
Òåîðåòè÷åñêàÿ è ñèñòåìíàÿ èíôîðìàòèêà

Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

1

2023

Ï
ð

î
á

ë
å
ì

û
è

í
ô

î
ð

ì
à

ò
è

ê
è

¹
2

0
1

2
3



ÏÐÎÁËÅÌÛ ÈÍÔÎÐÌÀÒÈÊÈ � 1 (58) 2023 ã.
Æóðíàë âûõîäèò åæåêâàðòàëüíî, èçäàåòñÿ ñ 2008 ã.

Ó÷ðåäèòåëü æóðíàëà � Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé
ãåîôèçèêè ÑÎ ÐÀÍ ïðè ïîääåðæêå Èíñòèòóòà èíôîðìàöèîííûõ è âû÷èñëèòåëüíûõ òåõíîëîãèé
ÌÎÍ ÐÊ.

Ðåäàêöèîííûé ñîâåò

Ïðåäñåäàòåëü � àêàä. ÍÀÍ ÐÊ Ì.Í. Êàëèìîëäàåâ,
àêàä. ÐÀÍ À.Ë. Àñååâ, ïðîô. Â.À. Âàñåíèí, àêàä. ÐÀÍ Ñ.Í. Âàñèëüåâ, ïðîô. B.Ì.
Âèøíåâñêèé, àêàä. ÐÀÍ Ñ.Ñ. Ãîí÷àðîâ, àêàä. ÐÀÍ Í.À. Êóçíåöîâ, àêàä. ÐÀÍ À.Ï. Êóëåøîâ,
ïðîô. ÐÀÍ Ì.À. Ìàð÷åíêî, ïðîô. À. Ã. Ìàð÷óê, À.Þ. Ïàëüÿíîâ, ïðîô. Á.ß. Ðÿáêî, àêàä. ÐÀÍ
È.À. Ñîêîëîâ, ïðîô. À.Í. Ñîòíèêîâ, ÷ë.-êîð. ÐÀÍ Þ.À. Ôëåðîâ.

Ðåäêîëëåãèÿ

Ãëàâíûé ðåäàêòîð � ïðîô. Â.Ý. Ìàëûøêèí,
Ä.Æ. Àõìåä-Çàêè, À. Ã. Âîñòðåöîâ, Á.Ñ. Ãîëüäøòåéí, Â.È. Ãóæîâ, Þ.À. Çàãîðóëüêî,
C.Ä. Êàðàêîçîâ, Ì.Ì. Êàðèìîâ, Â.Í. Êàñüÿíîâ, Î.Â. Êèáèñ, Â.Â. Êîðíååâ, È.Â. Êîòåíêî,
È.Ì. Êóëèêîâ, Ò.Ï. Ëþáèìîâà, À.Í. Ëÿõîâ, Â.Â. Îêîëüíèøíèêîâ, Á.Â. Ïîëëåð,
À.Ñ. Ðîäèîíîâ (çàì. ãë. ðåäàêòîðà), Ì.À. Ñîíüêèí, Â.Â. Øàõîâ (çàì. ãë. ðåäàêòîðà),
Ì.Ñ. Õàéðåòäèíîâ, È. Ã. ×åðíûõ, Moonseong Kim (Korea), V.D. Nguyen (Vietnam), Michele
Pagano (Italy).

Ðåäàêöèÿ: îòâ. ñåêðåòàðü Ì.Ñ. Äåëèäîâè÷, ñèñòåìíûé àäìèíèñòðàòîð Â.À. Ïåðåïåëêèí,
âåðñòêà Ä.Â. Ëàçóòêèí, ëîãèñò Ë.Â. Òðîôèìîâà.

Àäðåñ ðåäàêöèè, èçäàòåëÿ: 630090, ã. Íîâîñèáèðñê, ïðîñï. Àêàäåìèêà Ëàâðåíòüåâà, ä. 6,
ÈÂÌèÌÃ ÑÎÐÀÍ
òåë. (383) 330-96-43; e-mail: problem-info@sscc.ru, http://www.problem-info.sscc.ru.

Æóðíàë çàðåãèñòðèðîâàí â Ôåäåðàëüíîé ñëóæáå ïî íàäçîðó â ñôåðå ìàññîâûõ êîììóíèêàöèé,
ñâÿçè è îõðàíû êóëüòóðíîãî íàñëåäèÿ. Ñâèäåòåëüñòâî ÏÈ � ÔÑ77-32088 îò 27 ìàÿ 2008 ã.
Æóðíàë ðàñïðîñòðàíÿåòñÿ ïî ïîäïèñêå. Îôîðìëåíèå ïîäïèñêè íà ñàéòå ¾Îáúåäèíåííîãî
êàòàëîãà ½Ïðåññà Ðîññèè“¿ https://www.pressa-rf.ru/cat/1/edition/y_e69980/, ïîäïèñíîé
èíäåêñ 69980, è ÷åðåç èíòåðíåò-ìàãàçèí ¾Ïðåññà ïî ïîäïèñêå¿
https://www.akc.ru/itm/problemy_i-informatiki/. Öåíà ñâîáîäíàÿ. Æóðíàë
ðàñïðîñòðàíÿåòñÿ íà òåððèòîðèè Ðîññèè.

Æóðíàë âêëþ÷åí â Ïåðå÷åíü âåäóùèõ ðåöåíçèðóåìûõ íàó÷íûõ æóðíàëîâ,

ðåêîìåíäîâàííûõ äëÿ ïóáëèêàöèé Âûñøåé àòòåñòàöèîííîé êîìèññèåé.

Âñå ïðàâà àâòîðîâ ñîõðàíåíû.Èñïîëüçîâàíèå ìàòåðèàëîâ æóðíàëà âîçìîæíî òîëüêî
ñ ðàçðåøåíèÿ ðåäàêöèè è àâòîðîâ.

Îòïå÷àòàíî â òèïîãðàôèè ¾ÀËÅÊÑÏÐÅÑÑ¿ ÈÏ Ìàëûãèí Àëåêñåé Ìèõàéëîâè÷.
Àäðåñ: 630090, Íîâîñèáèðñê, ïð-ò Àêàäåìèêà Ëàâðåíòüåâà, 6/1, îô. 104, òåë. +7 (383) 217-43-46.
Ôîðìàò 60× 84 1/8. Óñë. ïå÷. ë. 10,23. Ïå÷àòü îôñåòíàÿ.

Òèðàæ 50 ýêç. Çàêàç � 812. Ïîäïèñàíî â ïå÷àòü 20.03.2023 ã. Âûõîä â ñâåò 31.03.2023 ã.

© Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ, 2023

© Èíñòèòóò èíôîðìàöèîííûõ è âû÷èñëèòåëüíûõ òåõíîëîãèé ÌÎÍ ÐÊ, 2023



JOURNAL �PROBLEMS OF INFORMATICS�. No. 1 (58) 2023

Publisher: Institute of Computational Mathematics and Mathematical Geophysics of Siberian Branch

of Russian Academy of Sciences with the support of the Institute of Information and Computing

Technologies of the Ministry of Education of the Republic of Kazakhstan.

Editorial Council

Chairman Academician of the National Academy of Sciences of the Republic of Kazakhstan

M.N. Kalimoldayev

Full Member of the RAS A. L. Aseev, Professor V.A. Vasenin, Full Member of RAS C.N. Vassilyev,

Professor V.M. Vishnevsky, Full Member of RAS S. S. Goncharov, Full Member of RAS

N.A. Kuznetsov, Full Member of RAS A.P. Kuleshov, Professor of RAS M.A. Marchenko, Professor

A.G. Marchuk, A.YU. Palyanov, Professor B.Y. Ryabko, Full Member of RAS I.A. Sokolov,

Professor A.N. Sotnikov, Corr. Member RAS Y.A. Flerov.

Editorial board

The Editor-in-Chief Professor V. E. Malyshkin

Associate Editors-in-Chief: A. S. Rodionov, V.V. Shakhov

D. Zh. Akhmed-Zaki, À.G. Vostretsov, B. S. Goldstein, V. I. Guzhov, Y.A. Zagorulko, S.D.

Karakozov, Ì.Ì. Karimov, V.N. Kasyanov, Î.V. Kibis, V.V. Korneev, I. V. Kotenko, I.M. Kulikov,

T. P. Lyubimova, A. I. Lyakhov, V.V. Okolnishnikov, B.V. Poller, M.A. Sonkin, Ì. S. Khairetdinov,

I. G. Chernykh, Moonseong Kim (Korea), Van Duc Nguyen (Vietnam), Michele Pagano (Italy).

Editorial sta�: Managing Editor M. S. Delidovich, System Administrator V.A. Perepelkin,

Maker-up D.V. Lazutkin, Logistician L.V. Tro�mova.

Address of the editorial o�ce: 630090, pr. Lavrentieva, 6, Novosibirsk, Russia, Institute of

Computational Mathematics and Mathematical Geophysics of SB RAS.

Phone: +7 (383) 330-96-43; e-mail: problem-info@sscc.ru, http://www.problem-info.sscc.ru.

The journal has been registered in accordance with Legislation of the Russian Federation. Certi�cate

of Mass Media Registration: ÏÈ � ÔÑ77-32088, of 27 May, 2008, ISSN 2073-0667. The journal is

distributed in Russia.

The journal �Problems of Informatics� is in the List of Peer-Reviewed Scienti�c Journals for

publication of scienti�c results of Ph.D. and Dr. of Sci.

All rights reserved. The journal contents may only be used by the permission of editors and authors.

© Institute of Computational Mathematics and Mathematical Geophysics of Siberian Branch of

Russian Academy of Sciences, 2023

© Institute of Information and Computing Technologies of the Ministry of Education of the

Republic of Kazakhstan, 2023



ÑÎÄÅÐÆÀÍÈÅ

Òåîðåòè÷åñêàÿ è ñèñòåìíàÿ èíôîðìàòèêà

Ëÿõîâ Î.À. Ó÷åò íåñêëàäèðóåìûõ ðåñóðñîâ â öåëî÷èñëåííûõ ìîäåëÿõ êàëåíäàðíîãî ïëà-
íèðîâàíèÿ ïðîåêòîâ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Ñêîïèí È.Í. Ìîäåëü âðåìåíè äëÿ èçó÷åíèÿ ðàçâèâàþùèõñÿ ñèñòåì . . . . . . . . . . . . . . . . . . 12

Ïðèêëàäíûå èíôîðìàöèîííûå òåõíîëîãèè

Àõàòîâ À.Ð., Ðåíàâèêàð À., Ðàøèäîâ À.Ý., Íàçàðîâ Ô.Ì. Îïòèìèçàöèÿ êîëè÷åñòâà áàç
äàííûõ ïðè îáðàáîòêå áîëüøèõ äàííûõ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Êîññîâ Ã.À., Ñåëåçíåâ È.À. Âëèÿíèå íàñòðàèâàåìûõ ïàðàìåòðîâ ïîëíîñâÿçíîé íåéðîííîé
ñåòè íà êà÷åñòâî ïðåäñêàçàíèÿ äëÿ çàäà÷è êëàññèôèêàöèè ëèòîòèïîâ . . . . . . . . . . . . . . . . . 48

Ñíûòíèêîâà Ò.Â. Áèáëèîòåêà ðåàëèçàöèè àññîöèàòèâíûõ âû÷èñëåíèé íà ãðàôè÷åñêèõ
óñêîðèòåëÿõ cuSTAR: ïðåäñòàâëåíèå äàííûõ äëÿ çàäà÷ áèîèíôîðìàòèêè . . . . . . . . . . . . . .60

Õàðþòêèíà Ñ.À., Ãàâðèëîâ À.Â., ßêèìåíêî À.À. Âûáîð ýìîöèé îïåðàòîðà â êà÷åñòâå
îáðàòíîé ñâÿçè äëÿ îáó÷åíèÿ íåéðîííûõ ñåòåé . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Ïðàâèëà ïðåäñòàâëåíèÿ è ïîäãîòîâêè ðóêîïèñåé äëÿ ïóáëèêàöèè
â æóðíàëå ½ÏÐÎÁËÅÌÛ ÈÍÔÎÐÌÀÒÈÊÈ“ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

ÏÐÎÁËÅÌÛ ÈÍÔÎÐÌÀÒÈÊÈ
� 1 (58) 2023 ã.



CONTENTS

Theoretical informatics

Lyakhov O.A. Renewable resources accounting in integer models of project scheduling . . . . .5

Skopin I. N. Time Model for Studying Evolving Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Applied information technologies

Akhatov A.R., Renavikar A., Rashidov A. E., Nazarov F.M. Optimization of the number of
databases in the big data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Kossov G.A., Seleznev I. A. In�uence of neural network parameters for the quality of prediction
for the tasks of automatic lithotype description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Snytnikova T.V. Associative computing implementation library cuSTAR: data representation
for bioinformatics problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Kharyutkina S.A., Gavrilov A.V., Yakimenko A.A. Choosing operator emotions as feedback
for training neural networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Rules of presentation and preparation of manuscripts o�ered for publication . . . . . . . . . . . . . . 77

PROBLEMS OF INFORMATICS
N 1 (58) 2023



Problems of Informatics. 2023. � 1

RENEWABLE RESOURCES ACCOUNTING IN INTEGER
MODELS OF PROJECT SCHEDULING

O.A. Lyakhov

Institute of Computational Mathematics and Mathematical Geophysics SB RAS,
630090, Novosibirsk, Russia

DOI: 10.24412/2073-0667-2023-1-5-11
EDN: PWEWCU

In complicated complexes of operations scheduling renewable resources are assumed by constants
that does not always agree with practice of management. Determining of renewable resources as
not stored (type �power�) which non-use leads to their loss, does not fully re�ect their speci�city.
Formalizing of redistribution of renewable resources is linked to representation conditions of their usage
in models. Redistribution of resources is considered on an example of network model for minimizing
an unbalance of resources at set directive times for completion scheduling.

Key words: project, network models, scheduling, renewable resources.
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Ó×ÅÒ ÍÅÑÊËÀÄÈÐÓÅÌÛÕ ÐÅÑÓÐÑÎÂ Â
ÖÅËÎ×ÈÑËÅÍÍÛÕ ÌÎÄÅËßÕ ÊÀËÅÍÄÀÐÍÎÃÎ

ÏËÀÍÈÐÎÂÀÍÈß ÏÐÎÅÊÒÎÂ

Î.À. Ëÿõîâ

Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ,
630090, Íîâîñèáèðñê, Ðîññèÿ

ÓÄÊ 519.854.2:658.512.6
DOI: 10.24412/2073-0667-2023-1-5-11
EDN: PWEWCU

Â èçâåñòíûõ ìîäåëÿõ êàëåíäàðíîãî ïëàíèðîâàíèÿ íàëè÷èå íåñêëàäèðóåìûõ (âîçîáíîâëÿåìûõ)
ðåñóðñîâ ïîëàãàåòñÿ çàðàíåå çàäàííûì âî âñåõ âðåìåííûõ èíòåðâàëàõ, ò. å. ïðåäïîëàãàåòñÿ
èõ àïðèîðíîå ðàñïðåäåëåíèå äî ïîñòðîåíèÿ ðàñïèñàíèÿ âûïîëíåíèÿ ïðîåêòà. Îáùåèçâåñòíîå
îïðåäåëåíèå íåñêëàäèðóåìûõ ðåñóðñîâ êàê íåíàêàïëèâàåìûõ (òèïà ¾ìîùíîñòü¿), íåèñïîëü-
çîâàíèå êîòîðûõ ïðèâîäèò ê èõ ïîòåðå, íåïîëíîñòüþ îòðàæàåò èõ ñïåöèôèêó. Â ñòàòüå ðàñ-
ñìîòðåíà ôîðìàëèçàöèÿ ðåñóðñíûõ óñëîâèé â òðåõ çàäà÷àõ ïîñòðîåíèÿ ðàñïèñàíèé ðàáîò: ìè-
íèìèçàöèÿ äëèòåëüíîñòè öèêëà ïðè îãðàíè÷åííûõ ðåñóðñàõ; ìèíèìèçàöèÿ íåñáàëàíñèðîâàí-
íîñòè ðåñóðñîâ ïðè èçâåñòíîì èõ êîëè÷åñòâå â èíòåðâàëàõ ïëàíîâîãî ïåðèîäà; ðàñïðåäåëåíèå
ðåñóðñîâ ïî êðèòåðèþ ìèíèìèçàöèè äèñáàëàíñà ñ âîçìîæíîñòüþ ïåðåðàñïðåäåëåíèÿ íåñêëà-
äèðóåìûõ ðåñóðñîâ. Ïðåäëîæåíà ôîðìàëèçàöèÿ óñëîâèé öåëî÷èñëåííîé ëèíåéíîé ìîäåëè ïî-
ñòðîåíèÿ ðàñïèñàíèÿ ðàáîò ñ ïåðåìåííûìè íåñêëàäèðóåìûìè ðåñóðñàìè, ìèíèìèçèðóþùåãî
äèñáàëàíñ ïðè çàäàííûõ äèðåêòèâíûõ ñðîêàõ çàâåðøåíèÿ ïðîåêòîâ.

Êëþ÷åâûå ñëîâà: ïðîåêò, ñåòåâûå ìîäåëè, êàëåíäàðíîå ïëàíèðîâàíèå, íåñêëàäèðóåìûå
ðåñóñû.

Ââåäåíèå. Â ìîäåëÿõ ñåòåâîãî êàëåíäàðíîãî ïëàíèðîâàíèÿ ïîëàãàåòñÿ, ÷òî êîëè÷å-
ñòâî íåñêëàäèðóåìûõ ðåñóðñîâ çàðàíåå çàäàíî. Ìíîãîêðàòíî ïðîäóáëèðîâàííîå â ó÷åá-
íûõ ïîñîáèÿõ (ñì., íàïðèìåð, [1, 2]) îïðåäåëåíèå íåñêëàäèðóåìûõ ðåñóðñîâ êàê íåíàêàï-
ëèâàåìûõ (òèïà ¾ìîùíîñòü¿), íåèñïîëüçîâàíèå êîòîðûõ ïðèâîäèò ê èõ ïîòåðå (ïðîèçâîä-
ñòâåííûå ïëîùàäè, ôîíäû âðåìåíè îáîðóäîâàíèÿ è èñïîëíèòåëåé, ýíåðãèÿ), íóæäàåòñÿ â
óòî÷íåíèè. Òàê, ãîäîâîé ôîíä âðåìåíè èñïîëíèòåëåé ìîæåò áûòü ïî-ðàçíîìó ðàçáèò ïî
êâàðòàëàì, ìåñÿöàì, äåêàäàì (ðàçíûå ãðàôèêè îòïóñêîâ, íåïîëíàÿ çàíÿòîñòü, ñâåðõóðî÷-
íûå ðàáîòû). Òî æå ñàìîå êàñàåòñÿ îáîðóäîâàíèÿ (ðàçëè÷íûå ñðîêè ïëàíîâûõ ðåìîíòîâ).
Èç ýòîãî ñïèñêà òîëüêî ïðîèçâîäñòâåííûå ïëîùàäè óäîâëåòâîðÿþò îïðåäåëåíèþ, äà è òî
äëÿ íåáîëüøèõ âðåìåííûõ èíòåðâàëîâ.

Ìîæíî ñ÷èòàòü íåñêëàäèðóåìûìè ðåñóðñû, êîòîðûå ïîëíîñòüþ ïîòðåáëÿþòñÿ â ïëàíî-
âîì ïåðèîäå íåçàâèñèìî îò âûïîëíåíèÿ ïðîèçâîäñòâåííîé ïðîãðàììû. Çà íèìè ñîõðàíÿ-
åòñÿ ñâîéñòâî ïîòåðè ïðè íåèñïîëüçîâàíèè è âîçìîæíîñòü ïåðåíîñà èç îäíîãî âðåìåííîãî
èíòåðâàëà â äðóãîé.

Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÈÂÌèÌÃ ÑÎ ÐÀÍ (0251-2021-0005) è áûëà
ïðåäñòàâëåíà íà ìåæäóíàðîäíîé êîíôåðåíöèè ¾Ìàð÷óêîâñêèå íàó÷íûå ÷òåíèÿ�2022¿

© Î.À. Ëÿõîâ, 2023
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Åñëè áû ìîæíî áûëî íåñêëàäèðóåìûå ðåñóðñû ïåðåíîñèòü ïî âðåìåííûì èíòåðâàëàì
ïðîèçâîëüíî, òî îòïàëà áû íåîáõîäèìîñòü ðåøåíèÿ êàëåíäàðíûõ çàäà÷: ëþáîé äîïóñòè-
ìûé îáúåìíûé ïëàí áûë áû âûïîëíèìûì. Äðóãîé êðàéíèé ñëó÷àé � çàðàíåå çàäàííûå
óðîâíè ðåñóðñîâ âî âðåìåíè � ñîîòâåòñòâóåò èçâåñòíûì ïîñòàíîâêàì òåîðèè ðàñïèñàíèé.
Ýôôåêòèâíîñòü ðàñïðåäåëåíèÿ, òàêèì îáðàçîì, äîëæíà ïðîÿâëÿòüñÿ îñëàáëåíèåì ðåñóðñ-
íîâðåìåííûõ îãðàíè÷åíèé â çàäà÷àõ êàëåíäàðíîãî ïëàíèðîâàíèÿ.

Â ðàçäåëå 3 ðàññìîòðåíû öåëî÷èñëåííûå ìîäåëè êàëåíäàðíîãî ïëàíèðîâàíèÿ ïðîåêòîâ
ïî êðèòåðèþ ìèíèìèçàöèè äëèòåëüíîñòè öèêëà ïðè âûïîëíåíèè ðåñóðñíûõ óñëîâèé è
ïîñëåäîâàòåëüíîñòè âûïîëíåíèÿ ðàáîò. Â 4-ì ïðåäëîæåíà ìîäåëü ïîñòðîåíèÿ ðàñïèñàíèÿ
ðàáîò ïðè çàäàííîì ïëàíîâîì ïåðèîäå ñ ïåðåðàñïðåäåëåíèåì íåñêëàäèðóåìûõ ðåñóðñîâ.

1. Îáîçíà÷åíèÿ. Çàäàíà ñåòåâàÿ ìîäåëü êîìïëåêñà ðàáîò � îðèåíòèðîâàííûé áåç
êîíòóðîâ è ïåòåëü ãðàô G = (I,M).

I � ìíîæåñòâî âåðøèí (ðàáîò ñåòåâîé ìîäåëè).
M � ìíîæåñòâî ñâÿçåé ìåæäó ðàáîòàìè (îòíîøåíèÿ ïðåäøåñòâîâàíèÿ).
N � êîëè÷åñòâî ðàáîò ñåòåâîé ìîäåëè.
Åñëè i.j ∈ I è i íåïîñðåäñòâåííî ïðåäøåñòâóåò j, òî îáîçíà÷àåòñÿ i ∈ Γ−1(j) è ïàðà

(i,j) ∈ M (âûïîëíåíèå îïåðàöèè j ìîæåò íà÷àòüñÿ íå ðàíåå, ÷åì áóäóò çàâåðøåíû âñå
îïåðàöèè i ∈ Γ−1(j)). Àíàëîãè÷íî, åñëè j íåïîñðåäñòâåííî ñëåäóåò çà i, îáîçíà÷àåòñÿ j ∈
Γ+1(i).

Âõîäíîé ÿâëÿåòñÿ îïåðàöèÿ α ∈ I, íå èìåþùàÿ ïðåäøåñòâóþùèõ, ò. å. Γ−1(α) = ∅.
Âûõîäíîé íàçûâàåòñÿ ðàáîòà ω, òàêàÿ ÷òî Γ+1(ω) = ∅.
Ñóùåñòâóåò íå ìåíåå îäíîé âõîäíîé è îäíà âûõîäíàÿ ôèêòèâíàÿ (íå òðåáóþùàÿ ðå-

ñóðñîâ) ðàáîòà.
Êàæäîé ðàáîòå i ∈ I ñîïîñòàâëåí îáúåì òðåáóåìîãî ðåñóðñà òèïà ¾ìîùíîñòü¿ (íåñêëà-

äèðóåìûé) Vik,i ∈ I,k = 1,K, K � êîëè÷åñòâî âèäîâ ðåñóðñîâ.
Ïðîäîëæèòåëüíîñòü îïåðàöèè � ïîñòîÿííàÿ âåëè÷èíà ti = Vik/rik, i ∈ I, ãäå rik �

èíòåíñèâíîñòü ïîòðåáëåíèÿ k-ãî ðåñóðñà i-é îïåðàöèåé â åäèíèöó âðåìåíè.
T � ïðîäîëæèòåëüíîñòü ïëàíîâîãî ïåðèîäà.
Bi � ñàìûé ðàííèé èíòåðâàë âðåìåíè, â êîòîðîì ìîæåò çàêàí÷èâàòüñÿ âûïîëíåíèå

ðàáîòû i (ïî òåðìèíîëîãèè ñåòåâîãî ïëàíèðîâàíèÿ � ðàííåå îêîí÷àíèå i).
Ei � ïîçäíåå âðåìÿ çàâåðøåíèÿ îïåðàöèè i, ðàññ÷èòàííîå îòíîñèòåëüíî T, ñàìûé ïîçä-

íèé èíòåðâàë âðåìåíè, â êîòîðîì ìîæåò çàêàí÷èâàòüñÿ âûïîëíåíèå ðàáîòû i (ïî òåðìè-
íîëîãèè ñåòåâîãî ïëàíèðîâàíèÿ � ïîçäíåå îêîí÷àíèå i).

Bi è Ei ñîîòâåòñòâóþò ðàííèì è ïîçäíèì âðåìåíàì íàñïóïëåíèÿ ñîáûòèé ïî òåðìèíî-
ëîãèè ñåòåâîãî ïëàíèðîâàíèÿ [3, 4].

ω � çàâåðøàþùàÿ (âûõîäíàÿ) ðàáîòà ìîäåëè, ò. å. Γ+1(ω) = ∅.
Rkt � èìåþùååñÿ êîëè÷åñòâî k-ãî ðåñóðñà (â äåíåæíûõ èëè íàòóðàëüíûõ åäèíèöàõ) â

èíòåðâàëå âðåìåíè t.
xit � ïåðåìåííàÿ, ðàâíàÿ 1, åñëè âûïîëíåíèå ðàáîòû i çàâåðøàåòñÿ â t-é ìîìåíò âðå-

ìåíè, è ðàâíàÿ 0 â ïðîòèâíîì ñëó÷àå, i = 1,N, = 1,T .
2. Öåëî÷èñëåííàÿ ëèíåéíàÿ ìîäåëü ìèíèìèçàöèè äëèòåëüíîñòè öèêëà ïðî-

åêòà. Òðåáóåòñÿ ïîñòðîèòü ðàñïèñàíèå ðàáîò (íàéòè äàòû íà÷àëà è îêîí÷àíèÿ îïåðàöèé
ïðîåêòà) ñ ó÷åòîì îãðàíè÷åíèé íà ðåñóðñû, ìèíèìèçèðóþùåå äëèòåëüíîñòü öèêëà âûïîë-
íåíèÿ êîìïëåêñà ðàáîò. Äàííàÿ ïîñòàíîâêà îòëè÷àåòñÿ îò èçâåñòíîé â òåîðèè ðàñïèñàíèé
çàäà÷è Äæîíñîíà (ìèíèìèçàöèÿ îáùåãî âðåìåíè âûïîëíåíèÿ âñåõ ðàáîò) � ÷àñòè÷íûì
ïîðÿäêîì âûïîëíåíèÿ îïåðàöèé. Âïåðâûå öåëî÷èñëåííàÿ ëèíåéíàÿ ìîäåëü áûëà ïðèâå-
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äåíà â [5], ðàçëè÷íûå âàðèàíòû � âî ìíîãèõ èññëåäîâàíèÿõ, ñì., íàïðèìåð, [6, 7]. Ïðè
T ≥

∑N
i=1 ti â çàäà÷àõ âàðèàíòîâ 1 è 2 âñåãäà åñòü äîïóñòèìîå ðåøåíèå.

2.1. Ìîäåëü. Âàðèàíò 1.

xit ∈ [0,1], integer, i = 1,N, t = 1,T (1)

Ei∑
t=Bi

xit = 1 i = 1,N (2)

xit0 +Q
∑

j∈Γ+1(i)

min{t0+tj ,Ej}∑
t=Bj+tj

xjt ≤ 1 i = 2,N, t ̸= ω, t0 = Bi + ti,Ei (3)

N∑
i=1

rik ·
t0+ti∑
t=t0

xit ≤ Rkt0 k = 1,K, t0 = 1,T (4)

Eω∑
t=Bω+1

t · xωt → min (5)

Â ìîäåëè (1�5) ìîìåíòû âðåìåíè íà÷àëà îïåðàöèé âû÷èñëÿþòñÿ âû÷åòàíèåì ïðîäîë-
æèòåëüíîñòåé îïåðàöèé èç ìîìåíòîâ îêîí÷àíèÿ îïåðàöèé, óñëîâèÿ (3) çàäàþò ÷àñòè÷íûé
ïîðÿäîê âûïîëíåíèÿ ðàáîò, ðåñóðñíûå îãðàíè÷åíèÿ (4) ãàðàíòèðóþò äëÿ êàæäîãî ðåñóðñà
â êàæäûé ìîìåíò âðåìåíè íåïðåâûøåíèå ïîòðåáíîñòè íàä íàëè÷èåì. Q � çàðàíåå çàäàí-
íàÿ âåëè÷èíà, îïðåäåëÿåìàÿ èç ñîîòíîøåíèé

Q ·maxi∈I

(∑
j∈Γ+1(i)

∑t0
t=1 yjt

)
≤ 1, t0= 2,T , íàïðèìåð , Q ≤ 1

T∗N .

2.2. Ìîäåëü. Âàðèàíò 2. Ýòà çàïèñü óñëîâèé ìîäåëè ñîîòâåòñòâóåò [6]. Îòëè÷èÿ îò ìî-
äåëè âàðèàíòà 1 çàêëþ÷àþòñÿ â îòîáðàæåíèè ÷àñòè÷íîãî ïîðÿäêà: ñîîòâåòñòâåííî óñëîâèÿ
(3 è 7). Ñóùåñòâóþò è äðóãèå ôîðìàëèçàöèè öåëî÷èñëåííûõ ìîäåëåé êàëåíäàðíîãî ïëà-
íèðîâàíèÿ ïðîåêòîâ, ñì., íàïðèìåð, [7, 8].

Ωij = [Bi,Ei]
⋂
[ Bj−tj+1, Ej] � ìíîæåñòâî èíòåðâàëîâ âðåìåíè, â êîòîðûõ îêîí÷àíèå

ðàáîòû i ðàíüøå íà÷àëà îïåðàöèè j, j ∈+1 (i).
τi = [Bi,Ei]

⋂
[τ,τ + ti − 1] � ìíîæåñòâî èíòåðâàëîâ âðåìåíè çàâåðøåíèÿ ðàáîòû i ïðè

åå âûïîëíåíèè â èíòåðâàëå τ ∈ [0,T ].
Óñëîâèÿ ìîäåëè.

Ei∑
t=Bi

xit = 1, xit − integer, i = 1,N, t = 1,T (6)

∑
t∈Ωij

t · xit ≤
Ej∑

t=Bj

(t− tj) · xjt i = 1,N, i ̸= ω, j ∈+1 (i) (7)

N∑
i=1

rik · (
∑
t∈τi

xit) ≤ Rkτ k = 1,K, τ = 1,T (8)
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T∑
t=1

t · xωt → min (9)

Âàðèàíò 2 îòëè÷àåòñÿ îò ïåðâîãî îòîáðàæåíèåì âðåìåííûõ óñëîâèé: ÷èñëî îãðàíè÷åíèé
(8) ïðîïîðöèîíàëüíî N · T , êîëè÷åñòâî ñòðîê (7) ïðîïîðöèîíàëüíî N2. Äëÿ ïðàêòè÷å-
ñêèõ ðà÷åòîâ ïðèãîäíû îáà âàðèàíòà. Àíàëîãè÷íàÿ çàïèñü ðåñóðñíî-âðåìåííûõ óñëîâèé
ñîäåðæèòñÿ âî ìíîãèõ èñòî÷íèêàõ (ñì., íàïðìåð, [7]).

3. Ìîäåëü ìèíèìèçàöèè íåñáàëàíñèðîâàííîñòè ðåñóðñîâ ïðè çàäàííîì ïëà-

íîâîì ïåðèîäå. Â äàííîé ïîñòàíîâêå, êîòîðàÿ áëèæå ê ðåàëüíîé æèçíè, çàðàíåå çàäàíà
âåëè÷èíà ïëàíîâîãî ïåðèîäà T è òðåáóåòñÿ ïîñòðîèòü êàëåíäàðíîå ðàñïèñàíèå ñ ìèíè-
ìàëüíûìè îòêëîíåíèÿìè ïîòðåáíîñòè â ðåñóðñàõ îò èõ íàëè÷èÿ âî âðåìåíè. Ïðè ýòîì
ñåòåâûõ ìîäåëåé ìîæåò áûòü íåñêîëüêî (ìíîãîòåìíîñòü, ìíîãîïðîåêòíîñòü).

Â ìîäåëè ñ óñëîâèÿìè (1) � (5) èçìåíÿþòñÿ îãðàíè÷åíèÿ (4) íà (10), (11) è êðèòåðàëü-
íàÿ ôóíêöèÿ (5) � íà (12).

∆kt0 ≥
N∑
i=1

rik ·
t0+ti∑
t=t0

xit −Rkt0 k = 1,K, t0 = 1,T (10)

∆kt ≥ 0 k = 1,K, t = 1,T (11)

K∑
k=1

T∑
t=1

∆kt → min (12)

∆kt ≥ 0 � ïåðåìåííàÿ, îïðåäåëÿþùàÿ äåôèöèò k-ãî ðåñóðñà â t-é èíòåðâàë âðåìåíè.
Äîïîëíèòåëüíî â ìîäåëü ìîãóò áûòü äîáàâëåíû îãðàíè÷åíèÿ ïî äèðåêòèâíûì äàòàì

çàâåðøåíèÿ îòäåëüíûõ ðàáîò:
T∑
t=1

xit · Ct < Ct0 . (13)

Óñëîâèå (13) ôîðìàëèçóåò íåîáõîäèìîñòü çàâåðøåíèÿ îïåðàöèè i íå ïîçäíåå íà÷àëà èí-
òåðâàëà t0.

Ct � êîíñòàíòû, âûáèðàåìûå èç ñîîòíîøåíèé Ct+1 >
∑t

l=1Cl, t = 0, T − 1. Àíàëîãè÷íî
ìîãóò áûòü ó÷òåíû äèðåêòèâíûå äàòû íà÷àë ðàáîò.

4. Ìîäåëü ìèíèìèçàöèè íåñáàëàíñèðîâàííîñòè ñ ïåðåðàñïðåäåëåíèåì

íåñêëàäèðóåìûõ ðåñóðñîâ. Â ñðàâíåíèè ñ èçâåñòíûìè ïîñòàíîâêàìè çàäà÷ êàëåíäàð-
íîãî ïëàíèðîâàíèÿ ïðîåêòîâ, â êîòîðûõ ðåñóðñû ïîëàãàþòñÿ çàðàíåå çàäàííûìè, â äàííîé
ìîäåëè îíè ÿâëÿþòñÿ ïåðåìåííûìè. Äîáàâëÿåòñÿ âîçìîæíîñòü ïåðåðàñïðåäåëåíèÿ íåñêëà-
äèðóåìûõ ðåñóðñîâ äëÿ ñíèæåíèÿ íåñáàëàíñèðîâàííîñòè.

Èìååì:

Bk =
T∑
t=1

Rkt, k = 1, K. (14)

Bk � ñóììàðíûé èìåþùèéñÿ îáúåì k-ãî ðåñóðñà â ïëàíîâîì ïåðèîäå T, k = 1, K.
Â ïðåäûäóùèõ ìîäåëÿõ óñëîâèå (14) íå ó÷èòûâàëîñü, ò. ê. îáúåìû èìåþùèõñÿ ðåñóð-

ñîâ âî âñåõ èíòåðâàëàõ âðåìåíè áûëè ïîñòîÿííûìè âåëè÷èíàìè. Â äàííîé ìîäåëè Rkt �
ïåðåìåííûå, Bk � ïîñòîÿííûå.
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Îáùèé îáúåì k-ãî ðåñóðñà íà ïåðèîä Ò ìîæåò áûòü ïî-ðàçíîìó ðàçáèò ïî èíòåðâàëàì
âðåìåíè îò 1 äî T. Íåñêëàäèðóåìûå ðåñóðñû (îáîðóäîâàíèå, ïðîèçâîäñòâåííûå ïëîùàäè,
òðóäîâûå ðåñóðñû è ò. ä.) ïî-ðàçíîìó ìîãóò ïåðåðàñïðåäåëÿòüñÿ âíóòðè ïëàíîâîãî ïåðè-
îäà. Òàê, íàïðèìåð, èíæåíåðíîå îáîðóäîâàíèå â òå÷åíèå îïðåäåëåííîãî âðåìåíè äîëæíî
ïðîéòè ïëàíîâî-ïðåäóïðåäèòåëüíûé ðåìîíò, çäàíèÿ, ñîîðóæåíèÿ � êàïèòàëüíûé ðåìîíò,
ïî-èíîìó ðàñïðåäåëÿþòñÿ òðóäîâûå ðåñóðñû. Ïðè èçâåñòíîì øòàòíîì ðàñïèñàíèè ïåðå-
ðàñïðåäåëåíèå èñïîëíèòåëåé ìîæåò áûòü ðåàëèçîâàíî èçìåíåíèåì ãðàôèêà îòïóñêîâ. Ïî-
ðàçíîìó ó÷èòûâàþòñÿ òðóäîâûå ðåñóðñû â çàâèñèìîñòè îò âûáðàííîé ñèñòåìû îïëàòû
òðóäà (ñäåëüíàÿ èëè ïîâðåìåííàÿ). Ìíîãîîáðàçèå âèäîâ íåñêëàäèðóåìûõ ðåñóðñîâ íå ïîç-
âîëÿåò ïîñòðîèòü åäèíóþ óíèâåðñàëüíóþ ìîäåëü èõ ïåðåðàñïðåäåëåíèÿ.

Â ïåðâîì ïðèáëèæåíèè èõ äîïóñòèìîå êîëè÷åñòâî ìîæíî îòîáðàçèòü óñëîâèåì (15).
Ïðè áîëåå äåòàëüíîì îïèñàíèè ðåñóðñîâ íåîáõîäèìî ó÷åñòü íåïðåðûâíîñòü îòïóñêîâ, íåâû-
õîäû ïî áîëåçíÿì. Äëÿ îáîðóäîâàíèÿ ðàñ÷åò ôîíäîâ âðåìåíè ñâÿçàí ñ åãî òåõíè÷åñêèìè
õàðàêòåðèñòèêàìè: âîçìîæíîñòü îñòàíîâêè, óñëîâèÿ òåõíè÷åñêîãî îáñëóæèâàíèÿ, íàðà-
áîòêà äî òåêóùåãî è êàïèòàëüíîãî ðåìîíòà, ñòåïåíü èçíîñà è ò. ä.

0 ⩽ Rkt ⩽ Bk/T, k = 1, K, t = 1, T . (15)

Ìîäåëü êàëåíäàðíîãî ïëàíèðîâàíèÿ ïðîåêòîâ ñ ïåðåðàñïðåäåëåíèåì íåñêëàäèðóåìûõ
ðåñóðñîâ ñîäåðæèò óñëîâèÿ (1�3), (10�12), (14�15).

Çàêëþ÷åíèå. Àïðèîðíîå ðàñïðåäåëåíèå ðåñóðñîâ ïðèìåíÿåòñÿ âî âñåõ èçâåñòíûõ ïî-
ñòàíîâêàõ çàäà÷ ïîñòðîåíèÿ ðàñïèñàíèé ðàáîò: â ïëàíèðîâàíèè ïðîåêòîâ ìîäåëè îáúåìû
èìåþùèõñÿ íåñêëàäèðóåìûõ ðåñóðñîâ ïðåäïîëàãàþòñÿ èçâåñòíûìè äëÿ âñåõ èíòåðâàëîâ
âðåìåíè. Ñîâìåùåíèå ïîñòðîåíèÿ ðàñïèñàíèé ñ ïåðåðàñïðåäåëåíèåì íåñêëàäèðóåìûõ ðå-
ñóðñîâ, ïðåäëîæåííîå â äàííîé ðàáîòå, ïîçâîëÿåò óìåíüøèòü íåñáàëàíñèðîâàííîñòü êà-
ëåíäàðíûõ ïëàíîâ è ìîæåò áûòü ïðèìåíåíî êàê â ïðåäâàðèòåëüíîì, òàê è â îïåðàòèâíîì
óïðàâëåíèè ïðîåêòàìè.

Ïî òðóäîåìêîñòè è ïî ìåòîäàì ðåøåíèÿ çàäà÷à êàëåíäàðíîãî ïëàíèðîâàíèÿ ñ ïåðå-
ðàñïðåäåëåíèåì ðåñóðñîâ ñîïîñòàâèìà ñ çàäà÷åé ñ çàðàíåå çàäàííûìè îöåíêàìè ðåñóðñîâ.
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Approaches to the determination of model time in studies of developing systems are discussed. The
possibility of setting the global time of the system using the local times of its elements, understood as
protocols of events in which they participate, is shown. Combining all such protocols leads to a partial
order of events. It is proposed to use this order as the global time of the system. The correctness of
such a de�nition of time is shown, as well as the fact that it is well combined with the use of an event
control mechanism in simulation models.

Key words: local and global time; partial order relation on the set of events; events, reaction
of elements to events; event protocols.
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Îáñóæäàþòñÿ ïîäõîäû ê îïðåäåëåíèþ ìîäåëüíîãî âðåìåíè â èññëåäîâàíèÿõ ðàçâèâàþùèõñÿ
ñèñòåì. Ïîêàçàíà âîçìîæíîñòü çàäàíèÿ ãëîáàëüíîãî âðåìåíè ñèñòåìû ñ ïîìîùüþ ëîêàëüíûõ
âðåìåí åå ýëåìåíòîâ, ïîíèìàåìûõ êàê ïðîòîêîëû ñîáûòèé, â êîòîðûõ îíè ó÷àñòâóþò. Îáúåäè-
íåíèå âñåõ òàêèõ ïðîòîêîëîâ ïðèâîäèò ê ÷àñòè÷íîìó ïîðÿäêó ñîáûòèé. Ïðåäëàãàåòñÿ èñïîëü-
çîâàòü ýòîò ïîðÿäîê â êà÷åñòâå ãëîáàëüíîãî âðåìåíè ñèñòåìû. Ïîêàçàíà êîððåêòíîñòü òàêîãî
îïðåäåëåíèÿ âðåìåíè, à òàêæå òî, ÷òî îíî õîðîøî ñî÷åòàåòñÿ ñ èñïîëüçîâàíèåì ñîáûòèéíîãî
ìåõàíèçìà óïðàâëåíèÿ â èìèòàöèîííûõ ìîäåëÿõ.

Êëþ÷åâûå ñëîâà: ëîêàëüíîå è ãëîáàëüíîå âðåìÿ; îòíîøåíèå ÷àñòè÷íîãî ïîðÿäêà íà ìíî-
æåñòâå ñîáûòèé; ñîáûòèÿ, ðåàêöèÿ ýëåìåíòîâ íà ñîáûòèÿ; ïðîòîêîëû ñîáûòèé.

×òî ÿ èçìåðÿþ âðåìÿ, ýòî ÿ çíàþ, íî ÿ íå ìîãó èçìåðèòü
áóäóùåãî, èáî åãî åùå íåò; íå ìîãó èçìåðèòü íàñòîÿùåãî, ïî-
òîìó ÷òî â íåì íåò äëèòåëüíîñòè, íå ìîãó èçìåðèòü ïðî-
øëîãî, ïîòîìó ÷òî åãî óæå íåò. ×òî æå ÿ èçìåðÿþ? Âðåìÿ,
êîòîðîå ïðîõîäèò, íî åùå íå ïðîøëî?

Àâðåëèé Àâãóñòèí (354 � 430). Èñïîâåäü [1]

Ââåäåíèå. Èññëåäîâàíèå ðàçâèâàþùåéñÿ ñèñòåìû ìåòîäàìè ìîäåëèðîâàíèÿ âñåãäà
ïðåäóñìàòðèâàåò, ÷òî â ìîäåëüíîì ïðåäñòàâëåíèè ðàçâèòèÿ îòðàæàþòñÿ èçìåíåíèÿ ðå-
àëüíîé ñèñòåìû, ïðîèñõîäÿùèå â íåêîòîðûå ìîìåíòû âðåìåíè åå ñóùåñòâîâàíèÿ. Ïðîöåñ-
ñû, îáåñïå÷èâàþùèå ðàçâèòèå, íà÷èíàþòñÿ, âûïîëíÿþòñÿ è çàâåðøàþòñÿ â îïðåäåëåííûõ
âðåìåííûõ ðàìêàõ, ÷òî ñàìî ïî ñåáå óêàçûâàåò íà íåîáõîäèìîñòü ìîäåëèðîâàíèÿ âðåìåíè.
Îäíàêî çäåñü âàæíû íå ñòîëüêî ÷àñû, ìèíóòû è ò. ï., ñêîëüêî òàêèå ñâîéñòâà êàê âçàèìî-
âëèÿíèå è ñèíõðîíèçàöèÿ ïîâåäåíèÿ ýëåìåíòîâ ñèñòåìû, ðàçâèòèå ïîä âîçäåéñòâèåì ñîáû-
òèé, âíåøíèõ ïî îòíîøåíèþ ê ìîäåëèðóåìîé ñèñòåìå èëè ïðîäóöèðóåìûõ åå ýëåìåíòàìè.
Èíûìè ñëîâàìè, íà ìîäåëüíîì óðîâíå áîëåå ñóùåñòâåííû âçàèìîäåéñòâèÿ ýëåìåíòîâ, ÷åì
ìîìåíòû àáñîëþòíîãî âðåìåíè, êîãäà ýòè âçàèìîäåéñòâèÿ ïðîèñõîäÿò.

Èññëåäîâàíèÿ âûïîëíåíû â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÈÂÌèÌÃ ÑÎ ÐÀÍ 0251-2021-0005.
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Ïðîáëåìà àäåêâàòíîãî îòðàæåíèÿ âðåìåíè â ìîäåëÿõ î÷åíü âàæíà äëÿ ëþáîãî ïîäõîäà
ê èçó÷åíèþ ïðîöåññîâ è ÿâëåíèé. Íî êîãäà èçó÷àþòñÿ ðàçâèâàþùèåñÿ ñèñòåìû, îíà ïðè-
îáðåòàåò îñîáîå çíà÷åíèå. Îáùåé çàäà÷åé â òàêèõ ñëó÷àÿõ ÿâëÿåòñÿ ðåêîíñòðóêöèÿ èëè
èìèòàöèÿ ïîâåäåíèÿ ñèñòåìû êàê âçàèìîäåéñòâèÿ åå ýëåìåíòîâ âî âðåìåíè. Êàê ñëåäñòâèå,
òðåáóåòñÿ êîíöåïöèÿ ìîäåëüíîãî âðåìåíè, êîòîðàÿ îòðàæàëà áû ðåàëüíîñòü ñîãëàñîâàííî
ñ âçàèìîäåéñòâèÿìè.

Îäíîé èç ãëàâíûõ öåëåé ïðåäëàãàåìîé ðàáîòû ÿâëÿåòñÿ ïîñòðîåíèå è îáîñíîâàíèå òà-
êîé êîíöåïöèè. Ýòîé öåëè ïîä÷èíÿåòñÿ ñòðóêòóðà èçëîæåíèÿ. Â ñëåäóþùåì ðàçäåëå ïðè-
âîäÿòñÿ ñâåäåíèÿ î ðàçëè÷íûõ òèïàõ ïðåäñòàâëåíèé âðåìåíè, èñïîëüçóåìûõ ïðè ìîäåëè-
ðîâàíèè, â ÷àñòíîñòè, ïðè èçó÷åíèè ðàçâèâàþùèõñÿ ñèñòåì. Ðàçäåë 2 óòî÷íÿåò ïîíÿòèÿ,
õàðàêòåðèçóþùèå ñèñòåìó êàê ðàçâèâàþùóþñÿ. Â íåì òàêæå îïèñûâàåòñÿ ìåõàíèçì ñîáû-
òèé, óïðàâëÿþùèé âçàèìîäåéñòâèåì ýëåìåíòîâ, êàê ìåòîä îïðåäåëåíèÿ âðåìåíè â ìîäåëÿõ
ðàçâèâàþùèõñÿ ñèñòåì. Ïîñëåäóþùèå ðàçäåëû 3�6 ïîñâÿùåíû ôîðìàëèçàöèè ïðåäëàãà-
åìîé êîíöåïöèè îïåðèðîâàíèÿ èíôîðìàöèåé, îòíîñÿùåéñÿ ê âðåìåíè â ìîäåëÿõ ðàçâè-
âàþùèõñÿ ñèñòåì. Ðàçäåë 3 îáîñíîâûâàåò èñïîëüçîâàíèå ëîêàëüíîãî âðåìåíè ýëåìåíòà
ñèñòåìû ïðè ñîáûòèéíîé îðãàíèçàöèè âçàèìîäåéñòâèé â ìîäåëüíîé ñèñòåìå. Â ÷åòâåð-
òîì ðàçäåëå ââîäèòñÿ ïîíÿòèå ðàçâèòèÿ ýëåìåíòà è ñâÿçàííûõ ñ íèì ïåðåõîäîâ èç îäíîãî
ñîñòîÿíèÿ â äðóãîå. Ðàçäåë 5 ïîñâÿùåí äîêàçàòåëüñòâó êîððåêòíîñòè èñïîëüçîâàíèÿ ÷à-
ñòè÷íîé óïîðÿäî÷åííîñòè ñîáûòèé â êà÷åñòâå îñíîâû îïðåäåëåíèÿ ëîêàëüíîãî âðåìåíè
ýëåìåíòà. Øåñòîé ðàçäåë çàâåðøàåò äîêàçàòåëüñòâî ôîðìàëüíîé êîððåêòíîñòè ïðåäëàãà-
åìîé êîíöåïöèè è ïîêàçûâàåò, êàêîå ãëîáàëüíîå âðåìÿ ìîæíî îïðåäåëÿòü ïðè ñîáûòèéíîì
óïðàâëåíèè. Â Çàêëþ÷åíèè ïðåäñòàâëåíû ñâåäåíèÿ î äðóãèõ ïîäõîäàõ ê ìîäåëèðîâàíèþ
âðåìåíè, êîíöåïòóàëüíî áëèçêèõ ê ðàçâèâàåìîé êîíöåïöèè. Â íåì òàêæå ïðèâîäèòñÿ ìî-
òèâàöèÿ òîãî, êàêîé èíñòðóìåíòàðèé òðåáóåòñÿ äëÿ ïîääåðæêè ïðåäëàãàåìîé êîíöåïöèè
ïðè ìîäåëèðîâàíèè.

1. Âàðèàíòû ïðåäñòàâëåíèÿ âðåìåíè ïðè ìîäåëèðîâàíèè. Â ëþáîì ïîäõîäå
ê ìîäåëèðîâàíèþ íåîáõîäèìî ðàçëè÷àòü òðè âàðèàíòà ïðåäñòàâëåíèÿ âðåìåíè, òàê èëè
èíà÷å èñïîëüçóåìûõ ïðè ïîñòðîåíèè ìîäåëåé è ïðîâåäåíèè ðàñ÷åòîâ1:

1) Ðåàëüíîå âðåìÿ, â êîòîðîì ïðîèñõîäèò ôóíêöèîíèðîâàíèå èçó÷àåìîãî îáúåêòà � ýòî
âðåìÿ ðåàëüíîé ñèñòåìû, ìîäåëü êîòîðîé ñòðîèòñÿ äëÿ ïðîâåäåíèÿ èññëåäîâàíèÿ;

2) Ìîäåëüíîå âðåìÿ, â ìàñøòàáå êîòîðîãî îðãàíèçóþòñÿ ýêñïåðèìåíòàëüíûå ðàñ÷åòû
ìîäåëè � ýòî îòðàæåíèå ðåàëüíîãî âðåìåíè â êîíñòðóèðóåìîé ìîäåëè (åãî ÷àñòî íàçûâàþò
ñèñòåìíûì âðåìåíåì, ÷òî, íà íàø âçãëÿä, ìîæåò áûòü ïîíÿòî íå ñîâñåì êîððåêòíî);

3) Ìàøèííîå âðåìÿ, îòðàæàþùåå çàòðàòû âðåìåíè âû÷èñëèòåëÿ íà ïðîâåäåíèå èìè-
òàöèè � ýòîò àòðèáóò îñîáåííî âàæåí ïðè èñïîëüçîâàíèè ìîäåëåé, àäåêâàòíîñòü êîòîðûõ
ñóùåñòâåííî çàâèñèò îò îáúåìà âû÷èñëèòåëüíûõ ðåñóðñîâ, çàäåéñòâîâàííûõ â ðàñ÷åòàõ.

Ðåàëüíîå âðåìÿ äëÿ èññëåäîâàíèÿ ÿâëÿåòñÿ àòðèáóòîì èëè íàáëþäàåìîé õàðàêòåðèñòè-
êîé ìîäåëèðóåìîãî îáúåêòà â öåëîì, êîòîðàÿ ôèêñèðóåò ðàìêè ðàçâèòèÿ ñèñòåìû, ïðåä-
ñòàâëåííîãî â âèäå ïîâåäåíèÿ åå ýëåìåíòîâ. Â áîëüøèíñòâå ñëó÷àåâ ðåàëüíîå âðåìÿ èñ-
ïîëüçóåòñÿ êàê èñòî÷íèê çíà÷åíèé âðåìåíí�ûõ ïàðàìåòðîâ ìîäåëè â öåëîì è åå ýëåìåíòîâ,
îòðàæàÿ ïðè÷èííî-ñëåäñòâåííûå ñâÿçè. Ïðè íåîáõîäèìîñòè ìîäåëèðîâàòü ðåàëüíîå èëè,
÷òî òî æå, àáñîëþòíîå âðåìÿ ðåàëüíîé ñèñòåìû åñòåñòâåííî ïðåäñòàâëÿòü åãî ñòðóêòó-
ðîé äàííûõ, ôîðìèðóåìîé ïî èíôîðìàöèè î ïîðÿäêå âçàèìîäåéñòâèé ýëåìåíòîâ, ò. å. êàê

1Ìû äàåì îïðåäåëåíèÿ âàðèàíòîâ ïðåäñòàâëåíèÿ âðåìåíè èç [2], óòî÷íèâ èõ äëÿ áîëüøåãî ñîîòâåòñòâèÿ
ïðåäëàãàåìîé êîíöåïöèè.
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ñòðóêòóðó, ãëîáàëüíî äîñòóïíóþ âñåì ýëåìåíòàì ñèñòåìû ïðè âûïîëíåíèè èõ ëîêàëüíûõ
äåéñòâèé.

Âûáîð ïîäõîäà ê çàäàíèþ ìîäåëüíîãî âðåìåíè î÷åíü íåîäíîçíà÷åí (ñì., íàïðèìåð,
[3]), íî åñëè ðàçâèòèå ñèñòåìû ñâÿçûâàòü ñ àêòèâíîñòüþ è âçàèìîäåéñòâèÿìè ýëåìåíòîâ,
òî ñòàíîâèòñÿ î÷åâèäíîé íåîáõîäèìîñòü ñîãëàñîâàííî îïðåäåëÿòü äâà âèäà ìîäåëüíîãî
âðåìåíè: ëîêàëüíîå âðåìÿ äëÿ êàæäîãî ýëåìåíòà è ãëîáàëüíîå âðåìÿ ñèñòåìû â öåëîì.
Êëþ÷åâîå òðåáîâàíèå çäåñü � ñîãëàñîâàííîñòü.

Åäèíîå äëÿ âñåîáùåãî óïîòðåáëåíèÿ âðåìÿ ÷åëîâå÷åñêèå ñîîáùåñòâà ïðèäóìàëè åùå
íà çàðå ñâîåãî ñóùåñòâîâàíèÿ, è ïîýòîìó èñïîëüçîâàíèå åãî äëÿ ñèíõðîíèçàöèè ñîáûòèé,
ïðîèñõîäÿùèõ ïðè ôóíêöèîíèðîâàíèè ìîäåëüíîé ñèñòåìû è åå ýëåìåíòîâ, êàæåòñÿ åñòå-
ñòâåííûì. Ê ñîæàëåíèþ, ãëîáàëüíîå âðåìÿ ïðè êàêîì áû òî íè áûëî åãî îïðåäåëåíèè
ñòðàäàåò èçáûòî÷íîñòüþ, îáóñëîâëåííîé òåì, ÷òî ïðèõîäèòñÿ îòñëåæèâàòü íå òîëüêî ñî-
áûòèÿ, íî è õîä âðåìåíè, ò. å. ðåàëüíî íåñóùåñòâóþùåãî ãåíåðàòîðà âðåìåíè. Íî õóæå
äðóãîå. Ýòîò ìåõàíèçì íå ñïðàâëÿåòñÿ ñ çàäà÷åé ñîãëàñîâàíèÿ äåéñòâèé ýëåìåíòîâ ñèñòå-
ìû. Âî-ïåðâûõ, òåðÿåòñÿ ñâîéñòâî àêòóàëüíîñòè ñîáûòèé � âñåãäà ïðèõîäèòñÿ ñâåðÿòüñÿ ñ
îò÷óæäåííûìè îò ëîêàëüíîé ïîñëåäîâàòåëüíîñòè äåéñòâèé ýëåìåíòà ¾ìèðîâûìè ÷àñàìè¿,
à âî-âòîðûõ, íå äîñòèãàåòñÿ òðåáóåìàÿ òî÷íîñòü óêàçàíèÿ îäíîâðåìåííîñòè è ïîñëåäîâà-
òåëüíîñòè âûïîëíåíèÿ íåñêîëüêèõ äåéñòâèé, çàâèñÿùèõ äðóã îò äðóãà, ò. å., êîãäà îäíè èç
íèõ ïðîèçâîäÿò äàííûå äëÿ äðóãèõ. Â òàêèõ ñëó÷àÿõ ñïðàâèòüñÿ ñ çàâèñèìîñòÿìè íå ïîìî-
ãàþò íè ñîãëàøåíèå î ¾ìãíîâåííîñòè¿ äåéñòâèé, íè ðàññìîòðåíèå íåäåòåðìèíèðîâàííîãî
ïîâåäåíèÿ � â ðåàëüíîé æèçíè èìåííî ýòîãî äîñòàòî÷íî. Ïîýòîìó ïðèõîäèòñÿ äîïîëíÿòü
ìîäåëü âðåìåíè ñïåöèàëüíûìè êîððåêòèðóþùèìè ñîãëàñîâàíèÿìè. Åñëè òàê, òî íå ïðîùå
ëè îòêàçàòüñÿ îò èñ÷èñëåíèÿ ðàçíûõ âðåìåí, êîòîðîå ìàëî ÷òî äàåò äëÿ ñîãëàñîâàíèÿ ïî-
ðÿäêà ìîäåëüíûõ äåéñòâèé è ñîáûòèé? Áîëåå ïîäðîáíîå îáñóæäåíèå ïðîáëåì ãëîáàëüíîãî
âðåìåíè ìîæíî íàéòè â ðàáîòå [4].

Ïðè ïîñòðîåíèè ìîäåëåé ðàçâèòèÿ ìàøèííîå âðåìÿ, çàòðà÷èâàåìîå íà ïðîâåäåíèå ìî-
äåëüíûõ ðàñ÷åòîâ, ëèìèòèðóåò êîëè÷åñòâî âàðèàíòîâ òðàåêòîðèé ðàçâèòèÿ, êîòîðûå óäà-
åòñÿ ïðîâåðèòü. Êðîìå òîãî, êîãäà â ìîäåëè èñïîëüçóåòñÿ èìèòàöèÿ íåïðåðûâíûõ ïðîöåñ-
ñîâ, îïèñûâàåìûõ äèôôåðåíöèàëüíûìè è èíòåãðàëüíûìè óðàâíåíèÿìè, âìåñòî òî÷íîãî
ðåøåíèÿ êîòîðûõ âû÷èñëÿåòñÿ åãî àïïðîêñèìàöèÿ, êà÷åñòâî ðåçóëüòàòà ìîæíî ïîâûøàòü
çà ñ÷åò èñïîëüçîâàíèÿ áîëåå ïðîèçâîäèòåëüíîãî âû÷èñëèòåëüíîãî îáîðóäîâàíèÿ. Óêàçàí-
íûå îáñòîÿòåëüñòâà âëèÿþò íà àäåêâàòíîñòü ïðîâîäèìîãî èññëåäîâàíèÿ.

2. Ìîäåëèðîâàíèå ðàçâèâàþùèõñÿ ñèñòåì è ñîáûòèéíîå óïðàâëåíèå. Ñèñòå-
ìà (äð.-ãðå÷. συστηµα ¾öåëîå, ñîñòàâëåííîå èç ÷àñòåé; ñîåäèíåíèå¿), ñîãëàñíî îïðåäå-
ëåíèþ Áîëüøîãî ðîññèéñêîãî ýíöèêëîïåäè÷åñêîãî ñëîâàðÿ, ¾ýòî ìíîæåñòâî ýëåìåíòîâ,
íàõîäÿùèõñÿ â îòíîøåíèÿõ è ñâÿçÿõ äðóã ñ äðóãîì, êîòîðîå îáðàçóåò îïðåäåëåííóþ öå-
ëîñòíîñòü, åäèíñòâî¿ [5]. Â ïðèâåäåííîì òîëêîâàíèè ïîíÿòèÿ ñèñòåìû îòðàæåíà îáùíîñòü
ðàçíîîáðàçíûõ ñóùåñòâóþùèõ åãî îïðåäåëåíèé: ìîæíî ñêàçàòü, ÷òî ïðàêòè÷åñêè âñåãäà
ñèñòåìû ñîñòàâëÿþòñÿ èç ýëåìåíòîâ è ñâÿçåé, ñóòü êîòîðûõ ôèêñèðóåòñÿ â äàëüíåéøèõ
óòî÷íåíèÿõ.

Ïðèìåíèòåëüíî ê çàäà÷àì ìîäåëèðîâàíèÿ ñëåäóåò îïðåäåëÿòü îäíîâðåìåííî äâà âèäà
ñèñòåì:

1) ðåàëüíî ñóùåñòâóþùàÿ èçó÷àåìàÿ ñèñòåìà � ðåàëüíûé îáúåêò èññëåäîâàíèÿ è
2) ìîäåëüíàÿ ñèñòåìà � àðòåôàêò, îòðàæàþùèé ñâîéñòâà è ïîâåäåíèå ðåàëüíîé ñè-

ñòåìû, îïðåäåëåííûå äëÿ èññëåäîâàíèÿ.
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Â ðàìêàõ ïðåäëàãàåìîé êîíöåïöèè ñ÷èòàåòñÿ, ÷òî ðåàëüíàÿ ñèñòåìà ÿâëÿåòñÿ ðàçâè-
âàþùèìñÿ îáúåêòîì. Ðàçâèòèå � ýòî èçìåíåíèå ñèñòåìû, êîòîðîå îñóùåñòâëÿåòñÿ ïîä
âîçäåéñòâèåì àêòèâíîñòè åå ýëåìåíòîâ è âëèÿíèé îêðóæåíèÿ. Èçìåíÿþòñÿ êàê ýëåìåíò-
íûé ñîñòàâ ñèñòåìû, òàê åå ñâîéñòâà è ñâîéñòâà åå ýëåìåíòîâ, â òîì ÷èñëå ñâÿçè ìåæäó
ýëåìåíòàìè. Â ýòîé ñâÿçè â êà÷åñòâå öåëåé èññëåäîâàíèÿ ñèñòåìû ìîæåò áûòü âûáðàíî ïî-
ñòðîåíèå ïðîãíîçà èëè âûÿâëåíèå çàêîíîìåðíîñòåé èçìåíåíèé ñèñòåìû, ò. å. çàâèñèìîñòü
åå ðàçâèòèÿ îò ñâîéñòâ ýëåìåíòîâ, èõ âçàèìîäåéñòâèÿ ìåæäó ñîáîé è ñ îêðóæåíèåì, èíà÷å
� ñî ñðåäîé ôóíêöèîíèðîâàíèÿ.

Ìîäåëüíàÿ ñèñòåìà � ýòî îáúåêò, êîíñòðóèðóåìûé äëÿ èìèòàöèè ðàçâèòèÿ ðåàëüíî-
ãî îáúåêòà, êîòîðàÿ ïðîùå äëÿ âûÿâëåíèÿ çàêîíîìåðíîñòåé çà ñ÷åò àáñòðàãèðîâàíèÿ îò
ýëåìåíòîâ è ñâÿçåé, ðàññìàòðèâàåìûõ êàê íåñóùåñòâåííûå. Ïî ñðàâíåíèþ ñ ðåàëüíûì
îáúåêòîì èíôîðìàöèÿ, ïîëó÷àåìàÿ î ìîäåëüíîé ñèñòåìå ñ ïîìîùüþ íàáëþäåíèé, èçìå-
ðåíèé, ýêñïåðèìåíòîâ, îêàçûâàåòñÿ áîëåå äîñòóïíîé äëÿ àíàëèòè÷åñêîé ðàáîòû. Åñëè àá-
ñòðàãèðîâàíèå îò íåñóùåñòâåííîãî ïðîâåäåíî àäåêâàòíî òðåáîâàíèÿì ê èññëåäîâàíèþ, à
íàáëþäåíèÿ âûïîëíÿþòñÿ êîððåêòíî, òî ïåðåíîñ íà ðåàëüíûé îáúåêò âûÿâëÿåìûõ çàêî-
íîìåðíîñòåé ðàçâèòèÿ ìîäåëüíîé ñèñòåìû áóäåò ïðàâîìåðåí.

Ýëåìåíò ìîäåëüíîé ñèñòåìû âûäåëÿåòñÿ â íåé ñâîèì àòðèáóòèâíûì ïðåäñòàâëåíè-
åì, äîïóñêàþùèì ïåðåäà÷ó äàííûõ è ìåòîäîâ äëÿ âûïîëíåíèÿ äåéñòâèé, íåîáõîäèìûõ
ïðè îïåðèðîâàíèè ñ ìîäåëüþ. Â àòðèáóòèâíîì ïðåäñòàâëåíèè ñîõðàíÿåòñÿ èíôîðìàöèÿ
îá îòíåñåíèè ýëåìåíòà ê îïðåäåëåííîìó òèïó, à òàêæå î ñâÿçÿõ ìåæäó ýëåìåíòàìè � îò-
íîøåíèÿõ ñ äðóãèìè ýëåìåíòàìè. Òèïû ñâÿçåé ýëåìåíòîâ ðåàëüíîãî îáúåêòà î÷åíü ðàçíî-
îáðàçíû è ïåðåìåí÷èâû, íî åùå äî íà÷àëà èññëåäîâàíèÿ îòáèðàþòñÿ òå ýëåìåíòû è ñâÿçè,
êîòîðûå ïðèíèìàþòñÿ çà ñóùåñòâåííûå � ñóùåñòâîâàíèå îñòàëüíûõ àñïåêòîâ ðåàëüíûõ
îáúåêòîâ èãíîðèðóåòñÿ. Â ðåçóëüòàòå ñòðîèòñÿ, à òî÷íåå, âûáèðàåòñÿ òðåáóåìàÿ äëÿ èçó÷å-
íèÿ ðåàëüíîãî îáúåêòà ýëåìåíòíàÿ äåêîìïîçèöèÿ, êîòîðóþ â äàëüíåéøåì áóäåì íàçûâàòü
èçó÷àåìîé ðåàëüíîé ñèñòåìîé.

Â ìîäåëüíîì îáúåêòå ýëåìåíòû, èõ ñâîéñòâà è ñâÿçè íå âûáèðàþòñÿ, à êîíñòðóèðó-
þòñÿ ñ èñïîëüçîâàíèåì ïîíÿòèé è îáúåêòîâ óæå ñóùåñòâóþùåé ñèñòåìû ïîíÿòèé è èí-
ñòðóìåíòîâ èõ ñî÷åòàíèÿ. Òàêèì îáðàçîì ñòðîèòñÿ ìîäåëüíàÿ ñèñòåìà. Êðèòåðèåì îòáîðà
ñîñòàâëÿþùèõ äëÿ ìîäåëüíîé ñèñòåìû ýëåìåíòîâ ÿâëÿåòñÿ òî, ÷òî, èñïîëüçóÿ èõ ñâîéñòâà
è ñâÿçè, ðåàëüíàÿ ñèñòåìà, ïðåäñòàâëÿþùàÿ èçó÷àåìûé îáúåêò, ìîæåò áûòü ðåêîíñòðóè-
ðîâàíà êàê ñàìîñòîÿòåëüíàÿ ñòðóêòóðà, äîïóñêàþùàÿ âçàèìíî-îäíîçíà÷íîå ñîîòâåòñòâèå
ìåæäó èçó÷àåìîé ðåàëüíîé è ìîäåëüíîé ñèñòåìàìè.

Êîãäà îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçâèâàþùàÿñÿ ñèñòåìà, òî ïîñòóëèðóåòñÿ, ÷òî
ýëåìåíòû ñèñòåìû ìîãóò âûïîëíÿòü îïðåäåëåííûå äåéñòâèÿ: ñîçäàíèå è óíè÷òîæåíèå ýëå-
ìåíòîâ, èçìåíåíèå ñâîèõ ñâîéñòâ è ñâÿçåé, à òàêæå ñâîéñòâ è ñâÿçåé äðóãèõ ýëåìåíòîâ.
Ñóùåñòâåííî òî, ÷òî ïðè ðàçâèòèè ñèñòåìû äîñòóïíûå äëÿ âûïîëíåíèÿ äåéñòâèÿ ìåíÿþò-
ñÿ. Ïîýòîìó íóæíî ãîâîðèòü î ïîñëåäîâàòåëüíîñòè ñîñòîÿíèé ýëåìåíòà. Êàæäîå èç íèõ
õàðàêòåðèçóåòñÿ íàáîðîì äîïóñòèìûõ äåéñòâèé, êîòîðûå ýëåìåíò, íàõîäÿñü â ýòîì ñîñòî-
ÿíèè, ìîæåò âûïîëíÿòü. Ñîñòîÿíèå � ýòî îñîáîãî ðîäà ñâîéñòâî ýëåìåíòà, äèíàìè÷åñêè
ìåíÿþùååñÿ â õîäå ôóíêöèîíèðîâàíèÿ ñèñòåìû.

Ïîíÿòèå ñîñòîÿíèÿ ýëåìåíòà ìîäåëüíîé ñèñòåìû õîðîøî ñîãëàñóåòñÿ ñ òàêèì æå ïîíÿ-
òèåì ðåàëüíîé ðàçâèâàþùåéñÿ ñèñòåìû. Áîëåå òîãî, ñàìî ðàçâèòèå ñèñòåìû ìîæíî òðàê-
òîâàòü êàê îáúåäèíåíèå ïîñëåäîâàòåëüíîñòåé ñìåí ñîñòîÿíèé âñåõ åå ýëåìåíòîâ. Â ðåàëü-
íûõ ñèñòåìàõ òàêîå îáúåäèíåíèå äîñòèãàåòñÿ çà ñ÷åò ïðèâÿçêè ñìåí ñîñòîÿíèé ê åäèíîé
âðåìåíí�îé îñè, ÷òî, êàê áûëî ïîêàçàíî âûøå, íåäîñòàòî÷íî äëÿ ñèíõðîíèçàöèè âçàèìî-
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äåéñòâèé â ìîäåëüíûõ ñèñòåìàõ. Çäåñü òðåáóåòñÿ îòðàæàòü â ìîäåëè ïðè÷èíû ïåðåõîäà
ýëåìåíòà èç îäíîãî ñîñòîÿíèÿ â äðóãîå: â õîäå ïðîâåäåíèÿ ìîäåëüíûõ ðàñ÷åòîâ ýëåìåíò
äîëæåí ïîëó÷èòü ñèãíàë î íåîáõîäèìîñòè âûïîëíåíèÿ ýòîãî ïåðåõîäà. Àäåêâàòíûì ñïîñî-
áîì òàêîé ñèãíàëèçàöèè ÿâëÿåòñÿ äîñòàòî÷íî îáùèé ìåõàíèçì ñîáûòèé, ïðèìåíèìûé íå
òîëüêî äëÿ èçìåíåíèÿ ñîñòîÿíèé ýëåìåíòîâ. Ñóòü åãî ñâîäèòñÿ ê ñëåäóþùèì îïåðàöèÿì,
âûïîëíÿåìûì â óêàçàííîì ïîðÿäêå:

1) Ãåíåðàöèÿ ñîáûòèÿ íåêîòîðûì ýëåìåíòîì ìîäåëüíîé ñèñòåìû èëè åå îêðóæåíèåì
(ïðèìåíèòåëüíî ê ñìåíå ñîñòîÿíèé ýëåìåíòîâ ýòî èñòî÷íèê ñîáûòèÿ, ïðè÷èíà âîçìîæíîãî
èçìåíåíèÿ ñîñòîÿíèé íåêîòîðûõ ýëåìåíòîâ);

2) Ðàñïîçíàâàíèå ñîáûòèÿ òåìè ýëåìåíòàìè, êîòîðûå äîëæíû ïîëó÷èòü ñèãíàë (ýòî
èäåíòèôèêàöèÿ ñèãíàëà íåêîòîðûìè ýëåìåíòàìè êàê ïðè÷èíû âîçìîæíîãî èçìåíåíèÿ èõ
ñîñòîÿíèé);

3) Ðåàãèðîâàíèå íà ñîáûòèå êàæäûì èç ýëåìåíòîâ, ðàñïîçíàâøèõ ñîáûòèå, âûïîëíå-
íèåì îïðåäåëåííûõ äëÿ ýòîãî ñîáûòèÿ äåéñòâèé (ýòî ñëåäñòâèå ðàñïîçíàííîãî ýëåìåíòîì
ñîáûòèÿ êàê ïðè÷èíû ïðèíÿòèÿ ðåøåíèÿ îá èçìåíåíèè åãî ñîñòîÿíèÿ).

Âàæíî çàìåòèòü, ÷òî ðåàêöèÿ íà ñîáûòèå, òðàêòóåìàÿ êàê òðåáîâàíèå âûïîëíèòü íåêî-
òîðîå äåéñòâèå, ìîæåò îêàçàòüñÿ îòëè÷íîé îò ýòîãî äåéñòâèÿ. Ðåøåíèå î òîì, êàêàÿ ðåàê-
öèÿ áóäåò âûïîëíåíà, ïðèíèìàåò ýëåìåíò íà îñíîâå âñåé äîñòóïíîé äëÿ íåãî èíôîðìàöèè,
à íå òîëüêî èñõîäÿ èç ðàñïîçíàâàíèÿ ñîáûòèÿ. Òàê, åñëè òðåáîâàíèå ïåðåéòè â íîâîå ñîñòî-
ÿíèå îáóñëîâëèâàåòñÿ íå îäíèì ñîáûòèåì, à íåêîòîðîé èõ ïîñëåäîâàòåëüíîñòüþ (ïðèìåðîì
ìîæåò ñëóæèòü ñèòóàöèÿ ñ íàêîïëåíèåì êàêîãî-ëèáî ðåñóðñà), òî îíî ïðèíèìàåòñÿ òîëü-
êî â ðåçóëüòàòå ðåàãèðîâàíèÿ íà çàêëþ÷èòåëüíîå ñîáûòèå ïîñëåäîâàòåëüíîñòè. Îòìåòèì,
÷òî ñîáûòèÿ ñ íåîäíîçíà÷íî âûáèðàåìûìè ðåàêöèÿìè îäíîãî è òîãî æå ýëåìåíòà ëåãêî
ëèêâèäèðîâàòü: äîñòàòî÷íî äëÿ òàêîãî ñîñòîÿíèÿ â êà÷åñòâå ðåàêöèè çàäàòü ñïåöèàëüíóþ
ôóíêöèþ, ãåíåðèðóþùóþ äëÿ êàæäîãî èç âàðèàíòîâ ïåðâîíà÷àëüíûõ ðåàêöèé âñïîìîãà-
òåëüíîå ñîáûòèå ñ åäèíñòâåííîé ðåàêöèåé.

Ðåàãèðîâàíèå íà ñîáûòèå íåîáÿçàòåëüíî ÿâëÿåòñÿ íåìåäëåííûì ñëåäñòâèåì ðàñïîçíà-
âàíèÿ. Ðåàêöèÿ ìîæåò áûòü îòëîæåíà äî âûïîëíåíèÿ óñëîâèé ñðàáàòûâàíèÿ, à â ðå-
àëüíîé ñèñòåìå èëè ïðè ðåàëèçàöèè ãëîáàëüíîãî âðåìåíè ìîäåëè îíà, êðîìå òîãî, ìîæåò
áûòü íàçíà÷åíà íà îïðåäåëåííîå âðåìÿ. Êàê è â ñëó÷àå íåîäíîçíà÷íûõ ðåàêöèé, îòëîæåí-
íîå ðåàãèðîâàíèå ëåãêî èìèòèðóåòñÿ ñ ïîìîùüþ ñïåöèàëüíîãî âñïîìîãàòåëüíîãî ñîáûòèÿ,
ãåíåðèðóþùåãîñÿ ïðè âûïîëíåíèè óñëîâèé ñðàáàòûâàíèÿ. Ïðè ýòîì íåîáÿçàòåëüíî ãåíå-
ðèðîâàòü ýòî ñîáûòèå ñ ÿâíûì íàçíà÷åíèåì îòëîæåííîé ðåàêöèè íà îïðåäåëåííîå âðåìÿ.
Íåîáõîäèìî ëèøü, ÷òîáû îíî ïðîèçîøëî ïîñëå îòëîæåííîé ðåàêöèè è äî çàâèñÿùèõ îò
íåå ñîáûòèé.

Ñîáûòèÿ ñâÿçûâàþò ýëåìåíò ñèñòåìû ñ äðóãèìè ýëåìåíòàìè: ñàìî ïîðîæäåíèå ýëå-
ìåíòà è åãî äàëüíåéøèå ñîñòîÿíèÿ çàâèñÿò îò åãî äåéñòâèé, äåéñòâèé äðóãèõ ýëåìåíòîâ è
îêðóæåíèÿ, òî÷íåå � îò ðåçóëüòàòîâ ýòèõ äåéñòâèé. Âñå ýòè äåéñòâèÿ åñòü ñëåäñòâèÿ ñîîò-
âåòñòâóþùèõ ñîáûòèé, ÿâëÿþùèõñÿ èõ ïðè÷èíàìè. Íåêîòîðûå èç ðåàëüíûõ ñîáûòèé ïðè
ìîäåëèðîâàíèè èãíîðèðóþòñÿ � èññëåäîâàòåëü ëèáî íå çíàåò î íèõ, ëèáî àáñòðàãèðóåòñÿ
îò èõ ñóùåñòâîâàíèÿ. Â îáîèõ ñëó÷àÿõ ïðè÷èííîñòü äåéñòâèÿ ýëåìåíòà è, â òîì ÷èñëå,
èçìåíåíèÿ åãî ñîñòîÿíèÿ ïðèïèñûâàþòñÿ äðóãèì ñîáûòèÿì èëè æå ïðîöåññàì, èíèöèè-
ðîâàííûì òàêèìè ñîáûòèÿìè. Êàê ïðè÷èííîñòü, òàê è ïðèïèñûâàíèå ïðè÷èííîñòè èìåþò
ïðÿìîå îòíîøåíèå ê ïîíÿòèþ ìîäåëüíîãî âðåìåíè: ïîêà ïðè÷èííîå ñîáûòèå (âîçìîæíî,
íåñêîëüêî íåîáõîäèìûõ ñîáûòèé èëè îäíî èç íèõ � ýòî çàâèñèò îò ñåìàíòèêè ìîäåëè) íå
ïðîèçîéäåò, íå ìîãóò ïðîèçîéòè ñîîòâåòñòâóþùèå ðåàêöèè. Ïîíÿòíî, ÷òî ïðèïèñûâàíèå
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íå äîëæíî íàðóøàòü ïðè÷èííî-ñëåäñòâåííûå îòíîøåíèÿ, è, êàê ñëåäñòâèå, çàïðåùàåòñÿ
ïðèïèñûâàíèå ïðè÷èííîñòè ïîçäíåå íàñòóïëåíèÿ åãî ñëåäñòâèÿì è, â òîì ÷èñëå, ñîáûòèÿì-
ñëåäñòâèÿì.

Ïðîèëëþñòðèðóåì ââåäåííûå ïîíÿòèÿ íà ïðèìåðå ôðàãìåíòà óñëîâíîé ìîäåëè ÷àåïè-
òèÿ. Â êà÷åñòâå îäíîãî èç ýëåìåíòîâ ìîäåëè ðàññìàòðèâàåòñÿ ýëåêòðè÷åñêèé ÷àéíèê ñî
ñëåäóþùèìè àëüòåðíàòèâíûìè ñâîéñòâàìè: ïóñòîé è çàïîëíåííûé âîäîé, âûêëþ÷åííûé
è âêëþ÷åííûé. Äîïóñòèìûå êîìáèíàöèè ýòèõ ñâîéñòâ õàðàêòåðèçóþò ñîñòîÿíèÿ ÷àéíè-
êà. Ïðè êîððåêòíîé ýêñïëóàòàöèè ÷àéíèêà ñîáûòèå âêëþ÷åíèÿ ïðèâîäèò ê àêòèâèçàöèè
ïðîöåññà êèïÿ÷åíèÿ. Áóäåì ñ÷èòàòü, ÷òî ñîáûòèå âêëþ÷åíèÿ ÷àéíèêà áåç âîäû êîíòðîëè-
ðóåòñÿ, ò. å. äëÿ ïóñòîãî ÷àéíèêà âêëþ÷åíèÿ íå âëåêóò íèêàêèõ äåéñòâèé, â ÷àñòíîñòè, íå
ìåíÿþò åãî ñîñòîÿíèå. Â ñëó÷àå çàïîëíåííîãî âîäîé ÷àéíèêà ñîáûòèþ âêëþ÷åíèÿ ïðèïè-
ñûâàåòñÿ ïðè÷èííîñòü: â ìîäåëè ÷àåïèòèÿ ïîëàãàåòñÿ, ÷òî âîäà â ÷àéíèêå çàêèïàåò èç-çà
íåãî, à çàêèïàíèå äî âêëþ÷åíèÿ íå äîïóñêàåòñÿ. Ïðè ýòîì èãíîðèðóåòñÿ, ÷òî çàêèïàíèå
íåâîçìîæíî áåç íàãðåâàíèÿ, ïðîöåññîâ ãåíåðàöèè ýëåêòðè÷åñòâà è ïðåâðàùåíèÿ åãî â òåï-
ëî, à ñîáûòèå çàêèïàíèÿ ïðîèñõîäèò ÷åðåç íåêîòîðûé ïðîìåæóòîê âðåìåíè ïîñëå âêëþ÷å-
íèÿ áåç êàêèõ áû òî íè áûëî ñïåöèàëüíûõ äåéñòâèé. Â ðåàëüíîé æèçíè âîïðîñ, êîãäà ýòî
ñëó÷èòñÿ, íå âîçíèêàåò, íî íà ìîäåëüíûé óðîâåíü ôàêò çàêèïàíèÿ ïåðåíîñèòñÿ êàê óòâåð-
æäåíèå î òîì, ÷òî ýòî ïðîèñõîäèò ïîñëå âêëþ÷åíèÿ. ×òîáû ñîáûòèå çàêèïàíèÿ ïðîèçî-
øëî, ìîæåò ïîòðåáîâàòüñÿ íîâîå âêëþ÷åíèå, íàïðèìåð, êîãäà âîçíèêëî ïðèíóäèòåëüíîå
ïðåêðàùåíèå íàãðåâà â ïðîìåæóòêå ìåæäó ïåðâîíà÷àëüíûì âêëþ÷åíèåì è îêîí÷àíèåì
ïðîöåññà. Íî èíôîðìàöèÿ î âåëè÷èíå ýòîãî âðåìåíí�îãî èíòåðâàëà ôàêòè÷åñêè íèêàê íå
èñïîëüçóåòñÿ.

Îñîçíàííîå ïðèïèñûâàíèå ïðè÷èííîñòè � åñòåñòâåííûé ïðèåì ìîäåëèðîâàíèÿ, êîòî-
ðûé ïîçâîëÿåò êîððåêòíî àáñòðàãèðîâàòüñÿ îò íåñóùåñòâåííûõ äåòàëåé èçó÷àåìîé ñèñòå-
ìû. Â òî æå âðåìÿ, íåîñîçíàííîå ïðèïèñûâàíèå ìîæåò ïðèâîäèòü ê íàðóøåíèþ ïðèíöèïà
Áðèòâû Îêêàìà: ¾Íå ñëåäóåò ìíîæèòü ñóùåå áåç íåîáõîäèìîñòè¿ [6] è, êàê ñëåäñòâèå, ê
íåàäåêâàòíîñòè ñîçäàâàåìûõ ìîäåëåé. Ýòî îñîáåííî âàæíî ó÷èòûâàòü â ïîäõîäàõ, êîòî-
ðûå ïîÿâëÿþòñÿ, êîãäà èññëåäóåìûå ïðîöåññû è ÿâëåíèÿ òðåáóþò ñîâìåñòíîãî ïîñòðîåíèÿ
íàáîðà ìîäåëåé:

1) êîíêðåòíàÿ ñèñòåìà ðàññìàòðèâàåòñÿ êàê ÷àñòü, ýëåìåíò äðóãîé ñèñòåìû áîëåå âû-
ñîêîãî óðîâíÿ, íàçûâàåìîé íàäñèñòåìîé;

2) íåêîòîðûå ýëåìåíòû ñèñòåìû ðàññìàòðèâàþòñÿ êàê ñîñòîÿùèå èç äðóãèõ ýëåìåíòîâ,
ò. å. êàê ñèñòåìû áîëåå íèçêîãî óðîâíÿ, íàçûâàåìûå ïîäñèñòåìàìè.

Âàðèàíòû ïîñòðîåíèÿ ìîäåëè, ñîñòîÿùåé èç íåñêîëüêèõ óðîâíåé, íà÷èíàÿ îò ýëåìåí-
òîâ íèçêîãî óðîâíÿ ïóòåì ñîáèðàíèÿ èç íèõ íóæíûõ ïîäñèñòåì íàäñèñòåìû, � âîñõîäÿ-
ùèé, ò. å. ñíèçó-ââåðõ ïîäõîä, èëè â îáðàòíîì íàïðàâëåíèè � íèñõîäÿùèé, ò. å. ñâåðõó-âíèç
ïîäõîä, ôîðìàëüíî ýêâèâàëåíòíû. Îáà ïîäõîäà ìîãóò èñïîëüçîâàòüñÿ â ïðàêòèêå ìîäå-
ëèðîâàíèÿ. È åñëè âûáèðàåòñÿ îäèí èç íèõ, òî âòîðîé ñòîèò ðàññìàòðèâàòü â êà÷åñòâå
ïðîâåðî÷íîãî èíñòðóìåíòà. Îäíàêî ñëåäóåò îòìåòèòü, ÷òî êàê òðóäîåìêîñòü ïîñòðîåíèÿ
ñèñòåìû ìîäåëåé, òàê è ýôôåêòèâíîñòü ïðîâåäåíèÿ ðàñ÷åòîâ âî ìíîãîì çàâèñÿò îò âûáîðà
íàïðàâëåíèÿ êîíñòðóèðîâàíèÿ.

Îáà ïîäõîäà ïîçâîëÿþò ñòðîèòü êàê ñòðîãî èåðàðõè÷åñêèå ñèñòåìû, êîãäà êàæäàÿ èç
ïîäñèñòåì ìîæåò áûòü ÷àñòüþ, ò. å. ýëåìåíòîì òîëüêî îäíîé íàäñèñòåìû, òàê è íåñòðîãî
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èåðàðõè÷åñêèå ñèñòåìû, êîãäà ïîäñèñòåìû-ýëåìåíòû íàäñèñòåì ìîãóò âõîäèòü â ðàçíûå
íàäñèñòåìû2.

Íàáëþäàåìóþ ðåàëüíîñòü, â êîòîðóþ ïîãðóæåí îáúåêò èçó÷åíèÿ, ìîæíî ðàññìàòðè-
âàòü êàê ñèñòåìó: îíà ñîñòîèò ïî êðàéíåé ìåðå èç äâóõ ÷àñòåé: èçó÷àåìûé îáúåêò è åãî
îêðóæåíèå. Ñ òî÷êè çðåíèÿ èññëåäîâàòåëÿ óæå ýòî ðàçäåëåíèå ÿâëÿåòñÿ àáñòðàêöèåé: èã-
íîðèðóåòñÿ òî, ÷òî íå òðåáóåòñÿ äëÿ öåëåé èññëåäîâàíèÿ, è ôèêñèðóþòñÿ ÷àñòè-ýëåìåíòû
ñîçäàâàåìîé ñèñòåìû è îáû÷íî èõ íàèìåíîâàíèÿ. Âîò ïðèìåðû òàêèõ ñèñòåì, óðîâåíü êî-
òîðûõ äëÿ ñîîòâåòñòâóþùèõ èññëåäîâàíèé ìîã áû îêàçàòüñÿ ñàìûì âûñîêèì: îáúåêò çåìëÿ
� ýòî ñóøà, âîäà è âîçäóõ, âñå îñòàëüíîå � îêðóæåíèå; îáúåêò äåðåâî � ýòî êðîíà, ñòâîë è
êîðíè, âñå îñòàëüíîå � îêðóæåíèå; îáúåêò íàó÷íàÿ øêîëà � ýòî ó÷èòåëÿ-îñíîâàòåëè, ïî-
êîëåíèÿ ó÷åíèêîâ, ïåðèîäû ðîñòà, àïîãåÿ, ñòàáèëèçàöèè è çàòóõàíèÿ è äð., âñå îñòàëüíîå
� îêðóæåíèå.

Èìåííî íà óðîâíå íàáëþäàåìîé ðåàëüíîñòè ïîÿâëÿåòñÿ âðåìÿ êàê îñîáûé àòðèáóò ñè-
ñòåìû â öåëîì. Âðåìåííîé ïîðÿäîê, â êîòîðîì âîçíèêàþò è îòðàáàòûâàþòñÿ ñîáûòèÿ
íàáëþäàåìîé ðåàëüíîñòè, íåîáÿçàòåëüíî èìååò ïðÿìîå îòíîøåíèå ê ïîðÿäêó ìîäåëüíûõ
ñîáûòèé ïîäñèñòåì è èõ ýëåìåíòîâ, è ýòî ìîæåò ââîäèòü â çàáëóæäåíèå. Ðàññìîòðåíèå
ðåàëüíîñòè êàê ñèñòåìû, ñîñòîÿùåé èç ýëåìåíòîâ, íå îçíà÷àåò îòîæäåñòâëåíèå åå ñ ìî-
äåëüíîé ñèñòåìîé. Â ÷àñòíîñòè, ñîáûòèÿ è èõ âðåìåííîé ïîðÿäîê â ðåàëüíîñòè îïðåäåëÿ-
þòñÿ îãðîìíûì ìíîæåñòâîì ôàêòîðîâ, âëèÿþùèõ íà ðàçâèòèå îáúåêòà èññëåäîâàíèé, à
íå òîëüêî òåìè èç íèõ, êîòîðûå îñòàëèñü ïîñëå îòñåâà èãíîðèðóåìûõ èëè íåçàìå÷åííûõ,
è êîíå÷íî, â ðåàëüíîñòè ïðîñòî íåò ìåñòà ïðèïèñûâàíèÿì è èñêóññòâåííî êîíñòðóèðóå-
ìûì ïðè÷èííî-ñëåäñòâåííûìè ñâÿçÿì. Ðåàëüíîñòü, â êîòîðóþ ïîãðóæåí îáúåêò èçó÷åíèÿ,
ÿâëÿåòñÿ öåëüíîé, åäèíîé è íå äåëèìîé íà ÷àñòè.

Êàê æå òîãäà äîáèòüñÿ ñîãëàñîâàííîñòè ìîäåëüíîé êîíöåïöèè âðåìåíè ñ ðåàëüíî ñóùå-
ñòâóþùåé èëè òîëüêî ñóáúåêòèâíî îùóùàåìîé, ñóáñòàíöèîíàëüíîé èëè ëèøü ðåëÿöèîííîé
ñóùíîñòüþ âðåìåíè3, èíòåðåñ ê êîòîðîé çàðîäèëñÿ íà çàðå ÷åëîâå÷åñòâà è íå ïðåêðàùàåòñÿ
äî ñèõ ïîð? Íå ïðåòåíäóÿ íà óíèâåðñàëüíîñòü, ìû ïðåäëàãàåì ðåøåíèå ïðîáëåìû âðåìå-
íè ïðè ìîäåëèðîâàíèè ðàçâèâàþùèõñÿ ñèñòåì, ïîâåäåíèå êîòîðûõ ñóùåñòâåííî çàâèñèò
îò àêòèâíîñòè èõ ýëåìåíòîâ. Îñíîâîé ðåøåíèÿ ÿâëÿåòñÿ îðãàíèçàöèÿ âçàèìîäåéñòâèÿ ýëå-
ìåíòîâ, îïîñðåäîâàííàÿ ñîáûòèéíûì óïðàâëåíèåì âû÷èñëåíèÿìè.

Ïîñëåäîâàòåëüíîñòü ñîáûòèé, êîòîðûå ðàñïîçíàåò ýëåìåíò ìîäåëè è íà êîòîðûå îí
ðåàãèðóåò â õîäå ðàçâèòèÿ ñèñòåìû, äàëåå íàçûâàåòñÿ ïðîòîêîëîì ïîâåäåíèÿ ýëåìåíòà.
Èìåííî ïðîòîêîë åñòåñòâåííî îòîæäåñòâëÿòü ñ ëîêàëüíûì âðåìåíåì ýëåìåíòà. Ïðîòîêî-
ëû ìîãóò ïåðåñåêàòüñÿ, ò. å. èìåòü îáùèå ñîáûòèÿ, ÷òî îçíà÷àåò ñèíõðîíèçîâàííîå ïîâå-
äåíèå ýëåìåíòîâ ñèñòåìû � îíè âîâëå÷åíû â äåéñòâèÿ, êîòîðûå ñëåäóåò ñ÷èòàòü îáùåé
ðåàêöèåé ýëåìåíòîâ íà ðàñïîçíàííîå èìè ñîáûòèå.

Ñîâîêóïíîñòü âñåõ ïðîòîêîëîâ âñåõ ýëåìåíòîâ ìîäåëüíîé ñèñòåìû íåêîòîðîãî óðîâíÿ
÷àñòè÷íî óïîðÿäî÷èâàåò ìíîæåñòâî âñåõ ñîáûòèé ýòîé ñèñòåìû. È èìåííî ýòîò ÷àñòè÷-
íûé ïîðÿäîê èìååò ñìûñë ñ÷èòàòü ïðåäñòàâëåíèåì íàáëþäàåìîãî âðåìåíè ðåàëüíîé ñèñòå-
ìû, ò. å. ãëîáàëüíûì âðåìåíåì ìîäåëüíîé ñèñòåìû. Ïðè ñîâìåñòíîì ïîñòðîåíèè ìîäåëåé
ðàçíûõ óðîâíåé ýòî ïðåäñòàâëåíèå ÿâëÿåòñÿ àòðèáóòîì ñèñòåìû ñàìîãî âåðõíåãî óðîâ-

2Ñâîéñòâà èåðàðõè÷íîñòè è ñïîñîáîâ ïîñòðîåíèÿ èåðàðõèé íà áàçå äâóõ âèäîâ áèíàðíûõ îòíîøåíèé:
ýêâèâàëåíòíîñòè è ñóáîðäèíàöèè ïîäðîáíî èçó÷àþòñÿ â ðàáîòàõ [7�8]. Â íèõ ñòðîãî è íåñòðîãî èåðàðõè-
÷åñêèå ñèñòåìû íàçâàíû ñîîòâåòñòâåííî êëàññèôèêàöèîííûìè è ñóáîðäèíàöèîííûìè

3Â Ïðèëîæåíèè ê äàííîé ðàáîòå ïðèâåäåíà ñõåìà âçàèìîñâÿçåé ðàçëè÷íûõ êîíöåïöèé âðåìåíè, ïðåä-
ñòàâëåííàÿ â 2000-ëåòíåé èñòîðèè ðàçâèòèÿ åñòåñòâîçíàíèÿ.
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íÿ. Ïåðåõîä îò ñèñòåìû íåêîòîðîãî óðîâíÿ âíèç ïî èåðàðõèè ìîäåëè äàåò âîçìîæíîñòü
ñîãëàñîâàíèÿ ëîêàëüíûõ âðåìåí ïîäñèñòåì ñ âðåìåíåì èõ îáùåé íàäñèñòåìû.

Îòìåòèì, ÷òî ïðîòîêîëû íå èìèòèðóþò â ìîäåëè ðåàëüíîå íàáëþäàåìîå âðåìÿ (îíè
íå ïðåòåíäóþò, íàïðèìåð, íà îòðàæåíèå äëèòåëüíîñòè èíòåðâàëîâ ìåæäó ñîáûòèÿìè),
íî âûïîëíÿþò òàêóþ âàæíóþ äëÿ ðàçâèòèÿ ôóíêöèþ, êàê çàäàíèå áèíàðíûõ îòíîøåíèé
¾ðàíüøå¿, ¾ïîçæå¿ è ¾íåñðàâíèìû¿ íà ìíîæåñòâå âñåõ ñîáûòèé.

Òðåáîâàíèå èìèòàöèè äëèòåëüíîñòè ìîæåò îêàçàòüñÿ ïîëåçíûì â íåêîòîðûõ âèäàõ ìî-
äåëåé, íàïðèìåð, äëÿ àïîñòåðèîðíîãî, èñòîðè÷åñêîãî àíàëèçà, íî íå â ñëó÷àÿõ ìîäåëèðî-
âàíèÿ ðàçâèòèÿ, äëÿ êîòîðîãî ïðÿìîå ñîîòâåòñòâèå ìåæäó ðåàëüíûì íàáëþäàåìûì âðåìå-
íåì îáúåêòà ìîäåëèðîâàíèÿ è ìîäåëüíûì åãî ïðåäñòàâëåíèåì îçíà÷àëî äîïîëíèòåëüíóþ
ñóùíîñòü áåç êàêèõ áû òî íè áûëî ïðåèìóùåñòâ � åùå îäíî íàðóøåíèå ïðèíöèïà Áðèòâû
Îêêàìà.

3. Ñîáûòèÿ, ïðîòîêîëû, ëîêàëüíîå âðåìÿ. Â äàííîì ðàçäåëå ôîðìàëèçóþòñÿ
ïîíÿòèÿ, îòíîñÿùèåñÿ ê ñîáûòèéíîé êîíöåïöèè âðåìåíè. Ôîðìàëèçàöèÿ ôèêñèðóåò òîò
ìèíèìàëüíî íåîáõîäèìûé óðîâåíü òðåáîâàíèé, äîñòàòî÷íûé äëÿ òî÷íîãî çàäàíèÿ ïðåäëà-
ãàåìîé êîíöåïöèè âðåìåíè è âçàèìîäåéñòâèé.

Îïðåäåëåíèå 1. Ïîä òåðìèíîì ñîáûòèå ïîíèìàåòñÿ ñóùíîñòü ïîâåäåíèÿ ñèñòåìû, êî-
òîðàÿ îáëàäàåò ñëåäóþùèìè ñâîéñòâàìè. Ñîáûòèÿ

1) âûðàáàòûâàþòñÿ îêðóæåíèåì èëè ýëåìåíòàìè ñèñòåìû;
2) ìîãóò îòðàáàòûâàòüñÿ íåêîòîðûìè ýëåìåíòàìè, ïðî êîòîðûå ãîâîðÿò, ÷òî îíè ðå-

àãèðóþò íà ñîáûòèå, ò. å.
3) èäåíòèôèöèðóþò èëè ðàñïîçíàþò ñîáûòèå è
4) àêòèâèçèðóþò îáðàáîòêó, ò. å. ïðîãðàììó ðåàêöèè íà ñîáûòèå;
5) ìîãóò îòñëåæèâàòüñÿ, ò. å. ôèêñèðîâàòüñÿ äëÿ êàæäîãî ýëåìåíòà, â ïîñëåäîâàòåëü-

íîñòè, â êîòîðîé îí ðåàãèðóåò íà ñîáûòèÿ ñèñòåìû;
6) íå ïîâòîðÿþòñÿ, ò. å. â ïîñëåäîâàòåëüíîñòè ñîáûòèé, íà êîòîðûå ðåàãèðóåò êàæäûé

èç ýëåìåíòîâ, íå ñóùåñòâóåò äâóõ èëè áîëåå îäèíàêîâûõ ñîáûòèé.
Òîãäà äëÿ êàæäîãî ýëåìåíòà ñèñòåìû ëîêàëüíîå âðåìÿ îïðåäåëÿåòñÿ êàê ïîñëåäîâà-

òåëüíîñòü âñåõ ñîáûòèé, íà êîòîðûå ýòîò ýëåìåíò ðåàãèðóåò. Ýòà ïîñëåäîâàòåëüíîñòü íà-
çûâàåòñÿ ïðîòîêîëîì ïîâåäåíèÿ ýëåìåíòà.

Êîììåíòàðèé ê îïðåäåëåíèþ 1.
(a). Ïîÿâëåíèå ñîáûòèé, íà êîòîðûå ðåàãèðóþò ýëåìåíòû, � íåîïðåäåëÿåìîå ïîíÿòèå.

Äîñòàòî÷íî çíàòü ëèøü òî, ÷òî ýëåìåíòû ñèñòåìû âçàèìîäåéñòâóþò ïîñðåäñòâîì ðåàêöèé
íà ñîáûòèÿ, êîòîðûå âîçíèêàþò â ðåçóëüòàòå âíåøíèõ âîçäåéñòâèé èëè ïîâåäåíèÿ êàêèõ-
ëèáî ýëåìåíòîâ. Íå èñêëþ÷àåòñÿ âîçìîæíîñòü ýëåìåíòà îáúÿâèòü ñîáûòèå ¾äëÿ ñåáÿ¿, ò. å.
òàêîå, íà êîòîðîå îí ðåàãèðóåò ñàì, âîçìîæíî, ñîâìåñòíî ñ äðóãèìè ýëåìåíòàìè.

Ìíîæåñòâî ñîáûòèé, íà êîòîðûå ðåàãèðóåò ýëåìåíò, ìåíÿåòñÿ â ïðîöåññå ôóíêöèîíè-
ðîâàíèÿ ñèñòåìû. Â ðåçóëüòàòå ðàçëè÷íûõ ðåàêöèé äèíàìè÷åñêè ìåíÿåòñÿ íàáîð ðàñïî-
çíàâàåìûõ ñîáûòèé, à çíà÷èò, ìåíÿåòñÿ ðåàêöèÿ ýëåìåíòà íà ñîáûòèÿ (íåâàæíî, âíåøíèå
äëÿ ñèñòåìû èëè âíóòðåííèå). Ýòî äîïóùåíèå ïîçâîëÿåò ãîâîðèòü î ðàçâèòèè ýëåìåíòîâ
è ñèñòåìû â öåëîì.

(b). Îòðàáîòêà ñîáûòèÿ ýëåìåíòîì � ýòî èäåíòèôèêàöèÿ ñîáûòèÿ è âûïîëíåíèå ïðî-
ãðàììû ðåàêöèè, êîòîðàÿ èñïîëüçóåò èíôîðìàöèþ, ñâÿçàííóþ ñ ñîáûòèåì. Ïîâåäåíèå ýëå-
ìåíòà, êîòîðûé íå ðåàãèðóåò íà ñîáûòèå, íå çàâèñèò îò ýòîãî ñîáûòèÿ. Îí ïðî íåãî íè÷åãî
íå çíàåò. Ìîæíî ñêàçàòü, ÷òî òàêèå ñîáûòèÿ äëÿ ýëåìåíòà íå ñóùåñòâóþò. Â òî æå âðåìÿ,
íåèçâåñòíûå ýëåìåíòó ñîáûòèÿ ìîãóò êîñâåííî âëèÿòü íà åãî ïîâåäåíèå, ïîñêîëüêó äðóãèå
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ñîáûòèÿ â õîäå ñâîèõ ðåàêöèé ìîãóò èçìåíÿòü àòðèáóòèâíûå îïèñàíèÿ ýëåìåíòîâ è îáùèé
êîíòåêñò âûïîëíåíèÿ äåéñòâèé ýëåìåíòîâ.

(b.I). Ïîñòóëèðóåòñÿ ìãíîâåííîñòü èäåíòèôèêàöèè ñîáûòèÿ ýëåìåíòîì:
1) ñîáûòèå íå âëèÿåò íè íà êàêèå äåéñòâèÿ ñèñòåìû è åå ýëåìåíòîâ, êðîìå êàê íà òå èç

íèõ, êîòîðûå îáíàðóæèâàþò ñîáûòèå;
2) â õîäå èäåíòèôèêàöèè äðóãèå ñîáûòèÿ íå âîçíèêàþò.
Èäåíòèôèêàöèÿ � ýòî ñïóñêîâàÿ ôóíêöèÿ (ïðåäèêàò), êîòîðàÿ ïðåäïèñûâàåò âûïîë-

íåíèå èëè íåâûïîëíåíèå ïðîãðàììû ðåàêöèè.
(b.II). Âûïîëíåíèå ïðîãðàììû ðåàêöèè íà èäåíòèôèöèðîâàííîå ñîáûòèå ìîæåò áûòü

ìãíîâåííûì, åñëè â õîäå âûïîëíåíèÿ íåâîçìîæíî âîçíèêíîâåíèå äðóãèõ ñîáûòèé. Åñëè
ýòî íåâåðíî, òî âûïîëíåíèå ðåàêöèè íàçûâàåòñÿ äëèòåëüíûì. Ïîñëåäíåå îçíà÷àåò äîïó-
ñòèìîñòü èçìåíåíèÿ ïîâåäåíèÿ, â òîì ÷èñëå è ñàìîé ðåàêöèè èç-çà ïîÿâëåíèÿ è îòðàáîòêè
äðóãèõ ñîáûòèé, ðåàêöèÿ íà êîòîðûå ìåíÿåò àòðèáóòèâíûå îïèñàíèÿ ýëåìåíòîâ. Åñëè åñòü
òîìó îñíîâàíèå, òî çàäàâàòü ïîäîáíûå èçìåíåíèÿ ìîæíî â êà÷åñòâå ñîáûòèé, ïðåäïèñûâà-
þùèõ ýëåìåíòó îñóùåñòâèòü èõ êàê ðåàêöèþ íà ýòî ñîáûòèå. Òîãäà ó ýëåìåíòà ïîÿâëÿåòñÿ
âîçìîæíîñòü ïëàíèðîâàòü èçìåíåíèÿ: âûïîëíÿòü èõ íåìåäëåííî èëè ïîñëå òîãî, êàê åãî
òåêóùåå äåéñòâèå çàâåðøèòñÿ.

(c). Îòñëåæèâàíèå ýëåìåíòîì ñîáûòèé, íà êîòîðûå îí ðåàãèðóåò, ïðèâîäèò ê âîçìîæ-
íîñòè äîñòóïà ê èñòîðèè ýëåìåíòà, ò. å. ê åãî ïðîòîêîëó, â êîòîðîì îòìå÷àþòñÿ â ïîðÿä-
êå ïîÿâëåíèÿ âñå ñîáûòèÿ, ñâÿçàííûå ñ ýëåìåíòîì. Ïîýòîìó ïðîòîêîëû ðàññìàòðèâàþòñÿ
êàê ðåòðîñïåêòèâíîå ëîêàëüíîå âðåìÿ ýëåìåíòà. Ìîæíî ðàññìàòðèâàòü è ïåðñïåêòèâíîå,
èëè ïðîãíîçíîå ëîêàëüíîå âðåìÿ ýëåìåíòà, ïîíèìàÿ ïîä ýòèì ñîâîêóïíîñòü âñåõ âîçìîæ-
íûõ ïðîäîëæåíèé òåêóùåãî ñîñòîÿíèÿ ïðîòîêîëà, òåì ñàìûì ïîïîëíèâ ðåòðîñïåêòèâíîå
âðåìÿ áóäóùèìè âàðèàíòàìè ïðîäîëæåíèé ïðîòîêîëîâ.

Ïðîòîêîëû ìîãóò ïåðåñåêàòüñÿ. Ýòî îçíà÷àåò, ÷òî äâà èëè áîëåå ýëåìåíòà ðåàãèðóþò
íà îäíî è òî æå ñîáûòèå ñîâìåñòíî, ò. å. íèêàê íå îïðåäåëÿþòñÿ íè ïîðÿäîê âûïîëíåíèÿ
ïðîãðàìì îáðàáîòêè, íè ïîáî÷íûå ýôôåêòû, âîçìîæíûå â ðåçóëüòàòå òàêîé ñîâìåñòíîñòè.
Ïðè ìîäåëèðîâàíèè íåîáõîäèìî óòî÷íåíèå ïîâåäåíèÿ â ïîäîáíûõ ñëó÷àÿõ ñ òåì, ÷òîáû
ïðè èíòåðïðåòàöèè íå âîçíèêàëè êîëëèçèè, ñâÿçàííûå ñ ïàðàëëåëèçìîì (ñì., íàïðèìåð,
[9]).

(d). Íåâîçìîæíîñòü ïîâòîðåíèÿ ñîáûòèé îçíà÷àåò, ÷òî, êîãäà òðåáóåòñÿ ðåàêöèÿ ýëå-
ìåíòîâ íà ñîáûòèå, ñîâïàäàþùàÿ ñ ðåàêöèåé íà êàêîå-ëèáî ñîáûòèå, óæå ïðåäñòàâëåííîå
â ïðîòîêîëàõ, ýòî âñåãäà íîâûé ýêçåìïëÿð ñîáûòèÿ, ïóñòü äàæå ôóíêöèîíàëüíî èäåí-
òè÷íûé ïðåæíåìó. Ïðè íåîáõîäèìîñòè ìîæíî îïðåäåëÿòü òèïû ñîáûòèé êàê êëàññû
ýêâèâàëåíòíîñòè ïî îòíîøåíèþ èäåíòè÷íîñòè ðåàêöèè ýëåìåíòîâ ñèñòåìû.

Êîíåö êîììåíòàðèÿ.
Èç ïðàãìàòè÷åñêèõ ñîîáðàæåíèé áóäåì ñ÷èòàòü, ÷òî ïîâåäåíèå êàæäîãî ýëåìåíòà êî-

íå÷íî, ò. å. îí íå ìîæåò ðåàãèðîâàòü íà ïîòåíöèàëüíî áåñêîíå÷íîå ÷èñëî ñîáûòèé. Èëè
ïî-äðóãîìó: âñå ïðîòîêîëû � êîíå÷íûå ïîñëåäîâàòåëüíîñòè. Âìåñòå ñ òåì, ìíîæåñòâî ïî-
òåíöèàëüíî âîçìîæíûõ ñîáûòèé ìîæåò îêàçàòüñÿ áåñêîíå÷íûì èç-çà ïîÿâëåíèÿ â ñèñòåìå
íîâûõ ýëåìåíòîâ, à çíà÷èò, è íîâûõ áóäóùèõ ïðîäîëæåíèé ïðîòîêîëîâ.

4. Öèêë ôóíêöèîíèðîâàíèÿ ýëåìåíòà. Îïðåäåëåíèå 2. Ñîçäàíèå, àêòèâèçàöèÿ è
äåàêòèâèçàöèÿ ýëåìåíòà.

Ïóñòü íà êàêîå-òî ñîáûòèå ðåàãèðóþò íåêîòîðûå ýëåìåíòû ñèñòåìû òàêèì îáðàçîì,
÷òî â ðåçóëüòàòå îêàçûâàåòñÿ âûïîëíåííûì:
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1) ïîÿâëåíèå àòðèáóòíîãî ïðåäñòàâëåíèÿ ýëåìåíòà, îòâå÷àþùåãî åãî òèïó è îòðàæàþ-
ùåãî âêëþ÷åíèå ýëåìåíòà âî âñå ïðåäñòàâëåííûå â ñèñòåìå ñòðóêòóðû;

2) ïîðîæäåíèå ïóñòîãî ïðîòîêîëà íîâîãî ýëåìåíòà;
3) îáúÿâëåíèå â êà÷åñòâå åäèíñòâåííîãî ñîáûòèÿ, èäåíòèôèöèðóåìîãî ýëåìåíòîì, ñî-

áûòèÿ àêòèâèçàöèè, ïëàíèðóåìàÿ ðåàêöèÿ íà êîòîðîå íà÷èíàåò àêòèâíîå ïîâåäåíèå ýëå-
ìåíòà (ôàêòè÷åñêîå ðîæäåíèå).

Òàêîå ñîáûòèå íàçûâàåòñÿ ñîçäàíèåì ýëåìåíòà. Ñîçäàíèå � îáùåå ñîáûòèå íîâîãî
ýëåìåíòà è âñåõ ýëåìåíòîâ, ðåàãèðóþùèõ íà íåãî.

Äåêëàðèðóåòñÿ, ÷òî äëÿ êàæäîãî ýëåìåíòà ñèñòåìû îïðåäåëåíî ñîáûòèå, ðåàêöèÿ íà
êîòîðîå âêëþ÷àåò â ñåáÿ ïðåêðàùåíèå åãî àêòèâíîñòè, ò. å. îí ïåðåñòàåò ðåàãèðîâàòü íà
äðóãèå ñîáûòèÿ. Òàêîå ñîáûòèå íàçûâàåòñÿ äåàêòèâèçàöèåé ýëåìåíòà.

Ñîáûòèÿ ñîçäàíèÿ è àêòèâèçàöèè ÿâëÿþòñÿ ïåðâûìè ÷ëåíàìè ïðîòîêîëà íîâîãî ýëå-
ìåíòà. Ñîáûòèå äåàêòèâèçàöèè � ïîñëåäíèé ÷ëåí ïðîòîêîëà. Ýòè òðè ñîáûòèÿ ìîãóò áûòü
êàê âíåøíèìè, òàê è âíóòðåííèìè äëÿ ñèñòåìû. Ñ÷èòàåòñÿ, ÷òî ýëåìåíòû ñèñòåìû, èìå-
þùèåñÿ â íà÷àëå åå ôóíêöèîíèðîâàíèÿ, ñîçäàíû ôèêòèâíûì ýëåìåíòîì, íåàêòèâíûì â
äàëüíåéøåì.

Àêòèâèçàöèÿ ìîæåò âîçíèêíóòü ëèáî ñðàçó æå ïîñëå ñîçäàíèÿ, ëèáî îêàçàòüñÿ îòëî-
æåííîé, íî äî òåõ ïîð, ïîêà îíà íå ïðîèçîéäåò, íîâûé ýëåìåíò íå â ñîñòîÿíèè ðåàãèðîâàòü
íà äðóãèå ñîáûòèÿ. Ýòî îáåñïå÷èâàåòñÿ èíèöèàëèçàöèåé àòðèáóòèâíîãî îïèñàíèÿ ýëåìåí-
òà, êîòîðàÿ ðàññìàòðèâàåòñÿ â êà÷åñòâå ðåàêöèè íà ñîáûòèå àêòèâèçàöèè.

Çàäà÷è èçó÷åíèÿ ðàçâèâàþùåéñÿ ñèñòåìû ìîæíî ïîäðàçäåëèòü íà èñòîðè÷åñêèå è
ïðîãíîçíûå. Ïåðâûå ñâÿçàíû ñ àíàëèçîì ðåàëèçîâàííûõ ïðîòîêîëîâ, âòîðûå � ñ âîçìîæ-
íûìè âàðèàíòàìè ïðîäîëæåíèé ïðîòîêîëîâ. Åñëè èçó÷åíèå êàñàåòñÿ òîëüêî ðåàëèçîâàí-
íûõ ïðîòîêîëîâ, òî ìîæíî óêàçàòü äâà îãðàíè÷åíèÿ äëÿ ðàññìîòðåíèÿ èñòîðèè: íà÷àëî
ôóíêöèîíèðîâàíèÿ ñèñòåìû è åå òåêóùèé ìîìåíò. Òåõíè÷åñêè óäîáíî ñ÷èòàòü èõ ôîð-
ìàëüíûìè ñîáûòèÿìè, ãåíåðèðóåìûìè âíåøíèì îáðàçîì. Áóäåì îáîçíà÷àòü èõ êàê ⊢ è ⊣
ñîîòâåòñòâåííî.

Íà íà÷àëüíîå ñîáûòèå ⊢ ðåàãèðóþò âñå àêòèâíûå ýëåìåíòû, êîòîðûå ïðåäñòàâëåíû â
ñèñòåìå ïåðâîíà÷àëüíî. Èõ ðåàêöèåé íà íåãî ÿâëÿåòñÿ èíèöèàëèçàöèÿ ñîîòâåòñòâóþùèõ
àòðèáóòèâíûõ îïèñàíèé. Ò. å. äëÿ ïåðâîíà÷àëüíûõ ýëåìåíòîâ íà÷àëüíîå ñîáûòèå ÿâëÿåòñÿ
àêòèâèçàöèåé.

Ñîáûòèå ⊣ ÿâëÿåòñÿ çàâåðøàþùèì ëèáî ïðèîñòàíàâëèâàþùèì â çàâèñèìîñòè îò òîãî,
ïðåäïîëàãàåòñÿ èëè íåò âîçîáíîâëåíèå ôóíêöèîíèðîâàíèÿ ñèñòåìû. Íà íåãî ðåàãèðóþò àê-
òèâíûå ýëåìåíòû, çàïîìèíàÿ ñâîå òåêóùåå ñîñòîÿíèå è çàìîðàæèâàÿ âñå äåéñòâèÿ. Òàêèì
îáðàçîì, çàâåðøàþùåå/ïðèîñòàíàâëèâàþùåå ñîáûòèå ïîíèìàåòñÿ êàê ñîáûòèå äåàêòèâè-
çàöèè.

Âîçîáíîâëåíèå öåëåñîîáðàçíî îáåñïå÷èâàòü äëÿ âûïîëíåíèÿ àíàëèçà ñëîæèâøåéñÿ êîí-
ôèãóðàöèè4 ñèñòåìû. Ïðèíóäèòåëüíîå èçìåíåíèå êîíôèãóðàöèè äîïóñòèìî, íî òîëüêî â
òåõ ñëó÷àÿõ, êîãäà èçìåíåííàÿ êîíôèãóðàöèÿ äîñòèæèìà åñòåñòâåííûì ðàçâèòèåì ñèñòå-
ìû èç åå íà÷àëüíîé êîíôèãóðàöèè. Â ïðîòèâíîì ñëó÷àå êàðòèíà ðàçâèòèÿ áóäåò çàâåäîìî
íåðåàëèñòè÷íà.

4Ïîíÿòèå êîíôèãóðàöèè äëÿ ðàçâèâàåìîé êîíöåïöèè ÿâëÿåòñÿ âñïîìîãàòåëüíûì: îíî óïîòðåáëÿåòñÿ â
òåõ ñëó÷àÿõ, êîãäà òðåáóåòñÿ ðàññìàòðèâàòü âðåìåííûå ñðåçû âû÷èñëåíèÿ ìîäåëè äëÿ èçâëå÷åíèÿ èíôîð-
ìàöèè â îïðåäåëåííûå ¾ìîìåíòû¿. Ó èññëåäîâàòåëÿ äîëæíà áûòü âîçìîæíîñòü ïðèîñòàíîâêè ìîäåëüíûõ
ðàñ÷åòîâ ñ ãàðàíòèåé âîçîáíîâëåíèÿ èõ â äàëüíåéøåì áåç êàêèõ áû òî íè áûëî ïîòåðü.
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Â ñâÿçè ñ âîçîáíîâëåíèåì óìåñòíî ðàñøèðèòü òðàêòîâêó íà÷àëüíîãî ñîáûòèÿ, äîïóñ-
êàÿ åãî íå òîëüêî êàê ¾ñîòâîðåíèå¿ ñèñòåìû, íî è â êà÷åñòâå ñðåäñòâà âîçîáíîâëåíèÿ
ôóíêöèîíèðîâàíèÿ â ïðèîñòàíîâëåííîé êîíôèãóðàöèè. Â íîâîé òðàêòîâêå íà ⊢ ðåàãèðóþò
ýëåìåíòû, ïðåäñòàâëåííûå â ïðèîñòàíîâëåííîé êîíôèãóðàöèè. Ýòî íå îòìåíÿåò ïîíèìà-
íèÿ íà÷àëüíîãî ñîáûòèÿ êàê àêòèâèçàöèè, íî òðåáóåò êîððåêöèè ñîäåðæàíèÿ ðåàêöèè íà
íåãî, êîòîðàÿ îáåñïå÷èâàåò âîññòàíîâëåíèå àòðèáóòèâíûõ îïèñàíèé. Êîððåêòíîñòü âîçîá-
íîâëåíèÿ ãàðàíòèðóåòñÿ, êîãäà âñå ýëåìåíòû, àêòèâíûå ïðè ïðèîñòàíîâêå, ðåàãèðóþò íà
ñîáûòèå ⊢. Â ïðîòèâíîì ñëó÷àå äàëüíåéøåå ïîâåäåíèå ñèñòåìû ìîæåò îêàçàòüñÿ íåäîñòè-
æèìûì èç íà÷àëüíîé êîíôèãóðàöèè.

Ñîáûòèå ⊢ íà÷èíàåò ïðîòîêîë ëþáîãî ýëåìåíòà, ïðåäñòàâëåííîãî â ñèñòåìå ïåðâîíà-
÷àëüíî. Ïðèîñòàíîâêà ïðèâîäèò ê äîïîëíåíèþ âñåõ ïðîòîêîëîâ ñîáûòèåì ⊣, à âîçîáíîâëå-
íèå � ê äîïîëíåíèþ èõ ñîáûòèåì ⊢. ×òîáû íå ïðîòèâîðå÷èòü òðåáîâàíèþ íåïîâòîðÿåìîñòè
ñîáûòèé (ñì. óñëîâèå (d) â îïðåäåëåíèè 1), ñ÷èòàåòñÿ, ÷òî äâà ïîñëåäíèõ ÷ëåíà ïðîòîêîëü-
íîé ïîñëåäîâàòåëüíîñòè ⊣ è ⊢ âçàèìíî óíè÷òîæàþò äðóã äðóãà â õîäå âîçîáíîâëÿþùåé
èíèöèàëèçàöèè ýëåìåíòà. Òåì ñàìûì äîñòèãàåòñÿ ¾íåçàìåòíîñòü¿ ïðèîñòàíîâêè.

Îïðåäåëåíèå 3. Èñòîðè÷åñêèå è ïåðñïåêòèâíûå ñîáûòèÿ. Ìíîæåñòâî âñåõ ñî-
áûòèé, ïðîèñõîäèâøèõ â òå÷åíèå ôóíêöèîíèðîâàíèÿ ñèñòåìû, ò. å. çàôèêñèðîâàííûõ â
ïðîòîêîëàõ âñåõ åå ýëåìåíòîâ, îáîçíà÷àåòñÿ êàê Ω. Ýòî èñòîðè÷åñêèå èëè ðåàëèçîâàííûå
ñîáûòèÿ. Ω ôîðìèðóåòñÿ ïóòåì ïîïîëíåíèÿ âîçíèêàþùèìè ñîáûòèÿìè ïåðâîíà÷àëüíî ïó-
ñòîãî ìíîæåñòâà.

Ìíîæåñòâî âñåõ ñîáûòèé, êîòîðûå ìîãóò ïðîèçîéòè â òå÷åíèå êàêîãî áû òî íè áûëî
ôóíêöèîíèðîâàíèÿ ñèñòåìû, íàçûâàåòñÿ ìíîæåñòâîì âñåõ ïîòåíöèàëüíî âîçìîæíûõ
ñîáûòèé. Îíî îáîçíà÷àåòñÿ êàê Ω∗.

Ìíîæåñòâî Ω ñîñòîèò èç ñîáûòèé, íà êîòîðûå ðåàãèðóåò õîòÿ áû îäèí ýëåìåíò. Îíî
íå âêëþ÷àåò ïîòåíöèàëüíî âîçìîæíûå ñîáûòèÿ, íà êîòîðûå áûëà áû ðåàêöèÿ ïðè äðóãîì
ñòå÷åíèè îáñòîÿòåëüñòâ, à òàêæå ïðîãíîçíûå ñîáûòèÿ èç âàðèàíòîâ ïðîäîëæåíèé ïðîòî-
êîëîâ. Ω âñåãäà êîíå÷íî. Èìåííî ñ íèì ñâÿçàíî ðåøåíèå èñòîðè÷åñêèõ çàäà÷ èçó÷åíèÿ
ñèñòåìû. ×òî êàñàåòñÿ çàäà÷ ïðîãíîçíûõ, òî îíè îòíîñÿòñÿ ê èçó÷åíèþ ìíîæåñòâà ïî-
òåíöèàëüíî âîçìîæíûõ ñîáûòèé Ω∗. Íî òðåáóåòñÿ íå âñå ýòî ìíîæåñòâî, à òîëüêî òà åãî
÷àñòü, êîòîðàÿ ñîäåðæèò â ñåáå ïðîäîëæåíèÿ ïðîòîêîëîâ, ñîäåðæàùèõ ëèøü ðåàëèçîâàí-
íûå ñîáûòèÿ. Äëÿ êîðîòêèõ ïðîãíîçîâ ìîæíî âîñïîëüçîâàòüñÿ âàðèàíòàìè ïðîäîëæåíèé
ðàçâèòèÿ ïðèîñòàíîâëåííîé êîíôèãóðàöèè ñèñòåìû, íî äëÿ èçó÷åíèÿ òåíäåíöèé ýòî ñëèø-
êîì òÿæåëîâåñíûé èíñòðóìåíò.

Ìû îòîæäåñòâëÿåì ïðîòîêîëû è ðåòðîñïåêòèâíîå ëîêàëüíîå âðåìÿ, íî íå îòêàçûâàåì-
ñÿ îò ñèíõðîíèçèðîâàííûõ âçàèìîäåéñòâèé. Ñëåäîâàòåëüíî, íåîáõîäèìî ïîíÿòèå, êîòîðîå
îòðàæàåò òî, ÷òî íà áûòîâîì óðîâíå ðàññìàòðèâàåòñÿ êàê øêàëà âðåìåíè, è êîòîðîå äàåò
íåîáõîäèìûå è äîñòàòî÷íûå ñðåäñòâà äëÿ îïèñàíèÿ âçàèìîäåéñòâèé.

5. Âðåìåííîé ïîðÿäîê ñîáûòèé è ãëîáàëüíîå âðåìÿ. Îïðåäåëåíèå 4. Îòíîøåíèå
âðåìåííîãî ÷àñòè÷íîãî ïîðÿäêà íà ìíîæåñòâå ñîáûòèé è ãëîáàëüíîå âðåìÿ.

Ïóñòü s1, s2 ∈ Ω � äâà ñîáûòèÿ, à îòíîøåíèå ≺ íà ìíîæåñòâå âñåõ ñîáûòèé çàäàåòñÿ
ñëåäóþùèì îáðàçîì:

a) Åñëè s1 è s2 ïðèíàäëåæàò îäíîìó ïðîòîêîëó, òî s1 ≺ s2 (s1 ¾ðàíüøå¿ s2, îáðàòíîå
îòíîøåíèå � s2 ¾ïîçæå¿ s1) â ñîîòâåòñòâèè ñ èõ ïîðÿäêîì â ïðîòîêîëüíîé ïîñëåäîâà-
òåëüíîñòè;
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b) Åñëè s1 è s2 ïðèíàäëåæàò ðàçíûì ïðîòîêîëàì, èìåþùèì îáùèå ñîáûòèÿ, òî s1 ≺ s2
òîãäà è òîëüêî òîãäà, êîãäà ñóùåñòâóåò îáùåå äëÿ äâóõ ïðîòîêîëîâ ñîáûòèå s è s1 ≺ s, à
s ≺ s2;

c) Îòíîøåíèå òðàíçèòèâíî ≺, ò. å.

∀s1, s2, s3(s1 ≺ s2)&(s2 ≺ s3) ⊃ (s1 ≺ s3)

(ýòî óñëîâèå íåîáõîäèìî ïîñòóëèðîâàòü òîëüêî äëÿ òàêèõ òðîåê s1, s2 è s3, ó êîòîðûõ
ïåðâîå è ïîñëåäíåå ñîáûòèÿ ïðèíàäëåæàò ðàçíûì ïðîòîêîëàì, à s2 � îáùåå ñîáûòèå);

d) Äëÿ íåêîòîðûõ ñîáûòèé s1 è s2 îòíîøåíèå ≺ ìîæåò çàäàâàòüñÿ ïðèíóäèòåëüíî, åñëè
òàêîå çàäàíèå íå íàðóøàåò àñèììåòðè÷íîñòü îòíîøåíèÿ:

∀s′
, s

′′ ∈ Ω(s
′ ≺ s

′′
) ⊃ ¬(s′′ ≺ s

′
)

(äîñòàòî÷íî òðåáîâàòü ýòîãî òîëüêî äëÿ òåõ s
′
è s

′′
, îäíî èëè îáà èç êîòîðûõ ñîâïàäàþò

ñ s1 èëè ñ s2);
e) Âî âñåõ äðóãèõ ñëó÷àÿõ îòíîøåíèå ≺ ìåæäó s1 è s2, íå óñòàíàâëèâàåòñÿ.
Òîãäà ≺ íàçûâàåòñÿ îòíîøåíèåì âðåìåíí�îãî (÷àñòè÷íîãî) ïîðÿäêà. Ýòî îòíîøåíèå

îáúÿâëÿåòñÿ ãëîáàëüíûì âðåìåíåì ñèñòåìû.
Óòâåðæäåíèå 1. Îòíîøåíèå ≺ ÿâëÿåòñÿ ñòðîãèì ÷àñòè÷íûì ïîðÿäêîì íà ìíîæåñòâå

âñåõ ðåàëèçîâàííûõ ñîáûòèé Ω. Öåïÿìè òàêîãî ïîðÿäêà ÿâëÿþòñÿ âñå ïðîòîêîëû è âñå
âåòâëåíèÿ ïðîòîêîëîâ, ò. å. ïîñëåäîâàòåëüíîñòè ñîáûòèé, êîòîðûå ñòðîÿòñÿ ñëåäóþùèì
îáðàçîì. Íà÷àëî öåïè áåðåòñÿ èç îäíîãî ïðîòîêîëà èëè èç ðàíåå ïîñòðîåííîé öåïè, à
ïðîäîëæåíèå � èç äðóãîãî, èìåþùåãî îáùåå ñîáûòèå ñ íà÷àëîì.

Çàìåòèì, ÷òî äëÿ ìíîæåñòâà âñåõ ïîòåíöèàëüíûõ ñîáûòèé Ω∗ ïîäîáíîå óòâåðæäåíèå
íå èìååò ìåñòà, ÷òî õîðîøî ñîãëàñóåòñÿ ñ èíòåðïðåòàöèåé: ïðè ðàçëè÷íûõ ñòå÷åíèÿõ îá-
ñòîÿòåëüñòâ îäíè è òå æå ñîáûòèÿ ìîãóò ðåàëèçîâûâàòüñÿ â ðàçëè÷íîì ïîðÿäêå.

6. Ïåðèîäû âîçíèêíîâåíèÿ ñîáûòèé è ñèíõðîíèçàöèÿ ïðîòîêîëîâ. Ãëîáàëüíîå
âðåìÿ ìîæíî ÷èñòî ìåõàíè÷åñêè èñïîëüçîâàòü äëÿ ïîñòðîåíèÿ èåðàðõèé ìíîæåñòâà âñåõ
ñîáûòèé. Îäíàêî ýòî ïîñòðîåíèå äîâîëüíî èñêóññòâåííî. Â ÷àñòíîñòè, íå èìååò ïîä ñîáîé
èíòåðïðåòàöèîííîé îñíîâû ðàçíåñåíèå èñòîðè÷åñêèõ ñîáûòèé ïî óðîâíÿì, îñìûñëåííûì
äëÿ ñèñòåìíûõ èåðàðõèé. Ñîáûòèÿ ñàìè ïî ñåáå íå îáðàçóþò ñèñòåìó, îíè ìîãóò ÿâëÿòü-
ñÿ ëèøü ïðîÿâëåíèåì ðàçâèòèÿ ñèñòåìû ýëåìåíòîâ. Èåðàðõèÿ ñîáûòèé ïðåäñòàâëÿåò íå
ñòðóêòóðó ñèñòåìû êàê íàáîð åå ýëåìåíòîâ ñî ñâÿçÿìè, à ëèøü äàåò íåêîòîðóþ èíôîðìà-
öèþ î ïîâåäåíèè ñèñòåìû â öåëîì è åå ýëåìåíòîâ. Åå ìîæíî (è íóæíî!) èñïîëüçîâàòü ïðè
ðàññìîòðåíèè ñèñòåìû êàê ÷åðíîãî ÿùèêà, åñëè ïðåäïîëàãàåòñÿ, ÷òî ñâÿçü ìåæäó ñîáûòè-
ÿìè è ïîâåäåíèåì ýëåìåíòîâ àïðèîðè íå èçâåñòíà (è ñòîèò çàäà÷à ðàñêðûòèÿ ýòîé ñâÿçè),
èëè êàê ñåðîãî ÿùèêà, êîãäà èçâåñòíû íåêîòîðûå ñâåäåíèÿ î ñòðóêòóðå, íàïðèìåð, ñàìè
ýëåìåíòû. Èåðàðõèÿ ñîáûòèé â ñîñòîÿíèè îïðåäåëÿòü ïðåäåëû, âíå êîòîðûõ (ðàíüøå è
ïîçæå) ñîáûòèå ïðîèçîéòè íå ìîæåò � ïåðèîäû âîçíèêíîâåíèÿ ñîáûòèé.

Îïðåäåëåíèå 5. Ïåðèîä âîçíèêíîâåíèÿ ñîáûòèé. Ïóñòü ≺ � îòíîøåíèå âðå-
ìåíí�îãî ïîðÿäêà íà ìíîæåñòâå ðåàëèçîâàííûõ ñîáûòèé Ω, x � ïðîèçâîëüíîå ñîáûòèå èç
Ω. Òîãäà ìíîæåñòâà L(x) è H(x) îïðåäåëÿþòñÿ ñëåäóþùèì îáðàçîì:

L(x) = {a ∈ Ω|(a ≺ x)&¬∃b ∈ Ω((a ≺ b)&(b ≺ x))};
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H(x) = {b ∈ Ω|(x ≺ b)&¬∃a ∈ Ω((x ≺ a)&(a ≺ b))}.

Îíè íàçûâàþòñÿ íèæíèì è âåðõíèì ïðåäåëàìè ïåðèîäà âîçìîæíîãî âîçíèêíîâåíèÿ
ñîáûòèÿ x, ñîîòâåòñòâåííî.

Óòâåðæäåíèå 2. Îïðåäåëåíèå 5 êîððåêòíî, ò. å. äëÿ ëþáîãî ðåàëèçîâàííîãî x ìíîæå-
ñòâà L(x) è H(x) íå ïåðåñåêàþòñÿ è çàäàþò ïî êðàéíåé ìåðå ïî îäíîìó ñîáûòèþ, ðàíüøå
è ïîçæå êîòîðûõ x ïðîèçîéòè íå ìîæåò (íàëè÷èå ýëåìåíòîâ â L(x) è H(x) ñëåäóåò èç òîãî,
÷òî ⊢≺ x è x ≺⊣; åñëè áû ýòè ìíîæåñòâà ïåðåñåêàëèñü, òî äëÿ èõ îáùåãî ýëåìåíòà a áûëî
áû îäíîâðåìåííî âåðíî x ≺ a è a ≺ x).

Îïðåäåëåíèå 6. Ñèíõðîíèçàöèÿ ñîáûòèé ïðîòîêîëîâ. Ïóñòü íà ìíîæåñòâå ðåà-
ëèçîâàííûõ ñîáûòèé Ω îïðåäåëåíî îòíîøåíèåì âðåìåíí�îãî ïîðÿäêà ≺, à E1 è E2 � ýëå-
ìåíòû ñèñòåìû, à m(E1) è m(E2) � ïðîòîêîëû ýòèõ ýëåìåíòîâ: m(E1) = {s1, . . . , sn1},
m(E2) = {s′

1, . . . , s
′
n2
} ñîîòâåòñòâåííî.

Ïóñòü, äàëåå, x � ñîáûòèå, íà êîòîðîå ðåàãèðóåò ýëåìåíò E1, ò. å. m(E1) =
{s1, . . . , si−1, x, si+1, . . . , sn1}, 1 ⩽ i ⩽ n1.

Òîãäà ñ÷èòàåòñÿ, ÷òî
a) x ñèíõðîíèçîâàí ñ m(E2) ñëåâà, åñëè â m(E2) èìååòñÿ ïîäïîñëåäîâàòåëüíîñòü

s
′
1, . . . , s

′
jl òàêàÿ, ÷òî s

′
+k ≺ x ïðè k ⩽ jl è ¬(s′

k ≺ x) ïðè k > jl. Â ýòîì ñëó÷àå ñî-
áûòèå x íå ìîæåò ïðîèçîéòè ðàíåå ñîáûòèÿ s

′
jl. Åñëè ïðè ýòîì s

′
jl ∈ L(x), òî x

ñèíõðîíèçîâàí ñ m(E2) ñëåâà òî÷íî;
b) x ñèíõðîíèçîâàí ñ m(E2) ñïðàâà, åñëè â m(E2) èìååòñÿ ïîäïîñëåäîâàòåëüíîñòü

s
′
jr , . . . , s

′
n2
òàêàÿ, ÷òî x ≺ s

′

k ïðè k ⩾ jr è ¬(x ≺ s
′

k) ïðè k < jr. Â ýòîì ñëó÷àå ñîáûòèå x

íå ìîæåò ïðîèçîéòè ïîçäíåå ñîáûòèÿ s
′
jr . Åñëè ïðè ýòîì s

′
jr ∈ H(x), òî x ñèíõðîíèçîâàí

ñ m(E2) ñïðàâà òî÷íî.
Ñ÷èòàåòñÿ, ÷òî x ñèíõðîíèçîâàí ñ m(E2) ïîëíîñòüþ, åñëè x ñèíõðîíèçîâàí ñ m(E2)

ñëåâà è ñïðàâà, ò. å. ∃s′
jl
, s

′
jr ∈ m(E2), óäîâëåòâîðÿþùèå óñëîâèÿì (a) è (b). Åñëè ïðè ýòîì

x ñèíõðîíèçîâàí ñm(E2) ñëåâà è ñïðàâà òî÷íî, ò. å. s
′
jl
∈ L(x) è s

′
jr ∈ H(x), òî x ïîëíîñòüþ

ñèíõðîíèçîâàí ñ m(E2) òî÷íî.
Åñëè x ∈ m(E1) è x ∈ m(E2), òî x � îáùåå ñîáûòèå ïðîòîêîëîâ m(E1) è m(E2), ò. å.

äëÿ íåêîòîðîãî k, k < n2, m(E2) = {s′
1, . . . , s

′

k−1, x, s
′

k+1, . . . , s
′
n1
}. Òîãäà, ïî îïðåäåëåíèþ,

s
′
jl
= s

′

k−1 è s
′
jr = s

′

k+1. Â ýòîì ñëó÷àå ïðîèñõîäèò ñîâìåñòíàÿ ðåàêöèÿ ýëåìåíòîâ E1 è
E2 íà îáùåå ñîáûòèå x.

Óòâåðæäåíèå 3. Îïðåäåëåíèå 6 êîððåêòíî, ò. å. äëÿ ëþáîãî x, íà êîòîðîå ðåàãèðóåò
õîòÿ áû îäèí ýëåìåíò, è ëþáîãî ïðîòîêîëà m íåêîòîðîãî ýëåìåíòà ëèáî x ∈ m, ëèáî
ñóùåñòâóþò ñîáûòèÿ ýòîãî ïðîòîêîëà s

′
jl
è s

′
jr , êîòîðûå óêàçûâàþò íà ñèíõðîíèçàöèþ x ñ

m ñëåâà è ñïðàâà. Ñóùåñòâóþò ïðîòîêîëû, äëÿ êîòîðûõ ýòè ñâîéñòâà âûïîëíÿþòñÿ òî÷íî.
Äëÿ äîêàçàòåëüñòâà äîñòàòî÷íî çàìåòèòü, ÷òî ëþáîå ñîáûòèå ïðîèñõîäèò íå ðàíåå ⊢

è íå ïîçäíåå ⊣. Ýòè ñîáûòèÿ � ïåðâûå êàíäèäàòû íà s
′
jl
è s

′
jr . Ïîñëåäîâàòåëüíûé ïðî-

ñìîòð âûáðàííîãî ïðîòîêîëà îòáðàêîâûâàåò ñîáûòèÿ, íå óäîâëåòâîðÿþùèå òðåáóåìûì
ñâîéñòâàì. Åñëè âñå ÷ëåíû ïðîòîêîëà, çà èñêëþ÷åíèåì íà÷àëüíîãî è çàâåðøàþùåãî ñîáû-
òèÿ, îêàçûâàþòñÿ îòáðàêîâàííûìè, òî èñêîìûìè îñòàþòñÿ ñîáûòèÿ ⊢ è ⊣. Äëÿ ýëåìåíòîâ,
êîòîðûå âîçíèêàþò â õîäå àêòèâíîãî ôóíêöèîíèðîâàíèÿ ñèñòåìû, ïðîöåäóðà îòáðàêîâêè
îñòàåòñÿ îñóùåñòâèìîé, ïîñêîëüêó âñåãäà åñòü âîçìîæíîñòü âûáîðà ðîäèòåëüñêîãî ýëåìåí-
òà, âåòâëåíèå êîòîðîãî îçíà÷àåò ñîçäàíèå íîâîãî ýëåìåíòà. Ïðîïóñê ïðè îòáðàêîâêå âñåõ
÷ëåíîâ ðîäèòåëüñêîé ïðîòîêîëüíîé ïîñëåäîâàòåëüíîñòè äî ñîáûòèÿ ñîçäàíèÿ ýëåìåíòà
ïðàâîìåðåí, ò. ê. â ýòîé ÷àñòè öåïè çàâåäîìî íåò òðåáóåìûõ ñîáûòèé. Ñ ó÷åòîì òîãî, ÷òî
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ëþáîé ïðîòîêîë ÿâëÿåòñÿ öåïüþ, ò. å. åãî ÷ëåíû óïîðÿäî÷åíû ëèíåéíî, íóæíûå ñîáûòèÿ
îïðåäåëÿþòñÿ îäíîçíà÷íî.

Ðåçþìèðóÿ ñêàçàííîå âûøå, ìîæíî óòâåðæäàòü, ÷òî êîððåêòíîå ãëîáàëüíîå âðåìÿ �
ýòî ÷àñòè÷íûé ïîðÿäîê íà ìíîæåñòâå ñîáûòèé. Åñëè ïðè ìîäåëèðîâàíèè ýòîãî íåäîñòà-
òî÷íî, òî æåëàåìóþ øêàëó âðåìåíè ìîæíî çàäàòü ñ ïîìîùüþ ñïåöèàëüíîãî ýëåìåíòà ñè-
ñòåìû, êîòîðûé åñòåñòâåííî òðàêòîâàòü êàê ãåíåðàòîð âðåìåíè èëè ñèñòåìíûå ÷àñû.
Åãî ðîëü � ïîñòîÿííîå ïîðîæäåíèå ìîìåíòîâ âðåìåíè. Íà íåêîòîðûå èç íèõ ðåàãèðó-
þò äðóãèå ýëåìåíòû, ÷òî îçíà÷àåò ïðèâÿçêó èõ àêòèâíîñòè ê âðåìåííîé øêàëå: ýëåìåíò
¾çíàåò¿, â êàêîé ìîìåíò îí äîëæåí âûïîëíèòü ñîîòâåòñòâóþùóþ ðåàêöèþ. Íåêîòîðûå ñî-
áûòèÿ ïðèíóäèòåëüíî ñòàâÿòñÿ â îòíîøåíèå âðåìåíí�îãî ïîðÿäêà ñ ìîìåíòàìè âðåìåíè.
Ýòî êîððåêòíî, åñëè ñîõðàíÿåòñÿ óñëîâèå àñèììåòðè÷íîñòè (d) èç îïðåäåëåíèÿ 4 è âûïîë-
íåíî òðàíçèòèâíîå çàìûêàíèå äëÿ ðàñøèðåíèÿ ÷àñòè÷íîãî ïîðÿäêà. Òàêèì ïîñòðîåíèåì
äîçèðîâàíî äîñòèãàåòñÿ âñå, ÷òî òðåáóåòñÿ îò òðàäèöèîííîãî ãëîáàëüíîãî âðåìåíè, è ñî-
õðàíÿåòñÿ íåîïðåäåëåííîñòü òàì, ãäå ïðèâÿçêà ê âðåìåíè ÿâëÿåòñÿ ëèøü ãèïîòåòè÷åñêîé.

Çàêëþ÷åíèå. Ïîíÿòèÿ ãëîáàëüíîãî è ëîêàëüíîãî âðåìåíè, âðåìåíí�îãî ÷àñòè÷íîãî
ïîðÿäêà, ñèíõðîíèçàöèè è äð. â ðàìêàõ ïðåäñòàâëåííîé êîíöåïöèè óäàåòñÿ îïðåäåëèòü
òî÷íî, è ýòî äàåò âîçìîæíîñòü ïðîâåðÿòü ôîðìàëüíóþ êîððåêòíîñòü âçàèìîäåéñòâèÿ ýëå-
ìåíòîâ, êîòîðûå ñîâìåñòíî ðåàãèðóþò íà îáùèå ñîáûòèÿ. Ìû ïîêàçàëè äîñòàòî÷íîñòü
ââåäåííîé ñèñòåìû ïîíÿòèé äëÿ îáåñïå÷åíèÿ êîððåêòíîãî ìîäåëèðîâàíèÿ âçàèìîäåéñòâèé
ýëåìåíòîâ ñèñòåìû â ðàìêàõ ìåõàíèçìà ñîáûòèé áåç ïðèâëå÷åíèÿ ãëîáàëüíîãî âðåìåíè â
âèäå ìèðîâûõ ÷àñîâ.

Îáùåïðèíÿòî ñ÷èòàòü, ÷òî ìåõàíèçì ñèíõðîíèçàöèè ñîáûòèé äîëæåí óäîâëåòâîðÿòü
òðåáîâàíèþ ëîêàëüíîãî îãðàíè÷åíèÿ ïðè÷èííîé ñâÿçè (local causality constraint), îáåñïå-
÷èâàþùåãî äëÿ ìîäåëüíîãî âðåìåíè èìèòàöèþ åñòåñòâåííîãî ïîðÿäêà ñîáûòèé ¾îò ïðè÷è-
íû � ê ñëåäñòâèþ¿ [10]. Ïîíÿòíî, ÷òî íèêàêîé ôîðìàëèçì íå â ñîñòîÿíèè ãàðàíòèðîâàòü
àâòîìàòè÷åñêîå âûïîëíåíèå ýòîãî èëè åìó ïîäîáíîãî òðåáîâàíèÿ. Íàøà ôîðìàëèçàöèÿ íå
èñêëþ÷åíèå. Îäíàêî, èñïîëüçóÿ åå, ðàçðàáîò÷èê ìîäåëè áóäåò òî÷íî çíàòü, êàêèå ñâîéñòâà
ìîäåëüíîé ñèñòåìû íóæíî ïðîâåðÿòü äëÿ âåðèôèêàöèè åå êîððåêòíîñòè. Îðãàíèçàöèÿ òà-
êîé ïðîâåðêè âûõîäèò çà ðàìêè ðàññìîòðåíèÿ íàñòîÿùåé ðàáîòû. Â ñâÿçè ñ ýòèì ñòîèò
óïîìÿíóòü ïóáëèêàöèè [11�15], â êîòîðûõ ñïåöèàëüíîå âíèìàíèå óäåëÿåòñÿ àëãîðèòìàì
ñèíõðîíèçàöèè âçàèìîäåéñòâèÿ ïðîöåññîâ è âåðèôèêàöèè ìîäåëèðîâàíèÿ âðåìåíè.

Íàøà êîíöåïöèÿ âðåìåíè êàê ÷àñòè÷íîãî ïîðÿäêà íà ìíîæåñòâå ñîáûòèé íå ïðåòåíäóåò
íà ðîëü åäèíñòâåííî âîçìîæíîãî ôîðìàëüíîãî îïðåäåëåíèÿ ñèñòåìû ïîíÿòèé äëÿ ìîäåëè-
ðîâàíèÿ ðàçâèòèÿ. Èñòîðè÷åñêè ïåðâûì è â íåêîòîðîì ñìûñëå àëüòåðíàòèâíûì ðåøåíèåì
èç ýòîãî ðÿäà ñëåäóåò ñ÷èòàòü òàê íàçûâàåìóþ êâàçèïàðàëëåëüíóþ ñèñòåìó äèñêðåòíûõ
ñîáûòèé ÿçûêà Ñèìóëà [16], à çàòåì è Ñèìóëà 67 [17], ïðåäëîæåííóþ Î. È. Äàëîì è Ê.
Íþãîðäîì åùå â 60-õ ãîäàõ. 5 Ýòî ðåøåíèå ïðèìå÷àòåëüíî òåì, ÷òî äîêàçûâàåò âîçìîæ-
íîñòü îòîáðàæåíèÿ âçàèìîäåéñòâèÿ àâòîíîìíûõ ïðîöåññîâ, î êîòîðûõ ïðîãðàììèñò ìîæåò
è äîëæåí äóìàòü êàê î ïàðàëëåëüíûõ, â ñõåìó ïîñëåäîâàòåëüíî âûïîëíÿåìûõ ïðîãðàìì-
íûõ ìîäóëåé. Ïðè ýòîì ýôôåêò ïàðàëëåëèçìà ñîõðàíÿåòñÿ. Âû÷èñëèòåëüíîå îáîðóäîâà-
íèå òîãî âðåìåíè íå ïîçâîëÿëî ðàññ÷èòûâàòü íà ðåàëèçàöèþ ïàðàëëåëüíûõ ðàñ÷åòîâ, è
ïîýòîìó ïðèøëîñü ñòðîèòü ñòðîãî ïîñëåäîâàòåëüíîå âûïîëíåíèå ìîäåëåé è èìèòèðîâàòü
ïàðàëëåëèçì. Áûòü ìîæåò, èìåííî ýòî îãðàíè÷åíèå ïîçâîëèëî àâòîðàì ïðîåêòà Ñèìóëà
ïðåäëîæèòü ñáàëàíñèðîâàííîå ðåøåíèå, êîòîðîå íå ïåðåñòàëî áûòü àêòóàëüíûì è ñåãîäíÿ.

5Èñòîðèÿ ðàçâèòèÿ Ñèìóëû, åå êîíöåïöèé, ïîëüçîâàòåëüñêèõ ñðåäñòâ è äðóãèõ îñîáåííîñòåé ïðåäñòàâ-
ëåíà â î÷åíü èíòåðåñíîé ïóáëèêàöèè àâòîðîâ ÿçûêà [18].
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Â îòëè÷èå îò ìîäåëüíîãî âðåìåíè, îïðåäåëÿåìîãî íà îñíîâå îòíîøåíèé ìåæäó ñîáû-
òèÿìè, êâàçèïàðàëëåëüíàÿ ñèñòåìà Ñèìóëû è Ñèìóëû 67 çàäàåò èëè, ëó÷øå ñêàçàòü, êîí-
ñòðóèðóåò ïðîãíîçèðóåìîå ìîäåëüíîå ãëîáàëüíîå âðåìÿ, óïîðÿäî÷èâàÿ ýëåìåíòû ñèñòåìû
â ñîîòâåòñòâèè ñ äèíàìè÷åñêè ôîðìèðóþùèìñÿ ïëàíîì âûïîëíåíèÿ ïðîãðàìì ýòèõ ýëå-
ìåíòîâ è ãëàâíîé ïðîãðàììû ìîäåëè, ñèìóëèðóþùåé ïîâåäåíèå âíåøíåé ñðåäû ñèñòåìû.
Äëÿ óïîðÿäî÷åíèÿ âûïîëíåíèÿ ìîäåëüíûõ ðàñ÷åòîâ èñïîëüçóåòñÿ ñïåöèàëüíàÿ ñòðóêòó-
ðà äàííûõ, íàçûâàåìàÿ óïðàâëÿþùèì ñïèñêîì, â êîòîðûé âíîñÿòñÿ ýëåìåíòû (ññûëêè íà
íèõ), ïëàíèðóåìûå äëÿ àêòèâèçàöèè. Â êàæäûé ìîìåíò ìîäåëüíûõ ðàñ÷åòîâ åäèíñòâåí-
íûì àêòèâíûì ýëåìåíòîì ÿâëÿåòñÿ òîò, íà êîòîðûé ññûëàåòñÿ ïåðâûé ýëåìåíò óïðàâëÿþ-
ùåãî ñïèñêà. Êàê òîëüêî ýëåìåíò ïåðåñòàåò áûòü àêòèâíûì, îí óäàëÿåòñÿ èç óïðàâëÿþùåãî
ñïèñêà. Âñå ïîñëåäóþùèå ýëåìåíòû, ïðåäñòàâëåííûå â ñïèñêå, îæèäàþò ñâîåé î÷åðåäè íà
âûïîëíåíèå.

Ïðîöåññ, âûïîëíÿåìûé ýëåìåíòîì, ìîæåò íàõîäèòüñÿ â îäíîì èç ÷åòûðåõ ñîñòîÿíèé:
1) àêòèâíûì, êîãäà (ðåàëüíî) âûïîëíÿåòñÿ ïðîãðàììà ïðîöåññà;
2) ïðèîñòàíîâëåííûì, êîãäà âûïîëíåíèå ïðîãðàììû ïðîöåññà ïðåðâàíî, íî çàïîìíåíà

òî÷êà âîçîáíîâëåíèÿ è ïðîöåññ íàõîäèòñÿ â óïðàâëÿþùåì ñïèñêå;
3) ïàññèâíûì, êîãäà ïðîöåññ íå âûïîëíÿåòñÿ è íå íàõîäèòñÿ â óïðàâëÿþùåì ñïèñêå,

íî òî÷êà âîçîáíîâëåíèÿ àêòèâíîñòè çàïîìíåíà;
4) çàâåðøåííûì, êîãäà âûïîëíåíèå åãî ïðîãðàììû ïðåðâàíî, è òî÷êà âîçîáíîâëåíèÿ

àêòèâíîñòè íå çàïîìíåíà.
Êîíñòðóêöèÿ óïðàâëÿþùåãî ñïèñêà èìèòèðóåò âðåìÿ. Ïåðâûé ïðîöåññ åäèíñòâåííûé

àêòèâíûé. Êîãäà îí ïðåðûâàåò ñâîå âûïîëíåíèå, ñëåäóþùèì àêòèâíûì ñòàíîâèòñÿ ñëåäó-
þùèé çà íèì ïðèîñòàíîâëåííûé ïðîöåññ.

Ïðîöåññ ìîæåò áûòü âñòàâëåí â óïðàâëÿþùèé ñïèñîê (ïåðåä êàêèì-ëèáî ïðîöåññîì
â ñïèñêå èëè ïîñëå íåãî, ÷åðåç îïðåäåëåííîå âðåìÿ) èëè óäàëåí èç íåãî. Ïðîöåññ òàê-
æå ìîæåò áûòü íàçíà÷åí íà îïðåäåëåííîå âðåìÿ. Ýòî îçíà÷àåò, ÷òî îí âñòàâëÿåòñÿ ïåðåä
òåì ïðîöåññîì, âðåìÿ âûïîëíåíèÿ êîòîðîãî � ìèíèìàëüíîå âðåìÿ, ïðåâîñõîäÿùåå íàçíà-
÷àåìîå. Âîçìîæíî ñëó÷àéíîå (ïñåâäîñëó÷àéíîå) äåéñòâèå ïî âñòàâêå ïðîöåññà â òî èëè
èíîå ìåñòî óïðàâëÿþùåãî ñïèñêà. Ìîæíî ñ÷èòàòü, ÷òî ñ ïîìîùüþ óïðàâëÿþùåãî ñïèñêà
ïðîöåññàì çàäàþòñÿ îòíîñèòåëüíûå ïðèîðèòåòû. Ïîñòóëèðóåòñÿ, ÷òî âñå îïåðèðîâàíèå ñ
óïðàâëÿþùèì ñïèñêîì è ñ ñîñòîÿíèÿìè àêòèâíîñòè ïðîöåññîâ ÿâëÿåòñÿ ñëåäñòâèåì ñî-
áûòèé, äèñêðåòíî ïðîèñõîäÿùèõ â ñèñòåìå. Ïîêà íå ïðîèçîøëî êàêîå-ëèáî èç ñîáûòèé,
ðåàêöèÿ íà êîòîðîå ïðåäóñìàòðèâàåò ñîîòâåòñòâóþùèå èçìåíåíèÿ, ñîñòîÿíèå ïðîöåññà è
åãî ïîëîæåíèå â óïðàâëÿþùåì ñïèñêå íå ìîãóò èçìåíÿòüñÿ.

Ñàìîå ñóùåñòâåííîå â ñèñòåìå ñ äèñêðåòíûìè ñîáûòèÿìè Ñèìóëû � ýòî òî, ÷òî åå
ñðåäñòâà îïåðèðîâàíèÿ ïîçâîëÿþò ïðîãðàììèñòó äóìàòü îá ýëåìåíòàõ ñèñòåìû êàê î ïà-
ðàëëåëüíî äåéñòâóþùèõ àãåíòàõ â óñëîâèÿõ íåÿâíî îïðåäåëåííîãî ãëîáàëüíîãî âðåìåíè.
Ôàêòè÷åñêè ýëåìåíòû âûïîëíÿþò ñâîè ïðîãðàììû ïîñëåäîâàòåëüíî è â ñòðîãîì ñîîòâåò-
ñòâèè ñ äèíàìè÷åñêè ìåíÿþùèìñÿ óïðàâëÿþùèì ñïèñêîì, êîòîðûé îáåñïå÷èâàåò ãëîáàëü-
íîå âðåìÿ êàê ïîëíîñòüþ óïîðÿäî÷åííîå ìíîæåñòâî óæå âîçíèêøèõ è ïëàíèðóåìûõ ê âîç-
íèêíîâåíèþ ñîáûòèé. Âû÷èñëèòåëüíîå îáîðóäîâàíèå âðåìåíè, êîãäà ñîçäàâàëàñü Ñèìóëà,
íå ïîçâîëÿëî ðàññ÷èòûâàòü íà ðåàëèçàöèþ ïàðàëëåëèçìà, à ïîòîìó ðåøåíèå èñïîëüçîâàòü
ñïåöèàëüíóþ ñòðóêòóðó äàííûõ, ïîääåðæèâàþùóþ ïîëíîå óïîðÿäî÷èâàíèå àêòèâèçàöèè
ýëåìåíòîâ ìîäåëüíîé ñèñòåìû, ïðåäëîæåííîå Äàëîì è Íþãîðäîì, âïîëíå îïðàâäàíî (àíà-
ëèç ýòîé êîíöåïöèè ïðåäñòàâëåí â ìîíîãðàôèè [19]).
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Ñåãîäíÿ õîòåëîñü áû âèäåòü ðàçâèòèå ñèñòåì ñ äèñêðåòíûìè ñîáûòèÿìè, êîòîðîå îðè-
åíòèðîâàëî áû âû÷èñëåíèÿ íà ïðîäóêòèâíîå èñïîëüçîâàíèå ìíîãîïðîöåññîðíîãî ðåñóðñà
â ñî÷åòàíèè ñ ýôôåêòîì ïàðàëëåëèçìà, îáåñïå÷åííîãî óïðàâëÿþùèì ñïèñêîì. Îäíàêî ýòà
ïðîáëåìà íå òàê ïðîñòà, êàê ìîæåò ïîêàçàòüñÿ ïðè ïîâåðõíîñòíîì ðàññìîòðåíèè. Äåëî â
òîì, ÷òî ñòðîãî óïîðÿäî÷åííàÿ ïîñëåäîâàòåëüíîñòü ñîáûòèé ñîçäàåò âèäèìîñòü äîïîëíè-
òåëüíîé çàâèñèìîñòè ïðîöåññîâ, âûïîëíÿåìûõ êàê ðåàêöèè íà ñîáûòèÿ. Çàäà÷à ðàñïîçíà-
âàíèÿ òîãî, êàêèå èç ïðîöåññîâ ìîæíî âûïîëíÿòü ïàðàëëåëüíî, î÷åíü òðóäîåìêà � îíà
òðåáóåò ïðîâåäåíèÿ àíàëèçà ñâÿçåé ìåæäó ïðîöåññàìè íà óðîâíå âñåõ êîíòåêñòîâ, ê êî-
òîðûì îáðàùàþòñÿ ïðîöåññû, ÷òî äëÿ ïðîãðàìì ìîäåëèðîâàíèÿ ïðàêòè÷åñêè íåðåàëüíî.
Íóæíû ïîäõîäû, êîòîðûå îòêàçûâàþòñÿ îò ïðÿìîëèíåéíîãî ñëåäîâàíèÿ óïîðÿäî÷èâàíèÿ
âû÷èñëåíèé íà áàçå ãëîáàëüíîãî âðåìåíè ìîäåëüíîé ñèñòåìû.

Î÷åâèäíûé ñïîñîá îðãàíèçàöèè âû÷èñëåíèé, ñïîñîáñòâóþùèé ñîêðàùåíèþ ðàñõîäîâ íà
àíàëèç çàâèñèìîñòåé, � ýòî ñîêðàùåíèå ñâÿçåé ïðîöåññîâ ÷åðåç îáùèé ãëîáàëüíûé êîí-
òåêñò. Ïðèìåíèòåëüíî ê ñîáûòèéíîìó óïðàâëåíèþ â ðàçâèâàþùèõñÿ ñèñòåìàõ ýòî ïðÿìî
óêàçûâàåò íà íåîáõîäèìîñòü îòêàçà îò ìîäåëèðîâàíèÿ ãëîáàëüíîãî âðåìåíè. È çäåñü íàäî
ãîâîðèòü î ðàçâèòèè ÿçûêîâûõ ìîäåëåé âû÷èñëåíèé, íàöåëåííîì íà ðåàëèçàöèþ óäîáíûõ
è ïîíÿòíûõ ñðåäñòâ ïîääåðæêè çàäàíèÿ ëîêàëüíîãî îïåðèðîâàíèÿ. Â êà÷åñòâå ïåðñïåê-
òèâíûõ íàïðàâëåíèé â ýòîé îáëàñòè ìîæíî íàçâàòü ÿçûêè ôóíêöèîíàëüíîãî ñòèëÿ ïðî-
ãðàììèðîâàíèÿ è ñèñòåìû ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ.6 Ê ïåðâîìó èç ýòèõ
íàïðàâëåíèé îòíîñÿòñÿ ÷èñòûé Ëèñï ñ ïîääåðæêîé îáúåêòíî-îðèåíòèðîâàííîãî ïðîãðàì-
ìèðîâàíèÿ (ñèñòåìà CLOS [22]), Haskel [23] è äð., êî âòîðîìó � ÿçûê è ñèñòåìà ïðîãðàì-
ìèðîâàíèÿ Luna [24, 25]. Îáà íàïðàâëåíèÿ äîêàçàëè ñâîþ ýôôåêòèâíîñòè ïðè êîíñòðóè-
ðîâàíèè ïðîãðàìì âî ìíîãèõ ïðèêëàäíûõ è ñèñòåìíûõ îáëàñòÿõ, îäíàêî àäåêâàòíîñòü èõ
èñïîëüçîâàíèÿ ïðè ìîäåëèðîâàíèè ðàçâèòèÿ ñèñòåì åùå ïðåäñòîèò èññëåäîâàòü.

Ñîâðåìåííîå ñîñòîÿíèå ïðîáëåìàòèêè ìîäåëèðîâàíèÿ âðåìåíè îòðàæàåò ïîäðîáíûé îá-
çîð Â. Â. Îêîëüíèøíèêîâà [26], ñîäåðæàùèé äîñòàòî÷íî ïîëíóþ èíôîðìàöèþ î ïîäõîäàõ
ê ðåøåíèþ èìèòàöèè ðàçâèòèÿ. Öåííîñòü ýòîé ïóáëèêàöèè â òîì, ÷òî àâòîð óêàçûâàåò
íà ïîáóäèòåëüíûå ïðè÷èíû âûáîðà òîãî èëè èíîãî ñïîñîáà îòðàæåíèÿ âðåìåíè â ìîäå-
ëÿõ, èñõîäÿ èç ïîòðåáíîñòåé ðåøåíèÿ ðåàëüíûõ çàäà÷ ìîäåëèðîâàíèÿ. Â ÷àñòíîñòè, îí
îáîñíîâûâàåò ïðè÷èíû ïîÿâëåíèÿ Ñòàíäàðòà àðõèòåêòóðû âåðõíåãî óðîâíÿ äëÿ ñèñòåì
ìîäåëèðîâàíèÿ è ñèìóëÿöèè [27], à òàêæå ñîïóòñòâóþùèõ åìó ñòàíäàðòîâ, êîòîðûå áûëè
ðàçðàáîòàíû â IEEE äëÿ óíèôèêàöèè ìåòîäîâ ðåøåíèÿ çàäà÷ â ýòîé îòðàñëè. Àâòîð îáçî-
ðà îòìå÷àåò, ÷òî âñå ðàññìàòðèâàåìûå ìîäåëè èìèòàöèîííîãî âðåìåíè â íàñòîÿùåå âðåìÿ
èñïîëüçóþòñÿ â ðàçëè÷íûõ îáëàñòÿõ ïðèìåíåíèÿ ìîäåëèðîâàíèÿ, à èõ ðàçëè÷èÿ ñâÿçàíû
ñ îñîáåííîñòÿìè ýòèõ îáëàñòåé.

Èññëåäîâàíèå, ïðåäñòàâëåííîå â íàñòîÿùåé ðàáîòå, ïîêàçàëî, ÷òî ïðåîäîëåíèå òðóäíûõ
ïðîáëåì ãëîáàëèçàöèè âðåìåíè íà îñíîâå ìèðîâûõ ÷àñîâ äîñòèæèìî, åñëè ãëîáàëüíîå âðå-
ìÿ ðàññìàòðèâàòü êàê ñóùíîñòü, âòîðè÷íóþ ïî îòíîøåíèþ ê ëîêàëüíûì âðåìåíàì ýëåìåí-
òîâ ñèñòåìû. Íà ýòîé îñíîâå ìîæíî ñòîèòü øàáëîíû ïðîåêòèðîâàíèÿ, êîòîðûå ðåàëèçóþò

6Íåñìîòðÿ íà òî, ÷òî ïåðâîìó ôóíêöèîíàëüíîìó ÿçûêó Ëèñïó ïî÷òè ñòîëüêî æå ëåò, ñêîëüêî è Ôîð-
òðàíó, ñòàðòîì øèðîêîãî îáñóæäåíèÿ ôóíêöèîíàëüíîñòè ñòàë 1978 ãîä, ïîñëå ïóáëèêàöèè Äæ. Áýêóñîì
ëåêöèè, ïðî÷èòàííîé ïðè ïðèñóæäåíèè åìó òüþðèíãîâñêîé ïðåìèè [20]. Ôðàãìåíòèðîâàííîå ïðîãðàììè-
ðîâàíèå [21] íå èìååò ñòîëü æå äàâíåé èñòîðèè. Òåì íå ìåíåå, îïûò êîíñòðóèðîâàíèÿ ïðîãðàìì ïóòåì
ïîäãîòîâêè ôðàãìåíòîâ, êîòîðûå äëÿ çàäàíèÿ òðåáóåìûõ âû÷èñëåíèé êîìáèíèðóþòñÿ ñ ó÷åòîì ñâîéñòâ è
îñîáåííîñòåé êàê ñîñòàâëÿåìûõ àëãîðèòìîâ, òàê è èñïîëüçóåìîé ðåàëüíîé ñðåäû âû÷èñëåíèé, ïîêàçûâàåò
î÷åíü õîðîøèå ðåçóëüòàòû.
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Ðèñ. 1. Ñõåìà êëàññèôèêàöèé ñëîæèâøèõñÿ êîíöåïöèé âðåìåíè

äîñòàòî÷íî îáùèå ìåòîäû ïîñòðîåíèÿ ìîäåëåé ýâîëþöèîííîãî ðàçâèòèÿ. Âûÿâëåíèå ñèòó-
àöèé, â êîòîðûõ òðåáóþòñÿ òàêèå øàáëîíû, ìû ðàññìàòðèâàåì â êà÷åñòâå ïåðñïåêòèâíîé
ðàáîòû.

Ïðèëîæåíèå. Ìåòîäîëîãè÷åñêèå êîíöåïöèè âðåìåíè è èõ ñâÿçü ñ âèäàìè

íàó÷íî-èññëåäîâàòåëüñêîé äåÿòåëüíîñòè. Ïîíÿòèå âðåìåíè è åãî ñîîòíîøåíèå ñ ïî-
íÿòèåì ïðîñòðàíñòâà çàíèìàëî èññëåäîâàòåëåé ñ äðåâíåéøèõ âðåìåí è äî íàøèõ äíåé. Â
ïðåäñòàâëåííîé ñõåìå (ðèñ. 1) ïîêàçàíà êëàññèôèêàöèÿ ñëîæèâøèõñÿ êîíöåïöèé âðåìåíè.
Îñíîâîé ïîñòðîåííîé èåðàðõèè ñëóæàò íàó÷íî-èññëåäîâàòåëüñêèå íàïðàâëåíèÿ, ñ êîòîðû-
ìè ìîæíî ñîîòíåñòè òå èëè èíûå êîíöåïöèè. Â ðåçóëüòàòå îïðåäåëèëîñü ïÿòü êëàñòåðîâ:
(1) åñòåñòâåííî-íàó÷íîå íàïðàâëåíèå; (2) ýêîíîìè÷åñêèå íàóêè; (3) ñèñòåìíûå èññëåäîâà-
íèÿ; äëÿ íàïðàâëåíèé (4) è (5) ñôîðìóëèðîâàòü àäåêâàòíûå íàçâàíèÿ íå óäàëîñü.

Íà ñõåìå âûäåëåíû èìåíà ïðåäñòàâèòåëåé íàïðàâëåíèé, ñóæäåíèÿ êîòîðûõ öèòèðó-
þòñÿ (â êðàòêîì ïåðåñêàçå).
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Today, many organizations and companies increasingly need to use Big Data in order to increase
their income, strengthen competitiveness, and study the interests of customers. However, most
approaches to real-time processing and analysis of Big Data are based on the cooperation of several
servers. In turn, the use of multiple servers limits the possibilities of many organizations and companies
due to cost, management and other parameters. This research paper presents an approach for real-
time processing and analysis of Big Data on a single server based on a distributed computing engine,
and it is based on research that the approach leads to e�ciency in terms of cost, reliability, integrity,
network independence, and manageability. Also, in order to improve the e�ciency of the approach,
the methodology of optimizing the number of databases on a single server was developed. This
methodology uses MinMaxScaler, StandardScaler, RobustScaler, MaxAbsScaler, QuantileTransformer
PowerTransformer scaling functions together with Machine Learning Linear Regression, Random Forest
Regression, Multiple Linear Regression, Polynomial Regression, Lasso Regression algorithms. The
obtained results were analyzed and the e�ectiveness of the regression algorithm and scaling function
was determined for the experimental data.

Key words: Big Data, Real Time Processing, Single Server Distributed Computing Engine,
Architecture, Machine Learning, Regression Algorithms, Scaling.
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Îäíàêî áîëüøèíñòâî ïîäõîäîâ ê îáðàáîòêå è àíàëèçó áîëüøèõ äàííûõ â ðåàëüíîì âðåìåíè
îñíîâàíû íà âçàèìîäåéñòâèè íåñêîëüêèõ ñåðâåðîâ. Â ñâîþ î÷åðåäü, èñïîëüçîâàíèå íåñêîëü-
êèõ ñåðâåðîâ îãðàíè÷èâàåò âîçìîæíîñòè ìíîãèõ îðãàíèçàöèé è êîìïàíèé èç-çà ñòîèìîñòíûõ,
óïðàâëåí÷åñêèõ è äðóãèõ ïàðàìåòðîâ. Â ýòîì èññëåäîâàòåëüñêîì äîêóìåíòå ïðåäñòàâëåí ïîä-
õîä ê îáðàáîòêå è àíàëèçó áîëüøèõ äàííûõ â ðåæèìå ðåàëüíîãî âðåìåíè íà îäíîì ñåðâåðå
íà îñíîâå ðàñïðåäåëåííîãî âû÷èñëèòåëüíîãî ìåõàíèçìà, è îí îñíîâàí íà èññëåäîâàíèÿõ, êî-
òîðûå ïðèâîäÿò ê ýôôåêòèâíîñòè ñ òî÷êè çðåíèÿ ñòîèìîñòè, íàäåæíîñòè, öåëîñòíîñòè, íåçà-
âèñèìîñòè îò ñåòè è óïðàâëÿåìîñòè. Òàêæå ñ öåëüþ ïîâûøåíèÿ ýôôåêòèâíîñòè ïîäõîäà áûëà
ðàçðàáîòàíà ìåòîäèêà îïòèìèçàöèè êîëè÷åñòâà áàç äàííûõ íà îäíîì ñåðâåðå. Â ýòîé ìåòîäî-
ëîãèè èñïîëüçóþòñÿ ôóíêöèè ìàñøòàáèðîâàíèÿ MinMaxScaler, StandardScaler, RobustScaler,
MaxAbsScaler, QuantileTransformer, PowerTransformer âìåñòå ñ àëãîðèòìàìè ëèíåéíîé ðåãðåñ-
ñèè ìàøèííîãî îáó÷åíèÿ, ðåãðåññèè ñëó÷àéíîãî ëåñà, ìíîæåñòâåííîé ëèíåéíîé ðåãðåññèè, ïî-
ëèíîìèàëüíîé ðåãðåññèè, ðåãðåññèè ëàññî. Ïîëó÷åííûå ðåçóëüòàòû áûëè ïðîàíàëèçèðîâàíû
è îïðåäåëåíà ýôôåêòèâíîñòü àëãîðèòìà ðåãðåññèè è ìàñøòàáèðóþùåé ôóíêöèè äëÿ ýêñïåðè-
ìåíòàëüíûõ äàííûõ.

Êëþ÷åâûå ñëîâà: áîëüøèå äàííûå, îáðàáîòêà â ðåàëüíîì âðåìåíè, ðàñïðåäåëåííûé âû-
÷èñëèòåëüíûé äâèæîê íà îäíîì ñåðâåðå, àðõèòåêòóðà, ìàøèííîå îáó÷åíèå, àëãîðèòìû ðåãðåñ-
ñèè, ìàñøòàáèðîâàíèå.

Introduction. Today, Big Data and Big Data analysis are considered as the basis for the
development of science, economy, society, government and all spheres, i.e. a new stage. For this
reason, many scienti�c and practical studies are being conducted on the collection, storage and
processing of Big Data. But fundamental works in scienti�c publications are still insu�cient [1].

The place of Big Data in the world economy can also be seen in the fact that the global
size of the Big Data analysis market in 2021 is estimated at 240.56 billion dollars. In 2020, this
indicator was equal to 70.5 billion dollars [2]. Also, the Big Data analytics market is projected
to grow from 271.83 billion dollars in 2022 to 655.53 billion dollars by 2029 [3]. The main
reason for this is that many organizations and companies seek to use Big Data to increase

© À.Ð. Àõàòîâ, À. Ðåíàâèêàð, À.Ý. Ðàøèäîâ, Ô.Ì. Íàçàðîâ, 2023



À.Ð. Àõàòîâ, À. Ðåíàâèêàð, À.Ý. Ðàøèäîâ, Ô.Ì. Íàçàðîâ 37

revenue, retain customers, or improve product quality and become more competitive. Big Data
allows enterprises and organizations to gain a deeper understanding of their activities and make
strategic decisions in real time. However, not all enterprises and organizations are able to use
Big Data analysis solutions. This opinion is especially relevant to the representatives of small
businesses, which form the basis of the economy [4].

A number of studies are being conducted by world scientists on Big Data processing and
analysis. Such studies include parallel computing mechanisms in real-time processing and
analysis of Big Data [5�8], Hadoop ecosystem [9�10], distributed computing systems [11�15],
distributed databases [16�18], Blut technologies [19�22], use of Cluster technologies [23�24],
Grid system [25�27] can be cited as an example. Distributed computing systems are based
on the models, algorithms, methods and approaches proposed as a result of most of the
research. Due to the fact that a distributed computing system consists of several independent
computing machines that work together, their use for small business representatives has caused
an increase in costs. Sometimes these expenses can be more than the expected income. In
addition, distributed computing systems require fewer Big Data specialists and experts due to
the complexity of designing data security, integrity, and analysis. For these and similar reasons,
�nding other e�ective solutions for real-time processing of Big Data remains an urgent research
topic.

Based on the literature studied in this research work, and in order to eliminate the above-
mentioned shortcomings, a model of using a distributed computing engine on a single server
for real-time processing of Big Data is proposed. Also, in order to maintain the e�ectiveness of
the proposed approach, the methods of designing databases based on arti�cial intelligence will
be explained.

1. Materials and Methods.

1.1. Architecture of real-time data processing on a single server based on a distributed
computing mechanism. Big Data processing and analysis using a distributed computing system
is based on the approach of storing data on several servers. In this case, each server has its
own memory and operating system, and when requests are made by clients, the servers achieve
e�ciency by dividing requests or working together. An overview of the architecture of data
processing in a distributed computing system is presented in Fig. 1, a.

The Big Data processing and analysis mechanism proposed in this research work is based
on the distributed computing system's large-scale data processing and analysis approach. But
the proposed approach uses a single server instead of multiple servers. In the process of storing
large volumes of data, data is distributed to several databases on a single server based on
certain rules. That is, if in distributed computing systems data is distributed to several servers,
then in the proposed model it is distributed to the database of a single server. When a client
makes requests, the distribution model forwards the requests to the appropriate database.
When choosing the necessary database, the criteria used for dividing data into databases are
used. During the execution of the request, the search is not performed among all the data on
the server, this process is performed only in a certain database. As a result, the query is not
performed on all the data has a positive e�ect on the data processing time. The architecture of
data processing on a single server based on the distributed computing mechanism is presented
in Figure 1.b.

1.2. Positive and negative indicators of the approach to data processing on a single server
based on a distributed computing mechanism. The proposed approach can provide positive
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Fig. 1. a) Data processing architecture in a distributed computing system; b) Data processing architecture on

a single server based on a distributed computing mechanism

e�ciency according to several indicators. This can also be seen in the comparison with the
data processing approach in the distributed computing system in Table 1.

As can be seen from Table 1, the proposed Big Data processing and analysis approach
on a single server based on the distributed computing mechanism is more e�ective than the
distributed computing systems approaches in terms of cost, controllability, security, integrity,
and network reliability. The availability indicator of this approach depends on the constant
availability of electric current, protection from external in�uences, and this problem can be
practically solved. The main problem in the approach is the limitation of the amount of data
to be stored and processed, that is, the problem of scalability. This is related to the memory
resource of a single server, the more memory the server has, the more data it can process and
analyze in real time. Based on the proposed approach, servers with several terabytes of memory
resources allow real-time processing and analysis of data in the Fast Data class of Big Data.
Since Fast Data data processing and analysis can fully meet the needs of small organizations and
small business representatives, it is not important to pay attention to the scalability problem
of the proposed approach.

In order for the proposed approach to provide the expected e�ciency, it is necessary to
correctly organize the work of the distribution module in the server and correctly design the
databases. The work of the distribution module is considered to be correctly organized when it
is ensured that the incoming data is distributed as evenly as possible to the database based on
a certain rule. Distribution of data based on a speci�c rule helps to determine which database
to �nd them in the process of processing. Equal distribution of data helps to equalize the time
required for operations on the same databases and, as a result, to minimize the total time of
system operation.

1.3. Methodology for optimizing the number of databases in the approach of data processing
on a single server based on a distributed computing mechanism. The e�ciency of large data
processing on a single server based on a distributed computing mechanism depends on the
number of databases in the server. On the one hand, in the proposed approach time e�ciency
is achieved by increasing the number of databases, on the other hand, the increase of the
database, which is not proportional to the volume of data, has a negative e�ect on the time
indicator. Because the total number of databases is directly proportional to the time spent
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Table 1

Evaluation of data processing approaches on a single server based on a distributed
computing mechanism and in a distributed computing system according to various indicators

Indicators An approach to data processing on a single
server based on a distributed computing
mechanism

Data processing architecture in distributed
computing systems

Cost building an infrastructure with a single
computer is several times cheaper than
a distributed computing system that
includes several servers

It is expensive due to the fact that it
contains several servers and requires special
methods and tools

Manageability A single server architecture requires fewer
specialists and labor management, and
the implementation of processes does not
depend on other servers

since the processes involved depend on
several servers, the management process is
complex and requires special specialists

Safety it is more possible to install security
controls on a single server than to ensure
the security of several servers

a head on a single server can threaten the
security of the entire head system

Availability availability is low compared to distributed
computing systems

Due to the fact that data can be replicated
on several servers, availability is high due to
the fact that the downtime of one server is
hidden by another server

Integrity integrity is easy to maintain because the
same data is stored in a single database on
a single server

integrity is di�cult to maintain because the
same data is replicated on multiple servers

Network

dependency

insensitive to network problems such as
network failures, latency, quality of service
and bandwidth overload

It is sensitive to any network failures and
delays due to the fact that several servers are
connected through communication channels
and are required to work cooperatively
through these communication channels

Scalability the size of the data is limited by the size
of the server's memory resource

data volume increase is solved by adding
new servers to the system

Parallelism only internal parallelism can exist High performance parallelism can be
achieved through multiple servers

on the distribution module. Therefore, in order to achieve high e�ciency in the approach, it
is necessary to determine the optimal number of databases. In the study, Machine Learning
algorithms were used to determine the optimal number of databases suitable for this data for
real-time data processing. That is, based on the data collected as a result of the experiment,
the optimal number of the database was predicted using various Machine Learning algorithms.

Optimization of the number of databases in the approach of processing big data on a
single server based on a distributed computing engine is carried out based on the following
methodology:

Step 1. Experimental tests are conducted on several servers individually based on the
proposed approach. In this case, the same set of data is distributed to di�erent number of
databases and the results of the processing process are recorded.

Step 2. The data collected as a result of mining is scaled for Machine Learning processing.
Step 3. Based on the scaled data, the optimal number of the database is predicted using

various Machine Learning algorithms.
Step 4. Prediction errors of Machine Learning algorithms are determined and optimal

algorithm is selected.
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Table 2

Proportionality of the data collected as a result of the experiment
to the time variable, correlation coe�cients

Correlation coe�cient
Variables Based on all the Collected only on the

information collected basis of big data

d.tuple 0.591772 0.536529
d.base −0.295736 −0.412476

volume.MB 0.558165 0.487971
RAM.MB −0.116031 −0.247784
RAM.s.MHz −0.102711 −0.241887

hard.d.r.s.MB/s −0.108392 −0.172707
CPU.MHz −0.124257 −0.247309
CPU.Core −0.087359 −0.210822

Cashe.L1.MB −0.087359 −0.210822
Cashe.L2.MB −0.087359 −0.210822
Cashe.L3.MB −0.093424 −0.219544

Step 1. During the research and experimental tests, the following information was collected:
✓d.tuple � total number of tuples in databases;
✓d.base � the number of databases where data is distributed on the server;
✓volume.MB � the total volume of data in the database (Mbayt);
✓hard.d.r.s.MB/s � the speed of reading data from the hard disk (Mbayt/sekund)
✓RAM.MB � RAM capacity (Mbayt);
✓RAM.s.MHz � RAM frequency (MHz);
✓CPU.MHz � processor frequency (MHz);
✓CPU.core � number of processor cores;
✓cashe.L1.MB � the size of the memory of 1st cache (Mbayt);
✓cashe.L2.MB � the size of the memory of 2nd cache (Mbayt);
✓cashe.L3.MB � the size of the memory of 3rd cache. (Mbayt);
d.tuple, d.base, time.secund and volume.MB can be used to determine the optimal number

of databases for a single server. All the collected information is used to determine the optimal
number of databases when the server parameters change.

Step 2. It is very important to scale the data before transferring it to Machine Learning [28].
The following data scaling methods were used in the study:

1) MinMaxScaler. This scaling method is calculated by formula (1):

xijnew =
xij − xjmin

xjmax − xjmin

(1)

here xij− is the variable at the intersection of the i row and the j column, xjmin− is the smallest
of the variables in the h column, xjmax− is the largest of the variables in the j column. The
data collected using the MinMaxScaler formula is brought to the interval [0, 1].

2) MaxAbsScaler. This scaling method is calculated by formula (2):

xijnew =
xij

max(abs(xj))
(2)
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Table 3

Error indicators depending on the scaling functions of the experimentally applied
Machine Learning algorithms. ∗degree � represents the degree of variables

in the Polynomial Regression algorithm

Type of
Algorithms
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Linear MAE 0.1030 0.1030 0.1030 0.1030 5.4786 4.4256 4.1186
Regression RMSE 0.1561 0.1561 0.1561 0.1561 6.8508 5.8557 5.6301

Random Forest MAE 0.0771 0.0705 0.0829 0.0833 0.0700 0.0600 0.0743
Regression RMSE 0.2614 0.2547 0.3072 0.3068 0.1770 0.2103 0.2650

Multiple Linear MAE 0.1750 0.6957 0.3500 0.1714 0.1009 0.4354 0.2882
Regression RMSE 0.2168 0.8617 0.4335 0.2123 0.1324 0.5528 0.3752

Polinomial degree = 5 degree = 5 degree = 6 degree = 5 degree = 5 degree = 2 degree = 2

Regression MAE 0.0490 0.1943 0.0602 0.0480 0.0275 0.4473 0.3393
RMSE 0.0834 0.3315 0.1200 0.0817 0.0421 0.5689 0.4090

Lasso MAE 0.2053 0.8160 0.4101 0.2011 0.2794 0.9946 0.8123
Regression RMSE 0.2515 1.0000 0.5026 0.2464 0.3223 1.0769 0.8722

here max(abs(xj))− is the largest absolute value in column j. Data values are scaled to the
interval [−1,1] using the MaxAbsScaler formula.

3) StandartScaler. The StandardScaler scaling method is based on formula (3):

xijnew =
xij − µj

σj

(3)

here µj− is the arimetic mean value of the variables in the j column, σj− is the mean square
deviation of the variables in the j column, determined using formula (4):

σj =

√∑
(xij − µj)2

Nj

(4)

here Nj− is the number of variables in column j. The defaultScaler formula scales data values
to a speci�c range, not [0 : 1]

4) RobustScaler. The RobustScaler scaling method is based on formula (5):

xijnew =
xij −Q2j

Q3j −Q1j

(5)

here Q2j is the median of the variables in the j column, Q1j � is the median between the
median and minimum of the ranked variables in the j column, Q3j is the median between the
median and the maximum of the ranked variables in the j column. It is more e�cient to use
RobustScaler wi a large minimum and maximum range.
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In addition to the scaling methods mentioned above, scaling methods such as Quantile
Transformer Scaler and Power Transformer Scaler were used during the research. The main
goal is to choose the scaling method that has the best result.

Step 3. Linear Regression, Random Forest Regression, Multiple Linear Regression,
Polynomial Regression and Lasso Regression algorithms of Machine Learning were used to
optimize the number of databases in the approach of data processing on a single server based on
a distributed computing engine. It is known that Linear Regression is based on the formula (6).

f(x) = a0 + a1 · x (6)

here x− is a known value, the goal of the Linear Regression algorithm is to �nd a0 and a1 that
determine a given f(x) the least error for a given value of x, and f(x) for the next incoming
values of x is to �nd the prediction value of ŷ.

The Linear Regression algorithm may not provide high accuracy because the optimal number
of databases in the study depends on several variables. In this case, the Multiple Linear
Regression algorim is more e�ective. The Multiple Linear Regression algorithm is based on
formula (7).

f(x) = a0 · x0 + a1 · x1 + a2 · x2 + a3 · x3 + ...+ an · xn (7)

here x0, x1,..., xn− are the input variables and x0 = 1. a0, a1,..., an− coe�cients to be found.
If the formula 7 is adapted to the rows of a certain data set, it comes to the equality in the

form of (8):

ŷ(1) = a0 · x(1)
0 + a1 · x(1)

1 + a2 · x(1)
2 + a3 · x(1)

3 + ...+ an · x(1)
n

ŷ(2) = a0 · x(2)
0 + a1 · x(2)

1 + a2 · x(2)
2 + a3 · x(2)

3 + ...+ an · x(2)
n

ŷ(3) = a0 · x(3)
0 + a1 · x(3)

1 + a2 · x(3)
2 + a3 · x(3)

3 + ...+ an · x(3)
n

...

ŷ(m) = a0 · x(m)
0 + a1 · x(m)

1 + a2 · x(m)
2 + a3 · x(m)

3 + ...+ an · x(m)
n (8)

From here, it is possible to extract the matrix of predictions � Ŷ and the matrix of
variables � X (9) and the matrix of coe�cients � A (10).

Ŷ =


ŷ(1)

ŷ(2)

...
ŷ(m)

 , X =


x
(1)
0 , x

(1)
1 , x

(1)
2 , x

(1)
3 , ... x

(1)
n

x
(2)
0 , x

(2)
1 , x

(2)
2 , x

(2)
3 , ... x

(2)
n

...

x
(m)
0 , x

(m)
1 , x

(m)
2 , x

(m)
3 , ... x

(m)
n

 (9)

A =
[
a0, a1, a2, ... an

]
. (10)

According to the matrix transposition property, formula (10) can be converted into
form (11):

AT =


a0
a1
...
an

 (11)

In the case of using formulas 9 and 11, formula (8) can be changed to form (12):
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ŷ(1)

ŷ(2)

...
ŷ(m)

 =


x
(1)
0 , x

(1)
1 , x

(1)
2 , x

(1)
3 , ... x

(1)
n

x
(2)
0 , x

(2)
1 , x

(2)
2 , x

(2)
3 , ... x

(2)
n

...

x
(m)
0 , x

(m)
1 , x

(m)
2 , x

(m)
3 , ... x

(m)
n

×


a0
a1
...
an

 (12)

The formula of Multiple Linear Regression can be expressed by matrices in the following
short form (13):

Ŷ = X × AT (13)

The relationship between the data does not always represent a linear function. Often, the
elements of the data set are arranged very irregularly. At such times, using the Polynomial
Regression algorithm for prediction can be highly e�ective.

Step 4. In this study, the most widely used formulas of mean absolute error (MAE) and root
mean square error (RMSE) were used to evaluate the errors of Machine Learning algorithms.

2. Result. When determining the proportionality of the data collected as a result of
the experiment conducted in the study, the correlation coe�cients shown in Table 2 were
determined.

From the data in Table 2, it can be seen that the absolute value of the correlation coe�cients
of all variables is signi�cantly di�erent from zero. This means that all variables are proportional
to the time variable. Another conclusion from this experiment is that data proportionality over
time is more robust in large data (d.tuple > 1000000). Since the main goal of the research is
to increase the e�ciency of large-volume data processing, in the continuation of the research,
those tuples that satisfy the d.tuple > 1000000 conditions were used. One of the main results
obtained from the research methodology is the evaluation of algorithms for determining the
optimal value of the number of databases in the approach of data processing on a single server
based on a distributed computing mechanism. Table 3 shows the determined error indicators
depending on the scaling functions of the Machine Learning algorithms evaluated in the study.

As can be seen from Table 3, the best result, that is, the smallest mean absolute error
(MAE = 0.0275) and root mean square error (RMSE = 0.0421) was achieved by the
Polynomial Regression algorithm using the QuantileTransformer scaling function. These results
are very good for research work. Because MAE = 0.0275 means �nding the optimal number of
the database in accuracy. This means �nding the optimal number of databases wiin 1 error at
most, or no error at all.

3. Discussion. The fact that the absolute value of the correlation coe�cient of the
studied data is higher than zero does not always indicate the correlation of these variables.
In this study, CPU.Core, Cashe.L2.MB and Cashe.L3.MB are also independent of the time
variable. Because in the proposed approach, the tasks are not distributed to the processor
cores. Cashe.L2.MB and Cashe.L3.MB represent the size of the cache memory that stores
the data previously accessed. The results of the time indicator obtained in the study were
collected as a result of a single reference to certain information. In addition, since volume.MB
and d.tuple variables are linearly related, it is su�cient to use only one of them in the study.
One of the most important results obtained in the study is the change of error values using
di�erent scaling functions of Machine Learning algorithms. Many literatures suggest using
scaling functions MinMaxScaler or StandardScaler depending on whether the data set obeys
Gaussian distribution or not. But this research also shows that choosing the best scaling
functions is a matter of testing them.
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Conclusion. In this study, a Big Data processing approach on a single server was proposed
based on a distributed computing mechanism. The studied literature and the conducted
experiments can conclude that the proposed approach enables real-time processing of large
volumes of data on a single server, leading to e�ciency in terms of cost, reliability, integrity,
network independence and manageability. will come. This helps to meet the need for large-scale
data processing and analysis in many �elds.

Also, factors a�ecting the e�ectiveness of the proposed approach were highlighted in
the study. One of these factors is the number of databases on one server. MinMaxScaler,
StandardScaler, RobustScaler, MaxAbsScaler, QuantileTransformer PowerTransformer scaling
functions and Machine Learning Linear Regression, Random Forest Regression, Multiple
Linear Regression, Polynomial Regression and Lasso Regression algorithms were used to
increase e�ciency and determine the optimal number of databases. As a result of the
experiment, the best performance was achieved in the Polynomial Regression algorithm and
the QuantileTransformer scaling function. According to it, the smallest average absolute error,
MAE = 0.0275 and root mean square error, RMSE = 0.0421.
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Machine learning methods are widely used for solving problems of interpreting and describing
geological and geophysical data. One of them is automatic lithology extraction during the analysis
of a whole core photographs. In this paper we propose to analyze the parameters that represent the
textural and color features of the images. The advantage of this approach is that it allows online
training and retraining of the classi�cation model. Among the existing classi�cation methods, such as
boosting, random forests, support vector machines, neural networks are preferred for their universality
and implementation in various sets of programming tools. The application of neural networks requires
the user to have a clear understanding of the modelling goals, because an important factor is the choice
of model architecture.

There are many parameters that are set by the user, and all of them a�ect the quality of the
prediction. Therefore, the purpose of this research is to study the behavior of networks with various
con�gurations and to �nd any common regularities. The paper considers the problem of classifying
lithotypes using fully connected neural networks. The data for processing are color and textural features
that were obtained as a result of the processing of whole core images. Thus, we consider the classi�cation
task of training examples with 48 features into 20 classes corresponding to certain lithotypes. The test
sample consisted of 2998 elements. We trained the model on samples consisting of 10,000 and 1,000
elements, respectively. The hyperparameters of the model include loss function, optimization method,
activation function, batch size, number of epochs, number of hidden layers, and number of neurons
in a layer. Based on a given issue, it is already possible to explain the choice of one or another
parameter or function in advance. For the classi�cation problem the optimal way is using ReLU and
LogSoftMax activation function. CrossEntropyLoss was used as a loss function. This loss function
combines LogSoftMax and NLLLoss, so the use of LogSoftMax is also justi�ed by simplifying the
calculation of CrossEntropyLoss. We use the Adam algorithm as the method of optimization. The
quality of the model was evaluated using the f1-score metric. According to the results of training a
model with a �xed number of layers and nodes, but with a di�erent batch size, it was �gured out that
the optimal batch size consists of 256 elements. Based on this assumption we determined that 30 epochs
are enough to train the model. All in all among a large set of network hyperparameters it is complicated
to determine the exact number of network elements, i.e. the number of layers and neurons. Therefore,
in the current research we study the dependence of f1-score and the value of the loss function on the
number of nodes in the layer. The paper shows that an increase in the number of neurons de�nitely
leads to a gain in quality. F1-score equals 1 for all cases after 10 neurons in a layer. Moreover, a
model with incorrect number of layers can be improved by increasing the amount of neurons in each
layer. Increasing the number of layers allows the model to construct a more complex approximation,
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which can improve the quality of the prediction. However, as the number of layers increases, there
is a risk of network over�tting and the appearance of local minima of the error function that leads
to training problems. Thus, the number of nodes in a layer is the de�ning parameter and we should
set this parameter up �rst. An important factor in the model training is the time spending. In this
research, we propose a following estimate of the algorithm complexity. Besides, we have studied the
in�uence of the number of layers (m) and nodes (n). The estimate is given in terms of O-notation. It
is shown that the number of performed operations increase linearly O(m) in the number of layers and
cubically O(n3) in the number of neurons. Consequently, with relation to the number of operations it
is preferably to increase the number of network layers. However, many elements does not guarantee the
rise in the f1-score. The predictions of some classi�cation algorithms (for example, boosting or random
forest) are highly dependent on the �rst initialization of the parameters. In our case, the dependence
of the loss value on the random initialization of the neural network weights was investigated. We use
the Epps-Pally test to check the normality of the loss value distribution. Tests have shown that the
distribution of the value of the loss is not a Gaussian one. This fact should be taken into account
in setting the requirement for the reproducibility of experiments result. The starting model weights
should be initialized accordingly.

Key words: neural network, lithotype description, core analysis, hyperparameters, supervised
learning.
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Â ðàáîòå ðàññìàòðèâàåòñÿ çàäà÷à êëàññèôèêàöèè ëèòîòèïîâ ñ ïîìîùüþ ïîëíîñâÿçíîé íåé-
ðîííîé ñåòè. Òðåíèðîâî÷íûìè è òåñòîâûìè äàííûìè ÿâëÿþòñÿ öâåòîâûå è òåêñòóðíûå ïðè-
çíàêè, ïîëó÷åííûå â ðåçóëüòàòå àíàëèçà ïîëíîðàçìåðíûõ èçîáðàæåíèé êåðíà. Ïðåèìóùåñòâà
òàêîãî ïîäõîäà çàêëþ÷àþòñÿ â âîçìîæíîñòè êàê îáó÷àòü ìîäåëü â ðåàëüíîì âðåìåíè, òàê è
àäàïòèðîâàòü åå ê íîâîìó íàáîðó äàííûõ ïîñðåäñòâîì äîîáó÷åíèÿ. ×èñëî ïðèçíàêîâ êàæäîãî
òðåíèðîâî÷íîãî ïðèìåðà ðàâíÿëîñü 48, ÷èñëî êëàññîâ, ñîîòâåòñòâóþùèõ îïðåäåëåííûì ëèòî-
òèïàì � 20. Â ðàáîòå ïîêàçàíî, ÷òî äëÿ çàäà÷è êëàññèôèêàöèè ñ ïîìîùüþ íåéðîííûõ ñåòåé
íàèáîëåå çíà÷èìûì ïàðàìåòðîì àðõèòåêòóðû ìîäåëè ÿâëÿåòñÿ ÷èñëî ñëîåâ è óçëîâ. Â ðàáîòå
áûëà ïðåäëîæåíà îöåíêà ñëîæíîñòè àëãîðèòìà â òåðìèíàõ O-íîòàöèè. Ïîêàçàíî, ÷òî ÷èñëî
âûïîëíÿåìûõ îïåðàöèé ðàñòåò ëèíåéíî O(m) ïî ÷èñëó ñëîåâ è êóáè÷åñêè O(n3) ïî ÷èñëó íåé-
ðîíîâ â ñëîå. Îäíàêî ñ òî÷êè çðåíèÿ êà÷åñòâà ïðåäñêàçàíèÿ ìîäåëè óâåëè÷åíèå ÷èñëà ñëîåâ
íå ïðèâîäèò ê ëó÷øèì ðåçóëüòàòàì. Ïðè àíàëèçå çàâèñèìîñòè ìåòðèêè f1-score îò ÷èñëà óçëîâ
äëÿ ðàçëè÷íûõ ñëîåâ áûëî ïîëó÷åíî, ÷òî óâåëè÷åíèå ÷èñëà íåéðîíîâ ïðèâîäèò ê âûèãðûøó â
êà÷åñòâå ïðåäñêàçàíèÿ.

Êëþ÷åâûå ñëîâà: íåéðîííûå ñåòè, êëàññèôèêàöèÿ ëèòîòèïîâ, àíàëèç êåðíà, ãèïåðïàðà-
ìåòðû, îáó÷åíèå ñ ó÷èòåëåì.

Ââåäåíèå. Ìåòîäû ìàøèííîãî îáó÷åíèÿ øèðîêî ïðèìåíÿþòñÿ äëÿ ðåøåíèÿ çàäà÷ èí-
òåðïðåòàöèè è îïèñàíèÿ ãåîëîãî-ãåîôèçè÷åñêèõ äàííûõ. Îäíîé èç òàêèõ çàäà÷ ÿâëÿåòñÿ
àâòîìàòè÷åñêîå ëèòîòèïèðîâàíèå ãîðíûõ ïîðîä ïðè àíàëèçå ôîòîãðàôèé ïîëíîðàçìåðíî-
ãî êåðíà [1]. Ðåøåíèå äàííîé çàäà÷è êëàññèôèêàöèè çíà÷èòåëüíî óïðîñòèò ðàáîòó ïðè-
âëåêàåìûõ ñïåöèàëèñòîâ � ãåîëîãîâ è ïåòðîôèçèêîâ. Ðàñïðîñòðàíåííûì ïîäõîäîì äëÿ
ðåøåíèÿ âûøåóïîìÿíóòîé çàäà÷è ÿâëÿåòñÿ èñïîëüçîâàíèå ñâåðòî÷íûõ ñåòåé [2]. Â äàííîé
ðàáîòå ïðåäëàãàåòñÿ ïðèìåíÿòü ïîëíîñâÿçíóþ íåéðîííóþ ñåòü, íà âõîä êîòîðîé ïîäàþòñÿ
ïðèçíàêè, îòðàæàþùèå òåêñòóðíûå è öâåòîâûå ñâîéñòâà èçîáðàæåíèé. Ìåòîäèêà ïîëó÷å-
íèÿ ïðèçíàêîâ èç ïîëíîðàçìåðíîãî èçîáðàæåíèÿ êåðíà îïèñàíà â ðàáîòàõ [3, 4]. Âûáîð
òàêîãî ïîäõîäà îáîñíîâàí òåì, ÷òî âîçìîæíî ïðîâîäèòü áûñòðîå, îïåðàòèâíîå îáó÷åíèå

Ñòàòüÿ ïî äîêëàäó íà Ìåæäóíàðîäíîé êîíôåðåíöèè ¾Ìàð÷óêîâñêèå íàó÷íûå ÷òåíèÿ�2022¿, Ðîññèÿ,
Íîâîñèáèðñê, 03.10.2022�07.10.2022.

© Ã.À. Êîññîâ, È.À. Ñåëåçíåâ, 2023
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è äîîáó÷åíèå ìîäåëè. Ïðèìåíåíèå ÍÑ òðåáóåò îò ïîëüçîâàòåëÿ ÷åòêîãî ïîíèìàíèÿ ïî-
ñòàâëåííûõ öåëåé, ò. ê. âàæíûì ôàêòîðîì ÿâëÿåòñÿ ïîäáîð àðõèòåêòóðû ìîäåëè, êîòîðàÿ
çàâèñèò îò ðåøàåìîé çàäà÷è. Ñóùåñòâóåò ìíîæåñòâî ïàðàìåòðîâ, êîòîðûå çàäàþòñÿ ïîëü-
çîâàòåëåì, è âñå îíè âëèÿþò íà êà÷åñòâî ïðåäñêàçàíèÿ. Íåñìîòðÿ íà àêòèâíîå ïðèìåíåíèå
ÍÑ [5�7] äëÿ ðåøåíèÿ çàäà÷è êëàññèôèêàöèè, â ðàáîòàõ ïîäðîáíî íå ðàññìàòðèâàåòñÿ ìå-
òîäèêà âûáîðà òîé èëè èíîé ìîäåëè. Ïîýòîìó öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå
ïîâåäåíèÿ ñåòåé ðàçëè÷íûõ êîíôèãóðàöèé è âûÿâëåíèå êàêèõ-ëèáî îáùèõ çàêîíîìåðíî-
ñòåé. Ýòî ïîçâîëèò áîëåå ãëóáîêî ïîíÿòü ïðèíöèï äåéñòâèÿ àëãîðèòìîâ, à òàêæå ðàçðàáî-
òàòü ìåòîäèêó ïî ïîäáîðó îïòèìàëüíûõ ãèïåðïàðàìåòðîâ ÍÑ äëÿ çàäà÷è êëàññèôèêàöèè
ëèòîòèïîâ.

1. Èñïîëüçóåìàÿ ìîäåëü. Â ðàáîòå ðàññìàòðèâàåòñÿ çàäà÷à êëàññèôèêàöèè ëèòî-
òèïîâ ñ ïîìîùüþ ÍÑ. Òåñòîâàÿ âûáîðêà ñîñòîÿëà èç 2998 ýëåìåíòîâ. Îáó÷åíèå ìîäåëè
ïðîâîäèëîñü íà âûáîðêàõ, ñîñòîÿùèõ èç 10000 è 1000 ýëåìåíòîâ ñîîòâåòñòâåííî. Êîëè÷å-
ñòâî ïðèçíàêîâ, ò. å. ðàçìåð âõîäíîãî ñëîÿ � 48, êîëè÷åñòâî êëàññîâ � 20. Íàñòðàèâàåìûå
ïàðàìåòðû, ïîçâîëÿþùèå óïðàâëÿòü ïðîöåññîì îáó÷åíèÿ ìîäåëè, íàçûâàþòñÿ ãèïåðïà-
ðàìåòðàìè. Ê íèì îòíîñÿòñÿ: ôóíêöèÿ ïîòåðü, ìåòîä îïòèìèçàöèè, ôóíêöèÿ àêòèâàöèè
íåéðîíà, ðàçìåð áàò÷à, êîëè÷åñòâî ýïîõ îáó÷åíèÿ, êîëè÷åñòâî ñêðûòûõ ñëîåâ è êîëè÷åñòâî
íåéðîíîâ â ñëîå. Áåçóñëîâíî, âñå îíè îêàçûâàþò ñóùåñòâåííîå âëèÿíèå íà ðåçóëüòàòû ðà-
áîòû êëàññèôèêàòîðà, è çàäà÷à ïîñòðîåíèÿ ïðåäñêàçûâàþùåé ìîäåëè ñâîäèòñÿ ê ïîèñêó
îïòèìàëüíûõ ïàðàìåòðîâ è ôóíêöèé. Îäíàêî, èñõîäÿ èç ïîñòàíîâêè çàäà÷è, ìîæíî óæå
çàðàíåå îáîñíîâàòü âûáîð òîãî èëè èíîãî ïàðàìåòðà èëè ôóíêöèè. Ê ïðèìåðó, ôóíêöèÿ,
îïðåäåëÿþùàÿ âûõîäíîé ñèãíàë íåéðîíà, ò. å. ôóíêöèÿ àêòèâàöèè, âûáèðàåòñÿ ñ òî÷êè
çðåíèÿ âû÷èñëèòåëüíîé ñëîæíîñòè àëãîðèòìà. Â ðàáîòå [8] ïîêàçàíî, ÷òî äëÿ ñêðûòûõ
ñëîåâ ñ òî÷êè çðåíèÿ âû÷èñëèòåëüíîé ñëîæíîñòè îïòèìàëüíî ïðèìåíÿòü ReLU. Â êà÷å-
ñòâå ôóíêöèè àêòèâàöèè âûõîäíîãî ñëîÿ ìû èñïîëüçîâàëè SoftMax:

SoftMax (yi) =
exp (yi)∑N
j (exp (yj))

, ãäå N �� ÷èñëî âûõîäîâ ñåòè.

Âûõîäíîå çíà÷åíèå êàæäîãî íåéðîíà óæå îòíîðìèðîâàíî â äèàïàçîíå îò 0 äî 1, ïðè÷åì
ñóììà çíà÷åíèé âñåõ âûõîäíûõ íåéðîíîâ ðàâíÿåòñÿ 1, òàê ÷òî âûõîä ñåòè ìîæíî ñ÷èòàòü
âåðîÿòíîñòüþ ïðèíàäëåæíîñòè îäíîìó èç êëàññîâ. Îäíàêî â íàñòîÿùåé ðàáîòå ïðèìåíÿ-
åòñÿ ìîäèôèêàöèÿ äàííîé ôóíêöèè àêòèâàöèè LogSoftMax:

LogSoftMax (yi) =
ln(exp(yi))∑N
j (exp (yj))

Ñ ïîìîùüþ âûøåóïîìÿíóòîãî ïîäõîäà ðåøàåòñÿ ïðîáëåìà ïîòåðè çíà÷åíèÿ, êîãäà îòðèöà-
òåëüíûå âõîäíûå äàííûå SoftMax âåëèêè ïî ìîäóëþ, ÷òî ìîæåò ïðèâîäèòü ê îêðóãëåíèþ
âûõîäà äî íóëÿ. Â êà÷åñòâå ôóíêöèè ïîòåðü èñïîëüçóåòñÿ CrossEntropyLoss:

CE(p,t) = −
N∑
c=1

tc · ln (pc) ,

ãäå t � ìåòêà êëàññà, à p � çíà÷åíèå ôóíêöèè àêòèâàöèè.
Ýòà ôóíêöèÿ ïîòåðü îáúåäèíÿåò LogSoftMax è NLLLoss, ïîýòîìó ïðèìåíåíèå LogSoft-

Max îáîñíîâàíî åùå è óïðîùåíèåì ðàñ÷åòà CrossEntropyLoss. Äëÿ îïòèìèçàöèè ôóíêöèè
ïîòåðü ïðèìåíÿåòñÿ àëãîðèòì îïòèìèçàöèè Adam [9], ÿâëÿþùèéñÿ ìîäèôèöèðîâàííîé
âåðñèåé SGD:
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wt+1 = wt − a
EMAb1 (∇f)t√
EMAb2(∇f 2)t + ϵ

,

ãäå wt,wt+1 � âåñà äî è ïîñëå îáíîâëåíèÿ ñîîòâåòñòâåííî, a = 1 ∗ 10−3, b1 = 0,9, b2 = 0,999,
(∇f)t � ãðàäèåíò îïòèìèçèðóåìîé ôóíêöèè â òî÷êå wt,

(∇f 2)t =

[(
∂f

∂w1

)2

. . .

(
∂f

∂wN

)2
]
,

EMAb(f)
t = (1− b) ∗ f t + b ∗ EMAb(f)

t−1 �� ñêîëüçÿùåå ñðåäíåå â òî÷êå f t.

Äëÿ îöåíêè êà÷åñòâà ïðåäñêàçàíèÿ â ðàáîòå èñïîëüçîâàëàñü ìåòðèêà f1–score, ò. å. ñðåä-
íåå ãàðìîíè÷åñêîå precision è recall ñ ìíîæèòåëåì 2:

f1 =
2 ∗ precision ∗ recall
precision+ recall

precision(òî÷íîñòü) =
TP

TP + FP

TP �� âåðíîïîëîæèòåëüíûå ñðàáàòûâàíèÿ
FP �� ëîæíîïîëîæèòåëüíûå ñðàáàòûâàíèÿ

recall(ïîëíîòà) =
TP

TP + FN

FN �� ëîæíîîòðèöàòåëüíûå ñðàáàòûâàíèÿ.

Íàèáîëüøåå çíà÷åíèå ìåòðèêà äîñòèãàåò ïðè ìàêñèìàëüíûõ precision è recall è ðàâíÿåòñÿ
1. F1-score áëèçêà ê íóëþ, åñëè îäèí èç àðãóìåíòîâ áëèçîê ê íóëþ.

2. Ïîäáîð ðàçìåðà áàò÷à. Ïî ðåçóëüòàòàì îáó÷åíèÿ ìîäåëè ñ ôèêñèðîâàííûì ÷èñ-
ëîì ñëîåâ è óçëîâ, íî ñ ðàçëè÷íûì ðàçìåðîì áàò÷à â òå÷åíèå 1200 èòåðàöèé ðåãèñòðèðî-
âàëîñü çíà÷åíèå ôóíêöèè ïîòåðü loss.

Ðàçìåð áàò÷à � ýòî êîëè÷åñòâî òðåíèðîâî÷íûõ ïðèìåðîâ, çàãðóæàåìûõ â ñåòü äëÿ îä-
íîðàçîâîãî ïðîãîíà. Êàê ñëåäóåò èç ðèñ. 1, ïðè äîñòàòî÷íî áîëüøîì ðàçìåðå áàò÷à (40)
âëèÿíèÿ íà êà÷åñòâî ïðåäñêàçàíèÿ íåò. Åñëè æå 1 < ðàçìåð áàò÷à < 40, òî ïðèñóòñòâóåò
íåçíà÷èòåëüíîå ïðîñåäàíèå ìåòðèêè. Â äàííîé ðàáîòå ðàçìåð áàò÷à = 256. Âûáðàâ ðàç-
ìåð áàò÷à, îïðåäåëÿåì ÷èñëî ýïîõ îáó÷åíèÿ, ò. å. ïðîõîäîâ ñåòè ïî âñåì äàííûì âî âðåìÿ
îáó÷åíèÿ. Ñëåäóåò ñêàçàòü, ÷òî ÷èñëî ýïîõ çàâèñèò îò òîãî, êàê áûñòðî îïòèìèçèðóþòñÿ
ïàðàìåòðû, ýêñïåðèìåíòàëüíî áûëî ïîêàçàíî, ÷òî äëÿ äàííîãî îïòèìèçàòîðà è ôóíêöèè
ïîòåðü äîñòàòî÷íî ïîðÿäêà 30 ýïîõ. Èç âûøåñêàçàííîãî ñëåäóåò, ÷òî ñðåäè áîëüøîãî íà-
áîðà ãèïåðïàðàìåòðîâ ñåòè èç îáùèõ ñîîáðàæåíèé çàòðóäíèòåëüíî îïðåäåëèòü èìåííî
êîëè÷åñòâî ýëåìåíòîâ ñåòè, ò. å. ÷èñëî ñëîåâ è íåéðîíîâ.

3. Îöåíêà àñèìïòîòè÷åñêîé ñëîæíîñòè àëãîðèòìà. Ïðè ñîçäàíèè àëãîðèòìà
âàæíîé ñîñòàâëÿþùåé ÿâëÿåòñÿ âðåìÿ ðàáîòû ïðîãðàììû, ò. ê. ìû ìîæåì ñîçäàòü òî÷-
íóþ ïðåäñêàçûâàþùóþ ìîäåëü, íî ñ áîëüøèì êîëè÷åñòâîì âû÷èñëèòåëüíûõ îïåðàöèé,
÷òî ïîâëå÷åò çà ñîáîé çíà÷èòåëüíûå âðåìåííûå çàòðàòû â ïðîöåññå îáó÷åíèÿ. Îäíàêî
âðåìÿ ðàáîòû ïðîãðàììû íå ÿâëÿåòñÿ óíèâåðñàëüíîé ìåðîé, ò. ê. îíî çàâèñèò îò íåñêîëü-
êèõ ôàêòîðîâ, ïîìèìî ñòðóêòóðû àëãîðèòìà (ÿçûêà ïðîãðàììèðîâàíèÿ, âû÷èñëèòåëüíûõ
âîçìîæíîñòåé è ò. ï.). Ïîýòîìó ââåäåíèå òåðìèíà àñèìïòîòè÷åñêàÿ ñëîæíîñòü àëãîðèòìà
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Ðèñ. 1. Çàâèñèìîñòü f1-score è loss îò ðàçìåðà áàò÷à äëÿ îáó÷åíèÿ â òå÷åíèå 1200 èòåðàöèé

Ðèñ. 2. Çàâèñèìîñòü ÷èñëà îïòèìèçèðóåìûõ âåñîâ îò êîëè÷åñòâà óçëîâ è ñëîåâ

ïîçâîëÿåò îïèñàòü ýôôåêòèâíîñòü â òåðìèíàõ êîëè÷åñòâà âûïîëíÿåìûõ îïåðàöèé, ò. å.
O-íîòàöèè. O(n) îçíà÷àåò, ÷òî ÷èñëî îïåðàöèé çàâèñèò ëèíåéíî îò êîëè÷åñòâà äàííûõ n.

Â ðàáîòå [8, 10] áûëà ïðåäëîæåíà îöåíêà êîëè÷åñòâà îïåðàöèé àëãîðèòìà ïîëíîñâÿç-
íîé ÍÑ, à òàêæå âû÷èñëåíà àñèìïòîòè÷åñêàÿ ñëîæíîñòü. Âîñïîëüçóåìñÿ ïðåäëîæåííûì
ìåòîäîì, ó÷èòûâàÿ ðàçëè÷èÿ èñïîëüçóåìûõ àðõèòåêòóð ìîäåëåé.

Òàêæå â ðàñ÷åòàõ íå áóäåì ðàññìàòðèâàòü àëãîðèòìû îïòèìèçàöèè, âû÷èñëåíèÿ îøèá-
êè è îáó÷åíèÿ ìîäåëè, ò. ê. èññëåäóåòñÿ ïîâåäåíèå ñåòè â çàâèñèìîñòè îò ÷èñëà ñëîåâ è
íåéðîíîâ. Îáîçíà÷èì çà S ïîëíîå êîëè÷åñòâî îïåðàöèé, ñîâåðøàåìîå çà ïðÿìîå Sfp è îá-
ðàòíîå ðàñïðîñòðàíåíèå Sbp. Òîãäà S = Sfp + Sbp.
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Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ: m � êîëè÷åñòâî ñëîåâ (ñ ó÷åòîì âõîäíîãî è âûõîä-
íîãî ñëîåâ), ni � êîëè÷åñòâî óçëîâ â ñëîå i, n = maxni, n0 � êîëè÷åñòâî âõîäîâ ñåòè,
nm � êîëè÷åñòâî âûõîäîâ ñåòè, a, b è g � êîýôôèöèåíòû äëÿ óðàâíîâåøèâàíèÿ âåñà âû-
÷èñëèòåëüíûõ îïåðàöèé ñëîæåíèÿ (âû÷èòàíèÿ), óìíîæåíèÿ (äåëåíèÿ), âçÿòèþ ýêñïîíåíòû
(íàòóðàëüíîãî ëîãàðèôìà) ñîîòâåòñòâåííî.

Àñèìïòîòè÷åñêàÿ ñëîæíîñòü àëãîðèòìà ôóíêöèè àêòèâàöèè ReLU ðàâíÿåòñÿ O(1) â ñè-
ëó òîãî, ÷òî âûáîð ìàêñèìàëüíîãî çíà÷åíèÿ îñóùåñòâëÿåòñÿ çà êîíñòàíòíîå âðåìÿ. ×èñëî
îïåðàöèé äëÿ âû÷èñëåíèÿ ôóíêöèè àêòèâàöèè

LogSoftMax = g(2 + ni) + b+ a(ni − 1).

Âû÷èñëåíèå âçâåøåííîé ñóììû âõîäîâ îäíîãî óçëà ïåðâîãî ñëîÿ âûïîëíÿåòñÿ ñëåäóþùèì
îáðàçîì:

n0∑
i=1

w1ix1i + q.

Îòñþäà, êîëè÷åñòâî óìíîæåíèé n0, êîëè÷åñòâî ñëîæåíèé ðàâíÿåòñÿ (n0 − 1). Äëÿ âñåãî
ïåðâîãî ñëîÿ èìååì: n1n0(a+ b). Äëÿ ñëîÿ i, (i = 2,m−1) ïîëó÷èì Si ⩽ n2(a+ b). Äëÿ ñëîÿ
m: Sm ⩽ nnm(2a+ 2b) + nm(2g + b− a).

Â èòîãå

Sfp ⩽ nn0(a+ b) + (m− 2)n2(a+ b) + nnm(2a+ b+ g) + nm(2g + b− a).

Àíàëîãè÷íî îöåíèâàÿ êîëè÷åñòâî îïåðàöèé äëÿ îáðàòíîãî ðàñïðîñòðàíåíèÿ, ïîëó÷àåì:

Sbp ⩽ nn0(2a+ 4b+ n(a+ b)) + n2(2a+ 4b+ nm(a+ b))+

+ nnm(4b+ 3a) + (m− 3)n2(2a+ 4b+ n(a+ b)).

Ñóììàðíîå ÷èñëî îïåðàöèé:

S ⩽ nn0(a+ b) + (m− 2)n2(a+ b) + nnm(2a+ b+ g)+

+ nm(2g + b− a) + nn0(2a+ 4b+ n(a+ b)) + n2(2a+ 4b+ nm(a+ b))+

+ nnm(4b+ 3a) + (m− 3)n2(2a+ 4b+ n(a+ b)).

Äàííàÿ ôîðìóëà ñïðàâåäëèâà äëÿ m ⩾ 3. Âûðàæåíèå èìååò áîëåå ïðîñòîé âèä, åñëè
ïðåäïîëîæèòü, ÷òî a ≈ b ≈ g:

S ⩽ a[8nn0 + (m− 2)2n2 + 11nnm + 2nm + 6n2 + 2n2nm + 2n2n0 + (m− 3)n2(6 + 2n)].

Äëÿ àñèìïòîòè÷åñêîé ñëîæíîñòè èìååì:

S ⩽ O(n3) +O(n2nm) +O(n2n0) +O(n2) +O(nn0) +O(nnm) +O(nm).

Ïîëó÷àåì, ÷òî êîëè÷åñòâî îïåðàöèé ïðÿìîãî è îáðàòíîãî ïðîõîäà ðàñòåò ïðîïîðöèîíàëü-
íî êóáó îò ìàêñèìàëüíîãî êîëè÷åñòâà íåéðîíîâ â ñëîå è ëèíåéíî ïî ÷èñëó ñëîåâ. Òàêæå
÷èñëî îïòèìèçèðóåìûõ âåñîâ ñåòè ëèíåéíî çàâèñèò îò ÷èñëà ñëîåâ è êâàäðàòè÷íî îò ÷èñëà
íåéðîíîâ, ðèñ. 1. Èç ÷åãî ñëåäóåò, ÷òî èñïîëüçîâàíèå ãëóáîêèõ ñåòåé áîëåå ïðåäïî÷òèòåëü-
íîå êàê ñ òî÷êè çðåíèÿ ñëîæíîñòè àëãîðèòìà, òàê è êîëè÷åñòâà íàñòðàèâàåìûõ âåñîâ.
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Ðèñ. 3. Çàâèñèìîñòü f1-score è loss îò êîëè÷åñòâà óçëîâ â ñåòè äëÿ òðåíèðîâî÷íîãî ñåòà â 10000 ýëåìåíòîâ

Ðèñ. 4. Çàâèñèìîñòü f1-score è loss îò êîëè÷åñòâà óçëîâ â ñåòè äëÿ òðåíèðîâî÷íîãî ñåòà â 1000 ýëåìåíòîâ

4. Âëèÿíèå êîëè÷åñòâà íåéðîíîâ íà êà÷åñòâî ïðåäñêàçàíèÿ. Â ðàáîòå èññëåäî-
âàíû çàâèñèìîñòü f1-score è çíà÷åíèå ôóíêöèè ïîòåðü îò ÷èñëà óçëîâ â ñëîå, ïðè îáó÷åíèè
ìîäåëè íà òðåíèðîâî÷íîé âûáîðêå â 10000 (ðèñ. 3) ýëåìåíòîâ è â 1000 ýëåìåíòîâ (ðèñ. 4).

Óâåëè÷åíèå ÷èñëà óçëîâ â ñëîå ïðèâîäèò ê óëó÷øåíèþ êà÷åñòâà ïðåäñêàçàíèé ìîäåëè,
ò. å. ìåòðèêà f1-score ðàñòåò. Âûõîä íà ïëàòî äëÿ âñåõ ñëó÷àåâ ïðîèñõîäèë ïîñëå 10 óç-
ëîâ. Â ñëó÷àå äâóõñëîéíîé ìîäåëè âûõîä ìåòðèêè íà ïëàòî äîñòèãàåòñÿ ïðè íàèìåíüøåì
êîëè÷åñòâå óçëîâ â ñëîå. Äàëüíåéøåå óâåëè÷åíèå êîëè÷åñòâà ñëîåâ ñåòè íå ïðèâîäèò ê
çíà÷èòåëüíîìó óâåëè÷åíèþ êà÷åñòâà ïðåäñêàçàíèÿ. À â íåêîòîðûõ ñëó÷àÿõ (÷èñëî ñëîåâ
m>6) ïðèâîäèò ê õóäøèì ðåçóëüòàòàì. Íàáëþäàåòñÿ êà÷åñòâåííàÿ çàâèñèìîñòü ìåæäó âå-
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Ðèñ. 5. Ãèñòîãðàììà çíà÷åíèé loss è êîðîá÷àòàÿ äèãðàììà

ëè÷èíîé loss è f1-score. Âûñîêèé loss ñîîòâåòñòâóåò íèçêîìó çíà÷åíèþ f1-score. Óâåëè÷åíèå
÷èñëà ñëîåâ ïîçâîëÿåò ìîäåëè ñòðîèòü áîëåå ñëîæíûå âçàèìîñâÿçè, ÷òî ìîæåò ïîâûñèòü
êà÷åñòâî ïðåäñêàçàíèÿ. Îäíàêî ñ âîçðàñòàíèåì êîëè÷åñòâà ñëîåâ âîçðàñòàåò ðèñê ïåðå-
îáó÷åíèÿ ñåòè è ìîãóò âîçíèêàòü ëîêàëüíûå ìèíèìóìû ôóíêöèè îøèáîê, ÷òî ïðèâîäèò
ê ïðîáëåìàì ïðè îáó÷åíèè. Ïîýòîìó ñ òî÷êè çðåíèÿ ìåòðèêè f1-score àðõèòåêòóðó ñåòè
íåöåëåñîîáðàçíî ñîñòàâëÿòü èç áîëüøîãî ÷èñëà ñëîåâ äëÿ äàííîé çàäà÷è êëàññèôèêàöèè.

5. Âëèÿíèå íà÷àëüíîé èíèöèàëèçàöè. Ïðåäñêàçàíèÿ íåêîòîðûõ àëãîðèòìîâ, êî-
òîðûå ïðèìåíÿþòñÿ äëÿ çàäà÷è êëàññèôèêàöèè ëèòîòèïîâ, ñèëüíî çàâèñÿò îò íà÷àëüíîé
èíèöèàëèçàöèè ïàðàìåòðîâ (íàïðèìåð, ñëó÷àéíûé ëåñ [11, 12]). Â íàøåì ñëó÷àå áûëà èñ-
ñëåäîâàíà çàâèñèìîñòü çíà÷åíèÿ loss îò íà÷àëüíîé èíèöèàëèçàöèè âåñîâ ÍÑ. Ïðè ñîçäàíèè
ìîäåëè âåñà èíèöèàëèçèðóþòñÿ ñëó÷àéíî èç ïðîìåæóòêà:

(−
√
k,
√
k), k =

1

(num12 input features)

Ïî ðåçóëüòàòàì 400 îáó÷åíèé ìîäåëè ñ îäíèì ñêðûòûì ñëîåì áûëè ïîñòðîåíû ãèñòîãðàììà
è êîðîá÷àòàÿ äèàãðàììà çíà÷åíèé loss (ðèñ. 5).

Ïðîâåðêà íîðìàëüíîñòè ðàñïðåäåëåíèÿ ïðîâîäèëàñü ñ ïîìîùüþ êðèòåðèÿ Ýïïñà-
Ïàëëè [13]. Êðèòåðèé ðåêîìåíäîâàí ê èñïîëüçîâàíèþ â ÃÎÑÒ Ð ÈÑÎ 5479-2002 [14]. Â
ðàáîòå [15] áûëî óñòàíîâëåíî, ÷òî ïî ìîùíîñòè êðèòåðèé Ýïïñà-Ïàëëè ïðåâîñõîäèò êðè-
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òåðèè Øàïèðî-Óèëêà, Ä'Àãîñòèíî, Äýâèäà-Õàðòëè-Ïèðñîíà. Òåñòû ïîêàçàëè, ÷òî ðàñïðå-
äåëåíèå çíà÷åíèÿ loss íå ÿâëÿåòñÿ ðàñïðåäåëåíèåì ñëó÷àéíîé âåëè÷èíû. Äàííûé ôàêò
ñëåäóåò ó÷èòûâàòü ïðè ïîñòàíîâêå òðåáîâàíèÿ âîñïðîèçâîäèìîñòè ýêñïåðèìåíòîâ è ôèê-
ñèðîâàòü íà÷àëüíóþ èíèöèàëèçàöèþ âåñîâ ìîäåëè. Òàêæå ñëåäóåò óïîìÿíóòü, ÷òî â äàí-
íîé ðàáîòå ìåðîé êà÷åñòâà ïðåäñêàçàíèÿ ñåòè ÿâëÿåòñÿ çíà÷åíèå ìåòðèêè f1-score, êîòîðîå
ïî ðåçóëüòàòàì âñåõ 400 ïðåäñêàçàíèé áûëî áëèçêî ê 1 è íàïðÿìóþ íå ñâÿçàíî ñ êîëè÷å-
ñòâåííûì çíà÷åíèåì loss.

Âûâîäû. Ñîãëàñíî âûøåèçëîæåííûì ðàññóæäåíèÿì, áûëî ïîêàçàíî, ÷òî äëÿ çàäà÷è
êëàññèôèêàöèè ëèíîòèïîâ ñ ïîìîùüþ ÍÑ íåöåëåñîîáðàçíî èñïîëüçîâàòü ãëóáîêèå ñåòè.
Íåñìîòðÿ íà òîò ôàêò, ÷òî ñ òî÷êè çðåíèÿ êîëè÷åñòâà âûïîëíÿåìûõ îïåðàöèé ïðåäïî÷òè-
òåëüíåå óâåëè÷èâàòü èìåííî ÷èñëî ñëîåâ ñåòè, áîëüøîå ÷èñëî ýëåìåíòîâ îäíîçíà÷íî íå
ãàðàíòèðóåò ðîñò ìåòðèêè. Íàïðîòèâ, êà÷åñòâî ïðåäñêàçàíèÿ ìîäåëè íà òåñòîâîé âûáîðêå
îñòàâàëîñü ñòàáèëüíî âûñîêèì ïðè íåáîëüøèõ ñëîÿõ (2 < m < 6). À âîò êîëè÷åñòâî óçëîâ
â ñëîå çíà÷èòåëüíî âëèÿåò íà ðåçóëüòàòû ðàáîòû êëàññèôèêàòîðà. Ïðè ÷èñëå óçëîâ â
ñëîå n < 5 ïî÷òè âñå ìîäåëè ïîêàçàëè íåóäîâëåòâîðèòåëüíûå ðåçóëüòàòû, íåçàâèñèìî îò
ãëóáèíû ñåòè. Îäíàêî óâåëè÷åíèå ÷èñëà íåéðîíîâ îäíîçíà÷íî ïðèâîäèò ê âûèãðûøó â
êà÷åñòâå. Îòñþäà ñëåäóåò, ÷òî ÷èñëî óçëîâ â ñëîå ÿâëÿåòñÿ îïðåäåëÿþùèì ïàðàìåòðîì, è
â ïåðâóþ î÷åðåäü íåîáõîäèìî íàñòðàèâàòü èìåííî åãî.
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Over the past few years, genome processing has become a widely sought-after task. Both medical
laboratories (from PCR tests to genetic passports) and research teams are engaged in various processing
options. At the same time, both the �rst and the second process large amounts of data either due to
the number of samples, or due to the length of these samples: from tens of thousands to several billion
nucleotides. Note that a huge part of the calculations is related to the search for individual nucleotides
or their sequences in a larger sequence or in a large number of sequences. So it is advisable to use
associative parallel computing. But associative architectures are not represented on the computer
hardware market, unlike widely available graphics accelerators. The cuSTAR library was designed
to implement associative computing model STAR-machine on graphics accelerators. In this paper, a
method of organizing data for processing genomes by associative algorithms is proposed.

In this paper, we propose several methods of data organization. Such an organization allows the
use of associative algorithms to solve various tasks related to genome processing. Let's recall a brief
description of the associative model of the STAR machine, and its cuSTAR implementation. Both the
castor library and its STAR machine model use three types of data for associative processing. The
Table type stores data as a binary table. The Slice type is used to access the bit column, and the word
type is used to access the bit string. It should be noted that data processing is performed mainly using
bit columns. Therefore, the presentation of data in the cuSTAR system is fundamentally di�erent.
Usually, a sequence of nucleotides is represented by a array of characters. It can be considered as a
binary table in which the rows specify one character. That is, the data is stored line by line. To use
cuSTAR, a variable of type Table is stored by columns.

The alphabet of nucleotides consists of the symbols A (adenine), C (cytosine), G (guanine) and
T (thymine). Also, the �−� symbol is often used in the data to indicate possible gaps in reading,
insertions or deletions in the nucleotide sequence. Thus, four or �ve characters are used, depending on
the task. We propose two ways to encode a sequence of nucleotides. The �rst method is optimized for
memory usage. The second method is optimized for the search time of the nucleotide in the sequence.
The memory-optimized method uses the following encoding: �000� for �−� symbol, �001� for adenine,
�011� for cytosine, �101� for guanine, �111� for thymine. The time-optimized method uses the following
encoding: �1000� for adenine, �0100� for cytosine, �0010� for guanine, �0001� for thymine. It uses 4 bits
instead of 3 bits, but allows you to replace the task of searching for a word in the table with a less
time-consuming one. To �nd all occurrences of a nucleotide in the sequence, one needs to determine the
position �1� in the code of this nucleotide. The proposed data encoding methods are more compact than
the standard representation in the form of an array of characters. The time-optimized method makes it
possible to search for nucleotides in a sequence an order of magnitude faster than the procedure from

© T.V. Snytnikova, 2023



Ò.Â. Ñíûòíèêîâà 61

the t memory-optimized method. But the memory-optimized method is preferable if the representation
of the nucleotide sequence in the form of a graph is used. And in this case, the de Bruijn graph is
constructed from the original sequence of nucleotides in a trivial way. Although with symbolic encoding
of nucleotides, this is a time-consuming and memory-consuming task.

When using cuSTAR, it is easy to construct a de Bruijn graph from a sequence of nucleotides of
any parameter k. The graph is given by a list of edges, which is one of the standard representation for
associative processing. Note that by de�ning the graph as a list of edges, we avoid problems associated
with repeating arcs.

When reading the sequence, a table GEN of size 3l is formed, where l is the length of the input
sequence. For a graph given by a list of arcs, we form tables LEFT and RIGHT of size 3k(l− k). The
table LEFT is obtained by copying k times the columns of the GEN into the corresponding columns
with an upward shift. In turn, the table RIGHT is obtained by copying with a shift up one row of the
table LEFT. Copying of all tables is performed in parallel.

Since genome processing involves multiple searches over a large amount of data, the development of
associative algorithms for this area is relevant. The applied value of the work consists in the possibility of
executing these algorithms on graphics accelerators � widespread equipment from personal computers
to cluster systems.

Key words: associative parallel algorithms, bioinformatics, GPU, CUDA.
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Ñèñòåìà cuSTAR ðàçðàáîòàíà äëÿ ðåàëèçàöèè àññîöèàòèâíûõ àëãîðèòìîâ íà GPU. Èçâåñòíî,
÷òî àññîöèàòèâíûå âû÷èñëåíèÿ äàþò ïðåèìóùåñòâî â ðåøåíèè ïðîáëåì, äëÿ êîòîðûõ õàðàê-
òåðíû ïîèñêîâûå çàïðîñû ïî áîëüøîìó îáúåìó íåñòðóêòóðèðîâàííûõ äàííûõ. Ê òàêîé ïðî-
áëåìå îòíîñèòñÿ è îáðàáîòêà ãåíîìîâ. Ñ îäíîé ñòîðîíû, íåîáõîäèìî îáðàáàòûâàòü áîëüøèå
îáúåìû äàííûõ. Ñ äðóãîé ñòîðîíû, ðàçëè÷íûå çàäà÷è îáðàáîòêè ïîñëåäîâàòåëüíîñòåé ÄÍÊ
ñâîäÿòñÿ ê ñðàâíåíèþ äâóõ ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ. Â ýòîé ðàáîòå ìû ðàññìîòðèì
èñïîëüçóåìûå ïðåäñòàâëåíèÿ ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ è èõ êîäèðîâêó äëÿ èñïîëüçî-
âàíèÿ ñèñòåìîé cuSTAR.

Êëþ÷åâûå ñëîâà: àññîöèàòèâíûå ïàðàëëåëüíûå àëãîðèòìû, áèîèíôîðìàòèêà, GPU,
CUDA.

Ââåäåíèå. Çà ïîñëåäíèå íåñêîëüêî ëåò îáðàáîòêà ãåíîìà ñòàëà øèðîêî âîñòðåáî-
âàííîé çàäà÷åé. Ðàçëè÷íûìè âàðèàíòàìè îáðàáîòêè çàíèìàþòñÿ êàê ÷àñòíûå ëàáîðàòîðèè
(îò âûïîëíåíèÿ ÄÍÊ-òåñòîâ äî ñîçäàíèÿ ãåíåòè÷åñêèõ ïàñïîðòîâ), òàê è íàó÷íûå êîëëåê-
òèâû. Ïðè ýòîì è ïåðâûå, è âòîðûå îáðàáàòûâàþò áîëüøèå îáúåìû äàííûõ êàê çà ñ÷åò
êîëè÷åñòâà îáðàçöîâ, òàê è çà ñ÷åò äëèíû ýòèõ îáðàçöîâ: îò äåñÿòêîâ òûñÿ÷ äî íåñêîëüêèõ
ìèëëèàðäîâ íóêëåîòèäîâ. Êðîìå ýòîãî, ðàñøèðÿåòñÿ è îáëàñòü ïðèìåíåíèÿ ìîëåêóëÿðíî-
ãåíåòè÷åñêèõ èññëåäîâàíèé (áèîìåäèöèíà, ôàðìàêîëîãèÿ, íàíîáèîèíæåíåðèÿ è ò. ä.). Çà-
ìåòèì, ÷òî îãðîìíàÿ ÷àñòü âû÷èñëåíèé ñâÿçàíà ñ ïîèñêîì îòäåëüíûõ íóêëåîòèäîâ èëè èõ
ïîñëåäîâàòåëüíîñòåé êàê â áîëüøåé ïîñëåäîâàòåëüíîñòè, òàê è â áîëüøîì ÷èñëå ïîñëåäî-
âàòåëüíîñòåé.

Äëÿ òàêèõ âû÷èñëåíèé öåëåñîîáðàçíî èñïîëüçîâàòü àññîöèàòèâíûå ïàðàëëåëüíûå àð-
õèòåêòóðû, ïîñêîëüêó îíè ñïåöèàëèçèðóþòñÿ íà áûñòðîì ïîèñêå. Íî òàêèå ñèñòåìû ñëàáî
ïðåäñòàâëåíû íà ðûíêå êîìïüþòåðíîé òåõíèêè, â îòëè÷èå îò øèðîêîäîñòóïíûõ ãðàôè-
÷åñêèõ óñêîðèòåëåé. Áèáëèîòåêà cuSTAR áûëà ðàçðàáîòàíà äëÿ ðåàëèçàöèè àáñòðàêòíîé
ìîäåëè àññîöèàòèâíûõ âû÷èñëåíèé (STAR-ìàøèíû) íà ãðàôè÷åñêèõ óñêîðèòåëÿõ [1, 2].

Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ ÈÂÌèÌÃ ÑÎÐÀÍ 0251-2021-0005. Ðà-
áîòà áûëà ïðåäñòàâëåíà íà ìåæäóíàðîäíîé êîíôåðåíöèè ¾Ìàð÷óêîâñêèå íàó÷íûå ÷òåíèÿ�2022¿.
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Â äàííîé ðàáîòå ïðåäëàãàåòñÿ íåñêîëüêî ìåòîäîâ îðãàíèçàöèè äàííûõ, ïîçâîëÿþùèõ
èñïîëüçîâàòü àññîöèàòèâíûå àëãîðèòìû äëÿ ðåøåíèÿ ðàçëè÷íûõ çàäà÷, ñâÿçàííûõ ñ îá-
ðàáîòêîé ãåíîìà.

Â ïåðâîì ðàçäåëå ìû íàïîìíèì êðàòêîå îïèñàíèå àññîöèàòèâíîé ìîäåëè STAR-
ìàøèíû è åå ðåàëèçàöèè cuSTAR. Âî âòîðîì ðàçäåëå ïðåäëàãàþòñÿ ñïîñîáû êîäèðîâàíèÿ
ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ, êîòîðûå ìèíèìèçèðóþò èëè îáúåì òðåáóåìîé ïàìÿ-
òè, èëè âðåìÿ ïîèñêà íóêëåîòèäîâ â ïîñëåäîâàòåëüíîñòè. Â òðåòüåì ðàçäåëå ïðåäñòàâëåí
ñïîñîá ïîñòðîåíèÿ ãðàôà äå Áðåéíà ïî èñõîäíîé ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ.

1. Êðàòêîå îïèñàíèå áèáëèîòåêè cuSTAR, ðåàëèçóþùåé àáñòðàêòíóþ àñ-

ñîöèàòèâíóþ ìîäåëü âû÷èñëåíèé. Àáñòðàêòíàÿ àññîöèàòèâíàÿ ìîäåëü âû÷èñëåíèé
STAR-ìàøèíà, êîòîðàÿ ðåàëèçóåòñÿ áèáëèîòåêîé cuSTAR, äëÿ àññîöèàòèâíîé îáðàáîò-
êè èñïîëüçóåò ñëåäóþùèå òèïû äàííûõ: Table (áèíàðíàÿ òàáëèöà), Slice/ñëàéñ (áèòîâûé
ñòîëáåö) è word/ñëîâî (áèòîâàÿ ñòðîêà). Íàä ýòèìè òèïàìè îïðåäåëåíû îïåðàöèè: ÷òåíèå
è çàïèñü ñòîëáöîâ è ñòðîê òàáëèöû, ïîáèòîâûå ëîãè÷åñêèå îïåðàöèè è ñäâèã äëÿ ïåðåìåí-
íûõ òèïîâ Slice èëè Word. Êðîìå ýòîãî, äëÿ ïåðåìåííîé X òèïà Slice îïðåäåëåíà îïåðàöèÿ
FND(X), âîçâðàùàþùàÿ ïîçèöèþ ñòàðøåé åäèíèöû â ñëàéñå. Ýòà îïåðàöèÿ ïîçâîëÿåò îð-
ãàíèçîâûâàòü íåðàâíîìåðíûé öèêë è øèðîêî èñïîëüçóåòñÿ â ïîñòðîåíèè àññîöèàòèâíûõ
àëãîðèòìîâ.

Áèáëèîòåêà cuSTAR ïîçâîëÿåò âûïîëíÿòü àññîöèàòèâíûå àëãîðèòìû íà íåàññîöèà-
òèâíîé àðõèòåêòóðå (ãðàôè÷åñêèõ óñêîðèòåëÿõ), ñîõðàíÿÿ àññîöèàòèâíûå ïðåèìóùåñòâà.
Ôàêòè÷åñêè âû÷èñëåíèÿ ïðîèçâîäÿòñÿ ïàðàëëåëüíî íàä áèòîâûìè âåêòîðàìè. Â îïðåäå-
ëåííûõ ñëó÷àÿõ ïåðåìåííàÿ òèïà Table ìîæåò áûòü îáðàáîòàíà ïàðàëëåëüíî íå òîëüêî
ïî ñòîëáöàì, íî è âñå ñòîëáöû îáðàáàòûâàþòñÿ òàêæå ïàðàëëåëüíî. Ê äîñòîèíñòâàì ñè-
ñòåìû cuSTAR îòíîñÿòñÿ âîçìîæíîñòü çàäàòü ïðîèçâîëüíûé ðàçìåð âåêòîðîâ, ðàáîòà íà
ÿçûêå âûñîêîãî óðîâíÿ è ðàçðàáîòàííûå ðåêîìåíäàöèè äëÿ îïòèìèçàöèè àññîöèàòèâíûõ
àëãîðèòìîâ äëÿ èñïîëíåíèÿ íà GPU.

Õîòÿ cuSTAR, êàê è ìîäåëü, êîòîðóþ îíà ðåàëèçóåò, óíèâåðñàëüíà, äëÿ ðåøåíèÿ çàäà÷
áèîèíôîðìàòèêè èìååò ñìûñë âûäåëèòü â îòäåëüíûå ìîäóëè ñïîñîáû õðàíåíèÿ äàííûõ è
àëãîðèòìû èõ îáðàáîòêè, ó÷èòûâàþùèå ñïåöèôèêó îáëàñòè.

2. Äâà âîçìîæíûõ ïðåäñòàâëåíèÿ íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè äëÿ àñ-

ñîöèàòèâíîé îáðàáîòêè. Ìîäåëü STAR-ìàøèíû ïðåäïîëàãàåò ïðåäñòàâëåíèå äàííûõ â
òàáëè÷íîì âèäå, ïðè ýòîì ñóùåñòâåííû ñëåäóþùèå äâà ôàêòà: ñòðîêè áèíàðíû, îáðàáîòêà
äàííûõ âûïîëíÿåòñÿ ïðåèìóùåñòâåííî ñ ïîìîùüþ áèòîâûõ ñòîëáöîâ. Ïîýòîìó ïðåäñòàâ-
ëåíèå äàííûõ â ñèñòåìå cuSTAR ïðèíöèïèàëüíî äðóãîå. Íà ðèñ. 1 ïîêàçàíû îáùåïðèíÿòîå
ïðåäñòàâëåíèå ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ (ñòðîêà òèïà char) è ñïîñîá ïðåäñòàâëå-
íèÿ â ñèñòåìå cuSTAR (îáúåêò òèïà Table � äâóìåðíûé ìàññèâ ýëåìåíòîâ òèïà unsigned
long long int).

Â äàííîé ñòàòüå ìû ñîñðåäîòî÷èìñÿ òîëüêî íà ïðåäñòàâëåíèè ïîñëåäîâàòåëüíîñòè íóê-
ëåîòèäîâ.

2.1. Ïðåäñòàâëåíèå, îïòèìàëüíîå ïî çàíèìàåìîé ïàìÿòè. Àëôàâèò íóêëåîòèäîâ ñî-
ñòîèò èç ñèìâîëîâ A (àäåíèí), C (öèòîçèí), G (ãóàíèí) è T (òèìèí). Òàêæå ÷àñòî â äàííûõ
èñïîëüçóåòñÿ ñèìâîë ¾−¿ äëÿ îáîçíà÷åíèÿ âîçìîæíûõ ïðîáåëîâ â ÷òåíèè, âñòàâîê èëè óäà-
ëåíèé â ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ. Òàêèì îáðàçîì èñïîëüçóåòñÿ ÷åòûðå èëè ïÿòü
ñèìâîëîâ â çàâèñèìîñòè îò ïîñòàâëåííîé çàäà÷è.
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Ðèñ. 1. Ñòàíäàðòíîå ïðåäñòàâëåíèå ìàññèâà íóêëåîòèäîâ è ïðåäñòàâëåíèå äëÿ àññîöèàòèâíîãî àëãîðèòìà

Òàáëèöà 1

Êîäèðîâàíèå íóêëåîòèäîâ.
Îïòèìàëüíûé ìåòîä ïî

ìèíèìèçàöèè îáúåìà ïàìÿòè

ñèìâîëû − A C G T

áèíàðíûé êîä 000 001 011 101 111

Òàáëèöà 2

Êîäèðîâàíèå íóêëåîòèäîâ.
Îïòèìàëüíûé ìåòîä ïî

âðåìåíè îáðàáîòêè äàííûõ

ñèìâîëû − A C G T

áèíàðíûé êîä 0000 1000 0100 0010 0001

Ïîýòîìó áóäåì îðèåíòèðîâàòüñÿ íà ïÿòèñèìâîëüíûé àëôàâèò. Çàìåòèì, ÷òî ïðè êîäè-
ðîâàíèè àëôàâèòà ïðèâåäåííûì â òàáë. 1 ñïîñîáîì ïîñëåäíèé ñòîëáåö ñîñòîèò òîëüêî èç
¾1¿, åñëè â äàííûõ íå ïðèñóòñòâóåò ñèìâîë ¾−¿. Â ýòîì ñëó÷àå åãî ìîæíî íå îáðàáàòûâàòü.

2.2. Ïðåäñòàâëåíèå, îïòèìàëüíîå äëÿ îáðàáîòêè äàííûõ. Ìíîãèå çàäà÷è áèîèíôîð-
ìàòèêè ïðåäïîëàãàþò ïîèñê ïîçèöèé íóêëåîòèäîâ â ïîñëåäîâàòåëüíîñòè. Òàêèì îáðàçîì,
ïðîèñõîäèò ìíîãîêðàòíûé ïîèñê îäíèõ è òåõ æå ñèìâîëîâ â ïîñëåäîâàòåëüíîñòè. Íî åñëè
îïòèìèçèðîâàòü ïðåäñòàâëåíèå äàííûõ íå ïî îáúåìó ïðåäïîëàãàåìîé ïàìÿòè, à èñõîäèòü
îò íåîáõîäèìîñòè ìèíèìèçèðîâàòü âðåìÿ ïîèñêà, òî ïðåäïî÷òèòåëüíåé äðóãîå ïðåäñòàâ-
ëåíèå íóêëåîòèäîâ.

Ñ îäíîé ñòîðîíû, äàííûé ñïîñîá (òàáë. 2) òðåáóåò äëÿ çàïèñè íóêëåîòèäîâ 4 áèòà âìå-
ñòî 3-õ, ÷òî óâåëè÷èâàåò îáúåì ïàìÿòè íà 22 % íà CPU è íà 33 % íà GPU. Ñ äðóãîé
ñòîðîíû, êàæäîìó íóêëåîòèäó ñîîòâåòñòâóåò îïðåäåëåííûé ñòîëáåö òàáëèöû, à ïîçèöèè
ñèìâîëà ¾−¿ ëåãêî îïðåäåëÿþòñÿ ïî ôîðìóëå NA = ¬(∨4

k=1col(k,GEN)), ãäå GEN � òàá-
ëèöà äàííûõ, à col(k,GEN) � k-é ñòîëáåö ýòîé òàáëèöû. È äëÿ îïðåäåëåíèÿ âñåõ ïîçèöèé



Ò.Â. Ñíûòíèêîâà 65

Òàáëèöà 3

Ñðàâíåíèå ïðåäñòàâëåíèé ïî îáúåìó çàíèìàåìîé ïàìÿòè

ìåòîä CPU(B) GPU(KB)
100 1 000 10 000 100 000 1 000 000 10 000 000

Mem_opt 72 0.05 0.38 3.68 36.63 366.21 3662.11
Time_opt 88 0.06 0.50 4.91 48.84 488.28 4882.81
char[] 8 0.10 0.98 9.77 97.66 976.56 9765.63

Ðèñ. 2. Ñðàâíåíèå âðåìåíè ïîèñêà íóêëåîòèäà â ïîñëåäîâàòåëüíîñòè

çàäàííîãî íóêëåîòèäà â òàáëèöå GEN âìåñòî ïîèñêà ñëîâà â òàáëèöå òðåáóåòñÿ îïðåäå-
ëèòü íîìåð ñòîëáöà, êîòîðûé åìó ñîîòâåòñòâóåò, ÷òî ñóùåñòâåííî ñîêðàùàåò âðåìÿ ýòîé
îïåðàöèè. Ïðè ýòîì ñòîèò îòìåòèòü, ÷òî ñòàíäàðòíîå ïðåñòàâëåíèå ïîñëåäîâàòåëüíîñòè
íóêëåîòèäîâ êàê ñèìâîëüíûé ìàññèâ çàíèìàåò â 2 ðàçà áîëüøå ïàìÿòè íà GPU ïî ñðàâ-
íåíèþ ñ ÷åòûðåõáèòîâûì ïðåäñòàâëåíèåì.

Íà ðèñ. 2 ïîêàçàíî âðåìÿ ïîèñêà íóêëåîòèäà â ïîñëåäîâàòåëüíîñòè äëÿ îáîèõ ïðåäñòàâ-
ëåíèé. Ïðè èñïîëüçîâàíèè ïðåäñòàâëåíèÿ, îïòèìèçèðîâàííîãî ïî ïàìÿòè, ïîèñê âûïîëíÿ-
åòñÿ ïðîöåäóðîé match_kernel èç áèáëèîòåêè ñòàíäàðòíûõ ïðîöåäóð. Ïðè èñïîëüçîâàíèè
ïðåäñòàâëåíèÿ, îïòèìèçèðîâàííîãî äëÿ îáðàáîòêè äàííûõ, ïîèñê ìîæåò áûòü âûïîëíåí
äâóìÿ ñïîñîáàìè: match_t � ïîèñê ïîçèöèé ñòðîê â òàáëèöå G, ñîâïàäàþùèõ ñ j − ñòðî-
êîé â òàáëèöå P ; match_w � ïîèñê ïîçèöèé ñòðîê â òàáëèöå G, ñîâïàäàþùèõ ñî ñëîâîì
w = row(P,j). Îòìåòèì, ÷òî ïðè âûïîëíåíèè match_kernel è match_w ó÷èòûâàëîñü âðå-
ìÿ èçâëå÷åíèÿ ñëîâà w èç òàáëèöû P . Ðàñ÷åòû ïðîâîäèëèñü íà êàðòå GeForce 920M. Âèäíî,
÷òî âòîðîå ïðåäñòàâëåíèå äåéñòâèòåëüíî äàåò âîçìîæíîñòü âûïîëíÿòü ïîèñê íóêëåîòèäà
ñóùåñòâåííî áûñòðåå (≈ â 10 ðàç è áîëåå). Ëèíåéíûé ðîñò âðåìåíè îò N = 10000 ñâÿçàí
ñ íåõâàòêîé ðåñóðñîâ âèäåîêàðòû äëÿ âûïîëíåíèÿ îäíîâðåìåííî âñåõ ÿäåð ïðîöåäóð. Òåì
íå ìåíåå, ïîèñê âñåõ ïîçèöèé íóêëåîòèäà â ïîñëåäîâàòåëüíîñòè 1 ìëí âûïîëíÿåòñÿ çà 19,
1,3 è 0,5 ìèëëèñåêóíä ñîîòâåòñòâåííî. Òàêæå íåîáõîäèìî îòìåòèòü, ÷òî áîëåå ñîâðåìåí-
íûå ãðàôè÷åñêèå óñêîðèòåëè èìåþò ãîðàçäî áîëüøèå ðåñóðñû êàê ïî ïàìÿòè, òàê è ïî
êîëè÷åñòâó ÿäåð.

Òåì íå ìåíåå, îáà ïðåäñòàâëåíèÿ ïîëåçíû. Ïðåäñòàâëåíèå time_opt ïðåäïî÷òèòåëü-
íåé äëÿ èñïîëüçîâàíèÿ â òåõ àëãîðèòìàõ, ãäå ïðîèçâîäèòñÿ íåïîñðåäñòâåííîå ñðàâíåíèå
ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ. Íî â áîëüøîì ÷èñëå àëãîðèòìîâ âûïîëíÿåòñÿ îáðàáîò-
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Ðèñ. 3. Ïðåäñòàâëåíèå ãðàôà äå Áðåéíà äëÿ k = 3 è äëÿ k = 4

êà ãðàôîâ, ïîñòðîåííûõ èç ïåðâîíà÷àëüíûõ ïîñëåäîâàòåëüíîñòåé. È â ýòîì ñëó÷àå áóäåò
ïðåäïî÷òèòåëüíåé èñïîëüçîâàíèå ïðåäñòàâëåíèÿ mem_opt.

3. Ïîñòðîåíèå ãðàôà äå Áðåéíà. Êàê óæå óïîìèíàëîñü, â íåêîòîðûõ çàäà÷àõ îá-
ðàáàòûâàþòñÿ íå ñàìè ïîñëåäîâàòåëüíîñòè íóêëåîòèäîâ, à ïîñòðîåííûå ïî íèì ãðàôîâûå
ñòðóêòóðû. Îäíà èç òàêèõ ñòðóêòóð � ãðàô äå Áðåéíà. Â ÷àñòíîñòè, ãðàô äå Áðåéíà øè-
ðîêî èñïîëüçóåòñÿ â èíñòðóìåíòàõ ñáîðêè ïîñëåäîâàòåëüíîñòåé (ñáîðùèêè ãåíîìà Velvet,
ALLPATHS, Abyss, JR-Assembler, EPGA è äðóãèå) [3].

Îïðåäåëåíèå 1. Ãðàôîì äå Áðåéíà äëÿ íàòóðàëüíûõ ïàðàìåòðîâ k è n íàçûâàåòñÿ
îðèåíòèðîâàííûé ãðàô, âåðøèíàì êîòîðîãî ñîîòâåòñòâóþò âñå âîçìîæíûå n-çíà÷íûå k-
è÷íûå ïîñëåäîâàòåëüíîñòè, à ðåáðà ñîåäèíÿþò òå è òîëüêî òå ïàðû âåðøèí, äëÿ êîòîðûõ
ïîñëåäíèå n-1 öèôð ïåðâîãî ÷èñëà ñîâïàäàþò ñ ïåðâûìè n-1 öèôðàìè âòîðîãî ÷èñëà.

Îòìåòèì, ÷òî ïðè îáðàáîòêå ïîñëåäîâàòåëüíîñòåé íóêëåîòèäîâ ïàðàìåòð n ôèêñèðó-
åòñÿ êàê n = k + 1.

Îïðåäåëåíèå 2. k-ìåð � ïîñëåäîâàòåëüíîñòü èç k ñèìâîëîâ. Âåðøèíàìè ãðàôà äå
Áðåéíà ñëóæàò âñå k-ìåðû, à äóãàìè âñå k + 1-ìåðû. Íàïðèìåð, ïðè k = 3 4-ìåð atca
ñîîòâåòñòâóåò äóãå atc− > tca.

Ïðè èñïîëüçîâàíèè cuSTAR ïîñòðîèòü ãðàô äå Áðåéíà ïî ïîñëåäîâàòåëüíîñòè íóêëåî-
òèäîâ ëþáîãî ïàðàìåòðà k ïðîñòî. Ãðàô ïðè ýòîì çàäàåòñÿ ñïèñêîì ðåáåð. Òàêîé ñïîñîá
ÿâëÿåòñÿ íàðÿäó ñ ìàòðèöåé âåñîâ (èëè ìàòðèöåé ñìåæíîñòè) ñòàíäàðòíûì ïðåäñòàâëå-
íèåì äëÿ àññîöèàòèâíîé îáðàáîòêè. Îòìåòèì, ÷òî, çàäàâàÿ ãðàô â âèäå ñïèñêà ðåáåð, ìû
èçáåãàåì ïðîáëåì, ñâÿçàííûõ ñ ïîâòîðîì äóã.

1) ïðè ÷òåíèè ïîñëåäîâàòåëüíîñòè ôîðìèðóåòñÿ òàáëèöà GEN ðàçìåðà 3× length, ãäå
length � äëèíà ïîñëåäîâàòåëüíîñòè.
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Ðèñ. 4. Ãðàôû äå Áðåéíà äëÿ k = 3 è äëÿ k = 4

2) äëÿ ãðàôà, çàäàííîãî ñïèñêîì äóã, ôîðìèðóåì òàáëèöû left è right ðàçìåðà 3k ×
(length− k):

� òàáëèöà left ïîëó÷àåòñÿ êîïèðîâàíèåì ñòîëáöîâ ìàòðèöû GEN â ñîîòâåòñòâóþùèå
ñòîëáöû ñî ñäâèãîì ââåðõ.

� â ñâîþ î÷åðåäü, òàáëèöà right ïîëó÷àåòñÿ êîïèðîâàíèåì ñî ñäâèãîì ââåðõ íà îäíó
ñòðîêó òàáëèöû left.

Íà ðèñ. 3 ïðåäñòàâëåíû ïðåäñòàâëåíèÿ äâóõ ãðàôîâ äå Áðåéíà îäíîé è òîé æå ïîñëåäî-
âàòåëüíîñòè íóêëåîòèäîâ äëÿ k = 3 è k = 4 ñîîòâåòñòâåííî. Íà ðèñ. 4 ïðåäñòàâëåíû ñàìè
ãðàôû äëÿ ýòîé ïîñëåäîâàòåëüíîñòè. È òóò íåîáõîäèìî îòìåòèòü ñëåäóþùèå ìîìåíòû.

Ñ îäíîé ñòîðîíû, ÷åì áîëüøå çíà÷åíèå k, òåì äëèííåå áèíàðíûé êîä äëÿ âåðøèí (3k).
Ýòî âëå÷åò çà ñîáîé óâåëè÷åíèå âðåìåíè ïîèñêà âåðøèíû ïðè îáðàáîòêå ãðàôà, ïîñêîëüêó
àëãîðèòì ïîèñêà ñòðîêè â òàáëèöå çàâèñèò îò åå øèðèíû.

Íî, ñ äðóãîé ñòîðîíû, ñòðóêòóðà ñàìîãî ãðàôà ïðè ýòîì óïðîùàåòñÿ. Â íåì îáðàçóåòñÿ
ìåíüøå öèêëîâ, ÷òî áóäåò óìåíüøàòü îáùåå âðåìÿ îáðàáîòêè. Òàê ïðè âîññòàíîâëåíèè
íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè ïî ãðàôàì äå Áðåéíà (ïîèñê Ýéëåðîâà ïóòè) äëÿ k = 3
áóäóò âîññòàíîâëåíû ñëåäóþùèå âîçìîæíûå âàðèàíòû:

atcaatgatcaagcttctaagcatg, atcaagcttctaagcatgatcaatg.

Äëÿ k = 4 ïîñëåäîâàòåëüíîñòü âîññòàíàâëèâàåòñÿ îäíîçíà÷íî

atcaatgatcaagcttctaagcatg.

Îòìåòèì, ÷òî îñîáåííîñòü ðåøåíèÿ çàäà÷ áèîèíôîðìàòèêè â òîì, ÷òî âû÷èñëåíèÿ ïðè-
çâàíû íå íàéòè òî÷íîå ðåøåíèå, à ñîêðàòèòü êîëè÷åñòâî âîçìîæíûõ âàðèàíòîâ, êîòîðûå
ïîòîì ïðîâåðÿþòñÿ áèîëîãàìè. Ïðè ýòîì ïðè ðåøåíèè ðåàëüíûõ çàäà÷ êîëè÷åñòâî âîç-
ìîæíûõ âàðèàíòîâ ìîæåò äîõîäèòü äî ñîòåí è òûñÿ÷.

Çàêëþ÷åíèå. Äàííàÿ ðàáîòà ïðåäñòàâëÿåò âîçìîæíûå ñïîñîáû îðãàíèçàöèè äàííûõ
áèîèíôîðìàòèêè äëÿ îáðàáîòêè ñèñòåìîé cuSTAR. Ýòî ïåðâàÿ ðàáîòà èç ïðåäïîëàãàåìîãî
öèêëà, ïîñâÿùåííîãî ðàçðàáîòêå àññîöèàòèâíûõ àëãîðèòìîâ äëÿ ðåøåíèÿ çàäà÷ áèîèí-
ôîðìàòèêè.

Ïðåäëîæåííûå ñïîñîáû êîäèðîâàíèÿ äàííûõ êîìïàêòíåå ñòàíäàðòíîãî ïðåäñòàâëåíèÿ
â âèäå ìàññèâà ñèìâîëîâ. Êîäèðîâàíèå, îïòèìàëüíîå äëÿ îáðàáîòêè, ïîçâîëÿåò ïðîèçâî-
äèòü ïîèñê íóêëåîòèäîâ â ïîñëåäîâàòåëüíîñòè íà ïîðÿäîê áûñòðåå, ÷åì ïðîöåäóðà èç áèá-
ëèîòåêè ñòàíäàðòíûõ àññîöèàòèâíûõ àëãîðèòìîâ. Êîäèðîâàíèå, îïòèìàëüíîå ïî çàíèìàå-
ìîé ïàìÿòè, ïðåäïî÷òèòåëüíåé â ñëó÷àå, åñëè èñïîëüçóåòñÿ ïðåäñòàâëåíèå íóêëåîòèäíîé
ïîñëåäîâàòåëüíîñòè â âèäå ãðàôà.

Òàê êàê îáðàáîòêà ãåíîìà ïðåäïîëàãàåò ìíîæåñòâåííûé ïîèñê ïî áîëüøîìó îáúåìó
äàííûõ, ðàçðàáîòêà àññîöèàòèâíûõ àëãîðèòìîâ äëÿ ýòîé îáëàñòè àêòóàëüíà. Ïðèêëàäíàÿ
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öåííîñòü ðàáîòû ñîñòîèò â âîçìîæíîñòè âûïîëíåíèÿ äàííûõ àëãîðèòìîâ íà ãðàôè÷åñêèõ
óñêîðèòåëÿõ � øèðîêî ðàñïðîñòðàíåííîì îáîðóäîâàíèè îò ïåðñîíàëüíûõ êîìïüþòåðîâ
äî êëàñòåðíûõ ñèñòåì.
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The work is devoted to the study and selection of human emotions with the highest probability
of recognition for training neural networks using operator emotions as feedback. On the basis of the
presented program, experiments were set up and conducted to study emotions. The following emotions
were studied in the work: �anger�, �disgust�, �fright�, `happiness�, �sadness�, �surprise� and �neutral
emotion�. During the experiments, human emotions were determined, which are recognized by the
program with the greatest probability. The average values of the probability of successful or unsuccessful
recognition were calculated, and the similarity of emotions was analyzed. Assumptions are made about
the use of operator emotions as feedback for training neural networks. The problem of reducing the
time for training a neural network aimed at solving socially signi�cant economic problems is solved.
It is assumed that the approach will expand the scope of neural networks in non-core industries by
reducing the requirements for the operator/programmer and computing resources.
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Ðàáîòà ïîñâÿùåíà èçó÷åíèþ è âûáîðó ýìîöèè ÷åëîâåêà ñ íàèáîëüøåé âåðîÿòíîñòüþ ðàñïîçíà-
âàíèÿ äëÿ îáó÷åíèÿ íåéðîííûõ ñåòåé ñ èñïîëüçîâàíèåì ýìîöèé îïåðàòîðà â êà÷åñòâå îáðàòíîé
ñâÿçè. Íà îñíîâàíèè ïðåäñòàâëåííîé ïðîãðàììû ïîñòàâëåíû è ïðîâåäåíû ýêñïåðèìåíòû äëÿ
èññëåäîâàíèÿ ýìîöèé. Â ðàáîòå èçó÷àëèñü ñëåäóþùèå ýìîöèè: ¾ãíåâ¿, ¾îòâðàùåíèå¿, ¾èñïóã¿,
¾ñ÷àñòüå¿, ¾ãðóñòü¿, ¾óäèâëåíèå¿ è ¾íåéòðàëüíàÿ ýìîöèÿ¿. Â õîäå ýêñïåðèìåíòîâ îïðåäåëå-
íû ýìîöèè ÷åëîâåêà, ðàñïîçíàâàåìûå ïðîãðàììîé ñ íàèáîëüøåé âåðîÿòíîñòüþ. Âû÷èñëÿëèñü
ñðåäíèå çíà÷åíèÿ âåðîÿòíîñòè óäà÷íîãî èëè íåóäà÷íîãî ðàñïîçíàâàíèÿ, è àíàëèçèðîâàëàñü
ñõîæåñòü ýìîöèé. Ñäåëàíû ïðåäïîëîæåíèÿ îá èñïîëüçîâàíèè ýìîöèé îïåðàòîðà â êà÷åñòâå
îáðàòíîé ñâÿçè äëÿ îáó÷åíèÿ íåéðîííûõ ñåòåé. Ðåøàåòñÿ çàäà÷à ñîêðàùåíèÿ âðåìåíè äëÿ
îáó÷åíèÿ íåéðîííîé ñåòè, íàïðàâëåííîé íà ðåøåíèå ñîöèàëüíî-çíà÷èìûõ ýêîíîìè÷åñêèõ çà-
äà÷. Ïðåäïîëàãàåòñÿ, ÷òî ïîäõîä ïîçâîëèò ðàñøèðèòü îáëàñòü ïðèìåíåíèÿ íåéðîííûõ ñåòåé
â íåïðîôèëüíûõ îòðàñëÿõ çà ñ÷åò óìåíüøåíèÿ òðåáîâàíèé ê îïåðàòîðó/ïðîãðàììèñòó è ê
âû÷èñëèòåëüíûì ðåñóðñàì.

Êëþ÷åâûå ñëîâà: èñêóññòâåííûé èíòåëëåêò, íåéðîííàÿ ñåòü, ýìîöèè.

Ââåäåíèå. Ïîñëåäíèå äâà äåñÿòèëåòèÿ ðàçðàáîòêè â îáëàñòè èñêóññòâåííîãî èíòåë-
ëåêòà (ÈÈ) è ïðèìåíåíèå ìåòîäîâ ìàøèííîãî îáó÷åíèÿ ñóùåñòâåííî âëèÿþò íà æèçíü
ëþäåé. Â ÷àñòíîñòè, âîïðîñíî-îòâåòíûå ñèñòåìû â ðàçëè÷íûõ ñåðâèñàõ äëÿ íàñåëåíèÿ,
ðîáîòû è ñèñòåìû ïîääåðæêè ðåøåíèé â âîåííîé îáëàñòè, ñåðâèñíûå äîìàøíèå ðîáîòû,
÷åëîâåêîïîäîáíîå îáùåíèå ñ ñèñòåìàìè èñêóññòâåííîãî èíòåëëåêòà ñ èñïîëüçîâàíèåì ýìî-
öèé. Èõ óëó÷øåíèå ñòàëî áû çíà÷èòåëüíûì, åñëè áû ðîáîòû ñòàëè ñïîñîáíû ïîíèìàòü
ýìîöèè ÷åëîâåêà [1]. Ðàñïîçíàâàíèå ýìîöèé âàæíî äëÿ: ðàáîòû call-öåíòðîâ [2]; ëå÷åíèÿ
ïñèõè÷åñêèõ ðàññòðîéñòâ [3]; ëå÷åíèÿ áîëåçíåé Ïàðêèíñîíà è Àëüöãåéìåðà [4]; ðàñïîçíà-
âàíèÿ îáìàíà, îíëàéí-îáó÷åíèÿ è ðàçðàáîòêè ïðèëîæåíèé äëÿ èãð [5]; àíàëèçà ñòðåññà [6].
Ýìîöèè íå èìåþò ÷åòêèõ ãðàíèö, ñ ïîìîùüþ êîòîðûõ âîçìîæíî âûäåëèòü ýìîöèîíàëü-
íóþ ìîäåëü. Êëàññèôèêàöèÿ ýìîöèé ïðè ðàñïîçíàâàíèè ìèìèêè ÿâëÿåòñÿ âàæíîé çàäà÷åé
êîìïüþòåðíîãî çðåíèÿ [7]. Ýìîöèè ìîæíî ðàçäåëèòü íà ñåìü êàòåãîðèé: ¾ãíåâ¿, ¾îòâðà-
ùåíèå¿, ¾ñòðàõ¿, ¾ðàäîñòü¿, ¾ïå÷àëü¿, ¾óäèâëåíèå¿ è ¾íåéòðàëüíîå íàñòðîåíèå¿ [8]. Â
ñòàòüå èçó÷àëèñü íàèáîëåå äåòåêòèðóåìûå ýìîöèè äëÿ îáó÷åíèÿ íåéðîííîé ñåòè, êîòîðûå
áû ìàêñèìàëüíî íå ïåðåñåêàëèñü äðóã ñ äðóãîì.

Ñòàòüÿ ïî äîêëàäó íà XVIII Ìåæäóíàðîäíîé Àçèàòñêîé øêîëå-ñåìèíàðå ¾Ïðîáëåìû îïòèìèçàöèè
ñëîæíûõ ñèñòåì¿, Êèðãèçèÿ, Èññûê-Êóëü, 20.07.2022�30.07.2022.
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Ðèñ. 1. Ïðèìåð ðàáîòû ïðîãðàììû

1. Îïèñàíèå ïëàòôîðìû, âûáðàííîé äëÿ èññëåäîâàíèÿ. Èññëåäîâàíèå ýìî-
öèé ïðîõîäèëî ñ ïîìîùüþ ïðîãðàììíîãî ðåøåíèÿ, êîä êîòîðîãî ìîæíî íàéòè ïî ññûë-
êå https://github.com/omar178/Emotion-recognition.git. Ïðîãðàììà ðåàëèçîâàíà íà
ÿçûêå ïðîãðàììèðîâàíèÿ Python ñ èñïîëüçîâàíèåì áèáëèîòåê opencv_python, keras è
scikit_learn è èìååò ñëåäóþùèå âîçìîæíîñòè:

� â ðåæèìå ðåàëüíîãî âðåìåíè ðàñïîçíàåò ýìîöèè ÷åëîâåêà: ¾ãíåâ¿, ¾îòâðàùåíèå¿,
¾èñïóã¿, ¾ðàäîñòü¿, ¾ïå÷àëü¿, ¾óäèâëåíèå¿, ¾íåéòðàëüíóþ ýìîöèþ¿;

� ðàññ÷èòûâàåò âåðîÿòíîñòü èñïûòûâàåìîé ýìîöèè ÷åëîâåêîì, êîòîðûé íàõîäèòñÿ â
êàäðå.

Ïðîãðàììà îñíîâûâàåòñÿ íà áàçå äàííûõ Facial Expression Recognition 2013 (FER-2013).
Â áàçå õðàíèòñÿ 35 887 èçîáðàæåíèé ðàçìåðîì 48x48 ïèêñåëîâ, ðàçäåëåííûõ íà 7 êëàññîâ
(¾ãíåâ¿, ¾îòâðàùåíèå¿, ¾ñòðàõ¿, ¾ðàäîñòü¿, ¾ïå÷àëü¿, ¾óäèâëåíèå¿, ¾íåéòðàëüíîå íàñòðî-
åíèå¿). Íà ðèñ. 1 ïðèâåäåí ïðèìåð ðàáîòû ïðîãðàììû.

Ïðîãðàììà èñïîëüçóåò àðõèòåêòóðó Mini_Xception [9], ïðåäñòàâëÿþùóþ ñîáîé ñâåð-
òî÷íóþ íåéðîííóþ ñåòü (CNN), âêëþ÷àþùóþ â ñåáÿ ÷åòûðå ñâåðòî÷íûõ ñëîÿ. Ïîñëåäíèé
óðîâåíü èñïîëüçóåò ãëîáàëüíîå ñðåäíåå îáúåäèíåíèå è ñëîé Softmax. Ñòðóêòóðà èìååò
îêîëî 60 000 ïàðàìåòðîâ. Èñïîëüçîâàíèå ýòîé ñåòè ïîêàçàëî 95 % òî÷íîñòè â çàäà÷àõ ãåí-
äåðíîé êëàññèôèêàöèè. Òî÷íîñòü çàäà÷è êëàññèôèêàöèè íàñòðîåíèé ñîñòàâèëà 66 % ïðè
òåñòèðîâàíèè íà íàáîðå äàííûõ FER-2013.

2. Îïèñàíèå ýêñïåðèìåíòîâ. Ðàáîòà íàïðàâëåíà íà âûáîð ýìîöèé, êîòîðûå ìîãóò
áûòü èñïîëüçîâàíû äëÿ äàëüíåéøåãî óïðàâëåíèÿ îáó÷åíèåì íåéðîííîé ñåòè. Ïðîâåäåíû
ýêñïåðèìåíòû, íàñêîëüêî òî÷íî êàæäàÿ èç ñåìè ýìîöèé áóäåò ðàñïîçíàíà, òî åñòü èçó÷åíà
âåðîÿòíîñòü, êàêàÿ èìåííî ýòî ýìîöèÿ. Â ýêñïåðèìåíòàõ ó÷àñòâîâàëî ïÿòü ÷åëîâåê ðàç-
íîãî âîçðàñòà è ïîëà: äåâóøêà â âîçðàñòå 24 ëåò (èñïûòóåìûé 1), ìóæ÷èíà â âîçðàñòå 25
ëåò (èñïûòóåìûé 2), ìóæ÷èíà â âîçðàñòå 48 ëåò (èñïûòóåìûé 3), à òàêæå æåíùèíà â âîç-
ðàñòå 53 ëåò (èñïûòóåìûé 4) è ìóæ÷èíà â âîçðàñòå 54 ëåò (èñïûòóåìûé 5). Èñïûòóåìûå
âûðàæàëè êàæäóþ èç ñåìè ýìîöèé ïî 10 ðàç. Ïî ïîëó÷åííûì äàííûì ïðèâåäåíû ìèíè-
ìàëüíîå è ìàêñèìàëüíîå çíà÷åíèÿ âåðîÿòíîñòè, ïîñ÷èòàííîå ñðåäíåå çíà÷åíèå, à òàêæå
äîâåðèòåëüíûé èíòåðâàë.

3. Ïðîâåäåíèå ýêñïåðèìåíòîâ. Ïðîâåäåíî ïî 10 ýêñïåðèìåíòîâ äëÿ 7 ýìîöèé ó 5
ëþäåé. Â òàáëèöå 1 ïðåäñòàâëåíû ðàññìîòðåííûå ýìîöèè, èõ ìèíèìàëüíûå, ìàêñèìàëüíûå
è ñðåäíèå âåðîÿòíîñòè, à òàêæå äîâåðèòåëüíûé èíòåðâàë.
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Òàáëèöà 1

Ïîëó÷åííûå ðåçóëüòàòû äëÿ èçó÷àåìûõ ýìîöèé

Ñðåäíèå
çíà÷åíèÿ

xmin, % xmax, % xñð, %

Íèæíåå
çíà÷åíèå

äîâåðèòåëüíîãî
èíòåðâàëà

Âåðõíåå
çíà÷åíèå

äîâåðèòåëüíîãî
èíòåðâàëà

¾ãíåâ¿ 30,40 75,90 54,80 51,60 58,00
¾îòâðàùåíèå¿ 0,01 95,90 49,10 42,10 56,10

¾èñïóã¿ 10,70 55,50 33,70 30,10 37,30
¾ðàäîñòü¿ 81,00 99,40 93,50 92,50 94,50
¾ïå÷àëü¿ 20,90 65,20 36,20 32,40 40,00

¾óäèâëåíèå¿ 15,50 80,60 37,50 31,90 43,10
¾íåéòðàëüíàÿ¿ 36,10 87,20 66,50 62,10 70,90

Ðèñ. 2. Ãðàôèê ñðåäíèõ çíà÷åíèé âåðîÿòíîñòåé äëÿ èçó÷àåìûõ ýìîöèé

Ïîñòðîèì ïî ïîëó÷åííûì ðåçóëüòàòàì ãðàôèê (ðèñ. 2).
Ëó÷øå âñåãî ïðîãðàììà ðàñïîçíàåò ýìîöèþ ¾ðàäîñòü¿, ó êîòîðîé ñðåäíåå çíà÷åíèå âå-

ðîÿòíîñòè ñîñòàâèëî 93,5 %. ¾Ðàäîñòü¿ õîðîøî èñïîëüçîâàòü äëÿ îáó÷åíèÿ ÍÑ, òàê êàê îíà
ïîêàçàëà õîðîøèå ðåçóëüòàòû íà âñåõ ëþäÿõ. Òàêæå õîðîøî ïðîãðàììà ñïðàâèëàñü ñ ðàñ-
ïîçíàâàíèåì ýìîöèè ¾íåéòðàëüíîå íàñòðîåíèå¿, ñðåäíåå çíà÷åíèå âåðîÿòíîñòè � 66,5 %.
Ñëåäóþùàÿ ýìîöèÿ, êîòîðàÿ ïîêàçàëà õîðîøèå ðåçóëüòàòû, ¾ãíåâ¿. Ïîëó÷åííûé ðåçóëü-
òàò ñðåäíåé âåðîÿòíîñòè � 54,8 %. Äëÿ ýìîöèé ¾îòâðàùåíèå¿, ¾óäèâëåíèå¿, ¾ïå÷àëü¿ è
¾èñïóã¿ ïðîãðàììà ïîêàçàëà ñðåäíèå çíà÷åíèÿ âåðîÿòíîñòè íèæå 50 %.

Íèæå ïðèâåäåí ãðàôèê ñðåäíèõ çíà÷åíèé âåðîÿòíîñòåé ðàñïîçíàâàíèÿ ïî èñïûòóåìûì.
Èñïûòóåìûé 1 � êðàñíàÿ ëèíèÿ, èñïûòóåìûé 2 � çåëåíàÿ, èñïûòóåìûé 3 � æåëòàÿ,
èñïûòóåìûé 4 � ôèîëåòîâàÿ, èñïûòóåìûé 5 � ãîëóáàÿ ëèíèÿ.

Ñëåäóåò îòìåòèòü, ÷òî åñòü îïðåäåëåííûå êàòåãîðèè ëþäåé, êîòîðûå îáëàäàþò íåÿð-
êî âûðàæåííîé ìèìèêîé, ÷òî è ïîêàçûâàþò ýêñïåðèìåíòû è ìîæíî óâèäåòü íà ðèñ. 3. Â
ýêñïåðèìåíòàõ ðåçóëüòàòû îäíîãî ÷åëîâåêà â áîëüøèíñòâå ñëó÷àåâ âûäàëè ïëîõèå ðåçóëü-
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Ðèñ. 3. Ãðàôèê ñðåäíèõ çíà÷åíèé âåðîÿòíîñòåé ïî èñïûòóåìûì

òàòû (3 èñïûòóåìûé). Íà íåì ðàáîòà íåéðîííîé ñåòè âûäàåò ñëàáûå ðåçóëüòàòû. Îòñþäà
ìîæíî ñäåëàòü âûâîä, ÷òî ïðè ðàñïîçíàâàíèè ýìîöèé ïðèñóòñòâóåò ñóáúåêòèâèçì, è ýòî
òà ïðîáëåìà, êîòîðóþ â äàëüíåéøåì íåîáõîäèìî èñêëþ÷èòü â òîì ÷èñëå. Ïîñòàâëåííóþ
çàäà÷ó ìîæíî ðåøèòü òåì, ÷òî ïîâòîðíî ïðîâåñòè ñåðèþ ýêñïåðèìåíòîâ è óâåëè÷èòü èõ
êîëè÷åñòâî, ÷òîáû âûÿâèòü, êàêèå ýìîöèè ñóáúåêòèâíû ïðè ðàñïîçíàâàíèè, òî åñòü çà-
âèñÿò îò ÷åëîâåêà, à êàêèå èç íèõ ìåíåå çàâèñÿùèå. Ëèáî ïðèäóìàòü, êàê ñóáúåêòèâèçì
óáðàòü. Íàïðèìåð, ýòî ìîæåò áûòü ðåøåíî ïóòåì áîëüøåãî âðåìåíè ðàáîòû ñ ïðîãðàììîé,
÷òî ïîäòâåðæäàåòñÿ ýêñïåðèìåíòàìè. Ïåðâûé èñïûòóåìûé èìåë íåêîòîðûé îïûò ðàáîòû ñ
ïðîãðàììîé, à îñòàëüíûå ó÷àñòíèêè ýêñïåðèìåíòà âïåðâûå âèäåëè ïðîãðàììó. Â ðåçóëüòà-
òå ïåðâûé èñïûòóåìûé íà íåêîòîðûõ ýìîöèÿõ ïîêàçàë ðåçóëüòàòû ëó÷øå, îñîáåííî âèäíî
íà ýìîöèè ¾îòâðàùåíèå¿.

Çàêëþ÷åíèå. Â õîäå ýêñïåðèìåíòîâ áûëî ïîëó÷åíî, ÷òî ïðîãðàììà ñ âûñîêîé äîëåé
âåðîÿòíîñòè ðàñïîçíàëà ýìîöèþ ¾ðàäîñòü¿, ñðåäíåå çíà÷åíèå âåðîÿòíîñòè ïðàâèëüíîãî
ðàñïîçíàâàíèÿ ñîñòàâèëî 93,5 %, ñàìóþ íèçêóþ âåðîÿòíîñòü ïîêàçàëà ýìîöèÿ ¾èñïóã¿,
ó êîòîðîé ñðåäíåå çíà÷åíèå âåðîÿòíîñòè ïðàâèëüíîãî ðàñïîçíàâàíèÿ ñîñòàâèëî 33,7 %.
Äëÿ îáó÷åíèÿ íåéðîííîé ñåòè áûë ïðîâåäåí âûáîð õîðîøî äåòåêòèðóåìûõ ýìîöèé.
Îäíàêî, â õîäå ïðîâåäåíèÿ ýêñïåðèìåíòîâ, ñòîëêíóëèñü ñ ïðîáëåìîé ñóáúåêòèâèçìà,
âûðàæàþùåéñÿ â çàâèñèìîñòè ïðàâèëüíîãî ðàñïîçíàâàíèÿ îò ÷åëîâåêà íà êîíêðåòíûõ
ýìîöèÿõ. Íà îñíîâàíèè ýòîãî ìîæíî ñäåëàòü âûâîä, ÷òî äëÿ èñïîëüçîâàíèÿ ýìîöèé â
êà÷åñòâå ïîîùðåíèÿ è íàêàçàíèÿ ïðåäâàðèòåëüíî ìîæíî âûáðàòü, íàïðèìåð, êîìáèíàöèè:
¾ðàäîñòü¿ è ¾ãíåâ¿; ¾ðàäîñòü¿ è ¾îòâðàùåíèå¿; ¾ðàäîñòü¿ è ¾ïå÷àëü¿. Ïðåäëàãàåìûé
ïîäõîä äîëæåí ïîçâîëèòü ñîêðàòèòü âðåìÿ, íåîáõîäèìîå äëÿ îáó÷åíèÿ íåéðîííîé ñåòè,
óìåíüøèòü ïîðîã âõîæäåíèÿ äëÿ îïåðàòîðà/ïðîãðàììèñòà è ñíèçèòü òðåáîâàíèÿ ê
âû÷èñëèòåëüíûì ðåñóðñàì.
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Ïðàâèëà ïðåäñòàâëåíèÿ è ïîäãîòîâêè ðóêîïèñåé äëÿ ïóáëèêàöèè â æóðíàëå
½ÏÐÎÁËÅÌÛ ÈÍÔÎÐÌÀÒÈÊÈ“

Îáùèå òðåáîâàíèÿ.
Ðåäàêöèÿ ïðèíèìàåò ê ðàññìîòðåíèþ ñòàòüè â ýëåêòðîííîì âèäå (èñõîäíûé ôàéë â LATEX è ôàéë PDF,

ñ ïðèëîæåíèåì îðèãèíàëîâ ðèñóíêîâ â ôîðìàòå òåõ ïðîãðàìì, â êîòîðûõ îíè áûëè ñäåëàíû, îòäåëüíûìè
ôàéëàìè).

Ôàéëû, ñîäåðæàùèå òåêñò ñòàòüè, èëëþñòðàöèè è äîïîëíèòåëüíûå ìàòåðèàëû, ìîæíî ïåðåñûëàòü íà
ýëåêòðîííûé àäðåñ ðåäàêöèè: problem-info@sscc.ru.

Ïðèíèìàþòñÿ ôàéëû, àðõèâèðîâàííûå àðõèâàòîðàìè ZIP/7Z èëè RAR; ïðèìåíåíèå ñàìîðàñïàêîâû-
âàþùèõñÿ àðõèâîâ íå äîïóñêàåòñÿ.

Ïðè ïîâòîðíîé îòïðàâêå ìàòåðèàëîâ, à òàêæå ïðè âíåñåíèè â èñõîäíûé òåêñò äîïîëíåíèé èëè èñïðàâ-
ëåíèé íåîáõîäèìî ñîîáùèòü îá ýòîì â ðåäàêöèþ â òåêñòå ýëåêòðîííîãî ïèñüìà.

Íàïðàâëÿÿ ñòàòüþ â ðåäàêöèþ æóðíàëà, àâòîð (ñîàâòîðû) íà áåçâîçìåçäíîé îñíîâå ïåðåäàåò(þò) èçäà-
òåëþ íà ñðîê äåéñòâèÿ àâòîðñêîãî ïðàâà ïî äåéñòâóþùåìó çàêîíîäàòåëüñòâó ÐÔ èñêëþ÷èòåëüíîå ïðàâî
íà èñïîëüçîâàíèå ñòàòüè èëè îòäåëüíîé åå ÷àñòè (â ñëó÷àå ïðèíÿòèÿ ðåäêîëëåãèåé Æóðíàëà ñòàòüè ê
îïóáëèêîâàíèþ) íà òåððèòîðèè âñåõ ãîñóäàðñòâ, ãäå àâòîðñêèå ïðàâà â ñèëó ìåæäóíàðîäíûõ äîãîâîðîâ
Ðîññèéñêîé Ôåäåðàöèè ÿâëÿþòñÿ îõðàíÿåìûìè, â òîì ÷èñëå ñëåäóþùèå ïðàâà: íà âîñïðîèçâåäåíèå, íà
ðàñïðîñòðàíåíèå, íà ïóáëè÷íûé ïîêàç, íà äîâåäåíèå äî âñåîáùåãî ñâåäåíèÿ, íà ïåðåâîä íà èíîñòðàííûå
ÿçûêè è ïåðåðàáîòêó (è èñêëþ÷èòåëüíîå ïðàâî íà èñïîëüçîâàíèå ïåðåâåäåííîãî è (èëè) ïåðåðàáîòàííî-
ãî ïðîèçâåäåíèÿ âûøåóêàçàííûìè ñïîñîáàìè), íà ïðåäîñòàâëåíèå âñåõ âûøåïåðå÷èñëåííûõ ïðàâ äðóãèì
ëèöàì.

Æóðíàë ½Ïðîáëåìû èíôîðìàòèêè“ÿâëÿåòñÿ íåêîììåð÷åñêèì èçäàíèåì. Ïëàòà ñ àâòîðîâ çà ïóáëèêà-
öèþ ñòàòåé íå âçèìàåòñÿ.

Ê ñòàòüå äîëæíû áûòü ïðèëîæåíû:
� ðàçðåøåíèå íà ïóáëèêàöèþ îò ýêñïåðòíîãî ñîâåòà îðãàíèçàöèè, â êîòîðîé âûïîëíåíà ðàáîòà

(äëÿ àâòîðîâ èç Ðîññèè);
� îðèãèíàë ðåöåíçèè;
ïîðòðåòíûå ôîòîãðàôèè àâòîðîâ ðàçðåøåíèåì íå ìåíåå 300 dpi.
� Áëîêè èíôîðìàöèè è íà ðóññêîì, è íà àíãëèéñêîì ÿçûêàõ ïðîñüáà ïðèñûëàòü îòäåëüíûìè ôàéëàìè:
� Íàçâàíèå ñòàòüè;
� Èíèöèàëû è ôàìèëèè àâòîðîâ;
� Ìåñòà ðàáîòû àâòîðîâ: ïîëíîå íàèìåíîâàíèå îðãàíèçàöèè, ïî÷òîâûé èíäåêñ, ãîðîä, ñòðàíà;
� Êîä(û) êëàññèôèêàöèè ÓÄÊ;
�Àííîòàöèè, ñîäåðæàùèå êðàòêóþ ïîñòàíîâêó çàäà÷è è îïèñàíèå ìåòîäà ðåøåíèÿ: íà ðóññêîì ÿçûêå

îáúåìîì íå áîëåå 1000 çíàêîâ, íà àíãëèéñêîì ÿçûêå ðàñøèðåííóþ, îáúåìîì îò 4000 äî 8000 çíàêîâ, ÷òî
ñîîòâåòñòâóåò òðåáîâàíèÿì ÂÀÊ è Scopus.

� Êëþ÷åâûå ñëîâà;
� Ñïèñêè èñïîëüçóåìîé ëèòåðàòóðû â ñîîòâåòñòâèè ñ ÃÎÑÒ Ð 7.0.5�2008 (â àíãëèéñêîé âåðñèè

íåîáõîäèìî âûïîëíèòü òðàíñëèòåðàöèþ íåàíãëîÿçû÷íûõ ýëåìåíòîâ ñïèñêà ëèòåðàòóðû â ñîîòâåòñòâèè
ñ ÃÎÑÒ Ð 7.0.34-2014) � ñîñòàâëÿþòñÿ ïî õîäó óïîìèíàíèÿ èñòî÷íèêîâ â òåêñòå;

� Êðàòêèå áèîãðàôèè (ÁÈÎ) àâòîðîâ ñ óêàçàíèåì êëþ÷åâûõ íàó÷íûõ äîñòèæåíèé (âêëþ÷àÿ
ó÷åíóþ ñòåïåíü, ó÷åíîå çâàíèå � ïðè íàëè÷èè; îñíîâíûå îáëàñòè íàó÷íûõ èíòåðåñîâ è ôîðìóëèðîâêó
îñíîâíûõ ðåçóëüòàòîâ, ìåñòî ðàáîòû, çàíèìàåìóþ äîëæíîñòü, êîíòàêòíûå äàííûå � ïî÷òîâûé àäðåñ ñ
èíäåêñîì, àäðåñ ýëåêòðîííîé ïî÷òû, êîíòàêòíûé òåëåôîí).

Ïîäãîòîâêà ñòàòüè.
1. Ìàòåðèàë ñòàòüè äîëæåí áûòü èçëîæåí â ñëåäóþùåé ïîñëåäîâàòåëüíîñòè:
1.1. íàçâàíèå ñòàòüè íà àíãëèéñêîì ÿçûêå;
1.2. èíèöèàëû è ôàìèëèÿ àâòîðà(îâ) íà àíãëèéñêîì ÿçûêå;
1.3. ìåñòî ðàáîòû àâòîðà(îâ) (íà àíãëèéñêîì ÿçûêå): ïîëíîå íàèìåíîâàíèå îðãàíèçàöèè, èíäåêñ, ãîðîä,

ñòðàíà;
1.4. àíãëîÿçû÷íàÿ àííîòàöèÿ;
1.5. êëþ÷åâûå ñëîâà íà àíãëèéñêîì ÿçûêå;
1.6. references+òðàíñëèòåðàöèÿ íåàíãëîÿçû÷íûõ ýëåìåíòîâ ñïèñêà ëèòåðàòóðû;
1.7. íàçâàíèå ñòàòüè íà ðóññêîì ÿçûêå;
1.8. èíèöèàëû è ôàìèëèè è àâòîðîâ;
1.9. ìåñòî ðàáîòû àâòîðîâ: ïîëíîå íàèìåíîâàíèå îðãàíèçàöèè, ïî÷òîâûé èíäåêñ, ãîðîä, ñòðàíà;
1.10. èíäåêñ ÓÄÊ;
1.11. àííîòàöèÿ íà ðóññêîì ÿçûêå;



1.12. êëþ÷åâûå ñëîâà (íå áîëåå 8);
1.13. òåêñò ñòàòüè;
1.14. ñïèñîê ëèòåðàòóðû, îôîðìëåííûé â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè ÃÎÑÒ;
1.15. êðàòêèå áèîãðàôèè àâòîðîâ íà àíãëèéñêîì è ðóññêîì ÿçûêàõ ñ óêàçàíèåì êëþ÷åâûõ íàó÷íûõ

äîñòèæåíèé (ó÷åíóþ ñòåïåíü, ó÷åíîå çâàíèå � ïðè íàëè÷èè; ìåñòî ðàáîòû, çàíèìàåìóþ äîëæíîñòü, êîí-
òàêòíûå äàííûå � ïî÷òîâûé àäðåñ ñ èíäåêñîì, àäðåñ ýëåêòðîííîé ïî÷òû, êîíòàêòíûé òåëåôîí, îñíîâíûå
îáëàñòè íàó÷íûõ èíòåðåñîâ è ôîðìóëèðîâêà îñíîâíûõ ðåçóëüòàòîâ).

2. Òðåáîâàíèÿ ê ôîðìóëàì:
� Íóìåðàöèÿ ôîðìóë ñêâîçíàÿ, âûíîñíûå ôîðìóëû öåíòðèðóþòñÿ, íîìåð âûðîâíåí ïî ïðàâîìó êðàþ.
3. Òðåáîâàíèÿ ê ðèñóíêàì:
� Ôàéëû ñ ðèñóíêàìè ïðèñûëàþòñÿ îòäåëüíî â ôîðìàòå ïðîãðàìì, â êîòîðûõ îíè áûëè âûïîëíå-

íû: â ôîðìàòå MS Excel (äëÿ ãðàôèêîâ è äèàãðàìì), eps, pdf, png, ti�, bmp èëè jpeg (ñ ìàêñèìàëüíûì
êà÷åñòâîì).

� Ðèñóíêè ñ ïîäðèñóíî÷íûìè ïîäïèñÿìè çàâåðñòûâàþòñÿ â òåêñò ñòàòüè.
� Òåêñòû, ÿâëÿþùèåñÿ ÷àñòüþ ðèñóíêà, âûïîëíÿþòñÿ øðèôòîì TimesNewRoman.
� Ôîòîãðàôèè äîëæíû èìåòü ðàçðåøåíèå íå ìåíåå 300 dpi.
4. Äîïîëíèòåëüíûå òðåáîâàíèÿ:
� Â òåêñò ñòàòüè íåîáõîäèìî âêëþ÷àòü ññûëêè íà ðèñóíêè è òàáëèöû, à òàêæå ïîäðèñóíî÷íûå ïîä-

ïèñè è çàãîëîâêè òàáëèö. Âñå áóêâåííûå îáîçíà÷åíèÿ, ïðèâåäåííûå íà ðèñóíêàõ, íåîáõîäèìî ïîÿñíèòü â
îñíîâíîì òåêñòå èëè â ïîäðèñóíî÷íûõ ïîäïèñÿõ.

� Ñîêðàùåíèÿ ñëîâ íå äîïóñêàþòñÿ (êðîìå îáùåïðèíÿòûõ).
� Âåêòîðíûå ïåðåìåííûå îáîçíà÷àþòñÿ ïîëóæèðíûì øðèôòîì áåç êóðñèâà.
� Òàáëèöû íå äîëæíû áûòü ãðîìîçäêèìè. Çíà÷åíèÿ ôèçè÷åñêèõ âåëè÷èí â òàáëèöàõ, íà ãðàôèêàõ è

â òåêñòå äîëæíû óêàçûâàòüñÿ â åäèíèöàõ èçìåðåíèÿ ÑÈ.
� Ãðàôèêè, åñëè èõ íà ðèñóíêå íåñêîëüêî, à òàêæå îòäåëüíûå äåòàëè íà ÷åðòåæàõ, óçëû è ëèíèè íà

ñõåìàõ ñëåäóåò îáîçíà÷àòü öèôðàìè, íàáðàííûìè êóðñèâîì.
� Íóìåðîâàòü ñëåäóåò òîëüêî òå ôîðìóëû è óðàâíåíèÿ, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå, íóìå-

ðàöèÿ ñêâîçíàÿ.
� Ññûëêè íà èñòî÷íèêè â òåêñòå çàêëþ÷àþòñÿ â êâàäðàòíûå ñêîáêè.
� Èíîñòðàííûå èñòî÷íèêè ïðèâîäÿòñÿ íà ÿçûêå îðèãèíàëà. Ññûëêè íà íåîïóáëèêîâàííûå ðàáîòû íå

äîïóñêàþòñÿ.
Âñå ñòàòüè, îïóáëèêîâàííûå â æóðíàëå ¾Ïðîáëåìû èíôîðìàòèêè¿, äîñòóïíû íà ñàéòå https://

elibrary.ru/title_about.asp?id=30275 è íà ñàéòå æóðíàëà http://problem-info.sscc.ru ñïóñòÿ ãîä
ïîñëå îïóáëèêîâàíèÿ.

Ïðèìåð îôîðìëåíèÿ ñòàòåé ìîæíî ïîñìîòðåòü íà ñàéòå æóðíàëà http://problem-info.sscc.ru.
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