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AHOTALIS. Y it crarri po3rIAmAETbC 3ajada  KepyBaHHS CTOXACTUIHOIO
€BOJIIOIITHOIO CHCTEeMOIO IiJ BIJIMBOM MAapPKOBCHKO-MOIYJTHOBAHUX ITyaCCOHIBCHKUX
30ypeHb y cxeMmi ycepemuents. Taxwuii rporiec 30ypeHHsI MOEIHYE ITYACCOHIBChKUIT
IIpoIec 3 MAapPKOBCHKUM IIPOIECOM, SAKUN MOJYJIIO€ IHTEHCUBHICTH cTpuOKiB. Il
[IOCTAHOBKA 3aJ1a4i JT03BOJISIE MOJIEJIIOBATH CUCTEMHU 3 IIEPEXO/IaMU MiXK pexkumamu abo
31 3HATHUMY PIAKICHEMN CTpUOKaMHU. ¥ i 3a71a49i (QyHKINS KepyBaHHs BU3HATAETHCS
YMOBOIO €KCTpeMyMy (QYHKIII KpuUTepito sikocti. B meprry wepry ToC/ipKyoThCs
ACUMIITOTUYHI BJIACTUBOCTI CTOXACTUIHOTO IIPOIECY €BOJIONil Ta KepyBauus. Jlra
BOro MOOYIOBAHO T'€HEPATOP i I'PAHUIHOTO ITPOIECY, IO JA€ 3MOI'Yy PO3B’si3aTu
3aJ1a49y PO CHHIYJISPHE 30ypeHHsI BUXIIHOTO Mpotiecy. OTpuMaHuii pe3yiabTar J03BOJISIE
cOPMYJTIOBATH 1 JIOBECTU TEOPEMY IIPO CJIAOKY 3012KHICTb €BOJIIOIIIHOIO TIPOTIECY /10
ycepemaenoro. Po3B’s130K JieTepMiHOBAHOTO AUQEPEHIaJIbLHONO PIBHIAHHS BU3HATAE
TPAHUYHUN MPOIEC JJIsT CTOXACTUIHOI €BOJIOMIITHOI CUCTEMHU HAa 3POCTAIOYUNX YACOBUX
inrepBajiax. OTpUMaHU Pe3yJIbTAT JI03BOJISIE CPOPMYITIOBATH YMOBH, sIKi 3a0€311€IYI0Th
c/1abKy 301KHiCTh (DyHKINT KEpYBaHHA JI0 ONTUMAJILHOIO KEPYBAHHS.

Asstract. This paper discusses the control problem for the stochastic evolution
system under Markov-modulated Poisson perturbations in the averaging schema. Such a
perturbation process combines a Poisson process with a Markov process that modulates
the intensity of jumps. Formulating the problem allows us to model systems with
transitions between regimes or significant rare jumps. In this problem, the control
function is determined by the condition of the extremum of the quality criterion function.
The asymptotic properties of the stochastic evolution and control coupled process are
being investigated initially. For this purpose, we build the generator for the limit
process, solving the singular perturbation problem of the original process. The obtained
result allows us to formulate and prove the theorem about weak convergence of the
evolution process to the averaged one. The solution of a deterministic differential equation
determines the limit process for a stochastic evolution system at increasing time intervals.
Then, the obtained result allows us to formulate the conditions that ensure the weak
convergence of the control function to optimal control.

1 INTRODUCTION

The study of stochastic evolutionary systems is becoming increasingly important in various fields
of science, including network traffic modeling, financial modeling [4], and modeling of service and
reliability since these systems can effectively describe the randomness and uncertainty inherent in
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real-world phenomena. This paper investigates the control problem for a stochastic evolution system
influenced by Markov-modulated Poisson [5] perturbations in the averaging schema. Such a type of
disturbance combines a Poisson process with a Markov process that modulates the intensity of jumps.
This allows us to model systems with transitions between regimes or significant rare jumps, often
observed in natural and technical processes. Our primary objective is to analyze the asymptotic
behavior of the controlled stochastic evolution system and establish conditions for its convergence to
an averaged deterministic counterpart.

A key aspect of our investigation is formulating an optimal control function based on a stochastic
optimization procedure. By defining the control function through an extremum condition on the
quality criterion, we derive sufficient conditions under which the optimization procedure converges
to an optimal control with probability one. These conditions rely on the stability properties of the
averaged system and appropriate constraints on the optimization scheme’s learning rate and step
size.

2 PROBLEM STATEMENT

We consider the optimal control problem for a stochastic evolution system influenced by the
Markov-modulated Poisson perturbations. The system dynamics are defined by a stochastic differ-
ential equation in which both the control function and the stochastic disturbances are subject to
the influence of an underlying ergodic Markov process. The task is to determine a control strategy
uf(t) that minimizes quality criterion J(y,u,x). To achieve this, we consider the averaging schema
approach, which allows us to approximate the behavior of the original perturbed system by an
averaged deterministic counterpart in the limit. The aim is to analyze the asymptotic behavior of
the coupled stochastic system and optimization procedure, establish the weak convergence of the
controlled process, and derive sufficient conditions under which the control function converges to an
optimal solution with probability one.

Let’s consider a stochastic evolution system in an ergodic Markov environment given by the
evolution equation [10, p.54]

dy®(t) = C(y*(t),u(t), z(t/e))dt + a(t) N, (t)dt, (2.1)

where y*(t) € D(R>o,R™) is Skorokhod space of cadlag functions |2, p.123| (right-continuous with
left limits) on R>g with values in R". a(t) € C(R>q) represents the size and effect of the jump at
time ¢ and u®(t) € C(R>) is a control function.

An uniformly ergodic Markov process 6, p.6] x(t),t > 0 in the standard phase space (X, X) is
defined by the generator |7, p.7|

Qo(z) = qlx) / P(z,dy) [p(y) — o(z)] o € B(X).
X

Here B(X) is a Banach space of bounded functions with supremum-norm ||¢|| = max lo(x)] [7, p.2].
Te

Stochastic kernel P(z, B),x € X, B € X defines uniformly ergodic embedded Markov chain
Ty = x(Ty), n > 0, with stationary distribution p(B), B € X. Stationary distribution 7(B), B € X
of the Markov process z(t),t > 0, is defined by the representation

r(dz)q(z) = Gp(dz), 4 = / m(de)q(z).

X

We denote Rg as a potential operator of the generator Q, which is defined by Rg = IT — (IT+ Q) !,
where ITp(z) = [ m(dy)e(y) is a projector on the zeros subspace Zg = {¢ : Qp = 0} of the operator
X

Q.
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Poisson process NE:(t) is the process of counting the number of events that have occurred up
to time t. The arrival rate of events at the moment ¢ is defined as A(z(t/<)); that is, the intensity
parameter is modulated by the Markov process of the state [9, p.10].

Compensated Poisson process N,(t) defined as

Naft) = N3(6) = A(0) = N(0) — [ Ma(s))ds, (2.2)
0

The compensated Poisson process is used to center the jumps, i.e., E[N,(t)] =
It can be shown [12, p.104] that the generator of the process N () (2.2) has the form

Wo(N) = Mz)[Rs — Tp(N) = Az)@' (N),

where R1¢(N) = (N + 1) and Ip(N) = p(N). )
Also, it can be shown that the averaging of the process N, (t) along the stationary distribution
of the moduling Markov process equals zero, i.e

TIN,(t) = / 7(dz)N,(t) = 0. (2.3)

3 STOCHASTIC OPTIMIZATION PROCEDURE FOR CONTROL FUNCTION

Control function |1, p.1] u®(¢) for equation (2.1) is defined by the quality criterion J(y,u,x),
that has unique extremum (we will consider Infinium for the sake of simplicity) for each value of
process y and for each state x of the Markov process z(t) at interval [t;,t;11). More precisely

u* = arginf J(y,u,x).
u

Lets also J(-,u,-) € C?(R"), i.e. twice continuously differentiable.
Control u(t) is completely determined by the system
9J(y, u,x)
ﬁui

=0,7=0,n.

Consider stochastic optimization procedure for control function u°(¢) in the form

du (1) = a(t)V g J (4 (), us (1), 2(t/¢) )dt, (3.1)

where a(t) is the learning rate and 3(t) is a difference scheme step.

vﬁ(t)‘](v u, ) =

u;t:u:tﬂ(t)ei,ei:(o,...,

Functions «(t) and §(t) are satisfying conditions «(t) — 0, 8(t) — 0 for t — 0.
Let general initial conditions have the form

y(0) = yo, u(0) = uo, v(0) = wo. (3.2)

Lemma 3.1. Generator of the four-component process (y¢(t),uf(t), N4(t),z(t/)) has the
asymptotical representation [8]

£ (Clux) + Ad)ply, u,w.2) + W)y, w,2). 33
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where

Be(z)p(y, u, w,z) = a(t) Vg J (y, u, )l (y, u, w, T),
C(u, z)p(y, u, w, x) = C(y,u, x)py, (y, u, w, x),
Aep(y, u, w,x) = a(t)we)(y, u, w, ),

W (z)e(y, v, w,z) = Mz)[Ry = To(y, u, w, z)—
=&)Y, u, w, ).

Proof. Similar to lemma 1 in [12, p.103|, we calculate the conditional expectation within the
definition of the process generator. O
Lemma 3.2. Singular perturbation problem [13] for the operator (3.3) on the test functions

O (y, u, w, ) = @y, u, w) + epo(y, u, w, )
has the solution in the form
L# (2)¢® (y, u, w, ) = Lo(y, u, w) + b(x)p(y, u, w, x), (3.4)

where the remaining term 6°(z) is uniformly bounded on z.
Limit operator L is defined by

LIT = IIBII + IIC(u, z)IT + ITW (x)II. (3.5)
Proof. Lets conduct the similar terms with respect to e to proof the equality (3.4)

L6($)¢€(y’u7w7:ﬂ) = g_lQ(P(ya u, U])—{—
Q@O(yvuvwvx) + [Bt(x) + C(’LL, ‘T) + A¢ + W(I)](p(yvuaw)
+e[B¢(x) + C(u, x) + At + W(x)]wo(u, w, x).

Since ¢(y, u, w) doesn’t depend on z, then
Qo(y, u,w) =0, o(y, u,w) € Zg.
The following term would be written in the form Qeo(y,u,w,z) + [By + C(u,z) + A¢ +
W (2)]o(y, u, w) = Lo(y, u, w). i i
According to (2.3): ITA¢ = ITa(t) N (t) = a(t)IIN,(t) = 0. So we can obtain limit process L in
the form ((3.5)) using the solution condition of the last equation. Then
@0(% u,w, 33) = RO[Bt(:E) + C(“? l’) + A¢ + W(ZL‘) - L]Sp(ya u, w)
and taking into account that RgL = 0, we obtain
()OO(y7 u,w, l’) =Ro [Bt (I’) + C(u7 1’) +A¢ + W(x)]@(ya u, w) <36)
Using (3.6) we can bring the last term to the form
Bt + C(u, ) + Ac + W(z)lpo(y, u, w, ) =
e[Be(z) + C(u, z) + Ay + W(z)]
Ro[Bt(z) + C(u,x) + A¢ + W(2)]p(y, u, w) =
e0(x)p(y, u, w).

We can proof that #(x) on the functions ¢(y, u,w) is bounded using the form of operators By (z),
C(u,z), A¢, R+, W(z) and Ry. O



32 Chabanyuk Ya., Semenyuk S., Khimka U., Kukharska N.

Theorem 3.3. The weak convergence holds true
(v (), u" (1), N5 () = (§(1), a(t), N(1)), & — 0.
Limit process (§(t), a(t), N(t)) is defined by the generator
Lip(y, u,w) = Cly, w)e(y, u, w) + Wep(y, u, w) + Beo(y, u, w), (3.7)
where
Cly, wp(y, u,w) = Cly, u)g),(y, u, w),
Cly,u) = IIC (u, z) = /ﬂ(dx)C(y,u, x),

W@(.U? u, U)) AHH(R+ - I SO y,u ) AH(pw(yv u, UJ)
AH = H)\ /7‘(‘
X
Bio(y, u,w) = at)V g0y J (y, u) oy, (y, u, w),

Iy =T (g 2) = [ 7(do)I(y.u,0)
X
Proof. After calculating the right part of the (3.5) we obtain the generator L in form (3.7).

Theorem proof completion is made using the theorem 3.2 from [7, p.79].
In this case limit process (9(t), u(t)) for control problem is defined by the differential equations

O
Theorem 3.4. Let Lyapunov function V (y,u) of the averaged system
du
= J(y,
I (y, u),

where J*(-,u) = VJ(-,u) = {é%]i’i = 0,n} for arbitrary value of the process y, exists and provides
its exponential stability

J*(ya )V/(y7 ) _CUV(y7 ) co > 0. (38)
Let for B(t) > 0 function J(y,u) satisfy global Lipshiz conditions

Vo (y,u) — I (y,u)| < c1B(t),c1 > 0. (3.9)
Let also
(3.10)
and
/ t)dt = 0o / t)dt < oo,tp > 0. (3.11)

Then the solution for control problem (2.1), (3.1), (3.2) converges with probability 1 to the optimal
control of the averaged system, i.e.

P{limu®(t) = u(t)} = 1.

e—0
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Lemma 3.5. Generator of the control function B¢(z) allows an asymptotic representation
B (2)Ve(y, u, w, z) = B¢V (y, ) 4 ey (2)V (y, ),
where [|0y (z)V (y,u)|| < M, M > 0, B¢V (y,u) = )V J (y,u)Vy(y,u) and
Ve(y,u,w,z) = V(y,u) + Vi(y,u,w, x)

is a perturbed Lyapunov function.
Proof. From lemma 3.5 and conditions (3.8), (3.9) and (3.10) the following estimation can be
obtained
Bi(2)V(y,u, w, ) < —coa(t)V (y,u) + c*a(t) B(1)(1 + V(y, u)).

Then the theorem proof completion is made using the condition (3.11) similar to the Theorem 2
in [3, p.111]. O

4  CONCLUSIONS

The obtained result allows us to construct the limit process and the stochastic optimization
procedure for the initial control problem for stochastic evolution with the Markov-modulated Poisson
perturbations and control, determined by the condition for the extremum of the quality criterion
function. Sufficient conditions for the convergence of the procedure to optimal control with probability
one are obtained for the averaging schema. Further work may include investigation of the fluctuations
of the evolution system [11, p.717] while optimal control would be applied.
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