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In this paper, the notion of complete Lyapunov function of control systems is introduced. The purpose
is to determine a continuous real-valued function that describes the global structure of the system.
The existence of complete Lyapunov functions is proved for certain classes of affine control systems on
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1. Introduction

The global analysis of dynamical systems describes the possible
limit behavior of the trajectories of the system and how the limit
sets are related. It is well-known that Lyapunov functions are
important tools for studying the dynamical behavior of a flow
or autonomous differential equation. The Lyapunov theorems for
an autonomous system can be used to prove the stability of the
equilibrium of an autonomous dynamical system (as reference
source we mention Colonius-Kliemann [1], Conley [2], Khalil [3]
and Robinson [4]). Certain notion of (smooth) control Lyapunov
functions are very useful in control theory supplying sufficient
criteria for feedback stabilization, control, and tracking for
various classes of nonlinear systems (e.g., Freeman-Kokotovi¢ [5]).
The structure of perturbed and controlled systems can also
be characterized by using semicontinuous control Lyapunov
functions (see [6]).

In Conley’s theory the global structure of a dynamical system on
compact metric space can be described via generalized Lyapunov
functions. The Morse components of a Morse decomposition are
connected by orbits which go through decreasing levels of some
Lyapunov function. A complete Lyapunov function for a Morse
decomposition M = {C, ..., C,;} of a flow o on a compact metric
space X is a continuous real valued function Ly, : X — R which
is strictly decreasing on orbits outside | Ji_, ¢; and such that, for
each critical value c, the set L;} (c) is a Morse component. For
each Morse decomposition M there exists a complete Lyapunov
function L, (see [7, Section 4]). More restrictively, a complete
Lyapunov function for the flow o on X is a continuous real

E-mail address: jasouza3@uem.br.

0167-6911/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.sysconle.2011.11.013

valued function L X — R, which is strictly decreasing on
orbits outside the chain recurrence set R of o and such that the
set L (R) of critical values of L is nowhere dense in R and, for
each critical value c, the set L~! (c) is a maximal chain transitive
set (chain transitive component). The existence of a complete
Lyapunov function for a flow on a compact metric space is ensured
(e.g. Conley [2, Chapter II, Section 6.4]). For an elaboration of this
point of view, see also [4]. The Conley theorems for flows which
are directly related to Lyapunov functions have been extended by
Rybakowski [8] for semiflows on compact metric spaces, and by
Patrdo [7] and Patrdo and San Martin [9] for semiflows on compact
Hausdorff spaces.

In the present paper, we extend the notion of complete
Lyapunov function to control systems. As in Conley theory of flows,
this type of Lyapunov function associates to the concepts of Morse
decomposition and chain recurrence of control systems. We prove
the existence of complete Lyapunov functions for certain classes of
affine control systems on compact manifolds.

2. Limit behavior and chain transitivity

In this section, some basic properties and results of control
systems are described. We recall the global analysis of control
systems in terms of semigroup actions.

Consider the following class of control systems

X(6) =X (x(t), u ()

u € Upe = {u: R — U : upiecewise constant}

on a connected d-dimensional C*°-manifold M, where U C R".
Assume that, for eachu € U, and x € M, the preceding equation

has a unique solution ¢ (t, x, u), t € R, with ¢ (0, x, u) = x, and
the vector fields X (-, u), u € U, are complete.
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Set F = {X (-, u) : u € U}. The system group  and the system
semigroup 4§ are defined, respectively, as

g = {emfnetn-1Yn-1...e0% .y, e F f; e R,n € N},
8 = {efnfnet-—1Yn-1...e0%0 .y, e F t; > 0,n € N}.

Fort > 0 we define the sets
n

= {et”y”et”—ly"—l @Y e F G >0,) G<tne N} ,
=0
n

o= Jemnel-iot Yoy e F >0, G>tneN.
=0

Note that 8 = 8-, U$-,. Weset & = {4-, : t > 0}.This familyisa
directed set when ordered by reverse inclusion. In other words,
is a time-dependent filter basis on the subsets of § (thatis, ¥ ¢ F,
and given t,s > 0, 8>r+s C 4> N 4>5). The concept of chain
recurrence for the control system coincides with the concept of F -
chain recurrence (see [10] for details).

Definition 2.1. The w-limit set of X C M is defined as
o (X) = (") cls (82:X) ,

t>0

and the w™*-limit set of X as

" (X) = [ cls (82/X)..

t>0

It is easily seen that @ (X) = (,ey Cls (824X) and 0* (X) =
(Mnen €ls (821X). Limit sets for control systems on compact
manifolds are nonempty and compact, because ¥ is a filter basis
on the subsets of 4. In general, nonempty w-limit sets are forward
invariant and nonempty w*-limit sets are backward invariant
(see [10, Propositions 2.10 and 2.13]).

Example 2.1. Consider in M = R? the control system

x/(t):<:Lll(t) é)x(t), ueUpy U=[0,1].

For u = 0 the system moves on circles centered at 0; for u > 0 the
system moves on spirals centered at 0. If || x|| # O, it follows that
o) ={yeM: |yl < x|} and w* (x) = 2. Note that the limit
set w (x) is forward invariant but not backward invariant.

The following definitions reproduce basic concepts from Conley
theory of dynamical systems.

Definition 2.2. An attractor for the control system on the manifold
M is a set A C M which admits a neighborhood N such that
o (N) = . Arepeller is a set 2 C M which has a neighborhood V
with w* (V) = R. The neighborhoods N and V are called attractor
neighborhood of 4 and repeller neighborhood of R, respectively. We
consider both the empty set and M as attractors and repellers.

The following result is proved in [10, Proposition 3.1] and
adapted for control systems.
Proposition 2.1. Assume that the manifold M is compact.

1. For each attractor A with attractor neighborhood N thereist > 0
such that cls (8-N) C int (N).

2. For each repeller R with repeller neighborhood V thereist > 0
such that cls (82} V) C int (V).
Let 4 be an attractor for the control system. The set

AT=M\{xeM:w(() C A}

is called complementary repeller of .

Definition 2.3. Assume that the manifold M is compact. Let § =

A9 C Ay C --- C A, = M be an increasing sequence of
attractors of the control system on M, and let ¢; = A; N A},
i=1,...,n The ordered collection M = {C1, ..., Gy} is called a

Morse decomposition of the control system. Each component C; is
called a Morse set. A Morse decomposition M = {Cq, ..., Cy} is
said to be finer than a Morse decomposition M’ = {C], ..., C/ } if
for each Morse set G/ there is a Morse set C; with G; C Gj’. A Morse
decomposition is called the finest Morse decomposition if it is finer
than all Morse decompositions.

The notion of Morse decomposition on noncompact manifolds
will appear later [11].
We may assume the following hypothesis.

Definition 2.4. The family # satisfies the translation hypothesis if:

1. forallg € $and t > 0, there is s > 0 such that 8-, C $-.8.
2. forallg € $andt > 0, there iss > 0 such that 8>; C g4>¢.

The item 1. of the translation hypothesis implies the Hypothesis
Hs defined in [10, Section 2]: for alls € $and A € ¥ there
exists B € ¥ such that B C As. This hypothesis allows to extend
Conley’s results from the setting of dynamical systems on compact
metric spaces to the setting of semigroup actions on compact
spaces. If the manifold M is compact, the complementary repeller
A% of an attractor «+ is really a repeller of the control system
and coincides with the set {x € M : @ (x) N A = #}. Moreover, for
X € M\ (AUA*), one has w* (x) C A" and o (x) C A
(see [10, Section 3] for details). This fact reproduces the notion
of attractor-repeller pair of the Conley theory. The item 2. of
translation hypothesis means that the family #* = {42/ : t > 0}
also satisfies Hypothesis Hs. It assures that limit sets are invariant
by the system, which implies attractors and repellers are invariant
sets. As a consequence, a Morse decomposition of the control
system is a collection of compact invariant sets.

Another relevance of the translation hypothesis is the corre-
spondence between the chain control sets as defined in [1] and
the maximal chain transitive sets as defined in [10]. We recall
that an (e, T)-chain from x to y consists of a sequence of points
Xo=2X,...,Xs =y € M, times tg, ..., t,_1 > T and control func-
tions ug, . .., Up,—q such that

d(p(t, X, uj), Xip1) < €
foralli=0,...,n— 1.Forx € M, we set

2 (x) = {y €M :thereisan (g, T) -chainfromxtoy,
foralle, T > 0},

2% (x) = {y € M : thereisan (g, T) -chain fromy to x,
foralle, T > 0}.

A point x € M is chain recurrent if x € £2 (x). The set of all
chain recurrent points for the control system is called the chain
recurrence set, and is denoted by fR.

A chain control set for the control system is a set E C M which
satisfies

a. Forallx,y € E,x € 2 (y)andy € £2 (x).

b. Forallx € E thereis a control function u such that¢ (¢, x, u) € E
forallt € R;

¢. E is maximal with these two properties.

A maximal chain transitive set for the control system is a set
C C M which satisfies

i. Forallx,y e C,x € 2 (y)andy € 2 (x).
ii. C is maximal with this property.

In other words, C = £2 (x) N 2* (x) forallx € C.
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The following theorem on chain recurrence is proved in
[10, Proposition 4.10 and Theorem 4.1] and [12, Proposition 4.2
and Theorem 5.2], which extends the results from Conley theory
of dynamical systems to control systems.

Theorem 2.2. Assume that the manifold M is compact and the family
F satisfies the translation hypothesis.

1. For x € M, §2 (x) is the intersection of all attractors containing
w (x), and §2* (x) is the intersection of all complementary repellers
A%, where s is an attractor such that x & A.

2. The maximal chain transitive sets of the control system are
compact invariant sets.

3. The chain recurrence set R of the control system coincides with the
intersection

ﬂ {4 U A" : Aisan attractor} .

4. There exists the finest Morse decomposition for the control system
if and only if the chain recurrence set is a union of a finite number
of maximal chain transitive sets.

It is readily seen that a chain control set E is contained in a
maximal chain transitive set C. If M is compact and the family
F satisfies the translation hypothesis, we have E = C, since
C is invariant from Theorem 2.2. Therefore, under translation
hypothesis, the concepts of chain control set and maximal chain
transitive set are equivalent.

A theoretical condition that yields translation hypothesis occur
is 8 being total in g, that is, § = $ U $~!.Indeed, let 4+ denote the
semigroup

n
gh = {erenn. ey e F o eR, Y = 0.n€ N} :
=0

Assume that the system semigroup 4 coincides with §*. Then 4 is
total in §. Fore" € $and T > 0, takes > Osuchthats > T +t.
We have

Sos = 8- e C S.re” and

Sos =eMe Vs e sy

Therefore, the family # satisfies the translation hypothesis. We
refer to [13] for discussions on total semigroups in Lie groups.
However, there are larger classes of interesting control systems
whose family F satisfies the translation hypothesis, although the
system semigroup is not total. Let us see an example.

Example 2.3. Let M = G be a Lie group and g the Lie algebra of
G.Leta C j3(g) be a vector subspace in the center 3 (g) of g. Fix
a nonzero vector field X € g. Consider the control system on G
determined by the vector fieldsin F = {X +Y : Y € a}. We have
the system semigroup

8 ={expty (X +Yy)---expto (X +Yp) : ; > 0,Y; € a}

where exp is the exponential map of g into G. The family # satisfies
the translation hypothesis. In fact,forT > Oandexpt (X +Y) € 4,
we take s > Osuchthats > T 4 t.Forexpt (X +Z2Z) € 455, we
have

exptT (X +2Z) =exptX+2)exp—tX+Y)expt(X+Y)

=exp((t—t)X+1Z—tY)expt(X+Y)

T t
exp(t —t) <X+—Z——Y)
T—t

T—t
x expt(X+Y)edrexpt(X+Y).

Hence, 8>; C 4>rexpt (X 4+ Y).Analogously, 8-; C expt (X +Y)
4>7.Nevertheless, 4§ is no total in §. Indeed, the group system is the
subgroup of G

G ={expty X+ Yp)---expto (X +Yo) : ¥ € a,f; € R,n € N}.
Then exp (a) C §, but exp (a) does not liein § U 1.

Translation hypothesis also occurs in bilinear control systems
with commuting matrices, as follows.

Example24. let M = R4, U = {ueR":a< |u| <b} with
a > 0,and Aq, ..., A, € R™ which are pairwise commutative.
Consider the bilinear control system

() =Xx(@),u) = Zui () Ai (x (£))
i=1

onRY Foru = (uy,...,u,) € Uandt > 0, we have e =
elArt+unin) The family ¥ satisfies the translation hypothesis.
In fact, fort > Oand e’ e §,v = (vy, ..., vp), it is enough to
find T > 0 such that 81 C $5.e", since 4§ is abelian. Take T > 0
such that %T —s> t.Fore™ ¢ $.r,u= (uy, ..., u,), we have

erxue—sxv — e(ml_5”1)A1+“'+(TUn—5Un)An

b(run—svn) A
ru=svf] "

At

liru—sv|| b(ruz —svq)
b [[ru—svl|

IIru;sv\I Xup

b(ru;—svq)
lru—svf| > ">

where w = ( b(”‘"’””)) € U and w > lrazsbl

[lru—sv|| b
> 4T —s > t. Hence, e™e™ e &... It implies the inclusion
Ssre~*v C 8. hence S-1 C 8.,

3. Lyapunov functions

In this section we introduce the notion of complete Lyapunov
function for control systems. As in dynamical systems, the global
structure of a control system can be described via Lyapunov
functions.

Consider the following class of affine control systems

() =X (x(t), u () =X (x(0) + ) u (DX (x (1)),
i=1

u € Upe = {u: R — U : upiecewise constant}

on a compact connected d-dimensional C*°-manifold M, where
U C R"is compact and convex, and Xo, ..., X, are C*-vector
fields on M. Assume that, for each u € U, and x € M, the
preceding equation has a unique solution ¢ (t, x, u), t € R, with
¢ (0, x, u) = x, and the vector fields X (-, u), u € U, are complete.
Let U be the closure of Uy, with respect to the weak* topology of
Loo (R, R™). Then U is compact and the following function

Q:RXMXU—>M, (t,u,x)— ¢(t,xu)

is continuous. The control range U is identified with the set of the
constant control functions in U. Since U is weak* closed, it is a
compact subset of U.

Remark 1. Let A be an attractor for the control system and N be
an open neighborhood of A with cls (N) N A* = (). We choose an
open repeller neighborhood V of A* such that NNV = @. From

Proposition 2.1 there is t’ > 0 such that cls (5_1 V) C V. Then

>t/
N = M\ ds (5;[1,V> is an attractor neighborhood of +. Since

N C M\V C N/,itfollows that N is also an attractor neighborhood
of 4. In particular, there is t > 0 such that cls (8>(N) C N.
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In order to introduce the notion of complete Lyapunov function
for control systems, we need the following preorder in the system
semigroup.

Definition 3.1. For g, g, € 4§,letg, > g, iffg; = g, org; € 4g;
g1 > g iff thereist > 0 such that g, € $>.8.

The relation < in Definition 3.1 is the reverse of the well-known
Green’s [L-preorder of semigroup theory: g, <, g iff g = g or
g1 € 8g; ([14]).

Definition 3.2. A Lyapunov function associated to an attrac-
tor-repeller pair (A, 4%) is a real valued functionL, : M — [0, 1]
such that L;l (0) = A, L;l (1) = A* and L, is strictly decreasing
on orbits in C (A, A*) = M \ (A U A*), that is, if g; > g and
x € C (A, A™), then Ly (g1x) < Ly (22%).

The set C (4, A*) in Definition 3.2 is called the set of connecting
orbits of the attractor-repeller pair (4, 4*). The following theorem
on the existence of Lyapunov functions for attractor-repeller pairs
generalizes the Conley theorem for dynamical systems on compact
metric spaces (see [2, Chapter II, Section 5]).

Theorem 3.1. Let A be an attractor of the control system on the
compact manifold M and assume that its complementary repeller A*
is closed. There is a Lyapunov function L, for (A, A™).

Proof. Since 4 and A* are disjoint closed sets and M is a perfectly
normal space, there is a continuous function f : M — [0, 1] such
that f~1(0) = A and f~1 (1) = A* We defineh : M — [0, 1]
by h (x) = sup{f (gx) : g € 8}.If g > gy, then g, = kg, for some
k € S. Then, we have

h(g2x) = sup {f (gg:x) : g € 4}

sup {f (gkg>x) : g € $}

sup {f (gg1X) : g € $}

h (g1x) .

Hence, h is nonincreasing on orbits. Let us verify h is continuous. It
is enough to show that h=1 ([0, £)) and h™! ((e, 1]) are open sets
in M for every 0 < & < 1,since h™!((a, b)) = h™'([0,b)) N
h=' ((a, 1)), for any basic open set (a, b) C [0, 1]. For0 < & < 1,
let x € h='((e, 1]). Then, there is g € 4§ such that f (gx) > e.
Hence, g~ (f~' ((¢, 1])) C h™"' ((e, 1]) is an open neighborhood
of x. Thus, h~! ((¢, 1]) is an open set in M. Now, letx € h™! ([0, ¢)).
Then, h (x) < ¢ and 8x C f~1 ([0, h(x))). By taking 6 > 0 with
h(x) < 8 < &, we have f~1 ([0, 8)) is an open neighborhood of 4
and f~' ([0, 8)) N A* = . From Remark 1, there is t > 0 such that

8-f71([0,8)) C f7'([0,8)).
Ify € 8=f71([0, §)) and g € 4, then

gy € g8/ ([0,8)) C 8=/ (10,8)) C 71 ([0,8)).
Hence,

h(y)=sup{f(gy):ge 8} <d<e,

that is, y € h~!([0, &)). Thus, 4.7 ([0,8)) C h~1([0,¢)).
Now, since h (x) < &, we have 8.;x C f~1([0,8)), and hence
[0, t]x {x} x Upe C @' (F71 ([0, 8))). As Uy is dense in U, we can
obtain an open neighborhood V of x such that V < f~' ([0, §)) and
[0, t] xVx Uy C o ' (f71([0,€'))) for some ', withs < &' < e.
Hence, 8,V C f~1 ([0, &’)). Then, we have

v

8V = (8 Us)VCf([0.)),

and thus V C h™' ([0, €)). Therefore, h~! ([0, €)) is an open set in
M, and hence h is continuous. Because f ~! (0) = 4, it is easily seen

thath™! (0) = A.Ifx € A* = f~1 (1), thenf (gx) = 1forallg € 34,
hence A* C h~'(1). On the other hand, if h (y) = 1andy & A%,
then w (y) C 4, hence there is a subnet (g;y) of the net (gy),c4
converging to some point z € +. Since h is continuous, it follows
that h (g;y) — h(z) = 0, but as h is nonincreasing on orbits, we
have h (giy) > h (y) = 1, for all i, which is a contradiction. Hence,
y € A% and therefore h™! (1) = A*. Now we define the function
[:M x U — [0, 1] by

+oo
I(x,u) = / e 'h(ep (t,x,u)) dt.
0

Since h and ¢ are continuous, it follows that [ is continuous. As
h=™1(0) = 4 and h™1 (1) = A" we have "1 (0) = A x U and
I=1 (1) = A* x U. Because h is nonincreasing on orbits, we have

+00
l((p(s,x,u),u-s):/ e th(p(t,p(s,x,u),u-s)) dt
0
+00
= / e th(p(s,@(t,x,u),u-t)) dt
0

+00
< / e 'h(p(t,x,u) dt
0
=1k, u)

foralls > Oandx € M.If x € C (A, A%), thereise > 0
such that h (x) > ¢. Since w (x) C A, thereis T > 0 such that
S=rx C h=1 ([0, &)). For u € U, it follows that

t' =supf{t >0:h(p(t,x, u)) > e}

is finite and h (¢ (t',x,u)) > e. Ifs > 0, the function t €
(0, 400) = h(p(t+s,x,u)) — h(p(t,x,u)) is not identically
zero, because h (¢ (t' +s,x,u)) — h (¢ (t',x, u)) < 0.Hence

+00
l((p(s,x,u),u-s)—l(x,u):/ et (h(p(t+s,x,u)
0

— h(p(t,x,u))) dt

is strictly negative, thatis, [ (¢ (s, x, u) , u - s) < I (x, u).Finally, the
Lyapunov function L, : M — [0, 1] for (A, A™) is defined as

Ly (x) =supl(x,u).
ueu

Indeed, since "1 (0) = A x U and [ (1) = A* x U, we have
L;l (0) = A and L;l (1) = A™*. Let us verify L, is continuous. We
choose ¢ suchthat 0 < ¢ < 1.Ifx € L;l ([0, &)), we can take
g suchthatL, (x) < ¢ < e.Thenl(x,u) < ¢ forallu € U.
Since [ is continuous, there is a neighborhood V of x in M such
that V. x U C I"'([0,¢)).Ify € V, thenl(y,u) < & for all
u e U henceL, (y) < & < e It follows that V C L' ([0, ¢)),
and therefore L' ([0, £)) is open. If x € L' ((e, 1]), there is some
u such that I (x,u) > e¢. Then there is a neighborhood V of x
with V x {u} C "' ((e,1]).Ify € V, we have I(y,u) > &,
hence L, (y) > e. It follows that V C L' ((e, 1]), and therefore
L; ((e, 1)) is open. Thus, L, is continuous. It remains to show that
L, is strictly decreasing on orbits in C (s, A*). Lets > 0,e%v ¢ §,
and x € C (4, A*). Since Ly (e%vx) = [(¢ (s, x, v) , Uo) for some
Ug € U,and ¢ (t, @ (5,%x,v),Ug) = ¢ (t +5,%, w), where w € U
is the s-concatenation of v and ug, we have

La (e™x) = (g (s, X, v) , g)

+o00
= / e th(p (t, ¢ (s, x,v), 1)) dt
0

+00
= / e 'h(p(t+s,x w)dt
0
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+o0
= / e th(p(t,p (s, x,w),w-s)) dt
0

=1(p (s, %, w),w-S)
< I(x,w)
<Ly

Therefore, L, is a Lyapunov function for (4, A™).

Now we go into the investigation of the existence of a
complete Lyapunov function for the control system. First, we
define complete Lyapunov function for a Morse decomposition.

O

Definition 3.3. A complete Lyapunov function for a Morse decom-
position M = {Cq, ..., C,} of the control system is a continuous
real valued function L, : M — R, which is strictly decreasing on
orbits outside U};] C; and such that, for each Morse set ¢;, there
is¢; € Rsuch that Ly (¢;) = €. The set Ly (U7, M;) is called the
critical value set of L.

From the existence of Lyapunov function for attractor-repeller
pairs we can prove the existence of complete Lyapunov function
for Morse decompositions, as follows.

Theorem 3.2. Let M = {Cq, ..., C,} be a Morse decomposition of
the control system on the compact manifold M and let § = Ay C
A1 C --- C A, = M be the increasing sequence of attractors such
that C; = AN A} 4, i=1,..., n. Assume that A} is closed for all i.
There is a complete Lyapunov function for M.

Proof. Define Ly, = X' 37'L,, where Ly, is the Lyapunov
function for (4;, ) given by Theorem 3.1. The function L, is a
complete Lyapunov function for M. In fact, it is easily seen that L
is continuous. Ifx € M\U?:1 C;,wetakej = min {i : x € A;}.Since
X & AjNA7, wehavex & A7 ;.Hence,x & Aj_1UA;,.Itfollows
that, for any s > 0, Ly (e™x) < Ly (x), since Ly, (€¥x) <
L, (x). Thus L is strictly decreasing on orbits outside U};] Ci.
Given a critical value ¢ € Ly (i, G), we takey € L} (c). Then,
Ly (¥) = Ly () for some M;, that is, Ly (y) = Z/_ 3. It follows
thatL,, (y) =0and Ly, , () = 1,and hencey € #4; N A;‘_l =G

Therefore, L;ll (c) = Gj, and the proof is completed. O

Finally, we define complete Lyapunov function for the control
system.

Definition 3.4. A complete Lyapunov function for the control
system is a continuous real valued function L : M — R, which
is strictly decreasing on orbits outside the chain recurrence set R
and such that the set L (R) of critical values of L is nowhere dense
in R and, for each critical value c, the set L™! (¢) is a maximal chain
transitive set.

From now on, we assume that the family # = {$-,:t > 0}
satisfies the translation hypothesis. By Theorem 2.2, if the finest

Morse decomposition exists, a complete Lyapunov function for
the control system is the complete Lyapunov function for the
finest Morse decomposition given by Theorem 3.2. Otherwise,
since the manifold M is compact, there are at most countably
many attractor-repeller pairs for the control system in M, and the
existence of a complete Lyapunov function for the control system
is guaranteed. The proof is similar to Conley’s proof for flow on
compact metric space (see [2, Chapter II, Section 6.4]). We define
L = X¥°,37"Ly, where Ly,, La,, ... are the Lyapunov functions
for the attractor-repeller pairs of the control system. Then, L is
a continuous function on M. From Theorem 2.2, if x ¢ fR, then
x & A, U A} for some attractor . It follows that L is strictly
decreasing on orbits outside the chain recurrence set fR. Since each
L, is either O or 1 at a point of R, each critical value in L (R) lies
in the “middle third” Cantor set, hence L (fR) is nowhere dense in
R. Now, if E is a maximal chain transitive set and x, y € E, then
x € 2(y)andy € £ (x). By Theorem 2.2, it follows that each
attractor containing x also contains y. Hence, L (E) = c for some
critical value c. On the other hand, ifz € L™' (c), then L (z) = L (x).

If A, is an attractor containing x, then L4, (x) = 0, and hence
Ly, (z) = 0.1f Ap, is an attractor such thatx € A}, thenL,, (z) =
L4, (x) = 1. Hence, z lies in each attractor containing x and in

each complementary repeller containing x. By Theorem 2.2 again,
it follows that z € £ (x) N 2* (x) = E. Therefore, L~! (c) = E.
These statements demonstrate the following theorem.

Theorem 3.3. Assume that the translation hypothesis is satisfied.
There is a complete Lyapunov function for the control system on the
compact manifold M.
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