90 International Workshop QUALITDE — 2021, December 18 — 20, 2021, Tbilisi, Georgia

Stability of Solutions of Semidiscrete Stochastic Systems
Using N. V. Azbelev’s 1/-Method

Ramazan |. Kadiev!?

! Dagestan Research Center of the Russian Academy of Sciences, Makhachkala, Russia
2 Department of Mathematics, Dagestan State University, Makhachkala, Russia

E-mail: kadiev_r@mail.ru

Arcady Ponosov

Department of Mathematical Sciences and Technology,
Norwegian University of Life Sciences, P.O. Box 5003, N-1432 As, Norway
E-mail: arkadi@nmbu.no

Semidiscrete systems of equations constitute an important subclass of so-called “hybrid systems”
characterized by the presence of two components in the state space: discrete and continuous.
Intuitively, this means that the dynamics is mostly continuous, but at certain instants is exposed
to abrupt influences. Such systems naturally appear in applications, for example, in biological
and ecological models [10,12] as well as in the control theory [11]. Some models with impulsive
actions [9] are also an important example of semidiscrete problems.

Finally, accounting for stochastic effects is an important part of any realistic approach to model-
ing. For example, in the population dynamics, demographic and ecological stochasticity arises due
to a change in time of factors external to the system, but affecting the survival of the population,
and in control theory, random coefficients can simulate, for example, inaccuracies in measure-
ments. Therefore, the study of hybrid stochastic systems has recently attracted the attention of
many specialists (see e.g. [7] and the references therein).

Let (Q,F, (Ft)t>0,P) be a stochastic basis consisting of a probability space (2, F,P) and an
increasing, right-continuous family (a filtration) (F;)s>0 of complete o-subalgebras of 7. By E we
denote the expectation on this probability space.

To describe semidiscrete systems, we fix a natural number [ (1 <[ < n), for which x1(¢), ..., x;(t)
(t > 0) will be the continuous components of the state vector of the system, while ;41 (s), ..., z,(s)
(s € Ny ={0,1,2,...}) will be its discrete components. In the vector notation it will look as
follows:

Z(t) = col(x1(t),...,x(t)) (t>0), =z(s)=col(zi11(s),...,zn(s)) (s € Ny),
z(t) = col (w1 (t), ..., zi(t), w1 ([t]), ..., zn([t])) (£ >0),
where [t] is the integer part of the number t.

We study the moment exponential stability of solutions of the following system of linear diffe-
rential and difference It6 equations with aftereffect:

G(0) = — 3 Auy (O (0) de + 305 A0y () dBi(t) (¢ > 0),
j=1 i=2 j=1

Fs+1)=F(s) = Y Auls,f)z()h (0.1)

j=—o00

303 A, )2() (Bil(s + k) - Bi(sh)) (s € Ny

1=2 j=—00
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with respect to the initial conditions

z(¢) = ¢(¢) (¢ <0), (0.1a
2(0) = b. 0.1b)
Here

o z(t) = col(z1(t),...,zi(t), xit1([t]), ..., zn([t])) (t > 0) is a n-dimensional unknown stochastic

process;
o Aj;(t) are | x n - matrices (i = 1,...,m, j = 1,...,m;), where the entries of the matrices
Aq4(t), 5 = 1,...,my are progressively measurable scalar stochastic processes on interval
[0, 00) with almost surely (a.s.) locally integrable trajectories, and the entries of the matrices
Aij(t), 1 =2,...,m, j = 1,...,m; are progressively measurable scalar stochastic processes

on [0,00), whose trajectories a.s. locally square-integrable;

j=1,...,m; are Borel measurable functions defined on [0, c0) and such
that h;;(t) < t (t > 0) are almost everywhere Lebesgue measurable for all i = 1,...,m,

e h is some positive real number;

o Ai(s,j) — (n —1) x n are matrices whose entries are Fs-measurable scalar random variables
foralli=1,...,m,s € Ny, j = —o00,...,s;

o () = col(e1(s), .-, 1(s), vir1([s]), - - -, on([s])) (¢ < 0) is a Fp-measurable, n-dimensional
stochastic process with a.s. essentially bounded trajectories;

o b=col(by,...,by,) is a Fo-measurable n-dimensional random variable.

Under these assumptions, the problem (0.1)—(0.16) has a unique global solution.
The moment exponential stability is defined in

Definition 0.1. System (0.1) is called exponentially g-stable with respect to the initial data if
there are positive numbers ¢, A such that all solutions z(t,b, ) (t € (—o0,00)) of the initial value
problem (0.1), (0.1a), (0.1b) satisfy the estimate

(Bla(t, b)) " < cexp{-Xt}((BIb]7) /" + esssupcq (Elip(s)[1) /) (¢ = 0).

The next definition is used in the main result of the paper.

Definition 0.2. An invertible matrix B = (b;;);"_; is called positive invertible if all elements of
the matrix B~! are positive.

According to [3], the matrix B will be positive invertible if b;; < 0 for 4,5 = 1,...,m, i # j
and all diagonal minors of the matrix B are positive. In particular, matrices with strict diagonal
dominance and non-positive off-diagonal elements are positive invertible.

1 Sufficient stability conditions

In this section we use a special constant c,, which is defined in
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Lemma. For any scalar, progressive measurable stochastic process f(s)

(7 O/ £(s) dB(c) ) <a(5( / ) )" (1)

where ¢, is some number depending on p > 1. Here B(s) is the scalar Wiener process.

Estimate (1.1) follows from the inequality given in the monograph [8, p. 65], where the formulas
for ¢, can also be found.

Let u be the Lebesgue measure on [0, 00). Consider three groups of conditions on the coefficients
of System (0.1).

Assume that

o there exist numbers 7;; > 0,i=1,...,m, j =1,...,m; such that 0 <t — hy;(t) < 75 (t > 0)
p-almost everywhere for all these indices;

e there exist numbers 62{; >0,i=1,....m,j=1,....m;, k=1,...,1, r=1,...,n such that
|a2, )] <a *” | (t > 0) P x p-almost everywhere for all these indices.

In addition, assume that there exist Ay > 0, k = 1,...,n, for which

« the diagonal entries of the matrices A;(s,s) (s € Ny) can be represented as a}, (s,s) + Ag
(seNy),k=1l+1,...,n

o > a,ljg( ) > A (t > 0) P x p-almost everywhere (kK = 1,...,1) and some subsets I C
JEly
{1,...,777,1},]{7:1,...,[;

e O0< Nh<1lifk=1+1,...,n

Finally, assume that there exist numbers d; € Ny, ¢ = 1,...,m, for which

e the entries of the matrices A( j) are equal to 0 P-almost everywhere for all s € Ny,
J=-00,...,8—d; —1,1=1,...,m;

|a§€r(s,j)| < E,ir(s,j) P-almost everywhere forallt=1,....,m, k=1+1,...,n,r=1,...,n,

s€ Ny, j=s—d;,...,s and, in addition,

sup Z akTTj)<OO forall i=1,...,m, k=1+1,....,n, r=1,...,n,

T€N+] v (7_)

where v;(7) =0if 0 <7 < d; and (1) =7 — d; if 7 > d;.

The entries of the n x n-matrix C' are defined by

1 4 m  my; mi
Ckk:)\k<Zali]g<zakk7—1]+cpzzakr Tl) > a,i,i)

jel v=1 =2 v=1 j=1,7e{1,....m1}/I
m m;
m g E akk, =1,...,1,
=2 j=1

m my
e (pr i m)3)

JEIk i=2 v=1
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m  m;
al =1,...,0, r=1,....,n, k#r,
=2 j=1
ckr:)\ (hsup ZakrTj +cp thup Zakrv'])
TENY j—ui(7) i=2 TN 5

The above assumptions enable us to formulate the main result of this paper.

Theorem. If the matriz E — C' is positive invertible, then System (0.1) is exponentially 2p-stable
with respect to the initial data, i.e. in the sense of Definition 0.1. Moreover, the exponential decay
rate A of all solutions can be estimated as

0<A<min{), i=1,...,05; =In(1 = Nh), i=1+1,...,n}. (1.2)

The proof of the theorem is based on the regularization method, also known as a method of
model (auxiliary) equations or “N. V. Azbelev’s W-method”, see the monographs [1,2] and the
references therein. This approach has proven to be efficient in the theory of stochastic differential
[4] and difference [5] equations. The main idea of the method is to replace functionals on the
space of trajectories of solutions by the so-called “model” equation that already has the necessary
property of stability and which is used to regularize the initial equation. Checking stability of the
latter amounts, then, to estimating the norm of a certain integral operator or checking a positive
invertibility of some matrix. The latter version of the W-method was developed in [6].

2 An example

Consider a semidiscrete system of stochastic equations with constant coefficients and bounded
delays of the form:

ZAU z(t — hij) dt+ZZA”a: — hij)dB;(t) (t>0),
= 2] 1
. s (2.1)
Fs+1)=3(s)— A1 > x()h+ ZA > 2(j)(Bil(s + 1)h) — Bi(sh)) (s € Ny),
j=s—d1 =2 j=s—d;
where A;; = (a,kr)i’; pi=1,...,m,j=1,...,m; are real | x n-matrices and A; = (az’r‘)Z:l—‘rl,T:l’
1=1,...,mare real (n—1) x n-matrices, and h;; > 0,7 =1,...,m, j = 1,...,m; are real numbers,
my .
h > 0 is some (sufficiently small) real number. Put also >’ a,li =a, k=1,...,1 an define the

j=1
entries of the n x n-matrix C as follows:

mi )
Ckk:;ZMIICgc (Z’akk\hly“‘cpgzlfakr’ﬁ) . L c k=100
— ) v =2 j=
Ckr:al<Z|a (Z’akr‘hlj +CPZZ‘%T|\/H)+Z‘“ >
i=2 v=1

m  m;

MZZ’“ =1,...,0, r=1,...,n, k#nr,

=2 j=1
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Ckk = ——FF—
akk\/E i=2

Ckr = 1
1
Dk aVh o

Then from Theorem we can deduce the following

C(di—i-l)m i
= pl Z\akk], k:1+1,,l,

m

dy + 1)|a} di +1 ]
(1+ )’ak’r"{‘cp( i )Z’a’;ﬂr‘v ]{3:1+1,,l, T:]‘""’n’ k#r

Proposition. Ifa >0, k=1,...,1, a,lgk >0,k=14+1,...,n, and the matriz E — C is positively
invertible, then system (2.1) is exponentially 2p-stable with respect to the initial data.

In particular, we obtain

Corollary. Let n =2, 1 =1 in system (2.1) and let the entries c;;, 1,5 = 1,2 of the 2 x 2-matriz
C' be defined as described right before Proposition. If now 1 —c11 > 0; (1 — e11)(1 — ca2) > c12¢91,
then system (2.1) is exponentially 2p-stable with respect to the initial data.

The corollary follows from Proposition and from the fact that under the conditions of the

corollary the 2 x 2-matrix E — C is positive invertible, since its diagonal minors are positive.

References

1]

N. V. Azbelev, V. P. Maksimov and L. F. Rakhmatullina, Introduction to the Theory of
Functional Differential Equations: Methods and Applications. Contemporary Mathematics
and Its Applications, 3. Hindawi Publishing Corporation, Cairo, 2007.

N. V. Azbelev and P. M. Simonov, Stability of Differential Equations with Aftereffect. Stability
and Control: Theory, Methods and Applications, 20. Taylor & Francis, London, 2003.

R. Bellman, Introduction to Matriz Analysis. (Russian) Second edition McGraw-Hill Book Co.,
New York—Diisseldorf-London, 1970.

R. I. Kadiev and A. Ponosov, Exponential stability of linear stochastic differential equations
with bounded delay and the W-transform. Electron. J. Qual. Theory Differ. Equ. 2008, No. 23,
14 pp.

R. Kadiev and A. Ponosov, Exponential stability of Ito-type linear functional difference equa-
tions. Comput. Math. Appl. 66 (2013), no. 11, 2295-2306.

R. I. Kadiev and A. V. Ponosov, Positive invertibility of matrices and stability of It6 delay
differential equations. (Russian) Differ. Uravn. 53 (2017), no. 5, 579-590; translation in Differ.
Equ. 53 (2017), no. 5, 571-582.

X. Li and X. Mao, Stabilisation of highly nonlinear hybrid stochastic differential delay equa-
tions by delay feedback control. Automatica J. IFAC 112 (2020), 108657, 11 pp.

R. Sh. Liptser and A. N. Shiryayev, Theory of Martingales. Mathematics and its Applications
(Soviet Series), 49. Kluwer Academic Publishers Group, Dordrecht, 1989.

X. Liu and K. Zhang, Impulsive Systems on Hybrid Time Domains. IFSR International Series
in Systems Science and Systems Engineering, 33. Springer, Cham, 2019.

L. Mailleret and V. Lemesle, A note on semi-discrete modelling in the life sciences. Philos.
Trans. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 367 (2009), no. 1908, 4779-4799.

V. M. Marchenko, Transactions of Belorussian Institute of Mathematics 7 (2001), 97-104.

A. Singh and R. M. Nisbet, Semi-discrete host-parasitoid models. J. Theoret. Biol. 247 (2007),
no. 4, 733-742.



