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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54 2 Set-Valued Mappings and Differential Inclusions

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€E,

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 — ZY. 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

- Fx) xeA,

F =

(x) (%] x ¢ A.

By the alteration, the domain of F becomes X, but its effective domain of is exactly
equal to that of F. Hence we always assert that every set-valued mapping is defined
on whole space X. O

Remark 2 For y € 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
F71(G)(w) D F7'(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
F7(G) (s). O

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

FH(G) (w) = [F1(G) ()], (2.1.1a)

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

In Egs. (2.1.1a) and (2.1.1b), the complements at two sides are in different spaces.
At the left side, G° = Y\G, but at the right side [F~! (-)]" = 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 a closed 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. t

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 xy € X. F is upper
semi-continuous at x if for every open set Oy C Y which satisfies that Oy D F (xp),
there is a § > 0 such that F (B (xq, §)) 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 (xg) and every ¢ > 0, there
is a § > 0 which may depend on y and ¢ such that for every x € B (xg, §), F(x) N
B(y,e) # @. 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 xy. 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 thatn > 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, §) such that F (B (x,8)) 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 F~'(Oy) (s). Hence, there isan N € N, whenn > N, x,, € B (x,§), i.e.,
x, € F~1(Oy) (s), F (x,) C Oy.

(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,),
vn & Oy for n € N. It contradicts to the conclusion (4). U

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) Let x € 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 (xp,68), F(x) C F(xp) + ¢B. If for every x € X, F is e— 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 xy € 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)+ eB.If 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 (x0,8)) C B (F (x),¢), and F (x9) C F(x) + &B for every
X € B (xo, ) is equivalent to F (xy) C ? 5)B (F(x), ¢).

XEB(xo,

From F (B (xo,8)) C B(F (xp) , €), 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) Ay
defined in Example 2.1.1 F(O ) +¢&B

y===
X
N
‘/
-

For the ¢— lower semi-continuous, the situation is different. The inclusion
F (xg) C F(x) 4+ eB implies that for every yo € F(xp), there isay € F(x)
such that ||ly—yol < &, ie, F(x) N B(yo,e) # <. 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 (x9) C F(x) + eB. 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) = {(1,y2) ;31 = x,y2 €[0,00)}, or, F(x) = {(x,y); x€R, y€[0,00)} 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 O F (B(0,48)) 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,0) . ).

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

In Example 2.1.1, the open set M cannot be written as the form of F(0) + ¢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 F : 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 (xp,yo) € 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 (xy, §). Because
X, = Xxg,thereisan N € N, whenn > N, x, € B (x, §). It follows that y, € F (x,) C
F (x0) +¢&B where ¢ > 0 can be selected arbitrary. Consequently, yy € cl F (x) since
Yn = Yo. F is with closed value, hence F(xg) is a closed set, F (xg) = cl F (xp). Thus,
(x0.y0) € gra F U

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 ¢ > O such that M D A + ¢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 € = %d (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 e—
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,4), F (x;) C F(x) + ¢B. It follows
F(B(x,8)) CF(x)+¢eBCM. (]

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) + 8G(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 (x¢, §) 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) +2z) # 2.

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

Proof Letxy € X and yy € F (x9) 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—1\£4y—1' By the lower semi-continuity of F(x) and G(x), there
exists ad < 8y, such that F(x)NB (yo, n) # &, G(x)NB (v, 1) # & simultaneously
forx € B ()C(), 8)

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



60 2 Set-Valued Mappings and Differential Inclusions

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 = —L-, it follows

y+2n°
— 2 _ 2\
I—A—m—TAtlaSt

Ag(x) € AF(x) + 2Anz = AF(x) + 22 (F(v) — 2(x))
CAFG) + (1= ) F&x) — (1— V) Ew) .

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)8(x) — yoll = A [lg(x) — yoll + (1 —A) [8(x) — yoll
<in+A-Xi)2M

4MA

=)u7(1+4—M)
Y

<e¢

— ©

Ag(x) + (1 —A)g(x) € B(yo, &). Thus, (F(x) N G(x)) N B (o, &) # Fo 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) graGisaclosed setin 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
xX€E€EB ()C(), 8)
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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,d). The conclusion is
proved. Hence it is sufficient to prove the case that F (xo) ¢ Oy. If F (xy) ¢ Oy,
then F (xo) N Oy # @. Denote K = F (x9) 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(xo) N G (xg). Therefore, for every y € K, (xo,y) ¢ gra G. graG is
a closed set, there exist §, > 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., ing (yi,eyi) O K. Denote M = l_L_,_lJlB (y,',sy‘.), M is an
open set. Recall the construction of B(y,e,), every &,, corresponds to a §,,. Let
81 = min {Syi;i =1,2,.. n} For every x € B (xg,61), {x} xM) Ngra G = &,
e, MNGkx) =a.

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, §3), Oy UM D
F(x). Let § = min (61, 8,). When x € B (xp,§), it happens Oy UM D F(x) and
M N G(x) = @. Thus,

F(x) N G(x) C (MU Oy) NG(x)
= (M N GX) U (0y 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.

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 x, € X. If there are two
positive constants L and § such that

F(x) C F (x0) + L||x — 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 (x) and b € By such thaty = yg + L ||x — xo|| b, it is equivalent to

ly = yoll = Llx = xoll |6l < 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 yy € F (x),
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 xy. 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 LetF: R — R? be as follows: for xy € R, its image is
Fo) = {9 (e—x0) +3% < 1}

It is obvious for every xy € R, F(x¢) 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) =
€o F(x). Then F is still a Lipschitzian set-valued mapping whose Lipschitzian
constant is still L.

Proof Let xy € X and consider F (xo) = COF (xp) C Y. By the property of closed
hull, for yg € F (xp) and arbitrarily ¢ > 0, there exist yjo € F (x9), i = 1,2,..., s
)

and A;, i=1,2,..., swith A; > 0 and Zx\i = 1 such that ||y0—2‘;=1 )L,-y,o” <e.
We now consider x € X, and take s i/elctors y; from F(x), i.e., y; € F(x), i =
1,2,...,s. We have
“yo — i A H = ||)’0 =D i1 Aio H + || Doimi Aio = Diey Ai}’i” < e+
Yoy Aillyvio —yill < L|xo— x| + e can be selected arbitrarily, consequently,
yoeﬁF(x)—f—LHx—xOHBy. O

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™*
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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;, Ki 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 € 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,xg)). When x* € —K*, then (x*,xx) < O for every xx € K.

Xk €K
Since for all @ > 0, axx € K, S(x*,K) = sup ({(x*,axg)) — 0, (¢ — 0).
xxk €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
XK €K

S(x*,K) = 8§ (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 7 (x,N) =
x — 1 (x, K). Then we have the following conclusions

(1) @ (x,N) €N.
(2) Ifx ¢ N, then 7 (x, N) is the projection of x on N.
G Ixl* = 7 @ K)[? + [I7 (e N1

Proof (1) By Inequality (1.2.13), for every y € K, we have
(x—m@xK),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—7m(x,K), 7 (x,K)) > 0and (x — 7 (x,K), 7 (x,K)) < 0. Consequently,

(x—7m(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 7w (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

(vV*—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, m(x, N) is the projection of x on N.

(3) We have

Ixll? = lx— 7 (6, K) + 7 (x, K)|°
= =7 K)I” + [l (e K +2 (r =7 (x.K) .7 (x. K))
= |lx =7 (x, K" + [l C, 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

A—x
A

T (x,A) = clU 2.1.7)
A>0
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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 T7(x,A) is a cone. At first x € A, hence 0 € T (x,A). Moreover ify €

—l’

A—x
© > 0. For vectors in derived set of UOT, the proof is similar and omitted. [J
>

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 ;x.

Proof Lety € A be an arbitrarily element of A. Define z = (1 %) x4+ iy, then

z € A since A is convex. It is equivalent to that y = %z + (1 — &) x. Thus,

y—x _1<Ez—ﬁx+x—x) z—x A—x
T R '

Theorem 2.1.10 Let A be a convex set, and x € A. Then

T (x,A) = {v;lAii‘n)L_ld(x—}— Av,A) = 0} .
0

Before proving the theorem, we give an explanation. d (x + Av, A) is the distance
of point x + 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 Ao such that v € A £=% 4+ ¢By where By is

the unit ball of X. By Lemma 2.1.1, it follows that v € 4% —l— eBy for every A with
0 < A < Ay. For the A, we have

A7l (x4 Av,A) = 27 Nnf [x + Av —y| = inf [u— 27"y —)|| <& (2.1.8)
yEA yEA

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

when A < §, we have Inequality (2.1.8). The last inequality means v € cl 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, y € 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 there is a A > 0 such that v € /%‘ +
eB. It can be rewritten by Hv — )%x ” < ¢ for some y € A. Now, if (v*,y—x) <0
holds for every y € A, then

(U*,U) =<U*,U_y_x+y_x>

A A
{25 )
(o257
<e|v*.

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 (x,, v) € gra N (x,A) and (x,, 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 (Un, U,T) < 0.
0= lim (uF.v,) = (U*,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 (xn,A))€ T (xy,A) and v = 7 (U, N (x4,A))€ N (x,,A) such that
v = v, + v Thus, || < [lv], {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), (U*,v —v*) = lim (v¥,v—v}) =0, ie.,
n—>o0

0= (v v—v*) = (v*v)— (v v*).

Hence, ||v*||> = (v*, v*) = (V*,v) <0, |[v*| = 0. O
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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
Ty (x,A) = {U;&iin/\_'d(x 4+ Av,A) = 0}
0

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

The set
T— (x,A) = {v; linlllinfk_ld (x+ Av,A) = 0}
0
is called by the contingent cone of A at the x. U

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

(1) there exists a convergent {x,} sequence x, — Xxo, such that f (x,) — c; (2) let
{x,} be a convergent sequence, x, — xo 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 Ty (x,A) C T— (x,A). O

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

1Aiink_1d (x 4+ Av,A) exists for every v € A, and T+ (x,A) = T (x, A). Furthermore,
0

T+ (x,A) =T_ (x,A). ]
Example 2.1.3 Consider a single-valued mapping

|x| sin ﬁ x #0,

fx) = 0. x=o,

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° > otd(x,A)}.

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

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
r§.F)
7:— ( O’ F) A
x
@

Fig. 2.5 The figure of D,

Proof Let v’ € R and v* > ad (v, Ty (%,A)). Because T (%,A) is closed, there
exists a w € Ty (%, A) such that d (v, T4+ (X,A)) = |v — ]|. Then* > a ||v — o].
Moreover,

ad (34 Av,A) <ad 3+ Ao, A) +a) ||v— o < ad G+ Ao, A) + W0,

Dividing both sides by A, since w € T (%, A), we have aiink_lozd G+ Av,A) <0,
0
It means A~ 'ad (& + Av,A) < v + ¢ for small A, ie., (X + Av, WW" + X&) € D,.

Equivalently,
_ X Av
limA g (| Do) <e.
110 (([o%[mb )‘8

& > 0 can be selected arbitrarily. Hence, (v, vo) € T+ ((x,0), Dy). (|



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.F(x)) = (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) < [[(x,y) = (5, Dlxxy = Iy —zlly =d (v, 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 (xo, yp) € gra F such that

d((x,y),gra F) = [[(x,y) = (x0, ¥0) [ xxy — & = [Ix = xollx 4 [ly = yolly — &

Because F is a Lipschitzian mapping, for this x, there is a z € F(x) such that
lz—yolly < Illx — xo|lx. Then,

d(y,F(x)) = [ly—zlly
=y =yolly + llyo —zlly
< lly—=zlly + llx — xollx
=@ +Dly—zlly + llx—xollx)
<(A+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)) 18 (x,f (x0)x). It is clear that the set {(x,f’ (xo) 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 D4 F (xo,y0) = T+ ((x0.y0) ., gra F).
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D F (xo,Yy0) is called by the derivative of F at (xp, o). Similarly, the set-valued
mapping D_F (xg,yo) : X — Y defined by

gra D_F (xo,y0) = T— ((x0,y0), gra F)

is called by contingent derivative of F' at (xg, yo)- O

The statement of (x,y) € gra D4 F (xg, o) has an alternative explanation that
vy € D4 F (x0,y0) (x). By the notion, D1 F (xo, yo) is qualified as the derivative of set-
valued mapping F at (xy, yp). We have to denote it by two variables x and y, since
for every x( there exist more than one y € F (xg). Correspondingly, D F (xo, yo) (x)
is the differential. Similarly, D_F (xo, yo) (x) is the contingent differential of F at
(x0, y0)- 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) = {)ﬁ Ig% A7 (yo + Ay, F (xo + Ax)) = 0} :

D_F (x0,y0) (x) = %y; linklui)nf)tfld (yo + Ay, F (xo + Ax)) = O} .

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

d((xo + Ax,yo + Ay),gra F) <d (yo + Ay, F (xo + Ax))
< +Dd((xo+ Ax,yo + Ay),gra F) . (2.1.10)

Multiplying both side by A~!,and let A | 0. If (x,y) € T4 ((x0,yo) , gra F), then

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

Hence lim )Fld(yo + Ay, F (xo + /\x)) =0.
A0

Conversely, if lirln A~ld (yo + Ay, F (xo + )tx)) = 0, then by using the first
0
inequality of (2.1.10), we have lxiﬁ)ld ((xo + Ax,yo + Ay),gra F) = 0, i.e., (x,y) €

T4 ((x0,¥0) . graF).
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.



2.1

Set-Valued Mappings 71

Problems

1.

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

FH(G)w) = [F'(6) )],

FH(G) () = [F'(G) W]

Prove Theorem 2.1.2.

. 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 (xp, d) there exists ay € F(x) N B (y, €).

(3) For every yy € F (xp), there exists a sequence {x,;x, € X} such that x, —
X0, moreover, there is a sequence {y,;y, € F (x,)} such that y, — .

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.

. 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.

. 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, U, € F (x,) , uy — up}C F (x9));
(3) If u ¢ F (x), there exist open sets W and V such thatu € W C Y, xy €
VcXandVNF (W) = @.

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

Ms = 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 reint K| NreintK, # &,
then cl (K} N K>) = clK; N clK,. Moreover, (K| N K)* = (clK; N clKy)* =
cl (KT + K3).

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.

() (K + K»)* = K NK3:

@ K =K

3) If A : R" — R”is a linear mapping, and AR” — K; = R”, then
(A_IKI)* = A*K{ (If A is treated as a matrix, then A* is its conjugate
matrix);

4) 38 (x, K1) = —K7.

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); |lx—xo|| <&}
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 a y € 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) for every 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 {||lx||, x € A}, then the xo is called by a minimal norm element of A. The set of
minimal norm elements is denoted by m(A). O

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) # 9.
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) = 7 (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 xy. 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 yo # 0. F(x) is upper semi-continuous at xg.
Hence, for every ¢ > 0, there is § > 0 such that if x € B (xo, §), then

I'The notation arg minf(x) expresses a set. If xy € arg minf(x) then f (xo) = meiﬂf (x). Similarly,
XEA X€EA 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(x) C F (%) + —— By, 2.2.1)
llyoll
There exists a y(xg) € F(xo) such that m(F(x)) € (y (x0) + m ) or

equivalently, [lm (F() —y (o)l < . It follows |(yo.m (F(x)) —y (o))| <

yoll lm (F(x)) — y (xo)|| <.
By the remark given behind Definition 2.2.1, (yo — y (x9) ,¥0) < 0, i.e., 0 <

(vo,y0) = (v0,y (x0)). It leads to

00,1 (FQ)) = (30 (50) ) ) + (0.1 (F () = (x0))

= <y0,y (x0) )> -

> (yo, yo) —
or,
(vo, m (F(x)) — yo) = —

From the Problem 1 of this section, the relation (2.2.1) implies ||m (F(x))|| < ||yoll +

W ThUS

(m (F()) = yo.m (F(9) = yo) = (m (F)) .m (F()) = yo) = (vo.m (F)) = o)
= {m(Fe.m (F@)) = (m (F@) . 30)
— {yo.m (F(x)) = 30)
= lm (FC) > = (m(F(x) = o + yo. o)
— {yo.m (F(x) = o)

= [m (FC)|I” = Ilyoll* = 2 {yo. m (F(x)) — yo) -

On the other hand, ||m (F(x))||* < (||yo|| + H;TII) Ivoll* + 2& + <||\ ”) . The
above inequality leads to

2
I (FG) = yol? <4e+( ¢ )
ol

We then conclude that f(x) = m (F(x)) is continuous at x. O

Corollary 2.2.1 If F : R* — R™ is continuous and with convex and closed value,
then for every a € R”, f(x) = 7 (a, F(x)) is a continuous selection.
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Proof Let x = x —a Then 7 (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. U

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. O

Remark 2 Recall the proof of Theorem 2.2.1, we have applied the lower semi-
continuity only for the case that yg = 0 € F(x). 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. U

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
can be 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 (x,,A)
and m(x;,A), respectively, we obtain

(m (x1,A) — 7w (x2,A), 7w (x1,A) —x1) < 0 and (7 (x2,A)—7m (x1,A), 7 (x2,A)
—Xz) < 0.

The second inequality can be rewritten as (7 (x1,A) — 7w (x2,A) , x — 7 (x2,A))
< 0 and is added to the first inequality, we obtain

(m (x1,A) — 7w (x2,A), 7w (x1,A) —x1 + X — 7 (x2,A)) <O0.
It leads to

|7 (x1,A) — = ()C2,A)||2 < {(x;1 —x2, w (x1,A) — 7 (x2,A))

= [t = x|l I (x1,4) = 7 (x2,A)]| -
When 7 (x1,A) # 7 (x3,A), it leads to
| (x1,A) — 7w (2, A)|| < ||x1 — 22 - (2.2.2)

Inequality (2.2.2) is also valid if 7 (x1,A) = 7 (x,A). The lemma is verified. [J

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) = 7 (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) = 7 (g(x), F(x)) is a single valued
mapping. Consider now the continuity of f(x).

fE) —f(2) =m(g),Fx) —m(gx), F(x))
=m(g(x),F(x)—m(gx),F(x))+ m(gx).F(x2))
- (g (). F(x2)) .

If we take a = g (x;), by Corollary 2.2.1

w(g(x),F(x1)—m(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

w(g(x1),F(x2) —m(g(x2),F(x2) =0, (x1—x2—0).

Consequently, f (x;) —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;, €{Q;;i € I}, there are only finite open sets ; €{Q;;i € I},j=1,2,...,J such
that Qio n Qj 7é .

Let {Q2;;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 {Q2;; i € I}, if it satisfies the following conditions:

(D) pix) =0, x€ Qi pi(x) =0, x ¢ Q
(2) Forevery x € A, Zp,-(x) =1

iel
If p;(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 {2;;i € I} is
determined, we often omit the words “attached to {€2;;i € 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), ¢;(x) = d (x, A\Q2;).
By Problem 2 in this section, g;(x) is a Lipschitzian function and its Lipschitzian
constant is 1. Moreover, ¢g;(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 Q;j, # <. 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 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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I (xn) — i )| = | ) ()
qu (x1) qu (x2)
) > 0 — ar e L
JjE JE
B > a0 Y )
< ﬁz |Qij(ill) g (Xz)je—l gi (x2) q; (x1)|
< miz (lai 1) g (e2) = s ) g @)
+ |qu (41) g5 (1) = s (12) g; (1) )
< a2 (s el gy (e2) =5 )| + gy () i () — g (21 )
< mi(z |9 (62) = ¢ (D)) + (g (1) — g ()] Y g (1))
<5 (;I+ MN) |x — x1] . -
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 isa
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(»).2(x)) [ | G()

is lower semi-continuous. U

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 Uj.
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 (¢:(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 (xX) N B (y,, &) # & provided that X € B (x, §) for
some 6§ > 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 U;, 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;,§;) and F (X) N B (yy;, €) # @ provided that
XeB (xj, Sj). We now define the following mapping.

0e() =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)NB (yxj, 8) # J,1.e., )y € F(x)+eBy,.
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 ¢ = % By the construction method proposed in Step (1) we can obtain
a Lipschitzian functional ¢ 1 (x) such that d ((p 1 %), F (x)) < % for every x € X.

Now we denote fi(x) = ¢ 1 (x). Let us consider the set-valued mapping F;(x) =
B (fl (%), (%)2) N F(x), F(x) is lower semi-continuous by Lemma 2.2.2. Taking ¢ =
711, by the method proposed in Step (1) again, a Lipschitzian functional ¢ ! (x) can
be constructed such that d (go 1 (x), Fy (x)) < }1. Let fr(x) = ¢ 1 (x). By definition,
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Fi(x) CF(x)NB (fl (%), %) therefore d (f>(x), F(x)) < d (2(x), F1(x)) < }1 and

=
[\e]

i) =L@ < d (fi(x). F1(x)) + d (Z(x), F1(x)) = L—lt +

Inductively, when we construct f,(x) which satisfies that d (f,,(x), F(x)) < (l)n

2

and [If, () — fi- )] = (3)"", we let Fu(x) =B (fux). (2)""") N F (), then F (0

is lower semi-continuous by Lemma 2.2.2. There is a f,+1(x) = ¢ (x) which is
271

)l’l+1

Lipschitzian and satisfies d (f,,+1(x), Fy,(x)) < (% . By the definition of F,(x),

d (Fi1 (), F)) <d (Fr1 (0, Fa ()< (2)"" and lf1 (6) = o)) < (3)". Thus,

sk ) = fu @O = Wk () = frkm1 || 4 =+ + o1 () — Fu (O |
< (%)n-i-k—l T+t (%)n
<)

{f,(x)} is a Cauchy sequence.
(3) The selection f(x) is obtained.
Letf(x) = lim f,(x). Thenf(x) is continuous. Moreover, the space Y is complete
n—>oQo

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 F; : R* — R™, k = 1,2,... which satisfy the following
requirements.

(1) Fr : 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 Fi(x) C--- C F1(x) C Fo(x).

(3) Forevery ¢ > 0, thereis a 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
7" =7Z x7Zx---x7Z CR"be the set in which components of every vector are all
N———

integers. The following proof consists of three steps.
(1) Constructing a sequence of Lipschitzian set-valued mappings {F(x)}.
Fix pp = 1 and define Zj = poZ" = 7Z". In addition, we define a set

Oy = {x;x = aje; + azes + -+ + ayen, a; € (—po. o)} .

Oy is an open cube whose center is the origin and lengths of edges are all
equal to 2py. Op is obviously convex. Zg + Oy = {Zo+00, Z0 € Zg} 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(zo+ 20y), then set-valued mapping Fy(x) is defined as
follows:

Fo(x) = Z Pz (0 Coy.-

n
20€%Z

Because p, (x) is a local Lipschitzian function, Fy(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, Fy(x) C bB, since p,(x) is a unit decomposi-
tion.

We now construct F'(x). Define p; = % po and Z| = pZg. The element of Z7
can be denoted by z; = pyzp with zg € Z§. A set O is defined below

11
O, ={x;x=aje; +ares + -+ + apey, a; € (—3 5)} .

Then Z7 + O, forms an open covering of R”" and it is locally finite. The open
covering holds a unit partition p,, (x), z; € ZY. For every z; € 7, define a set

C, = cl co F(z; +20;) and a set-valued mapping F(x) can be obtained as
follows:

Fix) =Y p,)C,.

21 EZ'II

F1(x) C bB,, and is also Lipschitzian and with closed and convex value.
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Fig. 2.6 The relation of Oy (0,1)
and O, i
O B o
\\§ ° /
(-1,0) 0 (1,0)
(05_ 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 = %pk, the set-valued mapping
Fy4+1(x) can be defined with a similar way, i.e., we define Zj, |, = p+1Z; and
Og+1, then we obtain a unit partition p;_,(x), z+1 € Zj,, and closed sets

Cypy = ¢l co F(zx+1 + 20p+1) for each zx4y € Zj,,, and at last we define

Fiy1(x) = Z Py (X)CZK-i-l'
U1 €244
(2) Proof of F(x) C Fy41(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) = {zo;;i = 1,2,...,No} for the x. Similarly, there
are only finite 2, € Zi,j = 1,2,...,Ni such that x € z; + 0,, and denote

Zi(x) = {z1,:j = 1.2,....Ni,}. A scheme diagram for the relation of Zy(x) and
Zi(x) is given in Fig. 2.6.

We now prove that for every zo, € Zo(x) C Zg and every z; € Zi(x) C Zj,
z1; + 201 C 2, + 20,.

Lety € zj, + 20;. Then ||y — z;,| < 2p1= %po. In addition, we have

4
|20, = 21, < llzo, = xll + [|x =21, < o+ 1 = 3Po-

Therefore, [y —zoll < [y =z + [z, — 20| < 300 + 300 = 200, ie. y €
20, + 201.
The relation z;; + 20, C zo, + 20, implies C;, C Cy,. C;, is convex; hence,

C, = Z P (X)C;y C Z P () Cy.

20€Zo(x) 20€Zp(x)
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It follows that,

Fi®) =) pa0Cy = Y pa0C,

21 €ZY 21€Z1 (%)

C D pa® D paC,
21€2Z1(x) 20€Zo(x)

= Z pzl(x)zpzo(x)czo
21€Z1 (%) 20€Z

= Y pa@F)
21€Z1(x)

= Fo(x) .

Simultaneously, when x € R" and z;, € Z; (x),x € z1;+ Oy and F(x) C C,,.

FG) C Y pa®Cy = Y p(0C, = Fi(x).

21€Z1(x) z1€Z}

(3) Convergence of {Fy(x)}.

At last, we verify the convergence of Fj(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) + 5B, For the x and &, there is a K= K (x, &), x + Og(x¢) C B (x, 6).
For every k > K, denote Z(x) = {zi:j = 1,2...., Nk}, Where x € zi; + Oy Thus,
we have

zkj~|—20ka+3Oka+0K.

It illustrates that y € zi; + 204 for every zi; € Zi(x), F(y) C F(x) + 5B

Furthermore, _
F (2 +20) C F(x) + 5By. Cy = cleoFy (zy +20;) C F(x) + 5By C
F(x) + &B,,. F(x) + &B,, is convex, hence, when k > K,

Fi) = D py(0C, = Y py)Cqy CF(x) + 6By

w€EZL} 2k; €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
f. : R" — R™ which is continuous and f;(x) € F(x) + &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

e — e=hx

X)) = ———
fp(x) T
is continuous. It is direct to show that for 1 > ¢ > 0, when 8 > 21_5 In 2‘9;5 fe(x)is an
&— approximate selection (Fig. 2.7). ]

Example 2.2.1 really gives a new way for the selection since for every 1 > ¢ > 0,
except x = 0, fz(x) N F(x) = @. Furthermore, it can be seen that no matter how
small ¢ is determined, there still is a § > 0, when x € (0,8), d (f:(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 e— approximate selection of Example 2.2.1
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Proof F(x) is upper semi-continuous, then for a given ¢ > 0 and every xy € X, there
isad; = &; (xo, &) such that when x € B (xo,81), F(x) C F (xo) + 5By. Let § (xo) =

min (£, §;). Then these neighborhoods B (xo, &ﬂ) form an open covering of X if
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, 8(10)), xo € X}, for

every U; €{U,}, we can find a x; such that U; C B (xi, s(f)). We now fix the x; for

U; and construct a mapping f, as follows

f:0) =" pioym (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 graF 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 (x;) + £By for some x; € X.

{U;} is alocally finite open covering; consequently, for every x€ X, there are only

finite nonzero terms in Zpi(x)m (F(x;)).Forafixed x,letI(x) = {i; p;(x) # 0} =
{i; x € U;}, then I(x) is a finite set. By the definition of U;, an x; can be found such
that U; C B (xi, %’) Define §;, = max{§; = § (x;),i € I(x)}, the §;, corresponds
to x;,€ X. Then for every x;,i € I(x), d (x,x;) < @ < @, and d (x;), x;) <

d (xiy, x) + d (x,x;) < @ furthermore, U; C B (x;,,8;,), i € I(x). Hence, for
iel(x)

m(F(x)) € F(x;) C F (x;) + ggy. (2.2.4)

Figure 2.8 is used to illustrate the relations of x and U, x;, §;. x € U; C B (x,-, %’),

then d (x;, x2) < d (x;,x) +d (x,x) < 872 (in Fig. 8, = max {§;,i € I(x)}), i.e, x; €

Fig. 2.8 The relation of x
and U;
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B (xz, %2) and a point ¥ € B (x;, §;), d (£, x2) < d (®.x;) +d (x1,12) < 2 + % < 6.
Thus, B (XZ, 82) DB (x,‘, 8,) D U,.
We have assumed that F' (x;,) is convex, hence, from Relation (2.2.4)

&
fe(x) = Zpi(x)m (F(x;)) € F(x;) + EBY’
i
i.e., there exists a y;, € F (x;)) such that ||f,(x) — yj, | < 5. It follows that

d((x.fe(x)) . gra F) < d( (. fe () (Xig» yig) = d (x,xip) + d (fe(x). yip) < &

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, %)} is applied to yield a locally finite fined open covering {U,}. {U,} 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 8, = max {8;,i € I(x)}, then B (x;,8;,) O B (x,-, %) It leads to m (F (x;)) €
F (x;,) + 5By and f,(x) € F (x;)) + 5By.

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.3 and a § > 0 such that ¢ (B (x,§)) C K. Accordingly, we can
define locally bounded. Let ¢, : X — Y be mappings, ¢.(x) is locally equicompact
if there is a &g > 0, when gy > ¢ > 0, there exists a § which may depend on x but
be independent of ¢ such that ¢, (B (x,6)) 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 = Z. Now let ¢ € (0,g9), 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 (%i, %)) CB ()_c, %) C B ()_c, 570) The last
containing relation comes from the fact that all 6(x) < § < 5 = &y. Furthermore,
X € B(x,dp), hence x; € B (x,280) C B (x,n,) and m (F (X;)) € Cx. 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 F} holds a continuous selection;
o0
(2) Foreveryx € X, Fjy1(x) C Fr(x) and kQIFk(x) = F(x);

then the F is said to be o0 — 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 o — selectable.

Definition 2.2.4 Letf : 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. (]

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 {Fi(x)} be the o— selectable approximate sequence and fi(x) is a
continuous selection of Fj(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 = 1 (fi ) ,A), e, |[fi ) — x| = d (fi () L A).
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Because F; | F, when m < k, we have f; (x;) € Fy (x¢) C F,, (x¢) and

d (X, Fry (X)) < d O, Fre () < |l i) — xil| = 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, Fn (X)) < [|x— x| +d G, Fo 1)) + 6 < X — x| | +d (i Ox) ,A) + &
(2.2.5)

F,, | F,itleads to F,, (x) C F (X) 4 &B, for some large m. Therefore,
Ji () € Fr (x¢) C Fy (x¢) C Fpy (X) + €B,, 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)) < 4¢. By F,,(x) C F(X) + ¢B, again, d (X, F (X)) < 5¢. 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. U

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,A; C R" and Ay C A; + €B, then for every xop € R”, d(x9,A;) <
d (x0,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, xo be an inner point of 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) 4 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
e > 0, there exists a single-valued mapping f, : R" — R™ such that f,(x) €
F(x) + eB. (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, 1] x R" — R” is a single-valued mapping, ¢ € [ty,#;] C R (> 0) is
the interval of time, x : [fo, %] — R” is a derivable function to be solved and x is
its derivate related to time . [fo, #7] is the interval where the solution exists. #g is the
initial time and #; < t#; 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(¢, 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(t,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)
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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 : [ty, ;] x R" — R”, then Eq. (2.3.1) becomes

x € F(tx) (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 € 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 1, = 0. We apply x(#; [0, #], xo) to denote a
solution of Inc. (2.3.4). In the notation x(¢; [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(t; [0, #r], xo) for simplicity. Itis 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(#)
is not be differentiable. When x(r) 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,T] is the common interval where the solutions all exist, i.e.,
Sio.11 (F, x0) :xeLFJ(x)x (#: [0, T], x0). Moreover, the set

S[O,T] (F, C) = _G%:J( ){X (t, [O, T] ,XO) , 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
xe€[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 ;. [J

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€[0.1,0.3]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

X € Fy(q) = —pdysgn(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 g >0,
sgn(q) =1 [-1.1] g=0. (2.3.6)
-1  g<0.

Then the moving of the mechanical object which suffers from only dry friction can
be described by the following equation

Mg+ Dg+ Kq=Su+TXA (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

Ai € —Lidyisgn (Tqu) + Fy; (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 € —9(2),

(2.3.8)



94 2 Set-Valued Mappings and Differential Inclusions

T
-T . .
where x = [qT q ] 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

YeF@U) = Uf(xu) (2.3.10)

Inc. (2.3.10) is usually called as state inclusion, by the state inclusion, the model
of whole control system becomes

<L
y G(x,U)

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, u) 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, ), 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(f). 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(t) 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(r) € S§(2.3.10); if the first step succeeds, then the
second is to find a u(f) € U, such that x(r) = f (x(¢),u(t)). In case x(tr) ¢
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, (t)} NS (2.3.10) # . Then we try to find x(¢) € {x;(¢¥)} and u(r) € U.
The another is to enlarge the control set U such that {x; ()} N S(2.3.10) # 2.
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

xe€[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 r-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(1, 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
= ’ 0)=0 2.3.11
x 1 x>0 x(0) ( )

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 < 0,
hence, the trajectory should return to the IV quadrant. It is really a trouble. The
trajectory cannot also go ahead along with the #-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 + 5B)

§>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 € 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 § > 0,1 (0 4+ §B) = {—1, 1}.
Hence, cof (0 4+ §B) = [—1, 1], or F(0) = [—1, 1]. Then Eq. (2.3.11) becomes

-1 x>0,
xeFx)y=4[-1,1 x=0,
1 x < 0.
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F(x) is continuous and its Cauchy problem x € F(x), x(0) = x, is solvable. The
Filippov solution is

xo—sgn(xg)t te€][0,|xol],
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, xo) # @ 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 xp, f(x) satisfies the Lipschitzian condition in the neighborhood, then there
is a T > 0, the Cauchy problem is solvable at [0, r]. 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 xp 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 xq 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 f;(x) such that

fe(x) € F(x) + ¢B (2.3.12)

Moreover, the selection has the form of

£ =" pix)m (F (x7))
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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
[2(X)). fu(x) is a locally Lipschitzian mapping; hence, the Cauchy problem x =
fu(x), x(0) = xo has a solution x,(?).

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 (x,8)) C K, for acompact set K. It is equivalent to
that x,, () € K, t € [0, T) for some T > 0. K is bounded hence the sequence {x, ()} 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, (r)}
of {x,(¢)} such that x,, () converges to x(z) uniformly. By Theorem 1.1.7 (Alaoglu
theorem), {x,,k(t)} holds a weakly *— convergent subsequence, for simplicity,
without loss of generality; {x,,k (t)} is the weakly *— convergent sequence. Thus,

thereisa § > 0 and v(¢) € L' [0, §) such that /x,,k (v)dr — /v () dr.

0
t

On the other hand, x,, (f) = xo + / Xn, (t)d7. Let k trend to infinite. We have

0
t

x(t) = xo + / v (t)dt. Hence, x(t) € AC and x(¢) = v(t) almost everywhere.

0
The approximate selection f,, (x) satisfies that gra f,,, C gra F + ¢, B, i.e.,

4 [ (0. (1) graF (9)] < e,

Let k trend to infinite again. We have d [(x(1),x(r)) , 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",


http://dx.doi.org/10.1007/978-3-662-49245-1_1
http://dx.doi.org/10.1007/978-3-662-49245-1_1

2.3 Differential Inclusions and Existence Theorems 99

exists a solution. Moreover, let x(#,xp) 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) = 80001 co f (x+ 6B), 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 x1, then F (x;) = {f (x1)}.

Let y; # f (x1). Then we denote ¢ = |ly; —f (x1)]|, there is a § > 0 such that
f(x1 +68B) 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

<>l =S )l <

i=1

H (Z AiZi) —f(x1)
i=1

i.e., y1 ¢ cof (x; + 6B). Furthermore, for z € cof (x; 4+ §B),

Iyt =zl = llyr =f GOl = If (1) =zl =

N ®™

ie,y € clcof (x; + 8B)

However, for every § > 0, f(x;) € f(x;+ éB), moreover, f(x;) €
clcof (x; + 8B). It follows f (x1) € F (x1).

(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) = xp has a solution. Moreover, by the first fact proved in this theorem,
we conclude x (, xo) = f (x (¢, x0)) if f(x) is continuous at x(¢, xg). 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(¢) € AC ([0, T], R). If

%] < @) [x(0)] + p(0),

for two single-valued functions I(¢), p(f) € Ly ([0, T],R (> 0)). Then for ¢ € [0, T],
we have
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t

JI(s)ds t (;'l(r)dr—(;.l(r)dr
|x(7)] < e0 |x(0)] + /,o(s)e0 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(r) € L; ([0,T],R (> 0))
such that for every x(7) € M,

d(%(0). F (<) ) = p(0),

and a real number § € R (> 0) such that ||ryp(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. ris continuous;
2. r(x(2)) (0) = rg (x(0)) for every x(1) € M;
3. If x(r) e MN\S (F, C) and ry (x(0)) = x(0), then r (x(1)) = x(¢);

4. Denote &(f) = e/l + /el(l’l_l"l)p(s)ds O then
0

I[r (@) = x(@)|] = §(). (2.3.14)

and

<IE(@) + p(7) (2.3.15)

|Grem—io||

for every t € [0, T1.

Proof This is a constructive proof, it consists of four steps.

(1) Construction of function sequence {x; ()}

Let x(r) € AC([0,T],R"). Then a mapping w (x(t)) = n(ic(t),F(x(t))) is
defined. Because

SBecause Sj.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, T] 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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o GO = [[EO)]| + [ @) - x|
= [[x0|| + || (3. F (0 ) = 00|
= [[x@)[| + d(30). F =0)) )
= 2|[x|| + a(0. F (x(x)) )
= 2|[x)|| + d(0.F (x(0)) ) + 1) = 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, @ (x(¢)) € L ([0,T],R"). It is
obvious from the definition, if x(¢) € Sjo 7} (F, C), then w (x(¥)) = x(?).

Using the function w(-), a function sequence {x;(¢);k=0,1,2,...} is
constructed as follows:

xo(1) €M,

() = ro (x0(0)) + / o (0 (1)) dr.
0

t

x(t) = x1(0) + /a) (x1 (7)) dr,

0

t

xen () = x(0) + / o (5 (1)) d.

0

Note that by the definition of x;(¢), we have x;(0) = ro (x0(0)) and x(f) € AC for
every k € N. Moreover, if x(7) € Sjo 77 (F, C) and ry (x(0)) = x(0), then x(t) = x(¢)
for every k.

(2) Convergence of sequences {x;(1)} and {x(1)}

At first,
O =300 | < 170 (20(0))—x0(0) | + / (0 (0 (1)) —i0 (1)) dr | <5+ [ p(x)dr
0 0

(2.3.16)

where the constant § and the function p(f) are those given by the theorem.
Secondly,

1) = 50| = [ (o (1)) — 50() || = d(jco(t),F(xo(t))) <o) (23.17)
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Now we extend the Inequalities (2.3.13) and (2.3.14) into the case of k > 1.
[e41(0) = 2| = [l Ca() — 2 () |
= d (i (1), F (x(1)))
< (50, F (et (0) ) + 1 0) = 5 0]

= | (®) —xi—1 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 @ (x3—1 (1)) = 7 (—1(2), F (-1 (2)) €
F (1 (2)).

We now prove that
It Lt — |7
a0~ xo] = 810 / 1D 0y ar 23.19)

and

k=1 ! I _ k—1
| ! — ! +1 ( |t(|k _|Tl|))! p(v)dr (2.3.20)
0

|1 (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 () — ()] = / (1 (0) — & (1)) dt

0

<1 |lx (r) = x—1 ()| d7
/

ot a1
51/ 5(k_1)!+[ @ | e
0 0

] — gt
00
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(x| - Iql) (l| | —Ig))*!
Because dr/— (9)dq = WP(C]M%
0

1n* tfl PR | l
g 1 [ e =T /Mp( o
00

Replacing ¢ by 7, Inequahty (2.3.19) is then verified.

©
Z

Because ¢¢ = E o for every real number z, E i — 0, (m— ).
k=0 k=m "

Therefore on the time interval [0, T], both {x;(¢)} and {xk (t)} are Cauchy sequences.
(3) Definition of mapping r
From Step (2), for every x¢(f) € M, we have constructed a sequence {x(¢)} such
that x(t) — v(t), (k — oo) for a v(t) € 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

t

r (xo(2)) = ro (xo(0)) + fv (1) dt (2.3.21)

0

then r (xo(¢)) € AC and r (xo(¢)) (0) = rg (x9(0)).
(4) Proof of the conclusions
From Inequality (2.3.18), we know klim d (xk(t), F (x(2)) ) = 0. Hence,
—>00

t

Ir (xo(8)) — xx (D] = / (jck () — v(t)) dr| < / ”Xk () —v(r) || dt — 0
' ' (2.3.22)

Moreover,
0= Jim d (140, F () ) = d( 0. F (r (o)) = d( S (o). F (o)
k—>00 dt

F is with closed value, consequently, W € F(r(xp(r))) and r(xo(t)) €
S (F, ro (x0(0))), where we apply r (xo(¢)) (0) = ro (x0(0)). The second conclusion
of Theorem 2.3.3 is obtained.

By Inequality (2.3.19),

t

e () — x0(0) | < 8 + / MMy (1) dr = £()

0
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Similarly, from Inequality (2.3.20), we obtained

t

[f641(5) — x0()]| < 18 41 / M1y (2) dr + p(H) = () + p(r)
0
Thus,

7 o (D) =x0) || < [l (D) =20 (@) |+ [|7 (o (1) =x2 (D[] = §(2)+ |7 (o (1)) — xe (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 (jco(t)) = x¢(1), and ry (x9(0)) = x(0). We conclude
x1(f) = xo(t). By such a way, we obtain x;(f) = xo(¢), k = 1,2,.... Consequently,
v(t) = xo(t), and r (xo(¢)) = x0(#). The Conclusion 3 of the theorem is also verified.

To end the proof of the theorem, we consider the continuity of « r is a mapping
from M to the space of AC. If x(#) € M, then

dT.

T
() s = 10O + [ o (@)
0

We can think that x(t) € B (xo(?), €), then x(0) € B (x(0), &), ||jc(t) —xo(t) || <e.
At first, w (x(1)) = 7 ()'c(t), F (x(t))) is a continuous mapping from AC([0, T]) to

t

AC([0, T]) (to see Prob. 3 of this section). It follows that y(f) = x(0) +[w (x (7)) dr

is a continuous mapping from x(¢) to y(¢). By the reason, for every k,othe mapping
from xy(f) to xx(¢) is continuous. xi(¢) is uniformly convergent to v(¢). Hence, the
mapping from xy(7) 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. U

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

x(t) € F (x(), 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 r(0)(0) = ro(0) = xo,” and there exists a x(f) = r(0) € Sjp.o0] (F, X0). The
x(1) satisfies

t

O < ol € + / HU=Dg (0, F(0)) d.
0

O

Theorem 2.3.4 only verifies that the solution set S o) (F,xo) is not empty.
The theorem does not provide all elements of S}y o] (F,X0). 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,xo) # <. 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. U

Remark 3 Inequalities (2.3.14) and (2.3.15) give the errors between xo(t) € M,
Xo(2), and its corresponding solution in S|y o0] (F, Xo) and its derivate. These errors
depend on § and p(?). If M = {x¢(¢)},i.e., M contains only one function, and xy(0) =
X0, then § can be zero. Therefore, the less of the distance between x(¢) and F(x(z))
is, the faster convergence of x((¢) to r(xo(?)). U

Remark 4 As mentioned before, Theorem 2.3.3 allows that T < 0. This is the reason
why we apply the notations of |7| and |s|. O

As an application of Theorem 2.3.4, we can estimate the boundary of a solution.
We have

t
Ix (£, x0) || = [[7O)]| < [lxo]| €™ + / =10 g (0, F(0)) ds (2.3.23)
0

7In the notation (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 0 is the initial time.
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We have d(0, F(0)) = ||m(F(0))|. Suppose ¢ > 0, then Inequality (2.3.23) leads to
lx (&, x0) || < |Ixo] € + %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() e F(x(t),x(t—1)); x(1) =¢(), t € [-7,0], (2.3.24)

where t € R (> 0) is a given constant and used to express the time delay, and ¢ (¢) €
AC ([-7,0]) 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,y1) . F (x2,y2)) < It [|x1 — %2l + L2 [ly1 — 2|
It implies d (F (x,y) ., F (0,0)) < [; x| + L ||yl|, 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), ¢ (1 —1)): x(0) = ¢(0).

On the time interval [0,7], ¢ (t—1t) is a absolutely continuous function,
hence, F (x(f), ¢ (t — 7)) can be treated as a time-varying differential inclu-
sion. By an appropriate extension of Theorem 2.3.3, the set of solutions

Sio.] (F (x(2), ¢ (t — 7)), ¢(0)) is not a empty set.



2.3 Differential Inclusions and Existence Theorems 107
For a solution x(t) € Sy} (F (x(¢), ¢ (t — 7)), $(0)), we define

XT(I) — ¢(t)’ re [—‘L',O] s
x(r), te]0,1],
then x,(f) € Sjo,] (2.3.23) where, for simplicity, we apply the notation Sy ,1(2.3.24)
for the set of solutions of Inc. (2.3.24). By Inequality (2.3.23), Sj0}(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) € Sjp ] (2.3.24), we consider the Cauchy problem

x(t) € F(x(1),x; (t—1)); x(1) =x; (1), (2.3.26)

with initial time is 7. On the time interval [z,2t], x; (t —7) is a determined
absolutely continuous function, hence by a similar discussion to the first step,
Sir2e (F (x(2), x; (t — 7)) , x; (7)) is nonempty.

For every x(f) € Sir2q (F (x(2), x; (t — 7)) , x; (7)), we define

x (1), te[-t,1],

(f) =
20 =0 0. e e,
then X2, (1) € Spo2] (2.3.23). {xa (v) 5 x2:(1) € So201 (2.3.23)} is still a bounded
set, thus, step by step, we can extend the solution to [0, 00). U

Note that x,(¢) is defined on [—z, t]. 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 {fj(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 (x, Upg1) C fu (x, Uy) - -+ C fi (x, Uy) for every 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(x) = ﬂf, (x, Uy)

i=1



108 2 Set-Valued Mappings and Differential Inclusions

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(xg)? If f(x) is only
lower semi-continuous at xy, what is the F(x)?

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(7), F (x(1))) 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(#) € Sjo7) (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;(f) € Sy (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 Syor) (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 Qualitative 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(1)), x(0) = x (2.4.1)
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holds solutions on the time interval [0, 7] (and/or [T, 0]®). Si—r.01 (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() € Spo,1 (F,x0) be two solutions. Then there is a
continuous mapping ¢ : [0, 1] —Sjo.77(F,xo) such that ¢(0) = x;(¢r) and ¢(1) =
x2(1).

Proof Define M = {(1 —A) x1(¢) + Axz2(¢); 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(t) + Axa(2))-

d((1 =) x1(1) + Axa(r), F((1 = A)x1() + Axa(2)))
< d((1= 1)) + M@, 510) +d(500).F (1= 1) x0) +1e) )

< A2 — 21| +d (x1(). F (1 — 1) x1(1) + Axa(2)))

<A@ —x@)|| +d(x0). F (x) +d (F (x1) . F (1 = 1) x1() + Axz(1))
<A@ =2 + A xa@) —xa@)

< 0@ -0 O] + 1w —x®l,

where we have use the triangle inequality in the second and the fourth steps,
respectively, and the facts that d (x;, F (x;)) = 0, Lipschitzian condition and A < 1.

Denote p(f) = |x2(t) —x1(8)| + {|lx2(t) = 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 — S| 77 (F, Xo). Because x (1), x2(f) € Sjo.11 (F,x0), by
Theorem 2.3.3 again, r (x1(¢)) = x1(f), r(x2(f)) = x(¢). Now we define

¢ (A) = r((1 =) x1 (1) + Axx(1))

¢(A) is continuous and ¢ (1) € Sjo 17 (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 Sjo,7(F, xo) is convex, consequently,
(1 — A) x1(¢) + Ax,(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 7j(F, x0). In R x R", every solution
in Sjo.71(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. (F, xo) as exercises.
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curved surface which links with x;(#) and x,(#), and every point in the surface has
passed at least one solution in Sjo 77(F, xo) (Fig. 2.12).

Definition 2.4.1 Let F be set-valued mapping, the following set

Rio.7) (F.x0) = {x(T): x(t) € Spo.11 (F.x0)}

is the T-reachable set of Inc. (2.4.1) with the starting point xo. When T and x, are in
unambiguous, the set is called reachable set of Inc. (2.4.1). O

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 Let x(1) € Sjo.71 (F, x0) be a solution of Inc. (2.4.1), and x(T) = x*.
If x* € bd Ry 1) (F, x0), then for every #; € [0,T], x (t;) € bd Ry, (F, x0).

Proof 1t is proved by contradiction. If there is a #; € (0,7) such that x(t;) ¢
bd Ryo (F,x), then by the definition of boundary, there is an ¢ > 0 such that
B (x(t1), ) C Sjo. (F,x0)-

On the other hand, Because x* € bd Ry ] (F,xo), there is a y € R" such that
y ¢ Rpo.q) (F,x0) and ||y — x*| < ee”!"~7T|. To apply Theorem 2.3.3, let M = {x(r)}
and ro(x) = x —x* + y, then p(f) = 0 and § = ee~!"~7!. Theorem 2.3.3 asserts
there is a solution y(r) = r (x(#)) € Sy, 11 (F,y1)° where y; = y () which satisfies
y(T) = y (Fig. 2.13).

Fig. 2.12 The shadow part is AR
contained in X, )
S[O,T] (F. X()) CRXR" 4\/\__/
X,
NS — (DO
t=0 t
x,(1)
Xo
bd R, (F,x)

Fig. 2.13 Tllustration of Theorem 2.4.2

9We apply Theorem 2.3.3 on the time interval [T — 7, T]. The terminal is fixed at y(T) = y. The
solution is y(t) € Sir—, 11 (F.y1), where y; = y (T —t;).
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Using Inequality (2.3.14) in Theorem 2.3.3, we have |y (t;)) —x; ()| <

v —x*[| 7= < &. Hence, y (1) € Rjo.] (F.Xo), i.€., there is a solution x,(f) €
Sio.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 & Rpo.n) (F, x0)- O

Theorem 2.4.2 illustrates that if x(T) is on the boundary of R0 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 Ry, (F,xp). The readers are suggested to recall Example 3.2.1, then
you can have a deeper understanding.

Sio.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 +— Sj.7] (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 — Sjo7] (F,x) is Lipschitzian. More-
over, if x1(¢) € Sjo.71 (F,xo), then there is a continuous selection ¢(x) of Sjo 7)(F,x)
such that ¢ (xp) = x1(¢).

Proof Let x1,x, € R". By Theorem 2.3.4, Sjo.77 (F,x1) # @. x1() is an arbitrary
solution in Spo 77(F, x1). Let M = {x,(¢)} and ro(x) = x— x| + x». Then, by Theorem
2.3.3, there is a mapping r : M — Spo.7] (F, x2). By using the notations defined in
Theorem 2.3.3, we have p(r) = 0 and § = ||x2 — x1||gs. Let r (x1()) = x2(f). Then
by Inequality (2.3.14), we have

[51(0) = 2 ()| g < 61 — 22| gl

Using the norm defined in AC, we have

T

[x1(7) = x2(D) [l 4c = X1 — %2 [|Rn + / 1)) = x2(8) | dt < € [|x1 — x2 | g
0

The 7 is independent of the selection of x;(f) and x»(f), hence Sto,r(F,x) is
Lipschitzian globally, i.e.,

Sp.r (F,x1) C Sjo.r) (F, x2) + €T ||x; — x2|| g B-


http://dx.doi.org/10.1007/978-3-662-49245-1_3

112 2 Set-Valued Mappings and Differential Inclusions

For the second conclusion, let M = {x;(¢) + x — xo}'* and ro(x) = x, then there
is a continuous mapping r : M — Sy 71 (F,x). Let ¢(x) = r (x1(¢) + x — xo). Then
the ¢(x) is continuous, ¢ (x) € Sj.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

(1) € F (x(r)), x(0) = xo (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(¢) € L; ([0, T],R").
T

If for almost all ¢t € [0, T, f(¢) € A, then %/f(t)dt € 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 + € [0,7], x;(f) € A.If
klim x¢(t) = x(¢) for every t € [0,T], then x(r) € AC([0,T],R") and x(r) € A
—> 00

for almost all 7 € [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 [l € R such
that ||jck ®) H < [foralmostall 7 € [0, 7] and all k = 1,2, . ... Consequently,

n
e (12) — e (1) < / i @ dr < 162 1]
1

for all t;, #, € [0,T]. It implies the sequence {x;(¢),7 € [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,

t+h
X (t+h) —x() 1

— [ x A
P’ h/xk(t)dre ,

t

x(14+h)—x(1)
h

let k — oo, we obtain € A fort € [0, T — h] because of the compactness

of A. By the compactness again, x() = %m}) w € Aforalltr € [0,T]. O

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:
There is a b € R (> 0) such that

(1) F(x) C -+ C Fr41(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,&e) € N, when k > ko,
Fi(x) C F(x) + ¢B;

(3) xx(t) € Sp,1 (Fi) and xi(¢) converges to x(¢) uniformly.

Then x(¢) € Sjo.71(F).

Proof Because x;(f) € Fy (x;(f)) C bB and x;(f) converges uniformly to x(z), we
conclude x(f) € AC by Lemma 2.4.2. Suppose x(¢) is derivable at 7, € [0, 7] and
denote xy = x(#p). Using the second condition of the Theorem 2.4.4, for every
e > 0, we have a k > ko (xo, &) such that Ff (xo) C F (xo) + B. Fy (xo) is an upper
semi-continuous set-valued mapping, hence, there is an > 0, when x € B (xo, 1),

Fr(x) C Fy(x0) + eB C F (x) + 2¢B. (2.4.3)
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On the other hand, x;(f) converges uniformly to x(¢), there exist k; > k and y
when k > k; and |t — fy| < y, we have

() =0l < 3. k(0 = x ()| < 3

By Relation (2.4.3),
X (1) € Fi (i (1)) C Fiy (x1(2)) C Fy,y (x(20)) + €B C F (xo) + 2¢B.

Using Lemma 2.4.2 again, x(f) € F (xo) 4+ 2¢B for all |t —1o| < y. Lett = .
Then x (ty) € F (x9) + 2¢B. The ¢ can be selected arbitrary and F(xy) is closed,
consequently, x (fo) € F (xp). 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. U

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 7(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, xp). O

Corollary 2.4.1 can be extended to the set Sy 71(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, xo) 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 Sjo 77(F, xp) 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 §; NS, = &, S U Sy D Sjor (F.x0), and
Si N S[().T] (F,.X()) 7é a, fori = 1,2 Denote xi(t) (S S[O.T] (F,)CO) N S,‘, i = 1, 2. By
Corollary 2.4.1, Syo,r)(F, x0) is compact, hence S; and S, are all bounded. We have

inf{nx, (=220 :x1(1) € So.1) (Fox0) (1) St x2(0) € Spory (F.x0) ﬂsz} =255 0
A function is defined as follows:
¢ :C(0,T],R") - R, ¢ (x(t) =d(x(1),$1) 3

When x(t) € S, ¢ (x(¢)) = —8; and x(¢) € S5, ¢ (x(r)) > 5. We now fix a x(f) €
S1 N Sjo,r1 (F,x0) and a x»(f) € S> N Sjo, 77 (F, x0).

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 Fy41(x) C Fi(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 > ko (xo, £), we consider the Cauchy problem that x € Fi(x), x(0) = xo,
its solution set Sy 77 (Fk, Xo) # @& by Theorem 2.3.4. Using Theorem 2.4.1, there is a
continuous mapping ¢y : [0, 1] = Sjo.77 (Fk, Xo) such that ¢4 (0) = x;(f) 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 xx(f) = ¢x (Ar), then xk(t) € Sjo.1) (Fi, Xo)-
Because sequence {jck (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; US, D Sjo 71 (F, x9). 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, x0). Then there is an x; (1) €
So.11 (F, x9) which holds the properties: (1) x;(T) = x*, (2) for every ¢t € [0,T],
x1(t) € bd R[QJ] (F, xp).

Proof The proof consists of two parts. At first, we construct a solution x(t) €
Sio.11 (F, x0), then we prove the solution satisfies the requirements of the theorem.
(1) By Theorem 2.2.4, there is a sequence {F(x)} such that for every x € R”
F(x) Cc---C Fk+](x) C Fk(x) c---C F()(.X) C bB,

And for every ¢ > 0, there exists a ko(x, ), when k > kg (x, €), Fi(x) C F(x) + &B.
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By Corollary 2.4.1, Sjo.7(Fk,x0) is compact. Hence, there exists a x; €
Rio.7) (Fx.xo) such that d (x*, Rz (Fr.x0)) = | —x*|. It is obvious that
Xx € bdRp 1) (Fk,x0). By Theorem 2.4.2, there exists an xi(t) € Sj.77 (Fk. Xo)
such that x;(T) = x, moreover, for every ¢ € [0, T, xx(t) € bdRjo, (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(f) € Sjo 7} (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*| > & where
xx = xx(T) € bdRjo 17 (Fx, Xo). By the condition of theorem x* € Ry 7] (F,x9) C
Rpo.11 (Fk, x0), hence x* ¢ bdRjo 11 (Fk, Xo) (recall the selection of xy). It follows x™ is
an inner point of Rjo r)(Fi,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.7} (Fk. x0) and
y = yx(T). By the proof procedure applied above, we can assume {y;(#)} converges
uniformly to y(t) € Sp.7) (F,x0). Thaty € Rjo.7 (F,xo) implies that x* is not in on
the boundary of Rjo.77(F%, Xo). It contradict condition of the theorem.

At last, we show that x() has the property that x(f) € bdRyy 4 (F,xo) for every
t € [0, T]. Otherwise, this conclusion is not true, i.e., there is a #; € [0, T, such that
x(t1) + eB C Rjp,) (F, xo). Then for k which is large enough, we have

e
X () + EB C x(t1) +&B C Ryo) (F.x0) C Rjoy) (Fi.Xo0)

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 € [0,7], xi(f) € bd Ry (F.x0).
But, Theorem 2.4.6 states that there may be several solutions in Sjo 77(£, x9) whose
terminals are all x*. Among these solutions there is certainly a x;(z) such that
x1(T) = x* and x,(¢) € bd Ry 4 (F,xo) for t € [0, T].

Example 2.4.1 A set-valued mapping F(x) is defined as follows:

Ez Xy < 0,
Fx) = { 6B, x,=0, (2.4.4)
0 Xy > 0.

where x = [xl X2 ]T € R?'2 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.



2.4 Qualitative Analysis for Differential Inclusions 117

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=[1 O]T, then F(x) = 6B,; butif y = [ 1 a]T for every & > 0, then F(y) = 0. If
we require that

6B, = F(x) C F(y) + [ ||x — y|| B, = I¢B,

then le > 6. When ¢ — 0, then [ — oo, hence F(x) is not a Lipschitzian mapping.
Now

9
a0l [ 0 [ g] [xl(t)]_ 6(t——) [g }
[X2(I)i|_ —4+% 1€ |05 ) @) | 02 . 1E€135

is a solution of differential inclusion x € F(x) where F(x) is given in Eq. (2.4.4).
The solution satisfies that

x1(0) __ 0 )C1(5) o 3
[xz(O)] L —4]’ [x2(5)} B [0}

97 Ti 0
But whent € |:O, 5] s |:x1 Eg i| = | 8 | which does not lay on the boundary of B;.
X2 —
L 9
There is another solution
3 t
[x1(t)]= 5, | telo.s].
(1) — 44—t
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 Sjorj(F,xp) as a
set-valued mapping which maps R” to AC ([0, T],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
Sio.r(F, C) is a compact set of AC ([0, T], R").

Suppose {xi(x)} C Sjo,r) (F,C) is a sequence. Because F(C) C bB for some
constant b, H)'ck(x) || < b is true for all k and almost all x. The fact implies that
{x1(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(t) € AC ([0, T],R") such that x;; () — xo(f), we now
prove that xo(?) € Sjo. 7 (F, C).
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Suppose x(t) € Fj (x(t)) where Fy, = F, k = 1,2,.... Then by Theorem
2.4.4, x0(t) € S, (F, C). Spo,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 — So.77 (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 ¢o F : R* — R” be the closure
of convex hull of F. Then the differential inclusion

x eco F(x) (24.5)
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(xo,b) — R”" be a Lipschitzian set-valued
mapping with Lipschitzian constant I F is bounded and with closed value. Then
there is a T >0 such that the solutions of Inc. (2.4.5) is dense at the solutions of Inc.
(2.4.6) on the time interval [ = [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)|| < & forevery t € I. Both X (¢, xo) and x(, xo) are in B(xg, b)
foreacht € [T, TJ.

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 & > 0 given arbitrarily, we can find a z(f) € AC, z(0) = xy (for
convenience, it is denoted by z(%, xo)) such that for r € I,

I (rx0) =2 (. x0) | < 5 @47)

and

d (z(t,x0) , F (z (1, x0))) < 2(6;—8_1) (2.4.8)

then by the notations used in Theorem 2.3.3, we have § = 0 and p(r) = z(efT—g_])

Theorem 2.3.3 asserts that there is a solution x € Sjp 77 (F, xo) such that

t

: le
I (ox0) — 2 (1. 30) | < / LN
0

€
2T —1) 2
It follows ||x (¢, x9) — X (f,x)|| < &. 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, x9) by the following two steps.

(i) The time interval [ is divided into 2¢q equal sections, i.e., the length of each
section is g. I; = [t;, t;+1] is denoted for the ith sub-interval and ®; = F (% (;, x0)) C
R” is the image of F (X (t;,x9)) which is closed and convex. It is direct to show
F (% (1, x0)) is a Lipschitzian mapping and its Lipschitzian constant can be IM (to
see Problem 8 of this section). It follows that for all 7 € I;, F (% (, x9)) C ®; + IMTTE.

We denote § = &, + %E, S is bounded, closed and convex. The S can be contained

J
by a union of finite lattice cubes?, 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 7, where X (7, x¢) is defined. ®z
is the image of the set-valued mapping F (% (¢, X)), ® and ®; = F (X (t;,x9)) are
surrounded by full line (both @z 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 (% (t,x0)), hence x (t,x0) passes
through ®z in only one S;.

I3 A lattice cube is a regular cube whose vertexes are rational numbers %, g €{0,£1,£2,...}
and length of side is L.

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;t e, }_c(t, Xo) € Sj} and a step function £(r) = Z&‘j)(j(t) are

i
defined where § € S; N S is a determined vector and y;(¢) is the characteristic
function of £}, i.e.,

1, teE;
t — E} ‘7>
1 %0, t ¢ E.

It is obvious that d (&, ®;) < ., H;’-c(t, x0) — £(1) H <trel

(ii) The function &(¢) = Z & x;(¢) is a simple function of S;, we now construct

J
a simple function for F (X (#;, x¢))-
Recall §§ ¢ ;NS C § = &; + %E. ®;, = F(%(t;,x0)) is the closed
convex hull of F (X (#;,x0)), hence, there exist k vectors z;; € F (X (fi,x0))h =
1,2,...,k, and k <n + 1, such that

k
§— Z %jnZjh
h=1

t

We now define ¥/ () = / x;(s)ds, the ¥ (¢) is monotonous and ¥ (f;+1) = m (Ej),

k
2IMT
< ) = lay>0. (2.4.9)
9 h=1

ti
where m(E)) is the Lebesgue measure of the set E;. Real numbers #; < 71 < 1o <
-+ < 1 can be obtained

h
T =sup (Y (1) < m(E) Z“J‘P
p=1
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These 7;’s, h = 1,2,...,k define k intervals [z, 71], (71, 72], . . . (Tk—1, Tx] with
Tp = t; and 7, = ;4. Set th is then defined as Eih = E] N (‘L’h_l, ‘L'h] , h =
1,2,...,k, then these Ej’s hold the properties that Ej, N Ej,, = @, h; # h and

k
hUlEjh = Ej. Let x;(t) be the characteristic function of Ej,. Then on the set E; a

simple function {;(¢) is defined as follows

gi(r) = Z Zjn Xjin (1)
h

where zj, € F (X (#;,x0)) defined by Inequality (2.4.9). Define now (1) = Z (@)

J
and finally

z(t,x0) = xo + /é‘(s)ds (2.4.10)
0

(2) We prove that z(t, 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(¢, x), we have z (t,x9) = ¢(t) € F (B (x9,b)) C
MB, and z(t,xo) is a Lipschitzian function and its Lipschitzian constant can be M,
the same as X (¢, xo). For every ¢t € [T, T}, there is an subinterval I;, such that 7 € I,
we have

1% (2, x0) — 2z (2, x0) | = [IX (2, x0) = % (2, x0) || + [% (21, X0) — 2 (&, x0) | + ||z (#i, x0)

-z (I,XO)” .

By the Lipschitzian condition, we have

_ _ MT M
I (. x0) — X (t;,, x0) || < e 1z (i, x0) — z (1, x0) || < o

Recall the construction that £(r) = ZSJ xj() and () = ZZZJ"‘ xik(®),
, %

J

consequently, / £(s)ds = Z m (E;) &, and
I; J

/{(s)ds = /Z szk)(jk(s)ds = Z Zij/Xjk(S)ds = Z Zijajkm (E).
I 1; J k J k I; J k
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Therefore,

[swas— [ < Xm(e) |5 - S
Ii

I;
21M T
=2 m(
J

At the time #;, we have

t

2 (b1 x0) — X0 — / E(s)ds| = / p(s)ds — / £(s)ds
0 0

0

=3 [lew) - s as
k=17,

4IMT?
.

On the other hand,

ti

/ % (s, x0) — E(s)ds| < / [%(s.x0) = £)| ds = ¢,
0

0

X (ti, x0) —xo— [ £(s)ds
/

The both inequalities lead to ||x (¢;, x0) — z (t;, x0)|| < ¢T + %.
Summing up the above procedure, we have

2MT 4IMT?
1% (2, x0) — z (£, x0) || < e + T + (2.4.11)
forevery t € [T, T].
Recall that S; is a lattice cube. If its length of side is %], then its diameter is ‘/Tﬁ.

Inequality (2.4.11) leads to
_ A
1% (2, x0) — z (£, x0)|| < n (2.4.12)

where Ay = (2M + /n + 4IMT) T
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Because 2 (1,x) € F(X(1i,x)) for t € I, d(Z(t),F()_c(t,xo))> < W By

Inequality (2.4.12), we have F (x(t)) C F (z(t)) + %B. Using triangle inequality, at
last

d(Z(t),F(z(t))) < IMTT + %l

Therefore, when

qzmin§{&J,LZ(elT—l)(MT+ll)J} o
€ 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. [l

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 rj(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 Sjo.rj(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

i i i+1
w@py=11F  FEISor 012
LA == P = R I
2k ) 2k = 2k s

is its solution for every k € N. The limitation of x(¢), x(f) = 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) — graSy 7] (F, C). Prove that the mapping is continuous, i.e., for every
€ > 0, there exists a § > 0, if graG C graF + §B then

graSjo 11 (G, C) C graSj 1) (F,C) + ¢€B.
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7. F : A xR" - R", (A,x) — F(X,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
A=A <6

graSjo. 7y (F (A, x(1)) , x0) C graSjo. 7} (F (Ao, x(1)) , x0) + €B.

8. Suppose F : R? — R? is as

F(1]) =[]

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(t) € F (x(¢)) be a solution of the
differential inclusion, then ¢ + F (x(¢)) is a Lipschitzian set-valued mapping
whose Lipschitzian constant can be /M.

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 (x) = lim sup f (o + Ax) — f (xo)
Axlo Ax

. f (o + Ax) —f (x0)
inf
10 Ax

D+f (x0) = lim



2.5 Stability of Differential Inclusions 125

D™f (xp) = lim supf (xo + Ax) — f (xo)
Ax10 Ax

f (xo + Ax) —f (x0)
Ax

D_f (xo) = lim inf
Ax10

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 W decreases monotonously, the right upper
Dini derivative is existed no matter what is the function f(x). Of course, Df (xo)
may be equal to infinite. By the same reason, we can conclude that D4f (xo),
D™f (xp) and D_f (x) 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 : (o,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, B):

(1) D¥f (x) = 0;
(2) D4f (x0) = 0;
(3) D™f (x0) = 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 (&, ), then f (xo + Ax) — f(x9) > 0
for every xo € («, f). Hence, when Ax > 0, sup 'w > (), it follows
D*f (x0) = 0.

We now prove the sufficiency. At first, we consider the case that DTf (x) > 0. If
there are x1, x> € (o, B). x; < xp, but f (x1) > f (x»). 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 (x1,x; + Jy,) 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,
’%’;(S) <0, x € (£ &+ 8). Itleads to DTf (§) < 0. A contradiction appears.

If there is some xg € (o, B), suchthat DTf (xo) = 0, then we consider a function
g(x) = f(x) + ex with & > 0. It is obvious that D% g (xg) = DTf (xo) + & > 0. Then

g(x) is an increasing function, i.e., f (x;) + ex; = g(x1) < g(x2) = f (x2) + ex2
if x; < x. Or equivalently, f (x;) < f(x2) + & (x; — x1). 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 « and B only the single-side derivatives are considered. O
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Remark 2 In general, if f(x) is monotonously increasing on B(xg, ) we cannot
conclude that DT f (xg) > 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 («, ) C R, then for almost all point in
(e, B) the four derivatives are equal and take finite values. U

Lemma 2.5.2 Suppose f, g : [, B] — R are two continuous functions, if for every
x € (o, B)DFf(x) < g(x), then

B
FB) —f (@) < / g()dx

o

Proof Because DVf (a) < g (a), for every & > 0, there exists a §; = § (a, &) > 0
such that o« + 6; < B, and for every Ax € [0, §,],

f e+ Ax) —f(a)
Ax

=gl@)+e

Let Ax = §;. Then the inequality leads to f (¢ + &;) — f (@) < 6,g (@) + b, ¢.
Similarly, by DT f (o + 8;) < g (o + §8,), thereisa §, = § (« + 81, &) > 0 such
a+ 6 + 8 < B and

fla+68 4+8)—f(a+38) <bgla+8)+ e

K
The procedure can be repeated before o + Z 0; = B.1° In the (k + 1)th step, we

i=1
obtain

k+1 k k
f(a + 251') -f (04 + Z&') < 8k+18 (Oé + Z&') + 86,1 <k <K.
i=1

i=1 i=1

Summing up these inequalities yields

K i—1
fB)—f(a) = Z&g (a + Zsk) +(B-a)e (2.5.1)
k=0

i=1

131t is reasonable because on the interval [a, A1, f(x) is equicontinuous.
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where §; = 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(x)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

DT f (x0) (v) = lim sup f (xo + hv') — f (x0)
hL0 v—u h

D™f (xo0) (v) = }lim inff(xO + ') —f (x0)

0 v/ —v h

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 Df (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 (xo) (—1), Df (xo) should to D™f (xo) (1), and D_f (xo)
to Df (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

DYV (x()) (1) = lim sup V (x(1) + hf (xh(z))) —V (x(t))
hl0

¢ V) + 1 (x0) — V ((0)
h

D™V (x(#)) (1) = lim in
)
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Proof By definition of upper Dini derivative, we have

DV (1)) (1) = lim sup L) =V (x(0)

10 h
o VO B () + () — V (1)
= lim sup
10 o(h) h
V(5@ + G0 + Lo -V (x(0)
< lim sup
10 o(h) h
V (x(e) + f (x(0)) = V (x(0)
= lim sup )
140 h

where x (t + h) = x(¢) +x(t)h 4+ 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,

DY () (1) = tim sup? B0 ) +00) =V 6:0)
h{0

V(x(0) + f (<) = Llo(W]| = V (x(2))
> lim sup
10 h
V (x(0) + f (x(6)) = V (x(0)
= 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 (xg) 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(xp), then we can make a coordinate transformation y = x — xo and
denote f(y) = F (y + xp). By such a transformation, 0 € /15(0), ie., y(t) = 0isan
equilibrium of differential inclusion y(¢) € F (y(¢)). 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 «(#) — oo (f — 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 8 (0o) = 0. The fact is denoted by 8 € 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
ay +a; € K, o1 (ap) € Kand ka; € Kfor k > 0. If ¢ € K then « is invertible and
its inverse o~' € 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 — o0) 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 1,0, € K
such that

a ([Ix[) = V) = ar (lIx])

Additionally, if V(x) is positively definite infinity, then o1, o, € 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”l’llﬁl ||V(r), then ¢, (A) : R — R is monotonously
rl[=|x
increasing and is continuous since V(x) is continuous. It is obvious that ¢, (||x||) <
V(). Let oy () =t (x]). Then oy € K and o (Jx]) < ¢ (Ix]) <
V ([lx[D)-
Define ¢y (||x]|) = | Iﬁlaﬁﬁ ||V(r), then ¢y (A) : R — R is also monotonously
rl[<|lx

increasing and continuous. It is obvious that ¢y (||x]) = V(x). Let o (]|x]|) =
éu (Ix1) + [Ix]|. Then oy € Kand o ([lx[]) > éu (flx])) = V ([lx])). 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 o € 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 (o, t — o). 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(£)) 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(2)) (2.5.4)

If for every & > 0, there exists a § = § (&) such that:

(1) When ||xo|| < 8, for every x(t,x0)€ S (F, xo), ||x (t. x0)|| < &.'7 then Inc. (2.5.4)
is strongly stable with regard to the equilibrium x(r) = 0O;

(2) If there is an x(f,x9)€ 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. U

Definition 2.5.3

(1) If Inc. (2.5.4) is strongly stable, additionally, for every x(, xg)€ S (F,xo) such
that

limx (¢, 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

limx (¢, 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 1 is the initial time. Hence the subscript [y, 00) is omitted.

The norm s ||x (¢, x0)|lg = \/mtaxx% (t,xo) + mtaxx% (t,xo) +---+ rntaxx% (t, xp). Itis a function

of . For the sake of convenience we omit the subscript R.
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then it is weakly asymptotically stable with regard to the equilibrium
x(t) =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(r) = 0
Inc. (2.5.4) is strongly stable if there is an o €K, such that for every x (,xp) €
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] ,?) 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. U

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(f) = 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 (x) (v) < W(x)

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

DTV (x(t,x)) (1) = lim sup V&t hx)) = V&t x)
140 h

By the definition of supremum, there is sequence {h,,n = 1,2, ...} such that h, |
0 (n— o0) and

V (x (1 4 hp, x0)) =V (x (1, %0))
hy

DTV (x(t.x0)) (1) = lim
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Denote v, = w Then x (¢t + h,,xo) = x(t,x9) + h,v,. Because

x(t,x0) € F (x(t,x0)), for y > 0 given arbitrarily, there exists an N, when n > N

_ -x(t + hn»XO) _X(I,X())

h € F(x(t,x0)) + yB

n

Because F(x(t,x0)) is a compact set, {v, } holds a convergent subsequence. Without
loss of generality, we can assume that v, — v, then v € F (x (¢, x¢)). Thus,

V (x(t + hu. x0)) — V (x (2. x0))

DTV (x(t,x)) (1) = lim sup
n—>odo

hy,
i V (x(t,x0) + hyv,) — V (x (8, x0))
= lim sup
n—>oQo hn

< D'V (x(1.x)) (v)
< W(x(,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(x0). Using Lemma 2.5.3, two functions «, o, € K can be
found such that o (J|x||) < V(x) < a; (J|x]|). For every n > & > 0, we can find a
8 > 0 such that o) (§) < o (¢). Now if ||xo|| < §, then

a ([lx (@ xo0) ) = V (x (2.%0)) =V (x0) = a1 (lxol)) < a1 (8) < ez (e)

The last inequality implies ||x (¢, x0)|| < € for every > 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
DFV (x(n) (1) = DTV (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(1)) (v) the arguments are vector x() and vector .

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(x)

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, xo)
satisfies that ||x (¢, x0)|| < €. We only need to prove that x (¢, x0) — 0 (t — 00).

The conclusion is verified by reducing a contradiction. If there is a solution
X (¢, x9) €S(F,x0) where ||xo|| < 6 and ||X (f, x0)|| < &, but X (¢, xo) is not convergent
to the origin. Therefore, there exist a constant / with ¢ > [ > 0 and a sequence
{t.} C R (> 0) with t, - co (n — oo) such that ||X (#,, x9)|| > I. Now we replace
¢ by this /, and repeat the proof of Theorem 2.5.2. Then we can obtain a § > 0, when
[%oll < 8, |lx (t.%o)|| < I for every x (1, %) €S (F,X,). Thus, in the solution X (¢, xo),
xo has to satisfy that § < ||xo|| < 8, and X (1, xo) to satisfy § < || X (1, x0)|| < e.

Let —A be the maximum of W(x) in the area § < ||x|| < 5. Then A > 0. Inequality
(2.5.5) leads to

V(x(t,x)) — V(x(0,x0)) < /W (X (s,x0)) ds < —At (2.5.7)
0

It follows that V (X (¢t,x0)) < —At + V(x(0,x0)). 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 ”rrﬁin V(x) < 0 for § > 0 given
x||<6

arbitrarily. We denote x5 = arg “nﬁin V(x), and consider the solution x(t, 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(t.x5) = V(x(0)) < /W(x (s.x5))ds < 0
0
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hence, V (x(t,x5)) < Vi(xs) for t € {r>0; ||x(t,x5)| <n}. Because x5 =

arg ||nﬁin{sV(x), it is certain that ||x (¢, xs)|| > §. Now we denote —A = nlllehx W(x),
X< d=<llxll<n
then A > 0. By a similar process of Inequality (2.5.7), we can obtain
V(x(t,x5)) <V (xs) — At (2.5.8)

If for every f, ||x(z,x5)]] < 7, then Inequality (2.5.8) leads to V (x(t,xs5)) —
—00 (t — 00). It contradicts to the fact V(x) is continuous when |[x|| < 7.
Consequently, there is a T such that ||x (T, xs)|| = 7. It means the solution x(z, xs) 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", there is a v € F(x) such that D~V (x) (v) < W(x);
(2) For every xp € R”, there is an x (¢, .x9) € Sjo,00) (F, Xo) such that fort, > #; > 0,

V (x (tox0)) — 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,x0) ,¢) : R" x R — R for x (¢, x0) € Sjp.c0) (F. X0)
as follows

Ve (x(t,x0) ,1) = V (x(t,x0)) — V (xp) — /W (x (s,x0)) ds — et (2.5.9)
0

where ¢ > 0 and xy € R" are treated as parameters. In any bonded area, V(x(¢, xo), )
is Lipschitzian for both variables x(z, xo) and z. 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) € Sy 7 (F,xo) such that for every ¢ €
[0, T|Ve (x(2),1) < e.

For every x(f) € Sy, (F, x0), we define a subset 0(x(?)) of [0, T] as follows

0 (x(r)) =311 Ve (x(1),1) <0, m[%x]Vs (x(@).,1) <¢

Because V; (x(0),0) = 0, 0 € 0 (x(2)), i.e., 6 (x(¢)) # <. Denote t, = sup 0 (x()),
since V,(x(¢), ) is continuous for ¢, we have V, (x (¢,) ,t,) = 0if t, # T. We further
define
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© = {t:x(1) € .1 (F. x0)}

and7 = sup O.

We now try to verify that there is an %(7) € Sjo.77 (F, xo) such that7 = .

By the definition of supremum, there is {t}, C © such that #; 1 #(k — o). For
every f, there is an xi(f) € Sjo 1) (F,x0) such that fp = t,, = sup 0 (x(?)). F(x)
is bounded for every x, so is {)'ck (t)}. It implies the series {x;(¢)} is equicontinuous,
hence it holds a convergent subseries. Without loss of generality, we can assume
xx(t) = x(t), k — oo. By Corollary 2.4.1, we conclude that X(f) € S 71 (F, xo).
V. (x, 1) is continuous for x, hence, 7 = #.

The fact7 = T is verified by contradiction. If 7 < T, then V, ( (’t\) ) = 0. For
this %(7), there isa v € F (¥ (7)) such that D™V (% (7)) (v) < W (% (7)) by the first
condition of the lemma. Consequently,

D7V, (3(T.x0) . 7) (v, 1) =D~ [V (¥ (T.x0)) = V (x0)] (v)
- D~ [W (x (s,x0)) ds+et | (1)
0

At
=DV ()? (7. xo)) (v) — Al}go / W (x (s,x0)) ds—e
G
< —e&.

(2.5.10)

A function y(¥) is now defined
y&)=%(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

460 F 60) = d(v.F (3 (7) + (=7) v)
<a(F () FE0) +0-7)v)

It implies that p(7) can be I ||v]| (t — 7). Theorem 2.3.3 concludes that there exists
an x(t) € Sf; 7 (F. % (7)) such that

t

Iy = x| < / 1] (s~ )ds—nvn( 07 — (_?)glo—?))

t
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t
For convenience, we denote o (t —?) = / LI (s —/t\) ds. Tt is direct to

T
obtain

lima (t _,\t)
it t—t

=0 (2.5.11)
Let L be the Lipschitzian constant of V. Then

Ve (x(1),1) < Vo (0(1), 1) + Lat (t =7) (2.5.12)
By Inequality (2.5.10), we have

?VS(X(’I\)+(f_t3i’?t)_vf(x(t)’t) < ¢ (2.5.13)

A

Because V, (¥ (7).,7) = 0, Inequality (2.5.13) implies there is a 7 > 7 such that for
every 1 € [1,1],

Vo6 = Ve (; (7) + (1=7) v.1) = =5 (1=7)

We can further require that for this 7

a(t—7) < i(t—/t\)

when r € [? ?]. Substituting these two inequalities to Inequality (2.5.12), we obtain
Ve (x(),7) <0.
On the other hand,

Ve (x(1).1) < Ve (0(1), 1) + La (1 =7)
=V, (x(7)+ (t—T7)v.1) + La (1 —7)
<V.(x(@). D)+ L|vll(r=7)+L(t=7)+ Lo (t =T7)
=L|v|(r=7)+La(r=7) +L(t=7)

If t—7is small enough, we can require V, (x(), #) < . The above discussion implies
that for the function defined by
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%(?) € Spo.17 (F, x0), and sup 6 (X(t)) > 7. It contradicts to 7 = sup ©. Hence 7 = T.
(ii) There is an x(¢) € Sjo.7] (F, xo) such that Conclusion (2) of theorem is true.
Let {&,} be a monotone series such that g, | 0 (n — 00). By the conclusion of

(i), for every &,, there is an x,(t) € Sjo.7] (F,xo) such that YIEI}(?.);]V(,;” (x,(5),5) < &p.

By the reason applied in the proof of (i), we can assume x,,(f) — x(t) (n — 00) and
then x(¢) € S, (F, x0). By this x(?), n}ax]Vgn (x,(5),5) < &, leads to Vy (x(2),1) <
s€(0,T

0,i.e.,
V (1)) — V (x0) — / W (x(s)) ds < 0
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 ¢— semi-upper
continuous. Let x(¢) € Sjo.77 (F,xo). Then, for every integer k, we can find a #; > 0
such that for ¢ € [0, #]

F (x(r)) C F (x(0)) + %B

We can further require #; | 0 (k — 00). Consider now

WO _ L[ ase pao) + 15

0

Ik

F(x(0)) is a bounded and closed set, hence {"(’")t—;x(o)} holds a convergent subseries.

Without loss of generality, we can assume M — v (k— 00). Then v €
F (x(0)). The first conclusion of the lemma illustrates that

n th (tk)t: x(0)

V) = V(x) = V (xo ) Vo) = [W) i
0

By dividing both sides with #;, and letting k — oo, the definition of Dini derivative
leads to

D™V (xo) () = W (x0)

The lemma is completely verified. (]
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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
n, 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)

Then Inc. (2.5.4) is weakly stable.

Proof By Lemma 2.5.5, for every xo € R” with |xo]| < 5, there is an x(t) €
Sio.11 (F, x0) such that

V(1) — V (x0) < / W (x(s)) ds < 0
0

V is positive definite, hence, there are 1,y € K such that o, (J|x]]) < V(x) <
aq (||x||)- It follows that

a ([[x()]) =V x@) =V x) < (|xoll)

For every ¢ > 0, if ||xo]| < min {al_laz (8),n}, then o, (|lx(®)])) < a2 (e), 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 ||xp|| < n, there is a stable solution x(¢) € Sy 71 (F, xo). We now verify the
solution is also asymptotically stable.

By Lemma 2.5.5, we have

Vx() < V(x) + /W(x(s)) ds (2.5.14)
0
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By Lemma 2.5.3, there are o1, 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(1)) )

" =W&@). Vx0)=V(x)

We also have
W () = —as (0] = —as (o7 (V60)) )

Ol30l1_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 V(x0))). The proof is

completed. (|
Problems

1. f(x), g(x): R — R are single-valued functions. Prove the following relations

(1) DT (f(x) + g(x)) < DT f(x) + DT g(x)
(2) DT (f(x) + g(x)) = DVf(x) + D1 g(x)

By the above conclusions, establish the corresponding conclusions for

Dy (f(x) 4+ g(x)), D™ (f(x) + g(x)) and D (f(x) + g(x)).
2. f(x): R — R s a single-valued function. Prove the following conclusions.

(1) Iff (xo) = max {f(x), x € B(xo,8)}, then DV (f (x0)) <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) + gx)DFf(x), if g(x) = 0;
D* (f(x)g(x)) = f(x)g(x) + g(0)D+f (), if g(x) < 0.
For D4 (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 DTf(x) < 0 and DT g(x) < 0, then DT h(x) < 0.
5. Prove the following conclusion given in Theorem 2.5.1 that

S (@) + B (x(1) — f (x(1))
inf
10 h

Df (x(®) (1) = lim

6. If 81 and B, are both L-class functions, which of the following functions are in
L-class?

(1) Bi+ B2,
(2) aBi(a>0),
3) Bi(B2(+)
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7.

8.

10.
11.

12.

13.
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If a(z) is a K-class function, and S(¢) is a L-class function, then B(x(¢)) and
a(B(1)) 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 1 > 0, a positive and continuous function V : R" —
R, and a K-class function o 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| < é{xx, k=1,2,...}C &B 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 |lx]| <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(¢) € Sjo.77 (F,xo) such that V (x (t;)) < V (x(%2))
provided that T > 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,'® we rewrite the requirement x; > x;= f (x;) > f (x2)
by (x; — 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 ((x;1 —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 —¥2)) > 0;
If ((x;1 —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 Fy = 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, 1 > 0 are two real
numbers, then AF + uG is also a monotonous set-valued mapping. U

3The terminology used is somewhat different from the common meaning. In calculus, the
monotonicity defined is called monotonous increase.

19Tn 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 (y1 — )
Proof Because

G —x2)+A 51t = )P = 1 — P+ A% [y — y2ll> + 24 ((x1 —x2) . (01 — y2))

If the condition of Lemma 2.6.1 holds, then

Ay =yl + 22 (1 —x2) . (y1 — y2)) = 0 (2.6.1)

We assert Inequality (2.6.1) implies {((x; —x3),(y1 —y2)) > 0, ie, F is
monotonous. Otherwise, ((x; —x2), (y1 —y2)) < 0, then there exists a A > 0,
such that

Alyr =2l + (@1 —x2) . (1 —y2)) <0

It conflicts to Inequality (2.6.1).
If f is monotonous, then {(x; — x;), (y1 — y2)) > 0. It implies Inequality (2.6.1),
SO is

1 —x2) + 2 0 =yl = [l — x|

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, Fx)=4[-1, 1],x=0,
05x—1,x<0; 0.5x—1, x<O.

Their graphs are given in Fig. 2.15.

F1(x) is not maximal since F»(0) D Fi(0) and F»(0) # Fi(0). But Fy(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 14

Fy(x)

v

v

1" 1"

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

Foy= () tveX (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
vy, 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 {2, € A} is a class of sets?® where A is set of indexes. {2, 1 € A}
is said to hold the property of finite intersection: If for any finite subset

n
{Q2,,...,82,} of {Q1,A € A}, their intersection kQIQAk is nonempty, then the
intersection AﬂAQ 1 # @. In topology there is a theorem as follows: Suppose
€

{Q.A € A} is a class and Qs 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, o) is lower semi-continuous.
Suppose M is the class consisting of all finite subsets of S. Then there is aXx € K
such that

sup ¢ (x,y) < v = sup inf max ¢ (x,y)
yes EeM *€K y€E

Proof For afixedy € S, we define aset Q, = {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) = rileagi ¢ (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 Xz € K such that
¢ xg, E) = rxréilr(u/) (x, E) = ;glgqﬁ (x,E) < v for every E. Combining the above

reasoning, ¢ (Xg,y:) < ¢ (Xg, E) < v. Furthermore, Xg € yQEQy. The fact supports
that VQEQ}, # @ for all finite set E, i.e., it holds finite intersection property. K is
compact, therefore, stQy # . Thereisax € stQy' By the definition of £2,, this
X has the property that ¢ (x,y) < v, y € S. The conclusion is proved. ]

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 ¢ (%, S) is maximum ¢ (¥

v

¢ (4

v

Lemma 2.6.4 Suppose that K is a convex and compact setin X. If ¢ : X x X — R
satisfies that:

(1) Forevery y € K, the functional ¢ (-, y) is lower semi-continuous;

(2) For every x € K, the functional ¢(x, -) is a concave functional (i.e., —¢ (x, - ) is
a convex functional);

(3) Foreveryy e K, ¢ (v,y) <O.

Then thereis aXx € 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 I 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 I + 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 7 + F is a surjective is equivalent to that for every y € R”",
there is an X € R” such that y € X 4+ 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 + v) <0 forevery (u,v) egraA.

Define a continuous functional ¢(x, (u, v))?! as follows:

¢ (x,(u,v) ={(x—u,x+v) = ||x||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, (1, 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 uy € R" and vy € A (up).
Then define a set Q. = x5 @ (x, (up,vp)) < 0}. The set (., holds the
following properties.

(i) As a quadratic function, ¢(x, (1, Vo)) has its minimum, hence 2, ) is a
closed set;

(11) ¢ (uo, (MO, VO)) = O’ Uy € Q(uo,vo); and ¢ (X, (Mo,Vo)) — +00 (x d OO),
hence €2,,.,,) 1s a nonempty and bounded set;

(iii) By the discussion in Sect. 1.3, ¢(x, (up, o)) is a convex function. Its epigraph
is convex, so is the 2, .v0)-

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}*> Then K
is compact and convex. Fix x = xo € K and prove that ¢(xo, (1, v)) is concave. In
order to use Theorem 1.3.3 (2), calculating

0 0
V(u v) ( ¢) ( af — 8_(f) = ((XT + VT) (—)CT + MT))
Hence

((ua—u1) ,Vy (=) (u2) =V (=), (1)) +((v2—v1) .V, (=¢) (u2) =V, (—¢) (u1))
= ((u2 —ur), v2 —v1)) + ((v2 = 1), (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, (1, 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 *€K (uv)eM

(2.6.4)
< sup inf maka u,v
Me gEA xeK AeA ¢ (o (1
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 = {/\ =@ Ao A4 =0.> A =17 C R™. Inequality (2.6.4)

i=1

is valid since

B () € 13 A (x, (1) ). 2 € A
J

In Inequality (2.6.4), x € K, hence x = Z Witt, With o= (i1 fa . .. )" € A

k=1
Thus,

Z A (x, (. Vj)) = Z A (Z patis (1 vf))

For simplicity, we denote ¢y (1, A) = Zx\qu(Z iU, (uj,Vj)). Using the
j k

notation, ¢ (u, (i, v)) < 0 becomes ¢y (i, ) <O0.
Because

(Do) [ oo
k k k
= Zﬂk <uk - uj, Z ikt + V.i>
k k
= ((uk — uj,vj) + <uk .y ,ukuk>) ,
k k

it follows

b (. 2) =Y Aip (Z Mt (U7, Vj))
; X
= Z /\jz pk (e — wj, v;) + Z A_/Z Hik <Mk —uj, Z Mkuk> .
J k j k

k

Let A = u. Then the second term of the above equation

Z ik <uk —uj, Z Mkuk> =0
X

jk=1
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since both ik <uk — uj, Z Mkuk> and pugp; <u_,- — Uy, Z p,kuk> appear in the
k k
summation, and they hold identical absolute values but opposite signs. We now turn

to the first term

> b (g = i vy) = 5 D mbt (o = i vi) + 5 >ttt (i — . ;)

jk=1 k=1 jk=1
l m
= 5 > itk (e — i vj) + § | g (i — g vi)
k=1 ,k 1

== Z M/Mk — U, Vi — k) =0.
]k 1

The last inequality comes from the monotonicity. Therefore, ¢y (11, u) < 0. By
Lemma 2.6.4, there is a ;t € A such that for every A € A¢y (i, 1) < 0.
Furthermore,

inf maXZ o (u,A) < maxz ou (L, A) <0

HEA LeA

consequently, ¢ (X, (u,v)) < O for every (u,v) € gra A.

Sufficiency. Consider two arbitrary vectors x, y € R". Because [+ F is
surjective, there is a xo € R”" such that y +x € xo + F (xo). Hence, there is a
vo € F (xp), such that y + x = xo 4 yo. Thus, we have

Iy = yoll* = (¥ = Y0,y = ¥0) = — (¥ — Yo, x — Xo) (2.6.5)

If (y — yo, x—x0) > 0,then Eq. (2.6.5)leads to ||y — yo|| < 0. We obtainy = y.
By using the equation y + x = x¢ + yo, we have x = x;. Therefore y € F(x). By
Lemma 2.6.2, F is maximal. U

Remark If X is a Hilbert space, the proof of Theorem 2.6.2 is similar except
the concavity of ¢(xg, (4, 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+ 24)7' () # 2.

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; = L (I —J;)* 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 that y € x + AA(x) i.e., x € Jy(y).
The effective domain of J) is nonempty for every A € R (> 0).

Now let y;, y» € X. Then there are x;,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,

V=2 =x1—Xx2+A(vi —V2)
It follows

Iyt = y2lI? =[x = x2])® 4+ A2 v = val” + 24 (x1 — x2,v1 — 1) = [lx1 — x|

+ A2 vy = v ?
(2.6.6)

Thus, ||x; —x2|| < [lyi —y2|. If y1 = y2, then x; = x,. 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) A, is a single-valued mapping;

(2) A, is a Lipschitzian mapping and its Lipschitzian constant can be %
(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 —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 = J; (), v € A(x) such that v = % (y — x). Then

1 1
M) = U =I)y =5 =% =v
Now let v; = Ay (y;), i = 1,2. By Inequality (2.6.6), we have
Iy = y21? = 22w = w2l = A%[[Ax (1) — Az O2) 2

Therefore, the Lipschitzian constant of A, can be %

(3) Because (I + AA) (I + AA)™" = (I + AA) Jy, for every x € X, we have x €
(I 4+ AA) J)(x) =J5(x) + AA (J1(x)). By the definition, AA; + J, = [, ie., x =
Jy(x) + LA, (x). Comparing these two results, it is clear Ay (x) € A (J3(x)).

(4) We only prove that Aj is monotonous, then by Problem 1 of this section, it is
maximal. Consider now

(A 1) —Ax (02) .1 —y2) = (Ax (1) — Ax (02) . Ja 1) — Ja (72)) +A 1AL (1)
—A; (2)||* where we have applied y = AA, () 4 J; (y). From conclusion (3) above,
A)(x) € A(Jxr(x)). A is monotonous, hence the first term is nonnegative. Thus,
(Ax (71) —Ax (02) ,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) [ImAE) =A@ < [m @)1 — A @]
@) lim/,(x) =x

() limA; (x) = m (Ax))

Proof (1) Because
lm (A@) = A2 @7 = m A@)I? + 142 @I =2 (A2 (). m (A(0)))
= [lm A = IA2 ) ” = 2 (A2 (). m (A() — A2 (%)) .
A is monotonous, and m (A(x)) € A(x), Ax(x) € A (Jx(x)), hence

(Ar (). m (A(x)) — Ay (x)) = % (x = J2(x).m(Ax)) —Ar(x)) = 0

The conclusion follows directly.
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(2) By conclusion (1) above
x =@ = A A = A Im (Ax))]
It leads to

limJ; (x) = x (2.6.7)
A—0

(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).

Let y = Aj(x). Then x — Ay = J,(x). It follows A (x — Ly) = A (J1(x)). By
Corollary 2.6.1 (3),y = A (x) € A(Ja(x)) = A (x — Ay), i.e., Ay (x) is a solution of
relation y € A (x — Ay).

On the other hand, if yy is a solution of y € A (x — Ay). Denote z = x — Ay,
then yy € A(z), i.e., x € 7 + AA(z). By the definition of J;, it follows z = J,(x).
vo € A(z) = A (Jy(x)) = Ay (x). A, is a single-valued mapping, hence yo = A; (x).

(i) 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 4+ ) y). Let us rewrite yg € A (x — (A 4+ ) yo) =
A ((x — pyo) — Ayo), hence yj is also the solution of y € Aj (x — py). By Corollary
2.6.1 (4), A, (x) is maximally monotonous. If we repeat the process of (i), then
we can obtain yo = (A;),(x) is the unique solution of relation y € A, (x — uy).
Consequently yo = Aj4,(x) = (Az), (x) for every x € X.

By conclusion (1) of this theorem, |m (A(x)) —A,(0)|> < [m@AX)|* —

45 (x)||%. Replacing A(x) and A, (x) by A «(x) and Aj 4, (x), respectively, we obtain

[440) = Aua @ < |4, @] = JAuna @] (2:68)

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 Ay (x).

By conclusion (1) of this theorem, for every x € X, {||A,(x)||} holds an upper
boundary ||m(A(x))|. We now let A = % k € N, by Inequality (2.6.8), {A,(x)} is a
Cauchy series. Hence, there exists a v, € X such that v, = %i_l)I%)A 1(x). The v, has
the following properties:

(1) Ay (x) € A(Jy(x)) and }irr%)JA (x) = x, A(x) is closed (Theorem 2.6.1), hence

—
Uy € A(x);
@) |Ar )|l < |lm (A(x))|| by conclusion (1), consequently ||u.| < ||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, A, (%) = (V2 (%), Ar(¥) + (x — J2(x), 0)
€ (i), A (1 (x) + llx = L ()| 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,....If x, weakly
converges to xg, then

(1) llxoll = lim inf |x,||
n—>00
(2) Additionally, if lim |jx,| = |xoll, then lim |x, —xo| = O, i.e., x, strongly
n—>o0 n—>o0
converges to xo.
Proof (1) |xo|*> = lim (xp,x0) = lim |[xo| [|x.]| cos 6, where 6, is the angle
n—>oQ n—>o0
yielded by x¢ and x,. Because |x,| cos8, < |x,|, the equation implies ||xg| <
lim inf |Jx,|.
n—>oo )
@) X = x|I” = {xn —x0,x0 —X0) = (Xn,xn —X0) — (X0, %, —Xo). Its sec-

ond term converges to zero by the weak convergence of x,. Consider the first
term

(xnvxn _XO) = ('xﬂ’xﬂ> - <)C,,,)C0> - ”xn”2 - ”xO”z =0

The conclusion is verified. ]
We now consider the following Cauchy problem
x(t) = —A(x(®), 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(1) = —m (A (x(2))), x(0) = xg (2.6.10)

for almost all z € [0, 00).
Furthermore, the solution x(z, xo) holds the following properties

(1) ||x (t, x0) || is monotonously decreasing;

x(t+h.x0)—=x(t.x0)
h

(2) The right derivative it (t,x0) = liIn is rightly continuous;
h{0

(3) Let x; (t,x0), i = 1,2 be two solutions with initial conditions x;9 and xyg,
respectively. Then

l[x1 (£, x10) — X2 (£, x20) || < [lX10 — X20[| = [[X1(0) — x2(0) || (2.6.11)

for every ¢ € [0, 00).

Proof The proof of Theorem 2.6.5 consists of 6 parts.
(1) We start to prove the conclusion (3). For r € [0, 00), we have

d1 . .
d—t§||x1 (t,x10) — X2 (t.%20) || = (i1 (£, x10) — %2 (8. %0) , X1 (£,X10) — X2 (£.%20)) < O

The last inequality holds because of monotonicity of A. Furthermore,

t

0> /(561 (t.x10) — X2 (T, X20) . X1 (T, %10) — %2 (T, X20))dT
0
= 4 (I (x10) = 2 (x0) [P = 3:0) =2 0)])

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() = -A@®). y(0) =x(h).
By Inequality (2.6.10), we obtain

H y(1) — x(1)
h

<Hﬂm—amH
< |2

It is equivalent to

x(t+h)—x(@)
h

<

x(h) — x(0)
ol
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and then let 7 — 0. When their derivatives all exist, we have H)‘c(t) “ < ||jc(0) || .If we
replace ¢ and O by #y + & and f, then the above discussion leads to ||x (to + h) || <
H)'c (1) || 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 (xa (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,
H)'q (1) ” is monotonously decreasing by the ¢ increasing. Hence,

520 < %20 ]| = A o)l < [lm (A (xo) | (2.6.13)

the last inequality comes from the proof of Theorem 2.6.4 (3). {x,(¢)} is a set of
equicontinuous functions for all A > 0. Consequently, series {x 1 (t); k € N holds
a convergent subsequence. Without loss of generality, we assume kl_l)rg<> X1 () = x(2)
for x(r) € AC([0,00), R") uniformly. Because {)'c,x (t)} is contained in a bounded
set, by Theorem 1.1.7, we can assume x 1 (1) = x(t)(k — oo) weakly.

Define A : x;(f) — —A; (x2(1)), A is an operator form L?[0,T] to L*[0, T].
We can prove A is maximally monotonous.>* Because x 1 (t) — x(t) strongly and
A (x%(t)) = &1(1) — () weakly, by Theorem 2.6.1 (2), i(1) €—A (x(1)) =
—A (x (1)). The existence is verified.

() Hm(A (x(1)) ) “ is monotonously decrease as ¢ increases.

At the Part (3) of this proof, we have proved that {A,(x,(?))} (or {A 1 (x 1 (t))})

weakly converges to x(f) as A — 0 (k — o0). For convenience, we denote
v(t) = x(z), then v(t) € A (x(¢)). It follows ||v(®)| = |m (A (x(¢)))||. On other
hand, {A; (x,(2))} is weakly convergent to v(f), hence, by Lemma 2.6.5,

(4 G@))| = @l < tim inf 42 @) < ImA GO 26.14)

the last inequality is obtained from (2.6.12). Consequently, ||m (A (x(0)))| >
|lm (A (x(r)))||. The conclusion implies that Hm(A (x(t)))” is monotonously

decrease.
5) Hm(A (x(2)) ) “ 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 {t,}, t, | to, then m (A (x (t,,))) = m (A (x (1tp)))-
By Part (4) of the proof, the series {m(A(x(z,)))} is monotonously increasing sine
{t,} decreases. Furthermore, by Inequality (2.6.13),

llm (A @D < v @) < lm (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 GoD| < vl = Tim_inf [m(4 @ @)) ) | = I 4 G @) = m (A o))

By Lemma 2.6.5, m(A (x (t,)) converges strongly to m(A(x)).

(6) At last, the solution of Inc. (2.6.8) is identical to the solution of Eq. (2.6.9)
For almost all t € [0, T] and & > 0, we have

t+h t+h

i -l = | [+@a| < [ @] ar <hima o,

t

the last inequality is obtained from the fact the |m(A(x(?)))|| decreases
x(H—hz—x(t) N ||x(t) ”
The above inequality implies }|X(t) H < ||m (A (x(2)))||- Because x(t) € —A (x(1))
and A(x) is closed, x(f) = —m (A (x(2))).

Thus, we complete proof for all conclusions of the theorem. (]

monotonously. ||)'c(t) || is continuous from right, when & |, 0,

Note that in the theorems given above, the norms ||x(7)]|, H)'c(t) H 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(t) = —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) a > 01s a positive 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)(r) be the solution of Eq. (2.6.11). Then J,(x)(r)) 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) =

—9V(x), x(0) = xo satisfies the equation LV (x(1)) + [(1)|* = 0.
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