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ÏÐÅÄÈÑËÎÂÈÅ
23 íîÿáðÿ 2022 ãîäà â ãîðîäå Ìèíñêå ïðîøëà ìåæäóíàðîäíàÿ íàó÷íàÿ êîíôåðåí-

öèÿ ¾Èíôîðìàöèîííûå òåõíîëîãèè è ñèñòåìû¿ (ÈÒÑ 2022, îðãàíèçîâàííàÿ ôàêóëü-
òåòîì èíôîðìàöèîííûõ òåõíîëîãèé è óïðàâëåíèÿ ó÷ðåæäåíèÿ îáðàçîâàíèÿ ¾Áåëî-
ðóññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èíôîðìàòèêè è ðàäèîýëåêòðîíèêè¿, áàçîâîé
îðãàíèçàöèè ãîñóäàðñòâ-ó÷àñòíèêîâ ÑÍÃ ïî âûñøåìó îáðàçîâàíèþ â îáëàñòè èíôîð-
ìàòèêè è ðàäèîýëåêòðîíèêè.

Â òå÷åíèå äíÿ íà ïëåíàðíîì è ïÿòè ñåêöèîííûõ çàñåäàíèÿõ áûëî ïðåäñòàâëåíî
78 äîêëàäîâ ïî ñëåäóþùèì íàïðàâëåíèÿì:

Ñåêöèÿ ¾Ñèñòåìû óïðàâëåíèÿ¿:

� ìîäåëèðîâàíèå ñèñòåì óïðàâëåíèÿ;
� àâòîìàòèçèðîâàííûå èññëåäîâàíèÿ ñèñòåì óïðàâëåíèÿ;
� ïðîåêòèðîâàíèå ñèñòåì óïðàâëåíèÿ;
� ìèêðîïðîöåññîðíûå ñèñòåìû óïðàâëåíèÿ;
� èíôîðìàöèîííûå òåõíîëîãèè â ñèñòåìàõ óïðàâëåíèÿ;
� ñèñòåìû ïåðåäà÷è è çàùèòû äèñêðåòíîé èíôîðìàöèè;
� ñèñòåìû òåëåìåõàíèêè;
� ýëåìåíòû è óñòðîéñòâà ñèñòåì óïðàâëåíèÿ.

Ñåêöèÿ ¾Èíòåëëåêòóàëüíûå èíôîðìàöèîííûå òåõíîëîãèè¿:

� ïðîåêòèðîâàíèå áàç çíàíèé;
� èíòåëëåêòóàëüíûé ïîèñê èíôîðìàöèè;
� èíòåëëåêòóàëüíûå ðåøàòåëè çàäà÷;
� ïîëüçîâàòåëüñêèå èíòåðôåéñû èíòåëëåêòóàëüíûõ ñèñòåì.

Ñåêöèÿ ¾Ïðîåêòèðîâàíèå âñòðàèâàåìûõ ñèñòåì¿:

� ïðîåêòèðîâàíèå è áûñòðîå ïðîòîòèïèðîâàíèå âñòðàèâàåìûõ ñèñòåì íà ÏËÈÑ;
� ìåòîäîëîãèè ïðîåêòèðîâàíèÿ IP-êîìïîíåíò âñòðàèâàåìûõ ñèñòåì;
� ïðîãðàììíàÿ è àïïàðàòíàÿ çàùèòà IP-êîìïîíåíò;
� êîíòðîëåïðèãîäíîå ïðîåêòèðîâàíèå è òåñòèðîâàíèå âñòðàèâàåìûõ ñèñòåì;
� ðåêîíôèãóðèðóåìûå âñòðàåâàåìûå ñèñòåìû.

Ñåêöèÿ ¾Àâòîìàòèçèðîâàííûå ñèñòåìû îáðàáîòêè èíôîðìàöèè¿:

� ìàòåìàòè÷åñêèå ìîäåëè è ìåòîäû îáðàáîòêè èíôîðìàöèè: ñòàòèñòè÷åñêèå, ÷èñ-
ëåííûå, ëîãè÷åñêèå, ãðàôîâûå, íåéðîñåòåâûå è äðóãèå;

� àíàëèç ìíîãîìåðíûõ äàííûõ;
� ìåòîäîëîãè÷åñêèå ïðîáëåìû è òåõíîëîãèè ïîäãîòîâêè ñïåöèàëèñòîâ â îáëàñòè
ñèñòåì îáðàáîòêè èíôîðìàöèè;

� òåõíîëîãèè è ñòàíäàðòû ïðîãðàììèðîâàíèÿ è ïðîåêòèðîâàíèÿ ñèñòåì îáðàáîòêè
èíôîðìàöèè;

� ñèñòåìû è ñðåäñòâà ñîâìåñòíîé ðàáîòû ïîëüçîâàòåëåé;
� çàùèòà èíôîðìàöèè â àâòîìàòèçèðîâàííûõ ñèñòåìàõ îáðàáîòêè èíôîðìàöèè.
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Ñåêöèÿ ¾Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå è êîìïüþòåðíàÿ ãðàôèêà¿:

� ìåòîäû ðåøåíèÿ óðàâíåíèé ìàòåìàòè÷åñêîé ôèçèêè;
� ìåòîäû íåëèíåéíîé îïòèìèçàöèè;
� ìîäåëè è ìåòîäû òåïëî è ìàññîïåðåíîñà;
� ìàòåìàòè÷åñêèå ìîäåëè è ìåòîäû êîìïüþòåðíîé ãðàôèêè;
� àïïàðàòíîå îáåñïå÷åíèå êîìïüþòåðíîé ãðàôèêè;
� àëãîðèòìû è ìåòîäû èíòåðàêòèâíûõ ïðîãðàììíûõ ïðîäóêòîâ.

Â ðàáîòå êîíôåðåíöèè ïðèíÿëè ó÷àñòèå ó÷¼íûå è ñïåöèàëèñòû Ðåñïóáëèêè Áå-
ëàðóñü, Ðîññèéñêîé Ôåäåðàöèè, Óêðàèíû.

Äîêëàä÷èêè ïðåäñòàâëÿëè òàêèå âûñøèå ó÷åáíûå çàâåäåíèÿ êàê: Áåëîðóññêèé
ãîñóäàðñòâåííûé óíèâåðñèòåò èíôîðìàòèêè è ðàäèîýëåêòîðîíèêè, Èíñòèòóòà èí-
ôîðìàöèîííûõ òåõíîëîãèé, Áåëîðóññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Áåëîðóññêèé
ãîñóäàðñòâåííûé ýêîíîìè÷åñêèé óíèâåðñèòåò, Îáúåäèí¼ííûé èíñòèòóò ïðîáëåì èí-
ôîðìàòèêè Íàöèîíàëüíîé àêàäåìèè íàóê Áåëàðóñè, Ó÷ðåæäåíèå îáðàçîâàíèÿ ≪Íà-
öèîíàëüíûé äåòñêèé òåõíîïàðê≫, Áåëîðóññêèé ãîñóäàðñòâåííûé òåõíîëîãè÷åñêèé óíè-
âåðñèòåò, Óôèìñêèé ãîñóäàðñòâåííûé íåôòÿíîé òåõíè÷åñêèé óíèâåðñèòåò, Òàøêåíò-
ñêèé óíèâåðñèòåò èíôîðìàöèîííûõ òåõíîëîãèé, Óôèìñêèé ãîñóäàðñòâåííûé íåôòÿ-
íîé òåõíè÷åñêèé óíèâåðñèòåò, Âîåííàÿ àêàäåìèÿ Ðåñïóáëèêè Áåëàðóñü, Áåëîðóññêèé
ãîñóäàðñòâåííûé óíèâåðñèòåò òðàíñïîðòà, Áóõàðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò,
Ãîìåëüñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò èìåíè Ï. Î. Ñóõîãî, Ëþáëèí-
ñêèé Êàòîëè÷åñêèé óíèâåðñèòåò ßíà Ïàâëà II.

Îðãêîìèòåò áëàãîäàðèò âñåõ, êòî ñ÷åë âîçìîæíûì ïîäåëèòüñÿ ðåçóëüòàòàìè
ñâîåé äåÿòåëüíîñòè è ïðèíÿë ó÷àñòèå â ðàáîòå êîíôåðåíöèè.
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ORGANISING COMMITEE

Prof.Dr. Vadim Bogush Rector of The Belarusian State University of Informatics
and Radioelectronics

PhD Maksim Davydov First Vice-Rector of BSUIR

PhD Evgeni Shneiderov Vice-Rector for Education of BSUIR

PhD Viktor Stempitsky Vice-Rector for Research of BSUIR

Dmitry Kuznetsov Vice-rector for Personal Development of BSUIR

PhD Victor Rybak Vice-Rector for Education of BSUIR

Prof.Dr. Leonid Shilin Dean of The Faculty of Information Technologies and
Control of BSUIR
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PROGRAMME COMMITEE

Prof.Dr. Vladimir Mukha Professor of Information Technologies in Automated
Systems Department of BSUIR

Prof.Dr. Vladimir Golenkov Professor of Intelligent Information Technologies
Department of BSUIR

Prof.Dr. Vladimir Golovko Head of Intelligent Information Technologies
Department of BrSTU

Prof.Dr. Alexander Ivaniuk Professor of Computer Science Department of BSUIR

Prof.Dr. Stanislav Kolosov Professor of Computational Methods and Programming
Department of BSUIR

PhD Dmitry Kukin Head of Computational Methods and Programming
Department of BSUIR

PhD Alexander Markov Head of Control Systems Department of BSUIR

PhD Anatoly Navrotsky Head of Information Technologies in Automated
Systems Department of BSUIR

PhD Daniil Shunkevich Head of Intelligent Information Technologies
Department of BSUIR

PhD Vadim Zhuravliov Head of Fundamental Electrical Engineering
Department of BSUIR
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Ïëåíàðíûå äîêëàäû

Plenary session
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ÌÅÒÎÄÛ, ÈÍÑÒÐÓÌÅÍÒÛ, ÏÐÈÌÅÐÛ
ÈÍÒÅËËÅÊÒÓÀËÜÍÎÃÎ ÀÍÀËÈÇÀ ÃÅÎÄÀÍÍÛÕ

Òàðàí÷óê Â. Á.

Êàôåäðà êîìïüþòåðíûõ òåõíîëîãèé è ñèñòåì, Ôàêóëüòåò ïðèêëàäíîé ìàòåìàòèêè è èíôîðìàòèêè,

Áåëîðóññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò

Ìèíñê, Ðåñïóáëèêà Áåëàðóñü

E-mail: taranchuk@bsu.by

Îáñóæäàþòñÿ ìåòîäè÷åñêèå è òåõíè÷åñêèå âîïðîñû ïðèìåíåíèÿ è ðàçâèòèÿ ïðîãðàììíîé ñèñòåìû ÃÁÄ

(ÃåîÁàçàÄàííûõ) ïðè ñîçäàíèè è ìîíèòîðèíãå ïîñòîÿííî äåéñòâóþùèõ ãåîëîãî-òåõíîëîãè÷åñêèõ ìîäå-

ëåé îáúåêòîâ íåôòåäîáû÷è. Îòìå÷åíû íîâûå ôóíêöèîíàëüíûå âîçìîæíîñòè, îáåñïå÷åííûå âêëþ÷åíèåì â

ÃÁÄ èñïîëíÿåìûõ ìîäóëåé èíòåëëåêòóàëüíîãî àíàëèçà äàííûõ ñèñòåìû êîìïüþòåðíîé àëãåáðû Wolfram

Mathematica. Â ÷àñòíîñòè, ïðèâåäåíû è èëëþñòðèðóþòñÿ ïðèìåðàìè íåñêîëüêî òåõíè÷åñêèõ ðåøåíèé

ïðè ðåàëèçàöèè ñ èñïîëüçîâàíèåì ìåòîäîâ êëàñòåðíîãî àíàëèçà è èñêóññòâåííûõ íåéðîííûõ ñåòåé ïðèíÿ-

òîé ìåòîäèêè àäàïòàöèè ìîäåëè ðåçåðâóàðà ïî ãåîëîãè÷åñêèì äàííûì î ñòðîåíèè è ñâîéñòâàõ ïëàñòîâîé

ñèñòåìû, ïî èñòîðèè ðàçðàáîòêè îáúåêòà.

Ââåäåíèå

Ïðîåêòèðîâàíèå ðàçðàáîòêè íåôòÿíûõ ìå-
ñòîðîæäåíèé ñâÿçàíî ñ ïðîâåäåíèåì ìíîãîâàðè-
àíòíûõ ðàñ÷åòîâ òåõíîëîãè÷åñêèõ ïîêàçàòåëåé, â
êîòîðûõ îöåíèâàþòñÿ ðàçëè÷íûå ñïîñîáû íåôòå-
èçâëå÷åíèÿ. Ïðè ýòîì ïðîãíîçèðóþòñÿ äîáûâíûå
âîçìîæíîñòè ñêâàæèí, âûðàáîòàííîñòü ïëàñòîâ
ïî ðàçëè÷íûì ó÷àñòêàì, êîýôôèöèåíò èçâëå÷å-
íèÿ íåôòè. Â âû÷èñëèòåëüíûõ ýêñïåðèìåíòàõ ïî
èçó÷åíèþ ïðîöåññîâ, ïðîèñõîäÿùèõ ïðè ýêñïëóà-
òàöèè íåôòÿíûõ ìåñòîðîæäåíèé, òàêæå ïðîãíî-
çèðóþòñÿ ðåæèìû îòáîðîâ ñêâàæèí, èçìåíåíèå
ðàñïðåäåëåíèé íåôòåíàñûùåííîñòè è äàâëåíèÿ,
ïëîòíîñòè çàïàñîâ ïëàñòîâ. Ïðîãíîç ìîæåò îñó-
ùåñòâëÿòüñÿ íà îñíîâå ðàçëè÷íûõ îïèñàíèé, â
÷àñòíîñòè, ñ èñïîëüçîâàíèåì ñòàòèñòè÷åñêèõ èëè
ãèäðîäèíàìè÷åñêèõ ìîäåëåé. Èçó÷åíèå íà îñíîâå
ãèäðîäèíàìè÷åñêèõ ìîäåëåé îïèðàåòñÿ, â îñíîâ-
íîì, íà èíôîðìàöèþ, ïîëó÷àåìóþ ïðè áóðåíèè
è îïðîáîâàíèè ñêâàæèí, èíòåðïðåòàöèè ðåçóëü-
òàòîâ ãèäðîäèíàìè÷åñêèõ èññëåäîâàíèé, ó÷èòû-
âàåòñÿ èñòîðèÿ ðàçðàáîòêè îáúåêòà. Ãèäðîäèíà-
ìè÷åñêèå ìîäåëè îñíîâàíû íà ñòðîãèõ çàêîíàõ
ñîõðàíåíèÿ ìåõàíèêè. Ýòî èõ ãëàâíîå äîñòîèí-
ñòâî è îñíîâíîå îòëè÷èå îò ñòàòèñòè÷åñêèõ ìîäå-
ëåé. Ðàñ÷åòû ïî òàêèì ìîäåëÿì òðåáóþò èíôîð-
ìàöèè î ðàñïðåäåëåíèè ïàðàìåòðîâ ïëàñòà ïî
âñåìó îáúåêòó (îáúåêò òðåõìåðíûé, ïàðàìåòðû
ìåíÿþòñÿ âî âðåìåíè). Âàæíà ñîãëàñîâàííîñòü
òî÷íîñòè ïðèíèìàåìîé ìîäåëè ïîäçåìíîé ãèä-
ðîìåõàíèêè ñ íåèçáåæíîé íåòî÷íîñòüþ è íåïîë-
íîòîé èñõîäíîé èíôîðìàöèè î ñòðîåíèè è ñâîé-
ñòâàõ ïëàñòîâîé ñèñòåìû [1]. Ïðè ìîäåëèðîâàíèè
÷àñòî ïîíÿòèå ¾äîñòîâåðíàÿ èíôîðìàöèÿ (ïàðà-
ìåòðû ïëàñòà)¿ ïîäìåíÿåòñÿ ïîíÿòèåì ¾ïðàâäî-
ïîäîáíàÿ èíôîðìàöèÿ¿. Ïîñëåäíÿÿ ïîëó÷àåòñÿ
íà ýòàïàõ îöèôðîâêè, àäàïòàöèè ìîäåëè, ïðåä-
ñòàâëÿþùåì ñîáîé ñïîñîá ðàñïðîñòðàíåíèÿ çàìå-
ðîâ ïî ñêâàæèíàì è äðóãîé èìåþùåéñÿ àïðèîð-
íîé èíôîðìàöèè íà âåñü îáúåêò. Ó÷èòûâàÿ ëî-

êàëüíûé õàðàêòåð èíôîðìàöèè ïî ñêâàæèíàì,
íåâîçìîæíî îäíîçíà÷íî îïðåäåëèòü ñòðîåíèå è
ñâîéñòâà ïëàñòîâîé ñèñòåìû â ìåæñêâàæèííîì
ïðîñòðàíñòâå. Ïîëó÷àåìûå ïðè ýòîì ïàðàìåòðû
îáúåêòà â îáùåì ñëó÷àå ìîãóò íå ñîâïàäàòü ñ
åãî ðåàëüíûìè õàðàêòåðèñòèêàìè ([2]). Êðîìå
òîãî, ÷èñëåííàÿ ðåàëèçàöèÿ ìîäåëè ìíîãîêðàò-
íî ïîâûøàåò ðàçìåðíîñòü çàäà÷è, è íà îáúåê-
òàõ, ýêñïëóàòèðóåìûõ äåñÿòêàìè ñîòåí ñêâàæèí,
ðàçìåðíîñòü çàäà÷è äîñòèãàåò íåñêîëüêèõ ñîòåí
òûñÿ÷, ÷òî äåëàåò èñïîëüçîâàíèå êîìïüþòåðíîé
ìîäåëè â ïðîèçâîäñòâå ïðàêòè÷åñêè íåâîçìîæ-
íûì äàæå ïðè íàëè÷èè ìîùíûõ ñóïåðêîìïüþ-
òåðîâ. Âûõîä, âèäèìî, ñóùåñòâóåò òîëüêî â ñî-
çäàíèè ñîîòâåòñòâóþùèõ ìåòîäèê è íàñòðàèâàå-
ìûõ èññëåäîâàòåëåì ñ ïîìîùüþ êîìïüþòåðíûõ
ñðåäñòâ íàáîðîâ âõîäíûõ äàííûõ, ïîäìåíÿþùèõ
èñòèííóþ (àïðèîðè íåèçâåñòíóþ) èíôîðìàöèþ
¾ïðàâäîïîäîáíîé¿. Ïîëó÷àòüñÿ òàêàÿ ¾ïðàâäî-
ïîäîáíàÿ¿ èíôîðìàöèÿ ìîæåò íà ýòàïå àäàïòà-
öèè, íàñòðîéêè ìîäåëè [3, 4, 1].

I. Îñíîâû ìåòîäèêè àäàïòàöèè ìîäåëè
íåôòÿíîé çàëåæè

Ïîëíîå îïèñàíèå ìåòîäèêè, ïðîãðàììíîãî
îáåñïå÷åíèÿ ñîçäàíèÿ è ìîíèòîðèíãà â ÃÁÄ ïî-
ñòîÿííî äåéñòâóþùåé ãåîëîãî-òåõíîëîãè÷åñêîé
ìîäåëè îáúåêòà íåôòåäîáû÷è â ïðèáëèæåíèè
êðóïíîáëî÷íîãî îñðåäíåíèÿ èçëîæåíî â [1]. Ïðè
ðàçðàáîòêå ìåòîäèêè àäàïòàöèè ìîäåëè ðåçåðâó-
àðà ïî ãåîëîãè÷åñêèì äàííûì î ñòðîåíèè è ñâîé-
ñòâàõ ïëàñòîâîé ñèñòåìû, ïî èñòîðèè ðàçðàáîò-
êè îáúåêòà ó÷èòûâàþòñÿ: äâóõôàçíîñòü ôèëü-
òðàöèîííîãî ïîòîêà; âîçìîæíîñòü íàëè÷èÿ ïðî-
ïëàñòêîâ, ò.å. ìíîãîïëàñòîâîñòü çàëåæè, âñêðû-
òîé ñèñòåìîé íàãíåòàòåëüíûõ è äîáûâàþùèõ
ñêâàæèí; íåñòàöèîíàðíîñòü ðåæèìîâ çàêà÷êè è
îòáîðîâ ïî ñêâàæèíàì; íåòî÷íîñòü èíôîðìàöèè
ïî ïðîíèöàåìîñòè, ïîðèñòîñòè; íåîäíîðîäíîñòü
ïëàñòîâ; íåïîëíîòà âñêðûòèÿ ïëàñòîâ.
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Ìåòîäèêà, ðåàëèçîâàííûå àëãîðèòìû, ñî-
îòâåòñòâóþùèå ïðîãðàììíûå ñðåäñòâà ïîçâîëÿ-
þò ìîäåëèðîâàòü: äâóõôàçíóþ ôèëüòðàöèþ â
êîëëåêòîðå; îñíîâíûå ðåæèìû ðàáîòû ñêâàæèí;
íåïðîíèöàåìîñòü îòäåëüíûõ ãðàíèö ïëàñòîâ è
îòêðûòîñòü äðóãèõ; âëèÿíèå íàïîðà êðàåâûõ è
ïîäñòèëàþùèõ âîä; ãèäðîäèíàìè÷åñêóþ ñâÿçü
ìåæäó ïëàñòàìè è èõ îòäåëüíûìè ó÷àñòêàìè.

Êðèòåðèÿìè ãîòîâíîñòè ìîäåëè, ïðàâèëü-
íîñòè àäàïòàöèè ñëóæàò ñòåïåíü ðàçëè÷èÿ íà
êîíòðîëüíûå ìîìåíòû âðåìåíè ìåæäó ôàêòè÷å-
ñêèìè è âû÷èñëåííûìè: çàáîéíûìè äàâëåíèÿìè
(äåáèòàìè) íà îòäåëüíûõ ñêâàæèíàõ; îáâîäíåí-
íîñòÿìè ïðîäóêöèè íà ñêâàæèíàõ ïî îòäåëüíûì
ó÷àñòêàì è ïî îáúåêòó â öåëîì.

Ðåçóëüòàòàìè ðàáîòû ïî ìåòîäèêå ÿâëÿþò-
ñÿ ðåêîìåíäàöèè è èíñòðóêöèè: êàê óòî÷íÿòü ïà-
ðàìåòðû (ìîùíîñòü, ïîðèñòîñòü, ïðîíèöàåìîñòü,
íåôòå- è âîäîíàñûùåííîñòü) ïî îáúåìó ðåçåðâóà-
ðà, êàê âûÿâëÿòü ïðèòîêè ïî ãðàíèöàì; êàê ïîä-
áèðàòü ôóíêöèè ìîäåëüíûõ îòíîñèòåëüíûõ ôà-
çîâûõ ïðîíèöàåìîñòåé (âêëþ÷àÿ ñïåöèàëüíî ïî-
äîáðàííûå ôóíêöèè, êîòîðûå ìîãóò îòëè÷àòü-
ñÿ îò ôóíêöèé îòíîñèòåëüíûõ ôàçîâûõ ïðîíè-
öàåìîñòåé, ïîëó÷åííûõ ïî êåðíó); êàê ôîðìèðî-
âàòü öèôðîâûå ïîëÿ ðàñïðåäåëåíèé ïî ïëîùà-
äè îáúåêòà ðàññ÷èòàííûõ ñèñòåìîé ÃÁÄ ïàðà-
ìåòðîâ ïëàñòîâ; êàê èñïîëüçîâàòü èíôîðìàöèþ î
òåõ ãðàíè÷íûõ óñëîâèÿõ, êîòîðûå îòëè÷àþòñÿ îò
óñëîâèé, ïåðâîíà÷àëüíî ñôîðìóëèðîâàííûõ ïðî-
åêòèðîâùèêàìè è êóðàòîðàìè îáúåêòà (íàïðè-
ìåð, ÷àñòè ãðàíèö, íà êîòîðûõ óñëîâèÿ íåïðîíè-
öàåìîñòè â ðåçóëüòàòå àäàïòàöèè çàìåíåíû óñëî-
âèÿìè ïðîòåêàíèÿ è ò.ä.).

Ìîäåëü êîíêðåòíîãî îáúåêòà íåôòåäîáû÷è
ñ÷èòàåòñÿ àäàïòèðîâàííîé, åñëè ïî ðåçóëüòàòàì
àíàëèçà ðàñ÷åòíûõ äàííûõ ìîæíî ñóäèòü î äî-
ñòèæåíèè íåîáõîäèìîé òî÷íîñòè â âîñïðîèçâåäå-
íèè ïîêàçàòåëåé èñòîðèè ðàçðàáîòêè ìåñòîðîæ-
äåíèÿ. Îñíîâíàÿ íàãðóçêà â ïðîâåäåíèè ïîäîá-
íîãî àíàëèçà ëîæèòñÿ íà ýêñïåðèìåíòàòîðà. Îí
òàêæå âûáèðàåò è âíîñèò òå èçìåíåíèÿ âî âõîä-
íûå äàííûå, êîòîðûå ñìîãóò ïðè äàëüíåéøèõ
ðàñ÷åòàõ ïîâûñèòü òî÷íîñòü ìîäåëè.

II. Ñõåìà ïðîöåññà àäàïòàöèè

Â ñàìîì îáùåì âèäå ïðîöåññ àäàïòàöèè
ìîæíî ïðåäñòàâèòü êàê ïîâòîðåíèå äî ïîëó÷åíèÿ
æåëàåìîé òî÷íîñòè ñëåäóþùèõ äåéñòâèé: âíåñå-
íèå èçìåíåíèé âî âõîäíûå äàííûå, ðàñ÷åò ìîäå-
ëè, àíàëèç ðåçóëüòàòîâ ðàñ÷åòà. Èìåííî òàêàÿ
ñõåìà ðåàëèçîâàíà â ñèñòåìå ÃÁÄ, ïðè÷åì, îíà
îáåñïå÷èâàåò íå òîëüêî ïðîâåäåíèå ìíîãîâàðè-
àíòíûõ ðàñ÷åòîâ, íî è ñîõðàíåíèå â îáùåé áàçå
âñåõ âõîäíûõ è âûõîäíûõ äàííûõ êîíêðåòíîãî
âàðèàíòà, ïðåäîñòàâëÿÿ ñðåäñòâà ñîçäàíèÿ íîâî-
ãî âàðèàíòà. Ýòî ïîçâîëÿåò ðàññ÷èòàòü è ñðàâ-
íèòü ìåæäó ñîáîé ðàçëè÷íûå âàðèàíòû, èñïîëü-
çóÿ âñòðîåííûå ñåðâèñíûå ïðîãðàììû âèçóàëè-
çàöèè è àíàëèçà äàííûõ.

Âåñü ïðîãðàììíûé êîìïëåêñ ÃÁÄ ìîæíî
ïðåäñòàâèòü ðàáîòàþùèì íà íåñêîëüêèõ óðîâ-
íÿõ. Ïåðâîíà÷àëüíî ñóùåñòâóþò ëèøü èñõîä-
íûå ïàðàìåòðû îá îáúåêòå ìîäåëèðîâàíèÿ, êî-
òîðûå õðàíÿòñÿ â àðõèâàõ, áàçàõ äàííûõ ãåîëî-
ãîâ è ïðîìûñëîâèêîâ. Èñõîäíûå äàííûå èíòåð-
ïðåòèðóþòñÿ è âûïîëíÿåòñÿ èõ ïðåîáðàçîâàíèå
ê âíóòðåííåìó ôîðìàòó ñèñòåìû; ôîðìèðóåòñÿ
íàáîð âõîäíûõ äàííûõ ñîçäàâàåìîé ìîäåëè. Íà
ñëåäóþùåì óðîâíå ðàñïîëîæåíû âûäåëåííûå â
îòäåëüíûå ïîäñèñòåìû ïðîãðàììû ôîðìèðîâà-
íèÿ ñåòî÷íîé ãåîëîãè÷åñêîé ìîäåëè îáúåêòà, ñè-
ñòåìû áëîêîâ, ðàñ÷åòà õàðàêòåðèñòèê áëî÷íîé
ãåîëîãè÷åñêîé ìîäåëè, ñîïðîâîæäåíèÿ è ñåðâè-
ñà äëÿ ôîðìèðîâàíèÿ è èçìåíåíèÿ ãðàíè÷íûõ
óñëîâèé äèíàìè÷åñêîé ìîäåëè, ïðîãðàììà ðàñ÷å-
òà äèíàìè÷åñêîé ìîäåëè. Â êàæäîé èç ïåðå÷èñ-
ëåííûõ ïîäñèñòåì èìåþòñÿ ñðåäñòâà ïîäãîòîâêè
è ïåðåäà÷è äàííûõ â ñïåöèàëüíî ðàçðàáîòàííûå
ïðîãðàììû âèçóàëèçàöèè è àíàëèçà ðåçóëüòàòîâ.

Ê íàñòîÿùåìó ìîìåíòó ìîæíî êîíñòàòèðî-
âàòü, ÷òî ýêñïëóàòàöèÿ ÃÁÄ áîëåå 20 ëåò âñå-
ãäà îñóùåñòâëÿëàñü ïðè ó÷àñòèè ðàçðàáîò÷èêîâ
ñèñòåìû è ýêñïåðòîâ, êîãäà àäàïòàöèÿ ïðîâîäè-
ëàñü ïóòåì ìíîãîâàðèàíòíûõ ðàñ÷åòîâ (â ìíî-
ãèõ ñëó÷àÿõ ýòî ñîòíè), èõ ñîïîñòàâëåíèåì, à
óñïåøíîñòü è ñêîðîñòü äîñòèæåíèÿ æåëàåìûõ
ðåçóëüòàòîâ â îñíîâíîì îïðåäåëÿëèñü îïûòíî-
ñòüþ è èíòóèöèåé èñïîëíèòåëåé. Â òåêóùåì ñî-
ñòîÿíèè ñèñòåìû ÃÁÄ ïðè åå äîïîëíåíèè èñïîë-
íÿåìûìè ìîäóëÿìè èíòåëëåêòóàëüíîãî àíàëèçà
äàííûõ ñèñòåìû êîìïüþòåðíîé àëãåáðûWolfram
Mathematica ðÿä ïðîöåäóð óäàåòñÿ âûïîëíÿòü
çíà÷èòåëüíî áûñòðåå áëàãîäàðÿ ïðèìåíåíèþ ðå-
øåíèé, âûòåêàþùèõ èç êëàñòåðíîãî àíàëèçà [5].

Çàêëþ÷åíèå

Â äîêëàäå áóäóò îáñóæäåíû ìåòîäè÷åñêèå
è òåõíè÷åñêèå ðåøåíèÿ àäàïòàöèè öèôðîâûõ ïî-
ëåé, ÿâëÿþùèõñÿ îñíîâîé êîìïüþòåðíûõ ìîäå-
ëåé; ïðèìåðàìè èç ïðàêòèêè ñîçäàíèÿ ãåîëîãî-
òåõíîëîãè÷åñêèõ ìîäåëåé îáúåêòîâ íåôòåäîáû-
÷è áóäóò ïðîèëëþñòðèðîâàíû âàðèàíòû ïîâûøå-
íèÿ ýôôåêòèâíîñòè ôîðìèðîâàíèÿ, àïïðîêñèìà-
öèè è èíòåðïðåòàöèè öèôðîâûõ ïîëåé ñðåäñòâà-
ìè êëàñòåðíîãî àíàëèçà.
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Â ïóáëèêàöèè ðàññìàòðèâàåòñÿ ïðîáëåìà ìîäåëèðîâàíèÿ ýêîíîìè÷åñêèõ ïðîöåññîâ, â ïåðâóþ î÷åðåäü íà

ìàêðîýêîíîìè÷åñêîì óðîâíå. Äàåòñÿ êðàòêîå îïèñàíèå òðåõ îñíîâíûõ êëàññîâ ìàêðîýêîíîìè÷åñêèõ ìî-

äåëåé. Äåëàåòñÿ âûâîä î ïåðñïåêòèâíîñòè èñïîëüçîâàíèÿ ìîäåëåé ¾çàòðàòû - âûïóñê¿ äëÿ ìàêðîýêîíî-

ìè÷åñêîãî àíàëèçà è ïðîãíîçèðîâàíèÿ â óñëîâèÿõ ñòðóêòóðíûõ èçìåíåíèé ãëîáàëüíîé ýêîíîìèêè. Ïðåä-

ëàãàåòñÿ àâòîðñêàÿ êëàññèôèêàöèÿ èåðàðõèè ìîäåëåé ¾çàòðàòû - âûïóñê¿ è êîíöåïöèÿ èõ èíòåãðàöèè â

åäèíóþ ñèíòåòè÷åñêóþ ìîäåëü. Òàêæå ðàññìàòðèâàþòñÿ êîíêðåòíûå ïðèìåðû ïðèêëàäíîãî èñïîëüçîâà-

íèÿ ìåòîäîëîãèè ¾çàòðàòû - âûïóñê¿ äëÿ ðàçíûõ óðîâíåé ýêîíîìè÷åñêîé ñèñòåìû.

I. Ââåäåíèå

Äëÿ ëþáîé íàóêè ìàòåìàòè÷åñêîå ìîäåëè-
ðîâàíèå ÿâëÿåòñÿ åñòåñòâåííûì è íåîòúåìëå-
ìûì èíñòðóìåíòîì, ïîçâîëÿþùèì êîëè÷åñòâåí-
íî îïèñàòü è ïðîàíàëèçèðîâàòü èçó÷àåìûé îáú-
åêò ðåàëüíîãî ìèðà, à òàêæå ñïðîãíîçèðîâàòü åãî
¾ïîâåäåíèå¿ ïîä âîçäåéñòâèåì íåêîòîðûõ ôàê-
òîðîâ â ðàçëè÷íûõ îáñòîÿòåëüñòâàõ. Ýêîíîìè÷å-
ñêàÿ íàóêà - íå èñêëþ÷åíèå è ÿâëÿåòñÿ óæå äî-
ñòàòî÷íî çðåëîé, ÷òîáû òàêæå àêòèâíî èñïîëüçî-
âàòü èíñòðóìåíòàðèé ìàòåìàòè÷åñêîãî ìîäåëè-
ðîâàíèÿ äëÿ ðåøåíèÿ áîëüøîãî êðóãà ïðèêëàä-
íûõ çàäà÷, ïðàâäà, ñ ðàçíîé ñòåïåíüþ óñïåøíî-
ñòè.

Â ëèòåðàòóðå ìîæíî âñòðåòèòü àíàëèç ðÿ-
äà îáúåêòèâíûõ ïðè÷èí, ñòàâÿùèõ ïîä ñîìíå-
íèå âîçìîæíîñòè ýêîíîìè÷åñêîé íàóêè â ïîëíîé
ìåðå ïîëàãàòüñÿ íà ìàòåìàòè÷åñêèå ìîäåëè, êàê
äëÿ îáúÿñíåíèÿ, òàê è äëÿ ïðîãíîçèðîâàíèÿ.

Â ïåðâóþ î÷åðåäü ðå÷ü èäåò î ïðèðîäå ñà-
ìèõ ýêîíîìè÷åñêèõ ÿâëåíèé. ßâëÿþòñÿ ëè
ýêîíîìè÷åñêèå ñâÿçè è îòíîøåíèÿ â ïðèíöè-
ïå îäíîçíà÷íî îïðåäåëåííûìè (¾æåñòêèìè¿) è
óñòîé÷èâûìè âî âðåìåíè? Êàê ïðàâèëî, èññëå-
äîâàòåëè äàþò îòðèöàòåëüíûé îòâåò íà îáà ýòè
âîïðîñà.

Êëàññè÷åñêèì ïðèìåðîì ìîæåò áûòü êðè-
âàÿ Ôèëëèïñà, ïîêàçûâàþùàÿ ñâÿçü óðîâíÿ áåç-
ðàáîòèöû, ñ îäíîé ñòîðîíû, è óðîâíÿ çàðàáîòíîé
ïëàòû (èëè � â äðóãîé ôîðìóëèðîâêå � óðîâ-
íÿ èíôëÿöèè), ñ äðóãîé. Ôèëëèïñ èñïîëüçîâàë
äàííûå ïî Âåëèêîáðèòàíèè çà 1861-1957 ãîäû
è ïîëó÷èë äîñòàòî÷íî óñòîé÷èâóþ ñòàòèñòè÷å-
ñêè çíà÷èìóþ ôóíêöèîíàëüíóþ çàâèñèìîñòü. Ðå-
çóëüòàò âïîëíå ñîãëàñîâûâàëñÿ ñ ïîëîæåíèÿìè
ýêîíîìè÷åñêîé òåîðèè è çäðàâûì ñìûñëîì. Îä-
íàêî â äàëüíåéøåì îêàçàëîñü, ÷òî ñâÿçü ìåæäó
áåçðàáîòèöåé è èíôëÿöèåé íå ñòîëü îäíîçíà÷íà
è óæ òî÷íî íå îñòàåòñÿ íåèçìåííîé âî âðåìåíè.
Èññëåäîâàòåëè ñòàëè ãîâîðèòü î ñåìåéñòâå êðè-
âûõ Ôèëëèïñà, î êðàòêîñðî÷íîé è äîëãîñðî÷íîé

åå âåðñèÿõ, î åå ñäâèãàõ è èçìåíåíèè ¾íàêëî-
íà¿, îá îïîñðåäîâàíèè ñâÿçè ¾áåçðàáîòèöà - èí-
ôëÿöèÿ¿ îæèäàíèÿìè ýêîíîìè÷åñêèõ ñóáúåêòîâ
è äàæå âîîáùå î åå ïðèíöèïèàëüíîì îòñóòñòâèè.
Êðîìå òîãî, ñòàëè ïðåäïîëàãàòü, ÷òî ñàìà ñâÿçü,
îïèñûâàåìàÿ êðèâîé Ôèëëèïñà, ïîäâåðæåíà âëè-
ÿíèþ ýêîíîìè÷åñêîé ïîëèòèêè ãîñóäàðñòâà, ó÷è-
òûâàþùåé, â òîì ÷èñëå è ïðåäñêàçàíèÿ... êðèâîé
Ôèëëèïñà! Òåì ñàìûì ýòî ïðèâîäèò ê íåêîòîðîé
ñàìîïîääåðæèâàþùåéñÿ äèíàìèêå, òðóäíî ïîä-
äàþùåéñÿ àíàëèçó è ïðîãíîçèðîâàíèþ.

Åùå îäíîé ïðîáëåìîé âûñòóïàåò ïðîáëå-
ìà èñõîäíûõ äàííûõ. Êàçàëîñü áû, ôèêñàöèÿ
ôàêòîâ ïîâñåäíåâíîé õîçÿéñòâåííî-ôèíàíñîâîé
äåÿòåëüíîñòè � çàäà÷à òðèâèàëüíàÿ è äàâíî ðå-
øåííàÿ. Îäíàêî ýòî íå òàê. Îãðîìíûé àññîðòè-
ìåíò ïðîäóêöèè è ìàñøòàáîâ ýêîíîìè÷åñêîé äå-
ÿòåëüíîñòè, ïîñòîÿííîå è äàëåêî íå âñåãäà ïðåä-
ñêàçóåìîå èçìåíåíèå öåí, â êîòîðûõ èçìåðÿþòñÿ
ïîòîêè òîâàðîâ, ïëàòåæåé è ðåñóðñîâ, ïîÿâëåíèå
èííîâàöèé, íå èìåþùèõ àíàëîãîâ â ïðîøëîì,
ðàçíûå ìåòîäèêè ó÷åòà, ðàçíûå ïîäõîäû ê îïðå-
äåëåíèþ è ðàñ÷åòó ýêîíîìè÷åñêèõ ïîêàçàòåëåé �
âñå ýòî è ìíîãîå äðóãîå ñóùåñòâåííî óñëîæíÿ-
åò ïîëó÷åíèå òî÷íûõ, àêòóàëüíûõ è ñðàâíèìûõ
äàííûõ óæå íà óðîâíå îòäåëüíîãî ïðåäïðèÿòèÿ,
îòðàñëè èëè ðûíêà.

×òî êàñàåòñÿ óðîâíÿ ýêîíîìèêè â öåëîì, ò.å.
ìàêðîóðîâíÿ, íàöèîíàëüíîå ñ÷åòîâîäñòâî (ñèñòå-
ìà ó÷åòà ýêîíîìè÷åñêèõ ÿâëåíèé â ñòðàíå) ñàìî
ïî ñåáå � îòíîñèòåëüíî íåäàâíèé ôåíîìåí: ïåð-
âûé îáùåïðèçíàííûé ñòàíäàðò ñèñòåìû íàöèî-
íàëüíûõ ñ÷åòîâ (ÑÍÑ) ïîÿâèëñÿ ëèøü â 1953 ãî-
äó.

Íà óðîâíå ãëîáàëüíîé ýêîíîìèêè äî ñèõ ïîð
íàáëþäàþòñÿ ñåðüåçíûå ïðîáëåìû, ñâÿçàííûå ñ
ãàðìîíèçàöèåé ñòàòèñòè÷åñêèõ äàííûõ, ïîëó÷à-
åìûõ â ðàçíûõ ñòðàíàõ è ðåãèîíàõ, òàê êàê èñ-
ïîëüçóþòñÿ ðàçëè÷íûå íàöèîíàëüíûå ñòàòèñòè-
÷åñêèå êëàññèôèêàöèè, íàöèîíàëüíûå âàëþòû
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äëÿ èçìåðåíèÿ, íàöèîíàëüíûå ñèñòåìû áóõãàë-
òåðñêîãî ó÷åòà è íàëîãîîáëîæåíèÿ è ò. ï.

Ïðîáëåìà ïîäõîäÿùåãî ìàòåìàòè÷åñêî-
ãî àïïàðàòà, à òàêæå ïðîáëåìà âû÷èñëèòåëü-
íûõ ìîùíîñòåé, óïîìèíàåìûå åùå íåñêîëüêî
äåñÿòèëåòèé íàçàä êàê êðàéíå âàæíûå, âåðîÿò-
íî, îòîøëè íà çàäíèé ïëàí, ñóùåñòâåííî óìåíü-
øèâøèñü, åñëè íå ïîëíîñòüþ èñ÷åçíóâ, ïî êðàé-
íåé ìåðå äëÿ òåõ êëàññîâ çàäà÷, êîòîðûå àêòèâ-
íî èñïîëüçóþòñÿ èññëåäîâàòåëÿìè â ðàìêàõ ìî-
äåëèðîâàíèÿ. Äàëåêî â ïðîøëîì òå âðåìåíà, êî-
ãäà, íàïðèìåð, ïîëó÷åíèå îáðàòíîé ìàòðèöû äëÿ
ðåøåíèÿ ñèñòåìû èç íåñêîëüêèõ äåñÿòêîâ ëèíåé-
íûõ óðàâíåíèé èëè ïðèìåíåíèå ñèìïëåêñ-ìåòîäà
â çàäà÷àõ ëèíåéíîãî ïðîãðàììèðîâàíèÿ ïðåä-
ñòàâëÿëî ñîáîé îòíþäü íå òðèâèàëüíóþ è êðàéíå
ðåñóðñîåìêóþ ïðîáëåìó.

Óæå ñòàëî îáùåïðèçíàííûì, ÷òî â íà-
ñòîÿùåå âðåìÿ ìèðîâàÿ ýêîíîìèêà íàõîäèòñÿ
â ñòàäèè ñåðüåçíîé ñòðóêòóðíîé ïåðåñòðîéêè.
Íåñêîëüêî ëåò íàçàä ñòàëè ïîÿâëÿòüñÿ ïåðâûå
ïðèçíàêè çàìåäëåíèÿ ïðîöåññîâ ãëîáàëèçàöèè
è óñèëåíèÿ ýêîíîìè÷åñêîé èíòåãðàöèè íà ðå-
ãèîíàëüíîì óðîâíå, ïîòîì ¾ãðÿíóëà¿ ïàíäåìèÿ
COVID-19, ñóùåñòâåííî íàðóøèâøàÿ ëîãèñòè÷å-
ñêèå è õîçÿéñòâåííûå öåïî÷êè, íàêîíåö, ñòàëà
íàêàëÿòüñÿ ãåîïîëèòè÷åñêàÿ îáñòàíîâêà.

Ïðîèñõîäÿùåå òðåáóåò êàê àíàëèçà è ïðî-
ãíîçèðîâàíèÿ íîâûõ ýêîíîìè÷åñêèõ ôåíîìåíîâ,
òàê è, ïî âñåé âèäèìîñòè, ïåðåñìîòðà àðñåíàëà
èñïîëüçóåìûõ äî ñèõ ïîð ìîäåëåé. Çàëîæåííàÿ
â òàêèå ìîäåëè ¾ëîãèêà¿ ïîâåäåíèÿ ñóáúåêòîâ,
âåðîÿòíî, áóäåò âñå áîëüøå è áîëüøå ðàñõîäèò-
ñÿ ñ èõ ðåàëüíûì ïîâåäåíèåì, èìåííî ïîýòîìó
ìîäåëè, áîëåå ïðîñòûå ñ êîíöåïòóàëüíîé è ìàòå-
ìàòè÷åñêîé òî÷åê çðåíèÿ è áîëåå áëèçêèå ê íà-
áëþäàåìûì ôàêòàì, áóäóò áîëåå âîñòðåáîâàíû è
óæ òî÷íî áîëåå ïîíÿòíû äëÿ ëèö, ïðèíèìàþùèõ
ðåøåíèÿ.

Íèæå àâòîðû èçëàãàþò ñâîþ òî÷êó çðåíèÿ
íà òî, êàêîâî ñåé÷àñ ñîñòîÿíèå ìîäåëèðîâàíèÿ
ýêîíîìè÷åñêèõ ïðîöåññîâ (â ïåðâóþ î÷åðåäü íà
ìàêðîóðîâíå) è êàêîâû åãî ïåðñïåêòèâû, äåëàÿ
îñíîâíîé óïîð íà ìîäåëè êëàññà ¾çàòðàòû - âû-
ïóñê¿ êàê íàèáîëåå äåéñòâåííûé èíñòðóìåíòà-
ðèé ìîäåëèðîâàíèÿ â íàñòîÿùåå âðåìÿ.

Ýòà ìåòîäîëîãèÿ èìååò êàê ñåðüåçíóþ îáåñ-
ïå÷åííîñòü äàííûìè ñî ñòîðîíû ñòàòèñòè÷åñêèõ
îðãàíîâ áîëüøèíñòâà ñòðàí ìèðà â ôîðìå îôè-
öèàëüíî ïóáëèêóåìûõ íà ðåãóëÿðíîé îñíîâå òàá-
ëèö ¾çàòðàòû - âûïóñê¿, à òàêæå õîðîøî ðàçâè-
òûé ìàòåìàòè÷åñêèé àïïàðàò è èíñòðóìåíòàëü-
íûå ñðåäñòâà äëÿ ðåøåíèÿ ôîðìóëèðóåìûõ â
ðàìêàõ ýòîé ìåòîäîëîãèè çàäà÷.

Íå ñòîèò îæèäàòü, ÷òî â ýòîì ¾íåæåñò-
êîñòü¿ è ¾òåêó÷åñòü¿ ýêîíîìè÷åñêèõ çàêîíîâ ìî-
æåò ðàç è íàâñåãäà ïåðåñòàòü áûòü ïðîáëåìîé,
îäíàêî ïðåäñòàâëÿåòñÿ, ÷òî ñ ðåøåíèåì ïðèêëàä-
íûõ çàäà÷ ìîäåëè ¾çàòðàòû - âûïóñê¿ â ðóêàõ

ãðàìîòíîãî ýêîíîìèñòà-àíàëèòèêà ñïðàâëÿþòñÿ
âïîëíå íåïëîõî.

II. Òðè îñíîâíûõ êëàññà
ìàêðîýêîíîìè÷åñêèõ ìîäåëåé

Îòòàëêèâàÿñü îò êëàññèôèêàöèè, âñòðå÷àå-
ìîé â ëèòåðàòóðå, äàäèì êðàòêóþ õàðàêòåðèñòè-
êó ñóùåñòâóþùèì â íàñòîÿùèé ìîìåíò îñíîâ-
íûì ïîäõîäàì ê ìîäåëèðîâàíèþ íàöèîíàëüíîé
ýêîíîìèêè.

Ìàêðîýêîíîìåòðè÷åñêèå ìîäåëè. Ýòè
ìîäåëè ïðåäñòàâëÿþò ñîáîé ñîâîêóïíîñòü (ñèñòå-
ìó) íåñêîëüêèõ ñîòåí ìàòåìàòè÷åñêèõ óðàâíå-
íèé, ñâÿçûâàþùèõ ìåæäó ñîáîé ìàêðîýêîíîìè-
÷åñêèå ïàðàìåòðû íàöèîíàëüíîé ýêîíîìèêè. Òà-
êèå óðàâíåíèÿ ñòðîÿòñÿ íà îñíîâå èñòîðè÷åñêèõ
äàííûõ è ôîðìàëèçóþò ñëîæèâøèåñÿ çà îïðå-
äåëåííûé âðåìåííîé ïåðèîä óñòîé÷èâûå ñâÿçè
ìåæäó ðàçëè÷íûìè ìàêðîýêîíîìè÷åñêèìè ïðî-
öåññàìè. Íàïðèìåð, îáúåì ïîòðåáëåíèÿ òîâàðîâ
è óñëóã äîìàøíèìè õîçÿéñòâàìè ìîæåò âûðà-
æàòüñÿ ôóíêöèîíàëüíîé çàâèñèìîñòüþ îò ðàç-
ìåðà ðàñïîëàãàåìîãî íàöèîíàëüíîãî äîõîäà íà
äóøó íàñåëåíèÿ, óðîâíÿ èíôëÿöèè, ñòàâêè ïî-
äîõîäíîãî íàëîãà è ò.ï.

×àñòü ïåðåìåííûõ â òàêèõ ìîäåëÿõ áóäåò
ýíäîãåííûìè (âíóòðåííèìè, ò.å. îïðåäåëÿåìûìè
÷åðåç óðàâíåíèÿ íà îñíîâå äðóãèõ ïåðåìåííûõ),
à äðóãàÿ ÷àñòü � ýêçîãåííûìè (âíåøíèìè, ò.å.
áåðóùèìèñÿ êàê çàäàííûå). Ïîäñòàâëÿÿ â ñèñòå-
ìó óðàâíåíèé ïðîãíîçíûå (ñöåíàðíûå) çíà÷åíèÿ
ýêçîãåííûõ ïåðåìåííûõ (íàïðèìåð, öåíó èìïîð-
òèðóåìîé íåôòè, êóðñ íàöèîíàëüíîé âàëþòû è
ò.ï.), ìîæíî ïîëó÷èòü ïðîãíîçíûå çíà÷åíèÿ ýí-
äîãåííûõ ïåðåìåííûõ.

Ñëàáîé ñòîðîíîé ëþáûõ ýêîíîìåòðè÷åñêèõ
ìîäåëåé òðàäèöèîííî íàçûâàþò èõ âûñîêóþ ñòå-
ïåíü àãðåãèðîâàííîñòè, îðèåíòèðîâàííîñòü íà
ïðîøëîå è íà âûÿâëåíèå ôîðìàëüíûõ ñòàòèñòè-
÷åñêè çíà÷èìûõ çàâèñèìîñòåé â äàííûõ áåç îáÿ-
çàòåëüíîãî ïîäêðåïëåíèÿ ïîëîæåíèÿìè ýêîíî-
ìè÷åñêîé òåîðèè. Êðîìå òîãî, ïîñòðîåíèå ìàê-
ðîýêîíîìåòðè÷åñêèõ ìîäåëåé òðåáóåò áîëüøîãî
îáúåìà äàííûõ (âðåìåííûõ ðÿäîâ) â ñîïîñòàâè-
ìîé ôîðìå. Ñ ó÷åòîì òîãî, ÷òî ìîäåëè îïèñûâà-
þò ïîâåäåíèå ñîòåí ïåðåìåííûõ (íàïðèìåð, â ìî-
äåëè ðîññèéñêîé ýêîíîìèêè QUMMIR ñîäåðæèò-
ñÿ îêîëî 460 ïåðåìåííûõ è ïîðÿäêà 200 ðåãðåñ-
ñèîííûõ óðàâíåíèé, à ñöåíàðèè ðàçâèòèÿ ôîðìè-
ðóþòñÿ íà îñíîâå ïîðÿäêà 200 ýêçîãåííûõ ïàðà-
ìåòðîâ), íàëè÷èå ïîäõîäÿùèõ èñõîäíûõ äàííûõ
ÿâëÿåòñÿ ñóùåñòâåííîé ïðîáëåìîé.

Íåñìîòðÿ íà óêàçàííûå íåäîñòàòêè è ñëîæ-
íîñòè, ìàêðîýêîíîìåòðè÷åñêèé ïîäõîä îñòàåòñÿ
âåñüìà âîñòðåáîâàííûì. Ñðåäè èçâåñòíûõ ìàê-
ðîýêîíîìåòðè÷åñêèõ ìîäåëåé, ðàçðàáîòàííûõ è
îïèñàííûõ â ëèòåðàòóðå â ïîñëåäíèå äåñÿ-
òèëåòèÿ, � LINK (ìèðîâàÿ ýêîíîìåòðè÷åñêàÿ
ìîäåëü ÎÎÍ, ïîñòðîåííàÿ íà îñíîâå ìíîæå-
ñòâà íàöèîíàëüíûõ ýêîíîìåòðè÷åñêèõ ìîäåëåé),
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MULTIMOD MARK III (ìíîãîðåãèîíàëüíàÿ ýêî-
íîìåòðè÷åñêàÿ ìîäåëü ÌÂÔ ìèðîâîé ýêîíîìè-
êè), FKSEC (ìàêðîýêîíîìåòðè÷åñêàÿ êâàðòàëü-
íàÿ ìîäåëü Íèäåðëàíäîâ), MESANGE (êâàð-
òàëüíàÿ ìàêðîìîäåëü ôðàíöóçñêîé ýêîíîìè-
êè), MFMod (ñòðóêòóðíàÿ ýêîíîìåòðè÷åñêàÿ ìî-
äåëü Âñåìèðíîãî áàíêà ìèðîâîé ýêîíîìèêè) [4],
INTERLINK (ìîäåëü ÎÝÑÐ ýêîíîìèê ñòðàí-
ó÷àñòíèö è âñåãî îñòàëüíîãî ìèðà), ECB-MC
(ìîäåëü Åâðîïåéñêîãî öåíòðàëüíîãî áàíêà) [1],
QUMMIR (óæå óïîìÿíóòàÿ âûøå êâàðòàëüíàÿ
ìàêðîýêîíîìè÷åñêàÿ ýêîíîìåòðè÷åñêàÿ ìîäåëü,
îïèñûâàþùàÿ âçàèìîäåéñòâèÿ îñíîâíûõ ìàêðî-
ïåðåìåííûõ ýêîíîìèêè Ðîññèè), KazSTEM (ýêî-
íîìèêà Êàçàõñòàíà) [2]. ×àñòî äëÿ íèâåëèðîâà-
íèÿ óêàçàííûõ âûøå ñëàáûõ ñòîðîí ìàêðîýêî-
íîìåòðè÷åñêèõ ìîäåëåé èñïîëüçóþò ðàçëè÷íûå
óñîâåðøåíñòâîâàíèÿ. Îäèí èç ïîäõîäîâ � ýòî èñ-
ïîëüçîâàíèå âìåñòî àãðåãèðîâàííîé ìîäåëè íà
óðîâíå íàöèîíàëüíîé ýêîíîìèêè ñèñòåìû äåç-
àãðåãèðîâàííûõ, íî ñâÿçàííûõ ìîäåëåé. Íàïðè-
ìåð, â [10, 11] ðàçðàáîòàíà äåçàãðåãèðîâàííàÿ
ìàêðîýêîíîìåòðè÷åñêàÿ ìîäåëü ðîññèéñêîé ýêî-
íîìèêè, ñîäåðæàùàÿ ñëåäóþùèå ñåêòîðà: ðåàëü-
íûé ñåêòîð (âêëþ÷àþùèé ýêñïîðòíî îðèåíòèðî-
âàííûé ñåêòîð, âíóòðåííå îðèåíòèðîâàííûé ñåê-
òîð, ñåêòîð åñòåñòâåííûõ ìîíîïîëèé), ôèíàíñî-
âûé ñåêòîð è ñåêòîð äîìîõîçÿéñòâ.

Òàêèì îáðàçîì, ìàêðîýêîíîìåòðè÷åñêèå
ìîäåëè îñòàþòñÿ ìîùíûì èíñòðóìåíòîâ ìîäå-
ëèðîâàíèÿ ìàêðîýêîíîìè÷åñêèõ ïðîöåññîâ íà
óðîâíå íàöèîíàëüíîé è ìèðîâîé ýêîíîìèêè. Èõ
ïðîãíîñòè÷åñêàÿ ñïîñîáíîñòü îñîáåííî ñèëüíî
ïðîÿâëÿåòñÿ â óñëîâèÿõ îòíîñèòåëüíî ñòàáèëü-
íîé ýêîíîìè÷åñêîé ñèòóàöèè. Ìîäåëè ñòðîÿòñÿ
íà îñíîâå èñòîðè÷åñêèõ äàííûõ è ó÷èòûâàþò
èñêëþ÷èòåëüíî ñëîæèâøèåñÿ òåíäåíöèè â ïðî-
øëîì, ïîýòîìó â ñëó÷àå ñîõðàíåíèÿ ýòèõ òåí-
äåíöèé ìàêðîýêîíîìåòðè÷åñêèå ìîäåëè ïîçâîëÿ-
þò ïîëó÷àòü äîñòàòî÷íî îáîñíîâàííûå ïðîãíî-
çû. Îäíàêî ïðè íàëè÷èè ñóùåñòâåííûõ ñòðóê-
òóðíûõ èçìåíåíèé, â òîì ÷èñëå ýêîíîìè÷åñêèõ
ñâÿçåé è îòíîøåíèé, èñïîëüçîâàíèå ìàêðîýêîíî-
ìåòðè÷åñêèõ ìîäåëåé áåç äîëæíîé îñòîðîæíîñòè
ñòàíîâèòñÿ ñïîðíûì, à èõ ïðîãíîñòè÷åñêàÿ ñïî-
ñîáíîñòü ïàäàåò íåîïðåäåëåííûì îáðàçîì.

Âû÷èñëèìûå ìîäåëè îáùåãî ðàâíîâå-
ñèÿ (CGE-ìîäåëè). Ìîäåëè ýòîãî êëàññà áà-
çèðóþòñÿ íà ïðåäïîñûëêå î òîì, ÷òî ýêîíîìèêà
àâòîìàòè÷åñêè ïðèõîäèò â ñîñòîÿíèå ðàâíîâåñèÿ
ïîñðåäñòâîì ñèñòåìû öåí.

Â îòëè÷èå îò ýêîíîìåòðè÷åñêèõ ìîäåëåé
âû÷èñëèìûå ìîäåëè îáùåãî ðàâíîâåñèÿ ðåàëè-
çóþò ìíîãèå ôóíäàìåíòàëüíûå ïðèíöèïû ýêî-
íîìè÷åñêîé òåîðèè: ýêîíîìè÷åñêèå ñóáúåêòû âå-
äóò ñåáÿ ðàöèîíàëüíî è ìàêñèìèçèðóþò ñâîè äî-
õîäû; òðàíçàêöèè îñóùåñòâëÿþòñÿ â óñëîâèÿõ
ñâîáîäíîãî ðûíêà; ñèñòåìà öåí ïîçâîëÿåò ïðèâå-
ñòè âñå ðûíêè â ñîñòîÿíèå ðàâíîâåñèÿ, ò.å. ðà-
âåíñòâà ñïðîñà è ïðåäëîæåíèÿ; ôàêòîðû ïðîèç-

âîäñòâà âçàèìîçàìåíÿåìû. Ñëàáûìè ñòîðîíàìè
CGE-ìîäåëåé îáû÷íî íàçûâàåò ñëåäóþùèå: èõ
ïîñòðîåíèå � äîñòàòî÷íî òðóäîåìêàÿ è äîðîãî-
ñòîÿùàÿ çàäà÷à; îíè îðèåíòèðîâàíû íà äîëãî-
ñðî÷íîå ïðîãíîçèðîâàíèå (òàê êàê ïðîöåññ óñòà-
íîâëåíèÿ îáùåãî ðàâíîâåñèÿ íà âñåõ ðûíêàõ
� ïðîöåññ äëèòåëüíûé) è ïëîõî ñïðàâëÿþòñÿ ñ
êðàòêî- è ñðåäíåñðî÷íûì ïðîãíîçèðîâàíèåì; îíè
ïîäõîäÿò òîëüêî äëÿ ñòðàí ñ ðûíî÷íîé ýêîíîìè-
êîé, ãäå ðàñïðåäåëåíèå ðåñóðñîâ, òîâàðîâ è óñëóã
îñóùåñòâëÿåòñÿ íà êîíêóðåíòíûõ ðûíêàõ ñî ñâî-
áîäíûì öåíîîáðàçîâàíèåì.

CGE-ìîäåëè äîâîëüíî øèðîêî èñïîëüçó-
þòñÿ â ìèðîâîé ïðàêòèêå. Â ÷àñòíîñòè, ñðå-
äè èçâåñòíûõ ìîäåëåé ìîæíî íàçâàòü FRB/US
(èñïîëüçóåòñÿ Ôåäåðàëüíîé ðåçåðâíîé ñèñòåìîé
ÑØÀ), ECB-BASE (ïðèìåíÿåòñÿ Åâðîïåéñêèì
öåíòðàëüíûì áàíêîì), GEM (ðàçðàáîòàíà è èñ-
ïîëüçóåòñÿ â ÌÂÔ).

Áëèçêèìè, åñëè íå ìàòåìàòè÷åñêè, òî ïî
îáùåé êîíöåïöèè, ê CGE-ìîäåëÿì âûñòóïàþò
òàêèå âèäû ìîäåëåé, êàê äèíàìè÷åñêèå ñòîõà-
ñòè÷åñêèå ìîäåëè îáùåãî ðàâíîâåñèÿ (DSGE-
ìîäåëè) [13], ïðèêëàäíûå ìîäåëè îáùåãî ðàâ-
íîâåñèÿ (AGE) [3] è ìóëüòèàãåíòñêèå ìîäåëè
(ACE).

Íå ñáðàñûâàÿ ñî ñ÷åòîâ íàëè÷èå òåîðåòè-
÷åñêîãî ôóíäàìåíòà, ñëåäóåò ïîìíèòü î íåäî-
ñòàòêàõ ðàññìàòðèâàåìîãî êëàññà ìîäåëåé. Âàæ-
íîé ïðîáëåìîé èõ ïðèìåíèìîñòè âûñòóïàåò è òî,
÷òî ýòîò òåîðåòè÷åñêèé ôóíäàìåíò ÿâëÿåòñÿ íåî-
êëàññè÷åñêèì. Â êðàòêîñðî÷íîì ïåðèîäå, à òàê-
æå â óñëîâèÿõ çíà÷èòåëüíûõ ñòðóêòóðíûõ ñäâè-
ãîâ, âåðíîñòü íåîêëàññè÷åñêèõ ïîëîæåíèé âû-
ãëÿäèò ñïîðíî.

Ìîäåëè ¾çàòðàòû - âûïóñê¿. Ïîäîáíûå
ìîäåëè â ñâîåé îñíîâå ñîäåðæàò îôèöèàëüíî ïóá-
ëèêóåìûå ñòàòèñòè÷åñêèå òàáëèöû ¾çàòðàòû -
âûïóñê¿, êîòîðûå ïîêàçûâàþò ïîòîêè ïðîìåæó-
òî÷íûõ òîâàðîâ è óñëóã ìåæäó âñåìè îòðàñëÿìè
íàöèîíàëüíîé ýêîíîìèêè, à òàêæå ïîòîêè êîíå÷-
íûõ òîâàðîâ è óñëóã, ïîòðåáëÿåìûõ ñóáúåêòàìè
íàöèîíàëüíîé ýêîíîìèêè è ïîñòàâëÿåìûõ íà ýêñ-
ïîðò.

Ìîäåëü â ñâîåé êëàññè÷åñêîé ôîðìóëèðîâ-
êå ïðåäñòàâëÿåò ñîáîé îïèñàíèå ýêîíîìèêè íàáî-
ðîì òåõíîëîãèé (¾ðåöåïòóð¿) ïðîèçâîäñòâà ïðî-
äóêöèè è óñëóã ïî êàæäîé èç îòðàñëåé ýêîíî-
ìèêè: ñêîëüêî äëÿ ïðîèçâîäñòâà åäèíèöû (êàê
ïðàâèëî, îäíîãî ðóáëÿ) êîíêðåòíîé ïðîäóêöèè
òðåáóåòñÿ ïðîäóêöèè è óñëóã äðóãèõ îòå÷åñòâåí-
íûõ îòðàñëåé è èìïîðòèðóåìûõ èçâíå, à òàêæå
ñêîëüêî ïîòðåáëÿåòñÿ îñíîâíîãî êàïèòàëà (àìîð-
òèçàöèîííûå îò÷èñëåíèÿ), âûïëà÷èâàåòñÿ çàðà-
áîòíîé ïëàòû, ïðèáûëè è äðóãèõ äîõîäîâ, íàëî-
ãîâ íà åäèíèöó (îäèí ðóáëü) ïðîäóêöèè.

Ïîäîáíîå îïèñàíèå ýêîíîìèêè ïîçâîëÿåò
îöåíèâàòü, êàêîé îáúåì ïðîèçâîäñòâà îòå÷å-
ñòâåííûõ òîâàðîâ è óñëóã òðåáóåòñÿ äëÿ óäîâëå-
òâîðåíèÿ êîíå÷íîãî ñïðîñà, çàäàâàåìîãî ýíäî-
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ãåííî (â ðàìêàõ ðàçëè÷íûõ ñöåíàðíûõ ïðîãíî-
çîâ), à òàêæå îöåíèâàòü òðåáóåìûé îáúåì èì-
ïîðòà, óðîâåíü çàíÿòîñòè ïî îòðàñëÿì è äðóãèå
ìàêðîýêîíîìè÷åñêèå ïîêàçàòåëè.

Ñ ìàòåìàòè÷åñêîé ñòîðîíû êëàññè÷åñêàÿ
ìîäåëü ¾çàòðàòû - âûïóñê¿ äëÿ îäíîé îòäåëü-
íî âçÿòîé ñòðàíû ïðåäñòàâëÿåò ñîáîé ïðåäåëüíî
ïðîñòåéøóþ ñèñòåìó ëèíåéíûõ óðàâíåíèé, îïè-
ñûâàþùèõ ìåæîòðàñëåâûå ñâÿçè è êîíå÷íîå ïî-
òðåáëåíèå íà âíóòðåííåì è âíåøíåì ðûíêàõ.

Â ÷àñòíîñòè, äëÿ Ðåñïóáëèêè Áåëàðóñü, ïî
êîòîðîé ñ 2010-õ ãîäîâ äîñòóïíû ðàçäåëüíûå
äàííûå ïî îòå÷åñòâåííûì è èìïîðòíûì ðàñõî-
äàì ïî êàæäîé èç îòðàñëåé (âèäàì ýêîíîìè÷å-
ñêîé äåÿòåëüíîñòè), àâòîðû èñïîëüçóþò ñëåäóþ-
ùóþ ìîäèôèêàöèþ ìîäåëè â ìàòðè÷íîé ôîðìå:

X = (E −Adomestic)
−1 · Ydomestic, (1)

I = Aimport ·X + Yimport, (2)

GV A = V̂ ·X, (3)

Pdomestic = (E−AT
domestic)

−1 · (Im+V +N), (4)

ãäå X � âåêòîð-ñòîëáåö âûïóñêà îòå÷åñòâåí-
íûõ òîâàðîâ è óñëóã â îñíîâíûõ öåíàõ, â ñëó÷àå
áåëîðóññêîé ñòàòèñòèêè åãî ðàçìåðíîñòü 83 õ 1;

E � åäèíè÷íàÿ ìàòðèöà ðàçìåðíîñòè 83 õ
83;

Adomestic � ìàòðèöà ïðÿìûõ çàòðàò, ïîñòðî-
åííàÿ ïî äàííûì ïðîìåæóòî÷íîãî ïîòðåáëåíèÿ
îòå÷åñòâåííûõ òîâàðîâ è óñëóã ðàçìåðíîñòüþ 83
õ 83;

Aimport � ìàòðèöà ïðÿìûõ çàòðàò, ïîñòðî-
åííàÿ ïî äàííûì ïðîìåæóòî÷íîãî ïîòðåáëåíèÿ
èìïîðòíûõ òîâàðîâ è óñëóã ðàçìåðíîñòüþ 83 õ
83;

Ydomestic � âåêòîð-ñòîëáåö êîíå÷íîãî ñïðîñà
(êîíå÷íîãî èñïîëüçîâàíèÿ) îòå÷åñòâåííûõ òîâà-
ðîâ è óñëóã ðàçìåðíîñòüþ 83 õ 1;

Yimport � âåêòîð-ñòîëáåö êîíå÷íîãî ñïðîñà
(êîíå÷íîãî èñïîëüçîâàíèÿ) èìïîðòíûõ òîâàðîâ è
óñëóã ðàçìåðíîñòüþ 83 õ 1;

GV A � âåêòîð-ñòîëáåö ïðÿìîé âàëîâîé äî-
áàâëåííîé ñòîèìîñòè ïî êàæäîé èç îòðàñëåé ýêî-
íîìèêè (ðàçìåðíîñòüþ 83 õ 1);

V̂ � äèàãîíàëüíàÿ ìàòðèöà êîýôôèöèåíòîâ
âàëîâîé äîáàâëåííîé ñòîèìîñòè, ïðèõîäÿùåéñÿ
íà 1 ðóáëü âàëîâîãî âûïóñêà îòå÷åñòâåííûõ òî-
âàðîâ è óñëóã â îñíîâíûõ öåíàõ ðàçìåðíîñòüþ 83
õ 83;

Pdomestic � âåêòîð-ñòîëáåö èíäåêñà îñíîâ-
íûõ öåí íà îòå÷åñòâåííûå òîâàðû è óñëóãè ðàç-
ìåðíîñòüþ 83 õ 1;

T � çíàê òðàíñïîíèðîâàíèÿ ìàòðèöû;

Im, V,N � âåêòîðû-ñòîëáöû ðàçìåðíîñòüþ
83 õ 1, îïèñûâàþùèå ñîîòâåòñòâåííî äîëþ ïðî-
ìåæóòî÷íîãî èìïîðòà, âàëîâîé äîáàâëåííîé ñòî-
èìîñòè è íàëîãîâ, ïðèõîäÿùèõñÿ íà åäèíèöó âà-
ëîâîãî âûïóñêà ïî êàæäîé èç îòðàñëåé.

Äèíàìè÷åñêàÿ ìîäåëü ¾çàòðàòû - âûïóñê¿
ïîäðàçóìåâàåò äîïîëíèòåëüíîå îïèñàíèå ýêîíî-
ìè÷åñêèõ ïðîöåññîâ, à èìåííî ââåäåíèå ìàòðè-
öû ïðèðîñòíîé êàïèòàëîåìêîñòè, êîòîðàÿ ïîêà-
çûâàåò, ñêîëüêî êàïèòàëüíûõ áëàã (ïî êàæäîé èç
ïðîèçâîäÿùèõ ýòè áëàãà îòðàñëåé) íóæíî äëÿ
ïðîèçâîäñòâà äîïîëíèòåëüíîé åäèíèöû (îäíîãî
ðóáëÿ) ïðîäóêöèè êàæäîé èç îòå÷åñòâåííûõ îò-
ðàñëåé ýêîíîìèêè. Èçìåíÿÿ çíà÷åíèå êîíå÷íî-
ãî ñïðîñà ñî ñòîðîíû äîìîõîçÿéñòâ, ãîñóäàðñòâà
è çàãðàíèöû (ýêñïîðò), ñòàíîâèòñÿ âîçìîæíûì
îöåíèòü íåîáõîäèìûå îáúåìû îòðàñëåâûõ âûïóñ-
êîâ è ðàçìåð èíâåñòèöèé äëÿ îáåñïå÷åíèÿ âîç-
ðàñòàþùåãî âûïóñêà â áóäóùèõ ïåðèîäàõ âðåìå-
íè.

Ìîäåëè êëàññà INFORUM [19] è ïîäîáíûå
[21] ÿâëÿþòñÿ èíòåãðèðîâàííûìè ìîäåëÿìè, òàê
êàê â êà÷åñòâå ñâîåãî ÿäðà èñïîëüçóåòñÿ ìîäåëü
¾çàòðàòû - âûïóñê¿, îäíàêî ìíîãèå äîïîëíèòåëü-
íûå çàâèñèìîñòè ïîëó÷àþòñÿ ýêîíîìåòðè÷åñêè-
ìè ìåòîäàìè, à êðîìå òîãî, â ïîäîáíûå ìîäåëè
ìîãóò âñòðàèâàòüñÿ íåêîòîðûå ïðàâèëà, õàðàêòå-
ðèçóþùèå ìàêñèìèçèðóþùåå ïîâåäåíèå ïîòðåáè-
òåëåé.

Ìîäåëè ýòîãî êëàññà, êàê ïðàâèëî, ðåàëè-
çóþò ñëåäóþùóþ ëîãèêó. Íà îñíîâå ýêîíîìåòðè-
÷åñêèõ ìîäåëåé è çàäàâàåìûõ ýêçîãåííûõ ïåðå-
ìåííûõ (íàïðèìåð, öåíû íà èìïîðòíûå òîâàðû
è óñëóãè, ÷èñëåííîñòü íàñåëåíèÿ è òðóäîâûõ ðå-
ñóðñîâ) äåëàþòñÿ ïðîãíîçû êîíå÷íîãî ñïðîñà ñî
ñòîðîíû äîìàøíèõ õîçÿéñòâ, ãîñóäàðñòâà, çàãðà-
íèöû è ñ òî÷êè çðåíèÿ èíâåñòèöèé â îñíîâíîé è
îáîðîòíûé êàïèòàë â ðàçðåçå âñåõ ïðåäñòàâëåí-
íûõ â ìîäåëè ïðîäóêòîâ. Äàëåå íà îñíîâå êëàñ-
ñè÷åñêîé ìîäåëè ¾çàòðàòû - âûïóñê¿ îïðåäåëÿ-
åòñÿ íåîáõîäèìûé ðàçìåð âûïóñêà êàæäîãî èç
ïðîäóêòîâ, à òàêæå îáúåì èìïîðòà. Ïðè ýòîì
ðå÷ü èäåò î ðåàëüíûõ, à íå íîìèíàëüíûõ âåëè÷è-
íàõ. Çàòåì îñóùåñòâëÿåòñÿ ïðîãíîç (ýêîíîìåòðè-
÷åñêèì ìåòîäîì) êîìïîíåíòîâ âàëîâîé äîáàâëåí-
íîé ñòîèìîñòè, ïðåæäå âñåãî, çàðàáîòíîé ïëàòû.
Èñõîäÿ èç ïðîãíîçà íà îñíîâå òàê íàçûâàåìîé öå-
íîâîé ìîäåëè ¾çàòðàòû - âûïóñê¿, ïîëó÷àþòñÿ
îöåíêè öåí è, ñëåäîâàòåëüíî, íîìèíàëüíûå âåëè-
÷èíû âûïóñêà, âàëîâîé äîáàâëåííîé ñòîèìîñòè è
èíûõ ìàêðîýêîíîìè÷åñêèõ àãðåãàòîâ. Äàëåå ïî-
ëó÷åííûå ðåçóëüòàòû èñïîëüçóþòñÿ êàê âõîäíûå
äàííûå äëÿ ñëåäóþùåãî öèêëà ðàñ÷åòîâ (íà ñëå-
äóþùèé ïðîãíîçíûé ïåðèîä).

Èçâåñòíûìè è óïîìèíàåìûìè â ëèòåðàòó-
ðå ìîäåëÿìè ¾çàòðàòû - âûïóñê¿ â ïàðàäèãìå
INFORUM ÿâëÿþòñÿ: LIFT (ýêîíîìèêà ÑØÀ),
RIM (ýêîíîìèêà Ðîññèè), JIDEA (ýêîíîìèêà
ßïîíèè), INFORGE (ýêîíîìèêà Ãåðìàíèè) è äð.
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Ñëàáûìè ñòîðîíàìè ìîäåëè ¾çàòðàòû - âû-
ïóñê¿ â òîì èëè èíîé ìîäèôèêàöèè íàçûâàþò:
åå ëèíåéíûé õàðàêòåð, îòñóòñòâèå ó÷åòà âçàèìî-
çàìåíÿåìîñòè ôàêòîðîâ ïðîèçâîäñòâà, áîëüøîé
ñðîê ïîäãîòîâêè ñòàòèñòè÷åñêèõ òàáëèö ¾çàòðà-
òû - âûïóñê¿ (â Áåëàðóñè ýòî ïðèìåðíî ãîä è 4
ìåñÿöà), íåóñòîé÷èâîñòü òåõíîëîãè÷åñêèõ êîýô-
ôèöèåíòîâ âî âðåìåíè.

Â òî æå âðåìÿ ïðåäñòàâëÿåòñÿ, ÷òî èìåííî
ìîäåëè ¾çàòðàòû - âûïóñê¿ ≪. . . ÿâëÿþòñÿ ìî-
äåëÿìè, íàñûùåííûìè äàííûìè, ðåàëèñòè÷íû-
ìè îïèñàíèÿìè ýêîíîìèêè, äîñòàòî÷íî ïîäðîá-
íûìè äëÿ îáùåíèÿ ñ ïðåäñòàâèòåëÿìè áèçíåñà,
à òàêæå ñ ãîñóäàðñòâåííûìè óïðàâëÿþùèìè îð-
ãàíàìè. . . . Îíè ÿâëÿþòñÿ áîëåå ãèáêèìè è ðå-
àëèñòè÷íûìè, ÷åì ìîäåëè âû÷èñëèìîãî îáùå-
ãî ðàâíîâåñèÿ, áîëåå ïîäðîáíûìè è ðàçóìíûìè,
÷åì äèíàìè÷åñêèå ñòîõàñòè÷åñêèå ìîäåëè. [Õî-
òÿ] íà èõ ñîçäàíèå è ïîääåðæàíèå òðåáóåòñÿ ìíî-
ãî âðåìåíè è óñèëèé, ÷òî íå î÷åíü ïðèâåòñòâó-
åòñÿ â àêàäåìè÷åñêîì ìèðå. Êðîìå òîãî, îíè íå
ãàðàíòèðóþò ðåçóëüòàòîâ îïàñíûõ ñîáûòèé (íà-
ïðèìåð, èïîòå÷íûé áóì) äî . . . òîãî, êàê ñòàíåò
ñëèøêîì ïîçäíî≫ [19].

Ïîäâîäÿ êðàòêèé èòîã îáçîðó ñóùåñòâóþ-
ùèõ ìîäåëåé ìàêðîýêîíîìè÷åñêèõ ñèñòåì, îòìå-
òèì, ÷òî áóäóùåå (ïî êðàéíåé ìåðå, ñðåäíåñðî÷-
íîå), ïî âñåé âèäèìîñòè, çà èíòåãðàöèåé ìîäåëåé
ðàçíûõ êëàññîâ â åäèíûé êîìïëåêñ, îäíàêî ÿä-
ðîì òàêîãî êîìïëåêñà â ëþáîì ñëó÷àå áóäåò ÿâ-
ëÿòüñÿ ìîäåëü ¾çàòðàòû - âûïóñê¿, îïèðàþùàÿ-
ñÿ íà âñå áîëåå äåòàëèçèðîâàííîå è îïåðàòèâíî
ôîðìèðóåìîå ñòàòèñòè÷åñêîå îïèñàíèå ýêîíîìè-
÷åñêèõ ïðîöåññîâ íà ðàçíûõ óðîâíÿõ ýêîíîìè÷å-
ñêèõ ñèñòåì.

III. Èåðàðõèÿ òàáëèö ¾çàòðàòû -
âûïóñê¿

Îòòàëêèâàÿñü îò íàó÷íûõ ïóáëèêàöèé,
ìîæíî ïðåäëîæèòü ñëåäóþùóþ êëàññèôèêàöèþ
òàáëèö (ìîäåëåé) ¾çàòðàòû - âûïóñê¿ ñ òî÷êè
çðåíèÿ óðîâíÿ îïèñûâàåìîé èìè ýêîíîìè÷åñêîé
ñèñòåìû (òàáë. 1).

Ïðåäñòàâëåííàÿ òàáëèöà íè â êîåì ñëó÷àå
íå ìîæåò ñ÷èòàòüñÿ çàêîí÷åííîé ñ òî÷êè çðåíèÿ
ïåðå÷èñëåíèÿ îïèñàííûõ â ëèòåðàòóðå è èñïîëü-
çóåìûõ íà ïðàêòèêå èíôîðìàöèîííûõ èñòî÷íè-
êîâ. Â íàñòîÿùåå âðåìÿ ìåòîäîëîãèÿ ¾çàòðàòû
- âûïóñê¿ ïîëó÷èëà íîâîå ðîæäåíèå, è êîëè÷å-
ñòâî ïðîåêòîâ, íàïðàâëåííûõ íà ¾îöèôðîâûâà-
íèå¿ ìåæîòðàñëåâûõ ïîòîêîâ íà ðàçíûõ óðîâíÿõ
ýêîíîìè÷åñêîé ñèñòåìû.

Ëîãè÷íî ïðåäïîëîæèòü, ÷òî ðàçâèòèå ìåòî-
äîëîãèè ¾çàòðàòû - âûïóñê¿ ïîéäåò, ïîìèìî ïðî-
÷åãî, ïî ïóòè èíòåãðàöèè ðàçíîóðîâíåâûõ òàá-
ëèö è ìîäåëåé â åäèíóþ ñèñòåìó, ïîçâîëÿþùóþ
ðàññìàòðèâàòü ãëîáàëüíóþ ýêîíîìèêó â ðàçíîì
ìàñøòàáå ñ ðàçíîé ñòåïåíüþ äåòàëèçàöèè.

Ïîäðîáíûå àíàëèç âîçìîæíîñòåé êîíêðåò-
íîé ðåàëèçàöèè â áóäóùåì òàêîé èíòåãðàöèè ðàç-

íîóðîâíåâûõ ìîäåëåé ¾çàòðàòû - âûïóñê¿ âûõî-
äèò çà ðàìêè äàííîé ïóáëèêàöèè, îäíàêî ñëåäóåò
îòìåòèòü, ÷òî ìàòåìàòè÷åñêèé àïïàðàò ¾çàòðà-
òû - âûïóñê¿ ëåãêî ïîçâîëÿåò ýòî ñäåëàòü.

Åùå ñîçäàòåëü ìåòîäîëîãèè - Â. Â. Ëåîíòüåâ
èñïîëüçîâàë â ïðèêëàäíûõ ðàñ÷åòàõ ¾äåçàãðåãà-
öèþ¿ îáùåé ìîäåëè ïî ïîäîòðàñëÿì â îäíîé êîí-
êðåòíîé ñôåðå (â ÷àñòíîñòè, ñ 5 äî 36 ïîäîòðàñ-
ëåé ïðîèçâîäñòâà íåìåòàëëè÷åñêèõ ìàòåðèàëîâ).

Òàáëèöà 1 � Èåðàðõèÿ òàáëèö/ìîäåëåé ¾çàòðàòû -
âûïóñê¿

Âèä Îáúåêò ìîäå-
ëèðîâàíèÿ

Ïðèìåð

Ìèðîâûå,
ãëîáàëüíûå
(MRIO)

Ìèðîâàÿ ýêî-
íîìèêà

Eora (190
ñòðàí) [6, 7]

Ìåæñòðàíîâûå
(ICIO)

Íåñêîëüêî
ñòðàí +
≪îñòàëüíîé
ìèð≫

WIOD (43
ñòðàíû) [9],
OECD-ICIO
(45 ñòðàí),
ÅÀÝÑ ÌÒÇÂ
2016 (5 ñòðàí)

Íàöèîíàëüíûå
(NIOT)

Íàöèîíàëüíàÿ
ýêîíîìèêà
îòäåëüíîé
ñòðàíû

Áåëîðóññêèå
òàáëèöû
¾çàòðàòû -
âûïóñê¿

Ðåãèîíàëüíûå,
ñóáíàöèîíàëü-
íûå (RIOT)

Îáëàñòü,
ðàéîí, ïðî-
âèíöèÿ, çåìëÿ
è ò. ï. âíóòðè
ñòðàíû

EMERGING
(region) äëÿ
31 ïðîâèí-
öèè Êèòàÿ,
EUREGIO
(ðåãèîíû
âíóòðè Åâ-
ðîïåéñêîãî
Ñîþçà)

Íà óðîâíå ãî-
ðîäà (CIOT)

Ãîðîä EMERGING
(city-level)
äëÿ Êèòàÿ,
PAPAIOS �
ìóíèöèïàëè-
òåòû ßïîíèè

Íà óðîâíå
ïðåäïðèÿòèÿ
(EIOT)

Ïðåäïðèÿòèå Íåêîòîðûå
àêàäåìè÷å-
ñêèå èññëåäî-
âàíèÿ

IV. Îïûò ðàçðàáîòêè è ïðèìåíåíèÿ
ïðèêëàäíûõ ìîäåëåé ¾çàòðàòû - âûïóñê¿

Ðàññìîòðèì íåêîòîðûå ïðèìåðû ïðèêëàä-
íîãî èñïîëüçîâàíèÿ àâòîðàìè äàííîé ñòàòüè ìî-
äåëåé êëàññà ¾çàòðàòû - âûïóñê¿ äëÿ àíàëèçà
è ïðîãíîçèðîâàíèÿ ìàêðîýêîíîìè÷åñêèõ ïðîöåñ-
ñîâ íà íàöèîíàëüíîì, ðåãèîíàëüíîì, ìåæñòðàíî-
âîì è ãëîáàëüíîì óðîâíÿõ.

Òàê, àíàëèçó áûë ïîäâåðãíóò ýêîíîìè÷å-
ñêèé ðîñò Êèòàÿ â 2010-2017 ãîäàõ [16]. Â
÷àñòíîñòè, àâòîðû ïðåäëàãàþò ìåòîäèêó äåêîì-
ïîçèöèè ýêîíîìè÷åñêîãî ðîñòà íà ðîñò, âûçâàí-
íûé âíóòðåííèì ñïðîñîì, è ðîñò, âûçâàííûé ýêñ-
ïîðòîì, êàê ïî âñåé êèòàéñêîé ýêîíîìèêå â öå-
ëîì, òàê è â ðàçðåçå îòäåëüíûõ åå îòðàñëåé.
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Ïîëó÷åííûå ðåçóëüòàòû ðàñ÷åòîâ ïî äàí-
íûì ìåæîòðàñëåâûõ áàëàíñîâ WIOD è ABD
çà 2000�2017 ãîäû ïîçâîëèëè â ïåðâîì ïðèáëè-
æåíèè ñäåëàòü âûâîä îá îïðåäåëÿþùåì âêëàäå
âíóòðåííåãî ñïðîñà â ýêîíîìè÷åñêèé ðîñò Êèòàÿ
â óñëîâèÿõ àêòèâíîãî äåíåæíî-êðåäèòíîãî ñòè-
ìóëèðîâàíèÿ.

Ðèñ. 1 � Äåêîìïîçèöèÿ ÂÂÏ Êèòàÿ íà âíóòðåííèé è
âíåøíèé ñïðîñ. Èñòî÷íèê: àâòîðñêèå ðàñ÷åòû ïî

äàííûì WIOD è ADB

Äëÿ ïðîãíîçèðîâàíèå ðåàêöèè ýêîíî-
ìèêè Ðîññèè íà ¾ëîêäàóí¿ â óñëîâèÿõ
COVID-19 â 2020 ãîäó [17] èñïîëüçîâàëèñü
ýêñïåðòíûå îöåíêè ïàäåíèÿ èñõîäÿ èç îöåíîê ïà-
äåíèÿ âíóòðåííåãî êîíå÷íîãî ñïðîñà ïî êàæäîé
èç 98 îòðàñëåé, âûäåëåííûõ â ñèñòåìå òàáëèö
≪Çàòðàòû�âûïóñê≫. Íà îñíîâàíèè ýòèõ îöåíîê
ðåøàëàñü ïðÿìàÿ çàäà÷à Ëåîíòüåâà äëÿ îïðåäå-
ëåíèÿ âàëîâîãî âûïóñêà, âàëîâîé äîáàâëåííîé
ñòîèìîñòè è äðóãèõ ìàêðîýêîíîìè÷åñêèõ ïîêà-
çàòåëåé ïî ýêîíîìèêå â öåëîì è ïî êàæäîé èç
îòðàñëåé.

Ïîëó÷åííàÿ â ìàå 2020 ãîäà ïðîãíîçíàÿ âå-
ëè÷èíà ïàäåíèÿ ÂÂÏ Ðîññèéñêîé Ôåäåðàöèè (-
4,3%) îêàçàëàñü âñå-òàêè áîëåå ïåññèìèñòè÷íîé
ïî ñðàâíåíèþ ñ ôàêòè÷åñêèì ãîäîâûì çíà÷åíè-
åì (-3,1%), îäíàêî, âåðîÿòíî, ñâîþ ðîëü ñûãðàëè
ìåðû ãîñóäàðñòâåííîé ïîääåðæêè ýêîíîìèêè â
óñëîâèÿõ ïàíäåìèè.

Ïîõîæàÿ çàäà÷à ðåøàëàñü è äëÿ áåëîðóñ-
ñêîé ýêîíîìèêè, êîòîðàÿ, êàê èçâåñòíî, ÿâëÿåòñÿ
ñâåðõîòêðûòîé è ïîäâåðæåííîé ñåðüåçíîìó âëè-
ÿíèþ òàêîãî ôàêòîðà, êàê ýêñïîðò. Â Áåëàðóñè
ðåæèì ¾ëîêäàóíà¿ íå ââîäèëñÿ, îäíàêî ïîäîá-
íûå ðåæèìû áûëè â ñòðàíàõ - òîðãîâûõ ïàðò-
íåðàõ Áåëàðóñè, êðîìå òîãî, âîçíèêàëè ïðîáëå-
ìû ëîãèñòè÷åñêîãî õàðàêòåðà, - âñå ýòî îñëîæ-
íÿëî ýêñïîðòíóþ äåÿòåëüíîñòü. Íà îñíîâå ìå-
òîäîëîãèè ¾çàòðàòû - âûïóñê¿ áûëà îñóùåñòâ-
ëåíà îöåíêà ìåæîòðàñëåâûõ ìóëüòèïëèêà-
òèâíûõ ýôôåêòîâ, âûçûâàåìûõ ýêñïîðò-
íûìè øîêàìè [26].

Ïðè ýòîì èñïîëüçîâàëàñü êîíöåïöèÿ ìóëü-
òèïëèêàòîðà âíåøíåé òîðãîâëè Õàððîäà, ó÷è-
òûâàþùàÿ áåñêîíå÷íîå ÷èñëî îáîðîòà äåíåæíûõ
ñðåäñòâ â ýêîíîìèêè ïðè óñëîâèè èõ ÷àñòè÷íîãî

¾âûòåêàíèÿ¿ èç-çà ðàñõîäîâ íà èìïîðòíûå òîâà-
ðû è óñëóãè (òàê íàçûâàåìûé import leakage).

Ðàçðàáîòàííàÿ ìåòîäèêà (ðèñ. 2) ïîçâîëÿ-
åò ó÷èòûâàòü ñïåöèôèêó ðàñõîäîâ äîìàøíèõ õî-
çÿéñòâ, ãîñóäàðñòâà è êîììåð÷åñêèõ îðãàíèçà-
öèé, à òàêæå ïðîèçâîäèòü îöåíêè íå òîëüêî â îñ-
íîâíûõ öåíàõ, íî è â öåíàõ ïîêóïàòåëåé, ò.å. ñ
ó÷åòîì ÷èñòûõ íàëîãîâ íà ïðîäóêòû è òîðãîâûõ
è òðàíñïîðòíûõ íàöåíîê.

Êðîìå òîãî, ðàçðàáîòàííàÿ ìåòîäèêà ïîçâî-
ëÿåò ïðè íåîáõîäèìîñòè îöåíèâàòü ìóëüòèïëèêà-
òèâíûå ýôôåêòû èòåðàöèîííî, ò.å. ïî êàæäîìó
øàãó â îòäåëüíîñòè.

Àïðîáàöèÿ ìåòîäèêè áûëà îñóùåñòâëåíà â
ðàìêàõ îöåíêè îòðàñëåâûõ ìóëüòèïëèêàòîðîâ
âàëîâîãî âûïóñêà, âàëîâîé äîáàâëåííîé ñòîèìî-
ñòè è ÂÂÏ íå òîëüêî äëÿ áåëîðóññêîé, íî è äëÿ
êèòàéñêîé è ðîññèéñêîé ýêîíîìèê.

Ðèñ. 2 � Îáùàÿ ëîãè÷åñêàÿ ñõåìà ìåòîäèêè ðàñ÷åòîâ
ìåæîòðàñëåâûõ ìóëüòèïëèêàòèâíûõ ýôôåêòîâ

Ìîäåëèðîâàíèå ðåàêöèè áåëîðóññêîé
ýêîíîìèêè íà èçìåíåíèå îáìåííîãî êóð-
ñà ðóáëÿ [27] îñóùåñòâëÿëîñü íåñêîëüêî áîëåå
ñëîæíûì ñïîñîáîì: èñïîëüçîâàëàñü ìîäèôèöè-
ðîâàííàÿ öåíîâàÿ ìîäåëü Ëåîíòüåâà äëÿ îïðåäå-
ëåíèÿ èçìåíåíèÿ öåí íà êîíå÷íóþ ïðîäóêöèþ áå-
ëîðóññêèõ îòðàñëåé ýêîíîìèêè, äàëåå ïðîãíîçè-
ðîâàëîñü èçìåíåíèå êîíå÷íîãî ñïðîñà íà ýòó ïðî-
äóêöèþ íà âíóòðåííåì è âíåøíåì ðûíêàõ, íàêî-
íåö, îöåíèâàëîñü èçìåíåíèå îñíîâíûõ ìàêðîýêî-
íîìè÷åñêèõ ïîêàçàòåëåé íà îñíîâå êëàññè÷åñêîé
ìîäåëè Ëåîíòüåâà.

Ïî èòîãàì îñóùåñòâëåííûõ ðàñ÷åòîâ ïî-
ñòðîåíû ñîîòâåòñòâóþùèå ôóíêöèè ðåàêöèè, îò-
ðàæàþùèå èçìåíåíèå óêàçàííûõ ìàêðîýêîíîìè-
÷åñêèõ ïîêàçàòåëåé ïðè ðàçíûõ óðîâíÿõ îáìåí-
íîãî êóðñà áåëîðóññêîãî ðóáëÿ (ðèñ. 3).

Ðàñ÷åòû ïîêàçûâàþò, ÷òî äåâàëüâàöèÿ íà-
öèîíàëüíîé âàëþòû ïðè ïðî÷èõ ðàâíûõ ïðèâî-
äèò ê ðîñòó âûïóñêà è âàëîâîé äîáàâëåííîé ñòî-
èìîñòè çà ñ÷åò ðîñòà ýêñïîðòà è ïîëîæèòåëüíî-
ìó ñàëüäî òîðãîâîãî áàëàíñà, îäíàêî ïðè ýòîì
ðàñòåò èíôëÿöèÿ íà âíóòðåííåì ðûíêå (èìïîðò-
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íûå è îòå÷åñòâåííûå òîâàðû) è ïàäàåò êîíå÷íîå
èñïîëüçîâàíèÿ íà âíóòðåííåì ðûíêå � êîíå÷íîå
ïîòðåáëåíèå è âàëîâîå íàêîïëåíèå.

Ðèñ. 3 � Ôóíêöèè ðåàêöèè, îòðàæàþùèå èçìåíåíèå
ìàêðîýêîíîìè÷åñêèõ ïîêàçàòåëåé ïðè ðàçíûõ
óðîâíÿõ îáìåííîãî êóðñà áåëîðóññêîãî ðóáëÿ.

Èñòî÷íèê: àâòîðñêèå ðàñ÷åòû ïî äàííûì òàáëèö
¾çàòðàòû - âûïóñê¿ Ðåñïóáëèêè Áåëàðóñü çà 2018

ãîä

Èñïîëüçîâàíèå ìîäåëè ¾çàòðàòû - âûïóñê¿
äëÿ ñòîëü àêòóàëüíîé ñåé÷àñ îöåíêè ïîòåíöè-
àëà èìïîðòîçàìåùåíèÿ â áåëîðóññêîé ïðî-
ìûøëåííîñòè [14] ïîçâîëèëî ïîëó÷èòü îöåí-
êè èìïîðòîåìêîñòè îòå÷åñòâåííîé ïðîìûøëåí-
íîé ïðîäóêöèè, ïîòðåáëÿåìîé íà âíóòðåííåì è
âíåøíèõ ðûíêàõ, à òàêæå îöåíêè ïîòåíöèàëüíûõ
ìóëüòèïëèêàòèâíûõ ýôôåêòîâ â ýêîíîìèêå.

Îñíîâíûìè ðåçóëüòàòàìè îñóùåñòâëåííûõ
ìîäåëüíûõ ðàñ÷åòîâ ÿâëÿåòñÿ: îïðåäåëåíèå ìà-
øèíîñòðîèòåëüíîé ïðîäóêöèè â êà÷åñòâå àêòó-
àëüíîãî ïðèîðèòåòà èìïîðòîçàìåùåíèÿ; îöåíêà
âëèÿíèÿ ïðÿìûõ è ìóëüòèïëèêàòèâíûõ ýôôåê-
òîâ íà ðàçìåð ÂÂÏ ïðè ðàçíîì óðîâíå èìïîð-
òîçàìåùåíèÿ; äåìîíñòðàöèÿ íåîáõîäèìîñòè óâÿ-
çûâàíèÿ ìåð ïî èìïîðòîçàìåùåíèþ ñ äåíåæíî-
êðåäèòíîé ïîëèòèêîé, íàïðàâëåííîé íà ñòèìóëè-
ðîâàíèå âíóòðåííåãî ñïðîñà â ïðåäåëàõ, îãðàíè-
÷åííûõ ñàëüäî òîðãîâîãî áàëàíñà.

Â êà÷åñòâå îáîáùàþùåãî âûâîäà âñåãî èñ-
ñëåäîâàíèÿ è ãëàâíîé ðåêîìåíäàöèè ïðåäëàãà-
åòñÿ ñòðàòåãèÿ ðàçâèòèÿ îáðàáàòûâàþùåé ïðî-
ìûøëåííîñòè Áåëàðóñè ÷åðåç çàìåùåíèå ïðÿìî-
ãî è êîñâåííîãî èìïîðòà îòå÷åñòâåííîé ïðîäóê-
öèåé ïî ãðóïïå ÂÝÄ ≪Ìàøèíû, îáîðóäîâàíèå≫ â
îäíîé èç òðåõ âîçìîæíûõ ôîðì: 1) â ðàìêàõ
êîìïëåêñíîé ãîñóäàðñòâåííîé ïðîãðàììû; 2) ñ
ïîäêëþ÷åíèåì ïàðòíåðîâ èç ÅÀÝÑ ïðîìûøëåí-
íîé êîîïåðàöèè; 3) ñ ïðèâëå÷åíèåì ïðÿìûõ èíî-
ñòðàííûõ èíâåñòèöèé, â ÷àñòíîñòè, èç ÊÍÐ, äëÿ
÷åãî íåîáõîäèìî ñîçäàòü áëàãîïðèÿòíûé êëèìàò.

Ïðîâåäåííûé ïî äàííûì áåëîðóññêèõ òàá-
ëèö ¾çàòðàòû - âûïóñê¿ çà 2018 ãîä àíàëèç ïîç-
âîëèë êîëè÷åñòâåííî îöåíèòü âëèÿíèå ðàçëè÷-
íûõ ôàêòîðîâ íåìîíåòàðíîãî õàðàêòåðà íà
ðîñò öåí â áåëîðóññêîé ýêîíîìèêå [28]. Â
÷àñòíîñòè, ïîêàçàë, ÷òî èçâåñòíûå îòå÷åñòâåí-
íûì ýêîíîìèñòàì ôàêòîðû èíôëÿöèîííûõ ïðî-
öåññîâ ñîõðàíÿþò ñâîþ çíà÷èìîñòü è ñåé÷àñ. Íî-

ìèíàëüíûé ðîñò çàðàáîòíîé ïëàòû, óâåëè÷åíèå
öåí íà èìïîðòíûå òîâàðû è óñëóãè (â òîì ÷èñ-
ëå ââèäó äåâàëüâàöèè íàöèîíàëüíîé âàëþòû) �
îñíîâíûå äðàéâåðû ðîñòà öåí â áåëîðóññêîé ýêî-
íîìèêå. Èçìåíåíèå äîõîäíîñòè îñíîâíîãî êàïè-
òàëà, âîçìîæíî, ìåíåå èññëåäîâàííûé ôàêòîð,
õîòÿ åãî çíà÷èìîñòü âïîëíå çàìåòíàÿ. Âëèÿíèå
íàëîãîâ è ðàçëè÷íîãî ðîäà íàöåíîê (òðàíñïîðò-
íûõ, òîðãîâûõ) ïî îòíîøåíèþ ê óïîìÿíóòûì
óæå ôàêòîðàì îòíîñèòåëüíî íåáîëüøîå.

Èñïîëüçîâàíèå ìåæñòðàíîâûõ òàáëèö ¾çà-
òðàòû - âûïóñê¿ ïîçâîëèëî ïðîâåñòè àíà-
ëèç ñòðóêòóðíûõ õàðàêòåðèñòèê ýêîíîìè-
êè ÅÀÝÑ [24, 25].

Â ÷àñòíîñòè, áûëà îñóùåñòâëåíà âèçóàëè-
çàöèÿ ìàòðèöû êîýôôèöèåíòîâ ïðÿìûõ çàòðàò,
ïðè ýòîì íà ðàçíûõ èòåðàöèÿõ âûáèðàëèñü êî-
ýôôèöèåíòû, áîëüøèå ïîðîãîâîé âåëè÷èíû.

Íàïðèìåð, íà ðèñóíêå íèæå ïîêàçàíû êî-
ýôôèöèåíòû ñî çíà÷åíèåì, áîëüøèì 1/207 (èñ-
õîäÿ èç ïðåäëîæåííîãî â ëèòåðàòóðå êðèòåðèÿ,
ðàâíîãî çíà÷åíèþ îäíîãî äîëëàðà âûïóñêà â îñ-
íîâíûõ öåíàõ, ïðèõîäÿùåãîñÿ â ñðåäíåì íà îäèí
êîìïîíåíò öåíû, ò.å. ñòàòüþ ïðÿìûõ çàòðàò, çà-
òðàò èìïîðòíîé ïðîäóêöèè è âàëîâîé äîáàâëåí-
íîé ñòîèìîñòè, â ñëó÷àå ÌÒÇÂ ÅÀÝÑ ýòî 207).

Ðèñ. 4 � Âèçóàëèçàöèÿ ìàòðèöû êîýôôèöèåíòîâ
ïðÿìûõ çàòðàò (aij) ÌÒÇÂ ÅÀÝÑ äëÿ ïîðîãîâîãî

çíà÷åíèÿ aij > 1/207

Â êà÷åñòâå îñíîâíûõ ðåçóëüòàòîâ, ïîëó÷åí-
íûõ â èññëåäîâàíèè, ñëåäóåò îòìåòèòü ñëåäóþ-
ùèå.

Ïðîâåäåííûé àíàëèç ñâèäåòåëüñòâóåò, ÷òî
ñóùåñòâóåò îãðîìíûé è åùå íå èñïîëüçîâàííûé
ïîòåíöèàë ðàçâèòèÿ èíòåãðàöèîííûõ ïðîöåññîâ
âíóòðè ÅÀÝÑ, ÷òî, ïîæàëóé, ñîîòâåòñòâóåò ìíå-
íèþ âñåõ ýêñïåðòîâ, çàíèìàþùèõñÿ åâðàçèéñêîé
ýêîíîìè÷åñêîé èíòåãðàöèåé.

Ñëåäóåò êîíñòàòèðîâàòü, ÷òî ïî ñîñòîÿíèþ
íà 2016 ã., ñóäÿ ïî îöåíêàì ðàçìåðà âàëîâîé
äîáàâëåííîé ñòîèìîñòè, ñîäåðæàùåéñÿ â ïîòî-
êàõ êîíå÷íîé ïðîäóêöèè ÅÀÝÑ, âçàèìîäåéñòâèå
ñòðàí � ÷ëåíîâ ÅÀÝÑ ñ îñòàëüíûì ìèðîì áî-
ëåå òåñíîå, ÷åì âíóòðè ÅÀÝÑ. Äëÿ Áåëàðóñè îá
ýòîì ñâèäåòåëüñòâóåò è òîò ôàêò, ÷òî áåëîðóñ-
ñêèé ÂÂÏ òîëüêî íà 18,6% ôîðìèðóåòñÿ çà ñ÷åò
ýêñïîðòà â ñòðàíû � ïàðòíåðû ïî ÅÀÝÑ, à íà
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24,3% � çà ñ÷åò ýêñïîðòà â ñòðàíû îñòàëüíîãî ìè-
ðà.

Èíòåãðàöèÿ â ÅÀÝÑ îñóùåñòâëÿåòñÿ ïðè
äîìèíèðóþùåé è ñâÿçóþùåé ðîëè Ðîññèè, ýêî-
íîìè÷åñêîå âçàèìîäåéñòâèå èíûõ ÷ëåíîâ ÅÀÝÑ
íà ýòîì ôîíå âûãëÿäèò íåçíà÷èòåëüíûì � ýòî
âèäíî èç àáñîëþòíîãî ïðåîáëàäàíèÿ â ÅÀÝÑ ïî-
òîêîâ êîíå÷íîé ïðîäóêöèè èç Ðîññèè (ïî äîáàâ-
ëåííîé ñòîèìîñòè), èäóùèõ íà âíóòðèðîññèéñêîå
ïîòðåáëåíèå, â ñòðàíû � ïàðòíåðû ÅÀÝÑ è äðó-
ãèå ñòðàíû ìèðà. Òàêæå çíà÷èòåëüíàÿ äîëÿ ðîñ-
ñèéñêîé äîáàâëåííîé ñòîèìîñòè â îáùåì îáúå-
ìå âàëîâîé äîáàâëåííîé ñòîèìîñòè ïðîäóêöèè
Àðìåíèè, Áåëàðóñè, Êàçàõñòàíà è Êûðãûçñòàíà.
Óòâåðæäåíèå î äîìèíèðîâàíèè ðîññèéñêîé ýêî-
íîìèêè åñòåñòâåííûì îáðàçîì îæèäàåìî è ñîâ-
ïàäàåò, íàïðèìåð, ñ âûâîäàìè, ñôîðìóëèðîâàí-
íûìè â äðóãèõ èññëåäîâàòåëüñêèõ ðàáîòàõ.

Âêëàä áåëîðóññêîé ýêîíîìèêè â ñîâîêóï-
íûé óñëîâíûé òîðãîâûé áàëàíñ ÅÀÝÑ ñ îñòàëü-
íûì ìèðîì ïîëîæèòåëüíûé, ÷òî òåì ñàìûì ñâè-
äåòåëüñòâóåò è î ïîëîæèòåëüíîì âêëàäå Áåëàðó-
ñè â êîíêóðåíòîñïîñîáíîñòü è óñòîé÷èâîñòü ÅÀ-
ÝÑ íà ãëîáàëüíîì ðûíêå.

Ýêîíîìèêà ÅÀÝÑ â ñôåðå ïðîìåæóòî÷íî-
ãî ïîòðåáëåíèÿ (ïðîèçâîäñòâåííîé êîîïåðàöèè)
èíòåãðèðîâàíà ñëàáî, íàöèîíàëüíûå ýêîíîìèêè
áîëüøå çàìêíóòû íà ñàìèõ ñåáÿ. Ëèøü 15,5% îò-
ðàñëåé (â íîìåíêëàòóðå ÌÒÇÂ) â áîëüøåé ñòå-
ïåíè êîîïåðèðîâàíû (âïåðåä èëè íàçàä) ñ îòðàñ-
ëÿìè ýêîíîìèê ñòðàí-ïàðòíåðîâ, ÷åì ñ îòðàñëÿ-
ìè íà âíóòðåííåì ðûíêå. Â òîé èëè èíîé ñòå-
ïåíè, èíòåãðèðóþùèìè ÿâëÿþòñÿ ïîòîêè ñûðüå-
âûõ, ýíåðãåòè÷åñêèõ ðåñóðñîâ, êîîïåðàöèÿ â ìà-
øèíîñòðîåíèè êðàéíå ñëàáàÿ.

Ñëåäóåò îæèäàòü, ÷òî ýêîíîìè÷åñêèå ïðî-
öåññû, èäóùèå â ãëîáàëüíîé ýêîíîìèêå, à òàêæå
òåêóùàÿ ãåîïîëèòè÷åñêàÿ ñèòóàöèÿ ïðèâåäóò ê
ñóùåñòâåííîé àêòèâèçàöèè èíòåãðàòèâíûõ ïðî-
öåññîâ â ýêîíîìèêå ÅÀÝÑ, ðîñòó èìïîðòîçàìå-
ùàþùèõ ïðîèçâîäñòâ è ïðîåêòîâ. Äóìàåòñÿ, ÷òî
èìåííî ìàøèíîñòðîèòåëüíûå îòðàñëè îêàæóòñÿ
â ôîêóñå ïðîìûøëåííîé ïîëèòèêè ÅÀÝÑ.

Ìîäåëèðîâàíèå ðàáîòû ðûíî÷íîãî
ìåõàíèçìà â îòâåò íà èçìåíåíèå îáúåìà ïðåä-
ëîæåíèÿ (âîçíèêíîâåíèå äåôèöèòà) çà ñ÷åò àäàï-
òàöèè öåí è îáúåìîâ ñïðîñà áûëî ðàññìîòðåíî
íà ïðèìåðå íåìåöêîé ýêîíîìèêè â óñëîâèÿõ íà-
ðóøåíèÿ ïîñòàâîê ïðèðîäíîãî ãàçà. Êàê ïîêàçû-
âàþò ðàñ÷åòû, ðàâíîâåñèå äîñòèãàåòñÿ ïðè öåíå
ãàçà 1600�2000 äîëë. ÑØÀ çà 1000 ì3, à ïðîãíîç-
íûé ñïàä ÂÂÏ â ýòîì ñëó÷àå ñîñòàâèò 1,6�2,1%.
Íàèáîëüøèé âêëàä â ñíèæåíèå ÂÂÏ âíåñóò îò-
ðàñëè, êîòîðûå ïðÿìî è êîñâåííî (÷åðåç èñïîëü-
çîâàíèå ïðîäóêöèè äðóãèõ ýíåðãîåìêèõ îòðàñ-
ëåé) ïîòðåáëÿþò íàèáîëüøèå îáúåìû ïðèðîäíî-
ãî ãàçà: ýëåêòðîýíåðãåòèêà, õèìè÷åñêàÿ ïðîìûø-
ëåííîñòü, ïðîèçâîäñòâî ñòðîéìàòåðèàëîâ, áóìà-
ãè, ìåòàëëóðãèÿ.

Â ðàìêàõ ìîäåëèðîâàíèÿ èåðàðõè÷åñêîé
ñòðóêòóðû ãëîáàëüíûõ öåïî÷åê ñòîèìîñòè
[15] ïðîâîäèëñÿ àíàëèç äîëãîñðî÷íûõ òåíäåí-
öèé è çàêîíîìåðíîñòåé, ñâÿçàííûõ ñ ïðîöåññà-
ìè ìåæäóíàðîäíîé ïðîèçâîäñòâåííîé êîîïåðà-
öèè â ðàìêàõ ãëîáàëüíûõ öåïî÷åê ñòîèìîñòè,
äëÿ îïðåäåëåíèÿ ïåðñïåêòèâ áåëîðóññêîé ýêîíî-
ìèêè â ãëîáàëüíîé è ðåãèîíàëüíîé ñèñòåìàõ ðàç-
äåëåíèÿ òðóäà è ôîðìèðîâàíèÿ äëÿ íåå ðåêîìåí-
äàöèé ñòðàòåãè÷åñêîãî ïîðÿäêà.

Èñõîäíîé ïðåäïîñûëêîé äëÿ èññëåäîâà-
íèÿ ïîñëóæèëà ãèïîòåçà î ôðàãìåíòèðîâàííîé
ñòðóêòóðå öåïî÷åê ñòîèìîñòè, ñîñòîÿùèõ èç ãëî-
áàëüíûõ, ðåãèîíàëüíûõ è íàöèîíàëüíûõ ñåãìåí-
òîâ. Êîëè÷åñòâåííàÿ îöåíêà äîëè êàæäîãî ñåã-
ìåíòà â äèíàìèêå äëÿ ìèðîâîé ýêîíîìèêè è åå
êðóïíåéøèõ ýêîíîìè÷åñêèõ ðåãèîíîâ óêàçûâàåò
íà îáùèå òåíäåíöèè ðàçâèòèÿ ïðîèçâîäñòâåííîé
êîîïåðàöèè. Ìåòîäîëîãèÿ èññëåäîâàíèÿ � ñòàòè-
ñòè÷åñêèé àíàëèç ≪çàòðàòû�âûïóñê≫ è èíûå ìå-
òîäû êîëè÷åñòâåííîãî àíàëèçà äàííûõ ñ èñïîëü-
çîâàíèåì ÿçûêà R.

Èíôîðìàöèîííîé áàçîé èññëåäîâàíèÿ âû-
ñòóïèëè àíàëèòè÷åñêèå îò÷åòû ìåæäóíàðîäíûõ
îðãàíèçàöèé è êîíñàëòèíãîâûõ êîìïàíèé, à òàê-
æå äàííûå ìåæðåãèîíàëüíûõ òàáëèö WIOD è
Eora.

Ðèñ. 5 � Äîëÿ íàöèîíàëüíûõ (ÍÖÑ), ðåãèîíàëüíûõ
(ÐÖÑ) è ãëîáàëüíûõ (ÃÖÑ) öåïî÷åê ñòîèìîñòè â
ïðîìåæóòî÷íîì ïîòðåáëåíèè ìèðîâîé ýêîíîìèêè.
Èñòî÷íèê: àâòîðñêèå ðàñ÷åòû ïî äàííûì WIOD

Àíàëèç ïîêàçàë, ÷òî â ïðîìåæóòî÷íîì ïî-
òðåáëåíèè ìèðîâîé ýêîíîìèêè â öåëîì äîëÿ
ÍÖÑ ñîñòàâëÿåò â ñðåäíåì 85%, ÐÖÑ � 6% è
ÃÖÑ � 9%, è ýòà ïðîïîðöèÿ ñ òå÷åíèåì âðåìå-
íè ìàëî ìåíÿåòñÿ. Ïî íàóêîåìêèõ ïðîìûøëåí-
íûì ïðîäóêòàì äîëÿ ÍÖÑ ñîñòàâëÿåò 78%, ÐÖÑ
� 9% è ÃÖÑ � 13%, ïèê ðîñòà ÃÖÑ è ÐÖÑ ïðè-
øåëñÿ íà 2007 ãîä, çàòåì äîëÿ íàöèîíàëüíîé ñî-
ñòàâëÿþùåé ïðîìåæóòî÷íîãî ïîòðåáëåíèÿ ñíîâà
âûðîñëà.

Îöåíêà ñòðóêòóðû ìèðîâîé íàóêîåì-
êîé ïðîìûøëåííîñòè - åùå îäíà çàäà÷à, êîòî-
ðàÿ ðåøàëàñü ñðåäñòâàìè ìåòîäîëîãèè ¾çàòðàòû
- âûïóñê¿ íà îñíîâå äàííûõ òàáëèö Eora, WIOD
è OECD-ICIO. Íàïðèìåð, ïî äàííûì òàáëèö ¾çà-
òðàòû - âûïóñê¿ WIOD áûëà ïðîàíàëèçèðîâà-
íà äèíàìèêà äîëè íàöèîíàëüíîãî ïðîìåæóòî÷-
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íîãî ïîòðåáëåíèÿ â îáùåìèðîâîì ïðîìåæóòî÷-
íîì ïîòðåáëåíèè, äëÿ îòðàñëåé íàóêîåìêîé ïðî-
ìûøëåííîñòè êðóïíåéøèõ ýêîíîìèê ìèðà (ðèñ.
6) � çäåñü îò÷åòëèâî âèäíû ñóùåñòâåííûé ðîñò
äîëè Êèòàÿ ñ 7% äî 34% è äîâîëüíî çíà÷èòåëü-
íîå ¾ïðîñåäàíèå¿ ÑØÀ è ßïîíèè. Ïîäîáíîå, ïî
âñåé âèäèìîñòè, ñâèäåòåëüñòâóåò î ðîñòå ìåæîò-
ðàñëåâûõ ñâÿçåé âíóòðè ñàìîãî Êèòàÿ è ïîñòå-
ïåííîãî îòõîäà îò ìîäåëè ¾ïðîñòîãî ñáîðî÷íîãî
ïðîèçâîäñòâà äëÿ îñòàëüíîãî ìèðà¿.

Ðèñ. 6 � Äèíàìèêà äîëè íàöèîíàëüíîãî
ïðîìåæóòî÷íîãî ïîòðåáëåíèÿ â îáùåìèðîâîì
ïðîìåæóòî÷íîì ïîòðåáëåíèè, äëÿ îòðàñëåé
íàóêîåìêîé ïðîìûøëåííîñòè êðóïíåéøèõ

ýêîíîìèê. Èñòî÷íèê: àâòîðñêèå ðàñ÷åòû ïî äàííûì
WIOD

Áîëåå äåòàëüíûé àíàëèç, îäíàêî, ïîêàçûâà-
åò, ÷òî êèòàéñêàÿ ýêîíîìèêà ïîêà åùå çàâèñèò
îò èìïîðòèðóåìîé ïðîäóêöèè íàóêîåìêîé ïðî-
ìûøëåííîñòè, òàê êàê åå ïðÿìîé è êîñâåííûé
âêëàä â ôîðìèðîâàíèå âíåøíåòîðãîâîãî áàëàíñà
îòðèöàòåëüíûé (ðèñ. 7). Èñêëþ÷åíèå ñîñòàâëÿþò
êîìïüþòåðíàÿ è ýëåêòðîííàÿ òåõíèêà è ýëåêòðî-
îáîðóäîâàíèå.

Ðèñ. 7 � Âêëàä íàóêîåìêîé ïðîìûøëåííîñòè,
ïðî÷èõ îòðàñëåé ïðîìûøëåííîñòè è ïðî÷èõ

îòðàñëåé ýêîíîìèêè â ôîðìèðîâàíèå òîðãîâîãî
áàëàíñà ñ ó÷åòîì ñîçäàâàåìîé äîáàâëåííîé

ñòîèìîñòè íàöèîíàëüíîãî ïðîèñõîæäåíèÿ è îáúåìîâ
èìïîðòà. Èñòî÷íèê: àâòîðñêèå ðàñ÷åòû ïî äàííûì

OECD-ICIO

V. Êëàññèôèêàöèÿ ìîäåëåé ¾çàòðàòû -
âûïóñê¿ ïî èñïîëüçóåìîé

ìàêðîýêîíîìè÷åñêîé ïàðàäèãìå

Îáîáùàÿ ðàññìîòðåííûå âûøå ïðèìåðû,
îòìåòèì, ÷òî åùå îäíîé âîçìîæíîé êëàññèôè-

êàöèåé ïðèêëàäíîãî èñïîëüçîâàíèÿ ìîäåëåé ¾çà-
òðàòû - âûïóñê¿ (ïîìèìî èõ ïðèâÿçêè ê óðîâíÿì
ýêîíîìè÷åñêîé ñèñòåìû) ìîæåò áûòü ðàçäåëåíèå
èõ íà òàêèå êàòåãîðèè:

� àíàëèòè÷åñêèå (ñìîòðè âûøå, íàïðèìåð,
îïèñàíèå çàäà÷è îá îïðåäåëåíèè âêëàäà âíåøíå-
ãî è âíóòðåííåãî ñïðîñà â ôîðìèðîâàíèå ÂÂÏ
èëè àíàëèç ãëîáàëüíûõ öåïî÷åê ñòîèìîñòè);

� ïðîãíîñòè÷åñêèå (ñìîòðè, íàïðèìåð, îöåí-
êó âîçìîæíîé ðåàêöèè ýêîíîìèêè Ðîññèè íà ïàí-
äåìèþ COVID-19 â 2020 ãîäó èëè áåëîðóññêîé
ýêîíîìèêè � íà äåâàëüâàöèþ èëè ðåâàëüâàöèþ
íàöèîíàëüíîé âàëþòû).

Â ñâîþ î÷åðåäü ïðîãíîñòè÷åñêèå ìîäåëè ìî-
ãóò ðàçëè÷àòüñÿ, èñõîäÿ èç çàêëàäûâàåìîé â íèõ
ìàêðîýêîíîìè÷åñêîé ïàðàäèãìû. Ïðè ýòîì ñëå-
äóåò îòìåòèòü, ÷òî ¾çàòðàòû - âûïóñê¿ � ýòî
ïðåæäå âñåãî ïðèêëàäíîé èíñòðóìåíòàðèé ýêî-
íîìè÷åñêîãî àíàëèçà è ïðîãíîçèðîâàíèÿ, ñîçäàí-
íûé è èñïîëüçóåìûé áåç îãëÿäêè íà òó èëè èíóþ
øêîëó ìàêðîýêîíîìè÷åñêîé ìûñëè. Ïîëüçóÿñü
èçâåñòíûì ðàçäåëåíèåì Ã. Ìýíêüþ [8], ìîæíî
ñêàçàòü, ÷òî ¾çàòðàòû - âûïóñê¿ îòíîñèòñÿ â
ïåðâóþ î÷åðåäü ê ¾èíæåíåðíîé¿ ñîñòàâëÿþùåé
ýêîíîìè÷åñêîé íàóêè. Åñëè âñå-òàêè ïîïûòàòü-
ñÿ îïðåäåëèòü òî òåîðåòè÷åñêîå íàïðàâëåíèå, ê
êîòîðîìó ïðèíàäëåæèò ìåòîäîëîãèÿ ¾çàòðàòû -
âûïóñê¿, òî íåêîòîðûå àâòîðû ñêîðåå îòíîñÿò åãî
ê êëàññè÷åñêîé ýêîíîìè÷åñêîé òåîðèè [5]. Ïðåä-
ñòàâëÿåòñÿ, îäíàêî, ÷òî òàêîå ñòðîãîå îòíåñåíèå
áóäåò ëèøü îãðàíè÷èâàòü èññëåäîâàòåëÿ. Ñ íà-
øåé òî÷êè çðåíèÿ, âîçìîæíî ïðèìåíåíèå ïðî-
ãíîñòè÷åñêèõ ìîäåëåé ¾çàòðàòû - âûïóñê¿, êàê
ìèíèìóì, â òðåõ âàðèàíòàõ, èñõîäÿ èç èñïîëüçó-
åìîé ìàêðîýêîíîìè÷åñêîé ïàðàäèãìû:

� ïëàíîâîé ýêîíîìèêè, ïîäðàçóìåâàþùåé
íàëè÷èå óïðàâëåíèÿ ýêîíîìèêîé êàê åäèíîé ñè-
ñòåìîé ñ öåëüþ ìàêñèìèçàöèè ÂÂÏ èëè äðóãî-
ãî ìàêðîýêîíîìè÷åñêîãî ïîêàçàòåëÿ (ñìîòðè, íà-
ïðèìåð, îïòèìèçàöèîííóþ ìîäåëü è ïðîãíîç â
[12]);

� êåéíñèàíñêîé/ïîñòêåéíñèàíñêîé, â ðàì-
êàõ êîòîðîé ïðåäïîëàãàåòñÿ íàëè÷èå íåçàãðó-
æåííûõ ïðîèçâîäñòâåííûõ ìîùíîñòåé è íåçàíÿ-
òûõ òðóäîâûõ ðåñóðñîâ, ñóùåñòâóåò íåîáõîäè-
ìîñòü è âîçìîæíîñòü àêòèâèçèðîâàòü ýêîíîìèêó
çà ñ÷åò ñòèìóëèðîâàíèÿ âíóòðåííåãî ñïðîñà è íà-
áëþäàþòñÿ ìóëüòèïëèêàòèâíûå ýôôåêòû (ñìîò-
ðè ðàññìîòðåííûé ïðèìåð îöåíêè ìåæîòðàñëå-
âûõ ìóëüòèïëèêàòèâíûõ ýôôåêòîâ âûøå);

� íåîêëàññè÷åñêîé, ïîäðàçóìåâàþùåé íàëè-
÷èå ýôôåêòèâíî ôóíêöèîíèðóþùåãî ðûíî÷íî-
ãî ìåõàíèçìà, ïðåæäå âñåãî öåíîâîãî (íàïðèìåð,
êàê â îïèñàííîì ðàíåå ïîäõîäå äëÿ îöåíêè ðåàê-
öèè íåìåöêîé ýêîíîìèêè íà îñòàíîâêó ïîñòàâîê
ðîññèéñêîãî ïðèðîäíîãî ãàçà).

VI. Çàêëþ÷åíèå

Ïðåäñòàâëÿåòñÿ, ÷òî ìîäåëè êëàññà ¾çàòðà-
òû - âûïóñê¿ - íàèáîëåå äåéñòâåííûé èíñòðó-
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ìåíòàðèé ìîäåëèðîâàíèÿ â íàñòîÿùåå âðåìÿ. Èñ-
ïîëüçîâàíèå èõ â êà÷åñòâå ÿäðà êîìïëåêñà èç ìî-
äåëåé ðàçíûõ êëàññîâ âûãëÿäèò âåñüìà ïåðñïåê-
òèâíûì ñ òî÷êè çðåíèÿ ñòàòèñòè÷åñêîãî îïèñà-
íèÿ, àíàëèçà è ïðîãíîçèðîâàíèÿ ýêîíîìè÷åñêèõ
ïðîöåññîâ íà ðàçíûõ óðîâíÿõ ýêîíîìè÷åñêèõ ñè-
ñòåì.
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Àâñÿíèê Å. Ñ., Äåìåíêîâåö Ä. Â.
Êàôåäðà ïðîãðàììíîãî îáåñïå÷åíèÿ èíôîðìàöèîííûõ òåõíîëîãèé, Áåëîðóññêèé ãîñóäàðñòâåííûé

óíèâåðñèòåò èíôîðìàòèêè è ðàäèîýëåêòðîíèêè

Ìèíñê, Ðåñïóáëèêà Áåëàðóñü

E-mail: Avsyanik.ekaterina@gmail.com, Demenkovets@bsuir.by

Â äîêëàäå îïèñûâàåòñÿ ñîñòàâ àïïàðàòíîé ÷àñòè êîìïëåêñà êîíòðîëÿ äâèæóùèõñÿ ñðåäñòâ. Òàêæå îïè-

ñûâàþòñÿ ôóíêöèîíàëüíûå âîçìîæíîñòè ïðîãðàììíîãî ñðåäñòâà äëÿ îáðàáîòêè, àíàëèçà è âèçóàëèçàöèè

äàííûõ ïîëó÷åííûõ êîíòðîëëåðîì ñ äàò÷èêîâ.

Ââåäåíèå

Ëþáàÿ òåõíèêà â íàøå âðåìÿ îñíàùåíà
îïðåäåëåííûì íàáîðîì äàò÷èêîâ. Ñ ïîìîùüþ
íèõ óñòðîéñòâî âûïîëíÿåò ñâîè çàäàííûå ôóíê-
öèè. Íàïðèìåð, óñòðîéñòâî, êîòîðîå åñòü ó ïðàê-
òè÷åñêè ó êàæäîãî � ñìàðòôîí, èìååò îïðåäå-
ëåííûé íàáîð ðàçëè÷íûõ ìîäóëåé, îòâå÷àþùèõ
çà ðàçíîîáðàçíûå ôóíêöèè. Â ÷èñëî îñíîâíûõ
äàò÷èêîâ âõîäÿò àêñåëåðîìåòð, ãèðîñêîï, ìàã-
íèòîìåòð, áàðîìåòð, GPS, äàò÷èê îñâåùåííîñòè,
äàò÷èê ïðèáëèæåíèÿ. Íåêîòîðûå èç ýòèõ äàò÷è-
êîâ âõîäÿò â ñîñòàâ ðàçíîîáðàçíûõ äâèæóùèõ-
ñÿ ñðåäñòâ, àâòîìîáèëåé, êîðàáëåé, ñàìîëåòîâ,
êâàäðîêîïòåðîâ. Âñå ýòè ñðåäñòâà èìåþò ñèñòåìó
ïîçèöèîíèðîâàíèÿ, ôóíêöèîíèðîâàíèå êîòîðîé
îñóùåñòâëÿåòñÿ ñ ïîìîùüþ GPS/Ãëîíàññ äàò÷è-
êà, ìàãíèòîìåòðà è áàðîìåòðà. GPS èñïîëüçóåò
ñïóòíèêè íà îðáèòå äëÿ îïðåäåëåíèÿ ìåñòîïîëî-
æåíèÿ âî âñåìèðíîé ñèñòåìå êîîðäèíàò. Ìàãíè-
òîìåòð (êîìïàñ) äëÿ ïðîñòðàíñòâåííîé îðèåíòà-
öèè, ðàáîòàåò ñ ìàãíèòíûì ïîëåì çåìëè. Áàðî-
ìåòð îòâå÷àåò çà ïîëîæåíèå íà âûñîòå. Àêñåëå-
ðîìåòð è ãèðîñêîï èñïîëüçóþòñÿ îáû÷íî â ïà-
ðå äëÿ îïðåäåëåíèÿ ìåñòîïîëîæåíèÿ ñðåäñòâà â
ïðîñòðàíñòâå è âû÷èñëåíèÿ óãëà ïîâîðîòà. Àê-
ñåëåðîìåòð äëÿ èçìåðåíèÿ ïðîåêöèè óñêîðåíèÿ,
ãèðîñêîï äëÿ èçìåðåíèÿ óãëîâîé ñêîðîñòè âðà-
ùåíèÿ.

I. Ñîñòàâ è îïèñàíèå
ïðîãðàììíî-àïïàðàòíîãî êîìïëåêñà

Ïðîãðàììíî-àïïàðàòíûé êîìïëåêñ âêëþ÷à-
åò â ñåáÿ íåáîëüøîå öèôðîâîå óñòðîéñòâî ñáîðà
äàííûõ è ïðîãðàììíîå ñðåäñòâî âèçóàëèçàöèè,
àíàëèçà è îáðàáîòêè ýòèõ äàííûõ [1]. Óñòðîé-
ñòâî óñòàíàâëèâàåòñÿ íà äâèæóùèõñÿ ñðåäñòâàõ
è âûïîëíÿåò ñáîð è íàêîïëåíèå äàííûõ ñ äàò÷è-
êîâ, äëÿ ïîñëåäóþùåãî äëÿ ïîñëåäóþùåãî îïðå-
äåëåíèÿ ìåñòîïîëîæåíèå åãî íà êàðòå è â ïðî-
ñòðàíñòâå [2]. Ïðîãðàììíîå ñðåäñòâî âûïîëíÿåò
èìïîðò àðõèâà ñ óñòðîéñòâà, îáðàáîòêó, âèçóàëè-
çàöèþ è àíàëèç ïîëó÷åííûõ äàííûõ.

Â êà÷åñòâå îñíîâû àïïàðàòíîé ÷àñòè
óñòðîéñòâà âûñòóïàåò ìèêðîêîíòðîëëåð STM32.
Äàííûé êîíòðîëëåð â ñâîåì ñîñòàâå èìååò ÿä-
ðî Cortex-M3, ñ ìàêñèìàëüíîé ÷àñòîòîé 72ÌÃö,

ðàçìåðîì ôëåø ïàìÿòè 128Êá, ñòàòè÷åñêèì ÎÇÓ
20Êá [3].

Ê ìèêðîêîíòðîëëåðó ïîäêëþ÷åíû ñëåäóþ-
ùèå ìîäóëè: äàò÷èê òåìïåðàòóðû è äàâëåíèÿ,
àêñåëåðîìåòð è ãèðîñêîï, GPS ìîäóëü, ÷àñû ðå-
àëüíîãî âðåìåíè, ìîäóëü äëÿ ðàáîòû ñ sd-êàðòîé.

Äàò÷èê òåìïåðàòóðû è äàâëåíèÿ BMP180,
äëÿ èçìåðåíèÿ àòìîñôåðíîãî äàâëåíèÿ è òåìïå-
ðàòóðû îêðóæàþùåé ñðåäû. Òî÷íîñòü èçìåðåíèÿ
òåìïåðàòóðû ±2 °Ñ [4].

Ìîäóëü MPU6050 � 3-îñåâîé àêñåëåðîìåòð è
3-îñåâîé ãèðîñêîï, èíòåãðèðîâàííûå â îäèí ÷èï.
Ãèðîñêîï èçìåðÿåò ñêîðîñòü èçìåíåíèÿ óãëîâî-
ãî ïîëîæåíèÿ âî âðåìåíè ïî îñÿì X, Y è Z [5].
Äëÿ èçìåðåíèÿ èñïîëüçóåòñÿ òåõíîëîãèÿ MEMS
è ýôôåêò Êîðèîëèñà. Âûõîäíûå äàííûå ãèðî-
ñêîïà èçìåðÿþòñÿ â ãðàäóñàõ â ñåêóíäó. Ïîëó-
÷åííûå äàííûå îïðåäåëÿþò ïîëîæåíèå ìîäóëÿ â
ïðîñòðàíñòâå. Ìîäóëè BMP180 è MPU6050 ïîä-
êëþ÷àåòñÿ ê êîíòðîëëåðó ïî èíòåðôåéñó I2C.
Âíåøíèé âèä äàò÷èêîâ òåìïåðàòóðû è äàâëåíèÿ
BMP180, 3-îñåâîãî àêñåëåðîìåòðà è 3-îñåâîãî ãè-
ðîñêîïà (ñì. ðèñ. 1).

Ðèñ. 1 � Ìîäóëü BMP180 è MPU6050

Äëÿ îïðåäåëåíèÿ ìåñòîïîëîæåíèÿ íà êàðòå
â êîìïëåêñå èñïîëüçóåòñÿ ìîäóëü GPS Troyka íà
áàçå ÷èïà Neoway G7. Ìîäóëü ïðèíèìàåò ñèãíà-
ëû ñïóòíèêîâ ãëîáàëüíîãî ïîçèöèîíèðîâàíèÿ �
GPS, GLONASS è Galileo � è âû÷èñëÿåò ñâîè
ãåîãðàôè÷åñêèå êîîðäèíàòû, ñêîðîñòü ïåðåìå-
ùåíèÿ, âûñîòó íàä óðîâíåì ìîðÿ è òî÷íîå ëî-
êàëüíîå âðåìÿ [6].Äàííûå ñ GPS ìîäóëÿ ïåðåäà-
þòñÿ ïî èíòåðôåéñó UART â ôîðìàòå òåêñòîâûõ
ñîîáùåíèé NMEA. NMEA � ýòî êîìáèíèðîâàí-
íàÿ ñïåöèôèêàöèÿ äàííûõ äëÿ ñâÿçè ìåæäó ìîð-
ñêîé ýëåêòðîíèêîé, òàêîé êàê ýõîëîò, ãèäðîëîêà-
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òîðû, àíåìîìåòð, ãèðîêîìïàñ, àâòîïèëîò, GPS-
ïðèåìíèêè.

Ìîäóëü íà îñíîâå ÷èïà DS3231 ÿâëÿåòñÿ ÷à-
ñàìè ðåàëüíîãî âðåìåíè (RTC) è íåîáõîäèì äëÿ
ïîëó÷åíèÿ òî÷íîãî âðåìåíè èçìåðåíèé. Ïîãðåø-
íîñòü ñîñòàâëÿåò ±2 ìèíóòû çà ãîä. Ïîäêëþ÷åí
ê êîíòðîëëåðó ïî èíòåðôåéñó I2C.

Ìîäóëü äëÿ ðàáîòû ñ SD-êàðòîé ïîäêëþ÷åí
ê êîíòðîëëåðó ïî èíòåðôåéñó SPI è ñëóæèò äëÿ
ñîõðàíåíèÿ âñåõ èçìåðåííûõ äàííûõ ñ äàò÷èêîâ
íà êàðòó ïàìÿòè.

Âíåøíèé âèä ìîäóëÿ GPS, ÷àñîâ ðåàëüíî-
ãî âðåìåíè è SD�êàðòû ïàìÿòè ïðåäñòàâëåíû íà
ðèñóíêå 2.

Ðèñ. 2 � Ìîäóëü GPS, ìîäóëü ÷àñîâ ðåàëüíîãî
âðåìåíè, ìîäóëü SD-êàðòû

Äàííûå ïîëó÷àåìûå ñ äàò÷èêîâ ñîõðàíÿþò-
ñÿ íà SD-êàðòå ïàìÿòè â ôîðìàòå CSV. Ôàéë
çíà÷åíèé, ïðåäñòàâëÿåò ñîáîé òåêñòîâûé ôàéë,
êàæäàÿ ñòðîêà êîòîðîãî ïðåäñòàâëÿåò ñîáîé çà-
ïèñü äàííûõ. Êàæäàÿ çàïèñü ñîñòîèò èç îäíîãî
èëè íåñêîëüêèõ ïîëåé, ðàçäåëåííûõ çàïÿòûìè.

Â ðåçóëüòàòå ñîåäèíåíèÿ âñåõ ìîäóëåé ñ
êîíòðîëëåðîì áûëî ïîëó÷åíî óñòðîéñòâî ñïîñîá-
íîå îïðåäåëÿòü ñâîå ïîëîæåíèå â ïðîñòðàíñòâå,
øèðîòó, äîëãîòó, âûñîòó íàä óðîâíåì ìîðÿ, ñêî-
ðîñòü, íàïðàâëåíèå äâèæåíèÿ è òåêóùåå âðåìÿ.
×àñòîòà îáíîâëåíèÿ äàííûõ ñ äàò÷èêîâ îò 1 Ãö
äî 20 Ãö.

II. Ôóíêöèîíàëüíûå âîçìîæíîñòè
ïðîãðàììíîãî ñðåäñòâà

Ïðîãðàììíîå ñðåäñòâî ðàçðàáîòàíî ïîä
ïëàòôîðìó .NET è îáëàäàåò ñëåäóþùèìè ôóíê-
öèîíàëüíûìè âîçìîæíîñòÿìè.

� îòîáðàæåíèå çíà÷åíèé ïîëó÷àåìûõ ñ ãèðî-
ñêîïà è àêñåëåðîìåòðà â âèäå 3ä-ìîäåëè;

� ïîëó÷åíèå è îòîáðàæåíèå èíôîðìàöèè î
òåìïåðàòóðå, äàâëåíèè, óãëàõ ïîâîðîòà, òå-
êóùåãî âðåìåíè è äàòû;

� îòîáðàæåíèå äàííûõ î ïåðåìåùåíèè è ìå-
ñòîïîëîæåíèè óñòðîéñòâà íà êàðòå;

� îòîáðàæåíèå äàííûõ ñ ìîäóëÿ GPS, èíôîð-
ìàöèÿ î äàòå, âðåìåíè, øèðîòû, äîëãîòû,
êîëè÷åñòâå ñïóòíèêîâ, ó÷àñòâóþùèõ â ïå-
ðåäà÷å äàííûõ, âûñîòå íàä óðîâíåì ìîðÿ è
ñêîðîñòè.

Ïðèìåð ðàáîòû ïðîãðàììíîãî ñðåäñòâà
ïðåäñòàâëåí íà ðèñóíêàõ 3 è 4.

Ðèñ. 3 � Ïðèìåð ðàáîòû àêñåëåðîìåòðà è ãèðîñêîïà

Ðèñ. 4 � Ïðèìåð ðàáîòû ïðîãðàììíîãî ñðåäñòâà

III. Çàêëþ÷åíèå

Ðàçðàáîòàííûé ïðîãðàììíî�àïïàðàòíûé
êîìïëåêñ ìîæåò èñïîëüçîâàòüñÿ äëÿ êîíòðîëÿ
ïåðåâåçåííûõ ãðóçîâ, àíàëèçà êà÷åñòâà äîðîæ-
íûõ ïîêðûòèé. Òàêæå â äàëüíåéøåì îí ïîçâî-
ëèò àíàëèçèðîâàòü è ñòðîèòü êàðòû ïðîéäåííûõ
ìàðøðóòîâ äâèæóùèìèñÿ ñðåäñòâàìè.
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ÑÁÈÑ, ïðåäñòàâëåííûõ íà òðàíçèñòîðíîì óðîâíå. Ïðåäëàãàåòñÿ ìåòîä è ïðîãðàììíîå ñðåäñòâî âûäåëå-

íèÿ êîìïîíåíòû, ïðåäñòàâëÿþùåé ëîãè÷åñêóþ ñåòü, èç äâóõóðîâíåâîãî îïèñàíèÿ òðàíçèñòîðíîé ñõåìû.

Ââåäåíèå

Îñíîâíûìè èíñòðóìåíòàìè àâòîìàòèçèðî-
âàííîãî ïðîåêòèðîâàíèÿ è âåðèôèêàöèè ñî-
âðåìåííûõ ÑÁÈÑ, ñîäåðæàùèõ ñîòíè ìèëëèî-
íîâ òðàíçèñòîðîâ, ñòàëè ñðåäñòâà äåêîìïèëÿ-
öèè òðàíçèñòîðíûõ ñõåì, êîòîðûå ïîçâîëÿþò
ïîñòðîèòü èåðàðõè÷åñêîå ñòðóêòóðíîå îïèñàíèå
íà óðîâíå ëîãè÷åñêèõ ýëåìåíòîâ ïî ïëîñêîìó
ñòðóêòóðíîìó îïèñàíèþ ñõåì íà òðàíçèñòîðíîì
óðîâíå. Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ çà-
äà÷à ôîðìèðîâàíèÿ ñõåìû, ñîñòîÿùåé òîëüêî èç
ëîãè÷åñêèõ ýëåìåíòîâ, èñõîäÿ èç äâóõóðîâíåâî-
ãî îïèñàíèÿ òðàíçèñòîðíîé ñõåìû, ïîëó÷åííîé â
ðåçóëüòàòå äåêîìïèëÿöèè ÑÁÈÑ [1].

Ðàññìàòðèâàåòñÿ íàèáîëåå ðàñïðîñòðàíåí-
íûé ñòèëü ëîãèêè � ëîãè÷åñêèå êîìïëåìåíòàð-
íûå ÌÎÏ-ñòðóêòóðû. Ïðåäïîëàãàåòñÿ, ÷òî äå-
êîìïèëèðîâàííàÿ ñõåìà ìîæåò êðîìå ðàñïîçíàí-
íûõ ÊÌÎÏ ýëåìåíòîâ è ïåðåäàòî÷íûõ ëîãè÷å-
ñêèõ ýëåìåíòîâ (pass gates), ñîäåðæàòü òàêæå
âûäåëåííûå ïðè äåêîìïèëÿöèè ïñåâäî ýëåìåíòû
(íåðàñïîçíàííûå êàê ÊÌÎÏ âåíòèëè), à òàêæå
îòäåëüíûå òðàíçèñòîðû.

Èñõîäíàÿ òðàíçèñòîðíàÿ ñõåìà è ïîëó÷åí-
íàÿ â ðåçóëüòàòå äåêîìïèëÿöèè äâóõóðîâíå-
âàÿ òðàíçèñòîðíàÿ ñõåìà çàäàþòñÿ â ôîðìà-
òå SPICE (Simulation Program with Integrated
Circuit Emphasis). Ãëàâíîé ÷àñòüþ îïèñàíèÿ ñõå-
ìû â ýòîì ôîðìàòå ÿâëÿåòñÿ ñïèñîê òðàíçèñòî-
ðîâ, â êîòîðîì äëÿ êàæäîãî âûâîäà òðàíçèñòîðà
(ñòîê, çàòâîð, èñòîê, ïîäëîæêà) óêàçàíî èìÿ öå-
ïè, ñîåäèíÿþùåé åãî ñ îñòàëüíîé ÷àñòüþ ñõåìû.

I. Äåêîìïèëÿöèÿ òðàíçèñòîðíûõ ñõåì

Äåêîìïèëÿöèÿ ïëîñêîãî îïèñàíèÿ òðàíçè-
ñòîðíîé ñõåìû ñîñòîèò èç ñëåäóþùèõ ýòàïîâ:
1) àíàëèç èñõîäíîãî SPICE-îïèñàíèÿ, â ïðîöåñ-
ñå êîòîðîãî íàõîäÿòñÿ ïåðåäàòî÷íûå ëîãè÷åñêèõ
ýëåìåíòû (pass gates) è ñòðîèòñÿ ãðàôîâîå ïðåä-
ñòàâëåíèå òðàíçèñòîðíîé ñõåìû; 2) ðàçáèåíèå ïî-
ëó÷åííîãî ïîìå÷åííîãî ãðàôà íà ñâÿçíûå ïîä-
ãðàôû, êîòîðûì ñîîòâåòñòâóþò ïîäñõåìû èç ñâÿ-
çàííûõ ïî òîêó òðàíçèñòîðîâ; 3) ðàñïîçíàâàíèå
ïîäñõåì, ðåàëèçóþùèõ ÊÌÎÏ âåíòèëè; 4) ãåíå-
ðàöèÿ äâóõóðîâíåâîãî SPICE-îïèñàíèÿ òðàíçè-
ñòîðíîé ñõåìû, âòîðîé óðîâåíü êîòîðîãî ïðåä-

ñòàâëÿþò ïîäñõåìû èç ñâÿçàííûõ ïî òîêó òðàí-
çèñòîðîâ: ëîãè÷åñêèå è ïñåâäî ýëåìåíòû; 5) âû-
äåëåíèå â äâóõóðîâíåâîì SPICE-îïèñàíèè êîì-
ïîíåíò, ðåàëèçóþùèõ ëîãè÷åñêèå ñåòè; 6) ãåíå-
ðàöèÿ òðåõóðîâíåâîãî SPICE-îïèñàíèÿ òðàíçè-
ñòîðíîé ñõåìû, â êîòîðîì òðåòèé óðîâåíü ïðåä-
ñòàâëÿþò íàéäåííûå ëîãè÷åñêèå êîìïîíåíòû.

II. Ãðàôîâûå ìîäåëè îáúåêòîâ
äåêîìïèëÿöèè

Òðàíçèñòîðíàÿ ñõåìà â ôîðìàòå SPICE
ïðåäñòàâëÿåòñÿ ïîìå÷åííûì íåîðèåíòèðîâàí-
íûì äâóäîëüíûì ãðàôîì G = (V1, V2, E), V1 ∩
V2 = ∅. Âåðøèíû èç V1 ñîîòâåòñòâóþò âõîäàì
è âûõîäàì ñõåìû, âûâîäàì òðàíçèñòîðîâ. Âåð-
øèíû èç V2 ñîîòâåòñòâóþò öåïÿì. Êàæäîå ðåáðî
e ∈ E ñâÿçûâàåò âåðøèíû èç ðàçíûõ ìíîæåñòâ
V1 è V2.

Ëîãè÷åñêàÿ ñåòü äèñêðåòíîãî óñòðîéñòâà
îòðàæàåò åãî âíóòðåííåå ñòðîåíèå ñ òî÷íîñòüþ
äî ôóíêöèé, ðåàëèçóåìûõ åãî ýëåìåíòàìè. Â ãðà-
ôîâîé èíòåðïðåòàöèè ñåòè ñîîòâåòñòâóåò ïîìå-
÷åííûé îðèåíòèðîâàííûé ãðàô H = (W,A), ãäå
ìíîæåñòâî W ðàçáèòî íà òðè ïîäìíîæåñòâà âåð-
øèí, ñîîòâåòñòâóþùèõ âõîäàì, âûõîäàì ñåòè è
ýëåìåíòàì. Êàæäàÿ âåðøèíà èç ïåðâûõ äâóõ
ïîäìíîæåñòâ ïîìå÷åíà âõîäíûì èëè âûõîäíûì
ïîëþñîì ñåòè. Âåðøèíû èç òðåòüåãî ïîäìíîæå-
ñòâà ïîìå÷åíû ôóíêöèÿìè, ðåàëèçóåìûìè ýëå-
ìåíòàìè ñåòè.

Îðèåíòèðîâàííûé ãðàô H = (W,A) ëîãè÷å-
ñêîé ñåòè ñòðîèòñÿ, èñõîäÿ èç íåîðèåíòèðîâàííî-
ãî ãðàôà G = (V1, V2, E), îïèñûâàþùåãî äâóõ-
óðîâíåâóþ òðàíçèñòîðíóþ ñõåìó, ïóòåì èçâëå-
÷åíèÿ èç íåãî ñâÿçíîãî ïîäãðàôà, âêëþ÷àþùåãî
òîëüêî òå âåðøèíû èç V1, êîòîðûå ñîîòâåòñòâó-
þò ëîãè÷åñêèì ýëåìåíòàì. Òàê êàê ïîìèìî òàêèõ
âåðøèí â ìíîæåñòâå V1 ìîãóò áûòü è äðóãèå âåð-
øèíû, òî èçâëåêàåìàÿ ëîãè÷åñêàÿ ñåòü â îáùåì
ñëó÷àå ìîæåò îïèñûâàòüñÿ íåñêîëüêèìè ëîãè÷å-
ñêèìè êîìïîíåíòàìè, ñîîòâåòñòâóþùèìè íåïåðå-
ñåêàþùèìñÿ ñâÿçíûì ãðàôàì Hi = (Wi, Ai).

Ïðåäëàãàåìûé ìåòîä ïîçâîëÿåò âûäåëèòü
ëåêñèêîãðàôè÷åñêè ðàíæèðóåìóþ ëîãè÷åñêóþ
ñåòü. Îò íåå ïðîèçâîäèòñÿ ïåðåõîä ê ëîãè÷åñêèì
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óðàâíåíèÿì, çàäàþùèì ôóíêöèè, ðåàëèçóåìûå
íà âûõîäíûõ ïîëþñàõ ëîãè÷åñêîé êîìïîíåíòû.

III. Èçâëå÷åíèå ëîãè÷åñêîé ñåòè èç
äâóõóðîâíåâîé òðàíçèñòîðíîé ñõåìû

Êàæäûé ãðàô, îïèñûâàþùèé ëîãè÷åñêóþ
êîìïîíåíòó H = (W,A), ïîëó÷àåòñÿ èç íåîðè-
åíòèðîâàííîãî ñâÿçíîãî ïîäãðàôà H∗ = (W,E∗),
ñîîòâåòñòâóþùåãî êîìïîíåíòå ñâÿçíîñòè ãðàôà
G = (V1, V2, E) = (W,E∗), ïóòåì îðèåíòàöèè åãî
ðåáåð èç E∗. Ïîèñê î÷åðåäíîé ñâÿçíîé êîìïî-
íåíòû H∗ â ãðàôå G íà÷èíàåòñÿ ñ ëþáîé íåðàñ-
ñìîòðåííîé âåðøèíû, ïîìå÷åííîé êàê ëîãè÷å-
ñêèé ýëåìåíò, è îñóùåñòâëÿåòñÿ â ïðîöåññå îá-
õîäà ãðàôà G ïî âõîäÿùèì è èñõîäÿùèì ïóòÿì
îò âåðøèí, ïîìå÷åííûõ êàê ýëåìåíòû (ïåðåäà-
òî÷íûå èëè ÊÌÎÏ âåíòèëè).

Ìåòîä ïîèñêà ïîçâîëÿåò íå òîëüêî íàéòè
êîìïîíåíòó ñâÿçíîñòè H∗ = (W,E∗), íî è ïîëó-
÷èòü ëåêñèêîãðàôè÷åñêîå óïîðÿäî÷åíèå åå âåð-
øèí, ó÷èòûâàþùåå äîñòèæèìîñòü âåðøèí äðóã
èç äðóãà, è ñîîòâåòñòâåííî ðàíæèðîâàòü ãðàô ïî
óðîâíÿì. Òî åñòü, åñëè âåðøèíà u íåïîñðåäñòâåí-
íî äîñòèæèìà èç âåðøèíû v, òî ðåáðî (u, v) ∈ E∗

ïîðîæäàåò äóãó (v, u) ∈ A, è åñëè âåðøèíà v ïðè-
íàäëåæèò i-ìó ðàíãó ãðàôà, òî âåðøèíà u ïðè-
íàäëåæèò (i+ 1)-ó ðàíãó.

Ñëåäóþùåé çàäà÷åé, ñâÿçàííîé ñ âûäåëå-
íèåì ëîãè÷åñêîé ñåòè, ÿâëÿåòñÿ îïðåäåëåíèå åå
âõîäíûõ è âûõîäíûõ ïîëþñîâ. Ýòà çàäà÷à ðåøà-
åòñÿ ïóòåì ðàññìîòðåíèÿ ïîëóîêðåñòíîñòåé èñ-
õîäà Γ+v è çàõîäà Γ−v äëÿ âñåõ âåðøèí v ãðàôà
H = (W,A). Åñëè äëÿ íåêîòîðîé âåðøèíû v ∈W
âñå âåðøèíû èç åå Γ+v ∪ Γ−v ïîìå÷åíû êàê ýëå-
ìåíòû, òî âåðøèíà v ÿâëÿåòñÿ âíóòðåííåé. Âåð-
øèíû, íå ÿâëÿþùèåñÿ âíóòðåííèìè, ïîðîæäàþò
âõîäû èëè âûõîäû ëîãè÷åñêîé ñåòè, â çàâèñèìî-
ñòè îò òîãî, êàêîå èç ìíîæåñòâ Γ+v èëè Γ−v ñî-
äåðæèò íå âíóòðåííþþ âåðøèíó.

IV. Ïðèìåð âûäåëåíèÿ ëîãè÷åñêîé ñåòè

Â êà÷åñòâå ïðèìåðà ðàññìîòðèì äåêîìïèëÿ-
öèþ òðàíçèñòîðíîé ñõåìû ïîëíîãî îäíîðàçðÿä-
íîãî çåðêàëüíîãî ñóììàòîðà (ðèñ. 1).

Ðèñ. 1 � Ñõåìà çåðêàëüíîãî ñóììàòîðà

Â ðåçóëüòàòå äåêîìïèëÿöèè ýòîé òðàíçè-
ñòîðíîé ñõåìû îáíàðóæåíî ÷åòûðå ãðóïïû òðàí-

çèñòîðîâ, ðåàëèçóþùèõ ÊÌÎÏ âåíòèëè: äâà âåí-
òèëÿ èç íèõ ÿâëÿþòñÿ èíâåðòîðàìè, îñòàëüíûå
ðåàëèçóþò ôóíêöèè:

A(B ∨ C) ∨DE è ABC ∨G(D ∨ E ∨ F ).
Ðåçóëüòàòîì äåêîìïèëÿöèè ÿâëÿåòñÿ ñëå-

äóþùåå äâóõóðîâíåâîå SPICE-îïèñàíèå òðàíçè-
ñòîðíîé ñõåìû ñóììàòîðà:

Ëîãè÷åñêàÿ ñåòü, èçâëå÷åííàÿ èç äâóõóðîâ-
íåâîãî SPICE-îïèñàíèÿ òðàíçèñòîðíîé ñõåìû
çåðêàëüíîãî ñóììàòîðà, ïðèâåäåíà íà ðèñ. 2.

Ðèñ. 2 � Ëîãè÷åñêàÿ ñåòü ñóììàòîðà

V. Çàêëþ÷åíèå

Ìåòîä âûäåëåíèÿ ëîãè÷åñêèõ êîìïîíåíò â
äâóõóðîâíåâîì SPICE-îïèñàíèè ðåàëèçîâàí â
ðàìêàõ ïðîãðàììû äåêîìïèëÿöèè, êîòîðàÿ ïðî-
òåñòèðîâàíà íà ðÿäå ïðàêòè÷åñêèõ ïðèìåðîâ è
èìååò äîñòàòî÷íîå áûñòðîäåéñòâèå, ÷òîáû îáðà-
áàòûâàòü ñõåìû ñ áîëåå ÷åì 500 òûñÿ÷àìè òðàí-
çèñòîðîâ çà íåñêîëüêî ìèíóò íà ïåðñîíàëüíîé
ÝÂÌ.
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ïðåçåíòàöèè çàêàç÷èêó, ïðè ïðîâåäåíèè ôóíêöèîíàëüíîãî òåñòèðîâàíèÿ íîâîãî ïðîäóêòà.

Ââåäåíèå

×åëîâå÷åñòâî æèâåò â ýïîõó ïîòðåáëåíèÿ �
âûïóñê øèðîêîãî ñïåêòðà òîâàðîâ òîëüêî óâå-
ëè÷èâàåòñÿ. Ýòî êàñàåòñÿ èçäåëèé èç ïëàñòèêà.
Äåøåâèçíà ìàòåðèàëà, òåõíè÷åñêèå ïàðàìåòðû
ïëàñòèêà îáðåêëè åãî íà ïîïóëÿðíîñòü � ïîëè-
ìåðû âî ìíîãèõ ñôåðàõ âûòåñíèëè áîëåå äîðî-
ãîå ñûðüå � íàòóðàëüíîå äåðåâî, ìåòàëë. Îä-
íîâðåìåííî ñ ïîâñåìåñòíûì ðàñïðîñòðàíåíèåì
ïëàñòèêîâûõ èçäåëèé âîçíèê âîïðîñ óòèëèçàöèè
ïëàñòìàññû, ïîòåðÿâøåé ïðàêòè÷åñêèé èíòåðåñ.
Ïðîáëåìà çàêëþ÷àåòñÿ â òîì, ÷òî ïåðèîä åñòå-
ñòâåííîãî ðàçëîæåíèÿ ïëàñòèêà � îò 100 äî 400
ëåò. Êàê ñëåäñòâèå, òðàäèöèîííîå çàõîðîíåíèå
íà ïîëèãîíàõ íå ðåøàåò ïðîáëåìó.

I. Ñïîñîáû ïåðåðàáîòêè

Ñóùåñòâóþùèå ñïîñîáû ïåðåðàáîòêè îòõî-
äîâ ÏÀ ìîæíî îòíåñòè ê äâóì îñíîâíûì ãðóï-
ïàì: ìåõàíè÷åñêèå, íå ñâÿçàííûå ñ õèìè÷åñêè-
ìè ïðåâðàùåíèÿìè, è ôèçèêî-õèìè÷åñêèå. Ìå-
õàíè÷åñêèå ñïîñîáû âêëþ÷àþò èçìåëü÷åíèå è
ðàçëè÷íûå ïðèåìû è ìåòîäû, èñïîëüçóþùèåñÿ
â òåêñòèëüíîé ïðîìûøëåííîñòè äëÿ ïîëó÷åíèÿ
èçäåëèé ñ âîëîêíèñòîé ñòðóêòóðîé. Ìåõàíè÷å-
ñêîé ïåðåðàáîòêå ìîãóò áûòü ïîäâåðãíóòû ñëèò-
êè, íåêîíäèöèîííàÿ ëåíòà, ëèòüåâûå îòõîäû, ÷à-
ñòè÷íî âûòÿíóòûå è íåâûòÿíóòûå âîëîêíà. Èç-
ìåëü÷åíèå ÿâëÿåòñÿ íå òîëüêî îïåðàöèåé, ñîïðî-
âîæäàþùåé áîëüøèíñòâî òåõíîëîãè÷åñêèõ ïðî-
öåññîâ, íî è ñàìîñòîÿòåëüíûì ìåòîäîì ïåðåðà-
áîòêè îòõîäîâ. Èçìåëü÷åíèå ïîçâîëÿåò ïîëó÷èòü
ïîðîøêîîáðàçíûå ìàòåðèàëû è êðîøêó äëÿ ëè-
òüÿ ïîä äàâëåíèåì èç ñëèòêîâ, ëåíòû, ùåòè-
íû. Õàðàêòåðíî, ÷òî ïðè èçìåëü÷åíèè ôèçèêî-
õèìè÷åñêèå ñâîéñòâà èñõîäíîãî ñûðüÿ ïðàêòè÷å-
ñêè íå èçìåíÿþòñÿ. Äëÿ ïîëó÷åíèÿ ïîðîøêîîá-
ðàçíûõ ïðîäóêòîâ ïðèìåíÿþò, â ÷àñòíîñòè, ïðî-
öåññû êðèîãåííîãî èçìåëü÷åíèÿ. Îòõîäû âîëî-
êîí è ùåòèíû èñïîëüçóþò äëÿ ïðîèçâîäñòâà ðû-
áîëîâíîé ëåñû, ìî÷àëîê, ñóìî÷åê è äð., îäíàêî
ïðè ýòîì òðåáóþòñÿ çíà÷èòåëüíûå çàòðàòû ðó÷-
íîãî òðóäà. Èç ìåõàíè÷åñêèõ ìåòîäîâ ïåðåðàáîò-
êè îòõîäîâ íàèáîëåå ïåðñïåêòèâíûìè, ïîëó÷èâ-
øèìè øèðîêîå ðàñïðîñòðàíåíèå ñëåäóåò ñ÷èòàòü

ïðîèçâîäñòâî íåòêàíûõ ìàòåðèàëîâ, íàïîëüíûõ
ïîêðûòèé è øòàïåëüíûõ òêàíåé. Îñîáóþ öåí-
íîñòü äëÿ ýòèõ öåëåé ïðåäñòàâëÿþò îòõîäû ïî-
ëèàìèäíûõ âîëîêîí, êîòîðûå ëåãêî ïåðåðàáàòû-
âàþòñÿ è îêðàøèâàþòñÿ. Ôèçèêî-õèìè÷åñêèå ìå-
òîäû ïåðåðàáîòêè îòõîäîâ ÏÀ ìîãóò áûòü êëàñ-
ñèôèöèðîâàíû ñëåäóþùèì îáðàçîì:

� äåïîëèìåðèçàöèÿ îòõîäîâ ñ öåëüþ ïîëó÷å-
íèÿ ìîíîìåðîâ, ïðèãîäíûõ äëÿ ïðîèçâîä-
ñòâà âîëîêíà è îëèãîìåðîâ ñ ïîñëåäóþùèì
èõ èñïîëüçîâàíèåì â ïðîèçâîäñòâå êëååâ,
ëàêîâ è äðóãèõ ïðîäóêòîâ;

� ïîâòîðíîå ïëàâëåíèå îòõîäîâ äëÿ ïîëó÷å-
íèÿ ãðàíóëÿòà, àãëîìåðàòà è èçäåëèé ýêñ-
òðóçèåé è ëèòüåì ïîä äàâëåíèåì;

� ïåðåîñàæäåíèå èç ðàñòâîðîâ ñ ïîëó÷åíèåì
ïîðîøêîâ äëÿ íàíåñåíèÿ ïîêðûòèé;

� ïîëó÷åíèå êîìïîçèöèîííûõ ìàòåðèàëîâ;
� õèìè÷åñêàÿ ìîäèôèêàöèÿ äëÿ ïðîèçâîä-
ñòâà ìàòåðèàëîâ ñ íîâûìè ñâîéñòâàìè (ïî-
ëó÷åíèå ëàêîâ, êëååâ è ò.ä.).

Äåïîëèìåðèçàöèÿ øèðîêî ïðèìåíÿåòñÿ â ïðî-
ìûøëåííîñòè äëÿ ïîëó÷åíèÿ âûñîêîêà÷åñòâåí-
íûõ ìîíîìåðîâ èç íåçàãðÿçíåííûõ òåõíîëîãè÷å-
ñêèõ îòõîäîâ.

II. Òåõíîëîãè÷åñêèé ïðîöåññ

Ðàçðàáîòàííûé òåõíîëîãè÷åñêèé ïðîöåññ
(ðèñ. 1) âòîðè÷íîé ïåðåðàáîòêè îòõîäîâ ïîëè-
ìåðíûõ ìàòåðèàëîâ ïî íåïðåðûâíîé òåõíîëîãèè
îñóùåñòâëÿåòñÿ ñëåäóþùèì îáðàçîì: îòõîäû ñ
ñîäåðæàíèåì ïîñòîðîííèõ ïðèìåñåé íå áîëåå 5
ïðîöåíòîâ ïîñòóïàþò íà óçåë ñîðòèðîâêè îòõî-
äîâ 1, â ïðîöåññå êîòîðîé èç íèõ óäàëÿþò ñëó-
÷àéíûå èíîðîäíûå âêëþ÷åíèÿ è âûáðàêîâûâàþò
ñèëüíî çàãðÿçíåííûå êóñêè. Îòõîäû ïîëèìåðîâ
3 íåïðåðûâíî çàãðóæàþòñÿ ÷åðåç çàãðóçî÷íûé
áóíêåð, ñ ëåâîé ñòîðîíû âàëüöåâ, íà ïîâåðõíî-
ñòè âàëêîâ 2.
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Ðèñ. 1 � Ñõåìà òåõíîëîãè÷åñêîãî ïðîöåññà
âòîðè÷íîé ïåðåðàáîòêè

Íà âàëüöàõ ïðîèñõîäèò ïëàâëåíèå îòõîäîâ,
óäàëåíèå ëåòó÷èõ êîìïîíåíòîâ, ïëàñòèêàöèÿ,
âîçìîæíî ìîäèôèöèðîâàíèå ðàçëè÷íûìè äîáàâ-
êàìè è îêðàøèâàíèå ðàñïëàâà. Äëÿ ãðàíóëèðî-
âàíèÿ âàëüöóåìîãî ìàòåðèàëà ðàñïëàâ ïîëèìåðà
ïðîäàâëèâàåòñÿ ÷åðåç îòáîðî÷íî-ãðàíóëèðóþùåå
óñòðîéñòâî 4, ñ îáðàçîâàíèåì ïðóòêîâ (ñòðåí-
ãîâ) çàäàííîãî ïîïåðå÷íîãî ñå÷åíèÿ. Ïîëó÷åí-
íûå ñòðåíãè ñîõðàíÿþò ñâîé ðàçìåð çà ñ÷åò óñòà-
íîâêè òÿíóùåãî óñòðîéñòâà 5, äàëåå îíè ðåæóòñÿ
íîæîì 6, ïîñëå ÷åãî ïîëó÷åííûå ãðàíóëû ñîáè-
ðàþòñÿ â åìêîñòè 7. Ïî äàííîé òåõíîëîãèè ìîãóò
ïåðåðàáàòûâàòüñÿ íå òîëüêî òåõíîëîãè÷åñêèå îò-
õîäû ïðîèçâîäñòâà òåðìîïëàñòîâ, íî è ïëåíî÷-
íûå îòõîäû ïðîèçâîäñòâåííîãî è îáùåñòâåííîãî
ïîòðåáëåíèÿ.

III. Ðàçðàáîòêà 3D-ìîäåëè

Ñóùåñòâóåò íåñêîëüêî ìåòîäîâ ïåðåðàáîòêè
ïîëèìåðîâ è èçäåëèé, âûøåäøèõ èç óïîòðåáëå-
íèÿ. Ïðåäëîæåííàÿ 3D-ìîäåëü óñòðîéñòâà âòî-
ðè÷íîé ïåðåðàáîòêè ïëàñòèêà îòíîñèòñÿ ê ìå-
õàíè÷åñêîìó ìåòîäó. Êîìïîíåíòû ìîäåëè ðàç-
ðàáàòûâàëèñü â ñèñòåìå àâòîìàòèçàöèè ïðîåêò-
íûõ ðàáîò Fusion 360. Â ñîîòâåòñòâèè ñ êîí-
öåïöèåé ñîçäàíèÿ óíèâåðñàëüíûõ ñðåä êîíñòðó-
èðîâàíèÿ ôèðìà Autodesk âêëþ÷èëà â ñèñòåìó
Fusion 360 ìîäóëü CAM. Òàêèì îáðàçîì, êðóã çà-
äà÷, ðåøàåìûõ ýòîé ñèñòåìîé, ñòàë îõâàòûâàòü
ïðàêòè÷åñêè âåñü æèçíåííûé öèêë ðàçðàáîòêè
òåõíè÷åñêîãî îáúåêòà � îò äèçàéíåðñêîé è êîí-
ñòðóêòèâíîé ïðîðàáîòêè äî âèçóàëèçàöèè, èí-
æåíåðíîãî àíàëèçà è âîïëîùåíèÿ â ìàòåðèàëå.
Ñòîèò îòìåòèòü, ÷òî ïðè ýòîì ïðîöåññå ïëàñòèê
íå òåðÿåò ñâîèõ ñâîéñòâ. Îñîáåííîñòü ìåòîäà â
òîì, ÷òî íåò íåîáõîäèìîñòè ïðèîáðåòàòü äîðîãî-
ñòîÿùåå îáîðóäîâàíèå è íàíèìàòü ñïåöèàëèñòîâ
äëÿ íåãî. Äëÿ ñîâðåìåííûõ ëèíèé, çàäåéñòâî-
âàííûõ â ìåõàíè÷åñêîé ïåðåðàáîòêå, ïîäõîäèò

ñëåäóþùåå óòèëèçèðîâàííîå ñûðüå: ïëàñòèêîâûå
áóòûëêè, çàâîäñêèå óïàêîâêè, ïîëèýòèëåíîâûå
ïàêåòû, ëþáûå äðóãèå èçäåëèÿ èç ïëàñòìàññû.
Íà âûõîäå ïîëó÷àåòñÿ íåñêîëüêî âèäîâ ïðîäóê-
öèè: ãðàíóëû ÏÂÕ ðàçíîé ôðàêöèè, ôëåêñ, õèì-
âîëîêíî, òîïëèâî.

Íà ðèñóíêå 2 ïðåäñòàâëåíà ðàçðàáîòàííàÿ
3D-ìîäåëü óñòðîéñòâà âòîðè÷íîé ïåðåðàáîòêè
ïëàñòèêà.

Ðèñ. 2 � 3D-ìîäåëü óñòðîéñòâà âòîðè÷íîé
ïåðåðàáîòêè ïëàñòèêà

Îñíîâíûå ýëåìåíòû ìîäåëè óñòðîéñòâà:

� Çàãëóøêà ñ îòâåðñòèåì ïîä ïëàñòèê;
� Ïåðåõîäíèê ñ óñòðîéñòâà íà ñãîí;
� Cãîí ñàíòåõíè÷åñêèé;
� Êîëüöåâîé òýí;
� Øêèâ äâèãàòåëÿ;
� Äâèãàòåëü;
� Âèíòîâîé äåðæàòåëü;
� Øíåê ñ ðåçüáîé;
� Ðåìåíü.

IV. Ïðèíöèï ðàáîòû

Íà íà÷àëüíîì ýòàïå èçìåëü÷àåòñÿ ïëàñòèê.
Çàòåì ðàçìåùàåòñÿ ýêñòðóäåð íà êðàþ ïîâåðõíî-
ñòè. Äàëåå ðàçîãðåâàåòñÿ ýêñòðóäåð äî òåìïåðà-
òóðû ïëàâëåíèÿ ïëàñòèêà, ïðîèñõîäèò âêëþ÷å-
íèå äâèãàòåëÿ è çàãðóæàåòñÿ èçìåëü÷åííûé ïëà-
ñòèê. Êîãäà ïëàñòèê íà÷èíàåò âûäàâëèâàòüñÿ èç
ñîïëà ýêñòðóäåðà, ïðîèñõîäèò åãî ïðîòÿãèâàíèå
äî äëèíû ïðèìåðíî 20 ñì, à äàëåå ïëàñòèê ïîä
ñîáñòâåííûì âåñîì ðàâíîìåðíî âûäàâëèâàåòñÿ è
ñêðó÷èâàåòñÿ íà êàòóøêó.

V. Ñïèñîê ëèòåðàòóðû

1. Àááàñîâ, È. Á. Äâóõìåðíîå è òð¼õìåðíîå ìîäåëèðî-
âàíèå â 3ds Max / È. Á. Àááàñîâ. � Ì. : ÄÌÊ, 2012 �
176 ñ.

2. Êëàéí, Ë. Fusion 360. 3D-ìîäåëèðîâàíèå äëÿ ìåéêå-
ðîâ : ïåð. ñ àíãë. / Êëàéí Ëèäèÿ Ñëîóí. � Ñïá., 2021.
� 288 ñ. : èë.
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ýëåêòðîïðèâîäà ãðóçîâîé òåëåæêè â ãîðèçîíòàëüíîì íàïðàâëåíèè. Ïðåäëàãàåòñÿ óñèëåíèå äåìïôèðîâàíèÿ

êîëåáàíèé ïåðåíàñòðîéêîé ðåãóëÿòîðà ýëåêòðîïðèâîäà ãðóçîâîé òåëåæêè.

Ââåäåíèå

Â ïðîñòåéøåì âàðèàíòå äâèæåíèå ãðóçà
è òåëåæêè îïèñûâàåòñÿ ëèíåéíîé äâóõìàññîâîé
ìîäåëüþ òðåòüåãî ïîðÿäêà ñ ïåðåìåííûìè ïðî-
ñòðàíñòâà ñîñòîÿíèé: ñêîðîñòüþ òåëåæêè, ñêîðî-
ñòüþ ãðóçà è îòêëîíåíèåì êîîðäèíàòû ãðóçà îò
òî÷êè ïîäâåñà ãðóçîâîé òåëåæêè [1]. Óïðàâëåíèå
äâèæåíèåì îñóùåñòâëÿåòñÿ ÷åðåç ýëåêòðîïðèâîä
ãðóçîâîé òåëåæêè, èìåþùèé âûñîêèå äèíàìè÷å-
ñêèå õàðàêòåðèñòèêè è ïîëîñó ïðîïóñêàíèÿ âî
ìíîãî ðàç ïðåâûøàþùóþ ÷àñòîòó ñîáñòâåííûõ
êîëåáàíèé ïîäâåñà ãðóçà. Âåòðîâûå âîçìóùåíèÿ
ïðèëîæåíû ê ãðóçó â âèäå äîïîëíèòåëüíîãî óñêî-
ðåíèÿ.

Âîçìîæíî îñóùåñòâëÿòü óïðàâëåíèå â ðàçî-
ìêíóòîì êîíòóðå ïî ìîäåëè áåç äàò÷èêîâ îá-
ðàòíîé ñâÿçè. Ïðè ýòîì ñõåìà óïðàâëåíèÿ ñà-
ìàÿ ïðîñòàÿ, íî òåðìèíàëüíîå óïðàâëåíèå âåñü-
ìà óñëîâíîå.

Îáúåêò óïðàâëÿåòñÿ ÷åðåç øåéïèíã-
ôèëüòð. Øåéïèíã-ôèëüòð âêëþ÷àåò â ñåáÿ êîí-
òóð óïðàâëåíèÿ ìîäåëüþ îáúåêòà ìîäàëüíûì ðå-
ãóëÿòîðîì. Ñèãíàë îøèáêè êîíòóðà óïðàâëåíèÿ
ìîäåëüþ èñïîëüçóåòñÿ êàê óïðàâëÿþùèé ñèãíàë
äëÿ îáúåêòà. Âíåøíèå âîçìóùåíèÿ íå êîìïåí-
ñèðóþòñÿ øåéïèíã-ôèëüòðîì. Ïàðàìåòðè÷åñêèå
âîçìóùåíèÿ äëèíû ïîäâåñà ãðóçà çíà÷èòåëüíî
óõóäøàþò òî÷íîñòü óïðàâëåíèÿ â ðàçîìêíóòîì
êîíòóðå ÷åðåç øåéïèíã-ôèëüòð

I. Ñèñòåìà óïðàâëåíèÿ ñ çàìêíóòûì
êîíòóðîì

Êàðäèíàëüíîå ðåøåíèå çàäà÷è äåìïôèðî-
âàíèÿ êîëåáàíèé ïîäâåñà è êîìïåíñàöèè âîçìó-
ùåíèé âîçìîæíû â çàìêíóòîì êîíòóðå óïðàâ-
ëåíèÿ ñ äîïîëíèòåëüíûìè äàò÷èêàìè:ñêîðîñòè
ãðóçà èëè îòêëîíåíèÿ ãðóçà. Ñèãíàëû, ýêâèâà-
ëåíòíûå äîïîëíèòåëüíûì äàò÷èêàì, ìîãóò áûòü
ñôîðìèðîâàíû íàáëþäàòåëåì, ïðèâÿçàííûì ê
óñòàíîâëåííîìó íà ýëåêòðîïðèâîäå äàò÷èêó ñêî-
ðîñòè òåëåæêè.

Â äâóõìàññîâîé ñõåìå ãðóçîâîé òåëåæêè è
ãðóçà òðîñ ïîäâåñà èãðàåò ðîëü óïðóãîé ñâÿçè.
Êîëåáàíèÿ äâóõ ìàññ ïðîèñõîäÿò â ïðîòèâîôà-

çå è ïðè îïðåäåë¼ííûõ óñëîâèÿõ, â ïðèíöèïå,
ìîæåò ïðîèñõîäèòü ýôôåêòèâíîå äåìïôèðîâà-
íèå êîëåáàíèé. Íàïðèìåð, óïðóãîñòü íàòÿæèòå-
ëÿ òðîñîâ, ñâÿçûâàþùèõ ãðóçîâóþ òåëåæêó ñ å¼
ýëåêòðîïðèâîäîì, à òàêæå óïðóãîñòü ñàìèõ òðî-
ñîâ óâåëè÷èâàåò ïîäàòëèâîñòü ãðóçîâîé òåëåæêè
íà âîçìóùåíèÿ îò ðàñêà÷èâàíèÿ ãðóçà.

Ýòî ïðèâîäèò ê äîïîëíèòåëüíîìó ðàññåèâà-
íèþ ìåõàíè÷åñêîé ýíåðãèè è äåìïôèðîâàíèþ êî-
ëåáàíèé. Íî óâåëè÷åíèå ïîäàòëèâîñòè ãðóçîâîé
òåëåæêè öåëåñîîáðàçíî ðåàëèçîâûâàòü íå ìåõà-
íè÷åñêèìè ñðåäñòâàìè, à íàñòðîéêîé ðåãóëÿòî-
ðîâ ýëåêòðîïðèâîäà ãðóçîâîé òåëåæêè, â ÷àñò-
íîñòè ðåãóëÿòîðà êîíòóðà ñêîðîñòè.

II. Ïåðåðàñ÷¼ò ðåãóëÿòîðîâ
ýëåêòðîïðèâîäà è ìîäåëèðîâàíèå

ïðîöåññîâ â êðàíå

Êàíàë ïåðåäà÷è âîçìóùåíèé îò ðàñêà÷èâà-
íèÿ ãðóçà íà âûõîä ýëåêòðîïðèâîäà ãðóçîâîé òå-
ëåæêè ìîæåò ðåãóëèðîâàòüñÿ èçìåíåíèåì ÷àñòî-
òû ñðåçà êîíòóðà ñêîðîñòè ýëåêòðîïðèâîäà. Ïðè
îáû÷íîé íàñòðîéêå ðåãóëÿòîðîâ ÷àñòîòà ñðåçà
êîíòóðà ñêîðîñòè îêîëî 1000 1/ñ è êîýôôèöè-
åíò ïåðåäà÷è âîçìóùåíèÿ ìàëåíüêèé. Ïðè ýòîì
ýëåêòðîïðèâîä óäåðæèâàåò ãðóçîâóþ òåëåæêó îò
ðàñêà÷èâàíèÿ è òåì ñàìûì ïðåïÿòñòâóåò âçàèì-
íîìó ãàøåíèþ êîëåáàíèé â äâóõìàññîâîé ìåõà-
íè÷åñêîé ñèñòåìå ñ óïðóãîé ñâÿçüþ, êàêîé ÿâëÿ-
åòñÿ ìîäåëü êðàíà.

Óìåíüøåíèåì ÷àñòîòû ñðåçà êîíòóðà ñêî-
ðîñòè ýëåêòðîïðèâîäà è åãî ñïîñîáíîñòè óäåð-
æèâàòü ãðóçîâóþ òåëåæêó îò êîëåáàíèé ìîæ-
íî äîñòè÷ü æåëàåìîãî äåìïôèðîâàíèÿ êîëåáà-
íèé ïîäâåñà ñ ãðóçîì. Òàê êàê ðåãóëÿòîð ñêîðî-
ñòè ïåðåíàñòðàèâàåòñÿ â ñòîðîíó óìåíüøåíèÿ ïî-
ëîñû ïðîïóñêàíèÿ, ïåðåíàñòðîéêè êîíòóðà òîêà
íå òðåáóåòñÿ.

Åñëè ïðåíåáðå÷ü äèíàìèêîé ýëåêòðîïðèâî-
äà, òî äëÿ æåëàåìîãî êîýôôèöèåíòà äåìïôèðî-
âàíèÿ ðàâíîãî 0.75 æåëàåìàÿ ÷àñòîòà ñðåçà êîí-
òóðà ñêîðîñòè ýëåêòðîïðèâîäà (wcg) âûðàæàåòñÿ
äîñòàòî÷íî ïðîñòî
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wcg = (mgr/mtel)/1.5 ∗ (g/L)0.5 (1)

ãäå mgr � ìàññà ãðóçà;

mgr - ìàññà ãðóçîâîé òåëåæêè è ïðèâåä¼í-
íîé ê íåé èíåðöèîííîñòüþ ýëåêòðîïðèâîäà;

g - óñêîðåíèå ñèëû òÿæåñòè;

L � äëèíà ïîäâåñà ãðóçà.

×èñëåííîå çíà÷åíèå âûðàæåíèÿ (mgr/mtel)/1.5
îïðåäåëÿåò êîýôôèöèåíò ïðåâûøåíèÿ ÷àñòîòû
ñðåçà ýëåêòðîïðèâîäà ÷àñòîòû ñîáñòâåííûõ êî-
ëåáàíèé ïîäâåñà ãðóçà.

×òîáû äèíàìèêà ýëåêòðîïðèâîäà íå ñòàíî-
âèëàñü äîìèíèðóþùåé, çíà÷åíèå ýòîãî êîýôôè-
öèåíòà ñëåäóåò îãðàíè÷èòü ñíèçó õîòÿ áû åäèíè-
öåé. Ò.å. ïðè ìàëîì âåñå ãðóçà èëè ïóñòîì êðþ-
êå íå ñëåäóåò óìåíüøàòü ÷àñòîòó ñðåçà êîíòó-
ðà ñêîðîñòè ýëåêòðîïðèâîäà íèæå ÷àñòîòû ñîá-
ñòâåííûõ êîëåáàíèé ïîäâåñà ãðóçà.

Áûëî âûïîëíåíî ìîäåëèðîâàíèå ïðîöåññîâ
â êðàíå ñ ïåðåíàñòðîåííûìè ðåãóëÿòîðàìè ïî
óïðàâëåíèþ è âîçìóùåíèþ.

Ïàðàìåòðû êðàíà, åãî íàãðóçêà è íàñòðîé-
êè: äëèíà ïîäâåñà ìàññû íà áëîêå-L = 2 ì, îò-
íîøåíèå ìàññû ãðóçà ê ìàññå ãðóçîâîé òåëåæ-
êè ðàâíî 10, ÷àñòîòà ñðåçà ýëåêòðîïðèâîäà ãðó-
çîâîé òåëåæêè - 500 1/ñ. Âûïîëíåíî ìîäåëèðî-
âàíèå ïðîöåññîâ ïðè íåñîîòâåòñòâèè íàñòðîåê è
ïàðàìåòðîâ ðåãóëÿòîðîâ â íåñêîëüêî ðàç â îáå
ñòîðîíû.

Ãðàôèêè ïðîöåññîâ ïðè îòêëîíåíèè íà-
ñòðîéêè ðåãóëÿòîðà ñêîðîñòè ïðèâîäà â 3 ðàçà
ïðèâåäåíû íà ðèñ.1.

Ðèñ. 1 � Ãðàôèêè ïðîöåññîâ

Êàê âèäíî èç ðèñóíêîâ, ïðè ïðàâèëüíîé íà-
ñòðîéêå ðåãóëÿòîðà ñêîðîñòè äëèòåëüíîñòü ïðî-
öåññîâ ïî óïðàâëåíèþ è âîçìóùåíèþ ìåíüøå 2 c.

Ïðè îòêëîíåíèè íàñòðîéêè ðåãóëÿòîðà â 3
ðàçà äëèòåëüíîñòü ïðîöåññîâ óâåëè÷èâàåòñÿ äî
5 c ñ ïðèåìëåìîé ôîðìîé ïåðåõîäíîé õàðàêòå-
ðèñòèêè. Îòäåëüíî ìîäåëèðîâàëèñü ïðîöåññû â
êðàíå ïðè ìàëîì âåñå íàãðóçêè.

Ãðàôèêè ïðîöåññîâ ïðè ðàâåíñòâå ìàññ ãðó-
çà è ãðóçîâîé òåëåæêè ïðèâåäåíû íà ðèñ.2.

Ðèñ. 2 � Ãðàôèêè ïðîöåññîâ

Êàê âèäíî èç ðèñóíêîâ, ïðè çàíèæåííîé íà-
ãðóçêå êðàíà äåìïôèðîâàíèå êîëåáàíèé ïîäâåñà
ïðîèñõîäèò çà íåñêîëüêî áîëüøåå âðåìÿ 5 � 10 c.
Îòêëîíåíèå íàñòðîéêè ðåãóëÿòîðà â 3 ðàçà íå
îêàçûâàåò ñóùåñòâåííîãî âëèÿíèÿ íà ïðîöåññû.

III. Çàêëþ÷åíèå

Ïðè íîðìàëüíîé íàãðóçêå êðàíà ïåðåíà-
ñòðîéêà ðåãóëÿòîðà êîíòóðà ñêîðîñòè îáåñïå-
÷èâàåò ïðåâîñõîäíîå äåìïôèðîâàíèå êîëåáàíèé
ïîäâåñà ãðóçà êàê ïî óïðàâëåíèþ, òàê è ïî âîç-
ìóùåíèþ îò âåòðîâûõ íàãðóçîê.

Ïåðåíàñòðîéêà ðåãóëÿòîðà êîíòóðà ñêîðî-
ñòè ïðåâîñõîäèò äðóãèå ñïîñîáû äîñòèæåíèÿ
äåìïôèðîâàíèÿ êîëåáàíèé ãðóçà ïî ïðîñòîòå.

Ïðè çàíèæåííîé íàãðóçêå êðàíà ïåðåíà-
ñòðîéêà ðåãóëÿòîðà êîíòóðà ñêîðîñòè îáåñïå÷è-
âàåò â êàêîé òî ñòåïåíè ïðèåìëåìîå äåìïôèðîâà-
íèå êîëåáàíèé ïîäâåñà ãðóçà êàê ïî óïðàâëåíèþ,
òàê è ïî âîçìóùåíèþ îò âåòðîâûõ íàãðóçîê.

1. Õàäæèíîâ, Ì. Ê. Ñèñòåìà óïðàâëåíèÿ ïîäú¼ìíûì
êðàíîì íà áàçå êâàçèìîäàëüíîãî ðåãóëÿòîðà ñ ôóíê-
öèåé ïîäàâëåíèÿ êîëåáàíèé ïåðåìåùàåìîãî ãðóçà /
Ì. Ê. Õàäæèíîâ, À. Ñ. Øìàðëîâñêèé // Äîêëàäû
ÁÃÓÈÐ. � 2009. � � 7. � Ñ. 38�43.
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Äëÿ îöåíêè âëèÿíèÿ íåëèíåéíûõ ñâîéñòâ ýëåêòðè÷åñêèõ ïðèâîäîâ èñïîëíèòåëüíûõ ìåõàíèçìîâ ïðîâåäåíî

èìèòàöèîííîå ìîäåëèðîâàíèå ïðè ðàçëè÷íûõ ïàðàìåòðàõ îáúåêòà è íåëèíåéíûõ ñâîéñòâàõ ïðèâîäà. Ñêî-

ðîñòü ïåðåìåùåíèÿ èñïîëíèòåëüíîãî ìåõàíèçìà áûëà ôèêñèðîâàííîé, â òî âðåìÿ êàê äèíàìèêà îáúåêòà

óïðàâëåíèÿ âòîðîãî ïîðÿäêà ìåíÿëàñü òàêèì îáðàçîì, ÷òîáû îí áûë ëèáî áûñòðåå, ëèáî ìåäëåííåå èñïîë-

íèòåëüíîãî ìåõàíèçìà. Êðîìå ýòîãî, âàðüèðîâàëîñü ñîîòíîøåíèå ìåæäó ïîñòîÿííûìè âðåìåíè îáúåêòà

óïðàâëåíèÿ. Ïîñêîëüêó îáúåêò èìååò íåëèíåéíûå õàðàêòåðèñòèêè, òî èäåíòèôèêàöèÿ âûïîëíÿëàñü ïðè

íåñêîëüêèõ âàðèàíòàõ ñèãíàëà çàäàíèÿ.

Ââåäåíèå

Ðåçóëüòàòû íàáëþäåíèé çà ðàáîòîé ïðîèç-
âîäñòâåííîãî ïðîöåññà ÷àñòî ïîêàçûâàþò, ÷òî èç-
ìåíåíèå ñâîéñòâ ðåãóëèðóþùèõ êëàïàíîâ ÿâëÿ-
åòñÿ ñàìîé ÷àñòîé ïðè÷èíîé ïëîõîãî ôóíêöè-
îíèîâàíèÿ êîíòóðà óïðàâëåíèÿ è äåñòàáèëèçà-
öèè òåõíîëîãè÷åñêîãî ïðîöåññà [1�2]. Îäíîé èç
ïðîáëåì, íà êîòîðóþ ìîãóò ïîâëèÿòü íåëèíåé-
íûå ñâîéñòâà èñïîëíèòåëüíîãî ìåõàíèçìà, ÿâëÿ-
åòñÿ èäåíòèôèêàöèÿ äèíàìè÷åñêèõ õàðàêòåðè-
ñòèê êàíàëîâ óïðàâëåíèÿ.

I. Ìåòîäèêà èññëåäîâàíèÿ

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îöåíêà âëè-
ÿíèÿ òèïîâûõ íåëèíåéíûõ ïàðàìåòðîâ ýëåêòðè-
÷åñêèõ èñïîëíèòåëüíûõ ìåõàíèçìîâ íà ïðîöåññ
èäåíòèôèêàöèè.

Äëÿ ðåøåíèÿ çàäà÷è áûëà ñîçäàíà ìàòåìà-
òè÷åñêàÿ ìîäåëü îáúåêòà âòîðîãî ïîðÿäêà (ðèñ.
1) ñ íàèáîëåå ñóùåñòâåííîé íåëèíåéíîé õàðàê-
òåðèñòèêîé ýëåêòðè÷åñêîãî ïðèâîäà êëàïàíà �
òðåõïîçèöèîííîãî ðåëåéíîãî ýëåìåíòà óïðàâëå-
íèÿ âêëþ÷åíèåì äâèãàòåëÿ (ðèñ. 2). Ñòðóêòóðà
íà ðèñ. 1 íå ó÷èòûâàåò äèíàìè÷åñêóþ õàðàêòå-
ðèñòèêó è îñîáåííîñòè ðàáîòû ñõåìû óïðàâëåíèÿ
äâèãàòåëåé, à òàêæå äèíàìèêó ìåõàíè÷åñêîé ïå-
ðåäà÷è ìåæäó âàëîì äâèãàòåëÿ è íåïîñðåäñòâåí-
íî ïîëîæåíèåì øòîêà S.

Ðèñ. 1 � Ñòðóêòóðà îáúåêòà

Ðèñ. 2 � Ñòàòè÷åñêàÿ õàðàêòåðèñòèêà
òðåõïîçèöèîííîãî ýëåìåíòà óïðàâëåíèÿ êëàïàíîì

Ïðè èññëåäîâàíèè ìåíÿëèñü ñëåäóþùèå õà-
ðàêòåðèñòèêè:

� T1 = [1 2 4 6 10 18 54 162 486];
� kT = T2 / T1 [1 1,3 3 10];
� SP = [0,33 1 3 10];
� kx = xdown / xdown0 [1,3 1 0,5 0,1], ãäå

xdown0 = 0,015. Òðåõïîçèöèîííûé ýëåìåíò îá-
ëàäàë ñèììåòðè÷íîé õàðàêòåðèñòèêîé. Çíà÷åíèå
xup èìåëî ïðè ìîäåëèðîâàíèè ôèêñèðîâàííîå
çíà÷åíèå 0,02, îäíàêî èçìåíåíèå çíà÷åíèÿ SP
ïîçâîëÿëî ïðîñëåäèòü âëèÿíèå äàííîãî ïàðàìåò-
ðà íà ïðîöåññ èäåíòèôèêàöèè.

Ïðè èäåíòèôèêàöèè èñïîëüçîâàëñÿ ìåòîä
àïïðîêñèìàöèè ïðè ìèíèìèçàöèè ñðåäíåêâàäðà-
òè÷íîãî îòêëîíåíèÿ ïóòåì âàðèàöèè ïîñòîÿííû-
ìè âðåìåíè â øàáëîíàõ çàäàííûõ ïåðåäàòî÷íûõ
ôóíêöèé:

k

(T10s+ 1)(T20s+ 1)
, (1)

k

(T10s+ 1)(T20s+ 1)(20 s+ 1)
, (2)

Â ïîñëåäíåé ôîðìóëå ôèêñèðîâàííîå çíà÷åíèå
20 ïîÿâèëîñü äëÿ ó÷åòà äèíàìèêè èñïîëíèòåëü-
íîãî óñòðîéñòâà.

II. Ðåçóëüòàòû

Ãðàôèêè íà ðèñ. 3�6 äåìîíñòðèðóþò îñíîâ-
íûå îáëàñòè ðàçëè÷èÿ ìåæäó ðàçãîííîé õàðàê-
òåðèñòèêîé è ðåçóëüòàòîì àïïðîêñèìàöèè. Íåëè-
íåéíûå ñâîéñòâà ýëåêòðè÷åñêîãî èñïîëíèòåëüíî-
ãî ìåõàíèçìà áîëüøå âñåãî ïðîÿâëÿþòñÿ, êîãäà
äèíàìèêà îáúåêòà áîëåå áûñòðàÿ, ÷åì íåïîñðåä-
ñòâåííî ñàìîãî ìåõàíèçìà. Âëèÿíèå íåëèíåéíûõ
ñâîéñòâ íà êîýôôèöèåíò óñèëåíèÿ ñêàçûâàåòñÿ
ìåíüøå âñåãî

Ðàçíîñòü ìåæäó èñõîäíûì êîýôôèöèåíòîì
óñèëåíèÿ è ïîëó÷åííûì èìååò íåáîëüøîå îòëè-
÷èå è îáóñëîâëåíà âëèÿíèåì ÷èñëåííûõ ìåòîäîâ
è ïàðàìåòðîâ íåëèíåéíîñòè. Âëèÿíèå ñîîòíîøå-
íèÿ ìåæäó ïîñòîÿííûìè âðåìåíè îáúåêòà T1 è T2
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íà êà÷åñòâî àïïðîêñèìàöèè ìèíèìàëüíî. Ðàçëè-
÷èÿ ìåæäó èñõîäíûìè è àïïðîêñèìèðîâàííûìè
ïàðàìåòðàìè áîëüøå âñåãî íàáëþäàþòñÿ, êîãäà
äèíàìèêà îáúåêòà ìåíüøå ïîñòîÿííîé âðåìåíè
èñïîëíèòåëüíîãî ìåõàíèçìà.

Ðèñ. 3 � Ðàçãîííûå õàðàêòåðèñòèêè è ðåçóëüòàò
àïïðîêñèìàöèè ïðè SP = 10, T1 = 1, kT = 3

è kx = 1

Ðèñ. 4 � Ðàçãîííûå õàðàêòåðèñòèêè è ðåçóëüòàò
àïïðîêñèìàöèè ïðè SP = 10, T1 = 10, kT = 3

è kx = 1

Ðèñ. 5 � Ðàçãîííûå õàðàêòåðèñòèêè è ðåçóëüòàò
àïïðîêñèìàöèè ïðè SP = 10, T1 = 54, kT = 3

è kx = 1

Ðèñ. 6 � Ðàçãîííûå õàðàêòåðèñòèêè è ðåçóëüòàò
àïïðîêñèìàöèè ïðè SP = 10, T1 = 162, kT = 3

è kx = 1

Ïðè èçìåíåíèè ïàðàìåòðîâ òðåõïîçèöèîí-
íîãî çâåíà íàáëþäàþòñÿ ïîõîæèå òåíäåíöèè. Îä-
íàêî îøèáêà àïïðîêñèìàöèè ïðè èñïîëüçîâàíèè
øàáëîíà (2) ãîðàçäî ìåíüøå, ÷åì äëÿ øàáëîíà
(1). Êðîìå ýòî, íåçíà÷èòåëüíûå èçìåíåíèÿ ïà-
ðàìåòðîâ íåëèíåéíîñòè îêàçûâàþò áîëåå ñóùå-
ñòâåííîå âëèÿíèå íà ðåçóëüòàò àïïðîêñèìàöèè,

÷åì èçìåíåíèå êîýôôèöèåíòà kT . Âåëè÷èíà ñèã-
íàëà çàäàíèÿ ïðèâîäèò ê áîëüøåé ðàçíèöå ìåæ-
äó äèíàìè÷åñêèìè ïàðàìåòðàìè èñõîäíîé ñèñòå-
ìû è ïîëó÷åííûì ðåçóëüòàòîì. Ïðè ñèãíàëå çà-
äàíèÿ óâåëè÷åííîì â 10 ðàç, òîëüêî ïðè ìàêñè-
ìàëüíîì çíà÷åíèè ïîñòîÿííîé âðåìåíè ýêñïåðè-
ìåíòà ïîëó÷åíî çíà÷åíèå ýòèõ ïàðàìåòðîâ áëèç-
êèõ ê èñõîäíûì.

Îñíîâíàÿ îøèáêà ïðè àïïðàêñèìàöèè íà-
êàïëèâàåòñÿ íà íà÷àëüíîì è êîíå÷íîì ó÷àñòêàõ
êðèâîé ðàçãîíà. Ïðè ñîîòíîøåíèè ìåæäó ïîñòî-
ÿííûìè âðåìåíàìè îáúåêòà è èñïîëíèòåëüíîãî
ìåõàíèçìà áîëüøå ÷åì íà ïîðÿäîê, îñíîâíûì èñ-
òî÷íèêîì îøèáîê ÿâëÿåòñÿ íà÷àëüíûé ó÷àñòîê
êðèâîé ðàçãîíà. Òîãäà êàê ïðè îáðàòíîì ñîîò-
íîøåíèè õóæå àïïðîêñèìóðóåòñÿ êîíå÷íûé ó÷à-
ñòîê. Îí æå è äàåò îñíîâíîé âêëàä â îøèáêó àï-
ïðîêñèìàöèè .

Ïîâûøåíèå ïîðÿäêà àïïðîêñèìàöèè íå âñå-
ãäà äåìîíñòðèðóåò ïîâûøåíèå êà÷åñòâà àïïðîê-
ñèìàöèè. Ïðèìåíåíèå øàáëîíà (2) äåìîíñòðè-
ðóåò ÿâíîå ïðåèìóùåñòâî òîëüêî ïðè ñðàâíèìî-
ñòè äèíàìèêè îáúåêòà è èñïîëíèòåëüíîãî ìåõà-
íèçìà. Ïðè áîëåå áûñòðîì è ìåäëåííîì îáúåêòå
óïðàâëåíèÿ ó øàáëîíà (1) íàáëþäàåòñÿ ïðåèìó-
ùåñòâî.

III. Çàêëþ÷åíèå

1. Âûáîð øàáëîíà àïïðîêñèìàöèè äëÿ îáú-
åêòîâ óïðàâëåíèÿ, êîòîðûå èñïîëüçóþò ýëåêòðè-
÷åñêèå ïðèâîäà óïðàâëåíèÿ (ìåõàíèçìû ïîñòîÿí-
íîé âðåìåíè) îïðåäåëÿþùèì ôàêòîðîì ÿâëÿåòñÿ
ñîîòíîøåíèå ìåæäó äèíàìèêîé èñïîëíèòåëüíîãî
ìåõàíèçìà è äèíàìèêîé îáúåêòà. 2. Â ñëó÷àå ýêñ-
ïëóàòàöèè îáúåêòà â øèðîêîì äèàïàçîíå óïðàâ-
ëÿþùèõ âîçäåéñòâèè, áóäåò ïðîÿâëÿòüñÿ ðàçëè÷-
íàÿ äèíàìèêà îáúåêòà ïðè áëèçêèõ ïîñòîÿííûõ
âðåìåíè îáúåêòà è èñïîëíèòåëüíîãî ìåõàíèçìà,
÷òî òðåáóåò âñåñòîðîííåãî èññëåäîâàíèÿ îáúåêòà
óïðàâëåíèÿ. 3. Èç-çà íåëèíåéíûõ ñâîéñòâ èñïîë-
íèòåëüíîãî ìåõàíèçìà, ââåäåíèå çâåíà çàïàçäû-
âàíèÿ ìîæåò ïîâûñèòü êà÷åñòâî àïïðîêñèìàöèè.

1. EnTech Control Valve Dynamic Speci�cation (Version
3.0 11/98) [Electronic resource] / � Mode of access:
https://www.emerson.com/documents/automation/
manuals-guides-control-valve-dynamic-speci�cation-
pss-en-67756.pdf � Date of access: 14.09.2022.

2. Control Valve Dynamic Performance
Speci�cation Published on Friday 02-10-2020
[Electronic resource] / � Mode of access:
https://www.industrialautomationindia.in/articleitm/
10687/Control-Valve-Dynamic-Performance-
Speci�cation/articles. � Date of access: 14.09.2022.

3. Îëèôèðîâè÷, Í. Ì. Ãàðìîíè÷åñêàÿ èäåíòèôèêàöèÿ
òåõíîëîãè÷åñêèõ îáúåêòîâ â ðåàëüíîì âðåìåíè /
Í. Ì. Îëèôèðîâè÷, Ä. À. Ãðèíþê, È. Î. Îðîáåé //
Òðóäû ÁÃÒÓ. �2016. �Ñåð. 3, � 6(188), �Ñ. 117�121.

4. Oliferovich N. The use of harmonic identi�cation
algorithms to air heat exchanger / N.Oliferovich,
D. Hryniuk, I. Orobei.// Electrical Electronic and
Information Sciences (eStream): Open Conference, �
2017, p. 1�5.

5. Ãðèíþê Ä. À. Ìîäåëèðîâàíèå è íàñòðîéêà ñèñòåì ñ
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Íåëèíåéíûå ñâîéñòâà òåïëîîáìåííèêîâ îáóñëàâëèâàþò íåîáõîäèìîñòü ïðîâåäåíèÿ ðÿäà ýêñïåðèìåíòîâ.

Àíàëèç ðàçãîííûõ õàðàêòåðèñòèê ïðîâîäèëñÿ ÷èñëåííûìè ìåòîäàìè äëÿ ðàçíûõ øàáëîíîâ ïóòåì ìèíèìè-

çàöèè îòêëîíåíèÿ ìåæäó ýêñïåðèìåíòàëüíûìè äàííûìè è ëèíåéíîé ìîäåëüþ. Äëÿ îïðåäåëåíèÿ âûõîäíûõ

ïàðàìåòðîâ îáúåêòà óïðàâëåíèÿ áûëè èñïîëüçîâàíû òðè ïåðâè÷íûõ ïðåîáðàçîâàòåëÿ: äâà äàò÷èêà òåì-

ïåðàòóðû è îäèí äàò÷èê âëàæíîñòè. Ñðàâíåíèå ïåðåäàòî÷íûõ ôóíêöèé äëÿ äâóõ äàò÷èêîâ òåìïåðàòóðû

íå ïîçâîëÿåò ïî ýêñïåðèìåíòàëüíûì äàííûì îòäåëèòü äèíàìèêó ñàìîãî äàò÷èêà îò äèíàìèêè îáúåêòà

óïðàâëåíèÿ.

Ââåäåíèå

Îïðåäåëåíèå äèíàìèêè êàíàëîâ ðåãóëèðî-
âàíèÿ îáû÷íî ïðîèñõîäèò íà îñíîâàíèè òåîðå-
òè÷åñêîãî àíàëèçà èëè (è) ïî ýêñïåðèìåíòàëü-
íûì äàííûì. Ðåçóëüòàòû àêòèâíîé èäåíòèôè-
êàöèè ïîçâîëÿþ ïîëó÷èòü ëó÷øóþ òî÷íîñòü [1-
2]. Êàíàëû óïðàâëåíèÿ òåõíîëîãè÷åñêèìè ïðî-
öåññàìè, êàê ïðàâèëî, îáëàäàþò îïðåäåëåííûì
óðîâíåì íåëèíåéíîñòè, ÷òî èñêëþ÷àåò òî÷íóþ
ëèíåéíóþ èäåíòèôèêàöèþ. Áîëüøèíñòâî òàêèõ
ñèñòåì õàðàêòåðèçóþòñÿ îïðåäåëåííîé ñòåïåíüþ
íåñòàöèîíàðíîñòè. Ïî ýòîé ïðè÷èíå â ïðîöåññå
èäåíòèôèêàöèè ïîðÿäîê ïåðåäàòî÷íûõ ôóíêöèé
îáû÷íî îãðàíè÷èâàþò.

I. Ìåòîäèêà èññëåäîâàíèÿ

Ñòåíä èñïûòàíèé: âîçäóøíûé òåïëîîáìåí-
íèê c íåðåãóëèðóåìûé ýëåêòðè÷åñêèì íàãðåâàòå-
ëåì, äâà äàò÷èêà òåìïåðàòóðû (ñ ìåòàëëè÷åñêîé
è ïëàñòèêîâîé (FTK+) ìîíòàæíûìè ÷àñòÿìè ) è
îäèí âëàæíîñòè. Â êà÷åñòâå óïðàâëÿþùåãî âîç-
äåéñòâèÿ èñïîëüçîâàëîñü èçìåíåíèå ðàñõîäà ÷å-
ðåç óïðàâëåíèå ÷àñòîòîé äâèãàòåëÿ âåíòèëÿòîðà.
Ïåðåä íà÷àëîì ïðîâåäåíèÿ àêòèâíîãî ýêñïåðè-
ìåíòà âêëþ÷àëñÿ ñòåíä è òåìïåðàòóðíûé ðåæèì
âûâîäèëñÿ íà îäíî è òî æå ñòàöèîíàðíîå çíà-
÷åíèå. Ïîñëå ïðîãðåâà è îêîí÷àíèÿ ïåðåõîäíûõ
ïðîöåññîâ ïðîâîäèëîñü îòêëîíåíèå â îäíó ñòî-
ðîíó è åãî âîçâðàò â äðóãóþ. Ðåçóëüòàòû ñîõðà-
íÿëèñü äëÿ ïîñëåäóþùåé îáðàáîòêè. Îáðàáîòêà
ïðîâîäèëàñü ïóòåì ïîèñêà êîýôôèöèåíòîâ ïåðå-
äàòî÷íîé ôóíêöèè, êîòîðûå ïðè ìèíèìèçèðóþò
ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå (ÑÊÎ) ìåæ-
äó èñõîäíîé è øàáëîííîé ôóíêöèÿìè. Àíàëèç
ëèòåðàòóðû ïîçâîëèë âûäåëèòü íàèáîëåå ÷àñòî
âñòðå÷àþùèåñÿ øàáëîíû ïåðåäàòî÷íûõ ôóíê-
öèé äëÿ òåëîîáìåííèêîâ

k

T1s+ 1
exp(−τs), (1)

k

(T1s+ 1)(T2s+ 1)n
, (2)

k exp(−τs)
(T1s+ 1)(T2s+ 1)

, (3)

k(1− b exp(−τs))
(T1s+ 1)(T2s+ 1)

, (4)

k exp(−τs)
(T1s+ 1)(T2s+ 1)n

, (5)

Ôîðìóëó (1) ÷àñòî èñïîëüçóþò äëÿ ïðèêëàäíî-
ãî èñïîëüçîâàíèÿ. Ôîðìóëó (2) ïðèìåíÿþò ïðè n
= 1 èëè n = 2, êîãäà âëèÿíèå ðàñïðåäåëåííîñòè
íåçíà÷èòåëüíî. Â ñëó÷àå ïðèñóòñòâèÿ ñóùåñòâåí-
íûõ ãðàäèåíòîâ òåìïåðàòóðû ðàöèîíàëüíî áóäåò
èñïîëüçîâàòü ôîðìóëû (3)�(5).

II. Ðåçóëüòàòû

Íà ðèñ. 1, 2 ïðèâåäåíû ïðèìåðû êðèâûõ
ðàçãîíà, êîòîðûå ïîäâåðãàëèñü àïïðîêñèìàöèè
ïðè îäíîì è òîìæå äèàïàçîíå èçìåíèÿ ÷àñòîòû,
íî ðàçíîì íàïðàâëåíèè. Ïðåäâàðèòåëüíî êðèâûå
áûëè íîðìèðîâàíû ïóòåì äåëåíèÿ íà äèàïàçîí
èçìåíåíèÿ.

Ðèñ. 1 � Êðèâàÿ ðàçãîíà ïðè óâåëè÷åíèè ñêîðîñòè

Êàíàë óïðàâëåíèÿ èìååò îòðèöàòåëüíûé
êîýôôèöèåíò óïðàâëåíèÿ ïî òåìïåðàòóðå è ïî-
ëîæèòåëüíûé ïî âëàæíîñòè, ò. å. ïðè óâåëè-
÷åíèè ÷àñòîòû îáîðîòîâ òåìïåðàòóðà ïàäàåò
âñëåäñòâèå óâåëè÷åíèÿ êîëè÷åñòâà ïðîõîäÿùåãî
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âîçäóõà ÷åðåç íàãðåâàòåëè ñ ïîñòîÿííîé ìîù-
íîñòüþ, ïîñòîÿíñòâî æå âëàãîñîäåðæàíèÿ ïðè
óìåíüøåíèè òåìïåðàòóðû ïðèâîäèò ê ïîâûøå-
íèþ âëàæíîñòè.

Ðèñ. 2 � Êðèâàÿ ðàçãîíà ïðè óìåíüøåíèè ñêîðîñòè

Êà÷åñòâî àïïðîêñèìàöèè ðàçëè÷íûìû øàá-
ëîíàìè (1)-(5) êðèâûõ ðàçãîíà äëÿ âàðèàíòà íà
ðèñ. 2. ïðèâåäåíû ðèñ. 3�4.

Ðèñ. 3 � Êðèâàÿ ðàçãîíà ïðè óâåëè÷åíèè ñêîðîñòè

Ðèñ. 4 � Êðèâàÿ ðàçãîíà ïðè óìåíüøåíèè ñêîðîñòè

Äëÿ âûáîðà ïîäõîäà ê íàñòðîéêå ñèñòåìû
óïðàâëåíèÿ îáúåêòàìè ñ íåëèíåéíîé äèíàìèêîé
ñëåäóåò ïðîèçâîäèòü îöåíêó âîçìîæíûõ èçìåíå-
íèé ïàðàìåòðîâ. Ìèíèìàëüíàÿ îøèáêà àïïðîê-
ñèìàöèè ñîîòâåòñòâóåò øàáëîíó, êîòîðûé ïðåä-
ñòàâëÿåò ñîáîé àïåðèîäè÷åñêîå çâåíî âòîðîãî ïî-
ðÿäêà ñ çàïàçäûâàíèåì è ñîîòâåòñòâóåò ôîðìó-
ëå (3). Èçìåíåíèå ïàðàìåòðîâ n â øàáëîíå (5), â
îòëè÷èå îò îáúåêòà èññëåäîâàíèÿ [5, 6], óõóäøà-
åò êà÷åñòâî. Îäíàêî èíòåãðàëüíàÿ îøèáêà èìå-
åò íåêîòîðóþ çàâèñèìîñòü îò ýòîãî ïîêàçàòåëÿ.
Õóäøèå õàðàêòåðèñòèêè íàáëþäàëèñü ïðè çíà-
÷åíèÿõ n = 2 è n = 3. Øàáëîí (1), ñàìûé ïî-

ïóëÿðíûé âàðèàíò â ëèòåðàòóðå, äàâàë õóäøåå
êà÷åñòâî àïïðîêñèìàöèè. Àíàëèç ãðàôèêîâ íà
ðèñ.3�4 ïîêàçûâàåò, ÷òî, êðîìå ýôôåêòà êâàí-
òîâàíèÿ (ðèñ.1, 2), îñíîâíûì èñòî÷íèêîì íàêîï-
ëåíèÿ îøèáêè ÿâëÿåòñÿ íà÷àëüíûé ó÷àñòîê êðè-
âîé ðàçãîíà. Äàííîå íàáëþäåíèå ìîæåò ñëóæèòü
ãðóáûì êðèòåðèåì âûáîðà øàáëîíà àïïðîêñè-
ìàöèè. Êà÷åñòâî àïïðîêñèìàöèè øàáëîíàìè çà-
âèñèò îò íàïðàâëåíèÿ èçìåíåíèÿ óïðàâëÿþùåãî
âîçäåéñòâèÿ. Â ïðîöåññå îõëàæäåíèÿ íàáëþäà-
þòñÿ áîëüøèå îòêëîíåíèÿ, ÷åì â ïðîöåññå íà-
ãðåâàíèÿ. Íåñìîòðÿ íà òî, ÷òî ðàçãîííûå õà-
ðàêòåðèñòèêè ñíèìàëèñü äëÿ îäíîãî îáúåêòà îä-
íîâðåìåííî, îòäåëèòü äèíàìè÷åñêóþ ñîñòàâëÿ-
þùóþ îáúåêòà óïðàâëåíèÿ îò äèíàìèêè äàò-
÷èêà ïî ðåçóëüòàòàì ýêñïåðèìåíòà íåâîçìîæíî.
Íåñìîòðÿ íà áëèçîñòü ðàçãîííûõ êðèâûõ, äèíà-
ìè÷åñêèå õàðàêòåðèñòèêè ðàçëè÷íû. Äëÿ äàò÷è-
êà òåìïåðàòóðû ñ ìåòàëëè÷åñêîé ìîíòàæíîé ÷à-
ñòüþ ïîñòîÿííûå âðåìåíè ìåíüøå, íî çàïàçäû-
âàíèå áîëüøå. Ïðè óâåëè÷åíèè ÷àñòîòû îòíîøå-
íèå ìèíèìàëüíîé è ìàêñèìàëüíîé ïîñòîÿííûõ
âðåìåíè âûáðàííîé ìîäåëè èìåþò áîëüøóþ âå-
ëè÷èíó, ÷åì ïðè óìåíüøåíèè. Îñîáåííî ýòî õà-
ðàêòåðíî äëÿ äàò÷èêà FTK+. Îäíàêî çàâèñè-
ìîñòü íîñèò íåëèíåéíûé õàðàêòåð, ÷òî îáóñëîâ-
ëåíî, ñêîðåå âñåãî, íåâîçìîæíîñòüþ îáåñïå÷èòü
èäåíòè÷íîñòü ïðîâåäåíèÿ ýêñïåðèìåíòîâ. Ïðîâå-
äåíèå ýêñïåðèìåíòîâ ñ îäèíàêîâûì óïðàâëÿþ-
ùèì âîçäåéñòâèåì ïîêàçàëî âàðèàöèþ áîëåå ÷åì
íà ïÿòü ïðîöåíòîâ êîýôôèöèåíòîâ ïåðåäàòî÷-
íûõ ôóíêöèé äëÿ âñåõ øàáëîíîâ ïðè ñîõðàíåíèè
îòíîøåíèÿ äèíàìè÷åñêèõ ïàðàìåòðîâ.

III. Çàêëþ÷åíèå

Ðàöèîíàëüíîñòü âûáîðà øàáëîíà àïïðîêñè-
ìàöèè çàâèñèò îò ìíîæåñòâà ôàêòîðîâ. Íåñè-
ìåòðè÷íîñòü äèíàìèêè ïðîöåññîâ òåïëîîáìåíà
óñëîæíÿåò ïðîöåññ èäåíòèôèêàöèè è òðåáóåò êî-
ïðîìèññîâ ìåæäó òî÷íîñòüþ è ñëîæíîñòüþ. Ïî-
âûøåíèå ïîðÿäêà ïåðåäàòî÷íîé ôóíêöèè ïðè àï-
ïðîêñèìàöèè íå âñåãäà ñïîñîáñòâóåò ïîâûøåíèþ
êà÷åñòâà.
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Â äàííîé ðàáîòå íà îñíîâå èçâåñòíûõ ìàòåìàòè÷åñêèõ ìåòîäîâ ïîëó÷åíû ñîîòíîøåíèÿ, ïîçâîëÿþùèå

âû÷èñëèòü âåðîÿòíîñòü ïðîïóñêà îøèáêè ïðè íàáëþäåíèè âåêòîðîâ ïåðåõîäîâ â âûáîðêå ñîáûòèé ñ øó-

ìîïîäîáíîé ïðèðîäîé. Ðàññìîòðåíî ñîîòíîøåíèå äëÿ ìîäû è ïðîèçâîäÿùàÿ ôóíêöèÿ äëÿ äâóõ ïåðåìåííûõ

(ôóíêöèé), õàðàêòåðèçóþùèõ çíà÷åíèå âåðîÿòíîñòè îøèáêè ïðàêòè÷åñêè ñî ñòîïðîöåíòíîé òî÷íîñòüþ.

Ïðèâåäåí ðàñ÷åò âåðîÿòíîñòè îøèáêè äëÿ áåñêîíå÷íîé âûáîðêè.

Ââåäåíèå

Íàáëþäåíèå è ðåãèñòðàöèÿ âåêòîðîâ ïåðå-
õîäîâ (ÂÏ) çàäàííîãî âèäà ÿâëÿåòñÿ äîñòàòî÷-
íî íîâûì àëãîðèòìîì ñèíòåçà êîíòðîëüíûõ êî-
äîâ äëÿ èäåíòèôèêàöèè ñîîáùåíèé ñî ñëó÷àé-
íîé ïðèðîäîé. Äîñòîèíñòâîì ïðèíöèïà íàáëþäå-
íèÿ ÂÏ èëè ñóáäèíàìè÷åñêèõ îáúåêòîâ ÿâëÿåòñÿ
íèçêàÿ âåðîÿòíîñòü ïðîïóñêà îøèáêè ñôîðìèðî-
âàííîé îöåíêîé ïðè ïðîâåðêå äîñòîâåðíîñòè ïðè-
íÿòîé êðèïòîãðàììû. Ïðè ýòîì âðåìÿ ïîèñêà
îøèáîê â ñîîáùåíèè àáîíåíòà-ïåðåäàò÷èêà ñó-
ùåñòâåííî ýêîíîìèòñÿ â ñëó÷àå ïîÿâëåíèÿ ñáîåâ
â ñèñòåìå ñâÿçè.

Ïðåäñòàâëåííàÿ ïðîèçâîäÿùàÿ ôóíêöèÿ â
âèäå ôàêòîðèàëüíûõ ìîìåíòîâ ñïåöèàëüíîãî âè-
äà ïîçâîëÿåò ðàçâèâàòü òåìàòèêó èññëåäîâà-
íèé ïàðàìåòðîâ òî÷å÷íûõ îöåíîê, èíòåðåñóþ-
ùóþ ïîëüçîâàòåëåé ðÿäà ïðàêòè÷åñêèõ çàäà÷.
Â ÷àñòíîñòè, îñîáûé èíòåðåñ âûçûâàåò ïðèíöèï
âû÷èñëåíèÿ íîðìèðîâàííîé ïëîùàäè ïîä êðè-
âîé ãðàôèêà ðàñïðåäåëåíèÿ âåðîÿòíîñòåé îøèá-
êè äëÿ ðàçëè÷íûõ äëèí âûáîðêè n è ñðàâíåíèÿ
ïîëó÷åííûõ çíà÷åíèé ñ ïàðàìåòðàìè êëàññè÷å-
ñêèõ àëãîðèòìîâ îöåíèâàíèÿ. Ýòî ïîçâîëÿåò âû-
áðàòü â öåëÿõ èäåíòèôèêàöèè íàèáîëåå ýôôåê-
òèâíûé ìåòîä ïðè ïåðåäà÷å ñîîáùåíèé, à òàê æå
ýôôåêòèâíî íàáëþäàòü ÷àñòîòó ïîÿâëåíèÿ ÂÏ â
áåñêîíå÷íûõ ïîñëåäîâàòåëüíîñòÿõ.

I. Ïðîèçâîäÿùàÿ ôóíêöèÿ äëÿ
âåðîÿòíîñòè íàáëþäåíèÿ âï

Ïðåäñòàâëåíèå ñëó÷àéíîé ïîñëåäîâàòåëüíî-
ñòè ñ ýëåìåíòàìè äåòåðìèíèçìà â âèäå íàáîðà
äâóìåðíûõ îáúåêòîâ ÷èñëîì kj,i, ãäå j-ýòî êîëè-
÷åñòâî ïîñëåäîâàòåëüíûõ ÂÏ, à i-÷èñëî âåêòîðîâ
â ôóíêöèè ïðàâäîïîäîáèÿ, ïîçâîëÿåò íà îñíîâå
àëãîðèòìà âêëþ÷åíèÿ è èñêëþ÷åíèÿ çàïèñàòü ñî-
îòíîøåíèå äëÿ ìîäû ñ ó÷åòîì [1] â âèäå:

(1)
m0 =

1

mn

mn

]0,5n[∑
s=0

Cs
n−s(−p)

s


=

1

2n+1
βn,

ãäå

βn = 1√
1−4p

((
1 +

√
1− 4p

)n+1 −
(
1−

√
1− 4p

)n+1
)
,

à ïàðàìåòð p = 3r−µ

m2 - ýòî òåîðåòè÷åñêàÿ âåðîÿò-
íîñòü ðåãèñòðàöèè ÂÏ çàäàííîãî âèäà â r - ðàç-
ðÿäíîé âûáîðêå, m = 2r.

Ðåçóëüòàòû èññëåäîâàíèÿ äàííîé çàäà÷è
ïîçâîëèëè çàêëþ÷èòü, ÷òî èñêîìàÿ ïðîèçâîäÿ-
ùàÿ ôóíêöèÿ ÿâëÿåòñÿ êóñî÷íî-ãëàäêîé, ÷òî
ïðåäïîëàãàåò ñèíòåç îáùåãî ñîîòíîøåíèÿ â âè-
äå òðåõ ñîñòàâëÿþùèõ. Âî-ïåðâûõ, â âèäå ñëà-
ãàåìîãî (1), ïðåäñòàâëÿþùåãî ñîáîé ìîäó; âî-
âòîðûõ, â âèäå ñóììû çíà÷åíèé ãëàäêîé ÷àñòè
ôóíêöèè íà ìíîæåñòâå àðãóìåíòîâ j = 1, 2 (äëÿ
äàííîé çàäà÷è) ïðè äîïóñòèìûõ çíà÷åíèÿõ i =
1, 2, ..., n − 2j − 3, ÷òî ñëåäóåò èç ìèíèìàëüíîé
äëèíû ìîíîîáúåêòîâ ðàâíîé 2j + i = 3; è, â-
òðåòüèõ, â âèäå ñóììû çíà÷åíèé ôóíêöèè, îïðå-
äåëÿåìîé ïàðàìåòðàìè i = n − 2j, â ≪ïîñòðàç-
ðûâíîé≫ îáëàñòè àðãóìåíòà.

Îñíîâíîé ðåçóëüòàò äàííîé ðàáîòû ìîæåò
áûòü ñôîðìóëèðîâàí íà îñíîâàíèè àëãîðèòìà
âêëþ÷åíèÿ è èñêëþ÷åíèÿ äëÿ j = 1, 2 (ñì. ðå-
çóëüòàò (5) íèæå).

Òåîðåìà. Ýíóìåðàòîð âèäà

mK = m0 +
∑
g

[(
2∑

j=1

pj +
2∑

j=1

n−2j−3∑
i=2

pj 1
2i+1 βi

)
−

− 1
23 β2

(
p+

n−7∑
i=2

p 1
2i+1 βi

)]n−g

+ (2)

+

(
2∑

j=1

pj 1
2n−2j+1 βn−2j

)
− 1

23 β2
(
p 1
2n−3 βn−4

)
,

g = 2k1,1 + 3k1,2 + ...+ (n− 4) k1,n−5+
+4k2,1 + 5k2,2 + ...+ (n− 4) k2,n−7.

ÿâëÿåòñÿ ïåðå÷èñëÿþùåé ïðîèçâîäÿùåé ôóíêöè-
åé äëÿ âåðîÿòíîñòè íàáëþäåíèÿ ÂÏ çàäàííîãî
âèäà j = 1, 2.

Äîêàçàòåëüñòâî. Ñôîðìèðóåì ñëîæíûå
îáúåêòû, ñîñòîÿùèå èç j âåêòîðîâ ïåðåõîäà è
ïîñòîáúåêòîâ äëèíîé i. Òîãäà äëÿ ãëàäêîé ÷àñòè
ôóíêöèè ìîæåì çàïèñàòü ñîîòíîøåíèå:
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mK1 = 1
mn

∑
g

∑
n−g

[
(3r−µ) deg

2∑
j=1

n−2j−3∑
i=1

jkj,i

]
×

×m deg
2∑

j=1

n−2j−3∑
i=1

ik1,i
n−5∏
i=2

(
1

2i+1 βi
)k1,i×

×
n−7∏
i=2

(
1

2i+1 βi
)k2,i

(
3r−µ

m2
1

2n−1 βn−2

)
×

×
[(

3r−µ

m2

)2
1

2n−3 βn−4

]
×

×

[
n−

n−5∑
i=1

(i+1)k1,i−
n−7∑
i=1

(3+i)k2,i

]
!

n−5∏
i=1

k1,i!
n−7∏
i=1

k2,i!

. (3)

Ïðåîáðàçîâàíèå ôàêòîðèàëüíûõ ìîìåíòîâ
â ñîîòíîøåíèè (3), äàåò ðåçóëüòàò:

mK1 =
∑
g

∑
n−g

mdeg

(
−n+ g +

2∑
j=1

n−2j−3∑
i=1

kj,i

)
×

× m deg

(
−

2∑
j=1

n−2j−3∑
i=1

2jkj,i

)
×

× (3r−µ) deg
2∑

j=1

n−2j−3∑
i=1

jkj,i
2∏

j=1

n−2j−3∏
i=2

(
1

2i+1 βi
)kj,i×

×

[
n−

n−5∑
i=1

(i+1)k1,i−
n−7∑
i=1

(3+i)k2,i

]
!

n−5∏
i=1

k1,i!
n−7∏
i=1

k2,i!

.

Â äàííîì ñîîòíîøåíèè ñãðóïïèðóåì ÷ëåíû
ñ îäèíàêîâûìè ïîêàçàòåëÿìè. Ïðè ýòîì èìååì:

mK1 =
∑
g

∑
n−g

mdeg

(
−n+ g +

2∑
j=1

n−2j−3∑
i=1

kj,i

)
×

×p deg
2∑

j=1

jkj,1
2∏

j=1

n−2j−3∏
i=2

(
pj 1

2i+1 βi
)kj,i×

×

[
n−

2∑
j=1

n−2j−3∑
i=1

(2j+i−1)kj,i

]
!

2∑
j=1

n−2j−3∏
i=1

kj,i!

.

Èñïîëüçóÿ òåïåðü ìåòîäèêó ïðåîáðàçîâàíèÿ
ïðîèçâåäåíèÿ â ïîëèíîìèàëüíóþ ôóíêöèþ, ìî-
æåì çàïèñàòü:

mK1 =
∑
g

 2∑
j=1

pj+

2∑
j=1

n−2j−3∑
i=2

pj
1

2i+1
βi

n−g

. (4)

Â ñîîòíîøåíèè (4) èíäåêñ (ñòåïåíü) ïàðà-
ìåòðà ðàâíàÿ i óêàçûâàåò íà äëèíó ïîñòîáúåêòà
èëè ÷èñëî âåêòîðîâ â ôóíêöèè ïðàâäîïîäîáèÿ.

Îäíàêî, ïîëó÷åííîå ñîîòíîøåíèå (4) íå ìî-
æåò áûòü èñïîëüçîâàíî äëÿ ïîäñòàíîâêè â ôóíê-
öèþ (2) â ÷èñòîì âèäå. Äàííûé ôàêò îáóñëîâëåí
âëèÿíèåì ïàðàìåòðîâ ñóììû ñ j = 2 íà ïîëó-
÷åííîå çíà÷åíèå ñóììû äëÿ j = 1. Âûõîäîì èç
ñîçäàâøåéñÿ ñèòóàöèè ÿâëÿåòñÿ ïðèìåíåíèå àë-
ãîðèòìà ñóììèðîâàíèÿ, ñîîòâåòñòâóþùåãî ìåòî-
äó âêëþ÷åíèÿ è èñêëþ÷åíèÿ äëÿ äâóõ ïåðåìåí-
íûõ (èëè ôóíêöèé) êàê ïîêàçàíî â (2). Òåîðåìà
äîêàçàíà.

II. Çíà÷åíèå âåðîÿòíîñòè ïðîïóñêà
îøèáêè â àñèìïòîòèêå

Äëÿ ðàñ÷åòà âåðîÿòíîñòè ïðîïóñêà îøèá-
êè âåðîÿòíîñòüþ íàáëþäåíèÿ ÂÏ â àñèìïòîòèêå
âîñïîëüçóåìñÿ ñîîòíîøåíèåì äëÿ ðàñ÷åòà ìàòå-
ìàòè÷åñêîãî îæèäàíèÿ ÷èñëà ïîñëåäîâàòåëüíûõ
ïàð âåêòîðîâ â áåñêîíå÷íîé âûáîðêå:

jmo =

0,5n∑
j=1

jpj

0,5n∑
j=1

pj

−1

=
1

1− p
. (5)

Ïðè ýòîì ìàêñèìàëüíîå çíà÷åíèå âåðîÿò-
íîñòü íàáëþäåíèÿ ÂÏ õàðàêòåðèçóþò ïàðàìåòðû
r = 2, µ = 1 , îòêóäà ñëåäóåò:

pmax =
3r−µ

m2
=

3

16
.

Ïðè äàííîì pmax èç (5) èìååò ðåçóëüòàò
jmo = 16

13 . Î÷åâèäíî, ÷òî äàííûé ïàðàìåòð ìî-
æåò áûòü ïðåîáðàçîâàí ê âèäó jmo = 1 + 3

13 , ÷òî
ãîâîðèò îá ≪óäåëüíîì âåñå≫ âåëè÷èíû j = 1 ïðè
ðåãèñòðàöèè âñåõ ÂÏ â 81,25 ïðîöåíòàõ ñëó÷àåâ;
íà äîëþ æå îñòàëüíûõ ïàð ñ j > 1 ïðèõîäèò-
ñÿ 18,75 ïðîöåíòîâ ñîáûòèé. Òàêèì îáðàçîì, â
àñèìïòîòèêå ïðè j = 1, 2 èìååì:

mK <

(
0, 8125p

1

2i1+1
βi1 + 0, 1875p2

1

2i2+1
βi2

)n−g

.
Äëèíà ïîñòîáúåêòà i1 â äàííîì ñîîòíîøå-

íèè ìîæåò áûòü îïðåäåëåíà ïî ôîðìóëå:

i1 =
1− 2p

p
=

10

3
.

Äëÿ ïîñòîáúåêòà äëèíîé i2 èìååì:

i2 =
1− 4p2

p2
=

220

9
.

Ïàðàìåòð g îïðåäåëèòñÿ ïî ôîðìóëå g =
2j + i − 1 ñ ó÷åòîì âåðîÿòíîñòè íàáëþäåíèÿ ñî-
áûòèé npj . Ïðè ýòîì ïîëó÷àåì:

g = 0, 8125 (i1 + 1)np+0, 1875 (i2 + 3)np2 = 0, 841n

.
Cîñòàâëÿþùèå ñóììû â ñîîòíîøåíèè äëÿ

mK ñ ó÷åòîì (1) áóäóò ðàâíû:

1

2
13
3

β 10
3
= 0, 57002676,

1

2
229
9

β 220
9

= 0, 00132444.

Ïðè ýòîì èç ñôîðìèðîâàííîãî âûøå ñîîò-
íîøåíèÿ èìååì: mK ≈ (0, 6781594)

n
.

1. È.Ï.Êîáÿê. Î òî÷íîì ðàâåíñòâå äëÿ âåðîÿòíîñòè
ïðîïóñêà îøèáêè ïðè íàáëþäåíèè âåêòîðîâ ïåðåõî-
äîâ // Â ñá. íàó÷. ñòàòåé VII Ìåæäóíàðîäíîé íàó÷.-
ïðàêòè÷. êîíôåðåíöèè ≪BIG DATA and Advanced
Analytics≫, Ìèíñê, 11-12 ìàÿ 2022 ã. � Ìèíñê : Áåñò-
ïðèíò, 2022. � Ñ. 312�319.
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Ââåäåíèå

Îäíèì èç îñíîâíûõ ïîêàçàòåëåé ðàáîòî-
ñïîñîáíîñòè ñèñòåì àâòîìàòè÷åñêîãî óïðàâëåíèÿ
(ÑÀÓ) ÿâëÿåòñÿ èõ óñòîé÷èâîñòü. Àíàëèç óñòîé-
÷èâîñòè íåïðåðûâíûõ íåëèíåéíûõ ÑÀÓ ìîæíî
ïðîâîäèòü ÷àñòîòíûìè ìåòîäàìè èëè ïðÿìûì
ìåòîäîì Ëÿïóíîâà [1]. Îäíàêî ÷àñòî ïðèõîäèòñÿ
èññëåäîâàòü óñòîé÷èâîñòü áîëåå ñëîæíûõ ñèñòåì
ñ ó÷åòîì èõ äèñêðåòíûõ, íåñòàöèîíàðíûõ è íåëè-
íåéíûõ õàðàêòåðèñòèê. Íàðÿäó ñ ýòèì ïàðàìåò-
ðû ÑÀÓ ìîãóò áûòü íåîïðåäåëåííûìè, çàäàííû-
ìè â êàêîé - òî îáëàñòè [2]. Ïðè íàëè÷èè êîì-
ïëåêñà òàêèõ õàðàêòåðèñòèê è ïàðàìåòðîâ áóäåì
íàçûâàòü ÑÀÓ ñëîæíûìè äèíàìè÷åñêèìè ñèñòå-
ìàìè, ìåòîäû àíàëèçà êîòîðûõ ïîäëåæàò äàëü-
íåéøåé ðàçðàáîòêå.

I. Îñíîâíûå ðåçóëüòàòû

Ðàññìîòðèì äèñêðåòíóþ íåñòàöèîíàðíóþ
íåëèíåéíóþ ñèñòåìó, óðàâíåíèå äèíàìèêè êîòî-
ðîé èìååò âèä:

X(n+ 1) = A[n,X(n)]X(n) (1)

ãäå X(n) = col[x1(n), ..., xm(n)] - âåêòîð ñî-
ñòîÿíèÿ ñèñòåìû ðàçìåðíîñòè m;n = 0, 1, 2, ...
(âìåñòî n ÷àñòî çàïèñûâàåòñÿ äèñêðåòíîå âðåìÿ
tn).

Â äàííîé ðàáîòå äëÿ àíàëèçà ñëîæíûõ äè-
íàìè÷åñêèõ ñèñòåì ïðèìåíÿþòñÿ íîðìû ðåøå-
íèÿ äëÿ óðàâíåíèÿ (1), îïèñàííûå â [3].

Ïóñòü ïðè n = l íà÷àëüíîå çíà÷åíèå âåêòî-
ðà ñîñòîÿíèÿ áóäåò X(l). Òðåáóåòñÿ íàéòè îáëà-
ñòè âîçìîæíûõ ñîñòîÿíèé H ∈ Rm âåêòîðà X(n)
ïðè ∀n ∈ N1, N1 = [l, ω), ãäå ω - êîíå÷íîå ÷èñëî
èëè ñèìâîë ∞.

Òîãäà, åñëè íà èíòåðâàëå N1 ñóùåñòâóåò ìè-
íèìàëüíûé µmin(n)

= min
x
µ[n,X(n)] è ìàêñè-

ìàëüíûé µmax(n)
= max

x
µ[n, x(n)] êîðíè óðàâíå-

íèÿ

det{A∗[n,X(n)]G(n+ 1)A[n,X(n)]− µG(n)} = 0;

(2)

òî îáëàñòü H îãðàíè÷åíà íåðàâåíñòâîì√√√√G[X(n), l]

(λmax(n)

n−1∏
i=l

µmin(i)
≤

≤∥ X(n) ∥≤

√√√√G[X(n), l]

λmin(n)

n−1∏
i=l

µmax(i)
, (3)

ãäå ∥ X(n) ∥= X∗(n)X(n) åâêëèäîâà íîðìà
âåêòîðà; G[X(n), n] = X∗(n)G(n)X(n) - ïðîèç-
âîëüíàÿ, ïîëîæèòåëüíî îïðåäåëåííàÿ ýðìèòîâà
ôîðìà ñ ìàòðèöåé G(n) =∥ qij (n) ∥=∥ qji(n) ∥;
λmin(n)

, λmax(n)
- ñîîòâåòñòâåííî íàèìåíüøèé è

íàèáîëüøèé êîðíè óðàâíåíèÿ

det[G(n)− λE] = 0;

E - åäèíè÷íàÿ ìàòðèöà, à ñèìâîë * íàä ìàòðèöåé
èëè âåêòîðîì îçíà÷àåò ýðìèòîâó ñîïðÿæåííóþ
ìàòðèöó èëè âåêòîð.

Ïðîèçâåäåíî äîêàçàòåëüñòâî îöåíêè ïåðå-
õîäíûõ ïðîöåññîâ (3), à òàêæå äîêàçàíû ñ èõ
èñïîëüçîâàíèåì äîñòàòî÷íûå êðèòåðèè óñòîé÷è-
âîñòè â öåëîì, áîëüøîì ñëîæíûõ äèíàìè÷å-
ñêèõ äèñêðåòíûõ ñèñòåì, à òàêæå èõ àáñîëþòíàÿ
óñòîé÷èâîñòü.

Òàê, íàïðèìåð, äîñòàòî÷íûì óñëîâèåì
àñèìïòîòè÷åñêîé óñòîé÷èâîñòè â öåëîì ïðîöåñ-
ñà X(n), íà÷èíàÿ ñ íåêîòîðîãî n ≥ l (n è l -
öåëûå ÷èñëà) ÿâëÿåòñÿ âûïîëíåíèå íåðàâåíñòâà
µmax(n) < 1, ãäå µmax(n) - ìàêñèìàëüíûé êîðåíü
óðàâíåíèÿ (2).

II. Ïðèìåðû

Ïóñòü ñèñòåìà îïèñûâàåòñÿ óðàâíåíèåì âòî-
ðîãî ïîðÿäêà:

x(n+ 2) + b1[n, x(n), x(n+ 1)]

x(n+ 1) + b2[n, x(n)]x(n) = 0

Ñäåëàâ çàìåíó ïåðåìåííûõ z1(n) = x(n); z2(n) =
x(n + 1); z(n) = col[z1(n), z2(n)] ïðèâåäåì åãî ê
ìàòðè÷íîìó âèäó:

Z(n+ 1) = A[n,Z(n)]Z(n); (4)

A[n,Z(n)] =

[
0 1

−b2 b1

]
Ïðèìåíèâ ê óðàâíåíèþ (4) ðàññìàòðèâàåìûé
êðèòåðèé óñòîé÷èâîñòè, ïîëó÷èì íåðàâåíñòâî:

b2 + 1± b1 > 0; b2 − 1± b1 < 0 (5)
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Ò.å. íåðàâåíñòâî (5) ìîæíî ðàññìàòðèâàòü êàê
äîñòàòî÷íîå óñëîâèå àñèìïòîòè÷åñêîé óñòîé÷è-
âîñòè â öåëîì äëÿ ñèñòåì âòîðîãî ïîðÿäêà.
Ê ñëîæíûì äèíàìè÷åñêèì ñèñòåìàì îòíîñÿò-
ñÿ äèñêðåòíûå ñèñòåìû ôàçîâîé ñèíõðîíèçàöèè
(ÄÑÔÓ) [4], îáîáùåííàÿ ñòðóêòóðíàÿ ñõåìà êî-
òîðûõ èçîáðàæåíà íà ðèñóíêå 1.

Ðèñ. 1 � Îáîáùåííàÿ ñòðóêòóðíàÿ ñõåìà ÄÑÔÓ

Íà ðèñóíêå 1 èçîáðàæåíû: ÄÑÓ - äèñêðåò-
íîå ñðàâíèâàþùåå óñòðîéñòâî; Ô - ôèëüòð; ÎÓ
- îáúåêò óïðàâëåíèÿ; ÎÑ - óñòðîéñòâî îáðàòíîé
ñâÿçè; y(t), ϵ(t), z(t), g(t), ω(t), u(t) - âõîäíûå
è âûõîäíûå ñèãíàëû ñîîòâåòñòâóþùèõ áëîêîâ.
Óðàâíåíèå äèíàìèêè òàêîé áåçôèëüòðîâîé ñè-
ñòåìû ñî ñðàâíèâàþùèì óñòðîéñòâîì òèïà "âû-
áîðêà - çàïîìèíàíèå"èìååò âèä:

K2

∫ tn+Tn+τn+1

tn+τn+1

[z(t) + g(t)]dt = 2π, (6)

ãäå K2 - êîýôôèöèåíò ïåðåäà÷è öåïè îáðàòíîé
ñâÿçè; Zn = K1hn

;K1 - êîýôôèöèåíò ïðÿìîé öå-
ïè ñèñòåìû; hn = Kbτn - àìïëèòóäâ èìïóëüñà íà
èíòåðâàëå t ∈ [t+n+τn, tn+1+τn+1 ];Kb - êîýôôè-
öèåíò ïåðåäà÷è ñðàâíèâàþùåãî óñòðîéñòâà; τn -
âðåìåííûé ñäâèã ìåæäó âõîäíûì è âûõîäíûì
ñèãíàëàìè íà n - îì ïåðèîäå êâàíòîâàíèÿ; Tn -
ïåðèîä äèñêðåòèçàöèè. Òàêàÿ ñèñòåìà îòíîñèòñÿ
ê ñëîæíîé äèñêðåòíîé íåëèíåéíîé ñèñòåìå, ó êî-
òîðîé ìîãóò ìåíÿòüñÿ ïàðàìåòðû. Â íåé ïðèñóò-
ñòâóåò êîìáèíèðîâàííàÿ èìïóëüñíàÿ ìîäóëÿöèÿ:
ÀÈÌ-ØÈÌ-×ÈÌ. Ïðîâåäÿ îïåðàöèþ èíòåãðè-
ðîâàíèÿ â óðàâíåíèè (6) ïîëó÷àåì íåëèíåéíîå
ðàçíîñòíîå óðàâíåíèå äèíàìè÷åñêîé ñèñòåìû:

K1Kbτn(Tn + τn+1 − τn)+

+(Tn + τn+1 − τn)gn =
2π

K2
(7)

Ïðèìåíèâ ê óðàâíåíèþ (7) ðàññìàòðèâàåìûé
êðèòåðèé óñòîé÷èâîñòè ïðèõîäèì ê ñëåäóþùå-
ìó îãðàíè÷åíèþ íà êîýôôèöèåíò óñèëåíèÿ ñè-
ñòåìû:

K = K1Kbk2 <
4π

3(T ∗)2
(8)

ãäå T ∗ - óñòàíîâèâøååñÿ çíà÷åíèå ïåðèîäà äèñ-
êðåòèçàöèè.

Äëÿ äàííîé ñèñòåìû áûë ïðîâåäåí àíàëèç
óñòîé÷èâîñòè ïî ëèíåàðèçîâàííîé ìîäåëè, êîòî-
ðûé äàë ñëåäóþùèé ðåçóëüòàò:

K <
4π

(T ∗)2
(9)

Èç ñðàâíåíèÿ óñëîâèé óñòîé÷èâîñòè (8) è
(9) âèäíî, ÷òî îáëàñòü óñòîé÷èâîñòè, ïîëó÷åííàÿ
ïî íåëèíåéíîé ìîäåëè ñèñòåìû â òðè ðàçà óæå,
÷åì îáëàñòü, ïîëó÷åííàÿ ïî ëèíåàðèçîâàííîé ìî-
äåëè, ÷òî ïîäòâåðæäåíî òàêæå ýêñïåðèìåíòàëü-
íî.

Çàêëþ÷åíèå

Òàêèì îáðàçîì â äàííîé ðàáîòå ïðåäëîæå-
íû è äîêàçàíû îöåíêè ïåðåõîäíûõ ïðîöåññîâ
â ñëîæíûõ íåëèíåéíûõ äèñêðåòíûõ ñèñòåìàõ.
Íà èõ îñíîâå ðàçðàáîòàíû äîñòàòî÷íûå óñëîâèÿ
óñòîé÷èâîñòè òàêèõ ñèñòåì.
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Â ðàáîòå ðàññìàòðèâàåòñÿ âîçìîæíîñòü ïðèìåíåíèÿ ýëåìåíòîâ âûñøåãî ïîðÿäêà, ïðåäëîæåííûõ êàê

íîâûå ýëåìåíòû â òåîðèè ýëåêòðè÷åñêèõ öåïåé, äëÿ èññëåäîâàíèÿ ðåçîíàíñíûõ ÿâëåíèé è èñïîëüçîâàíèÿ

èõ ïðè ïîñòðîåíèè ÷àñòîòíî-çàâèñèìûõ è ðåçîíàíñíûõ êîíòóðîâ â ýëåêòðîòåõíè÷åñêèõ óñòðîéñòâàõ.

Ââåäåíèå

Ýëåìåíòû âûñøåãî ïîðÿäêà, ïðåäëàãàåìûå
äëÿ ïðèìåíåíèÿ â ýëåêòðè÷åñêèõ öåïÿõ êàê íî-
âûå ê ñóùåñòâóþùèì R,L,C îáîçíà÷àþòñÿ

ãäå n - ïîðÿäîê ýëåìåíòà [1-4].

I. Àíàëèç ñõåìû ñ ýëåìåíòîì âòîðîãî
ïîðÿäêà

Ïðèíöèïèàëüíàÿ ñõåìà ýëåìåíòà âòîðîãî
ïîðÿäêà ïðåäñòàâëåíà íà ðèñ. 1.

Ðèñ. 1 � Ñõåìà ýëåìåíòà âòîðîãî ïîðÿäêà

Èññëåäóåì ñõåìó, ïðåäñòàâëåííóþ íà ðèñ.2,
ñîñòîÿùóþ èç àêòèâíîãî ñîïðîòèâëåíèÿ è ýëå-
ìåíòà âòîðîãî ïîðÿäêà.

Ðèñ. 2 � Îáîáù¼ííàÿ ñõåìà ðåçîíàíñíîãî êîíòóðà ñ
ýëåìåíòîì âòîðîãî ïîðÿäêà

Ïðèìåì, ÷òî âõîäíîé ñèãíàë ñèíóñîèäàëåí,
òîãäà äèôôåðåíöèàëüíîå óðàâíåíèå áóäåò èìåòü
âèä

K2
d2i

dt2
+Ri = Umsinwt.

Ðåøåíèå óðàâíåíèÿ ïðåäñòàâëÿåòñÿ â âèäå
óñòàíîâèâøåéñÿ è ñâîáîäíîé ñîñòàâëÿþùèõ

i = iy + ic.

Ñâîáîäíàÿ ñîñòàâëÿþùàÿ îïðåäåëÿåòñÿ èç
óðàâíåíèÿ

K2
d2i

dt2
+Ri = 0.

Êîðíè õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ

K2p
2 + R = 0 áóäóò p1,2 = ±j

√
R
K2 , ÷òî ïðåä-

ñòàâëÿåò ñîáîé óðàâíåíèå

i(t) = Acos

√
R

K2
t+Bsin

√
R

K2
t.

Äëÿ îïðåäåëåíèÿ óñòàíîâèâøåãîñÿ ðåæèìà
ïðèìåì, ÷òî

iy = Imysinwt,

òîãäà

d2iy
dt2

= −w2Imysinwt.

Ïîñëå ïîäñòàíîâêè äàííîãî âûðàæåíèÿ â
èñõîäíîå óðàâíåíèå îíî ïðèìåò âèä(

−K2w
2Imy +RImy

)
sinwt = Umsinwt.

Ñëåäîâàòåëüíî

Imy =
Um

R−K2w2

Òîãäà îáùåå ðåøåíèå èñõîäíîãî óðàâíåíèÿ
ïðèìåò âèä

i(t) = Imsinw0t+
Um

K2 (w2
0 − w2)

sinwt,

ãäå w0 =
√

R
K2

Âòîðîå ñëàãàåìîå ýòîãî ðåøåíèÿ ïðåä-
ñòàâëÿåò ñîáîé ÷àñòîòíî-çàâèñèìóþ ÷àñòü. Å¼
àìïëèòóäà óêàçûâàåò íà ðåçîíàíñíûå ÿâëåíèÿ â
öåïè, ÷òî èçîáðàæåíî íà ðèñ. 3.
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Ðèñ. 3 � Àìïëèòóäíî-÷àñòîòíàÿ õàðàêòåðèñòèêà
òîêà

Ïðè ýòîì ôàçîâàÿ õàðàêòåðèñòèêà
ïðåäñòàâ-ëåíà íà ðèñ. 4.

Ðèñ. 4 � Ôàçî÷àñòîòíàÿ õàðàêòåðèñòèêà

Òàêóþ æå çàâèñèìîñòü îò ÷àñòîòû ïîêà-
çûâàåò òàêæå îáùåå ñîïðîòèâëåíèå öåïè (ðèñ.
2), åñëè ñîïðîòèâëåíèå ýëåìåíòà âòîðîãî ïîðÿä-
êà Z2 = −w2K2, òî ñîïðîòèâëåíèå öåïè

Z = R− w2K2 = K2

(
w2

0 − w2
)
.

Åñëè òîê Im = Um

Z , òî Im = Um

K2(w2
0−w2)

, ñëåäîâà-

òåëüíî Um = −Imw2K2.
Ïîñëå ïîäñòàíîâêè Im â ýòî âûðàæåíèå íà-

ïðÿæåíèå ïðèìåò âèä

u(t) = − w2

(w2
0 − w2)

Umsinwt,

×òî ãðàôè÷åñêè èçîáðàæåíî íà ðèñ. 5.

Ðèñ. 5 � Àìïëèòóäíî-÷àñòîòíàÿ õàðàêòåðèñòèêà
íàïðÿæåíèÿ

II. Çàêëþ÷åíèå

Òàêèì îáðàçîì, èç ïðèâåä¼ííîãî ìîæíî ñäå-
ëàòü âûâîä, ÷òî ñ ïîìîùüþ ýëåìåíòà âûñøåãî
ïîðÿäêà ìîæíî ïîëó÷èòü è èññëåäîâàòü ÿâëåíèÿ
ðåçîíàíñà òîêîâ è íàïðÿæåíèé. Ïîëó÷åííûå ðå-
çóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ðàñ÷¼-
òàõ ÷àñòîòíî-çàâèñèìûõ êîíòóðîâ â ýëåêòðîòåõ-
íè÷åñêèõ óñòðîéñòâàõ, à òàêæå â ôèëüòðóþùèõ
ñèñòåìàõ.

III. Ñïèñîê ëèòåðàòóðû

1. Panzer, K. Ein Beitrag zum Entwurf von aktiven
Band�ltern mit der minimalen Anzahl von
Kondensatoren. Dissertation, TU Munchen, 1975.

2. È.È. Ïåòðîâñêèé, È.Ë. Ñâèòî. Ïðèìåíåíèå ýëåìåí-
òîâ âûñøåãî ïîðÿäêà â ôèëüòðàõ íèæíèõ è âûñøèõ
÷àñòîò. Ìàòåðèàëû ìåæäóíàðîäíîé íàó÷-íîé êîíôå-
ðåíöèè ≪ÈÒÑ-2020≫, 2020 ã., ÁÃÓÈÐ Ìèíñê, Áåëà-
ðóñü.

3. Philippow, E., Bruckner, P., Schaltungsanor-dnung
zum Erzeugung sowie zum Transformation linearer
und nichtlinearer frequenzabhandiger Zweitpole hoherer
Ordnung. Patentonnmeldung, TH Ilmenau, 1976.

4. È.È. Ïåòðîâñêèé, È.Ë. Ñâèòî, Ë.Þ.Øèëèí. Ýëåìåí-
òû âûñøåãî ïîðÿäêà â ïîëîñîâûõ ôèëüòðàõ. Ìàòå-
ðèàëû ìåæäóíàðîäíîé íàó÷íîé êîíôåðåíöèè ≪ÈÒÑ-
2021≫, 2021 ã., ÁÃÓÈÐ Ìèíñê, Áåëàðóñü.
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Ïàðàäèãìà ïðîãðàììèðîâàíèÿ, èñïîëüçóåìàÿ ïðè ðàçðàáîòêå ïðîãðàììíîãî ïðîäóêòà, îïðåäåëÿåò åãî âíóò-

ðåííþþ ñòðóêòóðó è çàâèñèò îò èñïîëüçóåìîãî ÿçûêà ïðîãðàììèðîâàíèÿ è âûáðàííîãî ðàçðàáîò÷èêàìè

ïîäõîäà ê îðãàíèçàöèè êîäà. Íî òàê ëè òåñíî êàæäûé êîíêðåòíûé ÿçûê ñâÿçàí ñ îïðåäåëåííûìè ïàðà-

äèãìàìè, ñ êîòîðûìè åãî àññîöèèðóþò, è åñòü ëè âîçìîæíîñòü ðàñøèðèòü ýòîò ñïèñîê? Â äîêëàäå

îáîáùàåòñÿ îïûò èñïîëüçîâàíèÿ ÿçûêîâ ïðîãðàììèðîâàíèÿ ñîâìåñòíî ñ ïàðàäèãìàìè, êîòîðûå íå ïîä-

äåðæèâàþòñÿ èìè íàïðÿìóþ, à òàêæå ðàññìàòðèâàåòñÿ öåëåñîîáðàçíîñòü ïðèâíåñåíèÿ â ÿçûê ñðåäñòâ

ïîääåðæêè äîïîëíèòåëüíûõ ïàðàäèãì.

Ââåäåíèå

Ñôåðà ðàçðàáîòêè ïðîãðàììíîãî îáåñïå÷å-
íèÿ íà ñîâðåìåííîì ýòàïå âåñüìà áîãàòà ðàçíîîá-
ðàçíûìè èíñòðóìåíòàìè, ïðèìåíÿþùèìèñÿ êàê
â ïðèêëàäíîì, òàê è ñèñòåìíîì ïðîãðàììèðîâà-
íèè. Ðå÷ü èäåò íå òîëüêî î âñïîìîãàòåëüíîì ïðî-
ãðàììíîì îáåñïå÷åíèè, èñïîëüçóåìîì â ïðîöåññå
ðàçðàáîòêè, íî è î ñàìèõ ÿçûêàõ ïðîãðàììèðî-
âàíèÿ è ïîääåðæèâàåìûõ èìè êîíñòðóêöèÿõ.

Êàæäûé ÿçûê ïðîãðàììèðîâàíèÿ ïðåäî-
ñòàâëÿåò ïðîãðàììèñòó, êðîìå ñëîæèâøåéñÿ âî-
êðóã íåãî ýêîñèñòåìû ðàçíîîáðàçíûõ èíñòðóìåí-
òîâ, ÿçûêîâûå ñðåäñòâà, ïîçâîëÿþùèå îïèðàòü-
ñÿ íà êîíêðåòíûå âîçìîæíîñòè ÿçûêà â ïðîöåññå
ñîçäàíèÿ ïðîãðàììíîãî îáåñïå÷åíèÿ. Ñîâîêóï-
íîñòü ïðåäîñòàâëÿåìûõ ñðåäñòâ îïðåäåëÿåò ïðè-
ðîäó ÿçûêà è ïîáóæäàåò ïðîãðàììèñòà ïèñàòü
êîä â òîì èëè èíîì ñòèëå, òî åñòü ïîçâîëÿåò ðàç-
ðàáîò÷èêó äóìàòü î ñâîåì ïðèëîæåíèè â îïðå-
äåëåííûõ êàòåãîðèÿõ. ×àñòî â òàêîì ñëó÷àå ãî-
âîðÿò î ñòèëå èëè ïàðàäèãìå ïðîãðàììèðîâà-
íèÿ, êîòîðûå ìîãóò ïîääåðæèâàòüñÿ êîíêðåòíûì
ÿçûêîì.

I. Èñïîëüçîâàíèå ïàðàäèãìû áåç ïðÿìîé
ïîääåðæêè ñðåäñòâàìè ÿçûêà

Îäíàêî íåðåäêî èç ïîëÿ çðåíèÿ èññëåäîâà-
òåëåé èñ÷åçàåò òîò ôàêò, ÷òî ïàðàäèãìà ïðîãðàì-
ìèðîâàíèÿ � ýòî, â ïåðâóþ î÷åðåäü, êàòåãîðèÿ,
îïðåäåëÿåìàÿ îòíîøåíèåì ïðîãðàììèñòà ê ñâîå-
ìó êîäó, åãî âçãëÿäîì íà ïðîãðàììó, à íå îñîáåí-
íîñòÿìè ðåàëèçàöèè òîãî èëè èíîãî ÿçûêà ïðî-
ãðàììèðîâàíèÿ.

Äëÿ èëëþñòðàöèè ýòîãî óòâåðæäåíèÿ äà-
âàéòå ðàññìîòðèì ïðàêòèêó íàïèñàíèÿ êîäà íà
ÿçûêå àññåìáëåðà. Èñõîäÿ èç íàáîðà èìåþùèõ-
ñÿ â íåì êîíñòðóêöèé, ìîæíî óòâåðæäàòü, ÷òî
ÿçûê àññåìáëåðà ïðåäïîëàãàåò âîçìîæíîñòü íà-
ïèñàíèÿ ïðîãðàìì èñêëþ÷èòåëüíî â ðàìêàõ èì-
ïåðàòèâíîé ïàðàäèãìû.

Âìåñòå ñ ýòèì, âîçìîæíîñòü îñòàâëÿòü ìåò-
êè â èñõîäíîì òåêñòå ïðîãðàììû è èõ èñïîëü-
çîâàíèå â êà÷åñòâå îïåðàíäîâ íåêîòîðûõ êî-
ìàíä ïîçâîëÿåò ïðîãðàììèñòó àáñòðàãèðîâàòüñÿ
îò ðàáîòû ñ àäðåñàìè ìàøèííûõ èíñòðóêöèé è
äàííûõ â îïåðàòèâíîé ïàìÿòè è ìûñëèòü êàòå-
ãîðèÿìè âûñîêîóðîâíåâûõ ÿçûêîâ ïðîãðàììèðî-
âàíèÿ � ïåðåìåííûìè, ñîñòàâíûìè îïåðàòîðàìè
è ò.ä.

Êðîìå òîãî, ýòîò ÿçûê íå èìååò ÿâíûõ
ñðåäñòâ ïîääåðæêè ïðîöåäóðíîãî ïðîãðàììèðî-
âàíèÿ, îäíàêî ïðàêòèêà íàïèñàíèÿ êîäà íà àñ-
ñåìáëåðå ïðåäïîëàãàåò øèðîêîå èñïîëüçîâàíèå
ïîäïðîãðàìì, êîòîðûå ìîãóò áûòü ðåàëèçîâàíû
ïîñðåäñòâîì îïåðàòîðîâ áåçóñëîâíîãî ïåðåõîäà è
ñòåêà ïðîöåññîðà.

Âñå ýòî ïîçâîëÿåò ïðîãðàììèñòó ðàçìûø-
ëÿòü î ïðîãðàììå íà áîëåå âûñîêîì óðîâíå àá-
ñòðàêöèè â êàòåãîðèÿõ ïðîöåäóðíîãî ïðîãðàì-
ìèðîâàíèÿ, à íå ìàøèííûõ êîìàíä, èñïîëíÿå-
ìûõ íåïîñðåäñòâåííî öåíòðàëüíûì ïðîöåññîðîì.
Âìåñòå ñ òåì, ýòîé âîçìîæíîñòè ÿâíî íåäîñòà-
òî÷íî, ÷òîáû îòíåñòè ÿçûê àññåìáëåðà ê ïðîöå-
äóðíîé ïàðàäèãìå, íî è óòâåðæäàòü, ÷òî ïðî-
ãðàììà íà àññåìáëåðå íå ìîæåò áûòü íàïèñàíà
â ïðîöåäóðíîì ñòèëå, èñõîäÿ èç âûøåèçëîæåí-
íîãî, ìû òîæå íå èìååì ïðàâà.

Òàêèì îáðàçîì, ìû ìîæåì ãîâîðèòü î ñâÿçè
ÿçûêà ïðîãðàììèðîâàíèÿ è íåêîòîðîé ïàðàäèã-
ìû íå òîëüêî â êàòåãîðèÿõ ¾ïîääåðæèâàåò¿, ¾íå
ïîääåðæèâàåò¿, íî è ðàñøèðèòü ýòó êëàññèôè-
êàöèþ â çàâèñèìîñòè îò ñòåïåíè ïîääåðæêè ÿçû-
êîì ðàññìàòðèâàåìîãî ñòèëÿ ïðîãðàììèðîâàíèÿ.

II. Âçàèìîñâÿçü ÿçûêà è ïàðàäèãìû

Âîçìîæíà è ñèòóàöèÿ, êîãäà ñðåäñòâà ÿçû-
êà, âîñïðåùàþò îðãàíèçàöèþ èñõîäíîãî òåêñòà
ïðîãðàììû â ñîîòâåòñòâèè ñ îïðåäåëåííîé ïàðà-
äèãìîé. Â êà÷åñòâå ïðèìåðà òàêîé ñâÿçè ìåæäó
ÿçûêîì ïðîãðàììèðîâàíèÿ è ïàðàäèãìîé ìîæ-
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íî ïðèâåñòè êëàññè÷åñêèé BASIC [1], â êîòîðîì
íåò âîçìîæíîñòè ñîçäàâàòü ëîêàëüíûå ïåðåìåí-
íûå âíóòðè ïîäïðîãðàìì, ÷òî äåëàåò íåâîçìîæ-
íûì èñïîëüçîâàíèå íåðàçðóøàþùèõ ïàðàäèãì.

Ñëåäîâàòåëüíî, ÿçûê ïðîãðàììèðîâàíèÿ
ìîæåò äåëàòü àáñîëþòíî íåâîçìîæíûì èñ-
ïîëüçîâàíèå ïàðàäèãìû ïðîãðàììèðîâàíèÿ (÷òî
âñòðå÷àåòñÿ äîâîëüíî ðåäêî), ëèáî äîïóñêàòü åå
ïðèìåíåíèå ñ ðàçíîé ñòåïåíüþ óäîáñòâà äëÿ ïðî-
ãðàììèñòà è ïðåäîñòàâëÿåìûìè ïðåèìóùåñòâà-
ìè îò åå èñïîëüçîâàíèÿ.

Ãîâîðÿ î ñâÿçè ÿçûêà ñ îïðåäåëåííîé ïà-
ðàäèãìîé ïðîãðàììèðîâàíèÿ, ñîçäàòåëü Ñ++
Áüåðí Ñòðàóñòðóï ïðèâîäèë íåêîòîðûå êðèòå-
ðèè ¾ñîâìåñòèìîñòè¿, êîòîðûå, ïðè äîëæíîì
îáîáùåíèè, ìîæíî ñâåñòè ê èäåå, ÷òî èñïîëüçóå-
ìûå äëÿ ðåàëèçàöèè îïðåäåëåííîãî ñòèëÿ êîí-
ñòðóêöèè äîëæíû áûòü åñòåñòâåííû äëÿ ÿçû-
êà è ïîääåðæèâàòüñÿ èì ïî óìîë÷àíèþ, ëèáî
áûòü êîìáèíàöèåé ïîääåðæèâàåìûõ ÿçûêîì êîí-
ñòðóêöèé, à òàêæå íå âåñòè ê âîçíèêíîâåíèþ äî-
ïîëíèòåëüíûõ ðàñõîäîâ [2�3].

Äîïóñòèìîñòü íàêëàäíûõ ðàñõîäîâ, ñâÿçàí-
íûõ ñ èñïîëüçîâàíèåì êîíñòðóêöèé ÿçûêà, ìîæ-
íî îöåíèâàòü â êîíòåêñòå êðóãà ðåøàåìûõ ïðî-
ãðàììîé çàäà÷. Òàê, ïðèëîæåíèÿ íà îòíîñèòåëü-
íî ìåäëåííûõ èíòåðïðåòèðóåìûõ ÿçûêàõ â îá-
ùåì ñëó÷àå íå ïîñòðàäàþò îò ñîçäàíèÿ äîïîë-
íèòåëüíûõ ïåðåìåííûõ èëè îáðàùåíèÿ ê ôóíê-
öèè, ñîçäàííîé äëÿ ïîâûøåíèÿ ÷èòàåìîñòè êîäà,
à âîò àíàëîãè÷íûå íàêëàäíûå ðàñõîäû äëÿ êîäà,
íàïèñàííîãî íà ÿçûêå C++, â íåêîòîðûõ ñëó÷à-
ÿõ ìîãóò îùóòèìî ñêàçàòüñÿ íà ïðîèçâîäèòåëü-
íîñòè è òåì ñàìûì íå ïîçâîëèòü ïðîãðàììèñòó
èñïîëüçîâàòü îòäåëüíûå êîíñòðóêöèè ÿçûêà.

Òàêèì îáðàçîì, äàæå ïðåäîñòàâëÿåìûå ïî
óìîë÷àíèþ ÿçûêîì ñðåäñòâà ïîääåðæêè îïðå-
äåëåííîé ïàðàäèãìû ïðîãðàììèðîâàíèÿ íå ìî-
ãóò èñïîëüçîâàòüñÿ â àáñîëþòíî ëþáîì êîíòåê-
ñòå, ÷òî ãîâîðèò î åùå áîëåå ñëàáîé ñâÿçè ìåæäó
ÿçûêîì ïðîãðàììèðîâàíèÿ è ¾ïîääåðæèâàåìû-
ìè¿ èì ïàðàäèãìàìè, à òàêæå âëèÿíèè íà ýòó
ñâÿçü è íåêîòîðûõ âíåøíèõ ïî îòíîøåíèþ ê ñè-
ñòåìå ¾ÿçûê �ïàðàäèãìà¿ ôàêòîðîâ. Ðàâíî ìîæ-
íî è óòâåðæäàòü, ÷òî êîíñòðóêöèè, íå ïðåäîñòàâ-
ëÿåìûå ÿçûêîì ïî óìîë÷àíèþ, íî ïîëó÷àåìûå
ïóòåì êîìáèíàöèè äîñòóïíûõ êîíñòðóêöèé, ìî-
ãóò ðàñøèðÿòü ñïèñîê ïîääåðæèâàåìûõ äàííûì
ÿçûêîì ïàðàäèãì ïðè äîïóñòèìîñòè ïðèâíåñåí-
íûõ â ïðîãðàììó íàêëàäíûõ ðàñõîäîâ íà èõ èñ-
ïîëüçîâàíèå.

III. Äîáàâëåíèå â ÿçûê ñðåäñòâ
ïîääåðæêè ðàçëè÷íûõ ïàðàäèãì

Îñíîâûâàÿñü íà îáùèõ òðåáîâàíèÿõ ê çàäà-
÷àì, ðåøàåìûì â îáëàñòè ïðèêëàäíîãî ïðîãðàì-
ìèðîâàíèÿ, ìîæíî ñêàçàòü, ÷òî â áîëüøèíñòâå
ñëó÷àåâ íàêëàäíûå ðàñõîäû, ñâÿçàííûå ñ ïðè-
âíåñåíèåì â ÿçûê íîâûõ êîíñòðóêöèé, áóäóò ñ÷è-
òàòüñÿ íåñóùåñòâåííûìè.

Áîëåå òîãî, â ñîâðåìåííîé ïðàêòèêå ïðî-
ìûøëåííîãî ïðîãðàììèðîâàíèÿ øèðîêî ðàñïðî-
ñòðàíåíû èíñòðóìåíòû, ðàñøèðÿþùèå âîçìîæ-
íîñòè ÿçûêà çà ñ÷åò äîáàâëåíèÿ ñðåäñòâ ïîä-
äåðæêè ðàçëè÷íûõ ïàðàäèãì ïðîãðàììèðîâà-
íèÿ. Ïðèìåðîì òàêîé ïðàêòèêè ÿâëÿåòñÿ ñîâðå-
ìåííàÿ ýêîñèñòåìà, ñëîæèâøàÿñÿ âîêðóã ÿçû-
êà ïðîãðàììèðîâàíèÿ Java, ïîëó÷èâøåãî ïðè-
çíàíèå â ò.÷. áëàãîäàðÿ ïîääåðæêå ðàçâèòûõ
ñðåäñòâ îáúåêòíî-îðèåíòèðîâàííîãî ïðîãðàììè-
ðîâàíèÿ (äàëåå � ÎÎÏ). Äå-ôàêòî, ñòàíäàðòîì
ðàçðàáîòêè ïðèëîæåíèé íà ýòîì ÿçûêå ñòàëî èñ-
ïîëüçîâàíèå ôðåéìâîðêà Spring [4], êîòîðûé íà-
âÿçûâàåò ðàçðàáîò÷èêàì íåîáõîäèìîñòü èñïîëü-
çîâàòü àííîòàöèè, ò.å. äîáàâëÿòü ìåòàèíôîðìà-
öèþ ê êîìïîíåíòàì ïðèëîæåíèÿ, êîòîðàÿ â äàëü-
íåéøåì îáðàáàòûâàåòñÿ âíóòðåííèìè ìîäóëÿìè
ôðåéìâîðêà äëÿ âûïîëíåíèÿ íåêèõ îïåðàöèé â
õîäå èñïîëíåíèÿ ïðîãðàììû.

Êîãäà ïðîãðàììèñò äëÿ çàäàíèÿ ïîâåäåíèÿ
êîìïîíåíòîâ ïðèëîæåíèÿ íå ïûòàåòñÿ åãî ïåðå-
îïðåäåëèòü ÷åðåç õàðàêòåðíûå äëÿ ÎÎÏ èíñòðó-
ìåíòû � íàñëåäîâàíèå è ïîëèìîðôèçì, à èñïîëü-
çóåò àííîòàöèè, òî îí ïåðåñòàåò äóìàòü î âçà-
èìîäåéñòâèè êîìïîíåíòîâ ñâîåãî ïðèëîæåíèÿ è
ìîäóëåé ôðåéìâîðêà â êàòåãîðèÿõ, õàðàêòåðíûõ
äëÿ ÎÎÏ. Ðå÷ü óæå èäåò î âçãëÿäå íà ïðèëî-
æåíèå ÷åðåç ïàðàäèãìó ìåòàïðîãðàììèðîâàíèÿ,
ñðåäñòâ ïîääåðæêè êîòîðîé ïî óìîë÷àíèþ Java
íå ïðåäîñòàâëÿåò. Ïðèìåð Spring ïîêàçûâàåò, íà-
ñêîëüêî óäîáíûì è ïðàêòè÷íûì ìîæåò ñòàòü
ïðèâíåñåíèå â ÿçûê ñðåäñòâ ïîääåðæêè ñëàáî
ñâÿçàííûõ ñ ÿçûêîì ïàðàäèãì è èõ ïðèìåíåíèå
äëÿ ðåøåíèÿ ñïåöèàëüíûõ çàäà÷.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, äîáàâëåíèå â ÿçûê ïðîãðàì-
ìèðîâàíèÿ ñðåäñòâ ïîääåðæêè ðàçëè÷íûõ ïàðà-
äèãì, ñïîñîáíî ðàñøèðèòü âîçìîæíîñòè ÿçûêà
è ñäåëàòü èñõîäíûé òåêñò ïðîãðàìì áîëåå ãèá-
êèì, à òàêæå ñíèçèòü òðóäîçàòðàòû íà ðàçðàáîò-
êó ñëîæíûõ ïðîãðàììíûõ ñèñòåì.

Äàííàÿ âîçìîæíîñòü îñîáåííî àêòóàëüíà
äëÿ ÿçûêîâ, øèðîêî ïðèìåíÿåìûõ ïðè ðåøå-
íèè çàäà÷ ïðèêëàäíîãî ïðîãðàììèðîâàíèÿ � C#,
Java, Python, JavaScript è äð. Îíè, â îòëè÷èå îò
óñëîâíî íèçêîóðîâíåâûõ ÿçûêîâ, ïðèìåíÿåìûõ
äëÿ ñèñòåìíîãî ïðîãðàììèðîâàíèÿ, â çíà÷èòåëü-
íî ìåíüøåé ñòåïåíè ÷óâñòâèòåëüíû ê íàêëàäíûì
ðàñõîäàì, ñâÿçàííûì ñ äîáàâëåíèåì â ÿçûê êîí-
ñòðóêöèé, íå ïîääåðæèâàåìûõ èì íàòèâíî.

1. Ñòîëÿðîâ, À. Â. Ïðîãðàììèðîâàíèå: ââåäåíèå â ïðî-
ôåññèþ. IV: Ïàðàäèãìû / À. Â. Ñòîëÿðîâ // Ìîñêâà:
ÌÀÊÑ Ïðåññ, 2020. � Ñ. 68-69.

2. Stroustrup, B. A Tour of C++ / B. Stroustrup // 2nd
ed. � Boston : Addison-Wesley. � 2018. � P. 93�98.

3. Stroustrup, B. Programming � Principles and Practice
Using C++ / B. Stroustrup // 2nd ed. � Boston :
Addison-Wesley. � 2014. � P. 806�818.

4. Snyc � JVM Ecosystem Report 2021 [Electronic
resource] / Ed. B. Vermeer. � Utrecht University M.S.,
2021. � Mode of access: https://snyk.io/jvm-ecosystem-
report-2021/. � Date of access: 03.10.2022.
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äèíàìèêè íà ïðèìåðå êîëëåêòîðíîãî äâèãàòåëÿ ïîñòîÿííîãî òîêà.

Ââåäåíèå

Êîãäà èä¼ò ðå÷ü îá îáðàòíûõ çàäà÷àõ, òî
ïîä ýòèì ïîíèìàåòñÿ çàäàíèå, ãäå òðåáóåòñÿ
îïðåäåëèòü ïðè÷èíû, åñëè èçâåñòíû ïîëó÷åí-
íûå â ðåçóëüòàòå íàáëþäåíèé ñëåäñòâèÿ. Äîâîëü-
íî ðàñïðîñòðàíåíû ñèòóàöèè, â êîòîðûõ îáú-
åêò/ïðîöåññ íåäîñòóïíû äëÿ íåïîñðåäñòâåííîãî
íàáëþäåíèÿ. Íàïðèìåð, êîãäà òðåáóåòñÿ îïðåäå-
ëèòü òåïëîôèçè÷åñêèå ïàðàìåòðû òåëà ïî èçìå-
ðåíèÿì íåêîòîðîãî òåìïåðàòóðíîãî ïîëÿ.

I. Îáùàÿ ïîñòàíîâêà çàäà÷è

Â êà÷åñòâå èçó÷àåìîãî îáúåêòà âûñòóïàåò
äèíàìè÷åñêàÿ ñèñòåìà, è ðåøåíèå ìíîãèõ ïðè-
êëàäíûõ ïðîáëåì âûçûâàåò íåîáõîäèìîñòü îïðå-
äåëåíèÿ íåèçâåñòíûõ è íåäîñòóïíûõ ïðÿìîìó èç-
ìåðåíèþ õàðàêòåðèñòèê äèíàìè÷åñêîé ñèñòåìû
(âîçìóùåíèé, ïîìåõ, óïðàâëåíèé, êîýôôèöèåí-
òîâ, ïàðàìåòðîâ) ïî èçìåðåíèÿì åå ôàçîâûõ ñî-
ñòîÿíèé [2, ñ. 101].

Îáùàÿ ïîñòàíîâêà çàäà÷è òàêîâà. Ïóñòü
èìååòñÿ îáúåêò óïðàâëåíèÿ, êîòîðûé ìîæíî îïè-
ñàòü â âèäå äèôôåðåíöèàëüíîãî óðàâíåíèÿ n-ãî
ïîðÿäêà,ïðåäñòàâëåííîãî íèæå, â êîòîðîì ïðè-
ñóòñòâóåò âîçìóùåíèå è óïðàâëÿþùèé ñèãíàë:

F (x(n), x(n−1), ... , x, ξ, t) = u (1)

Ôàçîâûå ïåðåìåííûå, îïèñûâàþùèå ñîñòîÿ-
íèå îáúåêòà óïðàâëåíèÿ, âîçìóùåíèÿ ξ è óïðàâ-
ëåíèå u çàâèñÿò îò âðåìåíè. Âûðàæåíèå (1) ìî-
æåò áûòü íåñòàöèîíàðíûì, ò.å. ïàðàìåòðû êîòî-
ðîãî ÿâíî èçìåíÿþòñÿ âî âðåìåíè, à òàêæå ñî-
äåðæàòü íåëèíåéíîñòè.

II. Ïðèíöèï ïîñòðîåíèÿ ðåãóëÿòîðà

Ïðèíöèï ïîñòðîåíèÿ ðåãóëÿòîðà çàêëþ÷à-
åòñÿ â îòðàáîòêå èçâåñòíîãî çàêîíà óïðàâëåíèÿ,
êîòîðûé îïèñûâàåòñÿ äèôôåðåíöèàëüíûì óðàâ-
íåíèåì ñ ïîðÿäêîì, íå íèæå ïîðÿäêà óðàâíåèíÿ,
îïèñûâàþùåãî îáúåêò óïðàâëåíèÿ [1, c. 238]:

f(x(m), x(m−1), ... , x, ψ, ψ(1), ..., ψ(k), t) = 0,

ãäå ψ, ψ(1), ..., ψ(k) � óïðàâëÿþùèé ñèãíàë è åãî
ïðîèçâîäíûå.

Êîëè÷åñòíî ïðîèçâîäíûõ âûáèðàåòñÿ òàê,
÷òîáû ïîëíîñòüþ îïèñàòü òðåáóåìûé çàêîí
óïðàâëåíèÿ.

III. Ïðèìåð íà îñíîâå ýëåêòðîäâèãàòåëÿ
ïîñòîÿííîãî òîêà

Ðàññìîòðèì îðãàíèçàöèþ óïðàâëåíèÿ êîë-
ëåêòîðíûì äâèãàòåëåì ïîñòîÿííîãî òîêà ñ âîç-
áóæäåíèåì îò ïîñòîÿííûõ ìàãíèòîâ. Ìåòîä îá-
ðàòíîé çàäà÷è äèíàìèêè (ÎÇÄ) áóäåò èñïîëü-
çîâàòüñÿ äëÿ êîìïåíñàöèè íåëèíåéíîñòè â óðàâ-
íåíèè äèíàìèêè äâèãàòåëÿ, òàê êàê èìååòñÿ ñó-
ùåñòâåííîå âëèÿíèå íåëèíåéíîãî âÿçêîãî òðåíèÿ
âàëà, ïðîïîðöèîíàëüíîãî êâàäðàòó ñêîðîñòè åãî
âðàùåíèÿ. Óðàâíåíèå ýëåêòðîìåõàíè÷åñêîé ñè-
ñòåìû âûãëÿäèò òàê:

ω̇ =
1

J

(
ktΦI −Bω −Dω2 −Ml

)
;

İ =
1

L
(U − keω −RI) .

Ðàçðàáîòàåì ðåãóëÿòîð ïî ìåòîäó ÎÇÄ, ÷òî-
áû äèíàìèêà îøèáêè îòðàáîòêè çàäàíèÿ ïî ñêî-
ðîñòè äâèãàòåëåì ñîîòâåòñòâîâàëà òàêîâîé äëÿ
êîëåáàòåëüíîãî çâåíà, îïèñûâàåìîãî âûðàæåíè-
åì:

T 2ω̈ + 2Tξω̇ + ω = ψ.

×òîáû ïîëó÷èòü âûðàæåíèå, îêîí÷àòåëüíî
îïèñûâàþùåå ðåãóëÿòîð, íåîáõîäèìî ñâåñòè ñè-
ñòåìó äâóõ óðàâíåíèé ïåðâîãî ïîðÿäêà ê îäíîìó
óðàâíåíèþ âòîðîãî ïîðÿäêà [1, c. 267]. Äëÿ ýòîãî
ïðîäèôôåðåíöèðóåì ïåðâîå óðàâíåíèå ñèñòåìû
ïî âðåìåíè (ñ÷èòàÿ ìîìåíò íàãðóçêè íåèçìåí-
íûì):

Jω̈ = Φİ −Bω̇ − 2Dωω̇.

Ïóò¼ì ïðåîáðàçîâàíèé ïîëó÷èì:

U =
JL

ΦKt

[(
R

L
+
B

J
− 2ξ

T

)
ω̇ +

2D

J
ωω̇

+

(
ΦKtKe+RB

JL
− 1

T 2

)
ω +

RD

JL
ω2 +

RM

JL

+
ψ

T 2
]

]
.

Ïîäàäèì íà âõîäû äâóõ äâèãàòåëåé, îäèí èç
êîòîðûõ äîïîëíåí ðåãóëÿòîðîì, ðåàëèçîâàííûì
ïî ïðèíöèïó ÎÇÄ, ñòóïåíüêó ñ àìïëèòóäîé 10
âîëüò â ñîîòâåòñòâèè ñî ñõåìîé, èçîáðàæ¼ííîé íà
ðèñóíêå 1:
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Ðèñ. 1 � Ñõåìà äëÿ èçìåðåíèÿ ðåàêöèè íà
âîçäåéñòâèå

Ðåàêöèÿ ñèñòåìû íà ñòóïåíüêó ñ àìïëèòó-
äîé 10 âîëüò èçîáðàæåíà íà ðèñóíêå 2:

Ðèñ. 2 � Ðåàêöèÿ íà ñòóïåíüêó ñ àìïëèòóäîé 10
âîëüò

Òåïåðü ñðàâíèì äâà äâèãàòåëÿ ñ ÏÈÄ-
ðåãóëÿòîðàìè, ñòðóêòóðíàÿ ñõåìà êîòîðûõ ïðè-
âåäåíà íà ðèñóíêå 3:

Ðèñ. 3 � Ñòðóêòóðíàÿ ñõåìà äâèãàòåëåé ñ
ÏÈÄ-ðåãóëÿòîðàìè

Ðåàêöèÿ ñèñòåìû íà ñòóïåíüêó ñ àìïëèòó-
äîé â 10 âîëüò èçîáðàæåíà íà ðèñóíêå 4:

Ðèñ. 4 � Ðåàêöèÿ íà ñòóïåíüêó ñ àìïëèòóäîé â 10
âîëüò

Â ïåðâîì ñëó÷àå (Ðèñ. 2), âèäíà íåëèíåéíàÿ
çàâèñèìîñòü ïîêàçàòåëÿ êîëåáàòåëüíîñòè ñêîð-
ðåêòèðîâàííîé ñèñòåìû îò àìïëèòóäû âõîäíîãî
ñèãíàëà.

Âî âòîðîì ñëó÷àå (Ðèñ. 4) âèäíî, ÷òî áëàãî-
äàðÿ ÏÈÄ-ðåãóëÿòîðó, ïîñòðîåííîìó ïî ìåòîäó
ÎÇÄ, ðåàêöèÿ ñèñòåìû íà ñòóïåí÷àòûé óïðàâ-
ëÿþùèé ñèãíàë óñêîðèëàñü, ÷åãî íå óäàëîñü äî-
ñòè÷ü ïðèìåíåíèåì îáû÷íîãî ÏÈÄ-ðåãóëÿòîðà
èç-çà èìåþùåéñÿ â îáúåêòå óïðàâëåíèÿ íåëèíåé-
íîñòè.

IV. Âûâîäû

Â ñòàòüå áûë ðàññìîòðåí ìåòîä, ïîçâîëÿþ-
ùèé ïîñòðîèòü ðåãóëÿòîð äëÿ óïðàâëåíèÿ íåëè-
íåéíûìè ñèñòåìàìè, ÷òî áûëî ðàññìîòðåíî íà
ïðèìåðå óïðàâëåíèÿ äâèãàòåëåì ïîñòîÿííîãî òî-
êà.

Îñíîâíûå ïðåèìóùåñòâà ýòîãî ìåòîäà: ïðî-
ñòîòà ðåàëèçàöèè òðåáóåìîãî çàêîíà óïðàâëåíèÿ,
âîçìîæíîñòü óïðàâëåíèÿ íåëèíåéíûìè è íåñòà-
öèîíàðíûìèñèñòåìàìè.

Íåäîñòàòêè ìåòîäà: íåîáõîäèìîñòü çíàíèÿ
âñåãî âåêòîðà ñîñòîÿíèÿ óïðàâëÿåìîé ñèñòåìû
(äëÿ ÷åãî ìîãóò ïîòðåáîâàòüñÿ îïåðàöèè äèô-
ôåðåíöèðîâàíèÿ, ôèëüòðàöèè), íåîáõîäèìîñòü
äîñòàòî÷íî òî÷íîé èäåíòèôèêàöèè ïàðàìåòðîâ
óïðàâëÿåìîé ñèñòåìû, ÷òî ìîæåò ñíèçèòü ðî-
áàñòíîñòü, íåîáõîäèìîñòü èññëåäîâàíèÿ ñèñòåìû
íà íåóñòîé÷èâîñòü.
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Ìèíñê, Ðåñïóáëèêà Áåëàðóñü

E-mail: shabanovich.r.a@gmail.com

Â äîêëàäå ðàññìîòðåíû âèäû ýíåðãîïîòåðü â ýëåêòðîòðàíñïîðòå, à òàêæå ïîäõîäû ïî èõ ìèíèìèçàöèè.

Ââåäåíèå

Â ñâÿçè ñ óâåëè÷åíèåì ñïðîñà íà òðàíñ-
ïîðò ñ ýëåêòðè÷åñêèì ïðèâîäîì, ðàñò¼ò
ñïðîñ íà óëó÷øåíèå åãî õîäîâûõ õàðàêòåðè-
ñòèê, â ÷àñòíîñòè çàïàñ õîäà. Äëÿ ðåøåíèÿ
çàäà÷è ìîæíî óëó÷øàòü ìåõàíè÷åñêèå, ýëåê-
òðîííûå è ïðîãðàììíûå êîìïîíåíòû. Òàêæå
èõ ìîæíî ðàçäåëèòü íà 2 ãðóïïû çàâèñèìûå
è íåçàâèñèìûå îò ïðîèçâîäèòåëÿ. Ïðè ïðî-
åêòèðîâàíèè íåîáõîäèìî ó÷èòûâàòü âñå âîç-
ìîæíûå ïîòåðè, çàâèñèìûå îò ïðîèçâîäèòå-
ëÿ, à òàêæå íåîáõîäèìî ó÷èòûâàòü êëèìà-
òè÷åñêèå è ðåëüôíûå îñîáåííîñòè ïðîæèâà-
íèÿ ïîëüçîâàòàëåé è èõ âîçìîæíûå ñöåíà-
ðèè èñïîëüçîâàíèÿ. Âñå ïîòåðè ðàññìîòðåíû
íà ïðèìåðå ýëåêòðîâåëîñèïåäà, íî ïðèìåíè-
ìî êî âñåì âèäàì ýëåêòðîòàíñïîðòà.

I. Âèäû ýíåðãåòè÷åñêèõ ïîòåðü

Ýíåðãåòè÷åñêèå ïîòåðè ìîãóò áûòü çà-
ëîæåíû óæå íà ñòàäèè ïðîèçâîäñòâà: ïëîõàÿ
êîìïîíåíòàÿ áàçà, áîëüøîé âåñ êîíñòðóê-
öèè èç-çà íåïðàâèëüíî ïîäîáðàííûõ ìàòåðè-
àëîâ è ëèøíèõ ýëåìåíòîâ, íåïðàâèëüíîå ðàñ-
ïðåäåëåíèå âåñà, ïëîõàÿ æ¼ñòêîñòü ïîäâåñ-
êè ïðè å¼ íàëè÷èè, íåñîîòâåñòâóþùàÿ êîí-
ñòðóêöèè çàëîæåííàÿ ìîùíîñòü, îòñóòñòâèå
ïðîäâèíóòûõ àëãîðèòìîâ óïðàâëåíèÿ äâèãà-
òåëåì. Êëèìàòè÷åñêèå è ðåëüåôíûå îñîáåí-
íîñòè ìåñòíîñòè, à òàêæå âîçìîæíûå ñöåíà-
ðèè èñïîëüçîâàíèÿ ïîëüçîâàòåëåì óæå íå çà-
âèñÿò îò ïðîèçâîäèòåëÿ, íî áîëüøèíñòâî èç
íèõ òàêæå ìîæíî ó÷åñòü ïðè ïðîåêòèðîâà-
íèè è ïðîèçâîäñòâå.

II. Ñïîñîáû óìåíüøåíèÿ ýíåðãîïîòåðü

Ïðîèçâîäèòåëü ìîæåò èñïîëüçîâàòü
êîìïîíåíòû ñ âûñîêèì êîýôôèöèåíòîì ïî-
ëåçíîãî äåéñòâèÿ, ñäåëàòü âåñ òðàíñïîðòà
ìèíèìàëüíî âîçìîæíûì, íàïðèìåð, èñïîëü-
çîâàòü àëþìèíèé, òèòàí èëè êàðáîí âìåñòî
ñòàëè, ñòðîãèé äèçàéí áåç ëèøíèõ äåòàëåé,
óâåëè÷èâàþùèõ âåñ, áîëåå ëåãêèå êîë¼ñíûå
øèíû, îïòèìàëüíûé ïî ìîùíîñòè äâèãà-
òåëü. Òàêæå íåîáõîäèìî ãðàìîòíî ðàñïðåäå-
ëÿòü âåñ, ó÷èòûâàÿ âîçìîæíûé âåñ âîäèòåëÿ,
èñïîëüçîâàòü ãðàìîòíóþ ïîäâåñêó äëÿ ñî-

õðàíåíèÿ æ¼ñòêîñòè êîíñòðóêöèè, ïðè ýòîì
ñîõðàíÿòü äîñòàòî÷íóþ ìÿãêîñòü äëÿ êîì-
ôîðòíîé åçäû. Ïðè ïðîåêòèðîâàíèè ïëàò-
ôîðìû òðàíñïîðòà íåîáõîäèìî ó÷èòûâàòü
ïàññèâíîå îõëàæäåíèå äëÿ âñåõ êîìïîíåí-
òîâ ïðîâîäÿùèõ ýëåêòðè÷åñêèé òîê, âêëþ-
÷àÿ ïðîâîäêó è ýëåêòðîäâèãàòåëü, òàê êàê
ïðè èõ íàãðåâå óâåëè÷èâàåòñÿ ñîïðîòèâëå-
íèå, ñîîòâåòñòâåííî ñíèæàåòñÿ êîýôôèöèåíò
ïîëåçíîãî äåéñòâèÿ âñåé ñèñòåìû è èõ ðàáî-
÷èé ðåñóðñ. Èñïîëüçîâàíèå ñèñòåìû êëèìàòà
äëÿ ïîääåðæàíèÿ îïòèìàëüíîé òåìïåðàòó-
ðû áàòàðåè, ïðè êîòîðîé áóäåò ìàêñèìàëü-
íàÿ îòäà÷à ¼ìêîñòè è å¼ íàáîð ïðè çàðÿä-
êå ïðè ìèíèìàëüíûõ âðåìåííûõ çàòðàòàõ
- íàãðåâà è îõëàæäåíèå, êîãäà ýòî íåîáõî-
äèìî, à òàêæå äëÿ ñîõðàíåíèÿ ðåñóðñà áà-
òàðåè. Îãðàíè÷åíèå ìàêñèìàëüíîé ñêîðîñòè
íà æåëåçíîì è ïðîãðàììíîì óðîâíå. Èñïîëü-
çîâàíèå êà÷åñòâåííûõ ìåõàíè÷åñêèõ êîìïî-
íåíòîâ, äëÿ ìèíèìèçàöèè òðåíèÿ äâèæóùèõ
êîìïîíåíòîâ. Èñïîëüçîâàíèå ðåêóïåðàöèè
äëÿ ïðåâðàùåíèÿ ìåõàíè÷åñêîé ýíåðãèè â
ýëåêòðè÷åñêóþ ïðè òîðìîæåíèè è äëÿ ìè-
íèìèçàöèè ñòèðàíèÿ òîðìîçíûõ êîëîäîê è
êîë¼ñíûõ øèí. Òàêæå âîçìîæíî èñïîëüçî-
âàíèå ñèíõðîíèçàöèè ñî ñâåòîôîðàìè äëÿ
èçáåãàíèÿ ëèøíåãî ðàçãîíà è èñïîëüçîâà-
íèÿ íàêàòà, íî äëÿ ýòîãî óæå íåîáõîäèìî
äîïîëíèòåëüíîå ïðîãðàììíîå îáåñïå÷åíèå.
Ìîäóëüíîñòü àêêóìóëÿòîðà � äëÿ äàëüíèõ
ïîåçäîê, åæåäíåâíûõ ïîåçäîê ïî ãîðîäó è
ïîåçäîê ñ ïîâûøåííîé íàãðóçêîé. Àêêóìó-
ëÿòîð ìîæåò çàíèìàòü îò 20 äî 70 ïðîöåíòîâ
âåñà ýëåêòðîòðàíñïîðòà. Íàïðèìåð, 20 ïðî-
öåíòîâ õîðîøî ïîäõîäèò äëÿ åæåäíåâíûõ
ïîåçäîê - çàïàñ õîäà 50-100 êèëîìåòðîâ è �
70 ïðîöåíòîâ äëÿ äàëüíèõ ïîåçäîê, ãäå çà-
ïàñ õîäà ìîæåò ñîñòàâëÿòü âïëîòü äî 500
êèëîìåòðîâ èëè ìàêñèìàëüíîé ñêîðîñòè äëÿ
áûñòðîãî ïåðåìåùåíèÿ íà ìåíåå äëèííûå äè-
ñòàíöèè. Äëÿ ðåøåíèÿ ìîæåò ïîíàäîáèòüñÿ
ïðèëîæåíèå äëÿ ðàñ÷¼òà ïîåçäêè.

III. Âûâîäû

Ïðåäëàãàåìûå îïòèìèçàöèè ïîìîãàþò
ìèíèìèçèðîâàòü ïîòåðè íå ñâÿçàííûå ñ ïðå-
îäîëåíèåì ïóòè, ïîâûñèòü ýôôåêòèâíîñòü
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èñïîëüçîâàíèÿ àêêóìóëÿòîðíîé áàòàðåè, ïî-
âûñèòü óðîâåíü êîìôîðòà áëàãîäàðÿ ãðàìîò-
íîìó àëãîðèòìó óïðàâëåíèÿ, â îáùåì óëó÷-
øèòü îïûò âçàèìîäåéñòâèÿ ñ ýëåêòðîòðàíñ-
ïîðòîì, ÷òî ïðèâåä¼ò ê ïîïóëÿðèçàöèè ýëåê-
òðîòðàíñïîðòà.

IV. Ñïèñîê ëèòåðàòóðû

1. Ýíåðãîýôôåêòèâíîñòü è ýíåðãåòè÷åñêèé ìåíåäæ-
ìåíò / Ò. Õ. Ãóëáðàíäñåí, Ë. Ï. Ïàäàëêî, Â. Ë. ×åð-
âèíñêèé. � Ìèíñê : ÁÃÀÒÓ, 2010. � 240 ñ.

46
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ÏÐÎÃÐÀÌÌÍÎÃÎ ÎÁÅÑÏÅ×ÅÍÈß

Æäàíîâè÷ Ò. Þ., Çàõàðüåâ Â. À.
Êàôåäðà ñèñòåì óïðàâëåíèÿ,

Áåëîðóññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò èíôîðìàòèêè è ðàäèîýëåêòîðîíèêè

Ìèíñê, Ðåñïóáëèêà Áåëàðóñü

E-mail: zhdanovichtanya02@gmail.com, zahariev@bsuir.by

Â äàííîì äîêëàäå áóäåò ðàññìîòðåí âîïðîñ î òåñòèðîâàíèè ïðîãðàììíîãî îáåñïå÷åíèÿ, à â ÷àñòíîñòè

òåñòèðîâàíèå þçàáèëèòè. Ïðèâåäåíû îñíîâíûå ìåòîäèêè,ïî êîòîðûì äàííîå òåñòèðîâàíèå ìîæåò ïðî-

âîäèòüñÿ. Ïîíÿòèå àâòîìàòèçàöèè òåñòèðîâàíèÿ, à òàêæå ñðàâíåíèå ìåæäó ìàíóëüíûì è àâòîìàòè-

çèðîâàííûì òåñòèðîâàíèåì äëÿ òåñòèðîâàíèÿ þçàáèëèòè.

Ââåäåíèå

Áîëüøèíñòâî ïðîãðàìì, â òîì ÷èñëå âåáñàé-
òîâ, ñëèøêîì ñëîæíû äëÿ èñïîëüçîâàíèÿ. Ýòîò
âûâîä ñëåäóåò èç ðåçóëüòàòîâ òåñòèðîâàíèÿ óäîá-
ñòâà èñïîëüçîâàíèÿ ïðîãðàììíîãî îáåñïå÷åíèÿ,
ïðàêòè÷åñêèõ íàáëþäåíèé è ëè÷íîãî îïûòà ïðî-
åêòèðîâùèêîâ ÏÎ. Àêòóàëüíîñòü òåñòèðîâàíèÿ
ýðãîíîìè÷åñêèõ ñâîéñòâ ïîëüçîâàòåëüñêîãî èí-
òåðôåéñà (ÏÈ) ìîáèëüíûõ ïðèëîæåíèé î÷åâèä-
íà, òàê êàê áåç òåñòèðîâàíèÿ íà ñòåïåíü óäîá-
ñòâà â èñïîëüçîâàíèè ïðèëîæåíèå íå áóäåò ïîëü-
çîâàòüñÿ ïîïóëÿðíîñòüþ ó ïîëüçîâàòåëåé è ïî-
âëå÷åò êîììåð÷åñêèé ïðîâàë. Öåëüþ äèïëîìíîãî
ïðîåêòà ÿâëÿåòñÿ èçó÷åíèå âèäîâ è îñîáåííîñòåé
òåñòèðîâàíèÿ, âûÿâëåíèå ñèëüíûõ è ñëàáûõ ýëå-
ìåíòîâ â èíòåðôåéñå è åãî óëó÷øåíèå â õîäå ïðî-
öåññà ðàçðàáîòêè. Îáúåêòîì äàííîãî òåñòèðîâà-
íèÿ ÿâëÿåòñÿ âåá-ïðèëîæåíèå. Îñíîâíûìè çàäà-
÷àìè ÿâëÿþòñÿ:

� èçó÷åíèå òðåáîâàíèé ïîëüçîâàòåëüñêîãî
èíòåðôåéñà;

� èçó÷åíèå ñóùåñòâóþùèõ ñïîñîáîâ òåñòèðî-
âàíèÿ;

� âëèÿíèå âíåäðåíèÿ òåñòèðîâàíèÿ ïîëüçîâà-
òåëüñêîãî èíòåðôåéñà íà êîíâåðñèþ ïîñå-
òèòåëåé âåá-ïðèëîæåíèÿ.

I. Îñíîâíûå êðèòåðèè þçàáèëèòè
òåñòèðîâàíèÿ

Òåñòèðîâàíèå ÏÎ � ïðîâåðêà ñîîòâåòñòâèÿ
ìåæäó ðåàëüíûì ïîâåäåíèåì ïðîãðàììû è å¼
îæèäàåìûì ïîâåäåíèåì íà êîíå÷íîì íàáîðå òå-
ñòîâ, âûïîëíåííûõ îïðåäåë¼ííûì îáðàçîì.[1]
Òåñòèðîâàíèå ïîëüçîâàòåëüñêîãî èíòåôåéñà îä-
íîçíà÷íî ÿâëÿåòñÿ îäíèì èç ñàìûõ ïðèîðèòåò-
íûõ êîìïîìåíòîâ òåñòèðîâàíèÿ. Êà÷åñòâî èíòåð-
ôåéñà ìîæíî îöåíèòü ïî òðåì îñíîâíûì êðèòå-
ðèÿì[2], ê êîòîðûì ìîæíî ïðèìåíèòü êîëè÷å-
ñòâåííîå èçìåðåíèå: � ìèíèìàëüíîå âðåìÿ äîñòè-
æåíèÿ ïîñòàâëåííûõ öåëåé; � ìèíèìàëüíîå ÷èñ-
ëî äåéñòâèé, ñîâåðøåííûõ ïîëüçîâàòåëåì, äëÿ
äîñòèæåíèÿ öåëè; � ðàçíèöà ìåæäó îæèäàåìûì
è ïîëó÷åííûì â ðåçóëüòàòå âçàèìîäåéñòâèÿ ðå-
çóëüòàòîì. Ñîãëàñíî Äîíàëüäó Íîðìàíó, âçàèìî-

äåéñòâèå ïîëüçîâàòåëÿ ñ ëþáîé ñèñòåìîé ìîæíî
ðàçäåëèòü íà ÷åòûðå øàãà:

1. Ñòàäèÿ ïëàíèðîâàíèÿ.
2. Ñòàäèÿ òðàíñëÿöèè.
3. Ñòàäèÿ ôèçè÷åñêîãî äåéñòâèÿ.
4. Ñòàäèÿ îöåíêè ñîñòîÿíèÿ.

Ñîãëàñíî ñòàíäàðòó ÈÑÎ 9241-11, þçàáè-
ëèòè � ýòî ñòåïåíü, ñ êîòîðîé ïðîäóêò ìîæåò
áûòü èñïîëüçîâàí îïðåäåëåííûìè ïîëüçîâàòåëÿ-
ìè ïðè îïðåäåëåííîì êîíòåêñòå èñïîëüçîâàíèÿ
äëÿ äîñòèæåíèÿ îïðåäåëåííûõ öåëåé ñ äîëæíîé
ýôôåêòèâíîñòüþ, ïðîäóêòèâíîñòüþ è óäîâëåòâî-
ðåííîñòüþ.[3] Þçàáèëèòè èìååò ìíîãî êîìïîíåí-
òîâ è ñâÿçàíî ñ ïðèçíàêàìè:

� îáó÷àåìîñòü;
� ýôôåêòèâíîñòü;
� çàïîìèíàåìîñòü;
� îøèáêè;
� óäîâëåòâîðåííîñòü.

Äëÿ òîãî ÷òîáû îöåíèòü ýòè ïàðàìåòðû,
ïðîâîäèòñÿ þçàáèëèòè-òåñòèðîâàíèå. Ýòî íàáîð
ìåòîäîâ è èíñòðóìåíòîâ, êîòîðûå ïîçâîëÿþò
îïðåäåëèòü, óäîáåí è ïîíÿòåí ëè îáúåêò òåñòè-
ðîâàíèÿ äëÿ ïðåäïîëàãàåìîãî ïðèìåíåíèÿ. Òå-
ñòèðîâàíèå îñíîâûâàåòñÿ íà ïðèâëå÷åíèè ïîëü-
çîâàòåëåé äëÿ îöåíêè óðîâíÿ ðåàëèçàöèè ïîëü-
çîâàòåëüñêèõ ñâîéñòâ ïðîäóêòà Óäîáíûé ïîëüçî-
âàòåëüñêèé èíòåðôåéñ ìîæåò ïîâûñèòü ïðîñòî-
òó îáó÷åíèÿ, ëåãêîñòü èñïîëüçîâàíèÿ, óäîâëåòâî-
ðåííîñòü ðàáîòîé è äîâåðèå ê ïðîäóêòó

II. Àâòîìàòèçàöèÿ òåñòèðîâàíèÿ

Àâòîìàòèçèðîâàííîå òåñòèðîâàíèå ïðî-
ãðàììíîãî îáåñïå÷åíèÿ � ýòî ïðîöåññ âåðèôèêà-
öèè ïðîãðàììíîãî îáåñïå÷åíèÿ, ïðè êîòîðîì îñ-
íîâíûå ôóíêöèè è øàãè òåñòà, òàêèå êàê çàïóñê,
èíèöèàëèçàöèÿ, âûïîëíåíèå, àíàëèç è âûäà÷à
ðåçóëüòàòà, âûïîëíÿþòñÿ àâòîìàòè÷åñêè ïðè ïî-
ìîùè èíñòðóìåíòîâ äëÿ àâòîìàòèçèðîâàííîãî
òåñòèðîâàíèÿ.[4] Ïëþñû àâòîìàòèçèðîâàííîãî
òåñòèðîâàíèÿ:

� àâòîìàòè÷åñêîå òåñòèðîâàíèå ïîìîæåò âàì
íàéòè áîëüøå îøèáîê ïî ñðàâíåíèþ ñ
÷åëîâåêîì-òåñòèðîâùèêîì;
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� ïîñêîëüêó áîëüøàÿ ÷àñòü ïðîöåññà òåñòè-
ðîâàíèÿ àâòîìàòèçèðîâàíà, âû ìîæåòå ïî-
ëó÷èòü áûñòðûé è ýôôåêòèâíûé ïðîöåññ;

� àâòîìàòèçèðîâàííîå òåñòèðîâàíèå ïðî-
âîäèòñÿ ñ èñïîëüçîâàíèåì ïðîãðàììíûõ
ñðåäñòâ, ïîýòîìó îíî ðàáîòàåò áåç óòîìëå-
íèÿ è óñòàëîñòè â îòëè÷èå îò ëþäåé ïðè
ðó÷íîì òåñòèðîâàíèè;

� àâòîìàòèçèðîâàííîå òåñòèðîâàíèå ïîääåð-
æèâàåò ðàçëè÷íûå ïðèëîæåíèÿ;

� îõâàò òåñòèðîâàíèåì ìîæåò áûòü óâåëè÷åí,
ïîòîìó ÷òî èíñòðóìåíò òåñòèðîâàíèÿ àâòî-
ìàòèçàöèè íèêîãäà íå çàáûâàåò ïðîâåðÿòü
äàæå ñàìûé ìàëåíüêèé áëîê.

Óñëîâíî, òåñòèðóåìîå ïðèëîæåíèå ìîæíî
ðàçáèòü íà 3 óðîâíÿ:

� óðîâåíü ìîäóëüíîãî òåñòèðîâàíèÿ;
� óðîâåíü ôóíêöèîíàëüíîãî òåñòèðîâàíèÿ;
� óðîâåíü òåñòèðîâàíèÿ ÷åðåç ïîëüçîâàòåëü-
ñêèé èíòåðôåéñ.

Äëÿ îáåñïå÷åíèÿ ëó÷øåãî êà÷åñòâà ïðîäóê-
òà, ðåêîìåíäóåòñÿ àâòîìàòèçèðîâàòü âñå 3 óðîâ-
íÿ. Ðàññìîòðèì áîëåå äåòàëüíî ñòðàòåãèþ Õî-
÷åòñÿ îòìåòèòü, ÷òî öåëüþ àâòîìàòèçàöèè ÿâëÿ-
åòñÿ ïîâûøåíèå ýôôåêòèâíîñòè ïðîöåññà òåñòè-
ðîâàíèÿ çà ñ÷åò âûñâîáîæäåíèÿ ñïåöèàëèñòîâ è,
ñëåäîâàòåëüíî, óìåíüøåíèÿ çàòðàò.

III. Ìåòîäèêè òåñòèðîâàíèÿ þçàáèëèòè

Ñóùåñòâóåò íåñêîëüêî ìåòîäèê òåñòèðîâà-
íèÿ þçàáèëèòè[1]:

� íåôîðìàëüíûå ñåàíñû îáðàòíîé ñâÿçè;
� êîðèäîðíîå òåñòèðîâàíèå;
� ìîäåðèðóåìîå óäàëåííîå òåñòèðîâàíèå;
� íåìîäåðèðóåìîå óäàëåííîå òåñòèðîâàíèå;
� ýêñïåðòíàÿ îöåíêà;
� À/Â òåñòèðîâàíèå.

Îñíîâíûì äîñòîèíñòâîì äàííûõ ìåòîäèê
òåñòèðîâàíèÿ ÿâëÿåòñÿ òî, ÷òî îíè ìîãóò áûòü
èñïîëüçîâàíû ïåðåêðåñòíî. Ñàìûì ïåðâûì ýòà-
ïîì â îöåíêå ïðàâèëüíîñòè ðàçðàáîòêè áóäåò ÿâ-
ëÿòüñÿ îöåíêà èìåííî ïîñëå íåôîðìàëüíîãî òå-
ñòèðîâàíèÿ. Åñëè çàêàç÷èê ñìîæåò ñ äîñòàòî÷-
íîé ëåãêîñòüþ ïîëüçîâàòüñÿ íàøèì ïðèëîæåíè-
åì ïðè íåôîðìàëüíîì ñåàíñå îáðàòíîé ñâÿçè,
ñëåäîâàòåëüíî òåñòèðîâàíèå ñ ïîìîùüþ ìåòî-
äèêè íåôîðìàëüíîãî îáùåíèÿ ïðîøëî óñïåøíî.
Âòîðîé ìåòîäèêîé âûáðàíà ìåòîäèêà ìîäåðèðó-
åìîé óäàëåííîé ñèñòåìû. Íàø çàêàç÷èê ìîæåò
ïîäêëþ÷èòüñÿ óäàëåííî ê îáùåìó ðàáî÷åìó ñòî-
ëó, ãäå ìîæíî íàáëþäàòü â äàëüíåéøåì çà ðå-
çóëüòàòîì òåñòèðîâàíèÿ.

Ðèñ. 1 � Ñîîòíîøåíèå òðóäîçàòðàò è ñòîèìîñòè ïðè
ðó÷íîì è àâòîìàòèçèðîâàííîì òåñòèðîâàíèè

Òðåòüÿ ìåòîäèêà � A/B òåñòèðîâàíèå. Äàí-
íàÿ ïðîâåðêà ïîìîãàåò çàêàç÷èêó, à òàêæå ðàç-
ðàáîò÷èêàì ïðîåêòà ïîíÿòü, íàñêîëüêî óìåñòíû
íîâûå èçìåíåíèÿ èëè åñòü ñìûñë âåðíóòüñÿ ê
ïðåäûäóùåé âåðñèè äëÿ íîâûõ èçìåíåíèé. Åñ-
ëè èñïîëüçîâàòü âñå òðè ìåòîäèêè òåñòèðîâàíèÿ
þçàáèëèòè ïîñëåäîâàòåëüíî, òî ðåçóëüòàò áóäåò
íàìíîãî óñïåøíåå. Âåäü, íà÷èíàÿ ñ ïåðâîãî ýòà-
ïà, ïðîäóêò ïðîâåðÿåòñÿ ïîâåðõíîñòíî. Ïåðåõî-
äÿ ê ïîñëåäóþùèì äâóì ìåòîäèêàì, ïðîèñõîäèò
óãëóáëåíèå â ïðîäóêò, à òåì ñàìûì íàõîäÿòñÿ çà-
òåðÿííûå îøèáêè, êîòîðûå ðàçðàáîò÷èêè óñïåþò
èñïðàâèòü äî âûõîäà ïðîäóêòà â ðåëèç.

IV. Âûâîäû

Îäíèì èç ãëàâíûõ ïðåâîñõîäñòâ àâòîìàòè-
çèðîâàííîãî òåñòèðîâàíèÿ íàä ðó÷íûì òåñòèðî-
âàíèå ÿâëÿåòñÿ èñêëþ÷åíèå ÷åëîâå÷åñêîãî ôàê-
òîðà. Äà, ëþäÿì ñâîéñòâåííî îøèáàòüñÿ, ïîýòî-
ìó è ïðè ïðîâåäåíèè ìàíóàëüíûõ ïðîâåðîê íåêî-
òîðûå áàãè ìîãóò óñêîëüçàòü îò ãëàç òåñòèðîâ-
ùèêîâ. Òàêæå áîëüøèì ïëþñîì ÿâëÿåòñÿ òî, ÷òî
ñèñòåìà íå óñòàåò. ñàì ïðîöåññ ìàíóàëüíîãî òå-
ñòèðîâàíèÿ ÿâëÿåòñÿ äîñòàòî÷íî äîëãèì è òðó-
äîçàòðàòíûì. ×òî êàñàåòñÿ òåñòèðîâàíèÿ ýðãî-
íîìè÷åñêèõ ïîêàçàòåëåé, ñ÷èòàåòñÿ, ÷òî ëó÷øå
òåñòèðîâàòü âðó÷íóþ. Íî, åñëè ïðàâèëüíî ïðîâî-
äèòü àâòîìàòèçàöèþ, òî ìîæíî íå òîëüêî óëó÷-
øèòü ñàì ïðîäóêò ïî ïàðàìåòðàì äëÿ óäîáñòâà
èñïîëüçîâàíèÿ, íî è ñîêðàòèòü âîçäåéñòâèÿ ÷å-
ëîâå÷åñêîãî ôàêòîðà, ÷òîáû óéòè îò íåíóæíûõ
è ñëó÷àéíûõ îøèáîê ÷åëîâåêà.
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Àõàïêèíà À. Ì.
Êàôåäðà âû÷èñëèòåëüíûõ ìåòîäîâ è ïðîãðàììèðîâàíèÿ, Áåëîðóññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò

èíôîðìàòèêè è ðàäèîýëåêòîðîíèêè

Ìèíñê, Ðåñïóáëèêà Áåëàðóñü

E-mail: anastasia.akhapkina2018@gmail.com

Â ýòîé ñòàòüå ïðèâîäÿòñÿ ôóíêöèè øèôðîâàíèÿ è äåøèôðîâàíèÿ ôàéëîâ è äèðåêòîðèé êîìïüþòåðà,

êîòîðûå ðåàëèçîâàíû ñ ïîìîùüþ ñïåöèàëèçèðîâàííûõ áèáëèîòåê è ñîäåðæàùèõñÿ â íèõ ìîäóëåé íà ÿçû-

êå ïðîãðàììèðîâàíèÿ Python. Ïîñëå êàæäîé ôóíêöèè ïðèâåäåí ðåçóëüòàò âûïîëíåíèÿ îïåðàöèè â âèäå

ñêðèíøîòîâ "Äî-ïîñëå".

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ áîëüøèíñòâî êîììóíè-
êàöèé, êîòîðûå ìû ïðîâîäèì íà ëè÷íîì è äåëî-
âîì óðîâíÿõ, îñóùåñòâëÿþòñÿ îíëàéí ñ ïîìîùüþ
ñìàðòôîíîâ, ïëàíøåòîâ è êîìïüþòåðîâ. Â ñâÿ-
çè ñ ÷åì ñóùåñòâóåò ìíîæåñòâî îïàñíîñòåé äëÿ
ïîëüçîâàòåëåé äàííûõ, áóäü òî âçëîì èëè ïîòåðÿ
òåëåôîíà, êðàæà ëè÷íûõ àðõèâîâ, ôîòîãðàôèé,
íîìåðîâ áàíêîâñêèõ êàðò èëè êàêîé-ëèáî äðó-
ãîé èíòåëëåêòóàëüíîé ñîáñòâåííîñòè. Øèôðîâà-
íèå ôàéëîâ è æåñòêèõ äèñêîâ ïîìîãàåò ïîëüçî-
âàòåëÿì çàùèòèòü äàííûå è èõ êîíôèäåíöèàëü-
íîñòü âî âðåìÿ ïåðåäà÷è ñîîáùåíèé èëè ôàéëîâ,
èëè ïðè èõ õðàíåíèè íà óñòðîéñòâå. Øèôðîâà-
íèå äàåò óâåðåííîñòü â òîì, ÷òî äàííûå íå áó-
äóò ïåðåõâà÷åíû ïðè èõ ïåðåäà÷å, à ñîõðàíåí-
íûå ôàéëû íå ïîïàäóò â ÷óæèå ðóêè, äàæå åñëè
óñòðîéñòâî, íà êîòîðîì îíè õðàíÿòñÿ, ïîòåðÿíî
èëè óêðàäåíî.

I. Øèôðîâàíèå íà Python

Python-âûñîêîóðîâíåâûé ÿçûê ïðîãðàììè-
ðîâàíèå. Áîëüøèíñòâî çàäà÷ ðåøàåòñÿ çà ñ÷åò ñâ-
òðîåííûõ ìîäóëåé áèáëèîòåê. Îäíàêî, åñëè ñòî-
èò çàäà÷à, ñâÿçàííàÿ ñ êðèïòîãðàôè÷åñêèìè ìå-
òîäàìè, òî Python ïðåäîñòàâëÿåò íàì ìíîæå-
ñòâî áèáëèîòåê, êîòîðûå â òîé èëè èíîé ñòå-
ïåíè ïîçâîëÿþò ðåøàòü êðèïòîãðàôè÷åñêèå çà-
äà÷è. Â íàøåì ñëó÷àè, äëÿ øèôðîâàíèÿ ôàé-
ëîâ è äèðåêòîðèé íà ÿçûêå ïðîãðàììèðîâàíèÿ
Python âîñïîëüçóåìñÿ áèáëèîòåêè pyAesCrypt.
Çà ñ÷åò âñòðîåííîãî â äàííóþ áèáëèîòåêó ìåòî-
äà pyAesCrypt.encryptFile() ìîæíî ðåàëèçîâàòü
ôóíêöèþ, êîòîðàÿ áóäåò øèôðîâàòü ôàéëû:

Ðèñ. 1 � Ðåàëèçàöèÿ ôóíêöèè encryption

Â êà÷åñòâå ïàðàìåòðîâ ôóíêöèÿ
encryption() ïðèíèìàåò ôàéë è ïàðîëü.

Äëÿ øèôðîâàíèÿ äèðåêòîðèé íåîáõîäèìî
ðåàëèçîâàòü ôóíêöèþ, êîòîðàÿ áóäåò ñêàíèðî-
âàòü âñå ïàïêè è ôàéëû è øèôðîâàòü èõ. Äëÿ
íàïèñàíèÿ äàííîé ôóíêöèþ íåîáõîäèìî ïîäêëþ-
÷èòü ìîäóëü os(operationn system). Ôóíêöèÿ ìî-
æåò èìåòü ñëåäóþùóþ ðåàëèçàöèþ:

Ðèñ. 2 � Ðåàëèçàöèÿ ôóíêöèè äëÿ ñêàíèðîâàíèÿ
âñåõ äèðåêòîðèé è ïàïîê

Ðåçóëüòàò øèôðîâàíèÿ:

Ðèñ. 3 � Ñîîáùåíèå îá óäà÷íîì øèôðîâàíèè ôàéëîâ

Ðèñ. 4 � Ðåçóëüòàò øèôðîâàíèÿ ôàéëîâ

Êàê âèäíî èç ðèñóíêîâ, èçíà÷àëüíî â îä-
íîé ïàïêå ðàçìåùàëîñü 5 èçîáðàæåíèé. Ïîñëå
êîìïèëÿöèè íàì âûâåëîñü ñîîáùåíèÿ îá óäà÷íîì
øèôðîâàíèè êàæäîé îòäåëüíîé ôîòîãðàôèè. Åñ-
ëè âíèìàòåëüíî ïîñìîòðåòü íà ðèñóíîê 2, ìîæíî
çàìåòèòü, ÷òî ó ôîòîãðàôèé ïîÿâèëîñü ðàñøè-
ðåíèå .crp, ÷òî óêàçûâàåò, ÷òî ôîòîãðàôèè çà-
øèôðîâàíû è ìû íå ñìîæåì èõ ïîñìîòðåòü. Ñòî-
èò îòìåòèòü, ÷òî ýòî ñîçäàëèñü íîâûå ôàéëû, â
òî âðåìÿ êàê ïåðâîíà÷àëüíûå èçîáðàæåíèÿ áûëè
óäàëåíû.
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Åñëè ôàéëû äëÿ øèôðîâàíèÿ íàõîäÿòñÿ íà
âèðòóàëüíîé ìàøèíå, òî ïîñëå øèôðîâàíèÿ íà-
äî óäàëèòü çà ñîáîé ñêðèïòû. Ýòî ìîæíî ñäå-
ëàòü èìïîðòèðîâàâ ìîäóëü sys è âûçâàòü ìåòîä
remove():

os.remove(str(sys.argv[o]))

II. Äåøèôðîâàíèå íà Python

Ïðè øèôðîâàíèè ôàéëîâ è äèðåêòîðèé ðà-
íî èëè ïîçäíî íàñòàíåò ìîìåíò, êîãäà íàì ïîíà-
äîáèòüñÿ èõ ðàñøèôðîâàòü. Ïîýòîìó ïðè íàïè-
ñàíèè ïðîãðàììû ïî øèôðîâàíèþ ôàéëîâ, íàäî
ñðàçó æå ïîçàáîòèòüñÿ îá èõ äåøèôðîâàíèè. Äëÿ
øèôðîâàíèÿ íåîáõîäèìî ïîëüçîâàòüñÿ ìåòîäàìè
áèáëèîòåêè, ñ ïîìîùüþ êîòîðîé ìû øèôðîâàëè
ôàéëû, òàê êàê ó ðàçíûõ áèáëèîòåê ìåòîäû è
êëþ÷è øèôðîâàíèÿ îòëè÷àþòñÿ.

Ïðîöåññ äåøèôðîâàíèÿ ñõîæ ñ øèôðîâàíè-
åì, îòëè÷àåòñÿ ëèøü ìåòîäîì decryption():

Ðèñ. 5 � Ðåàëèçàöèÿ ôóíêöèè decryption()

Ðåçóëüòàò äåøèôðîâàíèÿ ôàéëîâ:

Ðèñ. 6 � Ñîîáùåíèå îá óäà÷íîé äåøèôðîâàíèè
ôàéëîâ

Ðèñ. 7 � Ðåçóëüòàò äåøèôðîâàíèÿ ôàéëîâ

Êàê âèäíî èç ðèñóíêîâ, ïîñëå êîìïèëÿöèè
ìû ïîëó÷èëè ñîîáùåíèå îá óäà÷íîé äåøèôðîâà-
íèè ôîòîãðàôèé. Ó âñåõ 5-òè ôîòîãðàôèé îòñóò-
ñòâóåò ðàñøèðåíèå .crp, ÷òî äàåì íàì âîçìîæ-
íîñòü èõ îòêðûòü è ïðîñìîòðåòü.

Åñëè áû â äàííîé äèðåêòîðèè íàõîäèëèñü
îäíà èëè íåñêîëüêî äðóãèõ ïàïîê èëè ôàéëû ñ
äðóãèì ðàñøèðåíèåì, òî êîìïèëÿòîð áû çàøèô-
ðîâàë/äåøèôðîâàë êàê ñàìè ïàïêè, òàê è ôàé-
ëû, íàõîäÿùèåñÿ â íèõ. Â íàøåì ñëó÷àè áûë ðàñ-
ñìîòðåí ïðèìåð ñ øèôðîâàíèåì èçîáðàæåíèé,
ðàñïîëàãàþùèõñÿ â îäíîé ïàïêå.

III. Çàêëþ÷åíèå

Python- âûñîêîóðîâíåâûé ÿçûê ïðîãðàììè-
ðîâàíèÿ, êîòîðûé ïîçâîëÿåò îñóùåñòâëÿòü ìå-
òîäû êðèïòîãðàôè÷åñêîãî ïðåîáðàçîâàíèÿ èí-
ôîðìàöèè. Äëÿ ÷åãî äîñòàòî÷íî óñòàíîâèòü ñïå-
öèàëèçèðîâàííûå ìèíôîðìàöèè îñóùåñòâëÿåòñÿ
ýòî â ñòðîåííîé IDE Python. Â íàøåì ñëó÷àè
äëÿ øèôðîâàíèÿ ôàéëîâ è äèðåêòîðèé êîìïüþ-
òåðà äîñòàòî÷íî áûëî ïîäêëþ÷èòü áèáëèîòåêó
pyAesCry, ñ ïîìîùüþ ìîäóëåé è ìåòîäîâ êîòîðîé
áûëè ðåàëèçîâàíè øèôðîâàíèå è äåøèôðîâàíèå
èçîáðàæåíèé.

IV. Ñïèñîê ëèòåðàòóðû

1. Êðèïòîãðàôèÿ è âçëîì øèôðîâ íà Python / Ýë Ñâåé-
ãàðò

2. Ðåàëèçàöèÿ è äåøèôðîâàíèÿ øèôðîâ Âèæåíåðà è
Öåçàðÿ â Python / Ô. Â.×åðäæèåâ. � Ìñê.: Èíêàðò,
2017. � 50 ñ.

3. Åôèïîâ, È. Ì. Òàèíñòâåííûå ñòðàíèöû çàíèìàòåëü-
íîé êðèïòîãðàôèè // Âåñò. àðèòìîë. � 2015. � Ñ. 5�13.

4. Íàöèîíàëüíûé Èíòåðíåò-ïîðòàë Ðåñïóáëèêè Áåëà-
ðóñü [Ýëåêòðîííûé ðåñóðñ]
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Â äàííîé ñòàòüå áóäåò ðàññìîòðåíî ìîáèëüíîå ïðèëîæåíèå ôîòîðåäàêòîð Movie Filter, åãî îñîáåííî-

ñòè, à òàêæå öåëåñîîáðàçíîñòü èñïîëüçîâàíèÿ èñêóññòâåííîãî èíòåëëåêòà äëÿ ïîëó÷åíèÿ óíèêàëüíûõ

ôîòîôèëüòðîâ.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ôîòîãðàôèÿ ñòàëà
íåîòúåìëåìîé ÷àñòüþ êóëüòóðû. Êàæäûé ÷å-
ëîâåê ñòàëêèâàåòñÿ ñ ôîòîãðàôèÿìè åæåäíåâ-
íî è íåîäíîêðàòíî. Â øèðîêîì ñìûñëå ôîòî-
ãðàôèÿ � ýòî òåõíîëîãèÿ è ïðîöåññ ïîëó÷åíèÿ
èçîáðàæåíèÿ [1]. Áëàãîäàðÿ øèðîêîé äîñòóïíî-
ñòè àïïàðàòíûõ ñðåäñòâ äëÿ ñúåìêè, ïðîãðàìì-
íûõ ñðåäñòâ äëÿ ðåäàêòèðîâàíèÿ è âîçðîñøåé
ïîïóëÿðíîñòè ñîöèàëüíûõ ñåòåé ôîòîãðàôèÿ ïî-
ëó÷èëà ìîùíåéøèé ñêà÷îê ïîïóëÿðíîñòè.

Ïîëüçîâàòåëè äîâîëüíî ìíîãî âðåìåíè óäå-
ëÿþò ñîçäàíèþ ñâîåãî èìèäæà â ñîöèàëüíûõ ñå-
òÿõ. Â ñâÿçè ñ ýòèì ïîÿâëÿåòñÿ ñïðîñ íà óíèêàëü-
íûé êîíòåíò. Âèçóàëüíûé ïîëüçîâàòåëüñêèé êîí-
òåíò ïðèîáðåë íîâûé ñòàòóñ: èç õóäîæåñòâåííî-
ãî, âûðàçèòåëüíîãî ñðåäñòâà, ñïîñîáà äîêóìåíòà-
öèè ñîáûòèÿ îí ïðåâðàòèëñÿ â ñðåäñòâî êîììó-
íèêàöèè [2].

Òàê êàê òðåáîâàíèÿ àóäèòîðèè ê ïîñòàâëÿ-
åìîìó èì êîíòåíòó ïîñòîÿííî ðàñòóò, ïîëüçîâà-
òåëü âñåãäà íàõîäèòñÿ â ïîèñêàõ íîâûõ è íåîáû÷-
íûõ ñïîñîáîâ ðåäàêòèðîâàíèÿ ôîòî, êîòîðûå áû
âûãîäíî îòëè÷àëè åãî ôîòî îò òûñÿ÷è îñòàëü-
íûõ. È îäíèì èç ñàìûõ ðàñïðîñòðàíåííûõ íà ñå-
ãîäíÿøíèé äåíü ñïîñîáîâ ðåäàêòèðîâàíèÿ ÿâëÿ-
åòñÿ íàëîæåíèå öâåòîâîãî ôèëüòðà [3].

I. Ïðèëîæåíèå Movie Filter

Â ïðåäñòàâëåííîé ðàáîòå áûëî ñîçäàíî ïðè-
ëîæåíèå ôîòîðåäàêòîð Movie Filter, ñîçäàííîå
â ïðîöåññå îáó÷åíèÿ íà òðåêå "Ìîáèëüíàÿ ðàç-
ðàáîòêà"îò IT Àêàäåìèè Samsung. Ïðèëîæåíèå
èìååò øèðîêèé ôóíêöèîíàë. Â í¼ì ïðèñóòñòâó-
þò êàê ñòàíäàðòíûå ñðåäñòâà äëÿ ðåäàêòèðîâà-
íèÿ ôîòî (îáðåçêà, ïîâîðîò, ñîõðàíåíèå â ãàëå-
ðåþ), òàê è àâòîðñêèå (ñì. ðèñ. 1).

Ðèñ. 1 � Ôóíêöèîíàë ïðèëîæåíèÿ, ïðåäñòàâëåííûé
â âèäå êíîïîê íà ýêðàíå ðåäàêòîðà

Àâòîðñêèå ñðåäñòâà ðåäàêòèðîâàíèÿ ôîòî
ïðåäñòàâëåíû äâóìÿ ìîäóëÿìè ïðèëîæåíèÿ. Ìî-
äóëü àâòîðñêèõ ôîòîôèëüòðîâ ïðåäñòàâëÿåò èç
ñåáÿ íàáîð ãîòîâûõ ðåøåíèé äëÿ ðåäàêòèðîâà-
íèÿ ôîòî, âäîõíîâëåííûõ íà ñîçäàíèå àòìîñôå-
ðîé çíàìåíèòûõ ôèëüìîâ è ñåðèàëîâ (ñì. ðèñ. 2).

Ðèñ. 2 � Àâòîðñêèé íàáîð ôèëüòðîâ

Òàêæå â ïðèëîæåíèè áûëà ðåàëèçîâàíà ñòó-
äèÿ ñîçäàíèÿ ïîëüçîâàòåëüñêèõ ôèëüòðîâ. Ñ ïî-
ìîùüþ íàáîðà èíñòðóìåíòîâ ïîëüçîâàòåëü ìî-
æåò ðåàëèçîâàòü âñå ñâîè ôàíòàçèè è ñîçäàòü ïî-
íàñòîÿùåìó óíèêàëüíóþ è íåîáû÷íóþ îáðàáîòêó
ôîòî.

Â ñòóäèè ïîëüçîâàòåëþ ïðåäîñòàâëÿåòñÿ
âîçìîæíîñòü âûáîðà îäíîãî èç ÷åòûðåõ âèäîâ
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ãðàäèåíòíûõ èëè æå îäíîöâåòíîãî ôèëüòðîâ.
Äëÿ êàæäîãî ôèëüòðà ïîëüçîâàòåëü ìîæåò âû-
áðàòü äî ïÿòè ðàçëè÷íûõ öâåòîâ, ðåãóëèðóÿ ïðè
ýòîì èõ ïðîçðà÷íîñòü (ñì. ðèñ. 3).

Ðèñ. 3 � Ñîçäàíèå ïîëüçîâàòåëüñêîãî ôîòîôèëüòðà

Ýòè èíñòðóìåíòû äàþò îãðîìíîå êîëè÷å-
ñòâî âàðèàöèé íàëîæåííûõ ôèëüòðîâ, îñîáåííî,
åñëè ó÷åñòü òîò ôàêò, ÷òî ïðèëîæåíèå íå çà-
ïðåùàåò ïîëüçîâàåòëþ íàêëàäûâàòü ðàçëè÷íûå
ôèëüòðû äðóã íà äðóãà. Ñîçäàòü òàêóþ ñòóäèþ
íåâîçìîæíî ïðè óñëîâèè èñïîëüçîâàíèÿ ñòàí-
äàðòíûõ çàãîòîâëåííûõ ôèëüòðîâ, êàê ýòî ðåà-
ëèçîâàíî â äðóãèõ ïðèëîæåíèÿõ. Ïîýòîìó áûëî
ðåøåíî ðàçðàáîòàòü ìåõàíèçì ïðîãðàììíîãî ñî-
çäàíèÿ ôèëüòðà.

Èìåííî äàííûé àëãîðèòì âûãîäíî îòëè÷à-
åò ïðèëîæåíèå Movie Filter îò äðóãèõ ïðèëî-
æåíèé äëÿ íåïðîôåññèîíàëüíîé îáðàáîòêè ôîòî
ïîñðåäñòâîì áîëåå ðàñøèðåííîãî ôóíêöèîíàëà,
êîòîðûé ïîçâîëÿåò ïîëüçîâàòåëþ ïîëó÷àòü óíè-
êàëüíûå ôîòî. Îäíàêî áûëî ïðèíÿòî ðåøåíèå î
ðàñøèðåíèè ôóíêöèîíàëà ïðèëîæåíèÿ ïîñëå ðå-
çóëüòàòîâ îïðîñà òåñòîâîé àóäèòîðèè.

II. Èñêóñòâåííûé èíòåëëåêò äëÿ
ðåäàêòèðîâàíèÿ ôîòî

Ïîñëå çàïóñêà ïðèëîæåíèÿ îò òåñòîâîé
àóäèòîðèè íà÷àëè ïîñòóïàòü ïðåäëîæåíèÿ ïî àâ-
òîìàòèçàöèè ïðîöåññà ñîçäàíèÿ óíèêàëüíûõ ôî-
òîôèëüòðîâ. Áûëî ïðåäëîæåíî àíàëèçèðîâàòü
ôîòî-ïðèìåð, çàãðóæåííîå ïîëüçîâàòåëåì, íà
åãî îñíîâå ñîçäàâàòü ôèëüòð è íàêëàäûâàòü äàí-
íûé ôèëüòð íà ïîëüçîâàòåëüñêîå ôîòî. Äàííûé
ìîäóëü ïðèëîæåíèÿ ïëàíèðóåòñÿ ñîçäàâàòü ñ ïî-
ìîùüþ èñêóññòâåííîãî èíòåëëåêòà.

Â íàñòîÿùåå âðåìÿ èñïîëüçîâàíèå èñêóñ-
ñòâåííîãî èíòåëëåêòà è íåéðîííûõ ñåòåé äëÿ îá-
ðàáîòêè èçîáðàæåíèé ñòàëî î÷åíü ïîïóëÿðíî. Â
àâòîðñêîì íàáîðå ôèëüòðîâ ðåàëèçîâàí ôèëüòð
ñ ðàñïîçíàâàíèåì ëèöà íà ôîòî. Îí áûë ñî-
çäàí ñ ïîìîùüþ ïðîäóêòà Machine Learning kit
îò Google. Îáðàáîòêà èçîáðàæåíèé ïðåäñòàâëÿ-
åò èç ñåáÿ äîâîëüíî òðóäî¼ìêèé è òâîð÷åñêèé
ïðîöåññ, ïîýòîìó äàííîå çàíÿòèå òðåáóåò àâòî-
ìàòèçàöèè. Îáðàáîòêà èçîáðàæåíèé óæå àâòîìà-
òèçèðîâàíà âî ìíîãèõ ñèñòåìàõ, ê ïðèìåðó, ðàñ-
ïîçíàâàíèå ëèö íà êàìåðàõ íàáëþäåíèÿ äëÿ ïî-
èñêà ïðåñòóïíèêîâ è èíòåëëåêòóàëüíûé àíàëèç

ðåíòãåíîâñêèõ ñíèìêîâ ëþäåé ñ ïîäîçðåíèåì íà
çàáîëåâàíèÿ ëåãêèõ.

Òàê êàê Movie Filter � ýòî ìîáèëüíîå ïðèëî-
æåíèå, òî åñòåñòâåííî, ÷òî èñïîëüçîâàíèå ïàìÿ-
òè äîëæíî áûòü îãðàíè÷åííûì. Ñëåäîâàòåëüíî,
ïîëíîöåííàÿ íåéðîííàÿ ñåòü ñäåëàëà áû ïðèëî-
æåíèå ñëèøêîì áîëüøèì, à ðàçìåùàòü íåéðîí-
íóþ ñåòü íà ñåðâåðå íåöåëåñîîáðàçíî, òàê êàê îä-
íèì èç ïðåèìóùåñòâ ïðèëîæåíèÿ ÿâëÿåòñÿ áåñ-
ïåðåáîéíàÿ ðàáîòà â îòñóòñòâèè ïîäêëþ÷åíèÿ ê
èíòåðíåòó. Ïîñëå àíàëèçà âñåõ àðãóìåíòîâ, áûëî
ïðèíÿòî ðåøåíèå èñïîëüçîâàòü êîìáèíàöèþ àë-
ãîðèòìà è íåéðîííîé ñåòè äëÿ îáðàáîòêè ôîòî.

Àëãîðèòì áóäåò óñëîâíî ðàçäåëÿòü ôîòî
íà ÷àñòè ïî ðàçíûì êðèòåðèÿì, èñêàòü ñðåäíèé
öâåò ýòèõ ÷àñòåé è çàïèñûâàòü ðåçóëüòàòû. À
íåéðîííàÿ ñåòü áóäåò îöåíèâàòü ïîëó÷åííûå ïî
êàæäîìó èç ðàçäåëåíèé äàííûå è íà èõ îñíî-
âàíèè âûáèðàòü íàèëó÷øèéé âàðèàíò. Äàëåå ñ
ïîìîùüþ ñòàíäàðòíîãî àëãîðèòìà áóäåò ñîçäàí
ôîòîôèëüòð è íàëîæåí íà èçîáðàæíèå ïîëüçî-
âàòåëÿ.

Äàííûé àëãîðèòì îòêðûâàåò ïåðåä ïîëüçî-
âàòåëåì íîâûå âîçìîæíîñòè ðåäàêòèðîâàíèÿ ôî-
òî. Òåïåðü, ÷òîáû ïîâòîðèòü àòìîñôåðó êèíî-
ôèëüìà íå íóæíî áóäåò ñàìîìó àíàëèçèðîâàòü
ôîòî è ïûòàòüñÿ ñîçäàòü ôèëüòð â ñòóäèè ñî-
çäàíèÿ ïîëüçîâàòåëüñêèõ ôèëüòðîâ, à äîñòàòî÷-
íî âñåãî ëèøü çàãðóçèòü èçîáðàæåíèå, îôîðìëå-
íèå êîòîðîãî õîòåëîñü áû ñêîïèðîâàòü.

III. Çàêëþ÷åíèå

Â äàííîé ðàáîòå áûëî ðàññìîòðåíî ìîáèëü-
íîå ïðèëîæåíèå ôîòîðåäàêòîð Movie Filter. Íà
îñíîâàíèè ìíåíèÿ òåñòîâîé àóäèòîèè áûëè ñäå-
ëàíû âûâîäû îòíîñèòåëüíî ôóíêöèîíàëà ïðèëî-
æåíèÿ, à òàêæå ïðèíÿòû âî âíèìàíèå ïðåäëî-
æåíèÿ ïî óëó÷øåíèþ. Â ñâÿçè ñ ÷åì ïëàíèðóåò-
ñÿ ñîçäàâàòü åù¼ îäèí ìîäóëü ïðèëîæåíèÿ, îòâå-
÷àþùèé çà ñîçäàíèå ôîòîôèëüòðîâ ïîñðåäñòâîì
èíòåëëåêòóàëüíîãî àíàëèçà èçîáðàæåíèé è êî-
ïèðîâàíèÿ èõ ñòèëèñòèêè, à êîíêðåòíî öâåòî-
ñâåòîâîé ñîñòàâëÿþùåé. Äàííûé ìîäóëü ïîçâî-
ëèò çíà÷èòåëüíî óëó÷øèòü íàáîð èíñòðóìåíòîâ
ïðèëîæåíèÿ è ðàñøèðèòü âîçìîæíîñòè ïîëüçî-
âàòåëåé äëÿ ðåäàêòèðîâàíèÿ ôîòî. Ñëåäîâàòåëü-
íî ñîãëàñíî ïðîâåäåííîìó àíàëèçó òðåáîâàíèé
òåñòîâîé àóäèòîðèè ïðèëîæåíèå Movie Filter ïðè
äîáàâëåíèè íîâîãî ìîäóëÿ áóäåò ïîëüçîâàòüñÿ
ïîâûøåííûì ñïðîñîì ñðåäè ïîëüçîâàòåëåé.
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Â ðàáîòå ïðåäëàãàþòñÿ è ðàññìàòðèâàþòñÿ ýëåìåíòû àëãåáðû ðàñòÿæèìûõ ìíîæåñòâ êàê ìàòåìàòè-

÷åñêèé àïïàðàò ìîäåëè óíèôèöèðîâàííîãî ñåìàíòè÷åñêîãî ïðåäñòàâëåíèÿ çíàíèé, îáåñïå÷èâàþùèé èíòå-

ãðàöèþ çíàíèé íà áàçå èõ äåíîòàöèîííîé, îïåðàöèîííîé è èãðîâîé ñåìàíòèêè.

Ââåäåíèå

Äëÿ âûðàæåíèÿ êëàññè÷åñêèìè ìàòåìàòè-
÷åñêèìè ñðåäñòâàìè áàçîâîé òåîðåòèêî- ìíîæå-
ñòâåííîé ñåìàíòèêè ÿçûêîâ ìîäåëè óíèôèöè-
ðîâàííîãî ñåìàíòè÷åñêîãî ïðåäñòàâëåíèÿ çíà-
íèé (ÓÑÏÇ) [1] ïðåäëàãàëñÿ àïïàðàò ñîáûòèé-
íûõ (ñèòóàòèâíûõ) ìíîæåñòâ [1�2]. Îäíàêî, ýòîò
àïïàðàò íå èñ÷åðïûâàë ñåìàíòèêó íåêîòîðûõ
òåêñòîâ, îáëàäàþùèõ ÍÅ-ôàêòîðàìè [1-3] íåîä-
íîçíà÷íîñòè (ñòàíîâëåíèÿ ýëåìåíòà ìíîæåñòâà),
âûðàæåííûõ êðàòíûìè îáîçíà÷åíèÿìè ñâÿçîê
(íå)ïðèíàäëåæíîñòè ((sc- )ìóëüòèìíîæåñòâàì).

Ñ öåëüþ áîëåå ïîëíîãî âûðàæåíèÿ ñåìàí-
òèêè ÿçûêîâ ìîäåëè ÓÑÏÇ (ßÓÑÏÇ) ïðåäëàãà-
åòñÿ îáîáùèòü ïîíÿòèå ñîáûòèéíîãî (ñèòóàòèâ-
íîãî) ìíîæåñòâà [1-2] äî ïîíÿòèÿ ðàñòÿæèìîãî
ìíîæåñòâà.

I. Îñíîâû àëãåáðû ñîáûòèéíûõ
ìíîæåñòâ

Ðàññìîòðèì ñîáûòèéíûå ìíîæåñòâà íà ìíî-
æåñòâå ýëåìåíòîâ Universe è ìíîæåñòâå ñîáûòèé
Events:

Θ = 2Events ×ΨUniverse,

ãäå
Ψ = ∇×

(
∆Events

)
,

∇ =
⋃p∈Z+

p
D(Dp−1),

∆ =
⋃q∈Z+

q
D(Dq−1),

à D = [0; 1] .
Àëãåáðà ñîáûòèéíûõ ìíîæåñòâ âêëþ÷àåò

àëãåáðàè÷åñêèå îïåðàöèè:

{∩Θ} ∪ {∪Θ} ∪ {⊕Θ} ⊆ ΘΘ×Θ,

êîòîðûå ìîãóò áûòü âûðàæåíû:

⟨α, δ⟩ ∩Θ ⟨β, γ⟩ = ⟨α ∪ β, τ (⟨δ, γ,∩Ψ, Universe⟩)⟩ ,

⟨α, δ⟩ ∪Θ ⟨β, γ⟩ = ⟨α ∪ β, τ (⟨δ, γ,∪Ψ, Universe⟩)⟩ ,

⟨α, δ⟩⊕Θ ⟨β, γ⟩ = ⟨α ∪ β, τ (⟨δ, γ,⊕Ψ, Universe⟩)⟩ ,

÷åðåç îïåðàöèè:

{∩Ψ} ∪ {∪Ψ} ∪ {⊕Ψ} ⊆ ΨΨ×Ψ.

Ïîñëåäíèå âûðàæàþòñÿ ÷åðåç îïåðàöèè:

{∩∆} ∪ {∪∆} ∪ {⊕∆} ⊆ ∆∆×∆

è îòîáðàæåíèÿ:

{∩∇} ∪ {∪∇} ∪ {⊕∇} ⊆
(
∇(∆Events)

)∇×∇

ñëåäóþùèì îáðàçîì:

⟨α, δ⟩ ∩Ψ ⟨β, γ⟩ = κ (⟨α, β,∩∇, τ (⟨δ, γ,∩∆, Events⟩)⟩) ,

⟨α, δ⟩ ∪Ψ ⟨β, γ⟩ = κ (⟨α, β,∪∇, τ (⟨δ, γ,∪∆, Events⟩)⟩) ,
⟨α, δ⟩⊕Ψ ⟨β, γ⟩ = κ (⟨α, β,⊕∇, τ (⟨δ, γ,⊕∆, Events⟩)⟩) ,
ãäå

κ (⟨α, β, φ, ε⟩) = ⟨φ (⟨α, β (ε)⟩) , ε⟩ .
Â ñâîþ î÷åðåäü îñòàëüíûå îïåðàöèè è îòîáðàæå-
íèÿ âûðàæàþòñÿ ÷åðåç:

{∩D} ∪ {∪D} ∪ {⊕D} ⊆ DD×D,

ζ ∈
(⋃p∈Z+

p
D(Dp−1)

)(Z+×D)

,

ν ∈ Z+

(⋃p∈Z+
p D(D

p−1)
)
,

µ ∈ D

(⋃p∈Z+
p D(D

p−1)
)

ñëåäóþùèì îáðàçîì:

α∩∇β = ζ
(〈
ν (α)∪Z+ν (β) , µ (α)∩Dµ (β)

〉)
,

α∪∇β = ζ
(〈
ν (α)∪Z+

ν (β) , µ (α)∪Dµ (β)
〉)
,

α⊕∇β = ζ
(〈
ν (α)∪Z+

ν (β) , µ (α)⊕Dµ (β)
〉)
,

ãäå ∪Z+ = max, è, íàïðèìåð, ∩D = min, ∪D =
max, α⊕Dβ = (α∩D (1− β))∪D ((1− α)∩Dβ) .

Ïðè÷¼ì:

∀φ∀p
((
φ ∈ D(Dp−1)

)
→ (ν (φ) = p− 1)

)
,

∀σ∀p∀ε
((
σ ∈ Dp−1

)
→ (ζ (⟨p, ε⟩) (σ) = π (σ + ⟨ε⟩))

)
,

∀σ
((
σ ∈ {1}ν(χ)−1

)
→ (µ (χ) = χ (σ))

)
,

ãäå:

χ ∈ D(Dν(χ)−1),

π (⟨⟩) = 1,
π (s+ ⟨e⟩) = e · π (s) + (1− e) · (1− π (s))

èëè â íåðåêóððåíòíîé ôîðìå:
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π (s) =
1+(−1)dim(s)·

i∈N∪{0}∑
i

(−2)
i!

i

·
m∈{sj |j }i∑

m

mj∏
j

mj

2

II. Îñíîâû àëãåáðû ðàñòÿæèìûõ
ìíîæåñòâ

Ðàñòÿæèìûå ìíîæåñòâà íà ìíîæåñòâå ýëå-
ìåíòîâ Universe è ìíîæåñòâå ñîáûòèé Events:

Ξ = 2Events ×
(⋃s∈2

s
Ψs
)Universe

,

ãäå 2 � ìíîæåñòâî âèäîâ âõîæäåíèé (ìîæåò áûòü
ëèíåéíî óïîðÿäî÷åííûì [5]).

Àëãåáðà ðàñòÿæèìûõ ìíîæåñòâ âêëþ÷àåò
àëãåáðàè÷åñêèå îïåðàöèè:

{∩Ξ} ∪ {∪Ξ} ∪ {⊕Ξ} ⊆ ΞΞ×Ξ,

êîòîðûå ìîãóò áûòü âûðàæåíû:

⟨α, δ⟩ ∩Ξ ⟨β, γ⟩ = ⟨α ∪ β, τ (⟨δ, γ,∩Φ, Universe⟩)⟩ ,

⟨α, δ⟩ ∪Ξ ⟨β, γ⟩ = ⟨α ∪ β, τ (⟨δ, γ,∪Φ, Universe⟩)⟩ ,
⟨α, δ⟩⊕Ξ ⟨β, γ⟩ = ⟨α ∪ β, τ (⟨δ, γ,⊕Φ, Universe⟩)⟩ ,
ãäå

Φ =
⋃s∈2

s
Ψs,

τ (⟨α, β, φ, σ⟩) = {⟨χ, φ (⟨α (χ) , β (χ)⟩)⟩ |χ ∈ σ } ,
à îïåðàöèè

{∩Φ} ∪ {∪Φ} ∪ {⊕Φ} ⊆ ΦΦ×Φ

� â ñâîþ î÷åðåäü:

α∩Φβ = τ (⟨α, β,∩Ψ,2⟩) ,

α∪Φβ = τ (⟨α, β,∪Ψ,2⟩) ,
α⊕Φβ = τ (⟨α, β,⊕Ψ,2⟩) .

III. Îáîáùåíèå ðàñòÿæèìûõ ìíîæåñòâ

Àëüôà-òèïèçèðîâàííûå øêàëèðîâàííûå
ìíîæåñòâà (Universe = U):

{α} × 2Events ×

(
s∈2α⋃

s

(
∇α ×

(
(∆α)

Events
))s)U

Àëüôà-òèïèçèðîâàííûå øêàëèðîâàííûå ìíîæå-
ñòâà ïàðàìåòðèçóþò ìåðû ïðèíàäëåæíîñòè äëÿ
ñîáûòèéíûõ (ñèòóàòèâíûõ) è ðàñòÿæèìûõ ìíî-
æåñòâ, ïîçâîëÿÿ ðàññìàòðèâàòü âñåâîçìîæíûå
ìåõàíèçìû çàäàíèÿ ðàçëè÷èìûõ ìåð.

Ðèñ. 1 � Íàïðàâëåíèÿ èíòåãðàöèè

Â èíòåëëåêòóàëüíûõ ñèñòåìûõ âàæíûì êà-
÷åñòâîì äëÿ èõ îáó÷åíèÿ ÿâëÿåòñÿ âîçìîæ-
íîñòü èíòåãðàöèè çíàíèé è ìîäåëåé ðåøåíèÿ
çàäà÷. Îñíîâíûìè âèäàìè èíòåãðàöèè ÿâëÿþò-
ñÿ: âåðòèêàëüíàÿ, ãîðèçîíòàëüíî-ôðîíòàëüíàÿ,
ãîðèçîíòàëüíî-ïðîôèëüíàÿ è íåïðåðûâíàÿ èíòå-
ãðàöèÿ (Ðèñ. 1). Âåðòèêàëüíàÿ èíòåãðàöèÿ íà-
ïðàâëåíà âäîëü ¾÷àñòü-öåëîå¿, íåïðåðûâíàÿ èí-
òåãðàöèÿ íàïðàâëåíà âäîëü ¾ñòàíîâëåíèÿ¿, ãîðè-
çîíòàëüíàÿ � âäîëü ¾îäíîâðåìåííî¿, ïðîôèëü-
íàÿ � âäîëü ðåôëåêñèâíîé ñåìàíòèêè, à ôðîí-
òàëüíàÿ � âäîëü ïðîåêòèâíîé.

Ðåøåíèå çàäà÷ âåðòèêàëüíîé èíòåãðà-
öèè ìîæåò áûòü îáåñïå÷åíî ñðåäñòâàìè ìî-
äåëè îáîáù¼ííûõ ôîðìàëüíûõ ÿçûêîâ [2,4],
ãîðèçîíòàëüíî-ôðîíòàëüíàÿ èíòåãðàöèÿ îáåñïå-
÷èâàåòñÿ êîììóíèêàöèåé è ñðåäñòâàìè óíèôèêà-
öèè (íàïðèìåð, ßÓÑÏÇ) [1]. Ãîðèçîíòàëüíî- ïðî-
ôèëüíàÿ è íåïðåðûâíàÿ èíòåãðàöèÿ îáåñïå÷èâà-
þòñÿ ñåìàíòè÷åñêèìè ñðåäñòâàìè èñïîëüçóåìûõ
ÿçûêîâ ïðåäñòàâëåíèÿ çíàíèé [1-2].

Çàêëþ÷åíèå

Ñîáûòèéíûå (ñèòóàòèâíûå [1-2], L-íå÷¼òêèå
[3]) è ïðåäëàãàåìûå ðàñòÿæèìûå è àëüôà- òè-
ïèçèðîâàííûå øêàëèðîâàííûå ìíîæåñòâà íà-
ïðàâëåíû íà ðåøåíèå çàäà÷ ãîðèçîíòàëüíî-
ïðîôèëüíîé è íåïðåðûâíîé èíòåãðàöèè â öåëÿõ
âîçìîæíîñòè ôîðìàëèçàöèè íå òîëüêî äåíîòàöè-
îííîé, íî îïåðàöèîííîé è èãðîâîé ñåìàíòèê [5-7]
ßÓÑÏÇ [1]. Â îòëè÷èå îò ñîáûòèéíûõ ìíîæåñòâ
ðàñòÿæèìûå ìíîæåñòâà ïîçâîëÿþò ôîðìàëèçî-
âûâàòü ñðåäñòâàìè ßÓÑÏÇ ïðîöåññû àäàïòàöèè
ñëîæíûõ ïîíÿòèé, ÿâëÿþùèõñÿ àíàëîãàìè ðå-
ôëåêñèâíûõ îòíîøåíèé è ñòðóêòóð, âêëþ÷àþ-
ùèõ àíàëîãè ìíîæåñòâ ñ íåîãðàíè÷åííûì ÷èñ-
ëîì ýëåìåíòîâ è\èëè èõ âõîæäåíèé. Ðàçâèòèå
ïðåäïîëàãàåò âûÿâëåíèå ìîäåëåé äëÿ îïèñàíèÿ
ñòàíîâëåíèÿ ñòðóêòóð çíàíèé â ïðîöåññàõ èíòå-
ãðàöèè, ñîîòâåòñòâóþùèõ ñåìàíòè÷åñêèõ ìåòðèê
è ïðàâèë èõ ðàñ÷¼òà.
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Â ðàáîòå ðàññìàòðèâàåòñÿ ïðèìåíåíèå èíòåãðàöèîííîé ïëàòôîðìû äëÿ ðàçðàáîòêè ïðîãðàììíûõ êîìïî-

íåíò íà îñíîâå ìîäåëè óíèôèöèðîâàííîãî ñåìàíòè÷åñêîãî ïðåäñòàâëåíèÿ çíàíèé.

Ââåäåíèå

Âîñòðåáîâàííîñòü èíòåãðàöèè äëÿ ðåøå-
íèÿ çàäà÷ â èíòåëëåêòóàëüíûõ ñèñòåìàõ îáîñ-
íîâàíà â [1�2]. Îñíîâíûìè âèäàìè èíòåãðà-
öèè [1] ÿâëÿþòñÿ: âåðòèêàëüíàÿ, ãîðèçîíòàëüíî-
ôðîíòàëüíàÿ, ãîðèçîíòàëüíî-ïðîôèëüíàÿ è
íåïðåðûâíàÿ èíòåãðàöèÿ (Ðèñ. 1).

Ðèñ. 1 � Íàïðàâëåíèÿ èíòåãðàöèè

Ðåøåíèå çàäà÷ âåðòèêàëüíîé èíòåãðàöèè
ìîæåò áûòü îáåñïå÷åíî ñðåäñòâàìè ìîäåëè îáîá-
ù¼ííûõ ôîðìàëüíûõ ÿçûêîâ [2], ãîðèçîíòàëüíî-
ôðîíòàëüíàÿ èíòåãðàöèÿ îáåñïå÷èâàåòñÿ êîììó-
íèêàöèåé è ñðåäñòâàìè óíèôèêàöèè (íàïðèìåð,
ÿçûêàìè ìîäåëè óíèôèöèðîâàííîãî ñåìàíòè÷å-
ñêîãî ïðåäñòàâëåíèÿ çíàíèé). Ãîðèçîíòàëüíî-
ïðîôèëüíàÿ è íåïðåðûâíàÿ èíòåãðàöèÿ îáåñïå-
÷èâàþòñÿ ñåìàíòè÷åñêèìè ñðåäñòâàìè èñïîëüçó-
åìûõ ÿçûêîâ ïðåäñòàâëåíèÿ çíàíèé è ïðèíöèïà-
ìè îáðàáîòêè çíàíèé [2]. Ïðåäëàãàåìûå ñðåäñòâà
ñîñòîÿò èç ñèñòåìû âçàèìîäåéñòâóþùèõ ïðî-
ãðàììíûõ êîìïîíåíò [1�3], èñïîëüçóþùèõ óíè-
ôèöèðîâàííûå ìîäåëè ñåìàíòè÷åñêîãî ïðåäñòàâ-
ëåíèÿ è îáðàáîòêè çíàíèé [1�3] ñ öåëüþ èíòåãðè-
ðîâàííîé ðàçðàáîòêè íîâûõ ïðîãðàììíûõ êîì-
ïîíåíò. Ïðîöåññ èõ ðàçðàáîòêè ñâîäèòñÿ ê èõ ïî-
ñòðîåíèþ â ðåçóëüòàòå îáó÷åíèÿ è ãåíåðàöèè ïî
îáðàçöó [4] ïóò¼ì ñåìàíòè÷åñêîãî ïðîòîêîëèðî-
âàíèÿ [5] âçàèìîäåéñòâèé ïîëüçîâàòåëÿ ñ ñèñòå-
ìîé [2].

Îáùàÿ ìîäåëü ïðåäñòàâëåíèÿ è
îáðàáîòêè ïðîãðàììíûõ êîìïîíåíòîâ

Îáùàÿ ìîäåëü ïðåäñòàâëåíèÿ è îáðàáîòêè
ïðîãðàììíûõ êîìïîíåíòîâ è áèáëèîòåê êîìïî-

íåíòîâ [3] ñòðîèòñÿ íà îñíîâå (ðåëÿöèîííîé ìî-
äåëè) òèïîëîãèè (òàêñîíîìèè) êîìïîíåíòîâ è êî-
ìàíä îïåðàöèé èõ îáðàáîòêè.

Îñíîâíûìè âèäàìè êîìïîíåíòîâ ÿâëÿþòñÿ:

1. Èíòåðôåéñíî-äèàëîãîâûå êîìïîíåíòû
(ÈÄÊ).

2. Ðåïðåçåíòàöèîííûå êîìïîíåíòû (ÐÊ).
3. Êîìïîíåíòû îáðàáîòêè ïîòîêà çíàíèé

(ÎÏÇ).

Êîìàíäû ðåäàêòèðîâàíèÿ ÈÄÊ:

1. Ñîçäàòü ÈÄÊ.
2. Çàìåíèòü ñîîáùåíèå ÈÄÊ.
3. Çàìåíèòü êîíñòðóèðóþùóþ ïðîöåäóðó

ÈÄÊ.
4. Çàìåíèòü ïðîâåðÿþùóþ ïðîöåäóðó ÈÄÊ.
5. Äîáàâèòü ññûëêó íà ÈÄÊ.
6. Óäàëèòü ññûëêó èç ÈÄÊ.

Êîìàíäû íàâèãàöèè äëÿ ÈÄÊ:

1. Ïîëó÷èòü ñîîáùåíèå ÈÄÊ.
2. Ïîëó÷èòü êîíñòðóèðóþùóþ ïðîöåäóðó

ÈÄÊ.
3. Ïîëó÷èòü ïðîâåðÿþùóþ ïðîöåäóðó ÈÄÊ.
4. Ïîëó÷èòü êîìïîíåíòû ÈÄÊ, íà êîòîðûå îí

ññûëàåòñÿ.
5. Âûáðàòü ÈÄÊ.

Ê ÐÊ îòíîñÿòñÿ: ïðîòîêîë ïðîöåññà âçàè-
ìîäåéñòâèÿ ñ ïîëüçîâàòåëåì, ïðîöåäóðû, èñõîä-
íûå òåêñòû, áèáëèîòåêè êîìïîíåíòîâ (ÁÊ), îí-
òîëîãèè: òåðìèíîëîãè÷åñêèå ñëîâàðè (îáðàçíûå
ïðåäñòàâëåíèÿ), òåçàóðóñû, òàêñîíîìèè, ðåëÿöè-
îííûå ìîäåëè, (êîíúþíêòèâíûå) âûñêàçûâàíèÿ.
Ïðè ñîçäàíèè êîìïîíåíòîâ-ïðîöåäóð ïðîòîêîëè-
ðóþòñÿ êîìàíäû ïîëüçîâàòåëÿ è ðåçóëüòàòû ñî-
îòâåòñòâóþùèõ îïåðàöèé íàä ñòðóêòóðàìè çíà-
íèé è äàííûõ. Ïðè ýòîì èñïîëüçóþòñÿ ñîîò-
âåñòâóþùèå èíòåðôåéñíî-äèàëîãîâûå êîìïîíåí-
òû (Ðèñ. 2).

Êîìàíäû ðåäàêòèðîâàíèÿ ðåïðåçåíòàòèâ-
íûõ êîìïîíåíòîâ (ÐÊ):

1. Íà÷àòü ñîçäàíèå ÐÊ óêàçàííîãî òèïà.
2. Çàâåðøèòü ñîçäàíèå ÐÊ óêàçàííîãî òèïà.
3. Ñîçäàòü ÐÊ ïóò¼ì èíòåãðàöèè êîìïîíåí-

òîâ.
4. Ñîçäàòü ÐÊ èç ÷àñòè ðåïðåçåíòàòèâíîãî

êîìïîíåíòà.
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5. Ñîçäàòü ÐÊ èç ôðàãìåíòà ðåïðåçåíòàòèâ-
íîãî êîìïîíåíòà ïðîòîêîëà.

6. Ïðåîáðàçîâàòü ÐÊ ïðîòîêîëà â ÐÊ óêàçàí-
íîãî òèïà.

7. Ïðåîáðàçîâàòü ÐÊ â ÁÊ.
8. Äîáàâèòü êîìïîíåíò â ðàçäåë ÁÊ.
9. Ñêîïèðîâàòü êîìïîíåíòû â íîâûé ïîäðàç-

äåë èç ðàçäåëà ÁÊ.
10. Âûãðóçèòü êîìïîíåíò.
11. Çàãðóçèòü êîìïîíåíò.

Ðèñ. 2 � Àðèôìåòè÷åñêèå êîìàíäû íàä öåëûìè
32-áèòíûìè áåççíàêîâûìè ÷èñëàìè

Êîìàíäû íàâèãàöèè ïî ÁÊ:
1. Ïîëó÷èòü îñíîâíîé ðàçäåë ÁÊ.
2. Ïîëó÷èòü ïîäðàçäåëû ðàçäåëà ÁÊ.
3. Ïîëó÷èòü êîìïîíåíòû ðàçäåëà ÁÊ.
4. Âûáðàòü ðàçäåë ÁÊ.
5. Âûáðàòü êîìïîíåíò ÁÊ.
Ñòðóêòóðà áèáëèîòåêè èñõîäíûõ òåêñòîâ

ìîæåò áûòü ïðåäñòàâëåíà âíåøíèì îáðàçîì
(json):

{”g” : {”n” : ”2 8194”}, ”test” : [”#../g/n”, ...]}

èëè êîíñòðóêöèåé â áàçå çíàíèé [3] (Ðèñ. 3).

Ðèñ. 3 � Ñòðóêòóðà áèáëèîòåêè èñõîäíûõ òåêñòîâ

Êîìàíäû ðåäàêòèðîâàíèÿ äëÿ êîìïîíåíòîâ
ÎÏÇ:

1. Ñîçäàòü êîìïîíåíò ÎÏÇ.
2. Çàìåíèòü ïðîöåäóðó êîìïîíåíòà ÎÏÇ.
3. Óñòàíîâèòü êîìïîíåíò ñîîáùåíèÿ â êà÷å-

ñòâå êîìïîíåíòà ÎÏÇ.
4. Ïîìåíÿòü ïîòîêè çíàíèé ðàçâåòâèòåëÿ

(êîìïîíåíòà ñëèÿíèÿ).

5. Ïîäêëþ÷èòü êîìïîíåíò ñëèÿíèÿ ê ðàçâåò-
âèòåëþ.

6. Âñòàâèòü êîìïîíåíò ÎÏÇ.
7. Èçúÿòü êîìïîíåíò ÎÏÇ.
8. Èñêëþ÷èòü ñèñòåìó êîìïîíåíòîâ âòîðîãî

ïîòîêà çíàíèé ðàçâåòâèòåëÿ (êîìïîíåíòà
ñëèÿíèÿ).
Êîìàíäû íàâèãàöèè äëÿ êîìïîíåíòîâ ÎÏÇ:

1. Ïîëó÷èòü ïðîöåäóðó êîìïîíåíòà ÎÏÇ.
2. Ïîëó÷èòü ïðåäøåñòâóþùèå êîìïîíåíòû

êîìïîíåíòà ÎÏÇ.
3. Ïîëó÷èòü ïîñëåäóþùèå êîìïîíåíòû êîì-

ïîíåíòà ÎÏÇ.
4. Ïîëó÷èòü êîìïîíåíò ñîîáùåíèÿ.
5. Ïîëó÷èòü êîìïîíåíò ÎÏÇ.
6. Âûáðàòü êîìïîíåíò ÎÏÇ.
Îáùèìè êîìàíäàìè äëÿ êîìïîíåíò ÿâëÿþò-

ñÿ êîìàíäû: ïîëó÷åíèÿ òèïà êîìïîíåíòà; ïîëó-
÷åíèÿ àâòîðîâ êîìïîíåíòà; ïîëó÷åíèÿ ïðîòîêî-
ëà ïðåîáðàçîâàíèÿ êîìïîíåíòà. Ïðàâà íà êîìïî-
íåíò îïðåäåëÿþòñÿ â ñîîòâåòñòâèè ñ ìíîæåñòâîì
àâòîðîì è ìîäåëüþ óïðàâëåíèÿ äîñòóïîì.

Çàêëþ÷åíèå

Ñïðîåêòèðîâàíà îáùàÿ ìîäåëü ïðåäñòàâëå-
íèÿ è îáðàáîòêè ïðîãðàììíûõ êîìïîíåíòîâ è
ÁÊ, èñïîëüçóþùèõ óíèôèöèðîâàííîå ñåìàíòè-
÷åñêîå ïðåäñòàâëåíèå çíàíèé, ñïîñîáíûõ îáåñïå-
÷èòü è óñêîðèòü ðàçðàáîòêó èíòåëëåêòóàëüíûõ
ñèñòåì íà áàçå èíòåãðàöèîííîé ïëàòôîðìû [1�2].
Ðàçâèòèå ìîäåëè ïðåäïîëàãàåò îïèñàíèå ñðåäñòâ
ôîðìèðîâàíèÿ ðàçâ¼ðíóòîé ñïåöèôèêàöèè êîì-
ïîíåíòîâ, âêëþ÷àÿ èõ äåòàëèçèðîâàííóþ òèïî-
ëîãèþ íà îñíîâå ñåìàíòèêè èñïîëüçóþùèõ êîì-
ïîíåíò îïåðàöèé, òðåáóåìûõ äëÿ ðåøåíèÿ çàäà÷.

1. Èâàøåíêî, Â. Ï. Òåõíîëîãèÿ ðàçðàáîòêè ïðîãðàìì-
íûõ êîìïîíåíòîâ èíòåëëåêòóàëüíûõ ñèñòåì íà îñíî-
âå èíòåãðàöèîííîé ïëàòôîðìû / Â. Ï. Èâàøåíêî //
Èíôîðìàöèîííûå òåõíîëîãèè è ñèñòåìû 2021 (ÈÒÑ
2021) : ìàòåðèàëû ìåæäóíàð. íàó÷. êîíô. (Ðåñïóáëè-
êà Áåëàðóñü, Ìèíñê, 24 íîÿáðÿ 2021 ãîäà) / ðåäêîë. :
Ë. Þ. Øèëèí [è äð.]. � Ìèíñê: ÁÃÓÈÐ, 2021. � Ñ. 84�
85.

2. Ivashenko, V. Application of an integration platform
for ontological model-based problem solving using
an uni�ed semantic knowledge representation /
V. Ivashenko // Îòêðûòûå ñåìàíòè÷åñêèå òåõíîëîãèè
ïðîåêòèðîâàíèÿ èíòåëëåêòóàëüíûõ ñèñòåì = Open
Semantic Technologies for Intelligent Systems (OSTIS-
2021) : ñáîðíèê íàó÷íûõ òðóäîâ / Áåëîðóññêèé ãî-
ñóäàðñòâåííûé óíèâåðñèòåò èíôîðìàòèêè è ðàäèî-
ýëåêòðîíèêè ; ðåäêîë. : Â. Â. Ãîëåíêîâ [è äð.]. �
Ìèíñê, 2021. � Âûï. 5. � Ñ. 179�186.

3. Ãàâðèëîâà, Ò. À. Òåõíîëîãèÿ ïîñòðîåíèÿ áàç çíà-
íèé íà îñíîâå îäíîðîäíûõ ñåìàíòè÷åñêèõ ñåòåé
/ Ò. À. Ãàâðèëîâà, Í. À. Ãóëÿêèíà, Â. Ï. Èâà-
øåíêî // Èíôîðìàöèîííûå ñèñòåìû è òåõíîëîãèè
(IST2010). � Ìèíñê, 2010. � Ñ. 450�453.

4. Waszkowski, R. Low-code platform for automating
business processes in manufacturing // IFAC-
PapersOnLine. � 2019. � Ò. 52. � �. 10. � Ñ. 376�381.

5. Ivashenko, V. Semantic Logging of Repeating Events
in a Forward Branching Time Model / V. Ivashenko,
N. Zotov, M. Orlov // Pattern Recognition and
Information Processsing (PRIP 2021). � Minsk, 2021. �
P. 149�152.
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Â äàííîé ïóáëèêàöèè ðàññêàçûâàåòñÿ î ñèñòåìå, êîòîðàÿ óïðîùàåò âûáîð êóðñîâ ó÷àùèõñÿ. Îáúÿñíÿåòñÿ

ìåòîä ïðèìåíåíèÿ îáðàçîâàòåëüíîãî èíòåëëåêòóàëüíîãî àíàëèçà, ñáîð äàííûõ îá îáðàçîâàíèè, êîòîðûé

íà÷èíàåòñÿ ñ ïðåäâàðèòåëüíîé îáðàáîòêè íåîáðàáîòàííûõ äàííûõ, êîòîðûå ðàçäåëåíû íà êàòåãîðèè. Îïè-

ñàí ñàì ìåòîä ñáîðà äàííûõ äëÿ èçâëå÷åíèÿ çíà÷èìîé èíôîðìàöèè, êîòîðàÿ ëåæèò â îñíîâå ðåêîìåíäàöèè,

à òàê æå îöåíêà ñîçäàííîé ñèñòåìû.

Ââåäåíèå

Óñïåõ data mining ïðè ïðèìåíåíèè ê
íåñêîëüêèì âèäàì áèçíåñà èìååò ñâîè äîêàçà-
òåëüñòâà, áëàãîäàðÿ ñâîåé ñïîñîáíîñòè èçâëå-
êàòü, îòêðûâàòü è ïðåäñòàâëÿòü â èíòåðïðåòèðó-
åìîé ôîðìå èíòåðåñíûå è íîâûå çàêîíîìåðíîñòè
èç áîëüøèõ îáúåìîâ èíôîðìàöèè. Ïðèìåíåíèå
ýòèõ ìåòîäîâ â îòíîøåíèè îáðàçîâàòåëüíîãî êîí-
òåêñòà â ïîñëåäíåå âðåìÿ è îáóñëîâëåíî ïîñëåä-
íèìè äîñòèæåíèÿìè â îáëàñòè îáðàçîâàòåëüíûõ
òåõíîëîãèé: â íàñòîÿùåå âðåìÿ ìîæíî èçâëå-
êàòü áîëüøèå ìàññèâû äàííûõ èç ìíîãèõ èñòî÷-
íèêîâ îáðàçîâàòåëüíîé èíôîðìàöèè. Ñ ðàçâèòè-
åì Èíòåðíåòà â íàñòîÿùåå âðåìÿ âîçìîæíî ðàñ-
ïðîñòðàíåíèå îáðàçîâàíèÿ ÷åðåç âåá-ñåðâèñû: â
íàñòîÿùåå âðåìÿ ìîæíî èñïîëüçîâàòü ñèñòåìû
ýëåêòðîííîãî îáó÷åíèÿ, êîòîðûå îáåñïå÷èâàþò
îíëàéí-îáó÷åíèå, ñèñòåìû óïðàâëåíèÿ îáó÷åíè-
åì, êîòîðûå îáëåã÷àþò îáùåíèå ìåæäó ïðåïî-
äàâàòåëÿìè è ó÷àùèìèñÿ, à òàêæå ñóùåñòâóþò
èíòåëëåêòóàëüíûå ñèñòåìû îáó÷åíèÿ è îáðàçî-
âàòåëüíûå ãèïåðìåäèéíûå ñèñòåìû, êîòîðûå íà-
ïðàâëåíû íà àäàïòàöèþ ê êîíêðåòíûì ïîòðåáíî-
ñòÿì áèçíåñà, ïðåäîñòàâëÿÿ íàèëó÷øèå ðåñóðñû
äëÿ óëó÷øåíèÿ çíàíèé ñîòðóäíèêîâ.

I. Ñáîð äàííûõ îá îáðàçîâàíèè

Educational data mining íà÷èíàåòñÿ ñ ïðåä-
âàðèòåëüíîé îáðàáîòêè íåîáðàáîòàííûõ äàííûõ
(ñîáðàííûõ èç ìíîãèõ èñòî÷íèêîâ), ïðèìåíÿÿ
íàèáîëåå ïîäõîäÿùèå ìåòîäû èçâëå÷åíèÿ äàí-
íûõ, à çàòåì îñóùåñòâëÿåò èõ äàëüíåéøóþ îá-
ðàáîòêó, â ðåçóëüòàòå êîòîðîé ïîëó÷àåòñÿ ñòðóê-
òóðèðîâàííàÿ èíôîðìàöèÿ, ñïîñîáíàÿ ëó÷øå ïî-
íÿòü ïðîöåññ îáó÷åíèÿ â îáëàñòè îáðàçîâàíèÿ.
Ìîæíî ðàçäåëèòü EDM íà îäèííàäöàòü îñíîâ-
íûõ êàòåãîðèé ñëåäóþùèì îáðàçîì:

1. Àíàëèç è îöåíêà;
2. Îáðàòíàÿ ñâÿçü äëÿ ïðåïîäàâàòåëåé, îêà-

çûâàþùèõ ïîääåðæêó;
3. Ðåêîìåíäàöèè äëÿ îáó÷àþùèõñÿ;
4. Ïðîãíîçèðîâàíèå îöåíîê îáó÷àþùèõñÿ;
5. Ìîäåëèðîâàíèå îáó÷àþùèõñÿ;

6. Îáíàðóæåíèå íåæåëàòåëüíîãî ïîâåäåíèÿ
ó÷àùèõñÿ;

7. Ãðóïïèðîâêà îáó÷àþùèõñÿ;
8. Ñîöèàëüíûé ñåòåâîé àíàëèç;
9. Ðàçðàáîòêà ïëàíîâ;
10. Ïîñòðîåíèå ó÷åáíûõ ïðîãðàìì;
11. Ñîñòàâëåíèå ðàñïèñàíèÿ.

Â ñâÿçè ñ óñïåøíîé ïðèìåíèìîñòüþ êàê ñáîðà
îáðàçîâàòåëüíûõ äàííûõ, òàê è îáó÷åíèÿ ñ èñ-
ïîëüçîâàíèåì âåá-òåõíîëîãèé, âîçðîñ èíòåðåñ ê
ïðèìåíåíèþ ñèñòåì ðåêîìåíäàöèé â ýòîé êîí-
êðåòíîé îáëàñòè. Òàêèì îáðàçîì, â óñëîâèÿõ îá-
ðàçîâàíèÿ óæå ñóùåñòâóåò áîëüøîå ÷èñëî ñè-
ñòåì ðåêîìåíäàöèé, êîòîðûå îòëè÷àþòñÿ îò äðó-
ãèõ ðåêîìåíäóþùèõ ëèö (íàïðèìåð, ðåêîìåíäó-
þùèõ ïðîäóêòû) ïî ðàçëè÷íûì öåëÿì, êîòîðûå
îíè ïûòàþòñÿ äîñòè÷ü. Òåì íå ìåíåå, íåîáõîäèìî
âûÿâèòü îñîáåííîñòè ñèñòåì ðåêîìåíäàöèé, îðè-
åíòèðîâàííûõ íà îáðàçîâàíèå, ÷òîáû îáåñïå÷èòü
ðàçâèòèå è îöåíêó.

II. Ìåòîä ñáîðà äàííûõ

Ïîäàâëÿþùåå áîëüøèíñòâî ñèñòåì DM áó-
äåò èñïîëüçîâàòü îäèí (èëè áîëåå) èç èçâåñòíûõ
ðàçëè÷íûõ ïîäõîäîâ. Ìîæíî êëàññèôèöèðîâàòü
êàæäóþ ñèñòåìó ðåêîìåíäàöèé â ñîîòâåòñòâèè ñ
ïîäõîäàìè ïî äîáû÷å äàííûõ, êîòîðûå îíè èñ-
ïîëüçóþò äëÿ èçâëå÷åíèÿ çíà÷èìîé èíôîðìà-
öèè, êîòîðàÿ ëåæèò â îñíîâå èõ ðåêîìåíäàöèé.
Ìîæåì ðàçäåëèòü åå íà äâå îñíîâíûå êàòåãîðèè:

1. Íåêîíòðîëèðóåìûå òåõíèêè. Ýòà êàòåãîðèÿ
îïðåäåëÿåòñÿ íàáîðîì ìåòîäèê, êîòîðûå íå
èñïîëüçóþò íèêàêèõ âíåøíèõ çíàíèé äëÿ
ðóêîâîäñòâà ïðîöåññîì ñáîðà çíàíèé ïðè
ïîèñêå ëþáîé çàêîíîìåðíîñòè â äàííûõ.
Äðóãèìè ñëîâàìè, â ïðîöåññå îáó÷åíèÿ íå
äàþòñÿ ïðàâèëüíûå ðåçóëüòàòû. Íàèáîëåå
ïîïóëÿðíûìè ïðèìåðàìè ýòîãî êëàññà ìå-
òîäèê ÿâëÿþòñÿ ïðàâèëà êëàñòåðèçàöèè è
àññîöèàöèè;

2. Êîíòðîëèðóåìûå òåõíèêè. Â îòëè÷èå îò êà-
òåãîðèè, îïèñàííîé âûøå, ýòîò íàáîð ìå-
òîäèê ìîæåò èñïîëüçîâàòü çíàíèÿ î äàí-
íûõ äëÿ ñîçäàíèÿ òî÷íîé ìîäåëè, êîòîðàÿ
ìîæåò êîððåêòíî êëàññèôèöèðîâàòü ýêçåì-
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ïëÿðû îáëàñòè â ïðîöåññå àíàëèçà. Ýòè çíà-
íèÿ ïðåäñòàâëÿþò ñîáîé íå áîëåå ÷åì ìåò-
êó èëè êëàññ äëÿ êàæäîãî èçâåñòíîãî ýê-
çåìïëÿðà. Òàêèì îáðàçîì, ïîñëå îáó÷åíèÿ
ñîçäàííàÿ ìîäåëü ñìîæåò îáîáùàòü êëàññè-
ôèêàöèþ äëÿ êàæäîãî íîâîãî ýêçåìïëÿðà.
Â ýòîé ãðóïïå âûäåëÿþòñÿ íåñêîëüêî ìåòî-
äîâ, òàêèõ êàê äåðåâüÿ ïðèíÿòèÿ ðåøåíèé,
áàéåñîâñêèå ñåòè è íåéðîííûå ñåòè;

III. Ìåòîäîëîãèÿ è ðåêîìåíäàöèÿ
êóðñîâ

Ïðåäëàãàåòñÿ ñèñòåìà, êîòîðàÿ ìîæåò ðåêî-
ìåíäîâàòü íàáîð êóðñîâ, êîòîðûå ìàêñèìàëüíî
ïîâûøàþò âåðîÿòíîñòü õîðîøåé àêàäåìè÷åñêîé
óñïåâàåìîñòè ñòóäåíòîâ ñ ó÷åòîì èõ ïðåäûäóùèõ
îöåíîê. Äàííîå ïðåäëîæåíèå èññëåäóåò èñòîðè-
÷åñêèå îöåíêè ñòóäåíòîâ, èñïîëüçóÿ ñèíãóëÿð-
íûå çíà÷åíèÿ äåêîìïîçèöèè âåðøèíû ñîâìåñò-
íîãî ïîäõîäà ê ôèëüòðàöèè, ÷òîáû çàõâàòèòü
ñêðûòûå ëàòåíòíûå îñîáåííîñòè, êîòîðûå ìîãóò
îáúÿñíèòü îöåíêè, ïîëó÷åííûå îáó÷àþùåãîñÿìè.
Áûë âûáðàí ïðèíöèï SVD (ñèíãóëÿðíîå ðàçëî-
æåíèè ìàòðèö), åãî ìîæíî èñïîëüçîâàòü äëÿ îá-
íàðóæåíèÿ ñêðûòûõ ñêðûòûõ ôóíêöèé, êîòîðûå
ìîãóò îáúÿñíèòü ðåçóëüòàòû, ïîëó÷åííûå ó÷àùå-
ìèñÿ. Òàêæå ðàññìàòðèâàåòñÿ ïðîáëåìà íåïîë-
íîòû ïðîôèëåé ñòóäåíòîâ íà ìîìåíò ðåêîìåí-
äàöèè, èñïîëüçóÿ êëàññèôèêàòîðû ASAP. Êëàñ-
ñèôèêàòîðû ASAP ïî-äðóãîìó ïðåäñòàâëÿþò òå
äàííûå, êîòîðûå îáû÷íî èñïîëüçóåòñÿ â êëàññè-
ôèêàöèè. Ïðîïóñòèâ èçó÷åíèå òîãî, êàê ìîæíî
îáðàáàòûâàòü äàííûå äëÿ äîñòèæåíèÿ áîëåå âû-
ñîêîé òî÷íîñòè êëàññèôèêàöèè ÷òî ÿâëÿåòñÿ îñ-
íîâíîé ïðîáëåìîé, èçó÷àåìîé â ýòîé îáëàñòè ýòà
ìåòîäèêà ïîäõîäèò ê ïðîáëåìå êëàññèôèêàöèè
÷àñòè÷íî íàáëþäàåìûõ ýêçåìïëÿðîâ, êîãäà êëàñ-
ñèôèêàòîðû ìîãóò áûòü îáó÷åíû ïîëíîñòüþ íà-
áëþäàåìûì ýêçåìïëÿðàì.

Ðèñ. 1 � Îñíîâíûå ýòàïû ïðîöåññà ïîäãîòîâêè
ðåêîìåíäàöèé

IV. Îöåíêà ñîçäàííîé ñèñòåìû

Áîëüøå âíèìàíèÿ óäåëÿåòñÿ îöåíêå òî÷íî-
ñòè ïðîãíîçèðîâàíèÿ îöåíîê. Òàêèì îáðàçîì, åñ-
ëè äîñòèãàåòñÿ íèçêàÿ ïîãðåøíîñòü â ïðåäñêà-
çàíèÿõ, òî ìîæíî ñ óâåðåííîñòüþ ðåêîìåíäî-
âàòü êóðñû. Ó÷àùèåñÿ ìîãóò âûáðàòü áîëåå 200
ðàçëè÷íûõ êóðñîâ. Äëÿ âñåõ êóðñîâ ìîæíî âû-
ñòàâèòü îöåíêó îò 1 äî 5. Â ïðîâîäèìûõ èñ-
ñëåäîâàíèÿõ ñèñòåì ðåêîìåíäàöèé èñïîëüçóåòñÿ
íåñêîëüêî âèäîâ ìåð äëÿ îöåíêè óñïåøíîñòè ðå-
êîìåíäàöèé. Îäíàêî ïðàâèëüíûé ñïîñîá îöåíêè
êàæäîé ñèñòåìû â çíà÷èòåëüíîé ñòåïåíè çàâèñèò
îò öåëåé è ñôåðû ïðèìåíåíèÿ ñèñòåìû. Ðåêîìåí-
äàòåëüíûé ïðîöåññ ìîæíî ðàçäåëèòü íà äâå ðàç-
ëè÷íûå ïðîáëåìû: ïðåäñêàçàíèå îöåíîê è ðåøå-
íèå î òîì, êàêèå êóðñû ðåêîìåíäîâàòü ñ ó÷åòîì
âû÷èñëåííûõ ïðîãíîçîâ. Îáùåå êà÷åñòâî ðåêî-
ìåíäàöèé, íåçàâèñèìî îò ìåòîäà, èñïîëüçóåìîãî
äëÿ èõ ïîëó÷åíèÿ, â çíà÷èòåëüíîé ñòåïåíè çàâè-
ñèò îò êà÷åñòâà ïðîãíîçîâ. Òî åñòü, ÷åì ìåíüøå
îøèáêà íà ðåêîìåíäóåìûõ êóðñàõ, òåì ëó÷øå áó-
äåò êà÷åñòâî âûäàâàåìûõ ðåêîìåíäàöèé.

V. Çàêëþ÷åíèå

Âûáîð êóðñîâ äëÿ îáó÷åíèÿ ÿâëÿåòñÿ îä-
íèì èç ñàìûõ ðåøàþùèõ øàãîâ ó÷àùåãîñÿ. Ñòó-
äåíòàì âñå åùå ñëîæíî âûáðàòü äëÿ ñåáÿ îïòè-
ìàëüíûé íàáîð êóðñîâ, è â áîëüøèíñòâå ñëó÷à-
åâ ó íèõ íåò íåîáõîäèìîé ïîääåðæêè è êîíñóëü-
òàöèé, íåîáõîäèìûõ äëÿ ïðèíÿòèÿ ðåøåíèÿ. Â
äàííîé ïóáëèêàöèè ìû ïîêàçûâàåì, ÷òî ìîæåì
èñïîëüçîâàòü èçâåñòíûå ìåòîäû ðåêîìåíäàöèé,
÷òîáû ðåêîìåíäîâàòü ñòóäåíòàì êóðñû, êîòîðûå
íå òîëüêî èíòåðåñíû èì, íî è íàèáîëåå ñõîæè ñ
èõ íàâûêàìè.
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This article describes one of the most important steps in smart transportation systems, which is to count the

�ow of moving vehicles, in particular, using the YOLOv5 and DeepSORT algorithms to perform this process.

It explains how much accuracy increases when these algorithms are used in situations. Experiments using the

algorithms used showed an accuracy of 94. One of the most important steps in the development of intelligent

transport systems today is the classi�cation of vehicles moving on the roads and counting their �ow. The focus

of this study is on counting the �ow of tra�c on the roads. detects that the vehicle has passed. In addition, this

study focuses on the process and mathematical aspects of the YOLOv5 and DeepSORT algorithms, with examples.

In particular, attention is paid to the Mahalanobis distance and the Kalman �lter, which are the main components

of the DeepSORT algorithm, and their role in the DeepSORT algorithm is revealed. Experiments based on video

images taken from a CCTV device using these algorithms are presented in the article. The main part of the results

of the experiments is presented in the article as an example.

Introduction

Nowadays, in the period of rapid development,
the transport system has become an important part
of human life. Just one example of this is the follow-
ing statistic: by the end of the �rst quarter of 2022,
it is known that there will be approximately 1.45
billion cars in the world, of which about 1.1 billion
will be passenger cars. This means that there is a
car for every 7.18 people on our planet, it should
be noted that at the time of writing this article, the
population of the planet earth exceeds 7.9 billion [1,
9].

Based on the information mentioned above, it
can be said that this will de�nitely cause tra�c
problems in big cities. In this research work, the
analysis of the algorithms used in the program that
performs one of the main roles for the system help-
ing to solve this tra�c problem, that is, counting
the �ow of motor vehicles on the road and identify-
ing the moving motor vehicles, was carried out. In
particular, YOLOv5 and DeepSORT algorithms are
used and the working process of these algorithms is
explained.

I. Application of YOLOv5 and DeepSORT
algorithms in the calculation of traffic

flow

YOLOv5 algorithm. Nowadays, object detec-
tion is one of the most important aspects of com-
puter vision. Object detection is a computer vision
technology that localizes and identi�es objects in
an image.

Due to the versatility of object detection, ob-
ject detection has emerged as the most widely used
computer vision technology in the last few years
[8]. Let's talk brie�y about how object detection
works in general. In the �eld of computer vision,
object detection is often referred to as image detec-

tion, and these concepts are generally considered
synonymous terms. Object detection is not simi-
lar to other common computer vision technologies,
such as classi�cation, keypoint detection, or seman-
tic segmentation, that is, image segmentation using
masks. This is one of the most comprehensive areas
of computer vision.

This is where object detection models come
into play and achieve object detection by predict-
ing the X1, X2, Y1, Y2 coordinates and object class
labels depending on the target. Using object detec-
tion simply involves inputting an image (or video
frame) into the object detection model and out-
putting a �le in the form of a JSON �le with es-
timated coordinates and class labels [8].

The YOLO (You Only Look Once) algorithm
is a modern, real-time, very e�ective object detec-
tor, and there are a number of algorithms included
in this group of algorithms (YOLOv1, YOLOv2,
YOLOv3, YOLOv4, YOLOv5). The algorithm
used to obtain the results in this article is the
YOLOv5 algorithm.

It can be observed that the YOLOv5 algo-
rithm is based on YOLOv1-YOLOv4. Continuous
updating of this algorithm allowed to achieve high
results in two o�cial databases of object detection,
i.e. Pascal VOC (visual object classes) and Mi-
crosoft COCO (common objects in context). in
the database [5,6]. The network architecture of
YOLOv5 is shown in Figure 1.

There are several other reasons why YOLOv5
was chosen for this research work. First, YOLOv5
introduced a cross stage partial network (CSPNet)
into the Darknet and created CSPDarknet as its
foundation [12]. Here Darknet is a CNN (Convolu-
tional Neural Network), i.e. a convolutional (slid-
ing) neural network used in the YOLO algorithm.
CSPNet solves the problem of repeated gradient
data on large-scale networks and integrates gradient
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transformations into a feature map, thereby reduc-
ing model parameters and FLOPS (�oating-point
operations per second), which not only improves
inference speed and accuracy. provides, but also
reduces the size of the model. Detection speed and
accuracy are very important in the task of tra�c
�ow detection on roads, and the compact size of
the model also determines its inference e�ciency in
resource-poor peripheral devices.

Second, YOLOv5 used a path aggregation
network (PANet) to enhance information �ow [7].
PANet adopts a new feature pyramid network
(FPN) structure with an improved bottom-up path
that improves the propagation of low-level features.

Third, the YOLOv5 head, the YOLO layer,
generates feature maps of 3 di�erent sizes (18× 18,
36 × 36, 72 × 72) to achieve multiscale prediction,
which allows the model to handle small, medium,
and large object sizes [4].

Here:
� Cross Stage Partial Network (CSP) - cross
stage partial network;

� Spatial Pyramid Pooling (SPP) - spatial pyra-
mid pooling;

� Convolution Layer (Conv) - convolution (slid-
ing) layer;

� Concatenate Function (Concat) - function of
combining.

Figure 1 � Yolov5 network architecture

DeepSORT algorithm workflow

Taking into account what Kalman �lter and
Mahalanobis distance are given above, we will try
to explain the working process of DeepSORT algo-
rithm. DeepSORT technology combines these two
concepts to transfer information from one frame to
another and adds a new metric called appearance.
In the �rst step, the position, size, and class of a
single bounding box are determined using object
detection. Then, in principle, the Hungarian algo-
rithm (Hungersky algorithm) can be applied to as-
sociate previously known objects with object iden-
ti�ers previously in the frame and observed using
Kalman �lters. As a result, everything works per-
fectly as in the original SORT.

II. Conducted experiments and obtained
results

Below, using YOLOv5 and DeepSORT algo-
rithms mentioned above, the movement of cars on
the roads was determined and exactly how many

and what type of vehicles passed through a certain
part of the road during the speci�ed time. and good
results were recorded. Based on the obtained re-
sults, the stages of the algorithm execution are pre-
sented as examples in the form of an image clipped
from the video:

Figure 2 � Samples of the results obtained on the basis
of the experiment

Conclusion

This article describes the process of identify-
ing vehicles moving on the road using the YOLOv5
and DeepSORT algorithms, as well as the algorithm
for tracking and counting their movements. Experi-
mental results based on video images obtained from
a CCTV device installed in a designated area have
shown that this algorithm performs very well in real
time. In particular, DeepSORT's ability to remem-
ber an object by its appearance and track it through
these features is a very e�ective method, as this was
not available using the SORT algorithm itself un-
til now. The proposed algorithm can be considered
as an e�ective method for the algorithm because it
consumes less resources in the calculation process
and there is no need to train the model.
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Â ðàáîòå ðàññìàòðèâàþòñÿ ìåòîäû ñîîòâåòñòâèÿ âåðñèé è êîíòðîëÿ öåëîñòíîñòè ïðîãðàììíîãî îáåñïå-

÷åíèÿ, ïðåäíàçíà÷åííîãî äëÿ óïðàâëåíèÿ ñèñòåìàìè ïåðåìåùåíèé â ðåæèìå ðåàëüíîãî âðåìåíè ñ èñïîëü-

çîâàíèåì òåõíîëîãèè EtherCAT.

Ïðîâåä¼ííûé àíàëèç ñîâðåìåííûõ
ïðîãðàììíî-àïïàðàòíûõ ñðåäñòâ ïîêàçàë, ÷òî
íàèáîëåå ýôôåêòèâíîé òåõíîëîãèåé äëÿ ðåàëèçà-
öèè óïðàâëåíèÿ ñèñòåìàìè ìíîãîêîîðäèíàòíûõ
ïåðåìåùåíèé â ðåæèìå ðåàëüíîãî âðåìåíè ÿâëÿ-
åòñÿ òåõíîëîãèÿ EtherCAT, âíåäðåíèå êîòîðîé
òðåáóåò ðàçðàáîòêè äîïîëíèòåëüíûõ ïðîãðàìì-
íûõ ïðèëîæåíèé.

Íà ñåãîäíÿøíèé äåíü ðàçðàáîòêà ïðî-
ãðàììíîãî îáåñïå÷åíèÿ íå îáõîäèòñÿ áåç ïðèìå-
íåíèÿ ñïåöèàëüíûõ èíñòðóìåíòîâ, êîòîðûå ïî-
âûøàþò ýôôåêòèâíîñòü ðàçðàáîòêè çà ñ÷¼ò ñíè-
æåíèÿ òðóäî¼ìêîñòè âûïîëíÿåìûõ îïåðàöèé. Ê
òàêèì èíñòðóìåíòàì îòíîñÿòñÿ ðàçëè÷íûå ñðå-
äû ðàçðàáîòêè ïðîãðàììíîãî îáåñïå÷åíèÿ è ñè-
ñòåìû êîíòðîëÿ âåðñèé. Â äàííûõ èíñòðóìåí-
òàõ ðàçðàáîòêè ñóùåñòâóåò ïðîáëåìà îòñóòñòâèÿ
óíèâåðñàëüíîãî ðåøåíèÿ äëÿ âåðñèîíèðîâàíèÿ
dll-áèáëèîòåê è èñïîëíÿåìûõ exe-ôàéëîâ ïðî-
ãðàììíîãî îáåñïå÷åíèÿ äëÿ óñòàíîâëåíèÿ ñâÿçè
ìåæäó äàííûìè ôàéëàìè è èõ èñõîäíûì êîäîì.
Òàêæå â ëèòåðàòóðå íåäîñòàòî÷íî õîðîøî ïðîðà-
áîòàí âîïðîñ êîíòðîëÿ öåëîñòíîñòè ïðîãðàììíî-
ãî îáåñïå÷åíèÿ, â ÷àñòíîñòè îáúåêòîâ áàçû äàí-
íûõ [1].

Îáåñïå÷åíèå îáíîâëåíèÿ âåðñèé dll-
áèáëèîòåêàì è èñïîëíÿåìûì exe-ôàéëàì ïðî-
ãðàììíîãî îáåñïå÷åíèÿ äëÿ óïðàâëåíèÿ ñèñòåì
ïåðåìåùåíèé ïî òåõíîëîãèè EtherCAT ïðè âíå-
ñåíèè èçìåíåíèé â èõ èñõîäíûé êîä, à òàêæå
îñóùåñòâëåíèå êîíòðîëÿ öåëîñòíîñòè îáúåêòîâ
äàííîãî ïðîãðàììíîãî îáåñïå÷åíèÿ â ïðîöåñ-
ñå ýêñïëóàòàöèè ïîçâîëèò: ñîêðàòèòü âðåìåí-
íûå çàòðàòû íà ðó÷íîå âåðñèîíèðîâàíèå, èñêëþ-
÷èòü íåîáõîäèìîñòü ðåãðåññèîííîãî òåñòèðîâà-
íèÿ, îöåíèòü çíà÷èìîñòü âûïîëíåííûõ èçìåíå-
íèé, äåòåêòèðîâàòü èçìåíåíèÿ â ïðîãðàììíîì
îáåñïå÷åíèè è òåì ñàìûì óìåíüøèòü âåðîÿò-
íîñòü åãî èñïîëüçîâàíèÿ ñ íåçàïëàíèðîâàííûìè
èçìåíåíèÿìè. Ýòî âàæíî äëÿ ñèñòåì óïðàâëå-
íèÿ ðàçëè÷íîãî íàçíà÷åíèÿ è îñîáåííî ñèñòåì

óïðàâëåíèÿ òðàíñïîðòíûì îáîðóäîâàíèåì è ìî-
áèëüíûìè ñèñòåìàìè ðàçëè÷íîãî óðîâíÿ àâòî-
ìàòèçàöèè [2].

Ïðåäëîæåííûé ìåòîä ñîîòâåòñòâèÿ âåðñèé
ïîçâîëÿåò ðåøèòü çàäà÷ó îáíîâëåíèÿ âåðñèé ñáî-
ðîê ñ ðàñøèðåíèÿìè dll è exe ïðè èçìåíåíèè èõ
èñõîäíîãî êîäà, êîòîðûé êîìïèëèðóåòñÿ â äàí-
íûå ñáîðêè ïðè ïîìîùè ñðåäû ðàçðàáîòêè Visual
Studio (VS). Ìåòîä ñîîòâåòñòâèÿ âåðñèé ðåàëè-
çîâàí â âèäå ðàñøèðåíèÿ äëÿ ñðåäû ðàçðàáîò-
êè VS, êîòîðàÿ â ñâîþ î÷åðåäü ìîæåò âçàèìî-
äåéñòâîâàòü êàê ñ öåíòðàëèçîâàííîé ñèñòåìîé
óïðàâëåíèÿ âåðñèÿìè Team Foundation Server
(TFS), òàê è ñ äåöåíòðàëèçîâàííîé ñèñòåìîé
git. Ðàçðàáîòàííûé ñ ïðèìåíåíèåì òåõíîëîãèè
WPF (Windows Presentation Foundation) èíòåð-
ôåéñ ïîëüçîâàòåëÿ ðàñøèðåíèÿ èíòåãðèðîâàí â
ñðåäó VS, ÷òî ïîçâîëÿåò îñóùåñòâëÿòü âåðñèî-
íèðîâàíèå è ðàçðàáîòêó ïðîãðàììíîãî îáåñïå-
÷åíèÿ â îäíîì ïðèëîæåíèè. Äàííîå ðàñøèðåíèå
îïðåäåëÿåò êàêèå ïðîåêòû âåðñèîíèðóåìîãî ïðî-
ãðàììíîãî îáåñïå÷åíèÿ ïîäâåðãëèñü èçìåíåíèÿì
ïî îòíîøåíèþ ê ïîñëåäíåé âåðñèè â ñèñòåìå TFS
èëè git è èçìåíÿåò èõ âåðñèè ïåðåä ñîõðàíåíèåì.

Âåðñèÿ êàæäîãî ïðîåêòà õðàíèòñÿ â ñïåöè-
àëüíîì ôàéëå AssemblyInfo è èçìåíÿåòñÿ, äàí-
íàÿ âåðñèÿ îòîáðàæàåòñÿ â ñâîéñòâàõ èñïîëíÿå-
ìûõ exe-ôàéëîâ è dll-áèáëèîòåê, êîòîðûå ñîîò-
âåòñòâóþò ïðîåêòàì è ôîðìèðóþòñÿ â ðåçóëüòà-
òå èõ ñáîðêè. Äëÿ ïîëó÷åíèÿ èëè èçìåíåíèÿ âåð-
ñèè â ðàñøèðåíèè èñïîëüçóþòñÿ ðåãóëÿðíûå âû-
ðàæåíèÿ [3].

Íîâàÿ âåðñèÿ äëÿ èçìåí¼ííîãî ïðîåêòà
ôîðìèðóåòñÿ ñëåäóþùèì îáðàçîì: ñòàðøèå ðàç-
ðÿäû áåðóòñÿ èç âåðñèè îñíîâíîãî ïðîåêòà ðîäè-
òåëüñêîãî ðåøåíèÿ, êîòîðîå îïðåäåëÿåòñÿ ñ ïî-
ìîùüþ ñòðóêòóðíîãî àíàëèçà ôàéëà ïðîåêòà,
â êà÷åñòâå ìëàäøåãî ðàçðÿäà âåðñèè âûñòóïàåò
èíêðåìåíòèðîâàííûé íîìåð ïîñëåäíåãî ñîõðàíå-
íèÿ â ñèñòåìå TFS èëè git. Íà ðèñ. 1 ïðåäñòàâëå-
íû âûäåëÿåìûå òèïû ïðîåêòîâ.
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Ðèñ. 1 � Âûäåëÿåìûå òèïû ïðîåêòîâ è èõ çàâèñèìîñòè

Ñòàðøèå ðàçðÿäû îáíîâëÿþòñÿ òîëüêî ïðè
ñáîðêå ðåëèçà ïðîãðàììíîãî îáåñïå÷åíèÿ è òîëü-
êî â ñëó÷àå âíåñåíèÿ ñóùåñòâåííûõ èçìåíåíèé.

Ïðåäëîæåííûé ìåòîä êîíòðîëÿ öåëîñòíî-
ñòè ïîçâîëÿåò ôîðìèðîâàòü è ñðàâíèâàòü êîí-
òðîëüíûå ñóììû ñ èñïîëüçîâàíèåì ôóíêöèè
MD5 â ïðîöåññå ýêñïëóàòàöèè. Äàííûé ìåòîä
âñòðîåí â ïðîãðàììíîå îáåñïå÷åíèå ñèñòåìû
óïðàâëåíèÿ è ïðåäíàçíà÷åí äëÿ îïðåäåëåíèÿ
íåçàïëàíèðîâàííûõ èçìåíåíèé äàííûõ.

Ïðîãðàììíàÿ ÷àñòü ñèñòåìû ñîñòîèò èç
ìíîæåñòâà ðàçëè÷íûõ îáúåêòîâ, òàêèõ êàê èñ-
ïîëíÿåìûå ôàéëû, ôàéëû äàííûõ è îáúåêòû
áàç äàííûõ. Ôîðìèðîâàíèå êîíòðîëüíûõ ñóìì
âûïîëíÿåòñÿ äëÿ êàæäîãî òèïà ïî-ðàçíîìó. Íà
ðèñ. 2 ïðèâåäåíû âûäåëÿåìûå òèïû è ìíîãîñòó-
ïåí÷àòîñòü ïðîöåññà ôîðìèðîâàíèÿ êîíòðîëü-
íûõ ñóìì äëÿ êàæäîãî òèïà.

Ðèñ. 2 � Âûäåëÿåìûå òèïû êîíòðîëüíûõ ñóìì è èõ çàâèñèìîñòè

Îñíîâíàÿ öåëü ìíîãîñòóïåí÷àòîãî ôîðìè-
ðîâàíèÿ êîíòðîëüíûõ ñóìì çàêëþ÷àåòñÿ â óäîá-
ñòâå ïðåäñòàâëåíèÿ èíôîðìàöèè î ñîñòîÿíèè
êàæäîé ïîäãðóïïû è â ïîâûøåíèè ñêîðîñòè íà-
õîæäåíèÿ èçìåí¼ííûõ ôàéëîâ [3].

Òàêèì îáðàçîì áûë ðàçðàáîòàí ìåòîä îá-
íîâëåíèÿ âåðñèé ïðîãðàììíîãî îáåñïå÷åíèÿ, çà-
êëþ÷àþùèéñÿ â àâòîìàòèçèðîâàííîì îáíîâëå-
íèè âåðñèé dll-áèáëèîòåê è èñïîëíÿåìûõ exe-
ôàéëîâ ïðè âíåñåíèè èçìåíåíèé â èõ èñõîä-
íûé êîä, à òàêæå ìåòîä êîíòðîëÿ öåëîñòíî-
ñòè ïðîãðàììíîãî îáåñïå÷åíèÿ, çàêëþ÷àþùèéñÿ
â ôîðìèðîâàíèè ýòàëîííûõ êîíòðîëüíûõ ñóìì
äëÿ îáúåêòîâ ïðîãðàììèðîâàíèÿ è îáúåêòîâ áàç
äàííûõ, ñðàâíåíèè èõ ñ òåêóùèìè êîíòðîëüíû-
ìè ñóììàìè, è ïîçâîëÿþùèé äåòåêòèðîâàòü ëþ-
áûå èçìåíåíèÿ óêàçàííûõ îáúåêòîâ è òåì ñà-
ìûì óìåíüøèòü âåðîÿòíîñòü èñïîëüçîâàíèÿ ïðî-
ãðàììíîãî îáåñïå÷åíèÿ ñ íåçàïëàíèðîâàííûìè
èçìåíåíèÿìè.
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Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü èññëåäîâàíèÿ â ñôå-
ðå èíòåëëåêòóàëüíûõ èíôîðìàöèîííûõ òåõíîëî-
ãèé ñòàëè àêòóàëüíîé òåíäåíöèåé âî âñåõ ñôå-
ðàõ ÷åëîâå÷åñêîé äåÿòåëüíîñòè. Ïîä èíôîðìàöè-
îííûìè òåõíîëîãèÿìè ïîíèìàåòñÿ ñîâîêóïíîñòü
ìåòîäîâ, èñïîëüçóþùèõ èíôîðìàöèîííûå çàêî-
íû, ìîäåëè è ïðîöåññû äëÿ ïðîèçâîäñòâà ñðåäñòâ
è ìåòîäîâ ðàáîòû ñ èíôîðìàöèåé. Îäíèì èç
íàïðàâëåíèé ðàçâèòèÿ èñêóññòâåííîãî èíòåëëåê-
òà ÿâëÿþòñÿ ñîâðåìåííûå èíôîðìàöèîííûå òåõ-
íîëîãèè, ê êîòîðûì îòíîñÿòñÿ: èíæåíåðèÿ çíà-
íèé, îáðàáîòêà íå÷åòêîé èíôîðìàöèè, íåéðîñå-
òåâûå òåõíîëîãèè. Âíåäðåíèå èíòåëëåêòóàëüíûõ
èíôîðìàöèîííûõ òåõíîëîãèé â ñôåðû îáðàçîâà-
íèÿ ÿâëÿåòñÿ íàèáîëåå àêòóàëüíîé â ñâÿçè ñ óâå-
ëè÷åíèåì ÷èñëåííîñòè ñòóäåíòîâ ïîâûøàåòñÿ êî-
ëè÷åñòâî ïðîöåññîâ, ñâÿçàííûõ ñ îáðàçîâàòåëü-
íîé äåÿòåëüíîñòüþ.

I. Ïðîáëåìû òðàäèöèîííûõ ìåòîäîâ
îáó÷åíèÿ[2]

1. Áîëüøèíñòâî îáðàçîâàòåëüíûõ ïðîãðàìì
ïðåäïîëàãàåò îäíîòèïíûé ïîäõîä ê èçó÷åíèþ ãó-
ìàíèòàðíûõ, òî÷íûõ è åñòåñòâåííûõ íàóê. Òàêîé
ïîäõîä íå äàåò âîçìîæíîñòè âûáðàòü êàêîé-ëèáî
ïðîôèëü äëÿ îñâîåíèÿ ïðåäìåòà, òàêæå íå ó÷è-
òûâàåòñÿ ðàçíûé óðîâåíü ïîäãîòîâêè ó÷àùèõñÿ,
è ïðåäïîëàãàåò áîëüøèå âðåìåííûå çàòðàòû íà
äîïîëíèòåëüíûå çàíÿòèÿ, äëÿ ïîâòîðåíèÿ è çà-
êðåïëåíèÿ óæå ïðîéäåííîãî ìàòåðèàëà.

2. Áîëüøîé óïîð íà ïîêàçàòåëè. ×åì îí âû-
øå, òåì ó îáðàçîâàòåëüíîé îðãàíèçàöèè áîëüøå
ïðåôåðåíöèé. Ðåéòèíã ñêëàäûâàåòñÿ èç ìíîãèõ
ïîêàçàòåëåé, â ÷àñòíîñòè ≪ñðåäíåãî áàëëà≫ ó÷à-
ùèõñÿ è ðåçóëüòàòîâ èòîãîâîé àòòåñòàöèè. Çà÷à-
ñòóþ îöåíêè íå êîððåëèðóþò ñ ðåàëüíûìè çíà-
íèÿìè.

3. Ïëîõàÿ ïîäãîòîâêà ó÷èòåëåé, êîòîðàÿ
ïðîÿâëÿåòñÿ êàê ó ìîëîäûõ, òàê è ó îïûòíûõ
ïåäàãîãîâ. Äëÿ òîãî, ÷òîáû ïîëó÷àòü äîñòîéíóþ
çàðïëàòó, ïðèõîäèòñÿ áðàòü áîëüøå ÷àñîâ, êëàññ-
íîå ðóêîâîäñòâî è ðåïåòèòîðñòâî. Ïðè áîëüøîé
çàãðóæåííîñòè ó ó÷èòåëåé íå âñåãäà åñòü äîñòà-
òî÷íî âðåìåíè, ÷òîáû ïîäãîòîâèòñÿ ê çàíÿòèÿì.
À ó ìîëîäûõ ñïåöèàëèñòîâ íå äîñòàòî÷íî îïûòà,
÷òîáû ñ ýòèì ñïðàâëÿòüñÿ â ïðèíöèïå.

4. Ïîäãîòîâêà ê îñíîâíûì ýêçàìåíàì (Öåí-
òðàëèçîâàííûé ýêçàìåí) èä¼ò âðàçðåç ñ ïîâñå-
äíåâíîé ó÷åáîé, äëÿ ñäà÷è êîòîðûõ íå âñåãäà
òðåáóåòñÿ ðàçáèðàòüñÿ â ïðåäìåòå, à ãëàâíîå ïðà-
âèëüíî èíòåðïðåòèðîâàòü ñàìî çàäàíèå. Îñíîâ-
íàÿ ïðîáëåìà îáó÷åíèÿ â øêîëå ñîñòîèò â òîì,
÷òî íà óðîêàõ ýòîìó íå ó÷àò.

II. Àíàëèç ñóùåñòâóþùèõ ïîäõîäîâ

Ïîòåíöèàë ïðèìåíåíèÿ ÈÈ â îáðàçîâàíèè:

� Ïåðñîíàëèçàöèÿ. Ñèñòåìû èñêóññòâåííîãî
èíòåëëåêòà ëåãêî àäàïòèðóþòñÿ ê èíäèâè-
äóàëüíûì ïîòðåáíîñòÿì êàæäîãî ó÷àùåãî-
ñÿ â îáó÷åíèè è ìîãóò îðèåíòèðîâàòü îáó-
÷åíèå ñ ó÷åòîì åãî "ñèëüíûõ è ñëàáûõ ñòî-
ðîí";

� Îöåíêà çíàíèé. Ñèñòåìû (ÈÈ) ìîãóò ≪îöå-
íèâàòü ñòèëü îáó÷åíèÿ ó÷àùåãîñÿ è óæå ñó-
ùåñòâóþùèå çíàíèÿ, ÷òîáû ïðåäîñòàâëÿòü
èíäèâèäóàëüíóþ ïîääåðæêó è îáó÷åíèå≫;

� Óñïåâàåìîñòü. Ñèñòåìû ÈÈ ìîãóò ïîìîãàòü
íå òîëüêî â îöåíêå çíàíèé è óìåíèé íà ýêçà-
ìåíå, íî è òàêæå ìîæåò ≪ñîáèðàòü äàííûå
îá óñïåâàåìîñòè ó÷àùèõñÿ;

Ñóùåñòâóåò ïîòåíöèàë â ñîçäàíèè áàçû çíà-
íèé â ðàìêàõ èíñòèòóòîâ è êîëëåäæåé îäíîãî íà-
ïðàâëåíèÿ, à òàêæå åãî ïðèìåíåíèÿ â äàëüíåé-
øåì â ðàçëè÷íûõ íàïðàâëåíèÿõ, òàêèõ êàê:

1. Ñî÷åòàíèå ìàøèííîãî îáó÷åíèÿ è îáðàáîò-
êè åñòåñòâåííîãî ÿçûêà;

2. Ýêñïåðòíûå ñèñòåìû;
3. Ïðîãíîñòè÷åñêèå ñèñòåìû.

Íåñêîëüêî ýêñïåðòîâ, òàêèõ êàê Íèë Õåô-
ôåðíàí èç Âóñòåðñêîãî ïîëèòåõíè÷åñêîãî èíñòè-
òóòà, èùóò ñïîñîáû àâòîìàòè÷åñêîãî ñîçäàíèÿ
íîâûõ âûñîêîêà÷åñòâåííûõ òåñòîâûõ çàäàíèé íà
îñíîâå ñîâîêóïíîñòè çíàíèé[3]. Â íåêîòîðûõ ñëó-
÷àÿõ ýêñïåðòû ñ÷èòàþò, ÷òî ñêîðî ìàøèíû ñìî-
ãóò ãåíåðèðîâàòü îöåíî÷íûå âîïðîñû, àäàïòèðî-
âàííûå ê èíòåðåñàì ó÷àùåãîñÿ. Äëÿ ó÷àùåãîñÿ,
êîòîðûé ëþáèò áåéñáîë è èçó÷àåò êîíöåïöèþ 5
ïëþñ 3, ìàøèíû ìîãóò ñãåíåðèðîâàòü çàäà÷ó î
áåéñáîëå (íàïðèìåð, ≪Îòáèâàþùèé çàáèë ïÿòü
ëàéíäðàéâîâ è òðè õîóìðàíà. Ñêîëüêî âñåãî ó
íåãî áûëî ïîïàäàíèé≫).

Îáðàáîòêà åñòåñòâåííîãî ÿçûêà íå ≪ïîíè-
ìàåò≫ ÿçûê â êàêîì-ëèáî òåõíè÷åñêîì ñìûñëå,
åå ìîæíî èñïîëüçîâàòü äëÿ îöåíêè êà÷åñòâà ýññå

65



ñïîñîáàìè, êîòîðûå äåëàþò îöåíêó áîëå îáúåê-
òèâíîé.

Èñïîëüçîâàíèå ðåêîìåíäàòåëüíûõ ñèñòåì
[6] - ýòî âîçìîæíîñòü ïîðåêîìåíäîâàòü ó÷àùèìñÿ
ïðàêòè÷åñêèé èëè òåîðåòè÷åñêèé ìàòåðèàë ïî-
ñëå îöåíêè åãî çíàíèé. Íàïðèìåð, ðåêîìåíäà-
òåëüíàÿ ñèñòåìà íàìåòèò êîíêðåòíûé ïóòü îáó-
÷åíèÿ, êîòîðûé ñòóäåíò äîëæåí ïðîéòè ïîñëå
îöåíêè.

Èñïîëüçîâàíèå ïðîãíîñòè÷åñêèõ ñèñòåì (ñè-
ñòåì ðàííåãî ïðåäóïðåæäåíèÿ) ïîìîãàåò îòñëå-
æèâàòü ó÷àùèõñÿ, êîòîðûì â ïðîöåññå îáó÷åíèÿ
ãðîçèò íèçêàÿ óñïåâàåìîñòü.

III. Ïîäõîä ê ðåàëèçàöèè
èíòåëëåêòóàëüíîé èíôîðìàöèîííîé

ñèñòåìû

Ëþáàÿ èíòåëëåêòóàëüíàÿ èíôîðìàöèîííàÿ
ñèñòåìà äîëæíà óìåòü îáùàòüñÿ ñ ïîëüçîâàòå-
ëåì (â íàøåì ñëó÷àå ó÷àùèìñÿ) íà ïîíÿòíîì äëÿ
íåãî ÿçûêå. Äëÿ ðåàëèçàöèè âîïðîñíî-îòâåòíîé
ñèñòåìû áûëî ïðîàíàëèçèðîâàíî íåñêîëüêî ðà-
áîò. Íàïðèìåð, â îäíîé èç ðàáîò íåéðîñåòü ãå-
íåðèðóåò çàïðîñû ê Ãðàôîâîé áàçå äàííûõ íà
ÿçûêå LISP íà îñíîâàíèè âîïðîñîâ, çàäàâàåìûõ
ïîëüçîâàòåëÿìè. Ò.å. íåéðîñåòü íå íàïðÿìóþ îá-
ðàùàåòñÿ ê äàííûì, à ñîçäàåò íåáîëüøóþ ïðî-
ãðàììó, âûïîëíåíèå êîòîðîé ïðèâîäèò ê ïîëó÷å-
íèþ íóæíîãî îòâåòà èç ãðàôîâîé áàçû äàííûõ
Neo4j.

Ãðàôîâîå ïðåäñòàâëåíèå çíàíèé â êà÷åñòâå
âíåøíåé ïàìÿòè äëÿ íåéðîñåòè âîîáùå ÿâëÿåòñÿ
äîñòàòî÷íî ïîïóëÿðíûì ðåøåíèåì, ïîñêîëüêó â
íåãî ñ îäíîé ñòîðîíû ëåã÷å óëîæèòü ðàçíîðîä-
íûå çíàíèÿ î ìèðå.

Äëÿ ïðîöåññà äèàëîãà î÷åíü âàæåí êîíòåêñò
áåñåäû. Ïðè îáùåíèè ÷åëîâåêà ñ èíòåëëåêòó-
àëüíîé èíôîðìàöèîííîé ñèñòåìîé êîíòåêñò ñòà-
íîâèòñÿ åù¼ âàæíåå. Íà ðèñóíêå 2 ïðåäñòàâëå-
íà ñõåìà ðàáîòû âîïðîñíî-îòâåòíîé ñèñòåìû. Íà
äàííîé ñõåìå ïðåäñòàâëåí "àíàëèçàòîð êîòîðûé
ïðåäñòàâëÿåò ñîáîé áîëüøîå õðàíèëèùå èíôîð-
ìàöèè, à òàêæå îñóùåñòâëÿåò å¼ àíàëèç. Äëÿ íåé-
ðîííîé ñåòè òàêàÿ çàäà÷à êàê õðàíåíèå è àíà-
ëèç ÿâëÿåòñÿ äîñòàòî÷íî ñëîæíîé çàäà÷åé. ßâ-
íîå ïðåäñòàâëåíèå êðàòêîñðî÷íîé âíåøíåé ïàìÿ-
òè ÿâëÿåòñÿ ñåé÷àñ ðàñïðîñòðàíåííûì ïîäõîäîì
â äèàëîãîâûõ ñèñòåìàõ íà áàçå íåéðîñåòè, è ê òî-

ìó æå ïîçâîëÿåò ïîêàçûâàòü ñîäåðæèìîå ðàáî÷å-
ãî êîíòåêñòà ïîëüçîâàòåëþ, ÷òî ÿâëÿåòñÿ äîñòà-
òî÷íî âàæíûì.

Ðèñ. 1 � Äèàëîã ñ ó÷åòîì êîíòåêñòà

Çàêëþ÷åíèå. Ïîòåíöèàë äèàëîãîâûõ ñèñòåì
íà îñíîâå ãðàôîâîé áàçû äàííûõ Neo4j â ÷à-
ñòè îïðåäåëåíèÿ êîíòåêñòà ñëîâ, îêàçàëñÿ âåñüìà
ñëîæíîé â äîñòèæåíèè çàäà÷åé äëÿ ïðîñòîé ìî-
äåëè. Èññëåäîâàííûå ñïîñîáû ïðåäñòàâëÿþò èí-
òåðåñ äëÿ ïîâûøåíèÿ êà÷åñòâà äèàëîãîâûõ ñè-
ñòåì è â äàëüíåéøåì åãî ïðèìåíåíèè â ñôåðå îá-
ðàçîâàíèÿ.

1. Zhai, Xuesong & Chu, Xiaoyan & Chai, Ching & Jong,
Morris & Istenic Starcic, Andreja & Spector, Jonathan
& Liu, Jia-Bao & Yuan, Jing & Li, Yan. (2021). A
Review of Arti�cial Intelligence (AI) in Education from
2010 to 2020. Complexity, 2021, p. 1-18.

2. Towards Data Science. [Ýëåêòðîííûé ðåñóðñ] / � Ðå-
æèì äîñòóïà: https://towardsdatascience.com / Ferry
Hoes. � äåêàáðü 6, 2018. � Äàòà äîñòóïà: 09.10.2022.

3. Äîíèíà È. À., Âîäíåâà Ñ. Í., Ìèõàéëîâà Ì. Í. Èñ-
êóññòâåííûé èíòåëëåêò â ñîâðåìåííîì îáðàçîâàíèè:
âîçìîæíîñòè è óãðîçû // Ïñèõîëîãî-ïåäàãîãè÷åñêèé
ïîèñê. Íàó÷íî-ìåòîäè÷åñêèé æóðíàë. - Ðÿçàíü, 2021.
- 1(57). - c. 17-29

4. Äæîíñ Ì. Ò. Ïðèíöèïû ðàáîòû ðåêîìåíäà-
òåëüíûõ ìåõàíèçìîâ Èíòåðíåòà. [Ýëåêòðîí-
íûé ðåñóðñ]. IBM developerWorks, 2014. URL:
https://www.ibm.com/developerworks/ru/library/os-
recommender1/.

5. Ìîéñþê-Äðàíüêî, Ï. À. Ìåòîäû ìàòðè÷íîé ôàê-
òîðèçàöèè äëÿ ñèñòåì ðåêîìåíäàöèè / Ìîéñþê-
Äðàíüêî Ï. À., Ðåâîòþê Ì. Ï. // Èíôîðìàöèîííûå
òåõíîëîãèè è ñèñòåìû 2020 (ÈÒÑ 2020) = Information
Teñhnologies and Systems 2020 (ITS 2020) : ìàòåðèà-
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ìîäóëåé àïïðîêñèìàöèè ñèñòåìû ÃåîÁàçàÄàííûõ äëÿ àäåêâàòíîãî ôîðìèðîâàíèÿ ðàçðàáîò÷èêàìè è ýêñ-

ïåðòàìè öèôðîâûõ ïîëåé ïàðàìåòðîâ êîìïüþòåðíûõ ìîäåëåé. Îòìå÷åíû íîâûå ôóíêöèîíàëüíûå âîçìîæ-

íîñòè, îáåñïå÷åííûå âêëþ÷åíèåì â ÃÁÄ ðåàëèçóþùèõ ìåòîäû êëàñòåðíîãî àíàëèçà äàííûõ èñïîëíÿåìûõ

ìîäóëåé ñèñòåìû êîìïüþòåðíîé àëãåáðû Wolfram Mathematica.

Ââåäåíèå

Ïðè êîìïüþòåðíîì ìîäåëèðîâàíèè ïðî-
ãðàììíûé èíñòðóìåíòàðèé äëÿ öèôðîâîãî îïè-
ñàíèÿ ðàñïðåäåëåíèé èçó÷àåìûõ ïàðàìåòðîâ
äîëæåí îáåñïå÷èâàòü ñáîð è îáðàáîòêó äàííûõ
íàáëþäåíèé, îöåíîê è ïðîãíîçîâ èçìåíåíèé ñî-
ñòîÿíèÿ îáúåêòà è ñðåäû îêðóæåíèÿ, îòâåòíûõ
ðåàêöèé íà âîçäåéñòâèÿ, ïîñòóïëåíèå â ñðåäó âå-
ùåñòâ, ýíåðãèé. Ìíîãèå èññëåäîâàòåëè ïîä÷åðêè-
âàþò, ÷òî öåëüþ ðàçðàáîòêè êîìïüþòåðíûõ ýêñ-
ïåðòíûõ ñèñòåì äîëæíû áûòü íå òîëüêî ïðî-
ãðàììû ðàñ÷åòîâ äëÿ ïðîñòîé êîíñòàòàöèè ôàê-
òîâ. Ñîîòâåòñòâóþùèå ñèñòåìû (êîìïëåêñû, ïà-
êåòû ïðîãðàìì) äîëæíû âêëþ÷àòü èíñòðóìåíòà-
ðèé äëÿ âûïîëíåíèÿ ýêñïåðòíûõ îöåíîê è ìîäå-
ëèðîâàíèÿ êàê îñíîâû ïðîãíîçà ñîñòîÿíèÿ îáú-
åêòîâ, ñðåäû, ñðåäñòâà è èíñòðóìåíòû äëÿ îöå-
íîê òî÷íîñòè ïðèíèìàåìûõ èíòåðïðåòàöèé, ìî-
äåëåé. Â ñèëó ýòîãî ýôôåêòèâíàÿ ñèñòåìà ïîäãî-
òîâêè äàííûõ äëÿ êîìïüþòåðíûõ ìîäåëåé íåâîç-
ìîæíà áåç ñëåäóþùåãî: îáîñíîâàííîé ñõåìû ðàç-
ìåùåíèÿ òî÷åê êîíòðîëÿ, ôèêñèðîâàííûõ èëè
ïåðåìåùàþùèõñÿ ïóíêòîâ íàáëþäåíèé, êîòîðûå
îáåñïå÷åíû íåîáõîäèìûìè òåõíè÷åñêèìè ñðåä-
ñòâàìè äëÿ çàìåðîâ, âèçóàëüíûõ íàáëþäåíèé è
íàêîïëåíèÿ äàííûõ; ñôîðìèðîâàííûõ è ïîñòîÿí-
íî äîïîëíÿåìûõ áàç àòðèáóòèâíûõ è ïðîñòðàí-
ñòâåííûõ äàííûõ, ãåîãðàôè÷åñêèõ èíôîðìàöè-
îííûõ ñèñòåì (ÃÈÑ), îáåñïå÷èâàþùèõ ñèñòåìà-
òèçàöèþ, õðàíåíèå, àíàëèç ðåçóëüòàòîâ íàáëþ-
äåíèé è èçìåðåíèé, âèçóàëèçàöèþ ýòèõ ðåçóëü-
òàòîâ; öèôðîâûõ (ìàòåìàòè÷åñêèõ, ÷èñëåííûõ)
ìîäåëåé, ðàáîòàþùèõ ñ èíôîðìàöèîííîé îñíî-
âîé, îáåñïå÷èâàþùèõ ïëàíèðîâàíèå íàáëþäåíèé
è ýêñïåðèìåíòîâ, ïîñòðîåíèå è îöåíêó ïðîãíîç-
íûõ ñöåíàðèåâ, ïîääåðæêó ïðèíÿòèÿ óïðàâëåí-
÷åñêèõ ðåøåíèé.

I. Îñíîâíûå âîçìîæíîñòè ñèñòåìû
ÃåîÁàçàÄàííûõ

Ïðè ïðîåêòèðîâàíèè è ðåàëèçàöèè ÃåîÁà-
çàÄàííûõ (ÃÁÄ) â êà÷åñòâå îïðåäåëÿþùèõ áû-
ëè ïðèíÿòû òðåáîâàíèÿ, ÷òîáû ñîçäàâàåìàÿ êîì-
ïüþòåðíàÿ ñèñòåìà, îáåñïå÷èâàëà ñáîð, õðàíå-

íèå, îáðàáîòêó è âèçóàëèçàöèþ ëþáûõ âèäîâ
ãåîãðàôè÷åñêè ïðèâÿçàííîé, ïðîñòðàíñòâåííî-
êîîðäèíèðîâàííîé èíôîðìàöèè [1]. Ðàçðàáàòû-
âàåìàÿ ñèñòåìà äîëæíà áûòü îñíîâîé, ñåðâè-
ñîì àâòîìàòèçèðîâàííîãî ðàáî÷åãî ìåñòà ñïåöè-
àëèñòà äëÿ ðåøåíèÿ òèïîâûõ çàäà÷, ñâÿçàííûõ
ñ èíâåíòàðèçàöèåé, àíàëèçîì, ìîäåëèðîâàíèåì,
ïðîãíîçèðîâàíèåì è óïðàâëåíèåì; èíñòðóìåíòû,
ïðîãðàììíûå ìîäóëè äîëæíû îáåñïå÷èâàòü âîç-
ìîæíîñòü îïåðèðîâàòü ñ àòðèáóòèâíîé (îïèñû-
âàþùåé ñâîéñòâà îáúåêòà) è ïðîñòðàíñòâåííîé
(îïèñûâàþùåé ìåñòîïîëîæåíèå îáúåêòà) èíôîð-
ìàöèåé. Â ñèñòåìå ñëåäóåò ïðåäóñìîòðåòü âîç-
ìîæíîñòè õðàíåíèÿ ïðîñòðàíñòâåííîé èíôîðìà-
öèè â âåêòîðíîì è/èëè â ðàñòðîâîì ïðåäñòàâëå-
íèè; âîçìîæíîñòè îðãàíèçàöèè ãðàôè÷åñêîé èí-
ôîðìàöèè â âèäå òåìàòè÷åñêèõ ñëîåâ, ñîîòâåò-
ñòâóþùèõ ëèáî åå êîíêðåòíîìó ñîäåðæàíèþ, ëè-
áî ðåøàåìûì çàäà÷àì, êîãäà íàëîæåíèå ðàçíûõ
ñëîåâ ïîçâîëèò ôîðìèðîâàòü òåìàòè÷åñêèå êàð-
òû.

Â íàñòîÿùåå âðåìÿ ðàçðàáîòàíû è ïðèìå-
íÿþòñÿ áîëüøîå êîëè÷åñòâî ðàçíîîáðàçíûõ êàê
èíñòðóìåíòàëüíûõ ÃÈÑ, òàê è ñèñòåì, àäàïòèðî-
âàííûõ äëÿ ðåøåíèÿ çàäà÷ â êîíêðåòíûõ îòðàñ-
ëÿõ. ÃåîÁàçàÄàííûõ � ïðîãðàììíàÿ ïëàòôîðìà,
èíòåðàêòèâíàÿ êîìïüþòåðíàÿ ñèñòåìà, îáúåäè-
íÿþùàÿ êîìïëåêñ èíòåëëåêòóàëüíûõ âû÷èñëè-
òåëüíûõ ïîäñèñòåì, ìàòåìàòè÷åñêîãî, àëãîðèò-
ìè÷åñêîãî è ïðîãðàììíîãî îáåñïå÷åíèÿ. ÃÁÄ
ïðåäíàçíà÷åíà è èñïîëüçóåòñÿ (áîëåå 20 ëåò)
äëÿ íàïîëíåíèÿ, ñîïðîâîæäåíèÿ è âèçóàëèçàöèè
ðàçëè÷íûõ áàç äàííûõ, â òîì ÷èñëå: ãåîìåò-
ðè÷åñêèõ, ãåîôèçè÷åñêèõ, òåõíîãåííûõ, ãåîëîãî-
ýêîëîãè÷åñêèõ ïàðàìåòðîâ ãåîëîãè÷åñêèõ îáú-
åêòîâ, ýêîñèñòåì; õàðàêòåðèñòèê òåïëî-, âëàãî-,
ìàññîïåðåíîñà â ïîðîäàõ, ãðóíòàõ è àòìîñôåðå;
öèôðîâûõ è ðåãëàìåíòíûõ îïèñàíèé èñòî÷íèêîâ
è âèäîâ âîçäåéñòâèÿ íà ïðèðîäíóþ ñðåäó; âõîä-
íûõ äàííûõ äëÿ èìèòàöèîííûõ è ìàòåìàòè÷å-
ñêèõ ìîäåëåé.

Èíñòðóìåíòàðèé ÃÁÄ ïîçâîëÿåò âûïîëíÿòü
ïðåäîáðàáîòêó è âèçóàëèçàöèþ èñõîäíûõ äàí-
íûõ, õàðàêòåðèçóþùèõ ôèçèêî-ãåîãðàôè÷åñêèå
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è ãèäðîãðàôè÷åñêèå îñîáåííîñòè èññëåäóåìîé
òåððèòîðèè. Ñðåäñòâàìè ñèñòåìû ìîæíî ôîð-
ìèðîâàòü è âèçóàëèçèðîâàòü öèôðîâûå îïèñà-
íèÿ ïðîñòðàíñòâåííûõ ðàñïðåäåëåíèé äàííûõ îá
èñòî÷íèêàõ çàãðÿçíåíèÿ, î ãåîëîãè÷åñêîì ñòðîå-
íèè èçó÷àåìûõ îáúåêòîâ; ãðàôè÷åñêè èëëþñòðè-
ðîâàòü ðåøåíèÿ çàäà÷, îïèñûâàþùèõ äèíàìè÷å-
ñêèå ïðîöåññû ìèãðàöèè ôëþèäîâ, ïåðåíîñà òåï-
ëà, âëàãè, ìèíåðàëüíûõ âîäîðàñòâîðèìûõ ñîåäè-
íåíèé â òîëùàõ ïîðîä; êîíñòðóèðîâàòü è ðåà-
ëèçîâûâàòü èíòåðàêòèâíûå ñöåíàðèè âèçóàëèçà-
öèè è îáðàáîòêè ðåçóëüòàòîâ âû÷èñëè-òåëüíûõ
ýêñïåðèìåíòîâ. Ñïåöèàëèçèðîâàííûå ïîäñèñòå-
ìû ÃÁÄ ïîçâîëÿþò ðàññ÷èòûâàòü è âûïîëíÿòü
â ðàçíûõ ïðèáëèæåíèÿõ ýêñïåðòíûå îöåíêè ëî-
êàëüíûõ è èíòåãðàëüíûõ õàðàêòåðèñòèê ýêîñè-
ñòåì, âûïîëíÿòü ðàñ÷åò ðàñïðåäåëåíèé êîíöåí-
òðàöèé è ìàññîâûõ áàëàíñîâ çàãðÿçíÿþùèõ âå-
ùåñòâ; ôîðìèðîâàòü è âûâîäèòü íà òâåðäûå êî-
ïèè òåìàòè÷åñêèå êàðòû.

II. Êîíöåïöèÿ, îñíîâû ÃÁÄ,
äîïîëíåííàÿ èíòåëëåêòóàëüíîñòü

ßäðîì è òåîðåòè÷åñêîé îñíîâîé äëÿ ïîñòðî-
åíèÿ öèôðîâûõ ìîäåëåé ýêî- è ãåîñèñòåì â êîí-
öåïöèè, ðåàëèçîâàííîé â ñèñòåìå ÃÁÄ, ÿâëÿ-
åòñÿ öèôðîâîå îïèñàíèå ðàñïðåäåëåíèÿ èçó÷à-
åìîãî ïàðàìåòðà íà âûáðàííîì ïðîñòðàíñòâåí-
íîì ñëîå. Òàêîâûì ïàðàìåòðîì ìîæåò áûòü, íà-
ïðèìåð, êîíöåíòðàöèÿ çàãðÿçíÿþùåãî âåùåñòâà
â ïðèïîâåðõíîñòíîì ñëîå ïî÷âû, óðîâåíü äåôî-
ëèàöèè äåðåâüåâ ëåñíîãî ìàññèâà íà êîíêðåò-
íîì ó÷àñòêå, íàñûùåííîñòü íåôòüþ ïðîïëàñòêà
èëè ïëàñòà, çíà÷åíèå àáñîëþòíîé îòìåòêè óðîâ-
íÿ îãðàíè÷èâàþùåé ïëàñò (ñëîé ïî÷âû, òåððè-
òîðèè) ïîâåðõíîñòè. Ñ÷èòàåòñÿ, ÷òî èñõîäíûìè
äàííûìè ïðè ýòîì ÿâëÿþòñÿ öèôðîâûå çíà÷åíèÿ
íàáëþäàåìîãî ïàðàìåòðà â òî÷êàõ ñ èçâåñòíû-
ìè ãåîìåòðè÷åñêèìè êîîðäèíàòàìè, ïðè÷åì èñ-
õîäíûå òî÷êè ìîãóò áûòü ðàçìåùåíû íà ïëî-
ùàäè â ïëàíå íåðåãóëÿðíî (íàïðèìåð, äàííûå
íàáëþäåíèé íåðàâíîìåðíî ðàñïîëîæåííîé ñåòè
ñòàíöèé), à â öèôðîâîì îïèñàíèè ÃÁÄ � íà
ðàâíîìåðíîé ïðÿìîóãîëüíîé ñåòêå (òàêæå óïî-
òðåáëÿþò íàçâàíèÿ � ïðàâèëüíîé, ðåãóëÿðíîé).
Ïîäîáíûå öèôðîâûå ïîëÿ ñèñòåìû � íå ÷òî
èíîå, êàê ñåòî÷íûå ôóíêöèè, à ñ íèìè ìîæ-
íî ðàáîòàòü ñðåäñòâàìè ÷èñëåííîãî àíàëèçà. Â
÷àñòíîñòè, îïðåäåëÿòü ýêñòðåìóìû, äèôôåðåí-
öèðîâàòü, èíòåãðèðîâàòü, âûïîëíÿòü àðèôìåòè-
÷åñêèå äåéñòâèÿ ñ íåñêîëüêèìè ïîëÿìè, àíàëè-
çèðîâàòü êîððåëÿöèþ. Ïîäîáíûå öèôðîâûå ïî-
ëÿ âèçóàëèçèðóþòñÿ â ðåæèìàõ îäíîìåðíîé, äâó-
ìåðíîé è òðåõìåðíîé ãðàôèêè. Äðóãèìè ñëîâà-
ìè îñíîâíîé çàäà÷åé ìîäåëèðîâàíèÿ â ñèñòåìå
ÃÁÄ ÿâëÿåòñÿ ïîëó÷åíèå àäåêâàòíîãî öèôðîâî-
ãî îïèñàíèÿ êàæäîãî ïàðàìåòðà íà ñëîÿõ.

Êàê ñîçäàâàòü, àäàïòèðîâàòü öèôðîâûå ìî-
äåëè, èñïîëüçóÿ èíñòðóìåíòàðèé ñèñòåìû ÃÁÄ,
îïèñàíî â [1]. Ñëåäóåò îòìåòèòü îòëè÷èòåëü-
íûå îñîáåííîñòè ðåàëèçîâàííûõ â ÃåîÁàçàÄàí-
íûõ àëãîðèòìîâ àïïðîêñèìàöèè, âîññòàíîâëåíèÿ
öèôðîâûõ ðàñïðåäåëåíèé, èç êîòîðûõ âàæíåé-
øèìè ÿâëÿþòñÿ ìåòîäû ìàòåìàòè÷åñêîãî îïèñà-
íèÿ, íàçâàííûå â ñèñòåìå òåðìèíàìè: Âêëþ÷å-
íèå, Ãðàíèöà, Ãðàíè÷íîå çíà÷åíèå, Çîíà îòíîñè-
òåëüíîé îäíîðîäíîñòè, Êðàåâûå óñëîâèÿ, Ïîäîá-
ëàñòü, Ðàçðûâ. Ïåðå÷èñëåííîå ðåàëèçîâàíî àâ-
òîðñêèìè àëãîðèòìàìè, çàïðîãðàììèðîâàíî â
ñîîòâåòñòâóþùèõ ìîäóëÿõ ÃÁÄ, è ïðè ïðîâåäå-
íèè ðàñ÷åòîâ â ñèñòåìå âûïîëíÿåòñÿ èíòåðàêòèâ-
íî ïîëüçîâàòåëåì. ×àñòî, òàê êàê ñïåêòð âîç-
ìîæíûõ äåéñòâèé î÷åíü øèðîê, ïîëüçîâàòåëþ
ïðè ïîäáîðå æåëàåìîãî âàðèàíòà, îòâå÷àþùå-
ãî çàïðîñàì ýêñïåðòà, ïðèõîäèëîñü ñîïîñòàâëÿòü
áîëüøîå ÷èñëî ðåçóëüòàòîâ âû÷èñëèòåëüíûõ ýêñ-
ïåðèìåíòîâ. Â òåêóùåé êîíôèãóðàöèè ÃÁÄ äî-
áàâëåíû ìîäóëè ðåàëèçàöèè èíñòðóìåíòîâ êëà-
ñòåðíîãî àíàëèçà [2], èñêóññòâåííûõ íåéðîííûõ
ñåòåé [3], ÷òî ñóùåñòâåííî óñêîðÿåò âûáîð ïðåä-
ïî÷òèòåëüíûõ âàðèàíòîâ àäàïòàöèè öèôðîâûõ
ðàñïðåäåëåíèé.

Çàêëþ÷åíèå

Â äîêëàäå áóäóò îáñóæäåíû ìåòîäè÷åñêèå
è àëãîðèòìè÷åñêèå ðåøåíèÿ âûáîðà ïðåäïî÷òè-
òåëüíîãî âàðèàíòà àäàïòàöèè öèôðîâûõ ïîëåé,
îòâå÷àþùèõ àïðèîðíûì òðåáîâàíèÿì ýêñïåðòîâ.
Ñïåöèàëüíûìè ðàñ÷åòàìè èëëþñòðèðóþòñÿ îñî-
áåííîñòè ðåçóëüòàòîâ, ïîëó÷àåìûõ â âàðèàíòàõ
íàñòðîéêè èñêóññòâåííîé íåéðîííîé ñåòè ïðè èñ-
ïîëüçîâàíèè ìåòîäîâ ADAM, RMSProp. Â ñåðè-
ÿõ ðåçóëüòàòîâ, êîãäà ïðèìåíÿþòñÿ èíñòðóìåíòû
êëàñòåðíîãî àíàëèçà, ïîäãîòîâëåíû è áóäóò èí-
òåðïðåòèðîâàíû ðåøåíèÿ, ïîëó÷åííûå ðàçíûìè
ìåòîäàìè êëàñòåðèçàöèè, â ÷àñòíîñòè, êîãäà èñ-
ïîëüçóåòñÿ ôóíêöèÿ FindClusters ñ êðèòåðèÿìè
CriterionFunction è íîðìàìè âû÷èñëÿåìûìè ïî
ìåòðèêàì DistanceFunction, EuclideanDistance,
Manhattan Distance, Chessboard Distance, Bray
Curtis Distance.
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Ââåäåíèå

Èñõîäíûìè ôóíêöèîíàëüíûìè îïèñàíèÿìè
êîìáèíàöèîííîé ëîãèêè îáû÷íî ÿâëÿþòñÿ òå
èëè èíûå ôîðìû çàäàíèÿ ñèñòåì ïîëíîñòüþ ëè-
áî íå ïîëíîñòüþ îïðåäåëåííûõ (÷àñòè÷íûõ) áó-
ëåâûõ ôóíêöèé. Îäíàêî äëÿ àðèôìåòè÷åñêèõ
óñòðîéñòâ è óñòðîéñòâ ìîäóëÿðíîé àðèôìåòè-
êè [1] ôóíêöèè ïðîåêòèðóåìûõ êîìáèíàöèîííûõ
ñõåì ìîãóò ïðåäñòàâëÿòüñÿ â âèäå ñèñòåìû ïîë-
íîñòüþ îïðåäåëåííûõ ëèáî ÷àñòè÷íûõ êîíå÷íûõ
ïðåäèêàòîâ � äâîè÷íûõ (0,1) ôóíêöèé êîíå÷-
íîçíà÷íûõ àðãóìåíòîâ, ïðåäñòàâëÿåìûõ öåëûìè
íåîòðèöàòåëüíûìè ÷èñëàìè.

I. Ïðèìåð ìèíèìèçàöèè ñèñòåìû
êîíå÷íûõ ïðåäèêàòîâ

Ðàññìîòðèì óìíîæèòåëü ÷èñåë ïî ìîäóëþ
5. Óìíîæåíèå ïî ìîäóëþ pi (îñíîâàíèå ìîäóëÿð-
íîé âû÷èñëèòåëüíîé ñèñòåìû) äëÿ äâóõ íåîòðè-
öàòåëüíûõ ÷èñåë (îïåðàíäîâ) a, b, íàõîäÿùèõñÿ
â äèàïàçîíå {0, 1, ..., pi−1} âûïîëíÿåòñÿ ñîãëàñíî
ôîðìóëå

| a× b |pi= (a× b)−
⌊
a× b

pi

⌋
,

ãäå ÷åðåç ⌊k⌋ îáîçíà÷åíà öåëàÿ ÷àñòü ÷èñëà, ò.å.
áëèæàéøåå öåëîå, ìåíüøåå ëèáî ðàâíîå k . Â ñëó-
÷àå, åñëè (a×b) < pi, òî | a×b |pi

= a×b. ×èñëî N
äâîè÷íûõ ðàçðÿäîâ, ïðåäñòàâëÿþùèõ ÷èñëà a, b
îïðåäåëÿåòñÿ ïî ôîðìóëå N = ⌈log2 a⌉, ãäå ÷å-
ðåç ⌈A⌉ îáîçíà÷àåòñÿ áëèæàéøåå öåëîå, áîëüøåå
ëèáî ðàâíîå A. Àíàëîãè÷íî, ÷èñëî M äâîè÷íûõ
ðàçðÿäîâ, ïðåäñòàâëÿþùèõ ÷èñëà {0,1,. . . , pi−1}
îïðåäåëÿåòñÿ ïî ôîðìóëå M = ⌈log2 pi⌉. Â òàáë.
1 ïðåäñòàâëåíà ñèñòåìà òðåõ ÷àñòè÷íûõ êîíå÷-
íûõ ïðåäèêàòîâ y0(a, b), y1(a, b), y2(a, b), çàäàþ-
ùàÿ óìíîæèòåëü ïî ìîäóëþ 5 (pi=5), ÷èñëà (àð-
ãóìåíòû, ïåðåìåííûå) a, b ïðèíèìàþò çíà÷åíèÿ
èç äèàïàçîíà 0, 1, 2, 3, 4. Íåîïðåäåëåííûå çíà-
÷åíèÿ ïðåäèêàòîâ y0, y1, y2 îáîçíà÷åíû ñèìâîëîì
≪�≫. Çàïèñü a{i}b{j} îçíà÷àåò, ÷òî âõîäíàÿ ïåðå-
ìåííàÿ a ïðèíèìàåò çíà÷åíèå i, âõîäíàÿ ïåðå-
ìåííàÿ b � çíà÷åíèå j. Ïðè ïðîãðàììíîé ðåàëè-
çàöèè èñïîëüçóåòñÿ óíàðíîå êîäèðîâàíèå çíà÷å-
íèé àðãóìåíòîâ ïðåäèêàòîâ.

Òàáëèöà 1 � Óìíîæèòåëü ïî ìîäóëþ 5

Àðãóìåíòû Çàäàíèå Çíà÷åíèÿ
ïðåäèêàòîâ âåêòîðàìè ïðåäèêàòîâ
a b a b y0y1y2
a{0} b{0} 10000000 10000000 0 0 0

a{0} b{1} 10000000 01000000 0 0 0

a{0} b{2} 10000000 00100000 0 0 0

a{0} b{3} 10000000 00010000 0 0 0

a{0} b{4} 10000000 00001000 0 0 0

a{1} b{0} 01000000 10000000 0 0 0

a{1} b{1} 01000000 01000000 0 0 1

a{1} b{2} 01000000 00100000 0 1 0

a{1} b{3} 01000000 00010000 0 1 1

a{1} b{4} 01000000 00001000 1 0 0

a{2} b{0} 00100000 10000000 0 0 0

a{2} b{1} 00100000 01000000 0 1 0

a{2} b{2} 00100000 00100000 1 0 0

a{2} b{3} 00100000 00010000 0 0 1

a{2} b{4} 00100000 00001000 0 1 1

a{3} b{0} 00010000 10000000 0 0 0

a{3} b{1} 00010000 01000000 0 1 1

a{3} b{2} 00010000 00100000 0 0 1

a{3} b{3} 00010000 00010000 1 0 0

a{3} b{4} 00010000 00001000 0 1 0

a{4} b{0} 00010000 10000000 0 0 0

a{4} b{1} 00010000 01000000 1 0 0

a{4} b{2} 00010000 00100000 0 1 1

a{4} b{3} 00010000 00010000 0 1 0

a{4} b{4} 00010000 00001000 0 0 1

a{0} b{5} 10000000 00000100 � � �
. . . . . . . . . . . . � � �

a{7} b{7} 00000001 00000001 � � �

Ïðîâåäåì ìèíèìèçàöèþ â êëàññå ÄÍÔ ÷à-
ñòè÷íûõ ïðåäèêàòîâ, çàäàííûõ â òàáë. 1, ïîëó-
÷èì ñëåäóþùèå ÄÍÔ:

y0 = a{1}b{4,5,6,7} ∨ a{2}b{2,5,6,7} ∨
a{3}b{3,5,6,7}∨ a{4}b{1,5,6,7}; y1 = a{2,3}b{4,5,6,7} ∨
a{1,4}b{2,3,5,6,7}; y2 = a{1}b{1,3,5,6,7} ∨
a{1,2,5,6,7}b{3} ∨ a{2}b{3,4,5,6,7}∨ a{3}b{1,2,5,6,7} ∨
a{4}b{2,4,5,6,7} ∨ a{2,4,5,6,7}b{4}.
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Çàìåòèì, ÷òî ýëåìåíòàðíàÿ êîíúþíêöèÿ
a{1}b{4,5,6,7} ïîëó÷àåòñÿ ñêëåèâàíèåì ñîñåäíèõ
ýëåìåíòàðíûõ êîíúþíêöèé:

a{1}b{4} ∨ a{1}b{5} ∨ a{1}b{6} ∨ a{1}b{7} =
a{1}b{4,5,6,7}.

II. Ñõåìíàÿ ðåàëèçàöèÿ
ìèíèìèçèðîâàííûõ ÄÍÔ êîíå÷íûõ

ïðåäèêàòîâ

Ñõåìíàÿ ðåàëèçàöèÿ ìèíèìèçèðîâàííûõ
ÄÍÔ êîíå÷íûõ ïðåäèêàòîâ íà ïðîãðàììèðóåìîé
ëîãè÷åñêîé ìàòðèöå (ÏËÌ) ñ äåøèôðàòîðàìè
DC (ñ èíâåðñíûìè âûõîäàìè) ïîêàçàíà íà ðèñ.
1. ÏËÌ ñîäåðæèò 12 ïðîìåæóòî÷íûõ øèí, íà
êàæäîé èç êîòîðûõ ðåàëèçóåòñÿ îäíà ýëåìåíòàð-
íàÿ êîíúþíêöèÿ ìèíèìèçèðîâàííûõ ÄÍÔ òðåõ
êîíå÷íûõ ïðåäèêàòîâ. Ïîäðîáíîå èçëîæåíèå ïå-
ðåõîäà îò ÄÍÔ êîíå÷íûõ ïðåäèêàòîâ ê ÏËÌ ñ
ìíîãîâõîäîâûìè äåøèôðàòîðàìè ðàññìîòðåíî â
[2, c. 66]. Çàìåòèì, ÷òî ìèíèìèçàöèÿ ÷àñòè÷íûõ
áóëåâûõ ôóíêöèé â êëàññå ÄÍÔ äàåò 15 ïðîìå-
æóòî÷íûõ øèí ≪êëàññè÷åñêîé≫ ÏËÌ ñ îäíîâõî-
äîâûìè äåøèôðàòîðàìè.

Çàêëþ÷åíèå

Äëÿ ðàçäåëüíîé ìèíèìèçàöèè ÄÍÔ êîíå÷-
íûõ ïðåäèêàòîâ ðàçðàáîòàíà ïðîãðàììà, ðåàëè-
çóþùàÿ ìåòîä, àíàëîãè÷íûé ìåòîäó Êâàéíà [3]
ìèíèìèçàöèè ÄÍÔ ÷àñòè÷íûõ áóëåâûõ ôóíê-
öèé. Ïðîâåäåíèå âû÷èñëåíèé â ýòîé ïðîãðàììå

îñíîâûâàåòñÿ íà èñïîëüçîâàíèè ñåêöèîíèðîâàí-
íûõ áóëåâûõ âåêòîðîâ è ìàòðèö.

Ïðåäëàãàåìûé ïîäõîä, èñïîëüçóþùèé ìè-
íèìèçàöèþ êîíå÷íûõ ïðåäèêàòîâ â êëàññå ÄÍÔ,
íàðÿäó ñ ìåòîäàìè ëîãè÷åñêîé îïòèìèçàöèè ñè-
ñòåì áóëåâûõ ôóíêöèé ìîæåò áûòü èñïîëüçî-
âàí ïðè ìèíèìèçàöèè ôóíêöèîíàëüíûõ îïèñà-
íèé áëîêîâ êîìáèíàöèîííîé ëîãèêè çàêàçíûõ
öèôðîâûõ ÑÁÈÑ. Ðàçðàáîòàííàÿ ïðîãðàììà ìè-
íèìèçàöèè êîíå÷íûõ ïðåäèêàòîâ ìîæåò èñïîëü-
çîâàòüñÿ íå òîëüêî ïðè ñõåìíîé ðåàëèçàöèè áëî-
êîâ êîìáèíàöèîííîé ëîãèêè ÑÁÈÑ, íî è â ýêñ-
ïåðòíûõ ñèñòåìàõ [4] ïðè ðåøåíèè çàäà÷ ðàñïî-
çíàâàíèÿ îáúåêòîâ â ïðîñòðàíñòâå êîíå÷íîìåð-
íûõ ïðèçíàêîâ.

III. Ñïèñîê ëèòåðàòóðû

1. ×åðâÿêîâ, Í. È. Ìîäóëÿðíûå ïàðàëëåëüíûå âû-
÷èñëèòåëüíûå ñòðóêòóðû íåéðîïðîöåññîðíûõ ñè-
ñòåì / Í. È. ×åðâÿêîâ, Ï. À. Ñàõíþê, À. Â. Øàïîø-
íèêîâ, Ñ. À.Ðÿäíîâ. � Ì.: Ôèçìàòëèò, 2003. � 288 c.

2. Áèáèëî, Ï. Í. Ñèíòåç êîìáèíàöèîííûõ ÏËÌ-
ñòðóêòóð äëÿ ÑÁÈÑ / Ï. Í. Áèáèëî. - Ìèíñê: Íàóêà
è òåõíèêà. � 1992. � 232 ñ.

3. Çàêðåâñêèé, À. Ä. Ëîãè÷åñêèå îñíîâû ïðîåêòèðîâà-
íèÿ äèñêðåòíûõ óñòðîéñòâ / À. Ä. Çàêðåâñêèé, Þ. Â.
Ïîòòîñèí, Ë. Ä. ×åðåìèñèíîâà. � Ì.: Ôèçìàò-
ëèò, 2007. � 592 ñ.

4. Çàêðåâñêèé, À. Ä. ÝÊÑÈËÎÐ � ýêñïåðòíàÿ ñèñòå-
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� 5/6. � Ñ. 118�124.

Ðèñ. 1 � ÏËÌ ñ äåøèôðàòîðàìè � ñõåìíàÿ ðåàëèçàöèÿ óìíîæèòåëÿ ïî ìîäóëþ 5
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Â äîêëàäå ïðåäñòàâëåí ïîäõîä äëÿ ïðîåêòèðîâàíèÿ îáðàòèìîãî öåëî÷èñëåííîãî óìíîæèòåëÿ êâàòåðíèî-

íîâ íà êâàòåðíèîí-êîíñòàíòó â àðèôìåòèêå ñ ôèêñèðîâàííîé òî÷êîé, îñíîâàííûé íà áëî÷íî-ëåñòíè÷íîé

ñòðóêòóðíîé ïàðàìåòðèçàöèè ìàòðèöû M± (·). Ëåñòíè÷íûå øàãè áëî÷íîé-ëåñòíè÷íîé ñòðóêòóðû âû-

ïîëíåíû íà îñíîâå àïïðîêñèìàöèè ìàòðèöû âðàùåíèÿ Ãèâåíñà, ðåàëèçîâàííîé ñ èñïîëüçîâàíèåì ìîäèôè-

öèðîâàííîãî CORDIC-àëãîðèòìà èçâåñòíîãî â ëèòåðàòóðå êàê CORDIC-II. Ïðåäëîæåííàÿ ñõåìà óìíî-

æèòåëÿ ìîæåò èñïîëüçîâàòüñÿ â ñèñòåìàõ L2L íà îñíîâå ïàðàóíèòàðíîãî áàíêà ôèëüòðîâ â àëãåáðå

êâàòåðíèîíîâ (Q-ÏÓÁÔ). Ïðèâåäåíû àïïàðàòíûå çàòðàòû äëÿ ÏËÈÑ ñåðèè Xilinx Zynq-7000.

Ââåäåíå

Àëãåáðà êâàòåðíèîíîâ H [1] ÿâëÿåòñÿ àññî-
öèàòèâíîé íåêîììóòàòèâíîé ÷åòûð¼õìåðíîé àë-
ãåáðîé H = {q = q1 · 1+ q2 · i+ q3 · j+ q4 · k}, ãäå
îðòîãîíàëüíûå ìíèìûå ÷àñòè îïðåäåëåíû ñëåäó-
þùèìè áëî÷íî-äèàãîíàëüíûìè ìàòðèöàìè ÷åò-
âåðòîãî ïîðÿäêà 1 = [ I 0

0 I ], i =
[

0 I
−I 0

]
, j =

[
E 0
0 −E

]
,

k = [ 0 E
E 0 ], ãäå I2 = [ 1 0

0 1 ] è E =
[

0 1
−1 0

]
óäîâëåòâî-

ðÿþò óñëîâèþ E2 = −I2. Ñîïðÿæåííûé êâàòåð-
íèîí îïðåäåëÿåòñÿ ïî àíàëîãèè ñ êîìïëåêñíûìè
÷èñëàìè q = q1 · 1 − q2 · i − q3 · j − q4 · k, òà-
êèì îáðàçîì â ìàòðè÷íîì âèäå ãèïåðêîìïëåêñ-
íîå ñîïðÿæåíèå áóäåò ñëåäóþùåå: q = Dc · q, ãäå
Dc = diag (1,−I3).

Åäèíè÷íûé êâàòåðíèîí |q| = 1 â ìàòðè÷-

íîì âèäå q, à êâàòåðíèîí p = [p1 p2 p3 p4]
T
â

âèäå âåêòîðà ñòîëáöà, îáîçíà÷èì ìàòðèöó îïå-
ðàòîðà ¾ïðàâîãî¿ óìíîæåíèÿ êâàòåðíèîíîâ q ·
p = M− (q) · p, èñïîëüçóÿ ñâîéñòâî êâàòåðíèîíîâ
î ãèïåðêîìïëåêñíîì ñîïðÿæåíèè â ìàòðè÷íîì
âèäå ìîæíî ïîëó÷èòü ìàòðèöó ¾ëåâîãî¿ qp =
DcM

− (q)Dc · p = M+ (q) · p. Íåèçìåííîñòü íîð-
ìû ñòðîê è ñòîëáöîâ ìàòðèöû M± (·) ïîçâîëÿåò
ñòðîèòü îáðàòèìûå ïðåîáðàçîâàíèÿ â àðèôìåòè-
êå ñ ôèêñèðîâàííîé òî÷êîé 1 .

I. Ëåñòíè÷íàÿ ôàêòîðèçàöèÿ

Ëåñòíè÷íàÿ ôàêòîðèçàöèÿ [2] ÿâëÿåòñÿ èç-
âåñòíûì ïðèåìîì ðàçëîæåíèÿ ìàòðèöû âðàùå-
íèÿ Ãèâåíñà R(θ) íà îáðàòèìûå øàãè, òàêèì ÷òî
Q(R(θ)) × Q(R(−θ)) = I2 , ãäå Q(·) � îïåðàòîð
êâàíòîâàíèÿ.

R(θ) =

[
cos θ − sin θ
sin θ cos θ

]
=

[
1 cos θ−1

sin θ
0 1

]
×

×
[

1 0
sin θ 1

] [
1 cos θ−1

sin θ
0 1

]
.

(1)

Îáðàòèìîå ïðåîáðàçîâàíèå ñ òî÷êè çðåíèÿ
àëãåáðû êâàòåðíèîíîâ ìîæåò áûòü îïèñàíî ñëå-

äóþùèì îáðàçîì:M± (q) ·M± (q) = Q(M± (q))×
Q(M± (q)) = I4.

Ìàòðèöà óìíîæåíèÿ êâàòåðíèîíîâ M+ (q)
ìîæåò áûòü ïðåäñòàâëåíà â âèäå ñëåäóþùåé
áëî÷íîé ñòðóêòóðû:

M+ (q) =

[
C(q) −S(q)
S(q) C(q)

]
,

C(q) =

[
q1 −q2
q2 q1

]
,S(q) =

[
q3 q4
q4 −q3

]
.

Ïðèíèìàÿ âî âíèìàíèå ñòàíäàðòíîå ëåñò-
íè÷íîå ðàçëîæåíèå ìàòðèöû âðàùåíèÿ (1), îáîá-
ùèâ åãî äî ÷åòûðåõ ìåðíîãî ñëó÷àÿ:

M+ (q) =

[
I2 F(q)
0 I2

] [
I2 0

G(q) I2

] [
I2 H(q)
0 I2

]
, (2)

ãäå âûðàæåíèÿ äëÿ F(q),G(q) èH(q) ìîãóò áûòü
ïîëó÷åíû îäíîçíà÷íî, ïðè óñëîâèè ÷òî îáðàò-
íàÿ ìàòðèöà S(q)−1 íå íóëåâàÿ: F(q) = (C(q) −
I2)S(q)

−1
, G(q) = S(q), H(q) = S(q)

−1
(C(q) −

I2). Áëî÷íî-ëåñòíè÷íàÿ ôàêòîðèçàöèÿ äëÿ ñî-
ïðÿæåííîãî êâàòåðíèîíà M+ (q) ïðåäñòàâëÿåò
ñîáîé îáðàòíûé ïîðÿäîê ëåñòíè÷íûõ øàãîâ F(q),
G(q) è H(q) ñ îòðèöàòåëüíûì çíàêîì [3].

II. Àëãîðèòì CORDIC-II

CORDIC-àëãîðèòì ìîæåò èñïîëüçîâàòüñÿ
äëÿ âðàùåíèÿ âåêòîðîâ íà çàäàííûé óãîë θ. Åãî
ïðèíöèï ðàáîòû îñíîâàí íà ðàçáèåíèè óãëà âðà-
ùåíèÿ íà ñóììó óãëîâ, âðàùåíèå íà êîòîðûå ðåà-
ëèçóåòñÿ ñ èñïîëüçîâàíèåì îïåðàöèé ñëîæåíèÿ è
ñäâèãà. Â àëãîðèòìå CORDIC-II [4] ïðåäëàãàåòñÿ
èñïîëüçîâàòü äðóãîé íàáîð óãëîâ äëÿ ïîâîðîòà
íà òðåáóåìûé óãîë, êîòîðûé ïîçâîëÿåò óñêîðèòü
ñõîäèìîñòü àëãîðèòìà. Ýòî ïðèâîäèò ê óìåíüøå-
íèþ êàê çàäåðæêè, òàê è êîëè÷åñòâà ñóììàòîðîâ
â àïïàðàòíîé ðåàëèçàöèè.

1Îïåðàòîð óìíîæåíèÿ êâàòåðíèîíîâ ïîçâîëÿåò ïîëó÷èòü ðàçëîæåíèå îðòîãîíàëüíîé ìàòðèöû 4 × 4
∀

A∈SO(4)
∃

|p|=1,|q|=1
A = M+ (p) ·M− (q) = M− (q) ·M+ (p), íåîáõîäèìîå ñâîéñòâî äëÿ ïîëèôàçíîé ìàòðèöû Q-ÏÓÁÔ.
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Âðàùåíèå íà óãîë θ ìîæíî ïðåäñòàâèòü êàê
óìíîæåíèå íà êîìïëåêñíûé êîýôôèöèåíò P =
C + jS, [

XD

YD

]
=

[
C −S
S C

] [
x
y

]
,

ãäå x+ jy âõîäíîé âåêòîð, à XD + jYD � ðåçóëü-
òàò âðàùåíèÿ, à C è S ýòî öåëûå ÷èñëà, êîòîðûå
ñâÿçàíû ñ óãëîì âðàùåíèÿ êàê

C = L(cos θ + εc),

S = L(sin θ + εs),

ãäå εc è εs � îøèáêè êâàíòîâàíèÿ, L � ìàñøòà-
áèðóþùèé êîýôôèöèåíò.

Â àëãîðèòìå CORDIC-II (ðèñóíîê 2) ïðèìå-
íÿþòñÿ ñëåäóþùèå óãëû âðàùåíèÿ:

� òðèâèàëüíûå óãëû (Trivial)
P0 = 1, P1 = −1, P2 = j, P3 = −j;

� äðóæåñòâåííûå óãëû (Friend angles), ïðè
âðàùåíèè íà êîòîðûå ìàñøòàáèðîâàíèå
îäèíàêîâî
P0 = 24 + j7, P1 = 20 + j15, P2 = 25;

� ðàâíîìåðíî ìàñøòàáèðóþùèå óãëû (USR
CORDIC ), ïðè âðàùåíèè íà äàííûå óãëû
ìàñøòàáèðîâàíèå ïî÷òè îäèíàêîâî
P0 = 128 + j16, P2 = 129;

� óãëû âðàùåíèÿ êëàññè÷åñêîãî àëãîðèòìà
CORDIC
P = 2k + j, k = 5, 6, 7;

� íàíî-âðàùåíèÿ (Nano-rotations)
P = 1024 + jk, k = 0, . . . , 8.

III. Óìíîæèòåëü êâàòåðíèîíîâ

Ðåàëèçàöèÿ êîìïîíåíò F(q), G(q) è H(q) èç
óðàâíåíèÿ (2) ìîæíî ðåàëèçîâàòü ñ ïîìîùüþ ïî-
ñëåäîâàòåëüíîãî ñîåäèíåíèÿ áëîêà CORDIC-II,
áëîêà ìàñøòàáèðîâàíèÿ íà îñíîâå ïðåäñòàâëå-
íèÿ CSD (Canonical Signed Digit) [5], áëîêà ïåðå-
ñòàíîâêè êîìïîíåíòîâ ðåçóëüòàòîâ âðàùåíèÿXD

è YD (óìíîæåíèå íà ìàòðèöó J2 = [ 0 1
1 0 ]). Àðõè-

òåêòóðà óìíîæèòåëÿ íà êâàòåðíèîí êîíñòàíòó íà
áàçå áëî÷íî-ëåñòíè÷íîé ôàêòîðèçàöèè ñ èñïîëü-
çîâàíèåì àëãîðèòìà CORDIC-II ïðåäñòàâëåíà íà
ðèñóíêå 1. Îïåðàöèÿ îêðóãëåíèÿ íå âëèÿåò íà îá-
ðàòèìîñòü ðåçóëüòàòà óìíîæåíèÿ ïðè ïðåäñòàâ-
ëåíèè âûõîäíûõ äàííûõ â ôîðìàòå W + 3.

IV. Ðåçóëüòàòû ïðîåêòèðîâàíèÿ

Îöåíêà ïðîèçâîäèòåëüíîñòè è ïîòðåá-
ëÿåìûõ ðåñóðñîâ ïðîâîäèëàñü â ÑÀÏÐ
Vivado 2021.2 äëÿ êðèñòàëà xc7z020clg400-1

ñåðèè Xilinx Zynq ñî ñòàíäàðòíûìè ñòðàòåãèÿ-
ìè ñèíòåçà, ðàçìåùåíèÿ è òðàññèðîâêè ïðîåê-
òà. Àïïàðàòíûå çàòðàòû è ïðîèçâîäèòåëüíîñòü
óìíîæèòåëÿ êâàòåðíèîíîâ äëÿ q = (4− 1i+3j −
2k)× 300.5 ïðèâåäåíû â òàáëèöå 1.

Òàáëèöà 1 � Àïïàðàòíûå çàòðàòû è
ïðîèçâîäèòåëüíîñòü óìíîæèòåëÿ êâàòåðíèîíîâ

Ðåñóðñû
Ðàçðÿäíîñòü (W ) [áèò]

12 10 8 6

LUTs 1191 999 836 635

FF 1355 1028 903 597

LUTRAM 78 66 54 42

Ëàòåíòíîñòü
[Òàêòîâ]

39 36 37 33

×àñòîòà (fCLK)
[ÌÃö]

215.05 219.78 243.24 248.49

CORDIC-II
xin

xout yout

yin

x(1)

x(2)

x(3)

x(4) +
+

y(1)

y(2)

y(3)

y(4)

y = qx

Scale (CSD)

J2

J2

Scale (CSD)

+
+

F(q)

CORDIC-II
xin

xout yout

yin

J2

Scale (CSD)

+
+

H(q)

CORDIC-II
xin

xout yout

yin

W

W

W

W

W+3

W+3

W+3

W+3

G(q)

Ðèñ. 1 � Àðõèòåêòóðà óìíîæèòåëÿ íà êâàòåðíèîí
êîíñòàíòó (îïåðàöèÿ îêðóãëåíèÿ îáîçíà÷åíà ◦)

V. Çàêëþ÷åíèå

Ïðèìåíåíèå ðàçëè÷íûõ òèïîâ âðàùåíèÿ â
àëãîðèòìå CORDIC-II, ïîçâîëÿåò îáåñïå÷èòü áî-
ëåå âûñîêóþ òî÷íîñòü àïïðîêñèìàöèè ìàòðèöû
Ãèâåíñà äëÿ áëî÷íî-ëåñòíè÷íûõ êîìïîíåíò F(q),
G(q) è H(q), ïðè ñîõðàíåíèè ñâîéñòâà îáðàòèìî-
ñòè îïåðàöèè óìíîæåíèÿ êâàòåðíèîíîâ.

1. È. Ë. Êàíòîð À. Ñ. Ñîëîäîâíèêîâ � Ãèïåðêîìïëåêñ-
íûå ÷èñëà, Ì.: 1973.

2. Daubechies, I., Sweldens, W. Factoring wavelet
transforms into lifting steps. The Journal of Fourier
Analysis and Applications 4, 247�269 (1998).

3. Par�eniuk, M. Quaternion multiplier inspired by
the lifting implementation of plane rotations /
M. Par�eniuk, A. Petrovsky // IEEE Trans. Circuits

Syst. I. � Oct. 2010. � Vol. 90, � 10. � P. 2708�2717.
4. Garrido, M. CORDIC II: A New Improved CORDIC

Algorithm / M. Garrido, P. K�allstr�om, M. Kumm //
IEEE Trans. Circuits and Syst. II: Express Briefs

P. 186�190.
5. A. Avizienis, Signed-digit number representation for fast

parallel arithmetic, IRE Tram. Electron. Comp.. vol.
EC- 10, P.289-400.

±180° ±45° ±10.3° ±3.56° ±1.79° ±0.89° ±0.45° ±0.03°

Trivial Friend angles USR CORDIC CORDIC CORDIC CORDIC Nano-rotations

P0=1

P1=−1

P2=j
P3=−j

P0=24 + j7

P1=20 + j15

P2=25

P0=128 + j16

P2=129 P=32 + j
 P=64 + j
 P=128 + j
 P = 1024 + jk

k = 0, ..., 8

Ðèñ. 2 � Àðõèòåêòóðà àëãîðèòìà CORDIC-II
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Ìèíñê, Ðåñïóáëèêà Áåëàðóñü
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Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ ïîñòðîåíèå àïïàðàòíûõ óñêîðèòåëåé íà îñíîâå ãðàôîâ âû÷èñëèòåëü-

íûõ ïðîöåññîâ. Ðàçðàáîòàíî ñïåöèàëèçèðîâàííîå ïðîãðàììíîå ñðåäñòâî ñèíòåçà HDL-îïèñàíèé àïïàðàò-

íûõ óñêîðèòåëåé ñ ðàçëè÷íûìè ñõåìîòåõíè÷åñêèìè ñòðóêòóðàìè.

Ââåäåíèå

Ñ êàæäûì ãîäîì êîëè÷åñòâî âåíòèëåé íà
êðèñòàëëàõ ìèêðîñõåì íåïðåîäîëèìî ðàñò¼ò, ÷òî
ïðèâîäèò ê óâåëè÷åíèþ ñëîæíîñòè öèôðîâûõ
ñõåì (Ñèñòåì íà Êðèñòàëëå, Ñåòåé íà Êðèñòàë-
ëå) è óâåëè÷åíèþ âåðîÿòíîñòè ðàçðàáîò÷èêàìè
ñîâåðøàòü îøèáêè ïðè ïðîåêòèðîâàíèè äàííûõ
ñòðóêòóð [1]. Îñîáóþ ðîëü â ñîâðåìåííûõ öèô-
ðîâûõ óñòðîéñòâàõ èãðàþò àïïàðàòíûå óñêîðè-
òåëè, ïðèçâàííûå ïîâûøàòü îáùóþ ïðîèçâîäè-
òåëüíîñòü ñèñòåìû. Îäíàêî ñ óâåëè÷åíèåì ñëîæ-
íîñòè öèôðîâûõ óñòðîéñòâ âîçðàñòàåò è ñëîæ-
íîñòü àïïàðàòíûõ óñêîðèòåëåé, ÷òî ïðèâîäèò ê
áîëüøèì òðóäîçàòðàòàì íà èõ ïðîåêòèðîâàíèå è
âåðèôèêàöèþ, à òàêæå óâåëè÷åíèþ âåðîÿòíîñòè
ïîÿâëåíèÿ îøèáîê â èõ ðàáîòå.

I. Îïèñàíèå

Ðàçðàáîòàííîå ïðîãðàììíîå ñðåäñòâî ïðåä-
íàçíà÷åíî äëÿ ïîñòðîåíèÿ àïïàðàòíûõ óñêîðè-
òåëåé èñõîäÿ èç àëãîðèòìà, çàäàííîãî ðàçðàáîò-
÷èêîì. Ïîìèìî àëãîðèòìà ðàçðàáîò÷èêîì ìîæåò
áûòü çàäàí íàáîð äîñòóïíûõ äëÿ èñïîëüçîâà-
íèÿ îïåðàöèé (îïåðàöèîííûõ óñòðîéñòâ) ñî ñïèñ-
êîì èõ ïðèîðèòåòîâ äðóã îòíîñèòåëüíî äðóãà è
îãðàíè÷åíèåì íà êîëè÷åñòâî ïðèìåíåíèé êàæ-
äîãî èç íèõ. Òàêæå ðàçðàáîò÷èê ìîæåò âûáè-
ðàòü èíòåðôåéñû äëÿ ñâÿçè óñêîðèòåëÿ ñ HOST-
êîíòðîëëåðîì èëè âíîñèòü â ñðåäñòâî ñâîè ñïîñî-
áû äîñòóïà. Ïîñëå çàâåðøåíèÿ ðàáîòû ñðåäñòâà,
ðàçðàáîò÷èê ïîëó÷àåò íàáîð ôàéëîâ ñ HDL-
îïèñàíèåì àïïàðàòíîãî óñêîðèòåëÿ íà âûáðàí-
íîì ÿçûêå îïèñàíèÿ àïïàðàòóðû è íàáîð àâòîìà-
òè÷åñêè ñãåíåðèðîâàííîé äîêóìåíòàöèè, ñîäåð-
æàùåé â ñåáå ñâåäåíèÿ î ãðàôå âû÷èñëèòåëüíî-
ãî ïðîöåññà, íàñòðîéêàõ, îãðàíè÷åíèÿõ ñèñòåìû,
ëàòåíòíîñòè è ïðîïóñêíîé ñïîñîáíîñòè.

II. Ïîëó÷åíèå ãðàôà âû÷èñëèòåëüíîãî
ïðîöåññà

Äëÿ ïîñòðîåíèÿ îïèñàíèÿ àïïàðàòíîãî
óñêîðèòåëÿ, ïðåäëàãàåìîå ñðåäñòâî îïåðèðóåò
ãðàôàìè âû÷èñëèòåëüíîãî ïðîöåññà [2], à òàêæå
èõ ïàðàìåòðàìè. Òàê, äëÿ ïîñòðîåíèÿ ãðàôà âû-
÷èñëèòåëüíîãî ïðîöåññà ñèñòåìà ñ÷èòûâàåò ïî-
ëèíîì è çàäàííûå îãðàíè÷åíèÿ (settings.txt)

êàê àðãóìåíò ïðè å¼ âûçîâå èç êîìàíäíîé ñòðî-
êè (agent.py y=a+b+c settings.txt) è ðàçáèâà-
åò åãî íà âûðàæåíèÿ ñîñòîÿùèå èç îäíîãî èëè
äâóõ îïåðàíäîâ ñ èñïîëüçîâàíèåì îáðàòíîé ïîëü-
ñêîé íîòàöèè [3]. Ñïèñîê ýòèõ âûðàæåíèé ñîðòè-
ðóåòñÿ ïî êîëè÷åñòâó âõîæäåíèé â àëãîðèòì, à
ïðèîðèòåò ïîëó÷àþò íàèáîëåå âñòðå÷àåìûå. Åñ-
ëè èìåþòñÿ îãðàíè÷åíèÿ, âëèÿþùèå íà ïîðÿäîê
ïîñòóïëåíèÿ îïåðàíäîâ â îïåðàöèîííûå óñòðîé-
ñòâà, óðîâíè â ãðàôå, òî ïîðÿäîê áóäåò îïðå-
äåëåí ïî êîëè÷åñòâó ïåðåìåííûõ, èñïîëüçóåìûõ
â âûðàæåíèè. Äëÿ âûáîðà îïòèìàëüíîãî ãðàôà
èñõîäÿ èç âûøåïåðå÷èñëåííûõ îãðàíè÷åíèé �
ïðîèçâîäèòñÿ îöåíêà ñ èñïîëüçîâàíèåì ìåòðèêè
öèêëîìàòè÷åñêîé ñëîæíîñòè [4], âû÷èñëÿåìîé ïî
ôîðìóëå: u = e−n+p, ãäå e � êîëè÷åñòâî ðåáåð,
p � êîëè÷åñòâî êîìïîíåíò ñâÿçíîñòè, n � êî-
ëè÷åñòâî óçëîâ. Èñõîäÿ èç ïîëó÷åííûõ çíà÷åíèé
äëÿ êàæäîãî èç âàðèàíòîâ ãðàôà ðåøàåòñÿ çàäà-
÷à íàõîæäåíèÿ ìèíèìóìà çíà÷åíèÿ öèêëîìàòè-
÷åñêîé ñëîæíîñòè. Ñòîèò îòìåòèòü, ÷òî íà äàí-
íîì ýòàïå ãðàô âû÷èñëèòåëüíîãî ïðîöåññà ìî-
æåò áûòü èçìåí¼í ðàçðàáîò÷èêîì ñ öåëüþ âíå-
ñåíèÿ ïðàâîê â àëãîðèòì èëè îïòèìèçàöèè åãî
ðàáîòû âðó÷íóþ.

Ïîñëå ïîëó÷åíèÿ ãðàôà, ïðîèçâîäèòñÿ ïðî-
öåññ ãåíåðàöèè HDL-îïèñàíèÿ àïïàðàòíîãî óñêî-
ðèòåëÿ. Ìåòîä, êîòîðûì îïèñûâàåòñÿ ñòðóêòóðà
óñêîðèòåëÿ íà HDL-ÿçûêå ìîæåò áûòü çàäàí ðàç-
ðàáîò÷èêîì èëè âûáðàí èç ïðèñóòñòâóþùèõ â
ðàçðàáîòàííîì ñðåäñòâå. Íàïðèìåð, àïïàðàòíûé
óñêîðèòåëü ìîæåò áûòü ïîñòðîåí â âèäå òàêèõ
ñòðóêòóð:

1. Îäíîòàêòîâûé óñêîðèòåëü.
2. Êîíâåéåðíûé óñêîðèòåëü.
3. Êîíå÷íûé àâòîìàò.
4. Ìèêðîïðîãðàììíûé àâòîìàò.
5. Ìèêðîïðîöåññîðíàÿ ñèñòåìà ñî ñïåöèôè÷å-

ñêîé ñèñòåìîé êîìàíä.

III. Ïðèìåð

Â êà÷åñòâå ïðèìåðà, ðàññìîòðèì ïîñòðîå-
íèå è ñèíòåç àïïàðàòíîãî óñêîðèòåëÿ äëÿ çàäàí-
íîãî ïîëèíîìà: y = x · a · b + 3 · a · b+ c
(agent.py y=abx+3ab+c settings.txt). Ïðîèç-
âåä¼ì ñèíòåç äâóõ ãðàôîâ âû÷èñëèòåëüíîãî ïðî-
öåññà (ñì. ðèñ. 1). Ïåðâûé ãðàô ïîëó÷èì ïðè
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íåîãðàíè÷åííîì êîëè÷åñòâå àïïàðàòíûõ ðåñóð-
ñîâ (óìíîæèòåëåé, ñóììàòîðîâ). Ïðè òàêîì ïîä-
õîäå ðàñ÷¼ò âûðàæåíèé x · a · b è 3 · a · b ïðîèç-
âîäèòñÿ ïàðàëëåëüíî ñ èñïîëüçîâàíèåì ÷åòûðåõ
óìíîæèòåëåé è äâóõ ñóììàòîðîâ. Äëÿ ïîëó÷å-
íèÿ âòîðîãî ãðàôà ââåä¼ì òàêèå îãðàíè÷åíèÿ �
ãðàô äîëæåí îáëàäàòü íàèìåíüøèì âîçìîæíûì
êîëè÷åñòâîì ñòàäèé è îïåðàöèé íà íèõ. Âûðà-
æåíèå y = x · a · b + 3 · a · b + c ïîäëåæèò óïðî-
ùåíèþ � ñðåäñòâî ñïîñîáíî âûíåñòè ìíîæèòåëü
ab çà ñêîáêè, òîãäà âûðàæåíèå ïðèíèìàåò òàêîé
âèä: y = ab ·(x+3)+c. Â òàêîì ñëó÷àå ñíèæàåòñÿ
êîëè÷åñòâî íåîáõîäèìûõ óìíîæèòåëåé, ñóììàòî-
ðîâ.

+

×

×

+

+

×

×

Cтадия 1

Cтадия 2

Cтадия 3

Cтадия 4

×+

×

+

Ðèñ. 1 � Ãðàôû âû÷èñëèòåëüíîãî ïðîöåññà äëÿ
âûáðàííîãî ïîëèíîìà

Ïîñëå ïîëó÷åíèÿ ãðàôîâ âû÷èñëèòåëüíîãî
ïðîöåññà ñãåíåðèðóåì ÷åòûðå HDL-îïèñàíèÿ àï-
ïàðàòíûõ óñêîðèòåëåé ñ ïîñëåäóþùèì ïðîöåñ-
ñîì ðàçìåùåíèÿ è òðàññèðîâêè íà êðèñòàëëå
ÏËÈÑ:

1. Îäíîòàêòîâàÿ ñòðóêòóðà ãðàôà 1.
2. Îäíîòàêòîâàÿ ñòðóêòóðà ãðàôà 2.
3. Êîíâåéåðíàÿ ñòðóêòóðà ãðàôà 1.
4. Êîíâåéåðíàÿ ñòðóêòóðà ãðàôà 2.

Îäíîòàêòîâàÿ ñòðóêòóðà ïîäðàçóìåâàåò óñòàíîâ-
êó ðåãèñòðîâ òîëüêî íà âõîäàõ è âûõîäàõ ñõåìû,
êîíâåéåðíàÿ � íà âõîäàõ, âûõîäàõ è ìåæäó ñòà-
äèÿìè ãðàôà (ñì. ðèñ. 1).

Â êà÷åñòâå èíòåðôåéñà äëÿ ñâÿçè ñ HOST-
êîíòðîëëåðîì âûáåðåì AXI4-Lite è óêàæåì ãå-
íåðàòîðó íà íåîáõîäèìîñòü âíåäðèòü êîíòðîë-
ëåð äàííîãî èíòåðôåéñà â ñòðóêòóðó óñêîðèòå-
ëÿ. Â ðåçóëüòàòå ðàáîòû ðàçðàáîòàííîãî ñðåä-
ñòâà ïîëó÷èì íàáîðû ôàéëîâ ñ Verilog-êîäîì äëÿ
êàæäîé èç ñòðóêòóð. Ñ öåëüþ îöåíêè àïïàðàò-
íûõ çàòðàò íà ðåàëèçàöèþ êàæäîãî èç óñêîðèòå-
ëåé, áûë ïðîâåä¼í ïðîöåññ ðàçìåùåíèÿ è òðàññè-
ðîâêè ýòèõ ñòðóêòóð íà êðèñòàëëå ÏËÈÑ êîì-
ïàíèè Xilinx. Äëÿ ïðîâåäåíèÿ ïðîöåññà ñèíòå-
çà áûë ñïðîåêòèðîâàí òåñòîâûé ñòåíä, ñîäåðæà-
ùèé â ñåáå ñîôò-ïðîöåññîð Microblaze ñ AXI-
èíòåðêîííåêòîì äëÿ äîñòóïà ê ðåãèñòðàì àïïà-

ðàòíîãî óñêîðèòåëÿ. Òèï àïïàðàòíîãî óñêîðè-
òåëÿ âûáèðàëñÿ ïðè ïîìîùè îïðåäåëåíèÿ êîí-
ñòàíò ïðîåêòèðîâàíèÿ è êîíñòðóêöèè generate.
Ïðîöåññ ðàçìåùåíèÿ è òðàññèðîâêè ïðîâîäèë-
ñÿ äëÿ êðèñòàëëà ÏËÈÑ ñåìåéñòâà Artix-7 �
xc7a100tscg384-1. Â êà÷åñòâå îãðàíè÷åíèé ïî ÷à-
ñòîòå áûëî âûáðàíî çíà÷åíèå 100 MHz. Â ðåçóëü-
òàòå ðàáîòû ÑÀÏÐ Vivado áûëè ïîëó÷åíû îò-
÷¼òû ïî çàòðà÷èâàåìûì ðåñóðñàì è çàäåðæêàì
ñõåìû íà êðèñòàëëå. Äàííûå èç îò÷¼òîâ ñèñòåìû
ïðîåêòèðîâàíèÿ à òàêæå ðàñ÷¼òíàÿ ïðîèçâîäè-
òåëüíîñòü (ñì. ôîðìóëó 2) � ïðèâåäåíû â òàá-
ëèöå 1.

P =
fCLK · L

S
, [106· Îïåðàöèé/c] (1)

ãäå fCLK � ìàêñèìàëüíàÿ ÷àñòîòà ñèíõðîíèçà-
öèè, L � ÷èñëî òàêòîâ ñèíõðîíèçàöèè äëÿ âû-
ïîëíåíèÿ îäíîé îïåðàöèè ïðè ïîëíîé çàãðóçêå
êîíâåéåðà, S � ÷èñëî òàêòîâ ñèíõðîíèçàöèè äëÿ
âûïîëíåíèÿ îäíîé îïåðàöèè ïðè íóëåâîé çàãðóç-
êå êîíâåéåðà.

Òàáëèöà 1 � Àïïàðàòíûå çàòðàòû è
ïðîèçâîäèòåëüíîñòü ñõåì ÄÊÏ

Ðåñóðñû
Ñòðóêòóðà

1 2 3 4

LUTs 209 127 193 111

FF 64 64 224 168

fCLK [ÌÃö] 51,414 55,839 112,878 112,713

L 1 1 1 1

S 1 1 4 3

P 51,41 55,83 28,21 37,57

Àíàëèçèðóÿ ïîëó÷åííûå äàííûå (òàáë. 1),
ìîæåì ñäåëàòü òàêèå âûâîäû: Ãðàô �2 â îáîèõ
ñëó÷àÿõ ïîêàçàë áîëüøóþ ïðîèçâîäèòåëüíîñòü è
ïîòðåáîâàë ìåíüøå ðåñóðñîâ äëÿ ðàçìåùåíèÿ â
êðèñòàëëå ÏËÈÑ.

IV. Âûâîä

Ðàçðàáîòàííîå ñðåäñòâî äëÿ ñèíòåçà àï-
ïàðàòíûõ óñêîðèòåëåé ïî çàäàííîìó ïîëèíî-
ìó ïîçâîëÿåò íå òîëüêî áûñòðî ïîëó÷àòü HDL-
îïèñàíèÿ àïïàðàòíûõ óñêîðèòåëåé äëÿ âû÷èñëå-
íèÿ ïîëèíîìîâ, íî è ïðîâîäèòü èõ îïòèìèçàöèþ
ñ öåëüþ ïîâûøåíèÿ õàðàêòåðèñòèê áûñòðîäåé-
ñòâèÿ è óìåíüøåíèÿ àïïàðàòóðíûõ çàòðàò äëÿ
èõ ðàçìåùåíèÿ íà êðèñòàëëå öèôðîâûõ ìèêðî-
ñõåì.
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Â ðàáîòå ïðåäëàãàåòñÿ íîâûé ïîäõîä äëÿ ïîñòðîåíèÿ ñõåì ôèçè÷åñêè íåêëîíèðóåìîé ôóíêöèè òèïà àð-

áèòð ñ ìîäèôèöèðîâàííûìè ïóòÿìè, îáëàäàþùèìè íåëèíåéíîé êîíôèãóðàöèåé. Òàêîé ïîäõîä ïîçâîëÿåò

óñëîæíèòü âçàèìîñâÿçü çàïðîñîâ è îòâåòîâ, ÷òî ïîòåíöèàëüíî çàòðóäíÿåò ïîñòðîåíèå ìîäåëè ôóíêöèè

ñ öåëüþ îñóùåñòâëåíèÿ àòàêè íà íåå. Ïðèâîäÿòñÿ ñõåìîòåõíè÷åñêèå ðåøåíèÿ ïðåäëîæåííûõ ìîäèôèêà-

öèé ïóòåé è àíàëèç ñâîéñòâ ÔÍÔ òèïà àðáèòð íà èõ îñíîâå.

Ââåäåíèå

Ôèçè÷åñêè íåêëîíèðóåìûå ôóíêöèè (ÔÍÔ)
íàõîäÿò øèðîêîå ïðèìåíåíèå â òàêèõ îáëà-
ñòÿõ êðèïòîãðàôèè êàê, çàùèòà àâòîðñêèõ
ïðàâ íà öèôðîâûå óñòðîéñòâà, íåêëîíèðóåìàÿ
èäåíòèôèêàöèÿ è àóòåíòèôèêàöèÿ öèôðîâûõ
óñòðîéñòâ, ãåíåðèðîâàíèå ñåêðåòíûõ êëþ÷åé [1]
è ò.ä. Ïî ñóòè ÔÍÔ ïðåäñòàâëÿåò ñîáîé öèôðî-
âóþ ñõåìó, èìåþùóþ ìíîæåñòâî âõîäîâ, íà êîòî-
ðûå ïîäàþòñÿ ñèãíàëû çàïðîñîâ, è, êàê ïðàâèëî,
åäèíñòâåííûé âûõîä, íà êîòîðîì ôîðìèðóåòñÿ
ñèãíàë îòâåòîâ. Ìíîæåñòâî ïàð ¾çàïðîñ-îòâåò¿
ÿâëÿåòñÿ óíèêàëüíûì äëÿ êàæäîé ôèçè÷åñêîé
ðåàëèçàöèè ÔÍÔ, è ìîæåò áûòü èíòåðïðåòèðî-
âàíî êàê ôèçè÷åñêèé ¾îòïå÷àòîê ïàëüöà¿, êîòî-
ðûé ÿâëÿåòñÿ ñëó÷àéíûì è íåêîíòðîëèðóåìûì
ñî ñòîðîíû ïðîåêòèðîâùèêîâ è ïðîèçâîäèòåëåé
öèôðîâûõ óñòðîéñòâ.

Ñðåäè âñåãî ìíîãîîáðàçèÿ âèäîâ ÔÍÔ âû-
äåëÿþò ÔÍÔ òèïà àðáèòð (ÀÔÍÔ) [1], îñíî-
âàííóþ íà ñðàâíåíèè äâóõ ñèãíàëîâ, ðàñïðî-
ñòðàíÿåìûõ ïî öèôðîâîé ñõåìå ñ êîíôèãóðè-
ðóåìûìè ïàðàìè ñèììåòðè÷íûõ ïóòåé. Êëàññè-
÷åñêàÿ ñõåìà ÀÔÍÔ ñîñòîèò èç òðåõ îñíîâíûõ
áëîâ: ãåíåðàòîðà òåñòîâûõ èìïóëüñîâ (ÃÒÈ),
áëîêà êîíôèãóðèðóåìûõ ïóòåé (ÁÊÏ), è, ñîá-
ñòâåííî, àðáèòðà (ÀÐÁ). Áëîê ÃÒÈ âûðàáàòûâà-
åò äâå êîïèè òåñòîâîãî ñèãíàëà, êîòîðûå ïîñòó-
ïàþò íà âõîäû ÁÊÏ. Â ñâîþ î÷åðåäü êîíôèãó-
ðèðóåìûå ñèììåòðè÷íûå ïóòè ñòðîÿòñÿ èç áàçî-
âûõ öèôðîâûõ ýëåìåíòîâ ïåðåñòàíîâî÷íîé ñåòè
(permutation network) [2], èìåþùèõ äâà èíôîð-
ìàöèîííûõ âõîäà a è b, óïðàâëÿþùèé âõîä ch,
è äâà âûõîäà x è y. Ïðè óñëîâèè ch = 0 ýëå-
ìåíò îñóùåñòâëÿåò ïðÿìóþ êîììóòàöèþ ñèãíà-
ëîâ: x = a, y = b. Â ïðîòèâíîì ñëó÷àå, ïðè ch =
1, ïåðåêðåñòíóþ êîììóòàöèþ: x = b, y = a. Ñõå-
ìà ÁÊÏ ôîðìèðóåòñÿ ïóòåì ëèíåéíîãî ïîñëåäî-
âàòåëüíîãî ïîäêëþ÷åíèÿ N áàçîâûõ ýëåìåíòîâ
ïåðåñòàíîâî÷íîé ñåòè ñ íåçàâèñèìûì óïðàâëåíè-
åì êîììóòàöèåé êàæäîãî èç íèõ ñèãíàëàìè chi
(i ∈ [0;N − 1]), îáúåäèíåííûìè â åäèíóþ N -
ðàçðÿäíóþ øèíó çàïðîñà CH.

Òàêèì îáðàçîì, ÁÊÏ ôîðìèðóåò 2N ðàç-
ëè÷íûõ ïàð ïóòåé. Äâå êîïèè òåñòîâîãî ñèãíàëà

ïîñòóïàþò íà âõîäû ïåðâîãî ýëåìåíòà a0 è b0, à
äâà âûõîäà ïîñëåäíåãî ýëåìåíòà xN−1 è yN−1 ïî-
ñòóïàþò íà ñîîòâåòñòâóþùèå âõîäû àðáèòðà, êî-
òîðûé îñóùåñòâëÿåò ñðàâíåíèå äâóõ ñèãíàëîâ è
ïî ðåçóëüòàòó ñðàâíåíèÿ âûðàáàòûâàåò áèò îòâå-
òà R ∈ {0, 1}. Ïðè ðåàëèçàöèè êëàññè÷åñêîé ñõå-
ìû ÀÔÍÔ ÷àñòî èñïîëüçóþò ñëåäóþùèå îãðà-
íè÷åíèÿ: ÃÒÈ âûðàáàòûâàåò äâå êîïèè ôðîí-
òà öèôðîâîãî èìïóëüñà, â êà÷åñòâà ñõåìû ÀÐÁ
ïðèìåíÿþò ñèíõðîííûé D-òðèããåð, íà âõîä äàí-
íûõ è ñèíõðîíèçàöèè êîòîðîãî ïîñòóïàþò ñèãíà-
ëû ñ âûõîäîâ xN−1 è yN−1. Ïîäîáíàÿ êîíôèãó-
ðàöèÿ îáëàäàåò ðÿäîì íåäîñòàòêîâ, ñðåäè êîòî-
ðûõ ìîæíî âûäåëèòü ëèíåéíóþ ñòðóêòóðó ñõåìû
ÁÊÏ, êîòîðàÿ âëå÷åò çà ñîáîé íàëè÷èå óÿçâèìî-
ñòè ê àòàêàì ñî ñòîðîíû çëîóìûøëåííèêîâ ñ öå-
ëüþ îáëàäàíèÿ òî÷íîé ìàòåìàòè÷åñêîé ìîäåëüþ
êîíêðåòíîãî ýêçåìïëÿðà ÀÔÍÔ. Äëÿ óñëîæíå-
íèÿ ïðîâåäåíèÿ òàêèõ àòàê, â òîì ÷èñëå ñ ïðèìå-
íåíèåì ìåòîäîâ ìàøèííîãî îáó÷åíèÿ, ïðèìåíÿ-
þòñÿ ðàçëè÷íûå çàùèòíûå àëãîðèòìû è ñõåìû. Â
äàííîé ðàáîòå ðàññìàòðèâàåòñÿ àëüòåðíàòèâíûé
ïîäõîä, îñíîâàííûé íà ïîñòðîåíèè íåëèíåéíûõ
ñòðóêòóð ÁÊÏ, ÷òî ïîòåíöèàëüíî óñëîæíÿåò ïî-
íèìàíèå ïðèðîäû ôîðìèðîâàíèÿ ïàð (CHj , Rj)
(∀j ∈ [0, 2N − 1]) äëÿ ÀÔÍÔ.

I. Ñèíòåç ìîäèôèöèðîâàííûõ ïóòåé

Ââåäåì îáîçíà÷åíèå i-ãî ýëåìåíòà ÁÊÏ ÷å-
ðåç αi. Òîãäà ñòðóêòóðó ÁÊÏ êëàññè÷åñêîé ñõå-
ìû ÀÔÍÔ ìîæíî ôîðìàëüíî ïðåäñòàâèòü ñëå-
äóþùåé çàïèñüþ: BCP : (α0, α1, α2, ...,αN−1) =
{α}N . Ââåäåì òðè äîïîëíèòåëüíûõ ýëåìåíòà:
β � äåìóëüòèïëåêñîð 2 × k (ñ äâóìÿ âõîäàìè è
k âûõîäàìè); γ � ýëåìåíò ïåðåñòàíîâî÷íîé ñåòè
k×k è δ � ìóëüòèïëåêñîð k×2. Ýëåìåíò β ïðåä-
ñòàâëÿåò ñîáîé ñïåöèàëèçèðîâàííóþ ñõåìó, êîòî-
ðàÿ îáåñïå÷èâàåò ïðÿìóþ è ïåðåêðåñòíóþ êîì-
ìóòàöèþ äâóõ âõîäíûõ ñèãíàëîâ íà ïðîèçâîëü-
íóþ ïàðó âûõîäíûõ ñèãíàëîâ èç C2

k âîçìîæíûõ.
Ýëåìåíò γ îñóùåñòâëÿåò âñå âîçìîæíûå k! ïåðå-
ñòàíîâîê âõîäíûõ ñèãíàëîâ ñ èõ òðàíñëÿöèåé íà
k âûõîäîâ. Òðåòèé ýëåìåíò δ îáåñïå÷èâàåò âû-
áîðêó âñåõ âîçìîæíûõ ïàð âõîäíûõ ñèãíàëîâ è
èõ ïðÿìóþ è ïåðåêðåñòíóþ êîììóòàöèþ ñ äâó-
ìÿ âûõîäàìè. Âûáèðàÿ ðàçëè÷íûå çíà÷åíèÿ k

77



è ðåàëèçîâûâàÿ ðàçëè÷íûå êîìáèíàöèè ýëåìåí-
òîâ α, β, γ è δ îòêðûâàþòñÿ øèðîêèå âîçìîæíî-
ñòè äëÿ ïîñòðîåíèÿ íåëèíåéíûõ ñòðóêòóð ÁÊÏ,
ïîçâîëÿþùèõ ðàçëè÷íûìè ñïîñîáàìè êîíôèãó-
ðèðîâàòü ïàðû ïóòåé. Íèæå ïðèâåäåíû ïðèìåðû
íåêîòîðûõ èç âîçìîæíûõ âàðèàíòîâ ìîäèôèêà-
öèé ÁÊÏ:

1. {α}lβδ;
2. {α}lβδ{α}m;
3. {α}lβ{γ}mδ{α}p;
4. {αβγδ}l.
Ðàññìîòðèì âàðèàíòû ðåàëèçàöèé ïðèâå-

äåííûõ ýëåìåíòîâ äëÿ ñëó÷àÿ k = 4. Òàê, ýëå-
ìåíò β ìîæåò áûòü ñèíòåçèðîâàí íà îñíîâå äâóõ
ýëåìåíòîâ α, êàê ýòî ïîêàçàíî íà ðèñ. 1.

Ðèñ. 1 � Ñõåìà ýëåìåíòà β äëÿ k = 4.

Ýëåìåíò γ ìîæåò áûòü ïîñòðîåí íà îñíîâå
õîðîøî èçâåñòíîé ñõåìû [3] ñ äîáàâëåíèåì áëîêà
α5 ñ ôèêñèðîâàííûì çíà÷åíèåì çàïðîñà, íåîáõî-
äèìûé äëÿ ñîáëþäåíèÿ ñòðóêòóðíîé ñèììåòðèè
êîíôèãóðèðóåìûõ ïóòåé (ðèñ. 2).

Ðèñ. 2 � Ñõåìà ýëåìåíòà γ äëÿ k = 4.

Ñõåìà âñåâîçìîæíûõ ïðÿìûõ è ïåðåêðåñò-
íûõ êîììóòàöèé äâóõ âûõîäíûõ ïîðòîâ ñ ÷å-
òûðüìÿ âõîäíûìè ïðåäñòàâëåíà íà ðèñóíêå 3.
Ïðåäñòàâëåííàÿ íà ýòîì æå ðèñóíêå ñõåìà ïðå-
îáðàçîâàíèÿ çàïðîñîâ íåîáõîäèìà äëÿ âûáîðêè
ïàðû ðàçëè÷íûõ âõîäíûõ ñèãíàëîâ.

Ðèñ. 3 � Ñõåìà ýëåìåíòà δ äëÿ k = 4 è ñõåìà
ïðåîáðàçîâàíèÿ çàïðîñîâ.

II. Ñðàâíèòåëüíûé àíàëèç

Äëÿ ïðîâåäåíèÿ àíàëèçà ïðåäëîæåííîãî
ïîäõîäà ê ñèíòåçó ýëåìåíòîâ ÁÊÏ áûëà ñïðî-
åêòèðîâàíà ýêñïåðèìåíòàëüíàÿ óñòàíîâêà íà îñ-
íîâå ïëàòû áûñòðîãî ïðîòîòèïèðîâàíèÿ Digilent
ZYBO Z7 ñ FPGA êëàññà ZYNQ. Ïðè ïîìîùè
ÿçûêà VHDL áûëè ñîçäàíû ïðîåêòíûå îïèñà-
íèÿ äâóõ ñõåì ñ îäèíàêîâîé ðàçðÿäíîñòü çàïðîñà
N = 32: ñõåìà êëàññè÷åñêîé ÀÔÍÔ, äëÿ êîòîðîé
ÁÊÏ îïèñûâàåòñÿ êîíôèãóðàöèåé BCP1 : {α}32,
è ñõåìà ÀÔÍÔ ñ ÁÊÏ íåëèíåéíîé êîíôèãóðàöèè
BCP2 : {α}3β{γ}4δ{α}3 äëÿ k = 4. Ðåàëèçàöèÿ
ÁÊÏ êëàññè÷åñêîé ñõåìû ÀÔÍÔ íà FPGA çàíè-
ìàåò 64 áëîêà LUT2, à ðàññìàòðèâàåìàÿ ñõåìà
ÁÊÏ ñ íåëèíåéíîé êîíôèãóðàöèåé � 64 LUT2,
äâà áëîêà LUT4, è äâà áëîêà LUT6. Äâå ñõåìû
îöåíèâàëèñü ïî ñëåäóþùèì îñíîâíûì õàðàêòå-
ðèñòèêàì ÔÍÔ [4]: ñòàáèëüíîñòü (S) è åäèíîîá-
ðàçèå (Un).

Â òàáëèöå ïðèâåäåíû ñðåäíèå, ìàêñèìàëü-
íûå è ìèíèìàëüíûå çíà÷åíèÿ ïåðå÷èñëåííûõ
õàðàêòåðèñòèê, ïîëó÷åííûõ íà 32 ýêçåìïëÿðàõ
îáîèõ êîíôèãóðàöèé ñõåì ÀÔÍÔ.

Òàáëèöà 1 � Çíà÷åíèÿ õàðàêòåðèñòèê
S avg(S) max(S) min(S)

BCP1 0.995323 1.0 0.99319

BCP2 0.993566 1.0 0.97043

Un avg(Un) max(Un) min(Un)

BCP1 0.725251 0.8713 0.55254

BCP2 0.682644 0.92412 0.2018

III. Çàêëþ÷åíèå

Â ðàáîòå ïðåäëîæåí íîâûé ïîäõîä äëÿ
ñèíòåçà áëîêà êîíôèãóðèðóåìûõ ïóòåé ôèçè÷å-
ñêè íåêëîíèðóåìîé ôóíêöèè òèïà àðáèòð. Áûëî
ïðåäëîæåíî èñïîëüçîâàòü òðè ñîñòàâíûõ ýëåìåí-
òà, êîòîðûå ïîçâîëÿþò ôîðìèðîâàòü íåëèíåéíûå
ìîäèôèêàöèè ïóòåé, ÷òî ïîòåíöèàëüíî óñëîæíÿ-
åò ñòîðîííèå àòàêè íà ÀÔÍÔ ñ öåëüþ ïîñòðîå-
íèÿ åå òî÷íîé ìàòåìàòè÷åñêîé ìîäåëè. Àíàëèç
ðåçóëüòàòîâ ïðîâåäåííûõ ýêñïåðèìåíòîâ ïîêà-
çàë ñîñòîÿòåëüíîñòü è ïåðñïåêòèâíîñòü ïðåäëî-
æåííîãî ïîäõîäà.
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Embedded Systems Design with FPGAs. Springer, New
York, NY, 2013. � P. 245�267.
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Äàííàÿ ðàáîòà ïîñâÿùåíà èçó÷åíèþ ñòàáèëüíîñòè ïðîìûøëåííûõ ÿ÷ååê ñòàòè÷åñêîé ïàìÿòè, èñïîëü-

çóåìûõ äëÿ íåêëîíèðóåìîé èäåíòèôèêàöèè. Â ðàáîòå ðàññìàòðèâàåòñÿ èçìåíåíèå õàðàêòåðèñòèê ñòà-

áèëüíîñòè ÿ÷ååê â çàâèñèìîñòè îò íàïðÿæåíèÿ ïèòàíèÿ ïðîìûøëåííîãî îáðàçöà ñòàòè÷åñêîé ïàìÿòè.

Ââåäåíèå

Â îñíîâå èñòî÷íèêîâ ýíòðîïèè è èäåíòèôè-
êàòîðîâ îáû÷íî ëåæàò ôèçè÷åñêè íåêëîíèðóå-
ìûå ôóíêöèè (ÔÍÔ), ÿâëÿþùèåñÿ ñóùíîñòÿìè,
âîïëîù¼ííûìè â ôèçè÷åñêîé ñòðóêòóðå, êîòî-
ðûå ëåãêî îöåíèòü, íî, â ñèëó íåêîíòðîëèðóå-
ìûõ ÷åëîâåêîì ïðîöåññîâ, íåâîçìîæíî âîñïðîèç-
âåñòè, ñìîäåëèðîâàòü èëè îõàðàêòåðèçîâàòü [1].

I. Ñòàòè÷åñêàÿ ïàìÿòü

Ñîâðåìåííàÿ ñòàòè÷åñêàÿ ïàìÿòü � ïî-
ëóïðîâîäíèêîâàÿ ýíåðãîçàâèñèìàÿ ñòðóêòóðà,
ÿ÷åéêà êîòîðîé ïîñòðîåíà ïðè ïîìîùè äâóõ èí-
âåðòîðîâ ñ ïåðåêð¼ñòíîé îáðàòíîé ñâÿçüþ íà áà-
çå ÊÌÎÏ-òðàíçèñòîðîâ ðàáîòàþùèõ â êëþ÷åâîì
ðåæèìå [2] (ñì. ðèñ. 1). Â ñèëó àñèììåòðèè òàêîé
ñòðóêòóðû, ÿ÷åéêè ñòàòè÷åñêîé ïàìÿòè ïðè èíè-
öèàëèçàöèè çàïîëíÿþòñÿ ñëó÷àéíûìè çíà÷åíèÿ-
ìè, êîòîðûå çàâèñÿò îò ìíîãèõ ôàêòîðîâ, â òîì
÷èñëå è îò âåëè÷èíû çàäåðæåê íà ëèíèÿõ îáðàò-
íîé ñâÿçè.

Ðèñ. 1 � ß÷åéêà ñòàòè÷åñêîé ïàìÿòè íà 6
ÊÌÎÏ-òðàíçèñòîðàõ

II. Öåëü ðàáîòû

Ïðèðîäà èíèöèàëèçàöèè ÿ÷ååê è ïðîñòî-
òà èñïîëíåíèÿ ñòàòè÷åñêîé ïàìÿòè îïðåäåëÿþò
áîëüøîé èíòåðåñ ê èññëåäîâàíèþ å¼ ïðèìåíè-
ìîñòè â êà÷åñòâå ãåíåðàòîðà óíèêàëüíûõ ïî-
ñëåäîâàòåëüíîñòåé äëÿ ñèñòåì èäåíòèôèêàöèè
è àóòåíòèôèêàöèè [3]. Íà ïðàêòèêå, èçìåíåíèå
õàðàêòåðèñòèê îêðóæàþùåé ñðåäû âíîñèò ñâîè
êîððåêòèâû â ðàáîòó íå òîëüêî öèôðîâûõ èäåí-
òèôèêàòîðîâ íî è âñåõ óñòðîéñòâ â öåëîì, ÷òî

îòðèöàòåëüíî âëèÿåò íà èõ íàä¼æíîñòü. Äàííàÿ
ðàáîòà íàïðàâëåíà íà èçó÷åíèå ïîâåäåíèÿ ñòà-
òè÷åñêîé ïàìÿòè â êà÷åñòâå èäåíòèôèêàòîðà ñ
öåëüþ îïðåäåëèòü çàâèñèìîñòü ñòàáèëüíîñòè è
óíèêàëüíîñòè ÿ÷ååê îò äåâèàöèè íàïðÿæåíèÿ ïè-
òàíèÿ.

III. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ, áûëà èñ-
ïîëüçîâàíà ïëàòà áûñòðîãî ïðîòîòèïèðîâàíèÿ
Nexys-4 êîìïàíèè Digilent ñ ðàçìåù¼ííûì íà
íåé êðèñòàëëîì ÏËÈÑ Artix-7 xc7a100tscg384�
1 êîìïàíèè Xilinx. Â êà÷åñòâå èññëåäóåìîé ñòà-
òè÷åñêîé ïàìÿòè áûëà ïðèìåíåíà ìèêðîñõå-
ìà êîìïàíèè MicroChip � 23K256 ðàçìåðîì
256 Êáèò è ðàáî÷èì äèàïàçîíîì íàïðÿæåíèé
îò 2.7Â äî 3.6Â. Íàïðÿæåíèå íà ìèêðîñõåìå èç-
ìåíÿëîñü ïðè ïîìîùè 12-òè ðàçðÿäíîãî ÖÀÏ
MCP4921, òîé æå ôèðìû, è ïîñëåäîâàòåëüíî
âêëþ÷¼ííûì îïåðàöèîííûì óñèëèòåëåì ñ îá-
ðàòíîé ñâÿçüþ ïî íàïðÿæåíèþ AD8041 (Analog
Devices). Êîíòðîëü íàïðÿæåíèÿ è õîäà ýêñïå-
ðèìåíòà îñóùåñòâëÿëñÿ ïðè ïîìîùè ðàçðàáî-
òàííîãî áëîêà-ñîïðÿæåíèÿ è ñîôò-ïðîöåññîðà
Microblaze, ðàçìåù¼ííûõ â ÏËÈÑ. Â õîäå ïðîâå-
äåíèÿ ýêñïåðèìåíòà íà öèôðî-àíàëîãîâîì ïðåîá-
ðàçîâàòåëå óñòàíàâëèâàëîñü æåëàåìîå íàïðÿæå-
íèå ïèòàíèÿ, ïîñëå ÷åãî èç ìèêðîñõåìû ïàìÿòè
ñ÷èòûâàëèñü çíà÷åíèÿ å¼ ÿ÷ååê ñ öèêëàìè ïåðå-
çàãðóçîê (âûêëþ÷åíèå ïèòàíèÿ íà äîñòàòî÷íûé
ñðîê � 2 ñåêóíäû [4]), âñåãî òàêèõ öèêëîâ íàñ÷è-
òûâàëîñü 100 äëÿ êàæäîãî íàïðÿæåíèÿ. Çàòåì,
íàïðÿæåíèå ïèòàíèÿ èçìåíÿëîñü è ïðîöåññ ïî-
âòîðÿëñÿ. Â ðåçóëüòàòå ïðîâåäåíèÿ ýêñïåðèìåí-
òîâ áûëè ïîëó÷åíû íàáîðû äàííûõ äëÿ çíà÷åíèé
íàïðÿæåíèÿ ïèòàíèÿ ìèêðîñõåìû â äèàïàçîíå îò
1.72 Â äî 4.45 Â c øàãîì 5.5 ìÂ.

IV. Àíàëèç ïîëó÷åííûõ äàííûõ

Ïðîâåä¼ì àíàëèç ñòàáèëüíîñòè ïàìÿòè äëÿ
êàæäîãî íàïðÿæåíèÿ ïèòàíèÿ ïî îòäåëüíîñòè,
äëÿ ýòîãî ïîñ÷èòàåì êîëè÷åñòâî ïåðåêëþ÷åíèé
êàæäîé ÿ÷åéêè ìåæäó öèêëàìè ïåðåçàãðóçêè è
ðàçäåëèì ýòó ñóììó íà êîëè÷åñòâî ïðîâåä¼ííûõ
ýêñïåðèìåíòîâ (ñì. ôîðìóëó 1).
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S = 100% ·
∑M

j=1

∑N−1
i=0 xij ⊕ x(i+1)j

N ·M
, (1)

ãäå N � êîëè÷åñòâî ýêñïåðèìåíòîâ, M � êîëè-
÷åñòâî ÿ÷ååê, xij � çíà÷åíèå j -òîé ÿ÷åéêè â i -òîì
ýêñïåðèìåíòå. Ðåçóëüòàòû ïðîâåä¼ííîãî àíàëèçà
ñòàáèëüíîñòè ÿ÷ååê èçîáðàæåíû íà ðèñ. 2.

2.7 В - 3.6 В

Ðèñ. 2 � Ñòàáèëüíîñòü ÿ÷ååê ñòàòè÷åñêîé ïàìÿòè â
çàâèñèìîñòè îò íàïðÿæåíèÿ ïèòàíèÿ

Âàæíûì êðèòåðèåì ïðè îöåíêå ôèçè÷åñêè
íåêëîíèðóåìûõ ôóíêöèé ÿâëÿåòñÿ ñîîòíîøåíèå
êîëè÷åñòâà íóëåé è åäèíèö â å¼ îòâåòàõ. Äëÿ ðàñ-
÷¼òà äàííîãî ñîîòíîøåíèÿ èñïîëüçîâàíà ìåòðèêà
åäèíîîáðàçèÿ (ñì. ôîðìóëó 2) äëÿ êàæäîãî èç
íàïðÿæåíèé ïèòàíèÿ (ñì. ðèñ. 3), ðàçðÿäíîñòü
âåêòîðà âûáðàíà èñõîäÿ èç øèðèíû øèíû äàí-
íûõ â ìèêðîñõåìå (B = 8).

U = 100% ·
∑K

j=1(1− 2 · |WH(V )
B − 0.5|)

K
, (2)

ãäå WH(V) � âåñ áèíàðíîãî âåêòîðà V ïî Õýì-
ìèíãó, B � ðàçðÿäíîñòü âåêòîðà, K � êîëè÷å-
ñòâî âåêòîðîâ.

2.7 В - 3.6 В

Ðèñ. 3 � Åäèíîîáðàçèå ÿ÷ååê ñòàòè÷åñêîé ïàìÿòè

Ñòîèò îòìåòèòü, ÷òî ïîñëå ïðåâûøåíèÿ çíà-
÷åíèÿ ïèòàþùåãî íàïðÿæåíèÿ ðàâíîãî 4.15 Â,

ìèêðîñõåìà ñòàòè÷åñêîé ïàìÿòè ïåðåñòàëà ïîë-
íîöåííî ôóíêöèîíèðîâàòü êàê îïåðàòèâíîå çà-
ïîìèíàþùåå óñòðîéñòâî. Äëÿ ïðîâåðêè ðàáîòî-
ñïîñîáíîñòè ìèêðîñõåìû áûë ïðèìåí¼í ìàðøå-
âûé òåñò ÎÇÓ MATS [5] (ñì. ôîðìóëó 3).

{↑↓ (w0); ↑ (r0, w1); ↓ (r1)} (3)

Â ðåçóëüòàòå ïðîâåäåíèÿ äàííîãî ìàðøåâîãî òå-
ñòà, èç äîñòóïíîãî îáú¼ìà � 256 Êáèò, ôóíêöèè
îïåðàòèâíîãî çàïîìèíàþùåãî óñòðîéñòâà âûïîë-
íÿëè âñåãî 23.74% ÿ÷ååê ñòàòè÷åñêîé ïàìÿòè.

Äëÿ îöåíêè èçìåíåíèÿ õàðàêòåðèñòèê ïà-
ìÿòè îò íàïðÿæåíèÿ ïèòàíèÿ áûë ïðîèçâå-
ä¼í ðàñ÷¼ò ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ äëÿ
âñåãî äèàïàçîíà íàïðÿæåíèé è äëÿ âûäåëåííûõ
äèàïàçîíîâ ðàáîòû (íèæå ðàáî÷åãî, ðàáî÷èé, âû-
øå ðàáî÷åãî). Ñìîòðèòå òàáëèöó 1.

Òàáëèöà 1 � Ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå äëÿ
äèàïàçîíîâ íàïðÿæåíèÿ ïèòàíèÿ

Íàïðÿæåíèå, Â 1,72-2,71 2,76-3,59 3,64-4,15

σS
0.44

0.87 0.17 4.94

σU
0.309

0.06 0.01 0.57

V. Çàêëþ÷åíèå

Â ðåçóëüòàòå ïðîâåä¼ííîãî ýêñïåðèìåíòà è
àíàëèçà ïîëó÷åííûõ äàííûõ áûëè ñäåëàíû ñëå-
äóþùèå âûâîäû:

1. Ñ óâåëè÷åíèåì íàïðÿæåíèÿ ïèòàíèÿ ñòàòè-
÷åñêîé ïàìÿòè ñòàáèëüíîñòü ÿ÷ååê ïðè èíè-
öèàëèçàöèè ñíèæàåòñÿ íà 20%.

2. Ïðè ïðåâûøåíèè ðàáî÷åãî äèàïàçîíà íà-
ïðÿæåíèé ïèòàíèÿ ñîîòíîøåíèå íóëåé è
åäèíèö ïðè èíèöèàëèçàöèè ñíèæàåòñÿ íà
0,75%.

3. Èñïîëüçîâàíèå ñòàòè÷åñêîé ïàìÿòè êàê
ôèçè÷åñêè íåêëîíèðóåìîé ôóíêöèÿ äëÿ
ñèñòåì èäåíòèôèêàöèè áåç êîððåêöèè íà
ïðàêòèêå íå ïðåäñòàâëÿåòñÿ âîçìîæíûì.

4. Ìåòîäû êîððåêöèè äëÿ èñïîëüçîâàíèÿ ñòà-
òè÷åñêîé ïàìÿòè êàê ôèçè÷åñêè íåêëîíèó-
ðåìàÿ ôóíêöèÿ äëÿ ñèñòåì èäåíòèôèêàöèè
íóæäàþòñÿ â äàëüíåéøèõ èññëåäîâàíèÿõ.
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Äàííàÿ ðàáîòà ïîñâÿùåíà ðåàëèçàöèè 8-òî÷å÷íîãî îäíîìåðíîãî äèñêðåòíîãî êîñèíóñíîãî ïðåîîáðàçîâàíèÿ

âòîðîãî òèïà íà îñíîâå ñõåìû Ëåôôëåðà. Ïðîâåäåíî ñðàâíåíèå ïðîèçâîäèòåëüíîñòè è àïïàðàòíûõ çàòðàò

ðåñóðñîâ ÏËÈÑ äëÿ ðåàëèçàöèè ñõåìû íà óðîâíå ðåãèñòðîâûõ ïåðåäà÷, à òàêæå ñ èñïîëüçîâàíèåì ñèñòåìû

âûñîêîóðîâíåâîãî ñèíòåçà êîìïàíèè Xilinx.

Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü áîëüøîå ðàñïðîñòðà-
íåíèå ïîëó÷èëè ñèñòåìû îáðàáîòêè âèäåîäàí-
íûõ â ìàñøòàáå ðåàëüíîãî âðåìåíè. Îäíà èç
íàèáîëåå èñïîëüçóåìûõ îïåðàöèé â òàêèõ ñèñòå-
ìàõ ÿâëÿåòñÿ äèñêðåòíîå êîñèíóñíîå ïðåîáðàçî-
âàíèå (ÄÊÏ) äëÿ âåêòîðîâ äåéñòâèòåëüíûõ ÷è-
ñåë. Äàííîå ïðåîáðàçîâàíèå ïîëó÷èëî øèðîêîå
ðàñïðîñòðàíåíèå â òàêèõ ñòàíäàðòàõ êàê JPEG,
H.261/1/4, MPEG-1/2/4.

I. Äèñêðåòíîå êîñèíóñíîå
ïðåîáðàçîâàíèå

Èñïîëüçîâàíèå êîñèíóñíûõ ôóíêöèé èìååò
ðåøàþùåå çíà÷åíèå äëÿ àëãîðèòìîâ ñæàòèÿ è
îáðàáîòêè èíôîðìàöèè, ïîñêîëüêó äëÿ àïïðîê-
ñèìàöèè òèïè÷íîãî ñèãíàëà òðåáóåòñÿ ìåíüøå
ñóìì êîñèíóñîâ ÷åì ñèíóñîâ [1]. Íàèáîëåå ðàñ-
ïðîñòðàíåííûì âàðèàíòîì äàííîãî ïðåîáðàçîâà-
íèÿ ÿâëÿåòñÿ ÄÊÏ âòîðîãî òèïà, ñìîòðèòå ôîð-
ìóëó (1). Ñæàòèå ñ ïîìîùüþ ÄÊÏ âòîðîãî òèïà
ïðèìåíÿåòñÿ â áëî÷íîì âèäå, ïðè ýòîì áëîêè ìî-
ãóò èìåòü ðàçëè÷íóþ ðàçìåðíîñòü � 4× 4, 8× 8,
32×32 ïèêñåëåé, à ñàìî ïðåîáðàçîâàíèå îáëàäàåò
ñâîéñòâîì ¾óïëîòíåíèÿ ýíåðãèè ñèãíàëà¿ [2].

Xk =

N−1∑
n=0

xn cos

[
π

N

(
n+

1

2

)
k

]
, (1)

ãäå k = 0, . . . N − 1 , N � ðàçìåð âåêòîðà

II. Ñõåìà Ëåôôëåðà

Îñíîâíîé îïåðàöèåé, êîòîðàÿ âûçûâàåò
òðóäíîñòè ïðè àïïàðàòíîé ðåàëèçàöèè ñõåì
ÄÊÏ, ÿâëÿåòñÿ îïåðàöèÿ óìíîæåíèÿ íà ïîâîðà-
÷èâàþùèåñÿ ìíîæèòåëè (âðàùåíèå Ãèâåíñà) �
íåòðèâèàëüíûå óãëû âðàùåíèÿ [4]. Ñ öåëüþ ìè-
íèìèçàöèè àïïàðàòóðíûõ çàòðàò íà ðåàëèçàöèþ
îäíîìåðíîãî N -òî÷å÷íîãî äèñêðåòíîãî êîñèíóñ-
íîãî ïðåîáðàçîâàíèÿ Ëåôôëåðîì áûëà ïðåäëî-
æåíà êîíâåéåðíàÿ ñòðóêòóðà, èìåþùàÿ â ñâî¼ì
ñîñòàâå âñåãî 11 óìíîæèòåëåé è 29 ñóììàòîðà
äëÿ âîñüìèòî÷å÷íîãî ÄÊÏ [3]. Àëãîðèòì ÄÊÏ,
ðàññ÷èòûâàåìûé ïî ñõåìå Ëåôôëåðà ðàçäåë¼í íà
÷åòûðå ðàçëè÷íûõ ýòàïà (ñì. ðèñ. 1). Íà ïåðâîì
ýòàïå âõîäíûå äàííûå îáðàáàòûâàþòñÿ ïðè ïî-
ìîùè îïåðàöèé ¾áàáî÷êà¿, íà âòîðîì è òðåòüåì
ýòàïàõ � âûäåëÿþòñÿ ÷¼òíûå è íå÷åòíûå êîýô-
ôèöèåíòû. ×åòâåðòûé ýòàï èñïîëüçóåò êîýôôè-
öèåíòû ck äëÿ ïîëó÷åíèÿ òî÷íîãî, íåìàñøòàáè-
ðîâàííîãî âûõîäà, ïÿòûé � ïåðåóïîðÿäî÷èâàíèå
ïîëó÷åííîé ïîñëåäîâàòåëüíîñòè.
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Ðèñ. 1 � Ñòðóêòóðíàÿ ñõåìà Ëåôôëåðà äëÿ 8-ìè òî÷å÷íîãî ÄÊÏ (ðàçðÿäíîñòü øèíû äàííûõ Wlen = 16)
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III. Àïïàðàòíàÿ ðåàëèçàöèÿ

Ðàçðàáîòàíû ñõåìíûå ðåàëèçàöèè äëÿ âû-
÷èñëåíèÿ 8-ìè òî÷å÷íîãî ÄÊÏ (ðàçðÿäíîñòü øè-
íû äàííûõ Wlen = 16):

1. Ñõåìà Ëåôôëåðà ñ èñïîëüçîâàíèåì HDL
îïèñàíèÿ (óðîâåíü ðåãèñòðîâûõ ïåðåäà÷).

2. Ñõåìà Ëåôôëåðà ñ èñïîëüçîâàíèåì Vitis

HLS 2022.1 [5].
3. ÄÊÏ ñ èñïîëüçîâàíèåì Vitis HLS 2022.1

è ñòàíäàðòíûõ áèáëèîòåê ÿçûêà C.
4. ÄÊÏ ñ èñïîëüçîâàíèåì Vitis HLS 2022.1

è âû÷èñëåíèé ôóíêöèè cos íà îñíîâå
CORDIC àïïðîêñèìàöèè (÷èñëî èòåðàöèé
âðàùåíèÿ 7).
Ïðè ïðîåêòèðîâàíèè ñèñòåìû ñ èñïîëüçîâà-

íèåì ñõåìû Ëåôôëåðà íà óðîâíå ðåãèñòðîâûõ
ïåðåäà÷, èñïîëüçîâàëèñü ÿçûêè îïèñàíèÿ àïïà-
ðàòóðû Verilog è SystemVerilog, áûëà çàäåéñòâî-
âàíà ñòðóêòóðíàÿ ñõåìà, èçîáðàæ¼ííàÿ íà ðèñóí-
êå 1. Êîíâåéåðíàÿ ðåàëèçàöèÿ ñõåìû Ëåôôëåðà
èìååò 5 ýòàïîâ, êîòîðûå ðàçäåëåíû íà 4 ñòóïå-
íè (4 è 5 ýòàïû îáúåäèíåíû è ðàñïîëîæåíû â 4
ñòóïåíè).

Òàêæå, äëÿ ðåøåíèÿ çàäà÷ ÄÊÏ â ñèñòå-
ìå âûñîêîóðîâíåâîãî ñèíòåçà Vitis HLS [6] áû-
ëè ñïðîåêòèðîâàíû òðè ñõåìû íà ÿçûêå âûñîêîãî
óðîâíÿ C (Ñòðóêòóðû �2-4). Äëÿ êàæäîé èç íèõ,
áûë ïðîâåä¼í ïðîöåññ ãåíåðàöèè IP-ÿäåð ñ ïî-
ñëåäóþùèì ïðîöåññîì ðàçìåùåíèÿ è òðàññèðîâ-
êè íà êðèñòàëëå ÏËÈÑ. Äëÿ ðåøåíèÿ �2, ñõåìà
(ñì. ðèñ. 1) áûëà îïèñàíà áåç èçìåíåíèé ñòðóêòó-
ðû ïðåäëîæåííîé Ëåôôëåðîì. Äëÿ ðåøåíèé �3
è �4, ñõåìà áûëà ïðåäñòàâëåíà ñ èñïîëüçîâàíèåì
öèêëîâ è ôóíêöèé äëÿ ðàñ÷¼òà êîñèíóñà ÷èñëà:
èç áèáëèîòåêè math.h (�3) è âû÷èñëåíèÿ ôóíê-
öèè cos íà îñíîâå CORDIC àïïðîêñèìàöèè (÷èñ-
ëî èòåðàöèé âðàùåíèÿ 7) (�4). Ïîëó÷åííûå IP-
ÿäðà áûëè èìïîðòèðîâàíû â Vivado [7], ãäå áûëè
ïîñëåäîâàòåëüíî èíòåãðèðîâàíû â òåñòîâûå ñðå-
äû ñ öåëüþ ïîëó÷åíèÿ ñâåäåíèé îá àïïàðàòóðíûõ
çàòðàòàõ è äàëüíåéøåãî ñðàâíåíèÿ. Ðàçìåùåíèå
è òðàññèðîâêà íà ÏËÈÑ ïðîèçâîäèëàñü äëÿ êðè-
ñòàëëà ñåìåéñòâà Artix-7 � xc7a100tscg384-1 [8], â
êà÷åñòâå îãðàíè÷åíèé ïî ÷àñòîòå ñèíõðîñèãíàëà
áûëî âûáðàíî çíà÷åíèå 200 ÌÃö. Â ðåçóëüòàòå
ðàáîòû Vivado áûëè ïîëó÷åíû îò÷¼òû ïî çàòðà-
÷èâàåìûì ðåñóðñàì ÏËÈÑ è êðèòè÷åñêîìó ïóòè
ñõåìû, äàííûå èç îò÷¼òîâ è ðàñ÷¼òíàÿ ïðîèçâî-
äèòåëüíîñòü (2) ïðèâåäåíû â òàáëèöå 1.

P =
fCLK · S

L
, [106· Îïåðàöèé ÄÊÏ/c] (2)

ãäå fCLK � ìàêñèìàëüíàÿ ÷àñòîòà ñèíõðîíèçà-
öèè, S � ÷èñëî ñòóïåíåé êîíâåéåðà, L � ÷èñ-
ëî òàêòîâ ñèíõðîíèçàöèè äëÿ âûïîëíåíèÿ îäíîé
îïåðàöèè ïðè ïîëíîé çàãðóçêå êîíâåéåðà.

Òàáëèöà 1 � Àïïàðàòíûå çàòðàòû è
ïðîèçâîäèòåëüíîñòü ñõåì ÄÊÏ

Ðåñóðñû
Ñòðóêòóðà

1 2 3 4

LUTs 264 1489 24634 14578

FF 320 734 22679 12046

DSP 11 16 142 312

BRAM 0 17 16 6

fCLK [ÌÃö] 225,62 240,44 102,09 140,94

S 4 1 1 1

L 1 404 222 66

P 4,065 0,595 0,459 2,135

Àíàëèçèðóÿ ïîëó÷åííûå äàííûå (òàáë. 1),
ìîæåì ñäåëàòü òàêèå âûâîäû: ðàçðàáîòàííàÿ
FPGA-ðåàëèçàöèÿ ñõåìû Ëåôôëåðà äëÿ çàäà÷
ÄÊÏ îêàçàëàñü íàèáîëåå ïðèâëåêàòåëüíà ïî îò-
íîøåíèþ çàòðà÷èâàåìûõ ðåñóðñîâ ê ïðîèçâîäè-
òåëüíîñòè, ÷åì ðåàëèçàöèè ïîëó÷åííûå íà áàçå
ñèñòåìû âûñîêîóðîâíåâîãî ñèíòåçà Vitis HLS.

IV. Çàêëþ÷åíèå

Â ðàáîòå ïðîàíàëèçèðîâàíû àïïàðàòíûå çà-
òðàòû FPGA Xilinx Artix-7 è ïðîèçâîäèòåëü-
íîñòü ñõåì äëÿ âûïîëíåíèÿ 8-ìè òî÷å÷íîãî äèñ-
êðåòíîãî êîñèíóñíîãî ïðåîáðàçîâàíèÿ íà îñíîâå
ñõåìû Ëåôôëåðà. Ïðåäëîæåíû 3 ðåàëèçàöèè ñ
èñïîëüçîâàíèåì ñðåäñòâà âûñîêîóðîâíåâîãî ïðî-
åêòèðîâàíèÿ Vitis HLS.
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Ïðåäëàãàþòñÿ ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èñcëåäîâàíèÿ äâóõ âàðèàíòîâ àëãîðèòìà îðòîãîíàëèçà-

öèè ñèñòåìû äèçúþíêòèâíûõ íîðìàëüíûõ ôîðì áóëåâûõ ôóíêöèé.

I. Ââåäåíèå

Äëÿ ðåøåíèÿ ìíîãèõ çàäà÷ ñèíòåçà, äèà-
ãíîñòèêè è àíàëèçà íàäåæíîñòè òåõíè÷åñêèõ ñè-
ñòåì èñïîëüçóåòñÿ ïðåäñòàâëåíèå áóëåâûõ ôóíê-
öèé â âèäå äèçúþíêòèâíûõ íîðìàëüíûõ ôîðì
(ÄÍÔ). ×àñòî áûâàåò ïîëåçíî èìåòü òàêèå ñè-
ñòåìû ÄÍÔ, â êîòîðûõ âñå âõîäÿùèå â íèõ ýëå-
ìåíòàðíûå êîíúþíêöèè âçàèìíî îðòîãîíàëüíû.
Äëÿ ïîëó÷åíèÿ òàêèõ ñèñòåì íåîáõîäèìî ïðîâî-
äèòü îðòîãîíàëèçàöèþ èñõîäíûõ ñèñòåì ÄÍÔ. Â
ðàáîòàõ [1-3] äàíû êàê íåîáõîäèìûå ïîíÿòèÿ, òàê
è èäåè, ñïîñîáñòâóþùèå ðåøåíèþ ýòîé çàäà÷è.

Â ñëó÷àå íåáîëüøîãî ÷èñëà ïåðåìåííûõ
çàäà÷ó îðòîãîíàëèçàöèè ÄÍÔ ìîæíî ðåøèòü,
ðàçëîæèâ äèçúþíêòèâíî êàæäóþ ýëåìåíòàðíóþ
êîíúþíêöèþ ïî âñåì îòñóòñòâóþùèì â íåé ïåðå-
ìåííûì, è ïîñëå ïðèâåäåíèÿ ïîäîáíûõ ïîëó÷èòü
â ðåçóëüòàòå ñîâåðøåííóþ ÄÍÔ. Îäíàêî òàêîé
ñïîñîá ìîæåò îêàçàòüñÿ íåïðèåìëåì, êîãäà ïåðå-
ìåííûõ ìíîãî. Â ÷àñòíîñòè, äëÿ ñèñòåìû ÄÍÔ,
çàâèñÿùèõ îò n ïåðåìåííûõ, ÷èñëî êîíúþíêöèé
â îðòîãîíàëèçîâàííîé ñèñòåìå ìîæåò äîñòèãàòü
2^n.

Â ðàáîòå [4] áûë ïðåäëîæåí àëãîðèòì, îñíî-
âàííûé íà äèçúþíêòèâíîì ðàçëîæåíèè ýëåìåí-
òàðíûõ êîíúþíêöèé íà ñåðèþ äðóãèõ êîíúþíê-
öèé, êàæäàÿ èç êîòîðûõ ëèáî îðòîãîíàëüíà âñåì
êîíúþíêöèÿì èç íåêîòîðîé ñîâîêóïíîñòè, ëèáî
ïîãëîùàåòñÿ îäíîé èç íèõ. Â ðàáîòå [5] áûëà ðàñ-
ñìîòðåíà ìîäèôèêàöèÿ àëãîðèòìà [4]

II. Ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî
èññëåäîâàíèÿ

Îáà ïðåäëîæåííûõ àëãîðèòìà ðåàëèçîâàíû
íà ÿçûêå ïðîãðàììèðîâàíèÿ C++ ñ èñïîëüçî-
âàíèåì áèáëèîòåêè êëàññîâ ≪áóëåâ âåêòîð≫ è
≪òðîè÷íûé âåêòîð≫. Äëÿ ïðîâåðêè ýôôåêòèâ-
íîñòè ðàçðàáîòàííûõ ïðîãðàìì áûë ïðîâåäåí
âû÷èñëèòåëüíûé ýêñïåðèìåíò. Ïðèìåðû ìàòðè÷-
íûõ SF-îïèñàíèé ñèñòåì ïîëíîñòüþ îïðåäåëåí-
íûõ áóëåâûõ ôóíêöèé áûëè âçÿòû èç íàáîðà ïðî-
ìûøëåííûõ òåñòîâûõ ïðèìåðîâ, âõîäÿùèõ â áèá-
ëèîòåêó ïðèìåðîâ Berkeley PLA TestSet [6]. Èñ-
ñëåäîâàëèñü äâà àëãîðèòìà îðòîãîíàëèçàöèè �
ïðåäëîæåííûé â [4] è ïðåäëîæåííûé â [5], îáî-
çíà÷àåìûå äàëåå OLD è NEW ñîîòâåòñòâåííî.
Ðåçóëüòàòû ýêñïåðèìåíòà ïðåäñòàâëåíû â òàáëè-

öå 1, ãäå n � ÷èñëî ïåðåìåííûõ, m � ÷èñëî ôóíê-
öèé, k � ÷èñëî ýëåìåíòàðíûõ êîíúþíêöèé èñ-
õîäíîé ñèñòåìû ÄÍÔ áóëåâûõ ôóíêöèé. Ñèñòå-
ìà ÄÍÔ çàäàâàëàñü ïàðîé ìàòðèö [3]. Âñåãî äëÿ
êàæäîãî àëãîðèòìà ðàññìàòðèâàëîñü òðè âàðè-
àíòà îðòîãîíàëèçàöèè. Ïðè ïåðâîì (ñòîëáöû 1 è
2) ïðîèçâîäèëîñü ïðåäâàðèòåëüíîå óïîðÿäî÷èâà-
íèå ñòðîê ìàòðèö ïî âîçðàñòàíèþ ÷èñëà ëèòåðà-
ëîâ, ïðè âòîðîì (ñòîëáöû 3 è 4) � ïî óáûâàíèþ,
à â òðåòüåì (ñòîëáöû 5 è 6) � óïîðÿäî÷èâàíèå íå
ïðîèçâîäèëîñü.

Â õîäå âû÷èñëåíèé çàìåðÿëèñü ñëåäóþùèå
ïàðàìåòðû:

C � ÷èñëî âûïîëíåíèé öèêëà ïðîõîäîâ èñ-
õîäíîé ñèñòåìû ÄÍÔ;

M � ìàêñèìàëüíîå ÷èñëî ñòðîê â ìàòðèöå,
ïîëó÷åííîé ïðè ðàáîòå àëãîðèòìà;

R � ñóììàðíîå ÷èñëî ïðîèçâåäåííûõ ðàçëî-
æåíèé;

S � ñóììàðíîå ÷èñëî ïðîèçâåäåííûõ ñêëåè-
âàíèé;

P � ñóììàðíîå ÷èñëî ïðîèçâåäåííûõ ïîãëî-
ùåíèé.

K � ÷èñëî ýëåìåíòàðíûõ êîíúþíêöèé â îð-
òîãîíàëèçîâàííîé ñèñòåìå.

Â êà÷åñòâå èëëþñòðàöèè ñëîæíîñòè ðåøàå-
ìûõ â õîäå îðòîãîíàëèçàöèè çàäà÷ îòìåòèì ðå-
çóëüòàò îðòîãîíàëèçàöèè äëÿ ïðèìåðà intb ñ ïà-
ðàìåòðàìè: n = 15, m = 7, k = 664. Çà 10 ÷àñîâ
ðàáîòû ïðîãðàììû áûëà ïîëó÷åíà ÄÍÔ ñ 7987
êîíúþíêöèÿìè. Ïðè ýòîì çà 25 âûïîëíåíèé öèê-
ëà áûëî ïðîèçâåäåíî 31707 ðàçëîæåíèé, 117599
ñêëåèâàíèé, 143844 ïîãëîùåíèé, à ÷èñëî êîíú-
þíêöèé â ìàòðèöå íà ïèêå âû÷èñëåíèé äîñòèãà-
ëî 22855

III. Çàêëþ÷åíèå

Ïðåäñòàâëåííûå ðåçóëüòàòû ýêñïåðèìåí-
òàëüíîãî èññëåäîâàíèÿ ïîêàçàëè çàìåòíîå ïðå-
èìóùåñòâî â êà÷åñòâå ïîëó÷àåìûõ ðåøåíèé àë-
ãîðèòìà îðòîãîíàëèçàöèè [5] íàä àëãîðèòìîì [4].
Ýêñïåðèìåíò ïîêàçàë, ÷òî äëÿ èññëåäîâàííîãî
ìíîæåñòâà ïðèìåðîâ èñïîëüçîâàíèå íîâîé ïðî-
ãðàììû âî âñåõ ñëó÷àÿõ îáåñïå÷èâàëî íàõîæäå-
íèå ëó÷øåãî ðåøåíèÿ. Ïðè ýòîì ïðåèìóùåñòâî
íîâîãî àëãîðèòìà íàä ñòàðûì äîñòèãàëî 80 ïðî-
öåíòîâ.
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Òàáëèöà 1 � Ðåçóëüòàòû ýêñïåðèìåíòà
Èìÿ n m k 1 2 3 4 5 6

OLD NEW OLD NEW OLD NEW

TIAL 14 8 640 C 23 23 25 25 24 24

M 22011 22011 26686 26686 29403 29403

R 85118 85118 94729 94729 96449 96449

S 105760 105760 120047 120047 124603 124603

P 16474 16474 17766 17766 18368 18368

K 9218 5937 10385 6405 10584 6461

B9 15 5 123 C 21 21 21 21 25 25

M 12142 12142 9813 9813 12956 12956

R 36838 36838 27304 27304 44505 44505

S 40604 40604 30126 30126 49682 49682

P 2859 2859 2659 2659 3127 3127

K 11954 6319 9793 5334 12703 6763

Mp2d 14 14 123 C 15 15 14 14 20 20

M 801 801 722 722 693 693

R 2707 2707 2083 2083 2553 2553

S 3911 3911 2663 2663 2963 2963

P 209 209 199 199 202 202

K 525 334 534 328 561 339

X6dn 39 5 121 C 12 12 13 13 13 13

M 302 302 328 328 346 346

R 384 384 409 409 446 446

S 436 436 456 456 478 478

P 206 206 176 176 227 227

K 268 219 287 239 305 233

In2 19 10 137 C 15 19 14 12 16 18

M 1165 808 1727 1345 2212 1829

R 1711 1220 2827 2177 3502 3094

S 2496 1384 4214 2633 5360 3693

P 429 645 523 785 544 1005

K 955 448 1316 627 1772 879

intb 15 7 664 C 25 25 25 24 25 25

M 31707 31707 31707 32496 31707 34451

R 117599 117599 117599 118077 117599 107197

S 143844 143844 143844 149916 143844 135809

P 22855 22855 22855 21605 22855 22278

K 8875 7281 7987 7703 8554 7416

sex 9 14 23 C 11 11 10 10 11 11

M 244 244 282 282 172 172

R 559 559 473 473 283 283

S 690 690 589 589 339 339

P 46 46 57 57 27 27

K 187 122 201 124 156 106
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1. Ïîòòîñèí, Þ.Â., Øåñòàêîâ Å.À. Îðòîãîíàëèçàöèÿ
ñèñòåìû ïîëíîñòüþ îïðåäåëåííûõ áóëåâûõ ôóíêöèé
/ Þ.Â.Ïîòòîñèí, Å.À.Øåñòàêîâ / Ëîãè÷åñêîå ïðîåê-
òèðîâàíèå, Âûï.5. � Ìèíñê: Èíñòèòóò òåõíè÷åñêîé
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Ïðåäëîæåíà ìåòîäèêà ïðîâåðêè êîððåêòíîé ðàáîòû ïàðàëëåëüíûõ ïðîãðàìì ëîãè÷åñêîé îïòèìèçàöèè íà

áàçå ïðîãðàììíîãî ôðåéìâîðêà, ïðåäîñòàâëÿþùåãî óäîáíûé èíñòðóìåíòàðèé äëÿ ïðîâåäåíèÿ ýêñïåðèìåí-

òàëüíûõ èññëåäîâàíèé, ñðàâíåíèÿ ýôôåêòèâíîñòè àëãîðèòìîâ è ôîðìàëüíîé âåðèôèêàöèè. Ôðåéìâîðê

èíòåãðèðîâàí ñ ñèñòåìîé ëîãè÷åñêîé îïòèìèçàöèè ôóíêöèîíàëüíî�ñòðóêòóðíûõ îïèñàíèé äèñêðåòíûõ

óñòðîéñòâ FLC-2, ïîçâîëÿåò çàïóñêàòü ïðîãðàììû îïòèìèçàöèè êàê íà Windows, òàê è è Linux OC, à

òàêæå èñïîëüçîâàòü èíñòðóìåíò ôîðìàëüíîé âåðèôèêàöèè FormalPro (ô.Mentor Graphics) äëÿ âåðèôè-

êàöèè ðåçóëüòàòîâ ïàðàëëåëüíûõ ïðîãðàìì îïòèìèçàöèè.

Ââåäåíèå

Íà ñîâðåìåííîì ýòàïå ðàçâèòèÿ â ÑÀÏÐ
ÑÁÈÑ ïîÿâëÿþòñÿ çàäà÷è è íàïðàâëåíèÿ, îáó-
ñëîâëåííûå âîçðàñòàþùåé ñëîæíîñòüþ ýëåìåíò-
íîé áàçû, íîâûìè òåõíîëîãèÿìè è äèíàìè÷å-
ñêè ìåíÿþùèìèñÿ ïîäõîäàìè ê ïðîåêòèðîâàíèþ.
Èíñòðóìåíòû ÑÀÏÐ äåëàþò âîçìîæíûì àâòîìà-
òèçàöèþ ìíîãèõ àñïåêòîâ ïðîöåññà ïðîåêòèðîâà-
íèÿ áëàãîäàðÿ èñïîëüçîâàíèþ ýôôåêòèâíûõ àë-
ãîðèòìîâ è èõ ïðîãðàììíûõ ðåàëèçàöèé. Áîëü-
øàÿ ÷àñòü àëãîðèòìîâ èç îáëàñòè ëîãè÷åñêî-
ãî ñèíòåçà, èñïîëüçóåòñÿ â ñîñòàâå ðàçëè÷íûõ
ÑÀÏÐ, â òîì ÷èñëå îòå÷åñòâåííûõ [1]. Èñòîðè-
÷åñêè ñëîæèëîñü òàê, ÷òî òàêèå àëãîðèòìû, ðå-
àëèçîâàíû íà ÿçûêàõ âûñîêîãî óðîâíÿ â âèäå
ïðîãðàìì ñ ïîñëåäîâàòåëüíî âûïîëíÿåìûì êî-
äîì, áåç ïðèâÿçêè ê àðõèòåêòóðå âû÷èñëèòåëü-
íûõ ñðåäñòâ. Â òîæå âðåìÿ ðàçâèòèå âûñîêîïðî-
èçâîäèòåëüíûõ ìíîãîÿäåðíûõ è ìíîãîïðîöåññîð-
íûõ êîìïüþòåðíûõ ñèñòåì ïðèâîäèò ê ïîâñå-
ìåñòíîìó ïðèìåíåíèþ ïàðàëëåëüíûõ è ðàñïðå-
äåëåííûõ âû÷èñëåíèé, â òîì ÷èñëå è â ñôåðå
ÑÀÏÐ. Îäíàêî ïðè ðàçðàáîòêå ïðîãðàìì ñ èñ-
ïîëüçîâàíèåì ïàðàëëåëüíûõ è ðàñïðåäåëåííûõ
âû÷èñëåíèé âîçíèêàþò òðóäíîñòè ñ èõ îòëàäêîé
è âåðèôèêàöèåé.

Ðàçðàáîòêà ïàðàëëåëüíîé ïðîãðàììû ïðî-
âîäèòñÿ ëèáî íà îñíîâå íîâîãî ïàðàëëåëüíîãî àë-
ãîðèòìà, ëèáî ïóòåì ðàñïàðàëëåëèâàíèÿ íåêîòî-
ðûõ øàãîâ ñóùåñòâóþùåãî àëãîðèòìà. Ïðè ëþ-
áîì ïîäõîäå âîçíèêàþò ïðîáëåìà ïîèñêà è âûÿâ-
ëåíèÿ îøèáîê, ïîÿâëÿþùèõñÿ â ïðîöåññå âûïîë-
íåíèÿ ïàðàëëåëüíîãî êîäà. Äëÿ ïîääåðæêè ïðî-
öåññà îòëàäêè ïàðàëëåëüíûõ ïðîãðàìì èìåþòñÿ
èíñòðóìåíòû îòëàäêè, îñíîâàííûå íà ñáîðå è àâ-
òîìàòè÷åñêîì àíàëèçå èíôîðìàöèè ïî ðåçóëüòà-
òó âûïîëíåíèÿ ïðîãðàìì è ïðåäíàçíà÷åííûå äëÿ
ìíîãîïîòî÷íûõ è OpenMP ïðîãðàìì, íàïðèìåð,
Intel Thread Checker [2]. Â äîïîëíåíèå ê òðàäè-
öèîííûì ìåòîäàì îòëàäêè âûÿâëåíèå äåôåêòîâ
â ïàðàëëåëüíûõ ïðîãðàììàõ òàêæå ìîæíî âåñòè
ïðè ïîìîùè òåñòèðîâàíèÿ è âåðèôèêàöèè.

I. Âåðèôèêàöèÿ êàê îñíîâíîé
èíñòðóìåíò ïðîâåðêè

Íà ïåðâûé âçãëÿä äëÿ ïðîâåðêè ïðàâèëü-
íîñòè ðàáîòû ïàðàëëåëüíîé ïðîãðàììû ìîæ-
íî ñðàâíèòü ðåçóëüòàòû âûïîëíåíèÿ ïîñëåäîâà-
òåëüíîé è ïàðàëëåëüíîé âåðñèé. Íî ÷àñòî ðåçóëü-
òàòû ïàðàëëåëüíîé âåðñèè ìîãóò îòëè÷àòüñÿ îò
ðåçóëüòàòîâ ïîñëåäîâàòåëüíîé âåðñèè ïðîãðàì-
ìû. Îäíà èç ïðè÷èí ðàçëè÷èÿ ðåçóëüòàòîâ - èç-
ìåíåíèå ïîðÿäêà âûïîëíåíèÿ ïðîöåññîâ è îïå-
ðàöèé ïðè âû÷èñëåíèÿõ. Ðåçóëüòàòû ïàðàëëåëü-
íûõ ðàñ÷åòîâ ìîãóò íå ñîâïàäàòü ïðè ðàçëè÷íûõ
çàïóñêàõ äàæå ïðè îäíèõ è òåõ æå íà÷àëüíûõ
äàííûõ, ïîñêîëüêó óñëîâèÿ çàïóñêà (íàïðèìåð,
çàãðóçêà è ñîñòîÿíèå âû÷èñëèòåëüíîé ñèñòåìû)
ìîãóò âëèÿòü íà ïîðÿäîê âû÷èñëåíèé. Ðàçëè÷èå
â ïîðÿäêå âûïîëíÿåìûõ âû÷èñëåíèé - ÿâëÿåòñÿ
îäíîé èç ïðèíöèïèàëüíûõ ïðîáëåì ïðè ðàçðà-
áîòêå ïàðàëëåëüíûõ ïðîãðàìì.

Òðàäèöèîííûé ñïîñîá ïðîâåðêè ðàáîòû
ïðîãðàììû ïóò¼ì òåñòèðîâàíèÿ - êàê è ëþáîå
òåñòèðîâàíèå, íå ãàðàíòèðóåò ïðàâèëüíîñòè ïî-
ëó÷åííîãî ðåøåíèÿ äëÿ ëþáîé ïðîãðàììû è ïà-
ðàëëåëüíîé â òîì ÷èñëå. Ò.å. òåñòèðîâàíèå ëèøü
âûÿâëÿåò íåêîòîðûå îøèáêè, íî íå äà¼ò ãàðàí-
òèè èõ ïîëíîãî îòñóòñòâèÿ. Ïîýòîìó ïðè òåñòè-
ðîâàíèè ãîâîðèòü î ïîëó÷åííîì ïðàâèëüíîì ðå-
øåíèè ìîæíî òîëüêî äëÿ îäíîãî êîíêðåòíîãî çà-
ïóñêà ïðîãðàììû. Àëüòåðíàòèâîé òåñòèðîâàíèþ
ÿâëÿþòñÿ ìîäåëèðîâàíèå è âåðèôèêàöèÿ. Äîêà-
çàòü îòñóòñòâèå îøèáîê â ïðîãðàììå ïîçâîëÿåò
ïðîâåäåíèå âåðèôèêàöèè ðàçëè÷íûìè ìåòîäàìè
íåïîñðåäñòâåííî â ïðîöåññå ðàçðàáîòêè ïðîãðàì-
ìû. Ïîñêîëüêó ðåçóëüòàòîì ðàáîòû ïðîãðàìì
îïòèìèçàöèè îáúåêòîâ ïðîåêòèðîâàíèÿ ÿâëÿåò-
ñÿ ïîëó÷åíèå îïòèìèçèðîâàííûõ îïèñàíèé òåõ
æå îáúåêòîâ, ïîÿâëÿåòñÿ íåîáõîäèìîñòü â äîêà-
çàòåëüñòâå ýêâèâàëåíòíîñòè îïèñàíèé îáúåêòà äî
è ïîñëå îïòèìèçàöèè.Íà ýòàïå ëîãè÷åñêîãî ïðî-
åêòèðîâàíèÿ äëÿ ïðîâåðêè êîððåêòíîñòè îïèñà-
íèé èñõîäíûõ è ðåçóëüòèðóþùèõ îáúåêòîâ ïðî-
ãðàìì îïòèìèçàöèè ïðèìåíÿþò ñèñòåìû ôîð-
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ìàëüíîé âåðèôèêàöèè, âõîäÿùèå â ñîñòàâ ÑÀÏÐ
ÑÁÈÑ. Ïîñêîëüêó îäíèì èç íàïðàâëåíèé ïðèìå-
íåíèÿ ñèñòåì ôîðìàëüíîé âåðèôèêàöèè - ïðî-
âåðêà íà ýêâèâàëåíòíîñòü èñõîäíîãî îáúåêòà è
îáúåêòà, ïîëó÷àåìîãî â ðåçóëüòàòå îïòèìèçàöèè,
ýòîò ïîäõîä ìîæíî ïðèìåíèòü äëÿ ïðîâåðêè îáú-
åêòà îïòèìèçàöèè, ïîëó÷åííîãî â ðåçóëüòàòå ðà-
áîòû ïàðàëëåëüíîé ïðîãðàììû.

II. Ïðåäëàãàåìûé ïîäõîä

Òàêèì îáðàçîì, ïðè ðàáîòå ñ ïðîåêòîì â
ñèñòåìå ëîãè÷åñêîãî ïðîåêòèðîâàíèÿ âîçíèêàåò
çàäà÷à êîíòðîëÿ ýêâèâàëåíòíîñòè äâóõ îáúåê-
òîâ ïðîåêòèðîâàíèÿ, ðåøåíèåì êîòîðîé çàíèìà-
åòñÿ ñèñòåìà âåðèôèêàöèè FormalPro [3]. Ñèñòå-
ìà FormalPro ìîæåò îñóùåñòâëÿòü ïðîâåðêó ýê-
âèâàëåíòíîñòè îïèñàíèé ñõåìû íà óðîâíå âåíòè-
ëåé è RTL-ìîäåëè, îáåñïå÷èâàåò âûñîêîå êà÷å-
ñòâî âåðèôèêàöèè, ïîääåðæèâàåò ïðîåêòû ïðàê-
òè÷åñêè íåîãðàíè÷åííîãî îáúåìà, âêëþ÷åíà â ñî-
ñòàâ ÑÀÏÐ Mentor Graphics è ðàáîòàåò íà ÎÑ
Sun Solaris è Linux. Äëÿ ïðîâåäåíèÿ ýêñïåðè-
ìåíòàëüíûõ èññëåäîâàíèé ïî ñðàâíåíèþ ýôôåê-
òèâíîñòè ðàçëè÷íûõ ïðîãðàìì ëîãè÷åñêîé îïòè-
ìèçàöèè íà ðàçëè÷íûõ îïåðàöèîííûõ ïëàòôîð-
ìàõ, â òîì ÷èñëå ïàðàëëåëüíûõ ïðîãðàìì, à òàê-
æå ïðîâåäåíèÿ ôîðìàëüíîé âåðèôèêàöèè ðàç-
ðàáîòàí ôðåéìâîðê Plus. Îí ïîçâîëÿåò ïðîâî-
äèòü ôîðìàëüíóþ âåðèôèêàöèþ èñõîäíîãî è ðå-
çóëüòèðóþùåãî îáúåêòà îïòèìèçàöèè íà óðîâíå
SF-îïèñàíèé ïðîãðàììîé [4], â îñíîâå êîòî-
ðîé ëåæèò ðåàëèçàöèÿ ïðîâåðêè âûïîëíèìîñòè
êîíúþíêòèâíîé íîðìàëüíîé ôîðìû. Â ôðåéì-
âîðêå Plus ðåàëèçîâàíà âîçìîæíîñòü ïðîâåäå-
íèÿ ôîðìàëüíîé âåðèôèêàöèè íà óðîâíå VHDL-
îïèñàíèé ñ èñïîëüçîâàíèåì ñèñòåìû FormalPro
[5]. Âçàèìîäåéñòâèå c FormalPro â ôðåéìâîð-
êå Plus ðåàëèçîâàíî ïîñðåäñòâîì òàê íàçûâàå-
ìîé áåñøîâíîé èíòåãðàöèè ôóíêöèîíàëà ñèñòå-
ìû FormalPro ñ ïîëüçîâàòåëüñêèì èíòåðôåéñîì
Plus, ÷òî îáåñïå÷èâàåò âîçìîæíîñòü ðàáîòû ñ ñè-
ñòåìîé âåðèôèêàöèè íà ïëàòôîðìå Linux. Òàê-
æå â Plus ðåàëèçîâàíà âîçìîæíîñòü ïðîâåäå-
íèÿ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ñ ïðîãðàì-
ìàìè ëîãè÷åñêîé îïòèìèçàöèè â Windows, Linux
è íà GRID êëàñòåðå. Êîðîòêî, áåñøîâíóþ èí-
òåãðàöèþ ìîæíî îïðåäåëèòü êàê îáåñïå÷åíèå
âçàèìîäåéñòâèÿ äâóõ è áîëåå ïðîãðàììíûõ ñè-
ñòåì ñ ≪óïðîùåíèåì≫ ïîëüçîâàòåëüñêîãî âëèÿ-
íèÿ íà ìèãðàöèþ äàííûõ ìåæäó ñèñòåìàìè. Îñ-
íîâó òàêîé èíòåãðàöèè â Plus ñîñòàâëÿåò ïðî-
ãðàììíàÿ íàäñòðîéêà, êîòîðàÿ ïîçâîëÿåò îðãà-
íèçîâàòü ñîâìåñòíóþ ðàáîòó äâóõ ÎÑ - Windows
è Linux íà îñíîâå ïðîãðàììû äëÿ ñîçäàíèÿ âèð-
òóàëüíûõ ìàøèí VirtualBox (ô.Oracle)[5]. Ðåà-
ëèçîâàòü èíòåãðàöèþ ñ FormalPro, çàïóñê ïðî-
ãðàìì îïòèìèçàöèè â Linux, ìîæíî ðàçëè÷íûìè
ñïîñîáàìè. Ýòè ñïîñîáû ðàçäåëåíû íà òðè êëàñ-
ñà (ïåðå÷èñëåíû â ïîðÿäêå âîçðàñòàíèÿ ñëîæíî-

ñòè): ôàéëû èìïîðòà/ýêñïîðòà, ñâÿçü ÷åðåç API-
èíòåðôåéñ, ïîëíàÿ (áåñøîâíàÿ) èíòåãðàöèÿ. Ñà-
ìûì ïðîñòûì ñ òî÷êè çðåíèÿ ðåàëèçàöèè ÿâëÿ-
åòñÿ ìåõàíèçì îáìåíà ÷åðåç ñòðóêòóðèðîâàííûå
ôàéëû èìïîðòà/ýêñïîðòà. Â òàêîì ñëó÷àå ïåðå-
äà÷à âûïîëíÿåòñÿ â ñîîòâåòñòâèè ñ çàðàíåå ñî-
ãëàñîâàííûìè ôîðìàòàìè. Íàïðèìåð, èñòî÷íèê
äàííûõ (ôðåéìâîðê Plus èëè ñèñòåìà FormalPro)
ôîðìèðóåò èõ, à çàòåì ÷åðåç ìåõàíèçìû ýêñïîð-
òà VirtualBox ïåðåäàåò â ôàéëû, êîòîðûå ÷èòà-
þòñÿ ñèñòåìîé-ïðèåìíèêîì, ò.å. FormalPro. Èñ-
ïîëüçîâàíèå ôàéëîâ ýêñïîðòà/èìïîðòà â ðÿäå
ñëó÷àåâ îáåñïå÷èâàåò áîëüøóþ ãèáêîñòü. ïîýòî-
ìó áîëüøèíñòâî ïðîåêòîâ ïî áåñøîâíîé èíòåãðà-
öèè âûïîëíÿåòñÿ èìåííî òàêèì ñïîñîáîì - ïî-
ñðåäñòâîì âêëþ÷åíèÿ ýëåìåíòîâ âèðòóàëèçàöèè.

Èòàê, èíñòðóìåíòàëüíûìè ñðåäñòâàìè
ôðåéìâîðêà ïðîâîäèòñÿ: 1) ïðîâåðêà íà ýêâèâà-
ëåíòíîñòü èñõîäíîãî è îïòèìèçèðîâàííîãî îïè-
ñàíèÿ, ïîëó÷åííîãî â ðåçóëüòàòå ðàáîòû ïîñëå-
äîâàòåëüíîé ïðîãðàììû; 2) ïðîâåðêà íà ýêâèâà-
ëåíòíîñòü èñõîäíîãî è îïòèìèçèðîâàííîãî îïè-
ñàíèÿ, ïîëó÷åííîãî â ðåçóëüòàòå ðàáîòû ïàðàë-
ëåëüíîé ïðîãðàììû; 3) ïðîâåðêà íà ýêâèâàëåíò-
íîñòü îïòèìèçèðîâàííûõ îïèñàíèé îáúåêòîâ, ïî-
ëó÷àåìûõ ïîñëåäîâàòåëüíîé è ïàðàëëåëüíûìè
ïðîãðàììàìè îïòèìèçàöèè. Åñëè íà âñåõ òðåõ
ýòàïàõ ïðîâåðêè îêàçûâàåòñÿ, ÷òî îïèñàíèÿ îáú-
åêòîâ ýêâèâàëåíòíû, òî ìîæíî óòâåðæäàòü, ÷òî
ïàðàëëåëüíàÿ ïðîãðàììà ëîãè÷åñêîé îïòèìèçà-
öèè ðàáîòàåò êîððåêòíî è âûäàåò ïðàâèëüíîå
ðåøåíèå.
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ñêîé ñòðóêòóðû ñ èñïîëüçîâàíèåì ñóáòàêòîâûõ ëèíèé çàäåðæåê. Êðàòêî èçëîæåíû êîíöåïöèè ïîñòðî-

åíèÿ âðåìÿèçìåðèòåëüíîé ñèñòåìû è ñïîñîáû åå êàëèáðîâêè. Îïèñàíî ïîñòðîåíèå ýêñïåðèìåíòàëüíîé

óñòàíîâêè. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâîäèëèñü íà ïëàòå áûñòðîãî ïðîòîòèïèðîâàíèÿ Digilent

z7-10 ñ SoC Zynq-7000.

Ââåäåíèå

Àêòóàëüíûì è âîñòðåáîâàííûì ÿâëÿåòñÿ
èñïîëüçîâàíèå ñðåäñòâ ôèçè÷åñêîé êðèïòîãðà-
ôèè. Ýòè ñðåäñòâà ïðèìåíÿþòñÿ â ïðîòîêîëàõ
àóòåíòèôèêàöèè è ïðîâåðêè ïîäëèííîñòè, à òàê-
æå â ðàçëè÷íûõ êðèïòîñèñòåìàõ êàê èñòî÷-
íèê ýíòðîïèè. Ìíîãèå èç íèõ îñíîâàíû íà èñ-
ïîëüçîâàíèè ôèçè÷åñêè íåêëîíèðóåìûõ ôóíê-
öèé (ÔÍÔ) [1]. Øèðîêîå ïðèìåíåíèå ïîëó÷è-
ëè ôèçè÷åñêè íåêëîíèðóåìûå ôóíêöèè òèïà àð-
áèòð (ÀÔÍÔ). Îñíîâîïîëàãàþùàÿ èäåÿ èõ ðàáî-
òû áàçèðóåòñÿ íà óíèêàëüíîñòè è íåïîâòîðèìî-
ñòè âðåìåííûõ õàðàêòåðèñòèê ðàñïðîñòðàíåíèÿ
ñèãíàëîâ ÷åðåç ïóòè öèôðîâîãî óñòðîéñòâà. Â
ñõåìå ÀÔÍÔ ïðåäïîëàãàåòñÿ íàëè÷èå áëîêà ñèì-
ìåòðè÷íûõ ïóòåé (ÁÑÏ), ÷åðåç êîòîðûé ðàñïðî-
ñòðàíÿþòñÿ òåñòîâûå èìïóëüñû è àðáèòðà, çà-
äà÷à êîòîðîãî ñâîäèòñÿ ê îïðåäåëåíèþ î÷åðåä-
íîñòè ïðîõîæäåíèÿ ôðîíòîâ ýòèõ èìïóëüñîâ ÷å-
ðåç ÁÑÏ. Îäíàêî ïðè ðåàëèçàöèè äàííûõ ñõåì
íà ñîâðåìåííûõ ïëàòôîðìàõ (òàêèõ êàê ÏËÈÑ
òèïà FPGA) âîçíèêàþò ñëîæíîñòè ñ îöåíêîé
èõ âðåìåííûõ õàðàêòåðèñòèê. Êîíñåðâàòèâíûå
îöåíêè çàäåðæåê ñ èñïîëüçîâàíèåì ïàðàìåòðè-
÷åñêèõ ìîäåëåé çà÷àñòóþ íå ïîäõîäÿò äëÿ èç-
ìåðåíèÿ óíèêàëüíûõ âðåìåííûõ õàðàêòåðèñòèê
çàäåðæåê êîíêðåòíîãî ýêçåìïëÿðà óñòðîéñòâà.
Ïîäõîäû äëÿ èçìåðåíèÿ, îñíîâàííûå íà ïðèìå-
íåíèè ïðèíöèïîâ êîëüöåâîãî îñöèëëÿòîðà òàêæå
îáëàäàþò îãðàíè÷åíèÿìè ñ òî÷êè çðåíèÿ ïîäáî-
ðà âðåìåíè è îêíà èçìåðåíèÿ, à òàêæå èõ ðåàëè-
çàöèè [2].

Â íàñòîÿùåé ðàáîòå äëÿ îöåíêè âðåìåí-
íûõ õàðàêòåðèñòèê ÀÔÍÔ ïðåäëàãàåòñÿ èñïîëü-
çîâàòü âðåìÿèçìåðèòåëüíóþ ñèñòåìó (àíãë. time
to digital convertion, TDC), ïîñòðîåííóþ íà îñ-
íîâå ñóáòàêòîâûõ ëèíèé çàäåðæêè (àíãë. tapped
delay line, TDL) [3-4]. Äàííûé âèä âðåìÿèçìåðè-
òåëüíûõ ñèñòåì øèðîêî ïðèìåíÿåòñÿ â òåõ îá-
ëàñòÿõ, ãäå òðåáóþòñÿ èçìåðåíèÿ ìåæäó ôèçè-
÷åñêèìè ñîáûòèÿìè (ðèñ. 1) ñ âûñîêîé òî÷íî-
ñòüþ è ïðîèçâîäèòåëüíîñòüþ. Íàïðèìåð, â ìàññ-

ñïåêòðîìåòðèè, ïîçèòðîííî-ýìèññèîííîé òîìî-
ãðàôèè, ýêñïåðèìåíòàõ ïî ÿäåðíîé è êâàíòîâîé
ôèçèêå è ò.ï.

Ðèñ. 1 � Êîíöåïöèÿ TDC

I. Êîíôèãóðàöèÿ TDC

Çà îñíîâó ïðè ðåàëèçàöèè âðåìÿèçìåðè-
òåëüíîé ñèñòåìû áûëà âûáðàíà ìåòîäèêà èíòåð-
ïîëÿöèè, îïèñàííàÿ â [4]. Åå ñóòü çàêëþ÷àåòñÿ
â ñîâìåñòíîì èñïîëüçîâàíèè ñ÷åò÷èêîâ ¾ãðóáî-
ãî¿ ïîäñ÷åòà òàêòîâ TDC è TDL ïðè èçìåðå-
íèÿõ. Ýòî ïîçâîëÿåò çíà÷èòåëüíî ðàñøèðèòü îê-
íî èçìåðåíèé, à òàêæå ñèíõðîíèçèðîâàòü ñîáû-
òèÿ ìåæäó íåñêîëüêèìè íåçàâèñèìûìè êàíàëà-
ìè (ïðè óñëîâèè òàêòèðîâàíèÿ îäíèì ñèíõðîñèã-
íàëîì).

Ñîñòàâíûìè ÷àñòÿìè êàíàëà TDC ÿâëÿþò-
ñÿ: âõîä èçìåðÿåìîãî ñèãíàëà ¾Hit¿, ëèíèÿ çà-
äåðæêè ¾Delay line¿, ñ÷åò÷èê òàêòîâ ¾Counter¿,
êàñêàäíûé ñ÷åò÷èê åäèíèö ¾Encoder¿ è áëîê
óïðàâëåíèÿ ¾Control unit¿ (ðèñ. 3).

Ðèñ. 2 � Ñõåìà êàíàëà TDC

Êëþ÷åâûì ýëåìåíòîì êàíàëà èçìåðåíèÿ
TDC ÿâëÿåòñÿ ñóáòàêòîâàÿ ëèíèÿ çàäåðæêè
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TDL. Ïðèíöèï åå ðàáîòû çàêëþ÷àåòñÿ â ôîð-
ìèðîâàíèè öåïè ïîñëåäîâàòåëüíî ñîåäèíåííûõ
çâåíüåâ, ÷åðåç êîòîðóþ ïðîïóñêàåòñÿ èçìåðÿå-
ìûé ñèãíàë. Ïðîõîäÿ ÷åðåç ýëåìåíòû çàäåðæ-
êè, ôðîíò ñèãíàëà ïåðåêëþ÷àåò ïîäêëþ÷åííûå
ê íèì òðèããåðû, êîòîðûå ñèíõðîíèçèðîâàíû îä-
íèì òàêòîâûì ñèãíàëîì (ðèñóíîê 3). Çàäåðæ-
êà äàííîé ëèíèè äîëæíà áûòü íåñêîëüêî áîëü-
øå, ÷åì ïåðèîä òàêòîâîãî ñèãíàëà TDC. Äàííàÿ
ñòðóêòóðà TDL ÿâëÿåòñÿ àâòîíîìíîé è íå òðå-
áóåò äîïîëíèòåëüíîé ëîãèêè ñáðîñà, ò.ê. âûõîä
ëèíèè çàâåäåí íà âõîäû ïîðòîâ ñáðîñà òðèããå-
ðîâ. Äëÿ óìåíüøåíèÿ çàäåðæêè ìåæäó ýëåìåí-
òàìè ëèíèè çàäåðæêè è óâåëè÷åíèÿ òî÷íîñòè èç-
ìåðåíèé áûëè èñïîëüçîâàíû ëèíèè ëîãèêè áûñò-
ðîãî ïåðåíîñà (àíãë. fast carry logic), êîòîðûå íà-
ïðÿìóþ ñîåäèíÿþò SLICE-áëîêè ñòîëáöà FPGA.
Îäíàêî íåñìîòðÿ íà òàêîå ðåøåíèå, çàäåðæêà íà
êàæäîì øàãå èìååò ðàçíîå çíà÷åíèå. Ïîýòîìó òà-
êàÿ ñõåìà íóæäàåòñÿ â ïðîöåäóðå êàëèáðîâêè è
âû÷èñëåíèè çàäåðæêè êàæäîãî øàãà ëèíèè çà-
äåðæêè. Äëÿ êàëèáðîâêè áûë èñïîëüçîâàí ìåòîä
êîððåëèðîâàííûõ ñîáûòèé [5].

Ðèñ. 3 � Ñõåìà TDL

II. Ïðîâåäåíèå ýêñïåðèìåíòà

Ïðîåêò áûë ñîçäàí è ðàçðàáîòàí â ÑÀÏÐ
Vivado 2018.2. Ðåàëèçàöèÿ êàíàëà TDC áûëà âû-
ïîëíåíà â âèäå IP-ÿäðà. Êîëè÷åñòâî ýëåìåíòîâ
äëÿ äàííîé êîíôèãóðàöèé áûëî ïîäîáðàíî èñõî-
äÿ èç ÷àñòîòû äëÿ ðàáîòû TDC. Äëÿ ãèáêîãî âçà-
èìîäåéñòâèÿ ñ ÏÊ íà ïëàòôîðìå Zynq 7000 áûë
ðàçâåðíóò PetaLinux. Ïåðåäà÷à äàííûõ ìåæäó
ÏÊ è ýêñïåðèìåíòàëüíîé óñòàíîâêîé îñóùåñòâ-
ëÿëàñü ïî ïðîòîêîëó TCP. Äëÿ ýòèõ öåëåé áûëî
ðåàëèçîâàíî êëèåíò-ñåðâåðíîå ïðèëîæåíèå. Ñî
ñòîðîíû ÏÊ áûëî òàêæå ðàçðàáîòàíî ïðèëîæå-

íèå äëÿ àíàëèçà ïîñòóïàþùèõ äàííûõ èçìåðå-
íèé ñ èñïîëüçîâàíèåì Matlab.

Äëÿ èçìåðåíèé áûëà âûáðàíà ñõåìà ÀÔÍÔ,
îïèñàííàÿ â ðàáîòå [2]. Êîíôèãóðàöèÿ èññëåäóå-
ìîé ÀÔÍÔ âêëþ÷àëà N = 64 çâåíüåâ áëîêà ñèì-
ìåòðè÷íûõ ïóòåé. Âñåãî áûëî ñãåíåðèðîâàíî 105

çàïðîñîâ ÀÔÍÔ è ïðîâåäåíî ñòîëüêî æå èçìåðå-
íèé. Ãðàôèê ðàñïðåäëåíèÿ çàäåðæåê äëÿ îäíîãî
ïóòè ÀÔÍÔ âûáðàííîé êîíôèðàöèè ïðåäñòâëåí
íà ðèñóíêå 4.

Ðèñ. 4 � Ãðàôèê ðàñïðåäåëåíèå çàäåðæåê ÀÔÍÔ

Èçìåðåíèÿ ñîîòâåñòâóþò ïîëó÷åííûì ðå-
çóëüòàòàì â ðàáîòå [2].

III. Çàêëþ÷åíèå

Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò î
âîçìîæíîñòè è öåëåñîîáðàçíîñòè èñïîëüçîâàíèÿ
ïîäõîäîâ TDC äëÿ èçìåðåíèé âíóòðåííèõ çàäåð-
æåê öèôðîâîãî óñòðîéñòâà. Êîíöåïöèÿ TDL ìî-
æåò áûòü ïðèìåíåíà â êà÷åñòâå îñíîâû äëÿ ðàç-
ðàáîòêè íîâîãî ïîäõîäà ïðè ñîçäàíèè ñõåìû àð-
áèòðà ÀÔÍÔ. Â äàëüíåéøåì ïëàíèðóåòñÿ ñîñðå-
äî÷èòü óñèëèÿ íàä óâåëè÷åíèè òî÷íîñòè ñõåìû
TDC è ñíèæåíèÿ åå àïïàðàòóðíûõ çàòðàò.
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Â äàííîé ñòàòüå ïðèâåäåíà èíôîðìâöèÿ î ñîâðåìåííûõ ïîäõîäàõ ê àíàëèçó âèáðàöèîííûõ ñèãíàëîâ è èõ

ñðàâíèòåëüíûé àíàëèç. Ïðèâîäèòñÿ îïèñàíèå òàêèõ ìåòîäîâ êàê ñïåêòðàëüíûé àíàëèç Ôóðüå, âåéâëåò-

àíàëèç, Ãèëüáåðòà-Õóàíãà è ïîäíèìàåòñÿ ïðîáëåìàòèêà èõ îãðàíè÷åíèé.

Ââåäåíèå

Â õîäå ðåøåíèÿ çàäà÷ îáåñïå÷åíèÿ íàäåæ-
íîñòè ýêñïëóàòàöèè ïðîìûøëåííîãî îáîðóäîâà-
íèÿ è ïðåäîòâðàùåíèÿ âîçíèêíîâåíèÿ àâàðèé-
íûõ ñèòóàöèé îòäåëüíûì íàïðàâëåíèåì òåõíè-
÷åñêîé äèàãíîñòèêè â àíàëèçå ìàøèí è ìåõàíèç-
ìîâ, èñïîëüçóþùèõ ðîòîðíûå äâèãàòåëè, ÿâëÿåò-
ñÿ âèáðîäèàãíîñòèêà.

Â ñèëó òîãî, ÷òî îñíîâíîé çàäà÷åé òåõíè÷å-
ñêîé äèàãíîñòèêè ÿâëÿåòñÿ îáíàðóæåíèå è ïîèñê
(óêàçàíèå ìåñòîïîëîæåíèÿ) äåôåêòîâ, òî ñóùå-
ñòâåííûì ïðåèìóùåñòâîì âèáðîäèàãíîñòèêè ÿâ-
ëÿåòñÿ åå ñïîñîáíîñòü âûÿâëÿòü îñíîâíûå òèïû
äåôåêòîâ îáîðóäîâàíèÿ: äèñáàëàíñ, íåñîîñíîñòü
è íåïàðàëëåëüíîñòü âàëîâ, íåæåñòêîñòü è îñëàá-
ëåíèå îïîð, îáðûâ àíêåðíûõ áîëòîâ, íàðóøåíèå
ãåîìåòðèè ëèíèè âàëà, à òàê æå ðàçëè÷íûå äå-
ôåêòû ïîäøèïíèêîâûõ óçëîâ, âêëþ÷àÿ ïðîáëå-
ìû ñî ñìàçêîé. Ïîýòîìó âèáðîäèàãíîñòèêà èñ-
ïîëüçóåòñÿ àâòîìàòèçèðîâàííîì ìîíèòîðèíãå â
ðåæèìå ðåàëüíîãî âðåìåíè.

I. Î âèáðàöèè

Âèáðàöèÿ � ýòî ñëîæíûé êîëåáàòåëüíûé
ïðîöåññ, âîçíèêàþùèé ïðè ïåðèîäè÷åñêîì ñìå-
ùåíèè öåíòðà òÿæåñòè êàêîãî-ëèáî òåëà îò ïî-
ëîæåíèÿ ðàâíîâåñèÿ, à òàêæå ïðè ïåðèîäè÷åñêîì
èçìåíåíèè ôîðìû òåëà ïî ñðàâíåíèþ ñ òîé, êà-
êóþ îíî èìååò ïðè ñòàòè÷åñêîì ñîñòîÿíèè[1].

Ïðîèçâîäñòâåííàÿ âèáðàöèÿ âîçíèêàåò â ðå-
çóëüòàòå ìåõàíè÷åñêîãî êîëåáàíèÿ ðàáîòàþùèõ
ìàøèí, äâèæåíèÿ æèäêîñòåé è äðóãèõ íåóðàâ-
íîâåøåííûõ âîçäåéñòâèé. Òàêèå âèáðàöèîííûå
ñèãíàëû èìåþò êóñî÷íî-íåïðåðûâíóþ ñòðóêòó-
ðó, ïðåäñòàâëÿþùóþ ñîáîé ïîñëåäîâàòåëüíîñòü
÷åðåäóþùèõñÿ âî âðåìåíè êâàçèñòàöèîíàðíûõ è
íåñòàöèîíàðíûõ âèáðàöèîííûõ ïðîöåññîâ, ñîîò-
âåòñòâóþùèõ ðàçëè÷íûì ðåæèìàì ðàáîòû îáú-
åêòà.

II. Ìåòîäû îöåíèâàíèÿ âèáðàöèîííûõ
ñèãíàëîâ

Ñ ó÷åòîì ïðèðîäû âèáðîñèãíàëà â íàñòî-
ÿùåå âðåìÿ äëÿ îöåíèâàíèÿ ïàðàìåòðîâ ìíîãî-
êîìïîíåíòíûõ âèáðàöèîííûõ ñèãíàëîâ èñïîëü-
çóþòñÿ ñëåäóþùèå ìåòîäû:

� ïðåîáðàçîâàíèÿ Ôóðüå;
� âåéâëåò-ïðåîáðàçîâàíèÿ;
� ïðåîáðàçîâàíèå Ãèëüáåðòà-Õóàíãà.

1. Ïðåîáðàçîâàíèÿ Ôóðüå � ýòî ìàòåìàòè÷å-
ñêàÿ ìîäåëü, êîòîðàÿ ïðåîáðàçóåò ôîðìó
ñèãíàëà âî âðåìåííîé îáëàñòè â îòäåëüíûå
êîìïîíåíòû ñèíóñîèäàëüíîé âîëíû â ÷à-
ñòîòíîé îáëàñòè. ×àñòîòíî-âðåìåííîé àíà-
ëèç ñèãíàëà ïîçâîëÿåò ïîëó÷èòü ñîâìåùåí-
íóþ ÷àñòîòíîâðåìåííóþ êàðòèíó õàðàêòå-
ðèñòèê ñèãíàëà.
Ïðè èññëåäîâàíèè íåïðåðûâíîãî ñïåêòðà
îáû÷íî íåâîçìîæíî ñêàçàòü, ïðèíàäëåæèò
ëè îí ñëó÷àéíîìó ñèãíàëó èëè ïåðåõîä-
íîìó. Ýòî îãðàíè÷åíèå ïðèñóùå ÷àñòîòíî-
ìó àíàëèçó Ôóðüå, ïîýòîìó, ñòàëêèâàÿñü
ñ íåïðåðûâíûì ñïåêòðîì ïîëåçíî èçó÷èòü
åãî âðåìåííóþ ðåàëèçàöèþ. Ïðèìåíèòåëü-
íî ê àíàëèçó âèáðàöèè ìàøèíû, ýòî ïîç-
âîëÿåò îòëè÷èòü óäàðû, èìåþùèå èìïóëüñ-
íûå âðåìåííûå ðåàëèçàöèè, è ñëó÷àéíûé
øóì, âûçâàííûé, íàïðèìåð, êàâèòàöèåé.
Îñíîâíûì îãðàíè÷åíèåì ïðåîáðàçîâàíèå
Ôóðüå ÿâëÿåòñÿ åãî íå ïðèìåíèìîñòü äëÿ
íåñòàöèîíàðíûõ ñèãíàëîâ. ×òîáû îáîéòè
îãðàíè÷åíèÿ àíàëèçà âî âðåìåííîé îáëà-
ñòè, ïðèìåíÿþò ÷àñòîòíûé, èëè ñïåêòðàëü-
íûé, àíàëèç âèáðàöèîííîãî ñèãíàëà. Îäíà-
êî ñïåêòðàëüíûé àíàëèç íå äàåò èíôîðìà-
öèþ î ëîêàëèçàöèè ÷àñòîòû â ïðîñòðàíñòâå
èëè âî âðåìåíè.
Â ñâÿçè ñ ýòèì Ôóðüå-àíàëèç õîðîø
äëÿ àíàëèçà ñòàöèîíàðíûõ ïðîöåññîâ, à
ïðè íåñòàöèîíàðíîñòè ïðèíÿòî ïðèâëåêàòü
âåéâëåò-ïðåîáðàçîâàíèå è ïðåîáðàçîâàíèå
Ãèëüáåðòà-Õóàíãà, èìåþùèå ðàçíóþ ñóòü.

2. Îñíîâíàÿ èäåÿ âåéâëåò-àíàëèçà çàêëþ÷à-
åòñÿ â òîì, ÷òîáû äëÿ ïîèñêà ëîêàëüíîé
îñîáåííîñòè èñïîëüçîâàòü ðàçëîæåíèå ïî
ôóíêöèÿì, ïîõîæèì íà èñêîìóþ îñîáåí-
íîñòü, òî åñòü òàêæå õîðîøî ëîêàëèçîâàí-
íûì. Òàêîé ïîäõîä ïðåäïîëàãàåò ïðåäñòàâ-
ëåíèå ôóíêöèè îäíîé êîîðäèíàòû â âèäå
ôóíêöèè äâóõ êîîðäèíàò � ïðîñòðàíñòâåí-
íîé è ìàñøòàáíîé.
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Ïîñêîëüêó âåéâëåò-àíàëèç äàåò íå òîëü-
êî èíôîðìàöèþ î ñïåêòðàëüíîì ñîñòàâå
èññëåäóåìîãî ïðîöåññà, êàê àíàëèç Ôó-
ðüå, íî òàêæå è èíôîðìàöèþ îá èçìåíå-
íèè ñïåêòðàëüíîãî ñîñòàâà âî âðåìåíè èëè
ïðîñòðàíñòâå, òî îí íàøåë ïðèìåíåíèå â
ïåðâóþ î÷åðåäü ïðè àíàëèçå íåñòàöèîíàð-
íûõ ïðîöåññîâ.

3. Ïðåîáðàçîâàíèå Ãèëüáåðòà-Õóàíãà � ìå-
òîä ýìïèðè÷åñêîé ìîäîâîé äåêîìïîçèöèè
íåëèíåéíûõ è íåñòàöèîíàðíûõ ïðîöåññîâ è
Ãèëüáåðòîâ ñïåêòðàëüíûé àíàëèç. Ïðåîá-
ðàçîâàíèå Ãèëüáåðòà-Õóàíãà ïðåäñòàâëÿåò
ñîáîé ÷àñòîòíî-âðåìåííîé àíàëèç ñèãíàëîâ
è íå òðåáóåò àïðèîðíîãî ôóíêöèîíàëüíî-
ãî áàçèñà ïðåîáðàçîâàíèÿ. Ôóíêöèè áàçèñà
ïîëó÷àþòñÿ àäàïòèâíî íåïîñðåäñòâåííî èç
äàííûõ ïðîöåäóðàìè îòñåèâàíèÿ ôóíêöèé
¾ýìïèðè÷åñêèõ ìîä¿. Ìãíîâåííûå ÷àñòî-
òû âû÷èñëÿþòñÿ îò ïðîèçâîäíûõ ôàçîâûõ
ôóíêöèé Ãèëüáåðòîâûì ïðåîáðàçîâàíèåì
ôóíêöèé áàçèñà. Çàêëþ÷èòåëüíûé ðåçóëü-
òàò ïðåäñòàâëÿåòñÿ â ÷àñòîòíî-âðåìåííîì
ïðîñòðàíñòâå[2].
Ðåàëèçàöèÿ ïðåîáðàçîâàíèÿ Ãèëüáåðòà-
Õóàíãà ñîñòîèò èç äâóõ ýòàïîâ[3�4]:

� Âûïîëíÿåòñÿ ýìïèðè÷åñêàÿ ìîäîâàÿ
äåêîìïîçèöèÿ, â ðåçóëüòàòå êîòîðîé
èñõîäíûé ñèãíàë ðàçëàãàåòñÿ íà ðÿä
êîìïîíåíò, êîòîðûå íàçûâàþòñÿ ýìïè-
ðè÷åñêèìè ìîäàìè;

� Â ïîëó÷åííîìó ðàçëîæåíèþ ïðèìå-
íÿòñÿ ïðåîáðàçîâàíèå Ãèëüáåðòà.

Ïðåîáðàçîâàíèå Ãèëüáåðòà-Õóàíãà ìîæåò
áûòü èñïîëüçîâàíî äëÿ àíàëèçà âèáðàöè-
îííûõ ñèãíàëîâ ðàçëè÷íîé ïðèðîäû, â òîì
÷èñëå è íåñòàöèîíàðíûõ. Òàêæå èìååò õî-
ðîøåå ðàçðåøåíèå ïî ÷àñòîòå è âðåìåíè,
÷òî ïîçâîëÿåò äîñòàòî÷íî òî÷íî îïðåäå-

ëÿòü ìîìåíò ïîÿâëåíèÿ èëè èñ÷åçíîâåíèÿ
îïðåäåëåííûõ ÷àñòîòíûõ ñîñòàâëÿþùèõ.

Çàêëþ÷åíèå

Îïèñàííûå âûøå ìåòîäû ñâåäåíû â Òàáëè-
öó 1 ïî ñëåäóþùèì êðèòåðèÿì: íàëè÷èå îãðàíè-
÷åíèÿ ïî ñòàöèîíàðíîñòè, íåîáõîäèìîñòü ïðåä-
âàðèòåëüíîãî ïðåîáðàçîâàíèÿ, íåîáõîäèìîñòü
ïðåäâàðèòåëüíûx ðàñ÷åòîâ ïàðàìåòðîâ è ñðàâíè-
òåëüíàÿ âèçóàëèçàöèÿ ñèãíàëà ñ êðàòêîâðåìåí-
íûì âîçìóùåíèåì.

Èç òàáëèöû ñëåäóåò âûâîä î âîçìîæíîñòè
ñîêðàùåíèÿ âðåìåííûõ çàòðàò íà àíàëèç âèáðà-
öèîííûõ ñèãíàëîâ ïóòåì èñïîëüçîâàíèÿ àëãîðèò-
ìà Ãèëüáåðòà-Õóàíãà. Ïðåîáðàçîâàíèå Ôóðüå è
âåéâëåò-ïðåîáðàçîâàíèå òðåáóþò äëÿ ñâîåé ðåà-
ëèçàöèè áàçèñà ðàçëîæåíèÿ, ÷òî íåñêîëüêî îãðà-
íè÷èâàåò èõ ïðèìåíåíèå. Â ñâîþ æå î÷åðåäü ïðå-
îáðàçîâàíèå Ãèëüáåðòà-Õóàíãà ìîæåò áûòü èñ-
ïîëüçîâàíî äëÿ àíàëèçà âèáðàöèîííûõ ñèãíàëîâ
ðàçëè÷íîé ïðèðîäû, íå òðåáóÿ äëÿ ñâîåé ðåàëè-
çàöèè âûáîðà ôóíêöèîíàëüíîãî áàçèñà ðàçëîæå-
íèÿ, òàê êàê îí ôîðìèðóåòñÿ èç ñàìèõ äàííûõ.
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Ïðåäëàãàåòñÿ ìåòîä è ïðîãðàììà ñèìóëèðîâàíèÿ àëãîðèòìîâ ïîâåäåíèÿ öèôðîâûõ óñòðîéñòâ íà ÿçû-

êå ÏÐÀËÓ. Ïðîãðàììà äîïóñêàåò èíòåãðàöèþ â ñðåäó ïðîåêòèðîâàíèÿ ñóùåñòâóþùèõ ïðîìûøëåííûõ è

ñâîáîäíûõ ÑÀÏÐ ÑÁÈÑ. Ïðè èñïîëüçîâàíèè ðàçðàáîòàííîé ïðîãðàììû ìîäåëèðîâàíèÿ â ñîñòàâå ÑÀÏÐ

àíàëèç ðåçóëüòàòîâ ìîäóëèðîâàíèÿ ìîæåò áûòü âûïîëíåí ïîñðåäñòâîì ïðîãðàììû ïðîñìîòðà ôîðìû

ñèãíàëîâ (waveform viewer) èç ñîñòàâà ïðîãðàìì ÑÀÏÐ. Ýòà âîçìîæíîñòü îáåñïå÷èâàåòñÿ ïóòåì èñ-

ïîëüçîâàíèÿ ñòàíäàðòíîãî ôîðìàòà ïðåäñòàâëåíèÿ ðåçóëüòàòîâ ìîäåëèðîâàíèÿ.

Ââåäåíèå

Ìîäåëèðîâàíèå ñõåìû � ýòî ïðîöåññ, â êî-
òîðîì ìîäåëü ýëåêòðîííîé ñõåìû ñîçäàåòñÿ è
àíàëèçèðóåòñÿ ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ïðî-
ãðàììíûõ àëãîðèòìîâ, êîòîðûå ïðîãíîçèðóþò è
ïðîâåðÿþò ïîâåäåíèå è õàðàêòåðèñòèêè ñõåìû.
Ïîñêîëüêó èçãîòîâëåíèå ýëåêòðîííûõ ñõåì, îñî-
áåííî áîëüøèõ èíòåãðàëüíûõ ñõåì (ÑÁÈÑ), ÿâ-
ëÿåòñÿ äîðîãîñòîÿùèì è òðåáóåò ìíîãî âðåìåíè,
ïåðåä åå èçãîòîâëåíèåì âûãîäíåå ïðîâåðèòü ïî-
âåäåíèå è ïðîèçâîäèòåëüíîñòü ñõåìû ñ ïîìîùüþ
ñèìóëÿòîðà.

Ñóùåñòâóþò ðàçëè÷íûå òèïû ñèìóëÿòîðîâ
ñõåì, îòâå÷àþùèå ðàçëè÷íûì ïîòðåáíîñòÿì â
äèàïàçîíå òî÷íîñòè/ïðîèçâîäèòåëüíîñòè. Íà îä-
íîì êîíöå ñïåêòðà íàõîäÿòñÿ àíàëîãîâûå ñèìó-
ëÿòîðû, êîòîðûå ðåøàþò òî÷íûå ïðåäñòàâëåíèÿ
ýëåêòðîííûõ ñõåì, íà äðóãîì êîíöå � öèôðî-
âûå ñèìóëÿòîðû, èñïîëüçóþùèå ôóíêöèîíàëü-
íûå ïðåäñòàâëåíèÿ ýëåêòðîííûõ ñõåì, îáû÷íî
îïèñûâàåìûå ñ ïîìîùüþ ÿçûêîâ îïèñàíèÿ îáîðó-
äîâàíèÿ (HDL). Öèôðîâûå ñèìóëÿòîðû îáåñïå-
÷èâàþò íàèâûñøóþ ïðîèçâîäèòåëüíîñòü è îáú-
åì ìîäåëè, íî ïðè îòíîñèòåëüíî áîëåå íèçêîì
óðîâíå òî÷íîñòè.

I. Ìîäåëè ýëåêòðîííûõ ñõåì

Äëÿ ÑÁÈÑ òðàäèöèîííûå ìåòîäû íàëàäêè
ýëåêòðîííûõ ñõåì ñ ïîìîùüþ ãåíåðàòîðà ñèãíà-
ëîâ è îñöèëëîãðàôà ÷ðåçâû÷àéíî çàòðóäíåíû èç-
çà íåâîçìîæíîñòè çîíäèðîâàíèÿ âíóòðåííèõ ñèã-
íàëîâ â ÑÁÈÑ. Ïîýòîìó ïî÷òè âñå ïðîåêòèðîâà-
íèå ÑÁÈÑ â çíà÷èòåëüíîé ñòåïåíè çàâèñèò îò ìî-
äåëèðîâàíèÿ. Ñàìûé èçâåñòíûé ñèìóëÿòîð àíà-
ëîãîâûõ ñõåì � SPICE. Ñàìûå èçâåñòíûå ñèìóëÿ-
òîðû öèôðîâûõ ñõåì èñïîëüçóþò ìîäåëè ñõåìû
íà ÿçûêàõ Verilog è VHDL.

Ñèìóëÿòîðû öèôðîâûõ ñõåì èñïîëüçóþò
ìîäåëè ñõåì, ïðèíàäëåæàùèå ê êëàññó ëîãè-
÷åñêèõ ìîäåëåé. Îñîáåííîñòüþ ëîãè÷åñêîãî ìî-
äåëèðîâàíèÿ ÿâëÿåòñÿ òî, ÷òî â êà÷åñòâå ìî-
äåëåé ñõåì (êîìïîíåíòîâ) èñïîëüçóþòñÿ íåïî-
ñðåäñòâåííî èõ çàêîíû ôóíêöèîíèðîâàíèÿ, çà-
äàííûå íà ÿçûêå îïèñàíèÿ àïïàðàòóðû. Ñïîñîá

ïðåäñòàâëåíèÿ ìîäåëè îïðåäåëÿåò òèï ïðîöåäó-
ðû ìîäåëèðîâàíèÿ. Äëÿ ñèìóëÿöèè ïîâåäåíèÿ
ðàçðàáàòûâàåìîé ñõåìû òðåáóåòñÿ îïèñàíèå ìî-
äåëè èñòî÷íèêà âõîäíûõ âîçäåéñòâèé � îêðóæà-
þùåé ñðåäû. Ýôôåêòèâíîå èñïîëüçîâàíèå ìå-
òîäà ëîãè÷åñêîãî ìîäåëèðîâàíèÿ ïðåäïîëàãàåò
ðàçðàáîòêó êðîìå ìîäåëè ñàìîé ñõåìû ìîäå-
ëè îêðóæàþùåé ñðåäû (èñïûòàòåëüíîãî ñòåí-
äà � test bench). Îáå ýòè ìîäåëè èñïîëüçóþò-
ñÿ ñèìóëÿòîðîì ñîâìåñòíî. Ñèìóëÿòîðû ýëåê-
òðîííûõ óñòðîéñòâ èíòåãðèðóþò ðåäàêòîð ñõåì,
ìåõàíèçì ìîäåëèðîâàíèÿ è ñðåäñòâî ýêðàííîãî
îòîáðàæåíèÿ ôîðìû ñèãíàëà. Ìåõàíèçì ìîäåëè-
ðîâàíèÿ (ñîáñòâåííî ñèìóëÿòîð) îòäåëåí îò ñðåä-
ñòâà îòîáðàæåíèÿ ôîðìû ñèãíàëà, ÷òî ïîçâîëÿåò
ìîäèôèöèðîâàòü ñèìóëÿòîð çàìåíîé ìåõàíèçìà
ìîäåëèðîâàíèÿ ñ äðóãèì ÿçûêîì ïðåäñòàâëåíèÿ
ìîäåëåé.

Èñïîëüçîâàíèå ÿçûêà ÏÐÀËÓ [1] îïèñàíèÿ
óñòðîéñòâ ñ ïàðàëëåëèçìîì ïîâåäåíèÿ äàåò âîç-
ìîæíîñòü çàäàâàòü âðåìåííóþ óïîðÿäî÷åííîñòü
ñîáûòèé, âîçíèêàþùèõ ïðè ðàáîòå ñèñòåìû öå-
ëèêîì (ñõåìû è åå îêðóæåíèÿ), àáñòðàãèðóÿñü
îò âñåõ äåòàëåé, êðîìå òåõ, ÷òî âûðàæàþòñÿ
ïðè÷èííî-ñëåäñòâåííûìè è âðåìåííûìè îòíîøå-
íèÿìè. ßçûê ÏÐÀËÓ äàåò âîçìîæíîñòü îïèñàòü
ïîâåäåíèå èåðàðõè÷åñêè, îòðàæàÿ ñòðóêòóðó ÷à-
ñòåé ñèñòåìû è îðãàíèçàöèþ èõ âçàèìîäåéñòâèÿ.

II. Áàçà äàííûõ ðåçóëüòàòîâ
ìîäåëèðîâàíèÿ

Ïðîãðàììà ìîäåëèðîâàíèÿ ñîõðàíÿåò ðå-
çóëüòàòû â ñïåöèàëüíîé áàçå äàííûõ. Ýòî ïîçâî-
ëÿåò àíàëèçèðîâàòü ðåçóëüòàòû ìîäåëèðîâàíèÿ
îòäåëüíî ïîñðåäñòâîì ïðîñìîòðà ôîðìû ñèãíà-
ëîâ. Ðàçðàáîò÷èêè ÑÁÈÑ èñïîëüçóþò ïðîãðàì-
ìó ïðîñìîòðà ôîðìû ñèãíàëà ñ öåëüþ âèçóàëè-
çàöèè ïîâåäåíèÿ ñèãíàëîâ âî âðåìåíè è àíàëè-
çà âçàèìîñâÿçè ýòèõ ñèãíàëîâ ñ äðóãèìè ñèãíà-
ëàìè. Ñðåäñòâà ïðîñìîòðà ôîðìû ñèãíàëîâ èç
ñîñòàâà ïðîìûøëåííûõ è ñâîáîäíûõ ÑÀÏÐ ïîç-
âîëÿþò óâåëè÷èâàòü è óìåíüøàòü ìàñøòàá âðå-
ìåííîé ïîñëåäîâàòåëüíîñòè è âûïîëíÿòü èçìåðå-
íèÿ ìåæäó äâóìÿ òî÷êàìè êóðñîðà. Ðàñïðîñòðà-
íåííûì ôîðìàòîì ïðåäñòàâëåíèÿ òàêîé áàçû ÿâ-
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ëÿåòñÿ ôàéëîâûé ôîðìàò VCD (value change
dump) [2]. Èñòîðèè èçìåíåíèÿ ñèãíàëîâ, õðàíÿ-
ùèåñÿ â áàçå â ôîðìàòå VCD, ìîæíî âïîñëåä-
ñòâèè ïðîñìîòðåòü ñ ïîìîùüþ èíñòðóìåíòà ïðî-
ñìîòðà ôîðìû ñèãíàëîâ. Ñòàíäàðò äëÿ ôîðìàòà
VCD ÿâëÿåòñÿ ÷àñòüþ ñòàíäàðòà IEEE äëÿ ÿçûêà
îïèñàíèÿ îáîðóäîâàíèÿ Verilog.

Ïåðâîé ÷àñòüþ ôàéëà VCD ÿâëÿåòñÿ çàãî-
ëîâîê, â êîòîðîì åñòü äâà îñíîâíûõ êîìïîíåí-
òà: áàçîâûå ìåòàäàííûå ôàéëà è îáúÿâëåíèÿ ïå-
ðåìåííûõ. Ïðîáåëû èñïîëüçóþòñÿ äëÿ ðàçäåëå-
íèÿ êîìàíä è äëÿ òîãî, ÷òîáû ñäåëàòü ôàéë áî-
ëåå óäîáî÷èòàåìûì. Îñíîâíûå ìåòàäàííûå ôàé-
ëà èäåíòèôèöèðóþò ïðîãðàììó èëè âåðñèþ ïðî-
ãðàììû ñèìóëÿöèè, êîòîðàÿ ñîçäàëà ôàéë VCD,
à òàêæå äàòó ñîçäàíèÿ áàçû è èñïîëüçóåìóþ âðå-
ìåííóþ øêàëó. Â ñëåäóþùåì ðàçäåëå çàãîëîâêà
îáúÿâëÿþòñÿ ñèãíàëû, èñòîðèÿ èçìåíåíèÿ êîòî-
ðûõ çàôèêñèðîâàíà â áàçå. Îò êîíöà çàãîëîâêà
äî êîíöà ôàéëà íàõîäèòñÿ ðàçäåë äàííûõ. Ýòîò
ðàçäåë ñîäåðæèò äâà òèïà ñòðîê: ñòðîêà ìîìåíòà
ôèêñàöèè ñèãíàëîâ è ñòðîêè çíà÷åíèé ñèãíàëîâ,
èçìåíÿþùèõñÿ â ýòîò ìîìåíò.

Ôîðìàò VCD ÿâëÿåòñÿ òåêñòîâûì ôîðìà-
òîì. Ôàéëû VCD ìîãóò áûòü ãðàôè÷åñêè îòîá-
ðàæåíû ñ öåëüþ èõ àíàëèçà ñ ïîìîùüþ ñðåäñòâà
ïðîñìîòðà ôîðìû ñèãíàëîâ. Ðàñïðîñòðàíåííûì
èíñòðóìåíòîì äëÿ ýòîé öåëè ÿâëÿåòñÿ ïðîãðàì-
ìà GTKWave [3], ÿâëÿþùàÿñÿ ñâîáîäíûì ïðî-
ãðàììíûì îáåñïå÷åíèåì.

III. Ìîäåëèðîâàíèå ñèñòåì ñ
èñïîëüçîâàíèåì ÿçûêà ÏÐÀËÓ

Àëãîðèòìû íà ÏÐÀËÓ êîíñòðóèðóþòñÿ èç
îïåðàöèé îæèäàíèÿ è äåéñòâèÿ. Ñîäåðæàòåëü-
íûé ñìûñë ýòèõ îïåðàöèé ìîæåò áûòü äîâîëü-
íî ïðîèçâîëüíûì. Ôîðìàëüíî â îïèñàíèè ÿçû-
êà ÏÐÀËÓ [1] ôóíêöèè ýòèõ îïåðàöèé íå îïðå-
äåëåíû, âìåñòî ýòîãî ðåãëàìåíòèðóþòñÿ óñëîâèÿ
èõ çàâåðøåíèÿ. Ñ çàâåðøåíèåì îïåðàöèè ñâÿçû-
âàåòñÿ íàñòóïëåíèå íåêîòîðîãî ñîáûòèÿ â ïðî-
ñòðàíñòâå ïåðåìåííûõ àëãîðèòìà. Ïðè÷åì äëÿ
îïåðàöèè îæèäàíèÿ ñîáûòèå â ïðîñòðàíñòâå ïå-
ðåìåííûõ ñëóæèò ïðè÷èíîé çàâåðøåíèÿ îïåðà-
öèè, à äëÿ îïåðàöèé äåéñòâèÿ, íàîáîðîò, çàâåð-
øåíèå îïåðàöèè âûçûâàåò îïðåäåëåííîå ñîáûòèå
â ïðîñòðàíñòâå ïåðåìåííûõ. Âñå ïåðåìåííûå àë-
ãîðèòìà íà ÏÐÀËÓ ÿâëÿþòñÿ áóëåâûìè. Ñîáû-
òèÿ, ñâÿçàííûå ñ çàâåðøåíèåì îïåðàöèé, äîëæ-
íû áûòü ïðåäñòàâèìû êîíúþíêöèÿìè ïåðåìåí-
íûõ àëãîðèòìà. Ýòè êîíúþíêöèè ñîñòàâëÿþò îñ-
íîâó âûðàæåíèÿ ÿçûêà ÏÐÀËÓ, ïðåäñòàâëÿþùå-
ãî îïåðàöèþ.

Â ìîäåëè óðîâíÿ òðàíçàêöèé öåïî÷êè ÏÐÀ-
ËÓ èíòåðïðåòèðóþòñÿ êàê ïðîöåññû, è òðåáó-
åòñÿ óòî÷íåíèå ñåìàíòèêè îïåðàöèé îæèäàíèÿ

è äåéñòâèÿ, òàê êàê â ýòîì ñëó÷àå îíè îêàçû-
âàþòñÿ íå ýëåìåíòàðíûìè. Ñóòü óòî÷íåíèÿ ñî-
ñòîèò â îðãàíèçàöèè âû÷èñëåíèé òàêèì îáðàçîì,
÷òîáû ëèíåéíûé ïîðÿäîê ðåàëèçàöèè îïåðàöèé
àëãîðèòìà ÿâëÿëñÿ äîîïðåäåëåíèåì ÷àñòè÷íîãî
ïîðÿäêà, çàäàâàåìîãî èñõîäíûì ïàðàëëåëüíûì
àëãîðèòìîì. Ïðè ýòîì ïàðàëëåëèçì ïîíèìàåòñÿ
êàê âîçìîæíîñòü óïîðÿäî÷èâàòü îïåðàöèè ïðî-
èçâîëüíûì îáðàçîì. Â òàêîé èíòåðïðåòàöèè àë-
ãîðèòìû íà ÏÐÀËÓ îáëàäàþò ñâîéñòâîì ëèíåà-
ðèçóåìîñòè, ò.å. ðåçóëüòàò ïàðàëëåëüíîãî âûïîë-
íåíèÿ îïåðàöèé ÏÐÀËÓ ýêâèâàëåíòåí íåêîòîðî-
ìó ïîñëåäîâàòåëüíîìó âûïîëíåíèþ. Äîîïðåäå-
ëåíèå îïåðàöèé îæèäàíèÿ è äåéñòâèÿ â ìîäåëè
óðîâíÿ òðàíçàêöèé ïðîèçâîäèòñÿ ïðåäñòàâëåíè-
åì èõ â âèäå êîìïîçèöèé áîëåå ïðîñòûõ îïåðàöèé
ïðîìåæóòî÷íîãî ÿçûêà, âûïîëíÿåìûõ ñòðîãî ïî-
ñëåäîâàòåëüíî.

Ïðåîáðàçîâàíèå ïðåäñòàâëåíèÿ àëãîðèòìà
íà ÏÐÀËÓ â ïðîãðàììó ñèìóëÿòîðà âûïîëíÿ-
åòñÿ îäíîïðîõîäíûì òåêñòîâûì ïðåîáðàçîâàòå-
ëåì, êîíâåðòèðóþùèì îïåðàòîðû ïðîìåæóòî÷-
íîãî ÿçûêà â âûçîâû ïðîöåäóð â ñèíòàêñèñå ÿçû-
êà Ñ. Ýôôåêòèâíîñòü ïîñòðîåííîé òàêèì îáðà-
çîì ïðîãðàììû ìîæíî îöåíèòü íà ïðèìåðå ðå-
àëèçàöèè îäíîé èç ñàìûõ òðóäîåìêèõ îïåðàöèé
ïðîìåæóòî÷íîãî ÿçûêà � îïåðàöèè ïðèîñòàíîâ-
êè. Ðàáîòà, âûïîëíÿåìàÿ ýòîé îïåðàöèåé, çàêëþ-
÷àåòñÿ â çàïîìèíàíèè àäðåñà ñëåäóþùåãî âûçî-
âà ïðîöåäóðû â ñòåêå äàííûõ è ïåðåõîäå ê âû-
ïîëíåíèþ ïðîöåäóðû, àäðåñ êîòîðîé èçâëå÷åí èç
ñòåêà âîçâðàòîâ. Êîìïèëÿòîð Ñ ñòðîèò äëÿ âû-
ïîëíåíèÿ ýòèõ äåéñòâèé ôðàãìåíò êîäà, ñîñòîÿ-
ùèé âñåãî èç äâóõ ìàøèííûõ êîìàíä. Ïðîãðàì-
ìà ñèìóëÿòîðà àëãîðèòìîâ íà ÏÐÀËÓ ñîõðàíÿåò
ðåçóëüòàò ìîäåëèðîâàíèÿ àëãîðèòìà â ôîðìàòå
ôîðìàòå VCD.

IV. Çàêëþ÷åíèå

Ðàçðàáîòàíà ïðîãðàììà ñèìóëèðîâàíèÿ
îïèñàíèÿ ïîâåäåíèÿ öèôðîâûõ óñòðîéñòâ íà ÿçû-
êå ïàðàëëåëüíûõ àëãîðèòìîâ óïðàâëåíèÿ ÏÐÀ-
ËÓ, êîòîðàÿ ñîõðàíÿåò ðåçóëüòàò ìîäåëèðîâà-
íèÿ â ôîðìàòå ôîðìàòå VCD. Ðàçðàáîòàííàÿ
ïðîãðàììà ìîæåò èñïîëüçîâàòüñÿ â ïðîöåññå
ïðîåêòèðîâàíèÿ ÑÁÈÑ ñ èñïîëüçîâàíèåì èç-
âåñòíîé ïðîìûøëåííîé ñèñòåìû ìîäåëèðîâàíèÿ
Modelsim.
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è îòäåëüíûõ åãî ýëåìåíòîâ.

Ââåäåíèå

Â ñâÿçè ñ ðàçâèòèåì êîìïüþòåðíîé òåõíè-
êè, ïðè ïðîåêòèðîâàíèè ÑÂ× ïðèáîðîâ âñå øè-
ðå ïðèìåíÿåòñÿ ÷èñëåííîå ìîäåëèðîâàíèå ñ àâòî-
ìàòè÷åñêîé îïòèìèçàöèåé ïàðàìåòðîâ. Ïðè ýòîì
ñîâðåìåííûå òåõíîëîãèè ïðåäîñòàâëÿþò íåâè-
äàííûå ïðåæäå âîçìîæíîñòè äëÿ âèçóàëèçàöèè
ïîëó÷åííûõ ðåçóëüòàòîâ.

Ê ÷èñëó ïåðñïåêòèâíûõ ãåíåðàòîðîâ è óñè-
ëèòåëåé ÑÂ× êîëåáàíèé ìèëëèìåòðîâîãî è ñóá-
ìèëëèìåòðîâîãî äèàïàçîíà îòíîñÿòñÿ îðîòðîí è
åãî ìîäèôèêàöèè � îðáèêòðîí è êëèíîîðáèê-
òðîí. Èññëåäîâàíèÿ è ðàñ÷åòû ýòèõ ïðèáîðîâ
óæå â òå÷åíèå äëèòåëüíîãî âðåìåíè âåäóòñÿ íà
êàôåäðå ÂÌèÏ ÁÃÓÈÐ. Äëÿ ýòîé öåëè çäåñü
ðàçðàáîòàí ðÿä ïðîãðàìì, ñðåäè êîòîðûõ ñëåäó-
åò îòìåòèòü ïðîãðàììó ¾Proptim¿ è åå óñîâåð-
øåíñòâîâàííóþ ìîäèôèêàöèþ ¾Klinotron¿. Ïåð-
âîíà÷àëüíûå âåðñèè ïðîãðàììû ¾Proptim¿ ïî-
ñëåäîâàòåëüíî ðàçðàáàòûâàëèñü êîëëåêòèâîì àâ-
òîðîâ íà êàôåäðå ÂÌèÏ ÁÃÓÈÐ è ïðèìåíÿëèñü
ïðè ïîäãîòîâêå ðÿäà ñòàòåé è äîêëàäîâ íà êîí-
ôåðåíöèÿõ [1,2]. Ïðè ýòîì, îäíàêî, íå îïèñûâà-
ëèñü äåòàëüíî àëãîðèòìû è ïðîãðàììíûå ñðåä-
ñòâà, èñïîëüçóåìûå äëÿ ÷èñëåííîãî ìîäåëèðîâà-
íèÿ ýëåêòðîííîãî ïó÷êà.

Ïîñëåäíèå âåðñèè îáñóæäàåìîé ïðîãðàììû
áûëè ðàçðàáîòàíû äîêëàä÷èêîì (âêëþ÷àÿ ñîçäà-
íèå åå âàðèàíòà ¾Klinotron¿) è ïðåäîñòàâëÿþò
ïîëüçîâàòåëÿì íîâûå âîçìîæíîñòè: ó÷åò âçàèìî-
äåéñòâèÿ ìåæäó ýëåêòðîíàìè ïó÷êà; âèçóàëèçà-
öèÿ òðàåêòîðèé îòäåëüíûõ ÷àñòèö è ñëîåâ; ìîäå-
ëèðîâàíèå óñëîæíåííûõ ñõåì ÑÂ× ïðèáîðîâ, â
ò.÷. êëèíîîðáèêòðîíà. Ðåçóëüòàòû ðàáîòû íåêî-
òîðûõ èç íèõ íàøëè ïðèìåíåíèå â [3�6].

I. Ñõåìà ðàñ÷åòà

Äëÿ ðàñ÷åòà ðàáîòû ïðèáîðà íåîáõîäèìî
ðåøèòü ñàìîñîãëàñîâàííóþ çàäà÷ó ðàñ÷åòà ïî-
ëåé â ðàáî÷åì îáúåìå ïðèáîðà è ïðîõîäÿùåãî
÷åðåç íèõ ýëåêòðîííîãî ïó÷êà. Ïðè ýòîì ïîëå
ïðåäñòàâëÿåò ñîáîé ñóììó ïîëÿ ýëåêòðîìàãíèò-
íîé ÑÂ× âîëíû, ïîñòîÿííîãî ìàãíèòíîãî ïîëÿ
(ñîçäàâàåìîãî âíåøíèì ìàãíèòîì) è ïîëÿ ýëåê-
òðîííîãî ïó÷êà.

Ýëåêòðîííûé ïîòîê, êàê è â ïðåäûäóùèõ
âåðñèÿõ ïðîãðàììû, ðàçáèâàåòñÿ íà óñëîâíûå
¾êðóïíûå ÷àñòèöû¿ [5]. Èññëåäóåòñÿ íåðåëÿòè-
âèñòñêèé ñëó÷àé, ïîýòîìó ðàññìàòðèâàåòñÿ äåé-
ñòâèå íà ýëåêòðîíû ëèøü ýëåêòðè÷åñêîãî ïîëÿ
è ïîñòîÿííîãî âíåøíåãî ìàãíèòíîãî ïîëÿ. Ïðè
ýòîì âçàèìîäåéñòâèå ìåæäó ýëåêòðîíàìè ñ÷èòà-
åòñÿ ñòàòè÷åñêèì, íî íå ÷èñòî êóëîíîâñêèì, ò.ê.
íåîáõîäèì ó÷åò çàðÿäîâ, íàâîäèìûõ ýëåêòðîí-
íûì ïó÷êîì â ïðîâîäíèêàõ (ñîáëþäåíèå ãðàíè÷-
íûõ óñëîâèé).

Ðàñ÷åò ïîëåé âûïîëíÿåòñÿ ìåòîäîì ñåòîê
[7], îòäåëüíî äëÿ ÑÂ× ïîëÿ âîëíû (îñíîâíîé ãàð-
ìîíèêè) è äëÿ ñòàòè÷åñêîãî ïîëÿ êðóïíîé ÷à-
ñòèöû. ×òîáû ñîêðàòèòü âðåìÿ ðàñ÷åòà, ïîëÿ
âû÷èñëÿþòñÿ çàðàíåå è çàïèñûâàþòñÿ â ôàéëû,
ïðè ýòîì ïåðåáèðàþòñÿ âñåâîçìîæíûå ïîëîæå-
íèÿ êðóïíîé ÷àñòèöû (ñ ó÷åòîì ñèììåòðèè ñè-
ñòåìû).

Äàëåå äâèæåíèå êðóïíîé ÷àñòèöû îïèñûâà-
åòñÿ îáûêíîâåííûìè äèôôåðåíöèàëüíûìè óðàâ-
íåíèÿìè (ÎÄÓ) íà îñíîâå çàêîíîâ ýëåêòðîäèíà-
ìèêè. Ïîëÿ èíòåðïîëèðóþòñÿ ïî áëèæàéøèì óç-
ëàì ñåòêè. Ïðè âûõîäå ÷àñòèöû çà ïðåäåëû ðàáî-
÷åãî îáúåìà (ñòîëêíîâåíèè ñ âíóòðåííåé ïîâåðõ-
íîñòüþ ïðèáîðà) îíà ñ÷èòàåòñÿ ïîãëîùåííîé. Â
ïðîãðàììå ïðåäóñìîòðåí êîíòðîëü íà ñëó÷àé, åñ-
ëè îòäåëüíûå ÷àñòèöû çàòîðìîçÿòñÿ ïðàêòè÷å-
ñêè ïîëíîñòüþ (÷òî îçíà÷àëî áû âûõîä çà ãðà-
íèöû ïðèìåíèìîñòè ìîäåëè). Ðåøåíèå ÎÄÓ âû-
ïîëíÿåòñÿ ìåòîäîì Ðóíãå-Êóòòà 4-ãî ïîðÿäêà [7].

Â êà÷åñòâå íåçàâèñèìîé ïåðåìåííîé ÎÄÓ,
êàê è â ïðåäûäóùèõ ðàáîòàõ [1,2], âûáðàíà êî-
îðäèíàòà ïî îñè äâèæåíèÿ ýëåêòðîííîãî ïó÷êà,
âðåìÿ æå ñòàíîâèòñÿ âû÷èñëÿåìîé ïåðåìåííîé
äëÿ êàæäîé ÷àñòèöû. Òàêîé âûáîð íå òîëüêî
óïðîùàåò ðàñ÷åò âëèÿíèÿ ïîëÿ, íî è ïîçâîëÿåò
îãðàíè÷èòüñÿ ðàññìîòðåíèåì ëèøü òåõ êðóïíûõ
÷àñòèö, êîòîðûå âîøëè â ïðèáîð çà îäèí ïåðèîä
ÑÂ× âîëíû: â ïîñëåäóþùèå ïåðèîäû óñòàíîâèâ-
øååñÿ äâèæåíèå ÷àñòèö áóäåò òî÷íî òàêèì æå.
Çàòî îí óñëîæíÿåò ðàñ÷åò âçàèìîäåéñòâèÿ ÷à-
ñòèö: îáå âçàèìîäåéñòâóþùèå ÷àñòèöû äîëæíû
ðàññìàòðèâàòüñÿ â îäèí è òîò æå ìîìåíò âðåìå-
íè. Ïîýòîìó äëÿ ÷àñòèö, âîçäåéñòâóþùèõ íà ðàñ-
ñìàòðèâàåìóþ, ïðèõîäèòñÿ âû÷èñëÿòü èõ ïîëî-
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æåíèå â ñîîòâåòñòâóþùèé ìîìåíò âðåìåíè. Ïðè
ýòîì âû÷èñëåíèè èõ ñêîðîñòè ñ÷èòàþòñÿ ïîñòî-
ÿííûìè, ÷òî âïîëíå äîïóñòèìî äëÿ òàêèõ êîðîò-
êèõ èíòåðâàëîâ. Åñëè ðàçíîñòü âðåìåí îêàçûâà-
åòñÿ áîëüøå ïåðèîäà âîëíû, áåðåòñÿ åå ÷àñòü,
ìåíüøàÿ ïåðèîäà (ò.å. ïðåíåáðåãàåòñÿ âçàèìîäåé-
ñòâèåì äàëåêèõ ÷àñòèö, ïðîëåò êîòîðûõ ðàçäå-
ëåí âðåìåíåì, áîëüøèì ïåðèîäà âîëíû).

Ýíåðãèÿ, òåðÿåìàÿ ÷àñòèöàìè ïðè âçàèìî-
äåéñòâèè ñ ÑÂ× ïîëåì âîëíû, ïîëàãàåòñÿ ðàâíîé
ýíåðãèè, ïðèîáðåòàåìîé ýòèì ïîëåì. À ýíåðãèÿ,
ïðèîáðåòàåìàÿ ïîëåì çà ïåðèîä åãî êîëåáàíèé,
äîëæíà áûòü ðàâíà ïîëíîé ýíåðãèè ïîëÿ, äåëåí-
íîé íà çàäàííóþ äîáðîòíîñòü � ÷òî ïîçâîëÿåò çà-
ìêíóòü ñàìîñîãëàñîâàííóþ çàäà÷ó [3].

Â ïðîãðàììå ïðåäóñìîòðåíà àâòîìàòè÷å-
ñêàÿ îïòèìèçàöèÿ ïàðàìåòðîâ ïðèáîðà, ïðè ýòîì
â êà÷åñòâå öåëåâîé ôóíêöèè îïòèìèçàöèè âûáè-
ðàåòñÿ ÊÏÄ � îïðåäåëÿåìûé êàê äîëÿ ýíåðãèè
ïó÷êà, ïåðåäàííàÿ ïîëþ. Îïòèìèçàöèÿ âûïîëíÿ-
åòñÿ ìåòîäîì Íåëäåðà-Ìèäà.

II. Âèçóàëèçàöèÿ ðåçóëüòàòîâ

Ðàññìàòðèâàåìàÿ ïðîãðàììà ðàçðàáîòàíà ñ
ïîìîùüþ IDE Borland Delphi. Áîëüøèíñòâî èñ-
õîäíûõ ïàðàìåòðîâ ìîäåëè õðàíèòñÿ â ôàéëå è
âûâîäèòñÿ íà ýêðàí â âèäå òàáëèö. Ïîëüçîâàòåëü
ìîæåò ìåíÿòü èõ â èíòåðàêòèâíîì ðåæèìå ïå-
ðåä êàæäûì çàïóñêîì ìîäåëèðîâàíèÿ. Ðåçóëüòà-
òû ðàñ÷åòîâ âûâîäÿòñÿ íà ýêðàí â âèäå òåêñòà è
ãðàôèêîâ. Íà ðèñ. 1 ïðèâåäåí ïðèìåð îñíîâíîé
âêëàäêè ïðîãðàììû.

Ðèñ. 1 � Ââîä äàííûõ è âûâîä ðåçóëüòàòîâ

Ïðîãðàììà ïîçâîëÿåò âèçóàëèçèðîâàòü òðà-
åêòîðèè îòäåëüíûõ ¾êðóïíûõ ÷àñòèö¿ â ôîðìå
ðàçíîöâåòíûõ êðèâûõ. Ââèäó áîëüøîãî êîëè÷å-
ñòâà ýòèõ ÷àñòèö, ïîëüçîâàòåëþ ïðåäîñòàâëÿåò-
ñÿ âîçìîæíîñòü âûáèðàòü íîìåðà èíòåðåñóþùèõ
åãî ÷àñòèö ëèáî öåëûõ ñëîåâ ïó÷êà, òèï âûâî-
äèìîé èíôîðìàöèè, à òàêæå óâåëè÷èâàòü ìàñ-
øòàá ëþáîãî ó÷àñòêà ïîñòðîåííîãî ãðàôèêà ñ
ïîìîùüþ ìûøè (ñì. ðèñ. 2). Ïîäîáíàÿ èíôîð-
ìàöèÿ äàåò âîçìîæíîñòü îöåíèâàòü ýôôåêòèâ-

íîñòü ïðèáîðà íå òîëüêî â öåëîì, íî è íà îò-
äåëüíûõ ýòàïàõ (ó÷àñòêàõ ãðåáåíêè, ôàçàõ ïîëÿ
è ò.ä.), ÷òî îòêðûâàåò äîïîëíèòåëüíûå âîçìîæ-
íîñòè äëÿ åãî óñîâåðøåíñòâîâàíèÿ.

Ðèñ. 2 � Âèçóàëèçàöèÿ âûáðàííûõ òðàåêòîðèé
ýëåêòðîíîâ

Çàêëþ÷åíèå

Ðàññìîòðåííûå âû÷èñëèòåëüíûå àëãîðèò-
ìû è èíòåðàêòèâíûå ìåòîäû ãðàôè÷åñêîé âè-
çóàëèçàöèè ðåçóëüòàòîâ ðåàëèçîâàíû ïðîãðàìì-
íî. Äîêàçàíà èõ ïðèãîäíîñòü äëÿ ìîäåëèðîâà-
íèÿ, ðó÷íîé è àâòîìàòè÷åñêîé îïòèìèçàöèè ïà-
ðàìåòðîâ ðÿäà ÑÂ× ïðèáîðîâ, â ò.÷. îðîòðîíîâ,
îðáèêòðîíîâ è êëèíîîðáèêòðîíîâ. Â ïåðñïåêòè-
âå, âîçìîæíî ðàñøèðèòü èõ ïðèìåíåíèå è äëÿ
ðàçðàáîòêè äðóãèõ òèïîâ ÑÂ× ïðèáîðîâ.

1. Êðàâ÷åíêî, Â. Ô. Îïòèìèçàöèÿ çàêîíà èçìåíåíèÿ
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íà îñíîâå àòîìàðíûõ ôóíêöèé / Â. Ô. Êðàâ÷åíêî,
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Â ñòàòüå ðàññìàòðèâàþòñÿ âàæíîñòü èãðîâîé àíàëèòèêè è àíàëèòè÷åñêàÿ ñèñòåìà.

Ââåäåíèå

Àíàëèòèêà - ýòî ïðîöåññ ñáîðà äàííûõ ñ öå-
ëüþ ïîëó÷åíèÿ èç íèõ çíà÷èìîé èíôîðìàöèè.
Àíàëèòèêà êðàéíå âàæíà äëÿ ëþáîãî ïðîåêòà
âíå çàâèñèìîñòè îò åãî ðàçìåðà è ïðèáûëüíîñòè.
Ýòî íåîòúåìëåìàÿ ÷àñòü óñïåøíîãî ïðîãðàììíî-
ãî ïðîäóêòà, êîòîðîå áóäåò ñíàáæàòü àêòóàëüíîé
èíôîðìàöèåé. Àíàëèòèêà ïîìîæåò íàéòè âñå äî-
ñòîèíñòâà è íåäîñòàòêè ïðîåêòà, ðàñêðûâàåò åãî
ñèëüíûå è ñëàáûå ñòîðîíû.

I. Çà÷åì íóæíà àíàëèòèêà èãð

Àíàëèòèêà ïîçâîëÿåò îïåðàòèâíî íàéòè
ïðè÷èíû, êîòîðûå çàñòàâëÿþò ïîëüçîâàòåëåé
âûõîäèòü èç èãðû, âûÿâëÿþò ãðóïïó ðèñêà è
íà îñíîâå ñâåäåíèé, ôèêñèðóåìûõ â åæåäíåâíûõ
îò÷åòàõ, âûðàáàòûâàþò ñòðàòåãèè, ïîçâîëÿþùèå
óäåðæàòü èãðîêîâ. Äëÿ îïòèìèçàöèè ïðîäóêòà
èñïîëüçóþòñÿ àíàëèòè÷åñêèå ïðèëîæåíèÿ. Îä-
íàêî, ïîìèìî âíåøíèõ ñèñòåì, àíàëèòèêè ìîãóò
ïðèìåíÿòü è âíóòðåííèå, ðàçðàáîòàííûå äëÿ ðå-
øåíèÿ êîíêðåòíûõ çàäà÷ ïðîãðàììû.

II. Îñíîâíûå ïðèíöèïû èãðîâîé
àíàëèòèêè

Â ñîâðåìåííîé èãðîâîé èíäóñòðèè íåâîç-
ìîæíî ñîçäàòü óñïåøíûé ïðîåêò áåç îáðàáîòêè
áîëüøèõ ìàññèâîâ èíôîðìàöèè. Äëÿ ïðîåêòèðî-
âàíèÿ è ïîääåðæêè ïðîäóêòîâ, íàïèñàíèÿ ìàð-
êåòèíãîâûõ ñòðàòåãèé è ìîíåòèçàöèè ïðèìåíÿåò-
ñÿ ìíîæåñòâî èíñòðóìåíòîâ èãðîâîé àíàëèòèêè:
â ðàìêàõ îäíîãî ïðîåêòà èõ ìîæåò áûòü ñðàçó
íåñêîëüêî, âñå çàâèñèò îò ïîñòàâëåííîé öåëè.

Â çàäà÷è àíàëèòèêà âõîäèò íàïèñàíèå ñòàí-
äàðòîâ äëÿ ñáîðà äàííûõ, ïðîäóìûâàíèå ñïîñî-
áîâ èõ îáðàáîòêè è ïðîãíîçèðîâàíèå âåðîÿòíûõ
ïðîáëåì.

Êðîìå òîãî, íà îñíîâå ïîëó÷åííûõ äàííûõ
íóæíî åùå è îáîñíîâàòü èçìåíåíèÿ â ïðîåêòå
� êàê âîçìîæíî óñòðàíèòü òðóäíîñòè, ïî÷åìó,
êàêèìè öèôðàìè ýòî ìîæíî ïîäòâåðäèòü è êàê
ïðîâåðèòü, ÷òî èçìåíåíèÿ óëó÷øèëè ñèòóàöèþ.
Òàêæå åñòü âòîðè÷íûå öåëè, íî íå ìåíåå âàæíûå
òàêèå êàê óäîáñòâî èñïîëüçîâàíèÿ, ïðîçðà÷íîñòü
âûõîäíûõ äàííûõ, ïðîñòîòà îáðàáîòêè âõîäíûõ
äàííûõ, äîñòîâåðíîñòü è åäèíîîáðàçèå ñ äàííû-
ìè ïàðòíåðîâ. Èíîãäà â ðàìêàõ ïðîåêòà ïðèõî-
äèòñÿ ðåàëèçîâàòü ñ íóëÿ ïðàêòè÷åñêè âñþ ñèñòå-
ìó îòñëåæèâàíèÿ ïîêàçàòåëåé - ó÷àñòèå â ýòîì

ïðîöåññå ìîãóò ïðèíèìàòü ðàçðàáîò÷èêè, ìàðêå-
òîëîãè, ãåéìäèçàéíåðû è ïðîäþñåðû.

III. Èíñòðóìåíòû èãðîâîé àíàëèòèêè

Îáû÷íî ÷åì ñòàðøå ïðîåêò, òåì áîëüøå
äàííûõ îáðàáàòûâàåòñÿ âíóòðåííèìè ñðåäñòâà-
ìè � ñ ðîñòîì ñëîæíîñòè çàäà÷ ðàñòóò è òðåáî-
âàíèÿ ê îáúåìó è ñòðóêòóðå èíôîðìàöèè.

Íåêîòîðûå àíàëèòèêè ñòðåìÿòñÿ ñëåäèòü çà
êàæäûì øàãîì ñâîèõ ïîëüçîâàòåëåé, çàïèñûâàÿ
âñå èõ äåéñòâèÿ íà êàæäîì ýòàïå. Âñå ïîëó÷åí-
íûå äàííûå ïåðåäàþòñÿ â àíàëèòè÷åñêóþ ñèñòå-
ìó. Îäíàêî íåò ãàðàíòèè, ÷òî àíàëèòèê ñìîæåò
îòâåòèòü íà âñå çàäàííûå åìó âîïðîñû.

Äðóãèå àíàëèòèêè äåëàþò íàîáîðîò � îòñëå-
æèâàþò êàêèå-òî áàçîâûå ìåòðèêè âðîäå ïëàòå-
æåé è ñåññèé. Êîãäà ÷òî-òî ïðîèñõîäèò, îíè íå
ìîãóò îòâåòèòü íè íà êàêèå âîïðîñû è ñìîòðÿò,
êàê ïàäàþò ìåòðè÷åñêèå ïîêàçàòåëè, íå èìåÿ
âîçìîæíîñòè èõ ïðîàíàëèçèðîâàòü, íàéòè ïðè-
÷èíó è èñïðàâèòü.

Ýòî äâà ïðîòèâîïîëîæíûõ ñöåíàðèÿ, êîòî-
ðûå ñëó÷àþòñÿ äîâîëüíî ÷àñòî. Ïîíÿòíî, ÷òî è
òî, è äðóãîå ïëîõî, è íóæíî íàéòè ñáàëàíñèðî-
âàííûé ïîäõîä, ïðè êîòîðîì àíàëèòèê ïðîïóñ-
êàåò òîëüêî âàæíûå ñîáûòèÿ è ïðè ýòîì óâåðåí,
÷òî âñå êëþ÷åâûå äåéñòâèÿ ïîëüçîâàòåëÿ âêëþ-
÷åíû, ïåðåäàþòñÿ â ñèñòåìó àíàëèòèêè è äîñòóï-
íû äëÿ àíàëèçà.

IV. Àíàëèòè÷åñêàÿ ñèñòåìà

Ìîæíî ïîäóìàòü, ÷òî èäåàëüíàÿ àíàëèòè-
÷åñêàÿ ñèñòåìà � ýòî íàáîð àâòîìàòîâ, êîòîðûå
àíàëèçèðóþò äàííûå è ïðèíèìàþò îáîñíîâàííûå
ðåøåíèÿ, íî, ê ñîæàëåíèþ, ýòî íå òàê.

Ðàññìîòðèì îñíîâíûå ôóíêöèè àíàëèòè÷å-
ñêîé ñèñòåìû.

1. Ðàñ÷åò ïðèáûëè. Åñòü áàçîâàÿ ôîðìóëà, êî-
òîðàÿ ïîìîæåò ðàññ÷èòàòü ïðèáûëü. Îá-
ùèé äîõîä = LTV * Àêòèâíûå ïîëüçîâàòå-
ëè, ãäå LTV - ýòî ïîæèçíåííàÿ öåííîñòü.
LTV ðàññ÷èòûâàåòñÿ ïî ôîðìóëå: LTV =
Lifetime * ARPDAU, ãäå Lifetime - ñðåäíåå
âðåìÿ ïðåáûâàíèÿ ïîëüçîâàòåëÿ â ïðîåêòå,
ARPDAU - ñðåäíèé äîõîä íà îäíîãî àêòèâ-
íîãî ïîëüçîâàòåëÿ â äåíü (ðàññ÷èòûâàåòñÿ
äëÿ áåñïëàòíûõ è ïðåìèóì-ïîëüçîâàòåëåé
âìåñòå âçÿòûõ). Âñå ýòî îçíà÷àåò, ÷òî, åñ-
ëè ðàçðàáîò÷èê õî÷åò, ÷òîáû ïîëüçîâàòåëü
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ïðèíîñèë áîëüøå äîõîäà, åìó íóæíî ìàê-
ñèìèçèðîâàòü äâå öåííîñòè - âðåìÿ æèçíè
ýòîãî ïîëüçîâàòåëÿ è ñóììó äåíåã, êîòîðóþ
îí ïðèíîñèò;

2. Óâåëè÷åíèå ñðîêà ñëóæáû. Åñëè èãðà èäå-
àëüíà, ãåéìåðû áóäóò èãðàòü â íåå êàæäûé
äåíü. Åñëè îíè íå èãðàþò â íåå êàæäûé
äåíü, çíà÷èò, îíà íå èäåàëüíà. Åñòü ìíîãî
âîçìîæíîñòåé äëÿ óëó÷øåíèÿ ýòîé ñèòóà-
öèè, è öåëüþ àíàëèòèêà ÿâëÿåòñÿ âûÿñíå-
íèå åå ñëàáûõ ìåñò è ïîäáîð ìåòîäîâ èñ-
ïðàâëåíèÿ. Ïîèñê óçêèõ ìåñò ñëåäóåò íà-
÷èíàòü ñ ïåðâîãî çíàêîìñòâà ïîëüçîâàòåëÿ
ñ ïðîäóêòîì - åãî ïåðâîé ñåññèè. Ïåðâàÿ
ñåññèÿ îêàçûâàåòñÿ ïîñëåäíåé äëÿ îãðîì-
íîãî êîëè÷åñòâà ïîëüçîâàòåëåé. Äîïóñòèì,
â÷åðà ïîÿâèëîñü 100 íîâûõ ïîëüçîâàòåëåé.
Íî òîëüêî 10 èç íèõ îòêðûëè ïðèëîæåíèå
ñåãîäíÿ. Ýòî îçíà÷àåò, ÷òî óðîâåíü óäåð-
æàíèÿ ñîñòàâëÿåò 10%. Ýòî îòíîñèòåëüíî
íèçêîå ÷èñëî, ïîñêîëüêó ýòàëîííûé ïðî-
öåíò ñîñòàâëÿåò 30%. Â ðåçóëüòàòå íóæíî
ïîíÿòü ïåðâîïðè÷èíó ïðîáëåìû, êîòîðàÿ,
êàê ïðàâèëî, êðîåòñÿ ãäå-òî â ïåðâîì îïû-
òå ïîëüçîâàòåëÿ ñ ïðîäóêòîì. Ýòî îçíà÷à-
åò, ÷òî àíàëèòè÷åñêàÿ ïëàòôîðìà äîëæíà
äàâàòü èíñòðóìåíòû êàê äëÿ îöåíêè âñåõ
íåîáõîäèìûõ ïîêàçàòåëåé, òàê è äëÿ òî÷íî-
ãî îïðåäåëåíèÿ ìîìåíòà, êîãäà ïîëüçîâàòå-
ëè óõîäÿò. Â ýòîì ñëó÷àå ìîæíî èñïîëüçî-
âàòü âîðîíêè, è áûëî áû èäåàëüíî ïîñòðî-
èòü ïîäðîáíóþ âîðîíêó äëÿ ïåðâîãî ñåàíñà.
Ðàçðàáîò÷èêó íóæíî ðàçáèòü ïåðâóþ ñåñ-
ñèþ íà ðÿä øàãîâ èëè ñòàäèé, çàòåì ïëàò-
ôîðìà àíàëèòèêè ñîçäàåò âîðîíêó è óæå
ïîñëå ýòîãî ðàçðàáîò÷èê èëè àíàëèòèê ìî-
æåò íàéòè ïðîáëåìíûå ñòàäèè. Åñëè åñòü
íåîáõîäèìîñòü óëó÷øåíèÿ ïðîöåññà, ìîæ-
íî ðàçäåëèòü âñåõ ïîëüçîâàòåëåé íà íåáîëü-
øèå ãðóïïû ïî îáùåìó ïðèçíàêó è ïîñòðî-
èòü äëÿ íèõ îòäåëüíûå âîðîíêè. Åñëè ïðî-
áëåìà ñ óäåðæàíèåì êîýôôèöèåíòà îòñóò-
ñòâóåò, íî ïîëüçîâàòåëè ïîêèäàþò ïðèëî-
æåíèå ÷åðåç íåñêîëüêî äíåé, òî íåîáõîäè-
ìî âûÿñíèòü ïðè÷èíó. Â òàêîì ñëó÷àå àíà-
ëèòè÷åñêàÿ ñèñòåìà äîëæíà èìåòü âîçìîæ-
íîñòü ïîñòðîåíèÿ ãðàôèêà óäåðæàíèÿ ïî
äíÿì, óðîâíÿì, ðàíæèðîâàíèþ è òàê äà-
ëåå. Òîãäà íà ãðàôèêå ìîæíî áóäåò óâè-
äåòü êàêóþ-òî àíîìàëèþ, êîòîðàÿ ïîìîæåò
ïîíÿòü ïðîáëåìó. ×òîáû ïîñòðîèòü âîðîí-
êó ïîëüçîâàòåëüñêîãî îïûòà íóæíî îïðå-
äåëèòü ïî÷åìó ïîëüçîâàòåëü îòêàçûâàåòñÿ
îò ïðèëîæåíèÿ â äåíü N, ÷òî ïðîèçîøëî
äî ýòîãî. Âîçìîæíî, îíè çàñòðÿëè íà îïðå-
äåëåííîì óðîâíå èëè îíè ñòîëêíóëèñü ñ

òåõíè÷åñêîé ïðîáëåìîé. È ñíîâà ðàçðàáîò-
÷èê äîëæåí èíòåãðèðîâàòü êëþ÷åâûå ñîáû-
òèÿ, à ñèñòåìà àíàëèòèêè äîëæíà èñïîëü-
çîâàòü ýòè ñîáûòèÿ äëÿ ïîñòðîåíèÿ âîðî-
íîê è âûÿâëåíèÿ óçêèõ ìåñò. Òàê èëè èíà÷å,
íà ýòàïå ìàêñèìèçàöèè Lifetime ðàçðàáîò-
÷èêè èùóò ñâîè ñîáñòâåííûå îøèáêè: íåñî-
âåðøåííûå ìîìåíòû, êîòîðûå ðàññòðàèâà-
þò ïîëüçîâàòåëÿ è çàñòàâëÿþò åãî óéòè íà-
âñåãäà;

3. Óâåëè÷åíèå ARPDAU. ×òîáû ìàêñèìèçè-
ðîâàòü âðåìÿ æèçíè íåîáõîäèìî ïðîàíàëè-
çèðîâàòü îøèáêè ðàçðàáîò÷èêîâ, íî, ÷òîáû
ìàêñèìèçèðîâàòü ARPDAU (ñðåäíèé äîõîä
íà îäíîãî ïîëüçîâàòåëÿ â äåíü), íåîáõîäèìî
ïðîàíàëèçèðîâàòü äîñòèæåíèÿ. Íóæíî õî-
ðîøî ïîíèìàòü, ïî÷åìó òîò èëè èíîé ïîëü-
çîâàòåëü ñîâåðøèë ïîêóïêó è ñìîæåò ëè
ðàçðàáîò÷èê èñêóññòâåííî ñîçäàòü òàêóþ
æå ñðåäó äëÿ äðóãèõ èãðîêîâ, ÷òîáû èì òî-
æå ïðèøëîñü ïëàòèòü. Çäåñü ñìîãóò ïîìî÷ü
ñëåäóþùèå ìåòðèêè è ñòàòèñòèêà: äàííûå î
ïëàòåæàõ, äàííûå î ïëàòåæàõ-êîíâåðñèÿõ,
ñðåäíèé ÷åê, ðåãóëÿðíûå ïëàòåæè, ñàìûå
âîñòðåáîâàííûå òîâàðû è òàê äàëåå. Íóæíî
ó÷èòûâàòü ñèòóàöèþ, â êîòîðîé íàõîäèòñÿ
ïåðñîíàæ èãðîêà íà ìîìåíò ïîêóïêè: åãî
óðîâåíü, êîëè÷åñòâî âíóòðèèãðîâîé âàëþ-
òû, âûïîëíåííûå çàäàíèÿ è òàê äàëåå.

V. Âûâîä

Ëó÷øåå ïðåèìóùåñòâî àíàëèòè÷åñêîé ñè-
ñòåìû çàêëþ÷àåòñÿ â òîì, ÷òî ìîæíî ñðàâíèâàòü
õàðàêòåðèñòèêè âñåõ ñâÿçàííûõ ñ íèì ïðîåêòîâ
è äàâàòü îáîáùåííûé îáçîð ðàçðàáîò÷èêàì, êî-
òîðûå íå çíàþò òåêóùåé ñèòóàöèè íà ðûíêå è
íóæäàþòñÿ â êàêèõ-òî êîíòðîëüíûõ òî÷êàõ ñîïî-
ñòàâëåíèÿ. Ñèñòåìà ìîæåò îöåíèòü ïðèëîæåíèå
íà îñíîâå èíôîðìàöèè îáî âñåõ ïðîäóêòàõ ýòîãî
æàíðà. Äîñòàòî÷íî áóäåò ñîîáùèòü ðàçðàáîò÷è-
êó, ÷òî ó íåãî õîðîøèé ARPDAU, íî ïîêàçàòåëü
óäåðæàíèÿ íå òàê âûñîê, êàê ìîã áû áûòü. Ýòî
äåéñòâåííûé ïðèçûâ ê äåéñòâèþ, êîòîðûé ïîìî-
æåò óëó÷øèòü ïðîäóêò è óâåëè÷èòü äîõîä.

VI. Ñïèñîê ëèòåðàòóðû

1. Jesse Shell The art of desing / J. Shell � 2019. � 640 ñ.
2. How to Integrate an Analytics System into your

Game [Ýëåêòðîííûé ðåñóðñ] / How to Integrate
an Analytics System into your Game. � Ðåæèì äî-
ñòóïà: https://www.devtodev.com. � Äàòà äîñòóïà:
28.09.2022.

3. How to Find a Perfect Analytics Platform for a Game
Project [Ýëåêòðîííûé ðåñóðñ] / How to Find a Perfect
Analytics Platform for a Game Project. � Ðåæèì äî-
ñòóïà: https://www.devtodev.com. � Äàòà äîñòóïà:
10.10.2022.
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äëÿ ïðÿìîé, à òàêæå åãî ìîäèôèêàöèè äëÿ ïîñòðîåíèÿ êðèâûõ âòîðîãî ïîðÿäêà.

Ââåäåíèå

Êîìïüþòåðíûå òåõíîëîãèè â ñîâðåìåííîì
ìèðå ïðèñóòñòâóþò ïðàêòè÷åñêè âî âñåõ ñôå-
ðàõ æèçíåäåÿòåëüíîñòè ÷åëîâåêà. Ïðàêòè÷åñêè
âñÿ âèçóàëüíàÿ èíôîðìàöèÿ ÿâëÿåòñÿ ðåçóëüòà-
òîì ïðîåêòèðîâàíèÿ ñ ïîìîùüþ 2D è 3D ãðàôè-
êè: òåëåâèçèîííàÿ ðåêëàìà, ïðîäóêöèÿ êèíî- è
òåëåèíäèñòðèè, èãðîâûõ ïðèëîæåíèÿ. Êîìïüþ-
òåðíàÿ ãðàôèêà ïðåäîñòàâëÿåò ÷åëîâåêó ïðèíöè-
ïèàëüíî íîâûå âîçìîæíîñòè ðàáîòàòü ñ ïðèâû÷-
íûì äëÿ íåãî òðåõìåðíûì ïðîñòðàíñòâîì, à íå
ñ åãî äâóìåðíûìè ïðîåêöèÿìè, ÷òî ñóùåñòâåííî
óïðîùàåò ïîðîé ñîçäàíèå ôèçè÷åñêîãî ýêçåìïëÿ-
ðà ìîäåëè.

I. Âèäû êîìïüþòåðíîé ãðàôèêè

Â íàñòîÿùåå âðåìÿ ïðèíÿòî âûäåëÿòü òðè
âèäà ãðàôèêè: ðàñòðîâóþ, âåêòîðíóþ è ôðàê-
òàëüíóþ. Äëÿ ðàñòðîâîé ãðàôèêè îñíîâíûì ýëå-
ìåíòîì èçîáðàæåíèÿ ÿâëÿåòñÿ ïèêñåëü � ìèíè-
ìàëüíûé ïî ðàçìåðó ëîãè÷åñêèé ýëåìåíò öèôðî-
âîãî èçîáðàæåíèÿ, äëÿ âåêòîðíîé - ëèíèè. Äëÿ
ôðàêòàëüíîé ãðàôèêè õàðàêòåðíî áåñêîíå÷íîå
ïîâòîðåíèå ñàìîïîäîáíûõ ãåîìåòðè÷åñêèõ ôè-
ãóð, êàæäàÿ èç êîòîðûõ óìåíüøàåòñÿ â ìàñøòà-
áå. Èíîãäà â îòäåëüíûé âèä ãðàôèêè âûäåëÿ-
þò òðåõìåðíóþ. êîòîðàÿ îòëè÷àåòñÿ îò äâóìåð-
íîé òåì, ÷òî ïîäðàçóìåâàåò ïîñòðîåíèå ïðîåê-
öèé òðåõìåðíîé ìîäåëè ñöåíû íà ïëîñêîñòü. Äëÿ
îïèñàíèÿ ãåîìåòðè÷åñêèõ îáúåêòîâ èñïîëüçóþò
òàêèå îáúåêòû è èõ ñâîéñòâà êàê ïðÿìûå è ïëîñ-
êîñòè, êðèâûå, ïîâåðõíîñòè, êðèâèçíà ëèíèé íà
ïëîñêîñòè, êðèâîëèíåéíûå êîîðäèíàòû. Ïîýòî-
ìó ñìåëî ìîæíî óòâåðæäàòü, ÷òî êîìïüþòåðíàÿ
ãðàôèêà â ÷àñòè îïèñàíèÿ ãåîìåòðè÷åñêèõ îáú-
åêòîâ â ëèöå àíàëèòè÷åñêîé ãåîìåòðèè èìååò äî-
ñòàòî÷íî ìîùíûé, ãîòîâûé ê èñïîëüçîâàíèþ ìà-
òåìàòè÷åñêèé àïïàðàò, ïîçâîëÿþùèé îïðåäåëÿòü
òî÷êè ïåðåñå÷åíèÿ ëèíèé, ïîâåðõíîñòåé è ëèíèé
è òàê äàëåå.

II. Áàçîâûå àëãîðèòìû ðàñòðîâîé
ãðàôèêè

Äëÿ ðèñîâàíèÿ ëèíèé â ðàñòðîâîé ãðàôè-
êå îòâå÷àþò àëãîðèòìû, êîòîðûå ó÷èòûâàþò ñî-
îòâåòñòâèå êîîðäèíàò íà÷àëà è êîíöà îòðåçêà
çàäàííûì ïàðàìåòðàì, êîòîðûå ïðè îòîáðàæå-
íèè äîëæíû áûòü ïîõîæèìè íà ïðÿìûå. Îäíàêî,

â ñèëó äèñêðåòíîñòè äèñïëåÿ ýòîãî òðóäíî äî-
ñòè÷ü, ïîýòîìó ðàñòðîâûå àëãîðèòìû ïðåñëåäó-
þò öåëè âîñïðîèçâåäåíèÿ ìàêñèìàëüíîãî ïðàâ-
äîïîäîáèÿ ïðè ìèíèìàëüíûõ ðåñóðñîçàòðàòàõ.
Ñàìûì ïðÿìûì ñïîñîáîì ïîëó÷åíèÿ ïðîñòåéøå-
ãî ãðàôè÷åñêîãî ïðèìèòèâà, ëèíèè îòðåçêà ñ êî-
îðäèíàòàìè íà÷àëà è êîíöà (x0, y0) è(x1, y1) ñî-
îòâåòñòâåííî , ÿâëÿåòñÿ ñïîñîá íåïîñðåäñòâåííî-
ãî ïîëó÷åíèÿ êîîðäèíàò ÷åðåç óðàâíåíèå y =

F (x); y = y0+(x−x0)
(

y2−y1

x2−x1

)
. Äëÿ ìèíèìèçàöèè

êîëè÷åñòâà îïåðàöèé â öèêëå öåëåñîîáðàçíî ïî-
ëó÷àòü êîýôôèöèåíò íàêëîíà ëèíèè äî ðàñ÷åòîâ

êîîðäèíàò òî÷åê ïðÿìîé k =
(

y2−y1

x2−x1

)
. Â òàêîì

ñëó÷àå â öèêëå ïîëó÷åíèÿ êîîðäèíàò ïèêñåëåé
îñòàåòñÿ âû÷èñëåíèÿ y+ = k ∗ x. Îäíàêî, òàêîé
ñïîñîá ÿâëÿåòñÿ íåòî÷íûì çà ñ÷åò íàêîïëåíèÿ
îøèáîê îêðóãëåíèÿ ïðè ðåàëèçàöèè îïåðàöèé äå-
ëåíèÿ è óìíîæåíèÿ, ïîýòîìó â 1962 àìåðèêàíåö
Äæåê Áðåçåíõåì ïðåäëîæèë àëãîðèòì, êîòîðûé
ìèíèìèçèðóåò íàêîïëåíèÿ îøèáîê çà ñ÷åò ââå-
äåíèÿ ïàðàìåòðà ïðèíÿòèÿ ðåøåíèÿ è , ñîîòâåò-
ñòâåííî, â öèêëå ïî ðàñ÷åòó òåêóùèõ êîîðäèíàò
îñòàþòñÿ ëèøü öåëî÷èñëåííûå êîîðäèíàòû. Ïî-
ëîæåíèå ïèêñåëåé íà ïðÿìîé îïðåäåëÿåòñÿ ðàç-
áèåíèåì íà åäèíè÷íûå îòðåçêè ïî êîîðäèíàòå õ,
åñëè òàíãåíñ óãëà íàêëîíà ïðÿìîé áîëüøå åäè-
íèöû ïî ìîäóëþ, ëèáî ïî ó â îáðàòíîì ñëó÷àå.
Â òî÷êå âûáîðà êîîðäèíàòû ñëåäóþùåãî ïèêñå-
ëÿ ïðîâîäèòñÿ óòðèðîâàííûé ðàñ÷åò ðàññòîÿíèÿ
äî óñëîâíî íèæíåãî è âåðõíåãî ïðåäïîëàãàåìîãî
ïèêñåëè è íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ
ïðîèçâîäèòñÿ âûáîð (ñì. ðèñ. 1).

Ðèñ. 1 � Ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ ðàñ÷åòà
ðàññòîÿíèÿ
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Â îáùåì âèäå àëãîðèòì Áðåçåíõåìà äëÿ ïî-
ñòðîåíèÿ ïðÿìîé ñ òàíãåíñîì óãëà íàêëîíà áîëü-
øå åäèíèöû ïî ìîäóëþ âûãëÿäèò ñëåäóþùèì îá-
ðàçîì:

1. Ââîäÿòñÿ äâà êîíöà îòðåçêà, ïîìå÷àÿ ëå-
âûé êîíåö îòðåçêà êàê (õ0, ó0);

2. Âû÷èñëÿþòñÿ ïîñòîÿííûå deltaX, deltaY, 2
· deltaY è 2 · deltaY, 2 · deltaX è íàõîäèò-
ñÿ íà÷àëüíîå çíà÷åíèå ïàðàìåòðà ïðèíÿòèÿ
ðåøåíèÿ ð0 = 2 · deltaY � deltaX;

3. äëÿ êàæäîãî xk âäîëü ïðÿìîé, íà÷èíàÿ ñ
k = 1, ïðîèçâîäÿòñÿ ïðîâåðêè: åñëè pk <
0, òî ñëåäóþùóþ òî÷êó ñëåäóåò èçîáðàçèòü
íà ìåñòå ïèêñåëÿ (xk+1, yk) è pk+1=pk
+ 2 · deltaY; åñëè pk > 0, òî ñëåäóþùóþ
òî÷êó ñëåäóåò èçîáðàçèòü íà ìåñòå ïèêñåëÿ
(xk+1, yk+1) è pk+1 = pk + 2 · deltaY � 2
· deltaX;

4. ï.3 âûïîëíÿåòñÿ deltaX � 1 ðàç.

Ñóùåñòâóåò îáîáùåíèå àëãîðèòìà Áðåçåíõ-
ýìà äëÿ ïîñòðîåíèÿ êðèâûõ âòîðîãî ïîðÿäêà, â
÷àñòíîñòè îêðóæíîñòè è ýëëèïñà. Îêðóæíîñòü
îïðåäåëÿåòñÿ êàê íàáîð òî÷åê, ðàâíîóäàëåííûõ
îò öåíòà (xc, yc) íà ðàäèóñ r. Ðàñ÷åò êîîðäèíàò
ìîæíî ïðîèçâîäèòü íåïîñðåäñòâåííî ÷åðåç óðàâ-
íåíèå îêðóæííîñòè ëèáî íàõîäèòü ÷åðåç ïîëÿð-
íûå êîîðäèíàòû, îäíàêî òàêèå ïîäõîäû ïðèâîäÿò
ê áîëüøîìó îáúåìó ðåñóðñîçàòðàòíûõ ðàñ÷åòîâ
ñ âû÷èñëåíèåì ëèáî êîðíåé êâàäðàòíîãî óðàâíå-
íèÿ ëèáî ê ïðèâëå÷åíèþ âíåøíèõ ôóíêöèé ïî
ïîèñêó ñèíóñîâ è êîñèíóñîâ.

Ïîýòîìó, âçÿâ çà îñíîâó àëãîðèòì Áðåçåí-
õåìà, áûë âûâåäåí àëãîðèòì ïîëó÷åíèÿ êîîðäè-
íàò êðèâîëèíåéíîãî ó÷àñòêà, ñîîòâåòñòâóþùåãî
îêðóæíîñòè è ýëëèïñà ñ ó÷åòîì òîãî, ÷òî èìååò-
ñÿ êðèâèçíà.

Â ñëó÷àå ñ îêðóæíîñòüþ ïðèíèìàåòñÿ â ðàñ-
÷åò ñèììåòðè÷íîñòü ôèãóðû è âñå ðàñ÷åòû âå-
äóòñÿ â ïåðâîì îêòàíòå ñ ïîñëåäóþùèì îòîá-
ðàæåíèåì ïîëó÷åííûõ êîîðäèíàò â îñòàâøèåñÿ
ñåìü îêòàíòîâ (ñì. ðèñ. 2).

Ðèñ. 2 � Ñèììåòðèÿ îêòàíòîâ îêðóæíîñòè

Äëÿ îêðóæíîñòè ïàðàìåòð ïðèíÿòèÿ ðåøå-
íèÿ ðàññ÷èòûâàåòñÿ äëÿ îïðåäåëåíèÿ âîçìîæíî-
ñòè ïåðåõîäà íà íèæíþþ ãîðèçîíòàëü ïî îðäè-
íàòå.

Äëÿ ýëëèïñà èçìåíåííûé àëãîðèòì Áðåçåí-
õåìà ó÷èòûâàåò èçìåíåíèå ñêîðîñòè ðîñòà ñîîò-
âåòñòâóþùåé êîîðäèíàòû. Âñå ðàñ÷åòû âåäóòñÿ â
ïåðâîé ÷åòâåðòè äåêàðòîâîé ñèñòåìû êîîðäèíàò
âíà÷àëå íà àïðèîðíî èçìåíÿþùåìñÿ õ, à çàòåì â
ìîìåíò, êîãäà òàíãåíñ óãëà íàêëîíà êàñàòåëüíîé
ê ýëëèïñó ñòàíîâèòñÿ ðàâíûì åäèíèöå, âåäóùàÿ
êîîðäèíàòà çàìåíÿåòñÿ íà ó è ðåøåíèå îá èçìå-
íåíèè ïðèíèìàåòñÿ óæå ïî àáñöèññå. Äàëåå ïîëó-
÷åííûå êîîðäèíàòû îòîáðàæàþòñÿ â îñòàâøèåñÿ
òðè ÷åòâåðòè (ñì. ðèñ. 3).

Ðèñ. 3 � Ñèììåòðèÿ ýëëèïñà

Ïðè ðåàëèçàöèè âñåý ìîäèôèêàöèé àëãî-
ðèòìà Áðåçåíõåìà äëÿ ïîñòðîåíèÿ ïðèìèòèâîâ
íàðÿäó ñ íåïîñðåäñòâåííûì ðàñ÷åòîì êîîðäèíàò
ñîîòâåòñòâóþùèõ ïèêñåëåé, êàê ïðàâèëî ïðîâî-
äÿòñÿ ðàñ÷åòû ïî àïïðîêñèìàöèè öâåòà çàëèâêè
ïðèìèòèâà, ÷òîáû ñäåëàòü èçîáðàæåíèå ìàêñè-
ìàëüíî ðåàëèñòè÷íûì.

III. Çàêëþ÷åíèå

Îïèñàííûå àëãîðèòìû ïîñòðîåíèÿ ðàñòðî-
âîé ãðàôèêè íå ÿâëÿþòñÿ ïîëíûì ñïèñêîì, íî
äàþò ïðåäñòàâëåíèå î òîì, êàê ìîæíî ïðèìå-
íÿòü ìàòåìàòè÷åñêèå ìîäåëè ïðè ïðîåêòèðîâà-
íèè êîìïüþòåðíîé ãðàôèêè. Íàðÿäó ñ ðåøå-
íèåì ïðîáëåìû ïîñòðîåíèÿ èçîáðàæåíèÿ, òàêèå
àëãîðèòìû äàþò îñíîâó äëÿ ñîçäàíèÿ àëãîðèò-
ìîâ ñêàíèðîâàíèÿ, îòñå÷åíèÿ, óäàëåíèÿ ïîâåðõ-
íîñòåé è ëèíèé, à òàêæå çàêðàñêè, îïðåäåëåíèÿ
òåêñòóð ñîçäàâàåìûõ ãåîìåòðè÷åñêèõ îáúåêòîâ è
óïðàâëåíèÿ èõ ïðîçðà÷íîñòüþ.
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The statement of the Central Limit Theorem is modeled on the example of large samples of the Laplace and the

beta distributions using Python toolkit and the advanced capabilities of Jupyter Notebook.

Introduction

The law of Large Numbers and the Central
Limit Theorem (CLT) are a generalization of the
thought processes of mankind over the past two
centuries [1]. Consequently, the authors decided to
consider in detail the CLT which sometimes it is not
always possible to �nd its graphical representation.
In this regard, authors conducted a study to ver-
ify the following statement [2]: if there is a random
variable (RV) X from almost any distribution, and
samples of volume N are randomly formed from this
distribution, then the distribution of sample aver-
ages can be approximated by a normal distribution
with an average value that coincides with the ex-
pected value of the outcome population.

I. Toolkit

The task is to model the distribution of the
RV's sample mean X at di�erent sample volumes
and estimate its approximation with a normal
curve. To conduct the experiment authors chose
Laplace and beta distributions from which the sam-
ples will be randomly formed [3]. The formation of
samples, the calculation of their averages, the con-
struction of graphs and histograms is carried out
using the Python library toolkit: scipy module of
statistical functions scipy.stats, numpy, matplotlib.

II. Laplace distribution

Let us �rst consider the Laplace distribution
of a continuous RV X, the expected value and vari-
ance of which is calculated as follows:

E[X] = λ. (1)

D[X] = 2 ∗ b2. (2)

Here λ is a location parameter and b > 0 is
a scale parameter. In our case λ = 0, b = 50.
Using the statistical functions module of the scipy
library, an instance of the laplace_gen class is cre-
ated with parameters corresponding to the above.
It's called laplace_rv and used for the entire study
regarding the Laplace distribution.From this dis-
tribution, we will select 100 pseudo-random val-
ues.This is easy to do by calling the rvs() method
with the sample size parameter. Also calling plot()
function(from matplotlib) and pdf() method (from

scipy.stats) we build Theoretical Probability Den-
sity Function (TPDF) and compare the obtained
sample results in the form of a histogram with the
TPDF graph of which corresponds to the blue line
in Figure 1.

Figure 1 � The Laplace distribution with sample
volume of 100

Next, and this is the most important thing.
For three or more values of N, 1000 samples of vol-
ume N are generated, the arithmetic mean is calcu-
lated for each sample. A histogram of the obtained
sample means is constructed and a density graph of
the corresponding normal distribution is superim-
posed on top of it with parameters:

µ = E[X]. (3)

σ =

√
D(X)

N
. (4)

Authors implemented the buildHistNorm-
Curve(ax, N, hCol) function for generating a nor-
mal distribution and visualizing histograms with
normal curve according to the sample size parame-
ter N [4].

Figure 2 � Build histogram with normal curve function
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Let's call it 4 times with the following values
of sample volume N : 3, 10, 50, 500. We get the
results shown in �gure 3.

Figure 3 � The result of CLT on the Laplace

III. Beta distribution

Also consider the beta distribution with the
following numerical characteristics:

E[X] =
α

α+ β
. (5)

D[X] =
αβ

(α+ β)2(α+ β + 1)
. (6)

Where α > 0, β > 0. The appearance of
the TPDF graph can vary greatly depending on the
above parameters: from similar to an exponent and
a parabola to an unusual curve, which we use, since
it di�ers as much as possible from a normal curve.
Let's de�ne this distribution with α = β = 0.7. In
the case of a beta distribution, an instance of the
beta_gen class is created. Then the TPDF and the
histogram of the sample volume 100 takes the form
as in �gure 4.

Figure 4 � The beta distribution with sample volume
of 100

Having done the same actions with the sam-
ples as the previous paragraph, we obtain the fol-
lowing distributions of sample means.

Figure 5 � The result of CLT on the beta

If to compare the beta and the Laplace dis-
tributions by criteria of graphical representations
(�gures 1, 4) and formal ones (formulas 7, 8) they
exactly di�er.

f(x) =
1

2b
exp(

−|x− λ|
b

). (7)

f(x) =
1

B(α, β)
xα−1(1− x)β−1. (8)

But it doesn't matter how they're distant from
the Gaussian, because the CLT gives an output dis-
tribution close to normal [5]. Moreover, the larger
the sample size, the more accurate the approxima-
tion.

Conclusion

In accordance with the graphical representa-
tion of the results, the following pattern is well
traced: with an increase in the sample size, the de-
gree of approximation of the distribution of sample
averages with a normal distribution also increases
and there is a concentration of pseudo-random vari-
ables around the mathematical expectation of the
initial distribution, which justi�es the statement of
the CLT, therefore principle of increasing entropy
from a statistical point of view has led us to a fun-
damental conclusion: all closed macrosystems tend
to move from less probable to more probable states.
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Ïðè ðàçðàáîòêå è ýêñïëóàòàöèè íåôòÿíûõ ìåñòîðîæäåíèé âàæíóþ ðîëü èãðàåò ñòðóêòóðà âçàèìîäåé-

ñòâèÿ ìåæäó ñêâàæèíàìè. Îò êà÷åñòâåííîãî îïðåäåëåíèÿ âçàèìîäåéñòâóþùèõ íàãíåòàòåëüíûõ è äî-

áûâàþùèõ ñêâàæèí â çíà÷èòåëüíîé ìåðå çàâèñèò ðåøåíèå ñëåäóþùèõ âîïðîñîâ ðàöèîíàëüíîé ðàçðàáîòêè

ìåñòîðîæäåíèé: ñîçäàíèå íàèáîëåå âûãîäíîé ñåòêè ðàçìåùåíèÿ ñêâàæèí, ðåãóëèðîâàíèå ïðîäâèæåíèÿ

êîíòóðà êðàåâûõ âîä, îïðåäåëåíèå ïîëîæåíèÿ îñòàòî÷íûõ çàïàñîâ óãëåâîäîðîäîâ è ãðàìîòíàÿ îïòèìèçà-

öèÿ ñèñòåìû çàâîäíåíèÿ.Â ðàáîòå ðàññìîòðåí àëãîðèòì îïðåäåëåíèÿ ãðóïï âçàèìîäåéñòâóþùèõ ìåæäó

ñîáîé ñêâàæèí ïóòåì ïîñòðîåíèÿ êàðò îáëàñòåé Âîðîíîãî.

Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü â íåôòåäîáûâàþùåé
îòðàñëè ñ öåëüþ îïòèìèçàöèè àíàëèçà âçàèìî-
äåéñòâèÿ ñêâàæèí ïðîâîäèòñÿ ðàçäåëåíèå âñåé
ïëîùàäè çàëåæè íà áëîêè. Ôîðìèðîâàíèå áëî-
êîâ ïðåäïîëàãàåò ðàñïðåäåëåíèå âñåãî ôîíäà
ñêâàæèí íà ãðóïïû, ïî ïðèíöèïó ¾íàãíåòàòåëü-
íàÿ � ðåàãèðóþùèå äîáûâàþùèå¿, íà äàííîì
ýòàïå îïðåäåëåíèå ðåàãèðóþùèõ äîáûâàþùèõ
ñêâàæèí ïðîèçâîäèòñÿ ãåîìåòðè÷åñêèì ïóòåì.

Â ðàáîòå [1] àâòîð ïðåäëàãàåò ôîðìèðîâàòü
ãðóïïû íà îñíîâàíèè îáëàñòåé Âîðîíîãî, ãäå â
êà÷åñòâå òî÷åê èñïîëüçóåòñÿ âåñü ôîíä ñêâàæèí.

Íåäîñòàòîê äàííîãî ìåòîäà ïðîÿâëÿåòñÿ
ïðè íåðåãóëÿðíîé ñåòêå ýêñïëóàòàöèîííûõ ñêâà-
æèí. Ïðè âûñîêîé ïëîòíîñòè ñåòêè íåêîå êîëè-
÷åñòâî ñêâàæèí ìîæåò íå ïîïàñòü â ãðóïïó ê íà-
ãíåòàòåëüíîé, äàæå ïðè óñëîâèè áëèçêîãî ðàñïî-
ëîæåíèÿ, è, íàîáîðîò, ìîãóò áûòü îòíåñåíû äî-
áûâàþùèå, íà áîëüøîì óäàëåíèè.

À.À. Àíêóäèíîâûì [2] áûë ðàçðàáîòàí ìå-
òîä ãðóïïèðîâêè, ïîçâîëÿþùèé ìèíèìèçèðîâàòü
ðèñêè ïîëó÷åíèÿ íåëîãè÷íûõ ñâÿçåé. Ïðèíöèï
ôîðìèðîâàíèÿ ãðóïï îñíîâàí íà ïîñòðîåíèè
äâóõ êàðò îáëàñòåé Âîðîíîãî.

I. Àëãîðèòì ïîñòðîåíèÿ îáëàñòåé
Âîðîíîãî

Ïîñòðîåíèå îáëàñòåé Âîðîíîãî ïðåäïîëàãà-
åòñÿ ïðîèçâîäèòü ñëåäóþùèì îáðàçîì.

Ðèñ. 1 � Òðèàíãóëÿöèè Äåëîíå

Ïðîèçâîäèòñÿ ïîñòðîåíèå òðåóãîëüíèêîâ
Äåëîíå (ñì. ðèñ. 1).

Âîêðóã òðåóãîëüíèêà, âåðøèíàìè êîòîðîãî
ÿâëÿþòñÿ ñêâàæèíû, îïèñûâàåòñÿ îêðóæíîñòü ñ
óñëîâèåì ÷òî âíóòðè íå¼ íå ñîäåðæèòñÿ ïðî÷èõ
ñêâàæèí.

Â ðåçóëüòàòå ïîñòðîåíèÿ ïîëó÷èì òðåóãîëü-
íèêè, âíóòðè êîòîðûõ âïèñàíû îêðóæíîñòè, íå
ñîäåðæàùèå òî÷åê. Òðèàíãóëÿöèÿ Äåëîíå ïîçâî-
ëÿåò ñòðîèòü îáëàñòè Âîðîíîãî èçáåãàÿ òàê íà-
çûâàåìûõ ≪òîíêèõ≫ òðåóãîëüíèêîâ.

Ñëåäóþùèé øàã � ïîñòðîåíèå îáëàñòåé Âî-
ðîíîãî. Àëãîðèòì ïîñòðîåíèÿ îáëàñòåé Âîðîíîãî
ñëåäóþùèé.

Ðèñ. 2 � Îïðåäåëåíèå âïèñàííûõ îêðóæíîñòåé

Âíà÷àëå âíóòðü êàæäîãî èç òðåóãîëüíèêîâ
Äåëîíå âïèñûâàåòñÿ îêðóæíîñòü (ñì. ðèñ. 2).

Ðèñ. 3 � Ñîåäèíåíèå öåíòðîâ îêðóæíîñòåé

Äàëåå, öåíòðû âïèñàííûõ îêðóæíîñòåé ñî-
ñåäíèõ òðåóãîëüíèêîâ Äåëîíå ñîåäèíÿþòñÿ îò-
ðåçêàìè (ñì. ðèñ. 3).

103



Ïîëó÷åííûå ìíîãîóãîëüíèêè, ñîñðåäîòî-
÷åííûå âîêðóã êîíêðåòíûõ ñêâàæèí, è ïðåäñòàâ-
ëÿþò ñîáîé îáëàñòè Âîðîíîãî (ñì. ðèñ. 4).

Ðèñ. 4 � Îáëàñòè Âîðîíîãî

II. Îïðåäåëåíèå ãðóïï
âçàèìîäåéñòâóþùèõ ñêâàæèí

Ñ öåëüþ îïðåäåëåíèÿ ãðóïï âçàèìîäåéñòâó-
þùèõ ñêâàæèí À.À. Àíêóäèíòîâûì áûë ðàçðà-
áîòàí ìåòîä, ïîçâîëÿþùèé ìèíèìèçèðîâàòü ðèñ-
êè ïîëó÷åíèÿ íå ëîãè÷íûõ ñâÿçåé [2].

Ïðèíöèï ôîðìèðîâàíèÿ ãðóïï îñíîâàí íà
ïîñòðîåíèè äâóõ êàðò îáëàñòåé Âîðîíîãî [3, 4].
Ñêâàæèíû îáúåäèíÿþòñÿ â ãðóïïû, åñëè ïðè
ñîâìåùåíèè äàííûõ êàðò óñëîâíûå îáëàñòè äðå-
íèðîâàíèÿ äîáûâàþùèõ ñêâàæèí ïåðåñåêàþòñÿ ñ
óñëîâíûìè îáëàñòÿìè çàêà÷êè íàãíåòàòåëüíûõ.

Ïåðâûì ýòàïîì ÿâëÿåòñÿ ïîñòðîåíèå îá-
ëàñòåé Âîðîíîãî ïî ñêâàæèíàì, èìåþùèì íà-
êîïëåííóþ çàêà÷êó (íàãíåòàòåëüíûå ñêâàæèíû).
Âòîðûì ýòàïîì ÿâëÿåòñÿ ïîñòðîåíèå îáëàñòåé
Âîðîíîãî ïî âñåìó ôîíäó îáúåêòà èëè çàëåæè.
Äàëåå ïîñòðîåííûå îáëàñòè íàêëàäûâàþòñÿ äðóã
íà äðóãà, ÷òî è ÿâëÿåòñÿ ôîðìèðîâàíèåì ãðóïï
(ñì. ðèñ. 5).

Ðèñ. 5 � Ôîðìèðîâàíèå ãðóïï íàãíåòàòåëüíûõ è
äîáûâàþùèõ ñêâàæèí äëÿ ïëîùàäíîé ñèñòåìû

(ñëåâà) è äëÿ ðÿäíîé (ñïðàâà)

Äàííûé ìåòîä ÿâëÿåòñÿ ãåîìåòðè÷åñêèì
ñïîñîáîì îïðåäåëåíèÿ çàâèñèìûõ äîáûâàþùèõ
ñêâàæèí îò çàêà÷êè êàæäîé íàãíåòàòåëüíîé
ñêâàæèíû.

Ðàññìàòðèâàåìûé ìåòîä òàêæå èìååò ñâîè
íåäîñòàòêè. Ïðîöåññ ïîñòðîåíèÿ îáëàñòåé Âî-
ðîíîãî, èõ íàëîæåíèÿ è ïîñëåäóþùåãî àíàëè-
çà äîñòàòî÷íî çàòðàòåí ïî âðåìåíè. È áåç òîãî
ñëîæíûå ãåîìåòðè÷åñêèå ïîñòðîåíèÿ óñóãóáëÿ-
þòñÿ ñïåöèôèêîé íåôòåãàçîâîé îáëàñòè, à èìåí-
íî áîëüøèì îáúåìîì èíôîðìàöèè íà âõîäå. Áî-

ëåå òîãî, ïðè ðó÷íîì âûïîëíåíèè ïîñòðîåíèè îá-
ëàñòåé èìååòñÿ âåðîÿòíîñòü ãðàôè÷åñêèõ íåòî÷-
íîñòåé, êîòîðûå â ðåçóëüòàòå ìîãóò ïðèâåñòè ê
áîëüøèì âû÷èñëèòåëüíûì ïîãðåøíîñòÿì

Îïðåäåëåíèå ãðóïï ðåàãèðóþùèõ ñêâàæèí
íåîáõîäèìî ïðîèçâîäèòü îòäåëüíî äëÿ êàæäîãî
ïëàñòà, êîëè÷åñòâî êîòîðûõ ìîæåò ñîñòàâëÿòü
áîëåå 10 äëÿ îäíîé çàëåæè. Òàêæå, êîëè÷åñòâî
ñêâàæèí âàðüèðóåòñÿ â øèðîêîì äèàïàçîíå çíà-
÷åíèé è â ñðåäíåì ñîñòàâëÿåò íå ìåíåå 100-150
åäèíèö äîáûâàþùåãî è íàãíåòàòåëüíîãî ôîíäîâ.
Òàê, íàïðèìåð, ôîíä Ñàìîòëîðñêîãî ìåñòîðîæ-
äåíèÿ ñîñòàâëÿåò 13904 ñêâàæèíû. Î÷åâèäíî,
÷òî ïðîèçâîäèòü ïîñòðîåíèå îáëàñòåé Âîðîíîãî
âðó÷íóþ êðàéíå òðóäîçàòðàòíî (ñì. ðèñ. 6).

Ðèñ. 6 � Ðó÷íîå ïîñòðîåíèå îáëàñòåé Âîðîíîãî

III. Çàêëþ÷åíèå

Â äàííîé ðàáîòå áûë ðàññìîòðåí àëãîðèòì
ïîñòðîåíèÿ êàðò îáëàñòåé Âîðîíîãî äëÿ îïðåäå-
ëåíèÿ ãðóïï âçàèìîäåéñòâóþùèõ ñêâàæèí. Ïðè-
ìåíÿåìûé ìåòîä ïîçâîëÿåò îáåñïå÷èòü âûñî-
êóþ ïðåäñòàâèòåëüíîñòü ïîëó÷åííûõ äàííûõ î
ñòðóêòóðå âçàèìîäåéñòâèÿ ìåæäó ñêâàæèíàìè.
Îäíàêî ìåòîä èìååò ñâîè íåäîñòàòêè, òàêèå êàê
ñëîæíîñòü ãåîìåòðè÷åñêèõ ïîñòðîåíèé ïðè áîëü-
øîì êîëè÷åñòâå èñõîäíûõ äàííûõ, çàòðàòíîñòü
ïî âðåìåíè. Ñ öåëüþ ðåøåíèÿ äàííîé ïðîáëå-
ìû ïðåäëàãàåòñÿ ñîçäàíèå ïðîãðàììíîãî îáåñïå-
÷åíèÿ, êîòîðîå áóäåò îñóùåñòâëÿòü íå òîëüêî ïî-
ñòðîåíèå äâóõ âèäîâ êàðò, à òàêæå èõ ïîñëåäóþ-
ùåå íàëîæåíèå è îïðåäåëåíèå ãðóïï âçàèìîäåé-
ñòâóþùèõ ñêâàæèí.

IV. Ñïèñîê ëèòåðàòóðû

1. Àíòîíîâ, Ì. Ñ. Êîìïåíñàöèîííîå ðåãóëèðîâàíèå çà-
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Ðàññìîòðåí êîëëåêòèâíûé ïðîåêò áèîìåòðè÷åñêîé ñèñòåìû ñ èñïîëüçîâàíèåì ïëàòôîðìû Arduino è ìèê-

ðîêîíòðîëëåðîâ ñåìåéñòâà MSP430. Îïðåäåëåíû çàäà÷è ïîøàãîâîãî âûïîëíåíèÿ îñíîâíûõ ýòàïîâ ó÷åáíîãî

ïðîåêòà. Ïðèâåäåíû ïðèìåðû ïðàêòè÷åñêîé ðåàëèçàöèè â âèäå äâóõ çàêîí÷åííûõ óñòðîéñòâ äëÿ òðåíè-

ðîâêè ðèòìà ðå÷è è êîíòðîëÿ ñîñòîÿíèÿ ñòóäåíòà ïðè èçó÷åíèè èíîñòðàííîãî ÿçûêà.

Ââåäåíèå

Ðàçâèòèå è øèðîêîå èñïîëüçîâàíèå èíòåð-
íåòà âåùåé òðåáóåò ïîäãîòîâêè êâàëèôèöèðîâàí-
íûõ ñïåöèàëèñòîâ, âëàäåþùèõ çíàíèÿìè íîâåé-
øåé ýëåìåíòíîé áàçû, ñîâðåìåííûõ ñðåäñòâ ðàç-
ðàáîòêè âñòðîåííûõ ñèñòåì è êîììóíèêàöèîí-
íûõ òåõíîëîãèé [1]. Îäíà èç ïðîáëåì ïîäãîòîâêè
ñîîòâåòñòâóþùèõ ñïåöèàëèñòîâ, âëàäåþùèõ àï-
ïàðàòíûìè ñðåäñòâàìè, îáû÷íî ñâÿçàíà ñî ñëî-
æèâøèìèñÿ ïðèîðèòåòàìè áîëüøèíñòâà ñòóäåí-
òîâ: èçó÷åíèå âåá-ïðîãðàììèðîâàíèÿ ñ÷èòàåòñÿ
áîëåå ïðèâëåêàòåëüíûì â ñðàâíåíèè ñ èçó÷åíèåì
àïïàðàòíûõ ñðåäñòâ è ìåòîäîâ èõ ïðîåêòèðîâà-
íèÿ. Äðóãàÿ ïðîáëåìà � ïðè íà÷àëüíîì îáó÷åíèè
îáû÷íî îãðàíè÷èâàþòñÿ ìåõàíè÷åñêèì ïîâòîðå-
íèåì ñòàíäàðòíûõ ïðîåêòîâ íà óðîâíå ñáîðêè ñè-
ñòåì èç ãîòîâûõ óçëîâ, âõîäÿùèõ â íàáîðû ìîäó-
ëåé Arduino, øèðîêî ðåêëàìèðóåìûõ â ñåòè [2],
áåç óãëóáëåíèÿ â èõ óñòðîéñòâî è ïðèíöèï äåé-
ñòâèÿ. Öåëü äàííîé ïóáëèêàöèè � ïîèñê è äåìîí-
ñòðàöèÿ âîçìîæíûõ ïîäõîäîâ ê ðåøåíèþ óêà-
çàííûõ ïðîáëåì ïóòåì ïðèâëå÷åíèÿ âíèìàíèÿ
ñòóäåíòîâ ê ñîâìåñòíîìó ïðîåêòèðîâàíèþ îðè-
ãèíàëüíûõ âñòðîåííûõ ñèñòåì áèîìåòðè÷åñêîãî
íàçíà÷åíèÿ, áîëåå ãèáêîãî ïëàíèðîâàíèÿ îòäåëü-
íûõ ýòàïîâ ðàçðàáîòêè, à òàêæå ïóòåì èñïîëüçî-
âàíèÿ ñîâðåìåííûõ îáðàçîâàòåëüíûõ òåõíîëîãèé
äëÿ ôîðìèðîâàíèÿ èõ èíäèâèäóàëüíûõ è êîë-
ëåêòèâíûõ êîìïåòåíöèé.

I. Àíàëèç ïðåäìåòíîé îáëàñòè

Ïðè ïðîåêòèðîâàíèè âñòðîåííîé ñèñòåìû
íàðÿäó ñ âûáîðîì ìèêêðîêîíòðîëëåðà ïðåæäå
âñåãî îïðåäåëÿåòñÿ òèï èñïîëüçóåìûõ ñåíñîðîâ.

Ñðåäè ìíîæåñòâà èçâåñòíûõ áèîìåòðè÷å-
ñêèõ ñåíñîðîâ, íàèáîëåå ÷àñòî èñïîëüçóåìûõ âî
âñòðîåííûõ ñèñòåìàõ íà áàçå Arduino, ìîæíî âû-
äåëèòü ãðóïïó ðåçèñòèâíûõ äàò÷èêîâ (Òàáëèöà
1)

Òàáëèöà 1 � Ðåçèñòèâíûå äàò÷èêè
N Òèï Îáîçíà÷åíèå

1 Òåðìîðåçèñòîð NTÑ3950 100 K

2 Ôîòîðåçèñòîð MLG4458

Äëÿ íà÷àëüíîãî çíàêîìñòâà ñ îñíîâàìè ïðî-
ãðàììèðîâàíèÿ è ïðèìåíåíèÿ ìèêðîêîíòðîëëå-

ðîâ îáû÷íî èñïîëüçóþò ïîäêëþ÷åíèå ïðîñòåé-
øèõ ðåçèñòèâíûõ äàò÷èêîâ è âûâîä äàííûõ íà
òåðìèíàë èëè ñâåòîäèîäíóþ èíäèêàöèþ. Â êà-
÷åñòâå ñëåäóþùåãî øàãà îáû÷íî ðàññìàòðèâàþò
ïîäêëþ÷åíèå áîëåå ñëîæíûõ äàò÷èêîâ (íàïðè-
ìåð, äàò÷èêà ïóëüñà KY-039 èëè óãëåêèñëîòû
MH-Z19B).

Ïðèâëåêàòåëüíîñòü ïëàòôîðìû Arduino
äëÿ íà÷èíàþùèõ îáúÿñíÿåòñÿ ïðîñòîòîé ïðèìå-
íåíèÿ è øèðîêèì íàáîðîì ñòàíäàðòèçîâàííûõ
ñåíñîðîâ. Îäíàêî ýòà ïëàòôîðìà îãðàíè÷åíà
îòíîñèòåëüíî ïðîñòûìè ïðîåêòàìè ïî ïðè÷èíå
íåýôôåêòèâíûì èñïîëüçîâàíèåì ôëåø-ïàìÿòè
ïðè èñïîëüçîâàíèè ïîïóëÿðíîé ñðåäû ðàçðàáîò-
êè Arduino IDE.

Èñïîëüçîâàíèå ïðîôåññèîíàëüíîé ñðåäû
ðàçðàáîòêè IDE IAR Embedded Workbench è
ìèêðîêîíòðîëëåðîâ ñåìåéñòâà MSP430 [3] ïîçâî-
ëÿåò ñîçäàâàòü áîëåå ýôôåêòèâíûå ýíåðãåòè÷å-
ñêè ýêîíîìè÷íûå âñòðîåííûå ñèñòåìû, ÷òî î÷åíü
âàæíî äëÿ áèîìåòðèè.

Ê ïåðñïåêòèâíûì ïëàòôîðìàì äëÿ ðåàëè-
çàöèè âñòðîåííûõ ñèñòåì ñëåäóåò òàêæå îòíåñòè
îäíîïëàòíûé êîìïüþòåð Raspberry PI [4].

II. Ýòàïû ðåàëèçàöèè ïðîåêòà

Ïî èòîãàì ìíîãîëåòíåãî îïûòà ñëîæèëàñü
ïðàêòèêà êîëëåêòèâíîãî âûïîëíåíèÿ ïðîåêòîâ
ïî ðàçðàáîòêå âñòðîåííûõ ñèñòåì ñ ó÷àñòèåì íî-
âè÷êîâ è áîëåå îïûòíûõ ñòóäåíòîâ. Ïðè ýòîì
ïðîöåññ ïðîåêòèðîâàíèÿ íà÷èíàëñÿ ñ îòíîñè-
òåëüíîãî ïðîñòîãî, íî äåéñòâóþùåãî ïðîòîòèïà.
Ïðîöåññ ïðîåêòèðîâàíèÿ â òàêîì ñëó÷àå ïðåä-
ñòàâëÿåò ñîáîé ðàçâèòèå ýòîãî ïðîòîòèïà. Òà-
êîé ïîäõîä äåìîíñòðèðóåòñÿ ïîñëåäîâàòåëüíî-
ñòüþ ýòàïîâ ïðîåêòèðîâàíèÿ áèîìåòðè÷åñêîé ñè-
ñòåìû.

Ýòàï 1. Ïîñòàíîâêà è óòî÷íåíèå çàäà÷è,
èçó÷åíèå îñíîâ ïðîãðàììèðîâàíèÿ ìèêðîêîí-
òðîëëåðîâ, ïîäêëþ÷åíèå ïðîñòåéøèõ ðåçèñòèâ-
íûõ äàò÷èêîâ, âûâîä äàííûõ íà òåðìèíàë èëè
ñâåòîäèîäíóþ èíäèêàöèþ.

Ýòàï 2. Ðåàëèçàöèÿ òðåíàæåðà ðèòìà äûõà-
íèÿ íà áàçå Arduino, ðåçèñòèâíîãî äàò÷èêà äûõà-
íèÿ è ñâåòîäèîäîâ äëÿ èíäèêàöèè ðåæèìîâ ðàáî-
òû. Çàäà÷à ýòîãî ýòàïà ïðîåêòà ñòàâèòñÿ â îáùåì
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âèäå, à âûáîð äåòàëüíîé êîíôèãóðàöèè ïðåäî-
ñòàâëÿåòñÿ èñïîëíèòåëÿì, ÷òî ñòèìóëèðóåò èõ
àêòèâíîñòü.

Ýòàï 3. Ïîñëå àíàëèçà ðåçóëüòàòîâ âòîðî-
ãî ýòàïà èñïîëíèòåëÿì ïðåäëàãàåòñÿ îïòèìèçè-
ðîâàòü àïïàðàòíûå çàòðàòû è âñòðàèâàåìûå ïðî-
ãðàììû ñ öåëüþ ñíèæåíèÿ ýíåðãîïîòðåáëåíèÿ.

Ýòàï 4. Ðåàëèçàöèÿ çàêîí÷åííîé ñèñòåìû
â âèäå çàêîí÷åííîãî óñòðîéñòâà îòêðûâàåò øè-
ðîêèå âîçìîæíîñòè äëÿ ðàçâèòèÿ êðåàòèâíîñòè
ñòóäåíòîâ è î÷åíü âàæíà äëÿ ôîðìèðîâàíèÿ èõ
ïðîôåññèîíàëüíûõ êîìïåòåíöèé.

III. Ïðèìåðû ðåàëèçàöèè

Òðåíàæåð ðèòìà äûõàíèÿ, óïîìÿíóòûé âû-
øå, ïîñòðîåí íà áàçå Arduino è òåðìîðåçèñòðíûõ
ñåíñîðîâ (ñì. ðèñ. 1).

Ðèñ. 1 � Ñòðóêòóðà ïðîåêòà

Íà äàííîì ðèñóíêå öèôðàìè îáîçíà÷åíû: 1
è 2 - òåðìîðåçèñòîðû, 3 - óñèëèòåëü, 4 - ìèêðî-
êîíòðîëëåð, 5 - ñâåòîäèîäíàÿ èíäèêàöèÿ, 6 - áà-
òàðåéíûé áëîê ïèòàíèÿ.

Áåñêîðïóñíîé òåðìîðåçèñòîð (ïîä íîìåðîì
1 íà ðèñ. 1) óñòàíîâëåí íà ìèêðîôîíå ãàðíèòóðû
òððåíèðóåìîãî ñòóäåíòà, ÷òî ïîçâîëÿåò ðåàëèçî-
âàòü äàò÷èê äûõàíèÿ, ðàçëè÷àþùèé âäîõ è âû-
äîõ ïî òåêóùåìó èçìåíåíèþ åãî ñîïðîòèâëåíèÿ.
Àíàëîãè÷íûé ñåíñîð èñïîëüçîâàí â áèîìåòðè÷å-
ñêîé ñèñòåìå [5].

Â ýòîì ïðîåêòå òàêæå èñïîëüçóþòñÿ 4 ñâå-
òîäèîäà ðàçëè÷íûõ öâåòîâ (áåëûé, çåëåíûé, ãî-
ëóáîé è êðàñíûé, ïðè÷åì äâà èç íèõ çàäàþò ðå-
êîìåíäóåìûå äëèòåëüíîñòè âäîõà è âûäîõà ñî-
îòâåñòâåííî, äâà äðóãèå èíäèöèðóþò ðåàëüíûå
äëèòåëüíîñòè âäîõà è âûäîõà. Ïåðâûå äâà ñâåòî-
äèîäà âêëþ÷àþòñÿ ïîî÷åðåäíî, óêàçûâàÿ ñêîëü-
êî ñåêóíä íàäî âäûõàòü, è ñêîëüêî âûäûõàòü.

Ïðè ýòîì â çàâèñèìîñòè îò óðîâíÿ ïîäãî-
òîâêè èñïîëüíèòåëåé èíäèêàöèþ ðåàëüíîãî âäî-
õà è âûäîõà ìîæíî ñäåëàòü àïïàðàòíî ïî óñè-
ëåííîìó è îòêîìïàðèðîâàííîìó ñèãíàëó äàò÷èêà
äûõàíèÿ ëèáî îñóùåñòâëÿòü îò ìèêðîêîíòðîëëå-
ðà ñ èñïîëüçîâàíèåì îöèôðîâêè è àíàëèçà ñèã-
íàëà äàò÷èêà äûõàíèÿ.

Çàäà÷à òðåíèðóåìîãî � äûøàòü òàê, ÷òîáû
ñâåòîäèîäû ðåàëüíûõ è çàäàííûõ äëèòåëüíîñòåé

âäîõà è âûäîõà çàãîðàëèñü è ãàñëè ïîïàðíî îä-
íîâðåìåííî � äâà ïðè âäîõå, äâà � ïðè âûäîõå.

Âîçìîæíû ðàçëè÷íûå íàïðàâëåíèÿ ðàç-
âèòèÿ è ïðèìåíåíèÿ ðàññìîòðåííîãî ïðîåêòà.
Ïðåæäå âñåãî ýòî ïîäêëþ÷åíèå äîïîëíèòåëüíûõ
áèîìåòðè÷åñêèõ äàò÷èêîâ (ñîñòàâà âûäûõàåìî-
ãî âîçäóõà, ÷àñòîòû ñåðäöåáèåíèé, ïðîâîäèìîñòè
êîæè). Íàïðèìåð, àíàëèç âûäûõàåìîé óãëåêèñ-
ëîòû ïîçâîëÿåò áîëåå ñòðîãî îöåíèòü êà÷åñòâî
äûõàíèÿ.

Â âèäå çàêîí÷åííîãî óñòðîéñòâà íà áàçå
MSP430 ðåàëèçîâàíà ñèñòåìà êîíòðîëÿ ñîñòîÿ-
íèÿ ñòóäåíòà äëÿ òðåíàæåðà èíîñòðàííîãî ÿçû-
êà, ïðåäñòàâëÿþùèé ñîáîé óïðîùåííóþ âåðñèþ
óñòðîéñòâà Sita SuperLearning [5]. Â ýòîì óñòðîé-
ñòâå â äîïîëíåíèå ê äàò÷èêó äûõàíèÿ è ñâåòîäè-
îäîâ èñïîëüçóåòñÿ ÌÐ3-ïëååð, êîòîðûé âîñïðî-
èçâîäèò èíîñòðàííóþ ðå÷ü ïðè äîñòèæåíèè ðîâ-
íîãî äûõàíèÿ òðåíèðóåìîãî ñòóäåíòà.

IV. Çàêëþ÷åíèå

Èòîãîì ïîøàãîâîãî âûïîëíåíèÿ ïðîåêòà,
ðàññìîòðåííîãî â äàííîì ñîîáùåíèè, íàðÿäó ñ
ïðèîáðåòåíèåì ïðàêòè÷åñêîãî îïûòà ðàçðàáîòêè
âñòðîåííûõ ñèñòåì, ÿâëÿåòñÿ ñîçäàíèå çàêîí÷åí-
íûõ óñòðîéñòâ, ïðåäñòàâëÿþùèõ ïðàêòè÷åñêèé
èíòåðåñ.

Ïðîåêò îòêðûò äëÿ ïîäêëþ÷åíèÿ íîâûõ èñ-
ïîëíèòåëåé íà ëþáîì ýòàïå, è íåêðèòè÷åí ê
óðîâíþ íà÷àëüíîé ïîäãîòîâêè âíîâü ïðèõîäÿ-
ùèõ, ÷òî î÷åíü âàæíî äëÿ åãî óñïåøíîãî âûïîë-
íåíèÿ ïðè èçìåíåíèè ñîñòàâà ó÷àñòíèêîâ.

Ïðè âñåé ïðîñòîòå êàæäîãî èç ðàññìîòðåí-
íûõ ýòàïîâ äîñòèãàåòñÿ ôîðìèðîâàíèå ïðîôåñ-
ñèîíàëüíûõ êîìïåòåíöèé è ñòèìóëèðóåòñÿ ðàç-
âèòèå òâîð÷åñêîå îòíîøåíèÿ ê ïîñòàâëåííûì çà-
äà÷àì ñ àêöåíòîì íà ïðàêòè÷åñêîå ïðèìåíåíèå
äîñòèãíóòûõ ðåçóëüòàòîâ.

Àâòîðû ñ÷èòàþò ïðèÿòíûì äîëãîì âûðà-
çèòü áëàãîäàðíîñòè À.Ì. Ïîïëåòååâó çà òåõíè÷å-
ñêóþ è ñïîíñîðñêóþ ïîääåðæêó ïðîåêòîâ, à òàê-
æå Êîðæóêîâó Ï.Ï. è Êîëü÷åâñêîìó Í.Í. çà ïëî-
äîòâîðíîå îáñóæäåíèå ðåøàåìûõ çàäà÷.
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The paper presents a developed software tool for visual programming of shaders, designed to automate the process

of visual description of shaders by technical artists and programmers in order to speed up the prototyping process.

The result of the development will be visually presented immediately. The use of this tool by technical artists will

reduce the interaction between the artist and the programmer in the process of working on a project, since the

software tool does not require programming knowledge or other speci�c skills from the user. The result of shader

programming will be export to GLSL-code, compatible with a large number of game engines.

Introduction

The development of technology leads not only
to the simpli�cation of the work of a modern per-
son, but also to an increase in the quality of the
entertainment sector. Computer games and graph-
ics in cinematography have long been attractive not
only for children, but also for a much wider audi-
ence. The consumer makes more and more demands
on the quality of digital content, the level of image
modeling, the quality of detailing of graphic images.
The modern IT-sphere has long gone beyond the so-
lution of purely mathematical problems.

I. Computer graphics processing

A shader is a program that runs on a graphics
card's graphics processing unit (GPU). The shader
receives input data containing information about
vertex coordinates, polygons, normals, lighting, ver-
tex color, UV (texture coordinates), etc. The task
of the shader is to accept this data, process it, and
output the �nal result [1]. One of the basic con-
cepts of shader programming is the 3D model. It
includes two main items: vertex and texture. Each
vertex has its own coordinates, as well as a nor-
mal. The vertices are combined into polygons using
edges, and the polygons, in turn, form a polygonal
mesh. A texture is a simple image that is posi-
tioned on the model according to UV coordinates.
UV coordinates - the correspondence between the
coordinates on the surface of a three-dimensional
object (X, Y, Z) and the coordinates on the tex-
ture (U, V) (Figure 1). The values of U and V
usually range from 0 to 1. That is, each vertex of
the model has its corresponding coordinates on the
texture. The shader is executed for each individual
vertex/pixel separately. At the same time, it has
information only about the vertex / pixel that it is
currently processing. Those. at the time of writing
the shader, we don't know what color the adjacent
vertex/pixel is. There are pixel and vertex shaders.
A vertex shader is a shader that processes vertex
data and then passes it to the pixel shader. What
data the shader will transmit can be set by the pro-
grammer. The vertex shader is executed before the
pixel shader, and then data is passed from it to the

pixel shader. A pixel shader is a shader that takes
interpolated data from a vertex shader and, based
on it, calculates the color for each individual pixel
[2].

Figure 1 � Correspondence of coordinates (x, y, z) and
(u, v)

The rasterizer divides the triangle into pix-
els, for which the texture coordinates and color
are interpolated. Then, for each fragment, the fol-
lowing operations are performed: pixel ownership
check, texture mapping, applying fog e�ects, al-
pha test, stencil-test, depth test, blending, dither-
ing and boolean operations. After processing all
these methods, the resulting fragment is placed in
the frame bu�er, which is subsequently displayed
on the screen. [3]

II. Software Development

The developed software tool for visual
shader programming allows to reduce the �artist-
programmer� interaction in the process of working
on a project, since the software tool does not require
programming knowledge or other speci�c skills from
the user. The development of the software was car-
ried out in the C++ programming language. Dur-
ing development, the following modules were imple-
mented:

� UI - is responsible for rendering, interaction
with the user interface and the graph built
during the creation of the shader.

� Generator - generates GLSL-code according
to the graph obtained during the use of the
program.

� Render - Renders a circle/square using a base
or generated shader.
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� Serialization - saves the description of the
graph to a �le, reads the description of the
graph from the �le and creates the necessary
objects based on this description.

� Utils is a set of utility methods and structures.
The scheme of interaction between software mod-
ules is shown in Figure 2.

Figure 2 � Scheme of interaction between modules

The development of shaders is based on math-
ematical algorithms for processing graphs. A shader
graph is a node-based GUI that allows designers and
artists to add and connect nodes to create a shader
without having to write any code. The basic idea is
this: a shader graph is a graphical representation of
a fragment shader (GLSL in this case). Each node
in this graph is a text block in GLSL code. For ex-
ample, the Multiply node takes two �oating point
numbers or vectors and returns the result of their
multiplication. In this case, a plain text format is
used to specify the nodes, instead of describing each
node with a class. This approach has a number of
advantages: nodes can be implemented quickly, and
nodes can be changed or added without recompiling
the engine. The nodes and links of the graph built
during the creation of the shader are data. Struc-
tures are used to describe them. Figure 3 shows the
pseudocode of the developed shader node bypass al-
gorithm.

Figure 3 � Pseudocode of the shader node traversal
algorithm

To generate the code, an �input� point is
needed, starting from which the graph will be by-
passed. The node with which it is connected is de-
termined along the link, and for that node, also
�nd the one with which it is connected (i.e., we
bypass the adjacent vertices of the graph sequen-
tially). Thus, initially we reach the node without
connections at the input, we write its code into a
string, and so on until we return back to the color
output node, and we actually get the code described
by the graph. The interface of the software tool is
similar to well-known and common shader editors.

The workspace is a grid, on the left is the preview
area, at the top is the main menu. Adding nodes
of the shader graph is carried out using the context
menu (right-clicking and selecting the node type)
(Figure 4).

Figure 4 � Adding Nodes

When adding textures to a graph, a dialog
box is used that allows you to load textures from
�les. Each pixel of a geometric object is painted
with the corresponding texture color. The output is
a three-dimensional texture e�ect that is correctly
perceived by the viewer. Figure 5 shows how the
texture is applied to the geometry of the object (in
this case, in the preview mode, the user can use the
mouse to change the angle of rotation of the object
to view all the applied e�ects).

Figure 5 � Applying a Texture to an Object

One of the most important functions of the
software is to export the developed shader to GLSL
code. It is this feature that allows you to combine
shaders created in the program with various custom
engines. Separately, it is worth mentioning that the
use of this PS does not require the presence of the
Internet and the installation of any additional soft-
ware. As a result, a software tool for visual pro-
gramming of shaders was developed, which practi-
cally does not require programming knowledge from
the user and has a convenient minimalistic interface
and a discreet, business-like design style.
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Â ðàáîòå â êà÷åñòâå îáúåêòà óïðàâëåíèÿ ðàññìàòðèâàåòñÿ òåðìîñòàòèðîâàíèå îïòîýëåêòðîííîãî ìîäóëÿ

ýëåìåíòîì Ïåëüòüå.

Ââåäåíèå

Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàñ÷åò ðåãóëÿòî-
ðà òåìïåðàòóðû íà îñíîâå ýëåìåíòà Ïåëüòüå è
àíàëèç ïåðåõîäíûõ ïðîöåññîâ ïðè ðåãóëèðîâàíèè
òåìïåðàòóðû. Òåõíè÷åñêèìè òðåáîâàíèÿìè ÿâëÿ-
åòñÿ îáåñïå÷åíèå äèíàìè÷åñêîé îøèáêè íå áîëåå
10%, â îáëàñòè ïåðåõîäà íå áîëåå 20%, ïîãðåø-
íîñòü ñòàáèëèçàöèè òåìïåðàòóðû 0,1 °Ñ è ìàêñè-
ìàëüíî âîçìîæíàÿ ñêîðîñòü èçìåíåíèÿ òåìïåðà-
òóðû â îáëàñòè

I. Îñîáåííîñòè è ïðèìåíåíèå ýëåìåíòîâ
Ïåëüòüå

Ýëåìåíòû Ïåëüòüå ïðèìåíÿþòñÿ äëÿ êîí-
ñòðóèðîâàíèÿ òåðìîñòàòîâ ìàëîé ìîùíîñòè, òåð-
ìîñòàòèðîâàíèÿ ëàçåðîâ, ïðèìåíÿþòñÿ â ôîðìè-
ðîâàòåëÿõ òåìïåðàòóðíîãî ïðîôèëÿ è ò.ä.

Îñîáåííîñòüþ ýëåìåíòà Ïåëüòüå ÿâëÿåò-
ñÿ åãî íåëèíåéíàÿ ñòàòè÷åñêàÿ õàðàêòåðèñòèêà,
íåñòàöèîíàðíîñòü ïàðàìåòðîâ. Â ñèëó ýòîãî â
äàííîé ðàáîòå ïðèìåíåí ìåòîä ðàçäåëåíèÿ äâè-
æåíèé [1, ñ. 183].

II. Àíàëèç èñõîäíûõ äàííûõ

Ôóíêöèîíàëüíàÿ ñõåìà ñèñòåìû óïðàâëå-
íèÿ ïðèâåäåíà íà ðèñóíêå 1.

Ðèñ. 1 � Ôóíêöèîíàëüíàÿ ñõåìà ñèñòåìû
óïðàâëåíèÿ

Äëÿ ñèíòåçà ðåãóëÿòîðà íåîáõîäèìî ïîëó-
÷èòü ìàòåìàòè÷åñêóþ ìîäåëü îáúåêòà óïðàâëå-
íèÿ [2]. Ìàòåìàòè÷åñêàÿ ìîäåëü óïðàâëÿåìîãî
òåðìîñòàòà íà îñíîâå ýëåìåíòà Ïåëüòüå ÿâëÿåò-
ñÿ íåëèíåéíîé ñ íåñòàöèîíàðíûìè ïàðàìåòðàìè
è îòñóòñòâèåì ïîëíîé èíôîðìàöèè î ïàðàìåò-
ðàõ [1]. ×òîáû íå óñëîæíÿòü èäåíòèôèêàöèþ ìà-
òåìàòè÷åñêîé ìîäåëè, ðàññìàòðèì â äàííîé ðà-
áîòå ýìïèðè÷åñêóþ èäåíòèôèêàöèÿ ìàòåìàòè÷å-

ñêîé ìîäåëè ñ ïðèìåíåíèåì ïðîãðàììíîãî îáåñ-
ïå÷åíèÿ Matlab � Simulink.

Èñõîäíûå ïðîôèëè òåìïåðàòóðû ïðåäñòàâ-
ëåíû íà ðèñóíêå 2.

Ðèñ. 2 � Âèä çàäàííîãî òåìïåðàòóðíîãî ïðîôèëÿ

Òåìïåðàòóðà ïîâåðõíîñòè îïòîýëåêòðîííî-
ãî ìîäóëÿ è ïîâåðõîñòè ýëåìåíòà Ïåëüòüå ñâÿçà-
íà ñëåäóþùèì ñîîòíîøåíèåì [3]:

Tc
dT

dt
+ T = Teff.ar · (t− tdel) .

Ñ ó÷åòîì ðàñïðîñòðàíåíèÿ òåïëà ïî ðàáî-
÷åìó îáúåìó, ïðè êîòîðîì òåìïåðàòóðà ðàáî÷åé
ïîâåðõíîñòè îïèñûâàåòñÿ âûðàæåíèåì, óïðîùåí-
íàÿ ìàò. ìîäåëü èìååò âòîðîé ïîðÿäîê:

dTeff.ar
dt

=
(a1T + a2I)I + a4(Toc − Teff.ar)

a3
,

ãäå à1 - ïàðàìåòð, ó÷èòûâàþùèé ýôôåêò Ïåëü-
òüå; a2 - ïàðàìåòð, ó÷èòûâàþùèé ýëåêòðè÷åñêîå
ñîïðîòèâëåíèå ýëåìåíòà Ïåëüòüå; a3 - ïàðàìåòð,
ó÷èòûâàþùèé òåïëîåìêîñòü ðàáî÷åãî îáúåìà, a4
- ïàðàìåòð, ó÷èòûâàþùèé òåïëîîáìåí ñ îêðó-
æàþùåé ñðåäîé; Òîñ - òåìïåðàòóðà îêðóæàþùåé
ñðåäû â êåëüâèíàõ.

Ïðè ýìïèðè÷åñêîé èäåíòèôèêàöèè ïîëó÷å-
íû çíà÷åíèÿ ïàðàìåòðîâ:

a1 = 0.07(Wt/K),
a2 = 0.8(Ohm),
a3 = 30(J/K),
a4 = 3(Wt/K),
tdel = 1.5(c), Tc = 4(c).
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Ïîëàãàÿ, ÷òî âðåìÿ çàïàçäûâàíèÿ çíà÷è-
òåëüíî ìåíüøå äëèòåëüíîñòè ïåðåõîäíîãî ïðî-
öåññà èíåðöèîííîé ÷àñòè, ïðè ðàñ÷åòå ðåãóëÿòî-
ðà ïðåíåáðåæåì çàïàçäûâàíèåì. Êîíå÷íûé âèä
óðàâíåíèÿ îáúåêòà óïðàâëåíèÿ:

T̈+T−1
c Ṫ = a−1

3 T−1
c (a2I+a1T )I+a

−1
3 T−1

c a4(T−Tc)

III. Ðåçóëüòàòû ìîäåëèðîâàíèÿ

Äëÿ ïîñòîÿííîé âðåìåíè Md = 4 (c):
µ = 0.4c, kp = 0.61, kI = 0.078, kd = 1.13,

τ = 0.2.
Âûáåðåì ðàáî÷óþ òî÷êó I = 1(A), T =

16(◦C) = 289.15(K), äëÿ êîòîðîé k0 = 5.3.
Ïî ðåçóëüòàòàì ôîðìèðîâàíèÿ òåìïåðàòóð-

íîãî ïðîôèëÿ (ðèñóíîê 3) âèäíî, ÷òî ñèñòåìà
íåóñòîé÷èâà. Ïðè÷èíàìè ýòîãî ÿâëÿþòñÿ ïðåíå-
áðåæåíèå çàïàçäûâàíèåì è äðóãèìè ôàêòîðàìè.

Ðèñ. 3 � Ãðàôèêè ôîðìèðîâàíèÿ òåìïåðàòóðíîãî
ïðîôèëÿ ñ ÏÈÄ-ðåãóëÿòîðîì ïðè êîýôôèöèåíòå

k0 = 6.7

Óìåíüøåíèåì k0 ìîæíî ââåñòè ñèñòåìó â
îáëàñòü óñòîé÷èâîñòè. Ïðîâåðèì ðàáîòó ñèñòåìû
ñ k0 = 5.6

Ðèñ. 4 � Ãðàôèêè ôîðìèðîâàíèÿ òåìïåðàòóðíîãî
ïðîôèëÿ ñ ÏÈÄ-ðåãóëÿòîðîì ïðè êîýôôèöèåíòå

k0 = 5.6

Ðàññìîòðèì ôîðìèðîâàíèå òåìïåðàòóðíîãî
ïðîôèëÿ ïðè ïåðåìåííîì îáùåì êîýôôèöèåíòå,

ðàññ÷èòûâàåìîì ïî ôîðìóëå:

k0 =
0.2a3Tc
a2I + a1T

.

Êàê ïîêàçûâàþò ðåçóëüòàòû íà ðèñóíêå 5,
ñèñòåìà ÿâëÿåòñÿ óñòîé÷èâîé, âîñïðîèçâåäåíèå
òåìïåðàòóðíîãî ïðîôèëÿ â êâàçèëèíåéíîé îáëà-
ñòè è ñòàáèëèçàöèÿ ñîîòâåòñòâóþò òåõíè÷åñêèì
òðåáîâàíèÿì, îäíàêî ïðè ñãëàæåííîì ñêà÷êîîá-
ðàçíîì çàäàíèè èçìåíåíèå òåìïåðàòóðû ðåçêî
çàìåäëÿåòñÿ ïðè äîñòèæåíèè 85% îò ðàçíîñòè
ìåæäó ïðåäûäóùèì è íàñòîÿùèì çíà÷åíèåì ñòà-
áèëèçàöèè òåìïåðàòóðû. Â ñâÿçè ñ ýòèì íå îáåñ-
ïå÷èâàåòñÿ ìàêñèìàëüíî âîçìîæíàÿ ñêîðîñòü èç-
ìåíåíèÿ òåìïåðàòóðû.

Ðèñ. 5 � Ãðàôèêè ôîðìèðîâàíèÿ òåìïåðàòóðíîãî
ïðîôèëÿ ñ ÏÈÄ-ðåãóëÿòîðîì ñ ïåðåìåííûì îáùèì

êîýôôèöèåíòîì k0 = 5.7

IV. Âûâîäû

Ïî ðåçóëüòàòàì ôîðìèðîâàíèÿ òåìïåðàòóð-
íîãî ïðîôèëÿ âèäíî, ÷òî ìåòîä ðàçäåëåíèÿ
äâèæåíèé ìîæåò áûòü èñïîëüçîâàí äëÿ ðàñ÷å-
òà ðåãóëÿòîðà òåìïåðàòóðû íà îñíîâå ýëåìåí-
òà Ïåëüòüå. Âñëåäñòâèå çàïàçäûâàíèÿ, èñïîëüçî-
âàíèÿ óïðîùåííîé ìàòåìàòè÷åñêîé ìîäåëè îáú-
åêòà óïðàâëåíèÿ ïîñëå ðàñ÷åòà êîýôôèöèåíòîâ
ðåãóëÿòîðà ìåòîäîì ðàçäåëåíèÿ äâèæåíèé íåîá-
õîäèìî äîïîëíèòåëüíî ïîäñòðîèòü îáùèé êîýô-
ôèöèåíò ðåãóëÿòîðà. Èñïîëüçîâàíèå ïåðåìåííî-
ãî îáùåãî êîýôôèöèåíòà ðåãóëÿòîðà ñíèæàåò äè-
íàìè÷åñêóþ îøèáêó.

V. Ñïèñîê ëèòåðàòóðû

1. Þðêåâè÷, Â.Ä. Ìíîãîêàíàëüíûå ñèñòåìû óïðàâëå-
íèÿ. Ñèíòåç ëèíåéíûõ ñèñòåì óïðàâëåíèÿ ñ ðàçíî-
òåìïîâûìè ïðîöåññàìè / Â.Ä. Þðêåâè÷ � ÍÃÒÓ,
2016. � 183 c.

2. T. K. Palaniyappan, etc. PID Control Design
for a Temperature Control System, // 2018
IEEE International Conference on Power Energy,
Environment and Intelligent Control, 2018. � P.632-
637.

3. Ãðèíêåâè÷ Â.À. Ñèíòåç ðåãóëÿòîðà òåìïåðàòóðû äëÿ
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Âñå ñôåðû íàóêè è îáðàçîâàíèÿ ñ òå÷åíèåì âðåìåíè ïåðåæèâàþò îïðåäåë¼ííûå èçìåíåíèÿ â èñïîëüçóå-

ìûõ ôîðìàõ èçó÷åíèÿ, ïîäà÷è è îñâîåíèÿ ìàòåðèàëà. Ñîâðåìåííîå îáùåñòâî áîëåå ñêëîííî âîñïðèíèìàòü

èíôîðìàöèþ â âèçóàëüíîì âèäå, ïðåäïî÷òèòåëüíåå ñ ïîãðóæåíèåì â âèðòóàëüíóþ ðåàëüíîñòü.

Â öåëîì, âèðòóàëüíàÿ ðåàëüíîñòü ÿâëÿåò-
ñÿ êîìïüþòåðíîé ñèìóëÿöèåé 3D-ñðåäû, êîòîðàÿ
êàæåòñÿ î÷åíü ðåàëüíîé ÷åëîâåêó çà ñ÷åò èñïîëü-
çîâàíèÿ ñïåöèàëüíîãî ýëåêòðîííîãî îáîðóäîâà-
íèÿ. Ïðåæäå ÷åì íà÷àòü ðàáîòó íàä ïðîåêòîì,
ðàçðàáîò÷èêàì ïðîãðàììíîãî îáåñïå÷åíèÿ íåîá-
õîäèìî îïðåäåëèòüñÿ ñ èíñòðóìåíòàìè ðàçðàáîò-
êè. Ýòîò ïðîöåññ î÷åíü âàæåí äëÿ æèçíåñïîñîá-
íîñòè ïðîåêòà. Ïðåæäå âñåãî íåîáõîäèìî ïðîàíà-
ëèçèðîâàòü ïëàíèðóåìîå ïðèëîæåíèå êàê ñ òåõ-
íè÷åñêîé, òàê è ñ êîììåð÷åñêîé òî÷êè çðåíèÿ.

Ñóùåñòâóþò ïðîôåññèè, ãäå ìàëåéøàÿ
îøèáêà ôàòàëüíà. ×òîáû íà÷èíàþùèé ñïåöèà-
ëèñò ÷óâñòâîâàë ñåáÿ óâåðåííåå íà ðàáî÷åì ìå-
ñòå, íà ïîìîùü ïðèõîäÿò ñèìóëÿòîðû. Òàêèì îá-
ðàçîì, ðàçðàáîòêà èíòåðàêòèâíûõ èììåðñèâíûõ
òðåíàæ¼ðîâ äëÿ âíåäðåíèÿ â îáðàçîâàòåëüíûé
ïðîöåññ ÿâëÿåòñÿ àêòóàëüíûì íàïðàâëåíèåì. Òà-
êîé âèä âèçóàëèçàöèè òðåáóåò ñåðüåçíîé ãðàôè-
÷åñêîé ïðîðèñîâêè è íå îáõîäèòñÿ áåç èñïîëü-
çîâàíèÿ ñòîðîííèõ áèáëèîòåê. Â íàñòîÿùåé ñòà-
òüå ïðåäñòàâëåí îáçîð òåõíè÷åñêèõ îñîáåííîñòåé
äâóõ íàèáîëåå ïîïóëÿðíûõ ãðàôè÷åñêèõ ôðåéì-
âîðêîâ: Unity3D è Unreal Engine 5.

Unity îò Unity Technologies � èãðîâîé
ôðåéìâîðê, íà êîòîðîì ðàçðàáàòûâàþò ïðî-
åêòû äëÿ êîíñîëåé, ìîáèëüíûõ è íàñòîëüíûõ
óñòðîéñòâ. Ýòî óäîáíûé áåñïëàòíûé ïðîãðàìì-
íûé êîìïëåêñ, ñ ïîìîùüþ êîòîðîãî ìîæíî ñî-
çäàâàòü ïðîåêòû â îäèíî÷êó. Áèáëèîòåêà ðàáî-
òàåò ïî ïðèíöèïàì îáúåêòíî-îðèåíòèðîâàííîãî
ïðîãðàììèðîâàíèÿ íà ÿçûêå ïðîãðàììèðîâàíèÿ
C#: âñå õàðàêòåðèñòèêè îäíîãî îáúåêòà ñîáðàíû
â îäèí êëàññ. Ñðåäà ïðåäîñòàâëÿåò ñðåäñòâà äëÿ
ðàáîòû ñ ãðàôèêîé, àíèìàöèåé, ôèçèêîé îáúåê-
òîâ, çâóêîì, øàáëîíàìè è ñêðèïòàìè.

Ïðåèìóùåñòâà: áåñïëàòíûé äëÿ ëèö ñ ãî-
äîâûì äîõîäîì ìåíåå 100 òûñ. äîëëàðîâ, íà-
ëè÷èå áèáëèîòåê ãîòîâûõ ðåøåíèé, â òîì ÷èñ-
ëå áåñïëàòíûõ, êðîññïëàòôîðìåííîñòü, ìíîæå-
ñòâî îáó÷àþùèõ ðåñóðñîâ, ïîääåðæêà ñîîáùå-
ñòâà ðàçðàáîò÷èêîâ, ñîçäàíèå ôèçèêè òâåðäûõ
òåë áåç íàïèñàíèÿ êîäà, ìîäóëüíàÿ ñèñòåìà êîì-
ïîíåíòîâ íà îñíîâå îáúåäèíåíèÿ ôóíêöèîíàëü-
íûõ áëîêîâ.

Íåäîñòàòêè: íåâûñîêàÿ ïðîèçâîäèòåëüíîñòü
ïðîåêòà,òÿæåëîâåñíîñòü ïðîåêòà,îòñóòñòâèå ïîä-
äåðæêè ññûëîê íà âíåøíèå áèáëèîòåêè, çàòðóä-
íèòåëüíîå ðåäàêòèðîâàíèå øàáëîíîâ ýêçåìïëÿ-
ðîâ, ïðîáëåìû ñ îïòèìèçàöèåé, ãðàôè÷åñêàÿ
÷àñòü ïðîåêòà òðåáóåò áîëüøèõ òðóäîçàòðàò.

Èãðîâàÿ ïëàòôîðìà äåëàåò âîçìîæíûì ñî-
çäàíèå êàê äâóõìåðíîãî, òàê è òð¼õìåðíîãî êîí-
òåíòà. Èõ ìîæíî èñïîëüçîâàòü â ðàçíûõ ïðîåê-
òàõ èëè êîìáèíèðîâàòü â îäíîì, îáðàçóÿ 2.5D-
ãðàôèêó. Ñ ïîìîùüþ âñòðîåííîãî ãðàôè÷åñêîãî
ðåäàêòîðà ìîæíî ðèñîâàòü êàðòû, ðàññòàâëÿòü
ïðåäìåòû è äåêîðèðîâàòü îêðóæåíèå â ðåæèìå
ðåàëüíîãî âðåìåíè, ïîñëå ÷åãî äåòàëüíî ïðîðàáî-
òàòü ñöåíó ñî ñòîðîíû èãðîâûõ ïåðñîíàæåé. Âî
âðåìÿ ðåäàêòèðîâàíèÿ íà ýêðàíå âñåãäà ìîæíî
ïðîñìîòðåòü ïðèáëèçèòåëüíûé èëè òî÷íûé ðå-
çóëüòàò.

Unity XR SDK ðàáîòàåò â âåðñèè Unity 2019
è âûøå. Ïëàòôîðìà ïðåäîñòàâëÿåò èíñòðóìåí-
òû, íåîáõîäèìûå äëÿ ðåàëèçàöèè ïðîåêòîâ âèð-
òóàëüíîé è äîïîëíåííîé ðåàëüíîñòåé (VR è AR).
Àðõèòåêòóðà XR èìååò òåõíîëîãè÷åñêèé ñòåê,
êîòîðûé ïîçâîëÿåò íàïðÿìóþ äîáàâëÿòü ìíîãî-
ïëàòôîðìåííóþ èíòåãðàöèþ, íîâûå ôóíêöèè è
îïòèìèçàöèþ. Êîìïîíåíòû òåõíè÷åñêîãî ñòåêà
ïîçâîëÿþò ïðîãðàììèñòàì ñîñðåäîòî÷èòüñÿ íà
ôóíêöèÿõ ðàçðàáàòûâàåìîãî ïðèëîæåíèÿ áåç îò-
ñëåæèâàíèÿ ðàçëè÷èé ìåæäó êîíêðåòíûìè API-
èíòåðôåéñàìè óñòðîéñòâ. Òàêæå XR ïðåäëàãà-
åò äâà íàáîðà èíñòðóìåíòîâ: AR Foundation
(ïðåäíàçíà÷åí AR-ïðîåêòîâ) è XR Interaction
(XRI, ïðåäíàçíà÷åí äëÿ VR-ïðîåêòîâ). Êîíâåé-
åð ðåíäåðèíãà âûñîêîé ÷åòêîñòè (HDRP) ïðè-
çâàí ïðåäîñòàâëÿòü èíñòðóìåíòû äëÿ ñîçäàíèÿ
äîñòîéíîé ãðàôèêè áåç ïîòåðè ïðîèçâîäèòåëü-
íîñòè. Ýòî ïîçâîëÿåò èñïîëüçîâàòü Unity3D äëÿ
ðàçðàáîòêè VR-èãð äëÿ âñåõ òèïîâ óñòðîéñòâ.

Ìèíèìàëüíûå ñèñòåìíûå òðåáîâàíèÿ äëÿ
ðàçðàáîòêè: îïåðàöèîííàÿ ñèñòåìà Windows (îò
7-é âåðñèè), macOS (High Sierra 10.13+, Big Sur
11.0), Linux (Ubuntu, CentOS), Android, iOS; ðàç-
ðÿäíîñòü 64 áèò; ìåñòî íà äèñêå 12 ÃÁ; îïåðà-
òèâíàÿ ïàìÿòü 8 ÃÁ; ïðîöåññîð ìíîãîÿäåðíûé
Intel è AMD ñ ÷àñòîòîé 2.5 ÃÃö ñ ïîääåðæêîé
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íàáîðà èíñòðóêöèé SSE; âèäåîêàðòà ñ ïîääåðæ-
êîé DX10, DX11 èëè DX12.

Unreal Engine îò Epic Games � äâèæîê äëÿ
ðàçðàáîòêè èãð, èìåþùèé øèðîêèå âîçìîæíî-
ñòè: îò ñîçäàíèÿ äâóõìåðíûõ èãð íà ìîáèëü-
íûå óñòðîéñòâà äî AAA-ïðîåêòîâ äëÿ êîíñîëåé.
Îñíîâíàÿ ðàçðàáîòêà îñóùåñòâëÿåòñÿ íà ÿçûêå
ïðîãðàììèðîâàíèÿ C++. Êîìïàíèÿ ñòàáèëüíî
äåðæèò ëèäåðñêèå ïîçèöèè â îáëàñòè ïåðåäîâûõ
òåõíîëîãèé, ïîýòîìó Unreal Engine îáåñïå÷èâà-
åò âïå÷àòëÿþùóþ âèçóàëüíóþ ñîñòàâëÿþùóþ ñ
êà÷åñòâåííûì îñâåùåíèåì, ìÿãêèìè òåíÿìè, äî-
ñòîéíûìè îòðàæåíèÿìè, äîñòîâåðíîé àíèìàöèåé
ïåðñîíàæåé è ïðî÷èìè ýôôåêòàìè. Ïîìèìî ýòî-
ãî, äâèæîê ñîäåðæèò ìíîæåñòâî èíñòðóìåíòîâ,
êîòîðûå îáëåã÷àþò ðàáîòó íàä ïðîåêòîì. Íàïðè-
ìåð, UE ïîääåðæèâàåò ìíîæåñòâî ôîðìàòîâ òåê-
ñòóð, òî÷íî ïåðåäàåò ôèçè÷åñêèå ñâîéñòâà ìàòå-
ðèàëîâ, ïîçâîëÿåò èçìåíÿòü îáúåêòû â ðåàëüíîì
âðåìåíè, çàäàâàòü äëÿ íèõ ôóíêöèè è êîììåíòà-
ðèè, àâòîìàòè÷åñêè âûáðàòü èñòî÷íèêè îñâåùå-
íèÿ, äîáàâèòü ðàçëè÷íûå âèçóàëüíûå ýôôåêòû è
ò.ä.

Ïðåèìóùåñòâà: áåñïëàòíûé äëÿ ëèö äî òåõ
ïîð, ïîêà ïðîåêò íå îêóïèòñÿ, êðîññïëàòôîð-
ìåííîñòü, øèðîêèé ôóíêöèîíàë, âñòðîåííàÿ ñè-
ñòåìà âèçóàëüíîãî ñêðèïòèíãà Blueprints Visual
Scripting, ïîääåðæêà ñîîáùåñòâà ðàçðàáîò÷è-
êîâ, íèçêèé ïîðîã âõîæäåíèÿ, ïðåäóñòàíîâëåí-
íîå ìíîæåñòâî ïëàãèíîâ.

Íåäîñòàòêè: ñðàâíèòåëüíî íåáîëüøîå êîëè-
÷åñòâî îáó÷àþùèõ ðåñóðñîâ, çàãðóæåííûé ðå-
äàêòîð, ïðè äîáàâëåíèè ñëèøêîì áîëüøîãî êî-
ëè÷åñòâà ïåðñîíàæåé, ïðîáëåìàòè÷íîå ñîçäàíèå
áîëüøèõ áåñøîâíûõ ìèðîâ, ðàññ÷èòàííûõ íà
ìíîæåñòâî èãðîêîâ,ïðîáëåìû ñ îïòèìèçàöèåé,
íåîáõîäèìîñòü îãðàíè÷åíèÿ äåÿòåëüíîñòè ïåðñî-
íàæåé, íàõîäÿùèõñÿ çà ïðåäåëàìè âçàèìîäåé-
ñòâèÿ ñ èãðîêàìè.

Unreal Engine èìååò îòêðûòûé èñõîäíûé
êîä, ïîýòîìó ÿâëÿåòñÿ íàñòðàèâàåìûì è ÷àñòî
åãî èçìåíÿþò ïîä ðàçëè÷íûå èãðîâûå ïëàòôîð-
ìû, îïòèìèçèðóÿ òåì ñàìûì íå òîëüêî ðàçðàáîò-
êó, íî è ñáîðêó èãðû. Â èãðîâîì ìèðå ñóùåñòâó-
þò îáúåêòû ñ óíèêàëüíûìè îòòåíêàìè, ôàêòó-
ðàìè è ôèçè÷åñêèìè ñâîéñòâàìè. Â UE âíåø-
íèé âèä çàâèñèò îò íàñòðîåê ìàòåðèàëîâ, êîòî-
ðûå ìîæíî íàíîñèòü íà ëþáûå, äàæå ñàìûå ìà-
ëåíüêèå, îáúåêòû.

Ïðîãðàììíîå îáåñïå÷åíèå Unreal ñîâìåñòè-
ìî ñî âñåìè îñíîâíûìè ãàðíèòóðàìè âèðòóàëü-
íîé ðåàëüíîñòè. Øàáëîí VR Template ðàçðà-
áîòàí äëÿ ïðîåêòîâ âèðòóàëüíîé ðåàëüíîñòè â
Unreal Engine. Îí âêëþ÷àåò â ñåáÿ èíêàïñóëè-
ðîâàííóþ ëîãèêó äëÿ òåëåïîðòàöèè è îáû÷íûå
äåéñòâèÿ ââîäà, òàêèå êàê çàõâàò è ïðèêðåïëå-
íèå ïðåäìåòîâ ê ðóêå. Òàêæå åñòü ãîòîâûé ïàêåò
(Virtual Reality Game Kit), â êîòîðîì ñîáðàíû

ðàçëè÷íûå ìåõàíèêè. Ñ ïîìîùüþ VRGK ðàçðà-
áîòêà ïðèëîæåíèÿ âåäåòñÿ áûñòðåå è ïðîùå. Â
ïàêåòå ñîáðàíû òàêèå ôóíêöèè, êàê ôèçèêà îáú-
åêòîâ, äâèæåíèÿ ÷åëîâåêà (áåã, çàõâàò, ïðûæêè
è ò.ä.), âçàèìîäåéñòâèå ñ ïðåäìåòàìè, èíòåðàê-
òèâíûå èíñòðóìåíòû (êíîïêè, ïåðåêëþ÷àòåëè è
ò.ä.), ñèñòåìà ìàñîê è îäåæäû, îñâåùåíèå òåì-
íûõ ó÷àñòêîâ è ò.ä. Åäèíñòâåííûé íåäîñòàòîê
ïàêåòà � ñóùåñòâåííàÿ ñòîèìîñòü.

Â UE íà÷èíàþùèå ðàçðàáîò÷èêè ìîãóò èì-
ïîðòèðîâàòü óæå ãîòîâûå øàáëîíû ñî ñêåëåòàìè
ïåðñîíàæåé è íàñòðîéêè àíèìàöèè. Äëÿ íåîïûò-
íûõ ïîëüçîâàòåëåé êðàéíå ïîëåçåí Animation
Blueprint � ñêðèïò, êîòîðûé çíà÷èòåëüíî óïðî-
ùàåò ðàáîòó ïî ñîçäàíèþ ïàòòåðíîâ äâèæåíèé
ïåðñîíàæà áåç èñïîëüçîâàíèÿ êîäèíãà. Ñóùå-
ñòâóåò âñòðîåííàÿ èíòåëëåêòóàëüíàÿ ñèñòåìà,
êîòîðàÿ îòâå÷àåò çà ìàíèïóëÿöèè ïåðñîíàæåé,
íàñòðàèâàåìûå ñ ïîìîùüþ äåðåâà ïîâåäåíèÿ. Â
ïðîñòûå ñõåìû çàêëàäûâàþòñÿ àëãîðèòìû äåé-
ñòâèé è ïðèíÿòèÿ ðåøåíèé. Ñèñòåìà â ïåðâóþ
î÷åðåäü ïðåäíàçíà÷åíà äëÿ ïðîôåññèîíàëîâ, òî
åñòü èìååò ñëîæíûé è çàãðóæåííûå óïðàâëåí÷å-
ñêèé èíòåðôåéñ è ðàññ÷èòàíà íà ðàçðàáîòêó ìàñ-
øòàáíûõ ïðîåêòîâ.

Ìèíèìàëüíûå ñèñòåìíûå òðåáîâàíèÿ äëÿ
ðàçðàáîòêè: îïåðàöèîííàÿ ñèñòåìà Windows 10,
macOS Big Sur, Linux Ubuntu; ðàçðÿäíîñòü 64
áèò; ìåñòî íà äèñêå 12 ÃÁ; îïåðàòèâíàÿ ïàìÿòü
8 ÃÁ; ïðîöåññîð ìíîãîÿäåðíûé Intel è AMD ñ ÷à-
ñòîòîé 3,4 ÃÃö ñ ïîääåðæêîé íàáîðà èíñòðóêöèé
SSE; âèäåîêàðòà ñ ïîääåðæêîé DirectX 11 èëè
DirectX 12.

Òàêèì îáðàçîì, Unity è Unreal ïðåäëàãàþò
ñâîè ñîáñòâåííûå ôóíêöèè è ïðåèìóùåñòâà, êî-
òîðûå ïîäõîäÿò äëÿ ðàçðàáîòêè ïðîåêòîâ âèðòó-
àëüíîé ðåàëüíîñòè. Unity íåñêîëüêî ïðîùå â èñ-
ïîëüçîâàíèè è ëó÷øå äîêóìåíòèðîâàíà. Ìíîãèå
ðàçðàáîò÷èêè òàêæå óòâåðæäàþò, ÷òî Unity3D
ëåã÷å îïòèìèçèðîâàòü, îáåñïå÷èâàÿ ëó÷øóþ ÷à-
ñòîòó êàäðîâ ïðè ìåíüøåé âû÷èñëèòåëüíîé ìîù-
íîñòè. Ýòî äåëàåò äàííûé ôðåéìâîðê ïîäõîäÿ-
ùèì äëÿ òåõ, êòî õî÷åò ñîçäàâàòü èãðû äëÿ
óñòðîéñòâ ñ íèçêèì ýíåðãîïîòðåáëåíèåì. Â ïðî-
òèâîâåñ ýòîìó, Unreal Engine ïîäõîäèò äëÿ îïûò-
íûõ ðàçðàáîò÷èêîâ, êîòîðûå õîòÿò ñîçäàâàòü
VR-ïðîåêòû, èñïîëüçóþùèå íîâåéøèå ãðàôè÷å-
ñêèå òåõíîëîãèè. Íåçàâèñèìî îò âûáîðà èíñòðó-
ìåíòîâ äëÿ ðàçðàáîòêè VR-ïðîåêòîâ íåîáõîäè-
ìî îïðåäåëèòüñÿ ñ óïðàâëÿþùèìè óñòðîéñòâàì
è íàñòðîèòü èõ ïîä êîíêðåòíóþ ñðåäó.

I. Ñïèñîê ëèòåðàòóðû

1. Îôèöèàëüíûé ñàéò Unity [Ýëåêòðîííûé ðåñóðñ].� Ðå-
æèì äîñòóïà: https://unity.com/ru . � Äàòà äîñòóïà:
08.10.2022.

2. Îôèöèàëüíûé ñàéò Unreal Engine [Ýëåê-
òðîííûé ðåñóðñ].� Ðåæèì äîñòóïà:
https://www.unrealengine.com/en-US/ . � Äàòà
äîñòóïà: 08.10.2022.
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Ïðåäëàãàåòñÿ ýôôåêòèâíàÿ ñèñòåìà ïåðåäà÷è äàííûõ (ÏÄ), îðèåíòèðîâàííàÿ íà èñïîëüçîâàíèå â áåñïè-

ëîòíûõ ëåòàòåëüíûõ àïïàðàòàõ (ÁÏËÀ).

Ââåäåíèå

Ìíîãèå çàäà÷è, ðåøàåìûå ïîñðåäñòâîì ÁÏ-
ËÀ è ñîïóòñòâóþùèìè àâèàöèîííûìè êîìïëå-
ñàìè, òðåáóþò íàëè÷èå âûñîêîñêîðîñòíûõ è
íàäåæíûõ ëèíèé ïåðåäà÷è èíôîðìàöèè ìåæ-
äó ÁÏËÀ è íàçåìíûì êîìïëåêñîì óïðàâëåíèÿ
(ÍÊÓ). Çàäà÷è îïåðàòèâíîãî íàáëþäåíèÿ ñ ïî-
ìîùüþ òàêèõ òåõíîëîãèé ïðåäïîëàãàþò ñíÿòèå
íà áîðòó è ïðåäîñòàâëåíèå íà ÍÊÓ ðàñòðîâûõ
èçîáðàæåíèé ðàçëè÷íîãî ðàçðåøåíèÿ, ïîëó÷àå-
ìûõ ñî âñòðîåííîé ôîòî- èëè âèäåîñèñòåìû.

×àñòî èñïîëüçóåìàÿ òåõíîëîãèÿ ÏÄ çàêëþ-
÷àåòñÿ â íåïðåðûâíîé òðàíñëÿöèè èçîáðàæåíèÿ
ïî ìåðå åãî ïîëó÷åíèÿ â öèôðîâîì ôîðìàòå,
ñòðóêòóðà êîòîðîãî íå ìåíÿåòñÿ â òå÷åíèå âñå-
ãî ïîëåòà.

I. Ïðîáëåìà èññëåäîâàíèÿ

Íåïðåðûâíàÿ òðàíñëÿöèÿ èçîáðàæåíèé
èìååò ñëåäóþùèå îñîáåííîñòè:

� ãàðàíòèÿ äîñòîâåðíîé äîñòàâêè èíôîðìà-
öèè îòñóòñòâóåò â ñèëó âîçìîæíûõ èñêàæå-
íèé ñèãíàëà;

� ñóùåñòâóåò îãðàíè÷åíèå â ìîùíîñòè èçëó-
÷àåìîãî ñèãíàëà èç-çà íåðàöèîíàëüíîãî èñ-
ïîëüçîâàíèÿ ýíåðãîðåñóðñîâ àïïàðàòà.

Ñóùåñòâóþùàÿ òåõíîëîãèÿ äîñòàâêè èçîá-
ðàæåíèÿ çà÷àñòóþ íå ýôôåêòèâíî èñïîëüçóåò ðå-
ñóðñû ðàäèîêàíàëà. Â ýòîé ñâÿçè ñòàíîâèòñÿ àê-
òóàëüíûì ðåøåíèå ñëåäóþùèõ çàäà÷:

� ðåàëèçàöèÿ ôóíêöèè ãàðàíòèðîâàííîé äî-
ñòàâêè;

� ðåàëèçàöèÿ ñíèæåíèÿ ðàçðåøåíèÿ âèäåîïî-
òîêà;

� ñîçäàíèå ñèñòåìû ÏÄ, ñïîñîáíîé ýôôåê-
òèâíî èñïîëüçîâàòü ýíåðãåòè÷åñêèé è ñïåê-
òðàëüíûé ðåñóðñ êàíàëà ñâÿçè.

II. Ïðåäëàãàåìûé àëãîðèòì

Äëÿ îñóùåñòâëåíèÿ ïåðåäà÷è èçîáðàæåíèÿ
îïòèìàëüíûì è íàèáîëåå ÷àñòî èñïîëüçóåìûì
îñòàåòñÿ âèä ñâÿçè, ïðè êîòîðîì äàííûå ïåðå-
äàþòñÿ íàïðÿìóþ ìåæäó ÁÏËÀ è ÍÊÓ. Â ýòîì
ñëó÷àå óäàåòñÿ ðåàëèçîâàòü âîçìîæíîñòü ïåðåäà-
÷è èíôîðìàöèè ñ áîëüøîé ñêîðîñòüþ, íåäîñòóï-
íîé ñïóòíèêîâûì ñèñòåìàì ñâÿçè, è ïðè ýòîì íå

çàâèñåòü îò ñòàöèîíàðíûõ ãðàæäàíñêèõ ñèñòåì
ñâÿçè.

Ýòà èíôîðìàöèÿ ñêàíèðóåòñÿ è ïîñòóïà-
åò íà ïðèåìíèê èíôîðìàöèè, êîòîðûé âïîñëåä-
ñòâèè îáðàáàòûâàåò ýòè äàííûå.

Äàííûå, ïîëó÷àåìûå îò ïðèåìíèêà èíôîð-
ìàöèè, ïðåòåðïåâàþò íåêîòîðîå ïðåîáðàçîâàíèå,
êîòîðîå âêëþ÷àåò â ñåáÿ ñæàòèå ïî ìåòîäó êîäè-
ðîâàíèÿ äëèí ñåðèé (RLE) [1], êðèïòîãðàôè÷å-
ñêîå çàêðûòèå èíôîðìàöèè ïî ìåòîäó øèôðîâà-
íèÿ ïåðåñòàíîâêîé è êîäèðîâàíèå èíôîðìàöèè ñ
ïîìîùüþ èòåðàòèâíîãî êîäà ñ ïðîâåðêîé íà ÷¼ò-
íîñòü ïî ñòðîêàì è ñòîëáöàì, êîòîðûé ÿâëÿåòñÿ
ïîìåõîóñòîé÷èâûì [2]. Äëÿ ïîâûøåíèÿ êà÷åñòâà
ðàáîòû ñèñòåìû èñïîëüçóåòñÿ ìåæáëîêîâîå ïåðå-
ìåæåíèå.

Ïîëó÷åííûå ïîñëå òàêîãî ïðåîáðàçîâàíèÿ
äàííûå ïîäâåðãàþòñÿ ìîäóëÿöèè ïî ïðèíöèïó
ÔÌÏ-8. Â ÍÊÓ áóäåò ïðîèçâîäèòüñÿ ïðîâåðêà
ïðèíÿòîé êîìáèíàöèè, è â ñëó÷àå îøèáêè íà ïå-
ðåäàò÷èê áóäåò ïîñëàí ñèãíàë íà ïîâòîðíóþ ïå-
ðåäà÷ó ñîîáùåíèÿ, èíà÷å � ñèãíàë î ïðàâèëüíîì
ïðèåìå è çàïðîñ íà ïåðåäà÷ó ñëåäóþùåãî ñîîá-
ùåíèÿ.

III. Ñòðóêòóðà ïåðåäàâàåìûõ ñèãíàëîâ

Äëÿ êîððåêòíîãî ïðèåìà ñîîáùåíèÿ íåîáõî-
äèìà ñèíõðîíèçàöèÿ îòïðàâèòåëÿ (ÁÏËÀ) è ïî-
ëó÷àòåëÿ (ÍÊÓ), êîòîðàÿ â íàøåì ñëó÷àå ðåàëè-
çóåòñÿ íåçàâèñèìî äðóã îò äðóãà (àñèíõðîííî).
Ïðè òàêîé ïåðåäà÷å êàæäûé áàéò ìîæåò áûòü
íåñêîëüêî ñìåùåí âî âðåìåíè îòíîñèòåëüíî ïî-
áèòîâûõ òàêòîâ ïðåäûäóùåãî áàéòà. Òàêàÿ àñèí-
õðîííîñòü íå âëèÿåò íà êîððåêòíîñòü ÏÄ, ò.ê. â
íà÷àëå êàæäîãî áàéòà ïðîèñõîäèò äîïîëíèòåëü-
íàÿ ñèíõðîíèçàöèÿ çà ñ÷åò ñòàðòîâîãî áèòà.

Ðèñ. 1 � Ñòðóêòóðà ñèãíàëà ïðè àñèíõðîííîé
ïåðåäà÷å
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Ñèãíàë îáðàòíîé ñâÿçè áóäåò ñîäåðæèò èí-
ôîðìàöèþ, óñïåøíîé áûëà ïåðåäà÷à êàäðà èëè
íåò.

Îáîáùåííàÿ ñòðóêòóðà ñèñòåìû

Îáîáùåííàÿ ñòðóêòóðà ñèñòåìû ÏÄ â öèô-
ðîâîé ôîðìå îò ïåðåäàþùåé ñòîðîíû (ÁÏËÀ) ê
ïðèíèìàþùåé (ÍÊÓ) ïðåäñòàâëåíà íà ðèñóíêå
2.

Ðèñ. 2 � Îáîáùåííàÿ ñòðóêòóðà ñèñòåìû ÏÄ

Óñòðîéñòâî ïåðâè÷íîãî êîäèðîâàíèÿ â îá-
ùåì ñëó÷àå âûïîëíÿåò ôóíêöèè ïðåîáðàçîâàíèÿ
ñîîáùåíèé, âûäàâàåìûõ èñòî÷íèêîì, â ïåðâè÷-
íûé êîä; óñòðîéñòâî çàùèòû îò îøèáîê (ÓÇÎ)
âûïîëíÿåò íàèáîëåå îòâåòñòâåííûå ôóíêöèè �
îáåñïå÷åíèå òðåáóåìûõ âåðîÿòíîñòíî-âðåìåííûõ
õàðàêòåðèñòèê ïðîöåññà ïåðåäà÷è äàííûõ. Â
ýòîì áëîêå ðåàëèçóåòñÿ òîò èëè èíîé àëãîðèòì
ïåðåäà÷è èíôîðìàöèè, îñóùåñòâëÿåòñÿ èçáûòî÷-
íîå êîäèðîâàíèå è äåêîäèðîâàíèå öèôðîâîé èí-
ôîðìàöèè. Ñ öåëüþ ñîãëàñîâàíèÿ ÓÇÎ ïåðåäàò-
÷èêà è ïðèåìíèêà ñ íåïðåðûâíûì êàíàëîì ñâÿçè
èñïîëüçóþòñÿ óñòðîéñòâà ïðåîáðàçîâàíèÿ ñèãíà-
ëîâ, âêëþ÷àåìûå íà ïåðåäà÷å è ïðèåìå. Â äàííîì
ñëó÷àå � ýòî ìîäóëÿòîð è äåìîäóëÿòîð.

IV. Ýíåðãåòè÷åñêèé è ñïåêòðàëüíûé
ðàñ÷åòû ëèíèè ñâÿçè

Â çàâèñèìîñòè îò çàäàííîãî òðåáóåìîãî
äèàïàçîíà äåéñòâèÿ ýêñïëóàòàöèè àïïàðàòà ïî
ôîðìóëå Ôðèèñà âîçìîæíî ðàññ÷èòàòü ïðèáëè-
æåííóþ ìîùíîñòü ïåðåäàò÷èêà ÁÏËÀ [3]:

Pt =
16π2Dmax

2Prmin

λ2GtGr
(1)

Ïðè çàäàíè êîýôôèöèåíòà óñèëåíèÿ ïåðå-
äàþùåé è ïðèíèìàþùåé àíòåíí â 20 äÁ, ìàêñè-
ìàëüíî âîçìîæíîé äàëüíîñòè ðàäèîñâÿçè â 200
êì, ïîëó÷èì ìîùíîñòü ïðèáëèçèòåëüíî 1 êÂò.
Ïðè åäèíè÷íîì ñîïðîòèâëåíèè àìïëèòóäà íîñè-
òåëÿ ðàâíà êîðíþ êâàäðàòíîìó óäâîåííîé ìîù-
íîñòè è ñîñòàâëÿåò 44,72 Â.

Ñîãëàñíî ñèãíàëüíîìó ñîçâåçäèþ âîñüìèïî-
çèöèîííîé ôàçîâîé ìàíèïóëÿöèè (ÔÌÏ-8) [4]
(ðèñ. 3), äëÿ äàííîãî ñïîñîáà ìîäóëÿöèè ôàçî-
âûé ñêà÷îê áóäåò ðàâåí 45°.

Ðèñ. 3 � Ñèãíàëüíîå ñîçâåçäèå ÔÌÏ-8

Ïðè ðàñ÷åòå ñïåêòðà ñèãíàëà, ïðîøåäøå-
ãî ÔÌÏ-8, ïðèíèìàëèñü ñëåäóþùèå äàííûå: ÷à-
ñòîòà íîñèòåëÿ 2,4 ÃÃö, ÷àñòîòà ìîäóëèðóþùå-
ãî ñèãíàëà 800 Ãö, àìïëèòóäà íîñèòåëÿ 44,72 Â,
ñêâàæíîñòü ìîäóëèðóþùåãî èìïóëüñà 2.

Ìîùíîñòü ãàðìîíèê â ïðàêòè÷åñêîì ñïåê-
òðå 2,4 ÃÃö ñîñòàâèëà 91,12% îò ïîëíîé ìîùíî-
ñòè (ðèñ. 4).

Ðèñ. 4 � Ñïåêòð ÔÌÏ-8 ñèãíàëà

V. Çàêëþ÷åíèå

Òàêèì îáðàçîì, áûëà ïðåäëîæåíà ñèñòåìà
ïåðåäà÷è äàííûõ, îðèåíòèðîâàííàÿ íà ïðèìåíå-
íèå â áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòàõ íà
äàëüíîñòÿõ äåéñòâèÿ äî 200 êì. Îíà ñîñòîèò èç
óñòðîéñòâ ïåðâè÷íîãî êîäèðîâàíèÿ (ïåðâè÷íî-
ãî äåêîäèðîâàíèÿ), êîìïðåññèè (äåêîìïðåññèè),
çàùèòû îò îøèáîê è ìîäóëÿòîðà (äåìîäóëÿòî-
ðà) ñ ïåðåäàþùåé (ïðèíèìàþùåé) ñòîðîíû. Ïî-
ìåõîçàùèùåíîñòü îáåñïå÷èâàåòñÿ èòåðàòèâíûì
êîäîì ñ ïðîâåðêîé íà ÷åòíîñòü ïî ñòðîêàì è
ñòîëáöàì. Èòåðàòèâíûé êîä îáíàðóæèâàåò ëþ-
áûå êîìáèíàöèè îøèáîê íå÷åòíîãî âåñà è èñ-
ïðàâëÿåò îäèíî÷íûå îøèáêè, ÷òî õîðîøî ñî÷åòà-
åòñÿ ñ èñïîëüçîâàíèåì áëîêîâîãî ïåðåìåæåíèÿ,
êîãäà ïàêåòû îøèáîê îêàçûâàþòñÿ ðàñïðåäåëåí-
íûìè ìåæäó íåñêîëüêèìè áëîêàìè èíôîðìàöèè.
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Èññëåäîâàí õàðàêòåð âîçìîæíûõ ïîäâèæíûõ òî÷åê ðåøåíèé ñåìåéñòâà òðåõìåðíûõ ïÿòèýëåìåíòíûõ

äèññèïàòèâíûõ äèíàìè÷åñêèõ ñèñòåì ñ îäíîé êâàäðàòè÷íîé íåëèíåéíîñòüþ è îäíîé êîíñòàíòîé.

Ââåäåíèå

Â ðàáîòå [1] èññëåäîâàíû àíàëèòè÷åñêèå
ñâîéñòâà ðåøåíèé òðåõìåðíûõ äèññèïàòèâíûõ
÷åòûðåõýëåìåíòíûõ äèíàìè÷åñêèõ ñèñòåì ñ
êâàäðàòè÷íûìè íåëèíåéíîñòÿìè áåç õàîòè÷åñêî-
ãî ïîâåäåíèÿ.

Â [2, 3] èññëåäîâàíû àíàëèòè÷åñêèå ñâîé-
ñòâà ðåøåíèé òðåõìåðíûõ êîíñåðâàòèâíûõ ÷åòû-
ðåõýëåìåíòíûõ äèíàìè÷åñêèõ ñèñòåì ñ êâàäðà-
òè÷íûìè íåëèíåéíîñòÿìè áåç õàîòè÷åñêîãî ïîâå-
äåíèÿ (çà èñêëþ÷åíèåì îäíîé ñèñòåìû).

Â ðàáîòå [4] âûïîëíåíî êà÷åñòâåííîå èñ-
ñëåäîâàíèå ðåøåíèé òðåõìåðíûõ äèññèïàòèâíûõ
ïÿòèýëåìåíòíûõ ñèñòåì ñ îäíîé êâàäðàòè÷íîé
íåëèíåéíîñòüþ è îäíîé êîíñòàíòîé, à òàêæå ñ îä-
íîé êâàäðàòè÷íîé íåëèíåéíîñòüþ.

I. Ïîñòàíîâêà çàäà÷è

Öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå õà-
ðàêòåðà âîçìîæíûõ ïîäâèæíûõ îñîáûõ òî÷åê
(ò.å. òî÷åê, ïîëîæåíèå êîòîðûõ çàâèñèò îò íà-
÷àëüíûõ óñëîâèé) ðåøåíèé ñèñòåì [4]

ẋ = y2 + εx+A, ẏ = z, ż = z. (1)

ẋ = y2 + z +A, ẏ = x, ż = εz. (2)

ẋ = yz + εx+A, ẏ = x, ż = y. (3)

ẋ = x2 + εx+ y, ẏ = A, ż = x. (4)

ẋ = εx+ y +A, ẏ = xz, ż = y. (5)

ẋ = εx+ z +A, ẏ = xz, ż = y. (6)

ẋ = y2 +A, ẏ = x+ z, ż = εz. (7)

ẋ = y2 +A, ẏ = z + εy, ż = x. (8)

ẋ = z2 +A, ẏ = x+ εy, ż = y. (9)

ẋ = yz +A, ẏ = x+ εy, ż = x. (10)

ẋ = yz +A, ẏ = x+ εy, ż = y. (11)

ẋ = yz +A, ẏ = εy + z, ż = x. (12)

ẋ = z2 + εx, ẏ = x+A, ż = y. (13)

ẋ = z2 + y, ẏ = εx+A, ż = x. (14)

ẋ = yz + εx, ẏ = x+A, ż = x. (15)

ẋ = yz + εx, ẏ = x+A, ż = y. (16)

ẋ = yz + εx, ẏ = x+A, ż = x. (17)

ẋ = y2 + εx, ẏ = x+ z, ż = A. (18)

ẋ = y2 + z, ẏ = x+ εy, ż = A. (19)

ẋ = εx+ z, ẏ = x+A, ż = xy. (20)

ẋ = εx+ z, ẏ = z +A, ż = xy. (21)

ñ èçâåñòíûìè ôóíêöèÿìè x, y, z â ïðåäïîëî-
æåíèè, ÷òî íåçàâèñèìàÿ ïåðåìåííàÿ t ÿâëÿåòñÿ
êîìïëåêñíîé; ε2 = 1, A � ïðîèçâîëüíûé ïîñòî-
ÿííûé ïàðàìåòð. Ïðè ε = −1 êàæäàÿ èç ñèñòåì
(1) � (21) ÿâëÿåòñÿ äèññèïàòèâíîé.

Ñèñòåìû (óðàâíåíèÿ), îáùèå ðåøåíèÿ êîòî-
ðûõ íå èìåþò ïîäâèæíûõ êðèòè÷åñêèõ îñîáûõ
òî÷åê, íàçûâàþò ñèñòåìàìè (óðàâíåíèÿìè) Ïåí-
ëåâå -òèïà èëè Ð -òèïà.
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II. Àëãîðèòì

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è èñïîëü-
çîâàí òåñò Ïåíëåâå [5], ïðåäñòàâëÿþùèé íàáîð
óñëîâèé, íåîáõîäèìûõ äëÿ îòñóòñòâèÿ ó îáùåãî
ðåøåíèÿ ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé
ïîäâèæíûõ êðèòè÷åñêèõ îñîáûõ òî÷åê (ñâîéñòâî
Ïåíëåâå).

Äëÿ àíàëèçà ðåøåíèé ñèñòåì (1)�(21) èñ-
ïîëüçîâàí òàêæå ïîäõîä, çàêëþ÷àþùèéñÿ â çà-
ìåíå êàæäîé èç íèõ ýêâèâàëåíòíûì óðàâíåíèåì
òðåòüåãî ïîðÿäêà è ñðàâíåíèåì åãî ñ èçâåñòíûìè
óðàâíåíèÿìè Ïåíëåâå -òèïà.

III. Âûâîäû

Òåîðåìà 1 [4]. Ñèñòåìû (5), (17), (20), (21)
îáëàäàþò â ñëó÷àå ε = −1 õàîòè÷åñêèì ïîâåäå-
íèåì.

Òåîðåìà 2. Ïðè ε = −1 ñèñòåìû (17), (20)
ýêâèâàëåíòíû óðàâíåíèþ

...
y + ÿ − yẏ +Ay = 0, (22)

à ñèñòåìû (5), (21) ñîîòâåòñòâåííî óðàâíåíèÿì

z
...
z − żz̈ = −zz̈ + z2ż +Az2, (23)

y
...
y − ẏÿ = −yÿ + y2ẏ −Ay2. (24)

Òåîðåìà 3. Íè îäíî èç óðàâíåíèé (22), (23),
(24) íå ÿâëÿåòñÿ óðàâíåíèåì Ïåíëåâå -òèïà. Íè
îäíà èç ñèñòåì (5), (17), (20), (21) íå ÿâëÿåòñÿ
ñèñòåìîé Ïåíëåâå -òèïà â ñëó÷àå ε = −1.

Òåîðåìà 4. Ñèñòåìû (3), (11) ýêâèâàëåíòíû
óðàâíåíèþ

z̈ − 1

2
z2 − εż = At+ C, (25)

à ñèñòåìû (2), (7) � óðàâíåíèþ

ÿ − y2 = Ceεt +A, (26)

ãäå C � ïðîèçâîëüíàÿ ïîñòîÿííàÿ.
Òåîðåìà 5. Ñèñòåìû (4), (15), (18), (19) ýê-

âèâàëåíòíû ñîîòâåòñòâåííî óðàâíåíèÿì

z̈ − z2 − εż = At+ C, (27)

z̈ − z2 − (At+ C)z − εż = 0, (28)

ÿ − y2 − εẏ = ε(At+ C) +A, (29)

ÿ − y2 − εẏ = At+ C, (30)

ãäå C � ïðîèçâîëüíàÿ ïîñòîÿííàÿ.

Òåîðåìà 6. Íè îäíî èç óðàâíåíèé (25)�(30)
íå ÿâëÿåòñÿ óðàâíåíèåì Ïåíëåâå -òèïà.

Òåîðåìà 7. Îáùèå ðåøåíèÿ íè îäíîé èç ñè-
ñòåì (2), (3), (4), (7), (11), (15), (18), (19) íå îá-
ëàäàþò ñâîéñòâîì Ïåíëåâå.

Òåîðåìà 8 [4]. Ñèñòåìû (1), (2), (3) ýêâèâà-
ëåíòíû ñèñòåìàì (13), (14), (16) ñîîòâåòñòâåííî.

Òåîðåìà 9. Ñèñòåìû (1), (8) ýêâèâàëåíòíû
óðàâíåíèþ

...
y = y2 + εÿ +A, (31)

ñèñòåìà (9) � óðàâíåíèþ

...
z = z2 + εz̈ +A, (32)

à ñèñòåìà (12) � óðàâíåíèþ

...
y = εÿ + yẏ − εy2 +A. (33)

Òåîðåìà 10 [6]. Óðàâíåíèÿ (31)�(33) íå ÿâ-
ëÿþòñÿ óðàâíåíèÿìè Ïåíëåâå -òèïà.

Ñëåäñòâèå. Îáùèå ðåøåíèÿ íè îäíîé èç ñè-
ñòåì (1), (8), (9), (12), (14), (16) íå îáëàäàþò
ñâîéñòâîì Ïåíëåâå.

Çàìå÷àíèå 1. Ñïðàâåäëèâîñòü òåîðåìû 6
ñëåäóåò èç [7].

Çàìå÷àíèå 2. Èññëåäîâàíèå õàðàêòåðà ïî-
äâèæíûõ îñîáûõ òî÷åê ðåøåíèé ñèñòåì (6), (10)
áóäåò âûïîëíåíî ñ ïîìîùüþ òåñòà Ïåíëåâå [5].
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Â äàííîé ñòàòüå îïèñàíà ìàòåìàòè÷åñêàÿ ìîäåëü ñåòè ýëåêòðîñâÿçè ñïåöèàëüíîãî íàçíà÷åíèÿ, ïîçâî-

ëÿþùàÿ îöåíèòü ðåñóðñ ñåòè ïî ïðîïóñêíîé ñïîñîáíîñòè è çàäåðæêå ïåðåäà÷è ïàêåòà äëÿ ïëàíèðóåìûõ

VPN-òóííåëåé. Ïîêàçàí ïðèìåð ðàñ÷åòà íà òèïîâîé ñòðóêòóðå ñåòè ýëåêòðîñâÿçè ñïåöèàëüíîãî íàçíà-

÷åíèÿ ñ ñîáëþäåíèåì ïðèíöèïîâ èåðàðõè÷íîñòè.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â ñåòÿõ ýëåêòðîñâÿçè
ñïåöèàëüíîãî íàçíà÷åíèÿ (ÑÝÑÍ) íàáëþäàåòñÿ
çíà÷èòåëüíîå óâåëè÷åíèå îáúåìà ïåðåäàâàåìûõ
ñîîáùåíèé. Ýòî îáóñëîâëåíî ïîÿâëåíèåì è àê-
òèâíûì èñïîëüçîâàíèåì ñëåäóþùèõ óñëóã: âè-
äåîêîíôåðåíöñâÿçü, IP-òåëåôîíèÿ, ýëåêòðîííàÿ
ïî÷òà, ýëåêòðîííûå êàðòû ìåñòíîñòè, áàçû äàí-
íûõ, ÷òî ïðåäïîëàãàåò âûïîëíåíèå âûñîêèõ òðå-
áîâàíèé êà÷åñòâà îáñëóæèâàíèÿ ïîëüçîâàòåëåé
â ñîîòâåòñòâèè ñ êëàññîì òðàôèêà. Èñïîëüçîâà-
íèå IP-òåõíîëîãèé äåëàåò ÑÝÑÍ âî ìíîãîì ñõî-
æèìè ñ ñåòÿìè ýëåêòðîñâÿçè îáùåãî ïîëüçîâà-
íèÿ (ÑÝÎÏ). Íàïðèìåð, âîçðàñòàþùåé ðîëüþ
èñïîëüçîâàíèÿ òåõíîëîãèè VPN (Virtual Private
Network), ïðè îðãàíèçàöèè çàùèùåííîãî ñîåäè-
íåíèÿ è ðàçãðàíè÷åíèÿ ïîòîêîâ òðàôèêà.

Âèðòóàëüíàÿ ÷àñòíàÿ ñåòü (VPN) - ïðåä-
ñòàâëÿåò ñîáîé âûäåëåííóþ ñåòü ïåðåäà÷è äàí-
íûõ, ïîñòðîåííóþ íà èíôðàñòðóêòóðå òåëåêîì-
ìóíèêàöèîííîé ñåòè îáùåãî ïîëüçîâàíèÿ, â êî-
òîðîé êîíôèäåíöèàëüíîñòü è çàùèùåííîñòü èí-
ôîðìàöèè ïîëüçîâàòåëÿ îáåñïå÷èâàåòñÿ ìåõà-
íèçìàìè øèôðîâàíèÿ è ðàçãðàíè÷åíèÿ òðàôè-
êà [1].

Ðèñ. 1 � Âèðòóàëüíàÿ ÷àñòíàÿ ñåòü

Àâòîðàìè â [2] ñ ïîìîùüþ èìèòàöèîííîé
ìîäåëè ÑÝÑÍ áûëî äîêàçàíî, ÷òî îòñóòñòâèå
ìåõàíèçìîâ îáåñïå÷åíèÿ êà÷åñòâà îáñëóæèâàíèÿ
ïîëüçîâàòåëåé ïðè ñîçäàíèè VPN-òóííåëåé íå
îáåñïå÷èâàåò ïîääåðæàíèå â íîðìå îñíîâíûõ õà-
ðàêòåðèñòèê (òðåáîâàíèÿ ïî çàäåðæêå ïåðåäà÷è
è âåðîÿòíîñòè ïîòåðè ïàêåòîâ íå âûïîëíÿþòñÿ).

Ñëåäîâàòåëüíî, óñëóãè ðåàëüíîãî âðåìåíè ïðåäî-
ñòàâëåíû ñ çàäàííûì êà÷åñòâîì íå áóäóò.

Äëÿ îáåñïå÷åíèÿ òðåáóåìîãî êà÷åñòâà îá-
ñëóæèâàíèÿ, ïðè ïëàíèðîâàíèè VPN-òóííåëåé,
íåîáõîäèìî èñïîëüçîâàòü ìàòåìàòè÷åñêèå ìîäå-
ëè, ó÷èòûâàþùèå â êà÷åñòâå ðåñóðñà (çàïàñà)
ñåòè íå òîëüêî ïðîïóñêíóþ ñïîñîáíîñòü êàíàëà
ñâÿçè, íî è çàäåðæêó ïåðåäà÷è ïàêåòà.

I. Îñíîâíàÿ ÷àñòü

Íàó÷íî-ìåòîäîëîãè÷åñêèé àïïàðàò äëÿ àíà-
ëèçà è ñèíòåçà ñåòåé VPN îáùåãî íàçíà÷åíèÿ íå
â ïîëíîé ìåðå ïðèìåíèì äëÿ ÑÝÑÍ ââèäó òîãî,
÷òî ñóùåñòâóþùèå ìåòîäû àíàëèçà è ñèíòåçà ñå-
òåé VPN, êàê ïðàâèëî, èñïîëüçóþòñÿ â ñèñòåìå
≪ïðîâàéäåð-ïîëüçîâàòåëü≫.

Íà ñåãîäíÿøíèé äåíü ñóùåñòâóþò ñëåäóþ-
ùèå êëàññû ìîäåëåé èññëåäîâàíèÿ ñåòåé VPN,
îñíîâàííûå íà ãðàô-êîìáèíàòîðíûõ àëãîðèò-
ìàõ: ïîòîêîâàÿ è êàíàëüíàÿ ìîäåëè VPN. Ïðè-
ìåíåíèå êàíàëüíîé ìîäåëè äëÿ îïèñàíèÿ ñåòåé
VPN öåëåñîîáðàçíî â ñåòÿõ ñ ïðåäñêàçóåìûì îä-
íîðîäíûì òðàôèêîì (íàïðèìåð, ìîíîñåðâèñíàÿ
ñåòü VoIP, ÷òî íà ïðàêòèêå ðåäêî ðåàëèçóåìî).

Äëÿ îïèñàíèÿ VPN â ñåòÿõ ñ êîììóòàöè-
åé ïàêåòîâ ïðèìåíÿåòñÿ ïîòîêîâàÿ ìîäåëü VPN.
Â ïîòîêîâîé ìîäåëè îöåíèâàåòñÿ ñòîèìîñòü îð-
ãàíèçàöèè VPN-òóííåëÿ, ÷òî ÿâëÿåòñÿ ðåñóðñîì
ñåòè äëÿ åãî ôîðìèðîâàíèÿ. Äàííàÿ ìîäåëü äëÿ
îöåíêè ðåñóðñà ñåòè èñïîëüçóåò ëèøü ïðîïóñê-
íóþ ñïîñîáíîñòü, ââèäó òîãî, ÷òî ïîòîêîâàÿ ìî-
äåëü îðèåíòèðîâàíà íà ÑÝÎÏ ñ áåñêîíå÷íûì ðå-
ñóðñîì îòíîñèòåëüíî ïðîïóñêíîé ñïîñîáíîñòè ñî-
åäèíèòåëüíûõ ëèíèé â ÑÝÑÍ.

Çàïàñ ïî ïðîïóñêíîé ñïîñîáíîñòè â ïîòî-
êîâîé ìîäåëè VPN ìåæäó äâóìÿ îêîíå÷íûìè
òî÷êàìè ðàâåí ðàçíîñòè ìàòðèöû ìèíèìàëüíûõ
ïðîïóñêíûõ ñïîñîáíîñòåé è ìàòðèöû èíòåíñèâ-
íîñòåé ìåæäó äâóìÿ ìàðøðóòèçàòîðàìè íà îï-
òèìàëüíûõ ìàðøðóòàõ [3]:

∆ = Qijopt − Λopt. (1)

Â ñâîþ î÷åðåäü, ðàçðàáîòàííàÿ ìàòåìàòè-
÷åñêàÿ ìîäåëü ïîçâîëÿåò ðàññ÷èòàòü çàïàñ ñåòè
íå òîëüêî ïî ïðîïóñêíîé ñïîñîáíîñòè, íî è ñ ó÷åò
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äîïóñòèìîé çàäåðæêè ïåðåäà÷è ïàêåòà â ñîîòâåò-
ñòâèè ñ êëàññîì òðàôèêà, ôîðìóëà 1.

Ñîãëàñíî äàííîé ìîäåëè çàïàñ ïî ïðîïóñê-
íîé ñïîñîáíîñòè ðàâåí ðàçíîñòè ìàòðèöû ìèíè-
ìàëüíûõ ïðîïóñêíûõ ñïîñîáíîñòåé è ìàòðèöû
èíòåíñèâíîñòåé ìåæäó äâóìÿ ìàðøðóòèçàòîðà-
ìè íà îïòèìàëüíûõ ìàðøðóòàõ, ïðè ó÷åòå òî-
ãî, ÷òî ñóììàðíàÿ çàäåðæêà ïåðåäà÷è ïàêåòà íå
äîëæíà ïðåâûøàòü äîïóñòèìîé çàäåðæêè ïåðå-
äà÷è äëÿ îïðåäåëåííîãî êëàññà òðàôèêà.

Ôèçè÷åñêèé ñìûñë ïðåäëàãàåìîãî ðåøåíèÿ
ïðåäñòàâëåí íà ðèñ. 2. Íà äàííîì ðèñóíêå ïî-
êàçàíû ñëåäóþùèå çàâèñèìîñòè: çàâèñèìîñòè
óäåëüíîãî çàïàñà ïî ïðîïóñêíîé ñïîñîáíîñòè, è
çàäåðæêè ïåðåäà÷è îò óäåëüíîé èíòåíñèâíîñòè
òðàôèêà ðàñïîëîæåííûå ñîîñíà. Ïîä óäåëüíîé
èíòåíñèâíîñòüþ ïîíèìàåòñÿ îòíîøåíèå èíòåí-
ñèâíîñòè òðàôèêà íà ó÷àñòêå ñåòè ê ìàêñèìàëü-
íî äîïóñòèìîé èíòåíñèâíîñòè, îïðåäåëÿåìîé ïó-
òåì ðåøåíèÿ çàäà÷è î ìàêñèìàëüíîì ïîòîêå.
Äàííûå çàâèñèìîñòè ïîëó÷åíû, ïðè ìîäåëèðî-
âàíèè òèïîâîé ñòðóêòóðû ÑÝÑÍ ñ ñîõðàíåíèåì
ïðèíöèïîâ èåðàðõè÷íîñòè.

Íà ðèñ. 2 ïðåäñòàâëåíî, ÷òî ïðè äîñòèæå-
íèè óäåëüíîé èíòåíñèâíîñòè äîïóñòèìîãî ïîðî-
ãîâîãî çíà÷åíèÿ çàäåðæêè ïåðåäà÷è â 150 ìñ,
äàëüíåéøèé ó÷åò ðåñóðñà ñåòè ïî ïðîïóñêíîé
ñïîñîáíîñòè íåäîïóñòèì, ââèäó íåâûïîëíåíèÿ
òðåáîâàíèé êà÷åñòâà îáñëóæèâàíèÿ. Â ñâîþ î÷å-
ðåäü ïîòîêîâàÿ ìîäåëü ïîêàçûâàåò, ÷òî ðåñóðñ
ñåòè ïî ïðîïóñêíîé ñïîñîáíîñòè åñòü, íå ó÷èòû-
âàÿ òîãî ôàêòà, ÷òî çàäåðæêà ïåðåäà÷è óæå äî-
øëà äî äîïóñòèìîãî ïîðîãîâîãî çíà÷åíèÿ.

Ðèñ. 2 � Çàâèñèìîñòè óäåëüíîãî çàïàñà ïî
ïðîïóñêíîé ñïîñîáíîñòè è çàäåðæêè ïåðåäà÷è îò

óäåëüíîé èíòåíñèâíîñòè

Äëÿ îöåíêè ýôôåêòèâíîñòè ìîäåëè ââåäåí
ñëåäóþùèé ïîêàçàòåëü - îøèáêà îïðåäåëåíèÿ çà-
ïàñà ïî ïðîïóñêíîé ñïîñîáíîñòè äëÿ ïëàíèðóå-
ìûõ VPN-òóííåëåé. Ðàñ÷åò äàííîãî ïîêàçàòåëÿ
ïðîèçâîäèòñÿ ïóòåì îòíîøåíèÿ ïëîùàäè ôèãó-
ðû ïîä êðèâîé ïîñëå äîñòèæåíèÿ äîïóñòèìîãî
ïîðîãîâîãî çíà÷åíèÿ çàäåðæêè ïåðåäà÷è è ïëî-
ùàäè âñåé ôèãóðû ïîä êðèâîé. Ñëåäîâàòåëüíî,
ðàñ÷åò îøèáêè îöåíêè çàïàñà ïî ïðîïóñêíîé ñïî-
ñîáíîñòè ðàññ÷èòûâàåòñÿ êàê:

kîø =
Sw

Sáåç w
∗ 100%.

Â äàííîì ñëó÷àå îøèáêà îöåíêè çàïàñà ïî ïðî-
ïóñêíîé ñïîñîáíîñòè ñîñòàâèëà:

kîø =
(33, 3− 21, 2) ∗ 14

33, 3 ∗ 33, 3
∗ 100% ≈ 15, 28.

II. Çàêëþ÷åíèå

Òàêèì îáðàçîì, íå ó÷èòûâàÿ îñîáåííîñòè
ÑÝÑÍ (îãðàíè÷åííûé çàïàñ ïî ïðîïóñêíîé ñïî-
ñîáíîñòè, íåîáõîäèìîñòü ãàðàíòèðîâàííîãî îáåñ-
ïå÷åíèÿ êà÷åñòâà îáñëóæèâàíèÿ è ò.ä.), ñîçäàíèÿ
çàïàñà ñåòè äëÿ ïëàíèðîâàíèÿ VPN-òóííåëåé,
ó÷èòûâàÿ ëèøü â êà÷åñòâå ðåñóðñà ñåòè ïðîïóñê-
íóþ ñïîñîáíîñòü, ìîæåò ïðèâåñòè ê îøèáî÷íîé
îöåíêè ðåñóðñà ñåòè. Â ñâîþ î÷åðåäü, ïðåäñòàâ-
ëåííàÿ ìîäåëü ïðè ðàñ÷åòå ðåñóðñà ñåòè ó÷èòû-
âàåò íå òîëüêî ïîëîñó ïðîïóñêàíèÿ, íî è äîïó-
ñòèìóþ çàäåðæêó ïåðåäà÷è ïàêåòà.
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∆delay =

{
Qijopt − Λopt, wijΣ < wk∀k = 1, 7

wijΣ = wout +
∑N+1

n=1 wprop +
∑N+1

n=1 wproc +
∑N+1

n=1 wwait +
∑N+1

n=1 wserial
(2)
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îáúåêòà ñ èñïîëüçîâàíèåì îòëè÷èòåëüíûõ îñîáåííîñòåé êîíñòðóêöèè äâèãàòåëüíûõ óñòàíîâîê. Ðàáîòî-

ñïîñîáíîñòü è ýôôåêòèâíîñòü óñòðîéñòâà îöåíèâàëàñü ìåòîäîì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðè

ðåøåíèè çàäà÷è ðàñïîçíàâàíèÿ àýðîäèíàìè÷åñêèõ îáúåêòîâ ïî èõ ñïåêòðàëüíûì ïîðòðåòàì.

Ââåäåíèå

Ñîâðåìåííûå ðàäèîëîêàöèîííûå ñèñòåìû
(ÐËÑ) ÿâëÿþòñÿ èñòî÷íèêîì ðàçëè÷íîé èíôîð-
ìàöèè î íàáëþäàåìîì îáúåêòå: ìåñòîïîëîæåíèå,
îñîáåííîñòü ïåðåäâèæåíèÿ, òèï (êëàññ) è äð. Èí-
ôîðìàöèÿ î íàáëþäàåìîì âîçäóøíîì îáúåêòå
èñïîëüçóåòñÿ ïðè àíàëèçå è ìîíèòîðèíãå âîç-
äóøíîé îáñòàíîâêè. Ïðè ýòîì êà÷åñòâî è ñâîå-
âðåìåííîñòü ïîëó÷åíèÿ äàííûõ ïîçâîëÿåò ïî-
âûñèòü ýôôåêòèâíîñòü ðåøåíèÿ çàäà÷ íà ðàç-
ëè÷íûõ óðîâíÿõ óïðàâëåíèÿ. Îïðåäåëåíèå òè-
ïà (êëàññà) íàáëþäàåìîãî âîçäóøíîãî îáúåêòà
îñóùåñòâëÿåòñÿ ïðè ðåøåíèè çàäà÷è ðàäèîëîêà-
öèîííîãî ðàñïîçíàâàíèÿ (ÐËÐ) [1]. Â ÐËÑ äëÿ
îïðåäåëåíèÿ òèïà (êëàññà) íàáëþäàåìîãî îáú-
åêòà øèðîêî èñïîëüçóþòñÿ ðàäèîëîêàöèîííûå
ïîðòðåòû (ÐËÏ) îáúåêòîâ íàáëþäåíèÿ [1]. Âûñî-
êîé èíôîðìàòèâíîñòüþ îáëàäàåò ñïåêòðàëüíûé
ÐËÏ (ÑÐËÏ), ïðåäñòàâëÿþùèé ñîáîé ñîâîêóï-
íîñòü êîìïëåêñíûõ àìïëèòóä îòðàæåííîãî ñèã-
íàëà, îòíîñÿùèõñÿ ê ðàçëè÷íûì ýëåìåíòàì ðàç-
ðåøåíèÿ ïî ÷àñòîòå [1]. Ê äîñòîèíñòâàì ÑÐËÏ
ìîæíî îòíåñòè ïðîñòîòó è äîñòóïíîñòü åãî âû-
äåëåíèÿ äëÿ áîëüøèíñòâà ñîâðåìåííûõ ÐËÑ.

I. Îñíîâíàÿ ÷àñòü

Ðàññìàòðèâàÿ ÑÐËÏ íàáëþäàåìîãî îáúåêòà
ìîæíî îòìåòèòü íàëè÷èå òàê íàçûâàåìîé ≪ïëà-
íåðíîé≫ ñîñòàâëÿþùåé ñïåêòðà, îáóñëîâëåííîé
îòðàæåíèåì ñèãíàëà îò êîðïóñà íàáëþäàåìîãî
îáúåêòà è èìåþùóþ äîïëåðîâñêèé ñäâèã Fäñ,
ïðîïîðöèîíàëüíûé ðàäèàëüíîé ñêîðîñòè ïåðåìå-
ùåíèÿ öåëè. Êðîìå òîãî, â ÑÐËÏ íàáëþäàåìîãî
îáúåêòà ïðèñóòñòâóþò ñîñòàâëÿþùèå ≪âòîðè÷-
íîé ìîäóëÿöèè≫ (ÂÌ), îáóñëîâëåííîé îòðàæå-
íèåì ñèãíàëà îò âðàùàþùèõñÿ ýëåìåíòîâ äâè-
ãàòåëüíûõ óñòàíîâîê (ëîïàñòè íåñóùèõ âèíòîâ
âåðòîëåòà, ëîïàñòè òÿãîâûõ âèíòîâ äâèãàòåëåé,
ëîïàñòè ðàáî÷èõ êîëåñ òóðáèí òóðáîâèíòîâûõ è
òóðáîðåàêòèâíûõ äâèãàòåëåé, ëîïàñòè ðóëåâûõ
(õâîñòîâûõ) âèíòîâ âåðòîëåòà è äð.) ðàñïîçíà-
âàåìûõ îáúåêòîâ [1, 3 Ñ. 25-38]. Ïîíÿòèå ÂÌ ÿâ-
ëÿåòñÿ îáùèì ïîíÿòèåì, õàðàêòåðèçóþùèì ÿâ-
ëåíèå ìîäóëÿöèè ïàðàìåòðîâ ðàäèîëîêàöèîííûõ
ñèãíàëîâ â ïðîöåññå âòîðè÷íîãî èçëó÷åíèÿ îò

âèáðèðóþùèõ è âðàùàþùèõñÿ ýëåìåíòîâ íàáëþ-
äàåìîãî îáúåêòà [2, Ñ. 16].

Ðèñ. 1 � Ïðèìåðû ÑÐËÏ ðàçëè÷íûõ îáúåêòîâ

Â çàâèñèìîñòè îò èñòî÷íèêà ðàçëè÷àþò
ìíîæåñòâî âèäîâ ÂÌ [1 Ñ. 117, 2 Ñ. 16]. Îñíîâ-
íîå âëèÿíèå íà ôîðìèðîâàíèå îòñ÷åòîâ ÂÌ îêà-
çûâàþò ïàðàìåòðû, îòíîñÿùèåñÿ ê îñîáåííîñòÿì
êîíñòðóêöèè è ðåæèìàì ðàáîòû äâèãàòåëüíûõ
óñòàíîâîê: êîëè÷åñòâî ëîïàñòåé â âèíòå (ñòóïåíè
êîìïðåññîðà) Në , ÷àñòîòà âðàùåíèÿ âàëà êîì-
ïðåññîðà (äâèãàòåëÿ) Fâð [1 Ñ. 117, 2 Ñ. 28-36].
Ðàçëè÷íûå òèïû âîçäóøíûõ îáúåêòîâ îòëè÷àþò-
ñÿ çíà÷åíèåì ÷èñëà ëîïàòîê Në è ÷àñòîòû âðà-
ùåíèÿ Fâð âàëà êîìïðåññîðà [3]. Äëÿ òóðáîðå-
àêòèâíûõ ñàìîëåòîâ êîíñòðóêöèÿ òóðáèí ïðåäó-
ñìàòðèâàåò íàëè÷èå íåñêîëüêèõ ñòóïåíåé (âèí-
òîâ) òóðáèíû, îòëè÷àþùèõñÿ êîëè÷åñòâîì ëî-
ïàòîê. Ïðè îáëó÷åíèè ñèãíàëîì òóðáîðåàêòèâ-
íûõ äâèãàòåëåé â ñïåêòðå ñèãíàëà, îòðàæåííî-
ãî îò íàáëþäàåìîãî îáúåêòà, êðîìå ìîäóëÿöèîí-
íûõ ñîñòàâëÿþùèõ ñèãíàëà kN1Fâð, îáóñëîâëåí-
íûõ îòðàæåíèåì îò ïåðâîé ñòóïåíè äâèãàòåëÿ,
ïîÿâëÿþòñÿ ñïåêòðàëüíûå ñîñòàâëÿþùèå íà êîì-
áèíàöèîííûõ ÷àñòîòàõ (k1N1+k2N2

)Fâð,k1, k2 =

0,±1,±2.... Çíà÷åíèÿ ÷àñòîò âðàùåíèÿ âàëà äâè-
ãàòåëÿ (êîìïðåññîðà íèçêîãî äàâëåíèÿ (ÊÍÄ))
è ÷èñëî ëîïàòîê âèíòà (ñòóïåíåé ÊÍÄ) îòëè÷à-
þòñÿ äëÿ ðàçëè÷íûõ êëàññîâ îáúåêòîâ (≪âåðòî-
ëåò≫, ≪òóðáîðåàêòèâíûé ñàìîëåò≫, ≪âèíòîâîé
ñàìîëåò≫), ÷òî ïîâûøàåò êîíòðàñòíîñòü ÑÐËÏ
êëàññîâ îáúåêòîâ. Ïðè ýòîì ñòîèò îòìåòèòü, ÷òî
â ñïåêòðå áîëåå èíòåíñèâíî ïðîÿâëÿþòñÿ ÷àñòî-
òû ÂÌ, ñôîðìèðîâàííîé îòðàæåíèåì îò ïåðâîé
è âòîðîé ñòóïåíè ÊÍÄ. Äëÿ ðàçëè÷íûõ äâèãà-

119



òåëåé çíà÷åíèÿ ÷èñëà ëîïàòîê â ÊÍÄ îòëè÷à-
þòñÿ [3]. Â âèäó òîãî, ÷òî îïðåäåëèòü ÷àñòî-
òó âðàùåíèÿ ïðàêòè÷åñêè íåâîçìîæíî, èñïîëü-
çîâàíèå çíà÷åíèé ÷àñòîò ñïåêòðà, ôîðìèðóåìûõ
≪òóðáèíîé ìîäóëÿöèåé≫ îò ïåðâîé è âòîðîé ñòó-
ïåíè äâèãàòåëÿ ïîçâîëÿåò ïîâûñèòü ýôôåêòèâ-
íîñòü èñïîëüçîâàíèÿ ÑÐËÏ äëÿ ðàñïîçíàâàíèÿ
íå òîëüêî êëàññà, íî è òèïà íàáëþäàåìîãî îáú-
åêòà. Äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè èñïîëüçî-
âàíèÿ ÑÐËÏ, ïðåäëàãàåòñÿ èñïîëüçîâàòü óñòðîé-
ñòâî, êîòîðîå ïîçâîëèò ïðè íàáëþäåíèè îáúåê-
òà êëàññà ≪òóðáîðåàêòèâíûé ñàìîëåò≫, äîïîëíè-
òåëüíî îïðåäåëÿòü è òèï íàáëþäàåìîãî îáúåêòà
(Ìèã-29, F-22, ÈË-96, Mirage-2000 è äð.). Ñòðóê-
òóðíàÿ ñõåìà óñòðîéñòâà, ðåàëèçóþùåãî àëãî-
ðèòì ðàñïîçíàâàíèÿ òèïà íàáëþäàåìîãî îáúåêòà
ïî ÑÐËÏ, ïðåäñòàâëåíà íà ðèñóíêå 1.

Ðèñ. 2 � Ñòðóêòóðíàÿ ñõåìà óñòðîéñòâà
ðàñïîçíàâàíèÿ òèïà íàáëþäàåìîãî îáúåêòà

Â áëîêå ïðåîáðàçîâàíèÿ ÑÐËÏ ïóòåì óäà-
ëåíèÿ ïëàíåðíîé ñîñòàâëÿþùåé èç ÑÐËÏ, îñó-
ùåñòâëÿåòñÿ âûäåëåíèå îòñ÷åòîâ, êîòîðûå õà-
ðàêòåðèçóþò ÂÌ íàáëþäàåìîãî îáúåêòà ξâì. Â
áëîêå îïðåäåëåíèÿ 1-é ñòóïåíè ÊÍÄ èç ñïåê-
òðàëüíûõ îòñ÷åòîâ ÂÌ ξâì âûäåëÿþòñÿ îòñ÷åòû
ñïåêòðà çíà÷åíèÿ êîòîðûõ ïðåâûñèëè àäàïòèâ-
íûé ïîðîã îáíàðóæåíèÿ. Ïðîèçâîäèòñÿ ðàñ÷åò
êðàòíîñòè îòñ÷åòîâ ñïåêòðà, ïðåâûñèâøèõ ïîðîã,
ïî îòíîøåíèþ ê äðóãèì çíà÷åíèÿì ñïåêòðàëü-
íûõ îòñ÷åòîâ ξâì. Èç ñôîðìèðîâàííîãî ìàññè-
âà âûáèðàåòñÿ ýëåìåíò ñ ìàêñèìàëüíûì çíà÷å-
íèåì êîëè÷åñòâà êðàòíîñòè N̂1. Îò ñïåêòðà ñèã-
íàëà ðàññ÷èòûâàåòñÿ àâòîêîððåëÿöèîííàÿ ôóíê-
öèÿ. Ê îòñ÷åòàì ïîëó÷åííîé àâòîêîððåëÿöèîí-
íîé ôóíêöèè îäíîñòîðîííåãî ÑÐËÏ ïðèìåíÿåò-
ñÿ àëãîðèòì ïèêîâîãî äåòåêòèðîâàíèÿ [5]. Ñðåäè
ïîëó÷åííûõ ïîñëå ïèêîâîãî äåòåêòèðîâàíèÿ çíà-
÷åíèé âûáèðàåòñÿ ïåðâûé îòñ÷åò, êîòîðûé áóäåò
ÿâëÿòüñÿ îöåíêîé ðàçíîñòè ÷èñëà ëîïàòîê ìåæäó
ïåðâîé è âòîðîé ñòóïåíüþ äâèãàòåëÿ (△N̂). Ïî-
ëó÷åííàÿ îöåíêà △N̂ ïîñòóïàåò â áëîê ðàñ÷åòà
ðåøàþùåé ñòàòèñòèêè ãäå îïðåäåëÿåòñÿ êîýôôè-
öèåíò ïðàâäîïîäîáèÿ Z(N̂ | k) äëÿ êàæäîãî ðàñ-
ïîçíàâàåìîãî òèïà îáúåêòà. Â áëîêå ïðèíÿòèÿ
ðåøåíèé ïî ìàêñèìàëüíîìó çíà÷åíèþ êîýôôè-
öèåíòà ïðàâäîïîäîáèÿ îïðåäåëÿåòñÿ òèï íàáëþ-
äàåìîãî îáúåêòà. Ñ öåëüþ îöåíêè ýôôåêòèâíî-
ñòè ðàáîòû óñòðîéñòâà îïðåäåëåíèÿ òèïà íàáëþ-
äàåìîãî îáúåêòà áûëî ïðîâåäåíî ìàòåìàòè÷åñêîå
ìîäåëèðîâàíèå. Äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðî-
âàíèÿ ðàññìàòðèâàëñÿ êëàññ ≪ðåàêòèâíûé èñ-
òðåáèòåëü≫ äëÿ êîòîðîãî áûëè âûáðàíû ïðåä-
ñòàâèòåëè, èìåþùèå òóðáîðåàêòèâíûå äâèãàòåëè
ñ íåñêîëüêèìè ñòóïåíÿìè ÊÍÄ: ≪Mirage-2000≫,
Ñó-27, F-18, F-22, Ñó-25. Â êà÷åñòâå âõîäíîãî ñèã-

íàëà èñïîëüçîâàëàñü îáîáùåííàÿ ìîäåëü, ó÷èòû-
âàþùàÿ çàêîíîìåðíîñòè îòðàæåíèÿ ñèãíàëà îò
äâèãàòåëüíûõ óñòàíîâîê [4]. Â êà÷åñòâå ïîêàçàòå-
ëåé, õàðàêòåðèçóþùèõ ýôôåêòèâíîñòü ôóíêöè-
îíèðîâàíèÿ óñòðîéñòâà ðàäèîëîêàöèîííîãî ðàñ-
ïîçíàâàíèÿ, ðàññìàòðèâàëèñü çíà÷åíèÿ âåðîÿò-
íîñòè ïðàâèëüíîãî ðàñïîçíàâàíèÿ D(ρ), ãäå ρ -
îòíîøåíèå ñèãíàë-øóì íà âûõîäå óñòðîéñòâà êî-
ãåðåíòíîãî íàêîïëåíèÿ [1]. Ðåçóëüòàòû ìàòåìà-
òè÷åñêîãî ìîäåëèðîâàíèÿ ïðåäñòàâëåíû íà ðè-
ñóíêå 2.

Ðèñ. 3 � Ðåçóëüòàòû ìàòåìàòè÷åñêîãî
ìîäåëèðîâàíèÿ

Ïðåäñòàâëåííûå ðåçóëüòàòû ìàòåìàòè÷å-
ñêîãî ìîäåëèðîâàíèÿ ïîäòâåðæäàþò ýôôåêòèâ-
íîñòü ðàçðàáîòàííîãî óñòðîéñòâà ðàñïîçíàâàíèÿ
òèïà íàáëþäàåìîãî îáúåêòà ïðè âûñîêèõ îòíî-
øåíèÿõ ñèãíàë-øóì. Îäíàêî ïðè ìàëûõ îòíîøå-
íèÿõ ñèãíàë øóì äëÿ íåêîòîðûõ òèïîâ îáúåêòîâ
íàáëþäàåòñÿ íèçêàÿ ýôôåêòèâíîñòü óñòðîéñòâà,
ñâÿçàííàÿ ñ òåì ÷òî èõ ÑÐËÏ òåðÿþò êîíòðàñò-
íîñòü ïî îòíîøåíèþ ê äðóãèì ÑÐËÏ íà ôîíå
øóìîâ.

II. Çàêëþ÷åíèå

Ðàçðàáîòàííîå óñòðîéñòâî ïîçâîëÿåò ðàñ-
øèðèòü ôóíêöèîíàëüíûå âîçìîæíîñòè óñòðîé-
ñòâà ÐËÐ çà ñ÷åò äîïîëíèòåëüíîãî îïðåäåëåíèÿ
òèïà íàáëþäàåìîãî îáúåêòà êëàññà ≪ðåàêòèâíûé
èñòðåáèòåëü≫, ïðè ýòîì ñòîèò îòìåòèòü òðåáîâà-
òåëüíîñòü óñòðîéñòâà ê îòíîøåíèþ ñèãíàë-øóì
äëÿ îáåñïå÷åíèÿ âûñîêîé äîñòîâåðíîñòè ðàñïî-
çíàâàíèÿ.
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Èññëåäóþòñÿ íåéðîñåòåâûå àëãîðèòìû äëÿ ýôôåêòèâíîé îðãàíèçàöèè ðàáîòû HR-ñïåöèàëèñòîâ. Ïîêàçà-

íî, ÷òî èõ ïðèìåíåíèå ÿâëÿåòñÿ ñîñòàâíîé ÷àñòüþ ðàöèîíàëüíîãî óïðàâëåíèÿ â ÈÒ-îòðàñëè

Ââåäåíèå

Â ðåçþìå, êàê ïðàâèëî, îïèñûâàåòñÿ ïðîôåññè-
îíàëüíàÿ äåÿòåëüíîñòü ñîèñêàòåëÿ. Íàïðîòèâ, â ñî-
öèàëüíûõ ñåòÿõ ìîæíî óâèäåòü ëè÷íîñòíûå êà÷åñòâà
íàíèìàåìîãî ñîòðóäíèêà, òî åñòü ñëîæíûå, áèîëîãè-
÷åñêè è ñîöèàëüíî îáóñëîâëåííûå êîìïîíåíòû ëè÷-
íîñòè. Íà îñíîâå ýòèõ äàííûõ ìîæíî ïîëó÷èòü ïîë-
íûé ïñèõîëîãè÷åñêèé ïîðòðåò ñîèñêàòåëÿ è ñäåëàòü
âûâîä, ñìîæåò ëè âëèòüñÿ ïîòåíöèàëüíûé ðàáîòíèê
â âàø êîëëåêòèâ è èìååò ëè øàíñû ïîëàäèòü ñ êîë-
ëåãàìè. Òàêæå èìååò ìåñòî îöåíêà soft skills, êîòî-
ðûå íåìàëîâàæíû äëÿ ëþáîé êîìàíäû è ïðîåêòà â
öåëîì.

I. Èñïîëüçîâàíèå íåéðîñåòè äëÿ îòáîðà
ñïåöèàëèñòîâ â ñîöèàëüíîé ñåòè

Â ñîâðåìåííûõ ðåàëèÿõ áîëüøîå êîëè÷åñòâî
îáðàáàòûâàåìîé èíôîðìàöèè ñèëüíî óâåëè÷èâàåò
âðåìÿ ðàññìîòðåíèÿ îäíîãî êàíäèäàòà. Â ñâÿçè ñ
ýòèì ìîæíî îïòèìèçèðîâàòü ðàáîòó ñ ïîìîùüþ íåé-
ðîñåòåé. Êîìïàíèè, êîòîðûå èñïîëüçóþò ïðîäâèíó-
òûå ñèñòåìû àíàëèçà ïîòåíöèàëüíûõ ñîòðóäíèêîâ,
ðàáîòàþò â íåñêîëüêî ðàç ýôôåêòèâíåå ñâîèõ êîíêó-
ðåíòîâ è ýòî äà¼ò âîçìîæíîñòü ïðè íàéìå ñîòðóäíè-
êîâ ìèíèìèçèðîâàòü ñóáúåêòèâèçì è ñîêðàòèòü ðàñ-
õîäû êîìïàíèè íà ïîäáîð ïåðñîíàëà. Ïðè òàêîì ïîä-
õîäå êîëè÷åñòâî HR-ñïåöèàëèñòîâ è ðåêðóòåðîâ â òå-
÷åíèå ïÿòè ëåò â çíà÷èòåëüíîé ñòåïåíè ñîêðàòèòñÿ.
Íî äëÿ ñîçäàíèÿ è ýêñïëóàòàöèè òàêîé òåõíîëîãèè
òðåáóåòñÿ:

� Âûäåëèòü íåìàëîå ôèíàíñèðîâàíèå äëÿ
óñïåøíîãî âíåäðåíèÿ íåéðîñåòåé â ðàáîòó îò-
äåëà

� Ñîáðàòü ñèëüíóþ êîìàíäó ðàçðàáîò÷èêîâ è
àíàëèòèêîâ, data science ñïåöèàëèñòîâ êîòîðûå
ñìîãóò ââåñòè â ðàáîòó íåéðîñåòü è äàëåå ïîä-
äåðæèâàòü åå.

� Ïåðåñòðîèòü ñóùåñòâóþùóþ ñèñòåìó ïîäáîðà
êàäðîâ ïîä ðàáîòó íåéðîñåòè

Äî çàïóñêà íåéðîñåòè â ðàáîòó, ïðåäâàðèòåëü-
íî íåîáõîäèìî ñôîðìèðîâàòü êðèòåðèè îòáîðà è îáó-
÷èòü å¼. Âîçìîæíîñòü îáó÷åíèÿ � ãëàâíîå ïðåèìóùå-
ñòâî íåéðîííûõ ñåòåé. Òåõíè÷åñêè îáó÷åíèå çàêëþ-
÷àåòñÿ â íàõîæäåíèè êîýôôèöèåíòîâ ñâÿçåé ìåæäó
íåéðîíàìè. Â ïðîöåññå îáó÷åíèÿ íåéðîííàÿ ñåòü âû-
ÿâëÿåò ñëîæíûå çàâèñèìîñòè ìåæäó âõîäíûìè äàí-
íûìè è âûõîäíûìè è âûïîëíÿåò îáîáùåíèå. Êðèòå-
ðèÿìè äëÿ îòáîðà ñïåöèàëèñòà â ñîöèàëüíîé ñåòè ìî-
ãóò ÿâëÿòüñÿ:

1. Ôîòîãðàôèè

Ñóùåñòâóåò íåñêîëüêî ïîäõîäîâ ê ýêñïðåññ-
îöåíêå ôîòîãðàôèé òàêèå êàê èñïîëüçîâàíèå ñâåðõ-
òî÷íûõ íåéðîííûõ ñåòåé äëÿ îöåíêè îêðóæàþùèõ
ïðåäìåòîâ, ýìîöèîíàëüíîãî ñîñòîÿíèÿ, èíôîðìàöèè
î ïðåäïî÷òåíèÿõ, îòíîøåíèè ê ðàáîòå, íåìàòåðèàëü-
íîé ìîòèâàöèè. Ïðè îáó÷åíèè íåéðîñåòè ñ ó÷èòåëåì
äëÿ ðàñïîçíàâàíèÿ îáðàçîâ èìååòñÿ âûáîðêà ñ èñòèí-
íûìè îòâåòàìè íà âîïðîñ, ÷òî èçîáðàæåíî íà êàð-
òèíêå � ìåòêàìè êëàññîâ. Èçîáðàæåíèÿ ïîäàþòñÿ íà
âõîä íåéðîñåòè, ïîñëå ÷åãî ïîäñ÷èòûâàåòñÿ äîëÿ ñîâ-
ïàäåíèé, ñðàâíèâàÿ âûäàííûå íåéðîñåòüþ çíà÷åíèÿ
ñ èñòèííûìè ìåòêàìè êëàññîâ. Â çàâèñèìîñòè îò ñòå-
ïåíè è õàðàêòåðà íåñîîòâåòñòâèÿ ïðåäñêàçàíèÿ íåé-
ðîñåòè, å¼ âåñîâûå êîýôôèöèåíòû êîððåêòèðóþòñÿ,
îòâåòû íåéðîñåòè ïîäñòðàèâàþòñÿ ïîä èñòèííûå îò-
âåòû, ïîêà äîëÿ îøèáî÷íûõ ðåçóëüòàòîâ íå ñòàíåò
ìèíèìàëüíîé.

2. Ãðóïïû, ïîñòû, îêðóæåíèå è ëè÷íûå äàííûå

Îñíîâíîé èíôîðìàöèåé, âëèÿþùåé íà èòîãî-
âóþ îöåíêó ñîèñêàòåëÿ ñèñòåìîé âëèÿþò òåêñòû,
îïóáëèêîâàííûå â ïðîôèëå. Îñíîâíûì ìåòîäîì äëÿ
îáðàáîòêè äàííûõ ÿâëÿåòñÿ êîððåëÿöèîííûé àíà-
ëèç. Åãî îñíîâíîå íàçíà÷åíèå � âûÿâëåíèå ñâÿçè
ìåæäó äâóìÿ è áîëåå ñëó÷àéíûìè ïàðàìåòðàìè. Â
êà÷åñòâå ñëó÷àéíûõ âåëè÷èí â ýìïèðè÷åñêèõ èññëå-
äîâàíèÿõ âûñòóïàþò çíà÷åíèÿ ïåðåìåííûõ, èçìåðÿ-
åìûå ñâîéñòâà èññëåäóåìûõ îáúåêòîâ íàáëþäåíèÿ.
Ñóòü êîððåëÿöèîííîãî àíàëèçà çàêëþ÷àåòñÿ â ðàñ÷å-
òå êîýôôèöèåíòîâ êîððåëÿöèè. Êîýôôèöèåíòû êîð-
ðåëÿöèè ìîãóò ïðèíèìàòü, êàê ïðàâèëî, ïîëîæè-
òåëüíûå è îòðèöàòåëüíûå çíà÷åíèÿ. Çíàê êîýôôè-
öèåíòà êîððåëÿöèè ïîçâîëÿåò èíòåðïðåòèðîâàòü íà-
ïðàâëåíèå ñâÿçè, à àáñîëþòíîå çíà÷åíèå � ñèëó ñâÿ-
çè. Òàêèì îáðàçîì, ñèñòåìà èíòåðïðåòèðóåò ÷åëîâå-
÷åñêóþ ëîãèêó, îïðåäåëÿåò ïñèõîëîãè÷åñêèé ïîðòðåò
÷åëîâåêà è îòíîñèò åãî ê îäíîìó èç 16 ïñèõîòèïîâ,
èñïîëüçóþ òèïîëîãèþ Ìàéåðñ-Áðèããñ. Âûÿâëåííàÿ
èíôîðìàöèÿ ïîìîãàåò îïðåäåëèòü íàèáîëåå ïîäõî-
äÿùèõ êàíäèäàòîâ, òàê êàê äëÿ ðàçíûõ ïðîôåññèé
ïîäõîäÿò ëþäè ñîâåðøåííî ðàçíûõ ïñèõîòèïîâ.

II. Èñïîëüçîâàíèå íåéðîñåòåâûõ
àëãîðèòìîâ ïðè ïîäáîðå ñïåöèàëèñòîâ

Äëÿ ïîñòðîåíèÿ àëãîðèòìîâ ìàøèííîãî îáó÷å-
íèÿ èñïîëüçóþòñÿ ìíîãîìåðíûå ñëó÷àéíûå âåëè÷è-
íû. Ìíîãîìåðíàÿ ñëó÷àéíàÿ âåëè÷èíà � ýòî ñïèñîê
ìàòåìàòè÷åñêèõ ïåðåìåííûõ, çíà÷åíèÿ êàæäîãî èç
êîòîðûõ íåèçâåñòíî, ëèáî ïîòîìó ÷òî çíà÷åíèå åùå
íå ïðîèçîøëî, èëè èç-çà íåñîâåðøåííîãî çíàíèÿ åãî
çíà÷åíèé. Èíäèâèäóàëüíûå ïåðåìåííûå â ñëó÷àéíîì
âåêòîðå ñãðóïïèðîâàíû âìåñòå, ïîòîìó ÷òî îíè ÿâëÿ-

121



þòñÿ ÷àñòüþ åäèíîé ìàòåìàòè÷åñêîé ñèñòåìû � ÷à-
ñòî îíè ïðåäñòàâëÿþò ðàçëè÷íûå ñâîéñòâà îòäåëü-
íûõ ñòàòèñòè÷åñêèõ åäèíèö. Êàíäèäàò ìîæåò èìåòü
îïðåäåëåííûå íàâûêè, îïûò ðàáîòû, óðîâåíü îáðàçî-
âàíèÿ, âîçðàñò. Ñîâîêóïíîñòü æå ýòèõ îñîáåííîñòåé
ó ñëó÷àéíîãî ÷åëîâåêà èç ãðóïïû áóäåò ñëó÷àéíûì
âåêòîðîì. Êàæäûé ýëåìåíò ñëó÷àéíîãî âåêòîðà � ýòî
äåéñòâèòåëüíîå ÷èñëî. Ïðè èçó÷åíèè ñèñòåìû ñëó-
÷àéíûõ âåëè÷èí íåäîñòàòî÷íî èçó÷èòü îòäåëüíî ñëó-
÷àéíûå âåëè÷èíû, ñîñòàâëÿþùèå ñèñòåìó, à íåîáõî-
äèìî ó÷èòûâàòü ñâÿçè èëè çàâèñèìîñòè ìåæäó ýòèìè
âåëè÷èíàìè.

Ñèñòåìû ïîäáîðà ñïåöèàëèñòîâ ñ èñïîëüçîâà-
íèåì ìàøèííîãî îáó÷åíèÿ ðåøàþò ïðîáëåìû ðàíæè-
ðîâàíèÿ è îòáîðà ðåçþìå, êîòîðûå íå òî÷íî ñîîòâåò-
ñòâóþò ïàðàìåòðàì, òàê êàê îíè èìåþò äåëî íå ïðî-
ñòî ñî ñòàíäàðòíûìè ïîëÿìè è îïèñàíèÿìè, à îïðå-
äåëÿþò, íàñêîëüêî ðåçþìå è êîíêðåòíûé êàíäèäàò
ïîäõîäèò íàíèìàþùåé êîìïàíèè. Ñèñòåìà îáó÷àåòñÿ
êàê ôóíêöèÿ îò ðàçëè÷íûõ ïðèçíàêîâ ïàðû ≪ðåçþ-
ìå/âàêàíñèÿ≫. Å¼ ìîæíî ðàçäåëèòü íà òðè îñíîâíûõ
áëîêà: ýâðèñòè÷åñêèé ìåòîä, áûñòðàÿ ôèëüòðóþùàÿ
ìîäåëü, ñëîæíàÿ ðàíæèðóþùàÿ ìîäåëü.

Ïðèìåíåíèå ýâðèñòè÷åñêîãî ìåòîäà íåîáõîäèìî
èç-çà îòñóòñòâèÿ óñëîâèé äëÿ èñïîëüçîâàíèÿ ôîðìà-
ëèçîâàííûõ ìåòîäîâ ïðèíÿòèÿ óïðàâëåí÷åñêèõ ðå-
øåíèé. Òàêæå ýâðèñòè÷åñêèé ìåòîä ÿâëÿåòñÿ ïîëåç-
íûì ïðè áîëüøîì îáú¼ìå îáðàáàòûâàåìîé èíôîðìà-
öèè.

Äëÿ êîìïàíèè, êîòîðàÿ ðàíåå ñîáèðàëà ñòàòè-
ñòè÷åñêóþ èíôîðìàöèþ ïî ñîèñêàòåëÿì, èõ ðåçþìå
è êà÷åñòâå âûïîëíÿåìîé ðàáîòû, öåëåñîîáðàçíî èñ-
ïîëüçîâàòü ñëîæíóþ ðàíæèðóþùóþ ìîäåëü, îñíî-
âàííóþ íà ñòàòèñòè÷åñêèõ ìåòîäàõ. Äàííûå ìåòîäû
ïðåäëàãàþò ýôôåêòèâíîå ðåøåíèå ñ ïîìîùüþ àíàëè-
çà ðàíåå ïîëó÷åííîé èíôîðìàöèè. Òàê êàê â ðåçþìå
è âàêàíñèÿõ èìååòñÿ ìíîæåñòâî âîçìîæíûõ êîìáè-
íàöèé êðèòåðèåâ, òî äëÿ îöåíêè ýôôåêòèâíîñòè èõ
âçàèìîñâÿçåé áóäåì èñïîëüçîâàòü âåëè÷èíó, íàçûâà-
åìóþ êîâàðèàöèåé, òî åñòü ìåðó ñîâìåñòíîé èçìåí-
÷èâîñòè äâóõ ñëó÷àéíûõ âåëè÷èí. Ïîëó÷èâ çíà÷åíèå
äàííîé âåëè÷èíû, ìîæíî îïðåäåëèòü, êàê èçìåíÿåò-
ñÿ ýôôåêòèâíîñòü îäíîãî ðåøåíèÿ â çàâèñèìîñòè îò
èçìåíåíèÿ ýôôåêòèâíîñòè äðóãîãî. Òàêèì îáðàçîì
ìîæíî ïðîñëåäèòü íàñêîëüêî ïîâûøàåòñÿ ýôôåêòèâ-
íîñòü ñîòðóäíèêà ïðè âûïîëíåíèè êîíêðåòíûõ çàäà÷
â çàâèñèìîñòè îò åãî íàâûêîâ è soft-skills.

Äëÿ êîìïàíèé, îòíîñÿùèõñÿ ê ìàëîìó è ñðåäíå-
ìó áèçíåñó, ãäå ñòàòèñòè÷åñêèõ äàííûõ íåäîñòàòî÷íî
äëÿ ïîñòðîåíèÿ ìîäåëè, èñïîëüçóåòñÿ ýêñïåðòíàÿ ñè-
ñòåìà. Â îñíîâå ìàòåìàòè÷åñêîé ìîäåëè ýòîé ñèñòå-
ìû ëåæèò ýêñïåðòíîå ìíåíèå ñïåöèàëèñòîâ, çàìåíÿ-
þùåå õîä ÷åëîâå÷åñêîé ìûñëè â ïðèíÿòèè ðåøåíèÿ.
Òàêîé ïîäõîä îïðàâäàí, êîãäà ó áèçíåñà íå õâàòàåò
ñîáñòâåííûõ ñòàòèñòè÷åñêèõ äàííûõ.

Äàííàÿ èíôîðìàöèÿ äàëåå ïðèìåíÿåòñÿ äëÿ
îáó÷åíèÿ ñèñòåì ïîäáîðà ñïåöèàëèñòîâ. Òàêèì îá-
ðàçîì, ïîñëåäîâàòåëüíî ñòðîÿòñÿ àëãîðèòìû ìàøèí-
íîãî îáó÷åíèÿ òàê, ÷òîáû êàæäûé íîâûé èç íèõ
êîìïåíñèðîâàë íåäîñòàòêè êîìïîçèöèè àëãîðèòìîâ
ïðåäøåñòâåííèêîâ.

Íåéðîñåòåâûå àëãîðèòìû äëÿ àíàëèçà ðåçþìå
ìîãóò èñïîëüçîâàòü Áàéåñîâñêîå ïðîãðàììèðîâàíèå
� ôîðìàëüíóþ ñèñòåìó îïðåäåëåíèÿ âåðîÿòíîñòíûõ

ìîäåëåé äëÿ ðåøåíèÿ çàäà÷, êîãäà íå âñÿ íåîáõîäè-
ìàÿ èíôîðìàöèÿ äîñòóïíà äàííîé çàäà÷å: ýëåêòðîí-
íûå ðåçþìå äîëæíû êëàññèôèöèðîâàòüñÿ ïî îäíîé
èç äâóõ êàòåãîðèé: ðåëåâàíòíûå è íåðåëåâàíòíûå.
Äîñòóïíîé èíôîðìàöèåé äëÿ êëàññèôèêàöèè ðåçþ-
ìå ÿâëÿåòñÿ èõ ñîäåðæàíèå: íàáîð ñëîâ, îïèñûâàþ-
ùèé íàâûêè, ññûëêè íà ñîöèàëüíûå ñåòè è ïðåäûäó-
ùèå ïðîåêòû ñîèñêàòåëÿ. Êðîìå òîãî, êëàññèôèêà-
òîð äîëæåí áûòü ñïîñîáíûì àäàïòèðîâàòüñÿ ê òðåáî-
âàíèÿì è ó÷èòüñÿ èç îïûòà. Îí áóäåò óëó÷øàòü ñîá-
ñòâåííûå ðåçóëüòàòû, ñòàëêèâàÿñü ñî âñå áîëüøèì
êîëè÷åñòâîì êëàññèôèöèðîâàííûõ ðåçþìå. Çäåñü èñ-
ïîëüçóþòñÿ ïðèíöèïû êîìïîçèðóåìîñòè (ïîñòðîåíèå
àáñòðàêòíûõ ïðåäñòàâëåíèé èç ÷àñòåé), ïðè÷èííîñòè
(ïîñòðîåíèå ñëîæíîãî èç ÷àñòåé) è îáó÷åíèÿ îáó÷å-
íèþ (èñïîëüçîâàíèå ïîíÿòsèé, ðàñïîçíàííûõ ðàíåå,
äëÿ óïðîùåíèÿ ñîçäàíèÿ íîâûõ ïîíÿòèé). Êðîìå òî-
ãî, êëàññèôèêàòîð äîëæåí áûòü ñïîñîáíûì àäàïòè-
ðîâàòüñÿ ê òðåáîâàíèÿì è ó÷èòüñÿ èç îïûòà. Îí áó-
äåò óëó÷øàòü ñîáñòâåííûå ðåçóëüòàòû, ñòàëêèâàÿñü
ñî âñå áîëüøèì êîëè÷åñòâîì êëàññèôèöèðîâàííûõ
ðåçþìå. Çäåñü èñïîëüçóþòñÿ ïðèíöèïû êîìïîçèðó-
åìîñòè (ïîñòðîåíèå àáñòðàêòíûõ ïðåäñòàâëåíèé èç
÷àñòåé), ïðè÷èííîñòè (ïîñòðîåíèå ñëîæíîãî èç ÷à-
ñòåé) è îáó÷åíèÿ îáó÷åíèþ (èñïîëüçîâàíèå ïîíÿòèé,
ðàñïîçíàííûõ ðàíåå, äëÿ óïðîùåíèÿ ñîçäàíèÿ íîâûõ
ïîíÿòèé)

Íà îñíîâå âûøåèçëîæåííûõ ìåòîäîâ, ñèñòåìû ñ
ïðèìåíåíèåì íåéðîñåòåâûõ àëãîðèòìîâ èìåþò áîëü-
øîé ïîòåíöèàë äëÿ ðàáîòû ñåðâèñîâ ïî ðàíæèðîâà-
íèþ è ñîñòàâëåíèþ ðåéòèíãà êàíäèäàòîâ. Òàêæå ïî-
äîáíûå ñèñòåìû óñïåøíî ïðèìåíÿþòñÿ â ñåðâèñàõ ïî
àíàëèçó òåêñòà âàêàíñèé, âûáîðà ëó÷øåãî ìåñòà è
âðåìåíè ïóáëèêàöèè äëÿ ïîâûøåíèÿ èõ ðåàëèçóåìî-
ñòè.

Ïðèìåðîì óñïåøíîãî âíåäðåíèÿ íåéðîñåòåé â
ðàáîòó ìîæåò ñëóæèòü ñåðâèñ AmazingHiring, èñ-
ïîëüçóþùèé ìåõàíèçìû ìàøèííîãî îáó÷åíèÿ, êîòî-
ðûé ìîæåò ñàìîñòîÿòåëüíî íàéòè ðàçðàáîò÷èêà, àâ-
òîìàòè÷åñêè ïðîàíàëèçèðîâàâ ìèëëèîíû êîììèòîâ
íà ðåñóðñàõ GitHub, Linkedin, Facebook è ìíîãèõ
äðóãèõ äëÿ âûÿâëåíèÿ íàèáîëåå àêòèâíûõ è êâàëè-
ôèöèðîâàííûõ ïðîãðàììèñòîâ.

III. Çàêëþ÷åíèå

Áîëüøèíñòâî íåîäíîçíà÷íûõ è ñïîðíûõ ìîìåí-
òîâ ïîêà åùå ðåøàþòñÿ âðó÷íóþ. Êîìïüþòåðíûå ñè-
ñòåìû, àëãîðèòìû è íåéðîñåòè èãðàþò ëèøü âñïî-
ìîãàòåëüíóþ ðîëü. Íî ÷åðåç 10�15 ëåò ïîëíàÿ àâòî-
ìàòèçàöèÿ è öèôðîâèçàöèÿ ìíîãèõ óêàçàííûõ âûøå
íàïðàâëåíèé ðàáîòû âîçìîæíà è îæèäàåìà.

IV. Ñïèñîê ëèòåðàòóðû

1. Àíàëèç ëè÷íîñòè ïî ñîöèàëüíûì ñåòÿì êàê ýôôåê-
òèâíûé ìåòîä ïîäáîðà êàäðîâ [Ýëåêòðîííûé ðåñóðñ].
� Ðåæèì äîñòóïà: https://srccs.su/analiz-lichnosti-po-
sotsialnym-setyam-podbor-kadrov/

2. AI â ðåêðóòìåíòå [Ýëåêòðîííûé ðåñóðñ]. � Ðåæèì äî-
ñòóïà: https://amazinghiring.ru/blog/2017/07/17/ai-
â-ðåêðóòìåíòå/

3. Social Networking Websites and Personality
Ratings [Ýëåêòðîííûé ðåñóðñ]. � Ðåæèì äîñòó-
ïà: http://wwbp.org/papers/assessment2013/

4. Kamel Mekhnacha. Bayesian Programming (àíãë.). �
Chapman and Hall/CRC, 2013. � 380 ñ.
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Ââåäåíèå

Â ñâÿçè ñ ðåçêèì óâåëè÷åíèåì êîëè÷åñòâà
öèôðîâûõ ñíèìêîâ, ïîëó÷åííûõ ñ ðàçëè÷íûõ
ôîòîêàìåð, ðàñòåò ñïðîñ íà áîëåå òî÷íûå è âèçó-
àëüíî ïðèÿòíûå èçîáðàæåíèÿ. Îäíàêî èçîáðàæå-
íèÿ, ñäåëàííûå ñîâðåìåííûìè êàìåðàìè, íåèç-
áåæíî óõóäøàþòñÿ èç-çà øóìîâ, ÷òî ïðèâîäèò ê
óõóäøåíèþ êà÷åñòâà âèçóàëüíîãî èçîáðàæåíèÿ.
Ïîýòîìó ôóíäàìåíòàëüíîé ïðîáëåìîé â îáëà-
ñòè îáðàáîòêè èçîáðàæåíèé ÿâëÿåòñÿ ýôôåêòèâ-
íîå óìåíüøåíèå øóìîâ ïðè ñîõðàíåíèè âàæíûõ
äëÿ ïîñëåäóþùåãî ðàñïîçíàâàíèÿ äåòàëåé èçîá-
ðàæåíèÿ. Äëÿ ðåøåíèÿ ïðîáëåìû óäàëåíèÿ øó-
ìîâ áûëè ðàçðàáîòàíû ìíîãî÷èñëåííûå ïîäõî-
äû, ïðè ýòîì êàæäûé èìååò ñâîè ïðåèìóùåñòâà
è íåäîñòàòêè.

Äàííàÿ ðàáîòà îáîáùàåò íåêîòîðûå óñòî-
ÿâøèåñÿ ïîäõîäû â îáëàñòè øóìîïîäàâëåíèÿ, à
òàêæå ðàññìàòðèâàåò íåéðîííûå ñåòè êàê èí-
ñòðóìåíò, ïîçâîëÿþùèé èçáåæàòü íåäîñòàòêîâ
òðàäèöèîííûõ àëãîðèòìîâ. Îñíîâíîå âíèìàíèå
óäåëÿåòñÿ ðåàëèçîâàííûì ìîäåëÿì ñâåðòî÷íûõ
íåéðîííûõ ñåòåé (Convolutional neural networks
- CNN) êîòîðûå áûëè ðàçðàáîòàíû äëÿ ðåàëèçà-
öèè ñàìûõ ðàçíûõ çàäà÷, ñâÿçàííûõ ñ êîìïüþ-
òåðíûì çðåíèåì.

I. Àíàëèç òðàäèöèîííûõ ïîäõîäîâ

Êëàññè÷åñêèì ïîäõîäîì øóìîïîäàâëåíèÿ
ÿâëÿåòñÿ ïîäõîä íà îñíîâå àíàëèçà íåêîòîðîé
îêðåñòíîñòè. Ìåòîäû äàííîãî ïîäõîäà øóìîïî-
äàâëåíèÿ íàïðàâëåí íà óäàëåíèå øóìîâ ïóòåì
âû÷èñëåíèÿ êîððåëÿöèè ìåæäó ñîñåäíèìè ïèê-
ñåëÿìè èëè èõ ãðóïïîé. Íà îñíîâå êîððåëÿöèè â
äàëüíåéøåì âû÷èñëÿþòñÿ íîâîå çíà÷åíèå.

Äàííûé ïîäõîä ìîæíî ðàçäåëèòü íà äâå
ãðóïïû: ìåòîäû ïðîñòðàíñòâåííîé ôèëüòðàöèè
è âàðèàöèîííûå ìåòîäû øóìîïîäàâëåíèÿ. Ïðî-
ñòðàíñòâåííàÿ ôèëüòðàöèÿ èçîáðàæåíèé � ýòî
ìåòîä ïðåäâàðèòåëüíîé ôèëüòðàöèè èçîáðàæå-
íèÿ, ïðè êîòîðîì îáðàáîòêà ïðîèñõîäèò ïî-
ñðåäñòâîì ïîñëåäîâàòåëüíîãî ïðèìåíåíèÿ íåêî-
òîðîãî îïåðàòîðà ê êàæäîé òî÷êå èçîáðàæå-
íèÿ. Ïîñêîëüêó ôèëüòðàöèÿ ÿâëÿåòñÿ îäíèì
èç îñíîâíûõ ñïîñîáîâ îáðàáîòêè èçîáðàæåíèé,
äëÿ óìåíüøåíèÿ øóìîâ áûëî ñîçäàíî ìíîæå-
ñòâî ïðîñòðàíñòâåííûõ ôèëüòðîâ, êîòîðûå ìîæ-

íî ðàçäåëèòü íà äâà òèïà, � ëèíåéíûå è íåëèíåé-
íûå. Ëèíåéíûå ôèëüòðû ÿâëÿþòñÿ íàèáîëåå ñòà-
ðûìè èç ïðèìåíÿåìûõ, íàïðèìåð, ôèëüòðàöèÿ
ïî ñðåäíåìó çíà÷åíèþ. Äàííûé âèä ôèëüòðàöèè
õîðîøî ñïðàâëÿåòñÿ ñ Ãàóññîâñêèì øóìîì, îä-
íàêî ñëèøêîì ñèëüíî ñãëàæèâàåò èçîáðàæåíèÿ
ñ âûñîêèì ñòàíäàðòíûì íîðìàëüíûì ðàñïðåäå-
ëåíèåì øóìîâ. Ýòó ïðîáëåìó ÷àñòè÷íî ðåøèëà
ôèëüòðàöèÿ Âèíåðà [1], îäíàêî åå îñíîâíîé íåäî-
ñòàòîê � ïðîáëåìû â îáëàñòè ðåçêîãî èçìåíåíèÿ
êîíòåêñòà.

Áîëüøåå ðàñïðîñòðàíåíèå ñåé÷àñ èìåþò
íåëèíåéíûå ìåòîäû ôèëüòðàöèè, íàïðèìåð, ìå-
äèàííàÿ ôèëüòðàöèÿ, âçâåøåííàÿ ìåäèàííàÿ
ôèëüòðàöèÿ è áèëàòåðàëüíûé ôèëüòð. Ìåäèàí-
íûå ôèëüòðû è èõ ìîäèôèêàöèè äîñòàòî÷íî ÷à-
ñòî ïðèìåíÿþòñÿ íà ïðàêòèêå êàê ñðåäñòâî ïðåä-
âàðèòåëüíîé îáðàáîòêè èçîáðàæåíèÿ. Èõ îñíîâ-
íûì ïðåèìóùåñòâîì ÿâëÿåòñÿ âîçìîæíîñòü ïî-
äàâëÿòü îäèíî÷íûå èìïóëüñíûå ïîìåõè è ñëó-
÷àéíûå øóìîâûå âûáðîñû, îäíàêî ïîäàâëåíèå
áåëîãî è ãàóññîâñêîãî øóìà ìàëîýôôåêòèâíî.
Áèëàòåðàëüíûé ôèëüòð ÿâëÿåòñÿ áîëåå ìîùíûì
èíñòðóìåíòîì â ãëóáîêîé îáðàáîòêå èçîáðàæå-
íèÿ. Ýòî ïðîèñõîäèò çà ñ÷åò âû÷èñëåíèå èí-
òåíñèâíîñòè êàæäîãî ïèêñåëÿ, êàê âçâåøåííî-
ãî ñðåäíåãî èíòåíñèâíîñòåé ñîñåäíèõ ïèêñåëåé.
Ýòî òðåáóåò áîëüøèõ âû÷èñëèòåëüíûõ ðåñóðñîâ,
îäíàêî ïîçâîëÿåò áîëåå êà÷åñòâåííî îáðàáîòàòü
èçîáðàæåíèå.

Â îáùåì, òðàäèöèîííûå àëãîðèòìû ïîêàçû-
âàþò âûñîêîå êà÷åñòâî óäàëåíèÿ øóìîâ è ïîç-
âîëÿþò âûïîëíèòü ðàçëè÷íûå âèäû îáðàáîòîê
ñ ðàçëè÷íîé ñòåïåíüþ êà÷åñòâà. Îäíàêî â óãî-
äó êà÷åñòâó ïðèõîäèòüñÿ æåðòâîâàòü ïðîèçâîäè-
òåëüíîñòü, ÷òî äåëàåò èõ íåýôôåêòèâíûìè.

II. Ñîâðåìåííûå ïîäõîäû

Â ïîñëåäíåå âðåìÿ ïîäõîäû, îñíîâàííûå íà
íåéðîííûõ ñåòÿõ, ïîêàçûâàþò õîðîøóþ ïðîèçâî-
äèòåëüíîñòü âî ìíîãèõ çàäà÷àõ êîìïüþòåðíîãî
çðåíèÿ. Ýòî, ïðåæäå âñåãî, ñâÿçàíî ñ ïîñòîÿííî
ðàñòóùåé âû÷èñëèòåëüíîé ìîùíîñòüþ êîìïüþ-
òåðîâ è òåõíîëîãèÿìè, ïîçâîëÿþùèìè ïîðòèðî-
âàòü ðóòèííûå îïåðàöèè ðàáîòû ñ ÷èñëàìè ñ öåí-
òðàëüíîãî ïðîöåññîðà (CPU - central processing
unit) íà ãðàôè÷åñêèé ïðîöåññîð (GPU - graphics
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processing unit). ×òî ïîçâîëÿåò ñòðîèòü è òå-
ñòèðîâàòü îãðîìíûå ìîäåëè ðàáîòàþùèõ ñåòåé
íà îáû÷íûõ ïåðñîíàëüíûõ êîìïüþòåðàõ, à òàê
æå äåëåãèðîâàòü çàäà÷ó îáðàáîòêè âû÷èñëèòåëü-
íûì öåíòðàì ïî ñåòè.

Ïåðâîé óñïåøíî ðåàëèçîâàííîé ìîäåëüþ
íåéðîííîé ñåòè ñ÷èòàåòñÿ ìíîãîñëîéíûé ïåðñåï-
òðîí. Äàííàÿ ìîäåëü èìååò ñâîè ïðåèìóùåñòâà
â íåêîòîðûõ îáëàñòÿõ ìàøèííîãî îáó÷åíèÿ, îä-
íàêî äëÿ ðàáîòû ñ èçîáðàæåíèåì íå ïîäõîäÿò â
ñèëó ñâîåé àðõèòåêòóðíîé ñïåöèôèêè, êîòîðàÿ
ïîäðàçóìåâàåò ïðèíÿòèå íà âõîä âåêòîðà-ñòðîêè
ñîîòâåòñòâóþùåãî ïèêñåëüíîé ñåòêå èçîáðàæå-
íèÿ. Èç-çà ýòîãî ñåòü ñòàíîâèòñÿ ãðîìîçäêîé è
òðóäíîîáó÷àåìîé. Äëÿ ðåøåíèÿ ýòîé ïðîáëåìû
áûëà ðàçðàáîòàíà äðóãàÿ àðõèòåêòóðà ñåòè, êî-
òîðàÿ âïîñëåäñòâèè ñòàëà íàçûâàòüñÿ ñâåðòî÷-
íîé [2]. Äàííàÿ òåõíîëîãèÿ îòëè÷íî çàðåêîìåí-
äîâàëà ñåáÿ â çàäà÷àõ ðàñïîçíàâàíèÿ îáúåêòîâ è
ëèö, àêòèâíî èñïîëüçóåòñÿ â ìåäèöèíå äëÿ àíà-
ëèçà ñíèìêîâ, íàâèãàöèè àâòîìîáèëåé, îñíàùåí-
íûõ àâòîíîìíûìè ñèñòåìàìè, â ñèñòåìàõ çàùè-
òû è äðóãèõ ñôåðàõ.

Ñóòü ïðåäëîæåííîãî ïîäõîäà çàêëþ÷àåòñÿ
â êîíñòðóèðîâàíèè ñëîåâ òàêèì îáðàçîì, ÷òî áû
ñåòü ïðèíèìàëà íà âõîä ìàññèâû ìàòðèö ÷èñ-
ëå, ñîîòâåòñòâóþùèõ ãðóïïå ïèêñåëåé êîíêðåò-
íîé îáëàñòè èçîáðàæåíèÿ. ×òî ïîçâîëèëî óìåíü-
øèòü ðàçìåð ìîäåëè è ñîõðàíèòü âûñîêóþ ñòå-
ïåíü óñòîé÷èâîñòè ê ìàñøòàáèðîâàíèþ, ïðåîáðà-
çîâàíèÿì è äðóãèì âèäàì äåôîðìàöèè.

Ñâåðòî÷íûå íåéðîííûå ñåòè óæå èñïîëüçó-
þòñÿ è â çàäà÷àõ øóìîïîäàâëåíèÿ. Íàèáîëåå ïî-
ïóëÿðíûìè ÿâëÿþòñÿ DnCNN è FFDNet. DnCNN
ðàçðàáîòàíà Õàðáèíñêèì òåõíîëîãè÷åñêèì èí-
ñòèòóòîì [3] è íàïðàâëåíà íà óäàëåíèÿ ãàóññîâ-
ñêîãî øóìà ñ ëþáûì ñòàíäàðòíûì íîðìàëüíûì
ðàñïðåäåëåíèåì è óëó÷øåíèÿ ðåçêîñòè èçîáðà-
æåíèÿ. Ñåòü ñîñòîèò èç íåñêîëüêèõ áëîêîâ ñëîåâ,
ïåðâûé ýòî ñâåðòî÷íûé ñëîé (64 ôèëüòðà ðàçìå-
ðîì 3õ3õÑ, ãäå Ñ � ýòî êîëè÷åñòâî öâåòîâ, ñî-
ñòàâëÿþùèõ èçîáðàæåíèå), çàòåì èäåò áëîê èç
ñâåðòî÷íûõ ñëîåâ ñ ôèëüòðàìè ðàçìåðîì 3õ3õ64.
Çàêëþ÷èòåëüíûì áëîêîì ñëóæèò ñëîé, êîòîðûé
ïðèìåíÿåòñÿ äëÿ âîññòàíîâëåíèÿ âûõîäíûõ äàí-
íûõ. Ïåðâûé è âòîðîé áëîê èìåþò ôóíêöèþ àê-
òèâàöèè ReLU. DnCNN íå õâàòàåò ãèáêîñòè äëÿ
ðàáîòû ñ ïðîñòðàíñòâåííî èçìåíÿþùèìñÿ øó-
ìîì, ÷òî îãðàíè÷èâàåò èõ ïðèìåíåíèå â ïðàêòè-
÷åñêîì øóìîïîäàâëåíèè.

Äëÿ ðåøåíèÿ äàííîé ïðîáëåìû áûëà ðàçðà-
áîòàíà FFDNet [4]. FFDNet ñ òî÷êè çðåíèÿ àð-
õèòåêòóðû ïîõîæà íà DnCNN, îäíàêî èìååòñÿ
ñóùåñòâåííûå ïðåèìóùåñòâà. Íàïðèìåð, ñïîñîá-
íîñòü ýôôåêòèâíî îáðàáàòûâàòü øèðîêèé äèà-
ïàçîí óðîâíåé øóìà èëè íàñòðàèâàòü êàðòó
óðîâíÿ øóìà â êà÷åñòâå âõîäíûõ äàííûõ. Òàê æå
âõîäíîé áëîê ðàñïðåäåëÿåò èçîáðàæåíèå â ñîîò-

âåòñòâèè ñ ðàçðåøåíèåì èçîáðàæåíèÿ. Ýòî ïîç-
âîëÿåò óìåíüøèòü ñëîæíîñòü àëãîðèòìà. Ñëîé
íà âûõîäå âîññòàíàâëèâàåò íåëèíåéíóþ âûõîä-
íóþ èíôîðìàöèþ ê ðàçðåøåíèþ êàðòèíêè íà ìî-
ìåíò âõîäà. Äàííîå óñîâåðøåíñòâîâàíèå ïðåäíà-
çíà÷åíî äëÿ ïîèñêà îïòèìàëüíîãî ðåøåíèÿ ïî
ñëîæíîñòè àðõèòåêòóðû è êà÷åñòâó âûõîäíûõ
äàííûõ.

Êàê áûëî ñêàçàíî âûøå, ïðè ñõîæåé àð-
õèòåêòóðå, íî ñ íåçíà÷èòåëüíûìè äîðàáîòêà-
ìè, íàïðèìåð, âõîäíîãî ñëîÿ, ìîæíî óâåëè÷èòü
ïðîèçâîäèòåëüíîñòü è êà÷åñòâî ñåòè. Ïðåäëàãà-
åìûé ïîäõîä çàêëþ÷àåòñÿ â çàõâàòå äîñòàòî÷-
íîãî êîëè÷åñòâà ðåàëüíûõ îáó÷àþùèõ ïàð, ÷òî-
áû ìîæíî áûëî îõâàòèòü áîëüøåå ïðîñòðàíñòâî
øóìîâ èçîáðàæåíèÿ. Ïîìèìî îáó÷àþùèõ äàí-
íûõ, íàäåæíàÿ àðõèòåêòóðà è íàäåæíîå îáó÷å-
íèå òàêæå èãðàþò âàæíóþ ðîëü øóìîïîäàâèòåëÿ
CNN. Äëÿ íàäåæíîé àðõèòåêòóðû ìíîãîîáåùà-
þùèì íàïðàâëåíèåì ÿâëÿåòñÿ ðàçðàáîòêà ãëóáî-
êîé ìíîãîìàñøòàáíîé CNN, êîòîðàÿ âêëþ÷àåò â
ñåáÿ ïðîöåäóðó ðàñïîçíàâàíèÿ êîíêðåòíîãî øó-
ìà. Ýòî ìîæíî ðåàëèçîâàòü â âèäå äîïîëíèòåëü-
íîãî âõîäíîãî ñëîÿ, êîòîðûé àíàëèçèðóåò øóìû
èçîáðàæåíèÿ è ñàì ïðèíèìàåò ðåøåíèå î äàëü-
íåéøåé î÷èñòêè îò øóìà. Îæèäàåòñÿ, ÷òî òàêàÿ
ñåòü óíàñëåäóåò ïðåèìóùåñòâà ìíîãîìàñøòàáíî-
ñòè, ýòî ñâÿçàíî ñ òåì, ÷òî óðîâåíü øóìà ñíèæà-
åòñÿ ïðè áîëüøèõ ìàñøòàáàõ.

III. Âûâîäû

Íà îñíîâàíèè ïðåäñòàâëåííîé èíôîðìàöèè
ìîæíî ñäåëàòü âûâîä, ÷òî èñïîëüçîâàíèå ñâåð-
òî÷íûõ íåéðîííûõ ñåòåé â çàäà÷àõ îáðàáîò-
êè èçîáðàæåíèé, à â ÷àñòíîñòè øóìîïîäàâëå-
íèÿ, èìååò ìíîæåñòâî âîçìîæíîñòåé äëÿ ðàáî-
òû ñ ðàçíîãî âèäà øóìîâ è ïîçâîëÿåò óâåëè÷è-
âàòü ïðîèçâîäèòåëüíîñòü è êà÷åñòâî îáðàáîòêè â
ñðàâíåíèè ñ òðàäèöèîííûìè àëãîðèòìàìè øóìî-
ïîäàâëåíèÿ. Îæèäàåòñÿ, ÷òî ïðåäëîæåííûé ïîä-
õîä ñòàíåò êà÷åñòâåííûì óñîâåðøåíñòâîâàíèåì è
äîïîëíåíèåì ê óæå ñóùåñòâóþùèì CNN.
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Â ñòàòüå îïèñûâàåòñÿ ñîçäàíèå èôîðìàöèîííîé ñèñòåìû ïî óïðàâëåíèþ ñòóäå÷åñêèì îáùåæèòèåì. Ïðè-

âîäèòñÿ îïèñàíèå îñíîâíîãî àëãîðèòìà ïðèëîæåíèÿè, íåêîòîðûõ âîçìîæíîñòåé ñèñòåìû, à òàêæå åå

öåëè è íàçíà÷åíèÿ.

Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü áåç áàç äàííûõ, êî-
òîðûå ñ÷èòàþòñÿ îñíîâîé ñîâðåìåííûõ èíôîð-
ìàöèîííûõ ñèñòåì, ðàáîòà ìíîãèõ îðãàíèçàöèé
íå ïðåäñòàâëÿåòñÿ âîçìîæíîé. Ñèñòåìû áàç äàí-
íûõ äîñòóïíû è ïîíÿòíû â ïîëüçîâàíèè áîëüøî-
ìó êðóãó ëèö, êîòîðûå ìîãóò ñîçäàâàòü ñîáñòâåí-
íûå áàçû äàííûõ è ïðèëîæåíèÿ. Àâòîìàòèçàöèÿ
áèçíåñà ïîçâîëÿåò ñäåëàòü ïðîùå ðàñ÷åò êëþ÷å-
âûõ ïîêàçàòåëåé è ïîìî÷ü â îïåðàòèâíîì ñîçäà-
íèè ñâîäíûõ îò÷åòîâ. Â íàñòîÿùåå âðåìÿ óïðàâ-
ëåíèå ñòóäåí÷åñêèì îáùåæèòèåì íåëüçÿ íàçâàòü
ýôôåêòèâíûì áåç èñïîëüçîâàíèÿ àâòîìàòèçèðî-
âàííîé ñèñòåìû óïðàâëåíèÿ ó÷èòûâàÿ ÷òî ðåñóð-
ñû äëÿ ñîäåðæàíèÿ æèëîãî ôîíäà çíà÷èòåëüíî
îãðàíè÷åíû.

Ïî ñòåïåíè ñëîæíîñòè àâòîìàòèçàöèè ýòîò
îáúåêò íå î÷åíü îòëè÷àåòñÿ îò àâòîìàòèçèðîâàí-
íûõ ïðîöåññîâ áèçíåñà ñðåäíèõ îðãàíèçàöèé, íà-
ïðèìåð ãîñòèíè÷íîãî êîìïëåêñà.

Â òî æå âðåìÿ ñòóäåí÷åñêîå îáùåæèòèå íå
ïðåäñòàâëÿåò ñîáîé ãîñòèíè÷íûé êîìïëåêñ. Ó
íåãî ñïåöèôè÷åñêàÿ ñèñòåìà óïðàâëåíèÿ, îñíîâ-
íûì îòëè÷èòåëüíûì ïðèçíàêîì êîòîðîé ÿâëÿåò-
ñÿ ñâÿçü ñ àäìèíèñòðàòèâíûìè ñòðóêòóðàìè óíè-
âåðñèòåòà [1], à òàêæå åãî ó÷åáíûì ïðîöåññîì.

I. Ïîñòàíîâêà çàäà÷è

Ïðè ïðîåêòèðîâàíèè èíôîðìàöèîííîé ñè-
ñòåìû ñëåäóåò âûäåëèòü îñíîâíûå çàäà÷è, êîòî-
ðûå äîëæíû áûòü âûïîëíåíû:

� óñòàíîâëåíèå öåëåé è ôóíêöèé, êîòîðûå
äîëæíû áûòü ðåàëèçîâàíû;

� èíôîðìàöèîííî-ëîãè÷åñêîå ìîäåëèðîâàíèå
îáúåêòà, îòîáðàæàþùåãî èíôîðìàöèþ, êî-
òîðàÿ äîëæíà ðàçìåùàòüñÿ â áàçå;

� ïîñòðîåíèå ëîãè÷åñêîé ñòðóêòóðû áàçû
äàííûõ;

� ðàçðàáîòêà àëãîðèòìîâ ðåøåíèÿ çàäà÷;
� ðåàëèçàöèÿ çàäà÷è ïîñðåäñòâîì ýêðàííûõ
ôîðì, çàïðîñîâ è îò÷åòîâ.

� ñîçäàíèå äèàëîãîâîãî ïðèëîæåíèÿ ïîëüçî-
âàòåëÿ, îáúåäèíÿþùåãî âñå ïðîöåññû, ñâÿ-
çàííûå ñ ðåøåíèåì çàäà÷è: ââîä äàííûõ,

êîððåêòèðîâêà, ðåàëèçàöèÿ çàïðîñîâ, âû-
âîä îò÷åòîâ íà ýêðàí è ïå÷àòü [2].
Öåëü óïðàâëåíèÿ ñîñòîèò â ðàññåëåíèè ëþ-

äåé ïî çàÿâêàì, è âûñåëåíèå æèëüöîâ â ñëó÷àå
íàðóøåíèÿ äèñöèïëèíû èëè íàëè÷èÿ èíûõ âçûñ-
êàíèé. Äëÿ âûïîëíåíèÿ öåëè â ïðîöåññå óïðàâ-
ëåíèÿ ðåøàþòñÿ òàêèå çàäà÷è, êàê:

� ó÷åò íàëè÷èÿ ñâîáîäíûõ êîìíàò è èõ âìå-
ñòèìîñòü;

� ó÷åò ïðîæèâàþùèõ æèòåëåé;
� ó÷åò ñòóäåí÷åñêèõ âçûñêàíèé;
� âåäåíèå æóðíàëà ó÷åòà ïðîïèñêè;
� õðàíåíèå è ñîçäàíèå çàÿâîê íà çàñåëåíèå.
Êðîìå âûøåïåðå÷èñëåííûõ çàäà÷ ïî õðàíå-

íèþ äàííûõ â ñèñòåìå äîëæíà áûòü ðåàëèçîâà-
íà âîçìîæíîñòü îñóùåñòâëÿòü ïîèñêîâûå çàäà÷è,
òàêèå êàê ïîèñê æèëüöà ñ ôàìèëèåé èç ñïèñêà
ïðîæèâàþùèõ. Äðóãîé çàäà÷åé ïîèñêà ÿâëÿåòñÿ
óñòàíîâëåíèå íàëè÷èÿ ñâîáîäíîãî ìåñòà ïî êîëè-
÷åñòâó ìåñò â êîìíàòå. Ïîìèìî ýòîãî, â äàííîé
çàäà÷å ìîæåò áûòü îðãàíèçîâàíà ñòàòèñòè÷åñêàÿ
îáðàáîòêà äàííûõ; íàïðèìåð, ó÷åò ÷èñëà ïðîæè-
âàþùèõ ñòóäåíòîâ è ìàãèñòðàíòîâ â îáùåæèòèè.

Ïðè ðåàëèçàöèè èíôîðìàöèîííîé ñèñòåìû
ñëåäóåò ïðåäóñìîòðåòü âîçìîæíîñòü ðàçäåëåíèÿ
ïîëüçîâàòåëåé íà íåñêîëüêî ãðóïï:

� ãðóïïà ïðîãðàììíî-òåõíè÷åñêîãî ñîïðî-
âîæäåíèÿ � àäìèíèñòðàòîð ñèñòåìû, ïðî-
ãðàììèñòû;

� ñîòðóäíèêè óíèâåðñèòåòà è ñòóäåí÷åñêîãî
îáùåæèòèÿ;

� ñòóäåíòû;
Äëÿ ïîëó÷åíèÿ âîçìîæíîñòè èñïîëüçîâà-

íèÿ ñèñòåìû, ïîëüçîâàòåëè äîëæíû ïðîéòè
àóòåíòèôèêàöèþ. Ïîñëå ýòîãî ïîëüçîâàòåëü ìî-
æåò ïîëó÷èòü äîñòóï ê ðàçðåøåííûì åìó ôóíê-
öèÿì, êîòîðûå àññîöèèðóþòñÿ ñ åãî ðîëüþ â ñè-
ñòåìå. Ïðàâà äîñòóïà äëÿ êàæäîãî òèïà íàçíà-
÷àåò ïîëüçîâàòåëü ñ òèïîì Àäìèíèñòðàòîð. Êàê
ïðàâèëî, Àäìèíèñòðàòîð èìååò äîñòóï êî âñåì
äåéñòâèÿì îáðàáîòêè äàííûõ.

II. Ïðîãðàììíàÿ ðåàëèçàöèÿ

Â ñîîòâåòñòâèè ñ ïîñòàâëåííûìè çàäà÷àìè
áûë ðåàëèçîâàí ìîäóëü, êîòîðûé áûë èíòåãðèðî-
âàí â óæå ñóùåñòâóþùóþ èíôîðìàöèîííóþ ñè-
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ñòåìó óíèâåðñèòåòà. Ñòóäåíòû ìîãóò îñòàâëÿòü
çàÿâêè íà çàñåëåíèå â îáùåæèòèå, è îòñëåæèâàòü
ëþáûå èçìåíåíèÿ ñâÿçàííûå ñ ïðîöåññîì èõ çà-
ñåëåíèÿ, ïðîñìàòðèâàòü èíôîðìàöèþ, êàñàþùó-
þñÿ èõ òåêóùåãî ïðîæèâàíèÿ â îáùåæèòèè.

Ñîòðóäíèêè ñòóäåí÷åñêîãî îáùåæèòèÿ ìî-
ãóò çàñåëÿòü ñòóäåíòîâ (ñì. ðèñ. 1), ìåíÿòü êî-
ëè÷åñòâî ñâîáîäíûõ êîìíàò è èõ âìåñòèìîñòü.

Ðèñ. 1 � Î÷åðåäü íà çàñåëåíèå

Äëÿ ïîâûøåíèÿ óäîáñòâà è ñêîðîñòè ñîçäà-
íèÿ ðàçëè÷íûõ îò÷åòîâ áûëà ðåàëèçîâàíà âîç-
ìîæíîñòü âûãðóæàòü äàííûå èç èíôîðìàöèîí-
íîé ñòåìû â âèäå ýëåêòðîííûõ òàáëèö. Ðàññìîò-
ðèì íåêîòîðûå èç ýòèõ âûãðóçîê:

� ñïèñîê ñòóäåíòîâ ïðîæèâàþùèõ â îáùåæè-
òèè, ñ âîçìîæíîñòüþ óêàçàíèÿ êîíêðåòíîãî
ôàêóëüòåòà è íîìåðà îáùåæèòèÿ äëÿ ôîð-
ìèðîâàíèÿ ñïèñêà;

� ñïèñîê ñòóäåíòîâ, ïîäàâøèõ çàÿâëåíèå íà
îáùåæèòèå, ñ âîçìîæíîñòüþ óêàçàíèÿ ïðà-
âà íà çàñåëåíèå, òàêèõ êàê: ïðèîðèòåòíîå
ïðàâî, ïåðâîî÷åðåäíîå ïðàâî è ò.ä.;

� ñïèñîê ñâîáîäíûõ ìåñò â îáùåæèòèè, ñ âîç-
ìîæíîñòüþ óêàçàíèÿ íîìåðà îáùåæèòèÿ
äëÿ ôîðìèðîâàíèÿ ñïèñêà;

� ñïèñîê äëÿ ïðîòîêîëà ê çàñåëåíèþ, ñîäåð-
æàùèé èíôîðìàöèþ î ïåðèîäå ïðîæèâà-
íèÿ, ôàêóëüòåòå, êîìíàòå ïðîæèâàíèÿ ñòó-
äåíòà.
Îñíîâíûì áèçíåñ-ïðîöåññîì ñòóäåí÷åñêîãî

îáùåæèòèÿ ÿâëÿåòñÿ çàñåëåíèå ñòóäåíòîâ. Ðàñ-
ñìîòðèì ïî êàêîìó àëãîðèòìó îí áóäåò ïðîõî-
äèòü â ðàìêàõ ðåàëèçîâàííîé ñèñòåìû. Ïåðâûì
äåëîì ñòóäåíò äîëæåí ïîäàòü çàÿâêó íà çàñåëå-
íèå â èíòåãðèðîâàííîé èíôîðìàöèîííîé ñèñòå-
ìå ≪ÁÃÓÈÐ: Óíèâåðñèòåò≫ [4]. Ïîñëå ýòîãî îí
ìîæåò îòñëåæèâàòü ðàçëè÷íóþ èíôîðìàöèþ ïî
ñâîåé çàÿâêå, íàïðèìåð: â êàêîì ñòàòóñå íàõî-
äèòñÿ çàÿâêà, äàòó ïîäà÷è, íîìåð â î÷åðåäè, à
òàêæå ïðèêðåïèòü ê çàÿâêå äîêóìåíòû, êîòîðûå
íåîáõîäèìî ïðåäîñòàâèòü äëÿ çàñåëåíèÿ. Ïîìè-
ìî ýòîãî åìó îòêðûâàåòñÿ âîçìîæíîñòü ñêà÷àòü
çàÿâëåíèå â îáùåæèòèå, ñ óæå çàïîëíåííîé ïåð-
ñîíàëüíîé èíôîðìàöèåé, êîòîðàÿ áåðåòñÿ èç èí-
ôîðìàöèîííîé ñèñòåìû óíèâåðñèòåòà. Äàëåå ñî-

òðóäíèêè ñòóäåí÷åñêîãî ãîðîäêà, êîòîðûå íåïî-
ñðåäñòâåííî îòâå÷àþò çà çàñåëåíèå, ïðîñìàòðè-
âàþò äîêóìåíòû, êîòîðûå ïîäàâàë ñòóäåíò âìå-
ñòå ñ çàÿâêîé, è ëèáî ïðèíèìàþò èõ, ëèáî îòêëî-
íÿþò, ñ âîçìîæíîñòüþ óêàçàíèÿ ïðè÷èíû îòêà-
çà. Ïîñëå ýòîãî ñòóäåíòà ìîæíî çàñåëèòü, ïðåä-
âàðèòåëüíî ââåäÿ äàòó ñîçäàíèÿ äîãîâîðà î ïðî-
æèâàíèè, äàòû íà÷àëà è îêîí÷àíèÿ ïðîæèâàíèÿ,
íîìåð áëîêà è îáùåæèòèÿ, â êîòîðûõ áóäåò ïðî-
æèâàòü ñòóäåíò.

III. Çàêëþ÷åíèå

Ïðåäñòàâëåííàÿ àâòîìàòèçèðîâàííàÿ ñè-
ñòåìà îáëàäàåò âûñîêîé ýôôåêòèâíîñòüþ, îáåñ-
ïå÷èâàÿ äîñòîèíñòâà, ñòàâøèå îáûäåííîé ïðàê-
òèêîé [4], íàïðèìåð:

� óñêîðÿåò ïðîöåññ îáñëóæèâàíèÿ æèòåëåé
ñòóäåí÷åñêîãî ãîðîäêà è óñîâåðøåíñòâóåò
åãî êà÷åñòâî;

� ïîâûøàåò ïðîçðà÷íîñòü è îáúåêòèâíîñòü â
ñîñòàâëåíèè îò÷åòîâ;

� äàåò âîçìîæíîñòü àíàëèçèðîâàòü äåÿòåëü-
íîñòü ïî ðàñïðåäåëåíèþ æèëîãî ôîíäà,
à òàêæå áîëåå òùàòåëüíî êîîðäèíèðî-
âàòü ñîòðóäíè÷åñòâî ñ îáðàçîâàòåëüíûìè è
íàó÷íî-èññëåäîâàòåëüñêèìè ïîäðàçäåëåíè-
ÿìè óíèâåðñèòåòà;

� áëàãîäàðÿ âûñîêîé èíôîðìèðîâàííîñòè
ñïîñîáñòâóåò ïîâûøåíèþ ýôôåêòèâíîñòè
ðàáîòû ïî îáåñïå÷åíèþ áåçîïàñíîñòè ïðî-
æèâàíèÿ â ñòóäåí÷åñêîì ãîðîäêå.
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ôîðìàöèîííîé ñèñòåìû êàê òåõíîëîãè÷åñêàÿ îñíî-
âà ïîñòðîåíèÿ ñèñòåìû óïðàâëåíèÿ óíèâåðñèòåòîì /
Ñ. À. Ìèãàëåâè÷, Í. Â. Èçìàøêèíà, Ñ. Í. Íåñòåðåí-
êîâ, Í. Í. Äóáåøêî // Äèñòàíöèîííîå îáó÷åíèå � îá-
ðàçîâàòåëüíàÿ ñðåäà XXI âåêà : ìàòåðèàëû XÌåæäó-
íàð. íàó÷.-ìåòîä. êîíô., Ìèíñê, 7�8 äåêàáðÿ 2017 ã. /
Áåëîðóñ. ãîñ. óí-ò èíôîðìàòèêè è ðàäèîýëåêòðîíè-
êè ; ðåäêîë.: Á.Â. Íèêóëüøèí [è äð.]. � Ìèíñê, 2017. �
Ñ. 184�185.

4. Èíôîðìàöèîííûå òåõíîëîãèè: ó÷åáíèê / Þ. Þ. Ãðî-
ìîâ [è äð.]. �Òàìáîâ: ÔÃÁÎÓ ÂÏÎ ≪ÒÃÒÓ≫,2015. �
260 ñ.
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ÄÈÀÃÍÎÑÒÈÊÀ ÒÐÀÍÑÔÎÐÌÀÒÎÐÎÂ Ñ ÏÎÌÎÙÜÞ
ÏÐÈÁÎÐÍÎÃÎ Ó×ÅÒÀ ÄÀÍÍÛÕ È ÈÑÊÓÑÑÒÂÅÍÍÎÃÎ

ÈÍÒÅËËÅÊÒÀ

Áåëüêèí Â. Î., Ãðîìûêî È. Ë.
Êàôåäðà ýëåêòðîòåõíèêè, Áåëîðóññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò òðàíñïîðòà

Ãîìåëü, Ðåñïóáëèêà Áåëàðóñü

E-mail: Belskin.blad@yandex.by, ivangromyko95@mail.ru

Â ðàáîòå ïðåäñòàâëåí ñîâðåìåííûé ìåòîä òåõíè÷åñêîé äèàãíîñòèêè òðàíñôîðìàòîðîâ ñ ïîìîùüþ êîì-

ïëåêñíîãî àíàëèçà äàííûõ è ñâåðòî÷íûõ íåéðîííûõ ñåòåé. Ïðèìåíåíèå èñêóññòâåííîãî èíòåëëåêòà ïîç-

âîëèò â ðåæèìå ðåàëüíîãî âðåìåíè, íå âûâîäÿ îáîðóäîâàíèå èç ðàáîòû, àíàëèçèðîâàòü èíôîðìàöèþ, êëàñ-

ñèôèöèðîâàòü ðàçëè÷íûå îòêëîíåíèÿ è äèàãíîñòèðîâàòü äåôåêòû.

Ââåäåíèå

Íà ñåãîäíÿøíèé äåíü áîëüøèíñòâî òðàíñ-
ôîðìàòîðîâ ñèñòåìû ýëåêòðîñíàáæåíèÿ æåëåç-
íîäîðîæíîé îòðàñëè ñòðàíû îòðàáîòàëè óñòà-
íîâëåííûé ñðîê ñëóæáû � 25 ëåò. Â ñîîòâåòñòâèè
ñ ïîëîæåíèåì ðàçðàáîòàí íîâûé êîìïëåêñíûé
ìåòîä òåõíè÷åñêîé äèàãíîñòèêè, êîòîðûé ïîçâî-
ëÿåò ïîâûñèòü íàäåæíîñòü ðàáîòàþùèõ òðàíñ-
ôîðìàòîðîâ; ñîêðàòèòü âðåìÿ ðåìîíòîâ; óâåëè-
÷èòü ñðîê ñëóæáû òðàíñôîðìàòîðîâ; çíà÷èòåëü-
íî ñîêðàòèòü ñòîèìîñòü ðåìîíòíûõ ðàáîò.

I. Îïèñàíèå ìåòîäà äèàãíîñòèêè è
óñëîâèÿ ïðîâåäåíèÿ ýêñïåðèìåíòà

Ñóòü ìåòîäà çàêëþ÷àåòñÿ â ñëåäóþùåì:
ïåðâè÷íûå ïðåîáðàçîâàòåëè ïîäêëþ÷àþòñÿ ê
òðàíñôîðìàòîðó, ðåãèñòðèðóþò ïàðàìåòðû è îò-
ïðàâëÿþò ñèãíàë â áàçîâûé áëîê ìèêðîêîíòðîë-
ëåðà ïðèáîðà, â êîòîðîì èñêóññòâåííûé èíòåë-
ëåêò ñðàâíèâàåò èçìåðåííûå çíà÷åíèÿ ñ çàäàí-
íûìè è êëàññèôèöèðóåò íåèñïðàâíîñòü. Ïðè
ïðîâåäåíèè ýêñïåðèìåíòà â òðàíñôîðìàòîð çà-
áëàãîâðåìåííî ââîäèëèñü íåèñïðàâíîñòè è â ðå-
æèìå ðåàëüíîãî âðåìåíè êëàññèôèöèðîâàëñÿ òîò
èëè èíîé ðåæèì ðàáîòû ýëåêòðè÷åñêîé ìàøèíû
ñ ïîìî-ùüþ íåéðîìîäåëèðîâàíèÿ. Â òîæå âðåìÿ
ïðîâîäèëñÿ àíàëèç èíôîðìàöèè ñ èñïîëüçîâàíè-
åì ñëåäóþùèõ äàííûõ:

� íàïðÿæåíèé è òîêîâ ïåðâè÷íîé è âòîðè÷-
íîé îáìîòîê;

� àêòèâíûå, ðåàêòèâíûå è ïîëíûå ìîùíîñòè
ïî âûñîêîé è íèçêîé ñòîðîíå òðàíñôîðìà-
òîðà;

� àíàëèçèðîâàëñÿ ñîñòàâ îêðóæàþùåãî âîç-
äóõà íà íàëè÷èå ÷àñòèö çàäûìëåíèÿ îò
ëàêà è áóìàæíîé èçîëÿöèè ñ ïîìîùüþ
óñòðîéñòâà �ýëåêòðîííûé íîñ�;

� èçìåðÿëàñü òåìïåðàòóðà â çîíå ÊÇ è íà
óäàëåíèè 5 ñì îò îáìîòîê;

� ïðîâîäèëîñü îñöèëëîãðàôèðîâàíèå è ðàç-
ëîæåíèå ïî ãàðìîíèêàì êðèâûõ òîêà è íà-
ïðÿæåíèÿ;

� âûïîëíåíî áîëåå 500 èçìåðåíèé ïðè íîð-
ìàëüíîì ðåæèìå ðàáîòû è â ðåæèìå íåèñ-
ïðàâíîñòè.

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ èñïîëüçîâà-
ëèñü îäíîôàçíûå òðàíñôîðìàòîðû ìàëîé ìîù-
íîñòè ñ âîçäóøíûì è ìàñëÿíûì îõëàæäåíèåì,
ïðèìåíÿåìûå ïðè ïðîäîëüíîì ýëåêòðîñíàáæå-
íèè æåëåçíîäîðîæíûõ ïîòðåáèòåëåé è â ëèíèÿõ
àâòîìàòè÷åñêîé áëîêèðîâêè.

II. Êîíñòðóêòèâíûå îñîáåííîñòè
ìèêðîïðîöåññîðíîãî óñòðîéñòâà

Ìèêðîïðîöåññîðíîå óñòðîéñòâî (ðèñ. 1)
âêëþ÷àåò ñëåäóþùåå îáîðóäîâàíèå: äàò÷èêè; ÷à-
ñû ðåàëüíîãî âðåìåíè; ìîäåðíèçèðîâàííûé ïîä
ìèêðîïðîöåññîðíîå óñòðîéñòâî ïðîáíèê Ïàçäíè-
êîâà; ïëàòû Z7-Lite 7010.

Ðèñ. 1 � Âíåøíèé âèä ìèêðîïðîöåññîðíîãî
óñòðîéñòâà

Ïðèìåíÿåìûå äàò÷èêè:
1. Äàò÷èêè òåìïåðàòóðû MLX90614ESF (áî-

ëåå òðåõ). Ýòî èíôðàêðàñíûé òåðìîìåòð
äëÿ áåñêîíòàêòíûõ èçìåðåíèé òåìïåðàòó-
ðû. Äàò÷èê èçìåðÿåò òåìïåðàòóðó îáúåê-
òà áåñêîíòàêòíûì ñïîñîáîì è òåìïåðàòóðó
îêðóæàþùåé ñðåäû íà êðèñòàëëå äàò÷èêà;

2. Äàò÷èê òåìïåðàòóðû, äàâëåíèÿ è âëàæíî-
ñòè BME280;

3. Ýíåðãîìåòðû PZEM-004t-100A (øåñòü).
Äàííûé ýíåðãîìåòð ïîçâîëÿåò èçìåðÿòü
ïåðåìåííûå òîê, íàïðÿæåíèå, àêòèâíóþ
ìîùíîñòü, ýëåêòðîýíåðãèþ, ÷àñòîòó;

4. Àíàëîãî-öèôðîâîé ïðåîáðàçîâàòåëü (ÀÖÏ)
ADS1115.

Ïðîáíèê Ïàçäíèêîâà. Ïðåäíàçíà÷åí äëÿ ïðî-
âåðêè îáìîòîê òðàíñôîðìàòîðîâ, äðîññåëåé,
ýëåêòðîäâèãàòåëåé, ðåëå, ìàãíèòíûõ ïóñêàòåëåé,
êîíòàêòîðîâ è äðóãèõ êàòóøåê. Ïðîáíèêîì óäà-
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åòñÿ îïðåäåëèòü íå òîëüêî öåëîñòíîñòü îáìîòêè,
íî è íàëè÷èå â íåé êîðîòêîçàìêíóòûõ âèòêîâ.
Â êà÷åñòâå îñíîâû ìèêðîïðîöåññîðíîãî óñòðîé-
ñòâà èñïîëüçîâàëàñü ïëàòà Z7-Lite 7010. Ýòî
ïðîãðàììíîàïïàðàòíàÿ ïëàòôîðìà, ïðåäíàçíà-
÷åííàÿ äëÿ ïðèåìà, àíàëèçà, õðàíåíèÿ è ïå-
ðåäà÷è èíôîðìàöèè. Íà äàííîé ïðîãðàììíî-
àïïàðàòíîé ïëàòôîðìå áûë ðàçðàáîòàí îäíî-
ïëàòíûé êîìïüþòåð, êîòîðûé ïðèíèìàåò èíôîð-
ìàöèþ ñ äàò÷èêîâ, îáðàáàòûâàåò å¼, àíàëèçèðóåò
è çàòåì ÷åðåç ëîêàëüíóþ ñåòü âûâîäèò íà ýêðàí
ïîëó÷èâøèåñÿ ðåçóëüòàòû. Îñíîâîé äàííîé ïëà-
òû ñëóæèò ïðîãðàììèðóåìàÿ ëîãè÷åñêàÿ èíòå-
ãðàëüíàÿ ñõåìà (ÏËÈÑ) XCZCLG400-1. Äëÿ äàí-
íîé èíòåãðàëüíîé ñõåìû, â ÑÀÏÐ Vivado 2018.3
áûë ðàçðàáîòàí áëîê-äèçàéí ïðîãðàììíîé ÷àñòè
ìèêðîïðîöåññîðíîãî óñòðîéñòâà.

III. Êëàññèôèêàöèÿ íåèñïðàâíîñòåé

Äëÿ êëàññèôèêàöèè íåèñïðàâíîñòåé èñ-
ïîëüçóåòñÿ íåéðîííàÿ ñåòü, êîòîðàÿ â ðåæèìå ðå-
àëüíîãî âðåìåíè àíàëèçèðóåò èíôîðìàöèþ, íå
âûâîäÿ òðàíñôîðìàòîð èç ðàáîòû, ÷òî ïðåäî-
ñòàâëÿåò äîïîëíèòåëüíûå âîçìîæíîñòè â îáåñïå-
÷åíèè íèçêîãî óðîâíÿ áåçàâàðèéíîñòè è ñîáëþäå-
íèÿ ðåæèìîâ áåñïåðåáîéíîãî ýëåêòðîñíàáæåíèÿ.
Ïðè ýòîì çàòðàòû íà âíåäðåíèå äàííîé òåõíîëî-
ãèè íåéðîìîäåëèðîâàíèÿ îòíîñèòåëüíî íåâåëè-
êè, à ýôôåêòèâíîñòü îò ïðèìåíåíèÿ áóäåò ñóùå-
ñòâåííîé. Ïðèìåðû èçîáðàæåíèé, êîòîðûå ïåðå-
äàþòñÿ íà íåéðîííóþ ñåòü, îòâå÷àþùóþ çà èäåí-
òèôèêàöèþ ïî îòíîøåíèþ íàïðÿæåíèé, ïðèâåäå-
íû íà ðèñóíêå 2.

(à) - íîðìàëüíûé ðåæèì ðàáîòû, (á) - ÌÊÇ íà
ïåðâè÷íîé îáìîòêå, (â) - ÌÊÇ íà âòîðè÷íîé

îáìîòêå

Ðèñ. 2 � Èçîáðàæåíèÿ íà âõîäå íåéðîííîé ñåòè

Ïîñëå äåòåêòèðîâàíèÿ èçîáðàæåíèé ïðîèç-
âîäèòñÿ îêîí÷àòåëüíûé àíàëèç, ðåçóëüòàòîì êî-
òîðîãî ÿâëÿåòñÿ îäíî èç ÷èñåë: 0, 1 èëè 2. Äàííûå
÷èñëà îáîçíà÷àþò òå æå íåèñïðàâíîñòè, ÷òî è íî-
ìåðà êëàññîâ íà âûõîäå íåéðîííîé ñåòè. Â õîäå
èññëåäîâàíèÿ áûëè ïîñòðîåíû ãðàôèêè (ðèñ 3,
ðèñ. 4), ãäå ïî âåðòèêàëüíîé îñè áûëè îòëîæå-
íû íîìåðà íåèñïðàâíîñòåé, à ïî ãîðèçîíòàëüíîé
� âðåìÿ, èçìåðÿþùååñÿ â ñåêóíäàõ.

Ðèñ. 3 � Ðåçóëüòàòû ïðîâåäåíèÿ èñïûòàíèé ïðè
îáíàðóæåíèè ÌÊÇ íà ïåðâè÷íîé îáìîòêå

Ðèñ. 4 � Ðåçóëüòàòû ïðîâåäåíèÿ èñïûòàíèé ïðè
îáíàðóæåíèè ÌÊÇ íà âòîðè÷íîé îáìîòêå

Íà îñíîâå Ò-îáðàçíîé ñõåìû çàìåùåíèÿ
(ðèñ. 5) â ïðîãðàììå Mathlab ðàçðàáîòàíà
ìàòåìàòè-÷åñêàÿ ìîäåëü, êîòîðàÿ ïîçâîëèò îáó-
÷àòü íåéðîííûå ñåòè è ïðèìåíÿòü äàííûé ìåòîä
òåõ-íè÷åñêîé äèàãíîñòèêè ê àáñîëþòíî ëþáîìó
òðàíñôîðìàòîðó.

Ðèñ. 5 � Ò-îáðàçíàÿ ñõåìà òðàíñôîðìàòîðà

Íàó÷íàÿ íîâèçíà ìàòåðèàëà ñòàòüè çàêëþ-
÷àåòñÿ â ïðàêòè÷åñêîì ïðèìåíåíèè ñâåðòî÷íûõ
íåéðîííûõ ñåòåé, êîòîðûå â ðåæèìå ðåàëüíîãî
âðåìåíè àíàëèçèðóþò èíôîðìàöèþ, êëàññèôè-
öèðóþò ðàçëè÷íûå îòêëîíåíèÿ è äèàãíîñòèðóþò
îïðåäåëåííûé âèä äåôåêòà. Ïðàêòè÷åñêàÿ çíà-
÷èìîñòü � â ñíèæåíèè íåïëàíîâûõ îòêàçîâ, çà-
áëàãîâðåìåííîì ïðåäóïðåæäåíèè î ðàçâèòèè ïî-
âðåæäåíèÿ.

IV. Ñïèñîê ëèòåðàòóðû

1. Ãîíñàëåñ, Ð. Öèôðîâàÿ îáðàáîòêà èçîáðàæåíèé /
Ð. Ãîíñàëåñ, Ð. Âóäñ. � Ì. Òåõíîñôåðà, 2005. � 1072
ñ.

2. Bundzel, M. Object identi�cation in dynamic images
based on the memory-prediction theory of brain function
/ M. Bundzel, S. Hashimoto // Journal of Intelligent
Learning Systems and Applications. � 2010. � Vol. 2,
no 4. � P. 212�220.

3. Áóé, Ò. Ò. ×. Àëãîðèòìè÷åñêîå è ïðîãðàììíîå îáåñ-
ïå÷åíèå äëÿ êëàññèôèêàöèè öèôðîâûõ èçîáðàæåíèé
ñ ïîìîùüþ âåéâëåò-ïðåîáðàçîâàíèÿ Õààðà è íåéðîí-
íûõ ñåòåé / Áóé Òõè Òõó ×àíã, Ôàí Íãîê Õîàíã,
Â. Ã. Ñïèöûí // Èçâåñòèÿ Òîìñêîãî ïîëèòåõíè÷åñêî-
ãî óíèâåðñèòåòà. � 2011. � Ò. 319, � 5. � Ñ. 103�106.
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ÈÑÏÎËÜÇÎÂÀÍÈÅ ÌÎÄÅËÅÉ ÐÅÊÓÐÐÅÍÒÍÛÕ
ÍÅÉÐÎÍÍÛÕ ÑÅÒÅÉ ÄËß ÀÍÀËÈÇÀ

ÏÀÒÎËÎÃÈ×ÅÑÊÎÃÎ ÒÐÅÌÎÐÀ

Áîáðîâà Ò.Ñ., ßðìîëèê Â.È, Ïðîò÷åíêî Å.Â.
Êàôåäðà èíôîðìàöèîííûõ òåõíîëîãèé àâòîìàòèçèðîâàííûõ ñèñòåì, Áåëîðóññêèé ãîñóäàðñòâåííûé

óíèâåðñèòåò èíôîðìàòèêè è ðàäèîýëåêòîðîíèêè

Ìèíñê, Ðåñïóáëèêà Áåëàðóñü

E-mail: {t.bobrova, v.jarmolik, protchenko}@bsuir.by

Â ýòîé ñòàòüå ðàññìàòðèâàåòñÿ âîçìîæíîñòü àíàëèçà è ïðîãíîçèðîâàíèÿ ïàòîëîãè÷åñêîãî òðåìîðà ñ

èñïîëüçîâàíèåì ìîäèôèöèðîâàííîé ðåêóððåíòíîé ìîäåëè íåéðîííîé ñåòè.

Ââåäåíèå

Ôåíîìåí ãëîáàëüíîãî ñòàðåíèÿ óâåëè÷èë
÷èñëî ëþäåé ñ âîçðàñòíûìè íåâðîëîãè÷åñêè-
ìè äâèãàòåëüíûìè ðàññòðîéñòâàìè, âêëþ÷àÿ áî-
ëåçíü Ïàðêèíñîíà (ÁÏ) è ýññåíöèàëüíûé òðåìîð
(ÝÒ). Ïàòîëîãè÷åñêèé òðåìîð ðóê ñ÷èòàåòñÿ îä-
íèì èç íàèáîëåå ÷àñòûõ äâèãàòåëüíûõ ñèìïòî-
ìîâ òàêèõ íàðóøåíèé è ìîæåò ñåðüåçíî ïîâëèÿòü
íà íåçàâèñèìîñòü è êà÷åñòâî æèçíè ïàöèåíòîâ.

Ïðîáëåìà àíàëèçà ïàòîëîãè÷åñêîãî òðåìî-
ðà çàêëþ÷àåòñÿ â ðàçíîîáðàçèè åãî âèäîâ, ñóáú-
åêòèâíîé îêðàñêå, à òàêæå îòñóòñòâèè çíà÷è-
òåëüíûõ îáúåìîâ ýêñïåðèìåíòàëüíûõ äàííûõ è
îáùèõ ìåòîäîâ ìîäåëèðîâàíèÿ, êîòîðûå ìîãëè
áû â ïîëíîé ìåðå ïðåäîñòàâèòü ñïåêòðàëüíî-
âðåìåííûå õàðàêòåðèñòèêè ñèãíàëà äâèæåíèÿ
êîíå÷íîñòè.

I. Îñíîâíûå ïðîáëåìû àíàëèçà
ïàòîëîãè÷åñêîãî òðåìîðà

Ïàòîëîãè÷åñêèé òðåìîð ðóê ÿâëÿåòñÿ ÷à-
ñòûì ìîòîðíûì ñèìïòîìîì íåêîòîðûõ âîçðàñò-
íûõ íåâðîëîãè÷åñêèõ äâèãàòåëüíûõ íàðóøåíèé
è îïèñûâàåòñÿ êàê íåïðîèçâîëüíûå è ïñåâäîðèò-
ìè÷åñêèå äâèæåíèÿ, âëèÿþùèå íà êîîðäèíàöèþ,
òî÷íîñòü è ñêîðîñòü ïðåäïîëàãàåìûõ äâèæåíèé.
Â îòëè÷èå îò ôèçèîëîãè÷åñêîãî òðåìîðà, êîòî-
ðûé îïðåäåëÿåòñÿ íèçêîàìïëèòóäíûìè âèáðàöè-
ÿìè â ñïåêòðàëüíîì äèàïàçîíå îò 6 äî 14 Ãö, ïà-
òîëîãè÷åñêèé òðåìîð ïðåäñòàâëÿåò ñîáîé äâèæå-
íèå ñ áîëåå âûñîêîé àìïëèòóäîé, ïðîèñõîäÿùåå â
áîëåå øèðîêîì äèàïàçîíå ÷àñòîò 3�14 Ãö è âêëþ-
÷àåò ñëåäóþùèå âèäû òðåìîðà: òðåìîð ïîêîÿ (3-
6 Ãö), âîçíèêàþùèé, êîãäà êîíå÷íîñòü ðàññëàá-
ëåíà è íà ÷òî-íèáóäü îïèðàåòñÿ (îáû÷íî íàáëþ-
äàåòñÿ ïðè ÁÏ);òðåìîð äåéñòâèÿ, âîçíèêàþùèé
âî âðåìÿ ïðîèçâîëüíîãî ñîêðàùåíèÿ ìûøö; èí-
òåíöèîííûé òðåìîð, âîçíèêàþùèé ïðè íàðóøå-
íèè ôóíêöèè ìîçæå÷êà (íàïðèìåð, âñëåäñòâèå
èíñóëüòà, òðàâìû, èëè ïðè ðàññåÿííîì ñêëåðî-
çå).

Òðåìîð äåéñòâèÿ ìîæåò áûòü ñëåäóþùèõ
âèäîâ: ïîñòóðàëüíûé, êèíåòè÷åñêèé è èçîìåòðè-
÷åñêèé. Ïîñòóðàëüíûé è êèíåòè÷åñêèé òðåìîð
îáû÷íî íàáëþäàåòñÿ ó ïàöèåíòîâ ñ ÝÒ. Ïîñòó-
ðàëüíûé òðåìîð (5-8 Ãö) íàèáîëåå ìàêñèìàëåí,

êîãäà êîíå÷íîñòü óäåðæèâàåòñÿ â ôèêñèðîâàí-
íîì ïîëîæåíèè ïðîòèâ äåéñòâèÿ ñèëû òÿæåñòè
(íàïðèìåð, ïðè âûòÿíóòûõ ðóêàõ), êèíåòè÷å-
ñêèé òðåìîð âîçíèêàåò â çàêëþ÷èòåëüíîé ÷à-
ñòè ïðîèçâîëüíîãî äâèæåíèÿ íåáîëüøîé àìïëè-
òóäû. Ïîäâèäîì êèíåòè÷åñêîãî òðåìîðà ÿâëÿåò-
ñÿ èíòåíöèîííûé òðåìîð (3-10 Ãö), âîçíèêàþ-
ùèé ïðè öåëåíîïðàâëåíîì äâèæåíèè, åãî àìïëè-
òóäà âûñîêàÿ, à ÷àñòîòà íèçêàÿ â òå÷åíèå âñå-
ãî äâèæåíèÿ, íî ïîñëå äîñòèæåíèÿ öåëè òðåìîð
óñèëèâàåòñÿ (íàïðèìåð, ïðè ïàëüöå-íîñîâîé ïðî-
áå). Èçîìåòðè÷åñêèé òðåìîð äåéñòâèÿ âîçíèêà-
åò âî âðåìÿ ñîêðàùåíèÿ ìûøö ïðîòèâ æåñòêî-
ãî íåïîäâèæíîãî îáúåêòà, íàïðèìåð, ïðè çàõâàòå
òâåðäîãî îáúåêòà, êîòîðûé áëîêèðóåò äâèæåíèå
êîíå÷íîñòè è èçìåíÿåò äëèíó ìûøö[1].

Òðåìîð âåðõíèõ êîíå÷íîñòåé çíà÷èòåëüíî
îãðàíè÷èâàåò ëþäåé â ïîâñåäíåâíîé æèçíåäåÿ-
òåëüíîñòè. Â ñâÿçè ñ ýòèì, çà ïîñëåäíåå äåñÿ-
òèëåòèå áûëè ïðåäëîæåíû ìåòîäû è òåõíîëî-
ãèè, ïîçâîëÿþùèå ïîãàñèòü èëè êîìïåíñèðîâàòü
íåïðîèçâîëüíîå äâèæåíèå òðåìîðà, ñïîñîáñòâóÿ
êîìïîíåíòó ïðîèçâîëüíîãî äâèæåíèÿ ïàöèåíòà.
Òî÷íîñòü òåõíîëîãèè êîìïåíñàöèè òðåìîðà (íà-
ïðèìåð, ñëîæíûå ýêçîêîñòþìû, óìíàÿ ëîæêà è
ò.ä.) â çíà÷èòåëüíîé ñòåïåíè çàâèñèò îò òî÷íîñòè
îöåíêè òðåìîðà, ýôôåêòèâíîñòè è ñïåêòðàëüíî-
âðåìåííîãî ðàçðåøåíèÿ àëãîðèòìà, ïîñêîëüêó
íåòî÷íûå èëè ìåäëåííûå ìåòîäû îáðàáîòêè íå
ïîçâîëÿò îáåñïå÷èòü íàäëåæàùóþ êîìïåíñàöèþ.

Íåñìîòðÿ íà îñòðóþ ïîòðåáíîñòü â ìåòî-
äàõ êîìïåíñàöèè ïàòîëîãè÷åñêîãî òðåìîðà ðóê,
ñóùåñòâóåò ïîòðåáíîñòü â íàäåæíîé, àäàïòèðóå-
ìîé è îáùåé ñòðóêòóðå îáðàáîòêè äàííûõ, êîòî-
ðàÿ ìîæåò áûòü íåïîñðåäñòâåííî èñïîëüçîâàíà
â êëèíè÷åñêèõ óñëîâèÿõ äëÿ îöåíêè, âûäåëåíèÿ
èç îáùåãî ñèãíàëà äâèæåíèÿ è ïðîãíîçèðîâàíèÿ
òðåìîðà ñ âûñîêèì ñïåêòðàëüíî-âðåìåííûì ðàç-
ðåøåíèåì.

Ïîäáîð äîçû è ðåæèìà òåðàïèè òàêæå îñ-
íîâàí èíôîðìàöèè î òÿæåñòè è õàðàêòåðèñòè-
êàõ ïàòîëîãè÷åñêîãî òðåìîðà,êîòîðûå îöåíèâà-
þòñÿ è êîíòðîëèðóþòñÿ ïóòåì çàïèñè è îáðàáîò-
êè äâèæåíèé ðóê â êëèíè÷åñêèõ óñëîâèÿõ ïðè
âûïîëíåíèè ðàçëè÷íûõ äèàãíîñòè÷åñêèõ òåñòîâ.
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Òåì íå ìåíåå, îñíîâíîé îñòàþùåéñÿ ïðîáëå-
ìîé ïðè îöåíêå òðåìîðà äåéñòâèÿ ÿâëÿåòñÿ âû-
äåëåíèå ïðîèçâîëüíûõ è íåïðîèçâîëüíûõ êîìïî-
íåíòîâ äâèæåíèÿ, ÷òî íå ÿâëÿåòñÿ òî÷íûì ïðè
èñïîëüçîâàíèè òðàäèöèîííûõ ïîäõîäîâ.

Ïîìèìî ïðîáëåì, ñâÿçàííûõ ñ âû÷èñëè-
òåëüíîé ìîùíîñòüþ è âîçìîæíîñòÿìè ñóùåñòâó-
þùèõ ñòðóêòóð äëÿ îêîí÷àòåëüíîé ïðîãíîñòè-
÷åñêîé ìîäåëè, ñóùåñòâóåò ïîòðåáíîñòü â àíà-
ëèçå òðåìîðà íà îñíîâå çíà÷èòåëüíîãî îáúåìà
äàííûõ, êîòîðûé îõâàòûâàåò âîçìîæíûå ïàòî-
ëîãè÷åñêèå âàðèàöèè, âûçûâàåìûå ðàçëè÷íûìè
òèïàìè òðåìîðà, ñ òî÷êè çðåíèÿ ñïåêòðàëüíî-
âðåìåííîãî ïîâåäåíèÿ, äèíàìè÷åñêîé ïðèðîäû,
âðåìåííûõ çàâèñèìîñòåé è îñíîâíîãî ïðîèçâîäè-
ìîãî äâèæåíèÿ. Âñå âûøå ïåðå÷èñëåííûå ïðî-
áëåìû âîçìîæíî ðåøèòü ñ èñïîëüçîâàíèåì òåõ-
íèêè ìîäåëèðîâàíèÿ ãëóáîêèõ íåéðîííûõ ñåòåé.

II. Ïðèìåíåíèå ðåêóððåíòíîé ìîäåëè
íåéðîííîé ñåòè

Ìîäåëè ðåêóððåíòíîé íåéðîííîé ñåòè
(RNN) ÿâëÿþòñÿ êàòåãîðèåé ìåòîäîâ ìàøèííîãî
îáó÷åíèÿ,êîòîðûå ñïåöèàëèçèðóþòñÿ íà àíàëè-
çå ïîñëåäîâàòåëüíîñòè äàííûõ è îáíàðóæåíèè
äîëãîñðî÷íûõ è êðàòêîñðî÷íûõ âðåìåííûõ çà-
âèñèìîñòåé â ñèãíàëàõ íà îñíîâå íåëèíåéíîé
âñòðîåííîé ïàìÿòè. Â îòëè÷èå îò ìíîãîñëîéíûõ
ïåðöåïòðîíîâ, ðåêóððåíòíûå ñåòè ìîãóò èñïîëü-
çîâàòü ñâîþ âíóòðåííþþ ïàìÿòü äëÿ îáðàáîò-
êè ïîñëåäîâàòåëüíîñòåé ïðîèçâîëüíîé äëèíû. Â
ïîñëåäíåå âðåìÿ íàèáîëüøåå ðàñïðîñòðàíåíèå
ïîëó÷èëè ñåòü ñ äîëãîâðåìåííîé è êðàòêîâðå-
ìåííîé ïàìÿòüþ (LSTM) è óïðàâëÿåìûé ðåêóð-
ðåíòíûé áëîê (GRU)[2].

Ìîäåëü RNN ñîñòîèò èç ïîñëåäîâàòåëüíî-
ñòè ñêðûòûõ ÿ÷ååê, èñïîëüçóåìûõ äëÿ îáðàáîò-
êè ïîòîêà äàííûõ. Â ìîäåëÿõ RNN â êàæäûé
ìîìåíò âðåìåíè êîìáèíàöèÿ âõîäíîé ïîñëåäîâà-
òåëüíîñòè, ò. å. ñèãíàëà äâèæåíèÿ ðóêè, è ñêðû-
òîãî âåêòîðà ñîñòîÿíèÿ ïðåäûäóùåãî ìîìåíòà
âðåìåíè àíàëèçèðóåòñÿ âìåñòå, ÷òîáû îáíîâèòü
âåêòîð ñîñòîÿíèÿ è ïåðåäàòü åãî â ñëåäóþùèé
ìîìåíò âðåìåíè. Ýòîò ïðîöåññ ïðîäîëæàåòñÿ äî
òåõ ïîð, ïîêà âñÿ ïîñëåäîâàòåëüíîñòü èçìåðåíèé
äâèæåíèÿ ðóêè íå áóäåò ïðîàíàëèçèðîâàíà.

Òèïè÷íîå ïðåäñòàâëåíèå ðåêóððåíòíîé íåé-
ðîííîé ñåòè ïðåäñòàâëåíî íà ðèñóíêå 1.

Ðèñ. 1 � Àðõèòåêòóðà ðåêóððåíòíîé íåéðîííîé ñåòè

Îïèñûâàåòñÿ àðõèòåêòóðà äàííîé íåéðîí-
íîé ñåòè ñëåäóþùèìè óðàâíåíèÿìè:

h(t) = f(b+Wh(t− 1) + Ux(t1 : t) (1)

O(t) = softmax(c+ (b+Wh(t)) (2)

ãäå x(t1 : t) = [x(t1), . . . , x(t)]
T - ñèãíàë

äâèæåíèÿ ðóêè îò âðåìåíè (t1 < t) äî âðåìå-
íè t (èñïîëüçóåòñÿ â êà÷åñòâå âõîäíîé ïîñëåäî-
âàòåëüíîñòè ñåòè); O(t) � âûõîäíîé ðåçóëüòàò â
ìîìåíò âðåìåíè t ñîîòâåòñòâåííî, h(t) - âåêòîð
ñêðûòûõ ïðèçíàêîâ; b � âåêòîð ñìåùåíèÿ äëÿ
âõîäíûõ óçëîâ; W � ìàòðèöà âåñîâ äëÿ ñîåäèíå-
íèé ≪ñêðûòûå-ñêðûòûå≫; U îáîçíà÷àåò âõîäíûå-
ñêðûòûå âåñà RNN; c � âåêòîð ñìåùåíèÿ äëÿ âû-
õîäíûõ óçëîâ; V � ìàòðèöà âåñîâ äëÿ ñêðûòûõ
ñîåäèíåíèé ñ âûõîäîì; f()�îáîçíà÷àåò íåëèíåé-
íóþ ôóíêöèþ. Îòìåòèì, ÷òî âåñà è ñìåùåíèÿ â
óðàâíåíèÿõ 1 - 2 ïîëó÷àþòñÿ è îïòèìèçèðóþòñÿ
íà ýòàïå îáó÷åíèÿ ñåòè.

Îáùåé ïðîáëåìîé êëàññè÷åñêèõ âåðñèé ìî-
äåëåé RNN ÿâëÿåòñÿ èõ ñëàáîñòü â îáðàáîòêå
äëèííûõ âõîäíûõ ïîñëåäîâàòåëüíîñòåé è â ñëó-
÷àå,êîãäà âõîäíàÿ ïîñëåäîâàòåëüíîñòü âêëþ÷àåò
íåñòàöèîíàðíûå øàáëîíû (íàïðèìåð,èçâëå÷åíèå
ñèãíàëà ïàòîëîãè÷åñêîãî òðåìîðà èç îáùåãî ñèã-
íàëà äâèæåíèÿ ðóêè. Äëÿ ðåøåíèÿ ýòîé ïðî-
áëåìû, èñïîëüçóþò äâà øëþçà, à èìåííî ≪âîðî-
òà ñáðîñà≫ è ≪âîðîòà îáíîâëåíèÿ≫, îíè ìîãóò
áûòü èíòåãðèðîâàíû â îáû÷íûå ñêðûòûå ÿ÷åéêè
è ÿ÷åéêè GRU. Âîðîòà ñáðîñà îïðåäåëÿþò ñòå-
ïåíü îòáðàñûâàíèÿ ñòàðîé èíôîðìàöèè è ðàñ-
ñìîòðåíèÿ äàííûõ èç ââîäà â òåêóùåì âðåìåíè.
Øëþç îáíîâëåíèÿ îïðåäåëÿåò ñòåïåíü îáíîâëå-
íèÿ ñêðûòîãî ñîñòîÿíèÿ íà îñíîâå âíîâü ïîñòó-
ïèâøèõ äàííûõ [3].

Èñïîëüçóÿ RNN, ìîæíî îæèäàòü, ÷òî âû-
õîäíûå äàííûå ñåòè äëÿ ñàìûõ íà÷àëüíûõ âõîä-
íûõ âûáîðîê áóäóò íåòî÷íûìè, íî ïî ìåðå òî-
ãî, êàê èíôîðìàöèÿ ðàñïðîñòðàíÿåòñÿ ïî ñåòè è
àíàëèçèðóåòñÿ áîëüøå âûáîðîê âõîäíîé ïîñëåäî-
âàòåëüíîñòè, âûõîäíûå äàííûå ñòàíîâÿòñÿ áîëåå
òî÷íûìè. Ñëåäîâàòåëüíî, âûõîäíàÿ ïîñëåäîâà-
òåëüíîñòü ñòàíîâèòñÿ áîëåå íàäåæíîé ïîñëå ïå-
ðåõîäíîé ôàçû íà÷àëüíûõ âõîäíûõ äàííûõ.

Çàêëþ÷åíèå

Â çàêëþ÷åíèè ñëåäóåò îòìåòèòü, ÷òî ìîäè-
ôèöèðîâàííàÿ àðõèòåêòóðà ðåêóððåíòíîé íåé-
ðîííîé ñåòè ìîæåò ïðèìåíÿòüñÿ äëÿ îáðàáîò-
êè ñèãíàëîâ äâèæåíèÿ ðóê, à òàêæå äëÿ îöåí-
êè è ïðîãíîçèðîâàíèÿ ïðîèçâîëüíûõ äâèæåíèé
ïàöèåíòîâ. Äàííóþ àðõèòåêòóðó ìîæíî ïðåîáðà-
çîâàòü â ãëóáîêóþ ïóòåì îáúåäèíåíèÿ íåñêîëü-
êèõ ñëîåâ RNN òàê, ÷òî âûõîäíûå äàííûå îäíîãî
óðîâíÿ ñëóæàò â êà÷åñòâå âõîäíûõ äàííûõ äëÿ
ñëåäóþùåãî óðîâíÿ.

1. Ñïðàâî÷íèê MSD [ Ýëåêòðîííûé ðåñóðñ]. � Ðåæèì
äîñòóïà : https://www.msdmanuals.com

2. ßõúÿåâà, Ã. Ý. Íå÷åòêèå ìíîæåñòâà è íåéðîííûå ñåòè
/ Ã. Ý. ßõúÿåâà // � 2006. � 316ñ.

3. Shahtalebi, S., Atashzar, S.F., Samotus, O. et
al. PHTNet: Characterization and Deep Mining of
Involuntary Pathological Hand Tremor using Recurrent
Neural Network Models / S. Shahtalebi, S.F. Atashzar,
O. Samotus et al. // Scienti�c Reports � 2020 - � 2195.
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ÂÂÅÄÅÍÈÅ

Ñîñòîÿíèå ïðîèçâîäñòâåííîãî îáúåêòà õà-
ðàêòåðèçóåòñÿ ìíîãèìè ïàðàìåòðàìè, èìåþùè-
ìè ðàçëè÷íóþ ôèçè÷åñêóþ ïðèðîäó. Ïðè ýêñïëó-
àòàöèè ìåõàíèçìîâ è àãðåãàòîâ îäíèìè èç âàæ-
íåéøèõ ïàðàìåòðîâ, îòðàæàþùèì èõ òåõíè÷å-
ñêîå ñîñòîÿíèå, ÿâëÿþòñÿ èíòåíñèâíîñòü è ñïåê-
òðàëüíûé ñîñòàâ âèáðàöèè.

Äëÿ êîíòðîëÿ âèáðàöèîííûõ ñèãíàëîâ èñ-
ïîëüçóþò ðàçëè÷íûå ñòàöèîíàðíûå è ìîáèëü-
íûå èçìåðèòåëüíî-âû÷èñëèòåëüíûå êîìïëåêñû è
ïðèáîðû [1]. Îäíèì èç îñíîâíûõ óñëîâèé ýôôåê-
òèâíîãî ôóíêöèîíèðîâàíèÿ ñèñòåì âèáðîêîíòðî-
ëÿ ÿâëÿåòñÿ îáåñïå÷åíèå òðåáóåìîãî óðîâíÿ äî-
ñòîâåðíîñòè ôóíêöèîíèðîâàíèÿ (ÄÔ) ïðè îáðà-
áîòêå äàííûõ [2]. Ê ÷èñëó íàèáîëåå ýôôåêòèâ-
íûõ ìåð ïî îáíàðóæåíèþ îòêàçîâ, ñáîåâ è âûÿâ-
ëåíèþ íåäîïóñòèìûõ îòêëîíåíèé â ðàáîòå òàêèõ
îòíîñÿòñÿ àïïàðàòíûé è ïðîãðàììíûé êîíòðîëü.

I. ÀÍÀËÈÇ ÏÐÅÄÌÅÒÍÎÉ ÎÁËÀÑÒÈ

Îäíèì èç ñïîñîáîâ ðåøåíèÿ çàäà÷è àïïà-
ðàòíîãî êîíòðîëÿ ÿâëÿåòñÿ äóáëèðîâàíèå èñõîä-
íîãî óñòðîéñòâà. Î÷åâèäíûì äîñòîèíñòâîì ýòîãî
ñïîñîáà ÿâëÿåòñÿ âîçìîæíîñòü îáíàðóæåíèÿ âñå-
âîçìîæíûõ îøèáîê, îäíàêî, òàêîé ïîäõîä òðåáó-
åò çíà÷èòåëüíûõ (áîëåå ÷åì â äâà ðàçà) àïïàðàò-
íûõ çàòðàò.

Âìåñòå ñ òåì äàëåêî íå âñåãäà öåëåñîîáðàç-
íî îñóùåñòâëÿòü àïïàðàòíûé êîíòðîëü ìåòîäîì
äóáëèðîâàíèÿ, ïîñêîëüêó îáû÷íî êëàññ ïîäëå-
æàùèõ îáíàðóæåíèþ îøèáîê â èñõîäíîì óñòðîé-
ñòâå îãðàíè÷åí. Ïîýòîìó íà îñíîâàíèè èññëåäî-
âàíèÿ îñîáåííîñòåé èñõîäíîãî, ôóíêöèîíàëüíî-
ãî óñòðîéñòâà äëÿ îáíàðóæåíèÿ îøèáîê ýòîãî
êëàññà ìîæíî ïîñòðîèòü óñòðîéñòâî êîíòðîëÿ,
áîëåå ïðîñòîå, íåæåëè èñõîäíîå. Äîñòîâåðíîñòü
ôóíêöèîíèðîâàíèÿ ìîæåò áûòü îöåíåíà âåðîÿò-
íîñòüþ, ñ êîòîðîé îïðåäåëÿåòñÿ èñòèííîñòü âû-
õîäíîãî ðåçóëüòàòà ðàáîòû óñòðîéñòâà (ñèñòåìû)
çà çàäàííûé ïðîìåæóòîê âðåìåíè [3]. Â îáùåì
ñëó÷àå ÄÔ ìîæíî ïðåäñòàâèòü â âèäå:

D (t) = Ppr (t) + Poo (t)

ãäå Ppr (t) - âåðîÿòíîñòü ïðàâèëüíîé (áåç-
îòêàçíîé è áåññáîéíîé) ðàáîòû óñòðîéñòâà (ñè-
ñòåìû) çà çàäàííûé ïåðèîä âðåìåíè t;

Poo (t) � âåðîÿòíîñòü îáíàðóæåíèÿ îòêàçà
èëè ñáîÿ, â ñëó÷àå èõ âîçíèêíîâåíèÿ, çà çàäàí-
íûé ïåðèîä âðåìåíè.

Ïîìèìî èñòèííîãî ðåçóëüòàòà, íà âûõî-
äàõ óñòðîéñòâà (ñèñòåìû) ñ êîíòðîëåì ìîæåò
èìåòü ìåñòî íåïðàâèëüíûé ðåçóëüòàò. Âåðîÿò-
íîñòü ïîÿâëåíèÿ ýòîé ãðóïïû ñîáûòèé îáîçíà÷à-
åòñÿ Pnr (t).Âñå ïåðå÷èñëåííûå âåðîÿòíîñòè ñî-
áûòèé îáðàçóþò ïîëíóþ ãðóïïó:

Ppr (t) + Poo (t) + Pnr (t) = 1

ÄÔ ëþáîé àíàëèçèðóåìîé ñèñòåìû çàâèñèò
îò äîñòîâåðíîñòè ðàáîòû êàæäîãî ôóíêöèîíàëü-
íîãî óñòðîéñòâà (ÔÓ), âõîäÿùåãî â åå ñîñòàâ. Â
êà÷åñòâå ëîãèêî-âåðîÿòíîñòíîãî ìåòîäà àíàëèçà
äîñòîâåðíîñòè ôóíêöèîíèðîâàíèÿ ñëîæíûõ òåõ-
íè÷åñêèõ ñèñòåì áûë ïðåäëîæåí ìåòîä, îñíîâàí-
íûé íà ñî÷åòàíèè ëîãè÷åñêîãî è âåðîÿòíîñòíî-
ãî ïîäõîäîâ ïðè îöåíêå ïîêàçàòåëåé äîñòîâåð-
íîñòè ôóíêöèîíèðîâàíèÿ ñëîæíûõ òåõíè÷åñêèõ
ñèñòåì [3].

II. ÐÅÀËÈÇÀÖÈß

Ñóùíîñòü ïðåäëàãàåìîãî ñïîñîáà îöåíêè
äîñòîâåðíîñòè ôóíêöèîíèðîâàíèÿ ðàññìîòðèì
íà ïðèìåðå àíàëèçà äîñòîâåðíîñòè ôóíêöèîíè-
ðîâàíèÿ ôóíêöèîíàëüíîãî óñòðîéñòâà ñ êîíòðî-
ëåì, ïðèâåäåííîãî íà ðèñóíêå 1.

Ðèñ. 1 � Ôóíêöèîíàëüíîå óñòðîéñòâî ñ êîíòðîëåì.

Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:
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Wi = {wi1, wi2, wi3} - ìíîæåñòâî ñîáûòèé,
îïðåäåëÿþùèõ ñîñòîÿíèå ðåçóëüòàòîâ íà âûõîäå
i-ãî ÔÓ, ãäå wi1 - ðåçóëüòàòû ïðàâèëüíûå; wi2 -
îáíàðóæåíà îøèáêà; wi3 - îøèáêà íå îáíàðóæå-
íà.

Vi = {vi1, vi2, vi3} - ìíîæåñòâî ñîáûòèé,
îïðåäåëÿþùèõ ñîñòîÿíèå äàííûõ íà âõîäå i-ãî
ÔÓ, ãäå vi1 - âõîäíûå äàííûå ïðàâèëüíûå; vi2
- âî âõîäíûõ äàííûõ îáíàðóæåíà îøèáêà; vi3 -
îøèáêà âî âõîäíûõ äàííûõ íå îáíàðóæåíà.

Ki = {ki1, ki2, ki3} - ìíîæåñòâî ñîáûòèé,
îïðåäåëÿþùèõ ñîñòîÿíèå ÓÊ, êîíòðîëèðóþùåãî
i-îå ÔÓ, ãäå ki1 - óñòðîéñòâî êîíòðîëÿ ðàáîòàåò
ïðàâèëüíî; ki2 - ÓÊ íàõîäèòñÿ â ñîñòîÿíèè îá-
íàðóæåíèÿ ñîáñòâåííîé íåèñïðàâíîñòè; ki3 - ÓÊ
íàõîäèòñÿ â ñîñòîÿíèè íåîáíàðóæåíèÿ ñîáñòâåí-
íîé íåèñïðàâíîñòè.

Si = {si, s̄i} - ìíîæåñòâî ñîáûòèé, îïðåäå-
ëÿþùèõ ñîñòîÿíèå i-ãî ÔÓ, ãäå si - óñòðîéñòâî
êîíòðîëÿ ðàáîòàåò ïðàâèëüíî; s̄i - ÓÊ íàõîäèòñÿ
â ñîñòîÿíèè îáíàðóæåíèÿ ñîáñòâåííîé íåèñïðàâ-
íîñòè

Lij =
{
lij , l̄ij

}
- ìíîæåñòâî ñîáûòèé, îïðåäå-

ëÿþùèõ îáíàðóæåíèå (lij)) èëè íåîáíàðóæåíèå
(l̄ij) îøèáêè ÓÊ, êîíòðîëèðóþùèì i -å ÔÓ, ïðè
óñëîâèè, ÷òî ÓÊ íàõîäèòñÿ â ñîñòîÿíèè j = 1-3.

Äëÿ îïðåäåëåíèÿ ïîêàçàòåëåé ÄÔ óñòðîé-
ñòâà ñ êîíòðîëåì òðåáóåòñÿ ñîñòàâèòü òàáëèöó
èñòèííîñòè áóëåâûõ ôóíêöèé, ñîîòâåòñòâóþùèõ
íàñòóïëåíèþ òîãî èëè èíîãî ñîáûòèÿ. Ïðè ýòîì
ñ÷èòàåòñÿ, ÷òî, åñëè êàêîå-òî ñîáûòèå èìåëî ìå-
ñòî, ýòîìó ñîáûòèþ ïðèïèñûâàåòñÿ çíà÷åíèå áó-
ëåâîé åäèíèöû, â ïðîòèâíîì ñëó÷àå � áóëåâîãî
íóëÿ. Íèæå ïðèâåäåí ôðàãìåíò òàáëèöû èñòèí-
íîñòè.

Òàáëèöà 1 - Òàáëèöà äëÿ îïðåäåëåíèÿ ñîñòî-
ÿíèé ðåçóëüòàòîâ íà âûõîäå ÔÓ ñ êîíòðîëåì

vi1 vi2 vi3 ki1 ki2 ki3 li/j ji wi1 wi2 wi3

1 0 0 1 0 0 0 0 0 0 1
1 0 0 1 0 0 1 0 0 1 0
1 0 0 1 0 0 0 1 0 0 0
1 0 0 1 0 0 1 1 1 0 0
1 1 0 0 1 0 0 0 0 0 1

Èç òàáëèöû èñòèííîñòè äîñòàòî÷íî ïðî-
ñòî ïîëó÷èòü áóëåâûå ôóíêöèè, îïðåäåëÿþùèå
ñîñòîÿíèå âûõîäíûõ äàííûõ ÔÓ ñ êîíòðîëåì.
Êàæäîå èç ñîáûòèé ìíîæåñòâàWi îñóùåñòâëÿåò-
ñÿ ïðè îïðåäåëåííûõ êîìáèíàöèÿõ ñîáûòèé ìíî-
æåñòâ Vi,Ki,Si,Li:

Wi1 = vi1ki1 l̄i/1si ∨ vi1ki1li/1si ∨ vi1ki3 l̄i/3si∨

vi1ki3li/3si;

Wi2 = vi1(ki1li/1s̄i∨ki2li/2s̄i∨ki2 l̄i/2si∨ki2li/3si)∨

vi3(ki1li/1s̄i ∨ ki1li/1si ∨ ki2li/2s̄i ∨ ki2li/2si∨

ki3li/3s̄i ∨ ki3li/3si)

Wi3 = vi1s̄i(ki1 l̄i/1 ∨ ki2 l̄i/2 ∨ ki3 l̄i/3)

∨vi2s̄i(ki1 l̄i/1 ∨ ki2 l̄i/2 ∨ ki3 l̄i/3)

∨vi3s̄i(ki1 ∨ l̄i/1 ∨ ki2 ∨ l̄i/2 ∨ ki3 l̄i/3)

.
Ïðèìåíèâ ê ïîëó÷åííûì âûðàæåíèÿì äëÿ

Wi1, Wi2, Wi3 îïåðàöèþ çàìåùåíèÿ áóëåâûõ
ôóíêöèé âåðîÿòíîñòíûìè, ïîëó÷èì èñêîìûå
çíà÷åíèÿ âåðîÿòíîñòåé:

Pwi1 = Pwi1
Pvs1 (Pki1

+ Pki1
)

Pwi2
=
(
Pvi1 P̄s1 + Pvi3

) 3∑
j=1

Pkij
Pli1+PsiPki2

+Pvi2

Pwi3
=
(
Pvi1 P̄s1 + Pvi3

) 3∑
j=1

Pkij
Plij

ãäå
Pwi1

(Pvi1) - âåðîÿòíîñòü ïîëó÷åíèÿ ïðà-
âèëüíûõ ðåçóëüòàòîâ íà âûõîäå (âõîäå) i-ãî ÔÓ;

Pwi2
(Pvi2) - âåðîÿòíîñòü îáíàðóæåíèÿ

îøèáêè â âûõîäíûõ ðåçóëüòàòàõ (âõîäíûõ äàí-
íûõ;

Pwi3
(Pvi3) - âåðîÿòíîñòü íå îáíàðóæåíèÿ

îøèáêè â âûõîäíûõ ðåçóëüòàòàõ ( âõîäíûõ äàí-
íûõ);

P ji

(
P̄ ji

)
- âåðîÿòíîñòü ïðàâèëüíîé (íåïðà-

âèëüíîé) ðàáîòû i-ãî ÔÓ;
Pkij

(Pvi3) - âåðîÿòíîñòü íàõîæäåíèÿ ÓÊ,
êîíòðîëèðóþùåãî i-îå ÔÓ â ñîñòîÿíèè j;

Plji

(
P̄ lji

)
- âåðîÿòíîñòü îáíàðóæåíèÿ (íå

îáíàðóæåíèÿ) îøèáêè ÓÊ â ñîñòîÿíèè J.

III. ÂÛÂÎÄÛ

Ïðåäëîæåííûé ïîäõîä áûë èñïîëüçîâàí
äëÿ àíàëèçà äîñòîâåðíîñòè ôóíêöèîíèðîâàíèÿ
ñèñòåì c ðàçëè÷íûì ñîåäèíåíèåì ôóíêöèîíàëü-
íûõ ýëåìåíòîâ (ïàðàëëåëüíûì, ïîñëåäîâàòåëü-
íûì çàìêíóòûõ ñèñòåì ) è èñïîëüçîâàí äëÿ îöåí-
êè äîñòîâåðíîñòè ôóíêöèîíèðîâàíèÿ àâòîìàòè-
÷åñêîé ñèñòåìû óïðàâëåíèÿ âèáðîèñïûòàíèÿìè
ÀÑÓÂ.
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Educational robotics is one of today's current trends. Robotics is especially important in the development of

students' STEAM education. This article describes the issues of developing engineering and creativity skills by

teaching virtual robotics.

introduction

Many international robotics competitions are
held in the world, in which it is very important to
teach robotics from a young school age so that our
children can successfully participate and take high
places. Currently, you can �nd many ready-made
kits for building and making robots on sale abroad,
or you can buy the necessary components separately
and assemble your own design. Usually, the cost of
such kits is expensive and it is a bit di�cult for
students in remote areas to a�ord such kits. When
we conducted an online survey on the matter, most
young people expressed an interest in robotics and,
unfortunately, many cited a lack of equipment as
the reason they were unable to explore the �eld.
But it is possible to teach robotics using virtual
software platforms that replace such equipment.

I. Main part

The purpose of the study is to determine
the educational e�ectiveness of studying virtual
robotics as a factor in the development of engineer-
ing and creative abilities of students. In order to
conduct a pedagogical experiment, the authors or-
ganized control and experimental groups of children
interested in robotics (15 people each) from 9 to
12 years old in the 2019/2020 school year. First,
an online survey was organized and the opinions of
the participants were determined. Based on the re-
sults of the survey, a training plan was determined
for those interested in virtual robotics. Robotics
education is the main type of activity that devel-
ops engineering thinking and technical creativity in
children. When studying robotics, it is necessary
to use di�erent technical sets. But it is di�cult to
�nd such collections in some schools. The kits used
to teach robotics include the following components:
beginning robotics, design engineering, reasoning,
coding, testing, and development. STEAM educa-
tion is based on LEGO construction, and LEGO
constructive academic studies focus on the develop-
ment of verbal, creative and engineering skills. The
teacher organizes the virtual robotics education and
teaches students to design constructions and mod-
els using the three-dimensional constructive LEGO
Digital Designer tools with the help of a computer.
In this part, the development of general educational

skills in robotics is achieved. Students can develop
their engineering and creative abilities by continu-
ing the development of the next stage through the
control unit of the Arduino microprocessor. In this
process, schoolchildren can master STEAM sub-
jects well and start independent small electronic
projects. Students can acquire programming skills
by working in a "learning by doing" system, and
learn the basics of circuit technology using these
software platforms.In order to solve this problem,
today's modern educational direction "Robotics" is
described in the research work through virtual simu-
lation programs such as Lego Digital Designer, Tin-
kerCAD, Scratch, Arduino, 3D TinkerCAD.

Figure 1 � Use of age appropriate programs

Through this research project, students can
actually create the projects of their imagination us-
ing virtual software tools and demonstrate their ca-
pabilities. As a result, the child will be able to
analyze the principles of operation of household ap-
pliances and begin to better understand robotics
and related sciences. Implementation of projects in
the virtual circle program is explained step by step
in simple language. The student creates his own
robot using virtual applications. In the process of
creating a virtual project through Minecraft Edu-
cation Edition, Bricklink, and Lego digital designer
programs, the development of the following aspects
was observed in students aged 5 to 7 years:

� development of cognitive thinking;
� development of small motor skills;
� speech development;
� development of correct perception of color;
� development of perseverance, patience.

Introduction to robotics (working with Lego Mind-
stroms sets based on the Lego Digital Designer sim-
ulation program) from 10 to 12 years old:

� development of programming skills for robotic
devices;

� development of IT competence;
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� development of thinking logic;
� formation of analytical thinking;
� development of engineering and construction
skills;

� development of spatial imagination;
� forming a natural and scienti�c outlook;
� formation of knowledge, skills and quali�ca-
tions about the environment of the subject;

� development of small motor skills;
� speech development.

It is important to prepare informational products
and use them in order to organize creative activ-
ity of students based on interactivity in the edu-
cational process. In this process, arti�cial intelli-
gence or imitation learning model can be used ef-
fectively. Knowledge modeling is carried out in dif-
ferent scienti�c areas and for di�erent purposes. In
the theory of expert systems, this method is used
to solve intellectual tasks by means of a computer.
In the learning environment, the teacher appears as
both a physical and a virtual expert model. It is
very important to acquire generalized abilities for
the science of pedagogy. Because it ensures the as-
similation of new knowledge. As a result, students
acquire basic computer skills. Then every student
will have the desire to create the necessary infor-
mation base for themselves. In this process, group
members begin to act together. Each student gets
the opportunity to enrich his knowledge with the
help of the knowledge acquired by his peers. Edu-
cational materials enriched with new knowledge will
help them in this. To do this, the teacher is able
to create a cooperative learning environment with a
wider use of intellectual tasks. Based on mastering
robotics knowledge, a new tool of activity is created.
In robotics circles, students begin to perceive social
reality together. The student is provided with cog-
nitive and creative activities. The educational pro-
cess using ICT tools is e�ective in many ways and
serves to open the abilities of a person in various
directions. In this process, the student also demon-
strates the ability to learn independently. The best
governance is self-governance. What is important is
not the transfer of knowledge, but the acquisition
of methods of supplementing knowledge. In other
words, mastering the ways of independent learning
is of particular importance. Since education is de-
velopmental in nature, in this process there is an
opportunity to rapidly move to a new state. The
learner's knowledge and behavior will take on a new
look. In a word, the content of knowledge acquired

by students is updated. Education begins to gain a
new power for students.

II. conclusion

Directions, methods and techniques for using
robotics tools for students in high school have not
yet been fully developed. This is a new direction of
polytechnic education, which combines the knowl-
edge and experience of teaching a number of school
subjects. In its development, as a new object of the
modern technological environment, it is necessary
to take into account the speci�c characteristics of
robotic devices, the development opportunities of
each discipline, the characteristics of di�erent lev-
els and educational content. Inadequacy of instruc-
tional and methodological manuals intended for the
use of robotics by students of di�erent ages in the
educational process. In the composition of existing
educational literature, issues related to computer
science courses are covered. More attention is be-
ing paid to training students in robotics club classes.
Creation of working groups for the creation of text-
books and training manuals for students on robotics
based on the educational and regulatory documents
of general education schools of our republic and
launching their activities. Dissertation research re-
lated to the problem of organizing the educational
process using robotics elements in general secondary
schools is still at an early stage. The publications
of the authors of these studies mainly include the
speci�c experience of using robotics tools in the sec-
ondary school educational process. Literature on
the general pedagogical and methodological prob-
lems of using robotics tools in extracurricular and
extracurricular activities with schoolchildren can be
found.
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This article is dedecated to analyse various facial expression recognition method based on di�erent type of image,

which aim at extracting feature on the image. Considering the method to optimize existing method.

Introduction

Expression is a word that is mentioned a lot
in our daily life. In interpersonal communication,
people can enhance their communication e�ect
by controlling their facial expressions. Facial
expressions are an important way to spread human
emotional information and coordinate interpersonal
relationships. According to research, in human's
daily communication, the information transmitted
through language only accounts for 7% of the total
information, while the information transmitted
through facial expressions reaches 55% of the total
information.

Expression is an indicator of emotion
projected by humans and other animals from their
physical appearance, mostly referring to the state
formed by facial muscles and �ve senses, such as
smiling, angry eyes, etc. It also includes the body
language expressed by the body as a whole. Some
expressions can be interpreted accurately, even
among members of di�erent species, with anger
and extreme satisfaction being prime examples.
However, some expressions are di�cult to interpret,
even among familiar individuals, with disgust and
fear being the main examples. In general, the
various organs of the face are an organic whole,
expressing the same emotion in a coordinated
manner. Facial expressions are part of the human
physical language, a physiological as well as
psychological response, and are usually used to
convey emotions.

I. Expression recognition system

The face expression recognition system mainly
consists of four parts: face image acquisition,
face detection, feature extraction, and feature
classi�cation.

The face expression recognition system has
developed into an independent research direction
due to the fact that the open source expression
database is now relatively abundant, the image
acquisition is not too di�cult, and the face
detection algorithm is relatively mature, so the
research on face expression recognition is mainly
re�ected in the last two steps of the system: feature
extraction and feature classi�cation.

II. Feature extraction method

Emotion feature extraction mainly uses
mathematical methods and relies on computer
technology to organize and process data from
digital images of human face expressions, extract
expression features and remove non-expression
noise. In some cases, the feature extraction
algorithm extracts the main features of the image
and objectively reduces the dimensionality of the
image.

The generation of facial expressions is
a complex process, and if psychological and
environmental factors are not taken into account,
what is presented to the observer is simply muscle
movement and the resulting changes in facial
shape and texture. The static image presents
the expression state of a single image when the
expression occurs, and the dynamic image presents
the movement process of the expression between
multiple images. Therefore, the expression feature
extraction algorithms are broadly divided into
static image based feature extraction methods and
dynamic image based feature extraction methods
according to the state of expression occurrence and
the processing object.

III. Feature extraction methods based
on static images

1. Integral method. Face expressions rely on
muscle movements to re�ect. The static image of
face expression visually shows the changes of facial
shape and texture produced by the movement of
face muscles when the expression occurs. From a
holistic perspective, such changes cause signi�cant
deformation of facial organs, which can have an
impact on the global information of the face image,
and therefore face expression recognition algorithms
that consider expression features from a holistic
perspective have emerged.

The classical algorithms in the holistic
approach include principal component analysis
(PCA), independent component analysis (ICA) and
linear discriminant analysis (LDA). The FastICA
algorithm is used to extract expression features,
and the method not only inherits the features of
ICA algorithm that can extract hidden information
between pixels, but also can accomplish the
separation of expression features quickly through
iteration. Support vector discriminant analysis
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(SVDA) algorithm, which is based on Fisher
linear discriminant analysis and support vector
machine, is able to make the expression data with
maximum inter-class separability in the case of
small sample data, and does not require the decision
function needed to construct SVM algorithm. The
recognition rate of this algorithm is experimentally
demonstrated to be higher than that of PCA and
LDA.

2. Partial method. Face expressions on static
images not only have overall variations, but also
local variations exist. The information contained
in the local deformation of facial muscles such
as texture and wrinkles can help determine the
attributes of expressions accurately. The classical
methods of local method are Gabor wavelet method
and LBP operator method.

IV. Dynamic image based feature
extraction method

The di�erence between dynamic images and
static images is that dynamic images re�ect the
process of facial expression occurrence. Therefore,
the expression features of dynamic images are
mainly expressed in the continuous deformation
of the face and the muscle movement of di�erent
regions of the face. The current feature extraction
methods based on dynamic images are mainly
divided into optical �ow method, model method
and geometric method.

1. Optical �ow method. Optical �ow method
is a method to re�ect the grayscale changes of
corresponding objects between di�erent frames in
dynamic images. Early face expression recognition
algorithms mostly used optical �ow method to
extract expression features of dynamic images,
mainly because the optical �ow method has the
advantages of highlighting face deformation and
re�ecting face movement trend. Therefore, this
algorithm remains an important method among
traditional methods to study dynamic image
expression recognition. Firstly, the optical �ow �eld
and gradient �eld between consecutive frames are
used to represent the spatial and temporal changes
of the image respectively to achieve the tracking of
expression regions in each frame of face image; then,
the movement of face muscles is represented by the
change of motion direction of feature regions, which
then corresponds to di�erent expressions.

2. Model method. The model method in
face expression recognition refers to the statistical
method to parametrically describe the expression
information of dynamic images. Commonly used
algorithms mainly include Active Shape Model
Method (ASM) and Active Appearance Model

Method (AAM), both of which can be divided into
two parts: shape model and subjective model. As far
as the appearance model is concerned, ASM re�ects
the local texture information of the image, while
AAM re�ects the global texture information of the
image.

3. Geometric method. In the expression
feature extraction method, the researchers consider
that the generation and presentation of expressions
are largely re�ected by the changes of facial organs.
The main organs of the human face and their folds
will be the regions where the expression features
are concentrated. Therefore, marking feature points
in the facial organ regions and calculating the
distance between feature points and the curvature
of the curve where the feature points are located
becomes a method to extract facial expressions
using geometric forms. The faces with di�erent
expressions are represented on a grid using a
deformation grid, and the change of grid node
coordinates between the �rst frame and the largest
frame of that sequence of expressions is used as
a geometric feature to realize the recognition of
expressions.

V. Conclusion

The development and application of facial
expression recognition technology can better realize
the communication between intelligent technology
and people, separate the speci�c expression state
from the given static image or dynamic video
sequence through machine recognition, so as
to determine the psychological emotion of the
recognized object and realize the computer's
understanding and recognition of human facial
expression, which can fundamentally change the
relationship between human and computer, so
that the computer can better serve human and
thus achieve better human-computer interaction.
Moreover, expression recognition technology is an
e�ective way for people to explore and understand
intelligence.
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Â íàñòîÿùåå âðåìÿ âàæíîé çàäà÷åé â îáëàñòè ðå÷åâîé îáðàáîòêè ÿâëÿåòñÿ âûäåëåíèå èíôîðìàöèîííûõ

ïðèçíàêîâ ñèãíàëà. Äîñòèæåíèÿ â äàííîé ñôåðå ìîãóò ïðèìåíÿòüñÿ äëÿ èäåíòèôèêàöèè ëè÷íîñòè, å¼

îïèñàíèÿ, ñáîðà èíôîðìàöèè î ôèçè÷åñêîì ñîñòîÿíèè è ðîäå äåÿòåëüíîñòè. Â äàííîé ñòàòüå ïðåäëîæåí

ìåòîä äëÿ âûäåëåíèÿ ñìûñëîâîé èíôîðìàöèè èç ðåçóëüòàòîâ îáðàáîòêè àóäèîñèãíàëà ñ ïðèìåíåíèåì àë-

ãîðèòìîâ ìàøèííîãî îáó÷åíèÿ.

Ââåäåíèå

Âàæíîé çàäà÷åé â îáëàñòè ðå÷åâîé îáðàáîò-
êè ÿâëÿåòñÿ âûäåëåíèå èíôîðìàöèîííûõ ïðè-
çíàêîâ ñèãíàëà. Èíôîðìàöèîííûìè ïðèçíàêàìè
ÿâëÿþòñÿ õàðàêòåðèñòèêè ãîëîñà è ðå÷è, êîòî-
ðûå óíèêàëüíû äëÿ êàæäîãî ÷åëîâåêà. Èõ âû-
äåëåíèå èç ñèãíàëà ïîçâîëèò ñîñòàâèòü ≪ïîðò-
ðåò≫ ðå÷è ÷åëîâåêà.

Äðóãîé çàäà÷åé â îáëàñòè îáðàáîòêè ðå-
÷åâîé èíôîðìàöèè ÿâëÿåòñÿ ñáîð õàðàêòåðè-
ñòèê àóäèîñèãíàëà. Õàðàêòåðèñòèêè àóäèîñèãíà-
ëà ÿâëÿþòñÿ ðåçóëüòàòàìè àíàëèçà àóäèîäàííûõ.
Ê íèì ìîæíî îòíåñòè ìåë-êåïñòàðàëüíûå êî-
ýôôèöèåíòû (MFCC), ñïåêòðàëüíûé öåíòðîèä
(spectral centroid),ñïåêòðàëüíûé ñïàä (spectral
rollo�) è äðóãèå. Äàííûå õàðàêòåðèñòèêè ïðèìå-
íÿþòñÿ â îáëàñòÿõ êëàññèôèêàöèè æàíðà ìóçû-
êè, îòäåëåíèÿ åñòåñòâåííîãî ãîëîñà îò ñèíòåçè-
ðîâàííîãî, èäåíòèôèêàöèè ÷åëîâåêà è äð.

Â äàííîé ñòàòüå ðàññìàðèâàåòñÿ ïîäõîä ê
âûäåëåíèþ èíôîðìàöèîííûõ ïðèçíàêîâ èç õà-
ðàêòåðèñòèê àóäèîñèãíàëà. Êîíöåïöèÿ äàííîãî
ìåòîäà, çàêëþ÷àåòñÿ â èäåå òîãî, ÷òî êàæäûé
èíôîðìàöèîííûé ïðèçíàê ìîæåò áûòü ñîîòíå-
ñåí ñ îäíèì èëè íåñêîëüêèìè õàðàêòåðèñòèêàìè
àóäèîñèãíàëà.

Ïðèìåíåíèå äàííîãî ìåòîäà ïîìîæåò îïðå-
äåëèòü â êàêèõ õàðàêòåðèñòèêàõ çàêëþ÷åíà òà
èëè èíàÿ èíôîðìàöèÿ, ÷òî â äàëüíåéøåì ïîçâî-
ëèò ñîêðàòèòü êîëè÷åñòâî âõîäíûõ äàííûõ äëÿ
àëãîðèòìîâ ìàøèííîãî è ãëóáîêîãî îáó÷åíèÿ, òà-
êèì îáðàçîì ýêîíîìÿ âû÷èñëèòåëüíûé ðåñóðñ è
âðåìÿ, ñíèæàÿ âåëè÷èíó òðåíèðîâî÷íîãî íàáîðà
äàííûõ è óëó÷øàÿ òî÷íîñòü.

I. Õàðàêòåðèñòèêè àóäèîñèãíàëà

Õàðàêòåðèñòèêè àóäèîñèãíàëà ïîëó÷àþòñÿ
â ðåçóëüòàòå îáðàáîòêè çàïèñè çâóêà âî âðåìåí-
íîé è ÷àñòîòíîé îáëàñòÿõ è â îáùåì ñëó÷àå ìîãóò
îïèñûâàòü ëþáîé ñèãíàë. Áîëüøàÿ ÷àñòü õàðàê-
òåðèñòèê, ïîçâîëÿåò ïðîàíàëèçèðîâàòü ñèãíàë ïî
ðàñïðåäåëåíèþ ýíåðãèé íà ñïåêòðîãðàììå.

Ê îñíîâíûì õàðàêòåðèñòèêàì ìîæíî îòíå-
ñòè:

� Ñïåêòðàëüíûé öåíòðîèä (ïîêàçûâàåò íà
êàêîé ÷àñòîòå ñîñðåäîòî÷åí "öåíòð ìàññ
çâóêà")

� Ìåë-êåïñòðàëüíûå êîýôôèöèåíòû (ïîêà-
çûâàþò ýíåðãèþ êàæäîãî òðåóãîëüíîãî
ôèëüòðà ìåë-øêàëû)

� Ñïåêòðàëüíûé êîíòðàñò (ïîçâîëÿåò îöå-
íèòü ðàçíîñòü ýíåðãèè äëÿ ïîääèàïàçîíîâ
â êàäðå ñïåêòðàãðàììû)

� Ñïåêòðàëüíûé ñïàä (ìåðà ôîðìû ñèãíà-
ëà, äëÿ êàêîé ÷àñòîòû ñóììàðíàÿ ýíåðãèÿ
áîëåå íèçêèõ ÷àñòîò äîñòèãàåò çàäàííîãî
óðîâíÿ)

II. Ïîñòàíîâêà çàäà÷è

Äëÿ âûäåëåíèÿ èíôîðìàöèîííûõ ïðèçíà-
êîâ â ðå÷åâîì ñèãíàëå ìîãóò ïðèìåíÿòñÿ ìåòîäû,
îñíîâàííûå íà ìàøèííîì è ãëóáîêîì îáó÷åíèè.

Àëãîðèòìû ìàøèííîãî îáó÷åíèÿ ìîæíî
ðàçäåëèòü íà äâå êàòåãîðèè: îáó÷åíèå ñ ó÷èòåëåì
è áåç. Â àëãîðèòìàõ îáó÷åíèÿ ñ ó÷èòåëåì ïðåäú-
ÿâëÿåòñÿ íàáîð äàííûõ, ñîäåðæàùèé ïðèçíàêè,
â êîòîðîì êàæäûé ïðèìåð ñíàáæåí ìåòêîé, èëè
öåëåâûì êëàññîì. Â çàäà÷å îáðàáîòêè ðå÷è â êà-
÷åñòâå ìåòêè ìîæåò âûñòóïàòü ïîë, âîçðàñò, ýìî-
öèîíàëüíîå ñîñòîÿíèå è ò.ä. Ïðèìåðîì äàííîãî
àëãîðèòìà ñëóæèò ìåòîä îïîðíûõ âåêòîðîâ, âû-
ïîëíÿþùèé çàäà÷ó êëàññèôèêàöèè. Àëãîðèòìó
îáó÷åíèÿ áåç ó÷èòåëÿ â êà÷åñòâå îïûòà ïðåäú-
ÿâëÿåòñÿ íàáîð äàííûõ, ñîäåðæàùèé ìíîãî ïðè-
çíàêîâ, à àëãîðèòì äîëæåí âûÿâèòü ïîëåçíûå
ñòðóêòóðíûå ñâîéñòâà ýòîãî íàáîðà. Íåêîòîðûå
àëãîðèòìû îáó÷åíèÿ áåç ó÷èòåëÿ ðåøàþò äðóãèå
çàäà÷è, íàïðèìåð àëãîðèòì êëàñòåðèçàöèè, êî-
òîðûé äîëæåí âûäåëèòü â íàáîðå äàííûõ êëàñòå-
ðû ïîõîæèõ ïðèìåðîâ. Ïðèìåðàìè äàííûõ àë-
ãîðèòìîâ ÿâëÿþòñÿ ìåòîä ãëàâíûõ êîìïîíåíò è
êëàñòåðèçàöèÿ ìåòîäîì k ñðåäíèõ.

Íåäîñòàòêîì ìåòîäîâ, îñíîâàííûõ íà ìà-
øèííîì è ãëóáîêîì îáó÷åíèè, ÿâëÿåòñÿ òî, ÷òî
âîçìîæíûõ êîíôèãóðàöèé õàðàêòåðèñòèê ãîðàç-
äî áîëüøå, ÷åì îáó÷àþùèõ ïðèìåðîâ, ÷òî ïðèâî-
äèò ê òîìó, ÷òî äëÿ îáó÷åíèÿ òðåáóåòñÿ îãðîìíîå
êîëè÷åñòâî ïðèìåðîâ, âðåìåíè è âû÷èñëèòåëü-
íûõ ìîùíîñòåé.
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Â äàííîé ñòàòüå ïðåäëàãàåòñÿ ìåòîä ïîñëå-
äîâàòåëüíîãî ïðèìåíåíèÿ àëãîðèòìîâ ìàøèííî-
ãî îáó÷åíèÿ ñ ó÷èòåëåì è áåç (ìåòîä ãëàâíûõ
êîìïîíåíò è ìåòîä êëàñòåðèçàöèè) äëÿ îïðå-
äåëåíèÿ êàêèå õàðàêòåðèñòèêè ñâÿçàíû ñ êàêè-
ìè ïðèçíàêàìè è èõ âûäåëåíèÿ, ÷òî ïîçâîëèò
â äàëüíåéøåì óïðîñòèòü ïðîöåññ âûäåëåíèÿ èí-
ôîðìàöèîííûõ ïðèçíàêîâ ðå÷åâîãî ñèãíàëà.

III. Àëãîðèòì âûäåëåíèÿ ïðèçíàêîâ èç
õàðàêòåðèñòèê

Àëãîðèòì ñâîäèòñÿ ê òðåì ýòàïàì ïîñëå-
äîâàòåëüíîãî ïðèìåíåíèÿ àëãîðèòìîâ ìàøèííî-
ãî îáó÷åíèÿ. Âõîäíûìè äàííûìè äëÿ àëãîðèòìà
ñëóæèò îïûò Å, ïðåäñòàâëåííûé â âèäå ìàññè-
âà, ñîñòîÿùåãî èç âåêòîðîâ õàðàêòåðèñòèê è ìå-
òîê äëÿ îïðåäåëåííîãî êîëè÷åñòâà àóäèîäàííûõ.
Ïîñêîëüêó ÷àñòü õàðàêòåðèñòèê ïðåäñòàâëåíà â
âèäå îäíîìåðíûõ èëè äâóìåðíûõ ìàññèâîâ äàí-
íûõ, íåîáõîäèìî èõ îáðàáîòàòü: íàïðèìåð, íàéòè
ñðåäíåå çíà÷åíèå è ñòàíäàðòíîå îòêëîíåíèå, ïî-
ñëå ýòîãî ïðîâåñòè íîðìàëèçàöèþ.

Íà ïåðâîì ýòàïå àëãîðèòìà ôîðìèðóåòñÿ
çàäà÷à Ò, äëÿ îáó÷åíèÿ ñ ó÷èòåëåì. Íàïðèìåð:
îïðåäåëèòü ïîë, âîçðàñò èëè ýìîöèîíàëüíîå ñî-
ñòîÿíèå ãîâîðÿùåãî. Ïîñëå ýòîãî ôîðìèðóåòñÿ
îïûò Å � ìàññèâ âõîäíûõ çíà÷åíèé, âêëþ÷àþùèé
â ñåáÿ âñå õàðàêòåðèñòèêè, ïðåäïîëîæèòåëüíî
ñïîñîáíûå âëèÿòü íà ìåðó êà÷åñòâà Ð. Çàòåì äëÿ
ðåøåíèÿ ýòîé çàäà÷è, èñõîäÿ èç öåëåâîãî êëàññà
âûáèðàåòñÿ ìåòîä ìàøèííîãî îáó÷åíèÿ. Íàïðè-
ìåð, ìåòîä îïîðíûõ âåêòîðîâ äëÿ çàäà÷è áèíàð-
íîé êëàññèôèêàöèè (âûáîð ïîëà) èëè ëèíåéíàÿ
ðåãðåññèÿ äëÿ çàäà÷è îïðåäåëåíèÿ ïîëà. Ïðèìå-
íèâ ìåòîä, ïðîâîäèòñÿ îöåíêà êà÷åñòâà Ð, ïðè
óäîâëåòâîðèòåëüíîì êà÷åñòâå, ýòàï ïîâòîðÿåòñÿ
åùå ðàç, íî êîëè÷åñòâî âõîäíûõ õàðàêòåðèñòèê
óìåíüøàåòñÿ ñ öåëüþ îïðåäåëèòü âëèÿíèå îòáðî-
øåííîé õàðàêòåðèñòèêè íà ïðåäñêàçàíèå, â ñëó-
÷àå íåóäîâëåòâîðèòåëüíîãî Ð ïîñëå ïðèìåíåíèÿ
àëãîðèòìà, ñòîèò ïîïðîáîâàòü äðóãîé ìåòîä îáó-
÷åíèÿ. Âûõîäíûìè äàííûìè äëÿ ïåðâîãî ýòàïà
äîëæíà ñòàòü ìàòðèöà À, ñîñòîÿùàÿ èç õàðàêòå-
ðèñòèê ðàçìåðíîñòè ìåíüøåé âõîäíîé, ýëåìåíòû
êîòîðîé îêàçûâàþò íàèáîëüøåå âëèÿíèå íà òî÷-
íîñòü ïðåäñêàçàíèÿ.

Íà âòîðîì ýòàïå ê ìàòðèöå À ïðèìåíÿåòñÿ
ìåòîä ãëàâíûõ êîìïîíåíò (PCA). Çàäà÷åé ÿâëÿ-
åòñÿ ñæàòèå äàííûõ â èçìåðåíèå ìåíüøåé ðàç-

ìåðíîñòè, ÷åì âõîäíîå. Â õîäå ðàáîòû PCA îöå-
íèâàåò äèñïåðñèþ êàæäîé âåëè÷èíû è îòáðàñû-
âàåò õàðàêòåðèñòèêè ñ íàèìåíüøèì âêëàäîì â
ôîðìèðîâàíèå ìàòðèöû À, ôîðìèðóÿ íîâûé âåê-
òîð èëè ãèïåðïëîñêîñòü, íà êîòîðóþ ïðîåöèðó-
þòñÿ ýëåìåíòû èñõîäíîé ìàòðèöû. Ðåçóëüòàòîì
ðàáîòû ÿâëÿåòñÿ ìàòðèöà Ñ, ðàçìåðíîñòè ìåíü-
øåé À.

Íà òðåòüåé ýòàïå ê ïîëó÷åííîìó ïðåäñòàâ-
ëåíèþ, ïðèìåíÿåòñÿ ìåòîä êëàñòåðèçàöèè. Ïðè-
ìåíåíèÿ ìåòîäà êëàñòåðèçàöèè ïîçâîëÿåò íàé-
òè òî÷êó â ïðîñòðàíñòâå â îêðåñòíîñòÿõ, êîòî-
ðîé áóäóò ñîñðåäîòî÷åíû îáúåêòû ñ èäåíòè÷íû-
ìè ñâîéñòâàìè. Â çàâèñèìîñòè îò êîëè÷åñòâà âû-
áðàííûõ êëàññòåðîâ â ðåçóëüòàòå ìîæíî ïîëó-
÷èòü ðàñïðåäåëåíèå õàðàêòåðèñòèê íà äèàïàçî-
íû, íåñóùèå èíôîðìàöèþ îá èññëåäóåìîì ïðè-
çíàêå. Íàïðèìåð: èçâåñòíî, ÷òî îñíîâíîé òîí â
çàâèñèìîñòè îò ÷àñòîòû (80 �210 Ãö ó ìóæ÷è-
íû, 120 �320 Ãö ó æåíùèíû) ïîçâîëÿåò îïðåäå-
ëèòü ãåíäåð ãîâîðÿùåãî. Òàêèì îáðàçîì ìîæíî
ïîñòðîèòü äâà êëàñòåðà: ìóæ÷èíû ñ öåíòðîì â
145 Ãö è æåíùèíû ñ öåíòðîì â 220 Ãö, äëÿ èç-
áåãàíèÿ ïåðåñå÷åíèÿ ñòîèò ðàññìàòðèâàòü îñíîâ-
íîé òîí ñîâìåñòíî ñ äðóãèìè õàðàêòåðèñòèêàìè.

IV. Çàêëþ÷åíèå

Ïðåäëîæåííûé àëãîðèòì ïîçâîëèò îïðåäå-
ëèòü êàêèå õàðàêòåðèñòèêè àóäèîñèãíàëà îïèñû-
âàþò îïðåäåëåííûé ïðèçíàê. Ìíîãîêðàòíîå ïðè-
ìåíåíèå ïîìîæåò íàéòè îïòèìàëüíóþ âõîäíóþ
ìàòðèöó îïûòà äëÿ ðåøåíèÿ êîíêðåòíîé çàäà÷è.
Ïðèìåíåíèÿ äîñòèãíóòûõ ðåçóëüòàòîâ ïîçâîëèò
ñîêðàòèòü âû÷èñëèòåëüíûå ìîùíîñòè è âåëè÷è-
íó íàáîðà äàííûõ äëÿ áó÷åíèÿ àëãîðèòìîâ ìà-
øèííîãî è ãëóáîêîãî îáó÷åíèÿ.

Òàê æå ïîäõîä, ïðåäëîæåííûé â ñòàòüå, ìî-
æåò áûòü ïðèìåíåí â äðóãèõ îáëàñòÿõ â öåëÿõ
âûäåëåíèÿ ïðèçíàêîâ, îêàçûâàþùèõ íàèáîëüøåå
âëèÿíèå íà òî÷íîñòü ïðåäñêàçàíèÿ.
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This article mainly study about the problems of image tilt and geometric distortion that may be encountered in

the identi�cation process of QR-code images,and the deformed code image is corrected by bilinear transformation,

and then the QR-code symbol characteristics are used to rotate and orient the image.

INTRODUCTION

QR-code recognition mainly uses image
recognition technology. First, an image containing a
QR-code is collected through an image acquisition
device, and then the QR-code is recognized by
image processing and data processing, and �nally
the text information originally contained in the
QR-code is extracted. Since obtaining bar code
image data, there may be several deformations
in the obtained image due to various reasons
such as shooting angle and image bending,
the acquired bar code image is not a square,
but any quadrilateral.Due to the existence of
this kind of distortion, the positioning and
orientation of QR-code symbols and sampling
and recognition work bring a lot of di�culties,
so it is necessary to use a correction algorithm
to correct the distorted image.In this paper, a
bar code image geometric distortion correction
algorithm based on bilinear transformation and
interpolation methods is proposed. Binarization
of the entire image, the distorted coordinates
are corrected, and the corrected coordinates are
obtained. The method of bilinear interpolation
is used to deal with blank pixels that may
appear after bilinear transformation.After solving
the geometric distortion of the QR-code image,
the biggest problem that a�ects the recognition
result becomes how to correctly �nd the range and
direction of the QR-code symbol.After binarization
of the entire image, it is scanned vertically and
horizontally.According to the reference decoding
algorithm proposed by the QR-code standard,
the position of its rows or columns can be
recorded.When recording the �rst and last row
positions and column positions, a total of 4
straight lines can be obtained, surrounded by a
square.Connect the diagonal of the square to get the
center point of the detection pattern.The tilt angle
of the image is determined based on the triangle
formed in the center of the three detection graphics
of the QR-code.

I. CORRECTION OF DISTORTION

Bar code image is based on bilinear
transformation and interpolation method geometric
distortion correction algorithm.Vertex change

shown in Figure 1, P_1, P_2, P_3, P4 are the
four vertices of the undistorted bar code image,
and P'_1, P'_2, P'_3, P ′

4 are the four vertices
of the geometrically deformed barcode image.Use
f(x,y) to represent the corrected image without any
distortion, and f(x', y') to represent the uncorrected
image.There is such a relationship between f(x,y)
and f(x', y'):

f(x, y) = f(x′, y′). (1)

the coordinate value of the point (x,y) is
transformed into (x', y') due to geometric
distortion.The relationship between x, y, x', y' can
be described as:

x = ax′ + by′ + cx′y′ + d; (2)

y = mx′ + ny′ + px′y′ + q. (3)

Ðèñ. 1 � Figure 1 Vertex change

Let the coordinates of P1, P2, P3, P4

be (x1, y1), (x2, y2), (x3, y3), (x4, y4). And
P ′
1, P

′
2, P

′
3, P

′
4 coordinates are (x′1, y

′
1), (x′2, y

′
2),

(x′3, y
′
3), (x

′
4, y

′
4).

Then there are two linear mapping equations:

x1 = ax′1 + by′1 + cx′1y
′
1 + d;

x2 = ax′2 + by′2 + cx′2y
′
2 + d;

x3 = ax′3 + by′3 + cx′3y
′
3 + d;

x4 = ax′4 + by′4 + cx′4y
′
4 + d. (4)

y1 = mx′1 + ny′1 + px′1y
′
1 + q;

y2 = mx′2 + ny′2 + px′2y
′
2 + q;

y3 = mx′3 + ny′3 + px′3y
′
3 + q;

y4 = mx′4 + ny′4 + px′4y
′
4 + q. (5)

From the system of linear equations (4) and
(5), a, b, c, d, m, n, p, q can be obtained, that is,
the mapping coe�cient of the bilinear mapping is
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determined.For the gray value f (x,y) of any point
(x,y) in the corrected image, the mapping coe�cient
can be obtained from the corresponding distortion
point.[1]

II. POSITIONING AND ORIENTATION
OF QR-CODE

QR-code is a kind of matrix QR-code, which is
composed of dark and light-colored square modules
arranged in accordance with certain rules, including
coding areas and functional areas.Each detection
pattern of the QR-code is staggered by the depth
module in accordance with the relationship of
1:1:3:1:1.

Ðèñ. 2 � Figure 2 Structure of QR-code

Structure of QR-code is shown in Figure
3, and has this ratio in the horizontal, vertical
and diagonal directions.Therefore, by searching for
detection graphics, the QR-code area can be quickly
located.[2]

Ðèñ. 3 � Figure 3 Detection pattern

Noting the proportional characteristics of
the detection pattern, after binarization of
the entire image, it is scanned vertically and
horizontally.According to the reference decoding
algorithm proposed by the QRcode[S] standard, the
method of determining the image-seeking graphics
is carried out in such a way: when the depth and
depth pixels appear in a ratio close to 1:1:3:1:1, the
position of its rows or columns can be recorded,
and the adjacent positions can be searched until
all adjacent rows or columns are found.When
recording the �rst and last row positions and
column positions, a total of 4 straight lines can
be obtained, surrounded by a square, as shown in

the �gure.Connect the diagonal of the square to get
the center point of the detection pattern.[3]

Ðèñ. 4 � Figure 4 Detection center point

Following the above steps to �nd the three
positions in the QR bar code symbol to detect the
center of the graphic.After determining the three
position detection graphics, determine the direction
of the bar code.At this time, the center points of the
three detection graphics can be directly connected
to form a triangle.According to the structural
characteristics of the QR bar code symbol, it can
be seen that the vertex of the corner with the
largest angle among the three corners corresponds
to the center point of the detection pattern in the
upper left corner of the QR bar code symbol.So
as long as the position of the center point is used
as a reference, rotate at a certain angle(An integer
multiple of 90°) can realize the orientation of the
bar code symbol.

III. CONCLUSION

This article discusses the correction and
positioning methods of QR code images.First,
using bilinear transformation and interpolation
operations, the acquired image of the bar code
symbol that has undergone geometric deformation
is geometrically corrected; then it is analyzed
according to the image characteristics of the QR
code symbol, and based on the analysis results, a
simple and fast QR code symbol positioning and
orientation algorithm is proposed.
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A new two-unit model of a ≪conscious≫ neuron is presented to be realized in AI-based systems. The main

di�erence from the known paradigms is the admission of the phenomenon of self-perception by the neuron of

its own state, displayed by its electromagnetic cloud. This phenomenon creates in given representation the nature

of consciousness. Some consequences of the hypothesis are considered.

Introduction

Human consciousness is not accessible from
outside. That is why any stated consciousness
model cannot be accepted as completely
proven. There are di�erent conceptions regarding
phenomenon of consciousness. From these
conceptions, one of deserving interest is that,
considering consciousness not as a physical process
with de�nite characteristics, but rather as a
state (property) of neuron(s). This conception is
known as an equality of mental (psychical) and
physical processes in the brain [1]. In some models
consciousness is associated with electromagnetic
�eld generated by neurons, for instance, as accepted
in [2,3]. In [4] consciousness is associated with
virtual reality, however, the nature of such a reality
remains unclear. Probably, the most interesting is
conception by F. Crick and K. Koch [5]. They
suggested that there is a special area in brain
called claustrum which is represented by small
(maybe, only one) big neuron(s) connected by a
tremendous amount of synapses to other neurons.
The claustrum plays role of a center to see the
information code transported through the synapses.
This conception is taken here as basic. We develop
it to get some another model with practical
orientation to arti�cial intelligence.

I. Basic Scheme

The only task, solved by consciousness,
consists in seeing the information code directed
from the other neurons. It is no matter what
this information code represents � pain, tactile
feeling, speech or other. Claustrum ≪sees≫ this
code, enabling human to represent what is going
on. Literally, claustrum sees electromagnetic
cloud around it and containing information
data. Claustrum also sees its own state what
is most important as this assumption leads to
understanding of the nature of ≪Selfness≫. The
state of claustrum is represented by its own
electromagnetic �eld which is superposed with
external electromagnetic cloud with information

code delivered through synapses from outside. The
nature of this phenomenon may be explained in the
following way: ≪to see electromagnetic �eld≫ means
to ≪change internal state of claustrum in order
to generate the same electromagnetic �eld from
inside≫. This is in accordance with the conception
of equality of mental (psychical) and physical
processes in the brain [1]. The state of the claustrum
is the same as external electro-magnetic �eld with
information data. To be more exact, we admit
that the resulting electromagnetic �eld ER is a
superposition:

ER = E1+E2 (1)

where E1 is external �eld with information data and
E2 stands for some constant internally generated
electromagnetic �eld of claustrum. By this, we
admit that claustrum can see its own state. Once
again, the claustrum state is equivalent of the
electromagnetic-�eld around it. This �eld can be
changed by means of bio-currents directed from
outside to claustrum and carrying information data,
and from inside (from claustrum body itself).

II. Mathematical representation of the
electromagnetic superposition

Our aim is to show the possibility to model
consciousness in computer. It is necessary to bear in
mind that electromagnetic �eld around claustrum
contains di�erent signals. Some signal delivers pain
sensation, the other signal carries the hearing
sensation etc. To mathematically describe this sum
of signals, one can use Fourier transformation as
it enables to simply realize representation of the
sum (superposition) of signals. The only task,
solved by consciousness, consists in seeing the
information code directed from other neurons. It
is no matter what this information stands for.
Consciousness simply ≪sees≫, not analyses the
information data. To ≪see≫ information means (as
we accepted) to generate electromagnetic �eld in
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the form (1). The neurons, providing information
to claustrum, work in di�erent way, as their task
is ≪to analyze≫ not ≪to visualize≫ data. By
this feature all living creatures di�er from one
another. To model consciousness with electronic
scheme, one needs: (1) to realize a computer
≪answer≫ to accepted information code (input
electromagnetic �eld containing information data).
The answer is the same �eld, produced (as
could be supposed) on resonance basis. Essentially,
that consciousness modeling unit should re-build
its internal process accordingly to input signal.
(2) To keep the generated �eld around the
consciousness modeling unit till new input data
arrives. From (1) one can conclude that essential
part of the consciousness modeling unit process is
that one, representing electromagnetic oscillations,
reproducing the information signals in the input
�eld. The next serious problem is to model attention
(that is, the ability to concentrate on a de�nite part
of the image). This problem concerns formal way of
estimating the weights of information contents. In
living creatures, the priorities are connected to the
life values of external factors. In AI-based robotic
objects the situation is di�erent and depends on
the goals of the objects themselves. What are
these goals? For instance, these may be providing
comfortable conditions for the human personal in
the hospitals or observing passengers in airport
halls to discover suspicious men. So, AI-based
consciousness is strongly oriented at the goals of its
carriers. From mathematical viewpoint, mechanism
of attention may be realized as a multi-criteria
decision maker (we leave discussion of that point).

III. The main problems of
AI-consciousness

As was said above, the only task, solved by
consciousness, consists in seeing the information
code directed from other neurons. It is no
matter what this information is. There are two
big problems arising when implementing AI-
consciousness. First, consciousness is realized by
biological entities, not electronic ones. By this
we assert, that seeing of its own state as it is
realized in neurons may be impossible in electronic
bodies. Yes, one can generate electromagnetic �eld
representing the state of the electronic entity but
it does not mean the entity sees itself. Second,
the information displayed in consciousness, is
perceived as ordered in time and space. This again
maybe unachievable in electronic device, where an

information image is represented as a data mess
(to tell �guratively). This two problems seem to be
crucial from the current positions. However, some
acceptable solutions could be found.

IV. Conclusion

The evolutionary doctrine leads to the
conclusion that the "conscious"neuron, apparently,
"started"with the recognition (perception) of its
own electromagnetic radiation. An analogy is
quite appropriate, according to which the own
electromagnetic �eld of a neuron is its �soul�, the
perceived electromagnetic background, evidence of
�cash�. This own electromagnetic radiation, even
if in the form of "information noise is the primal
form of self-perception. In the course of evolution,
other ("non-conscious") neurons began to produce
more complex information codes, for example,
transmitting pain. In principle, our point of view
conveys the identity of the "viewer"and the "screen
with the image since the opposite assumption leads
to a reduction to in�nity. The essence of the position
is that the screen is the state of the viewer, it is the
property of the "conscious"neuron - the property
of "seeing"the electromagnetic �eld. This position
is not at all a statement of the mind and brain
identity. Its physical nature is unclear. Despite the
impossibility to reproduce the feeling of Selfness in
electronic device, the possibility to use AI-based
consciousness is very attractive and exciting.

The most reasonable application of AI-based
consciousness is its usage in interaction with real
man. That is, man stands in position to understand
what is going on in electronic brain. This is
especially important if the external environment
is dangerous for human presence due to some
obstacles or other reasons. The other idea consists
in interaction with AI-based intelligence, that is to
change its electromagnetic �eld in the required way.
This opportunity enables man to suggest his/her
own ideas to electronic brains.
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Ââåäåíèå

Ïðîèçâîäñòâåííàÿ ñèñòåìà (ôèíàíñîâàÿ îð-
ãàíèçàöèÿ) ðàññìàòðèâàåòñÿ êàê ñëîæíàÿ ñèñòå-
ìà, ñîñòîÿíèÿ êîòîðîé îïèñûâàþòñÿ ìíîãîìåð-
íûìè âåêòîðàìè. Çíà÷åíèÿ âåêòîðîâ ìåíÿþòñÿ
âî âðåìåíè â çàâèñèìîñòè îò ìíîãèõ ôàêòîðîâ ïî
íåêîòîðîé òðàåêòîðèè. Çíà÷åíèÿ âåêòîðîâ ôîð-
ìèðóþò îïðåäåëåííûå êëàñòåðû, èç êîòîðûõ íàñ
èíòåðåñóþò òå, êîòîðûå ïîïàäàþò â ≪ñåðóþ≫ îá-
ëàñòü. Ýòó îáëàñòü ñîñòîÿíèé ñèñòåìû íåëüçÿ îä-
íîçíà÷íî èäåíòèôèöèðîâàòü êàê óñòîé÷èâî ïî-
çèòèâíóþ (øòàòíóþ) èëè çîíó áàíêðîòñòâà. Ìû
âûäåëèëè òàêèå êëàñòåðû â ñåðîé îáëàñòè: PS
(êëàñòåð îòêëîíÿþùèõñÿ îò íîðìû ñîñòîÿíèé,
êîòîðûå èäåíòèôèöèðóþòñÿ êàê ïîçèòèâíûå, áî-
ëåå áëèçêèå ê N) è NG (êëàñòåð îòêëîíÿþùèõ-
ñÿ îò íîðìû ñîñòîÿíèé, êîòîðûå èäåíòèôèöèðó-
þòñÿ êàê íåãàòèâíûå, áîëåå áëèçêèå ê F). Ñîîò-
âåòñòâåííî ðàçëè÷íûìè äîëæíû áûòü óïðàâëÿþ-
ùèå âîçäåéñòâèÿ â ýòèõ êëàñòåðàõ. Ïðåäëàãàåòñÿ
íîâûé ñïîñîá ôîðìèðîâàíèÿ êëàñòåðíîé ñòðóê-
òóðû ñåðîé çîíû, áàçèðóþùèéñÿ íà èäåÿõ íå÷åò-
êîãî ìàòåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ.

I. Êðàòêèé àíàëèç ïðîáëåìàòèêè

Ñëåäóåò îïðåäåëèòüñÿ ñ ôîðìàëüíûì êðè-
òåðèåì ≪ñåðîé≫ îáëàñòè. Ñíà÷àëà ñôîðìóëèðó-
åì èäåþ êîíöåïòóàëüíî. Ïóñòü äàíî ìíîæåñòâî
òî÷åê èç äâóõ êëàññîâ. Ðàññìîòðèì ïðîèçâîëüíîå
ðàçáèåíèå ýòîãî ìíîæåñòâà òî÷åê íà íåïåðåñåêà-
þùèåñÿ ïîäìíîæåñòâà A (òî÷åê ïåðâîãî êëàññà),
B (òî÷åê âòîðîãî êëàññà), C (íåò òðåáîâàíèé ïî
êëàññàì), òàê ÷òî èõ îáúåäèíåíèå äàåò èñõîäíîå
ìíîæåñòâî òî÷åê. Òîãäà ìíîæåñòâî Ñ áóäåò ñåðîé
îáëàñòüþ, åñëè âûïîëíåíû ñëåäóþùèå óñëîâèÿ:

1. A è B ðàçäåëèìû ëèíåéíîé äèñêðèìèíà-
òîðíîé ôóíêöèåé;

2. Ìíîæåñòâà {x} ∪ A è B íå ÿâëÿþòñÿ ëè-
íåéíî ðàçäåëèìûìè, ðàâíî êàê è A è {y} ∪ B
íå ÿâëÿþòñÿ ëèíåéíî ðàçäåëèìûìè äëÿ ëþáûõ
x ∈ A, y ∈ B, x, y ∈ C.

Äîïóùåíèÿ 1,2 äàëåå èñïîëüçóåì êàê èñõîä-
íûå äëÿ èçëàãàåìîãî ìàòåðèàëà.

Êàê áûëî îòìå÷åíî âûøå, ñîñòîÿíèÿ (îáú-
åêòû) â ≪ñåðîé≫ îáëàñòè ïðèíàäëåæàò ðàçíûì
êëàñòåðàì (êëàññàì). Èçâåñòíû äâà áàçîâûõ ïîä-
õîäà ê ïîñòðîåíèþ íå÷åòêèõ êëàñòåðîâ [1]: àëãî-
ðèòì Fuzzy C-Means (íå÷åòêèõ Ñ-ñðåäíèõ) - FCM
è Possibilistic C-Means (âîçìîæíûõ C-ñðåäíèõ)�
PCM.

Àëãîðèòì FCM âûïîëíÿåòñÿ êàê èòåðàöè-
îííûé ïðîöåññ. Íà êàæäîé èòåðàöèè îáúåêòû ïå-
ðåðàñïðåäåëÿþòñÿ ïî êëàñòåðàì è äëÿ íèõ âû-
ïîëíÿåòñÿ ïåðåñ÷åò íå÷åòêèõ ìåð ïðèíàäëåæ-
íîñòè è çíà÷åíèé öåíòðîèäîâ. Èòåðàöèè ïîâòî-
ðÿþòñÿ, ïîêà öåíòðîèäû íå ñòàáèëèçèðóþòñÿ.
Íåäîñòàòêè FCM óñìàòðèâàþòñÿ â ñëåäóþùåì
[2]:

1. àëãîðèòì ïëîõî îöåíèâàåò êðàéíèå òî÷êè
èëè øóìû, äàâàÿ èì çàâûøåííûå çíà÷åíèÿ ñòå-
ïåíåé ïðèíàäëåæíîñòè ê êëàñòåðàì;

2. ñòåïåíè ïðèíàäëåæíîñòè ê êëàñòåðó çà-
âèñÿò îò êîîðäèíàò öåíòðîèäîâ äðóãèõ êëàñòå-
ðîâ, ÷òî â ðÿäå ñëó÷àåâ èñêàæàåò ëîãèêó îïðåäå-
ëåíèÿ ñàìèõ íå÷åòêèõ ìåð.

Íåäîñòàòêè PCM óñìàòðèâàþòñÿ â ñëåäóþ-
ùåì [2]:

1. âûñîêàÿ ÷óâñòâèòåëüíîñòü ê íà÷àëüíîé
èíèöèàëèçàöèè (íà÷àëüíîìó ðàçáèåíèþ íà êëà-
ñòåðû);

2. êëàñòåðû ìîãóò ≪íàêëàäûâàòüñÿ≫ äðóã
íà äðóãà. Ýòèõ íåäîñòàòêîâ ëèøåí ïðåäëàãàåìûé
ìåòîä.

II. Ìàòåìàòè÷åñêîå ñîäåðæàíèå ìåòîäà

Íàñ áóäåò èíòåðåñîâàòü ïîäõîä [3]
(Zimmermann), êîòîðûé ìû ðàçâèâàåì â äàííîé
ðàáîòå. Ýòîò ïîäõîä èçíà÷àëüíî îðèåíòèðîâàí
íà ðåøåíèå çàäà÷ íå÷åòêîãî ìàòåìàòè÷åñêîãî
ïðîãðàììèðîâàíèÿ è èñïîëüçóåòñÿ â ìàòåðèàëàõ
äàííîé ðàáîòû äëÿ îòûñêàíèÿ íå÷åòêèõ êëàñòå-
ðîâ. Ïîä êëàñòåðíîé ñòðóêòóðîé áóäåì ïîíèìàòü
ñîâîêóïíîñòü êëàñòåðîâ è èõ ñîñòàâ. Äëÿ ÿñíîñòè
â êà÷åñòâå èñõîäíûõ äàííûõ èñïîëüçóåòñÿ íåêî-
òîðàÿ çàäàííàÿ a priori òàáëèöà, ñòðîêè êîòîðîé
ïðåäñòàâëÿþò ñîñòîÿíèÿ ïðîèçâîäñòâåííîé ñè-
ñòåìû â ìîìåíòû èçìåðåíèé (íàïðèìåð, óêàçà-
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íû çíà÷åíèÿ êðèòåðèåâ ïÿòèôàêòîðíîé ìîäåëè
Àëüòìàíà èç ñåðîé îáëàñòè è ðåçóëüòèðóþùàÿ
îöåíêà ðèñêà áàíêðîòñòâà z).Ïðåäïîëàãàåòñÿ,
÷òî êëàñòåðíàÿ ñòðóêòóðà íå èçâåñòíà è äîëæíà
áûòü íàéäåíà. Áàçèðóÿñü íà ðàáîòå [4], ñîñòà-
âèì ñëåäóþùóþ ñèñòåìó äëÿ îïðåäåëåíèÿ äâóõ
êëàñòåðîâ â ñåðîé îáëàñòè. Öåëåâàÿ ôóíêöèÿ
G =

∑
i λ

2
i → min.

Îãðàíè÷åíèÿ îäíîòèïíû è èìåþò âèä ëè-
íåéíûõ àëãåáðàè÷åñêèõ íåðàâåíñòâ:∑

i aixi,k = d− λk,
d � âåùåñòâåííîå ÷èñëî, íàïðèìåð d = 0, xk

� âåêòîð ñîñòîÿíèÿ ñèñòåìû íà øàãå k.
Ðåøåíèå ñèñòåìû ïîçâîëÿåò íàéòè äâà êëà-

ñòåðà. Âåêòîðû ñîñòîÿíèé xk ïîïàäàþò â êëà-
ñòåðà ñîîáðàçíî òîìó, ñ êàêèì çíà÷åíèåì λk ýòè
âåêòîðû (ñîñòîÿíèÿ) àññîöèèðîâàíû â ðåøåíèè:
λk≥d - ïåðâûé êëàñòåð, λk<d - âòîðîé êëàñòåð.

Îáîñíîâàíèå èñïîëüçîâàííîé ìîäåëè ñîñòî-
èò â ñëåäóþùåì. Ïðèíÿòî, ÷òî ìåæäó äâóìÿ êëà-
ñòåðàìè ìîæíî ïðîâåñòè ãèïåðïëîñêîñòü, åñëè∑

i aixi,k≥ (<) d,
ñ íåðàâåíñòâîì òèïà ≥ äëÿ îäíîãî êëàñòå-

ðà è æåñòêèì íåðàâåíñòâîì < äëÿ äðóãîãî (d
� âåùåñòâåííîå ÷èñëî, íàïðèìåð 0). Â èñõîäíîé
ñèñòåìå îãðàíè÷åíèé ãèïåðïëîñêîñòü, ðàçäåëÿþ-
ùàÿ äâà êëàñòåðà, ñòðîèòñÿ òàêèì îáðàçîì, ÷òî-
áû âåêòîðû (òî÷êè â ìíîãîìåðíîì ïðîñòðàíñòâå)
êàæäîãî êëàñòåðà ãðóïïèðîâàëèñü êàê ìîæíî
ïëîòíåå äðóã ê äðóãó â ñèëó öåëåâîãî ôóíê-
öèîíàëà G. Ôóíêöèîíàë òàêîãî âèäà ≪ïîäòÿ-
ãèâàåò≫ óäàëåííûå òî÷êè êëàñòåðà ê ≪îñíîâ-
íîé≫ ìàññå, êîòîðàÿ ≪ãðóïïèðóåòñÿ≫ ðÿäîì ñ
ðàçäåëÿþùåé ãèïåðïëîñêîñòüþ. Åñëè òî÷êè ëå-
æàò íà ãèïåðïëîñêîñòè, òî âîïðîñ îá îòíåñåíèè
èõ ê êàêîìó-ëèáî êëàñòåðó òðåáóåò äîïîëíèòåëü-
íîãî èññëåäîâàíèÿ (ëèáî ðåøàåòñÿ ïðîèçâîëü-
íûì îáðàçîì � ñëó÷àéíî). Èç ýòîãî íàáëþäåíèÿ
ìîæíî ñ÷èòàòü, ÷òî ÷åì äàëüøå òî÷êà ëåæèò îò
ðàçäåëÿþùåé ãèïåðïëîñêîñòè, òåì ìåíüøå ñòå-
ïåíü åå ïðèíàäëåæíîñòè ê êëàñòåðó. Áàçèðóÿñü
íà ýòîì çàìå÷àíèè, ìîæíî ïðåäëîæèòü ìåòîä
âû÷èñëåíèÿ íå÷åòêèõ ìåð ïðèíàäëåæíîñòè. Êîí-
ñòàíòà d âûáðàíà ïðîèçâîëüíî (êàê ìîæíî äîêà-
çàòü, âûáîð êîíñòàíòû d íå âëèÿåò íà ðåçóëüòàò
îïðåäåëåíèÿ êëàñòåðíîé ñòðóêòóðû). Ïðîáëåìà
ñâÿçàíà ñ òåì, ÷òî îïèñàííàÿ êîíöåïöèÿ âåäåò ê
áîëüøîìó ÷èñëó íåðàâåíñòâ ñ ìàëûìè îòêëîíÿþ-
ùèìèñÿ îò 0 çíà÷åíèÿìè λi. Òàêèì îáðàçîì, ñõå-
ìà äîëæíà áûòü àäàïòèðîâàíà òàê, ÷òîáû ïîëó-
÷èòü êàê ìîæíî ìåíüøåå ÷èñëî íåðàâåíñòâ, äëÿ
êîòîðûõ çíà÷åíèå λi íå íóëåâîå.

III. Çàêëþ÷åíèå

Òàêèì îáðàçîì, íàìè óñòàíîâëåí ñïîñîá ïî-
ëó÷åíèÿ êëàñòåðîâ â ≪ñåðîé≫ îáëàñòè íà áàçå
îáùåãî ïîäõîäà ê ðåøåíèþ çàäà÷ íå÷åòêîãî ìà-
òåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ [1]. ßñíî, ÷òî
ïðîèçâîëüíîå ìíîæåñòâî òî÷åê ìîæíî ðàçäåëèòü
íà äâà êëàñòåðà (êëàññà) íå åäèíñòâåííûì ñïîñî-
áîì. Ïðåäëîæåííûé ñïîñîá, ìèíèìèçèðóåò ñóì-
ìàðíîå ðàññòîÿíèå ìåæäó òî÷êàìè êàæäîãî êëà-
ñòåðà çà ñ÷åò èñïîëüçîâàíèÿ öåëåâîãî ôóíêöèî-
íàëà G. Ýòîò ôóíêöèîíàë ≪ïîäòÿãèâàåò≫ òî÷êè
êëàñòåðà ê ãèïåðïîâåðõíîñòè, îòäåëÿþùåé åãî îò
äðóãîãî êëàñòåðà è ïîçâîëÿåò ñ ýòèõ ñîîáðàæå-
íèé îáîñíîâàòü ïðåäëîæåííûé ñïîñîá âû÷èñëå-
íèÿ íå÷åòêîé ìåðû ïðèíàäëåæíîñòè ê êëàñòåðó.
Äîñòîèíñòâîì ïðåäëîæåííîãî ïîäõîäà ÿâëÿåòñÿ
òî, ÷òî îí íå ÿâëÿåòñÿ èòåðàöèîííûì è ïîçâî-
ëÿåò ñðàçó ïîëó÷àòü íåîáõîäèìûå îöåíêè. Êðî-
ìå òîãî, îí íå ñâÿçàí ñ íåäîñòàòêàìè, óêàçàííû-
ìè äëÿ ìåòîäîâ Fuzzy KMeans è Possibilistic C-
Means. Äàííûé ñïîñîá ìîæíî èñïîëüçîâàòü äëÿ
ïîëó÷åíèÿ íå òîëüêî äâóõ, íî è òðåõ è áîëåå
êëàñòåðîâ, îäíàêî ýòî òðåáóåò ñïåöèàëüíîé òåõ-
íèêè.Íàïðèìåð, äëÿ ðàçáèåíèÿ íà òðè êëàñòåðà
îïèñàííóþ òåõíèêó ìîäåðíèçèðóåì òàê: ðàçáèâà-
åì èñõîäíîå ìíîæåñòâî íà äâà êëàñòåðà: A è B.
Çàòåì êëàñòåð B ðàçáèâàåì íà äâà êëàñòåðà B1

è B2. Ðàçáèâàåì îáúåäèíåíèÿ A ∪ B1 è A ∪ B2

êàæäîå íà äâà ìíîæåñòâà, òî åñòü èìååì ïîä-
ìíîæåñòâàX, Y , U ,W . Íàõîäèì äâà èç ýòèõ ïîä-
ìíîæåñòâ, îáúåäèíåíèå Z êîòîðûõ â íàèáîëüøåé
ñòåïåíè ïðåäñòàâëåíî âA è ïîëàãàåì, ÷òî ïåðâûé
êëàñòåð îïðåäåëåí è èì ÿâëÿåòñÿ Z. Óäàëÿåì åãî
èç èñõîäíîãî ìíîæåñòâà è îïðåäåëÿåì â îñòàâ-
øåìñÿ ìíîæåñòâå âåêòîðîâ äâà äðóãèõ êëàñòåðà.IV. Ñïèñîê ëèòåðàòóðû
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Ðàññìàòðèâàåòñÿ àíàëèç âðåìåííûõ ðÿäîâ äëÿ ïðåäñêàçàíèÿ äîñòóïíîñòè çàðÿäíûõ ñòàíöèé äëÿ ýëåê-

òðîìîáèëåé ïî íàñòîÿùèì è ïðîøëûì çíà÷åíèÿì òàêèõ ôàêòîðîâ, êàê ñïðîñ íà çàðÿäíûå ñòàíöèè â çà-

âèñèìîñòè îò âðåìåíè, äíÿ íåäåëè, ìåñÿöà, ïîãîäû â îïðåäåëåííûé ïðîìåæóòîê âðåìåíè. Ïîñòðîåííóþ

ìîäåëü âðåìåííîãî ðÿäà ìîæíî îáó÷àòü è òåñòèðîâàòü íà äàííûõ î çàðÿäíûõ ñòàíöèÿõ èç îòêðûòûõ

èñòî÷íèêîâ äëÿ èññëåäîâàíèÿ âëèÿíèÿ ïàðàìåòðîâ íà òî÷íîñòü ïðîãíîçîâ. Îäíàêî êàæäóþ êîíêðåòíóþ

ñåòü çàðÿäíûõ ñòàíöèé íåîáõîäèìî îáó÷àòü íà äàííûõ, ó÷èòûâàþùèõ åå ëîêàëüíûå îñîáåííîñòè.

Ñóùåñòâóþò äâå îñíîâíûå öåëè àíàëèçà
âðåìåííûõ ðÿäîâ � ýòî îïðåäåëåíèå ïðèðîäû
ðÿäà è ïðîãíîçèðîâàíèå (ïðåäñêàçàíèå áóäóùèõ
çíà÷åíèé âðåìåííîãî ðÿäà ïî íàñòîÿùèì è ïðî-
øëûì çíà÷åíèÿì). Äëÿ äîñòèæåíèÿ ýòèõ öå-
ëåé òðåáóåòñÿ ïîñòðîåíèå ìàòåìàòè÷åñêîé ìîäå-
ëè âðåìåííîãî ðÿäà.

Ïîñëå îïðåäåëåíèÿ ìîäåëè ðÿäà ñòàíîâèò-
ñÿ âîçìîæíûì ñ åå ïîìîùüþ èíòåðïðåòèðîâàòü
ðàññìàòðèâàåìûå äàííûå (èñïîëüçîâàòü äëÿ ïî-
íèìàíèÿ âðåìåííûõ èëè ñåçîííûõ èçìåíåíèé ïî-
ïóëÿðíîñòè òåõ èëè èíûõ çàðÿäíûõ ñòàíöèé). Çà-
òåì, íà îñíîâå ïîñòðîåííîé ìîäåëè, ìîæíî ýêñ-
òðàïîëèðîâàòü ðÿä, òî åñòü ïðåäñêàçàòü åãî áó-
äóùèå çíà÷åíèÿ.

×àñòî ñóùåñòâóåò äîïîëíèòåëüíàÿ èíôîð-
ìàöèÿ, êîòîðàÿ ïîìîãàåò â ïðîãíîçèðîâàíèè.
Äàííûå, èçâåñòíûå íà íåêîòîðûé ïðîìåæóòîê
âðåìåíè â áóäóùåì, íàçûâàþòñÿ ðåãðåññîðàìè.
Ýòî äîïîëíèòåëüíûå âðåìåííûå ðÿäû, çíà÷åíèÿ
êîòîðûõ èçâåñòíû íå òîëüêî â ïðîøëîì. Òà-
êèå äàííûå ìîæíî èñïîëüçîâàòü äëÿ èçâëå÷å-
íèÿ áîëüøåé èíôîðìàöèè èç ïðîöåññà è óëó÷øå-
íèÿ ïðîãíîçà. Òàê, êàëåíäàðü ïðàçäíèêîâ ïîìî-
æåò ïðåäñêàçàòü ðîñò ïðîäàæ øàìïàíñêîãî ïå-
ðåä Íîâûì ãîäîì è òþëüïàíîâ ïåðåä 8 Ìàðòà,
à âìåñòå ñ ýòèì íàêàíóíå ïðàçäíèêîâ âûðàñòåò
òðàôèê äâèæåíèÿ è, êàê ñëåäñòâèå, ñïðîñ íà çà-
ðÿäíûå ñòàíöèè. Èñïîëüçîâàíèå ðåãðåññîðîâ ïîç-
âîëèò óëó÷øèòü ìîäåëü è ñìîæåò ïðåäñêàçûâàòü
òàêîå ïîâåäåíèå. Êàê è áîëüøèíñòâî äðóãèõ âè-
äîâ àíàëèçà, àíàëèç âðåìåííûõ ðÿäîâ ïðåäïîëà-
ãàåò, ÷òî äàííûå ñîäåðæàò çàêîíîìåðíóþ ñîñòàâ-
ëÿþùóþ è ñëó÷àéíûé øóì, çàòðóäíÿþùèé îá-
íàðóæåíèå ðåãóëÿðíûõ êîìïîíåíò. Áîëüøèíñòâî
ìåòîäîâ èññëåäîâàíèÿ âðåìåííûõ ðÿäîâ âêëþ÷à-
åò ðàçëè÷íûå ñïîñîáû ôèëüòðàöèè øóìà, ïîçâî-
ëÿþùèå óâèäåòü ðåãóëÿðíóþ ñîñòàâëÿþùóþ áî-
ëåå îò÷åòëèâî. Íàïðèìåð, íà êà÷åñòâî ïðîãíî-
çà íå äîëæåí ïîâëèÿòü åäèíè÷íûé ñëó÷àé ðî-

ñòà ñïðîñà íà çàðÿäíûå ñòàíöèè â ðàéîíå X èç-çà
ñáîÿ ðàáîòû çàðÿäíûõ ñòàíöèé â ðàéîíå Y.

Áîëüøèíñòâî ðåãóëÿðíûõ ñîñòàâëÿþùèõ
âðåìåííûõ ðÿäîâ ÿâëÿþòñÿ ëèáî òðåíäîì, ëèáî
ñåçîííîé ñîñòàâëÿþùåé. Òðåíä ïðåäñòàâëÿåò ñî-
áîé îáùóþ ñèñòåìàòè÷åñêóþ ëèíåéíóþ èëè íåëè-
íåéíóþ êîìïîíåíòó, êîòîðàÿ ìîæåò èçìåíÿòüñÿ
âî âðåìåíè. Ñåçîííàÿ ñîñòàâëÿþùàÿ � ýòî ïåðèî-
äè÷åñêè ïîâòîðÿþùàÿñÿ êîìïîíåíòà. Îáà ýòè âè-
äà ðåãóëÿðíûõ êîìïîíåíò ÷àñòî ïðèñóòñòâóþò â
ðÿäå îäíîâðåìåííî. Íàïðèìåð, â ÷àñû ïèê, âû-
õîäíûå è ïðàçäíèêè, à òàêæå ëåòîì ñïðîñ íà çà-
ðÿäíûå ñòàíöèè ìîæåò âîçðàñòàòü, òàê êàê áîëü-
øåå êîëè÷åñòâî ëþäåé ïîëüçóåòñÿ àâòîìîáèëÿ-
ìè, íî òàêæå ñïðîñ íà çàðÿäíûå ñòàíöèè áóäåò
âîçðàñòàòü è êàæäûé ãîä, òàê êàê áóäåò óâåëè÷è-
âàòüñÿ êîëè÷åñòâî âëàäåëüöåâ ýëåêòðîìîáèëåé.
Ýòó îáùóþ ìîäåëü ìîæíî ïîíÿòü íà ðÿäå, ïðåä-
ñòàâëÿþùåì ìåñÿ÷íûå ìåæäóíàðîäíûå àâèàïå-
ðåâîçêè â òå÷åíèå 12-òè ëåò ñ 1949-ãî ïî 1960-
é ãîäû. Ãðàôèê ìåñÿ÷íûõ ïåðåâîçîê ïîêàçûâàåò
ïî÷òè ëèíåéíûé òðåíä, èìååòñÿ óñòîé÷èâûé ðîñò
ïåðåâîçîê èç ãîäà â ãîä. Â òî æå âðåìÿ õàðàêòåð
ìåñÿ÷íûõ ïåðåâîçîê ïîâòîðÿåòñÿ, îíè èìåþò ïî-
÷òè îäèí è òîò æå õàðàêòåð â êàæäîì ãîäîâîì
ïåðèîäå (íàïðèìåð, ïåðåâîçîê áîëüøå â îòïóñê-
íûå ïåðèîäû, ÷åì â äðóãèå ìåñÿöû). Ýòîò ïðèìåð
ïîêàçûâàåò äîâîëüíî îïðåäåëåííûé òèï ìîäåëè
âðåìåííîãî ðÿäà, â êîòîðîé àìïëèòóäà ñåçîííûõ
èçìåíåíèé óâåëè÷èâàåòñÿ âìåñòå ñ òðåíäîì, � ìî-
äåëü ñ ìóëüòèïëèêàòèâíîé ñåçîííîñòüþ (ñì. ðèñ.
1).

Åñëè òðåíä ÿâëÿåòñÿ ìîíîòîííûì (óñòîé÷è-
âî âîçðàñòàåò èëè óñòîé÷èâî óáûâàåò), òî àíàëè-
çèðîâàòü òàêîé ðÿä íåòðóäíî. Åñëè âðåìåííûå
ðÿäû ñîäåðæàò çíà÷èòåëüíóþ îøèáêó, òî ïåð-
âûì øàãîì âûäåëåíèÿ òðåíäà ÿâëÿåòñÿ ñãëàæè-
âàíèå. Ñãëàæèâàíèå âñåãäà âêëþ÷àåò íåêîòîðûé
ñïîñîá ëîêàëüíîãî óñðåäíåíèÿ äàííûõ, ïðè êî-
òîðîì íåñèñòåìàòè÷åñêèå êîìïîíåíòû âçàèìíî
ïîãàøàþò äðóã äðóãà. Òàêèì îáðàçîì, ñãëàæè-
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âàíèå ïîçâîëÿåò îòôèëüòðîâàòü øóìû è ïðåîá-
ðàçîâàòü äàííûå â îòíîñèòåëüíî ãëàäêóþ êðè-
âóþ, èñïîëüçóÿ ìåòîäû ñêîëüçÿùåãî ñðåäíåãî,
ìåäèàííîãî ñãëàæèâàíèÿ èëè ìåòîä íàèìåíüøèõ
êâàäðàòîâ. Ðÿäû ñ îòíîñèòåëüíî íåáîëüøèì êî-
ëè÷åñòâîì íàáëþäåíèé è ñèñòåìàòè÷åñêèì ðàñ-
ïîëîæåíèåì òî÷åê ìîãóò áûòü ñãëàæåíû ñ ïîìî-
ùüþ áèêóáè÷åñêèõ ñïëàéíîâ.

Ðèñ. 1 � Ãðàôèê, äåìîíñòðèðóþùèé åæåãîäíûé
ðîñò êîëè÷åñòâà àâèàïåðåâîçîê

Ìíîãèå ìîíîòîííûå âðåìåííûå ðÿäû õîðî-
øî îïèñûâàþòñÿ ëèíåéíîé ôóíêöèåé. Åñëè æå
èìååòñÿ ÿâíàÿ ìîíîòîííàÿ íåëèíåéíàÿ êîìïî-
íåíòà, òî äàííûå âíà÷àëå ñëåäóåò ïðåîáðàçî-
âàòü, ÷òîáû óñòðàíèòü íåëèíåéíîñòü. Îáû÷íî
äëÿ ýòîãî èñïîëüçóþò ëîãàðèôìè÷åñêîå, ýêñïî-
íåíöèàëüíîå èëè ïîëèíîìèàëüíîå ïðåîáðàçîâà-
íèå äàííûõ. Ïåðèîäè÷åñêàÿ è ñåçîííàÿ çàâèñè-
ìîñòè ïðåäñòàâëÿþò ñîáîé äðóãîé îáùèé òèï
êîìïîíåíò âðåìåííîãî ðÿäà. Ýòî ïîíÿòèå áûëî
ïðîèëëþñòðèðîâàíî ðàíåå íà ïðèìåðå àâèàïåðå-
âîçîê ïàññàæèðîâ. Ìîæíî çàìåòèòü, ÷òî êàæäîå
íàáëþäåíèå î÷åíü ïîõîæå íà ñîñåäíåå; èìååòñÿ
ïîâòîðÿþùàÿñÿ ñåçîííàÿ ñîñòàâëÿþùàÿ, îçíà÷à-
þùàÿ, ÷òî êàæäîå íàáëþäåíèå ïîõîæå íà íà-
áëþäåíèå â òîì æå ñàìîì ìåñÿöå, íî ãîä òîìó
íàçàä. Ïåðèîäè÷åñêàÿ çàâèñèìîñòü ìîæåò áûòü
ôîðìàëüíî îïðåäåëåíà êàê êîððåëÿöèîííàÿ çà-
âèñèìîñòü ïîðÿäêà k ìåæäó êàæäûì i-ì ýëåìåí-
òîì ðÿäà è (i-k)-ì ýëåìåíòîì, ãäå k îáû÷íî íà-
çûâàþò ëàãîì. Åå ìîæíî èçìåðèòü ñ ïîìîùüþ
àâòîêîððåëÿöèè, ò.å. êîððåëÿöèè ìåæäó ñàìèìè
÷ëåíàìè âðåìåííîãî ðÿäà. Åñëè îøèáêà èçìåðå-
íèÿ íå ñëèøêîì áîëüøàÿ, òî ñåçîííîñòü ìîæ-

íî îïðåäåëèòü âèçóàëüíî, ðàññìàòðèâàÿ ïîâåäå-
íèå ÷ëåíîâ ðÿäà ÷åðåç êàæäûå k âðåìåííûõ åäè-
íèö. Ñåçîííûå ñîñòàâëÿþùèå âðåìåííîãî ðÿäà
ìîãóò áûòü íàéäåíû ñ ïîìîùüþ êîððåëîãðàììû.
Êîððåëîãðàììà (àâòîêîððåëîãðàììà) ïîêàçûâà-
åò ÷èñëåííî è ãðàôè÷åñêè àâòîêîððåëÿöèîííóþ
ôóíêöèþ (AÊÔ), èíûìè ñëîâàìè, êîýôôèöèåí-
òû àâòîêîððåëÿöèè (è èõ ñòàíäàðòíûå îøèáêè)
äëÿ ïîñëåäîâàòåëüíîñòè ëàãîâ. Êîððåëÿöèîííûé
àíàëèç ïðîèçâîëüíîãî âðåìåííîãî ðÿäà ïîçâîëÿ-
åò ñäåëàòü ñëåäóþùèå âûâîäû:

1. Åñëè ðÿä ñîäåðæèò òðåíä, òî êîýôôèöè-
åíò àâòîêîððåëÿöèè çíà÷èòåëåí äëÿ ïåð-
âûõ íåñêîëüêèõ ñäâèãîâ ðÿäà, à â äàëüíåé-
øåì � óáûâàåò äî íóëÿ.

2. Åñëè äåéñòâèå ñëó÷àéíîé êîìïîíåíòû âå-
ëèêî, òî êîýôôèöèåíòû àâòîêîððåëÿöèè
äëÿ ëþáîãî çíà÷åíèÿ ñäâèãà áóäóò áëèçêè
ê íóëþ.

3. Åñëè ðÿä ñîäåðæèò ñåçîííóþ êîìïîíåí-
òó, òî êîýôôèöèåíò àâòîêîððåëÿöèè áóäåò
áîëüøèì äëÿ çíà÷åíèé ñäâèãà, ðàâíûõ ïå-
ðèîäó ñåçîííîé ñîñòàâëÿþùåé èëè êðàòíûõ
åìó.
Òàêèì îáðàçîì, êîððåëÿöèîííûé àíàëèç

ïîçâîëÿåò âûÿâèòü âî âðåìåííîì ðÿäó òðåíä è
ñåçîííóþ êîìïîíåíòó, à òàêæå îïðåäåëèòü, íà-
ñêîëüêî ïîâåäåíèå ðÿäà îáóñëîâëåíî åãî ñëó÷àé-
íîé êîìïîíåíòîé. Çíàíèå äàííûõ ñâîéñòâ âðå-
ìåííîãî ðÿäà ïîìîãàåò ñòðîèòü áîëåå àäåêâàò-
íûå ìîäåëè è âûáèðàòü ìåòîäû ïðîãíîçèðîâà-
íèÿ. Èñïîëüçîâàíèå ðåàëüíûõ äàííûõ î ñïðîñå
íà çàðÿäíûå ñòàíöèè â çàâèñèìîñòè îò âðåìåíè,
äíÿ íåäåëè, ìåñÿöà, ïîãîäû è ò.ä.; à òàêæå ðå-
ãðåññîðîâ è ìåòîäîâ ôèëüòðàöèè øóìà äåëàåò
âîçìîæíûì ïðîãíîçèðîâàòü ñïðîñ íà çàðÿäíûå
ñòàíöèè, à çíà÷èò, è ïðåäñêàçûâàòü èõ äîñòóï-
íîñòü.
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The article considers the implementation of a package of application software that performs a number of speci�c

tasks for students and teachers of disciplines related to the studying of electrical circuits in higher educational

institutes. The C++ programming language technologies were used with Qt5 framework, window of WinForms

with a graphical context OpenGL.

Introduction

In the process of studying the disciplines re-
lated to the calculation of electrical circuits, stu-
dents of higher educational institutes sometimes
have di�culties �nding tasks on a certain topics for
practicing them, and the teachers have the need to
manually check the students' solutions.

The authors developed a comprehensive auto-
mated system for studying the discipline "Theory of
Electrical Circuits". This system consists of three
independent modules, which are are the software
packages that perform a number of speci�c tasks.
The �rst two modules perform the generation of
electrical circuit data and its schemes for students.
And the third one perform the calculation of elec-
trical circuits with providing solutions for teachers.

I. Synthesis of electrical circuit
component data for training tasks

For ease of generating, we will represent an
electrical circuit in the form of a directed graph
formed according to certain rules [1]. The direc-
tions of its branches coincide with the directions
of the currents in the branches wires, and the ver-
tices coincide with the nodes of the electrical circuit
scheme. In our program you need to set initial con-
ditions such as:

� range of values for the resistances;

� range of values for current voltage sources;

� quantity (range) of current and voltage
sources;

� quantity (range) of resistances;

� number of equations to be solved by the
method of contour currents;

� number of equations to be solved by the
method of nodal potentials.

Based on the calculation method and the num-
ber of equations to solve, the program starts to syn-
thesize the chain graph. Next, the resistance values
are generated by random variables from the precon-
ditions. We perform similar actions for the voltage
and current sources. You also need to �nd out the
number of branches in the circuit based on the num-
ber of voltage and current sources. After that, using
the randomize method, we arrange the initial ele-

ments of the chain in any form, observing certain
rules.

As a result, we obtain a model of an electrical
circuit represented as a directed graph. Accord-
ing to its graph, we get an electrical circuit data,
which is presented in format of a text table that is
convenient for exporting �les between applications
(formats like TXT, CSV, JSON, XML). The data
table shows the following circuit parameters:

� number of branches;
� direction of currents in branches from the

start node to the end node;
� resistances values;
� voltage source values;
� current source values.
In addition to generating direct current (DC)

circuit data the program generate data of alternat-
ing current (AC). This way the data table is ex-
tended by Complex values by addition the imagi-
nary part into resistances of capacitors and induc-
tance coils, as well as arguments for voltage and
current sources.

II. Processing of component data and its
representation in the form of electrical

circuit scheme

After generating �le with data table of circuit
the program process it and presents as an image
of the electrical circuit scheme. The �rst step of
the graphical visualization algorithm is converting
component data into a mathematical model � a set
of structures that store the begin node and the end
node of a current branch, and data matrices that
store the characteristics of branches. When we read
the data from a table it is e�ective to immediately
form component matrices, since each column of the
table re�ects a speci�c branch of the circuit.

A universal class is implemented for data ob-
tained from component matrix information in a text
document for both AC and DC circuits. In the case
of direct current, the complex �elds (such as imag-
inary parts and arguments) of the object have the
NULL value.

A class for graphical visualization was also im-
plemented. It describes an algorithm for graphical
representation of a mathematical model using the
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capabilities of the programming language C++, and
also uses the capabilities of its graphical framework
Qt5, especially its library � QtGL [2]. The result
is provided in the WinForms main application win-
dow with a OpenGL graphical context, the menu of
which allows you to print graphic diagrams with ex-
port them to PDF �le or save it as a binary image
[3].

III. Calculation the electrical circuits

After circuit data visualization in the form of
schemes for students the software calculates these
schemes and show the solutions for teachers. In
this problem, the mathematical model of an electri-
cal circuit is a set of matrices that are divided into
two types [4]:

� topological matrices that characterize the
structural features of the circuit, determined by the
method of connecting the basic components of two-
poles, while the type of components doesn't play
any role;

� component matrices that re�ect the values
of the circuit components.

The currents in the circuit are calculated
based on the matrix method of nodal potentials,
which is valid for both DC and AC circuits [5].
Firstly a topological nodal matrix is formed based
on the directed graph. It is very convenient to
take the last generated node of the graph as the
basis node (t.i. remove the last vertex from con-
sideration), which is a signi�cant advantage for the
software implementation of this approach over the
method of contour currents � there is no need to
search for independent circuit contours.

Given that each branch of the circuit can
be represented as a generalized one, component
column-matrices are formed with source data of
the chain for E, J, R, and the diagonal-matrix
RD, which dimensions are equal to the number
of branches of the circuit. The representation of
an electrical circuit in the form of a mathematical
model allows us to describe its calculation on the al-
gorithmic way, which can be represented as a block
diagram (Fig. 1).

Figure 1 � Block diagram of the nodal potentials
method algorithm

An Object-Oriented Programming approach
allows us to display the abstraction of matrix
calculations in the application software. Classes
MatrixFloat and MatrixComplex (inherited from
the base class Matrix<T>), fully represent the
logic of mathematical operations for real-valued
(Float) and Complex-value (Complex ) matrices,
respectively. They contain the dimensions of the
matrix (int rows, columns), its order (int order) and
a two-dimensional dynamic array of element values
(T bu�er[rows][columns]) Based on the formulas
and theorems of matrix calculus (like Laplace,
Jordan-Gauss, etc.), the necessary algorithms
were implemented and overloaded corresponding
arithmetic operations in the program code. To
calculate the sinusoidal current circuit, a Complex
matrix element is introducedMatrixComplex � class
Complex, it allows performing transformations on
Ñomplex numbers and their interactions in both
algebraic and exponential forms [6].

In the class-interface of an electrical circuit
Circuit the algorithms described earlier are
implemented in the form of a program code-
generalized matrix equations of the nodal potentials
method. The return value of the method
CircuitCalculator::CalculateCircuit(const&) is the
result of calculating the electrical circuit � matrix-
column IR of currents in the branch resistances.

Conclusion

As a result of the work, the authors
implemented a package of application software that
performs a number of speci�c tasks for students
and teachers of disciplines related to the study of
electrical circuits in higher educational institutes.
Software e�ciency is determined by the ability to
generate arrays of practical tasks of both DC and
AC electrical circuits schemes with any topology, as
well as to obtain the most accurate values of their
calculations in the shortest possible time.
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This article mainly analyzes the characteristics and challenges of imbalanced data, analyzes the research status

of imbalanced data integration classi�cation algorithms and combines the actual situation, based on ensemble

learning. Research and improvement of classi�cation algorithms.

INTRODUCTION

In the modern society with highly developed
big data and the Internet, based on the diversity
and complexity of data information, imbalanced
data widely exists. Therefore, the problem of imbal-
anced data classi�cation will be an insurmountable
di�culty in the data �eld, and it has very important
practical value for its research and learning. Clas-
si�cation is one of the important knowledge acqui-
sition methods in machine learning and data min-
ing, and existing classi�cation algorithms usually
assume that the data set used for training is bal-
anced. But real-world classi�cation problems are
often not balanced datasets, and even have serious
imbalances. When encountering class data imbal-
ance, the traditional classi�cation algorithm with
the overall classi�cation accuracy as the learning
goal will pay too much attention to the majority
class, and the classi�cation performance of the mi-
nority class samples will be degraded, such as oil
leak detection, medical diagnosis, software fault de-
tection, etc. [1]

Imbalanced data classi�cation focuses on the
performance of learning algorithms when the class
data is unbalanced or under-represented, and the
study of this problem has become one of the hot
topics in the �eld of machine learning. According to
the existing research results, solving the classi�ca-
tion problem of imbalanced data can be handled by
rebalancing the data through sampling techniques.

However, the ensemble learning algorithm
aims to reduce the overall classi�cation error rate,
but does not consider the di�erence in the classi�ca-
tion cost of di�erent samples, and often has a poor
recognition e�ect on key minority samples. There-
fore, the improvement of the ensemble learning al-
gorithm is also a great challenge.

I. Classification algorithm based on
ensemble learning

Slave-balanced data refers to the huge di�er-
ence in the number of samples in each category of
the data set. Taking binary classi�cation as an ex-
ample, the number of samples in the positive class
is much larger than the number of samples in the
negative class, as shown in Figure 1.

Figure 1 � Imbanlanced data

Imbalanced data are mainly manifested in two
types: inter-class imbalance and intra-class imbal-
ance. Inter-class imbalance refers to the unequal
distribution of data between classes. In some prac-
tical applications, the data presents extreme class-
to-class data imbalance, and some imbalance ratios
can reach 1000:1 or higher. Intra-class imbalance
refers to the imbalance in the number of samples of
a class and its subclasses, or the data of a certain
class presents multiple small discrete items. Usu-
ally, the data imbalance between classes is not the
only factor that a�ects classi�cation learning, and
the data imbalance within a class is the key factor
that a�ects the classi�cation e�ect. Therefore, the
problem of imbalanced data classi�cation is mainly
due to the complexity of data distribution, such as
data overlap, the existence of subclasses of minority
classes, and the problem of small separation items.
These problems directly a�ect the learning of the
classi�er. [2]

The evaluation indicators for imbalanced data
are special. First, the minority class concerned by
the classi�cation learning task is de�ned as positive
class T, and the majority class is de�ned as nega-
tive class N, so there are four kinds of prediction re-
sults: positive and correct (Tp), positive and wrong
(Tn), negative and correct (Fn), negative class and
false (Fp). The accuracy rate (P) indicates that
the positive examples are correctly classi�ed and is
sensitive to the distribution of the data. The recall
rate (R), also known as the recall rate, indicates the
completeness of the correct classi�cation of positive
examples and is not sensitive to the distribution of
the data. The ideal classi�cation result is that the
higher the precision and recall, the better. The F
value is the weighted harmonic mean of precision

151



and recall, and is the most common F1 value when
the parameter b = 1. F1 combines the results of
precision and recall. When the F1 value is high,
the result is ideal. G-means represents the balance
between the positive classi�cation accuracy and the
negative classi�cation accuracy.

P =
Tp

Tp+ Fp
(1)

R =
Tp

Tp+ Fn
(2)

F =

(
b2 + 1

)
∗ P ∗R

b2 ∗R+ 1
(3)

G =

√
Tp

Tp+ Fn
∗ Tn

Tn+ Fp
(4)

As a typical representative of current machine
learning, ensemble learning algorithm can improve
the overall classi�cation accuracy by group decision-
making, and is widely used in the classi�cation of
imbalanced data. Ensemble learning is a technique
that improves the �nal learning e�ect by train-
ing and integrating multiple weak classi�ers. The
multi-sampling technique in ensemble learning can
be integrated with the optimal class distribution of
imbalanced data and the search for optimal class
representative examples to avoid additional learn-
ing costs. Ensemble classi�cation learning is a ma-
chine learning technology that integrates multiple
base classi�ers to make decisions together, obtains
multiple di�erent base classi�ers by invoking a sim-
ple classi�cation algorithm, and then combines the
base classi�ers into one classi�er in some way. The
accuracy and di�erence of the base classi�er are two
important factors that a�ect the learning e�ect of
the �nal ensemble classi�er. [3]

The ensemble classi�cation algorithm aims at
the overall learning accuracy and cannot be di-
rectly used for classi�cation learning of imbalanced
data, but is processed at the algorithm or data
level. Algorithmic processing refers to introducing
a cost factor in the training process of the ensem-
ble classi�cation algorithm, and assigning di�erent
cost factors according to the di�erent costs of dif-
ferent classes of samples being misclassi�ed to form
a cost-sensitive ensemble classi�cation algorithm.
Data processing refers to incorporating sampling
techniques that rebalance the data in the process
of building a base classi�er, so that the ensemble
algorithm can build a classi�er on balanced train-
ing data that does not a�ect learning performance.

In order to solve the insu�ciency of the single
evaluation index, the ROC curve evaluation index
appeared to classify and evaluate the imbalanced
data. The ROC curve is a graphical way to show
the tradeo� between true and false positive rates of
a classi�cation model.The ROC curve is shown in
Figure2.

Figure 2 � Roc curve

The area under the ROC curve provides an-
other way to evaluate the average performance of
the model, the larger the area, the better the model.
An ideal model has an area value of 1. [4]

The classi�cation algorithm based on ensem-
ble learning is very e�ective in dealing with im-
balanced data, but the classi�cation algorithm will
never be perfect, there will always be new problems
and new requirements, and then the algorithm must
be improved and improved, so Further, the imbal-
anced data classi�cation algorithm has a very broad
room for improvement.

II. CONCLUSION

The classi�cation of unbalanced data is widely
used in social life, such as credit card fraud detec-
tion, spam �ltering, and network intrusion detec-
tion, which makes the study of this type of data a
research hotspot in the �eld of data mining. This
paper reviews the imbalanced data classi�cation al-
gorithm based on ensemble learning. Data distribu-
tion adjustment is the most direct method to solve
the problem of class imbalance, and the imbalanced
data is converted into balanced data to eliminate
the impact of class imbalance. Transformation The
main methods are resampling, data grouping and
single-class learning. Data distribution adjustment
changes the distribution of the original data, which
may lead to loss of valuable information or over�t-
ting problems.
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Äàíî ïîíÿòèå ñèñòåìû ïîääåðæêè ïðèíÿòèÿ ðåøåíèé, ïðåäñòàâëåí êðàòêèé àíàëèç ìåòîäîâ è ìîäåëåé

ïîääåðæêè ïðèíÿòèÿ ðåøåíèé. Îïðåäåëåíû îãðàíè÷åíèÿ, ïðèîðèòåòû è íà÷àëüíûå ïàðàìåòðû äëÿ ïî-

ñòðîåíèÿ ñèñòåìû(àëãîðèòìà) ïîääåðæêè ïðèíÿòèÿ ðåøåíèé ïî ôîðìèðîâàíèþ ñòðóêòóðû ïàðêà àâèà-

êîìïàíèè.

Ââåäåíèå

Êàê îòìå÷àþò ìíîãèå ýêñïåðòû â îáëàñòè
ãðàæäàíñêîé àâèàöèè â ïîñëåäíèé ãîä ñèòóàöèþ â
îòðàñëè ìîæíî íàçâàòü ≪õàîñîì≫. Íà ýòî ïîâëèÿ-
ëè ðàçëè÷íûå ôàêòîðû, â ïåðâóþ î÷åðåäü ñîñòîÿ-
íèå íåîïðåäåëåííîñòè, ïðîÿâèâøååñÿ â íàðóøåíèè
ìèðîâûõ ëîãèñòè÷åñêèõ öåïî÷åê â ñâÿçè ñ ïàíäåìè-
åé COVID-19. Â íàñòîÿùåå âðåìÿ, óñèëèÿìè ó÷àñò-
íèêîâ îòðàñëè è ó÷àñòíèêîâ ðûíêà ñèòóàöèÿ â ãðó-
çîâîé àâèàöèè íåìíîæêî ïðåâðàùàåòñÿ â ≪óïîðÿäî-
÷åííûé õàîñ≫. Àíàëèç ìèðîâûõ îáúåìîâ ñïðîñà íà
ïåðåâîçêó ãðóçîâ âîçäóøíûì òðàíñïîðòîì ïîêàçû-
âàë ñòàáèëüíûé ðîñò â 2021-2022. Â öåëîì æå, åñëè
ïîñìîòðåòü íà 20-ëåòíèé ãîðèçîíò ïëàíèðîâàíèÿ, ïî
ýêñïåðòíûì îöåíêàì, íåñìîòðÿ íà ýôôåêòû ïàíäå-
ìèè, ñîõðàíÿþòñÿ ñëåäóþùèå ñðåäíèå òåìïû ðîñòà,
îíè ïîäòâåðæäåíû âñåìè îñíîâíûìè ìåæäóíàðîäíû-
ìè îðãàíèçàöèÿìè (ÈÊÀÎ, ÈÀÒÀ): ãëîáàëüíûé ðîñò
ÂÂÏ íà 20-ëåòíåì ïåðèîäå ñîñòàâèò 2,7%, ðîñò ãðó-
çîâûõ àâèàöèîííûõ ïåðåâîçîê � 4%, îáíîâëåíèå ïàð-
êà âîçäóøíûõ ñóäîâ áóäåò èäòè ñî ñðåäíèì òåìïîì
3,1% â ãîä. Áåçóñëîâíî, òðåáóþòñÿ íîâûå âîçäóøíûå
ñóäà, áóäóò âîññòàíàâëèâàòüñÿ ïåðåâîçêè, áóäåò ðàñ-
òè ýêîíîìèêà, ñîîòâåòñòâåííî, êëèåíòû äëÿ ïåðåâîç-
êè áóäóò ïîÿâëÿòüñÿ è äàëüøå. [3] Ïðè ýòîì ïàíäå-
ìèÿ ïîêàçàëà, ãäå ðåàëüíî ñóùåñòâóåò ñïðîñ, ãäå åñòü
î÷åíü æåñòêàÿ ïîòðåáíîñòü. Â çíà÷èòåëüíîé ñòåïå-
íè ñåãîäíÿ íåîáõîäèìî èçìåíåíèå ñòðóêòóðû ïðîâîç-
íûõ åìêîñòåé äëÿ íàèáîëåå ïîëíîãî óäîâëåòâîðåíèÿ
ïîòðåáíîñòåé ìèðîâîé ýêîíîìèêè. Ïîýòîìó ôîðìè-
ðîâàíèå ñòðóêòóðû ãðóçîâîãî ïàðêà àâèàêîìïàíèè â
ñîîòâåòñòâèè ñ òðåáîâàíèÿìè ðûíêà ÿâëÿåòñÿ ïåðâî-
ñòåïåííûì ïðè ïðèíÿòèè óïðàâëåí÷åñêèõ ðåøåíèé è
ôîðìèðîâàíèè áèçíåñ-ñòðàòåãèè êîìïàíèè.

I. Ñèñòåìà ïîääåðæêè ïðèíÿòèÿ
ðåøåíèé

Óïðàâëåí÷åñêîå ðåøåíèå � âàæíåéøèé âèä
óïðàâëåí÷åñêîãî òðóäà, à òàêæå ñîâîêóïíîñòü âçà-
èìîñâÿçàííûõ, öåëåíàïðàâëåííûõ è ëîãè÷åñêè ïî-
ñëåäîâàòåëüíûõ óïðàâëåí÷åñêèõ äåéñòâèé, êîòîðûå
îáåñïå÷èâàþò ýôôåêòèâíóþ ðåàëèçàöèþ óïðàâëåí-
÷åñêèõ çàäà÷. Ñèñòåìà ïîääåðæêè ïðèíÿòèÿ ðåøå-
íèé � ýòî êîìïüþòåðíàÿ ñèñòåìà, êîòîðàÿ ïóòåì ñáî-
ðà è àíàëèçà áîëüøîãî êîëè÷åñòâà èíôîðìàöèè ìî-
æåò âëèÿòü íà ïðîöåññ ïðèíÿòèÿ ðåøåíèé îðãàíè-
çàöèîííîãî ïëàíà â áèçíåñå è ïðåäïðèíèìàòåëüñòâå.
Èíòåðàêòèâíûå ñèñòåìû ïîçâîëÿþò ðóêîâîäèòåëÿì
ïîëó÷èòü ïîëåçíóþ èíôîðìàöèþ èç ïåðâîèñòî÷íè-

êîâ, ïðîàíàëèçèðîâàòü åå, à òàêæå âûÿâèòü ñóùå-
ñòâóþùèå áèçíåñ-ìîäåëè äëÿ ðåøåíèÿ îïðåäåëåííûõ
çàäà÷. Ñ ïîìîùüþ ÑÏÏÐ ìîæíî ïðîñëåäèòü çà âñå-
ìè äîñòóïíûìè èíôîðìàöèîííûìè àêòèâàìè, ïîëó-
÷èòü ñðàâíèòåëüíûå çíà÷åíèÿ îáúåìîâ ïðîäàæ, ñïðî-
ãíîçèðîâàòü äîõîä îðãàíèçàöèè ïðè ãèïîòåòè÷åñêîì
âíåäðåíèè íîâîé òåõíîëîãèè, à òàêæå ðàññìîòðåòü
âñå âîçìîæíûå àëüòåðíàòèâíûå ðåøåíèÿ.[1] Ñèñòåìà
ïîääåðæêè ïðèíÿòèÿ ðåøåíèé � êîìïëåêñ ìàòåìà-
òè÷åñêèõ è ýâðèñòè÷åñêèõ ìåòîäîâ è ìîäåëåé, îáú-
åäèíåííûõ îáùåé ìåòîäèêîé ôîðìèðîâàíèÿ àëüòåð-
íàòèâ óïðàâëåí÷åñêèõ ðåøåíèé â îðãàíèçàöèîííûõ
ñèñòåìàõ, îïðåäåëåíèÿ ïîñëåäñòâèé ðåàëèçàöèè êàæ-
äîé àëüòåðíàòèâû è îáîñíîâàíèÿ âûáîðà íàèáîëåå
ïðèåìëåìîãî óïðàâëåí÷åñêîãî ðåøåíèÿ.[1] Ïîääåðæ-
êà ïðèíÿòèÿ ðåøåíèé è çàêëþ÷àåòñÿ â ïîìîùè ëèöó,
ïðèíèìàþùåìó ðåøåíèå (ËÏÐ), â ïðîöåññå ïðèíÿ-
òèÿ ðåøåíèé. Îíà âêëþ÷àåò [1]:

� ïîìîùü ËÏÐ ïðè àíàëèçå îáúåêòèâíîé ñîñòàâ-
ëÿþùåé, òî åñòü â ïîíèìàíèè è îöåíêå ñëîæèâ-
øåéñÿ ñèòóàöèè, è îãðàíè÷åíèé, íàêëàäûâàå-
ìûõ âíåøíåé ñðåäîé;

� âûÿâëåíèå ïðåäïî÷òåíèé ËÏÐ, òî åñòü âûÿâëå-
íèå è ðàíæèðîâàíèå ïðèîðèòåòîâ, ó÷åò íåîïðå-
äåëåííîñòè â îöåíêàõ ËÏÐ è ôîðìèðîâàíèå
åãî ïðåäïî÷òåíèé;

� ãåíåðàöèþ âîçìîæíûõ ðåøåíèé, òî åñòü ôîð-
ìèðîâàíèå ñïèñêà àëüòåðíàòèâ;

� îöåíêó âîçìîæíûõ àëüòåðíàòèâ, èñõîäÿ èç
ïðåäïî÷òåíèé ËÏÐ, è îãðàíè÷åíèé, íàêëàäû-
âàåìûõ âíåøíåé ñðåäîé;

� àíàëèç ïîñëåäñòâèé ïðèíèìàåìûõ ðåøåíèé;
� âûáîð ëó÷øåãî ñ òî÷êè çðåíèÿ ËÏÐ âàðèàíòà.

Ïðè ðàçðàáîòêå àëãîðèòìà ïîääåðæêè ïðèíÿ-
òèÿ ðåøåíèé ïî ôîðìèðîâàíèþ ñòðóêòóðû ïàðêà
àâèàêîìïàíèè â êà÷åñòâå îãðàíè÷åíèé, íàêëàäûâà-
åìûõ âíåøíåé ñðåäîé ñòàíóò:

� òåððèòîðèàëüíûå îãðàíè÷åíèÿ (íàëè÷èå ëèìè-
òà ñòðàõîâîãî ïîêðûòèÿ, àýðîïîðòîâàÿ ñåòü,
íàëè÷èå ñåðòèôèöèðîâàííûõ ñòàíöèé òåõíè-
÷åñêîãî îáñëóæèâàíèÿ, îãðàíè÷åíèÿ íà ïðî-
ëåò òåððèòîðèé, íàëè÷èå ñåðòèôèêàòà IATA
(IOSA), íàëè÷èå îáîðóäîâàíèÿ äëÿ ïîëåòîâ ïî
ìåæäóíàðîäíûì âîçäóøíûì ëèíèÿì (ÌÂË) è
äð.);

� ýêîëîãè÷åñêèå îãðàíè÷åíèÿ (òðåáîâàíèÿì
ÈÊÀÎ ïî øóìàì è ýìèññèè);

� òåõíè÷åñêèå îãðàíè÷åíèÿ (ãðóçîïîäúåìíîñòü,
õàðàêòåðèñòèêè ãðóçîâîãî îòñåêà, ñïîñîá ïî-
ãðóçêè/ðàçãðóçêè);

153



� ôèíàíñîâûå îãðàíè÷åíèÿ;
� êîíêóðåíòíàÿ ñðåäà.
Â êà÷åñòâå ïðèîðèòåòà â àëãîðèòìàõ ïîääåðæ-

êè ïðèíÿòèÿ ðåøåíèé ïî ôîðìèðîâàíèþ ñòðóêòóðû
ïàðêà àâèàêîìïàíèè ìîæåò ñëóæèòü ñòðàíà ïðîèñ-
õîæäåíèÿ âîçäóøíîãî ñóäíà (ñòðàíà-ðàçðàáîò÷èê) è,
ñëåäîâàòåëüíî, âîçìîæíîñòü ïîääåðæàíèÿ åãî ëåò-
íîé ãîäíîñòè, à òàêæå íàëè÷èå ñõîæèõ òèïîâ âîçäóø-
íûõ ñóäîâ ó ýêñïëóàòàíòà. Îñíîâíûì êðèòåðèåì ïðè
âûáîðå ëó÷øåãî âàðèàíòà ÿâëÿåòñÿ ïîëó÷åíèå ìàê-
ñèìàëüíîé ïðèáûëè ïðè ìèíèìèçàöèè çàòðà÷åííûõ
ôèíàíñîâûõ ðåñóðñîâ. Ñèñòåìà ïîääåðæêè ïðèíÿòèÿ
ðåøåíèé â áîëüøèíñòâå ñëó÷àåâ ýòî èíòåðàêòèâíàÿ
àâòîìàòèçèðîâàííàÿ ñèñòåìà, êîòîðàÿ ïîìîãàåò ëè-
öó, ïðèíèìàþùåìó ðåøåíèÿ, èñïîëüçîâàòü äàííûå è
ìîäåëè äëÿ èäåíòèôèêàöèè è ðåøåíèÿ çàäà÷ è ïðè-
íÿòèÿ ðåøåíèé. Âõîäÿùèìè äàííûìè ïðè ðàçðàáîò-
êå àëãîðèòìà ïîääåðæêè ïðèíÿòèÿ ðåøåíèé ïî ôîð-
ìèðîâàíèþ ñòðóêòóðû ïàðêà àâèàêîìïàíèè ÿâëÿþò-
ñÿ:

� òåõíè÷åñêèå õàðàêòåðèñòèêè âîçäóøíîãî ñóä-
íà (ìàññà ïóñòîãî/ñíàðÿæåííîãî ñàìîëåòà,
ìàêñèìàëüíàÿ ïîëåçíàÿ íàãðóçêà, ìàêñèìàëü-
íî äîïóñòèìàÿ ïîñàäî÷íàÿ íàãðóçêà, åìêîñòü
òîïëèâíûõ áàêîâ, òèï ïðèìåíÿåìîãî äâèãà-
òåëÿ, ìàêñèìàëüíàÿ òÿãà, ìàêñèìàëüíàÿ ñêî-
ðîñòü, êðåéñåðñêàÿ ñêîðîñòü, êîëè÷åñòâî ÷ëå-
íîâ ýêèïàæà);

� ôèíàíñîâûå (ñòîèìîñòü ïðèîáðåòåíèÿ âîçäóø-
íîãî ñóäíà, ôèíàíñîâûå çàòðàòû äëÿ ââîäà â
ýêñïëóàòàöèþ, ïîäãîòîâêè ïðîèçâîäñòâà, ýêñ-
ïëóàòàöèîííûå ðàñõîäû);

� ýêîíîìè÷åñêèå (ñòàâêà ëåòíîãî ÷àñà íà äàííîì
òèïå âîçäóøíîãî ñóäíà, äîõîäíîñòü ðåéñà, ðåí-
òàáåëüíîñòü ðåéñà).

II. Ìåòîäû è ìîäåëè ïîääåðæêè
ïðèíÿòèÿ ðåøåíèé

Äëÿ òîãî ÷òîáû óïðàâëåí÷åñêîå ðåøåíèå áûëî
òî÷íûì, íåîáõîäèìî ñîáëþñòè îïðåäåëåííûå ìåòîäî-
ëîãè÷åñêèå ïîäõîäû, â îñíîâå êîòîðûõ ëåæàò îïðå-
äåëåííûå ìåòîäû è ìîäåëè [2]:

1. Ìåòîä ñèñòåìíîãî àíàëèçà ïðåäíàçíà÷åí äëÿ
âûáîðà íàèáîëåå ýôôåêòèâíûõ óïðàâëåí÷åñêèõ ðå-
øåíèé. Â åãî îñíîâå ëåæèò ïîëíàÿ è âñåñòîðîííÿÿ
ïðîâåðêà âàðèàíòîâ äåéñòâèé ñ òî÷êè çðåíèÿ êîëè÷å-
ñòâåííîãî è êà÷åñòâåííîãî ñîïîñòàâëåíèÿ çàòðà÷åí-
íûõ ðåñóðñîâ ñ ïîëó÷àåìûì ýôôåêòîì. Â ðàìêàõ ñè-
ñòåìíîãî àíàëèçà âîçìîæíî ïðèìåíåíèå ìàòåìàòè÷å-
ñêèõ ìåòîäîâ (ñòàòèñòè÷åñêèõ, ìíîãîìåðíûõ, ðåãðåñ-
ñèîííûõ, êîððåëÿöèîííûõ, èìèòàöèîííûõ, ñòàòèñòè-
÷åñêîé òåîðèè ïðèíÿòèÿ ðåøåíèé, ëèíåéíîãî è íåëè-
íåéíîãî ïðîãðàììèðîâàíèÿ) è êðèòåðèåâ äëÿ îïðå-
äåëåíèÿ êîëè÷åñòâåííûõ çíà÷åíèé ïîêàçàòåëåé, õà-
ðàêòåðèçóþùèõ ðåçóëüòàòû àëüòåðíàòèâ óïðàâëåí-
÷åñêèõ ðåøåíèé.

2. Ìåòîäû ìîäåëèðîâàíèÿ (èëè ìåòîäû èññëå-
äîâàíèÿ îïåðàöèé) áàçèðóþòñÿ íà èñïîëüçîâàíèè ìà-
òåìàòè÷åñêèõ ìîäåëåé äëÿ ðåøåíèÿ íàèáîëåå ÷àñòî
âñòðå÷àþùèõñÿ óïðàâëåí÷åñêèõ çàäà÷.

3. Ìîäåëè òåîðèè èãð. Áîëüøóþ ÷àñòü õîçÿé-
ñòâåííûõ îïåðàöèé ìîæíî ðàññìàòðèâàòü êàê äåé-
ñòâèÿ, ñîâåðøàåìûå â óñëîâèÿõ ïðîòèâîäåéñòâèÿ. Ê
ïðîòèâîäåéñòâèÿì ñëåäóåò îòíîñèòü òàêèå, íàïðè-
ìåð, ôàêòîðû, êàê àâàðèÿ, ïîæàð, êðàæà, çàáàñòîâ-
êà, íàðóøåíèå äîãîâîðíûõ îáÿçàòåëüñòâ è ò.ï. Îä-
íàêî íàèáîëåå ìàññîâûì ñëó÷àåì ïðîòèâîäåéñòâèÿ
ÿâëÿåòñÿ êîíêóðåíöèÿ, ÷òî ÿâëÿåòñÿ íàèáîëåå àêòó-
àëüíûì ïðè ôîðìèðîâàíèè ñòðóêòóðû ïàðêà àâèà-
êîìïàíèè. Ïîýòîìó îäíèì èç âàæíåéøèõ óñëîâèé, îò
êîòîðîãî çàâèñèò óñïåõ îðãàíèçàöèè, ÿâëÿåòñÿ êîí-
êóðåíòîñïîñîáíîñòü.

4. Ìîäåëè òåîðèè î÷åðåäåé. Ìîäåëè òåîðèè î÷å-
ðåäåé (èëè îïòèìàëüíîãî îáñëóæèâàíèÿ) èñïîëüçó-
þòñÿ äëÿ íàõîæäåíèÿ îïòèìàëüíîãî ÷èñëà êàíàëîâ
îáñëóæèâàíèÿ ïðè îïðåäåëåííîì óðîâíå ïîòðåáíî-
ñòè â íèõ.

5. Ìîäåëè óïðàâëåíèÿ çàïàñàìè. Ìîäåëè óïðàâ-
ëåíèÿ çàïàñàìè ïîçâîëÿþò íàéòè îïòèìàëüíîå ðåøå-
íèå, ò.å. òàêîé óðîâåíü çàïàñà, êîòîðûé ìèíèìèçè-
ðóåò èçäåðæêè íà åãî ñîçäàíèå è ïîääåðæàíèå ïðè
çàäàííîì óðîâíå íåïðåðûâíîñòè ïðîèçâîäñòâåííûõ
ïðîöåññîâ.

6. Ìîäåëè ëèíåéíîãî ïðîãðàììèðîâàíèÿ. Ýòè
ìîäåëè ïðèìåíÿþò äëÿ íàõîæäåíèÿ îïòèìàëüíîãî
ðåøåíèÿ â ñèòóàöèè ðàñïðåäåëåíèÿ äåôèöèòíûõ ðå-
ñóðñîâ ïðè íàëè÷èè êîíêóðèðóþùèõ ïîòðåáíîñòåé.

III. Âûâîäû

Ñ òî÷êè çðåíèÿ ïðèíÿòèÿ ðåøåíèé îðãàíèçàöè-
îííûå ôîðìû äîëæíû áûòü ïîä÷èíåíû äîñòèæåíèþ
ïîñòàâëåííûõ öåëåé è ïðîöåññó ðåøåíèÿ ñâÿçàííûõ
ñ ýòèì ïðîáëåì. Ïðè ýòîì íàèáîëåå ýôôåêòèâíûì
ìîæåò ñòàòü êîìáèíèðîâàíèå ðàçëè÷íûõ ìîäåëåé è
ìåòîäîâ íà îòäåëüíûõ ýòàïàõ ïðèíÿòèÿ ðåøåíèé. Íà
ïåðâîíà÷àëüíîì ýòàïå îáîñíîâàíî ïðèìåíåíèå ìîäå-
ëåé òåîðèè èãð, ñ öåëüþ îöåíêè êîíêóðåíòíîé ñðå-
äû, ñ ïîñëåäóþùèì ïîèñêîì îïòèìàëüíîãî ðåøåíèÿ
ñ èñïîëüçîâàíèåì ìîäåëåé ëèíåéíîãî ïðîãðàììèðî-
âàíèÿ.
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Â äàííîé ñòàòüå äåëàåòñÿ îáçîð ñîâðåìåííûõ ñèñòåì ðàñïîçíàâàíèÿ ðå÷è, ðàññìàòðèâàåòñÿ èõ ïðèìåíå-

íèå â ðàçëè÷íûõ ñôåðàõ æèçíåäåÿòåëüíîñòè ÷åëîâåêà, îáîñíîâûâàåòñÿ ïîëüçà îò èñïîëüçîâàíèÿ ïîäîáíûõ
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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ñèñòåìû ðàñïîçíàâàíèÿ
ðå÷è ðàñïðîñòðàíåíû î÷åíü øèðîêî â ðàçíîîá-
ðàçíûõ ñôåðàõ æèçíåäåÿòåëüíîñòè ÷åëîâåêà. Âî
ìíîãèõ ñëó÷àÿõ îíè ïîçâîëÿþò óïðîñòèòü âçà-
èìîäåéñòâèå ÷åëîâåêà ñ êîìïüþòåðîì, àâòîìà-
òèçèðîâàòü ðàçëè÷íûå îïåðàöèè. Öåëüþ äàííîé
ñòàòüè ÿâëÿåòñÿ îáçîð ñâåäåíèé î ñèñòåìàõ ðàñ-
ïîçíàâàíèÿ ðå÷è. Ê çàäà÷àì äàííîé ñòàòüè ñëå-
äóåò îòíåñòè îïðåäåëåíèå è êëàññèôèêàöèþ ñè-
ñòåì ðàñïîçíàâàíèÿ ðå÷è, îáçîð èñòîðèè èõ ðàç-
âèòèÿ, èçó÷åíèå ïðèíöèïîâ èõ ðàáîòû, ñáîð ñâå-
äåíèé î ñîâðåìåííûõ ðåàëèçàöèÿõ è ñôåðàõ ïðè-
ìåíåíèÿ ñèñòåì ðàñïîçíàâàíèÿ ðå÷è.

I. Îïðåäåëåíèå è êëàññèôèêàöèÿ

Ðàñïîçíàâàíèå ðå÷è � ýòî òåõíîëîãèÿ, ñ ïî-
ìîùüþ êîòîðîé ðå÷ü ÷åëîâåêà âîçìîæíî òðàíñ-
ôîðìèðîâàòü â òåêñò [1].

Ñèñòåìû ðàñïîçíàâàíèÿ ðå÷è ìîæíî êëàñ-
ñèôèöèðîâàòü ïî ðàçëè÷íûì êðèòåðèÿì:

1. ïî çàâèñèìîñòè îò äèêòîðà:
� ñèñòåìû, çàâèñèìûå îò äèêòîðà. Äëÿ
ðàáîòû ñ äðóãèì äèêòîðîì òàêèå ñè-
ñòåìû òðåáóþò ïîëíîé ïåðåíàñòðîéêè;

� ñèñòåìû, íå çàâèñèìûå îò äèêòîðà [2];
2. ïî ðàçìåðó ñëîâàðÿ (ïî êîëè÷åñòâó ñëîâ,

êîòîðîå ìîæåò ðàñïîçíàòü ñèñòåìà);
3. ïî ñëèòíîñòè ðå÷è:

� ñëèòíàÿ ðå÷ü (ïîëüçîâàòåëü ìîæåò íå
äåëàòü äîïîëíèòåëüíûõ ïàóç ìåæäó
îòäåëüíûìè ñëîâàìè è ôðàçàìè);

� ðàçäåëüíàÿ ðå÷ü;
4. ïî òèïó ñòðóêòóðíîé åäèíèöû (àëãîðèòìû,

èñïîëüçóþùèå â êà÷åñòâå ýòàëîíîâ ñëîâà
öåëèêîì èëè ëèøü ÷àñòè ñëîâ) [3];

5. ïî èñïîëüçóåìûì àëãîðèòìàì:
� ñêðûòûå Ìàðêîâñêèå ìîäåëè (ÑÌÌ);
� äèíàìè÷åñêîå ïðîãðàììèðîâàíèå;
� íåéðîííûå ñåòè;
� ìåòîäû äèñêðèìèíàòíîãî àíàëèçà [4];

6. ïî íàçíà÷åíèþ.

II. Èñòîðèÿ ðàçâèòèÿ

Ïåðâîå óñòðîéñòâî, ñïîñîáíîå ðàñïîçíàâàòü
ðå÷ü, ïîÿâèëîñü â 1952 ãîäó. Ýòî óñòðîéñòâî ïî-

ëó÷èëî íàçâàíèå Audrey è áûëî ñîçäàíî â êîìïà-
íèè Bell Labs. Îíî áûëî ñïîñîáíî ðàñïîçíàâàòü
ïðîèçíåñåííûå ÷åëîâåêîì öèôðû [5].

Åùå îäèí ýòàï ðàçâèòèÿ òåõíîëîãèè ðàñïî-
çíàâàíèÿ ðå÷è äàòèðóåòñÿ 1962 ãîäîì, êîãäà íà
ðûíêå áûëà ïðåäñòàâëåíà IBM Shoebox, êîòî-
ðàÿ ìîãëà ðàñïîçíàâàòü íå òîëüêî öèôðû, íî è
íåêîòîðûå êîìàíäû äëÿ âûïîëíåíèÿ àðèôìåòè-
÷åñêèõ îïåðàöèé.

Â 1976 ãîäó â ðàìêàõ ïðîåêòà DARPA,
ïðîôèíàíñèðîâàííûì ìèíèñòåðñòâîì îáîðîíû
ÑØÀ, áûëà ïðåäñòàâëåíà ìàøèíà Harpy, êîòî-
ðàÿ ìîãëà ðàñïîçíàâàòü 1011 ñëîâ. Âìåñòî òîãî,
÷òîáû ñëè÷àòü öåëèêîì óñëûøàííûå ñëîâà ñ îá-
ðàçöàìè, Harpy ðàçäåëÿëà èõ íà àëëîôîíû (îá-
ðàçåö çâó÷àíèÿ ôîíåìû (íàèìåíüøàÿ àêóñòè÷å-
ñêàÿ åäèíèöà ÿçûêà [6]) â çàâèñèìîñòè îò îêðó-
æàþùèõ åå áóêâ) [7].

Â 1986 ãîäó êîìïàíèÿ IBM âûïóñòèëà ïè-
øóùóþ ìàøèíó ñ ãîëîñîâûì óïðàâëåíèåì, êîòî-
ðàÿ ïîëó÷èëà íàçâàíèå Tangora. Îíà ìîãëà ðàñ-
ïîçíàâàòü 20000 ñëîâ àíãëèéñêîãî ÿçûêà è èñ-
ïîëüçîâàëà ÑÌÌ. Ýòî óñòðîéñòâî ìîãëî ïðèñïî-
ñàáëèâàòüñÿ ê ãîëîñó ãîâîðÿùåãî [5].

Â 1997 ãîäó áûë âûïóùåí ïåðâûé â ìè-
ðå óíèâåðñàëüíûé ðàñïîçíàâàòåëü ðå÷è, êîòîðûé
íå òðåáîâàë äåëàòü ïàóçó ïåðåä êàæäûì ñëî-
âîì, â âèäå ïðîãðàììíîãî îáåñïå÷åíèÿ Dragon`s
NaturallySpeaking. Îí áûë ñïîñîáåí ðàñïîçíà-
âàòü 100 ñëîâ â ìèíóòó [5,7].

III. Ïðèíöèï ðàáîòû

Ïðèíöèï ðàáîòû ñèñòåìû ðàñïîçíàâàíèÿ
ðå÷è çàâèñèò îò èñïîëüçóåìîãî àëãîðèòìà(-îâ)
(ïåðå÷èñëåíû âûøå).

Ïîäàâàåìûé çâóêîâîé ñèãíàë íåîáõîäèìî
ïðåäâàðèòåëüíî î÷èñòèòü îò øóìîâûõ ïîìåõ.
Ñóùåñòâóþò ðàçëè÷íûå ìåòîäû î÷èñòêè ñèãíà-
ëà îò ïîìåõ, òàêèå êàê ìåòîäû, ñâÿçàííûå ñ âû-
äåëåíèåì ïðèçíàêîâ, êîòîðûå ÿâëÿþòñÿ èíâàðè-
àíòíûìè îòíîñèòåëüíî øóìà; àëãîðèòìû, îñíî-
âàííûå íà êîýôôèöèåíòàõ ëèíåéíîãî ïðåäñêà-
çàíèÿ, ìåë-êåïñòðàëüíûõ êîýôôèöèåíòàõ; àëãî-
ðèòìû, ñâÿçàííûå ñ öèôðîâîé îáðàáîòêîé ñèãíà-
ëîâ è äð [3].

Âàæíûì ýòàïîì ïðåäâàðèòåëüíîé îáðàáîò-
êè âõîäíîãî ñèãíàëà ÿâëÿåòñÿ íîðìàëèçàöèÿ
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óðîâíÿ ñèãíàëà. Ýòî ïîçâîëÿåò óìåíüøèòü ïî-
ãðåøíîñòè ðàñïîçíàâàíèÿ, ñâÿçàííûå ñ òåì, ÷òî
äèêòîð ìîæåò ïðîèçíîñèòü ñëîâà ñ ðàçíûì óðîâ-
íåì ãðîìêîñòè [8].

Êàê ïðàâèëî, ñèñòåìà ðàñïîçíàâàíèÿ ðå÷è
ñîñòîèò èç äâóõ ìîäåëåé: àêóñòè÷åñêîé è ëèíã-
âèñòè÷åñêîé.

Àêóñòè÷åñêàÿ ìîäåëü îòâå÷àåò çà ïðåîáðà-
çîâàíèå ðå÷åâîãî ñèãíàëà â íàáîð ïðèçíàêîâ,
â êîòîðûõ îòîáðàæåíà èíôîðìàöèÿ î ñîäåðæà-
íèè ðå÷åâîãî ñîîáùåíèÿ. Ïðîãðàììà âûïîëíÿåò
ñëîæíûé àíàëèç ðå÷è, ñðàâíèâàÿ àóäèîôðàãìåí-
òû ñ çàïèñàííûìè â ïàìÿòü ðå÷åâûìè îáðàçöà-
ìè.

Ëèíãâèñòè÷åñêàÿ ìîäåëü àíàëèçèðóåò èí-
ôîðìàöèþ, ïîëó÷àåìóþ îò àêóñòè÷åñêîé ìîäå-
ëè, è ôîðìèðóåò îêîí÷àòåëüíûé ðåçóëüòàò ðàñ-
ïîçíàâàíèÿ. Íà îñíîâå âåðîÿòíîñòíîãî ðàñ÷åòà
êîìïüþòåð îïðåäåëÿåò, ÷òî èìåííî ìîã ïðîèçíå-
ñòè ïîëüçîâàòåëü [6].

Åñëè èñïîëüçóþòñÿ íåéðîííûå ñåòè, îíè èç-
âëåêàþò èç ïîòîêà ðå÷è ôîíåìû è ñîïîñòàâëÿþò
èõ ñ áóêâîé, ñëîãîì èëè ñëîâîì. Äàëåå îáðàçóåò-
ñÿ ïîðÿäîê èç èçâåñòíûõ ïðîãðàììå ñëîâ, à íåèç-
âåñòíûå ñëîâà âñòàâëÿþòñÿ ïî êîíòåêñòó [1].

Åñëè èñïîëüçóþòñÿ ÑÌÌ, òî ïðîèçâîäèò-
ñÿ àíàëèç ïðèçíàêîâ ðàñïîçíàâàåìîãî ñëîâà è
ôîðìèðîâàíèå ñîîòâåòñòâóþùåé ïîñëåäîâàòåëü-
íîñòè íàáëþäåíèé [9]. Äàííûå ïîñëåäîâàòåëüíî-
ñòè ïîäàþòñÿ ìîäåëÿì ÑÌÌ, êîòîðûå õðàíÿòñÿ â
áàçå, âû÷èñëÿåòñÿ âåðîÿòíîñòü òîãî, ÷òî äàííàÿ
ïîñëåäîâàòåëüíîñòü ïîäõîäèò ê î÷åðåäíîé ÑÌÌ,
ñëîâî, êîòîðîìó ïðèíàäëåæèò ÑÌÌ ñ íàèáîëü-
øåé âåðîÿòíîñòüþ, ñ÷èòàåòñÿ èñêîìûì [10].

Ïðè èñïîëüçîâàíèè àëãîðèòìà DWT (äèíà-
ìè÷åñêîå ïðîãðàììèðîâàíèå) îïðåäåëåíèå ñëîâà
ìîæåò îñóùåñòâëÿòüñÿ ïóòåì ñðàâíåíèÿ ÷èñëî-
âûõ ôîðì ñèãíàëîâ èëè ïóòåì ñðàâíåíèÿ ñïåê-
òðîãðàììû ñèãíàëîâ [11].

IV. Ñîâðåìåííûå ðåàëèçàöèè è ñôåðû
ïðèìåíåíèÿ

Ñèñòåìû ðàñïîçíàâàíèÿ ðå÷è èñïîëüçóþò-
ñÿ â ðàçëè÷íûõ ñôåðàõ æèçíåäåÿòåëüíîñòè ÷å-
ëîâåêà. Îíè èñïîëüçóþòñÿ â ñèñòåìàõ ãîëîñîâîãî
îáñëóæèâàíèÿ è èíòåðàêòèâíûõ àâòîîòâåò÷èêàõ
[12], â ìåäèöèíå [1] è ò.ä.

Ðàñïîçíàâàíèå ðå÷è èñïîëüçóåòñÿ â ðàçëè÷-
íûõ ãîëîñîâûõ ïîìîùíèêàõ. Ïðèìåðîì òàêîãî
ïîìîùíèêà ÿâëÿåòñÿ Siri îò êîìïàíèè Apple.

Êðîìå òîãî, ñèñòåìû ðàñïîçíàâàíèÿ ðå÷è
èñïîëüçóþòñÿ ïðè ðàñøèôðîâêå àóäèî- è âèäåî-
çàïèñåé, íàïðèìåð, äëÿ ïîäãîòîâêè äîêóìåíòîâ
ïî ðåçóëüòàòàì ñîáåñåäîâàíèé [13].

Ðÿä êîìïàíèé ïðåäîñòàâëÿþò ðàçðàáîò÷è-
êàì API äëÿ èñïîëüçîâàíèÿ ñèñòåì ðàñïîçíàâà-
íèÿ ðå÷è â ñâîèõ ïðèëîæåíèÿõ. Ïðèìåðîì ìîæåò
ñëóæèòü Google Cloud Speech-To-Text API.

Èñïîëüçîâàíèå ðàñïîçíàâàíèÿ ðå÷è â ðàç-
ëè÷íûõ ñèñòåìàõ äåëàåò âîçìîæíûì èõ èñïîëü-
çîâàíèå ëþäüìè ñ íàðóøåíèÿìè çäîðîâüÿ, íà-
ïðèìåð, ñëàáîâèäÿùèìè ëþäüìè.

Çàêëþ÷åíèå

Â äàííîé ñòàòüå áûë âûïîëíåí îáçîð ñâå-
äåíèé î ñèñòåìàõ ðàñïîçíàâàíèÿ ðå÷è. Èõ âû-
ñîêàÿ àêòóàëüíîñòü îáúÿñíÿåòñÿ íå òîëüêî òåì,
÷òî îíè àâòîìàòèçèðóþò ðàçëè÷íûå ïðîöåññû è
äåëàþò âçàèìîäåéñòâèå ÷åëîâåêà ñ ðàçëè÷íûìè
ñèñòåìàìè áîëåå êîìôîðòíûì, íî è ïîòîìó, ÷òî
çíà÷èòåëüíî îáëåã÷àþò èñïîëüçîâàíèå òàêèõ ñè-
ñòåì ëþäüìè ñ íàðóøåíèÿìè çäîðîâüÿ.
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Ââåäåíèå

Èçìåíåíèå êëèìàòà � îäíî èç íàèáîëåå ñå-
ðü¼çíûõ óãðîç óñòîé÷èâîñòè îêðóæàþùåé ñðåäû.
Òðàíñïîðòíûé êîìïëåêñ ïðè âûïîëíåíèè ñâî-
åé âàæíîé ñîöèàëüíî-ýêîíîìè÷åñêîé ôóíêöèè
ïîòðåáëÿåò çíà÷èòåëüíîå êîëè÷åñòâî òîïëèâíî-
ýíåðãåòè÷åñêèõ è äðóãèõ íå âîçîáíîâëÿåìûõ ðå-
ñóðñîâ. Íà âñåõ ñòàäèÿõ ïðîèçâîäñòâà, ýêñïëóà-
òàöèè è óòèëèçàöèè òðàíñïîðòíûõ ñðåäñòâ îêðó-
æàþùåé ñðåäå è îáùåñòâó íàíîñèòñÿ çíà÷èòåëü-
íûé ýêîëîãè÷åñêèé óùåðá: âûáðîñû çàãðÿçíÿþ-
ùèõ âåùåñòâ â àòìîñôåðíûé âîçäóõ, òðàíñïîðò
íûé øóì è âèáðàöèÿ, çàãðÿçíåíèå ïî÷âåííîãî ïî-
êðîâà è âîäíûõ ðåñóðñîâ, îáðàçîâàíèå îòõîäîâ,
èçúÿòèå çåìåëüíûõ è ëåñíûõ ðåñóðñîâ ïðè ñòðî-
èòåëüñòâå òðàíñïîðòíîé èíôðàñòðóêòóðû. [1] Â
ïîñëåäíèå äåñÿòèëåòèÿ èíäóñòðèÿ àâèàïåðåâîçîê
ðàçâèâàëàñü ñòðåìèòåëüíî, ýòîò ðîñò áóäåò ïðî-
äîëæàòüñÿ è äàëüøå, ïîòîìó ÷òî ëåòàòü è ïóòå-
øåñòâîâàòü � ýòî íàñóùíàÿ ÷åëîâå÷åñêàÿ ïîòðåá-
íîñòü. Àâèàöèîííûé âèä òðàíñïîðòà � îäèí èç
êðóïíåéøèõ çàãðÿçíèòåëåé àòìîñôåðíîãî âîçäó-
õà, åãî âëèÿíèå íà îêðóæàþùóþ ñðåäó âûðàæà-
åòñÿ, â îñíîâíîì, â âûáðîñàõ â àòìîñôåðó òîêñè-
íîâ ñ îòðàáîòàâøèìè ãàçàìè àâèàöèîííûõ äâèãà-
òåëåé è âîçäåéñòâèè àâèàöèîííûõ øóìîâ. Â íà-
ñòîÿùåå âðåìÿ âî âñ¼ì ìèðå íà äîëþ àâèàïåðåâî-
çîê ïðèõîäèòñÿ ïðèìåðíî îò 2% âûáðîñîâ CO2,
îäíîãî èç ïàðíèêîâûõ ãàçîâ íàðÿäó ñ âîäÿíûì
ïàðîì è ìåòàíîì. Äî ïàíäåìèè ýòîò ïîêàçàòåëü
íåóêëîííî ðîñ, âèðóñ íà íåêîòîðîå âðåìÿ ïåðåëî-
ìèë òåíäåíöèþ. Íî, êàê ãîâîðÿò íåêîòîðûå ýêñ-
ïåðòû, ê 2050 ãîäó îáùåìèðîâûå âûáðîñû CO2 çà
ñ÷åò àâèàòðàíñïîðòà, âåðîÿòíî, ìîãóò â òåîðèè
ïî ñðàâíåíèþ ñ 2019 ãîäîì äàæå óäâîèòüñÿ.[5]

I. Ñîêðàùåíèå âûáðîñîâ CO2

Òåìà ñîêðàùåíèÿ âûáðîñîâ äèîêñèäà óãëå-
ðîäà äëÿ àâèàöèîííîãî òðàíñïîðòà ïîìèìî àê-
òóàëüíîñòè äàííîé ïðîáëåìû è îùóòèìîãî âëè-
ÿíèÿ íà îêðóæàþùåþ ñðåäó èìååò íåñêîëüêî àë-
ãîðèòìîâ ðåøåíèé. Èññëåäóÿ ïðîáëåìó ýìèññèè
ðàçëè÷íûå íàó÷íûå òðóäû è èññëåäîâàíèÿ ïðåä-
ëàãàþò íåñêîëüêî àëãîðèòìîâ ðåøåíèé ñîêðàùå-
íèÿ âûáðîñîâ â àòìîñôåðó â òîì ÷èñëå, ïåðåõîä
íà àëüòåðíàòèâíîå òîïëèâî, ìîäèôèêàöèþ âîç-
äóøíûõ ñóäîâ, ïîâûøåíèå òîïëèâíîé ýôôåêòèâ-

íîñòè. Âûáðîñû îò àâèàöèè ïðîèñõîäÿò èç-çà èñ-
ïîëüçîâàíèÿ òîïëèâà äëÿ ðåàêòèâíûõ äâèãàòå-
ëåé (êåðîñèíà) è àâèàöèîííîãî áåíçèíà (èñïîëü-
çóåòñÿ òîëüêî äëÿ íåáîëüøèõ ïîðøíåâûõ äâèãà-
òåëåé), êîòîðûå èñïîëüçóþòñÿ â êà÷åñòâå òîïëè-
âà äëÿ âîçäóøíûõ ñóäîâ. Îñíîâíûìè çàãðÿçíÿ-
þùèìè âåùåñòâàìè ÿâëÿþòñÿ âåùåñòâà, êîòîðûå
âîçíèêàþò â ðåçóëüòàòå ñæèãàíèÿ � ýòî CO2, CO,
óãëåâîäîðîäû è îêñèäû àçîòà, ïðè ýòîì âûáðîñû
CO2 çàâèñÿò îò óðîâíÿ ñåðû â òîïëèâå. Äðóãèìè
âàæíûìè âåùåñòâàìè, êîòîðûå âûäåëÿþòñÿ â îò-
íîñèòåëüíî íåáîëüøèõ êîíöåíòðàöèÿõ, ÿâëÿþò-
ñÿ N2O, CH4. Îäíèì èç âàæíûõ ðåøåíèé ïîâû-
øåíèÿ ýêîëîãè÷íîñòè ãðóçîâîé àâèàöèè ÿâëÿåòñÿ
ìîäèôèêàöèÿ ñàìîëåòîâ. Ïðè ýòîì îòìå÷àåòñÿ
äâà íàïðàâëåíèÿ � èçìåíåíèÿ â êîíñòðóêöèè ôþ-
çåëÿæà è îáùàÿ ìîäåðíèçàöèÿ ïàðêà. Ê êàòåãî-
ðèè ìåð, ñâÿçàííûõ ñ ïåðâûì íàïðàâëåíèåì, îò-
íîñèòñÿ óìåíüøåíèå âåñà ñàìîëåòà. Ýôôåêòèâ-
íîñòü òàêîãî ðåøåíèÿ îáîñíîâàíà çàâèñèìîñòüþ
ðàñõîäà òîïëèâà îò ìàêñèìàëüíîé âçëåòíîé ìàñ-
ñû: ÷åì ëåã÷å âîçäóøíîå ñóäíî, òåì ìåíüøå áóäåò
èçðàñõîäîâàíî òîïëèâà. Â ïîâûøåíèè ýêîëîãè÷-
íîñòè òàêæå áîëüøîå çíà÷åíèå èìååò ìîäåðíèçà-
öèÿ ïàðêà âîçäóøíûõ ñóäîâ. Íà äàííûé ìîìåíò
ñàìîé ≪çåëåíîé≫ ðàçðàáîòêîé â îáëàñòè ãðóçî-
âîé àâèàöèè ÿâëÿåòñÿ Boeing 777-F, ñî÷åòàþùèé
â ñåáå èííîâàöèîííûå òåõíîëîãèè. Áëàãîäàðÿ
ýôôåêòèâíûì äâèãàòåëÿì è óëó÷øåííîé àýðîäè-
íàìèêå îí òàêæå ñ÷èòàåòñÿ äâóõìîòîðíûì ãðó-
çîâûì ñàìîëåòîì ñ ñàìîé áîëüøîé äàëüíîñòüþ
ïîëåòà â ìèðå, âûðàæàþùèåñÿ â ñíèæåíèè êîëè-
÷åñòâà âçëåò/ïîñàäîê, à çíà÷èò, è ìåíüøåì âðåäå
ýêîëîãèè. Åùå îäèí âàæíûì øàãîì íà ïóòè ê íó-
ëåâûì âûáðîñàì ÿâëÿåòñÿ ïîâûøåíèå òîïëèâíîé
ýôôåêòèâíîñòè. Òîïëèâíàÿ ýôôåêòèâíîñòü � ýòî
ðàñõîä òîïëèâà, ïðèõîäÿùåéñÿ íà åäèíèöó òðàíñ-
ïîðòíîé ðàáîòû (íà 1 ïàññàæèðî-êèëîìåòð èëè
íà 1 òîííî-êèëîìåòð). Óðîâåíü òîïëèâíîé ýô-
ôåêòèâíîñòè çàâèñèò ãëàâíûì îáðàçîì îò óäåëü-
íîãî ðàñõîäà òîïëèâà äâèãàòåëåé, àýðîäèíàìè-
÷åñêîãî è âåñîâîãî ñîâåðøåíñòâà ëåòàòåëüíîãî
àïïàðàòà, åãî ãðóçîïîäú¼ìíîñòü. Ïðè ñðàâíåíèè
ðàçëè÷íûõ ëåòàòåëüíûõ àïïàðàòîâ îáû÷íî èñ-
ïîëüçóþò çíà÷åíèå òîïëèâíîé ýôôåêòèâíîñòè,
ðàññ÷èòàííûå ïî òåõíè÷åñêîé äàëüíîñòè ïîëå-
òà. [2] Â íàñòîÿùåå âðåìÿ îñíîâíûìè ïðè÷èíàìè
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íèçêîé ýôôåêòèâíîñòè ñ÷èòàåòñÿ íåïðàâèëüíîå
ïîñòðîåíèå ìàðøðóòîâ è âûñîêîå àýðîäèíàìè÷å-
ñêîå ñîïðîòèâëåíèå. Â ðàìêàõ ðåøåíèÿ íåïðà-
âèëüíîãî ïîñòðîåíèÿ ìàðøðóòîâ áûëè ïðåäëî-
æåíû òàêèå òåõíèêè óìåíüøåíèå íà 1 ïðîöåíò
ïîëåòíîãî âðåìåíè çà ñ÷åò ñïðÿìëåíèÿ çàïëàíè-
ðîâàííûõ ìàðøðóòîâ, ðóëåíèå ïîñëå ïîñàäêè íà
äâóõ ðàáîòàþùèõ äâèãàòåëÿõ, èñïîëüçîâàíèå âè-
çóàëüíûõ çàõîäîâ íà ïîñàäêó ïðè áëàãîïðèÿòíûõ
ìåòåîóñëîâèÿõ.[3]

II. Òåíäåíöèè âûáðîñîâ, âëèÿþùèå íà
èçìåíåíèå êëèìàòà

Âîçäåéñòâèÿ àâèàöèè íà èçìåíåíèå êëèìà-
òà âñåñòîðîííÿÿ îöåíêà âêëàäà àâèàöèè â ãëî-
áàëüíûå àòìîñôåðíûå ïðîáëåìû ñîäåðæèòñÿ â
Ñïåöèàëüíîì äîêëàäå îá àâèàöèè è ãëîáàëü-
íîé àòìîñôåðå , êîòîðûé áûë ïîäãîòîâëåí ïî
çàïðîñó Ìåæäóíàðîäíîé îðãàíèçàöèè ãðàæäàí-
ñêîé àâèàöèè (ÈÊÀÎ) Ìåæïðàâèòåëüñòâåííîé
ãðóïïîé ýêñïåðòîâ ïî èçìåíåíèþ êëèìàòà â ñî-
òðóäíè÷åñòâå ñ Ãðóïïîé ïî íàó÷íîé îöåíêå Ìîí-
ðåàëüñêîãî ïðîòîêîëà ïî âåùåñòâàì, ðàçðóøàþ-
ùèì îçîíîâûé ñëîé. Âûâîäû ýòîãî îò÷åòà âêëþ-
÷àþò:

1. ñàìîëåòû âûáðàñûâàþò ãàçû è ÷àñòèöû,
êîòîðûå èçìåíÿþò êîíöåíòðàöèþ ïàðíèêî-
âûõ ãàçîâ â àòìîñôåðå, âûçûâàþò îáðàçî-
âàíèå ñëåäîâ êîíäåíñàöèè è ìîãóò óâåëè÷è-
âàòü ïåðèñòóþ îáëà÷íîñòü, ÷òî ñïîñîáñòâó-
åò èçìåíåíèþ êëèìàòà;

2. ïî îöåíêàì, äîëÿ âîçäóøíûõ ñóäîâ â îáùåì
ðàäèàöèîííîì âîçäåéñòâèè (ïîêàçàòåëü èç-
ìåíåíèÿ êëèìàòà) â ðåçóëüòàòå âñåé äåÿ-
òåëüíîñòè ÷åëîâåêà ñîñòàâëÿåò îêîëî 3,5%,
è ÷òî ýòîò ïðîöåíò, êîòîðûé èñêëþ÷àåò ïî-
ñëåäñòâèÿ âîçìîæíûõ èçìåíåíèé â ïåðè-
ñòûõ îáëàêàõ, ïî ïðîãíîçàì, áóäåò ðàñòè.
Â îò÷åòå ïðèçíàåòñÿ, ÷òî âîçäåéñòâèå îä-

íèõ âèäîâ àâèàöèîííîé ýìèññèè õîðîøî èçó÷å-
íî, ïîêàçûâàåòñÿ, ÷òî âîçäåéñòâèå äðóãèõ íåò,
è îïðåäåëÿåòñÿ ðÿä êëþ÷åâûõ îáëàñòåé íàó÷íîé
íåîïðåäåëåííîñòè, êîòîðûå îãðàíè÷èâàþò âîç-
ìîæíîñòü ïðîãíîçèðîâàíèÿ âîçäåéñòâèÿ àâèàöèè
íà êëèìàò è îçîíîâûé ñëîé.[4] Â ðàìêàõ ãëî-
áàëüíûõ ýêîëîãè÷åñêèõ òåíäåíöèé ÈÊÀÎ Êîìè-
òåòà ïî îõðàíå îêðóæàþùåé ñðåäû îò âîçäåé-
ñòâèÿ àâèàöèè áûë ðàçðàáîòàí ðÿä ñöåíàðèåâ
äëÿ îöåíêè áóäóùèõ òåíäåíöèé ïîòðåáëåíèÿ òîï-
ëèâà è âûáðîñîâ ïàðíèêîâûõ ãàçîâ. Ñöåíàðèé 1
ïî ðàñõîäó òîïëèâà è âûáðîñàì CO2 âêëþ÷àåò
ýêñïëóàòàöèîííûå óñîâåðøåíñòâîâàíèÿ, íåîáõî-
äèìûå äëÿ ïîääåðæàíèÿ òåêóùåãî óðîâíÿ ýêñ-
ïëóàòàöèîííîé ýôôåêòèâíîñòè, íî íå âêëþ÷à-
åò êàêèå-ëèáî òåõíîëîãè÷åñêèå óñîâåðøåíñòâî-
âàíèÿ, ïîìèìî òåõ, êîòîðûå äîñòóïíû â ñîâðå-
ìåííûõ ñåðèéíûõ ñàìîëåòàõ. Ñöåíàðèé 2 (íèç-
êîòåõíîëîãè÷íûé) ïðåäïîëàãàåò óëó÷øåíèå ðàñ-
õîäà òîïëèâà íà 0,96% â ãîä äëÿ âñåõ ñàìîëå-
òîâ, ïîñòóïàþùèõ â ïàðê ïîñëå 2010 ã. è äî
2015 ã., è íà 0,57% â ãîä äëÿ âñåõ ñàìîëåòîâ,

ïîñòóïàþùèõ â ïàðê ñ 2015 ã. ïî 2050 ã., â ñî-
÷åòàíèè ñ äîïîëíèòåëüíûìè ýêñïëóàòàöèîííû-
ìè óñîâåðøåíñòâîâàíèÿ äëÿ âñåãî ôëîòà. Ñöå-
íàðèè 3, 4 è 5 (óìåðåííàÿ, ïðîäâèíóòàÿ è îï-
òèìèñòè÷íàÿ òåõíîëîãèÿ) ïðåäïîëàãàþò ñíèæå-
íèå ðàñõîäà òîïëèâà íà 0,96%, 1,16% è 1,5% â
ãîä ñîîòâåòñòâåííî äëÿ âñåõ ñàìîëåòîâ, ïîñòó-
ïàþùèõ â ïàðê ïîñëå 2010 ã. äî 2050 ã., â ñî÷å-
òàíèè ñ ïîñëåäíèìè ýêñïëóàòàöèîííûìè èíèöè-
àòèâàìè. Ñöåíàðèé 1 äëÿ âûáðîñîâ íå ïðåäïî-
ëàãàåò íèêàêèõ íîâûõ àâèàöèîííûõ òåõíîëîãèé
è ïîääåðæèâàåò áàçîâóþ ýêñïëóàòàöèîííóþ ýô-
ôåêòèâíîñòü, äîñòàòî÷íóþ äëÿ óäîâëåòâîðåíèÿ
íåîãðàíè÷åííîãî ïðîãíîçèðóåìîãî ñïðîñà. Ñöå-
íàðèè 2 è 3 ïðåäïîëàãàþò óìåðåííûå è ïåðåäî-
âûå óñîâåðøåíñòâîâàíèÿ àâèàöèîííûõ òåõíîëî-
ãèé è äîñòèæåíèå 50% è 100%, ñîîòâåòñòâåííî,
öåëåâîãî ïîêàçàòåëÿ ê 2036 ã. áåç äàëüíåéøèõ
óëó÷øåíèé â äàëüíåéøåì â ñî÷åòàíèè ñ ýêñïëó-
àòàöèîííûìè óëó÷øåíèÿìè â ìàñøòàáàõ âñåãî
ïàðêà. [5]

III. Âûâîäû

Ïðîâåäÿ àíàëèç èíôîðìàöèè, ìîæíî ñäå-
ëàòü âûâîä î òîì, ÷òî íà ñåãîäíÿøíèé äåíü ýêî-
ëîãè÷åñêàÿ ïðîáëåìà â ñôåðå àâèàöèè î÷åíü àê-
òóàëüíà, èìååò îáøèðíóþ ïðîðàáîòàííóþ íàó÷-
íóþ áàçó äëÿ èçìåíåíèé â àâèàöèè. Òåíäåíöèè
â àâèàöèîííîé ñðåäå ñâèäåòåëüñòâóþò î âûñî-
êîì óðîâíå âîâëå÷åííîñòè êîìïàíèé � àâèàïåðå-
âîç÷èêîâ è àýðîïîðòîâ â ïðîöåññ èññëåäîâàíèÿ.
Ìíîãèå ñòðàíû âîâëå÷åíû â ðåøåíèå ýòîé ïðî-
áëåìû, êîíòðîëèðóÿ íîðìû âûáðîñîâ, àâèàêîì-
ïàíèè îáúåäèíÿþòñÿ äëÿ ðàçðàáîòêè àëüòåðíà-
òèâíûõ âèäîâ òîïëèâà è ìîäåðíèçàöèè àâèàäâè-
ãàòåëåé. Àëãîðèòìû è ñöåíàðèè ðåøåíèé ïðîáëå-
ìû âûáðîñîâ â àòìîñôåðó îò ãðóçîâîé àâèàöèè,
ïðèâåäåííûå â ñòàòüå, ïîìîãóò äåéñòâîâàòü â íà-
ïðàâëåíèè äëÿ ïîëó÷åíèÿ ê 2050 ãîäó ÷èñòîãî
íóëåâîãî óðîâíÿ âûáðîñîâ.
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The multidimensional-matrix representation of the arbitrary order tensor is presented which is the generalization of

the known matrix representation of the second order tensor. It is showed that the elements of the multidimensional

matrix of the initial moments of the random vector are the components of the tensor of the respective order. The

theorem on the orthogonality of the transformation matrix of the arbitrary order tensor is given.

Introduction

The multidimensional-matrix mathematical
approach is used in many applications one of them
is control theory [1]. This approach is based on
the theory of the multidimensional matrices that
has very good foundations [2,3 ]. On the other
hand, there are attempts to use the tensor as
the multidimensional matrix. So, in [4] we �nd
that �tensors are multidimensional generalizations
of matrices�. The illegality of such a replacement
is noted shortly in [3]. In this article, we want
emphasize that the generalization of the matrix
to the multidimensional case should be performed
in framework of the matrix theory but not in
framework of the tensors theory. We will state some
relationships between tensors and multidimensional
matrices to achieve our goal.

I. Tensors and multidimensional matrices

Tensor is an object in linear �nite-dimensional
space. In tensor analysis, the so called Einstein
summation convention is used: if an index is
repeated in some term of the expression then the
term must be summed with respect to that index
for all admissible values of the index. For example,
xiei is written instead of

∑n
i=1 xiei, and bj = xijei

means the equality bj =
∑n

i=1 x
i
jei. The tensor

de�nition is connected with the transformation of
the basis (coordinate system). Let xi be the initial
coordinate system with the basis ei and yj be the

new coordinate system with the basis e
′

j .

A tensor a of the order p = r + s of the
type r, s (r time covariant and s time contravariant)
is the geometrical object which 1) is de�ned by

nr+s components ak1,...,ks

i1,...,ir
in each basis ei, i =

1, 2, ..., n, of the real n-dimensional linear space Ln

(indexes i1, ..., ir, k1, ..., ks take the values 1, 2, ..., n
independently) 2) has such a property that its

components ā
k
′
1,...,k

′
s

i
′
1,...,i

′
r

in the basis e
′

j , j = 1, 2, ..., n,

are connected with the components ak1,...,ks

i1,...,ir
in the

basis ei by the relations

ā
k
′
1,...,k

′
s

i
′
1,...,i

′
r

= αi1
i
′
1

· · ·αir
i′r
α
k
′
1

k1
· · ·αk

′
s

ks
ak1,...,ks

i1,...,ir
, (1)

in which αi
i′
are elements of the transition from the

basis ei to the basis e
′

j and α
k
′

k are the elements of

the inverse transition from the basis e
′

j to the basis
ei [5].

We will consider only covariant tensors
ai1,...,ir , i.e. we suppose in the de�nition (1) s = 0
and receive the following de�nition:

āi′1,...,i
′
r
= αi1

i
′
1

· · ·αir
i′r
ai1,...,ir . (2)

A multidimensional (p-dimensional) matrix is
a system of numbers or variables ai1,i2,...,ip , iα =
1, 2, ..., nα, α = 1, 2, ..., p, located at the points of
the p-dimensional space de�ned by the coordinates
i1, i2, ..., ip. The p-dimensional matrix is denoted as

A = (ai1,i2,...,ip), iα = 1, 2, ..., nα, α = 1, 2, ..., p,

or A = (ai), where i = (i1, i2, ..., ip) is a multiindex,
iα = 1, 2, ..., nα, α = 1, 2, ..., p.

The matrix AT = (aTi1,i2,...,ip) the elements

aTi1,i2,...,ip of which are connected with the elements
ai1,i2,...,ip of the matrix A by the equalities

aTi1,i2,...,ip = aiα1 ,iα2 ,...,iαp
,

where iα1
, iα2

, ..., iαp
is some permutation of the

indices i1, i2, ..., ip is called the transposed matrix
A according to the substitution

T =

(
i1, i2, · · · , ip
iα1

, iα2
, · · · , iαp

)
.

If a p-dimensional matrix A is represented in
the form of A = (ai1,i2,...,ip) = (al,s,c), where l =
(l1, l2, ..., lκ), s = (s1, s2, ..., sλ), c = (c1, c2, ..., cµ)
are multiindexes, κ+λ+µ = p, and a q-dimensional
matrix B is represented in the form of B =
(bi1,i2,...,ip) = (bc,s,m), where m = (m1,m2, ...,mν)
is a multiindex, λ + µ + ν = p, then the matrix
D = (dl,s,m) is called a (λ, µ)-folded product of the
matrices A and B, if its elements are de�ned by the
expression

dl,s,m =
∑
c

al,s,cbc,s,m.
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The (λ, µ)-folded product of the matrices A and B
is denoted λ,µ(AB). Thus,

D =λ,µ (AB) = (
∑
c

al,s,cbc,s,m) = (dl,s,m).

In the case of the (0, 0)-folded product we
often omit the left upper indices and write AB
instead of 0,0(AB) and write Ak instead of 0,0Ak.

The matrix E(λ, µ) is called the (λ, µ)-identity
matrix if the equalities

λ,µ(AE(λ, µ)) =λ,µ (E(λ, µ)A) = A

are satis�ed for any multidimensional matrix A.
The matrix E(λ, µ) is (λ+ 2µ)-dimensional matrix
whose elements are de�ned by the formula

E(λ, µ) = (ec,s,m) =

(
1, c = m
0, c ̸= m

)
.

II. Multidimensional-matrix
representation of tensor

It is convenient to express a second order
tensor ai,j in form of a matrix a = (ai,j), i, j =
1, 2, ..., n [6]. If we introduce the matrix α = (αi,j)
of the transition from the initial basis ei to the
new basis e

′

i then the de�nition of the second order
tensor (2) takes the form

ā = αaαT . (3)

The matrix representation is more convenient for
the visual perception and computer calculations
since the matrix algebra is very good represented
in all programming systems.

It is noted in [6] that the matrix notation fails
for tensors of higher order. However, this statement
is refuted below. We give below the generalization
of the expression (3) for the arbitrary order tensor
based on the notion of the multidimensional matrix.
We turn for this to the tensor de�nition (2) and
introduce the two-dimensional matrix

β = (βj,i), βj,i = αi
j , (4)

of the transition from the initial basis ei to
the new basis e

′

j and the r-dimensional matrices
a = (ai1,...,ir ), ā = (āj1,...,jr ) combined from the
elements of the tensors ai1,...,ir and āj1,...,jr .

Theorem 1. The tensor de�nition (2) has the
following multidimensional-matrix representation:

ā =0,r (β̄a), (5)

where
β̄ = (βr)T2r , (6)

β is the matrix (4), T2r is the following transpose
substitution

T2r =

(
1, 2, 3, · · · , 2r − 1, 2r
1, 3, 5, · · · , 2r − 2, 2r

)
.

The known expression (3) is the particular
case of the expression (5) provided r = 2. We can

write the following expression instead of (3):

ā =0,r ((β2)T4a).

Theorem 2. If ξ = (ξ1, ..., ξn) be a random
vector in Euclidean space then the elements
νr,i1,...,ir of the initial moment of the order r νr =
E(ξr) = (νr,i1,...,ir ) [3] are the components of the
order r tensor.

Theorem 3. If the transition matrix β = (βj,i)

(4) from the basis ei to the basis e
′

j is orthogonal

then the 2r-dimensional matrix β̄ (6) is orthogonal
as well, i.e. it satis�es the following expression [7]:

0,r(β̄β̄B2r,r ) =0,r (β̄B2r,r β̄) = E(0, r),

where E(0, r) is the (0, r)-identity matrix [2,3] and
B2r,r is the transpose substitution of the type
�onward� [3].

III. Conclusion

Thus, the article asserts the illegality of
using a tensor as a multidimensional matrix.
The use of the term tensor without taking into
account its properties is unacceptable. Besides, the
multidimensional-matrix notation has brightener
possibility compared with the tensor analysis
and can be used in tensor analysis. Particularly,
the multidimensional-matrix representation of the
arbitrary order tensor is received in this article.
This representation is the generalization of the
known matrix representation of the second order
tensor. It is showed that the elements of the
multidimensional matrix of the initial moments
of the random vector are the components of the
tensor of the respective order. The theorem on
the orthogonality of the transformation matrix of
the arbitrary order tensor is proved. The received
results open the path to generalization the notion
tensor to the multidimensional spaces.
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Ðàññìàòðèâàþòñÿ ìåòîäû îïòèìèçàöèè âåá ïðèëîæåíèé. Ïðåäëàãàåòñÿ óëó÷øåíèå ñóùåñòâóþùåãî ïîä-

õîäà äëÿ óñêîðåíèÿ ðàáîòû ïðèëîæåíèÿ.

Ââåäåíèå

Óïðàâëåíèå ïðîèçâîäèòåëüíîñòüþ ïðèëî-
æåíèé ÿâëÿåòñÿ ìîùíûì èíñòðóìåíòîì ïîâûøå-
íèÿ êà÷åñòâà ðàáîòû áèçíåñ-ïðèëîæåíèé. Ïîýòî-
ìó ðàçðàáîò÷èêè ïðîãðàììíîãî îáåñïå÷åíèÿ óäå-
ëÿþò ýòîìó âîïðîñó âñå áîëüøå âíèìàíèÿ. Îïòè-
ìèçàöèÿ � ýòî ïðîöåññ ìîäèôèêàöèè ïðîãðàìì-
íîé ñèñòåìû ñ öåëüþ ïîâûøåíèÿ ýôôåêòèâíîñòè
åå ðàáîòû èëè èñïîëüçîâàíèÿ ìåíüøåãî êîëè÷å-
ñòâà ðåñóðñîâ.

Àðõèòåêòóðíûé äèçàéí ñèñòåìû îêàçûâàåò
îñîáåííî ñèëüíîå âëèÿíèå íà åå ïðîèçâîäèòåëü-
íîñòü. Âûáîð àëãîðèòìà âëèÿåò íà ýôôåêòèâ-
íîñòü áîëüøå, ÷åì ëþáîé äðóãîé ýëåìåíò äèçàé-
íà. Áîëåå ñëîæíûå àëãîðèòìû è ñòðóêòóðû äàí-
íûõ ìîãóò õîðîøî îïåðèðîâàòü áîëüøèì êîëè-
÷åñòâîì ýëåìåíòîâ, â òî âðåìÿ êàê ïðîñòûå àë-
ãîðèòìû ïîäõîäÿò äëÿ íåáîëüøèõ îáú¼ìîâ äàí-
íûõ [1]. Äëÿ îïòèìèçàöèè òðåáóåòñÿ íàéòè óçêîå
ìåñòî: êðèòè÷åñêóþ ÷àñòü êîäà, êîòîðàÿ ÿâëÿåò-
ñÿ îñíîâíûì ïîòðåáèòåëåì íåîáõîäèìîãî ðåñóð-
ñà. Óòå÷êà ðåñóðñîâ òàêæå ìîæåò ïðèâåñòè ê ïà-
äåíèþ ñêîðîñòè âûïîëíåíèÿ ïðîãðàììû.

Â ðàáîòå ðàññìîòðåíû ìåòîäû óëó÷-
øåíèÿ ïðîèçâîäèòåëüíîñòè ïðèëîæåíèé çà
ñ÷¼ò âíåäðåíèÿ àñèíõðîííîñòè è ñîáûòèéíî-
îðèåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ, à òàêæå
ïðåäëîæåí ñïîñîá îïòèìèçàöèè àëãîðèòìà îáðà-
áîòêè ñîîáùåíèé äëÿ ñîêðàùåíèÿ îáùåãî âðåìå-
íè âûïîëíåíèÿ.

I. Ïðèìåíåíèå àñèíõðîííîñòè â
ïðèëîæåíèè

Ñèíõðîííûå ïðîöåññû, êàê è ïðîãðàììû,
ïèñàòü è îòëàæèâàòü íàìíîãî ïðîùå, ïîýòîìó òà-
êîé ïîäõîä ê êîíñòðóèðîâàíèþ ïðîöåññà î÷åíü
ñèëüíî ðàñïðîñòðàíåí. Îäíàêî ñèíõðîííûå ðå-
øåíèÿ ïðèâîäÿò ê ñáîþ ïîëüçîâàòåëüñêîãî èí-
òåðôåéñà, ïëîõîé ìàñøòàáèðóåìîñòè è ðàñøè-
ðÿåìîñòè. Â ñèíõðîííîì êîäå êàæäàÿ îïåðàöèÿ
îæèäàåò îêîí÷àíèÿ ïðåäûäóùåé. Âñå äåéñòâèÿ
âûïîëíÿþòñÿ ñòðîãî ïîñëåäîâàòåëüíî, â òîì ïî-
ðÿäêå, â êîòîðîì îíè çàïèñàíû â èñõîäíîì êîäå
ïðîãðàììû. Ïîýòîìó âñÿ ïðîãðàììà ìîæåò çà-
âèñíóòü, åñëè îäíà èç êîìàíä âûïîëíÿåòñÿ î÷åíü
äîëãî. Íà ðèñóíêå 1 èçîáðàæåíî ñðàâíåíèå ñèí-
õðîííîãî è àñèíõðîííîãî ìåõàíèçìîâ.

Ðèñ. 1 � Ñèíõðîííûé è àñèíõðîííûé ìåõàíèçìû
êëèåíò-ñåðâåðíîãî âçàèìîäåéñòâèÿ

Àñèíõðîííûé êîä äåëàåò âîçìîæíûì âû-
ïîëíåíèå ïðîöåññà â íåáëîêèðóþùåì ðåæèìå ñè-
ñòåìíîãî âûçîâà, ÷òî ïîçâîëÿåò ïîòîêó ïðîãðàì-
ìû ïðîäîëæèòü îáðàáîòêó. Òàêèì îáðàçîì, ãëàâ-
íûé ≪ïðîöåññ≫ ñòàâèò çàäà÷ó è ïåðåäàåò åå äðó-
ãîìó íåçàâèñèìîìó ≪ïðîöåññó≫. Èñïîëüçîâàíèå
êîäà àñèíõðîííîãî ïðîãðàììèðîâàíèÿ ïîçâîëÿ-
åò îñâîáîäèòü ïîòîê âûïîëíåíèÿ, èç êîòîðîãî îí
áûë çàïóùåí, ÷òî ïðèâîäèò ê ýêîíîìèè ðåñóð-
ñîâ, à òàêæå ïðåäîñòàâëÿåò âîçìîæíîñòü ïàðàë-
ëåëüíûõ âû÷èñëåíèé. Àñèíõðîííîñòü ïðè ïåðå-
äà÷å äàííûõ îáåñïå÷èâàåò ñèñòåìó äâóìÿ âàæ-
íûìè ñâîéñòâàìè:

� Ýëàñòè÷íîñòü - ñïîñîáíîñòü ìàñøòàáèðî-
âàòüñÿ ãîðèçîíòàëüíî;

� Óñòîé÷èâîñòü - ñïîñîáíîñòü ñïðàâèòüñÿ ñ
îòêàçîì è âîññòàíîâèòü ñèñòåìó.
Áëàãîäàðÿ ýòèì äâóì õàðàêòåðèñòèêàì ñè-

ñòåìà ñòàíîâèòñÿ îòçûâ÷èâîé. Îíà ìîæåò àäàï-
òèðîâàòüñÿ ê âûñîêèì èëè íèçêèì íàãðóçêàì
è ïðîäîëæàòü îáñëóæèâàòü çàïðîñû â óñëîâèÿõ
âûñîêèõ íàãðóçîê èëè îòêàçîâ. Ýòîò íàáîð ïðèí-
öèïîâ èìååò ïåðâîñòåïåííîå çíà÷åíèå ïðè ïî-
ñòðîåíèè âûñîêî ðàñïðåäåëåííûõ ñèñòåì. Íåîá-
õîäèìî çàïóñêàòü íåñêîëüêî ýêçåìïëÿðîâ ñåðâè-
ñîâ, ÷òîáû ñáàëàíñèðîâàòü íàãðóçêó è ñïðàâèòü-
ñÿ ñ íåèñïðàâíîñòÿìè áåç íàðóøåíèÿ äîñòóïíî-
ñòè.

Âçàèìîäåéñòâèå ñîîáùåíèé ïîçâîëÿåò êîì-
ïîíåíòàì ñïðàâëÿòüñÿ ñ îòêàçîì ëîêàëüíî. Áëà-
ãîäàðÿ àñèíõðîííîìó àñïåêòó êîìïîíåíòû íå
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îæèäàþò îòâåòîâ, ïîýòîìó ñáîé â îäíîì êîìïî-
íåíòå íå ïîâëèÿåò íà äðóãèå êîìïîíåíòû [2].

II. Ñîáûòèéíî-îðèåíòèðîâàííîå
ïðîãðàììèðîâàíèå è àëãîðèòì åãî

îïòèìèçàöèè

Â îòëè÷èå îò ñèñòåì ≪çàïðîñ-îòâåò≫,
â ñîáûòèéíî-îðèåíòèðîâàííîé àðõèòåêòóðå îò-
ïðàâëÿþùàÿ ñòîðîíà ïåðåäà¼ò ≪ñîáûòèå≫, ñî-
äåðæàùåå ïîëåçíûå äàííûå, â áðîêåð ñîîáùåíèé,
ïîñëå ÷åãî ñîîáùåíèå ðàññûëàåòñÿ âñåì ñåðâè-
ñàì, ïîäïèñàííûì íà òîïèê.

Ïðîãðàììèðîâàíèå, óïðàâëÿåìîå ñîáûòèÿ-
ìè, � ýòî øàáëîí àðõèòåêòóðíîãî ïðîåêòèðîâà-
íèÿ äëÿ ñîçäàíèÿ ïðîãðàììíîãî ïðèëîæåíèÿ, â
êîòîðîì êîìïîíåíòû ñðåäû âûïîëíåíèÿ ñîçäàþò
ñîáûòèÿ è ðåàãèðóþò íà íèõ îïðåäåëåííûì îá-
ðàçîì. Ïîäîáíûé ìåõàíèçì ãàðàíòèðóåò, ÷òî ñî-
îáùåíèÿ íèêîãäà íå áóäóò ïîòåðÿíû. Îíè áóäóò
ïîñòàâëåíû â î÷åðåäü äëÿ äîñòàâêè, êàê òîëüêî
ïîòðåáèòåëü áóäåò ãîòîâ ê èõ ïîëó÷åíèþ.

Íà ðèñóíêå 2 ïðåäñòàâëåíà ñõåìà, ñîñòîÿ-
ùàÿ èç îäíîãî îòïðàâèòåëÿ, áðîêåðà ñîîáùåíèé
è òð¼õ ïîëó÷àòåëåé, îäèí èç êîòîðûõ íå ïîëó÷à-
åò ñîîáùåíèÿ, òàê êàê ïîäïèñàí íà äðóãîé òîïèê.

Ðèñ. 2 � Ñõåìà ñîáûòèéíî-îðèåíòèðîâàííîãî
ïðîãðàììèðîâàíèÿ

Îäíèì èç íåäîñòàòêîâ èñïîëüçîâàíèÿ àðõè-
òåêòóðû �çàïðîñ-îòâåò� ÿâëÿåòñÿ íàëè÷èå òàê íà-
çûâàåìîé åäèíîé òî÷êè îòêàçà. Åñëè ñåðâèñ âû-
õîäèò èç ñòðîÿ õîòÿ áû íà êàêîå-òî âðåìÿ, òî
âåñü ðàáî÷èé ïîòîê ìîæåò áûòü íàðóøåí. Êðîìå
òîãî, ïðè íåîáõîäèìîñòè îòïðàâèòü çàïðîñ îäíî-
âðåìåííî íåñêîëüêèì ïîëó÷àòåëÿì, êàæäàÿ îïå-
ðàöèÿ äîëæíà âûïîëíÿòüñÿ îòäåëüíî, ÷òî ìî-
æåò çíà÷èòåëüíî çàäåðæèâàòü îñíîâíîé ïîòîê îò
ïðîäîëæåíèÿ ðàáîòû.

Çäåñü ñîáûòèéíî-îðèåíòèðîâàííàÿ àðõèòåê-
òóðà íàèáîëåå ÿðêî ïðîÿâëÿåò ñâîå ïðåèìóùå-
ñòâî. Ýòî ñâÿçàíî ñ òåì, ÷òî ñëîè ðàñïðåäåëå-
íèÿ ìîãóò èìåòü íåñêîëüêî ñåðâåðîâ, âûäåëåí-
íûõ äëÿ õðàíåíèÿ ñîîáùåíèé, è ìîãóò ãîðèçîí-
òàëüíî ìàñøòàáèðîâàòüñÿ ïî ìåðå íåîáõîäèìî-
ñòè. È çàòåì, äàæå åñëè îäíà èç ñèñòåì âûéäåò
èç ñòðîÿ, äðóãèå ñåðâåðà ñìîãóò ïåðåõâàòûâàòü
è ðåòðàíñëèðîâàòü ñîîáùåíèÿ [3].

Àðõèòåêòóðà, óïðàâëÿåìàÿ ñîáûòèÿìè, ñî-
÷åòàåò â ñåáå èäåíòèôèêàöèþ øàáëîíîâ äàííûõ
ñ àâòîìàòè÷åñêèìè îïîâåùåíèÿìè è óâåäîìëåíè-
ÿìè íóæíûõ ñåðâèñîâ. Ýòî ïîçâîëÿåò ïðåäïðèÿ-
òèÿì ïðèíèìàòü îïåðàòèâíûå ðåøåíèÿ â ðåæèìå
ðåàëüíîãî âðåìåíè.

Ñ ïîìîùüþ ìåõàíèçìà ïîñòàíîâêè â î÷å-
ðåäü ñîîáùåíèÿ ìîãóò áûòü ñîõðàíåíû, â ñëó-
÷àå îòêëþ÷åíèÿ ñåðâèñà-ïîòðåáèòåëÿ, è âíîâü
îòïðàâëåíû, êàê òîëüêî ïîòðåáèòåëü ñíîâà íà÷è-
íàåò ïðîñëóøèâàòü ñîîáùåíèÿ. Íåîáðàáîòàííûå
ñîîáùåíèÿ èëè òå ñîîáùåíèÿ, êîòîðûå ïðèâåëè ê
îøèáêå, ïîìåùàþòñÿ â îòäåëüíóþ î÷åðåäü "áåç-
óñïåøíûõ ñîîáùåíèé"ñ öåëüþ ïîñëåäóþùåãî èç-
âëå÷åíèÿ è èññëåäîâàíèÿ.

Îäíàêî òàêîé ïîäõîä ïåðåñòàåò áûòü ýô-
ôåêòèâíûì äëÿ áîëåå ñëîæíûõ ñèñòåì, ãäå êî-
ëè÷åñòâî ñîîáùåíèé â áðîêåðå ìîæåò ñòàòü ÷ðåç-
ìåðíî áîëüøèì, îñîáåííî ïðè âðåìåííîé íåäî-
ñòóïíîñòè îáðàáîò÷èêà.

Àíàëèçèðóÿ äàííóþ ïðîáëåìó, ìîæíî ïðèé-
òè ê âûâîäó, ÷òî ïðè÷èíîé ÿâëÿåòñÿ îáðàáîòêà
âñåãî îäíîãî ñîîáùåíèÿ çà ðàç. Ïðè íåâûñîêîé
íàãðóçêå íà ñèñòåìó òàêîé ïîäõîä íå èìååò íåäî-
ñòàòêîâ, îäíàêî äëÿ îáåñïå÷åíèÿ íàä¼æíîñòè ñè-
ñòåìû òðåáóåòñÿ îïòèìèçàöèÿ.

Äëÿ äîñòèæåíèÿ äàííîé öåëè ìíîé áûëà
ïðåäëîæåíà ðåàëèçàöèÿ ìíîãîïîòî÷íîãî àëãî-
ðèòìà äëÿ ïîòðåáëåíèÿ è îáðàáîòêè ñîîáùåíèé
èç áðîêåðà. Òàêèì îáðàçîì, èìåÿ âñåãî îäèí ýê-
çåìïëÿð îáðàáîò÷èêà, ìîæíî äîñòè÷ü áîëåå âû-
ñîêîé ýôôåêòèâíîñòè. Äàííûé îïòèìèçèðîâàí-
íûé àëãîðèòì òàêæå ñïîñîáåí äèíàìè÷åñêè ðåãó-
ëèðîâàòü êîëè÷åñòâî çàïóùåííûõ ïîòîêîâ â çà-
âèñèìîñòè îò íàãðóçêè. Òàêèì îáðàçîì, ðåñóðñû
ñèñòåìû ìîãóò áûòü îïòèìàëüíî èñïîëüçîâàíû.

III. Âûâîäû

Àñèíõðîííîå ïðîãðàììèðîâàíèå ÿâëÿåòñÿ
î÷åíü ìîùíûì èíñòðóìåíòîì äëÿ îïòèìèçàöèè
âûñîêîíàãðóæåííûõ ïðîãðàìì ñ ÷àñòûì îæè-
äàíèåì ñèñòåìû. Áëàãîäàðÿ èííîâàöèîííûì èí-
ñòðóìåíòàì ñîáûòèéíî-îðèåíòèðîâàííûå àðõè-
òåêòóðû ñòàíîâÿòñÿ áîëåå ãèáêèìè, óíèâåðñàëü-
íûìè è íàäåæíûìè, ÷òî óäîâëåòâîðÿåò ìíîæå-
ñòâî àêòóàëüíûõ áèçíåñ-çàïðîñîâ.

Â ðåçóëüòàòå ðàáîòû áûë ðàçðàáîòàí àëãî-
ðèòì äëÿ ýôôåêòèâíîãî ìåæñåðâèñíîãî âçàèìî-
äåéñòâèÿ. Ïðèìåíåíèå ðàññìîòðåííûõ àðõèòåê-
òóð ïîìîæåò îïòèìèçèðîâàòü âåá-ïðèëîæåíèå è
â ðàçû ñîêðàòèòü âðåìÿ îæèäàíèÿ.

1. Ýâàíñ Áåíäæàìèí, Ãîô Äæåéìñ, Íüþëàíä Êðèñ.
Java, îïòèìèçàöèÿ ïðîãðàìì, ïðàêòè÷åñêèå ìåòîäû
ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè ïðèëîæåíèé â JVM.
- 2019. - c.448

2. Clement Esco�er. Building Reactive Microservices in
Java. - 2017. - c.83

3. Ben Stopford. Designing Event-Driven Systems. - 2018.
- c.166
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Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ àëãîðèòì ðàçáèåíèÿ ïîâåðõíîñòè íà ÿ÷åéêè Dual contouring. Â ñòàòüå

îïèñûâàåòñÿ ðåçóëüòàò ðåêîíñòðóêöèè 3D-ìîäåëè ïîÿñíè÷íîãî îòäåëà ïîçâîíî÷íèêà ÷åëîâåêà ìåòîäîì

Dual contouring íà îñíîâå àíàëèçà öèôðîâûõ ÊÒ-èçîáðàæåíèé, à òàêæå íåîáõîäèìîñòü â åãî ðàçðàáîòêå.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ïàòîëîãèè ïîçâîíî÷íè-
êà âñòðå÷àþòñÿ ïðàêòè÷åñêè ó êàæäîãî ÷åëîâå-
êà. Åæåäíåâíî ïîçâîíî÷íèê ïîäâåðæåí áîëüøèì
íàãðóçêàì.

Áîëüøàÿ ÷àñòü íàãðóçîê ïðèõîäèòñÿ íà ïî-
ÿñíè÷íûé îòäåë. Âîçíèêàþùèå ïàòîëîãèè ìîæíî
äèàãíîñòèðîâàòü ñ ïîìîùüþ ðåíòãåíîëîãè÷åñêî-
ãî èññëåäîâàíèÿ, ìàãíèòíî-ðåçîíàíñíîé è êîì-
ïüþòåðíîé òîìîãðàôèè. Ìåäèêàìåíòîçíîå ëå÷å-
íèå íå âñåãäà ÿâëÿåòñÿ ýôôåêòèâíûì è òðåáó-
åòñÿ õèðóðãè÷åñêîå âìåøàòåëüñòâî. Äëÿ îïðåäå-
ëåíèÿ ìåòîäà ëå÷åíèÿ è âûáîðà íåîáõîäèìîãî
èíñòðóìåíòàðèÿ äëÿ ïðîâåäåíèÿ îïåðàöèè âðà÷
ðóêîâîäñòâóåòñÿ ñâîèìè çíàíèÿìè è íàêîïëåí-
íûì îïûòîì. Îäíàêî èíîãäà âîçíèêàþò ñïîð-
íûå ñèòóàöèè, êîãäà íåëüçÿ ñðàçó îäíîçíà÷íî
îïðåäåëèòü ìåòîä ëå÷åíèÿ. Äëÿ âûáîðà íàèáîëåå
ýôôåêòèâíîãî õèðóðãè÷åñêîãî ëå÷åíèÿ è ìèíè-
ìèçàöèè ñëó÷àåâ ïîñòîïåðàöèîííûõ îñëîæíåíèé
íåîáõîäèìî èññëåäîâàòü ñâîéñòâà óêàçàííîãî îò-
äåëà ïîçâîíî÷íèêà.

Ïåðâûì ýòàïîì èññëåäîâàíèÿ íåîáõîäèìî
âûïîëíèòü âîññòàíîâëåíèå òðåõìåðíîé ãåîìåò-
ðè÷åñêîé ìîäåëè âûäåëåííîãî ñåãìåíòà ïîçâî-
íî÷íèêà, ïðèãîäíîé äëÿ äàëüíåéøèõ ðàñ÷åòîâ.

Äëÿ âîññòàíîâëåíèÿ 3D-ìîäåëè ïîÿñíè÷íî-
ãî îòäåëà ïîçâîíî÷íèêà ÷åëîâåêà áûëè èñïîëü-
çîâàíû öèôðîâûå ÊÒ-èçîáðàæåíèÿ ïîçâîíî÷íè-
êà. Èçîáðàæåíèÿ, ïîëó÷àåìûå ïðè ïîìîùè êîì-
ïüþòåðíîé òîìîãðàôèè ïîÿñíè÷íîãî îòäåëà ïî-
çâîíî÷íèêà ÷åëîâåêà, ÿâëÿþòñÿ ïîñëîéíûìè ñðå-
çàìè ñ çàäàííûì øàãîì è ïîçâîëÿþò ñ äîñòà-
òî÷íîé òî÷íîñòüþ ïîñòðîèòü òðåõìåðíóþ ìîäåëü
ñåãìåíòà ïîçâîíî÷íèêà [1].

Ðåêîíñòðóêöèÿ 3D-ìîäåëè ïîÿñíè÷íîãî
îòäåëà ïîçâîíî÷íèêà ÷åëîâåêà ìåòîäîì

Dual Ñontouring

Äëÿ òðåõìåðíîé ðåêîíñòðóêöèè ïîÿñíè÷íî-
ãî îòäåëà ïîçâîíî÷íèêà ÷åëîâåêà áûë âûáðàí àë-
ãîðèòì ðàçáèåíèÿ ïîâåðõíîñòè íà ÿ÷åéêè Dual
Contouring [2].

Dual Contouring ïîìåùàåò â êàæäóþ ÿ÷åé-
êó ïî îäíîé âåðøèíå, à çàòåì ≪ñîåäèíÿåò òî÷-
êè≫, ÷òîáû ñôîðìèðîâàòü ïîëíóþ ñåòêó. Àëãî-
ðèòì íàõîäèò êàæäîå ðåáðî ñî ñìåíîé çíàêà è
ñîåäèíÿåò âåðøèíû ÿ÷ååê, ñîñåäíèõ ñ ýòèì ðåá-
ðîì.

×òîáû èñïîëüçîâàòü àëãîðèòì Dual
Contouring, íóæíî çíàòü íå òîëüêî çíà÷åíèå
f(x), íî è ãðàäèåíò f'(x). Òî åñòü äëÿ êàæäîãî
ðåáðà íåîáõîäèìî âû÷èñëèòü òî÷êó ïåðåñå÷åíèÿ
íàïðàâëåíèÿ íîðìàëè â ýòîé òî÷êå [3].

Ãðàäèåíò ôóíêöèè f � ýòî ìåðà òîãî, íà-
ñêîëüêî áûñòðî çíà÷åíèå f èçìåíÿåòñÿ â äàííîé
òî÷êå ïðè äâèæåíèè â ëþáîì çàäàííîì íàïðàâ-
ëåíèè. Îáû÷íî îíà çàäàåòñÿ â âèäå ïàðû ÷è-
ñåë äëÿ êàæäîé òî÷êè, óêàçûâàþùèõ, íàñêîëüêî
ôóíêöèÿ èçìåíÿåòñÿ ïðè ïåðåìåùåíèè ïî îñè x
èëè îñè y.

Òàêæå íåîáõîäèìî îöåíèòü f(x) â êàæäîì
óçëå ÿ÷åéêè ñåòêè è ïîíÿòü, ãäå ãðàíèöà ïåðå-
ñåêàåò êàæäîå ðåáðî, ò.å. ìåñòà, êîòîðûå áóäóò
ïîòîì âûáðàíû â êà÷åñòâå âåðøèí. Òðåáóåòñÿ
ó÷åñòü èíôîðìàöèþ î ãðàäèåíòå f'(x) äëÿ ýòèõ
òî÷åê. Âåðøèíû äâîéíîãî êîíòóðà áóäóò ðàçìå-
ùåíû â òî÷êå âíóòðè ÿ÷åéêè, êîòîðàÿ íàèáîëåå
ñîîòâåòñòâóåò ýòèì ãðàäèåíòàì (ñì. ðèñ. 1).

Ðèñ. 1 � Àïïðîêñèìàöèÿ íîðìàëåé äëÿ íàõîæäåíèÿ
âåðøèí êîíòóðà

Âûáèðàÿ óêàçàííóþ òî÷êó, àëãîðèòì ãàðàí-
òèðóåò, ÷òî âûõîäíûå ãðàíè ýòîé ÿ÷åéêè ìàêñè-
ìàëüíî ñîîòâåòñòâóþò íîðìàëÿì (ñì. ðèñ. 2).
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Ðèñ. 2 � Ñîãëàñîâàíèå íîðìàëåé âîêðóã ÿ÷åéêè äëÿ
ïîñòðîåíèÿ ñåòêè ïîâåðõíîñòè è âûáîðà âåðøèí

Íà ïðàêòèêå íå âñå íîðìàëè âîêðóã ÿ÷åéêè
ñîãëàñóþòñÿ. Íàì íóæíî âûáðàòü òî÷êó íàèëó÷-
øåãî ñîîòâåòñòâèÿ.

Îäíà èç îñíîâíûõ ïðîáëåì, çàêëþ÷àåòñÿ â
òîì, êàê âûáðàòü ìåñòîïîëîæåíèå òî÷êè, êîãäà
íîðìàëè íå óêàçûâàþò íà ïîñòîÿííîå ìåñòîïîëî-
æåíèå. Â ñëó÷àå ñ 3D ñèòóàöèÿ óõóäøàåòñÿ, òàê
êàê íîðìàëåé ñòàíîâèòñÿ åùå áîëüøå (ñì. ðèñ. 3).

Ðèñ. 3 � Êîíôëèêò âûáîðà òî÷êè âåðøèíû, ââèäó
íåñîãëàñîâàíèÿ íîðìàëåé

Ñïîñîá ðåøèòü ýòó ïðîáëåìó ñîñòîèò â òîì,
÷òîáû âûáðàòü òî÷êó, êîòîðàÿ ÿâëÿåòñÿ îïòè-
ìàëüíîé äëÿ âñåõ íîðìàëåé.

Äëÿ êàæäîé íîðìàëè íàçíà÷àåòñÿ øòðàô
ìåñòàì, äàëåêèì îò èäåàëüíîãî. Çàòåì ìû ñóì-
ìèðóåì âñå øòðàôíûå ôóíêöèè, ÷òî äàåò øòðàô
â ôîðìå ýëëèïñà. Ïîñëå ýòîãî âûáèðàåì òî÷êó ñ
íàèìåíüøèì øòðàôîì. Ðàáîòà øòðàôíûõ ôóíê-
öèé ïðåäñòàâëåíà íà ðèñóíêå (ñì. ðèñ. 4).

Ðèñ. 4 � Ðàáîòà øòðàôíûõ ôóíêöèé è âûáîð òî÷êè
ñ íàèìåíüøèì øòðàôîì

Ìàòåìàòè÷åñêè îòäåëüíûå øòðàôíûå
ôóíêöèè ïðåäñòàâëÿþò ñîáîé êâàäðàò ðàññòî-
ÿíèÿ îò èäåàëüíîé ëèíèè äëÿ ýòîé íîðìàëè.
Ñóììà âñåõ ýòèõ êâàäðàòîâ ïðåäñòàâëÿåò ñîáîé
êâàäðàòè÷íóþ ôóíêöèþ, ïîýòîìó ôóíêöèÿ ïîë-
íîãî øòðàôà íàçûâàåòñÿ QEF (êâàäðàòè÷íàÿ
ôóíêöèÿ îøèáîê).

Çàêëþ÷åíèå

Â ðàìêàõ âûïîëíåíèÿ äàííîé ðàáîòû áûë
ðàçðàáîòàí ïðîãðàììíûé êîìïëåêñ äëÿ ïîñòðî-
åíèÿ 3D ìîäåëè ïîÿñíè÷íîãî îòäåëà ïîçâîíî÷-
íèêà ÷åëîâåêà ìåòîäîì Dual Contouring íà îñ-
íîâå àíàëèçà öèôðîâûõ ÊÒ-èçîáðàæåíèé. Dual
Contouring ÿâëÿåòñÿ îäíèì èç íàèáîëåå ðàñïðî-
ñòðàíåííûõ ìåòîäîâ èçâëå÷åíèÿ èçîïîâåðõíîñòè,
ïîçâîëÿþùèì ãåíåðèðîâàòü êà÷åñòâåííûå ïîëè-
ãîíàëüíûå ñåòêè ñ âîññòàíîâëåíèåì îñòðûõ óãëîâ
è ðåáåð.

Íà ðèñóíêå 5 ïðåäñòàâëåí ðåçóëüòàò âèçóà-
ëèçàöèè ãåîìåòðè÷åñêîé 3D ìîäåëè ïîÿñíè÷íîãî
îòäåëà ïîçâîíî÷íèêà ÷åëîâåêà.

Ðèñ. 5 � Ðàáîòà øòðàôíûõ ôóíêöèé è âûáîð òî÷êè
ñ íàèìåíüøèì øòðàôîì

Ðàçðàáîòàííàÿ 3D ìîäåëü ïîçâîëèò ïîëó-
÷èòü íîâûå çíàíèÿ ñâîéñòâ ïîÿñíè÷íîãî îòäå-
ëà ïîçâîíî÷íèêà, ìîäåëèðîâàòü íîâûå èíñòðó-
ìåíòàðèè äëÿ õèðóðãè÷åñêîãî ëå÷åíèÿ è ïðî-
ãíîçèðîâàòü ðåçóëüòàòû èõ ïðèìåíåíèÿ [4]. Ðå-
êîíñòðóèðîâàííàÿ 3D ìîäåëü ïîÿñíè÷íîãî îòäå-
ëà ïîçâîíî÷íèêà ÷åëîâåêà ìîæåò èñïîëüçîâàòüñÿ
äëÿ îáó÷åíèÿ ñòóäåíòîâ ìåäèöèíñêèõ ñïåöèàëü-
íîñòåé.

1. Ïàíàðèí, Ê. À. Ëîêàëèçàöèÿ ïîçâîíêîâ íà ÊÒ-
èçîáðàæåíèÿõ â óñëîâèÿõ îãðàíè÷åííîñòè âû÷èñëè-
òåëüíûõ ðåñóðñîâ / Ê. À. Ïàíàðèí, Ê. Ñ. Êóðî÷-
êà // Íîâûå ãîðèçîíòû � 2021: ñáîðíèê ìàòåðèàëîâ
VIII Áåëîðóññêî-Êèòàéñêîãî ìîëîäåæíîãî èííîâàöè-
îííîãî ôîðóìà, 11 � 12 íîÿáðÿ 2021 ãîäà / Áåëî-
ðóññêèé íàöèîíàëüíûé òåõíè÷åñêèé óíèâåðñèòåò. �
Ìèíñê: ÁÍÒÓ, 2021. � Ò. 1. � Ñ. 177 � 179.

2. Ju, T. Dual Contouring of Hermite Data / T. Ju,
F. Losasso, S. Schaefer, J. Warren // ACM Transactions
on Graphics, Vol. 21, Iss. 3. � 2002. � P. 339�346.

3. Wenger, R. Isosurfaces: Geometry, Topology, and
Algorithms / R. Wenger, A. K. Peters. � CRC Press,
2013. � 488 p.

4. Êóðî÷êà, Ê. Ñ. Construction of an individual geometric
3D model of the lumbar spine of a person based on the
analysis of medical images / Ê. Ñ. Êóðî÷êà, Ò. Ñ. Ñå-
ìåí÷åíÿ // Ñáîðíèê íàó÷íûõ òðóäîâ ≪Îòêðûòûå ñå-
ìàíòè÷åñêèå òåõíîëîãèè ïðîåêòèðîâàíèÿ èíòåëëåê-
òóàëüíûõ ñèñòåì≫, 19 � 22 ôåâðàëÿ 2020 ã. � Ìèíñê:
ÁÃÓÈÐ, 2020. � ñ. 291 � 297.
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Ðàññìîòðåíà ïðîáëåìà áàëàíñèðîâêè íàãðóçêè èëè âûðàâíèâàíèÿ íàãðóçêè â âû÷èñëèòåëüíîé ñåòè. Âû-
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ðàñïðåäåëåííûõ âû÷èñëåíèé áåç ïðîñòîåâ.

Ââåäåíèå

Â ñâÿçè ñ áîëüøåé äîñòóïíîñòüþ è øèðî-
êèì ïðèìåíåíèåì âû÷èñëèòåëüíûõ ñèñòåì ñòà-
íîâèòñÿ àêòóàëüíîé ïðîáëåìà èõ ýôôåêòèâíîãî
èñïîëüçîâàíèÿ. Îäíèì èç àñïåêòîâ äàííîé ïðî-
áëåìû ÿâëÿåòñÿ ýôôåêòèâíîå ðàñïðåäåëåíèå çà-
äà÷ âíóòðè ðàñïðåäåëåííûõ ñåðâåðîâ âíóòðè âû-
÷èñëèòåëüíûõ ñèñòåì ñ öåëüþ ñîêðàùåíèÿ îáùå-
ãî âðåìåíè âû÷èñëåíèÿ. Â ýòîé ñâÿçè ïðè îð-
ãàíèçàöèè êîìïüþòåðíûõ ñåòåé è ñèñòåì âîçíè-
êàþò ïîòðåáíîñòè â áàëàíñèðîâêå íàãðóçêè èëè
âûðàâíèâàíèè íàãðóçêè. Ñóòü ìåòîäà ñîñòîèò â
ðàñïðåäåëåíèè çàäàíèé ìåæäó íåñêîëüêèìè ñå-
òåâûìè óñòðîéñòâàìè ñ öåëüþ îïòèìèçàöèè èñ-
ïîëüçîâàíèÿ ðåñóðñîâ âû÷èñëèòåëüíîãî êëàñòå-
ðà, ñîêðàùåíèÿ âðåìåíè îáñëóæèâàíèÿ çàïðîñîâ,
ãîðèçîíòàëüíîãî ìàñøòàáèðîâàíèÿ êëàñòåðà, à
òàêæå îáåñïå÷åíèÿ îòêàçîóñòîé÷èâîñòè.

Â ðàáîòå ðàññìàòðèâàåòñÿ ïðîáëåìà áàëàí-
ñèðîâêè íàãðóçêè íà ïðèêëàäíîì óðîâíå è ïðåä-
ëàãàåòñÿ ïðèêëàäíîå ðåøåíèå çàäà÷è ðàñïðåäå-
ëåíèÿ âû÷èñëåíèé â ìóëüòèàãåíòíîé ñðåäå. Äëÿ
ýòîãî ðåàëèçîâàí ïðîãðàììíûé ìåíåäæåð, êîòî-
ðûé ðàñïðåäåëÿåò ïîòîê çàïðîñîâ íà âû÷èñëåíèÿ
ïî ñåòè àãåíòîâ. Ìåíåäæåð äîëæåí îáåñïå÷èâàòü
ñëåäóþùèå âîçìîæíîñòè:

� ïîääåðæèâàòü ïîäêëþ÷åíèå ñ íåñêîëüêèìè
àãåíòàìè;

� ðàñïðåäåëÿòü ïîëó÷åííûå çàäà÷è ñîãëàñíî
âûáðàííîìó àëãîðèòìó;

� êîððåêòíî îáðàáàòûâàòü ñèòóàöèè ïðè îò-
ñóòñòâèè ñâÿçè ñ àãåíòîì èëè êëèåíòîì (íå
çàêàí÷èâàòü êðèòè÷åñêè ñâîþ ðàáîòó ïðè
íåðàáîòàþùåì àãåíòå èëè ïðè íåðàáîòàþ-
ùåì êëèåíòå);

� ãàðàíòèðîâàííîå âûïîëíåíèå ïðèíÿòîé çà-
äà÷è îò êëèåíòà.

I. Ñóùåñòâóþùèå ðåøåíèÿ çàäà÷è
áàëàíñèðîâêè

Íà ñåãîäíÿ ñóùåñòâóåò ìíîæåñòâî àëãîðèò-
ìîâ ïëàíèðîâàíèÿ, êîòîðûå èñïîëüçóþòñÿ áàëàí-
ñèðîâùèêàìè íàãðóçêè äëÿ îïðåäåëåíèÿ ¾êàêî-
ìó èñïîëíèòåëþ ïîñëàòü çàïðîñ¿, è êàæäûé èç

íèõ èìååò ñâîè îñîáåííîñòè. Â ÷èñëå øèðîêî
èñïîëüçóåìûõ: Round Robin, Least Connections,
Destination Hash Scheduling, Sticky Sessions è èõ
ìîäèôèêàöèè [1].

Round Robin, èëè àëãîðèòì êðóãîâîãî îá-
ñëóæèâàíèÿ, ïðåäñòàâëÿåò ñîáîé ïåðåáîð ïî êðó-
ãîâîìó öèêëó: ïåðâûé çàïðîñ ïåðåäà¼òñÿ îäíî-
ìó ñåðâåðó, çàòåì ñëåäóþùèé çàïðîñ ïåðåäà¼ò-
ñÿ äðóãîìó è òàê äî äîñòèæåíèÿ ïîñëåäíåãî ñåð-
âåðà, à çàòåì âñ¼ íà÷èíàåòñÿ ñíà÷àëà. Weighted
Round Robin � óñîâåðøåíñòâîâàííàÿ âåðñèÿ àë-
ãîðèòìà Round Robin. Ñóòü óñîâåðøåíñòâîâà-
íèé çàêëþ÷àåòñÿ â ñëåäóþùåì: êàæäîìó ñåðâå-
ðó ïðèñâàèâàåòñÿ âåñîâîé êîýôôèöèåíò â ñîîò-
âåòñòâèè ñ åãî ïðîèçâîäèòåëüíîñòüþ è ìîùíî-
ñòüþ. Ýòî ïîìîãàåò ðàñïðåäåëÿòü íàãðóçêó áîëåå
ãèáêî: ñåðâåðû ñ áîëüøèì âåñîì îáðàáàòûâàþò
áîëüøå çàïðîñîâ.

Ïðè ðàñïðåäåëåíèè çàïðîñîâ ïî àëãîðèò-
ìó Least Connections, êàæäûé ñëåäóþùèé çà-
ïðîñ ïåðåäà¼òñÿ ñåðâåðó ñ íàèìåíüøèì êî-
ëè÷åñòâîì àêòèâíûõ ïîäêëþ÷åíèé. Weighted
Least Connections � óñîâåðøåíñòâîâàííàÿ âåð-
ñèÿ Least Connections. Ýòîò àëãîðèòì ó÷èòûâà-
åò ïðè ðàñïðåäåëåíèè íàãðóçêè íå òîëüêî êî-
ëè÷åñòâî àêòèâíûõ ïîäêëþ÷åíèé, íî è âåñî-
âîé êîýôôèöèåíò ñåðâåðîâ. Locality-Based Least
Connection Scheduling áûë ñîçäàí ñïåöèàëüíî
äëÿ êýøèðóþùèõ ïðîêñè-ñåðâåðîâ. Â àëãîðèò-
ìå Locality-Based Least Connection Scheduling
with Replication Scheduling êàæäûé IP-àäðåñ èëè
ãðóïïà IP-àäðåñîâ çàêðåïëÿåòñÿ íå çà îòäåëüíûì
ñåðâåðîì, à çà öåëîé ãðóïïîé ñåðâåðîâ (êëàñòå-
ðàìè).

Àëãîðèòì Destination Hash Scheduling áûë
ñîçäàí äëÿ ðàáîòû ñ êëàñòåðîì êýøèðóþùèõ
ïðîêñè-ñåðâåðîâ, íî îí ÷àñòî èñïîëüçóåòñÿ è â
äðóãèõ ñëó÷àÿõ. Â ýòîì àëãîðèòìå ñåðâåð, îáðà-
áàòûâàþùèé çàïðîñ, âûáèðàåòñÿ èç ñòàòè÷åñêîé
òàáëèöû ïî IP-àäðåñó ïîëó÷àòåëÿ.

Sticky Sessions � àëãîðèòì ðàñïðåäåëåíèÿ
âõîäÿùèõ çàïðîñîâ, ïðè êîòîðîì ñîåäèíåíèÿ ïå-
ðåäàþòñÿ íà îäèí è òîò æå ñåðâåð ãðóïïû. Ñåñ-
ñèè ïîëüçîâàòåëÿ ìîãóò áûòü çàêðåïëåíû çà êîí-
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êðåòíûì ñåðâåðîì ñ ïîìîùüþ ìåòîäà IP hash. Ñ
ïîìîùüþ ýòîãî ìåòîäà çàïðîñû ðàñïðåäåëÿþòñÿ
ïî ñåðâåðàì íà îñíîâå IP-aäðåñà êëèåíòà.

II. Ïðîãðàììíûé êîìïëåêñ
ðàñïðåäåëåíèÿ íàãðóçêè â
ìóëüòèàãåíòíîé ñðåäå

Â ïðîãðàììíîé ðåàëèçàöèè ìåíåäæåðà â
êà÷åñòâå áàçîâîãî àëãîðèòìà áàëàíñèðîâêè çà-
äà÷ èñïîëüçóåòñÿ ìîäèôèöèðîâàííûé àëãîðèòì
Round Robin.

Ðàçðàáîòàííûé ïðîãðàììíûé êîìïëåêñ ðå-
àëèçîâàí íà .Net ïëàòôîðìå, ñ èñïîëüçîâàíè-
åì âñòðîåííûõ êîëëåêöèé: SortedSet � äëÿ õðà-
íåíèÿ çàäà÷ â îòñîðòèðîâàííîì âèäå ïî âðå-
ìåíè, Dictionary � äëÿ õðàíåíèÿ ïàðû (Id
çàäà÷è, Ñîêåò êëèåíòà) è ïîñëåäóþùåé îò-
ïðàâêè êëèåíòó çàäà÷è ïî îêîí÷àíèè åå âû-
ïîëíåíèÿ. Äëÿ ðàáîòû ñ JSON èñïîëüçîâàë-
ñÿ nuget èç ïàêåòà System.Text.Json. Äëÿ ðàáî-
òû ñ ñåòåâûìè ôóíêöèÿìè èñïîëüçîâàëñÿ êëàññ
System.Net.Sockets.Socket.

Àëãîðèòì ðàáîòû ìåíåäæåðà ìóëüòèàãåíò-
íîé âû÷èñëèòåëüíîé ñðåäû òàêîâ:

Ïåðâûì â ñåòè çàïóñêàåòñÿ ìåíåäæåð, êîòî-
ðûé ñëóøàåò óêàçàííûå â àðãóìåíòàõ êîììàíä-
íîé ñòðîêè ïîðòàõ âõîäÿùèå ñîåäèíåíèÿ îò àãåí-
òîâ è êëèåíòîì. Îáùåíèå â ñåòè ïðîèñõîäèò ïî
ñîáñòâåííîìó ïðîòîêîëó ïîâåðõ TCP. Ñàì ïðî-
òîêîë ñîñòîèò èç äâóõ ïîëåé: ðàçìåð JSON äàí-
íûõ è ñàìè äàííûå. JSON äàííûå îïèñûâàþò
çàäà÷ó íà ðàçíûõ ýòàïàõ åå æèçíè è âêëþ÷à-
þò â ñåáÿ ìàêñèìóì 6 ïîëåé: id � óíèêàëüíûé
èäåíòèôèêàòîð çàäà÷è (óñòàíàâëèâàåòñÿ áàëàí-
ñèðîâùèêîì), time � âðåìÿ ïîëó÷åíèÿ çàäà÷è
(óñòàíàâëèâàåòñÿ áàëàíñèðîâùèêîì), command �
êîìàíäà, êîòîðóþ íåîáõîäèìî âûïîëíèòü (îò-
ïðàâëÿåòñÿ êëèåíòîì), arguments � àðãóìåíòû
ê êîìàíäå (îòïðàâëÿåòñÿ êëèåíòîì), exitcode �
êîä âîçâðàòà (óñòàíàâëèâàåòñÿ àãåíòîì), result �
ïðîãðàììíûé âûâîä (óñòàíàâëèâàåòñÿ àãåíòîì).
Òàêîé ïðîòîêîë îáùåíèÿ ïîçâîëÿåò ïåðåäàâàòü
òîëüêî íåîáõîäèìûå äàííûå è íå íàãðóæàòü ñåòü.
Â êà÷åñòâå ïðîòîêîëà òðàíñïîðòíîãî óðîâíÿ èñ-
ïîëüçóåòñÿ TCP, ÷òî ãàðàíòèðóåò öåëîñòíîñòü
ïåðåäàâàåìûõ äàííûõ è óâåäîìëåíèå îòïðàâèòå-
ëÿ î ðåçóëüòàòàõ ïåðåäà÷è [2].

Ïîëó÷èâ çàäà÷ó îò êëèåíòà, ìåíåäæåð äî-
áàâëÿåò åå â ãëîáàëüíóþ ïðèîðèòåòíóþ î÷åðåäü
íåðàñïðåäåëåííûõ çàäà÷. Ïðèîðèòåòîì â äàííîé
î÷åðåäè ÿâëÿåòñÿ âðåìÿ ïîëó÷åíèÿ çàäà÷è. Äà-
ëåå â îòäåëüíîì ïîòîêå ýòè çàäà÷è ðàñïðåäåëÿ-
þòñÿ ìåæäó ïîäêëþ÷åííûìè àãåíòàìè ñîãëàñíî
àëãîðèòìó áàëàíñèðîâêè è äîáàâëÿþòñÿ â î÷åðå-
äè àêòèâíûõ çàäà÷ àãåíòîâ. Íà ñòîðîíå àãåíòà
ïðèñóòñòâóåò òàêæå î÷åðåäü çàäà÷ íà âûïîëíå-
íèå. Àãåíò âûïîëíÿåò çàäà÷è â îòäåëüíîì ïðî-
öåññå è êîíòðîëèðóåò åå âûïîëíåíèå. Äàëåå àãåíò
îòïðàâëÿåò ðåçóëüòàò âûïîëíåíèÿ îáðàòíî ìåíå-
äæåðó, êîòîðûé â ñâîþ î÷åðåäü îòïðàâëÿåò ðå-
çóëüòàò êëèåíòó.

Îäíàêî ñëåäóåò îòìåòèòü, ÷òî ïî ïðè÷èíå
ïîòåðè ñâÿçè ñ àãåíòîì çàäà÷à ìîæåò áûòü íå âû-
ïîëíåíà. Ïîòåðÿ ñâÿçè ìîæåò ïðîèçîéòè â ñèëó
òàêèõ ïðè÷èí êàê: îòêëþ÷åíèå ñåòåâîãî îáîðóäî-
âàíèÿ, èñïîëüçóåìîãî äëÿ ñâÿçè ñ àãåíòîì, àâà-
ðèéíîå çàâåðøåíèå àãåíòà èç-çà îòêëþ÷åíèÿ ïè-
òàíèÿ êîìïüþòåðà è äð. Äëÿ äåòåêòèðîâàíèÿ íà-
ëè÷èÿ ñîåäèíåíèÿ ñ àãåíòîì ìåíåäæåð îäèí ðàç
â 5 ñåêóíä îòïðàâëÿåò ≪ïóñòóþ≫ çàäà÷ó, îòâåò
íà êîòîðóþ àãåíò äîëæåí âûñëàòü ñðàçó æå. Åñ-
ëè îòâåò íå ïîñòóïèë èëè ñîåäèíåíèå áûëî ïðå-
ðâàíî ìåíåäæåð ïåðåìåùàåò âñå àêòèâíûå çàäà-
÷è èç î÷åðåäè ≪ïðîáëåìíîãî≫ àãåíòà â ãëîáàëü-
íóþ î÷åðåäü íåðàñïðåäåëåííûõ çàäà÷.

Â õîäå òåñòèðîâàíèÿ ðàçðàáîòàííîãî ïðî-
ãðàììíîãî êîìïëåêñà áûëà ïîäòâåðæäåíà ñòà-
áèëüíàÿ ðàáîòà ìåíåäæåðà è ãàðàíòèðîâàííîå
âûïîëíåíèå âñåõ ïîñòàâëåííûõ çàäà÷. Âìåñòå ñ
òåì, â õîäå òåñòèðîâàíèÿ áûë âûÿâëåí îäèí èç
íåäîñòàòêîâ ðåàëèçîâàííîãî àëãîðèòìà áàëàíñè-
ðîâêè: ïðè ðàñïðåäåëåíèè íå ó÷èòûâàåòñÿ ðàçëè-
÷èÿ â ñëîæíîñòè îáðàáàòûâàåìûõ àãåíòàìè çà-
äà÷, à òàêæå ðàçëè÷èÿ â ìîùíîñòè ñàìèõ àãåí-
òîâ. Òàêèì îáðàçîì ïðè îïðåäåëåííûõ óñëîâèÿõ
íàáëþäàåòñÿ ïðîñòîé îäíèõ àãåíòîâ è çàãðóæåí-
íîñòü äðóãèõ àãåíòîâ. Ýòà ïðîáëåìà ïðåäïîëàãà-
åò âíåäðåíèå äîïîëíèòåëüíîãî ìîíèòîðèíãà ðå-
ñóðñîâ â âû÷èñëèòåëüíîé ñåòè.

III. Çàêëþ÷åíèå

Ïðåäëîæåííîå ðåøåíèå ìîæåò ïðèìåíÿòüñÿ
â ðàçëè÷íûõ ñèñòåìàõ ðàñïðåäåëåííîãî âûïîë-
íåíèÿ çàäà÷, òàêèõ êàê îáðàáîòêà ñåðâåðíûõ çà-
ïðîñîâ, êîìïüþòåðíûå, ñîçäàíèå ñëîæíûõ ìàòå-
ìàòè÷åñêèõ ìîäåëåé. Îäíîé èç àêòóàëüíûõ îá-
ëàñòåé ïðèìåíåíèÿ ïðåäëîæåííîãî ïîäõîäà ÿâ-
ëÿåòñÿ áàëàíñèðîâêà íàãðóçêè ïðè îðãàíèçàöèè
äèñòàíöèîííîãî îáðàçîâàíèÿ, â ÷àñòíîñòè ïðî-
âåäåíèå áîëüøîãî ÷èñëà åäèíîâðåìåííûõ âûñî-
êîíàãðóæåííûõ âèäåîêîíôåðåíöèé [3]. Ðàññìîò-
ðåííàÿ ïðîáëåìíàÿ îáëàñòü â õîäå ýêñïåðèìåí-
òà ïîêàçàëà, ÷òî âàæíûì àñïåêòîì äîñòèæåíèÿ
âûñîêîé ïðîèçâîäèòåëüíîñòè ïðè ðàñïðåäåëåí-
íûõ âû÷èñëåíèÿõ ìîæíî äîñòè÷ü íå òîëüêî ïó-
òåì ìàñøòàáèðîâàíèÿ âû÷èñëèòåëüíîãî êëàñòå-
ðà, íî è çà ñ÷åò ðàöèîíàëüíîãî èñïîëüçîâàíèÿ
âîçìîæíîñòåé åãî àãåíòîâ.
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Îñíîâíîé èíñòðóìåíò äëÿ ïîääåðæêè ïðèíÿòèÿ óïðàâëåí÷åñêèõ ðåøåíèé, íàïðàâëåííûõ íà ïîâûøåíèå

êà÷åñòâà îáó÷åíèÿ â âûñøåì ó÷åáíîì çàâåäåíèè, ýòî òåõíîëîãèÿ àíàëèçà îáðàçîâàòåëüíûõ äàííûõ. Òàêîé

àíàëèç ïðîáóåò èçâëå÷ü çàêîíîìåðíîñòè èç äàííûõ, ïðîèçâîäèìûõ â ïðîöåññå îáó÷åíèÿ, òàêèõ êàê, íà-

ïðèìåð, óñïåâàåìîñòü, ïîñåùàåìîñòü èëè äàííûõ èç ñèñòåì äèñòàíöèîííîãî îáðàçîâàíèÿ. Îí âêëþ÷àåò

â ñåáÿ àëãîðèòìû ìàøèííîãî îáó÷åíèÿ è ñòàòèñòè÷åñêèå ìåòîäû äëÿ ïîëó÷åíèÿ èíôîðìàöèè îá àêàäåìè-

÷åñêîé óñïåâàåìîñòè ñòóäåíòîâ è ïðîãíîçèðîâàíèÿ äàëüíåéøåé äèíàìèêè íà ïðîòÿæåíèè âñåãî ó÷åáíîãî

ïðîöåññà.

Ââåäåíèå

Ðàçâèòèå ñèñòåì ýëåêòðîííîãî îáó÷åíèÿ è
âíåäðåíèÿ èíôîðìàöèîííûõ òåõíîëîãèé â îáðà-
çîâàòåëüíûé ïðîöåññ ïðèâåëî ê âîçíèêíîâåíèþ
áîëüøèõ îáúåìîâ äàííûõ. Ãëàâíàÿ öåëü àíàëè-
çà îáðàçîâàòåëüíûõ äàííûõ (ÀÎÄ) � ýòî ïîâû-
øåíèå êà÷åñòâà îáðàçîâàíèÿ è ïîäãîòîâêà êà÷å-
ñòâåííûõ ñïåöèàëèñòîâ [1]. Â ïðîöåññå àíàëèçà è
ïðèìåíåíèÿ îáðàçîâàòåëüíûõ äàííûõ âûäåëÿþò
÷åòûðå âèäà ïîëüçîâàòåëåé, âîâëå÷åííûõ â ïðî-
öåññ àíàëèçà îáðàçîâàòåëüíûõ äàííûõ:

� Îáó÷àþùèåñÿ, êîòîðûå çàèíòåðåñîâàíû â
ïîâûøåíèè ñâîåãî óðîâíÿ óñïåâàåìîñòè,
îñîçíàííîì âûáîðå ïðîôåññèîíàëüíîé ñôå-
ðû.

� Ïðåïîäàâàòåëè, çàèíòåðåñîâàííûå â ðàçáè-
åíèè îáó÷àþùèõñÿ íà ãðóïïû, ïîäáîðà ñà-
ìîãî îïòèìàëüíîãî ìåòîäà îáó÷åíèÿ, à òàê-
æå â óëó÷øåíèè ó÷åáíîãî êóðñà.

� Èññëåäîâàòåëè, çàèíòåðåñîâàííûå â îáú-
åêòèâíîé îöåíêå ýôôåêòèâíîñòè ó÷åáíîãî
ïðîöåññà, ðàçðàáîòêå ñîâðåìåííûõ ìåòîäîâ
àíàëèçà îáðàçîâàòåëüíûõ äàííûõ.

� Àäìèíèñòðàöèÿ âóçà, çàèíòåðåñîâàííàÿ â
ïîâûøåíèè êà÷åñòâà óïðàâëåí÷åñêèõ ðåøå-
íèé äëÿ âëèÿíèÿ íà ó÷åáíûé ïðîöåññ, à òàê-
æå íàáëþäåíèè äèíàìèêè ïîñëå ïðîâåäå-
íèÿ ñîîòâåòñòâóþùèé ìåðîïðèÿòèé.

I. Öåëè

Îñíîâíîé öåëüþ ìåòîäîâ èíòåëëåêòóàëüíî-
ãî àíàëèçà äàííûõ ÿâëÿåòñÿ ïðåîáðàçîâàíèå äàí-
íûõ â çíà÷èìóþ èíôîðìàöèþ î ïðîöåññå îáó÷å-
íèÿ è ïîèñê çàêîíîìåðíîñòåé äëÿ ëó÷øåãî ïðè-
íÿòèÿ ðåøåíèé îòíîñèòåëüíî îáó÷åíèÿ. Ïðîöåññ
ïðèìåíåíèÿ ÀÎÄ îáû÷íî ñîñòîèò èç ïÿòè ñëåäó-
þùèõ ýòàïîâ (ñì. ðèñ. 1):

1. Ïðåäâàðèòåëüíàÿ îáðàáîòêà äàííûõ.
2. Âûÿâëåíèå çàêîíîìåðíîñòåé â äàííûõ òåì

èëè èíûì ìåòîäîì data mining.
3. Ïðîâåðêà (âàëèäàöèÿ) îáíàðóæåííûõ çàêî-

íîìåðíîñòåé.

4. Ïðèìåíåíèå íàéäåííûõ çàêîíîìåðíîñòåé
äëÿ ïðîãíîçèðîâàíèÿ áóäóùèõ ñîáûòèé â
îáó÷àþùåé ñðåäå.

5. Èñïîëüçîâàíèå ïîñòðîåííûõ ïðîãíîçîâ ïðè
ïîääåðæêå ïðèíÿòèÿ ðåøåíèé è âûðàáîòêè
îáðàçîâàòåëüíîé ïîëèòèêè.

Ðèñ. 1 � Ïðîöåññ ïðèìåíåíèÿ ìåòîäîâ ÀÎÄ

II. Ìåòîäû òðàäèöèîííîãî data mining

Äëÿ îáåñïå÷åíèÿ âûñîêîãî êà÷åñòâà àíàëè-
çà áîëüøèõ ìàññèâîâ îáðàçîâàòåëüíûõ äàííûõ
íóæíî ïðèìåíÿòü ñîîòâåòñòâóþùèå àíàëèòè÷å-
ñêèå èíñòðóìåíòû, â òîì ÷èñëå ýôôåêòèâíûå
àëãîðèòìû, ñïîñîáíûå âûÿâèòü îñíîâíûå çàêî-
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íîìåðíîñòè â ñîçäàííûõ ìàññèâàõ. Â ÀÎÄ øè-
ðîêî èñïîëüçóþòñÿ ìåòîäû òðàäèöèîííîãî Data
mining, îñíîâíûìè èç êîòîðûõ ÿâëÿþòñÿ: êëàññè-
ôèêàöèÿ, êëàñòåðèçàöèÿ, ïîèñê ñâÿçóþùèõ ïðà-
âèë, ïîèñê ïîñëåäîâàòåëüíûõ øàáëîíîâ, à òàêæå
èíòåëëåêòóàëüíûé àíàëèç òåêñòîâ. Âñå ýòè ìåòî-
äû ìîæíî ðàçäåëèòü íà òðè áîëüøèå ãðóïïû.

III. Ïðîãíîçèðîâàíèå

Öåëü ïðîãíîçèðîâàíèÿ çàêëþ÷àåòñÿ â òîì,
÷òîáû ðàçðàáîòàòü ìîäåëü, êîòîðàÿ áóäåò ïðåä-
ñêàçûâàòü çíà÷åíèå èíòåðåñóþùåé âåëè÷èíû ïî
çíà÷åíèÿì, êîòîðûå ïðèîáðåòàþò íåçàâèñèìûå
ïåðåìåííûå. Ïðîãíîçèðîâàíèå óñïåâàåìîñòè �
îäíà èç ñòàðåéøèõ è íàèáîëåå ïîïóëÿðíûõ çàäà÷
ÀÎÄ, äëÿ ðåøåíèÿ êîòîðîé èñïîëüçóþòñÿ ñàìûé
øèðîêèé ñïåêòð ìåòîäîâ: íåéðîííûå ñåòè; áàéå-
ñîâñêèå ñåòè; ñèñòåìû, îñíîâàííûå íà ïðàâèëàõ;
ìåòîäû ðåãðåññèîííîãî è êîððåëÿöèîííîãî àíà-
ëèçîâ. Ìåòîäû ðåãðåññèîííîãî è êîððåëÿöèîííî-
ãî àíàëèçîâ øèðîêî ïðèìåíÿþòñÿ äëÿ âûÿâëåíèÿ
è oïèñàíèÿ çàâèñèìîñòåé ìåæäó ñëó÷àéíûìè âå-
ëè÷èíàìè ïî ýêñïåðèìåíòàëüíûì äàííûì è îñ-
íîâûâàþòñÿ íà òåîðèè âåðîÿòíîñòè è ìàòåìàòè-
÷åñêîé ñòàòèñòèêå [2].

IV. Îáíàðóæåíèå ñòðóêòóðû

Àëãîðèòìû îáíàðóæåíèÿ ñòðóêòóðû ïûòà-
þòñÿ âûÿâèòü â äàííûõ ñòðóêòóðó, áåç èñïîëüçî-
âàíèÿ êàêèõ-ëèáî çàâåäîìî èçâåñòíûõ ïðåäñòàâ-
ëåíèé î íåé. Íàèáîëåå èçâåñòíîé ãðóïïîé ïîäîá-
íûõ àëãîðèòìîâ ÿâëÿþòñÿ àëãîðèòìû êëàñòåðè-
çàöèè. Êëàñòåðèçàöèÿ ÿâëÿåòñÿ ëîãè÷åñêèì ïðî-
äîëæåíèåì èäåè êëàññèôèêàöèè. Îñîáåííîñòü åå
ñîñòîèò â òîì, ÷òî êëàññû îáúåêòîâ èçíà÷àëü-
íî íå ïðåäîïðåäåëåíû, òîãäà êàê ïðè êëàññè-
ôèêàöèè ïðåæäå ÷åì ïåðåéòè ê ñîçäàíèþ ìîäå-
ëè íåîáõîäèìî ðàçìåòèòü íåêîòîðîå ïîäìíîæå-
ñòâî äàííûõ. Ðåçóëüòàòîì êëàñòåðèçàöèè ÿâëÿ-
åòñÿ ðàçáèåíèå ìíîæåñòâà îáúåêòîâ íà ãðóïïû
(êëàñòåðû) áëèçêèõ äðóã ê äðóãó ïî ðÿäó ïðè-
çíàêîâ èëè ñâîéñòâ [3].

V. Âûÿâëåíèå âçàèìîñâÿçåé

Öåëü âûÿâëåíèÿ âçàèìîîòíîøåíèé ñîñòîèò
â òîì, ÷òîáû óñòàíîâèòü íåêîòîðûå âçàèìîñâÿ-
çè ìåæäó ïåðåìåííûìè â ìíîæåñòâå äàííûõ ñ
áîëüøèì ÷èñëîì ïåðåìåííûõ. Íàïðèìåð, ìîæíî
ïîïûòàòüñÿ îïðåäåëèòü, êàêèå ïåðåìåííûå ñèëü-
íåå âñåãî ñâÿçàíû ñ èíòåðåñóþùåé èëè â êàêîé èç
ïàð ñâÿçàííûõ ïåðåìåííûõ ñâÿçü ñèëüíåå, ÷åì â
äðóãèõ. Âûÿâëåíèå âçàèìîîòíîøåíèé â ÀÎÄ ÷à-
ùå âñåãî èñïîëüçóåòñÿ â ôîðìå ïîèñêà ñâÿçóþ-
ùèõ ïðàâèë èëè ïîèñêà ïîñëåäîâàòåëüíûõ øàá-
ëîíîâ [4].

VI. Èñòî÷íèêè äàííûõ

Äëÿ èññëåäîâàíèÿ äàííûõ ìîæíî èñïîëü-
çîâàòü äàííûå âíóòðåííèõ èíôîðìàöèîííûõ ñè-
ñòåì è ñèñòåì äèñòàíöèîííîãî îáó÷åíèÿ. Â ÷àñò-

íîñòè, ìîæíî èñïîëüçîâàòü òàêèå äàííûå âíóò-
ðåííèõ ñèñòåì, êàê ïîñåùàåìîñòü, óñïåâàåìîñòü,
äàííûå î ðàñïðåäåëåíèè è äðóãèå äîñòóïíûå
äàííûå, ïîçâîëÿþùèå èññëåäîâàòü îòíîøåíèå
ñòóäåíòà ê îáðàçîâàòåëüíîìó ïðîöåññó. Íàïðè-
ìåð, â Áåëîðóññêîì ãîñóäàðñòâåííîì óíèâåðñè-
òåòå èíôîðìàòèêè è ðàäèîýëåêòðîíèêè íà äàí-
íûé ìîìåíò àêòèâíî èñïîëüçóåòñÿ èíòåãðèðîâàí-
íàÿ èíôîðìàöèîííàÿ ñèñòåìà �ÁÃÓÈÐ: Óíèâåð-
ñèòåò�, â êîòîðîé åñòü âîçìîæíîñòü âûñòàâëåíèÿ
îöåíîê è âåäåíèå ó÷åòà ïîñåùàåìîñòè[5].

VII. Çàêëþ÷åíèå

Ìåòîäû îáðàáîòêè áîëüøèõ äàííûõ èñïîëü-
çóþò äëÿ óïðàâëåíèÿ âûñøèì ó÷åáíûè çàâåäåíè-
åì [6]. Îáðàçîâàòåëüíàÿ ñðåäà, êîòîðàÿ èñïîëü-
çóåò ìåòîäû ÀÎÄ, ïîçâîëèò àäàïòèðîâàòü èçó-
÷àåìûé êóðñ äëÿ ñòóäåíòîâ ïîä èõ âîçìîæíîñòè.
Ïðåïîäàâàòåëÿì ÀÎÄ äàåò âîçìîæíîñòü ïîëó-
÷èòü èíôîðìàöèþ, êîòîðàÿ ïîçâîëèò óëó÷øèòü
ñîäåðæàíèå êóðñà, íàñòðîèòü ïðîöåññ îáó÷åíèÿ
äëÿ êàæäîãî ó÷àùåãîñÿ. Òàê, íà îñíîâå äàííûõ
î êà÷åñòâå è êîëè÷åñòâå îøèáîê, êîòîðûå ñîâåð-
øàþò ñòóäåíòû, âûÿâëÿþò ïðè÷èíû âîçíèêíîâå-
íèÿ äàííûõ îøèáîê è âíîñÿò èçìåíåíèÿ â êóðñ.
Ýòî ïîçâîëÿåò àäìèíèñòðàöèè îöåíèòü ýôôåê-
òèâíîñòü ðåçóëüòàòîâ îáó÷åíèÿ, à òàêæå ðàçðà-
áîòàòü êîìïëåêñ ðåøåíèé äëÿ ïîâûøåíèÿ óðîâ-
íÿ îáðàçîâàòåëüíîãî ïðîöåññà çà ñ÷åò èñïîëüçî-
âàíèÿ èìåþùèõñÿ ðåñóðñîâ.
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In computer vision, signi�cant advances have been made on object detection with the rapid development of

deep convolutional neural networks (CNN). When it comes to small object, the accuracy of deep learning methods

is low. This paper mainly introduces the di�culties in small object detection and proposes two methods to enhance

feature representation of small objects.

I. Introduction

Small object detection is a fundamental com-
puter technology related to image understanding
and computer vision that deals with detecting in-
stances of small objects of a certain class in digital
images and videos.

There are mainly two de�nitions of small ob-
jects.One refers to objects with smaller physical
sizes in the real world. Another de�nition of small
objects is mentioned in MS-COCO metric evalua-
tion. Objects occupying areas less than and equal
to 32 × 32 pixels come under �small objects� cate-
gory.

Small object detection has been widely used in
academia and real world applications, such as robot
vision, autonomous driving, intelligent transporta-
tion, drone scene analysis, military reconnaissance
and surveillance[1].

II. Difficulties and Challenges

Small object detection has long been a di�cult
problem in object detection. It aims to accurately
detect small objects with few visible features in the
image. Relative to regular-sized objects, small ob-
jects often lack su�cient appearance information,
making it di�cult to distinguish them from back-
ground or similar objects[2].

There are three di�culties in small object de-
tection. First, small objects lack appearance in-
formation needed to distinguish them from back-
ground or similar categories. Then the locations of
small objects have much more possibilities. That is
to say, the precision requirement for accurate local-
ization is higher. Furthermore, the experiences and
knowledge of small object detection are very lim-
ited because the majority of prior e�orts are tuned
for the large object detection problem. Besides, the
annotations in the existing datasets are not very
friendly for small object detection. For example:
a large part of the small target annotations in the
COCO dataset are hard case annotations. They are
not only small, but have varying degrees of occlu-
sion, blur, and incompleteness

Fig.1 below shows an example of the real life
small object detection.

Figure 1 � small object detection in real life

III. Advantages and Disadvantages of
existing method and model

Currently in many object detection tasks, in
order to detect small objects, the usual method is
to divide the image into smaller grids, but this will
increase a lot of computation.

Handling feature scale issues is of crucial im-
portance for small object detection. Feature pyra-
mid network(FPN) is one of the main paradiams
addressing multi-scale feature learning problem.

Figure 2 � Feature pyramid network

Above in Fig.2 shows a typical structure fo
Feature pyramid network(FPN).The improvement
in accuracy is very signi�cant, especially for small
targets. FPN can be embedded in any network
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structure and task as a freely pluggable module,
and is widely used in the industry[3].

A large amount of calculation requires a lot of
memory: a huge network structure similar to UNET
is inserted into the target detection network, which
inevitably reduces the speed of the network.

IV. Method improvement and description

According to the di�culty in small object de-
tection mentioned earlier. This paper proposes to
optimize small object detection from two aspects.
The �rst is to optimize the loss function. Take the
YOLO loss function as an example: in the process
of training and predicting the data set, the part of
the loss function (here without λcoord) about the
bounding box coordinates is as follows[4]:

S2∑
i=0

B∑
j=0

1obj
ij [(xi − x̂i)

2 + (yi − ŷi)
2] (1)

S2∑
i=0

B∑
j=0

1obj
ij [(

√
wi −

√
ŵi)

2 + (
√
hi −

√
ĥi)

2] (2)

In the YOLO1-3 series, when performing
bounding box regression, the MSE (Mean Square
Error) loss function is set directly according to the
center point coordinates and width and height infor-
mation of the predicted box and the real box. Here,
the di�erence between the width and height of large
objects is larger than the di�erence value detected
by small objects, which will cause the loss function
to be more inclined to correct the coordinate po-
sition of large objects rather than the position of
small objects.

To directly estimate the coordinate values of
each point of the BBox(Bounding Box) is to treat
these points as independent variables, but in fact
does not consider the integrity of the object it-
self.Therefore, it is proposed to use IOU (Intersec-
tion over union) as part of the loss function.

LIOU = 1− IOU(A,B) (3)

Below in Fig.3 shows how to calculate the IOU
value of ground truth box and predicted box.

Figure 3 � Intersection over union

In addition to increasing the loss weight for
small object detection by optimizing the loss func-
tion, the GAN network can also be used to enhance
the data[5].

Generative adversarial learning methods aim
to achieve the same detection performance as
larger-sized objects by mapping the features of low-
resolution small objects into features equivalent to
those of high-resolution objects. Although the FPN
methods mentioned above can e�ectively improve
the performance of small target detection, the per-
formance gains brought by these methods are often
limited by the computational cost. Therefore, an
e�ective method is proposed to improve the resolu-
tion of small targets by combining Generative ad-
versarial network (GAN), reduce the feature di�er-
ence between small targets and large/medium-scale
targets, and enhance the feature expression of small
targets. In turn, the performance of small target
detection is improved.

V. Conclusion

In the target detection under computer vision,
compared with the detection of large objects, small
objects are di�cult to detect because of their small
physical area and contain fewer pixels.

This paper proposes two methods. The �rst
method is to modify the loss function to enhance
the loss weight of small object detection; the other
method is to use a GAN network to map the resolu-
tion of small object detection. Enter high-resolution
objects. The ultimate goal of both methods is to
enhance the feature representation of small objects,
thereby improving detection accuracy and perfor-
mance.
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Íà òåêóùèé ìîìåíò, â ñâÿçè ñ ïîñòîÿííûì ðîñòîì êîíòåíòà â èíòåðíåòå, îáëàñòü èññëåäîâàíèÿ óñòà-

íîâëåíèÿ àâòîðà òåêñòà ñòàíîâèòñÿ âàæíåå ñ êàæäûì äí¼ì. Îíà çàêëþ÷àåòñÿ â ñòàòèñòè÷åñêîì èñ-

ñëåäîâàíèè ëèíãâèñòè÷åñêèõ è âû÷èñëèòåëüíûõ õàðàêòåðèñòèê òåêñòîâûõ äîêóìåíòîâ, ïîçâîëÿþùåì

óñòàíîâèòü èñòèííîãî àâòîðà òåêñòà. Â äàííîé ðàáîòå îïèñûâàåòñÿ îáçîð ðàçëè÷íûõ ìåòîäîâ àíàëèçà

àâòîðñòâà è ïðèâîäèòñÿ îïèñàíèå àíñàìáëåâîãî ìåòîäà, àãðåãèðóþùåãî ïðåèìóùåñòâà óæå ñóùåñòâóþ-

ùèõ. Òàêæå ïðèâîäÿòñÿ ðåçóëüòàòû ýêñïåðèìåíòîâ ñ äàëüíåéøèì àíàëèçîì ðåçóëüòàòîâ è ïîòåíöè-

àëüíûõ ìîäèôèêàöèé, êîòîðûå ìîãóò ïîçâîëèòü óëó÷øèòü èìåþùèéñÿ ðåçóëüòàò.

Ââåäåíèå

Ðîñò âàæíîñòè çàäà÷è èäåíòèôèêàöèè òåê-
ñòà â îñíîâíîì ñâÿçàí ñ øèðîêèì èñïîëüçî-
âàíèåì ìåññåíäæåðîâ, âîçðàñòàþùèì çíà÷åíè-
åì ýëåêòðîííîé ïî÷òû äëÿ êîðïîðàòèâíîé ïåðå-
ïèñêè, ïîïóëÿðíîñòüþ áëîãîâ è ôîðóìîâ. Ïîëü-
çîâàòåëè ìîãóò îñòàâëÿòü ñâîè ñîîáùåíèÿ è
áåç ðåãèñòðàöèè. Ñàìà ðåãèñòðàöèÿ ÷àñòî íî-
ñèò ÷èñòî ñèìâîëè÷åñêèé õàðàêòåð. Àíîíèì-
íîñòü èíòåðíåò-ñîîáùåíèé âñå áîëüøå ïðèâëåêà-
åò êèáåðïðåñòóïíèêîâ [1].

Òàêæå ìåòîäû èäåíòèôèêàöèè àâòîðà ìî-
ãóò áûòü ïðèìåíåíû â äðóãèõ îáëàñòÿõ. Îíè ìî-
ãóò áûòü èñïîëüçîâàíû â ëèíãâèñòè÷åñêèõ èñ-
ñëåäîâàíèÿõ èëè äëÿ èçó÷åíèÿ ïðèçíàêîâ ñòèëÿ
êîíêðåòíîãî àâòîðà [2] [3].

Äëÿ èäåíòèôèêàöèè àâòîðñòâà ïðèìåíÿ-
þòñÿ ðàçíûå òðàäèöèîííûå ïîäõîäû, êîòîðûå
îñíîâàíû íà ìåòîäàõ NLP (nature language
processing) äëÿ àíàëèçà è êëàññèôèêàöèè òåêñòà.
Â êà÷åñòâå îñíîâíûõ èñïîëüçóþòñÿ èçâåñòíûå
ìîäåëè ìåøêà ñëîâ, n-ãðàìì è ò.ä. Îíè ïîçâîëÿ-
þò ïðåîáðàçîâûâàòü òåêñòû íåîáõîäèìûì îáðà-
çîì äëÿ äàëüíåéøåãî èñïîëüçîâàíèÿ â îáó÷åíèè
ìîäåëåé. Òàêæå äîïîëíèòåëüíî ïåðåä àíàëèçîì
èñïîëüçóþòñÿ òðàäèöèîííûå ìåòîäû ïðåäâàðè-
òåëüíîé îáðàáîòêè òåêñòà. Îäíàêî êàæäûé îò-
äåëüíî èçâåñòíûé ïîäõîä íà ñåãîäíÿ íå ðåøàåò â
öåëîì çàäà÷ó èäåíòèôèêàöèè àâòîðà â ñèëó ðÿäà
îãðàíè÷åíèé è ñëîæíîñòåé ïðèìåíåíèÿ.

I. Ïîñòàíîâêà çàäà÷è

Èññëåäóåìàÿ çàäà÷à ôîðìóëèðóåòñÿ ñëåäó-
þùèì îáðàçîì.

Ïðåäïîëîæèì, ÷òî ó íàñ åñòü íàáîðû òåê-
ñòîâ T àâòîðîâ A. Ìû çíàåì àâòîðîâ íåêîòî-
ðûõ òåêñòîâ ïîäìíîæåñòâà T, ïîýòîìó ó íàñ åñòü
ñîîòâåòñòâèÿ àâòîðîâ è òåêñòîâ â êà÷åñòâå îáó-
÷àþùåé âûáîðêè L. Öåëü ñîñòîèò â òîì, ÷òî-
áû ñîçäàòü êëàññèôèêàòîð, êîòîðûé ÿâëÿåòñÿ

ôóíêöèåé, îïðåäåëÿþùåé èñòèííîãî àâòîðà ïðî-
èçâîëüíîãî òåêñòà èç ìíîæåñòâà T.

II. Ñóùåñòâóþùèå ìåòîäû

Íà äàííûé ìîìåíò ñóùåñòâóåò îïðåäåëåí-
íîå êîëè÷åñòâî ðàçëè÷íûõ ðåøåíèé, îñíîâàííûõ
íà ìåòîäàõ ìàøèííîãî îáó÷åíèÿ:

� Ëèíåéíûå êëàññèôèêàòîðû (ëîãèñòè÷åñêàÿ
ðåãðåññèÿ, íàèâíûé áàéåñîâñêèé ìåòîä è
ò.ä.);

� Íåëèíåéíûå êëàññèôèêàòîðû (ïîëèíîìè-
àëüíàÿ ðåãðåññèÿ, ñåòè ðàäèàëüíî áàçèñíûõ
ôóíêöèé è ò.ä.).
Âñå áîëåå ñòàíîâèòñÿ ïîïóëÿðíûì íåéðîñå-

òåâîé ïîäõîä, îñîáåííî â ïîñëåäíèå ãîäû, áëà-
ãîäàðÿ ðàçëè÷íûì èññëåäîâàíèÿì è àðõèòåêòóð-
íûì óñîâåðøåíñòâîâàíèÿì. Íî âñå æå îí òðåáóåò
çíà÷èòåëüíîãî óëó÷øåíèÿ èç-çà íèçêîé òî÷íîñòè
â ðàçíûõ ñëó÷àÿõ è çíà÷èòåëüíûõ çàòðàò ðåñóð-
ñîâ äëÿ âûáîðà àðõèòåêòóðû è îáó÷åíèÿ [4].

III. Àíñàìáëåâûé ìåòîä

Â ðàáîòå çàäà÷ó èäåíòèôèêàöèè àâòîðà òåê-
ñòà â îáîçíà÷åííîé ôîðìóëèðîâêå ïðåäëàãàåòñÿ
ðåøàòü ñ ïîìîùüþ àíñàìáëåâîãî ìåòîäà [5].

Àíñàìáëåâûé ìåòîä ïîäðàçóìåâàåò ìåõà-
íèçì ãîëîñîâàíèÿ áîëüøèíñòâîì, â êîòîðîì êàæ-
äûé îòäåëüíûé êëàññèôèêàòîð â îáó÷åíèè àí-
ñàìáëÿ ïðåäñêàçûâàåò ìåòêó êëàññà. Êëàññ ñ
áîëüøèíñòâîì ãîëîñîâ (ìîäà) íàçíà÷àåòñÿ â êà-
÷åñòâå ðåçóëüòèðóþùåé ìåòêè:

ŷ = mode{C1(x), C2(x), ..., Cm(x)}.

Àíñàìáëåâîå îáó÷åíèå îáåñïå÷èâàåò ëó÷-
øèé ðåçóëüòàò, ÷åì îáû÷íàÿ îäèíî÷íàÿ ìîäåëü.

Àíñàìáëåâûé ìåòîä â òåêóùåé ðàáîòå ïðåä-
ïîëàãàåò ñëåäóþùèå ýòàïû:

1. Èçâëå÷åíèå èñõîäíûõ òåêñòîâ;
2. Ïðåäâàðèòåëüíàÿ îáðàáîòêà òåêñòîâ (óäà-

ëåíèå ñëóæåáíûõ ñëîâ, ñòåììèíã è ò.ä.);
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3. Ïðåäñòàâëåíèå òåêñòîâ ñ ïîìîùüþ TF�IDF;
4. Çàïóñê äâóõ êëàññèôèêàòîðîâ ïî îòäåëüíî-

ñòè è òð¼õ êëàññèôèêàòîðîâ â îäíîì àíñàì-
áëå;

5. Çàïóñê îáùåãî àíñàìáëÿ èç òð¼õ ïðåäûäó-
ùèõ êîìïîíåíòîâ.
Îáùàÿ ñõåìà ìåòîäà ïðèâåäåíà íèæå íà ðè-

ñóíêå 1.

IV. Ýêñïåðèìåíò

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòà ñ ïðåäëîæåí-
íûì ìåòîäîì áûë îòîáðàí íàáîð òåêñòîâûõ äî-
êóìåíòîâ â âèäå ïðîèçâîëüíîãî ïàêåòà ñòàòåé íî-
âîñòíîé ëåíòû Reuters. Ïàêåò âêëþ÷àë ïî 8 òåê-
ñòîâ äëÿ êàæäîãî èç 50 àâòîðîâ.

Â õîäå ýêñïåðèìåíòà âûïîëíÿëñÿ ìîíèòî-
ðèíã ðåçóëüòàòîâ êëàññèôèêàòîðîâ, çàïóùåííûõ
êàê ïîîäèíî÷êå, òàê è â ñîñòàâå ñôîðìèðîâàííî-
ãî àíñàìáëÿ.

Ðåçóëüòàòû ýêñïåðèìåíòà ïðèâåäåíû â òàá-
ëèöå.

Òàáëèöà 1 � Ðåçóëüòàòû ýêñïåðèìåíòà
Ìåòîä Òî÷íîñòü Ïîëíîòà F1

Ëèíåéíàÿ ðå-
ãðåñññèÿ

0.647 0.600 0.579

kNN 0.574 0.530 0.517

Íàèâíûé
áàéåñîâñêèé

0.584 0.560 0.539

Àíñàìáëü
(ëèíåéíàÿ
ðåãðåññ-
ñèÿ, kNN,
íàèâíûé
áàéåñîâñêèé)

0.647 0.590 0.582

Ñëó÷àéíûé
ëåñ

0.658 0.620 0.605

Ãðàäèåíòíûé
áóñòèíã

0.463 0.430 0.417

Àíñàìáëü
(îáùèé)

0.673 0.640 0.618

Ìîæíî ñäåëàòü âûâîä î òîì, ÷òî ðåçóëüòà-
òàìè ãîëîñîâàíèÿ â àíñàìáëÿõ ñòàëî óâåëè÷åíèå
êà÷åñòâà ìîäåëè ïðè îäíèõ è òåõ æå óñëîâèÿõ
îáó÷åíèÿ. Ìèíóñîì ÿâëÿåòñÿ òî, ÷òî îáó÷åíèå
ïîäîáíîé ìîäåëè ÿâëÿåòñÿ áîëåå çàòðàòíûì.

V. Çàêëþ÷åíèå

Ïðåäñòàâëåííûé ìåòîä íà îñíîâå êîìáè-
íàöèé èìåþùèõñÿ êëàññèôèêàòîðîâ ïðåäëàãàåò
óâåëè÷åíèå òî÷íîñòè ïðåäñêàçàíèé. Âìåñòå ñ òåì
îí ìîæåò áûòü óñîâåðøåíñòâîâàí â äàëüíåéøåì
â ðÿäå àñïåêòîâ:

� Ïåðåãðóïèðîâêà êîìáèíàöèé â àíñàìáëÿõ;
� Äîáàâëåíèå íîâûõ ëèíåéíûõ è íåëèíåéíûõ
êëàññèôèêàòîðîâ;

� Çàìåíà ìåòîäà ãîëîñîâàíèÿ â àíñàìáëÿõ.
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Ïðîàíàëèçèðîâàíû íåêîòîðûå âàæíûå ïðèêëàäíûå îñîáåííîñòè ñîâìåñòíîãî èñïîëüçîâàíèÿ ìåòîäîâ ïî-

ìåõîóñòîé÷èâîãî êîäèðîâàíèÿ äàííûõ è ñòåãàíîãðàôèè. Ñòåãàíîãðàôè÷åñêèå ïðåîáðàçîâàíèÿ îñíîâàíû íà

öâåòîâûõ ìîäåëÿõ RGB è HSL, à òàêæå íà èñïîëüçîâàíèè ìåòîäà íàèìåíåå çíà÷àùèõ áèòîâ (LSB).

Êîìáèíàöèÿ äâóõ âèäîâ ïðåîáðàçîâàíèÿ ïîçâîëÿåò òàéíî ïåðåäàâàòü èëè õðàíèòü èíôîðìàöèþ, à òàêæå

ïîâûøàåò åå çàùèùåííîñòü ïðè êîíâåðòàöèÿõ ñòåãàíîêîíòåéíåðà.

Ââåäåíèå

Â ïîñëåäíåå âðåìÿ îñîáåííî îñòðî âñòàë âî-
ïðîñ î çàùèòå ýëåêòðîííûõ äîêóìåíòîâ, êîòîðûå
ïåðåäàþòñÿ ïî ñåòè Èíòåðíåò. Ýòî îáóñëîâëåíî,
â ïåðâóþ î÷åðåäü, òåì, ÷òî ìíîãèå ó÷ðåæäåíèÿ
è êîìïàíèè ïåðåøëè íà óäàëåííûé ðåæèì ðà-
áîòû, îñíîâíîé îáúåì èíôîðìàöèè (â òîì ÷èñëå
òåêñòîâîé) ïåðåäàåòñÿ îíëàéí. Îäèí èç èíñòðó-
ìåíòîâ ðåøåíèÿ çàäà÷è ñâÿçàí ñ èñïîëüçîâàíèåì
ñòåãàíîãðàôèè.

Ñòåãàíîãðàôè÷åñêèå àëãîðèòìû ïîçâîëÿþò
ñêðûâàòü êîíôèäåíöèàëüíûå ñîîáùåíèÿ (M) â
äðóãèõ ñîîáùåíèÿõ (êîíòåéíåðàõ, C). Ïðè ýòîì
ìîãóò ïðåñëåäîâàòüñÿ äâå îñíîâíûå öåëè: òàé-
íàÿ ïåðåäà÷à ñîîáùåíèÿ è ðàçìåùåíèå íåâèäè-
ìîãî öèôðîâîãî âîäÿíîãî çíàêà äëÿ çàùèòû àâ-
òîðñêèõ ïðàâ íà êîíòåíò (êîíòåéíåð). Çëîóìûø-
ëåííèê äîëæåí èìåòü ìèíèìàëüíûå âîçìîæíî-
ñòè äëÿ òîãî, ÷òîáû âûÿâèòü ñàì ôàêò òàêîãî
ñîêðûòèÿ è/èëè èçâëå÷ü òàéíîå ñîîáùåíèå èç
ñòåãàíîêîíòåéíåðà (êîíòåéíåðà ñî ñêðûòûì ñî-
îáùåíèåì). Ïðè ýòîì íåîáõîäèìî îáåñïå÷èòü ñî-
õðàíåíèå öåëîñòíîñòè îñàæäåííîé èíôîðìàöèÿ
ïðè ñëó÷àéíûõ, íàìåðåííûõ èëè ïðåäíàìåðåí-
íûõ ìîäèôèêàöèÿõ (êîíâåðòàöèÿõ) ñòåãàíîêîí-
òåéíåðà. Äëÿ ðåøåíèÿ òàêîé êîìïëåêñíîé çàäà-
÷è ñòåãàíîàëãîðèòìû (≪÷èñòàÿ ñòåãàíîãðàôèÿ≫)
äîïîëíÿþòñÿ ñðåäñòâàìè èçáûòî÷íîãî êîäèðîâà-
íèÿ. Èñïîëüçîâàíèå èçáûòî÷íîãî (ïîìåõîóñòîé-
÷èâîãî) êîäèðîâàíèÿ ðàçìåùàåìîé èíôîðìàöèè
îáåñïå÷èâàåò êîíòðîëü îøèáîê â ýòîé èíôîðìà-
öèè ïðè åå èçâëå÷åíèè, à òàêæå ïîâûøàåò ñòîé-
êîñòü ñòåãàíîêîíòåéíåðà ê àòàêàì [1].

I. Çàâèñèìîñòü öåëîñòíîñòè
îñàæäåííîé â êîíòåéíåð èíôîðìàöèè îò
èñïîëüçóåìîãî ôîðìàòà åãî êîíâåðòàöèè

Åñëè ñòåãàíîêàíàë (ñòåãàíîêîíòåéíåð, S)
ñîçäàåòñÿ íà îñíîâå ýëåêòðîííûõ äîêóìåí-
òîâ, òî ìîäèôèöèðîâàòü ìîæíî êàê îòäåëüíûå
ïðîñòðàíñòâåííî-öâåòîâûå ïàðàìåòðû òåêñòà,

òàê è îòäåëüíûå àòðèáóòû ôàéëà-êîíòåéíåðà [2-
4].

Â îñíîâå ìíîãèõ ïðåîáðàçîâàíèé ëåæèò
öâåòîâàÿ ìîäåëü RGB è ìåòîä íàèìåíåå çíà-
÷àùèõ áèòîâ (LSB). Ïðè ðàçðàáîòêå êîíòåíòà
íà îñíîâå òåõíîëîãèè web è ÑSS 3 ìîæíî èñ-
ïîëüçîâàòü íàðÿäó ñ RGB òàêæå ìîäåëü HSL
(Hue�Saturation�Lightness � òîí�íàñûùåííîñòü
(öâåòà)�ñâåòëîòà (öâåòà) èëè âèçóàëüíàÿ îöåí-
êà ÿðêîñòè) � ýòî àëüòåðíàòèâíàÿ öâåòîâàÿ ìî-
äåëü, ðàçðàáîòàííàÿ äëÿ áîëåå ïîëíîãî ñîîòâåò-
ñòâèÿ òîìó, êàê ÷åëîâå÷åñêîå çðåíèå âîñïðèíè-
ìàåò öâåòîîáðàçóþùèå ñâîéñòâà. Â ñâÿçè ñ òåì,
÷òî äîêóìåíò-êîíòåéíåð ñ âíåäðåííîé â íåãî òàé-
íîé èíôîðìàöèåé M ìîæåò ïîäâåðãàòüñÿ àíàëè-
çó èëè îáðàáîòêå â ðàçëè÷íîé ñðåäå, ïðåäñòàâëÿ-
åò èíòåðåñ îöåíèòü, â êàêîé ñòåïåíè îñàæäåííàÿ
èíôîðìàöèÿ íà îñíîâå èñïîëüçîâàíèÿ îäíîé öâå-
òîâîé ìîäåëè ñîõðàíÿåòñÿ ïðè ïåðåõîäå íà äðó-
ãóþ ìîäåëü: RGB � â HSL èëè HSL � â RGB.

Îòìåòèì, ÷òî ìîäåëü HSL ÿâëÿåòñÿ ïðåä-
ñòàâëåíèåì ìîäåëè RGB â öèëèíäðè÷åñêîé ñè-
ñòåìå êîîðäèíàò. HSL ïðåäñòàâëÿåò öâåòà áîëåå
èíòóèòèâíûì è ïîíÿòíûì äëÿ âîñïðèÿòèÿ îá-
ðàçîì, ÷åì RGB. Ìîäåëü ÷àñòî èñïîëüçóåòñÿ â
ãðàôè÷åñêèõ ïðèëîæåíèÿõ, â ïàëèòðàõ öâåòîâ è
äëÿ àíàëèçà èçîáðàæåíèé. HSL èìååò öèëèíäðè-
÷åñêóþ ãåîìåòðèþ. Äëÿ òîãî ÷òîáû îïðåäåëèòü
òîí (Hue, Í) íóæíî óêàçàòü ãðàäóñ ïîâîðîòà (îò
0° äî 360°) öâåòîâîãî ñïåêòðà çàìêíóòîãî â öâå-
òîâîé êðóã: ðàäóãà, çàìêíóòàÿ â êðóã, â êîòîðîì
êðàñíûé öâåò âñåãäà îðèåíòèðîâàí íà ñåâåð, è
óãîë ðàâåí 0°, 120° � ýòî çåë¼íûé, 240°� ñèíèé.
Ìåæäó ýòèìè îñíîâíûìè öâåòàìè ðàñïîëîæåíû
âñå îñòàëüíûå îòòåíêè öâåòîâîãî ñïåêòðà.

Èñïîëüçîâàíèå â êà÷åñòâå êîíòåéíåðà òåê-
ñòîâîãî (word) äîêóìåíòà õàðàêòåðèçóþòñÿ íåîá-
õîäèìîñòüþ ó÷åòà ðÿäà ñïåöèôè÷åñêèõ îñîáåí-
íîñòåé. Ê îñíîâíûì èç òàêèõ îñîáåííîñòåé îòíî-
ñÿòñÿ: ñòàíäàðòíàÿ êîäèðîâêà ñèìâîëîâ òåêñòà â
ïðèíÿòîé öâåòîâîé ìîäåëè � 0, 0, 0; èçìåíåíèå
ñòàíäàðòíîé êîäèðîâêè â öâåòîâûõ êàíàëàõ (â
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îäíîì, â ëþáûõ äâóõ èëè â òðåõ îäíîâðåìåííî)
â äèàïàçîíå îò 1 äî 4 ìëàäøèõ áèòîâ (îò 1 äî
15 èç 255) âèçóàëüíî îáíàðóæèòü ïðàêòè÷åñêè
íåëüçÿ; êîíâåðòàöèÿ ôàéëà-êîíòåéíåðà ïî ñõåìå
doc(docx) � pdf � doc(docx) óìåíüøàåò öâåòîâîé
êîä ñèìâîëà â êàæäîì êàíàëå íà îäíó åäèíèöå
(íà 1 áèò). Äîïîëíèòåëüíî íàìè äëÿ àíàëèçà öå-
ëîñòíîñòè M ïðè êîíâåðòàöèè S â ðàçëè÷íûå
ãðàôè÷åñêèå ôîðìàòû (BMP, GIF, JPG, TIFF)
áûëî èñïîëüçîâàíî îðèãèíàëüíîå èçîáðàæåíèå
ðàçìåðîì 2154×3721 ïèêñåëåé (1 259 216 áàéòîâ).
Ïîñëå âíåäðåíèÿ ñîîáùåíèÿ (M = ITS-2022)
èçîáðàæåíèå-êîíòåéíåð ñòàëî çàíèìàòü 1 261 348
áàéòîâ. Áûëè ðàññìîòðåíû ñëåäóþùèå âàðèàíòû
êîíâåðòàöèè: PNG�BMP�PNG, PNG�GIF�PNG,
PNG�JPG�PNG, PNG�TIFF�PNG. Èçâëå÷åíèå
ñîîáùåíèÿ ïîñëå êîíâåðòàöèè ïðîèñõîäèëî èç
ôàéëà, îáðàòíî ïðåîáðàçîâàííîãî â ôîðìàò
PNG.

Êîíâåðòàöèÿ âûïîëíÿëàñü ñ ïîìîùüþ
ðàçíûõ ñåðâèñîâ. Ïðè èñïîëüçîâàíèè Adobe
Photoshop ñîîáùåíèå M ñîõðàíÿåòñÿ â ïîë-
íîì îáúåìå (áåç îøèáîê) ïðè êîíâåðòàöèè
â ôîðìàòû BMP, JPG, TIFF. Ïðè êîí-
âåðòàöèè èçîáðàæåíèÿ-êîíòåéíåðà ñåðâèñîâ
cloudconvert.com, image.online-convert.com è
www.freeconvert.com, êàê ïðàâèëî, èçâëå÷åííîå
ñîîáùåíèå ñîñòîÿëî èç âñåõ íóëåé (ïðè êîíâåð-
òàöèè â BMP è TIFF) ëèáî èç âñåõ åäèíèö (ïðè
êîíâåðòàöèè â GIF).

Cóùåñòâóþò òàêèå íàáîðû ïàðàìåòðîâ â
îáåèõ ìîäåëÿõ (RGB è HSL) , êîòîðûå ïðàêòè-
÷åñêè íå èçìåíÿþò ïðè êîíâåðòàöèè êîíòåéíåðà
öâåò ìîäèôèöèðîâàííîãî ïðè ñòåãàíîãðàôè÷å-
ñêîì ïðåîáðàçîâàíèè îáúåêòà (ñèìâîëà). Ýòî ÿâ-
ëÿåòñÿ ïîëîæèòåëüíûì ôàêòîì, ñâèäåòåëüñòâó-
þùèì â ïîëüçó ñòåãàíîãðàôè÷åñêîé ñòîéêîñòè
ðàññìîòðåííîãî ìåòîäà [5].

II. Êîäèðîâàíèå âíåäðÿåìîãî â
êîíòåéíåð ñîîáùåíèÿ íà îñíîâå

èçáûòî÷íîãî êîäà

Ìîäåëü ïðåîáðàçîâàíèÿ èñõîäíîãî ñîîáùå-
íèÿ (êîäèðîâàíèå/äåêîäèðîâàíèå + ñòåãàíîãðà-
ôèÿ) îáû÷íî âûïîëíÿåòñÿ äâîÿêî: 1) íåçàâèñè-
ìîå (îò ñîäåðæèìîãî ïóñòîãî êîíòåéíåðà) èçáû-
òî÷íîå êîäèðîâàíèå âíåäðÿåìîãî ñîîáùåíèÿ M
ñ âûïîëíåíèåì íåîáõîäèìûõ ïîñëåäóþùèõ îïå-
ðàöèé [6], êîäèðîâàíèå ñ ó÷åòîì ýòîãî ñîäåðæè-
ìîãî [1]. Ìîæíî òàêæå îáúåäèíèòü îáà ïîäõîäà
ñ ó÷åòîì âûøåïðèâåäåííûõ îñîáåííîñòåé è ðå-
çóëüòàòîâ êîíâåðòàöèè ñòåãàíîêîíòåéíåðà. Êàæ-
äûé mi ñèìâîë ðàçìåùàåìîãî òåêñòîâîãî ñîîáùå-
íèÿM , ïðåäñòàâëåííûé êîäîì ASCII (k = 8 áèò),

ìîæíî ðàçäåëèòü íà 2 ÷àñòè ïî 4 áèòà êàæäàÿ:
Xk1,i = x1i, x2i, x3i, x4i;Xk2,i = x5i, x6i, x7i, x8i.
Äàëåå íåîáõîäèìî ñëîæèòü ïî ìîäóëþ äâà (XOR)
Xk1,i è Xk2,i : x1i+x5i = xr1,i, ..., x4i+x8i = xr4,i.
Âû÷èñëåííûå áèòû ÷åòíîñòè ñîñòàâÿò 4-áèòíîå
èçáûòî÷íîå ñëîâî, Xri. Ïîëóáàéòû íåêîòîðîãî
ñèìâîëà mi òàéíîãî òåêñòà, Xk1,i è Xk2,i, à òàê-
æå èçáûòî÷íîãî ñëîâà Xri çàïèñûâàþòñÿ ïî îò-
äåëüíîñòè â êàíàëû, ñîîòâåòñòâóþùèå òðåì öâå-
òàì ìîäåëè RGB íåêîòîðîãî ñèìâîëà cj òåêñòà-
êîíòåéíåðà C. Òàêîé ìîäèôèöèðîâàííûé ñèìâîë
îáîçíà÷èì cjm. Ñëåäóþùàÿ ìîäèôèêàöèÿ cjm
((cjm)') ïðèâåäåò ê òîìó, ÷òî êîäîâûå ðàññòîÿíèÿ
ìåæäó ïàðàìè âåêòîðîâ (Xk1,i è (Xk1,i)', Xk2,i è
(Xk2,i)', Xri è Xri') áóäóò íå ðàâíû íóëþ. Ýòî
ïðåäîïðåäåëÿåò ðåàëèçàöèþ äàëüíåéøèõ øàãîâ
ïî âîññòàíîâëåíèþ èñõîäíûõ ñëîâ Xk1,i è Xk2,i.
Ñ äðóãîé ñòîðîíû, ýòî ìîæåò èñïîëüçîâàòüñÿ äëÿ
äîêàçàòåëüñòâà íàðóøåíèÿ ïðàâ èíòåëëåêòóàëü-
íîé ñîáñòâåííîñòè.
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ìåæäóíàð. íàó÷. êîíãðåññà ïî èíôîðìàòèêå. Â 3 ÷.
×. 1, Ðåñï. Áåëàðóñü, Ìèíñê, 27�28 îêò. 2022 ã. / Áå-
ëîðóñ. ãîñ. óí-ò ; ðåäêîë.: Ñ. Â. Àáëàìåéêî (ãë. ðåä.)
[è äð.]. � Ìèíñê: ÁÃÓ, 2022. � Ñ. 113�119.
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Öèôðîâèçàöèÿ ñîâðåìåííîãî îáùåñòâà òðåáóåò íîâûõ ñïîñîáîâ ñòðóêòóðèðîâàíèÿ è îáðàáîòêè áîëüøèõ

îáúåìîâ èíôîðìàöèè. Îãðàíè÷åííîñòü ÷åëîâå÷åñêèõ ðåñóðñîâ è ïîñòîÿííîå æåëàíèå ñîêðàòèòü ðàñõî-

äû ïðèâåëè ê ñîçäàíèþ ñèñòåì, êîòîðûå ó÷èòûâàþò ðàçëè÷íûå àñïåêòû, ñïîñîáíûå ïîâëèÿòü íà âûáîð

òîãî èëè èíîãî âàðèàíòà â ïðîöåññå ïðèíÿòèÿ ðåøåíèé, à òàêæå ðàññ÷èòàòü íàèáîëåå ïðèâëåêàòåëü-

íûå èç íèõ. Ïîäîáíûå ñèñòåìû ïðåäîñòàâëÿþò ñâîèì ïîëüçîâàòåëÿì âû÷èñëèòåëüíûå ðåñóðñû, óñëóãè

ïî îáðàáîòêå, ïîèñêó è õðàíåíèþ èíôîðìàöèè, îòâå÷àþò çà îáåñïå÷åíèå ãëîáàëüíîãî ìóëüòèìåäèéíîãî

îáùåíèÿ. Âàæíûì àñïåêòîì ÿâëÿåòñÿ òîò ôàêò, ÷òî âñå ðåøåíèÿ ïî èçìåíåíèþ ñòðóêòóðû èíôîðìà-

öèîííîé ñèñòåìû èìåþò äîëãîñðî÷íûå ïîñëåäñòâèÿ. Äàííûé ôàêò îáóñëàâëèâàþò âàæíîñòü ïðèíÿòèÿ

îïòèìàëüíûõ ðåøåíèé íà ñòàäèÿõ ïëàíèðîâàíèÿ è îïòèìèçàöèè èíôîðìàöèîííûõ ñèñòåì.

Ââåäåíèå

Ïðîáëåìû ïðèíÿòèÿ ðåøåíèé â îñëîæíåí-
íûõ óñëîâèÿõ çàíèìàþò â íàñòîÿùåå âðåìÿ îñî-
áîå ìåñòî â èíôîðìàöèîííûõ òåõíîëîãèÿõ. Ìà-
òåìàòè÷åñêèå ìåòîäû øèðîêî ïðèìåíÿþò äëÿ
îïèñàíèÿ è àíàëèçà ñëîæíûõ ýêîíîìè÷åñêèõ, ñî-
öèàëüíûõ è äðóãèõ ñèñòåì.

Ïðèíÿòèå ðåøåíèé ÿâëÿåòñÿ íå îäíîìî-
ìåíòíûì àêòîì. Ýòî äîñòàòî÷íî äëèííûé ïðî-
öåññ. Ã. Ñàéìîí âûäåëÿåò â íåì òðè ýòàïà:

1. ïîèñê èíôîðìàöèè (ñîáèðàåòñÿ âñÿ äîñòóï-
íàÿ íà ìîìåíò ïðèíÿòèÿ ðåøåíèÿ èíôîð-
ìàöèÿ: ôàêòè÷åñêèå äàííûå, ìíåíèå ýêñ-
ïåðòîâ. Òàì, ãäå ýòî âîçìîæíî, ñòðîÿòñÿ
ìàòåìàòè÷åñêèå ìîäåëè; ïðîâîäÿòñÿ ñîöèî-
ëîãè÷åñêèå îïðîñû; îïðåäåëÿþòñÿ âçãëÿäû
íà ïðîáëåìó ñî ñòîðîíû àêòèâíûõ ãðóïï,
âëèÿþùèõ íà åå ðåøåíèå);

2. ïîèñê è íàõîæäåíèå àëüòåðíàòèâ (ñâÿçàí ñ
îïðåäåëåíèåì òîãî, ÷òî ìîæíî, à ÷òî íåëü-
çÿ äåëàòü â èìåþùåéñÿ ñèòóàöèè, ò. å. ñ
îïðåäåëåíèåì âàðèàíòîâ ðåøåíèé);

3. âûáîð ëó÷øåé àëüòåðíàòèâû (âêëþ÷àåò â
ñåáÿ ñðàâíåíèå àëüòåðíàòèâ è âûáîð íàè-
ëó÷øåãî âàðèàíòà (èëè âàðèàíòîâ) ðåøå-
íèÿ).

I. Ñõåìà ïðîöåññà ïðèíÿòèÿ ðåøåíèé

Îáùàÿ ñõåìà ïðîöåññà ïðèíÿòèÿ ðåøåíèé
âêëþ÷àåò ñëåäóþùèå îñíîâíûå ýòàïû:

Ýòàï 1. Ïðåäâàðèòåëüíûé àíàëèç ïðîáëåìû
(íà ýòîì ýòàïå îïðåäåëÿþòñÿ ãëàâíûå öåëè; óðîâ-
íè ðàññìîòðåíèÿ, ýëåìåíòû è ñòðóêòóðà ñèñòåìû
(ïðîöåññà), òèïû ñâÿçåé; ïîäñèñòåìû, èñïîëüçóå-
ìûå èìè îñíîâíûå ðåñóðñû è êðèòåðèè êà÷åñòâà
ôóíêöèîíèðîâàíèÿ ïîäñèñòåì; îñíîâíûå ïðîòè-
âîðå÷èÿ, óçêèå ìåñòà è îãðàíè÷åíèÿ).

Ýòàï 2. Ïîñòàíîâêà çàäà÷è (îíà âêëþ÷àåò:
ôîðìóëèðîâàíèå çàäà÷è; îïðåäåëåíèå òèïà çàäà-

÷è; îïðåäåëåíèå ìíîæåñòâà àëüòåðíàòèâíûõ âà-
ðèàíòîâ è îñíîâíûõ êðèòåðèåâ äëÿ âûáîðà èç
íèõ íàèëó÷øèõ; âûáîð ìåòîäà ðåøåíèÿ çàäà÷è
ïðèíÿòèÿ ðåøåíèé (ÇÏÐ)).

Ýòàï 3. Ïîëó÷åíèå èñõîäíûõ äàííûõ. Íà
äàííîì ýòàïå óñòàíàâëèâàþòñÿ ñïîñîáû èçìåðå-
íèÿ àëüòåðíàòèâ. Ýòî ëèáî ñáîð êîëè÷åñòâåí-
íûõ (ñòàòèñòè÷åñêèõ) äàííûõ, ëèáî ìåòîäû ìà-
òåìàòè÷åñêîãî èëè èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ, ëèáî ìåòîäû ýêñïåðòíîé îöåíêè.

Ýòàï 4. Ðåøåíèå ÇÏÐ ñ ïðèâëå÷åíèåì ìà-
òåìàòè÷åñêèõ ìåòîäîâ è âû÷èñëèòåëüíîé òåõíè-
êè, ýêñïåðòîâ è ëèöà, ïðèíèìàþùåãî ðåøåíèå.
Íà ýòîì ýòàïå ïðîèçâîäÿòñÿ ìàòåìàòè÷åñêàÿ îá-
ðàáîòêà èñõîäíîé èíôîðìàöèè, åå óòî÷íåíèå è
ìîäèôèêàöèÿ â ñëó÷àå íåîáõîäèìîñòè. Îáðàáîò-
êà èíôîðìàöèè ìîæåò îêàçàòüñÿ äîñòàòî÷íî òðó-
äîåìêîé, ïðè ýòîì ìîæåò âîçíèêíóòü íåîáõîäè-
ìîñòü ñîâåðøåíèÿ íåñêîëüêèõ èòåðàöèé è æåëà-
íèå ïðèìåíèòü ðàçëè÷íûå ìåòîäû äëÿ ðåøåíèÿ
çàäà÷è. Ïîýòîìó èìåííî íà ýòîì ýòàïå âîçíèêà-
åò ïîòðåáíîñòü â êîìïüþòåðíîé ïîääåðæêå ïðî-
öåññà ïðèíÿòèÿ ðåøåíèé, êîòîðàÿ âûïîëíÿåòñÿ ñ
ïîìîùüþ àâòîìàòèçèðîâàííûõ ñèñòåì ïðèíÿòèÿ
ðåøåíèé.

Ýòàï 5. Àíàëèç è èíòåðïðåòàöèÿ ïîëó÷åí-
íûõ ðåçóëüòàòîâ. Ïîëó÷åííûå ðåçóëüòàòû ìî-
ãóò îêàçàòüñÿ íåóäîâëåòâîðèòåëüíûìè è ïîòðå-
áîâàòü èçìåíåíèé â ïîñòàíîâêå ÇÏÐ. Â ýòîì ñëó-
÷àå íåîáõîäèìî áóäåò âîçâðàòèòüñÿ íà ýòàï 2 èëè
ýòàï 1 è ïðîéòè çàíîâî âåñü ïóòü. Ðåøåíèå ÇÏÐ
ìîæåò çàíèìàòü äîñòàòî÷íî äëèòåëüíûé ïðîìå-
æóòîê âðåìåíè, â òå÷åíèå êîòîðîãî îêðóæåíèå
çàäà÷è ìîæåò èçìåíèòüñÿ è ïîòðåáîâàòü êîððåê-
òèðîâîê â ïîñòàíîâêå çàäà÷è, à òàêæå â èñõîä-
íûõ äàííûõ (íàïðèìåð, ìîãóò ïîÿâèòüñÿ íîâûå
àëüòåðíàòèâû, òðåáóþùèå ââåäåíèÿ íîâûõ êðè-
òåðèåâ) [2].
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Ðèñ. 1 � Ñòàäèè ïðèíÿòèÿ ðåøåíèÿ

II. Ìåòîäû ïðèíÿòèÿ ðåøåíèé

Ïîèñê ýôôåêòèâíûõ ðåøåíèé ñîïðîâîæäà-
åòñÿ çíà÷èòåëüíûìè âðåìåííûìè çàòðàòàìè èç-
çà íåîáõîäèìîñòè âûïîëíåíèÿ ìíîãîêðàòíûõ ðå-
àëèçàöèé èñïîëüçóåìûõ ìåòîäîâ è àëãîðèòìîâ
ñ öåëüþ âûáîðà îïòèìàëüíûõ ïàðàìåòðîâ. Òà-
êèì îáðàçîì, ìîæíî ãîâîðèòü î íåîáõîäèìî-
ñòè ðàçðàáîòêè ýôôåêòèâíûõ ìåòîäîâ è àëãî-
ðèòìîâ ïîääåðæêè ïðèíÿòèÿ ðåøåíèé â óñëîâè-
ÿõ íåîïðåäåëåííîñòè, îáåñïå÷èâàþùèõ âûñîêóþ
îáîñíîâàííîñòü è àäåêâàòíîñòü ïðèíèìàåìûõ ðå-
øåíèé ïðè íèçêèõ âðåìåííûõ çàòðàòàõ. Ñóùå-
ñòâóåò íåñêîëüêî êëàññîâ ìåòîäîâ ïðèíÿòèÿ ðå-
øåíèé. Âûáîð ìåòîäà ðåøåíèÿ êîíêðåòíîé çàäà-
÷è çàâèñèò îò ðÿäà ôàêòîðîâ: îáúåì è òî÷íîñòü
èíôîðìàöèè î âíåøíèõ óñëîâèÿõ, íàëè÷èå îïûòà
ðåøåíèÿ àíàëîãè÷íûõ çàäà÷ â ïðîøëîì è ò.ä.

� Ýêñïåðòíûå ìåòîäû (ïðè èñïîëüçîâàíèè
ýòèõ ìåòîäîâ ðåøåíèå ïðèíèìàåòñÿ íà îñ-
íîâå îöåíîê ñïåöèàëèñòîâ, óæå èìåþùèõ
îïûò ïðèíÿòèÿ àíàëîãè÷íûõ ðåøåíèé) è
ñâîäÿòñÿ ê ñáîðó, îáðàáîòêå è àíàëèçó ìíå-
íèé è îöåíîê íåñêîëüêèõ ýêñïåðòîâ. Êà÷å-
ñòâî ïðèíÿòèÿ ðåøåíèé çàâèñèò îò âûáðàí-
íîé ìåòîäèêè ñáîðà è îáðàáîòêè ýêñïåðò-
íûõ ñóæäåíèé.

� Èãðîâûå ìåòîäû (ïðèìåíÿþòñÿ â ñëó÷àÿõ,
êîãäà äëÿ êàæäîãî âàðèàíòà ðåøåíèÿ ìîæ-
íî îïðåäåëèòü åãî ðåçóëüòàòû â êàæäîì
èç âîçìîæíûõ âàðèàíòîâ âíåøíèõ óñëîâèé.
Çàäà÷è, â êîòîðûõ èìååòñÿ âîçìîæíîñòü

äëÿ êàæäîãî âàðèàíòà ðåøåíèÿ îöåíèòü åãî
âîçìîæíûå ïîñëåäñòâèÿ â ðàçëè÷íûõ âàðè-
àíòàõ âíåøíèõ óñëîâèé).

� Ñòàòèñòè÷åñêèå ìåòîäû àíàëèçà è ïðèíÿ-
òèÿ ðåøåíèé ìîãóò ïðèìåíÿòüñÿ, åñëè àíà-
ëîãè÷íûå ðåøåíèÿ óæå ïðèíèìàëèñü ìíî-
ãîêðàòíî, è èìåþòñÿ ñâåäåíèÿ îá ýôôåê-
òèâíîñòè ýòèõ ðåøåíèé. Ñòàòèñòè÷åñêèå
ìåòîäû îñíîâàíû íà àíàëèçå ðåçóëüòàòîâ
ïðèíÿòèÿ àíàëîãè÷íûõ ðåøåíèé â ïðî-
øëîì.

� Ìåòîäû íà îñíîâå äåðåâüåâ ðåøåíèé îáû÷-
íî ïðèìåíÿþòñÿ â ñëó÷àÿõ, êîãäà òðåáóåòñÿ
àíàëèç è âûáîð ïîñëåäîâàòåëüíîñòè ðåøå-
íèé, è ïðè ýòîì ïðèíÿòèå êàæäîãî ðåøåíèÿ
çàâèñèò îò ðåçóëüòàòîâ ïðåäûäóùèõ ðåøå-
íèé è îò èíôîðìàöèè î âíåøíèõ óñëîâèÿõ.

� Èìèòàöèîííûå ìåòîäû àíàëèçà è âûáîðà
ðåøåíèé îñíîâàíû íà ìîäåëèðîâàíèè ïðî-
öåññîâ ðåàëèçàöèè âîçìîæíûõ ðåøåíèé è
âíåøíèõ óñëîâèé. Îáû÷íî ïðè ýòîì ïðèìå-
íÿåòñÿ ìåòîä Ìîíòå-Êàðëî. Êàê ïðàâèëî,
èìèòàöèîííûå ìåòîäû äîñòàòî÷íî ñëîæíû
è ïðèìåíÿþòñÿ â ñëó÷àÿõ, êîãäà ïðèìåíå-
íèå äðóãèõ ìåòîäîâ íåâîçìîæíî èç-çà îò-
ñóòñòâèÿ íåîáõîäèìûõ äàííûõ è ñëîæíîñòè
ôîðìàëèçàöèè çàäà÷è.

� Ìåòîäû îöåíêè è âûáîðà ðåøåíèé íà îñíî-
âå çîí ðèñêà. Îíè îñíîâàíû íà ðàçáèåíèè
äèàïàçîíà âîçìîæíûõ ïîòåðü íà ïîääèà-
ïàçîíû ïî ñòåïåíè èõ äîïóñòèìîñòè, êîòî-
ðûå íàçûâàþòñÿ çîíàìè ðèñêà. Äëÿ êàæäîé
çîíû ðèñêà îïðåäåëÿåòñÿ âåðîÿòíîñòü ñî-
îòâåòñòâóþùèõ ïîòåðü. Íà îñíîâå àíàëèçà
çîí ðèñêà è âåðîÿòíîñòåé ïîïàäàíèÿ âåëè-
÷èíû ïîòåðü â ýòè çîíû âûïîëíÿåòñÿ îöåí-
êà äîïóñòèìîñòè ðåøåíèÿ [3].

III. Çàêëþ÷åíèå

Ïîèñê ýôôåêòèâíûõ ðåøåíèé òðåáóåò ñî-
ïðîâîæäåíèÿ çíà÷èòåëüíûìè âðåìåííûìè çà-
òðàòàìè èç-çà íåîáõîäèìîñòè âûïîëíåíèÿ ìíî-
ãîêðàòíî ïîâòîðÿþùèõñÿ ðåàëèçàöèé èñïîëüçóå-
ìûõ ìåòîäîâ è àëãîðèòìîâ ñ öåëüþ âûáîðà îï-
òèìàëüíûõ ïàðàìåòðîâ. Òàêèì îáðàçîì, íåîáõî-
äèìîñòü ðàçðàáîòêè ýôôåêòèâíûõ ìåòîäîâ è àë-
ãîðèòìîâ ïðèíÿòèÿ ðåøåíèé â óñëîâèÿõ íåîïðå-
äåëåííîñòè îáåñïå÷èâàåò îáîñíîâàííîñòü è àäåê-
âàòíîñòü ïðèíèìàåìûõ ðåøåíèé ïðè íèçêèõ âðå-
ìåííûõ çàòðàòàõ.

IV. Ñïèñîê ëèòåðàòóðû

1. Íèêóëüøèí, Á. Â. Ñèñòåìíûé àíàëèç è ïðèíÿòèå
ðåøåíèé â ïðîåêòíîé è Ñ40 óïðàâëåí÷åñêîé äåÿ-
òåëüíîñòè: ó÷åá.-ìåòîä. ïîñîáèå / Á. Â. Íèêóëüøèí
[è äð.] // -� Ìèíñê: ÁÃÓÈÐ, 2021. � C. 72

2. Ñìîðîäèíñêèé, Ñ. C. Ìåòîäû àíàëèçà è ïðèíÿ-
òèÿ ðåøåíèé â ñëàáîñòðóêòóðèðîâàííûõ çàäà÷àõ:
ó÷åá. ïîñîáèå ïî êóðñó �Ìåòîäû è ñèñòåìû ïðèíÿ-
òèÿ ðåøåíèé� äëÿ ñòóäåíòîâ ñïåöèàëüíîñòè �Àâòî-
ìàòèçèðîâàííûå ñèñòåìû îáðàáîòêè èíôîðìàöèè� /
Ñ. C. Ñìîðîäèíñêèé, Í. Â. Áàòèí // � Ìèíñê: ÁÃÓ-
ÈÐ, 2002. � C. 116
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Â äàííîé ñòàòüå ïðîâîäèòñÿ îáçîð òèïîâ àíîìàëèé, à òàê æå íàáîð ñîâðåìåííûõ ìåòîäîâ ìàøèííî-

ãî îáó÷åíèÿ, èñïîëüçóåìûõ äëÿ êëàññèôèêàöèè è èäåíòèôèêàöèè àíîìàëèé â íàáîðàõ äàííûõ, òàêèõ êàê

àâòîêîäåð, èçîëèðóþùèé ëåñ è ýëëèïñîèäàëüíàÿ àïïðîêñèìàöèÿ äàííûõ.

Ââåäåíèå

Îáíàðóæåíèå àíîìàëèé â íàáîðàõ äàííûõ -
ýòî âàæíàÿ çàäà÷à äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè
è ïîëó÷åíèÿ ýêîíîìè÷åñêîé âûãîäû. Àíîìàëèÿ-
ìè íàçûâàþò îòêëîíåíèÿ èëè âûáðîñû îò íîð-
ìàëüíîãî ïîâåäåíèÿ ïðè íàáëþäåíèè ðàçëè÷íûõ
ÿâëåíèé èëè ýêñïåðèìåíòàëüíûõ äàííûõ. Âàæ-
íî ïîíèìàòü, ÷òî ýòî çà àíîìàëèè è èõ ïðè÷èíû.
Ýòî ìîãóò áûòü ñáîè ñèñòåìû èëè çëîíàìåðåí-
íûå äåéñòâèÿ. Ïîýòîìó â ñîâðåìåííûõ óñëîâèÿõ,
â ñèñòåìàõ ïðèíÿòèÿ ðåøåíèé ýòî êðàéíå âàæíàÿ
çàäà÷à. Äëÿ îáíàðóæåíèÿ àíîìàëèé â ñîâðåìåí-
íûõ ñèñòåìàõ ïðèìåíÿþòñÿ ðàçëè÷íûå ìåòîäû è
àëãîðèòìû ìàøèííîãî îáó÷åíèÿ.

Ïîèñê àíîìàëèé è âûÿâëåíèå ïîäîçðèòåëü-
íûõ îïåðàöèé ñ ïîìîùüþ ìàøèííîãî îáó÷åíèÿ
øèðîêî ïðèìåíÿåòñÿ â êëèåíòñêîé àíàëèòèêå,
áàíêîâñêîì àóäèòå è ìíîãèõ äðóãèõ âèäàõ àíà-
ëèòèêè.

I. Âèäû àíîìàëèé

Àíîìàëèè ìîæíî óñëîâíî ðàçäåëèòü íà òðè
òèïà: òî÷å÷íûå àíîìàëèè, êîíòåêñòóàëüíûå àíî-
ìàëèè è êîëëåêòèâíûå àíîìàëèè.

Òî÷å÷íàÿ àíîìàëèÿ [1] ÷àñòî ïðåäñòàâëÿåò
ñîáîé íåðîâíîñòü èëè îòêëîíåíèå, êîòîðîå ïðîèñ-
õîäèò ñëó÷àéíî è ìîæåò íå èìåòü îñîáîé èíòåð-
ïðåòàöèè. Íàïðèìåð, íà ðèñóíêå 1 òðàíçàêöèè
êðåäèòíîé êàðòû ñ áîëüøèìè ðàñõîäàìè, çàðåãè-
ñòðèðîâàííîé â ðåñòîðàíå Monaco, ïåðâàÿ òðàí-
çàêöèÿ êàæåòñÿ òî÷å÷íîé àíîìàëèåé, ïîñêîëüêó
îíà çíà÷èòåëüíî îòêëîíÿåòñÿ îò îñòàëüíûõ ñäå-
ëîê.

Àíîìàëüíûå íàáîðû îòäåëüíûõ òî÷åê äàí-
íûõ èçâåñòíû êàê êîëëåêòèâíûå àíîìàëèè [3],
ïðè ýòîì êàæäàÿ èç îòäåëüíûõ òî÷åê â îòäåëüíî-
ñòè âûãëÿäèò êàê ýêçåìïëÿðû íîðìàëüíûõ äàí-
íûõ, â òî æå âðåìÿ â ãðóïïå îíè äåìîíñòðèðó-
þò íåîáû÷íûå õàðàêòåðèñòèêè. Íàïðèìåð, ðàñ-
ñìîòðèì èëëþñòðàöèþ ìîøåííè÷åñêîé òðàíçàê-
öèè ïî êðåäèòíîé êàðòå â äàííûõ æóðíàëà, ïî-
êàçàííûõ íà ðèñóíêå 1, åñëè ïðîèçîøëà áû îä-
íà òðàíçàêöèÿ ≪MISC≫, ýòî, âåðîÿòíî, íå ìîãëî
áû ïîêàçàòüñÿ àíîìàëüíûì. Ñëåäóþùàÿ ãðóïïà
èç òðàíçàêöèé íà ñóììó 75 äîëëàðîâ, áåçóñëîâ-

íî, êàæóòñÿ êàíäèäàòàìè íà êîëëåêòèâíóþ èëè
ãðóïïîâóþ àíîìàëèþ.

Ðèñ. 1 � Îáíàðóæåíèå ìîøåííè÷åñòâà ñ
êðåäèòíûìè êàðòàìè: èëëþñòðàöèè òî÷å÷íîé è

êîëëåêòèâíîé àíîìàëèè

Êîíòåêñòóàëüíàÿ àíîìàëèÿ òàêæå èçâåñò-
íàÿ êàê óñëîâíàÿ àíîìàëèÿ, ïðåäñòàâëÿåò ñîáîé
ýêçåìïëÿð äàííûõ, êîòîðûé ìîæíî ðàññìàòðè-
âàòü êàê àíîìàëüíûé â íåêîòîðîì êîíêðåòíîì
êîíòåêñòå. Ýòî îçíà÷àåò, ÷òî íàáëþäåíèå çà îä-
íîé è òîé æå òî÷êîé â ðàçíûõ êîíòåêñòàõ íå âñå-
ãäà áóäåò ñâèäåòåëüñòâîâàòü îá àíîìàëüíîì ïî-
âåäåíèè. Êîíòåêñòóàëüíàÿ àíîìàëèÿ îïðåäåëÿåò-
ñÿ ñî÷åòàíèåì êîíòåêñòóàëüíûõ è ïîâåäåí÷åñêèõ
ïðèçíàêîâ [3]. Äëÿ êîíòåêñòóàëüíûõ ïðèçíàêîâ
÷àùå âñåãî èñïîëüçóþòñÿ âðåìÿ è ïðîñòðàíñòâî,
òîãäà êàê ïîâåäåí÷åñêèå ïðèçíàêè çàâèñÿò îò
àíàëèçèðóåìîé îáëàñòè � ñóììû ïîòðà÷åííûõ
äåíåã, ñðåäíåé òåìïåðàòóðû èëè êàêîé-ëèáî äðó-
ãîé êîëè÷åñòâåííîé ìåðû, êîòîðàÿ èñïîëüçóåòñÿ
â êà÷åñòâå ïðèçíàêà.

Ðèñóíîê 2 èëëþñòðèðóåò ïðèìåð êîíòåêñòó-
àëüíîé àíîìàëèè ñ ó÷åòîì äàííûõ î òåìïåðàòó-
ðå, îáîçíà÷åííûõ ðåçêèì ïàäåíèåì íåçàäîëãî äî
èþíÿ. Ýòî çíà÷åíèå íå óêàçûâàåò íà íîðìàëüíîå
çíà÷åíèå, íàéäåííîå çà ýòî âðåìÿ.

Ðèñ. 2 � Òåìïåðàòóðíûå äàííûå Hayes è Capretz
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II. Ìåòîäû ìàøèííîãî îáó÷åíèÿ äëÿ
îáíàðóæåíèÿ àíîìàëèé

Íà äàííûé ìîìåíò ñàìûìè ïîïóëÿðíû-
ìè àëãîðèòìàìè ìàøèííîãî îáó÷åíèÿ ÿâëÿþòñÿ
ñëåäóþùèå:

1. Àâòîêîäåð
2. Èçîëèðóþùèé ëåñ
3. Ýëëèïñîèäàëüíàÿ àïïðîêñèìàöèÿ äàííûõ
Àâòîêîäåð [2] ïðåäñòàâëÿåò ñîáîé íåéðî-

ñåòü ïðÿìîãî ðàñïðîñòðàíåíèÿ, îáó÷åííóþ ñ ïî-
ìîùüþ îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáêè. Àâ-
òîêîäåðû îñîáûì îáðàçîì èñïîëüçóþò ñâîéñòâî
íåéðîííîé ñåòè äëÿ ðåàëèçàöèè íåêîòîðûõ ýô-
ôåêòèâíûõ ìåòîäîâ îáó÷åíèÿ ñåòåé äëÿ èçó÷å-
íèÿ íîðìàëüíîãî ïîâåäåíèÿ. Êîãäà ïîñòóïàåò
òî÷êà äàííûõ ñ âûáðîñîì, àâòîêîäåð íå ìîæåò
åå õîðîøî êîäèðîâàòü. Îí íàó÷èëñÿ ïðåäñòàâ-
ëÿòü øàáëîíû, íå ñóùåñòâóþùèå â ýòèõ äàííûõ.
Ïðè ïîïûòêå âîññòàíîâèòü èñõîäíûå äàííûå èç
èõ êîìïàêòíîãî ïðåäñòàâëåíèÿ ðåêîíñòðóêöèÿ
íå áóäåò ïîõîæà íà èñõîäíûå äàííûå. Ýòî ïîìî-
ãàåò îáíàðóæèâàòü àíîìàëèè ïðè èõ âîçíèêíîâå-
íèè. Öåëü òàêîãî ïðîöåññà � ïîïûòàòüñÿ âîññòà-
íîâèòü èñõîäíûé ââîä èç çàêîäèðîâàííûõ äàí-
íûõ, ÷òî èìååò ðåøàþùåå çíà÷åíèå ïðè ñîçäàíèè
ìîäóëÿ îáíàðóæåíèÿ àíîìàëèé.

Â àðõèòåêòóðå àâòîêîäåðà åñòü 3 îñíîâíûå
÷àñòè:

� Êîäèðîâùèê óìåíüøàåò ðàçìåðíîñòü íàáî-
ðà äàííûõ âûñîêîé ðàçìåðíîñòè äî íèçêî-
ðàçìåðíîãî;

� Êîä ñîäåðæèò ñîêðàùåííîå ïðåäñòàâëåíèå
ââîäà, êîòîðûé ïîäàåòñÿ â äåêîäåð;

� Äåêîäåð ðàñøèðÿåò äàííûå íèçêîé ðàçìåð-
íîñòè äî äàííûõ âûñîêîé ðàçìåðíîñòè.
Èçîëèðóþùèé ëåñ � ýòî àëãîðèòì îáó-

÷åíèÿ áåç ó÷èòåëÿ, êîòîðûé âûÿâëÿåò àíîìàëèè,
èçîëèðóÿ âûáðîñû â äàííûõ [3].

Èçîëèðóþùèå ëåñà ñòðîÿòñÿ íà îñíîâå äåðå-
âüåâ ðåøåíèé. Â íèõ ñëó÷àéíî îòîáðàííûå äàí-
íûå îáðàáàòûâàþòñÿ â äðåâîâèäíîé ñòðóêòóðå
íà îñíîâå ñëó÷àéíî âûáðàííûõ ïðèçíàêîâ. Îá-
ðàçöû, êîòîðûå ïåðåìåùàþòñÿ ãëóáæå â äåðåâî,
ñ ìåíüøåé âåðîÿòíîñòüþ áóäóò àíîìàëèÿìè, ïî-
ñêîëüêó äëÿ èõ èçîëÿöèè òðåáóåòñÿ áîëüøå ðàç-
ðåçîâ. Òî÷íî òàê æå îáðàçöû, êîòîðûå çàêàí-
÷èâàþòñÿ áîëåå êîðîòêèìè âåòâÿìè, óêàçûâàþò
íà àíîìàëèè, ïîñêîëüêó äåðåâó áûëî ëåã÷å îòäå-
ëèòü èõ îò äðóãèõ íàáëþäåíèé.

Èçîëèðóþùèé ëåñ ðåêóðñèâíî ñîçäàåò ðàç-
äåëû â íàáîðå äàííûõ, ñëó÷àéíûì îáðàçîì âû-
áèðàÿ îáúåêò, à çàòåì ñëó÷àéíûì îáðàçîì âû-
áèðàÿ çíà÷åíèå ðàçäåëåíèÿ äëÿ îáúåêòà. Ïðåä-
ïîëîæèòåëüíî, äëÿ àíîìàëèé òðåáóåòñÿ èçîëè-
ðîâàòü ìåíüøåå êîëè÷åñòâî ñëó÷àéíûõ ðàçäåëîâ
ïî ñðàâíåíèþ ñ ≪íîðìàëüíûìè≫ òî÷êàìè â íà-
áîðå äàííûõ, ïîýòîìó àíîìàëèè áóäóò òî÷êàìè
ñ ìåíüøåé äëèíîé ïóòè â äåðåâå, ïðè÷åì äëèíà
ïóòè ïðåäñòàâëÿåò ñîáîé êîëè÷åñòâî ðåáåð, ïðîé-
äåííûõ îò êîðíåâîãî óçëà.

Â ýëëèïñîèäàëüíîé àïïðîêñèìàöèè
äàííûõ [4], êàê ñëåäóåò èç íàçâàíèÿ, îáëàêî òî-
÷åê ìîäåëèðóåòñÿ êàê âíóòðåííîñòü ýëëèïñîèäà.
Ìåòîä õîðîøî ðàáîòàåò òîëüêî íà îäíîìîäàëü-
íûõ äàííûõ, à îñîáåííî õîðîøî � íà íîðìàëüíî
ðàñïðåäåë¼ííûõ. Ñòåïåíü íîâèçíû çäåñü ôàêòè-
÷åñêè îïðåäåëÿåòñÿ ïî ðàññòîÿíèþ Ìàõàëîíîáè-
ñà.

Îäíèì èç ðàñïðîñòðàíåííûõ ñïîñîáîâ îáíà-
ðóæåíèÿ àíîìàëèé ïîÿâëÿåòñÿ â ïðåäïîëîæåíèè,
÷òî äàííûå ðàñïðåäåëåíû êàêèì-òî èçâåñòíûì
ñïîñîáîì, íàïðèìåð, ïî Ãàóññó. Â òàêîì ñëó÷àå
çàäà÷à çàêëþ÷àåòñÿ â îïðåäåëåíèè âèäà ýòîãî
ðàñïðåäåëåíèÿ è âûäåëåíèè òåõ îáúåêòîâ, êîòî-
ðûå íå óäîâëåòâîðÿþò íàéäåííîìó ðàñïðåäåëå-
íèþ.

Ñòåïåíü àíîìàëüíîñòè îáúåêòà îïðåäåëÿåò-
ñÿ ïî ðàññòîÿíèþ Ìàõàëîíîáèñà, â ìàòåìàòè÷å-
ñêîé ñòàòèñòèêå ÿâëÿþùèìñÿ ìåðîé ðàññòîÿíèÿ
ìåæäó âåêòîðàìè ñëó÷àéíûõ âåëè÷èí è îáîáùà-
þùèì ïîíÿòèå åâêëèäîâà ðàññòîÿíèÿ. Â çàäà-
÷å îïðåäåëåíèÿ ïðèíàäëåæíîñòè òî÷êè îäíîìó
èç êëàññîâ íåîáõîäèìî íàéòè ìàòðèöû êîâàðèà-
öèè âñåõ êëàññîâ, ÷òî, îáû÷íî, äåëàåòñÿ íà îñ-
íîâå èçâåñòíûõ âûáîðîê èç êàæäîãî êëàññà. Ïðè
âû÷èñëåíèè ðàññòîÿíèÿ Ìàõàëàíîáèñà äî êàæ-
äîãî êëàññà âûáèðàåòñÿ òîò êëàññ, äëÿ êîòîðîãî
ýòî ðàññòîÿíèå îêàçàëîñü ìèíèìàëüíûì, ÷òî ýê-
âèâàëåíòíî ìåòîäó ìàêñèìàëüíîãî ïðàâäîïîäî-
áèÿ (Maximum likelihood estimation, MLE). Òî÷-
êà, èìåþùàÿ íàèáîëüøåå ðàññòîÿíèå Ìàõàëàí-
îáèñà äî îñòàëüíîãî ìíîæåñòâà òî÷åê, ñ÷èòàåòñÿ
àíîìàëèåé. Òàêàÿ òî÷êà èìååò íàèáîëüøåå âëè-
ÿíèå íà êðèâèçíó è íà êîýôôèöèåíòû óðàâíå-
íèÿ ðåãðåññèè. Òàêæå ðàññòîÿíèå Ìàõàëàíîáèñà
ìîæåò áûòü èñïîëüçîâàíî â çàäà÷å îïðåäåëåíèÿ
ìíîãîìåðíûõ âûáðîñîâ.

III. Çàêëþ÷åíèå

Â äàííîé ñòàòüå áûëè ðàññìîòðåíû òðè òè-
ïà àíîìàëèé â íàáîðàõ äàííûõ. Áûëè îïèñà-
íû íàèáîëåå ýôôåêòèâíûå àëãîðèòìû ìàøèííî-
ãî îáó÷åíèÿ äëÿ îáíàðóæåíèÿ àíîìàëèé íà ñåãî-
äíÿøíèé äåíü: àâòîêîäåðà, èçîëèðóþùåãî ëåñà è
ýëëèïñîèäàëüíîé àïïðîêñèìàöèè äàííûõ.
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This article mainly introduces image feature extraction and brie�y introduces how to improve image quality through

image feature extraction.

INTRODUCTION

Image features mainly include color features,
texture features, shape features and spatial rela-
tionship features of images.

The color feature is a global feature, which
describes the surface properties of the scene corre-
sponding to the image or image area; the texture
feature is also a global feature, which also describes
the surface properties of the scene corresponding
to the image or image area; there are two types of
shape features Representation methods, one is con-
tour features, the other is regional features. The
contour features of the image are mainly aimed
at the outer boundary of the object, while the re-
gional features of the image are related to the en-
tire shape area; the spatial relationship features
refer to the segmentation of the image. The mu-
tual spatial position or relative direction relation-
ship between multiple objects, these relationships
can also be divided into connection/adjacency rela-
tionship, overlapping/overlapping relationship and
inclusion/inclusive relationship, etc.

Feature extraction is a concept in computer
vision and image processing. It refers to using a
computer to extract image information to decide
whether each image point belongs to an image fea-
ture. The result of feature extraction is to divide
the points on the image into di�erent subsets, which
often belong to isolated points, continuous curves
or continuous regions. The data obtained by im-
age feature extraction further improves the image
quality step by step.

I. The importance of feature extraction
to improve image quality.

Feature extraction occupies a crucial position
in computer vision, especially in traditional com-
puter vision algorithms. For example, the more fa-
mous target recognition models such as HOG and
DPM, the main research experience is in image fea-
ture extraction. aspect. Image enhancement can
e�ectively enhance the valuable information in the
image, improve the image quality, and meet the
needs of some feature analysis. Therefore, it can be
used in computer vision data preprocessing, which
can e�ectively improve the quality of the image,
thereby improving the target recognition. precision.

II. Image enhancement

Image enhancement consists of modifying
some characteristics of the original image, such as
sharpness and noise removal, so that the resulting
image can be used in speci�c applications . Since
this paper deals with an improvement of extraction
and matching of gradient-based image features, we
focus on contrast enhancement, which is to provide
a better extraction of features

To enhance image contrast, grayscale transfor-
mation methods are usually used, such as gamma
correction and histogram equalization . These work
in many ways. For example, but some require pa-
rameter adjustment and may not be e�ectively en-
hanced local image regions in grayscale and color
images. Retinex is an e�ective comparison method
enhance color images applied in real scenes.

III. The methods of the image
enhancement

1. Gamma Correction
Gamma correction is usually used for adjust-

ing the di�erent characteristics in brightness and
color between monitors. The gamma coe�cient is
introduced to characterize the non-linear relation-
ship between the pixel value and its actual lumi-
nance . The higher the gamma value is, the steeper
the curve of this relationship is, thereby causing the
increase of contrast. Gamma correction is de�ned
as: I'= I(gamma)

where I is the original image, I' is the correc-
tion result, and gamma = [-in�nite, in�nite ]. We
should choose an appropriate gamma value for an
e�ective conversion. In our case, it is necessary to
adjust the value on an image-by-image due to a va-
riety of illumination conditions over scenes.

2. Histogram Equalization
The objective of histogram equalization is to

convert the images so that the cumulative probabil-
ity of pixel values becomes linear. This is achieved
by converting each pixel value to the new one so
that the number of pixels in each bin of the intensity
histogram becomes as similar as possible, without
inverting the pixel orders in terms of intensity.

The e�ect of histogram equalization is image
enhancement, which is very useful for images where
both the background and foreground are too bright
or too dark. Histogram is a statistical method. Ac-
cording to the statistics of the probability of each
pixel value in the image, the pixels of the image
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are redistributed according to the probability dis-
tribution function to achieve the e�ect of image
stretching, and the image pixel values are evenly
distributed between the minimum and maximum
values. between pixel levels.

3. Sharpening with Unsharp Masking

Image sharpening using unsharp masking is
another image enhancement method. The process
is to �rst blur the original image (unsharpen the
mask), then subtract the blurred image from the
original. This method is e�ective for contrast en-
hancement.

4. GAN-based low-light enhancement method

EnlightenGAN is a method that can be easily
shelved to improve images. Acquired in low-light
environments, as it removes the reliance on train-
ing data and it allows processing of various images
from di�erent domains.

IV. Comparison of image enhancement
methods.

It can be seen the improvement of the his-
togram equalization and image sharpening meth-
ods, and the comparison chart of the image en-
hancement methods below.

Figure 1 � Figure 1 :Original

Figure 2 � Figure 2 :Histogram equalization

Figure 3 � Figure 3 :Gamma correction

Figure 4 � Figure 4 :Sharpening

Figure 5 � Figure 5 :EnlightenGAN

V. Conclusions and Future Work

This article mainly describes the centralized
image enhancement method that changes the ex-
tracted data by changing the characteristics of the
image. Through this article, it can be found that
through image analysis, the quality of the image can
be improved, and then the computer vision resolu-
tion can be improved. This is very helpful for the
follow-up study.

1. S. Patil and S. R. Patil, �Enhancement of featureex-
traction in image quality,� in 2019 Third International
conference on I-SMAC (IoT in Social, Mobile, Analytics
and Cloud)(I-SMAC), pp. 490�495, IEEE, 2019.

2. E. Salahat and M. Qasaimeh, �Recent advances in fea-
tures extraction and description algorithms: A compre-
hensive survey,� in 2017 IEEE International Conference
on Industrial Technology (ICIT), pp. 1059�1
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Òðàäèöèîííî àëãîðèòìû êîìïüþòåðíîãî çðåíèÿ ðàññìàòðèâàþòñÿ êàê åäèíûé ïðîöåññ. Îäíàêî, ðàñïðåäå-

ë¼ííûå âàðèàíòû âûçûâàþò èíòåðåñ, òàê êàê ìîãóò áûòü ýôôåêòèâíåå. Çàäà÷à îòñëåæèâàíèÿ îáúåêòîâ

ñóùåñòâóåò óæå íåñêîëüêî äåñÿòèëåòèé è ïðîäîëæàåò èçó÷àòüñÿ è ðàçâèâàòüñÿ. Èìååòñÿ ðàçíûå ìåòî-

äû å¼ ðåøåíèÿ. Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ àäàïòàöèÿ ìåòîäà îòñëåæèâàíèÿ íåñêîëüêèõ îáúåêòîâ

ñ ïðèìåíåíèåì YOLOv4 è DeepSORT äëÿ ðàñïðåäåë¼ííîé âû÷èñëèòåëüíîé ñèñòåìû.

Ââåäåíèå

Áóäåì ðàññìàòðèâàòü ñåòü ñ îïðåäåë¼ííûì
êîëè÷åñòâîì êàìåð. Ñòîèò çàäà÷à â ðåæèìå ðå-
àëüíîãî âðåìåíè îáðàáàòûâàòü âèäåîïîòîêè ñ
ýòèõ êàìåð, îòñëåæèâàÿ îáúåêòû íà íèõ. Äëÿ îò-
ñëåæèâàíèÿ íåñêîëüêèõ îáúåêòîâ â äàííîé ðàáî-
òå ïðèìåíÿåòñÿ ìåòîä îñíîâàííûé íà èñïîëüçî-
âàíèè YOLOv4 è DeepSORT[1]: YOLOv4[2] âû-
ïîëíÿåò ðîëü äåòåêòîðà, ïîçâîëÿþùåãî îáíàðó-
æèòü îáúåêòû íà èçîáðàæåíèè; DeepSORT[3] ÿâ-
ëÿåòñÿ òðåêåðîì, îòñëåæèâàþùèì ïåðåìåùåíèÿ
íåñêîëüêèõ îáúåêòîâ.

Â òðàäèöèîííîì ïîäõîäå ìåòîä ðàññìàòðè-
âàåòñÿ êàê åäèíîå öåëîå: èìååòñÿ îäèí âèäåîïî-
òîê, êîòîðûé îáðàáàòûâàåòñÿ ñ ïîìîùüþ îäíîé
ðåàëèçàöèè ìåòîäà ñ YOLOv4 è DeepSORT.

Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ ïîïûòêà
àäàïòàöèè ìåòîäà äëÿ ðàñïðåäåë¼ííîé âû÷èñëè-
òåëüíîé ñèñòåìû ñ öåëüþ ìèíèìèçàöèè âðåìåíè
îáðàáîòêè âèäåîïîòîêà, à òàêæå çàòðà÷èâàåìûõ
âû÷èñëèòåëüíûõ ðåñóðñîâ.

I. Âàðèàíòû ðàñïðåäåë¼ííîé
âû÷èñëèòåëüíîé ñèñòåìû

Ðàññìàòðèâàåìûé ìåòîä îòñëåæèâàíèÿ îáú-
åêòîâ âêëþ÷àåò äâå ÷àñòè: äåòåêòîð è òðåêåð.
Äåòåêòîð çàíèìàåòñÿ îáíàðóæåíèåì îáúåêòîâ íà
èçîáðàæåíèè, âíå çàâèñèìîñòü îò âèäåîïîòîêà,
ñ êîòîðîãî îáðàáàòûâàþòñÿ êàäðû. Äëÿ òðåêå-
ðà íàîáîðîò, äëÿ êîððåêòíîé ðàáîòû àëãîðèòìà
âàæíî îáðàáàòûâàòü êàäðû òîëüêî èç îäíîãî âè-
äåîïîòîêà â õðîíîëîãè÷åñêîé ïîñëåäîâàòåëüíî-
ñòè. Ñîãëàñíî ïîñòàâëåííûì óñëîâèÿì ïðåäïî-
ëàãàåòñÿ äâà âàðèàíòà ðàñïðåäåë¼ííîé âû÷èñëè-
òåëüíîé ñèñòåìû äëÿ äàëüíåéøåãî àíàëèçà.

Â ïåðâîì âàðèàíòå äëÿ êàæäîãî âèäåîïî-
òîêà ñîçäà¼òñÿ ïîäñèñòåìà ñ äåòåêòîðîì è òðå-
êåðîì. Òî åñòü êîëè÷åñòâî ïîäñèñòåì îáðàáîòêè
âèäåîïîòîêîâ áóäåò ðàâíî êîëè÷åñòâó êàìåð â ñå-
òè.

Âî âòîðîì âàðèàíòå ñîçäà¼òñÿ îäíà ïîäñè-
ñòåìà ñ äåòåêòîðîì, êîòîðàÿ áóäåò îáàáàòûâàòü
íåñêîëüêî âèäåîïîòîêîâ, è äëÿ êàæäîãî âèäåî

ïîòîêà ñîçäà¼òñÿ ïîäñèñòåìà ñ òðåêåðîì. Äëÿ
áîëüøîãî êîëè÷åñòâà îáðàáàòûâàåìûõ ïîòîêîâ
íåîáõîäèìî áóäåò ñîçäàâàòü íåñêîëüêî ïîäñèñòåì
ñ äåòåêòîðîì.

II. Ñðàâíåíèå âàðèàíòîâ
ðàñïðåäåë¼ííîé âû÷èñëèòåëüíîé

ñèñòåìû

Äëÿ ïðîâåðêè ðàáîòû ïðåäëîæåííûõ âàðè-
àíòîâ ðàñïðåäåë¼ííûõ âû÷èñëèòåëüíûõ ñèñòåì
èñïîëüçóþòñÿ òåñòîâûå äàííûå èç MOT16[4].
Êàæäûé âàðèàíò ïðîâåðÿåòñÿ íà îäíîâðåìåííîé
îáðàáîòêå îäíîãî, äâóõ è òð¼õ âèäåîïîòîêîâ ñ
îäèíàêîâûìè äàííûìè. Êðèòåðèåì îïòèìàëüíî-
ñòè â äàííîé ðàáîòå ÿâëÿåòñÿ ìèíèìàëüíîå âðå-
ìÿ îáðàáîòêè âèäåîïîòîêà èëè æå ìàêñèìàëüíàÿ
ñêîðîñòü îáðàáîòêè êàäðîâ.

Âî âðåìÿ ýêñïåðèìåíòà áûëî èçìåðåíî ñðåä-
íåå âðåìÿ îáðàáîòêè âèäåîïîòîêîâ, ñîäåðæàùèõ
îäèíàêîâûå äàííûå(ñì. ðèñ. 1).

Ðèñ. 1 � Ñðåäíåå âðåìÿ îáðàáîòêè âèäåîïîòîêîâ

Òàêæå äëÿ êàæäîãî âèäåîïîòîêà áûëà èç-
ìåðåíà ñêîðîñòü îáðàáîòêè êàäðîâ(FPS)(ñì. ðèñ.
2).
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Ðèñ. 2 � Ñêîðîñòü îáðàáîòêè êàäðîâ

Â õîäå ýêñïåðèìåíòîâ áûëè ïîëó÷åíû äàí-
íûå îá èñïîëüçîâàíèè âû÷èñëèòåëüíûõ ðåñóð-
ñîâ: èñïîëüçîâàíèå öåíòðàëüíîãî ïðîöåññîðà (ñì.
ðèñ. 3), èñïîëüçîâàíèå ãðàôè÷åñêîãî ïðîöåññî-
ðà (ñì. ðèñ. 4), èñïîëüçîâàíèå ÎÇÓ (ñì. ðèñ. 5),
èñïîëüçîâàíèå ãðàôè÷åñêîé ïàìÿòè (ñì. ðèñ. 6).
Äàííûå áûëè ïîëó÷åíû ïðè îáðàáîòêå òð¼õ âè-
äåîïîòîêîâ.

Ðèñ. 3 � Çàãðóæåííîñòü öåíòðàëüíîãî ïðîöåññîðà

Ðèñ. 4 � Çàãðóæåííîñòü ãðàôè÷åñêîãî ïðîöåññîðà

Ðèñ. 5 � Èñïîëüçîâàíèå ÎÇÓ

Ðèñ. 6 � Èñïîëüçîâàíèå ãðàôè÷åñêîé ïàìÿòè

III. Âûâîäû

Èñõîäÿ èç ïîëó÷åííûõ â ýêñïåðèìåíòå äàí-
íûõ, íàèáîëåå îïòèìàëüíûì ïî âðåìåíè îáðà-
áîòêè âèäåîïòîêà ÿâëÿåòñÿ âòîðîé âàðèàíò ñè-
ñòåìû, ïðè îáðàáîòêå íåñêîëüêèõ âèäåîïîòîêîâ.
Òàêæå îí òðåáóåò ìåíüøå ðåñóðñîâ öåíòðàëüíî-
ãî ïðîöåññîðà è ãðàôè÷åñêîé ïàìÿòè ïî ñðàâíå-
íèþ ñ ïåðâûì âàðèàíòîì. Îäíàêî, ïðè óâåëè÷å-
íèè êîëè÷åñòâà îáðàáàòûâàåìûõ âèäåîïîòîêîâ,
èñïîëüçîâàíèå òîëüêî îäíîé ïîäñèòåìû ñ äåòåê-
òîðîì áóäåò çàìåäëÿòü ðàáîòó âñåé ñèñòåìû. Äëÿ
ñîõðàíåíèÿ ïðîèçâîäèòåëüíîñòè ñèñòåìû íåîáõî-
äèìî èñïîëüçîâàòü íåñêîëüêî ïîäñèñòåì ñ äåòåê-
òîðîì. Ïåðâûé âàðèàíò ñèñòåìû îïòèìàëåí ïî
âðåìåíè ïðè îáðàáîòêå îäíîãî âèäåî ïîòîêà.
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