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DEVELOPMENT OF A MODEL OF EFFICIENT RESOURCE
ALLOCATION IN AN OPEN THREE-SECTOR ECONOMY FOR
BALANCED GROWTH

This paper is devoted to the study of efficient resource allocation in an open three-sector
economy model, taking into account external and internal constraints. The aim of the study
is to develop an algorithm for finding a steady state of the economic system and efficient
allocation of labor and investment resources. The model is based on the Cobb-Douglas production
functions, which describe output depending on capital and labor. The main attention is paid
to issues of resource allocation, investment and compliance with balance equations. The use
of the Lagrange multiplier method to maximize production in the consumer sector made it
possible to determine the efficient values 77of the control parameters, which contributes to
achieving sustainable balanced growth and equilibrium in the economic system. The scientific
significance of the study lies in expanding the understanding of stable states of open three-sector
economic models, which contributes to improving the allocation of resources in production
systems. The article discusses existing analysis methods and algorithms with an emphasis on
mathematical modeling and numerical methods for solving nonlinear programming problems.
Algorithmic and software aspects of economic system modeling are also described, including
software implementation in the Maple language. The work emphasizes the importance of scientific
and technological progress and efficient resource allocation to achieve economic development goals.

Key words: Cobb-Douglas function, effective allocation, open three-sector economy, software
package, computational algorithm.

3.H. Mypszab6ekos, K.B.Tycymosa*
Oui-Dapabu aTbIHIAFBI KA3aK, YITTHIK YHUBEpcUTeTi, AyiMaThl K., Kazakcran
*e-mail: kamshat-0707@mail.ru
TeHrepiMai ecy YIITiH aIIbIK YII CEKTOPJIBI 9KOHOMUKAJIA PecypcTapbl THIMII OeJsty MozaesiH
a3ipJey

3eprTey »KYMBICHI CBIPTKBI YKOHE 1IKi IEeKTeYJIEePl eCKePe OTBIPHII, AIBIK, YIII CEKTOPJIbI IKOHO-
MUKA MOJIEJIHJIEr] pecypcTapibl OHTANMIBI YIECTIPYAl 3epTTeyre apHAJFaH. 3ePTTEYIIIH MAaKCATHI
9KOHOMUKAJIBIK, KYHEHIH TypaKThl KyiiH Taby »KoHe eHOeK >KoHe MHBECTHIUSIIBIK PeCypCTapIbl
TriMIi 66y aJaropuTMiH 93ipsey 0oJbIT Tabblaa bl. Mogenrs KamnTaa MeH eHOeKKe OailIaHbICThI
oHIM mbIFapyabl cunaTTaiTeid Ko66-/lyrimacTein eHaipicTik dyHKIHsAIapbina Herizaeared. Pecyp-
crap/bl 0eJIyjle, HHBECTUIMSIAP YKoHe OAJIAHCTHIK TEeHJIeyJIepi cakTay Mocesesepine baca Hazap
aymapbliaabl. TyTBIHY CEeKTODPBIHIAFBI OHIIpiC KeJeMiH yiraiiTy ymriH Jlarpanxk kebeiTkimrep
OJIICIH KOJIJITAHY SKOHOMUKAJIBIK, YKYiiee TYPAKThl TEHJIECTIPIJIreH 6Cy MEH Telle-TeHTIKKe KOJI YKeT-
Ki3yre BIKIIAJ €TeTiH Oackapy mapaMeTpJepiHin TiMIi MOHAEPiH aHBIKTayTa MYMKIHIIK Oep/i.
SeprTeyiiH FRUIBIMU MaHbI3IbLIBIFBI OHIIPICTIK KYyiiesep/ieri pecypcrapibl YIecTipyl KeTiipy-
re BIKITAJI €TETiH allbIK, YIII CEKTOPJIbI SKOHOMUKAJIBIK MOJETbIEP/IiH TYPAKThl KYHIepiH Tycinymi
KeHeiTy OoabIn TabbLIambl. Makasaamga CHI3BIKTBIK eMec DarmapsaMaJiay eCelTepiH Imelryre ap-
HaJIFAH MATEeMATHKAJBIK MOJEIbIEeyre YKoHe CAHIbIK dJIicTepre Oaca Ha3ap ayaapa OTBIPBII, KOJ-
JIAHBICTAFBI TAJIJIAY 9JiCTEPI MEH aJIFOPUTMIEP] KAPaCThIPBLIAJIbl. DKOHOMUKAJIBIK, XKYHEH] MO Th-
JIeYIiH aJrOPpUTMIIK YKoHEe OarIapsaMaJiblK, acleKkTijaepi, coHbly iminae Maple Timimnme 6armapia-
MaJIBIK, KAMTAMAChI3 €Tyl €HIi3y cunaTTaaran. 2KyMbIC SKOHOMUKAJIBIK JJAMY MAaKCATTapPbIHA, 2KETY
VIIiH FBUIBIMA-TEXHUKAJIBIK, IPOTPECC IIEH PECYPCTAPIbl THIM/IL YIECTIPY/IiH MAHBI3IbLIBIEFBIH KOD-
cerei.
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JIAMAJIBIK, KAMTaMaChI3 €Ty, €CENTey aJTOPUTMI.
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Pazpaborka Mmoesiu 3¢pHeKTUBHOTO pacrpeaejeHus PecypcoB B OTKPBITOM TPeXCEeKTOPHOI
9KOHOMUKE [IJIsi cOaIaHCHPOBAaHHOT'O POCTa

Jannast paboTa MOCBSIIEHa UCCIeI0BAHIIO 3(MMEKTUBHOIO PACIPEIEICHIs PECYPCAMU B MOJENN
OTKPBITON TPEXCEKTOPHOI IKOHOMHUKHU C y9YeTOM BHEIIHWX W BHYTpeHHuX orpanudenuii. llenbro
WCCJIEZIOBAHUS SIBJISIETCsT pa3pabOTKa aJTOPUTMA JJIs HAXOXKJEHUS CTAIIMOHAPHOTO COCTOSTHUS
9KOHOMUIECKOU cHCTeMBbI U 3D (MEKTUBHOIO PACIPEJIEIEHUs] TPYAOBBIX U HHBECTUITMOHHBIX PECyp-
coB. Mojsiesib OCHOBBIBAETCS Ha MPOU3BOJICTBEHHBIX (yHKImax Kobba-llyriaca, OnMMCHIBAIOIIIX
BBIITYCK IIPOJYKITNH B 3aBUCUMOCTH OT KaluTaja u Tpyia. OCHOBHOE BHUMAHUE YJI€JIEHO BOIIPOCAM
pacipejiejieHusi PeCypCoOB, WHBECTHUIUSIM ¥ COOJIIOIEHNIO OaJlaHCOBBIX ypaBHeHuil. [Ipumvenenue
MeTOoJa MHOXKHUTeNel Jlarparn:xka Jjis MAKCUMHU3AIUU 00beMa ITPOM3BOJCTBA B HMOTPEOUTETHCKOM
CEeKTOPE TO3BOJIMJIO ONpelesuTh 3MO@EKTUBHbIE 3HAYCHUS YIIPABJIAONAX [apaMeTPOB, €TO
CIOCOOCTBYET JIOCTUYKEHUIO YCTOMYMBOIO COAJIAHCHPOBAHHOTO POCTA, W PABHOBECUS] B SKOHO-
MUYECKOI cucTeMe. Ha.quaH 3HAYUMOCTL HCCJIeZIOBaHUA COCTOUT B PACHIMPEHUN ITOHUMaHUA
CTAOUJIbHBIX COCTOSIHUIT OTKPBITHIX TPEXCEKTOPHBIX YKOHOMHUYECKHMX MOJIEJIeil, ITO CIIocoOCTByeT
COBEPIIEHCTBOBAHUIO PACIpee/IeHns PECYPCOB B IPOU3BOJCTBEHHBIX CHCTEMaX. B crarbe pac-
CMATPHUBAIOTCS CYIIECTBYIOIME METOIbl AHAIN3a U AJITOPUTMBI C AKIIEHTOM HA MATEMATHIECKOEe
MO/JIEJTMPOBAHNE U YHCJICHHBIE METOJMbI JIJIsl PEIeHrs] 33J1a9 HEeJIMHEHHOTO MTPOrPAMMUPOBAHUSI.
Takyke ONUCAHBI AJTOPUTMHUYECKHE U I[TPOTPAMMHBIE ACIIEKTHI MOJIEIUPOBAHMST IKOHOMHUIECKOI
CUCTEMBbI, BKJIOYasl IIPOrPAMMHYIO peau3aluio Ha s3bike Maple. Pabora rnmojguepkuBaer BaxkHOCTH
HayYHO-TEXHUUIECKOro mporpecca u 3(p@MEKTUBHOTO pacIlpee/ieHnsl PECYPCAMU JIJIsi JTOCTUYKEHUS
1eJieil SJKOHOMUIECKOTO PA3BUTHS.

Kuarouesbie cioBa: dyukmusa Kobba-/yrmaca, adpdekTuBHOE pacrnpemeneHne, OTKPhITas TPex-
CEKTOpHAs SKOHOMUKA, POTPAMMHBIN KOMILITEKC, BEITUCIUTEIbHBIN AJITOPUTM.

1 Introduction

Modern economic systems are characterized by a high degree of complexity and dynamism,
which requires the use of effective modeling and management methods. Optimization of
resource allocation in an economy with many interconnected sectors is an important task
for ensuring sustainable economic growth of nonlinear continuous systems with control
constraints. Despite the existing theoretical developments, many aspects of optimal control
remain insufficiently studied, which creates gaps in understanding the impact of management
decisions on economic dynamics.

Numerical methods are widely used to solve optimal control problems related to cost
minimization and maintaining sustainable development. Achieving success in this area
requires the use of modern methods of economic modeling and the use of the latest information
technologies.

The object of the study is a mathematical model of an open economic system, and the
subject is algorithms for finding a stationary state of an economic system. The purpose
of the work is to create an effective tool for minimizing economic costs and optimizing
resource allocation between sectors. To achieve this goal, the following tasks were set:
analysis of existing methods, development of a numerical algorithm, as well as its software
implementation using the Maple programming language. Research methods include numerical
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modeling and the application of mathematical methods to solve nonlinear systems of
equations.

2 Literature review

For a long time, the Cobb-Douglas production function [1| remained the main tool for
assessing the production potential of both the country as a whole and its individual regions.
This function occupies a significant place in economic theory, as it allows one to analyze the
relationship between production factors and the volume of output. It also serves as a basis
for more complex models, such as the function with constant elasticity of substitution (CES
function). Today, there is an active development of the methodology for applying the Cobb-
Douglas production function in two directions: by including additional factors and improving
the methods for assessing its dynamic parameters [2].

The creation of economic and mathematical models for analyzing the dynamic
development of industrial enterprises is becoming an increasingly urgent task of modern
economic theory [3] - [5]. A successful solution to this problem provides the possibility of
a more accurate analysis of the activities of enterprises, allows one to calculate the limits
of the use of production resources, predict the volume of output, profits and costs, and
assess the interchangeability of production factors. The paper [6] proposes a mathematical
model of enterprise development taking into account both internal and external investments,
with an emphasis on the development of a three-factor economic and mathematical model
for analyzing dynamic development. The article |7] examines a decision support system
for optimal resource management, including data collection and analysis, development of
mathematical models for resource allocation and optimization of management processes.
Particular attention is paid to the importance of feedback and improvement of these systems.

Previously, the authors studied a model of a three-sector closed-type economy, determined
its optimal equilibrium state [8] and solved optimal control problems for this system [9] - [12].

Also, one of the pressing problems in this area is the impossibility of finding an analytical
solution to optimal control problems in nonlinear economic models. This requires the use
of computational methods and specialized software. An important area of research is the
development of effective algorithms, the creation of software systems for their implementation
and the study of optimal decision-making methods in dynamic controlled systems. The article
[13] examines the features and difficulties of building software for solving optimal control
problems.

3 Mathematical model of open economy

Let us consider a mathematical model of a three-sector economy, presented in absolute terms,
proposed by V. A. Kolemaev [14]. According to this model, the output of each i-th sector is
described by the Cobb-Douglas production function [1]:

X; = Fy(K;, L;) = A K~L;7, i =(0,1,2) (1)

(X; is the volume of output, K; is the volume of fixed assets, L; is the volume of labor
resources, A; is the coefficient of neutral scientific and technological progress, «; is the
coefficient of elasticity of assets, (1 — «;) is the coefficient of elasticity of labor resources).
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Using some notations, we will derive a system of equations presented in the form of relative
indicators for a model of an economy with three sectors:

oo = — Mk + %(xl Fu), k(0)=k N >0, (i=0,1,2); 2)
T; = (glAzklaz, Al > O, O<a; <1 (Z = O, 1, 2) (3)

with balance equations:

So+s1+se=1, s>0, (i=0,1,2), (4)
o+ 6, +0,=1, 0;>0, (i=0,1,2), (5)
(1= Bo)ro = Prvs + Parz + 30, 0<Bi<1, (i=0,1,2). (6)
doYo = q1¥1 + G2Y2- (7)
Y1 < Ny (8)

(ko, k1, k2) - vectors describing the current state of the system, (so, s1, 2,00, 61,0s) - is the
vector of control, (kJ,k?, k9) - initial state of the system, y; - specific import i = 1,2,y -
specific export, gy - world price of exported materials, ¢, go- world prices of imported goods,
~1- coefficient of quotas for import of investment goods.

4 Statement of the problem of finding a steady state

The purpose of the existence of the consumer sector of an open economy is to maximize the
volume of production of consumer goods, since this sector receives profit exclusively from
their sale. To achieve this goal, all available resources shut be distributed equally.

Thus, the problem of finding a steady state is reduced to determining the point at
which the system of a three-sector economy is stabilized, and the specific output of the
consumer sector xy = 0 Aok3? reaches a maximum within the permissible values of the control
parameters - the distribution of labor and investment resources. This leads to a nonlinear
programming problem aimed at refining the model and finding a steady state of the system.

In the article, industrial safety is considered as compliance with the conditions that ensure
equilibrium and stability of the system in the production environment.

Y1 = N7T1 9)
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Then we will represent the formulation of the problem of finding the efficient distribution of
resources of the economic system as follows:

Ty — Max (10)
Ty = 00140]{380, T, = tglAll{??l, Lo = ‘92142]@32 (11)
under the conditions:
So+ 81+ 52 =1, (12)
90+81+¢92 = 1, (13)
(1 = Bo)boAoks® = (81 + %71)91141/{?1 + Babla Ask5® + 2o (14)
0

where zg = @yg.

Thus, the resoulting simplified model allows for a more effective analysis of the stability
of the economic system, since it identifies only those conditions and constraints that directly
affect equilibrium and stability in the production environment.

The investment and labor balances are maintained even if the sum of the corresponding
shares is slightly less than one, which may be the result of rounding or calculation errors.

5 Solution of the problem

Since we are looking for a stationary solution of the system, the capital-labor ratio of the
sectors remains unchanged over time. This implies that the rate of change of the capital-labor
ratio in equations is zero. As a result, we obtain the following nonlinear system:

—)\0]{?0 + ?(1 + ’}/1)91/11]{?1 = 0, (15)
0

—)\1]€1 + 81(1 —+ ’)/1)141]{3?1 = 0, (16)

“oks + ;—2<1 )0 A = 0, (17)
2

From - we derive the values of the parameters ko, ki, ko, which play a
critical role in determining the dynamics of the model and take into account the limitations
and dependencies between sectors:

A A 0 1
ko= —L(1 11 1—og 5% 1=
0 )\0( +71)(/\1( + 7)) B0, !

(18)

Y
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1 1
A T 1 —
b= (T +)) L ans! T (19)
1
A A A 0 :
ky = —2(1 1 l—og 329 11— 9
2=, (1 +7)( " (T+m) 923181 ; (20)

Let us introduce the following notation:

Noko Akl Aok

D= Ak T A 2T T Ak

oo = (1= Bo)Aoky®, o1 = (B + %%)Aﬂf?l, oy = [ Asks”.
0
From balance relation (14]) we find 6y:

g ag Z
O = —0) + —0y + —. (21)
oy (oy) (o)

Substituting the found 6, into , we find 6; in the form:

9. — JO—ZQ—(02+00)
! (o1 + 09)0

(22)

then

90: 0'1—|—Zo+(0'2—0'1>92. (23)

00+0’1

Using equation and the found values of 6y and 6;, determine sy:

o1+ 29 + (0'2 — 0'1)92
00 — 20 — (0'2 + 0'0)92‘

So — ¢0 (24)

Moving on to the investment balance equation , we can determine the expression for

So.
o1+ 29 + (0'2 — 0'1)92
=1—¢ — ) 25
52 ¢1 (bOO'O—ZO— (0’2+0’0)92 ( )
Next, substituting the found parameters ss, #; and equation , we express fs:
1— _ _
92 — ( ¢1)(UO ZO) ¢0(O-1 + 20) (26)

P20 + 1) + (1 = ¢1) (00 + 02) + do(og + 01)
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Maximization of the specific output of the consumer sector To = O Ask5?, we will
represent as follows:

f(s1) = (1 = ¢1)(o0 — 20) — Polo1 + 20)) Aaky? s ar (27)

P2(00 + 01) + (1 = ¢1)(00 + 02) + Po(02 + 71)

X2

0y = .
2T ALkS?

(28)

The process of finding the efficient steady state is implemented through the construction of
anonlinear function f(s;), which serves as the basis for determining all dependent parameters.
The solution algorithm begins with finding the value of the parameter s; from the nonlinear
algebraic function f(s;). The parameter s; varies in the range from 0 to 1 , which is illustrated
in the graph (Figure [1)).

- 300+

-400

- 300+

- 600

- 700

- 800+

-900
Figure 1: Graph of functions f(s;)

At efficient growth for control parameters 6;, s; the equality relations are satisfied:

sobh _ ao(l —ay) S0 _ ao(l — ) s90; _ as(l —ay)
8190 041(1 — Oé())’ 8290 Ozg(l — Oz())7 8192 Oél(l — Oég).

To prove the fulfillment of efficient relations between the model parameters the Lagrange
multiplier method is used. This allows taking into account the restrictions on the distribution
of labor and investment resources, as well as to determine the conditions of stationarity of
the system. We express the parameters 6y, #; through 65, and s, s through s;:

01="n(1—102), 0p=(1—h)(1—0), (29)

so=m(l—s1), so=(1—m)(1—s1). (30)
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Control parameters: (0 <h <1,0<6; <1,0<m <1,0< s <1).
The equations describing the capital-labor ratio of sectors can be represented as follows:

Qo
0= L= 1)1 = o) ! — o, (31)
aq
21— yh(1 — By)sp — 1 =, (32)
(%)
g y292((1 —m)(1 ;lel)h(l - 92)>a2511 —a g (33)
where
Qo 1 Qg
by = Ap(As(1 +3[’(1])a)11 A b= (A (1+ 711))1 M b= Ag(As(1 +g;)a)11 - |
ooyl — @ A Ag2AL T

1

The classical the Lagrange function for this problem is written as follows:

L(0,s,7,¢c) = —w2 + c1((1 — Bo)xo — (81 + %71)551 — Boxa — 20)+
0

+ca(zo — yo(1 — h)(1 — 92)(%)&03} — al) + ez — yrh(1 — 92)811 — g )+
ter(y — aty(Lm L= s0)R( =) 0, Ty "

0251

where, ¢, ¢, c3, ¢4 are the Lagrange multipliers. Applying the first-order conditions for
the extremum of the function, we formulate the stationarity condition:

oL oL oL oL

@)~ osy) " on = Vam ="
oL I1—0y—ay

(892) = C2X =+ C3T1 Cp Lo (92 - 07 (35)
oL 1 1

(asl) T 1-— aq a 1-— 81)(a062x0 + 04264-732) B 1— 631 = 07 (36)
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oL h-—
% = 1 _O;LOCQZEO — C3X1 — QCyTy — 0, (37)
oL o) «
o —EOCQxO + 7 _2m64962 =0. (38)
In equations - , the parameters obtained from equations - are taken into
account.
Qg
m(l —s1)h o 1—a; Zo
Wy T 7
(1—h)s: (1—=h)(1—0,)
aq
Y sl —ay _ 1
1 h(1 — 0y)’
&%)
1— 1—s1)h(1 -4 _
(Lm0 = s)h( =) o, Ty
9281 ‘92
From - we find sq, 05, h, m:
o, — (1 — ag)eqzs
2

- 9
Cc3T1 + Coxg + Cc49

(e31 + Qo + ipCya) vy

)
QpCalg + Q1C3T1 + QaCylo

S1 =

b — C3T1 + QpCaZo + (iaCyT2
- ’
C3T1 + Coxg + QiaCy o

apgCa2X0
m =

QCaTo + aCaTo

From the indicated relations
8091 m(l — Sl)h 8291 (1 — m)(l — Sl)h(l — 92
= and = .
0()81 (]_ — h)81 0281

we can obtain the following expressions:

m(1l — s1)h _ apCaxo(1l — an)(apcamy + aacyms)(c31 + oo + ancaxs) _ ap(l — ay)
(1 — h)Sl (010621'0 + 01264172)(031'1 + anCaX + 01264172)041“_ — Oé())CQl‘O a1(1 — OZ())’

(1—m)(1—s)h(1—0,

0251

9281
_ ancymo (1 — ) (oo + aacya)(cawy + oo + agcyxa)(c3zy + apcay + apCss) _
(oo + qocaxa)(1 — ag)eqza(cszy + apCaty + ancsa)ay(c31 + Coxg + ocaxs)
a2(1 — Oél>
a1(1 — Oég) '
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6 Results and discussion

The efficient stationary state in the context of the open economy problem was studied by
A.V. Kolemaev [14]. In his study, he proposed a three-sector model, with the help of which he
identified the stationary distribution of resources in the economy. In the work |14], the classical
the Lagrange method was used to find the efficient distribution of labor resources. Table 1
presents the parameters of the model on which the solution obtained by A.V. Kolemaev is
based.

Table 1: Parameter data and solutions found by V.A. Kolemaev
i o 1] 2
Model coefficients
Bi 10,46 | 0,68 | 0,49
a; | 0,39 1 0,29 | 0,52
A 1 0.05]0.05 | 0.05
A; 16,19 1,35 | 2,71
Vi - 0,5 -
Solution
6; 10,37 0,08 | 0,55
s; | 0,32 (0,16 | 0,52
ki | 98,3 | 337 | 108
x; | 22,1 | 4,0 | 17,5

Based on the described method, a solution was obtained for the problem presented in
Table 1 that determines the efficient distribution of resources and the stationary state of the
economic system. The results obtained are summarized in Table 2.

Table 2: Results of calculating the effective steady state of an open economic system using the proposed
method

7 0 1 2

0; 0,49 0,17 0,34
S 0,37 0,33 0,29
k; | 1361.26 | 3395.74 | 1535.33
x; | 82.95 29.16 33,68

Let us compare the results presented in Table 1 with the results obtained by the proposed
method, which are reflected in Table 2. It is important to note that the distribution of
labor resources found by this method has a high degree of correspondence with the results
of Kolemaev. This confirms the correctness of the approach, showing that it allows us
to determine with high accuracy the efficient distribution of labor resources for the given
conditions.

Differences in the distribution of investment resources and capital-labor ratio by sector
may be associated with differences in approaches to accounting for the investment balance
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and the capital-labor ratio model.

7 Conclusion

The article studies the problem of efficient resource allocation for a nonlinear system
representing an economic model. The paper proposes an original approach based on the
classical the Lagrange method, which takes into account constraints on control parameters.
This method allows for a more accurate analysis of resource allocation in a changing
investment climate, expanding the capabilities of the model for forecasting the dynamics
of an economic system.

The results obtained using the proposed approach confirm its effectiveness for finding
the efficient resource allocation and determining the steady state of the system. The
computational experiments demonstrated the efficiency and reliability of the algorithm.

In a further study, we consider the control problem for a three-sector economic structure,
where the dynamic equations are described by a system of three ordinary differential equations
with state-dependent coefficients. The goal of the problem is to transfer a nonlinear system
from a given initial state to a small neighborhood of the equilibrium state on an infinite time
interval. A model will be constructed that describes the control of a nonlinear system, linear
in state and control, with state-dependent coefficients. The second Lyapunov method will be
used to establish the asymptotic stability of the closed system.
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