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A constructive converse Lyapunov theorem on asymptotic stability
for nonlinear autonomous ordinary differential equations

S. F. HAFSTEIN*
University Duisburg-Essen, Germany
(Received 7 June 2004, in final form 21 April 2005)

An ordinary differential equation’s (ODE) equilibrium is asymptotically stable,
if and only if the ODE possesses a Lyapunov function, that is, an energy-like
function decreasing along any trajectory of the ODE and with exactly one local
minimum. Theorems regarding the ‘only if’ part are called converse theorems.
Recently, the author presented a linear programming problem, of which every
feasible solution parameterizes a Lyapunov function for the nonlinear auto-
nomous ODE in question. In 2004 the author proved the first general constructive
converse theorem by showing that if the equilibrium of the ODE is exponentially
stable, then the linear programming problem possesses a feasible solution. In this
paper we prove a constructive converse theorem on asymptotic stability for non-
linear autonomous ODEs and so improve the 2004 results. The only restriction on
the ODE x = f(x) is that f is a class C* function. Note, that these results imply that
the algorithm presented by the author in 2002 is capable of constructing
a Lyapunov function for all nonlinear systems, of which the equilibrium is
asymptotically stable.

1. Introduction

The Lyapunov stability theory is the most useful general theory for studying the
stability of the equilibria of ordinary differential equations (ODEs). It is covered in
practically all textbooks on dynamical systems, on control theory and in many on
ODEs. It was introduced by Alexandr M. Lyapunov in 1892 and includes two
methods: Lyapunov’s indirect method and Lyapunov’s direct method. An English
translation of his work can be found in [1].

Lyapunov’s direct method is a mathematical extension of the fundamental phy-
sical observation that an energy dissipative system must eventually settle down to an
equilibrium point. It states that if there is an energy-like function V for a system, that
is strictly decreasing along every trajectory of the system, then the trajectories are
asymptotically attracted to an equilibrium. The function V' is then said to be a
Lyapunov function for the system (an exact mathematical definition follows
below). The region (basin, domain) of attraction of a dynamical system’s equilibrium
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is the set of those initial values that are attracted to the equilibrium by the dynamics
of the system. A Lyapunov function provides through its preimages a lower bound
on the region of attraction. This bound is non-conservative in the sense that it
extends to the boundary of the domain of the Lyapunov function.

The original Lyapunov theory did not secure the existence of non-local Lyapunov
functions for nonlinear systems with asymptotically stable equilibrium points. The
first results on this subject are due to K. Perdeskii in 1933 [2]. The general case was
resolved somewhat later, mainly by Massera [3, 4] and Malkin [5].

Theorems, which secure the existence of a Lyapunov or a Lyapunov-like function
for a system possessing an equilibrium, stable in some sense, are called converse
theorems in the theory of dynamical systems. The first constructive converse theorem
was presented in 2004 by the author [6]. Former converse theorems were proved by
constructing by a finite or a transfinite procedure a Lyapunov(-like) function using
the trajectories of the respective ODE. Hence, these earlier converse theorems are
pure existence theorems. However, one of them was used in the proof of the con-
structive converse theorem on exponential stability in [6] and we will use another one
here to prove a constructive converse theorem on asymptotic stability.

There are several possibilities to formulate Lyapunov’s direct method. In this
work we follow [7] and only consider autonomous systems, where the dynamics of
the system are modelled by an ODE

x = f(x), (M

where f e [C2(U)]" is a function from a domain U C R" into R", of which every
component f; is two times continuously differentiable, and such that 0 € &/ and
f(0) = 0. We denote by ¢ the ‘solution’ of (1), that is, ¢(z,&) = f(¢(r,&)) and
¢(0,8) =& for all € e and all (possible) z. In this case the direct method of
Lyapunov states (proved in this form in chapter 1 in [7]):

Proposition 1: Consider the ODE (1) and assume there is a domain M in R",
0e M CcU, and a locally Lipschitz and positive definite function V: M—R, that
is, V(0) =0 and V(x) > 0 for all x € M\{0}, such that

DV, ) o= lim sup /P8 + 5T D)) — V(1. 9)

s—>0+ s

0

Sfor all ¢(t,&) € M. Then every compact and connected component of every preimage
V=40, ¢]), ¢>0, that contains the origin is a subset of the region of attraction

{é eU | limsup¢(t, &) = 0}

——+00

of the equilibrium at the origin.

Proposition 1 is particularly useful when V € C'(M) and f € [C'(U)]". Then

lim sup V(g(t,¢) + st(#(1, 9)) — V(#(1, §) _

s—0+ s

[VV(e(2,€) - f(e(2, &)
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by the chain rule and the right-hand side of this equation can be checked for nega-
tivity without knowing the solution ¢. The function V' in Proposition 1 is called a
Lyapunov function for the ODE (1). For every & # 0 in the domain of the Lyapunov
function, the function ni— V(¢(t, £)) is strictly decreasing on its domain. This implies
that every solution of (1) either leaves the boundary of the domain of the Lyapunov
function or is asymptotically attracted to the origin. The latter is necessarily the case
if the initial value € is in a connected compact component of a set of the form
=10, ¢]), ¢>0, that contains the origin, for else there would be a contradiction
to ti— V(¢(t, &) being decreasing.

The origin is said to be an asymptotically stable equilibrium of (1), if and only if:

(1) for every e>0 there is a § >0, such that || €|, < & implies ||¢(¢, &), < ¢ for all
t>0,
(i) and the set {¢ € U |limsup,_, ., (¢, &) = 0} is a neighbourhood of the origin.

Hence, the origin is an asymptotically stable equilibrium of (1) if it possesses a
Lyapunov function. If, additionally, there exist real numbers m>1 and «>0 and a
neighbourhood M of the origin, such that ||¢(z, &)|l, < me *'||€||, for all & € M and
all >0, then the origin is said to be an exponentially stable equilibrium of (1).

We denote by K the set of all continuous and strictly monotonically increasing
functions R.,—>R vanishing at the origin. If the closure of M is compact in R",
then V' : M—R is a Lyapunov function for (1), if and only if for an arbitrary norm
| - || on R”", there are functions a, B, € K such that

a(Ix) < V(x) < B(IxIN)
and
DV (g(t, &) < —aw(llg(t, O)I)

for all x, ¢(t, &) € M. A function ¥ : R.,—R is said to be convex if
AY(x) + (1 = DY) = Y(hx + (1 — A)y)

for all A € [0, 1] and all x, y € R.,. Clearly, without loss of generality, we can assume
that @ and w are convex functions.

Further, note that if the closure of M is a compact set, then the concept
‘exponentially stable’ for an asymptotically stable equilibrium is a purely local
property. The origin is an exponentially stable equilibrium, if and only if all real
parts of the eigenvalues of the Jacobian Vf(0) are strictly negative, that is, if the
matrix Vf(0) is Hurwitz. If all real parts of the eigenvalues of Vf(0) are negative and
some are equal to zero, then the origin is not exponentially stable but might be
asymptotically stable, and if some real parts are larger than zero, then the origin
is an unstable equilibrium point.

For our proof of the constructive converse theorem presented in this work we will
use a well-known non-constructive converse theorem on asymptotic stability.

Theorem 1:  Assume the origin is an asymptotically stable equilibrium of the ODE (1)
and let M C U be a domain containing the origin, of which the closure M is a compact
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subset of the equilibrium’s region of attraction. Then, for every norm | - || on R", there
are functions o, B, w € K and a function W € Cz(./\/t), such that

a(llx]) = W(x) = (1)

and
VI(x) - f(x) = —ao(]Ix])
for all x € M.
Proof: Follows, for example, from Theorem 24 in section 5.7 in [8]. ]

The Lyapunov theory is covered in numerous textbooks on dynamical systems,
for example, [2, 8-10] to name a few.

The structure of the rest of this paper is as follows: in section 2 we give a short
description of linear programming problems. In section 3 we introduce a vector
space of continuous piecewise affine functions. In section 4 we state the linear pro-
gramming problem LP(f,d,y, | - ||), of which every feasible solution parameterizes a
continuous piecewise affine Lyapunov function. In section 5 we give an algorithm
that systematically applies the linear programming problem LP(f,d,y,| -|) in a
search for a parameterized Lyapunov function for the ODE in question. Then we
prove that if the origin is an asymptotically stable equilibrium point, the algorithm
finds a Lyapunov function for the ODE in a finite number of steps. Further, we give
an example of its use. Finally, in section 6, we give some conclusions and ideas for
future research.

2. Linear programming problems

A linear programming problem is a set of linear constraints, under which a linear
function is to be minimized. There are several equivalent forms for linear program-
ming problems, one of them being

minimize g(x) := ¢’x,
given Cx<b, x>0,

(@)

where r, s > 0 are integers, C € R**" is a matrix, b € R* and ¢ € R" are vectors, and
x <y denotes x; < y; for all i. The function x— ¢’x is called the objective of the
linear programming problem and the conditions Cx < b and x > 0 together are called
the constraints. A feasible solution of the linear programming problem is a vector
x' € R that satisfies the constraints, that is, X' > 0 and Cx’ < b. There are numerous
algorithms known for solving linear programming problems, the most commonly
used being the simplex method [11] or interior-point algorithms [12], for example,
the primal-dual logarithmic barrier method. Both need a feasible starting solution for
initialization. A feasible solution to (2) can be found by introducing slack variables
y € R’ and solving the linear programming problem:

S x|\ . . '
minimize g<|:yi|> = ;yn
given [C —IS]|:X:| <b, [X} >0,

y y

(©)
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which has the feasible solution x =0 and y = (|b,],1b,],...,|b,)". If this linear
programming problem has the solution g([x' y']7) = 0, then x' is a feasible solution
to (2). If the minimum of g is larger than zero, then (2) possesses no feasible solution.

3. CPWA Lyapunov functions

In order to construct a Lyapunov function from a feasible solution to a linear
programming problem, one needs a class of continuous functions that can be
parameterized. The class of the continuous piecewise affine (often called piecewise
linear) functions is an obvious candidate. In this section we introduce continuous
piecewise affine (CPWA) functions R"—R. The advantage of this function space is
that it is a finite dimensional vector space over R in a canonical way.

Let N>0 be an integer and y := (1o, »1....,vy)" € R¥™ a vector such that
0=yy <y <---<yy. Let P:[0, N]—>[0, yn] be the unique continuous function,
of which the restriction on every interval [i,i+ 1], i=0,1,...,N—1, is affine,
and such that P(G)=y; for all i=0,1,...,N. Define the function
PS :[-N,N]"—[—yn.yy]" through

PS(x) := i sign(x;) P(|x;|)e;,
s

where e; is the ith unit vector. Denote by Sym,, the set of permutations of {1, 2,...,n}
and define for every o € Sym,, the simplex

Se ={y eR"0<yo1) < Vo) <+ < Vo) < 1}

Denote by B({1,2,...,n}) the power-set of {1,2,...,n} and define the function
R7 : R"—R" for every J € P({1,2,...,n}) through

R7(x):=) (=) "xe;,
i=1

where x7:{1,2,...,n}—{0, 1} is the characteristic function of the set J. A con-
tinuous function G :[—yy,yn]"—R is defined to be an element of
CPWA[PS,[-N,N]"], if and only if its restriction GlpsrI@zts,) to the set
PS(R7(z+S,)) is affine for every J € PB{1,2,...,n}), every o € Sym, and every
z€{0,1,...,N—1}". Tt is proved in chapter 4 in [7] that the mapping

CPWAIPS, [N, NT'|— RV G (), 1y, vt vys

where a, = G(PS(z)) for all ze{-N, —N+1,....,N}" is a vector space
isomorphism. This means that we can uniquely define a function in CPWA
[PS,[—N, N1"] by assigning it values on the grid {—yy, — Vn_1s---» V0> Vis-- - VN
In the next section we state a linear programming problem, of which every feasible
solution parameterizes a CPWA Lyapunov function.
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4. The linear programming problem LP(f,d,y. | - |)

The linear programming problem LP(f,d,y,| - |), defined below, is not the first
effort to construct Lyapunov functions by linear programming. In [13] there is an
earlier, simpler effort, to do the same. However, it includes an a posteriori analysis of
the quality of the Lyapunov function, which renders this method inapplicable for a
constructive converse theorem. For a detailed discussion of the differences we refer
to [7, 14].

In chapter 5 in [7] it is proved that every feasible solution of the following linear
programming problem parameterizes a CPWA Lyapunov function for (1).

Linear programming problem LP(f. d,y, || - ||): Consider the system (1). Let N>0 be
an integer and let 0 = yy < y; < --- < yy be real numbers, such that [—yy, yn]" C U.
Let PS : R"—R" be defined through the constants yy, y|, ..., Vy as in the last section
and let d be an integer, 0 < d < N. Finally, let || - || be an arbitrary norm on R". Then
the linear programming problem is constructed in the following way:

(1) Define the sets

A= {1xl1x € o, y1s -+ - a1

and
g:: {_yNy _nyly'"sy()syly"'»yN}n\{_ydfls —y{l—zw-~>J’0J’1:~-~>)’d71}n~
(i1) Define for every o € Sym, and every i =1,2,...,n+ 1, the vector

X7 =) eo(j).
=i
(ii1) Define the set
Z:=[0,1,....N=1}"\{0,1,....d — 1}"] x B{1,2,...,n}).

(iv) For every (z,J) € Z define for every o € Sym, and every i=1,2,...,n+ 1,
the vector

yf,z”,j) :=PS(R7(z + x{)).
(v) Define the set
V= Hy((:’]g),y:’g_)l}‘o e Sym,,(z,J) € Zand k € (1,2, ... ,n}].

The set Y is the set of neighbouring grid-points in the grid G.

(vi) For every (z,J) € Z and every r,s = 1,2,...,n let Bg’j) be a real constant,
such that
f;
B®%7 > max sup /: (x)’.
i=1,2,...n XePS(RY (z+ (0, 1)")) 00X, 0X
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(vil) For every (z,J) € 2, every k,i=1,2,...,n and every o € Sym,,, define
(z.J) . (z.J) (z.J)
Agii = ‘ek ' (yaz,i _y«rz,n+1)‘~
(viil) Define the constant
Xmin = min{[[x]| x € G and [|X[lo, = yn}.

(ix) Let € > 0 and §> 0 be arbitrary constants.

The variables of the linear programming problem are:

Wlx], for all x € AT,
Ix], for all x € X',
V[x], for all x € G,

Cl{x,y}], for all {x,y}e ).

The linear constraints of the linear programming problem are:

(LC1) Let x1,x,,...,xx be the elements of X" in an increasing order. Then

Yx] =I[x] =0,
exy < W[xz],

exy < I'[xa],
and for every i =2,3,...,K—1:

W] = Wlxia] _ Wlvi] = Wlxi]
Xi—Xi-1  Xipl — X

and

F[Xi] — F[X,'_l] < F[X[+1] — F[X,‘] '

Xi—Xi-1 Xipl — X
(LC2) Foreveryxe@:
YlIx|I] = V[x].
If d =0, then
110] = 0.

If d>1, then for every x € G, such that ||X||s = V4

V[X] =< \I][xmin] — 4.
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(LC3) For every {x,y} € V:
—CH{x, Y- X = ¥lloo = VIXI = VIy] = C[{X, ¥} - [IX — Voo

(LC4) For every (z,J) € Z, every o € Sym,, and every i =1,2,...,n+ 1:

Vive 1= Vive ]

(z, j) o,] o,j+1 (z J)

[”y ”] Z ( (z. j) (7 7) )fU(/ ( )
j=1 €o(j) y (Tj+l

#3 30 BEOAE + AT Y

Note that the values of the constants ¢ >0 and § >0 do not affect whether there is a
feasible solution to the linear programming problem or not. If there is a feasible
solution for e:=¢ >0 and 8§ :=8 > 0, then there is a feasible solution for all
g:=¢&" >0 and § :=§" > 0. Just multiply all variables of a feasible solution with
max{e*/¢’,86%/8'}. The objective of the linear programming problem is not needed.
It can, however, be used to optimize the Lyapunov function in some way.

Assume that the linear programming problem LP(f,d,y, | - ||) has a feasible sol-
ution. Then we can define the functions ¢,y : [0, 4+ co[ —R by using the values of
the variables W[x], I'[x] and the function V*** : [—yy. yy]"—> R by using the values of
the variables V'[x] in the following way.

Let x|, x,,...,xx be the elements of X! in an increasing order. We define the
piecewise affine functions

Wlxiy 1] — W]
Xit1 — Xi

V() = Vx| + (y—x)

and

[[x; 1] — Tlxi]

i+l — X

Y() :=Tlx] + (y —x0),

for all y € [x;,x;4 ] and all i=1,2,...,K— 1. The values of ¥ and y on ]Jxg, +o0[
do not really matter, but to have everything properly defined, we set

Wlxg] — Wxg—1]
XK — XK1

V() = W]+

(y—xk-1)

and

[lxg] — Txg-1]

XK — XK—1

Y(y) = Tlxg-1] + (¥ — xk-1)

for all y > xg. Clearly, the functions ¢ and vy are continuous. The function
Y4 ¢ CPWAIPS, [—N, N]'] is defined by assigning

yiax) = Vx]
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for all x € G. In chapter 5 in [7] it is proved that ¢ and y are convex and strictly
increasing and that

(X)) < V(x)

for all x € [—yy, yy]"\(=V4- ¥2) ", and

Jim sup VR (@(t, &) + sf(g(1, §)) — V(1. §)) < — (s, O,

s—0+ s

for all & &) € (—yn.yn)"\(=vs,y)". This implies that if d =10, then
R [—yy, yy]'— R is a Lyapunov function for (1). Further, it is proved for
d>0, that for every ¢ >0, such that the connected component of

{x € (=rnw. ' \[=ya. yal" | VP*(x) < ¢} U[=pa, val"

containing the origin is compact, there is a ¢’ > 0 for every & in this component such
that ¢(¢, &) € [—y4, y,4]". It is not difficult to see that for every ¢ > ¢’ we have

¢(1,8) € {X €R'|VH(x) = max VLy"‘(y)} U [—ya> yal"-

I¥lloo=ya

Hence, the function V™ :[—yy, yal"\(=ys v))'—R is essentially a Lyapunov
function for the ODE (1).

5. The constructive converse theorem

In this section we prove a constructive converse theorem on asymptotic stability for
(1). We will prove that if the origin is an asymptotically stable equilibrium point of
the ODE (1) and a>0 a real number such that [—a, a]” is contained in its region of
attraction, then, for an arbitrary small neighbourhood N C R" of the origin, we can

use the linear programming problem from the last section to parameterize a CPWA
Lyapunov function

Y [—a,a" \ N —R
for the system. Note, that it is not possible to prove such a theorem for N/ = @. The
reason is, that for a CPWA Lyapunov function V™*:[—a,a]"—R, there exist
constants b, ¢,d > 0, such that
blIx| < VM4(x) < ¢|x|| for all x € [—a, a]"

and

DSV (1, &) < —dllp(t, &)l for all ¢(t, &) € (—a,a)".
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These inequalities imply that

DIV ,8) = L1 0),
which in turn implies
D[V (@(1, )] = [Df V¥ (e, )] + %Z VR (g2, )V <0,
that is
191, )1l =< 7Pl

so the origin must be an exponentially stable equilibrium point.

We prove our constructive converse theorem by showing that the following
systematic scan of the parameters d and y of the linear programming problem
LP(f,d,y,| - ) will, in a finite number of steps, deliver a CPWA Lyapunov function
for (1).

Algorithm 1: Consider the system (1) and let a>0 be a constant such that
[—a,al" C U and let N C U be an arbitrary neighbourhood of the origin. Set D := 0
and let m be the smallest positive integer, such that (—a2™",a2™")" C N'. Then the
algorithm is as follows:

(i) Sety:=a27™0,1,2,...,2™7".

(i) If LP(f, d,y, | - ||) possesses a feasible solution for some d = 2021 .., 22, then
go to step (iii). If LP(f,d,y, | - ||) does not possess a feasible solution for any
d=2°2"....2° then set m:=m+1,D:=D+1, and go back to step (1).

(iii) Use the feasible solution to parameterize a CPWA Lyapunov function for the
system.

We come to the main contribution of this work, a constructive converse theorem
on asymptotic stability.

Theorem 2 (Constructive converse theorem on asymptotic stability): Algorithm 1
terminates in a finite number of steps whenever the origin is an asymptotically stable
equilibrium point of the system (1) and [—a, a]" is a subset of its region of attraction.

Proof: We split the proof into two parts. In part I we prove that there are positive
integers m and d, such that the linear programming problem LP(f,d,y, || - ||), where
y:=a27"(0,1,2,...,2™7T, possesses a feasible solution. We do this by assigning
appropriate values to the constants ¢, § and B,%’j ) and the variables W[x], I'[x]
VIx], and C[{x,y}] of the linear programming problem and then we show that the
linear constraints (LC1), (LC2), (LC3) and (LC4) are fulfilled when the variables and
constants have these values. Then, in part II, we use the results from part I to prove
that Algorithm 1 terminates in a finite number of steps.

Part I: By Theorem 1 there are class K functions o, 8 and w, and a class C°
function W : [—a, a]"— R, such that

a(llx]) = Wx) = BIxI)
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and
VIV(x) - f(x) < —o(|x])

for all x € (—a,a)". Further, without loss of generality, we can assume that « and @
are convex functions. With

k —

we set

a(x:;lin)

S =
2

and denote by m* the smallest positive integer, such that

[~ 50 3] © (x € RUAIXI) = 81 NN

Set
x*:= min |x],
Xl o=a27""
o= Ea)(x*),
& :=min{w", a(x2)/x2},
C := max
i=1,2,...n

x€[—a,a]

and determine a constant B such that

B> —(x)|.
ik l= 12 ..... n 8Xkaxl
x€[—a,a]’
Assign
o 1),
= b
xe[—a,a]" ”X“
X0
B =
n- k.= |a2 na_Xkax( )'
xe[—a,alf
C* =n BC,

and denote by m > m" the smallest positive integer, such that

¢ A B 4+ A Cr = A B
- <
2}71 - 2C*




292 S. F. Hafstein

and set
d:=2""".

With y := a27"(0,1,...,2™" we assign the following values to the variables and the
remaining constants of the linear programming problem LP(f,d,y, || - |):

Bf,ﬁ’]) =B, forall(z,7)e Z andallr,s=1,2,...,n,
W[x] := a(x), forall x e X1,
Ix] := w*x, forall x e X,
VIx] .= W(x), forallxeg,
Cl{x,y}]:=C, forall {x,y}e ).

We now consequently show that the linear constraints of the linear programming
problem LP(f,d,y, | - ||) are satisfied by these values.

(LC1): The constraints LC1 are trivially fulfilled.
(LC2): Clearly,

YlIxI] = adlx]) = W(x) = V[x]
for all x € G and for every x € G such that ||x||,, = ¥4 we have
VIx] < BUIxI) <8 = a(Xp0) — 8 < o(Xmin) — 8 = W[Xmin] — 6.

(LC3): Follows directly by the Mean-value theorem.
(LC4): Let (z,J) € Z and o € Sym,, be arbitrary. We have to show that

Vi (ZJ)]_ V[ (ZJ)]

.J) Z Yo,j Yo, jt1 y@ )
[”y ”] ( (. j) (z j))fa(l)( )
Jj=1 €o()) - y U]+l

4
3 30 BN + ALY O

With the values we have assigned to the variables and the constants of the linear
programming problem, the inequality (4) holds true if

Wiye 1= wiys .
—o |yl = Z P (Z’; L)+ 1P C
=1 ety - (Yo Yo, /1)

with 4 :=a2 ™. Now, by Theorem 1, the Mean-value theorem, and because
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w(x) > 2w*x for all x > x*,

n wiye - wiys

Sy 0% + 2 C*

7 J
=1 €a()) - (y(z )~ sz j+)l)
@) @)
-3 ( Wo 1= Wil Wy j’))f()(y(z )
- J J o
eoy - 05 =y 35‘”

+ v s + et

(w[yff;”] Wiygiil aw o j)))e

z z, ]
et (V0 =y %a0)
mmﬁm+ﬁﬁ

< BhA*|ly% ) = 207 ly5 || + P C*.

Lo )

Hence, if
~o"lyg Il = ha* B lyg | = 20y + W C

the inequality (4) follows. But, this last inequality follows from

\/(x*A B*)? + 4x*w*C* — x* A* B*

h= 2m - 2C* >

which implies

*

C
0> hA™B* — o + 1’ —

A

b}

and that

* % * ZC* * % * 2~ cr
X
Yo,

Part II: Now, consider Algorithm 1. It will start with D =0 and m = m,,
where m is the smallest integer such that

(“3m ) <V

Then, in the worst case, the algorithm will fail to find a feasible solution to the
linear programming problems until 7 is so large that m > m™ and

\/(x*A*B*) + 4x*w*C* — x*A*B*
2m — 2C* '
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We showed in part T of the proof that the linear programming problem
LP(,d,y, | - |), where y := a27"(0,1,2,...,2")" and d = 2", possesses a feasible

solution. The only fact remaining to be shown is that 2"~ e {2°,2! ... 2P}
But this follows from D =m—m, and my < m" and we have completed the
proof. Ll

As an example of the use of Theorem 2 we consider the system (1) with

Fy—1)
f(x,y) =1 _ x* )y . (5)
(14x2)? 142

This system is taken from Example 65 in section 5.3 in [8]. The Jacobian of f at the
origin has the eigenvalues 0 and —1. Hence, the origin is not an exponentially stable
equilibrium point. We initialize Algorithm 1 with

8 2 2\’
a.—ﬁ and N— (—E,l—s) .

Further, with
x,:=e -PS(z+e) and y,:=e - PS(z+ey),
we set

BT = 6x,(1 + y,),

B%7) =352,
6y, 8y3 )
(z,J) ._ 1 N2 1 2137 lfyzf 2—1,
BZ2 T ( +yz) ( +yz)
1.46, else,

for all (z, J) € Z in the linear programming problems. This is more effective than
using one constant B larger than all B for all (z, 7) € Zand all r,s = 1,2,...,n,
as done to shorten the proof of Theorem 2. Algorithm 1 succeeds in finding a
feasible solution to the linear programming problem with m = 4 and D = 2. The
corresponding CPWA Lyapunov function is drawn in figure 1. We used
this Lyapunov function as a starting point for parameterizing a CPWA Lyapunov
function with a larger domain and succeeded with

y :=(0,0.033,0.067,0.1,0.133,0.18,0.25,0.3,0.38,0.45,0.55,0.7,0.85,0.93, 1)”.

It is drawn in figure 2. In figure 3 the sets discussed at the end of section 4 are drawn
for this particular Lyapunov function. Every solution to the ODE with an initial
value & in the largest set will reach the square [—0.133,0.133]* in a finite time ¢ and
will stay in the smaller set containing the square for all ¢ > ¢'.

The stability of switched systems has been under focus recently, see, for example,
[15-17]. Therefore, the second example we present is a switched system under
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Vix,y)

x # 06

Figure 1. A CPWA Lyapunov function for (5) generated by Algorithm 1.

Vix,y)

Figure 2. A CPWA Lyapunov function for (5) with a larger domain.

arbitrary switching. A switched system under arbitrary switching is a non-empty
set P equipped with the discrete metric d(p,q) ;=1 if p # ¢ and a collection of
systems

x=1,x), peP. (6)
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T T T 1

Figure 3. The sets discussed at the end of section 4 for the Lyapunov function
generated for (5).

For every right-continuous function o : R.(— P, such that the discontinuity-points
of o form a discrete set in R.0, the solution #—¢,(t,&) of the switched system
x = f,(x) is defined by gluing together the solution-trajectories of the corresponding
systems, using X = f,(g)(x) for 7 between 0 and the first discontinuity-point ¢, of o,
x = f,(,)(X) between ¢, and the second largest discontinuity-point 7, of o, and so on.
The origin is said to be an asymptotically stable equilibrium of the switched system
(6) under arbitrary switching, if and only if there exist continuous functions
k, £ R.o—R.(, such that «(0) =0, « is strictly monotonically increasing, £ is
strictly monotonically decreasing, and lim,_, ., ¢(x) =0, and, for all £ in some
neighbourhood of the origin, all >0, and all o : R.y— P as described above, we
have

ll¢o (2, O < x(I€INEQ@).

It is not difficult to show, that if the systems (6) possess a common Lyapunov
function, that is, a function that is a Lyapunov function for all of the systems
individually, then the equilibrium at the origin is an asymptotically stable equilib-
rium of the switched system.

Consider the switched system x = f,(x), p € {1,2, 3}, with

-y
f 5 = s
106) (x—y(l—x2+0.1x4)>

—y 4+ x(2 + ) - 1))

fZ(xay) = (
x+y(x*+)y°—1)
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Vix,y)

Figure 4. A common CPWA Lyapunov function for the systems
x=f,(x), pe{l, 23}

and

—1.5y

f3(x,p) = X XN o
15T (1.5) +r-1).

A closer look at the linear programming problem in section 4 reveals that a feasible
solution to an adapted linear programming problem, which incorporates (LC1),
(LC2) and (LC3) once and (LC4) for each of the functions f;, f, and f;, parame-
terizes a common Lyapunov function for the systems x = f,(x), p € {1,2, 3},

We succeeded in parameterizing a Lyapunov function V :[—0.648,0.648]°\]
—0.01,0.01[2—>[R30 for the switched system. This Lyapunov function is plotted in
figure 4.

In figure 5 the region of attraction secured by the Lyapunov function on figure 4 is
plotted. Every solution starting in the region will reach the square at the origin in a
finite time, regardless of the switching.

6. Conclusions

A constructive converse theorem on asymptotic stability is proved for class c?
autonomous ODEs. The Lyapunov function from Theorem 1, which is a non-
constructive converse theorem, is used to assign values to the variables of the
linear programming problem LP(f,d,y, | - ||) introduced in [7, 14] and defined in
section 4 here. We prove that the linear constraints of LP(f,d,y, | - ||) are satisfied
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104

4R

1-0.2

08 06 04 02 0 0.2 0.4 06 08

Figure 5. The region of attraction secured by the Lyapunov function in figure 4 for
the switched system.

by these values. It follows that Algorithm 1 can be used to generate a Lyapunov
function, which can be used to estimate the basin of attraction of the corresponding
equilibrium point.

It is the belief of the author, that this general method to numerically generate
Lyapunov functions for (nonlinear) ODEs might lead to advantages in the stability
theory of ODEs, the stability theory of continuous dynamical systems, and control
theory. However, there are a few open problems regarding the numerics that should
be addressed first. The numerical experience in using this method is limited to several
two-dimensional systems [6, 7, 14]. Higher dimensional systems are certainly of
interest, inclusive of a reasonable method to visualize and extract information
from the Lyapunov function generated. Sometimes, especially when the grid G in
LP(f,d,y,| - ) is regular like in Algorithm 1, numerical instability of the simplex
method implementation (Gnu Linear Programming Kit 3.2.2 by Andrew Makhorin)
used in the search for a feasible solution is an issue. It is not clear whether this is a
fundamental drawback of the linear programming problem LP(f d,y,| -|) or an
artefact of the simplex algorithm or its implementation in the liner solver used.

Software, written in the C4++ programming language, to generate arbitrary
dimensional CPWA Lyapunov functions is available for free on the Internet at the
URL http://www.traffic.uni-duisburg.de/~hafstein. It was used for the examples
presented in this work. The interested user is encouraged to download the software
and apply it to some other ODEs.
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