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ÓÄÊ 004.8

Ãëîáàëüí³ òðåíäè øòó÷íîãî ³íòåëåêòó: âèêëèêè, ìîæëèâîñò³, ïåðñïåêòèâè / Ì.Ç. Çãóðîâñüêèé //
Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 9–31.

Àíîòàö³ÿ. Ôåíîìåí ñòð³ìêî¿ òðàíñôîðìàö³¿ ñâ³òó ï³ä âïëèâîì øòó÷íîãî ³íòåëåêòó (Ø²) çóìîâëå-
íèé éîãî çäàòí³ñòþ ïðèñêîðþâàòè ³ííîâàö³¿, çì³íþâàòè åêîíîì³÷í³ ïðîöåñè, âïëèâàòè íà ñïîñîáè
âçàºìîä³¿ ëþäåé ³ç òåõíîëîã³ÿìè òà â³äêðèâàòè íîâ³ ïåðñïåêòèâè äëÿ ðîçâèòêó ëþäñòâà. Îñòàíí³ ðîêè õà-
ðàêòåðèçóþòüñÿ áåçïðåöåäåíòíèì òåìïîì âïðîâàäæåííÿ Ø² ó êëþ÷îâ³ ñôåðè æèòòÿ, ùî ñóòòºâî çì³íþº
ðèíîê ïðàö³, íàóêîâ³ äîñë³äæåííÿ, ñîö³- àëüí³ êîìóí³êàö³¿, ãëîáàëüíó áåçïåêó òà åêîíîì³êó. Ïðîòå ö³
çì³íè ïîòðåáóþòü óñâ³äîìëåíîãî ï³äõîäó äî ðåãóëþâàííÿ, âèçíà÷åííÿ åòè÷íèõ ìåæ òà àäàïòàö³¿
ñóñï³ëüñòâà äî íîâèõ òåõíîëîã³÷íèõ ðåàë³é. Âàæëèâî, ùîá Ø² çàëèøàâñÿ ³íñòðóìåíòîì ïðîãðåñó, ùî
ñïðèÿº ñòàëîìó ðîçâèòêó, à íå ñòâîðþâàâ çàãðîçó äëÿ ñòàá³ëüíîñò³ òà äîáðîáóòó ëþäñòâà.

Êëþ÷îâ³ ñëîâà: øòó÷í³ íåéðîíí³ ìåðåæ³, äàòà-öåíòðè, ãðàô³÷í³ ïðîöåñîðè (GPU), òåíçîðí³ ïðîöåñîðè
(TPU), íåéðîíí³ ïðîöåñîðè (NPU), âåëèê³ äàí³ (Big Data), ìàøèííå íàâ÷àííÿ, îáðîáëåííÿ ïðèðîäíî¿
ìîâè (NLP), ñöåíàð³¿ ðîçâèòêó Ø².
_________________________________________________________________________________________

Global Trends in artificial intelligence: Challenges, opportunities, and prospects / M.Z. Zgurovsky //
Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61, N 4. P. 9–31.

Abstract. The phenomenon of the rapid transformation of the world under the influence of artificial
intelligence (AI) is driven by its ability to accelerate innovation, reshape economic processes, influence the
ways people interact with technology, and open new perspectives for human development. In recent years, AI
has been integrated into key areas of life at an unprecedented pace, significantly transforming the labor market,
scientific research, social communications, global security, and the economy. However, these changes require
a conscious approach to regulation, the establishment of ethical boundaries, and the adaptation of society to
new technological realities. It is crucial to ensure that AI remains a tool for progress, fostering sustainable
development rather than posing a threat to stability and human well-being.

Keywords: artificial neural networks, data centers, graphics processing units (GPU), tensor processing units
(TPU), neural processing units (NPU), big data, machine learning, natural language processing (NLP), AI
development scenarios.
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ÓÄÊ 519.64:517.443:519.254

Åëåìåíòè çàãàëüíî¿ òåîð³¿ îïòèìàëüíèõ àëãîðèòì³â / Â.Ê. Çàä³ðàêà, ².Â. Øâ³ä÷åíêî // Ê³áåðíåòèêà
òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 32–45.

Àíîòàö³ÿ. Íàâåäåíî çàãàëüíó ñõåìó îö³íêè ïîâíî¿ ïîõèáêè îá÷èñëþâàëüíîãî àëãîðèòìó. Ïîáóäî-
âàíî îïòèìàëüí³ àëãîðèòìè çà óìîâ íàéá³ëüø ïîâíîãî âèêîðèñòàííÿ íàÿâíî¿ ³íôîðìàö³¿ ïðî çàäà÷ó. Ðîç-
ãëÿíóòî ðåçåðâè îïòèì³çàö³¿ îá÷èñëåíü.

Êëþ÷îâ³ ñëîâà: îá÷èñëþâàëüíèé àëãîðèòì, íàáëèæåíèé ðîçâ’ÿçîê, ïîõèáêà íàáëèæåíîãî ðîçâ’ÿçêó,
îïòèì³çàö³ÿ àëãîðèòì³â, ðåçåðâè îïòèì³çàö³¿ îá÷èñëåíü, êîìï’þòåðí³ òåõíîëîã³¿.
_________________________________________________________________________________________

Elements of the general theory of optimal algorithms / V.K. Zadiraka, I.V. Shvidchenko // Kibernetyka ta
Systemnyi Analiz. 2025. Vol. 61, N 4. P. 32–45.

Abstract. A general scheme for estimating the total error of a computational algorithm is presented.
Optimal algorithms are constructed under the conditions of the most complete use of available information
about the problem. Reserves for optimization of calculations are considered.

Keywords: computational algorithm, approximate solution, error of approximate solution, optimization of
algorithms, reserves of calculations optimization, computer technologies.
===============================================================================

ÓÄÊ 621.391:519.2:519.7

Çàñòîñóâàííÿ çàãàëüíî¿ òåîð³¿ îïòèìàëüíèõ àëãîðèòì³â ó êðèïòîãðàô³¿, ñòåãàíîãðàô³¿ òà
áëîê÷åéí-òåõíîëîã³¿ / À.Ì. Êóä³í, ².À. Êóä³í, Â.Ç. ×³õëàäçå // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025.
Òîì 61, ¹ 4. Ñ. 46–57.

Àíîòàö³ÿ. Àíàë³ç òà ñèíòåç îäíîñòîðîíí³õ ôóíêö³é òà îäíîñòîðîíí³õ ôóíêö³é ç ëàç³â- êîþ º îñíî-
âîþ äëÿ îö³íþâàííÿ ñò³éêîñò³ òà ïîáóäîâè êðèïòîãðàô³÷íèõ ïåðåòâîðåíü, ñòåãàíîãðàô³÷íèõ ñèñòåì òà
ïðîòîêîë³â êîíñåíñóñó áëîê÷åéí³â. Ðîçãëÿíóòî ³íôîðìàö³éíî- îá÷èñëþâàëüíèé ï³äõ³ä äî ïîáóäîâè òà-
êèõ ôóíêö³é íà îñíîâ³ çàãàëüíî¿ òåîð³¿ îïòèìàëüíèõ àëãîðèò³â òà ¿õíº çàñòîñóâàííÿ â êðèïòîãðàô³¿, ñòå-
ãàíîãðàô³¿, àíàë³ç³ òà ñèíòåç³ ïðîòîêîë³â êîíñåíñóñó áëîê÷åéí³â.

Êëþ÷îâ³ ñëîâà: çàãàëüíà òåîð³ÿ îïòèìàëüíèõ àëãîðèòì³â, îäíîñòîðîíí³ ôóíêö³¿, îäíîñòîðîíí³ ôóíêö³¿ ç
ëàç³âêîþ, îö³íêè ñò³éêîñò³ êðèïòîñèñòåì, ñòåãàíîãðàô³ÿ, áëîê÷åéí.
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Application of the general theory of optimal algorithms in cryptography, steganography, and blockchain
technology / A.M. Kudin, I.A. Kudin, V.Z. Chikhladze // Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61,
N 4. P. 46–57.

Abstract. Analysis and synthesis of one-way and trapdoor functions are the basis for security estimates
and the construction of cryptographic transformations, steganographic systems, and blockchain consensus
protocols. The paper considers the information-computational approach to creating such functions based on the
general theory of optimal algorithms and their applications in cryptography, steganography, and the analysis
and synthesis of blockchain consensus protocols.

Keywords: a general theory of optimal algorithms, one-way function, trapdoor function, cryptosystem’s
security estimates, steganography, blockchain.
===============================================================================

ÓÄÊ 519.65

×åáèøîâñüêå íàáëèæåííÿ ôóíêö³é áàãàòüîõ çì³ííèõ íåë³í³éíîþ ôóíêö³ºþ â³ä ðàö³îíàëüíîãî
âèðàçó / Ï.Ñ. Ìàëà÷³âñüêèé, Ë.Ñ. Ìåëüíè÷îê // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4.
Ñ. 58–69.

Àíîòàö³ÿ. Çàïðîïîíîâàíî ìåòîä ïîáóäîâè ÷åáèøîâñüêîãî íàáëèæåííÿ ôóíêö³é áàãàòüîõ çì³ííèõ
åêñïîíåíòîþ, ëîãàðèôìîì ³ ô³êñîâàíèì ä³éñíèì ñòåïåíåì â³ä ðàö³îíàëüíîãî âèðàçó. Â³í ïîëÿãàº â ïîáó-
äîâ³ ïðîì³æíîãî ÷åáèøîâñüêîãî íàáëèæåííÿ ðàö³îíàëüíèì âèðàçîì â³äïîâ³äíîãî ôóíêö³îíàëüíîãî ïåðå-
òâîðåííÿ íàáëèæóâàíî¿ ôóíêö³¿. Íàáëèæåííÿ ðàö³îíàëüíèì âèðàçîì îá÷èñëåíî ÿê ãðàíè÷íå ñåðåäíüîñòå-
ïåíåâå íàáëèæåííÿ çà ³òåðàö³éíîþ ñõåìîþ ç âèêîðèñòàííÿì ìåòîäó íàéìåíøèõ êâàäðàò³â ç äâîìà çì³ííè-
ìè âàãîâèìè ôóíêö³ÿìè. Íàâåäåíî òåñòîâ³ ïðèêëàäè, ÿê³ ï³äòâåðäæóþòü øâèäêó çá³æí³ñòü ìåòîäó.

Êëþ÷îâ³ ñëîâà: ÷åáèøîâñüêå íàáëèæåííÿ, ôóíêö³¿ áàãàòüîõ çì³ííèõ, ðàö³îíàëüíèé âèðàç,
ñåðåäíüîñòåïåíåâå íàáëèæåííÿ, íàáëèæåííÿ íåë³í³éíèìè âèðàçàìè, ìåòîä íàéìåíøèõ êâàäðàò³â.
_________________________________________________________________________________________

Chebyshev approximation of multivariable functions by a nonlinear function of a rational expression /
P.S. Malachivskyy, L.S. Melnychok // Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61, N 4. P. 58–69.

Abstract. A method for constructing Chebyshev approximations of multivariable functions using an
expression that is an exponent, a logarithm, or a fixed real power from a rational expression is proposed. It
involves constructing an intermediate Chebyshev approximation by a rational expression of the corresponding
functional transformation of the approximated function. The approximation by a rational expression is
calculated as a limiting mean-power approximation by an iterative scheme using the least squares method with
two variable weight functions. Test examples are provided that confirm the fast convergence of the method.

Keywords: Chebyshev approximation, multivariable function, rational expression, approximation by nonlinear
expressions, mean-power approximation, least squares method.
===============================================================================

ÓÄÊ 519.6

Íàáëèæåíå îá÷èñëåííÿ ïîäâ³éíèõ ³íòåãðàë³â â³ä øâèäêîîñöèëþâàëüíèõ ôóíêö³é çàãàëüíîãî
âèãëÿäó ç âèêîðèñòàííÿì îïòèìàëüíî¿ çà ïîðÿäêîì òî÷íîñò³ êóáàòóðíî¿ ôîðìóëè íà êëàñ³
äèôåðåíö³éîâíèõ ôóíêö³é / Î.Ï. Íå÷óéâ³òåð // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4.
Ñ. 70–76.

Àíîòàö³ÿ. Ðîçãëÿíóòî çàäà÷ó íàáëèæåíîãî îá÷èñëåííÿ ïîäâ³éíèõ ³íòåãðàë³â â³ä øâèäêîîñöèëþ-
âàëüíèõ ôóíêö³é çàãàëüíîãî âèãëÿäó (³ððåãóëÿðíèé âèïàäîê). Ïîáóäîâàíî êóáàòóðíó ôîðìóëó, ÿêà âèêî-
ðèñòîâóº ³íôîðìàö³éí³ îïåðàòîðè Î.Ì. Ëèòâèíà òà êóñêîâî-ë³í³éí³ ñïëàéíè ÿê äîïîì³æí³ ôóíêö³¿.
²íôîðìàö³ÿ ïðî ôóíêö³¿ çàäàºòüñÿ â³äïîâ³äíèìè çíà÷åííÿìè íà ë³í³ÿõ. Äîâåäåíî, ùî çàïðîïîíîâàíà êó-
áàòóðíà ôîðìóëà º îïòèìàëüíîþ çà ïîðÿäêîì òî÷íîñò³ íà êëàñ³ äèôðåíö³éîâíèõ ôóíêö³é.

Êëþ÷îâ³ ñëîâà: îïòèìàëüíå ÷èñåëüíå ³íòåãðóâàííÿ, øâèäêîîñöèëþâàëüí³ ôóíêö³¿ çàãàëüíîãî âèãäÿäó,
³íôîðìàö³éí³ îïåðàòîðè, îïòèìàëüíà çà ïîðÿäêîì òî÷íîñò³ êâàäðàòóðíà ôîðìóëà, äèôåðåíö³éîâí³
ôóíêö³¿ äâîõ çì³ííèõ.
_________________________________________________________________________________________

Approximate calculation of double integrals of highly oscillating functions of general type using the
cubature formula of optimal order of accuracy on a class of differentiable functions / O.P. Nechuiviter //
Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61, N 4. P. 70–76.

Abstract. The problem of approximating double integrals of highly oscillating functions of general type
(irregular case) is considered. A cubature formula is constructed that uses O.M. Lytvyn’s information operators
and piecewise linear splines as auxiliary functions. Information about the functions is provided by the
corresponding values on the lines. It is proved that the proposed cubature formula is optimal in order of
accuracy on the class of differentiable functions.

Keywords: optimal numerical integration, highly oscillating functions of general type, O.M. Lytvyn’s
information operators, cubature formula optimal in order of accuracy, differential functions of two variables.
===============================================================================
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ÓÄÊ 519.6:517.524

Ðîçâ’ÿçóâàííÿ ìàòðè÷íèõ ïîë³íîì³àëüíèõ ð³âíÿíü / Ì.Î. Íåäàøêîâñüêèé // Ê³áåðíåòèêà òà
ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 77–93.

Àíîòàö³ÿ. Ìàòðè÷í³ ð³âíÿííÿ òà ñèñòåìè ìàòðè÷íèõ ð³âíÿíü øèðîêî âèêîðèñòîâóþòü ó çàäà÷àõ
îïòèì³çàö³¿ ñèñòåì óïðàâë³ííÿ, â ìàòåìàòè÷í³é åêîíîì³ö³. Îäíàê ìåòîäè ¿õí³õ ðîçâ’ÿçóâàíü ñôîðìîâàí³
ëèøå äëÿ íàéá³ëüø ïîøèðåíèõ ìàòðè÷íèõ ð³âíÿíü — ð³âíÿíü Ð³êêàò³ òà Ëÿïóíîâà, à óí³âåðñàëüíîãî
ï³äõîäó äî ðîçâ’ÿçàííÿ çàäà÷ òàêîãî êëàñó íå ³ñíóº. Ó ö³é ðîáîò³ ðîçãëÿíóòî ìåòîäè ðîçâ’ÿçàííÿ ìàòðè÷-
íèõ ïîë³íîì³àëüíèõ ð³âíÿíü äîâ³ëüíîãî ïîðÿäêó ç ìàòðè÷íèìè òà âåêòîðíèìè íåâ³äîìèìè. Îïèñàíî
ï³äõ³ä äî îá÷èñëåííÿ êîðòåæ³â ðîçâ’ÿçê³â ïîë³íîì³àëüíèõ ìàòðè÷íèõ ð³âíÿíü, ÿêèé áàçóºòüñÿ íà òåîð³¿
ã³ëëÿñòèõ ëàíöþãîâèõ äðîá³â. Çàçíà÷èìî, ùî éäåòüñÿ íå ëèøå ïðî ÷èñåëüí³, à é ïðî ñèìâîëüí³ ìåòîäè
ðîçâ’ÿçàííÿ. Ïîäàíî îá÷èñëþâàëüíó ñõåìó äëÿ ñèñòåì ïîë³íîì³àëüíèõ ìàòðè÷íèõ ð³âíÿíü äðóãîãî ñòå-
ïåíÿ ç áàãàòüìà íåâ³äîìèìè. Íàâåäåíî ðîçâèíåííÿ ðîçâ’ÿçêó ó íåïåðåðâíèé ëàíöþãîâèé ìàòðè÷íèé
äð³á. Ñôîðìóëüîâàíî äîñòàòí³ îçíàêè çá³æíîñò³ ìàòðè÷íèõ ã³ëëÿñòèõ ëàíöþãîâèõ äðîá³â äî ðîçâ’ÿçê³â
òà êðèòåð³¿ çàê³í÷åííÿ îá÷èñëåíü â ³òåðàö³éíèõ îïåðàö³ÿõ. Ðåçóëüòàòè ÷èñåëüíèõ åêñïåðèìåíò³â ï³äòâåð-
äæóþòü ñïðàâåäëèâ³ñòü òåîðåòè÷íèõ âèêëàäîê òà åôåêòèâí³ñòü çàïðîïîíîâàíèõ ìåòîä³â.

Êëþ÷îâ³ ñëîâà: ìàòðè÷í³ ïîë³íîì³àëüí³ ð³âíÿííÿ, ã³ëëÿñò³ ëàíöþãîâ³ äðîáè ç ìàòðè÷íèìè åëåìåíòàìè,
çá³æí³ñòü äî ðîçâ’ÿçêó.
_________________________________________________________________________________________

Solving matrix polynomial equations / M. Nedashkovskyy // Kibernetyka ta Systemnyi Analiz. 2025.
Vol. 61, N 4. P. 77–93.

Abstract. Matrix equations and systems of matrix equations are widely used in problems of optimization
of control systems, in mathematical economics. However, methods for solving them are developed only for the
most popular matrix equations – the Riccati and Lyapunov equations, and there is no universal approach to
solving problems of this class. This paper discusses methods for solving matrix polynomial equations of
arbitrary order with matrix and vector unknowns. An approach to calculating tuples of solutions of polynomial
matrix equations, which is based on the theory of branched chain fractions, is given. It should be noted that we
are talking not only about numerical but also symbolic methods of solution. The paper also presents a
computational scheme for systems of second-degree polynomial matrix equations with many unknowns. The
solution is developed into a continued matrix fraction. Sufficient signs of convergence of branched continued
matrix fractions to the solutions and the criteria for completing calculations in iterative procedures are
formulated. The results of numerical experiments are presented, confirming the validity of the theoretical
calculations and the effectiveness of the proposed methods.

Keywords: matrix polynomial equations, branched continued fractions with matrix elements, convergence to
solution.
===============================================================================

ÓÄÊ 519.85

Íàóêîâà ñïàäùèíà àêàäåì³êà Í.Ç. Øîðà / Ï.². Ñòåöþê // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025.
Òîì 61, ¹ 4. Ñ. 94–103.

Àíîòàö³ÿ. Íàâåäåíî îãëÿä íàóêîâî¿ ñïàäùèíè àêàäåì³êà Í.Ç. Øîðà. Ðîçãëÿíóòî éîãî îñíîâí³ íà-
óêîâ³ ³äå¿: ìåòîä ïîñë³äîâíîãî àíàë³çó âàð³àíò³â (1961 ð.), ñóáãðàä³ºíòíèé ìåòîä (1962 ð.), âèêîðèñòàííÿ
ë³í³éíèõ íåîðòîãîíàëüíèõ ïåðåòâîðåíü ïðîñòîðó äëÿ ïîêðàùåííÿ îáóìîâëåíîñò³ ÿðóæíèõ ôóíêö³é (1969
ð.), äâî¿ñòèé ï³äõ³ä äî îòðèìàííÿ òà óòî÷íåííÿ îö³íîê ö³ëüîâî¿ ôóíêö³¿ ó íåîïóêëèõ êâàäðàòè÷íèõ ìîäå-
ëÿõ (1985 ð.). Íàâåäåíî ïðèêëàäè âò³ëåííÿ öèõ ³äåé ó ìåòîäàõ òà àëãîðèòìàõ, ðîçðîáëåíèõ â ²íñòèòóò³
ê³áåðíåòèêè ³ì. Â.Ì. Ãëóøêîâà ÍÀÍ Óêðà¿íè.

Êëþ÷îâ³ ñëîâà: íåãëàäêà (íåäèôåðåíö³éîâíà) ôóíêö³ÿ, ñóáãðàä³ºíòíèé ìåòîä, îïåðàòîð ðîçòÿãó ïðîñòî-
ðó, ìåòîä åë³ïñî¿ä³â, -àëãîðèòì, êâàäðàòè÷íà åêñòðåìàëüíà çàäà÷à.
_________________________________________________________________________________________

The scientific heritage of academician Shor / P.I. Stetsyuk // Kibernetyka ta Systemnyi Analiz. 2025.
Vol. 61, N 4. P. 94–103.

Abstract. An overview of the scientific heritage of Academician N.Z. Shor is provided. His fundamental
scientific ideas are considered, including the method of sequential analysis of variants (1961), subgradient
method (1962), the use of linear non-orthogonal space transformations for improving the properties of ravine
functions (1969), and a dual approach for obtaining and refining objective function estimates in non-convex
quadratic models (1985). Examples of implementing these ideas in the methods and algorithms developed at the
V.M. Glushkov Institute of Cybernetics of the NAS of Ukraine are presented.

Keywords: non-smooth (non-differentiable) function, subgradient method, space dilation operator, ellipsoid
method, r-algorithm, extremal quadratic problem.
===============================================================================
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ÓÄÊ 517.988

Ìåòîä îïåðàòîðíî¿ åêñòðàïîëÿö³¿ äëÿ âàð³àö³éíèõ íåð³âíîñòåé òà éîãî çàñòîñóâàííÿ /
Â.Â. Ñåìåíîâ // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 104–117.

Àíîòàö³ÿ. Äîñë³äæåíî íîâ³ ³òåðàö³éí³ àëãîðèòìè äëÿ ðîçâ’ÿçàííÿ ìîíîòîííèõ âàð³àö³éíèõ
íåð³âíîñòåé ó Ã³ëüáåðòîâîìó ïðîñòîð³. Çàïðîïîíîâàíî âàð³àíò àëãîðèòìó îïåðàòîðíî¿ åêñòðàïîëÿö³¿ ç³
çì³ííîþ ìåòðèêîþ. Äîâåäåíî òåîðåìè ïðî ñëàáêó òà ñèëüíó çá³æí³ñòü äëÿ âàð³àö³éíèõ íåð³âíîñòåé
ç Ë³ïøèöåâèìè òà ìîíîòîííèìè îïåðàòîðàìè. Ðîçãëÿíóòî äåê³ëüêà çàñòîñóâàíü àëãîðèòìó îïåðàòîðíî¿
åêñòðàïîëÿö³¿ äëÿ çàäà÷ ñ³äëîâîãî òèïó.

Êëþ÷îâ³ ñëîâà: âàð³àö³éíà íåð³âí³ñòü, ñ³äëîâà çàäà÷à, ð³âíîâàãà Íåøà, îïåðàòîðíå ð³âíÿííÿ, ìåòîä îïå-
ðàòîðíî¿ åêñòðàïîëÿö³¿, ìåòîä çì³ííî¿ ìåòðèêè, çá³æí³ñòü.
_________________________________________________________________________________________

The operator extrapolation method for variational inequalities and its application / V.V. Semenov //
Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61, N 4. P. 104–117.

Abstract. The study focuses on new iterative algorithms for solving monotone variational inequalities in
Hilbert space. A variant of the operator extrapolation algorithm with a variable metric is proposed. Theorems on
weak and strong convergence for variational inequalities with Lipschitz continuous and monotone operators are
proved. Several applications of the operator extrapolation algorithm for saddle-type problems are considered.

Keywords: variational inequality, saddle point problem, Nash equilibrium, operator equation, operator
extrapolation method, variable metric method, convergence.
===============================================================================

ÓÄÊ 621.396

Ìåòîäè, àëãîðèòìè òà çàñîáè äèñòàíö³éíîãî òðèâàëîãî ìîí³òîðèíãó ñòàíó áåçïåêè ëþäåé òà
îá’ºêò³â ¿õíüî¿ âëàñíîñò³ / Á.Ì. Øåâ÷óê // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4.
Ñ. 118–133.

Àíîòàö³ÿ. Çàïðîïîíîâàíî ìåòîäîëîã³÷í³ òà àëãîðèòì³÷í³ îñíîâè ôóíêö³îíóâàííÿ òåðì³íàëü- íèõ,
ëîêàëüíî-ðåã³îíàëüíèõ òà ãëîáàëüíèõ áåçïðîâ³äíèõ ìåðåæ òðèâàëîãî ìîí³òîðèíãó ñòàíó áåçïåêè âåëèêî¿
ê³ëüêîñò³ ëþäåé òà îá’ºêò³â ¿õíüî¿ âëàñíîñò³. Ç óðàõóâàííÿì ðîáîòè ïîðòàòèâíèõ îá’ºêòíèõ ñèñòåì
ìîí³òîðèíãîâî¿ ìåðåæ³ ç áàãàòüìà îáìåæåííÿìè çàïðîïîíîâàíî îïåðàòèâíå îáðîáëåííÿ ³ êîäóâàííÿ
âèá³ðîê ìîí³òîðèíãîâèõ ñèãíàë³â ³ êàäð³â â³äåîäàíèõ. Êîäóâàííÿ ââåäåíèõ ìîí³òîðèíãîâèõ äàíèõ â³ä äà-
âà÷³â, ñåíñîð³â ³ â³äåîìîäóë³â çä³éñ- íþºòüñÿ íà îñíîâ³ ñèãíàëüíîãî ï³äõîäó. Çã³äíî ç öèì ï³äõîäîì ïðî-
öåñîðíèìè çàñîáàìè îá’ºêòíèõ ñèñòåì ó ïðîöåñ³ ô³ëüòðàö³¿ òà ñòèñêó ìîí³òîðèíãîâèõ ñèãíàë³â ³ çîáðà-
æåíü çàáåçïå÷óºòüñÿ òî÷íå êîäóâàííÿ, äåêîäóâàííÿ òà â³äíîâëåííÿ ïàðàìåòð³â íàéá³ëüø ³íôîðìàòèâíèõ
â³äë³ê³â ñèãíàë³â òà ï³êñåë³â â³äåîñèãíàë³â, äî ÿêèõ íàëåæàòü åêñòðåìóìè ³ òî÷êè ïåðåãèíó îáâ³äíèõ ñèã-
íàë³â ³ â³äåîñèãíàë³â. Çàõèñò ìàñèâ³â ìîí³òîðèíãîâèõ äàíèõ çàïðîïîíîâàíî çä³éñíþâàòè â ïðîöåñ³ ñòèñ-
êó òà çàõèñòó äàíèõ ç âèêîðèñòàííÿì îäíîðàçîâèõ øèô- ð³â. Ðîçãëÿíóòî ïîáóäîâó åíåðãîåôåêòèâíèõ òà
âèñîêî³íôîðìàòèâíèõ ïîðòàòèâíèõ îá’ºêò- íèõ ñèñòåì òðèâàëîãî ìîí³òîðèíãó ìåøêàíö³â ì³ñò ³ ñ³ë, îïå-
ðàòîð³â ëþäèíî-ìàøèííèõ ñèñòåì ³ êîìïëåêñ³â, ðóõîìèõ ³ íåðóõîìèõ îá’ºêò³â.

Êëþ÷îâ³ ñëîâà: ìåòîäè òà àëãîðèòìè ìîí³òîðèíãó ñòàíó áåçïåêè ëþäåé, ìîí³òîðèíãîâ³ ðàä³îìåðåæ³,
îá’ºêòí³ ñèñòåìè, îáðîáëåííÿ, êîäóâàííÿ òà ïåðåäàâàííÿ ñèãíàë³â ³ çîáðàæåíü, ñòèñê òà çàõèñò äàíèõ
ìîí³òîðèíãó, îäíîðàçîâ³ øèôðè, êðèïòîïîñë³äîâíîñò³.
_________________________________________________________________________________________

Methods, algorithms, and tools for remote long-term monitoring of the safety of people and their
property / B.M. Shevchuk // Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61, N 4. P. 118–133.

Abstract. The methodological and algorithmic foundations of the functioning of terminal, local-regional,
and global wireless networks for long-term security monitoring of large groups of people and their property are
proposed. Taking into account the operation of portable object systems of the monitoring network with many
limitations, the operational processing and encoding of samples of monitoring signals and video data frames are
proposed. The input monitoring data from sensors, transducers, and video modules is encoded based on the
signal approach. According to this approach, the processing means of object systems in the process of filtering
and compressing monitoring signals and images ensure accurate encoding, decoding, and restoration of the
parameters of the most informative signal samples and video signal pixels, which include extrema and inflection
points of the contour signals and video signals. It is proposed to protect the monitoring data arrays during the
compression process with data protection using one-time ciphers. The article focuses on constructing
energy-efficient and highly informative portable object systems for long-term monitoring of urban and rural
residents, operators of human-machine systems and complexes, as well as mobile and stationary objects.

Keywords: methods and algorithms for monitoring human safety, monitoring radio networks, object systems,
processing, encoding and transmission of signals and images, compression and protection of monitoring data,
one-time ciphers, crypto sequences.
===============================================================================
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ÓÄÊ 621.391:519.2:519.7

Ìîäåëþâàííÿ ñïðîùåíîãî âàð³àíòà àòàêè ðîçãàëóæåííÿ íà áëîê÷åéí, ´ðóíòîâàíèé íà ïðîòîêîë³
êîíñåíñóñó Proof-of-Stake / Ë.Â. Êîâàëü÷óê, Ì.Þ. Êóçíºöîâ, À.À. Øóìñüêà // Ê³áåðíåòèêà òà
ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 134–145.

Àíîòàö³ÿ. Â³äîìî, ùî àòàêà ðîçãàëóæåííÿ º îäí³ºþ ç íàéâàæëèâ³øèõ àòàê íà áëîê÷åéí, íàñàìïå-
ðåä äëÿ ïðîòîêîë³â Proof-of-Work òà Proof-of-Stake, ÿê íàéá³ëüø ïîøèðåíèõ. Íà ñüîãîäí³ íåìàº ÿâíèõ
àíàë³òè÷íèõ ôîðìóë äëÿ îá÷èñëåííÿ éìîâ³ðíîñò³ ¿¿ óñï³õó, ùî âèêëèêàº ïåâíó íåäîâ³ðó äî áëîê-
÷åéí-òåõíîëîã³é. Ó ö³é ðîáîò³ äëÿ ñïðîùåíî¿ (àëå âñå îäíî äîñòàòíüî ñêëàäíî¿ ç ìàòåìàòè÷íîãî ïîãëÿäó)
ìîäåë³ àòàêè ðîçãàëóæåííÿ îòðèìàíî ðåêóðåíòí³ ôîðìóëè, ÿê³ äàþòü çìîãó çíàõîäèòè òî÷í³ çíà÷åííÿ
éìîâ³ðíîñò³ òîãî, ùî çëîâìèñíèê çìîæå ïîáóäóâàòè ðîçãàëóæåííÿ çàäàíî¿ äîâæèíè. Êîðåêòí³ñòü öèõ
ôîðìóë ïåðåâ³ðÿºòüñÿ íà ÷èñëîâèõ ïðèêëàäàõ ìåòîäîì Ìîíòå-Êàðëî øëÿõîì ïîáóäîâè îö³íîê ³ç çàäàíè-
ìè äîñòîâ³ðí³ñòþ òà â³äíîñíîþ ïîõèáêîþ.

Êëþ÷îâ³ ñëîâà: áëîê÷åéí, Proof-of-Stake, àòàêà ðîçãàëóæåííÿ, ñòåéêõîëäåð, òàéìñëîò, ñëîòë³äåð, ðåêó-
ðåíòí³ ôîðìóëè, ìåòîä Ìîíòå-Êàðëî.

_________________________________________________________________________________________

Simulating a simplified version of a splitting attack on the blockchain based on the Proof-of-Stake
consensus protocol / L.V. Kovalchuk, M.Yu. Kuznetsov, A.A. Shumska // Kibernetyka ta Systemnyi Analiz.
2025. Vol. 61, N 4. P. 134–145.

Abstract. The splitting attack is one of the most important attacks on the blockchain, first of all for
Proof-of-Work and Proof-of-Stake consensus protocols. Currently, there are no explicit analytical formulas for
evaluating its success probability, which causes some distrust in blockchain technologies. In this paper, for a
simplified (but still not simple) model of a splitting attack, the recurrent formulas allowing the evaluation of the
exact values of the probability that an attacker will be able to build a branch of a given length are obtained. The
correctness of these formulas is verified through numerical examples using the Monte Carlo method by
constructing estimates with a specified confidence level and relative error.

Keywords: blockchain, Proof-of-Stake, splitting attack, stakeholder, timeslot, slotleader, recursive formulas,
Monte Carlo method.

===============================================================================

ÍÎÂ² ÇÀÑÎÁÈ Ê²ÁÅÐÍÅÒÈÊÈ,
²ÍÔÎÐÌÀÒÈÊÈ, ÎÁ×ÈÑËÞÂÀËÜÍÎ¯
ÒÅÕÍ²ÊÈ ² ÑÈÑÒÅÌÍÎÃÎ ÀÍÀË²ÇÓ

NEW TOOLS IN CYBERNETICS,
COMPUTER SCIENCE, AND SYSTEM

ANALYSIS

ÓÄÊ: 004.056.5

Íàö³îíàëüí³ òà ì³æíàðîäí³ ïîñòêâàíòîâ³ ñòàíäàðòè àñèìåòðè÷íèõ ïåðåòâîðåíü / ².Ä. Ãîðáåíêî,
Ñ.Î. Êàíä³é // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 146–159.

Àíîòàö³ÿ. Ïðîàíàë³çîâàíî ñó÷àñíèé ñòàí òà ïåðñïåêòèâè ñòàíäàðòèçàö³¿ ïîñòêâàíòîâèõ àëãîðèòì³â
àñèìåòðè÷íèõ êðèïòîãðàô³÷íèõ ïåðåòâîðåíü íà íàö³îíàëüíîìó òà ì³æíàðîäíîìó ð³âíÿõ. Ðîçãëÿíóòî îñíîâí³
ïðè÷èíè ïåðåõîäó äî ïîñòêâàíòîâî¿ êðèïòîãðàô³¿, çîêðåìà ïîòåíö³éí³ çàãðîçè ç áîêó êâàíòîâèõ êîìï’þòåð³â
íàÿâíèì êðèïòîãðàô³÷íèì àëãîðèòìàì (RSA, ECC òîùî). Íàâåäåíî îãëÿä êîíêóðñó NIST ç âèáîðó ñòàí-
äàðò³â äëÿ ïîñòêâàíòîâèõ ìåõàí³çì³â ³íêàïñóëÿö³¿ êëþ÷³â (KEM) òà åëåêòðîííîãî ï³äïèñó, à òàêîæ äåòàëüíî
îïèñàíî àëãîðèòìè, âèáðàí³ äëÿ ñòàíäàðòèçàö³¿ (CRYSTALS-Kyber, CRYSTALS-Dilithium, FALCON,
SPHINCS+ òà HQC). Ïðîàíàë³çîâàíî ðîëü îðãàí³çàö³é ISO/IEC, ETSI, à òàêîæ ãðóïè IETF ó ôîðìóâàíí³
ì³æíàðîäíèõ ñòàíäàðò³â òà ðåêîìåíäàö³é. Îêðåìó óâàãó ïðèä³ëåíî óêðà¿íñüêèì íàö³îíàëüíèì ñòàíäàðòàì òà
³í³ö³àòèâàì, çîêðåìà àëãîðèòìàì «Ñêåëÿ» òà «Âåðøèíà», ¿õí³ì îñîáëèâîñòÿì òà ïåðñïåêòèâàì ³íòåãðàö³¿ ó
ì³æíàðîäí³ ñòàíäàðòè. Ñòàòòÿ äàº ðîçóì³ííÿ âàæëèâîñò³ òà ñêëàäíîñò³ ïðîöåñó ïåðåõîäó äî êâàíòîâî-ñò³éêèõ
àëãîðèòì³â é îêðåñëþº ïîäàëüø³ êðîêè äëÿ óñï³øíîãî âïðîâàäæåííÿ ïîñòêâàíòîâî¿ êðèïòîãðàô³¿.

Êëþ÷îâ³ ñëîâà: ïîñòêâàíòîâà êðèïòîãðàô³ÿ, ìåõàí³çìè ³íêàïñóëÿö³¿ êëþ÷³â, åëåêòðîíí³ ï³äïèñè, ñòàí-
äàðòèçàö³ÿ.

_________________________________________________________________________________________

National and international post-quantum standards for asymmetric transformations / I.D. Gorbenko,
S.O. Kandii // Kibernetyka ta Systemnyi Analiz. 2025. Vol. 61, N 4. P. 146–159.

Abstract. The article analyzes the current state and prospects of the standardization of post-quantum
algorithms for asymmetric cryptographic transformations at the national and international levels. The main
reasons for the transition to post-quantum cryptography are discussed, particularly the potential threats posed by
quantum computers to existing cryptographic algorithms (RSA, ECC, etc.). An overview of the NIST
competition for selecting standards for post-quantum key encapsulation mechanisms (KEM) and electronic
signatures is provided, with detailed descriptions of the algorithms chosen for standardization
(CRYSTALS-Kyber, CRYSTALS-Dilithium, FALCON, SPHINCS+, and HQC). Additionally, the article
examines the role of ISO/IEC, ETSI, and IETF in developing international standards and recommendations.
Special attention is given to Ukrainian national standards and initiatives, particularly the algorithms “Skelya”
and “Vershyna,” their features, and their prospects for integration into international standards. The article
emphasizes the importance and complexity of transitioning to quantum-resistant algorithms and outlines further
steps for the successful implementation of post-quantum cryptography.

Keywords: post-quantum cryptography, key encapsulation mechanisms, electronic signatures, standardization.
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ÓÄÊ 003.26:621.39+530.145

Ñó÷àñí³ êâàíòîâ³ òåõíîëîã³¿ êðèïòîãðàô³÷íîãî çàõèñòó ³íôîðìàö³¿ / ª.Â. Âàñ³ë³ó // Ê³áåðíåòèêà òà
ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 160–175.

Àíîòàö³ÿ. Êâàíòîâà êðèïòîãðàô³ÿ ÿâëÿº ñîáîþ íîâó ïàðàäèãìó êðèïòîãðàô³÷íîãî çàõèñòó ³íôîð-
ìàö³¿ ç âèêîðèñòàííÿì çàêîí³â êâàíòîâî¿ ìåõàí³êè òà â³äïîâ³äíèõ êâàíòîâèõ âëàñòèâîñòåé íîñ³¿â ³íôîð-
ìàö³¿ — ôîòîí³â äëÿ óñóíåííÿ îáìåæåíü êëàñè÷íèõ êðèïòîãðàô³÷íèõ ïðîòîêîë³â òà ï³äâèùåííÿ
ñò³éêîñò³ êðèïòîïðîòîêîë³â àæ äî òåîðåòèêî-³íôîðìàö³éíîãî ð³âíÿ. Ó ðîáîò³ íàâåäåíî çàãàëüíèé îãëÿä
òà àíàë³ç ñó÷àñíèõ êâàíòîâèõ òåõíîëîã³é çàõèñòó ³íôîðìàö³¿, çîêðåìà ïðîòîêîë³â êâàíòîâîãî ðîçïîä³ëåí-
íÿ êëþ÷³â, êâàíòîâîãî ïðÿìîãî áåçïå÷íîãî çâ’ÿçêó, êâàíòîâîãî ðîçä³ëåííÿ ñåêðåòó. Ñòèñëî ðîçãëÿíóòî
äåê³ëüêà ³íøèõ íàïðÿì³â êâàíòîâî¿ êðèïòîãðàô³¿, ÿê-îò êâàíòîâèé öèôðîâèé ï³äïèñ, êâàíòîâå á³òîâå çî-
áîâ’ÿçàííÿ, êâàíòîâà ñòåãàíîãðàô³ÿ òîùî. Ïðîàíàë³çîâàíî ïåðåâàãè òà íåäîë³êè ïðîòîêîë³â êâàíòîâî¿
êðèïòîãðàô³¿, ïåðñïåêòèâè òà ïðîáëåìè ¿õíüîãî ïðàêòè÷íîãî âïðîâàäæåííÿ. Íàäàíî êîðîòêèé îãëÿä çà-
êîí³â êâàíòîâî¿ ô³çèêè, íà ÿêèõ ´ðóíòóºòüñÿ ñò³éê³ñòü ïðîòîêîë³â êâàíòîâî¿ êðèïòîãðàô³¿.

Êëþ÷îâ³ ñëîâà: êâàíòîâà êðèïòîãðàô³ÿ, ô³çè÷í³ îñíîâè êâàíòîâî¿ êðèïòîãðàô³¿, êóá³ò, êóäèò, ïåðåïëó-
òàí³ êóá³òè òà êóäèòè, êâàíòîâå ðîçïîä³ëåííÿ êëþ÷³â, êâàíòîâèé ïðÿìèé áåçïå÷íèé çâ’ÿçîê, êâàíòîâå
ðîçä³ëåííÿ ñåêðåòó.
_________________________________________________________________________________________

Modern quantum technologies of cryptographic information protection / Ye. Vasiliu // Kibernetyka ta
Systemnyi Analiz. 2025. Vol. 61, N 4. P. 160–175.

Abstract. Quantum cryptography is a new paradigm of cryptographic information protection, utilizing
the laws of quantum mechanics and the corresponding quantum properties of information carriers — photons to
overcome the limitations of classical cryptographic protocols and increase the security of cryptographic
protocols up to the information-theoretic level. The paper provides a general overview and analysis of modern
quantum information security technologies, particularly protocols for quantum key distribution, quantum secure
direct communication, and quantum secret sharing. Several other areas of quantum cryptography are briefly
considered, such as quantum digital signature, quantum bit commitment, quantum steganography, etc. The
advantages and disadvantages of quantum cryptographic protocols, as well as the prospects and challenges of
their practical implementation, are analyzed. A brief overview of the laws of quantum physics underlying the
security of quantum cryptographic protocols is also provided.

Keywords: quantum cryptography, physical foundations of quantum cryptography, qubit, qudit, entangled
qubits and qudits, quantum key distribution, quantum secure direct communication, quantum secret sharing.
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Âèñîêîïðîäóêòèâí³ îá÷èñëåííÿ â ñèñòåì³ êëàñ³â ëèøê³â / ß.Ì. Íèêîëàé÷óê, ².Ð. Ï³òóõ //
Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç. 2025. Òîì 61, ¹ 4. Ñ. 176–189.

Àíîòàö³ÿ. Íàâåäåíî ìàòåìàòè÷í³ îñíîâè êîäóâàííÿ äàíèõ òà âèêîíàííÿ ìîäóëüíèõ îïåðàö³é ó
ñèñòåì³ êëàñ³â ëèøê³â (ÑÊË). Äîñë³äæåíî ìàòåìàòè÷í³ ïåðåòâîðåííÿ ñèñòåìè îðòîãîíàëüíèõ ãàð-
ìîí³÷íèõ ôóíêö³é òåîðåòèêî-÷èñëîâîãî áàçèñó Ôóð’º. Ïîáóäîâàíî ìîäåë³ ôîðìóâàííÿ êîä³â ÑÊË íà
îñíîâ³ ôàçîâèõ ïîðòðåò³â ãàðìîí³÷íèõ ôóíêö³é, ÷àñòîòè ÿêèõ â³äïîâ³äàþòü óìîâàì âçàºìíî¿ ïðîñòîòè.
Ðîçãëÿíóòî ìîäåë³ ôîðìóâàííÿ äèñêðåòíî-êâàíòîâàíèõ ïèëêîïîä³áíèõ ôóíêö³é ôàçîâèõ ïîðòðåò³â ãàð-
ìîí³÷íèõ ÷àñòîò ó ñèñòåì³ ìîäóë³â êëàñ³â ëèøê³â , , . Íàâåäåíî àëãîðèòìè ôîðìóâàííÿ òà îïðàöþâàííÿ
öèôðîâèõ äàíèõ, ïîäàíèõ êîäàìè íàéìåíøèõ íåâ³ä’ºìíèõ ëèøê³â. Ïðîàíàë³çîâàíî àëãîðèòìè âèêîíàí-
íÿ îá÷èñëþâàëüíèõ îïåðàö³é ó êîäàõ ö³ëî÷èñëîâî¿, íîðìàë³çîâàíî¿ òà äîñêîíàëî¿ ôîðì ÑÊË. Çàïðîïîíî-
âàíî ìåòîäè òà àëãîðèòìè âèêîíàííÿ âèñîêîïðîäóêòèâíèõ àðèôìåòèêî-ëîã³÷íèõ îïåðàö³é ó êîäàõ ÑÊË.
Äîñë³äæåíî õàðàêòåðèñòèêè øâèäêîä³¿ âèêîíàííÿ àðèôìåòèêî-ëîã³÷íèõ îïåðàö³é ó ÑÊË öèôðîâèõ äà-
íèõ, ïðåäñòàâëåíèõ ó òåîðåòèêî-÷èñëîâèõ áàçèñàõ Ðàäåìàõåðà, Ðàäåìàõåðà–Êðåñòåíñîíà òà Õààðà–Êðåñ-
òåíñîíà. Ïðîàíàë³çîâàíî àëãîðèòìè ïîð³âíÿííÿ ÷èñåë ó êîäàõ ÑÊË. Äîñë³äæåíî ìåòîäè ôîðìóâàííÿ
êîä³â ëèøê³â íà îñíîâ³ àíàëîãîâèõ òà öèôðîâèõ äàíèõ. Ðîçðîáëåíî ìåòîä ïåðåòâîðåííÿ äâ³éêîâèõ êîä³â
òåîðåòèêî-÷èñëîâîãî áàçèñó Ðàäåìàõåðà ó êîäè ëèøê³â çà ìîäóëåì ó ÑÊË. Ïîáóäîâàíî àëãîðèòì âèçíà-
÷åííÿ âèá³ðêîâîãî ìàòåìàòè÷íîãî ñïîä³âàííÿ â ÑÊË íà îñíîâ³ âèçíà÷åííÿ ñóìè ðàíã³â ïîòîêîâîãî îïðà-
öþâàííÿ äàíèõ. Äîñë³äæåíî ìåòîä ïåðåòâîðåííÿ ïðåäñòàâëåíèõ ó ÑÊË áàãàòîðîçðÿäíèõ ÷èñåë ó
äâ³éêîâ³ êîäè òåîðåòèêî-÷èñëîâîãî áàçèñó Ðàäåìàõåðà. Íàâåäåíî ñòðóêòóðè ñïåöïðîöåñîð³â, ÿê³ ðåàë³çó-
þòü îá÷èñëþâàëüí³ çàäà÷³ ó ÑÊË.

Êëþ÷îâ³ ñëîâà: ãàðìîí³÷í³ ôóíêö³¿ Ôóð’º, ñèñòåìà êëàñ³â ëèøê³â, àëãîðèòìè, âèñîêîïðîäóêòèâí³ îá-
÷èñëåííÿ, ôóíêö³îíàëüí³ ñõåìè ñïåöïðîöåñîð³â.
_________________________________________________________________________________________

High-performance computing in the residual class system / Y. Nikolaychuk, I. Pitukh // Kibernetyka ta
Systemnyi Analiz. 2025. Vol. 61, N 4. P. 176–189.

Abstract. The mathematical foundations of data coding and performing modular operations in the
residual class system are outlined. The mathematical transformations of the system of orthogonal harmonic
functions of the Fourier number-theoretic basis are investigated. Models of forming codes of the residual class
system are constructed based on phase portraits of harmonic functions, the frequencies of which meet the
conditions of mutual simplicity. Models of forming discrete-quantized sawtooth functions of phase portraits of
harmonic frequencies in the residual class module system are presented. Algorithms for forming and processing
digital data represented by codes of the smallest non-negative residues are investigated. Algorithms for
performing computational operations in codes of integer, normalized, and perfect forms of the residual class

6 ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2025, òîì 61, ¹ 4



system are analyzed. Methods and algorithms for performing high-performance arithmetic and logical
operations in codes of the residual class system are proposed. The characteristics of the speed of performing
arithmetic and logical operations in the system of residual classes of digital data represented in the Rademacher,
Rademacher–Krestenson, and Haar–Krestenson number-theoretic bases are studied. The algorithms for
comparing numbers in the codes of the residual class system are analyzed. The methods for forming residue
codes based on analog and digital data are studied. A method for converting binary codes of the Rademacher
number-theoretic basis into residue codes modulo the residual class system is developed. An algorithm for
determining the sample mathematical expectation in the residual class system based on determining the sum of
ranks of streaming data processing is presented. A method for converting multi-digit numbers represented in the
residual class system into binary codes of the Rademacher number-theoretic basis is studied. The structures of
special processors that implement computational tasks in the residual class system are presented.

Keywords: Fourier harmonic functions, residual class system, algorithms, high-performance computing,
functional diagrams of special processors.
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Çàñòîñóâàííÿ ìåòîä³â ìàøèííîãî íàâ÷àííÿ äî äåÿêèõ ïðîáëåì öèôðîâîãî îáðîáëåííÿ ñèãíàë³â
ó òåëåêîìóí³êàö³éíèõ çàäà÷àõ / Â.Þ. Ñåìåíîâ, ª.Â. Ñåìåíîâà // Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç.
2025. Òîì 61, ¹ 4. Ñ. 190–198.

Àíîòàö³ÿ. Ðîçãëÿíóòî çàñòîñóâàííÿ ìåòîä³â ìàøèííîãî íàâ÷àííÿ äî çàäà÷ öèôðîâîãî îáðîáëåííÿ
ñèãíàë³â ó òåëåêîìóí³êàö³éíèõ ñèñòåìàõ, çîêðåìà, çàäà÷ àâòîìàòè÷íî¿ êëàñèô³- êàö³¿ ìîäóëÿö³¿ òà ïîä-
àëüøî¿ äåìîäóëÿö³¿ ñèãíàëó. Äëÿ àâòîìàòè÷íî¿ êëàñèô³êàö³¿ ìîäóëÿö³¿ äîñë³äæåíî ÷îòèðè ìåòîäè ìà-
øèííîãî íàâ÷àííÿ: ìóëüòèíîì³àëüíó ðåãðåñ³þ, ìåòîä íàéáëèæ÷èõ ñóñ³ä³â, ìåòîä ãàóññ³âñüêèõ ñóì³øåé
òà çãîðòêîâó íåéðîííó ìåðåæó. Åêñïåðèìåíòàëüí³ ðåçóëüòàòè íà øòó÷íèõ äàíèõ ïîêàçàëè òî÷í³ñòü
ðîçï³çíàâàííÿ ï’ÿòè êëàñ³â ìîäóëÿö³¿ íà ð³âí³ â³ä 96 % äî 99 %. Íàéâèùó òî÷í³ñòü (99 %) çàáåçïå÷èëà
çãîðòêîâà íåéðîííà ìåðåæà. Ïðîòå òðè ³íø³ ìåòîäè, ùî ìàþòü ïðîñò³øó ñòðóêòóðó, äåìîíñòðóþòü çà-
äîâ³ëüíèé êîìïðîì³ñ ì³æ òî÷í³ñòþ òà ñêëàäí³ñòþ ðåàë³çàö³¿. Ïåðåâ³ðêà íà 89 ñèãíàëàõ â³ä ðåàëüíèõ ìî-
äåì³â ïîêàçàëà, ùî ìåòîä íàéáëèæ÷èõ ñóñ³ä³â äîñÿãàº íàéâèùî¿ òî÷íîñò³ êëàñèô³êàö³¿ (100 %), òîä³ ÿê
ðåøòà ìåòîä³â çàáåçïå÷óþòü òî÷í³ñòü íà ð³âí³ 99 %. Öå ñâ³ä÷èòü ïðî òå, ùî âèñîêà òî÷í³ñòü êëàñèô³êàö³¿
ìîæå áóòè äîñÿãíóòà çà äîïîìîãîþ çíà÷íî ïðîñò³øèõ ìåòîä³â ïîð³âíÿíî ³ç çãîðòêîâèìè íåéðîííèìè ìå-
ðåæàìè. Çàïðîïîíîâàíî ìåòîä áëîêîâî¿ äåìîäóëÿö³¿ ñèãíàë³â íà îñíîâ³ ìóëüòèíîì³àëüíî¿ ë³í³éíî¿ ðåã-
ðåñ³¿ òà íåéðîííî¿ ìåðåæ³ ïðÿìîãî çâ’ÿçêó, ùî ìàº ïðîñòó ïðàêòè÷íó ðåàë³çàö³þ ïîð³âíÿíî ç ³íøèìè
â³äîìèìè ìåòîäàìè. Ïîêàçàíî, ùî ó ðàç³ âèñîêèõ ð³âí³â øóìó çàïðîïîíîâàíèé ìåòîä çàáåçïå÷óº âèùó
òî÷í³ñòü â³äíîâëåííÿ ñèãíàëó ïîð³âíÿíî ç òðàäèö³éíèì ìåòîäîì äåìîäóëÿö³¿ íà îñíîâ³ êîíòóð³â Ãàðäíå-
ðà òà Êîñòàñà, à òàêîæ âèêîðèñòîâóº ìåíøó ê³ëüê³ñòü ïàðàìåòð³â í³æ ³íø³ â³äîì³ ìåòîäè.

Êëþ÷îâi ñëîâà: ìàøèííå íàâ÷àííÿ, ãëèáîêå íàâ÷àííÿ, öèôðîâå îáðîáëåííÿ ñèãíàë³â, àâòîìàòè÷íà êëà-
ñèô³êàö³ÿ ìîäóëÿö³¿, äåìîäóëÿö³ÿ ñèãíàë³â.
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Application of machine learning methods to certain problems of digital signal processing in
telecommunication tasks / V.Yu. Semenov, E.V. Semenova // Kibernetyka ta Systemnyi Analiz. 2025.
Vol. 61, N 4. P. 190–198.

Abstract. The article explores the application of machine learning methods to digital signal processing
tasks in telecommunication systems. Specifically, it examines the problems of automatic modulation
classification and subsequent signal demodulation. For automatic modulation classification, four machine
learning methods are investigated: multinomial regression, nearest neighbors’ method, Gaussian mixture
modeling, and a convolutional neural network. Experimental results on artificial data demonstrated recognition
accuracy for five modulation types ranging from 96% to 99%. The highest accuracy (99%) was achieved by the
convolutional neural network. However, the three other methods, which have a simpler structure (and were not
considered in previous works), show a satisfactory trade-off between accuracy and implementation complexity.
Verification on 89 signals from real modems showed that the nearest neighbors’ method achieves the highest
classification accuracy (100%), while the remaining methods provide accuracy at the level of 99%. This
indicates that high classification accuracy can be achieved using significantly simpler methods compared to
convolutional neural networks. The paper also proposes a method of block demodulation of signals based on
multinomial linear regression and a feedforward neural network, which has a simpler practical implementation
compared to other known methods. It is shown that at high noise levels, the proposed method provides higher
signal recovery accuracy compared to the traditional demodulation method based on Gardner and Costas loops,
and also uses fewer parameters compared to other known methods.

Keywords: machine learning, deep learning, digital signal processing, automatic modulation classification,
signal demodulation.
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