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Abstract: In the paper presents a brief survey of some new developments in
Lyapunov’s approach including the generalized perturbation equation and its
applications; the use of nonanalytic Lyapunov functions; an extension of the
Barbashin-Krasovskii theorem related to asymptotic stability assured by a
Lyapunov function with nonpositive derivative; the consistency condition for
a time-space mosaic that constitutes a discontinuous Lyapunov function valid
for investigation of stability; the introduction of non sign-definite functions for
use in control (carrying surfaces); the extremal set construction for control,
stabilization, and nonlinear asymptotic observer design.

Keywords: nonanalytic Lyapunov function; nonperiodic systems; control and iden-
tification; discontinuous Lyapunov function.

Mathematics Subject Classification (2000): 34D20, 34D23, 93C10, 93C15,
93D20, 93D30.

1 Introduction

After the seminal work of Lyapunov [1], stability theory was recognized as an indepen-
dent and important field of knowledge. Since that time of 1892, it counted spectac-
ular achievements such as Chetaev’s instability theorem, Malkin’s reduction principle,
Krasovskii-Lyapunov functionals for delay differential equations, stability with respect
to a part of variables, absolute stability of control systems, vector Lyapunov functions,
matrix Lyapunov functions, to name just a few. These fundamental developments and
some other important results can be found in [1—24], see also references therein.

This survey of some relatively recent developments concentrates on directions where
the author personally participated.

The bibliography of the survey is limited to the topics considered which are presented
in the order that relates to the areas of application and seems convenient for the reader.
Efforts have been made to make the paper self-contained.

@ 2002 Informath Publishing Group. All rights reserved. 1



2 E.A. GALPERIN
2 Generalized Perturbation Equation

This concept was proposed in the joint work [25] with V.V.Rumyantsev. In the classical
stability theory, for a given nonlinear system

d
':d—“t’:f(x,t), 2€R", t>a>0, z(a)=b (2.1)

T

under standard conditions ensuring the existence, uniqueness and extendibility of solu-
tions in some region of initial data, the Lyapunov methods [1] can be applied to investigate
stability of a certain particular solution of interest that corresponds to

x*(t) = z(a,b,t), z*(a)=0. (2.2)

Stability of solutions (2.2) is studied with the use of the perturbation equation which is
obtained from (2.1), (2.2) by the transformation

z(t) = " (t) + w(t). (2.3)

Substituting (2.3) into (2.1) and assuming the function f in (2.1) to be analytic with
respect to x , one can use the expansion

dz* n dw
dt dt

= f@" +w,t) = fa", ) + V(@@ Hhw + g(w,1) (2.4)
yielding, after cancellation of the first terms, the perturbation equation
w' = Alt)w + g(w,t), ¢(0,t)=0, t>a. (2.5)

Here A(t) is the Jacobian matrix of f(x,t), (2.1), calculated on the solution x*(t), (2.2),
and g(w,t) are higher order terms with all partial derivatives calculated on the same
solution (2.2).

According to (2.3), the unperturbed motion z*(¢t) of (2.2) corresponds to the trivial
solution w(t) = 0 of the perturbation equation (2.5). This allows us to substitute the
problem of stability of the motion x*(¢), (2.2), of the nominal equation (2.1) by the
problem of stability of trivial solution w = 0 of the perturbation equation (2.5). This
approach led to the powerful and elegant methods that constitute the classical stability
theory, see, e.g. [1—16] and further references therein.

Consideration of perturbation equation (2.5) with all its comfort of using linear ap-
proximation dw/dt = A(t)w and then, if necessary, successive higher order terms (in
critical cases) has, however, some specific qualities.

First, if a particular solution z*(¢), (2.2), is not given as an explicit function of a, b, ¢
(i.e. as a formula), then perturbation equation (2.5) cannot be determined.

Second, if the solution (2.2) and, thus, the perturbation equation (2.5) are known,
then the results of stability on that basis are applicable to that particular solution only.

To bypass these difficulties, let us not fix z(a) in (2.1) and consider z*(t) of (2.2) as
unknown parameter-function. Then the deviation w(t) is governed by the equation

,dw

T

= fla" +w,t) — f(a*,t) = q(w,z*,t), t>a (2.6)
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that follows from the first equality of (2.4). In contrast with equations (2.4), (2.5), the
composite function ¢ in (2.6) contains an unknown solution x*(t) as its argument. On
the other hand, ¢(0,z*,¢t) =0 for all x*(¢), ¢, thus w(t) = 0 is the solution of (2.6) for
any z*(t). It means that trivial solution w = 0 can be put in correspondence to any
particular solution z*(t), serving therefore, the whole region of possible initial data.

If £(.) in (2.1) is analytic with respect to z, then ¢(.) of (2.6) is analytic with respect
to w, yielding the generalized perturbation equation

w' = Az (t), )w + glw, z*(t),t), g(0,2*(t),t) =0, t>a. (2.7)

For some particular x*(t), it is, of course, identical to (2.5) with corresponding A(t),
g(w,t), where we use the same notation A, g for different functions. However, without
fixing z*(t), it represents a bundle of equations given on a continuum of different partic-
ular solutions. With this meaning, we shall drop sometimes the indication of a particular
solution, writing simply

w' = Az, t)w + g(w,x,t), t>a (2.8)

with the understanding that (2.8) is a corresponding perturbation equation for every
solution z(t) of (2.1). It means that the form (2.8) is conserved while the terms are
different for different z(t).

Ezample 2.1 To illustrate the point, consider an example from [3, Sections 4, 44]:

/

v =x(a® —2%), a>0, t>a. (2.9)
According to (2.6), we have
w = (a? = 32%)w — 3zw® —w?, t>a (2.10)

which is the generalized perturbation equation (2.8) in our case of (2.9).

With (2.10) we can do the standard stability analysis for (2.9) as follows. Equation
(2.9) has three stationary solutions x1 = 0, x23 = fa. Substituting those solutions
in (2.10), we immediately obtain instability for x1 = 0 and asymptotic stability for
223 = £a, all by the first approximation in (2.10). These results can also be established
by considering the Lyapunov function V' = w?/2 which has the following derivative on
trajectories of (2.10)

V' =w?(a? — 327 — 3zw — w?). (2.11)

For x; = 0, we have from (2.11) that V' > 0 if a? — w? > 0, asserting instability and
yielding domain of repulsion w € (—«, ) with respect to nominal solution () = 0.
For 33 = +a, we have from (2.11)

Vi 5 = w?(—2a” F 3aw — w?), (2.12)

asserting asymptotic stability of both solutions for small w. To find domain of attraction
for x3 = a, we take the upper sign in (2.12) and solve the inequality w?+3aw+2a2 > 0,
yielding w > —a or w < —2a, which in coordinates tOx corresponds to = > 0 or
T < —a since in this case w = x — 22 = x — a. However, in the region z < —a
there is another attractor, namely, 3 = —a; hence, domain of attraction for zo = « is
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x € (0,00). For x3 = —q, the same arguments with the lower sign in (2.12) yield domain
of attraction = € (—00,0); details are left to the reader.

We see that generalized perturbation equation can be used for all known solutions
of the nominal equation. Moreover, it can be used for stability analysis of solutions
that cannot be expressed as explicit integrals and for which one cannot write the specific
perturbation equation (2.5) corresponding to a particular solution z*(t) (see (2.2) —(2.3)),
not given as a formula. In such cases, the generalized perturbation equation represents
a new and important tool for stability analysis.

Ezample 2.2 Use of bundles of first integrals [25].

Chetaev’s method of construction of Lyapunov functions in the form of bundles of
first integrals [2] (see also [5, Section 10] and further references therein) can be used with
the generalized perturbation equation, that is, for stability analysis of sets of solutions.
Consider the classical example of the Euler case in the motion of a rigid body around
its fixed center of mass without external forces. Equations of such motion are usually
written in the form

Ap' + (C — B)gr =0, (2.13)
B¢ + (A—C)rp=0, (2.14)
Cr'+ (B — A)pg =0, (2.15)

where ¢ > a and p, ¢, r are projections of the vector of angular velocity on coordinate
axes taken as principal axes of the ellipsoid of inertia, and A, B, C' are principal moments
of inertia of the rigid body.

Suppose that p*(t), ¢*(t), r*(t) is some particular solution of (2.13)—(2.15). Substi-
tuting p=p*+¢&, q=¢*+n, r =r*+ into (2.13)—(2.15), eliminating terms that are
cancelled by virtue of nominal equations (2.13)—(2.15) and dropping the superscript, we
obtain the generalized perturbation equations

A = (B - C)(rn + q¢ + nQ), (2.16)
B = (C = A)(p¢ +r& + C8), (2.17)
C¢ = (A= B) (g€ +pn+&n). (2.18)

Here the prime (/) denotes time derivative, and p, g, r are fixed particular solutions of
(2.13) - (2.15) defined by certain initial conditions p(a) = po, g(a) = qo, r(a) = 7o.

By inspection, one can see that equations (2.13)—(2.15) have the following first inte-
grals

T = Ap® + B¢* + Cr? = const, (2.19)
M = A%p? + B%¢* + C?*r? = const. (2.20)

Case 1 A = B = C. In this case all solutions are stationary, p = po, ¢ = qo, ™ = 70,
and all are stable.

Case 2 p =q =r = 0. Equations (2.16)—(2.18) coincide with (2.13)—(2.15). There-
fore, integrals T, M with &, n, ¢ instead of p, ¢, r are also first integrals of perturbed
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motions. Being positive definite, they can be used as Lyapunov functions to conclude
about stability of this trivial solution (at rest).

Case 8 A# B#C # A, and p2 + ¢3 +r¢ > 0. In this case, and taking into account
(2.13) - (2.15), generalized perturbation equations (2.16)—(2.18) have the following first
integrals

T* = A(p+€)* + B(q +1)* + C(r + ¢)* = const, (2.21)
M*=A*(p+ &2+ B*(qg+n)? + C*(r 4+ ¢)* = const, (2.22)

where constants T*, M* are defined by initial data pg, qo, 7o and initial perturbations &,
Mo, Co. Since T, M* do not vanish at £ =n = ¢ = 0, they cannot be taken as Lyapunov
functions.

Consider the function

V= (T"-T)+ (M*— M) (2.23)

This function is nonnegative, V' > 0; vanishes if £ =7 = ¢ = 0, and its total derivative
on trajectories of perturbed motions (2.16)—(2.18) of the system (2.13)—(2.15) is zero,
V' =0, since V is a bundle of integrals. If V' were positive definite, one would conclude
about stability of all motions. Unfortunately, this is not the case.

If & n, ¢ are not all zero, ||+ |n|+ [¢] > 0, then V =0 if and only if 7* =T and
M* = M. To find the manifold on which V' = 0, we can write, by virtue of (2.19) - (2.22)

T* —T = A(2p€ + €2) + B2qn + 1) + C(2r¢ +¢%) =0, (2.24)

M* — M = A?(2p€ + €2) + B(2qn + n?) + C?(2r¢ + ¢?) = 0. (2.25)

Denoting parentheses in (2.24), (2.25) as x, y, z, we obtain for the case A £ B #C # A
the integral-invariant manifold in the &n(-space

x . Y . Z
BC(B—-C) CA(C—-A) AB(A-B)

= A(%). (2.26)

Physically, it means that £, n, ¢ satisfying (2.26) do not affect the energy nor the angular
momentum of the body.

From conservation property of integrals at the left-hand side of (2.24), (2.25), it follows
that perturbed trajectories either lie entirely on the manifold (2.26) or do not intersect it
at all. If for nominal motions p(t), q(¢), r(¢) there are no perturbed trajectories that lie
on the manifold (2.26), then those motions are stable by Lyapunov’s theorem on stability
[1, Section 16] with the function V of (2.23) which is positive definite if (2.26) does not
contain perturbed trajectories. Referring the reader to [25] for details, the conclusion is
as follows.

Summary The rest p = ¢ = r = 0 and all motions in trivial case A = B = C
are stable. The motion p = ¢ = 0, r(t) = ro = const in cases A < B < C or
A > B > C (i.e. constant rotation around extreme axis C, including circular ellipsoids
of inertia) is also stable. From the above analysis, we see that all other motions in the
case A # B # C # A are unstable. In the case of circular ellipsoid of inertia (ellipsoid
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of revolution, A # B = C), constant rotation around an equatorial axis is unstable and
all other motions are stable.

Remark 2.1 The term “stability of sets of solutions” may sometimes be misinterpreted
and confused with the notion usually referred to as “stability of sets”, see, e.g., [26,27]
and references therein. The term “globally asymptotically stable set” means the existence
of a globally contracting Lyapunov function acting outside of the set and bringing every
trajectory from the exterior of the set onto that set. Such “stability sets” are also
“viability sets”, i.e., sets from which a trajectory cannot escape (the last term does not
imply the global attraction of outside trajectories).

The stability of a set in this sense does not mean stability of solutions within that
set. The use of Lyapunov functions to establish the global attraction of trajectories to
some set has nothing to do with stability in the sense of Lyapunov. It means, in fact, a
control application, proving certain quality referred to as ultimate boundedness, viability,
practical stability, with some variations in terminology and definitions used by different
authors. The level sets V(z) < ¢ can be used for construction of so-called overvaluing
or comparison systems dz/dt = h(t,z) with the property z(t,to,20) > x(t,to,x0) if
Z0 Z Zo.

In contrast, the generalized perturbation equation serves to establish stability of so-
lutions in the sense of Lyapunov that start in some region of initial conditions.

3 Nonanalytic Lyapunov Functions

When N.N.Krasovskii (then my Ph.D. thesis supervisor) suggested the use of nonana-
lytic regulators for stabilization of nonlinear systems [28,29], this naturally led to the
introduction of nonanalytic Lyapunov functions.

Since the right-hand sides of perturbation equation are represented as convergent
Maclaurin series around the trivial solution z(¢) = 0, so the nonanalytic Lyapunov
functions are also taken as finite sums of special power terms, containing absolute values
and sign-functions of critical variables see [28 —30]. Those sums are finite since asymptotic
stability and instability are usually decided by terms up to a certain finite order.

Clearly, nonanalytic Lyapunov functions can be used also for other purposes. For
example let us find the stability (viability) set in Example 1 of [27, p.248] for the system:

dz
dy

Taking V = |z| + |y|, we obtain on trajectories of the system

av

o = Uzl + 1y = 2® —y?) +yf()sign = + zg(.) sign y

<(lzl+yh)A=a® —y*) + |yl + |z =V (2 —2® —y®) <0,

if 22 4+ y? > 2 which yields the circle of radius v/2 as the global asymptotic stability set
for the above system.
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4 Extension of the Barbashin-Krasovskii Theorem unto Nonperiodic
Systems

This theorem presents a sufficient condition for establishing asymptotic stability making
use of a Lyapunov function V(x) > 0, = # 0; V(0) = 0 with nonpositive derivative
dV/dt < 0 on the trajectories of the perturbation equation in a neighborhood of the
origin. Such Lyapunov functions are usually constructed in practical cases of nonlinear
systems. We reproduce the theorem in a simple formulation given by Barbashin [14, p.25].

Theorem 4.1 If there is a positive definite function V(x) such that dV/dt < 0
outside of a set M and dV/dt < 0 on M, where M is a set not containing entire
trajectories (except for the origin), then the solution x =0 is asymptotically stable.

Note that it is easy to verify that M does not contain entire semitrajectories of a
differential equation. Indeed, if a system is of the form

o' =g(z,t), x(to) =z, TER", t>to (4.1)

and a surface M is given by F(z) =0, then M does not contain entire trajectories if for

some t > 1T >ty we have

dF
P VFg(z,t) #0.

For stationary systems z’ = g(z), not depending explicitly on t, the theorem (for the
case of stability in the large) has been proved in [31] and is known as the Barbashin-
Krasovskii theorem. For systems (4.1) where g(x,t) is periodic in ¢, this theorem is
proved in [4, Section 14] and is known as Krasovskii’s theorem.

Further extension of this theorem follows from Theorem 4.1 for systems of class A, see
[32, pp.21—27], as described below.

Definition 4.1 System (4.1) is said to be of class A if and only if the function g(z,t)
is such that for every solution z(.,zo,to) of the equation (4.1) and for any fixed ¢ > to
there is a sequence

as >0, limags=0, (4.2)
such that there exists a sequence
Ts = Ts(To, to, t, as) >0, Tey1 >7s, s=1,2,..., lim7s =00 (4.3)
for which
lx(t, zs, to) — 2(t + 76, w0, b0)|| S s, s=1,2,..., (4.4)
where
xs = x(to + 7s, o, to), s=1,2,.... (4.5)

Remark 4.1 If one makes a drawing to illustrate conditions (4.2) to (4.5), it can be
seen that those conditions, in application to solutions of differential equations, resemble
the Cauchy criterion: a sequence x,, € R™ has a finite limit o = lim z,, if and only
if for every € > 0 there is a number N(¢) such that ||z, — z4]| < ¢ whenever p > N(¢)
and ¢ > N(g). In the above conditions, the role of € is played by ay of (4.2), the role
of N(e) is played by 75 of (4.3), and p, ¢, are played by tg + 75 and ¢ + 75 of (4.5),
(4.4). Thus, class A contains systems with asymptotically contracting translations of
every trajectory in some region, and if that region is a neighborhood of the origin, the
Barbashin-Krasovskii Theorem follows. Conversely, if the Barbashin-Krasovskii Theorem
is valid for some systems, those systems must be of the class A defined by (4.2) to (4.5).
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Definition 4.2 If in the context of Definition 4.1 we can take oz =0, s=1,2,...,
in (4, 6), then the system (4.1) is said to be of class Ag.

Definition 4.3 If in the context of Definition 4.1 we can take a; =0 and 75 = sw,
s=1,2,..., with w = const > 0 defined by the function g(z,t) in (4.1) but independent
of zo, to, t, then the system (4.1) is said to be of class A*.

It is clear that
A* C Ay C A. (4.6)

Lemma 4.1 The class A* is nonempty and contains, in particular, all stationary
systems and all systems where g(x,t) is periodic in t.

It is interesting and important that, in fact, classes A*, Ag, A do not coincide: A* #
Ap # A. Let us denote by G the general class of systems in (4.1) such that g(x,t) satisfies
only standard conditions of existence, uniqueness and extendibility.

Lemma 4.2 Strictly: A* C Ag CACG.
Proof 1t is sufficient to provide examples, which are given in [32].

In the theorem that follows, notation 6 denotes a closed neighborhood containing the
origin, the sets 7, Q7 are closed neighborhoods such that Q= C 6 C QF, the closed set
CH =Qt — Q, where Q™ is open, other sets are closed and the set Qq(¢t) C C6 plays
the role of M as in the Barbashin-Krasovskii Theorem above.

Theorem 4.2* If the system (4.1) is of class A and there is a function V(z) such
that for all (z,t) € CO x [tg,00) we have:
VV - g(x,t) <0, (4.7)

where the equality is valid only at points of a set Qo(t) C CO, t € [tg,00), that contains
no semitrajectories of (4.1), then there exists T(xo,to) > 0 such that

x(t,z0,t0) €Q-CO forall x0€Q -0

(4.8)
and all t € [to + T (xo,t0),00).

The proof of this theorem which is cast in the context of differential games can be
found in [32, pp.25—-27]. Considering V(x) > 0,  # 0, V(0) = 0 in the case ¢(0,t) =0,
{0} € 0, and letting & — {0}, we obtain the case of asymptotic stability for systems of
class A of which stationary and periodic systems present particular cases of the smaller
class A*, A* C Ag C A. Thus, the Barbashin-Krasovskii Theorem is valid for far more
general systems than stationary and periodic ones.

Ezxample 4.1 Let

S: a2’ = —xt(l +sin 2t), z(0)==z9, t>0. (4.9)
Consider V = 22, then on trajectories of (4.9) we have

V' =2z2’ = —22%t(1 +sin 2¢) <0, ¢>0. (4.10)

*Acknowledgement — Fruitful discussions with George Leitmann, especially with respect to Lem-
ma 4.1 and Theorem 4.2, are gratefully acknowledged.
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Except for « = 0, which point is excluded from the complement C6 for any 6 — {0},
derivative V' =0 only at isolated points t =0 and ¢, = 7/2+7n, n=0,1,..., thus,
trivial solution = = 0 is asymptotically stable. Equation (4.9) has separable variables,
and it can be verified directly by Definitions 4.1, 4.2 that S € A, S ¢ Ap.

5 Lyapunov’s Approach in Use for Control and Identification

Lyapunov’s methods have been applied to control problems of different nature, see, e.g.

[5,9,10,18,19,21,26—-30,32,33,35-45] and references therein. An interesting general-

ization for control of motion is developed in the joint work with J.M.Skowronski [33].
Consider a non-linear differential equation with controls:

' = — =F(z,t,u), z€RY, weUCR™, tel0,tf], (5.1)

x(to) =x0 €A CAC RN, to € [O,tf], (52)
u=u(z,t) €U CR™, tel0,ty] (5.3)

Equation (5.1) with control (5.3) takes the form

,  dx

o == flz,t), f(z,t) = F(z,t,u(z,t), te][0,ts]. (5.4)

We assume that the functions F, u and the sets U, A in (5.1)—(5.3) are such that the
function f in (5.4) satisfies standard conditions for the existence and uniqueness of a
solution z(¢) with values in A, given initial condition (5.2) and a control function u(-)
with values in U. The sets U, A, A; are open connected sets (domains) and the set of
control functions {u(-)} contains the function u(-) = 0. We allow ¢; = .

With these hypotheses, the above relations are well defined and may be regarded in
two ways:

(a) as nominal equations of a dynamical system with the motion z(¢) € A, in phase
coordinates;

(b) as perturbation equations of certain dynamical system, whereby f(0,¢) =0 and
x(t) € A represents a deviation from some unperturbed nominal motion which
is not explicitly given; the nominal equations of the system are not written, but
x(t) = 0 designates precisely its nominal motion.

In his doctoral dissertation [1] A.M.Lyapunov gave a thorough study of the prob-
lem (b). The principal idea of the approach is decomposition of motion z(¢) into two
motions: a motion along a certain surface V' and a motion of the surface V itself. This
idea is not related to the kind of equation (the nominal or perturbation one), nor to
certain assumptions of the Lyapunov theory. This allows us to generalize the approach
in different directions.

The generalization for use in control is as follows.

(1) Equation (5.1) is regarded as a nominal equation and not as a perturbation one.
The condition f(0,¢) =0 is dropped.
(2) The sets U, A, A; are not assumed to be small, on the contrary:

d(A) = d(Aq) = sup[|z1 — 22| > 1 >0, (5.5)
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where || - || is a norm in R™.

(3) The aim is to determine whether or not the motion x(t) tends to a certain given
domain M C A which is not a neighbourhood of the origin. In control appli-
cations the function u(z,t) is to be chosen so as to make x(t) enter M in finite
time and remain there. We shall concentrate on sufficient conditions for the con-
vergence z(t) — M, and not on how to choose u(-). Consequently, the control
function is assumed to have been chosen, so that we start with (5.4). More on
how to choose u(-) can be found in [32, 35].

(4) Regarding the Lyapunov second method, the conditions V(z) > 0, = # 0,
V(0) = 0 are dropped, the condition dV/dt < 0 modified, and certain other
conditions are imposed. The functions V' (x) thus constructed are no longer Lya-
punov functions and, to avoid confusion, they are called simply V-functions. We
demonstrate, however, that stationary Lyapunov functions represent a subset in
the set of general stationary V-functions.

(5) The sets A, Ay, M are explicitly introduced into the method, allowing us to
obtain quantitative results.

Such are the major changes that aim at the two-fold objective:

(a) to facilitate direct control applications of Lyapunov’s approach;
(b) to provide the means for investigation of nominal equations of a system and a
tool for quantitative design of desired motions.

5.1 Geometry of V-functions

5.1.1 V-surfaces. We consider real C'-functions V(z): RY — R such that for each
constant vy € B C R, B open, satisfy the following conditions:

(1*) There exists a surface V(z) = vy which is unique (single-sheeted) and of a finite
measure.
(2*) There exist xo such that V(zo) < 1o and z; such that V(z1) > vp.
(3*) The set
Qo) ={z | V(z) <o} (5.6)

is bounded in RY.
We consider the closure of €2, or the level set

cdQv) ={z | V(z) <wp}, (5.7)

its boundary
) ={z | V(z) =9} (5.8)

and the open complement or the exterior of (2:
CclQw) ={z|V(z) >vp} = ext cl. (5.9)

The condition (2*) means that the interior and exterior of cl€? are not empty. If V(x)
is defined everywhere in R, then by (5.6), (5.8) (5.9) we have Q4+ 90Q + CclQ = RN,
Also extQ =00+ CclQ Dext clQ =Ccl

Lemma 5.1 The boundary 0Q separates RN into disjoint open sets:

Q=intclQ and CclQ=extcl, QNCclQ=0.
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Lemma 5.2 Any continuous curve L in RN, joining o € Q and x; € ext(Q,
intersects the boundary 02 = {x | V(x) = vo}.

Lemma 5.3 If v{ < vg, then for the same V(x) the surfaces 0Q(v() and 0 (vy) are
strictly enclosed:
Q) € Q= Qw). (5.10)

Remark 5.1 The requirements of uniqueness and a finite measure of a V-surface are
imposed in (1*) to avoid unnecessary complications. Such pathological cases do exist,
for example, the function V = (22 + 23)sin®(2? 4+ x3) with nice properties: V(z) = 0
for ||x]|? = 22 + 23 = n, n =0,1,..., otherwise V(x) > 0, presents for each vy > 0
a countable (denumerable) set of surfaces V = 1y in R? which can be constructed
by the equation sin?(2? + 232) = vo/(2? + 23). Such functions are not allowed by the
condition (1*).

The set of C'-functions satisfying (1*)—(2*)—(3*) is not empty. Any real ellipsoid
centered at the origin

V:Zaix?:w), a; >0, 1=1+n

presents such a V-function for vy > 0, that is, vg € B = R, thereby with additional

properties: V(x) > 0 for all = # 0, V(0) = 0, that are not required in this research.

The property V(0) = 0 disappears for ellipsoids centered not at the origin.
Non-sign-definite functions of the type:

Vk:Zai(Ii—ai)Qk—Fﬂ, k=1,2,...,a0; >0, i=1+mn,

where 3, a; are real constants, are also allowed. Planes, cylinders, cones, paraboloids
are not allowed since €2 is unbounded. Functions of the type

Vi =) ailwi—ail®+8, k=12,...,0,>0, i=1%n

satisfy (1%), (2%), (3*) for an appropriate interval B C R but are not differentiable at
x; = ay. If however special care is taken at those corners, such functions can be allowed
and were actually used for nonlinear stabilization in [28 —30].

In some problems one might be interested in a bounded open region A C RM only.
In this case one can consider those B C R and vy € B = B(A) for which the conditions
(1%), (2*), with x, mg, z1 all in A C RV are satisfied and define the sets Qa, CclQa
by the relations:

Qa ={z | V(z) <y, x € A} = Q(1p, A),
CclQa ={z|V(z) >y, €A}
Clearly, QA C A and is, therefore, always bounded so that (3*) is automatically satisfied.

To preserve the separation property in this case, we have to introduce it either directly
by the condition:

(4*a) The sets Qa and CQa, nonempty by (2*), are disjoint, that is

QaNCclQp = 0;
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or indirectly, by the condition:
(4*b) There exists x; € CclQa such that x; ¢ clQa.

Condition (4*a) replaces Lemma 5.1 and it follows from (4*b) by Lemma 5.2. Ge-
ometrically it is clear that one of these conditions is necessary to exclude spiral and
other surfaces that do not partition A into two disjoint subsets. Now planes, cylinders,
paraboloids are allowed. We shall see, however, that this vast collection of V-functions
is restricted by further considerations.

5.1.2 Moving V-surfaces. Suppose x = z(t) is a C'-function of time on [tp, 00). Using
one and the same V(z), we can define the level function

wo(t) = V(x(t)). (5.11)

If this function is considered in (5.8) instead of a constant vy, then we obtain a moving

boundary
o0t) = (x| V(@) = vo(t)} (5.12)

and so in (5.12) = € RN is any point on the surface and not the same as x(t) in (5.11).
Take any t1 € [to,t¢] and let the total derivative be negative:

dvg dV , o

Since V(z) € C*, then by continuity there exists § > 0 such that

d
ty=t;+8<t; and $<0 for all ¢ € [t1,t1 + 4. (5.14)

The continuous function dvg/dt is uniformly continuous on a closed segment [t1,%2] and
attains there its maximum:

max — =c¢, ¢<0, t¢€/[t,ta] (5.15)

Now, (5.14) can be strengthened:

dl/o

o < —le| <0 forall te[ty,ts]. (5.16)

Integrating (5.16) over [t1,ts] yields
Vo(tg) < I/()(tl) — |C|(t2 — tl) < Vo(tl). (517)
Thus, the new (moved) boundary d€2(t2) lies entirely in the interior of the old Q(¢1), cf.

Lemma 5.3:
5Q(t2) S Q(tl) (518)

and is separated from §€)(¢1) by a band of the width (in terms of V-levels)

AVO = Vo(tl) — I/Q(tg) 2 |C|(t2 — tl). (519)
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Of course, here ¢ = ¢(§). Suppose now that (5.16) holds over the entire closed segment
[to,tf]. Then ¢ = const < 0 and by the same argument we obtain that the curve z(¢)
in finite time At =ty —to crosses the band between §Q(to) and §Q(ty) at the moment
t = t§+0 and stays there for a sufficiently small interval (tf,ts+¢), € > 0. If in addition

d
% —VVa' <0 for x(t) €0Qts), t >ty (5.20)

where (5.20) is understood to hold every moment ¢ > ¢; when the curve touches the

boundary 0€2(ty), then the curve z(t) is not leaving the closure Q(¢y), V¢ > ty.

5.1.3 Carrying V -surfaces (V -carriages). Suppose that a family of trajectories z(xq, to, -)
is given by a differential equation

d
= d_?; = f(z,1), x0=2x(to), t=to. (5.21)

x

Then (5.20) takes the simple form
VVf(x,t) =o(z,t) <0 (5.22)

and can be evaluated at every point of a region in space and time, in our case in () X
[to, tf], Q(to) C RY, without integration of the equation (5.21). If z¢ € Q(ty) and (5.22)
holds for the closed region:

x € Qto) — Qty), Qty) C Qto) (closed band in RY)
t € [to,ta], ta >ty (closed segment in time)
then the same argument holds and the entire family of solutions of (5.21) once trapped
in Q(to) crosses the band Q(ty) — Q(ty) in finite times (depending on )

1
]

At(l‘o) S [Vo(to) — I/Q(tf)], (523)

where
c=maxo(z,t) =const <0, z€Qto) —Qtsp), to<t<tys

and every solution stays in Q(t) at least until ¢ = ¢,.
The construction resembles the well-known Lyapunov design. However, we do not
require that V(x) be sign-definite, nor that V' (0) = 0.

5.2 The control theorem

Consider the set of all V-functions. Given A ¢ RN, M C A and a function V(z), define
the following constants and sets (0A, OM denote the boundaries of A, M):

vt =supV(z) |z € 0A, (5.24)
Qf ={z|V(z) <vt}, (5.25)
v~ =infV(z) |z € oM, (5.26)
Q" ={z|V(z) <v™}. (5.27)
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Unless otherwise stated, Q7 is assumed to be non-empty. We assume f(z,t) of (5.4) to
be defined and solutions to exist in the closure QF. Suppose that QF and Q™ are simply
connected. Discard all V-functions for which either v~ > v+ or AZ QT or Q= € M.
The remaining subset IT which is assumed to be non-empty contains only those V() for
which the following inclusions hold:

Q" CMcCACOQ". (5.28)

Denote the closed complement
CM=Q"-Q, (5.29)

non-empty since M # A.

Theorem 5.1 Given M C A, z9 = z(tp) € A — M and a constant T, t; —ty >
T > 0, the motion x(xo,to,t) enters M not later than at the moment t* =ty + T and
stays there, if there is a function V € II such that for all (x,t) € CM x [to,ty) we have

VV f(z,t) < —c, (5.30)

where

c= Ty = const > 0. (5.31)

Proof follows from the above considerations, see [33].

Remark 5.2 One cannot substitute M for Q7 in (5.29).

It is apparent that the above theorem is well in the spirit of Lyapunov, with the
difference that it presents sufficient conditions for guaranteed transfer from a given point
into a given domain in finite time specified beforehand. This theorem can be specified to
include the limit operation as ¢t — oo for the case of the perturbation equation in (5.4)
with ¢ty = o0, f(0,t) =0, and to deduce the well known classical results of Lyapunov [1]
in stability theory, see [34]. This makes clear that the set IT of V-functions is non-empty
and contains positive definite functions used by Lyapunov. It also opens a way to apply
known methods of constructing Lyapunov functions to more general functions V € II.

In [32] this approach is applied for differential games, cf. Theorem 4.2 above where 6
is the target set. In [35] it is applied for asymptotic observer design in differential games
with incomplete information.

In control applications, usually a part of coordinates of the state vector x € RN
are directly measured, or a function thereof that constitute the information vector y =
g(z,t) +7, y € R*, k < n, containing measurement noise (¢). In this case, a controller
is taken either in the form u = wu(y,t) for the output feedback control, or in the form
u = u(z,t), where z(t) is the observer, that is, an approximation to z(t) computed from
a model

dz
i h(y,u,t), =z(to) =20, t>to (5.32)
constructed in such a way that the error
e(t) = z(t) — z(t) (5.33)

does not leave some neighborhood of the origin and is attracted to the origin sufficiently
fast. This way of obtaining an acceptable estimate of x(t) for use in control is called
asymptotical observation or adaptive identification [35,37—44].
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For a linear stationary control system

Cfl—f = Az + Bu, y(t)=Cx (5.34)

the construction of a model (5.32) is very simple [38, 39]:

%:Hz—l—Qy—i-Bu, H=A-QC. (5.35)

Subtracting (5.34) from (5.35), we get the error equation, cf. (5.33):

% — H:— Av+Qy= H(z — 2) = He(t). (5.36)
The matrices A, B, C are known, and it remains to provide appropriate eigenvalues for
the matrix H in (5.35), (5.36) by the choice of the matrix @, see [40, 44].

For a nonlinear control system, the construction of the model (5.32) is not so sim-
ple and Lyapunov’s approach should be used for a proper asymptotic observer design
[35,37,41-43].

6 Stability by Time-Space Mosaic with Discontinuous Lyapunov Function

By a theorem of Massera [46], if the trivial solution z = 0 of a perturbation equation
with Lipschitzian right-hand side is uniformly asymptotically stable in the large, then
there exists a Lyapunov function V(z,t) that guarantees this type of stability.

In practical cases, a particular solution may be uniformly asymptotically stable but not
in the large. Too, stability in the large as well as uniform stability, though comfortable,
are not usually required in practice.

Even if the existence of a Lyapunov function is established, there is no universal
method for constructing Lyapunov functions, and its construction is difficult in almost
all nontrivial cases. These difficulties led to the development of vector [22, 23] and matrix
[24] Lyapunov functions which act on regions of the subdivided state space through which
trajectories are passing.

The generalized perturbation equation described in Section 2 opens a way to use
different contracting Lyapunov functions for different periods of time. The surfaces
defined by such Lyapunov functions form a time-space mosaic, or in other words, a
discontinuous Lyapunov function, which is easier to construct and which can serve for
establishing stability of motion. This approach was developed in the joint work [25] with
V.V.Rumyantsev.

In stability analysis, deviations w(t) are studied in a neighborhood H of the origin
and one is interested to determine whether or not for every 1 > 0 there exists d(n) > 0
such that if

[[woll < 6(n), (6.1)

then
lw@)| <n forall t> o, (6.2)
where || - || is the Euclidean norm. If the answer to this question is in the affirmative, then

the motion w(t) = 0 is called stable, otherwise, unstable. It means that if there exists
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1o > 0 such that, whatever small § > 0 may be, there is a moment ¢, > ty, at which
[lw(ts)]] = mo, then the motion is unstable. If at some moments t¥ > to, perturbations
grow to a fraction of the magnitude of a nominal coordinate, |w;(t})| = a;j|z;(t})],
aj = const > 1, 1 < j < n, then the motion is unstable.

A stable motion with the additional property

lim [|w(t)|| =0, t— o0 (6.3)

is called asymptotically stable. These are the classical definitions of stability given by
Lyapunov [1]. With the notation (2.3), it refers, of course, to the stability of the solution
29(t). Let us not fix the initial condition z°(ty) = zo € Ay, considering instead a
collection of nominal solutions {2°(#)} = 2°({xo},t0,t) corresponding to a set {xo} C
Ag of initial conditions; the notation {xo} may mean a finite collection or a set, a
continuum.

To study and solve the problem by Lyapunov’s second (direct) method, C*-functions
V(w,t), W(w), Wt(w), W*(w) are considered that vanish if w = 0,

V(0,t) = W(0) = WH0) = W*(0) =0, t>to, (6.4)

and have some additional properties.
Recall the basic theorems of Lyapunov’s second method.

Theorem 6.1 (Lyapunov [1]) If there exists a function V(w,t) satisfying the condi-
tions

(a) V(w,t) >W(w)>0, weH, w#0, t2>to; (6.5)
d
(b) d—‘t/ = %—Z VV - qw,z°,t) <0, weH, t>ty (6.6)

on the trajectories of the perturbation equation, then the solution w(t) =0 is stable.

Theorem 6.2 (Lyapunov [1]) If there is a function V(w,t) satisfying condition (a)
and the strengthened (cf. (b)) conditions:

v v

oV . 04 <« _wt

(c) 7 5 +VV - q(w,z”,t) < =W (w) <0, (6.7)
we H, w#0, t>to

(d) Wi(w) =2 V(w,t), weH, t=>1o, (6.8)

then the solution w(t) =0 is asymptotically stable.

Theorem 6.3 (Chetaev [2]) If there exists a function V(w,t) satisfying the condi-

tions:
(e) theset X, ={weH|V(wt)>0,t>t}

(6.9)
N{llwll <n, n >0} #0
is nonempty for all t >ty and any small n > 0;
(f)  V(w,t) is bounded within X; (6.10)
av._ov 0 .
(g) %—E+VV-q(w,x,t)>0, weX, w#o, (6.11)



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 2(1) (2002) 1-23 17

on the trajectories of the perturbation equation, meaning that dV/dt is positive definite

m E%, in the sense that for every small € > 0 there is v > 0 such that if V(w,t) > ¢,
then p
d_‘t/ >~ forall t>t, (6.12)

then the motion w(t) =0 is unstable.

Geometrically, condition (6.11) together with (6.12) mean that if w(t) € X} is uni-
formly separated from the boundary 82’;7 for all t > tg, then dV/dt > ~ > 0 is uniformly
separated from zero for all ¢ > g, see [2, Section 13]. As distinct from (6.5), a function
V(w,t) in (6.9) need not be positive definite.

Of course, stability, asymptotic stability or instability of the solution w(¢) = 0 implied
by Theorems 6.1 6.3 means the same property of all nominal solutions {z°(t)} for which
(6.6), or (6.7), or (6.11)—(6.12), respectively, are fulfilled.

Consider z° in (2.6), (2.7) and z in (2.8) not as a particular solution, but as a param-
eter. Then inequalities (6.6), (6.7), (6.11) become characteristics of a domain (simply
connected open set)

E=Dx{',t+T), DCACR" >ty fixed, T >0, (6.13)

where D may vary with t € (¢/,¢' +T).
With z, ¢ considered as independent variables, the left-hand side of (6.6), (6.7), (6.11)
becomes a function F': R™ x R® x R — R of three arguments

F(w,x,t) = %—‘tf +VV - q(w,z,t), (6.14)

which coincides with the total derivative V' = dV/dt of a chosen function V(w,t) on
trajectories w(t) of the perturbation equation (2.6).

Consideration of such functions (6.14) and domains (6.13) is motivated by the need
to evaluate the rate of attraction of perturbed motions to a nominal solution of (2.1)
within a finite time interval, and for all nominal trajectories passing through domain F
of (6.13). For processes evolving in a finite space-time region, such information may be
useful irrespective of stability properties on [tg, 00). In such considerations, perturbations
w do not have to be small.

Definition 6.1 If for a chosen V(w,t) satisfying (6.5) on an interval (¢',¢ + T),
the condition (6.6) or (6.7) holds for (x,t) € E, then domain E is called neutral or
contractive, respectively.

Definition 6.2 If for a chosen V' (w, t) satisfying (6.9), (6.10) on an interval (¢',¢'+T),
the condition (6.11) holds for (z,t) € E, then domain E contains a repulsive sector X ;
such domain F is called repulsive.

The statement that a certain domain E is contractive, neutral or repulsive means
that there is a function V(w,t) mentioned in Definitions 6.1, 6.2 which renders the
corresponding property of E. The availability of such a function defines the corresponding
domains. For example, if V(w,t) satisfies (6.5), (6.7) for all ¢ > ¢g, then our domain
becomes a contractive band E = D X [tg,00) with one sole Lyapunov function which is
the classical case.
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Remark 6.1 The names contractive or repulsive domain relating to the (x,t)-space
should not be confused with the names domain of attraction or repulsion relating to the
w-space, as in Example 2.1.

To illustrate the geometry corresponding to Definitions 6.1, 6.2, we can use the stan-
dard argument of the Lyapunov stability theory [1,2]. Consider, for example, a neutral
domain E; = Dj X [tg,t1). For a given 7 > 0, let

v =inf Wy, |w||=m; dueto (6.5), 71 > 0. (6.15)

Since V4 (w, tg) does not depend on ¢, so due to (6.4) and to the continuity of V; there
is ¢ > 0 such that for ||w|| < 6 we have Vj(wo,tp) < 1. Choosing such initial conditions
and due to the relation

t
Vi — Vi(wo, to) = /Vl’dt, V/ <0 asof (6.6), tE€ [to,t], (6.16)

to
we obtain that w(t) is such that the following conditions are satisfied
Wy < Vi(’w,t) <W (’wo, to) <, t e [to, tl] (617)

implying |lw(t)|| < n for ¢ € [to, t1].

It means that, over a neutral domain, perturbations within a ball |Jw| < 1, where
(6.4) - (6.6) are satisfied cannot escape this ball whatever (z,t) € By = Dy X [to,t1). If
t1 = 0o, stability follows.

If we have strict inequality V{/ < 0 in (6.16), compare with (6.7), then domain F;
is contractive. If t; = oo and we use the additional condition (6.8), then asymptotic
stability follows by the standard argument [1,2].

However, if we consider two adjacent domains with different functions Vi, V5 (with
one common function it would be one single domain), then neutrality or contractivity
of the union does not follow from the same property for component domains. Indeed,
continuing the argument (6.13)—(6.17) for E2 = Ds X [t1,t2], we denote . = ||w(ty)]|.
Clearly, n > m > 0 since, otherwise, the value w(t1) = 0 of the solution w(t) # 0
would contradict the uniqueness of a solution emanating from the point (¢1,0) due to the
existence of the trivial solution w(t) = 0. Let

y2 = inf Wa. (6.18)

llwll=m

Since Va(w, t1) does not depend on t so due to (6.4) and to the continuity of V5, there
is 62 > 0 such that for ||wy| < d2 we have Va(wi,t1) < v2. However, wy = w(t;) =
w(wo, to,t1) comes from F; and cannot be chosen so as ||wi| < d2 for appropriate
02 > 0. Hence, to continue the argument and to assure that finite or countable union of
adjacent neutral (contractive) domains be also neutral (contractive), we have to impose
the following condition.

Consistency condition. A sequence of adjacent or overlapping neutral (contractive)
domains Fj, Es,... with functions Vi, Vs, ..., acting on [to,t1), [t1,2),..., and satis-
fying (6.4)—(6.6), or (6.7) for contractive domains, is called consistent if the functions
V1, Va,... are such that, with the initial condition [|w| < (1) for a given n > 0
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in (6.15), we have Va(wi,t1) < 72 for wy = w(wo,to,t1) and any x € Da(t1), then
Va(wa,ta) < 43 for we = w(wy,t1,t2) = w(wo, to,t2) and any x € Ds(ta), etc., for all
Vi, n=2,3,4,... in the sequence. It simply means that the solution w(wy, to,t) at times
t=1t1,t2,...,tn,... is picked by the next function with the same properties as previous
functions plus the property of no escape from the sphere (ball) already attained. Con-
sistent domains do exist, for example, if V,, = ¢, ||w||? or if V,, are considered as pieces
on [tp—1,tn) of one single Lyapunov function V(w,t), t € [to, 00), existing under certain
conditions [4, 46].

Definition 6.3 If there is a band Ey = Dy X (tg,00), Dy C A, that can be covered
by a finite or countable chain of consistent neutral (respectively, contractive) domains,
such a band is called neutral (respectively, contractive).

Theorem 6.4 FEvery solution which is entirely in a neutral band is stable.

Proof There is a sequence of functions Vi, Va,... acting on [to,t1), [t1,t2),... and
satisfying (6.4)—(6.6) that corresponds to a cover by a finite or countable chain of con-
sistent neutral domains. If the chain is finite, we prove the theorem after a number of
repetitions of the above argument (6.13)—(6.17) since the last ¢, = oo. If the chain is
countable, then t,, — oo, thus, for every t € [tg,00) there is a subsegment to which it
belongs, yielding |lw(t)|| < n for all ¢ > t.

A solution which is entirely in a contractive band may not be asymptotically stable
though its stability follows from Theorem 6.4 since (6.6) is implied by (6.7). If the chain
is finite and for the last function Vi (w, t) acting on [t;, 00) the condition (6.8) is satisfied,
then asymptotic stability follows from the classical Lyapunov Theorem [1].

For a countable chain of consistent contractive domains, consider a sequence of corre-
sponding functions

Vi(w,t), te [tifl,ti), t; — o0 as i—>OO, i:1,2,..., (619)

each acting over corresponding domain F; of finite time length At; =¢; —t;_1 > 7 > 0.
Functions (6.19) may be regarded as components of a piecewise continuous function
V(w,t) acting on [tg,00), which components should satisfy the consistency condition
stated above.
Now, condition (6.8) can be extended onto the sequence (6.19) as follows. From (6.5),
(6.8) we have
W*(w) > V(w,t) > W(w) >0, weH, w#0, (6.20)

where V(w,t) represents V;(w,t) over each [t;—1,t;) of (6.19). Since W*(w) — 0 as
|lw|] — 0, so for appropriate n > n, > 0 the surface V(w,t) = « is enclosed in the
spherical ring

n 2 [lwlf = ., (6.21)

provided that 1 >+ > 7, and the ring (6.21) is in the region H. Indeed, it is sufficient to
take such 7, 7, that the sphere ||w| =7 is circumscribed around W*(w) = n; < 7, and
the sphere ||w|| = n. is inscribed in W (w) = n2 > ., M1 > n2. Since m = W*(w) — 0,
as ||lw|]| — 0, we can take n — 0. Vice versa, if (6.8) holds, then for any spherical ring
(6.21) in the region H, by virtue of (6.20), (6.8), there exist functions of (6.19) acting
over this ring (we say in such case that ring (6.21) is covered by consistent contractive
domains).
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Take a decreasing sequence n =1n; > -+ > N > Ng4+1 > ..., limn, = 0, and consider
rings Ry = {w € H | nx > [|[w|]| > me+1}, k= 1,2,.... Consider all functions V;(w, t)
from (6.19) acting over the ring Ry. By (6.7) every V; < 0 which means that there exists
W1 (w) such that over the segment of definition of V;(w,t) we have definite negative and
bounded from zero total derivatives

~V/(w,z,t) > W}(w) >0, weH, w#0,

(6.22)
(I,t) e FE;, =D; x [tifl,ti).
Let
yir, = inf W} (w) >y, >0, w € Ry. (6.23)

The uniform bound 7 > 0 exists for all V; acting over Ry, since otherwise W} (w) would
not be separated from zero within closed Ry, not containing zero, in contradiction with
definition of a positive definite function.

Now, integrating the piecewise continuous function V(w,t) with components (6.19)
along a trajectory (or a part thereof) lying entirely within Ry, we obtain by (6.22),

(6.23)

V = V(w, ) = /V/ dt < _Z%k(ti — ti—l) < —'yk(t —ty), (6.24)

t*

where the sum covers all components V;(w, t) acting over Ry and t, is the starting time
of a perturbed trajectory. From (6.5), (6.24), we get

0 < V(w,t) < V(ws,ts) =t —1ts), & >0, (6.25)
meaning that there is only finite time (¢ — ¢.) < Ty < oo during which a trajectory

can stay within Ry. Since the band is contractive, the perturbed trajectory w(t) will
leave Ry, approaching zero, so that for ¢ > t,. + T}, we have |Jw(t)| < nk+1. By (6.8),

for any ring Rg, k = 1,2,..., there are V; from (6.19) that act over that ring, hence
tlim lw(®)] = klim M, = 0. This proves the following theorem.

Theorem 6.5 If a contractive band is such that for any n > 0 there is N(n) such
that for all i > N(n) functions Vi(w,t) of (6.19) satisfy the condition n > Vi(w,t) > 0,
weH, w#0, t € [ti—1,t;), t; — 00, as i — 00, then every solution passing entirely
within such a band is asymptotically stable.

Remark 6.2 The above arguments resemble the analysis based on property (A) or
(B) in [4, Sections 4, 5], under which there exists a Lyapunov function V(w, t) acting on
[to, 00) with sign definite derivative that renders asymptotic stability of certain nominal
solution 2°(¢). However, it may be difficult to find such a function and, if found, it serves
one particular solution only. Functions (6.19) may be easier to construct, and they serve
all solutions passing through corresponding domains F;. If considered as components
of one function V(w,t), this function, though generally discontinuous, renders, under
certain conditions, the same conclusions about stability or asymptotic stability as a
classical Lyapunov function.

Remark 6.8 In contrast and similarity with vector Lyapunov functions introduced, e.g.
in [22,23], that create a space mosaic based on the idea that each subsequent function
(all acting on [tg,0)) covers a manifold (or a part thereof) where preceding functions
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are inconclusive (e.g. where V' = 0), the functions (6.19) correspond to a time-space
mosaic of consistent domains which domains, if forming a band extending over [tg, 00),
deliver the same stability properties as a conventional Lyapunov function.

Functions V; of (6.19) corresponding to a chain of consistent contractive domains can
be used to obtain quantitative results concerning the measure of contraction within every
domain F;, see [25].

7 Conclusions

Developments presented in this survey complement the classical stability theory in differ-
ent directions. First, it seems important that investigation of stability should be possible
without integration of equations of motion. This possibility is provided by the general-
ized perturbation equation which implicitly contains trajectories of the nominal equation
passing through the z-space included as parameter-space in the generalized perturbation
equation acting in the w-space of perturbations. As a by-product, such relaxation of a
fixed particular solution around which the classical perturbation equation is constructed
allows us to investigate stability of all nominal solutions passing through the z-space.
Thus, the explicit integration of the nominal equation which is difficult if not impossible
in many practical cases becomes unnecessary. This also opens the avenue for numerical
investigation of stability.

Second, Lyapunov functions usually constructed as smooth functions do not have to
be differentiable. They can be even discontinuous, if certain consistency condition is
respected. This expansion of the class of possible Lyapunov functions is of much interest
in view of difficulties encountered in attempts to construct a Lyapunov function for a
more complicated practical system.

Further, the extension of the Barbashin-Krasovskii theorem onto nonperiodic systems
has been long overdue. Indeed, it was puzzling that this important and much used
theorem should be valid only for systems with such easy-to-see fashionable property as
being stationary or with a periodic right-hand side. The result presented in Section 4
extends the validity of this theorem to systems of class A whose solutions satisfy a
condition that resembles the Cauchy compactness criterion.

Another generalization was to apply the idea of decomposition of motion (embodied
in Lyapunov’s approach) to the controller and observer design for nominal systems. This
development required the relaxation or modification of classical Lyapunov conditions,
leading, in fact, to new functions and to a different framework. Well in the spirit of
Lyapunov, this approach can be used for new classes of problems such as motion con-
trol, dynamic games and asymptotic observer design. Quite naturally, in application to
stability and stabilization it brings us back to the classical Lyapunov results.

Using this framework and the generalized perturbation equation, it became possible to
develop a time-space mosaic method, a sort of Lyapunov-like assembly line along the time
axis, that allows us to substitute a single continuous Lyapunov function acting on [t, 00)
by separate independent functions easier to construct, provided the consistency condition
is satisfied. Apart from analytical advantages in stability analysis, it opens a way to
“practical stability” evaluations (on a finite interval of time, cf. [17,27]) through on-line
computations of the rate of attraction. If combined with the space-splitting furnished
by vector and matrix Lyapunov functions, see [22—24], this presents a complete time-
space mosaic in R"™ X R which could provide a powerful tool for solution of complicated
practical problems.
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1 Introduction

The main thrust of this paper is to model obligate mutualism with the middle and top
predators of a three-species food chain. The cases of facultative mutualism with the prey
and middle predator populations have been considered in [24].

Previously, models of mutualism with predator-prey systems have been considered in
[2,12,16,24,27,34]. Models of obligate mutualism have been discussed in [7,12,13,14].
For general discussions of mutualism the reader is referred to [1,7,11, 32].

Most models of mutualism are two dimensional. There has been a fair amount of
work recently on three dimensional models, where the mutualism occurs between prey
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(see eg. [2,15,27]); predators (see [2,13,14,15,27]), perhaps both [30], or competitors
(see [2,9,27,29,33]), etc. However, to date the only results dealing with mutualism in
food chains are contained in [24].

Our main concern in this paper will be to develop criteria for the persistence or
extinction of populations considered in our model. Persistence and extinction criteria for
food chains and/or mutualism models have been discussed in [13,15,16,17, 18,21, 24].

At this time we give definitions of extinction, persistence and nonpersistence. First
we define extinction. We say that N(t) > 0 exhibits extinction if tlig)lo N(t) =0. We

note that nonpersistence (defined below) does not necessarily imply extinction for all
initial values N(0). If tlim N(t) =0 for all N(0) > 0, we say that our system exhibits

total extinction with respect to the N(t) population. We will employ the notation R}
to denote the positive v-axis and R/ for its closure, for any variable v. R, denotes the
positive v — w plane and R}, its closure etc.

Further if populations Ni,..., Ni exhibit total extinction in the space R;Ll_’___yw,
we denote this by En,,...n, — 0. Here Ni,...,N; and vq,...,v, are subsets of the
set {u,z,y,z}.

We now define persistence with respect to the positive orthant in R™ (see [4, 5] for more
general definitions). We say that N(t), N(0) > 0, persists if N(t) >0 for all ¢ >0 and
litm inf N(t) > 0. We say that N(t) uniformly persists if, further, litminf N({t)>d6>0

for all N(0) € R4, where R, is the interior of R’ . Finally, we say that a vector
(N1(t),...,Nn(t)) € R} (uniformly) persists if each component (uniformly) persists. If
any component fails to persist, we say that nonpersistence occurs.

In Section 2, we discuss our model. Section 3 contains an equilibrium analysis and a
review of known persistence criteria. Section 4, gives persistence and extinction criteria
for the total model including reversal of outcome. In particular, criteria are developed
for the first time to the best of our knowledge for the case of almost periodic dynam-
ics. Included in this are examples to illustrate our results. Section 5 contains a brief
discussion.

2 The Models

In this section we describe a general model of interactions between a mutualist population
and populations of a food chain. The mathematical formulation of obligate relationships
between the mutualist and two different trophic levels of the food chain are also described.
Finally, we estimate the region of attraction in each case, showing that the models are
well-behaved.

We consider the autonomous system,

% — uh(u, 2y, 2),

‘fl_gt” = azg(u, 3) — yp1 (u, ) — 2pa(u, ),

W s 9) + e (wpa ()] = 20(u9), 1
% = 2[—sa(u, 2) + ca(w)pa(u, ) + c3(w)g(u, y),

u(0) =up >0, z(0)=z0>0, y0)=yo>0, 2z(0)=z2 >0,
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as a model of a mutualist-food chain interaction with continuous birth and death pro-
cesses. The variable u(t) represents the density of the mutualist at time ¢ and (), y(¢),
z(t) denote the prey, predator, and superpredator densities respectively.

The function h(u,x,y, z) represents the specific growth rate of the mutualist popula-
tion. We assume that h(u, x,y, z) possesses the following properties.

(H1) h(0,2,y,2) >0, §&(u,2,y,2) <0.

(H2) There exists a unique function L(x,y, z) > 0, such that h(L(z,y, 2),z,y,z) = 0.

The function g(u,z) is the specific growth rate of the prey z in the absence of any
predation. We assume that

(G1) g(u,0) >0, %(u,x} <0.

(G2) There exists a unique K (u) > 0 such that g(u, K(u)) = 0.

(G3) 22 (u,z) > 0.

Next, the functions p;(u,x), i = 1,2 and ¢(u,y) denote the predator’s functional
response to the prey and mutualist densities. We assume that,

. e
(P1) pi(u,0) =0, F (u,2) >0, i =1,2, q(u,0) =0, 5l (u,y)>0.

9pi
ox

The functions s1(u,y) and s2(u, z) are the specific death rates of the predators y and
z, in the absence of predation. We assume that

(S1) —8518(17’9) >0, 22wz 5 g

(S2) Zulwd) <o Do2(wz) > g o (u) >0, ci(u) <0, i =2,3.

u u
The non-negative functions ¢;(u), i = 1,2,3 are the conversion rates of prey biomass to
the predator biomass. The implications of the above conditions are described in detail in
[24]. Finally, we assume that all the functions are smooth enough so that existence and
uniqueness of initial value problems hold and any required analysis can be carried out.
In model (2.1), we will think of « as a bifurcation parameter.

2.1 Obligate mutualism with the bottom-predator

In this section we consider the case of obligate mutualism between the mutualist « and
the predator y. In addition to H(1-2), we assume the following for the specific growth
rate h(u,z,y, z) of the mutualist:

(H3) 2 (u,2,,2) <0, 5 (u,2,y,2) >0, 9 (u,2,y,2) <0.

(H4) lim L(0,y,0) = L < .
Yy—o0

The condition (H3) implies that u derives benefit from the predator population and
that there might be a cost to the mutualist due to its interactions with the predators.
The condition (H4) implies that v has a finite carrying capacity, no matter how much
benefit it derives.

Further we assume

(P2) 2inn) > g, ne) < o, 2alen) <

This condition implies that the mutualist can benefit the bottom-predator by increas-
ing its predator’s response and/or by decreasing the response of the superpredator.

In order for system (2.1) to exhibit obligate mutualism between u and y, the food
chain must collapse in the absence of the mutualist and the predator y must become
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extinct. Thus we require that the subsystem:

(cli_gtc = axg(0,z) — yp1(0,x) — 2p2(0, ),
% = y[=51(0,9) + c1(0)p1 (0, 2)] — 2q(0, ), (2.2)
% — 2[=55(0, 2) + c2(0)p2 (0, ) + ¢3(0)(0, )],

with z(0) > 0, y(0) > 0 and z(0) > 0, exhibits extinction and tlim y(t) = 0. As
observed in [11] this happens when either

(S3a) lim p(0,7) < —Séf?b?)

or

S3b) p1(0,2) = 209 and & > K(0).
61(0)

In conclusion whenever hypotheses H(1-4), G(1-3), P(1,2) and S(1-3) hold, mutualism
occurs between v and y and is obligate for the predator y.

The following result establishes that under the above hypotheses, system (2.1) pos-
sesses a region of attraction. The proof is similar to one given in [24].

Theorem 2.1 Let the hypotheses H(1-4), G(1-3), P(1,2), S(1-3) hold. Then the set

C={(u2,y.2):0<u<L, 0<z<K, 0<Ga+y<M,

~ ~ ~ - 2.3
0<c(L)x+c3(L)y+2z<N, 0<c2(0)z+c3(0)y+ 2z < N}, (23)
where
K = max K(u), ¢ = max ci(u),
0<u<L 0<u<L
— (LK. ~ ~
M = D) [ag(L,0) + s1(L,0)], (2.4)
¥ = i [ OR a0+ 5200 + 037 (22|
and

51 = max~pl(u7 K)u
0<u<L

is positively invariant and attracts all solutions starting with nonnegative initial-values.

2.2 Obligate mutualism with the top-predator

The system (2.1) exhibits mutualism between u and z, which is obligate for the top-
predator z, whenever in addition to H(1-2), G(1-3), P1, S(1,3), the following assumptions
hold:

oh(u,z,y,z) Oh(u,z,y,z) Oh(u,x,y,2)
ox <0, dy <0, 0z > 0.

)

(H4%) lim L(0,0,z) = L < oc.
)
)

zZ—00

Op2(uz) ~  dalwy) >

u ou
9o2(uw) < 0 chy(u) > 0, cy(u) > 0.
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The following condition ensures that in the absence of u, z will become extinct.
(S4%a) e3(0) lim pa(0.2) + ¢5(0) lim g(0.y) < 55(0,0).
or !
(84*b) c2(0)p2(0, ) + c3(0)q(0,y) = s52(0,0), for some z and y, where z > K(0).
Finally the mutualist can indirectly benefit the predator z, by affecting the death rate,
the predator response function or the conversion rate of prey biomass to the predator
biomass of the predator y.

Under the above stated hypotheses by similar arguments as for Theorem 2.1, we can
prove the following by using standard techniques (see e.g. [17]).

Theorem 2.2 Let the hypotheses H(1,2,3*, 4*), G(1-3), P(1,2*), S(1,2*,4*) hold.
Then the set

D:{(u,x,y,z):()gugz, 0<z<K, O§51x+y§M,

_ _ - (2.5)
0<ca(L)x+c3(L)y+2z< N},

where the constants are given in (2.4), and

51 = max_ pl(uvl?)a
0<u<L

1s positively invariant and attracts all solutions starting with nonnegative initial-values.

3 The Equilibria

The question of existence and non-existence of various equilibria of system (2.1) and
their stabilities are discussed in detail in [24]. Below we describe the information needed
to study the question of reversal of outcome in our system for the two cases under
consideration.

Case I: Obligate mutualism between u and y

The system (2.1) possesses the equilibrium FE(0,0,0,0) and one dimensional equilibria
E1(Lo,0,0,0), F2(0, Ko,0,0), where Ly = L(0,0,0) and Ky = K(0). The two dimen-
sional equilibrium Es5(w, T, 0, 0) always exists. The equilibrium F5(0, 22,0, 22) in the z—2
plane may or may not exist. The three dimensional equilibria, if they exist are of the
form Fg(us, zs3,ys,0) and E7(u4,x4,0,24). We note that a three dimensional submodel
has an equilibrium if it is uniformly persistent (see [4]).

Case II: Obligate mutualism between u and z
In this case the equilibria Fy(0,0,0,0), E1(Lo,0,0,0), F2(0, Ko,0,0), E5(u,Z,0,0) always
exist. The equilibrium F4(0, 1, y1,0) in the z —y plane may or may not exist. The three
dimensional equilibria if they exist are of the form Fg(us,z3,ys,0) and FE7(ug4, 24,0, 24).
Next, we list information regarding the eigenvalues of the variational matrix, computed
at the various equilibria so that their stabilities may be discussed.
The eigenvalues of Fs in the y and z-directions are

a; = —5;(0,0) + ¢;(0)p; (0, Ko), i=1,2. (3.1)
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The eigenvalues of F3 in the y and z directions are

Bi & —si(,0) + c;i(u)p; (u,7), i=1,2. (3.2)
The eigenvalues of Fy in the z-direction and of E5 in the y-direction are

v £ —52(0,0) + c2p2(0,21) + ¢3(0)q(0, 1), (3.3)

and
§ 2 —51(0,0) + ¢1(0)p1 (0, 22) — 22qy(0,0), (3.4)

respectively.
The eigenvalues of Fg and E7 in the z and y directions are

&£ —s2(us, 0) + c2(uz)p2(us, z3) + c3(us)q(us, y3) (3.5)

and
A

n = —51(us,0) + c1(ua)p1 (ua, v4) — 22qy(us,0), (3.6)

respectively.
The above values are computed in a straightforward manner using standard techniques
of ordinary differential equations.

4 Reversal of Outcome

Case I: Obligate mutualism between u and y

Suppose that for the system (2.1) the hypotheses H(1-4), G(1-3), P(1-2), S(1-3) hold.
The obligate relationship between v and y implies that &, in R;”y and R;‘yz, that is,
in the absence of mutualism, the predator y becomes extinct. However, we will show
that with mutualism present, system (2.1) can exhibit uniform persistence resulting in
a reversal of the outcome exhibited by the food chain submodel. The following result
specifies a set of conditions leading to such a reversal. The proof follows using techniques
similar to those used in [24] and is thus omitted. First we assume the following additional

hypotheses for technical mathematical reasons.

(H5) Let Ej5 (if it exists) be globally asymptotically stable with respect to solutions
initiating in R},.

(H6) Let the equilibria E and E7 be globally asymptotically stable in R}, and R}, _,
respectively.

Theorem 4.1 Let the hypotheses H(1-6), G(1-3), P(1,2) and S(1-3) hold. Then the
system (2.1) is uniformly persistent whenever £ > 0 and n > 0, where & and n are given
by (3.5) and (3.6), respectively.

The above theorem can be interpreted as follows. If the predator y is unable to survive
on its own, then the mutualist could help the predator population to survive. As observed
n [13], the mutualist can benefit the mutualist predator in several ways: by increasing
the prey growth rate, by increasing the rate of predation of its prey x, by providing
an alternate food source for the mutualist-predator and by enhancing the efficiency of
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utilization of the prey by the mutualist-predator. Below we illustrate each of these cases
with an example. All examples considered are of the form

du 1 U
w1
dt L+2ty)’

dx 1 T (0 + ) 0
— =azx|l-— — w)xry — Tz
dt K+ k) OO TS
(4.1)
dy
7 y[ — s10 + s11u — 512y + (10 + c11u) (y0 + Nw)z — oz,
%:z — 890 — 821U — S9222 + €20 % T c3080
dt 20 = 2 1+ co1ul+diu 1+C31uy
where all the constants are assumed to be nonnegative.
In the absence of the mutualist u, there will be an equilibrium in R;”y,
(2,y) = (K(Sw’m +asiz) a(Keipy — 510)>
’ asio+ Keiod T asio+ Kewog )’
unless Kc19v < s19. Thus for obligate mutualism we require
K010’70 S 510- (42)

Example 4.1 When ~v; = §1 = $11 = ¢11 = $21 = €21 = ¢31 = 0 and k > 0, mutualism
occurs by means of the mutualist enhancing the prey growth rate.
The region of attraction for the system is contained in the set

B={(u2y,2):0<u<L+M, 0<z<K+k(L+M),
0<y<M, 0<z<N},
where

—510 + 1070 (K + kL)
s12 — c1070k!

M:

1 —~ —
N = S—(—520+K02050+K(L+€M) +030§0M).
22

We assume that M and N are positive, otherwise the system will always exhibit
extinction.  The equilibria in E; are Fy(0,0,0,0), Ey(L,0,0,0), F2(0,K,0,0),
By (L, K+kL,0,0,0). The equilibrium Es (0, £lusszass) o alzanbien) ) exists pro-
vided Keogdg > So9.

The subsystem in R,

+

way 1 uniformly persistent whenever

61 = —S10 + Clo’yo(K —+ kL) > O, (44)

in which case the equilibrium in R;fmy is given by

$10 + S12Y3

Eﬁ(u37$37y370): (L+€y37 7y370)7
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where
b4 /b2 + dklerong
¥ = 2/€€c107§
and

b = aklcigyo — asie — 010’73 (K + kL)

The subsystem in R}, is uniformly persistent provided

B2 = —s20 + 2000 (K + kL) >0, (4.5)

and then the equilibrium in R, is given by

(avs22 + 00520) (K + kL) afs )
S92 + (K + kL)Cgo(S(Q) T S92 + (K + kL)CQ()(S(Q) '

Er(u4, 24,0, 24) = (L7

The symmetric matrix B(u, z,y) corresponding to Eg is given by

1
(L + ty3)’

by = —akcigx
2(K + ku) (K + k(L + tys))’
lu
" 2(L + ty) (L + by3)’

_ Beio
K+ k(L + tys)’

b23 =0 and b33 = S12.

bll =

b1z =

b22

It is positive definite in the region of attraction of the subsystem in R'u"xy, whenever

. ( aclg Pk (K 4+ k(L + ZM))2> _acol*(L+(M)? =0 (4.6)
P\L + tys AK2(K + k(L + tys)) AL2(L + fy3)? ' '
The matrix D(u, z, z) corresponding to E7 is given by
1 akesogx
din=—, dia= diz =0
11 L7 12 2(K+kL)(K+/€U), 13 )
QcCa0
doos = ———, da3 =0, d33 = 5922.
22 K+ kL’ 23 ) 33 = 522
It is positive definite whenever
1 k2coo(K + kL)?
_ aRen(K+RL (4.7)

L A(K+kL)K?
Thus the system (4.1) will be uniformly persistent whenever (4.4) —(4.7) hold and
§ = —s20 + 200023 + c30€0ys > 0, (4.8)

and
n = —810 + c1070%4 — 024 > 0. (4.9)
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Example 4.2 When k = 6, = s11 = ¢11 = So1 = ¢21 = ¢31 = 0 and ~; > 0, the
mutualist enhances the rate of predation of the mutualist-predator y. Here the region of
attraction is contained in the set

B={(uzyz2):0<u<L+(M, 0<z<K, 0<y<M,

| - (4.10)
0<z2z< S— (—520 + KC2050 + C30€0M)}a
22

where

o st Kewo(vo + mL)
s12— Kcioml

The equilibria in }_%Iw are given by Ey(0,0,0,0), F1(L,0,0,0), E2(0, K,0,0), E5(L, K,0,0).
The subsystem in R?:my is uniformly persistent whenever
p1 = —s10+ Kcio(yo +mnL) >0, (4.11)
in which case the equilibrium Fg(us, z3,ys,0) = (L+2ys, %[a—(%—l—’yl (L+Lys))ys], ys,0),
where from Descartes’ rule of signs y3 is the unique positive root of the equation

2
v+ — (o + N L)y + (Kewo(o + 1 L)% + asiz — aKeigyif)y — afy = 0. (4.12)

1l
The subsystem in R, is uniformly persistent provided
62 = —890 + 02050K > 0, (413)
. . _ K (as22+d0820) af .
in which case F7(u4,x4,0,24) = (L, pysvey Rt a822+K20206§ ) Now we consider the

global asymptotic stability of Es and E7 in R, and R, respectively.

The symmetric matrix B(u, z,y) corresponding to Fg(us,x3,ys,0) is given by
1 Ny 1 tu
bj1=—, bpo=—"", bis=—|—F—"— —
n=m 2 5 0 Y13 2\ us(L + ty) + clom® — s11 |,
c10
K 3
It is positive definite in its region of attraction whenever
4 1 Vie1gM? 1 (UL + (M)
KUg 4 K ’ngL

bao = bas =0, b3z = s12.

+ Kciom — 811) >0, (4.14)

S12

where M is given by (4.10). The symmetric matrix D(u,x,z) corresponding to E7 is
given by

1 1
din=—, di2=0, diz=3s2,
Uy 2
ac
dag = %, dog =0, ds3 = s22.
It is positive definite in its region of attraction whenever
4895 — Ls3; > 0. (4.15)
Thus whenever (4.11), (4.13) - (4.15) hold and
§ = —s20 + c200073 + c3§oy3 > 0, (4.16)
and
1n = —s10+ c10(Y0 + V1u4)Ts — §o2a > 0, (4.17)

the system (4.1) is uniformly persistent.
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Example 4.3 When k = v = 61 = ¢11 = S21 = ¢21 = ¢31 = 0 and s11 > 0, the
mutualist provides the mutualist-predator with an alternate food source.
The region of attraction is contained in the set

Bz{(u,my,z):OﬁuSL—i—HT/f, 0<z<K, Ogygﬁ, nggﬁ}, (4.18)
where

~s10 +sul + oK
s12 — sul

=

)

(4.19)

N

1 —
S—(—520 + Kcogdo + CB&OM)-
22

The equilibria in F:m are Fy(0,0,0,0), F1(L,0,0,0), E5(0,K,0,0) and E3(L, K,0,0).

The subsystem in R;Lwy is uniformly persistent whenever

61 =—s10+suLl+ Kclo’}/o > 0. (420)

The subsystem in R}, . is uniformly persistent whenever

62 = —8909 + Kco9dg > 0. (421)
Whenever the inequalities (4.20) and (4.21) hold the equilibria in R, and R, are
given by
_ K(s1070 + as12 — as11£ + s11L70) ab >
Bo(us, @s,v3,0) = <L+éy37 Kci1078 — asi1l + asiz " Keiovg — asil + asi’
and
S20 + 82224 afa
FEr(ug,x4,0,24) = | L, ,0, .
7( 4 4) < 62050 K6206(2) + a822)

The symmetric matrix B(u, z,y) corresponding to Eg is given by

1 fu
biy=—, bi2=0, biz=——,
us 211,3
ac
bao = %, baz =0, b3z = s12.

It is positive definite in the region of attraction whenever

2 —
519 — E—(L +M)? > 0. (4.22)
4U3

The matrix corresponding to E7, D(u,z,z) = diag(u%, 0‘;’(2“,522> is always positive

definite.

Thus the system (4.1) will be uniformly persistent whenever inequalities (4.20) - (4.22)
hold and

& = —590 + c2000%3 + c3080y3 > 0, (4.23)

and
n = —S10 + S11u4 + c1070%4 — 024 > 0. (4.24)
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Example 4.4 When k = v = 61 = s11 = 821 = ¢c21 = ¢31 = 0 and c¢11 > 0, the

mutualist enhances the efficiency of the utilization of the prey by the mutualist-predator.
Here the region of attraction is contained in the set

B:{(u,x,y,z):OSuSL—l—Hg, 0<z<K, OgySM, nggﬁ}, (4.25)
where

—s10 + K~o(c10 + e L)
s12 — Kvyoci1l

S

N 5w + K080 + cs0&o M

522

The equilibrium in R;f, is E3(L, K,0,0). The subsystems in R;,, and R}, are uniformly
persistent provided
61 = —S8109 + (010 + CllL)'YOK > 0, (426)

and
B2 = —s20 + Kcagdg > 0. (4.27)

The equilibrium

b+ /b2 + 4a 0)

K
6(u3ux37y37 ) < + Y3, o (CY 70y3), 2K011’73£ ’

where
b= a(lKci1yo — s12) — K3 (10 + e L).

The equilibrium

K (as22 4 dps21)
QS99 + KCQQ(S% ’

E7(U4,ZZ?4,0,Z4) = (La 050562>-

The symmetric matrix B(u, x,y) corresponding to Fg is given by

lu 1
— 5 C1177,

1
bi1=—. bio=0, bjg=—
11 ’LL3, 12 ) 13 2U3(L+€y) 2

a
bao = F(CIO +ciiuz), by =0, baz = s12.

It is positive definite in its region of attraction whenever

4s12 (E(L + (M)

us U3L

2
+ Kcll’}/o) > 0. (428)

The symmetric matrix corresponding to E7 is given by

1
ID(’U/,JJ,Z) = dlag (Ev %7 S22>-
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Thus whenever inequalities (4.26) - (4.28) hold and
§ = —s20 — s21u3 + c200073 + c3080y3 > 0, (4.29)

and
7= —S10 + (010 + 011U4)’}/OZE4 — 5024 > 0, (430)

the given system is uniformly persistent.

In the above examples, all boundary equilibria of predator-prey type were globally
asymptotically stable in their respective predator-prey planes, i.e. we assumed that
hypotheses (H5) and (H6) hold.

We now allow for the possibility that (H5) and/or (H6) be violated, in which case there

could be periodic solutions in R}, and periodic, almost periodic, or recurrent motions in

Persistence crlteria have been obtained in three dimensional systems when periodic
solutions occur in the predator-prey planes. To the best of our knowledge the almost
periodic case for four dimensions has not yet been considered.

Hence we next demonstrate that uniform persistence can occur even when one or more
of the three-dimensional subsystems have almost periodic solutions. We note that the
closure ¥ of an almost periodic orbit is a compact, minimal set and every solution in %
is almost periodic (see [26]).

We state and prove a theorem for persistence in the case where almost periodic solu-

but that E7 is globally stable with respect to Ruwz Let there be k&

nontrivial almost periodic solutions in R}, , denoted (¢i(t),v:(t),&(t),0), with disjoint
closures >, i=1,...,k.

%

Theorem 4.2 Let the hypotheses H(1-5), G(1-3), P(1,2) and S(1-3) hold, and E

Jr
tions occur in Ry, ,

be globally stable with respect to Riyzz. Also let the omega limit sets of all solutions

k
initiating in Rt lic in the acyclic set { U EZ—UEg}. Then the system (2.1) is uniformly
i=1

persistent whenever € >0, n >0 and

lim % [ 52((r), 0) + ca(bi (r))p2 (3 (r), i (1)
PRl (4.31)

+c3(pi(r)q(pi(r), &(r))]dr >0, i=1,... k.

Proof First we observe that the limit in the inequality (4.31) exists. Also as each
¥; is a compact minimal set, it lies in R;f,, and the subsystem in R}, is uniformly
persistent. The uniform persistence of (2.1) will follow (see [5]) if we can show that the

stable sets, W*(X;) and W*(E;) do not intersect R/, . and each of them is isolated
in Rwyz

First, we show that W*(3,)N R, . =¢, 1 <i<k. Let ®(t) = (¢

UTYz

be any almost periodic solution in ¥;, and X (t) = (u(t), z(t), y(t), 2(t)

(t),%(t). €(¢). 0)"
)T7 ( ) Xo €
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R},,. be any solution starting sufficiently close to ®(t). Linearizing X (t) about ®(t) we
obtain

Y'(t) = A@)Y (t), (4.32)

where Y (t) = (u1(t),1(t),y1(t), 21(t))T is the linearized vector variable, and

¢hu + h dha dhy oh
A(t) _ g — Pp1 ag + ager — 51712 —p1 —p2 ,
—)(—S1u + ¢1P1u) Pe1pix —s1 + c1p1 — Es1y —q
0 0 0 —s2 + c2p2 + c3q

where all the functions are evaluated at ®(¢). Solving the last equation in (4.32) we
obtain

21(t) = z1(0) exp/[—82(¢(f“)a 0) + c2(o(r))p2(d(r), () + ca(d(r)q((r), £(r))] dr.
0

Now since ®(¢) lies in ¥;, and the solutions through ¥,, are uniformly stable in both
directions in ¥;,, the inequality (4.31) (with ¢ = i) implies that z,(¢) > 0 for ¢ > 0
and is an increasing function for sufficiently large ¢. Thus any solution in ijyz, starting
sufficiently close to ¥;, eventually gets away from it.

Hence, Q(Xo) ¢ ¥i,. Thus W (5, ) N Rf,,. =, 1 <i<k.

Since all boundary equilibria are hyperbolic we conclude as in [24] that W*(E;) N
Ri,,.=0,1<i<T7.

Now suppose that for some 4, ¥;, is not an isolated invariant set in R, . Then
there must exist closed invariant sets in arbitrarily close neighbourhoods of ¥;,. Let
M D 3, be such a closed invariant set. Then by repeating the arguments, given above
we conclude that ¥;, repels the solutions starting in M/3;, and hence they must leave

M. However this contradicts the fact that M is invariant. Hence the proof.

Remark 4.3 The acyclic condition of the above theorem is always satisfied when each
3; is either asymptotically stable or completely unstable in R;Lw and there do not exist

any homoclinic orbits in R;f,, .

Remark 4.4 In the event that almost periodic solutions exist for the subsystems in

R}, a criterion similar to the one given by the above theorem can be obtained.

Case II: Obligate mutualism between v and z

The system (2.1) exhibits obligate mutualism between the mutualist v and the top-

predator z, whenever the hypotheses H(1,2,3*,4*), G(1-3), P(1,2*) and S(1,2*,4*) hold.
Also from the hypothesis S(4*) the mutualism is obligate for the predator. Hence

E._oin R;LZ and R, _ and the equilibrium E5 does not exist. To obtain the persistence

TYz
criteria in this case, we need to introduce the following additional hypothesis:

(H5*) Let the equilibrium Ey (if it exists) be globally asymptotically stable with respect
o]
to solutions initiating in R, .

The following result holds for system (2.1).
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Theorem 4.3 Let the hypotheses H(1,2,3* 4* 5*.6), G(1-3), P(1,2*), S(1,2*,4*) hold.
Then system (2.1) is uniformly persistent whenever & >0 and n > 0.

Persistence in system (2.1) can result in any of the following ways.

The mutualist v can directly benefit the mutualist-predator z, by enhancing the growth
rate of the prey z, by providing an alternate food supply, by increasing its rate of preda-
tion or by enhancing the efficiency of utilization of the prey(s). Below we illustrate each
of these cases with an example. We also note that the mutualist’s interaction with the
predator y can also lead to a beneficial effect for the top-predator.

Consider the system

e 1_L
“ u( L—i—ﬂz)’

¢ =ar(1 - —= __n xy — (8g + 61u)xz,

( K+ku> Ty~ G0+ o) (4.33)
. €170 B

Yy = y[ S10 + S12y + 1+71u:13y] (o + &1u)yz,

2" = z[—820 — S21u — 222 + (20 + c21u)(dp + d1u)x + c3(&o + E1u)y],

where all the constants are assumed to be nonnegative.

It is easily seen that in the absence of the mutualist, y(t) < %I;CWU Hence assume
that

s10 < Keiyo, (4.34)

otherwise &, .o in R}, . Furthermore for obligate mutualism to occur we require that

(—s10 + Kc10) <

K02050 + Cgfo = S90.- (435)

512

Ezxample 4.5 When v1 = §; = & = s91 = ¢co1 = 0 and k > 0, mutualism occurs by
means of mutualist enhancing the rate of growth of the prey z.
The region of attraction is contained in the set

C={(u,2y,2):0<u<L+{N, 0<z<K+k(L+(N), (4.36)
0<y<M, 0<z<N}, '
where B
M— —810+Cl’yo(K+k(L+fN))
S11
and .
]\7 =820 + 02060(K + kL) + C3§0M

S92 — C2000 + K ¥
The equilibrium in R, is (L, K + kL). The subsystems in R}, and R,

' " vy ., are uniformly
persistent whenever

81 = —s10+ a1y (K + kL) > 0, (4.37)
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and
62 = —S90 + C2050(K + kL) > 0. (438)

The equilibrium

(K + kL)(’}/oSlO + CYS11) afy 0)
asi1 + (K +kL)y3er " asin + (K + kL)y3er’

Er(ug,24,0,24) = (L 4 £z4, 24,0, 24),

EG(U37$37?J37 O) = (L7

where

1
T4 = E(oz — 00z4)(K + kL + klz4),

oy — b4 + \/bg + 46205801]{3662
T 2c0002kl ’

and by = a(—s22 + ca000kl) — c2063(K + kL). The symmetric matrix B(u,z,y) corre-
sponding to Fg is given by

B —ciakx
- 2(K + kuz) (K + ku)’
aCp

T K+ kug’

b13 = 07

1
bll - ) b12
u3

bao baz =0, b33z = s11.

Thus B(u,x,y) is positive definite in its region of attraction whenever
4K*(K + kuz) — auge B2 (K + EL)? > 0. (4.39)

The symmetric matrix D(u, z, z) corresponding to E; is given by

g — i do — —akeypx doe — _1 fu
U TP T 2Kt ku) (K +ku) T 2ug(L A L2)]
QaCo0
22 (K+ kU4)’ 23 ) 33 522

The region of attraction of the subsystem in R, is contained in the set

Cir={(u,2,2): 0<u<L+{INy, 0<ax<K+k(L+{Ny), 0<2z< Ny},

where N; = m. The matrix D(u, x, z) is positive definite in B; whenever
2 2 2
Qu4C5522k 9 9
4 — == (K + kL + k{N,)” — L+ (N 0. 4.40
€20822 (K + kug) K2 (K +kL+ 1) T2, (L+EN1)” > (4.40)

Thus the system (4.31) is uniformly persistent whenever the inequalities (4.35)— (4.38)
hold and
§ = —820 + c200073 + c3€oy3 > 0 (4.41)

and
N = —810 + c1Y0xg — oz > 0. (4.42)
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Example /.6 When k =~ =61 =& = co1 = 0 and s9; > 0, mutualism occurs by
means of providing an alternate food source to the top-predator. The region of attraction
is contained in the set

C:{(u,x,z):OSuSL—I—éﬁ, 0<z<K, OSySM, nggﬁ}, (4.43)
where .
o St Kay o5 st snl+ Kewdo +csboM
S11 829 — U591

The equilibrium in R;f, is (L, K, 0,0). The subsystems in R, and R, are uniformly
persistent whenever
01 = —s10+ 1K >0, (444)

and
62 = —S90 + So1L + 62050K > 0, (445)

respectively, in which case the equilibria are

K (y0810 + as12)  a(=s10 + Kc170) 0)

Eg(u , 23, Y3,0) = L7 )
6(us, 23,43,0) ( Keivg + asiz Keivdg + asiz

and

K — s21L)o — sa14
E7(u4,:c4,0,z4>=(L+Zz4, ({20 — o2 1000 + (o22 — s218)e) o )

KCQO&% + a(322 — 8213) » Kczoég + a(SQQ — 8215)

The symmetric matrix corresponding to Fg is B(u,z,y) = diag(%, = 512). The sym-

metric matrix D(u, z, z), corresponding to E; is given by

1 fu
by = — bio =0 biao= ——
11 us’ 12 ) 13 <U4(L+€z) +821>7
ac
bao = %, baz =0, b3z = s22.

The region of attraction of the subsystem in R, is contained in the set

I Y ¢ OSZSL},
S92 — S214 S22 — 521/

Ci1= {(u,x,z): 0<u<L+

The matrix D(u, z, z) is positive definite in C; whenever

2
S22 — Uq (821 + L (L + &>) > 0. (4.46)

LU4 S99 — 5216

Therefore the system (4.31) will be uniformly persistent whenever inequalities (4.42)—
(4.44) hold and
§ = —s20 + s21u3 + c200023 + c3€oys > 0, (4.47)

and
n = —810 + c1Y0xs — Eoza > 0. (4.48)



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 2(1) (2002) 25-44 41

Example /.7 When k =~ =61 =& = s21 = 0 and c¢o; > 0, mutualism occurs by
mutualist enhancing the utilization of the prey by the top-predator. Here the region of
attraction is contained in

C:{(u,x,y,z):OﬁuSL—l—ﬁN, 0<z<K, 0§y§]\7, nggﬁ}, (4.49)

where
M= —s10 + Keiyo and N = 520 + (c20 + 21 L)0 K + CsﬁoM'
s11 522 — Kca1dg
The equilibrium in R}, is E3(L, K,0,0). The subsystems in R and R, . are uni-
formly persistent whenever
B1 = —s20+ Kcivo > 0, (4.50)
and
B2 = —S90 + (CQQ + CQlL)K60 > 0. (451)

The equilibrium FEg(us, z3,ys3,0) in Rq‘fmy is the same as in Example 4.6 and the corre-

sponding matrix B(u,z,y) = diag(%, = 512). The equilibrium

—b b2 4+ 4K /¢ EY
Er(ug,24,0,24) = (L + Lz, 520 + 52224 0+ /b3 + af205c21 ),

So(c20 + co1ua)’ 202K lco

where by = asas — Kladocar + K83 (cao + c21L). The symmetric matrix D(u, z, 2) corre-
sponding to F~ is given by

1 1 fu
11 us’ 12 ) 13 5 ((L+£z)u4 + co1 020)7

a
dyy = E(Czo + co1ua), dog =0, ds3 = 2.

The region of attraction for the subsystem in R, is contained in the set

z

B2
C = 0<u<L+/I¢N;, 0<2<K,0<2<—F——=Njp,.
1 {(u,x,z) SUS + 1, ST > ) S22 S99 _K€60021 1

The matrix D(u, z, z) is positive definite in .4; whenever

(L + (Ny)

2
oo KK 0. 4.52
Tus + c210¢9 > > ( )

4599 — Uy (

Thus if inequalities (4.48)—(4.50) hold and
§ = —s20 + (c20 + c21u3)d0x3 + c380ys > 0 (4.53)

and
1N = —510 + c1Y0T4 — &oza > 0, (4.54)

then the system will be uniformly persistent.
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Ezxample /.8 When k = =& = so1 = ¢c21 = 0 and 467 > 0, mutualism occurs by
means of the mutualist increasing the rate of predation by the predator z on the prey x.

C:{(u,x,y,z):OﬁuSL—l—ﬁN, 0<z<K, 0§y§]\7, nggﬁ}, (4.55)

where

R K
- S10 + KL C170

and N oo 5207 c20(00 + 01 L)K + csboM
S11 So9 — K eogldy
The equilibrium in R;f, is E3(L, K,0,0). The subsystem in R;f,, is uniformly persistent
if
61 = —S8109 + 01'70K > 0. (456)

The equilibrium Ejg in R‘u"xy is the same as in Example 4.7 and is always globally asymp-
+

totically stable with respect to solutions initiating in R, .
The subsystem in R; . will be uniformly persistent whenever

B2 = —S90 + 620(50 + 51L)K > 0. (4.57)

The equilibrium in R}, is

K
E7(U4, T4, 0, 24) = <L + €Z4, E(OZ - (50 + 51U4)Z4), 0, 2’4) y

where 24 is the unique positive root of the cubic equation
k€20205%23 + 2K602051 (50 + 51L>Z2 + (06522 — OAK602151 + K020(50 + 51L)2)Z — Ozﬂg =0.

The symmetric matrix D(u, z, z) corresponding to E; is given by

1 1 1 fu
11 us’ 12 2020 1%, 13 2(u4(L+€z) + c20 196),

a
doy = 7 €20 da3 =0, d33 = s22.

The region of attraction for the subsystem in R, is contained in

B2
C = 0<u<L+/I¢N,, 0<2<K,0<z2<—F——=Njp,.
1 {(u,x,z) SUS + 1, ST > ) _2_822_K£c2051 1

The matrix D(u, z, z) is positive definite in .4; provided

A 2
522<—a —KCQOCS%N1> —Q<L(L+€N1)+KC2051> > 0. (4.58)
Uy ’LL4L

Thus whenever the inequalities (4.54)—(4.56) hold and

& = —s90 + c20(00 + d1uz)zs + cséoys > 0, (4.59)
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and
n = —s10 + c1Y0Z4 — Eoz4 > 0, (4.60)

the given system is uniformly persistent.

5 Discussion

The main focus in this paper is to examine the possible effects of an obligate mutualist on
the middle and top predator in a food chain. In particular, it was shown how a mutualist
could reverse the outcome of extinction in the case of no mutualism to persistence in the
case of mutualism.

Such mutualisms occur in nature. Examples are cleaner mutualists. The large iguanas
of the Galapagos Islands may be thought of as either middle predators or top predators
depending on whether or not their eggs are subject to predation [10]. Similarly for
the giant tortoises [8]. Both have evolved a mutualism with finches which act as cleaner
mutualists by removing ticks and other pests from the iguanas and tortoises. Such cleaner
mutualism has been shown to be obligate in the Carribean [28]. in that if the cleaning
is not performed, the individuals (in this case certain fish) will soon die.

A remaining problem to be analyzed is the case where the mutualism is obligate on
both mutualists. This is left to future work.
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Abstract: The paper presents the results of estimating the robust stability
bounds for discrete system in terms of three approaches based on scalar, vec-
tor and hierarchical Lyapunov functions. It is shown that the hierarchical
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1 Introduction

In the present paper we consider an uncertain discrete-time system
x(r+1)=Az(1) + f(z(7),a), (1.1)

where x € R", e N ={to+k,k=0,1,2,...}, top € R, A is a constant n x n matrix,
f:R"xS — R", a € SC R% d>1isa compact set. Under specific conditions
(we don’t cite them here) dynamics of the system (1.1) are topologically equivalent with
dynamics of the system

2(r+1)=(A+ E)z(1), (1.2)

where A is the same matrix, as in system (1.1), and E is an uncertain n X n matrix,
about which it is known that it lies in some compact set S; C R™*™. Further we will
investigate the system (1.2).

Our purpose is to compare the results of estimating the robust bounds of discrete
system obtained in terms of three approaches involving scalar, vector and hierarchical

@ 2002 Informath Publishing Group. All rights reserved. 45
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Lyapunov function. In the paper it is shown that the hierarchical Lyapunov function
provides more wide bounds for estimation of the uncertain matrix.

2 Scalar Approach

We assume that for the matrix A the condition |o;(A)| < 1 is realized for all i =
1,2,...,n. In this case the Lyapunov equation

ATPA-P=-G (2.1)
has a unique solution P € R™*"™ for arbitrary symmetric and positive definite matrix
G € R™* ™. Moreover the matrix P is symmetric and positive definite. According to the
results of paper [6], we apply the function

v(z) = (wTPx)%. (2.2)

in robustness analysis of the system (1.2). Let us denote by oy, (P), oar(P) the maximum
and minimum eigenvalues of the matrix P.
Following the paper [6] we get the assertion.

Theorem 2.1 Let the nominal system
x(r+1)=Axz(r)
be asymptotically stable. If
I1E] < u(G), (2.3)

where

om(G)
1 1 ’
oy (P = G)oj (P) +om(P)
then the uncertain system (1.2) is asymptotically stable.

wG) =

Here ||E| = sup ||Ez||, ||z] = («Tz)z is the Euclidean norm of vector .

llzll<1
It is known [6], that u(G) takes the largest value, if G =TI in (2.1). The expression
(2.3) is a robust bound for the system (1.2), obtained in the framework of scalar approach
with the function (2.2).

3 Vector Approach

We decompose system (1.2) into two interconnected subsystems
Sit wmi(r+1)= (A + E)zi(r) + (B + Uj)xj(r), 4,j=12 and i#j (3.1)

Here z; € R™, A; and B; are submatrices of the known matrix

(A B
as(d B, "
E; and U; are submatrices of the uncertain matrix
_(E Uy
b (B 1) -

where By, U; € R™*"2 By Us € R™*™ and A;, E; € R™*™ i =1,2.
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Assumption 3.1 We assume that:

(1) the nominal subsystems
zi(T +1) = Ajai(7) (3.4)

are asymptotically stable, i.e. there exist unique symmetric and positive definite
matrices P; € R™*™ which satisfy the Lyapunov matriz equations

ATP A — P =—-G;, i=1,2, (3.5)

where G; are arbitrary symmetric and positive definite matrices;
(2) there exists a constant v € (0,1) such that

1Bl | Ball < 721 o

1 1
where p; = (02, (P — I,)o3,(P;) + om(P;)) ™Y, P; are solutions of the Lyapunov
matriz equations (3.5) for the matrices G; = I,,, I, are n; X n; identity ma-
trices, 1 =1,2.

We define the constants

-

a =05 (P)oi(Py), b= 0} (P)ok (P (Bl + |[Ball),
pi = (05 (P, — Lo, (P) + om(P) ™", i=1,2,

ai = o3 (Pus = (03, (P, — L) + o, (P) ", i=1.2,

¢ =yaraz — o, (P1)oi ()| Bu| || Ball,

1

5 (0% +4ac)® —b),

€

where P; are solutions of the Lyapunov matrix equations (3.5) for the matrices G; =
I, i=1,2.

Theorem 3.1 Assume that for the uncertain system (1.2) the decomposition (3.1)—
(3.3) takes place and all conditions of Assumption 3.1 are satisfied. If the submatrices
E; and U; satisfy the inequalities

Bl < (M=), Uil <, i=1,2, (3.6)

then the equilibrium x =0 of (1.2) is asymptotically stable.

Proof For the nominal subsystems (3.4) by (3.5) we construct the normlike functions
T 1 .
vi(x;) = (x; Pixg)2, i=1,2, (3.7)

and the scalar function
v(z) = divi(21) + dava(z2), (3.8)

where d;, do are some positive constants.



48 T.A. LUKYANOVA AND A.A. MARTYNYUK
For the first forward differences Awv;(x;) of the functions (3.7) with respect to 7 along

the solutions of (3.1) we have the estimates:
+ (B + Up)y) = 0i(Ai + Ei)ay) < (a7 ATP Ag)® — (a7 Pig)® + ai(Pi)llEixill

$?A?HAZ$Z — LL‘;TPVTZ 1
+ ok ()L Ei| ]|

1
+ o3 (P)(Bi + Uiz <
1 1 1
+ o3 (P)IBill + 1UsDlsll < =(cii = o3 (P EslDllwill + o3, (Po)IBill + [|Us]]) |11,

i,j=1,2, i # j. Here we use the known inequality [6]
1
v (P)llp— 4l

1 1

(p"Pp)? — (¢"Pq)* <oy,
for all p, g € R*, P € R™*" is a symmetric and positive definite matrix. From here we
(3.9)

arrive to the following inequality
Av(x)}(gl_&)g dy Avy (wl)}gl +d2Av2(x2)}Sz < —d" Wz,

where d = (dy,d2)", z = (|21, |z2])T, W = (wi;) is a 2 x 2 matrix with the elements

if Q=4

~ { i — o (P) | Ei
wZJ N l . . .
—or (P Bill + [|U:]l)  if i # 3.

As all conditions of Theorem 3.1 are satisfied, it is not difficult to verify that the

matrix W is the M-matrix [8]. Really
1 1 1 1
wiiwae — wizWo1 = [on — o (P1)|| Exl[lla — o (P2)|| Eall]] — o5 (P1)oz, (P2)

< (1Bl + 10D (Ball + [1Va]) > las = (P (L = ]z = ok (Po) (1 = e
— R (PR (P)(IBr | + )1 Ba] + )
= y*a102 = o (P (P2) (1 Bil| + (1B | + )
= —03(P)ok (P)e = oy (P)as (P2)(1Bil| + | BallJe + 12araz = oy (P s
x (Py)l|I Bl || Ball = —ae® — be +c.
By condition (2) of Assumption 2.1
e = eras = oy () (P) [ Bill | Ball = o (P)oy (Po) [z = | Bi]| | Bal]] > 0
and therefore —ae? —be + ¢ =0, and wywas — wisway > 0.
It is clear that the function (3.8) is positive definite and it’s first forward difference
(3.9) is negative definite. These conditions are sufficient [9] for the asymptotic stability

of the equilibrium 2 =0 of (1.2).
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The proof of Theorem 3.1 is complete.

Thus the inequalities (3.6) are the robust bounds for the system (1.2), obtained in
terms of the vector approach.

4 Hierarchical Approach

As is known [7], the essence of this method is as follows: beginning from the constructing
an auxiliary Lyapunov function, we take into account a hierarchical structure of the
system (1.2) or realize a multilevel decomposition of the initial system. Further the
second approach is applied precisely.

We decompose each subsystems (3.1) into two interconnected components

Cijr wij(r+1) = (Aij+ Eij) wij (1) + (Bi + Uij) wae (1), 4, 5. k=1,2, j#k, (4.1)

where Ti; € R™i, R™ = R™! x R™?2, Aij, Eij c Rnijxnij, Bi1, U € Rnilxnﬂ,
and By, Ujp € R™i2X™i1,

L Ail Bil o Eil Uil
A = (BiQ Ai2) ’ Bi= (Ui2 Ei )
Assume that the matrices B; and U; have a block Structure'
12 22 12 22
where M), FY{) € Rvom i j k1 =1,2, i #1.
We extract from (4.1) the independent components
Cij: CL'ij(T + 1) = (Aij + Eij).%'ij(T), i, =1,2,

with the same designations of variables as in system (4.1).
In order to state the robust bounds we require the following assumptions.

Assumption 4.1 The nominal components
Iij(T—Fl):Aiinj(T), Z,]: 1,2,
are asymptotically stable, i.e. there exist unique symmetric and positive definite matrices
Pij, which satisfy the Lyapunov matriz equations

ALPijAjj — Py =—Gij, i,j=1,2, (4.2)
where Gy; are arbitrary symmetric and positive definite matrices.

Let P;; be solutions of the Lyapunov matrix equations (4.2) for the identity matrices
Gi; = I;;. We define the constants

1 1 1 B
Qij = U&(Pu)ﬂu = (03, (Pyj — Iij) + 03, (Piy) ",

1 1 _
pij = (03 (P — Lij)o 3 (Pyy) + on (Pij)) ™,

1
€, = 2al ((b2 + 4(1101)% — bi),
1 1
a; = U&(Pil)o']a(Pﬁ),
1 1
bi = o3 (Pir)og (Pi2)(|| Ball + || Bazll),

SN

l . .
Ci = Y 10y — UM(Pil)U@(Pm)HBilH | Biall, 4, 7=1,2.
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Assumption 4.2 There exist constants ; € (0,1) such that
[Birll | Bizl| < 2ipirpuin, 0= 1,2
Let us construct an auxiliary function on the base of the functions
vij (i) = (2 Pyjaig)®,

by formular
vi(z5) = dnvit (@) + digvia(242), 1=1,2,

where d;; are some positive constants. We introduce 2 x 2 matrices W; = (wj(z)) with

(4) Vil if .7: ku
Wik = 1 _ e
=03 (Py)(|Bijll + &) if j#k.

the elements

Here 0 <€ <.
Further we need the following proposition.

Lemma 4.1 We assume that

(1) discrete system (1.2) is decomposed on the first level to the system (3.1) and on
the second level to the systems (4.1);

(2) all conditions of Assumptions 4.1 and 4.2 are satisfied;

(3) for the submatrices E;j;, U;; of the matrices E;, i = 1,2, the estimates

1Bijll < (1 —=i)pig, Uil <&, i,5=1,2.

are realized.

Then there exist vectors czl, dy € R? with positive components such that the first forward
differences Avi(:ti)}cb_ for the functions v;(x;) satisfy the estimates
ij

Av;(z;)| ]g—d?Wizi, i=1,2 (4.3)

Cij

and the matrices W; are the M -matrices.

Here dl = (dil,dig)T and Z; = (”,TilH, HLL‘lQH)T

The proof of Lemma 4.1 is analogous to that of Theorem 3.1.

Under the hypotheses of Lemma 4.1 the matrices W, are the M-matrices and, ac-
cording to [8], the vectors CZ;FW1 = (dilwﬁ) + digwgﬁ),dﬂwg? + digwgl)) have positive
components.

Let us denote

T = mln{dllwﬁ) + digwgl);dilwgg) + dZQ’LUgZQ)}, 1= 1, 2,

1
1 1T ) 2 (44)

m = —

I 1 T I
2 <(d11054(P11) + d1203,(Pr12)) (d210 3, (Pa1) + da2o 3 (Pa2))

and give a method of optimal choice of the constants d;1, d2, i = 1, 2.
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Lemma 4.2 Let the matrices W1 and Ws be the M-matrices and w%), wgl) < 0,
then
(1),,(1) (1, (1)
1 —
supm(d) =m(dj, 1,d5, 1) = 3 ( 1 (1)w11 122)2 =y M _ .y
deb op(Pr1)(wyy — wyy') + 03 (Pra)(wyy —wiy')
1
2) (2 2) (2 2
% wgl)w§2) — w§2)w§1) ) i
3 2 2 3 2 2 ’
o3 (Pa)(wly —wil)) + o7 (Pa)(wi} — wi?)
(4.5)
where
d (1) @ g (2)
D= {d: (di1,d12,do1,doo)" € R —% << —%, —% <2 —%}
wy wiy w2 Wig
1 1 2 2
oo el -l
wy —wiy wy —wiy

@ (@)

(ONROES 0, ', wi

Proof As the matrices Wy and W5 are the M-matrices, then wyy, wss

() ()
< 0 and consequently, —% > —% > 0. On computing of the constant m; and m we
Wiz

can set dio = doo = 1, dy1 = dy, doy = dy and d; € D; = {dz € R — 2 < d; <
Wiy

wf)

——2 }, i =1,2. Let us denote
Wig
mi(d;) = — 40— i=1,2,
dia@(Pil) + Ulzw(PiQ)
and note that
1
sup m(d) = 5( sup mq(dy) sup ma(dz)). (4.6)
deD di1€Dy d2€ Do

By (4.4) for the function m;(d;) we get the expressions

diw® 4 . D
it Ty , it — 2 < d; < df,
(d.) = dio 3y (Pin)+o 3y (Pi2) 11
mz( z) - (i) (3) ®
diwgg +w%2 if d* < d’L < _w%%
i 2.
Way

1 I 9
dio 2 (Pi1)+o 2 (Pi2)

For the first derivatives m/(d;) we have

L1 L1 .
will)"zaf(Pi2)_w§1)‘71€1(Pi1) if - “’%1; <d; < d¥
i 79

Wiy

1 1 2
(diUfI(Pil)-l-(Tff(Pm))
1 1

(), 3 (),3 i
Wig Uﬁf(Pﬂ)*“’zz Uzaf(Pil) if d;k < di < _“’%iz; ,
Way

1 1 2
(dzﬁf{ (Pin)+o (P'LQ))

m;(d;) =
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(i)
therefore m/(d;) > 0 for —*25 < d; < d; and m/(d;) <0 for df < d; < — (1) From
here it follows that "
(@), () QMO

W1 Wsg — W
A(ds) = my(dF) = 11 Wa2 12 Wa1

Sup mi(di) = mid}) = — D _ 0y 3 Py @ o)

o5 (Pi)(wss —way ) + o3 (Pi2)(wiy w12)

Substituting by the values of m;(d}) into (4.6), we get the identity (4.5). Lemma 4.2 is
proved.

Assumption 4.3 Let for the submatrices MJ(,? of the matrices B; the inequalities

M = max ||MJ(,?|| <m

be realized for all i, j, k=1,2.

The following proposition is basic in the method of hierarchical Lyapunov functions
in the robust stability problem of the system (1.2).

Theorem 4.1 We assume that for the uncertain system (1.2) the two-level decom-
position (3.1), (4.1) is realized and all conditions of Assumptions 4.1—4.3 are satisfied.
If the inequalities

1B < (1 —v)ui, Ul <&, IEQ)<m-m

are fulfilled for all i, j, k = 1,2, then the equilibrium x = 0 of the system (1.2) is
asymptotically stable.

Proof Under the hypotheses of Lemma 4.1 there exist constants d;; > 0 for which
dTWiz; > 0. In view of designations (4.4), we get from estimate (4.3)

1
Avi(z)| g < =i (@ l]® + lzaal®)? = —millall, i=1,2.
s;

Since for i # k the estimates

Avit (zin)] g, < Avin (1) g, o3 (P) @ + [FD] -+ I1FS Dl

Avia(wia)| 5, < Avia(2io)| g +03r(P) (@ + | ESD | + [ S )1zl

Si

are true, then

1
Avi(z)|g, = dinAvir (ziy |s Fdin Avia(7i2) |5 < —7l|@s ||+ [dino 2 (P) (2m+

+IFED] + D)) + diso?, (P (2m FIED )+ IED D] -

For the function
’U(I) = dl’Ul(Il) + dgvg(xg)

in view of estimates (4.7) we get

AU( )} —dlAvl Il |S —|—d2A1}2(I2)| dATWZ (48)
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where d = (dy,d2)%, z = (1], ||z2]])™ and W is a 2 x 2-matrix with the elements
j for 5=k,
l . .
wir =3 ~dpoy (Pp)@m+ 1F] ) + 1)~
1 , ,
~dj203, (Pr2)(2m + | B ) + |F2 ) for j# k.

Under the hypotheses of Theorem 4.1 the matrix W in the estimate (4.8) is the M-
matrix. Thus the matrices Wy, Wa, W are the M-matrices and it is sufficient [3] for
asymptotic stability of the system (1.2).

5 Discussion and Some Applications

The hierarchical approach in robust stability problem permits a more complete allowance
for the dynamic characteristics of the nominal system on each hierarchical level and thus
a more exact definition of robust bounds for the system (1.2). We illustrate efficiency of
the approach proposed in the paper by a simple example.

Let us assume that in the system (1.2) the matrix A has the form

0.5 0.01 0.03 0

0.01 0.125 0 0.03
A= 0.03 0 0.25 0.005 |- (5.1)

0 0.03 0.005 0.125

5.1 Scalar approach

Let us compute the matrices and constants occurring in the framework of the scalar
approach (see Theorem 2.1):

1.336149 0.008512 0.032104 0.000737
0.008512 1.017019 0.000708 0.007761 |
0.032104 0.000708 1.068495 0.002057 |’
0.000737 0.007761 0.002057 1.016891

o(P) =~ 1.340176; o (P —1I) ~ 0.340176; 1 =~ 0.496185.

Here [ is a 4 x 4-unit matrix. From here the robust bound for the system (1.2) with
the matrix (5.1) is determined by the inequality

IE|| < 0.496185 (5.2)

for all matrices E € Sy.
5.2 Vector approach

According to this approach we decomposed the matrix (5.1) and denote

0.5 0.0l 0.25 0.005 0.03 0
Al_(o.m 0.125)’ A2_(0.005 0.125)’ Bl_BQ‘( 0 0.03)'
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The uncertain matrix E is represented in the form (3.3). The matrices and constants
occurring in the framework of vector the approach are:

0.008469 1.016029 0.002031 1.015902
om(Pr) = 1.333807, op(Ps) &~ 1.066780, pq =~ 0.449733, 2 ~ 0.749800.

1.333581 0.008469 1.066699 0.002031,
Pl ~ ’ P2 ~ ;

Hence we have the estimates of submatrices norms in the form
|1E1]| <0.499733(1 — ), || F2| <0.749800(1—+~), ~€(0,1). (5.3)

Let ~+ = 0.25. Besides € =~ 0.012303.
Finally, for the matrix F represented in the form (3.3), we get the estimates:

| E1]l < 0.374800, ||Eaof < 0.562350, ||U;]| < 0.012303, i=1,2. (5.4)
For example the matrix
E = diag {0.37, 0.37, 0.56, 0.56}

satisfies the inequalities (5.4). But || E| = 0.56, and consequently, the norm of uncertain
matrix F does not satisfy the inequality (5.2).

5.3 Hierarchical approach

According to the proposed algorithm we accomplish the two-level decomposition of sys-
tem (1.2) with the matrix (5.1) and as a result we get:

A1 =05, Ajp=0.125, Ao =0.25, Aoy = 0.125.

Let
v1 = 0.5, v2 = 0.125.

Numerical values of corresponding constants are:

o (Py1) ~ 1333333, o (Pr2) ~ 1.015873,  pqq = 0.5, f12 = 0.875,
(TM(P21) ~ 1.066666, O’M(PQQ) ~ 1.015873, H21 = 0.75, U222 = 0.875,
€1 ~ 0.320718, €2 ~ 0.096261.

We shall set €, = 0.05, and €2 = 0.006. In this case for the matrices W7 and W, we get
the expressions

W 0.288675  —0.069282 0.096824  —0.011360
P\ -0.060474  0.440958 ) 27\ -0.011086 0.110239 /-

The matrices W7 and W5 are the M-matrices as their non-diagonal elements are negative
and their principal minors are positive.
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The constant m is computed by the formular (4.5): m = 0.038392. Thus, the following
restrictions are imposed on submatrices of E:

[Er]l <025, [|Erf| <0.4375,  [[Ea < 0.65625, |[[Ea2| < 0.765625,

(i) (5.5)
U] €0.05, [[Uz;]| <0.006, [IF;,/|| < 0.008392.

For example the matrix
E = diag {0.25, 0.43, 0.65, 0.76}

satisfies the inequalities (5.5). Since ||E|| = 0.76, the matrix E does not satisfy condition
(5.2). Moreover || diag{0.65, 0.76}|| = 0.76 > 0.75 and it means that for the matrix F
conditions (5.3) are not satisfied for any v € (0,1).

Thus, the general conclusion from this example is: the hierarchical Lyapunov function
allows a more complete use of the potential possibilities of direct Lyapunov method in
robustness analysis of discrete system (1.2).
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1 Introduction
Let f: RV — RY be locally Lipschitz and consider the system

&= f(x). (1)
By [1, Theorem 52.1], if (1) has an asymptotically stable (that is, Lyapunov stable and
attractive) equilibrium &, then the (isolated) zero ¢ of —f has index ind(—f,&) = 1
and so, for all € > 0 sufficiently small, degg(—f,Bc(£),0) = 1, where degp denotes

Brouwer degree and B.(£) denotes the open ball of radius e centred at £. Therefore,
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by properties of Brouwer degree, f(RY) contains an open neighbourhood of 0. Now let
f:RY x RM — RN be locally Lipschitz and consider the controlled system

i = fu). (2)

If (2) is stabilizable in the sense that there exists a time-invariant locally Lipschitz feed-
back u = k(x) that renders some point of RY an asymptotically stable equilibrium of
the feedback system & = f(z, k(x)), then, by the above result, the image of f contains an
open neighbourhood of 0. This is Brockett’s necessary condition for stabilizability, origi-
nally proved in [2, Theorem 1]; for discussions on variants and ramifications of Brockett’s
condition, see, for example, [3—11]. In either case of an uncontrolled (1) or controlled
(2) system, if f: D — R is such that f(D) contains an open neighbourhood of 0, we
say that f has the BKZ (Brockett-Krasnosel’skii-Zabreiko) property.

In this paper, the necessity of the BKZ property is investigated in a wider context of
differential inclusions under hypotheses weaker than asymptotic stability/stabilizability
of equilibria. For example, amongst other consequences for (1), the results of the paper
imply that, if any of the following hold, then f has the BKZ property:

(a) some compact set C' is globally attractive for solutions of (1);

(b) some closed ball is a locally asymptotically stable (Lyapunov stable and locally
attractive) set for (1);

(c) (1) is LP-stable for some 1 < p < oo (in the sense that every maximal solution
has interval of existence R and is of class LP).

Within the control framework of (2), these observations have natural counterparts: f
has the BKZ property if there exists a (possibly discontinuous) feedback k such that the
feedback-controlled system (a) has a globally attractive compact set, or (b) has a locally
asymptotically stable closed ball, or (c) is LP-stable (in the above sense).

2 Notation and Terminology

For a Banach space X and non-empty C' C X, d¢ denotes the distance function given
by
d = inf ||z — v X.
o(w) = inf o —c| Ve

For non-empty B, C C X,
d(B,C) :=supdc(b).
beB

The open ball of radius 7 > 0 centred at z € RY is denoted B,.(z) (with closure B, (z)),
to which the conventions By(z) := () and By(z) := {z} apply; if z = 0, then we simply
write B, (respectively, B,.) in place of B,.(0) (respectively, B,.(0)). The boundary of a set
) is denoted 092. We write R := [0, 00).

Throughout, a sequence (x,,) is regarded as synonymous with a map n — x, with
domain N. We shall frequently extract subsequences of sequences. In order to avoid
proliferation of subscripts, the notation (2,,)), where o: N — N is a strictly increasing

map, is adopted to indicate a subsequence of (z,). If ((wak(n))) is a sequence of

kEN
subsequences of (z,,) nested in the following sense

(wn) D (wdl(n)) DD (xgk(n)) Doy
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then oy is to be interpreted as a k-fold composition of strictly increasing maps N — N,
with oy = 6 0 0p,—1 for all k > 2: the sequence (2,,(n)) C () Wwill be referred to as
the diagonal sequence.

AC(I;RYN) denotes the space of functions I — RY defined on an interval I and
absolutely continuous on compact subintervals thereof.

U(D) denotes the space of upper semicontinuous maps = +— F(x) C RY, defined on
D C RY, with non-empty convex compact values: if D = R, then we simply write U.

We record the following well-known facts (see, for example, [12]):

Proposition 2.1 Let F € U(D).

(i) If K C D is compact, then F(K) is compact.
(ii) For each € > 0, there exists locally Lipschitz f.: D — RN such that

d(graph (fc), graph (F)) < €

(any such fc is said to be an e-approximate selection for F).

3 Set-Valued Maps: Degree and the BKZ Property

If F € U(D) is such that F(D) contains an open neighbourhood of 0, then F is said to
have the BKZ property.

Let M := {(F,Q,p) | F € U(D), Q an open bounded subset of D, p € RN\ F(d%)}.
As discussed in [8] within the framework of [13] (see, also, [14—16]), there exists a map
deg: M — Z with the properties:

P1. deg(F,Q,p) = degg(fe, 2, p) for all € > 0 sufficiently small, where degg denotes

Brouwer degree and f.: Q — RY is any e-approximate selection for F oL

P2. if ¢: [0,1] — RN\ F(9Q) is continuous, then deg(F,<,q(t)) is independent of t;

P3. if deg(F,Q,p) # 0, then p € F(x) for some = € Q.

Lemma 3.1 Let (F,Q,0) € M. If deg(F,Q,0) # 0, then F has the BKZ property.

Proof Since 0 ¢ F(09), dp)(0) > 0 forall z € 0Q. Let (x,,) C 92 be a convergent
sequence with limit = € 9. Let (2,(,)) be a subsequence with

lim dF(ﬁa(n))(O) = lim inf dF(xn)(O)

For each n, let z, be a minimizer of || - || over compact F(z,(,)) (and so |z,| =
dF (2, ) (0)). By upper semicontinuity of F, for each € > 0,
Zn € F(250ny) C F(x) + B..

By compactness of F'(z) and since € > 0 is arbitrary, we may conclude that (z,) has a
convergent subsequence (which we do not reliabel) with limit z € F'(z). Therefore,

dp(2)(0) < [l2[] = lim_ [|zp[| = lim inf d (.. .y (0)

and so @ +— dp(;)(0) is lower semicontinuous and positive-valued on compact JQ. It
follows that there exists p > 0 such that p ¢ F(0Q) for all p € B,. By properties P2
and P3,

peB, = peF(z) forsome ze.
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Therefore, F' has the BKZ property.

4 Differential Inclusions

Let F € U and consider the differential inclusion (subsuming (1))

(1) € F(x(t)). (3)
By an F-arc, we mean a function x € AC(I;RY) that satisfies (3) for almost all ¢ € I.
The following is a particular case of [17, Theorem 3.1.7].

Proposition 4.1 Let F € U, let K C RY be compact, let I := [a,b], let (e,) C
(0,00) be a decreasing sequence with €, | 0 as n — oo and, for each n € N, define
F,:x— F(z)+B,,.

Let sequence (z,) C AC(I;RYN) be such that, for each n € N, z, is an F,-arc
with x,(I) C K. Then (z,) has a subsequence that converges uniformly to an F-arc
r € AC(I;RYN).

Next, we prove (by arguments similar to those used in establishing [18, Lemma 5
(p-8)], see also remarks on page 78 therein) a variant of the above, tailored to our later
purposes.

Proposition 4.2 Let F € U and let (s,) C [a,b] be a convergent sequence with
limit s € (a,b]. If (xn) C AC([a,b];RY) is a sequence of F-arcs and there exists v > 0
such that, for all n € N, |z, (t)|| < 7 for all t € [a,sy], then (x,) has a subsequence
(To(n)) such that (T(n)la,s)) converges to an F-arc x € AC([a, s|; RY).

Proof Let (d;) C (0,5 —a) be a decreasing sequence with d; | 0 as k — co. Write
Iy, := [a, s—0]. By Proposition 4.1, the sequence (z,,) has a subsequence, which we label
(T, (n)), such that (24, (m)|r,) converges uniformly to an F-arc z' € AC(I1;RY). Again
by Proposition 4.1, the sequence (., (,,)) has a subsequence, which we label (x4, (), such
that (2,,(n)|r,) converges uniformly to an F-arc 2 € AC(I3;RY) (with 22|, = a!).
By induction, we generate a sequence of subsequences of (z,,),

(#0) D (Toy(m)) D D (Top(n)) D -+
such that, for all &, (xgk(n)hk) converges to an F-arc z¥ € AC(I;;RY) with z¥|;, | =
2F=1 for all k > 2. Therefore, the diagonal sequence of restrictions to [a, s), that is, the
sequence (Z,., (n)la,s)); converges to the F-arc z: [a,s) — B, defined by the property:
VkeN xz(t)=2"t) Vtel,=a,s— 0

By compactness of F(B,), it follows that the bounded F-arc z is uniformly continuous
and so extends to an F-arc on the closed interval [a,s] by defining z(s) := 11%11 x(t).
tTs

4.1 The initial-value problem
Let F €U. For each z° € RV, the initial-value problem

i(t) € F(x(t), 2(0)=2° (4)
has a solution and every solution can be extended to a maximal solution. By a solution,
we mean an F-arc z € AC([0,w); RY), with 0 < w < 0o and x(0) = 2% by a maximal

solution, we mean a solution having no proper right extension which is also a solution.

Moreover, if x: [0,w) — RY is maximal and w < oo, then limsup ||z(t)|| = +oo.
tTw
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Proposition 4.3 Let non-empty K C RN be compact. Assume that, for each z° €
K, every mazimal solution of (4) has interval of existence Ry. For T > 0, define

Sr(K) = |J {=(t) |z € AC([0, T};RY)
t€[0,T]

is an F-arc with (0) € K} C RY

and write Loo(K) := |J Er(K).
T>0
(a) For all T >0, the set L (K) is compact.
(b) Let non-empty Cy, Cy C RN be compact, with C; C Co C K and C; N ICy =
) = KNOCy. Assume that, for every mazimal solution x of (4) with 2° € K,
de, (x2(t)) — 0 as t — oo. Then there exists T > 0 such that L1(K) = Yoo (K)
and, for all 2° € Yo (K), every mazimal solution x of (4) has interval of existence
R+ and has the properties:
(i) 2(R+) C Soe(K);
(il) x(t) € Cy for some t € [0,T].

Proof (a) Let T > 0 be arbitrary. Seeking a contradiction, suppose that Xp(K) is
unbounded. Then there exist a constant § > 0, a sequence (t,) C [0,7] and a sequence
(2,) of maximal solutions of (4) such that

2n(0) € K and ||zn(tn)|| > (n+1)6 VneN.

By continuity of the solutions, it follows that, for each n € N, there exist s*, k=1,...,n,
such that
||:En(sfl)|\ =(k+1)5 and |z, ()| <(k+1)0 Vte [O,sﬁ) (5)

and sl < s2 <--- <" forall n>2.

1

From (s,

), extract a convergent subsequence (‘9(171(77,)) with limit s' € [0,7]. By
compactness of F(Bas(0)), s* > 0. Write I; := [0, s']. By Proposition 4.2, and passing
to a subsequence if necessary, we may assume that (z,,(,)|7,) converges uniformly to
an F-arc 2! € AC(I1;RY); moreover, by (5), [|z'(s!)| = 24. From_(sil(n)), extract
a subsequence (532(71)) with limit s € [0,7]. By compactness of F(Bss(0)), s? > s'.
Write I := [0,s2]. By Proposition 4.2, and passing to a subsequence if necessary, we
may assume that (,,(n)|z,) converges uniformly to an F-arc 2? € AC(I2;RY) with
22|, = x'; moreover, by (5), ||#2(s?)|| = 3. By induction, we generate a strictly
increasing sequence (s*) C [0,T], with limit s € [0,7], and a sequence of subsequences
of (z,,),

(;vn) D (xgl(n)) DD (;Cgk(n)) Do

such that the diagonal sequence of restricted functions (2, (n)|r), where I := [0,s),
converges to the F-arc € AC(I;RY) defined by the property that, for each k € N,

z(t) =z"(t) Vtel,:=]0,s".

Clearly, 2(0) € K. Furthermore, |z(s*)|| = (k+1)d for all k € N and so 2 has no
proper right extension that is also an F-arc. This contradicts the hypothesis that all
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maximal solutions of (4), with 2° € K, have interval of existence R.. Therefore, X7 (K)
is bounded.

Let (yn) C Tr(K) be a convergent sequence with limit y. Then y, = x,(t,) for
some sequence (t,) C [0,7] and some sequence of F-arcs (z,) C AC([0,T);RY) with
2, (0) € K for all n. Without loss of generality, we may assume that (¢,) is convergent,
with limit ¢ € [0,7]. By boundedness of Yr(K), there exists compact C such that
2,([0,T]) C C for all n. By Proposition 4.1, passing to a subsequence if necessary,
we may assume that (z,,) converges uniformly to an F-arc x € AC([0,T];RY), with
x(0) € K. Therefore,

y= lim y, = lim xn(tn) = {,C(t) € ET(‘Kr)7

n—oo n—oo

and so X (K) is closed.

(b) It suffices to show that there exists T° > 0 such that, for every maximal solution
x of (4), with 2° € K, z(t) € Cy for some t € [0,7] (in which case, Y (K) =
Yo(K)). Seeking a contradiction, suppose that no such T exists. Then there is a
sequence (z,) C AC(R4;RY) such that, for each n € N, z,,(0) € K and dc,(x,(t) > 0
for all ¢t € I, := [0,n]. By part (a) above, for each k € N, the sequence (x,|1,)
is bounded. Therefore, repeated application of Proposition 4.1 yields a sequence of
subsequences (2,,) O (Zyy(n)) O (Toy(n)) - such that, for each & € N, the sequence
(Top(n)|1,) converges uniformly to an F-arc ¥ € AC(I;RY) with de,(2%(t)) > 0
for all ¢ € I. Tt follows that the diagonal sequence (z,, (n)) converges to the F-arc
r € AC(Ry;RY) defined by the property that, for each k € N, x(t) = 2*(¢) for all
t € Ii;. Therefore, dc,(x(t)) > 0 for all ¢ € R4, which contradicts the hypothesis that
every maximal solution approaches C; C Cs (recall that C; NICy = 0).

Remark 4.1 Proposition 4.3(a) is closely akin to [18, Theorem 3 (p.79)]. Proposi-
tion 4.3(b-1) is essentially an assertion that Y. (K) is compact and is an invariant set
for (4) in the sense that, for each 2° € Y (K), every maximal solution of (4) has
trajectory in oo (K). A similar observation occurs in the proof of [7, Theorem 11].

4.2 Persistence of the BKZ property

The following is essentially Theorem 1 of [8].
Theorem 4.1 Let F € U. If there exist 0 <7< 3d < p and T >0 such that

el <p  Viel0,T]

l2°l <6 =
lz()| <+  VteT,2T]

for every mazimal solution x of (4), then F has the BKZ property.

In view of Lemma 3.1, to prove this result it suffices to show that deg(F,Bs,0) # 0.
In the Appendix, we provide a proof which incorporates minor corrections to the proof
in [8].

In what follows, several specific consequences of the above result are highlighted:
simply stated, the first of these (Theorem 4.2) asserts that, if there exists a compact set
that attracts all maximal solutions of (4), then F' has the BKZ property.
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A non-empty set C C RV is said to be attractive for (4) if there exists an open
neighbourhood NV of C' (that is, an open set containing the closure of C) with the property
that, for each 2° € N, every maximal solution z: [0,w) — RY of (4) is such that
de(z(t)) — 0 as t T w (if C is compact, then w = 00): C is globally attractive if the
latter property holds with A/ = R¥. Non-empty C' is said to be stable for (4) if, for each
open neighbourhood N7 of C, there is an open neighbourhood ANy of C such that, for
each 20 € N3, every maximal solution of (4) has trajectory in Nj.

Theorem 4.2 Let F €U. Let C C RN be non-empty and compact. If C is globally
attractive for (4), then F has the BKZ property.

Proof By global attractivity of compact C, every maximal solution of (4) has interval
of existence Ry. Fix 7 > 0 such that B, D C. By Proposition 4.3, the set ¥ (Bs,) is
compact and positively invariant.

Let 7 > 3r be sufficiently large so that EOO(E;gT) C B, and choose § > 7. By
Proposition 4.3(b), there exists 7> 0 such that, for every F-arc # € AC(R,;RY) with
lz(0)|| <6, ||=(t)|| < 3r for some t € [0,T]. Since B3, C Yoo (Bs,), it follows that, for
each 0,

2% <6 = a(t) € X(Bs,) for some € [0,T]

for every maximal solution of (4). Therefore, by (positive) invariance of ¥ (Bs,) C B,
Iz’ <6 =z <7 VteT,o0)

for every maximal solution of (4).
By Proposition 4.3(a), there exists p > § such that

2’ <6 = Jz(®)<p Vte[o,T].

Therefore, the hypotheses of Theorem 4.1 hold and so the result follows.

Next, we highlight a further consequence of the above theorem which, for example,
implies that, if (1) generates a global semiflow and is L? stable in the sense that all
solutions are of class LP for some 1 < p < oo, then f has the BKZ property.

Corollary 4.1 Let F € U. Let g: RN — R, be lower semicontinuous with the
properties:
(a) C:=g~1(0) is compact;
(b) in}f{g(z) > 0 for any closed set K C RY with KNC = .
ze

If, for each x° € RY, every mazximal solution of (4) has interval of existence Ry and

[ g(x(t)) dt < oo, then F has the BKZ property.
0

Proof By [19, Theorem 10 (i)], the compact set C' = g=1(0) is globally attractive
for (4) and the result follows by Theorem 4.2.

In Theorem 4.2, in order to conclude that F' has the BKZ property, hypotheses of a
global nature were imposed (global in the sense that, for each z° € RV, every maximal
solution was posited to approach C'). The following theorem imposes hypotheses of a
local nature under which the BKZ property again persists: in particular, if there exists
a closed ball that is locally asymptotically stable for (4), then F has the BKZ property.
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Theorem 4.3 If there exists a closed ball B,.(z) =: B which is both stable and
attractive for (4), then F has the BKZ property.

Proof Without loss of generality, we may assume z = 0 and so B = B, = B,.(0).
By stability and attractivity of compact B, there exist a, § € R4 such that, for all
20 e RY,

() <f  VieR,
(z(t)) — 0

for every maximal solution of (4). Let v € (0,«) be arbitrary. By stability of B, there
exists u € (0,7) such that, for all 29,

as t— o0

d
dp(2’) <a = o
dp

dp(x’) <p = dp(z(t) <y VteRy (6)

for every maximal solution of (4). By Proposition 4.3(b), there exists T > 0 such that,
for all 29,
dp(2’) <a == dp(x(t)) <p for some t€[0,T]

which, together with (6), yields
dp(’) <a = dp(z(t) <y Vt>T

for every maximal solution x of (4). We may now conclude that the hypotheses of
Theorem 4.1 hold (with 7 =~v+r, § =a+r and p =3+ r) and the proof is complete.

5 Feedback Control

We now turn to the main concern of the paper, namely, the consequences of the above
results in a context of feedback control systems.
Let f: RY x RM — RN be continuous and consider the controlled system

&= f(,u). (7)

Henceforth, we assume that f has the property that, for every non-empty convex set
C C RM the set f(z,C) CRY is convex for all z € RV,

As admissible feedback controls for (7), we take the class K of upper semicontinuous
maps z — k(z) C RM on RY, with non-empty convex and compact values. Therefore,
for every feedback k € IC, the map Fy: z — f(x, k(x)) is of class U.

5.1 Persistence of the BKZ property in feedback systems

For system (7), a feedback k € K is said to render a compact set C C R¥ stable
(respectively, attractive) if C' is stable (respectively, attractive) for (4) with F = Fy.

The following theorem and corollary are immediate consequences of Theorem 4.2 and
Corollary 4.1.

Theorem 5.1 Let k € K and let C C RN be non-empty and compact. If either of
the following holds, then f has the BKZ property:

(i) k renders C globally attractive for (4);
(ii) k renders some closed ball B stable and attractive for (4).



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 2(1) (2002) 57-67 65

Corollary 5.1 Let k€ K and let g: RV — R, be as in Corollary 4.1. If, for each
20 € RN, every mazimal solution of (4) with F = Fy has interval of existence Ry and
gox € LY(Ry), then f has the BKZ property.
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Appendix: Proof of Theorem 4.1

Let D :=B, and let Fe U(D) denote the restriction of F € U to D.

Observe that 0 ¢ F (0Bs) (otherwise, there exists a constant solution ¢ +— x° of (4) with
||2°|| = &, contradicting the hypotheses). Therefore deg(ﬁ',lﬂ%g, 0) is well-defined and, in view
of Lemma 3.1, to complete the proof it suffices to show that deg(F, Bs,0) # 0.
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By Proposition 2.1(ii) and property P1 of degree, there exists a sequence (f,) of locally
Lipschitz functions D — RY such that:

deg(F,IBB(;, 0) = degg(fn,Bs,0) Vn;

. (8)
d(graph (f,), graph (F)) - 0 as n — oc.

By compactness of F (D), the functions f,, are bounded and so, for each n, the equation
@ = fn(x) generates a semiflow ©,: Ry x RN — RV,
Write I :=[0,27] and X := C(I;RY) (with the uniform norm). On B define

Fia®—{zeX|zan F-arc with 2(0) = 2}
with graph (F) := {(2°,2) | 2° € Bs, = € F(2°)}. For each n, define ¢, : Bs — X by

(¢n(z))(t) := @n(t,z”) Viel
Fix € such that 0 < € < § — 7. We claim that

d(graph (¢m,), graph (F)) < e for some m € N. 9)
Suppose otherwise. Then there exists a sequence (x%) C Bs such that

dgraph (f)(($2,¢n(w2))) >e Vn. (10)

By Proposition 4.1, we may assume (without loss of generality) that (¢(x%)) C X converges
uniformly to an F-arc z € AC(I;RY) with z(0) € Bs (and so (2(0),z) € graph (F)),
which contradicts (10). Therefore, (9) is true.

Let 2° € Bs be arbitrary. By (9), there exists y° € Bs, with [|2°—1°|| < ¢, and y € F(y?)
such that || (t,7%) — y(t)|| < € for all t € I. Since the set {y(t) | y € F(Bs)} lies in the
ball B, for all ¢ € [T, 2T, we may conclude:

for all 2° € Bs, @m(t,2%) €Bs forall t ¢ [T,27T). (11)
Define continuous h: [0,1] x Bs — RY by

psa®) o= T =0
T L (@) (sT) —2],  0<s<l.

We conclude that h(s,z°) # 0 for all (s,2°) € [0,1] x OBs by the following argument.
Suppose h(0,2%) = f,(z°) = 0 for some 2° € OB;s. Then, @, (t,2%) = 2° € 9B; for all
t € I, which contradicts (11). Now suppose h(s,z2°) = 0 for some (s,2°) € (0,1] x IBs.
Then @y, (nsT, 2°) = 2° € B; for all n € N with ns < 2. In particular, there exists n € N
such that 1 < ns <2 and @,,(nsT,2°) = 2° € OB;. This contradicts (11).

Therefore, by (8) and the homotopic invariance property of the Brouwer degree,

deg(ﬁ73570) = degB(fm7B570) = degB(h(()? ')7B570)
= degp(h(1,-),Bs,0) = degg(gm, Bs, 0),
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where, for notational convenience, g,, denotes the function
gm: 2 = [(@m (2)(T) — 2°)/T.
Now consider the continuous map
ho: [0,1] x Bs,  (5,2°) — (1 — 8)gm(z") — s2°.

Noting that hg is a homotopic connection of the function g, and the odd map o : ¥ — —20

and ho(s,2%) # 0 for all (s,2°) € [0,1] x dBs by properties of the Brouwer degree, we may
now conclude that

deg(F‘,IB%g, 0) = degg(0,Bs,0) # 0.

This completes the proof.
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0 Introduction

The most vulnerable area of researches on stability of systems based on the application of
the Liapunov second method is the problem of finding a Liapunov function (including its
analogues and modifications), especially if the problem is not solved in the framework of
linear approximation. For this reason relevant stability (instability) theorems involving
auxiliary functions, whose construction remains a problem, are actually inefficient or
even useless.

In view of the above, the approach has become of theoretical and practical significance
when beforehand the class of considered systems (for example conservative, reversible,
with constant phase volume, etc.) is defined, for which the construction of a Liapunov
function or its analogue is possible. Thus, the solution of the problem about stability
(instability) passes into constructive direction at once for the whole class of systems.
Just such idea can be realized concerning the class of conservative systems

d 9L 0L

a9 o (0.1)

whose Lagrangian L can retain its sign at least on some set of motions.

@ 2002 Informath Publishing Group. All rights reserved. 69
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Within the framework of the proposed approach the Liapunov second method should
be interpreted somewhat wider in comparison with the classical approach. In particular,
the ideas incorporated in the second method are put in the forefront instead of the specific
theorems covered by it. Also allowing for the peculiarities of the examined systems takes
an important place.

1 About Hamilton Action as a Function of Phase Variables

In the construction of a Liapunov function analogue for conservative systems it is pro-
posed to use the Hamilton action S as a function of phase coordinates and time. The
possibility to obtain the equations of conservative systems from the condition for the
Hamilton action S being stationary

ty

0S = 5/L(q,tj) dr =0, (1.1)

0

enables the action S to be recognized as a carrier of information on conservative systems.
In view of this fact, we replace the fixed value t; by the current value ¢ in the expression
for the action S and consider S as a magnitude which characterizes the true motion of
the system, i.e. as the action function

t

S:/L(q,q') dr. (1.2)

0

It means that the values

q= Q(taquqo)v q.:q.(taq07qo)) (13)
g =q(t=0), qdo=4q(t=0)

in the integrand of equality (1.2) satisfy the equations (0.1). Let us assume further that
the Lagrangian L(q,q) € C*(Dy x R}}) and

1 ., r (1.4)
=54 Al + f(a)" ¢+ Lo(a),

where the quadratic form Ls(0,¢) is positive definite, the point ¢ = ¢ = 0 corresponds
to the equilibrium state of system (0.1), (1.4), f(0) = 0, Ly(0) = 0. Besides, let the
solution (1.3) satisfy the definition of a flow [1]. This does not limit generality of the
consideration, since the instability of the equilibrium state is dealt with below.
Replacing ¢ by 7 in (1.3) and carrying out integration in equality (1.2), we obtain

S = 8(r,q0,d0)|h € CLu bV (R x s3), (1.5)

tgoqo
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where the vector (qo,do) belongs to the neighborhood ss = {(qo,40) € Dy x RE,
llgo @ dol| < 6} of the point ¢ = ¢ = 0. Taking into account that the solution (1.3)
defines a flow and thus

qdo = Q(_tv q, q)7 qO = Q(_tv q, q)7 (16)
we have from (1.5)
S = §*(r,q(r), d(r)h € Clp"V (R x Dy x RE). (1.7)

The use of the Hamilton action function S in the form of (1.7) as an analogue of
the Liapunov function provides greater possibility for more complete representation of
the internal properties of the system in question than the standard approach within
the Liapunov second method. Actually, this is confirmed by the investigations of the
inversion of the Lagrange-Dirichlet and Routh theorems [2—8]. Sufficient conditions of
instability obtained in these investigations are more general in comparison with the ones
known earlier (see the reviews [7,9—11]. In particular, the following result is true

Theorem 1.1 [6] Let a number € >0 (D D s¥) exist such that:

(1) w={qgest: Lo(q) >0} #0, 0 € dw;

(2) 0Lo/0q #0 Vq € w;

(3) Lo— L fTA1f >0 Vg ew.

Then the equilibrium state g = ¢ =0 of system (0.1), (1.4) is unstable.

Corollary 1.1 Let the system be natural (Ly = T, L1 =0, Lo = —1I, where the
functions T and 11 are kinetic energy and potential energy of system respectively) and let
a number € >0 (D D st) ewist such that:

(1) w={gest:(q) <0} #0, 0€ dw;
(2) OlI/0q # 0 Vq € w.

Then the equilibrium state q = ¢ =0 of the system is unstable.

Corollary 1.2 [2] The isolated equilibrium state ¢ = ¢ = 0 of a natural system is
unstable if in this state the potential energy I1(q) has not a local minimum.

Corollary 1.3 [3] Let the Lagrangian L in the neighborhood of the point ¢ = ¢ =0
be analytical function. Then the equilibrium state ¢ = ¢ = 0 of a natural system is
unstable if the potential energy 11(q) at the point ¢ =0 has not a local minimum.

Remark 1.1 In special case when the expression Lo — % fTA=1f has the local mini-
mum (not necessarily strict) at the point ¢ = 0, the restriction (2) in Theorem 1.1 (and
the restriction (2)) in Corollary 1.1 respectively) can be omitted.

Remark 1.2 The statement of the problem about the equilibrium instability of a
natural system under the assumptions of Corollary 1.3 is due to Liapunov [12].

2 The Application of the Hamilton’s Action Function S to the
Investigation of Stability of Conservative Nonholonomic Systems

The use of the Hamilton’s action function S can also appear to be useful in analysing the
equilibrium stability of nonholonomic systems. As it is well known [11,13], the equilibria
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set of a nonholonomic system is larger than a set of critical points of the appropriate
Lagrangian L. Restricting the investigation to stability analysis of the equilibria of
nonholonomic systems which are critical points of the Lagrangian L, Whittaker [14]
somewhat narrowed the class of considered nonholonomic systems. However this more
narrow class is of interest first of all because many of the approaches characteristics of
stability investigation of holonomic systems [15—19] are applicable to it. It turns out
that for the systems in question, the application of the Hamilton’s action function S is
efficient as well as for the holonomic ones.
So, we shall consider a nonholonomic system written as

d OL 0L LT _ T
dq -
B(q) 5 =0, (2:2)

where B(q) = (b;;(¢)) isa I xn matrix (i =1,...,], j=1,...,n, I <n), \is the
l-vector of the Lagrange multipliers, L(q,q), B(q) € C?(D, x RY) and the Lagrangian
L is defined by expression (1.4).

Let the quadratic form ¢7A(0)¢ be positive definite as before, the point ¢ = ¢ = 0
correspond to the equilibrium state of system (2.1), (2.2), (1.4) and f(0) =0, Lo(0) = 0.

Nonintegrable relations (2.2) which restrict the generalized velocities of the system
(rank B(q) = 1) are nonholonomic constraints.

It is well known [20,21] that the equations of motion of nonholonomic system can be
obtained on the basis of the Hamilton principle in the Holder form

/ 5L(q,q) dr = 0. (2.3)
0

In contrast to the holonomic systems, the Hamilton principle in the form of (2.3) is
no longer the principle of stationary action when equality (1.1) is valid. Apparently, it
was Hertz [22], who first called his attention to the fact that equality (1.1) ceases to be
true for nonholonomic systems. Nevertheless the indisputable fact is that in the case of
nonholonomic systems the Lagrangian L(q, ) is still the key characteristics of the system.
Taking this into account, we shall consider the action function of the form of (1.2) for
nonholonomic system too.

By analogy with the case of holonomic systems it is assumed that the solution of the
considered nonholonomic system is extendable on the whole axis ¢t € R and so in view of
the assumptions on smoothness of L(q, ¢) and B(q) satisfies the definition of a flow. This
fact, as above, does not restrict generality of the consideration and enables the action
function S to be represented in the form of (1.7).

In what follows system (2.1), (2.2), (1.4) will be written as

p=——+ BT (g)\, (2.4)
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where ) )
H(g.p)= 59" A'p—p" A7 f — Lo+ 5 fTA7 f = h = const. (2.5)
Let us consider in R™ the set 7 which is defined by the equations

B(q)q = 0. (2.6)

Since rank B(q) = [, the equations (2.6) can always be solved with respect to any !

components of the vector of generalized coordinates gq. Let us designate by \fl(q) the
restriction of an arbitrary function ¥(q) to the set .
Alongside the set m we shall also define the sets

Qz{(q,p)Esgz{(q,p)EquRZ, llg & pl|l <e}: H:h:O},
Ot ={(q,p) € 5e: H=h>0},

OH
Qf = {(q,p)ese; H=h>0, H—qa—q+(B(Q)Q))\>O}-

Theorem 2.1 Let the function LO—% FTA=Lf have a local minimum (not necessarily
strict) at the point ¢ =0 and besides:

w'={gesi={a€ Dy, llal <e}: Lo(q) >0} #0.
Then the equilibrium state ¢ = ¢ =0 of system (2.1), (2.2), (1.4) is unstable.
Before proving this theorem we need the following lemma.

Lemma 2.1 Under the assumptions of Theorem 2.1 the set

O0H
00 = {(q,p) € s H:O,—qa—q >0, B(q)q—()}

18 not empty.

Proof On the basis of the theorem about the mean [23] we have the equality
0H 0H
H(g,p) = H(0,0) = g 7 (69,0p) + p 5 - (0a,0p), 0 € (0,1). (2.7)

First let us assume that Ly — % fTA=1f > 0. Then, taking into account the relation

. 1 p 1. oH
L=pi—H=sp A7 lp+Lo— s fTA f=p—
2 2 dp

V(g;p) €Q, gqew,

we conclude that the term ¢ 9H/dq on the right-hand side of equality (2.7) is negative
V(g,p) € , q € w*. Since the vectors ¢ and 6q are collinear, on the basis of (2.7) and
the definition of w* we conclude that Q0 # ().

If Lo — % fFA=1f =0, then representing the Hamiltonian H as

H= %pTAfl(p —2f) = (Lo — %fTAflf)

and assuming p = 2f (|| f|| # 0), we come to the similar conclusion.
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Corollary 2.1 Under the assumptions of lemma the set Qf is not empty.

Proof Let us fix a point (¢°,p°) € Q°. Taking into account the fact that € is the
boundary for set QF, we carry out small perturbation of the point (¢°, p°):

1(¢* = q°) @ (p* —p°)| <m, 0 <n=const

such that the point (¢*,p*) becomes the element of the set Q. Then owing to the
continuity of the product q 9H/dq and the equality (2.6) V(g,p) € Q° the number 5 (and
consequently the appropriate perturbation) can be chosen small so that the inequalities

OH

H(q*,p*)—qa—q + (B(¢")g")A >0, H(q",p") >0
q=q

*, p=p*
are satisfied. This implies the validity of the corollary.

Proof of Theorem 2.1 Let us assume that the equilibrium state ¢ = ¢ = 0 of the
initial system (2.1), (2.2), (1.4) is stable.
Following [6], we consider the function

ap

V=—o—
S?+1’

where

tgp

S1=5"(t.a. 9 ) = Si(t.q.p) € Clyp"V (B x Dy x Ry).

Its time derivative along the vector field defined by the equations (2.4) is of the form

av L (H — q0H/9q + (B(q)q)A)
R RS A ST | s

=92 Sl
=20 g

According to the assumption about equilibrium stability, there always exists the
positive semitrajectory Wf C s. of the considered system passing through the point
(¢*,p*) € Qf. Let us integrate equality (2.8) over a segment of the semitrajectory ~;"
which corresponds to the interval [¢,t3], where the numbers ¢; and ¢y are such that

t
nl, cof. (2.9)

We notice that as 71+ is a compact set, the absolute value of the velocity of the
appropriate representing point (q(t,¢*,p*), p(t,q*,p*)) moving along v~ is uniformly
bounded. Consequently, it is possible to specify a number a > 0 such that t3 —t; > a
irrespective of how large the values t1, to € R are. In result of integration of equality
(2.8) we have

t
qap |

SE+1),

to
2 2 H—-q0H B

= arctan Sl‘; + o(arctan 5’1‘;) +/ ( q0 é?i_‘z( (@a)N)

1

t1

dt. (2.10)

1
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Function arctan S; appearing in the right-hand side of equality (2.10) is a multifunc-
tion with branch points S; = +o00. At the same time the intersection of the level set
of the Hamiltonian H = h > 0 and the small neighborhood of the equilibrium state is
the manifold, in any point of which the function S; does not become infinite. Further,
without loss of generality, it is possible to consider that the inequality Si|i—¢ > 1 is
valid.

Under condition (2.9) we shall choose the length of the interval [t1, 2] small enough
to deal with the domain of principal values of the function arctan S7, using, for example,
the representation of the latter as

1 1

T
arCtan51:§_S_1+3—Sf’_

Then from equality (2.10) when e > 0 is sufficiently small we obtain

to to
1 1
“o(5s1l,) (5

ty
Noticing that by (2.9) the right-hand side of equality (2.11) is positive, we come to the
contradiction, because according to structure (1.5) of the Lagrangian L:

1
S

t2> _ 7 (H —q0H/9q + (B@)a)N) (2.11)
SE+1 ' '

ty
1

ds . 1 _ 1 _ t
d_tl:pq—H:§pTA 1p+L0—§fTA 1f>0 V(Qap)ef}/i‘r’tj

the expression in its left-hand side is negative. Thus the assumption about stability of
the examined equilibrium state is false. Theorem 2.1 is proved.

Corollary 2.2 Let Loy—4 fTA™1f >0 Vg € st and besides the function Lo(q) have
a strict local minimum at the point g = 0.
Then the equilibrium state g = ¢ =0 of system (2.1), (2.2), (1.4) is unstable.

Corollary 2.3 Under the assumptions of Corollary 2.2 the manifold M of the equi-
librium states of system (2.1), (2.2), (1.4) defined by the equations

0Lo(q)
dq

+BT(g)A=0, ¢=0

1s unstable.

Proof According to Corollary 2.2 the equilibrium state ¢ = ¢ = 0 of system (2.1),
(2.2), (1.4) is unstable. Let us show that the instability holds true relating to both
variables ¢ and variables ¢. For this purpose we shall assume on the contrary that
instability of the equilibrium state under consideration motivates only the leave of ¢-
vector. Then, irrespective of the smallness of the initial perturbation, there is an orbit of
the system, whose representing point in a small enough neighborhood of the point ¢ = 0
reaches some sphere ||g||> = n?, n = const. Let integer ¢ (0 < & = const) correspond to
the minimum of function Lg(q) on this sphere. It is clear that £ does not depend on the
smallness of perturbation.

On the basis of equality

La(q,¢) — Lo(q) = h = const (2.12)
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we have

ST Al)i > ht € (213)
Since according to the proof of Theorem 2.1 the equilibrium state ¢ = ¢ = 0 of the
examined system is unstable when h > 0, it follows from (2.13) that ||¢|| > ¢ > 0.
In this case the number € does not depend on the smallness of the initial perturbation
and thus the instability of the equilibrium state is accompanied by leaving of ¢-vector.
Taking into account that ¢ = 0 on the manifold M of the equilibrium states of the system,
according to definition [24, p.34] we make conclusion about the validity of Corollary 2.3.

The sense of Corollary 2.3 is that it establishes a relationship between instability of
the fixed equilibrium state of nonholonomic system and that of the whole manifold of the
equilibrium states, the existence of which is a distinguishing property of nonholonomic
systems [25].

Corollary 2.4 In special case when the nonholonomic constraints are absent: B(q) =
0, it is possible to omit the condition w* # () in the Theorem 2.1 (cf. [6, 26, 27]).

As we see, if a system is nonholonomic then this fact is embodied in the character
of instability conditions, however it should be remembered that the latter are only suf-
ficient. Therefore, unfortunately, the question about the real influence of nonholonomic
constraints on the equilibrium stability remains still open.
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Abstract: A mathematical model describing the dynamical interactions of
the bidirectional associative memory networks, incorporating among other
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1 Introduction

Mathematical models describing the dynamical interactions of the bidirectional associa-
tive memory (BAM for short) networks have been a subject of numerous investigations,
Kosko [14-16], Simpson ([23] and the references there in). In particular, the following
BAM network model, known as Hopfield network is expressed by the following system
of equations:

wi(t) = —aiwi(t) + Y _ by fi(x;) + L, (1.1)
j=1

for i =1,2,...,n (see, e.g. [11,12,16]). As may be seen this model describes the ac-
tivation dynamics among the various neurons in one single neuronal field. In (1.1), a;
for ¢ = 1,2,...,n represent the passive decay rates, b;; denotes the synaptic connec-
tion weights between i-th and j-th neuroms, f;(z;), for j = 1,2,...,n denote signal

#Research supported by Council of Scientific and Industrial Research, Idia under grant #.9/568(10)/
93-EMR-I.

@ 2002 Informath Publishing Group. All rights reserved. 79
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propagation functions and I; for i =1,2,...,n denote the exogenous inputs to the i-th
neuron.

The Hopfield model illustrates an autoassociative BAM. Autoassociativity means that
the network topology reduces to only one field, Fix of neurons. The synaptic connection
matrix M symmetrically intraconnects the n neurons in Hopfield network. Thus M =
M7T and hence it is termed as a BAM model according to [7, 11, 16,23]. Hopfield network
is governed by feedback law. As an important generalization of the Hopfield equation,
the following system of equations [7,14—16, 23]:

wi(t) = —aixi(t) + Y bij fi(y;) + 1,

j=1

yi(t) = —ciyi(t) + Y djigi(x) + Jj,
=1

in which b;; = dj;, have been proposed to describe the BAM network in the neuronal
fields Fx and Fy. Kohonen [13,16] described these two layer networks as Heteroasso-
ciative networks. In (1.2), a; for i = 1,2,...,m and ¢; for j = 1,2,...,n denote the
passive decay rates, b;;, d;; for i =1,2,...,m, j =1,2,...,n, are synaptic connection
strengths, f; for j =1,2,...,n and g; for ¢ = 1,2,...,m denote propagational signal
functions and I; for ¢ =1,2,...,m and J; for j =1,2,...,n are exogenous inputs.

Evidently if Fx = Fy, the system (1.2) includes (1.1) and hence the notion of BAM
described by (1.2) reduces to that expressed by Hopfield network. In their studies, Cohen-
Grossberg [2,7,16] assumed that the synaptic connection matrices are symmetric, as in
the case of Hopfield networks. Kosko [16], expressed that when b;; and d;; differ, fixed
point equilibrium tends not to occur, instead equilibrium behaviour may be oscillatory
or a periodic. We disagree with this view by presenting various global stability criteria
under the circumstances that b;; and dj; can differ.

We now consider the networks, in which the synaptic connection matrices B and D
need not satisfy B = DT or vice versa and B = BT and regard these networks as BAM
networks. However, if the matrices B and D satisfy B = D, B = BT our definition of
BAM networks reduces to the earlier known definition. Clearly the above definition of
BAM is more general and allows us to consider arbitrary connection matrices.

It is generally known that in the biological and artificial neural networks as well, time
delays arise due to the propagation of information. More specifically, in the electronic
implementation of analog neural networks, time delays occur in the communication and
response of neurons due to the finite switching speed of amplifiers. Usually constant
fixed time delays in models of delayed feedback systems serve as good approximations in
simple circuits having a small number of cells. Due to the spatial nature of neural net-
works, resulting in the parallel pathways of a variety of axon sizes and lengths, in [24, 26]
distributed time delays representing transmission of information have been considered.

In the present paper, we propose a BAM model incorporating a fixed discrete delay
to represent the processing delays. It is known that in the mammals, the processing of
information at the neuronal level is rather slow implying that the neuron is not very
efficient, but when these neurons are connected in a network, their efficiency increases,
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see an der Heiden [1] and Kosko [16, p. 45]. The following model in a more general form

;1:2 = —aixi(t) + Z bijfj()‘j7yj(t)) + 1,

j=1
: (1.3)
v = —cyi(t) + Y dijg; (g, (1) + i,
j=1
where ¢ = 1,2,...,n, has been suggested in [14—16] to describe the activation dynamics

of the neurons in the absence of time delays. These equations lead us to the understanding
that the neurons process the information instantaneously, contrary to what has been
observed in the references [1, 16]. Thus the activational dynamics described by the system
(1.3) seems unrealistic. It is also natural to think that any system (whether biological or
man made), which responds instantaneously accumulates certain amount of strain over
a period of time, which may result in its break down. From these considerations, it
appears that a certain amount of delay (time-lag) in its performance is necessary for its
well being. Thus, we modify the network equations (1.3) to include a discrete time delay
in the signal response functions and accordingly, our model equations assume the form

;[;; = —ai.’IJi(t) + Zbijfj()‘juyj(t - T)) + 1,

j=1

v =—cyi(t) + > dijg (s, xi(t — 7)) + i,

Jj=1

for i = 1,2,...,n (see [22]). Our model (1.4) includes the earlier proposed models
involving discrete time delays [7,18—20]. It is important to mention here that in biologi-
cal/man made systems increasing time delays always render the system attain instability,
see Cushing [3], Mac Donald [17]. However, it has been established by Freedman and
Sree Hari Rao [5] that a proper interplay between the time delay and various other pa-
rameters of the system, may help stabilize the otherwise unstable systems. Thus from
this discussion, we certainly cannot neglect the time delays but rather like to study their
influence on the stability behaviour of the system. To be more precise, we shall be inter-
ested mainly in examining the effect of time delays on the maintenance and preservation
of stability /instability of the equilibrium. It is worth pointing out that the delay param-
eter 7, may be regarded as a mechanism to limit the strain in the performance of the
network, particularly when it processes information instantaneously.

In (1.4) the parameter 7 corresponds to the time delay arising due to the processing of
information at neuronal level. In artificial neural networks, this time delay arises due to
the finite switching speed of amplifiers. The passive decay rates a;, ¢; for 1 =1,2,...,n
are assumed to be positive constants. The numbers b;;, d;; for ¢, = 1,2,...,n are
synaptic connection strengths between the i-th and j-th neurons in the neuronal fields
Fx and Fy. I; and J; for i = 1,2,...,n are exogenous inputs. The functions f; and
g; for i =1,2,...,n are signal response functions. The initial functions associated with
the system (1.4) are given by

zi(s) = pi(s),  wi(s) = qi(s) (1.5)
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for s € [-7,0] and each i = 1,2,...,n, where p; and ¢;, for each i = 1,2,...,n are
assumed to be continuous functions on [—7,0].

This paper is organized as follows. In Section 2, results on the existence of a unique
equilibrium pattern are presented. The influence of processing delays on the stability
behaviour of the network has been discussed in Section 3. Conditions for the length
of delay for which stability has been maintained have been presented. A result on the
preservation of stability /instability of the equilibrium has been presented in Section 3.
Stability of bifurcating periodic solutions is discussed in Section 4. Three independent
sets of sufficient conditions for the global asymptotic stability of the equilibrium patterns
have been presented in Section 5. Examples illustrating the merit of our results have
been presented in Section 6. Finally a discussion follows in Section 7.

2 Existence and Uniqueness of Equilibrium Pattern

It is easy to see that the equilibria of the system (1.4) are solutions of the following
system of equations:

airy = Zbijfj(/\jvy;) + I,

j=1
n

ayf =Y dijgi(n,73) + Ji,
j=1

for i =1,2,...,n.

We shall state the following conditions on the signal functions f; and g; for ¢ =
1,2,...,n, which will be utilized in this work. There exist positive constants a;();) and
Bi(p;) for i =1,2,...,n such that

1£5(Ng5 w5 (@) = £ (N, v ) < ag (M) [luy — vyl

(2.2)
119 (s w5 (8)) = g3 (g, v ()| < 85 () llug — wj
for A\, pu, u, v € R™ and ¢ € [0,00) and ||| denotes any appropriate norm on R™.
We now, present our first result on the existence of a unique equilibrium pattern (z*y*).

Theorem 2.1 Assume that (1.5), (2.2) are satisfied. In addition assume that the
decay rates a;, c;, the synaptic weights b;;, d;; and the parameters «;, [3; satisfy the
following inequalities:

@i ; 1B, Bi ; |djil
= <1 and = <1 (2.3)
a; (&)

for each i=1,2,...,n.
Then for any pair of input vectors (I,J) the system (1.4) has a unique positive equi-
librium pattern (x*,y*) satisfying the equations (2.1).

In the following, we present a result guaranteeing the existence of a unique equilibrium
pattern (z*, y*) to our model equations (1.4), at the expense of dropping the Lipschitzian
hypotheses (2.2). This allows us to include non-Lipschitzian signal response functions in
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our equations. Here and henceforth the term “Non-Lipschitz” should be understood as
not necessarily Lipschitz. Further, the decay rates a;, ¢;, synaptic connections b;;, d;;
are accorded more freedom in the following result, than the restrictions placed on them
in Theorem 2.1.

We now rewrite the system of equations (1.4) as:

X'(t) = F(X (1)) (2.4)

in which
X(t) = (Il(t)a s 7In(t)v yl(t)v s 7yn(t))T

and

—arz1(t) + Zj:l bijfi(Nj,yi(t — 7))+ 1

—anTn(t) + E bnjfj( gyt =7)) + In

—Clyl(t) + Zl dljgj(uj, Ij(t — 7’)) + Ji
j=

—cnyn(t) + Zl dnjgj(,uj, Ij(t — 7’)) + Jp
j=

We consider the initial value problem associated with the autonomous system (2.4), in
which the initial functions are given by

zi(s) = pi(s),  ¥i(s) = ai(s), (2.6)
for s € (—7,0] and for ¢ = 1,2...n, where p; and ¢; are assumed to be continuous
functions of bounded variation on (—7,0]. Let S be an open subset of R*". For any

2n
€ € R?", we define ||| = 21 |&;]-

We now present a lemma which is an application of the theorem in [21] and is useful
in proving the next theorem.

Lemma 2.1 Let F: S — R?" be continuous and satisfy the following condition:
Corresponding to each point & € S, its neighbourhood U, there exists a constant k > 0,
and functions h; and ®; for j=1,2,...,n and | =1,2,...,n,n+1,...,2n such that

1E(€) = Fm)| < KlIE = nll + & Y [@1(h;(€)) — @ulhy(n)] (2.7)

=1

on U, where each h;: U — R is a continuously differentiable function in & satisfying

Z a& §#0 on U (2.8)

and each ®;: R— R, 1 =1,2,...,n,n+1,...,2n is continuous and of bounded variation
on bounded sub intervals. Then there exists a unique solution for the initial value problem
(2.4) = (2.5) on any interval containing the initial functions (2.6).
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Theorem 2.2 Assume that the hypotheses of Lemma 2.1 hold for the functions f;
and g; for each @ = 1,2,...,n. Then the system of equations (2.1) admits a unique
solution, yielding a unique equilibrium pattern for our model equations (1.4).

It is easy to modify the results on existence and uniqueness of equilibrium in [24, 26]
in proving these results.

3 Delay Dependent Stability Results

In this section, we examine the influence of the time lags on the stability of the equilibrium
pattern of (1.4). The linearized system associated with (1.4) is given by

,T; (t) = —a;x;(t) + Z bijoy;(t— 1),
=1

N (3.1)
Yi(t) = —ciys(t) + Y dij B (t — 7)
j=1
for : =1,2,...,n. It is convenient to represent the linearized system of 2n delay equa-
tions (3.1) as amplitudes u; and v; for i = 1,2,...,n, along the 2n eigen values of the
connection matrices respectively. Following the study in [18], we let r; and s; be the
connection eigen values of b;; and d;; respectively for ¢, j =1,2,...,n and accordingly,
we have
u(t) = —au;(t) + riavi(t — 1), 32)
Uzl-(t) = —Ci’l}i(t) + szﬂiui(t — T) '
for i =1,2,...,n. Since the neural gains «; and (; are positive for each i =1,2,...,n,
then r;a; and s;3; have the same sign as those of r; and s; respectively for ¢ = 1,2,...,n.

We now introduce that the complex characteristic exponent A; and define wu;(t) =
u;(0)ert, v;(t) = v;(0)ert for each i = 1,2,...,n. Substituting this form into (3.2)
yields
)\12 + (ai + Ci))\i +a;c; — Oéiﬁﬂ'isieiz)\ﬂ =0 (33)
for 1 =1,2,...,n.
We now let

a; +ci=a, aijc;=0b, —;firisi=c, M=\ (3.4)

for i =1,2,...,n. Clearly, both a and b are positive. Then, (3.3) yields,
Mt aX+b+ce T =0. (3.5)
The equation (3.5) has roots with negative real parts, if
FOT) =X 4ar+b+ce ™ #£0 for Rel>0. (3.6)

In this section, we examine the following aspects related to the stability /instability of
the equilibrium patterns of the system (1.4). Throughout this section we shall use the
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term stability to mean and imply asymptotic stability of the equilibrium patterns for the
model equations.

(i) If the equation (3.5) is stable for 7 = 0, then for what other values of 7 > 0, it
is stable? This amounts to determining an interval for 7, say, 0 < 7 < 7, such
that for all values of 7 in this interval, the equation (3.5.) is stable or (3.6) holds.

(ii) For 7 > 0 large, what type of stability for equation (3.5) prevails? More specifi-
cally, if the equation (3.5) is stable (or unstable) for 7 =0, can it continue to be
stable(or unstable) for all values of 7 > 07

Clearly, for stability of the equations (3.5), one has to see that it has no pure imaginary
zeros or zeros with positive real parts. We note that A # 0 is a root of (3.5) if and only
if b+c#0.

Our first result provides us an estimate on the length of the delay parameter 7, say
7, which ensures that the equilibrium pattern is asymptotically stable for all values of 7
satisfying the inequalities, 0 < 7 < 7,. For some biological models, methods to estimate
7o, has been presented in Erbe, Freedman and Sree Hari Rao [4] and Freedman, Sree Hari
Rao and Jayalakshmi [6]. We utilize these techniques to establish the following result.

Theorem 3.1 Assume that the following inequality
b+c>0 3.7)

is satisfied. Then the equilibrium pattern is asymptotically stable for all values of T

satisfying
B \/02(b+|c|)+2a2|c|(b+c)—|c|\/b—|—|c| (3.8)
2a|c| /b + |c] ' '

Proof 1Tt is easy to see that the inequality (3.7) is a consequence of stability for 7 = 0,
which follows from the application of Routh Hurwitz method. Since A is a continuous
function of the parameter 7, all eigen values will continue to have negative real parts for
sufficiently small 7 > 0.

If A= p+iv satisfies (3.5), then p and v are real solutions of

0<7< 7y

p? =2 +ap+b+ce” 7 cos2tv =0, (3.9)
2uv + av — ce ?* sin 27v = 0. (3.10)

Let 7 be such that u(7) = 0, then from (3.9) and (3.10), we have

—0? + b+ ccos27D =0, (3.11)
av — ¢ sin 270 = 0. (3.12)

We see that the conditions for the asymptotic stability of the equilibrium, following the
procedure suggested in Freedman and Sree Hari Rao [5], are given by

Im F'(ivg) > 0, (3.13)
Re F(ivy) =0, (3.14)
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where F(s) = s +as+ b+ ce 2™ and vy is the smallest positive root of (3.14). The
conditions in our case become

—Vg + b+ ccos2tiy =0, (3.15)

avp > ¢ sin 27vy. (3.16)

To get our estimate on the length of delay we shall utilize the inequality (3.16) and the
equation (3.15), which if simultaneously satisfied, are sufficient to guarantee stability.
Rewriting the same, we get

v? —b=ccos2rv, (3.17)

av > ¢ sin 27v. (3.18)

We recall that the equilibrium will be stable if the inequality (3.18) holds at v = vy,
where 1 is the first positive root of the equation (3.17). Our technique is to find an
upper bound v4 on vy, independent of 7, and then to estimate 7 so that (3.18) holds for
all values of v, 0 < v < v; and hence in particular at v = vyg.
Since the right hand side of (3.17) is less than or equal to |¢|, the unique positive
solution of
vi—b=]|, (3.19)

denoted by vy, is always greater than or equal to vy. Clearly,

vy =4/b+|c| (3.20)

Note that v, is independent of 7. We need an estimate on 7 so that (3.18) holds for all
0<v <.

Note that at 7 = 0, this inequality becomes ar > 0. However at 7 = 0, the solution
of (3.17) is vy = v/b+ c. Hence (3.18) is valid at 7 =0, v = 1. So by continuity it will
continue to hold for small enough 7 > 0 and v = 1.

From (3.18), we get

av?® > cv sin 27v. (3.21)

From (3.17), we get
cv sin 27v + 2ac sin® 7v < a(b + c). (3.22)

Denote the left hand side of (3.22) by ¢(7, ). We now use the inequalities sin 27v < 27v
and sin? 7v < 7212, Then

o(t,v) < Y(1,v) = 2|c|Tv? + 2alc|T?V?.
We note that for 0 < v <wvy, we have ¢(7,v) < ¥(r,v) < ¥(r,v4). Hence if ¢(r,v4) <
a(b+ c), then ¢(1,1v9) < a(b+ c).
Let 7. denote the unique positive root of ¢ (7,v4) = a(b+ ¢). Then
2ale| V3 + 2|clviT = a(b+ ).

Thus

__ VO el) + 207 (b+¢) — |ely/b+ ]
) 2a|c|\/b + || '

(3.23)
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Then for 7 < 74, the Nyquist criterion holds, and 7, is the estimate for the length of
delay for which stability is preserved.

Remark 3.1 Utilizing the relation (3.4) and evaluating the estimate for 7 in the special

case b= Tz and ¢ = “72, 2(‘({5;21)
¢; or vice versa. This special situation is interesting in the sense that there is an explicit
relation between the delay 7 and the passive decay rates a; and c;.

In the next result we shall improve the estimate on 7, in this special case by em-
ploying a different technique which has been presented in detail in Sree Hari Rao and
Phaneendra [25].

In the following, we utilize a method as suggested in [10], to find the stability interval,

in which the equilibrium is asymptotically stable.

a

we get T, = Clearly, 7. decreases with increasing a; or
)

Theorem 3.2 Assume that the hypothesis (3.7) is satisfied. In addition, let b= %,

c= %2 in (3.5) are satisfied. Then the equilibrium pattern is asymptotically stable for

all T satisfying

T 7T
0< = = ——. 3.24
ST "5, 2(a; + ¢;) (3:24)

Proof Let F(\,7) = 4)\2 + da) + a® + 2a%e= 2",

Now, Fi(\) = F(),0) = 4)\% + 4aX + 3a® = 0 has roots with negative real parts since
a > 0.

Now let Fy(\) = 4\2 + 4a\ + 3a?, which is obtained by replacing e~*" with -1.

Clearly, F5(\) # 0. Now, substituting, e~ = 1=I for T > 0, in the equation

T4 Tx
40?4 daX + a® 4 2a%e T =0, (3.25)
we obtain
F3(\) = AT?\ 4 4T(2 + aT)X\3 + (4 4 8aT + 3a*T*)\? (3.26)
+ 2a(2 — aT)A + 3a% = 0. '
Equation (3.26) has pure imaginary roots A = iv, v > 0 if and only if
2 —1
== [tan " (WT) —kn], k=0,%£1,.... (3.27)
w

In order to obtain the pure imaginary roots for the equation (3.26), we set the Routh-
Hurwitz determinant to zero. Then we obtain,

3a*T* +16a°T? + 8a*T? — 16 = 0. (3.28)
Differentiating (3.25) with respect to 7 and simplifying, we get

d\ - aZle 2T
dr 2\ +a — a?re~2 M’

(3.29)

Evaluating %, A = iv, we obtain

Re % _ a’v sin 27v + 2a%v? cos 271/7 (3.30)
dr|,_; A
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where
A =a®+ 4% + a*r? — 2¢>7 cos 27V + 4a’vT sin 27

Now, solving the equations (3.9) and (3.10) at 4 = 0 and 7 = 7* for sin27.v and
cos 27, v, we have

2v 412 — a?
in2r,y = =2, =2 4 3.31
S 27,0 = — €08 2T,V 57 (3.31)
Thus from (3.30) and (3.31), we have at 7 = 7y,
d\ _ A +a%?
Re — 3.32
= o (3.32)

A =a® + 42 + a*r? + dam? + @31

it follows that for T" = 2‘/_ 2 and v = %, we have F3(iv) = 0.

From (3.26) and (3.28), 5

Further, at 7 =7, =

~—

)

gl

2a2

i B+AT+r)

dX

Re -2
edT

(3.33)

which proves the theorem. Further, from (3.33), it is clear that the transversality condi-
tion of the Hopf bifurcation is satisfied.

Remark 3.2 Following the method used in the above theorem, when b = ¢, the in-
equality a? — 2b < 0 implies that (3.5) has a pair of pure imaginary zeros which upon
substitution of the values of a and b lead us to the contradiction that a? +¢? < 0. Thus,
this situation (though mathematically acceptable for the characteristic equation (3.5)
in its most general form involving the coefficients a, b, ¢) can not arise for this specific
model under consideration.

Remark 3.3 Following the discussion in Section 1, we understand that the strain
on the network arising out of its instantaneous processing of the information (the case
where the time delay 7 = 0) may result in the break down in course of time. To avoid
the unwanted breakdown in the nervous system, we have proposed the introduction of
processing delays. Our Theorems 3.1 and 3.2 clearly ensure the stability of the network
in the presence of processing delays so long as they lie in the interval [0, 7..]. Notice that
the expression for 7, in terms of the relations (3.4) may be written as

Va2B2rZsi(aic; + aifilrisi]) + 2B risi|(a; + ¢i)*(aic; — aifBiris;)
20 0i|1ri8i|(ai + ci)v/aici + i fi|risi|
1

St (3.34)

T« =

Clearly, 7, is expressed among others mainly in terms of the passive decay rates a;, ¢;
of the network. Also in the Remark 3.1, we have noted that in the special case where
b= %2 and ¢ = “72, the increase/decrease in 7 is related to the passive decay rates being
smaller/greater (respectively). But it is evident from biological considerations that if the
decay rates are smaller then the network takes longer time to return to equilibrium and
to process the subsequent inputs. On the other hand larger decay rates make 7, very
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small, which according to our view strains the network and may result in an eventual
breakdown. Further, one may understand, the vital decay rates, as the decay rates of
the membrane potentials. Also the expression (3.34) for 7. involves apart from decay
rates, other network parameters as well. Thus a proper interplay between the processing
delays and the various network parameters is essential for the network to have stability.

The next result describes a situation in which, instability at 7 = 0 will be preserved for
all 7 > 0. That is no matter how large the processing delays be, the network continues
to have instability if it starts with instability at 7 = 0. Thus the inequality (3.7) for
maintenance of stability can not be relaxed.

Theorem 3.3 Assume the conditions a?+2c =0, a®> = 4b hold. Then for all 7 > 0,
the equilibrium is unstable. Further, at T =T, = 3= (3.5) has a pair of pure imaginary

2a°
roots and

d\ 2
Re — - _¢

0.
dr|,_, ~ 532146 ~

Proof The conditions a®+2c = 0, a® = 4b imply that the condition (3.7) is violated.
Now, following the lines of argument in Theorem 3.2, we get

3a*T* + 56a*T? — 64aT — 16 = 0. (3.35)
A positive value of T is given by 2‘/:% and v = 5. Now

R

2
T=- tan™H(wT) = 2 (3.36)

3T __ 3

— * __
Now, at 7=7" =5 = Saiton)

dA a?
R —_ =
“arl|,_, ~ 532146

>0,

which proves the theorem.

Observe that Theorem 3.3 presents conditions under which the instability of the equi-
librium pattern would be maintained in the special case, in which ¢ = ® p = “Tz.

-
Now, our next result is a general result which explains the circumstances under which
the network does not change its stability. More specifically, if the network is stable (un-
stable) in the absence of processing delays, it remains stable(unstable) in the presence of

processing delays.

Theorem 3.4 Assume condition (Hy) holds. Then if the equilibrium is stable (un-
stable) at T =0, then the equilibrium remains stable (unstable) for all T > 0.

Assume condition (Hs) holds. Then if the equilibrium is unstable for any T = 1. > 0,
then it will be unstable for all T > Ty.

(Hy) (i) 82— >0 or
(i) a* —4ab +4c® < 0 holds
(Hg) 2 —c2<0



90 V. SREE HARI RAO AND BH.R.M. PHANEENDRA

Proof Here we analyze the question of stability by examining the sign of the derivative
of the real part of the eigen values with respect to 7, as the real part crosses 0. That is,
we analyze Z—‘T‘(%), where p(7) = 0. If this derivative is positive (negative), then clearly,
a stabilization (destabilization) can not take place at that value of 7.

We first note that the imaginary part © = v(7) must satisfy the equation
v 4 (a? = 20002 + 02 — 2 =0. (3.37)

We begin with equations (3.9) and (3.10) and differentiate with respect to 7. Then setting

T=7, p=0 and v =1 gives us the two equations in %(%) and 2 (7):

du . . dv .
§E () —n (1) = C,
i o (3.38)
bl Z(MN=D
(7)) +&-(7) =D,
where
& =a—2cT cos27D, n= (204 2¢7 sin27D),
3.39
C = 2cv sin 70, D = 2c0 cos 27D. ( )
Solving (3.38) gives
dp  £C+nD

and clearly, %(%) has the same sign as that of £€C' + nD. From (3.39), after some

simplifications we get
£C +nD = 20°20% + (a® — 2b)]. (3.41)

Let
F(2) = 2%+ (a® — 2b)z + (b* — ¢?) (3.42)
[which is the left hand side of (3.37) with £2 = 2]; then F(2?) = 0 and we note that

dF

iy _&4ntdu
dz

7) = 202 dr (7).

(3.43)

Hence, we can describe the criteria for preservation of instability (stability) as follows:

(1) If the polynomial w = F(z) has no positive roots, there can be no change of
stability.

(2) If w = F(z) is increasing(decreasing) at all of its positive roots, instability (stabi-
lity) is preserved.

We now proceed to analyze F(z). Since, a®> —2b > 0 and if F(0) =b? — ¢* <0, then
by Decarte’s rule of signs, F(z) has at most one positive root. If F(0) = b* —c? > 0,
F(z) has no positive roots. Similarly, when a* — 4a?b + 4¢% < 0, then F(z) has no real
roots.

To summarize, we state the following conditions: Condition (H;) implies that w =
F(z) has no positive roots and condition (Hs) implies that w = F(z) has at most one
positive root.
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Corollary 3.1 If b> < 2, and if the equilibrium is stable at T = 0, there exists
7> 0 for which this equilibrium is unstable for ™ > 7.

We now present a bifurcation result. This theorem gives conditions under which the
equilibrium that is asymptotically stable for 0 < 7 < 7, bifurcates at 7 = 7, into small
amplitude periodic solutions.

Theorem 3.5 Let b+c¢ >0 and b—c < 0 are satisfied. Then there exists a T,
the smallest value of T for which the equations (8.9) and (3.10) have a solution such
that p = 0. For 7 < T, the equilibrium s asymptotically stable. For T > 7, the
equilibrium is unstable. Further, as T increases through 7. the equilibrium bifurcates into
small amplitude periodic solutions.

Proof Suppose p=0, v =1y at 7 = 7. Then (3.9) and (3.10) yield

—vg 4+ b+ c cos 211 = 0, (3.44)

avy — ¢ sin 2movg = 0. (3.45)
Eliminating 7. by squaring and adding (3.44) and (3.45)
vi 4 (a® = 20)12 + b2 — 2 =0. (3.46)
Since a? — 2b > 0 only positive root of (3.46) is given when b — ¢ < 0. Accordingly,

uozj:g{—(a2—2b)+{a4—4a2b+402}%}%. (3.47)

We now solve (3.44) and (3.45) for 7.. Accordingly, we get

¢? cos? 21,1y — a*c cos 27,1 — (a*b+ ¢*) = 0. (3.48)

Let f(z) = c®2% — a®cz — (a®b + ¢?). Clearly, (3.48) has a real solution of the form
cos 27.vg = k, where |k| < 1. From (3.45) this solution in 7 is of the form

. _q,avy,  nm
= oy LM —0,1,2,..., 3.49
T. oo sin™*( - )+ ” n ( )

where the positive value of vy is given by (3.47). Hence the 7, required by the theorem
is obtained by choosing n = 0.

Clearly, for 7 = 0, the equilibrium is stable. Hence by continuity it remains to be
>0 when v =1y and n=0,1,2,.... This

T=Ts

will imply that there is at least one eigenvalue with positive real part for 7 > 7., n =0
and hence the equilibrium is unstable for 7 > 7. From (3.44) and (3.45) differentiating
with respect to 7 and after some simplifications, we get for v =vy, 7 =7, p =0,

stable for 7 < 7. We now show that ‘;—‘T‘

= %[41/3 + 213 (a® — 2b)] > 0.

dp
dr

T=T

This completes the proof.
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4 Stability of Bifurcating Periodic Solutions

In this section, we discuss the stability behaviour of solutions for (1.4) in the neighbour-
hood of 7 = 7, as given in Section 3. We scale the time so as to fix the delay equal to
1 and accordingly set s = t7, @;(s) = z;(7s), ¥:(s) = yi(7s). Equations (1.4) become
after replacing Z; by z;, y; by y; and s by t again,

zi(t) = T[— @i (t) + Y bij f5(N, i (t — 1))} :

j=1

yi(t) =7 [— i)+ diggi (N, wy(t — 1))]

Jj=1

for i =1,2,...,n.
Since r; and s; are eigen values of the matrices b;; and d;; respectively expressing
along the amplitudes, the system (4.1) become

8
U
—~

o~
~—

I

[ = aszi(t) + 1o fi(hi,yi(t — 1)),

(4.2)
T[ = ciyi(t) + sigi(Ni, zi(t = 1))]

<
ST
—~
~
~—
Il

for 1 =1,2,...,n.
Expanding the above system around the equilibrium using Taylor’s series and simpli-
fying we get

zj(t) = 7[— aizi(t) + riouyi(t — 1) + rivayl (¢ — 1) + 0(3)],

(4.3)
yi(t) = T[— ciyi(t) + siBixi(t — 1) + 88,27 (t — 1) + 0(3)]
for i =1,2,...,n, where a; = f'(y*), % = 4 (y*), i = ¢'(z*), 6 = L () and o(3)
denotes the terms of third order and above.

Now we present our theorem following the method suggested in [9] on stability of
bifurcating periodic solutions.

Theorem 4.1 The system (4.2) has a Hopf bifurcation near ™ = 7., obtained in
Section 3. The direction of bifurcation is determined by

—Re Ol (0)

70 (4.4)

pi2 =

and the stability of bifurcating periodic solutions is determined by B2 = 2Re C1(0), where

and ,
1
C1(0) = Y (920911 —2|gul’ - M) + 22 (4.5)
wo



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 2(1) (2002) 79-102

The quantities in the above expression are given by the following:
% = D7.rivi B*¢*(—1) + DCT.8:6:4%(—1),

go2 _ =~ 52 -2 A A 2

o = Drorivi B ¢ (=1) + DCTisi6;q (—1),

g1 = 2D7riyiBBq(—1)g(—=1) 4 21.DC's;6;9(—1)g(—1)

PL _ Dreriys (W2 (—1)Bq(—1) + 2W52 (—1)Bg(-1),

2
_ 1 - )
+ DOT.s:8:(Wip) (—1)g(—1) + 2W33) (=1)g(~1)
and
Wz%)(e) =01 0% 4 gy e 00 4 gy 008
WQ(S)(H) = p1 €00 4 g 700 4y 2wl
W1(11)(9) = eiwo@ + p2 e—iw00+pf7
Wl(lz)(e) =y ezwo@ +x2 € iwo6 + X7
in which
2r.DTi 27, DTyi _
Ulzu, 02:u7 ‘LL1:O'1B’ MQZUQB,
Wo 3(4]0
—7.DT3i 7. DTyi _
pP1 = - 37 p2 = 4, X1:p137 X2:p2-B7
wo wo
C2((1J) (2iwg + i) + T*n-aiCég)
or = _
! (2iwo + Twa;)(2iwo + TeCi) — T2riSi04Fe 20
. Céé)siﬁi e~ 2w 4 Cég)(%wo + Twa;)
e (2iwo + Twa;)(2iwo + TwCi) — T2riSi04 3620
_ _rCP oy
Pr= Tk (aici — Tioziszﬂi)’
B0y Facy
X = Tk (aici — TiOZiSiﬂi) ’
Further

02((1J) = 2(8) + Terioi (1 + p2) — (2iwo + Tva;) (o1 + 02),
Cz(?)) = Hz(g) + TwsiBi(o1e7 ) — (2iwg + Twci) (1 + p2),
Cﬁ) = Hl((l)) — Teai(p1 + p2) + Terici (A + X2),

CS) = Hl(?) — Teci( A1+ A2) + TusiBi(p1 €70 + pae™),

93
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0
[ }—1<9<0,
0

Hao(0) = —27.[DT1q(0) + DT14(0)] + 2. [w 2-1) 32] )
5:0:¢°(—1) o

0
[ }—1<6<0,
0

H11 0 = —Tx DT 0 DT,q(6 27'* _
)= 7 [PTaal6) + DLaO] + [rmBBq(—l)q(—l)} 60
si0;q(—1)q(—1)

The expressions T, Tz, T3 and Ty are given by the following.

2(-1

Ty = riviq* (—1)B® 4 Csibiq* (—1),

Ty = rz'quQ( l)B + Osi5iq2(—1)

Ty = 2r;v;q(—1)@BB + 2Cs;6;q(—1)g(—1),
(=1)

Ty = 2r;7iq(—=1)@BB + 2Cs;8;q(—1)g(—1).

The terms B, C and D are components in the following

q(6) = [;} el 1 <9<,

* _ 1 iwpb
q(@)—D[C}e , 0<6<1,
where

—5:3i T«
B = C -
CiT« + 1Wo CiTx — WWo

1
(1—c=0)(1+CB)’

— TG Ty

D:

5 Global Stability Results

In this section, we present results dealing with the circumstances under which the equi-
librium pattern (z*,y*) of (1.4) relative to a given input pair (I, ), is globally asymp-
totically stable. Our results are analogous to those obtained in [24].

Theorem 5.1 Assume that the hypotheses (2.2) are satisfied. Then the equilibrium
pattern of (1.4) is globally asymptotically stable, provided the following inequalities hold:

B 3 Idil a; - byl

=L <1 and j‘i <1 (5.1)

a; Ci
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Proof The following change of variables,
ui(t) = xi(t) — a7, vilt) =wit) —y;
transform the system (1.4) to
n
ii(t) = —aus(t) + Y bii { ;0,05 + ) — i\ )}
j=1

0i(t) = —civi(t) + Zdij {9;(ng, w5+ 25) — g5 (ng,25) }
j=1

for i =1,2,...,n. In view of (2.2) this may be written as

w;(t) < —aju;(t +Z|bu|aj|vj s)l,

. (5.2)
0i(t) < —cqvi(t) + Y |dij|B;lu; (t — 5))|
j=1
for i =1,2,...,n
Employing the Lyapunov functional,
V(o) o(0) = 3 [fus)] + |+Z|bm|o@ /m ) d=
i=1
(5.3)

n t
£ Mol [ il ds
Jj=1 t—r

and proceeding along the lines of the proof of Theorem 3.1 (see [24]) the remaining proof
of this theorem may be completed.

We now present our next result on the global asymptotic stability.

Theorem 5.2 Assume that the inequalities

1 & 1 &
35 Z |bijl, ¢ > 3 Z|dij| (5.4)
Jj=1 7j=1
for i =1,2,...,n are satisfied. Further, assume that there exists constants v; > 0 and

0; > 0 satisfying
n n
51'22|dji| z—%2| il
<2< —

Z: |bs;] ai 3 bjil

J=1

(5.5)

=R

MI)—A

fori=1,2,....n
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Then the equilibrium pattern (z*,y*) of (1.4) is globally asymptotically stable.

Proof We consider the following functional

- z;(t) — x7)?
t)) _ Z |:’Yi ( Z(t)2 z) + 0 (yz(t)2 yl)
+7 ) lbl / {50 w5 ) = 50, ) ) du (5.6)
J=1 t—1

+0i Z|dw| /{gj g, 2 (u) — g5 (ks @ 7) } du|.

It is easy to see that V(z*,y*) =0 and V(z,y) > w(||z||), where

n
61

w(llzl) = 3 5 [ =20 + (9 = v7)’]

i=1

for z = (x — 2™, y — y*) with ¢, = min{~;,d;}. Clearly w(||z||) is positive definite.
Now, the derivative of V along the solutions of system (1.4) may be written as

V(1) u(t)) = Z {oi[ =) (- it
(t—7) +1>

+ 3 big fi(Ag s (¢

j=1

) {0 (1) — £}
j=1
= b l{ 5Nyt — 7)) — fj()\j7y}f)}2]
j=1
) [<yi<t> ) (— can(t) + 3 digas (g w5t — 7)) + Ji) (5.7)

J=1

+Z|dw|{gj (1,25 (t) — g5y, ])}2

j=1
=S g gy (g5t — 7)) —gmj,w;)}ﬂ }
j=1

Proceeding along the lines of argument of Theorem 3.3 (see [24]), we obtain,
V/(x7y) < —@(HZH),

where

0()121) = Y kil = a1 + (4 — 7)),
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k; = min{&;,n;}, for i =1,2,...,n. The numbers &, n; for ¢ =1,2,...,n are given by

1 n n
&= (ai 3 > |bij|> — 607 ) ldiil
=1 =

and
1 n n
ni =0 <Ci 3 Z |dij|> — i Z |bjil-
j=1 j=1
Clearly, one may see that &;, n; are non-negative for each ¢ =1,2,... ,n and so is k;.

Now the conclusion follows from [8].

Theorem 5.3 Assume that the neuronal gains «;, (B;, the synaptic connection
weights b;j, d;j and the decay rates a;, c; of the neuronal fields Fx and Fy respectively,
satisfy the inequality

(Oéj|bij| + ﬁj|d”|) < k;= min{ai,ci} (58)
1

n
Jj=

fori=1,2,....,n.
Then the equilibrium solution (x*,y*) of (1.4) is globally asymptotically stable.

Proof For each i =1,2,...,n, define

Qi(t) = [[(zi(t) — x7, vi(t) =yl = |zi(t) — 7| + |yi(t) — y;|

for te[—7,00). (5:9)

Then using (1.4), (2.2) we get

DT Qi(t) < | = ailwi(t) = x7| + D ajlbyl ly;(t =) — v

e
— alyit) — vl + iﬁﬂdm a0 = 1) =
<
which in turn yields,
DT Qi(t) < [— kiQi(t) + zn:(aﬂbiﬂ + Bildi; )Q; (t — T)} (5.10)

j=1

for each 1 =1,2,...,n.
Since, Q;(t) < M for t € [-7,0] and for each i =1,2,...,n, we now claim that

Qu(t) < M = max[ sup <|¢i<s>—x:|+|wi<s>—y:|)} (5.11)

1<i<n | —7<5<0

for t > 0.
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If the inequality (5.11) does not hold for all £ > 0, then there must exist a ¢; > 0 and
some ¢ such that

M, for i=j, —7 <t <t,
for i#£j, —1 <t <t.

<
aw = oof ]

f— 3

It is easy to see that
DtQ;(t1) > 0. (5.12)

But, from (5.8) and (5.10), we have

D*Qi(tr) < [— kM 4+ (aylbiy| + 5j|dij|)M]

J=1

= —{ki —Z (o |bij +5j|dij|)]M <0

J=1

which contradicts (5.12) and thus (5.11) holds for all ¢ > 0.
Now, for each i =1,2,...,n, let

tlim sup Q;(t) = a; and tlim inf Q;(t) = o;.

Clearly 0 < 0; < 6; < oo, for ¢ = 1,2,...,n. Without loss of generality, assume that

01> 09 > --- > 0p. We shall prove that 6; = 0. Suppose that &1 > 0.
Now, choose € > 0 in such a way that the inequality

k= 2 (@lby| + Bjldiy))
0<e< o= &1 (5.13)
2[ky + 3 (0j[ba;| + B;lda; ) (1 + M)

j=1

is satisfied.
Since tlim sup Q;(t) = 7; by definition (for this €) there exists a t2 > 0 such that for
—00
t > to, we have
Qit—7)<di+e< a1 +e

for i=1,2,...,n and 7> 0.
Then, from (5.10), for ¢ > ts, it follows that

n

DFQu(t) < {— k1Q1(t) + > (lbus| + Bjlda;1) (a1 + €) |- (5.14)

j=1

We first prove 61 = g;. If 1 > g, then there are infinite number of intervals on which
Q1(t) is non decreasing. We can choose t4 > t3 > to such that Q1 (t) is non decreasing
on (t3,t4) and

Ql(t) >g;—¢€¢ for te (t3,t4).
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From (5.14), for t € (t3,t4), we have

DT Qq(t) < — {kl(ﬁl —€)— (51 +¢) Z(aj|b1j| + ﬁj|d1j|)]

n

—_ Hkl = (ajlby] + ﬁj|d1j|)}51

j=1
- {kl + > (a byl + ﬁj|d1j|}€}
j=1
and using (5.13) one can see that
6’ n
DTQq(t) < —?1 [kl - Z(Oéj|b1j| + ﬁj|d1j|)] <0 (5.15)

Jj=1

which is a contradiction to the statement that Q1 (¢) is non-decreasing over (ts, t4). Accor-
dingly we must have 61 = g; = o (say).
Since 71 = g, = o > 0, there must exist a t5 > to such that for ¢t > ¢t5 we have

c—e<Q@Qi(t)<o+e

and
Qi(t) <o+e€ for i=2,...,n.

For t > t5, from (5.15) we have

n

0<Q1t) <Qults) — g [kl — > (aylbay| + Bjlda; ) | (t = t5)

j=1
which is a contradiction. Hence ¢ = 0 and thus

lim |[(z;(t) — 27, yi(t) —y;)|| =0

t—oo

for i =1,2,...,n, implying that (z*,y*) is globally asymptotically stable.

6 Examples

In this section, we present several examples illustrating our results. Further, we establish
that the various stability criteria are independent.

Ezample 6.1 [24] Consider the network described by the system

2
&= —agzi(t) + ) bij (N ys(t = 1) + L

j=1

2
gi = —cayi(t) + ) diggs (g, ai(t = 7)) + Jie
j=1
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where 1 =1, 2.
Now choose
a1:37 a2:37 01:37 02:47
)\125/6, )\2:4/5, /1*1:1/27 /L2=3/4,
L=-1/2, L=1, Ji=1/4, Jo=-2,

=[] w2 ]

Further, choose the signal functions f; and g¢; for ¢ = 1,2 as follows:
f= (fl) _ (tanh(z\lyl))
f2 tanh(/\gyg) ’
_ <91) _ (tanh(ﬂlfcl))
g= = .
go tanh (ugxs)
Observe that all the hypotheses of Theorem 5.1 are satisfied while the hypotheses (5.5)

of Theorem 5.2 and (5.8) of Theorem 5.3 are violated. From this it is clear that the
equilibrium pattern is globally asymptotically stable by virtue of Theorem 5.1.

Ezample 6.2 [24] Consider the system (6.1) in which

a1 = 3/2, ag = 6, Cc1 = 7, Cy = 23,
AL = 8, Ao = 16, H1 = 11/67 H2 = 3/27
L=3 L=1 J =2 Jy=4,

[bij] = [i?; %ﬂ G [jﬁ —11/;15]

and the signal functions are given by
1
- (8) - (T
f2 ﬁ ’
g= <91) _ <tanh(/l1$1)>
go tanh (pex2)
for i =1,2.

Notice that all conditions of Theorem 5.2 are satisfied while some of the inequalities
(5.1) of Theorem 5.1 and inequalities (5.8) of Theorem 5.3 are violated.

Ezample 6.8 [24] Again consider the system (6.1) and choose

a; = 1.4, as = 1.3, C1 = 1.25, Cy = 1.35,
/\1:1/3, )\2:1/9, u1:1/2, ‘LL2:17
nL=1/2, Ib=1/4, J=-1/3, Jo=1/5,
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and

=[5 1) [ )

and the signal functions are

1
f= (fl) _ (tanh()\lyl)> g= (gl) _ [ e )
fg tanh()\gyg) ’ g2 m
It follows easily that all the requirements of Theorem 5.3 are satisfied while some of the

inequalities of the hypotheses (5.1) of Theorem 5.1 and those of (5.4) of Theorem 5.2 are
not satisfied.

Remark 6.1 Note that from Examples 6.1, 6.2 and 6.3, it follows that the global
asymptotic stability criteria guaranteed by Theorems 5.1, 5.2 and 5.3 are independent.

7 Discussion

In this paper, a model describing the activation dynamics of neurons in a bidirectional
associative memory network involving processing delays has been presented. The impor-
tance of the necessity of introducing processing delays in the model has been highlighted.
Results on maintenance and preservation of stability together with circumstances leading
to instability have been presented. We have established that a proper interplay between
the processing delays and the various system parameters is highly essential to have global
stability behaviour of the network.
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Abstract: The paper deals with n-dimensional dynamical system of impulse
type whose dynamical characteristics are dependent on the step Markov pro-
cess with rapid switchings. The phase motion has small jumps at the moments
of switchings and satisfies the ordinary differential equation in the intervals of
constancy of the Markov process. The intensity of switchings, the quantities
of jumps and the vector field of the differential equation are dependent on the
phase coordinates and Markov process. Under some assumptions the limit av-
eraged ordinary differential equation, the limit differential equation switched
by the merged Markov process, the diffusion approximation and the limit
stochastic differential equation of Ornstein-Uhlenbeck type for normalized de-
viations are constructed. It is proved that one can use the limit equations for
stability analysis of an initial impulse dynamical system.
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1 Introduction

The problem of asymptotic analysis of dynamical systems under small random pertur-
bations has been discussed in many mathematical and engineering papers. Apparently,
R.Z. Khasminsky was the first mathematician to have proved that the probabilistic limit
theorems may be successfully used for differential equations with random right parts.
The approach proposed in [12] makes it possible to apply for asymptotic analysis of real
stochastic structural dynamical systems not only the Krylov-Bogolyubov averaging pro-
cedure but also diffusion approximation (see, for example, [6] and review there). It should
be mentioned that in spite of the fact that the above result has been developed in [12] for

T This paper is based upon work supported by the Latvian Scientific Council under grant No. 96.0540.
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the analysis of differential equations on a finite time interval, the diffusion approximation
procedure has been applied in many engineering papers for Lyapunov stability analysis,
that is, for analysis of differential equations as ¢ — oo. To prove the validity of this
approach the authors of papers [3,5,14,15] had to use not only a special type of limit
theorem in Skorokhod space [16] but also martingale techniques and a stochastic ver-
sion of the Second Lyapunov method developed for stochastic Ito differential equations
in [13]. These asymptotic methods of stochastic stability analysis have been applied in
the above-mentioned papers to differential equations with continuous trajectories. But
some dynamical systems of the recent Economics (see, for example, [1,4,9, 10] and review
there) require an extension of “smooth” models to allow the phase motion to have a jump
type discontinuity. A possible approach to this problem developed in [11,17-19,21] is
discussed in the present paper.

To formulate the problems one needs first of all to describe the switching step process
{y(t), t > 0} with values in the set Y. We suppose for simplicity that Y is discrete
at most countable space but all our results easily can be reformulated for any metric
topological space. We will assume that the above switching process is a right continu-
ous homogeneous Markov process [8] with a weak infinitesimal operator defined by the
equality

Qu(y) = aly) > _[v(z) —v(y)lp(y, 2)

z2€Y

for any bounded mapping v: Y — R, where p(y, z) is the transition probability of
the embedded Markov chain and a(y) is the intensity of switchings which satisfies the
inequality 0 < a1 < a(y) < 42 < oo for any y € Y. It is well known [8,16] that the
above {y(t)} is a piecewise constant process with the switching moments {7;, j € N}
which have the conditional exponential distributions defined by the equalities: 79 = 0,

P{r; —1j—1 >t | y(rj—1) =y} = exp{—a(y)t}, jeN.
Now one can describe the Impulse Dynamical System (IDS) in R™ with small param-

eter € € (0,1) this paper deals with. The phase motion z(¢) of this system satisfies:
— the initial condition

2(0) = z; (1)
— the differential equation
dx
E_Ef(:b? y(t),&") (2)
for all ¢ € (Tj_l,Tj), JeN;
— the condition of jump
xz(t) =z(t —0) +eg(z(t —0), y(t —0),¢) (3)
for all t € {7;, j € N}, where
f(.’IJ, y7€):f1(.’li, y)+‘€f2($7 y)7 g(l’, y78)=gl(:1c7 y)—l—sgz(x, y) (4>

and f;(z,y), g;(z,y), j = 1,2 are twice boundedly continuously differentiable on =
functions.
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Under the above assumptions it is easy to prove [21] that the pair {z(t), y(t)} is a
homogeneous Markov process with the weak infinitesimal operator

(Lyv(z, y) =e(f(z, y, &), V) v(z, y) + Qu(z, y) + eG°v(z, y), (5)
where
oe, ) = S e+ 2y, 9,2), 2) — ol 2ol 2) ©)
z€Y

(.,.) is scalar product and v/ is an operator-gradient in R™.

In this paper we will discuss the problem of asymptotic analysis of the IDS (2)—(3)
for sufficiently small positive e. Under the condition of ergodicity of the Markov process
{y(t)} with limit distribution {u(y), y € Y} we shall do this starting with the limit
averaged ordinary differential equation for (2)—(3)

dz

L C) ™)

where

Fi(z) =Y Filz, yp(y), Filey) = hlzy) +a@)ol@y). (8)
yeY

It will be proven that this deterministic approximation may be successfully used not
only on a finite interval but also for asymptotic stability analysis of the initial system.
If Fy(x) =0 one will then be able to do the next step in asymptotic analysis of (2) —(3)
using the limit theorem in Skorokhod space [16]. This approach leads us in the second
section to the limit Ito stochastic differential equation which also can be successfully
used for stability analysis of (2) —(3). The third section contains a derivation of a merger
procedure and stability theorem based on the merged differential equation.

A word should be said about tools. To prove the limit theorems for (2)—(3) the
methods and results of paper [2] can be successfully applied. But in the above paper the
author uses specially constructed recurrent equations in the moments of switchings and
does not use any infinitesimal characteristics of the Markov process {z(t), y(t)}. This
approach is poorly consistent with the Second Lyapunov method, which is mainly used
for stability analysis of stochastic dynamical systems [3,5,6,13,14] and is the main tool
of our paper. To prove the classical averaging or merger theorems, unlike the martingale
approach of [14], this paper applies the Lyapunov method with specially constructed
Lyapunov functions, reflecting the distance between corresponding solutions of the system
(2)—(3) and averaged or merged differential equations.

2 Averaging and Stability

Let us assume that the spectrum o(Q) of the weak infinitesimal operator @ has the simple
spectrum point 0, o(Q)\{0} C {z € C: Rz < —p < 0} and let the distribution {u(y)}
be the solution of the equation Q*u = 0, where Q* is a conjugate operator. Under these
conditions one can extend [8] the potential of the above Markov process and define the
linear continuous operator II: B(Y) — B(Y) by equality

Wo)) = [ 3 @P(ty,2) ~ () . ©)
0

z€Y
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where B(Y) is the space of bounded mappings {v(y), vy € Y} of Y to R and P(¢,y, z)
is the transition probability.

It is easy to prove that any considerable variations of any solution of (2)—(3) can
happen only on a sufficiently large time interval of order e~1. Therefore it is convenient
to pass to the slow time s = et and to analyze the process with rapid switchings defined
by the equality z°(s) := x(s/¢).

Theorem 2.1 (Averaging principle) Under the above assumptions the processes
{z°(s)} for any r > 0, T > 0 wuniformly on y €Y, z € U, := {|z| <r}, t € [0,T]
converge on probability as € — 0 to the solution of (7) with initial condition T(0) = x,
that is, for any 6 >0

lim sup ]P’m’y< sup |z°(t) — z(¢, =)| > 5) =0.
70y faf<r 0<t<T

Proof Under the assumptions of twice continuously boundedly differentiability on z
of the functions fi(,y) and g1 (7, y), the function Fy(z) from (8) also has the continuous
bounded derivative D Fy(x) and therefore the Cauchy problem #(0) = z for (7) has
a unique solution Z(s,Z) for any Z € R™. It is easy to prove that the joined process
{z°(s), y(s/e), T(s)} one can consider as the Markov process with the weak infinitesimal
operator [8]

LEe) = (@ 3, ), 99 + (@), v9) + 2@+ G,

where the gradients are acting by indicated indices. Let us choose constant ¢ so large
that for all € € (0,1) and phase variables z, y, Z the function

ve(a, y, 7) = o — 2* + e[2(z — &, (ILF1)(x, ) + (1 + [z]* + |2]*)]
satisfies the inequalities
o =2 +e(L+ |2l +121%) S ve(w, y, 7) < o — 2 + e (L+ |2 + [2]?)

with some positive constant ¢;. Applying the equality

Q (IIF)(x, y) = — Fi(x, y) + Fi(2) (10)

and well-known Dynkin’s formula [8]

one can obtain the inequality L(e)ve(z, y, T) < kv.(z, y, ) which guarantees the sto-
chastic process

(t,,y, @) == ve(2°(1), y(t/), 2(t, 7)) exp{—kt}
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be supermartingale [7,13]. To complete the proof one can use the supermartingale prop-
erties and to write the inequalities

]P)z,y( sup |z°(t) — z(t,x)| > 5) < ]P( sup ((t, x, y, ) > 52 eikT)
0<t<T 0<t<T

<62y (2, y, x) <eci 62T (1 4 2|z)?)

for any § >0, T > 0.

Let now f(0,y,¢) = g(0,y,¢) = 0. Then also F;(0) =0 and both systems (2) — (3) and
(7) have the trivial solution. We will say that the trivial solution of (7) is exponentially
stable if there exist positive constants M, v such that |Z(t,z)| < M|z| exp{—~t} for
any t >0 and z € R™. For the IDS (2)—(3) we will use the following two definitions of
stability [13]:

1) the trivial solution of (2)—(3) is called asymptotically stochastic stable if for any
n > 0 there exists a d-neighborhood Bjs := {|z| < ¢} such that any motion
starting within Bs remains within an n-neighborhood with probability not less
than 1 —n and tends to zero as t — oo;

2) the trivial solution of (2) — (3) is called exponentially p-stable, if there exist positive
numbers K and § such that the inequality E|xz(¢)|? < K |z[P x exp{—p0t} is
satisfied for all ¢ > 0 and initial conditions x € R", y € Y.

Theorem 2.2 Under the above assumptions if the trivial solution of (7) is exponen-
tially stable then for any p > 0 there exists €, > 0 such that the trivial solution of IDS
(2)—(3) is exponentially p-stable for any € € (0,¢&,).

Proof Owing to exponential decrease of the solutions of (7) and the boundedness of
the derivative of Fj(x) one can define the Lyapunov function

T
P (z) = / |Z(t, )| dt,
0

where T = MHP 514 the constants M, ~ are taken from the above definition of
exponential stability. It is easy to verify that this function satisfies the inequalities

ma [P < v (@) < moaf? (11)

with some positive constants mq, mo. By definition of the gradient and due to exponential
stability of (7) one can write the inequalities

_ 1

(Fi(z), v) o' (2) = [2(T, 2)|” — [a" < —% jaf? < —5— 0@ (2) (12)

2m2

for any x € R”. To prove the theorem we will use the Lyapunov function
v (w,y) = 0P (@) + (TR (2, y), V) vP (2).

By definition (9) and due to equality

Q((HFl)(:E7 y)7 V) ’U(p)(x) + (Fl (x,y), V) U(p) (‘T) = (Fl (‘T)v V) U(p) (‘T)
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and inequalities (11)—(12) one can choose such a constant &, > 0 that the above Lya-
punov function satisfies the inequalities

N . 1
i P < o (2,y) < g laf?,  L(e) ol (x,y) < ~ I, ol (z,y)

with some positive constants 71, 72 for any ¢ € (0,¢,). Using Dynkin’s formula for the
stochastic process

£(s) = vl (2°(s), y(s/e)) e °

one can get the inequalities
e B,y 2 ()" < vl (@, y) < g fo?,

for any s > 0 and the proof is complete.

By using the supermartingale property of the above defined stochastic process £(s)
one can make sure that under the conditions of the Theorem 2.2 the trivial solution of
the IDS (2)—(3) is asymptotically stochastic stable for all sufficiently small positive .

3 Diffusion Approximation and Stability

In this Section we will assume that in addition to the condition of ergodicity of the
Markov process and twice bounded differentiability of the functions (4) on z the average
function satisfies the condition Fy(z) = 0. Thus, any solution of the averaged equation
(7) is constant and we have no information on the behavior of the solutions of the IDS
(2)—(3). Then we can go to the “very slow” time 6 = es = %t, where ¢ is the initial
time of the IDS (2)—(3). Let us denote x.(f) := x(8/c?). The infinitesimal operator of
the Markov process {z.(6), y(0/?)} has the form

L= (@, 9,9) V) + 5 Q+ 1 G" (13)

In spite of the fact that the operator (13) has a singular type as € — 0 under the above
condition one can prove the following assertions.

Lemma 3.1 [21] For any positive p there exist positive constants cp, Yp, €p such
that
Eoy |e=(0)]” < cp (14 |2])7 7

forall z€eR™, ye€Y, € €(0,e,), 0 >0.
Corollary 3.1 [21] Forany T >0, r >0 there exists e > 0 such that

lim  sup ]P’gw( sup |z(0)] Zp) =0
P30 p<e<er T\ o<o<T

uniformly on y €Y and z € U,.

The family of the stochastic processes {{zc(0), 0 <8 < T}, e € (0, g0)} with initial
condition z.(0) = = we will consider as the family of random variables in Skorokhod
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space [16] D([0, T], R™). The probability measures corresponding to these random vari-
ables we will denote P°. Owing to Corollary 3.1 we may confirm that for any natural
m and any moments of time 6,, > 6,,_1 > --- > 61 > 0 the distribution family of
the random vectors {xc(61), xc(62), ..., c(0m)} is weak compact. That is, the family
{P<} is relatively compact (as € — 0) in the meaning of the weak convergence of finite-
dimensional distributions. We will prove that there exist the weak limit of the family
{P<} as € — 0. To describe the limit process let us introduce the vector

b(x) = > [foz, v) + ay) g2(x, Yluly) + > [ DFi(z, y)] Fi(z, y) puly)

yeY yeY

~ > [IDFi(x, v)] g1 (x, ) p(y)

yeY

and the positive symmetrical matrix o(z) defined by the equality

(U(I) 2, Z) =2 Z [(Fl(xv y)a Z) (HFl(xv y)a Z)

yeY

— (91(z, y), 2) (frlz, y) + % a(y) g1(z, y), 2)] uly)

with an arbitrary vector z € R™.

Theorem 3.1 (Diffusion approximation) Under the above assumptions the fam-
ily {P=} weak converges as € — 0 to the diffusion Markov process with weak infinitesimal
operator

Lo = (ba), ) + 5 (0() 7, ). (14)

Proof To prove this theorem it is sufficient to verify [16] that for any twice continu-
ously differentiable function v(z) with bounded support the equality

=0

1
lim — sup
=0 € g<h<e

s+h
Esy {U(Is(s +h)) —v(ze(s)) - / Lo v(ze(7)) dT}

S

can be written for all 0 < s < T, =z € R®, y € Y. This equality one can get using
Dynkin’s formula for E, , w(x.(s), y(s/e?), €), where

w(@,y,e) = v(z) + e (L Fi(a,y), v)v() + e ul@,y),

and u(z, y) is a solution of the equation

Qu(z, y) = —{(fz(w, y) + a(y) g2(z, y) + 11D Fi(z, y)| Fi(z, y)
—[D Fi(z, y)] g1(x, y) — b(z), V) v(z) + ([D v v(2)] Fi(z, y), L Fi(, v))

~(10 v v@lante 0. file )+ ot ) - 5 06 9 D)ol
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Owing to the Fredholm alternative [11] and by construction the vector b(z) and the
matrix o(x) the above equation has solution and the proof is complete.

There exists [8] a Markov process X (¢) with infinitesimal operator (14) which satisfies
the stochastic Ito differential equation

dX =b(X dt+Zak ) dwy(t (15)

where wg(t), k=1,2,...,n are the coordinates of the standard Wiener process in R"”
and the matrices o;(X), k=1,2,...,n are defined such that the process X (¢) has the
infinitesimal operator (14). Equation (15) is called [2] the diffusion approzimation of the

process {xe(t)}.

If Fy(x) is not identically equal to zero one can use the diffusion approximation for
the normalized deviations &.(t) := [z(t/e) — Z(t)]/v/€ as € — 0 applying Theorem 3.1
to the 2n dimensional process {&:(t), Z(t)} with small parameter (/e.

Theorem 3.2 [19,21] Under the assumptions of this Section the probability measures
{P=} corresponding to the normalized deviations {&.(t), 0 < t < T} weak converge as

e — 0 to the measure P corresponding to the solution {X(t), 0 <t < T} of the
stochastic Ito equation

dX = DFy(z(t ()th—|—Zak t)) dwy(t) (16)
k=1

with initial condition X (0) = 0, where Z(t) is the solution of (7) with the initial condition
zZ(0) = z.

The diffusion approximation (15) in just the same way as for the Markov dynamical
systems without jumps [3, 5] can be successfully used for stability analysis of the IDS (2)—

(3).
Theorem 3.3 Under the assumptions of this Section if the trivial solution of (15) is

exponentially p-stable then the trivial solution of the IDS (2)—(3) is also exponentially
p-stable for all sufficiently small €.

Proof Tt is shown in [13] that trivial solution of equation (12) is exponentially p-stable
if and only if there exists such a sufficiently smooth Lyapunov function V(z) that

izl < V() < halzlP, LoV(2) < ~hslef?, D' v V()| < halzP~'™

for any x € R", | =1,2,3 and some positive constants h;, j =1,2,3,4. To prove the
theorem we will use the Lyapunov function

Ve(a,y) = V(o) +e(lFi(z,y), V)V (2) + e Ua(,y)

where Uz(x,y) satisfies the equation
QUatz.3) = ~{ (Fi(e.9), ) (R (29), )V (@) + (o)

T el w). DV(E) +  (@1(2.9). 9)V(@) + Lo v<:c>}.

2
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One can apply the infinitesimal operator L. to the function V;(z,y) and to obtain the
equality L.V-(z,y) = LoV (z) + r(x,y,e), where the last term satisfies the inequality
|r(z,y,€)| < a(e)|z’ with some infinitesimal a(e) as € — 0. It is easy to verify that
there exist the positive constants eg, 71, r2, r3 such that the function V(x,y) satisfies
the inequalities

T3
rileff < Ve(z,y) <relxff, L Vi(z,y) < —r3fzff < “r Ve(z,y)

for all z € R*, y € Y, € € (0,69). To complete the proof one can use the same
calculations as in the end of the proof of Theorem 2.2.

4 Merger and Stability

To illustrate the asymptotic merger method of stability analysis proposed in [14] we
will suppose that the infinitesimal operator of the step Markov process has the form

Qe = Qo + Q1, where

Qjv(y) =Y _[v(z) = v(y)ps(y. 2), §=0,1

yeY

and p;(y, z) as functions of z € Y are positive uniformly bounded on y € Y discrete
measures. Let {y.(t), t > 0} be the Markov process corresponding to this infinitesimal
operator. It is easy to see that this process is a step Markov process [8]. We will
assume that the operator Qy has 0 as an isolated simple eigenvalue of multiplicity h, the
eigenfunctions of this operator are defined by equalities

()_{1, for yey,;
GWZ0, for yeYy k+j

with nonintersecting supports Y;, j = 1,h and the remaining part of the spectrum
is situated in the half-plane {\ € C: X < —p} for some positive p. The conjugate
operator (Jj also [8,11] has 0 as an isolated eigenvalue of multiplicity h and h invariant
probabilistic measures 4 (y) with the same supports Yy, k=1, h.
In this section we will deal with stochastic process {z.(t), ¢ > 0} which satisfies the
differential equation
dr.
dt

= ef(ze, y(1), €), (17)
for all t € (75_4, 75), j € N, and the conditions of jump

xe(t) = z(t—) + eg(z(t—), ye(t—), €), (18)
for all t € {75, j € N}, where {75, j € N} are switching time moments of the process

{ye(t),t > 0} and functions f(x,y,¢e), g(z,y,e) were defined in Section 2. The system
(17)—(18) we will consider in slow time s = et denoting Z.(s) = z.(s/e).



112 YE. TSARKOV

To define the limit merged Markov process for the family {Z.(s)} as ¢ — 0 [14]
one needs the merged state space Y := {Y1, Y, ..., Yu} which for simplicity we will
denote Y :={1,2,...,h} and the infinitesimal matrix I = {”y]’-“}, where

> n(y, Yj) u(y), if j#k,

yeEYy
k= h 19
K — YAk, it =k, (19)
=1
I#

k, j =1, h. Corresponding to this infinitesimal matrix process {f(t), t > 0} is called a
merged Markov process. To use the merger method of [14] first of all one has to define
the function

F1($7 y) = Z (fl(x7 z) +gl(x7 Z)pO(ZvY))Nk(Z)v /S Yk
z€Yy,

for each k =1, h and differential equation

di. -

= = Ru(an(s), 5 (5/2). (20)

Substituting the above defined merged step Markov process {g(s), s > 0} instead of
the initial Markov process {y-(s/¢), s > 0} in (20) we will obtain the limit merged
differential equation for the system (17)—(18)

X BGs),3), (21)

where Fy(z,k) := Fy(z,y) forany k=1,h and y € Y.
Owing to assumption on spectrum structure of the operator Qp one can define [11]
the projective operator P by the equalities

VyeYy, veB(Y): (Pu)(y) = Z v(2)pk(2)
z€Yy,

for each k =1,k and the linear continuous operator II: B (Y) = B(Y) by equality

(ITv) (y) == / ™ Rt g, 2)(0 — Po) (=) dt, (22)

0 ?€Y
where Py(t,y, z) is the transition probability corresponding to infinitesimal operator Q.
The operator (22) we will use in the same way as the potential II in Section 2.

Theorem 4.1 (Merger principle) Under the above assumptions the family of pro-
cesses {x°(s)} weak converges as € — 0 to the solution of (21) with corresponding initial
condition.

Proof 1t is easy to prove that the processes {xc(s), y-(s/¢), T-(s)} one can consider
jointly as the Markov process with the weak infinitesimal operator [8]

L) = (f@9,0), V) + (Fil@,9), v9) + 2 Qo +2Qu) + G,
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where the operator G* is defined by the equality

ésv(x,y) = é Z[’U(I + Eg(x,y,s), Z) - U(Ia z)](po(y,z) + Epl(ya Z))
yeY

and the gradients are acting by indicated indices. As in Section 2 we will use the function
ve(,y,8) 1= | — B* + £[2(x — &, (IF)(x,9)) + (1 + |l + 7)),
which for sufficiently large c satisfies the inequalities
o= 3" + e L+ 2 +|217) < ve(w,y,8) < Jo = & +ecy (1+ |2 + |2)

with some positive constant ¢; for all € € (0,1) and z € R", y € Y, £ € R". Applying
the equality

Qo (ﬁFl)(x7y) = _Fl(x’y) + Fl(x7y)

one can obtain the inequality L(e)v.(z,y, #) < kv.(z,y, &) with some positive constant k.
Hence, for any x € R", y € Y, & € R" the stochastic process ve(xe(t), y-(t/c), T(t))
x exp{—Fkt} is a positive supermartingale [7]. Therefore under the initial conditions
2:(0) =z, (0) = z one can write the inequality

IF’Ly( sup |zc(t) — Z(t)| > (5) <ecy 672k (14 2]z)?) (23)
0<t<T
for any 6 >0, T > 0.

Under the assumptions of twice continuously boundedly differentiability on x of the
functions f1(z,y) and ¢1(z,y), the function 3} (z,y) also has two continuous bounded
derivatives and therefore one can use the merger method and results of paper [14]. Ac-
cording to the above paper for any 7> 0 and & € R™ the solution {Z.(¢), t € [0, T}
of Cauchy problem #.(0) = z for (20) defines on Skorokhod space D([0,T], R™) the
family of probability measures {P., ¢ € (0,1)} which weak converges as ¢ — 0 to the
probability measure corresponding to the solution of the Cauchy problem z(0) = = for
(21). This assertion and inequality (23) complete the proof.

Let now f(0,y,¢) = g(0,y,¢) = 0. Then also Fy(0,y) = 0 and both systems (17) -
(18) and (21) have the trivial solution.

Theorem 4.2 Under the above assumptions if the trivial solution of (21) is exponen-
tially p-stable for all sufficiently small € and some p > 0 then there exists €, > 0 such
that the trivial solution of IDS (17) - (18) is exponentially p-stable for any € € (0,¢e,).

Proof Owing to exponential decrease of the p-moments of the solutions of (21) and
a boundedness of the z-derivative of F(x,y) one can define function

T
ye Y v (z,y) = 0P (2, k) = / E, x|Z(t)P dt, k=1,h,
0

with so large a constant T that the above function satisfies the inequalities mq|x|P <
vP)(z,y) < mg|z|P with some positive constants m;, ms. Owing to exponential p-
stability of (21), the inequality (F}(z,k), )o®) (z,k) + To®) (z,k) < —mz0® (z,k) is
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held with some positive constant ms for any k = 1,k and 2 € R™. To prove the theorem
we will use the Lyapunov function

v (2,y) = 0P (2,y) + T{(Fi(2,9), V) vP (2,9) + Qo (z,y)},
which satisfies the inequalities i |z|P < oP) (x,y) < 7hel|z|P with some positive constants
mq, 1y for any € € (0,1). By definition of the operator II one can write the equality

(Fu(z,y), 7) 0P (2,9) + Qo (2, y) + Qoo (z,y)
= (Fi(z,y), V) v? (z,y) + PQ1vP) (2, y) + er(z,y,¢)
= (Fi(x, k), 7) 0P (2, k) + TP (2, k) + er(a,y,€)

< —md"? (z, k) + ea(e)|z|”

and therefore

(Fi(2,9), V) v® (2, ) + Q1v® (,y) + Qov'” (z,y)

< —mgd® (x, k) + eale)|z|P

for any y € Yy and k = 1,h, where a(¢) is infinitesimal as ¢ — 0. Owing to the above
inequalities there exist such positive constants €, that for any ¢ € (0,¢p)

m
L()ol () < == v (x.y).

Now we can use Dynkin’s formula for E, ,, {v§p> (xe(s), ye(s/€)) exp(sm3/2)} and complete
the proof as it has been done in the proof of Theorem 2.2.
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