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EXACT FORMULAS FOR MARKOV RETRIAL QUEUES CONTROLLED
BY HYSTERESIS STRATEGIES

This paper examines the Markov model for multiserver retrial queues with an input flow rate that depends on the number of calls in
orbit and is controlled by hysteresis strategies. The system consists of n identical servers. If an incoming call finds a free server, it
occupies it and is served for an exponentially distributed time. If all servers are busy upon arrival, the call joins the orbit and returns for
service after a random period of time. The system's service process is described by a three-dimensional continuous-time Markov chain.
We first establish the conditions for the existence of a stationary regime. Next, we provide exact vector-matrix formulas for steady-state
probabilities. Our investigative technique is based on approximating the input system by the system with a truncated state space and
contains an effective computational algorithm. For n = 1 and n = 2, the representations can be simplified to closed scalar formulas for
stationary probabilities using the model parameters. These results are consistent with earlier works. To demonstrate practical
significance, we present a multi-objective problem of maximizing total income generated by the system. Considering the economic nature
of the problem, we utilized the method of linear convolution of criteria. The obtained representations enable us to determine an optimal
strategy that maximizes the objective function.
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Introduction

Classical retrial queues are defined by a specific feature: when a call arrives and all servers are busy, the call leaves the
service area and retries after a random period of time. This feature is crucial for modeling computer and communication
networks (Das, Lobiyal, & Katti, 2016; Saxena, Chauhan, & Kait, 2016), as well as other scenarios such as stacked aircraft
waiting to land, traffic management problems (Rao, 2017), and queues of retrial shoppers. The fundamental works of (Falin,
& Templeton,1997; Artalejo, & Gomez-Corral, 2008) have accumulated the results of the retrial queue theory. Most
researches on retrial queueing systems focus on analyzing steady-state distributions. Explicit formulas for stationary
probabilities enable fundamental analysis of system performance measures, optimal control, and more. However, this problem
has only been solved in the simplest cases of one or two servers (Gomez-Corral, 2002; Falin, & Gomez-Corral, 2000) or for
special classes of retrial queues (Fiems, 2022; Lebedev, Ponomarov, & Livinska, 2022).

This work assumes that the parameters of the retrial queue may depend on the phase state of the service process
(Mandelbaum, & Pats, 1994; Makushenko, Usar, Livinska, & Sharapov, 2023). From a mathematical perspective, the
assumed dependence makes the retrial queue model more complex. The method of generating functions, which has been
effective for classical models (Falin, & Templeton, 1997), is not applicable. Therefore, we have developed an alternative
approach based on approximating the input system characteristics with the corresponding characteristics of the system with
a truncated state space. The similar approach was used in (Atencia, Lebedev, Ponomarov, & Livinska, 2019) for queues
controlled by threshold policies. The approach developed in this study is applied to state-dependent retrial queues controlled
by hysteresis strategies to determine the explicit representation of steady-state probabilities. Subsequently, the obtained
results are utilized to identify an optimal set of strategies that maximizes the total income from the system.

1. Mathematical model

Consider a three-dimensional Markov process Q(t) = (Qi(t), Q,(1), Q5 (t))with continuous time in phase set

S=sWys@ sWns@ =g,
where SO = {(i,j,1):i=0,..,n,j =0, ..., H, — 1}, S® = {(4,j,2):i = 0,...,n,j = Hy, ... }.
Local characteristics q((lf;f}f?r,) of the process Q(t) are defined in the following way:
eFor(i=0,..,n—1,j=0,..,H,—1L,r=1D)V(i=0,..,n—1,j=H +1,..,r =2)
A, when (i',j',r") = (i + 1,j,7),
i, when (i',j', ") = —1,j,7),
@jr)

Gty = ju.when (i',j',r') = (i +1,j = 1,7),
_(}\T + lu + jv)' When (i!‘jl' T’) = (iljl T);
k 0, otherwise;

eFor(i=mnj=0,...H,—2,r=1D)V(i=nj=H+1,..,r=2)
A, when (i',j',r") = (n,j + 1,1),
q(l;],TI') = ny, when (l",_]",?",) = (Tl - 1ﬁj! T'),
G| = +np), when (@', j',r") = (i,/,7),
0, otherwise;
eFori=nj=H,—-1r=1
A,when (i',j',7") = (n, Hy, 2),
(nHy—1,1) _ ny,when (i',j',v') = (n—1,H, — 1,1),
Ao jeny = —(A + nw),when (i',j',r") = (n,H, — 1,1),
0, otherwise;
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e Fori=0,..,n—1,j=H,r=2
Ay, when (i',j',r") = (i + 1,Hy, 2),
iw,when (i',j', ") = (i — 1, Hy, 2),
q((f,'j% j),) Hyv,when (i',j',v") = (i + 1,H; — 1,1),
—(\, +ip+ Hyv),when (i',j',r") = (i, Hy, 2),
0, otherwise.

The Markov chain Q(t) describes a service process in the following system. The service facility consists of n identical
servers, each with a service rate of p > 0. The rate of retrial calls flow is v > 0. Two natural numbers H, and H, (H; < H,)
represent the lower and upper thresholds, respectively. If the number of retrial calls j < H; — 1, then the queue operates in
the first regime and the input flow rate is equal to ;. If j = H,, then the queue operates in the second regime with the input
flow rate A,. If H; < j < H, then the queue remains in the regime in which it previously operated. This switching of the operating
mode is called a hysteresis control strategy. The first component, Q, (t), indicates the number of busy servers at time t > 0, and the
second component, Q,(t), is the number of retrial sources. Q;(t) indicates the current operating mode.

2. Steady-state analysis

Conditions of stationary regime existence for the process Q(t), t = 0 are the following.

Lemma 1. Under A, /nu < 1 an ergodic distribution of the process Q(t) exists and is the same as single stationary one.
If from the phase set S = S® U §@) we eliminate the finite number of points
{G,j,r:i=01,..,n;j =0,1,..., Hy; v = 1,2}
then for the residual part of S and the Lyapunov test functions ¢(i, j, ) = ai + j, (i,j,7) € S the conditions of Tweedy theorem
(Falin, & Templeton, 1997, p. 97) are held. This proves a conclusion of the lemma.

To construct calculating schemes and explicit formulas, we consider the truncated ((M_Q/M)/n)/N- queue with a finite
number of retrial calls, N. As N approaches infinity, this queue approximates the initial model. Therefore, to eliminate details
unrelated to the main topic, we assume that N is greater than H,.

Local characteristics q((;;{}.f_)r,)(zv), @, j,7), @, j" ") € S(N), S(N) = SO U SA(NV), SOWN) = SD, s@N) = {(,},2):i =
=0,1,..,n;j = Hy, ..., N} of the truncated queue are the same as the above except the case i =n, j = N, r = 2 where

ny,when (i',j',r') = (n—1,N, 2),
((L"?’Zr) (N) =< —np,when (i',j',v") = (0, N, 2),
0, otherwise.

Let Q(t,N) = (Q.(t,N), Q,(t,N), Q;(t, N))T be the homogeneous Markov chain in the phase set S(N) with continuous time
t > 0 and the transition probabilities given by the infinitesimal rates qg/ ™) D, G jy), (@, r") € S(N).

Then for the process Q(t, N) a stationary distribution always exists and we will denote it by

(V) = mP(Q:(8) = i, Q;(6) = j,Q3(t) =7, i,j,7) € SN).
Our next goal is to find the stationary probabilities n(r) (N).
We introduce the notations for vectors and matrices WhICh are given by the model parameters:

T
w0 = (r W), . my W)

n
AT = ”ag,:)(j)”i ,is a matrix with entries, a{”, () = ( + v, i = 2,..,n — ;

+ 1)vn
UREDLLCT A
(T)(]) A
G+ Dv, +nw
—k=n-1,
—
and all other entries are equal to 0;
n
BM()) = “bi(,?(i)“ e is a three-diagonal matrix with entries b(r)l(]) ==, i=2,..,n bi(ir)(j) =A+jv+(—-Dy i=
i=
12,. bﬂﬂﬂ:—mi=me—n
[B(r)(])] =B®(j),j=0,,..,N — 1 (for the sake of reduction of long formulas);
CN) = Il cire(NMFe=1, where (c12(N), c12(N), .., e (N)) = €] = (1,0, ...,0); and for i=2,.,n

(et W), 2 (), e €in (WD) = (BE N, BZ (N, B2, () )

n
D™ = ”dl(,:) Ly Where
Hlvnu
i =nk=12.
i) =37 T
0, otherwise;
H,—-1 Ha—1 (k-1
[[]mﬂmMWQ E+§:Iqémmmﬂw BO)DD|,j = 0,1, ..., Hy,
D _ i=j k=H, \ i=j
F (])_ Hy—1 [g—1
EZITEmGMmG)Em@wmsz%”&—L
k=j \i=j
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H,—-1 [k—1
FOG,N-1)={E - Z HB(Z)(L)A(Z)(L) B@)p® | x
k=j =j
Hy—1 [ k-1 1 /j-1 N-
x|E + Z HE(Z)(L')A(Z)(L') B@(l)p® HE(Z)(L')A(Z)(L') 1_[ BD)AD(i),j = Hy, ..,N — 1.
k=H; \i=H, i=H; i=j

By convention %%, ... is equal to the null-matrix under k > m.
F@@,N) = F@(,N-1)C~*(N),j = Hy, .., N — 1.
FOGNOFD(H, N)e
AV = — GFZ(Hy, Ney . j=01,.. H,—1.
J €1 F(l)(O)F(Z)(Hi,N)ei
F@(j,N)ey

TFO(0)FD (Hy, N)e,’

AP (V) = j=H,,..N.

We also set
. 1,j<m,
Xim () = {O,JOtherwise,
)_(m(/) =1- Xm(i)-
Explicit representations of vector-matrix form for ”g’) (N), (i,j,7) € S(N)can be obtained using the above notations.
Theorem 1. If 1;,2, > 0 then for any N > H, the following formulas for stationary probabilities of the process Q (¢, N) hold true:
nO(N) = n§o (AP (), j = 0,1, .., H, — 1,

2 (V) = 160 (VAP (W), j = Hy, ..., N,

(V) = my (V) [”“)” 1T(n)A<?1 (VMx,—2 () + 22T AT (N, 2] (1
j=01,.., H,—1;
) (V) = oy (V) [ L2217 (n A2, () - AT (A (N, ()], )
j=Hy ..,N—1;
D) = 1w ([xz+(n—1)u+lvv]i£:—AzeZ_Z)Ax”(N) 3)
and
& G+ v
Y (V) = z 17 (n) (A§1)(N) e A8 (N Xay—2 () + —A(z)(N))_(Hl_Z(j)> +
- 1
j=0
+EN5 17 (n) (A,@(N) + E2 AP, () - 2 ) (N)xHZ-l(f)> - (4)

- 1 -
HTEAP W) + - (D + (0= D Nlely = hpel AP )

Proof. To determine the probabilities ng)(N), we utilize the equality of probability flows through a separation boundary of
the phase set into two subsets in the steady state (Walrand, 1988, Section Il). Foreachj = 0,1, ..., H, — 1, we divide the phase
set into two subsets: S(N) = S].(l)(N) U STI-(D(N), where Sj(l)(N) ={(iy,ip, 1):i; = 0,1, ...,n; i, < j}. By equating probability flows
through the separation boundary, we obtain:

M0 = G+ DV ISR, (). =0y =2, ®)
n-1
2w = G + 1>vz LOETADIAD)
i=0 i=0
j=H —1,.,H,-2 ©
7\1“1(11212 1(N) = Hyv 37, ”1(121) (N),j=H, -1 (7)

For each j=H,,..,N—1 we consider the decomposition of the phase set S(N) = S].(z)(N) U STJ(Z)(N), where
Sj(z)(N) ={(iy, iy, 2):i; = 0,1,...,n; H; < i, <j}. Equating probability flows through the separation boundary we arrive at
the following set of equations:

WS (V) + Hy Sl (V) = (G + Dy Zis nl, (V), (8)

j=Hy e Hy— 1,
WS (V) + Hyy SR s (N) = G+ Dy B nia) (V) + Ay, (V), 9)

j=Hy..,N—1.

Now for the phase points (i,j, 1), i =0,1,. -1,j=0,1,..,H, — 1, we write the Kolmogorov equations:
[y + i+ jvlmty (N) = xl fl)lj () + (l + 1);11[&)1] (N) + G+ Dvm, (0, (10)
1—01 1,j=0,..,H,—2,j#H,— 1,
A+ in+ (Hy — 1)1/]11(1) LN = Alnfl)lH L)+ G+ D (), (11)
L—O,l,..., —-1,j=H,—1;
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[hy +ip+ (Hy — Dv]m & -1 (N) = hl“fl)ml W)+ + D““E?lHl—l(N) +
+H1vnfl)1H (V) + Hyvm . (V), (12)

i=01,. n—1,]—H1—1
In a similar manner for the phase points (i, j,2), i = 0 1 ,n—1,j=H,.., N, wefind:

A, + i+ jy]m (V) = lznfz)lj V) + (i + D@, (V) + G + Dvr@, (), (13)
i=01.,n—1j=H .., N—1,
M, +in+ Nv]n(z)(N) = xzn?)m(zv) + (i + Dpm?,, (W), (14)
i=01,. -1,j=
Reducing the equation (13) with use (7), we obtain
+ _
() = U DV 41 yn @, (W), = Hyy o N 1.

i1
2
Let us substitute the last expression in (13) for j = H,, ..., N — 1 and write the result in a vector-matrix form
BONTPN) = AD (P (N),j = Hy, ., N = 1.
It follows that

(V) = (I BP AP W)’ (N),j = Hy, ..., N — 1. (15)
Let us rewrite (8) in the following form:
(1 + v
T2 (N) =~——1"(n) j?luv) - 1T( i (N),

j=Hy, .. Hy — 1.
Using the representation of n (N) we write the system (13) as
B(Z)(])n(z) (V) = AP (NP (V) = DDOrF (N),j = Hy, ..., Hy — 1.
From here we obtain

N-1 Ha—1 k-1
w2 = ([ [F20420 |xPw - | Y ([ [F20420) |B@ 0@ | ),
i=j k=j \i=j

] _Hll""HZ_l

From the last expression under j = H; we find n(z)(N):
-1

Hy,-1 [ k-1 N-1
2w = £+ > ([ [B2042@ |B2w0p®@| ([ [B20AP@ |xPw).
k=H; \i=H, i=H,

Thus, we end up with the formula:
Hy—1 [k—

@) = {E - Z nB(Z)(i)A(Z)(i) B@ (D@ | x

-1

Hy=1 [ k-1 j-1
x |E + B@)AP () |B@(k)D@ B@OMA@ @) | x
x (M5 BRWAP )P (V), (16)

j=Hy, . Hy — 1.
Combining the equations (15) and (16) we obtain
D (N) = FAG,N - D (N),j = Hy, .., N — 1.
The equations (10) for j = Hy, ..., H, — 2 and (13) are converted into
B“)o)n“) (V) = AD N (V) + DD (), j = Hy, ..., Hy — 2,
BW(H, — 1)n§,12)_1(1v) = D(l)n(z) ().
A solution of the last equations is

Hy=1 (k-1
0w = | Y [ [BP0a0@ | B0 0@ | P @),
£ \L]

j=Hy, oo Hy — 1.
From (12) we find
D) = BOH, - DAD (H, — D (V) + BOH, - DADH, - D) (V) =

Hy=1 (k-1
= BO@H, - DAV, — 1) Z l_[§<1>(i)A<1>(i) BOU)DD 7@ (W) +
k=H, \'i=j
+BW(H, — DAV H, — D) (N) =
Hy=1 (k-1
= BOWH, - DADH, - D |E + Z nﬁ(l)(i)A(l)(i) BOW)D® | =@ ().
k=H, \ i=]
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Let us consider (10) for j = 0,1, ..., H; — 2. It may be written in the form
~. (1) (€9) F_
BOGN) I (V) = AD () (V),j = 0,1, .., Hy — 2.
The solution of this recurrent relation is
Hy-2
W) = [ [ BP0a0@ |xa0 =

i=j

Hy-1 Hy—=1 /k—1
1_[ BOMAVG) ||E + Z ﬂ§<1)(i)A<1>(i) BO)DD | 7@ (),
i=j k=H; \ i=j

j=0, .. Hy ~

Thus
() = FOGRE (V) = FOGOFPD (Hy, N = D (N, = 0,1, .., Hy = 1.
We take into consideratlon the equations (14) for i = 0,1, ...,n — 2 and append them with an identity n(z)(N) = n((jv)(N).
These equations may be represented in a vector-matrix form:
cMTP (V) = 13 (N)e,

or
T (N) = iy (N)C (e,
From here we find
T (N) = T (NFD(,N = DCI(N)e; = miy (NFP(, Ney,
j=Hy,..,N
and
O (N) = nl) (NFOGFD (Hy, N = 1)C(N)e; = mon (NFDG)F (Hy, Ney, (17)
j=01,.. Hy—1.
Let us write out m'4) (N) via &) (N). From (17) under j = 0
O (N) = T (NFD(0)F P (Hy, Ne,
and
& (V) = 1 (W) [e] FD0)F D (Hy, N)ey |
Thus
P (N) =g (MAP (N),j = Hy, .., N,
and

n D (N) = n§d (ALY (N, j = 0,1, ..., H, — 1.

Now the formulas (1) and (2) may be deduced from (5)-(9) and the formula (3) from (14) for i = n — 1. Obviously, (4) is
an implication of a normalization condition.

The theorem is proved.

The conditions of Theorem 1 from Falin (Falin, 1988) are met for the Markov chains Q(t,N), N > H, and Q(t). This implies
a stochastic ordering of the probability distributions related to Q(t, N) and Q(t). Additionally, the ergodicity condition ensures
the existence of the stationary distribution n(r) (i,j,r) € S for Q(t) and

lim P (N) = ). (18)
As per the given equation,
Jlim (V) /iy (V) = /gy = A7 = (A7), 872 )T,

where n(r) = (ngrj), S)U)T j= 0 1.7 =12

Now the result of Theorem 1 may be converted in the similar representation for nf]’), (i,j,r) €S.
Theorem 2. If A;,4, > 0 and the ergodicity condition n_u < 1 is true, then a stationary regime of the process Q(t) exists and

the stationary probabilities are:

nD = niPa, j =01,.., Hy — 1, (19)
n® = (1)A(2),} Hy, N, (20)
1) Hyv = .
mi) =iy [ 27y Htz_zo) + ZE T A X, -2 ()], 21)
j=0,1,. -1
1 Hy i ,
1.[5121) - 1.[(1) (1+ W 1T (n )Al(i)1 vlr( )A XHz—l(])]'] =H,..,N—1, 22)
and
H,—1 (] 1)
- i+ 1)v
e =4 > 17w (A}“ I A2 () +—A(” Xy - zo>>
j=0 !
G+D) !
0 T 1 Hy
+ 2524, 17() (A}” LA -y Hz-l(n)} : (23)

The results of Theorem 2 provide an explicit representation of a vector-matrix type for the steady-state distribution of the
((M_Q/M)/n)/o-queue under the hysteresis control strategy. For the specific cases of n = 1 and n = 2, they can be simplified
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to closed scalar formulas of an explicit form for stationary probabilities via the model parameters. These results are consistent
with the known results obtained in earlier works. It is important to note that the widely used threshold control strategy is a
specific case of hysteresis when H; = H,. The theorem's proof provides insight into constructing an efficient calculation
scheme for the stationary probabilities ng), (i,j,r) €S.

3. Optimization problem

To demonstrate the importance and usefulness of the obtained results, let us consider the problem of maximizing the total
profit from the system. A multi-objective problem is the most natural and straightforward approach.

Let f;(t, Hy, H,) represent the number of calls served in the system, f,(t, H,, H,) represent the number of customers rejected
for service and became sources of retrials, and f;(t, H;, H,) represent the number of switches in the rate of the input flow.

If the conditions of Lemma 1 are met, there exist limits tlljg t™1f, (t,Hy, Hy) , k = 1,2,3.. Let us denote these limits as

fie(Hy, Hy), k = 1,2,3.
The objective of maximizing the profit from the system's functioning is to find thresholds H; and H, (H, < H,) that solve
the multi-objective problem.
f1(Hy, Hy) - max,
f2(Hy, Hy) = min,
f3(Hy, Hy) - min,
H,,H, €{0,1, ...},
Hy < H,.

Solving a multi-objective optimization problem is not as straightforward as solving a conventional single-objective problem.
Various techniques are widely used, such as the method of global criterion and the utility function method. When considering
the economic nature of the problem, the most convenient method to solve it in practice is the method of linear convolution of
criteria. The solution to the original multi-objective problem is obtained by solving the one-criterion problem.

W (Hy, Hy) = C1fi(Hy, Hy) — Cofa(Hy, Hy) — Cafs(Hy, Hy) > max,
Hi, H, €{01,..},
H, < H,,
where (; is the profit from the servicing of a customer; C, is a fine for the service rejection; C; is a fine for switching the service rate.

The limit functionals f, (H;, H;), k = 1,2,3 can be expressed using the stationary distribution of the system ng), (i,j,r) €S:

Hz=1 n © n
fi(Hy, Hy) = Z Zi”“g) + Z Zim[g)‘
j=0 i=1 j=H, i=1
Hy—1 I
f2(Hy, Hy) = Z M thq,lj) + Z A2 "T;Zj):
j=0 j=H1
n-1

1 2
f3(Hy, Hy) =2 “1(1132—1 + Hyv Z “ng)l'

i=0
which together with the result of Theorem 2 gives the algorithm of solving of the described optimization problem.
To demonstrate the obtained results, let us consider an example of solving the problem of selecting the optimal

hysteresis control strategy for the ((M/M)/2)/15 queue with the following parameters: v =1.1; p=0.1; ,,(j) =1 +ﬁ,
INOE % We will solve the above-described multicriteria optimization problem using the method of linear convolution of
criteria with the cost coefficients C; = 8; C, = 2; C3 = 1.5.

Figure 1 displays the graph of the objective function's dependence on the threshold values.

The objective function attains its maximum value of W (2,9) = 4.513 when the thresholds are setto H; = 2 and H, = 9.

Fig. 1. Objective function for ((M/M)/2)/15 queue
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Discussion and conclusions

The paper examines the steady state of the Markov model for retrial queue systems with input flow of customers controlled
by hysteresis strategies. The study derives explicit vector-matrix formulas for stationary probabilities based on system
parameters. In certain scenarios, such as uncontrolled queues or threshold control strategies, these representations align
with previously established findings by other authors. The investigative technique is based on approximating the initial queue
with the truncated state space queue. This approach provides an efficient computational algorithm for computing steady state
distributions. Explicit formulae of stationary probabilities are useful for analyzing the system, calculating performance
measures, and solving optimal control problems. As an illustration of the results' application, we present and solve a multi-
objective optimization problem aimed at maximizing the total income from the system.
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KuiBcbkuit HauioHanbHUM yHiBepcuteT iMeHi Tapaca LLleBuyeHka, KuiB, YkpaiHa

TOYHI ®OPMYNU ANt MAPKOBCbKUX MOOENENA CACTEM 3 MOBTOPHUMW BUKITUKAMU
Y TICTEPE3UCHUX CTPATErAX KEPYBAHHA MAPAMETPAMU

HocnidxeHo modenb Mapkoea Onsa 6azamocepeepHuUX cUCMeM 3 MO8MOPHUMU 8UK/IUKaMu, 8xiGHull momik y sikux 3anexums 6id Kinbkocmi
8UK/UKie Ha op6imi i KOHMpPONEMbLCS 2icmepe3ucHUMU cmf issmu. Cuci cknadaemsbcsi 3 n-oOHaKosux cepeepie. Slkuyo eumoza Hadxo-
dumb y MOMeHm, KoJlu 8 cucmemi € 8inbHUl cepeep, Mo 8oHa 3alimac io20 i 06C/1y208y€mbCsi IPOMSI20M €KCIIOHEeHUia/lbHO po3nodifeHo020 Yacy.
Slkwo eci cepeepu 3aliHsami, mo eumoz2a nomparnssie Ha op6imy i noeepmaemscsi Ha o6cly2oeyeaHHs1 Yepe3 eunadkoeuli npomixok Yacy. lMpoyec
o6cny2oeyeaHHs cucmeMu OnuUCyemMbsCsi mpueumipHUM naHyro2zom Mapkoea 3 HerepepeHUM YacoMm. Crioyamky mMu €CmaHO8JIloEMO yMO8U iCHY-
8aHHs1 cmayioHapHo20 pexumy. [Jani HaeéoOuMo si8Hi hopMysiu 8EeKIMOPHO-Mampu4YHoO20 murny 011 cmayioHapHux imogipHocmel npoyecy. Memod
docnidxeHHs1 6azyembcsi Ha anpokcuMayii suxiOHOI cucmemMu cucmemMoro 3 ypi3aHUM MPOCMOopPOM cmaHie i Micmumsb eghekmueHull 064uco8anb-
Hul anzopumm. ns n =1 ma n = 2 ompumMaHi NoGaHHs MO)XHa cripocmumu A0 sI8HUX CKansipHUX ¢hopmMys1 O cmauyioHapHuUX imogipHocmel yepes
napamempu moderni. Li pesynomamu y3200yrombcsi 3 eidomumu po6omamu iHwux aemopie. [Jns deMmoHcmpayil npakmu4Hoi 3Ha4ywocmi ompu-
MaHux pe3ynsmamie mu ¢ghopmynroemo 6azamouyinboey 3adaqy Makcumizauii cymapHo2o doxody, W0 2eHepyeMmMbCsl CUCMEMOR. Ypaxosyoyu eKo-
HOMiYyHy npupody 3adadyi, Mu eukopucmanu memod niHiliHoi 32opmku kpumepiie. OmpumaHi npedcmaesieHHs1 Oalomb 3MoO2y eu3Ha4Yumu
onmumarsnbHy cmpameeito, w0 MakcuMisye yinbosy byHKUito.

Knw4yoBi cnoBa: cucmemMu 3 noemopHUMU 8UK/IUKaMu, cmayioHapHi liMmogipHocmi, npoyecu kea3iHapoOxeHHs1 ma 3azubeni,
onmumarsnbHe KepygaHHsI.
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