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Chapter

Invariants for a Dynamical
System with Strong Random
Perturbations

Elena Karachanskaya

Abstract

In this chapter we consider the invariant method for stochastic system with strong
perturbations, and its application to many different tasks related to dynamical sys-
tems with invariants. This theory allows constructing the mathematical model
(deterministic and stochastic) of actual process if it has invariant functions. These
models have a kind of jump-diffusion equations system (stochastic differential It6
equations with a Wiener and a Poisson paths). We show that an invariant function
(with probability 1) for stochastic dynamical system under strong perturbations
exists. We consider a programmed control with Prob. 1 for stochastic dynamical
systems — PSP1. We study the construction of stochastic models with invariant
function based on deterministic model with invariant one and show the results of
numerical simulation. The concept of a first integral for stochastic differential equa-
tion It6 introduce by V. Doobko, and the generalized It6 — Wentzell formula for
jump-diffusion function proved us, play the key role for this research.

Keywords: It6 equation, Poisson jump, invariant function,
differential equations system construction, stochastic system with invariants,
programmed control with probability 1

1. Introduction

Models for actual dynamical processes are based on some restrictions. These
restrictions are represented as a conservation law.

The conservation law states that a particular measurable property of an isolated
dynamical system does not change as the system evolves over time.

Actual dynamical systems are open, and they are subject to strong external
disturbances that violate the laws of conservation for the given system.

Conventionally, deterministic dynamical systems have an invariant function.
Doobko! V. in [1] proved that stochastic dynamical systems have an invariant
function as well. For dynamical system which are described using a system of
stochastic differential It6 equations, a first integral — or an invariant function, exists
with probability 1 [2-10].

When we know only a conservation law for a dynamical system, and equations
which describing this system are unknown, the invariant functions are a good tool
for determination of these equations.

! Different variant of transliteration of the name: Dubko
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Our method differs for other (see, for example, [11]) preliminary in the fact that
we construct a system of differential equation with the given first integral under
arbitrary initial conditions. Besides, this algorithm is realized as software and it
allows us to choose a set of functions for simulation. Moreover, we can construct
both a system of stochastic differential equations and a system of deterministic ones.

The goal of this chapter is representation of modern approach to describe of
dynamical systems having a set of invariant functions.

This chapter is structured as follows. Firstly, we show that the invariant functions
for stochastic systems exist. Then, the generalized It6 — Wentzell formula is
represented. It is a differentiated rule for Jump-diffusion function under variables
which solves the Jump-diffusion equations system. This rule is basic for the necessary
and sufficient conditions for the stochastic first integral (or invariant function with
probability 1) for the Jump-diffusion equations system. The next step is the construc-
tion of the differential equations system using the given invariant functions. It can be
applied for stochastic and nonstochastic cases. The concept of PCP1 (Programmed
control with Prob. 1) for stochastic dynamical systems is introduced. Finally, we show
an application of the stochastic invariant theory for a transit from deterministic model
with invariant to the same stochastic model. Several examples of application of this
theory are given and confirmed by results of numerical calculations.

2. Notation and preliminaries

Now we introduce the main concepts which we will use below.
Letw(t), t € [0, o) be a Wiener process or a (standard) Brownian motion, i. e.

it has stationary, independent increments,

* for every ¢ > 0, w(t) has a normal NV (0,¢) distribution,

* it has continuous sample paths,

* every trajectory of w(t) is not differentiated for all £ > 0.

A v(t,A) is called a Poisson random measure or standard Poisson measure (PM)

if it is non-negative integer random variable with the Poisson distribution v(¢,A) ~
Poi(tT1(A)), and it has the properties of measure:

* u(t,A) is a random variable for every t € [0, T], A €R",

v(t,A)eNu{0}, v(t,@) = 0,

it AnB = @, thenv(t,AUB) =v(t,A) + v(¢, B),

* Eju(t, A)] = tT1(A),

if #A is a number of random events from set A during ¢, then

k
P.(#A =Fk) = % exp {—tII(A)}.



Invariants for a Dynamical System with Strong Random Perturbations
DOI: http://dx.doi.org/10.5772/intechopen.96235

v(t,A) =v(t,A) — E[u(t,A)] is called a centered Poisson measure (CPM).

Let w(t) = (w1(2), ..., wn(t))” be an m-dimensional Wiener process, such that
the one-dimensional Wiener processes wy(t) for k = 1, ... ,m is mutually
independent.

Take a vector y € ® with values in R”. Denote by v(At, Ay) the PM on [0, T] X

R" modeling independent random variables on disjoint intervals and sets. The
Wiener processes wy(t), k =1, ...,m, and the Poisson measure v([0, T], A) defined
on the specified space are F;-measurable and independent of one another.

Consider a random process x(t) with values in R”, n >2, defined by the
Equation [12]:

dx(t) = A(t)dt + B(t)dw(t) + J gt y,x)v(dt,dy), (1)

R,

where A(t) = {a1(t), ...,a,(t)} ", B(t) = (b jx(2)) is (n x k) - matrix, and
g(t,y) ={g.(t,7), .8, (t7)} €R",andy € R™=:R,, while w(t) is an m-dimen-
sional Wiener process. In general the coefficients A(z), B(t), and g(t,y) are random
functions depending also on x(t). Since the restrictions on these coefficients relate
explicitly only to the variables ¢ and y, we use precisely this notation for the
coefficients of (1) instead of writing A(t,x()), (t,x(¢)), and g(¢, x(¢), 7).

A system (1) is the stochastic differential It6 equation with Wiener and Poisson
perturbations, which named below as a Jump-diffusion It6 equations system
(GSDES).

We will consider the dynamical system described using ordinary deterministic
differential equations (ODE) system and ordinary stochastic differential It6 equa-
tions (SDE) system of different types, taking into account the fact thatxeR", n > 2.

3. An existence of an invariant function (with Prob.1) for stochastic
dynamical system under strong perturbations

Consider the diffusion It equation in R® with orthogonal random action with
respect to the vector of the solution

b
Av(E) = —pv(e)ds + o (0 X dw(o), Q)

where veR?, weR3, and w;(t),i = 1,2,3 are independent Wiener processes.
This equation is a specific form of the Langevin equation.

V. Doobko in [1] showed that the system (2) have an invariant function called a
first integral of this system:

u(t,v) = exp {2ut} <|V(O) 2 b;) :

This, in particular, implies that

lim |[v(®)* = —,
v(t)] p

[—oo

i.e. process |v(t)| is a nonrandom function and the random process v(t) itself is

. : b
generated in a sphere of constant radius NG
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In [4, 5, 10] it is shown that invariant function exists for other stochastic
equations of Langevin type. To obtain this result, it is necessary to use the Itd’s
formula.

4. The generalized It6 — Wentzell formula for jump-diffusion function

The rules for constructing stochastic differentials, e.g., the change rule, are very
important in the theory of stochastic random processes. These are It6’s formula
[13, 14] for the differential of a nonrandom function of a random process and the
It6 — Wentzell? formula [15] enabling us to construct the differential of a function
which per se is a solution to a stochastic equation. Many articles address the deri-
vation of these formulas for various classes of processes by extending It6’s formula
and the It6 — Wentzell formula to a larger class of functions.

The next level is to obtain a new formula for the generalized It6 Equation [14]
which involves Wiener and Poisson components. In 2002, V. Doobko presented [7]
a generalization of stochastic differentials of random functions satisfying GSDES
with CPM based on expressions for the kernels of integral invariants (only the ideas
of a possible proof) were sketched in [7]. The result is called” the generalized It6 —
Wentzell formula”.

In contrast to [7], the generalized It6 — Wentzell formula for the noncentered
Poisson measure was represented in [9, 16, 17]. The proof [9] of the generalized It6
— Wentzell formula uses the method of stochastic integral invariants and equations
for their kernels. In this case the requirement on the character of the Poisson
distribution is only a general restriction, as the knowledge of its explicit form is
unnecessary. Other proofs in [16, 17] are based on traditional stochastic analysis and
the use of approximations to random functions related to stochastic differential
equations by averaging their values at each point.

The generalized It6 — Wentzell formula relying on the kernels of integral invari-
ants [9] requires stricter conditions on the coefficients of all equations under con-
sideration: the existence of second derivatives. The reason is that the kernels of
invariants for differential equations exist under certain restrictions on the
coefficients.

Since the random function F(t, x(¢)) has representation as stochastic diffusion
It6 equation with jumps, we can use the generalized It6 — Wentzell formula, proved
by us by several methods in accordance with different conditions for the equations
coefficients. Now we consider only one case.

We will use the following notation: C) is the space of functions having continu-
ous derivatives of order s with respect to y, C;,(v) is the space of bounded functions
having bounded continuous derivatives of order s with respect to y.

Theorem 1.1 (generalized It6 — Wentzell formula). Consider the real function

F(t,x) e Ctl’f, (t,x) €[0, T] x R” with generalized stochastic differential of the form
d:F(t,x) = Q(t, x)dt + ZDk (t, x)dwy,(t) + J G(t,x,y)v(dt,dy) (3)
k=1 R,

whose coefficients satisfy the conditions:

Qt,x) e Ctl,f, Dy(t,x) € c-?

tx?

G(t,x,7) €C12!

L,%57 "

2 Different variants of transliteration of this formula name: [t — Wentcell, Itd — Venttcel’, [t6 — Ventzell
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If a random process x(t) obeys (1) and its coefficients satisfy the conditions
ai(t,x)ECr, bit,x)€CY,  g(t%7) €0, 4)

then the stochastic differential exists and

d:F(t,x(t)) = Q(¢t, x(¢t))dt + Zm: Dy, (t, x(t))dwy,+

k=1
n OF (t,x) N a e, x)
> a N ZZ O s
- = ke T e
| Dyle.x) n_ m ,X) (5)
+) bipt)— — dt + bix(t ot
Z 0x; x=x(t) i=1 k=1 aXl x=x(t)

| 1P x0) +g(6,7) = Pl x@)lotd dy)+

4

+JR G(t,x(t) +g(t,7),y)v(dt, dy).

14

By analogy with the terminology proposed earlier, let us call formula (5) “the
generalized It6 — Wentzell formula for the GSDES with PM” (GIWF).

By analogy with the classical It6 and It6 — Wentzell formulas, the generalized It6
— Wentzell formula is promising for various applications. In particular, it helped to
obtain equations for the first and stochastic first integrals of the stochastic Itd
system [9], equations for the density of stochastic dynamical invariants, Kolmogo-
rov equations for the density of transition probabilities of random processes
described by the generalized stochastic It differential Equation [8], as well as the
construction of program controls with probability 1 for stochastic systems [18, 19].

5. A first integral for GSDES

In the theory of ODE, there are constructed equations to find deterministic
functions, first integrals which preserve a constant value with any solutions to the
equation. The concept of a first integral plays an important role in theoretical
mechanics, for example, to solve inverse problems of mechanics or in constructing
controls of dynamical systems.

It turned out that the first integral exists in the theory of stochastic differential
equations (SDE) as well. However, there appears an additional classification
connected with different interpretations. This gives a first integral for a system of
SDE (see [1]), a first direct integral, and a first inverse integral for a system of It6
SDE (see [20]).

Definition 1.1 [1, 3]. Let x(¢) be an #-dimensional random process satisfying a
system of It6 SDE

dx;(t) = a;(t,x(t))dt + ibik (¢, x(t))dwy (t), x(¢,%x(0))],_o =x(0),  (6)
k=1

whose coefficients satisfy the conditions of the existence and uniqueness of a
solution [12]. A nonrandom function u(t, x) €C;’; is called a first integral of the
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system of SDE if it takes a constant value depending only on x(0) on any trajectory
solution to (6) with probability 1:

u(t,x(t,x(0)) = u(0,%(0)) almost surely,

or, in other words, its stochastic differential is equal to zero: d,u(t, x(t)) = 0.

Another important notion in the theory of deterministic dynamical systems is
given by the notion of an integral invariant introduced by Poincaré [21].

As it turned out, there also exist integral invariants for stochastic dynamical
systems [2, 3]. In [7] V. Doobko give the concept of a kernel (=density) of a
stochastic integral invariant and, based on it, formulate the notion of a stochastic
first integral and a first integral as a deterministic function for GSDES with the
centered Poisson measure, which makes it possible to compose a list of first
integrals for stochastic differential equations.

Consider a random process x(¢), x € R”, which is a solution to GSDES

dilt) = it x(0)dt + bile, x(0)dwi(e) + | g,(6:x(0), oty
R, (7)

x(t) = x(£,%(0), @),y = x(0), i=1,..,m, t>0,

whose coefficients (in general, random functions) satisfy the conditions of the
existence and uniqueness of a solution [12] and the following smoothness
conditions:

a; (t, X) (S Cl’l

t,x?

bt ) €C,  gltx,7) €0 ®)

Suppose that p(t, x, w) is a random function connected with any deterministic
function f (¢, x) € & C Cy*(t, x) by the relations

J plt,x, @)f (8, x)dl (x) = J p(0,y)f (&,x(t,y) )l (y) ©)

n

memmﬂsz (10)
Rﬂ

|1|im p(0,%,w) = |1|im p(0,x) =0, df(x) 7 dei’ (11)
X|—00 X|—00 i—1

where y:=x(0), and x(t, y) is a solution to (7), and w is a random event.
In the particular case when f (¢, x) = 1, conditions (9) and (10) imply that

J np(t, X, w)df(x) = J p(O,y)df(y) =1, (12)

Rn

i.e., for the random function p(t, X, w), there exists a nonrandom functional
preserving a constant value:

J p(t, %, w)dl(x) = 1. (13)

Then, with conditions (10) and (11), Eq. (9) can be regarded as a stochastic
integral invariant, and the function (t, x) can be viewed as its density.
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Definition 1.2 [3]. A nonnegative random function p(¢, X, w) is referred to as a
stochastic kernel or the stochastic density of a stochastic integral invariant (of nth
order) if conditions (9), (10), and (11) are held.

Note that a substantial difference which made it possible to consider the invari-
ance of the random volume on the basis of a kernel of an integral operator in [3, 7],
is that (9) contains a functional factor. Thus, the notion of a kernel of an integral
invariant [3] for a system of ordinary differential equations can be regarded as a
particular case by taking f (¢, x) = 1 and excluding from (7) the randomness
determined by the Wiener and Poisson processes.

Using the GIWF (5), we obtain equation for the stochastic kernel function [9].

ap(t’ X, w)bik (t’ X)
ax,-

dun(t) + (- T DEEX)

dip(t,x,0) = —

N 1 02 (p(t, X, 0)bii(t, X)b ji(t, X))

d
2 0x;0x j Jdi+ (14)

+JR p(t,x—g(t,x 't %,7),7,0) - T(x(t,x,7)) — p(t, x, ®)|v(dt, dy),

14

under restrictions

p(tsx, )|,_o = p(0,%,w) = p(0,x) €C3(x),

7) 5 Ay . g 5
lim p(0,%x,w) = lim p(0,x) =0, lim M = lim M

=0.
This result plays a major role in obtaining of equation for the stochastic first
integral.

6. Necessary and sufficient conditions for the stochastic first integral

Lemma 1.1. If p(¢, X, w) is a stochastic kernel of an integral invariant of # th order
of a stochastic process x(t) starting from a point x(0) then, for every ¢, it satisfies
the equality

p(t,x(t,%(0)), @) T (£, %(0), ) = p(0,%(0)),

where J(t,%(0), ®) is the Jacobian of transition from x(t) to x(0).

Definition 1.3 A set of kernels of integral invariants of nth order is called
complete if any other function that is the kernel of this integral invariant can be
presented as a function of the elements of this set.

In [9] it is shown that a system of GSDE (7) whose coefficients satisfy the
conditions in (8), has a complete set of kernels consisting of (# + 1) functions.

Suppose that p;(t,x,w) # 0,1 =1, ...,m, m <n + 1 are kernels of the integral

n(0x(0y),0)

invariant (9). Lemma 1.1 implies that, for any I # n + 1, the ratio pea (o)) isa

constant depending only on the initial condition x(0) = y for every solution x(¢) to
the GSDE (7) because

pLx(ty),0)  p(0y)
Puii(t:x(t,Y), ) paa(0,y)

(15)
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Since for some realization w; we have

and it means, that du(t,x(¢)) = 0.
Definition 1.4 A random function «(¢, X, ®) defined on the same probability

space as a solution to (7) is referred to as a stochastic first integral of the system (7)
of It6 Ef GSDE with NCM if the following condition holds with probability 1:

u(t,x(t,x(0),w)) =u(0,%x(0)) almost surely

for every solution x(¢,x(0), w) to (7).

For practical purposes, for example, to construct program controls for a dynam-
ical system under strong random perturbations, the presence of a concrete realiza-
tion is important, i.e., the parameter o is absent in what follows. In this connection,
we introduce one more notion.

Definition 1.5 A nonrandom function %(t, x) is called a first integral of the system
of GSDE (7) if it preserves a constant value with probability 1 for every realization
of a random process x(t) that is a solution to this system:

u(t,x(t,%x(0))) =u(0,%x(0)) almost surely.

Thus, a stochastic first integral includes all trajectories (or realizations) of the
random process while the first integral is related to one realization.
Construct an equation for u(¢, X, @) using the relation

Inu(t,x,w) = Inp,(t,x,w) — lnp(t, %, w), (16)

as a result of assertion (15). Let us differentiate Inp(t,x) (omit @) using gener-
alized It6 — Wentzell formula:

1 _A(p(t, x)bir(t, %)) ’
202(t, x)( o >dt+ (17)

+J [ln {ps (t, X —g(t, x(t, y), 7)s y)j(x_l(t, X, 7/)) } — Inp(t, X)] v(dt,dy),

14

1 ~
dt In p(t, X) = mdt/} (t, X)

where gltp(t, x) is the right side of Eq.(14) without the integral expression.
Having written down the equations for Inp,(¢,x) and Inp,(t,x), and taking into
account this result and Eq.(16), we obtain:

B . au(t’ X, a)) 1 02u (t, X, (U)
dtu(t,x,a)) = |:—6l,(t,x)Ti+§bzk(t,x)b]k(t,x)Taxj_
P ou(t,x,w) ou(t,x, )
bin(t %) 5 (b (t,x) -, )}dt bir(t;x) — ——dw(t)+  (18)

—I-JR [u (t, b —g(t, x (t,%,7),7), w) —u(t, x, a))] v(dt,dy),

14

which means that a stochastic first integral (¢, x, w) of the It6 generalized
Eq. (7) is a solution to the GSDE (18).

For a first integral which is a nonrandom function of one realization, the
differential is also defined by an equation of the form of (18).
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Theorem 1.2 Let x(¢) be a solution to the GSDES (7) with conditions (8). A
nonrandom function u(z, x) € Ctlj is a first integral of system (7) if and only if it
satisfies the conditions:

124063 | W) [ 0y 1) (t, %) abik(t,x)} —0,

dxj

2.bii(t,%) “&X) = 0, for all k = 1,m,

3.u(t,x) —u(t,x+g(t,x,7)) = 0 for any y €R, in the entire domain of definition
of the process.

Theorem (6) allows us to obtain a method for construction of differential
equations systems on the basis of the given set of invariant functions.

7. Construction of the differential equations system using the given
invariant functions

The concept of a first integral for a system of stochastic differential equations
plays a key role in our theory. In this section, we will use a set of first integrals for
the construction of a system of differential equations.

Let us write Eq. (7) in matrix form:

dX(t) = A(t,X(t))dt + B(t, X(t))dw(t) + JR O(t,X(t), y)v(dt,dy) (19)

X(0) = xo, £>0.

Theorem 1.3 [22]. Let X(¢) be a solution of the Eq. (19) and let a nonrandom
function s(t, x) be continuous together with its first-order partial derivatives with

respect to all its variables. Assume the set {?D, €1y s ?n} defines an orthogonal

basis in Ry x R”. If function s(t, x) is a first integral for the system (19), then the
coefficients of Eq. (19) and the function s(¢, x) together are related by the conditions:
1. Functions By, (t,x) = > by (t,x)€; (k = {1, ...,m}), which determine
columns of the matrix B(z,x), belong to a set

( B ?1 E»n T )
os(t,x) os(t,x)
0x1 0x;,
B(t,x) €1 q,,(t,x) - det , (20)
) (%) o (£ X) fa o fan
\ L fnl fnn i
where ¢q,,(t,x) is an arbitrary nonvanishing function,
2. Coefficient A(t,x) belongs to a set of functions defined by
1 <~ [0B (£, x)
A(t,x) e {R(t,x) +5 ;[ o ] “By(t,x)}, (21)
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where a column matrix R(z,x) with components 7;(¢,x), i = {1, ...,n}, is defined
as follows:

C'_l(t,x) detH(t,x) = €, + Zri(t,x)?,-,
i—1

C(t,x) is an algebraic adjunct of the element ¢, of a matrix H(t,x) and
detC(z,x) # 0, a matrix H(t,x) is defined as

€, €1 €n
os(t,x) 0s(t,x) s (t,x)
ot 0x1 0x,,
Hex) = h3o har o hy | (22)
L hn+1,0 hn+1,1 hn+1,n ]

and [W] is a Jacobi matrix for function By (¢, x),
3. Coefficient O(t,X,y) = > - ,7i(t, x, v)e;, related to Poisson measure, is
defined by the representation ©(¢,x,y) = y(t,x,y) — x, where y(t,x,y) isa

solution of the differential equations system

Seyr)  Blyer)  dsy(sn)

W) _ g 2 U2 2

o 9 Gty entyCr) - emtyGr | P
L 01 (6Y(57) en(6y(57) 0 (Y5 7)) ]

This solution satisfies the initial condition: y(z,x,7)[,_, = x.
The arbitrary functions fi =1 (#, %), hij = hyj(t,x), and @;; = @;;(£,y(-, 7)) are
defined by the equalities fi]. (t,x) = ofibx) hij(t,x) = Mhi(t.x) and @i(t,9(57)) =

ox j 0x j
0(/)1'(1‘,)/(', 7))

. Sets of functions {¢;(t,y(-,7))} and the function g(¢,x) together form a

J
class of independent functions.

Using this theorem, we can to construct SDE system of different types and ODE
system. Choice of arbitrary functions allows us to construct a set of differential equa-
tions systems with the given invariant functions. Theorem (7) allows us to introduce a
concept of Programmed control with probability 1 for stochastic dynamical system.

8. Programmed control with Prob. 1 for stochastic dynamical systems

Definition 1.6 [18, 19]. A PCP1 is called a control of stochastic system which
allows the preservation with probability 1 of a constant value for the same function
which depends on this systems position for time periods of any length T.

Let us consider the stochastic nonlinear jump of diffusion equations system:

dX(t) = (P, X(t)) + Z(t,X(t)) - u(t, X (t)))dt + (B(t, X(t)) + K(t, X (¢)))dw(t)+
+ J (Lt X (1), 7) + AL, X(0)) )ldt, dy),

(24)

10
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where P(-), Z(-) are given matrix functions and B(-), L(+) are the functions that
may either be known or not. For such systems we construct a unit of programmed
control {u(t,X(t)),K(¢t,X(t)),M(t,X(t))} which allows the system (24) to be on the
given manifold {u(t,X(t))} = {«#(0,x0)} with Prob. 1 (PCP1) for eacht €0, T,

T < oo.

Suppose that the nonrandom function s(t, X (¢)) is the first integral for the same
stochastic dynamical system. The PCP1 {u(t,X(t)), K(¢,X(t)), M(¢,X(t))} is the
solution for the algebraic system of linear equations.

Theorem 1.4 Let a controlled dynamical system be subjected to Brownian per-
turbations and Poisson jumps. The unit of PCP1 {u(t,X(t)),K(t,X(t)),M(t,X(t))},
allowing this system to remain with probability 1 on the dynamically structured
integral mfd s(t, X (¢,x,), ®) = 5(0,x,), is a solution of the linear equations system
(with respect to functions u(z,x(¢))), K(t,X(t)), M(t,X(t)) which consists of
Eq. (19) and Eq. (24). The coefficients of the Eq. (19), (and the coefficients of the
Eq. (24) respectively) are determined by the theorem 7. The response to the
random action is defined completely.

We show how the stochastic invariants theory can be applied to solve different
tasks.

9. Stochastic models with invariant function which are based on
deterministic model with invariant one

In this section we consider a few examples for application of the theory above to
modeling actual random processes with invariants [23]. Firstly, we consider an
example of construction of a differential equation system with the given invariant.
Secondly, we study a general scheme for the PCP1 determination. And finally, we
show the possibility of construction of stochastic analogues for classical models
described by a differential equations system with an invariant function. The
suggested method of stochastization is based on both the concept of the first
integral for a stochastic differentialltd equations system (SDE) and the theorem for
construction of the SDE system using its first integral.

9.1 Construction of a differential equations system

It is necessary to construct a differential equations system for X € R%, ¢ > 0 such
that the equality

X(t) - Yi(t) + Ya(t) +¢ =0 (25)
is satisfied with Prob.1. The equality (25) means that the differential equations
system has a first integral s(t, X (t), Y1(t), Y2(t)) = X(¢) — Y3(t) + Y2(t) + ¢ with

initial condition (0,1,0)":

s(6,X(2), Y1i(t), Ya(t)) = X () — Y2(£) + Ya(t) + € = 5(0,x(0), Y1(0), Y2(0)).

We have
€1 € €3 =2,15() — f>() b ()
Be(-) =qoo()det| 1 -2y, 1 = %o(') _f3(‘) + f1() = | bw(")
f10) fL0) f30) F20) +21f4() b3 (-)

11
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Therefore,
A(2f,0) ~ £50) A-2Wafs0) o)) A-2¥afs() ~ £,0)]
ox oY1 Y,
(Bi(-), V2)Br(-) = g0 (") a(‘fa(‘a)x+f1(')> a(‘fa(é)y*fl(')) a(‘f3(é)yjf1(‘)) %
o f,0) +2Yaf1()  o( f,() +2Y1f1())  a( f,() +2Yaf;())
L ox 6Y1 0Y2 .
—=2Y1(1)f5() — f>() 71()
x| —=f30)+f1() = | p,()

fo() +2Y1(@) f4 () p3()

Thus the new drift coefficients are

Ar() = ¢ (haf 5 = foh3) +2Yi(hof5 — fohs) + hof, — foha P
' fohs —hof 3 + f1ha — Ingy — 2V (haf 5 — f1h3) 2’
As() = é (h3f1 —f3h1) + hof3 —f0h3 + hofl _fohl +&
T fohs—haf s+ fihe — g, = 2Ya(nf, — fihs) 27
_ et(h2f1 _fzhl) - 2Y1(h0f1 _fohl) +hof, —foha | ps

Asl) = fohs —haof 5+ f1ha — hag, —2Y1(h1f3 _f1h3) +?'

According to term 3 of Theorem 1.3, we will determine a coefficient for Poisson
measure. Now we rename variables: Z = (Z1,2,,73) “:=(X, Y1, Y,)*. Then, we have:

(26)

u(t,Z) =2y — 75+ 73+ ¢,
u(t,Z) —u(t,Z +g(t,Z,y)) =u(t,Z) —ut,V) =0,
V=2Z+gt2,y),
gt,2,y) =V, Z,y) - Z,

where a function V(¢, Z, y) solves the a differential equations system:

€1 € €3 —225¢3(57) — @25 7)
ay - - 2 - P17 P3\5Y 5
§01(', 7/) ¢2('9 }’) §03(" }’) (102(" }’) +2Zz(p1(', 7/)’

and satisfies the initial condition V(:,0) = Z. Then, we determine functions

gl(" 7)’g2(" 7),5,’3(" 7)'
Assume, that ¢,(-,7) = yT11’ ®,(-»7) =27, @3(-,7) = 1. Then, we get:

gl(t’X(t)’ Y<t: )’ 7) = _2Y1(t)7/ - 72 _x(t),
gz(t’X<t)’ Y(t»)» 7) =In |7 + 1| -7 + 1- Yl(t>a
g3(t’X(t)’ Y(t, ): 7) = _72 +2Y1Inly +1| - Y.

Finally, we have constructed three variants of differential equations system:

12
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1. deterministic differential equations system:

(dX(t) _ ¢ (haf 3 — fhs) + 2Va(hof5 — fohs) + hof5 — foha
dt fohs —haf 3+ fiho — hig, — 2Y4 (h1f3 _f1h3)

AYs(t) _ & (haf, — F3hs) +hof s — Foha + hof, — fohs
dt fohs —haf 3+ fr1ho — hig, — 2Y4 (h1f3 _f1h3)

dYs(t) ¢ (h2f1 _fzhl) — 27 (h0f1 _fohl) +hofy —foh
LAt fohs—Iofy o+ fin — gy = a(nfs — fihs)

2. stochastic differential equations system (It6 diffusion equations):

O T her T 2RO~
+(=2115() = £,() dwi(?)
hq ho Oh ho 1 0h1
= lfz(h;{l i e ) 250 5O e
+(=f30) + £1() dwa(t)
_ et(h2f1 _fzhl) — 2Y1(h0f1 _fohl) +h0f2 _foh2 1
e = [ fohs —haf 5+ fiho — g, — 2Y1(haf5 — f1h3) i(fz +2Y4(t)f1()) |dt+
+( 1) +2,1f1()) dwa(t)

3. stochastic differential equations system (jump-diffusion Ité equations):

et hz — 2h 2Y1 ho — h h() 7 h2
oo [ s T gy 3O ~ 0
+H(=2.f50) = £,0)) dwi(®) + [ [-2Y1(0)y — v* — x(0)]u(dt, dy),
( 3f1 fh1)+h0f —fohs+hofy— foh 1
le( ) fzh?: 2f33+f1h2 — h3]g2 — 2Y1(h1f3 f1h3) ( f3( ) +f1()) dt+
F(—f5() + 1)) dwale) + fy [Inly + 1~y +1 - Ya(©)]uldr,dy),
| ¢ (haof 1 — fol) = 2Ya(hofy — foh1) +hof, _fth 1
TOL l faohs —haof 5+ fiha — hagy — 2Y1(haf 5 — fihs3) (fz A
H(£20) +22.f1(0)) dwa(t) + f [=r* +2Y1Iny + 1|=Yo]u(de, dy).
(27)

We choose the functions q,,(-), f;(-) and k,(-), i = 1,2, 3, in accordance with the
restriction of the task and taking into account the utility for modeling.

9.2 Transit from deterministic model with invariant to the same stochastic
model

Now we describe a general scheme for application of the theory above.

The suggested method of stochastization is based on both the concept of the first
integral for a stochastic differentiallté equations system (SDE) and the theorem for
construction of the SDE system using its first integral.

13
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Let us consider a classical model

dy,(t) = Fi(t, y(2))dt,
dy,(t) = F>(t,y(t))dt, (28)
dy,(t) = Fs(t, y(t))dt,

with an invariant « (¢, y).

Then we construct the GSDE system, taking into account the equality
u(t,x(t)) = u(0,%(0)) = C:

)=a
dxy(t) = aa(t, x(t))dt + by (¢, x(t))dw(t) + [ g, (¢, x(t),y)v(dt, dy), (29)
)=a

(30)

Further, we determine complementary function which is unit of control func-
tions for PCP1:

y
y(©)), (31)
y

Finally, we have constructed stochastic analogue for classical model described by
a differential equations system and having an invariant function.

9.3 The SIR (susceptible-infected-recovered) model

The SIR is a simple mathematical model of epidemic [24], which divides the
(fixed) population of N individuals into three” compartments” which may vary as a
function of time ¢.

S(t) are those susceptible but not yet infected with the disease,

I(t) is the number of infectious individuals,

R(t) are those individuals who have recovered from the disease and now have
immunity to it,

the parameter 1 describes the effective contact rate of the disease,

the parameter p is the mean recovery rate.

The SIR model describes the change in the population of each of these compart-
ments in terms of two parameters:

ase) _ SmIw)
d N
d;(tt) _ As(tx(t) ), (32)

14
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and its restrictsion is
S(t)+I(t) +R(t) = N. (33)

Let the model with strong perturbation be

(

dS@)::(—Aaﬁgﬁ)+sﬂaS@LI@LRﬁ»)dr%

+b1(8,S(t),I(t), R(t))dw(t) + |, gl(t, S(t),1(¢),R(¢t), y)v(dt,dy),

W@ZO&%®_M@
)

I
dR(t) = (uS(t) +s3(2,S(2), 1(2), R(¢)) )dt+
I

(34)
and
u(t,S(t),1(t),R(t)) =S(t)+1(t) +R(t) — N =0. (35)

Suppose that the function u(¢,x,y,2) = x +y +2 — N is a first integral,
v(t,x,y,2) =2¢ " +x and h(t,x,y,2) = y are complementary functions, and
q(t,x,y,%) = x is arbitrary function. The initial condition is: x(0) = 1, y(0) = 0,
2(0) = 0. Then constructed differential equations system has the form

dx(t) 2e7t 0 0

dy(t) | = |0 dat+ | x(t) dw(t) + J x(t)y) |v(dt,dy). (36)
RY

dz(t) —2¢7t —x(2) —x(t)y

Let us simulate a numerical solution of Eg.(36), where N = 1 (for example).
Figure 1 shows simulation for system without jumps, the Figure 2 shows the
processes with jumps.

(Jxl\'. |’?l\ """""""""""
X01 = )-"1 I —= |0 XD = X01 “rvi =wl.
\z1) 0 ;
X,  =X+hl- Fl{‘ti,X.L, ++/hl - Bb{t.X;) - W, U, = ul{t.X
U1=ﬂ UIDD=0 U].OOD=D
4
(x), *4 I —
-'—'—‘_'_"—_'——
(%), os— I 1 7&%
W PR .
(%), _08 At iy MY )*’f w
- WAL ‘\' Wr’
Sl 7
wf

Figure 1.
Numerical solution for Eq.(36) without jumps.
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] +
| BT 'l == mom(Steps, 05,13
Zy=X01>|0| Z;=X0 Wy, =wl R W | TRl
0 B R1 = runif (Steps. 0, I}

T =E4H- rl['ai,zi) +hl- bb{jti,Zij' LW+ if{‘mi. < x{ti,zi) - hi, g{fti,zi,ni),o}

Uzi = ul{ti, Zi)

Uz, =0 Uz,,,=0 Uz, 000= 0
4

- A A A
(i), [ B— P j

_- SN | = AVt i s Par
(Z), o A - "D(
@, e M VAN Mo s,
Uz )
A . Y

Figure 2.
Numerical solution for Eq.(36) with jumps.

In such a way we could use the system of differential equations
(dy,(t) = 2e7'dt,
dy, (1) = y,(O)dw(e) + [ 1y, (e)v(de, dy),

3 (37)
dy,(t) = —2e7'dt +y,(t)dw(t) — [yy,(t)v(dt,dy),

(»(0) =Yo>

as initial step for construction of stochastic SIR-model. A good choice of com-
plementary functions v(t, x, y,2) and k(z, x, y, 2) allows us to obtain such coetficients
that ensure that the solution {x(¢),y(¢),2(¢)} of the differential equations system
satisfy some reasonable limitations.

9.4 The predator-prey model

The Lotka - Volterra equations or the predator—-prey equations used to describe
the dynamics of biological systems in which two species interact, one as a predator
and the other as prey.

The Lotka - Volterra model makes a number of assumptions, not necessarily
realizable in nature, about the environment and evolution of the predator and prey

populations:
* The prey population finds ample food at all times.

* The food supply of the predator population depends entirely on the size of the
prey population.

* The rate of change of population is proportional to its size.
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* During the process, the environment does not change in favor of one species,
and genetic adaptation is inconsequential.

* Predators have limitless appetite.

Let us note: N;(t) is the number of prey, and N;(t) is the number of some

predator, €1, €2, 17; and 7, are positive real parameters describing the interaction of
the two species.

The populations change through time according to the pair of equations:
{ dN1(t) = N1(t)(e1 — N> (t) )d,

(38)
dN, (t) = —-N, (t) (82 — 7’]2N1 (t))dt
Eq. (38) has the invariant function

Nl—ez (t)e”le t) — CN;I (t>e—'71N2 ) ,

(39)
where C = const.
We can introduce the stochastic model as a form
(dx1(t) = (e1%1(8) — max1(£)x2(t) + 51(t, %1(¢), x2(2)) )dt+
+b1(t, x1(£), %2(¢))dw (t) + [ g1 (& %1(2), %2(2), v)u(dt, dy),
dx,(t) = (—exx2(t) + 12%1(£)x2(t) + s2(2, 21(2), %2(2)) )dt+ (40)
ot x1(8), %2(0))AW () + [ g3(t2261(6),2(0), ) ),
(x1(0) =N1,  x(0) = N,
with condition
u(t,x(t)) = x5 (t)e™1 V) — Cx& (¢)e ¥, (41)

Let us assume that e =2, ¢, =1, 5, =1, = 1, and C = 1, and initial condition is
x(0) = y(0) = 1. The function u(t,x,y) = x 1¢* — y*¢~% is a first integral,
h(t,x,y) =y —x +e¢ " and q(t,x,y) = x are complementary functions.

We cannot find an analytical solution of the differential equations system

0z1(t,%,9,7)

0 = ¢ 2z (8,5, 9, 7)%a (8, %, 95 7) (32 (8, %, 9, 7) — 2),
y

a t, 3 ) - n

ZZ(+;/;V}/) = —e AlbxYr) (1 — 27 (6,%, ), 7))

Then, the constructed SDE system includes only Wiener perturbation:

[dx(t) B
dy(t)

A(t, x(2),y(2)) + B(t,x(t), y(t)) + C(t,%(2), y(t))

dt+
D(,x(¢),y(t)) + E(t,x(),y(t))
x(0)e 72 (1) - 2(1)) (42)
+ &) aw(t),

c X
<@ °
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where

At (1), (1)) = 0.5¢7Ox(t) (y2(0) - zy(t)e—y@)z,
B(t,x(t),y(t)) = 0.5 (x(t)ex(t) - ex(t)x_l(t)) (2= 4() +5%(t)),

e te PV ()2 (1) — Zy 1))
C(t,x(t),y(t)) = e Ox1(t) — () D — e Ox2(2) + y2(t)e )
e te* W (x7Ht) —x72(t))
D(t,x(t),y(t)) = ex(t)x—l( ) — 2p(t)e 7O — e x2(t) + Z(t)e y(t)°
Bt x(0),9(2)) = —0.5¢ 00 () —29(2)) (1 —x () + x(t) — 2+ 2x ().

(43)

_______________________

"""""""""""" 10 1
Y =Y +hl- ﬂ[t]. ,Yj} + il - b{t.,Y.) - = yﬂ) - [J

j
UY, = ul{ti,Yi} UY, =233 193¢

b e O 800 890 0 0P e eP eSO Rddogtonense

Figure 3.
Numerical simulation 1 for solution of Eq.(44).

.......................

w4 = momn(Steps1,0,1) [XOJ [1)
) Y0 = -
Y=Y, +hl- ﬂ( Y} \fﬁ»b[tj,Yj)»wdj L ) 1

Uy, = ul( i,Yi} UY, =235 UY, 0= 235 UY | 00 = 2338

25
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21
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i . NV N !
s e e e, b _"_,/‘-"'“
0.9 v J“"‘\J'Hu
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0 01 02 03 04 0.5 0.6 0.7 0.8 09 1
t

Figure 4.
Numerical simulation 2 for solution of Eq.(44).
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Finally, we have the stochastic Lotka Volterra model associated to (38)

(N(2) = (N1(2), N2(2))):

[dN1(t) ~ |A[N() + B, N(2) + Ct, N(t)) it
dN,(t) D(t,N(t)) + E(t, N(¢))
_Nz () (N%(t) 2N, t)) (44)
+ N1(0) " aw(t),
N1(z) e

where A(t,N(t)), B(t,N(t)), C(¢t,N(t)), D(t,N(t)), E(t,N(t)) are determined by
Eq.(43).

Figures 3 and 4 show two realizations for numerical solution of Eq. (44).

Another examples of a differential equation system construction and models see

n [25-29].
10. Conclusion
The invariant method widens horizons for constructing and researching into

mathematical models of real systems with the invariants that hold out under any
strong random disturbances.
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