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Preface

This book deals with stability of stochastic functional differential equations and
continues and complements the previous book of the author, “Lyapunov Functionals
and Stability of Stochastic Difference Equations” [278].

Functional differential equations (also called hereditary systems [9], or systems
with aftereffect [140], or equations with memory [11], or equations with deviating
arguments [66, 167], or equations with delays [10, 24-29, 54, 93, 97, 226], or equa-
tions with time lag [65, 72, 103], or retarded differential equations [52, 78], or differ-
ential difference equations [22]) are infinite-dimensional ones [88, 181], contrary to
ordinary differential equations, and describe the processes whose behavior depends
not only on their present state but also on their past history [104—-106, 131-133].
Systems of such type are widely used to model processes in physics, mechanics,
automatic regulation, economy, finance, biology, ecology, sociology, medicine, etc.
(see, e.g., [15, 18, 20, 24-26, 32, 3641, 57, 58, 71, 91, 92, 98, 160, 161, 165, 177,
186, 189, 192, 199, 212, 213, 218, 219, 224, 245, 253, 257, 286, 287, 293, 303]).

The first mathematical models with functional differential equations have been
studied during the 18th century (L. Euler, J. Bernoulli, M.J. Condorcet, J. Lagrange,
P. Laplace). In the beginning of 20th century the development of the delay systems
study started from the works by Vito Volterra [302], linked to viscoelasticity and
ecology. This pioneer work was continued by Tsypkin [298-300], Myshkis [220,
221], Kac and Krasovskii [120, 156-158], Elsgoltz [66], Razumikhin [239-242],
and many other (see, for example, [5, 9, 22, 43, 59, 62, 67, 100, 103-106, 111, 126,
132, 133, 140, 194, 206, 308, 313]).

An important direction in the study of hereditary systems is their stability [3, 12,
55, 56, 88, 96, 103, 125, 134, 135, 181, 182, 191, 195-197, 204-207, 211, 215-
217,231, 236, 258-260, 301]. As it was proposed by Krasovskii in the 1950s [156—
159], a stability condition for differential equation with delays can be obtained using
an appropriate Lyapunov functional. The construction of different Lyapunov func-
tionals for one differential equation with delay allows one to get different stability
conditions for the solution of this equation. The method of Lyapunov—Krasovskii
functionals is very popular and developing until now [78, 79]. However, the con-
struction of each Lyapunov functional required a unique work from its author. In
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1975, Shaikhet [261] introduced a parametric family of Lyapunov functionals, so
that an infinite number of Lyapunov functionals were used simultaneously. This ap-
proach allowed one to get different stability conditions for the considered equation
using only one Lyapunov functional.

During twenty last years, a general method of constructing Lyapunov func-
tionals was proposed and developed by Kolmanovskii and Shaikhet for stochastic
functional differential equations, for stochastic difference equations with discrete
time and continuous time, and for partial differential equations [48, 130, 131, 136—
139, 145-149, 265, 269-272, 278, 280, 281]. This method was successfully applied
to stability research of some mathematical models in mechanics, biology, ecology,
etc. (see, for instance, [27, 36-39, 267, 273, 276]). Nevertheless, it should be noted
that the stability theory for stochastic hereditary system dynamically develops and
has yet a number of unsolved problems [277, 279].

Usually the books devoted to the stability theory for functional differential equa-
tions do not concern numerical determination of stability domains or the behavior
of the solutions. In spite of that, this book, along with the modern theoretical results,
includes also many numerical investigations showing both the stability domains and
structure of the solutions. It offers a certain amount of analytical mathematics, prac-
tical numerical procedures, and actual implementations of these approaches.

In this book, consisting of twelve chapters, a general method of construction of
Lyapunov functionals for stochastic functional differential equations is expounded.

Introductory Chap. 1 presents general classification and some peculiarities of
functional differential equations, some properties of their solutions, the method of
steps and the characteristic equation for retarded differential equations, the depen-
dence of solution stability on small delay in equation, and the Routh—Hurwitz sta-
bility conditions for systems without delay. This section covers some theoretical
backgrounds of the differential equations used in the book with concentration on
mathematical rigor.

In Chap. 2 short introduction to stochastic functional differential equations is
presented, in particular, the definition of the Wiener process and its numerical sim-
ulation, the Itd integral, and the It6 formula. Different definitions of stability for
stochastic functional differential equations are also considered, basic Lyapunov-
type stability theorems, and description of the procedure of constructing Lyapunov
functionals for stability investigation. In this section some useful statements, some
useful inequalities, and some unsolved problems are also included.

In Chap. 3 the procedure of constructing Lyapunov functionals is used to obtain
conditions for stability of scalar stochastic linear delay differential equations with
constant and variable coefficients and with constant and variable delays. It is shown
that different ways of constructing Lyapunov functionals for a given equation al-
low us to get different conditions for asymptotic mean-square stability of the zero
solution of this equation.

In Chap. 4 the procedure of constructing Lyapunov functionals is demonstrated
for stability investigation of stochastic linear systems of two equations with constant
and distributed delays and with constant and variable coefficients.

In Chap. 5 the stability of the zero solution and positive equilibrium points for
nonlinear systems is studied. In particular, differential equations with nonlinearities
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in deterministic and stochastic parts and with fractional nonlinearity are consid-
ered. It is shown that investigation of stability in probability for nonlinear systems
with the level of nonlinearity higher than one can be reduced to investigation of
the asymptotic mean-square stability of the linear part of the considered nonlinear
system.

In Chap. 6 the general method of construction of Lyapunov functionals is used
to get the asymptotic mean-square stability conditions for stochastic linear differen-
tial equations with constant delay, with distributed delay, and with variable bounded
and unbounded delays. Sufficient stability conditions are formulated in terms of the
existence of positive definite solutions of some matrix Riccati equations. Using the
procedure of constructing Lyapunov functionals, it is shown that for one stochastic
linear differential equation, several different matrix Riccati equations can be ob-
tained that allow one to get different stability conditions.

In Chap. 7 sufficient conditions for asymptotic mean-square stability of the so-
lutions of stochastic differential equations with delay and Markovian switching are
obtained. Taking into account that it is difficult enough in each case to get analytical
stability conditions, a numerical procedure for investigation of stability of stochastic
systems with Markovian switching is considered. This procedure can be used in the
cases where analytical conditions of stability are absent. Some examples of using
the proposed numerical procedure are considered. Results of the calculations are
presented by a lot of figures.

Chapter 8 is devoted to the classical problem of stabilization of the controlled
inverted pendulum. The problem of stabilization for the mathematical model of
the controlled inverted pendulum during many years is very popular among the re-
searchers. Unlike the classical way of stabilization in which the stabilized control is
a linear combination of the states and velocities of the pendulum, here another way
of stabilization is proposed. It is supposed that only the trajectory of the pendulum
can be observed and stabilized control depends on the whole trajectory of the pen-
dulum. Via the general method of construction of Lyapunov functionals, sufficient
conditions for stabilization by stochastic perturbations are obtained, and nonzero
steady-state solutions are investigated.

In Chap. 9 the well-known Nicholson blowflies equation with stochastic pertur-
bations is considered. Sufficient conditions for stability in probability of the trivial
and positive equilibrium points of this nonlinear differential equation with delay are
obtained.

In Chap. 10 the mathematical model of the type of predator—prey with afteref-
fect and stochastic perturbations is considered. Sufficient conditions for stability in
probability of the positive equilibrium point of the considered nonlinear system are
obtained.

Chapter 11 deals with a mathematical model of the spread of infectious diseases,
the so-called SIR epidemic model. Sufficient conditions for stability in probability
of two equilibrium points of the SIR epidemic model with distributed delays and
stochastic perturbations are obtained.

In Chap. 12 mathematical models are considered that describe human behaviors
related to some addictions: consumption of alcohol and obesity. The existence of
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positive equilibrium points for these models are shown, and sufficient conditions
for stability in probability of these equilibrium points are obtained.

The bibliography at the end of the book does not pretend to be complete and
includes some of the author’s publications [261-279], his publications jointly with
coauthors [27, 36-39, 48, 64, 77, 136-148, 155, 197, 232, 246, 280, 281], and the
literature used by the author during preparation of this book.

The book is addressed both to experts in stability theory and to a wider audi-
ence of professionals and students in pure and computational mathematics, physics,
engineering, biology, and so on.

The book is mostly based on the results obtained by the author independently or
jointly with coauthors, in particular, with the friend and colleague V. Kolmanovskii,
with whom the author is glad and happy to collaborate for more than 30 years.

Taking into account that the possibilities for further improvement and develop-
ment are endless, the author will appreciate receiving useful remarks, comments,
and suggestions.

Donetsk, Ukraine Leonid Shaikhet
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Chapter 1

Short Introduction to Stability Theory
of Deterministic Functional Differential
Equations

1.1 Some Peculiarities of Functional Differential Equations

In comparison with ordinary differential equations, functional differential equations
have some peculiarities. Below we consider some of them for deterministic func-
tional differential equations.

1.1.1 Description of Functional Differential Equations

This section covers some theoretical backgrounds of the equations used in the book
with concentration on mathematical rigor. General classification of the equations
and some properties of their solutions will be discussed.

Let us consider equations with an unknown function depending on a continuous
argument 7, which may be treated as time. The equations can be scalar or vector
equations and have the same dimension as the unknown function. It is assumed that
all variables under consideration are real.

A functional equation is an equation involving an unknown function for different
argument values. The equations

2230 +3x20) =1,  x(x(®))=x(t?) +1

are examples of functional equations. The differences between the argument values
of an unknown function and ¢ in a functional equation are called argument devia-
tions. If all argument deviations are constant, as in the example

x()=2x(t+1) — x>t —2),

then the functional equation is called a difference equation [278].
Above we have given some examples of functional equations with discrete (or
concentrated) argument deviations. By increasing in the equation “the number of

L. Shaikhet, Lyapunov Functionals and Stability of Stochastic Functional 1
Differential Equations, DOI 10.1007/978-3-319-00101-2_1,
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summands” and simultaneously decreasing the differences between neighboring ar-
gument values, one naturally arrives at functional equations with continuous (or
distributed) argument deviations

t
x(t) =x(0) +/ x(s)ds
0

and mixed (both continuous and discrete) argument deviations [35, 66, 167, 233,
234, 269-272]

t
x(t):x(t—l)—i—/ x(s)ds.
-1

These equations are called integral and integral functional equations (in particular,
integral difference equations).

Combining the notions of differential and functional equations, we obtain the
notion of functional differential equation [5, 44, 104-106, 122, 126, 131-133]
or, equivalently, differential equation with deviating argument [66, 167]. Thus,
this is an equation connecting the unknown function and some of its derivatives
for, in general, different argument values. Here also the argument values can be
discrete, continuous, or mixed. Correspondingly, one introduces the notions of
differential—difference equation, differential equation of neutral type, integral or
Volterra integro—differential equation [4, 13, 55, 57, 63, 64, 74-78, 89, 90, 104,
139, 150, 151, 171, 172, 185, 208, 222, 229, 230, 237, 238, 292], etc.

The order of a functional differential equation is the order of the highest deriva-
tive of the unknown function entering in the equation. So, a functional equation may
be regarded as a functional differential equation of order zero. Hence the notion of
functional differential equation generalizes all equations of mathematical analysis
for function of a continuous argument. A similar assertion holds for function de-
pending on several arguments.

1.1.2 Reducing to Ordinary Differential Equations

Sometimes Volterra-type integro—differential equations can be reduced to equiva-
lent ordinary differential equations. We explain this phenomenon by the following
equation with exponentially fading memory [281]:

t
)'c(t):f(t,/ x(@)ek(te)dé?), > 1.
0]
Put

t
y(t) :/ x(@)e =9 gg.
1

0
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Differentiating this equality, we obtain that the initial equation is equivalent to the
system of ordinary differential equations

0 =f(ty®), O =x@)—ky@),

with the additional initial condition y(#) = 0.
Consider another example of Volterra-type equation that can be reduced to ordi-
nary differential equations. Consider the equation

t
x(t)=—-2x(t) + / sin(t — s)x(s)ds.
0

Differentiating this equation two times,
t

X(t) = —2x(t) + / cos(t — s)x(s)ds,
0

'
X () ==2%(t) +x(t) — / sin(t — s)x(s) ds,
0
and adding the last equation to the initial equation, we obtain
X(@)+2X@)+x@)+x@)=0.

This equivalence looks like a surprise because integro—differential equations de-
scribe processes whose rate is determined by all previous states, while ordinary
differential equations describe processes determined by the current states only.

1.2 Method of Steps for Retarded Functional Differential
Equations

For discrete delays, very often to solve the Cauchy problem on a finite interval, one
can apply a step method. Let us explain this method using the scalar equation with
one discrete delay

X(t)= f(t,x(@),x(t —h)), =1y, h=const>0,

(1.1)
Xt (8) =@ (s), se€[—h,0]

Let f : [fo, 00) x R> — R be a continuous function satisfying the Lipschitz condi-
tion with respect to the second argument. The initial function ¢ for (1.1) must be
assigned on the interval [#p — &, tg].

If t € [10, to + k] (it is the first step), then t — &k € [ty — h, tp]. Therefore, the delay
differential equation (1.1) converts into the ordinary differential equation

()= f(t.x(0), 9t —t0—h)), to<t<tg+h,
x(to) = ¢(0).
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Fig. 1.1 Solutions of (1.2) for a = —1, h = 1, and different initial values of xo

Solving this equation for the initial value x(zp) = ¢ (0), we get the solution on the
interval [z, to + h]. If now 19 + h <t <19+ 2h (it is the second step), thent — h €
[t0, 2o + K], and so x(z — h) is known from the first step. Hence, (1.1) for to + h <
t <ty + 2h once again converts into the ordinary differential equation, which with
the known initial value x (9 4+ &) defines the solution x(¢) on this interval. After
that we consider the interval [#y + 2h, tg + 3], etc. In this way the solution can be
obtained for arbitrarily large ¢ (theoretically, for the whole semiaxis [y, 00)).

For the simplest case where the right-hand side of (1.1) does not contain x (), at
each step the solution is reduced to the integration of a given function.

Example 1.1 Consider the scalar differential equation with discrete delay
xX(t)=ax(@® —h), x(s)=xg=const, —h <s <0. (1.2)

Using the method of steps, it is easy to get the solution of this equation in the form

k I+1
(t —1h) t
x(1) =xo<1 + a”li), k= [—} (1.3)
P L+ 1) h

The solutions of (1.2) obtained via (1.3) are shown in Fig. 1.1 fora=—-1,h =1,
and different initial values xg. One can see that the solutions for different xq intersect
each other at the point = 1 and many other points. It is known that this situation is
impossible for ordinary differential equations.
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1.3 Characteristic Equation for Differential Equation with
Discrete Delays

Consider the nth-order differential equation with discrete delays

n—1m()
X0+ aix P —hij)=0, hij =0. (1.4)

i=0 j=1
With this equation, the following function is associated:

n—1m(i)

AR)=7" +Zzaijzi€_zhij, (1.5)

i=0 j=1

which is called the characteristic quasipolynomial of (1.4).

It is known [80] that the trivial solution of (1.4) is asymptotically stable if and
only if all zeros z = o + i of the characteristic quasipolynomial (1.5) (or all roots of
the characteristic equation A(z) = 0) satisfy the condition & < 0. The bound of the
region of asymptotic stability can be defined by the equality A(i8) =0, i® = —1,
B eR.

Example 1.2 The characteristic quasipolynomial for (1.2) is A(z) =z — aehz,
Thus, the characteristic equation A (i) = 0 gives the system of two equations

acosBh =0, B+asinBh=0

with the solution gh = %n or h = —in. This means that the trivial solution of

(1.2) is asymptotically stable if and only if & < ﬁn, a<0.

Put a = —1. Then, for & = 1, the trivial solution of (1.2) is asymptotically stable,
and all solutions go to zero (Fig. 1.1). If h = %n, then the trivial solution of (1.2)
is stable but not asymptotically stable, and all solutions are bounded (Fig. 1.2). If
h > %n, then the trivial solution of (1.2) is unstable, and all solutions go to infinity
(Fig. 1.3, h =2).

Note also that as & — 0, (1.2) goes to an ordinary differential equation with
asymptotically (for a < 0) stable trivial solution and different solutions without in-

tersections. In Fig. 1.4 the solutions of (1.2) are shown for 7 =0.5.

Example 1.3 Consider the scalar differential equation
X@)+ax(t—hy)+bx(t—hy)=0, 0<h; <hs. (1.6)
The characteristic quasipolynomial of this equation is
A(z) =z +ae ™M 4 b2,

Suppose that a + b < 0. Then A(0) =a + b <0 and A(oco) = oo. Therefore,
there exists o > 0 such that A(«) = 0. This means that by the condition a + b <0
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Fig. 1.2 Solutions of (1.2) fora=—1,h = %n, and different initial values of xq
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1
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Fig. 1.3 Solutions of (1.2) for a = —1, h = 2, and different initial values of x(

the trivial solution of (1.6) cannot be asymptotically stable. So, we will suppose that
a+b>0.
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Fig. 1.4 Solutions of (1.2) fora = —1, h = 0.5, and different initial values of xo
The equality A(iB) = 0 gives the system of two equations
acosfh1 + bcosBhy =0,
(1.7

asinBh; + bsinBhy = B.

From (1.7) it follows that the bounds of the stability region for (1.6) are formed in
the (a, b)-plane by the straight line a + b = 0 and the parametric curve

__ .,3005,3]’12 ’ b .ﬂcosﬂhl ' (1.8)
sin B(hy — hy) sin B(hy — hy)
Example 1.4 Consider the first-order scalar linear differential equation with delay
xX(@)+ax(t)+bx(t —h)=0, (1.9)
which is the special case of (1.6) with 71 =0, hy = h. Thus, (1.8) takes the form

_ Pcosph b B
T singh’ " sinph’

Bh e [0, ).

The bound of the asymptotic stability region for the trivial solution of (1.9) is defined
by the conditions

a+b=0, bh<l,

a —i—bcos(h\/b2 — a2) =0, bh>1.

The bound of stability region given by conditions (1.10) is shown in Fig. 1.5 for
h=13.

(1.10)
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Fig. 1.5 Stability region for (1.9) given by conditions (1.10) for 2 = 1.3
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Fig. 1.6 Solutions of (1.9) for h = 1.3, x(s) =0.5, —h <5 <0, a = —0.5, and different values
of b:(I)b=04,2)b=0.5,3)b=0.7,(4)b=0.909,(5) b=1

In Fig. 1.6 the solutions of (1.9) are shown for x(s) =0.5, —1.3 <5 <0,a =
—0.5 and different values of b: (1) b =0.4 (x(t) — 00); (2) b = 0.5 (x(t) = const);
3)b=0.7 (x(#) = 0); (4) b =0.909 (x(¢) is a periodical solution); (5) b =1
x(t) > £o0).

In Fig. 1.7 the solutions of (1.9) are shown for x(s) =0.5, —1.3 <5 <0,a=0.5
and different values of b: (1) b = —0.6 (x(t) = o0); (2) b = —0.5 (x(¢) = const);
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> C &AM
1

Fig. 1.7 Solutions of (1.9) for h = 1.3, x(s) =0.5, —h <s <0, a =0.5, and different values of
b:(I)b=-0.6,2)b=—-05,3)b=0,#$Hb=1,05)b=1.537,6)b=1.7

B)b=0x@)—0; @@ Db=1 (x(t) = 0); (5) b=1.537 (x(¢) is a periodical
solution); (6) b =1.7 (x(t) = £00).

The points that were used in Figs. 1.6 and 1.7 are shown also in Fig. 1.5. The
solutions of (1.9) were obtained via its difference analogue in the form

Xir1 =1 —al)x; —bAx;_p,
where A is the step of discretization, and x; = x(i{A), m =h/A, A =0.01.
Example 1.5 Consider the first-order scalar linear differential equation of neutral
type
X@)+ax@)+bx(t —h)+cxt —h)=0, |c| <1, (1.11)

which is a generalization of (1.9).
The corresponding characteristic quasipolynomial is A(z) = z + a + be ™% +
cze 2. The equality A (i) = 0 gives the system of two equations

a+bcosBh+cBsinBh =0,
B —bsinBh + cBcosBh =0,

with the solution

z_ﬂ(c—}—cos,Bh) b=,3(1+ccos;3h)

helo. 7).
snph snpn Phel0m
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b

Fig. 1.8 Stability regions for (1.11) given by (1.12) are shown in space of parameters (a, b) for
h =1 and different values of c¢: (I) ¢ =—0.999, (2) c=—-0.5,(3) ¢ =0, (4) c=0.6, (5) c =0.85,
(6) c=0.95,(7) c =0.995

The bound of the region of asymptotic stability of the trivial solution of (1.11) is
defined by the conditions

a+b=0, bh<l+ec,

22 (1.12)

b
a+bc+(ac+b)cos(h 1 2):0, b > |al.
—c

In Fig. 1.8 the stability regions given by (1.12) for (1.11) are shown in the space
of the parameters (a, b) for h = 1 and different values of c: (1) ¢ = —0.999, (2)
c=—-05,3)c=0,4)c=0.6,(5¢c=0.85,(6)c=0.95,(7) c =0.995. In Fig. 1.8
one can see that if a > |b/, then the trivial solution of (1.11) is asymptotically stable
forallh > 0and |c| < 1.

In Fig. 1.9 the stability regions for (1.11) are shown in the space of the parameters
(¢, b) for a = 0.4 and different values of h: (1) h=2,2) h=1,(3) h=0.7. In
Figs. 1.10 and 1.11 the similar stability regions are shown for ¢ =0 and a = —0.4,
respectively.

In Fig. 1.12 the solutions of (1.11) are shown for ¢ = 0.1, x(s) = 0.5, s <0,
a = —0.5, h = 1.3 and different values of b: (1) b = 0.4 (x(¢) goes to infinity), (2)
b =0.5 (x(t) = const), (3) b =0.7 (x(r) goes to zero), (4) b =1.004 (x(¢) is a
bounded periodical solution), (5) b = 1.1 (Jx(¢)| goes to infinity). In Fig. 1.13 the
similar solutions are shown for the initial condition x(s) = cos(s), s < 0, and the
same values of other parameters.
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Fig. 1.9 Stability regions for
(1.11) given by (1.12) are
shown in space of parameters
(c, b) for a = 0.4 and
different values of h:
DHh=2,2)h=1,
3Hh=07

Fig. 1.10 Stability regions
for (1.11) given by (1.12) are
shown in space of parameters
(c, b) for a = 0 and different
values of h: (1) h =2,
@h=1,3)h=0.7

f—————

Ty “o's 0 05 [ =
Fig. 1.11 Stability regions b
for (1.11) given by (1.12) are
shown in space of parameters .

(c, b) fora = —0.4 and
different values of A:
(Hh=2,2)h=1,
3)h=0.7
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Fig. 1.12 Solutions of (1.11) are shown for c =0.1, h = 1.3, x(s) =0.5, s € [-h,0], a =—0.5,
and different values of b: (1) b=0.4,(2)b=0.5,3)b=0.7,(4)b=1.004, 5) b=1.1
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vl

Fig. 1.13 Solutions of (1.11) are shown for ¢ = 0.1, A = 1.3, x(s) = cos(s), s € [—h,0],
a = —0.5, and different values of b: (1) b=0.4,(2)b=0.5,3)b=0.7,(4$) b=1.004,(5) b= 1.1

In Fig. 1.14 the solutions of (1.11) are shown for ¢ = —0.1, x(s) = 0.5, s <0,
a = —0.5, h = 1.3 and different values of b: (1) b = 0.4 (x(¢) goes to infinity), (2)
b =0.5 (x(t) = const), (3) b =0.7 (x(r) goes to zero), (4) b =0.804 (x(r) is a
bounded periodical solution), (5) b =0.9 (|x(¢)| goes to infinity).

The solutions of (1.11) were obtained via its difference analogue in the form

Xir1=0—-al)x; +(c —bA)Xi—m — CXit1-m>»

where A is the step of discretization, and x; =x({A),m =h/A, A =0.01.
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Fig. 1.14 Solutions of (1.11) are shown for c = —0.1, h = 1.3, x(s) = 0.5, s € [k, 0], a = —0.5,
and different values of b: (1) b=0.4,(2)b=0.5,3)b=0.7,(4) b=0.804, (5) b=0.9

Example 1.6 Let us consider the scalar second-order differential equation
X(@)+ax(t —hy)+bx(t —hy)=0. (1.13)

The characteristic quasipolynomial of (1.13) is A(z) = 22+ aze M 4 pe~h22 The
equality A (i) = 0 gives the following system of two equations:

BacosBhy —bsinBhy =0,

(1.14)
Basin Bhy + bcos Bhy = B2,

with the solution

_ Bsinhy b B2 cos Bh
4= cos Bl —hy)’ = cosplhy —ha)’

In Fig. 1.15 the stability regions for (1.13) are shown for #; = 1 and different
values of h2: (1) hy =0.2, 2) ha =0.6, 3) ha=1,(4) ha =1.4,(5) h, =1.8. In
Fig. 1.16 the stability regions for (1.13) are shown for hy = 1 and different values
of hi: (1) h1=08,2)h1=09,3) hi=1,4 h =11, h1 =1.2.

Let us consider some particular cases of (1.13).

(a) hy = hy = h. In this case the solution of (1.14) has the form a = S sin $h, b =
/32 cosBh,0<Bh < % In Fig. 1.17 the stability regions are shown for different
values of h: (1) h=0.5,2) h=0.75,3)h=1,4 h=1.25,(5) h=1.5.

(b) h1 =0, hy = h. In this case we obtain a = Btan Sh, b = %, 0<pBh< % In
Fig. 1.18 the stability regions are shown for different values of 4: (1) h =1, (2)
h=2,3)h=3,4)h=4,05 h=5.
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Fig. 1.15 Stability regions for (1.13) for #; = 1 and different values of hy: (1) hy = 0.2,
@) hy =06, ho=1,#Hhy=14,5h,=138

b

1

o

Fig. 1.16 Stability regions for (1.13) for 4> = 1 and different values of hy: (/) h; = 0.8,
Q) h1=09,Dhi=1,DHh=11,5h =12

(¢) h1 = h, hp = 0. In this case from the first equation of (1.14) it follows that
cos fh = 0. Therefore,
b4

:—2[ 1, l=0,1,...,
p Zh( +1)
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Fig. 1.17 Stability regions for (1.13) in the case | = hy = h for different values of h: (1) h = 0.5,
@)h=075,3)h=1,#h=125,5)h=15
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Fig. 1.18 Stability regions for (1.13) in the case h; = 0, hy = h for different values of h:
Hh=1,2)h=2,3)h=3,@Hh=4,05)h=5

and from system (1.14) it follows that the stability region consists of a sequence
of triangles, formed by parts of the a- and the b-axes and the line segments

20+ 1 2A+1 \?
b:(—l)l“;na—i—( + n), 1=0,1,....

2h 2h
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b
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Fig. 1.19 Stability regions for (1.13) in the case hy =1, hp =0
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Fig. 1.20 Stability regions for (1.13) in the case h; =2, hp =0

The stability regions (the triangles O BoAg, AgB1A1, A1 B2Aj, A2B3Asz,...)
for this case are shown in Fig. 1.19 (7 = 1) and Fig. 1.20 (h = 2). The points A;
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b

T e Bt e

Fig. 1.21 Stability regions for (1.13) in the case hy = h, hy = 2h for different values of h:
DHh=1,2)h=15 3 h=3

and B; have the coordinates respectively

241 \?
A =0, L . 1=0,1,...,
2h

bid T Q-DHRI+1D ,
By=|— B=((-n= >~ "7 =1,2,....
0 <2h’0>’ i (( ) PR b4 > 1=1,2,

4h?

(d) h1 =h, hy =2h. In this case from the first equation of system (1.14) it follows
that

BacosBh —bsin2Bh = (Ba — 2bsin Bh) cos Bh = 0.

If cosph =0, i.e., Bh = %, then from the second equation of system (1.14) it
follows that a part of the stability region bound is defined by the straight line

p=21 s 1.15
_%G_M) (1.15)

The stability regions in this case are shown in Fig. 1.21 for different values of &:
(1) h=1,2)h=1.5,(3) h =3. One can see that the part of the stability region
bound is defined by the straight line (1.15).

Example 1.7 Consider the scalar second-order differential equation

X(@)=ax(@)+byx(t —hy) +box(t —ha), hy> hs. (1.16)
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The characteristic quasipolynomial of (1.16) is
A@R) =722 —a—be M —bre ™ =a+ip.

Suppose that a + by + b > 0. Then A(0) <0 and A(0co) = oco. Therefore, there
exists a > 0 such that A(«) = 0. This means that by the condition a + by + by >
0 the trivial solution of (1.16) cannot be asymptotically stable. So, the inequality
a + b1 + by < 0 is the necessary condition for asymptotic stability of the trivial
solution of (1.16).

The equality A(iB) = 0 gives the following system of two equations:

bicos Bhy + bycos Bhy = —(a + ,82),

(1.17)
by sin Bhy 4 by sin Bhy =0,
with the solution
_ (a+p?)sinBhy b lat B?) sin Bh;
Tosinfh—hy) T sinflhi—hy)
Example 1.8 Consider the scalar differential equation
X(@)=—ax(@)+bx(t —h), (1.18)

where a,b,h are nonnegative constants. The characteristic quasipolynomial of
(1.18) is

AR =z>+a—be ™, z=a+Bi

By the condition b > a we have A(0) <0, A(oo) = co. So, there exists o > 0
such that A(a) = 0. Therefore, the inequality b < a is the necessary condition for
asymptotic stability of the trivial solution of (1.18).

The characteristic equation A(if8) = 0 can be represented in the form of the sys-
tem of two equations

bcos Bh=a — B2, bsinBh =0

with the following solutions: (1) b=a, 2)b=0,a >0, 3)a+b= ’;—22 So, the
necessary and sufficient condition for asymptotic stability of the trivial solution of
(1.18) takes the form

)
b<a<h—2—b. (1.19)
In Fig. 1.22 the stability regions given by condition (1.19) are shown for different
valuesof h: (1) h=2,2)h=15,3)h=12,4 h=1,(5)h=0.8.
Put x(s) = e, s € [—h, 0], a = 1, and consider the behavior of the solution of
(1.18) for different values of b and h.
In Fig. 1.23 the solutions of (1.18) are shown for # = 0 and the values of b:
(1)b=0.3,(2)b=0.9, (3) b =1.01. For h =0, condition (1.19) is the necessary
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Fig. 1.22 Stability regions for (1.18) given by condition (1.19) for different values of h: (1) h =2,
@h=15Hh=12,$Hh=1,(5h=0.8

Fig. 1.23 Solutions of (1.18) for a = 1, h =0 and different values of b: (1) b=0.3, (2) b=0.9,
3)b=1.01

stability condition only, so, the solution is periodical in the cases (1), (2) and goes
to infinity in the case (3).

In Fig. 1.24 the solutions of (1.18) are shown for 2 = 0.5 and the same values of
a and b. Condition (1.19) holds in the cases (1), (2) and does not hold in the case (3).
So, the solution goes to zero in the cases (1), (2) and goes to infinity in the case (3).
The similar picture one can see in Fig. 1.25 for h = 2.

In Fig. 1.26 the solutions of (1.18) are shown for & = 2.755359. In this case
condition (1.19) does not hold since a = ’;—22 —b=1forb=03anda=1> Z—zz —
b =0.4 for b =0.9. So, the solution of (1.18) is periodical for b = 0.3 and goes
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Fig. 1.24 Solutions of (1.18) fora = 1, h = 0.5 and different values of b: (1) b=10.3,(2) b=0.9,
3)b=1.01
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Fig. 1.25 Solutions of (1.18) for a = 1, h =2 and different values of b: (1) b =0.3, (2) b =0.9,
3)b=1.01

to infinity for b = 0.9. In Fig. 1.27 the solutions of (1.18) are shown for 7 = 0.8,

b = 0.6 and different conditionson a: (1) a=>b,(2)a=1.3b,(3) a = Z—; —b.
In Figs. 1.22-1.27 one can see that the solution of (1.18) goes to constant on the

bound a = b of stability region, is a periodical on the bound a + b = ’;—22, goes to
zero between these bounds, and goes to infinity out of these bounds. The solutions
of (1.18) were obtained via its difference analogue in the form

xip1=(2- aAz)xl' — Xi—1 +bA Xy,

where A is the step of discretization, and x; = x({A),m =h/A, A =0.01.
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Fig. 1.26 Solutions of (1.18) for @ = 1, h = 2.755359, and different values of b: (I) b =0.3,
2)b=0.9
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Fig. 1.27 Solutions of (1.18) for 2 = 0.8, b = 0.6, and different values of a: (/) a = b,
@a=13b,()a=25 b

1.4 The Influence of Small Delays on Stability

The effect of time delay is very essential in different real processes [46, 109, 225].
Many actual phenomena involve small delays, which are often neglected in the pro-
cess of mathematical modeling. Sometimes this leads to false conclusions. We shall
show that sometimes even small delay can change essentially the properties of the
solution.
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Fig. 1.28 Solutions of (1.20) fora =1, h =2, xo(s) =0.7, s € [—h, 0], and different values of
b:(Hb=-11,2)b=-1,3)b=-07,4Hb=0,5b=0.7,06)b=1,7)b=1.1

Example 1.9 Consider the first-order differential equation of neutral time
X(1) +ax(t) —b[i(@t —h)+ax(t —h)]=0, a>0. (1.20)

For h = 0, we have the equation (1 — b)[x(¢) + ax(¢)] = 0 with the solution x(t) =
x(0) exp(—at), which is asymptotically stable for a > 0 and arbitrary b. If &2 > 0,
then the appropriate characteristic equation (z + a)(1 — be™"%) = 0 has all roots

1
a= (bl +i2kn). P=—1 k=0%142. ..,

with real parts Rezy = %ln |b|. So, if |b| > 1, then the trivial solution of (1.20) is
asymptotically stable for # = 0 and unstable for each 4 > 0. If |b| < 1, we have
another picture.

In Fig. 1.28 the solutions of (1.20) are shown for the initial function x¢(s) = 0.7,
s € [—h,0], h =2, a =1, and for different values of the parameter b: (1) b = —1.1,
QDb=-1,3b=-07,4Hb=0,5b=07,6)b=1,(7) b=1.1. We can
see that in the cases (1) and (7) the solution of (1.20) goes to infinity, in the case (2)
it is a periodic solution, in the cases (3), (4), and (5) the solution goes to zero, and
in the case (6) it is a constant. In Fig. 1.29 a similar picture is shown for the initial
function xo(s) = coss, s € [—h, 0], and the same values of other parameters. We
can see again that in the cases (1) and (7) the solution of (1.20) goes to infinity, in
the cases (2) and (6) it is a periodic solution, and in the cases (3), (4), and (5) it goes
to zero. In Fig. 1.30 the same situation with the solution of (1.20) is shown for small
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Fig. 1.29 Solutions of (1.20) fora =1, h =2, xo(s) =cos(s), s € [—h, 0], and different values
of b:(I)b=-1.1,2)b=—-1,3)b=-07,#b=0,5b=07,6)b=1,7)b=1.1
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Fig. 1.30 Solutions of (1.20) fora =1, h = 0.3, xo(s) = cos(s), s € [—h, 0], and different values
of b:(Nb=—-1.1,2Q)b=-1,3)b=07,#b=09,5)b=097,6)b=1,(7)b=1.1
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Fig. 1.31 Solutions of (1.20) fora =1, h = 0.3, xo(s) = cos(s), s € [—h, 0], and different val-
ues of b: (I) b=—-1.1, (2) b=0.7, (3) b = 1.1, and appropriate process y(¢): (4) b = —1.1,
5 b=0.7,6)b=1.1

delay & = 0.3, the initial function xo(s) = coss, s € [—h, 0], a = 1, and for different
values of the parameter b: (1) b=—1.1, 2)b=—1,3) b=0.7, (4) b =0.9, (5)
b=097,6)b=1,(7)b=1.1.

Note that the process y(t) = x(t) — bx(t — h) goes to zero for all b. In Fig. 1.31
the solutions of (1.20) are shown for the initial function xo(s) = coss, s € [—h, 0],
a = 1, and for different values of the parameter b: (1) b = —1.1, (2) b =0.7, (3)
b = 1.1 and the appropriate process y(¢): (4) b=—1.1,(5) b=0.7, (6) b= 1.1.

One can see a similar situation for the second-order differential equation of neu-
tral type

(1) +ax(t) +bx(t) =c[¥(t —h) +ax(t —h) + bx(t — h)],

a>0,b>0,c>1. (1.21)

If & = 0, then the trivial solution of (1.21) is asymptotically stable. But for any
h > 0, the trivial solution of (1.21) is unstable since for & > 0, the appropriate char-
acteristic equation (z2 + az + b)(1 — ce~"%) = 0 has all roots with positive real
parts:

1
Zk:z(lnc_l_ian), i2=—1, k:O,:I:l,:I:Z,

The solutions of (1.20) were obtained via its difference analogue in the form
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Xig1 = (1 —aA)x; + b[xiy1—m — (1 —aD)xi_n],

where A is the step of discretization, and x; = x(iA),m =h/A, A =0.01.

1.5 Routh-Hurwitz Conditions

Now we consider some important statements [80] for the stability of determinis-
tic system of linear autonomous differential equations that will be essentially used
below.

Linear autonomous system of ordinary differential equations has the general
form

x(t) = Ax(1), (1.22)

where x € R", A is an n x n matrix with real elements a;;, i, j=1,...,n.

Theorem 1.1 (Lyapunov theorem) The zero solution of (1.22) is asymptotically sta-
ble if and only if all roots A of the characteristic equation

det(Al — A)=0 (1.23)
(I is the n x n identity matrix) have negative real parts, i.e., Re L < 0.

Definition 1.1 Let us define the trace of the kth order of a matrix A as follows:

Aajyi; cee Qi

Sp = Z cee el k=10

I<iy<-ig<n|Qjgiy -+ iy
Here, in particular, S| = Tr(A), S, = det(A), S,—1 = Z?:l A;i, where A;; is the
algebraic complement of the diagonal element a;; of the matrix A.

Using the traces of the kth order, we can represent the characteristic equation
(1.23) in the form

A — S L A - (= 1D)S, = 0. (1.24)

Besides, via S we can define the Hurwitz matrix as follows:

-5 =83 =55 0
1 S Sa 0
0 -5 =S 0
0 1 S 0 (1.23)

1S,
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Theorem 1.2 (Routh—-Hurwitz criterion) All roots A of the characteristic equation
(1.24) have negative real parts if and only if

Al=-51>0, Az:‘_lsl _553 >0,
=51 =83 =55
Az=| 1 Sn S4 [>0, ...,
0 -85 =8
1.26
S =8 =55 0 ( )
1 \Y) S4 0
10 -5 =8 0
A=l 1 s o |70
(=1)"S,

Definition 1.2 A symmetric n x n matrix Q is called a positive (negative) defi-
nite matrix (Q > 0) (Q < 0) if there exists ¢ > 0 such that x’Qx > c|x|? (x'Qx <
—c|x|?) for all x € R".

Theorem 1.3 (Lyapunov theorem) All roots A of the characteristic equation (1.24)
have negative real parts if and only if for an arbitrary positive definite matrix Q, the
matrix equation

AP+PA=—0 (1.27)

has a positive definite solution P.

Corollary 1.1 Let A be a 2 x 2 matrix. Then the zero solution of (1.22) is asymp-
totically stable if and only if

Tr(A) <0 and det(A) > 0. (1.28)

Proof 1t is enough to note that from (1.25) and (1.26) it follows that A} = -8 =
—Tr(A) >0and Ay =—515, = —Tr(A)det(A) > 0. O

Corollary 1.2 Let A be a 3 x 3 matrix. Then the zero solution of (1.22) is asymp-
totically stable if and only if

S1 <0, 5185 <853<0.

Proof 1t is enough to note that from (1.25) and (1.26) it follows that A} = —S] > 0,
Ay =83 — 515 >0, A3 =S53(515 — S3) > 0. O

Remark 1.1 If

A= (an au) ’ 0= <Q11 ¢112> ’ pP= <P11 Plz) ’
azy  ax q12 422 P12 p2
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then

pA = (P11t piaat prdiz+ piaax
p12ai + ppax  piapn + pnan)’

and therefore the matrix equation (1.27) can be represented in the form of the system
of the equations

2(p11an + pr2az1) = —qii,
2(p12a12 + praxn) = —q2,
p11a12 + p12Tr(A) + paaz1 = —qi2,

which, for arbitrary positive definite matrix Q, has a positive definite solution P
with the elements

_ (a§2 +det(A))q11 + a%ﬂzz — 2apaz1q12
= 2|Tr(A)| det(A)

’

_ (af; +det(A))ga2 + afrqi1 — 2anang
2= 2|Tr(A)| det(A)
_anangii +axaign — 2anang
2Tr(A) det(A)

’

P12

If, in particular, g11 =g > 0, g2 = 1, and g1 =0, then

_ (a%2 + det(A))g + a%l
P = e (A) | det(A)

’

_aj) +det(A) +ajyg (1.29)

P22 = S Te(A) | det(A)
_apaxg +axa

T 2Tr(A)det(A)

3

Remark 1.2 In the general case the elements p;; of the solution P of the matrix
equation (1.27) are defined as follows [21]:

~1
I .0
pij:f‘nzoyij At 11,
r=

where A, is the determinant (1.26) of the Hurwitz matrix (1.25), Ay ;41 is the alge-
braic adjunct of the element of the first line and ( + 1)th column of the determinant

An, yigr) are defined by the identity

n n—1
D" 3" G Dik ) Djm(—2) =y 22D,
k,m=1 r=0
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qrm are the elements of the matrix @, and Djx () are the algebraic adjuncts of the
determinant

ag—Ai ... Aain
D) =

anl ee. Qpn — A
Example 1.10 Consider the second-order scalar differential equation
X(@)+ax@)+bx()=0. (1.30)

Using the new variables X1 =x, x3 = x, represent (1.30) in the form of (1.22) with
the matrix A = ( Ob ). Since Tr(A) = —a, det(A) = b, then via Corollary 1.1 the
inequalities a > 0, b > 0 are necessary and sufficient conditions for the asymptotic
stability of the zero solution of (1.30).



Chapter 2

Stochastic Functional Differential Equations
and Procedure of Constructing Lyapunov
Functionals

2.1 Short Introduction to Stochastic Functional Differential
Equations

Here the basic notation of the theory of stochastic differential equations [16, 17, 81,
84-87, 210] is considered.

Let {£2, F, P} be a probability space, {F;,t > 0} be a nondecreasing family of
sub-o-algebras of F, ie., F;, C Fy, for t1 < tp, P{-} be the probability of an event
enclosed in the braces, and E be the mathematical expectation.

2.1.1 Wiener Process and Its Numerical Simulation

The Wiener process sometimes is also called the Brownian motion process. Origi-
nally, the Brownian motion process was posed by the English botanist Robert Brown
as a model for the motion of a small particle immersed in a liquid and thus subject to
molecular collisions. The Brownian motion assumes a central role in the theory of
stochastic processes and statistics. It is basic to descriptions of financial markets, the
construction of a large class of Markov processes called diffusions, approximations
to many queuing models, and the calculation of asymptotic distributions in large
sample statistical estimation problems.

Definition 2.1 A stochastic process w(¢) is called the standard Wiener process (rel-
atively to the family {F;, r > 0}) if it is F;-measurable and

- w(0) =0 (P-a.s.);
— w(t) is a process with stationary and mutually independent increments;
— the increments w(t) — w(s) have the normal distribution with

2
E(w(t) - w(s)) =0, E(w(t) — w(s)) =|t—sl;
— for almost all w € §2, the functions w(t) = w(¢, w) are continuous on ¢ > 0 [84].

L. Shaikhet, Lyapunov Functionals and Stability of Stochastic Functional 29
Differential Equations, DOI 10.1007/978-3-319-00101-2_2,
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We will also consider an m-dimensional Wiener process
w(t) = (wi(t), ..., wa(t)) €R™

where the components w; (), i =1, ..., m, are mutually independent scalar Wiener
processes, and

E(w(t) — w(s)) =0, E(w(t) — w(s)) (w(t) — w(s))/ =1t —s|.

Here I is the m x m identity matrix, and the prime denotes the transposition.

The trajectories of the Wiener process are nondifferentiable functions, although
formally the derivative of the Wiener process w(¢) is called the white noise.

There are different ways to get numerical simulation of trajectories of a Wiener
process. One of them is the following [244].

Let Y;, i = 1,...,n, be independent random variables that are uniformly
distributed on [0, 1]. Then X; = ~/12(¥; — 0.5) = V/3QY; — 1), i = 1,...,n,
are independent identically distributed random variables such that EX; = 0 and
Var(X;) = 1. Define the random walk S,,,n > 0,by So=0and S, = X1+ - -+ X,
for n > 0. By the central limit theorem, LnSn converges in distribution to N (0, 1),
ie., ﬁs,, — N(0, 1).

Define the continuous-time process W, (t) = €L

fS[m], t > 0, where [¢] is the in-
n

teger part of t, i.e., the greatest integer less than or equal to 7. Therefore, for any
t > 0, we have

_ [t S
W,(t) = " \/W_)N(O’t)'

Also, for t > s, we obtain

[nt] .
nt] = Stns] 2 j=lnsi+1 X Sintl—ins]

i
[nt] — [ns]  Sinr—(ns)

n Jnt] — [ns]

Since the process {W,,(¢), t > 0} is not continuous, let us modify it in the following
way:

Wa(t) = Wa(s) = 2

— N, —5).

_ S X
WO @) =24 4 (nr — [r]) H20EL

, t>0.
Vn Vi -
It is easy to see that EW,gc) (t) =0 and
2
t— [nt t — |nt
lim Var(W,gc)(t)) = lim <t _nt = nt] + (nt = [nt]) ) —t.
n—00 n—00 n n

So,asn — oo, W,gc) (t) converges in distribution to the Wiener process w(¢). This
means that for large enough n, the process W,fc) (#) approximates the Wiener process
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Fig. 2.1 50 trajectories of the Wiener process

well enough. 50 trajectories of the Wiener process obtained via this algorithm are
shown in Fig. 2.1.

2.1.2 It6 Integral, Ité Stochastic Differential Equation, and It6
Formula

Let H,[0,T] be the space of random functions f(¢) that are defined and F;-
measurable for each t € [0, T'] and for which

t
/ Efz(s)ds < 0Q.
0

Then for all functions from H[0, T'], the 1t6 integral with respect to the Wiener
process w(t)

t
/0 f(s)dw(s)



32 2 Stochastic Functional Differential Equations and Procedure

is defined and has the following properties:

t t 2 t
E/ f(s)dw(s) =0, E<f f(s)dw(s)) =/ Efz(s)ds.
0 0 0

Let Hy, p > 0, be the space of Fy-adapted stochastic processes ¢ (8), 6 < 0, with
continuous trajectories that are independent on the o-algebra Bjo ) (dw), where
By 1,1(dw) is the minimal o -algebra generated by the random variables w(s) —
w(t) for arbitrary 5,7 :#; <t <s < t. In the space H, two norms are defined:

l@llo = sups<q l¢(s)| and [l@||] = sups o Ele(s)|”.
We will consider the Itd stochastic functional differential equation [84]

d-x(t) :al(tsxl)dt +a2(t7-xl)dw(t)v
t>0, xeR", 2.1

with the initial condition
Xo=¢ € Hp. (2.2)

Here x e R?, x; = x(t + ), s <0, w:[0,00) — R™ is the standard Wiener
process, the continuous functionals aj (¢, ¢), ax (¢, ¢) are defined on [0, c0) x H,,
a; € R, ap is an n x m-dimensional matrix. It is assumed also that the functionals
ai, i = 1,2, satisfy the following conditions: a; (¢, 0) = 0, and for arbitrary functions
®1(0), p2(0) from H,

|ai<r,¢1>—a,-(r,q)z>|2§/ 01(=6) — p2(~O) dRi ).
. 0 2.3)
/ dR;(0) <00, i=1,2,
0

where R;(6) are nondecreasing bounded functions.
A solution of problem (2.1)—(2.2) is a process x(¢) such that x(0) = ¢ (0) for
0 < 0 and with probability 1

t t

x(t):x(O)—i—/ al(s,xs)ds—i-/ ay(s, xg)dw(s), t=>0,
0 0

x(0) =¢(0).

The last integral is understood in the Itd sense.

Sometimes, instead of x(z), we will write x(z, ¢) for the solution of (2.1) with
the initial function (2.2). Existence and uniqueness theorems for problem (2.1)—(2.2)
are considered in [84-87, 132, 133].

To calculate the stochastic differential of the process n(f) = u(t, x(t)), where
x(t) is a solution of problem (2.1)—(2.2), and the function « : [0, c0) x R" — R has
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continuous partial derivatives

du(t, x) v au(t, x) du(t, x)
s U= e, s
ot 0x1 0xp

Ur =

the following Itd formula [84] is used:
dn(t) = Lu(t,x(t)) dt + Vu'(t, x(1))ax(t, x;) dw(t). 2.4)
The operator L is called the generator of (2.1) and is defined in the following way:
Lu(t, x()) = u; (¢, x()) + V' (£, x())ai (1, x;)

+ %Tr[aé(t, x)V2u(t, x(0))ax(t, xp)], 2.5)

where Tr denotes the trace of a matrix.

The generator L can be applied also for some functionals V(z, ¢) : [0, c0) X
H, — R,. Suppose that a functional V(¢,¢) can be represented in the form
Vt,p)=V(t, ¢0),¢®)),0 <0, and for ¢ = x;, put

Vot,x)=V(t, @) =V(t,x) = V(t, x,x(t +9)),
x=¢0)=x(), 8 <O0. (2.6)
Denote by D the set of the functionals for which the function V, (¢, x) defined
by (2.6) has a continuous derivative with respect to ¢ and two continuous deriva-

tives with respect to x. For functionals from D, the generator L of (2.1) has the
form

IV, (1, x(1))

LV(Z,X[): a7

+ VV, (1, x(1))ar (1, x;)

1
+5 Tr[ab(t, x) V2V, (1, x(1))ar (t, x,) ). 2.7)

From the Itd formula it follows that for functionals from D,
t
E[V(t,x) = V(s,x,)] =/ ELV(zt,x;)dt, t>s. (2.8)
N

Together with (2.1), we will also consider the stochastic differential equation of
neutral type [134]

d(x(t)—G(t,x;))=a1(t,x;)dt+a2(t,x,)dw(t), t>0,
xo=¢ € Hy, 2.9)
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with the additional conditions on the functional G (¢, ¢): G(¢,0) =0,

|G(t,(p)|§/0 lo(—s)|dK (s), /0 dK(s) < 1. (2.10)

2.2 Stability of Stochastic Functional Differential Equations

2.2.1 Definitions of Stability and Basic Lyapunov-Type Theorems

Definition 2.2 The solution x(¢) of (2.1) with the initial function (2.2) for some
p > 0is called:

— Uniformly p-bounded if sup,.E|x(#)|? < oo.
— Asymptotically p-trivial if lim;_, oo E|x(£)|? = 0.
— p-integrable if [ E[x(1)|” dt < oo.

Definition 2.3 The trivial solution of (2.1) for some p > 0 is called:

— p-stable if for each & > 0, there exists 6 > 0 such that E|x(¢,¢)|” <¢e,t >0,
provided that [|¢]|} < 8.

— Asymptotically p-stable if it is p-stable and for each initial function ¢, the solu-
tion x(¢) of (2.1) is asymptotically p-trivial.

— Exponentially p-stable if it is p-stable and there exists A > 0 such that for
each initial function ¢, there exists C > 0 (which may depend on ¢) such that
Elx(t,)|? < Ce ™ fort > 0.

— Stable in probability if for any £ > 0 and &> > 0, there exists § > 0 such that the
solution x (¢, ¢) of (2.1) satisfies the condition P{sup;~ |x (¢, )| > €1/ Fo} < &2
for any initial function ¢ such that P{||¢|lo <8} =1.

In particular, if p = 2, then the solution of (2.1) is called respectively mean-
square bounded, mean-square stable, asymptotically mean-square stable, and so on.

Definition 2.4 A nonnegative functional V (¢, ¢), defined on [0, c0) x H,,, such
that V(¢,0) =0 and lim;, o EV (¢, x;) = 0 if lim; o E|x(¢)|? =0, p > 0, is called
an F,-functional.

Certain stability conditions for stochastic functional differential equations can
be stated in terms of Lyapunov functionals. In the sequel, ¢; are different positive
numbers.

Theorem 2.1 Let V : [y, 00) x H, — Ry be a continuous functional such that for
any solution x(t) of problem (2.1)—(2.2) and p > 2, the following inequalities hold:

EV(1,x) > cElx(0]", >0, @2.11)
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EV(0,¢) < c2ll9ll},
E[V(t,x) - V(0,9)] < —c3 /OIE|x(s)|pds, t>0.
Then the trivial solution of (2.1) is asymptotically p-stable.

Proof From (2.11)—(2.13) we have
Elx®)|” <EV(t,x) <EV(0,9) < c2ll¢ll].

This proves the p-stability.
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2.12)

(2.13)

(2.14)

To prove the asymptotic p-stability, let us show that the solution of (2.1) is
asymptotically p-trivial for any initial function ¢. Note that from (2.14) we obtain

&)
supE|x(1)]” < =9I}
t>0 C1

From (2.13) and (2.12) it follows that

> p 1 2 P
Elx(s)|" ds < —EV(0,¢) < =|¢]I} < oo,
0 Cc3 Cc3

(2.15)

(2.16)

i.e., the solution of (2.1) is p-integrable. Applying the generator L to the function

x(£)]? via (2.5), we obtain
EL|x()|" = §[2E|x(t)|p*2x’(t)a1(t,xt)
+E|x()|" 7 Tr[ab ¢, x)ax (t, x0)]
+(p = DEx)|" ¥ Daa(t, x|
By the Holder inequality, (2.3), and (2.15), there is a constant c4 such that
2E|x(0)|” | (Dar (1, x1) |
<Elx0)|"[|lx@ + |1, x0)|]
<Elx(0)|” + /OOOE|x(t)|p_2|x(t —60)[ dR,(6)

p—2

§E|x(t)|p+/0 (Elx0)|") 7 (E|x(t—8)|p)%dR1(9)

<c4.
Analogously,

E|x(0)|" 7 |Telab (t, x)ax(t, x))]| < ca.
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E|x()|" ¥ ()ar(t, x| < ca.

Hence, there exists a constant c5 such that |[EL|x(¢)|”| < c¢s, and using (2.8) for
ty >t > 0, we obtain

[E|x(0)|” —E|x(t)|”| < esta — 11),

i.e., the function E|x(7)|? satisfies the Lipschitz condition. From this, (2.15), and
(2.16) it follows that lim,_, o E|x(#)|? = 0. The proof is completed. O

Remark 2.1 From (2.8) it follows that for the functional V € D, condition (2.13) in
Theorem 2.1 follows from the inequality

ELV(t,x;) < —c3E[x@®)|", t=0. (2.17)

Theorem 2.2 Let there exist a functional V(t,p) € D such that for any solution
x(t) of problem (2.1)—(2.2) and p > 2, the following inequalities hold:

Vit x) = cr|x@®)], (2.18)
V(0,¢) <c2ll®lly, (2.19)
LV(t,x)<0, t>0, (2.20)

¢i > 0, for any initial function ¢ such that P{||¢|lo < 8} =1, where § > 0 is small
enough. Then the zero solution of (2.1) is stable in probability.

Proof Let us suppose that P{||¢||o < &} = 1. From (2.20) it follows that the process
V (t, x;) is a supermartingale. By (2.18), (2.19), and the inequality for supermartin-
gales [84-87] we have
p
V(to, @) - 26

P{sup|x(t,¢)| > 81/F()} §P{sup Vi, x) > clsf/Fo} < = 7 <&
>ty t>to C]Sl C181

for § < & (C]Ez/Cz)l/p. The theorem is proven. O

Theorem 2.3 Let there exist a functional W : [0, 00) x Hy — Ry satisfying the
condition EW (t, ¢) < ¢ ||<p||% and such that for the functional

2
V(t,@)=W(t,9)+|e0) - G, 9)|", (2.21)
where G (t, ) satisfies condition (2.10), the following estimates are valid.
EV(0,¢) < 2llgll7,
(2.22)

t
EV(t,xt)—EV(0,¢)§—C3/ E|x(s)|2ds, t>0,
0

where ci, i = 1,2, 3, are some positive constants. Then the zero solution of (2.9) is
asymptotically mean-square stable.
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The proof of Theorem 2.3 is similar to Theorem 2.1 and can be found
in [132-135].

Theorem 2.4 Let there exist a functional V (t, ) € D such that for some p > 0 and
A > 0, the following conditions hold:

EV(t,x) > c1eME[x(0)|", >0, (2.23)
EV(0,9) <l (2.24)
ELV(t,x) <0, t>0. (2.25)

Then the trivial solution of (2.1) is exponentially p-stable.

Proof Integrating (2.25) via (2.8), we obtain EV (¢, x;) <EV (0, ¢). From this and
from (2.23)—(2.24) it follows that

ciE[x(0)]” <e™EV(0,¢) < c2ll¢l].
The inequality aElx@®)? < cz||¢||f means that the trivial solution of (2.1) is p-

stable. Besides, from the inequality ciElx(1)]? < e EV (0, ¢) it follows that the
trivial solution of (2.1) is exponentially p-stable. The proof is completed. 0

Corollary 2.1 Let there exist a functional Vy(t, ¢) € D such that for some p > 0,
the following conditions hold:

ciElx(0)|” <EVo(t, x;)
m 00 t
gczny(t)V’JrZ/O /9(s—t+9)iE|x(s)|pddei(9), (2.26)
i=0 =

ELVo(t,x;) < —c3E|x(®)|”, (2.27)

where m > 0, K;(0),i =0,1,...,m, are nondecreasing functions such that, for
some small enough A > 0,

Yoty <o )= [Tk, @)
i=0 0

i+1
Then the trivial solution of (2.1) is exponentially p-stable.
Proof 1t is enough to show that by the conditions (2.26)—(2.28) there exists a func-

tional V (¢, ¢) that satisfies the conditions of Theorem 2.4. Indeed, put Vi (z, ¢) =
eMVy(t, ¢). By (2.26) and (2.27) we have
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ELV(t,x;) = A EVy(t, x;) + "ELVy(t, x;)
m oo pt
ge*’(x<czE|x(t)|”+Z/ / (s—t+9)iE|x(s)|pddei(0))
0”0 Ji-6
—C3E|x(t)|p>
=M ((kq —c)E|x®)]”
m 00 t
—i—kZ/ / (s—t+0)"E\x(s)|”ddei(9)>.
/0 Ji-o

Now put

m
1 [ [t .
Vz(t,xt)zkzi+1[ [ HMFD (s — 1 4+6) T x(5)|” ds dK; (9).
! 0 t—6
i=0

Then
m
LVa(t, x) =A2<e“m<x>!x<r>!”
i=0

o0 t
_/ / e)‘(HQ)(S _t+9)i|x(s)|pdeKi(9)>
0 t—0
:AEAZZ(Uz’(}L)|x(I)|p
i=0

oo pt )
- / / AT (s — 1 +0) |x ()| ds dK; (9)),
0 t—6

and via s >t — 6, for the functional V = V| + V5, it follows that

ELV(t,x,) < e ((A (cz + Zm(k)) - C3>E]x(z)y”

i

=0
m oo pt
_sz / (M"+9>—1)E|x(s)|”dsd1<,»9>
i—0”0 t—0
m

<M (A(cl + Zm(k)) - C3>E|x([)|p.

i=0
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From this and from (2.28), for small enough A > 0, we obtain (2.25). It is easy to
check that conditions (2.23)—(2.24) hold too. The proof is completed. O

Example 2.1 Consider the linear stochastic differential equation
X@)=ax(@)+bx(t —h)+ox(t—1)w(). (2.29)

For the functional

t t
V(t,x,):xz(t)+|b|/ xz(s)ds—i—az/ x2(s) ds, (2.30)
t—h t

we have
LV (t,x;) = 2x(t)(ax(t) + bx(t — b)) + o*x*(t — 1)
+ bl (x* () — x*(t — b)) + 0 (x> (1) — x*(t — 1))
< (2(a+1bl) + %) x*(0). (2.31)
So, by the condition
a+|b|+%az <0 (2.32)

the functional (2.30) satisfies the conditions of Theorem 2.1 with p = 2, and there-
fore the trivial solution of (2.29) is asymptotically mean-square stable.

On the other hand, by (2.31)—(2.32) the functional (2.30) satisfies the conditions
of Corollary 2.1 with p =2, m =0, and dKo(s) = (|b|5(s — h) + 028(s — 1)) ds.
Therefore, the trivial solution of (2.29) is exponentially mean-square stable. By The-
orems 2.1-2.4 the construction of stability conditions is reduced to the construc-
tion of some Lyapunov functionals satisfying the assumptions of these theorems.
Below we will use the general method of construction of Lyapunov functionals
[136-139, 146148, 150, 265, 269-272, 278] allowing one to obtain stability con-
ditions immediately in terms of parameters of systems under consideration. This
method was successfully used for functional differential equations, for difference
equations with discrete and continuous time [278], and for partial differential equa-
tions [48].

2.2.2 Formal Procedure of Constructing Lyapunov Functionals

The formal procedure of constructing Lyapunov functionals consists of four steps.

Step 1 Let us represent (2.9) in the form

dz(t,x;) = (b] (t, x(t)) +c1(t, x,)) dt + (bz(l, x(t)) + (2, xt)) dw(t), (2.33)
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where z(¢, x;) is some functional of x;, z(¢, 0) = 0, the functionals b; (¢, x(¢)), i =
1,2, depend on ¢ and x(¢) only and do not depend on the previous values x (¢ + s),
s < 0, of the solution, and b; (¢, 0) = 0.

Step 2 Consider the auxiliary differential equation without memory
dy(t) =by(t, y(1))dt + by (2, y()) dw(?). (2.34)

Let us assume that the zero solution of (2.34) is asymptotically mean-square stable
and therefore there exists a Lyapunov function v(z, y) such that ¢1|y|> < v(t, y) <
calyl? and Lov(r, y) < —c3|y|%. Here Ly is the generator of (2.34), ¢; > 0, i =
1,2,3.

Step 3 Replacing the second argument y of the function v(z, y) by the functional
z(t, x;) from left-hand part of (2.33), we obtain the main component Vi (¢, x;) =
v(t, z(¢, x;)) of the functional V (¢, x;). Then it is necessary to calculate L V7, where
L is the generator of (2.33), and in a reasonable way to estimate it.

Step 4 Usually, the functional V; almost satisfies the requirements of stability
theorems. In order to satisfy these conditions completely, an auxiliary component
V, can be easily chosen by some standard way. As a result, the desired functional
V(t, x;) takes the form V = V| + V,.

Let us make remarks on some peculiarities of this procedure.

(1) It is clear that the representation (2.33) in the first step of the procedure is not
unique. Hence, for different representations, one can construct different Lya-
punov functionals, and, as a result, one can get different stability conditions.

(2) In the second step, for the auxiliary equation (2.34), one can choose different
Lyapunov functions v(¢, y). So, for the initial equation (2.9), different Lyapunov
functionals can be constructed, and, as a result, different stability conditions can
be obtained.

(3) It is necessary to emphasize also that by choosing different ways of estimation
of LV] one can construct different Lyapunov functionals and, as a result, one
can get different stability conditions.

(4) At last, some standard way of the construction of the additional functional V,
sometimes allows one to simplify the fourth step and do not use the functional
V, at all. Below the corresponding auxiliary Lyapunov-type theorems are con-
sidered.

2.2.3 Auxiliary Lyapunov-Type Theorem

The following theorem in some cases allows one to use the procedure of construct-
ing Lyapunov functionals without an additional functional V5.
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Theorem 2.5 Let there exist a functional Vi (t, x;) € D of type (2.21) such that

l o0
ELVi(t,x;) <Ex'(t)D(t)x(t) + Z/ Ex'(t — $)S;i (t — $)x(t — 5) dvi(s)
i=170

+Z/ Ex?(1 —5)dK;(s)
i=170

k
+ Y Ex(t — 7)) Qit — n(0)x(t — 7 (1)

i=1

m ) t
+Z/ duj(s)f O — 1 +s)/Ex'(0) R, (0)x () dO
=0 0 t—s

o t
—+—/ du(s)/ Ex'(t)R(t +s,)x(1) d, (2.35)
0 t—s

where L is the generator of (2.9), D(t) is a negative definite matrix, S;(t), i =
L...,l, Qi@®),i=1,....,k, Rj(t), j=0,...,m, R(s,t), s >t >0, are non-
negative definite matrices, t;(t), i = 1,...,k, t > 0, are differentiable nonnega-
tive functions with t;(t) < 7; <1, Ki(s), i =1,...,n, v;(s), i =0,...,1, u;j(s),
Jj=0,...,m, and u(s), s > 0, are nondecreasing functions of bounded variation
such that

00 o0
k,.:/ K (s) < o0, q,:/ dvi(s) < 00,
0 0 (2.36)

[e¢] s./—i-l
= ——dp(s) < oo,
rj /0 S MJ(S)

and the matrix

1
1-%

l
GO =DO+K+Y ¢S+

k
i=1 i=1

Qi(r)

m 00 t+s
+erRj(t)+/ d,u(s)/ R(t +s5,0)d0, (2.37)
0 0 t

where K is the diagonal matrix with elements k;, i = 1, ..., n, is uniformly negative
definite matrix with respecttot >0 , i.e.,

X'G)x < —c|x|?, ¢>0, x eR". (2.38)

Then the zero solution of (2.9) is asymptotically mean-square stable.
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Proof Put

I roo '
Wa(t, x;) = Z/O dvi(s)/ x'(0)Si (0)x(0) do
i=1 s

k
+Z/ dKi(s) | x; (9)d9+21 1A

—s =11

t
f ¥(8) Qi (5)x(s) ds
1—7; (1)
t _ j+l
+Z/ d/ms)/ Ot t“) ' (6)R; (0)x(6) d8
+/ du(s)// X(T)R(t +5.0)x(1)d6 dr.
0 t—s Jt

Then

l oo
ELVy(t,x;) = ZqiEx/(t)Si ®x(t) — / Ex'(t —5)S(t — s)x(t — ) dv(s)
0

i=1

+Zk,~Ex?(:) - Z/OOExf(t —$)dK;(s)
i=1 =170

k
+Z:1

1
— Ex'(1) Qi ()x(1)

_z OB (- 0 ) (- (e - 1)

1-1

+ erEx/(t)Rj(t)x(t)

j=0

m 00 t
- Z/ duj(s)/ 6 —t +5)Ex'(0)R;(6)x(6) dO
=0 0 t—s

00 t+s
+ / du(s) / Ex'(t)R(t +s,0)x(t)do
0 t

00 t
—/ du(s)/ Ex'(T)R(z +5,)x(1)dr. (2.39)
0 t—s

From (2.35), (2.37), and (2.39) for the functional V (¢, x;) = Vi (¢, x;) + Vo (¢, x;) it
follows that

ELV(t,x;) <Ex'()G(t)x(1). (2.40)
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By (2.38) and Remark 2.1 this means that the functional V (¢, x;) satisfies conditions
(2.22) of Theorem 2.3, and therefore the zero solution of (2.9) is asymptotically
mean-square stable. The proof is completed. g

Corollary 2.2 Let in Theorem 2.5 inequality (2.35) be the exact equality, G(t) =
G = const, and the functional V = V| 4+ V, be F,-functional. Then in the scalar
case the condition G < 0 is a necessary and sufficient condition for asymptotic
mean-square stability of the zero solution of (2.9).

Proof In the considered case, for the functional V = V4 V,, wehave ELV (¢, x;) =
GEx2(t). If G > 0, then from this and from (2.8) it follows that

t
EV(t,x)=EV(0, ¢)+G/ Ex*(t)dr > EV(0, ¢) > 0.
0

This means that lim;_, oo EV (¢, x;) # 0 and therefore lim;_, o E|x(7)|?> # 0. The
proof is completed. 0

Remark 2.2 Since the functional V (¢, x;) constructed in Theorem 2.5 satisfies the
conditions (2.22) and V (¢, x;) > 0, we have that c3 fé E|x(s)|2 ds <EV(0,¢) < 0.
This means that by conditions (2.35) and (2.38) the solution of (2.9) is also mean-
square integrable.

Remark 2.3 In the scalar case, from Remark 2.2 it follows that if by condition (2.35)
the solution of (2.9) is mean-square nonintegrable, i.e., fooo Ex2(t)dt = oo, then
sup,5o G(1) > 0.

Remark 2.4 Theorem 2.5 is a useful development and improvement of the general
method of construction of Lyapunov functionals. It allows one not to use Step 4 of

the procedure and get good stability conditions using much more simple Lyapunov
functional than via Theorem 2.3. It can be used in different applications.

2.3 Some Useful Statements

2.3.1 Linear Stochastic Differential Equation

Consider now conditions for asymptotic mean-square stability of the trivial solution
of the linear Itd stochastic differential equation

x(t)=Ax(t)+Bx(t — 1) +ox({t —h)w(), (2.41)

where A, B, o, T >0, h > 0 are known constants.
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Lemma 2.1 A necessary and sufficient condition for asymptotic mean-square sta-
bility of the trivial solution of (2.41) is

A+ B <0, G '>-o?, (2.42)

N =

where
Bg~!sin(gr)-1 B
%’ B+ Al <0, g= BZ — A2,
_ ) a4 B
G=1 > B=A<0, (2.43)

Bg~!sinh(g1)—1 _ 5 5
“ATBooshigry > A TIBI <0, g =~/A2 - B2

Remark 2.5 If A= —a and B =0, then the necessary and sufficient stability condi-
tion (2.42)—(2.43) takes the form a > %02.

Note that the proof of Lemma 2.1 is based on two old enough papers [243, 290]
as it was shown briefly in the author recent book [278]. Following to advices and
requests of some readers of the book [278], the author took the decision to write
here the proof of this lemma in more detail.

Proof of the Lemma 2.1 A necessary and sufficient stability condition (2.42) with
o
G= 2/ x*(s)ds, (2.44)
0

where x(¢) is a solution of (2.41) in the deterministic case, i.e., with o = 0, was
obtained in [243]. By the Plancherel theorem the integral (2.44) coincides [243, 290]

with
2 [ dt
G== - . (2.45)
7 Jo (A4 Bcostt)?+ (t+ Bsintt)?

Let us obtain for this integral the representation (2.43) in elementary functions.
Following [243], consider the functional

t
Vix,) = %ze(t) +/ B(s — )x(s)x(t)ds
-7

t t
+ / / (s —t,0 —t)x(0)x(s)dbds, (2.46)
t—1Js

where G is a constant, and S(s) and §(s, 0) are continuously differentiable func-
tions. By (2.46) and (2.41) with o = 0 we obtain

t
WO _(Gro+ [ ps—oxras ) (axo+ Bt - )
t—7

t _
+ ,B(O)xz(t) —B(—)x(t —T)x(t) — / CL(;S t)x(s)x(t) ds
-7
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t

t
+f S(s —1,0)x(t)x(s)ds — / §(—1,0 —t)x(O)x(t —1)dO
1—T t

-7

COLT08(s— 1,60 —1)  98(s—1,0 —1)
_/H/S ( = + ae >x(9)x(s)d9ds

= (GA+ B(0))x*(1) + (GB — B(—D))x(D)x(t — 1)

t _
+/ (A,B(s —— % +8(0,s — t))x(s)x(t)ds
-1

t
+/ (BB(s —1) = 8(—1,5s — 1)) x(s)x(t — T)ds
1—T

—ft /t<38(s_t’0_t)+85(S_t’9_t)>x(6’)x(s)d9ds
t—tJs

as 20
(2.47)
Let us suppose that the functions (s) and §(s, 9) satisfy the conditions
GA+B(0)=-1, GB—B(-1)=0,
dp(s)
AB(s) — T +68(s,0) =0, BB(s) —8(—1,5) =0, (2.48)
s

38(s, 0) aa(s,e)_o
s 0

Then from (2.47) and (2.48) it follows that % = —x2(t), and therefore (if the
condition for asymptotic stability of the trivial solution of the considered equation
holds, i.e., lim; o V (x;) =0),

fooxz(r) dt = —/OO VD Vo). (2.49)
0 0 dt

Using the initial function

(s) = 0 if —t<s<-—¢,
reld) = l—l—% if —e<s<0,

and the limit ¢ — 0, from (2.46) we obtain V (xo) = 3 G. From this and from (2.49)
it follows that G in the functional (2.46) indeed coincides with (2.44) and has the
representation (2.45).

To get for G the representation (2.43), let us solve system (2.48). From the last
equation of (2.48) it follows that &(s, 8) = ¢(s — 0) and, by the forth equation of
(2.48), ¢(s) = BB(—t — s). Substituting this ¢(s) into the third equation of (2.48),
we obtain that the function 8(¢) is defined by the differential equation

B(t) = AB(t) + BB(—t — 1) (2.50)



46 2 Stochastic Functional Differential Equations and Procedure

with the conditions
GA+B(0)+1=0, GB—p(-1)=0. (2.51)
Suppose that g> = B> — A? > 0. Then, by (2.50),
B()=AB(t) — Bf(—t —1)
= A(AB(t) + BB(—t — 7)) — B(AB(—t — 1) + BB(t + T — 1))
=—q*B(1)
or

Bt)+q*B(t) =0. (2.52)

Substituting the general solution §(t) = Cjcosqt + Cs singt of (2.52) into (2.50)
and (2.51), we obtain two equations for G, C1, and C»

GA+Ci=-1, GB =Cjcosgt — Cysingr, (2.53)
and two homogeneous linear dependent equations for C; and C;

C1(A+ Bcosqt) — Ca(q + Bsingt) =0,

(2.54)
Ci(q — Bsingt) + C2(A — Bcosqt) =0.
By (2.54) we have
A+ B — Bisi
C,=c At beosqr ., q— Bsingr (2.55)
q + Bsingrt A — Bcosqt
Substituting the first equality (2.55) into (2.53) and excluding C;, we obtain
Asingt —qcosqt (2.56)

G= .
q(Acosqt +¢gsingt + B)

Multiplying the numerator and the denominator of the obtained fraction by
Bsingt — ¢, one can convert (2.56) to the form of the first line in (2.43). Note
that the same result can be obtained using the second equality (2.55).

Suppose now that g> = A2 — B? > 0. Then, similarly to (2.52), we obtain the
equation B(t) — g2 B(t) = 0 with the general solution B(7) = C1e?" + Cpe™9". Sub-
stituting this solution into (2.50) and (2.51), similarly to (2.53) and (2.54), we have

GA+C1+Cr=-1, GB=C1e 1" 4 Cpe?™,

(2.57)
Ci(g — A) — CBel" =0, CiB+ Ca(g+ A)el" =0.
By the two last equations of (2.57),
—A B
C=C 120t — ¢, e 7. (2.58)

B N q+A
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From the first equality of (2.58) and the two first equations of (2.57) we obtain

_ gq—A+Be "
"~ g(g—A—Be 7))’

(2.59)

Put now sinhx = %(ex — e ¥) and coshx = %(ex + e™¥) (respectively, hyperbolic
sine and hyperbolic cosine). Multiplying the numerator and the denominator of
(2.59) by Bsinhgt — g in the denominator, we have

(g — A— Be %) (Bsinhgt — q)
=(q—A—Be ") (Bcoshgt — Be " —q)
=gBcoshqt — ABcoshgt — B?e™9% coshgt
— Bge 9" + ABe 9 4 B?e729T — A2 4 B> 4+ Aq + Bge "
= (g — A)(A+ Bcoshgt) + Be 9° (A + B(e‘” +e 9" — coshqr))
=(q— A+ Be ?")(A+ Bcoshqr).

As aresult, we obtain (2.59) in the form of the third line in (2.43). Note also that the
same result can be obtained using the second equality of (2.58).

The second line of (2.43) can be obtained from the first (or the third) line in the
limit as ¢ — 0. The proof is completed. O

2.3.2 System of Two Linear Stochastic Differential Equations

Consider the system of two stochastic differential equations without delays

X1(t) = anx1(t) + apx2(t) + or1x1 (D) wi (1), 2.60)
%2(t) = ap1x1 (1) + anxa(t) + orxa (D (1), ‘

where a;;, 0;, i, j =1, 2, are constants, and w1 (f) and w7 (¢) are mutually indepen-
dent standard Wiener processes.
Put A = |la;j|, i, j=1,2,and

i=1,2. 2.61)

Remark 2.6 1f 01 = 0o =0, then (by Corollary 1.1) the trivial solution of (2.60) is
asymptotically stable if and only if
Tr(A) = a1 +ax» <0, det(A) = ayr1ax — appaz; > 0. (2.62)

If a1 = a1 =0, then (by Remark 2.5) the necessary and sufficient conditions for
asymptotic mean-square stability of the trivial solution of (2.60) are

apl +61 <0, ay + 8 <0. (2.63)
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Lemma 2.2 Let for some positive definite matrix P = ||p;; |, i, j = 1, 2, the param-
eters of system (2.60) satisfy the conditions

p12az1 + pii(ai +61) <0,
p12a12 + pxnlaxn +8) <0,

(2.64)
4(p12az1 + pri(ai + 81) (pr2aiz + pr(an +82))

2
> (priai2 + prpazi + p12 Tr(A))”.

Then the trivial solution of system (2.60) is asymptotically mean-square stable.

Proof Let Ly be the generator of system (2.60). Using the Lyapunov function
v(t) = prixi (1) +2p1ax1 (Dx2(1) + p2ax3 (1) (2.65)
and (2.61)—(2.62) for system (2.60), we have
Lov(t) =2(p11x1(®) + praxa(®) (annx1 (1) + a2 () + priofxi 0)
+2(p12x1(1) + paax2 (1)) (a21x1 (1) 4 anxa (1)) + P03 x3(t)
=2(pi2az1 + pr1(an +80)xi(t) +2(pr2aiz + pr(az + 8))x3 (1)
+2(pr1ai2 + pnaz + pi2 Tr(A))x1 (D)x2(1).

By (2.64) Lov(¢) is a negative definite square form, i.e., the function v(¢) satisfies
(2.17) with p = 2. So, the trivial solution of system (2.60) is asymptotically mean-
square stable. The proof is completed. 0

Corollary 2.3 Suppose that conditions (2.62) hold, a1 # 0, and

| Tr(A)| det(A) | Tr(A)| det(A) — Az,
Sl<—— 0 5 <
As Ay — [ Tr(A)|d:

, (2.66)

where
Ay = det(A) +a?,, Ay = det(A) + a3,. (2.67)
Then the trivial solution of system (2.60) is asymptotically mean-square stable.
Proof By Remark 1.1, from (1.29) and (2.64) it follows that if, for some ¢ > 0,
—q +2p1é <0, —142p»d <0, (2.68)

then the trivial solution of (2.60) is asymptotically mean-square stable.
Using (1.29), we can represent (2.68) in the form

(A2g + a3))8 B (A1 +a},q)é: B
| Tr(A)| det(A) ’ | Tr(A)| det(A)
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From this we have

2
1) Tr(A)|det(A) — A6
a3,01 <q<| r(A)| 62( ) 1% (2.69)
| Tr(A)| det(A) — Az a5
So, if
2
) Tr(A)|det(A) — A1d
ay, 81 <| r(A)| 62( ) 192 (2.70)
| Tr(A)| det(A) — A28 aly)

then there exists ¢ > 0 such that (2.69), and therefore (2.68) holds.
Let us show that (2.70) holds. Indeed, by the first condition (2.66) we can rewrite
(2.70) in the form

a},a3 8182 < (|Tr(A)| det(A) — A281)(|Tr(A) | det(A) — A182)

= (|Tr(A) | det(A4))” — |Tr(A)| det(A) (A182 + A281) + A1 A28152.
(2.71)

By (2.67) we have

A A = (det(A) + a7, ) (det(A) + a3,)
= (det(A) + af, + a3,) det(A) + af a3,
— (ITe(A)|” = (@i1a2 + anaz)) det(A) +a?ya3,
= |Tr(A) | det(A) + a}ya3,
> |Tr(A)|2det(A). (2.72)
So, by (2.71) and (2.72) it is enough to show that
0 < |Tr(A)|det(A) — A28; — (A1 — |Tr(A)[81)8>. (2.73)
Note that from (2.66) and (2.72) it follows that

| Tr(A)| det(A) Al
< <

81 < .
A | Tr(A)]

So, (2.73) is equivalent to (2.66). The proof is completed. Il

Remark 2.7 If a;p = 0, then conditions (2.66) coincide with (2.63). Indeed, by
(2.62) from (2.66) we obtain

lar1 + axlaiiazn lar1 + axlaz(ai + 81)
51 <— = —da11, 52< = —daj).
(a11 +ax)axn (a11 +ax)(ai +61)




50 2 Stochastic Functional Differential Equations and Procedure

Remark 2.8 From the conditions (2.63) and ajpa1 < 0 it follows that

< |Tr(A)|det(A)’ 2] < |Tr(A)|det(A)'

layi] A, A

So, from the conditions (2.63) and ajpas; < 0 it follows that

| Tr(A)| det(A) | Tr(A)| det(A)
§p<—— L Sy < —
A2 Al

Corollary 2.4 Suppose that the parameters of system (2.60) satisfy the condi-
tions (2.62),

az >0, Ay > |Tr(A) 8, (2.74)

and the intervals

) 1)
I =< ap(an +6)  ain+ 1) 2.75)

Ay —|Tr(A)S] as|

and

e <|Tr(A)| — V(an —an)® +4det(4) |Tr(A)| + v (an — an)? +4det(A)>
2a;1 ’ 2a1
(2.76)
have common points. Then the trivial solution of system (2.60) is asymptotically
mean-square stable.

Proof Consider the function v(¢) given by (2.65) with p11 =1, pio =u, po=v,
where y = a{ll (u| Tr(A)| — ay2). From (2.64) it follows that i € I;. On the other
hand, the function v(z) is positive definite if and only if y > 2, which is equivalent
to i € I. So, the appropriate w exists if and only if the intervals /; and I have
common points. The proof is completed. g

2.3.3 Some Useful Inequalities

Lemma 2.3 For arbitrary vectors a € R", b € R" and an n x n matrix R > 0, it
follows that

ab+ba<daRa+bR b
Proof The proof follows from the simple equality

0<(a—R'"o)R(a— R 'b)=d'Ra+b'R'b—a'b—Va. O
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Lemma 2.4 For positive P>, x and nonnegative P, Q such that P > Qx, the
following inequality holds:

Pi+Qx7" <M+ Q>2

P, — Ox P

Proof 1t is enough to check that the function

P+ Qx_l
f)=—F—7—
P, — Ox

reaches its minimum at the point
)

VO?+ PP+ Q

and this minimum equals x’ 2 The proof is completed. g

X0 =

2.4 Some Unsolved Problems

In spite of the fact that the theory of stability for stochastic hereditary systems is
very popular in researches, there are simply and clearly formulated problems with
unknown decisions. In order to attract attention to such problems, one of them for
stochastic difference equation with continuous time is represented in [277], and two
unsolved stability problems for stochastic differential equations with delay are de-
scribed below.

2.4.1 Problem 1

Consider the linear stochastic differential equation with delays

i) = Ax()+ Y Bix(t — 1))+ ox(t — hyw o), (2.77)
i=1

where A, B;, o, ti > 0, h > 0 are known constants, and w(z) is the standard Wiener
process.

It is known [290] that a necessary and sufficient condition for asymptotic mean-
square stability of the zero solution of (2.77) can be represented in the form

., o2 2 [ dt
G "'>—, G=— = 3 = - 5
2 7Jo (A4 Bicostit)>+ (t+ > ;" Bisintt)
(2.78)
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By Lemma 2.1, in the particular case m = 1, B} = B, t1 = 7 the integral (2.78)
can be calculated in elementary functions, and the stability conditions take the form
(2.42)—(2.43).

The problem is: to calculate the integral (2.78) in elementary functions form > 2,
in particular, for m =2.

2.4.2 Problem 2

From (2.42) and (2.43) it follows that the zero solution of the differential equation
with a constant delay x (1) = —bx (¢t — h) is asymptotically stable if and only if

b4
0<bh < > (2.79)

It is also known [221, 318] that the zero solution of the differential equation with a
varying delay x(¢) = —bx(t — t(¢)) is asymptotically stable for an arbitrary delay
7(¢) such that t(¢) € [0, 1] if and only if

3
0<bh <. (2.80)

Consider the stochastic differential equation with a constant delay
X(t)=—bx(t —h)+ox(®)w(t). (2.81)
From (2.42) and (2.43) it follows that the zero solution of (2.81) is asymptotically
mean-square stable if and only if

b2 — p2 o2
0 < bh < arcsin ——, =—. (2.82)
b2 + p? 2
In the deterministic case (o = 0) condition (2.82) coincides with (2.79).
Consider the stochastic differential equation

X(t)=—bx(r — (1)) + ox()w(r) (2.83)

with a varying delay 7 (¢) such that 7(¢) € [0, k].
The problem is: to generalize condition (2.80) for (2.83).



Chapter 3
Stability of Linear Scalar Equations

3.1 Linear Stochastic Differential Equation of Neutral Type

Using the proposed procedure of Lyapunov functionals construction, let us inves-
tigate asymptotic mean-square stability of the linear scalar stochastic differential
equation of neutral type with constant coefficients

x()+ax@)+bx(t—h)+cx(t—h)+ox(t—1)w(k) =0, |c]<]l,

3.1)
x(s)=¢(s), se€[—max(h,1),0].

3.1.1 The First Way of Constructing a Lyapunov Functional

Following Step 1 of the procedure, we rewrite (3.1) in the form
z(x;) = —ax(t) —bx(t —h) —ox(t — T)w(t),

z(x)) =x(@) +cx(t — h).

Suppose that a > 0. Then the function v = y? is a Lyapunov function for the auxil-
iary differential equation y () = —ay(t) since v = —2ay?>. Thus, the trivial solution
of the auxiliary differential equation is asymptotically stable. Put V| = z%(x;). Then

LVy =2z(x)(—ax(t) — bx(t — h)) + o*x*(t — 1)
= —2ax%(t) — 2bex*(t —h) — 2(ac + b)xO)x(t —h) +0°x>(t — 1)

< (=2a+lac +b|)x*(t) + px*(t — h) + o*x*(t — 1),

where
0 if lac + b| < 2bc,
o= ) (3.2)
lac +b| —2bc if |ac + b| > 2bc.
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54 3 Stability of Linear Scalar Equations
By Theorem 2.5 with § = Q; = Rj = R(s,t) =0 and
D = —2a+ |ac + b, dK](s)=(p8(s—h)+628(s—r))ds

(here and below §(s) is the Dirac function) we obtain that if o2 + p + |ac + b| < 2a,
then the trivial solution of (3.1) is asymptotically mean-square stable.

Note that, by (3.2), o > 0. So, from the obtained condition it follows that a > 0.
Using two representations for p in (3.2), we obtain the following two stability con-
ditions:

lac + b| < 2bc, o +lac+b| <2a (3.3)

and
2

lac + b| > 2bc, p+lac+b|—bc<a, p:%. 3.4)

By (3.3) we have bc = |bc| and a > 0. So, |ac + b| = a|c| + |b|, and inequalities
(3.3) take the forms 2|bc| > alc|+ |b| and 62 +a|c|+|b| < 2a. The former is wrong
if 2|c| < 1. Suppose that 2|c| > 1. Then

24 0p 1
ot '<as<2——)|b|,
P B

which is impossible since from this the contradiction o2le| +2|b|(1 = |cD? <0
follows. Thus, inequalities (3.3) are incompatible.

Consider now conditions (3.4). Suppose first that b¢c > 0. From this and from
a > 0 we have bc = |bc| and |ac + b| = a|c| + |b|, and inequalities (3.4) take the
forms

dbe| <alel+ b,  a>|b|+—2—.
1—|c|

If 2|c| < 1, then the first inequality holds for a > 0 and arbitrary b. If 2|c| > 1, then
the second inequality implies the first one. So, if bc > 0, then from (3.4) it follows
that

p
1—lel’
Let now bc < 0. Then the first inequality in (3.4) holds, and (3.4) takes the form

bc >0, a> |b|+ 3.5)

bc <0, p+lac+bl—bc<a. (3.6)

Since bc < 0, |ac + b| = |a|c| — |b]|. So, if a|c| > |b|, then from (3.6) we have

—a < |b| <alc|. 3.7
1 —c|

If a|c| < |b], then

p
<|b - 3.8
alc| < |bl <a Tl (3.8)
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Combining (3.7) and (3.8), we obtain

p
bc <0, —— —a<|bl<a-— . 3.9
1—|c| 2] 14 |c| (3.9
Note that since bc < 0, the system
bl=—"——a  pl=a— "
1—|c| 14+ |c]
has the solution
p pc
= , b=— . 3.10
“=1"a2 1—¢2 (3.10)

Combining (3.5), (3.9), and (3.10), we obtain the stability condition in the form

@3.11)

a>{&+b’ b>_lfi~2’
& - b’ b =- 1{22 .
Thus, if condition (3.11) holds, then the trivial solution of (3.1) is asymptotically
mean-square stable.

The stability regions for (3.1), given by the stability conditions (3.11), are shown
in Fig. 3.1 for ¢ = —0.5, h = 1, and different values of p: (1) p =0; (2) p=0.5;
3) p=1;(4) p=1.5. In Fig. 3.2 the stability regions are shown for ¢ = 0.5 and
the same values of the other parameters.
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3.1.2 The Second Way of Constructing a Lyapunov Functional

To get another stability condition, rewrite (3.1) in the form
2(x) =—(a+b)x(t) —ox(t —)w(r),

t
z2(xs) =x(t) +cx(t —h) — b/ x(s)ds.
t—h

By condition (2.10) it is necessary to suppose that

lc| +1blh < 1. (3.12)
Suppose also that a +b > 0. Then the function v = y? is a Lyapunov function for the
auxiliary differential equation y(t) = —(a + b)y(t) since v = —2(a + b) y2. Thus,
the trivial solution of the auxiliary differential equation is asymptotically stable. Put

Vi = z2(x;). Then

LV = —2(a +b)x(1)z(x;) + 0 2x>(t — 1)
= —2(a 4+ b)x*(1) = 2(a + b)ex ()x(t — h)

t
+2(a + b)b/ x()x(s)ds +o’x*(1 — 1)
t—h
< (a+b)(=2+lc|+ |blh)x*(t) + o2x*(t — T)

t
+(a+ b)<|c|x2(t —h) + |b| / x2(s)ds>.
t—h
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Thus, using (3.12) and Theorem 2.4 withm = S = Q; = R(s,t) =0,n =1 and

D=(a+b)(—=2+Ic|+1blh),  Ro(®)=(a+b)bl,  duo(s)=38(s —h)ds,
dKi(s) = [(a+b)lcld(s —h) +0%8(s — )] ds,

we obtain the stability condition in the form

p 1 —|c
S ST . 3.13
R I PR TATA bl<— (3-13)

The stability regions for (3.1), given by the stability condition (3.13), are shown
in Fig. 3.3 for |c¢| = 0.5, h = 0.2, and different values of p: (1) p =0.2, (2) p =0.6,
B3)p=1,4) p=1.4andinFig. 3.4 for |c| = 0.5, p = 0.4, and different values of
h:(1)h=0.1,2) h=0.15,3) h =0.2, (4) h =0.25.

It is easy to see that for b < 0, condition (3.11) is better than (3.13). So, condition
(3.13) is better to use for b > 0 only in the form

1_
P 0<b< h|c|. (3.14)

a> ——
1— |c| — bh

The stability regions for (3.1), given by both stability conditions (3.11) and
(3.14), are shown in Fig. 3.5 for ¢ = —0.6, p = 0.4, and different values of A:
(1) h=0.05; 2) h=0.1; 3) h =0.15, (4) h = 0.2. In Fig. 3.6 the stability re-
gions are shown for ¢ = 0.6 and the same values of the other parameters.
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Fig. 3.4 Stability regions for
(3.1) given by conditions
(3.13) for |c| = 0.5, p =0.4,
and different values of /:
(I)h=0.1,(2) h=0.15,
3)h=02,(4)h=0.25

Fig. 3.5 Stability regions for
(3.1) given by conditions
(3.11) and (3.14) together for
c=-0.6, p=0.4, and
different values of /:
(I)h=0.05,(2) h=0.1,
B)h=0.154) h=0.2
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3.1.3 Some Particular Cases

(1) Note that, as & — 0, condition (3.14) takes the form

On the other hand, in the case & = 0, for the functional

t
V=0 +c)<x2+/ x2(s)ds>,
1—T

a >

1—lc|

)

3 Stability of Linear Scalar Equations

b=>0.

(3.15)
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we have LV =[—2(a + b)(1 4 ¢) + 2]x?(1). So, by Corollary 2.2 for & = 0 a nec-
essary and sufficient condition for asymptotic mean-square stability of the trivial
solution of (3.1) is

—b. (3.16)

14
a>
14+c¢
For b > 0 and ¢ > 0, condition (3.15) is essentially worse than (3.16), but for b > 0
and ¢ < 0, condition (3.15) coincides with (3.16). The second condition in (3.11)
coincides with (3.16) as well.

(2) For ¢ =0, the necessary and sufficient condition for asymptotic mean-square
stability of the trivial solution of (3.1) has the form (Lemma 2.1)

atb>0,  G'>p, (3.17)
where
1+bg~'sin(gh) _
) Lot b>lal,.g = VP2 —a”,
p=%, G={ lran b=a>0, G1s)

1+bg~! sinh(gh) = 5
e, a>1blg=~a>—b2.

If, in addition, a = 0, then the necessary and sufficient stability condition (3.17)—
(3.18) takes the form
1 ) b2 _ p2
h < — arcsin ———.
b b2 + p?
In Fig. 3.7 the stability regions for (3.1) given by the sufficient conditions (3.11),
(3.14) and the necessary and sufficient conditions (3.17)—(3.18) are shown for ¢ = 0,
h =1, and different values of p: (1) p=0;(2) p=05;:3) p=1;2) p=1.5;
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Fig. 3.7 Stability regions for
(3.1) given by sufficient
conditions (3.11), (3.14) and
necessary and sufficient
conditions (3.17), (3.18) are
shown forc=0, =1 and
different values of p:
(Hp=0,2)p=05,
Gp=1L#Hp=15,

G p=2

Fig. 3.8 Stability regions for
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conditions (3.11), (3.14) and
necessary and sufficient
conditions (3.17), (3.18) are
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different values of p:
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(5) p = 2. In Fig. 3.8 the same stability regions are shown in another scale. We
can see that the sufficient conditions (3.11), (3.14) give the stability region that is
sufficiently close to the exact one.

(3) For p =0, from (3.11), (3.14) it follows that

b, b=
a> [ el (3.19)
—-b, b< e

In Fig. 3.9 the exact stability regions for (3.1) are shown for p =0, h = 1, and
(1) ¢ =0.5; (2) c = —0.5 and the stability region given by the sufficient condition
(3.19) for (3) ¢ =10.5]. In Fig. 3.10 the similar regions are shown for (1) ¢ = 0.85;
(2) c=—-0.85; (3) c=10.85].
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Fig. 3.9 Exact stability regions are shown for p =0, h =1, and (/) ¢ = 0.5, (2) c = —0.5, and
stability region, given by sufficient condition (3.19) for (3) ¢ = |0.5]
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Fig. 3.10 Exact stability regions are shown for p =0, 2 =1, and (/) ¢ = 0.85, (2) c = —0.85, and
stability region, given by sufficient condition (3.19) for (3) ¢ = |0.85|
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3.2 Linear Differential Equation with Two Delays in
Deterministic Part

Consider the scalar differential equation

x(t)+ax( —hy) +bx(t —hy) +ox(t—t)w()=0, 0=<hy<hy,
(3.20)
x(s)=¢(s), se€[—max(h,1),0].

Using different representations of this equation, we will obtain different conditions
for asymptotic mean-square stability of the zero solution of (3.20).

3.2.1 The First Way of Constructing a Lyapunov Functional

Rewrite (3.20) in the form

2(x;) = —ax(t) —bx(t —hp) —ox(t — 1)w(),
t
Z(xt)zx(t)—a/ x(s)ds.
t—h

Putting V| = z2(x;), we obtain
LVy = 2z(x)(—ax(t) — bx(t — ha)) + 02x*(t — 1)

= —2ax*(1) — 2bx(t)x(t — hy)

t t
+ 2a2/ x()x(s)ds + Zab/ x(t — h)x(s)ds + o2x%(t — 1)
t—hy t—hy

t
< —2ax2(r)+|b|(x2(r)+x2(z—hz))+a2(x2(t)h1 +f xz(s)ds>
t—h
t
+|ab|(x2(t—h2)h1 +/ x2(s)ds> +02x2(t — 1)
t—hy

t
= (—2a +a*hy + |b))x* (@) + (a* + |ab|)/ x*(s)ds
t—h

+ (161 + lablh1)x*(t — ha) + 0% (t — 7).

From this and from (2.10) and Theorem 2.5 with m = § = Q; = R(s,t) =0,
n=1and

D= —2a+a’h; + b, Ro(®) = a* + |ab|, dpo(s) =8(s — hy)ds,
dKi(s) = [(1b] + lablh1)8(s — ho) + 028(s — )] ds
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it follows that if

| —ahy) — I
|b|<%, 0<a<i (3.21)

then the trivial solution of (3.20) is asymptotically mean-square stable.

Remark 3.1 Rewriting (3.20) in the form

2(x;) = =bx(t) —ax(t — hy) —ox(t — v)w(t),
t
z(t):x(t)—b/ x(s)ds
t—hy

and using symmetry, we obtain another sufficient condition for asymptotic mean-
square stability of the trivial solution of (3.20):

b(1 — bhs) — 1
o <240 =p oy 1 (3.22)
1+ bhy ha

3.2.2 The Second Way of Constructing a Lyapunov Functional

Rewrite (3.20) in the form
z2(x) =—=(@+b)x(t) +bx(t —hy) —bx(t —hy) —ox(t — T)w(t),

t
2(x;) =x(t) — (a + b)f x(s)ds.
t—hy

Putting V| = z2(x;), we obtain
LV) =2z(x)[—(a+b)x(®) + bx(t —hy) = bx(t —h2)] + 0*x*(t — 1)

= —2(a + b)x>(t) + 2bx(t)x(t — h1) — 2bx (t)x(t — h2)

t t
+2(a + b)zf x(t)x(s)ds —2(a + b)b/ x(t —hpx(s)ds
t—hy t—h

t
+2(a+ b)b/ x(t — ho)x(s)ds +ox>(t — 1)
t—hy

IA

—2(a +b)x*(t) + 6] (x> (1) + X3t — k1)) + [bI(x* (1) + x*(t — h2))

t
+ (a + b)? <x2(t)h1 +/ xz(s)ds) +02x%(1 —1)
t—hy

t
+ |(a +b)b| (xz(t —h)hy +x2(t — h))hy + 2[ xz(s)ds>
t—hy
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=[-2(a+b) + (a+b)*hy +2b|]x* ) + 0*x*(t — 7)
+1b1(1 + la + blhy) (x*(t — hy) +x*(t — h2))
t
+ ((a+b)* +2|b(a +b)|)/ x2(s)ds.
t—hy
Thus, we obtain the representation (2.35) withm =S = Q; = R(s,t) =0, n =1
and
D =—2(a+b)+ (a+b)*hy +2|b|,
Ro®) = ((@+b)*+2[b(a+Db)|),  duo(s)=8(s —h1)ds,
dKi(s) =[IbI(1 + la + blh1)(8(s — h1) +8(s — hp)) + 0 %8(s — 1)] ds.

From this and from Theorem 2.5 it follows that if

bYA= (a + b)hy) — 1
o< @A =@tbhy—p o, 1 (3.23)
1+ (a+b)h hy

then the trivial solution of (3.20) is asymptotically mean-square stable.

Remark 3.2 Similarly to Remark 3.1, using symmetry, we obtain another sufficient
condition for asymptotic mean-square stability of the trivial solution of (3.20):

(a+b)1—(a+b)hy)—p

1
2lal < , O<a+b<—. 3.24
lal 1+ (a+b)h; hy (3:24)

3.2.3 The Third Way of Constructing a Lyapunov Functional

Rewrite (3.20) in the form

2(x) = —(a+b)x(t) —ox(t —)w(),

t t (3.25)
z(x,):x(t)—a/ x(s)ds—bf x(s)ds.
t—hy t—hy

Putting V| = z2(x;), we obtain
LV =2z(x)(—(@+b))x(t) + o*x*(t — 1)

t
= —2(a +b)x*(t) + 2a(a + b) / x()x(s)ds
t—h

t
+2b(a+b) / x(D)x(s)ds + o>x>*(t — 7). (3.26)
t—hy
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Therefore,

t
LVy < —2(a+b)x*(t) + |a(a + b)| (xz(t)hl +/
t—h

xz(s) ds)
1
t
+ |bla +b)| (xz(t)hz + f xz(s)ds) +o’x(t— 1)
t—hy

=[~2(a+b) + la+b|(lalhy + |blh2) ]x* (1) + o*x%(t — 1)

t t
+ |a+b|(|a|/ x2(s)ds + |b|/ xz(s)ds).
t—h t—hy

Thus, we obtain the representation (2.35) withm =S = Q; =0,n =1 and
D=-2(a+b)+|a ~|—b|(|a|h1 + |b|h2), dK\(s) =0%8(s — 1) ds,

Ry(0) =|a(a +b)
R(s,t) = |b(a +b)

, duo(s) =8(s — hy)ds,

, du(s)=58(s —hy)ds.

From this and from Theorem 2.5 it follows that if

p

a+b> ———,
1 —lalhy — |blh2

lalhy + |Dlha < 1, (3.27)
then the trivial solution of (3.20) is asymptotically mean-square stable.

Remark 3.3 Note that condition (3.27) follows from condition (3.22), condi-
tion (3.22) follows from condition (3.24), and condition (3.21) follows from con-
dition (3.23).

Let us show, for instance, that condition (3.27) follows from (3.22). Indeed, by
(3.22) we have (p+|a|)b~" + (la| +b)hs < 1. So, using i1 < ho, we obtain |a|h| +
bhy < (la| 4+ b)hy < 1. To get the first condition (3.27), rewrite (3.22) and (3.27) as
follows: p < b(1 — bhy) — |a|(1 4+ bhy), p < (a + b)(1 — |alhy — |b|h3). So, it is
enough to show that b(1 — bhy) — |a|(1 + bhy) < (a + b)(1 — |alhy — |b|h3) or
la|(a 4+ b)hy + abhy < a + |a| + |a|bh,. For a = 0, this inequality holds. If a > 0,
then it is equivalent to (a + b)h1 < 2. Using hy < hy and ahy + bhy < 1, we have
(a+Db)hy <ahy +bhy <1 <2.Let now a < 0. Then it is necessary to show that
(a 4+ b)h1 < 2bh;. But this follows from (a + b)h| < bh) < bhy < 2bh;.

3.2.4 The Fourth Way of Constructing a Lyapunov Functional

Let us show that using the same representations of the initial equation but different
ways of LV estimation, we can get different stability conditions.
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Rewrite (3.20) in the form (3.25) and put V| = 22 (x;) again. Using (3.26) and the
condition a + b > 0, let us estimate L V] in the following way:

t
LV) = —=2(a 4+ b)x*(t) + 2(a + b)2/ x()x(s)ds
t—h

t—h

+2(a + b)b/ 1 x(D)x(s)ds + o2x%(t — 1)

t—hy

t
< —2(a+b)x*(t) + (a+ b)2<h1x2<r> + / x%s)ds)
t—hy

t—h
+(a+b)|b|((h2—h1)x2(t)+/ xz(s)ds> +02x2%(t — 1)
t

—hy

=[-2(a+b) + (a+b)*hy + (@ +b)|bl(ha — k) |x* (1) + o*x*(t — 1)
t t—h
+(a +b)2/ x2(s)ds + (a +b)|b|/ lxz(s)ds.
t—hy t—hy

From representation (2.35) withm =S = Q; =0,n =1 and
D=-2(a+b)+ @+b)’h;+ (a+ b)|b|(hy — hy), dK (s) =0%8(s — 1) ds,
Ro(0) = (a +b)*, dpo(s) =38(s — hy)ds, dp(s) =38(s — hp) ds,

(a+b)bl, Telt—hat—h],

R(t+hy,t) =
(T +h2.1) {0, e —hy.il.

and from Theorem 2.5 it follows that if

p

a+b> 5
1 —(a+b)hy —|b|(ha — hy)

(@+b)hy +1bl(ha — ) <1, (3.28)

then the trivial solution of (3.20) is asymptotically mean-square stable.

It is easy to see that condition (3.28) coincides with (3.27) for a > 0, b > 0, but
in the case ab < 0 condition (3.28) is weaker than (3.27). Using Remark 3.3, we
can conclude that the stability conditions (3.21) and (3.28) together are better than
all other.

Put p =0 and h; = 1. In Fig. 3.11 the stability regions for (3.20), given by
conditions (3.21)—(3.24) and (3.27) (with numbers 1-5, respectively), are shown for
h1 =0.1. In Fig. 3.12 the similar picture is shown for #; = 0.2 with addition of
the bound of the stability region, given by the necessary and sufficient condition
of asymptotic stability obtained by the characteristic equation (Example 1.3). In
Fig. 3.13 we can see how the picture in Fig. 3.12 is changed for 4| = 0.25.

Consider now the case p > 0, ko = 1. In Fig. 3.14 the stability regions, given
by conditions (3.21)—(3.24), (3.27), and (3.28) (with numbers 1-6, respectively),
are shown for p =0.1, A1 =0.1. In Fig. 3.15 these stability regions are shown for
p=0.1,h; =0.5, and in Fig. 3.16 for p =0.25, h; =0.5.
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Fig. 3.11 Stability regions for (3.20), given by conditions (3.21)—(3.24), (3.27) (with numbers
1-5, respectively), are shown for p =0, hy =0.1, hp =1
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Fig. 3.12 Stability regions for (3.20), given by conditions (3.21)—(3.24), (3.27) that are similar to
Fig. 3.11, are shown for p =0, h; = 0.2, h, = 1 with addition of the bound of stability region,

given by the necessary and sufficient condition
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Fig. 3.13 Here it is shown how Fig. 3.12 is changed for #; = 0.25
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Fig. 3.14 Stability regions for (3.20), given by conditions (3.21)—(3.24), (3.27), (3.28) (with num-
bers /-6, respectively), are shown for p =0.1, h; =0.1, hp =1
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v

Fig. 3.15 Stability regions for (3.20), given by conditions (3.21)—(3.24), (3.27), (3.28) (with num-
bers /-6, respectively), are shown for p =0.1, i} =0.5, hp =1

T
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Fig. 3.16 Stability regions for (3.20), given by conditions (3.21)—(3.24), (3.27), (3.28) (with num-
bers /-6, respectively), are shown for p =0.25, h; =0.5, hy =1
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3.2.5 One Generalization for Equation with n Delays

Consider the stochastic differential equation with n delays in the deterministic part

20 +apx(t) + Y aix(t —hi) + ox(t — D(r) =0,
im1 (3.29)

x(s)=¢(s), s€[—max(hy,1),0].
Here it is supposed that
O<hi<hy<---<hy. (3.30)

For V| = xz(t), we have

LV = -2x(¢) (aox(t) + Zaix(t - hi)) +o2x(t—1)

i=1

< (—2a0 +> lai |)x2(t) + 3 lailx?(t — hi) + o253t — 7).

i=1 i=1

By the representation (2.35) and Theorem 2.5 we obtain the sufficient condition
for asymptotic mean-square stability of the trivial solution of (3.29) in the form

o2

n
ap> ) lail+p. p=— (3.31)
i=l

Rewrite (3.29) as follows:

2(x;) = —Sox (1) —ox(t — )W),

n t
=20 =Y a [ xoyds
t—h;

i=1

(3.32)
n
Sj=>Y ai, j=01,....n
i=j
Suppose that Sy > 0 and put V| = z2(x;). Then

n t
LV) = =280x>(t) +250x (1) Y _ a; f x(s)ds +o2x>(t — 1)
i=1  Jihi

n t
< —28ox%(t) + So Z |ai|<x2(t)hi +f xz(s)ds> +0%x%(t —1)
i=1 t=h;

1
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n n t
= <_2 +) la; |h,->sox2(z) +S0 ) lail f x2(s)ds + o2x%(t — 7).
i=1 i=1 t=hi
Using Theorem 2.5 withm = § = Q; = R; =0 and

n
D= (—2 +) |ai|hi> So, dK (s) =0%8(s — 1) ds,

i=1
n
du(s) = 8(s —hi)ds, R(s, 1) = Solail,

i=1

we obtain the sufficient condition for asymptotic mean-square stability of the trivial
solution of (3.29) in the form

n -1 n 2
o
So>17(1— > Iailhi> ; El|ai|hi<1, P=-- (3.33)
i=

i=1

This condition is a generalization of condition (3.27).
Let us obtain a generalization of condition (3.28). Note that by (3.30) and o =0
the process z(¢) from (3.32) can be represented as follows:

n i—1 1—h; n—1 1—h;
) =x()=Y aiy x(s)ds:x(t)—ZSj+1/ x(s)ds. (3.34)
j=0 -

i=1  j=0Y!"hj+ 1=hjt

Using the representation (3.34), the functional V| = 722(x;), and Sp > 0, we get

n—1 t—hj
LV) = —2850x*(t) +250x(1) ) Sjy1 / x(s)ds +o’x%*(t — 1)
j=0 l*h]ur]
n—1 t—hj
< —280x> (1) + So Y 1Sj41 ((h 41 —h)xi @) + f x%s)ds)
=0 1=hj1

+02x%(t — 1)

n—1
= (—2+Z|S,»+1|(hj+1 —hj)>50x2(t)

j=0

n—1

t—hj
+S()Z|Sj+]|f xz(s)ds—i—ozxz(t—z').
i=0 t=hjs
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By Theorem 2.5 withm = § = Q; =0 and

n—1

D= <—2+ Z|Sj+l|(hj+l - hj)>SO» dKi(s) = 08(s — 1) ds,

j=0
n—1

dp(s) = _8(s —hjr1)ds,
j=0

SolSj+1l, Telt—hjr1,t—hjl,
0

R(T+hf+1’t)={ Te(t—hj1l.

from this we obtain a generalization of condition (3.28) in the form

n—1 -1 n—1
SO>P<1_Z|Sj+1|(hj+1—hj)> , Z|Sj+l|(hj+l—hj)<1- (3.35)
j=0 j=0

To prove that condition (3.35) is weaker than (3.33), it is enough to show that
n—1 n
S USilGjpr —hp) <Y lajlh.
=0 i=1
Using ho = 0, rewrite this inequality in the form

n—1 n n—1 n

OISl =Y _1Silh; <> 1Silhi+ Y lailh.

j=0 j=1 j=1 i=1

Now it is enough to note that |S;| < [Sj11]+|a;l, j=1,...,n—1,and S, = a,.

3.3 Linear Differential Equation of nth Order

3.3.1 Casen >1

Consider the scalar stochastic differential equation of the nth order

x(")(t)=2/ xUD(@ —5)dKj(s) +ox(t —T)i(), >0,  (3.36)
j=1"0

where x()(7) = %, j =1,...,n. The initial conditions for (3.36) have the form

@) =9, 6<0, (3.37)
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where ¢ (0) is a given n — 1 times continuously differentiable function. The kernels
K j (s) are functions of bounded variation on [0, co) such that

o0
a,-j=/ s'|dKj(s)| <oo, 0<i<n, 1<j<n. (3.38)
0

Put x; (t) = x“~D(¢) and transform (3.36) to the system of stochastic differential
equations

Xi®)y=xi1(t), i=1,...,n—1,

", 3.39
xn(t)zzf xj(t —$)dKj(s) +oxi(t — D) (r). (3-39)
j=1"0
Put also
Bij =/ s'dK;(s) (3.40)
0
and note that form =1, ..., n, we have
/ Xp(t —5)d Ky, (s)
0
d o0 t
= (1) om — —[ f dKp(5) / xn(9>de] (3.41)
dt 0 t—s

Similarly, using (3.40), it is easy to check that fori =1,...,n — 1,

fooxn—i(t —5)d Ky (s)
0

i+1 ﬂ 1
—]Zl< 1/ i 1<>(’ DI

+(—1>"+1%[/0 dKn(s) / xnw)ti“)' ] (3.42)

Putting

n—1

[
20 = Y (! / Ky (s) f w1 a0,
_ 0 !
=0 (3.43)

,3 —In
a = Z( i~ l’ l)' 1=0,1,...,n—1,

by (3.42) and (3.43) we obtain
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n 00 n—l oo
Z/ xj(r—s)dKj(s>=Z/ Xni(t =) dKp—i(s)
j=170 i=0"0

n—1i+1

=Y Y = i O
(—D!
i=0 j=1
i— 131 l,n—i
=ZZ< D' e (0T + 20
n—1
=D axa () + (). (3.44)
=0

Following the procedure of constructing Lyapunov functionals and using (3.44),
rewrite (3.39) as follows:

5O =xip (), i=1,...,n—1,
d n-l (3.45)
L@ — 2] =Y @O +oxi = 0w,
=0

For (3.45), consider the auxiliary system of the form

n—1
Vi) =yip1(), i=l..n=1 .= ay. . (3.46)
=0
Let y = (y1,...,ys), and A be the n x n matrix
0 1 0 ... 0
0 0 1 ... 0
A= ... ... ... ... .| (3.47)
0 0 0 1
an—1 dp-2 dp-3 ... 4

By (3.46) and (3.47) we have y = Ay.

Assume that the trivial solution of (3.46) is asymptotically stable. From Theo-
rem 1.3 it follows that for the matrix (3.47) and an arbitrary positive definite matrix
0, the matrix equation (1.27) has a unique positive definite solution P.

Consider the Lyapunov function for (3.46) of the form v(y) = y’ Py. Because of
(1.25), we have v(y) = —y'Qy. According to the procedure of constructing Lya-
punov functionals, we consider the functional

Vl(t7 -xl) = ()C] (t)v ey -xn—l(t)v -xl’l(t) _Z(X[))/P(XI(I), sy xn—l(t)s xn(t) _Z(-xl))'

(3.48)
Let Q be a diagonal matrix with positive entries ¢;, [ = 1,...,n. From (3.49) it
follows that L V(¢, x;) with respect to (3.45) equals
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LVi(t,x) ==Y qixp(t) =2 2()(PA)wxi(t) + pun0*xi(t = 7)
=1 =1

<= axiO+2) Bilze)x O] + puno’xit — 1), (3.49)
I=1 =1

where (P A),; is (nl)th element of the matrix PA, 8; = [(PA)ul, and puy = (P)an.
Put also

n—1 n—1

Aji1n—j o0 o, (O—t+s))
o= -, W, x;) = / dKn,_i(s) / x () ————dé,
Z(:)(]‘i‘l)! t Z(:)o| A A J!
Jj= Jj=
(3.50)
and suppose that o > 0. Then using (3.43) and some positive numbers y;, [ =
1,...,n, we obtain

O —t+s))
j!

n—l oo t
HETOIEDD /0 K| [ (ixpo + 77 520) o
J:0 —s

= ayxF () + v W, x0). (3.51)

By (3.51) from (3.49) it follows that

LVi(t.x) < Y @By — @)X} () + pan0 X7 (t =)+ Y _ By W(x). (3.52)
=1 =1

From this and from (3.50) the representation of the type of (2.35) follows, where
S()= Q;(t) = R(s,t) =0, D is a diagonal matrix with the elements d;; = of;y; —
q1, dKi(s) = p,m028(s —1)ds, dKi(s)=0,1=2,....n,m=n—1,du;(s) =
|dK,—j(s)|, and R;(s) is the matrix with all zero elements except for (R;),, =
1 n’ —1 ’
gl =1 By

So, by (2.37) the matrix G is the diagonal matrix with

G =afiy1 + pumo® — qu, Gu=apyi—q, 1=2,....,n—1,

n—1
Gnn:a|:/3n(yn+i> +Zﬁ:| —qn-
=

Yn

It is easy to see that G, reaches its minimum with respect to y,, at 3, = 1. Besides,
from the matrix equation (1.27) with the matrix A given by (3.47) it follows that
B1 = lan—1|pnn, 2B, = gn- So, we can conclude that if there exist positive numbers
Y1, V2, .., ¥Yn—1 such that
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1 2
V1<_(q—1_ . )’ Vl<i, l=2""’n_17
a\B1 lap—1l apBi

n—1

1
Zﬁ<(——l)qn, a<l,
= Y o

then the matrix G is a negative definite one, and therefore the zero solution of (3.36)
is asymptotically mean-square stable.
Let us rewrite inequalities (3.53) in the form

2 —1

1 1

0<a<q_1_ o ) < —, a—'Bl<—, [=2,....,n—1,
B lan—1] V1 qa v

(3.53)

. 1 (3.54)
&+Zﬁ<<——l)qn, a<l1.
n Sn o\

From the system of inequalities (3.54) it follows that

2 —1 n—1 ,2 n—1
q1 o B B Bi 1
ot,Bl(E— ) + o E LB E —<<;—1)qn. (3.55)

lan—1l i e 7

So, if the condition

2 -1 n=1 52
q1 o ,3[ <1 >
afi| — — +a E —<|—--1
<,31 ) = o "

|an—1l
or
n—1 ,2
1 Bi B L1
O—2<|an—]|<q__ 1 n _1>’ Z—l<@qn’ @Z—z__5
:31 @% — 2.1=2 :31 q; =2 q ¢ *
(3.56)

holds, then there exist positive numbers y1, ¥2, ..., ¥,—1 such that (3.55) also holds
and the zero solution of (3.36) is asymptotically mean-square stable.
So, we have proven

Theorem 3.1 Let there exist a diagonal matrix Q with positive entries q1, ..., qn
such that the matrix equation (1.27) has a positive definite solution P that satisfies
inequalities (3.56). Then the zero solution of (3.36) is asymptotically mean-square
stable.

Remark 3.4 Without the loss of generality, we may assume that g, = 1. Otherwise,
the matrix equation (1.27) can be divided by g,. Thus, all elements of the matrices
Q and P will be divided by g,,.

Remark 3.5 Note that condition (3.56) is also correct without the assumption o > 0.
Indeed, if @ = 0 (this means also that z(x;) = 0), then from (3.56) we have ® =
oo and o2 < lan—1lq1/PB1, which also follows immediately from (3.49) and 8 =
|an—l |pnn-
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Remark 3.6 The stability condition obtained in Theorem 3.1 uses the representation
(3.42) where the integrals in the right-hand side depend only on x,, for all i. Follow-
ing the same procedure, one can try to obtain other stability conditions using the
representations where the right-hand side depends on x,, for m < n. For example,
for n =2, we have

[e.e]

© d
/ x1(t —5)dK(s) = Borx1(t) — Br1xz(t) + —/ dK(s)
0 dt Jo

t
X / (t —t+s)x(r)dr,
N H . t (3.57)
/ xi(t —8)dK;(s) = Boixi(t) — —/ dKl-(s)/ xi(v)dr, i=1,2,
0 dt Jo t—s

fooxz(t —5)dKy(s) = i /ooxl(t —5)dK>(s).
0 dt Jo

3.3.2 Some Particular Cases

It is easy to see that the stability condition (3.56) is the best one for those g1, ..., g,
for which the right-hand part of inequality (3.56) reaches its maximum. Let us con-
sider some particular cases of condition (3.56) in which it can be formulated imme-
diately in the terms of the parameters of the considered equation (3.36).

Let be n = 1. In this case, (3.36) has the form

)'c(t):/oox(t—s)dK(s)+6x(t—r)u')(t), t>0. (3.58)
0

Condition (3.56) cannot be used immediately since it was obtained for n > 1. So,
note that for the functional V; (z, x;) = x2(¢), similarly to (3.52) (for y1 =¢q1 = 1),
we have

o0 t
Lvla,xz)s(—1+aﬁ1>x2(t)+p1102x2<r—r)+ﬂ1/ |d1<(s>|f x%(0)de,
0 t—s

where

o0 o0
a=a =/ s|dK (s)], ay = o :/ dK(s) <0,
0 0

1 1 1
pli=—-—= >0, B1=Ipnaol = =.

2a0  2|Boi 2
The stability condition for (3.58) takes the form 02 <2)agl(1 — a).
If, in particular, dK (s) = (—ad(s) —bé(s —h))ds,thena = |b|h,a0 = —a—b <
0, and the stability condition takes the form o> < 2(a + b)(1 — |b|h). Note that the
last condition also follows immediately from (3.13) for ¢ = 0.
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Let be n = 2. In this case, (3.36) has the form
o o
@)= / x(t —s5)dKi(s) +/ xX(t—s5)dKo(s) +ox(t —t)w(t), t=>0.
0 0

(3.59)
Following Remark 3.4, we will consider the matrix equation (1.25) with

0 1 Pt pi2 q 0
A = s P = s = s O
(al ao) (1712 P22> Q (0 1 1=

By (3.43), ap = Bo2 — P11, a1 = Po1, where B;; are defined by (3.40). By Corol-
lary 1.1 the matrix equation (1.27) has a positive definite solution if and only if
apg < 0, a; < 0. From (1.29) it follows that the last element of the matrix P is
P22 = (q + la1])(2apar)~". Since B = lai|p22 = (g + la1])(2lag]) ™", the stabil-
ity condition (3.56) takes the form

2
o2 < 2|a1|< glaol (g +laiDa ) (3.60)
q+larl  4aol(1 —a)

where o = a1y + %0121 < 1, aj; are defined by (3.38).

The right-hand part of (3.60) reaches its maximum at g = 2|ao|oc_l (1 —a)]ay]
— |a1]. So, as a result, we obtain a sufficient condition for asymptotic mean-square
stability of the zero solution of (3.58) of the form

2 lai]
o <2|ai|| |ag| — « N , a<l. 3.61)
-«

Using the representations (3.57), we can get for (3.59) other stability conditions.
Put, for instance,

z1(1) = x1(t) = x(1), x2(1) =X(1),

' o ‘ (3.62)
Zz(t)=X2(t)+/ dKl(S)/ X1(9)d9+/ dKz(S)/ x2(0)do.
0 t—s 0 t—s

By (3.62), (3.57), and (3.40), equation (3.59) can be represented in the form of the
system

21(t) = x2(2),
22(t) = Po1x1(t) + Boox2(t) + ox1(t — D)W@),

By Corollary 1.1 the trivial solution of the auxiliary differential equation

. 0 1 Y1
=A . A= ) - B
=AY <,301 ,302) Y <y2>

is asymptotically stable if and only if

(3.63)

Bo1 <0, Boz < 0. (3.64)
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Besides, by (1.29) the matrix equation (1.27) by conditions (3.64) has the positive
definite solution P with the elements

(B2, + 1Bo2g + B -
= 2, p2n = ol *q . PR=—sa—. (369
2B01B02 2B01B02 2B01

Suppose that (3.64) holds and consider the Lyapunov function V| = z’ Pz where
7 =1(z1, z2)’. Calculating LV for (3.63), by (3.65) and (3.62) we obtain

LVi =2(p1izi(t) + pr2za () x2(1)
+2(p1221(1) + p2z2()) (Borx1 (1) + Borx2(1)) + p2oixi(t —1)

= —qx}(t) — x3(t) + pno’xi(t — 1)

o t
+ 2pmbor / K (s) / x1(1)x1(60) d8
t—s

0

o0 t
—/ dKl(S)/ x2(t)x1(6)do
0 t—s
o0 t
+2P22501/0 dKz(S)f x1(t)x2(0)do
t—s

o0 t
—/ dKz(s)/ x2(1)x2(0)d6.
0 t—s
Using some y; > 0, y» > 0 and (3.38), we have
LV < —qx{(t) — x3(t) + pno’xi(t — 1)
o0 t
+ p22lBot / |[dKi(s)] / (xT (1) + x{(©)) do
0 t—s
1 (e8] t ) 1 )
+ = |[dK 1 (s)] yix5 () + —x7(0) | do
2 Jo —s Vi
o0 t ) 1 »
+ p2lPoil / |[dK(s)| / (yle(o + —x2(9>> do
0 t—s Y2
1 oo t 5 ’
+ 5/ |dK2(s)|/ (x3(1) +x3(6)) db.
0 t—s
As a result, we obtain

LVi < —(q — p22lBot (a1 +a12y2))x7 (1)

(1 2 2.2,
1 2(Ot11)/1+0612) x5() + ppo xi(t—1)
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1 9] t
+ (Pzzlﬁml + 2—)/ ]dK1(S)|/ x1(0)do
Y1 0 t—s

11y [ ’
n <M n _> / [dK2(9)] | x3(6)db.
V2 2)Jo =s

From Theorem 2.5 by (2.35) and (3.38) it follows that if

a1
p2(1Bot1Qary + ar2y2) +07) + o <q,
o a121o (3.66)
- 11V +P22 121 Bo1 -1

2 V2

then the trivial solution of (3.59) is asymptotically mean-square stable.

To get stability conditions immediately in the terms of (3.59), transform (3.66)
by the following way. Substituting py> from (3.65) into (3.66) and solving both
inequalities (3.660) with respect to ¢, we obtain that inequalities (3.66) are equivalent

to
0<<L+ﬂ)(2— a )_l<q
B2l  »t |Bo1 Boz|
21 Boz | a121Boil
<i(2(1—a12)—a11)/1— 121p ) (3.67)
a2 721802
where
= 1Bo1l Qa1 + arayn) + o2 (3.68)

So, if the inequality

—1

a12|ﬂ01|)
v2|Bo2|

721802
< R —
12

(2(1 — o) — oyl —

holds, then there exists g > 0 such that (3.67) holds too.
From the last condition we have

iz a1 y21Bol ai12|Bo1l "
—+—<—<2(1—0t12)—06111/1—7 2——
[Boz2l 71 ap v2|Bozl [Bo1 Boz|

_ 7/2|,302|(

% %
2(1—(112)—&11)/1)(2— >—2|,301|+—
a2

|Bo1 Boz| |Boz|

or

air y21Bol
V1 12

7
2(1 — — 2— -2 .
(1 —en) omyl)( |ﬂ01ﬂ02|> ol
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Using (3.68), rewrite the obtained inequality in the form

21Bo1| +ariy; ! <V2[2<Iﬂozl_ﬂ_ o? )—)/2:| (3.69)

2(1 —ap2) —any aip oz 2a12|Boil

Now the numbers y; and y; are separated, and we have minimize the left part of
this inequality with respect to y; > 0 and maximize the right part of this inequality
with respect to y, > 0.

By Lemma 2.4 the minimum of the left part of (3.69) is reached at

2(1 —oa12)
Jer + 41l —an) +an

V1=

and equals yl_z. Besides, it is easy to see that the maximum of the right part of
(3.69) is reached at

2

B2l an o
a2 a2 2a12|Poil

V2

and equals yzz. So, condition (3.69) takes the form yl_l <y or

Joh HaBall —e) +an gyl ey o
<

2(1 —ar2) ary oz 2ap2lBoil’
As a result, from this and from (3.62) we obtain

\/06%1 +4|Bo11(1 —0612)+0m]
2(1 —ai2) ’
o1l +app < 1. (3.70)

2
o° < 2|/301|[|ﬁ02| —oa —an

So, if (3.70) holds, then the trivial solution of (3.59) is asymptotically mean-square
stable.

Example 3.1 Consider the second-order differential equation
X@)+ax(t —h)+bx(@t—hy)+oxt—1t)w()=0 (3.71)

witha >0,b >0, h1 >0, h, >0, T > 0. Equation (3.71) is obtained from (3.59) if
dK(s) =—bd(s — hp)ds and dK(s) = —ad(s — hy) ds. In this case, a1 = bh»,
a2 =ahy, a2y =bh3, B = —a <0, B1 = —bha, ag = Poo — P11 = —a+bhy <0,
a1 = Bo1 = —b < 0. The conditions for asymptotic mean-square stability (3.61) and
(3.70) give respectively

b

1
2 2
o <2bla—bhy—|ah +—bh) —)
( ’ < YT T —an, — b2

1
ahy + 5bh% <1, (3.72)
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Fig. 3.17 Stability regions for (3.67), given by the conditions (3.68), (3.69), are shown for 11 =1,
hy =0, and different values of o: 0 = 0.2 (red), 0 = 0.1 (yellow), and o = 0 (triangle A; O By).
The triangle Ao O By gives the region of stability obtained via the characteristic equation
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Fig. 3.18 Stability regions for (3.67), given by conditions (3.68) (red and yellow) and (3.69) (green
and yellow) are shown for h; =0.2, hp =0.5, 0 =0.25

bhy)? +4b(1 — ah bh
02<2b<a—bh2—ah1\/( 2)” +4b( ahi) + 2),

2(1 —ahy)
ahi +bhy < 1. (3.73)

Note that for > = 0, conditions (3.72)—(3.73) are equivalent, but for 4, > 0, both
conditions can give regions of stability that are different and complement each other.
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In Fig. 3.17 the stability regions given by conditions (3.72)—(3.73) in the space of
the parameters (a, b) are shown for &1 = 1, hp = 0, and different values of o: 0 =
0.2 (red), o0 = 0.1 (yellow), and o = O (the triangle A1 O B1). For comparison, the
triangle AgO By gives a part of the region of asymptotic stability that was obtained
via the characteristic equation in Example 1.6 (the case c, Fig. 1.19).

In Fig. 3.18 the stability regions given by conditions (3.72) (red and yellow) and
(3.73) (green and yellow) are shown for 41 = 0.2, h, = 0.5, 0 = 0.25. One can see
that the stability regions have a common part (yellow) but have also the different
parts: red for (3.72) and green for (3.73).

Example 3.2 Consider the second-order differential equation
XW)=ax@)+bx(t —h1)+bx(t —hy)+ox(t —1t)w()=0 (3.74)

with a > 0, hy = 0, hp > 0, T > 0. Equation (3.74) is obtained from (3.59) if
dK1(s) = (ad(s) + b15(s — h1) + b26(s — ho))ds and dK(s) = 0. In this case
we have ag = —B11 = —b1h1 —bohy <0, a1 =Bpr =a+b1 +br <0, = %Otz] =
%(|b1 |h% + |b2|h%). The stability condition (3.61) takes the form

2 a1
0° < 2|¢11|(|ao| — ] 4) a1 < 2. (3.75)
2(2 —any)

Note that the stability condition (3.70) cannot be used here since By = 0.
Let n = 3. In this case, (3.36) has the form

o0

')'c'(t)zfoox(t—s)dKl(s)—i-/ Xt —s)dKy(s)
0 0

+/Oo)'c'(t—s)dl(3(s)+Ux(t—t)u')(t). (3.76)
0

By Remark 3.4 we will consider the corresponding matrix equation (1.27) with

0O 1 0 q 0 O P11 P12 pi3
A=|0 0 1], o0=|0 ¢ 0], P=|pn pxn p»
a, ap ao 0O 0 1

P13 P23 P33
(3.77

By Corollary 1.2 the inequalities

ap <0, ap <0, Ag=apa; +ar>0 (3.78)
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are necessary and sufficient conditions for the matrix equation (1.27), (3.77) to have
the positive definite solution P with the elements

1 (a; a} apazxq> + a3 ada laz|q2 + aran
1?11—2<2—i-A0 q1 + 24, ) P12—2a2AOCI1+ 24, ,
_q @ ta (@§ + la1))q2 + af + aoaz
PE=5wml P27 2004, ! 240 ’
4 laolg2 + laz]| _ a0 n g2 + a1l
P23 2|a2|Aom 2 D33 2a2A0q1 Ay

(3.79)
Note that from (3.78) it also follows that a; < 0. Calculating 81 = |az|p33, B2 =
|p13 + a1 p33|, we obtain the representation

Bi=pnq1+pngp+po3, 1=1,2, (3.80)
where
Clal el
=24y 2= 54, 3= a0
) (3.81)
_1 _ Jail _ 9
PU= o PR=g BT

So, the stability condition (3.56) can be written in the form

q1 B1
o? < laa sup flq,q2),  fq1,q2) = —

- . (3.82)
-1
q1>0,q2>ﬁ§(~9*1 A1 O .322612

For the fixed a;, i =0, 1,2, using (3.78)—(3.82), the supremum of the function
f(q1, q2) can be obtained numerically.

Example 3.3 Consider (3.76) with dK ;(s) = k;jd(s — hj)ds, a;j = |kj|h3., Bij =
kjh', j=1,2,3,i=0,1,2. Then

1 1
ap = Bo3 — P12+ 5,321 =k3 — kohsy + Eklh%, a1 = P2 — P11 =k — kihy,

1
a = Bo1 = ki, Ag= <k3_k2h2+Eklh%)(kZ_klhl)‘f‘kla

a=a3+ %azz + %Om = |k3|h3 + %Ikzlh% + é|k1|h3, 0= % - é-
Put, for example, h1 = hy = h3 =0.1, k; = —1, kp = =2, k3 = —3. Then ap =
—2.805<0,a1=-19<0,a=—-1<0,A0=4.3295>0,a~0310< 1,0~
7.171, p11 = 0.324, p12 = 0.115, p13 =~ 0.219, po; = 0.115, pyp ~ 0.219, pr3 =~
0.417. Conditions (3.74) hold. The function f(d;,d>) reaches its supremum for

q1 ~4.49, g> =~ 0.54. The stability condition (3.82) takes the form 02 <2.246.
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For h3 = 0.2 and the same values of all other parameters, the function f (g1, g2)
reaches its supremum for g; &~ 0.75, g2 & 0.96, and the stability condition (3.82)
takes the form o2 < 0.1969.

3.4 Nonautonomous Systems

3.4.1 Equations with Variable Delays

Consider the scalar stochastic differential equation with variable delays

m m t
ity =ax()+ Y bix(t—hi®)+ Y ci f x(s)ds +ox(r — () ().
i=1 i=1 I~

hi (1)

(3.83)
Suppose that in (3.83)
hit)<hY,  hi@)<hi<1, t(n)<i<l (3.84)
and put
Bhy=) —— Co(h)y = lcilhy. (3.85)

i=1/1—h; i=1

Let us consider (3.83) as the representation of type (2.33) with z(¢, x;) = x(¢) and
the auxiliary differential equation y(¢) = ay(¢). The zero solution of this equation is
asymptotically stable if and only if a < 0. Using the appropriate Lyapunov function
v(y) = y2, we obtain the functional V;(z, x;) in the form V(z, x;) = x2(¢).

Using (3.84), (3.85), and some positive numbers y;, i =1, ..., m, we have

m m ¢
LV; =2x() (ax(t) + Zbix(t — hi(t)) + Zci x(s) ds)
i=1 i=1 i@
+ ot —T(0)
< (2a + Co(h) + me)x%) + )y bl (= hi0)

i=1 i=I

m t
+ Z lci| / Oxz(s)ds +a2x2(t — T (1))
i=1 t=h;
So, we obtain the representation of type (2.35), where

m
D=2a+Co)+Y vilbil, k=m+1, nwO=t0), Q=07

i=1
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Ro=1,  Qi=y 'Ibil, w@®=h@, i=1,...,m,

duo(s) = Z |ci |3(s — h?) ds

i=1

and all other parameters are zeros. By (2.36)—(2.37) we have

o+

To minimize G, put y; = ﬁ By Theorem 2.5 we obtain the following asser-

tion: if

2(16 5+ B+ Coth) <lal, a<0, (3.86)

then the zero solution of (3.83) is asymptotically mean-square stable.
In addition to (3.84), assume that

|hi(0)] < A? (3.87)

and put

Z” 0 Z” |bi Y
i=1 4/ 1— hi

i=1

Consider the representation (2.33) of (3.83) in the form of the differential equation
of neutral type

P t
z(t, x;) = Sox(¢) + Z(biﬁi(t)x(t - hi(t)) + ¢ f x(s) ds>
t—hi(1)

i=1
+ox(t —1(0)w(), (3.89)

where
p t
Z(t,xt)zx(t)+2bj/ x(s)ds, S0=a+Zb,~. (3.90)
i 1—hj(t)

Condition (2.10) for (3.89) has the form By(h) < 1.

The auxiliary equation for (3.89) is y(fr) = Soy(¢), and the zero solution of
this equation is asymptotically stable if and only if So < 0. Using the appropri-
ate Lyapunov function v(y) = y2, we obtain the functional V;(f,x;) in the form
Vit x) =22 (t, x).
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By (3.84), (3.85), (3.87)—(3.90), for some positive numbers y1;, y2;j, We obtain

LV (1, %) < 28ox>(t) + Z 1bi | (yiix® @) + i ¥ (1 = hi (1))
i=1

+ o3 (t - (1))

SN / (yaigx2() + 73620 — hi (1)) ds

i=1j=1

+ZZ|b cl|/ / (x*©) + x*(s)) ds dO

i=1j=1
4 t
+Z|Sobj+cj|/ (x*(0) +x%(s)) ds
j=1 1=hj
As a result, we have the representation of type (2.35)
t
LVi(t,x) < Dx*(1)+02x2(1 =t (1)) +Z Qix>(t—h; (1) +Zq]/ x2(s) ds,
0
j=1 J
where

m m m
D=2So+ Y |bilhlyii + Y 1Sobj + ;. dpo(s) = q;8(s — h9)ds.
i=1 j=1 j=1

k=m+1, w@)=t(1), Qr=0%  Ro=1,

m
Qi = bil i)y + 16l Y 1bjIhSys ), ) =hi@), i=1,....m,
j=1

m
qj =1Sobj +cjl + b1 Y |bilh)yaij + |b;1Co(h) + |cj | Bo(h).
i=1

So, by (2.36)—(2.37) we obtain

m

G :250+2Z|sob,- + ¢j|hY +2Bo(h)Co(h) + —
j=1

-1

12 Yai
+§ :|b I (m, “h> S b, 1403 o <yzl,+1 2 )
| i

1 —h; j=1 i=1
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Choosing the optimal values of y1; = y2;; = \/%hi, we can minimize G and by
Theorem 2.5 get the following stability condition: if

2

2(1" + Z |S0b; + ¢;1h% + B1 (h) + Bo(h) (B1 (h) + Co(h)) < |50,

So < 0. (3.91)

then the zero solution of (3.83) is asymptotically mean-square stable.
Remark 3.7 1t is easy to see that instead of condition (3.91) one can use a more
rough but more simple condition of the form
o2
2(1—1)
S0 <0, Byo(h) < 1. (3.92)

+ (1+ Bo(m))(B1(h) + Co(h)) < |Sol(1 — Bo(h)),

Put now

iy =180, Cay =" leil ()’
j=1 i=1 (3.93)

1
Ao(h) = Bo(h) + 5 C2(h). Ay(h) = Bi(h) + C1(h),

and consider the representation (2.33) of (3.83) in the form of the differential equa-
tion of neutral type

m t
z(t, x) = S()x (@) + Zizi(t) (biX(t —hi(0) +ci / x(s) dS>
t—h;(t)

i=1
+ox(t—@)w@), (3.94)

where

2(t, x;) —x(t)—i—Z/ (bi +ci(s — 1+ hi()))x(s) ds,

hi (t)
(3.95)

Sty =a+Y (bi+cihi).
i=1

Condition (2.10) for (3.94) has the form Ag(h) < 1.

The auxiliary differential equation in this case is y(¢) = S()y(¢), and if
sup,~.q S(¢) < 0, then the zero solution of this equation is asymptotically stable. Us-
ing the appropriate Lyapunov function v(y) = y?, we obtain the functional V; (¢, x;)
of the form V (¢, x;) = z2(¢, x;).
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Then by (3.84), (3.87), (3.88), (3.93)—(3.95), for some positive numbers y1;, y2i;,
we obtain

m t
LVi(t, x;) < 28(0)x*(t) + |S(0)] Z/ » )(|b,-| +leil(s — 1 +hi (D))
i=1 VIt
X (xz(t) +x2(s)) ds

Z (|bl yiix*(6) + vy X2 (t = hi1)))

+|c,/ 2(r)+x2(s))ds>
t—h; (1)

m m

ZZ ’bj| (Ibi] + leil(s — £ + hi (1))

t—hi (1)

X (y2ijx>(s) + vy 2 (t = hj (1)) ds

t
I / / bil+lcil(s —t+hi(z
+ E E lejl - I_hj(t)(l |+ leil(s ®))

j=li=1 !

x (x2(0) +x%(s)) dO ds + o*x*(t — T(1)).

Put now

Sp =1 Sm = sup|S(1)|,
1=0 >0
t
L) = [ (i lel(s = 1+ i) ds
t—h;(t)
t
Joi (hi (1)) = / x2(s)ds,
t—h;(t)
t
Jli(h,-(t)) =/ (|bi| + |c,-|(s —t +h,~(t)))x2(s) ds, i=1,...,m.
t—h;(t)
By (3.84), (3.88), and (3.93) we have
1 2 “
Il-(hia))sll-(h?):|bi|h?+5|ci|(h?) , le, (hi(1)) < Ao(h),

Joi (hi (1)) < Joi (). Ji(hi () < Ji (h).
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So, we obtain the representation of type (2.35)

LVi(t,x;) < D(t)x (t)—i—ZQ, (t —hj(®)) + 05 (t — (1))

j=1
m m
+ ZQOi Joi (hY) + ZCIUJU (h7)
i=1 i=1

where

D(t) = (=2+ Ao())[S()] + Cr(h) + Y _ A bilyni,
i=1

k=m+1, ©u=rt, QkZUZ,

Qj=|bj|fz‘}(m, +Zmll h°> j=1....m,

Ry=R; =1,
p

duo(s) = Z(CIOi +quilbil)8(s — ) ds,
i=1

P
dui(s) = Zq1i|6i|5(s — ) ds,
i—1

p
qoi = (14 Ao)lcilh),  qui=Su+Ci(h)+ Y 1bj 1R yaij.
j=1
As a result, we have

2

G(t) = (=24 Ao(M)|S®)| + Ao(h)Sm it 2C1(h)(1+ Ao(h))

” _
n Vaii

+Z|b,-|h9-(m,- )+22|b 191 ( (yz,, 1 ’h )
j=l1 -

i=1 j=1

To minimize G (¢), put y1; = y2ij = —L_ Then
1/ l—hj

G(1) = (=2+ Ao(m)[SO)| + Ao(h) Sm +2A1 () (1 + Ao(h)) +

From sup,.( S(r) < 0 we obtain the estimation for G (7):
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2

supG (1) < (=24 Ao(h)) S + Ao(h) Sy +2A1(h) (1 + Ao(h)) + 10 = (3.96)
t>0 -

From (3.96) by Theorem 2.4 we obtain: if sup,>, S(#) <0 and

2

+ Ao Sy +2A1 () (1+ Ag(h) < (2 — Ao(h)) S, (3.97)

-7

then the zero solution of (3.83) is asymptotically mean-square stable.

3.4.2 Equations with Variable Coefficients

Consider the scalar differential equation with delays and variable coefficients

X)) =—a®)x@) —bt)x(t —h)+o@®)x(t — )w(t),
t>0,h>0, 7>0. (3.98)

For V (¢, x;) = x*(t), we have
LV(t,x) = 2x(O)[—a®)x(t) — b()x(t — h)] + o (t)x*(t — )
< [-2a@®) + [b®)|]x* @) + |b(®)|x2(t — h) + o*()x*(t — 7).
By Theorem 2.5, if there is ¢ > 0 such that
G(t) = —2a(t) + |b(O)| + |b(t + )| + 0t + 1) < —, (3.99)

then the trivial solution of (3.98) is asymptotically mean-square stable.
To get another stability condition, rewrite (3.98) in the form

2(t, x) = —c()x(@) +o()x(t — 1)w(t), (3.100)

where
t
z(t,x,):x(t)—/ b(s +h)x(s)ds, c(t)=a(t)+b(t+h). (3.101)
t—h
Note that (3.100)—(3.101) is a differential equation of neutral type and suppose that

t+h
c(t) > co > 0, Sup/ |b(s)|ds < 1. (3.102)
t

t>0

Consider the auxiliary differential equation without delay

y(t)=—c(®)y(). (3.103)
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Using the Lyapunov function v(¢) = y>(t), by (3.99) we have 0 (1) = —2c(t)y>(t) <
—2co yz(t). So, the trivial solution of (3.103) is asymptotically stable.

Following the procedure of constructing Lyapunov functionals, we will use
the Lyapunov functional Vi(¢, x;) for (3.100)—(3.101) of the form Vi(¢,x;) =

22, x,). Calculating LV (t, x;), from (3.100)—(3.101) we obtain the representation
of type (2.35)

LVi(t, x;) = c(t) <—2x2(t) + 2[11 b(s + h)x(1)x(s) ds) +o2()x*(t — 1)
<c() <—2x2(t) + /tth|b(s +)|(x* (1) + x%(5)) ds> +02()x%( — 1)
= D()x>(t) + o2 (O)x>(t — 1) + /tih R(s + h, 1)x>(s) ds,

where

t+h
D(t):c(t)<—2+/ |b(s)|ds>, 01() =0t +1),
t
du(t) =8(t —h)dr, R(s, 1) =|b(s)|c(®).

So, by Theorem 2.5, G(t) = c(t)(—2 + Go(t)), where

t+h t+h 2
_ lo + )| o2+ 1)
Go(t)_/t |b(s)|ds + o) c(s)ds + AR
and if
sup Go(t) < 2, (3.104)
t>0

then the zero solution of (3.98) is asymptotically mean-square stable.

Note that if # = 0 and the functions a(t) = a, b(t) = b, o (t) = o are constants,
then condition (3.104) coincides with the necessary and sufficient condition for
asymptotic mean-square stability 0> < 2(a + b). But in the general case the both
obtained conditions (3.99) and (3.102), (3.104) are only sufficient conditions for
asymptotic mean-square stability of the trivial solution of (3.98). Indeed, consider
(3.98) with a(t) = o +sin(t), b(t) = cos(t), and o (t) = 0. In Fig. 3.19 the behavior
of the functions G (¢) (green), c(t) (grey), Go(t) (blue), and the solution x(¢) (red)
of (3.98) are shown for x(s) = 0.1, s € [—h,0], h =0.1, « = —0.2. Here conditions
(3.99) and (3.102), (3.104) do not hold, and the solution goes to infinity. In Fig. 3.20
the same picture is shown for x(s) = 2.5, s € [, 0], h = 0.8, « = 0.2. Conditions
(3.99) and (3.102), (3.104) do not hold too, but the solution x () goes to zero. In
Fig. 3.21 the same picture is shown for x(s) = 1.5, s € [-h,0], h=1.1, . = 1.7.
Conditions (3.99) and (3.102), (3.104) hold, and the solution x(¢) goes to zero.
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Fig. 3.19 Functions G(t) (green), c(t) (grey), Go(t) (blue), and the solution x(¢) (red) of (3.98)
are shown for x(s) =0.1, s € [-h,0],h=0.1,a = —0.2

Consider the scalar stochastic differential equation with variable coefficients and
unbounded delay

X(1) 4 a(t)x(r) + /OOO b(t,s)x(t —s)ds +o()x(t —T)w@)=0.  (3.105)
For the function Vi (¢, x;) = x2(¢), we have
LVi(t,x;) = 2x(t)<—a(t)x(t) - fooo b(t,s)x(t — s)ds) + Uz(t)x2(t — 1)
< (—Za(t)+/Ooo|b(t,s)|ds>x2(t)
- /Ooo|b(t,S)|x2(t —8)ds + 0> (x>t — 7).
To obtain a stability condition, we consider the functional

o0 t t
V2(t,x,)=/ / |b(t+s,s)|x2(t)drds+f o?(s +1)x*(s)ds.
0 t—s t—1
Then
LV(t,x;) = / (|b@t + s, 9)|x*(@) = |[b(t, s)|x*(t —5)) ds
0

+02(t +1)x% (1) — o2 ()x2 (1 — 7).
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Fig. 3.20 Functions G(¢) (green), c(t) (grey), Go(t) (blue) and the solution x(¢) (red) of (3.98)
are shown for x(s) =2.5,s €[-h,0],h=0.8, 0 =0.2

Y

Fig. 3.21 Functions G(t) (green), c(t) (grey), Go(t) (blue), and the solution x (¢) (red) of (3.98)
are shown for x(s) =1.5,s € [-h,0],h=1.1,a = 1.7

=t

For V = V| 4+ V,, we obtain LV (¢, x;) < G(t)x2(t), where
o
G(t) = —2a(t) +/ (|6t, )| + bt +5,5)]) ds + o> (t + 7). (3.106)
0

So, if sup;~.y G(¢) < 0, then the trivial solution of (3.105) is asymptotically mean-
square stable.

Note that if b(z,s) = b(t)6(s — h), then (3.105) coincides with (3.98), and the
function (3.106) coincides with (3.99).
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Fig. 3.22 The solution of (3.107) (red) and the function G (¢) (blue) are shown in the deterministic
case (o(t) =0) fora(t)=1.2+sint,xg =2,y =0.1,A=0.2
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Fig. 3.23 The solution of (3.107) (red) and the function G (¢) (blue) are shown in the deterministic
case (o(t) =0) fora(t) =0.6 —|cost|, xo=1.5,y=1,A=0.6

The negativity of the function G(¢) is a sufficient stability condition but not a
necessary one. Put, for instance, in (3.105)

b(t,s)=—e M7 y>0,A>0, x(s)=x9, s=<O.
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Then (3.105) and the function G(¢) take the forms

t
() +a®x@) +o@)xt —)wE)=e M [@e_}” +/ e VSx(t —s) ds],
14
° (3.107)

G(t):—2a(t)+02(t—r)+e_’\’<l+;). (3.108)
y v+a

If sup,~.y G(t) < 0, then the trivial solution of (3.107) is asymptotically mean-square
stable.

Note that in some cases the trivial solution of (3.107) is asymptotically stable
if the function G(¢) given by (3.108) is a negative one for large enough ¢ only.
In Fig. 3.22 the trajectory of the solution of (3.107) (red) and the function G (¢)
(blue) are shown in the deterministic case (o (t) =0) for a(t) = 1.2 4+ sint, xg = 2,
y = 0.1, A =0.2. In this case the condition G (#) < 0 holds for all large enough ¢,
and the solution of (3.107) goes to zero. In Fig. 3.23 we can see a similar picture
with a(t) = 0.6 — |cost|, xo = 1.5, y = 1, L = 0.6. In this case the function G ()
for all + > 0 has both negative and positive values, and the solution of (3.108) goes
to infinity.



Chapter 4
Stability of Linear Systems of Two Equations

Below, several examples are considered where the procedure of constructing Lya-
punov functionals is used for stability investigation of linear systems of two equa-
tions with constant delays, with distributed delays, and with variable coefficients.

4.1 Linear Systems of Two Equations with Constant Delays

Example 4.1 Consider the system of two stochastic differential equations with fixed
delays
X1(1) = axa(t) — bx1(t —h) +orxi (¢ — T)wi (1), @D
da(t) = —ax1 (1) = bxa(t — h) + 02x2(t — T2 (1), '

where w1 (¢) and wj(¢) are the mutually independent standard Wiener processes.
Put x(t) = (x1 (1), x2 (1)), w(t) = (w1 (1), w2 (1)),

'
p(t)Z/ IX(S)ds, 2(t) = x(1) — bp(1),
t—h

4.2)
_fo1x(t —11) 0
B(x;) = ( 0 ng(t—t2)> ,
—b a
A= (_a _b) : 4.3)
and rewrite (4.1) in the form
2(t) = Ax(6) + B (1). (4.4)

By (4.3) and Corollary 1.1 the condition b > 0 is a necessary and sufficient con-
dition for asymptotic stability of the zero solution of the auxiliary differential equa-
tion y(t) = Ay(t). Let P be a positive definite solution of the matrix equation (1.27),
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where Q is (for simplicity) the identity matrix, and A is defined by (4.3). By (1.29)
the elements of P are p1; = p» = (2b)~!, p1o =0.

Following to the procedure of constructing Lyapunov functionals, consider the
functional V| = z/(t) Pz(t) = 2b)~}z(1)|%. Calculating LV for (4.4), by (4.2) we
obtain

B 2
LV, = i 27/ (1) Ax(t) + ;ofxf(t — ri)i|
r 2
= —|2(x() —bp()) Ax(t) + Y _ofx}(t — z,-)]
L i=1
_ , )
= —|2x/()Ax(t) — Zb/ X () Ax(t)ds + Y ofx}(t — ri)}.
t—h

L i=1

Note, that x'(£)Ax(r) = —b|x(¢)|* and 2x"(s)Ax (1) < [[A]|(Ix(s)|> + |x(1)]?),
where [|A| = sup|,= |Ax] is the operator norm of a matrix A. Therefore,

1 g 2
LVi< |:—2b|x(t)|2 + DA /tih(lx(s)l2 +|x@[*)ds + Y ofxPe - n)}

i=1
1 , 1 ' 5 13
= <_1+5||A||h>\x(t)\ +§||A|| /tlh|x(s)‘ ds+%§ai2xi2(t—ri).

So, we have got the representation of type (2.25) with S(#) = Q;(t) = R(s,t) =0,
m=0,n=2and

1 1
D= (—1 + E||A||h>1, dKi(s) = %0,-25@ —1)ds, i=1,2,

1
Ro(s) = Zl1All. dpo(s) =8(s —h)ds.

Note also that [|A[| = sup, V(=bx| + ax2)? + (—ax; — bx2)? = Va? +b2.
From this and from Theorem 2.4 we obtain that if

1
hva? + b2+ % <1, p= Emax(alz,ozz),

1 p 2
la] < ﬁ(l — E) — b2, 4.5)

L(l_ /1_4ph)<b<%(1+ 1—4ph), ph<%, (4.6)

2h

or
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Fig. 4.1 Stability regions b A
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then the trivial solution of system (4.1) is asymptotically mean-square stable.

The stability regions for (4.1) given by conditions (4.5)—(4.6) are shown in
Fig. 4.1 for h = 1 and different values of p: (1) p=0; (2) p=0.1; 3) p=0.2;
(4) p=0.249; in Fig. 4.2 for p = 0.1 and different values of 4: (1) h =0; 2) h = 1;
(3) h=2; (4) h =2.45; in Fig. 4.3 for h = 0 and different values of p: (1) p =0;
2) p=0.25.
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Example 4.2 Consider now the system of two stochastic differential equations with
fixed delays

X1(t) = axa(t) — bx1(t — h) + o1x1(t — 1) w(t), A7)
%2(t) = axi (1) — bxa(t — h) + o2x2(t — T)W(D), '

which can be transformed to the form (4.4), (4.2) with the matrix

—b a
A:(a _». (48)

By (4.8) and Corollary 1.1 the condition b > |a| is a necessary and sufficient con-
dition for asymptotic stability of the zero solution of the auxiliary differential equa-
tion y(¢) = Ay(¢). By (1.29) the positive definite solution P of the matrix equation
(1.27), where Q = I (the identity matrix), and A is defined by (4.8), has the ele-
ments

b _ a
W —a2 PPT ooy

Put V| = Z/(¢) Pz(r) and note that, by (4.8)—(4.9), 2PA = —I. Calculating LV
for (4.4) with the parameters defined by (4.2), (4.8), and (4.9), we obtain

P11 =pn= 4.9

2
LVy =—(x(t) = bp(1)) x(t) + Y _ piiofx}(t — 1)
i=1

p 2
= —‘x(t)‘2 + bf hx’(s)x(t) ds + Zpiiaizxiz(t — 1)
t

- i=1

< —1+% |x(t)|2+é/t |x(s)}2ds+22:p~a~2x~2(t—t-)
= ) ) - 110; Aj i)-

i=1
So, we have the representation of type (2.25) with S(r) = Q;(t) = R(s,t) =0, m =
1,n=2and
bh 2 .
D= —1—}—7 1, dK;(s) = piio/6(s —ti)ds, i=1,2,
b
duo(s) =6(s — h)ds, Ro(s) = 7"

By Theorem 2.4 and (4.9) we obtain that if

p 1 2 2
b<h+m><l, p:imax(al,az),
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Fig. 4.4 Stability regions for
(4.7) given by conditions
(4.10), (4.6) for h = 1 and
different values of p:
(Hp=0,2)p=0.1,

3 p=02,4 p=0.249

b

Fig. 4.5 Stability regions for
(4.7) given by conditions
(4.10), (4.6) for p =0.1 and
different values of /:
Hh=0,Qh=1,

P h=2,4)h=245

2

Fig. 4.6 Stability regions for bt
(4.7) given by conditions
(4.10), (4.6) for h =0 and
different values of p:

D p=0,2) p=0.25

or if the conditions

1 —>bh

la| < b(b— P ) (4.10)

and (4.6) hold, then the trivial solution of (4.7) is asymptotically mean-square stable.

The stability regions for (4.7) given by conditions (4.10), (4.6) are shown in
Fig. 4.4 for h = 1 and different values of p: (1) p=0; 2) p =0.1; 3) p=0.2;
(4) p =0.249; in Fig. 4.5 for p = 0.1 and different values of 4: (1) h =0; 2) h = 1;
(3) h=2;(4) h =2.45; in Fig. 4.6 for h = 0 and different values of p: (1) p =0;
2) p=0.25.
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4.2 Linear Systems of Two Equations with Distributed Delays

Example 4.3 Consider the system of two stochastic differential equations with dis-
tributed delays

t

x1(t) = axy(1) —b/

t
x1(s)ds + o1 / x1(8) ds w1 (2),
t—h -7

t t A.11)
X2(t) = —ax(t) — b/ x2(s)ds + 02/ x2(s) ds wa (1),
t—h t—

©

where wi(¢) and w(¢) are the mutually independent standard Wiener processes.
Put x (1) = (x1(), x2(1))", w(t) = (w1 (1), wa(1))',

t
p(t)=/ (s —t+h)x(s)ds, z(t) =x() —bp(1),
t—h

t (4.12)
B(x) = o1 /;*Tl x1(s)ds 0
v 0 o f[t_rz x(s)ds )’
—bh a
A:(_a _M>. (.13)

Then (4.11) can be represented in the form (4.4).

By (4.13) and Corollary 1.1 the conditions b > 0, h > 0 are necessary and suffi-
cient conditions for asymptotic stability of the zero solution of the auxiliary differ-
ential equation y(#) = Ay(¢). The positive definite solution P of the matrix dif-
ferential equation (1.27) with Q = I and A defined by (4.13) has the elements
pi1=pn=2bh)~!, pn=0.

Following the procedure of constructing Lyapunov functionals, put

Vi=Z()Pz(t) = L|Z(f)|2
2bh '
Calculating LV for system (4.11), by (4.12)—(4.13) we have

- 2 2
1 , !
LV, = T 27 (1) Ax(t) + Z(/;ti Uixi(S)dS> i|

i=1

_ ) 5
1 / !
= 5oh 2(x(t) — bp(t)) Ax(t) + i:E 1 (/tri gixi(s) ds) ]

1 [ , t /
= Son 2x" (1) Ax(t) —Zb/[_h(s —t+h)x'(5)Ax(t)ds

2 t 2
+Z<f o,'xi(s)ds) :|
i=1 NI
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Using x/(t) Ax (1) = —bh|x(¢)|> and 2x"(s) Ax (1) < | A/ (|x(s)|> + |x(1)]?), we ob-
tain

t
LV SL[_zbh|x(z)|2+b||A||f (s—t+h)(|x(s)|2+|x(t)|2)ds
2bh h

2 t
1
+3 :ofrif x?(s)ds} = (—1 + Z||A||h)|x<r>|2
i=1 =1

i

2bh

i

1 ' 1 & '
+ —||A||/ (s —t+h)|x(s)\2ds + Zaﬁq/ x2(s)ds.
2h t—h i=1 t—1;

So, we have got the representation of type (2.25) with S(#) = Q;(¢t) = R(s, t) =0,
m=1,n=2and

1 1 1
D=(-1+-||Allh)I Ro(s) = — Ri(s)=—||A
( +4|| l ) ; 0(s) oh 1(5) T 1Al

2
d,uo(s)=Zoi2t,-8(s—r,-)ds, dii(s) =686(s —h)ds.

i=1

Note also that ||A|| = «/a% + b2h?. From this and from Theorem 2.4 it follows
that if

h 1
5\/(12 +b2h2 4+ Z—;l <1, p.= Emax(olzrlz,azzr%),

or if the conditions

4 pe\’ 272
1 1 1
% <2 =VT=2peh) <b< (U +T=2pch), peh<2.  (419)

hold, then the trivial solution of (4.11) is asymptotically mean-square stable.

The stability regions for (4.11) given by conditions (4.14)—(4.15) are shown in
Fig. 4.7 for h = 1.1 and different values of p;: (1) pr =0, (2) p =0.2, (3) pr =
0.4, (4) pr =0.45, in Figs. 4.8 and 4.9 for p; = 0.1 and p; = 2.5 respectively and
different values of h: (1) h =0.085, (2) h =0.1, 3) h =0.12, (4) h =0.16, in
Fig. 4.10 for p; = 2.5 and the following values of &: (1) h = 0.01, (2) 2 = 0.005,
(3) h =0.0025, (4) h =0.00125. In the last figure one can see that by p; > 0, as
h — 0, the stability region goes to infinity.
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Fig. 4.7 Stability regions for
(4.11) given by conditions
(4.14), (4.15) for h = 1.1 and
different values of p;:

(D) pr=0,(2) p- =02,

3 p:=04,4) p. =045

Fig. 4.8 Stability regions for
(4.11) given by conditions
(4.14), (4.15) for p; =0.1
and different values of h:

(1) h=0.085,(2) h=0.1,
3Hh=0.12, (4 h=0.16

Fig. 4.9 Stability regions for
(4.11) given by conditions
(4.14), (4.15) for p; =2.5
and different values of h:

(I) h=0.085, (2) h=0.1,
3 h=0.12,(4) h=0.16

4 Stability of Linear Systems of Two Equations
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Fig. 4.10 Stability regions
for (4.11) given by conditions
(4.14), (4.15) for p; =2.5
and different values of :

(I) h=0.01, (2) h =0.005,
(3) h =0.0025,

(4) h=0.00125

Example 4.4 Consider now the system of two stochastic differential equations with
distributed delays

t '
x1(t) =axy(t) — b/ x1(s)ds + oy / x1(s)ds w(t),
t—h t—17

, . (4.16)
X2(t) = axi(¢) —b/ xz(s)ds—l—crz/ x2(s8)ds w(t),
t—h t—

©

which can be transformed to the form (4.4), (4.12) with the matrix

—bh a
A:( 4 —bh>' 4.17)

By (4.17) and Corollary 1.1 the condition bh > |a| is a necessary and suffi-
cient condition for asymptotic stability of the zero solution of the auxiliary equation
y(t) = Ay(t). The positive definite solution P of the matrix equation (1.27) with
Q =1 and A defined by (4.17) has the elements

bh

2002k — a?)’ 19

Pi1=pn= P12

o a
T 2b2h2 —a?)’

Following the procedure of constructing Lyapunov functionals, put V| =
Z/(t) Pz(t) and note that 2P A = —1I. Thus, calculating LV for (4.16), we obtain

2

2 '
LV =—(x(t) = bp(1))'x(0) +Zp,~,~( f m(s)ds)
i=1 =1

2

t 2 r
=—|x(t)|2+bf h(s—t+h)x/(s)x(t)+2pii</ 6,-x,~(s)ds>
r— i=1 t—1
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b t
5—‘x(t)‘2+§/ h(s—t+h)(|x(s)\2+\x(z)\z)ds
t_

2 t
+ E Piiaizfi/ x?(s)ds
i=1 1=t

i

bh? » b [! )
=<—1—|——>|x(t)| +—/ (s —t+h)|x(s)| ds
4 2 Ji-n

2 '
+ Zpiidiz‘fi / xiz(s) ds.
i=1 =t

i

So, we have got the representation of type (2.25) with S(t) = Q;(¢) = R(s,t) =
0,m=1,n=2and

bh? ) .
D= _1+T I, dK;(s) = piio/6(s —ti)ds, i=1,2,
b
dpi(s) =3(s —h)ds, Ri(s) = 3

From this and from Theorem 2.4 it follows that if

h 1 2.2 2.2
bh<§+m><1’ pe =g max(oier,03%).

or if the conditions

2
la| < \/bh (bh - 2—7PW> (4.19)

and (4.15) hold, then the trivial solution of (4.16) is asymptotically mean-square
stable.

The stability regions for (4.16) given by conditions (4.19), (4.15) are shown in
Fig. 4.11 for h = 1.1 and different values of p;: (1) p: =0, (2) pr =0.2, 3) pr =
0.4, (4) pr =0.45, in Figs. 4.12 and 4.13 for p; =0.1 and p, = 2.5, respectively,
and different values of h: (1) h =0.085, 2) h =0.1, 3) h =0.12, (4) h = 0.16,
in Fig. 4.14 for p, =2 and the following values of A: (1) h = 0.01, (2) h = 0.005,
(3) h =0.0025, (4) h = 0.00125. In the last figure one can see that by p, > 0, as
h — 0, the stability region disappears.
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Fig. 4.11 Stability regions for (4.16) given by conditions (4.19), (4.15) for ~ = 1.1 and different
values of p;: (1) pr =0, (2) pr =0.2,(3) pr =04, (4) p =0.45

[-2

Fig. 4.12 Stability regions for (4.16) given by conditions (4.19), (4.15) for p; = 0.1 and different
values of h: (1) h =0.085,(2) h=0.1,(3) h=0.12, (4) h =0.16

4.3 Linear Systems of Two Equations with Variable Coefficients

Example 4.5 Consider the system of two stochastic differential equations with vari-
able coefficients before the terms with delays

X1(t) = —ax1(t) + b(@)x1(t — h) + cx2(t) + o1()x1(t — 1)W1 (2), 4.20)
X2(t) = —ex1 (1) + o2()x2(t — )i (1), >0, '

where a, ¢, h > 0, 11 > 0, 7p > 0 are constants, and b(¢), o1 (t), 02(t) are bounded
functions.
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Fig. 4.13 Stability regions for (4.16) given by conditions (4.19), (4.15) for p, = 2.5 and different
values of h: (I) h =0.085, (2) h =0.1,(3) h =0.12, (4) h =0.16

Fig. 4.14 Stability regions for (4.16) given by conditions (4.19), (4.15) for p, =2 and different
values of h: (1) h =0.01, (2) h =0.005, (3) h =0.0025, (4) h =0.00125

Let us show that by the conditions

a>0, le| >0, sup u(t) <a,
t>0
4c2v(1) “4.21)
SHt+mn)<

BL) + 4+ av(t)) + VB2
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where

p) =81+ 1) + folt + h), V(1) =a— p() >0,

1 (4.22)
Bo@ =S ([bO[+ [+ M), pi()=|p"b(t + ),
the trivial solution of (4.20) is asymptotically mean-square stable.
Rewrite (4.20) in the form
xX(t)=Ax(@®)+ B@)x(t — h) +o(t, x)w(t),
where x(t) = (x1 (1), x2(1))", w(t) = (w1 (1), wa(1))',
_(—a ¢ _(b(®) O
A_<—c o)’ Bm_( 0 0)’
(4.23)
ot 1)) = o1(H)x1(t —11) 0
e 0 R Ox—n))

Let QO be the symmetric 2 x 2 matrix with the elements q;; = ¢ > 0, g2 =1,
q12 = 0, and the matrix P be a solution of the matrix equation (1.27) where A is
defined in (4.23). By (1.29) the elements of the matrix P are

qg+1 a qg+1
pi=-—, P2 = +——

1
a : - 424
2a 2¢2 2a p12 (4.24)

2¢
For the functional V| = x'(t) Px(t), by (1.27) we have
LVi = (Ax(t) + B()x(t — b)) Px(®) +x' (1) P(Ax(t) + B()x(t — h))
+ prof(Oxi(t — 1) + p2o3 (x5t — 1)
=x'(t)(A'P + PA)x(t) +2x'(t — h)B'(t) Px(1)
+ pnot(Oxi(t — 1) + p2os (x5t — 1)
= —qxi(t) — x3(t) + 2x'(t — h) B'(t) Px (1)
+ prOH Ot — 1) + prof ()Xt — ). (4.25)

By (4.23), for some y > 0, we obtain

2x'(t — h)B' (1) Px(t) =2b(t)x1 (t — h)(p“xl )+ plzxz([))
<|b@®)|[p11 (x} @) +x3(t — h))
+pnl(y2@) +y =22 - m)].
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From this and from (4.25) we have
LVi = (=g + pu b)) xF (1) + (=14 )| pr2b®) |3 (1)
+ (1 +ypnl) bt —h)
+ puot (Oxi(t — 1) + pnog (X3 (t — 12).
So, by Theorem 2.5 we obtain that if

pu([p®] + bt +m)| + o + 1)) +y " prabt +h)| <q,

5 (4.26)
v |p1b®)] + proi( +w) <1,
then the trivial solution of (4.20) is asymptotically mean-square stable.
Note that inequalities (4.26) can be represented in the form
b(t+h 1 — ppod(t+
[p12b(t + h)] P05 (1 +12) @27

0< 5 <y<
g — pu(b@)|+ bt +h)| + o7t +11)) |p12b(1)]
So, if

0< |p12b(t + h)| - 1 — pnof(t+1)
g — pu(b®] + |b(t + 1) + ot +11)) |p12b (1)

or (which is the same)
Ph|b®b( +h)| < (1= pnoi(t + )
x (g — pr(|b@| + bt +1)| +oft + 1)),  (4.28)

then there exists y > 0 that satisfies condition (4.27).
Substituting (4.24) into (4.28) and using (4.22), we obtain

1 1
)

From this by (4.22) it follows that

2
“Zﬂl (1) < (ac® = (a® + (g + D282t + 1)) (qv(t) — (1))

Rewrite this inequality in the form

Av(t)82(1 + 12)g”

— [(ac? = (a* + ¢*)82(t + 22))v(1) + )82t + 2)]q

2
+ (ac? = (a> + )02t + ) () + LA (1) <0.
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The obtained condition holds for arbitrary ¢ > 0 and each ¢ > 0 if and only if for
each 1 > 0, the following condition holds:

[(ac® — (a® + )82t + ))v(@) + ()82t + )]
> P08 (1 + ) [4(ac® — (a® + )62t + 1)) (t) + a*Bi (1)
=4(ac® — (a® + )2 (t + ) u()?v ()8 (¢ + 12)
+a* ()11t + ),

or

[(ac® = (a® + )82t + 1)) v(0) — )bt + )] > APV i ()82t +12),

or
[Pv(t) — (2 +av(®)52t + )] > v(@)B1 (D82t + ). (4.29)
From (4.21) it follows that
(1)
St +mn)< m

So, (4.29) can be written in the form

(1) — (% 4+ av(0)82(t + 1) > eV BI1& (1 + 12)

or

(2 +av())8a(t + 1) + e/ V(1) B1 ()2t + T2) — cu(1) <.

From this we obtain

ST < cmwﬂl(t)z Z ;:i f(f;m) —VBID)
2c/v(t)
VBIO) + 42 +av() + VBID)
which is equivalent to (4.21).

Note that in the case b(t) =0, 0;(t) = 0; =const, i = 1, 2, conditions (4.21) take
the form

c*(a—81)
c2+ala—8)’
which immediately follows from (2.56)—(2.57).

81 <a, & <



Chapter 5
Stability of Systems with Nonlinearities

The idea of the method of investigation that is used below is similar to the method of
the first approximation. Namely, a linear part of the considered differential equation
is interpreted as being undisturbed, and the other part as the disturbance. Assuming
that the undisturbed equation is stable and the nonlinear disturbance in the right-
hand side can be majorized in a certain sense, this method makes it possible to
obtain stability conditions.

5.1 Systems with Nonlinearities in Stochastic Part

5.1.1 Scalar First-Order Differential Equation

Let us consider the scalar differential equation
0
x(t) = —ax(t) + / x(t —s)dK(s) +o(t,xp)w(), t=>0, (5.1)
0
where

o2, 9)| S/O lo(=s)|dR(s), (5.2)

the function K (s) and the nondecreasing function R(s) are functions of bounded
variation such that

k0=/00|dK(s)| < 00, R=/OOdR(s)<oo. (5.3)
0 0
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5.1.1.1 The First Way of Constructing a Lyapunov Functional

We will consider the auxiliary differential equation (2.34) for (5.1) in the form
y(t)=—ay(t),a>0.Put V| = x2. Calculating L V7, by (5.2) and (5.3) we have

LV, =2x(l)<—ax(t)+/ x(t—s)dK(s)>+02(t,x,)
0

< —Zaxz(t)+/oo(x2(t)+x2(t—s))’dK(s)| +R/oox2(t—s)dR(s)
0 0

= (=2a + ko)x>(1) + fooxz(z —$)|dK (s)| + R/ooxz(t —$)dR(s).
0 0

By the representation (2.35) with D = —2a + ko and dK(s) = |[dK(s)| +

R dR(s) (all other parameters are zeros) and by Theorem 2.5 we obtain: if

1
a>ko+ p, p:ERZ,

then the trivial solution of (5.1) is asymptotically mean-square stable.

Example 5.1 Consider the scalar differential equation

h
x(t)=—ax(t) + bf (h—s)x(t —s)ds +o(t,xp)w(), t=>0,
0
which is a particular case of (5.1) with

b(h—s), sel0,hn],

dK(s)= f(s)ds, f(s)={0 s>h

In this case condition (5.4) takes the form

h2
b|— .
a>| |2+p

(5.4)

(5.5)

(5.6)

(5.7)

In Fig. 5.1 the regions of asymptotic mean-square stability for (5.5), given by condi-
tion (5.7), are shown for 4 = 0.9 and different values of the parameter p: (1) p =0,
2 p=0503p=1,4p=1506)p=2,06)p=25,(7)p=3,8) p=3.5.

5.1.1.2 The Second Way of Constructing a Lyapunov Functional

Put
k:foodK(s), ki =[oos|dK(s)|
0 0

(5.8)
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Fig. 5.1 Stability regions for (5.5) given by conditions (5.7) for # = 0.9 and different values of p:
DHp=0,2)p=05p=1,@Hp=150)p=2,6)p=257)p=3,8 p=35

and represent (5.1) in the form

2(x) =—(a—=k)x(t) + o, x)w(t),

o pt 5.9)
Z(xt)zx(t)—l-f f x(0)dOdK (s).
0 t—s

Note that

0o pt 00 ps
f f x(9)d9dK(s):f f x( —0)do dK (s)
0 t—s 0 0

:foox(t—e)/oodK(s)dH
0 6

/oofoo|d1((s)|d9=foofsd9 |dK (s)| =ki.
0 % 0 0

and
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By (5.9) and (2.10) we have to suppose that k1 < 1, and by (2.34) we will con-
sider the auxiliary differential equation y(¢) = —(a — k) y(¢) with the necessary and
sufficient condition a > k for asymptotic stability of the trivial solution.
Put V; = zz(x,). Calculating LV and using (5.8), (5.9), (5.2), and (5.3), we have
LVi = =2z(x) (@ — k)x (1) + 07 (1, x1)

< (a—k)|:—2x2(t)+/ooo/ti (x*(t) +x*(0)) do |dK(s)|]
+R/()oox2(t—s)dR(s)

= —(a—k)(2—k1)x2(t)+(a—k)/ooo|dK(s)|/ti x2(0)do
—i—R/Oooxz(t—s)dR(s).

So, we obtain the representation of type (2.35) with D = —(a — k)(2 — k1), dpuo =
(a—k)|dK(s)],n=1,and dK(s) = RdR(s). From Theorem 2.5 it follows that if

askt+ L k<l p=ir2 (5.10)
1—k 2

then the trivial solution of (5.1) is asymptotically mean-square stable.

Example 5.2 In the case (5.6), condition (5.10) takes the form

h2 h3 -1 h3
b— 1—|b|— , |b|l— < 1. 5.11
a>2+P< ||6) ||6< (5.11)

In Fig. 5.2 the regions of asymptotic mean-square stability for (5.5), given by condi-
tion (5.11) are shown for & = 0.9 and different values of the parameter p: (1) p =0,
2 p=01,3 p=03, 4 p=07,05 p=12,0) p=17,(7) p=2.5,
(8) ph=3.

5.1.1.3 The Third Way of Constructing a Lyapunov Functional

Let us show that in some particular cases using a special way of LV; estimation we
can get new stability conditions.

Consider (5.5) and suppose that b < 0. Putting V| = x2, by (5.5), (5.2), and (5.3)
we obtain
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Fig. 5.2 Stability regions for (5.5) given by conditions (5.11), for 2~ = 0.9 and different values
of p: (1) p=0,2) p=0.1,3) p=03,# p=07,5) p=12,(06) p=17,(7) p=25,
(8) ph=3

h
LV, =2x(t) (—ax(t) + b/ (h—s)x(t —s) ds) + 02(1‘, Xt)
0
h 00
< —2ax’(t) — 2|b|x(t)/ (h —s)x(t — s)ds + R/ x2(t — $)dR(s).
0 0

(5.12)
Choosing V> in the form

h t 2 0o pt
V2:|b|/ (f x(@)d@) ds+R/ / x2(0)dO dR(s),
0 t—s 0 t—s

we have
h pt
LV, = 2|b|/ / x(0)do (x(t) —x(t — s)) ds
0 t—s

+ R%x%(1) —R/ooxz(t—s)dR(s). (5.13)
0
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Note that

h pt
// x(@)d@(x(t)—x(t—s))ds
0 t—s
h ps
=f f x(t—@)d@(x(t)—x(t—s))ds
0 JO

h s h K
=x(t)/ / x(t—@)dé’ds—/ x(t—s)/ x(t—60)dods (5.14)
0 JO 0 0

and
h prs h ph h

/ /x(t—@)d@ds:/ / dsx(t—@)d@:/ (h—s)x(t —s)ds. (5.15)
0o Jo 0 Jo 0

Besides, changing the order of integration, we have

h s h h
/ x(t—s)/ x(t—@)d@ds:/ x(t—@)f x(t —s)dsdo
0 0 0 0

h h
:/ x(t —s)/ x(t —6)dods.
0 K
Therefore,

h K h K
2/ x(t—s)/ x(t—@)d@ds:/ x(t—s)/ x(t —0)dods
0 0 0 0

h h
+/ x(t—s)/ x(t—0)dods
0 K

h 2
= </ x(t—s)ds)
0

>0,

and from (5.13)—(5.15) we obtain

h 00
LV, < R2x2(I)+2|b|x(t)/ (h—s)x(t—s)ds—R/ x2(t — s)dR(s). (5.16)
0 0

As a result, for the functional V = V| + V>, from (5.12) and (5.16) it follows that

2 1 2
LV ==2a-pp(), p=5R"

So, if
a>p, b <0, 5.17)

then the trivial solution of (5.5) is asymptotically mean-square stable.
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Fig. 5.3 Stability regions for (5.5) given by conditions (5.18), (5.19), for 4 = 0.9 and different
valuesof p: (1) p=0,2) p=0.1,3) p=03,4) p=07,5) p=12,06) p=1.7,(7) p=2.5,
(8) ph=3

Using (5.7), (5.11), and (5.17), we can get a sufficient condition for asymptotic
mean-square stability of the trivial solution of (5.5) in the following form.
If ph < 3, then

b+ p, b=>0,
a> bl 4 p(1+6E)7!, 23— phyh 3 <b <0, (5.18)
12 b < =23 — ph)h=3.

If ph > 3, then

b 4+ p, b0,

) o (5.19)

a >

In Fig. 5.3 the regions of asymptotic mean-square stability for (5.5), given by
conditions (5.18) and (5.19), are shown for 2 = 0.9 and different values of the pa-
rameter p: (1) p=0,2) p=0.1,3) p=03,4) p=0.7,5) p=1.2,(6) p=1.7,
(7) p=2.5,(8) ph=3.
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5.1.2 Scalar Second-Order Differential Equation

Consider the scalar linear second-order differential equation with distributed delays

o]

)'c'(t):—ak(t)—/ooX(t—s)dKo(s)—f x(t —s)dK(s)
0 0

+ot,x, x)W(), x0=¢, x0=0. (5.20)

Here K;(s), i = 0,1, are functions of bounded variation, and the functional
o (t, ¢, ) satisfies the condition

o o
oz [ Fedne+ [ viendne. G2
0 0
where r; (s) are nondecreasing functions such that
o
ri =/ dri(s) <oo, i=1,2. (5.22)
0

Let us obtain sufficient conditions for asymptotic mean-square stability of the
trivial solution of (5.20) using the proposed procedure of Lyapunov functionals con-

struction.
Putx; =x,x=1x,

OllJZ\/O Sl|dKJ(S) , 'Bl]:\/o SldKJ(S)

Following the first step of the procedure, represent (5.20) in the form
21(1) = x2(1),
22(1) = =bx1(t) —axa(t) + o (1, x;, X)W (1),
where b = By, z(t) = (z1(¢), 22(2)),

21(1) =x1(2),

(5.23)

o0 oo pt (5.24)
zz(t)=xz(t)+/ xl(t—G)dKo(Q)—/ / x1(s)ds dK1(0).
0 0 Ji—9

In this case the auxiliary system has the form

: 0 1
YO =Ay@), y= (E) A= (_b _a) : (5.25)

Note that the matrix Lyapunov equation (1.27) with the matrix A from (5.25) and
the matrix Q with the elements g;1 = ¢ > 0, g2 = 1, g12 = 0 is equivalent to the
system

2bp1n=gq, 2(ap2 — p12) =1, P11 —api2 —bpn =0 (5.26)
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and has (see Corollary 1.1) the positive definite solution P with elements p;; if and
only ifa > 0, b > 0. So, the function v(y) = y’ Py is a Lyapunov function for (5.25).

We will construct a Lyapunov functional V for (5.23) in the form V = V| + V>,
where V| = 7/(¢) Pz(t). Calculating LVj, where L is the generator of (5.23), and
using (5.24) and (5.26), we have

LVy =2(puix1(t) + p12za(1))x2(1)
= 2(pr2x1(®) + pnza(®)) (bx1 (1) + axa(t)) + pro*(t, x11, x21)

= —qx3(1) — x3(1) + p0o’(t, X1, x21)

— przz(/oooxl(t)xl(t —60)dKo(0) — /OOO /,igxl(t)xl(s)ds dK, (9))
—/Omxz(t)xl(t—e)dK0(9)+/ooo /tigxz(t)xl(s)dsdl(l(@).
Putting & = gy + 11, for some y > 0, we obtain
LV) < —qx7(1) —x3(t) + pzz(/ooox%a —s5)dri(s) + /Oooxg(r — S)drz(S)>
+bp» [/Ooo(xf(z) +xi(t — 0))|dKo ()|

o0 t
+ f f (x%<r>+x%(s>)ds|d1<1(e>!]
0 t—6
1

o0 2
+ 5[/ (xz(t) +yxi( —9))|d1<0(9)|
0 14

00 t 2
+f f <x2—m +yx12(s)> ds |dK1(9)|i|
0 t—0 Y

— (—q +abpa)d(n) + <—1 ; %)x%(t)

o
—i—/o xi(t — 9)(17220171(9) + <bp22 + %)}dKO(Q)D
o y o t
+ p22/ X3(t — 5)dra(s) + <bp22 + 5) / / xP(s)ds |[dK1(8)|.
0 0 t—6
By Theorem 2.5 the stability condition takes the form

o o
Qab +r1)pn+ 7}/ <q, > + paora < 1. (5.27)
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From (5.26) it follows that py; = (¢ + b) (2ab)~!. Substituting p»; into (5.27) and
using the condition

2ab +rq

I, 5.28
2ab = ( )

we obtain

b 2ab ! 2ab
ay @b n\(|_2btn\T b @ n) .
2 a 2a 2ab ) 2y 2a

So, if for some y > 0,

b 2ab )
ay job n () _2ebitn\T _2ab( @ n\ o oo
2 a 2a 2ab r 2y  2a
then there exists ¢ > 0 such that inequalities (5.29) hold. From (5.30) it follows that

—b.

Ol( 2b(a—a)—r1> 2b(a —a) —ry
~\v+ <

2 yr r

To minimize the left-hand part of this inequality, put y = \/ (2b(a —a) —r)ry h
Then we have ay < y? — b. From this and using the fact that system (5.23)—(5.24)
is a system of neutral type, we obtain

2 tava+4b
W]’ a<l1. (5.31)

2b(a—oc)>r1+r2|:b+ 5

So, if conditions (5.31) hold, then the trivial solution of (5.20) is asymptotically
mean-square stable.

Remark 5.1 Note that instead of the representation (5.23)—(5.24) for z»>(¢), we can
use some other representations:

2(t) = —Bor1x1(t) — (@ + Poo)x2 (1) + o2 (t, x¢, i) (1),
o0 t [e)e) t
zz(t)=X2(t)—/ / X1(S)dsd1<1(9)—f f x2(s)ds dKo(0),
0 t—0 0 t—0
or
22(t) = —Borx1(t) — (a — B11)x2(t) + o (t, x;, ¥ (1),

00 0o pt
22(t) = x2(t) +/ x1(t —0)dKy(H) +/ / (s —t+0)x(s)dsdK,(0),
0 0 t—0
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or
22(t) = —Bor1x1 (1) — (@ + Boo — B11)x2(t) + o (t, x,, ) (2),

o0 t [e¢] t
Zz(t):xz(t)—f f xz(s)dde0(9)+/ / (s —t4+0)x2(s)dsdK(6).
o Ji-o 0o Ji-s

Using these different representations, we can obtain different stability conditions for
asymptotic mean-square stability of the trivial solution of (5.20).

Remark 5.2 Consider some particular cases of condition (5.31).

(1) Let rp =0. Then (5.31) coincides with (5.28).
(2) LetdKop(@) =0and dK(0) = b5(0)dO. Then oo = 11 = 0 and (5.20), (5.31)
are respectively

X(t)=—ax(t) —bx(t)+ o, x,x)w(t),
ri
2a>r2+;, b>0.
(3) Let dKo(0) =0, dK1(0) = b5 — h)dh, and o (¢, x,, %;) = ox(t — 7). Then

ago =0, ajg =bh, ri = 02, r, =0, and (5.20) and the stability conditions
(5.31) respectively take the forms

X(t)=—ax(@)—bx(@t—h)+ox(—1)w(), (5.32)
o2
a>bh+%, 0<bh<1. (5.33)

Note that condition (3.70) for (5.32) coincides with (5.33), and condition
(3.61) for (5.32) takes the form

b o2
2 2
a > bh+bh~ | 72(2 i) + 5" 0<bh” <2. (5.34)

Note also that conditions (5.33)—(5.34) follow from (3.73), (3.72), respectively,
if hy =0, ho =h.

It is clear that if 0 < b < h~!, then condition (5.33) is weaker than (5.34).
But, on the other hand, if 7' <b <2h~2, h < 2, then (5.33) cannot be used,
and (5.34) gives some additional stability region. In Fig. 5.4 the regions of
asymptotic mean-square stability for (5.32), given by conditions (5.33)—(5.34),
are shown for o = 0.7 and different values of the delay A: (1) h =1,(2) h = 1.2,
B)h=1.4.
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Fig. 5.4 Stability regions B
for (5.32), given by h
conditions (5.33), (5.34) for :
o = 0.7 and different values i
of the delay h: () h =1, 1.57
@Qh=12,3)h=14

5.2 Systems with Nonlinearities in Both Deterministic
and Stochastic Parts

Consider the nonlinear scalar differential equation of neutral type

dz(t) = (b — ax(1))z(1) (dt + o dw(1)),
z(t) =x(@) — cx(t — h),

(5.35)

where a >0, b >0, h >0, |c|] < 1, o are some known constants. Let us investi-
gate asymptotic mean-square stability of the equilibrium point x(r) = x* =a~'b
with respect to perturbations of the initial function ¢ satisfying the following con-
dition:

2(0) = $(0) — cp(—h) > 0. (5.36)

Put 2 = 0. Then (5.35) takes the form
dx(t) = —a(x(t) —x*)x(t)(dt +adw(t)). (5.37)

Let us show that if

o2
0<pb<l, p=7, (5.38)
then the function
t
v(x(t)) =x(t) — x* —x*lni*) (5.39)

is a Lyapunov function for the auxiliary equation (5.37).
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First at all, note that v(x*) =0, and since x — 1 — Inx > 0 for x > 0, we have

v(x(0) = <xx(t) xx(t)) >0, x(1)=0.

Using that ax™® = b, we obtain

*

x(1)

¥

x2(t)

Lo(x(1)) =—a(x(t)—x*)x(t)<1 - >+pa (x(t) — x* )2 21—

= —a(l — bp)(x(t) — x*)°.

So, by condition (5.38) the function (5.39) is a Lyapunov function for the solution
x* of (5.37).

Using the procedure of constructing Lyapunov functionals, we will construct a
Lyapunov functional V for (5.35) in the form V = V| 4 V,, where

t
Vi =v(z()) =2(t) — 2* — Z*In ZZ(*) ,
2B =x@t)—cx(@t—h), 7"=(1—c)x™.
Calculating LVy, by (5.35) and b = ax™ we have

*

o _z _ 2,209 2
LVi=(b ax(t))z(t)(l Z(t)>+p(b ax(t))z(t)zz(t)

—a(x(t) — x*)(2(t) — 2¥) + abp(1 — ¢) (x (1) — x*)
—a(x(t) —x*)(x () —ex(t —h) —x* + cx*) + abp(1 — ) (x(t) — x*)2
—a[l —bp(l — c)](x(t) — x*)2 + ac(x(t) - x*)(x(t —h) — x*)
—a[1—bp(1 — )] (x (1) — x*) + %[( (1) — x*) + (x(t — h) — x*)’]
_ lel alc| )
——a< bp(l—c)—7>( (t) —x ) T(x(t—h)—x) .
Putting

t
:%/ (x(s)—x*)zds,
2 Jion

for the functional V = Vj + V,, we obtain

LV < —a(1 —bp(1 —c) — |el) (x (1) — x*)°.
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Fig. 5.5 Stability regions for ek

(5.35) given by conditions 1 54 3 2 1
(5.40) for different values
of p: (1) p=0,(2) p=0.2,
3 p=04,(4) p=006,
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From this it follows that if conditions (5.36) and

}%g, —1<c<0,
0<bp < (5.40)
1, 0<c<l,

hold then the equilibrium point x*(r) = a~'b of (5.35) is asymptotically mean-
square stable. Note that condition (5.40) does not depend on a and k.

In Fig. 5.5 the stability regions, given by condition (5.40), are shown for different
values of p: (1) p=0,2) p=0.2,3) p=04,(4) p=0.6,(5) p=0..8.

5.3 Stability in Probability of Nonlinear Systems

Consider the nonlinear stochastic differential equation

dx(t) = (/OO dKo(s)x(t —s)+ go(t, xt)> dt
0

+ Z(/ dK;(s)x(t —s) + gi(t, xz)) dw; (1),
i=1 ™0

Here x(t) e R, wi(t), ..., wy(t) are the mutually independent scalar Wiener pro-
cesses, K;(s),i =0,...,m, are n X n-matrices such that
o
o = / |dKi(s)| < oo, (5.42)
0

and ||A|| is the operator norm of a matrix A. It is assumed also that the functionals
gi(t,9),i =0,...,m, satisfy the condition

"dri(s), llello <8, v > 1, (5.43)

I8:(. )] s/o lp(—s)



5.3 Stability in Probability of Nonlinear Systems 127

where § is small enough, [|¢|lo = sup,( ¢ (s)|, and r;(s) are nondecreasing func-
tions satisfying the condition

oo
r,-:/ dri(s) <oco, i=0,...,m. (5.44)
0

The generator L of (5.41) has the form

LV(t,x)) = LoV(t, xt)‘l‘go(f xt)M —Zg,(t xz) (t *) gi(t,x;)

2
+th(t’ t)a i (t all dK,'(s)x(t—s), (5.45)
0
where
LoV(t,x;) = M + (/OodKo(s)x(t —s)) Ve, x)
! 0 0x

m /a2 [}
%;(/ dKi(s)x(t—s))% A dK;(s)x(t —5)

(5.46)
is the generator of the “linear part” of (5.41), i.e., of the linear differential equation

dx(t) = /oodKo(s)x(t —s)dt + Z/oodKi(s)x(t —s)dw; (). 5.47)
0 i 70

Theorem 5.1 Let there exist a functional Vy(t, @) € D that satisfies conditions
(2.18)—(2.19) for p =2 and

LoWo(t, @) <

2v/0
92vO(t,x)

0
aVO(t, x)
ax?

[ee) 0
<cilx| +f dq() | |e(s)|ds, H
0x 0 -7

‘Scza (5.48)
o0

¢>01i=0,1,2, y:/ Tdq(t) < o0.
0

Then the trivial solution of (5.41) is stable in probability.

Proof We will construct a functional V that satisfies the conditions of Theorem 2.2
(for p =2). The functional V will be constructed in the form V = Vy + Vi, where
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Vo satisfies conditions (5.48). Calculating LV, by (5.45) we have

IVt x)
LV =LVo+ LV =LoVo+ LV +g0(t x;)i

82‘/0 00
~|—Zg,(t Xz) ( )/ dK;(s)x(t —s)
0

m 82 0( )
Z {6 x) —— gt x0). (5.49)

I\JI>—‘

Supposing that [x(s)| < § for s < ¢, by inequalities (5.43), (5.48) we estimate the
terms in (5.49). So, we get

BVO(I x) 8V°(t x)

go(f Xt)

/ lx(t — )| dro(s)

< vl foo|x(r — )| dro(s)
0
oo t
X (clix(t)| —+—/O dq(t) |x(s)|ds>
1—T
=c]8”°_1/00|x(t—s)||x(t)|dr0(s)
0

IS 00 !
+5”0—1/0 dro(e)/o dq(7) [x (@ = O)[|x(s)| ds
t—1

IA

1 o0
5615"0_1/(; (!x(t—s)|2+|x(t)}2)dro(s)
4 Lt / " dro(®) / g

2 0 0

t

x/ (lx(t = O + [x(5)[*) ds

-1
= %C18”0_1<r0|x(t)|2 - /Oo|x(r —s)|2dr0(s))

0

+%8”O_1(y/ lx(t — 0)|” dro(6)
0

o0 t
+r0/ dq(t)/ |x(s)|2ds>
0 t—1
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1
= 5c18"0_1ro|x(t) |2

+ %8"0_1 ((cl + )/)/ |x(t — s)|2dro(s)
0

o0 1
+ rof dq(t)/ |x(s)|2ds>. (5.50)
0 t—1

Similarly, we have

82v0( x) [
it x) ———— f dK;(s)x(t —s)
0

5@2/0 dr,-(s)yx(r—s)y”"/o ldK;i (@) ||x(t — )|
i=1
c m . o0 o0
532;5' lfo dr,-(s)/o |\dK,»(r)H(|x(t—s)|2+]x(r—r)\z)

722 ”1—1<oe,-/0 dri(s)\x(z—s)}2+ﬁ,-/() lak: (@ |x(t_f)|2>
(5.51)

and

92V Ot
1ty xp e x)g,(t )

m
5czZ|gi<t,xt>|2
i=1

m o0 ) 2
5622 (/ dr; v’)

. 0

i=1

m 00
<c ) 820Dy / dri(s) |x(t — 9)|*. (5.52)
= 0

Let us define the functional V| as follows:
1 o0 ! 2
V) = —8”0_1(c1+y)/ dro(r)f |x(s)|" ds
2 0 t—t

l el o0 t 2
+ =8"""rp dq(t) (s—t+t)|x(s)| ds
2 0 t—t
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) m 00 t )
+ 235 [ario] [ xo)Pds
0 t—1

i=1

m 00 t
+%Za”f—1(a,~+25“f—1r,~)/ dri(t)[ |x(s)|2ds. (5.53)
i=1 0 1—t

It is easy to see that 0 < Vi (¢, ¢) < cllell?, ¢ > 0. Therefore, the functional V =
Vo + V) satisfies conditions (2.18)—(2.19). Calculating LV} and using (5.48)—(5.53),
we obtain

m
LV(t,x) < —[Co - 5”“‘1/30(%1 + y) —c2y 8" (e + avf'—lri)} ()],
i=1

For small enough §, the term in the square brackets is positive. Therefore, LV <0,
and the functional V satisfies the conditions of Theorem 2.2. So, the trivial solution
of (5.41) is stable in probability. The proof is completed. d

Remark 5.3 The asymptotic mean-square stability of the trivial solution of the lin-
ear differential equation (5.47) follows from the existence of the functional Vjy that
satisfies the conditions of Theorem 5.1. Therefore, in order to obtain sufficient con-
ditions for stability in probability of the trivial solution of the nonlinear differential
equation (5.41) with the order of nonlinearity higher than one, it is enough to obtain,
by virtue of some Lyapunov functional, sufficient conditions for asymptotical mean-
square stability of the trivial solution of “the linear part” of (5.41), i.e., of (5.47). For
example, it is easy to show [261] that the functional

o0 t
Vot x) = [x (0] +v x(t)+/ dKo(r)/ x(s)ds
+0 t—1

+v/oo (/OodKo(G)) dKo(t)
+0 0

o0 t 2
+/ ldKo(m)| | |x(s)| ds
+0 t—1

2

! 2
/ (s—t+r)|x(s)| ds
-t

N rco 00 '
+(u+1)2f0 ydK,-(e)y/O dK; (O] | |x(s)|*ds,
i=1 -t

v > 0, satisfies the conditions of Theorem 2.1 if the matrix

o0
Q:/ dKo(s) + inf
0 v>0

o0
+v/ T
+0

1 o0
1 [/ (|dKo(s)|I — dKo(s))
+0

v+

(/OodKo(s)> dKoy(7)
0

N

1 o0 2
1}+§Z(/O |dKl~(s)|) I (5.54)

i=1
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is a negative definite matrix, i.e., x’Qx < —c|x|?. Here I is the identity matrix, and
c>0.

So, we obtain the following theorem.

Theorem 5.2 Let conditions (5.42)—(5.44) hold, and the matrix (5.54) be a negative
definite matrix. Then the trivial solution of (5.47) is asymptotically mean-square
stable, and the trivial solution of (5.41) is stable in probability.

Example 5.3 Consider the well-known Volterra population equation

x(1) =ax(t)(1 — i /Oox(t —s) dH(s)), (5.55)
K Jo

where
o o
a>0, K=>0, dH(s)>0, / dH(s) =1, / sdH(s) < oo.
0 0

Let us assume that the parameter a is susceptible to stochastic perturbations of
the type of white noise w(t). Then (5.55) is transformed to the stochastic integro—
differential equation

x(1) :a(l +Uu')(t))x(t)<1 — %/oox(t — s)dH(s)). (5.56)
0

Substituting x(#) = K (1 + y(¢)) into (5.56) and keeping only the linear part of the
obtained equation, we get the linearization of (5.56) in the neighborhood of the
steady-state solution x (1) = K

0]

j)(t):—a/ooy(t—s)dH(s)—aJ/ y(t —s)dH(s) w(t). (5.57)
0 0

By Theorem 5.2 and (5.54) we obtain that the inequality
00 00 610'2
min|:2/ dH(s),a/ sdH(s)]—}—— <1
+0 +0 2

is a sufficient condition for asymptotic mean-square stability of the trivial solu-
tion of (5.57) and for stability in probability of the steady-state solution x(t) = K
of (5.55).

5.4 Systems with Fractional Nonlinearity

Here a nonlinear differential equation with a fractional nonlinearity is considered,
and it is supposed that this equation has an equilibrium point and is exposed to addi-
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tive stochastic perturbations of the type of white noise that are directly proportional
to the deviation of the system state from the equilibrium point. Stochastic perturba-
tions of such a form were first proposed by the author in [27, 267] and successfully
used later by other researchers (see, for instance, [19, 38, 39, 49, 117, 214, 257]).

The results from the previous paragraph are used below for investigation of sta-
bility in probability of the equilibrium points of a stochastic fractional differential
equation. Numerous graphical illustrations of stability regions and trajectories of
solutions are plotted.

5.4.1 Equilibrium Points

Nonlinear delay differential equation of type x(t) = —ax(t) + f(x(¢ — 7)) is rather
popular among researchers. See, for example, [101, 183, 248], the famous Nicholson
blowflies equation [99, 102, 224] % (t) = —ax(t) + bx(t — t)e”V*~7) the Mackey—

GlaSS mOdel [1 90]
X = —dax + 71 (l‘ ).

On the other hand, recently there is a very large interest in studying the behavior of
solutions of nonlinear difference equations with fractional nonlinearity of the type

k
n+ ijoajxn—j

3 n=0,1,...,
)\+Zj=0bjxn_j

Xn+1 =

(see [95, 162-164, 232, 278] and a long list of the references therein).
Here, similarly to [232, 278], the stability of equilibrium points of the nonlinear
differential equation with fractional nonlinearity

k
+> " _qaix(t—15)
F(6) = —ax(t) + = Z,f—o ! >0, (5.58)
A+ objx(t—1))

and the initial condition

x(8)=¢(s), se[-1,0], T =max{ry,..., %}, (5.59)
is investigated. Here u, A, aj, bj, j =0,...,k, 9 =0, t; >0, j > 0, are known
constants.

Put
k

A=Y a;, B=)_ b, (5.60)
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and suppose that (5.58) has an equilibrium point X (not necessarily a positive one).
By (5.58), (5.60), and the assumption

A+ Bx#£0 (5.61)
the equilibrium point X is defined by the algebraic equation

u+ Ax
A+ BX

ax = (5.62)
If aB # 0, then by condition (5.61), (5.62) can be transformed to the form
aBx* — (A —a)M)i —pu=0. (5.63)

Thus, if
(A—ar)?+4aBu >0, (5.64)

then (5.58) has two equilibrium points

A—ak+\/(A—aA)2+4aBM

x| = 5.65
e 2aB ( )
and
A—ak—+/(A—ar)?+4aB
o Am@ VA —al) + daBy, (5.66)
2aB
if
(A—ar)?+4aBu=0, (5.67)
then (5.58) has only one equilibrium point,
. A—ak (5.68)
X = . .
2aB
Finally, if
(A—ar)?+4aBu <0, (5.69)

then (5.58) has no equilibrium points.

Remark 5.4 Assume that aB # 0 and u = 0. If A # 0 and A # aX, then (5.58) has
two equilibrium points,
A —ak

B and X, =0; (5.70)

X =

if A=0or A = aA, then (5.58) has only one equilibrium point X = 0.
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Remark 5.5 Assume that aB = 0. If A # aA, then (5.58) has only one equilibrium
point

"
A—ar’

f=o

Remark 5.6 Consider the case u = B =0, A #0. If A # al, then (5.58) has only
one equilibrium point X = 0; if A = aA, then each solution x = const is an equilib-
rium point of (5.58).

5.4.2 Stochastic Perturbations, Centering, and Linearization

Suppose that (5.58) is exposed to stochastic perturbations of the type of white noise
w(t) that are proportional to the deviation of the state x(¢) of (5.58) from the equi-
librium point x. Then (5.58) takes the form

u+ lezoajx(t —1j)
A+ YK bix(t — )

X(1)=—ax(t) + + o (x(1) — X)(r). (5.71)

Note that the equilibrium point x of (5.58) is also an equilibrium point of (5.71).
Putting x () = y(¢) + x and

‘_aj—abji =0 k (572)
y]_ )\.+B}2‘ ’ J=Y,...,K, .

we will center (5.71) in the neighborhood of the equilibrium point x. From (5.71)-
(5.72) it follows that y(¢) satisfies the equation

Yoy (@) + Y5 iyt — 7))
1+ Y5 obi(h+ BR) 1yt — 1)

y(t) =—ay(t) + +oy()w(r). (5.73)

It is clear that the stability of the trivial solution of (5.73) is equivalent to the stability
of the equilibrium point of (5.71).

Together with the nonlinear differential equation (5.73), we will consider the
linear part (in a neighborhood of the zero) of (5.73)

k
) =—(a—y)t)+ Y _ vzt — 1)) + oz (). (5.74)
j=1

Below, the following method for stability investigation is used. Conditions for
asymptotic mean-square stability of the trivial solution of the constructed linear dif-
ferential equation (5.74) were obtained by the procedure of constructing Lyapunov
functionals. Since the order of nonlinearity of (5.73) is higher than one, the obtained
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sufficient conditions for asymptotic mean-square stability at the same time are (The-
orem 5.2) sufficient conditions for stability in probability of the trivial solution of
the nonlinear differential equation (5.73) and therefore for stability in probability of
the equilibrium point of (5.71).

5.4.3 Stability of Equilibrium Points

Note that the differential equation (5.74) is an equation of type (3.29). So, from
(3.31) and (3.33) we obtain two following sufficient conditions for asymptotic
mean-square stability of the trivial solution of (5.74):

k 2

o
a=w+) lyl+p p== (5.75)
j=1

and
k k k
(a—Zyj> (1—Z|yj|rj> > p, Z|yj|tj<l. (5.76)
j=0 j=1 j=1

Remark 5.7 If the delays are absent, i.e., 7; =0, j =0, ..., k, then condition (5.76)
is not worse than (5.75) that does not depend on delays.

Suppose at first that condition (5.67) holds. In this case, (5.71) has only one
equilibrium point x that is defined by (5.68), and by (5.72), (5.68) we have

2": A—aBi A-LA-—an
)//: — = 1 =da
= A+ Bx A+ E(A —ak)

Thus, the stability condition (5.76) for the equilibrium point (5.68) does not hold.
Moreover,

k k
a=Yyi<n+y lyl
j=0 j=1

Thus, the stability condition (5.75) for equilibrium point (5.68) does not hold too.
Suppose now that condition (5.64) holds. Then (5.71) has two equilibrium points
X1 and X that are defined in (5.65) and (5.66), respectively. Put

S=\/(A —aX)? +4aBpu, (5.77)

@ _aj—abjx

= L =0,k l=12 5.78
i T iy By ! ©-78)
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Corollary 5.1 Assume that condition (5.64) holds and yél) >0,1=1,2. Then for
fixed p and ., condition (5.75) cannot be true for both equilibrium points X1 and X
together.

Proof By (5.75), (5.78), and (5.65), for %1, we obtain

Lol e
Z)’j ~u

1=0

A —aBx;
A+ BX;

-1

~A—ar+5) _‘A+ak—5'

Clar+i@A—ar+ 5| |A+ar+ S|
Similarly, for x,, we have
1 A —aBx
2 2 2
Z|V()|> =1 -
A+ Bxo

|A-tA—ar—39) _’A—i—ak—i—S'
Clart+i@A—ar—95| |A+ar—S|

Thus, we obtain two conflicting conditions. The proof is completed. g

Corollary 5.2 Assume that condition (5.64) holds and a # 0. If

2aS k k .
m( Z’V,)|TJ>>17, Y |yl <1, (5.79)

—1 j=1

then the equilibrium point x = X1 (defined in (5.65)) of (5.71) is stable in probability.
If

2a8
S_A— ( Z}yj(z)"[]>>p’ Z’V;Z)IT]<1 (5.80)

then the equilibrium point X = x; (defined in (5.66)) of (5.71) is stable in probability.
Assume now that a = 0. If

A? [A]
—(1——1’)>p, r—2|a]|t] , O0=Bu— Ax, (5.81)

then the equilibrium point ¥ = —uwA~" is stable in probability.
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Proof For a # 0, by (5.76) it is enough to note that, for xi,

k A 1
a—Zy.(l)za—A_anlza—A_E(A_a)w}_S): 2a8
= J A+ BX At s(A—ar+S) S+A+ar

and, similarly, for x5,

Lo A —aB% A-LAa—-ar-s) 2a$
a— E v =a— e =a— 1 = .
s A+ Bx At 5 (A—ar—3S) S—A—ai

For a =0, by Remark 5.5 from (5.72), (5.76) we obtain

3 O N : .

— = = —, Nt == —-mr.
J':oyj A—BuA~t Q0 =0 S A+ B(—wA~l 0

So, (5.76) implies (5.81). The proof is completed. O

Remark 5.8 If 1; =0, j =1,..., k, then conditions (5.79), (5.80) take the forms

2a8 2aS

e 5.82
StA+ar T S—A—ar P (5-82)

respectively. Moreover, inequalities (5.82) are necessary conditions for implemen-
tation of conditions (5.79), (5.80) with arbitrary z;, j =1,...,k. If a <0 or
p = 2a > 0, then conditions (5.79), (5.80) cannot be true for the same w and A. Re-
ally, if a < 0, then from (5.82) the contradiction follows: 0 < S < A+ak < —§ < 0.
If p > 2a > 0, then from (5.82) another contradiction follows: 0 < —(2a/p—1)S <
A+ar<2a/p—-1)S<0.

Corollary 5.3 Put

2a’:p if p <2a,
q= pra if p>2a, (5.83)
+oo  ifp=2a,
assume that a #0, S >0, 1; =0, j =1,...,k, and consider the following four

cases.

Casel: a>0,B >0.

If
2(A+ar)?—(A—ar)?
CAOP A0l fy > A
p <2a, w > (5.84)
%A fork<—%,
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or
A g% (A +ar)? — (A —ar)? A
> 2a, —A<pu< , A< ——, 5.85
p==d B H 4aB a ( )
then the equilibrium point X1 is stable in probability.
If
2 2 2
q (A+a)ZaE(A—aA) for < _%’
p <2a, w > (5.86)
%A for A > —%,
or

A 2(A+ar)? — (A —ar)?
p>2a, —A<u<q( +ak) ( at)
B 4aB

then the equilibrium point x; is stable in probability.

Case?2: a>0,B <0.

If
qz(A+a)2(zlE(A—ak)2 for x> _3’
p <2a, n< (5.88)
%A fork<—§,
or
A 2(A4ar)® — (A —ar)? A
p>2a,  Aps s L@FAN Z@za)T o A (559
B 4aB a

then the equilibrium point X1 is stable in probability.

If
2 2
q (A+a)£ZE(A—aA) for A < _2’
p <2a, w< (5.90)
%A forkz—%,
or
A 2(A+ar)? — (A —ar)? A
p>2a, s s L@Fa) —@-abt o A sy
B 4aB a

then the equilibrium point x; is stable in probability.
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Case3: a<0,B>0.

If
A 2(A+ar?— (A —ar)? A
A cpCATa) —@A-ab)” 4 (5.92)
B 4aB a
then the equilibrium point x1 is stable in probability.
If
A 2(A+ar)? — (A —an)? A
A LATa —d-a)” 4 (5.93)
B 4aB a
then the equilibrium point X, is stable in probability.
Cased4: a<0,B <.
If
A 2(A+ar?— (A —ar)? A
Aoy Ata)y —@A-ab)” 4 (5.94)
B 4aB a
then the equilibrium point x1 is stable in probability.
If
A 2(A+ar)? — (A —an)? A
Aoy Afray —@A-a)” 4 (5.95)
B 4aB a

then the equilibrium point X, is stable in probability.

Proof 1Tt is enough to prove Case 1; the proofs of the others cases are similar.

Consider the equilibrium point x;. Assume first that p < 2a. If A +aA > 0, then
by (5.77) from the first line of (5.84) it follows that S > g(A + al). By (5.83) and
7, =0, j=1,..., k, this inequality coincides with (5.79). If A +aX < 0, then from
the second line of (5.84) we have Bu > AA. So, by (5.77) we obtain § > |A + aX|
and, therefore, S > S + A 4+ aA > 0. From this and from 2a > p condition (5.79)
witht; =0, j =1,...,k, follows.

Let now p > 2a. Then, by (5.85), A + ar <0 and Bu > AA. Thus, from
(5.77), (5.85) it follows that g|A + aA| > S > |A + a)|. From this by (5.83) con-
dition (5.79) with 7; =0, j =1,...,k, follows. Finally, if p = 2a, then (5.85)
is equivalent to By > AX and S > |A + a|, which implies (5.79) with 7; =0,
j=1,... k.

Consider the equilibrium point X. Assume first that p < 2a. If A + a)x > 0,
then from the second line of (5.86) it follows that By > AA. In view of (5.77), this
means that S > A 4 al, and therefore § > S — A — aX. From this and from p < 2a
condition (5.80) with 7; =0, j =1,...,k, follows. If A+ al < 0, then from the
first line of (5.86) we obtain S > ¢g|A + a)|. From this and from (5.83) condition
(5.80) with7; =0, j =1,..., k, follows.
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Fig. 5.6 Stability regions for the equilibrium points X, and X, of (5.96) by a =1, a; = 1.5,
ap = —0.5, b1 = 1.2, b2 = 1.8, T = 0.4, T = 0.3, o=1.2

Let now p > 2a. Then, by (5.87), A+ aA > 0and Bu > AAX. Thus, from (5.77),
(5.87) it follows that g(A + aA) > S > A + aA > 0. From this and from (5.83)
condition (5.80) with 7; =0, j =1,..., k, follows. Finally, if p = 2a, then (5.87)
is equivalent to By > AX, and, by (5.77), S > A + aA, which implies (5.80) with
7, =0, j=1,..., k. The proof is completed. O

Corollary 5.4 Putt = ZI;'=1 lajltj, O = B — A and assume that a =0, AB #
0,7 <Q|A|"LIf

Ar AZ1 -1 —4pT|A-! Ar AT+ /1 —4pt|A-!

Ar ( 124 |)<M<_Jr (1+ 144 I)’ B0,
B 2pB B 2pB

or

Ar AT+ 1 —4pt|A-! Ar AT -1 —4pt|A-!

Ar (I+ 124 I)<M<_Jr ( pT| I)’ B <0
B 2pB B 2pB

then the equilibrium point ¥ = —uwA~" is stable in probability.
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Fig. 5.7 Stability regions for the equilibrium points x; and X, of (5.96) by a = 1, a; = 1.5,
ar=-05,b1=12,bb=18,711=0.15,10=0.01,0 =2.2

Proof 1Tt is enough to note that the given conditions are the solution of the inequality
p0? — A’Q + A%|Alt <0, where Q= Bu — Ar >0,

which is equivalent to (5.81). O

5.4.4 Numerical Analysis

Below, for numerical simulation of the solutions of the equations of type (5.71),
we use difference analogues of the considered equations [278] and the algorithm of
numerical simulation of the Wiener process trajectories (Sect. 2.1.1).

Example 5.4 Consider the differential equation

wHax(t —rt) +axx(t — 1)
A+bix(t —11) + bax(t — 1)

X)) =—ax(®) + +o(x(t) —%)w(), (5.96)

which is an equation of type (5.71) with k =2, ap = by = 0.



142 5 Stability of Systems with Nonlinearities

|un||||||m|n|m|n|n||mm||numuummumm e -
i

e S i Sl wtl wtl ali i™ St Sl St b
w2 m 8 1 2 3 4 5 6 7 B 9 10M

}
4‘-
I
A |
!!i
I
If
NS

Fig. 5.8 Stability regions for the equilibrium points X; and x5 of (5.96) by a =1, aj = —1.5,
ay = —0.5, b1 = —1.2, b2 = —1.8, 71 =0.3, (%) =O.4, o=1.1

Case l.Puta=1,a1=15,a,=—-05,b1=12,b,=18, 11 =04, 1 =0.3,
0=12.Thus,a>0,B=124+18=3>0,p=0.72<2a=2,A=15-05=
1>0.

In Fig. 5.6 the regions of stability in probability for the equilibrium points %
and X, are shown in the space of parameters (u, A): in the white region there are
no equilibrium points; in the yellow region there are possible unstable equilibrium
points; red, cyan, magenta, and grey regions are the regions for stability in proba-
bility of the equilibrium point X = X given by condition (5.75) (red and cyan) and
condition (5.79) (cyan, magenta, and grey); blue, green, and grey regions are the re-
gions for stability in probability of the equilibrium point X = X, given by condition
(5.75) (blue) and condition (5.80) (blue, green, and grey); in the grey region both
equilibrium points X = X1 and X = X, are stable in probability. Curves 1 and 2 are
the bounds of the equilibrium points x| and X, stability regions, respectively, given
by conditions (5.84) and (5.86) for the case 71 = 12 = 0. One can see that the sta-
bility regions obtained for positive delays are placed inside of the regions with zero
delays.

Put now 71 =0.15, 70 =0.01, 0 =2.2. Then p =2.42 > 2a = 2, and condition
(5.75) does not hold. Appropriate stability regions obtained with the same values
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Fig. 5.9 Stability regions for the equilibrium points x; and %, of (5.96) by a =1, aj = —1.5,
ar=-05,b1=—-12,bp=-1.8, 711 =0.02, » =0.03, 0 =2.1

of all other parameters by conditions (5.85), (5.87) for the equilibrium points x;
(magenta) and X (green) are shown in Fig. 5.7. As it was shown also in Fig. 5.6,
the stability regions obtained for positive delays are placed inside the regions with
zero delays (bounds 1 and 2).

Case 2. Puta=1, a1 =—-15,a,=-05,by=—-12, by =-18, 11 =0.3,
n=04,0=1.1.Thus,a>0,B=—-12—-18=-3<0, p=0.605<2a, A=
—-15-05=-2<0.

In Fig. 5.8 the regions of stability in probability for the equilibrium points X;
and X, are shown in the space of parameters (u, A): in the white region there are
no equilibrium points; in the yellow region there are possible unstable equilibrium
points; the red, cyan, magenta, and grey regions are the regions for stability in prob-
ability of the equilibrium point X = X given by condition (5.75) (red and cyan) and
condition (5.79) (cyan, magenta, and grey); blue, brown, green, and grey regions
are the regions for stability in probability of the equilibrium point ¥ = X, given by
condition (5.75) (blue, brown) and condition (5.80) (blue, brown, green, and grey);
in the grey region both equilibrium points ¥ = x| and X = X, are stable in proba-
bility. Curves 1 and 2 are the bounds of the equilibrium points X; and X stability
regions, respectively, given by conditions (5.88) and (5.90) for the case 11 = 7, = 0.
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Fig. 5.10 Stability regions for the equilibrium points x; and x5 of (5.96) by a = —1.2, a; = 1.5,
a»=05,b1=12,b,=18,7=0.04, 7, =0.03,0 =2

One can see that the stability regions obtained for positive delays are placed inside
the regions with zero delays.

Put now 71 =0.02, 7, =0.03, 0 = 2.1. Then p =2.205 > 2a = 2, and condition
(5.75) does not hold. Appropriate stability regions obtained with the same values
of all other parameters by conditions (5.89), (5.91) for the equilibrium points x;
(magenta) and %, (green) are shown in Fig. 5.9. As it was shown also in Fig. 5.8,
the stability regions obtained for positive delays are placed inside the regions with
zero delays (bounds 1 and 2).

Case 3.Puta=—-12,a1=15,a0=05,b1=12,b, =18, 11 =0.04, o =
0.03,0 =2. Thus,a<0, B=12+18=3>0,A=15+05=2>0, and
condition (5.75) does not hold. In Fig. 5.10 the regions of stability in probability for
the equilibrium points X; and X, are shown in the space of parameters (u, 1): in the
white region there are no equilibrium points; in the yellow region there are possible
unstable equilibrium points; magenta region is the region for stability in probability
of the equilibrium point x; given by condition (5.79), green region is the region for
stability in probability of the equilibrium point X, given by the condition (5.80).
Curves 1 and 2 are the bounds of the equilibrium points X and X, stability regions,
respectively, given by conditions (5.92) and (5.93) for the case 711 =75 = 0.
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Fig. 5.11 Stability regions for the equilibrium points X} and x; of (5.96) by a = —1, a; = —1.5,
ap=-05b1=-12,bp=-1.8,71=0.04, 7, =0.05,0 = 1.7

One can see that the stability regions obtained for positive delays are placed
inside the regions with zero delays.

Case 4. Puta =—1,a1 =—1.5,a, =—-0.5, b1 = —-1.2, b, = —1.8, 11 = 0.04,
7 =0.050=17 Thus,a <0, B=-12—-18=-3<0,A=-15-05=
—2 < 0. Appropriate regions of stability in probability for the equilibrium points
x1 and x, obtained by conditions (5.79), (5.80), (5.94), and (5.95) are shown in
Fig. 5.11.

Example 5.5 Consider the differential equation

o p+aox(t) +arx(t — 1) s
MO =—axO+ S bt = o(x(t) —x)w(), (5.97)

which is a particular case of (5.71) with k = 1. The linear part of type (5.74) for this
equation has the form

2(t) =poz(t) + y1z(t — 1) + oz(Hw(1), (5.98)
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Fig. 5.12 Stability regions for the equilibrium point X; = 2.696 of (5.97) by a = 1, ap = —0.4,
bp=02,a1=15b1=15,711=04,0=13

where

aj —ab;x

. j=0.1, B=by+b.
rt+Bs 7 0+ 01

Y=yo—a, vj=

By Lemma 2.1 a necessary and sufficient condition for asymptotic mean-square
stability of the trivial solution of (5.98) is

Ptn<0. GTl=p. (5.99)
where
1.
Y19~ sin(gr)—1 n _ 5 =
BESNGOL ] <0, g =¥ — 7,
1 y A
G= % Y1 =70 <0,

_1 .
y19~ " sinh(g7)—1 N _ > >
SoFpcoshqn 0 Yot vl <0, g=/vg—vi
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Fig. 5.13 Stability regions for the equilibrium point X, = —0.873 of (5.97) by a =1, ap = —0.4,
bo 20.2, a) = 1.5, b] = 1.5, T1 =0.4, o=1.3

Note that if, in (5.98), 71 = 0, then the sufficient condition (5.76) for asymptotic
mean-square stability of the trivial solution of (5.98) takes the forma > yo+ y1 + p
and coincides with the necessary and sufficient condition (5.99) for asymptotic
mean-square stability of the trivial solution of (5.98). Let us show that for small
enough delay, the sufficient stability conditions (5.75) and (5.76) together are suffi-
ciently close to the necessary and sufficient stability condition (5.99).

In Fig. 5.12 stability regions for the equilibrium point x; given by condition
(5.75) (green and magenta), by condition (5.79) (magenta and cyan), and by condi-
tion (5.99) (grey, green, magenta, and cyan) are shown for the following values of
the parameters:

a=1, ay=-04, byp=0.2, a=b;=1.5, 1=04, oc=1.3.

(5.100)

One can see that both stability conditions (5.75) and (5.79) complement each other

and both these conditions together give the region of stability (green, magenta, and

cyan) that is sufficiently close to the exact stability region obtained by the necessary
and sufficient stability condition (5.99).

In Fig. 5.13 the similar picture for the same values of parameters (5.100) is shown

for the equilibrium point x;: both stability conditions (5.75) (magenta and green
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Fig. 5.14 200 trajectories of solutions of (5.98) at the point A (4, —2)

(small region placed between magenta and bound 2)) and (5.79) (magenta and cyan)
complement each other, and both these conditions together give the region of stabil-
ity (green, magenta, and cyan) that is sufficiently close to the exact stability region
(green, magenta, cyan, and grey) obtained by the necessary and sufficient stability
condition (5.99).

Consider the point A with u =4 and A = —2. This point belongs to stabil-
ity regions for both equilibrium points x; = 2.696 (Fig. 5.12) and x, = —0.873
(Fig. 5.13). At the point A(4, —2) the trivial solution of (5.98) is asymptotically
mean-square stable. Thus, at the point A, the trajectories of all solutions of (5.97)
with different given initial functions and the values of the parameters (5.100) con-
verge to zero as t — 00. 200 such trajectories are shown in Fig. 5.14 by the initial
functions (s < 0)

' 10
x(s) = &1 + 3’—3cos<—s) ~85, j=0,2,4,...,198,

25 j 10 .
x(s) = —x1 gcos +3, j=1,3,5,...,19.
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Fig. 5.15 100 trajectories of solutions of (5.97) at the point A(4, —2) for the stable equilibrium
point £| = 2.696

In Fig. 5.15 trajectories of solutions of the nonlinear equation (5.97) are shown
at the point A for the values of the parameters (5.100). At the point A the equilib-
rium point X; = 2.696 of (5.97) is stable in probability. Thus, at the point A, 50
trajectories of solutions of (5.97) with the initial functions

2j (10
x(s)—x1—£c0s<—s>+l.5, §<0, j=1,2,...,50,

which belong to some neighborhood of the equilibrium point X}, converge to X; as
t — oo (magenta trajectories), but other 50 trajectories of solution with one initial
function

6 10
x(s) =X+ T cos(7s> —-22, 5<0,
which is placed out of the neighborhood of 1, fill the whole space (green trajecto-

ries). Only some of these trajectories, which come to a neighborhood of X1, converge
to X1 as t — oo.
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Fig. 5.16 100 trajectories of solutions of (5.97) at the point A(4, —2) for the stable equilibrium
point £, = —0.873

Figure 5.16 is similar to Fig. 5.15, but it shows 100 trajectories for the equilib-
rium point x, = —0.873: 50 trajectories (magenta) with the initial functions

; 5
x(s) =y — lj—scos(gs) 121, s<0, j=1,2,...,50,

which belong to a small enough neighborhood of the equilibrium point X, converge
to this equilibrium, and 50 trajectories (green) with one initial function

4
x(s) =X+ T cos(2s)+ 1.8, s<0,

which is placed out of this neighborhood of X, fill the whole space.

Consider now the point B with u = —2 and A = —4 (Fig. 5.12). This point does
not belong to stability region for the equilibrium point X; = 2.536, and thus, at the
point B(—2, —4) the equilibrium point X; is unstable. In Fig. 5.17 five hundred
trajectories of the solution of (5.97) are shown with the initial function

10
x(s) =x1 +0.015 sin(?s), s <0,
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Fig. 5.17 500 trajectories of solutions of (5.97) at the point B(—2, —4) for the unstable equilib-
rium point X = 2.536

which is placed close enough to the equilibrium point X;. One can see that the
trajectories do not converge to x; and fill the whole space.

In Fig. 5.18 a similar picture is shown for the unstable equilibrium point X, = —2
at the point C with u =4 and A = 2.5 (Fig. 5.13) with the initial function

5
x(s) =X, —0.025 cos<§s>, s <0.
Note that simulations of the solutions of (5.97) and (5.98) were obtained via its

difference analogues respectively in the forms

®+aox; +aixi—m N
ir1 =1 —alA)x; A4+o(x; —xX)(wje] —w;
Xi+1 ( )x; + A+ box; + b1 xim (x; Y (Wit i)

and
i1 =0+ 200z + V1Azi—m +0zi (Wig1 — wp).

Here A is the step of discretization (that was chosen as A = 0.01), x; = x(iA),
zi =z(>(@A), wi =w({@A), m =11/A, and the trajectories of the Wiener process are
simulated by the algorithm described in Sect. 2.1.1.
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Chapter 6
Matrix Riccati Equations in Stability of Linear
Stochastic Differential Equations with Delays

Here asymptotic mean-square stability conditions are obtained in terms of the exis-
tence of positive definite solutions of some matrix Riccati equations. Using the pro-
cedure of constructing Lyapunov functionals, we will obtain different matrix Riccati
equations for one stochastic differential equation with delays. If a considered dif-
ferential equation does not contain delays, then all these matrix Riccati equations
coincide with a unique linear matrix equation.

Consider first the stochastic linear differential equation without delay

dx(t) =Ax@)dt + Cx(t)dw(t). (6.1)

Here A and C are constant n x n-matrices, x () € R"?, and w() is the scalar standard
Wiener process.

Similarly to Theorem 1.3, the necessary and sufficient condition for asymptotic
mean-square stability of the zero solution of (6.1) can be formulated in terms of the
existence of a positive definite solution P of the linear matrix equation

AP+PA+C'PC=-Q 6.2)

for any positive definite matrix Q. But for differential equations with delays, the
situation is more complicated.

6.1 Equations with Constant Delays

6.1.1 One Delay in Deterministic Part and One Delay in Stochastic
Part of Equation

Below two different ways of Lyapunov functionals construction are considered.

L. Shaikhet, Lyapunov Functionals and Stability of Stochastic Functional 153
Differential Equations, DOI 10.1007/978-3-319-00101-2_6,
© Springer International Publishing Switzerland 2013
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6.1.1.1 The First Way of Constructing a Lyapunov Functional

Consider the stochastic linear differential equation

dx(t) = (Ax(t) + Bx(t — h))dt + Cx(t — 1) dw(r), >0,
x(s)=a¢(s), s=0.

(6.3)

Formal application of the quadratic Lyapunov functional for (6.3) leads to a system
of matrix ordinary and partial differential equations [134]. The approach, used in
this chapter, gives Lyapunov functionals defined by the solutions of some nonlinear
(Riccati-type) matrix equations.

Let L be the generator of (6.3). Consider the functional V| (x) = x’ Px. Calculat-
ing LV, we get

LVy = (Ax(t) + Bx(t — b)) Px(t) + x'(t) P(Ax (1) + Bx(t — h))
+x'(t —1)C'PCx(t — 1)
=x'(t)(A'P+PA)x(t) +x'(t —1)C'PCx(t — 1)
+x'(t —h)B'Px(t) + x'(t)PB(t — h).
Using Lemma 2.3 for a = x(t — h), b = B’ Px(t), we have
LV, <x'(t)(A'P+PA+ PBR™'B'P)x(1)
+x'(t =R)Rx(t —h) +x'(t — 1)C'PCx(t — 1), (6.4)

which is the representation of type (2.35), where D(t) = A’P+ PA+ PBR™'B'P,
k=2, Q1(t) =R, Q2(t) =C'PC, t1(t) = h, 12(t) = 7, and all other parameters
are zeros.

Thus, by Theorem 2.5 we obtain the following theorem.

Theorem 6.1 Suppose that for some positive definite matrices Q and R, there exists
a positive definite solution P of the matrix Riccati equation

A'P+PA+C'PC+R+PBR'BP=-0. (6.5)
Then the trivial solution of (6.3) is asymptotically mean-square stable.

Remark 6.1 Using Lemma 2.3 for a = x(¢) and b = P Bx(t — h), instead of (6.4),
we obtain the inequality

LVi <x')(A'P+ PA+ R)x(1)
+x'(t - h)B’PR_1 PBx(t —h)+x'(t —t)C'PCx(t — 7).
Thus, in Theorem 6.1, instead of (6.5), we can use the equation

A'P+PA+CPC+R+BPR'PB=-0. (6.6)
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Example 6.1 In the scalar case a positive solution of (6.5) (or (6.6)) exists if and
only if

1 2
A+|B|+5C* <0.

Example 6.2 Let us show that using in the matrix Riccati equations (6.5) and (6.6)
different positive definite matrices Q and R we can get positive definite solutions P
by different conditions on the parameters of the considered equation. Consider, for
instance, the two-dimensional equation (6.3) with

(a1 O (b b _(c1 O
= ) e h) =6 2)

Let I be the 2 x 2 identity matrix, Q =ql, R=rl, q,r > 0. It is easy to get that a
solution P of the matrix Riccati equation (6.5) with the elements p1; > 0, p2 > 0,
p12 = 0 is defined by the equation

1 1 .
;(b%+b§)pi2i —2<ai — 56?)171'1‘ +r+q=0, i=1,2.

This equation has a positive root p;; for arbitrary positive g and r if and only if

1
a; >,/b%+b§+§ci2, i=1,2.

Let us obtain from the matrix Riccati equation (6.6) a positive definite solution
P if the obtained condition does not hold. Put, for instance, Q =1, R= P,

301 1 1
by =0, a1=§+5c%>,/b%+b§+§cf=1+§c%,

7 1 1 1
by=1, a2=§+§c§<,/b%+b§+§c§=1+§c§.

It is easy to check that in this case the matrix Riccati equation (6.6) has a positive
definite solution P with the elements p1; = 3.5, p2» =6, p12 =0.

6.1.1.2 The Second Way of Constructing a Lyapunov Functional

Consider now another representation of the initial equation leading to other matrix
Riccati equations.
Let || B|| be the operator norm of a matrix B. Rewrite now (6.3) as follows:

2 =(A+B)x(t)+Cx(t — )w(t),

. 6.7)
) = (1) + B/ x(s)ds,
t—h
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and following the procedure of constructing Lyapunov functionals, consider the
functional V| = z'(¢) Pz(¢). Calculating LV1, by (6.7) we get

LV =7 (t)P(A+ B)x(1) + x'(t1)(A+ B) Pz(t) + x'(t — 1)C'PCx(t — 1)
=x'(O[P(A+ B)+ (A+ B)P]x(t) +x'(t —1)C'PCx(t — 7)

+ /lih [x"(t)(A+ B) PBx(s) + x'(s)B'P(A + B)x(1)] ds.
Using Lemma 2.3 for a = x(s) and b = B’ P(A + B)x(t), we have
/tih [x'(t1)(A + B) PBx(s) + x'(s) B'P(A + B)x(1)] ds
<hx't(A+B)YPBR'B'P(A+ B)x(t) + /tih X' ($)Rx(s)ds. (6.8)

Thus,
LV < x/(t)[(A +BYP+PA+B)+h(A+ B)’PBR_IB/P(A + B)]x(t)

t
+ / X' ($)Rx(s)ds +x'(t —1)C'PCx(t — 7).
t—h

So, we get the representation of type (2.35), where

D(t)=(A+B)P+P(A+B)+h(A+B)PBR'B'P(A+B),
k=1, 01(t)=C'PC, (t) =1,
m =0, duo(s) =68(s —h)ds, Ro=R,

and all other parameters are zeros. By Theorem 2.5 we obtain the following:

Theorem 6.2 Suppose that the inequality h| B|| < 1 holds and that, for some sym-
metric matrices Q > 0 and R > 0, there exists a positive definite solution P of the
matrix Riccati equation

(A+B)P+P(A+B)+C'PC
+h[R+ (A+B)YPBR'B'P(A+ B)]=-0. (6.9)

Then the trivial solution of (6.3) is asymptotically mean-square stable.

Remark 6.2 Using Lemma 2.3 for a = (A + B)x(¢t) and b = PBx(s), instead
of (6.8), we obtain the inequality
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t
/ [x'(1)(A+ B) PBx(s) + x'(s)B'P(A + B)x(1)]ds
t—h

t
<hx'(t)(A+ B)R(A+ B)x(t) —i—/ x'(s)B'PR™' P Bx(s) ds.
t—h

So, in Theorem 6.2, in place of (6.9), we can use the equation

(A+BYP+P(A+B)+C'PC
+h[(A+BYR(A+B)+ B'PR"'PB]=-0. (6.10)

Example 6.3 In the scalar case a positive solution of (6.9) (or (6.10)) for arbitrary
positive Q and R exists if and only if

1
(A+ B)(1—h|B|) + 5c2 <0, h|B|<l.

6.1.2 Several Delays in Deterministic Part of Equation

Consider now the more general linear stochastic differential equation

)'C(t):Ax(t)+ZB,-x(t—h,-)+Cx(t—r)u')(t). (6.11)

i=1

To construct a Lyapunov functional for (6.11), let us use both previous representa-
tions of the initial equation. Namely, represent (6.11) in the form

) =(A+B)x(t)+ Y Bix(t—h)+Cx(t — (),

i=mop+1
mo t mo
z(t)zx(t)+ZBj/ x(s)ds,  B=)_Bj, 0<mo=<m.
j=1 t1=h;j j=1

Following the procedure of constructing Lyapunov functionals, put V; = z'(¢) Pz ().
In this case,

LV, = ((A+B)x(t)+ Z Bix(t —I’li)> Pz(t)

i=mo+1

+Z ()P ((A + B)x(t) + Z Bix(t — hi)) +x'(t —7)C'PCx(t — 1)

i=mo+1

=X O[(A+B)P+P(A+ B)]x(t) +x'(t — 1)C'PCx(t — 1)
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+ > [¥'¢—h)BPx(t) +x ()P Bix(t — )]

i=mgp+1

mo t
+ Z[ [x'(t1)(A + B) PBjx(s) +x'(s) B} P(A+ B)x(1)]ds
j=1 t—h_,‘

+ Zm: f:/t [x'(t = hj)B{PB;x(s) + x'(s) B} P Bix(t — h;)]ds.
i=mo+1j=1"1"hi
Using Lemma 2.3, we obtain that for some R; > 0,i =mo+1,...,m,
x'(t —hi)B/Px(t) +x'(t)PBix(t — h;)
<x'()PB;R7'B/Px(1) +x'(t — hj)Rix(t — h;), (6.12)
forsome G; >0, j=1,...,mo,
x'(t)(A+ B)' PBjx(s) + x'(s)Bj P(A + B)x(t)
<x'()(A+ B)’PBJ-G]TIB}P(A + B)x(t) + x'(s)G jx(s),  (6.13)
and, for some S;; > 0,i=mo+1,...,m, j=1,...,mo,
x'(t —hi)B{PBjx(s) +x'(s) B} PBix(t — h)
<x'(t - h,-)B;PBjSl.;lB}PB;x(t — hi) +x'(5)S;jx(s). (6.14)

By inequalities (6.12)—(6.14) we have

m
LV15x’(t)|:(A+B)’P+P(A+B)+ > PBR;'B/P
i=mop+1

m
+ Zh,-(A + B)’PBjG;lB}P(A + B)i|x(t) +x'(t —1)C'PCx(t — 1)
j=1

m mg P

+ Y x’(t—h,-)Rix(t—hi)—FZ/ x'(5)G jx(s)ds

i=mo+1 j=1717h
m mg

+ ) Z[hjx’(t—hi)B;PBjSUIB}PBl-x(t—h,»)

i=my+1 j=1

t
+f x/(s)Sijx(s) ds].
[—hj

Using the representation (2.35), similarly to Theorem 6.2, we obtain the follow-
ing theorem.
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Theorem 6.3 Suppose that, for some mg =0, 1, ..., m, the inequality Z;"il hjllBjl
< 1 holds and that, for some matrices R; >0, G; >0, S;; > 0, and Q > 0, there
exists a positive definite solution P of the matrix Riccati equation

m
(A+B)YP+P(A+B)+CPC+ Y (Ri+PBR "B]P)
i=mo+1
mo
+> hi[Gj+(A+ B)PB;G;'B;P(A+ B)]
j=1

m mo
+ Z Zhj(Sij+B;PBJ~SZ.;IB;-PB,~)=—Q, (6.15)
i=mg+1 j=1

where
mo
B:ZBj, 0<mo=<m.
Jj=1
Then the trivial solution of (6.11) is asymptotically mean-square stable.
Remark 6.3 Similarly to inequalities (6.12)—(6.14), we can use, for instance, the
inequalities
x'(t —h;)B/Px(t) +x'(t) PBix(t — h;)
<x'(t —hi)B/PR ' PBix(t — hy) +x' () Rix (1), (6.16)
x'(t)(A+ B)' PBjx(s) +x'(s)B} P(A + B)x(1)
< x’(s)B}P(A + B)G]Tl(A + B)' PBjx(s) +x'(1)G jx(1), (6.17)
x'(t —hi)B/PBjx(s) + x’(s)B}PBix(t —hy)
< x/(s)B;.PBi Sl.;‘B;PBjx(s) +x'(t — hi)Sijx(t — hy). (6.18)
Using different combinations of inequalities (6.12)—(6.14) and (6.16)—(6.18) and
different representations of type (2.35) in place of (6.15), we can use one from

other eight different matrix Riccati equations. For example, using in place of all
inequalities (6.12)—(6.14) inequalities (6.16)—(6.18) we obtain the equation

m
(A+B)P+P(A+B)+C'PC+ Y  (Ri+B/PR 'PB)
i=mop+1
mo
—1
+> hj[G;+ B;P(A+ B)G;'(A+ B) PB]
j=1
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m mo
+ > Y hj(Sij+B;PBiS;'B{PB;)=—0Q.
i=mo+1 j=1

Using by virtue of Lemma 2.3 other inequalities of type (6.12)—(6.14) or (6.16)—
(6.18), we will obtain other matrix Riccati equations for the initial equation (6.11).

Remark 6.4 1t is easy to see that representing (6.11) in the form

mo
() = (A+B)x(t) + ) Bix(t — hi) + Cx(t — 1) (1),
i=1

m t m
z(t)=x() + Z Bj./h x(s)ds, B= Z B;j, 0<mo=<m,
I=hj

Jj=mo+1 Jj=mo+1

we obtain a new modification of Theorem 6.3 after replacement of all sums Z’;ﬁl
by 3,41 and of all sums 3772, by 7. Using other combinations of
the summands for representations of (6.11), we will obtain other modifications of
Theorem 6.3.

Example 6.4 Consider the scalar case of (6.11) with m = 2. Using Theorem 6.3 and
Remark 6.4 for different values of mg =0, 1, 2, we obtain four different sufficient
conditions for asymptotic mean-square stability of the trivial solution of (6.11):

1
A+ |Bi|+|Ba2| + Ecz <0,
1
(A+ B1)(1 = h1|B1]) + B2l (1 + h1|Bi]) + Ecz <0, hi|Bil<1,
1
(A+ B2)(1 = ha|Ba|) + |B1|(1 + 2| Bo|) + 502 <0, hlBy] <1,

1
(A+ By + By)(1 — hy|Bi| — ha| Ba|) + ECZ <0, hilBil+h2|By| < 1.

6.2 Distributed Delay

Consider now the stochastic linear differential equation with distributed delay

n t t
)'C(t):Ax(t)—i—ZBi/ x(s)ds—l—C/ x(s)ds w(t). (6.19)
t—h; t—t

i=1 !

Rewrite (6.19) in the form

m t t
Z'(t):(A—f-(B,h))x(t)—}- Z Bi/ x(s)ds+C/ x(s)dsw(r),
t—h; -7

i=mop+1
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mo ¢
Z(l)=x(l)+ZBj/ (s —t+hj)x(s)ds,
t_

j=1 hj

mo
(B.hy=Y_Bjh;. 0<mg=<m.
j=1

In this case, for the functional V| = 7/(¢) Pz(¢), we have

m t !
LV, = ((A+(B,h))x(t)+ Z Bi/ x(S)dS> Pz(1)
—h;

i=my+1 4

m t
+z’<t>P<(A+<B,h))x<t>+ > 5 x(s)ds)
—h;

i=mo+1 !
t t
+/ x/(s)dsC’PC/ x(0)db
1—T 1—T
=xXO[(A+ B, W) P+P(A+ (B, )]x®

' ¢
+/ x'(s)dsC/PC/ x(0)do
-t -t

m t
+ Y /t_h‘ [x'(s)B/Px(1) +x'(t) P B;x(5)] ds
i=mo+1 1

mgo t
+Z/ (s —t+hp)[x'()(A+ (B, b)) PBjx(s)
—1Vi—h;
+x'(s)Bj P(A+ (B, h))x(r)] ds
m mg
PP
i=mo+1 j=1
+x'(s)Bj PB;ix(0)]ds db.

t

t
/ (s —t+hj)[x'(6)B]PBjx(s)
t—h; tfl’lj

Note that using Lemma 2.3 for a = x(s), b = C'PCx(#), and R > 0, we have
t t
/ x'(s)ds C/PC/ x(0)do
t—1 t—1
1 t t
= 5/ / [x'(0)C'PCx(s) + x'(s)C"PCx(0)] ds do
-t Jt—1

t t
< 3/ x’(s)Rx(s)ds+3/ x'(0)C’PCR™'C'PCx(0) do.
2 Ji—t 2 Ji—t
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Using inequalities similar to (6.12)—(6.14), we obtain

m
LV, <x'(t) |:(A + (B, h))/P + P(A+ (B, b))+ Z hiPB;R'B/P
i=mo+1

mo
+ % Zh?(A + (B, h))/PBjG;‘B;P(A + (B, h)):|x(t)
j=1

1
+ %/ ¥'(s)(R+C'PCR™'C'PC)x(s)ds
-1

m ¢ mo '
+ Z / x/(s)Rix(s)ds—i—Z/ (s—t—l—hj)x’(s)ij(s)ds
h j:l l—/’lj

i=mo+17 N

m mo t
1, -1
+ > Z[Ehf f,,h,x/(s)Bl{PBfSij BjPBix(s)ds

i=mo+1 j=1

t
+/ (s—t+hj)x’(s)Sijx(s)dsi|.
t—h;

J
By Theorem 2.5 we obtain the following:

Theorem 6.4 Suppose that, for some mg =0, 1, ..., m, the inequality ZTol h% 1Bl

< 2 holds and that, for some matrices R >0, R; >0,G; >0, §;; >0, and Q >0,
there exists a positive definite solution P of the matrix Riccati equation

2
(A+(B.n) P+ P(A+(B,h)+ %(R +C'PCR™'C'PC)

m
+ Y hi(Ri+PB;R;'B/P)

i=mop+1
1 &
+5 Y k3 (Gj+(A+(B,) PB;G;'B;P(A+ (B, h)))
j=1

1 m mo 3
+5 Y hiy hi(Sij+B/PB;S;'BjPB;)=—Q. (6.20)
i=mo+1 =1

Then the trivial solution of (6.19) is asymptotically mean-square stable.

Remark 6.5 Using the arguments from Remark 6.3, one can show that in place of
(6.20) in Theorem 6.4 other matrix Riccati equations can be used, for instance,

2
(A+(B.m) P+ P(A+(B. ) + 5 (R+C'PCR™'C'PC)
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m
+ > hi(Ri+B/PR ' PB))

i=mo+1

1 &
+5 > h3(Gj+B;P(A+ (B, )G (A+ (B, h) PB))
j=1

1 m mo ~
+5 > hiY hi(Sij+BjPBiS;'B/PB;)=—0.
i=mp+1 j=1

Remark 6.6 Using another representation of (6.19) in the form

mo t t
Z(t):(A+(B,h)1)x(t)+ZBi/ x(s)ds-i—C/ x(s)ds (),
t—h; t—t

i=1 !

m t
a=x0+ 3 B[ G-rrhxeds
Jj=mo+1 1=hj

m
(B,h)1 = Z Bjhj, 0=<my=<m,
j=mo+1

we obtain a new modification of Theorem 6.4 after replacement of all sums Z']"i]
by 3,41 and all sums 377 . by >0, Using other combinations of the
summands for representations of (6.19), we will obtain other modifications of The-
orem 6.4.

Example 6.5 Consider the scalar case of (6.19) for m = 2. Using Theorem 6.4 and

Remark 6.6 for different values of mg = 0, 1, 2, we obtain four different sufficient
conditions for asymptotic mean-square stability of the trivial solution of (6.19):

2
T
A+ h1|Bi| + ha|Ba| + 302 <0,

1 1 2
(A +h131)(1 - Eh%um) +h2|32|(1 + 5h%|31|> +5C* <0,

hilBi| <2,
1, {3 7’ 2
(A+h2Bo) 1—§h2|32| + hi|Bi] 1+§h2|32| +7C <0,
h3|B,| <2,
1, 1, T’ 2
(A+h By + hyBp) 1—§h1|31|—§h2|32| -I—?C <0,

h3|By| + h3|Ba| < 2.
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6.3 Combination of Discrete and Distributed Delays
Similar stability conditions can be obtained for systems with different combinations

of discrete and distributed delays. For example, consider the linear stochastic differ-
ential equation

t
)'C(t):Ax(t)—l-le(t—hl)—i-Bz/ x(s)ds
t—hy

t
+ (Clx(t—‘l.'])+C2/ x(s)ds)u')(t). (6.21)
t—1

Using four different representations of this equation, we will construct four different
Lyapunov functionals for it.
First, consider (6.21). Using the functional V| = x’(t) Px(t), we have

t /
LV, = (Ax(t) + Bix(t —hy) + BZ/ x(s)ds) Px(t)
t—hy

t
+x/(t)P(Ax(t)+le(t—h1)+Bz/ x(s)ds)
t—hy

t / t
+<C1x(t—f1)+C2/ x(s)ds) P(C]X(I—T1)+C2/ x(s)ds)
t—1o -7

=x()(A'P + PA)x(t) +x'(t — 1)) C{PCix(t — 71)
+x'(t)PBix(t — hy) +x'(t — h1) B Px(1)

t
+/ (x' (1) PBax(s) + x'(s) By Px(1)) ds
t—hy
t
+/ (x'(t = 1)CPCax(s) + x'(s)CLPC1x(t — 1)) ds
1—1

1 13 13
+ —/ / (X (0)C,PCax(s) 4+ x'(s)CHPCax(0)) ds df.
2 -1 Jt—1p

Using Lemma 2.3 for some positive definite matrices R;, G;, i = 1, 2, we obtain
LV < x(t)(A'P + PA+ R+ thz)x(t) +x'(t — rl)CiPClx(t —11)

+x'(t —h)B{ PR PBix(t — h1) + 0x'(t — 1)) G1x(t — T1)

t t
+[ x’(s)BéPRQ_IPBzx(s)ds+/ X' (5)CyPC Gy C{PCox(s)ds
t—hy t—

2

o (! ’ / —1 v
+3 x'(9)(G2 4+ C4PCL,G5 ' CHPCy)x(s) ds.
-1
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By the representation of type (2.35) with S;(t) =0, dK; =0,

D=AP+PA+ Ry +hyRy, k=2, m=0,

01=C|PC| + 120Gy, () =1,

0> =B|PR;'PBi +©G1, n(t)=h,

du(s) =8(s — ha)ds, R(t +hy, t) = B5PR; ' P By,

duo(s) =8(s — o) ds,

Ro=C4yPCIG{'C{PCy+ %rg(Gz +CyPC2G5 ' ChPCy),
and Theorem 2.5, we obtain the following theorem.

Theorem 6.5 Let for some matrices R; >0, G; > 0,i = 1,2, and Q > 0, there
exist a positive definite solution P of the matrix Riccati equation

A'P+PA+C{PCi+ Ry + B{PR;'PB; +hy(R,+ ByPR; ' PB;)

/ —1 v ‘522 1 —1 _
+12(G1+ CPCIG, CIPCy) + (G2 + (1P 026G, G PCr) = =0,

(6.22)
Then the trivial solution of (6.21) is asymptotically mean-square stable.
Remark 6.7 Similarly to Remark 6.3, one can show that in place of (6.22) in The-

orem 6.5 one from the eight different matrix Riccati equations can be used, for
example,

A'P+PA+C{PC+Ri + PBR;'B{P +hy(Ry+ PB,R; ' B, P)

/ —1 v ‘522 ! —1 _
+12(G1+CIPCG G PCY) + —(Gr+ P CIG, G PCr) = =0,

Rewrite now (6.21) in the form

t
20 = (A+ Bx() + 32/ x(s) ds
t—hy
t
+<C1x(t—fl)+C2/ x(s)ds)uv(r),
-1

t
z(t) =x(t)+81/ x(s)ds.
t—hy
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Then, for the functional V| = 7/(¢) Pz(t), we have
¢ /
LV, = ((A—i—Bl)x(t)—l—Bz/ x(s)ds) Pz(1)
t—hy

t
+ z’(r)P<(A + Bi)x(t) + B / x(s)ds)
t—hy

t ’ t
+<C1x(t—r1)+C2/ x(s)ds) P(Clx(t—tl)—l-Cz/ x(s)ds)
t—1 =1

=x(®)((A+ B)'P+ P(A+ B))x(1)

t
+ / (x' (1) (A + B)) PBx(s) +x'(s)B{ P(A + B)x(1)) ds
t—h
t
+/ (x'(1)PByx(s) + x'(s) By Px(1)) ds
t—hy

' '

+/ / (x’(Q)BiPng(s) +x’(s)BéPle(«9)) dsdo
t—hy Jt—hy

+x'(t = 1))C{PCix(t — 71)

t
+/ (x'(t = T)C{ PCax(s) +x'(s)CHPCix(t — 11)) ds
t—1

1 t t
+—/ f (x"(0)C4 P Cox(s) + x'(s)CyPCrx(0)) ds db.
2 -1 JI—17
Using Lemma 2.3 for some R; >0,i=1,2,3,G; >0, j =1, 2, we obtain
LVi <x()[(A+B))P+ P(A+B))+hi(A+ B))'Ri(A+ B)) + ha PRy P]x (1)

t
+ / x'(s)[B{PR;'PBy + haB{ PR3P By |x(s)ds
t—hy

t

+/ x'(s)[h1 ByR; ' Ba + ByRy ' By|x(s)ds
t—hy

+x'(t = )[C]PC + 2C PG PC]x(t — 11)

T

t
+f x/(s)[CéGl_lC2+ ;(Cgczcz+C§PG;1PCQ)]x(s)ds.
-1

By the representation of type (2.35) and Theorem 2.5 the following theorem is
proved.

Theorem 6.6 Suppose that the inequality hi||B1|| < 1 holds and that, for some
matrices R; > 0,i=1,2,3, G; >0,i =1,2, and Q > 0, there exists a positive
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definite solution P of the matrix Riccati equation

(A+ Bl)/P + P(A+ By) + CiPCl
+hi((A+B1)Ri(A+ Bi)+ B{PR;'PBy)

+hy(PRyP + B5R, ' By) + hiha(B{ PR3P By + ByR; ' B))

2
T
+1(C{PGIPC+ C,GT'Co) + 72(030202 +CPG; ' PCy) = 0.

(6.23)

Then the trivial solution of (6.21) is asymptotically mean-square stable.

Remark 6.8 Similarly to Remark 6.3, one can show that in place of (6.23) in Theo-
rem 6.6 other different matrix Riccati equations can be used, for instance,

(A+B)'P+ P(A+ B)+CiPC
+hi(Ri+ B{P(A+ B)R ' (A+ B1) PB))
+ha(Ry + B5PR; ' PBy) + hiha(R3 + ByPB Ry ' B{ P By)
2
T
+12(G1+ CPCIG ' CIPCo) + (G + Gy PC2G, | G PCa) == 0.
Remark 6.9 Rewriting (6.21) in the form

t
z2t) =(A+hyBy)x(t) + Bix(t — hy) + <C1x(t —1)+ Cz/ x(s) ds)u')(t),
1—1

t
2()=x@)+ Bz/ (s —t+ho)x(s)ds,
t—hy
one can obtain the following theorem.

Theorem 6.7 Suppose that the inequality h%||Bz|| < 2 holds and that, for some
matrices R >0,i=1,2,3, G; >0,i=1,2, and Q > 0, there exists a positive
definite solution P of the matrix Riccati equation

(A+hyBy)' P+ P(A+hyBy) + C{PC\ + R + PB R ' B{ P
1
+ 3h3[Ra + Rs + (A+haBa) PByRy ' By P(A + o By)
+ B{PBR;'ByPB ]+ (G + C{PC2G{ ' CLPCY)

T22 / —1 _
+ 7(Gz + CyPC,G; 'ChPCy) =—0 (6.24)
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or

(A+h2By) P+ P(A+hyBy)+ C{PCy + R+ B{PR; ' PB,

1
+ 313[Ra + Rs + By P(A+h2B)Ry ' (A + haBy) PBy + By PBIR; ' B{ P By

/ —1 T22 / —1 v _
+02(G1 + CPC1G ClPC2)+?(G2+C2PC2G2 CyPCy) =—0Q.

Then the trivial solution of (6.21) is asymptotically mean-square stable.

Remark 6.10 Rewriting (6.21) in the form
t
z(t) = Ax(t) + <C1x(t—1:1)+C2/ x(s)ds)u')(t),
1—1

t t
z(1) =x(t)+/ le(s)ds—i—/ (s —t+hy)Byx(s)ds,
t—hy t—hy
A=A+ By + hyBs,
one can obtain the following theorem.

Theorem 6.8 Suppose that the inequality hi| By || + %h%”Bg” < 1 holds and that,
for some matrices R; >0, G; > 0,i =1,2, and Q > 0, there exists a positive defi-
nite solution P of the matrix Riccati equation

A\P+ PA+C|PC\+hi(R + A\ PBiR;'B|PA))

1
+ 5h%(Rz + A\ PByR;'ByPAL) + (G + C PC2GT C4PCY)

+ 2624 G PCGT G PCY) =0 (625)
or
A{P + PA; +C{PCi +hi (R + B{PA R 'A|PBy)
+ %h%(Rz + ByPAIR, A PB))

2

+10(G1+C4PC G C PCy) + 72(62 +CLPCLGL I CHPCY) = 0.
Then the trivial solution of (6.21) is asymptotically mean-square stable.

Remark 6.11 Note that in some cases a matrix Riccati equation can be transformed
to a linear matrix equation. Suppose, for instance, that the matrix B in (6.3) has the
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inverse matrix. Then putting in (6.5) R = B’ P B, we transform it to the linear matrix
equation

A'P+PA+P+BPB+C'PC=-0Q.

Suppose that for some P > 0 the matrix B satisfies the condition PB = B’'P > 0.
Then putting in (6.5) R = P B, for this P, we obtain the linear matrix equation

(A+BYP+P(A+B)+C'PC=-0Q.

We obtain the same linear matrix equations by putting R = P or R = P B in (6.6).
If in (6.21) the matrices Cy, C; have the inverse matrices, then putting R; = P,
G, = le PC;i,i=1,2,in (6.22), we transform it to the linear matrix equation

A'P+PA+(+hy)P+ B{PB+hyB,PB>
+(1+0)(C}PC+12CLPCy) = - Q.

If in (6.21) the matrices By, By, C1, C> have the inverse matrices, then putting
Ri = B{PBy, Ry = B,PB>, G| = G2 = C;,PC3 in (6.25), we transform it to the
linear matrix equation

1 1
A\P+PA; + (m + Eh%)A’IPA] +h1B{PBy + Sh3B)PB,

+(14+1)(C]PCi + 12C4PC)
=-0.

Example 6.6 Consider the scalar case of (6.21). Putting C = |C| 4 12|C3|, by The-
orems 6.5-6.8 we obtain four different sufficient conditions for asymptotic mean-
square stability of the trivial solution

1
A+|Bl|+h2|32|+§c2<o,
1
(A+Bl)(1—h1|Bl|)+hz|Bz|(1+h1|Bl|)+§c2<0, h|Bi| <1,
1
(A+h232)(1——h2|32|>+|le<1+ hlel)+ ~C2<0, h3|By| <2,

1 1 1
(A+ By -|-th2)< —h1|By| — —h Ile) + ECZ <0, h|Bl+ Ehngzl <L
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6.4 Equations with Nonincreasing Delays

6.4.1 One Delay in Deterministic and One Delay in Stochastic
Parts of Equation

Consider the stochastic linear differential equation with delays depending on time
x(t) = Ax(t) + Bx(t —h(1)) + Cx(t — T(1)) (1),
xo(s) = (s), s <0. (6.26)

Here it is supposed that the delays 4 (¢) and 7(¢) are nonnegative differentiable func-
tions satisfying the conditions

h(t) <0, () <O0. (6.27)

6.4.1.1 The First Way of Constructing a Lyapunov Functional
Consider the Lyapunov functional V| = x’ Px. Calculating LV;, we get
LV = (Ax(t) + Bx(t — h(t)))/Px(t) +x'(t)P(Ax (1) + Bx(t — h(1)))
+x'(t —t(1))C'PCx(t — T (1))
=x'()(A'P+ PA)x(t) +x'(t —t(1))C'PCx(r — (1))
+x'(t = h(@))B'Px(t) + x'(t) PBx(t — h(1)).
Using Lemma 2.3 for R > 0, a = x(t — h(t)), and b = B’ Px(t), we have
LV <x'(t)(A'P + PA+ PBR'B'P)x(1)
+x'(t = h(®))Rx(t — h(1)) +x'(t — (1)) C'PCx(t — 7(1)). (6.28)
By the representation (2.35) with
D(t)=A'P+PA+ PBR™'B'P, k=2,
01(1) =R, T1(1) = h(1), 02(1) =C'PC, (1) =1(1),

and Theorem 2.5 we obtain the following:

Theorem 6.9 Suppose that conditions (6.27) hold and that, for some positive defi-
nite matrices Q and R, there exists a positive definite solution P of the matrix Ric-
cati equation (6.5). Then the trivial solution of (6.26) is asymptotically mean-square
stable.

Remark 6.12 Using Lemma 2.3 for a = Px(t) and b = Bx(t — h(t)), one can get
in Theorem 6.9 in place of (6.5) the matrix Riccati equation

A'P+PA+C'PC+BRB+PR'P=—0. (6.29)
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6.4.1.2 The Second Way of Constructing a Lyapunov Functional

Consider another way of constructing a Lyapunov functional for (6.26) leading to
another Riccati matrix equation.
Let us rewrite now (6.26) in the form of a neutral type equation

()= (A+ B)x(t) + h(t)Bx(t — h()) + Cx(t — T (1)) (1),

t

z(t):x(t)—i—B/ x(s)ds

t—h(t)
and suppose that

OBl <1,  h=sup|ht)| < oo. (6.30)
>0
Following the procedure of constructing Lyapunov functionals, we will construct
now a functional V in the form V = V| + V,, where Vi = 7/(¢) Pz(¢). Calculating
LV1, we get

LV =7 @) P((A+ B)x(t) + h(t)Bx(t — h(1)))
+ (X' ()(A+ B) + h(t)x'(t — h(t))B') Pz(t)
+x'(t = t(1))C'PCx(t — T(1))
=x'(1)(P(A+ B)+ (A+ B) P)x(t) +x'(t — t(t))C'PCx(t — (1))
+h(@)(x" () PBx(t — h()) +x'(t — h(t))B'Px(1))

t
+/ (x’(t)(A+B)’PBx(s)+x’(s)B’P(A+B)x(t)) ds
t—h(t)

t
+h(t) (x'(s)B'PBx(t — h(t)) + x'(t — h(t)) B' P Bx(s)) ds.
t—h(t)

(6.31)

Using Lemma 2.3 for Ry > 0, a = x(s),and b= B'P(A + B)x(t), for Ry > 0,a =
x(t),and b = PBx(t — h(t)), and for R3 > 0,a = x(s), and b = B'PBx(t — h(¢)),
we obtain

t
/ [x'(1)(A+ B) PBx(s) +x'(s)B'P(A+ B)x(t)]ds
t—h(t)

t
<h@®x'(t)(A+ B)/PBRl—lB/P(A + B)x(t) + f x'($)R1x(s)ds,
t—h(t)

h(t)(x'(t)PBx(t — h(t)) +x'(t — h(t)) B’ Px(1))
< [h®)|(x' (1) Rax (1) + X' (t — k(1)) B'P Ry ' PBx(t — h(1))), (6.32)
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t

h(t) (x'(s)B'PBx(t — h(t)) + x'(t — h(t)) B'P Bx(s)) ds
t—h(t)

t
< |f'z(t)|(/ x'(s)R3x(s)ds
t—h(t)
+h(t)x'(t —h(t))B'PBR; ' B'PBx(t — h(t))).

Then by (6.31)—(6.32) we have
LVi <x')[(A+ B)'P+ P(A+ B) + h(0)(A+ B)/PBRI_IB’P(A + B)

+hRJx(t) + hx'(t — h(t))B'P(Ry"' + h(0)BRy' B')PBx(t — h(1))

t

+x'(t = (@))C'PCx(r — (1)) —I—/ +/(s)(Ry + hR3)x(s)ds.
t—h(t)

Choosing the functional V5 in the form

t

t
Vo= / (s —1+h@®)x'(s)(R + hR3)x(s)ds +/ x'(s)C'PCx(s)ds
1—h(t) -

t

+h/ x’(s)B’P(Rz_l—}-h(O)BR;lB’)PBx(s)ds,
t—h(t)

by (6.27) we obtain

t
LVs = h®)x'(t)(R1 + hR3)x(1) — (1 — h(1)) / x'(s)(R1 + hR3)x(s)ds
t—h()
+x'()C'PCx(t) — (1 —(1))x'(t — T (1)) C'PCx(r — (1))
+hx'(t)B'P(Ry ' +h(0)BR; ' B')PBx(1)
—h(1 = h(®)x'(t —h())B'P(R;" + h(0)BR;'B')PBx(t — h(1))
< x'(O[n(O)(R +hR3) + C'PC +hB'P(Ry' +h(0)BR;'B')PB+]x (1)

—hx'(t = h(0))B'P(Ry' +h(0)BR; 'B')PBx(t — h(t))
l A
— x’(t — r(t))C'PCx(t — r(t)) — f x'($)(R1 + hR3)x(s) ds.
t—h(t)
As a result, for the functional V = V| + V,, we have
LV <x'O[(A+B)P+P(A+B)+C'PC
+h(0)(R1 + (A+ B)PBR;'B'P(A+ B))
+i(Ry+ B'PR; ' PB) +hh(0)(Rs + B'PBR;' B'PB)]x(1).

So, we obtain the following theorem.
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Theorem 6.10 Suppose that conditions (6.27), (6.30) hold and that, for some ma-
trices R; > 0,i=1,2,3, and Q > 0, there exists a positive definite solution P of
the matrix Riccati equation

(A+B)P+P(A+B)+C'PC
+h(0)(Ri + (A+ BY PBR;'B'P(A+ B))

+h(Ry+ B'PRy'PB+h(0)(Rs + B'PBR;'B'PB))=—0. (6.33)
Then the trivial solution of (6.26) is asymptotically mean-square stable.

Remark 6.13 Using Lemma 2.3 for R; > 0, a = x(¢), and b = (A + B) PBx(s),
for R» > 0,a=x(t —h(t)),and b = B’ Px(t), and for R3 > 0, a = x(t — h(¢)), and
b= B’ PBx(s), in place of (6.32) we obtain the inequalities

t
f [x'(t)(A+ B)Y PBx(s) + x'(s)B'P(A+ B)x(1)]ds
t—h(t)

t
<h@®)x'(®)Rix(t) + / x'(s)B’P(A + B)Rl’1 (A+ B) PBx(s)ds,
t—h(t)

h(t)(x' ()P Bx(t — h(t)) +x'(t — h(t)) B’ Px (1))
< |h@®|(x'(t — h(®)) Rox (t — h(t)) + x'(t) PBR; ' B' Px(1)), (6.34)

t
]:l(l) (x/(s)B/PBx (t — h(t)) + x/(t — h(t))B/PBx (s)) ds
t—h(t)

< |h()| (h(r)x’(t —h(t))R3x(t — h(1))

t
+/ x’(s)B’PBR31B/PBx(s)>ds.
t—h(t)

Using different combinations of inequalities (6.32) and (6.34) and choosing an
appropriate functional V5 in place of (6.33) in Theorem 6.10, one can use differ-
ent matrix Riccati equations. For example, using all inequalities (6.34) in place of
inequalities (6.32) and choosing the functional V; in the form

t
Va= / (s —t+h(1)x'(s)B'P(A+ B)R; ' (A+ B) PBx(s)ds
t—h(t)
n t t
~|—h/ x’(s)sz(s)ds+/ x'(s)C'PCx(s)ds
t—h(t) t—1(t)
t
+h/ (s —t+h(0)x'(s)B'PBR; ' B'PBx(s)ds,
t—h(1)
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we obtain that in Theorem 6.10 in place of (6.33) the following equation can be
used:

(A+B)P+P(A+B)+C'PC
+h(0)(R1 + B'P(A+ B)R;' (A + B)' PB)
+h(Ry+ PBRy'B'P +h(0)(Rs + B'PBR;'B'PB)) =—0. (6.35)

Example 6.7 In the scalar case a positive solution of (6.33) (or (6.35)) exists if and
only if

(A+ B)(1—h(0)|B]) +fz|B|(1 + h(0)|B|) + %Cz <0, h(0)|B|<1.

6.4.2 Several Delays in Deterministic Part of Equation

Consider now the stochastic linear differential equation with delays

i) =Ax(®)+ Y Bix(t —hi(0) + Cx(r — 7() (1), (6.36)
i=l1

which is a generalization of (6.26). Here m is a positive integer, and the delays #; (¢)
are nonnegative differentiable functions satisfying the conditions

(1) <0, hi() <0, hi =sup|hi(t)] <00, i=1,....m. (6.37)

t>0

To construct Lyapunov functionals for (6.36), we will use both previous repre-
sentations of the initial equation. Namely, rewrite (6.36) in the form

mo
20y = (A+B)x(t)+ Y _ () Bix(t — b (1))
=1
+ Y Bix(t—hi(0) + Cx(t — T(0)b(0),

i=mgy+1

mgo t
z(t)=x(t)+ZB,-/ x(s)ds,
j=t

—hj(t)

mo
BZZBj’ 0<mg<m.
j=1
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We will construct a Lyapunov functional V in the form V = V; + V,, where V| =
Z/(t) Pz(t). In this case,

m mg 4
LV, = |:(A + B)x(1) + Z Bix(t —hi(1)) + Zh,(r)mx(: — hl(t))} Pz(1)
i=mo+1 =1

m mgo
+Z()P |:(A +Bx0+ Y Bix(t—hi0)+ Y hi()Bx(r — hz(t))i|

i=mo+1 =1
+x'(t =) C’'PCx(t — (1))
=x'(O[(A+B)P+ P(A+ B)|x(t) +x'(t —7(1))C'PCx(t — 7(1))

+ Z "(t — hi (1)) B/ Px(t) + x'(t) P Bix (t — i (1))]
i=mo+1

mgo t
+ Z/ [x'(t)(A+ B) PBjx(s) + x'(s) B} P(A + B)x(1)] ds
=1 t—hj(t) ’

+Z Z f x(t — hi(1)) B/ P B;x(s)

j=li=mo+1 1=h;j (t)

+x'(s)B; PBix(t — hi(t))]ds

Zh,(r) (t — b)) B{ Px(t) +x' (1) PBx(t — hi(1))]

mo mo

+ZZhl(t)/ x'(t — hi(1)) B[P Bjx(s)

I=1 j=1 hj (f)
+x'(s)B; PBx(t — hi(1))]ds

Using Lemma 2.3 for R; >0, i =mo+1,...,m, a = x(t — h;i(t)), and b =
B/Px(t),forG; >0, j=1,...,mo,a=x(s),and b = B}P(A—i—B)x(t), for S;; >
0,i=mo+1,....m, j=1,...,mg, a=x(s), and b = B}PB,-x(t — h; (1)), for
U>0,1=1,...,mg, a=x(—h()),and b = B/Px(t), and for Z;; >0, [ =
I,...omp, j=1,...,mp,a=x(s),and b = B;.Ple(t — h;(t)), we obtain

x'(t —hi(®)) B/ Px(t) + x'(t) PBix(t — h;i (1))
<x'(t —hi@))Rix (t — hi(t)) +x' (1) PB: R, ' B[ Px (1),
x'(1)(A+ B)' PBjx(s) +x'(s)B; P(A+ B)x(1)

<x'()Gjx(s) +x'(t)(A + B)/PB.,'G]TlB}P(A + B)x (1),
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x'(t = hi (1)) B/PBjx(s) + x’(s)B}PBix(t — hi(1))
(6.38)
<x'(5)Sijx(s) +x'(r — h,-(z))B;PBjSi;lB}PB,-x(r —hi(1)),

hi(@[x'(t — hi(®)) B[ Px(t) +x'(t) P Bix (t — hy(1))]

<Iy[x'(t = @) Upx(t — i (1) +x" () PB U B/ Px(1)],
hi(t)[x'(t = hi(1)) B/ PBjx(s) + x'(s) B} PBix(t — hi(1))]
< hy[x'(9)Zjx(s) +x'(t — hl(z))B;PB,-zl;1 BiPBix(t —hi(1))].

By inequalities (6.38) we obtain

mo
LV <x'(1) |:(A +B)P+P(A+B)+) hPBU'BP
I=1

m mg
+ Y PBR7'B/P+) hj(0)(A+B)PB;G;'B;P(A+ B)};(r)

i=mo+1 j=1
m
+X(t—Tt@)C'PCx(t =)+ Y x(t—hi®)Rix(t — hi (1))
i=mo+1
mo ¢ mo m t
+ Z[ x'()Gjx(s)ds + Z Z x'()Sijx(s)ds
=171 @ i=1izmot1?1=hi®

m mo
+ Z Zhj(O)x’(t — h,»(t))B;PBjSi;lB}PB,-x(t — hi (1))

i=mo+1 j=1
mo R o t
+ Zhl x/(t — hl(t))le(t - hl(t)) + Z/ x/(s)lex(s) ds
=1 j=1 t—hj(t)
my mo
+ > Y huhjO)x'(t — (1)) B{PB; Z;;' B} PBix(t — by (1)).
=1 j=1
Choosing the functional V; in the form
t m t
Vo = / X' ($)C'PCx(s)ds+ ) x'(s)Rix(s)ds
t—1(t) i=mo+1 t—h;(t)
mg t
+ Zf (s —t+hj()x' ()G jx(s)ds
o1 r=hi@
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+Z Z |:h (0) x(s)B;PBjSi;lB}PB,-x(s)ds

j=li=mo+1 t=hi(0)

t
—I—/ (s —t +hj(t))x’(s)S,-jx(s) dsi|
t—hj(t)
+ Zhl |:/ X' (Uix(s)ds
t—hy (1)
+2/

(s —t+hj()x"(5)Z;x(s) ds:|
t—hj(t)

mo mg
+) ) hihy (0)/ x'(s)BPB;Z;;' B} PBix(s)ds,
=1 j=1
for the functional V = V; + V,, we obtain

mo
LV < x’(t)|:(A +B)P+P(A+B)+C'PC+Y (U + PBU ' B/P)
=1

mo
+> hjO[G;+(A+B)YPB;G;'B;P(A+B)]

j=1
m mo mo ,\
+ Y (Ri+PBiR7'B/P)+) hj(0)) h(Z;+B/PB;Z; B;PB)
i=mo+1 j=1 I=1

+Zh (0) Z Sl]+B,~’PBjSij1B.;PBi)i|x(t).

i=mo+1

Thus, the following theorem is proved.

Theorem 6.11 Suppose that conditions (6.37) and the inequality Z;ﬁl h; Q)| B;l
< 1 for some mg =1, ...,m hold and that, for some positive definite matrices Uj,

Ri, Gj, Sij, Zij, and Q, there exists a positive definite solution P of the matrix
Riccati equation

mo
(A+B)P+P(A+B)+C'PC+Y h(U+PBU " B/P)
=1

mo
+> hjO[G;+(A+B)PB;G;'B;P(A+ B)]
j=1
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m mo mo
+ > (Ri+PBiR7'B/P)+ ) hj(0)) h(Zj+ B PB;Z;' B;PB)
i=mo+1 j=1 =1
+Zh (0) Z (Sij + B{PB;S;;'B;PBi) =—Q. (6.39)

i=mop+1

Then the trivial solution of (6.36) is asymptotically mean-square stable.

Remark 6.14 Using other variants of inequalities (6.38) and choosing an appropriate
form of the functional V5, in Theorem 6.11 one can use in place of (6.39) other
matrix Riccati equations, for instance,

mo
(A+B)P+P(A+B)+C'PC+> (U +BPU ' PB)
=1

mo

+> hjO[G;+ B;P(A+ B)G;'(A+ B) PBj]
j=1
m mo
+ Y (Ri+B/PR”'PB) +Zh ©)Y k(2 + B;PBiZ;' B/ PB;)
i=mo+1 j=1 =1

+Zh (0) Z (Sij + B} PBiS;;'B{PB;) =—Q.

i=mop+1
Remark 6.15 1t is easy to see that rewriting equation (6.36) in the form

{0 =A+Bx®)+ Y h@)Bx(t— (1))

j=n’l()+1

mo
+ Y Bix(t — hi (1)) + Cx(t — (1)) (1),

i=1

2 = x(0) + Z/ x(s)ds.

t—hj(t)

Jj=mo+1
m
B = Z Bj, 0=<mg=<m,
j=mo+1

we obtain a new modification of Theorem 6.11 after replacement in (6.39) of all
sums Z;’ﬁl by 3,41 and all sums 377 ) by 37, Using other combina-
tions of the summands for representations of (6.36), we will obtain other modifica-
tions of Theorem 6.11.
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Example 6.8 Consider the scalar case of (6.36) for m = 2. Using Theorem 6.11 for
different values of my = 0, 1,2, we obtain four different sufficient conditions for
asymptotic mean-square stability of the trivial solution of (6.36):

1
A+|Bl|+|32|+EC2<O,

. 1,
(A+ B)(1 =k ©)[B1]) + (| Bi| + | B2]) (1 + h (0) | Br]) + 5C* <0,
h1(0)|B| < 1,
R 1,
(A+Bz)(1—hz(O)Ile)—I—(IBII+h2|32|)(1+h2(0)|32|)+EC <0,
h2(0)|B2| < 1,
(A+ Bi + B)(1 = h1(0)|Bi| — h2(0)|Ba) + (h11B1| + ha| Bol)

1
X (14 h1(0)|B1| + h2(0)| B2|) + ECZ <0, 71 (0)|Bi] +h2(0)[B2| < 1.

6.5 Equations with Bounded Delays

Consider the linear stochastic differential equation with distributed delays depend-
ing on time

t t

Bx(s)ds+/ Cx(s)dsw(t),

t—1(t)

x(t)=Ax() +/
t—h(t)
x0(s) =¢(s), s <0. (6.40)

We suppose that the delays /4(¢) and t(¢) satisfy the following conditions:

0<ho<h(t)<hi, h=h —hy=0, 0<t()<1. (6.41)

6.5.1 The First Way of Constructing a Lyapunov Functional
Calculating LV for Vi = x'(t) Px(t), we get

LVi=x'(t)(A'P+ PA)x(t) + Io+ I,
where

t '
I():/ / x(s)C'PCx(0)db ds,
t—t(t) Jt—1(t)

f
I :/ (x'(s)B'Px (1) + x' (1) PBx(s)) ds.
1—h(t)
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Using (6.41) and Lemma 2.3 for Iy with Ry > 0, a = x(s), and b = C' PCx(#) and
for I} with Ry > 0,a = x(t), and b = P Bx(s), we obtain

1 [t !
Io=~ / / (x"(0)C"PCx(s) +x'(s)C" PCx(6)) d6 ds
2 t—t(t) Jt—1(t)

t
< % ¥'(s)(Ro + C'PCR; ' C'PC)x(s) ds, (6.42)
1—11

t
I < hlx’(t)Rlx(t)+/ x'(s)B'PR; ' PBx(s)ds.
t—h

Then

LVi <x'()(A'P+ PA+hiR)x(1)
13
+/ x'(s)B'PR; ' PBx(s)ds
t—hy

t
+% x'(s)(Ro + C'PCR;'C' PC)x(s) ds.
1—1

By the representation (2.35) and Theorem 2.5 we obtain the following theorem.

Theorem 6.12 Let for some positive definite matrices Ry, Ry, and Q, there exist a
positive definite solution P of the matrix Riccati equation

l ’ -1 rlz l —1 -~
A'P+PA+h|(Ri+B' PR PB)+ 7(Ro +C'PCR; 'C'PC)=—0. (643)
Then the trivial solution of (6.40) is asymptotically mean-square stable.
Remark 6.16 Using Lemma 2.3 with other representations for a and b, it is possible

to get other matrix Riccati equations in Theorem 6.12. For example, using Ry > 0,
a=Cx(s),and b = PCx(#), in place of (6.43) we obtain the equation

2
T
A'P+PA+hi(PRP+B'R;'B)+ EIC’(RO +PR;'P)C=—0Q. (644
Example 6.9 In the scalar case both equations (6.43) and (6.44) have a positive
solution if and only if A +hy|B| + 372C? <O0.
6.5.2 The Second Way of Constructing a Lyapunov Functional

Rewrite (6.40) in the form of a stochastic differential equation of neutral type

t

Bx(s)ds+/ Cx(s)dsw(t),

t—1(t)

t—h(t)

zt) = (A4+h1B)x(t) — /

t—hy
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t
z(f)=x(l)+/ (s — 4+ h1) Bx(s) ds.
t—h

Calculating LV}, for the functional V| = 7/(¢) Pz(¢), we get

LVi=xO[(A+hB)P+PA+mB)xt)+lo+ 1L+ L+,

where [ is defined in (6.42), and

t
I = / (s —t+h)[x'(s)B'P(A+hB)x(t) + x'(t)(A + h1 B) PBx(s)] ds,
t—hy

t—h(1)
L=~ / [¥' @0 PBx(s) +x"(s)B'Px(1)] ds,

t

—hy

t t—h(t)

I = _/ / (s —t+h)[x'(s)B'PBx(0) + x'(0)B'PBx(s)] do ds.
t—hy Jt—h

Using Lemma 2.3, we obtain

1 2.7
I < Eh‘x (OR1x(1)

t
+f (s —t+h)x'(s)B'P(A +hlB)’PBR1_1(A +h1B) PBx(s)ds,
t—h

t—h(t)
b 5/ [x'(1)Rax (1) + x'(s)B' PR, PBx'(5)] ds
t—h
R t—ho
< hx'(t)Ryx () +/ x/(s)B/PRz_lPBx/(s) ds,

t—hy

I3

IA

t t—h(t)
/ f (s —t +h)[x'(O)R3x () +x'(s)B'PBR; ' B'PBx(s)] d0 ds
t—hy Jt—h

1

1 t—ho
< —h2/ x'(0)R3x(0)do
2 t—hy

t
+h/ (s —t+h1)x'(s)B'PBR; ' B'PBx(s) ds.
t—hy )

Then

1 R
LV < x/(t)I:(A +hB)P+P(A+h B)+ Eh%Rl +hR2}x(r)

t
+/ (s —t+h)x'(s)B'P(A+hiB)R;' (A +hB) PBx(s)ds
t—hy
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t—ho 1
+/ x/(s)[B/PRz_lPB + 5h%R3i|x(s)ds
t—hy

t
—i—h/ (s—t+hl)x’(s)B’PBR;IB/PBx(s)ds
t—hy

i [! / ’ —1 v
+5 x'(s)(Ro+C'PCR; C'PC)x(s)ds.
t—11
By Theorem 2.5 we obtain the following theorem.

Theorem 6.13 Suppose that the inequality h%||B|| < 2 holds and that, for some
positive definite matrices R;, i =0,1,2,3, and Q, there exists a positive definite
solution P of the matrix Riccati equation

2
T
(A+hB)P+ P(A+h B)+ 71(130 +C'PCR;'C'PC)

1
+ 5h%(Rl +B'P(A+hiB)R;'(A+h1B) PB)
~ 1 4
+h(Ry+ B'PR;'PB) + Eh%h(Rg +B'PBR;'B'PB)=—-0. (6.45)
Then the trivial solution of (6.40) is asymptotically mean-square stable.

Remark 6.17 By analogy with the previous remarks in Theorem 6.13, instead of
(6.45) other variants of matrix Riccati equations can be used.

Remark 6.18 Similar results can be obtained for more general equation
t

m t k
)'c(t):Ax(t)+Z/ h()Bix(s)ds+Z Cix(s)dsw(t).
i=1 1—hilt i=1

t—7; (1)

6.6 Equations with Unbounded Delays

Suppose now that the delays A(¢) and t(¢) in (6.40) are nonnegative differentiable
functions that satisfy the conditions

h() <a <1, T <p <l (6.46)
From (6.46) in particular it follows that
h(t) < h(0) + at, (1) < 7(0) + B,

i.e., the delays can increase to infinity.
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We will construct a Lyapunov functional V in the form V = V| + V5, where
V) = x’ Px. Calculating LV}, we obtain

LVy <x'(t)(A'P+ PA+ PBR™'B'P)x(1)
+x'(t = h(®))Rx(t — h(1)) +x'(t — (1)) C'PCx(t — T(1)).

By the representation (2.35) with

D(t)=A'P+PA+ PBR 'B'P, k=2,
01 =R, T1(t) = h(1), 0,=C'PC, (1) =t(1),

from Theorem 2.5 we have following:

Theorem 6.14 Suppose that conditions (6.46) hold and that, for some positive def-
inite matrices R and QR, there exists a positive definite solution P of the matrix
Riccati equation

1
R+——CPC=-0. (6.47)

A'P+PA+PBR'B'P+
l—«a 1-8

Then the trivial solution of (6.40) is asymptotically mean-square stable.

Remark 6.19 Instead of (6.47) in Theorem 6.14 other matrix Riccati equations can
be used, for example,

1
R+-——C'PC=-0.

A'P+PA+BPR'PB+
l—«a 1-RB

Putting R = P in this equation, one can reduce it to the linear matrix equation

1 1
AP+PA+BPB+—P+—CPC=-0.
l—a 1-8

Example 6.10 In the scalar case a positive solution of (6.47) exists if and only if

A+ El + c? <
VJ1—a  2(1-p)

Consider the differential equation

0.

h(t) (1)
$(t) = Ax(1) + ﬂ@)BxO——ﬂds+:/ o (s)Cx(t —s)ds(t). (6.48)
0 0



184 6 Matrix Riccati Equations in Stability of Linear Stochastic Differential

Here we suppose that the delays %(¢), 7 (¢) and the scalar functions S(s), o (s) satisfy
the conditions

fz:suph(t) < 00, T=supt(t) < oo,
t>0 t>0

; . (6.49)
,3=/ |B(s)|ds < oo, 0=/ lo(s)|ds < oc.
0 0

Calculating LV; for Vi =x’'Px, P > 0, we obtain

h(t)

LV, = <Ax(t) + B(s)Bx(t —s) ds) Px(1)
0

h(t)

+x’(t)P<Ax(t) + B(s)Bx(t —s) ds)
0

(1) / T(t)
+ (/ o(s)Cx(t—s)ds> P(/ U(S)Cx(t—s)ds>
0 0

=x'(O[A'P + PA]x (1)

h(t)
+ ﬂ(S)[X/(I —s5)B'Px(t) +x'(t)PBx(t — s)] ds
0

T(t) pt(t)
+/ / o () (@)x'(t —s)C'PCx(t —0)d6 ds.
0 0
Using Lemma 2.3, we have

h(t)
B($)[x'(t —s)B'Px(t) + x'(t) PBx(t — 5)] ds

h(t)
< / |B)|[x' () PRy Px(t) +x'(t —)B'R; ' Bx(t — )] ds
0

h
fﬂx’(t)PRlPx(t)—i—/ |B(s)|x"(t —s)B'R ' Bx(t — 5)ds
0

and analogously

(1) (1)
/ / o (@) (s)x'(t —s)C'PCx(t —0)dsdb
0 0

1 (1) (1)
= E/ / o (0)o (s)[x'(t —s)C'PCx(t — 0)
0 0

+x'(t —0)C'PCx(t —5)]ds d

1 7@ pr@)
55/0 /0 lo@)||o(®)|[x'(t —s)C'R2Cx (1 — 5)
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+x'(t —0)C'PR; ' PCx(t — 0)] ds d

1 7O ()
:5/ |a(9)|d9/ lo(s)|x'(t —s)C'RCx(t — s)ds
0 0

1 (1) (1) |
+ 5/ ]a(s)|ds/ lo@)|x'(t —0)C'PR; ' PCx(t — 6)do
0 0

o [T , , i
55/ o ()[x"(t —5)C'[Ry+ PRy ' P]Cx(t — 5)ds.
0

Therefore,

LVi <x'()[A'P+ PA+ BPR P]x(1)
h
+/ |B(s)|x'(t —s)B'R; " Bx(t — s)ds,
0
o ¢ / / —1
+§/ lo(s)|x"(t —=s)C'[Ra+ PRy ' P]Cx(t — s)ds.
0

By the representation (2.35) with
D=A'P+PA+BPRP, =2,
Si=B'R{'B,  dvi(s)=|B(s)|ds, sel0,h],
$,=C'[Ry+ PR;'P]C,  dvi(s)= %|a(s)|ds, s €0, 7],
and Theorem 2.5 we obtain the following:

Theorem 6.15 Suppose that conditions (6.49) hold and that, for some positive defi-
nite matrices Ry, Ry, and Q, there exists a positive definite solution P of the matrix
Riccati equation

2
o
A'P+PA+BPRP+BB'R'B+ — C'(Ra+ PR;'P)C=—-0. (6.50)
Then the trivial solution of (6.48) is asymptotically mean-square stable.

Remark 6.20 Similarly to the previous remarks in Theorem 6.15, other matrix Ric-
cati equations can be used.
Example 6.11 In the scalar case, (6.50) has a positive solution if and only if

0'2 2
A+BIBI+5-C* <0,



Chapter 7
Stochastic Systems with Markovian Switching

Investigation of systems with Markovian switching has a long history (see, for in-
stance, [119, 120, 197, 198, 266, 268, 278] and references therein). In this chap-
ter sufficient conditions for asymptotic mean-square stability of the solutions of
stochastic differential equations with delay and Markovian switching are obtained.
In particular, an application to Markov chain with two states and numerical simula-
tion of systems with Markovian switching are considered.

7.1 The Statement of the Problem
Consider the stochastic differential equation

(1) = £ (6.5 1(0)) + gt x0. (D)) (1),
xo=¢cH. (1.1)

Here w(t) € R™ is the standard Wiener process, n(¢) is a scalar Markov chain with
finite set of states a;, i € M1 = {1, 2, ..., N}, and the probabilities of transition

pij®) =P{nt+n =a;j/m(x)=a;}, t,t=0.

We suppose that the Markov chain 7(¢) is independent on the Wiener process
w(t) and the probabilities of transition can be represented in the form

)\,‘jA‘i‘O(A), ];él,
pij(A) = o
14+ AriiA+o(Ad), j=i,
where
N
Aij =0, j#I Aii <0, ZM,‘ZO, i eMN.
j=1
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For arbitrary symmetric matrix F(s), s > 0, the inequality d F'(s) > 0 means that
for each function ¢ € H,

/0 ¢'(=s)dF(s) p(—s) = 0.

Here and below, all integrals of such a type are understood as Stieltjes integrals.
For arbitrary symmetric matrices F (s) and G(s), s > 0, dF(s) > dG(s) means that
dF(s) —dG(s) >0, and |A| denotes some matrix norm of a matrix A.

The set of negative definite matrices K; is called uniformly negative definite with
respect to i € N if there exists ¢ > 0 such that for each x € R”,

X' Kix < —clx|>, ieMN.

It is assumed that the functionals f(f, ¢, a;) € R" and g(¢, ¢, a;) € R"™ are
defined for t > 0, ¢ € H, i € 2 and satisfy the usual conditions [84, 87] of exis-
tence and uniqueness of the solution of (7.1). It is assumed also that the following
conditions hold:

(Hy) For every positive definite matrix P;, there exist symmetric matrices Q; and
F; (s) such that

@' (O)VP; f (1,9, a) S(ﬂ’(O)in(O)ﬂL/O. @' (—8)dFi(s) p(—s),
dFi(s)>0, i e M. (7.2)

(Hl’ ) The functional f (¢, ¢, a;) has the form

e ¢]

£t 9, a0) = Aip(0) + / dBi(s)o(—s), ieMN (13
0

(H») For every positive definite matrix P;, there exists a matrix G; (s) such that

TH[g'(r. g ar) Pig(t, 9. ai)] < /0 ¢/ (=) dGi(5) (),
dG;(s) >0, i eN. (7.4)

(H3) For the matrices F;(s) and G;(s) from (H;) and (H3), there exists a matrix
R(s) such that

dR(s) > 2dF;(s) +dG;(s), i€eN,

00 00 (7.5)
R:/ dR(s), |R|< oo, / s|dR(s)| < oo.
0 0

Remark 7.1 Note that if the functional f(z, ¢, a;) satisfies (H{), then it satisfies
(Hy) too. For instance, for

1 * 1
Q,-=§(P,-A,-+A;Pi+fo yPidBi(s)V), dFi(s)=3|PidBi(s)|I. (7.6)
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Let us represent an arbitrary functional V (¢, ¢, a;) defined for t > 0, ¢ € H,
i €N, inthe form V (¢, ¢, a;) = V(t, 9(0), ¢(s),a;), s <0, and put

Vo, x,a) =V(t,9,a) =V(t,x,x(t +5),a;), s<0,
p=x;, x=¢0)=x().
Let D be the class of functionals V (¢, ¢, a;) for which the function V,(t, x, a;) is
twice continuously differentiable with respect to x and continuously differentiable

with respect to ¢ for almost all # > 0. For the functionals from D, the generator L of
(7.1) is defined by the formula

il il
LV(I! (p!ai) = Evfp(tv-xyai)+f/(t7§07ai)a_xvgﬂ(t7x9ai)
2

1 d
+ 3 Tr[g/(t, ®, ai)ax—2 Vo(t, x,a)g(t, ¢, ai)]

+D nij (Vi e.ap) =V, p,a). 7.7
J#

Note that by the condition on A;; the last summand in (7.7) can be written also in
the form

N
Z)»ijV(l,QD,aj)
Jj=1

Similarly to (2.8) for 0 <s <t < oo, we have

t
EV(t,x,,n(t))=EV(s,xS,n(s))+/ ELV(G,xg,n(H))dQ.

Similarly to Theorem 2.1, one can prove that asymptotic mean-square stabil-
ity conditions can be obtained by construction of some positive definite (or pos-
itive semidefinite for differential equations of neutral type) Lyapunov functionals
V (¢, ¢, a;) for which the inequality

LV (t.g.a) = —clpOf, ¢>0, (78)
holds. Below sufficient conditions for the asymptotic mean-square stability of the

trivial solution of (7.1) are obtained via the procedure of constructing Lyapunov
functionals.

7.2 Stability Theorems

Here two theorems about sufficient conditions for asymptotic mean-square stability
of the trivial solution of (7.1) are obtained.
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Theorem 7.1 Let hypotheses Hy, Ha, H3 hold and suppose that the matrices

Ki=20i+ Y %j(Pj—P)+R (7.9)
j#i

are negative definite for each i € M. Then the trivial solution of (7.1) is asymptoti-
cally mean-square stable.

Proof Let us construct a Markov chain P (¢) with the set of states Py, P>, ..., Py,
where P;, i € N, are positive definite matrices. We will suppose that P(t) = P; if
n(t) =a;, i € N, and the probabilities of transition

pij)=P{P(t+1)=P;j/P(x)=P;}, t,1>0,
are the same as for the Markov chain 7(z).
We will construct a Lyapunov functional V for (7.1) in the form V =V + V3,

where Vi (¢, ¢, a;) = ¢’(0) P;¢(0). Calculating LV, we obtain

LVi(t,9,a) =2¢'O)P; f(t,¢.a;) + Tr[g'(t, ¢, ai) Pig(t, ¢, ai) ]

+ ) 1ij@' (0)(Pj — P)g(0).
J#L

Using (7.2), (7.4), and (7.5), we have
LVi(t, x;,a;) <2x' (1) Q;x(t) + Z/OOx'(t —585)dF;(s)x(t —s)
0

+ / X't —$)dG;(s)x(t —s) + Z)»ijx/(t)(Pj — P)x(1)
0 J#i

< x/(t)I:zQi +Z)»ij(Pj - Pz‘)]x(l)
J#i

o
+/ x'(t —s)dR(s)x(t — ).
0
Consider the functional
oo t
Valt, x;) =f / x'(t)dR(s)x(7)dr.
0 t—s
Since

LVs(t,x;) = /Oo[x/(t) dR(s)x(t) —x'(t — ) dR(s) x(t — 5)],
0
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using (7.9) and the condition that the matrices K; are uniformly negative definite
with respect to i € I, for the functional V = V| + V,, we obtain

LV(t,¢,a) < ¢ (0)Kip(0) < —c|p(0)|.

Therefore, the trivial solution of (7.1) is asymptotically mean-square stable. The
proof is completed. 0

Consider the equation
X(1)=A(n®)x (@) + Bx(t — h) + g(t, x;, n(1)) (). (7.10)

We suppose that if n(¢) = a;, then A(n(t)) = A;, g(t, ¢, a;) satisfies (7.4). Using
Remark 7.1, it is easy to get that in this case

[t ¢,a) = Aip(0) + Bo(—h),

1 1
Qi = E(PiAi + A} P; + |P;B|I), dFi(s) = §|PiB|I5(S —h)ds.

Put

o0
P =sup P;, dG(s) =supdG;(s), G:/ dG(s)
ieNn ieNn 0

and suppose that
o0
|G| < oo, / s|dG(s)| < co.
0
From Theorem 7.1 it follows that if the matrices
K; =PA; + A;Pi + (|Pi| + |P|)|B|I + Z)uij(Pj —PH)+G (7.11)
J#L

are negative definite for each i € 91, then the trivial solution of (7.10) is asymptoti-
cally mean-square stable.
Let us obtain another stability condition.

Theorem 7.2 Let |B|h < 1 and let R;, i € N, be uniformly negative definite matri-
ces, where

Ri=(Ai+B)P;+P(A;+B)+ A; + G+ h(p; + B)I, (7.12)

Ai=Y"0j(Pj—P),  pi=|(Ai+B)YPB+AB|
7 (7.13)

Bi = (h|B'A;B| + pi), B=supp:.
ieNn

Then the trivial solution of (7.10) is asymptotically mean-square stable.
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Proof Reduce (7.10) to the form of a stochastic differential neutral-type equation

d t
E(x(t)vt/ th(s)ds> = (A(n(®) + B)x () + g (t, x0, n(0) (1)
t_

Consider the functional

t / t
Vilt, x,a;) = (x(t) +/ Bx(s) ds) P; (x(t) +/ Bx(s) ds).
t—h 1—h

Calculating LV;, we obtain
LVi(t, x;,a;) =2x"(t)(A; + B)' P, (x(t) + /tih Bx(s)ds)
+Tr[g' (¢, x;, ai) Pig(t, x;, ai) ]
+ (x(t) + /lih Bx(s)ds>/A,~<x(t) + /tih Bx(s)ds)
=2x"(t)(A; + B) Pix(t) + 2x'(t)(A; + B)' P; /lih Bx(s)ds

+ Tr[g' (¢, xi, ai) Pig(t, x;, a) | + x' (1) Aix (1)

+ 2</t Bx(s) ds) Ajx(t)
t—h
t / t
+ (f Bx(s) ds) A; (f Bx(s) ds)
t—h t—h

=x'()[(Ai + B) Pi + P;(A; + B) + A;]x(1)
+ Tr[g/(t, Xt ai)Pig(t1 Xt, ai)]

t
+2x’(z)[(A,-+B)’P,~B+A,-B]/ x(s)ds
t—h
t t
+/ x'(s)ds B/A,-B/ x(t)drt.
t—h t—h

By (7.4) and (7.13) we have

LVi(t,x;,a;) < x'(O[(Ai + B) P; + Pi(Ai + B) + A |x (1)
[ee) t 2
+f x/(t—s)dGi(s)x(t—s)+|B/AiB|(/ |x(s)|ds)
0 t—h

! 2 2
+,0,-/ h(|x(t)| + |x(9)|") ds
—
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/ . / .
<x'O[(AG) + B) Pi + P;(AG) + B) + A; + hpi I |x(1)

o0 t
+/ x’(t—s)dG,-(s)x(t—s)—i—ﬂ/ |x(s)|2ds.
0 t—h

Putting

[o0] t t
Vz(t,xt)zf f x/(t)dG(s)x(r)dr+ﬂ/ (s—t+h)|x(s)|2ds,
0 t—s t—h
we obtain
LVa(t,x) = x'(0)Gx(t) + h|x ()]

o0 t
—/ X1 —$)dG(s)x(t —s) —ﬁ/ lx(s)| ds.
0 t—h

Therefore, using (7.12) and the negative definiteness of the matrices R;, i € 91, for
the functional V = V| + V5, we have

LV, xi,a;) < x' (O Rix (1) < —c|x @) (7.14)

From this and from |B|h < 1 it follows that the trivial solution of (7.10) is asymp-
totically mean-square stable. The proof is completed. U

7.3 Application to Markov Chain with Two States

Consider the scalar stochastic differential equation
X@)=nt)x@)+bxt —h)+ox(t —)w(t), (7.15)

where b > 0, h > 0, and 7(¢) is a Markov chain with two states {a;, a>} such that
02
ay <0, a1>|a2|>b+7. (7.16)
It is clear that if n(¢) = ay, then the trivial solution of (7.15) is unstable. But for
n(t) = ay, from (7.16) the inequality
2

o
a2+b+7<0

follows, which is (see (3.11)) a sufficient condition for the asymptotic mean-square
stability of the trivial solution of (7.15).
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7.3.1 The First Stability Condition

Let us obtain a sufficient condition for asymptotic mean-square stability of the trivial
solution of (7.15), supposing that the Markov chain n(¢) has two states {a, a>} with
condition (7.16) and the transition rates A1 and A such that A 1o > Apy.

From Theorem 7.1 and (7.11) it follows that the sufficient condition for the
asymptotic mean-square stability of the trivial solution of (7.15) has the form

2piai + (pi + p)b+ po +xaij(pj — pi) <0, i, j=1,2, j#i, (7.17)

where p1 > 0, p» > 0, p =max(p1, p2). Itis easy to see thatif i = 1 and p; < p»,
then condition (7.17) is impossible. So, let p; > p;. Therefore, p = p; and y =
papy!' € (0, 1). From (7.17) we have

2a1 +2b+ 0+ rp(y — 1) <0,

2a0y + (v + Db+ 0% +201(1 —y) <O.

From this and from (7.16) it follows that

Aot + b+ o2 2 b 2
M<y<l_m_ (7.18)
A1 +2|az| — b Al2
Thus, if the condition
rot+b+0? 2 b 2
an+b+o -1 (@ +b)+o (7.19)

A1 +2|az| —b A2

holds, then there exists a positive number y € (0, 1) such that condition (7.18) holds
too. From (7.19) and (7.16) it follows that the sufficient condition for the asymptotic
mean-square stability of the trivial solution of (7.15) has the form

A —b— 2
| <y < 22l =b=e) o (7.20)
A1 +2|az| — b 2

Note that condition (7.20) is possible if and only if A1 > A, only. Indeed, from
(7.20) it follows that

laz| +b+¢

M2 > (A21 +2laz| — b) o —b—¢ > A1 + 2laz| — b > Agy.

7.3.2 The Second Stability Condition

Let us obtain another stability condition. From Theorem 7.2 for (7.15) we have
2(ai +b)pi + po® +hij(pj — pi) + hipi + B) <0,
i,j=12, j#i, (7.21)
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where

pi = b|(ai +b)pi + 1ij(pj — pi)|. B =max(Bi, B2),
Bi=hbhijlpj — pil + pi, i, j=1,2, j#i.
Let us transform condition (7.21)—(7.22) to a more visual form. From (7.16) it fol-

lows that for i = 1 and p; < p», condition (7.21) is impossible. So, assume that
p1 > p2. Then from (7.22) it follows that

(7.22)

p1 < b((a1 +b) p1 + A12(p1 — p2)),
p2 < b(laz + blp2 + 21 (p1 — p2)),
B1 < By =b[(a1 +b)p1 + ki2(1 + bh)(p1 — p2)].
B2 < By =b[laz +blp2 + 221 (1 +bh)(p1 — p2)].

(7.23)

By (7.16) we have |a> —|—_b| =—ay— b =|az| — b < a; + b. Since, besides, p1 > p>
and A12 > A1, we have 8; > B,. Thus, condition (7.21) follows from

2(ai +b)pi + p1o” + hij(pj — pi) +h(pi + By) <O. (7.24)
In addition, using (7.23), we obtain that (7.24) follows from
2(a1 +b)p1 + pio® + kia(pa — p1)
+ hb[2(a1 + b) p1 + 2122+ bh)(p1 — p2)] <0,

2(az +b)pa + pro? + a1 (p1 — p2)
+ hb[(laz| — b) p2 + (a1 + b) p1 + (A12(1 + bh) + 121) (p1 — p2)] <O.

Using y = p» pl_1 € (0, 1), we can rewrite these inequalities in the form

2(a; +b) + 0%+ Ay — 1)
+ hb[2(a) + b) + A12(2 4+ bh)(1 — y)] <O,

R (7.25)
2(a +b)y +o°+ i1 —y)
+hb[(lazl — b)y +ai + b+ (A2(1 +bh) + 221)(1 — y)] < 0.
Suppose now that
bh <2 —1. (7.26)
Then from (7.25) we obtain
A+ (a1 + b)bh + o2 2(a; + b)(1 + bh) + o2
<y<l-— , (7.27)
A+C B

where

A = (A21 + A12bh)(1 + bh),
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B = 1p(1 — 2bh — b*h?), (7.28)
C = (2 —bh)(|laz| - b).

By (7.26) and (7.16) we have that B > 0 and C > 0.
Thus, if the condition

A+ (ay +b)bh + o2 . 2(ay 4+ b)(1 4+ bh) + o2
< —
A+C B

or (that is the same in combination with (7.16))

BC—062(A+B+0)
Bbh +2(1 +bh)(A+C)

laa| < a; < (7.29)
holds, then there exists y € (0, 1) such that condition (7.27) holds too, and therefore
the conditions of Theorem 7.2 hold. This means that condition (7.29) or (7.28) is a
sufficient condition for the asymptotic mean-square stability of the trivial solution
of (7.15).

In Fig. 7.1 the stability regions for (7.15), given by condition (7.20), are shown
for A2 =28, 121 =0.05, b =1, ¢ = 0.25 (the bound 1), and the stability regions,
given by condition (7.29), (7.28), are shown for the same values of the parameters
M2, A21, b, p and the different values of h: (2) h =0, (3) h =0.01, (4) h =0.02,
(5) h=10.03, (6) h =0.04. It is easy to see that in spite of rough estimates that were
used for getting inequalities (7.23), the stability condition (7.29), (7.28) for small
enough 7 is better than (7.20).

In Fig. 7.2 the stability region for (7.15), given by condition (7.29), (7.28), is
shown for A =15, Ap1 =1, b =0.2, h =0.2, 0 = 0. Putting Lo =5 and using
the same values of the other parameters, we obtain the stability region shown in
Fig. 7.3.

We can see that in the case A12 = 15 (Fig. 7.2) the point A(a;, a2) = A(1, —0.5)
belongs to the stability region, and therefore at this point the trivial solution of
(7.15) is asymptotically mean-square stable. On the other hand, in the case A2 =5
(Fig. 7.3) the point A(1, —0.5) does not belong to the stability region. Since condi-
tion (7.29), (7.28) is a sufficient condition only, for A12 = 5, at the point A(1, —0.5)
the trivial solution of (7.15) can be either stable or unstable.

Remark 7.2 Let us show that the trivial solution of (7.15) can be asymptotically
mean-square stable not by conditions (7.16) only. Consider (7.15) by the conditions

a=-—1, a =1, b=-1,
(7.30)
o=0.1, A2 =1, A21 =5,

and obtain the maximum value of the delay & for which the conditions of Theo-
rem 7.2 hold.
By Theorem 7.2 we obtain the stability conditions in the form (7.21) again, i.e.,

2(a; +b)pi +ij(pj — pi) + po” +h(pi+B) <0, i# ], (7.31)
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where i = 1,2, p = max(p1, p2). But put now p, = yp; with 1 < y < 3. Then
from (7.13) and (7.30) we have

p1=0G—=y)p1, p2=5(y — Dp1,

(7.32)
Bi=[hy —D+3—y]p1,  B=5@ — D+ Dp.

If, in addition, y € (4/3,3), then B, > B for each h > 0, and therefore 8 =
max (81, B2) = B2. As a result, the stability conditions (7.31) take the form

5(y — Dh(h+1)+h3B —y) + 101y <5,
S(y — Dh(h+ 1)+ 5h(y — 1) +0.01y <5( — ).

(7.33)

From this it follows that
2y —1\> 5-1.01 2y — 1
Sy —1) Sy—=1)  S(y—-1

b= 9.99y —10 L
V Sv—1D

It is easy to check that for y = 1.900923, the both inequalities take the form & <
0.412721. This means that by the values of the parameters (7.30) the inequality
h < 0.412721 is a sufficient condition for the asymptotic mean-square stability of
the trivial solution of (7.15).

However, it is necessary to remember that conditions (7.33) are sufficient condi-
tions only. So, in reality, the trivial solution of (7.15) by the conditions (7.33) can be

asymptotically mean-square stable also for & > 0.412721, as it will be shown below
(in Sect. 7.4.2) by a numerical simulation.

7.4 Numerical Simulation of Systems with Markovian Switching

Taking into account that it is difficult enough in each case to get analytical condi-
tions for stability, it is very important to have numerical methods for stability inves-
tigation. A numerical procedure for investigation of stability of stochastic systems
with Markovian switching is considered here. This procedure can be used in the
cases where analytical conditions of stability are absent. Some examples of using of
the proposed numerical procedure are considered. the results of the calculations are
presented by a lot of figures.
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7.4.1 System Without Stochastic Perturbations

Consider the differential equation (7.15) again but with o = 0, i.e., without stochas-
tic perturbations of the type of white noise. In this case we have

x(@) =n)x () +bx(t —h),
x(s)=¢(s), sel[—h,0]

(7.34)

Here, as before, 7(¢) is a Markov chain with two states {a1, a;}, initial distribution
pi=PnO)=a}. i=12, (735)
and the probabilities of transition p;;(A) of the form

pij(A) =P{nt+A)=a;/n@t) =a;} = rijA+o(A),
i=1,2, 0] (7.36)

We suppose also that
ar <0, ay > |lax| > b >0, A2 > Ao > 0. (7.37)

Let us investigate the stability of the trivial solution of (7.34) at the point
A(ay, ap) with a; = 1, ap = —0.5 using a numerical simulation. Note that this point
belongs to the stability region (Fig. 7.2). Consider the difference analogue of (7.34)
in the form

Xit1 =1+ 0 A)x; +bxi A,

where
xi =x(t), ni=nt), ti=iA, h=mA, A>0.

Simulation of the Markov chain n;, i =0, 1, ..., can be reduced to the simpler
problem, simulation of a sequence of independent random variables ¢; that are uni-
formly distributed on the interval [0,1]. Indeed, using (7.35), we have

p1=P{no=a1} =P{{ < p1},
(7.38)
p2 =P{no = az} =P{¢o > p1}.

So, if after simulation of ¢y, we obtain ¢y < pi, then we put no = aj, else we put
no = az.
Further, if n,_1 = a1, i > 0, then from (7.36) for small enough A > 0, we have
Pini=ax/ni-1 =a1} =P{§i < AnpAl=2r1A,

(7.39)
Pini=ai/ni-1=a1} =P{§i > ApA}=1—ApA.
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Fig. 7.4 Four possible trajectories of the Markov chain 7(¢) and four appropriate trajectories of
the solution of (7.34) are shown for the different values of the parameters: a; = 1, a = —0.5,
b=02,h=0.2,x(s)=3.5,5s€[-0.2,0], pr=p2=05,r12=15 2121 =1, A =0.01

Therefore, we obtain the following algorithm: if after simulation of ¢;, we have
¢i > A12A, then we put n; = ay, else we put n; = ap. Analogously, if n;_; = a,
i > 0, then from (7.36) for small enough A > 0, we have

P{ni =a1/ni-1 = a2} =P{§; <A1 A} = A1 A,

Pini=ax/ni-1 = a2} =P{§ > A A} =1— Ay A.

(7.40)

By (7.38)—(7.40) we obtain the following algorithm: if after simulation of ¢;, we
have {; < A21 A, then we put n; = ay, else we put n; = as.

In Fig. 7.4 four possible trajectories of the Markov chain 7(¢) and four appro-
priate trajectories of the solution of (7.34) are shown for the following values of
the parameters: a; = 1, ap = —0.5, b =0.2, h = 0.2, x(s) = 3.5, s € [-0.2,0],
p1=p2=0.5, A1 =15, A1 =1, A =0.01. In Fig. 7.5 hundred trajectories of
the solution of (7.34) are shown for the same values of the parameters. We can see
that all trajectories converge to zero in the whole accordance with the properties of
stability.

Put now A1p = 5 with the same values of the other parameters. In this case the
point A(1, —0.5) does not belong to the stability region (Fig. 7.3), and we have
(Figs. 7.6 and 7.7) another situation: the trajectories of the solution fill by itself



7.4 Numerical Simulation of Systems with Markovian Switching 201

3¢ A
l
|
S+
1
1

W

[ ]
e ettt EEEEE

=]

1
[

Fig. 7.5 Hundred trajectories of the solution of (7.34) are shown for the same as in Fig. 7.4 values
of the parameters
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Fig. 7.6 Four possible trajectories of the Markov chain 7(¢) and four appropriate trajectories of
the solution of (7.34) are shown for the different values of the parameters: a; = 1, a = —0.5,
b=02,h=0.2,x(s)=3.5,5s€[-0.2,0], pr =p2=05,112=5,11 =1, A=0.01
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Fig. 7.7 Hundred trajectories of the solution of (7.34) are shown for the same as in Fig. 7.6 values
of the parameters

the whole admissible space between the solutions of (7.34) with n(t) = a; and
n(t) = ay. This shows us the instability of the trivial solution of (7.34).

7.4.2 System with Stochastic Perturbations

Here we will investigate the stability of the trivial solution of stochastic differen-
tial equation (7.15) using a simultaneous numerical simulation of both stochastic
processes: the Markov chain n(#) with two states as it is described in the previous
section and the Wiener process w(¢) as it is described in Sect. 2.1.1.

Consider the difference analogue of (7.15) of the form

Xit1 = (1 +0; D)x; +bxi—m A + oXi—jWiy1,

where
xi =x(;), ni =n(t), wit1 = W ti) — W),

ti =IiA, h=mA, T=IA, A>0.
In Fig. 7.8 four realizations of one trajectory of the Wiener process w(#), one trajec-
tory of the Markov chain 7(z), and one trajectory of the solution x(¢) of (7.15) are
shown forai=—1,ax=1,b=—1,0=1,A1p=1, A1 =5, h=0.99, 1 =1.6,
xo =7.5. In Fig. 7.9 we can see at the same time ten trajectories of the solution

x(t) of (7.15) for the referred above values of the parameters. All trajectories of the
solution x(¢) go to zero. In Fig. 7.10 we can see the similar picture for o = 0.1 and
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Fig. 7.8 Four realizations of one trajectory of the Wiener process w(t), one trajectory of the
Markov chain 7(t), and one appropriate trajectory of the solution x(#) of (7.15) are shown for
ag=—l,ap=1,b=—1,0=1,A12=1,121=5,h=099, 1 =1.6,x90=7.5

the same values of the other parameters. We can see that in this case all trajectories
of the solution x(¢) go to zero more quickly.

7.4.3 System with Random Delay

Consider the differential equation

x(t) +bx(t —n@)) =0,
x(s)=¢(s), se[-h,0],

(7.41)

with random delay. Here b > 0, n(¢) is a Markov chain with two states {aj, as}
such that 0 < a; < ap = h, the initial distribution (7.35), and the probabilities of
transition (7.36).
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Fig. 7.10 Ten trajectories of the solution x(¢) of (7.15) for the values of the parameters in Fig. 7.8
except for 0 = 0.1

As it was shown in Example 1.2, if (¢) = h = const, then the inequality bh <
7 is a necessary and sufficient condition for the asymptotic stability of the trivial
solution of (7.41).

Let us investigate the stability of the trivial solution of (7.41) using the numeri-

cal simulation of the Markov chain 7(¢) as in the previous examples. Consider the
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Fig. 7.11 One trajectory of the Markov chain 5 (¢)and one appropriate trajectory of the solution
of (7.41) are shown forb=1,a; =1,a; =2, x(s) =2.5, s € [-2,0], p1 = p2 =05, A2 =1,
M1 =3, A=0.001

difference analogue of (7.41) of the form

Xiy1 =x; — Abxj_y,,

xXi =x(t), ni=nt), ti=iA, A>0.

Putb=1,a1=1,a =2, x(s) =const, s € [—h,0], A =0.001. Several solu-
tions of (7.41) with different values of the initial function are shown in Figs. 1.1, 1.2,
and 1.3 forn(t) =a; =1, nt) = %n, n(t) = ay =2, respectively. We can see that
all solutions converge to zero in the first case, are bounded only but do not converge
to zero in the second case, and go to o0 in the last case.

In Fig. 7.11 one trajectory of the Markov chain 7(¢) and one appropriate trajec-
tory of the solution of (7.41) are shown for p; = p» =0.5, A1 =1, X121 = 3 and the
same values of other parameters. In Fig. 7.12 hundred trajectories of the solution of
(7.41) are shown for the same values of the parameters. We can see that all trajecto-
ries converge to zero. If Ap; = 6, then hundred trajectories of the solution of (7.41)
converge to zero more quickly (Fig. 7.13).

In Fig. 7.14 one trajectory of the Markov chain 7 (¢) and one appropriate trajec-
tory of the solution of (7.41) are shown for p; = p» =0.5, 212 =3, A1 = 1. In
Fig. 7.15 hundred trajectories of the solution of (7.41) are shown for these values of
A12 and Ap1. We can see that in this case the solution of (7.41) is unstable.
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Fig. 7.12 Hundred trajectories of the solution of (7.41) are shown for the same as in Fig. 7.11
values of the parameters
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Fig. 7.13 Hundred trajectories of the solution of (7.41) are shown for the same values of the
parameters as in Fig. 7.11 except for Ay; =6

7.4.4 Some Generalization of Algorithm of Markov Chain
Numerical Simulation

Let us show that the proposed numerical simulation (7.38)—(7.40) of the Markov
chain with two states can be generalized to a Markov chain 7n(f) with n states
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Fig. 7.14 One trajectory of the Markov chain 7(#) and one appropriate trajectory of the solution
of (7.41) are shown for b=1,a; =1, a; =2, x(s) =2.5, s € [-2,0], p1 = p» =0.5, 212 =3,
M1=1,A=0.001
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Fig. 7.15 Hundred trajectories of the solution of (7.41) are shown for the same values of the
parameters as in Fig. 7.14

{ai, ..., ay}, initial distribution

Di =P{n(0) =a,-}, i=1,.

LN,
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and the probabilities of transition

pij(A):P{W(I+A)=aj/77(f)=ai}:AijA+o(A),
ih,j=1,...,n, i #j.
Indeed, put
me=nt), H=kA, A>0.

Reduce a simulation of the Markov chain g, k =0, 1, ..., to a simulation of a se-
quence of independent random variables i that are uniformly distributed on [0, 1].
Note that

pi=Plno=a;}=P{Si-1 <l <S8}, i=1...,n,

where
i
So=0. =) pj. i=l...n—1 S,=L
j=1

It is easy to see that for each result of simulation ¢y, there exists a number i such
that S;_1 < &o < S;. So, we put o = a;.
Further, put Q;0 =0,

J
Qij=> Mih, 1<j<i,
=1

i1 J
Qij=Y Mih+ Y MA, i<j<n
=1

I=i+1
Then
Plnk=aj/m-1=a;} =P{Q; j—1 <&k < Qij} =Ai; A

for j<iorj>i+1,and

Pk =air1/m—1=a;} =P{0ii—1 <&k < Qiiv1} =Aiit14,
Pk =ai/mk—1=a;} =P{Qin <&} =1— Qin.

Thus, we obtain the following algorithm. Let nx_; = a;, k > 0. If after simulation
of ¢k, there exists a number j <n such that j #i and Q; ;1 <& < Q;j for j <i
or j>i+1, Qiji—1 <& < Qi1 for j =i+ 1, then we put ny =a;. If such a
number j does not exist, i.e., & > Q;, fori <n or & > Qy 4—1 fori =n, then we
put ny =a;.



Chapter 8
Stabilization of the Controlled Inverted
Pendulum by a Control with Delay

The problem of stabilization for the mathematical model of the controlled inverted
pendulum (Fig. 8.1) during many years is very popular among the researchers (see,
for instance, [1, 2, 33, 36, 37, 114, 121, 169, 170, 201, 209, 228, 256, 273, 276,
278, 282]). Unlike the classical way of stabilization in which the stabilized control
is a linear combination of the state and velocity of the pendulum, here we propose
another way of stabilization. We suppose that only the trajectory of the pendulum
can be observed and stabilized control depends on the whole trajectory of the pendu-
lum. We consider linear and nonlinear models of the controlled inverted pendulum
by stochastic perturbations and investigate zero and steady-state nonzero solutions
analytically and by numerical simulations.

8.1 Linear Model of the Controlled Inverted Pendulum

Here we consider the linearized mathematical model of the controlled inverted pen-
dulum. We show that by some controls depending on a delay the trivial solution
of the considered model can be asymptotically stable but by some other controls
depending on a delay it is impossible. We also obtain sufficient conditions for stabi-
lization of the trivial solution of the considered model by stochastic perturbations.

8.1.1 Stabilization by the Control Depending on Trajectory

The linearized mathematical model of the controlled inverted pendulum can be de-
scribed by the linear second-order differential equation

Xt)—ax(@®)=u(@), a>0,1r>0. 8.1
The classical way of stabilization [121] for (8.1) uses the control u(¢) in the form
u(t)y = —b1x(t) — byx(t), by >a, by >0.
L. Shaikhet, Lyapunov Functionals and Stability of Stochastic Functional 209
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Fig. 8.1 Controlled inverted '
pendulum

But this type of control, which represents instantaneous feedback, is quite difficult
to realize because usually it is necessary to have some finite time to make measure-
ments of the coordinates and velocities, to treat the results of the measurements, and
to implement them in the control action.

Here we propose another way of stabilization. We suppose that only the tra-
jectory of the pendulum is observed and the control u(¢) does not depend on the
velocity but it depends on the previous values of the trajectory x(s), s < ¢, and has
the form

u(t):/oodl((t)x(t—t), 8.2)
0

where the kernel K(7) is a right-continuous function of bounded variation on
[0, oo], and the integral is understood in the Stieltjes sense. This means in particu-
lar that both distributed and discrete delays can be used depending on the concrete
choice of the kernel K (7).

The initial condition for system (8.1)—(8.2) has the form

x(s) =¢(s), () =¢(s), s<0, (8.3)

where ¢ (s) is a given continuously differentiable function.

Let us show that the inverted pendulum (8.1) can be stabilized by the con-
trol (8.2). Substituting (8.2) into (8.1) and putting x1(¢) = x(¢), x2(¢) = x(¢), we
obtain the system of differential equations with delay

x1(t) = x2(1),
00 (8.4)
)'Cz(t)zaxl(l‘)-i-/ dK(t)x1(t — 7).
0
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To prove the asymptotic stability of the trivial solution of (8.4), we will use the
procedure of constructing Lyapunov functionals. Put

0o oo
k,:/ fdK(t), i=0,1, kj=/ ddk (@), j=2.3. (85
0 0

Since

t t
/ X2(S)dS=/ #1(s)ds =31 (1) = x1(t — 1),
t -t

-7

then by (8.5) we have

o o t
/ dK(r)xl(t—r)zkoxl(t)—/ dK(‘L')/ x2(s)ds.
0 0 t—t1

Therefore, from the second equation of (8.4) it follows that

00 t
X2(t) = (a + ko)x1(t) — / dK(t)/ x2(s)ds. (8.6)
0 t—t

Put now
a; = —(a + ko), z(t) = x2(t) — G (¢, x21),
o0 t 8.7)
G(t,xzt)z/ dK(r)/ (s —t+1)x2(s)ds.
0 t—t

By (8.5) we have

o0

t o0 t
i dK(r)/ (s—t+1)x2(5)ds =kixo(t) — / dK(t)/ x2(s)ds.
dt 0 t—1 0 t—1
(8.8)
Using (8.6), (8.7), and (8.8), we reduce (8.4) to the form
x1(8) = x2(1),

z2(t) = —ayx1(t) — kyx2(1),

(8.9)

which is the first step of the procedure.
Following the second step of the procedure of constructing Lyapunov function-
als, we consider the auxiliary system of the ordinary differential equations

Vi) = y2(t),
V2 () = —a1y1(t) — kiy2(t).

0 1
(—a1 —kl)’ (8.11)

(8.10)

Rewriting (8.10) in the matrix form

V(0 =Ay(t), y= (yl) , A=
y2
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and using Corollary 1.1, we obtain that the inequalities
a; >0, ki1 >0, (8.12)

are necessary and sufficient conditions for the asymptotic stability of the zero solu-
tion of (8.10).

From Theorem 1.3, Remark 1.1, and (1.29) it follows that by conditions (8.12)
the matrix equation (1.27) with the matrix A defined in (8.11) and the symmetric
matrix Q with the elements g;; = ¢q > 0, g22 = 1, g12 = 0 has the matrix solution
P with the elements

q+ai
ki

q P
P11 =ki1p12 +aip, p12=—1, pp=-—,p= (8.13)

2a 2ay

Following the third step of the procedure of constructing Lyapunov function-
als, we will construct a Lyapunov functional for (8.9) in the form V = V| + V5,
where

Vi = prixi(e) + 2p1ox1 (1)z(t) + pnz?(t) (8.14)

with p11, p12, p22, and z(¢) are defined in (8.13) and (8.7).
Calculating Vi, by (8.14), (8.9), and (8.7) we have

Vi =2(prixi (1) + p12z(®))x2(t) = 2(p1ax1 (t) + poz(®)(a1x1(t) + kix2(1))
= —2ppa1xi(t) — 2(ki px — p12)x3 (1) + 2(p11 — k1 p12 — a1 pa2)x1 (1) x2(t)
+2p2arx1(t)G(t, x20) + 2(k1 p22 — p12)x2(1) G (2, x21).

Using (8.7), (8.13), and arbitrary y > 0, we obtain
) t
mz—qﬁm—xﬁw+p/ w«ﬂ/ (s —t + )x1(H)x2(s)ds
0 t—t1
o0 t
+ / dK(r)f (s —t4+1)x2(t)x2(s)ds
0 t—t
o0 t 1
< —qxlz(t) - x22(t) + g / |dK(T)| / (s—t+71) (yxlz(t) + ;x%(s)) ds
0 t—t
1 o0 t
+§/‘MK&H/ (s —t + D) (x3() + x3(s)) ds
0 t—t1
= L ks )22 1= 1)
——q—Zszﬂﬂ—<—12xﬂ0

9] t
+a/ wKun/ (s —t +1)x3(s) ds, (8.13)
0 t—t
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where
1
a:—(l+£>. (8.16)
2 14
Following the fourth step of the procedure of constructing Lyapunov functionals,
let us choose the functional V5 in the form

o o0 t
Vo= —/ |d1<(r)}/ (s —t +1)°x3(s) ds. (8.17)
2 0 t—t1
Then
. O{kz » (e ¢] t ’
Vo= sz(t) —«a |dK (7)| (s —t +1)x5(s)ds, (8.18)
0 t—t
and by (8.16), for the functional V = V| + V,, we obtain
. ypks ky  pky
V< —<q - )x%(z) — (1 -5 W)x%(t). (8.19)
From the condition of positivity of the expressions in the brackets we have
4q pka
—>y>——>0.
pk2 22 - k)
So, if
4 k
M. Py, (8.20)

> >
pky 22— k2)

then there exists y > 0 such that the Lyapunov functional V for some ¢ > 0 satisfies
the condition V < —c(x3 () + x3(1)).
Using the representation (8.13) for p, rewrite (8.20) in the form

2
20— k)ki (@ +9? _a <2+ a i)

k% 4q 4 q a

and note that the right-hand part of the obtained inequality reaches its minimum for
q = ay. Using this ¢ and (8.7), (8.12), we obtain the following theorem.

Theorem 8.1 Let
4

1+/1+4ak;?

Then the trivial solution of (8.4) is asymptotically stable.

a; = —(a+ ko) >0, ki1 >0, ky < (8.21)

Remark 8.1 Note that two first inequalities in (8.21) are necessary conditions for
asymptotic stability of the trivial solution of (8.4), while the third inequality in (8.21)
is a sufficient condition only.
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Remark 8.2 Note that the third inequality in (8.21) can be represented in the form

ai
k ky | ——.
22— k)

Remark 8.3 Let us show that the functional G(z, xp;) in (8.7) satisfies condi-
tion (2.10) for a differential equation of neutral type. Indeed, transform G(z, x2;)
in the following way:

G(t, x2) = [oodK(r) /t(r —0)x2(t —0)dO
0 0

= /ooxz(t —9)/m(r —0)dK (t)db.
0 %

From (8.21) it follows that k5 < 2. So, by (8.5),

/w/m(r—e)dl((t)de 5/00|dK(t)|/T(t—0)d9
0 6 0 0

_L =5 _k
_E/(; T ’dK(t)|_2 < 1.

8.1.2 Some Examples

Here we consider some different examples of the controls of type (8.2) and show
that, for some of them, a stabilization is possible but, for some of them, a stabiliza-
tion is impossible.

Example 8.1 Putin (8.2) dK (t) = bd(t —h)dt, where h > 0, and §(7) is the Dirac
delta-function. In this case system (8.1)—(8.2) has the form

X(@) —ax(t)=bx(t — h). (8.22)

From (8.21) we obtain a contradiction for b: kg = b < —a < 0, ky = bh > 0. From
Theorem 8.1 and Remark 8.1 it follows that the trivial solution of (8.22) cannot be
asymptotically stable for any b and #, i.e., the inverted pendulum (8.1) cannot be
stabilized by the control of the form u(t) = bx(t — h).

Let us obtain the same statement using the characteristic equation of (8.22) z> —
a—be=07=a+ iB, that can be transformed to the following system of two
equations for real @ and B:

o? — B> —a —be " cos(hB) =0, 208 +be " sin(hB) =0.  (8.23)

Let us show that system (8.23) for every b and & has at least one solution with
a > 0. Suppose first that a + b > 0. In this case, for § = 0, we have a?—a=be he,
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Consider the characteristic quasipolynomial A (o) = o —a—be " Since A0) =
—(a+b) < 0andlimy_, o A() = 400, then there exists & > 0 such that A(a) = 0.
Let now a + b = 0. In this case, « = 8 =0 is the solution of system (8.23). Let at
last a + b < 0. Since a > 0, b < —a < 0. Choose B so that 0 < hf < % Then
cos(hB) > 0 and sin(hB) > 0. From (8.23) it follows that

a?—p%r—a 20

cos(hB)  sin(hB)

be " <0.

This means that « is a positive root of the equation o +2ay =a+ By =
Beot(hp),ie,a=+/a+p2+y2—y>0.

Thus, for every b and h, system (8.23) has at least one solution with @ > 0, i.e.,
the trivial solution of (8.22) cannot be asymptotically stable.

Example 8.2 Put in (8.2) dK(t) = (b16(r — hy1) + b25(tr — hp))dt, where
hi,hy > 0, and 8(t) is the Dirac delta-function. In this case system (8.1)—(8.2)
has the form

X(@) —ax(t) =b1x(t — hy) + byx(t — h»), (8.24)

and by (8.5) the stability conditions (8.21) are

ay=—(a+ by + by) >0, ki =bihy +byhy >0,
4 (8.25)

1+/1+4a1k;?

Let us show that for an arbitrary a > 0, there exist by, by, h1, hy such that con-
ditions (8.25) hold and therefore the trivial solution of (8.24) is asymptotically sta-
ble.

First, note that (8.24) was already considered in Example 1.7, where it was shown
that the inequality a 4 b; + b2 < 0 is a necessary condition for asymptotic stability.
This condition coincides with the first condition in (8.25).

Put now by = b, by = —ab, h1 = h, hp = Bh. Here b is an arbitrary positive
number, and positive numbers «, 8, and & will be chosen below.

By that the first condition in (8.25) takes the form a + b — ab < 0 and holds
if @ > 1+ ab~!. The second condition in (8.25) takes the form bh — afbh =
bh(1 —aB) > 0 and holds if B < a~!. The third condition in (8.25) in this case has
the form

ko = |bi|h + |balh; <k =

4 da—1—ab™h)
AR <« ————— A=b(1 ), B=—————~>0.
“14ViiBh? (1+af7) bi—ap?

It is easy to show that it holds if & < 4(v/A(AB +8)) .
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So, we have shown that for an arbitrary a > 0, the parameters b1, by, k1, and hy
can be chosen such that all conditions (8.25) hold and therefore the trivial solution
of (8.24) is asymptotically stable.

Example 8.3 Consider the control (8.2) in the form

hy
u(t) =b/ x(t —s)ds, hp>hy>0. (8.26)
h

2

In this case from (8.21) we obtain a contradiction for b:
b
ko="b(hy —h2) < —a <0, ki = 5(h% —h3) > 0.

Thus, there do not exist b, hi, hy such that conditions (8.21) hold. This means that
system (8.1) cannot be stabilized by the control (8.26).

On the other hand, the characteristic equation of system (8.1), (8.26) has the form
P —a-— bf:zl e ¥ ds=0,z=a+ i or, in the form of a system of two equations

for real o and S,

az_ﬂZ_a—bIC:O’ 20{ﬂ+b1520,

hy hy (8.27)
I, = / e cos(Bs)ds, Iy = / e “sin(Bs)ds.
h

2 ha

Let us show that for arbitrary b, h1, ho, there exists a solution of (8.27) with
nonnegative «. Let firsta+b(h1 —h>) > 0. Put 8 = 0 and consider the characteristic
quasipolynomial

hy b
A(a)=a2_a_b/ e—aﬂ‘ds:az_a__(e—ahz_e_ah])'
hy o

It is easy to see that limy—.0 A(o) = —[a + b(h1 — hy)] < 0 but limy—, o0 Ax) =
0o > 0. Therefore, there exists at least one «g > 0 such that A(xg) =0 and («g, 0)
is a solution of (8.27). If a + b(h| — hy) =0, then « = B = 0 is a solution of (8.27).
Letnow a + b(h; — hy) < 0. Since a > 0, b < 0. Choose 8 > 0 such that Sh| < %
Then I, > 0 and I > 0. From (8.27) it follows that

2 2
. — 2
w—p—a_ 2B,
I I

This means that there exists « > O that is a positive root of the equation f(«) =0,
where f(a) = o +2ay —a — B2, y = ,BICIS_I. Indeed, it is easy to see that
fO)=—a— B% < 0 and limy_, o f () = 00 > 0. So, this equation has a positive
root.
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Example 8.4 Consider the control (8.2) in the form

hy h3
u(t):blf x(t—s)ds—i—bzf x(t —s)ds,
h

2 h4
0<h4</’l3<h2<h1. (8.28)
In this case from (8.21) we obtain
ko =b1(h1 — h2) +ba(h3 — hy) < —a, (8.29)
b b
ki =2 (h] = 13) + Ez(hg —h3) >0, (8.30)
b1l b2 4
kzzT(h§—h§)+T(h§—h3)< - (8.31)
1+/1+4|a+kolk;

Let us show that there exist by, by, h, ho, h3, hg such that conditions (8.29)—(8.31)
hold. Put, for instance,

b= by =—vyby, hi=h, hivi=aih, i=1,23, (8.32)

n’
where h >0, y > 0,

O<az<op<ay <l1. (8.33)
In this case conditions (8.29)—(8.30) have the forms respectively
ko =a(1 —oap —y(o —013)) < —a,

ki = %(1 —a%—y(a%—a%)) > 0.

These conditions hold if the parameters y and «;, i = 1, 2, 3, satisfy the inequalities

2z 1o 8.34
y < 5L (834)
o) — O3 052—05

Substituting (8.32) into (8.31), we obtain

< /#, (8.35)
aa(l 4+ 2ap)

1 ay+y(ar —a3z) —2
a:—l—ot3—|—yot3—a3 , B= .

where

(8.36)
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Fig. 8.2 Solutions of (8.1), (8.28) for a = 1, h; = 0.48, hy = 0.24, h3 = 0.12, hy = 0.06,
by = ah;', by = —yby, x(s) =3, s € [-0.48, 0], and the different values of y: (/) y = 11.5,
@Qy=1199,y=12,dy=13,(5y =163

1
w0

Thus, if the parameters of (8.1) with the control (8.28) satisfy conditions (8.32)—
(8.36), then the trivial solution of (8.1), (8.28) is asymptotically stable.

From (8.33)—(8.34) it follows that the parameters «;, i = 1,2, 3, should satisfy
the conditions

0<a3<2—\/§,

a3 <ay <22 —+/3) —as, (8.37)

) <o <%(8+\/82—88+4), S =0+ a3.

Put, for instance,a = 1, ; =2, i = 1, 2, 3. Conditions (8.37) hold, and condition
(8.34) takes the form 12 < y < 16. Putting y = 13, from (8.35)—(8.36) we obtain
h < 1.02392. Putting y = 12.1, we have h < 2.13984.

In Fig. 8.2 the solutions of (8.1), (8.28) are shown for a = 1, h; = 0.48,
hy, =0.24, h3 =0.12, hy =0.06, b; = ahf], by =—yby, x(s) =3, s <[-0.48,0],
and different values of the parameter y: (1) y = 11.5, (2) y =11.99, 3) y = 12,

4) y =13, (5) y = 16.3. Only one of these solutions with y = 13 is asymptotically
stable.
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8.1.3 About Stabilization by the Control Depending on Velocity
or on Acceleration

Consider (8.1) with the control

o
u(t) :/ dK(t)x(t — 1), (8.38)
0
where
o
/ |dK (7)| < o0. (8.39)
0
The characteristic equation of system (8.1), (8.38) has the form
o
zz—a—z/ dK(t)e =0, z=a+Bi. (8.40)
0
Let us show that this equation has at least one root z with positive real part «.

Indeed, put 8 =0 and A(e) =a? —a — afooodl((t) e~ %", Then (8.40) takes the
form A(w) = 0. Note that A(0) = —a < 0. Using (8.39), it is easy to get that

. . 2 a 1 oo —at
Iim A(x) = lim « 1——2—— dK(t)e = 00.
o— 00 a— 00 o o Jo

Therefore, there exists at least one o > 0 that is a root of the equation A(«x) = 0.
Thus, the inverted pendulum cannot be stabilized by the control of type (8.38) de-
pending on the velocity only.

Consider (8.1) with the control

u(t) = /OodK(r)jc'(t —1), (8.41)
0

where
o0
|dK(0)| = |K(+0) — K(0)| <1, f |dK (7)| < o0. (8.42)
+0
The characteristic equation of system (8.1), (8.41) has the form
o
zz—a—z2/ dK(1)e T =0, z=a+pi. (8.43)
0
Let us show that this equation has at least one root z with positive real part «.

Indeed, put =0 and A(e) =a? —a — a? [ dK () e™®". Then (8.43) takes the
form A(«) = 0. Note that A(0) = —a < 0. Using (8.42), it is easy to get that

o0
lim A(e) = lim a2<l -2 —dK(O)—/ dK(r)e‘”) — o0.
a—>00 o

a—>00 +0
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Fig. 8.3 Solutions of (8.44) fora =0.01, h =5, x(s) = 0.01, s € [—5, 0] and the different values
of b: (1) b=-0.01, (2) b=10.01

Therefore there exists at least one o > 0 that is a root of the equation A(x) = 0.
Thus, the inverted pendulum cannot be stabilized by the control of type (8.41) de-
pending on the acceleration only.
In Fig. 8.3 the solution x(#) of the equation
X(t) —ax(@)=bx(t —h) (8.44)

is shown fora =0.01, h =5, x(s) = 0.01, s € [—5, 0], and the different values of b:
(1) b=-0.01,(2) b=0.01.
8.1.4 Stabilization by Stochastic Perturbations

Substituting (8.2) into (8.1) and supposing that the parameter « in (8.1) is under the
influence of stochastic perturbations of the type of white noise, we obtain

F(0) — (a+ow)x@) = /Oo dK(@)x(t—1), a>0,1>0. (845
0

Here w(t) is the standard Wiener process, and o is a constant.
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Theorem 8.2 Let

a1 =—(a+kg) >0, ki >0,

) a (8.46)
o <2a1<k1 —kz 7),
V22 —k2)

where ki, i =0, 1,2, are defined in (8.5). Then the trivial solution of (8.45) is asymp-
totically mean-square stable.

Proof Put x1(t) = x(¢t) and x2(z) = x(¢). Then (8.45), similarly to (8.9), can be
rewritten in the form of the system of stochastic differential equations of neutral
type

x1(t) = x2(1),

(8.47)
z(t) = —a1x1(t) — kix2(t) + ox1(H)w(t),

with the initial conditions x;(s) = ¢(s), x2(s) = ¢ (s), s < 0. Here k;, a;, and z(7)
are defined in (8.5), (8.7).

We will construct a Lyapunov functional for (8.47) in the form V = V| 4 Vj,
where V) is defined by (8.14), (8.13). Calculating LV}, where L is the generator
of (8.47), and using (8.7), (8.13), we obtain

LVi =2(p11x1(t) + p12z(1))x2(t)
—2(pr2x1(t) + p2z(®))(a1x1(t) + k1x2(1)) + 02 paoxi (1)
= —(2pipar — 0% pxn)xi(t) — 2(k1 p22 — p12)x3 (1)
+2(p11 — k1pi2 — a1 p2)x1 (£)x2(t)
+ 2pnaixi(1)G(t, x2) + 2(k1 p22 — p12)x2 (1) G (¢, x2r)

o0

t
=—(q—*pn)xi®) —x3) +p fo dK (1) / (s — 1+ T)x1 (1)x2(s) ds
-1
o0 t
+/ dK(r)/ (s —t+1)x2()x2(s)ds.
0 t—t1

Similarly to (8.15), for arbitrary y > 0 and « defined by (8.16), we have

1 2 200 (11 2
LVi<—|gq 4VP/<2 o pxn |x7 @) 1 4k2 x5 (1)

o0 t
+a/ |dK(t)|/ (s—t—l—t)x%(s)ds.
0 t—t
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Choosing the functional V5 in the form (8.17) and using (8.16), for the functional
V = V] 4 V>, similarly to (8.19), we obtain

ypka 2 2 ko pka\ ,
LV < —(q -1 —0 pzz)xl(t) — (l -5 W x5(1).

Supposing the positivity of the expressions in the brackets, we obtain

4(q —o’pn) pka
>y > >0
pk2 2(2 - kZ)
So, if
4(q —o’pn) Pk

- >0, (8.48)
pka 22 —k2)

then there exists y > 0 such that the Lyapunov functional V for some ¢ > 0 satisfies
the condition LV < —c(x}(t) + x3(1)).
By the representation (8.13) for pys and p from (8.48) it follows that

2
8k3(2 — ka)

02<2a1k1< 4 —A(q+a1)), (8.49)
q+

ai
The right-hand part of inequality (8.49) reaches its maximum at ¢ = v/a1 A~ — ay.
Substituting this ¢ into (8.49), we obtain the last inequality (8.46). The proof is
completed. g

Note that by Remark 8.2 conditions (8.46) by o = 0 coincide with (8.21).

8.2 Nonlinear Model of the Controlled Inverted Pendulum

8.2.1 Stabilization of the Trivial Solution

Consider separately the deterministic case and the stochastic case.

8.2.1.1 The Deterministic Case

Consider the problem of stabilization for the nonlinear model of the controlled in-
verted pendulum

X(t) —asinx(t) =u(t), a>0, (8.50)

via the control (8.2).
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Let us suppose that conditions (8.21) hold. In Theorem 8.1 it is proved that by
conditions (8.21) on the kernel K (t) of the control (8.2) the appropriate linearized
system (8.4) is asymptotically stable. So, by conditions (8.21) the trivial solution of
the nonlinear system (8.50), (8.2) is asymptotically stable too if the initial function
(8.3) belongs to some small enough neighborhood of the origin, called a region of
attraction. Let us construct some estimate of the region of attraction for the trivial
solution of system (8.50), (8.2).

Similarly to (8.9), let us represent (8.50), (8.2) in the form

x1(t) =x2(1),

(8.51)
(1) = —arx1(t) — kixa(t) — af (x1 (1)),

where f(x) =x —sinx, k1, and a; and z(¢) are defined by (8.5), (8.7).

Following the procedure of constructing Lyapunov functionals, let us choose the
auxiliary ordinary differential equations for system (8.51) in the form (8.10). We
will construct a Lyapunov functional for (8.51) in the form V = V| + V,, where the
functional V) is defined again by (8.14), (8.13). Calculating Vv, for system (8.51),
similarly to (8.15), we obtain

Vi< —(q— Lok x2(t) — =L x2(1)
1= q 4VP 21X 2 21X
00 t
+a/ \dK(r)|/ (s—t—i—t)x%(s)ds
0 t—1

—2api2x1 (1) f (x1(1)) — 2apnxa (1) f (x1 (1))

ele} t
+2apn [ k@ [ 6= r40me flam)ds
0 t—t

where p and « are defined by (8.13) and (8.16).
Suppose that for all # > 0 and some positive 8,

|xi()] < 6. (8.52)
Using (8.52), the inequality | f(x)| = |x — sinx| < %|x|3, and some v > 0, we get

4
1O 2

lx1(0) f (x1(0)] < c =%

2 2
2|x2 @) f(x1(0)] < xlé” (vx%(r) + %x%(t)) < %(ux%(r) + %x§<z>>,
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and
2[°°|dK(r)|fi (s =1+ 1) |xa(s) £ (x1(0) | ds
52 |dK(r)|/ (s—t—l—f)(vxl () + xz(s)> ds
< 36 (”kz 2() 4 - foo|dK(r)|/tt(s—t+r)x§(s)ds).
As aresult,

. 1 ky 5
Vi<— q—ZVPk2—51 2p12 + 1+3 p2 v |xi (@)

o0 t
(1 kb 8‘%);@(:) +a / |dK(t)|/ (s —t +D)x3(s) ds,
0 t—1

4
where
82 8
5= a=at 202 (8.53)
6 v
Choosing V; in the form
o [e9] t 5 5
Vo= — |dK(r)|/ (s —t+1)°x5(s)ds (8.54)
2 0 t—t1
and using (8.53) and (8.16), for the functional V = V| 4+ V,, we obtain
. ypk2\ » pka
Vf—(q—A— ) >x1(t)—<1—B—E> 2(t) (8.55)
where
1
A=Ap+ Dv, B=By+D-,
v
ko
Ao =2p1261, D= (1+ Bo)p2ndi, Bo= ER (8.56)

Supposing the positivity of the expressions in the brackets in (8.55), we obtain

4(g— A k
L)>V>L>O. (8.57)
ks 41— B)
So, if
4(qg—A k
@=4 P2, (8.58)

>
pka 4(1-B)
then there exists y > 0 such that (8.57) holds.
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Using (8.56), rewrite (8.58) in the form

1 pBo 2

It is easy to show that the left-hand side of this inequality reaches its maximum at
V= \/(q — Ag)(1 — Bp)~!. Substituting this v into (8.59), we obtain

V(@ —Ap)( — By) > D—}-p—BO.

2

By (8.56) and (8.13) this inequality can be represented in the form
kiv/(1—80)(1 — Boy) > l(ﬁ+ﬂ)((1+Bo)<So+Bo) o= oL
2 Va ’ ar’

Note that the right-hand side of this inequality reaches its minimum at ¢ = a;. Using
this g, we obtain

kiy/ (1 —80)(1 — Bo) > /a1 ((1 + By)do + Bo).

This inequality can be rewritten in the form of the quadratic equation with respect
to &g,

8(2) +2udg — p <0, (8.60)
where, by (8.56),
 k KBQ-k) _23a' Q- k) — K3
M=% Taetke T Q2+ ky)?

Note that by Remark 8.2 p > 0. So, inequality (8.60) holds for §o = 0, and therefore
it holds also for small enough 8y > 0, namely 8y < /12 4+ p — u, or by (8.53) and
the definition of &,

6a
52 < 71 12+ p— . (8.61)

Let Ao > 0 and A1 > O be respectively the minimal and maximal eigenvalues of
the positive definite matrix P with the elements p;; defined by (8.13) with ¢ = a;.
Then by (8.14), (8.55), (8.54), and (8.5) we have

Axt(1) < V(1) < V(0) <A1 (x7(0) +22(0)) + 0“6& sup x5 (s).

s<0

From (8.7) and (8.5) it follows that

oo 0 k
|z(0)|s|xz(0)|+f0 4K (0] <s+r>|xz<s>|dss<1+§> supls (5.
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So,
\>  ak
Mﬂfa)gx4xﬁoy+<xl(1+-3> 4——L§>mmx§@L

and by (8.52) the domain of attraction for the trivial solution of system (8.50), (8.2)
contains the set of initial functions satisfying the inequality

M o (M( b>2 mh) . )
— O+ —(1+—= +—]su s) <6-.
Rr O+ (1r3) 5, )i

By this condition on the initial function ¢(s) with § > 0 that satisfies (8.61) the
solution of system (8.50), (8.2) satisfies condition (8.52).

8.2.1.2 The Stochastic Case

Consider now the nonlinear model of the controlled inverted pendulum (8.50) under
the influence of stochastic perturbations of the type of white noise

X(@) — (a+azb(t)) sinx(¢) =u(t), a>0,t>0, (8.62)
with the control (8.2). Similarly to (8.51), rewrite system (8.62), (8.2) in the form

x1(1) = x2(1),
(1) = —a1x1 (1) — kixa(t) — af (x1(0) 4+ o (x1 (1) — f(x1(0)))w (@),

where f(x) =x — sinx, and k1, a1, and z(¢) are defined by (8.5) and (8.7).

Note that (8.47) is the linear part of (8.63). Since | f(x)]| < %, the order of non-
linearity of (8.63) is 3. From Theorem 5.2 it follows that if the order of nonlinearity
of the nonlinear system under consideration is higher than one, then the sufficient
condition for asymptotic mean-square stability of the linear part of this system is at
the same time a sufficient condition for stability in probability of the initial nonlinear

system. Thus, we obtain the following theorem.

(8.63)

Theorem 8.3 If conditions (8.46) hold, then the trivial solution of (8.62) by the
control (8.2) is stable in probability.

So, the nonlinear model of the controlled inverted pendulum under stochastic
perturbations can be stabilized by a control that depends on the trajectory only.

8.2.2 Nonzero Steady-State Solutions

Here nonzero steady-state solutions of the nonlinear system (8.50), (8.2), (8.3) are
studied. Substituting (8.2) into (8.50) and putting x1(¢) = x(¢) and x> (¢) = x(¢), we
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represent this system as follows:

x1(t) = x2(1),

o0 (8.64)
)'cz(t):asinxl(t)—i—/ dK(t)x1(t — 7).
0

To get steady-state solutions of (8.64), let us suppose that x1 () =0 and x> () = 0.
We obtain that x(¢) = 0 and x(¢) = X is a root of the equation

asinx + kox = 0. (8.65)
Suppose that x # 0 and rewrite (8.65) in the form
S(x) =0, (8.66)

where
inx Kk
Sy = 2* o (8.67)
X a

We will call the function S(x) “the characteristic function of the system (8.64).”

Remark 8.4 The statements “X is a steady-state solution of the system (8.64)” and
“X is a root of (8.66)” are equivalent.

Remark 8.5 For all x # 0,
sinx
—a<—<1,
X

where 0.217233 < o < 0.217234. Therefore, if

0
—a<-——<1
a

or
O<a+ky<(1+wa, (8.68)

then there exists at least one nonzero root of (8.66).

Remark 8.6 Since the function S(x) is an even function, if x is a root of (8.66), then
—X is a root of (8.66) too.

Remark 8.7 Condition (8.68) contradicts to the necessary condition
ar=—(a+ky) >0

for the asymptotic stability of the trivial solution of the corresponding linear system.
Thus, by condition (8.68) the trivial solution of the corresponding linear system is
unstable.
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8.2.3 Stable, Unstable, and One-Sided Stable Points of Equilibrium

Here a stability of the steady-state solutions of system (8.64) is investigated. Let X
be a root of (8.66). Put

X1 =X+ y1, X2 = 2. (8.69)
Substituting (8.69) into (8.64) and using (8.65), we obtain

yi(t) = ya(2),
o
yo(t) = a[sin()? + yl(t)) — sin)?] + / dK () y1(t — 1),
0
or, after elementary trigonometric transformations,

y1() = y2(2),

o 8.70
mm=Mm%ml§»m%ﬂ¥)+Almanm—ﬂ.( )

It is easy to see that the linear approximation of system (8.70) has the form

yi(t) =y (1),
o0 (8.71)
j)z(t)zacosfyl(t)—i—/o dK (1) y1(t — 7).

Conditions (8.21) for system (8.71) have the form

ar =—(acosx + ko) >0, k1 >0,
4 (8.72)

1+ /1 +4dack;?

So, if for some root x of (8.66), conditions (8.72) hold, then the point X is a stable
equilibrium of (8.64).

ky <k =

Theorem 8.4 Let X be a positive root of (8.66). If X is a point of stable equilibrium
of system (8.64), then

$(x) <0, (8.73)

i.e., X is a point of decrease of the characteristic function S(x).
If X is a point of increase of the characteristic function S(x), i.e.,

$(x) >0, (8.74)

then X is a point of unstable equilibrium of system (8.64).
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Proof Using the derivative of the function (8.67), i.e.,

and (8.66), (8.67), (8.72), we obtain (8.73):

. 1 sin X cosx +k
S(£)=7(cos£— ‘f‘):“ o _ @y

X X Xa Xa

Let condition (8.74) hold. Then the first inequality of conditions (8.72) does not
hold, and X cannot (see Remark 8.1) be a point of stable equilibrium. The proof is
completed. O

Remark 8.8 Let x be a point of extremum of the characteristic function S(x). In this
case, S(£) =0, and £ is a point of one-sided stable equilibrium of system (8.64).
This means that if the system stays in a point x from a small enough neighborhood
of % and S(x) < 0, then the solution converges to . But if the system stays in a
point x from a small enough neighborhood of X and S(x) > 0, then the solution
goes away from X.

Remark 8.9 Since the function S(x) is an even function, for negative roots of (8.66),
the pictures are symmetrical.

8.3 Numerical Analysis of the Controlled Inverted Pendulum

Here we consider the results of numerical simulation of solutions of the lin-
ear and nonlinear mathematical models of the controlled inverted pendulum. For
simplicity, the initial function from (8.3) is considered in the form ¢ (s) = x(0),
s < 0. For greater visualization, the solutions are shown in the spaces (x1, x2) and
(#, x()).

Note that the stability conditions for the difference analogue of the mathematical
model of the controlled inverted pendulum were obtained in [273, 278].

8.3.1 Stability of the Trivial Solution and Limit Cycles

Consider now the linear model of the inverted pendulum in the form (8.24). Suffi-
cient conditions for asymptotic stability of the trivial solution of (8.24) are (8.25).
Recall that in accordance with Remark 8.1 two first inequalities of (8.25) are also
necessary conditions for asymptotic stability, while the third inequality is a sufficient
condition only.
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Fig. 8.4 Solution of (8.24)
forx(0)=6,a=1,b; =1,
by =—4,h; =0.25,

hy =0.04
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Put x(0) =6,a =1, by =1, by = —4, hj =0.25, hp = 0.04. In this case kg =
—3, k1 = 0.09, k» = 0.0689, k,, = 0.123. So, all conditions (8.25) hold, and the
trivial solution of (8.24) is asymptotically stable. The appropriate solution of (8.24)
is shown in Fig. 8.4.

Put x(0) =8,a=3,b1 =1, bp =—-4.5, h; =0.6, h, =0.1. Then kg = —3.5,
k1 =0.15, kp =0.405, k;;, = 0.382. So, two first conditions (8.25) hold, and the third
condition (8.25) does not hold. But the trivial solution of the linear equation (8.24)
is asymptotically stable (see Fig. 8.5), and the trivial solution of the corresponding
nonlinear equation

¥(t) —asinx(t) = byx(t — hy) + bax(t — hy) (8.75)

is asymptotically stable too (see Fig. 8.6).



8.3 Numerical Analysis of the Controlled Inverted Pendulum 231

e,

T

-6+

Fig. 8.5 Solution of (8.24) for x(0) =8,a=3,b1=1,bp =—-4.5,h1 =0.6, i, =0.1

Fig. 8.6 Solution of (8.75)
forx(0)=8,a=3,b =1,
by =—4.5,h; =0.6,

hy =0.1
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Fig. 8.7 Solution of (8.75)
forx(0)=8,a=3,b1 =1,
by =—4.5,h1 =0.59,

hy, =0.1

!
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I
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Let us investigate the influence of the delay 4 on the behavior of the inverted
pendulum. All other parameters have the same values as in Fig. 8.5. If h; = 0.59,
then the trivial solution of the linear system (8.24) is asymptotically stable, but the
nonlinear system (8.75) has a limit cycle (Fig. 8.7). The same phenomenon takes
place for all values of the delay Ay from Ay = 0.59 to h; = 0.54 (Fig. 8.8). If
h1 = 0.53, then the limit cycle of the nonlinear system (8.75) is unstable (Fig. 8.9,
the solution goes to infinity), but the trivial solution of the linear system (8.24) is
asymptotically stable (Fig. 8.10, the solution goes to zero).

Consider the nonlinear model (8.75) for the following values of the parameters:
a=10,b; =1, bp = -2, h1 = 0.8, h, = 0.36. In this case the necessary condi-
tion for asymptotic stability a 4+ b1 4+ by < 0 does not hold. So, the trivial solution
of (8.75) is not stable. But for different initial conditions, there are different limit
cycles. In Fig. 8.11 twelve different limit cycles are shown, which correspond to
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Fig. 8.8 Solution of (8.75) nph
forx(0)=8,a=3,b1 =1, . 182
by =—4.5,h; =0.54,

hy, =0.1

A T a--+ £

| !!§!!!“'

different initial conditions: x(0) =2, x(0) = 12, x(0) = 18, x(0) =26, x(0) = 31,
x(0) =38, x(0) =46, x(0) =52, x(0) =57, x(0) = 66, x(0) =71, x(0) = 77. Four
from these limit cycles are shown separately in Fig. 8.12 by close-up.

Let us note that the considered limit cycles are stable. For instance, in Figs. 8.13
and 8.14 the first cycle from Fig. 8.12 is shown respectively for x(0) =2 and
x(0) = 10. In the first case the cycle is reached from the inside, and in the second
case the cycle is reached from the outside. In both these cases the solution converges
to the same limit cycle, which shows its asymptotic stability.

Note also that by small changing of the value of the parameter 4, the asymptotic
stability of all these limit cycles disappears. Changing s = 0.36 to hy = 0.37, we
can see (Fig. 8.15, x(0) = 2) that the trajectory of the solution goes to infinity. In
Fig. 8.16 the same picture is shown for x(0) =
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Fig. 8.9 Solution of (8.75)
forx(0)=8,a=3,b1 =1,
by =—4.5,h; =0.53,

hy =0.1
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Putnowa=3,b1 =1, by =—-4.5, h; =0.59, hp, =0.1. In this case kg = —3.5,
k1 =0.14, kp, =0.3931, k,, = 0.3587, two first conditions (8.25) hold, but the third
condition (8.25) does not hold. For x(0) = 4.6, the solution of (8.75) goes to zero
(Fig. 8.17), but for x(0) = 4.61, the solution of (8.75) goes to a stable limit cycle. In
Fig. 8.18 this cycle is reached from the inside, and in Fig. 8.19 it is reached from the
outside for x(0) = 100. In Fig. 8.20 the appropriate solution of the linear equation
(8.24) is shown, which goes to zero from the initial point x(0) = 100.

8.3.2 Nonzero Steady-State Solutions of the Nonlinear Model

Putin (8.75) a=1, by =1, bp = —1.08, h; = 0.8, hp = 0.3. In this case, kg =
—0.08, ki =0.476, kp = 0.7372, and the first condition (8.25) does not hold. So,



8.3 Numerical Analysis of the Controlled Inverted Pendulum 235

Fig. 8.11 Twelve limit cycles of (8.75) for a = 10, by =1, by = =2, h1 = 0.8, hy = 0.36, and
different initial conditions: x(0) =2, x(0) = 12, x(0) = 18, x(0) = 26, x(0) = 31, x(0) = 38,
x(0) =46, x(0) =52, x(0) =57, x(0) =66, x(0) =71, x(0) =77

the trivial solution of (8.75) is unstable. On the other hand, the equation (8.66) has
three positive roots X1, X3, X3 such that 2.906892 < x| < 2.906893, 6.864548 <
Xy < 6.864549, 8.659471 < X3 < 8.659472. Therefore (Remark 8.4), these points
are steady-state solutions of (8.75).
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Fig. 8.12 Four limit cycles of (8.75) from Fig. 8.11 by close-up for different initial conditions:
x(0)=2,x(0) =12, x(0) = 18, x(0) =26

Fig. 8.13 The first cycle
of (8.75) from Fig. 8.12 by
x(0)=2
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Fig. 8.14 The first cycle xgh
of (8.75) from Fig. 8.12 by |
%(0) =10

x(t)h
1

10

L -]

It is easy to check that
S(&) <0, S(%2) >0, S(%3) <0.

By Theorem 8.4 the points X; and X3 can be points of stable equilibrium of (8.75),
and the point X3 is a point of unstable equilibrium of (8.75).

Note also that for the points X; and X3, all conditions (8.72) hold, but for the
point X, the first condition (8.72) does not hold.

Let x(0) = 6.864548, i.e., the initial function is close enough to x, and less than
X7. In this case the solution of (8.75) goes away from the point of unstable equilib-
rium X, and converges to the point of stable equilibrium . This situation is shown
in Fig. 8.21.

Let x(0) = 6.864549, i.e., the initial function is close enough to X, and greater
than %,. In this case the solution of (8.75) goes away from the point of unstable
equilibrium X, and converges to the point of stable equilibrium x3. This situation is
shown in Fig. 8.22.

Put now a =1, by =1, by = —0.782766, h; = 0.8, hp = 0.3. In this case
ko = 0.217233, k1 = 0.565170, k> = 0.710449, and (8.66) has one positive root
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Fig. 8.15 Disappearance of
limit cycles after changing
hy =0.36to hp =0.37,
x(0)=2

% = 4.493409 only. This point is also a root of the equation S(£) =0, i.e. (see Re-
mark 8.8), it is a point of one-sided stable equilibrium of (8.75).

Let x(0) =4, i.e., the initial function is close enough to x and less than X. In this
case, S(4) = —0.116111 < 0, and the solution of (8.75) converges to the point X.
This situation is shown in Fig. 8.23.

Let x(0) = 4.5, i.e., the initial function is close enough to X and greater than X.
In this case, 5'(4.5) =0.00142958 > 0, and the solution of (8.75) goes away from
the point X and goes to infinity. This situation is shown in Fig. 8.24.

Note that if the initial function is less than the point of one-sided stable equilib-
rium X and stays far enough from this point, then the system converges to infinity
past by the point x. This situation is shown in Fig. 8.25 for x(0) = 3.7.

Puta=7,b1=1,b=-2,h; =04, h, =0.02. In this case, a + kg =6 > 0,
k1 =0.476, kp = 0.7372. So, the first condition (8.25) does not hold, and the trivial
solution of (8.75) is unstable. But (8.66) has the positive root x| = 2.739489 and the
symmetric negative root X = —2.739489. For these roots, ap = 7.441678 > 0, so,
two first conditions (8.72) hold, and S (x1) < 0, but the third condition (8.72) does
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Fig. 8.16 Disappearance of
limit cycles after changing
hy =0.36to hp =0.37,
x(0)=0.1

w(t)h

631

not hold since k> > k;, = 0.3199. In Fig. 8.26 the solution with the initial condition
x(0) = 19 converges to X», and in Fig. 8.27 the solution with the initial condition
x(0) = 12 converges to Xi.

Changing in the previous situation a = 7 on a = 27, we obtain nine posi-
tive points of equilibrium: X; = 3.029, x; = 6.527, x3 = 9.082, X4 = 13.072,
X5 = 15.114, X6 = 19.665, x7 = 21.094, 13 = 26.513, X9 = 26.819. It is easy to
check that $(£;) > 0 fori =2,4,6,8 and S(%;) <Ofori=1,3,5,7,9. So, by The-
orem 8.4 the points X; for i =1, 3,5,7,9 only can be points of stable equilibrium.
But for all these points, two first conditions (8.72) hold, and the third condition
(8.72) does not hold. So, these points can be points of unstable equilibrium. Indeed,
in Figs. 8.28 and 8.29 we can see that the solution of (8.75) has limit cycles around
the points X; and —X.

Note that in the presence of an ample quantity of points of equilibrium we
can obtain different interesting limit cycles; see, for instance, Figs. 8.30, 8.31,
and 8.32.
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Fig. 8.17 Solution of (8.75)
for x(0) =4.60, a = 3,

by =1,by=-45,
h1=0.59, h, =0.10

8.3.3 Stabilization of the Controlled Inverted Pendulum Under
Influence of Markovian Stochastic Perturbations

Consider the linear model of the controlled pendulum in the form

X()+n)x () =u(t), (8.76)

where 7(¢) is a Markov chain with two states {a;, a>} such that a; > 0 and a; <0,
the initial distribution

pi=PnO)=a}. i=12 (8.77)
and the probabilities of transition

pij(A)=P{nt+A)=a;/n@) =a;} =LijA+o0(A),
i j=1,2i%]. (8.78)
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Fig. 8.18 Solution of (8.75)
for x(0) =4.61,a =3,

by =1,by=-45,
h1=0.59, h, =0.10

It is easy to see that by the control u(¢) = 0 the trivial solution of (8.76) is sta-
ble but not asymptotically stable in the case where n(#) = a; > 0 (mathematical
pendulum) and unstable in the case where n(f) = a» < 0 (inverted mathematical
pendulum).

Consider the problem of stabilization of the inverted mathematical pendulum by
the control

u(t) = byx(t — hy) + box(t — o). (8.79)
By (8.25), if
ko=b1+ by <an, ki =b1h1 +byhy >0,
4 (8.80)
1+ /144G - Kok 2

ka = |b1|h? + |ba|h3 <

then the trivial solution of (8.76), (8.79) (with n(t) = a» < 0) is asymptotically
stable. It was shown also (Example 8.2) that for each ay < 0, there exist numbers
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Fig. 8.19 Solution of (8.75)
for x(0) = 100, a = 3,

by =1,by=-45,

h1 =0.59, h, =0.10
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Fig. 8.20 Solution of (8.24) for x(0) = 100, a =3, by = 1, by = —4.5, hy = 0.59, hy = 0.10
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Fig. 8.21 The solution of (8.75) goes away from the left neighborhood of the point of unstable
equilibrium X, and converges to the point of stable equilibrium x;, x (0) = 6.864548
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Fig. 8.22 The solution of (8.75) goes away from the right neighborhood the point of unstable
equilibrium X, and converges to the point of stable equilibrium x3, x (0) = 6.864549
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Fig. 8.23 The initial function of (8.75) is close enough to x and is less than x, the solution con-
verges to the point x, x(0) = 4
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Fig. 8.24 The initial function of (8.75) is close enough to x and is greater than x, the solution

goes to infinity, x (0) = 4.5
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Fig. 8.25 The initial function of (8.75) is far enough from x and is less than X, the solution goes

to infinity, x(0) = 3.7
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Fig. 8.26 Solution of (8.75) for x(0) =19, a=7,b1 =1,by = -2, h1 =0.4, h, =0.02
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Fig. 8.27 Solution of (8.75) for x(0) =12, a=7,b1=1,by =—-2,h1 =0.4, h, =0.02
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Fig. 8.28 Solution of (8.75) for x(0) =19, a =27,b1 =1, by = =2, h; =0.4, h, =0.02

by, by, hy, hy such that conditions (8.80) hold, and therefore the trivial solution
of (8.76), (8.79) (with n(t) = a» < 0) is asymptotically stable.

Let us investigate the stability of the trivial solution of (8.76), (8.79) by the nu-
merical method and numerical simulation of the Markov chain 7(¢) that was de-
scribed in Sect. 7.4.1.
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Fig. 8.29 Solution of (8.75) for x(0) =12, a=27,b1 =1,by = =2, h1 =0.4, h, =0.02
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Fig. 8.30 Solution of (8.75) for x(0) =13, a=123,b1 =1, by = -2, h; =0.4, h, =0.02

Putai=1,a0=—-1,b1=1,bp=-2.1,h1 =0.8, h, =0.3, x(s) =3.5, s <0.
If n(¢) = a1, then the solution of (8.76), (8.79) goes to £00. The trajectories of 1 (¢)
and x(¢) in this case are shown in Fig. 8.33. If n(¢f) = a;, then conditions (8.80)
hold, and the solution of (8.76), (8.79) converges to zero (Fig. 8.34).
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Fig. 8.32 Solution of (8.75) for x(0) =72,a =200, by =1, b, = -2, h; =04, h, =0.02

Put in (8.77), (8.78) p1 = p2 = 0.5, Aa1 = 15, A12 = 1. One of possible trajecto-
ries of the Markov chain 7(¢) and the corresponding trajectory of the solution x (¢)
of (8.76), (8.79) are shown in Fig. 8.35. Hundred trajectories of the solution x(¢) are
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Fig. 8.33 Solution of (8.76), (8.79) by n(t) =a; =1, by =1, by = —2.1, h} =0.8, hp, =0.3,
x(s)=3.5,5s<0

60 70 80 30 100t

Fig. 8.34 Solution of (8.76), (8.79) by n(t) =a = —1,b; =1, by = =2.1, h1 = 0.8, h, = 0.3,
x(s)=3.5,5s <0

shown in Fig. 8.36. One can see that in this case the trivial solution of (8.76), (8.79)
is unstable.

Put now Ay; = 1, A2 = 15. In this case the trivial solution of (8.76), (8.79) is
asymptotically stable. One of the possible trajectories of the Markov chain 75(t)
and the corresponding trajectory of the solution x (¢) of (8.76), (8.79) are shown in
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Fig. 8.35 Solution of (8.76), (8.79) by a1 = 1, a»

0.8, hp =0.3, x(s) =3.5,
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X

Fig. 8.36 Hundred trajectories of solution of (8.76), (8.79) by the values of the parameters as in

Fig. 8.35

Fig. 8.37. Hundred trajectories of the solution x(¢) are shown in Fig. 8.38. All these

trajectories converge to zero.
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Fig. 8.37 Solution of (8.76), 8.79) by a1 = 1, a» = —1, p1 = p» = 0.5, Ao1 = 1, Ap2 = 15,
bi=1,by=-2.1,h =0.8, hy=0.3, x(s) =3.5,5 <0
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Fig. 8.38 Hundred trajectories of solution of (8.76), (8.79) by the values of the parameters as in
Fig. 8.37



Chapter 9

Stability of Equilibrium Points of Nicholson’s
Blowflies Equation with Stochastic
Perturbations

We consider the Nicholson blowflies equation (one of the most known models in
ecology) with stochastic perturbations. We obtain sufficient conditions for stability
in probability of the trivial and positive equilibrium points of this nonlinear differ-
ential equation with delay.

9.1 Introduction

Consider the nonlinear differential equation with exponential nonlinearity
x(0) =ax(t —h)e =M _ cx@). 9.1)

It describes a population dynamics of the well-known Nicholson blowflies [224].
Here x () is the size of the population at time ¢, a is the maximum per capita daily
egg production rate, 1/b is the size at which the population reproduces at the maxi-
mum rate, c is the per capita daily adult death rate, and 4 is the generation time.

Nicholson’s blowflies model is popular enough with researchers [7, 8, 30,
31, 38, 40, 61, 73, 99, 102, 129, 166, 173-176, 178, 184, 250-252, 278, 284—
287, 297, 307, 312, 316, 320]. The majority of the results on (9.1) deal with the
global attractiveness of the positive point of equilibrium and oscillatory behaviors
of solutions [73, 102, 129, 166, 173, 174, 178, 250-252, 278, 285].

Below we will obtain sufficient conditions for stability in probability of the trivial
and positive equilibrium points of (9.1) by stochastic perturbations. The basic stages
of the proposed research are the following. It is assumed that the considered nonlin-
ear differential equation has an equilibrium point and exposed to white-noise-type
stochastic perturbations that are proportional to the deviation of the system current
state from the considered equilibrium point. In this case the equilibrium point is a
solution of the stochastic differential equation too. The constructed stochastic differ-
ential equation is centered around the considered equilibrium point and linearized in
the neighborhood of this equilibrium point. Necessary and sufficient conditions for
the asymptotic mean-square stability of the linear part of the considered equation are
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obtained. Since the order of nonlinearity in (9.1) is higher than one (see Sect. 5.3),
these conditions are sufficient for stability in probability of the equilibrium point of
the initial nonlinear equation by stochastic perturbations.

9.2 Two Points of Equilibrium, Stochastic Perturbations,
Centering, and Linearization

The points of equilibrium of (9.1) are defined by the condition x(¢) = O that can be
represented in the form

ae " x* =cx™. 9.2)

x{ =0, x5 =-In—. 9.3)

Similarly to Sect. 5.4, let us assume that (9.1) is exposed to stochastic perturba-
tions that are of white noise type and are directly proportional to the deviation of
x(t) from the point of equilibrium x* and influence x(z) immediately. In this way,
(9.1) takes the form

X(1) = ax(t — h)e PN —cx(t) + o (x (1) — x*)(1). (9.4)

Let us center (9.4) at the point of equilibrium x* using the new variable y(t) =
x(t) — x*. By this way from (9.4) via (9.2) we obtain

3(1) = —ey(0) +ae P [yt — h)e ™ 4 x* (e )] 4oy ().
9.5)
It is clear that the stability of an equilibrium point x* of (9.4) is equivalent to the
stability of the trivial solution of (9.5).
Along with (9.5), we will consider the linear part of this equation. Using the
representation e” =1+ y + o(y) (where o(y) means that lim,_,q @ = 0) and
neglecting o(y), we obtain the linear part (process z(¢)) of (9.5) in the form

() = —cz(t) — ae ™ (bx* — 1)z(t — h) + o z() (7). (9.6)

As it follows from Remark 5.3, if the order of nonlinearity of the equation un-
der consideration is higher than one, then a sufficient condition for the asymptotic
mean-square stability of the linear part of the initial nonlinear equation is also a
sufficient condition for the stability in probability of the initial equation. So, we
will investigate sufficient conditions for the asymptotic mean-square stability of the
linear part (9.6) of the nonlinear equation (9.5).
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Fig. 9.1 Regions of stability in probability for zero equilibrium point (yellow) and positive equi-
librium point (red) of (9.4) for h =0.02, p =20

9.3 Sufficient Conditions for Stability in Probability for Both
Equilibrium Points

By (9.2)—-(9.3) the nonlinear and linear equations (9.5)-(9.6) for the equilibrium
points x}* = 0 respectively are

Y1) = —cy(t) +ay(t — e U Loy, 9.7)

2(t) = —cz(t) +az(t — h) + oz(Hw(2). 9.8)

By Lemma 2.1 a necessary and sufficient condition for the asymptotic mean-
square stability of the trivial solution of (9.8) is

1
G '>p, p= 502, 9.9)

where

_ 1 —aq~"sinh(gh)

G= , c>a, g=+vc*—a’ (9.10)

¢ —acosh(gh)
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Fig. 9.2 Regions of stability in probability for zero equilibrium point (yellow) and positive equi-
librium point (red) of (9.4) for h = 0.1, p =20

In particular, if p > 0 and & = 0, then the stability condition (9.9)—(9.10) takes the
form ¢ > a + p.

Condition (9.9)—(9.10) is also a sufficient condition for the stability in probability
of the zero equilibrium point x* = 0 of (9.4).

Similarly to (9.9)—=(9.10), for the equilibrium points xJ = %ln %, the nonlinear
and linear equations (9.5)—(9.6) respectively are

(6) = —cy(t) + eyt — hye = 4 % In < (e 2 1) £ oy(enib(r), (9.11)
C

z2(t) = —cz(t) — c(ln% - 1>z(t —h)+oz(t)w(r). (9.12)

By Lemma 2.1 a necessary and sufficient condition for the asymptotic mean-
square stability of the trivial solution of (9.12) is (9.9), where

14+cq~ (In(ac~")—1) sinh(gh) 2 Ay 14
e[+ (n@cD-Deoshigh] * € <@ <ce” ¢=¢,/InT(2—In?),

G=1 & a=ce, (9.13)

I4cq~ ! (In(ac=")—1) sin(gh) 2 o fiagaa_
c[1+(n(ac~1)—1) cos(gh)] ’ a>ce’, g=c,/ln c (In c 2).
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Fig. 9.3 Zero equilibrium point is stable at the point A = (110, 200) (25 red trajectories) and is
unstable in the point B = (900, 200) (25 green trajectories)

In particular, if p > 0 and & = 0, then the stability condition takes the form ¢ In % >
p; if p =0 and h > 0, then the region of stability is bounded by the lines ¢ = 0,
c=a,and 1 + (In% — 1) cos(gh) =0 for a > ce?.

Condition (9.9), (9.13) is also a sufficient condition for the stability in probability

of the positive equilibrium point x* = 1 In < of (9.4).

Remark 9.1 Note that the stability conditions (9.9), (9.10) and (9.9), (9.13) have
the following property: if the point (a, c¢) belongs to the stability region with some
p and h, then for arbitrary positive «, the point (ag, cg) = (@a, ac) belongs to the
stability region with pg = ap and hg = o~ h.

9.4 Numerical Illustrations

In Fig. 9.1 the stability regions for (9.4) given by conditions (9.9), (9.10) for the
zero equilibrium point (yellow) and (9.9), (9.13) for the positive equilibrium point
(red) are shown in the space of the parameters (a, ¢) for 7 = 0.02 and p = 20. In
Fig. 9.2 the similar regions of stability are shown for z = 0.1 and p = 20.
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Fig. 9.4 Positive equilibrium point is unstable a the point A = (110, 200) (25 red trajectories) and
is stable at the point B = (900, 200) (25 green trajectories)

For numerical simulation of the solution of (9.4), one uses the algorithm of nu-
merical simulation of trajectories of the Wiener process (Chap. 2) and the Euler—
Maruyama scheme [200]. Note that the stability of the difference analogue of (9.4)
was investigated in detail in [38, 278].

Numerical simulation of the solution of (9.4) with x* = 0 is shown in Fig. 9.3.
At the point A with coordinates a = 110, ¢ = 200 (see Fig. 9.2) the zero equilib-
rium point is stable in probability, so, all 25 trajectories (red) of the solution with
the initial function x (s) = 1.35 cos(3s) converge to zero. At the point B with coor-
dinates a = 900, ¢ = 200 (see Fig. 9.2) the zero equilibrium point is unstable, so, 25
trajectories (green) of the solution with the initial function x(s) = 2.35cos(3s) fill
the whole space.

In Fig. 9.4 numerical simulation of the solution of (9.4) with the positive equilib-
rium point x* = % In ¢ is shown by b = 1. At the point B with coordinates a = 900,
¢ =200 (see Fig. 9.2) the positive equilibrium point is stable in probability, so, all
25 trajectories (green) of the solution converge to x* = In(900/200) = 1.504. At the
point A with coordinates a = 110, ¢ = 200 (see Fig. 9.2) the positive equilibrium
point is unstable, and the trajectories (red) of the solution do not go to zero.



Chapter 10

Stability of Positive Equilibrium Point of
Nonlinear System of Type of Predator—Prey
with Aftereffect and Stochastic Perturbations

Here we consider a system of two nonlinear differential equations that is destined
to unify different known mathematical models, in particular, very often investigated
models of predator—prey type [47, 53, 60, 65, 72, 82, 83, 94, 107, 108, 112, 113,
127, 128, 153, 180, 235, 249, 267, 283, 288, 304, 305,311, 314, 317, 321, 325]. The
system under consideration is exposed to stochastic perturbations and is linearized
in a neighborhood of the positive point of equilibrium. Asymptotic mean-square
stability conditions for the trivial solution of the constructed linear system are at
the same time sufficient conditions for the stability in probability of the positive
equilibrium point of the initial nonlinear system by stochastic perturbations.

10.1 System Under Consideration

Consider the system of two nonlinear differential equations
x1(1) = xl(t)(a - FO(Xlzyx2t)) = Fi(x1r, x2r),
%2(t) = —x2(0) (b + Go(x11, x20)) + G1(x11, x21), (10.1)
xi(s) =¢i(s), s<0,i=1,2.

Here x;(¢), i = 1,2, is the value of the process x; at time ¢, and x;; = x; (¢t + s),

s <0, is a trajectory of the process x; to the point of time 7.
Put, for example,

Fo(Xszz):/O Jo(x1(t —5)) dKo(s),

2 o0
Fi(xinxa) =] / fi(xi(t =) dKi(s), (10.2)
i=170
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Go(X1z,X2z)=/O go(x1(t —5)) dRo(s),
2 o

Gi(x1r, x2) = l_[/o gi(xi(t —5)) dRi(s),
i=1

where K;(s) and R;(s), i =0, 1,2, are nondecreasing functions such that

o0 o0
Ki:/ dK;(s) < o0, R,~=/ dR;(s) < o0,
0 0
A OO ) o (10.3)
1(,:/ sdK;(s) < oo, R,-=/ sdR;(s) < oo,
0 0

and all integrals are understood in the Stieltjes sense.
In the case (10.2)—(10.3) system (10.1) takes the form

o 2 0
51(6) =x1(r>(a— / fo(xl(l—s))dKo(S)> [T st —9)axio,
=l (10.4)

[o/0] 2 o0
X(t) = —x2(t) <b + fo go(x1(t —s)) dRo(S)) + ]_[/0 gi(xi(t —5)) dRi(s).
i=1

Systems of type (10.4) are investigated in some biological problems. Put here,
for example,

fox) = fix) = fa(x) = g1(x) = g2(x) = x,
go(x) =0, dKi(s) =65(s)ds, dRy(s) =0

(10.5)

(8(s) is Dirac’s function). If @ and b are positive constants, x1(#) and x,(¢) are re-
spectively the densities of prey and predator populations, then (10.4) is transformed
to the mathematical predator—prey model [267] with distributed delay

J'Cl(t)=X1(l‘)(a—/ X1(I—S)dK0(S)—/ X2(I—S)dK2(S)),
0 0 (10.6)

o]

)'cz(t)z—bxz(t)—}-/ xl(t—s)de(s)/ x2(t —s)dRy(s).
0 0

Putting in (10.6)

dKo(s) =ai18(s)ds, dK>(s) =ayé(s)ds,
dR(s) =b16(s — hy)ds, dRy(s) =8(s — ho)ds,

(10.7)
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we obtain the known predator—prey mathematical model with fixed delays
() =x1()(a — aix1 (1) — ax2(1)),

X(t) = —bxo(t) + brx1(t — h1)x2(t — ha).

(10.8)

If here h| = hp = 0, we have the classical Lotka—Volterra model
1) =x1(0)(a — arx1 (1) — axx2(1)),
X2(t) = x2()(—b + b1x1(1)).
Many authors [15, 19, 23, 50, 69, 70, 116, 306, 309] consider the so-called ratio-
dependent predator—prey models with delays of type

B =x (1) (a - fo it - S)dKo(S))

00 ke
- f U =sn® e, (10.9)
0

x{‘(t —5) +a2x§(t —5)
x'(t —s)xa2(t)
x{"(t —s) +byxy' (t —s)

$a(t) = —bxa () + / ARy ().
0

Here it is supposed that m and k are positive constants.
System (10.9) follows from (10.1) if

o
Fo(xlz,xzt)=/ x1(t —s)dKo(s), Go(x1s,x2¢) =0,
0

Fi(xi, x2r) :/o f(x1@ —8), x2(t — 5))x2(t) dK 1 (5),

o (10.10)
G1(x1s, x21) =/ g(x1(t —5), x2(t — 8))x2(1) dR1 (),
0
I X
f(xl,xz)in{_i_azx,zc’ g(m,xz):m-
Putting in (10.9), for example,
dKo(s) =apd(s)ds, dK(s) =a16(s)ds,
(10.11)
dR(s) =b15(s — h)ds, k=m=1,
we obtain the system
t
£ =31 (0) (a —agx1 (1) %)
(10.12)
(1) (l)< b bixi(t —h) )
X =x - ,
B x1(t — ) + byxa(t — h)

which was considered in [23, 50].
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10.2 Equilibrium Points, Stochastic Perturbations, Centering,
and Linearization

10.2.1 Equilibrium Points

Let in system (10.1) F; = Fi(¢, V) and G; = Gi(¢, V), i =0, 1, be functionals
defined on H x H, where H is a set of functions ¢ = ¢(s), s <0, with the norm
l@ll = supy<g @ (s)], the functionals F; and G; are nonnegative for nonnegative
functions ¢ and ¥ . Let us suppose also that system (10.1) has a positive equilibrium
point (x, x3). This point is obtained from the conditions x1(f) = 0, x2(¢) = 0 and
is defined by the system of algebraic equations

xHa — Fo(x¥, x¥)) = Fy(xF, x¥),
1( 0(1 2)) 1(1 2) (10.13)
x5 (b+ Go(xf.x3)) = G1 (2], x3).

From (10.13) it follows that system (10.1) has a positive solution by the condition
a> Fo(xi‘,x;‘) (10.14)

only. For example, if a > Ko fo(x}), a positive equilibrium point of system (10.4) is
defined by the system of algebraic equations

xi(a — Ko fo(x7)) = K1 K2 fi(x}) f2(x3),
x5 (b + Rogo(x7)) = RiRag1 (x7) 82(x3)-

In particular, from (10.5), (10.14), (10.15) it follows that system (10.6) has a positive
equilibrium point

(10.15)

b a—Koxi a—(RiR)'Kob

= -, .X;: =
RiR> K> K>

%
X1

(10.16)
provided that a > (R Ry) 1 Kob. For system (10.8), from (10.7), (10.16) we obtain

ai
=—, Y=—, A=a—-b— >0. 10.17
by Xy . a by > ( )

From (10.13), (10.10) it follows that the positive equilibrium point for sys-
tem (10.9) is

1
A A K bb n
xf=—, Xy ==, A:a—71>0,B: 72 > 0.
Ko BKy B +ayB!=k Ri—b
In particular, by (10.11), for system (10.12), it is
A A bb
xf=—, XN=—, A=a-— a >0, B= 220 (10.18)
aop Bayg B+ap b1 —b



10.2  Equilibrium Points, Stochastic Perturbations, Centering 261
10.2.2 Stochastic Perturbations and Centering

Similarly to Sect. 9.2, we will assume that system (10.1) is exposed to stochastic
perturbations that are of white noise type and are directly proportional to the de-
viations of the system state (x1(¢), x2(¢)) from the equilibrium point (xi", xi‘) and
influence x1(¢), x2(t), respectively. In this way system (10.1) is transformed to the
form

X1(0) =x1(0)(a — Fo(x1s, x21)) — Fi(x1r, x2) + o1 (x1(t) — x{)w1 (1), (10.19)
%2(t) = —x2(0) (b + Go(x17, x20)) + G1(x1s, X20) + 02 (x2 () — x3) w2 (). .

Here o1, 07 are constants, and wi(¢), w2 (¢) are independent standard Wiener pro-
cesses.

Centering system (10.19) at the positive point of equilibrium via the new vari-
ables y; = x1 — x|, y2 = x2 — xJ, we obtain

y10) = (1) +x7) (@ = Fo(yie + 7, y2r +x3))
— Fi(y1 +x7, y2r +x3) + o1y1(0w1 (1),

y2(1) = =(y2(0) + 3) (b + Go(yir + x{, yu +x3))
+ G1(y1 + X7,y + x3) + o232 (D (0).

(10.20)

It is clear that the stability of equilibrium point (x}, x3) of system (10.19) is equiv-
alent to the stability of the trivial solution of system (10.20).

For system (10.4), the representations (10.19) and (10.20) respectively take the
forms

561(t)=X1(t)<a—/0 fo(X1(t—S))dK0(S)>

2 o0
]_[f (i (t — 9)) dK;(s) + o1 (x1(2) — x} )b (2),
= (10.21)
Xo(t) = —X2(t)< go(x1 (1 —S))dRo(S))

2
+ ]"[f (31t = ) dRi(5) + 02 (12(0) — x3)iba (1)
i=1

0

and

yi(®) = (yi (1) +xT)<a —/0 fo(rit —9) +xT)dK0(S)>

2 00
—H/O fi(it =) +x7F)dKi(s)
i=1
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+o1y1(Dw (1), (10.22)

» () = —(y2(t) + x3) <b + /O

o]

go(x1(t —s) +x;‘)dR0(s)>

2 o0
+ H/o gi(yi(t — ) +x7) dRi(s) + 02y2 ()2 (7).
i=1
In particular, for system (10.6), from (10.21), (10.22) by (10.5), (10.16) we obtain

561(t)=X1(t)<a—/0 X1(t—S)dKo(S)—/O Xz(t—S)dKz(S)>

+ o1 (x1(1) — x{)w1 (1),
(10.23)

[e¢]

X2(t) = —bxa(t) + / x1(t —$)dR;(s) / x2(t —5)dRa(s)
0 0
+ 02 (x2(1) — x3 ) (1)

and

e¢]

Vi) =— (yl(t)+xf)(/0 yi(t —S)dKo(S)-i-/O yal(t —S)dKz(S)>
+o1y1(Hwi (1),

y'z(l)=—by2(t)+R2x;/ yi(t —s)dRy(s)
0 (10.24)

o0
+R1XT/ y2(t —s)dRa(s)
0

2 o
+]] fo Yi(t = $)dR;(s) + 022 ()i (1).
i=1

For (10.8), systems (10.23) and (10.24) take respectively the forms

X1 =x1(0)(a — arxi (1) — axxa2 (1)) + o1 (x1 (1) — x] )i (1),

(10.25)
X2(t) = —bxa(t) + bix1(t — h1)x2(t — ha) + 02 (x1 (1) — x3 )2 (1)

and

y1(0) == (1) + x7) (ary1(t) + a2y2 (1)) + o1y1 ()1 (1),
V2(t) = — by (t) + b1 (X3 y1(t — hi) + x{y2(t — h2)) (10.26)
+b1y1(t — h)ya2(t — ha) + o2y2()wa(2).
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10.2.3 Linearization

Along with the considered nonlinear system, we will use the linear part of this sys-
tem. Let us suppose that the functionals in (10.19) have the representations (10.2)
with differentiable functions f;(x), gi(x), i =0, 1, 2. Using for all these functions
the representation

f(z —i—x*) = fo+ fiz+0(2), f0=f(x*), fi =%(x*),

and neglecting o(z), we obtain the linear part (process (z1(?), z2(#))) of system
(10.22)

Zl(l)Z(a—Kofoo)Zl(l)—/o z1(t —5)dK(s)

o]

—mﬁwmﬁ 22t — ) dKa(s) + 0121 (1)1 (1),

-~ (10.27)
22(t) = —(b + Rogoo)z2(t) + /0 z21(t = $)dR(s)
+ R1810g21/0 2(t = 5)dRy(s) 4 0222 (1) w2 (1),
where
dK (s) = K> fro fi1 dK1(s) + foix] dKo(s),
(10.28)

dR(s) = R2g20811dR1(s) — go1x5 dRo(s).

Below we will speak about system (10.27) as about the linear part corresponding
to system (10.22) or, for brevity, as about the linear part of system (10.22).

In particular, by conditions (10.5), (10.16), and (10.28) from (10.27) we obtain
the linear part of system (10.24)

Zﬂt):—xf(/o m(t—s)dKo(s)—}-/O zz(t—s)dKz(s)>+le1(t)u')1(t),

Zz(t)=—bzz(f)+R2x§/ Zl(t—S)de(S)-i-Rle/ 20t —5)dRy(s)
0 0

+ 0272 (t)wo(2).
(10.29)

From (10.26) or, via (10.7), from (10.29) we have the linear part of system (10.26)
21(0) = =x{ (@121 (1) + a222(1)) + o121 (D (1), (10.30)
22(0) = —bza () + by (W21 (t — ) + x22(t — o)) + 222 (D2 ().

As it is shown in Sect. 5.3, if the order of nonlinearity of the system under consid-
eration is higher than one, then a sufficient condition for the asymptotic mean-square



264 10  Stability of Positive Equilibrium Point of Nonlinear System of Type

stability of the linear part of the considered nonlinear system is also a sufficient con-
dition for the stability in probability of the initial system. So, below we will obtain
sufficient conditions for the asymptotic mean-square stability of the linear part of
considered nonlinear systems.

10.3 Stability of Equilibrium Point

Obtain now sufficient conditions for the asymptotic mean-square stability of the
trivial solution of system (10.27) as the linear part of (10.22). The obtained condi-
tions will be at the same time sufficient conditions for the stability in probability of
the equilibrium point of (10.21).

Following the procedure of constructing Lyapunov functionals (Sect. 2.2.2),
rewrite (10.27) in the form

Z1(t) = anz1(t) + apza(t) + o121 () (1), (1031)
Z5(t) = aznz1 () + aznza(t) + o222 (Own (1), ‘

where

o0 t o0 t
Zi0) = 21() — /0 / 210)dO dK (s) — Ky fio o /0 / 22(8)d6 dKx(s),
t—s t—s

o0 t o0 t
Zo(t) = 22(0) + /0 / 210)dOdR(s) + Rig10821 /0 / 22(0)d0 dR(s),
t—s t—s

(10.32)
and, by (10.15), (10.28),
S0 .
a1 =a — K — Ko foo = K1K2 f20 g S ) — Ko forxy,
1
a2 = —K1K3 fio /21, ax1 = R = R1R2820811 — Rogo1 x5, (10.33)

820
axn = RiRag10821 — b — Rogoo = —R1R2810<x—* - g21>-
2

System (10.31), (10.32) is a system of stochastic differential equations of neutral
type, so, following (2.10), we have to suppose that

/Ode(S)-l-KlIflolelfo sdKy(s) <1,

o0 o0
/ sdR(s) +R1|g10g21|[ sdRy(s) <1,
0 0
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or, by (10.3), (10.28), that

| forlx} Ko + Kal fo fi1 1K1 + K1l fio f1 1Kz < 1,
(10.34)

20113 Ro + Ralg20g11|R1 + Rilgiogat Ry < 1.

10.3.1 First Way of Constructing a Lyapunov Functional

Let A= lla;j|l be the matrix with the elements defined by (10.33), and P = | p;;||
be the matrix with the elements defined by (1.29) for some g > 0. Represent pqy,
P22 in the form

pi==(apY +pD), i=12, (10.35)

| =

where

O _ ap+det(d) m_ 4

I Tr(A) | det(A)

2
0 _ ap,
227 | Tr(A)| det(A)
and put

duij(s) =qu§?

where

ai2

dp'D = dK (s) — —=—dR(s),

[ Tr(A)|

dugg)=K1f10f21dKz(S)— -~

d'u(])z 1121A

2 Tr(A))

P
| Tr(A)|
dugé)=— anA

| Tr(A))|

P =

)(s)+du§j

dK(s), dl‘«zl =

| Tr(A)| det(A)
1 _ a%l + det(AA)
27 Te(A)| det(A)

1

), i.j=1.2,

1 _ a2

dﬂll = — dR(s),

| Tr(A)]

R1810821 dRa(s),

A)l

R1810821 dRa(s),

a
| Tr(A)|

— dK(s) —dR(s),

K1 fi0f21dK2(s),

1 az
dﬂéz) = K1 fiof21dK>2(s) — R1g10821 dRa(s),

| Tr(A)|

and dK (s), dR(s) are defined by (10.28).

(10.36)

(10.37)

(10.38)
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Put also
1
si==0? i=1,2,
2
o (o (10.39)
v =/0 slduf’®)]. i j=1.2. m=0.1,
and
Ar=1- V{?) - Pi?)(sl, Ary=1- vé? — p§12)82,
Bi=v{) +p\Ys1.  Br=vl) +ps, (10.40)
Cr=viy +u),  C=v ).
Theorem 10.1 If A > 0, Ay > 0, and conditions (10.34) and
V(AICI + BiC2)(A2Cy + B2C1) + BiBy < A1 Ay (10.41)

hold, then the trivial solution of system (10.27) is asymptotically mean-square stable
and the equilibrium point of system (10.21) is stable in probability.

Proof We will consider now system (10.31)—(10.33) and suppose that the trivial so-
lution of the appropriate auxiliary system without delays of type (2.60) with a;;,
i, j =1,2, defined by (10.33) is asymptotically mean-square stable, and so condi-
tions (2.62) hold.

Consider the functional

Vi(t) = puZi(t) +2p1aZi(t) Zo(t) + pnZ3 (1) (10.42)

with p;;, i, j = 1,2, defined by (1.29). Let L be the generator of system (10.31).
Then, by (10.31), (10.42),
LVi(t) =2(p11Z1() + p1aZo(®)) (anz1(t) + apza (1)) + priofzi ()
+2(p12Z1(t) + p2Za(1)) (a2121(t) + axnza (1)) + p20yz5(1)
=2(puan + pr2a2) Zi1(t)z1(t) + 2(pr2air + pazaz1) Z2(t)z1 (1)
+2(prian + p12an)Z1()z2(t) + prioizi(t)
+2(p12ai + p2an)Z(t)2(t) + proizs(t). (10.43)

Putting

_ a1 —ang

- (10.44)
| Tr(A)|
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and using (1.29), (2.62), we obtain

2(p1ian + proaz1) = —q, 2(p12a12 + praxn) =—1,

—(anang + axan)an + (a3, + det(A) + at,q)az

2(p12ain + pra) = = =
| Tr(A)| det(A)

_det(A)ay — (an1an — anax)ang
| Tr(A)| det(A)

bl

(a2, +det(A))g + a2))ai» — (a1pang + axai)ax
| Tr(A)| det(A)

_ det(A)ang — ai(anan —anan) _

| Tr(A)| det(A)

2(p11a12 + p12axn) =

So, (10.43) takes the form

LVI(t) = —qZ1()21(t) + pZa()z1(t) + pr1o223 (1)
— pZ1(D)z22(t) — Zo(1)22(1) + p203z3(1). (10.45)

Substituting (10.32) into (10.45), we have
LV = (—q + pno})si (0) + (=1 + p2o3)z5 (1)

+qz/0oo /t;m(r)me)dedK(s)

+ K fiofar /O N / ;m(t)zz(e)dedKz(s)
+p/000/t;z1(t)z1(9)d9dR(S)

+ pRigi0gar /0 h /t tsZ1(t)zz(6’)d9 AR (s)
+p /0 h /t (0)210)d0 dK (s)

+ pKi1 fiof21 /OOO /tts 72(1)z2(0) d0 d K> (s)
- [0 h [t;zza)zl(e)dedR(s)

o0 t
~ Rigiogar / / 22(1)22(8) O d R (s).
0 t—s
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By (10.37), (10.38), (10.44), it can be written in the form
LV = (—q+ p11o})z; () + (=1 + p220o3)z5(1)

+ fo f 21(0)21(0) d8 dpiyy (s) + /0 / 1(0)22(0) 6 dia(s)
t—s t—s

[ee) t o0 t
+/0 / Zz(l)Zl(Q)de,uzl(S)-l-/o / 22(1)22(0) d6 d 22 (s).
t—s t—s
(10.46)

Using (10.35), (10.37), (10.39) and some positive number y from (10.46), we
obtain

LVi = (=q +p81 + P})'81)73(0) + (—1 +gp% 82 + p3)82) 3 (0)
f f (22) +220)) d6 (q|di'? ()| + [du'} ()])
+3 /0 /H( @) +y23©)) do (qlduy ()| + |duis )])
3 [ B0+ de)as @land o))+ o))
s / (30) +3©) 6 (qlanQ )|+ [dush ).
From this by (10.39) we have
LVi = (=g +qp}1 + pi81) 30 + (— 1+ apy) 82+ p3y'62)23 (1)
S5y R0+ [T Ao alano]+ o)
@ )
/ / 30)do (q|dpty )]+ |duty )))
+ 2(av) + )0

-1 oo pt
— fo f 21(0)d0 (qldps) ()] + |dps) (5)])
t_

+%(qv£g)+v£;))z2(t)+ / / 22(0)do (q|dusy ()| + |[duly (5)])
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I o 1.0 0
= |:q(—l—‘r§(1)§1)+)/ lvfz))—i-pgl)(?l

1 - 1
#3010+ + ol [0

2
1 1 1 1 1 0 0 0
+ [—1 + 5 (o +v3)) + P82 +a( 5 (vu +v3)) + P82 ) |0
2 0 pt
+Z/ / 22(0)d9 dFi(s), (10.47)
. 0 t—s
i=1

where
1
dFi(s) = E(qui(O) () +dFV(s), i=1,2,
dF”(5) = ldp )] + v~ [duy) (o)
dF" () = |dul) ©] + ' dus) )

dFy” (s) = lydul) ()| + |dus) (s)

9

’

dF"(s) = lydply) )| + |dusy )]

Note that for the functional
2 0o pt
no=Y [" [ @-r+oeddnc,
i=1 0 t—s
we have
R R 2 © pt
LVz(t)=F1z%(t)+Fzz§(t)—Z/ / 22(0)dO dF(s), (10.48)
i=1 0 t—s

where
A 1 0 ~1.(0 1 -1,
F1=§[61(V§1)+)/ lvél))—i_vfl)—i_y 11’51)]’

.1
o= 5arviy +v5) + vl +%]

From (10.47), (10.48), for the functional V = V; + V>, by (10.40) we obtain
y~! y!
LV(I) < [q <_A1 + TCz) + B1 + TCl]Z%(l)

+ [—Az +2c +q<Bz + %Cz)}zg(t). (10.49)
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By Theorem 2.1, if there exist positive numbers g and y such that
v~ y~!
Q<_A1 + TC2> + B+ Tcl <0,
(10.50)
v 4
—A2+ 3G —H](Bz + Ecz) <0,

then the trivial solution of system (10.27) is asymptotically mean-square stable.
Rewrite (10.50) in the form

-1 -1 -1 -1
(BI+VTC1)<A1—VTC2> <q< (Az—gC1>(Bz+%C2) . (10.51)

So, if

-1 -1 -1 -1

Y Y 14 Y
B — A ——C Ay — = B =C 10.52
< 1+ 5 Cl)( 1 7 2) <( 2 2C1)( 2+2 2) . ( )

then there exists ¢ > 0 such that (10.51) holds.
Rewriting (10.52) in the form

—1
%(Alcl + B1Cy) + VT(AzC'z + ByC1) < A1Ay — B1 B

and calculating the infimum of the left-hand part of the obtained inequality with
respect to y > 0, we obtain (10.41). So, if (10.41) holds, then there exist positive
numbers g and y such that (10.50) holds, and therefore the trivial solution of system

(10.27) is asymptotically mean-square stable. The proof is completed. U
Put now
ai 81 a8
Dy=— —Ah; — —, Dy =1—-bh, — —, 10.53
= =7 2 2~ by ( )

and note that the first condition (10.34) for system (10.30) is a trivial one and the
second condition takes the form Aa, 1b1h1 + bhy < 1 or, via the representation
(10.17) for A,

bihia + (achy —arh1)b < as. (10.54)

Corollary 10.1 If Dy > 0, Dy > 0, and conditions (10.54) and

8
VA1 1y + h2)(82h1 + Dabhy) + 32 < D\D; (10.55)

hold, then the trivial solution of system (10.30) is asymptotically mean-square sta-
ble, and the equilibrium point of system (10.25) is stable in probability.
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Proof Calculating for (10.30) the parameters (10.33), (10.36), (10.38), (10.39),
(10.40), we obtain

alb azb Aby 0
ay =——— ap=——— a = —, ax»n =0,
11 b 2= b 21 " 2
PO = b i Abj 20— a3 P 4y b
11 Cllb’ 11 alagbz’ 22 Aab; ’ 22 Ab, alb’
0) Ab]hl (1) A2b3/’l] ©0) _ azbhz (1) Ab%]’lz
[ a Vil = Vi = ) Vig = ,
1 alazb ap ajaz
Abih
0) (1) Aoy (0) (D
Vyy = 0, Vo, = P , Vyy = 01 Vyy = th»
2
b b6
Al ——lDl, A2=D2—¥,
al alb
Ab} b a2s
B = (Ahl l) By = 22,
alazb b Aa1by
Aby azbh;
C1 = ——(arhy +bi1hy), C = .
ajay ai
From this it follows that
Ab?
A1C1 + B1Cy = ———(D1hy + hy),
ajap
a
A2Ca+ ByCy = (82l + Dabh), (10.56)
1
b 5o
A1Ay; — BBy = D1D; — —
aq b

From the representations for a;;, i, j = 1, 2, it follows also that conditions (2.62)
hold. Substituting (10.56) into (10.41), we obtain (10.55). The proof is completed. []

Remark 10.1 Note that condition (10.55) does not depend on a;. The dependence
on ay is included in condition (10.54).

Remark 10.2 By the absence of the delays, i.e., by A; = hy = 0, condition (10.54)
is trivial, and condition (10.55) can be written in the form

aj Aby(a1b —by6)
81 <b—, Sy < 5 .
b1 Ab{ +ai(a1b — b16y)

The same conditions can be obtained immediately from Corollary 2.3.
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10.3.2 Second Way of Constructing a Lyapunov Functional

Let us consider another way of constructing of a Lyapunov functional for system
(10.30).

Theorem 10.2 If D{ > 0, D> > 0, and conditions (10.54) and

(\/Abh§ + 48251 Dy + v/ Abh2 ) (A6} + 4Dz + ~/Abh1) <4D1 Dy (10.57)

hold, where A and D1, Dj are defined by (10.17) and (10.53), respectively, then
the trivial solution of system (10.30) is asymptotically mean-square stable, and the
equilibrium point of system (10.25) is stable in probability.

Proof Using (10.17), rewrite system (10.30) in the form

. arb arb .
21 =——z21(t) — ——z22(t) + o1z1(Ow1 (1),

by by
(10.58)
. Aby .
Z>(1) sz(l) + oz wa (1),
where
Ab
ZH(t) =22(t) + a—zjl (z1) + bJa(z2s),
; (10.59)
Ji(zir) 2/ zits)ds, i=1,2.
t—h;
Consider now the functional
Vi) =z21() +2uz1 (D Za(t) + v Z3 (1), (10.60)

where the parameters © and y will be chosen below. Then by (10.60), (10.58) we
have

b
LVi() = —27- (210 + nZo(®)) (@121 (1) + a222()) + o 27 (1)

Abq -
+ 2—a2 (mz1() + ¥ Z2()z1(t) + yo325(1)
b Ab b
=2 ai —M—l—fSl Z%(l)—z /Lai—)/(sz Z%(I)
by a by

Ab b b
+ 2<y—‘ S ai)zl(r)zz(r)

an b] bl

Ab] a1b Abl

+2ly— —u— )z @) — N1 (z1) + bJa(z2)
ar by ap
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arb Aby
—211?22(1) a—zjl(le)-i-sz(Zzt) . (10.61)

Defining now y by the equality

Ab1 alb azb
y— =p—+ =, (10.62)
an bl bl

from (10.61) we obtain

a1b Aby 2 arb 2
iy =—2(22 w22 5) 20 — 222 — v, )30
by ap by

b by
n 2&@(0(—11 1) + sz(zz:))

b
-2 b—Zz(t)<—Jl (z11) +bJ2(Zzz)>

By (10.59) from this, for some positive y1, y», we have
arb Ab axb 2
LVi(t) < =2 —— — p—— =81 )23 (1) = 2( p— — y82 ) 23(0)
by ap by
ab (Ab; (! ! _
+b—1(—/ . (z%(r)+z’f'(s))ds+bf , (nzi@) +y; '25(s)) ds
t—ny t—hyp

az
azb(Abl /t 5 19
u—_\— n25(t) + z7(s)) ds
b @ [_hl(V 2 Y2 & )

t
+b / (23(1) + 23(5)) ds>. (10.63)
t—hy

By the representations (10.53) for Dy, D, and (10.62) for y inequality (10.63) can
be written in the form

b1 azb h2 2
LVi(t) <|—-2bDy — Abh| + Zu— +y1— b zi(@®)
1

arbD ab?h 2a2bs
+<—2M2 2 Hap 2+ 222
by by Abyj

+ ymAbm)z%(t)

b2ay

1 t
+Ab(1+w{1)/ . zi(s)ds + B 2 (! +M)/ ) 25(s)ds.
— —hy

Put now

t
V2=Ab(1+u)/2_l)/ (s—t+h1)z%(s)ds
t—hy
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b2

t
+ =2 (7 + 1) / (s — 1 +h2)3(s) ds.
b t—hy

Then

t
LV2=Ab(1 +uy21)<h1z%(t)—/ z%(s)ds)
t—hy

blay, _ !
+ == N (hzzﬁ(t) —/ z%(S)dS),
1 t—hy

and as a result, for the functional V = V| + V,, we obtain

Ab ab*h»
LV§< 219131+2u—1 i 2b vy MAbh1>Z](t)
1

arb b ab*h
( 20927 py 42427 yre S+ 2b 2+yzuAbh1)z§(t).
1 1

by
By Theorem 2.1, if

Ab b2h,
—2bD, +2M—1 ty azb

+v, ,uAbhl <0,

P (10.64)
212D, o b5 Lty ek <0

_,, @b azb’hy <0,
"oy Aap I Ty A,

then the trivial solution of system (10.30) is asymptotically mean-square stable.
Rewrite (10.64) in the form

71 b2h
2Ah28 LR R T 2bDy — y; “zb ha
: <u< W (10.65)
Z%Dz — y2Abh; 2= 1 +vy, Abh
So, if the inequality
2
2 82 + —l arb“hy 2b _ a2b2h2
Abz b Dy —y
: b (10.66)

<
290Dy — ypAbhy 282 4y Abhy

holds, then there exists u such that (10.65) holds too.

It is easy to check that from (10.65), (10.62) the condition /Lz < y follows, which
ensures the positivity of the functional (10.60).

Representing (10.66) in the form

1 axbhy

Ab —1 Aby/
82+V1 2b; L +)/ S

2ar

X
azbhz Abhy
Dy =y1755* D — V273,

Ab2
<1

and using Lemma 2.4 twice, we obtain (10.57) O



10.3  Stability of Equilibrium Point 275

T

L . U

w

™

o
T et e

o

Fig. 10.1 Region of stability in probability for (10.25): a; = 0.6, by =1, h; =0, h, =0, §; =0,
8 =0

Remark 10.3 Note that the representation (10.31)—(10.33) for system (10.30) coin-
cides with (10.58), (10.59). So, conditions (10.55) and (10.57) are equivalent and
give the same stability region. For simplicity, let us check this statement by the
condition 41 = 0. Indeed, in this case from (10.57) we have

Abh3 4+ 48, Dy < 2D1v/Dy — \/Abhy)* = 4D?> D) — 4D hy\/AbD; + Abh3
2 1 2

or 8,6~ < Dy Dy — han/AbD;, which is equivalent to (10.55) by i = 0. Similarly,
it is easy to get that (10.55) coincides with (10.57) by the condition /25 = 0 or by the
condition 8, = 0. In the general case the necessary transformation is bulky enough.

The regions of stability in probability for a positive point of equilibrium of system
(10.25), obtained by condition (10.55) (or (10.57)), are shown in the space of the
parameters (a, b) for a; = 0.6, by = 1 and different values of the other parameters:
in Fig. 10.1 for hy =0, hp =0, §1 =0, 6, =0, in Fig. 10.2 for h; =0, hy =0,
81 =0.2, 6, =0.3, in Fig. 10.3 for a = 0.6, h1 =0.1, h, =0.15, 6 =0, 6, =0,
and in Fig. 10.4 for a = 0.07, h; =0.01, h =0.15, 6; = 0.05, 6, =0.1.

The equation of the straight line in Figs. 10.1 and 10.2 is ab; = ba;, which
corresponds to the condition A = 0. In Figs. 10.3 and 10.4 the straight line 1
also corresponds to this equation and the straight line 2 is defined by the equation
bihia + (axhy — a1h1)b = ap, which follows from condition (10.54).

Note that the stability of the positive equilibrium point of the difference analogue
of system (10.25) is investigated in [278].
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Fig. 10.2 Region of stability in probability for (10.25): a; =0.6,b1 =1,h; =0,h2 =0,8; =0.2,
8 =0.3
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Fig. 10.3 Region of stability in probability for (10.25): a; = 0.6, a = 0.6, by =1, h; = 0.1,
hy=0.15,8=0,8,=0
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10.3.3 Stability of the Equilibrium Point of Ratio-Dependent
Predator—Prey Model

Consider now system (10.9) with stochastic perturbations, i.e.,

00 00 ke
x1<t)=x1<t)<a— f xl(t—S)dKo(S)) - f NUZOR0 e
0 0

xll‘(t —5) —I—azxé‘(t —5)

+ o1 (x1 (1) — x{)wr1 (0), (10.67)

x{'(t — 5)x2(2)
x{'(t —5) +byxy' (t —s)

)'Cz(t)z—bxz(l)-i-/(; de(S)+02(X1(t)—x;)wz(l‘).

System (10.9) was obtained from (10.1) by conditions (10.10). So, by (10.13),
(10.14) the positive equilibrium point (x{, x5) of system (10.9) (and also (10.67)) is
defined by the conditions

x(a — Kox}) = K1 f (x{, x3)x3, (10.68)
b= Rig(x{,x3), @ > Koxy. |

Suppose that the functions f(x, x2) and g(x1, x2) in (10.10) are differentiable and
can be represented in the form

Fy1+x1. 24+ x3) = fo+ fiyi — fay2 +o(y1. y2),

g +xf y2+x3) = g0+ g1y — g2y2 + o1, y2),
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where lim|y|0 ”(ylly"”) =0 for |y| = ‘/yf + y%, and

f():f(xik’xi)’ flzX;fv fZZfov f:

kaz(xi‘x;)k_l
((H* 4+ ar(x)F)2

mbz(xi*xik)m_l
(Gxepym +b2(x§)m)2'

So, the functionals Fo(x1y, x2;), F1(x1s, x2¢), G1(x1¢, X2¢) in (10.10) have the repre-

A

go=g(x{.x3), g=x38  =x{§ &=

sentations

o0
Fo()’1z+XT,yzz+X§)=KOXT+/ yi(t —s)dKo(s),
0
o0
Fl(yn+Xik,y2t+X§)=K1fox§+f1X§/ yi(t —s)dK1(s) + K1 foy2(t)
0
o
—fzx;/ y2(t —s)dK(s) +o(y1, y2),
0
o0
Gi(yie + x5, yor +x3) =R1gOX§+81X§/ yi(t —s)dRi(s) + Rigoy2(1)
0

oo
—gzxik/ y2(t = s)dRy(s) +o(y1, y2).
0

(10.69)
By (10.68), (10.69) the linear part of system (10.67) has the form
o0
21(t) = (a — Kox{)z1(t) — K1 foza(1) —/ z1(t —5)dK (s)
0
o0
+f2X§/ 22(t — 5)dKi(s) + o1z1(DHw1 (1), (10.70)
0

o0

iz(t)=g1X§/O Zl(t—S)de(S)—gME“/O 22(t —$)dR(s) + 0222(1) w2 (1),

where dK (s) = x| dKo(s) + fix; dKi(s). Rewrite system (10.70) in the form
(10.31) with

o0 t oo t
Z1(t)=Z1(t)—/ / 11(9)d9dK(S)+f2X§[ / 22(0)dO d K, (s),
0 t—s 0 t—s
o0 t
Zz(t>=zz(t)+g1x;/0 / 21(0)dO R (s)
r—s
o0 t
—gzxi"/ / 22(0)dO dR(s), (10.71)
0 t—s

Jo
an = le%k(x_* — fi ] — Koxj, aix =K1 (f2x3 — fo).
1

a1 = R1g1x53, a» =—Ri1g2x5.
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Further investigation is similar to the previous sections.

For short, consider system (10.67) by conditions (10.11). The point of equilib-
rium in this case is defined by (10.18). From (10.11), (10.18), (10.70) and (10.71) it
follows that system (10.67) and the linear part of this system respectively take the
forms

. ayxp(t .
1) =31 (1) (a g () - ;()> oy (x1(6) — x7) b (),
x1() + axx2 (1)
bixi( " (10.72)
. 1x1(f — .
H=x)|-b 1) —xx t
X2 (1) = x2( )< + PSR —h)) + 02 (x1 (1) — x3) w2 (1)
and
21(t) = anz1(t) +apza(t) + o121 (Hwi (1),
. . (10.73)
22() =an1z1(t — h) + axnz(t — h) + o2z2(Hwa (1),
where
ar =Ba10l2—A, a12=—B2a1a2,
az = b1byp?, ay = —BbibyB?,
bb 1
A=a—aja, B= —2 (10.74)

, o= , B= .
by —b B+a B+ by
Let A= lla;; |l be the matrix with the elements defined by (10.74). Suppose that
b e (0,b1),
a\x ifalocz < blbzﬂz, (10.75)
a >
aja + B(ajo? —bibf?)  if aja® > b1by 2.
By conditions (10.75) conditions (2.62) for the matrix A hold. Indeed,
Tr(A) = B(ajoe? —b1brp?) — A <0,  det(A) = ABb1b,f* > 0. (10.76)

Let P = || p;jll be the matrix with the elements defined by (1.29) for some
q > 0 and represented in the form (10.35), (10.36). Using (10.35), (10.36), (10.44),
(10.76), put

_ 0 o) ) _ a12 (n _ _ 921
pP=p q+p ) 1% - ~— P - ~ s (1077)
| Tr(A)| | Tr(A)|
and
Ar=1-p{81—pVlanlh.,  Ay=1-p3)s; —lanlh,
1
B = p{81 + pWlaz |, By=pY)s, &= 50,2, i=1,2, (1078

C1 = (laz1| + pVlaz|)h, C2 = plan|h.
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Rewrite system (10.73) in the form

21(t) =anz1(t) + apz2(t) + o121 (Hwi (),
. (10.79)
Zr(t) = ap1z21(t) + axnza(t) + 0222(H)wa(2),

where
t
Zr(t) = 22(2) +/ h(a21zl (s) + anza(s))ds, (10.80)
"

and following condition (2.10), suppose that the parameters a»; and az> in (10.74)
satisfy the condition #, /a%1 + a%z < 1or,via (10.74), b1b2,32hv 1 + B2 < 1, which

is equivalent to
, biby
(b1 — b)y/ (b1 —b)? + b2b5 < 5 (10.81)

Theorem 10.3 Let conditions (10.75), (10.81) hold. If A1 > 0, Ay > 0, and

V(A1C1 + B1C2)(A2Cy + B2Cy) + By By < A As, (10.82)

then the trivial solution of system (10.73) is asymptotically mean-square stable, and
the equilibrium point of system (10.72) is stable in probability.

Proof Consider the functional
Vi(6) = pr1z3(t) + 2p1oz1 (1) Za (1) + paZ3 (1)

with p;j, i, j = 1,2, defined by (1.29). Let L be the generator of system (10.79).
Then, using (10.77), similarly to (10.45), for system (10.79), we obtain

LVi(1) = —qzi(t) + pZa()z1 (1) + pr1oizi(r)
— p21()22(t) — Zo()22 (1) + P03z (1). (10.83)

Substituting (10.80) into (10.83) and using some positive y, we obtain

t
LVi(t) = —qzi(t) + pz1(t)<zz(t) + / h(azm(S) +anz(s)) ds) + pr1oiz}()
t_

t
—pz1(H)22(1) — zz(t)<zz(l) + / h(a21Z1(S) + anza(s)) dS>
l_
+ p20o3z3(t)

t
< (=g +puod)t® + §|a21| f h(z%(r) +23(s)) ds
t_

t
o _
+ 3 lax| / h(y 120 +yz3(s)) ds
t_
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2\.2 1 ! 2 1.2
+ (=14 p2no3)z5 ) + 5|a21|/ (rz3(0) +y~'z1(9)) ds
t—h
1 e 2
+ = la| (z3() +25(9)) ds
2 t—h
o 1P
= (—q + piof + 5|021|h +vy 1§|a22|h>2%(l)

2 1 14 2
+ —1+P2202+§|022|h+5|021|h 25(t)

lazi | [ |ax| !
—i——(,o—i-)/ 1)/ z%(s)ds—i——(]—i—p)/)/ Z%(s)ds.
2 —h 2 t—h
Putting
t
a
Vs = %(p + y—l)/ (s —t + h)z3(s)ds

t—h

laza| ! 2
+ T(l-i—,o)/) (s —t+h)z5(s)ds,
t—h

for the functional V = V; + V>, we have

1

LV() < [—q + p11of + plaai |h + VTh(mm + plazzl)}z%(t)

+ |:—1 + p207 + lan|h + %h(|021| + ,0|a22|)}Z%(t)- (10.84)

Using the representations (10.35), (10.36), (10.77), (10.78), we can rewrite
(10.84) in the form

)/_1 J/_l
LV(t) < |:‘1 <_A1 + Tcz) + B + TCI]Z%(I)

n |:—A2 + %Cl n q<32 + ng)}zg(t),

which coincides with (10.49). So, from this (10.82) follows, which coincides with
(10.41). The proof is completed. d

The regions of stability in probability for a positive point of equilibrium of sys-
tem (10.72), obtained by conditions (10.81), (10.82), are shown in the space of the
parameters (a, b) for ap =0.3, a1 =5a» =0.5, by =6, bp =2, h = 0.4 and dif-
ferent values of §1, 87: in Fig. 10.5 for §; = 1.5, §, = 0.05, in Fig. 10.6 for §; =1,
82 =0.55.

In the both figures the thick line shows the stability region given by conditions
(10.75) that corresponds to the values of the parameters 7 = §; = §, = 0.
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Chapter 11
Stability of SIR Epidemic Model Equilibrium

Points

11.1 Problem Statement

Investigation of different mathematical models for infectious diseases (in particular,
so-called SIR epidemic models) has a long story, and until now these models are
very popular in researchers (see, for example, [6, 18, 26-28, 41, 45, 58, 71, 110,
117,118, 123, 124, 152, 154, 168, 179, 187, 188, 193, 202, 203, 212, 213, 218, 223,
289, 294-296, 310, 315, 319, 322-324]). Here sufficient conditions for the stability
in probability of two equilibrium points of SIR epidemic model with distributed
delays and stochastic perturbations are obtained.

Consider the mathematical model of the spread of infections diseases. Let S(¢) be
the number of members of a population susceptible to the disease at time ¢, I () be
the number of infective members at time ¢, and R(¢) be the number of members that
have been removed from the possibility of infection at time ¢ through full immunity,
b is the recruitment rate of the population, w1, @2, and u3 are the natural death
rates of the susceptible, infective, and recovered individuals, respectively, § is the
transmission rate, and A is the natural recovery rate of the infective individuals. Then
the SIR epidemic model can be described by the system of the differential equations

S@t)=b —,BS(I)/OOI(Z —8)dF(s) — pu1S@),
0
i(t):,BS(t)/ I(t —s)dF(s) — (ua + M1 (1), (11.1)
0

R(1) = A (1) — u3R(1).

Here we assume that b, 8, A, w1, 2, (3 are positive constants, the integral is un-
derstanding in the Stieltjes sense, and F(s) is a nondecreasing function such that

foodF(s)z 1. (11.2)
0

L. Shaikhet, Lyapunov Functionals and Stability of Stochastic Functional 283
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) The equilibrium point of (11.1) is defined by the conditions S (t)=0, I (t)=0,
R(t) =0 or by the system of algebraic equations

BS*I* + 1 S*=b,  BS*I*=(ua+MI*  AI*=uszR*.  (11.3)

From (11.3) it follows that system (11.1) has two points of equilibrium: Eg =
(bu;"',0,0) and

A b(S*)~! — AT
Eo= (55,1 RY) withs* =220 PO i e Mgy
B B u3
Remark 11.1 From (11.4) it follows that by the condition
bB > pi(p2+2) (11.5)

the point E is a positive equilibrium point of (11.1).

Below we obtain sufficient conditions for the stability in probability of both equi-
librium points Eqy and E, of (11.1) by stochastic perturbations.

11.2 Stability in Probability of the Equilibrium Point
Eo = (bui',0,0)

We will assume that (11.1) is influenced by stochastic perturbations of white
noise type that are directly proportional to the deviation of the system state
(S(t), 1(1), R(t)) from the equilibrium point Eq and influence the $(¢), 1(¢), R(t)
respectively. So, (11.1) takes the form

St =b—BS@®)JU) — 1 S@) + 01 (SE) — by )i (1),
[(t) = BSt)I (1) — (2 + M) (1) + o2 (1) in (1), (11.6)
R(t) = M (1) — usR(t) + o3 R(1) i3 (1),

where
J(I,):/ool(t—s)dF(s), (11.7)
0

o1, 02, 03 are constants, and w1 (¢), wa(¢), w3 (¢) are mutually independent standard
Wiener processes. Note that the equilibrium point Ej is a solution of (11.6).

Centering (11.6) on the equilibrium point Eq via the variables x1(t) = S(¢) —
buy', x2(t) = 1(t), x3(t) = R(t), we obtain

£1(6) = —pax1 (1) = by (xar) — Bx1 (1) (x20) + 011 (D) (1),

£2(1) = —(ua + Mxa(t) + Bbuy ' T (xa) + Bx1(6)J (x21) + 0222 ()i (1), (11.8)

X3(8) = Axa(t) — pu3x3(t) + o3x3(H)w3(2).
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It is clear that the stability of the equilibrium point E of (11.6) is equivalent to the
stability of the trivial solution of (11.8).

Below we will obtain sufficient conditions for the stability in probability of the
trivial solution of (11.8). As it was noted in Remark 5.3, for getting sufficient con-
ditions for the stability in probability of the trivial solution of the nonlinear system
(11.8) with the order of a nonlinearity higher than one, it is enough to get sufficient
conditions for the asymptotic mean-square stability of the trivial solution of the lin-
ear part of the considered nonlinear system. Thus, besides (11.8), we will consider
the linear part of this system

(1) = —piyi (1) — Bbuy ' J (yar) + o1y (0w (0),
F2(t) = — (2 + M) y2(t) + Bbuy T (v2r) + 0232 (D2 (1), (11.9)
y3(1) = Aya2 (1) — p3y3(r) + o3y3(0)ws (1),

and following the procedure of constructing Lyapunov functionals, we will also
consider the auxiliary system without delays

21(t) = —p1z1() + or1z1(Hwr (1),
2() = —(u2 + M)22(t) + 0222() (1), (11.10)

23(t) = Azo(t) — pu3z3(t) + 0323 (1) w3 (1).

Put now

1
Si =§al-2, i=1,2,3. (11.11)

Lemma 11.1 The trivial solution of (11.10) is asymptotically mean-square stable if
and only if

81 < 1, 8 < u2 +A, 83 < U3. (11.12)

Proof From Remark 2.5 it follows that the first and second inequalities in (11.12)
are necessary and sufficient conditions for the asymptotic mean-square stability of
the trivial solutions of the first and second equations in (11.10), respectively. To
prove the third inequality in (11.12), let us consider separately the system of the
second and third equations in (11.10). If oo = o3 = 0, then by Corollary 1.1 the
trivial solution of this system is asymptotically stable. So, by Theorem 1.3 and (1.29)
the matrix equation (1.27) with

_(—(u2+2) O (g9 O
() e

has a positive definite solution P with the elements

27'g +apin 1 A

pPin=———————— pP2=— P12 = .
2 2p3 2uz(p2 + uz +A)

(11.13)
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Let L be the generator of the considered system, and

V = prz3(t) + 2p12z22(t)z3(t) + pnz3 (), (11.14)

where the parameters p11, p12, p2» are defined in (11.13). Then by (11.14), (11.10),
(11.13), (11.11) we have
LV = =2(p1iz2(t) + p12z3(1)) (2 + M z2(t) + p110725(1)
+2(p12z2(t) + p2z3 () (Az2(t) — w3z3(t)) + p22oiz3 (1)
= 2p1162 — Q)25 (1) + 2(— 3 + 83) pz3 (1).

If 85 < u2 + A, then from (11.13) for big enough ¢, i.e., ¢ > 2Ap1282 (2 +1—82)"",
we obtain

(g +24p12)da

2p118 —q =
P1182 —¢q P
__M2+)»—82< _ 20p12dy )
M2+ A M2 +A—6
< 0.

So, by Remark 2.1 and (11.12) the trivial solution of (11.10) is asymptotically mean-
square stable.

Let us suppose that §3 > u3. It is easy to see that in this case there exists small
enough ¢ > 0 such that LV > 0. So, EV (z2(¢), z3(¢)) = EV (22(0), z3(0)) > 0, and
the trivial solution of the considered system cannot be asymptotically mean-square
stable. The proof is completed. g

Theorem 11.1 If
Si<mi,  S<pmp+i-—pbuy', 8 <pus, (11.15)
then the trivial solution of (11.9) is asymptotically mean-square stable.

Proof Note that in (11.9) the first equation does not depend on y3(¢) and the third
equation does not depend on y;(¢). So, (11.9) can be considered as two separate

systems, (1 (), y2(7)) and (y2(2), y3(1)).
First, let L be the generator of the system (y2(¢), y3(¢)), and

Vi = p11y3(t) + 2p12y2(t)y3(t) + pyi(t), (11.16)
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where the parameters pi11, p12, p22 are defined in (11.13). Then by (11.16), (11.9),
(11.13), (11.11) we have

LV; =2(p1132(0) + p12y3 () [= (w2 + 1) y2(t) + Bbuy ' T (y20) ] + pr1o2y3 (1)
+2(p12ya(®) + paay3(®)) (Ay2 (1) — uays(®)) + poiy; (1)
= (—q +282p11)y5(t) +2(— 3 + 83) p2ay3 (1)
+2B8bu; (Pr1y2() + p1ay3()J (var).

Note that, by (11.2) and (11.7), 2y2(t)J (y21) < y%(t) + J(y%t) and 2y3(t)J (y) <
a_1y32(t) + ocJ(y%t) for some o > 0. Thus,

LV) < (—q +282p11)y3 (1) + 2(—p3 + 83) pay3 (1)
+Bbu (P () + T (¥3)) + pia(e ™' Y2 () +ad (¥3,)))
< [~q+ (262 + Bbu; ") pui ]y3 (@)
+[2(=p3 + 83) po + & BT praly3 (1) + AT (v3,).

where A = Bbu; ! (p11 + ap12).
Following the procedure of constructing Lyapunov functionals, put

o0 t
V2=A/ f y3(r)dtdF(s). (11.17)
0 t—s

Then, by (11.2) and (11.7), LV, = A(z3(t) — J (z3,)), and, as a result, for the func-
tional V = V| 4+ V,, we obtain

LV <[—q+ (282 + Bbuy") pui + Aly3 (1)
+ [2(—p3 + 83)p22 + by pr2]y3 ()
= [—q +2(82+ Bbui ") pr1 +aBbuy pra]y3 (1)
+ [2(=p3 +83) pa2 + a7 BT pra]yi ).
If
apbuy pia <q —2(82+ Bbui ") put, a118)
Of_lﬂbﬂl_lplz < 2(u3 —83) p22, .

then by Remark 2.1 the trivial solution of the considered system is asymptotically
mean-square stable.
From (11.18) and (11.15) it follows that

ﬂbul_lplz P 2(82 + ﬂbﬂl_l)l?n
2(u3 —83)p22 ﬁbul_lplz '

0< (11.19)
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So, if
buy! —2(8 + Bbu;!
Bbuy pi2 _4 (42 _ﬂl My )Pn’ (11.20)
2(u3 —383)p22 Bbuy p12
then there exists « > 0 such that (11.19) holds.
Note that by (11.13) we have
_ (82 + Bbui (g +22p12)
—2(82+ Bbu T p1i=q —
q—2(82+ Bbuy ) p11=¢q Y
o+ r—Bbui =8)  2hp@a+ pbuy)
w2+ A w2+ A '
From this and from (11.15) it follows that for big enough g > 0, i.e.,
. 2+ A ((ﬁbuflplz)z 2xp12(52+ﬁburl>>
po+h— Bbuy! — 8 \2(u3 — 83)p22 w2+ A ’

equation (11.20) holds. So, the trivial solution of the considered system is asymp-
totically mean-square stable.
Now let L be the generator of the system (y1(¢), y2(¢)) in (11.9), and

Vi = puyi(®) + payi (), (11.21)

where
1

- (11.22)
2(u2 +A)

_q
pi=s—, P2
21

Then by (11.21), (11.9), and (11.11) we have
LVy = 2p1iyi () (=i () — Bbuy ' T (y2)) + priofyi(e)
+2p20y2(0) (= (12 + 2)y2(0) + Bbiy T (v20)) + P03 y3 (1)
= =201 = 81 puiyi (1) — 2(n2 + X — 82) p22y3 (1)
+2B8bu; T (320) (P22y2(8) — privi ().
Note that, by (11.2) and (11.7), 2y>(t)J (y2r) < y3(t) + J(¥3,) and 2y1(t)J (y2) <
a_lyf(t) + ocJ(y%t) for some o > 0. Thus,
LVi < =2(u1 — 8)puy(t) — 2(ua + A — 82) py3 (1)
+ B [pi (@' Y2 @) + @ (33)) + P (30) + 1 (33))]
=[-2(u1 —81) + a_lﬂbﬂfl]pnylz(l)

+[=2(2 + & — 82) + Bbuy [ p0yi () + AT (33,),
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where A = ,Bbul_l(apn ~+ p22). Using (11.17) with this A for the functional V =
Vi + V,, we have

LV < [-2(u1 =80 +a~ ' Bbu | piiyi (@)
+[=2(u2 + 2 = 82) + Bbuy | p2ay3 (1) + Ay3 (1)
= [—2(u1 = 80) + o' Bou | piyi ()
+[2(u2 + 2 — Bouy" — 82) par + aBbuy  apii ]y3 (0).
If

o Bouyt <2u1 =381, aBbuy pin <2(pa+ i~ Bbuy —8)px.
(11.23)
then by Remark 2.1 the trivial solution of the considered system is asymptotically
mean-square stable.
From (11.23), (11.22), and (11.15) it follows that

Bou' 2t r—pbuy —&m
2(u1 —81) Bbur (2 +2g

(11.24)

So, if

ot 2(wa+i— by — o)
2(p1 —d1) Bbuy (ua + 1)gq

then there exists o > 0 such that (11.24) holds. It is easy to see that (11.25) holds
by conditions (11.15) for small enough g > 0 such that

(11.25)

A =80+ - pbui' —8)u
B2b% (2 + 1) '

So, the trivial solution of (11.9) is asymptotically mean-square stable. The proof is
completed. g

Corollary 11.1 [f conditions (11.15) hold, then the equilibrium point Eq of (11.6)
is stable in probability.

Remark 11.2 Note that the second condition (11.15) contradicts with (11.5).
It means that by conditions (11.15) system (11.1) has no positive equilibrium
point (11.4).

11.3 Stability in Probability of the Equilibrium Point
E, = (S*9 I*, R*)

Here we assume that (11.1) is influenced by stochastic perturbations of white
noise type that are directly proportional to the deviation of the system state
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(S@), 1(r), R(1)) from the equilibrium point E, = (S*, I*, R*) and influence S(7),
I1(t), R(t). Then (11.1) takes the form
Sty =b—BS)J (L)) — u1S(t) + o1 (S(t) — $¥) iy (1),
[(t) = BSHT L) — (2 + VI 1) + o2 (I(1) — I*)a (1), (11.26)
R(t) =M (1) — u3R(t) + o3(R(1) — R* )3 (1),
where J (1), o1, 02, 03, w1 (1), wa(t), w3 (t) are the same as in (11.6), and the equi-
librium point E, = (S*, I'*, R*) is the solution of (11.26).
Centering (11.26) on the positive equilibrium E, via the variables x; (t) = S(¢) —
S*, x2(t) =1(t) — I'*, x3(t) = R(t) — R* and using (11.2), (11.3), we obtain
i1(6) = —b(S*) w1 (1) = BS* T (xa) — Bx1 (1) (x2r) + o131 (D)1 (1),
Xo(t) = Bl x1 (1) — BS*x2(t) + BS™J (x21)
+ Bx1(t)J (x2) + o2x2(t) 2 (2),

x3(t) = Axp(t) — u3x3(t) + o3x3(Hws(t).

(11.27)

It is easy to see that the stability of the equilibrium point E, of (11.26) is equivalent
to the stability of the zero solution of (11.27).

Below we will obtain sufficient conditions for the stability in probability of the
zero solution of (11.27) using the linear part of this system

1) = —b(5*) " y1(0) = BS*T (yar) + o1y (i) (0),
(1) = BI*y1(t) — BS*yat) + BS*T (yar) + oaya(Dn (@), (11.28)
y3(t) = Ay2(t) — n3y3(t) + o3 y3(t) w3 (t)

and the auxiliary system without delays

210 = —b(S*) " 21 (1) + o121 (i (0),
22(t) = BI*z1(t) — BS 22(1) + 02z2(D) w2 (1), (11.29)
23(t) = Aza(t) — n3z3(t) + 0323 (1) w3 (2).

Lemma 11.2 If
51 <b(8*)7, sa<BS*, 83 <, (11.30)
then the trivial solution of (11.29) is asymptotically mean-square stable.

Proof Note that the first inequality in (11.30) is a necessary and sufficient condition
for the asymptotic mean-square stability of the trivial solution of the first equation
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(11.29). Note also that the system of two first equations in (11.29) has the structure
that is the same as the structure of the second and the third equations in (11.10). So,
similarly to (11.12), we obtain two first conditions in (11.30).

Finally, note that the third equation in (11.29) with the additive perturbation z, (¢)
that satisfies the condition lim;_, Ez%(r) = 0 has the structure that is the same
as the structure of the second equation in (11.29) with the additive perturbation
z1(¢) that satisfies the same condition lim;_, o Ez% (t) = 0. Thus, since the inequality
8> < BS* is a sufficient condition for the asymptotic mean-square stability of the
trivial solution of the second equation, the similar inequality §3 < w3 is a sufficient
condition for asymptotic mean-square stability of the trivial solution of the third
equation. The proof is completed. U

Theorem 11.2 Let 83 < 3 and

BS*BI*

81 < 1, )

or

VAr(SH) T+ 11
VAr(SsH T 141
BS*BI* ( BS* (81 — 1) )
< 1— .
b($*)~! + pS* (b(s*)~1 —81)?

Then the trivial solution of (11.28) is asymptotically mean-square stable.

w1 <81 <py+BI*
(11.32)

8

Proof Let L be the generator of the system of two first equations in (11.28). Fol-
lowing the procedure of constructing Lyapunov functionals, we will construct a Lya-
punov functional V for this system in the form V = V| + V,, where

Vi = priyi(®) +2p1ayi(0)y2(t) + p2y3 (1) (11.33)
and the parameters p11, p12, p22 by (1.29) are
S* BI*S* 1 (5%

pll :EQ—FTPIZ’ pZZZ%’ p12: Z(b(S*)il +IBS*)
(11.34)

Then by (11.33), (11.28) we have
LV =2(puyi(0) + praya ) (=b(S*) ' y1(6) = BS* T (320)) + 1oy ()
+2(p12y1(®) + p2ay2 () (BI*y1(t) — BS*y2(t)
+ BS* T (y21)) + 2203 y3 (1)

=2((81 — b(S*)_l)pn + BI* p12)yi(t) +2(82 — BS*) p2y3 (1)
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+2[BI por — (b(S*) ™" + BS*) pra]yi () y2 (1)

+2B5*[(p12 — P1DYI(®) + (P22 — p12)y2(D]J (v20).

Note that, by (11.2) and (11.7), 2y2(t)J (y2r) < y2(t) + J (¥3,) and 21 (1)J (y2s) <
a~ly?(t) + aJ (y3,) for some o > 0. Besides, by (11.34) and (11.4),
(81 = b(S*) Y11+ BI*pra = 81 — w)pii + BI*(p12 — pi1),
BI*pm — (b(S*) ™ + BS*) pr2 =0,

b(SH)" ' +BS*—BI* 1+ BS* 0
2BS*(b(S*) ™1+ BS*)  2BS*(B(SH) 7!+ BS*)

P2 — pP12=
Thus,

LVy < [2(G1 — pO)pin + B (P12 — pin) + o' BS*Ip12 — puil]yi (@)
+[(282 — BS*) paz — BS*pia]y3(6) + AJ (¥3,),

where A = BS*(a|p12 — pu1l + p22 — p12)-
Choosing the additional functional V; in the form (11.17) with A obtained above,
for the functional V = V| + V,, we have

LV <[2((1 — p0)pi1 + BI*(p12 — p11) + o' BS*[p12 — putl]yi (1)
+ [2(82p22 — BS* p12) + aBS*|p12 — p11l]y3(0). (11.35)

Note that by (11.34) and (11.4)

*

S
48 —P12=E(61—2Mlp12)- (11.36)

So, putting ¢ = 2u1 p12 > 0, we obtain p1; = p12 and
LV <281 — ) puyi(®) +2(82 — BS*p1ap3) pay3 (@), (11.37)

By (11.34) we have ,BS*pupz_z1 = BS*BI*(b(S*)~! + BS*)~!. So, from (11.37) it
follows that by conditions (11.31) the trivial solution of (11.28) is asymptotically
mean-square stable.

Suppose now that §; > u; and ¢ > 2u1p12 > 0. Then p1; > p12, and from
(11.35) it follows that if

BS*(p11 — p12) o 2(BS*p12 — 82p22)

0< <a< , (11.38)
2(BI*(p11 — p12) — (61 — u1)p11) BS*(p11 — p12)

then the trivial solution of (11.28) is asymptotically mean-square stable.
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If

0 < BS*(p11 — p12) - 2(BS*p12 — 82p22)
2(B1*(p11 — p12) — (61 — 1) p11) BS*(p11 — p12)

then there exists & > 0 such that (11.38) holds. By (11.4), (11.36) from (11.39) it
follows that

, (11.39)

(BS*)? - BI*(p11 — p12) — (81 — w1 p1i
4(BS*p12 — d2p22) (P11 — p12)?
_ (b(SH™L =81)(p11 — p12) — (51 — w1 p12
(p11 — p12)?

_bSH ' -8 (G —upn

P — P12 (P11 — p12)?
2 (S*(b(s*)—1 —81)  2bpia(81 — p1)
(592\ g —2mpn (q — 2111 p12)?

). (11.40)

Note that the right-hand part of the obtained inequality reaches its maximum at

4(81 — n1)bpr2
S*(b(S*)~1—81)

Substituting (11.41) into (11.40), we obtain

q=2upr2+ (11.41)

(BS*)? - (b(S*) 7! —81)?
BS*p12 — d2p22 (61 — p1)p12

or

2 (b(S) T —51)2
which is equivalent to the second condition in (11.32).

From the positivity of the expression in the brackets, i.e., from the inequality
BS*(81 — 1) < (b(S*)™' — 81)?, the first condition (11.32) follows. Indeed, put
A =81 — 1. Thenby (11.3) b(§*)~! —8; = BI* — A, and we get BS*A < (BI* —
A)? or A2 — 2B1* 4+ BS*)A + (BI*)? > 0. From this it follows that

BS*p12 (] BS*(81 — 11) )

A < %(2,31* + BS* — \/(Zﬁl* +p5*)° — 4(/31*)2)

— * 'B * Qi )2 *

= p1* = 5 (Varesm + (57 - 5°)

g 2B1*S*
/4I*S*+(S*)2+S*

2
=8I"(1-
) ( \/41*(5*)—1+1+1)
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.1‘3 ZIEI 2=2 t
Fig. 11.1 25 trajectories of the processes S(r) (blue), I(t) (green), R(t) (red) with the equilib-
rium point $* = 4.5, I* =0, R* =0, the initial values S(0) = 7.5, I(s) =2.5, s € [-0.1,0],

R(0) = 3.5, and the values of the parameters b =1.8, =02, A =1, u; = 0.4, uo = pu3 =0.5,
h=0.1,8; =0.35,6, =0.25,53 =0.15

_ ﬂl*‘/41*(s*)—1 +1-—1
JArFSH T 141

which is equivalent to the first condition in (11.32). The proof is completed. 0

By Theorem 11.2 and Remark 5.3 the following statement holds.

Corollary 11.2 Let the conditions of Theorem 11.2 hold. Then the equilibrium point
E. of (11.26) is stable in probability.

Remark 11.3 From (11.4) and (11.31) it follows that

pS*BI*

>—— —— > 8§ >0.
b(SH) T+ BS*

bB(pa +2)"" =y = BI*

So, (11.5) follows from (11.31). This means that by the conditions of Theorem 11.2
the equilibrium point E, is a positive equilibrium point of (11.1).
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52’?‘
|

o 0.5 1.0 i's 5
I L

Fig. 11.2 Stability region for E, given by conditions (11.31), (11.32)

11.4 Numerical Simulation

Let us suppose that in (11.1) dF(s) = §(s — h)ds, where §(s) is Dirac’s delta-
function, and & > 0 is the delay. So, by (11.7), J(I;) =1 (t — h).

Putb=18,8=02,A=1, u; =04, up =u3=0.5, h =0.1, and §; = 0.35,
82 =0.25, 83 = 0.15. In this case §* = bu;' = 4.5 and §; < 1, & < po + A —
ﬂbul_l = 0.6, 83 < u3, i.e., the conditions of Theorem 11.1 hold. So, the equilib-
rium point Eg = (4.5, 0, 0) of (11.6) is stable in probability. In Fig. 11.1 for twenty
five realizations of each of the processes S(¢) (blue), I(¢) (green) and R(¢) (red)
are shown that are the solution of (11.6) with the initial conditions S(0) = 7.5,
I(s)=2.5,s5s €[-0.1,0], R(0) = 3.5. All trajectories converge to the equilibrium
point Eg = (4.5, 0, 0).

Consider now b = 20 with the same values of the other parameters. In this case
condition (11.5) holds: b8 =4 > p1(uz + 1) =0.6. So, (11.6) has a positive equi-
librium point (11.4). The stability region given by the conditions (11.31), (11.32)
for the given values of the parameters is shown in Fig. 11.2 in the space of the pa-
rameters (81, 82). The dotted line separates the stability region into two parts given
by conditions (11.31) and (11.32), respectively. In Fig. 11.3, for twenty five realiza-
tions of each of the processes, S(¢) (blue), I(¢) (green), and R(¢) (red) are shown
that are the solution of (11.6) with the initial conditions S(0) = 3.5, I(s) = 16.33
for s € [-0.1, 0], and R(0) = 19.17 at the point A of the stability region (Fig. 11.2)
with the coordinates §; = 1, 6o = 0.16 and with §3 = 0.25. One can see that all
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Fig. 11.3 25 trajectories of the processes S(¢) (blue), I (t) (green), R(t) (red) with the equilibrium
point $* =7.5, I'* = 11.33, R* =22.67, the initial values S(0) = 3.5, I (s) = 16.33, s € [-0.1, 0],
R(0) =19.17, and the values of the parameters b =20, 8 =02, A =1, u1 =04, pr = u3z =0.5,
h=0.1,81=1,6,=0.16, 53 =0.25

trajectories converge to the equilibrium point E, = (S*, I'*, R*), where $* =17.5,
I* =11.33, R* =22.67.

Note that numerical simulations of the processes S(¢), I(t), and R(t) were
obtained via the Euler—Maruyama scheme [200] for stochastic differential equa-
tions, and difference analogues of systems (11.6), (11.7) and (11.26), (11.7) with
J(I;) = I(t — h) were used in the form

Sit1 =38 + AW — BSili—m — p118i) + 01~/Z(5i — 8")érig.
Ligt =1+ A(BSilimm — (2 + ML) + 0oV A(L; — I7)Ep, 141,
Rit1=Ri+ AQL; — p3R) + 03/ A(Ri — R*)&3 141,

i=012,....Ij=10y, j=-m,...,—1,0.

Here &,; = A_%(wk (ti) — wi(t;—1)) are mutually independent random variables
such that E&; =0, Eékzi =1,k=1,2,3,1; =iA, A is the step of discretization,
S;=8t), I =1(t;), Ri =R(t;)),m=hA"".



Chapter 12
Stability of Some Social Mathematical Models
with Delay Under Stochastic Perturbations

In this chapter we propose a mathematical framework to model some social be-
havior. To be precise, we propose delayed and stochastic mathematical models to
analyze human behaviors related to some addictions: consumption of alcohol and
obesity.

12.1 Mathematical Model of Alcohol Consumption

Taking into account the proposal presented in [247], we consider alcohol consump-
tion habit as susceptible to be transmitted by peer pressure or social contact. This
fact led us to propose an epidemiologic-type mathematical model to study this social
epidemic.

Here we generalize the known nonlinear dynamic model of alcohol consumption
[254] by adding distributed delay. We obtain sufficient conditions for the existence
of a positive equilibrium point of this system. Similarly to the previous sections, we
suppose that this nonlinear system is exposed to additive stochastic perturbations
of white noise type that are directly proportional to the deviation of the system
state from the equilibrium point. The considered nonlinear system is linearized in
the neighborhood of the positive point of equilibrium, and a sufficient condition
for asymptotic mean-square stability of the zero solution of the constructed linear
system is obtained via the procedure of constructing Lyapunov functionals that is
described in Sect. 2.2.2. Since the order of nonlinearity of the considered nonlinear
system is higher than one, the obtained condition is also a sufficient one (Sect. 5.3)
for stability in probability of the equilibrium point of the initial nonlinear system
under stochastic perturbations.

12.1.1 Description of the Model of Alcohol Consumption

Let A(¢) be nonconsumers, individuals that have never consumed alcohol or in-
frequently have alcohol consumption, and M (¢) be nonrisk consumers, individuals
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with regular low consumption, to be precise, men consuming less than 50 cc (cubic
centimeters) of alcohol every day and women consuming less than 30 cc of alcohol
every day. Let R(¢) be risk consumers, individuals with regular high consumption,
that is, men consuming more than 50 cc of alcohol every day and women who con-
suming more than 30 cc of alcohol every day.

Considering homogeneous mixing [219], where each individual can contact with
any other individual (peer pressure), a dynamic alcohol consumption model is given
by the following nonlinear system of ordinary differential equations with distributed
delay:

A()=puP@)+yR(t) —daA(1) —,BA(I)/OO el _PS)_I_R(I k) dK(s),
0 (r—s)
. P M@ —s)+ R —ys)
M(t) =BA(t) A P(t—s) dK(s) —dM(t) —aM(1), (12.1)

R(t) =aM(t) — yR(t) — dR(1),
Pt)=A@)+ M)+ R@).

Here:

o the rate at which a nonrisk consumer moves to the risk consumption subpopu-
lation (intensity of transition from the group M (¢) to the group R(%)).

B the transmission rate due to social pressure to increase the alcohol consumption,
e.g., family, friends, marketing, TV, etc. (intensity of transition from the group
A(t) to the group M (t)).

y the rate at which a risk consumer becomes a nonconsumer (intensity of transi-
tion from the group R(¢) to the group A(¢)); so, the scheme of transition from
one group to another one is

At) >P—> M) %= R(1t) =" — A(t).

W the birth rate.

d, the death rate.

d the augmented death rate due to alcohol consumption (accidents at work, traffic
accidents, and diseases derived by alcohol consumption are considered).

We suppose that the parameters «, 8, ¥, i, d4, d are nonnegative numbers and
K (s) is a nondecreasing function such that

oo
/ dK(s)=1. (12.2)
0
The integral is understood in the Stieltjes sense.
Remark 12.1 In particular, dK (s) = 8(s — h) ds, where h > 0, §(s) is Dirac’s func-

tion, system (12.1) is a system with discrete delay /. The case of a system without
delay (h = 0) is considered in [254].
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12.1.2 Normalization of the Initial Model

Put

A M R
a(t):%, m(t):%, r(t):%.

From (12.1) and (12.3) it follows that
a(t)+m() +r()=1.
Adding the first three equations in (12.1), by (12.4) we obtain

P _

PO u—d+(d—dy)a(t).

From this and from (12.3) we have

AOPO)—ANOP@) A1) AW PQ)

() = P2(1) “P0) P PO
= % —a®)[n—d+(d—daa®)],
and, similarly,
n(t) = % —m®)[u—d+(d—daa)],
P = % —r®[p—d+d—dya®)].

Thus, putting
o
I(a;) = / a(t —s)dK(s),
0

by (12.5), (12.6), (12.1), (12.2), and (12.4) we obtain

at) = p+yr) + a1 (a) —a®)[B+p—(d —da)(1 —a®)],

m(t) = Ba(t) — Ba®) I (a;) —m®)[a + p + (d — da)a(®)],
Ft)=am(t) —r[y + n+ d —da)a®)].
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(12.3)

(12.4)

(12.5)

(12.6)

(12.7)

In view of (12.4), the last equation can be rejected, and, as a result, we obtain the

system of two integro—differential equations

a(t) =p+y —ym@) + a®)l(a) —a®)[f+pn+y —(d—da)(1 —a®)],

(1) = Ba(t) — pa)I(a) —m@)[e + p+ (d — da)a(n)].

(12.8)
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12.1.3 Existence of an Equilibrium Point

By (12.8), (12.2), and (12.4) a point of equilibrium (a*, m*, r*) is defined by the
following system of algebraic equations:
(n+y)(1—a*)=a*(B—d+dy)(1 —a*)+ym*,
Ba*(1—a*) =m*[a+ pu+ (d —da)a*], (12.9)
a+m*+r*=1.

Lemma 12.1 Ifd € [da, B+ da), then system (12.9) has a unique positive solution
(a*, m*, r*) if and only if

ay
>d—da+p+ . 12.10
P AT Tty vd—da (12.10)
Ifd = B + da, then system (12.9) has no positive solutions.
Proof Necessity From the first two equations in (12.9) we have
a*
pty=a*(B—d+ds)+ vp (12.11)

a+pu+(d—dya*
Since a* € (0, 1), from (12.11) it follows that

144
(@4 ) (@)~ +d—ds
144
a+pu+d—da
_atpty+d—da
 atptd—da

nty=a(B—d+da)+

<B—-d+ds+

ﬁ_d+dA5

which is equivalent to (12.10) since

Jutytd—dyolatptd—dy
atput+y+d—da
ay
a+pu+y+d—dy

B

=d—ds+pn+
Sufficiency Rewrite (12.11) in the form

0(a*)* + Ba* — C =0,
B=(B—d+da)(a+y+un) —puld—dy),
Q=(B—-d+da)d—ds), C=(pu+a)(n+y). (12.12)
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Thus, by (12.9) the equilibrium point (a*, m*, r*) is defined by the system of alge-
braic equations (12.12), and

e Bar—a"
o+ putd—dpa

It is easy to check that by the condition d € [d4, f + d4) (or Q > 0) the existence
of a solution a* of (12.12) in the interval (0, 1) is equivalent to the condition C <
O + B, which is equivalent to (12.10).

Ifd > B +ds, then Q <0 and B < 0. So, (12.12) cannot have positive roots.
The proof is completed. g

r*=1—a*—m*. (12.13)

Example 12.1 Following [254], put
a =0.000110247, B =0.0284534, y =0.00144,

(12.14)
w=0.01, d =0.009, d4 =0.008.
Then condition (12.10) holds, and the solution of (12.12)—(12.13) is
a* =0.364739, m* =0.629383, r* =0.00587794, (12.15)

or, in percents, a* = 36.47 %, m* = 62.94 %, r* =0.59 %.

12.1.4 Stochastic Perturbations, Centralization, and Linearization

Let us suppose that system (12.8) is exposed to stochastic perturbations of white
noise type (wy(¢), wa(t)), which are directly proportional to the deviation of system
(12.8) state (a(t), m(t)) from the equilibrium point (a*, m*), i.e.,

at) =pu+y—ym@)+Ba@)(a;) — a(t)[ﬁ +u+y—d- dA)(l - a(t))]
+ o1 (a®) —a*)w (1),
m(t) = pa(t) — pat)l (a;) — m(t)[a +u+(d- dA)a(t)]

+ 0y (m(t) — m*)u')z(t).

(12.16)

Here w (¢), wy(¢) are the mutually independent standard Wiener processes, and the
stochastic differential equations (12.16) are understood in the Itd sense (Sect. 2.1.2).

To centralize system (12.16) in the equilibrium point, put now x(t) = a(t) —a*,
x2(t) =m(t) — m*. Then from (12.16) it follows that

X1 =p+y—y(m* +x20) + B@* +x1(0)) (a* + 1 (x11))

— (@ +x1)[B+u+y —(d—da)(l —a* —x1(0))] + or1x1 (1)1 (1),
X2(1) = B(a* + x1(0)) — B(a* +x1(1)) (a* + 1 (x11))

— (m* +x20)) [t + w4 (d — da) (a* 4+ x1(1)) ] + o2x2(D 2 (1),
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or
s =p(l—a*)+y(l—a*—m*)—a*(1—a*)(B—d+da) — uxi1(1)
+ 7 (—x1(t) = x2(0)) + x1 (1) (1 — 2a¥)(d — dp) — Bx1(1)(1 — a*)
+ Ba* I (x1)) — x{()(d — da) + Bx1 ()] (x1,) + 011 (i1 (1),
X2(t) = Ba*(1 —a*) —m*[a + p + (d — da)a*] + Bx1 (1) (1 — a*) (=1
—m*x1(1)(d —da) — Ba*1(x1;) = x2(D[e + p 4 (d — dp)a*]
= Bxi() 11 (x1r) — x2(0)x1(1)(d — da) + o2x2 (1) wa(7).
By (12.9) from (12.17) it follows that

X1(t) = ax1 (1) + apxa (1) + Ba™ I (x1,) + Bx1 ()1 (x17)
— (d = d)xi (1) + o131 (1 (1),

Xo(t) = ag1x1(t) + axnxa(t) — pa™I(x1r) — Px1 ()1 (x1r)
—(d —da)x1()x2(1) + o2x2(H) w2 (1),

(12.18)

where
ann=—[pu+y+B-d+d)(l—a*)+@d—dya*], an=-y,

_ Bla+w)(d —a¥) B i} (12.19)
o= T d—dya an =—[a+pn+(d—da)a*].

Note that for d € [d4, B + d4), the numbers a1, a2, ary are negative, and ap; > 0.
Rejecting the nonlinear terms in (12.18), we obtain the linear part of (12.18):

y1(t) = any1(t) + anpyz(t) + pa* 1 (y1;) + o1y1(Hwi (1),

. _ (12.20)
y2(1) = az1y1(t) + axny2(t) — Ba™ I (y1;) + o2 y2 ()i (1).

12.1.5 Stability of the Equilibrium Point

Note that the nonlinear system (12.18) has the order of nonlinearity higher than
one. Thus, as it is shown in Sect. 5.3, sufficient conditions for the asymptotic mean-
square stability of the zero solution of the linear part (12.20) of the nonlinear system
(12.18) at the same time are sufficient conditions for the stability in probability of the
zero solution of the nonlinear system (12.18) and therefore are sufficient conditions
for stability in probability of the solution (a*, m*) of (12.16).

To get sufficient conditions for the asymptotic mean-square stability of the zero
solution of (12.20), rewrite this system in the form

y(@) = Ay(®) + B(y) + o (y(0))w (), (12.21)



12.1 Mathematical Model of Alcohol Consumption 303

where
YO = (@), 1), w)=(wi@®), w )
B(y:) = (/361*[()71,), _,Ba*l(ylt))/: (12.22)

_(an a2 _(on(@®) 0
A_<6121 azz)’ a(y(t))_< 0 Uzyz(t)>'

Following the procedure of constructing Lyapunov functionals (Sect. 2.2.2), for
stability investigation of (12.21), consider the auxiliary differential equation without
memory

(1) = Az(t) + o (2(1)) b (2). (12.23)

By Remark 2.6 the zero solution of the differential equation z(t) = Az(¢) is
asymptotically stable if and only if conditions (2.62) hold. By Corollary 2.3 con-
ditions (2.66) are sufficient conditions for the asymptotic mean-square stability of
the zero solution of (12.23). Below, we suppose that conditions (2.62) and (2.66)
hold.

To get stability conditions for (12.20), consider the matrix equation

AP+ PA+P,=—C, (12.24)

2
P11 p12 pP110 0 c O
P= , Pr= ! , C= :
(Plz pzz) “ < 0 p22022> (0 1)

¢ > 0, and the matrix A is defined in (12.22), (12.19).
If the matrix equation (12.24) has a positive definite solution P, then the function
v(z) = 7/ Pz is a Lyapunov function for (12.23) since

where

Lv=7(A'P+PA+ P,;)z=-7Cz.

Note that the matrix equation (12.24) can be represented as the system of the
equations
2(pnair + pizaz1 + p1iéi) = —c,
2(p12a12 + pnaxn + p2d) =—1, (12.25)
piiai2 + p12 Tr(A) + praz =0,
with the solution

c+2apr2 _ l+2appp _ap1ay +capdxn
e 7 S ey S
(12.26)

P11 =—

where

Gii=ai; +8, 8i==0?i=1,2, (12.27)
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Z =Tr(A)ayax — apax (an + a). (12.28)

Lemma 12.2 Let conditions (2.52), (2.56) hold, and let
ap <0, a < 0. (12.29)

Then the zero solution of (12.23) is asymptotically mean-square stable.

Proof It is enough to show that the matrix P = || p;;|| with the elements (12.26),
which are a solution of the matrix equation (12.24), is positive definite for an arbi-
trary ¢ > 0, i.e., p11 >0, p2 >0, p11pn > p122. To this aim, note that by (2.62),
(12.19), (12.29) we have Z < 0. Note also that by (12.27), (12.29), Remark 2.8, and
(2.72) we obtain

_ITr(A)[det(d) _ Ay

o1 <lanl| < = )
A | Tr(A)|
(12.30)
| Tr(A)| det(A) A,
& <lan| =< =< )
A | Tr(A)|
where
A =det(A) +d2, i=1,2. (12.31)
Besides, by (12.28), (12.27), (2.62), and (12.31) we have
Z + apaziaxn = Tr(A)aiiarn — apazi (@ + a) + aazian
= (Tr(A)ax — anazi)ai
= (A2 — |Tr(A)|82)an (12.32)
and, similarly,
Z +apaxay = (A] - }TI'(A)’(S])CAQQ. (12.33)

From this and from (12.26), (12.32), (12.30) it follows that for an arbitrary ¢ > 0,

c¢Z + az1(caindz + azidin)

P11 =— 2711
_c(Z+anpanan) + a3ar
- 2Zay
_ (A2 —[Tr(A)|52) + a3,
- 2|1Z|
>0, (12.34)

and, similarly, by (12.26), (12.33), (12.30) we obtain

A1 — | Tr(A)|81 + cal,
2|Z]

P2 = > 0. (12.35)
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Finally, let us show that p11p22 > p%z. Indeed, the inequality

(¢ +2a21p12)(1 + 2a12 p12) 2
>p

P 12
4anax

is equivalent to 4Bp]22 —2(az1 +cap)pia <cby B=adjax —ajaz; > 0. Substi-
tuting p12 from (12.26) into the obtained inequality, we have

B(ax1@11 + canan)?® — (az1 + ca)(ax @ + cainan)Z < cZ*
or
620%2&22(2 — Baxn) + C&]]&zz(ZTr(A) —2aya3] B) + a%lal] (Z — Bayy) > 0.
Note also that by (12.28), (12.29), (12.19) we obtain
an(Z — Ban) = an (Tr(A)anax — ainaz (@ + axn)
— (a11422 — arpaz)an)
= a11(Tr(A)a11d — apazndy — a7, ax)
= a11d22(Tr(A)ayy — arpaz — aiy)
= ayan((Tr(A) — ain)an — anan)
= ayan((axn — 81)a —aazn) >0
and, similarly,
an(Z — Baxn) = anan((ai — 82)axn — anaz) >0,
ZTr(A) —2aypa1B > 0.

So, for an arbitrary ¢ > 0, the matrix P with the elements (12.26) is positive definite.
The proof is completed. g

Theorem 12.1 If conditions (12.29) hold and, for some ¢ > 0, the elements (12.26)
of the matrix P satisfy the condition

2
(Ba*Ipi2 — p22l)” +2Ba*Ipi — pi2l <c, (12.36)

then the solution (a™, m*) of system (12.16) is stable in probability.

Proof Note that the order of nonlinearity of system (12.16) is higher than one.
Therefore, from Sect. 5.3, to get conditions for stability in probability of the equilib-
rium point (a*, m*) of this system, it is enough to get conditions for the asymptotic
mean-square stability of the zero solution of the linear part (12.20) of this system.
Following the procedure of constructing Lyapunov functionals, we will construct a
Lyapunov functional for system (12.20) in the form V = V| + V,, where V| = y' Py,
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y = (y1,y2), P is a positive definite solution of system (12.25) with the elements
(12.26), and V, will be chosen below.

Let L be the generator (Sect. 2.1.2) of system (12.20). Then by (12.20) and
(12.25) we have

LV =2(puyi(®) + pray2(0) (@ yi (6) + aizy2(t) + Ba*1(y11)) + priofyi)
+2(prayi () + p2y2 () (a21y1 (1) + anya (1) — Ba* I (y1r)) + proyy3 (1)
= —cyi (1) — Y3 () +2Ba*[(p11 — pr)Y1(1) + (P12 — p22)y2a (O ]I (y1r).

By (12.7), (12.2) we have 2y1()I(y;) < yi(®) + I(y},) and 2y:()I (yi;) <
vy% ) +vlr (yf[) for some v > 0. Using these inequalities, we obtain

LV < —cyi () — y3() + Ba*|p1 — pial (7 () + 1(v7,))
+ Ba*|pi2 — pal(vy3 () + v (yT,))
= (Ba*|p11 — pial = €)y{ () + (Ba*|p12 — paalv — 1)y3 (1)
+q1(y7,), (12.37)
where

g =Ba*(lpn —p12|+|p12—P22|v_1). (12.38)
Putting

o0 t
V2 =q/ / y}(0)do dK (s),
0 t—s

by (12.2), (12.7) we have LV, = q(ylz(t) - I(ylzl)). Therefore, by (12.37), (12.38)
for the functional V = V; + V>, we have

LV < (2Ba*|pi — pual + Ba*|pi2 — pualv™" = ¢)yi(0)
+ (Ba*|pi2 — paalv — 1)y3 ().
Thus, if
2Ba*|pii — pial + Ba*|pia — palv ' <c,  Ba*|pia—pnlv<1, (1239

then by Remark 2.1 the zero solution of (12.20) is asymptotically mean-square sta-
ble.
From (12.39) it follows that

Ba*|pi2 — pxnl ) 1

< (12.40)
c —2Ba*|p11 — p12 Ba*|pi2 — p2l

Thus, if for some ¢ > 0, condition (12.36) holds, then there exists v > 0 such that
conditions (12.40) (or (12.39)) hold too, and therefore the zero solution of (12.20)
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is asymptotically mean-square stable. From this it follows also that the zero solu-
tion of (12.18) and therefore the equilibrium point of system (12.16) are stable in
probability. The proof is completed. U

Example 12.2 Consider system (12.16) with the values of the parameters «, 8, v, i,
d, d and the equilibrium point (a*, m*) given in (12.14), (12.15). As an example,
consider the levels of noises o7 = 0.028969, oo, = 0.142252 or §; = 0.000420, 6, =
0.010118. From (12.19) it follows that the values of system (12.20) parameters are
ajp = —0.029245, a;p = —0.001440, ax; = 0.017446, ayp = —0.010475 and the
conditions (12.29) hold: a;; = —0.028825 < 0, a»» = —0.000357 < 0. Put ¢ = 20.
Then by (12.26) p11 = 477.4438, p1» =215.6615, prr = 530.4124, and condition
(12.36) holds:

2
(Ba*|p12 — p22l)” +2Ba*|p11 — p12] = 16.1036 < 20.

Thus, the solution (a*, m*) of system (12.16) is stable in probability.

Example 12.3 Consider system (12.16) with the previous values of the all pa-
rameters except for the levels of noises that are o1 = 0.0075, oo = 0.0077 or
81 = 0.000028, 5, = 0.000030. These values of o1 and o7 are selected taking into
account sample errors of the monitoring of the alcohol consumption in Spain [291].
The parameters aji, az1, apy are the same as in the previous example, and condi-
tions (12.29) hold: a;; = —0.029217 < 0, az» = —0.010445 < 0. Put ¢ = 4. Then
by (12.26) p11 = 78.6856, p1p = 17.1347, py = 45.5060, and condition (12.36)
holds:

2
(Ba*|p12 — pxl)” +2Ba*|pi1 — pi2l = 1.3643 < 4.

Thus, the solution (a*, m*) of system (12.16) is stable in probability.

Let us now get three corollaries from Theorem 12.1 that simplify a verification
of the stability condition (12.36). By (12.26) and (12.28) we have

¢+ 2ax pi2
pR2—puu=pRt+—mF—
24y
a ax1ai + capa c
_ (14 %2r)edn 12022 | ¢
ar 27 2411
_ (@21 +an)andxn + 2 (a1 +ainaz
- 27a11 2Z
— Boc + BI. (12.41)
where
Tr(A dry — a
By— (Tr(A) +arz)ax 01261217 B — (a21 + ar)azi (12.42)

2Z 2Z
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and, similarly,

1 +2azp12
p2—pn=ppt+—F—
2a
7 a 1
_ H_iﬂ aziai + capax 4
an»n 27 247,
_(anp+ax)anc | (a2 +axn)azian +2
N 27 2Zay)
= Doc + Dy, (12.43)
where
a Tr(A ai] —
Dy — (a2 +022)012’ D, — (Tr(A) + a21)an aaz (12.44)
27 27
Remark 12.2 Put
2 Di\? By
f)=(Ba*Do) e+ ——) +2Ba*|Bollc+ —|—c. (12.45)
Dy By

From (12.19), (12.29) it follows that By < 0. By (12.41)—(12.45) and By < O condi-
tion (12.36) is equivalent to the condition f(c) <O.

Put now
D, B/\’> B
S:(,Ba*Do)2<—l——l> +-L

Do By By’
1 —2Ba*|Byl Dy B
Ry =2Ba" 1Bl 2 ns — 7t 5 )
2(Ba*Dy) Dy By
1+2Ba*|By| Dy B (1246)
R- = —2Ba*|By| [ 20 L DL
2(Ba*Dy) Dy By
0 1 Dy B}
~ 4(Ba*Do)> Do D}

Corollary 12.1 If conditions (12.29) hold and S < 0, then the solution (a™, m*) of
system (12.16) is stable in probability.

Proof From S <0 and By < 0 it follows that By > 0. Putting co = —B; B; ' > 0,
we obtain f(cg) = S < 0, i.e., condition (12.36) holds. The proof is completed. [

Corollary 12.2 If conditions (12.29) hold and 0 < Ry < Q, then the solution
(a*, m*) of system (12.16) is stable in probability.
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Proof Let us suppose that ¢ + By B, !'> 0. Then the minimum of the function f()
is reached by

1 —2Ba*|By| D B
= — — > ——.
2(Ba*Do)?> Dy By
Substituting ¢( into the function f(c), we obtain that the condition f(cp) < O is
equivalent to the condition 0 < R4 < Q. The proof is completed. g

Corollary 12.3 If conditions (12.29) hold and 0 < R_ < Q, then the solution
(a*, m*) of system (12.16) is stable in probability.

Proof Let us suppose that ¢ + By B, ! < 0. Then the minimum of the function f(c)
is reached by
1+2Ba*|By| D By
T 2BaDo? Dy By
Substituting ¢q into the function f(c), we obtain that the condition f(cp) < O is
equivalent to the condition 0 < R_ < Q. The proof is completed. g

Example 12.4 Consider system (12.16) with the values of the parameters from Ex-
ample 12.2. Calculating S, Ry, Q, we obtain: S =4.50> 0, Ry =736 < Q =
1320. From Corollary 12.2 it follows that the solution (a*, m*) of system (12.16) is
stable in probability.

Example 12.5 Consider system (12.16) with the values of the parameters from Ex-
ample 12.3. Calculating S, Ry, Q, we obtain: S = —0.39 <0, Ry =2462 < Q =
4754. From both Corollary 12.1 and Corollary 12.2 it follows that the solution
(a*, m*) of system (12.16) is stable in probability.

12.1.6 Numerical Simulation

Let us suppose that in (12.1) dK(s) = 8(s — h)ds, where §(s) is Dirac’s delta-
function, and /& > 0 is the delay.

In Fig. 12.1 25 trajectories of the solution of (12.16), (12.4) are shown for the
values of the parameters from Examples 12.1 and 12.2: ¢ = 0.000110247, 8 =
0.0284534, y =0.00144, 1 =0.01, d = 0.009, d4 = 0.008, the initial values ag =
0.43, my = 0.53, ro = 0.04, the levels of noises o1 = 0.028969, o, = 0.142252,
and delay &2 = 0.1. We can see that all trajectories go to the equilibrium point a* =
0.364739, m* = 0.629383, r* = 0.00587794.

Note that numerical simulations of the processes a(t), m(t), and r(t) were ob-
tained via the difference analogues of (12.16), (12.4) in the form

aiv1=ai + Alu+y —yui + Baiai—m —ai(B+un+y —d—da)(1 —ap))]

+o1(ai — a*)(wi,i+1 — wip),
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Fig. 12.1 25 trajectories of the processes a(t) (blue), m(t) (green), r(t) (red) with the val-
ues of the parameters o = 0.000110247, 8 = 0.0284534, y = 0.00144, u = 0.01, d = 0.009,
da = 0.008, the levels of noises o1 = 0.028969, o, = 0.142252, the delay & = 0.1, the ini-
tial values a(s) = 0.43, s € [—0.1,0], m(0) = 0.53, r(0) = 0.04, and the equilibrium point
a* =0.364739, m* = 0.629383, r* = 0.00587794

miy1 =m; + A[Ba; — Bajai—m —mi(a+ pn+ (d —da)a;)]
+ o (mi —m*) (wa,ip1 — wai),
rigt =1—ai1 —miq1,
i=0,1,2,...,aj=a9, j=—-m,...,—1,0.

Here A is the discretization step (which was chosen as A = 0.01), a; = a(t;),
mi =m(t;), ri =r(ty), wy =wr(t;), k=1,2,t; =iA,m = hAa—T, trajectories of
the Wiener processes wi () and w>(¢) are simulated by the algorithm described in
Sect. 2.1.1.

12.2 Mathematical Model of Social Obesity Epidemic

Social obesity epidemic models are popular enough with researches (see, for in-
stance, [14, 34,42, 51, 68, 115, 227, 255]). Here the known nonlinear social obesity
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epidemic model [255] is generalized to the system with distributed delay. It is sup-
posed also that this nonlinear system is exposed to additive stochastic perturbations
of white noise type that are directly proportional to the deviation of the system state
from the equilibrium point. The research that is similar to the previous one is applied
to this model.

12.2.1 Description of the Considered Model

For constructing the mathematical obesity model [255] the 24- to 65-year-old pop-
ulation is divided into three subpopulations based on the so-called body mass in-
dex (BMI = Weight/Height?). The classes or subpopulations are: individuals at a
normal weight (BMI < 25kg/m?) N(t), people who are overweight (25kg/m? <
BMI < 30kg/m?) S(¢), and obese individuals (BMI > 30 kg/m?) O(¢).

The transition between the different subpopulations is determined as follows:
once an adult starts an unhealthy lifestyle, he/she becomes addicted to the unhealthy
lifestyle and starts a progression to being overweight S(¢) because of this lifestyle.
If this adult continues with his/her unhealthy lifestyle, he/she can become an obese
individual O (¢). In both these classes individuals can stop his/her unhealthy lifestyle
and then move to classes N (¢) and S(¢), respectively.

The transitions between the subpopulations N (t), S(¢), and O (¢) are governed
by terms proportional to the sizes of these subpopulations. Conversely, the transi-
tions from normal to overweight occur through the transmission of an unhealthy
lifestyle from the overweight and obese subpopulations to the normal-interactions
weight subpopulation, depending on the meet population, depending on the meet-
ings among them. This transition is modeled using the term

,BN(t)f (St —5)+ Ot —5))dK (s),
0

where K (s) is a nondecreasing function that satisfies condition (12.2), and the inte-
gral is understood in the Stieltjes sense. The subpopulations’ sizes and their behav-
iors with time determine the dynamic evolution of adulthood excess weight.

Without loss of generality and for the sake of clarity, the 24- to 65-year-old adult
population is normalized to unity, and it is supposed for all # > O that

N@® =0, St)=0, 0 =0, (12.47)
N@) + S +0() =1. (12.48)

Thus, under the above assumptions, the following nonlinear system of integro—
differential equations is obtained:

N(t) = uNg — uN(t) — ﬂN(t)/O (S(t =)+ Ot — 5))dK (s) + pS(t),
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u

S(t) = uSo + ﬂN(z)/ (S(t—5)+ 0@t —5))dK (s)
0

(12.49)
—(+y+p)SH)+£0@),

Ot)=p00+ySt)— (n+)0@), >0,
N(0) =Ny, S(s)=3Sp, O(s) =0, s <O0.

The time-invariant parameters of this system of equations are:

the rate at which an obese adult with a healthy lifestyle becomes an overweight
individual (intensity of transition from the group O(¢) to the group S()).

the rate at which an overweight individual moves to the normal-weight subpop-
ulation (intensity of transition from the group S(¢) to the group N(¢)).

the transmission rate because of social pressure to adopt an unhealthy lifestyle,
e.g., TV, friends, family, job, and so on (intensity of transition from the group
N (1) to the group S(¢)).

the rate at which an overweight 24- to 65-year-old adult becomes an obese indi-
vidual because of unhealthy lifestyle (intensity of transition from the group S(#)
into the group O(t)); so, the scheme of transition from one group to another one
is

0@t) > S(t) >"— N(@1) =>P— S(t) > — 0(1).

the average stay time in the system of 24- to 65-year-old adults (© = 1/
(65 years — 24 years) - 52 weeks/year).

Ny the proportion of normal weight coming from the 23-year age group.
So the proportion of overweight coming from the 23-year age group.
Op the proportion of obese coming from the 23-year age group.

Here the parameters ¢, p, B, y, i are nonnegative numbers, and Ng, Sp, Op

satisfy the conditions of type (12.47), (12.48).

By condition (12.48) system (12.49) can be simplified to the following system of

two equations:

N(t) = uNo — N (1) = BN (1) /0 (1= NG —5))dK(s)+pS(r),

S(t)=M50+l‘3N(t)/0 (1=N@—29)dK(s)— (u+y +p)SQt) (12.50)

+e(1-N@®) —S®), =0,
N(s) =Ny, s <0, S(0) =9p.

12.2.2 Existence of an Equilibrium Point

The equilibrium point (N*, $*) of system (12.50) is defined by the conditions
N() =0, S(r) =0 and by (12.50), (12.47) is a solution of the following system
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of algebraic equations:

uNo — uN* — BN*(1 = N*) + pS* =0,

(12.51)
wSo+ BN* (1= N*) = (u+y+p)S*+e(1 — S* = N*)=0.
From (12.51) it follows that
§* = p~ w(N* = No) + BN*(1 = N*)],
[N = No) + BN* (1= N )
S* =kp~[nSo + (e + BN*)(1 = N*)],
where
k=pu+y+p+e) ' <l (12.53)

By (12.52), (12.53) we obtain that N* is a root of the quadratic equation

B =) (N*)” = (1t + ke + B(1 —K))N* + w(No + kSp) + ke = 0. (12.54)
Lemma 12.3 Assume that Ny + kSo < 1. If B > 0, then (12.54) has two real roots,
N{ €(0,1) and Ny > 1. If B =0 and pke > 0, then (12.54) has one root N* €
(No + k8o, 1).

Proof From Ng+ kSp < 1 and 8 > 0 we have

D= \/(u +ke+ B — k))2 —4B(1 — k) ((No + kSo) + ke)

> \/(u +ke + B(1 —k)” —4B(1 — k) (u + ke)
= |u+ke —B(1—k), (12.55)

ie., D> |u+ ke —B(1 —k)| >0, and therefore the quadratic equation (12.54) has

two real roots
N*_M—l-ke—}-ﬁ(l—k)—D N*_M—l-ke—i-ﬁ(l—k)—i-D
b 28(1 —k) ’ 2 28(1—k)

(12.56)

If w + ke < B(1 —k), then

k
1*<u<l, Ny >1.
Bl —k)
If i+ ke > B(1 — k), then
w+ ke
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If B =0, then from (12.54) it follows that

_ u(No +kSo) + ke

1> N*
g uw+ke

> No + kSo.

The proof is completed. O

Lemma 12.4 Assume that No = 1. If u + ke < (1 — k), then (12.54) has two roots
on the interval (0,1]: Ni € (0, 1) and Nj = 1. If u + ke > B(1 — k) then (12.54) has
one root only on the interval (0,1]: Nf‘ =1.

Proof From Ng =1 and (12.47) we have Syp = 0. Then, similarly to (12.55), D =
lw+ke — Bl —k)|. If uw+ ke < B(1 —k),then D= B(1 —k) — (u+ ke), and by
(12.56) we obtain

k
Nr=u<1, Ni=1
Bl —k)
If w+ke> pB(1 —k),then D =pu+ ke — (1 — k), and by (12.56) we have
k
Ni=1,  Nj= 2T
Bl —k)

If u+ ke = B(1 — k), then D =0 and N = N; = 1. The proof is completed. ~ []

Example 12.6 Following [255], put

© =0.000469, y = 0.0003, & =10.000004, o =0.000035,
B =0.00085, No =0.704, So =0.25, O = 0.046.

Then by (12.56), (12.52), (12.48) we obtain
N*=0.3311, S§*=0.3814, 0* =0.2875.

Putting 8 = 0 with the same values of the other parameters, by Lemma 12.3 we
obtain

N*=0.7149 > Ny + kSo = 0.7143, §* =0.1465, 0* =0.1386.

Put now Ng =1, Sy = Og =0. By Lemma 12.4, if 8 =0.00085, i.e., if 8 > 0, then
B> (u+ke)(1—k)~! =0.00049 and N* = 0.5770, S* = 0.2588, O* = 0.1642. If
B=0,then N*=1,5*=0*=0.

12.2.3 Stochastic Perturbations, Centralization, and Linearization

Let us suppose that system (12.50) is exposed to stochastic perturbations of white
noise type (wi(t), w2(¢)) that are directly proportional to the deviation of system
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(12.50) state (N (¢), S(¢)) from the equilibrium point (N*, §*), i.e.,

NO = 1Mo = N = BN [ (1= Nt =9)dK ) + 030

+ 01 (N(@1) — N*) (1), t>0,

S(l):uSo—i—ﬂN(t)/o (1 _N(t_S))dK(S)_(,U«‘I‘)/-l-p)S(t) (12.57)

+&(1=N@) = S®) 4+ 02(St) — S¥)in(r), >0,
N(s) = Np, s <0, S(0) = Sp.

Here w(¢), wy(¢) are mutually independent standard Wiener processes, and the
stochastic differential equations of system (12.57) are understood in the Itd sense
(Sect. 2.1.2). Note that the equilibrium point (N*, $*) of system (12.50) is a solution
of (12.57) too.

To centralize system (12.57) at the equilibrium point, put now x; = N — N*,
xp = 8§ — S§*. Then by (12.57), (12.53) we have

x1(t) = anx1(t) +apxa(t) + BN*I(x1,) + Bx1 (D)1 (x1;)

+orx1(Hw (),
| (12.58)
X2(1) = az1x1 (1) + anxa(t) — BN I (x11) — Bx1 ()1 (x11)
+ ooxa(t)wa (1),
where
allz—M_ﬁ(l_N*)’ a2 =p,
ay1 =—¢+ p(1 — N*), an=—k"p, (12.59)

1) =/0 X1t — ) dK(s).

Example 12.7 Using the values of the parameters from Example 12.6, by (12.59)
we obtain

ar; = —0.0010376, a2 = 0.000035,
az1 = 0.0005646, az = —0.000808.

It is clear that the stability of the equilibrium point of system (12.57) is equiva-
lent to the stability of the zero solution of (12.58). Rejecting the nonlinear terms in
(12.58), we obtain the linear part of system (12.58)

y1(t) =aiy1(t) +apy2(t) + BN*I(y1;) + o1y (H)w (1),

(12.60)
y2(t) =a1y1(t) + any2(t) — BN*1(y11) + o2y2()a(2).
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12.2.4 Stability of an Equilibrium Point

Note that the nonlinear system (12.58) has the order of nonlinearity higher than one.
Thus, sufficient conditions for the asymptotic mean-square stability of the zero so-
lution of the linear part (12.60) at the same time are (Sect. 5.3) sufficient conditions
for the stability in probability of the zero solution of the nonlinear system (12.58)
and therefore are sufficient conditions for the stability in probability of the solution
(N*, §*) of system (12.57).

To get sufficient conditions for the asymptotic mean-square stability of the zero
solution of (12.60), rewrite this system in the form

3(6) = Ay(t) + B(y) + o (y(0)w (), (12.61)
where
YO =@ 20). w) = (wi@). wa)',
B(y) = (BN*I(y11). —BN*I1(y1))". (12.62)

_fan a2 _ (o1y1(®) 0
A_<a21 022)’ U(y(t))_< 0 Uzyz(t))’

and a;j, i, j = 1,2, are defined by (12.59).
Following the procedure of constructing Lyapunov functionals, for stability in-
vestigation of (12.61), consider the auxiliary differential equation without memory

2(1) = Az(t) + o (2()) (o). (12.63)
Remark 12.3 By (12.62), (12.59) for the matrix A, conditions (2.62) hold:
Tr(A) = —[n+ ok~ '+ B(1 - N*)] <0,
(12.64)
det(A) = pk~ [ +ke + B(1 —k)(1 — N*)] > 0.

Example 12.8 Using the values of the parameters from Example 12.6, we have

Tr(A) = —0.0018456,  det(A) = 0.0000008.
Consider a;;, i =1, 2, defined in (12.27).

Lemma 12.5 If
a <0 (12.65)
and
an <0,  an<0, (12.66)

then the zero solution of (12.63) is asymptotically mean-square stable.
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Proof By (12.59), (12.65) the matrix A from (12.63) satisfies the condition
apaz; < 0.By (12.19) the same condition is satisfied by the matrix A from (12.23).
So, further, the proof coincides with that of Lemma 12.2. O

Lemma 12.6 If
ar; >0 (12.67)

and
det(A)
| Tr(A)|’

then the zero solution of (12.63) is asymptotically mean-square stable.

max (81, 8,) < (12.68)

Proof Similarly to Lemma 12.2, it is enough to show that the matrix P = || p;;|
with the elements (12.26) is positive definite.
Note that by (12.31), (12.59), (12.67) we have

Ai =apan —apay +ak <a; Tr(A), i=1,2.

From this and from (12.59), (12.64), (12.68) it follows that

det(A) A;
< <
[ Tr(A)] — | Tr(A)

By (12.27), (12.28), (12.59), (12.64), (12.67), (12.68) we have

i

| <lajil, i=12. (12.69)

Z =Tr(A) (a1 + 81)(az + 82) — anaz (Tr(A) + 81 + 82)
=Tr(A)det(A) + Tr(A)d1ax + Tr(A)drai;
+ Tr(A)8182 — ar2az1 (81 + 82)
= —|Tr(A)| det(A) + A281 + A1, — |Tr(A) |88,

< —|Tr(A)| det(A) + (A, + A2) det(4)
| Tr(A)|
) det(A)
=—(|Tr(4)|" — A1 — A2) TrA)]
. 2aipap1 det(A)
T T
<0. (12.70)

From (12.34), (12.35), (12.69), (12.70) we obtain that py; > 0, p22 > 0 for arbitrary
c>0.

Let us show that p11p2y > p%z. Indeed, by (12.26), (12.34), (12.35) this inequal-
ity takes the form

(c(Az — |Tr(A)|82) +a3,) (A1 — |Tr(A)|81 + caly) > (candzr + azan)?,
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which is equivalent to the condition
c?afy(det(A) — | Tr(A)|62 + a3, — a3,)

+ c[ (A1 — |Tr(A)|81) (det(A) — |Tr(A)|82)

+ a3, (det(A) — |Tr(A)|8;)

+ (Clet(A))2 + 2appax1(a11axn — aran)|

+ a3, (det(A) — |Tr(A) |8 +af, —af,)

> 0. (12.71)

By (12.67), (12.68), (12.69) and |a;;| > ||, i = 1,2, condition (12.71) holds for

arbitrary ¢ > 0. So, for arbitrary ¢ > 0, the matrix P with the elements (12.26) is
positive definite. The proof is completed. O

Remark 12.4 If condition (12.65) holds, i.e., a1 < 0, then from (12.59) and from
the proofs of Lemmas 12.3 and 12.4 it follows that 8 € [0, (u + &)(1 — k)~'1. On
the other hand, if 8 > (1 + ¢)(1 — k)~!, then condition (12.67) holds, i.e., a2 > 0.
For example, by the values of the parameters from Example 12.6 we have 8 =
0.00085 > (1 + &)(1 — k)~ =0.0004945 and a1 = 0.0005646 > 0.

Theorem 12.2 If conditions (12.65), (12.66) or (12.67), (12.68) hold and if, for
some ¢ > 0, the elements (12.26) of the matrix P satisfy the condition

2
(BN*Ip12 — p2l)” +2BN*|p11 — pial <c. (12.72)

then the solution (N*, S*) of system (12.57) is stable in probability.

Proof Note that the stability in probability of the solution (N*, S*) of system
(12.57) is equivalent to the stability in probability of the zero solution of system
(12.58) and the order of nonlinearity of system (12.58) is higher than one. So, to get
for this system conditions for stability in probability, it is enough (Sect. 5.3) to get
conditions for the asymptotic mean-square stability of the zero solution of the lin-
ear part (12.60) of this system. Following the procedure of constructing Lyapunov
functionals, we will construct a Lyapunov functional for system (12.60) in the form
V = V| + V5, where V| = y' Py, y = (y1, y2)/, P is the positive definite solution of
system (12.25) with the elements (12.26), and V; will be chosen below.
Let L be the generator of system (12.60). Then by (12.60), (12.25) we have

LV =2(puyi(0) + pray2(0) (a11y1 (1) + anya(t) + BN*1 (1)) + p11o7yi (¢)
+2(p12y1 () + p22y2 (D)) (a21y1 (1) + azny2(t) — BN*1 (y1))
+ 2203 Y3 (1)
= —cyi(t) = y3 () + 2BN*[(p11 — p)y1 (1) + (P12 — p22)y2 (D ]I (y1r).
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By (122), (12.59) we have 2y (1)I (yi;) < yf(1) + I(y},) and 2y,(1)I (y1,) <
vy% &) +v7r (yf[) for some v > 0. Using these inequalities, we obtain
LV1 < —cyi(®) = 30 + BN*Ip11 = pr2l 07 () + 1 (57,))
+BN*|p1z — pul(vy3 () +v7 1 (1))
= (BN*Ip11 — pial =€)y (1) + (BN*|p12 — p2lv — 1)y3 (1)

+qI(y}), (12.73)

where
q=BN*(Ip11 — pi2l + | p12 — p2lv™"). (12.74)

Putting
o0 t
1%} =q/ / yi(0)do dK (s),
0 t—s

by (12.2), (12.59) we get LV, = q(y7(t) — 1(y7,)). Therefore, by (12.73), (12.74),
for the functional V = V| + V,, we have

LV < (2BN*|p11 — pial + BN*|p12 — pnlv™" —¢)yi()
+ (BN*Ip12 — pa2lv — 1)y3(0).
Thus, if

2BN*|pi1 — pial + BN*Ipi2a — palv™' <c, BN*Ipi—pnlv <1, (12.75)

then by Remark 2.1 the zero solution of (12.60) is asymptotically mean-square sta-
ble.
From (12.75) it follows that

BN*|p12 — px| 1
<V <

_ (12.76)
c—=2BN*|p11 — p12| BN*|p12 — p2]

Thus, if for some ¢ > 0, condition (12.72) holds, then there exists v > 0 such that
conditions (12.76) (or (12.75)) hold too, and therefore the zero solution of (12.60)
is asymptotically mean-square stable. From this it follows that the zero solution of
(12.58) and therefore the equilibrium point (N*, S$*) of system (12.57) is stable in
probability. The proof is completed. 0

Example 12.9 Consider system (12.50) with the values of the parameters ¢, u, p,
B, v and the equilibrium point (N*, $*) given in Example 12.6. As an example,
consider the levels of noises o1 = 0.028256, 0o = 0.029031. From (12.27) it follows
that §; = 0.0003992, §, = 0.0004214 and condition (12.68) holds: max(é;, §2) <
det(A)| Tr(A)|~!' = 0.0004436.
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Put ¢ = 10. Then by (12.26) p11 = 8335.7, p12 = 569.4, poy = 1344.7, and con-
dition (12.72) holds:

2
(BN*Ip12 — p2al)” +2BN*|p11 — p12l =4.419 < 10.

Thus, the solution (N*, §*) of system (12.57) is stable in probability.

Using the representations (12.41)—(12.44), we get three corollaries from Theo-
rem 12.2, which simplify a verification of the stability condition (12.72).
Put

D

2
flo)= (ﬂN*Do)2<c + D—0> +2BN*|By|

L B (12.77)
c+—|—c, .
By

&_ﬂf+ﬂ

2
S=(BN*Dy) <Do By By’

1 —2BN*|B D B
R+=2,3N*|Bol(7ﬂ ol _ D1 —1),

2(BN*Dy)? Dy By
(12.78)

14+28N*|Byl D; B
Ro= g7 ol (e IR Dy 2,
2(BN*Do) Dy By

0 1 D B}
~ 4(BN*Do)? Dy D}’

where By, Bi, Dy, D; are defined by (12.41)—(12.44). So, condition (12.72) is
equivalent to the condition f(c) < 0.

Corollary 12.4 If conditions (12.65), (12.66) or (12.67), (12.68) hold and S < 0,
then the solution (N*, S*) of system (12.57) is stable in probability.

Proof By (12.78) from S < 0 it follows that BjB;' < 0. Substituting co =
—BlBO_1 > 0 into (12.77), we obtain f(co) = S < 0, i.e., condition (12.72) holds.
The proof is completed. 0

Corollary 12.5 If conditions (12.65), (12.66) or (12.67), (12.68) hold and 0 <
Ry < Q, then the solution (N*, S*) of system (12.57) is stable in probability.

Corollary 12.6 If conditions (12.65), (12.66) or (12.67), (12.68) hold and 0 <
R_ < Q, then the solution (N*, S*) of system (12.57) is stable in probability.

The proofs of Corollaries 12.5 and 12.6 are similar to those of Corollaries 12.2
and 12.3.
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Fig. 12.2 25 trajectories of the processes N (¢) (blue), S(t) (green), O(t) (red) with the values of
the parameters © = 0.000469, y = 0.0003, ¢ = 0.000004, p = 0.000035, 8 = 0.00085, h = 0.1,
81 = 0.0003992, 8, = 0.0004214, the initial values N(s) = 0.704, s € [—0.1,0], S(0) = 0.25,
0 (0) = 0.046, and the equilibrium point N* = 0.3311, S* =0.3814, O* =0.2875

Example 12.10 Consider system (12.57) with the values of the parameters from Ex-
ample 12.6 and §; = 0.0003992, §; = 0.0002661. Calculating S, R, Q by (12.78),
we obtain: S = —0.0100916 < 0, Ry = 7499 < Q = 18161. By both Corollaries
12.4 and 12.5 the solution (N*, S*) of system (12.57) is stable in probability.

Example 12.11 Consider system (12.57) with the values of the parameters from Ex-
ample 12.6 and §; = 0.0003992, §; = 0.0004214. Calculating S, R, Q by (12.78),
we obtain: § =0.0051611 > 0, Ry =7811 < Q = 18914. The condition of Corol-
lary 12.4 does not hold, but from Corollary 12.5 it follows that the solution (N*, $*)
of system (12.57) is stable in probability.

12.2.5 Numerical Simulation

Let us suppose that in (12.49) dK (s) = §(s — h)ds, where §(s) is Dirac’s delta-
function, and 4 > 0 is a delay.
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Fig. 12.3 25 trajectories of the processes N(t) (blue), S(t) (green), O(t) (red) with the values
of the parameters p = 0.000469, y = 0.0003, ¢ = 0.000004, p = 0.000035, 8 =0, h = 0.1,
81 = 0.0003992, 8, = 0.0004214, the initial values N(s) = 0.704, s € [—0.1,0], S(0) = 0.25,
0(0) = 0.046, and the equilibrium point N* = 0.7149, S* =0.1465, O* =0.1386

In Fig. 12.2 25 trajectories of the solution of (12.57), (12.48) are shown for the
values of the parameters from Examples 12.6 and 12.9: u = 0.000469, y = 0.0003,
& = 0.000004, p = 0.000035, B = 0.00085, the initial values Ny = 0.704, Sy =
0.25, Og = 0.046, the levels of noises o1 = 0.028256, o, = 0.029031, and the delay
h =0.1. One can see that all trajectories go to the equilibrium point N* = 0.3311,
S*=0.3814, O* =0.2875.

Putting 8 = 0 with the same values of the other parameters, one can see that
in accordance with Example 12.6, all trajectories go to another equilibrium point
N*=0.7149, §* =0.1465, O* = 0.1386 (Fig. 12.3).

Change now the initial values on No = 1, Sp = Og = 0, and put again 8 =
0.00085. In accordance with Example 12.6, corresponding trajectories of the so-
lution go to the equilibrium point N* = 0.5770, S* = 0.2588, O* = 0.1642
(Fig. 12.4).

Note that numerical simulations of the processes N (¢), S(¢), and O(¢) were ob-
tained via the difference analogues of (12.57), (12.48) in the form
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Fig. 12.4 25 trajectories of the processes N (¢) (blue), S(t) (green), O(t) (red) with the values of
the parameters © = 0.000469, y = 0.0003, ¢ = 0.000004, p = 0.000035, 8 = 0.00085, h = 0.1,
81 = 0.0003992, §; = 0.0004214, the initial values N(s) =1, s € [—0.1,0], S(0) =0, O(0) =0,
and the equilibrium point N* = 0.5770, S* =0.2588, O* =0.1642

Nig1=N; + A[uNo — uN; — BNi(1 — Ni_w) + pSi]
+01(Ni = N*)(wi,i41 — wii),
Sit1=Si + A[uSo+ BNiNi—m — (u +y + p)Si + e(1 — N; — 8]
+02(8i — %) (wais1 — wai),
Oiy1=1—Niy1— Siy1,
i=0,1,2,.... Nj=No, j=—-m,....,—1,0.

Here A is the discretization step (chosen as A =0.01), N; = N(t;), S; = S(¢;), O; =
o), wy = wi(t;), k=1,2, 1t =iA, m =hA~", and trajectories of the Wiener
processes wi () and wo(¢) are simulated by the algorithm described in Sect. 2.1.1.
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