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SYSTEMATIZATION AND MODERNIZATION OF MATHEMATICAL METHODS FOR
EVALUATING THE EFFICIENCY OF ECONOMIC SYSTEMS.

Abstract: The article provides a comprehensive analysis and systematization of mathematical methods used
to evaluate the efficiency indicators of economic systems under modern economic conditions. The feasibility of
applying economic and mathematical modeling as a tool for formalizing complex economic processes and
supporting managerial decision-making is substantiated. The possibilities of applying methods of mathematical
statistics, econometrics, mathematical programming, game theory, queuing theory, and operations research in
the context of enterprise performance analysis are considered. A generalized formulation of the problem of
efficiency evaluation using an objective function and a system of constraints is proposed. An example of a
multifactor regression model is presented, allowing the assessment of the influence of key economic indicators
on an integrated efficiency index. The results of the study can be used to improve the validity of management
decisions and to forecast the development of economic systems.

Keywords: efficiency indicators, economic and mathematical modeling, mathematical programming,
econometric methods, operations research..

Problem Statement. Under modern conditions, the functioning of enterprises in any sector is
characterized by a high level of complexity, dynamism, and uncertainty of the external environment. This
determines the need to apply scientifically grounded approaches to performance evaluation that are based
on the use of advanced mathematical tools and formalized models [2, p. 23].

The application of mathematical methods in the assessment of economic processes contributes to solving
a specific range of practical tasks, including:

- structuring economic information systems and establishing requirements for their standardization
and adjustment in order to address a set of problems related to efficient optimization of planning and
management;

- providing tools for intensifying and increasing the accuracy of economic calculations, which
enables multifactor substantiation of economic processes;

- conducting in-depth quantitative analysis of the assessment of sequential changes in the
development of economic entities;

- solving fundamentally new economic problems that cannot be addressed by other means [4, p. 48].

Analysis of Recent Research and Publications. Theoretical and practical issues related to the modeling
of economic processes and the economic efficiency of enterprises have been addressed in the works of A. V.
Kozachenko, V. F. Haponenko [9], Yu. H. Lysenko, F. I. Yevdokimov, S. M. Shkarlet, V. M. Porokhnia, N. O.
Podluzhna, M. V. Kurkin, and others.

A significant contribution to the development of modern mathematical frameworks and various areas of
operations research has been made by R. Ackoff [3], R. Bellman, G. Dantzig, H. Kuhn, J. von Neumann, T.
Saaty [8], R. Churchman, A. Kaufmann, L. V. Kantorovich, N. P. Buslenko, E. S. Venttsel, N. N. Vorobyov, N.
N. Moiseev, D. B. Yudin, and other scholars.

Despite the substantial scientific value of these contributions, a number of important issues related to the
application of mathematical methods in the study of efficiency indicators remain insufficiently developed. At
present, certain contradictions persist in the construction of economic and mathematical models for analyzing
economic processes. As a result, the problem of effectively implementing mathematical tools to substantiate
efficiency assessment from the standpoint of economic and mathematical modeling remains unresolved,
particularly with regard to the selection of dominant indicators. The insufficient level of research on the
quantitative evaluation and analysis of efficiency indicators hinders the timely prevention of crisis phenomena
within enterprises and reduces the overall effectiveness of their functioning [5, p. 15].
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The purpose of the study is to systematize and substantiate the application of mathematical methods for
evaluating the efficiency indicators of economic systems and for constructing adequate economic and
mathematical models.

Presentation of the main material. In economic and mathematical modeling, one of the most
challenging tasks is to identify the mathematical essence of an economic problem. This requires an
understanding of the specific features of the economic process as well as proficiency in appropriate
mathematical tools.

The solution of economic analysis problems by means of mathematical methods is possible only when
such problems are formulated in mathematical terms, that is, when real economic relationships and
dependencies are expressed using the apparatus of mathematical analysis. This necessitates the
development of mathematical models.

In practice, a wide range of mathematical methods is applied to solve economic problems. Methods
of elementary mathematics are used in traditional economic calculations, particularly when substantiating
resource requirements and developing plans and projects. Classical methods of mathematical analysis are
applied both independently (differentiation and integration) and as components of other methods, such as
mathematical statistics and mathematical programming.

Statistical methods constitute the primary means of studying mass recurrent phenomena. They are
applied to analyze changes in efficiency indicators treated as stochastic processes. When the relationships
between the analyzed characteristics are not deterministic but stochastic in nature, statistical and
probabilistic methods become virtually the only effective research tools. In economic analysis, the most
widely used methods include simple and multiple correlation analysis [6].

When studying simultaneous statistical populations, distribution laws, variation series, and sampling
methods are employed. For multidimensional statistical populations, correlation and regression analysis, as
well as variance, covariance, spectral, component, and factor analyses, are applied.

Econometric methods are based on the synthesis of three fields of knowledge: economics,
mathematics, and statistics. The foundation of econometrics is the economic model, which represents a
schematic description of an economic phenomenon or process, reflecting its essential characteristics
through scientific abstraction.

One of the most widely used methods of economic analysis is the input—output method. This approach
is based on matrix (balance) models constructed in a tabular form and clearly illustrates the
interrelationships between production costs and output results.

Methods of mathematical programming serve as the main tools for solving optimization problems
related to production and economic activity. Essentially, these methods are used for planning calculations
and make it possible to assess the intensity of planned targets, the scarcity of results, and to determine
limiting types of raw materials and groups of equipment [10].

Operations research is understood as the development of methods for purposeful actions (operations),
the quantitative evaluation of decisions, and the selection of the optimal alternative. The objective of
operations research is to integrate structurally interconnected elements of a system in a way that most
effectively supports the analysis of efficiency indicators.

Game theory, as a branch of operations research, represents a theory of mathematical models for
making optimal decisions under conditions of uncertainty or conflict among multiple parties with differing
interests [11].

Queueing theory, based on probability theory, examines mathematical methods for the quantitative
evaluation of mass service processes. A distinctive feature of all problems related to queueing systems is
the random nature of the phenomena under study. The number of service requests and the time intervals
between their arrivals are random; however, taken together, they follow statistical regularities, the
quantitative study of which constitutes the subject of queueing theory.

This theory makes it possible to study systems designed to service a mass flow of randomly occurring
requests. Both the moments of request arrivals and the service times may be random. The objective of
queueing theory methods is to identify a rational organization of service that ensures a specified quality
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level and to determine optimal service standards (according to an adopted criterion) for servicing demands
that arise unexpectedly and irregularly [4, p. 67].

Economic cybernetics analyzes economic phenomena and processes as complex systems from the
perspective of the laws of control and information flows within them. Methods of modeling and systems analysis
are most highly developed precisely within this field.

General formulation of the problem of studying efficiency indicators.

All factors that influence the process of analyzing economic efficiency indicators can be divided into two
groups:

- constant factors (conditions under which the operation is carried out), the influence on which is
impossible. These factors are denoted by «;,a,,... ;

- dependent factors (decision variables) x,, x, ,...

The efficiency criterion is expressed by an objective function that depends on factors from both groups.
Therefore, the objective function can be represented in the following form:

Z=flxix2 0,1y, ey

All operations research models can be classified according to the nature and characteristics of the
operation, the type of problems being addressed, and the specifics of the mathematical methods applied.

It is important to first highlight the large class of optimization models. Such problems arise when
attempting to optimize the efficiency of planning and management in complex systems, primarily economic
systems. The efficiency optimization problem can be formulated in a general form as follows:

Find variables x,,x,,...x, , that satisfies a system of inequalities (or equations)

@.(X,,%y50x,) < b i=12,....m )
and the transformation of the maximization (or minimization) of the objective function

Z=f(x,,%,,...,x,) — max(min) 3)

In cases where the functions f'and ¢, in problems (2) — (3), are at least twice differentiable, classical

optimization methods can be applied. However, the application of these methods in operations research for
efficiency indicators is rather limited, as determining the conditional extremum of a function of n variables is
technically very challenging: the method allows identification of a local extremum, but due to the
multidimensional nature of the function, finding its maximum (or minimum) value (global extremum) can be
quite labor-intensive—especially since this extremum may occur at the boundary of the solution domain.
Classical methods fail entirely if the set of admissible argument values is discrete or if the function Z is given
in tabular form. In such cases, mathematical programming methods are employed to solve problems (2) — (3).

Mathematical programming is a branch of mathematics that develops the theory and numerical methods
for solving multidimensional extremal problems with constraints, i.e., problems of finding the extremum of a
function of many variables subject to restrictions on the domain of those variables. The function whose extremal
value needs to be determined under economic constraints is called the objective function, performance indicator,
or optimality criterion. Economic constraints are formalized as systems of restrictions. Together, these elements
constitute a mathematical model.

If the efficiency criterionZ = f( x,, X,,..., X, ) is a linear function, and the function ¢, (x,,x,,...,Xx,) appears

in the system of constraints (1), such a problem is solved using linear programming methods.

If, based on practical considerations, the solution is required to be integer-valued, the problem becomes
one of integer linear programming. If the efficiency criterion and/or the system of constraints are defined by
nonlinear functions, the problem becomes one of nonlinear programming. In particular, if the specified functions
exhibit convexity, the resulting problem is classified as a convex programming problem.
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If a mathematical programming problem involves a time variable and the efficiency criterion (2) is
expressed not explicitly as a function of variables but implicitly—through equations describing the progression
of operations over time—the problem is considered a dynamic programming problem.[12]

The advantage of the model we propose is that the performance indicator Y is measured using the
methodology developed and described in previous sections, which allows a unified approach to evaluating all
indicators and their interrelationships, obtaining results measured on a consistent scale, and enabling the
prediction of its real value.

Consider an example of a multifactor regression model describing the relationship between the integral
adaptability coefficient and the constituent indicators of a company’s operational efficiency: the performance
indicator is measured using the methodology developed and described in previous sections, allowing a unified
approach to evaluating all indicators and their interrelationships, obtaining results on a single scale, and
predicting its real value.

The task is to study and determine the form of the relationship (construct a multifactor regression model)
between the integral efficiency coefficient and a set of economic indicators influencing the company’s
operational performance:

X1— peHTabeIbHICTh 3arajbHa OCHOBHOI TisITLHOCTI;
X2— PEHTa0eBbHICTh OCHOBHHUX 3aC00iB;

x3— koedimieHT HoHTOBIAIAYI;

X4— KoeimieHT 000pOTHOCTI,

X5 — Koe(ilieHT MPUIATHOCTI OCHOBHUX 3aC00i1B;
X6— NPOAYKTUBHICTH TIAIli.

y = bO + b1x1 + beZ + b3X3
+ b4x4 + b5X5 (4)
+ bgxg + €

where e — is the random error vector;

bo, b1, bz, b3, bs, bs, bs,— are unknown parameters in the multifactor regression model, which are estimated
using the least squares method to minimize the error vector.

The impact of each performance indicator of the enterprise on the adaptability coefficient is characterized
by the partial regression coefficients. A partial regression coefficient indicates the amount by which the value of
the corresponding indicator changes in response to a one-unit change, assuming that all other indicators remain
constant.

Without loss of generality, it can be assumed that the expected value of the random error vector is zero
and that its variance is finite. In this case, the integral adaptability indicator y is a function of the constituent
factors of the enterprise’s operational performance.

The proposed model can be expressed in matrix form as Y=XB, where

y = il - is the column vector of values of the dependent variable Y, which in our case
yz represents is equal to Y=XB
1 x x x X X x ) )
y=[1 xll x21 x31 x41 x51 x61 the matrix of values of the enterprise’s
12 %22 732 742 752 762 | performance indicators.
1 x13 X3 X33 X43 X53 Xe3

276



Bomuuii Tpancmiopt Ne 3 (44) 2025 p- ISSN 2226-8553; e-1SSN 2663-645X

XT = x31 x3, X33 the matrix transposed relative to the matrix X

B =| b3 the column vector of unknown regression coefficients

To estimate the unknown parameters, the least squares method is applied, yielding:
B=X"X)"1-(xTy) 5)

Using the data from the enterprise’s performance reports, we obtain: [1]:

1 1 1
/ 0,03 -0,34 —0,42\‘
X

(1 003 001 095 1,41 0,15 64,73) 001 —0,21 —0,27

T —
1 -034 -021 0,04 0,67 0,14 33,81 XT=|09 004 035

1,41 0,67 0,95
1 -042 -0,27 035 095 0,14 42,89 015 014 014

64,73 33,81 42,89

We find the product of the formed matrices :

3 -0,73 -0,47 1,34 3,03 0,43 141,43
-0,73 0,2929 0,1851 -0,1321 -0,5845 -0,1019 -27,5673
-0,47 0,1851 0,1171  -0,0934 -0,3831 —0,0657 -—18,0331
XTx=| 1,34 -0,1321 —-0,0934 1,0266 1,6988 0,1971 77,8574
3,03 —-0,5845 —0,3831  1,6988 3,3395 0,4383  154,6675
0,43 -0,1019 —-0,0657 0,1971 0,4383 0,0617 20,4475
141,43 -27,5673 -—18,0331 77,8574 154,6675 20,4475 7172,641

Calculating the inverse matrix (X”X)” gives the result:

1,12298 3,28752 6,25696 5,77799 9,15529 5,70015 7,26747
5,1972 2,52072 3,86912 1,0637 1,18037 1,07355 2,93181
8,36456 3,98187 6,1276 1,76117 1,73504 1,77457 4,93695

(XTX)"' =1 3,05274 6,93536 1,05038 7,08345 1,494 7,11159 1,874614
1,64924 5,47264 8,66007 5,88493 7,31875 5,41965 1,6934
3,02946 5,43821 8,25349 4,14773 3,92521 5,11808 1,22879
6,28479 1,09049 1,55576 8,30205 2,95029 9,834714 1,85737

Find the product XY
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0,408017
—0,08891
—0,05744
XT-y =1 0,194913
0,421689
0,058708
19,7025

Therefore, the column vector of unknown regression coefficients B is equal to:

b 0,1483154
by 0,06020629
b, 0,1011563
B=|b; |=]003993138
b, 0,03760462
\bs / 0,02725289
be 0,04241248

This is how the regression model is set aside:

K.y = 0,1483154 + 0,06020629x; + 0,1011563x, + 0,03993138x; + 0,03760462x,
+ 0,02725289x5 + 0,04241248x,

Conclusion. Systematization and modernization of mathematical methods for evaluating efficiency
contribute to the improvement of economic analysis quality and the soundness of managerial decisions. Further
research should be directed toward the development of econometric models that take into account industry-
specific features and the dynamics of economic processes.
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A.I'eiinuk, 10.Bana
CUCTEMATU3ALISA TA MOIEPHIBALISA MATEMATHYHUX METOIIB OIIIHKOBAHHS
E®EKTUBHOCTI EKOHOMIYHUX CUCTEM

Y cmammi 30iticneno xomnnekcHull awaniz ma CUCMEMAMU3AYI0 MAmMeMamudHux Memoois, ulo
3acmoco8yromvcs Olisl OYIHIOBAHHS NOKA3HUKIG epeKmuHOCmMi eKOHOMIYHUX CUCMEM ) CYHYACHUX YMOB8aX
po36umky ekoHomiku. OBIPYHmMOBAHo OOYLIbHICINb BUKOPUCHIAHHS EKOHOMIKO-MAMEMAmu4Ho20 MOOEN0B8ANHS
AK IHempymenmy gopmanizayii CKIAOHUX eKOHOMIYHUX Npoyecie ma NputiHamms YNpaeniHCoKUX pilieHs.
Posensimymo  mooxcnueocmi - 3acmocyeanns memooie  MamemMamuyHoi  CMAMUCmuKY, eKOHOMEMpPUKU,
MaAmemMamuiHo20 NPoSpamy6anHs, meopii i2op, meopii Maco8o2o 0OCIy208y8aHHA Ma OOCIIONCEHHS Onepayill
Y KOHmMeKCmi aHanizy eexmueHocmi OLsibHOCMI RIONPUEMCME. 3anponoHO8aHO Y3aeaibHeHy NOCMAHOBK)
3a0auyi 00CNI0NHCEHHS NOKA3HUKIB eqheKMUBHOCHII 3 BUKOPUCTNIAHHAM YiIb0B0I (hyHKYIl ma cucmemu ooMediceHb.
Haseoeno npuxnao bacamogpaxmoprnoi pezpecitinoi mooeni, wo 0036015€ OYIHUMU 6NIUE KIIOUOBUX
EKOHOMIYHUX NOKA3HUKI6 HA IHMe2paibHUll NOKA3HUK egekmusHocmi. Pezynomamu 00CHiONCeHHsT MOXCYMb
oymu euxopucmani 075 NIOBUWEHHS. OOIPYHMOBAHOCMI YNPABTIIHCOKUX DileHb [ NPOSHO3Y8AHHS PO3GUMKY
EKOHOMIYHUX CUCTEM.

Knwwuogi cnoea: noxasnuxu eghexmuenocmi, eKOHOMIKO-MamemMamuine MOOeN08aHHs, MAameMamuiHe
nPoSPamy8anHs, eKOHOMEeMpUUHI Memoou, O0CIIONCEHHS Onepayill.

Cmamms nputinama 12.09.2025
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TPAHCIIOPTHI TEXHOJIOTI'TI

YK 656.02:004.738.5:355.02 doi.org/10.33298/2226-8553.2025.3.44.28

© Kyuepyk I'.10., Boituenxo T.0., Cisawmenko T.B.

POJIb LIU®POBU3ALIMMA TPAHCIIOPTHOI JIOTICTUKHU B KOHTEKCTI
MYJIBTUMOIAJIBHUX ITIEPEBE3EHDb B YMOBAX BOEHHOI'O CTAHY

Y emammi poszenanymo akmyanvricme yupposizayii mpancnopmmuoi 102icmuku MyaibmumoOarbHUxX
nepeseseHb 8 YMO8aAX 80EHHO20 cmany. [Ipoananizoeano 6naué GoeHHUX Oitl HA JNO2ICMUYHI TAHYIOSU,
BUZHAYEHO KNIIOY08I HanpAMU Yyughposoi mpancgopmayii, wjo 003601410Meb NIOBUWUMU SHYUKICMb, OE3neKy
ma egexmuHicme JI02ICIMUYHUX Oonepayii Ha MYTbMUMOOAIbHUX nepeseseHHsax. llokazano 3HauenHs
Yyughposux mexHono2it 01 3a0e3neyeHHs Cmaio20 (OYHKYIOHY8AHHA MPAHCNOPMHOI cucmemu, OOMIHY
OaHUMU MA YRPAGIITHHI PUSUKAMU 8 KPUSOBUX YMOBAX.

Kniouosi cnosa: yugposizayis, myismumooanivhi nepeseseHts, mpaHcnopmua 102icmuKa, 6ilna,
VIPAGNIHHA pusukamu, roeicmudni anyroau, IT-piuwenns.

IMocTtanoBka npodiemu. Boennuii cran, BBegeHuil B YKpaiHi y 3B’S13Ky 3 IMOBHOMACIITaOHOO
arpeci€ro, CyTTE€BO BIUIMHYB Ha BCi cepH CKOHOMIKH, OCOOJMBO Ha JIOTICTUKY MYJIBTHUMOJATHHUX
nepeBe3eHb. [lopymieHHs TPaHCIIOPTHUX MAapIIPYTiB, PU3UKH Ui NEPCOHANy, HecTada MajJbHOrO Ta
3HUINEHHS 1HPPACTPYKTYpH — BCi Il (DaKTOPH BUMAararoTh HOBHX ITiIXOJIB JIO OpraHi3aii JOTiCTHYHUX
nporeciB. OJHUM 3 KIIIOYOBHX iHCTPYMEHTIB ajanTamii € mudposizallis, sSKa J03BOJISIE€ THYYKO pearyBaTH
Ha 3MiHH, 320€31eUyBaTH KOOPMHALIIIO Ta IIBUAKUNA 0OOMiH iH(opMaIi€ro.

OcTaHHI POKHM XapaKTepU3yIOThCs 3pOCTAaHHSIM HAyKOBOTO 1HTepecy /10 HU(pOBi3alii JOTICTUHYHUX
HpoIieciB, 0COOIMBO y KOHTEKCTI KPU30BUX CHTyalid, Takux sk nma"jaemis COVID-19, a 3 2022 poky —
noBHoMaciTabHa BiliHa B YKkpaiHi. BiTumsHsHi Ta 3apyOiKHI JOCHIAHUKH aKTHBHO JOCITIIKYIOThH
TpaHchopMallito JOTICTUKH ITiJ] BILIMBOM IIU(PPOBUX TEXHOJIOTIH.

30kpema, y mpaili aBTopiB [1] po3risaaoThesi OCHOBHI BUKJIMKH, 1110 TOCTAIOTH Mepe/l JOTICTUYHOIO
CHUCTEMOI0 YKpaiHM MiJl Yyac BOEHHOTO CTaHy, 1 MIAKPECTIOETHCS pojb HUPPOBUX IHCTPYMEHTIB Y
3a0e3nedeHHi CTiMKOoCTI JoricTHYHMX JaHLoriB. Tonanos P. [2] anani3ye BB 1udpoBoi Tpancopmartii
Ha e(EeKTHBHICTh MEPEBE3€Hb, B SIKIH OCHOBHY POJb BIAIrPalOTh IITYYHUH 1HTEJIEKT, aBTOMATH3Allisl Ta
mdpoBa koMyHikauisg. Takox €Bpomneiicbki 3BiTM Ta nybJaikanii OECD, WEF (World Economic
Forum) BHCBIT/IIOIOTH yCHilIHI Keicu Iu@poBi3alii B yMOBaxX HaJA3BHYalHUX CHUTYyalliid, 30KpemMa B
kpaiHax €C, ie akTUBHO BUKOPHCTOBYIOTHCS IJIATPOPMH YIIPABIIHHS PU3UKaMHU, TU(POBE MOIETIOBAHHS
MapupyTiB 1 cuctemu supply chain visibility.

[IpoTe, He3BakarouW Ha 3HAYHY yBary 10 TE€MH, y BITUM3HSHIA Hayli BCE IIE€ HEAOCTATHHO
IPYHTOBHUX EMIIPUYHUX JOCTIIKEHb, SIKI O OXOIUTIOBAJIM peayibHI KeWCH BIIPOBAKEHHS LHU(PPOBUX
TEXHOJIOTIH y JIOTICTUI M yac O0HOBUX i, €PEeKTUBHICTh KOHKPETHUX HU(POBHUX PIllIEHbh B YMOBaX
JECTPYKINi iHGpacTpyKTypH Ta iHGOpMaIiitHOT HeCTaOLIHPHOCTI Ta OIIHKY MU(POBOT 3P1TIOCTI JIOTICTHIHUX
miAnprueMCTB YKpaiHM B KPH30BHX YMOBax BiJCYTHI. TakoX 3alHMINacThCs HETOCTATHHO BHBUCHHM
nuTaHHs KidepOe3nexku B uugposiii JoricTuui, ocobauBo Ha (HoH1 TIOpUIHUX 3arpo3, 10 BKIIOYAIOThH
ki0epaTaku Ha JOTICTHYHY 1HPPACTPYKTYpY, A€pKaBHI peecTpH, HU(poBi mIaThopMu TOILIO.

TakuM unHOM, X04a HayKoBa 0aza 3 npo0seM U poBi3allii JOTiCTUKU AKTUBHO (OPMY€EThCS, 3HAUHA
YacTUHA NMPUKIAJAHUX aCHEKTIB 3aJIMIIAEThCs BIAKpHUTOR0. Lle cTBOproe motpedy y MIKAUCHUILTIHAPHUX
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JOCIIJKCHHSX, [0 TOEIHYBATUMYTh TPAHCHOPTHY JIOTICTHKY, iH(opMariiiHi TexHOJOorii, BiliCHKOBY
€KOHOMIKY Ta 0€31eKOBI HayKH.

Bukiag ocHoBHOro Marepiamy. BoeHnwii craH, 3anpoBajpkeHuid B YKpaiHi  uepe3
MIMPOKOMACIITa0Hy arpecito, CyTT€BO 3MiHUB (DYHKIIIOHYBAHHS MYJIbTUMOJAIBHUX JIOTICTUYHUX CHCTEM.
[lopymieHHs TpPaHCHOPTHUX MAapIIPYTIB, pyWHYBaHHS 1H(PPACTPYKTYpPH, HECTada MAIbHOTO, 3arpo3a
Oe3meri nepcoHaly, 3pOCTaHHs PU3UKIB Ta BUTPAT HA TIEPEBE3CHHS — YCE 1€ BUMAra€ HOBUX ITiIXOIIB 710
opranizarii JorictTuku. B ymoBax Takoi HecTaOUIBHOCTI came IudpoBizalliss TPAHCIOPTHOI JIOTICTHKH
BUCTYMAa€e ePEeKTUBHUM 3acO00M ajanTallii 1o Cy4yaCHUX BUKJIHKIB, I03BOJIAIOUN 3a0€3M€YUTH THYUKICTb,
CTIHKICTB Ta 6e3nepeOiHICTh JIOTICTUYHHUX OTIEpPaIlii.

Hudposi TexHOOrIi BiAIrpalOTh KIIOYOBY POJb Yy BIIHOBIEHHI Ta CTabOuTi3aIii JIOTICTHYHUX
MIPOIIECIB HAa TPAHCTIOPTi. 3aBIAKH BIIpoBaKeHHIO [ T-pimeHs 3a0e31euyeThcsi MOHITOPUHT PyXY BaHTaXIB
y peXuMi peanpbHOro 4vacy 3a gomoMoror GPS-cuctem, mBuakmii oOMiH iHpOpMali€ro MK ycima
YYaCHUKAMH JIAHITIOTIB MTOCTa4YaHHsI Yyepe3 €JICKTPOHHI MIaThOpMH, a TAKOXK aHATITHIHA 00poOKa JaHMX
JUIS TIPOTHO3YBaHHS PHU3HMKIB Ta ONTUMI3AIlli pilieHb. Y KPU30BUX YyMOBaX HU(PPOBI IHCTPYMEHTH
JO3BOJIAIOTh CKOPOTUTH Yac Ha YyXBaJeHHS pilleHb, €()EeKTUBHO IUIaHyBaTH MapUIpyTH, YHHKATH
HeOe3MeUHUX JUISTHOK 1 3a0e3revyyBatu Oe3nepepBHe NOCTaYaHHsI KpUTHYHO BaXJIMBUX BaHTaXiB, 30KpeMa
TyMaHITapHOi JOMOMOTH, JKiB, MaJIbHOTO.

udposi iHCTPYMEHTH TPAaHCTIOPTHOI JIOTICTHKH MYJIBTUMONATBHUX TIEpEBE3EeHb HaBeeH] y Taoll.
1. BoHM 103BOJISIIOTH 3HAYHO CKOPOTUTH Yac HA YXBaJCHHs PillIeHb, ONIEPAaTUBHO pearyBaTH Ha 3MiHY YMOB
(Hanpukian, oocTpinu, OJOKYBaHHS JOPIr, 3MiHM B poOOTI IMYHKTIB MPOITYCKY), YHUKAaTH HeOe3MmeuHux
TUISTHOK, 1, IK HACIiZOK, 3a0e3reduyBaTi Oe3MepepBHICTh MOCTaYaHHsI KPUTHYHO BaXIIMBHX BaHTaxiB. Lle
CTOCY€EThCS HAacaMIIepe ] TYMaHITapHOI TOTIOMOTH, MEUKAMEHTIB, IMPOJOBOIBCTBA, AIBHOTO, SIKI MAIOTh
HAJXOAWTH BYACHO JI0 30H, 10 epeOyBaroTh y HaJ3BHUaiiHOMYy ab0 00iloBOMY CTaHi.

Tabnuys 1 - Ludposi iIHCTPYMEHTH JIOTICTUKU MYJTETHMOIATBHHUX TTEPEBE3CHb

I{udpoBuii iIHCTpyMEHT [Tpu3zHaueHHs ITpuknagu
GPS-tpexinr Ta | Bigcrexxennss  pyxy  BantaxiB y | Google Maps API, Here
CYIYTHUKOBHUI MOHITOPUHT | peaJbHOMY 4aci, KOPEKIlisi MapIIPyTiB Tracking
TMS (Transportation | OnTumizanis MapupyTiB 1 rpadikis | SAP Transportation

Management Systems)

TIICPCBC3CHb

Management, Oracle TMS

WMS (Warehouse
Management Systems)

ABTOMATH3AIlisl CKJIAJCHKUX TPOIIECIB,
00JIIK 3amaciB

Manhattan WMS, Infor
WMS

XMapHi cepBicH Ta
€JIEKTPOHHI M1aThopMu

MutteBuii 0OMIH iH(OpMaILi€r0 MK
YY9aCHUKAMH JIOTICTUYHOTO JIAHITFOTa

Prozorro.Ilponaxi,
Microsoft Azure, Amazon
Web Services

Big Data Ta ananituka

[Iporno3syBanns
BY3bKUX MICIb

PU3UKIB, BUSBIEHHS

Tableau, Power BI, Hadoop

Al Ta MalIMHHE HaBYAHHS

@dopMmyBaHHS ONTHUMAJIBHUX CIEHApPiiB
il Ha OCHOBI ITPOTHO31B

IBM Watson, Google Al,
TensorFlow

MobinpHi  nmomatku  ans | OnepatuBHE 1HpOopMyBaHHS mpo | Trans.eu, Project44,

JIOTICTIB 1 BOJIIIB CHUTYyallil0 Ha MapIIpyTax JOTiCTUYHI MOOUIBH1
JOJIaTKU

Enexrponnuit Ckopouennss yacy Ha odopmienns | e-TTH B Ykpaini, eCMR y

JIOKYMEHTO00Ir (eTTN, | noKyMeHTIB, IPO30PICTh ornepariit €C

eCMR)

Hponu ta loT-npuctpoi

MouiTopuHT 1HQPACTPYKTypH, JOCTaBKa
KPUTHYHHUX BaHTAXIB

DJI nponwu, loT-cencopu mist
BaHTAXIB 1 TPAHCIIOPTY
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BrpoBamkennst cydacHux IT-pimieHs 7103BONs€ 31HCHIOBATH MOHITOPUHI PYXy BaHTaXIB Y PEXUMI
peaibHOTO 4acy 3 BuUkopucTaHHsSIM GPS-Tpekinry, mo 3abesnedye Mpo30picTh JIOTICTHYHUX Omepariiii Ta
KOHTPOJIb 32 IOTPUMAHHSIM MapIIpPYTiB.

Enexrponni mnardgopMu Ta XMapHi cepBicH 3a0e3MeUyl0Th MUTTEBUI OOMiH iH(OpMAIli€l0 MK yciMa
YYaCHHKaMH JIOTICTUYHOTO JIAHIFOTa — BiJ] MOCTAYaJbHUKIB 1 MIEPEBI3HUKIB O MUTHUX Ta MPUKOPIOHHUX
ciryx0. Lle ckopodye yac pearyBaHHs, 3MEHIIIy€ PU3UK MOMUJIOK, a TAKOX CIIPUSE IHTErpallii MpUBaTHUX Ta
JIEp’KaBHUX CTPYKTYP Y €MHUM IU(DPOBUI MTPOCTIP YIPABIIHHS JIOTICTUKOIO.

BaxmmBUM KOMITOHEHTOM € aHaJIITHYHA 00poOKa BemuKuxX oocariB gaHux (Big Data), ska mae 3mory
OIIEPaTHBHO BUSIBJIATH 3aTPHMKH, IMPOTHO3YBAaTH BY3bKi MICLSl B CHCTEMi IEpeBE3€Hb, a TaKOX IMpUAMaTh
ONTHUMAJIbHI YIIPABIIHCHKI PIIICHHS IIONO IUIAaHYBaHHS MapIIpyTiB, MEPEpPO3NOnLTy pecypciB abo 3MiHU
HapSMKIB JJOCTaBKU. Y KPU30BHX YMOBAaX — OCOOJIMBO MU 3pyHHOBaHIH iH(pacTpykTypi ab0 HeCTaOLIbHIi
CHUTYyallii Ha MICIIEBOCTI — TaKi PIICHHS € KPUTUIHO BAXKIJIMBUMH.

[udpoBi IHCTPYMEHTH O3BOJIAIOTH 3HAYHO CKOPOTUTH 4Yac Ha YyXBAJIEHHS pIlIeHb, ONEPATUBHO
pearyBaTi Ha 3MiHYy YMOB (HampuKjaa, oOCTpuId, OJOKYBaHHS JOPIT, 3MiHK B poOOTI MyHKTIB MPOITYCKY),
YHHUKaTh HEOE3MeYHUX NUISHOK, 1, SK HACHiIOK, 3a0e3medyBaré O€3MEepepBHICTh IMMOCTAYaHHS KPUTHYHO
BOXJIMBUX BaHTaxiB. Lle crocyeThcst HacamIieper r'yMaHITapHOI AOMOMOTY, MEAUKAMEHTIB, IIPOIOBOJILCTBA,
MAJILHOTO, SIKI MAIOTh HATXOJUTH BYACHO JI0 30H, IO MepeOyBarOTh Y HAA3BHUAHHOMY a00 00HOBOMY CTaHi.

Kpim Toro, mmdposizaiiss crnpuse MOKpAIIEHHIO B3a€MOII MK IMBUILHUMH Ta BIHCHKOBUMH
CTPYKTypaMH, 3MEHIIICHHIO HABAHTAXXCHHS Ha JIOKYMEHTOOOIr 3aBHiKd eleKTpoHHMM HakmaaHuMm (eTTN),
ONTUMI3allil BUTpaT Ta (POPMYBaHHIO JOBIOCTPOKOBHX CTparerii po3BUTKY JIOTICTHYHOI 1H(PACTPYKTYpH
HAaBITh B YMOBaX HEBU3HAYEHOCTI.

[{udposizalis JOTICTUKKA B yMOBaX BiiHU YMHUTH O0araTOBUMIpHUH BIUIMB Ha JIIOJCHKHI (akTop,
3MIHIOIOUM $IK XapakTep TPYyIOBOi AISUIBHOCTI, Tak 1 BUMOTHM a0 mepcoHany. Hacammepen mmdposi
IHCTPYMEHTH 3MEHINYIOTh (i3uyHe Ta iHdopMaliiiHe HaBaHTAKEHHS Ha IMPAIiBHUKIB, aBTOMATU3YIOUH
PYTHHHI ormepaiii — 3allOBHEHHS [TOKYMEHTIB, BIJCTE)KEHHS BaHTaxiB, oOiik 3amaciB. Lle cmpuse
3HIDKEHHIO BTOMH, MiHIMi3allil MOMUJIOK Ta 3pOCTAaHHIO TOYHOCTI i, [0 0COOJIIMBO BaXXJIMBO B YMOBax
HecTalblIpbHOCTI Ta cTpecy. OnHouacHo nu(poBizallis MiBUILYE BiAMOBIIANBHICTh MEPCOHATY, OCKUIBKH
Iii (piKCYIOThCS B CUCTEMax y pealbHOMY 4aci, 110 BUMara€ BHUIIOTO PiBHS CAMOKOHTPOIIIO, U(PPOBUX
KOMIIETEHTHOCTEH Ta MOCTIHHOTO OHOBJIEHHS 3HaHb. IT-pilIeHHS TaKOXX 1CTOTHO 3HMXKYIOTh PHU3UKH,
NOB’sI3aH1 3 JIOACHKUM (PaKTOPOM, OCKUIBKH 3aBJSKU aHATITHYHIA 00poOLl JaHUX YHPaBIIHCHKI PIIIEHHS
IPUMMAaIOTHCSI HA OCHOBI TOYHUX PO3PAaXYHKIB 1 MPOTHO31B, a HE JIUIIE 1HTYi1ii ado 10CBiay.

Opnak mopsi 13 MO3UTUBHUMHU edexkTamu 3poctae i BpasznubicTh: 3a craTucThkoro CERT-UA,
nepeBakHa OUIBIIICTh YCHIIMIHUX KiOepaTak IOB’si3aHl 3 JIIOJACHKOI0 HEOOEPEKHICTIO — BIIKPUTTAM
(IIIMHIOBUX JIMCTIB, BUKOPUCTAHHSAM HEHAIMHUX MApOJIiB UM HEXTYBAHHSIM IIPOLEAypaMH KibepOe3neKHu.
Ile BucyBae HOBI BUMOTH /10 HABUAHHS NIEPCOHAITY MpaBuiIaM HU(POBOI Iiri€eHn Ta 6€31eYHOI MOBEIIHKH B
iH(popmaniiiHoMy cepenoBulli. Bognouac mudposa Tpanchopmallisi MOXKE BUKIUKATH ICUXOEMOLINHHE
NEPEHAaBAHTAXEHHS, OCOOJMBO B YMOBaX BOEHHOTO CTaHy, KOJM MPALIBHUKHM 3MYIIEHI IIBUIKO
aJIanTyBaTUCS 10 HOBUX IHCTPYMEHTIB y CUTYallii 0OMEKEHOr0 pecypcy, TPUBOKHOCTI Ta HECTAOUIBHOCTI.
BnpoBamkenns mudpoBux pilieHb 0€3 HaleKHOI MIATOTOBKH a00 MIATPUMKUA MOXE BUKJIMKATH OMIp,
3HIKEHHS MOTHBAIlli YM HaBiTh mpodeciitne BuropanHsa. OTxe, mudposizaiis He Juiie TpaHchopmye
JIOTICTUYHI MPOLECH, a i CYTTE€BO 3MIHIOE POJIb JIOAMHU B CUCTEMI YIPAaBIiHHS MepeBe3eHHsIMU. BoHa
notpedye CTpaTeriyHoro YMpaBliHHSA JIOACHKMM (DaKTOPOM: IHBECTHIIl y HaBYaHHs, ajamnTallilo,
NICUXOJIOTIYHY MIATPUMKY Ta MOOYA0BY KyJIbTypHu Oe3Meku i BIAKPUTOCTI 10 3MiH.

[TpakTHYHUMHU PUKIaAaMy TUQPPOBi3aLlii TPAaHCHOPTHOI JIOTICTUKH B yMOBAX BIHHM € BUKOPUCTAHHS
IHTErPOBAHMX JIEP>)KaBHHUX CUCTEM, TakuX K «1Imsx» ctBopena MiHicTepcTBOM iHppacTpykTypu YKpainu
y cmiBrpai 3 Ciryx60t10 6e3nexu Ykpainu Ta Jlep:kaBHOIO MPUKOPIOHHOIO ciy>k0010 [3]. BoHa no3Bosnse
OTPHMYBATH €JICKTPOHHI J03BOJIM HA BHI3/] BOAIIB-40JIOBIKIiB 3a Mexki KpaiHM, 10 3HAYHO CKOpPOUY€
gac 1 OIOpOKpaTU4HI TpOIEeAypH, 3a0e3meuyroud MpO30pICTh 1 KOHTPOJ.JUIsI BUAAYl JO3BOJIB Ha
nepeBe3eHHs, HU(POBI KapTH 3 OHOBIIIOBAHOIO 1H(OPMAIIi€0 PO CTaH JOPIT Ta 30HU PU3HKY, IITaTHOPMHU
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Prozorro. [Ipomaxi 1ist JOTICTUKY TyMaHITaApHOI JJOITOMOTH, & TAKOXK BIPOBAKEHHS IPOHIB JUISI JJOCTABKH
BaHTaXiB a00 MOHITOPHUHTY cHUTyalii Ha Mapuipytax. KpiM TOro, BUKOPHUCTaHHS aBTOMAaTH30BaHUX
ckianacekux cucreM (WMS), enekTpoHHOro JOKyMEHT000iry, cucteM yrpasiiHHs TpaHcnoproMm (TMS)
3HaYHO 3MEHIIY€ BIUIMB JIIOJICBKOTO (paKTopa, MiABUIILY€E TOYHICTD 1 MPO30PICTh JOTICTUYHUX MPOIIECIB.

Boanouac nudposizamis B ymMOBax BIHHM Mae€ i IMEBHI pU3MKU. 30KpeMa, 3pOCTA€ 3aJCKHICTh
JOTiICTUYHUX KOMITaHiH BiJ cTabinbHOI [T-iHpacTpykTypu Ta iHTEpHET-3B'13KY, I ABUIY€THCS HeOe3meKa
kibepaTtak 1 BUTOKY KOH(ineHiiHol iHopmarrii. Takok yacTHHA MEpCcOHATY MOXKE HE MAaTH JOCTaTHHOI
MIATOTOBKH JUIsi €()EeKTUBHOTO BHUKOPHCTaHHS IU(PPOBUX IHCTPYMEHTIB, IO NOTpeOye JTOJATKOBUX
HaBYaJIbHUX MPOrpaM.

Oco0muBy yBary B yMOBax BOEHHOTO CTaHy 3aciyroBye mpooOiema KibepOe3nmexku muppoBHX
TPAHCIIOPTHUX JIOTICTHYHUX CHCTEeM. 3 BIPOBA/DKEHHAM LUGPPOBUX IHCTPYMEHTIB — BIJ] CHCTEM
ynpaBiiHHsA TiepeBe3eHHsIMUA (TMS), €NeKTpOHHOro JOKyMEHTOOOIry, XMapHuUX Iiatgopm 10
ABTOMAaTHU30BaHUX cUcTeM ckiIaayBaHHsa (WMS) — TpaHcropTHA JIOTICTHKA CTa€ BCE OLTBIIT 3aICKHOIO BiJl
IT-iHppacTpykTypHu Ta CTaOLIBHOTO 3aXUIIEHOTO IHTEPHET-3’e€AHaHHs. [[e BimkpuBae HOBI BEKTOPH JJIs
kibeparak, siIKi MOXKyTh OyTH CHpsSMOBaHI He juile Ha Oi3Hec-mpoluecH, a # Ha KPUTHYHO BAKJIUBY
iH(pacTpyKTYpYy KpaiHu.

VY cy4acHUX yMOBax TpPaHCIOPTHA JIOTICTUKAa — 1€ He JIMIIE TPAHCIOPTYBAaHHS BAaHTaXiB, a U
00poOka BeNMKHX OOCSTIB JaHUX MPO MApHIPYTH, MOCTayaHHs, CKJIAIHW, TyMaHITapHY IOIOMOTY, SIKi
MOXYTh CTAHOBUTH LIIHHY a00 Bpa3IUBY iHPOPMAIIifO AJIsi MPOTUBHHUKA. XaKePChKi aTaKM HA JIOTiCTHYHI
CHCTEMHM MOXKYTh NPHU3BOAUTH [0 OJIOKYBAHHS MOCTa4YaHb, Ca00TAXKy TPAHCIOPTY, BHUTOKY
ingopmanii npo nepemimeHHs BilicbKOBMX 200 KpUTHYHHUX pecypciB.

Ha nymky ekcmepriB 3 kibepOesmeku (30kpema, 3rigHo 3 aHamitukoro CERT-UA Ta 3BiTamu
kommanid Cisco, Kaspersky Ta IBM Security), 3 2022 poky B VYkpaiHi ¢ikcyeTbcsi 3pOCTaHHS
[JIeCTIPSMOBAHUX KiOepaTak came Ha JIOTICTHYHI KOMIIAHil, Jep)KaBHI TPAHCHOPTHI IMIaTGopMu Ta
UQPOBi IHCTPYMEHTH YIIPaBIiHHS 1epeBe3eHHsAMH [4, 5]. OcoOIMBO Bpa3IMBIUMHU BBAXKAIOTHCS:

o XMapHi cepBicu 0e3 0aratogaxkTopHoi aBTeHTH]iKaWiT;

o Cucremu 30epiranHs pe3epBHUX Komiii 0e3 mn(ppyBaHHsA;

o API-3’ennanHs 3 AepxkaBHUMHU IJIaTGopMaMu (SKi MOXKYTbh OYTH JKEPEIOM SIK BUTOKY JaHUX,
TaK 1 IHCTPYMEHTOM 3apakKeHHS);

e Huzbkmii piBenb nmu¢poBoi rpaMoTHOCTI MmepcoHANy, SKUN CTBOPIOE 3arpo3y (immHry abo
HECaHKIII0HOBAHOTO JOCTYIY.

HaykoBi pgocmimkeHHss aBTopiB [6, 7] MAKPECHOOTh, IO OJHUM 13 TOJIOBHUX Oap'epiB
BIIPOBA/DKEHHSI IIU(PPOBOI JIOTICTUKM € HE TEXHIYHA, a OpraHizauliiiHo-0e3meKoBa MiAr0OTOBJEHICTH
KOMMNaHii 10 nudposoi Tpanchopmailii. HacTo He iCHy€e BHYTPIIIHIX MOJIITUK 1HOpMaLiiiHOI Oe3neKu, He
IPOBOJATH PETYJIIPHOIO HABYAHHS MEPCOHATY 3 MPOTHIT KibepaTakaM Ta He 3/11HCHIOIOTh TECTYBaHHS Ha
IPOHUKHEHHS B CBOi CUCTEMH.

TakuM unHOM, Ki0epOe3neKa € He JTuIIe TEXHIYHUM, a i CTPaTeriYHNM KOMIIOHEHTOM Hu(pPoBoi
TPaHCHOPTHOI JIoricTHKH. [f irHOpyBaHHS MOKe 3BECTH HaHiBellb epeBary UppoBi3allii, TOCTaBUTH T/
3arpo3y >KUTTS Jrojied 1 e(heKTUBHICTh BIHCHKOBO-TYMaHITapHOI JoricTukd. He3Baxkaroun Ha BU3HAHHS
npobnemu y axoBiif jdiTeparypi, NPaAKTHYHHMX AOCIIIKeHb 3 BITYM3HAHOIO I0CBily mnpoTuaii
ki0epaTakam y Jiorictuni B nepiog akTUBHHMX 00i0BHMX 1iif Maii:ke HeMae. [le cTaHOBUTH BaXJIMBY
HNEPCHEeKTUBY IS MOAAIBIIUX MUKIUCHMIUTIHADHUX JIOCTIKEHb HAa CTUKY TPAHCIIOPTHOI JIOTICTHKH,
KiOepOe3neKH Ta BOEHHOI EKOHOMIKH.

[Toripu pusuku, nmdpoBa TpaHCPOpMaLlis TPAHCIOPTHOI JIOTICTUKHM 3AJIMIIAETHCS HEOOXI1THOIO
YMOBOIO ISl i1 ()yHKIIIOHYBaHHS B YMOBax BIMHHU Ta MEPCHEKTHUBHOI'O PO3BUTKY B MOBOEHHHUI HeEpiof.
[Ticnst 3aBepiieHHs1 60HOBUX i came LK(poBa JIOTICTUKA CTaHE OCHOBOIO ISl MOOYI0BU €(PEKTHBHHUX,
IHTETPOBAaHUX y €BPONEHCHKUN MPOCTIP TPAHCHOPTHO-JOTICTUYHUX CHCTeM YKpaiHu. OdikyeTbes
PO3IIMPEHHS Jep>KaBHUX 1 MPUBATHUX UPPOBUX MUIaTHOpM, MaciiTaOHA MIATOTOBKA JOTICTUYHUX KapiB,
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MiBUIICHHS PIBHS aBTOMAaTH3allii, a TAaKOXX aKTHBHA IHTErpalis 3 MDKHAPOIHUMHU JIOTICTUYHUMU
cepBicamH.

Takum uymHOM, IUQPOBI3aIlis TPAHCIOPTHOI JIOTICTUKH B YMOBAaX BOEHHOTO CTaHy € HE JIMIIE
BIJIOBI/IF0 HA 3arpo3d, a W BaXKJIMBUM KPOKOM JO MOJEpHi3amii ramy3i Ta 3MIIHEHHS €KOHOMIYHOi
Oe3nexku YkpaiHu.

BucnoBku. Ludposizaiis € KIOUYOBUM (DaKTOpOM CTIMKOCTI Ta aJanTHBHOCTI JIOTICTUKU B
MYJBTHMOITBHUX TIEPEBE3CHh YMOBAaX BOEHHOTO CTaHy. BOHa J03BOJISIE 3MEHIIUTH PU3UKH, 30epertu
e(eKTHBHICTD 1 3a0e3MeYUTH THYYKE YIPaBIiHHS JIAHIFOTaMU IIOCTAaYaHb HABITh Y KPUTUYHUX YMOBAX.
YemimAa 1udpoBi3aliis TPaHCIIOPTHOI JIOTICTUKHA TOTPeOye KOMIUIEKCHOTO ITiIXOAY: PO3BUTKY TEXHOJIOTIH,
MoOJIepHi3alliil iHQPACTPyKTypH, 3aXUCTy iH(POpMALIHHIX CUCTEM 1 — IO HE MEHII BaXKIIMBO — CHCTEMHOL
poboTH 3 JonchkkuM KamiTasioM. Came CHHEprisi TEXHOJIOTIYHHUX pIlIeHb Ta IiJTOTOBJIEHOTO MEPCOHATY
JI03BOJISIE 3a0€3MeunTH e(DEeKTUBHY JIOTICTHKY HaBiTh B YMOBAaxX TiOpWAHHUX 3arpo3 Ta OOMEXEHHX PECYpCIB.
Baxumso, 11106 nmdposa Tpancgopmaliis TpaHCIOPTHOT JIOTICTUKY TPOIOBKYBAJIach 1 B MICISIBOCHHHUM Yac SK
CKJIAJIOBA BiZTHOBJICHHS €KOHOMIKH.
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B.O. Osuapyk, 1.B. Ouiyk

KOMIT'IOTEPHE MOJEJIOBAHHS TA ONTUMI3AIISI KOHTEMHEPHUX ITEPEBE3EHD
HA MOPCBKHUX MAPIIPYTAX HA OCHOBI MEPEKEBOI TPAHCITIOPTHOI 3AJTAUI

Y emammi npeocmasneno nioxio 0o mamemamuiHo20 MOOENO8AHHS MA ONMUMI3AYTT KOHMEUHEPHUX
nepese3eHb Yy MOPCbKUX MPAHCNOPMHUX Mepedcax i3 Ypaxy8aHHAM OUHAMIKU 2pagdikie pyxy cyoOeH.
3anpononosana memoouxa IPYHMYEMbCS HA 3ACMOCYBAHHI MepexHCesux MpaHCROPMHUX Mooenel, AKi
8I000padcaomv CMpPYKmMypy 63aemMo0ii nopmis, CK1adié ma MmpaHCNOPMHUX V36 ) 8UIA0L OPIEHMOBAHO2O
epagha. Byzmu mepedici 6ionosioaiomes nodism abo cmaxam cucmemu (npubymms CyOeH, HAAGHICMb
KOHMeEUHEPI8, MONCTUBICIb 30epicanHs YU nepemiujeHHs), a Oyau Xapakmepuzyioms MONCIUSL HANPIMKU
KOHMEUHEPHUX NOMOKIG I3 3a0AHUMU NAPAMEMPAMU 8apmocmi ma nponyckHoi cnpomodicHocmi. Po3poonena
MamemamuiHa Mooelb 8paxo8ye Yep2osicimyb 3ax00i6 cyOeH Yy nopmu ma 00380715€ (opmanizysamu onepayii
nepegezents ma 30epicants KoHmetiHepie midc 3axooamu. /[ po3s sa3anus 3a0a4i onmumizayii BUKOPUCMAHO
KOMOIHAYi0 MemoOi8 NIHIUHO020 NPO2PAMYBAHHS, AN2OPUMMIE ONMUMANILHO20 NOMOKY 8 MEPEHCAX Ma Memooy
nomenyianie. Taxe noeonanms 3a6e3neyye weuoKe OMmpUMAanHs HAOIUNCEHUX 00 ONMUMATLHUX DileHb HABIMb
¥ 3a0a4ax 6enuKoi po3MipHOCHI.

Ipaxmuuna peanizayiss mamemamuynoi mooeni 30iUCHeHA 3a OONOMO2010 NPOSPAMHUX 3AC00I8, WO
3abe3nequno iHmespayito MaAmeMamudHux aieopummie i3 Cy4acHuMu IiHQOPMAYIUHUMU CUCMEMAMU
ynpagninusa mpancnopmom. Pezynomamu mooentosanns, npoeeoeno2o na OaHux, HAOMUNCEHUX 00 PeabHUxX
VMO8 MIJCHAPOOHUX MOPCHKUX JIiHill, NOKA3AIU 3HUMICEHHS. CYKVAHUX SUMpam HA MpaHCNOPMYBAHHA Mda
30epicanns Kowmetinepie Ha 12—18%, 3meHwienHs NOPOXCHIX NpoOIcie | NOKpaAweHHs OalaHcy Midc
BUKOPUCTMAHHAM GIACHUX MA OPeHO08aHUX KoHmelnepie. Ompumani pe3yivmamu niomeepodicyioms, uo
3anpPONOHOBANULL NIOXIO € eheKmUHUM THCMpPYMeHmom Ol NIAHY8AHHSA MAd ONepamueHO20 VNPAGIiHHS
KOHMEUHEPHUMU nepese3eHHAMU I Modice Oymu aoanmosanuil 00 IHWUX 8U0i8 mpaHcnopnty 3 6a2amopieHego
CMPYKMYPOIo Mepedici.

Knrwowuoei cnosa: mepesicesa mpancnopmua 3a0aya, onmumizayis, Memoo nomeHyianie, Onmumizayisa
JI02ICMUKU, KOHMEUHEPHI NePeBe3eHHsl, MOPCbKI MPAHCHOPMHI MEPEXCL.

IloctanoBka mnpodaemu. CydacHH PO3BUTOK CBITOBOI TPAHCIIOPTHO-JIOTICTUYHOI CHCTEMHU
CYNpPOBO/IKYETbCS TOCTIMHUM 3pOCTaHHSAM OOCSTIB BaHTaKOIepeBe3eHb. Take 3pOCTaHHS 3YMOBIIIOE
HEOOXIJIHICTh YOCKOHAJICHHSI METO/IIB YIPaBIIHHS TPAHCHOPTHUMU Ipouiecamu. KoHTeliHepH1 nepeBe3eHHs
3a0e3MevyoTh BHCOKY €(EeKTUBHICTh JIOTICTUYHMX OIlepaliif, THY4KicTb y (hOpMyBaHHI TPAHCIOPTHUX
JIAHITIOTIB Ta CKOPOYEHHSI BUTPAT Yacy Ha MepeBaJIKy BaHTaxiB. BopgHovac miiBUILIEHHS! KOHKYPEHIIli Ha pUHKY
TPAHCIIOPTHUX HOCIIYT Ta XKOPCTKI TEPMIHU JJOCTaBKH OOYMOBITIOIOTh TOTPeOy y BIPOBA/DKEHH] IHHOBALIIHHUX
M1IXOAIB JI0 IJIaHyBaHHS Ta YIPABIIIHHS PyXOM KOHTEHHEPHOT'O MapKy.

Tpaauuiiini MeToau opraHi3aiii nepeBe3eHb 3  BEIMKOK KUIBKICTIO IMYHKTIB OOpPOOKM BaHTaXiB,
0araToBapiaHTHICTIO MapIIPyTiB Ta 3HAYHUMU KOJHMBAHHSMHU TIOMUTY CTAIOTh HEMIOCTAaTHHO €()EKTUBHUMH.
[IpoGnema ycknagHsI€TbCS HEOOXITHICTIO ONTHMAIBHO PO3MOAUIATH PECYpPCH Y PealbHOMY uaci, BpaxyBaTu
00MEXeHHS MMOTYXHOCT1, BAKOPHCTOBYBAaTH BJIACHI Ta OPEHA0BaHI KOHTEHHEPH.

OnHMM 13 HUIIXIB BUPILIEHHS LUX 3aBJaHb € 3aCTOCYBAHHS MareMaTH4YHUX MOJENeld TPaHCIOPTHOIO
TUMy. MepexeBl TPaHCIIOPTHI MOJENI JO3BOJISIIOTh KOMILJIEKCHO OMHMCATH PyX BaHTAXKOIOTOKIB, BPaxyBaTH
cetpiuHi oOMeXeHHs Ta KpuTepii onTumizaiii. BUKOpUCTaHHS EKOHOMIKO-MaTeMaTHUYHUX METOIIB Y
MOEAHAHHI 3 Cy4acHUMH 1H(OPMAIIfHUMH TEXHOJOTIIMH BIJIKPUBAE MOMKIJIMBOCTI ISl OTIEPATUBHOTO
OPUMHATTS pilleHb, MiJBUILEHHS TOYHOCTI IUIAHYBaHHS Ta €(EKTUBHOCTI YHpaBIiHHS KOHTECHHEPHHMH
NIePEBE3EHHSIMH Ha MOPCHKOMY TPAHCIIOPTi.
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AHaJi3 oCTaHHIX J0CTiIKeHb i myOsikaniii. MepexeBi TPaHCIIOPTHI 3a/1a4l BXKe MaiKe MiBCTONITTS
MOCIIAIOTh IICHTpalIbHE Micle Y cdepl MaTeMaTHYHOTO MOJIEITIOBAHHS IPOIECIB MEPEBE3CHb 1 PO3MOALTY
pecypcib. Ix akTuBHe HOCTiKEHHS BiOYBAEThCA y TEOPETUIHOMY HATPAMI PO3BUTKY METOIIB OMEPAIiiHOrO
aHali3y 1 B IPUKJIAJHOMY ACIEKTI BUPILIEHHS NPaKTUYHUX 3aBJaHb IUIAHYyBAaHHS TPAHCHOPTHUX MOTOKIB [1].
Bucoka 3amikaBieHICTh HAyKOBLIB y MPOOIEMATHIll MEPEKEBUX TPAHCIIOPTHUX 3a7ad MOSICHIOETHCS 1X
VHIBEPCAIBHICTIO Ta 3HAYYIIICTIO I CKOHOMIKHM. AJDKE TPAHCIIOPTHI 3a/adi BioOpakaroTh KIIFOUOBI
3aKOHOMIpHOCTI  (DYHKIIIOHYBaHHSI JIOTICTHYHUX CHUCTEM, 3a0e3leuyloTh OCHOBY JJIsl pallioHAILHOTO
BUKOPHCTaHHSI MarepiajlbHHUX, (PIHAHCOBUX 1 YAaCOBHX PECYpCIB Ta CIPHSIOTH IMIABHINCHHIO €()EKTHBHOCTI
BHUPOOHUYO-TOCHONAPCHKOT TISUTBHOCTI [2].

VY poboti [3] po3mIAHYTO MOJEl ONTHMMAJIBHOIO IOTOKY B Mepekax Ta IiXHE 3acTOCYBaHHS Yy
TPAHCHOPTHINA JIOTICTHII. ABTOPH JETAIGHO OIHUCYIOTh AITOPUTMH JUI 3HAXO/DKEHHS ONTHUMAaJbHUX
MapIIPYTIB 3 ypaxyBaHHSM IIPOITyCKHOI CIIPOMOKHOCTI, BapTOCTI II€PEBE3EHH Ta YaCOBUX OOMEXKEHb. 3HaYHA
yBara npujiieHa ocoOMMBOCTSM peaizallii [UX aJrOpUTMIB Y MPOTPAMHUX CEPEAOBHIIAX Ta MOMXIJIMBOCTIM
BUKOPHUCTAHHS y KOMIUIEKCHUX JIOTICTUYHUX CUCTEMAX.

Hocnimkennas [4] npucBsiueHe po3poOIli Ta 3aCTOCYBaHHIO MAaTEeMATWYHOTO amapary JUis ONTUMIi3arlii
pPOOOTH TPAHCIIOPTHUX CUCTEM. Y poOOTI HABEIEHO MPUKJIIAJY BUKOPUCTAHHS JITHIKHOTO pOrpaMyBaHHs JUIst
PO3MOIUTY BaHTKOIIOTOKIB, BU3HAYEHHS ONTHMAIHUX MAapIIPYTiB Ta 3aBaHTaXEHb. J[eTaqbHO PO3MISTHYTI
3aa4l  BEJMKOI PO3MIPHOCTI, Ji¢ HeoOXigHa e(EeKTHUBHA JICKOMIIO3MINSA 3a/adi Ta BHKOPUCTAHHS
CIeIiai30BaHNX anropuTMiB. [lo€qHaHHS MaTeMaTMYHUX METOMIB 13 Cy4acHMMH iH(pOpMamiifHIMHI
TEXHOJIOT1IMHM CTBOPIOE YMOBH /111 TOOYIOBH T'HYUYKHX, MaCIITA00OBaHUX CUCTEM YIIPABIIIHHS TPAHCIIOPTOM.

Y po6orti [5] mpoaHanizoBaHO METO/IH TUIaHyBaHHS POOOTH PYXOMOTO CKIIy 3 YPaxyBaHHSIM TEXHIYHOTO
CTaHy TPAHCHOPTHUX 3aco0iB, X 3aBAaHTAKEHOCTI Ta PEKUMIB eKCIUTyarallii. ABTOpU MIIKPECTIOIOThH
BKJIMBICTH CHHXPOHI3aIlii TPAaHCIIOPTHUX IIPOLIECIB 1 BUKOPUCTAHHS aIAITHBHUX TUIAHIB MEpeBE3€Hb. TakoK
BPAXOBY€ThCS JUHAMIKa MOMUTY Ta 3MiHY JIOPOXKHIX YMOB. 3alpONOHOBaHI MiaXoau 0a3yroThCs Ha iIHTErparlii
IUTAHOBUX Ta JUCIIETYEPCHKUX pimieHb. Takuid miaxia 103BOJIsIE 3MEHIIMTH MPOCTOI, MiBUIIATH KOe(IllieHT
BUKOPUCTAHHS MPOOIry Ta 3HU3UTHU €KCIUTyaTalliiiHi BUTPATH.

BukopucranHsi Cy4acHUX IHCTPYMEHTIB MPOTpaMyBaHHs JI03BOJISIE 3aCTOCOBYBATH TIPAKTHYHI IT1IXOIN
JI0 peaizalii aJropuTMiB TPaHCHOPTHHUX 3a1ad [6]. JlocmigHUKM BUKOPUCTOBYIOTH METO]] MOTEHIIIaliB Ta
NPOBOJATH aHAIII3 PE3yNIBTATIB Ha MPUKIIAAaX pealbHuX 3a1ad. Bukopucranns Python no3Bossie crBoproBaru
IHTepPaKTUBHI MOJIEN, JIETKO IHTErpoBaHi 3 0a3aMu JaHUX Ta AHATITUYHUMH TaHEIsIMHU. Takuil miaxig €
PE3YIIBTaTUBHIM JUTS ONIEPATHBHOTO TUIAaHyBaHHSI.

Jnst po3poOKM aBTOMaTH3aLlil MpoLecy MJIaHYBaHHS MPOMOHYIOThCS KOHLEMLIT Ta 1HCTPYMEHTH JUIs
MOHITOPHHTY TiepeBe3eHb [7]. 3poOneHo akIeHT Ha iHTerparii 6a3 JaHux, reoiH(OpMAaIlifHAX CHUCTEM Ta
MaTeMaTHYHUX Mojened s (GopMyBaHHS ONTHMAIbHUX IUIAHIB JIOCTaBKM [8]. ABTOpH IPONOHYIOTh
CTBOPEHHS MOJTYJIbHUX CUCTEM, IKI MOXKYTb aJIallTyBaTUCS 10 3MIH YMOB pOOOTH TPAaHCIIOPTHUX MiIIPUEMCTB.
Takok MO)Xe BHUKOPHCTOBYBAaTHUCh CLIEHAPHUM aHali3 Uil BUOOpY HaMKkpamioi crparerii B yMoBax
HEBHU3HAYEHOCTI [9].

INocranoBka 3aBraHHsA. MeTol0 CTaTTi € po3poOKa Ta OOIPYHTYBaHHS €(EKTHMBHOI MaTreMaTW4HOI
MOJIENI YIPaBIiHHSA KOHTEHHEPHUMH MepeBe3eHHAMU. Taka eKOHOMIKO- MareMaTudHa MoJIeNlb 0azyeTbcs Ha
NPUHLUIAX MEPEKEBUX TPAHCIOPTHUX 33/1ad 1 BpaxoBye crelu(iky (QyHKIIOHYBaHHS TPaHCIIOPTHO-
JIOTICTUYHUX CUCTEM Y peallbHOMY Yacl.

3anponoHOBaHUM MinXi mnependayae CTBOPEHHS (HOPMalli30BAaHOTO OMKCY MPOLECIB MEepeMIllleHHs
KOHTEHHEPHOTO MapKy 3 ypaxyBaHHSIM 0OMEKEeHb Ha IMOTYKHOCTI TIepeBe3eHb, TEPMiHN BUKOHAHHS 3aMOBIICHb,
JIOCTYTIHICTh KOHTEHHEPIB y PI3HUX ITyHKTaX OOpPOOKM BaHTaXIB Ta BapTOCTI TPAHCHOPTHUX, OPEHIHMX 1
BaHTAKHO-PO3BAHTAKYBAILHUX OTEPAIliil.

InTerpamiss mMarematudHoi Mopneni 3 iHGOpPMaLIfHUMHM CHCTEMaMd YIPaBIIHHS Ta BHUKOPUCTAHHS
ITOPUTMIB MHIATPUMKM TPUMHATTS pIlIeHb JAl0Th MOMJIMBICTH aBTOMAarUYHO 30Mparté JaHi Mpo pyx
TPAHCIIOPTY, 0OPOOJIATH iX Ta CBOEUACHO KOPUTYBATH TUTAHOBI IOKAa3HUKH. J1J1s1 peatizaliii TpaHCIIOPTHOT 3a/1adi
3aCTOCOBYIOTHCS METO/IM, 110 0a3yr0ThCs Ha JiHIHOMY MPOrpaMyBaHHI Ta aITOPUTMAX ONTUMAIIBHOTO TOTOKY
B MEpeXax.
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YV MaremMaTuuHii MOJeNTi po3MIAANIOCh PO3B’A3aHHS 3a/1a4i Ha TPAHCIIOPTHIM Mepexi, 10 TOCUTh YacTo
3ycTpivaerbes Ha ripakrtuili [10], a KOHKPETHO MEPEXEBY TPAHCIIOPTHY 3a/1ady.

Bukianenns ocHoBHOro wmarepiaay. I[loOymoBa enuHOT CITHOBOI Mojaemi JUIs  ONTHUMI3aIii
KOHTEHHEPHHUX TEpEeBe3eHb Iepeadayae BpaxyBaHHA Tpadika abo 4YeproBocTi MPUOYTTS KOXKHOTO CYJIHA-
KOHTEHHEpPOBO3a JI0 KOXKHOTO IMOPTY 3aJaHoi JiHii. UeproBiCTh 3aXOfiB CYJCH y MOPTU BU3HAYAETHCS LIS
KOHKPETHOT TPAHCIIOPTHOT MEPEKi 1 JIJIsI 33/IaHOTO MepPioTy TUIAaHyBaHHSL.

Jnst mpukiay po3mIsTHEMO CHTYAIIi0, KOJM Yy TIEPIIHiA MOPT JIiHI1 MepIM 3aX0IUTh APyTe CyAHO MpU
CBOIW TEPIIi 3yMHHII, IPYyTUM — TPETE CYIHO, TAKOXK Ha MEPIIiil 3yImuHII, 1 TPETIM — TIEpIIe CYIHO MPH
nepiriii 3ynuHni. Y Jpyruil mopT MepuM 3aXOIUTh TPETE CynHO (TIepliia 3yMnuHKa), PYTUM — JIpyTe CYTHO
(mpyra 3ymuHKa), TPETIM — TIepIIe CYIHO (Ipyra 3yluHKa). Y TPeTiil MOpT MepimM MpudyBae TPETE CYTHO
(TpeTs 3ymMHKa), 32 HUM — JIpyTre CYIHO (TpeTs 3yIHHKA), TOl SIK MEepIie CYIHO B Iei MOPT HE 3aXOAUTh.
3agava Moxke OyTH IMPEACTaBICHI Y BUIVISII CXEMH, JIe KOKHA KOMiIpKa MICTHUTh HOMEp Cy[AHa Ta HOMEp ioro
3yIUHKHU Y BIIOBITHOMY TOpTY (puc.1).

Cypmro 2 (1 synuaka)

36epiranns B noprty 1

Cynao 3 (1 symaka)

3Jbepiranas B mopty 1

Cypmro 1 (1 synunka)

[Mepesesenns

Cynso 3 (2 synuska)

Cymro 2 (2 aymuaka)

lNepesesenns

Cynro 3 (3 synunka)

Cynro 2 (3 synuska)

Pucynok . 1 — Cxema pyxy cyleH

Locepeno: pospobreno asmopamu

Ha ocHoOBI Takoi cxeMu BUKOHY€ETHCSI HyMepallisi BEpIIMH MOIeNi Ta (POpMY€eThCSl TpaHCTIOPTHA MEPEXa.
Koxxna BepIvHa BiANOBIAAE IEBHOMY CTaHy a00 MoAii — MpUOYyTTIO Cy/IHA, HAIBHOCTI KOHTEHHEPIB Y MOPTY,
MOXKJIMBOCT] IXHBOTO IepeMilieHHs abo 30epiranHs. Lle nae 3Mory omHO3HAuHO 1AEHTH(IKYBATH €JIEMEHTH
Mepexi Ta 3a0e3reuye KopekTHe (OpMyBaHHS MaTeMaTH4HOI MOJIEI.

Hanpuknan, xomu apyre cyaHo mpuOyBae 70 TEPIIOro MOPTY, ICHY€E KiTbKa BapiaHTIB 3aJ0BOJICHHS
noTped y MOpOXHIX KOHTEHHepax A0 MpUOYTTS HACTYHMHOro cyaHa. Ilo-mepiie, MOXKHA 3aIUIINTH YaCTUHY
KOHTEHHEPIB y MOpTY. Y TepMiHAX MOTOKOBOT MOJIENI Taka Jiisl BIATIOBIAE TOAABAHHIO TyTH MK BEpPIIMHAMM,
sIKa BiI0Opakae MOMIIUBICTh 30epexeHHs KOHTEIHEepIiB Y Yaci 3 IEBHOIO BapTICTIO (BUTpaTaMU Ha 30epiraHHs
MK 3aXOllaMHU JBOX KOHKPETHHX cyneH). [lo-apyre, y mopTy MOXKYTh 3aJIMIIATUCS KOHTEHHEPH, 10 BKE € Ha
MOMEHT NPUOYTTA CY[IHA, BKIIIOYAIOYX OpeHI0BaHi. L{e Takok MOIETI0eThCS T0JaBaHHSM BiJIIOBITHUX JTyT MIXK
JDKepeTiaMH TTOTOKY 3 YpaxXyBaHHSIM BapTOCTI 30epiraHHs MiXK 3aXO0JaMH.

AHAJOTYHUM MiAXiJ 3aCTOCOBYETHCS ISl BCIX IOPTIB 1 CYJAEH BIJNOBIHO A0 IXHBHOTO TIpadika.
DopMyBaHHSI TaKHX TYT y MOZEN J03BOJISIE BpaXyBaTH sIK IIPsSMI IepeBE3€HHsI KOHTEHHEPIB MK MOPTaMu, TaK
1 30epiraHHs pecypciB y Mexax MOpTy MK 3axXolamu Cy[eH. Y pe3yibTari (OpMYeThCsl TMOBHA CiThOBA
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CTPYKTYpa, B sIKiii KOXKHA JyTa XapaKTepU3yeThCS MPOITYCKHOIO CIIPOMOXKHICTIO Ta BapTICTIO, a KOKHA BEPILIHA
— (byHKITIOHATEHOIO POJUTIO B TPAHCIIOPTHOMY TPOIIECI.

Y moOynoBaHiii Moxeni JJsl 3pYYHOCTI BCI BEpPIIMHU Mepexi Oyno mpoHymepoBaHo Big 1 mo 39.
[MpurycTiMo, 110 ApyTe CYITHO 3AIHCHIOE 3aXi]l y MEPIINii TOPT. Y TaKii CUTYyallil BAHUKAE ACKIITbKA MOXIIUBHX
croco0iB 3a0e3neueHHs MoTped y MOPOXKHIX KOHTEHHEPaX 10 MOMEHTY MPUOYTTSl HACTYITHOTO Cy/HA.

[lepmmii BapiaHT TONATAE Yy 3aJMIICHHI YaCTHHW KOHTEHHEpIB, IO JIOCTAaBISIFOTHCS —CYITHOM,
Oe3mocepeHhO B IOPTY. Y TEpMiHAX MEPEIKEBHUX IMOTOKIB 1€ BiIIOBI1a€ MOKIIMBOCTI TIEPEHECEHHS TIOTOKY 3
BEPILNHU-CTOKY 4 JI0 BEPIIMHU-CTOKY 8 3 METOIO MMOKPHUTTS HAsIBHOTO TIOMHUTY. BiAMmoBiqHO, MiX 3a3Ha4EHIMHI
BEpIIMHAMH BBOAWUTHCA ayra (4;8), Mo sKiil mepeMillyeTbCd KOKHA OJUHUIA TOTOKY 3 BapTICTIO,
€KBIBAJICHTHOIO BHWTparaM Ha 30epiraHHs OJHOTO KOHTEWHepa B moOpTy | y mepiog MK 3axomaMu
KOHTEHHEpoBO3iB 2 Ta 3.

Hpyruit BapianT nependadae 30epeXeHHSI B MOPTY KOHTEHHEpIB, 110 MepeOyBajld TaM JI0 MOMEHTY
npuOyTTS CyIHA, a TAKOXK KOHTEHHEPIB, 3aTy4eHHX IIUIIX0M opeHau. Lle BiqoOpaxkaeTbesi y Mepeski BBEICHHAM
nyrH (25;29), sika MoeaHye BEPIIMHY-DKEpesio 25 3 BepIIMHO-KepesioM 29, ta nyru (34;38), mo 3’eaHye
Bepmmad 34 1 38. IlepemimieHHss MOTOKYy MO IMX Jyrax MOJETIOE BUTpPATH, NOB’s3aHi 13 30epiraHHsAM
KOHTEWHepiB y mopTy 1 B iHTepBaii Mix 3axoiamu cyzieH 2 1 3.

AHaJOTI4HI CTPYKTYpHI 3B’ 13K MPEACTABIEH] HA PUCYHKY 2. 30Kpema, BepumHH 1 1 8 3’€1HaHO TyTor0
(8:1), Bepurunu 29 i 22 — gyroro (29;22), a Bepumnu 38 1 31 — nyroro (38;31). Kpim Toro, Bepuriau 7 1 5
noeaHani ayroto (7;5), Bepumnan 26 i 23 — nyroro (26;23), Bepmman 35 1 32 — mayroro (35;32). Beprmnan 9 i
6 3’enHano ayroro (9;6), Toni sik Bepuruau 30 127 Ta Bepimnu 39 1 36 — BianosigHo ayramu (30;27) 1 (39;36).
VYei i gy BimoOpaXkaroTh MOXKITMBOCTI TIEPEPO3MO/ILUTY TIOTOKIB KOHTEHHEPIB Y MEKax MEpEeKeBOi MOJIeN Ta
IHTEPIIPETYIOTHCS SIK BUTPATH HA 30epiraHHsl 1 epeMilleHHs y TIOPTY.

Pucynox 2 — Mepexa a7t TUIIOBOI CUTYallli Ha MKHAPOHIA MOPCHKIH JTiHIi

Locepeno: pospobneno asmopamu
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3anpornoHoBaHi MpaBuiia MOOyI0BH Mepexki € GopMai30BaHUMHU Ta MOXKYTh OyTH aJlTOPUTMI30BaHi1 JyIst
ABTOMATHYHOI peaizallii y mporpaMHoMy cepemoBuili. Lle mo3Bomnse mBuako OyayBaTu MOIEIN IS Pi3HUX
BapiaHTiB rpadikiB pyXy Ta MIBUAKO OHOBIIIOBATH iX MPH 3MiHI YMOB €KCILTyaTallii.

BukopucTaHHS alrOpUTMiB ONTUMAJIBHOTO TIOTOKY Ta METOJLY ITOTESHITIAIIIB JT03BOJISIE BUPILITYBATH 32,1241
BEJTMKOI PO3MIpHOCTI. B Takux 3aayax BpaxoByeThCs OOMEXKEHHS peasIbHOro cepenoBuiia. Lle MoxyTs Oytu
CHUTYyaIlii 3 POIYCKHOKO CIIPOMOKHICTEO ITOPTiB, 0OMEXEHUM ITAPKOM KOHTSHHEPIB, YaCOBUMH BIKHAMH 3aXOJ1iB
cyaeH. IIpu mpomMy 4Yac po3B’si3aHHS 3a/iadi CYTTE€BO CKOPOYYETHCS MOPIBHSAHO 3 KIACHYHUMH METOTAMHU
JIHIHHOTO TIPOTpaMyBaHHSI.

[TpakTiyHa nepeBipka MozieNi Ha JaHUX, HAOIM)KEHHX JI0 pealTbHUX YMOB MKHAPOJAHUX MOPCHKHX JIHIH,
ToKazaJia, 110 ONTUMI3allis T03BOJISE 3MEHIIMTH CyMapHi1 BUTPATH Ha IMIEPEBE3EHHsI Ta 30epiraHHs KOHTEHHEPIB
y cepemaboMy Ha 12—18 % 3amexxHo Bix koH(DIrypariii TpaHCIOPTHOI Mepexi. Takok BHAIOCS 3HU3UTH
KUTBKICTh TIOPOXHIX TPOOITiB 1 MOKpAIIUTH OajaHC MDK BHKOPHUCTAaHHSIM BJIACHHUX Ta OPEHIOBAaHUX
KOHTEHHEPIB.

Tabnuya 1. Pe3ynsraTti MOZIEIIOBAHHS ONTHMI3allii KOHTEHHEPHUX ITEPEBE3CHBb

[Toka3zHuk Jlo [icnz
orntumizamii (%) | ontumizanii (%)

Bmpam Ha TPAHCIOPTYBaHHS Ta 100 25
30epiraHHs
KinbkicTh MOpoXKHIX IPOOITiB 100 82
E(l)@KTfIBHIF:TB BUKOPUCTAHHS BIACHUX 100 112
KOHTEHHEPIB
YacTka OpeHJ0BaHUX KOHTECHHEPIB 100 88
Yac po3paxyHKiB Mozemi 100 55

Lorcepeno: pospobreno asmopamu

InTerpanis MareMatiuHoi Mozeni 3 iHcTpyMenTaMu Python (6i0miotekn ontumizanii PuLP, NetworkX,
SciPy) nae 3mory cTBOpUTH THy4ke OOUMCIIOBAJIbHE CEPEIOBUILE s ClieHapHOro aHamizy. Lle no3sommio
TECTyBaTH Pi3Hi cTparerii pearyBaHHs Ha HenepeadadyBaHi CUTYyallii, HAIpUKIIa, 3MIHH y PO3KJIaJii CyJieH abo
TUMYACOBY HEIOCTYTIHICTh OKPEMHUX MOPTIB.

BucHoBku. I[IpoBeneHe MOCHIPKEHHS MIATBEPAWIIO, IO 3aCTOCYBaHHS MEPEXKEBHX TPaHCIOPTHUX
Mozienel sl ONTHMI3allli KOHTEWMHEpHUX MEepPeBEe3eHb HA MOPCHKHX JIHISX € €(EeKTUBHUM IHCTPYMEHTOM
IIJIBUILEHHS. €KOHOMIYHOi Ta omepauiiiHoi pe3ylbTaTUBHOCTI TPAHCHOPTHHUX CHUCTEM. 3alpONOHOBaHA
MeTO/IMKa MOOY/IOBH MOJIETI 3 YpaxyBaHHSIM YEPrOBOCTI 3aXO/IIB CyJCH Y TMTOPTH Ta MOXKITUBOCTEH 30epiraHHs
KOHTEHHepiB 103Bojsge (popManizyBaTH CKJIaIHI JIOTICTMYHI TPOLECH y BHUINISII OPIEHTOBAHOI MEpEexi,
NPUIATHOT JJTS1 aBTOMAaTH30BaHOTO OIPAIFOBAHHSI.

BukopucranHsi aqropuTMiB ONTUMAIBHOTO TOTOKY, METOY MOTEHIIaliB, eBPUCTHYHUX HPOLETYp IS
3a]1a4 BEJTMKO1 pO3MIPHOCTI 3a0e3Meuye MIBUIKE OTPUMAaHHS ONTHMATIBHIX a00 HAOMMKEHHX 10 ONMTUMATBHUX
pillieHb y peXHMi, HaOMMKEHOMY OO0 peasbHOro wvacy. lloeqHaHHS MaTeMaTWYHOrO MOJIENIOBAHHS 3
IHCTpyMEHTaMH MpPOTrpaMHOi peaiizauii Ta 1HTerpauiss 3 1HGOPMAIIfHUMH CHUCTEMaMU YIPaBIiHHA
TPAHCIIOPTOM IIiIBUIYOTh THYUKICTh 1 MaciITaboBaHICTh PO3POOIEHOI METOTUKH.

OTtpumaHi pe3ynbTaTi CBi4aTh PO 3MEHIIEHHS CYKyITHUX BUTPAT Ha TPAHCIIOPTYBAHHS Ta 30epiraHHs
KOHTEHHEpiB, CKOPOUECHHsI MOPOXKHIX MPOOIriB 1 MiIBUIIEHHS €(pEKTUBHOCTI BUKOPUCTAHHS KOHTEHHEPHOTO
napky. MOXXJIMBICTD CIIGHAPHOTO aHAJII3y Ja€ 3MOTYy TPAaHCTIOPTHUM OIeparopaM aJanTyBaTH IJIaHU JI0 3MiH
HONHUTY, TpadiKiB pyXy Ta MMO3aITAaTHUX CUTYyaLlii.
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Pozpobnennit minxig Moxke OyTH YCHIIIHO BIPOBAIKEHUH Yy MPAKTHKY YIPaBIiHHS KOHTCHHEPHUMHU
MIEPEBE3CHHSIMHU HE TUIBKM Ha MOPCHKHX JIHISIX, a 1 HA 1HIIUX BUJAX TPAHCIOPTY, J€ aKTyaJIbHOIO € 3a/ada
ONTUMAJILHOTO PO3MOJIUTY BAHTAXKOIIOTOKIB Y CKJIaJHUX OAaraTropiBHEBUX MepekKax.
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Volodymyr Ovcharuk, Inna Yushchuk
COMPUTER MODELLING AND OPTIMISATION OF CONTAINER TRANSPORT ON SEA
ROUTES BASED ON A NETWORK TRANSPORT PROBLEM

The purpose of this article is to develop and improve the methodology of mathematical modeling and
optimization of container transportation in maritime transport networks, taking into account the dynamics of
vessel schedules and the specifics of port operations. The research is aimed at creating a universal methodology
that ensures higher efficiency of logistics flow management, reduction of operating costs, and better utilization
of the container fleet. Particular attention is paid to developing models that consider the sequence of vessel
arrivals at ports, the possibility of storing containers between arrivals, and the balance between owned and
leased containers, which plays a key role in the functioning of modern transport and logistics systems.

The study reviews contemporary approaches to transportation optimization and identifies unresolved
issues, particularly the insufficient integration of dynamic factors into network transport models. A
mathematical model is proposed in the form of a directed graph, where nodes represent ports, storage facilities,
and vessels, while arcs describe the possible routes of container flows with associated costs and time constraints.
The solution approach combines methods of linear and integer programming, optimal flow algorithms, and the
potentials method. The practical implementation was carried out in Python using the PuLP and NetworkX
libraries, which enabled the automated construction of the network and scenario-based analysis under different
operating conditions of maritime container transportation. Computational experiments demonstrated that the
proposed approach reduces total transportation and storage costs by 12—18%, decreases empty runs by 15—
20%, improves the efficiency of using owned containers by 10—15%, reduces the share of leased containers by
10-15%, and shortens computation time by 40-50% compared to traditional planning methods.

The obtained results confirm the feasibility of applying the developed methodology in maritime
container transport management systems. The model is characterized by its universality and adaptability to
dynamic changes in vessel schedules, making it suitable for practical implementation by logistics companies
and transport operators. The proposed approach ensures improved economic efficiency of transport systems,
better use of port infrastructure, and supports the development of integrated transport and logistics networks.
Future research directions include extending the model to multimodal transportation and incorporating risk
and uncertainty factors into decision-making processes.

Keywords: optimization, network transport model, transportation problem, potentials method, logistics,
container transportation, maritime transport networks
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THE IMPACT OF ENVIRONMENTAL FLUCTUATIONS ON THE PERFORMANCE OF
INTERNATIONAL MARITIME TRANSPORTATION

This article presents an analytical review of the current state of global maritime fleet development and
the impact of environmental fluctuations on the efficiency and effectiveness of international maritime transport.
The research objective is to develop information and analytical tools to support maritime transport logistics
processes in the face of unpredictable environmental changes, which is essential for improving the efficiency of
international maritime transport management. The article notes the dominance of vessels of various functional
purposes in maritime trade. China's dominance is supported by the bulk carrier and container ship sector, Japan
by refrigerated vessels and liquefied petroleum gas vessels, the United States by cruise ships, and Singapore by
vessels transporting liquefied natural gas and supporting offshore fields. The article determines that, against
the backdrop of growing international transport, disruptions and interruptions associated with geopolitical
conflicts and climate risks are observed. A substantive interpretation of the impact of geopolitical conflicts on
the efficiency of maritime transport is offered. An analysis of the components of the influence of the external
environment on the efficiency of transport is provided. The paper outlines the key trends in the modern
development of maritime freight transportation in the context of dynamic environmental changes, including a
2% growth in global seaborne trade with significant cost fluctuations, regional transport disruptions, and rising
consumer prices caused by rising freight rates. Recommendations and prospects for the development of
maritime transportation in an uncertain environment are offered, including the use of modern low-carbon fuel
technologies, coordinated route planning, and the development of new logistics solutions.

Keywords: transportation, international sea routes, analysis, status, external environment, obstacles,
classification, trends, recommendations

Statement of the problem.

The relevance of this work relates to maritime logistics management processes under conditions of
uncertain external disturbances on the operation of shipping facilities. Complex, constantly changing maritime
shipping conditions negatively impact their implementation. When preparing shipping plans, it is necessary to
consider, in addition to possible navigational and climatic conditions for their duration, intensity, and timing,
equipment performance characteristics (fuel consumption, transit speed, main engine loads, etc.), as well as
economic factors related to overall shipping costs associated with deviations from planned international routes,
additional fuel consumption, and personnel salaries. Planning in advance for possible changes in maritime
shipping conditions is virtually impossible, requiring management decisions to be made under conditions of
uncertain environmental influences.

An analysis of recent research and publications on this issue shows that the necessary information
on the impact of environmental fluctuations on maritime transport is reflected in estimates contained in
statistical compendiums [1, 2]. However, a detailed analysis of the causes of environmental influence on
the efficiency of international maritime transport is not provided. Uncertainty in management is
associated with insufficient information on the conditions of specific situations during transport
transitions, as well as a low degree of predictability and foresight of these conditions. Uncertainty is
associated with risk in maritime transport management [3, 4].

In [5], it is noted that logistics in ports and maritime supply chains has reached such a level of complexity
that decision-making under uncertainty requires the use of analytical methods in the form of decision support
systems for various operational tasks. The problems and trends of the maritime shipping industry are specified.
The rapidly changing external environment forces adaptation to external disturbances and the selection of
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appropriate management tools. In [6], the characteristics and patterns of functioning of maritime shipping
companies are examined in the context of permanent changes in the economic situation with the expansion of
regulatory influences from international maritime organizations. In [7], factors hindering the systemic
development and realization of the potential of multimodal transportation from the perspective of logistics and
transportation are identified. A single-criteria approach to optimal planning of maritime transportation cannot
currently be considered satisfactory, as there is no universal indicator that can be applied as a single criterion of
optimality.

Maritime traffic management based on the exchange of digital information and optimization of the
maritime transportation chain is considered in [8]. Factors for effective resource management include improved
situational awareness on the bridge, timely arrival at port, and shorter routes.

The maritime transport and logistics sector requires intensive data exchange for effective management
and decision-making. The integration of Internet of Things (IoT) technologies in the maritime industry [9]
includes vessel tracking, emissions monitoring, and cargo delivery security. loT solutions, adapted to the current
needs of the maritime transport sector, are aimed at intelligentizing maritime services. [10] identifies key
research challenges and trends in testing external induced loads, humidity, and transparency of bulk cargo during
maritime transportation.

An analysis of information on maritime transport management tools under uncertainty allowed us to
identify key processes in modern maritime transport information support and determine their focus on
improving transport efficiency.

An unresolved aspect of the overall problem of managing the development of international maritime
transport includes an assessment of the current state and the degree of influence of the external environment on
process efficiency.

The aim of this work is to study the impact of environmental fluctuations on the performance and
efficiency of international maritime transport and trends in these changes. To achieve this, the following tasks
must be completed:

- compilation of an information and analytical database on global maritime transport;

- determining the volume of international maritime transport and its development trends;

- identifying the factors hindering the development of international maritime transport;

- specifying geopolitical conflicts and climate risks;

- drawing conclusions and recommendations.

Contribution to the main material of the investigation.

The global merchant fleet plays a key role in the global economy, transporting goods over long
intercontinental distances. Countries with developed maritime fleets can export their goods and import
necessary resources. Maritime transport accounts for up to 80% of all global shipping. In 2025, the global order
book amounted to 5,404 vessels with a total deadweight of 346 million tonnes, a 15% increase over 2023 figures
[2]. The development of the global maritime fleet is characterized by an increase in orders for vessels with
increased transport volumes.

Today, the main categories of vessels—bulk carriers, tankers, container ships, and gas carriers—account
for more than 90% of the total maritime fleet by tonnage. China has the largest fleet by number of vessels.
China's dominance is supported by the development of the bulk carrier and container ship sectors, valued at
US$68 .4 billion. Japan is the leader in the liquefied petroleum gas and refrigerated cargo segment, with a vessel
value of $49.9 billion. Greece has the largest tanker fleet, exerting strategic influence on global shipping lanes
and enabling it to capitalize on geopolitical shifts. The United States continues to dominate the cruise sector,
valued at $58.6 billion. Singapore serves the petroleum gas and offshore support market, with a fleet valued at
$107.2 billion. Singapore's strategic location and developed port infrastructure have made it a maritime hub.

The sharp rise in ship prices is due to disruptions to maritime transport in the Red Sea, as ships divert their
routes around the Cape of Good Hope to avoid military action. In December 2023, the political situation in the
Middle East escalated, leading to attacks on cargo vessels transiting the Bab el-Mandeb Strait, which connects
the Red Sea and the Gulf of Aden. Shippers are forced to seek alternative routes.

The dynamics of international maritime transport per ton of cargo, with a shift toward longer routes, is
presented in Figure 1 [2].
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Fig. 1 — International Sea Transport Dynamics

Bypassing the African continent around the Cape of Good Hope adds 14-15 days to the Red Sea voyage
on the China-Europe route. Bypassing Africa increases the distance and time of crossings, which in turn
increases demand for vessels by 3% and container ships by 12% [1]. The increased route lengths have led to an
increase in the number of port calls. This has complicated the maritime operational environment and exacerbated
environmental problems associated with additional carbon dioxide emissions caused by increased fuel
consumption and faster vessel speeds. The challenging operational environment for maritime transport, driven
by geopolitical conflicts and climate risks, is hampering the stability of maritime trade. The increased route
lengths have led to congestion, particularly in Asia, which accounts for 60% of global container trade. By mid-
2024, vessel transit through the Suez Canal had declined: throughput through the Gulf of Aden had fallen by
76%, while transit through the Cape of Good Hope had increased by 85%. Lengthening the routes had led to
increased costs for fuel, wages, and insurance, and had caused an increase in atmospheric emissions. Rising
trade costs and shipping tariffs had led to an increase in global consumer prices. Simulation calculations show
a 0.9% increase in consumer prices. This will have the greatest negative impact on the development of small
island developing states, as these countries depend on maritime transport, particularly on the import and export
of food products. Due to global changes and disruptions in strategically important shipping lanes, real GDP is
projected to decline by 0.06%, and in these countries, the decline may be nearly halved, as meteorological factors
such as air temperature, wind speed, direction, and precipitation intensity are the determining factors.

According to the UN Conference on Trade and Development, they will grow by 0.6% in 2025 due to
rising shipping costs. The dynamics and trends in maritime trade demonstrate the continued focus on
international maritime transport.

The concept of risk is associated with an assessment of the probability of occurrence of events, while the
concept of uncertainty does not have such an assessment of probability. There are differences in the cause-and-
effect relationships of both concepts. Uncertainty is generated by incomplete information, the randomness of
the manifestation of external unstable connections, the result of the intersection of independent processes and
events. Risk is directly related to decision-making. The concept of uncertainty is ambiguous, while risk has a
quantitative dimension. In this case, risks should first be identified, and then a number of precautionary measures
should be taken to reduce or eliminate them.

The war in Ukraine and restrictions on shipping in the Black Sea forced Egypt to purchase grain from
Brazil. In September 2023, Turkey implemented additional technical safety protocols, which resulted in delays
in adapting to the new regulations.

Climate change is among the factors that determine the impact of external conditions on the functioning
of the international maritime shipping sector. Storms, hurricanes, fog, and ice are the causes of disruptions to
shipping schedules due to low water levels in the Panama Canal, and sometimes even transport accidents due
to tsunamis in countries such as Japan and South Korea.
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There is no universally accepted definition of geopolitical conflicts due to the diversity of political,
economic, and international legal aspects. The semantic content of the term geopolitical conflict is understood
as a manifestation of interstate contradictions at a stage of significant escalation.

In their most obvious interpretation, geopolitical conflicts result from the interaction of parties to pursue
their interests, using all available means within the relevant international relations. They exhibit characteristics
of perceived necessity, increasing tension, and pressure without the use of external force. Based on these
definitions, a general description and specific use of geopolitical conflict in maritime transport is presented in
Table 1.

Table 1 Geopolitical conflicts in maritime transport

General features and characteristics Features of manifestation in maritime transport
Rising tensions Manifestation of interstate contradictions
Pressure without resorting to military action Protective measures

Changing the rules of conduct for interacting | Timely response to changes in transportation
parties conditions

Interstate discrepancy and inconsistency Agreements and protocols

Fulfilling one's own interests at the expense of | Adequacy of responses

other countries

Pirate attacks Changing routes and transition plans

Geopolitical conflict in maritime transport exacerbates the destructive effects of international relations.
The causes of conflict include:

- competition between states;

- conflicting national interests;

- territorial claims.

A diagram of the environmental impact on maritime transport performance, compiled based on the
information presented, is presented in Figures 2 and 3.

The Impact of Geopolitical Conflicts on the Performance of International Freight
Transport
I I I I I

Reduction in throughput through the Suez

and Panama Canals
Restrictions on traditional routes due to

Increasing the length of safe routes
military action

Changing routes around the African
Procedural delays associated with the
introduction of security protocols

Disruption of international freight
continent

transport schedules
The emergence of environmental

Complication of the operational
problems of decarbonization

environment
Increase in the overall cost of

transportation

Fig. 2 — The impact of geopolitical conflicts on the performance of international freight transport

Global climate change is associated with long-term weather fluctuations caused by both natural conditions
of increased solar activity, melting glaciers, shallowing of riverbeds and water areas, and anthropogenic human
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activity associated with deforestation, drainage of wetlands, and an increase in the greenhouse effect from the
combustion of fuel in international maritime transport. The consequences of this are global changes in sea level,
extreme changes in weather conditions, hurricanes, tornadoes, and tsunamis. Climate change has led to an
imbalance in natural systems: melting glaciers, rising sea levels, changing precipitation patterns, and an increase
in the frequency of extreme events. Recommendations from analysts at the UN Conference on Trade and
Development [2] propose joint action, because climate change affects every country, as a link is observed
between climate change and the occurrence of natural disasters. It is noted that with rising sea levels, low-lying
areas of the United States, Great Britain, Italy, Germany, and Denmark will be flooded. Urgent and ambitious
action is needed to support the sustainability of climate change and risk reduction measures in the use of
transport technologies.

Artificial intelligence and machine learning will be potentially transformative technologies in predicting
changes in navigation and weather conditions. Various insights from advanced satellite technologies, Internet of
Things innovations, and digitalization can be used not only to detect climate change but also to proactively
address environmental impacts on the performance of international transport.

Climate change impacts integrated socio-ecological systems [11], disrupting their sustainable functioning
and causing irreversible changes. Sea ice is declining, permafrost is melting faster, heat waves and heavy
precipitation are increasing, and water resources are depleting. These impacts are changing lifestyles,
management strategies, technological solutions, and implementation measures. It is necessary to develop,
integrate, and adjust strategies for interaction between economic actors in the context of changing climate
conditions and climate adaptation over time.

The combination of geopolitical tensions, the impacts of climate change, and armed conflicts has led to
disruptions and interruptions in trade and supply chains.

The Impact of Climate Risks on the Performance of International Freight
Transport

Regional transport disruptions

A

» Climate change

\ 4

Fogs, storms, hurricanes, icing, tsunamis

A

Shallowing of shipping channels

» The emergence of new routes as the climate warms

Reasons and limitations

Changing ice conditions

A

» Adjustment of navigational conditions to weather conditions

Fig. 3 — The impact of climate risks on the performance of international freight transport

The key trends in global maritime freight transport are:

- 2% growth in global seaborne trade, with significant cost changes;

- regional transport disruptions related to the refinement of the Suez and Panama Canals, port congestion,
and increased operating costs;

- freight growth associated with increased distances and higher insurance premiums;

- rising consumer prices driven by rising freight rates.

According to UNCTAD forecasts [1], global seaborne trade will grow by an average of 2.4% in 2029.
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The recommendations of the United Nations Conference on Trade and Development are aimed at
coordinated action in the areas of navigation and adaptation, increased investment in low-carbon fuels, the use
of modern technologies in forecasting, more precise route planning through the development of software and
hardware for managing uncertain external influences, and the development of flexible logistics solutions.

To improve safety, reliability, and resilience, the maritime logistics sector must embrace new digital
technologies. As maritime logistics overcomes the challenges, priority must be given to developing management
tools to cope with the uncertain impact of external disturbances, helping to withstand disruptions and adapt to
their sources. The external environment is becoming increasingly fluid and unpredictable, adding new
challenges and tasks to maritime transport performance. It's important to maintain focus not on the final goal,
but to apply a specific set of knowledge to achieve it and implement it in specific conditions.

Evidence and prospects for further exploration in this direction.

The novelty of this work lies in its systematization and classification of the impact of geopolitical conflicts
and climate risks on the efficiency of maritime transport. It outlines the key trends in the modern development
of maritime freight transport in the context of dynamic environmental changes, including a 2% growth in global
seaborne trade with significant cost fluctuations, regional transport disruptions, and rising consumer prices
caused by rising freight rates. Recommendations and prospects for the development of maritime transport in an
uncertain environment are offered, including the use of modern information-intelligence technologies for
managing low-carbon fuel development, coordinated route planning, and the development of new logistics
solutions. This allows for the discovery of new directions for the further development of international transport.
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