo) (~1).

The following theorem plays a basic role in the direct Lyapunov method.

Theorem 2.5.1 Suppose x(¢) : [0,7] — QC R" is a solution of n-dimensional
differential equation x = f(x). Suppose V : R" — R is a continuously single-
valued and Lipschitzian function. Then the compounded function V (x(¢)) : [0, T] C
R — R satisfies that

DV () (1) = lim sup © SO T (xh<f>>> — V (x(0)
hl0

¢ V6O + 0 &(0)) =V (x(0)

D7V () (1) = lim in .
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Proof By definition of upper Dini derivative, we have

DV (1) (1) = lim sup’ T =V E0)

10 h
oV O+ B (6(0) + 0(h) = V (x(0)
= lim sup
10 o(h) h
V(5@ GO + Lo -V (x(0)
< lim sup
1o o(h) h
V(o) + f (x() = V (x(0)
= lim sup ,
10 h

where x (r + h) = x(¢) +x(1)h + o(h) = x(t) + hf (x) + o(h) is the Taylor expansion.
o(h) is an infinitesimal with higher order than 4. At the third step, we apply mean
value theorem where L is the Lipschitzian constant. On the other hand,

pV (x(@) + hf (x(1)) + o(h) = V (x(1))

DTV (x(r)) (1) = lim su
140 h

V(x(0) + Bf (x(0)) = LIo(W)] = V (x(1))

;
=T h
V(O ) = V ()
= lim sup .
140 h

The first equation is verified. The second one can be verified by a similar way. It is
omitted. (]

Theorem 2.5.1 illustrates that Dini derivatives can be applied in direct Lyapunov
method as the same as general derivative.

2.5.2 Definitions of Stability of Differential Inclusions

The stability of differential inclusions is defined by following the Lyapunov theory
for differential equations. Hence, we start with the concept of equilibrium.

Suppose F : R" — R” is a set-valued mapping. If 0 € F (xy) for an xy € R”,
then x is called as an equilibrium of the differential inclusion x(7) € F (x(t)) since
x(f) = xp is a solution of the differential inclusion. It is clear that a differential
inclusion may hold infinite equilibriums.
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If 0 € F(x0), then we can make a coordinate transformation y = x — xo and
denote F(y) = F (y + xo). By such a transformation, 0 € f(O), ie., y(t) = 0isan
equilibrium of differential inclusion y(¢) € F (v(¢)). Therefore, we always assume
in the discussion of stability that the equilibrium is the origin.

We now introduce the K-class functions and L-class functions.

a :R(>0) - R(> 0) is a function of K-class if «(0) = 0 and it is continuous
and strictly monotonously increasing; additionally, if «(f) — oo ( — 00), then it is
a function of KR-class. The facts are denoted by o € K and o € KR, respectively.

B : R(>0) - R(>0) is a function of L-class if it is continuous and strictly
monotonously decreasing, and B (co) = 0. The fact is denoted by § € L.

The two concepts can be compounded. For example, k : R(> 0) x R(> 0)—
R (> 0) is a KL-class function if we fix the second variable it is a function of K-
class, and if we fix the first variable it is in class L. Similarly, we have classes KKL,
KLL and KRL, etc.

We list several fundamental properties of K-class functions. If «;, o, €K, then
ar + oy € K, o) (ap) € Kand ka; € Kfork > 0. If @ € K then « is invertible and
its inverse @~ € K. The discussion about L-class functions is left to readers.

V : R" — R is said to be positively definite if it satisfies that V(x) > 0 for x # 0
and V(0) = 0. The V(x) is said to be semi-positively definite, if V(0) = 0 and
V(x) > 0 for all x € R". Additionally, if V(x) satisfies V(x) — oo (x — oo) then
the function is called by positively (semi-positively) definite infinity. A function
W : R" — R is said to be negatively (semi-negatively) definite if —W is positively
(semi- positively) definite. We can also define negatively (semi-negatively) definite
infinite. The positively definite and negatively definite functions play important roles
in the study of stability by using Lyapunov method. Usually, a positively definite
function V(x) is also called V-function for simplicity.

Lemma 2.5.3 If V(x) is continuous and positively definite, then there are o, oy € K
such that

@ (flx[) = V(x) = a1 (x|

Additionally, if V(x) is positively definite infinity, then o, oy € KR.

Proof We prove the first part, and the second part can be proved by a similar way.
Hence, we omit it.

Define ¢, (||x]|)) = | I”nlﬁl ”V(r), then ¢, (1) : R — R is monotonously
r|[=|x
increasing and is continuous since V(x) is continuous. It is obvious that ¢,, (]|x||) <
V(). Let @z ([x) = I ¢ (Ix]). Then ar € K and oz (|x])) < ¢ ([Ixl]) <
Vv (llx[D)-

Define ¢y (J|x]|) = max |V(r), then ¢y (1) : R — R is also monotonously

Il <llx]
increasing and continuous. It is obvious that ¢y (||x]|) > V(x). Let o (J|x]|)) =
éu (I x]) + llx||. Then oy € Kand oy (Jlx]}) > s (lx[)) = V (I|x]]). 0
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The following lemma is fundamental for the stability study by using K-class
functions and L-class functions. The proof is referred to (Sontag 1989) and is
omitted.

Lemma 2.5.4 Suppose @ € K,y : R — R is the solution of the following Cauchy
problem

y=—a(y), y(to) = yo (2.5.2)

where yo > 0, then there exists a § € KL such that [y(r)| < B (yo,t — ). O

We now turn to deal with the stability of differential inclusions. Let S(F, X0)'° be
the set of solutions of Cauchy problem of differential inclusion

(1) € F (x(1)) x(0) = xo (2.5.3)

Note that we have assumed throughout at this chapter that 0 € F(0), and the
investigation of stability is carried out about the origin.

Definition 2.5.2 Consider the following differential inclusion
x(t) € F (x(1)) (2.5.4)

If for every & > 0, there exists a § = § (&) such that:

(1) When ||xo|| < 8, for every x(¢,x0)€ S (F, xo), ||x (t,x0)|| < &.'7 then Inc. (2.5.4)
is strongly stable with regard to the equilibrium x(f) = 0;

(2) If there is an x(t,xp)€ S (F,xo) such that ||x (¢,x0)|| < &, then Inc. (2.5.4) is
weakly stable with regard to the equilibrium x(¢) = 0;

(3) With regard to the equilibrium x(f) = 0, Inc. (2.5.4) is unstable if it is not
weakly stable. O

Definition 2.5.3

(1) If Inc. (2.5.4) is strongly stable, additionally, for every x(t,xo)€ S (F,xo) such
that

lim x (¢, x9) = 0
—>00

then it is strongly asymptotically stable with regard to the equilibrium x(7) = 0;
(2) If Inc. (2.5.4) is weakly stable, additionally, there is an x(z, xo)€ S (F,xo) such
that

lim x (t,x9) =0
—> 00

1When we deal with the stability of differential equation or inclusion, the existence interval of a
solution is always [y, 00), where fy is the initial time. Hence the subscript [f9, 00) is omitted.

"The norm is ||x (¢, x0) | g = \/maxxf (, x0) + maxx? (t,xp) + - -+ + maxxZ (t, xo). It is a function
t t t

of ¢. For the sake of convenience we omit the subscript R.



2.5 Stability of Differential Inclusions 131

then it is weakly asymptotically stable with regard to the equilibrium
x(r) = 0. O

Remark The stabilities of Inc. (2.5.4) can be equivalently defined by using K-
class and KL-class functions. For example, with regard to the equilibrium x(f) = 0
Inc. (2.5.4) is strongly stable if there is an « €K, such that for every x (z,x9) €
S (F,x0)|lx (t,x0)|| < « (||xo]]) in a neighborhood of the origin of R". With regard
to the equilibrium x(f) = 0 Inc. (2.5.4) is strongly asymptotically stable if there
is a B €KL, such that for every x (¢, x9) € S(F,xo), ||x( x0)|| < B (||x0]l ,?) in a
neighborhood of the origin of R". Readers can try to give the definitions for weak
stability and weakly asymptotical stability for Inc. (2.5.4) by using K-class and KL-
class functions. (]

Usually, the word “strongly” in strongly stable and strongly asymptotically stable
is omitted. Furthermore, we only consider the stability with regard to the equilibrium
x(f) = 0, hence the sentence “with regard to the equilibrium x(r) = 0” is also
omitted. We just call that Inc. (2.5.4) is stable, weakly stable, asymptotically stable,
weakly asymptotically stable, and unstable, respectively.

2.5.3 Lyapunov-like Criteria for Stability of Differential
Inclusions

The direct Lyapunov method is the uppermost method used in the investigation of
differential equations as well as of differential inclusions. This subsection presents
several Lyapunov-like criteria for differential inclusions.

We continue to consider Inc. (2.5.4). It is assumed that the set-valued mapping
F(x) is upper semi-continuous, and with convex and compact value.

Theorem 2.5.2 If there exist a positive constant 7, a positively definite and
continuous function V : R" — R, and a semi-negatively definite function W :
R" — R such that for every ||x|| < nand v € F(x),

DTV() (v) < W)

then Inc. (2.5.4) is stable.

Proof Letx(t,x9) € S (F, xp) be a solution. We now fix the time ¢ and consider Dini
derivative

V(x(t+ h, —V(x(t
D+V ()C (l, xO)) (1) = lim sup (X( + X())) (-x( X()))
140 h
By the definition of supremum, there is sequence {h,,n = 1,2,...} such that &, |
0 (n— o0)and

V(x (14 hp,x0)) — V (x (2, %0))

D*V (x(t30)) (1) = lim ;
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Denote v, = X(r+h”’x;l’)_x(”x"). Then x (¢t + h,, x0) = x(t,x9) + h,vu,. Because
x(t,x0) € F (x(t,x0)), for y > 0 given arbitrarily, there exists an N, when n > N

_x(t+ hy, x0) — x (2, x0)

h € F(x(t,x)) + yB

n

Because F(x(t, xo)) is a compact set, {v,} holds a convergent subsequence. Without
loss of generality, we can assume that v, — v, then v € F (x (¢, x9)). Thus,

DV (¢ (. 30)) (1) = lim sup U T 20) =V (1 0))

0 hy,
. V (x(t,x0) + hyuy) — V (x (8, x0))
= lim sup
n—oo hn

< D'V (x(t,x0)) (v)
< W(x(t,x0)) .

This inequality is obtained from the condition that D™V (x) (v) < W(x) for every
v € F(x). This is a very useful conclusion.
By Lemma 2.5.2, for t > 0, we have

V(x(t,x0)) — V(x(0)) < /W (x(s,x0))ds <0 (2.5.5)
0

or V(x(t,x0)) < V(xo). Using Lemma 2.5.3, two functions ¢, & € K can be
found such that oy (J|x])) < V(x) < o (||x||). For every n > ¢ > 0, we can find a
8 > 0 such that oy (§) < o (¢). Now if |lxo|| < 8, then

o (Jlx (t, x0)|]) <V (x(t,x0)) <V (x0) <oy (||xol]) <o (8) <oz (e)

The last inequality implies ||x (¢, x0)|| < € for every r > 0, i.e., Inc. (2.5.4) is stable.
O

In the proof of Theorem 2.5.2, we have established a useful inequality that
DYV (x(1)) (1) < DYV (x(1)) (v) (2:5.6)

where v € F (x(f)). The left side is DTV (x(¢)) (1) whose argument is time £, but in
D'V (x(¢)) (v) the arguments are vector x(f) and vector v.

From the proof of Theorem 2.5.2, we can find that the upper semi-continuity
and convexity compactness are only used to assure the existence of solutions. If we
are sure that the solutions exist, then we only need the compactness to assure the
convergence.
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Theorem 2.5.3 If there exist a positive constant 7, a positively definite and
continuous function V : R” — R, and a negatively definite function W : R* — R
such that for every ||x|| < nand v € F(x),

DTV (x) (v) = W)

then Inc. (2.5.4) is asymptotically stable.

Proof The conditions of Theorem 2.5.3 implies those of Theorem 2.5.2, hence, for
every ¢ € [0, 5], there exists a >0 such that if ||xo|| < &, then every x (¢, xo) €S(F,x0)
satisfies that ||x (¢, xo)|| < €. We only need to prove that x (¢, xo) — 0 (t — 00).

The conclusion is verified by reducing a contradiction. If there is a solution
x (¢, x0) €S(F,x0) where ||xo|| < 6 and ||x (¢, x0)|| < &, but x (¢, xo) is not convergent
to the origin. Therefore, there exist a constant [ with ¢ > [ > 0 and a sequence
{t,} CR (> 0) with t, - o0 (n — o0) such that ||x (z,, x0)|| > I. Now we replace
¢ by this [, and repeat the proof of Theorem 2.5.2. Then we can obtaina § > 0, when
llxoll < 8, ||x (¢, x0)|| < ! forevery x(,x0) €S (F,xo). Thus, in the solution x (¢, xo),
Xp has to satisfy that § < ||xo|| < 8, and x (¢, xo) to satisfy § < ||x (¢, x0)| < e.

Let —A be the maximum of W(x) in the area § < ||x|| < n. Then A > 0. Inequality
(2.5.5) leads to

V(x(t,x0)) — V(x(0,x0)) < /W (x(s,x0))ds < —At 2.5.7
0

It follows that V (x(t,xp)) < —At 4+ V (x(0,xp)). The left side will intend to
negative infinite. This is impossible since V(x) is positive definite. Consequently,
every solution converges to the origin. (]

The next theorem is about instability.

Theorem 2.5.4 If there exist a positive constant 7, a continuous function V : R" —
R with V(0) = 0 and a negatively definite function W : R* — R such that for every
[x]| <nandv € F(x),

DTV(x) (v) < W(x)

Moreover, for every § > 0, there is at least one ||x|| < & such that V(x) < 0. Then
Inc. (2.5.4) is unstable.

Proof The condition of Theorem 2.5.4 implies ”nﬁin V(x) < 0 for 6 > 0 given
x||<8

arbitrarily. We denote x5 = arg ”nﬁin V(x), and consider the solution x(z, xs). By
x|| <6

the same procedure did in Theorem 2.5.2, when ||x (¢, x5)|| < 7, Inequality (2.5.5)
holds, i.e.,

Vx(t.xs)) = V(xs) = V(x(tx5)) =V x0)) < /W(x (s.x5))ds < 0
0
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hence, V (x(t,x5)) < V(xs) for t € {t>0; ||x(t xs5)| <n}. Because xs =

arg ”nﬁin(SV(x), it is certain that ||x (¢, x5)|| > . Now we denote —A = s nlllzhx W(x),
il = <llxll=n
then A > 0. By a similar process of Inequality (2.5.7), we can obtain
V(x(t,xs)) < Vi(xs)— At (2.5.8)

If for every ¢, ||x(t,x5)| < n, then Inequality (2.5.8) leads to V (x (¢,x5)) —
—o0 (t — 00). It contradicts to the fact V(x) is continuous when |x|| < 7.
Consequently, there is a T such that ||x (7, xs)|| = 1. It means the solution x(z, x5) is
unstable. O

The last two theorems of this section are concerned with the weak stability. We
prove firstly a lemma for D™V (x) (v).

Lemma 2.5.5 Suppose the set-valued mapping F : R" — R”" is bounded and
Lipschitzian, and with closed and convex value. Suppose V : R" — R and
W : R" — R are two Lipschitzian mappings. Then the following two conclusions
are equivalent.

(1) Forevery x € R", thereis a v € F(x) such that D~V (x) (v) < W(x);
(2) Forevery xo € R”, there is an x (¢, x9) € Sjo.c0) (F, Xo) such that fort, > ¢, > 0,

V (x (2ex0)) — V (x (11, 30)) < / W (x (5. x0)) ds

Proof We firstly prove that the first conclusion implies the second one.
We define a function V; (x (t,xp) ,7) : R" x R — R for x (¢, x0) € Sjo,00) (F,X0)
as follows

Ve (x(t,x0) , 1) =V (x(t,x0)) — V (x0) — /W (x (s,x0)) ds — et (2.5.9)
0

where ¢ > 0 and xo € R" are treated as parameters. In any bonded area, V(x(#, x¢), f)
is Lipschitzian for both variables x(#, xo) and . It is direct to verify that V. (x(0),0) =
0. The following proof consists of two steps.

(i) For a given T >0, there is an x(t) € Sjo 7 (F,xo) such that for every t €
[0, T]V, (x(1), 1) < e.

For every x(f) € Sjo.1) (F, xo), we define a subset 0(x(t)) of [0, T] as follows

6 (x(t)) = {t; Ve(x(r),1) <0, IE[%X]VS (x(@).1) <¢

Because V; (x(0),0) = 0,0 € 8 (x(?)), i.e., 6 (x(f)) # @. Denote t, = sup 0 (x()),
since V,(x(?), 1) is continuous for ¢, we have V, (x (t,) ,t,) = 0if t, # T. We further
define
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© = {1:x(t) € Sy (F.x0)

and7 = sup O.

We now try to verify that there is an X(f) € Sy 7] (F, xo) such that7 = .

By the definition of supremum, there is {t}; C © such that # 1 7(k — o0). For
every t, there is an xx(f) € Sy.71 (F,xo) such that tx = t, = sup 8 (x (7). F(x)
is bounded for every x, so is {xk(t)}. It implies the series {x;(¢)} is equicontinuous,
hence it holds a convergent subseries. Without loss of generality, we can assume
xe(t) — x(t), k — oo. By Corollary 2.4.1, we conclude that x(t) € Sp.11 (F, x0).
Ve(x, ?) is continuous for x, hence, 7 = t;.

The fact 7 = T is verified by contradiction. If 7 < T, then V, (% (7) ,7) = 0. For
this 2(7), there is a v € F (% (7)) such that D~V (2 (7)) (v) < W (2 (7)) by the first
condition of the lemma. Consequently,

DV, (i (7x0) . 7) (. 1) = D™ [V (3 (T.x0)) = V (w0)] ()

-D" / W (& (5. %0)) ds+et | (1)
0

At
=DV ()? (’t\, xo)) (v) — Al}glo / W (% (s,x0)) ds—e

< —¢&.

(2.5.10)
A function y(#) is now defined
y&)=x(7)+ (t=7)v, T<t<T

We now apply Theorem 2.3.3, and the initial time is #, = 7. Using the notations of
Theorem 2.3.3,§ = 0 and

<Iv||:=7

It implies that p(f) can be [ ||v]|| (t - ?). Theorem 2.3.3 concludes that there exists
anx(t) € S [71] (F X (?)) such that

t

R 1,y 1 I
) =0 = [l s =7)ds = ol ({67 = | = (=7) D)

t
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t

For convenience, we denote o (t —?) = / LI (s —?) ds. It is direct to

t
obtain

i ® (1=7)

=0 (2.5.11)
it t—t

Let L be the Lipschitzian constant of V.. Then

Ve (x(t).1) < Ve (0(1). 1) + Lot (t —7) (2.5.12)

By Inequality (2.5.10), we have

. < -—¢ (2.5.13)
AN t—t

Because V, (2 (7).7) = 0, Inequality (2.5.13) implies there is a 7 > 7 such that for
every 1 € [1,1],

Ve 60,0 = Ve (#(7) + (1=T) v.1) == (1=7)
We can further require that for this 7
~ £ ~
a(t=7) < . (1=7)

whent € [’t\, f]. Substituting these two inequalities to Inequality (2.5.12), we obtain
Ve(x(@),1) <0.
On the other hand,

Ve (x(1),1) < Ve (1), 1) + La (1 =7)
=V.(x(7)+ (t=7)v.0) + La (1 =7)
<Ve(x(@). D)+ L|vll(t=7)+L(t=7)+ Lo (t =T7)
=L|v|(t=7)+La(t=T7)+L(t=7) .

If t—7is small enough, we can require V, (x(¢),f) < e. The above discussion implies
that for the function defined by

(1)

t
x(t) t

x(r) =

=1,
2t7



2.5 Stability of Differential Inclusions 137

%(?) € Sjo.11 (F, x0), and sup 6 (¥(t)) > 7. It contradicts to 7 = sup ©. Hence 7 = T.
(ii) There is an x(f) € Sjo,77 (F, xo) such that Conclusion (2) of theorem is true.
Let {¢,} be a monotone series such that e, | 0 (n — 00). By the conclusion of

(i), for every &,, there is an x,(f) € Sjo,71 (F,xo) such that vIeI}(Z)U;] Ve, (X2(5),5) < &p.

By the reason applied in the proof of (i), we can assume x,,(f) — x(t) (n — 00) and
then x(f) € Sp.7 (F, x0). By this x(#), m[ax] Ve, (x2(5),8) < &, leads to Vj (x(7),1) <
s€[0,T

0,i.e.,
wxm—vuw—/W@wynfo
0

If we replace the initial time by #;, Then conclusion (2) is verified.

We now prove the second conclusion implies the first one.

Because F is a Lipschitzian set-valued mapping, it is also e— semi-upper
continuous. Let x(f) € Sp.77 (F, x0). Then, for every integer k, we can finda #;, > 0
such that for t € [0, #]

F (x(t)) C F (x(0)) + ]1€B

We can further require #, | 0 (k — o00). Consider now

x (1) —x(0) _ tlk / x(s)ds € F (x(0)) + ,ICB

0

Ik

F(x(0)) is a bounded and closed set, hence {x(tk)t;x(o)

} holds a convergent subseries.

Without loss of generality, we can assume X(”‘);x(o) — v (k— 00). Then v €

F (x(0)). The first conclusion of the lemma illustrates that

x (1) — x(0)

V@mD—V@M=V(m+a :

) —Vx(0) = | W(x(s))ds
[

By dividing both sides with #;, and letting k — oo, the definition of Dini derivative
leads to

D™V (x0) (v) < W (x0)

The lemma is completely verified. O
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We apply Lemma 2.5.5 to prove the following theorem.

Theorem 2.5.5 Suppose the set-valued mapping F : R" — R”" is bounded and
Lipschitzian, and is with closed and convex value. If there exist a positive constant
1, a positive definite and Lipschitzian function V : R" — R and a semi-negatively
definite function W : R” — R such that for every ||x|| < n there exists a v € F(x)
such that

D7V(x) (v) = W(x)

Then Inc. (2.5.4) is weakly stable.

Proof By Lemma 2.5.5, for every xo € R" with ||xg]] < 7, there is an x(f) €
Spo,7 (F, x0) such that

V() -V (x) < / W (x(s)) ds < 0
0

V is positive definite, hence, there are a1,y € K such that o, (J|x|]) < V(x) <
oy (J|x|)- It follows that

@ ([x@[) =V (x(1) =V (x0) < a1 (|xol))

]

For every & > 0, if |xo|| < min{aj s (¢),n}, then o (|x()]) < o2 (¢), or
lx(®)| < e. O

At last, we give a theorem about weakly asymptotical stability. It can be proved
by a similar way to Theorem 2.5.3. But we prefer to provide a new method by using
Lemma 2.5.4.

Theorem 2.5.6 Suppose the set-valued mapping F : R" — R”" is bounded and
Lipshitzian, and is with closed and convex value. If there exist a positive constant 7,
a positive definite and Lipschitzian function V : R” — R and a negatively definite
function W : R” — R such that for every ||x|| < 7 there exists a v € F(x) such that

D7V(x) (v) = W)

Then Inc. (2.5.4) is weakly asymptotically stable.

Proof By Theorem 2.5.5, the conditions of Theorem 2.5.6 imply that for every x; €
R"™ with ||xo|| < 7, there is a stable solution x(¢) € Sp.7) (F, x0). We now verify the
solution is also asymptotically stable.

By Lemma 2.5.5, we have

V@) < V(x) + /W (x(s)) ds (2.5.14)
0
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By Lemma 2.5.3, there are oj, oy, 3 € K such that o (||x]|) < V(x) < oy (||x|)
and W(x) < —as3 ([lx]).
Inequality (2.5.14) is equivalent to the following Cauchy problem

d(V (x(¢)) )

dr =W&@®). V&0)=V(x)

We also have
W () < —s (Ix0)]) < —es (o7 (V) )

()(30[1_1 (-) is a function in K-class, by Lemma 2.5.4, there is § €KL such
that V (x(r)) < B(t,V(x)), or |x()| < a5'(B(t V(x))). The proof is
completed. O

Problems
1. f(x), g(x): R — R are single-valued functions. Prove the following relations

() DF (f(x) + g(x) = D¥f(x) + DFg(x)
) DF (f(x) + g(x) = D¥f(x) + D+4g(x)

By the above conclusions, establish the corresponding conclusions for

Dy (f(x) + 8(x)), D™ (f(x) + g(x)) and D— (f(x) + g(x)).
2. f(x): R — Ris a single-valued function. Prove the following conclusions.

(1) Iff (xo) = max {f(x), x € B (x0.8)}, then D" (f (x9)) <0 < D_ (f (x0)),
(2) Iff (xo) = min{f(x), x € B(xp,6)},then D™ (f (x0)) <0 < D4 (f (x0)),

3. If g(x) is differentiable, then the following equations hold.
D* (f(x)g(x) = f(x)g(x) + g)DFf(x), if g(x) = 0;
D* (f(x)g(x) = f(x)g(x) + g(x)D+f (x), if g(x) < 0.
For Dy (f(x)g(x)), D™ (f(x)g(x)) and D_ (f(x)g(x)), present similar
conclusions.
4. Let f(x), g(x) be continuous functions, and A(x) = max (f(x), g(x)). Prove
that if DT f(x) < 0 and D g(x) < 0, then D h(x) < 0.
5. Prove the following conclusion given in Theorem 2.5.1 that

h _
D™f (x(1)) (1) = lim e 6O+ (x(0)) —f (x(0)
hl0 h
6. If B and B, are both L-class functions, which of the following functions are in
L-class?

(1) B1+ B2,
(2) aBi(a>0),
(3) Bi(B2()
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7.

8.

10.
11.

12.

13.
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If a(r) is a K-class function, and B(¢) is a L-class function, then B((¢)) and
a(B(?)) are all L-class functions.
The following statement is an alternative version of Theorem 2.5.3. Prove the
statement.

“If there are a constant > 0, a positive and continuous function V : R" —
R, and a K-class function « such that for every ||x|| < n and v € F(x) the
inequality DTV (x) (v) < —a (|x|) holds, then Inc. (2.5.4) is asymptotically
stable.”

. Try to use K-class function to alter Theorem 2.5.6 by imitating Problem 8.

Prove Theorem 2.5.6.
Consider discrete differential inclusion

xk+1€F(xk), k=0,1,2,...

where F : R" — R” is a set-valued mapping. Suppose 0 € F(0).

The discrete differential inclusion is said to (strong) stable, if for every ¢ > 0
there exists a § > 0 such that if ||xo|| < §{x, k= 1,2,...}C eB where B is
the unit ball in R”. Additionally, if x; — 0, then it is asymptotically stable.

Give a condition under which the discrete differential inclusion is stable, and
prove your condition is sufficient.

Consider the discrete differential inclusion given in Problem 11. Prove that if
there are a positive and continuous function V : R* — Rand n > 0,1 € (0, 1),
when x| < 7,

inf V(v) <AV (v)

VEF(x)

then the discrete differential inclusion is weakly asymptotically stable.

Try to give a condition for weakly stable and prove it.
If the set-valued mapping F : R" — R" is bounded and Lipschitzian, and with
closed and convex value. Suppose V : R” — R is a Lipschitzian function. If for
every x € R”, there is a v € F(x) such that D™V (x) (v) < W(x), then for every
T > 0, there is a solution x(t) € Sjo.7] (F,Xo) such that V (x (#;)) < V (x(t2))
providedthat 7 > t; > 1, > 0.

2.6 Monotonous Differential Inclusions

Monotonicity is a simple variation in the natural world. In mathematics, many inves-
tigations start with monotonous phenomenon, such as linear mappings, monotonous
sequences, monotonous functions. This section deals with monotonous differential
inclusions. The most interesting conclusion is that the solution of Cauchy problem
of a maximal monotonous differential inclusion is unique. From this viewpoint the
differential inclusion is quite similar to the differential equation. The authors thought
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that the most significance is the procedure of investigation. It shows a special project
always needs some special techniques. We will start with Minty theorem, a precise
proof is presented. Then we consider the Yosida approximation. At last we prove
the main conclusion for the maximal monotonous differential inclusion.

2.6.1 Monotonous Set-valued Mappings and Their Properties

A differential inclusion is monotonous if the set-valued mapping in the right side
of the inclusion is monotonous. Hence this subsection deals with monotonous set-
valued mappings.

f : R — R is a single-valued mapping, f is said to be monotonous if x; > x;
then f (x;) > f (x2).'® In the classical control theory, most nonlinear phenomena
considered are monotonous, such as step nonlinearity, dead band nonlinearity,
saturation nonlinearity. In order to extend the concept to the n-dimensional space
or general Hilbert spaces,19 we rewrite the requirement x; > x,= f (x1) > f (x2)
by (x1 — x2) (f (x1) —f (x2)) > 0, the restriction x; > x; is removed.

A single-valued mapping f : X — X, where X is a Hilbert space, is monotonous
if ((x1 —x2), (f (x1) —f (x2))) > O for arbitrary two vectors x;,x, € X where
(-, -) is the inner product. Sometimes, the inner product is also denoted by
(x1 —x2)" (f (x1) — f (x2)), the superscript “T” means transposition.

Definition 2.6.1 F : X — X is a monotonous set-valued mapping, if for arbitrary
two vectors x1,x € X, y; € F(x;) and y; € F (xp) then ((x; —x2), (y1 —y2)) > 0;
If ((x1 —x2), (y1 —y2)) > O for arbitrary x; # xp,y; € F(x1) and y, € F (x2),
the set-valued F is strictly monotonous;
F is a maximally monotonous set-valued mapping, if there is another set-valued
mapping F; : X — X which holds the property that F';(x) D F(x) for every x € X,
then F; = F. O

Remark 1 In Definition 2.6.1, the space X can be replaced by a set A C X. we
can say a set-valued mapping is monotonous at set A and maximally monotonous at
set A. (]

Remark 2 If F : X — X is a monotonous set-valued mapping, then F~! : X — X
is also a monotonous set-valued mapping. (]

Remark 3 If F, G are two monotonous set-valued mappings, A, i > 0 are two real
numbers, then AF + uG is also a monotonous set-valued mapping. (]

8The terminology used is somewhat different from the common meaning. In calculus, the
monotonicity defined is called monotonous increase.

1%Tn this section we do not restrict ourselves in a finite dimensional space, R” can be replaced by a
Hilbert space X.
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Lemma 2.6.1 Let F : X — X be a set-valued mapping. Then F is monotonous if
and only if for every positive real number A > 0 and any y; € F (x1), y; € F (x2)

lx1 — x2]] < [[(x1 —x2) + A (1 — )|l

Proof Because

(1 = x2)+ A 51 = y2) > = Ilx1 = P+ A%y = y2 > + 24 {(x1 —x2) , (1 — »2))

If the condition of Lemma 2.6.1 holds, then

Ayt = yall? + 24 (1 —=x2) . (31 —y2)) = 0 (2.6.1)

We assert Inequality (2.6.1) implies ((x; —x2),(y1 —y2)) > 0, ie., F is
monotonous. Otherwise, ((x; —x2), (y1 —y2)) < 0, then there exists a A > 0,
such that

Myt = y2ll> + ((x1 = x2) . (51 —y2)) < O

It conflicts to Inequality (2.6.1).
If f is monotonous, then ((x; —x2), (y1 —y2)) > 0. It implies Inequality (2.6.1),
so is

[(x1 —x2) + A (y1 = y2) || = [lx1 — x2]

O

The advantage of Lemma 2.6.1 is that it does not involve inner product. Thus,
some property of monotonous mappings may be extended to the Banach space.

The following example gives the difference of monotonous mapping and the
maximal monotonous mapping.

Example 2.6.1 Consider the following two set valued mappings

05x+1, x>0, 0.5x+ 1, x>0,
Fix) =93 {-1,1},x=0, FXx)=4][-1, 1],x=0,
05x—1,x<0; 05x—1, x<O.

Their graphs are given in Fig. 2.15.

Fi(x) is not maximal since F»(0) D F;(0) and F»(0) # Fi(0). But Fp(x)
is maximal since adding any a point in the R? (Fig. 2.15b) will destroy the
monotonicity. (|
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Fig. 2.15 Two monotonous a A b A
set-valued mappings (a) / /
Graph of F;(x) (b) Graph of 1 1

Fy(x)

v

v

A A

The above example directly leads to the following lemma, we omit its proof.

Lemma 2.6.2 Let F : X — X be a monotonous set-valued mapping. It is maximal
if the conditions that (# — x,v —y) > 0 and some (x,y) € gra F imply v € F(u) O

The following theorem presents the fundamental properties of maximally
monotonous set-valued mappings.

Theorem 2.6.1 If F : X — X is a maximally monotonous set-valued mapping, then

(1) F is with closed and convex value;
(2) Suppose x, — x (n — 00), and y, € F (x,) such that (y,,z) — (y,z) for every
z € X, theny € F(x).

Proof (1) By Lemma 2.6.2, we have

Fo)= (] DeX.(x—uy—v)=0}
(u,v)egra F

Let (u,v) € graF. Then the set {y; (x —u,y — v) > 0} is a closed and convex for any
x € X. Therefore as an intersection, F(x) is closed and convex.

(2) By the conditions of theorem we have (x, —u,y, —v) —{(x—u,y—v).
Because F : X — X is a monotonous set-valued mapping and y, € F (x,), for every
(u,v) € gra F(x, —u,y, —v) > 0. It follows (x —u,y —v) > 0. F is maximal, by
Lemma 2.6.1, y € F(x). The theorem is then verified. O

In functional analysis, the fact that (y,,z) — (y, z) for every z € X is called that
yn, weakly converges to y. The conclusion of (2) can also be stated as “if x, — x
strongly, y, — y weakly, then y € F(x)”. The conclusion is then called “strong-
weak compactness”.

2.6.2 Minty Theorem

This subsection proves an important result of maximally monotonous set-valued
mappings. It is called Minty theorem.
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Suppose {Q,,A € A} is a class of sets?® where A is set of indexes. {Q2;,1 € A}
is said to hold the property of finite intersection: If for any finite subset

n
{Q2,,...,823,} of {Q1,A € A}, their intersection leQAk is nonempty, then the
intersection AﬂAQ 1 # @. In topology there is a theorem as follows: Suppose
€

{Q;,1 € A} is a class and ,’s all are closed and contained in a compact set
K. Then the class {2;,A € A} holds finite intersection property. The property is
equivalent to finite covering theorem. The detailed proof will not be given in this
book.

Before presenting Minty theorem, we need two lemmas.

Lemma 2.6.3 Suppose K and S are two sets of X, and K is compact. ¢ : K xS — R
is a single-valued functional. If for every yo € S, ¢(x, yo) is lower semi-continuous.
Suppose M is the class consisting of all finite subsets of S. Then there is ax € K
such that

sup ¢ (x,y) < v = sup inf max ¢ (x,y)
yes EeM X€K y€E

Proof For afixedy € S, we define aset 2, = {x € K, ¢ (x,y) < v} where v is real
number defined by the theorem. From the definition of v, we conclude that 2, # @.
The functional ¢(x,y) is lower semi-continuous, hence, 2, is closed. 2, C K, K is
compact, so is the £2,.
Denote ¢ (x,E) = max ¢ (x,y). If E is fixed, then ¢(x, E) is a functional of
¥

x € K. It can be verified that ¢(x, E) is a lower semi-continuous functional (to
see Sect. 1.4). The functional ¢(x, E) possesses such a property that for x € K
and y; € E, ¢(x,E)> ¢ (x,y;). K is compact, there is a xg € K such that
¢ (xg, E) = aréilr(lqﬁ (E) = ;glgqb (x, E) < v for every E. Combining the above

reasoning, ¢ (xg,y;) < ¢ (xg, E) < v. Furthermore, xg € yQEQy. The fact supports
that yQEQy # & for all finite set E, i.e., it holds finite intersection property. K is
compact, therefore, yQSQy # &. Thereisax € }QSQy. By the definition of £2,, this
x has the property that ¢ (x,y) < v, y € S. The conclusion is proved. O

The statement of Lemma 2.6.3 is quite complicated, Fig. 2.16 is used to explain
the conclusion. In Fig. 2.16, E = {y1, y2, y3}, three slimsy lines are ¢(x, y1), ¢(x, y2)
and ¢(x, y3), the thick line is ¢(x, E). If § = E, then the v and x given in the figure
meet the requirement of lemma.

20In this book we call the set of sets to be class in order to distinguish the set. For example the
power set can call as the class of subsets.
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Fig. 2.16 Schematic diagram A

of inf max ¢(x,y;), (x, v)

holds the min-max property ) (x

that in ¢(x, E) it is minimum, ax ¢(x . E)
in ¢ (x, S) is maximum ¢ (]

71/

¢ (4

v

Lemma 2.6.4 Suppose that K is a convex and compact setin X. If ¢ : X x X — R
satisfies that:

(1) For every y € K, the functional ¢ (-, y) is lower semi-continuous;

(2) Forevery x € K, the functional ¢(x, -) is a concave functional (i.e., —¢ (x, - ) is
a convex functional);

(3) Foreveryy e K, ¢ (v,y) <0.

Then thereis ax € K ¢ ¢ (x,y) < 0 holds for every y € K. O

Lemma 2.6.4 is known as Fan Ky inequality. To prove this inequality, we should
apply the unit decomposition and fixed point theorem. This book does not try to
prove the inequality, readers are referred to (Filippov 1988). It would like to point
out the inequality holds in Banach space.

We are ready to prove Minty theorem. In the theorem [ is used to denote the
identical mapping in X. In order to make the proof convenience, we restrict ourselves
in R". A remark is given behind the proof to point out the difference if we deal with
the theorem in a general Hilbert space.

Theorem 2.6.2 F : R" — R" is a monotonous set-valued mapping. Then the F is
maximal if and only if / 4 F is a surjective, i.e., the range of / + F is R".

Proof The proof for necessity consists of two steps.

(1) An alternative statement

The conclusion that / 4 F is a surjective is equivalent to that for every y € R",
there is an x € R” such thaty € x + F (x). Let A = —y + F. Then the conclusion is
further equivalent that 0 € x + A (x). By Problem 2 of this section, we conclude
the F is maximal is equivalent to that A is maximal. Now, it is sufficient for a
maximally monotonous set-valued mapping A to prove that there is an x € R" such
that —x € A (x). Using Lemma 2.6.1, it is sufficient to verify (x — u, —x —v) > 0,
or (x —u,x 4+ v) <0 forevery (u,v) egraA.

Define a continuous functional ¢(x, (i, v))*' as follows:

¢ (x,(u,v) ={(x—u,x+v)= ||)c||2 + {(x,v—u) — (u,v) (2.6.2)

2n ¢(x, (u, v)), v is not a dependent argument, it depends on u by v € A(u). Hence in ¢ (x, (i, v))
the dependent variables are u and x, v can be treated as a parameter.
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Then, we are only needed to prove there is an x € X, such that ¢ (x, (u,v)) < 0 for
every (u,v) €graA.

(2) The existence of x

We apply Lemma 2.6.4 to verify the existence of x. Let up € R" and vy € A (up).
Then define a set Q) = x5 @ (x, (uo,v0)) < 0}. The set ., holds the
following properties.

(i) As a quadratic function, ¢(x, (1, vo)) has its minimum, hence €2, ) 1S a
closed set;

(i) ¢ (uo, (0, v0)) = 0, ugp € Quyv); and @ (x, (o, vo)) — 400 (x = 00),
hence €2,,.,) 1S a nonempty and bounded set;

(iii) By the discussion in Sect. 1.3, ¢(x, (1o, vo)) is a convex function. Its epigraph
is convex, s0 is the 2, .v)-

We now construct a compact set K. Let u; € R", i = 1,2,...,m be m vectors,
and we take arbitrarily v; € A (u;). Denote K = co{u;; i =1,2,... ,m}_22 Then K
is compact and convex. Fix x = xo € K and prove that ¢(x, (1, v)) is concave. In
order to use Theorem 1.3.3 (2), calculating

d d
Vi (=) = (— » - Bf) — () (= + )

Hence

((ua—u1) ,Vy (=@) (u2) =V (=), (u1)) +((v2—v1) ,Vy (=¢) (u2) =V, (=) (u1))
= ((u2 —u1), (v2 —v)) + ((v2 —v1), (w2 — 1))

>0 .
(2.6.3)

The last inequality comes from the fact of monotonicity.

To apply Lemma 2.6.4, we are lastly required to verify ¢ (u, (, v)) < 0. We now
use Lemma 2.6.3 to verify the conclusion. Denote M = {(u;,v;).j = 1,2.....m},
M is a finite set contained by gra A. By Lemma 2.6.3, we have

sup ¢ (x, (u,v)) < sup inf max ¢ (x, (u,v))
(u,v)Egra A MCgraA Y€K (u.v)eM

(2.6.4)
< sup inf max) A.¢(x, (u;,v;)),
_MngAXEK ma Z /¢( ( i J))
J
22Without loss of generality, we can select u;, i = 1,2,..., n such that they are linear independent.

Therefore, Int K # &.
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where A = A = (A A7... /\m)T;/\,- >0, Z/\,- =1, C R™. Inequality (2.6.4)
i=1

is valid since

b 0 v)) € 13 A (x, (wv) ). 2 € A
J

In Inequality (2.6.4), x € K, hence x= Z Wittg, With (o= (@1 o ... )’ € A.

k=1
Thus,

Z )qu&(x, (u). Vj)) = Z)W)(Z M, (. Vj))

For simplicity, we denote ¢y (1, 1) = ZA@(Z icttie, (1), vj)). Using the
j k

notation, ¢ (u, (#,v)) < 0 becomes ¢y (i, p,) <0.
Because

¢ (Z Mok, (uj, Vj) ) = <Z Mokt — Uj, Z Motk ~+ Vj>
k k k
= Z Mk <uk — uj, Z Mty + vj>
k k
= ((uk —uj,vj) + <uk .y Mkuk>) ;
k k

it follows

b (. A) =D Aigp (Z ekt (uﬂj))
i k
= Z /\IZ Mk (uk — Uuj, Vj) + Z A]Z Mk <Mk — uj, Z ,Mkl/tk> .
j k J k k

Let A = p. Then the second term of the above equation

Z Mk <uk — uj, Z Mkuk> =0
X

jk=1
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since both p;fux <uk — uj, Z,ukuk> and pugp; <uj — Uy, Z,ukuk> appear in the
k

k
summation, and they hold identical absolute values but opposite signs. We now turn
to the first term

D b — . vj) = ’ D i — . vj) + ) > bk — ;. ;)

Jk=1 Jk=1 Jjk=1
1< I+
=, Z 1 i (v — g, vj) + 2 Z Mk (ot — i vi)
Jk=1 Jk=1

1 m
= ’ Z MMk (I/lk — U, vj — Vk) < 0.
Jk=1

The last inequality comes from the monotonicity. Therefore, ¢as (1, ) < 0. By
Lemma 2.6.4, there is a u € A such that for every A € A¢y (1, 1) < 0.
Furthermore,

HEA AEA

inf maxz om (1, A) < rlnealicz om (U, A) <0
J J

consequently, ¢ (x, (#,v)) < 0 for every (u,v) € gra A.

Sufficiency. Consider two arbitrary vectors x, y € R". Because I+ F is
surjective, there is a xo € R” such that y + x € xo + F (xo). Hence, there is a
Yo € F (xp), such that y + x = xo 4 yo. Thus, we have

Iy = Yoll> = (v = Y0,y — yo) = — {y — yo, X — Xo) (2.6.5)

If (y — yo, x—x0) > 0,then Eq. (2.6.5)leads to ||y — yo|| < 0. We obtainy = yy.
By using the equation y 4+ x = x¢ + yo, we have x = xq. Therefore y € F(x). By
Lemma 2.6.2, F is maximal. O

Remark If X is a Hilbert space, the proof of Theorem 2.6.2 is similar except
the concavity of ¢(xg, (u,v)). In R", we can apply partial derivative to verify the
concavity of ¢(xo, (4, v)). However, in a Hilbert space we have no such an operation.
This conclusion is proved by using weak topology in Hilbert space. To complete
such a proof, we need introduce some concepts which are beyond the target of this
book. O

2.6.3 Yosida Approximation

In this subsection, we try to construct a series of single-valued mappings to
approximate a maximally monotonous set-valued mapping.
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Let A be a maximally monotonous set-valued mapping, and let A € R (> 0),
then by Minty theorem (Theorem 2.6.2) I + AA is invertible, i.e., for every x € X,
I+ 147" (x) # @.

Definition 2.6.2 Suppose A is a maximally monotonous set-valued mapping, A €

R (> 0), then J, = (I + AA)™" is the resolvent of I+ AA. A; = i (I —Jy)? is the
Yosida A— approximation of A. O

The following theorem presents the fundamental property of J;.

Theorem 2.6.3 Suppose A : X — X is a maximally monotonous set-valued
mapping and A € R (> 0), then the resolvent J, = (I + AA)™! is a single-valued
mapping. It is Lipschitzian mapping and its Lipschitzian constant can be 1.

Proof Lety € X. Then there is an x € X such thaty € x + AA(x) i.e., x € Jy(y).
The effective domain of J; is nonempty for every A € R (> 0).

Now let y1, y» € X. Then there are x1, x, € X such thaty; € x; +AA (x;), i = 1,2,
i.e., there are v; € A (x;), i = 1,2 such that y; = x; + Av;. Hence,

Vi—=y2=x1—Xx2+A(VI—)
It follows

Iyt = 201> =[x = x2]* 4+ A2 w1 = val” + 24 (x1 — x2,v1 — ) > |1 — 12

+ 22wy = )?
(2.6.6)

Thus, ||x;1 —x2|| < |lyi —»2ll. If i = y2, then x; = xp. It implies that J, is a
single-valued mapping. It is Lipschitzian and its Lipschitzian constant can be 1. [

In terminology, if Lipschitzian constant is 1, then the mapping is said to be non-
expansive, i.e., the distance of two images is less than or equal to that of arguments.
If it is less than 1, the mapping is a compressed mapping or contraction.

By the relation between J and A, the following corollary can be verified.

Corollary 2.6.1 A, is a Yosida approximation of A. Then A, holds the following
properties.

(1) Aj is a single-valued mapping;

(2) A, is a Lipschitzian mapping and its Lipschitzian constant can be i
(3) Foreveryx € X, A)(x) € A (Jy(x));

(4) A, is a maximally monotonous mapping.

2In order to distinguish the inverse of a mapping, we apply , to express a fraction.
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Proof (1) Because A) = i (I —J,), J, is single-valued mapping, so is Aj.
(2) Applying the notations used in the proof of Theorem 2.6.3, for every y € X,
there are x = Jy (), v € A(x) such that v = i (y —x). Then

1(y—)c):v

M0 = U=I)y=

Now let v; = A, (y;), i = 1,2. By Inequality (2.6.6), we have
llyr = y217 = 22w = w2l = A% A (1) — Az ()2

Therefore, the Lipschitzian constant of A, can be i .

(3) Because (I + AA) (I + AA)™" = (I + AA) Jy, for every x € X, we have x €
(I + AA) ) (x) =Jy(x) + AA (Jy(x)). By the definition, AAy + J, = [, ie., x =
J1(x) + AAx(x). Comparing these two results, it is clear Ay (x) € A (J1(x)).

(4) We only prove that A, is monotonous, then by Problem 1 of this section, it is
maximal. Consider now

(Ay 1) —Ax (v2) . y1 —y2) = (Ax 1) —Ax (02) . Ja (1) — Jx (02)) +AIAL (1)
—A) (»2) ||2 where we have applied y = 1A (y) +J,(y). From conclusion (3) above,
A)(x) € A(Jr(x)). A is monotonous, hence the first term is nonnegative. Thus,
(Ax 1) —Ax (32),y1 —y2) = 0 for y;,y» € X. A; is monotonous by Definition
2.6.1. O

The further discussion needs the concept m(A(x)). Recall that m(A(x)) is the
minimal norm element in A(x). If A(x) is convex, m(A(x)) is the unique projection
of the origin on A(x). The following theorem presents the relations between A, and
m(A(x)).

Theorem 2.6.4 Suppose A is a maximally monotonous set-valued mapping. Then
for every x € X the following conclusions hold.

(D) mAE) =A@ < |m @A) - A @)
@) lim/y(x) =x

() limA; (x) = m (Ax))

Proof (1) Because

[m (AG) = A )17 = [lm A + 141> = 2 (Ax(x), m (A(x)))
= m A)|* = A @)[* — 2 (4,(x). m (A(x)) — Ay (x))

A is monotonous, and m (A(x)) € A(x), Axr(x) € A (Ja(x)), hence

(Ar(x). m (A(x)) — Ay (x)) = i (x = J2(x), m(Ax)) —Ax(x)) = 0

The conclusion follows directly.
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(2) By conclusion (1) above
[x =@ = A A2 )| < A [lm (A() ||
It leads to

limJ; (x) = x (2.6.7)

(3) The proof of this conclusion seems to be complicated, and is divided into
three parts.

(i) For every x € X, the relation y € A (x — Ay) has a unique solution y = A, (x).

Lety = Ax(x). Then x — Ay = J,(x). It follows A (x — Ay) = A (J1(x)). By
Corollary 2.6.1 (3),y = A, (x) € A(Jy(x)) = A (x — Ay), i.e., Ay (x) is a solution of
relationy € A (x — Ay).

On the other hand, if yo is a solution of y € A (x — Ay). Denote z = x — Ay,
then yo € A(2), i.e., x € z + AA(z). By the definition of J,, it follows z = J,(x).
Yo € A(z) = A (Ja(x)) = Ax(x). A, is a single-valued mapping, hence yo = A, (x).

(i1) If x € X is fixed, then ||A; (x)| is a monotonous function of A.

By the conclusion (2), if x € X is given, then yo = Aj4,(x) is the unique
solution of relationy € A (x — (A + ) y). Let us rewrite yg € A (x — (A 4+ ) yo) =
A ((x — uyo) — Ayo), hence yy is also the solution of y € A, (x — uy). By Corollary
2.6.1 (4), A)(x) is maximally monotonous. If we repeat the process of (i), then
we can obtain yo = (Az),(x) is the unique solution of relation y € A; (x — py).
Consequently yo = Ax+,(x) = (A3),(x) for every x € X.

By conclusion (1) of this theorem, ||m (A(x)) —Ax(X)|* < |m@AX)|* —

1AL Ol 2, Replacing A(x) and A, (x) by A, (x) and A 4, (x), respectively, we obtain

40 @) = 4,020 < J4u0)* = A2 @ (2.638)

where m(A) (x)) has been replaced by A, (x). This is correct because A (x) is a single-
valued mapping. Inequality (2.6.8) implies that the decreasing of A leads to the
monotonously increasing of ||A; (x)]|?.

(iii) The convergence of Aj(x).

By conclusion (1) of this theorem, for every x € X, {||Ax(x)||} holds an upper
boundary ||m(A(x))|. We now let A = ]1( k € N, by Inequality (2.6.8), {A,(x)} is a
Cauchy series. Hence, there exists a v, € X such that v, = }E}I})Ak (x). The v, has
the following properties:

(1) Ap(x) € A(Jx(x)) and }in})]x (x) = x, A(x) is closed (Theorem 2.6.1), hence
Uy € A(x);

(ii) [|[Ax ()| < |lm (A(x))]| by conclusion (1), consequently |vy|| < ||m (A(x))].

The two facts lead to v, = m (A(x)). O
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Actually, Aj (x) is a approximate selection of A(x). Let us write

(x, A3 (%)) = (Jr(x), Ar(¥) + (x — J2(x), 0)
€ (Ji(®),A (J2(x)) + [lx = A ()| B,

In the proof of Theorem 2.6.4 (2), we have ||x — Jy(x)|| < A ||m (A(x))]|, hence

(x,Ay(x)) € gra A+ A|mA(x)| B

2.6.4 Maximally Monotonous Differential Inclusions

To end this section, we prove that the solution of a maximally monotonous
differential inclusion is uniquely existed. The proof is completed by using Yosida
approximation. We now give a lemma about weak convergence.

Lemma 2.6.5 Suppose X is a Hilbert space,and x, € X, n = 1,2,.... Ifx, weakly
converges to xo, then

(D llxoll = Tim “inf x|
n—>oo
(2) Additionally, if lim |jx,|| = [xoll, then lim |x, —xo|| = O, i.e., x, strongly
n—>o00 n—>oo
converges to xo.
Proof (1) |xo|* = lim (x,,x0) = lim ||xo|| |||l cos 6, where 6, is the angle
n—>o00 n—oo
yielded by xy and x,. Because |x,| cos6, < |x.|, the equation implies |xo| <
lim inf ||x,]|.
n—>oo )
Q) |xn—=x|I” = {(xn—x0, % —Xx0) = (X, X —X0) — {x0,%, —X0). Its sec-

ond term converges to zero by the weak convergence of x,. Consider the first
term

(Xns X = X0) = (X Xn) — (X X0) = xa])> = [[x0]|> = 0

The conclusion is verified. ]
We now consider the following Cauchy problem
x(t) = —A (x(1)), x(0) = xo (2.6.9)

where A is a maximally monotonous set-valued mapping with effective domain
dom(A) C X, xo € dom(A).
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Theorem 2.6.5 The solution of Cauchy problem (2.6.9) exists uniquely. Let x(z, xo)
be the solution. Then it is also the solution of

x(t) = —m (A (x(2))), x(0) =xo (2.6.10)

for almost all ¢ € [0, 00).
Furthermore, the solution x(#, xo) holds the following properties

€)) Hx (t, x0) || is monotonously decreasing;

x(t4h,xp)—x(t.x0)
h

(2) The right derivative it (t,x0) = liin is rightly continuous;
)

(3) Let x; (t,x0), i = 1,2 be two solutions with initial conditions xjo and xp,
respectively. Then

l[x1 (£, x10) — x2 (2, X20) || < [[x10 — X20]| = [[*1(0) — x2(0) || (2.6.11)

for every t € [0, 00).

Proof The proof of Theorem 2.6.5 consists of 6 parts.
(1) We start to prove the conclusion (3). For ¢ € [0, 00), we have

&2 llx1 (2. 210) — x2 (. x20) > = (i1 (£, x10) — X2 (1. %0) . X1 (£, x10) — X2 (£.%20)) < O

The last inequality holds because of monotonicity of A. Furthermore,

t

0> / (x1 (7, x10) —x (1,%20), X1 (7,x10) —x2 (‘C,xZo))dT
0
=} (I (tx10) = 0 (& 220) 12 = [110) = 22(0)]1?)

Conclusion (3) is verified. It also implies the uniqueness of the solution.
(2) Denote y(f) = x (t + h) where x(¢) is the solution of Cauchy problem (2.6.9),
and consider the following Cauchy problem

y(1) = -A ). y(0) = x(h).
By Inequality (2.6.10), we obtain

H (1) — x(1)
h

3 H ¥(0) = x(0) H
="

It is equivalent to

x(t+h)—x()
h

<

x(h) —x(0)
SO
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and then let 7 — 0. When their derivatives all exist, we have Hic(t) || < ||)'c(0) H If we
replace t and 0 by 7o + A& and ¢, then the above discussion leads to ||x (to + h) H <
H)'c (%) || The conclusion (1) is verified.

(3) We now prove the existence of Inc. (2.6.8). A is maximally monotonous,
hence A(x) is with closed and convex value for every x € dom A (Theorem 2.6.1).
Consider Cauchy problem of the following differential equation

x.(1) = —Ax (1), x2(0) = xo (2.6.12)

We have proved —A, is a Lipschitzian mapping (Corollary 2.6.1 (2)), the above
Cauchy problem exists unique solution. By the first conclusion of this theorem,
Hn (® H is monotonously decreasing by the ¢ increasing. Hence,

52| < |%20) ]| = A2 Go) |l < [lm (A (xo)) | (2.6.13)

the last inequality comes from the proof of Theorem 2.6.4 (3). {x;(f)} is a set of
equicontinuous functions for all A > 0. Consequently, series {x ! (t); k € N holds
a convergent subsequence. Without loss of generality, we assume kl_l)rgo X1 ® =x(@)
for x(t) € AC ([0, 00), R") uniformly. Because {)Q (t)} is contained in a bounded
set, by Theorem 1.1.7, we can assume x ! (1) = x(t)(k — o0) weakly.

Define A : x;(f) — —A; (xa(t)), A is an operator form L?[0,T] to L*[0,T].
We can prove A is maximally monotonous.”* Because x ! (f) — x(t) strongly and
A (xi (t)) = &) (1) — (1) weakly, by Theorem 2.6.1 (2), i(r) €—A (x(1)) =
—A (x (1)). The existence is verified.

4 Hm(A (x(1)) ) H is monotonously decrease as 7 increases.

At the Part (3) of this proof, we have proved that {A,(x, (7))} (or {A ! (x 1 (t)) })

weakly converges to x(f) as A — 0 (k — o00). For convenience, we denote
v(t) = x(1), then v(f) € A (x(r)). It follows |[v(¥)| = |m (A (x(¢)))|. On other
hand, {A;(xx(2))} is weakly convergent to v(f), hence, by Lemma 2.6.5,

[m(aG@n)| = 1@l = lim inflA; )] < ImA O)] 26.14)

the last inequality is obtained from (2.6.12). Consequently, ||m (A (x(0)))| >
|lm (A (x(1)))||- The conclusion implies that Hm(A (x(t)))H is monotonously

decrease.
) Hm(A (x(2)) ) H is continuous form right.

24Note A:X—X, but the operator A: is L2[0, T]—L?[0, T]. The norm and inner product considered
are in space L*[0, T1]. It is direct to show the maximal monotonicity of A implies that of A:.
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We now prove for any sequence {z,}, t, | to, then m (A (x (¢,))) = m (A (x (t))).
By Part (4) of the proof, the series {m(A(x(#,)))} is monotonously increasing sine
{t,} decreases. Furthermore, by Inequality (2.6.13),

[l (A e @D = v @) < llm (A G @) |

There is a subsequence of m(A(x(t,))) and the subsequence is weakly convergent to
a vector vo. We can assume that m(A(x(,))) is weakly convergent to vy. Repeating
the proof of Inequality (2.6.12), inequalities can be obtained as follows

I 4 oDl < vl = Tim_inf [ m(4 @ @) )| = 4 G @) = m (4 o))

By Lemma 2.6.5, m(A (x (t,)) converges strongly to m(A(xy)).

(6) At last, the solution of Inc. (2.6.8) is identical to the solution of Eq. (2.6.9)
For almost all # € [0, T] and & > 0, we have

t+h t+h

lx (& + 1) —x(0)]| = /X(f)dt < / |x (@] dr <h|m @ @)

t

the last inequality is obtained from the fact the |m(A(x(¢)))|| decreases

monotonously. ||5c(t) H is continuous from right, when £ |, 0, X(H'hlz_x(’) — ||5c(t) H

The above inequality implies H)'c(t) || < ||m (A (x(¢)))||. Because x(r) € —A (x(¢))
and A(x) is closed, x(f) = —m (A (x(1))).
Thus, we complete proof for all conclusions of the theorem. (]

Note that in the theorems given above, the norms ||x(7)]|, H)'c(t) || and others are
functions of time ¢. The x(¢) is an trajectory in space X.

The solution of Inc. (2.6.8) which satisfies equation x(f) = —m (A (x(7))) is called
slow solution or mild solution.

Problems

1. f : R" — R”" is a monotonously single-valued mapping, if f is continuous then it
is maximal.
2. F : R" — R" is maximally monotonous, prove the following conclusions:

(1) yo € R"is a given vector, then yy + F is maximally monotonous.
(2) o > 0is apositive real number, then oF is maximally monotonous.

3. F : R" — R"is a monotonous mapping. Prove that F' is monotonous if and
only if the inverse F~! : R” — R", which may be a set-valued mapping, is
monotonous.

4. If F : R" — R" is a convex mapping then its subdifferential dF(x) is
monotonous.
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5. Assume, in Theorem 2.6.2, X =R", prove that the set {x; ¢ (x, (u,v)) < 0}
defined in the proof of Theorem 2.6.2 is compact and convex.

6. Let x)(#) be the solution of Eq. (2.6.11). Then J,(xx(?)) converges to x(f)
uniformly in the proof of Theorem 2.6.5.

7. If V: R" - R (o0) is a lower semi-continuous and convex function, then dV(x)
is maximally monotonous. Moreover, the solution of Cauchy problem x(r) =

—3V(x), x(0) = xo satisfies the equation ¢ V (x(1)) + ()| = 0.
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Chapter 3
Convex Processes

Starting from this chapter, we deal with several kinds of differential inclusions and
their control. We recall that mathematical investigation in many fields starts from
the linear case; for example, at the beginning of control theory, we deal with the
linear system, the functional analysis starts with the linear normed spaces and linear
mappings. Consequently, we consider convex processes which can be treated as an
extension of the linear single-valued mapping to set-valued mapping. The next two
chapters will consider linear polytopic differential inclusions and the Luré systems.
They can also be thought as extensions of linear control systems to differential
inclusions and nonlinear differential inclusions.

The organization of this chapter is as follows. At the first section, we define the
convex processes in Banach space and verify that the convex processes hold the
same properties as linear mapping in Banach space. The second section deals with
the convex processes in finite dimensional spaces and shows that they have similar
construction as matrices. The third section considers the differential inclusion
yielded by convex processes. The controllability is discussed. And the last section
investigates the stability of convex process differential inclusions.

3.1 Convex Processes in Linear Normed Spaces

This section deals with convex processes in linear normed spaces, its target is to
extend the fundamental theorems of linear single-valued mappings in Banach space
to convex processes.
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158 3 Convex Processes
3.1.1 Convex Processes and Their Adjoint Processes

In order to illustrate that the convex process is an extension of linear single-
valued mapping, we recall fundamental properties of linear single-valued bounded
mapping.

Let X and Y be two normed spaces, A : X — Y is a linear (single-valued)
mapping if it satisfies that (1) for x;,x; € X, A(x; +x2) = A(x1) + A(x2); (2)
forx € X and ¢ € R, A (@x) = aA(x). A linear mapping is bounded if there is
a M € R which is independent of x, such that ||Ax|, < M]|x||y for every x € X.
All linear bounded mappings consist of a linear normed space £ (X, Y), the norm in
£(X,Y) is defined as

Al = sup M@
o Il

Especially, when ¥ = R, £ (X, R) is called conjugate space of X and denoted by
X*. X* is always complete no matter whether X is complete.

Iff € X* and x € X, then f(x) is a real number. Sometimes, we write f(x) by (f, x).
Because f(x) is linear for both f and x, the notation (f, x) meets with the requirement
of inner product. Moreover, it may provide lots convenience.

Let A € £(X,Y), then the A can induce a mapping A* : Y* — X* by the
definition that (A*f) (x) = f(Ax) for every f € Y* and x € X. Using the notation
that f(x) = (f,x), we have (f,Ax) = (A*f,x) which is quite simple. A* is single-
valued and called as the adjoint mapping of A.

IfA € £(X,Y), then for x;,x; € X and A, A, € R, we have A (A;1x; + Ax3) =
AA (x1) + A2A (x2). It implies graA is a convex cone. The property is applied to
define the convex process.

Definition 3.1.1 Let X and Y be two normed spaces, and A : X — Y be a set-valued
mapping. If gra A is convex cone, then A is a convex process. Moreover, if graA is a
closed convex cone, then A is a closed convex process.

A convex process is strict if its effective domain is X, i.e., dom A = X. O

In history, economist and mathematician Rockafellar appeared that a kind of
economic phenomena hold convex characteristics. It is common that one person
had invested 100 dollars, he received 120 return on investment. But if he invested
1000 dollars his return was not sure to be 1200 dollars. It may be in the interval (900,
1300). Hence the economic process is more suitable to be described by a set-valued
mapping which holds convex cone characteristics. Rockafellar called the economic
phenomena as convex process. After that, he investigated the convex processes and
found that convex process can be treated as an extension of linear mapping. At
the same time, some researchers considered another extension of linear mapping.
They required that for every x € dom A, A(x) is a linear subspace of Y and called
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it as linear set-valued mapping, or linear mapping for simplicity. They called the
convex process by “sublinear” set-valued mapping. But the custom is not popular at
present.

Because graA is a convex cone, for x;,x, € dom A and y; € A(x]), y» €
A (x2), we have A (x1,y1) + (1 —A) (x2,y2) € gra A for A € [0, 1]. It follows that
Ax; + (1 —=A)x, € dom A and Ay; + (1 — 1)y, € A (Ax; + (1 — A) xp), i.e., both
domain and range of a convex process are convex. Furthermore, A(x) is convex for
every x € dom A.

The following discussion further shows that the convex process holds linear-like

property.
Lemma 3.1.1 A : X — Y is a set-valued mapping. A is a convex process if and
only if the following two conditions are satisfied simultaneously.

(1) If x € dom A, then Ax € dom A and A (Ax) = AA(x) where A > 0;
(2) If x;,x, € dom A, then x| +x, € dom A and A (x;) + A (x2) CA (x1 +x2). O

The proof of Lemma is left to readers as an exercise.
The two conditions given in Lemma 3.1.1 can be wrapped up that: if x;,x, €
domA and A, i € R (> 0), then Ax; + pux, € dom A and

AA (x1) + HA (x2) C A (Axg + puxa) . (3.1.1)

Lemma 3.1.2 LetA : X — Y be a strictly convex process. If there exists an x; € X
such that A(x;) holds only one element, then A is a single-valued linear mapping.

Proof Because A is a convex process, we have 0 € A(0). Then
AX) CA@)+AO) CA@ +0)=A(x)).

We obtain A (x;) = A (x1) + A(0). It implies that A(0) has only one element, i.e.,
A(0) = {0}.

A(x) + A(—x) C A(0) = {0}. It implies that A(x) has only one element, so is
A (—x). More A(x) + A (—x) = {0} implies A (—x) = —A(x).

Let x € X. Then, by the relation (3.1.1), we have

AA(x) = AA(x) + A(0) C A (Ax + 0) = A (Ax)

for A € R (> 0). Both A(x) and A(Ax) have one element, respectively. Hence the
“C” can be replaced by “=". Combining with A (—x) = —A(x), we conclude the
homogeneity holds.

A (x2),A (x3),A (x + x3) have one element, respectively. Thus, A (x;) +
A(x3) C A(xy+ x3) implies A (x2) + A(x3) = A (x; 4+ x3). The additivity is
verified. Therefore, A is a linear single-valued mapping. O
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Lemma 3.1.2 illustrates that if a convex process degenerates to a single-valued
mapping then A is a linear mapping. The explanation supports that the convex
process is an extension of linear mapping in theory of set-valued mappings.

Corollary 3.1.1 LetA : X — Y be a convex process and A(0) = {0}. But A may
not be strict.

(1) Ifx,—x € dom A, then A (—x) = —A(x) and A (—x) , A(x) are all single-valued;
(2) X; C X is a subspace, and X; C dom A. If x; € X;,x,x + x; € dom A, then
A +x)=A® +A(x).
Proof (1)Because 0 € dom A, A (x1) +A (—x;) C A(0) = {0}. It implies both A(x)
and A (—x) have only one element, respectively, and A (—x;) = —A (x}).
(2) X; is a subspace and X; C dom A. By (1), restricting on X; A is a single-
valued linear mapping. If x ¢ X, A(x) may not be single-valued. But we have

AX)=AX)+A(x) —A(x) CAx+x)—Ax)=AK+x)+A(—x)) CAX).

Hence, A(x) = A(x + x1) — A (x1),i.e., A(x) + A (x1) = A (x + x1). O

We now define adjoint process for convex process. Readers may find that it is
really an extension of adjoint mapping for linear mapping.

Definition 3.1.2 Let A : X — Y be a convex process. Define a set-valued mapping
A* 1 Y* — X* as follows: If y* € Y* then

A* (y*) = {x*; (x*,x) < (y*,y), for (x,y) € graA}.

A* is called by the adjoint process of A. ]
We now give some fundamental properties for the adjoint mapping.

Lemma 3.1.3 Suppose A : X — Y is a closed and convex process. Then the
following statements are valid.

(1) (y*,x*) € gra A* if and only if (—x*,y*) € (gra A)*

@) (—A)* (%) = 4% (")

3) (A7) (") = ~(A") 7" (=)

4 A™(x) = —A(—x)

(5) A(0) = (domA*)*

(6) A71(0) = (Im (—A™))*

Proof These conclusions can be verified from Definition 3.1.2.

(1) If (y*,x*) € gra A*, ie,, x* € A* (y*). Definition 3.1.2 illustrates (x*,x) <
(y*,y) for every pair (x,y) € gra A. The inequality is equivalent to (y*,y) +
(=x*,x) > 0, ie., ((—=x*,y*),(x,y)) > 0, or, (—x*,y*) € (graA)*. If we
reverse the process, we can obtain (y*, x*) € gra A* from (—x*,y*) € (gra A)*.
The first statement is verified.
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(2) Suppose x* € (=A)* (v*), i.e., (y*,x*) € gra(-A)*. By (1), (—x*,y*) €
(gra(=A))*. If (x,y) € graA, then, (x,—y) € gra (—A). Hence
((=x*,y"), (x,—y)) = 0, ie., (—x*,x) + (=y*,y) = 0. By (1) again,
x* € A* (—y*). The process can be reversed. Thus, (2) is verified.

(3) Suppose y* € (A_l)* (x*), i.e., (x*,y*) € gra (A_l)*. By (1), (—y*,x*) €
(gra (A_l))*. For every (x,y) € gra A, then (y,x) € gra (A™'), it follows
((=y*,x"), (v, x)) = 0, ie., (x*,x) + (=y*,y) = 0. By (1) again, —x* €
A* (—y*), ie., —y* € (A*)"' (—x*). The process can be reversed. Hence, (3)
is verified.

(4) Suppose y € A**(x), i.e., (x,y) € gra (A**). By (1), (—y,x) € (gra A*)*. For
every (y*,x*) € gra A*, ((—y,x), (y*,x*)) >0, i.e., (x,x*) + (—y,y*) > 0. By
(1) again, (y*,x*) € gra A* implies (—x*,y*) € (gra A)*. Hence {—x, x*) +
(—y,¥*) = 0. It implies (—x,—y) € gra A**. By Problem (8) in Sect. 2.1,
we have gra A** = gra A. Hence —y € A (—x). The process can be reversed.
Hence, (4) is verified.

(5) Suppose y € A(0), then (0,y) € gra A. For every y* € dom A*, there is a x*
such that (y*, x*) € gra A*, By (1), (—x*,y*) € (gra A)*, and by the definition
of conjugate cone, we have (y*,y) + (—x*,0) > 0, then (y*,y) > 0. It implies
A(0) C (dom A*)*.

On the other hand, suppose y € (dom A*)*, then for every y* € dom A*,
(y*,y) = 0. It follows (y*,y) + (—x*,0) > 0 for every x* € A* (y*). Because
(—x*,y*) € (gra A)™ is arbitrarily element, it leads to (0,y) € (gra A)** which is
equal to gra A by Problem (8) of Sect. 2.1. Thus, (5) is verified.

(6) By conclusion (5), A7'(0) = (dom (A_l)*)*. By conclusion (3),
(dom (A_l)*)* = (—dom (—(A*)_l))* = (—dom(A*)_l)*. By the definition of

inverse mapping, we have (—dom (A*)_l) = (-ImA*)* = (Im (—A*))*. The
conclusion is implied. (]

Some authors used statement (1) as an alternative method to define the adjoint
process.

Lemma 3.1.3 gives some characteristics of the convex process which are different
from the single-valued linear mapping. By the conclusion (4) in Lemma 3.1.3, we
know that, usually, A** # A and —Ax # A (—x). Furthermore, if A is strict, we still
cannot conclude A* is strict (to see Example 3.1.1). But, we can prove A* is closed.

Theorem 3.1.1 If A is a convex process, then A* is closed convex process.

Proof From the notation of (x*, x), it is direct to show that A* is a convex process
by using Lemma 3.1.1. We only prove that it is closed.
Suppose (y¥,x¥) € gra A* and (y,x¥) — (v5.x5), we now prove (y5,x5) €

graA*.
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Because (y},x%) € gra A*, (x*,x) < (y%,y) by the definition of adjoint process.
For every x € X, x(x) — x5 (x),' i.e., (x},x) — (x5, x). Similarly, (y¥,y) = (5. ).
Hence, (x; , x) < (y; , y). The conclusion is verified. O

Theorem 3.1.1 illustrates that dom A* is a closed convex cone.

Example 3.1.1 Let C € £(X,Y) and K C Y be a closed convex cone. Define a set-
valued mapping A as A(x) = Cx + K. Then graA is a closed convex cone, hence, A
is a closed convex process.

In order to obtain the adjoint process A*, let us prove that the conjugate cone
(gra A)* can be expressed as

(graA)* = {(x*,y*) y* e K*, x* = —C*y*},

where C* is the adjoint mapping of C, and K* is the conjugate cone of K.> Suppose
that (x,y) € gra A, where y = Cx + k for some k € K. Consider

= (", Cx + k) + (=C*y*,x)

= (", Cx) + (=C*y*,x) + (y*, k)
= (y*,k)

>0

The last inequality is obtained from y* € K*. It illustrates (—C*y*,y*) € (gra A)*
for y* € K*.

If (x*,y*) € (graA)™, ie., {((x*,y*), (x.y)) = *,y) + {(x*,x) > 0 for every
pair (x,y) € gra A, theny = Cx + k, we have

y
C*y* +x*,x) + (y*, k). (3.1.2)

K is closed, hence 0 € K. Let k£ = 0. Then Inequality (3.1.2) leads to
(C*y* 4+ x*,x) > 0. Since A is strict, both x, —x € X, the above inequality results
in (C*y* 4+ x*,x) = 0 for every x € X. Consequently, x* = —C*y*. On the other
hand, let x = 0, then Inequality (3.1.2) leads to (y*, k) > 0. The inequality is valid
for every y € K. Consequently, y* € K*. Thus, we conclude

1 * ok * : A : * * : * *
On X*, x¥ — x; means unified convergence of functions. x; (x) — x; (x), i.e., (x,, ,x) — (xo ,x)
is convergent at every vector Xx.

ZRecall that K* = {x*; (x*,x) > 0,x € K}. K* is always closed.
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Ay = C*y*, y* e K*,
@,  y*¢K*.
O
From this example, we can draw two conclusions. At first, A is a strict convex
process but its adjoint process A* may not be strict. Second, A is a set-valued
mapping but its adjoint process A* may be a single-valued mapping on its domain.
In Example 3.1.1, if K = 0, then K* = X. Moreover, A reduces to a single-
valued mapping and A* defines on whole X and it is exactly the conjugate mapping
of A. It also illustrates that convex process can be treated as an extension of a linear

mapping.

3.1.2 The Norm of Convex Processes

This subsection defines the norm for convex processes. By the definition and the
properties of norm, the later will be given in the next subsection, we can further
understand that the convex process is an extension of the linear bounded mapping.

Definition 3.1.3 Suppose X and Y are two linear normed spaces, and A : X — Y is
a convex process. The norm of A is defined as follows.

Al = sup inf [y, (3.1.3)
x€domANB YEA(X)

where B = bd B is the shell of unit ball in X. If ||A|| < oo then the convex process
A is said to be bounded. O

From the definition, if A = 0, then ||A|| = 0. Furthermore, if A is with closed
value, then
sup inf ||y|| = sup inf Il
xedomANB YEA®X) xedoma YEAW) |x||

d(0,A(x))

x€domA [l
m (A(x))
sup
xedoma  [IX[|
= sup m(A(x)), (3.1.4)
x€domANB

ie, |A]l = sup m(A(x)). It implies that A # 0, the equation [|A|| = 0 may
x€domANB
hold, but if ||A|| = 0, then 0 € A(x) for every x € dom A.

Because A : X — Y is a convex process, for every a € R (> 0), we have

leAl= sup it PI_ 5 _ 51

= | =a sup _inf =
xedom(ad) YEXAX) ”x” xe€dom(A) Y=y, €A(x) “x” xedom(A) YEA () ”x”

allA]l.

The positive homogeneity holds for the norm of convex process.
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We now consider the triangle inequality of the norm of convex process. Let A;
and A, be two convex processes. By the distance definition, we have

d(0.A1(x) + Az(x)) =d (0,A1(x) + d (A1(x), A1 (x) + Az(x)) .

From the second term, we have

d(A1(x),A1(x) + Azx(x)) = inf d(y1,y2 +y3)

V1.y2€A1(x).y3€A2(x)

inf dyiy1+»
V1€A1(x),y3€A2(x) 1y »)

IA

= 0,0
=d(0,A2(x)).
Therefore,
d (0,A1(|)|C))C“-i- Az (x)) < sup “i” (d (0,A1(x)) +d (0,A5(x)))
d (0,A;(x)) . d (0,Ax(x))
R R x [lx]

By the second equation in Eq. (3.1.4), ||A1 + Az2|| < ||A:1]| + [|A2]l.
The above discussion shows that the norm defined in Definition 3.1.3 holds
similar properties to the norm of linear mapping, hence it is reasonable.

3.1.3 Fundamental Properties of Convex Processes

The target of defining the norm for the convex process is to extend the fundamental
theorems in Banach spaces to the convex processes. To prove these theorems, we
have to apply the Robinson-Ursescu theorem, whose proof is quite troublesome and
omitted. The readers who are interested in its proof are referred to Aubin and Cellina
(1984).

Theorem 3.1.2 (Robinson-Ursescu) Suppose X and Y are two Banach spaces.
F : X — Y is a set-valued mapping with closed and convex value. Suppose
yo € Int Im (F), i.e., yo is an inner point of Im(F) and xo € F~! (yp).®> Then there is
a constant / > 0 such that for every y € B (yo, /) and x € dom A, we have

1
d(x,F'(y) < ;40 F) (1 [l =xo]).

We give a remark to Theorem 3.1.2.

3x0 € F~! (y9) means yy € F (xo).
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Remark If we take x = xg, then under the conditions of Theorem 3.1.2, we have.
1 1
d(x. F7'() =, d (. F (%)) -

An alternative statement is that there exists an x € F~!(y) such that

1
[lx —xo|| < ) ly —yoll - (3.1.5)

Inequality (3.1.5) implies that F~! is lower semi-continuous at inner points of Im F.
]

We now apply Theorem 3.1.2 to verify properties of convex processes. We denote
L=1/L
Theorem 3.1.3 Suppose X and Y are two Banach spaces, and A : X — Y is aclosed

and convex process. If Im(4) = Y, then A~ is a Lipschitzian mapping.

Proof We prove that for two y;,y, € Y and x; € F~!(y;), which are selected
arbitrarily, then there exists an x, € A™! (y,) such that ||x; — x| < L |ly1 — y2||.

Because A : X — Y is a closed and convex process, 0 € A(0) or 0 € A~(0). We
now fix yo = 0,xp = 0 and apply Theorem 3.1.2, there is a neighborhood B(0, ¢)
such that for every y € B (0, &), there is an x € A~!(y) such that

Il < ZIyll - (3.1.6)

Because A is a convex process, Inequality (3.1.6) holds for every y € Y.

Now for two y;,y, € Y, by Inequality (3.1.6), there is an e € A™! (y, — y;) such
that |le|| < L |ly; — y2||. Take arbitrarily an x; € A~! (y;) and denote x, = x; + e,
then

2=y1+02—y1) €A()+A(e) CA(x1 +e) =A(xn),
i.e., x € A7 (y2). Thus, there exist x; € A~! (y|), x2 € A~! (y2) such that

X1 —xall < Lyt =2l - (3.1.7)

We give two remarks for Theorem 3.1.3.
Remark 1 Inequality (3.1.7) implies that A~ is lower semi-continuous. ]

Remark 2 Theorem 3.1.3 has an alternative statement: Under the conditions of
Theorem 3.1.3, for every open set O C X, A(O) is an open set in Y. The conclusion
can be proved as follows. For every xy € O, there exists € > 0 such that B (xg, &) C
0. We fix ayp € A (xp), and take y € B (¥, €l) arbitrarily. By Theorem 3.1.3, there



166 3 Convex Processes

is an x € A7'(y) such that ||x —xo|| < L|y—yo| < &. It implies B (yo,&l) C
A (B (x0,¢)) C A(O), i.e., A(O) is open. The alternative conclusion is sometimes
called as open mapping theorem of set-valued mapping. O

Corollary 3.1.2 Suppose X and Y are two Banach spaces. A : X — Y is a strictly
closed and convex process. Then there exists an L such that for arbitrary x;, x; € X,
we have

A(x;) CA(x2) + L|x; —x2|| B, (3.1.8)

where B is the closed unit ball in Y.

Proof A : X — Y is a strictly closed and convex process, by Problem 2 of this
section, A~! is a subjective, and closed and convex process. By Theorem 3.1.3, for
two vectors xj,x, € X and one vector y; € A (x;) which are all selected arbitrarily,
there exists y, € A (xz) such that ||y; — yz|| < L||lx1 — x2||. It is equivalent to y; €
ya + L|x1 —x2|| B,or A (x1) C A(x2) + L|jx1 —x2| B. O

Corollary 3.1.2 is also called as closed graph theorem. If x, = 0 and ||x;|| = 1,
then Relation (3.1.8) leads to A (x;) C A(0) 4+ LB. Hence if A(0) is bounded, so is
IA]l-

To end this section, we prove the uniform boundedness theorem. In functional
analysis, the theorem is also called as resonance theorem.

Theorem 3.1.4 Suppose X and Y are two Banach spaces. A, : X — Y is a set of

closed and convex processes where & € A and A is the set of indexes. If for every

x € X, there is a y, € Ay (x) such that sup {||y«||} < M,, there is a constant which
o

may depend on x, then sup ||A, || < oo.
o

Proof Define a single-valued mapping as follows:
Pu(x) = inf |ly| = d(0,Aq(x)) = m (Ag(x)).
V€A (x)

It can easily prove that p,(x) has the following properties:

(1) pq(x) is positively homogeneous.
(2) pa(x) is lower semi-continuous (in a space with finite dimension it is continu-
ous).

We further define

p(x) = Sup P (x).

By the conditions of the theorem, p(x) < M, for every x € X, p(x) is also
positive and positively homogeneous and lower semi-continuous (to see Sect. 1.4 of
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this book). Then p(x) is continuous at the origin. Hence there is a § > 0, for every
x € B(0,8), p(x) < 1. By the positive homogeneity, p(x) < §~! ||x||. Thus,

87 x|l = p(x) = sup pa(x) = supm (Aq (x)) .

It implies ||Ay|| < 87! forevery a € A. O

In functional analysis, resonance theorem is a very useful conclusion. In the
following, we prove a conclusion which is useful in the control system theory.

Theorem 3.1.5 Let U be a metric space, X and Y be two Banach spaces. For every

u € U, A(u) : X — Y is a closed and convex process where u is treated as a

parameter. If for every x € X, there is a y, € A(u)(x) such that sup ||y,|| < oo, then
u

the following statements are equivalent.

(1) u+— gra A(u) is lower semi-continuous.
(2) (u,x) — A(u)(x) is lower semi-continuous.

Proof The proof of (2) = (1) is direct. Indeed, if we fix x € X, then (2) implies (1).
(1) = (2). By the Problem 2 of Sect. 2.1, it is sufficient to verify that for
every sequence (u,x,) — (u,x)(n — 00), and every y € A(u)(x), there is
Yn € A (u,) (x,) such that y, — y (n — 00). We now prove the conclusion.
By the condition, u — gra A(u) is lower semi-continuous, hence, for (x,y) €
gra A(u) and u, — u, n — oo, there exist (x,,y,) € gra A (u,) such that (x,,5,) —
(x,y). The condition that for every x € X thereisay, € A(u)(x) such that sup ||y,| <

oo implies ||A(u)| is uniformly bounded by using Theorem 3.1.5, i.e., there exists
L such that ||[A(u)|| < L for every u € U. Thus, let us consider X, — x,, there is
Fn € A (uy) X, — x,,) with ||3,]| < L||X, — x,||. Because X, — x, — x —x = 0, we
have 3, — 0. Denote y,, = ¥, + y,, then

Yn = Yn +5’\n € A (up) (xn —X) +A (1) (}\n) C A (un) (xn)

and y, — y sincey, — y. O
Problems

1. From Definition 3.1.1, prove that 0 € A(0) for convex process A.

2. Prove Lemma 3.1.1.

3. Prove that if A(x) is convex process then A~!(x) is also convex process.

4. Suppose X and Y are two Banach spaces, L C X, M C Y are two closed and

convex sets, and f € L (X, Y). Define

f(x)—M,x €L,

Fey = o] x¢L.
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Prove the following conclusion:

(1) F'(y) = {x; x ey + M};

(2) Suppose yo € Int (f(L) — M), then for every xo € F~'(y), there
exists / > 0 such that for every y € B(y.l), d(x,F7'(y)) =<
Ld (f(x) —y. M) (1 + ||x — xol|), where L = ™.

5. Suppose X and Y are two Banach spaces, A : X — Y is a closed and convex
process. K C X is a closed convex cone and K — domA = X. Let A|g is the
restriction of A on K, then

A* (y*), y* € dom (A™),
J, otherwise.

(AlR)* ) =

6. Suppose X and Y are two Banach spaces, A : X — Y is a closed and convex
process. K C X is a closed convex cone and K —domA = X. Then

(AK)* = (") (K*).

(The conclusion is also called dual polar theorem. It is a fundamental result of
adjoint process.)

3.2 Convex Processes in Spaces with Finite Dimensions

In this section, we restrict ourselves in the n-dimensional space, i.e., we consider the
convex processes in R”. The main target is to give the construction characteristics
of a convex process and show that it can have a Jordan-like construction which is
one of main properties of the matrix.

3.2.1 Adjoint Processes in n-Dimensional Space

Let us start to recall that definition of adjoint process of a convex process.
If A : X — Y is a convex process, then its adjoint process A* : ¥ — X is defined
by for every y* € Y,

A (y*) = " (" x) < (0%, y) . (x.y) € gra A},

By Lemma 3.1.1, we have that (y*,x*) € gra A* if and only if (—x*,y*) €
(gra A)*.
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Theorem 3.2.1 Suppose A; : R" — RP; A, : R? — R* are two convex processes.
Then we have the following conclusions:

() If p = g, then AA; : R" — RF is a convex process. Furthermore, if
riint (Im A; N dom A,) # &, then (A,A1)* = ATAS;

2) If p =k, ¢ =nandint (domA; Ndom A;) # &, then A; + A, is a convex
process and (A; + A;)" = AT + A3,

Proof The proof of (1) consists of three steps.
(i) Define two sets K, K> € R” x R? x RF as follows:

K = {(x,y,2);(x,y) € graA;} and K, = {(x,¥,2);(y,2) € graA,}.

Because both graA; and graA, are convex cones, K; and K, are also convex
cones. From the definitions of K; and K, it is direct that (x,z) € gra AA; if
and only if there is a y € R” such that (x,y,z) € K; N K. From the condition
riint (Im A; Ndom A,) # @, it can be proved that reint K; Nreint K, # <. Then
by the Problem 9 of Sect. 2.1, we have

(K1 NK>»)* =cl (K] +K3).

(ii) We now prove that K + K7 is a closed set by contradiction. If K + K}
is not closed, there is a ¢* € cl (Ki" + K;‘) but ¢* ¢ (K;" + K;) There exist two
sequences {a}} C K} and {b}} C K3 such thata} + b} — ¢* (n — 00).

We then conclude both {a'} and {b,} are bounded. If {a,} is not bounded,
{a’} has a subsequence {al’;‘k} — o0o. Without lose of generality, we can assume
{aX} — oo. Since a}/ |a¥| € dbB where dbB is the closed shell of unit ball of
R” x R? x R¥, {aZ / } ay } has a convergent subsequence, without loss of generality,
we can assume ai/ |a}| — a* € K} N dbB. Consider now (a} + b) / |ar| —
c*/ |at| = 0(n — 00), hence b}/ |ak| — —a* € K3.

Denote a* = (x,ys. 25 ). Because a* € K7, for every (x,y,z) € K,

(x5, x) + (5. ) + (z9.2) = 0.

In K, z is not restricted, it leads to z; = 0. From —a* € K; , a similar discussion
results in xj = 0. Hence a* = (0, y;, 0) where yj € R, |yg H = l since a* € db B.
Moreover, (y;,y) > 0 for every y € Im A;; on the other hand, —a™* € K7, (ya‘, y) <0
for every y € dom A,. It follows (y;,y) = 0 fory € Im A; N dom A,. By the
condition that riint (Im A; Ndom A;) # &, we have yj = 0. It contradicts to
Hyg H = 1. Itfollows ¢* € K| + K5. K} + K is closed.

(iii) At last, we show gra(A>A,)* = gra (ATA3). Suppose (z*,x*) € gra(4,A;)*.
By Lemma 3.1.3 (1), it is equivalent to (—x*, z*) € (gra A»A;)”*. It is equivalent to

(=x*,x) +(0,y) + (z*,2) =0 for (x,y,z) € K} NK>.
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Hence (—x*,0,z*) € (K1 NKy)* = K + K5 There exists a y* € R”, such that
(—x*,y*,0) € K{ and (0, —y*,z*) € K3, ie., (y*.x*) € gra A} and (z*,y*) €
gra A3. It is just (z*,x*) € gra (ATA;) The procedure can be deduced inversely.
Thus, we verify the conclusion.

(2) The conclusion (2) is verified by using the result of (1). We define three
mapping as follows:

M, :R" - R"xR", M|(x) = (x,x)
M, : R" x R*" — Rk X Rk, M, (xl,xz) = {(yl,yz);yl EA] (xl) , V2 €A2 (XZ)}
M3ZRkXRk—>Rk, M;3 (x1,x2) = x1 + x2

M, and M3 are linear single-valued mappings, using Example 3.1.1, we have
MY (,3) = 7 405 and MY (%) = (™, )").

We now prove M3 (yf.y3) = (AT (y}).A5 (v5)). Suppose (xf.x3) €
M3 (v§.y5). Then,

O + O05.02) = (6Fox) + (5, x)

where y; € A (x1) and y, € A; (x») all variables can be selected arbitrarily in their
reasonable ranges. A; is a convex process, consequently, Ay; € Ay (Ax;) for every
A > 0. The above inequality leads to

O Ayt + (05, y2) = (6 Ax) + (65, x2) .

Let A | 0, it leads to (y;‘, yz) > (x;,xz), orxj € A} (y;) Similarly, x] € A} (y’f)

Itis obvious that A; +A, = M3M,M,. Itis direct to show A; +A,, M, M, and M3
are all convex processes, and ri int (Im M; N dom M,) # & and other conditions
required by (1). By result (1), we have (A; + A2)* = M}M3 M5, and

MYMEMG (v*) = MM5 (v*.y*) = M} (ATy*, A3y*) = Aly* + A3y*,

for every y* € domA} N domA3. O

We have mentioned that for a single-valued linear bounded mapping A : X — Y
we have (y*,Ax) = (A*y*,x), where A* is the adjoint mapping of A. When A is a
set-valued mapping, both Ax and A*y* may not be unique. Theorem 3.2.2 gives an
extended result for the equation.

Theorem 3.2.2 Suppose A : R* — R™ is a convex process, xo € int dom A and
¥y € dom A*. Then

sup (A* (y3) . xo) = inf (y5. A (x0)) .

where (A* (y5).x0) = {(x*.x0); x* € A* (y§)}, and (v5.A (x0)) has a similar
definition.
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Proof Define a single-valued function @ : R* — R as follows
®(x) = inf {00.9) +8((x,y) . graA)},

where y5 € dom A* is fixed, and 6((x,y),graA) is the indicator of graA. From
Problem 6 of Sect. 1.3, ®(x) is a convex function. The proof consists of three steps.

(1) For every x € dom A, ®(x) > —o0.

This conclusion is verified by contradiction. If ®(x) = —oo, then there is y; €
A(x),k=1,2,...,suchthat (yS , yk) — —oo0. From the definition of adjoint process,
we have (yg, y) > (x*,x) where x* € A*y* can be selected arbitrarily. After x* is
determined, the right side is a constant. Hence (ya‘, yk) — —oo0 is impossible. We
have a contradiction.

(2) @**(x) = ®(x) when x € int dom A.

When xy € int dom A, there are at most n+ 1 vectors x; € dom A,
n+1

i = 1,2,...,n + 1, such that x, = Z/\,-x,-. A is a convex process, hence,

i=1
co (x1,X2,...,X,+1) C domA. It follows that ® (xo) < max{® (x;); i = 1,2,...,
n+1} since ®(x) is a convex function. ®(xp) is bounded by conclusion (1), therefore,
there is neighborhood of xp, ®(x) is bounded at the neighborhood. By Lemma 1.3.1,
®(x) is a locally Lipschitzian function. At last we conclude that ®(x) is continuous
at x in the neighborhood. By Theorem 1.4.6, ®**(x) = ®(x) when x € int dom A.

3) sup( * (yg) ,xo) = inf(y(’)",A (xo)).
By the definition of conjugate function, we have

D (x0) = sup {(x*. xo) — @ (x¥)} . (3.2.1)

Similarly, from ®**(x) = ®(x), ®* (x*) is
P* (x*) = sup {{x,x*) — P(x)}

= sup § (v.x") — nf ({.5) + 6 ((x.y) . grad)
= sup {{x.x") = {¥5.¥) = 8 ((v.y) . grad)}

X,y
sup {((X, y) ’ (-x*a _y;)) =3 ((X, Y) ’ graA)} .
X,y

The equation shows that ®* (x*) is just the conjugate function of indicator function
8((x,y), grad), ie., ®* (x*) = S ((x*, —yy) . gra A). By Eq. (2.1.4), we obtain

O* (x*) = S((x*, —y5) . gra A)

5 (1 29) —(era Y
5 ((-x*3%) - e A)’)
5 (5. . ra 4°).
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where the last equation obtains from Lemma 3.1.3 (1). Substituting it into
Eq. (3.2.1), we have

sup { (" x0) — 8 ((37.x") . ra A*)} = @ (x0) = inf {(¥5.3) + 8 (0. 0) . gra A)} .

X

The conclusion is implied. (|

Theorem 3.2.3 Suppose A : R” — R™ is a strictly convex process. Then the
following conclusions are valid.

(1) A is a Lipschitzian mapping and its Lipschitzian constant can be ||A||
(2) If y* € dom A* and x* € A* (y*), then ||x*|| < ||IA]l ly*|I-

(3) dom A* is a closed convex cone.

(4) Ondom A* N (—dom A*), A* is a linear single-valued mapping.

Proof (1) By Inequality (3.1.5), A is a Lipschitzian set-valued mapping. We now
verify its Lipschitzian can be ||A]|.

Suppose that x;,x, € R" and x; # x;. Denote ¢ = ||x; — x| and x3 =
a™' (x; — x), then ||x3]| = 1. By the definition of norm of convex process, for every
& > 0, there exists y3 = y3 (¢) € A (x3) such that ||y;|| < ||A|| + &. Let y, € A (xp)
and y; = y, + ay;. Because x; = x; + axs, A (xz) + A (ax3) C A (x1). It implies
y1 = y2 + ay; € A (x;). Then

Iyt =y2ll = allysll < (Al + &) a = (Al + &) [x1 — 22 - (3.22)

The above discussion illustrates that for every y, € A (x,), thereisay; € A (x;) such
that Inequality (3.2.2) holds. It implies A (x2) C A (x1) + (|A|l + &) ||x2 — x1|| B,
where B is the closed ball of R™. The ¢ can be selected arbitrarily, thus, A (x;) C
A (x1) + ||A]l llx2 — x1|| B. The conclusion (1) is verified.

(2) Suppose y* € dom A* and x* € A* (y*). If x* = 0, then the conclusion is
true. We now assume that x* # 0. By the definition of adjoint process, (y*,y) >
(x*, x) for every (x,y) € gra A. If we take x = ||x*||"'x*, then (x*,x) = ||x*|| <
(y*, ). On the other hand because ||x|| = 1, there is ay € A(x) such that |y| <
|A|| + ¢ for arbitrary & > 0. By this y, we apply Schwarz inequality and can obtain

Il = 6% y) < YT < (AT + &) 1y*Il-

The ¢ can be selected arbitrarily, the conclusion is implied.

(3) It is sufficient to prove dom A* is closed. Suppose yi € dom A* and y} — y5.
Forevery y;, thereisanx} € A* (y:) and ||x: H < |A]Jl Hy,’f H It follows that {x:} has
a convergent subsequence. Without loss of generality, we assume {x; { is convergent,
x¥ — xg. Hence (y¥.x¥) — (v5.x5). gra A* is closed, consequently, xj € A* (y5),
ie.,y; € domA*.

@) By |Ix*|| < Al IY*]l, if y* = 0, then x* = 0, i.e., A*(0) = {0}. Because
dom A* N (—dom A*) is a linear subspace of R™, by the illustration after Corollary
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3.1.1, The restriction of A* on dom A* N (—dom A*) is a single-valued linear
mapping. ]

It is obvious that dom A* N (—dom A*) is the largest subspace in dom A*. The
conclusion (4) illustrates that on this subspace A* is a single-valued mapping. We
note conclusion (1) can be extended to Banach spaces X and Y.

For Theorem 3.2.3, we have two remarks.

Remark 1 Let x, = 0 and y, = 0, Inequality (3.2.2) leads to |y (¢)]] <
(JJA]l + &) ||lx1]| where y; (¢) = y2 + aysz (¢) € A (x1). Hence, {yi(¢)} is bounded
and has a convergent subsequence. Suppose y; (&,) — y(l), then y(l) € A (x)) since
A(x)) is closed. It further leads to ||y(l) || < ||A|l |lx1]]- The conclusion can be stated as
for every x € dom A, there is a y € A(x) such that ||y|| < ||A]| ||x||. The property can
be treated as an extension of norm of linear single-valued mapping. O

Remark 2 Using Remark 1 to A*, for every y* € dom A*, we have x* € A* (y*)
such that ||x*| < |JA*| ly*||. However, the conclusion (2) of Theorem 3.2.2 is
lx* | < Al lly*|| for every x* € A* (y*). It implies ||A*| < ||A]. d

3.2.2 Structure of Convex Processes

We, in this subsection, deal with the structure of convex process on finite spaces.
We will show that convex processes have Jordan-like structure.
A set A C R" is said to be proper if it does not contain a subspace of R".

Definition 3.2.1 Suppose A : R* — R”" is a convex process, x € R" is a nonzero
vector. If there exists a A € R such that Ax € A(x), then A is an eigenvalue of A, and
x is an eigenvector of A with eigenvalue A. (]

Differing form the eigenvalues of a matrix, we require here that the eigenvalue is
real. Hence a real matrix may have no eigenvalue.

Lemma 3.2.1 Suppose K C R” is a nonzero and proper closed cone, and A : R" —
R" is a bounded and closed convex process. K and A also satisfy the following
conditions:

(1) KCdomA
(2) Foreveryx € K,A(x) NK # &
Then there exists an x € K, x # 0 and A > 0 such that Ax € A(x).
Proof (1) At first, the conclusion is verified for a stronger condition that A(x) N

reintK # @ for every x € K and x # 0.
Define a set 2 as follows:

Q = {w € RT; there exists an x € K N B such that (A(x) — wx) NK # @},
(32.3)
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where B is the shell of the unit ball. The condition A(x) N reintK # < implies
w € Q for sufficiently small w > 0, then Q # @.

We prove that Q2 is bounded. If there is a series {w;; i =1,2,...} such that
w; € Q and w; — 00 (i — 00). Then for every w; there is an x; such that x; € KN B
and A (x;) — wix; € K. The sequence {x;} is bounded so that it has a convergent
subsequence; without loss of generality, we assume x; — x. K is closed, hence x €
K NB. On the other hand, a)i_lA (x;) —x; € K. Because the set {A (x;),i = 1,2,...}
is bounded, when i — oo, we obtain —x € K N B. But by the condition of theorem
K is proper. The contradiction illustrates €2 is bounded.

Because K is closed and A is with closed value, by a similar discussion, we
can conclude that Q is closed. Thus, there is wy = max Q and wy > 0. For this
o, there is an xyp € K N B such that (A (xo) — woxp) N K # &. We now prove
(A (x0) — woxp) N K = {0}. Let zg € (A (x9) — woxo) N K. Then

20 20 20 <0

A — DA A — —
(xo + Zwo) o (xo + Zwo) (x0) + (Zwo) @ox0 =
0 0 (3.2.4)

where we apply zp € (A (xo) — woxp) at the last relation. If zy # 0, then zo /2wy # 0,
and A (zo/2wp) NreintK # & by the condition (2) of the theorem. Because K is
a convex cone and zo/2 € K, (A (z0/2wo) + 20/2) NreintK # &. By Relation

(3.2.4),
20 20 .
Alxo+ —wo | xo + NreintK # @. 3.2.5)
2wo 2wy

20

-1
200 (xo + zza‘jo), then yp € K N B. Relation (3.2.5) implies

Denote yg = on +

(A (yo) — woyo) NreintK # O.

It means that we can increase wg to be wy + Aw with a small Aw such that
(A (yo) — (wo + Aw) yo) N K # @. It contradicts that wy = max Q2. Therefore,
70 = 0, 1.e., woxp € A (xp). It is equivalent that xy is an eigenvector and wy > 0 is its
corresponding eigenvalue.

(2) We extend the conclusion to the case that A(x) N K # &.

K is a closed convex cone, there exist relative inner points. Hence we can fix an
x. € reintK and define a linear single-valued mapping Ay : R* — R”" as follows:

Ac(x) = k! (%, x) xc.
It is easy to verify that foe every k > 0 and x € R" Ax(x) NreintK # &.

We now consider the set-valued mapping (A + Ap) (x) = A(x) + k' (x., x) x..
The mapping holds the property that for every x € K, x # 0, (A+ Ap) (x) N
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reint K # &. Then using the result of (1), we conclude that there is a w; > 0 and
xr € K N B such that

ok € (A + A) () = A () + k" (e, xi) xe

Without loss of generality, we can assume w; — wg, Xy — Xg as k — oo. It follows
wp > 0 and wyxg € A (xp). Thus, we end the proof. O

Let K C R" be a convex cone, and A : R" — R” be a convex process. K is said
to be an invariant cone of A, if for every x € K, A(x) C K. If K C R" is a subspace,
then K is said to be an invariant subspace of A. The facts are denoted by A-invariant
cone and A-invariant subspace, respectively.

Suppose A : R" — R”" is a strict closed and convex process. By conclusion
(4) of Theorem 3.2.3, the restriction of A* on dom A* N (—dom A*) is a single-
valued mapping. Let S be the maximal A*-invariant subspace contained in dom A* N
(—dom A*). We further denote 7 = S*. In the following, we will prove that T is the
minimal A-invariant subspace of A, i.e., if there is a subspace T such that AT} C T
andT) C T,then T, =T.

We have mentioned that the restriction of A* on S is a single-valued linear
mapping and S is an A*-invariant subspace. Consequently, the mapping A*|¢ can
be described by a square matrix. Let S; C S be a minimal A*-invariant subspace.
Then, from the conclusion of linear algebra, dimS; = 1 or 2 when we restrict
ourselves on the real field. If dim S; = 1, then S is an eigen subspace with a real
eigenvalue. If dim S| = 2, then

-l 1)

under a basis selected appropriately. In the complex field, A*|g, has two eigenvalues
o +if and o —iB, and S is spanned by real and imaginary parts of eigenvector of
a+ip.

Lemma 3.2.2 T is the minimal A-invariant subspace.

Proof Letx € T and y € A(x). For every y* € S, the set A* (y*) has only one
element and A* (y*) € S. Then by the definition of adjoint process, we have

Oy = (A% (") .x)=0.

The last equation comes from the fact that x € T = St. S is a subspace, hence
—y* € §, and we have also (—y*,y) > (A* (—y*),x) = 0. It implies (y*,y) = 0,
ie.,ye€ S1 = T. T'is A-invariant.

We now prove that T is a minimal A-invariant subspace by contradiction. If there
is another subspace T) C T, T; is A-invariant. Because 0 € T}, A(0) C 7). By the
conclusion (5) in Lemma 3.1.3, (dom A*)* = A(0) C 7.
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Let v* € TlJ-, then for every x € (domA*)*, {(x,v*) = 0, ie., v* €
((dom A*)*)* = dom A* by the property of conjugate cone. Consequently,
dom A* D TlJ-. By a similar discussion, we can have —dom A* D TlJ-, Hence
dom A* N (—dom A*) D TlJ-. Denote S} = TlJ-, then dom A* N (—dom A*) D
S1DS.

We prove now S; is A*-invariant. Let y* € S, and x € T be two arbitrary
vectors, and y € A(x) € T be selected arbitrary too. Then by the definition of
adjoint process,

A* (") .x) < ")) =0,

the last equation is valid since T is A-invariant. Replacing x by —x, then —x € T
and (A* (y*),—x) < 0. It leads to {(A* ()*),x) = 0, i.e, A*(y*) € T = S.
S| is A*-invariant. We have assume that S is the maximal A*-invariant subspace in
dom A* N (—dom A*). Hence S = Sy, s0 T} = T. O

Suppose A : R" — R" is a convex process and [ is the identical mapping on R".
Then for every A € R, A— Al is also a convex process. Moreover, (A — A~ is also
a convex process. By Theorem 3.1.3, if A is a closed convex process and ||A|| < oo,
then (A — A7 is a closed convex process and its norm is also finite. Moreover,
(A— AI)_k is a closed convex process with finite norm for every k € N. We now
define a set Li(A) as follows:

LA =@A-ADX0), k=1,2,....

Li(A) is a closed convex cone for every k € N. It is obvious that L,, (A) D L (4) if
m > k. We further denote

L) = YL ().

Let o (A*) be the set of all eigenvalues of A*. Then o (A*) is a bounded set
provided that ||A|| < oo, and ||A] is a upper boundary. Let A, (A*) be the maximal
eigenvalue of A*. Particularly, if 0 (A*) = &, then we set Ay (A*) = —o0.

For the sake of convenience, we denote By = A — Al, and if A is given, we
simplify By by B. By Theorem 3.2.1, B* = A* — Al It s east to verify the following
facts and all proofs are omitted.

(1) dom B =dom A

(2) dom B* = dom A*

(3) K is an A-invariant subspace (convex cone) if and only if it is B-invariant
(4) K is an A*-invariant subspace (convex cone) if and only if it is B*-invariant

By the definition of eigenvalue, if A > A, (A*), then (B*)%(0) = {0} for every
k eN.
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We are ready to prove the main result of this subsection. From now on, S is
denoted as the maximal A*-invariant subspace in dom A* N (—dom A*).

Theorem 3.2.4 If S = {0} and A > A (A*), then L (1) = R".

Proof 1t is sufficient to show that (L (1))* = {0} for the conclusion L (1) = R".
We have the following equations.

(L))" = (B™(0)" =clim (=(8)") = clim (~(8)").

where the second equation is valid by conclusion (6) of Lemma 3.1.3, we apply the
closure since K** = cl K for every convex cone K; the third equation is due to the
conclusion (1) of Theorem 3.2.1.

Denote

_ . ok
M= leChm (B¥)". (3.2.6)

M is a closed convex cone. To prove (L (A))* = {0}, it is sufficient to prove M =
{0}. The fact is verified by contradiction. Hence, we assume M # {0}. The proof
consists of four steps.

(1) For every k € N, im (B*)" is a closed set.

We have

(B*)™(0) = —(B")"(0) = —(dom B™)",

where the first equation is the conclusion (2) of Lemma 3.1.3, and the second
equation is obtained from conclusions (5) and (4) of Lemma 3.1.3. {0} = (B*)_k 0)
as mentioned before the theorem, hence domB* = R”, i.e., BF is strict. By the
remark given after Theorem 3.1.1, dom(B_k)* is a closed convex cone. By the
conclusion (2) of Lemma 3.1.3 again, —dom(B~%)" = dom(B*)*. The right side
is exactly equal to im (B*)*. Hence, im (B*)* is closed. Thus, Eq. (3.2.6) can be
written as
. -
M = kgl im (B ) . 3.2.7)
() (B*)™' (x*) N M # & for every x* € M.
By Eq. (3.2.7), x* € M implies x* € im (B*) for every k € N. Hence, there is
ay; such that (B*)" (yf) = x*. It means there exists a sequence {y} o, Y7 ... ..V} ]
such that

Yik = Vi Vi1 € BT (vix) - V0, € B (ylt,z) Vro =X"€B” (y;:,l) )

ie., y,’:’i € B* (y,’f’iH) fori = 1,2,...,k — 1. Thus, we obtain a two-dimensional
sequence as follows:
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k=1,x*y;
k=2,x*% 951,550

k=n, Xy Vs Ynine o> Yaus
From the second column, we obtain y;, € (B*)™' (x*) for k = 1,2,...; from
the third column, we have y; € (B*)_2 (x*)fork=2,3,...;...... ; from the ith

column, we have yy; € (B*) ™' (x*)fork =i,i+1,...; ... ....

By Theorem 3.1.3, B~k || is bounded for every k € N. Thus, from conclusion (2)
of Theorem 3.2.3, for every i € N, the infinite sequence {y;, . k =i,i+1,...} is
bounded and holds a convergent subsequence. Let {y,fl,l} C {y,f,l} be a convergent

subsequence. Furthermore, from the subsequence {y,fl’z} C {y,f,z}, we can obtain
a convergent subsequence {y,fz’z} C {y,f1 2} By this way, we can obtain {y,fi’l-} C
(i) € k) (e} is a convergent sequence. Let y! be the limitation of series
{f ;}- Then y; € B* (y%,,) for every i € N. Thus, y¥ € (B*)* (y},,).....y} €
(B*)F (Y;'k+k)’ ... ... . Therefore, y* € im(B*)" fork € N, i.e., yi € M. Particularly,
fory¥, y¥ € (B*)™' (x*) N M.

(3) M N (—M) = {0}, i.e., M does not contain a subspace of R".

Suppose N = M N (—M). If there is a nonzero vector g € N C M, then by the
second part of the proof, (B*) ™' (9) "M # @. Because M C im B* = dom (B*)™",

we obtain N C dom (B*)™' n (—dom (B*)_l). The (B*) " '(q) " M # & implies

(B*)"'(g) € M. By the same reason, form —g € N, we can obtain (B*)~' (—q) € M.
Restricted on N, (B*) " is a single-valued linear mapping. Hence, (B*)™! (—q) =
~(B*)" (@), (B*) '(9) €M N (—M) = N.

We have mentioned that (B*)™'(0) = {0}. It implies that on subspace N, the
linear mapping (B*) ™" is one-to-one. We obtain B*(N) C N. S is the maximal B*-
invariant space in dom B* N (—dom B*), hence N C S. The condition of theorem
assumes that S = {0}. It contradicts with ¢ € N and ¢ # 0. We therefore conclude
that M N (—M) = {0}.

(4) A* holds an eigenvalue which is large than A.

The above proofs in (2) and (3) illustrate that closed convex process (B*)
satisfies all conditions given in Lemma 3.2.1. Hence, there is an nonzero vector
x* € M which is a eigenvector of (B”‘)_1 and whose eigenvalue u is nonnegative.
Moreover, {0} = (B*)"'(0), consequently, z > 0. Thus,

-1

ux* e (BY) 7 (%) = (A* —a0) T (v*),

1
/X—i-)*GA* *’
(o t)eere

i.e., x* is a eigenvector of A* and its eigenvalue is A + (1/p).
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It contradicts the assumption that A > A, (A*). The contradiction implies
M = {0}. O

Remark It is obvious that Ly (1) C Ly (A). If Ly (A) = Lg+; (1), then
Liya (D) =A=AD""Lipt W) = A= AD'Le M) = Lyt (A)

Thus, we can conclude Lyy; (1) = L (A) foralli =2, ....

We now assume ko is the least integer such that Ly, (A) = Ly+1(A) and
Liy—1 (A) # Ly, (A). When the conditions of Theorem 3.2.4 are satisfied, Ly, (1) =
R", ie., (A—AD)7*(0) = R”, or im(A — AI)* = {0}.

It implies that there exists a vector x € R", x # 0 such that (A — A)®(x) = 0
but (A — AI)*"!(x) # 0. Then we can find nonzero vectors y;, ya,--- , Yk, such
that

Ay1 €A(n),
i+ Ay €A(y2),
(3.2.8)

Yio—1 + A'yko €A (yko) B
Yikog = X.

The procedure illustrates under the conditions of Theorem 3.2.4, (1) y; is an
eigenvector of A and its eigenvalue is A; (2) A holds infinite eigenvalues; (3) Relation
(3.2.8) provides a Jordan-like structure of A. [l

Theorem 3.2.5 If the conditions of Theorem 3.2.4 are satisfied, then ky < oo.

Proof There is a simplex co (xj, xa,...,X,+1) With vertexes x, xz,...,X,+1 such

that the origin is an inner point of the simplex, i.e., 0 € int co (xi,x2,...,Xu+1).

Because L(A) = kU L (A) =R", there is a k; such that x; € Ly (1) for i =
>1

1,2,....,n+ 1. Let ko = max {k;}. Thenx; € Ly, (A) fori =1,2,...,n+ 1. L, (1)

is a closed convex cone, x € Ly, (1) for every x € co (x1,x2,...,X,41). It implies
there is a ¢ > 0 such that B (0, &) C Ly, (1) because 0 € int co (x1,x2,...,X44+1).
Ly, (1) is a cone, consequently, for every x € R" x € Ly, (4). O

To state the last conclusion of this section, we recall prevalent conclusions of
linear algebra. Let X be a linear space, V C X be a subspace. For every x € X,
we can construct an equivalent class {y;y —x € V}. The class is denoted by x or
x + V. 1Itis easy to verify that these x’s construct a linear space with the operations
x1 + x2 = x1 + x» and ax = ax. The linear space is called the quotient space of X
related to V and denoted by X/V. 0 = V is the origin of X/V. P : X — X/V with
Px = xis called the natural projection (or projection for simplicity) from X to X/V.
P! X/V — X is a set-valued mapping, for every x € X/V, P 'x = x + V.

Suppose A : X — X is a linear mapping, and V is an A-invariant subspace. Then
A can induce an linear mapping A : X/V — X/V defined by Ax = Ax. By the
definition of projection, we have APx = Ax = Ax = PAx for every x € X. Hence



180 3 Convex Processes

Fig. 3.1 The interchanging A
of linear mapping and X > X
projection
P P
XVV—>XV

PA = AP. The fact is often described by an interchanging plot (Fig. 3.1). In Fig. 3.1,
there are a starting point X at the upper left corner and a terminal point X/V at the
lower right corner. From the starting point to terminal point, there are two ways.
The plot is said to be interchangeable if gains of the two wags are equal, i.e., PA, the
gain of X — X — X/V, is equal to the gain of X — X/V — X/V, AP.

We now assume that X is an n-dimensional space R”, {x,—,+1, Xp—p+2, - - - » Xn}
is a set of basis of V, then we find x,x,...,x,—, such that {x;,x;,...,x,—;
Xn—v+1sXn—v+2, - - - , Xn} form a set of basis of X. By the basis, X/V is isomorphic
to Span {x1, x2, ..., X,—y,}. V is A-invariant, the mapping A has its matrix form of
Ay Av ]’
n—vy n
P=[I 0], andA =Aj.Letx € X.Thenx =Y axi+ Y  bjxjwherea;, b; € R,
i=1 j=n—v
n—vy

i=12,....n—v;j=n—v+1,....,nx = Px = Zaixi. If y = x, then

i=1

n—vy n
y= Zaixi—i— Z ¢jxj, where ¢; € R,j = n—v+1,...n can be selected arbitrarily.
i=1 Jj=n—v
n—v

There is an xy = Z a;x; € X such that xy = x. The x is called exact representative

of the setx = x +l Vl. Although x¢ and x belong to different spaces, their expressions
are identical. Consequently, we often do not distinguish them. The topology of X/V
is defined to be the topology of Span {x;,x,, ..., x,—,}. It is also obvious that xy =
m (P71 (9) and |lxlyyy = [xolly = [ (P~ @)

We return to consider the convex process. Suppose A : R” — R” is a convex
process, V is an A-invariant subspace. By the discussion above, we can construct a
quotient space R"/V and an induced process A : R"/V — R"/V where A is defined
as A (x) = A(x).

By the definition, PA(x) = A(x) = A(x) = A(Px) = AP(x), i.e., PA = AP.
Figure 3.1 is still valid for convex process and its induced process.

The following lemma is fundamental for the induced mapping.
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Lemma 3.2.3

(1) The mapping A is well-defined, i.e.,if x = y (i.e.,y € x+V), then A (x) = A (y).
(2) ye A(x)ifandonlyif (y+ V) NA(x) # @.

(3) A:R"/V — R"/V is a convex process.

(4) If A is closed, then A is also closed.

Proof (1) Ifx = y,ie,y = x+ vforsomev € V,then A(y) = A(x+v) D
A(x) + A(v). Vis A-invariant, hence A(y) + V D A(x) + V. By the same procedure,
we can obtain A(x)+V D A(y)+V. Thus, A(x)+V = A(y)+V,i.e., PA(x) = PA(y),
or A(x) = A(y).

(2) y € A(x) = A(x). By the definition of quotient space, y € A(x) + V. It is
equivalent to (y + V) N A(x) # @. The procedure can be inversed. (2) is verified.

(3) A is a convex process, hence graA is a convex cone. For (x1,y,), (x2,¥,) €
gra A, thereexistv; € V, i=1,2,3,4suchthat (x; +vi,y;+v2), (xa+v3, y24+vs) €
gra A.

A1 4+v)+ A=) 2 +vs) € XA +v) + (1 =) A (x2 +v3)
CA(A(xl+V1)+(1—/\)(X2+V3)) .

Then
PAG1+va) +(1=2)02+va) € PAA (1 +vi) + (1 = 4) (2 +v3)) .
The projection P is a linear mapping, consequently,

AP(y14+vi)+ (1 =A)P(2+wvy) € APA(x1 +vi) + (1 —=A) (x2 +v3))
=AAP(x +vi)+ (1 —2A)P(x2+v3)),

or
A+ A=)y, e Adxi+ (1 —2A)xy).

(4) A is a closed convex process, i.e., graA is closed. gra A = {(PA(x), Px)}, by
the topology defined for R?/V graA is closed.
Thus, we complete the proof of Lemma 3.2.3. (]

Recall the definitions of subspaces T and S. T is the least A-invariant subspace.
S = T+, S is the largest A*-invariant subspace contained in dom A* N (—dom A*).
S is isomorphic to R"/T. If dimT = v, we can select a set of orthogonal basis
of R” such that the vectors in S and T have the forms of [x; - --x,—, O-~~O]T and
[0---0 xp—p41 --~xn]T, respectively. By this way, every vector x € R”, x = x5 + xr
where xs € S and xp € T, xs and x7 are determined uniquely by x. Because S is
isomorphic to R" /T, the vector in R"/T is also denoted by xs.
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Lemma 3.2.4 Suppose A : R" — R” is a strictly convex process. S and T are
spaces defined before Lemma 3.2.2. A is the induced mapping of A on R”/T. Then
we have

1) A: EQ" /T — R"/T is a single-valued linear mapping.
() (A) = A*.

Proof (1) It is sufficient to verify that A (x) = PA ([xg O]T) has only one element

where [x5 0] is the exact representative of x + T.

If there is an x € R"/T such that p,g € A(x), p # g, then there is an s* €
S ~ R"/T such that {p, s*) < (g, s*). By the definition of adjoint process, we have
{x,A* (s*)) < {(p v).(s* 0)) = (p,s*) since p € A (x) then there is a v such that
[p v] € A(x). We have mentioned after Lemma 3.2.1, on § A* is a single-valued
linear, replacing s* by —s*, we obtain (x, A* (—s*)) < (p, —s*), or {x,A* (s*)) >
(p,s*). Hence {x,A* (s*)) = (p, s*). Similarly, we can obtain (x,A* (s*)) = (g, s*).
A contradiction appears.

Thus, we conclude that A (x) has only one element for every x € R"/T.

(2) Because A (x) = PA ([x§ o]T), this means PA : X — X/V, (PA)* : XV —
T
X. By Theorem 3.2.1, (PA)* (x*) = A*P* (x*) = A*[(x;)T 0] = A%l (x2).
Hence, (A)* = A*|. O
The next corollary is the corresponding results for adjoint processes.

Corollary 3.2.1 Let (A*) be the induced mapping of A* on the quotient space R"/S.
Then we have the following conclusions.

(1) (A*) :R"/S — R"/Sis a closed convex process.

(2) x* € (A*) (") if and only if (x* + §) N A* (v*) # @.
(3) (4% = (Al)".

(4) dom(A*) does not contain any (A*)-invariant subspace.
(5) The eigenvalues of (A*) are all those of A*.

Proof The proofs of Conclusions (1), (2), and (3) are similar to those of corre-
sponding conclusions given in Lemmas 3.2.3 and 3.2.4. Hence, we only verify
Conclusions (4) and (5) below.

(4) Let P be the projection form R" to R"/S. If N is an (A*)-invariant

subspace in dom(A*), i.e., (A*) (ﬁ) C N. By the definition of quotient space,
(A*)P (ﬁ + S) C N. From Fig. 3.1, (A*)P = PA*, hence, PA* (ﬁ + S) cN=

P (1/\7 + S). It implies A* (1/\7 + S) C N+ S.N + Sisan A* -invariant subspace in
dom A* N (—dom A*). It contradicts to the condition that S is maximal. Therefore,
N =0.

(5) Suppose A is an eigenvalue of (A*), but not an eigenvalue of A*. There is
ay* € R"/S and y* # 0 such that A\y* € (A*) ("), or Ay* € A* (y*). By the
definition of quotient space, it is equivalent to Ay* — s € A* (y*) where s € S. By
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the assumption, A is not an eigenvalue of A*, hence s # 0. By Theorem 3.2.3, on §
(A* — AI) is an one-to-one mapping, there is an sy € S such that (A* — Al) 5o = .
Thus,

Ay* — (A* = AD) 5o € A* ().,
or
A" +s0) €A (Y*) + A% (s0) CA* (y* +50) .

y* ¢ S, so € S, hence y* 4+ 5o # 0. A is an eigenvalue of A*. A contradiction
appears. O

Summing up the conclusions obtained in Theorem 3.2.4, Lemma 3.2.4 and
Corollary 3.2.1, we have the following theorem.

Theorem 3.2.6 Suppose A : R" — R”" is a strictly closed and convex process,
A > Ay (A*). The subspaces T and S are those defined in Lemma 3.2.2, Then, we
have:

(1) On the quotient space R"/T, A, the induced mapping of A, is a single-valued
linear mapping. And the adjoint mapping of (A)* equates to the restriction of
A*|s

(2) There is an integer k such that 7 = ((A — )LI)|T)_k 0). O

The first conclusion of Theorem 3.2.6 is obtained from Lemma 3.2.4. The second
conclusion is derived from Theorem 3.2.5. Hence the detailed proof is omitted.

Theorem 3.2.6 illustrates that if we decompose R” into R” = T & S where the

notation @ means direct union of subspaces, if A is a strictly closed and convex

process, then on the subspace S is a single-valued linear mapping, and on 7 it is

a direct union of some sets. In detail, if x € 7T, then there existy; € T, i =

1,2, ...,k such that

Ayr € A(yr),
yi+ Ay €A(),

Yi—1 + Ayr € A (i),
Ve = X.

The relation given above shows that on T the convex process has Jordan-like
structure. It is similar to a linear mapping on finite space.
Problems

1.IfA : R* — R™ is a convex process, then (Im(A))* = (A*)"'(0) and
(dom (A*))* = A(0). By using the conclusion prove that ImA is dense on R™
if and only if (4*)™'(0) = {0}.
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2. Apply the definition of adjoint mapping to show the adjoint mappings of M,
and M3 defined in the proof of Theorem 3.2.1 are M} (v} y3) = y} + y5 and
ME (%) = (%, 0").

3. Let R"/V be a quotient space, P : R* — R"/V is the projection, then if C is a
closed set in R”, then PC is a closed set of R”/V. The conclusion holds also for
the open set O. But the inverse conclusion is not true.

4. Suppose A : R" — R” is bounded, closed, and convex process. x,,xp € dom A
and x, — xo (n — 00). Then for a convergent sequence {y,,y, € A (x,)}, y» —
vo (n = 00). then yg € A (x).

5. Prove that if A is convex process, then A — Al is also a convex process where
A € R and [ is the identical mapping.

6. Prove that the vectors w; defined in the proof of second part of Lemma 3.2.1
form a bounded set.

7. Denote B, = A — Al where A is a convex process, prove the following
conclusions:

(1) dom B = dom A, dom B* = dom A*;

(2) K is a convex cone or a subspace, K is A-invariant if and only if K is B-
invariant;

(3) K is a convex cone or a subspace, K is A*-invariant if and only if K is B*-
invariant.

8. Let S and T be the subspaces defined before Lemma 3.2.2. For every x € R”",
there is a unique decomposition x = xg + xr where xg € S, xr € T. Prove the
following conclusions.

(1) There are two mappings A : S — S is a linear single-valued mapping and
A} : T — R" is a convex process such that

*
Ayt = a3y5 4 apy = (a3 a3 % |
T

s | Asxs | Agxs
@ aw=wn =[]

9. Let A : R" — R™ be linear mapping, K C R” and § C R"™ be two closed and
convex cones. A set-valued mapping F : R" — R"™ is defined as follows:

Ax+ S, x €K,
F(x) =
) { o, x ¢ K.
Prove that: (1) F is a closed and convex process;
(2) Find the adjoint process F* : R" — R";
B)AK) + S =R"
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3.3 Controllability of Convex Processes

This section deals with the differential inclusion described by convex process, i.e.,
x(t) € A (x(2) (3.3.1)

where x (-) € R", A : R* — R”" is a strictly closed and convex process. By Theorem
3.2.3, A is a Lipschitzian process, and its Lipschitzian constant can be ||A||. In the
following, we call Inclusion (3.3.1) to be convex process system for simplicity. A* :
R" — R" is the adjoint process of A. The following differential inclusion

7 (1) € —A* (y* (1) (3.3.2)

is called by conjugate process system of Inclusion (3.3.1).

Theorem 3.1.1 illustrates A* is a closed and convex process. By Inequality
(3.1.5), Inclusion (3.3.2) is also a Lipschitzian differential inclusion. Moreover,
by Theorem 2.3.3 and the subsequent corollary, solutions of Inclusions (3.3.1)
and (3.3.2) exist. We have assumed that A and A* are all closed processes, hence
0 € A(0) and 0 € A*(0), i.e., the origin is the equilibrium of the both inclusions.

3.3.1 T-Controllability

In Sect. 2.4, we considered the reachable set of a differential inclusion. The concept
of reachability is defined for the terminal. We have proved that the reachable
set is an arc connected set. The concept defined in this section is about the
starting point. Although we only consider the controllability of convex process
system and its conjugate system, the concept can be extended to other differential
inclusions.

Definition 3.3.1 Consider Inclusion (3.3.1), a set Pr is defined as follows
Pr = {p € R";there exists an x(1) € Sj.7) (A, p), such that x(T) = 0} .
Pr is the controllability set of Inclusion (3.3.1) at time 7. For simplicity, it is called

as T-controllability set. (]

Every reader who is familiar with the theory of linear system can find the
definition of controllability set is quite similar to the definition for linear system.

Lemma 3.3.1 Let S(A,xp) be the solution set of Inclusion (3.3.1) with initial
condition x (fp) = xo. If x(r) € S(A,xp), then for every ¢ € R (> 0), ax(t) €
S (A, axp); ifxi(t) € S(A,xp), i = 1,2, then (x; (l‘) + XQ(Z‘)) S S(A,x10 + x20).

Proof The proof is direct. x(f) € A (x(¢)), ax(t) € @A (x()) = A (ax(?)) since A is
a convex process. And ax(0) = axp, i.e., ax(f) € S (A, axp).
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Because
x1(1) +x2(1) € A (x1(2)) + A (x2()) C A (x1(2) +x2(1))

and xl(O) + xz(O) = X109 + X20, (xl(t) + XQ(t)) € S(A,x10 + XQ()). O

By Lemma 3.3.1, it is clear that Pr is a convex cone.
A set for the Inc. (3.2.2) is defined as follows

Or = {q € R"; there exists a y*(¢) € Sp.1) (—A*, q)} )

Note that the definition of Qr has no any requirement for the terminal y*(7).With a
similar proof of Lemma 3.3.1, it is direct to show Qr is also a convex cone.

We have found that at many situations, A* has more useful properties than A,
for example A*(0) = {0} there is only one element, and if we restrict A* on a
subspace, then A* is a linear single-valued mapping. These are reason why we prefer
investigate A* to A. In this section, we will apply A* to deal with the controllability
of A.

We start with a simple fact.

Lemma 3.3.2 Fro Inc. (3.3.2), Sjo.77 (—A™*,0) = {0}.

Proof By conclusion (2) of Theorem 3.2.3, we have ||y*(t) || < Al lly*®|-
Using Lemma 2.3.1 (Gronwall inequality), we can obtain that if y*(0) =
then y*(¢) = 0. O

Because 0 € A(0), when T} < T, we conclude that Py, C Pr,. From the
definition of Qr, we have O, D O, if T1 < T>.

The main conclusion of this section is the following theorem which gives the
duality of Py and Qr.

Theorem 3.3.1 P; = —Qr.

Proof Suppose g € Qr, then there exists a y*(1) € Sjo.71 (—A*,g). Let p € Pr be
selected arbitrarily. Then there is an x(¢) € S 71 (A, p) and x(T) = 0. We have

(p.q) = (x(0),y*(0)) = (X(O) y*(0)) — (x(1).y*(1))
X(S) y*(s))d

(X().y* () + (x(s). 5" (5)) ds

o\ﬂo\

It implies —g € P7, hence, —Qr C Pj.
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We now prove the opposite conclusion, i.e., —Qr D P5, or equivalently, we prove
that for every —q € P3, then g € Oy, i.e., Spp.11 (—A™. q¢) # @. The proof consists of
three steps.

(1) Constructing a finite series {V1,V,...,Vy} where v; € R”".

Let N be a positive integer. Then we define t = T/N. Take vy € A(0), a finite
series can be obtained as follows

VN € A(O),
VN—1 € A (—TVN) s

vieA(—t(vw+vy—1+ -+ Wwm)). (3.3.3)
Because dom A = R”, the vy, vo, ..., vy exist. Define a set K C R?M as follows.
K= {(u,{,,...,u{,vﬁ,...v{)T eR™M:  (u;,v;) € graA,i= 1,2,...,N}.
By Relation (3.3.3), K is nonempty and is a closed and convex cone since A is a strict

. T
closed convex process. For convenience, denote v = [vivi_ -+ vIvI]" € R™ and
define a 2Nn x Nn real matrix A as follows:

o o o0 --- 0
- 0 0 -+ 0
-t — 0 -+ 0
A el e e RN
-t —tl —7tI --- 0
/I 0 0 --- 0
L 0 0 O I |

where I € R™" is the identical matrix and O is the n X n zero matrix, then we have

Av = A7)

= [0 — o — v (0 ) o= 7 (6 oy D) g T

If Av € K, then v = [Vh,_ ---vT]" satisfies Relation (3.3.3).
We now consider the following optimization problem with constraint,

N N
inf¥ (v) = ‘L'Z (g, vi) + TZ (Ve vi)
k=1 k=1
=1{q,v)+ t||v||2,
s.t. AveKk,
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N

— =N =
where —g € P7 and ¢ = [qTqT . "qT] € RM. An alternative expression of the
optimization problem is

Inf () =¥ +8(v.AT'K) =1 (q.v) + tv|l> + 8 (v, A_IK) , (334

where A™! is the inverse mapping of A hence A™'K is a set of RV. § (v, A7'K)
is the indicator function of A~!'K. A is a strict convex process, hence, it is direct to
show

ARM — K = R?M, (3.3.5)

By the definition of W (v), it is true that ¥ (v) — oo as v — oo. Hence, there is
an M € R such that

inf W(v) = inf ¥ (v) = min ¥ (v).
veRN Ivi=m Ivl=m

A is a closed convex process, K N A {v; ||v| <M} is a closed set of R?V;
consequently, there is a v with |[V]] < M and v € A~'K such that ¥ (V) =

”nnlin W (v) = infW(v), or equivalently, ® (v) = min® (v). Since ¥(0) = 0,
v[|<M

P =¥ =0

(2) Estimating the boundary of v.

In order to obtain a solution of Inc. (3.3.1) by using Theorem 2.3.3, a function
(1) is constructed as follows:

=k V=t Orrr o) relk=Drkel, oy

’)'C\(t)Z (t— N7) Py, te[(N—1)t,N1]. N

The X(¢) is a piecewise linear function, and X(7) = X(Nt) = 0. Let M = {X(¢)}
and ro(x) = x. Then for every p € Pr, there exists a X(¢) € Sp.71 (A, p) by Theorem
2.3.3* such that

T

30 501 = [ M504 G ds

t

where d (’f(s), A (X(s)) is the distance between 'f(s) and A (x(s)). Especially,

“We apply Theorem 2.3.3 at the terminal time 7, i.e., it requires %(T) = X(T).
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T

T
IR(0) — 3(0)] < / M4 (R(5). A ) ds < M7 / d(R(5).A Gl)) ds.
0

0

By the definition of X(s), we have

T kt
/ d (?(s),A @(s))) ds = ZN: / d (?(s),A (y(s))) ds
0

=gz
N kt
< Z / [d Vi, A (X (k7)) + d (A (x(5)) , A (X (kT)))] ds,

=1 aZ e

Because X (kt) = —7 (Vi1 + - +Vy) and V; € A (x (kt)) by Relation (3.3.3),
d(r A (kr))) = 0 and d(A(X(s), A (kr))) =< [A|l[X(s) =X (ko)|| =
Al Vil |s — kz| since s € [(k — 1) 7, kt]. We then obtain

T kt

/ d (¥(5).4 G(s))) ds = 1A i Al

N
1 ~
|s ke ds = A Z* Y [%ll
0 k=1 k=1

(k—1)T
It follows that
| N
EORHOTES RS A (33.6)
2 k=1
At the end of the first step, we have mentioned that

N N
0=>W©) = t<q, Z/V\k> +Ty 9]l
k=1

k=1

N N
Because X(0) = —tZTFk, T <q, ZT/\/{> = (—q,%(0)). Moreover, we have
k=1 k=1

N
0> (—¢.%(0)) + 7Y _ [Wll* + (g.%(0)) — {q.%(0))
k=1

N
> (q.%(0) —X(0)) + Ty _ [Will?

k=1

N
> — |lqll 1%(0) =%(O) | + 7> _ [Vl
k=1
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In the second inequality, we have apply the fact that (—g, X(0)) > 0 which can be
proved by —g € P} and X(0) = p € Pr. From Inequality (3.3.6), we have

N N N
1
o~ 12 ~ ~ ~ ~
)W < gl 15©0) =% < e gl Al Y [Pl < er®) Il

k=1 k=1 k=1

where ¢ = JeTlAl|g|| |A]. Using the inequality \/rllz:l:l a? = '3 a;, we

obtain \/ N ZQ’ZI el = ZQ’ZI [Vk|l. Substituting it to the above inequality leads
tofori=1,2,...,N,

al cT
Wil < | D I® < e (33.7)
k=1

where we apply the equation Nt = T.
(3) Constructing a solution y*(¢) € Sp.11 (—A*, q).
Recall the optimization (3.3.4), by Theorem 1.3.6, we have 0 € 3® (v), i.e.,
~ ~ Al ~ —1 g\ *
0€dP(®) =19+2tv+ 38 (V. AT'K) =g+ 20v— (AT'K) ",
where we apply the fact that 3§ (¥, A"'K) = —(A™'K)” by Problem 10 (4) of
Sect. 2.1. Also from Problem 10 (3) of Sect. 2.1, Eq. (3.3.5) implies (A_IK)* =
A*K*, therefore, 0 € g + 27v — A*K*. There is an (x*,v*) € K* such that
0=1q+42tv—A* (x*v*).

The equation is equivalent to

t[q"q" - q")" + 2 [P, - AT]

N-1 Ty N—2 r ’
= (—fo: + ) (—erz‘ + ) (= ) (1)
k=1 k=1
(3.3.8)
Rewrite Eq. (3.3.8) in its component form, we obtain
Tq + 2tV =V},
Tq + 21V, = —1x] + V3, (3.3.9)

Tq + 2TV = —1 (x]*\‘,_1 + '~+xf) + vy


http://dx.doi.org/10.1007/978-3-662-49245-1_1
http://dx.doi.org/10.1007/978-3-662-49245-1_2
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Because (x*,v*) € K*, (v,f,x,f) € gra(-A*), k = 1,2,...,N. Let
')7,’: = (x,f/t) k = 1,2,...,N. Then by the first equation in (3.3.9), we
obtain tyf € —A*(rqg+2tv)), or y§ € —A*(q+ 2v)). From the second
equation of (3.3.9), similarly, we have 35 € —A* (¢ + ty{ + 272). Generally, we
have

Vre—A*(q+T (O +yiy) + 20). (3.3.10)

A function yy(7) is constructed by using ;' as follows:

q+f)7’f, t €0, 1],
w® =13+t 07+ )+ (—kr)Ipy 1€kt (k+1)1],

gH+TOr )+ (= N=1)1)35, te€[(N—1)7,N1].

It is easy to see that this y} () holds the following properties:

@) y];‘v(O) =q.
() yp() =5, €A (g + T+ +5¢) +2w) .t € [kr, (k+ 1) 7]..

If we denote zy (1) = 2v, — (t — k1) y;,,, t€ [k, (k+ 1) ], then

() € =A* (yu () + (D)) . (3.3.11)

By the definition of z}(7), it is easy to obtain that sup |z (r)| < 2max |V +
T|[95;1]- A* is a closed and bounded operator, by Relation (3.3.10), 35, is
bounded. Using Inequality (3.3.7) and the definition of t = T/N, we conclude
that sup |23 (1)| = 0 (N — 00).
k) =g+t (7 +-+3) =g+t 07+ +31) + %
= yy (k= 1) 1) + 79

By Eq. (3.3.10), we have

Iy ko) | < vy (k=D D) + 7 |57
< Wi (k=D + Al g+ 7 (F + -+ i) + 20|

< % (k=D o) + <Al [yx (k=D )| + 2z JA]] 7]

2tcT |A|

<A +7lAD i G -Dof+ 7
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Recursively, we have

2tcT ||A
I ko) < (1+ 2 JAD |35 (k= Do) + fﬂg [

2 A
< (T JAD? o (=2 0 + (@ +gafy + 1 27T 1A

VN

< (1o A gl + (7 A 4+ (L7 A +1)
2cT
VN’

2tcT ||A|l
VN
<@+ ADY gl + ((1 + 7l APN - 1)

t = T/N, hence (1 + 7 [JA])Y = (1 + (T |A|| /N))¥ — el (N — o0). There
is a constant ¢ such that for every ¢ € [0, T] and every integer N H yu (@) || < ¢, and
Hy;(t) || < ||A]| ¢ by Inc. (3.3.11). Using Arzela-Ascoli Theorem, there is a subseries
of {y]’f,(t),N =1,2,... } and {y;(t),N =1,2,... }, which is uniformly convergent.
Without loss of generality, we can say yx(1) — y*(1), y;,(t) — 3" uniformly.
Finally, using Inc. (3.3.11), we obtain y*(t) € Sy (—A*,¢). The theorem is
verified. (]

Remark Transforming the optimization problem to the (3.3.4) is a meaningful
step. The optimization introduces A*K* so that we can transfer the problem to
the adjoint process. The transformation can be treated as an extension of Lagrange
multiplication. ]

3.3.2 Controllability

This subsection extends the discussion Pr to the more general case.
Denote P = U PT Because Py, C Pr, (T} <T,), we have P = lim Pr.

T—00

Dually, if we deﬁne 0= ﬂ QT, similarly, we have Qr, D Qr, (I < T3). Thus,
0= Thm Or. By Theorem 3 3.1, it is direct that P* = —Q.
—00

Definition 3.3.2 The set P is called by the controllability set of Inc. (3.3.1). If
P = R" then the Inc. (3.3.1) is said to be controllable, or the convex process A is
controllable or A holds controllability. ]

Theorem 3.3.2 If Inc. (3.3.1) is controllable, then there is a T < oo, such that
Pr =R".

Proof: We denote B for the closed ball in R"”. There exist n+1 vec-
tors xi,Xx2,...,x,+1 € R” such that conx (xi,xz,...,X,41) DO B where
conx (x1, X2, - .., X,41) is the simplex generated by x,x2, . . ., X;+1-
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Because Inc. (3.3.1) is controllable, for every x;,i € {1,2,...,n+ 1}, there is a
xi(t) € Sp.r) (A, x;) such that x; (T;) = 0. Let T = max{T;,i=1,2,...,n+1}.
Then by Pr D Py, we have an X;i(f) € Spr7 (A, x), 5(T) = 0 for every

ie{l,2,...,n+ 1}. Because conx (x,x2,...,X,+1) D B, for every xy € B, there
n+1 n+1

exist A; € [0.1],i € {1.2,....n+ 1}, Y A; = 1 such thatxp = Y Ax;. By
i=1 i=1
n+1
Lemma 3.3.1, we conclude x(t) = Zkifci(t) € Spo,11 (A, x0) and x(T) = 0.
i=1
Now, let xy € R”, there is a oy € R* such that axy € B. Using Lemma 3.3.1
again, o~ 'x(t) € Sjo.11 (A, x0). x(T) = 0, consequently, @~ 'x(T) = 0. O

The following corollary is a natural result of Theorem 3.3.2.

Corollary 3.3.1 If Inc. (3.3.1) is controllable, then there is a T < oo such that
Or = {0} O

The main result of this subsection is the following theorem.

Theorem 3.3.3 Let A : R" — R”" be strictly closed and convex process. Then A
is controllable if and only if A* has no an invariant subspace and also no nontrivial
eigenvector.

Proof Necessity. If A* holds a nontrivial invariant subspace S, then by the Corollary
3.1.1 and illustration given after the corollary, the restriction of A* on §, A*|, is a
linear mapping. Using S to denote the least invariant subspace of A*|, we know the
dimension of S is one or two by the conclusion of linear algebra (or the explanation
given before Lemma 3.2.2 in this book)

If dimS; = 1, then S; is a real eigenspace of A*|. It implies that there
is for every xo € Si, xo # 0 we have A*x = Ax. Furthermore, e *x, €
S1 N Sjo.00) (—A™, x0). The fact implies S; C Q, hence, Q # {0}, i.e. P # R".

If dimS; = 2, then there exist o, € Rand x,y € S1, ||x|| = |l¥]| = 1 such
that A*x = ax — By and A*y = Bx + ay. By the conclusions established in the
theory of differential equations, for ax + by € span (x,y) where a and b are arbi-
trarily real numbers, we have € S; N Sjp.00) (—A*, x0) €7 (acos ft — bsin ft) x +
e ¥ (bcos Bt + asin Bt) y. The fact also implies S; C Q, hence, Q # {0}, i.e.
P #R"

Sufficiency. It is sufficient to show Q = {0} which is verified by contradiction.
The proof contains two steps.

(1) We assume Q is not a proper set, i.e., Q contains a subspace of R". Let S be
the maximal subspace contained in Q, i.e., S = Q N (—Q). Let y5 € S. Then by the
definition of Q, there exists a y*(f) € Sjp.c0) (—A*. ;). On the other hand, because
—ye € S, there is also a y*(1) € Sjp.00) (—A*, —yg). Thus, by Lemmas 3.3.1 and
3.3.2, we have

Y (0) + Y* () € So.00) (—A*. 5 — ¥5) = Sio.00) (—A.0) = {0}
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The above relation implies the following facts:

(1) The set Sj.00) (—A*, yo ) has only one element;

2 y* (@) =—y*(1);
(3) Forevery t € [0, 00), y*(¢) € Q, then by the above fact ii, y*(¢) € S.

Because for ¢, 1y € [0, 00), y*(f) € S and y* (tp) € S,

*(1) — y* (1
y*(1) y(O)ES.
t—1t

Since S is a linear subspace. S is closed; hence, when ¢t — £y, we obtain y* () €8.
Especially, y* (0) = —A* (y* ®))|,— € S, ie., A* (yg) € S. It leads to that S is an
invariant subspace of A*. We have gotten a contradiction. Therefore, Q is proper.

(2) We show that if Q # {0}, then Q has an eigenvector. Let k be an positive
integer. We construct a convex process Ay : R? — R" as follows:

Ay () = Rpo.1] (—A*,x*),

where R[o, 1 (—A*, x*) has been defined in Definition 2.4.1.

It is obvious Q C dom Ay and A (x*) N Q # & for every x* € Q. Because we
have verified that Q is proper, by Lemma 3.2.1, there exists an eigenvalue A, > 0
and eigenvector xx € Q, |xx|| = 1 such that A;x; € A (x}f) = R[o,}(] (—A*,x,’:).

Suppose x;} (¢) € Sjo.1] (—A*,x}f) and x} (1/k) = Awxf,ie.,

1/k

1 *
Axp = xp ( k) =x+ / X, (dt. (3.3.12)
0

Because A is a bounded and closed process, by Theorem 3.2.3 (2) and Gronwall
inequality (Lemma 2.3.1), we can conclude that both {x,’(k (t)} and {xz (t)} are
bounded sets, it implies {x,f (t)} is uniformly continuous. Therefore, {x,f (t)} holds a
convergent subseries. Without loss of generality, we assume {x,’(k (t)} is convergent to
x*(¢) uniformly. Denote x; — xo, then ||xp|]] = 1. By Theorem 2.4.4, we conclude
x* (n e S[O,l] (—A*,X()).

Given an ¢ > 0, there is a K when k > K, we have

—A* (x{(1)) C =A™ (x5) +eB, for 1€ [0, /1c:| .

By Equation (3.3.12) and Lemma 2.4.1, we obtain

1/k
. 1
At = x4 / diext + (A" (58) +eB).
0


http://dx.doi.org/10.1007/978-3-662-49245-1_2
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or it can be written as
k(A —1)x; € —A* (xg) + eB. (3.3.13)

The right side of Relation (3.3.13) is a bounded set, and |x{|| = 1; hence, the set
{k (At — 1)} holds a convergent subseries. Without loss of generality, we can assume
k (Ax — 1) — Ao. Relation (3.3.13) then leads to Aox; € —A* (xa‘) + &B. Since ¢ is
selected arbitrarily, we conclude Agxy € —A* (x§), i.e., A* has an eigenvector which
belongs to Q. This is a contradiction to the condition of theorem. The sufficiency is
verified. [l

Theorem 3.3.2 implies a conclusion that if y* € —A* (y*) holds a solution whose
domain can be extended to [0, 00), then dom A* contains a subspace or A* has an
nontrivial eigenvector.

Problems

1. Prove that y;, (1) defined in the proof of Theorem 3.3.1 is bounded.

2. Prove that Ay defined in the proof of Theorem 3.3.3 is a closed convex process.

3. Suppose the set-valued mapping A(x) is defined by A(x) = Cx + K, where C €
R™" and K C R" is closed and convex cone. Prove the following statements:

(1) A(x)is a closed and convex process;
N C*y*, y* EK*,
ORUCIES D
(3) The convex process x € A(x) is controllable if and only if C* € R™" has no
eigenvector in K*;
(4) The convex process x € A(x) is controllable if and only if there exists an
integer m > 1 such that

K+CK+---+C"K=K—CK+---+ (-1)"C"K =R".

(Note: If K is a subspace of R", then there is a matrix D such that K = DR".
Moreover, K + CK + -+ C"K = R" is equivalent to rank [C CD--- C"_ID] =n;
the later is known as the controllability criterion of linear system x = Cx + Du.)

3.4 Stability of Convex Process Differential Inclusions

This section deals with the stability of differential inclusions of convex processes.
We mainly consider the weak stability. The necessary and sufficient conditions
of the weak stability will be presented, and their Lyapunov functions will be
constructed. Because the convex process is an extension of the linear mapping in
theory of set-valued mapping, the concept of exponential stability can be extended
to the convex process differential inclusions. Readers will find that the exponential
stability plays a very important role in the stability theory of convex systems.
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Let us start to recall the definition of stability of differential inclusions. Consider
the Cauchy problem of differential inclusion described as follows:

x(t) € F(x(?), x(0) = xo. (3.4.1)
Sio,71(F, xo) is the set of solutions of Inc. (3.4.1). [0, T] is the interval of time where
the solutions exist. If T = oo, the set S[y,«0) (F, Xo) is simplified as S(F,xq) for
convenience.
If 0 € F(0), then the origin is an equilibrium of Inc. (3.4.1). From now on, we
always assume 0 € F'(0), and the stability always considers for the equilibrium.

Inc. (3.4.1) is said to be (strong) stable if there is a function o which belongs to
Class K such that for every x(¢) € S (F, xo), we have

x() = e (lxol)) - (3.4.2)

Inc. (3.4.1) is said to be (strong) asymptotically stable if there is a function B in
Class KL such that for every x(f) € S (F, xp), we have

@1 < B (llxoll . 1) - (3.4.3)

Inc. (3.4.1) is said to be weakly stable if there is a function ¢ in Class K and there
exists at least one x(#) € S (F, xp) such that

X < e (lxoll) -

It is said to be weakly asymptotically stable if there is a function § in Class KL and
there exists at least one x(¢) € S (F, xo) such that

Xl < B (Ixoll . 2) -
Inc. (3.4.1) is said to be unstable if it is not weakly stable.
It has seen that for differential inclusions there are “strongly stable”, “weakly

stable” and “unstable” different definitions. The difference between “strong” and
“weak” is “all” and “one”, and the “unstable” is the negative of “weakly stable”.

3.4.1 Stability of Convex Processes

Consider the following differential inclusion
x(t) € A(x(v)), (3.4.4)

where A: R* — R” is a strict, closed and convex process. For the sake of
convenience, Inc. (3.4.4) is called as convex system.
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The dual system of Inc. (3.4.4) is defined as

¥ (1) € —A* (* (1), (3.4.5)

where A*: R" — R”" is the adjoint process of A. Inc. (3.4.5) is also called as adjoint
system of Inc. (3.4.4), sometimes.

Because 0 € A(0) and 0 € —A*(0), the origin is always the equilibrium of both
Incs. (3.4.4) and (3.4.5).

From Theorem 3.3.2, we can find that if Inc. (3.4.4) is controllable then it is
weakly asymptotically stable. Therefore, the weakly asymptotic stability is a weaker
concept than the controllability. The controllability is somewhat similar to the finite
time stability in the theory of differential equations.

Let S be the maximal A*-invariant subspace contained in dom A* N (—dom A™*),
and T = S*. By Lemma 3.2.2, T is the minimal A-invariant subspace. Because
R" = S @ T, for every x € R” there exist uniquely xs € S, xr € T such that x =
xs + x7. Consequently, sometimes we denote x” = [x} xT] by treating [x5 0]” as
xs and [0 x?]T as x7. We have mentioned that two norms in a finite space are always
equivalent (Theorem 1.1.1), hence the norm of x takes that ||x|| = max {||xs|| , [|x7|}
in this section, and both ||xs| and |jxr| are their Euclidean norms, i.e., ||xs|| =

\/ xixsand ||x7|| = \/ x4x7. By Theorem 3.2.6 and the illustration after the theorem,

A, the induced mapping of A on R”/T, is a simple-valued linear mapping, and (A)*
can be treated to be identical to the restriction of A* on S. When A is restricted on
T, i.e., A|r, has a Jordan-like construction. Denote L (1) = (A — AI)"*(0). When
S = {0} and A > Ay (A*), where Ay (A*) is the maximal eigenvalue of A* (we
have stipulated A3, (A*) = —oo when A* has no eigenvalue), L (1) = R”" for some
integer k. If S # {0}, the conclusion is still valid for the restriction of A on 7, i.e.,
T=(Al;— )LI|T)_k(O) for some constants k and A.

Theorem 3.4.1 If S = {0} and 0 > A, (A*), the convex system Inc. (3.4.4) is
weakly asymptotically stable.

Proof Because 0 > A, (A*), we can select an A suchthat 0 > A > A, (A*). By the
statement above, we conclude that R” = (A — A7) ¥(0) for this A. It follows that for
every xo € R", there exist yi, yk—1,...,y1 € R" such that

xo=w€@=-AD" ) i1 € A= AD"  (a) ..oy € (A = ADTH0).

We now construct a function x(7) as follows
—1 k=2

x(1) =& ((k— Dt k2

2+t yk) - (3.4.6)


http://dx.doi.org/10.1007/978-3-662-49245-1_1
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It is obvious that x(¢) can define on [0, co). Taking the derivate of x(¢), we obtain

. L 2
(1) = Ae f((k ;_p!yl + (kki32)!y2 Lo +yk)
+e”((kt_l T (kt_k 32)!y2+...+yk_1)
= oM (kt;ll)!kyl - (kt_tkz—)Z! 01+ Aya) + - + Ot + Ayk))
= ((k— ot (y131+ (k — 2)!A_§yz) ++A (yk))
+CA (e)‘t Gt w2t "'+yk))
=A(x(1).

And x(0) = yx = xo. Consequently, x(¢) € Sjp,00) (A, x0) and x(f) — 0 (t — o00). O
If S # {0}, Theorem 3.4.1 should be revised as follows.

Corollary 3.4.1 If0 > A > Ay (A*) and xo € Ly (1), then there exists an x(f) €
S (A, x0), such that tlim x(®) = 0. O
—>00

The proof of Corollary 3.4.1 is exactly the same as that of Theorem 3.4.1 and
omitted.

Theorem 3.4.1 and Corollary 3.4.1 provide conclusions which are very similar to
those for differential equations.

In the theory of differential equations, the exponential convergence is a faster
convergence than asymptotic convergence. We now extend this concept to differen-
tial inclusions.

Definition 3.4.1 Inc. (3.4.1) is exponentially stable, if for every xy and every x(¢) €
S (F, xo), there exist constants @ > 0 and A > 0 such that ||x(¢)| < « |xo] e'.

Inc. (3.4.1) is weakly exponentially stable, if for every xq there exist « > 0 and
A > 0,and x(¢) € S (F, xo) such that |x(r)| < a |jxo] e. O

The following lemma extends the conclusion of Theorem 3.4.1.

Lemma 3.4.1 If Inc. (3.4.4) is weakly asymptotically stable, then it is weakly
exponentially stable.

Proof We use bd B to denote the shell of closed unit ball of R". Because the unit

ball can be contained in a simplex, there exist yi,y2,...,¥n+; € R” such that
bd B C conx (y1,y2,---,Yu+1). Consequently, for every y € bd B, there exist
n+1 n+1

AtA2.... Appr €0 1]and 1= > A;such thaty = > Ay,
i=1 i=1
Inc. (3.4.4) is weakly asymptotically stable, hence, for every i, i €
{1,2,...,n 4 1}, there exists an x;(#) € S (A,y;) such that lim x;(rf) = 0. Further-
—>00
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v

Fig. 3.2 The feature of ||x(?)]|

more, there is a T > 0 such that ||x;(T)|| < ae™! foreveryi, i€ {l1,2,....,n+ 1}
where the constant a is defined as a = max {||x;(¥)|| , €[0,00),i=1,2,...,n+ 1}.
n+1

Define x(1) = Zkixi(t), then by Lemma 3.3.1, we have x(f) € S(A,y).
i=1
Moreover, the x(f) satisfies that (1) lim x(1) = 0, 2) |x(T)|| < ae™', (3)
—>00
x|l < a, t€0,T].
Let us denote A = 7~ ! and « = ae, where the « is independent of x(¢) and T.
Then ||x(#)|| < ae™™ as ¢ € [0, T]. Furthermore, if we define

y@) =x(mT)x(t—mT), te[mT,(im+1)T) m=0,1,2,...,

then y(f) € S(A,y) and ||y(?)|| < ae™ (Fig. 3.2).

For arbitrary xp € R", y = )co||x0||_l € bd B. There is a y(r) € S(A,y) such
that ||y(¢)|| < ae™. By Lemma 3.3.1, x(t) = ||x0]| y(t) € S (A, xo), then ||x(¢)|| <
o ||xo || e*'. It completes the proof. O

Lemma 3.4.1 reveals the uniformness of weakly asymptotic stability of convex
system. We have obtained o and A which are independent of the initial condition.
In the proof of Lemma 3.4.1, we have applied the features of finite dimension linear
space and convex process sufficiently. The lemma will play an important role in the
following discussion.

Theorem 3.4.2 Suppose A is a strict, closed and convex process. The following
statements are equivalent.

(1) Inc. (3.4.4) is weakly asymptotically stable.
(2) The dual Inc. (3.4.5) is nowhere stable, i.e., for every y; € R", y5 # 0 then
every solution y*(r) € S (—A*, Yo ), y*(¢) does not hold a bounded subsequence

O ()}



200 3 Convex Processes

(3) Am (A*) < 0, moreover, if S # {0}, then the restriction of A* on S, i.e. A*|y is
a Hurwitz matrix.

Proof (1) = (2). Suppose Inc. (3.4.4) is weakly asymptotically stable, i.e., for every
xo € R", there is an x(r) € S (4, xp) such that x(r) — 0 (r — o0). If there are a y and
asolution y*(r) € S (—A*, y;;) which has a bounded subsequence {y* (t)}. Consider
now

t

<fmwm=@am+/wfmwm

0
t

= (y§.x0) + / ((y* (), x(5)) + (x*(s), x(s)))ds.

0

By the definition of adjoint process, we have
7 (0).x(0) + (" (0. 2(0) = 0.

It follows that (y*(¢), x(¢)) > (yS , xo). We now restrict the inequality on the sequence
{y* (tx)}. Taking the limitation as # — oo, the inequality yields 0 > (v, xo). The xg
can be selected arbitrary, hence the inequality 0 > (yg,xo) implies y; = 0. The
result illustrate that only y*(z) € § (—A*, 0) has a bounded sequence.

Furthermore, because y* (1) € —A* (y*(¢)), from Theorem 3.2.3 (2), we obtain
H)}* (® H < ||A|l |ly* (®)||. Using the Gronwall inequality, it leads to

Iy* @) < e y* )] = o.

The fact illustrates that a bounded solution of adjoint process y* (1) € —A* (y* (7)) is
only the zero solution. Hence, the solution of y* (f) € —A* (y*(¢)) is nowhere stable,
i.e., when yj # 0 every solution y*(7) € S (—A*,y(’)" ) is divergent.

(2) = (3). We still use method of contradiction.

If A* holds an nonnegative eigenvalue A > 0, and the responding eigenvector is
vo € R", y& # 0, then y(t) = ey} € Sp.00) (—A*,¥5). €My} is bounded. We
have a contradiction.

If dim S = v # 0, then the restriction of A* on S, A*|y, can expressed as a v x v
matrix A3, If A*|; is not asymptotically stable. Let A be the eigenvalue of AZ. Then
Re A > 0. The above discussion shows that the A cannot be real. Hence, it is a
complex number. Let A = o +jB witha > 0, then A = o —jB is also an eigenvalue
of A%. Their responding eigenvectors are ug £jvy, ugy,vy € S C R". By the theory
of differential equations, the following facts are true:

y* (1) = € " (ug cos Bt — vg sin Br) € Sjo.00) (—A™, uo) .
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Table 3.1 The sequence of yielding {x;7(¢)} and {x;(r)}

R X0 xo(t) > — x0 (r) = x; x1(f) >— x () =x

4 Projection 4 Th.2.3.3 4 Projection 4 Th. 2.3.3 4 Projection
T Xor —>—> Xor(#) Xir —>—> x17(?) Xor —>—> Xor (1)
and

Y (1) = e % (v cos Bt + ug sin ft) € Sp.c0) (—A*, vo) .

They are both bounded even for the case of = 0 (Note : B # 0). We also obtain
a contradiction.

(3) = (1). The proof of this part is constructive and consists of two steps.

(i) Constructing an x(¢) € S|.00) (A, X0)-

Because Ay (A*) < 0, by Corollary 3.4.1 and Lemma 3.4.1, for every xo € T}
there is an x(t) € Sp.00) (A, Xo) such that [|x(#)| < « ||xo|| e, where & and A are
positive numbers and independent of x and 7. We can find a positive number 7 such
that ¢e ™ < 1.

For every xo € R", xp = xos + xor is an orthogonal decomposition of xg
where xos € S and xor € T. For this xor, we have an weakly exponentially stable
solution xo7(f) € Sp.00) (A, xor) such that ||xor(#)|| < « |xor|| e ™. Of course,
Xor(?) € Spo,71 (A, Xor).

Let M = {xor(¢)} and ro(x) = xo. Then by Theorem 2.3.3, there is an xo(f) €
So.1] (A, x0) which satisfies that ||xo(r) — xor (1) || < [x0 — xor|| eI, where we have
applied ||A| as the Lipschitz constant of A.

Let x; = xo (7). Then by replacing xy by x; and repeating the above procedure,
we can obtain an x;7(f) € Sp.¢] (A, x17) and x; () € Sp.] (4, x1). Fixing x, = x; (1)
and repeating the above procedure, we can obtain x,7() € Sjo.] (4, x27) and x,(¢) €
Spo.7] (A, x2), .... Thus, we can obtain two series {x;7(#)} and {xx(¢)}. The Table 3.1
presents the procedure of construction of the two series.

The {x(¢)} and {x7(2)} satisfy the following relations:

1) xx (1) = xe1 = x4+1(0); 0 = xps + Xy
(i) xxr(2) € Sjo,¢) (A, xx7) and xi (1) € Spo1] (A, Xz),
where xi7(t) € Sp.1] (A, xxr) is a weakly exponentially stable solution for initial
condition x;7, it satisfies ||xr(£)|| < & |Jxr| e
(i) [lxr () — x (I < e |7 (0) — 20 (0) || = M ey — x| = €l41 s,
especially,

|Allz

Ixer (2) = x ()] < I 3 — x| = M7 s (3.4.7)

5The T used is a subspace and equal to S--.
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Let
xt) =x,(t—kt), tefkr,(k+1)7).

By the property (i), x(¢) is continuous, and moreover, x(f) € Sjo,00) (A, X0).

(ii) Verifying x(f) — 0 (t — 00).

Let Py be the projection from R” to T.% and Ps the projection from R” to S.
Since R"/T is isomorphic to S, in this section, Py is also used as the projection
form R” to R"/T. Denote Psx(t) = xs(t) and Prx(t) = xr(t), then x(t) = xr(¢) +
xs(#). By the norm defined at the beginning of this section, we can have ||x(¢)|| =
max {||xs()|| , ||xr(®)|}. Hence, if xs(f) — 0 (t - o0) and x7(f) — 0 (t - 00),
then x(f) - 0 (t - 00).

T is an A -invariant subspace, then, A yields an induced mapping A on R"/T. The
induced mapping satisfies PsA = APg. It follows that

xs(r) = Psx(1) € PsA (x(1)) = APs (x(1)) = Axs(1).

By Lemma 3.2.5, A is a single-valued linear mapping, its eigenvalues are equal to
* —

those of (A) or A*|s. By the condition of (3), A is asymptotically stable. There

exist positive numbers 8 and p, which are independent of x5(0) and #, such that

lxs@ < B llxs O] ™, (3.4.8)

for every xs(0) € S.

Hence, it is sufficient to show x7(t) — 0 (t = 00).

By the definition of x(¢), x ((k — 1) ) = x, hence, x7 ((k—1)t) = x;7. By
the definition of norm, we have ||ka —xp—nr (D) =< ka — Xk—11 (T) H From
the definition of x;, we obtain ka — X—1r (T) H = ||x%—1 (7) — X417 (T) H Using
Inequality (3.4.7),

||Xk — X7 (7) H = ka—l (7) — X—nyr () || <l ||x(k—1)s|| .

Hence, x;r can be estimated by

Ixerll < [ — xa—nr @] + |*e—nr @]
< o = xa—nr @] + [xa-nr @) (3.4.9)

< ||x(k_1)s|| elAllT 4 At Hx(k—l)T” )

%Note, the meaning of Py is different from the controllability cone defined at the last section.
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The second term comes from the step (i), i.e., x@—1)7(?) is a weakly stable solution.
For the sake of convenience, we denote f = ae™* and g = ¢4I+17 then f < 1
by the selection of 7. From Inequalities (3.4.8) and (3.4.9), we have

Ixer | < flxos| M IT=EDT 4 £ kg | = g lxosl e + £ | xg—nr | -
Thus,

Ixerll < g llxosll e + f a7 |
< g llxosll e + f (g llxosll e 4~V + f | xu—2)r )
< gllxosll e + fa [lxos|| e #*7DT + 12 (g ||xos|l e 42T + f |x—3r])

< g lxosl) 4 + fi sl e 7 1T g | €T+ £ x|
fr = eyt

foen + /% (Ilxor |l — g Ixos|) -

= g ||xos |

Because f < 1, e"* < 1,57 — 0 (k —> 00).
When ¢ € [kt, (k + 1) T), we have
lxr @ < [lxr (@) —xer (1 — kD) || + |lxar (£ — k)|
< |lx(®) = xir (t = ko) || + [oer (1 — kD) |
< |bas (r = kD) || + [oer (1 — kD) |

< lsll €0 + £ e -

Therefore, x7(f) — 0 (k — 00). (]

From Theorem 3.4.2, we can obtain the following corollary for the unstability.
The proof is left to readers as an exercise.

Theorem 3.4.3 Suppose A is a strict, closed and convex process. If the restriction
of A* on § is an unstable linear single-valued mapping, i.e. A*| is not a Hurwitz
matrix, or Ay (A*) > 0, then A is unstable.

3.4.2 Construction of Lyapunov Functions

It is difficult for us to find an analytical solution of a differential equation. Hence,
researchers presented the qualitative theory of differential equations. In the theory,
Lyapunov direct method is very powerful and widely used. An evident advantage
is that it can discriminate the stability without solving the equation. Theorem 2.5.5,
given at the last chapter, presents a criterion for the weakly stable of differential
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inclusions. It illustrates that if there exist a positive definite function V : R" —
R, a semi-negative definite function W : R" — R, and a vector v € R" such
that D™V(x)(v) < W(x) then the differential inclusion is weakly asymptotically
stable. By Lemma 3.4.1, for a convex process, the solution is exponential stable.
It is regretful that we still lack a usable method to construct Lyapunov functions.
However, for convex system, we have a method to construct a Lyapunov function.

We now consider convex system Inc. (3.4.4). If there is a positive definite and
convex function V : R" — R, v € A(x), and a positive real number § € (0, 1) such
that inequality

Vix+tv) <8V(x) (3.4.10)

holds for a positive real number t, then V(x) is a Lyapunov function of Inc. (3.4.4).
The fact is verified as follows. Because V(x) is a convex function, By Theorem 1.3.4,
the following function decreases

Vix+v)—V(x)
T

as t decreases. Hence, we obtain

Vix+v)—V() - 8 —

DV(x)(v) < . 1V(x). (3.4.11)

Let 0 = '7%. Then 6 > 0 and DV(x)(v) < —0V(x).

The next theorem gives the existence of Lyapunnov function for the convex
system Inc. (3.4.4). We give there exists a positive function V : R” — R to satisfy
Inequality (3.4.10).

Theorem 3.4.4 If A*|, is asymptotically stable and Ay (A*) < 0, then there exists
a positive function V : R" — R, positive number § € (0, 1) and vector v € A(x)
such that V (x + tv) < §V(x).

Proof The proof consists of three steps.

(1) Construction of positive definite function V : R* — R.

Let A be the induced mapping of A on the quotient space R”/T. Then the
condition of theorem guarantee A is an asymptotically stable matrix, i.e., it can be
expressed as a Hurwitz matrix. Hence the Lyapunov equation A'p + PA = —I has
a positive definite solution P such that Vs (xs) = x% Pxs is a Lyapunov function of
differential equation xg = Axg. Denote

Ms = {xs;x5 € S, Vs(xs) < 1}.
Denote B for the open unit ball in R”, then By = B N T is the unit ball of 7.
If dimT = m, then there exists a simplex co {y1,y2,...,Vm+1} such that By C

conx {y1,y2, ..., Ymt1} C T.
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Let us fix a real number A such that A3, (A*) < A < 0. By Theorem 3.2.5, there
is a positive integer ko such that 7 = (A — A1) 7%(0). Denote Ly = (A — AI)(0)
for every 1 < k < ky. By the property of Ly, for every y;, 1 <i < m + 1, there
exists a k; such that y; € Ly,, y; ¢ Ly,—1. By Theorem 3.2.5, for every y;, there exist

yi = yf.“',yf.“'_l, ...,y € T such that
Ayl € A(y)),
1 2 2
v, +Ay; € A(y7),
...... ( ) (3.4.12)
T nl e a(y).
A constant « is selected such that ¢ > max {1, |A|}. Define
) a \5
Z= ( ) Vi, (3.4.13)
|A|
and
My =cleo{dij=1.2.....kii=1.2,....m+1}.
Then M1 D co (y1,¥2,...,Ym+1) O Br. Let w be a positive constant, and denote

M, =Mr®woMs CT®dS=R"

M,, is bounded, hence, it is compact no matter the selection of w. We now define
V(x) to be the Minkovski function of M,,.”

(2) Properties of Mg and M7.

Let xg € bdMs C S. We now prove there exist positive numbers tg and &5 with
0 < 8s < 1 and x5 + 15Axg € 6sMs. The two constants are independent of x;.

Consider

T
Vs (xs + rAxs) = (xs + ‘L'AXS) P (xs + ‘L'A)Cs)
= xLPxg — txkxs + tzngTPAxs
=1- ‘L'xng + tzngTPAxS ,

Since A is asymptotically stable, A is nonsingular. ATPA is then positive
;
definite. If 7 = ¥% | then V(xs+7Axs) = 1, and if 0 < 7 <

xTA” PAxg

"Minkovski function j(x, A) has been defined in Sect. 1.3. In that section j(x, A) has been proved
to be positive definite and homogenous.
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XTX . XTX
.3, then V(xs+tAxs) < 1. Hence, 7y = min _5° and §s =
xkA” PAxs xs€bdMs 2xL A" PAxg
max V (xs + ‘EsA)Cs) < 1 meet with the requirement.
xs€dbMg

If xs € intM; then there is @ > 1 such that axg € bd Ms. The above proof implies
axs + tsAaxs € 6sMs. Thus, axs + tsAaxs € §sMg and xg + TsAxs € a_155M5 C
8sMs. Therefore, we conclude that for every xg € Ms, x5 + tsAxs € §sMs.

Now let x; € My C T. It will be verified that thereisav € A ((O x?)T) and

positive numbers t7 and §7 where 0 < 87 < 1, such that xy + t7v € §7M7. The two
constants t7 and §7 are also independent of x7.
Fori=1,2,...,m+ 1, let us define

1

i

Al j~1 i
ST+ A, =23k

vi1 = Az

v

From Relation (3.4.12) and Eq. (3.4.13), we can find \{ €A ( 1) and

A7 + 2l =0 € intMr,
ATV 42 =1 eintMy, j=2.3,.. .k

If xy € M7y, then there exist /\Z €[0,1,1 <i<m+1, 1 <j < k; such that

xr = Z Nz, Correspondingly, we obtain vy = Z N Tt follows that vy € A (xr)
i i

and

xr + |)L|_1vT = ot_lZ/\{:zf_l € o "My,

ij

where 77! = 0. Taking 77 = ||~ and §; = &, the conclusion is followed.

(3) V(x) can satisfy Inequality (3.4.10) by selecting w.

Because the Minkovski function is positive and homogeneous, it is sufficient for
points on boundary of M,, to check Inequality (3.4.10).

Suppose [x; xg]T € bdM,, C M7 & wMs, where xs € wMsg, x7 € M.

If we repeat the discussion for Mg, then we can conclude that there exist tg and
8s which are independent of xg such that for every xs € wMs, x5 + t5Axs € §swMs,
where 0 < 85 < 1.8

8The 75, 8 obtained here may be different from those obtain before, in the following if we mention
Tg, Os, then they take the values obtained for wMs.
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Set now T = min (s, t7), 6 = max (s, d7), then for xg € wMs and xr € My,
equations

xs + tAxg € SwMg, x7 + tvy € M7

hold simultaneously. Let b = max {||xs|| , xs € Ms}, wo = (1 —§) /47 ||A|| b and
v € A(x) = A(xs+x7). Then ||[v—vr| < ||A]l |lxs]l < ||A] @b for every w €
(0, @p). Thus, we have

A

(S SMT + ‘L'”PTV—VT“BT
CéMr+1 IIV—VTHBT

C éMr+ "By

Because Psv € PsA (xs ® xr) = APs (xs ® xr) = Axs, xs + tAxs € SwMs. It is
equivalent to

146
xs + TPsv € SwoMg C 2 wMsg.

Therefore,
1
s + v e +6 [ wM; ,
XT 2 MT
where v € A(x). Inequality (3.4.10) holds if we replace (1 + ) /2 by § and

(1+8)/2<1. O

Theorem can be treated the Lyapunov converse theorem. Combining Theorems
3.4.2 and 3.4.3, we get that convex system (3.4.4) is weakly asymptotically stable,
if and only if there is a v € Im(A), two positive definite functions V(x) and W(x)
such that

D7V () = -W(x).

Problems

1. Consider the convex system (3.4.4), if Inequality (3.4.10) holds and v € A(x),
then D™V (x)(v) < —0V(x) with 6 > 0.
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2. Suppose A(x) = Cx+K where C € R"™" and K C R" is a close and convex cone.
Find the condition under which convex system x € A(x) is weakly asymptotically

stable.

3. Consider the convex system (3.4.4) where A(x) = Cx + K, C = |: 0 1 :| and

-3 -2
K is the first quadrant.

(1) Is the convex system weakly asymptotically stable? If yes, give a stable

solution for the convex system.

(2) Is the convex system asymptotically stable? If no, find the restriction of K,

under which the convex system is asymptotically stable.

Reference

Aubin J-P, Cellina A (1984) Differential Inclusions — set-valued maps and viability theory [M

Springer, Berlin

1.



Chapter 4
Linear Polytope Control Systems

A class of differential inclusion systems — the linear polytope systems — is discussed
in this chapter. This kind of system can be viewed as another extension of the linear
control systems to the set-valued mappings. This chapter contains four sections.
In the first section, we present the definition of the linear polytope system and
the motivation of investigation. Section 4.2 deals with the convex hull Lyapunov
function which is the main tool in this chapter. Then Sect. 4.3 considers the control
of the linear polytope system. We apply the conclusions of Sect. 4.3 to deal with
saturated control at the last section of this chapter.

In the theory of differential inclusion control systems, the linear polytope
system is relatively simple. Moreover, only the linear polytope control system and
the Luré differential inclusion system discussed in next chapter are investigated
comparatively deeply by so far.

4.1 Polytope Systems

In order to conveniently narrate later, we introduce some results of linear systems
and the matrix inequalities at the beginning of this section. They are needed for the
following presentation, especially, the matrix inequality has become an important
tool for the control system design in recent years. The polytope system is defined
and the motivation for the investigation is introduced in this section.

4.1.1 Linear Control Systems and Matrix Inequalities

1. Linear Control Systems

We start with a brief review of linear control systems.

© Shanghai Jiao Tong University Press, 209
Shanghai and Springer-Verlag Berlin Heidelberg 2016

Z. Han et al., Theory of Control Systems Described by Differential Inclusions,

Springer Tracts in Mechanical Engineering, DOI 10.1007/978-3-662-49245-1_4
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A typical linear control system is described as follows:

x(7) = Ax(t) + Bu(r),
y(1) = Cx(1), 4.1.1)

where for each given ¢ € [0, 00), x(¢) € R" is the state of the system, u(t) € U C R”
is the input or control, U is the set of permissible controls, and y(f) € R" is the
output. The first one in Eq. (4.1.1) is called the state equation, it is a differential
equation; and the second equation is the output equation, it is an algebraic equation.
The dimension 7 of the state x(¢) is called the order of system (4.1.1), A, B, C are real
coefficient matrices with appropriate dimensions. When not including time variable
t, system (4.1.1) is called time invariant, otherwise, it is called time variant.

Since this book mainly discusses time invariant differential inclusion, only the
linear time invariant control system is introduced here. A is an n X n matrix in
System (4.1.1) and is called the dynamic matrix of the system. The eigenvalues
of A are known as the poles of the system. The stability of the system is completely
determined by the eigenvalues of A. The (n + r) X (n + m) matrix

A B

CcC 0
is known as the system matrix of System (4.1.1). It is also a completely mathemati-
cal description for System (4.1.1). In this context, we often use (A, B) to replace the
first equation in System (4.1.1) and (C, A, B) to express System (4.1.1).

By the Laplace transformation and eliminating the state variable, System (4.1.1)
yields

Y(s) = C(sl —A)"'BU(s).

C(sI — A)"'B is known as the transfer function matrix of System (4.1.1), the degree
of its denominator is larger than that of every element in numerator matrix, so it is a
strictly proper real rational fraction matrix.

System (4.1.1) is often described by using block diagram as follows.

In Fig. 4.1, the part in the dashed box is called the interior of the system and is
called exterior of the system outside the dashed box. So x(#) is called the interior
variable, u(f) and y(¢) are called exterior variables. Generally, it is believed that the
internal state variable x is not directly measured. Thus, signals can be obtained only
the input « and the output y.

In this context, the transfer function matrix is known as the external description
of system (4.1.1). u = F(x) is the state feedback of system (4.1.1); accordingly, u =
K(y) is the output feedback. When F(x) and K(y) are linear mapping, these closed
loop systems are also linear. Otherwise, they are regarded as nonlinear systems. The
following mapping
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| |
u 1 X X 1y
—» B —> _[ » C |47
| |
| |
| |
I 4 |— I
| |
Fig. 4.1 The linear control system
£() = ME) + Ny(0),
u(t) = HE(t) + Ky(v), (4.1.2)

is the dynamic linear output feedback of System (4.1.1), where £(r) € RP? is the
state of dynamic compensator and p is the order of the dynamic compensator.
State feedback, output feedback and dynamic output feedback are the main control
method in the control design. The common control objectives are pole configuration,
stabilization, tracking, regulation, optimal control and so on.

Because in Fig. 4.1, the interior of the dashed box is a black box, that is, the state
x(#) is not directly available, the observation is an important task in control system
design. X is called as an asymptotic observer of System (4.1.1), if the output X of
the X'¢ satisfies that t1_1>1£1o (x(¢) — x(r)) = 0. At present, the most common observer

is called Lunberger observer and is constructed as follows:
i=(A-KC)x+Ky+ Bu (4.1.3)

when (A, C) is observable, it always can be found a feedback gain K such that
lim (x(r) —x(r)) = 0.
—>0o0

The observer Eq. (4.1.3) is called full order observer, since its dimension is equal
to that of (4.1.1). In fact, the output y directly includes some information about x,
we can design an observer with order n — r, this observer is called reduced observer.

2. Matrix Inequalities

The matrix inequality is an effective tool for the control system design at present.
Since the interior point matrix has been put forward, solving the linear matrix
inequality becomes very convenient. Moreover, a lot of effective computer aided
design software have been developed and widely used; thus the application of the
matrix inequality has been greatly extended, and many design conditions are given
by these inequalities.
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Assume that P € R is a symmetric matrix. P > 0 implies that P is a positive
definite matrix; P > 0 means that P is a positive semi-definite matrix. Similarly, it
can be defined that P < 0 and P < 0. The application of inequality signs can be
extended to two matrices. If A, B € R™" are two symmetric matrices, then A > B
means A — B > 0. Similarly, it can be defined that A > B,A < Band A < B.

The following lemma, called by Schur complement lemma, plays an important
role in the later discussion.

Lemma 4.1.1 Given a symmetric matrix

with P € R™" QO € R™, m + r = n, then the following three conditions are
equivalent:

1. A <0;
2.P<0, Q—R'P'R <0;
3.0<0, P—RO™'RT <0. O

The proof of Lemma 4.1.1 can be found in a general textbook for matrix theory,
here omitted. For Lemma 4.1.1, there exists the corresponding conclusion for the
positive definite matrix; readers are suggested to state and the proof. In order to
facilitate the description, we call Conclusion 2 to be the application of Schur lemma
about the matrix P and Conclusion 3 about the matrix Q. There exists a version of
Schur lemma for negative semi-definite matrices which is given in Lemma 4.2.1.

Lemma 4.1.2 Given a symmetric matrix
A= f; R e R™",
R 0
with P € R™" Q€ R™, m+r = n, then the following conditions are equivalent:

(1) A<0;
(2) P<0, Q—R'"PT'R<0, R" (I-PP") =0;
(3) 0<0, P-RQ'RT <0, R(I—QQ7") = 0;

where P! and Q™' are Moore-Penrose inverse' of P and Q, respectively. The third
equality holds in Conclusion 2 or 3 if P or Q is the invertible matrix.

IRecall the definition of Moore-Penrose inverse, assume that A is an n X n symmetric matrix,
n X n matrix G is a Moore-Penrose inverse of A, such that AGA = G, GAG = A, (AG)T = AG,
(GA)T = GA hold.
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First, the meaning of the two lemmas is that it transfers the problem of verifying
negative definite of a matrix with order n into two low dimensional matrices being
negative definite, thereby it reduces the complexity of checking. This application
is referred to as the positive application. Secondly, it transforms a quadratic matrix
inequality into a linear matrix inequality with high dimension; this application is
called reverse application of Schur lemma. Opportunities of the reverse application
will be more than the positive application in the control system design.

For example, we want to solve the matrix inequality X' X < I where X € RP*4;
this is a quadratic matrix inequality by Schur lemma, and the inequality is equivalent

-1 X . .. .
to [ X —J } < 0. The latter can be solved since it is a linear one.

For instant, the sufficient and necessary condition of matrix A being a Hurwitx
matrix is for any positive definite matrix Q, there exists a positive definite solution P
for Lyapunov equation PA + ATP = —Q. This is equivalent to solve a linear matrix
inequality

—P 0
< 0.
0 PA+ATP

One more example is about Riccati inequality. KA +ATK +KBR™'BTK+Q < 0
is quadratic for the unknown matrix K, it can be transformed into

ATK + KA+ Q KB
BTK _R < 0.

This is a linear matrix inequality of K, which can be conveniently obtained using
the software.

The following two inequalities are basic, and they can be proved based on
Schwarz inequality, and the detailed proofs are omitted.

Assume that U and V are two matrices with appropriate dimensions, then for any
positive real number ¢, we have

U'Vv+ ViU <aUTU + a7 'VTV. (4.1.4)

Let x and y be two n-dimensional real vectors, Q is an n x n positive definite
matrix, then it holds

2Ty <xTox +y'o7ly. (4.1.5)

Afterward it will mention the Hurwitz matrix, recall its definition: a matrix is
called Hurwitz matrix, if its eigenvalues have negative real parts. The necessary and
sufficient condition for the linear system x = Ax asymptotically stable is that A is a
Hurwitz matrix.
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4.1.2 Linear Polytope Systems

1. The Description of Linear Polytope Systems

IfA; e R™" {=1,2,...,N,are N real matrices, then the set

N
co(4;, i=1,2,..., N)=(A = Z)/,Ai; [yl Vo ... yN]Te F}
i=1

is a convex hull composed by A;, where

N
F=qy=0Lyn....vn):0=y; =1, i=l,2,...,N,Zyi=1} .
i=1

I is a closed convex set of the first octant on RY, for example, it is a closed line
segment connecting (1,0) and (0,1) on R?; it is a closed triangle with vertices
(1,0,0),(0,1,0), (0,0,1)in R3.

Because co(A;, i=1,2,...,N) is a convex hull obtained by composing
finite elements, it is naturally a closed set. Thus, co(4;, i=1,2,...,N) =
co(4;, i=1,2,...,N). For simplicity, the convex hull is still denoted as co(4;).

When N is a finite integer, co(4;) is called a polytope composed of A;, i =
1,2,...,N. By the definition, we can see that the polytope is a convex set generated
by finite linear elements (matrices, vectors).

Assume that [0, 7) is a time interval (where T can be c0), for an any given ¢ €
[0,7), x() € R", we define the set co{A;x(r)}={Ax(t), Aeco{A;,i=1,2,...,N}},
the differential inclusion

(1) € co (4; x(1)) , (4.1.6)

is called polytope differential inclusion. The Cauchy problem of polytope differen-
tial inclusion Eq. (4.1.6) is

(f) € co (4; x(1) , x(0) = xo.

In the control theory, the system considered should hold control input. Therefore,
let us consider N linear control systems

[éi 5 } e RUFMXIH) 1 3 LN,

then

w[& 5] -{mn[ b 2] verf
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is a convex hull of these N linear control systems. According to the above discussion,

12{ If)‘ :|) is denoted by

XO | oo | A B || XD ] 4.1.7)
y(®) G 0 ] Lu@
Inclusion (4.1.7) is called a linear polytope system. Note that the second relation in
Inc. (4.1.7) is an algebraic relation.

it is a closed set, the polytope system about co (|:

2. The Background of Polytope Systems

Linear polytope system control is the earliest formally presented by Hu et al.
(2006), when they studied the saturated control for linear systems (to see the fourth
section of this chapter). In fact, many problems can be transformed into the linear
polytope problem. For example, the discontinuous Eq. (2.3.5) in Sect. 2.3 of this
book can be transformed into the differential inclusion, it is really a polytope system.

This section will continue to give some examples to illustrate applications of the
polytope system in practical problems.

Example 4.1.1 Consider the following differential equation

x = Jxsinx’.
This differential equation cannot be solved by the elementary function. But

we know sinx? € [—1,1], then the differential equation can be extended into a
differential inclusion

X € co (—/x, /x). (4.1.8)

Inclusion (4.1.8) is a polytope system. Solving the differential equation x = §.¥/x,
with 8 € [-1, 1], yields

3
2

x(1) = I:iﬂt +x3 (0)} (4.1.9)

If the time domain is divided into some small intervals [#;, f;+1), in each interval,
3
the solution x(r) = [% Bt + X3 (tk)] ’ given by Eq. (4.1.9) is approximate to the
origin equation, the parameter 8 can be selected that 8 = sin (x (tk))z.
Example 4.1.2 Figure 4.2 is a typhoon forecast issued by China National Mete-
orological Center in 2011. The fold line in the lower right of figure depicts the
historical track of typhoon center motion. At the end of this path is typhoon center

location at 8 a.m. in August 5, 2011, its upper left coated with the conical area
shadow is 48 h ahead that typhoon center may reach area. Although it shows “path
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probability forecast map” in the next 48 h, a curve is scaled out in the shaded part,
that is, the center of typhoon track which is forecasted, two black spots on it are
the estimations of the typhoon center after 24 and 48 h in the future, respectively.
But it cannot provide any probability of typhoon center transfer, also did not have
any predictive model of typhoon motion. These trajectories and the center position
which were estimated look like a center line.

If we use x(7) and y() to express the longitude and latitude of the typhoon center
at + moment, then the vector [x(¢) y(£)]” is the coordinate of the typhoon center,
and [jc(t) y(t)]T is the velocity vector of the typhoon center which gives the moving
direction as well as speed.

Let [a1(t) b1()]T and [ax(t) by(1)]T indicate the upper and lower curves of
shadow areas in Fig. 4.2. We depict them again in Fig. 4.3, then

a () <x() <ai(r) and  ba(t) < y() < by (1),
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Fig. 4.2 A typhoon forecast in 2011
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o)

Fig. 4.3 Description of
typhoon center movement by

differential inclusion S([ x( to) y ( t())]T t])

|:x(to):|
(&)

a,()
by(1)

This is a Cauchy problem of polytope differential inclusion. Let S([x(f)
y(t0)]”, £) be the solution set of this differential inclusion. Then S([x(to) y(to)]7, )
is the set of all of possible situations of typhoon center at 1 moment. Moreover, if
we have experience distribution F(x, ) for this set, then [Ex Ey]” gives the optimal
position of typhoon center at time ¢#;. If this distribution is uniform, then the desired
position is the center of gravity of S([x(fy) y(to)]”,#1); if the distribution is not
uniform, so the most likely trajectory of moving is not a center line as given in
Fig. 4.2. ]

Example 4.1.3 Many robust control problems can be described by polytope
systems.
Consider linear system

X = (A + AA)x + Bu, (4.1.10)

where x € R" and u € R™ are the state and the input of the system, respectively;
A € R and B € R"™™ are the two known matrices, AA € R™" stands
for uncertainty, it is unknown, may even be a matrix variable. In robust control,
we often assume that it is a bounded matrix. Let AA = (aij)an,a < a; <
o, then Eq.(4.1.10) is equivalent to a differential inclusion system described as
follows

X €co((A+al)x+ Bu,(A+al)x+ Bu). 4.1.11)

For Inc. (4.1.10), under the feedback u = Fx, the corresponding closed-loop
system is a differential inclusion

x€co((A+BF +al)x,(A+BF +al)x). (4.1.12)

The robust stability of the closed-loop system is equivalent to strong stability of
the differential inclusion system Inc. (4.1.12). ([l
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Problems
1. Assume that Fy, Fy, ..., F, are symmetric matrices with the same number of
rows and columns, xi, ...,x, are n unknown real number, solving the linear

matrix inequality is to compute the vector x = [x; . .. x,]”, such that
Fo+x1Fi+---+x,F, <O.

Give a sufficient condition for the solution set being non-empty, and prove
that the solution set is a convex set.
2. Prove Lemma 4.1.2.
3. (1) Extend Inequality (4.1.4) to show that UTV 4+ VIU < UTQU + VTQ~'v
where Q is a positive definite matrix.
(2) Prove that Inequality (4.1.5) becomes equation if and only if y = QOx.
4. Prove that T is a closed hull set in the first octant on RV,
5. There are two polytope systems

[ Ai B i|ER(n+m)><(n-i-m)7 i=1,2,~--N|: Aj Bj :|ER(n+m)X(n+m)7 i=1,2,... M.
Ci 0 G 0

Write the expressions of series system and parallel system, respectively.

4.2 Convex Hull Lyapunov Functions

This section discusses a kind of special Lyapunov function, called the convex hull
Lyapunov function. In fact, perhaps it may be better to call it “convex hull quadratic
Lyapunov function”, since it takes a form of quadratic function. Because it is defined
by a convex combination of some quadratic functions, it has more advantages than a
single quadratic function. The convex hull quadratic Lyapunov function is proposed
in the early twenty-first century. It is an important tool for the analysis and design of
polytope systems and is used to get the invariable set and controlled invariable set,
and also becomes a useful tool in the saturated control for linear systems (Hu and
Lin 2004; Hu et al. 2006). In this section, we discuss the definition and fundamental
properties of convex hull Lyapunov functions, and it will provide a foundation for
further design.

4.2.1 Convex Hull Quadratic Lyapunov Functions

Let P, € R™", i = 1,2,...,N, be N positive definite matrices, and Q; = Pi_l.
Then Q; is also positive definite for every i € {1,2, ..., N}. Define
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N
F={dy=[ v...oml" €RY; 3 20,i=1,2,....N,Y yi=1¢,

i=1

; T
—_——

I' is a simplex on RY with its verticese; = [0 --- 1 ... 0| .TI isabounded,

closed and convex set. For every y € I, let Q(y) be the convex combination of Q;,
i.e.,

N
o) =>_ 0. 4.2.1)
i=1

QO(y) is always positive definite, and a linear mapping on R”, it is also a linear
mapping on I'. Define P(y) = Q7' (y), P(y) is also positive definite. Further,
because Q (y) # 0 (zero matrix), P(y) is also a continuous mapping on the simplex
I'. Especially, when N = 1,P(y) = P, and when N > 1, fori = 1,2,...,N,
P; € {P(y), y € I'}, it is the reason why P(y) can be expected to have better
properties than a single P;.

Definition 4.2.1 The following positive definite function

N —1
_ T R .
Ve(x) = minxP () ¥ = minx (Z %Q,) x

i=1
is the convex hull quadratic Lyapunov function of P;, i = 1,2,...,N. O

Although V. (x) is called the convex hull quadratic Lyapunov function of P;, P(y)
is not a convex combination of P;, where the “convex combination” comes from that
Q(y) is a convex combination of Q;.

Since I' is a compact set, for each x, there exists a y* = y*(x) € T, such that

Ve(x) = m'?xTP Mx=x"P(y*)x.
¥

€

Note that the notation y* = y*(x) only means that y* depends on x, but y*(x) may
not be a function of x, it is usually a set-valued mapping. At the end of this section,
we will give the condition under which y*(x) is a function of x.

It can be verified directly that y*(x) = y*(ax) for every a € R. We now give an
alternative definition for V,.(x).

Theorem 4.2.1 The value of V,.(x) can be obtained by the following optimization
problem:

V.(x) = min {a; there exists a y € I, such that a > x” P (y) x}
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Proof Denote
A(x) = {a;there exists a y € I',such that « > x" P (y) x}

and ag(x) = infA(x). Because there exists a y* € T such that V,(x) = x"P (y*) x,
V.(x) € A(x). By the definition of «((x), we have V,.(x) > o (x).

On the other hand, for any ¢ > 0, there exists o € A(x), such that o(x) + ¢ > «,
i.e., there exists y € I, such that

ao(x) + &> a > x"P(y)x > Ve(x).

Since ¢ can be selected arbitrarily, we obtain oy (x) = V,(x). [l

Theorem 4.2.1 shows that the set A (x) exists the minimum value for every x, and
the minimum value is exactly equal to V,(x).
Owing to P~! (y) = Q(y) > 0, s0 @ > x" P (y) x is equivalent to

a i
[x Q(V)}zo'

From Theorem 4.2.1, the another description of V.(x) is
V.(x) = min «,

a
o, [x Q(y)} >0, Iy el. (4.2.2)

The optimization problem with constraint (4.2.2) is convenient to be solved by the
existing software.

We have verified in Sect. 1.3 that a positive quadratic function x” Px is a convex
function; however, V.(x) = xTP(y*)x is not a convex function. The fact is
illustrated as follows.

Consider

o /\xlT+(1—)k)x§:|=A|:a xf i| 12 [a xb i|
[Ax1+(l—x)xz 00 v oo TG o |

(4.2.3)

We still adopt the notations used in the proof of Theorem 4.2.1. If oty (x1) # oo (x2),
without the loss of generality, we assume «q (x;) > «g (x2), then for any y € T,
T
it holds [“O (2) % } < 0. When A — 1—, by Eq. (4.2.3), for any y € T,
x1 Q(y)
|: a (x2)  Axl 4+ (1 —2)x]
Axi+ (1 =2)x ()
[1 —e&, 1], it yields ap (Ax; + (1 — A) x2) > ap (x2). It follows that the inequality

i| < 0. By the definition of «y(x), when A €
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oo (Ax; + (1 —A)x2) < Ao (x1) + (1 — A) g (x2)

does nothold forallAin0 < XA < 1.

Since V,.(x) is not a convex function, it causes many difficulty for study. In the
research of convex hull quadratic functions, we will consider the layer set and prove
that the layer set is always convex.

Recall the layer set defined in Sect. 1.2. lev(f < «) is defined as the set
{x; x edomf,f(x) < «}. If it does not illustrate especially, this chapter only
considers the layer set given by “<”.

In order to simplify the notation, let L.(x) denotes the set lev (V.(x) < «) and
Lp, («) denotes the lev (x” Pix < ). Similar notations will be employed for other
functions, and we do not point out later. Especially, when « = 1, we denote L, =
L.(1) for simplicity. For a quadratic function x” Ax, it is easy to see L (a) = /oLy
for any a > 0, so it is sufficient to discuss L4 only for a quadratic function x” Ax.
Since y*(x) = y*(ax) for V.(x), it can be proved L. (@) = /L.

If y* = y*(x) is a continuous function of x, all lever sets mentioned above are
compact.

4.2.2 Layer Sets for the Convex Hull Quadratic Function

This section gives some basic properties of the layer set. We first prove a useful
lemma.

Lemma 4.2.1 For a given vector f € R" and a matrix P € R™" > 0, Lp C Ly if
and only if fTP~1f < 1, where Ly = {x; |{f,x)| < 1}.

Proof Sufficiency. If fTP™'f < 1, thatis, 1 — fTP~!f > 0, from Lemma 4.1.1, it
holds

®= [ P‘llf f ;T } >0. (4.2.4)

Using Lemma 4.1.1, we have P~! — P~1ffTP~! > 0, and multiplying from left
and from right with P, it yields P > ﬁ‘T. If x € Lp, then 1 > xTPx, we have
1> xTPx > xTﬁ‘Tx, thatis, x € L;.

Necessity. Suppose that P > ffT does not hold, then there exists an x, € R”,

-1
such that x) Pxo < x} ff" xo. Denote | = x{ Pxo, then / > 0 and (\/1) Xo € Lp, but

-1 \7 —1 —1
((\/l) xo) Vi ((\/l) xo) = l_lxgﬁ‘Txo > l_lngxo =1, (\/l> X0 ¢ Ly.
This is a contradiction to Lp C Ly, so P > ffT, thatis, P~! — P71fTP~! > 0, it
implies (4.2.4), by Lemma 4.1.1, we get fTP~'f < 1. O

There are three remarks for Lemma 4.2.1.


http://dx.doi.org/10.1007/978-3-662-49245-1_1

222 4 Linear Polytope Control Systems

Fig. 4.4 TIllustration for
Lp C Lf

Remark 1 From the view of geometry, x’ Px = 1is an ellipsoidon R”, fTx = l is a
n—1 dimensional hyperplane in the R”, and f is the normal vector of the hyperplane.
[f"x| < 1is the area between the two hyper planes f7x = £1.

xo=P7'f

Thus, Lp C Ly shows that the ellipsoid Lp is between the two hyperplanes
as shown in Fig. 4.4. 1 = xTPx = x7ffTx implies that the ellipsoid is tangent
to the hyperplane fTx = 1. The point of tangency is x, = P~!f. For every
x € Lp\ {xo, —xo}, it holds |[f"x| < fTxo = 1.

If Lp C Ly, and dbLp N {x;|f"x| =1} = @, then the ellipsoid x’Px = 1
is between the two hyperplanes f7x = 1 without touching them, consequently,
TP < 1

If f1 is a linearly dependent vector with f; i.e. fi = af, then Ly and Ly are two
parallel zonal areas, and Ly, will be contained by Ly if |a| > 1 (|

Remark 2 If f is replaced by H € R™" where
hy

W7
then it can be proved by a similar method that Lp C Ly if and only if thP_lhj <1,
forallj = 1,2,...,m, where Ly = NL,7, i.e, Ly = {x; |Hx| o <1}, [|Hx| o

is the infinity norm of Hx. If {ﬁ, j=12,... } is the set of intersection points of
hyperplanes h/x = =1, then Ly is the simplex with vertices {f, j=1,2,...}.
Then Lp C Ly implies that the ellipsoid Lp is contained in the simplex. The reason
why Lp is an ellipsoid and Ly is a simplex is that their norms calculated by the two
different ways. (]

Remark 3 If fTP~!f = 1, then ® defined in Eq. (4.2.4) is only a semi-definite
matrix. Therefore, there must be x such that 1 = x” Px = x” ffTx, particularly, it can
be required f7x = x”f = 1. The following will prove that such x is unique.
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Since the rank of matrix ® defined by Eq. (4.2.4) is larger than n — 1, and there
. 71T
exists a nonzero vector [1 (=f)" ] such that

CD[—lf} = |:P_11f e H_lf} 0,

we obtain that rank & = n — 1. It follows that there is unique x, such that
[1 —x"P]®[1 — xTP]T = 0. The x can be solved x = P~!f and satisfies that
1 =x"Px = x"ffTx. (|

The following four theorems present basic properties of the layer set L, of the
quadratic function V,(x).
For the sake of simplicity, we denote Lp = co{Lp,,i = 1,2,...,N}.

Theorem 4.2.2 L. = Lp = U Lp(,).
yel

Proof (1) At first, we prove Lp C L.. For every x € Lp, there exists x; € Lp,, such
N

that x = Z yiXi. xi € Lp, implies 1 > xiTQi_lxi, then we have
i=1

e lzelh oo -2l 8 =0
xi Qi XQ(V) xi Qi

ie,1>x"P(y)x > V.(x),x € L.
(2) Secondly, we prove UFLP(") C Lp. It is sufficient, for any y € I', to prove
y€

Lpg) C Lp.

The conclusion is proved by contradiction. If there exists a y* € T such that
Xo € Lpy*), Xo ¢ Lp. Since Lp is a convex set, from Lemma 1.2.2 and Remark 3
behind the lemma, there exists a vector n, such that (n, xo) > (n, x), forall x € Lp.

Consider an optimization problem

y= max (n, x).
xELP(y*)

Since Lp(,+) is a closed ellipsoid, there exists unique maximum value. Denote

Ymax = {(n, x*), where x* € Lp(,x). Let n* = (n oy Then 1 > (n*, x) for all

X € Lp(y~). Further, by the definition of L+, we have Lp(,«) C Ly*. The hyperplane
(n*)"x = 1 is tangent to Lp(, ). From Remark 2 given after Lemma 4.2.1, we have

() 0 (y*)n* = 1. 4.2.5)
But, for all x € Lp, it holds that (n, xo) > (n, x). Replacing n by n*, it yields

(n*)Tx < (n*)Txo < (n*)Tx* =1.
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Using Remark 2 given after Lemma 4.2.1, for any P;, i = 1,2,...,N, Lp, is
between hyper planes (n*)"x = =1, without touching them. Therefore, for all
i=1,2,...,N, wehave

1 (”*)TQi
[ om* 0, :| > 0. (4.2.6)

By Inequality (4.2.6), if y* = [yl* 129 ...)/;\’;]T, then

1 (n*)TQ(V*)}_ o [ 1 (n*)TQ,}
[Q(V*)n* 0 (") =2 ot o 7%

i=1

By Remark 2 for Lemma 4.2.1, it holds (n*)" Q (y*) n* < 1. This contradicts to Eq.
4.2.5).
(3) Finally, we prove L. C UFLp(y). Since x € L., by the illustration given after
VAS]

Definition 4.2.1, there exists a y* € I', such that 1 = V.(x) = milngP (Y)x =
V4SS
x'p (y*)x, forx € Lpy+) C UFLP(V)'
VASS

In conclusion, we have proved L, = Lp = UFLP(")' O
y€e

Theorem 4.2.2 presents the geometric characteristic of the layer L. of the convex
hull quadratic function V.(x). It illustrates that L. is a closed convex hull of those
Lp,. The fact somewhat explains the reason why we call V.(x) = milngP (y) x the

yE

quadratically convex hull Lyapunov function.
Using L. (p) = ,/pLc and the other equalities, it is direct to obtain

L.(p) =co{lp, (p),i=1,2,....N} = yLeJrLP(") (p).

In order to give a geometrical illustration of Theorem 4.2.2, we need to introduce
a concept of convex analysis. The concept is also useful in the next theorem which
deals with algebraic property of the boundary L.

Let A be a closed convex set. x € A is called an extreme point of A if x cannot be
represented as a convex combination of any other points in A. It is obvious that the
set of extreme points is contained by the boundary of A (Theorem 1.2.2), i.e., bd A.
But, usually, it is a proper subset of bd A. For instance, in a simplex, its vertices are
extreme points, but other points in edges are not extreme points. The closed convex
set A is said to be strictly convex, if every point in bdA is an extreme point. For
example, every point of the circumference of a closed circle in R? is extreme point.
The level set Lp is a strictly convex set provided that P € R" " is a positive definite
matrix.

The following lemma gives a characteristic of extreme points.
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Fig. 4.5 The construction
of L,

Lemma 4.2.2 Let A be a closed convex set, and xy € A be an extreme point of A.
Let f(x) be a convex function defined on A. Then f(x) reaches its minimal value at
xo if and only if ,} £ (x) < 0. O

The lemma can be proved by the knowledge of calculus and is omitted.

Theorem 4.2.2 shows L. is a closed convex hull of Lp,’s. The boundary of L.
consists of two kinds points (to see Fig. 4.5 for a schematic figure). Point A is
located at the boundary of one ellipsoid, it is an extreme point; Point B is in a flat
surface (hyperplane) and is not an extreme point. The hyperplane is the common
tangent plane of several ellipsoids. Hence, bd L. is a continuous differentiable
curved surface with order one.

In the theory of convex analysis, many properties of a convex set can be described
by its extreme points. Hence, it is advanced to get properties of a convex set from
studying on its extreme points.

Fori=1,2,...,N, we denote

E;=bdL.NbdLp, = {x; V.(x) =x"Px=1}.

The above analysis shows that E; is a subset of extreme points of L.. The further
characteristic of E; is depicted by the following Theorem 4.2.3.

Theorem 4.2.3 Fori=1,2,...,N,
Ei={xebdL.:x"Q7" (Q— Q) Q;'x<0, j=12,...,N}.
Proof Without loss of generality, let i = 1. Then it needs us to prove only
Ei={xebdL :x"0"(Q;—01)07'x<0, j=1.2,....N}. 4.2.7

Firstly, when j = 1, it always holds x” Q7! (Q; — Q1) Q7 'x < 0, hence, we only
consider the case j # 1. V,(x) is rewritten as follows

-1

N N
Ve@ =min x| 01 + ) % (Q—01) | x D y<1ly=0
j=2

=2
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We now denote x” P(y)x in an alternative form. Denote
-1

N
0 (Var..oyn) =2 O + Z v (Q—01)| x=x"P(y)x, (4.2.8)
=2

where x is treated as a parameter. Define a set of R"~! as follows
N

=402 ....7n) ZVJE 1, 3,20},
j=2

I'; can be treated as the projection of I" on span {e;, i =2,3,...,n}, hence, is
bounded and closed. An elements of I'; is denoted by 7. By the definition of V.(x),
we have V.(x) = ming, (7), or ¢, (y) > V(x),7 € Ia.

ASb

If x € E, then V,.(x) = xTQl_lx = 1. It implies that the minimum value of
function ¢, is obtained when (2, ..., yny) = (0,...,0), then by Lemma 4.2.2

0y .
P2oeyn)=00.....0) = 0, j=2,...,N. 4.2.9)
dy;
It is known that for an differentiable function matrix A(t), jrA_l(t) =
A7 (1)™D A71(1). Using the rule, Inequality (4.2.8) yields
T -1 -1 .
o7 (Q—01)07'x <0, j=2.3,....N. (4.2.10)

It means that for x € E, Inequality (4.2.10) holds.

Now, we prove that if x € db L. and Inequality (4.2.10) holds, then x € db Lp,,
hence, x € E.

Because

0¢x

ay; ) =(0..0) = X O] (0;— 01) Or'x, j=2,....N,
J

by Lemma 4.2.2, Inequality (4.2.9) implies that ¢.(y2,¥3, ..., Yn) reaches its
minimal value. Thus,

x'Pix = ¢, (0,0,...,0) = ming, () = V.(x).
)761—‘2

x € db L, consequently, x Pix = 1,x € db Lp,.
In conclusion, we have

Ey={xe€dL :x"07"(Q;— 01)Q'x <0, j=2,....N}.

The theorem is verified O
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Theorem 4.2.4 Let x) € bd L.. Suppose that y,j‘ > 0 fork = 1,2,...,Ny;

0
and yf = Ofork = Ny + 1,...,N, ie, Q(y*) = Zyk*Qk. Denote x; =
k=1
QkQ_l (]/*))C(), k=1,2,...,Nyp, then

(1) x = Zykxk,

Q) x € bd ka,

T
3) WBS(O) BVC(Xk) Z(Qk lxk) —Z(Q(y*)_lxo) 2;
4) Vc(xk)zv (xo)— 1,k=1,2,...,Np.

Proof (1) By the definition, x; = 0:0(y*) 'x0, k =1,2,..., Ny, hence,

No No

Z VeXe = Z J/;QkQ()’*)_lxo =0(y") Q(V*)_lxo = Xo.
o —1

(2) Recall the definition of the convex hull quadratic function V., it is equivalent
to calculate:

min x] (Z J/ka) X0, 4.2.11)
sty = [Vl,Vz,--.,)/N] el

We use the Lagrange multiplier method to solve the optimization problem. By
introducing Lagrange multipliers ¢, B¢, and v, kK = 1,2,...,N, the Lagrange
function for Problem (4.2.11) is obtained as follows

N -1 N N
L(y.r.a.p) = x5<2 Vka) xo + o (Z Vi — 1) + Y Be(ve—17),
k=1 k=1 k=1

4.2.12)

where 8 = [B1 B2...Bn]" andr = [r| r»...ry]". The last two terms in Eq. (4.2.12)
are used to realize y € I'. Thus the 0pt1ma1 solution (y*, r*,a*, 8*) of Problem
(4.2.12) must satisfy

AL/ 9yjlp* i+ a* p) = 0,
3L/3rj|(},*’r*’a*ﬁ*) =0,
AL/t |(yx px o p) = 0,
AL/ 0Bjl (y* 0 p*) = O,

j=1,2,....N. (4.2.13)

Ve (xo) Ve (x)

2In accordance with the general notation, represents

X=x0
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By computing (4.2.13), it yields

N 1 N -1
xg(Zyk*Qk) Q,-(Zy,:‘Qk) Xo—a* + B =0, j=12,....N,
k=1 k=1

(4.2.142)
Brr=0=12...N, (4.2.14b)
N
Y=t (4.2.14¢)
k=1
yi= ()’ =12.....N. (4.2.14d)

Since y;f > 0,k =1,2,...,No,and ¥} = 0,k = Np + 1,..., N, we can require
thatr, > Ofork = 1,2,...,Ny. By Eq. (4.2.14b), it yields

B =0,k=1,2,...,No. (4.2.15)

Substituting Eq. (4.2.15) into Eq. (4.2.14a), we have

0 (y*) 0 () xo = @k =1,2,... N, (4.2.16)
hence,
No
207 () (Do vire) e () xo = o,
k=1
that is

Ve (x0) = x50 (y*) x0 = ™. (4.2.17)

Because xo e bd L., ™ = 1.
It is easy to obtain that

O = (207" () x0) 07 (207" () x0) = X507 (v*) &0 (v*) xo -

Therefore, we have xI Q; 'x; = 1,and x; € bd Lp,, k = 1,2,..., No.

(3) Since xp € bd L., and L, is a closed convex set, by Lemma 1.2.2, there
exists an iy € R”, such that 1 = (hg,xo) > (ho,x) for all x € L.. For this xo,
there exists a y*, and then P (y* (x0)), such that V, (xo) = x} P (y* (x0)) xo. Denote
Py = P (y* (xp)) for simplicity, note that Py depends on xj.
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From Lemma 4.2.1, h} x = 1 is tangent to the ellipsoid x” Popx = 1 at xo, hence,
Liy O Lo O Lp, (4.2.18)
in other words

xo = Py'ho, hiPy'ho = 1. (4.2.19)

Define a function ¢ (x) = \/ xT Pox, then ¢(x) is positively homogeneous, and for
every x € bd L., we have

hix < VVe®) < ¢ (x), (4.2.20)

where we apply hgx <1l= \/ V.(x). Since the three functions in Inequality (4.2.20)
are all positively homogeneous, Inequality (4.2.20) holds for all k > 0 and x €
bd L. (k). It means the inequality holds for all x € R".
T
0¢ (x) = 2x°Po , we have 0¢ (%) = ngo = hg, forx =xp €
dx 2\/xTP0x d0x X = Xo
bd L.. By the continuity of the quadratic function, we have

Since

¢ (X0 + Ax) = ¢ (x0) + hg Ax + o (|| Ax])) ,
where o(]|Ax||) is the higher order infinitesimal of ||Ax||, and ¢ (xp) = 1. On the
other hand, h{ (xo + Ax) = 1 + hl Ax, by substituting x = xo + Ax into Inequality
(4.2.20), we obtain
1+ hlAx < /Ve(x0 4+ Ax) < 1 4 hl Ax + o (| Ax]]) .
Hence,
Ry Ax < Ve (xo + Ax) = y/Ve (x0) < hg Ax + o (|| Ax]]).

Multiplying by (||A)c||)_1 for every item, and letting || Ax|| — O, it leads to

9/ Ve(x)

o = h = x}Po. 4.2.21)

X=X0

Thus,

2
v _ (V) VY@
ax ox n x
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V. (x) — 23\/(;/;»(,() — 2(POXO)T, or BV(;JEX)

X=Xx( X=X0
Ve (x)

2(P(y*)xo)". By using xx = 0QxQ(y*) 'xo, we at last obtain o
2(Pexi)”

Let x = xp, we have

X=x0

X=xo

No
(4) Since x = Z Y& Xk, the x; and xo are on one hyperplane, and the hyperplane
k=1
must be the tangent plane of Lp(,+) at xo. Therefore, x; € db L. and V. (xo) =
Vc(xk)le{Qk_lkaLfOI'k: 1,2,...,Np. [l

Using L. (p) = ,/pL., Theorem 4.2.4 has the following corollary.

Corollary 4.2.1 If x!P(y*)xo = p, ie, xo € bd L. (p), then the following
conclusions are valid.
No

1) xo = Z Y& Xk, With x € bd Lp, (p);

k=1
aV, (x V. (x 1 \T -1
@ Vet - ax(k Y =200 = 2(00) M)
B) Vo) =Velxo) =p, k=1,2,...,Np. O

aV.(x)
X

Remark The equation = 2P ()/*) x cannot be simply obtained by differ-

entiating the function V,(x) = x”P (y*) x. Since y* = y*(x) is also a function of
x, P (y*) is not a constant matrix. O

From the proof of the last theorem, we can state another corollary.

Corollary 4.2.2 If xy € db L., and its responding y* satisfies that y} # 0, k =

1,2,...,Nyp, ]/k* =0, k=Ny+1,...,N.Ifthere exist x; Eka, k=1,2,...,Np,
N

such that xg = Z i xx. Then
k=1

(1) x; € db Lp;

(2) Ifk # j, then Py # Pj;

(3) No =m;
(4) x0,xt.k=1,2,...,Npon an identical hyperplane f”x = 1, where f is a normal
vector of the hyperplane. O

Corollary 4.2.2 has a version for V, (xg) = p, the readers are suggested to write
the conclusions.
Some properties of the function y*(x) are given in the following theorem.

N
Theorem 4.2.5 (1) For any x € dbLy,, if x can be expressed as x = Z ViXe
k=1

uniquely, with x; € Lp,, y € T, then y* is a function of x.
(2) If y* is a function of x, then y*(x) is a continuous function.
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Proof (1) The conclusion is proved by contradiction. If y*(x) is not a function of
x, i.e., there is an x and more than one % correspondmg toit, e.g. y* M and y* @,

From Theorem 4.2.3, we have x = Z y*(l) = Z )/k* @ x/((z) . It contradicts with

k=1 k=1
N

that x can be represented uniquely as x = Z YiXr. Thus y* is a function of x.
k=1
(2) It is also proved by contradiction. If y*(x) is not continuous at xy, then there

exists a sequence {x"} such that lim x = xo, but y*(x™) does not converge at
n—>oo

y*(xo). Since for any n, y* (x(”)) € I', and T is a closed convex set, there exists
a subsequence {x"} of {x™} such that lim x" = xo, and lim y* (x!") =
n—>o0 n—>oo
y* £ y* (x9). We denote y* (x(W) = y*(". By Theorem 4.2.3, there exist
“”’ €Lp,k=1,2,...,N, such that

J
A =3 yatm i (4.2.22)

Since I, L, and Lp, are all compact, an integer sequence {k;; i = 1,2,...} can

be found such that the subsequence {xk } of { (1) } satisfies {x,(( " } C {x,(cln)}
(ln)

and lim x;_ x? with x{? € Lp,. Since {x!"} and {y*("} are all convergent
i—00
sequences, SO hm )/*(1") = y*V £ y*(x0) and lim = Xo. Taking limit on
1—> 00

the both sides of (4.2.22) yields

N
lim x" = 1im Yy "
i—>OOZ yki ki

i—00

SO

J
*(1)_(2)
X0 = Z)/k X -

k=1

Owing to y*V # y* (xo),

N

2 : z : 1) (2
Xo = yk* (XO) X = V*( ) ( )

k=1

note y* £ y* (x), we get two different expressions about xo, it contradicts with
the prerequisite, that is, the expression of xy is unique, so the assumption does not
hold. That is, y*(x) is a continuous function of x. O
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Problems

. Prove y*(x) = y* (ax), for all o« € R.
. Prove L.(a) = /aL.(1),forall@ € R.
. Prove that V.(x) is a continuous function on R”.
. LetP| = |:5 2i|, P, = I . Calculate V.(x).
21 12
. Prove Corollary 4.2.1 and Corollary 4.2.2.
. If P € R™" is a positive definite matrix, then the level set Lp is a strictly convex
set.

7. Give an example that x E L., but xy can be expressed as two different equations

of x — Z D Z yr OO,

(o) NN B O I

4.3 Control of Linear Polytope Systems

This section considers control problems for the linear polytope system with control
input described as follows

(1) € co {Ax(t) + Bu(r),i = 1,2,... N}, 43.1)

where x(f) € R"” and u(¢) € R™ are the state and the input of the system, respectively,
and A; € R, B; € R™™ i = 1,2,...,N. The main design objective is to
establish a state feedback law u(f) = K (x(¢)), such that the closed-loop polytope
system

(1) € co {Ax(f) + BK (x(1)) i =1,2,...,N} 4.3.2)

is strong stable or is strong exponentially stable. From Inclusion (4.3.2), it can
be seen that the design objective is equivalent to find the u(f) = K (x(¢)) such
that N linear systems x(f) = Axx(t) + B;K (x(¢)), i = 1,2,...,N are stable, or
exponentially stable, simultaneously.

The feedback law K(x(#)) given in this section is completed by using the convex
hull quadratic function discussed in the last section, so it is not linear in general.

In order to facilitate the description, when it is no confusion, we will omit the
argument (¢) in x(#) and u(¢), and omit i = 1,2,...,N in Inclusions (4.3.1) and
(4.3.2).

In order to provide convenience to readers, a conclusion for the linear system is
given here.

Consider the linear system described by

x = Ax + Bu,
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there exists the linear feedback control # = Kx, such that the closed-loop system
asymptotically stable if and only if there exist solutions X and Y the following linear
matrix inequality

AX + XAT + BY + Y'BT <0, (4.3.3)

holds with X being positive definite. If Inequality (4.3.3) holds, then we have K =
Yx—.

The proof is direct, and it is omitted. It is emphasized that there exists a solution
for Inequality (4.3.3) if and only if (A, B) is stabilizable. A further conclusion is:
If (A, B) is not be stabilized, then for any feedback u = K(x), even though K(x) is
nonlinear, it is impossible to make x = Ax 4+ BK(x) stable.

4.3.1 Feedback Stabilizability for Linear Polytope Systems

Consider the linear polytope system descripted by Inclusion (4.3.1), and given
positive definite matrices P;, j = 1,2,...,J, denote Q; = Pj_l, constructing the
convex hull quadratic function V.(x) by Definition 4.2.1. The meaning of layers
L. (), Lp,; (o) are given in Sect. 4.2. Suppose that y*(x) is a function throughout
of this section.

Consider the set bd L.(«). If for any x € bd L. (), it holds " f(x) < 0
with arbitrary selection f(f) € co (A;x(f) + B;K (x(2))), then by Lasalle invariable
principle, any trajectory will tend to an invariable set in L.(«). Since L. (@) =
JaL., if for x € bd L., it always holds B‘i;f) f(x) < 0, then the polytope system
must be strong stable. In what follows, this argument is main issue for further
investigation.

In order to simplify the proofs afterward, first, given a direct result and its detailed
proof, the purpose is to provide some ideas for similar proofs.

Theorem 4.3.1 If there exist matrices P; € R™" and F; € R™", with P; > 0,
j=1,2,...,J, such that the inequalities

AiQ; + QAT + BiFj + FB] <0, (4.3.4)
hold for i = 1,2,..., N simultaneously, where Q; = Pj_l, then there exists a state

feedback u(f) = K (x(¢)) such that the closed Inclusion (4.3.2) is strong stable.

Proof 1If there exist positive definite matrices P; € R™" and matrices F; € R™"
j = 1,2,...,J, such that Inequalities (4.3.4) hold for everyi = 1,2,---, N, then
we construct V,(x) by Definition 4.2.1, and obtain y* = y*(x).

J J
Denote F (y*) = Zyj*Fj and Q (y*) = ZVJ'*QJ" the feedback law is
j=1 j=1
constructed as follows
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u=F(y*) 0" (y*)x (4.3.5)

Since it has been assumed that y*(x) is a function in the section, by Theorem 4.2.5,
the feedback given in Eq. (4.3.5) is continuous.
Multiplying Inequality (4.3.4) from left and right by Qj_1 , respectively, it yields

Q7 'A;i + ATQ ' + 07 'BiF; 0 + 07 'FIBT Q' < 0. (4.3.6)

The proof of strong stability of the closed-loop system combined by Inclusion
(4.3.2) and Eq. (4.3.5) is proceeded with two steps.

() Ifx € Ej = bd L. Nbd Lp,, then Ve(x) = V. (xj) = x/Pix; = 1. Because
y* =y*(x)isafunctionof x, /" = 1 and y/ =0, i # j. Thus,

Ve(x) =V, (%) € co aiVC()c) [Aix+ BF (y*) 07" (y*)x]}

X=Xj

co{2x 07! (A + BiF;0; ") x;}

co b (O Ai + ATQ + O B + O FTBI ) )

By Inequality (4.3.6), the quadratic form x] (Q;'A; + ATQ" + Q7 'BiF; Q" +
Qj_leTBl.TQi_l))g is negative definite, and E; is a compact set, hence,

T —1 TH—1 —1 —1 —1 pTRT H—1
maxx; (O 'Ai + A/ Q7' + Q7 'BiF;, 07 + 07 'F/B{ 0 ') x; < 0.

Xj €E o
Furthermore,

max maxx; (Q;'A; + A7 Q7' + Q7 'BiF; Q7 + O 'F B 0 ) x5 < 0.

i X€E;

It leads to V.. (x;) < 0.
(2) If x € bd L, by Conclusion (1) of Theorem 4.2.3, there exist x; € Ej, j =
J

1,2,...,J such that x = Z yi*xj. For simplicity, we assume that )/j* >0,j =
j=1
1,2,...,Jo0; yj* =0,j=Jo+1,...,J. By Conclusion (3) of Theorem 4.2.3, we

have Qj_lxj = Q()/*)_lx and V.(x) =V, (xj) = 1. By Conclusion (3) of Theorem
4.2.3 again, we have

. 0 -
Ve(x) € co { 8xVC(x) [Aix + BiF (y*) Q(y*) lx]}

= co {2)CTQ()k*)_l [Ai + BiF (y*) Q(y*)_lx]} )
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Because

270(2) ™ [+ BiF (v*) 0(r*) 'x]
Jo

-1 -1
= > 2T0() [y Aw + v BiF() ]
=1
Jo
= 2207 A + v BiEQ 5]
=1

Jo
=Yl Q IO + 0 BEGT + 0 ETBTO [y
=1

<0,

Jo
where the first equality is obtained by applying x = Z yi*xj and F(y*) =
j=1
Jo
Z yi*F ;, the second equation is because Q(y*)_lx = Qj_lxj. Therefore, using the
j=1
arguments made in Step (1), we have V,.(x) < O for all x € bd L. O

There are the following remarks about the above proof.

Remark 1 Readers can find that a series of simplifications have been made in the
above proof. First, the discussion for any L.(«) is simplified as that for the fixed L.,
and the scope of the discussion is narrowed; then the discussion for x € bd L, is
restricted to that for x; € E;. By Theorem 4.2.4, there are some useful properties of
Ej, it is easy to carry on the discussion by using these properties. From the proof
of Theorem 4.3.1, it can be seen as long as the conclusion holds for x; € Ej, it
is convenient to extend it to bd L.. Hence, the key is to prove the conclusion for
X; € Ej;. Later on, we mainly prove the conclusion for x; € Ej, and that for x € bd L.
is simplified or omitted. ]

Remark 2 From the proof Step (1) of Theorem 4.3.1, the condition Qj_lA,- +
ATO7! + O7'BiF;07 ' 4 O 'FIBI Q7' < 0 can be relaxed. In fact, it is sufficient
for us to prove that ij (Qi_lAi +A1-TQ]-_l + Qj_lBiFij_l + Qj_leTB,-TQj_l) x <0

for x; in E;. (|
Remark 3 When a>0, y*(ax) = y*(x), the feedback u = F (y*(x)) 07! (y* (x)) x
is positively homogeneous for x. ]

Remark 4 Solving inequalitiesA,-Qj+QiAl.T+BiF,~+I~"J.TBiT <0,fori=1,2,...,N,
is equivalent to find a common solution (X, Y) for the set of inequalities as follows
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AiX + XAT + BiY + Y'B] <0,

AnX + XAY, + ByY + YTB), < 0,

where X is required to be positive definite. A sufficient and necessary condition

is that (A;,B;), i = 1,2,..., N, can be stabilized, simultaneously, and a necessary
condition is that (A;, B;),i = 1,2, ..., N, can be stabilized. Therefore, the condition
of Theorem 4.3.1 is also necessary for the linear feedback. O

Corollary 4.3.1 Under the conditions of Theorem 4.3.1, there exists a feedback
such that Inclusion (4.3.2) under feedback u(f) = K (x(¢)) is strong exponentially
stable.

Proof Under the condition of Theorem 4.3.1, we will prove that there exists a
positive real number 8, such that forallj = 1,2,...,J,

QAT + AiQj + FI B + BiF; < —BQ;. (4.3.7)

with Q; = Pl._l. If inequality (4.3.7) is verified, then it will be obtained VL.(x) <
—BV.(x), forall x € bd L. by the proof which is almost the same as that of Theorem
4.3.1. Hence, the closed-loop system is strongly exponentially stable.

Denote Q;A] +A;Q; + F} Bl + BiFj = —Wj;, then Wj; is a positive definite matrix
foreveryi € {1,2,...,N } and every j € {1 2,...,J}. It can be proved that there
exists a matrix C such that CTQ;C and CTW;;C are simultaneously diagonalizable;
consequently, there exists a B; > 0 such that CTW;;C > B;CTQ,C, that is,

QAT + A0+ FTT + B < 5,0,

Let § = min{B;.i=1,2,...,N:j = 1,2,...,J}, then Inequality (4.3.7) holds. [J

From Theorem 4.3.1, nonlinear feedback Eq. (4.3.5) does not have any advan-
tage. This is the main reason to give Theorem 4.3.2, which can relax slightly the
conditions of the above theorem.

Theorem 4.3.2 Consider Inc. (4.3.1), if there exist matrices P; € R™" and
F; e R, with P; > 0,j = 1,2,...,J, and constant 8 > 0 and A;z > O,
1—12 N],k—12 Jsuchthat

J
QAT +AiQ; + F/ B + BiF; < Z i (O — Q) — B (4.3.8)

where Q; = P , then there exists a feedback u(t) = K (x(¢)), such that the closed-
loop system is strongly exponentially stable.
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Proof Constructing the function V,.(x) defined by the Definition 4.2.1. Based on the
J

above remark, y* = y*(x) is a function. We can then construct F (y*) = Z yj*Fj,

j=1
J

owy* = Z )/j* Q; and design a continuous feedback control law
j=1
u=F(y") o (r7)«
which is the same as Eq. (4.3.5).
Multiplying Inequality (4.3.8) from left and from right sides by Qj_l, it yields
TH—1 —1 —1 oTRT H—1 —1 —1
AQ + QA+ O FiB O + O BiF;Q;
J
<Y A0 (- Q) 0 - BOT .
k=1

We give the proof with two steps as those of Theorem 4.3.1.

() If x € E; = bd L. N'bd Lp;, by the definition of £}, V.(x) = xTQj_lx =1,
the jth component of y* is 1, the others are all 0. Hence, F (y*) Q7! (y*) = Fij_l

T
and x = x;, and ai Ve(x) = 3?(_ Ve (x)) = <2Qj_1x,~) . The derivation along with the
‘ . ‘

trajectory of the closed-loop system obtained from Inclusion (4.3.1) and Eq. (4.3.5)
satisfies

0

Ve(x) € co { .

Ve@) [Aix + BiF (y*) 07 (V*)"]}

ad
= Cco { 3 V.(x) (Aixj + BiFij_lxj')}
X
= co {2x Qi (Ai + BiF;Q; ") x;}
=co b (O + A0 + 07 BiFQ ™ + O FIB 0 )
By Theorem 4.2.2, we get

Ve(x) < max {xf (0;'A; + 4,07 + Q7' BiF;Q" + 07 FB]0;7") )

YEE;

N
= mex { (Z A0y (Q = 0) 0 - ﬂQﬁ) }
J J k=1
< max {~fx; 0"}

XjGEj

< —BVe(®) .
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(2) For x € bd Ly,, using the arguments as done in Step (2) of Theorem 4.3.1, we
have

Ve(x) < —BVe(x),

the detailed proof is omitted.
According to the above two steps, under the feedback u = F(y*) Q(y*) 'x, the
closed-loop system is strongly exponentially stable. O

For Theorem 4.3.2, we have the following two remarks.
Remark 1 By the proof of Corollary 4.3.1, the Inequality (4.3.8) is equivalent to

J
QAT + AiQ; + F/B] + BF; < Y Ay (Qc— Q) - (4.3.9)
k=1
O

Remark 2 Inequality (4.3.9) is easier to be satisfied than Inequality (4.3.4), since
J

it does not need that Z Aiik (Qx — Q;) is negative definite. The reason that the
k=1
condition can be relaxed in Theorem 4.3.2 is that we do not need Inequality (4.3.4)

holding foralli =1,2,...,Nandj = 1,2,...,J, but we just need
x| (QA] + AiQ; + F/B] + BiFj)x; < 0 (4.3.10)

forx; € Ej = bd L. N bd Lp,. By Theorem 4.2.2

507 (G —0) Q' 0. 4.3.11)

Inequality (4.3.11) does not imply Q7' (Qx — Q) @' < 0. It is difficult to verify
(4.3.10), but Inequality (4.3.9) is a linear matrix inequality, it can be solved by
existing software. (]

The following corollary also illustrates that the condition of Theorem 4.3.2 is
lower than that of Theorem 4.3.1.

Corollary 4.3.2 If the condition of Theorem 4.3.1 is satisfied, there exists a nonzero
Ajjx such that Inequality (4.3.8) holds.

Proof Let A= [Alll Az Ay Aer e A A,N‘]‘]]T and define a function of A
as follows

fQ) =ATQ7 + 07 'Ai + Q7 'FIBI 07! + O ' BiF; 0!

J
=Y A0 (Q— ) 0 + BOT
k=1
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Then it is a linear mapping for A, so it is continuous. Since f(0) < 0, there exists a
8 > 0, such that f (1) < 0 when ||A] < 6. ]

4.3.2 Feedback Stabilization for Linear Polytope Systems
with Time-delay

A real process has to take time, hence, a real control always time-delay during
the operation. It is natural to consider the time-delay for a control system design.
Sometimes, we do not consider time-delay because we have no effective method to
handle it rather than it does not exist. This subsection deals with the linear polytope
systems with time-delay. Readers have found in Sect. 2.3 that it becomes easy for
differential inclusions since we only require the solution exists almost every time.
Consider the system described by Inclusion (4.3.12). Comparing with Inc.
(4.3.1), it has an extra delayed state x (f — t), where t > 0 is called time-delay.

x(t) € co{Aix(t) + Agix (t — ) + Biu()},

x(t) = ¢(t), te[-1,0]. (4.3.12)

In System (4.3.12),i = 1,2,...,N, x(t) € R" and u(f) € R™ are the state and the
input, respectively, for € [—t, 0], ¢(¢) is a continuous vector-valued function, and
gives the initial state of the system, and A; € R™", Ay € R™", B; € R, The
design objective is still to find a state feedback law u(f) = K (x(f)), such that the
closed-loop system

(1) € co {Ax(f) + Agix (t — T) + BK (x(t)},i = 1,2,... N (4.3.13)

is strongly stable.
To start with, we give a Lemma

Lemma 4.3.1 Letf(f) € RT be a continuous function. If there exist two constants,
a, B suchthat 8 > o > 0and

f(®) < —Bf(t) + o sup f(s)

—Tt<s<t

for t > t;. Let v be the unique positive solution of v — 8 + ae”® = 0, then

£ < [ sup f(s)} ),

1h—T=<s<ty

Lemma 4.3.1 is called Halany inequality, it can be direct verified, or, referred to
(Filippov 1988).
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Theorem 4.3.3 If there exist positive definite matrices P; € R™” and matrices
FieR™" j=1,2,...,J,suchthatfori =1,2,...,N

AiQ; + QAT + BiF; + F/ B] + AuQiAl; < —B0Q;, (4.3.14)

where > 1, and Q; = Pj_l. Then there exists a feedback u(t) = K (x(¢)) such that
System (4.3.13) is strongly exponentially stable.

Proof We continue to apply the notations used in Theorem 4.3.1, i.e., F (y*) =

Z ¥ *Fiand Q (y*) = Z ¥; *Q;, the feedback law is
Jj=1 j=1

w=F ()0 ()

We now prove exponential stability for the closed-loop system (4.3.13). Multi-
plying Inequality (4.3.14) from left and from right by Qj_1 yields

ATOT + 07'A + Q7 'FIB] 07 + O ' BiF O + 07 AnQiAL QT < —BO
First, we assume x € E}, it can be deduced that V.(x) = V. (x;) = x/ P = 1
d Wex) Ve (x)

= Vo= 2Q._1xj. Therefore, for j € {1,2,...,J}, the derivation
ox 0x; J

of V.(x) along the trajectory of the closed-loop system (4.3.13) is
. P _
Ve(x) € co { 3 Vc(x)T [Aix + Ajgx (t — 1) +B;F ()/*) Q(y*) lx] ,i=1,2,... ,N} .
X
(4.3.15)

For the sake of simplicity, we omit (¢) in x(¢), only maintain (¢ — 7) in the term with
time-delay. Since x € E, that is, yj* =1, yf =0, k#j,then we can obtain

0

g Ve (9) [Ai) + A (1 = ) + BiF, 0 ]
J

= ZJCJTQJ_l [Aixj + Aidxj' (t - ‘L') + Bl‘Fij_lXj]
= ZXJTQJ_I [Aixj —+ BiﬂQ;lxj] =+ ZX}-QJ»_lAide (t — ‘L’) .
By Relation (4.1.5), we obtain

27 Q7 Aix; (1 — 1) < x] Q' AG QAL i+ x (1 — 1) Q7' x; (1 — 7).
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Hence,

d —1
ox; Ve (%) [An + Aaixj (t — ©) + BiF;0; ' x;]
<x [07'A+ AT Q" + Q7' BFO + Q7 'FIBI O + 07 ' AuQiA« Q) x;

+ij (t—1) Qj_lxj (t—1).
By the conditions of the theorem, for everyj = 1,2,...,J, it holds
AT + 07'A + Q7 FIBI O + 07 ' BIFQT + 07 AuwQiAL O < BOT

thus

Ve () = =B/ 07+ (1 =) 07 % (1 = 1)
=—BVe (5) + Ve (% (1= 1) -

Using the arguments as done in Theorem 4.3.1, it can be deduced that for all
x € bd LVC,

Ve(x) < —BVe(x) + V. (x (1 — 7)) .

Since > 1, by Lemma4.3.1, we have V (x(¢)) < sup |¢(s)|e™"", where v is the
s€[—1,0]

unique solution of v—B+e"" = 0. The closed-loop system is strongly exponentially

stable. (]

Similar conclusion can be established by using the arguments as that completed
in Theorem 4.3.2. The proof is left to readers. We just list the conclusions below.

Corollary 4.3.3 Consider system (4.3.12). If there exist matrices P; € R™" and
F; e R™" with P; > 0,j = 1,2,...,J, and constants A,z > 0 and f > 1, such that

J

QA + AiQj + F/B] + BiF; + AsQiAl, < Z Aiie (Ox — Q) — BQ;
k=1

where Q; = Pj_l for all i = 1,2,...,N, then there exists a feedback law
u(t) = K (x(9)) = F (y*) Q7' (y*) x(), such that the closed-loop system is strongly
exponentially stable. O

In this subsection, we apply Halany inequality to deal with the stability of linear
polytope systems with time-delay. In Lemma 4.3.1, the requirement § > 1 is to
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assure the solution v of equation v — § 4+ ¢"* = 0 satisfies v > 0. In fact, the Halany
inequality can be replaced by different inequalities, then we can obtain different
conditions for the existence of feedback law to stabilize the inclusion. However, the
process of the proof is the same, we always prove the case of x € E; firstly and then
extend the result to bd L...

4.3.3 Disturbance Rejection for Linear Polytope Systems

This subsection considers another designing problem for control systems described
by differential inclusions, we now deal with disturbance rejection. Let us consider
the following linear differential inclusion systems with disturbance:

[x}eco{[f"’”Bf”*T"“’] i=12... N, (4.3.16)
y Cix

where ® = w(f) € RY is called disturbance of the system, which is uncontrollable
and unmeasurable, T; € R"* is the disturbance gain, y = y(¢) € R" is the output of
the system, and C; € R"* is the output matrix. The meanings of other notations in
Inclusion (4.3.16) are the same as those of Inclusion (4.3.2). The control objective
is to find feedback u(f) = K(x()), such that the effect of the disturbance w to the
state x(f) or output y(¢) is as small as possible.

Theorem 4.3.4 If there exist matrices P; € R™” and F; € R™", with P; > 0,
j=1,2,...,J,suchthatforalli =1,2,...,N,

My T,
<0, 43.17
KME s

J
where M = AiQ; + QAT + BiF; + FTB — > Xy (% — Q). j = P71 If
k=1
o0

||a)(t)||% = /a)T(t)a)(t)dt < 1, then by the feedback u(f) = F (y*) 07! (y*) x(¥),

0
where F (y*), Q7! (y*) are defined before Eq. (4.3.5), then the set L. is attractive
by the meaning that every trajectory of the closed-loop system starting from the
origin will be restricted in L., i.e. with the initial condition x(#) € L., for t €
[0, ©0).

Proof Given V. (x) by Definition 4.2.1 in the above subsection, consider the
derivative of V.(x) along the trajectories of the closed-loop system (4.3.16) with
u=F(y*) 0" (y*)x, we have
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Ve ecol v [at BF ()0 () T

v,
First, let x € Ej. Then we have V.(x) = V. (x) = ijijj = 1 and a(x) =
X
Ve (xj) . . T
3 = 2Qi xj. By Inequality (4.3.17), we have M;; + T;T; < 0, note
Xj ! ) K
7
My = A,Q; + QAT + B+ F'B =3 4 (0 — Q)
k=1

multiplying M;; from left and right sides by 07!, it yields
o7 i+ ATQ + 0BG + 0 F B
J
= @ (02— 0) 0 + 07 ' TT] 07! < 0.
k=1
If x € Ej, then

DV [Ax B () 07 (7) 5+ Tio)

X=xj
= 2x/ 07" [A; + BiFiQ7 ' x; + Ty
= [0 A+ ATQ + 07 B0 + O FBI O] ] %y + 24/ 0 ' Tioo.
By the inequality (4.1.5), we have
2/ Q' Tw <5/ 0] T 07 + 0w

Thus, for x € Ej, by Theorem 4.2.3, it holds

J
V. (%) < ij (Z Aiijj_l (0 — Qk)Qj_l) xit+o'o<oo.
k=1

Jo
For x € bd L., using the arguments as in Theorem 4.3.1, we have x = Z yj*)qj
j=1
where the meaning of Jy can be found in the proof of Theorem 4.3.1. For x; € Ej, it
yields
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Ve(x) = aax Ve@) [Ax + BiF (y*) 07" (") x + Ti0]

Jo Jo
=207 (v*) | Yoy A+ Yy BiFQT () x + Tio
=1 =1

B Jo Jo

-2 Zyj*xTQ—l ()/*)Aixj + Z )/j*xTQ_l (y*)BiﬂQj_lxj
| =1 j=1

4 ZxTQ—l (y*) T,a)

B ./() -]()

2" 0 A+ )y O B0

| j=1 j=1

—}—xTQ_l ()/*) TzT,TQ_l (y*)x+ a)Ta)
B Jo Jo

=21 3o (@14 BEQ )y | + 3y 0 T O oo
L=

Jj=1

According to the above discussion for x € Ej, it is obtained similarly

J() J 0

2| o (@ + @ BEG by | + 2 0 T 0
j=1 j=1

Jo
=2| Yoyl (07 A+ 07 BT + 0 T O )
i=1

SO’

SO
Ve(x) <o’ w. (4.3.18)

By integrating the both sides of Inequality (4.3.18), it yields

t

V. (x(£)) — V. (x(0)) < / ol (1) (t)dr < 1. (4.3.19)
0
Since V. (x(0)) = V.(0) = 0, and V, (x(¢)) < 1, it holds x(¢) € L.. O

The theorem illustrates that if ||w|| < 1 then the trajectories start from the origin
will stay in L.. The result can be extended. If x(0) # 0, then we have V, (x(r)) —
V. (x(0)) < 1. The inequality is equivalent to x(¢) € L. ((L.x(0)) + 1). It supports
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that if the conditions of theorem are satisfied, the trajectories will not go too far from
their original position although the disturbance exists.
The following theorem is about the attraction for the system existed disturbance.

Theorem 4.3.5 Consider System (4.3.16). If there exist matrices P; € R™" and
Fje R”’X",witth >0,j=1,2,...,J,and 8 > 0, such that foralli =1,2,...,N

M;+po; T;
|: v T?-'BQ] _J :| <0, (4.3.20)

1

where Mj; is defined as that in Theorem 4.3.4, Q; = Pj_l. If ||a)(t)||§ =

o0

/a)T(t)a)(t)dt < 1, then there exists the feedback u(r) = F (y*) Q7' (y*) x(v),

0
such that the level set L, of the closed-loop system is attractive.

Proof Inequality (4.3.20) implies M;; + BQ; + T;T! < 0. Multiplying it from left
and right sides by Q7! it yields

J
O A+ ATQT + O BT + O FIBIQ = ) A0 (O~ 0) Q)
k=1

+07'TT 07 < —BO; .

V.(x) is defined by Definition 4.2.1, then

Vc(x) € co { aaxVC(x)[Aix + B;F (y*) Q—l (),*)x + Tia)} .

Using the arguments as done in Theorem 4.3.4, it can be deduced that for x € Ej,

Vi) [Ax B (r) 07 (7) x4 Tio)

X=Aj

=x [07'Ai + AT Q7 + Q7' BiF, Q7 + O 'F/ B[ 07 % + 24/ 0 ' T,

and since,
T -1 T =1 T A1 T
250 Tiw < x; Q7 T.T; O x5+ 0 o,
we have

V (x(£)) < =BV (x(1)) + o (Nw(1). (4.3.21)
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Using the arguments as done in Theorem 4.3.4, it can be deduced that Inequality
(4.3.21) holds for x € bd L.. Furthermore, it can hold for every x € R".
Consequently, we have

V (x(1)) < e PV (x(0)) + / e P (D w (1) dr.
0

Since e PU=0 <1 (v < 1), ityields
t

V (x()) < e PV (x(0)) + / o (Do (t)dt < e PV (x(0)) + 1.
0

It implies liEnV (x(1)) < 1,1i.e., x(¢) will trend to L.. O

By the discussion of Corollary 4.3.1, if forallj = 1,2,...,J; i = 1,2,...,N,
inequalities M;; + T;7] < 0 hold, then there exists B > 0, such that M;; + BQ; +
T;T! < 0. Consequently, we have the following corollary.

Corollary 4.3.4 Consider system (4.3.16). If there exist matrices P; € R™ and
Fje R™" withP; >0,j=1,2,---,J,suchthatforalli =1,2,...,N,

M; T;
/ <0,
[T,-T —1}

where Mj; is defined in Theorem 4.3.4, and Q; = Pj_l. It ||a)(t)||§ =
o0

/a)T(z‘)a)(t)dt < 1; then there exists the feedback u(f) = F (y*) Q™' (y*) x(¢),

0
such that level set L, of the closed-loop system is attractive. O

Corollary 4.3.4 can also be regarded as a corollary of Theorem 4.3.4. It provides
aresult if the“<” is replaced by “<” in Inequality (4.3.17).
At the end of this section, we give a conclusion for disturbances rejection.

Theorem 4.3.6 Consider System (4.3.16). If there exist matrices P; € R™" and
Fj e R™" withP; > 0,j=1,2,...,J,and § > 0, such thatforalli=1,2,... N,

My T; o;cf
" -1 0 | <0, (4.3.22)
GO 0 =81
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J

with My = AQ; + QAT + BiF; + FIBl = > X (O — Q). Qj = P;', then
k=1

there exists a feedback u(t) = F(y*) Q™' (y*) x(¢) such that the output y(¢) satisfies

ly(@®]l, < §|lw(?)]l, when the initial condition xg = O.

Proof It can be seen from the proof of Theorem 4.3.4. The key is to derive some
inequalities from the known conditions. By Inequality (4.3.22), and using Lemma
4.1.1, we have

-1
-1 0 T"
My —[ T; Q;CiT][O _52,} [Ci’QJ}=Mi,-+T,-T,-T+82Q,-C?CfQjSO-

Substituting M;; into the above inequality, and multiplying Qj_l from left and
right sides for the inequality, it yields

J
O7'A+ATQ + 07" BEQ + 07 FIBIOT = ) 0! (0 - )0
k=1
+o7'rTloT + clci<o0.
V.(x) is defined by Definition 4.2.1, we can obtain
V(x) € co { aivc(x)[A,.x FBE(*) 0 () + T,.a)} .

By the arguments given in Theorem 4.3.4, it can obtain that for x € Ej,

OV A+ BE () 07 (%) 5+ T

x=x;
=x [07'A+ AT QT + Q7' BiF; Q7 + Q7' F B/ O | + 20/ 0 ' T
= [Q]'4+A]Q + 07 B + O FI B/ Q7 +57°C] Gy
+ 2407 T 57 ¢ oy
Applying the following inequality
2/ 0 Tw <5/ 07 T/ 0 + 0o,
we have

V (x(1)) = 872y y(1) + 0" (Dw(r) < 0. (4.3.23)
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It is not difficult to extend Inequality (4.3.23) to the case that x € bd L., and
then extend the conclusion to all x € R”. By integrating on both sides of (4.3.23), it
yields

t t

V(1) — V (x(0)) < 572 / W (0)y (1) de— / o () () dr.

0 0
Since V (x(¢)) > 0 and V (x(0)) = 0, it yields

t t

/wT (Dw(r)dr < S_Z/yT (0)y(r)dr.

0 0

O

The control problems, such as its attractiveness, stabilization and disturbances
injection for linear polytope systems, are discussed in this section. The method for
the proofs is quite similar. All start from the set Ej, then extend to L. and to R"
at the end. Since V,.(x) does not depend on the expression of a detailed system, all
kinds of linear polytope systems can be discussed along this line, it is an example of
developing linear polytope systems with time delay in this section. The method can
also be used to deal with the problem of tracking (Cai et al. 2012). As an exercise
for the reader, disturbances rejection for linear polytope systems with time delay
can be discussed.

Problems

1. Prove the conclusion of Theorem 4.3.5 under ” (f)w(z) < 1. That is, if there
exist matrices P; € R and F; € R™", with P; > 0,j = 1,2,...,J, such that
foreveryi=1,2,...,N,

My +BQ; T

[ T -pI |~

l

J

holds where My = A;Q; + QAT + BiF; + FIBl = > diu (O — Q). Qj =
k=1

P71 If o' (Dw(r) < 1, then L. is attractive under the feedback control u(f) =

F(y*) Q7' (y*) x(¢), and try to extend the conclusion to L.(p).
2. If the other conditions is unchanged in Theorem 4.3.5, Inequality (4.3.20) is
changed as follows

M+ p0; T;
R ] <o

then L. is invariable.
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3. Prove: There exists the linear feedback control # = Kx, such that the closed-loop
system is asymptotically stable if and only if there exist solutions X and Y, where
X is positive definite, for the following linear matrix inequality

AX + XAT + BY + Y'BT < 0.

4. Prove Corollary 4.3.3 and Corollary 4.3.4.

4.4 Saturated Control for Linear Control Systems

At the beginning of this chapter, we have mentioned that the saturated control for
linear systems results in the study for linear differential inclusions. We deal with the
problem with a viewpoint of differential inclusions in this section.

4.4.1 Saturated Control Described by Set-Valued Mappings

Consider the linear multivariable system described as follows
x(t) = Ax(t) + Bu(r), 4.4.1)

where x(f) € R" and u(r) € R™ are the state and the input of linear system (4.3.21),
respectively, and A € R™", B € R™". Without loss of generality, we assume that B
is full column rank, i.e., rank B = m. Denote B = [by b, ... by, ], where b; is the ith
column of B.

A single variable function o (u) is called as the symmetrical saturation function,
or shortened for saturation function, if it takes the form as follows

u u=<u,
ocwu)=3u —u<u<u, 4.4.2)
—u  u<-u,

where the constant i is called saturation level. In Eq. (4.4.2), without loss of
generality, we have fixed the slope of the linear section to be 1, because if it is
not equal to 1, the gain can be transferred to the input matrix B.

A single variable function dz(u) is called dead zone function, if dz(u) = u—o (u).
Dead zone function and saturation function are two typical nonlinear functions.
Because the gain of an actual system is always limited, the existence of the
saturation phenomenon for real systems is very common. Similarly, there is the
dead zone phenomenon as long as there is friction. Hence, it is very necessary to
consider saturation nonlinearity and dead zone nonlinearity for the control system
design.
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Ifu=1[uu... um]T € R™, the vector saturation function is defined as follows

o (u1)

o= 7" |,

o (tm)

where o (1;), i = 1,2,...,m are single variable functions defined by Eq. (4.4.2).
It is not necessary for us to require thatu;, i = 1,2, ..., m are identical, but without
loss of generality, we assume that their slopes are fixed to be 1. We also assume
o(u) €e R" i.e., 0 : R" — R™. Similarly, we can define the vector value dead zone
nonlinear function, and the details are omitted.

In the design of linear control systems, state feedback u(f) = Fx(¢) is widely used
for System (4.4.1). We have mentioned saturation phenomenon is very common for
actual systems; hence, the feedback u(f) = Fx(r) should be replaced by saturation
control u(#) = o (Fx(t)). The closed-loop system then becomes

x = Ax + Bo(Fx). 4.4.3)

Equation (4.4.3) is usually called the saturated system. Similarly, if the dead zone
nonlinearity is considered, i.e., u(tf) = Fx — o (Fx(t)), then the closed-loop system
is

x = (A + BF)x — Bo(Fx). (4.4.4)

If we denote A = A 4+ BF and B = —B, then System (4.4.1) has a similar form of
Eq. (4.4.3). Therefore, the study for system (4.4.1) generated by dead zone nonlinear
feedback can be transformed into that for the saturated system (4.4.3).

Assume that P € R™" is a positive definite matrix, and V(x) = x Px is quadratic
form. By the Lyapunov theory, System (4.4.3) is asymptotically stable if

V(x) = %‘; (Ax + Bo (Fx)) = 2x"P (Ax + Bo (Fx)) < 0. (4.4.5)

By the definition of layer set, it is enough that Inequality (4.4.2) holds at the level
set bd Lp.

It is obvious that the saturation function is nonlinear, and it is not convenient
for further discussion. We naturally hope that it can be transformed into a linear
operation, the consideration leads to the introduction of the differential inclusion.

Let A be a set of diagonal matrices defined as follows

A ={D, =diag (dy dyp ...dym). dy €1{0,1}}.
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A is a finite set and has 2" elements. If D, € A, denote Dn_ = I — D;, where [
is the m x m identity matrix, then Dn_ € A. For any two matrices F,G € R™",
D,F —|—D,]—G is also an m X n matrix and is composed by F and G, that is, if d,;, = 1,
then the joth row of D,F + D; G is the joth row of F, otherwise, it is the joth row
of G.

The following lemma gives a linear upper bound of the saturation function. Let
H € R™" and hIT be the jth row of H. Recall the notation of Ly defined in Sect. 4.2,

Ly = {x; |Hx||, < 1} = {x; max |thx| <1;,
l

T . . . . . .
where H = [th, . ,hf;l] . Ly is a simplex, and its vertices are the intersections of
hyperplanes h'x = +£1,i=1,2,...,m.

Lemma 4.4.1 If F, H € R™", and x € Ly, then there exists D, € A, such that
o(Fx) < D,Fx + Dn_Hx,

where if x,y € R”, thenx < ymeansx; <y;fori =1,2,...,n.

Proof If we can prove o (fx) < max (f x, hlx), for every i = 1,2,...,m, then
we choose d; = 1 for the case of fiTx > hiTx, and d,; = 0 otherwise. It is direct
to show this D, = diag (d,,i) meets the requirement of the lemma. We now prove
o (fiTx) < max (fiTx, hiTx), foreveryi=1,2,...,m.

If fIx > —1, then o (fx) < fIx. It is sufficient for us to consider the case of
fTx < —1. Thus, o (f'x) = —1. Because x € Ly, it yields |thx| < 1. It implies
o (f'x) < hlx. In conclusion, o (f/x) < max (fx, hx).

By Lemma 4.4.1, the selection of matrix D, € A depends on x it means D, is a
function of x; consequently, it is more suitable to denote D, by D, (x).

4.4.2 Stabilization by the Saturated Control

Based on Lemma 4.4.1, the following lemma can be directly obtained.
Lemma 4.4.2 Consider the saturated system (4.4.3). If P € R, F, H € R™",
and x € Ly, then it holds

x"Pbio (f'x) < max {x" Pbf/x, x" Pb;h] x}
where b;, i =1,2,...,mis the ith column of B, respectively, f7 and h! are the ith
rows of F' and H, respectively.

Proof The conclusion is verified by consideration of the following four cases.
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(HIfx"Ph; > 0 andfiTx < —1, then x” Pb;o (fl.Tx) = —x"Pb;. Because x € Ly,
|hx| <1, thatis, =1 < hlx. It follows x” Pb;o (fx) = —x"Pb; < x" Pb;h! x.

(2) If x"Pb; > 0 and fx > —I1, then o (f/x) < f'x. Consequently,
X' Pbo (fiTx) < xTPbifiTx.

(3) If x"Pb; < 0 and fTx > 1, then x" Pbjo (fx) = x"Pb;. Because x € Ly,
|hx| < 1,thatis, 1 > hlx. It follows x” Pbio (f7x) = x" Pb; < x" Pb;h!x.

(4 Ifx"Pb; < 0and fTx < 1, theno (f'x) > f7x. Consequently, x” Phio (fx) <
x'Pbif! x.

In conclusion,

x"Pbio (fiTx) < max {xTPbifiTx, xTPbihiTx} . O

In the proof of the lemma, it does not need the assumption that P is positive
definite. In what follows, the positive definiteness of matrix P is used to estimate the
domain of attraction, and the meaning of the layer Lp(p) can be found in Sect. 4.2.

Theorem 4.4.1 Consider System (4.4.3). If P € R™", P > 0, there exists an
H € R™" gsuch that:

(1) Lp(p) C Lu;
) (A + B(D,F + D;H))" P+ P(A+ B(DyF + Dy H)) <0, for every D, € A.

Then Lp(p) is an invariable set with attractiveness.

Proof Let V(x) = x” Px. The derivate of V(x) along with the trajectory of system
(4.4.3) satisfies

V(x) = 2x"P (Ax + Bo(Fx)) = 2x" PAx + 2x" PBo (Fx). (4.4.6)
By Lemma 4.4.2, if x € Ly then

XTPBO'(FX) = ZxTPb,-o (fiTx) < Zmax (xTPbi]‘iTx,xTPb,-hiTx>. 4.4.7)
i=1

i=1

Define a matrix D, = diag(dy, i=1,2,...,m), let d; = 1, if X PbfTx >
x! Pb;h! x, otherwise, d,; = 0, note that the matrix D, depends on x, i.e., D, =
Dy (x). Thus, we have

) max (xTPbJ,.Tx, xTPbihiTx) = +"PB (D,,(x)F +D; (x)H) X, (448)
i=1

Substituting Eq. (4.4.8) into Inequality (4.4.7), and then substituting (4.4.7) into
(4.4.6), it yields

V(x) = 247 PAx + 2x" PBo (Fx) < 2x" PAx + 2x" PB (D,,(x)F + Dy (x)H) x.
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A sufficient condition for V(x) < 0 is that the matrix
T
(4+B(DF +DyH)) P+ P(A+B(D,F+D;H))

is negative definite for every D, € A. By the condition of theorem, we have
. T
V(x) <2 [(A +B(D,F +DyH)) P+ P(A+B(DF+ D,]_H))} x<0

for x € Ly. Since for all bdLp (p) C Ly, V(x) < 0, x € dbLp (p). Therefore, Lp(p)
is an invariable set with attractiveness. O

There are two remarks about Theorem 4.4.1.

Remark 1 It is obvious 0 € Lp (p) is an invariable set of the closed-loop system
(4.4.3) for every p > 0. If there is a p > 0 such that the origin is the unique invariant
in Lp(p), then by the LaSalle invariance principle, the conditions of Theorem 4.4.1
ensure the closed-loop system (4.3.23) is locally asymptotically stable. ]

Remark 2 In the conditions of Theorem 4.4.1, Condition (2) is essential. Because
T
the requirement that (4 + B (D,F + Dy H)) P + P (A +B(D,F + DyH)) is

negative definite is equivalent to (A + B (D,,F + D,]_H)) is a Hurwitz matrix for

every D, € A. If there exists an H to satisfy this requirement, we can find a p, such
that Lp (p) C Ly. Thus, we obtain a basin of attraction. O

Corollary 4.4.1 If the matrices F and H given in Theorem 4.4.1 can stabilize the
system (4.4.1), then A + BF and A 4+ BH are both Hurwitz matrices.

Proof By Condition (2) of Theorem 4.4.1, inequality
(4+B(D,F+ D;H))TP +P(A+B(D,F +DjH)) <0

holds for D, € A. So if we choose D, = I, then D;” = 0, the above inequality is

(A 4 BF)'P+P (A 4+ BF) < 0. Consequently A+BF is a Hurwitz matrix. Similarly,
it can be verified that A + BH is also a Hurwitz matrix. O

Corollary 4.4.2 Consider System (4.4.3). If P € R™", P > 0, there exists a
K € R™" such that

(1) Lp(p) C Lkr;
@) (4+B(DyF+ D;KF))TP +P(A+B(D,F+DyKF)) < 0for D, € A.

Then Lp(p) is an invariable set with attractiveness.
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In general, for System (4.4.3), a feedback matrix F is designed firstly for
stabilization. Corollary 4.4.2 shows that H can be determined by K to complete
the saturated feedback.

The following theorem extends conclusions to the stabilization problem based on
the convex hull Lyapunov function.

Theorem 4.4.2 If there exist positive definite matrices P; € R™” and matrices
Fi,H e R™",j=1,2,...,J,and constant A > 0,n € {1,2,3,...,2"},j,k €
{1,2,...,J}, such that

(1) Lp;, C Lu;;

(2) Foreveryn=1, 2,..., 2"and D, € A,

J
T
QjAT+AQ,-+(D,,Fj+Dn_Hij) B'+B (D,,F,-+D;H,-Q,) <> A (2-0).
k=1
with Qj = Pl_l
J
Then Q (y*) is the matrix constructed in Sect. 4.2, i.e., Q (y*) = Z )/j* 0, and,

j=1
J

in addition, define F (y*) = Z )/j*Fj, then the saturated control
j=1

u=o(F(y*)0(r*) %) (4.4.9)

can make closed-loop System (4.4.3) is strongly asymptotically stable.

Proof The proof is similar to that of Theorem 4.4.1. The key is to construct H (y*)
such that Lp,«) C Ly(,+). By Lemma 4.2.1, the condition (1) given by this theorem
is

T
[ ! ZQU]EO, i=1,2,...m j=1,2,....J, (4.4.10)

where zg is the ith row of matrix H;Q;. Since )/j* >0, Z yj* = 1, by Inequality

J
(4.4.10), it can be deduced that,

J
* _T
1 Z Vi Zij
j=1

J
vt Q)

Jj=1

>0, i=12,....m (4.4.11)



4.4 Saturated Control for Linear Control Systems 255

J J J
where Z )/j*zg is the ith row of Z ¥;"H;Q;. Denote H (y*) =Z yk*HkaQ(y*)_l,
=1 =1 k=1
then we have H (y*) € R™", and

J

D VHQ =H(r*) ().

Jj=1

J
It leads to that Zyj*zg is the ith row of H(y*)Q(y*). So, by Lemma 4.2.1,
j=1

Inequality (4.4.11) implies
LP(),*) C LH(),*). 4.4.12)

Multiplying with Qj_1 for the inequality given by Condition (2) from left and
right sides, respectively, it yields

[ +8(oar +07m)| o' w0 [+ B (pirigy "+ ya)|
< ZJ: M0 (Qe— Q) 07 (4.4.13)
k=1

for every D, € A.
The set E; is defined at the second section of this chapter. First, if x = x; € E; =
bd L. N bd Lp,, then we have

%=y = Ay + Bo (D,F (v*) ("))
<Ax;+B (DUF (y*) Q(J/*)_l + D, H (y*)) xj

= Ax;+ B (D,F,07" + Dy Hy) 4.

Note that the D, € A depends on x = x;. By Inequality (4.4.13), it holds V(x) =
1% (x) < 0.
If x € bd L., by the method described in the previous section, we assume that
yj*(x) >0, forj=1,2,...,Jo; and yj*(x) =0, forj=Jy+ 1,...,J. By Theorem
Jo
423, it can be deduced x = » y*x, with x; € Ej, and Q(y*)'x = Q7.

j=1
i=1.2,....J.
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In the proof of Theorem 4.3.1, it has been deduced F(y*)Q(y*) 'x =
Jo

> y'F;0; 'x;. In addition,
j=1

Ji 0 Ji 0

—1 _
Z v Hi0;0( x=) y HQO N =) v Hx.
=1

j=1

Using the arguments did in Theorem 4.3.1, and by the above equality, we get

V(x) = %‘; (Ax +B (DnF (y*)o~ ' (v*) + D, H (y*)) )x
Jo

—Zzy,* 10; (A + B (DyFiQ + Dy H) ) 4,

for x € bd L.. By omitting the detailed proof, we have V(x) < 0, for x € bd L.
That is, under the saturated control o (F r® Q(y*)_lx), the closed system (4.4.3)
is asymptotically stable. (]

As Corollary 4.4.1, we can assert that A + BFij_1 and A + BH; are all Hurwitz
matrices, that is, Fij_1 and H; can all stabilize (A, B).

From the proofs given in this section, readers can understand the general steps to
deal with the saturated feedback for a linear system by using set-valued mapping.
If readers compare the method applied in this section with that in Sect. 4.3, they
may find that we have added a constraint condition Lp (p) C Lg. The condition
makes us to apply Lemma 4.4.1, we then get an upper boundary for the saturated
mapping. If readers are interest in the design of saturated feedback by using the
method of differential inclusions, they can try to deal with the polytope system
x e co{Aix+ Bio(u);i =1,2,...,N} as an exercise.

4.4.3 Disturbance Rejection by the Saturated Control

In this section, we consider disturbance rejection under the saturated control for the
linear system based on the method developed in previous section. Consider a linear
system suffered from disturbance

x=Ax+Bu+Tw,
y = Cx, (4.4.14)
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where y € R” is the output of the system, C € R™" is the output matrix, @ € R?
is the disturbance of the system, and T € R"™“ is the disturbance gain. Assume
the disturbance w is bound. At first, let us consider the saturation control of linear
feedback u = Fx, the closed-loop system is

x = Ax+ Bo(Fx) + Tw,

y = Cx. (4.4.15)
Theorem 4.4.3 Consider System (4.4.15). Assume the disturbance w satisfies that

oT(Hw(t) < 1fort € [0, o). If there exist P € R P > 0and F, H € R"™",
such that

(1) Lp(p) C Ly for some p > 0;
(2) Thereis a$ > 0 such that for every D,, € A, the following inequality holds

[(A+B(D,7F+D,7_H))TP+P<A—i—B(D,,F—l—D,]‘H)) +i0 T } o
T7 —s1

Then Lp(p) is an invariable set with attraction.

Proof Letx € Lp(p). Since Lp (p) C Ly, by Lemma 4.4.2, there exists a D, € A
such that PBo (Fx) < PB (D,,F + D;H) x.

Let V(x) = x!Px, the derivative of V(x) along with the trajectory of System
(4.4.15)1s

V(x) = aav (Ax + Bo (Fx) + Tw)
X
= 2x"P (Ax + Bo (Fx) + Tw)

< 26" PAx + 227 PB (D,F + D H ) x + 26" PTa
By Inequality (4.1.5), we have
1 1
2 PTw < SxTPTTTPx + 80 w < SxTPTTTPx + 6,

where we have used w”w < 1.
Using Lemma 4.1.1, the condition (2) of the theorem implies

AQ+QAT+B(D F+D—H)Q+Q(D F+D_H)TBT+5Q+ b <o
n n n n ) § .
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Multiplying the above inequality by Q~' = P from left and right sides,
respectively, it yields

T — A\ r ) 1 T
PA+ AP+ PB(D,F + DyH) + (D,F + DyH) B'P + P GPTTTP <0
(4.4.16)

Thus, we have
: 1
V(x) < 2x"PAx + 24" PB (D,,F + D;H) x+ TPIT'Px 4+ 8

8
<— xX'Px+3§.
0

x € Lp (p) implies x” Px < p, hence V(x) < 0, that is, Lp(p) is an invariable set with
attraction. O

Theorem 4.4.3 can be extended to the convex hull quadratic form, we only list
the conclusion as follows, the proof is left to readers.

Corollary 4.4.3 Consider System (4.4.15). Assume there exist P; € R™", P; > 0,
j=12,...,J,and F;, H; € R™", such that

(1) Lp; C Ly, j=1,2,....J;

(2) There exist § >0 and Ay > 0 where n € {1,2,3,...,2"} and j,k €
{1,2,...,J} such that for every D, € A, forj = 1,2,...,J, the following
inequality holds

M,+80;, T
[ " =381 <0

T

where M, = QAT + AQ; + (DyF; + Dy Hi0;) BT + B (DyFy + Dy HiQj) -
J

Z Anjk (Qk — Q,) Then L. is an invariable set with attraction. O

k=1

A set L C R” is said to be locally ultimate attractive, if there is a § >0 for every
initial condition |Jxo|| < § the trajectory of System (4.4.15), x(¢), will satisfy x(f) € L
for all # > T, where the T may depend on §. A set L C R” is said to be ultimate
attractive if § can be large arbitrarily.

Theorem 4.4.4 Consider system (4.4.15). Assume the disturbance satisfies
lo(@®)] < 1.If there exist P € R™", P > 0,and F, H € R™", such that

(1) Lp C Ly;
(2) There exists a§ > 0, such that for every D, € A, the following inequality holds
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<0,

T
(4+B (D,F +D;H)) P+ P (a+B(D,F + DyH)) +80 T
T" —681
where Q = P~!. Then L. is ultimate attractive.

Proof Using the same argument as in Theorem 4.4.2, let V(x) = x! Px, then the
derivative of V(x) along with the trajectory of System (4.4.15) satisfies

V(x) < 24" PAx + 2 PB (D, F + Dy H) x + 24" PTo.
By Inequality (4.1.5), it yields
2x" PTw < X PTT"Px + 0" w.
Using the condition (2) and Lemma 4.1.1, we have
V(x(1) < =8V (x(1) + o' (N0(0).

Since

V (x(1)) < e 'V (x(0)) + / e (D w (1) dt < eV (x(0)) + 1,
0

we get limV (x(¢)) < 1, thatis, L. is ultimate attractive. O
t

Theorem 4.4.3 can also be extended to the convex hull quadratic function. We
list it as a corollary.

Corollary 4.4.4 Consider System (4.4.15). Assume the disturbance satisfies
lw@)] < 1.If there exist P; € R™", P; > 0,and F;, H; e R™",j =1,2,...,J,
such that

() Lp, C Ly, j=1,2,....J;
(2) Thereexist§ >0and Apyx > Oforn € {1,2,3,...,2"} and j, k € {1,2,...,J}
such that forevery D,y € A,andj = 1,2,...,J, the following inequality holds

T
where My; = QA" + AQ; + (D, F; + Dy H;Q;) B' + B (D,F; + Dy Q) -

J
Z Anjk (Ox — ©Q)). Then L, is ultimate attractive. O
=1
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The final conclusion is about disturbance rejection. Using the same argument as
in Theorem 4.3.6, we can prove Theorem 4.4.5. Corollary 4.4.5 can be proved using
the same argument as in Corollary 4.4.3. The proofs are omitted.

Theorem 4.4.5 Consider the system (4.4.15). If there exist P € R™", P > 0, and
F, H € R™" such that

(1) Lp(p) C Lu;
(2) There exists a § >0, such that for every D, € A, the following inequality holds

M, T QC
7T -1 0 <0,
cQ 0 =8I

T
where M,=AQ+QA”"+B (D,,F—i—Dn_H) +(D,,F+DU_H) BT, then the output
y(¢) satisfies ||y(¢)|| < § ||w(?)| provided that the initial value x(0) = 0. O

Corollary 4.4.5 Consider the system (4.4.15). If there exist P; € R™", P; > 0,
and F;, H; e R™",j=1,2,...,J, such that

(1) Lp; C Ly, j=1,2,....J;

(2) There exist § >0 and Ay > 0 where n € {1,2,3,...,2"} and j, k €
{1,2,...,J} such that for every D, € Aandj = 1,2,...,J, the following
inequality holds

M, T QC
" -1 0 |=<0
co, 0 —8I

T
where My = AQ; + QAT + B (DyFy + DyHiQ;) + (DoF; + Dy HiQy) B
then the output y(z) satisfies ||y(?)|| < & ||w(¢)|| provided that the initial value
x(0) = 0. O

Problems

1. Consider the dead zone nonlinearity

u—u, u=>u,
dz(u) = 0, —u<u<u,
u-+u, u < —uo

where u > 0 is called the dead zone boundary. Prove:

(1) dz(u) € co{0,u — v}, where v € [—u, ul;
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(2) If we restrict us to consider the part dz(u) > 0 only, then dz(u) € co {0, u},
that is, dz(u) = Su where 6 depends on argument u, i.e., § = 6(u). It means
dz(u) = Su is a nonlinear function.

(3) Furthermore, if u € R", define

dz (uy)

d.
de) = Z ('uz)

dz (.Mm)

If we consider only the part of dz (u;)) > 0, i = 1,2,...,m, then dz(y) €
co {Dyu, Dy € A}, where A and D, are those defined at the beginning of this
section.

2. Consider the control system x = Ax + Bu, and the dead zone nonlinear control
u = dz(Kx). Using the method given in Problem 1, transform this control
problem into a control problem for the linear differential inclusion, and give the
corresponding conclusion of Lemma 4.4.1.

3. Under the conditions of Theorem 4.4.1, prove that x = 0 is the unique invariable
setin Lp(p).

4. If the condition (2) of Theorem 4.4.1 holds, then the problem of finding the
largest p such that Lp (p) C Ly is called as the problem of largest invariant set in
Ly . Applying Schur complement Theorem, give a matrix inequality method for
finding the largest invariant set in Ly.

01 0 4 1
5. A A == ,b = ,F = —2 — ;P = s
ssume |:1 0i| |:5i| [ 2 1] |:1 0‘5:|

H=1[04 —1].
Try to find the largest p such that Lp(p) is ultimate attractive. (Note: in this
case 0(Fx) = 0 (—2x; — x2))
0.6 —0.8 2 0.1]. . 0.0752 —0.0566
6. A A= , b= , T = ;if P= )
ssume [0.8 0.6} [4} [0.1} ! [—0.0566 0.1331 }
F =[-0.1125 —0.2987]. Check the conclusion of Theorem 4.4.3 to hold.
7. Prove Corollary 4.4.3 and Corollary 4.4.4.
8. Prove Theorem 4.4.5 and Corollary 4.4.5.
9. Assume A = |: (1) _(1)2 i| , b = [ 01 i|, using, respectively, F; =
[0.9471 1.6000] and F, = [-0.1600 1.6000] as the gain of saturated control,
show that the closed-loop system is stable. There are

P 1.6245 —1.5364 _ 5.9393 —0.2561
"7l —15364 153639 |0 T2 T | —0.2561  2.5601

respectively. Try to find Q (y*) and F (y*).
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Chapter 5
Luré Differential Inclusion Systems

In the former chapter, control problems of linear polytope systems are considered
by using the convex hull Lyapunov function. The linear polytope system is a convex
combination of a finite set of finite linear systems. Involved set-valued mapping in
the differential inclusion is the convex combination; hence, convex theory can be
applied to deal with these control problems. In this chapter, the Luré differential
inclusion system and its relative control problems are considered. This kind of
differential inclusions is different from linear convex hulls; the set-valued mapping
satisfies so-called sector condition, i.e., the image of the set-valued mapping is in a
cone. Hence, it is a naturally nonlinear mapping.

5.1 Luré Systems

As an introduction, we present some basic materials for Luré systems and the
positive realness of functions. The system has been widely researched in 1950s, and
the positive realness was a very useful tool in 1960s in the research of the design of
adaptive control of linear systems.

5.1.1 Luré Systems and Absolute Stability

The Luré system is a kind of nonlinear system. Its block diagram is shown in
Fig. 5.1. From Fig. 5.1, it is clear that the system has a feedback structure. Its
forward path is a linear system G and its feedback is a nonlinear system N. In the
classical theory of nonlinear control systems, many systems are assumed to hold
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Fig. 5.1 A class of nonlinear
control systems Linear G

v

A

Nonlinear N

such a configuration. Many research studies have been done to deal with the methods
of transforming equivalently a nonlinear system into this configuration.

In Fig. 5.1, the input of system is the reference signal r and the output of the
system is y which is also the input of nonlinear part. The input of linear part is the
control signal u which is an algebraic sum of r and v, the reference and the output
of nonlinear part, respectively. Without loss of generality, we assume the feedback
is negative. We also assume the dimension of v is equal to that of y.

The linear part G is assumed to be a dynamic system described as follows

x(t) = Ax(r) + Bu(r),

(5.1.1)
y(t) = Cx(t) + Du(r).
In the system of Eq. (5.1.1), all symbols have the same meanings as those in Eq.
(4.1.1) except Du(t). Du(t) is called the direct transportation term, and D is the gain
of the direct transportation. The transfer function of System (5.1.1) is

G(s) = C(sI —A)"'B + D. (5.1.2)

G(s) is a matrix of rational functions. If D = 0, every element in matrix G(s) is
a strictly proper rational function, i.e., the degree of the numerator is less than
that of denominator. If D # 0, then there are certainly some elements in rational
matrix G(s) whose degrees of numerators are equal to those of denominators. Such
a rational matrix is called proper.

The nonlinear part N is a static process described by

() =v(t,y 1) (5.1.3)

where v(¢,y, T) is a nonlinear function which may be time-varying. ¢ stands for the
time, and T > 0 is a constant to indicate the delayed time. In the next section,
v(t,y, T) is a set-valued mapping. v(z,y, T) is always supposed to be continuous for ¢
and y.

The following inequality

t

/vT (D) y(t)dr > —ré (5.1.4)

fo
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is valid for any time ¢, where ¢, is the initial time and ry 7 0 is a constant, and it may
depend on the initial state xy and #y. In general, Inequality (5.1.4) is called Popov
integral inequality. If v(f) and y(¢) satisfy Inequality (5.1.4), then we say they satisfy
the Popov condition, or the nonlinear part N satisfies the Popov condition.

It is not required that the integration in the left side of Inequality (5.1.4) is
convergent as t — oo. If the integration converges or tends to infinity, then
Inequality (5.1.4) always holds.

Definition 5.1.1 Consider the system described in Fig. 5.1. Let r(f) = 0, v(¢) and
¥(#) satisfy Popov integral Inequality (5.1.4). The system is said to be absolutely
stable, if there exists a constant K such that

[lx (. x0. 20) || < K (|| %0l + 7o) . (5.1.5)

for any initial time 7y and initial state xo, where x(z, xo, fp) is the state of System
(5.1.1). Furthermore, the system is said to be absolutely asymptotically stable if
lim x (¢, xo, o) = 0. (I
—>00

The absolute stability is defined for the whole system. In the terminology
absolute stability, the word stability is used to describe the property of the state
x(t), which is a solution of differential equation, and the word absolute is introduced
for the nonlinear part N. It means that we only require the function v(z, y, t) to satisfy
Inequality (5.1.4), but we do not care the specific form of v(z, y, 7).

The SISO system with the structure described by Fig. 5.1 was firstly considered
by Popov, but in stand of Inequality (5.1.4), he considered the following sector
condition:

0 <kiy* <y (t,y,7) <ky’, 0<k <k (5.1.6)

Inequality (5.1.6) means that, in the v-y space, the image of v = v (¢,y, 1) lies
in a sector of the first and/or the third quadrants. Inequality (5.1.6) obviously
implies Inequality (5.1.4). At that time, Popov investigated the stability of the
system. In order to distinguish the conventional definition of stability, he called it
absolute stability because of being regardless the specific form of v(z, y, T). Later on,
some researchers called the system is hyperstable if the nonlinear part N satisfies
Inequality (5.1.4) and absolute stability for Inequality (5.1.6). But this book does
not distinguish the two concepts, and call them all absolute stability.

Let u(r) = r(t) — v(¢). Then the closed-loop system combined by linear System
(5.1.1) with nonlinear mapping Eq. (5.1.3) can be described as

x(t) = Ax(t) — Bv(t) + Br(t),
v(t) =v(t,y 1), (5.1.7)
y(t) = Cx(t) — Dv(t) + Dr(1),
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where v(#) and y(¢) satisfy Popov integral Inequality (5.1.6). The system described
by Eq. (5.1.7) is called Luré system.
If v(t,y, 7) is a set-valued mapping, then System (5.1.7) becomes

x(t) = Ax(t) — Bw(t) + Br(1),
o) ev(ty, ), (5.1.8)
y(t) = Cx(t) — Dw(t) + Dr(2).

(5.1.8) is called the Luré differential inclusion. A detailed definition will be given in
the next section.

Theorem 5.1.1 Let the linear System (5.1.1) be both controllable and observable
and r(f) = 0.

1. If System (5.1.7) is absolutely stable, then (a) all eigenvalues of A stay at the left
open complex plane, (b) every eigenvalue on the complex axis is simple;
2. If System (5.1.7) is absolutely asymptotically stable, then A is a Hurwitz matrix.

Proof If r(t) = 0, then Inequality (5.1.4) is equivalent to

t

/uT (D) y(r)ydr < ré.

4]

Let u() = 0, and x(0) = xo # 0, the above inequality always holds. And the state
response is x(f) = e*'xo. If the eigenvalue of A is o + jw, where o > 0, then there
always exists xy such that the state x(f) = e*'x,, which contains the term ce(@ @)
with a nonzero vector c¢. Thus, ||x(¢)|| — oo, the system is not absolutely stable. If
there exist multiple poles jw, then there exists xo such that x(f) = e*'xy contains
the term c(f)e!’, where c() is a nonzero degree polynomial with respect to . Thus,
||x(#)|| = oo. The similar proof can also be obtained for the absolutely asymptotical
stability. Here we just omit it. O

Theorem 5.1.1 illustrates the necessary condition for the absolute (absolutely
asymptotical) stability of System (5.1.7). It is the same as that condition of System
(5.1.1).

5.1.2 Positive Realness and the Positive Realness Lemma

In the research of absolute stability, positive realness plays a very important role.
This section will introduce the positive realness briefly; more details can be found in
the textbooks for adaptive control system or nonlinear control system (Rochafellar
1970; Smirnov 2002).
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Consider a function f : C — C, where C is the set of complex numbers. f is
called a real function, if f (R) C R, i.e., f maps real number to real number. Let
s = 0 + jo € C be a complex number, where j> = —1 is the unit of imaginary
number, then f(s) can be written as f(s) = Re f(s) 4+ jlmf(s), where Ref(s) and
Imf(s) are the real part and imaginary parts of f(s), respectively, and they are all real
numbers for any s € C. For a real function f; it holds that f (s) = Re f(s) — jImf(s),
where s is the conjugate complex number of s, i.e., s = 0 + jo = 0 — jw.

Definition 5.1.2 A function f : C — C is a positive real function, if (1) f is a real
function; (2) Re f(s) > 0if ¢ > 0.

f : € — Cis a strictly positive real function, if (1) f is a real function and (2)
there exists a A > 0 such that Re f(s) > 0 foro > —A. (]

Roughly speaking, a positive real function maps the real axis to the real axis and
also maps the right complex plane to the right complex plane.

According to the above definition, if fi(s) and f,(s) are both positive real
functions, then fi(s) + f>(s) and fi(f2(s)) are also positive real functions; a fi(s)
is positive real function if a is a positive constant; [fi(s)] " is also a positive real
function whenever [f; (s)] ™" exists. However, fi(s) - f2(s) may not be a positive real
function. The following theorems present the properties of positive real functions
and strictly positive real functions. They can be proved by the theory of complex
analysis and are omitted here.

Theorem 5.1.2 A real function f(s) is positive real if and only if the following
conditions hold simultaneously:

1. If s = 0 4 jow is a pole of f(s), then o < 0.
2. If s = jow is a pole of f(s), then it is simple and its residue is positive.
3. If s = jw is not the pole of f(s), then Re f (jow) > 0. O

Theorem 5.1.3 A real function f(s) is strictly positive real if and only if the
following conditions hold simultaneously:

1. If s = 0 4 jw is a pole of f(s), then o < 0.
2. For every s = jw, Re f (jw) > 0. O

The first condition of Theorem 5.1.2 means that there is no pole in the right open
half complex plane, i.e., f(s) is analytic in the right open half complex plane. If real
part of f(s) is positive, then [f(s)]_l has also positive real part; thus, the zeros of
f(s) do not lie in the right open half complex plane. The fact means that the zeros
and poles of a positive real function do not lie in the right open half complex plane.
Similarly, the zeros and poles of a strictly positive real function do not lie in the
closed right half complex plane.

If the above discussion is applied in the real rational function f(s) = n(s)/d(s),
then more properties of f(s) can be obtained.

Theorem 5.1.4 If a real rational function f(s) = n(s)/d(s) is positive real, then
|degn(s) —degd(s)| < 1.
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Proof Assume that m = degn(s) > degd(s) = n. We have

— n — m—n m—n—1 . n(s)
f@%—d@)—Pm +pis + +d@y

then joo is an m — n multiple pole of f(s). By (2) of Theorem 5.1.2, a pole in
imaginary axis is simple; thus 1 > m —n > 0. If m < n, we will consider [f(s)]_l.
By using a similar discussion, we can obtain that 0 < n —m < 1. Thus, the theorem
is proved. ]

Theorem 5.1.5 If a real rational function f(s) = n(s)/d(s) is strictly positive real,
then n(s), d(s) and n(s) + d(s) are all Hurwitz polynomials.

Proof Applying Condition (1) of Theorem 5.1.3 to f(s), [f(s)] " and 1 +f(s), these
conclusions can be proved directly. O

Theorems 5.1.4 and 5.1.5 provide simple necessary conditions for the positive
real rational functions. They are very useful.

Now the definition of positive realness will be extended to the matrix case.

Let F(s) : C — C™“ be an m x m complex matrix. F(s) is a real matrix if
F(R) Cc R™™

Definition 5.1.3 Let F(s) be a real matrix. If
F(s) + F*(s) > 0, (5.1.9)

for a complex number s which holds Re s > 0, then F(s) is a positive real matrix,
where F*(s) is the conjugate and transpose matrix of F(s).
If there exists a A > 0 such that for any complex number s with Re s > —A,

F(s) + F*(s) > 0,

then F(s) is called strictly positive real matrix. (|

In the matrix theory, if H(s) = H*(s) for any complex s, then the H(s) is called as
Hermite matrix. The concept of Hermite matrix is an extended version of symmetry
matrix which is defined in real field. The main feature is that the eigenvalues of a
Hermite matrix are all real. Since H*(s) = H (s), F(s) + F*(s) can also be written
as F(s) + FT (s). For simplicity, it is, sometimes, denoted by He F(s).

The following theorems are reversions of Theorems 5.1.2 and 5.1.3 in matrix
case, respectively; the proofs are omitted.

Theorem 5.1.6 A real matrix function F(s) is positive real if and only if the
following conditions hold simultaneously:

(1) F(s)is analytic at the left open half plane.
(2) If s = jo is a pole of some element of F(s) then res F(s) + res F*(s) > 0
s=jw s=jw

(3) If s = jw is not a pole of F(s), then F (jw) + F* (jw) = 0. O
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Theorem 5.1.7 A real matrix function F(s) is strictly positive real if and only if the
following conditions hold simultaneously:

(1) F(s)is analytic at the left closed half plane.
(2) Forany s = jw, F (jw) + F* (jw) > 0. O

Theorems 5.1.3 and 5.1.4 can both be extended to rational function matrices. In
order not to derive from the main topic, we will leave them to the readers in the
exercises, and these conclusions are needed in the latter of this chapter.

Now we return back to the linear control system Eq. (5.1.1). The System (5.1.1)
is positive real or strictly positive real if its transfer function G(s) is positive real
or strictly positive real. In this book, we always suppose that System (5.1.1) is
both controllable and observable, and the degree of the denominator of its transfer
function is n.

Theorem 5.1.8 Suppose System (5.1.1) is both controllable and observable, then
it is positive real if and only if there exist positive definite matrix P and matrices K
and L with compatible dimensions, such that

PA+ATP = —LIT, (5.1.10)
K'LT + B'P=C, (5.1.11)
K'K =D+ D", (5.1.12)

Theorem 5.1.8 was proved by B.D.O Anderson in 1967, and it is also called the
positive real lemma (Anderson 1967). If D = 0, then K = 0 and Eq. (5.1.11)
disappears, and Eq. (5.1.11) becomes B'P = C. This is common form in this
chapter. The following corollary gives the necessary condition under which (5.5.1)
is positive real.

Corollary 5.1.1 Suppose System (5.1.1) is both controllable and observable and
D =0, then CB is positive definite if the system is positive real.

Proof Since B'P = C, we have B'PB = CB. Thus, CB is symmetry and
semipositive definite. It needs only to prove that the rank of CB is of full rank.
If rank(CB) < m, then there exists a u # 0 such that CBu = 0, and u" BT PBu = 0.
Consider the fact that B has the full column rank, hence Bu # 0, and u” B" PBu > 0,
it contracts to u” B" PBu = 0. O

It is noted that Corollary 5.1.1 is essential for the feedback positive realness.

If Eq. (5.1.10) is rewritten as PA+ATP = —LL" — Q for a positive definite matrix
Q. The equation and Eqgs. (5.1.11) and (5.1.12) give the necessary and sufficient
conditions for the strictly positive realness condition.

An alternative form of Theorem 5.1.8 is given in the exercises; these conclusions
are useful for the proof of Theorem 5.1.8.
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5.1.3 Criterion for Absolute Stability

In this subsection, we prove that the absolute stability is equivalent to positive
realness for the system described by Fig. 5.1. The following result of Laplace
transformation is needed in the proof.

Let f(r), t € [0,00), be a real function. If there exists a ¢ > 0 such that
o0

/ f(t)e™*'dt converges for every s with Res > o. Then integration is called the

0
Laplace transformation of f(¢) and denoted by F(s). Usually, ¢ in f(¢) is called time
domain variable and s in F(s) is the frequency domain variable, and F(s) is the image
function and f(¢) is the original function. If F(s) is known, f(#) can be computed as
follows

o0

1 .
fo)y= . / F (0 + jw) "4y,
27j

—00

at each continuous point of f(#). The equation is called the inversion formula of
Laplace transformation. If F(s) exists when s — oo, by residual theory, we can
obtain another equation

f() =) ResF(py)e™, (5.1.13)
k

where py is the pole of F(s).

Theorem 5.1.9 Consider the system described by Fig. 5.1. If the nonlinear part
satisfies Popov integral Inequality (5.1.4), then the closed-loop system is absolutely
stable if and only if the linear part Eq. (5.1.1) is positive real, i.e., the transfer
function matrix Eq. (5.1.2) is positive real.

Proof Sufficiency. Let P be the positive definite matrix satisfying Theorem 5.1.8.
Let V(x) = x” Px be the Lyapunov candidate function. Considering the derivative of
V(x) along with the trajectory of the closed-loop System (5.1.7) with r(f) = 0, we
can get that
V(x) = (Ax — Bv)" Px + x" P (Ax — Bv)

=x" (ATP + PA) x — v'B"Px — x"PBv

= —x"LTLx =27 (C— K"L") x

= —x"L"Lx + 20TK"L"x — v K"Kv — 207 Cx + v K"Kv

= —||Lx — Kv||2 —vTCx —x"CTv + vTDv +vTDTy

= —|Lx—Kv|* =207y

< —2va.
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Integrating both sides results in

t t

/ Vdr =x" (1)Px(t) — x" (0)Px(0) < —2 / vl (1) y (r)dt < 212.

0 0

Let Ay, and A, be the maximum and minimum eigenvalues of P. It follows from the
above inequality that

Al = 25O + 272 < K (KO + 1) = K(x(O)] + r0)?,

where K = max {1), 2}. It means that Inequality (5.1.5) holds.

Necessity. It is proved by using Definition 5.1.2. By Theorem 5.1.2, G(s) is
analytic at the right open half plane.

If there exists a complex number oy + jwo with oy > 0 such that G (o + jwo) +
G* (00 + jwo) is not semipositive definite, i.e., there exists uy € C” with |lug|| = 1
such that

uy [G (00 + jowo) + G* (00 + jwo) | ug < 0.

Choose an input u(f) = Reupe®ti®0)_ Since the system described by G(s) is
asymptotically stable, by Eq. (5.1.13), we have

¥() = Re G (00 + jax) upe @ . (5.1.14)
In view of u”(1)y(f) = Reufe' " Re G (0y + jwo) upe @) It can be proved
t

that / u' (t)y (r)dt — oo; hence, Popov integral Inequality (5.1.4) holds. How-

0
ever, Cx(f) = y(t)—Du(t) = Re C(0y + jwo — A) ' Buge®Ti0) e sup |x(1)| —
oo. This contradicts with the absolute stability. ]

By a similar discussion to Theorem 5.1.9, we can have the following theorem;
the detailed proof is omitted.

Theorem 5.1.10 Consider the system described by Fig. 5.1. If the nonlinear part
satisfies Popov integral Inequality (5.1.4), then the closed-loop system is absolutely
asymptotically stable if and only if the linear part Eq. (5.1.1) is strictly positive real,
or the transfer function matrix (5.1.2) is strictly positive real. (]

Problems

1. Let System (5.1.1) be both controllable and observable. Then it is positive real if
and only if there exist positive definite matrix P, semipositive definite matrices
Q and R and matrix S such that
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PA+ATP = -0,
BTP + ST = C,
D+ DT =R,

with I:SQT ;i|>0.

2. Let System (5.1.1) be both controllable and observable. Then it is strictly positive
real if and only if there exist positive definite matrix P, 0, R and matrix S such
that

PA+ATP = -0,
BTP 4+ ST = C,
D+ DT =R,

with I:SQT ;:|>0.

3. Prove Theorem 3.1.9.

4. Let W(s) be an n x n rational function matrix. W(s) = N(s)D~'(s) is a right
coprime factorization and rank [D(s) N(s)] = n for any s € C. Then the
following conclusions hold:

(1) W(s)is positive real if and only if D* (s)N(s) +N*(s)D(s) is positive definite.

(2) If rank W(s) = n for s with Res > 0, then W(s) is positive real if and only
if W=1(s) is positive real.

(3) If W(s) is positive real, then det N(s) and det D(s) are Hurwitz polynomials.

(4) If W(s) is positive real, then N(s)[D(s)+aN(s)] ™" and [N(s)+aD(s)] D' (s)
are both positive real, where o > 0 is a real number.

(5) If D(s) is column proper, then |o; — B;| < 1, where «; and B; are the ith
column degree of N(s) and D(s) (Let d;D(s) be column degree of the ith
column of D(s), D(s) is column proper if deg (det D(s)) = Z 0;D(s)).

The above conclusion is also valid when left coprime factorization is
considered.
5. Prove Theorem 5.1.10.

5.2 Stabilization of Luré Differential Inclusion Systems

The Luré system was introduced in the former section; in that section, we have
concluded the system is stable if and only if its linear part is positive real. This
section tries to extend this conclusion to Luré differential inclusion systems.
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5.2.1 An Example of the Luré Differential Inclusion System

Before we deal with the stabilization of Luré differential inclusion, we would like
to present an example which was introduced by J.C.A. de Bruin and his colleagues.

An object may move if it is subjected to external force. The object has to
suffer from friction force whether or not it moves. We have mentioned in Sect.
2.3 that the friction is a quite complicated phenomenon. The friction coefficient
which determines the value of friction force has a nonlinear relationship respected
to the velocity of object. We have pointed out at that section if the static friction is
considered, then it is suitable to be described by set-valued mapping.

J.C.A. de Bruin and colleagues have designed an experimental device to illustrate
the necessity of introduction of Luré differential inclusion (de Bruim et al. 2009).
The experimental device is given in Fig. 5.2. The input of the device is the voltage
which makes the upper DC motor rotate. The DC motor drives the upper disk
through gear box, and the upper disk is connected to lower disk via a flexible cable.

brake device

electronic
equipment

ey
sadwiele

Fig. 5.2 The experimental device of flexible rotation (de Bruim et al. 2009)
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a b
T, .
T\ by + AbE, Ty
/ TN T40)
Téu + ATsu
éu él
/ ~Tsu + ATsu )
(bu - Abu)éu A@\/ sl
upper disc lower disc

Fig. 5.3 Dead zone nonlinearity relationship between torque and angular velocity. (a) upper disk.
(b) lower disk

An oil seal is set up at the tail of the flexible cable to make all kinds of friction more
significant, while the angular velocity of the lower disk is recorded by the computer
as output of the device.

It is obviousthat the velocity is feasible to be measured, while the torque is
difficult to be measured. Figure 5.3 presents the relations of angular velocities and
torques where the angular velocity is argument, then the torque is the dependent
variable. Figure 5.3a gives the image of the upper disk and Fig. 5.3b the lower disk.
These pictures show that they are set-valued mappings. By moment balance, it is
easy to obtain that

T+ ko O = 0) + b (0, = 01) + T (8.) — e = 0,

=Ko (B, — 0) = b (8= 01) + T (6:) = 0, (5.2.1)

where variable subscripted with u stands for the variable of upper disk, and variable
subscripted with [ stands for the lower disk, J is the moment of inertia, kg (6, — 6;) +

b (GM .y 1) is twisting torque, and 6 is angular displacement. Resistance torque Ty
can be computed, respectively, by the following set-valued mappings

T (0) € { T () 0 (0). b, #0.

[_Tsu + ATsus Tsu + ATsu] 5 éu - Os

T (é,) . { T, (é,) sgn (91) 7 él Lo,

[_Tslv Tsl] P 61 = 07
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where T, (9,,) and T, (9,,) is the nonlinear terms. Let x = [Qu -6 éu é, ]T, Eq.

(5.2.1) can be written as

x(f) = Ax(1) + Go(t) + Bu(),

z(t) = Hx(),
y(®) = Cx(1),
() € —¢(2).

. .qT
where 7 = [9u 9,] Lo = [Tu(n) Ty (Z2)]T. The above expression is a Luré
differential inclusion system. From the experimental results, it is suitable to describe
the device by the differential inclusion model.

5.2.2 Stabilization of Luré Differential Inclusion Systems

Let us consider the Luré differential inclusion System (5.1.8). Assume that D = 0
firstly, how to extend the conclusion to the case of D # 0 will be pointed out. In
order to be clear, the block diagram is shown in Fig. 5.4. In the discussion of this

chapter, the block diagram is a very useful tool.
The Luré differential inclusion system is described as follows:

x(1) = Ax(r) — Bw() + Br(1),
() €v(ty 1), (5.2.2)
y(t) = Cx(1),

|
r u 1 X X Iy
—b@—lb B J. > C — >
- |
| |
I A4 |« I
@ Linear !
I o o oo o e mm mm e mm mm e o o e |
1
: V(o) |« :
L e e e e e e - Sft-_va_lusd_ 1

Fig. 5.4 The Luré differential inclusion system
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where r,u,x,y and o are the reference, control input, state, output of the system
and output of the set-valued mapping, respectively. The dimensions of r,u,y and
w are all r, and the dimension of x is n. t is the time variable and t is the delayed
time, respectively. The set-valued function v(#,y, ) is supposed to be monotone
with respect to y. It means according to the definition given in Sect. 2.6, for any
yi € R™ i =1,2,and w; € v (t,y;,7), (w01 — @), (y1 —y2)) > 0. In order to
guarantee that the equilibrium of the system is the original, it is always assumed
that 0 € v (#,0, 7). This assumption is not loss of the generality because we can
use coordinate transformation to realize it. By the monotonicity of the set-valued
mapping, we then obtain that (@, y) > 0, i.e.,

Yy (ty,t) = 0. (5.2.3)

It is obvious that Inequality (5.2.3) implies Popov integral Inequality (5.1.4). By
Theorems 5.1.8 and 5.1.9, we can get the following conclusion. Detailed proof is
omitted.

Theorem 5.2.1 Consider the Luré differential inclusion system Eq. (5.2.2). Sup-
pose the system satisfies the following conditions:

1. v(y) is monotone and 0 € v (¢, 0, 7).
2. (C,A, B) is both controllable and observable.

If the transfer function of linear part G(s) = C(sl — A 'Bis positive real, then
the system is stable; if G(s) = C(sI — A)~'Bis strictly positive real, then the system
is asymptotically stable. O

Theorem 5.2.1 still holds when D # 0.

5.2.3 Zeroes and Relative Degree of Control Systems

This subsection introduces two fundamental concepts used in linear control systems
which play very important roles in Sect. 5.3.

5.2.3.1 The Zeroes of System

By Theorem 5.2.1, the stability of the Luré differential inclusion System (5.2.1) is
equivalent to the positive realness or strictly positive realness of linear part (C, A, B).
Thus, the stabilization design can be transformed to make the linear part positive
real or strictly positive real which is called feedback positive realness in this book.
This subsection mainly focuses on the output feedback, i.e., r = Ky. By the block
diagram, the control of linear partis u = Ky — .

The problem of feedback positive realness is to find feedback gain K such
that (C,A + BKC, B) is positive real or strictly positive real. In order to discuss
feedback positive realness, the zeroes of a system are introduced. The zeroes of
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a system include finite zeroes and infinite zeroes. The concept of finite zeroes is
presented firstly.

Let W(s) be an r x m rational function matrix, and assume the rank of W(s) is
min(r,m)." Let so € C be a complex number. Then W(s) be a complex matrix. If
rankW (so) < min (r, m), then s is said to be a finite zero of W(s), and finite zero is
also simplified as zero. If (C, A, B) is a realization of W(s), then sy is called a finite
zero of the system (C, A, B). The properties of finite zeroes are as follows (Chen
1984).

1. Let W(s) = N,(s)D; ' (s) = D;'(s)Ni(s) be a right coprime factorization and a
left coprime factorization of W(s), respectively, then sy is a finite zero of W(s) if
and only if rankN, (s9) = rank®; (so) < min (7, m).

2. If (C, A, B) is a minimal realization of W(s), then s is a finite zero of W(s) if and
only if

S()I—AB

k
ran|:_C 0

:| <n+min(r,m).

3. If so is a finite zero of (C,A,B), then sy is also the finite zero of
(CT™', T(A+BF + GC)T™',TB), where T, F and G are matrices with
compatible dimensions, and T is invertible. The conclusion illustrates that the
finite zeroes are invariant under the coordinate transformation, state feedback
and output injection.

The multiplicity of a finite zero can be also defined. Let W(s) be an r x m rational
function matrix, and denote ¢ = min (r, m). The right coprime factorization of W(s)
is W(s) = N,(s)D;(s). If 50 is a finite zero of W(s), then s — s is the common
factor of all gth-order determinants of N,(s); if (s — so)” is the common factor of
all gth-order determinants of N,(s) but (s — so)” " is not, then s is a p-multiplicity
finite zero of W(s).

In the control theory, linear system (C, A, B) is called a minimal phase system, if
the zeroes of the system are all in the left half complex plane, or, the zeroes are all
stable.

5.2.3.2 Relative Degree of System

Infinite zero is relevant to relative degree of system. Let us start with the single-
variable system.

Consider a rational function W(s) = n(s)/d(s). If degn(s) < degd(s), then
n(s)/d(s) — 0, when s — oo. The fact means that infinite is also the zero of the
rational function. In order to distinguish from finite zero, this kind of zero is called
infinite zero. The multiplicity of infinite zero can also be defined. If degd(s) —
degn(s) = p > 0, then the infinite zero is called p-multiplicity of the rational
function. Infinite zero is very explicit in the theory of automatic control.

!'The rank of rational matrix is defined on the field of rational functions. Denote that ¢ = rankW(s),
then there exists at least one ¢ X ¢ sub-matrix of W(s) whose determinant is not equal to 0.



278 5 Luré Differential Inclusion Systems

The multiplicity of infinite zero is called relative degree in the theory of linear
systems. The specific meaning is as follows. Let us consider single-variable system
(cT, A, b), and the state space is described as:

x = Ax + bu,

y=clx.

without loss of generality, we assume that (cT, A, b) takes the Brunovsky controllable
canonical form:

0o 1 0 0 0
0 0 0 0
CTZ[,Bn,Bn—l"'ﬁ]v A= ... ... , b=
0 0 0 1 0
— 0y —Op—1 * —0y —U] !
(5.2.4)

Its transfer function is

Gs) = ,Bls”_1+"‘+,3n—15+,3n .
R Lt N EP Ry VR M

When we assume that the (cT,A,b) is both controllable and observable, the
numerator and the denominator are relatively prime. If the relative degree of G(s) is
p, then the degree of the numeratoris n —p, and 8 = --- = B,1 = O but B, # 0.
It is easy to verify that cTh = 0, ¢TAb = 0,...cTA?2b = 0, ¢TA?"'h # 0. On
the other word, taking the derivative of the output y, y = ¢'x = ¢ (Ax + bu) =
c"Ax, ¥ = cTAx = cTA(Ax+ bu) = cTA%x. We then conclude that in the
expression of y?~1 the control input u does not appear; and in the p-th derivative of
y, ¥, we have y? = cTAPx + ¢TAP~'bu, u appears for the first time.

It is easy to conclude that the relative degree is equal to p if and only if
31_1)1})1o s71G(s) = 0; 31_1)1})1o s’G(s) # 0. Although the controllable canonical Eq.
(5.2.4) is used to explain that u appears firstly in the p-derivative of output y, i.e.,
y® it does not rely on the specific form of the system matrix.

We now extend the definition of relative degree to the rational matrix. Let W(s)
be an r x m rational function matrix, W(s) can be written as

wi(s)

w3 (s)
W) =] , for i=1,2,...,r
wy (s)

where wiT(s) is an m-dimension row vector, and its elements are rational fractions.
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If lim sjwiT(s) =0,j=0,1,2,...,pi—1; lim s”"wiT(s) # 0, and
5§—>00 5§—>00

lim s”! wlT (s)
5§—>00
lim s”2 wg (s)
—> 00

s

rank = min (r, m) ,

lim 7wl (s)

§—>00

then the ith relative degree of W(s) is p;, the set {p1,pa, ...,p,} is called the set of

relative degrees of W(s), and p = min {py, p,, ..., p,} is the relative degree of W(s).
Let us consider the multivariable system (C, A, B), the state space is described by

x = Ax + Bu,
y = Cx.

Assume that m = r. Denote the ith row of C by cl.T, then the transfer function
matrix is

c?(sI—A)_lB
I(sI—A)'B
Goy=| " .

(sl —A)"'B

If {p1,p2, ...,ps} is the relative degree set of G(s), then u does not appears in
Vis o v ,yl(.p’_l) but in y?‘""), and we denote that

clTAPIB
TA”B

C;FAP "B

then IT is invertible. Note that the invertibility of IT is additional requirement for
the definition of the relative degree in multivariable systems.

The relative degree is defined by transfer function. Thus, it is also invariant under
coordinate transformation and state feedback except for the sequence.

Suppose the input and output are all m-dimension. If det(CB) # 0, then the
elements in the set of relative degrees are all 1. By coordinate transformation, the
system can be changed into

Ayl Ap By
Ay Axn O ,
cCi G 0
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where B; is an m x m invertible matrix. det(CB) # 0 implies that C; is also
invertible. If we make another state transformation with the transformation matrix

-1 1
T= |:(I) G ? :|, ie, T ! = [(I) G IC2:|’ the system then takes the form of

Ay Ap By
Ay Axn 0 |, (5.2.5)
Ci 00

where C; and B are the same as the previous expression, but A, and A, may be
different from A,; and Aj;, respectively. It should be noted that the matrix (5.2.5)
is obtained depending on relative degree, but not depending on the observability.
(5.2.5) will be often used in the sequel.

5.2.3.3 Hurwitz Vectors

In this part, we will give a new definition.
Lethe R", h = [hl hy - hy ]T, h is called a Hurwitz vector if

h(x) = X" 4+ hox 2 4+ oo+ by x + hy,

is a Hurwitz polynomial. We do not suppose that #; # 0 in the Hurwitz vector. If
hy # 0, then none of h;,i = 2,3,...,n cannot be equal to 0, and their signs are the
same as that of &;. In order to be simple, we assume that #; > 0. Furthermore, if
hy =hy =--- = h;—; = 0, but h; # 0, then we assume that /; > 0, and the signs of
hit1, ..., h, have to be the same as that of A;.

The following conclusion is about the Hurwitz vector.

Lemma 5.2.1 Leth = [h hy -+ h, | € R" be a Hurwitz vector. If by = h, =
-+ = h;—; = 0 but h; # 0, and A has the Brunovsky controllable canonical (5.2.4),

then there exists a A € R such that 2 = (A + AI) his a Hurwitz vector, and it #0

in A.

Proof Denote that h(s) = his"™ + hiy 1" + -+« + h,_ys + h,. It is direct to

verify that the polynomial corresponding to / is

h(s) = (5 + A) h(8) = pi1hi — @ueihizs — - — arhy.

Denote that p = a,—i+1h; + ap—ihiy1 + -+ + a1h,. Consider the equation Z(s) =
sh(s) + Ah(s) — p = 0. It can be written as

h(s) 1

sh(s)—p A’
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It is noted that the degree of denominator polynomial is n — i 4+ 1, and the degree
of nominator polynomial is n — i. By the theory of root locus, when A — oo, n — i
roots converge to the zeroes of h(s), and one root converges to —oo. Therefore, if
h(s) is a Hurwitz polynomial, and A is large enough, then n — i + 1 roots of /(s) all
stay at the left half plane. (]

Lemma 5.2.1 is proved under the assumption that A has the Brunovsky control-
lable canonical. In fact, the conclusion is also valid when A has other forms, which
is left to readers as an exercise.

Lemma 5.2.1 can be used repeatedly. If 4 is a Hurwitz vector, iy = h, = -+ =
hi—y = 0, and h; # 0, then there always exist A1,...,A,—; > 0, such that h =
(A4 Ay_iD)--- (A 4 A1) h, and 7 is a Hurwitz vector, whose first component is not
Zero.

5.2.4 Feedback Positive Realness

As pointed out in the former subsection, the key of stabilization for Luré differential
inclusion System (5.2.2) is to make the linear part positive real or strictly positive
real. Two useful conclusions for feedback positive realness will be given in this
subsection. Let us consider the single-variable system firstly.

Lemmas 5.2.2 Consider the single-variable system (cT, A, b) which is both con-
trollable and observable. There exists an output feedback u = ky such that
(cT,A + kbc™, b) is strictly positive real if and only if the following two conditions
hold.

1. ¢ > 0.
2. The system is minimum phase.

Proof Sufficiency. If ¢’b # 0, then the relative degree is 1. (c, A, b) can be written
in the form of (5.2.5), i.e.,

by
"=[10---0] A=[A“A‘2} po| ! (5.2.6)
' Ay Ay |’ S
0

where A1 € R, b; € R, and b; > 0. By using the matrix theory, we can obtain that

s—An —An - _ 1 det (s] — Ap) *
— Ay sl —Ayp N det(sI—A) * x|’
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where * stands for the element which does not affect the result of the following
computation. We also know that

det(sI —Ax»)b
CT(sI—A)_lb = (s 2) b
det (sI —A)

The Condition 2 of Lemma 5.2.2 implies that det (s/ — Ay;) is a Hurwitz polyno-
mial, i.e., Ay, is Hurwitz matrix. Then, for any positive definite matrix O, there
exists positive definite matrix Py, such that P»Az + Agngz = —0n».

Let P;; = by'. Then Py1b; = 1. By choosing

021 = 0], = — (PnAx +AL,P1),

then we have

|:P11 0 i| |:A11 + kb, A12i| n [An + kb, A;} [Pn 0 i|
0 Pxn|[Axn Ap Al AL L0 Py
_ [2P11 (A1 + kb1) P11Ar +A§1P22}
AT P11 + PnAsi PpAxn + ALPy
_ [251_1 (A1 + kby) —le:|
— 0 —0n]

k is chosen as
1, _ _
k<= (207 A + 03,05, 021),
then by Schur complements (Lemma 4.1.1)

[Zbl—l (A1 + kby) —lei| —0
—0On —0n
Thus, if P = [P“O } - [—2(A11+kb1) 03

0 Py Q21 (055
positive definite, and the following equations hold

i|, then P and Q are both

P (A +kbc) + (A + kbc™) P = —Q,

5.2.7
Pb = c. ( )

By the statements after Theorem 5.1.8, (c’,A + kbc”,b) is strictly positive
definite.
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Fig. 5.5 The closed system for feedback positive realness

Necessity. By Corollary 5.1.1, ¢’b > 0. According to Theorem 5.1.5, the
numerator of transfer function is a Hurwitz polynomial; thus, the finite zeroes of
the system are all stable, i.e., the system is minimum phase. (]

The following corollary gives the frequency form of Lemma 5.2.2.

Corollary 5.2.1 Suppose the system (cT, A, b) is both controllable and observable,
the transfer function is

Bis"h 4+ Buis + Ba

G(s) = .
ST st b s oy
There exists the output feedback u = ky such that the closed-loop system
(c" A + kbc”, b) is strictly positive real if and only if [ B; B, -+ B, | is a Hurwitz
vector, and the leading coefficient §; > 0. O

The scheme of feedback positive realness presented in Lemma 5.2.2 and
Corollary 5.2.1 is drawn in Fig. 5.5. The linear part within the dashed line is strictly
positive real; hence, by Theorem 5.2.1, the closed-loop system is asymptotically
stable. However, it may be fail since confluent point of the output feedback u = ky
is behind the confluent point of w. If the original system which consists of linear part
and set-valued mapping is indivisible, then we cannot insert the feedback behind that
confluent point of w. Fortunately, the system drawn in Fig. 5.5 is equivalent to that
in Fig. 5.6 by block diagram operation. The scheme is then realizable. The feedback
is outside of the original system.

We now extend Lemma 5.2.2 to the multivariable case. Let A € R™". A is

decomposed as
A= [All A12:| ’
Az Ax
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Fig. 5.6 The revised structure of feedback system

where A;; € RM*™ _If Ay, is invertible, then A can be written as

A= [All A12:| _ |:1A12A2_21:| [All —ApAyAy 0 :| [ 1 0:|
Arl Axp 0 1 0 Axn A2_21A21 I’

where two Is are all identity matrices, but their dimensions may be different.
According to the decomposition, if A is invertible, then we have that

— -1 _
Al = {1 07| (Ai — A1nA% A1) 0 I —ApA3) (528
_A22A21I 0 A221 0 1

Theorem 5.2.2 Consider the multivariable system (C, A, B), which is both con-
trollable and observable. There exists an output feedback u = Ky such that
(C, A + BKC, B) is strictly positive real if and only if the following two conditions
hold.

(1) CB is positive definite.
(2) The system is minimum phase.

Proof Sufficiency. Since CB is invertible, (C, A, B) can be written in the form of

(5.2.4),ie.,
Ay Ap By
C = 9 A = 5 B - )
[cro] [AZI Azz} [ 0}

where C1,Aq1, By € R™ and Cy, B are invertible. Specially, if By = I, then C; is
positive definite, and the feedback is chosen as u = ky, k € R. The transfer function
G(s) = C(sI — A)™'B, by Eq. (5.2.8), has the following form
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-1
_ (sI —A»)  —Ap By
Gis)=[C1 0] [ —Ayy (sI—Azz)i| [O i|

1 0
=l¢ o] [(SI—Azz)_lAzl 1i|

-
X|:[S1 — A —Ap(sl —Azz)_lAzl] 0 :| [1 A12(S1—A22)_1i| |:Bl:|
0 (sI—Ap) L0 I 0

-

= Ci[sT = An = Al — A) 4|

where two [s are identity matrices with appropriate dimensions. Since (s/ — Ap)t =
(Adj (sI —Ap)) / (det (sI — Ayy)), where Adj(sI —Ay) is adjoint matrix of
(sI — Ay) and is a polynomial matrix, then

G(s) = [Cy det (s] — An)] [s] — A11 — A12Adj (s] — Ax) Axi] ™ (5.2.9)

is a left composition of G(s). By Property 1 given behind the definition of finite zero,
the zeroes of system are all the roots of det (s/ — Aj;). Condition 2 of Theorem
5.2.2 implies that A, is a Hurwitz matrix; thus, for any positive definite matrix
Q0 € RO=M*0=m there always exists a positive definite matrix P, such that
PyAy + AL Py = —0n.

Denote that P; = Cy and Q2 = Q, = — (P42 + AT,Pyy). Consider

P 0 [[Au+KC A | [AL+KC Ay [ [Py 0
0 Py A Ax AT, Al 0 Py

_ |:P11A11 + AT Py +2kC? P1A +A§1P22:|

AP\ + PnAy PyAy + AL P»
_ | PuAn + AT\ Py +2kCT —QF,
-0 —0n |

Thus, if P1iA1 + AT Py + 2kC? — 03,05 021 < 0, then

[P11A11 + AT Py + 2kC? —Q§1:| <0
— 0 —02»

The above inequality is feasible since Ci? (05 0% Qa1 — P11A1 — AT Pyy) is
symmetric matrix. Denote the minimum eigenvalue of the matrix by A, and if
k < (1/2) Amin, then Py1Ayy + AT Pyy + 2kC? — 01,05,/ 051 < 0. By Lemma 4.1.1,
we obtain

Pi 0 [ Au +kCiAn] Al +kC AL [P O -0
0 P22 A21 A22 A{Z Agz 0 P22 '
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and we also have P 0 B
0 Py 0

(C A+ kBC B) is strictly positive real.

Necessity. If (C,A 4+ BKC, B) is strictly positive real, the Condition 1 is verified
by Corollary 5.1.1. By Problem 5.1.4 (3), if the left prime composition of Gg(s) =
C(sl —A — BKC)"'B is made, Gk(s) = N,(s)D; ! (s), then detN,(s) is a Hurwitz
polynomial, i.e., the zeroes of (C,A + BKC, B) are all stable. By the Property 3
of zeroes, the zeroes of (C,A 4+ BKC, B) are the same as that of (C, A, B); thus,
(C,A, B) is minimum phase. O

T
I:C(l) i| According to Theorem 5.1.8,

The same problem has been considered in Huang et al. (1999) by an alternative
approach. The frequency criterion for multivariable system is left in Problems of
this section, and the readers can derive it by the same method used in this section.

It is obvious that the feedback of multivariable system can be realized by the
scheme given in Fig. 5.6.

5.2.5 Feedback Stabilization — Single-Variable Systems

Theorem 5.2.2 provides an approach of stabilization when the relative degree of
system is one. The aim of the subsection aims at extending the result to the case
where the relative degree is larger than one. Firstly, PD compensation for output is
used to change the relative degree of the system, and then stabilization is achieved by
Theorem 5.2.2. Secondly, state feedback is employed to change the relative degree
of the system. This result establishes a basis for the design of state observer in the
next section.

The stabilization for the system whose relative degree is larger than 1 will
be discussed in the following two subsections, respectively. Firstly, we consider
the single-variable system (cT,A,b); secondly, we consider multivariable system
(C,A, B) at the next subsection.

If the relative degree of the linear part is 2, then the transfer function is

Bas" 2 4+ Bueis + Bu

G(s) = ., - .
st 4+ oy s + -t a5+ o,

By Corollary 5.2.1, there dose not exist output feedback # = ky such that the transfer
function of closed-loop system is strictly positive real. Hence, an auxiliary output is
introduced as z(f) = Ay(t) +y(2),1i.e., z(s) = (A + 5) y(s). Itis equivalent to cascade
a PD control in the output term. The transfer function from u(s) to z(s) becomes

2s) _ s+ ) (B 4 Bumas + B)

G.(s) =
5) u(s) s"tapsT e s 0y
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The relative degree is 1. If we choose A > 0, and the system is minimum phase and
B2, B3, ..., By are all positive, then there exists output feedback u = kz such that
the DI system is absolutely stable by Corollary 5.2.1.

The design method can be extended to the arbitrary relative degree case, i.e.,
i > 1. Design the polynomial A(s) = (A; +s5)---(Ai—; +5) with degree of
i — 1,2 where /X,, > 0,p =1,2,...,i — 1, then the transfer function from u to z is
G;(s) = A(s)G(s), and its relative degree is 1. There always exists output feedback
such that the closed-loop system is strictly positive real by Corollary 5.2.1. Thus,
the whole Luré differential inclusion system is strongly asymptotically stable. The
above conclusion is summed up in the following corollary.

Corollary 5.2.2 Consider the single-variable system Luré differential inclusion
system Eq. (5.2.2), if the numerator of the transfer function of linear part (c', A, b)
is a Hurwitz polynomial, and the leading coefficient is positive, then there always
exists a real polynomial A(s) and output feedback u = kz where z(s) = A(s)y(s),
such that by the feedback, closed-loop system is positive real. O

Remark Since zeroes of the numerator polynomial are the same as that of the
system, the condition is just that the linear part (c”, A, b) is minimum phase. O

The stabilization scheme presented in Corollary 5.2.2 can be realized by Fig. 5.7.
In Fig. 5.7, we require that a compensator can be inserted to the system, otherwise
we cannot achieve the positive realness of the linear part.

Nmelir
n :

A(s)

v

|Compensator

Linear

1 Set-valued

Fig. 5.7 The compensating scheme of Corollary 5.2.2

2In fact, it only needs the condition that A(s) is Hurwitz polynomial with first coefficient one. This
assumption is convenient to the proof.
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5.2.6 Feedback Stabilization — Multivariable Systems

Let us turn to multivariable systems. Based on the result of single-variable systems,
the discussion for the multivariable systems becomes simple. Consider Luré
differential inclusion system Eq. (5.2.2), its linear part is (C,A, B). Denote that
B = [bl by - bm], where b; € R", i = 1,2,...,m, then the transfer function
matrix is

G(s) = [ C(sT —A) by C(sI —A) 'y --- C(sT —A) b, |-

For the sake of simplicity, we denote that G;(s) = C(sI — A) ' b;.
By a similar method introduced in Sect. 5.2.3, we can define the relative
degree for column vector for Gi(s). If lims/Gi(s) = 0,j = 0,1,2,...,q;— I;
§—>00

lim s% G;(s) # 0, and
5§—>00

rank[ lim s'Gy(s) lim s2G(s) --- lim stmG,,,(s)] — min (r, m) ,
5—>00 §—>00 S—>00

then the ith column relative degree of G(s) is ¢;, the set {q1, g2, . .., qm} is called the
set of column relative degree of G(s), and denote

I = [ CAP'by CAPD, --- CAP"D,,].

It is easy to see that the column relative degree holds the same properties as the
relative degree.

Let the ith column relative degree be g;, then for any polynomial with g;—1 degree
Ai(s) = (A1 +5) - (Aig—1 + s), we have Y1_i>r§>1osciTAi(s)(sI —A)'B = JarB.

Since I is invertible, the relative degrees of

A($)G(s) = [ C(sT —A) 'y A1 (s) C(sI— A) ' byAs(s) -+ C(sl — A) " b n(s) ]

are all 1, where A(s) = diag{A(s) --- A,(s)}.

If G(s) = D;"'(s)Ni(s) is a left coprime factorization, then there exists A(s) such
that A(s)N;(s) is left coprime to Dy(s). thus, the finite zeroes of N;(s)A(s) are the
same as those of A(s)G(s). The minimal realization of A(s)G(s) is

£ = AE + Bu,
¢ =d¢.

The relative degree is 1 and €8 = II, and the zeroes of the system are the zeroes
of Ni(s)A(s). By Theorem 5.2.2, we can conclude the following result.
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Fig. 5.8 The compensation of Theorem 5.2.3

Theorem 5.2.3 Consider the Luré differential inclusion system Eq. (5.2.2). If the
set-valued mapping v(-) is monotone, the zeroes of linear part (C, A, B) are all stable,
and the decoupling matrix IT is positive definite, then there exists a feedforward
B = BA(s) and feedback u(f) = kz(¢) such that the closed system is asymptotically
stable. O

The compensation can be realized by the scheme given in Fig. 5.8
Problems

1. Let M(s) be a r x m polynomial matrix and M(s) = [m(s),...,m,(s)], where
m;(s) is the ith column of M(s). The maximal degree of the r polynomials in
m;(s) is the column degree of the ith column of M(s) and denoted by d;, then
m;(s) can be written as m;(s) = my, s 4 mdl_lsdl_l + -+ mg, where my, € R’,
my; is called the leading coefficient of the ith column of . Denote that Mp =
[mg, ---mg,] € R”", and M) is called the column degree matrix of M(s). If
rank Mp < min (r, m), please prove that there exists unimodular matrices A(s)
and B(s) with compatible dimensions such that the rank of column degree matrix
of A(s)M(s) and rank of column degree matrix of M(s)B(s) are min(r, m). (This
transformation is called regular transformation.)
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2. Suppose (C, A, B) is a both controllable and observable system, and » = m. Let
{p1:p2s --..p,s} and {q1,q2, - ..,qn} be the sets of relative degree and column
relative degree, respectively. Then

(1) {p17p27 “ee 7pr} = {CIlqu “ee 7617}’!}’
2) T = II.

3. Let
021 00
A=12011|, B=]|10]|, C:[_i;ﬂ.
214 01

(1) Compute that the zeroes of the system and then determine whether the
system is minimum phase system or not.
(2) Please design the feedback law such that the system is strictly positive real.

4. Let

02 -1 00
A=120 1|, B=|10], C=|:_i;?:|.
21 4 01

(1) Compute that the zeroes of the system and then determine whether the
system is minimum phase system or not

. _ A.](S) 0
(2) Design A(s) = |: 0 Ma(s)
phase.

(3) Design a feedback law such that the system is strictly real positive.

i| such that C(sl —A) 'BA(s) is minimum

5. Suppose (C, A, B) is a both controllable and observable system. If there exists a
state feedback u = Fx such that the closed-loop system (C,A + BF, B) is strictly
positive real, then the sufficient and necessary conditions are

(1) CB>0;
(2) (C,A,B) is minimum phase.

The problem shows for the problem of feedback positive realness, the
conditions of state feedback are equal to those for output feedback.
6. Proof that the set of relative degrees is invariant under coordinate transformation,
state feedback and output insertion, respectively.

5.3 Luenberger Observers and Separated Design

The observer design of control system is always a hot topic. Since the Luré
differential inclusion system contains the set-valued function which leads that
the output includes the uncertainty, the observer design for the system becomes
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| Set-valued

Fig. 5.9 Luré differential inclusion system

different. The observer design problem for the Luré differential inclusion system is
studied in this section, a full-order observer is designed firstly, then the separation
design principle is investigated.

Consider the following Luré differential inclusion system (Fig. 5.9),

x(t) = Ax(t) + Br(t) — Go (1),
w(t) € v (Hx(1)), (5.3.1)
y(1) = Cx(1),

where x(f) € R", r(f) € R” and y(f) € R" are the state, input and output of the
system, respectively, v(:) is a set-valued mapping and w(f) € R? is the output of
the set-valued mapping. A, B, C are the given matrices with compatible dimensions.
In order to consider more general case, an input matrix H € R%*" and an output
matrix G € R"*? are added to the set-valued mapping. Without loss of generality, it
is assumed that B and G are of full column ranks and C is of full row rank. Later,
we will prove that H is of full row rank if there exists a Luenberger observer for Inc.
(5.3.1). Otherwise, G is of full column rank if H is of full row rank. If G = B and
H = C, then Inc. (5.3.1) reduces to Inc. (5.2.2). Thus, Inc. (5.3.1) can be treated
as a special case of Inc. (5.2.2). In the Luré differential inclusion system, set-valued
mapping v(-) is always assumed to be monotone, i.e., if w; € v (Hx;), i = 1, 2, then
(0)1 — wy, Hxy —sz) > 0.

5.3.1 Well-Posedness

In Inc. (5.3.1), the control input r(¢) is supposed to be a piecewise continuous
function. Thus, the solution of Cauchy problem of the linear differential equation
x(t) = Ax(r) 4+ Br(r) always exists for every x(0) = xo. Note that the left derivative
is not equal to the right derivative on those discontinuous points. The discontinuity
can be treated by the way presented in Sect. 2.3, where we can consider the Filippov
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solution for the equation x(f) = Ax(t) + Br(¢) for a discontinuous function r(z).
Filippov solution always exists. The two solutions are consistent except at those
discontinuous points.

When we consider the solution of Cauchy problem of the following differential
inclusion,

x(t) = Ax(t) + Br(t) — Go(1),

w(r) € v (Hx(n),  x(0) = Xo,

where w € v (), the existence of the solution is lack of theory support. The
existence theorems for the differential inclusion given in Chap. 2 of this book require
the set-valued mappings are Lipschitz and closed. When the set-valued mapping v(-)
is only monotone, the existence of the differential inclusion did not be researched,
even for the linear inclusion system like x(t) = Ax(t) + Br(t) — Gw(?).

The existence for the differential inclusion system is also called well-posedness.
In the observer design for the differential inclusion system, there exist two kinds
of method to treat the well-posedness: One is to assume that for any w(f) €
v (Hx(t)), the solution exists for the Cauchy problem of differential equation
x(t) = Ax(t) + Br(t) — Gw(t) with x(0) = xo, or assume that set-valued mapping
v(-) is closed, convex and Lipschitz. The another one is to assume that the set-
valued mapping v(:) is maximal monotone; thus, the existence of solution of
x(t) = Ax(t)+Br(t)—Gw(t) with x(0) = x, is guaranteed; moreover, the uniqueness
of the solution is also guaranteed except a subset whose measure is zero, i.e., with
mathematical terminology, the solution exists almost everywhere.

The following lemma is essential to the further study.

Lemma 5.3.1 If the set-valued mapping v(-): R” — R is maximal monotone, the
mapping x — H v (Hx + h), (R" — R") is also maximal monotone, where x € R",
h e R" H e R™" and H are of full row rank.

Proof Lety; € H'v (Hx; + h), i = 1,2, there exists w; € v (Hx; + h) such that
yvi=H Tw;. Since H is full of row rank, ; is unique when y; is determined. Consider
that

(1 =2 x1 —x2) = (H ) — H w2, x1 — x2) = (01 — 0, Hxy — Hxy) |
Because
(w1 — w2, (Hxy + h) — (Hxy + h)) = (w1 — w2, Hx; — Hxy) > 0.
Thus, (y; — y2, X1 — Xx2) > 0, i.e., x — HTv (Hx + h) is monotone.
Now we prove that x — HT v (Hx + h) is maximal. It is obvious that v (Hx + h)

is maximal if v(Hx) is maximal. Thus, it is necessary to prove that x — H v (Hx) is
maximal.
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Let yy € HTv(Hx). If there are y, € ImH” and a x, € R” such that
(y1 —y2, X1 —xz) > 0. Since y, € ImHT, there exists @, € R™ such that
y2 = H w,. By y; € HTv (Hx,), there exists a w; € v (Hx;) such that y; = H .
Then (y; — y2, x; — x) > 0 implies (w; — wy, Hx; — Hx;) > 0. v(Hx) is maximal;
thus, w, € v (Hx,), i.e., y» € H v (Hx»). O

In the sequel, the differential inclusion system Inc. (5.3.1) is always assumed to
be well posed, which contains the case where v(:) is maximal monotone.

5.3.2 The Luenberger State Observer
Consider the following observer

X(t) = (A — LO)YX(1) + Br(t) — Go(r) + Ly(¢), (532)
B(1) € v (HR(1)).

where X is the estimated state and @ is the output of the set-valued mapping in the
observer. L € R™" is called the observer gain and used to make A—LC be a Hurwitz
matrix. By the theory of linear system, if (A, C) is observable, there always exists an
L such that A—LC is a Hurwitz matrix. Figure 5.10 gives the structure of the observer
and the connection with the original system to be observed. Denote the solution sets
of Inclusions (5.3.1) and (5.3.2) by Sj13(xo, 7(?)) and S (X0, r(¢)), where r(z) input,
and xo and Xy are the initial conditions xo for Incs. (5.3.1) and (5.3.2), respectively.
If xo # Xo, for two solutions x;(f) € Sy (xo, 7(?)) and x,(¢) € Sy (Ko, r(r)) selected
arbitrarily, we have

[x1(5) =220 = 0 (& = 00),

then Inc. (5.3.2) is called a full-order Luenberger observer of Inc. (5.3.1).
Subtracting Inc. (5.3.2) from Inc. (5.3.1), we obtain that

i—%=(A—-LC) (x—3) + Go — Go,
w € v(Hx),

5.3.3
@ € v (Hx), ¢ )
y = Cx.
Denote that ¢ = x — X, e is called the observation error. Then the first three
expressions In Inc. (5.3.3) can be rewritten as
e=A-LO)e+G(w—0w), (5.3.4)

w € v(Hx), o €v(Hx).

The target of the observer design is to construct an L such thate — 0 (t — o0).
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Fig. 5.10 The plant and observer

Theorem 5.3.1 Consider Incs. (5.3.1) and (5.3.2), if

1. There exists an L € R™" such that (H,A — LC, G) is controllable, observable
and strictly positive real.

2. v(-) is monotone.

3. Inc. (5.3.4) is well posed, i.e., its solution exists.

Then Inc. (5.3.2) is a Luenberger observer for Inc. (5.3.1).

Proof Let z = Hx and 7 = Hx be the auxiliary output of the plant Inc.
(5.3.1) and the observer Inc. (5.3.2), respectively. Since v(-) is monotone, then
(w —®, z—7) > 0.Denote that 4 = w —® and { = H (x —%), then Inc. (5.3.4) is

e=(A-LO) e+ Gp,
{ = He,
U € v(Hx) — v (Hx) .

Let v (e,x) = v(Hx) — v (Hx) = v(Hx) — v (H (x — ¢)). Obviously, 0 € v (0,x)
for every x. u and ¢ are treated as the input and output of linear part, respectively,
(w —®, z—7) > 0implies that (i, ¢) > 0. Thus, by Theorem 5.1.9, the proof is
completed. (]
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By Theorem 5.3.1, the key of Luenberger observer design is to find an L such
that (H, A — LC, G) is strictly positive real. Differing from the system (C, A, B)
considered in Sect. 5.2, where the feedback is realized by linking C and B. However,
the system studied now is (H,A, G), but the feedback is not realized by H and
G. Since there are three matrices C,H, G involved, the research may be more
complicated. In what follows, we always suppose that (C,A, B) and (H,A, G) are
both controllable and observable. The following lemma is very useful for the
investigation of positive realness.

Lemma 5.3.2 Let P be an mxm real symmetry matrix, U € R™" and V € R™ are
two matrices with full column ranks. Denote the orthogonal complement matrices
of U and V by U, ? and V, respectively. Then there exists a Q € R such that

P+ UQVT + vQTUT <0 (5.3.5)
if and only if
w)'PUL <0, (Vv)TPV, <O.

The importance of Lemma 5.3.1 lies that U and V both appear in Inequality
(5.3.5), but in the conditions of the lemma, U and V appear in two independent
inequalities, and the conditions are much more easy to check. Lemma 5.3.1 is called
positive real form of Parrott Theorem, the proof for it can be referred to Ly et al.
(1994) and Huang et al. (1999). We omit it here, and the general form of Q is also
presented in the reference.

It should be noted that if m = n, then U is of full column rank; it implies that U is
an invertible matrix, so U; = 0. Meanwhile, the condition (U J_)TPU | < 0 should
be deleted. The fact can also be derived from the general Finsker Theorem. This is
because if U is an invertible matrix, and let K = UQ, then Q can be determined
uniquely by K. Let K = kV, then P + UQVT + VQTU" = P + 2kVV'. By Finsker
theorem, there exists k such that P + 2kVV” < 0 if and only if V] PV, < 0.

Lemma 5.3.3 If G is of full column rank, then there exists an L such that
(H, A—LC, G) is strictly positive real if and only if the following hold simulta-
neously:

1. HG > 0; hence, H is of full row rank.
2. There exists an X € RO~9*0=9 gych that G J_XGE_ > 0 and

ol [(HT(HG)_IH n GLXGQ)A AT (HT(HG)_IH n GJ_XGE)] c’ <o.

3U is an (n — m) X n matrix, such that [ UU ] is invertible and UUi =0.
€
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Proof If (H, A — LC, G) is strictly positive real, then there exists a positive definite
matrix P such that

PA—-LC)+ (A—LC)'P <0,

TP g (5.3.6)

Since G is full of column rank, HG = G PG > 0, then Condition 1 is proved.
Let P be the solution of equation G'P = H. Then P has the form of

P=H"(HG)™'H + GLXGT, (5.3.7)

where X € R 9*("=9) ig any positive definite matrix. From the first one of
Inequality (5.3.6), we have

PA+ATP—PLC — (LO)'P < 0. (5.3.8)
By Lemma 5.3.2, the sufficient and necessary condition of Inequality (5.3.8) is that*
CL(PA+ATP)CT <o.
Substituting P by Eq. (5.3.7), we can obtain that
Co [(H7(HG)™'H + G1XGL) A+ AT (H(HG)™'H + G.XGT ) | €T <.

Thus, the necessary condition is proved.

On the other hand, if the conditions of the theorem all hold, a P can be
obtained such that GTP = H. And from the second condition, it holds that
Cy (PA + ATP) CJT_ < 0. By Lemma 5.3.2, there exists L such that Inequality (5.3.8)
holds, i.e., (H,A — LC, G) is strictly positive real. [l

It is interesting that the only unknown variable is the matrix X in the second
condition of the above theorem, and the inequality is linear with respect to X. Thus,
it can be solved by LMI tools. In the exercise, we give a simple method to solve the
inequality C (PA + ATP) C' < 0, but it is independent of G'P = H.

By Lemma 5.3.2, the further result can be obtained. Consider

CL [(HT(HG)_IH n GJ_XGE)A AT (HT(HG)_IH n GLXGE)] c’ <o.

4In order to be simple, since C is full of row rank, C is (n — r) X n matrix, and [ CC :| is invertible
€

with CC", = 0.
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In order to be simpler, we denote that M = C; G, N = HT(HG)_IH, then M €
RO—*m—q) N ¢ R"™" and N are semipositive definite matrix. By these notations,
the above inequality becomes

C. (NA +A'N) CT + MXG AC", + CLATG . xM" < 0. (5.3.9)

By using Lemma 5.3.2 again, the sufficient and necessary condition for Inequality
(5.3.9)1s

MTC. (NA+ATN)C M. <0, (CLA"GL)| Ci (NA+ATN)CCLATG, <o.

Thus, we can get the following theorem.

Theorem 5.3.2 If G is of full column rank, then there exists an L such that
(H,A — LC, G) is strictly positive real if and only if the following conditions hold
simultaneously.

1. HG > 0; hence, H is of full row rank.
2. ME_CJ_ (NA + ATN) CEMJ_<O, (CJ_ATGJ_)iCJ_ (NA +ATN) CECJ_ATGJ_<O,

where M = C.G,, N =HT(HG) 'H. O

Lemma 5.3.4 LetA € R™" and let B € R™" and C € R"™" be of full row rank
and of full column rank, respectively, then for K € R™", the following equation
holds

max rank (A + BKC) = min jrank[A B], rank |:12,i|} .

KeRmxr

Lemma 5.3.4 is usually found in the exercises in the theory of matrix, the proof
for it is referred to Han (1993).

A property ‘B is called an open property in R”. If a property ‘33 holds for an
xo € R”, then there exists a neighborhood O of xj such that the property 33 holds for
every x € O. By the definition, the above property of the maximal rank of A + BKC
for K € R™" is an open property.

Another familiar open property is: Let s" + a;s"! + -+ + a,—15 + a,
be a Hurwitz polynomial. Then the vector [1 a; a; --- a,]° € R"! is
a Hurwitz vector. A Hurwitz vector satisfies open property, i.e., there exits
e > 0, 14+8)s" + (@ +8)s ' + -+ + (@1 +8)s + a, + § for any
§ € [—e, €] is a Hurwitz polynomial; especially, [1 a; +8 a» +8 --- a, +8]"
is always a Hurwitz vector. Similarly, if [a; a, -+ a,; by by --- bn]T is
treated as an R?' vector and consists of coefficients of rational function
(brs" ' 4o+ buis + b,) [ (8" + ars" ' + -+ ay—15 + ay), then the strictly
positive realness of rational function (bys"™" + -+ + by_ys + by) / (" + ays"!
+-+++ a,—1s + a,) is open property in R?". The result can be extended. Let G(s)
be an r x m rational function matrix, the vector gy € R! consists of the coefficients
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of G(s). If G(s) is a strictly positive real matrix, then there exists a sufficient small
neighborhood G C R of go, and if we change it to r x m rational function matrix
according to the above rule for any g € G, then the rational function matrix is also
strictly positive real.

If there exists an L such that (H, A — LyC, G) is strictly positive real, then there
must exist L in any neighborhood of Ly such that the rank A — LC can get the
maximal rank and (H,A — LC, G) is also strictly positive real. In what follows, we
always keep in mind that the condition that (H,A — LC, G) is strictly positive real
and the condition that the rank of A — LC is maximal hold simultaneously. The
necessary condition is given by the following theorem, and it is easy to be verified.

Theorem 5.3.3 The necessary condition for the fact that there exits L such
(H,A — LC, G) is strictly positive real is that ([Z:| A, G) has and only has n — ¢
stable zeros.

Proof Since (H,A — LC,G) is strictly positive real, it is minimum phase, i.e.,
(H,A — LC, G) has and only has n — g stable zeros. Thus, there exist n — g complex

number s1, $2, . . ., §,—4 With negative real part such that
rank[sjl_Achg} <n+gq,j=12,...,n—q.
We also assume that the ranks of |:;f11 —A+ILC gi| are maximal for all s;. Thus,
Sjl —A G
by Lemma 5.3.3, rank | H 0|<n+g. O
C 0

The conditions of Theorem 5.3.3 can be solved by standard program; thus, it is
easy to be verified. The following corollary may be more simple.
Corollary 5.3.1 If (H,A—LC,G) is strictly positive real, then |:Ié:| is linear
dependent with respect to column. O

Corollary 5.3.1 is a direct result of Theorem 5.3.3.

5.3.3 State Feedback Based on Observer

In this subsection, we continue to consider the stabilization problem for the
Luré differential inclusion system, and the model is described in Sect. 5.2, i.e.,
B =G, H = CinInclusion (5.3.1).

The approach is presented in Fig. 5.5, and the stabilization is realized by state
feedback. It is also pointed out that the output of observer is used for feedback since
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the state is not available. Here, we will give a detail discussion. Due to the limitation
of space, the single-variable system is mainly studied. The readers can try to extend
the result to multivariable systems, and it is a natural extension.

For the system whose state is not available, if the input « is available of the linear
part in Fig. 5.5, the condition that (c”, A) is observable guarantees the existence of
the asymptotical observer.

T= (A — lcT)3c\+ bu + ly,

where [ is a vector such that A — IcT is a Hurwitz matrix, and x — % — 0 (t — 00).

Replacing x by %, i.e., u = kc!IXx, the closed-loop system can be obtained (see
Fig. 5.6).
X A+ kbel —kbc! | [ x b b
L= [ ) e
w € v(x),
y = cTx,

where e = x — X is the error. Since e is not controllable, it is easy to verify that the
transfer function from u to y is

cT(sI —A— kch)_lb,

and it is strictly positive real.

The stabilization approach based observer is given in Fig. 5.11. Recall the
stabilization condition in the former subsection: If the system (cT, A, b) is minimum
phase and well-posed, the set-valued mapping v(-) is monotone and the input u of
linear part can be obtained, then the stabilization for the differential inclusion system
can be achieved by Luenberger observer and linear feedback. From Fig. 5.11, we can
see that ceT and k are in the series form; thus, they can be combined into one block.

If the input u of linear part is not available, then the observer contains the set-
valued mapping; its form is given in Inc. (5.3.2), i.e.,

T= (A=) T+ br—bd + Iy,
o € v(x).

The whole system becomes

= S L)

wevkx), owev(@)),

y=-clx.
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Fig. 5.11 Stabilization design-based observer

There exists k such that the system is stable. The discussion can be concluded as the
following theorem.

Theorem 5.3.4 Consider the Luré differential inclusion system Inc. (5.2.2). If the
set-valued mapping v(-) is monotone, the system is well posed, and the linear part
(cT,A,b) is minimum phase, then there always exists asymptotical observer Inc.
(5.3.2) and linear feedback based on the observer, such that the closed-loop system
is absolutely stable. ]

The conditions of Theorem 5.3.4 are that the zeroes of linear part are stable and
the set-valued mapping is monotone. The condition is very relaxed for the Luré
differential inclusion systems.

By the similar treatment as that in the single-variable system, the output feedback
matrix A(s) can be replaced by constant matrix when the state can be obtained. Fur-
thermore, if the input u« of linear part is available, there always exists asymptotical
observer, and the feedback-based observer can make the linear part strictly positive
real, then the closed-loop Luré differential inclusion system is absolutely stable. The
conclusion is very similar to that of stabilization of multivariable system.

By the discussion in this subsection, it is also illustrated that the separation
principle for the Luré differential inclusion system is also valid. Thus, the observer
and feedback can be designed separately, and stabilization can be realized by the
combination of them.

5.3.4 Reduce-Order Luenberger Observer

In the theory of linear system, reduced-order observer is a specific topic. Let us
consider the Luré differential inclusion system Inc. (5.3.1). The output y = Cx can
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be written as y = [I O] x by an appropriate coordinate transformation, where I is
the r x r identity matrix; thus, y is the former r dimension component of the state,
and we need not design observer to reconstruct this r dimension substate but only
design an (n — r) order observer to reconstruct the left (n — r)-dimension substate.
We call this kind of observer as reduced-order observer since its order is (n — r).
The main research topic of reduced-order observer is that if there exists a full-order
observer, whether or not the reduced-order observer also exists. The fundamental
conclusion is given as Theorem 5.3.5.

Consider the Luré differential inclusion system Inc. (5.3.1), there always exists
coordinate transformation such that the resulting system has the following form.

=]l - [6 )

X2 Az Ay | | x2 B G| (5.3.10)
w € v(Hx) = v (Hix1 + Hyxz) ,

y= [I, 0]x = X1.

Note that by the coordinate transformation, the state x and matrices A, B, G, H,
etc., are all changed; hence, they should be written by different symbols, e.g. x,
A,B, G, H, etc. However, for the sake of simplicity, we still apply these original
symbols, i.e., x and A, B, G, H, etc. The readers should keep in mind that the specific
matrices are changed although the symbols are unchanged.

Theorem 5.3.5 Consider the Luré differential inclusion System (5.3.1). If the
conditions of Theorem 5.3.1 all hold, then a reduced-order observer exists.

Proof If the conditions of Theorem 5.3.1 are all satisfied, then an Luenberger
observer exists, it is equivalent to exist a matrix L such that (H,A — LC, G) is strictly
positive real. Hence, there exists a positive definite matrix P such that

PA-LO)+(A—-LO)'P <0,
PG = HT.

According to the decomposition done in Inc. (5.3.10), we obtain from the above
expressions that

k k
|: T pT T :| < O’
* P1oA1p + PpAy + A12P12 + A22P22

[PllGl +P12G2:| _ I:HIT:|
P;FZG1+P2262 Hg ’

where * stands for some determined elements which do not affect the result of
computation. Thus, P12A 12 + PpnAy + AL PL, + AT,P» < 0and PG + P»G, =
HY.

Let K = —P5,' Py. Then
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Py (Ay — KApp) + (Ax — KA1) Py
= PpAxy + PpAp; + Agszz + A{zP{Z (5.3.11)
<0,

and

Py (G, — KGy) = HY. (5.3.12)

Construct a system

2=(An—KA) T+(Gy—KG) @+(Go—KG)r+[(An —KAn) + (A —KA1)K] y,
o €v(H:Zz+ (Hi — H:K)y),
X =7+ Ky,
(5.3.13)

where r and y are the inputs, X, is the output. We now verify Inc. (5.3.13) is a
reduced-order observer, i.e., to show that X, converges to x, asymptotically.
By (5.3.10), we obtain that

X2 — Ky = (Ap —KAp)x; + (G, —KG)) w + (G2 — KG) r + (A3 —KA)) y.
(5.3.14)

Denote that z = x, — Kx; = x, — Ky and e = z—7Z. Subtracting Eq. (5.3.14) from
Inc. (5.3.13) yields

e=(An—KAp)e+ (G, —KG)) (w0 — D),
w € v ((H + H2K)y + Haz), (5.3.15)
®€v((H +HK)y+ Hp) .

Following the treatment did in the proof of Theorem 5.3.1, let 4 = w — @ and
{ = Hje, then Inc. (5.3.15) becomes
e = (An — KAy) e + (G2 — KG)) p,
{ = Hae,
wev((H +HK)y+ Hyz) —v((Hi + HbK)y+ Hy(z—e)) .
Inequalities (5.3.11) and (5.3.12) mean that (Ha, (A — KA2), (G, — KG))) is

strictly positive real, and the monotonicity of v(-) implies that the input and output
of set-valued mappings satisfy the Popov inequality; thus, e — 0, 1.e., % —> x;. [

Since the order of Inc. (5.3.13) is n — r < n, it is a reduced-order observer.
Problems

1. Let p and v denote the positive and negative inertial indices of the positive
definite matrix P, respectively, then R” = P @ P_ is orthogonal decomposition
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of linear space R", where dimP;+ = pu; when x € P4, x # 0, it holds that
x"Px > 0; and when dimP_ = v and x € P_, x # 0, it holds x"Px < 0.
Please prove that VJT_PVJ_ < Oifand only if x = x4 + x_, x4 € Py, x_ €
P_ x! Pxy + x"Px_ < 0 forany x € spanV,.

2. Please prove that when CB > 0, the general solution of the equation B’P = C
has the following form:

P=CT(CB)™'C + B.XB",

where X € R=>(=m) and B, XBT are positive definite.
3. Consider the Luré differential inclusion system

[
-1 2 -1 -1
t+1, te(0,00),
w=14[-1,1],t=0,
—t—1, t € (—00,0),

y=[10]x

Please design a full-order and a reduced-order Luenberger observers for it,
respectively.
4. Consider the inequality

Co [(H"(HG)'H + GLXGL) A+ AT (H'(HG)™'H + G.XGT ) | €] <.

If the conditions of Theorem 5.3.2 all hold. By Applying Eq. (5.2.4) to (H, A, G),
try to derive the simple form and conditions for the above inequality.
5If Cp = [Cz O] , where C, is invertible matrix. Accordingly, A can be

decomposed as:
An A12i|
A= ,
[A21 Ay

then there exists a positive definite matrix P such that C; (PA + ATP) C < 0if
and only if (Ay;, Apy) is observable.
6. If the observer is designed as

X(t) = (A — LC)X(1) + Br(t) — Go (1) + Ly(1),
@(1) € v (HX(1) + KCx(t) — Ky),

then how can Theorem 5.3.1 be modified? Comparing with observer Inc. (5.3.2),
an extra matrix K. Thus, the freedom degree of design increases.
7. Please prove Theorem 5.3.4.
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5.4 Linear Observers of Luré Differential Inclusion Systems

The Luenberger observer for the Luré differential inclusion system is designed in
the former section. In the design of reduced-order observer, we have pointed out
that the information of the states is contained in the output y, and the information
of w is also contained in y. Then, can w be solved from y, and does the observer
not contain the set-valued mapping? The topic will be discussed in this section, and
we try to design a novel observer for the Luré differential inclusion system which
does not contain set-valued function. Since this kind of observer is different from
Luenberger observer, we call it linear observer in this book.
Consider the following Luré differential inclusion system described as follows,

x = Ax + Gw + Bu,
w € v(x), 5.4.1)
y = Cx,

where x € R", u € R", y € R’ are state, input and output of the system,
respectively, and @ € R? is output of set-valued mapping, and A, B, G, C are
given matrices with compatible dimensions. The condition of set-valued v(x) is
just required to guarantee that the system Inc. (5.4.1) is well posed. It should
be noted that although v(x) is set-valued mapping, when the system works for a
determined moment, w(¢) € v (x(7)) is a determined selection, then the state x(r)
takes a determined value, so is the output y(¢). y(¢) has to contain some information
of w(?). The fact will be applied to design observer.
We start with a lemma which will be used frequently in this section.

Lemma 5.4.1 Consider the following linear system which holds a feedback of
derivative of output.

X = Mx + Ny + Bu,

542
V= Cx. (54.2)

wherex e R", u e R", ye R", M,N,B, C are the given matrices with compatible
dimensions. If (C, M) is detectable, then there always exists an asymptotically linear
observer for the system Eq. (5.4.2).

Proof Consider the following system,

X=MZ+Ny+Bu+L(y—C%), (5.4.3)

where M, N, B, C are the same as those in Eq. (5.4.2), and the observer gain L will
be designed later. Eq. (5.4.3) is exactly the Luenberger observer discussed in the last
section.
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Let { =X — Ny. Then Eq. (5.4.3) becomes

¢ =M+ Ny)+Bu+ Ly — LC (¢ + Ny)

(5.4.4)
=M-LC).+ (MN 4+ L—LCN)y + Bu,

X ={+ Ny.

It is noted that y does not appear in the right-hand side of Eq. (5.4.4). Since (C, M)
is detectable, there exists an L such that M — LC is a Hurwitz matrix. Now we prove
that Eq. (5.4.4) is an observer of the system described by Eq. (5.4.2).

Since Eq. (5.4.4) is exact the same as Eq. (5.4.3), subtracting Eq. (5.4.3) from
Eq. (5.4.2) yields e = (M — LC) e, where ¢ = x —x. M — LC is a Hurwitz matrix,
we obtain that e(f) — 0 (t — oo) for any initial condition . ]

If the first equation in Eq. (5.4.2) is written as (I — NC)x = Mx + Bu, then
when (I — NC) is invertible and it becomes x = (I — NC)"'Mx + (I — NC)"'Bu, a
Luenberger observer can be designed. However, the approach of Lemma 5.4.1 does
not apply such a design thought; it is novel for the observer design. It is also stated in
Lemma 5.4.1 that if Ny does not appear in the state equation, then Ny also does not
appear in the output equation of linear observer. The observer Eq. (5.4.3) reduces to
the Luenberger observer.

5.4.1 Single-Variable Systems

We start with single-variable system. When m = r = g = 1, the system Eq. (5.4.1)
becomes

x = Ax+ gw + bu,

w € v(x), (5.4.5)

y = cx.

Assume that the system (T, A, g) is both controllable and observable and is min-
imum phase with relative degree one. Then, there always exists proper coordinate
transformation such that (cT, A, g) has the following form

—a; 1---00 g1
—a, 0---00 2

" =[10---00].4= Ciite=| 1| (546
—a,10---01 P
—a, 0---00 2

where g € R” is a Hurwitz vector with g; # 0.
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Taking the derivative of both sides of the third equation in Eq. (5.4.5), we have
y=clx=cl (Ax + gw + bu) = cTAx + ' gw + T bu.
Solving out @ from the equation, we obtain
w = (CTg)_l (y —cTAx — chu) = —(CTg)_lCTAx - (ch)_lchu + (ch)_lji.
Substituting above equation into Eq. (5.4.5) yields

X = (A - g(ch)_lcTA) X+ g(ch)_ly + (I - g(ch)_lcT) bu,

(5.4.7)
y=clx

The form of (5.4.7) is the same as Eq. (5.4.2) of Lemma 5.4.1, and it is a kind of
certain system without set-valued mapping.

Theorem 5.4.1 If the linear system (A, g) is both controllable and observable
and the system is minimum phase with relative degree one, then there always exists
an asymptotically linear observer for the Luré differential inclusion system Inc.
(5.4.5).

Proof By Lemma 5.4.1, we only need prove that (CT,A—g(ch)_lCTA) is
detectable. By Eq. (5.4.6), we can obtain that

0 0 0---0
—ay+ La =8 10
A-g(cTg)'TA= | @t gar =g 0 0]

8n 8n
—a ar — e
n g A Ty 0 0

where the first row of the matrix is zero. Thus, the unobservable dynamic matrix is

_8 1 - 0
81
83 0 . 0
81
gll . (.)

Itis an (n — 1) x (n — 1) matrix, and its corresponding eigenpolynomial is s"~! 4
(g2/81) "2 + --- + (gn—1/g1)s + (gn/g1). Since g is a Hurwitz vector, the
polynomial is stable, i.e., (CT,A — g(ch)_lcTA) is detectable. O
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For the sake of simplicity, we denote that M = I — g(ch)_lcT, then Eq. (5.4.7)
can be written as

x = MAx + g(ch)_lji + Mbu.
By Lemma 5.4.1, the asymptotical linear observer is designed as

¢ = (MA—Ic") ¢ + MAg(c"g) ™'y + Mbu,

54.8
T=C+g(cTe) 048
where [ € R" and is substitute of L mentioned in Lemma 5.4.1, and (MA — lcT) is a
Hurwitz matrix. By the denotation of Lemma 5.4.1, we have CN = 1.

It is interesting to compare Theorem 5.4.1 with Theorem 5.3.2. In Theorem
5.3.2,if G is replaced by g, and H is by T, and (c”,A —Ic",g) is positive real,
then (cT,A, g) is minimum phase with ¢’g # 0. It is indeed that the conditions of
Theorem 5.3.2 imply those of Theorem 5.4.1. Thus, the asymptotical linear observer
exists under the conditions of Theorem 5.3.2. Therefore, Theorem 5.4.1 presents a
stronger conclusion than that established in Sect. 5.3.

By Eq. (5§.4.3), Eq. (5.4.8) is derived from

T= (MA—Ic")% + g(ch)_lj) + Iy + bu.
The transfer function from y to X is

X(s)
¥(s)
System (5.4.8) is a realization of Eq. (5.4.9). It can be seen the right side of Eq.

(5.4.9) is a proper rational matrix, but not strictly proper.
The effectiveness of the linear observer is shown in the following example.

(s1 — MA + lcT)_l (g(ch)_ls + l) ) (5.4.9)

Example 5.4.1 Consider the following Luré differential inclusion system

X =x+ o,
)Q = —0.6X1 + 260,
o € v(x),

Y =Xt
where the set-valued mapping v(-) is

—1 X1 +x <=2,
[Lxi+x+1],2<x1+x <0,
[xi +x—1,1], 0<x +x <2,
1 2 < x1 4+ x.

v(x) =
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Two selections are considered as follows:

-1, X +x < =2,
o1 (1) = 050 +x), 2<x1+x<0,
! 0.5(x1 +x2),0<x;+x <2,
1, 2 <x1+x,
and
-1, X+ x <=2,
w(f) = -1, —2=<x1+x <0,
2 o X1+x—1,0<x +x <2,
1, 2 <x1 + x;.

The selections are different obviously. The trajectories of the system for the same
initial conditions when @ = w;(¢) and @ = w,(f) are shown in Fig. 5.12,
respectively. (Due to limitation of space, the trajectories of x;(¢) are only given).
It is indeed that the observer with set-valued mapping cannot work.

We employ the design method of linear observer in Theorem 5.4.1. It is easy to
determine that

I ) T )

15 T T T T T T T T T

X, when a):f‘

- ==X when o.):f2

10

-10 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Fig. 5.12 Different trajectories of x; under different selections
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Let

l= 1,thenMA—lcT: - oy
3 —-3.6-2

The linear observer is designed as

(= [ —_3.16 —Oz}u [ —496}”

~ 1

x=C+ [ 2:| y.
The tracking performances are given in Figs. 5.13 and 5.14 for the selections w(¢)
and w; (). From the simulation result, the linear observer works well. O

a b
15 8 T T T
X 6F [—*
- — —estimated x, - — — estimated x,
10 4
2
5t ot
—2 L
0r -4 L
-6 |
5L -8 |
—10 }
—-10 L L L L L L L L L —-12 L L L L L L L L L

Fig. 5.13 The tracking performances of the linear observer when w = w (¢), (a) tracking of x,(z),
(b) tracking of x,(7)

T T T
— X
- — —estimated x,

10

5L

Fig. 5.14 The tracking performances of the linear observer when w = w;(¢), (a) tracking of x,(z),
(b) tracking of x,(#)
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Now, we turn to discuss the case where the relative degree of the system is larger
than one. In order to keep simplicity, the single-variable system with relative degree
two is only considered. However, the conclusion can be extended to multivariable
case, directly.

We still consider the system Inc. (5.4.5), where (T,A, g) is both controllable and
observable with minimum phase, and the relative degree is 2, i.e., ch =0, cTAg #*
0. The canonical form is similar to that of Eq. (5.4.6), but

—ay 1-+:00 0
—a, 0---00 g1
"=[10---00].A= oL g= L (5.4.10)
—a,-10---01 8n2
—a, 0---00 8n—1

where g is a Hurwitz vector. By the third equation of Inc. (5.4.5), we get that y =
c"Ax + c"bu, and 5 = c"A%x + cTAgw + c"bu + " Abu. Solving w from the last
equation yields

w = (cTAg)_1 (y — A% = Thir— cTAbu) .
Substituting the above expression into the first equation of (5.4.5) results in

x=Ax+ g(cTAg)_l (y — CTAZx) + bu — g(cTAg)_lbu — g(cTAg)_lcTAbu.

Denote that M = I—g(cTAg)_l cTA, n(u) = bu —g(cTAg)_lcTAbu —g(cTAg)_l b,
the above equation can be simplified as

x = MAx + g(cTAg)_ly + n(u).
The observer is designed as
X = MAZ + g(c"Ag) ™5 + n(u) + 1 (y — ¢'%) . (5.4.11)
Let e = x — X, then
e = (MA — lcT) e,

If (MA — Ic") is a Hurwitz matrix, i.e., (c”, MA) is detectable, then e — 0 (1 — c0).
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When the form of (c7, A, g) is that given in Eq. (5.4.10), it is direct to compute
that

1 0 0 0 —a 1 0 - 0
a, 0 0 0 -al ai 0 - 0
ag & 1 .. w28 g
M=\ g, &> , MA= E g,
ag, & o .. e ol & g
L & &> i L g i

In MA, the detailed numbers of the left lower block need not be determined, and
the right lower block is

£ 1.0
82
gn*l(’)“ 1
82
—8& 0...0

It is a Hurwitz matrix, and it is the unobservable part corresponding to ¢/ =

[10---0]; thus, (c", MA) is detectable.
From Eq. (5.4.11), the transfer function from y to X is

x(s)
¥(s)
It is not usually a proper rational matrix; thus, there does not exist proper realization

for it. Let § = % — g(c"Ag) ™'y + g(c"Ag) ™ bu, then it follows from Eq. (5.4.11)
that

(sI —MA + lCT)_l (g(cTAg)_ls2 + l) .

£ = (MA—IcT) € + MAg(c"Ag) ™'y + Iy + Mbu,
T=E+ g(cTAg)_ly — g(cTAg)_lbu.

The above system is a linear observer for the system Inc. (5.4.5) with relative
degree two. It should be noted that the input of observer contains y, i.e., differen-
tiator. In some literature, when y and y are both bounded, y can be constructed by
high gain feedback instead of differentiator. The contents are beyond the scope of
this book. The readers are referred to Ly et al. (1994) and Huang et al. (1999).

By the same method, we can studied the case where the relative degree is larger
than two, and we also need larger order derivatives of y.
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5.4.2 Multivariable Systems

We will extend the result of the former subsection to the multivariable system.
System Inc. (5.4.1) is rewritten as:

x = Ax + Gw + Bu,
w € v(x),
y = Cx,

and holds that r = q.

Theorem 5.4.2 If the linear system (C, A, G) is both controllable and observable,
and the system is minimum phase with relative degree one, then there always exists
asymptotically linear observer for the Luré differential inclusion system Inc. (5.4.1).

Proof By the result of Sect. 5.2, since r = g, the relative degree one means that CG
is invertible. Taking the derivative of both sides of the third equation of Inc. (5.4.1),
we obtain that y = CAx + CGw + CBu. Solving w results in

o = (CG)™" (y — CAx — CBu) .
Substituting the above equation into the first equation of Inc. (5.4.1) yields
X =Ax + G(CG)™" (y — CAx — CBu) + Bu
- [A . G(CG)_1CA] X+ G(CG) ' + [B . G(CG)_ICB] ”

= MAx + G(CG)™'y + MBu,

where M =] — G(CG)_IC. By Lemma 5.4.1, if (C, MA) is detectable, then there
exists a linear observer. Hence, the key of the proof is to show the observability of
(C,MA).

By the discussion of Sect. 5.2, the fact that CG is invertible implies that (C, A, G)
has the following forms

A A I
CcC=][C, 0], A= , G= ,
(G 0] [Aﬂ Azz} [0}

where I is the m x m identity matrix, and C) is invertible. Moreover, the fact that
(C, A, G) is minimum phase means that A, is a Hurwitz matrix. It is direct to verify
that

_ 00 001 [A A 0 0
M=1-G(CG)™'C= ., MA= = .
(€9 [0 I} [0 1} |:A21 Azz} [AZI Azz}
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Ay, is the dynamic matrix which is unobservable part of (C, MA). It is a Hurwitz
matrix; hence, (C, MA) is detectable. The proof is completed. O

In fact, the assumption of controllability in Theorem 5.4.2 is not essential.

By a similar discussion for single-variable system, the linear observer for
the multivariable system with relative degree two can also be designed, and the
derivative of y is contained in the observer. It is left to the readers.

To end this section, we will discuss the design of reduced-order observer. If there
exists a full-order linear observer for the system, then there also exists a reduced-
order linear observer. We now prove the conclusion.

Corollary 5.4.1 If the linear system in Inc. (5.4.1) is both controllable and
observable, and the system is minimum phase with relative degree one, then there
always exists a linear observer with order n — r for the Luré differential inclusion
system Inc. (5.4.1).

Proof The form of Inc. (5.4.1) can be written as
X1 A11A12i| |:x1i| [G1i| [Bli|
. = =+ w + u,
[x2i| [A21 Axn | [ x 0 B,
y = xj.
then the second component of state satisfies
Xy = Agix1 + Anxs + Bau = Asry + Apxs + Bou.

In view of that the system is minimum phase, since A, is a Hurwitz matrix. The
linear observer for x, can be designed as

3C.\z = A1y + Az + Bau.

Lete, = xp —36\2, then e; = Aypes,ie.,e; — 0 (l — OO) O

In the above proof, the observability is not needed and the condition of minimum
phase guarantees that it is detectable. From the proof of Corollary 5.4.1, the design
of reduced-order observer is more simple than that of full-order one; it is not
necessary to solve the term w. The reader can try studying the case where the relative
degree of the system is larger than one.

Problems

1. In the case where the relative degree is two, if the observer is designed as
% = MAR + g(c"Ag)”'§ + n(u) + L (y — ¢'3) + k (y - cT?) .

Please give the condition under which e = x — X converges to zero
asymptotically.
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2. Consider the Luré differential inclusion System (5.4.1), where r = ¢g. If CG =
0, det CAG # 0, simulating the treatment did for single-variable system, please
design a linear observer.

3. Let
e[ -4 -t o[}

Please give the detail form of linear observer and reduced-order linear
observer, respectively.
4. Extend Corollary 4.3.1 to multivariable system.

5.5 Adaptive Luenberger Observers

The last two sections extend the results of observer design to the Luré differential
inclusion system with uncertain parameters; two adaptive observers, i.e., Luenberger
observer and linear observer, will be presented for this system. In the theory of
adaptive control, the plant considered is always subjected to uncertainty, which can
be described by an unknown parameter or a slow variation parameter (may be a
vector); the aim is to present a parameter estimation model and a control law with
estimated parameters to achieve the required performance. The control is usually
called adaptive law. In the adaptive control design, it is usual that the estimated
parameters are not required to converge to the value of real parameters, and we only
require the control law can achieve the required performance.

Consider the following Luré differential inclusion system with uncertain param-
eters

x=Ax+Bu—Go +f (x,u) 0,
o € v(Hx), (5.5.1)
y = Cx,

where x € R, u € R™, y € R’" are the state, input and output of the system,
respectively, and w € R? is the output of set-valued mapping, and A,B,G,C,H
are the determined matrices with compatible dimensions. The set-valued mapping
v(x) is required to guarantee that the system Inc. (5.5.1) is well-posed. 6 € R? is
an uncertain parameter vector, and it is always supposed to be a constant vector or
bounded and slow variable, i.e., | 0| < yi, where y; > 0 is a known constant; f(x, u)
is a given n X p function matrix; it is assumed that f(x, u) is Lipschitzian with respect
to x and is uniform to u, i.e., there exists y, > 0 which is independent of u such that

If Geraw) =f G2 )| < y2 [l — 2] -
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5.5.1 Adaptive Luenberger Observers

If there exists an asymptotical observer for the system Inc. (5.5.1), it implies that a
state observer exists for the case of 6 = 0. Thus, by Theorem 5.3.1, the following
requirements are essential for adaptive Luenberger observer.

* There exists an observer gain matrix L such that the linear system (H, A — LC, G)
is both controllable and observable and is also strictly positive real.

¢ v(-) is monotone.

* The solution of Inc. (5.3.4) exists, i.e., it is well posed.

By Theorem 5.3.2, the first one requires HG > 0, and H is of full row rank, and
G is of full row rank. In what follows, we will study under which conditions the
adaptive observer can be designed.

The norm is always used in this section; thus, let us recall some preliminary
mentioned in Sect. 1.1. Two any norms are equivalent in a finite dimension space
(Theorem 1.1.1). Let T : R" — R” be a linear mapping, then || 7x||, < ||T|,IIxl,
for any x € R”", where ||x||; is some kind of norm in R”, || Tx||, is some other norm
in R"; ||T||x2,1) is denoted the operator norm induced by || - ||; and || - ||2. If ||x||; and
[ Tx|> are taken as Euclidian norms, then [T, ) = \/Amax (TTT); this kind of
norm is called spectral norm and denoted by || T'||p. If ||x||; or ||Tx|; is taken as other
kind of norm, then the induced norm || T'||p is equivalent to the former one. Let ||T|.
be other norm of 7 € R™" it may be different from the induced norm || 7|21y, but
ITx|l, < IIT|l.llx|l; for every x € R”, then ||T||. is called the compatible norm for
II-1ly and || - ||2. If ||x||; and || Tx]||, are taken as Euclidian norms, then the Frobenius
norm

n
2
ITle= |> 4

ij=1

is a compatible norm of the Euclidian norm.
Except we specially emphasize, the norm of vector x is taken as Euclidian norm,
and the norm of operator 7 is taken as spectral norm or Frobenius norm.
Motivating by Sect. 5.3, consider the system described by Inc. (5.5.2)

¥=(A—-LC)X+Bu—Gd+f & u)b + Ly,

& ev(HT), (5.5.2)
0=h@Eu@—Cy),

where & (X, u) is a p X r matrix of functions to be designed later. The last equation
in Inc. (5.5.2) is the adaptive law. This section will discuss the conditions, under

SWhen we define the norm of matrix, in order to be consistent with the norm of induced operator,
the condition ||AB|| < ||A|| |B]| that is always additional considered, but it is not necessary for a
vector.
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which (5.5.2) is an asymptotical observer for (5.5.1). In (5.5.2), gis a time-varying
parameter and is also called adaptive parameter, which is used to estimate the
unknown parameter 6.

By Theorem 5.3.1, for the system Inc. (5.3.1) without f(x, u)0, the condition of
existence of Luenberger observer is that there exists L such that (H, A — LC, G) is
strictly positive real, i.e., there exist positive definite matrices P and Q, such that

PA—LC)+(A—LC)'P=-Q, and G'P=H. (5.5.3)

The sufficient and necessary condition of existence of solution for Eq. (5.5.3) is
presented in Lemma 5.3.2 and Theorem 5.3.2.

Let Amax(P) and Ain(Q) be the maximum and minimum eigenvalues of P and Q,
respectively. Then we have the following theorem.

Theorem 5.5.1 If the following conditions hold.

(1) There exists an L such that (H, A — LC, G) is controllable and observable and
is also strictly positive real.

(2) v(-)is monotone.

(3) The system Inc. (5.3.4) is well posed.

@) Amin(Q) > 2y1Y2Amax(P), where y, and y, are two constants defined at the
beginning of this section.

(5) There exists a function matrix i(x, u) such that & (x, u) C = [Pf (x,u)]",

where P and Q satisfy Eq. (5.5.3). Then Inc. (5.5.2) is an adaptive asymptotical
observer of Inc. (5.5.1).

Proof Subtracting Inc. (5.5.2) from Inc. (5.5.1) yields
e=A—-LC)e—G(w—0)+f(x.u)b—fGEu)b,

w € v(Hx), (5.5.4)
o € v (Hx),

where e = x — X is the observing error.
Let the following function be Lyapunov function candidate

1% (e, é) =e'Pe+ éTé,

where § = 0 — 0. Taking the derivative V (e, é) along the trajectory of the system
Inc. (5.5.4), we obtain

V=e"(A—LC)"Pe+¢"P(A—LC)e
—(w — ) 'GTPe — " PG (0 — @)
+0TfT (x,u) Pe + e Pf (x,u) 0
- ngT (%, u) Pe — e Pf (X, u) 0

— 2079,
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where we have applied that 6 = 0. We now analyze V term by term.
Firstly, by the positive realness lemma, we have

e"(A—LC) Pe+e"P(A—LC)e = —e"Qe < 0, (e #0).
Secondly, since GTP = H, it leads to
(w—2)'G"Pe = (w — @) He = (0 — @) (Hx— H) .

By the monotonicity of v(-), we have
—(w—®)'G"Pe < 0.
At last, we consider
eTPf (x,u) 0 — " Pf (X, u) 0

=eTPf(x,u)0 —e"Pf (X,u) 0 + " Pf (X, u) 0 — " Pf (X, u) 0
= e"P[f (x,u) — f R, u)] 6 + e Pf R, u) 0.

The first term holds that
e"Pf (x,u) —f X, u)] 0
< H eTP [f (-xv M) _f (36\5 Lt)] 9 H
<n|e"PIf (x.w) —f & w)]|
<y | VP [VPIr oo — £ Gl
= na|[e" VP | VP lel
=" VZAmax(P)eTes

where we have used the fact that

|VPIf @) —f G

=< VP I o~ Gl < 72 | VP

llell »

where H \/ PH is the spectrum norm of J/P.
For the second term

eTPF (e, u) 0 = 67FT (x,u) Pe = 07h (x,u) Ce = 8Th (x,u) (y — CX) = éT/é\;

Thus, 14 <—e’ [Q = 2y1V2Amax(P) ] e < 0.
Denote that Q — 2y y2Amax(P) = N, where N is a positive definite matrix. For
any ¢ > 0, the following holds

/eTNed‘r < —/th =V(0)—-V(@) < V(0) < oo.
0 0
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The well-posedness of the system guarantees that e is absolutely continuous; by
Barbalet Lemma® and the fact that N is a positive definite matrix, we conclude that
e—>0 (t > 00). ]

We have the following remarks to Theorem 5.5.1.

Remark 1 Condition 4 of Theorem 5.5.1 is derived from the estimation of
e’ P[f (x,u) — Pf (x,u)] 6. By different estimation, we can obtain different condi-
tions. For example,

le"PIf (x,u) —f @) 6] < w1 [[e"PIf (x,u) —f R )]

1 2 1 o~ 2
< Inlle™P|” + Inilif Gow) —f G w|
eTy P2 y1y2ele
=" 2

Then Condition 4 of Theorem 5.5.1 can be replaced by
Amin(Q) > ViAmax (P?) + 7175
The Condition 4 can also be changed by
PA—LC)+(A—LO)'P—y P> —y1y21 <0,
or its matrix form

PA—LC)+(A—LO)P—y 1y P
p 1y <O0.
Y1

It is in fact a linear matrix inequality. O

Remark 2 Condition 5 & (x, u) C = [Pf (x, u)]” means that Pf (x,u) = CThT (x,u).
By Cramer Theorem, the necessary condition of existence of the solutions for the
equation is that rankC” = rank [ CT Pf (x,u) |, i.e., spanC” D spanPf (x,u). Thus,
rankf (x,u) < r for any x, u, it also requires that p < r.

Furthermore, C can be written as C = [I 0]. Accordingly, P = [?Tl ?2} and
12 122

fxu) = |:fl (x, ) :| Then, h (x,u) C = [Pf (x,u)]” becomes
fZ (X, “)

[h(x, u) 0] = [fl (x,u) P11 + f> (x, u)PlT2 fi (e, u) Py + 15 (x, u)Pzz].

(o]

SBarbalet Lemma: If f(f) is uniformly continuous, and the integral / f()dt exists, then
0

f() — 0 (t = 00). Please see Rochafellar (1970).
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We have f> (x,u) = —fi (x,u) P21P2_21. If the equality holds, then h(x,u) always
exists. O

Remark 3 In the theory of adaptive control system design, the gain matrix f(x, u)
before the uncertain parameter 6 is always assumed to be a constant, or it is equal
to B or G (see the books of adaptive control system), and Condition 5 is a natural
result of positive realness. O

5.5.2 Reduced-Order Adaptive Observers

This subsection is to prove that there also exists a reduced-order observer under the
conditions of full-order adaptive observer.

Theorem 5.5.2 If the following conditions hold

(1) There exists L such that (H, A — LC, G) is both controllable and observable
and is also strictly positive real.

(2) v(-)is monotone.

(3) The system Inc. (5.3.4) is well-posed.

(4) There exists a h(x, u), such that & (x, u) C = [Pf (x,u)]".

Then, there exists an (n — r)-order reduce-order observer for Inc. (5.5.1).

Proof The differential inclusion System (5.5.1) can be written as

x| _[An An||x Bi| |G Ji (x u)
[Xz}_[Azl Azz}[xz}Jr[Bz}u [Gz}er[fz(x»M)}e’

w € v(Hx),
y = Xi.
By Condition 1 of Theorem 5.5.1, there exists P = |:P“ P such that
P>1 Py |

PA—LC)+(A—LO)'P

_ |:P11 P12:| |:A11 —L A12i| i [A1T1 —LT A}, — LT |:P11 P12:|
Py Py || A2 — Ly Axp Al AY | LPa P

_ [Qll Q12:|
021 0n |’

where Q = I:Q“ Q12:| L= |:Ll:| Then
02 On |’ L]

Py1A1s + PpAy + APy + ALPy = —0n,
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Py (P2_21P21A12 + Azz) + (AT2P12P2_21 + A;) Py = —0».

It implies that P2_21 P>1A1> + Ayy 1s a Hurwitz matrix.
Secondly, since

Py P
(ot at][ b2 ] = (o).

then G{P1; + G3P» = Hy, ie., (G| P12P5,' + G5) Py, = H,, which means that
(Hz, Ay + P2_21P12A12, Gy + P2_21P12G1) is strictly positive real.
By Condition 3, & (x, u) C = [Pf (x,u)]”, we have

Py Py

Py PZJ =[h(x,u)0],

(A ow) £ ()] [

e, f (c,u) Pro+ fF (x,u) P = 0, f (x,u) PraPy,) + fT (x,u) = 0.
Choose K = P2_21P12, 2> = x» + Kx; = x5 + Ky, then
2 = x» + Kx;
= A+ KAn)xi + (An + KA1n) x2 + (B, + KBy)) u — (G2 + KGi) o
+ (f2 (x,u) + Kfi (x,u)) 0.

Because f> (x, u) + Kfj (x, u) = 0, we can construct the reduced observer as follows

2= (A + KA12) 2 + (B2 + KB1) u — (G2 + KG1) ® + [(A2 + KAyy)
+ (An + KAn) K] y.

Denote that e; = 7o — 2>, then

e = (An + KAp) e + (G2 + KGy) (w0 — @),
(w — @) € v(Hx) — v (HX) .

By Theorem 5.3.1, we then conclude thate — 0 (# — o0). O

It is necessary to mention the advantages of the reduced-order observer. Firstly,
the condition 4 of Theorem 5.3.1 is not needed; secondly, the adaptive law does not
need to be designed in the reduced-order observer.

From the proof of Theorem 5.5.2, if the equation f] (x, u) P12P5,! +f1 (x,u) = 0
holds, then the condition h (x,u) C = [Pf (x,u)]” holds, i.e., Condition 5 can
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be replaced by f7 (x,u) = —f (x,u)P12P5,. Thus, the condition h (x,u) C =
[Pf (x,u)]" is equivalent to the equation PB = C” which is necessary for the positive
realness.

5.5.3 An Example of Adaptive Observer

A numerical example is given to show the effectiveness of the adaptive observer and
the advantage of the reduce-order observer. Especially, the example illustrates the
adaptive law need not be designed in the reduced-order observer.

Example 5.5.1 (Huang et al. 2011) Consider the following system

X1 —-10 -3 —1 X1 1 2 0.6 sin x3
X | = 6 =5 4 x| —2|lo+|0|u+ 0 0,
X3 1 0 -9 X3 2 1 0

y = X.

The set-valued mapping is defined as

X1+ 3x3 4+ 2x3 4+ 3sgn (x; 4 3xp + 2x3) x1 + 3x2 + 2x3 # 0,

3 2x3) =
v (x1+3x2+2x3) [-3,3] X1 + 3% + 2x3 = 0.

Let |8] < 2,i.e., y; = 2; it can also be computed that y, = 0.6. Choose that
I=[-621]", then

—4 -3 -1
A—Ic"=| 4 -5 4
0 0-9
It is easy to determine that
1 0 0 8 —1-1
P=]10 105(,0=| —-110 3 |,
00505 -1 3 5

and Anin(Q) = 3.5401 > 3.1236 = 2y1Y2Amax (P).
Solving [Pf (x,u)]" = [0.6sinx3 00] = [A(x) 0 0] yields h(x) = 0.6sinx;.
Thus, the observer can be designed as

n] [—4-3-17[®] [ 2 0.6sin®%7] _ [—6
Hl=| 45 a||m|-|2]a+|0|ut 0 |8+] 2 |
3 0 0-9[m] L2 1 0 I
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Fig. 5.15 The simulation result of Example 5.5.1. (a), (b) and (c) are the tracking performance of
the states xy, x,, x3, respectively, (d) is the estimation of 8

@ €v @+ 3%+ 2x%)

_ I3+ 330 + 20 + 3sgn (61 + 3% + 2X3), X1 + 330 + 2353 # 0,
[_353]’ 3?1 +3’)?2+25C\3 =0.

The adaption law is

0 = 0.6sin%; (y — x1) .

In the simulation, 6 is a constant 2.

From Fig. 5.15, it is obvious that the observer works well, and the estimated state
will converge to the real state fast. It should be noted that 6 does not converge to the
real value 2.

By Theorem 5.5.2, since P = 0, K = 0, %, = 7. A reduced-order observer is
designed as follows

S LSIRFEle Dl [
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Fig. 5.16 The performance of reduced-order observer in Example 5.5.1. (a) and (b) are the
tracking performance of the states x,, x3, respectively

®ev(y+ 3%+ 2x)

— y+ 3% + 2x%;3 + 3sgn (y + 3% + 2x3) , y + 3% + 2x3 £ O,
[-3,3], y+ 3%+ 25 =0.

The estimation of parameter is not contained in reduced-order observer. The
performance of reduced-order observer is shown in Fig. 5.16, and the convergence
result is also well.

Problems

1. If A € R™", ||A| is any matrix norm, then there exists a kind of norm |[|x|| in R”,
such that ||A|| is induced norm by ||x||.
2. Consider the system

jCl _ 2 -5 X1 _ 1 1 u 1
b RS R E MR
_ Jxi+sen(x), x #0,
”(x)_{ 1.1, x =0,
y = Xi.

Please design an adaptive observer and a reduced-order observer, respectively.
3. Give a condition which is different from that in Theorem 5.5.1 or Remark 1 to
estimate e? P [f (x,u) —f (x, u)] 0.
4. Consider the existence condition of adaptive observer for the system

x=Ax+Bx)u—Gw + f (x,u)0,
w € v(Hx),
y = Cx,
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where B(x) satisfies Lipschitz condition, i.e., there exists y3; such that
|B (x1) — B (x2)|| < 3 |lx1 — x2]|- Then, consider the case where the input B(x)u
is extended to B(x, u).

5. If the observer is designed as

T=A-LOT+Bu—Go+fREu) 0+ Ly,
®evHX+Cx—Yy),

~

0 =hxu(y—Cx),

please give the existence conditions of the observer.

6. Rewrite condition 4 in Theorem 5.5.1 to linear matrix inequality.

7. Please discuss the condition & (x,u) C = [Pf (x,u)]” in Theorem 5.5.1, where
f(x,u) is an n x g function matrix. The necessary condition for & (x,u) C =
[Pf (x,u)]" is that ¢ < v. If f (x,u) = Efy (x,u), E € R™9, let h(x,u) =
fI (x,u) F, then the above equation becomes FC = ETP. The condition 1 and
condition 5 of Theorem 5.5.1 are that there exist F € R?" and L € R™", such

that
([F[é} L(A-LO).[G E])

is strictly positive real. Please give the necessary condition, under which

([ Ffé} LA-LO).[G E]) is strictly positive real.

5.6 Adaptive Linear Observers

The adaptive linear observer design problem for the Luré differential inclusion
system will be studied in this section. Consider the system Inc. (5.6.1). It is
somewhat different from the system Inc. (5.5.1) by that the nonlinear term f(x, )
is replaced by f(y, u).

x=Ax+ Bu—Gw —f (y,u) 0,
w € v(x), (5.6.1)
y = Cx,

where x € R", u € R", y € R" are the state, input and output of the system,
respectively, and @ € R” is the output of set-valued mapping. A, B, G, C are the
determined matrices with compatible dimensions. The condition of set-valued v(x)
is just to guarantee that the system Inc. (5.6.1) is well-posed, i.e., it may be not
monotone. § € R” is a uncertain parameter vector, and it is always supposed to be a
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constant or a slow varying and bounded variable, i.e., | 0| < y;, with y; > 0; f(y, u)
is a given function matrix; it is assumed that f(y, u) is piecewise continuous.

The Problem 1 in this section is an extension of Lemma 5.4.1 to adaptive system.
However, it is not feasible to extend the result to adaptive linear observer for the
Luré differential inclusion system. This is because that the condition & (x,u) C =
T (x, u) P will not be satisfied. In the system Inc. (5.6.1), if we want to solve w,
the equation should be replaced by & (x, u) C = f7 (x,u) MT P, where the matrix M
is defined in §5.4. Since M is not of full rank, the equation may not be solvable
except some special case. Thus, we will resort to some new method for the adaptive
linear observer. In order to guarantee the convergence, a new definition of persistent
excitation is needed.

5.6.1 Persistent Excitation

In the identification theory of control system, the persistently exciting signal is a
very important, since the variation of the signal is persistent. The persistent variation
can excite the inner features of the modeled system as much as possible. The
persistent excitation is also used as the condition for variable convergence. Some
basic properties of persistent excitation will be introduced in this section. The book
does not be planned to present a detailed discussion on the persistent excitation
which can be referred to other books about system identification or adaptive control.
From viewpoint of application, we only deal with the relationship among the steady
output of system, linear independence of functions, and the persistent excitations.

Definition 5.6.1 Letg : [0, 00) — R” be a piecewise continuous vector mapping. ¢
is called n dimension persistent excitation in [0, co) if there exist positive constants
0 < k; <k < ocoand M > 0, such that for any ¢ € [0, c0),

t+M
ki < / ¢ (1) @" (r)dt < ko, (5.6.2)

t

where [ is the n x n identity matrix, and parameter k; is called the excitation level
of ¢. ([l

The integral defined in Inequality (5.6.2) can be considered the Lebesgue
integration.

In the theory of control system design, we are concerned whether or not the
output of a linear system is a persistent excitation. Consider the following example.

Example 5.6.1 Consider a linear system, its transfer function is

G(s) = |: 11 :|
s+1
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When the input is the unit step signal u(r) = 1 (¢+>0), i.e., its Laplace
transformation is u(s) = 1/s, then the output is

¥(1) = [1 _el_,]

We now compute

1 l—e’ 11 0 —e!
Ny (1) = = :
y( )y () l—e'1—=2e"+ e 11 + —e ! e + e

The first term is the steady term at the last expression of the above equation, and the
second term is transient term which converges to 0 as t — oo. Its integration can be
computed that

+M +M
/1dr /(1—€_t)d‘[
t t
+M +M
/ (1—¢)dr / (1—2e7 + ™) dr
t t
+M t++M t+M
/1dt /1dr 0 —/e_tdr
— t t

| M t+M + t+M t+M

t
/1dt /1dr /e"dr / (—2¢7" + e ) dr
L 7 t t t

"M Mi| . |: 0 e—(t+M) — et
= —(t+M _ —2t_,—2(t+M) .
_M M e ) P e2

Since the second term converges to 0 as t — oo, it can be neglected in checking
Inequality (5.6.2). The reason is that the exponential decay term will vanish when ¢
goes to infinite. The first term is not positive definite for any M; thus, the output y(¢)
is not a persistent excitation.

If the input signal is u(¢) = sint (¢ > 0), i.e., u(s) = 1/ (s2 + 1), then

sint
y(t) = e+ +/2sin(e=T) |-
2

By the above analysis, deleting exponential decay term does not affect its judgment
of persistent excitation. Thus, we only need to verify Inequality (5.6.2) for the
following matrix



5.6 Adaptive Linear Observers 327

sin ¢ . x 5 . ' .
sin (1 —7) [Sintsm(t 4)}:|:s1lnt J2S1nt81n(t 4)]

V2 V2 g sinzsin (1= 7) 5sin? (1= 7)

4
Let M = 2x, then

t+2n t+2n
s 2 1 . . T
/sm tdt - / sin 7 sin (‘C— 4)dr
Tt+2” t+21:r ’
b4 T
Jz/ sintsin(t— 4)dré/sin2(t— 4)dr
t t
2 2
/sinztdr 1 /sinrsin (r— ﬂ)dt
V2 4
_ 1 o 0
- 2 2t
1 /sinrsin(r— ﬂ)dt é/sin2 (‘C— ﬂ)dr
V2 4 4
01 0
! 2
=T
22

It is direct to conclude that the matrix derived is positive definite. In Inequality

3—«/571 3445

(5.6.2), ki and k> can be chosen as and 4 7, respectively; thus, the

output y(7) is a persistent excitation signal. (]
Obviously, if the transfer function is changed as
1

G(s) = s—}l—l

s+1

No matter what the input is, the components of the output are the same, and
Inequality (5.6.2) does not hold. Thus, the persistent excitation property of y(f)
depends on both the input and the transfer function of a linear control system.

From Example 5.6.1, we can see that it not easy to verify the persistent excitation
property of an output signal by using Inequality (5.6.2). Thus, it is necessary to look
for other criteria. Spectrum measure is often used to describe the sufficient and
necessary condition of the persistent excitations. But it is still quite complicated.
Instead of these theoretic measures, we only give an applied sufficient condition for
the excitations by using linear independence of functions.
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From Inequality (5.6.2), for a constant @ € R”, it holds that

+M +M +M
al / e (@ el (t)dr |a= / ale (1) o7 (v) adr = / (a’o (t))zdr > 0.

t+M

For any M >0, the integration / @ (1) @" (r)dr is an n x n semipositive definite

t
matrix in the real number field. For promoting the study further, we need the
following definition.

Definition 5.6.2 Let ¢ (), ¢2(7), ..., ¢,(¢) be n functions whose images are R”
vectors for every t. The n vector-valued functions are linear dependent in the closed
real interval [#;, t,] if there exist real numbers a, as, ...,a, which are not all zero
such that

arp1(t) + a2 () + -+ ayp, () =0, 1€ [t,0].

Otherwise, they are linear independent in the closed real interval [t,%]. For
simplicity, it is called by linear independent. O

Obviously, linear independence in a closed real interval [#;, #,] means that linear
independence in every subset which includes the interval (71, #,].

The following theorem gives a criterion for determining whether the n vector
functions are linear dependence, the proof is left to readers.

Let ¢1(%), ©2(8), ..., ¢,(t) be n functions with range R”. These functions are
assumed to exist at least (n—1) derivative in the interval [7;, t,]. Denote that

ol (1)
o3 (1)

() = (5.6.3)

o (1)

then ®(7) is an n x p function matrix defined on [#;, #,]. Denote @9 (1) for the matrix
which is the differential of the ith order of ®(7).

Theorem 5.6.1 ¢;(?), 92(?), ..., ,(¢) are linear independent on the interval [¢;, 7]
if and only if there exists a 7y € [t1, £2], such that

rank [dD (to) ®Y () --- " (lo)] =n.

Not that [® (1) & (1) --- ®“~V ()] is an n x np real matrix.
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Example 5.6.2 Let ¢;(f) = 1, ¢2(f) = t, @3(t) = > be three scale functions, but
they are linear independent on any interval of [0, 00).
It is because

1 1 00
)= t|. [®M) @V (t) P ()] =12 1 0].
2 22t 1
By Theorem 5.6.1, @ (¥), 92(¢), ¢3(¢) are linear independent. [l

The above example shows that for the linear independency the function is
different from the vector. We have proved that three scare functions are linear
independent in the real domain.

The following theorem is about the linear independency of functions. We need a
definition.

Definition 5.6.3 Let ¢;(t), ¢2(?), ..., ¢,(f) be n functions whose images are all in
RP, and the matrix ®(z) is defined by Eq.(5.6.3), then

5]

W(t, 1) = /qD(t) o7 (1) dr

151

is the Gram matrix of @1 (¥), ¢2(¢), ..., @,(¢) on the interval [¢#, £, ]. [l

From the definition, for any #; < t,, Gram matrix W(t;,t,) is always an n X n
semipositive definite.

Theorem 5.6.2 If ¢,(?), ¢2(?), ..., ¢,(¢) are continuous on the interval [¢, ;], then
they are linear independent on the interval [#;, #;] if and only if their Gram matrix
W(t,, 1) is invertible, or positive definite.

Proof Necessity. Assume that the Gram matrix W(#;, ;) is not invertible, then there
exists a nonzero real vector a € R”, such that W (¢,#,) a = 0. Then we have the
following equation

a'W(t,n)a= /aTCIJ (v) ®7 (v) adr = /(aTCIJ (r))zdr =0,

151 n

a’®() = 0, t € [, 1], ie., @1(0), @D, ..., (1) are linear dependent on the
interval [#1, 12].

Sufficiency. If @;(f), @2(2), ..., @,(?) are linear dependent on the interval [¢, #,],
then there exist real number ay, a, ... ,a, which are not all zero, such that

a1p1(t) + arpa(t) + -+ anp,(t) =0, t€ [, 1].



330 5 Luré Differential Inclusion Systems

Denote a = [a; a» ---ay]”, then a # 0. Consider that ®7 (f)a = 0, we obtain that

n

Wt ) a = /@(1) @7 (1) adr = 0.

Thus, W(t, 1) is not invertible. O

Let us return to the persistent excitation. The output of the system y(¢) can be
decomposed to steady term y(¢) and transient term y,(z), i.e., y(t) = ys(t) + v:(s),
where the transient term is infinitesimal when t — oo, i.e., limy;(f) = 0. In the

—>00

Example 5.6.1, when the input is a unit step signal, the output y(¢) can be written as

o =[,_ L] vo=[1] so=] _%]

By the frequency response in control theory, if transfer function of a stable single-
input and single-output system is G(s), when it is inputted by A sin wt, its steady
outputis ys(f) = A |G (jw)| sin (wt + ¢), where ¢ = £G (jw), i.e., the steady output
is a sinusoidal signal with the same frequency. The result can be extended to the
vector case.” Continue to consider Example 5.6.1, when the input is sin z,

Gi=| | |= 1

then the steady output is

sin ¢
W= Sin- ) |

The steady term y,(f) of output y(¢) can be written as the following component
form:

yls(t)
yZS(t)
ys(t) = .
s (1)
"The meaning of A|G (jw)|sin(wt +¢) is that if G(s) = [gi(s) g,,(s)]T, then

A1G ()| sin (@ + ) = A[ g1 (o) sin (@1 + Zg1 () ++ |g, (o) sin (@i + Zg, (o) |-
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If y15(t), y25(2), ..., yms(t) are linear independent on the interval [0, o0), then its
t

Gram matrix W (0, 1) = / ys (7) yST (r)dr is always invertible. We are ready to
0

state the following theorem.

Theorem 5.6.3 If the output y(¢) has at least (n— 1)th order continuously derivative,

and its steady term satisfies

(1) yi5(®), ya5(0), ..., yus(f) are linear independent on the interval [0, ©00).
(2) yi5(®), ya5(0), ..., yms(t) are bounded on the interval [0, 00).

Then y(¥) is a persistent excitation.

Proof Denote that

5]

W, (1,1) = / W (0 (1) dr

151

Condition 1 implies that Ws(#;,1;) is an invertible matrix by Theorem 5.6.2.
Replacing #, by #; + M, let us consider the matrix Wy (¢, #; + M). Assume that there
do not exist M and k; such that W (11,1, + M) < kI, then for any fixed M, there
exist t;, { = 1,2,..., such that W (¢;, t;; + M) > il. Hence, for every i, there
exists « € R”, || = 1, such that ozl.TWS (t1;,t1i + M) o; > i. Then the following
inequality holds

ti+M
Ol,-TWx (t,h)a; = / aiTyS (T)yxT (v) aidr,

ti
ti+M

[ labs @ ar

t

= |loly, @)|*m
< llys @) *M,

where t; € [t;,1; + M]. The last equality is derived by the integral mean value
theorem. Thus, ||y, (#;)|| > M~'+/i. In view of the fact that M is fixed, it contradicts
to Condition 2.

Then we prove that there exist M and k; such that W (¢,#; + M) > kiI. For
any component y;(¢),j = 1,2, ..., m, y,(¢) is not equal to zero on an open interval.
Because the steady term does not converge to zero when + — oo, for any given
& > 0, there exists an M > 0, such that W (¢;, #; + M) > &l for any ¢;. Thus, y(¢)
is a persistent excitation. O
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Theorem 5.6.3 presents a practical criterion for persistent excitation. We note that
Theorem 5.6.3 is also useful for multiinput and multioutput systems but not only for
single ones

Using Theorem 5.6.3, we continue to consider Example 5.6.1. When the input is
sin t, the steady output is

y‘v(t) = 1 sin tﬂ .
\/2 Sin (t — 4)

Since

) sin ¢ cost
[)’s(t) ys(t)] = |: 1 1 i| ,

5 sin(t— Z) ) cos(t— Z)

det [ys(t) yx(t)] # 0, the components of y(¢) are linear independent on the real
domain. The components are all bounded; thus, y(¢) is a persistent excitation.

5.6.2 Linear Adaptive Observers

A linear adaptive observer for the Luré differential inclusion system is designed
by using persistent excitation signal in this subsection. In the design of adap-
tive observer, it is common to employ persistent excitation (see, for example,
Rochafellar 1970). A lemma is introduced firstly.

Lemma 5.6.1 If ¢() is a persistent excitation signalin R” and y(r) : R(>0) - R
satisfies |y (¢)| < Be ™ where a, B > 0, then the following differential equation

0(r) = —p(e” (1)0(1) + 9(NA(1)

is globally asymptotically stable.

Proof The solution of the differential equation is

t t t
— o (x)dr —[o(0)e! (x)dr
o) =e o 9(0)+/e [o@e O A (s)ds.
0

Hence,

t

0(r) < e " 0(0)]| + /e_k‘(’_‘) lp()A(s)]| ds.
0
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Since @(¢) is a persistent excitation, || ¢(#)| is bounded. Assume that |¢(7)| < A,
and select an o # ky, then

t
A
00 = PO +4 [ H s < o+ (e -t
-
g 1
Thus, we have completed the lemma. O

We now consider the adaptive observer design for the Luré system Inc. (5.6.1).
Continue to use the symbols defined in Sect. 5.4, particularly M = I — G(CG)™'C.
When the relative degree of (C, A, G) is one, M exists and is not invertible. By the
results of Sect. 5.4, if (C, A, G) is both controllable and observable, and minimum
phase, then (MA, C) is detectable; therefore, there exists an L such that MA — LC is
a Hurwitz matrix.

Theorem 5.6.4 Consider the Luré system Inc. (5.6.1). If the following conditions
are all satisfied.

(1) The system (C,A, G) is both controllable and observable, and the system is
minimum phase with relative degree one.
(2) £&(¢) is the solution of the following differential equation, and £(¢) is a persistent
excitation,
£ = (MA—LC) & — Mf (y.u). (5.6.4)
where L is the gain matrix such that MA — LC is a Hurwitz matrix.

Then,

n = (MA — LC) n + MBu — Mf (y, u)§+g§+ MAG(CG)™ 'y, 5.65)

T=n+G(C6)™y,

is an asymptotically adaptive linear observer for Inc. (5.6.1), and the adaption law
is

0 =£7CT (y— CR). (5.6.6)
Proof By the proof of Theorem 5.4.2, we can obtain from Inc. (5.6.1) that
w = (CG)™" (CAx + cBu) — Cf (y.u) 6 —y
Thus, the first equation of Inc. (5.6.1) is

% = MAx + MBu — Mf (y,u) 0 + G(CG) ™ 'y. (5.6.7)
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Taking derivation of the second equation of Inc. (5.6.5), we have

X = (MA —LC) (f— G(CG)“y) 4 MBu— Mf (v.u) 0 + £0
+ MAG(CG)™ 'y + G(CG) ™'y
= (MA - LC)X + Ly + MBu — Mf (v, u) 0+ §§+ G(CG)™y. (5.6.8)

Denote that e = x — X, subtracting Eq. (5.6.8) from Eq.(5.6.7) yields
e = (MA—LC)e—Mf (y.u) 6 — &0,

where § = 0 — 6. Since 6 is treated as a constant, hence, § = —0 in the above
equation. ~
We now analyze the convergence of e. Define that { = ¢ — £6, then

{=e—E0+60
= (MA—LC)e—Mf (y.u) 6 — €6
= (MA—LC){ + (MA—LC) €0 — Mf (y,u) 6 — £6
= (MA—LC) ¢ + ((MA—LC)g — Mf (y,u) —é) g
By Eq. (5.6.4), we obtain that
¢ =(MA-LC)L.

Since MA — LC is a Hurwitz matrix, there exist &, B > 0 such that |{(¢)] < Se™
where 8 may depend on the initial condition {(0).
According to the adaption law Eq. (5.6.6),

6= —£7CTCe = —£7CTCER —ETCTCL. (5.6.9)

In view of Condition 2 and the fact that [{(r)] < ™, by Lemma 5.6.1, we have
# — 0 (t — oo). Since £ is persistent exciting, and it is bounded; thus e = { +
£0 -0 (1t > 00). O

The following remarks are given for Theorem 5.6.4.

Remark 1 Differing from Sect. 5.4, Lyapunov function is not employed to design
the adaptive law. The adaptive law Eq. (5.6.6) is designed to make the auxiliary
variable ¢ stable. It points out that the 6 can also converge to the real value of 6
under the adaptive law. (]
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Remark 2 In Eq. (5.6.4), MA — LC is a Hurwitz matrix, whether the steady term is
persistently exciting depends on Mf(y, u). Hence, it depends on f(y, u). (]

Remark 3 Eq. (5.6.9) is a time-varying nonhomogeneous linear equation, and
the persistent excitation condition guarantees that Eq. (5.6.9) is stable. If there
exist other conditions such that the equation is stable, then the persistent excitation
condition can be replaced by that one. Especially, in some specific example, there
may exist much more practical conditions. (]

Example 5.6.2 Consider the Luré differential inclusion system
jCl _ 01 X1 + 0 U+ 1 o+ 0 0
wn| | —-050]|x 1 1 u? +y

The set-valued mapping is

X1+ x2 + 6, X1+ x < —6;
[x1—x2—6, x1 +x2+ 6], =6 <x;+x, <O0;
[x1 +x—6,—x1—x2 +6], 0<x;+x <6;
— X1 — X2 +6, 6 < x + x2.

V(x1,x2) =

The graph of set-valued mapping v(x;,x) is shown in Fig. 5.17; any curve in the
diamond belongs to the selections of set-valued mapping. From Fig. 5.17, we can
see that v(x1, x») is not monotone; thus, the solution of the Luré differential inclusion
system is not unique. But for every piecewise continuous function, the solution is
unique; thus, it is well posed.

It is easy to verify that cTg = 1, the zero of the system is —1; thus, the condition

1 of Theorem 5.6.4 holds. Let [ = [0.5 1]T. Then

M:|: 00:|7 MA—lcT:[_O'S Oi|'

—11 —1.5-1
Fig. 5.17 The set-valued A
mapping in Example 5.6.1 6 V(i)
-6 6 -~
o A=x +x,
-6
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MA — Ic" is a Hurwitz matrix. Using these data, Eq. (5.6.4) becomes

o[ 23 2o [,0)]

The linear adaptive observer is

. 05 0 0 07~ = 0
_[—LS—J"+[—4}“_[M+y}9+59+[—15}“
R 1

enef

and the adaption law is
é\: [& &] [(1)} O-x) = 0-7).

In order to make £(7) to be a persistent excitation, u(f) is chosen as 3 sin t.
We choose two selections of v(xy,x,) as follows:

A+ 6, A < —6,

o = A+6, A<O, 0 = —A—-6, -6<A1<0,
"Tl-A46,0<A 2T lA-6, 0<A<6,
—A4+6, 6<2;
where A = x; 4+ x;. w; and w, are the boundaries of the set-valued mapping

(Fig. 5.17). Obviously, the trajectories are different with different selections. It is
also illustrated that the asymptotical convergence can be not achieved by Luenberger
observer.

The responses of errors are shown in Figs. 5.18 and 5.19, respectively, when
v = w; and v = w,, where the uncertain parameter 6 is chosen as 2. In Fig. 5.18,

the initial state is x(0) = [2 1]T, the initial value of auxiliary variable is £(0) =
[—0.8 2]T, the initial value of observer is 7(0) = [ 1 Z]T, and the initial value of
adaption law is §(O) = 1.5. In Fig. 5.19, the initial value of the state is x(0) =
[O 1 ]T, the initial value of auxiliary variable is £(0) = [— 1.61 ]T, the initial value
of observeris 7(0) = [ —1 —Z]T, and the initial value of adaptive law is 8(0) = 3.

From Figs. 5.18 and 5.20, the observer works well and the parameter is also
convergent. The response of auxiliary variable £ is given in Fig. 5.19, where &, is

not affected by f(y, u). It is then monotone, and its steady component is 0. The steady
component of &; is vibrating and bounded, and it is a persistent excitation. (]
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— estmalid &
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0 5 10
teee

The response of error

Usec

The tracking of uncertain parameter

Fig. 5.18 The performance of adaptive observer when v = w;. (a) The response of error. (b) The

tracking of uncertain parameter
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t/sec
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t/sec

The response of &,

Fig. 5.19 The response of £ when v = w;. (a) The response of &; (b) The response of &,

Problems

1. Consider system

x=Mx+ Ny+ Bu+f(x,u)0,

y = Cx,

where ||6] < yi and f(x, u) satisfies Lipschitzian condition, and Lipschitzian
constant is y,. Besides, the following conditions hold.
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'-.\‘

Ry

10 3 0 T
[ tsec

The response of error The tracking of uncertain parameter

Fig. 5.20 The performance of adaptive observer when v = w;,. (a) The response of error. (b) The
tracking of uncertain parameter

(1) There exist positive definite matrices P, Q and matrix L with compatible
dimensions, such that

PM—LC)+ M—-LC)'P=—-0

(2) In the above equation, it holds that A, (Q) > 2y1Y2Amax (P),
(3) There exists h(x, u) such that % (x, u) C = f7 (x, u) P.

Then an adaptive observer for the system can be designed.
2. In Inc. (5.6.1), the solution of the equation 4 (x,u) C = f7 (x,u) M" P may not
exist. Can you give a condition for the existence?
3. Prove that if ¢(?) is a persistently excitation, then ¢(#) is bounded on the interval
[0, c0).

4. Please prove Theorem 5.6.1.
+M

5. Please prove that kjI < / ¢ (1) @ (t)dt < koI if and only if for any unit

t
vector «, the following inequalities hold

M
ki < / [oTe (r)]zdr < k.

6. Let

Yo = |:b sinwot]'
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Give conditions for a, b, wg under which y(#) is a persistent excitation.
7. Consider the following system

-1 050 1 20 0
x=10 1 1|x+|0|u+]|11]|w+]|u*]6,
05060 0 01 0
X1
=[a)
x
wevh),

where the set-valued mapping v(A) is the same as that in Example 5.6.1, but
A = x1 + xp + x3. Please design an adaptive linear observer for the system
where u(f) is chosen as u(f) = 2sint + 2, and then verify the effectiveness by
simulation.
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