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МОНИТОРИНГ ФУНКЦИОНАЛЬНОЙ БЕЗОПАСНОСТИ
БОЛЬШИХ СЕРВИСНЫХ СИСТЕМ

А. А. Грушо1, Н. А. Грушо2, М. И. Забежайло3, А. А. Зацаринный4,
Д. В. Смирнов5, Е. Е. Тимонина6

�−−®â�æ¨ï: ”ã−ªæ¨®−�«ì−®¥ ¯à¥¤−�§−�ç¥−¨¥ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨
¤¥ïâ¥«ì−®áâ¨ ®à£�−¨§�æ¨¨ ¬®¦−® ®¯¨á�âì ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨ ¡¨§−¥á-¯à®æ¥á-
á®¢ (��). ‚ áâ�âì¥ à¥çì ¨¤¥â ® ª®−âà®«¥ ãáâ®©ç¨¢®áâ¨ à¥�«¨§�æ¨¨ −� ®¤−®©
¯«�âä®à¬¥ ¡®«ìè®£® ç¨á«� �� ®¡á«ã¦¨¢�−¨ï ¡®«ìè®£® ç¨á«� ª«¨¥−â®¢,
§�¯à�è¨¢�îé¨å ®¤−®¢à¥¬¥−−® ¡®«ìè®¥ ª®«¨ç¥áâ¢® à�§«¨ç−ëå ãá«ã£ ¨ âà¥-
¡ãîé¨å ç�áâ¨ç−®© ¬®¤¨ä¨ª�æ¨¨ ¡¨§−¥á-äã−ªæ¨© (�”) ¢ à¥�«ì−®¬ ¬�áèâ�¡¥
¢à¥¬¥−¨. ‘«¥¤áâ¢¨¥¬ ãª�§�−−ëå ãá«®¢¨© áâ�−®¢¨âáï §−�ç¨â¥«ì−®¥ ç¨á«® ª®−-
ä«¨ªâ®¢, ®è¨¡®ª ¨ á¡®¥¢ −� à�§«¨ç−ëå ãà®¢−ïå à¥�«¨§�æ¨¨ ®¤−¨å ¨ â¥å ¦¥
á¥à¢¨á®¢ ¯à¨ ®£à�−¨ç¥−¨ïå ¢® ¢à¥¬¥−¨. Œ®−¨â®à¨−£ ¢ë¯®«−¥−¨ï �� ¯à¨§¢�−
¢ëï¢«ïâì ¨ ª«�áá¨ä¨æ¨à®¢�âì ª®−ä«¨ªâë, ®è¨¡ª¨ ¨ á¡®¨ ¤«ï ¤�«ì−¥©è¥£®
¯à¨−ïâ¨ï ã¯à�¢«¥−ç¥áª¨å à¥è¥−¨©. ‘®¢®ªã¯−®áâì äã−ªæ¨®−�«ì−ëå, ¯®¢¥-
¤¥−ç¥áª¨å, áâàãªâãà−ëå ¨ ¨−ä®à¬�æ¨®−−ëå ¬®¤¥«¥© ¢á¥å �� ®à£�−¨§�æ¨¨
¢¬¥áâ¥ á ¬®¤¥«ï¬¨ á¢ï§−®£® ®¡¥á¯¥ç¥−¨ï ¢ áâ�âì¥ −�§ë¢�¥âáï ¬¥â�¤�−−ë¬¨
(Œ„) ®à£�−¨§�æ¨¨. Œ¥â�¤�−−ë¥ á«ã¦�â ®á−®¢®© ¤«ï ®à£�−¨§�æ¨¨ â¥ªãé¥£®
ã¯à�¢«¥−¨ï ¨ ¯¥àá¯¥ªâ¨¢−®£® à�§¢¨â¨ï. ÷¥è¥−ë §�¤�ç¨ à�§¡¨¥−¨ï á¨áâ¥¬ë
−� ¯®¤á¨áâ¥¬ë ¤«ï ®à£�−¨§�æ¨¨ ¬®−¨â®à¨−£� äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨
(”�) ¨ ¨á¯®«ì§®¢�−¨ï ¤�−−ëå ¬®−¨â®à¨−£� ¤«ï ®¯à¥¤¥«¥−¨ï ¯¥à¢®¯à¨ç¨−ë
á¡®ï.

Š«îç¥¢ë¥ á«®¢�: ¨−ä®à¬�æ¨®−−�ï ¯®¤¤¥à¦ª� ¡¨§−¥á-¯à®æ¥áá®¢; ¬®−¨â®-
à¨−£ äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨; ¡®«ìè¨¥ á¥à¢¨á−ë¥ á¨áâ¥¬ë; ¬¥â�¤�−−ë¥
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1 Введение

’¥à¬¨− ”� ®¯à¥¤¥«ï¥âáï ¢ ®â−®è¥−¨¨ ª ¯à®¬ëè«¥−−ë¬ ¯à®æ¥áá�¬ (á¬.,
−�¯à¨¬¥à, [1]). …á«¨ à�áá¬�âà¨¢�¥âáï ¡¥§®¯�á−®áâì ¡¨§−¥á�, â® ¢ �−�«®£¨ç−ëå
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�. �. ƒàãè®, �. �. ƒàãè®, Œ. ˆ. ‡�¡¥¦�©«® ¨ ¤à.

§�¤�ç�å ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ ¨á¯®«ì§ã¥âáï â¥à¬¨− −¥¯à¥àë¢−®áâì ¡¨§-
−¥á� [2]. �¡é¨å â¥à¬¨−®¢ ®¯¨á�−¨ï ¢á¥å ãà®¢−¥© ®¡¥á¯¥ç¥−¨ï ¡¥§®¯�á−®áâ¨ ¯à¨
®à£�−¨§�æ¨¨ à�¡®âë á¨áâ¥¬ë ®â äã−ªæ¨®−¨à®¢�−¨ï ¥¥ ��, ¨−äà�áâàãªâãàë à¥-
�«¨§�æ¨¨ �� ¤® ¯à®£à�¬¬−®-�¯¯�à�â−®© ¯®¤¤¥à¦ª¨ â¥å−®«®£¨ç¥áª¨å ¯à®æ¥áá®¢
�¢â®àë −¥ −�è«¨. ‡�¬¥â¨¬, çâ® −�¨¡®«¥¥ ¯®¤å®¤ïé¨© ¢ íâ®¬ á«ãç�¥ â¥à¬¨−
ª¨¡¥à¡¥§®¯�á−®áâì ¢ −�ãç−®© «¨â¥à�âãà¥ ¨á¯®«ì§ã¥âáï −¥®¤−®§−�ç−® [3].

‚ ¤�−−®© áâ�âì¥ ¯à¨−ïâ â¥à¬¨− ”�, ¯®¤à�§ã¬¥¢�îé¨© ®¡®¡é¥−−®¥ §−�ç¥-
−¨¥ ®¡ëç−®£® ¯®−¨¬�−¨ï ”� ¨ ¯®¤¤¥à¦¨¢�¥¬®© ¯à®£à�¬¬−ë¬¨ ¨ â¥å−¨ç¥áª¨¬¨
áà¥¤áâ¢�¬¨ ¡¥§®¯�á−®áâ¨ �” ¨ ��. ’�ª®¥ à¥è¥−¨¥ á¢ï§�−® á â¥¬, çâ® ¢ áâ�âì¥
à¥çì ¨¤¥â ® ª®−âà®«¥ ãáâ®©ç¨¢®áâ¨ à¥�«¨§�æ¨¨ −� ®¤−®© ¯«�âä®à¬¥ ¡®«ìè®£®
ç¨á«� �� ®¡á«ã¦¨¢�−¨ï ¡®«ìè®£® ç¨á«� ª«¨¥−â®¢, §�¯à�è¨¢�îé¨å ®¤−®¢à¥¬¥−-
−® ¡®«ìè®¥ ª®«¨ç¥áâ¢® à�§«¨ç−ëå ãá«ã£ ¨ âà¥¡ãîé¨å ç�áâ¨ç−®© ¬®¤¨ä¨ª�æ¨¨
�” ¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨. ‚ â�ª¨å ãá«®¢¨ïå, −�¯à¨¬¥à, à�¡®â�îâ
ªàã¯−ë¥ ¡�−ª¨ á ¡®«ìè¨¬ ç¨á«®¬ ª«¨¥−â®¢ ¨ á¥à¢¨á®¢. ‘«¥¤áâ¢¨¥¬ ãª�§�−−ëå
ãá«®¢¨© áâ�−®¢¨âáï §−�ç¨â¥«ì−®¥ ç¨á«® ª®−ä«¨ªâ®¢, ®è¨¡®ª ¨ á¡®¥¢ −� à�§«¨ç-
−ëå ãà®¢−ïå à¥�«¨§�æ¨¨ ®¤−¨å ¨ â¥å ¦¥ á¥à¢¨á®¢ ¯à¨ ®£à�−¨ç¥−¨ïå ¢® ¢à¥¬¥−¨.
Œ®−¨â®à¨−£ ¢ë¯®«−¥−¨ï �� ¯à¨§¢�− ¢ëï¢«ïâì ¨ ª«�áá¨ä¨æ¨à®¢�âì ª®−ä«¨ªâë,
®è¨¡ª¨ ¨ á¡®¨ ¤«ï ¤�«ì−¥©è¥£® ¯à¨−ïâ¨ï ã¯à�¢«¥−ç¥áª¨å à¥è¥−¨©.

‘â�âìï ¯®áâà®¥−� ¯® áå¥¬¥:

{ ®¯¨á�−¨¥ ®¡ê¥ªâ� §�é¨âë;

{ ®¯¨á�−¨¥ ã£à®§ ¨ ãï§¢¨¬®áâ¥©;

{ ¨áá«¥¤®¢�−¨¥ ¯ãâ¥© à¥è¥−¨ï §�¤�ç ¬®−¨â®à¨−£�.

ˆ§ ®¯¨á�−¨ï ®¡ê¥ªâ� §�é¨âë, ¢®§¬®¦−®áâ¥© ª�áª�¤−ëå á¡®¥¢ ¢¨¤−®, çâ®
â¥¬�â¨ª� áâ�âì¨ ®â«¨ç�¥âáï ®â §�¤�ç ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨. ‚�¦−¥©è¨¬
áà¥¤áâ¢®¬ ¬®−¨â®à¨−£� �� áâ�−®¢¨âáï �−�«¨§ −�¡«î¤�¥¬®© ¨−ä®à¬�æ¨¨ ¬®−¨-
â®à¨−£� á ¨á¯®«ì§®¢�−¨¥¬ ª®¬¯«¥ªá� ¬®¤¥«¥© ¢á¥© ¨−äà�áâàãªâãàë ��, ª®â®àë©
à�−¥¥ ¡ë« −�§¢�− Œ„ [4, 5].

2 Моделирование данных мониторинга

‘�¬®¥ £«�¢−®¥ âà¥¡®¢�−¨¥ ª á¨áâ¥¬�¬ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨ ¤¥ïâ¥«ì-
−®áâ¨ «î¡®© ®à£�−¨§�æ¨¨ | íâ® á®åà�−¥−¨¥ ¥¥ äã−ªæ¨®−�«ì−®£® ¯à¥¤−�§−�ç¥−¨ï
¢ ãá«®¢¨ïå ª�ª ¢−ãâà¥−−¨å, â�ª ¨ ¢−¥è−¨å ¢à¥¤®−®á−ëå ¢®§¤¥©áâ¢¨©. ”ã−ªæ¨®-
−�«ì−®¥ ¯à¥¤−�§−�ç¥−¨¥ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨ ¤¥ïâ¥«ì−®áâ¨ ®à£�−¨§�æ¨¨
¬®¦−® ®¯¨á�âì ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨ ��. �¨§−¥á-¯à®æ¥áá ®¯à¥¤¥«ï¥âáï ª�ª «®-
£¨ç¥áª¨ §�¢¥àè¥−−�ï æ¥¯®çª� ¢§�¨¬®á¢ï§�−−ëå ¨ ¢§�¨¬®¤¥©áâ¢ãîé¨å, ¯®¢â®àï-
îé¨åáï ¢¨¤®¢ ¤¥ïâ¥«ì−®áâ¨ (¤¥©áâ¢¨©, �”, à�¡®â ¨ â. ¤.), ¢ à¥§ã«ìâ�â¥ ª®â®àëå
à¥áãàáë ®à£�−¨§�æ¨¨ ¨á¯®«ì§ãîâáï ¤«ï ¤®áâ¨¦¥−¨ï ®¯à¥¤¥«¥−−ëå ¨§¬¥à¨¬ëå
à¥§ã«ìâ�â®¢ [6].

Œ®¤¥«ìî �� −�§®¢¥¬ ¥£® ä®à¬�«¨§®¢�−−®¥ ®¯¨á�−¨¥ ¢ ¢¨¤¥ £à�ä� G(âð).
‚¥àè¨−ë £à�ä� | íâ® �”. ‚å®¤ïé�ï ¨ ¢ëå®¤ïé�ï ¨−ä®à¬�æ¨ï ¯à¥¤áâ�¢«ï¥âáï
®à¨¥−â¨à®¢�−−ë¬¨ ¤ã£�¬¨, ¢ á®®â¢¥âáâ¢¨¨ á ª®â®àë¬¨ ¨−ä®à¬�æ¨ï ¯¥à¥¤�¥âáï ¯®
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Œ®−¨â®à¨−£ äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ ¡®«ìè¨å á¥à¢¨á−ëå á¨áâ¥¬

á¥â¨ á¢ï§¨. �®àï¤®ª ¢ë¯®«−¥−¨ï �” ¨ ¬¥å�−¨§¬ë ª®−âà®«ï ¨ ã¯à�¢«¥−¨ï â�ª¦¥
®âà�¦�îâáï −� £à�ä¥ G(âð) «¨¡® ¢ ¢¨¤¥ ®â¤¥«ì−ëå ¢¥àè¨−, «¨¡® á ¯®¬®éìî
ãª�§�−¨ï −� §�¤¥©áâ¢®¢�−−ë¥ à¥áãàáë. —�áâ® ¢á¯®¬®£�â¥«ì−ë¥ áâàãªâãàë −¥ à�á-
á¬�âà¨¢�îâáï ¨«¨ ¬®£ãâ ¡ëâì ¤®¡�¢«¥−ë ¢ á«ãç�ïå −¥®¡å®¤¨¬®áâ¨. �¯¨á�−−ë¥
¬®¤¥«¨ �� ¢ ¢¨¤¥ £à�ä®¢G(âð) −�§ë¢�îâáï äã−ªæ¨®−�«ì−ë¬¨. Šà®¬¥ äã−ªæ¨-
®−�«ì−ëå ¬®¤¥«¥© ç�áâ® ¡ë¢�¥â −¥®¡å®¤¨¬® à�áá¬®âà¥âì á«¥¤ãîé¨¥ ¬®¤¥«¨ [6]:

{ ¯®¢¥¤¥−ç¥áª¨¥, ¯®ª�§ë¢�îé¨¥, ª®£¤� ¨ ¯à¨ ª�ª¨å ãá«®¢¨ïå ¢ë¯®«−ïîâáï
�” (¨á¯®«ì§ãîâáï â�ª¨¥ ¯®−ïâ¨ï, ª�ª á®¡ëâ¨¥, á®áâ®ï−¨ï á¨áâ¥¬ë, ãá«®¢¨ï
¯¥à¥å®¤� ¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥, ¯®á«¥¤®¢�â¥«ì−®áâì á®¡ëâ¨©);

{ áâàãªâãà−ë¥, å�à�ªâ¥à¨§ãîé¨¥ á®áâ�¢ ¯®¤á¨áâ¥¬ ¨ ¨å ¢§�¨¬®¤¥©áâ¢¨¥;

{ ¨−ä®à¬�æ¨®−−ë¥, ®âà�¦�îé¨¥ áâàãªâãàë ¤�−−ëå, ¨å á®áâ�¢ ¨ ¢§�¨¬®¤¥©-
áâ¢¨¥.

”ã−ªæ¨®−�«ì−ë¥ ¨ áâàãªâãà−ë¥ ¬®¤¥«¨ â¥á−® á¢ï§�−ë ¬¥¦¤ã á®¡®©. ‚ë¤¥-
«¨¬ ¬−®¦¥áâ¢® ¢¥àè¨− £à�ä� G(âð) á® ¢á¥¬¨ ¢−ãâà¥−−¨¬¨ ¤ã£�¬¨ ¨ úáâï−¥¬û
¢ë¤¥«¥−−ë© ¯®¤£à�ä ¢ ®¤−ã â®çªã | −®¢ãî ¢¥àè¨−ã z. �âã ¢¥àè¨−ã z ¡ã¤¥¬
−�§ë¢�âì ¬®¤¥«ìî ¯®¤á¨áâ¥¬ë, á®¤¥à¦�é¥© ¢á¥ �”, ª®â®àë¥ úáâï−ãâëû ¢ íâã
¢¥àè¨−ã. ‚ ¢¥àè¨−ã z ¢å®¤¨â ®¤−� ®à¨¥−â¨à®¢�−−�ï ¤ã£� ®â ª�¦¤®© ¢¥àè¨−ë x,
¤«ï ª®â®à®© ¢ ¯®¤á¨áâ¥¬¥ ¡ë«� å®âì ®¤−� ¢¥àè¨−� y, ¢ ª®â®àãî ¢å®¤¨«� ¤ã£�
(x, y). �−�«®£¨ç−® ¨§ ¢¥àè¨−ë z ¢ëå®¤¨â ®¤−� ¤ã£� ¢ ¢¥àè¨−ã y, ¥á«¨ ¢ ¯®¤á¨á-
â¥¬¥ áãé¥áâ¢ã¥â å®âì ®¤−� äã−ªæ¨ï x, ª®â®à�ï −� £à�ä¥ G(âð) á¢ï§�−� ¤ã£®©
(x, y) á x. …á«¨ ¢−¥è−ïï ¢¥àè¨−� x á¢ï§�−� ¢å®¤ïé¨¬¨ ¨«¨ ¢ëå®¤ïé¨¬¨ ¤ã£�¬¨
á −¥áª®«ìª¨¬¨ ¢¥àè¨−�¬¨ ¯®¤á¨áâ¥¬ë z, â® ¤«ï á¢ï§¨ á z ¨á¯®«ì§ã¥âáï â®«ìª®
®¤−� ¢å®¤ïé�ï ¢ ¯®¤á¨áâ¥¬ã ¨§ ¢¥àè¨−ë x ¨ ®¤−� ¢ëå®¤ïé�ï ¨§ ¯®¤á¨áâ¥¬ë
¢ ¢¥àè¨−ã x ¤ã£�.

�â¤¥«ì−�ï ¢¥àè¨−� ¢ G(âð) â�ª¦¥ áç¨â�¥âáï ¯®¤á¨áâ¥¬®©. …á«¨ C ¯à¥¤-
áâ�¢«ï¥â á®¡®© à�§¡¨¥−¨¥ ¬−®¦¥áâ¢� ¢¥àè¨− £à�ä� G(âð), â® ¯®áâà®¥−−ë© −�
í«¥¬¥−â�å C £à�ä G(C) ¯®¤á¨áâ¥¬ (¯à¨ ®¯à¥¤¥«¥−−ëå C) −�§ë¢�¥âáï áâàãª-
âãà−ë¬ £à�ä®¬ �� ¨ á®®â¢¥âáâ¢ã¥â áâàãªâãà−®¬ã ®¯¨á�−¨î ç�áâ¨ á¨áâ¥¬ë,
á¢ï§�−−®© á ¤�−−ë¬ ��.

‘âàãªâãà−ë© ¯®¤å®¤ ª ®¯¨á�−¨î á¨áâ¥¬ (−�¡®à®¢ ��) ®¡ëç−® ¯à¥¤áâ�¢«ï¥â
á®¡®© ¨¥à�àå¨î áâàãªâãà−ëå £à�ä®¢ [6]. Œ−®¦¥áâ¢® à�§¡¨¥−¨© {C∗} ¢á¥å �”
á¨áâ¥¬ë ®¡à�§ã¥â ç�áâ¨ç−® ã¯®àï¤®ç¥−−®¥ ¬−®¦¥áâ¢® C∗∗. �®íâ®¬ã ¬−®¦¥-
áâ¢® £à�ä®¢ G(C∗) â�ª¦¥ ®¡à�§ã¥â ç�áâ¨ç−® ã¯®àï¤®ç¥−−®¥ ¬−®¦¥áâ¢® −� ¢á¥å
¯®à®¦¤¥−¨ïå £à�ä®¢ G(âð) ¨ ¢á¥å ��.

‘®¢®ªã¯−®áâì äã−ªæ¨®−�«ì−ëå, ¯®¢¥¤¥−ç¥áª¨å, áâàãªâãà−ëå ¨ ¨−ä®à¬�æ¨-
®−−ëå ¬®¤¥«¥© ¢á¥å �� ®à£�−¨§�æ¨¨ ¢¬¥áâ¥ á ¬®¤¥«ï¬¨ à¥áãàá®¢ (ª®¬¯ìîâ¥àë,
¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥) ¨ ¬®¤¥«ï¬¨ á¢ï§−®£® ®¡¥á¯¥ç¥−¨ï ¡ã¤¥¬ −�§ë¢�âì Œ„
®à£�−¨§�æ¨¨. ‘®®â¢¥âáâ¢¥−−®, ®−¨ ¢ª«îç�îâ Œ„ ®â¤¥«ì−ëå ��, Œ„ ®â¤¥«ì−ëå
¯®¤á¨áâ¥¬ ®¡¥á¯¥ç¥−¨ï à¥áãàá�¬¨, Œ„ ¨−ä®à¬�æ¨®−−ëå ¢§�¨¬®¤¥©áâ¢¨©.

Ÿá−®, çâ® Œ„ á«ã¦�â ®á−®¢®© ¤«ï ®à£�−¨§�æ¨¨ â¥ªãé¥£® ã¯à�¢«¥−¨ï ¨ ¯¥à-
á¯¥ªâ¨¢−®£® à�§¢¨â¨ï. Œ¥â�¤�−−ë¥ åà�−ïâáï ¨ ¨á¯®«ì§ãîâáï ®â¤¥«ì−® ®â â¥å−®-
«®£¨ç¥áª¨å �� ®à£�−¨§�æ¨¨.
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Œ−®¦¥áâ¢® ��, Œ„ ¨ ®¡á«ã¦¨¢�îé¨© ¯¥àá®−�« ®¡à�§ãîâ äã−ªæ¨®−�«ì−ãî
á¨áâ¥¬ã ®à£�−¨§�æ¨¨ (”‘�). �â ¯à�¢¨«ì−®© à�¡®âë ”‘� áãé¥áâ¢¥−−® §�¢¨á¨â
íää¥ªâ¨¢−®áâì ®à£�−¨§�æ¨¨. �®íâ®¬ã −¥®¡å®¤¨¬® ¢¥áâ¨ �−�«¨§ ã£à®§ ¤«ï ”‘�,
¨áá«¥¤®¢�âì ¢®§¬®¦−®áâ¨ −¥¯à¥¤−�¬¥à¥−−ëå ¨ ã¬ëè«¥−−ëå ¢®§¤¥©áâ¢¨© −�
¯®¤á¨áâ¥¬ë ”‘�, ãï§¢¨¬®áâ¨ ”‘�.

÷�§ã¬¥¥âáï, −¥ ¢á¥ ª®¬¯®−¥−âë ”‘� ¨¬¥îâ ®¤¨−�ª®¢ãî §−�ç¨¬®áâì ¢ à¥-
§ã«ìâ�â�å à�¡®âë ®à£�−¨§�æ¨¨. �®íâ®¬ã −¥®¡å®¤¨¬® ª«�áá¨ä¨æ¨à®¢�âì �”
¨ ¯®¤á¨áâ¥¬ë ”‘� ¯® §−�ç¨¬®áâ¨ á ¯®¬®éìî ®æ¥−ª¨ ¯®â¥−æ¨�«ì−®£® ãé¥à¡�
¤«ï ®à£�−¨§�æ¨¨. �à¨ ®æ¥−ª¥ à¨áª®¢ −�¤® ãç¨âë¢�âì ¢§�¨¬®¤¥©áâ¢¨ï á ¢−¥è−¨¬¨
®à£�−¨§�æ¨ï¬¨. ”ã−ªæ¨®−�«ì−ãî ¡¥§®¯�á−®áâì ¬®¦−® ®¯à¥¤¥«¨âì ª�ª ®¡¥á¯¥ç¥-
−¨¥ äã−ªæ¨®−¨à®¢�−¨ï ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨ ¤¥ïâ¥«ì−®áâ¨ ®à£�−¨§�æ¨¨
¢ ãá«®¢¨ïå ª�ª ¢−ãâà¥−−¨å, â�ª ¨ ¢−¥è−¨å ¢à¥¤®−®á−ëå ¢®§¤¥©áâ¢¨©.

��àãè¥−¨ï ”� ¬®¦−® «¥£ª® ¯¥à¥ç¨á«¨âì:

{ ®âª�§ë ¯à¨ ¢ë¯®«−¥−¨¨ äã−ªæ¨© ¯®¤á¨áâ¥¬ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨;

{ ®è¨¡ª¨ ¢ ¢ë¯®«−¥−¨¨ äã−ªæ¨© ¯®¤á¨áâ¥¬ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨;

{ ª®−ä«¨ªâë ¯à¨ ¢ë¯®«−¥−¨¨ äã−ªæ¨© ¯®¤á¨áâ¥¬ ¨−ä®à¬�æ¨®−−®© ¯®¤-
¤¥à¦ª¨;

{ ®ç¥à¥¤¨ ¯à¨ ¢ë¯®«−¥−¨¨ äã−ªæ¨© ¯®¤á¨áâ¥¬ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨.

“ª�§�−−ë¥ −�àãè¥−¨ï ¢®§−¨ª�îâ ¢á«¥¤áâ¢¨¥ ¯à¨ç¨−, ª®â®àë¥ áãé¥áâ¢ãîâ
¢ ”‘� ¨«¨ á®§¤�−ë −�àãè¨â¥«ï¬¨ ”�. ‡�é¨â� ¯à¥¤¯®«�£�¥â §−�−¨¥ ¯à¨ç¨−,
−® ¯à®¢¥áâ¨ �¯à¨®à¨ ¯®«−ë© �−�«¨§ ¯à¨ç¨− ¯®â¥−æ¨�«ì−ëå −�àãè¥−¨© ”� −¥
¯à¥¤áâ�¢«ï¥âáï à¥�«ì−ë¬. ‡−�ç¨â¥«ì−®¥ á®ªà�é¥−¨¥ âàã¤®¥¬ª®áâ¨ §�¤�ç¨ á®áâ®-
¨â ¢ ®âá«¥¦¨¢�−¨¨ ¯à¨§−�ª®¢ −�àãè¥−¨ï ”� −� ãà®¢−¥ ¯®¤á¨áâ¥¬ ¨ ª®¬¯¥−á�æ¨¨
−�àãè¥−¨© á ¯®¬®éìî §�¬¥−ë â�ª¨å ¯®¤á¨áâ¥¬. ‚ ¤�«ì−¥©è¥¬ ¬®¦−® ¯à®¢¥áâ¨
�−�«¨§ ¯à¨ç¨−ë −�àãè¥−¨ï ¢ §�¬¥−¥−−®© ¯®¤á¨áâ¥¬¥ ¨, ãáâà�−¨¢ ¯à¨ç¨−ã, á−®¢�
¢¢¥áâ¨ ¢ ¤¥©áâ¢¨¥ §�¬¥−¥−−ãî ¯®¤á¨áâ¥¬ã.

’�ª¨¬ ®¡à�§®¬, ¯à¨å®¤¨¬ ª ®á−®¢−®¬ã ¬¥â®¤ã §�é¨âë ®â −�àãè¥−¨© ”� |
ª ¨§¡ëâ®ç−®áâ¨ á¨áâ¥¬−®© �àå¨â¥ªâãàë ¢ ”‘�. Ÿá−®, çâ® ¨§¡ëâ®ç−®áâì ï¢«ï¥âáï
¤®à®£¨¬ ¬¥â®¤®¬ §�é¨âë ”‘� ¨ ¥¥ à¥�«¨§�æ¨ï âà¥¡ã¥â ¡®«ìè®© à�¡®âë ¤«ï
¬¨−¨¬¨§�æ¨¨ à¨áª®¢. �à¨ íâ®¬ −¥®¡å®¤¨¬® ®à£�−¨§®¢�âì ¬®−¨â®à¨−£ −�àãè¥−¨©
”�. Š�ª ¯à�¢¨«®, á¨áâ¥¬� ¬®−¨â®à¨−£� ®à¨¥−â¨à®¢�−� −� ª®−ªà¥â−®¥ à�§¡¨¥−¨¥
á¨áâ¥¬ë C∗. ‚ íâ®¬ á«ãç�¥ ¡ã¤¥¬ £®¢®à¨âì ® ¬®−¨â®à¨−£¥ äã−ªæ¨®−�«ì−®©
¨−äà�áâàãªâãàë, ¯®à®¦¤¥−−®© C∗.

3 Организация мониторинга функциональной безопасности

Œ®−¨â®à¨−£ äã−ªæ¨®−�«ì−®© ¨−äà�áâàãªâãàë (”ˆ) á®áâ®¨â ¨§:

{ á¨áâ¥¬ë á¡®à� ¬®−¨â®à¨−£®¢®© ¨−ä®à¬�æ¨¨ (Œˆ);

{ á¨áâ¥¬ë ¯¥à¥¤�ç¨ íâ®© ¨−ä®à¬�æ¨¨ ¢ æ¥−âà �−�«¨§�;

{ ¬¥â®¤®¢ ¨ áà¥¤áâ¢ �−�«¨§� Œˆ;

{ á¨áâ¥¬ë ¯¥à¥¤�ç¨ à¥§ã«ìâ�â®¢ �−�«¨§� ¢ á¨áâ¥¬ã ã¯à�¢«¥−¨ï ”‘�.

6 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024



Œ®−¨â®à¨−£ äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ ¡®«ìè¨å á¥à¢¨á−ëå á¨áâ¥¬

�à¨ ®à£�−¨§�æ¨¨ ¬®−¨â®à¨−£� −¥®¡å®¤¨¬® à¥è�âì §�¤�çã ¬¨−¨¬¨§�æ¨¨ à¨á-
ª®¢, á¢ï§�−−ëå á ¯®«−®â®© á¡®à� ¨−ä®à¬�æ¨¨ ® ¯à¨§−�ª�å −�àãè¥−¨ï ”�,
á ®£à�−¨ç¥−¨ï¬¨ áã¬¬�à−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ª�−�«®¢, ¯¥à¥¤�îé¨å Œˆ,
á ®£à�−¨ç¥−¨ï¬¨ ¯® ¢à¥¬¥−¨ ¤«ï á¡®à�, ¯¥à¥¤�ç¨ ¨ �−�«¨§� Œˆ.

‘¡®à Œˆ, ª�ª ¯à�¢¨«®, à¥�«¨§ã¥âáï á ¯®¬®éìî:

{ ¬−®£®�£¥−â−®© á¨áâ¥¬ë (Œ�‘), ¢ ª®â®à®© ª�¦¤ë© �£¥−â, ª�ª ¯à�¢¨«®, á¢ï§�−
á ®¤−®© ¯®¤á¨áâ¥¬®© £à�ä�G(C∗) ¨ −�¡®à®¬ ¯à¨§−�ª®¢ −�àãè¥−¨ï ”� ¢ íâ®©
¯®¤á¨áâ¥¬¥, � ¨−ä®à¬�æ¨ï ¯¥à¥¤�¥âáï ¤«ï �−�«¨§� ¯® ®¡é¥© á¨áâ¥¬¥ á¢ï§¨
(¤¥â�«ì−ë© �−�«¨§ íâ®£® ¯®¤å®¤� ¬®¦−® −�©â¨, −�¯à¨¬¥à, ¢ à�¡®â�å [7, 8]);

{ á¨áâ¥¬ë á¥−á®à®¢, ¢ëï¢«ïîé¨å ¨ ¯¥à¥¤�îé¨å §−�ç¥−¨ï −¥ª®â®àëå äã−ªæ¨©
®â ¯à®å®¤ïé¨å ç¥à¥§ −¨å ¤�−−ëå ® äã−ªæ¨®−¨à®¢�−¨¨ ¯®¤á¨áâ¥¬ë (¯à¨¬¥àë
¬®¦−® −�©â¨ ¢ [9]).

‚ ¯¥à¢®¬ á«ãç�¥ «¥£ç¥ ¯à®¢®¤¨âì �−�«¨§ ¨ ¢ëï¢«ïâì −�àãè¥−¨ï ”� ¢ ª®−-
ªà¥â−®© ¯®¤á¨áâ¥¬¥. ‚® ¢â®à®¬ á«ãç�¥ ¬®¦−® §−�ç¨â¥«ì−® á−¨§¨âì áã¬¬�à−ãî
¯à®¯ãáª−ãî á¯®á®¡−®áâì ª�−�«®¢ ¬®−¨â®à¨−£�, ®¤−�ª® ¯à¨ íâ®¬ á«®¦−¥¥ ¯à®¢®-
¤¨âì �−�«¨§.

Œ−®£®�£¥−â−ãî á¨áâ¥¬ã ¬®¦−® ¨á¯®«ì§®¢�âì −¥ â®«ìª® ¤«ï ¬®−¨â®à¨−£�
äã−ªæ¨®−¨à®¢�−¨ï á¨áâ¥¬ë. ��¯à¨¬¥à, Œ�‘ ¬®¦−® á¢ï§�âì á á¨áâ¥¬®© â¥å-
−¨ç¥áª®© §�é¨âë (‘’‡). „«ï ¯à®¢¥àª¨ íâ®£® ¡ë«® ¯à®¢¥¤¥−® á«¥¤ãîé¥¥ ¨áá«¥-
¤®¢�−¨¥. ˆ¬¨â¨à®¢�«�áì ¨−â¥£à�æ¨ï Œ�‘ ¤«ï ¬®−¨â®à¨−£� á¥â¥¢®£® âà�ä¨ª�
á ‘’‡, ¢ëï¢«ïîé�ï á¥â¥¢ë¥ �â�ª¨. �ë« ¯®áâà®¥− ¬�ª¥â ¨§ á�¬®¤¥«ì−®© Œ�‘
¨ ‘’‡ (¨á¯®«ì§®¢�«®áì ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ (��) Wireshark). �ªá¯¥à¨¬¥−â
á®áâ®ï« ¨§ á«¥¤ãîé¨å è�£®¢:

{ ¬®−¨â®à¨−£ á¥â¥¢®© �ªâ¨¢−®áâ¨ á ¯®¬®éìî Œ�‘;

{ ¢ëï¢«¥−¨¥ ¯®¤®§à¨â¥«ì−ëå á¥áá¨© (¯�ª¥â®¢) á ¯®¬®éìî Œ�‘;

{ á®åà�−¥−¨¥ ¯®¤®§à¨â¥«ì−ëå á¥áá¨© (¯�ª¥â®¢) ¢ á¨áâ¥¬¥ ã¯à�¢«¥−¨ï ¡�§�¬¨
¤�−−ëå;

{ à�§à�¡®âª� ¨−â¥£à�æ¨®−−®£® �� (ˆ��) ¤«ï ¢§�¨¬®¤¥©áâ¢¨ï á ‘’‡;

{ ¯¥à¥¤�ç� á®¡à�−−ëå ¯�ª¥â®¢ ¨§ ˆ�� ¢ ‘’‡;

{ í¬ã«ïæ¨ï á¥â¥¢®© �ªâ¨¢−®áâ¨ ¤«ï ¥£® �−�«¨§� á ¯®¬®éìî ‘’‡.

�®«ãç¥−−ë© à¥§ã«ìâ�â ¯®ª�§�« ãá¯¥è−®¥ ¢ëï¢«¥−¨¥ �â�ª¨ ¢ í¬ã«¨à®¢�−−®¬
âà�ä¨ª¥.

�¤−� ¨§ ¢�¦−¥©è¨å ¯à®¡«¥¬ ¬®−¨â®à¨−£� | à�á¯à®áâà�−¥−¨¥ −�àãè¥−¨ï
”� ¨§ ®¤−®© ¯®¤á¨áâ¥¬ë ¢ ¤àã£¨¥. ‚ ç�áâ−®áâ¨, ¢®§−¨ª�¥â á«®¦−�ï §�¤�ç�
¢ëï¢«¥−¨ï ¯¥à¢®¯à¨ç¨−ë (Root Cause Analysis | RCA) −�àãè¥−¨ï ”� [10].

÷�áªà®¥¬ −¥ª®â®àë¥ æ¥«¨ ¨ ¯à®¡«¥¬ë ¬®−¨â®à¨−£� ”‘� −� á«¥¤ãîé¨å
¯à¨¬¥à�å.

�à¨¬¥à 1. �à¥¤¯®«®¦¨¬, çâ® −¥ª®â®à�ï �” f ¢ë¯®«−ï¥âáï −� ¤�−−ëå
¤«¨−®© l. …á«¨ ¯® ª�ª®©-â® ®è¨¡ª¥ −� ¢å®¤ ¢ë¯®«−¥−¨ï äã−ªæ¨¨ ¯®¤�−�
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¯®á«¥¤®¢�â¥«ì−®áâì ¤«¨−®© ¡®«ìè¥ l, â® äã−ªæ¨ï f −¥ ¬®¦¥â ¡ëâì ¢ë¯®«−¥−�
¨, á«¥¤®¢�â¥«ì−®, ¯à®¨áå®¤¨â ®áâ�−®¢ ��. ”�ªâ ®áâ�−®¢� �� ¬®¦¥â ¡ëâì
¢ëï¢«¥− ®¯¥à�â®à®¬ ��, ª®â®àë© ¬®¦¥â −�¦�âì ª−®¯ªã ú¯à®¤®«¦¨âì à�¡®âãû,
¨ −� ¢å®¤ �� ¡ã¤ãâ ¯®¤�−ë −®¢ë¥ ¤�−−ë¥ á«¥¤ãîé¥© §�¤�ç¨. …á«¨ ¢ −¨å −¥â
®è¨¡ª¨, â® ®áâ�−®¢� �� −¥ ¡ã¤¥â ¨ á¡®© ¢ ®¡à�¡®âª¥ −¥ª®â®àëå ¤�−−ëå ¡ã¤¥â
¯à®¯ãé¥− ¢¬¥áâ¥ á §�¤�ç¥©, ª®â®àãî −¥ ã¤�«®áì à¥è¨âì.

�à¨ ®áâ�−®¢¥ �� ®¯¥à�â®à −¥ ¬®¦¥â ¨áª�âì ¯à¨ç¨−ã íâ®£® á®¡ëâ¨ï. �®áë«�âì
§�¤�çã, −� ª®â®à®© ¯à®¨§®è¥« á¡®©, ¤«ï ¢ë¯®«−¥−¨ï −� à¥§¥à¢−®© ª®¯¨¨ −¥«ì§ï,
â�ª ª�ª −� à¥§¥à¢−®© ª®¯¨¨ ¯à®¨§®©¤¥â â�ª®© ¦¥ á¡®©. �áâ�−®¢¨âì à�¡®âã �� ¤«ï
¢á¥å §�¤�ç íª®−®¬¨ç¥áª¨ −¥¢ë£®¤−®, â¥¬ ¡®«¥¥ çâ® −� ¤àã£¨å §�¤�ç�å à�¡®â� ��
¯à®å®¤¨â ¡¥§ á¡®¥¢. ’®£¤� á¨áâ¥¬� ¬®−¨â®à¨−£� ¤®«¦−� ®¡¥á¯¥ç¨âì ¢ëï¢«¥−¨¥
ä�ªâ� ¨áª«îç¥−¨ï §�¤�ç¨ á ®è¨¡®ç−ë¬¨ ¤�−−ë¬¨ ¨ ä®à¬¨à®¢�−¨¥ á¨£−�«� ®¡
íâ®¬ ¢ á¨áâ¥¬ã ã¯à�¢«¥−¨ï ”�.

�à¨¬¥à 2. ‚®§−¨ª−®¢¥−¨¥ ®ç¥à¥¤¥© ®£à�−¨ç¥−−®£® à�§¬¥à� ®¡ëç−® ¤®¯ãáª�-
¥âáï ¢ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨ïå. �¤−�ª® −¥®£à�−¨ç¥−−ë© à®áâ ®ç¥à¥¤¥© −�
¢ë¯®«−¥−¨¥ �” −¥¤®¯ãáâ¨¬. ’�ª®© à®áâ ¢¥¤¥â, ª�ª ¯à�¢¨«®, ª ª�áª�¤−ë¬ á¡®ï¬
(á¬., −�¯à¨¬¥à, [11]). Š�áª�¤−ë© á¡®© å�à�ªâ¥à¨§ã¥âáï ®áâ�−®¢®¬ ¢ë¯®«−¥−¨ï
¬−®¦¥áâ¢� �”. �−�«¨§ ª�áª�¤−®£® á¡®ï ¤®«¦¥− ¯à¨¢¥áâ¨ ª ¯¥à¢®¯à¨ç¨−¥ á¡®ï,
â. ¥. ¯¥à¢®¬ã ¯¥à¥¯®«−¥−¨î ®ç¥à¥¤¨. Š�ª ®ª�§�«®áì, íâ® âàã¤®¥¬ª�ï §�¤�ç� [12].
�®¬®éì ¢ ¥¥ à¥è¥−¨¨ ¬®¦¥â ®ª�§�âì ¬®−¨â®à¨−£ −� ¡�§¥ á¥−á®à®¢, ¯¥à¥¤�îé¨å
á¨£−�« ¢à¥¬¥−¨ ¯¥à¥¯®«−¥−¨ï ®ç¥à¥¤¨ ª â¥ªãé¥© �” (¨«¨ ¯®¤á¨áâ¥¬¥). ��
®á−®¢¥ íâ¨å ¤�−−ëå ¬®¦−® ¢ëç¨á«¨âì ¯®á«¥¤®¢�â¥«ì−®áâì à�á¯à®áâà�−¥−¨ï á¡®ï
¨ ¯à¨©â¨ ª ®ªà¥áâ−®áâ¨ ¯¥à¢®¨áâ®ç−¨ª�. ‚ á�¬®¬ ¤¥«¥, ¯¥à¥¯®«−¥−¨¥ ®ç¥à¥¤¨
ª �” ®§−�ç�¥â, çâ® äã−ªæ¨ï −¥ à�¡®â�¥â ¨«¨ áâ®¨â ¢ ®ç¥à¥¤¨ ª ¯¥à¥¤�ç¥ ¤�−−ëå
á«¥¤ãîé¥© �”. ‚ «î¡®¬ ¨§ íâ¨å á«ãç�¥¢ ®¡à�é¥−¨¥ ª á«¥¤ãîé¥© äã−ªæ¨¨ ��
−¥ ¬®¦¥â ¡ëâì ¢ë¯®«−¥−®.

�à¥¤¯®«®¦¨¬, çâ® ¯¥à¥¯®«−¥−¨ï ®ç¥à¥¤¨ ª á«¥¤ãîé¥© äã−ªæ¨¨ −¥â. …á«¨
¢ á«¥¤ãîé¥© äã−ªæ¨¨ ¯¥à¥¯®«−¥−¨ï ®ç¥à¥¤¨ −¥â, â® −�¤® á¬®âà¥âì ®¡à�é¥−¨¥
¤�−−®© äã−ªæ¨¨ ª ¤àã£¨¬ �”. �¤−� �” ¬®¦¥â ¯®áë«�âì á¢®¨ à¥§ã«ìâ�âë áà�§ã
−¥áª®«ìª¨¬ ¤àã£¨¬ �”. …á«¨ å®âï ¡ë ã ®¤−®© ¨§ −¨å ¯à®¨§®è«® ¯¥à¥¯®«−¥−¨¥
®ç¥à¥¤¨, â® ¨áå®¤−�ï äã−ªæ¨ï −¥ ¬®¦¥â ¯®áë«�âì à¥§ã«ìâ�â ¤àã£¨¬, â�ª ª�ª
íâ® ¬®¦¥â −�àãè¨âì á¨−åà®−¨§�æ¨î à�¡®âë ¢ë¯®«−¥−¨ï ��. …á«¨ ¤«ï ¤�−−®©
äã−ªæ¨¨ ¢á¥ ®ç¥à¥¤¨ ¯®«ãç¥−¨ï à¥§ã«ìâ�â®¢ ®â −¥¥ á¢®¡®¤−ë, � ª íâ®© äã−ªæ¨¨
¥áâì ¯¥à¥¯®«−¥−¨¥ ®ç¥à¥¤¨ ®â ¯à¥¤ë¤ãé¨å äã−ªæ¨©, â® −�©¤¥−� ¯¥à¢®¯à¨ç¨−�
á¡®ï. …á«¨ ª á«¥¤ãîé¥© �” ã¦¥ ¥áâì ¯¥à¥¯®«−¥−¨¥ ®ç¥à¥¤¨, â® íâ� äã−ªæ¨ï
−�å®¤¨âáï ¡«¨¦¥ ª ¯¥à¢®¯à¨ç¨−¥ á¡®ï. …á«¨ ¤«ï ¤�−−®© �” ¢á¥ á«¥¤ãîé¨¥
�” ®¡«�¤�îâ á¢®©áâ¢®¬ ¯¥à¥¯®«−¥−¨ï ®ç¥à¥¤¨, â® −¥®¡å®¤¨¬® ®à£�−¨§®¢�âì
íää¥ªâ¨¢−ë© ¯¥à¥¡®à−ë© ¯à®æ¥áá ¢ëï¢«¥−¨ï ¯¥à¢®£® ¯¥à¥¯®«−¥−¨ï ®ç¥à¥¤¨.
’�ª¨¬ ®¡à�§®¬ ®¯à¥¤¥«ï¥âáï ¯ãâì ª ¯¥à¢®¯à¨ç¨−¥ á¡®ï.

‚®§¬®¦−®áâì íää¥ªâ¨¢−®£® ¯®¨áª� á®áâ®¨â ¢ ¢ë¡®à¥ −�¯à�¢«¥−¨ï ª ªà¨â¨-
ç¥áª¨¬ â®çª�¬ ¨−äà�áâàãªâãàë. Ÿá−®, çâ® íâ¨ à�áç¥âë ¬®¦−® ¤¥«�âì ¢ �¢â®¬�-
â¨ç¥áª®¬ à¥¦¨¬¥ ¯à¨ ¯®«ãç¥−¨¨ ¯¥à¢®£® á¨£−�«� ® ¯¥à¥¯®«−¥−¨¨ ®ç¥à¥¤¨. �â¨
à�áç¥âë ¬®¦−® ¯à®¢®¤¨âì −� ¬®¤¥«ïå ¢ à�¬ª�å Œ„.
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Œ®−¨â®à¨−£ äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ ¡®«ìè¨å á¥à¢¨á−ëå á¨áâ¥¬

Š�ª ¯à�¢¨«®, á¨áâ¥¬� ¬®−¨â®à¨−£� á®áâ®¨â ¨§ á¥¬¥©áâ¢� ¯®¤å®¤®¢, ª®â®àë¥
¬®¦−® ¢ª«îç�âì ¢ §�¢¨á¨¬®áâ¨ ®â â¥ªãé¨å §�¤�ç ®¯¥à�â®à�. ��¯à¨¬¥à, á−�ç�«�
à�¡®â�¥â á¥−á®à−�ï á¨áâ¥¬ ¢ëï¢«¥−¨ï −�àãè¥−¨© ”�. ‚ ã¤�«¥−−®¬ à¥¦¨¬¥ à�-
¡®âë æ¥−âà� �−�«¨§� ®¯¥à�â®à ¬®¦¥â ¯®¤ª«îç¨âì �£¥−â®¢ ¢ ¯®¤®§à¨â¥«ì−ëå ¯®¤-
á¨áâ¥¬�å. ˆ−ä®à¬�æ¨ï, ¯®«ãç�¥¬�ï ®â −¨å, ¯®§¢®«ï¥â £«ã¡¦¥ ¯®−ïâì áãé−®áâì
−�àãè¥−¨ï ”�, å®âï §�¤¥©áâ¢ã¥â ¡®«ìè¥ à¥áãàá®¢ á¥â¨. �®«¥¥ â®£®, ¢ à¥¦¨¬¥
¤¨�«®£� á �£¥−â®¬ à¥è�îâáï ¬−®£¨¥ ¯à®¡«¥¬ë �−�«¨§� á¡®¥¢ ¨ ¢®ááâ�−�¢«¨¢�¥âáï
−®à¬�«ì−�ï à�¡®â�.

�á−®¢−�ï ¯à®¡«¥¬� ¬®−¨â®à¨−£� á ¯®¬®éìî Œ�‘ ¨ á¥−á®à−ëå á¨áâ¥¬ á®-
áâ®¨â ¢ â®¬, çâ® ®−¨ −¥ ¯®§¢®«ïîâ ®âá«¥¦¨¢�âì −�àãè¥−¨¥ ¯ãâ¥© ¢ë¯®«−¥−¨ï
��. �à�¢¨«ì−®¥ ¢ë¯®«−¥−¨¥ �� ç�áâ® ¤®¯ãáª�¥â ¯à®¯ãáª¨ −¥ª®â®àëå �”.
’®£¤� ¯®¤â¢¥à¦¤¥−¨¥ ¯à�¢¨«ì−®áâ¨ ¢ë¯®«−¥−¨ï �� âà¥¡ã¥â ¤®¯®«−¨â¥«ì−®£®
�−�«¨§� [13]. ’�ª®¥ ¯®¤â¢¥à¦¤¥−¨¥ ç�áâ® ¯à®¯ãáª�îâ, çâ® ¬®¦¥â ¯à¨¢®¤¨âì
ª −¥¯à�¢¨«ì−ë¬ à¥§ã«ìâ�â�¬ à�¡®âë �� ¨«¨ ®âª�§�¬, ª®−ä«¨ªâ�¬, ª�áª�¤−ë¬
á¡®ï¬. „«ï ª®−âà®«ï ¢ë¯®«−¥−¨ï �� ¢ â�ª¨å á«ãç�ïå ã¤®¡−® ¨á¯®«ì§®¢�âì
Œ„ [14]. �−�«®£¨ç−ë¥ ¯à®¡«¥¬ë ¢®§−¨ª�îâ ¯à¨ ¬®−¨â®à¨−£¥ ��, ¨á¯®«ì§ã-
îé¨å æ¨ª«¨ç¥áª¨¥ â¥å−®«®£¨¨.

�á−®¢−ë¥ á«®¦−®áâ¨ ¢ ®à£�−¨§�æ¨¨ ¬®−¨â®à¨−£� ¢®§−¨ª�îâ ¯à¨ ®¤−®¢à¥¬¥−-
−®¬ ¢ë¯®«−¥−¨¨ −¥áª®«ìª¨å áå®¤−ëå �� −� ®¤−®© ¯«�âä®à¬¥. „®¯®«−¨â¥«ì−ë¥
á«®¦−®áâ¨ ¢®§−¨ª�îâ, ª®£¤� ¢ �� ¨á¯®«ì§ã¥âáï ¢−¥è−ïï ¨−äà�áâàãªâãà�. �â¨
¯à®¡«¥¬ë ¥é¥ ¯à¥¤áâ®¨â ¨áá«¥¤®¢�âì.

4 Заключение

‚ à�¡®â¥ ®ç¥àç¥− ªàã£ §�¤�ç, ª®â®àë¥ á®á¥¤áâ¢ãîâ á §�¤�ç�¬¨ ¨−ä®à¬�-
æ¨®−−®© ¡¥§®¯�á−®áâ¨, −® á¢ï§�−ë ¢ë¯®«−¨¬®áâìî äã−ªæ¨©, §�¤¥©áâ¢®¢�−−ëå
¢ ��. �â®â ªàã£ §�¤�ç ¬®¦−® ¢ë¤¥«¨âì á ¯®¬®éìî ¯®−ïâ¨ï äã−ªæ¨®−�«ì−®©
¡¥§®¯�á−®áâ¨ �� ®à£�−¨§�æ¨¨. �à¨¢¥¤¥−ë ®â«¨ç¨ï ®¡ê¥ªâ� §�é¨âë ¢ §�¤�ç�å
”� ¨ §�¤�ç�å ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨. �â® ¯®§¢®«ï¥â ¢ë¤¥«¨âì ”� ª�ª
®â¤¥«ì−®¥ −�¯à�¢«¥−¨¥ ¨áá«¥¤®¢�−¨© ¡¥§®¯�á−®áâ¨ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦-
ª¨ ®à£�−¨§�æ¨©. �¥ª®â®àë¥ ¯à®¡«¥¬ë ”� ¨ à¥è¥−¨ï íâ¨å ¯à®¡«¥¬ ®¯¨á�−ë
¨ ¨áá«¥¤®¢�−ë ¯à¨ ¯®áâà®¥−¨¨ ªà¨â¨ç¥áª¨å ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ [15].
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Abstract: The functional purpose of information support of the organization's
activities can be described in the form of a set of business processes. The article
deals with monitoring the sustainability of the implementation on one platform
of a large number of business processes for servicing a large number of customers,
requesting a large number of different services at the same time, and requiring
partial modification of business functions in real time. The consequence of these
conditions is a significant number of conflicts, errors, and failures at different
levels of implementation of the same services under time constraints. Business
process monitoring is designed to identify and classify conflicts, errors, and
failures for further management decision-making. In the article, the collection
of functional, behavioral, structural, and information models of all business
processes of the organization together with models and models of connected
support is called organization metadata. Metadata are the basis for organizing
current management and future development. The tasks of dividing the system
into subsystems for organizing monitoring of functional security and using
monitoring data to determine the root cause of the failure have been solved.
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К ЗАДАЧЕ ИДЕНТИФИКАЦИИ СБОЕВ
В ИНФОРМАЦИОННО-ТЕХНОЛОГИЧЕСКОЙ

ИНФРАСТРУКТУРЕ ПУТЕМ МОНИТОРИНГА И АНАЛИЗА
КОСВЕННЫХ ДАННЫХ

Д. В. Смирнов1, А. А. Грушо2, М. И. Забежайло3

�−−®â�æ¨ï: �¡áã¦¤�îâáï ¨áá«¥¤®¢�â¥«ìáª¨¥ �á¯¥ªâë ¯à®¡«¥¬�â¨ª¨ ¨¤¥−â¨-
ä¨ª�æ¨¨ á¡®¥¢ ¢ á«®¦−ëå ¨−ä®à¬�æ¨®−−®-â¥å−®«®£¨ç¥áª¨å (ˆ’) á¨áâ¥¬�å.
�®¤ á¡®¥¬ ¯®−¨¬�¥âáï −¥èâ�â−ë© à¥¦¨¬ à�¡®âë ˆ’-¨−äà�áâàãªâãàë, ¢ ª®-
â®à®¬ −¥ ®¡¥á¯¥ç¨¢�¥âáï §�¤�−−�ï äã−ªæ¨®−�«ì−®áâì ¯®¤¤¥à¦¨¢�¥¬ë¬ ¥î
¡¨§−¥á-¯à®æ¥áá�¬, −® ¨¬¥îé¨¥áï áà¥¤áâ¢� ¬®−¨â®à¨−£� äã−ªæ¨®−¨à®¢�−¨ï
ˆ’-¨−äà�áâàãªâãàë −¥ ¯®¤�îâ á¨£−�«®¢ âà¥¢®£¨. ‚ â�ª¨å á¨âã�æ¨ïå §�-
ª«îç¥−¨¥ ® ¢®§−¨ªè¥¬ á¡®¥ ¬®¦−® áä®à¬¨à®¢�âì «¨èì ¯® ª®á¢¥−−ë¬ ¤�−−ë¬,
¢ ç�áâ−®áâ¨ ¯® à¥�ªæ¨¨ ¯®«ì§®¢�â¥«¥©, ®¡à�é�îé¨åáï ¢ á«ã¦¡ã ¯®¤¤¥à¦-
ª¨, ¨ â. ¯. ‡�¤�ç¨ ¯®áâà®¥−¨ï á¨áâ¥¬ ¨¤¥−â¨ä¨ª�æ¨¨ ¯®¤®¡−ëå −¥èâ�â−ëå
á¨âã�æ¨©, â�ª −�§ë¢�¥¬ëå ¤¥â¥ªâ®à®¢ á¡®¥¢, à�áá¬�âà¨¢�îâáï ¢ ª®−â¥ªáâ¥
−¥ª®â®àëå ¨áá«¥¤®¢�â¥«ìáª¨å ¯à®¡«¥¬ á®¢à¥¬¥−−®£® ¨áªãááâ¢¥−−®£® ¨−â¥«-
«¥ªâ�: ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� â¥ªáâ®¢ −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥, ¢ëï¢«¥−¨ï
¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© ¢ �−�«¨§¨àã¥¬ëå ¤�−−ëå, ®¡ãç¥−¨ï −� ¯à¥-
æ¥¤¥−â�å ¢ ®âªàëâëå ¯à¥¤¬¥â−ëå ®¡«�áâïå ¨ ¤à. �à¥¤«®¦¥−ë −�¯à�¢«¥−¨ï
−�ãç−ëå ¨áá«¥¤®¢�−¨© ¨ ä®à¬ã«¨à®¢ª� §�¤�ç, à¥è¥−¨¥ ª®â®àëå −¥®¡å®¤¨-
¬® ¤«ï áãé¥áâ¢¥−−®£® ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ¢ëï¢«¥−¨ï á¡®¥¢ ¬¥â®¤�¬¨
¤¥â¥ªâ®à®¢ á¡®¥¢.

Š«îç¥¢ë¥ á«®¢�: ¨−ä®à¬�æ¨®−−�ï ¨−äà�áâàãªâãà�; ¬®−¨â®à¨−£ ª®á¢¥−-
−ëå ¤�−−ëå; ¤¥â¥ªâ®àë á¡®ï; ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¥ á¢ï§¨; ¨áªãááâ¢¥−−ë©
¨−â¥««¥ªâ
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1 Введение

�®áâ®ï−−® à�áâãé�ï á«®¦−®áâì ˆ’-¨−äà�áâàãªâãàë, ®¡¥á¯¥ç¨¢�îé¥© à�-
¡®âã ¡¨§−¥á-¯à¨«®¦¥−¨©, ®âà�¦�¥âáï ¢ â®¬ ç¨á«¥ ¨ −� ¯à®¡«¥¬¥ íää¥ªâ¨¢−®áâ¨
¬®−¨â®à¨−£� à¥¦¨¬� ¥¥ äã−ªæ¨®−¨à®¢�−¨ï. ‚¢¨¤ã ¢á¥ ¡�®«ìè¨å ®¡ê¥¬®¢ ®¡ê¥ª-
â®¢ ¬®−¨â®à¨−£� ¤�«¥ª® −¥ ¢á¥£¤� ¨¬¥¥âáï ¢®§¬®¦−®áâì ú¯®ªàë¢�âìû ª®−ªà¥â−ãî
ª®−ä¨£ãà�æ¨î ˆ’-á¨áâ¥¬ë â�ª¨¬ ª®¬¯«¥ªá®¬ ¤�âç¨ª®¢ | ¨−¤¨ª�â®à®¢ èâ�â-
−®£® à¥¦¨¬� ¥¥ äã−ªæ¨®−¨à®¢�−¨ï, ª®â®àë© −� «î¡®¥ ¢ëå®¤ïé¥¥ §� à�¬ª¨

1��� ‘¡¥à¡�−ª ÷®áá¨¨, dvlsmirnov@sberbank.ru
2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨

−�ãª, grusho@yandex.ru
3”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨

−�ãª, m.zabezhailo@yandex.ru
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Š §�¤�ç¥ ¨¤¥−â¨ä¨ª�æ¨¨ á¡®¥¢ ¢ ˆ’-¨−äà�áâàãªâãà¥ ¯ãâ¥¬ ¬®−¨â®à¨−£� ¤�−−ëå

á®®â¢¥âáâ¢ãîé¥£® SLA (Service Level Agreement | ú‘®£«�è¥−¨¥ ®¡ ãà®¢−¥
®¡á«ã¦¨¢�−¨ï (®ª�§�−¨ï ãá«ã£¨)û) ®âª«®−¥−¨¥ äã−ªæ¨®−�«ì−ëå å�à�ªâ¥à¨áâ¨ª
(èâ�â−ëå ¡¨§−¥á-äã−ªæ¨©), ®¡¥á¯¥ç¨¢�¥¬ëå íâ®© ˆ’-¨−äà�áâàãªâãà®©, à¥�£¨-
à®¢�« ¡ë á¨£−�«�¬¨ â¥å ¨«¨ ¨−ëå ¨−¤¨ª�â®à®¢.

�®¤®¡−�ï −¥¯®«−®â� ¯®ªàëâ¨ï ˆ’-¨−äà�áâàãªâãàë ¨−¤¨ª�â®à�¬¨ èâ�â−®£®
à¥¦¨¬� ¥¥ à�¡®âë ¯à¨¢®¤¨â ¢ ®¡é¥¬ á«ãç�¥ ª ¯à®¡«¥¬¥ ¨¤¥−â¨ä¨ª�æ¨¨ á¡®-
¥¢, ª®â®à�ï ¬®¦¥â ¡ëâì à¥�«¨§®¢�−� ®¡®¡é¥−¨¥¬ ª®á¢¥−−ëå ¤�−−ëå. ÷¥çì ¨¤¥â
® ¢®§¬®¦−®áâïå ¨¤¥−â¨ä¨æ¨à®¢�âì âã ¨«¨ ¨−ãî −¥èâ�â−ãî á¨âã�æ¨î ¨«¨ íää¥ªâ
¢ ˆ’-¨−äà�áâàãªâãà¥, å�à�ªâ¥à¨§ã¥¬ë¥ −�¡®à®¬ ¢§�¨¬®á¢ï§�−−ëå ¯®ª�§�â¥«¥©
(¢®§¬®¦−®, á«®¦−®®à£�−¨§®¢�−−ë¬), ¯® −¥ª®â®àë¬ −�¡«î¤�¥¬ë¬ äà�£¬¥−â�¬
íâ®£® −�¡®à�, ¢ â®¬ ç¨á«¥ á ãç¥â®¬ å�à�ªâ¥à−ëå ¤«ï íâ®© ¨−äà�áâàãªâãàë
¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå ¢§�¨¬®á¢ï§¥©. …á«¨ ¯®¤®¡−®¥ ú®¯®§−�−¨¥û ¢ á®®â¢¥â-
áâ¢ãîé¥¬ ¬−®¦¥áâ¢¥ á¨âã�æ¨© ¢ ª®−ªà¥â−®¬ á«ãç�¥ ®ª�§ë¢�¥âáï −¥®¤−®§−�ç−ë¬,
¤«ï ¤�«ì−¥©è¥© ú¤¨ää¥à¥−æ¨�æ¨¨û áå®¤−ëå á¨âã�æ¨© ¬®¦−® æ¥«¥−�¯à�¢«¥−−®
¨á¯®«ì§®¢�âì â¥ ¨«¨ ¨−ë¥ ¤®¯®«−¨â¥«ì−ë¥ ¯à¨§−�ª¨ ¨ ¢®§¬®¦−ë¥ ¯à¨ç¨−−®-
á«¥¤áâ¢¥−−ë¥ á¢ï§¨ ¬¥¦¤ã −¨¬¨.

�à¨ ¨¤¥−â¨ä¨ª�æ¨¨ á¡®¥¢ ¢ á«®¦−ëå ˆ’-¨−äà�áâàãªâãà�å, ª®£¤� á®¡áâ¢¥−-
−® á¡®© −¥ ú¤¨�£−®áâ¨àã¥âáïû áâ�−¤�àâ−ë¬¨ áà¥¤áâ¢�¬¨ ¬®−¨â®à¨−£� ˆ’-¨−äà�-
áâàãªâãàë, −�¯à¨¬¥à ¢ á¨«ã ¨å ú−¥¯®«−®âëû («¨èì ç�áâ¨ç−®£® ¯à¥¤áâ�¢«¥−¨ï
¢á¥£® ¬−®¦¥áâ¢� ¢®§¬®¦−ëå á¨âã�æ¨© á¡®ï), ¯®«¥§−ë¬ ¨áâ®ç−¨ª®¬ ¨−ä®à¬�æ¨¨
¬®£ãâ ®ª�§�âìáï à�§«¨ç−ë¥ ª�−�«ë ®¡à�â−®© á¢ï§¨, −�¯à¨¬¥à ®â ¯àï¬ëå ®¡à�-
é¥−¨© ¯®«ì§®¢�â¥«¥© ¢ á®®â¢¥âáâ¢ãîé¨¥ á«ã¦¡ë ¯®¤¤¥à¦ª¨, ¤® ¬®−¨â®à¨−£�
¬¥¤¨�áà¥¤ë ¨ á®æ¨�«ì−ëå á¥â¥©. ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à®¢ ¬®¦−® ®â¬¥â¨âì à¥è¥−¨ï
ª®¬¯�−¨¨-¯à®¨§¢®¤¨â¥«ï ¯® �−�«¨§ã ¦�«®¡ ¯®«ì§®¢�â¥«¥© ¨ ãáâà�−¥−¨î −¥¯®-
«�¤®ª ¢ á¨áâ¥¬�å Hewlett-Packard [1], � â�ª¦¥ à¥è¥−¨¥ Downdetector Ookla ¯®
¬®−¨â®à¨−£ã ¬¥¤¨�-áà¥¤ë ¨ á®æ¨�«ì−ëå á¥â¥© [2].

–¥−âà�«ì−�ï ¯à®¡«¥¬� ¯à¨ ¯®¤®¡−®© ¨¤¥−â¨ä¨ª�æ¨¨ | ãáâ�−®¢«¥−¨¥ −�-
¤¥¦−®£® á®®â¢¥âáâ¢¨ï ¬¥¦¤ã −�¡«î¤�¥¬ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ ª®−âà®«¨àã¥¬®©
ˆ’-¨−äà�áâàãªâãàë ¨ ú®âà�¦¥−¨¥¬û ¥¥ â¥ªãé¥£® á®áâ®ï−¨ï ¢ á®®â¢¥âáâ¢ãîé¨å
ª®á¢¥−−ëå ¤�−−ëå. ‚ á«ãç�¥ ¬®−¨â®à¨−£� ¦�«®¡ ¯®«ì§®¢�â¥«¥© ¨«¨ ¦¥ ¨å
á®®¡é¥−¨© ¢ á®æ¨�«ì−ëå á¥âïå íâ® ®âà�¦¥−¨¥ á®áâ®ï−¨ï ®âá«¥¦¨¢�¥¬®© ˆ’-¨−-
äà�áâàãªâãàë ¢ ¬−®¦¥áâ¢¥ â¥ªáâ®¢ëå á®®¡é¥−¨©: ®¯¨á�−¨© â¥ªãé¥£® á®áâ®ï−¨ï,
®æ¥−®ç−ëå ¢ëáª�§ë¢�−¨© ¨ â. ¯.

‘ ú¨−áâàã¬¥−â�«ì−®©û â®çª¨ §à¥−¨ï íâ® ¯à®¡«¥¬� �−�«¨§� â¥ªáâ®¢ëå Big Da-
ta ¢ ®£à�−¨ç¥−−®¥ ¢à¥¬ï: á¡®¨ ¬®£ãâ ¨¬¥âì ª�áª�¤−ë© å�à�ªâ¥à, � §−�ç¨â, á −¨¬¨
¦¥«�â¥«ì−® ¡®à®âìáï ¯® ¢®§¬®¦−®áâ¨ −� à�−−¨å áâ�¤¨ïå ¨å à�§¢¥àâë¢�−¨ï.
„«ï íâ®£® âà¥¡ã¥âáï ¨á¯®«ì§®¢�−¨¥ á¯¥æ¨�«ì−ëå ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå
¯®¤å®¤®¢ ¨ ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥©, íää¥ªâ¨¢−ëå ¬¥â®¤®¢ ¨ â¥å−®«®£¨©.

2 Проблемы построения детекторов сбоев

�à¨ª«�¤−®©, ¨«¨ «®£¨ç¥áª¨©, á¡®© (¤�«¥¥ á¡®©) ¢ ˆ’-¨−äà�áâàãªâãà¥ å�à�ª-
â¥à¨§ã¥âáï â¥¬, çâ® −¥ª®â®à�ï ˆ’-á¨áâ¥¬� ¢ −¥© −¥¨á¯à�¢−�, â. ¥. −¥ ®¡á«ã¦¨¢�¥â
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„. ‚. ‘¬¨à−®¢, �. �. ƒàãè®, Œ. ˆ. ‡�¡¥¦�©«®

ª«¨¥−â®¢ ¨«¨ −¥ ¢ë¯®«−ï¥â ç�áâì äã−ªæ¨© ¢ èâ�â−®¬ à¥¦¨¬¥. �¥¨á¯à�¢−®áâì,
¢ë§¢�−−�ï á¡®¥¬, −¥ ¢á¥£¤� ¨¤¥−â¨ä¨æ¨àã¥âáï áâ�−¤�àâ−ë¬¨ áà¥¤áâ¢�¬¨ ¬®-
−¨â®à¨−£�. —�áâ® ®−� ¬®¦¥â ¡ëâì ®¡−�àã¦¥−� �−�«¨§®¬ ª®á¢¥−−ëå á¢¥¤¥−¨©,
−�¯à¨¬¥à ¬®−¨â®à¨−£®¬ ¦�«®¡ ¯®«ì§®¢�â¥«¥©. …á«¨ −¥ ¨¬¥âì ¬®−¨â®à¨−£� ¦�-
«®¡, â® ¢ëï¢«¥−¨¥ á¡®ï ¬®¦¥â §�−ïâì ¬−®£® ¢à¥¬¥−¨. �à¨ íâ®¬ á¡®à ¦�«®¡ â�ª¦¥
−¥ ï¢«ï¥âáï ¡ëáâàë¬ ¯à®æ¥áá®¬.

Œ®−¨â®à¨−£ ¦�«®¡ ¯®§¢®«ï¥â ®âá«¥¦¨¢�âì à�¡®â®á¯®á®¡−®áâì ¨−äà�áâàãªâã-
àë ¢ ®¡è¨à−®¬ ¯à®áâà�−áâ¢¥, −�¯à¨¬¥à à�¡®âã ¨−â¥à−¥â-¯à®¢�©¤¥à®¢ −� â¥àà¨â®-
à¨¨ æ¥«®£® £®áã¤�àáâ¢�. ‚�¦−®¥ ¤®áâ®¨−áâ¢® â�ª®£® ¯®¤å®¤� | ®âªàëâ®áâì, â. ¥.
−¥§�¢¨á¨¬®¥ ¯®«ãç¥−¨¥ ¬®−¨â®à¨−£®¢®© ¨−ä®à¬�æ¨¨ ¡¥§ ãáâ�−®¢«¥−¨ï ¤®£®¢®à-
−ëå ®¡ï§�â¥«ìáâ¢ á ¢«�¤¥«ìæ�¬¨ ¨−äà�áâàãªâãàë ¨«¨ ¥¥ ç�áâ¥©. ‘¡®¨ ª®−ªà¥â−®©
á¨áâ¥¬ë | íâ® §®−� ®â¢¥âáâ¢¥−−®áâ¨ ˆ’-á«ã¦¡ë ®à£�−¨§�æ¨¨, â�ª ª�ª ¨¬¥−−®
¥¥ á¯¥æ¨�«¨áâë ¢«�¤¥îâ áà¥¤áâ¢�¬¨ ¬®−¨â®à¨−£� ˆ’-á¨áâ¥¬ë ¨, á®®â¢¥âáâ¢¥−-
−®, ¤®«¦−ë ®¡«�¤�âì −¥®¡å®¤¨¬ë¬¨ ¯¥à¢¨ç−ë¬¨ ¤�−−ë¬¨ ® −¥¨á¯à�¢−®áâïå,
á¢®¤−ë¬¨ ®âç¥â�¬¨ ®¡ ¨å ¯à¨ç¨−�å ¨ ¬¥à�å ¯à®â¨¢®¤¥©áâ¢¨ï. …á«¨ ú¬®−®-
¯®«ì−®¥û ¢«�¤¥−¨¥ áà¥¤áâ¢�¬¨ ˆ’-¬®−¨â®à¨−£� á®§¤�¥â ¯à¥¤¯®áë«ª¨ á®ªàëâ¨ï
−¥¨á¯à�¢−®áâ¥©, ¢®§−¨ªè¨å ¯® á®¡áâ¢¥−−®© ¢¨−¥ ˆ’-á«ã¦¡ë, â® ¢ íâ®¬ á«ãç�¥
àãª®¢®¤áâ¢ã «ãçè¥ ¤®«®¦¨âì ® á¡®¥ ¢ ¯à®£à�¬¬−®¬ ®¡¥á¯¥ç¥−¨¨ (��) ¨«¨ �â�ª¥
§«®ã¬ëè«¥−−¨ª�, á−¨¬�ï á¢®î ¢¨−ã ¢ á¡®¥.

‚ ª�ç¥áâ¢¥ íää¥ªâ¨¢−®£® −¥§�¢¨á¨¬®£® áà¥¤áâ¢� ª®−âà®«ï §� ª�ç¥áâ¢®¬ à�¡®-
âë ˆ’-¨−äà�áâàãªâãàë ¬®¦−® ¨á¯®«ì§®¢�âì æ¥−âà á¡®à� ¦�«®¡ ¯®«ì§®¢�â¥«¥©,
â. ¥. á¯¥æ¨�«ì−ë© ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ë© ®−«�©−-à¥áãàá, £¤¥ ¯®«ì§®¢�â¥«¨
®¯¥à�â¨¢−® ¬®£ãâ ®áâ�¢¨âì ¦�«®¡ã −� ˆ’-á¥à¢¨á. ‚ «¨â¥à�âãà¥ â�ª®© æ¥−âà ç�áâ®
−�§ë¢�îâ ú¤¥â¥ªâ®à®¬ á¡®¥¢ | downdetectorû.

‚ ¯®«ãç¥−¨¨ ¯® ¦�«®¡�¬ ¤�−−ëå ® á¡®ïå ¬®£ãâ ¡ëâì á«¥¤ãîé¨¥ ¯à®¡«¥¬ë:

{ ¥á«¨ ã ˆ’-¨−äà�áâàãªâãàë ¬−®¦¥áâ¢® ¯à®¢�©¤¥à®¢, á ª�¦¤ë¬ ¨§ ª®â®àëå
¯®¤¯¨á�− SLA, â® ¯à¨ á¡®ïå áãé¥áâ¢ã¥â ¯à®¡«¥¬� à�áá«¥¤®¢�−¨ï úªâ® ¢¨-
−®¢�âû, â�ª ª�ª îà¨¤¨ç¥áª¨ §−�ç¨¬®¥ ¤®ª�§�â¥«ìáâ¢® ¯®áâà®¨âì −¥ ¢á¥£¤�
ã¤�¥âáï, −¥á¬®âàï −� â® çâ® ¤�−−ë¥ ¯à¥¤®áâ�¢«ïîâáï;

{ ˆ’-á«ã¦¡ë −¥ ¢á¥£¤� ã¢¥¤®¬«ïîâ á¢®¥ àãª®¢®¤áâ¢® ® −�«¨ç¨¨ ¨«¨ ®¡ ¨áâ¨−-
−®© ¯à¨ç¨−¥ á¡®ï. �®íâ®¬ã ¦�«®¡ë ¬®£ãâ −®á¨âì ¯à®â¨¢®à¥ç¨¢ë© å�à�ªâ¥à.
��¯à¨¬¥à, ª®£¤� ¯®«ãç¥−� ¦�«®¡� −� á¥à¢¨á, −® ®à£�−¨§�æ¨ï, ¯à¥¤®áâ�¢«ï-
îé�ï á¥à¢¨á, ãâ¢¥à¦¤�¥â, çâ® ¦�«®¡� ¡¥§®á−®¢�â¥«ì−�ï;

{ ç¨á«® ¦�«®¡ ¬®¦¥â ¡ëâì ¡®«ìè¨¬, � â¥ªáâ®¢®¥ ¨§«®¦¥−¨¥ ¦�«®¡ë ¨¬¥-
¥â ¨−¤¨¢¨¤ã�«ì−ë¥ ®á®¡¥−−®áâ¨, ®¤−�ª® àãç−�ï ®¡à�¡®âª� | ¤«¨â¥«ì−ë©
¨ ¤®à®£®áâ®ïé¨© ¯à®æ¥áá;

{ ¬®£ãâ ¢®§−¨ª−ãâì ¯à®¡«¥¬ë á ¤®áâ®¢¥à−®áâìî ¨−ä®à¬�æ¨¨, ª®£¤� á æ¥«ìî
¢à�¦¤¥¡−ëå ¤¥©áâ¢¨© ¬®¦¥â ¡ëâì á®§¤�− ä¥©ª®¢ë© ¯®â®ª ¦�«®¡;

{ ¦�«®¡� ¯®«ì§®¢�â¥«ï −� ª®−ªà¥â−ë© á¥à¢¨á ¬®¦¥â ®ª�§�âìáï á«¥¤áâ¢¨¥¬ á¡®¥¢
¤àã£¨å á¥à¢¨á®¢. �âáî¤� ¢®§−¨ª�¥â §�¤�ç� ®¯à¥¤¥«¥−¨ï ¯¥à¢®¯à¨ç¨−ë á¡®ï.
‚ ç�áâ−®áâ¨, −¥ª®â®àë¥ ¦�«®¡ë ¬®£ãâ ®ª�§�âìáï íª¢¨¢�«¥−â−ë¬¨ á â®çª¨
§à¥−¨ï ¨áå®¤−®£® á¡®ï.
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‘¯¨á®ª ¤¥â¥ªâ®à®¢ á¡®¥¢

ü ��§¢�−¨¥ á�©â� ‘âà�−� �à£�−¨§�æ¨ï
1 downdetector.com ‘˜� Ookla
2 istheservicedown.com �ª¢�¤®à —�áâ−®¥ «¨æ®
3 downforeveryoneorjustme.com ‘˜� �¥â ¨−ä®à¬�æ¨¨
4 www.thousandeyes.com ‘˜� Cisco
5 outage.report ˆ§à�¨«ì �¥â ¨−ä®à¬�æ¨¨
6 isdown.app ˆ§à�¨«ì �¥â ¨−ä®à¬�æ¨¨
7 downhunter.com ‘˜� �¥â ¨−ä®à¬�æ¨¨
8 downradar.ru ÷®áá¨ï �¥â ¨−ä®à¬�æ¨¨
9 ÓÂÏÊ.ÒÆ ÷®áá¨ï �¥â ¨−ä®à¬�æ¨¨

10 brandanalytics.ru/corporate downdetector ÷®áá¨ï ‘¡¥à¡�−ª
11 portal.noc.gov.ru/ru/monitoring ÷®áá¨ï ÷®áª®¬−�¤§®à
12 isitdownrightnow.com ‘˜� �¥â ¨−ä®à¬�æ¨¨
13 ÎÅ-ÒÁÂÏÔÁÅÔ-ÓÅÇÏÄÎÑ.ÒÆ ÷®áá¨ï �¥â ¨−ä®à¬�æ¨¨
14 https://dominternet.ru/downdetector ÷®áá¨ï „®¬ ˆ−â¥à−¥â

�¥à¥ç¨á«¥−−ë¥ ¯à®¡«¥¬ë −®áïâ −�ãç−ë© å�à�ªâ¥à ¨ âà¥¡ãîâ ¨áá«¥¤®¢�−¨©.
�¥á¬®âàï −� â® çâ® ãª�§�−−ë¥ ¯à®¡«¥¬ë −¥ à¥è¥−ë ¨«¨ ç�áâ¨ç−® à¥è¥−ë,
¯®áâà®¥−¨¥ ¨ ¨á¯®«ì§®¢�−¨¥ ¤¥â¥ªâ®à®¢ á¡®ï −�¡«î¤�¥âáï ¢ à�§«¨ç−ëå áâà�−�å
¬¨à� [3{6].

�� ¤�−−ë© ¬®¬¥−â ¢ ¬¨à¥ à�¡®â�îâ 14 ¤¥â¥ªâ®à®¢ á¡®¥¢ (á¬. â�¡«¨æã): 5 |
¢ ‘˜�; 2 | ¢ ˆ§à�¨«¥; 1 | ¢ �ª¢�¤®à¥; 6 | ¢ ÷®áá¨¨. ‘�¬ë© ¨§¢¥áâ−ë©
¤¥â¥ªâ®à á¡®¥¢ ¯à¨−�¤«¥¦¨â ª®¬¯�−¨¨ O®kla [2]. �áâ�«ì−ë¥ ¤¥â¥ªâ®àë |
¤®¢®«ì−® ¬®«®¤ë¥ ¯à®¤ãªâë, â�ª ª�ª à�¡®â�îâ ¯à¨¬¥à−® á 2020 £. ‚ 2022 £.
á�©â downdetector.com ¯à¥ªà�â¨« ®ª�§ë¢�âì ãá«ã£¨ −� â¥àà¨â®à¨¨ ÷”, £¤¥ ®−
à�¡®â�« á 2012 £.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ã ¢á¥å ¢ëè¥−�§¢�−−ëå ¤¥â¥ªâ®à®¢ á¡®¥¢ ¢ −�áâ®ïé¥¥
¢à¥¬ï ®âáãâáâ¢ãîâ −�¤¥¦−ë¥ äã−ªæ¨¨, ª®â®àë¥ á¢ï§�−ë á à¥è¥−¨¥¬ ¯¥à¥ç¨á-
«¥−−ëå ¢ëè¥ ¯à®¡«¥¬, −® −¥á¬®âàï −� íâ® ¤¥â¥ªâ®àë á¡®ï ¨¬¥îâ áãé¥áâ¢¥−−ãî
¯à�ªâ¨ç¥áªãî §−�ç¨¬®áâì. ˆáá«¥¤®¢�−¨ï ¯® á®§¤�−¨î −�¤¥¦−ëå «¨−£¢¨áâ¨ç¥-
áª¨å ¯à®æ¥áá®à®¢ ¢¥¤ãâáï ¨−â¥−á¨¢−®. �®ï¢¨«¨áì «¨−£¢¨áâ¨ç¥áª¨¥ (ï§ëª®¢ë¥)
¯à®æ¥áá®àë ¤«ï ®¡à�¡®âª¨ ¦�«®¡ ¯®«ì§®¢�â¥«¥© ¨ ¢ëï¢«¥−¨ï á¥à¢¨á�, −� ª®â®-
àë© ¦�«ãîâáï ¯®«ì§®¢�â¥«¨. ’�ª�ï äã−ªæ¨ï ®á®¡¥−−® æ¥−−� ¤«ï àãª®¢®¤¨â¥«¥©
ª®¬¯�−¨© ¨ ˆ’-á«ã¦¡. ��¯à¨¬¥à, �−�«¨§¨àãï â¥ªáâ ¦�«®¡, ¬®¦−® ¨¤¥−â¨-
ä¨æ¨à®¢�âì, ª�ª�ï ª®−ªà¥â−® äã−ªæ¨ï ¢ ú¡®«ìè®©û ˆ’-á¨áâ¥¬¥ −¥ à�¡®â�«�,
−�¯à¨¬¥à §�ª�§ ¡¨«¥â®¢, ¯¥à¥¢®¤ë, ®¯«�â� †Š•, ®â¯à�¢ª� ‘Œ‘ ¨ â. ¤., ¨ ¯®
íâ®© äã−ªæ¨¨ ®¯à¥¤¥«¨âì, ª�ª�ï ª®¬�−¤� ¢ ˆ’-á«ã¦¡¥ ®â¢¥ç�¥â §� ¥¥ ¡¥áá¡®©−ãî
à�¡®âã. Ÿ§ëª®¢®© ¯à®æ¥áá®à ¥áâì ã IBM [7], ‘¡¥à¡�−ª� [8], Ÿ−¤¥ªá� [9] ¨ ¤à., −®
®− −¥ ¢áâà®¥− ¢ ¤¥â¥ªâ®àë á¡®¥¢ ¨¬¥−−® ¤«ï ¢ëï¢«¥−¨ï ¯à¥¤¬¥â� ¦�«®¡ë. ‚¬¥áâ¥
á â¥¬ ¢áâà�¨¢�−¨¥ −¥®¡å®¤¨¬® ¤«ï �¢â®¬�â¨§�æ¨¨ ¨ à�áè¨à¥−¨ï ¯®ªàëâ¨ï â¥à-
à¨â®à¨¨ ª®−âà®«¥¬ à�¡®â®á¯®á®¡−®áâ¨ ¨−äà�áâàãªâãàë. Š�ç¥áâ¢¥−−ë© �−�«¨§
¦�«®¡ −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥ ¬®¦¥â ¯®§¢®«¨âì á¢®¤¨âì ¦�«®¡ë ª ú¡¥¤−®¬ãû ï§ë-
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ªã, ¤«ï ª®â®à®£® ¬®¦−® ¤®ª�§ë¢�âì �−�«®£¨ â¥®à¥¬ë ® ¯®«−®â¥ ¨ ®¡¥á¯¥ç¨¢�âì
á¥¬�−â¨ç¥áªãî ®¤−®§−�ç−®áâì á®¤¥à¦�−¨ï ¦�«®¡ë. �â® ¯®§¢®«¨â íää¥ªâ¨¢−¥¥
æ¥−âà�«¨§®¢�âì ®¡à�¡®âªã ¤�−−ëå ¨ à¥è�âì ¯à®¡«¥¬ã ¯®¨áª� ¯¥à¢®¯à¨ç¨−ë á¡®ï.

3 Детекторы сбоев и искусственный интеллект

‘ â®çª¨ §à¥−¨ï ¬¥â®¤¨ª¨ ¤®áâ¨¦¥−¨ï ¯®áâ�¢«¥−−®© æ¥«¨ ¨¤¥−â¨ä¨ª�æ¨ï
á¡®ï ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−� ª�ª ®¤¨− ¨§ ¢�à¨�−â®¢ ª«�áá¨ç¥áª®© áå¥¬ë â�ª
−�§ë¢�¥¬ëå �¡¤ãªâ¨¢−ëå à�ááã¦¤¥−¨©, ¯à¥¤«®¦¥−−ëå —. ‘. �¨àá®¬ [10]. „¥©-
áâ¢¨â¥«ì−®, §¤¥áì ¯® −�¡«î¤�¥¬ë¬ úá«¥¤áâ¢¨ï¬ûB −¥®¡å®¤¨¬® ª®−áâàãªâ¨¢−ë¬
á¯®á®¡®¬ à¥ª®−áâàã¨à®¢�âì ú£¨¯®â¥§ãû A, ¤¥¤ãªâ¨¢−ë¬ á«¥¤áâ¢¨¥¬ ª®â®à®©
¡ã¤¥â −�¡«î¤�¥¬®¥ B, � ¤�«¥¥ ã¡¥¤¨âìáï â�ª¦¥, çâ® ¯®áâà®¥−−®¥ A, ª�ª ãâ¢¥à-
¦¤¥−¨¥ −¥ª®â®à®£® «®£¨ç¥áª®£® ï§ëª�, ï¢«ï¥âáï ¨áâ¨−−ë¬. ’�ª¨¬ ®¡à�§®¬,
¢ à�áá¬�âà¨¢�¥¬®¬ á«ãç�¥ à¥çì ¨¤¥â ® ¢®ááâ�−®¢«¥−¨¨ ®¯¨á�−¨ï ¯à¨ç¨− á¡®ï ¯®
−�¡«î¤�¥¬ë¬ á«¥¤áâ¢¨ï¬, ¯à¥¤áâ�¢«¥−−ë¬ â¥ªáâ�¬¨ −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥, â. ¥.
¦�«®¡�¬¨ ¢ á«ã¦¡ã ¯®¤¤¥à¦ª¨, ª®¬¬¥−â�à¨ï¬¨ ¢ á®æ¨�«ì−ëå á¥âïå ¨ ¤àã£¨¬¨
à¥�ªæ¨ï¬¨ ¯®«ì§®¢�â¥«¥© −� −¥èâ�â−ë© å�à�ªâ¥à §�¯à�è¨¢�¥¬ëå ¨¬¨ á¥à¢¨á®¢.
�à¨ íâ®¬ ª®−áâàãªâ¨¢−ë© �«£®à¨â¬ ¯¥à¥å®¤� ®â −�¡«î¤�¥¬®£® B ª ¨áâ¨−−®¬ã A
®ª�§ë¢�¥âáï æ¥−âà�«ì−ë¬ í«¥¬¥−â®¬ ¢á¥© à¥�«¨§ã¥¬®© ¯à®æ¥¤ãà−®© áå¥¬ë.

�à®¡«¥¬� ¯®¨áª� ¯¥à¢®¯à¨ç¨−ë á¡®ï â¥á−® á¢ï§�−� á ¬¥â®¤�¬¨ ¯®ªàëâ¨ï
¯à¨ç¨− [11]. �®ªàëâ¨¥ ®¯à¥¤¥«ï¥âáï ª�ª ®¡ê¥ªâ, á®¤¥à¦�é¨© ¯à¨ç¨−ã −�¡«î-
¤�¥¬®£® á«¥¤áâ¢¨ï íâ®© ¯à¨ç¨−ë. ’®£¤� −¥áª®«ìª® à�§«¨ç−ëå ¯® á®¤¥à¦�−¨î
¦�«®¡ ¬®¦−® ¯à¥¤áâ�¢¨âì ª�ª á«¥¤áâ¢¨ï ¯à¨ç¨−, ¯®ªàëâëå ®¤−¨¬ ®¡ê¥ªâ®¬.
‚ ¯®ªàëâ¨¨ ¬®£ãâ ¡ëâì æ¥¯®çª¨ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©, ª®â®àë¥ ¢¥¤ãâ
¤�¦¥ ª à�§−ë¬ ¯à¨ç¨−�¬, −® áã¦¥−¨¥ ®¡«�áâ¨ ¯®¨áª� §� áç¥â ¯®ªàëâ¨ï ¯à¨ç¨−ë,
ª�ª ¯à�¢¨«®, ã¯à®é�¥â §�¤�çã ¯®¨áª� ¯¥à¢®¯à¨ç¨−ë.

Š �−�«¨§ã ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© ç�áâ® á¢®¤¨âáï §�¤�ç� ¨¤¥−â¨ä¨-
ª�æ¨¨ ä¥©ª®¢®£® ¯®â®ª� ¦�«®¡. ‚ á�¬®¬ ¤¥«¥, ä¥©ª¨, ¯®áâà®¥−−ë¥ ª�ª á«¥¤áâ¢¨ï
à�§−ëå ¯à¨ç¨−, ¤®«¦−ë ¯à¨ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−®¬ �−�«¨§¥ ¯®à®¦¤�âì ¤®¯®«-
−¨â¥«ì−ë¥ á«¥¤áâ¢¨ï ¨§ â¥å ¦¥ ¯à¨ç¨−. �âáãâáâ¢¨¥ â�ª¨å á«¥¤áâ¢¨© ¯à¨ −�«¨ç¨¨
à�§«¨ç−ëå ¦�«®¡ −� á¡®¨ á«ã¦¨â ¯à¨§−�ª®¬ ä¥©ª®¢®£® ¯®â®ª� ¦�«®¡. Šà®¬¥
â®£®, ¢ íªá¯¥à¨¬¥−â�å ¢®§−¨ª�îâ ¤àã£¨¥ ¯à®â¨¢®à¥ç¨ï, ª®â®àë¥ à�§à¥è�îâáï
¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¬ �−�«¨§®¬. ÷�áá«¥¤®¢�−¨¥ ¯à®¡«¥¬ úªâ® ¢¨−®¢�âû â�ª-
¦¥ ¯à¨¢®¤¨â ª §�¤�ç�¬ �−�«¨§� ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©. �¥§�¢¨á¨¬ë¥
¦�«®¡ë, ¨¬¥îé¨¥ ®¤−ã ¯¥à¢®¯à¨ç¨−ã, á«ã¦�â ®á−®¢�−¨¥¬ ¤«ï ®¯à®¢¥à¦¥−¨ï
ãâ¢¥à¦¤¥−¨ï ®à£�−¨§�æ¨¨ ®¡ ®âáãâáâ¢¨¨ á¡®¥¢ ¢ á¨áâ¥¬¥. ’�ª¨¬ ®¡à�§®¬, ®¤−¨¬
¨§ ¢�¦−ëå −�¯à�¢«¥−¨© ¨áá«¥¤®¢�−¨ï ¯à®¡«¥¬ ¯®áâà®¥−¨ï −�¤¥¦−®£® ¤¥â¥ªâ®-
à� á¡®¥¢ á«ã¦¨â �−�«¨§ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© ¢ ˆ’-¨−äà�áâàãªâãà¥
¨ ¬−®¦¥áâ¢�å ¯®áâã¯�îé¨å ¦�«®¡.

‘«®¦−®áâì ¨¤¥−â¨ä¨ª�æ¨¨ á¡®¥¢ ¢ ªàã¯−ëå ˆ’-á¨áâ¥¬�å ®¡ãá«®¢«¥−� ã¦¥
¤®áâ�â®ç−® å®à®è® ¨§¢¥áâ−®© ¯à®¡«¥¬®© ®¡¥á¯¥ç¥−¨ï ç�áâ−®£® à¥§ã«ìâ�â¨¢−®£®
�−�«¨§� ¢ ®¡é¥¬ ®¡ê¥¬¥ Big Data ¨ ¯à¨−ïâ¨ï ¢ ®£à�−¨ç¥−−®¥ ¢à¥¬ï ã¯à�¢«¥−ç¥-
áª¨å à¥è¥−¨©, ®á−®¢�−−ëå −� à¥§ã«ìâ�â�å íâ®£® �−�«¨§�.
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Š §�¤�ç¥ ¨¤¥−â¨ä¨ª�æ¨¨ á¡®¥¢ ¢ ˆ’-¨−äà�áâàãªâãà¥ ¯ãâ¥¬ ¬®−¨â®à¨−£� ¤�−−ëå

�à¨ �−�«¨§¥ ¦�«®¡ ª�ª ª®á¢¥−−ëå ¤�−−ëå −¥®¡å®¤¨¬®:

{ ¨¤¥−â¨ä¨æ¨à®¢�âì á®¡áâ¢¥−−® ï¢«¥−¨¥ á¡®ï, â. ¥. á®¢®ªã¯−®áâì å�à�ªâ¥à¨-
áâ¨ª â¥ªãé¥£® á®áâ®ï−¨ï ®âá«¥¦¨¢�¥¬®© ˆ’-¨−äà�áâàãªâãàë, ¯®§¢®«ïîéãî
áä®à¬¨à®¢�âì −¥®á¯�à¨¢�¥¬®¥ §�ª«îç¥−¨¥ ® −�«¨ç¨¨ ¨¬¥−−® á¡®ï ¢ èâ�â-
−®¬ à¥¦¨¬¥ ¥¥ äã−ªæ¨®−¨à®¢�−¨ï; ¯à¨ íâ®¬ ¯à¥¤áâ�¢«ï¥âáï ¥áâ¥áâ¢¥−−ë¬
®¯¨à�âìáï −� á®¢®ªã¯−®áâì §�à�−¥¥ á®£«�á®¢�−−ëå ¯à¨§−�ª®¢ á¡®ï;

{ ¨¤¥−â¨ä¨æ¨à®¢�âì áâàãªâãàã ¢®§−¨ªè¨å ¯à¨ ¤�−−®¬ á¡®¥ −�àãè¥−¨© ª�ª
á®¢®ªã¯−®áâì −¥èâ�â−ëå å�à�ªâ¥à¨áâ¨ª, ú¢®§¢à�é¥−¨¥û ª®â®àëå ª èâ�â−ë¬
§−�ç¥−¨ï¬ ú¯®ª�§�â¥«¥©û ¨ ¬®¦¥â ¯à¨¢¥áâ¨ ®âá«¥¦¨¢�¥¬ãî ˆ’-¨−äà�áâàãª-
âãàã ¢ à¥¦¨¬ −®à¬�«ì−®£® äã−ªæ¨®−¨à®¢�−¨ï;

{ ®¯à¥¤¥«¨âì ªàã£ ¨ ¨−¤¨¢¨¤ã�«ì−ãî áâ¥¯¥−ì ®â¢¥âáâ¢¥−−®áâ¨ íªá¯«ã�â�æ¨-
®−−ëå ¨ ã¯à�¢«¥−ç¥áª¨å áâàãªâãà §� ¢®§−¨ª−®¢¥−¨¥ ¨¤¥−â¨ä¨æ¨à®¢�−−®£®
á¡®ï.

�¥®¡å®¤¨¬®áâì ¯à¨ ¨¤¥−â¨ä¨ª�æ¨¨ á¡®¥¢ ®¯¥à¨à®¢�âì Big Data ¢ à¥¦¨¬¥
®£à�−¨ç¥−−®£® ¢à¥¬¥−¨ ¤«ï �−�«¨§� ¤�−−ëå ¨ ¯à¨−ïâ¨ï à¥è¥−¨© âà¥¡ã¥â ¯à¥¤-
¢�à¨â¥«ì−®£® −�ª®¯«¥−¨ï, ä®à¬�«¨§�æ¨¨ ®¯ëâ� ¨ ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ ¨ á¨áâ¥¬
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� [12], � ¨¬¥−−®: í¢à¨áâ¨ª, ¯¥à¥−®áïé¨å −� ª®¬¯ìîâ¥à
¨á¯®«ì§ã¥¬ë© íªá¯¥àâ®¬ ®¯ëâ ¨ ¬¥â®¤ë �−�«¨§� ¤�−−ëå, ª®â®àë¥ ¯®§¢®«ïîâ
á¨áâ¥¬�¬ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ë¯®«−ïâì â¥ ¦¥ ¤¥©áâ¢¨ï, çâ® ¨ ç¥«®¢¥ª-
íªá¯¥àâ, ®¤−�ª® áãé¥áâ¢¥−−® ¡ëáâà¥¥ ¨ ¢ áãé¥áâ¢¥−−® ¡�®«ìè¨å ®¡ê¥¬�å.

’¥å−®«®£¨¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�, ¢ ç�áâ−®áâ¨ ¬�è¨−−®¥ ®¡ãç¥−¨¥
¨ â¥ªáâ-¯à®æ¥áá¨−£, ¯®§¢®«ïîâ à¥§ã«ìâ�â¨¢−® �−�«¨§¨à®¢�âì ¡®«ìè¨¥ ®¡ê¥¬ë
−�ª®¯«¥−−ëå ¤�−−ëå ¬®−¨â®à¨−£�, ¢ë¤¥«ïï è�¡«®−ë ¨ �−®¬�«¨¨ ¢ ú¯®¢¥¤¥-
−¨¨û ª®¬¯®−¥−â®¢ ®âá«¥¦¨¢�¥¬®© ˆ’-¨−äà�áâàãªâãàë, áãé¥áâ¢¥−−® à�áè¨àïï
¢®§¬®¦−®áâ¨ ¯à®ä¨«ì−®£® ¯¥àá®−�«�, � â�ª¦¥ á®ªà�é�ï ¢à¥¬ï ¯à¨−ïâ¨ï ã¯à�¢-
«¥−ç¥áª¨å à¥è¥−¨© ¯® ãáâà�−¥−¨î á¡®ï.

÷¥è¥−¨ï −� ¡�§¥ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¯à¨ −�ª®¯«¥−¨¨ ®¯ëâ� ¨ �−�«¨§�
¦�«®¡ ¯®§¢®«ïîâ:

{ ®¡ãç�âìáï −� ã¦¥ −�ª®¯«¥−−ëå ¯à¥¤è¥áâ¢ãîé¨å ¤�−−ëå, ä®ªãá¨àãï ¨¤¥−-
â¨ä¨ª�æ¨î á¡®ï −� ¢ëï¢«¥−−ëå ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï è�¡«®−�å ¨ ¯à¨¬¥à�å
�−®¬�«ì−®£® ¯®¢¥¤¥−¨ï;

{ ¢ë¤¥«ïâì ä�ªâ®àë, å�à�ªâ¥à¨§ãîé¨¥ ª®−ªà¥â−ë¥ â¨¯ë á¡®¥¢, ¨ áâà®¨âì −�
−¨å á®®â¢¥âáâ¢ãîé¨¥ ¬¥â®¤¨ª¨, áà¥¤áâ¢� ¬®−¨â®à¨−£� ¨ ¯à®â¨¢®¤¥©áâ¢¨ï;

{ ä®à¬¨à®¢�âì ¯à¨§−�ª¨ ¢®§−¨ª−®¢¥−¨ï ú«®ª�«ì−ëå �−®¬�«¨©û ¤«ï ¯à¥¤áª�-
§�−¨© ¢®§¬®¦−®áâ¨ á¡®ï.

4 Заключение

‚ à�¡®â¥ ®ç¥àç¥− ªàã£ §�¤�ç, ª®â®àë¥ á®á¥¤áâ¢ãîâ á §�¤�ç�¬¨ ¨−ä®à¬�æ¨®−-
−®© ¡¥§®¯�á−®áâ¨.
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–¥«ì ¤�−−®© áâ�âì¨ §�ª«îç�¥âáï ¢ ®¯à¥¤¥«¥−¨¨ −�¯à�¢«¥−¨© −�ãç−ëå ¨áá«¥-
¤®¢�−¨© ¨ ä®à¬ã«¨à®¢ª¥ §�¤�ç, à¥è¥−¨¥ ª®â®àëå −¥®¡å®¤¨¬® ¤«ï áãé¥áâ¢¥−−®£®
¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ¢ëï¢«¥−¨ï á¡®¥¢ ¬¥â®¤�¬¨ ¤¥â¥ªâ®à®¢ á¡®¥¢. ‚ à�-
¡®â¥ −¥ ®¯¨á�−, −® ¨á¯®«ì§®¢�− ®¯ëâ ¯®áâà®¥−¨ï ¤¥â¥ªâ®à®¢ á¡®ï −� ®¡è¨à−ëå
â¥àà¨â®à¨ïå áâà�−ë. �¯¨á�−¨¥ ¨ ¨á¯®«ì§®¢�−¨¥ ¨¬¥îé¥£®áï ®¯ëâ� ¨ �¯à®¡�æ¨¨
¯®áâà®¥−−ëå à¥è¥−¨©, � â�ª¦¥ ¯à�ªâ¨ç¥áª¨å ¯à®¡«¥¬ ¯à¨ à�áè¨à¥−¨¨ £à�−¨æ
¯à¨¬¥−¥−¨ï ¤¥â¥ªâ®à®¢ á¡®¥¢ ¡ã¤ãâ ®¯ã¡«¨ª®¢�−ë ¢ ®â¤¥«ì−®© áâ�âì¥.

�á−®¢−ë¥ −�¯à�¢«¥−¨ï −�ãç−ëå ¨áá«¥¤®¢�−¨© ¤«ï à�§à�¡®âª¨ ¨ ¯à¨¬¥−¥−¨ï
¤¥â¥ªâ®à®¢ á¡®¥¢ á¢ï§�−ë á ¨á¯®«ì§®¢�−¨¥¬ áãé¥áâ¢ãîé¨å ¬¥â®¤®¢ ¨áªãááâ¢¥−-
−®£® ¨−â¥««¥ªâ�. �à¨ íâ®¬ ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ ¯®−¨¬�¥âáï ¢ à�áè¨à¥−−®¬
á¬ëá«¥, ¢ª«îç�îé¥¬:

{ ¬¥â®¤ë ¯®¨áª� ¨ �−�«¨§� ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©;

{ â¥ªáâ-¯à®æ¥áá¨−£;

{ ¬�è¨−−®¥ ®¡ãç¥−¨¥ ¨ ¨−â¥««¥ªâã�«ì−ë© �−�«¨§ ¤�−−ëå;

{ ¬¥â®¤ë ®à£�−¨§�æ¨¨, ®¡à�¡®âª¨ ¨ åà�−¥−¨ï ¡®«ìè¨å ¤�−−ëå;

{ ¬¥â®¤ë ®¯¥à�â¨¢−®£® �−�«¨§� ®¡−®¢«ï¥¬ëå ¤�−−ëå.
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Abstract: Research aspects of the problem of identifying failures in complex
information technology (IT) systems are discussed. A failure is understood as
an abnormal mode of operation of the IT infrastructure, in which the specified
functionality of the business processes supported by it is not provided but the
existing means of monitoring the functioning of the IT infrastructure do not raise
alarms. In such situations, the conclusion about the failure can be formed only
by indirect data, in particular, by the reaction of users contacting the support
service, etc. The tasks of building identification systems for such abnormal
situations, the so-called downdetectors, are considered in the context of some
research problems of modern artificial intelligence: intellectual analysis of natural
language texts, identification of cause-and-effect relationships in the analyzed
data, training on precedents in open subject areas, etc. The paper proposes
directions of scientific research and formulation of tasks, the solution of which
is necessary to significantly increase the efficiency of detecting failures using
downdetector methods.
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ОСОБЕННОСТИ ОБЕСПЕЧЕНИЯ ФУНКЦИОНАЛЬНОЙ
БЕЗОПАСНОСТИ АВТОМАТИЗИРОВАННЫХ СИСТЕМ

С ПРИМЕНЕНИЕМ ТЕХНОЛОГИИ ИСКУССТВЕННОГО
ИНТЕЛЛЕКТА

В. Е. Гаврилов1, А. А. Зацаринный2

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� à�áá¬®âà¥−¨î ®á®¡¥−−®áâ¥© ®¡¥á¯¥ç¥−¨ï
äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬ (�‘) ª�ª á ¯à¨¬¥-
−¥−¨¥¬ â¥å−®«®£¨¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� (’ˆˆ), â�ª ¨ ¡¥§ −¥¥. ‘à�¢-
−¨¢�îâáï ä�ªâ®àë, ¢«¨ïîé¨¥ −� ª�ç¥áâ¢® äã−ªæ¨®−�«ì−®£® ¯à®£à�¬¬−®£®
®¡¥á¯¥ç¥−¨ï (��) ¢ ®¡®¨å á«ãç�ïå. �®ª�§�−®, çâ® ¡®«ìè¨−áâ¢® á¯¥æ¨ä¨ç¥-
áª¨å ¤«ï á¨áâ¥¬ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� (‘ˆˆ) �â�ª ¡«®ª¨àã¥âáï áâ�−-
¤�àâ−ë¬¨ áà¥¤áâ¢�¬¨ §�é¨âë ¨−ä®à¬�æ¨¨ ®â −¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯�.
�ää¥ªâ¨¢−®áâì §�é¨âë ®â �â�ª¨ ãª«®−¥−¨ï ®¯à¥¤¥«ï¥âáï ª�ç¥áâ¢®¬ ‘ˆˆ
¨ ¨á¯®«ì§ã¥¬ëå ¤«ï ®¡ãç¥−¨ï ¤�−−ëå. „«ï �‘ ¡¥§ ¯à¨¬¥−¥−¨ï ’ˆˆ â�ª¦¥
�ªâã�«ì−ë �â�ª¨ ãª«®−¥−¨ï, � íää¥ªâ¨¢−®áâì §�é¨âë ®â −¨å ®¯à¥¤¥«ï¥âáï
ª�ç¥áâ¢®¬ äã−ªæ¨®−�«ì−®£® ��.
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£® ®¡¥á¯¥ç¥−¨ï; �â�ª¨; §�é¨â� ¨−ä®à¬�æ¨¨
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1 Введение

˜¨à®ª®¥ ¢−¥¤à¥−¨¥ −®¢ëå ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© (ˆ’) ¢ á�¬ëå à�§-
−ëå ®¡«�áâïå íª®−®¬¨ª¨, ã¯à�¢«¥−¨ï, ®¡®à®−ë ¨ ¡¥§®¯�á−®áâ¨ ¯à¨¢®¤¨â ª −®¢ë¬
ã£à®§�¬ ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ �‘ [1]. �® ¬¥à¥ à�áè¨à¥−¨ï áä¥àë ¯à¨-
¬¥−¥−¨ï ¨ äã−ªæ¨®−�«ì−®áâ¨ ˆ’ âà�¤¨æ¨®−−ë¥ æ¥«¨ §�é¨âë ¨−ä®à¬�æ¨¨ (æ¥-
«®áâ−®áâì, ¤®áâã¯−®áâì ¨ ª®−ä¨¤¥−æ¨�«ì−®áâì) ¢á¥ ç�é¥ ®âå®¤ïâ −� ¢â®à®© ¯«�−
¨ áâ�−®¢ïâáï ¢á¯®¬®£�â¥«ì−ë¬¨ ¤«ï ¤®áâ¨¦¥−¨ï ®á−®¢−®© æ¥«¨ | ¤®áâ¨¦¥−¨ï
ãáâ®©ç¨¢®£® ¨ ª®àà¥ªâ−®£® ¢ë¯®«−¥−¨ï �‘ âà¥¡ã¥¬ëå äã−ªæ¨© ¡¥§ −�−¥á¥−¨ï
−¥¯à¨¥¬«¥¬®£® ãé¥à¡� ¢«�¤¥«ìæã �‘; ¢ íâ®¬ áãâì à¥�«¨§�æ¨¨ ¡¥§®¯�á−®© ˆ’ [2].
‚ ¯¥à¢ãî ®ç¥à¥¤ì íâ® ª�á�¥âáï â�ª −�§ë¢�¥¬ëå ª¨¡¥àä¨§¨ç¥áª¨å á¨áâ¥¬, ¢ ª®â®-
àëå ¨−ä®à¬�æ¨®−−ë¥ ¯à®æ¥ááë ¨ ¯à®æ¥ááë ä¨§¨ç¥áª®£® ¬¨à� â¥á−® ¯¥à¥¯«¥â¥−ë
¨ −¥®â¤¥«¨¬ë ¤àã£ ®â ¤àã£�, −�¯à¨¬¥à ¢ á¨áâ¥¬�å ã¯à�¢«¥−¨ï â¥å−®«®£¨ç¥áª¨¬¨
¯à®æ¥áá�¬¨ ¯à¨ ®¡¥á¯¥ç¥−¨¨ äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ ª�ª á¯®á®¡−®áâ¨ ¯®¤-
¤¥à¦¨¢�âì ª®àà¥ªâ−®¥ äã−ªæ¨®−¨à®¢�−¨¥ á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ã¯à�¢«ï¥¬®£®

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, vegavrilov@yandex.ru

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, AZatsarinny@ipiran.ru

23



‚. …. ƒ�¢à¨«®¢, �. �. ‡�æ�à¨−−ë©

¥î ®¡®àã¤®¢�−¨ï [3]. �à¥¤áâ�¢«ï¥âáï, çâ® íâ®â ¯®¤å®¤ â�ª¦¥ ¯à¨¥¬«¥¬ ¨ ¤«ï
¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª¨å á¨áâ¥¬ [4], ¢ ª®â®àëå −�àãè¥−¨¥ ãáâ�−®¢«¥−−®©
â¥å−®«®£¨¨ ®¡à�¡®âª¨ ¨ åà�−¥−¨ï ¨−ä®à¬�æ¨¨ â�ª¦¥ ¬®¦¥â ¯à¨¢®¤¨âì ª −¥£�-
â¨¢−ë¬ ¯®á«¥¤áâ¢¨ï¬ ¤�¦¥ ¯à¨ á®åà�−¥−¨¨ ª®−ä¨¤¥−æ¨�«ì−®áâ¨, æ¥«®áâ−®áâ¨
¨ ¤®áâã¯−®áâ¨.

’�ª¨¬ ®¡à�§®¬, ¡¥§®¯�á−®áâì ˆ’ ¨ äã−ªæ¨®−�«ì−�ï ¡¥§®¯�á−®áâì �‘ å�à�ª-
â¥à¨§ãîâáï ª�ç¥áâ¢®¬ ¯®«ì§®¢�â¥«ìáª®£® ��, � ¯à¨ ¨á¯®«ì§®¢�−¨¨ ’ˆˆ | ª�ç¥-
áâ¢®¬ á¨áâ¥¬ ‘ˆˆ ¨ ¨å ãáâ®©ç¨¢®áâìî ª �â�ª�¬. ”ã−ªæ¨®−�«ì−�ï ¡¥§®¯�á−®áâì
�‘ ¤®«¦−� ®¡¥á¯¥ç¨¢�âìáï ª®¬¯«¥ªá−ë¬ ¯à¨¬¥−¥−¨¥¬ ª�ª áà¥¤áâ¢ â¥å−¨ç¥áª®©
§�é¨âë ¨−ä®à¬�æ¨¨, â�ª ¨ áà¥¤áâ¢, á¯¥æ¨ä¨ç¥áª¨å ¤«ï ¨á¯®«ì§ã¥¬®© ‘ˆˆ.
�¥§ãá«®¢−®, ¯à¨ íâ®¬ ¤®«¦−ë ¢ë¯®«−ïâìáï âà¥¡®¢�−¨ï ¯® â¥å−¨ç¥áª®© ¨, ¯à¨
−¥®¡å®¤¨¬®áâ¨, ªà¨¯â®£à�ä¨ç¥áª®© §�é¨â¥ ¨−ä®à¬�æ¨¨ [5].

‚ áâ�âì¥ à�áá¬�âà¨¢�îâáï á¯¥æ¨ä¨ç¥áª¨¥ ®á®¡¥−−®áâ¨ ®¡¥á¯¥ç¥−¨ï äã−ªæ¨-
®−�«ì−®© ¡¥§®¯�á−®áâ¨ ¤«ï �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ ¨ ¡¥§ −¥¥.

2 Особенности технологии искусственного интеллекта
с позиции информационной безопасности

�¥á¬®âàï −� â® çâ® ¨áá«¥¤®¢�−¨ï ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢¥¤ãâáï
ã¦¥ −¥áª®«ìª® ¤¥áïâ¨«¥â¨©, � ¢ ¯®á«¥¤−¨¥ £®¤ë ®á®¡¥−−® ¨−â¥−á¨¢−®, ãáâ®ï¢è¥-
£®áï ¯®−ïâ¨ï ’ˆˆ −¥ áä®à¬¨à®¢�−®. ˆ¬¥îé¨¥áï ®¯à¥¤¥«¥−¨ï, ®á−®¢�−−ë¥ −�
áà�¢−¥−¨¨ äã−ªæ¨®−�«ì−®£® −�§−�ç¥−¨ï ‘ˆˆ á ª®£−¨â¨¢−ë¬¨ ¢®§¬®¦−®áâï¬¨
ç¥«®¢¥ª� [6], ç�áâ® ®ª�§ë¢�îâáï −¥¯à¨¥¬«¥¬ë¬¨ ¤«ï à�§à�¡®âª¨ â¥å−®«®£¨ç¥-
áª¨å à¥è¥−¨© ¢á«¥¤áâ¢¨¥ áãé¥áâ¢¥−−ëå ®â«¨ç¨© ¨−¤¨¢¨¤ã�«ì−ëå á¯®á®¡−®áâ¥©
ç¥«®¢¥ª� ¯à¨¬¥−¨â¥«ì−® ª à¥è¥−¨î ª®−ªà¥â−ëå §�¤�ç. „àã£¨¥ ®¯à¥¤¥«¥−¨ï
�ªæ¥−â¨àãîâ ¢®§¬®¦−®áâ¨ ’ˆˆ −� à¥è¥−¨¨ §�¤�−−ëå äã−ªæ¨®−�«ì−ëå §�¤�ç
¢ ãá«®¢¨ïå ®âáãâáâ¢¨ï −�¯¥à¥¤ §�¤�−−®£® �«£®à¨â¬� ¨ ä®à¬¨à®¢�−¨¨ íâ®£® �«£®-
à¨â¬� −� ®á−®¢¥ ¢å®¤−ëå ¤�−−ëå (®¡ãç�îé¨å ¢ë¡®à®ª) [7, 8].

‘à�¢−¨¬ á íâ¨å ¯®§¨æ¨© �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ ¨ âà�¤¨æ¨®−−ë¬ á¯®á®¡®¬
à¥�«¨§�æ¨¨ äã−ªæ¨®−�«ì−®£® ��. �� à�−−¨å íâ�¯�å à�§¢¨â¨ï ¢ëç¨á«¨â¥«ì−®©
â¥å−¨ª¨ ¯à®£à�¬¬¨à®¢�−¨¥ ¢¥«®áì −� −¨§ª®ãà®¢−¥¢ëå ï§ëª�å ¨«¨ −¥¯®áà¥¤-
áâ¢¥−−® ¢ ¬�è¨−−ëå ª®¤�å, � ¯à®£à�¬¬¨áâ á�¬®áâ®ïâ¥«ì−® à�á¯à¥¤¥«ï« ¢ë-
ç¨á«¨â¥«ì−ë¥ à¥áãàáë, â. ¥. ç¥«®¢¥ª á�¬ë¬ â¥á−ë¬ ®¡à�§®¬ ¢§�¨¬®¤¥©áâ¢®¢�«
á ¢ëç¨á«¨â¥«ì−®© áà¥¤®© ¨ ¬®£ ¤¥â�«ì−® ®¡êïá−¨âì ¨ §�¤®ªã¬¥−â¨à®¢�âì ¢¥áì
¢ëç¨á«¨â¥«ì−ë© ¯à®æ¥áá. �® ¬¥à¥ à�§¢¨â¨ï á¨áâ¥¬ ¯à®£à�¬¬¨à®¢�−¨ï ¨ ®¯¥à�-
æ¨®−−ëå á¨áâ¥¬ ¡�®«ìè�ï ç�áâì àãâ¨−−®© à�¡®âë ¯à®£à�¬¬¨áâ� ¡ë«� ¢®§«®¦¥−�
−� ¨−áâàã¬¥−âë â�ª −�§ë¢�¥¬®£® ¯à®¬¥¦ãâ®ç−®£® á«®ï (âà�−á«ïâ®àë, ª®¬¯¨«ïâ®-
àë, à¥¤�ªâ®àë ¨ ¨−â¥à¯à¥â�â®àë ï§ëª®¢ ¢ëá®ª®£® ãà®¢−ï, á¨áâ¥¬ë ¢¢®¤�{¢ë¢®¤�
¨ ®¯¥à�æ¨®−−ë¥ á¨áâ¥¬ë). ‘â�«¨ è¨à®ª® ¯à¨¬¥−ïâìáï ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå
¯à®£à�¬¬, ®¡«�¤�îé¨¥ ¢ á¨«ã á¢®¥© ã−¨¢¥àá�«ì−®áâ¨ ¢ëá®ª®© ¨§¡ëâ®ç−®áâìî.
‘â¥¯¥−ì �«£®à¨â¬¨§�æ¨¨ ï§ëª®¢ ¯à®£à�¬¬¨à®¢�−¨ï ¢®§à®á«�, ¯®ï¢¨«¨áì ¤¨−�-
¬¨ç¥áª¨ ¯®¤£àã¦�¥¬ë¥ ¬®¤ã«¨ ¨ á¨áâ¥¬ë �¢â®¬�â¨ç¥áª®£® ¯à®£à�¬¬¨à®¢�−¨ï.
‚ à¥§ã«ìâ�â¥ ã¯®¬ï−ãâë¥ ¢ëè¥ ¨ ¤àã£¨¥ â¥å−®«®£¨¨, á ®¤−®© áâ®à®−ë, áãé¥-
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�á®¡¥−−®áâ¨ ®¡¥á¯¥ç¥−¨ï äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ

áâ¢¥−−® ¯®¢ëá¨«¨ íää¥ªâ¨¢−®áâì á¨áâ¥¬ ¯à®£à�¬¬¨à®¢�−¨ï ¨ ®¡«¥£ç¨«¨ âàã¤
¯à®£à�¬¬¨áâ®¢, � á ¤àã£®© | á−¨§¨«¨ ãà®¢¥−ì ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨
§� áç¥â á−¨¦¥−¨ï ¢®§¬®¦−®áâ¨ ª®−âà®«ï ¨á¯®«−ï¥¬®£® ª®¤�: ¯®ï¢¨«�áì ¯à®-
¡«¥¬� ®¡êïá−¨¬®áâ¨ (¨«¨ −¥®¡êïá−¨¬®áâ¨) ª®¤�. “ª�§�−−ë¥ ä�ªâ®àë ¯à¨¢¥«¨
ª −¥¢®§¬®¦−®áâ¨ ¯®«−®æ¥−−®£® �−�«¨§� à�§à�¡®â�−−®£® �� −� á®®â¢¥âáâ¢¨¥ âà¥-
¡®¢�−¨ï¬ ¯® ãà®¢−ï¬ ¤®¢¥à¨ï âà�¤¨æ¨®−−ë¬¨ áâ�â¨ç¥áª¨¬¨ ¨ ¤¨−�¬¨ç¥áª¨¬¨
¬¥â®¤�¬¨ −� ®á−®¢¥ áãé¥áâ¢ãîé¥© −®à¬�â¨¢−®© ¡�§ë à¥£ã«ïâ®à®¢ [6]. ‚ á¢ï§¨
á íâ¨¬ ¤«ï �−�«¨§� �� ¢á¥ ç�é¥ ¨á¯®«ì§ã¥âáï â�ª −�§ë¢�¥¬®¥ ä�§§¨−£-â¥áâ¨à®-
¢�−¨¥ [9].

˜¨à®ª®¥ ¢−¥¤à¥−¨¥ ’ˆˆ ®¡®áâà¨«® ¯à®¡«¥¬ë ¢ íâ®¬ −�¯à�¢«¥−¨¨. �à¨ íâ®¬
®â¢¥â −� ¢®¯à®á ® −�«¨ç¨¨ ¨«¨ ®âáãâáâ¢¨¨ §�à�−¥¥ ®¯à¥¤¥«¥−−®£® �«£®à¨â¬� ¯à¨
¨á¯®«ì§®¢�−¨¨ ’ˆˆ §�¢¨á¨â ®â áâ¥¯¥−¨ ¤¥â�«¨§�æ¨¨ íâ®£® �«£®à¨â¬�. „¥©áâ¢¨-
â¥«ì−®, −�¯à¨¬¥à, ¯à¨ ¨á¯®«ì§®¢�−¨¨ â¥å−®«®£¨¨ ¬�è¨−−®£® ®¡ãç¥−¨ï (Œ�) −�
®á−®¢¥ ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥© (ˆ�‘) §�¤�−¨¥ ¯�à�¬¥âà®¢ −¥©à®−−®©
á¥â¨ ã¦¥ ®¯à¥¤¥«ï¥â �«£®à¨â¬ ¤�«ì−¥©è¥£® äã−ªæ¨®−¨à®¢�−¨ï. �¯â¨¬�«ì−ë¥
¯�à�¬¥âàë ˆ�‘ ¬®¦−® ¡ë«® ¡ë −�©â¨ ¨ ¯ãâ¥¬ â®â�«ì−®£® ¯¥à¥¡®à� á −¥ª®â®àë¬
è�£®¬ (ç¥¬ ¬¥−ìè¥, â¥¬ â®ç−¥¥) ¯à¨ −�«¨ç¨¨ −¥®£à�−¨ç¥−−ëå ¢ëç¨á«¨â¥«ì−ëå
¨ ¢à¥¬¥−− �ëå à¥áãàá®¢. ˆá¯®«ì§®¢�−¨¥ ¢¥à®ïâ−®áâ−ëå ¬¥â®¤®¢ ¤«ï ¯®¨áª� ®¯â¨-
¬�«ì−ëå £¨¯¥à¯�à�¬¥âà®¢ ¯à¨ Œ� «¨èì ¯®§¢®«ï¥â á®ªà�â¨âì âàã¤®¥¬ª®áâì íâ®£®
¯à®æ¥áá� ¤® ¯à¨¥¬«¥¬®£® ãà®¢−ï ¨, ¯® áãâ¨, á¢®¤¨âáï ª ®¤−®¬ã ¨§ ¯à¨¬¥−¥−¨©
¬¥â®¤� Œ®−â¥-Š�à«®. �®¤®¡−ë© ¯®¤å®¤ à�á¯à®áâà�−ï¥âáï ¨ −� ¤àã£¨¥ â¥å−®«®-
£¨¨ Œ�. ‡�¤�−¨¥ ¯à¨§−�ª®¢®£® ®¯¨á�−¨ï, â®çª¨ ¯à®â®â¨¯�, ¯®à®£®¢ëå §−�ç¥−¨©
à�ááâ®ï−¨©, ¬¨−¨¬�«ì−®£® ç¨á«� â®ç¥ª ¢ ®ªà¥áâ−®áâ¨, ç¨á«� ª«�áâ¥à®¢ ¨ â. ¤.
â�ª¦¥ ®¯à¥¤¥«ï¥â �«£®à¨â¬ äã−ªæ¨®−¨à®¢�−¨ï ¬®¤¥«¨ Œ�.

’�ª¨¬ ®¡à�§®¬, ¬®¦−® ¯à¥¤«®¦¨âì á«¥¤ãîé¥¥ ®¯à¥¤¥«¥−¨¥: â¥å−®«®£¨ï ¨á-
ªãááâ¢¥−−®£® ¨−â¥««¥ªâ� | íâ® â¥å−®«®£¨ï ®¯â¨¬¨§�æ¨¨ ¯�à�¬¥âà®¢ �«£®à¨â¬�
à¥è¥−¨ï äã−ªæ¨®−�«ì−®© §�¤�ç¨ −� ®á−®¢¥ �−�«¨§� ¢å®¤−ëå ¤�−−ëå.

ˆ−â¥£à�«ì−ë¬ ¯®ª�§�â¥«¥¬ ®¯â¨¬�«ì−®áâ¨ ¯�à�¬¥âà®¢ �«£®à¨â¬� á ¨á¯®«ì-
§®¢�−¨¥¬ ’ˆˆ á«ã¦¨â ®æ¥−ª� ª�ç¥áâ¢� á®®â¢¥âáâ¢ãîé¥© ‘ˆˆ.

3 Факторы, влияющие на функциональную безопасность

÷�áá¬®âà¨¬, ª�ª¨¥ ä�ªâ®àë ¢«¨ïîâ −� ª�ç¥áâ¢® ‘ˆˆ ¨ �‘, à¥�«¨§ãîé¥©
ä¨ªá¨à®¢�−−ë© �«£®à¨â¬ à¥è¥−¨ï äã−ªæ¨®−�«ì−®© §�¤�ç¨, −� ¢á¥å íâ�¯�å ¦¨§-
−¥−−®£® æ¨ª«� −¥áª®«ìª® ¡®«¥¥ ¤¥â�«ì−®, ç¥¬ ¢ [10{12]. ‚ë¤¥«¨¬ á«¥¤ãîé¨¥
10 íâ�¯®¢.

1. �¯à¥¤¥«¥−¨¥ äã−ªæ¨®−�«ì−®© ¯®âà¥¡−®áâ¨ §�ª�§ç¨ª�. �à¨ íâ®¬ ¢ ®¡®¨å
á«ãç�ïå ¢�¦−ë ¯®«−®â� ¨ −¥¯à®â¨¢®à¥ç¨¢®áâì äã−ªæ¨®−�«ì−®© §�¤�ç¨.

2. �®áâ�−®¢ª� §�¤�ç¨ ¨ ¥¥ ä®à¬�«¨§�æ¨ï ¢ ¯à®¥ªâ¥ â¥å−¨ç¥áª®£® §�¤�−¨ï.
‘«®¢¥á−®¥ ®¯¨á�−¨¥ äã−ªæ¨®−�«ì−®© ¯®âà¥¡−®áâ¨ (§�¤�ç¨) ¤®«¦−® ¡ëâì
¯®«−ë¬, ¨áç¥à¯ë¢�îé¨¬, −¥¯à®â¨¢®à¥ç¨¢ë¬ ¨ −¥ ¤®¯ãáª�îé¨¬ à�§«¨ç−ëå
â®«ª®¢�−¨©.
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3. ˆ−â¥à¯à¥â�æ¨ï äã−ªæ¨®−�«ì−®© §�¤�ç¨ ¨á¯®«−¨â¥«¥¬ /̈̈ «¨ á¢¥¤¥−¨¥ ¯¥à-
¢®−�ç�«ì−®© §�¤�ç¨ ª ®¤−®© ¨«¨ á®¢®ªã¯−®áâ¨ â¨¯®¢ëå §�¤�ç, à¥è�¥¬ëå
á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ (ª«�áá¨ä¨ª�æ¨ï, ª«�áâ¥à¨§�æ¨ï, à¥£à¥áá¨ï, ¯®−¨¦¥−¨¥
à�§¬¥à−®áâ¨ ¨ â. ¤.), ¢ á«ãç�¥ ¯à¨−ïâ¨ï à¥è¥−¨ï ®¡ ¨á¯®«ì§®¢�−¨¨ ’ˆˆ. �¥
®¡«�¤�ï £«ã¡®ª¨¬ §−�−¨¥¬ �¢â®¬�â¨§¨àã¥¬®© ¯à¥¤¬¥â−®© ®¡«�áâ¨, ¨á¯®«−¨-
â¥«ì ¬®¦¥â ¤®¯ãáª�âì ª�ª á¨áâ¥¬�â¨ç¥áª¨¥, â�ª ¨ á«ãç�©−ë¥ ®è¨¡ª¨ −� íâ®¬
íâ�¯¥.

4. ÷�§à�¡®âª� ¡«®ª-áå¥¬ë ¯à®£à�¬¬ë. �� íâ®¬ íâ�¯¥ ¯à¥¤¯®«�£�¥âáï ¤¥ª®¬-
¯®§¨æ¨ï �«£®à¨â¬� à¥è¥−¨ï äã−ªæ¨®−�«ì−®© §�¤�ç¨ §�ª�§ç¨ª� ¨ ä®à¬�«¨-
§�æ¨ï ª�¦¤®£® ¨§ ª®¬¯®−¥−â®¢, ¢ â®¬ ç¨á«¥ á¢¥¤¥−¨¥ ª ®¤−®© ¨§ à¥è�¥¬ëå
á ¯®¬®éìî ’ˆˆ §�¤�ç (¢ á«ãç�¥ ¨á¯®«ì§®¢�−¨ï). �¥ª®àà¥ªâ−®áâì ª�¦¤®£®
¨§ ª®¬¯®−¥−â®¢ /̈̈ «¨ ¨å ¢§�¨¬®á¢ï§¨ ¯à¨¢®¤¨â ª −¥ª®àà¥ªâ−®© à�¡®â¥ ¢á¥£®
�«£®à¨â¬�.

5. ÷�§à�¡®âª� ª®¤� ¯à®£à�¬¬ë −� ï§ëª¥ ¢ëá®ª®£® ãà®¢−ï. �à¨ ¨á¯®«ì§®¢�−¨¨
’ˆˆ −� íâ®¬ íâ�¯¥ à�§à�¡®âç¨ª ¢ë¡¨à�¥â �àå¨â¥ªâãàã ¨ £¨¯¥à¯�à�¬¥âàë
¨áªãááâ¢¥−−ëå/£«ã¡¨−−ëå −¥©à®−−ëå á¥â¥©, � â�ª¦¥ ¯à®¢®¤¨â á®¡áâ¢¥−-
−® ®¡ãç¥−¨¥ ¬®¤¥«¨. ‚ å®¤¥ ¯à®£à�¬¬¨à®¢�−¨ï ¨á¯®«−¨â¥«ì ¨á¯®«ì§ã¥â
áâ�−¤�àâ−ë¥ ¡¨¡«¨®â¥ª¨ ¨ ¯®¤£àã¦�¥¬ë¥ ¬®¤ã«¨, à�¡®â� ª®â®àëå −¥ ¢á¥£¤�
¯à®§à�ç−� ¨ ®¡êïá−¨¬�, â�ª ¦¥ ª�ª ¨ ¢ë¡®à �àå¨â¥ªâãàë ˆ�‘ ¨ ¨−ëå £¨¯¥à-
¯�à�¬¥âà®¢. �� ª�ç¥áâ¢® äã−ªæ¨®−�«ì−®£® �� ¢ ®¡®¨å á«ãç�ïå ¢«¨ï¥â â�ª¦¥
®¯â¨¬�«ì−ë© ¢ë¡®à ¯�à�¬¥âà®¢ �«£®à¨â¬�. ‚ ®¤−®¬ á«ãç�¥ ®¯â¨¬�«ì−ë¥
¯�à�¬¥âàë ¢ë¡¨à�îâáï −� ®á−®¢¥ áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢, ¨á¯®«ì§ã¥¬ëå
¢ Œ�, ¢ ¤àã£®¬ íâ® ¤¥«�¥â ¯à®£à�¬¬¨áâ, ª®â®àë© â�ª¦¥ ¬®¦¥â ¨á¯®«ì-
§®¢�âì ç¨á«¥−−ë¥ ¬¥â®¤ë à¥è¥−¨ï −¥ª®â®àëå ãà�¢−¥−¨©, ¢ª«îç�ï ¬¥â®¤
Œ®−â¥-Š�à«®. ‚ á¢®î ®ç¥à¥¤ì ®¯â¨¬�«ì−®áâì ¯�à�¬¥âà®¢ Œ� −�¯àï¬ãî
§�¢¨á¨â ®â ª�ç¥áâ¢� ®¡ãç�îé¨å ¤�−−ëå, ®â¡®à ¨ ¯®¤£®â®¢ªã ª®â®àëå ®áãé¥-
áâ¢«ïîâ ¯à®ä¨«ì−ë¥ íªá¯¥àâë, çâ® ¯à¥¤¯®«�£�¥â −¥ª®â®àãî áã¡ê¥ªâ¨¢−®áâì.

6. Š®¬¯¨«ïæ¨ï. ˆá¯®«ì§®¢�−¨¥ ã−¨¢¥àá�«ì−ëå ª®¬¯¨«ïâ®à®¢, ª�ª ¯à�¢¨«®,
¢−®á¨â ¨§¡ëâ®ç−®áâì ¢ ¨á¯®«−ï¥¬ë© ª®¤, çâ® ¬®¦¥â ¯à¨¢®¤¨âì ª á−¨¦¥−¨î
ª�ç¥áâ¢� äã−ªæ¨®−�«ì−®£® �� ¨ ¯®ï¢«¥−¨î ¤®¯®«−¨â¥«ì−ëå ãï§¢¨¬®áâ¥©.
�à¨ ¨á¯®«ì§®¢�−¨¨ ’ˆˆ �−�«®£®¬ íâ®£® ¯à®æ¥áá� ¬®¦¥â á«ã¦¨âì ª®¬¯à¥á-
á¨ï ˆ�‘ (®¯â¨¬¨§�æ¨ï �àå¨â¥ªâãàë, ¯àã−−¨−£, ª¢�−â®¢�−¨¥, ¤¨áâ¨««ïæ¨ï
§−�−¨©), çâ® â�ª¦¥ ¬®¦¥â á−¨¦�âì ª�ç¥áâ¢® ¯®«ãç�¥¬®£® ¯® à¥§ã«ìâ�â�¬
®¡ãç¥−¨ï äã−ªæ¨®−�«ì−®£® ��.

7. ’¥áâ¨à®¢�−¨¥. —�é¥ ¢á¥£® ®æ¥−ª� äã−ªæ¨®−�«ì−®© ¯à¨£®¤−®áâ¨ (ª�ç¥áâ¢�)
�� ¯à®¢®¤¨âáï ¢® ¢à¥¬ï ¯à¨¥¬®ç−ëå ¨á¯ëâ�−¨© ¯® á¯¥æ¨�«ì−® à�§à�¡®â�−-
−®© ¬¥â®¤¨ª¥. �à¨ íâ®¬ ¯®«−®â� ¨ ¤®áâ�â®ç−®áâì â�ª®£® â¥áâ¨à®¢�−¨ï −¨ª�ª
−¥ ®¡®á−®¢ë¢�îâáï. �âç�áâ¨ íâ®â ¯à®¡¥« ãáâà�−ï¥âáï ¢ [9,13], ª®â®àë¥ ¯à¨-
¢®¤ïâ ¯¥à¥ç¥−ì −�¨¡®«¥¥ ç�áâ® ¢áâà¥ç�îé¨åáï áãé¥áâ¢¥−−ëå å�à�ªâ¥à¨áâ¨ª
ª�ç¥áâ¢� �� ¨ ¯®¤å®¤ë ª ¨å ª®«¨ç¥áâ¢¥−−®¬ã íªá¯¥àâ−®¬ã ®æ¥−¨¢�−¨î.
�¤−�ª® ¯¥à¥ç¥−ì §−�ç¨¬ëå ¤«ï ª®−ªà¥â−®£® ¯à¨¬¥−¥−¨ï å�à�ªâ¥à¨áâ¨ª
¨ £à�−¨ç−ë¥ §−�ç¥−¨ï á®®â¢¥âáâ¢ãîé¨å ¬¥âà¨ª ¯à¨ ¨å ®æ¥−¨¢�−¨¨ ¯®-¯à¥¦-
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�á®¡¥−−®áâ¨ ®¡¥á¯¥ç¥−¨ï äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ

−¥¬ã ¢®§«�£�îâáï −� íªá¯¥àâ®¢, çâ® ¬®¦¥â ¯à¨¢®¤¨âì ª −¥®¡ê¥ªâ¨¢−®áâ¨
®æ¥−®ª.

8. ˆáá«¥¤®¢�−¨ï −� á®®â¢¥âáâ¢¨¥ âà¥¡®¢�−¨ï¬ ¯® ãà®¢−î ¤®¢¥à¨ï. ‚ á®®â¢¥â-
áâ¢¨¨ á âà¥¡®¢�−¨ï¬¨ −®à¬�â¨¢−ëå ¤®ªã¬¥−â®¢ [14] â�ª®¬ã ¨áá«¥¤®¢�−¨î
¯®¤¢¥à£�¥âáï ¢á¥ �� ¨§ á®áâ�¢� �‘ ¢ §�é¨é¥−−®¬ ¨á¯®«−¥−¨¨. �à¨ íâ®¬
¯à¥¤¯®«�£�¥âáï áâ�â¨ç¥áª¨© ¨ ¤¨−�¬¨ç¥áª¨© �−�«¨§ �� á ¨á¯®«ì§®¢�−¨¥¬
ª®¬¬¥−â¨à®¢�−−ëå ¨áå®¤−ëå â¥ªáâ®¢. ‘ ãç¥â®¬ á®¢à¥¬¥−−ëå â¥å−®«®£¨©
¯à®£à�¬¬¨à®¢�−¨ï íâ® âà¥¡®¢�−¨¥ ç�é¥ ¢á¥£® ®ª�§ë¢�¥âáï −¥¢ë¯®«−¨¬ë¬,
çâ® ¯à¨¢®¤¨â ª −¥®¡å®¤¨¬®áâ¨ ¨á¯®«ì§®¢�−¨ï �«ìâ¥à−�â¨¢−ëå ¬¥â®¤®¢ ¨á-
á«¥¤®¢�−¨©, −�¯à¨¬¥à ä�§§¨−£-â¥áâ¨à®¢�−¨ï. ’�ª¨¬ ®¡à�§®¬, �‘ á ä¨ªá¨-
à®¢�−−ë¬ �«£®à¨â¬®¬ äã−ªæ¨®−¨à®¢�−¨ï ¯à�ªâ¨ç¥áª¨ −¨ç¥¬ −¥ ®â«¨ç�¥âáï
®â �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ, ®¡«�¤�îé¥© íää¥ªâ®¬ −¥®¡êïá−¨¬®áâ¨.

9. ‚ëï¢«¥−¨¥ ®è¨¡®ª (−¥ª®àà¥ªâ−®£® äã−ªæ¨®−¨à®¢�−¨ï), á−¨¦¥−¨ï íää¥ª-
â¨¢−®áâ¨ ‘ˆˆ. ‚ å®¤¥ íªá¯«ã�â�æ¨¨ �‘ −¥à¥¤ª® ¢ëï¢«ïîâáï ®è¨¡ª¨ ¨«¨
−¥â®ç−®áâ¨ (−¥¯®«−®â�) à¥�«¨§�æ¨¨ äã−ªæ¨®−�«ì−®© §�¤�ç¨, � ¤«ï ‘ˆˆ |
á−¨¦¥−¨¥ íää¥ªâ¨¢−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï.

10. ‚−¥á¥−¨¥ ¨§¬¥−¥−¨© ¨ ¨å ®æ¥−ª�. ‚ á«ãç�¥ ¨á¯®«ì§®¢�−¨ï ’ˆˆ ¨ ¡¥§
−¥¥ âà¥¡ã¥âáï ¯à®¢¥¤¥−¨¥ ¨áá«¥¤®¢�−¨ï ¢−¥á¥−−ëå ¨§¬¥−¥−¨©, çâ®, ª®−¥ç−®,
á−¨¦�¥â ®¯¥à�â¨¢−®áâì â�ª®© ª®àà¥ªâ¨à®¢ª¨. ‚ ®¡®¨å á«ãç�ïå ª�ª ª®àà¥ªâ¨-
à®¢ª� ��, â�ª ¨ ¤®®¡ãç¥−¨¥ ˆ�‘ ¯à®¢®¤¨âáï ¢−¥ à�¬®ª äã−ªæ¨®−¨àãîé¥©
�‘ −� ¢ë¤¥«¥−−ëå áà¥¤áâ¢�å ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ á −¥®¡å®¤¨¬ë¬¨
¨−áâàã¬¥−â�«ì−ë¬¨ áà¥¤áâ¢�¬¨.

Š�ª ¢¨¤¨¬, ¯à¨−æ¨¯¨�«ì−®© à�§−¨æë ¬¥¦¤ã ä�ªâ®à�¬¨, ¢«¨ïîé¨¬¨ −� ª�-
ç¥áâ¢® äã−ªæ¨®−�«ì−®£® �� ¯à¨ ¥£® à�§à�¡®âª¥ ç¥«®¢¥ª®¬ ¨ ¯à¨ ä®à¬¨à®¢�−¨¨
�� ¯® à¥§ã«ìâ�â�¬ ®¡ãç¥−¨ï ˆ�‘, ¯à�ªâ¨ç¥áª¨ −¥ áãé¥áâ¢ã¥â.

4 Угрозы функциональной безопасности и специфические атаки

‚á¥ �â�ª¨ ¨ ã£à®§ë, å�à�ªâ¥à−ë¥ ¤«ï ®¡ëç−ëå �‘, �ªâã�«ì−ë ¨ ¤«ï ‘ˆˆ.
ˆá¯®«ì§®¢�−¨¥ ’ˆˆ −¥ ¢−®á¨â ª�ª®©-«¨¡® á¯¥æ¨ä¨ª¨ ¢ ®¡¥á¯¥ç¥−¨¥ â¥å−¨ç¥áª®©
§�é¨âë ¨−ä®à¬�æ¨¨. ”ã−ªæ¨®−�«ì−ãî ¡¥§®¯�á−®áâì ‘ˆˆ ç�é¥ ¢á¥£® á¢ï§ë¢�-
îâ á ®¡¥á¯¥ç¥−¨¥¬ ãáâ®©ç¨¢®áâ¨ ª á¯¥æ¨ä¨ç¥áª¨¬ �â�ª�¬ ç¥à¥§ ¢å®¤−ë¥ ¤�−−ë¥.
‚ë¤¥«ïîâ ç¥âëà¥ â¨¯� �â�ª: �â�ª¨ ®âà�¢«¥−¨ï ¤�−−ëå, �â�ª¨ â¨¯� úãª«®−¥−¨¥û,
à¥¢¥àá¨¢−®¥ ¯à®¥ªâ¨à®¢�−¨¥ ¨ �â�ª¨ ¢ë¢®¤� [15].

‚ �â�ª�å á ®âà�¢«¥−¨¥¬ ¤�−−ëå §«®ã¬ëè«¥−−¨ª¨ −�¬¥à¥−−® ¢«¨ïîâ −� ®¡ãç�-
îé¨¥ ¤�−−ë¥, çâ®¡ë ¬�−¨¯ã«¨à®¢�âì à¥§ã«ìâ�â�¬¨ à�¡®âë ¬®¤¥«¨. �à¨ íâ®¬
¬®£ãâ ¯à¨¬¥−ïâìáï: ¬®¤¨ä¨ª�æ¨ï ¤�−−ëå ¯ãâ¥¬ ¢−¥á¥−¨ï ¢ −¨å ¨§¬¥−¥−¨© ¯¥à¥¤
¨á¯®«ì§®¢�−¨¥¬ ¤«ï ®¡ãç¥−¨ï æ¥«¥¢®© ¬®¤¥«¨, ¬®¤¨ä¨ª�æ¨ï ¬¥â®ª ¨ ¢−¥¤à¥−¨¥
¤�−−ëå ¯ãâ¥¬ ¢−¥á¥−¨ï −®¢ëå ¤�−−ëå ¢ ®¡ãç�îé¨© −�¡®à.

Š�ª ¢¨¤¨¬, ¢á¥ ¯¥à¥ç¨á«¥−−ë¥ á¯®á®¡ë à¥�«¨§�æ¨¨ �â�ª¨ ®âà�¢«¥−¨ï ¤�−-
−ëå á¢ï§�−ë á −�àãè¥−¨¥¬ æ¥«®áâ−®áâ¨ −�¡®à� ¤�−−ëå, çâ® ï¢«ï¥âáï ®¤−®© ¨§
¡�§®¢ëå ã£à®§ ¡¥§®¯�á−®áâ¨ ¨−ä®à¬�æ¨¨, ¡«®ª¨àã¥¬ëå áà¥¤áâ¢�¬¨ §�é¨âë ®â

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024 27



‚. …. ƒ�¢à¨«®¢, �. �. ‡�æ�à¨−−ë©

−¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯�. �à¨ íâ®¬, ª®−¥ç−®, á�¬¨ ®¡ãç�îé¨¥ ¤�−−ë¥
¤®«¦−ë ¡ëâì ¯®«ãç¥−ë ¨§ ¤®¢¥à¥−−®£® ¨áâ®ç−¨ª�, � ¨å ª�ç¥áâ¢® ¯à®¢¥à¥−®
¢ ãáâ�−®¢«¥−−®¬ ¯®àï¤ª¥.

�â�ª¨ â¨¯� úãª«®−¥−¨¥û ®â−®áïâáï ª à�§à�¡®âª¥ ¢å®¤−ëå ¤�−−ëå, ª®â®àë¥
ª�¦ãâáï −®à¬�«ì−ë¬¨ ¤«ï ç¥«®¢¥ª�, −® ®è¨¡®ç−® ª«�áá¨ä¨æ¨àãîâáï ¬®¤¥«ï¬¨
Œ�. ’�ª¨¥ �â�ª¨ ¯®¤à�§¤¥«ïîâáï −� �â�ª¨ ¯® ¦¥«�¥¬®¬ã ®â¢¥âã (æ¥«¥¢ë¥/−¥æ¥-
«¥¢ë¥), ¯® ¤®áâã¯−®áâ¨ ¬®¤¥«¨ (ç¥à−®£® ïé¨ª�, ¡¥«®£® ïé¨ª�), ¯® ¯®¤¡®àã ¯®¬¥å
(á ®¤−®¯à®å®¤−ë¬¨ ¨ ¨â¥à�â¨¢−ë¬¨ ¬¥â®¤�¬¨ à�áç¥â� ¯®¬¥å), � â�ª¦¥ �â�ª¨
FGSM (Fast Gradient Sign Method) ¨ JSMA (Jacobian Saliency Map Approach).

Š�ª ¢¨¤¨¬, ¯¥à¥ç¨á«¥−−ë¥ á¯®á®¡ë à¥�«¨§�æ¨¨ �â�ª¨ ãª«®−¥−¨ï á¢ï§�−ë
á ª�ç¥áâ¢®¬ ¬®¤¥«¨ (¢ë¡®à®¬ £¨¯¥à¯�à�¬¥âà®¢ ¨ �àå¨â¥ªâãàë ˆ�‘) ¨ ª�ç¥áâ¢®¬
®¡ãç�îé¨å ¤�−−ëå. ‘ â®çª¨ §à¥−¨ï â¥å−¨ç¥áª®© §�é¨âë ¨−ä®à¬�æ¨¨ −¥®¡å®¤¨-
¬® ®£à�−¨ç¨âì ¤®áâã¯ −�àãè¨â¥«ï ª ¬®¤¥«¨ (®¡¥á¯¥ç¨âì ª®−ä¨¤¥−æ¨�«ì−®áâì).
‘¯¥æ¨ä¨ç¥áª¨¥ ¬¥â®¤ë §�é¨âë ®â �â�ª íâ®£® â¨¯� ®á−®¢�−ë −� ¢à�¦¤¥¡−®©
âà¥−¨à®¢ª¥, èã¬®¯®¤�¢«¥−¨¨, à�−¤®¬¨§�æ¨¨ ¨ ¤à.

‚ ª«�áá¥ �â�ª úà¥¢¥àá¨¢−®¥ ¯à®¥ªâ¨à®¢�−¨¥û −�àãè¨â¥«ì �â�ªã¥â ‘ˆˆ
á æ¥«ìî ¨§¢«¥ç¥−¨ï ¨−ä®à¬�æ¨¨ ® á¨áâ¥¬¥, ª®â®à�ï ¢¯®á«¥¤áâ¢¨¨ ¯®§¢®«¨â
¢®ááâ�−®¢¨âì ¬®¤¥«ì ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�. ‚ à¥§ã«ìâ�â¥ ãá¯¥è−®£® ¯à®¢¥-
¤¥−¨ï ¤�−−®© �â�ª¨ ¯à®â¨¢−¨ª ¬®¦¥â ã§−�âì, çâ® ¬®¤¥«ì áç¨â�¥â ã£à®§®©, � çâ®
−¥â. �à¨ ¯à®¢¥¤¥−¨¨ �â�ª¨ §«®ã¬ëè«¥−−¨ª ¯®áë«�¥â ¢å®¤−ë¥ ¤�−−ë¥ ¢ ¬®¤¥«ì
¨ −�¡«î¤�¥â §� â¥¬, ª�ª¨¥ ¢ëå®¤−ë¥ à¥§ã«ìâ�âë ¯®ª�¦¥â ¬®¤¥«ì −� íâ¨å ¤�−−ëå.
’�ª¨¬ ®¡à�§®¬, á â®çª¨ §à¥−¨ï â¥å−¨ç¥áª®© §�é¨âë ¨−ä®à¬�æ¨¨ �â�ª¨ íâ®£®
â¨¯� ¡«®ª¨àãîâáï ¯ãâ¥¬ ®£à�−¨ç¥−¨ï ¤®áâã¯� −�àãè¨â¥«ï ª ¢ëå®¤−ë¬ ¤�−−ë¬.
‚ −¥ª®â®àëå á«ãç�ïå íâ®£® −¥«ì§ï ¨§¡¥¦�âì, â�ª ª�ª ¨−ä®à¬�æ¨î ® ¢ëå®¤¥ ¯à®-
â¨¢−¨ª ¬®¦¥â ¯®«ãç�âì, ¯à®áâ® −�¡«î¤�ï §� ä¨§¨ç¥áª®© à¥�ªæ¨¥© ‘ˆˆ, ®¤−�ª®
à¥§ã«ìâ�âë â�ª®£® −�¡«î¤¥−¨ï ¤®¯ãáª�îâ −¥®¤−®§−�ç−ãî âà�ªâ®¢ªã, çâ® ¯à¨-
¢®¤¨â ª ã¢¥«¨ç¥−¨î −¥®¡å®¤¨¬®£® ®¡ê¥¬� â¥áâ¨à®¢�−¨ï. ’¥å−¨ç¥áª¨¥ áà¥¤áâ¢�
§�é¨âë ¯®§¢®«ïîâ ¢ −¥ª®â®àëå á«ãç�ïå ®£à�−¨ç¨âì ç¨á«® ¯®¯ëâ®ª â¥áâ¨à®¢�-
−¨ï, ª�ª íâ® ¤¥«�¥âáï, −�¯à¨¬¥à, ¢ á¨áâ¥¬�å �¢â®à¨§�æ¨¨ ¯® ¯�à®«î. Šà®¬¥
â®£®, ¨§¢¥áâ−ë ¨ ¯à¨¬¥−ïîâáï −� ¯à�ªâ¨ª¥ á¯®á®¡ë §�é¨âë £®â®¢®£® ¨§¤¥«¨ï ®â
¢áªàëâ¨ï ¨ �−�«¨§� ¯à¨ ¯®¯�¤�−¨¨ ¢ àãª¨ −�àãè¨â¥«ï [16].

�à¨ ¯à®¢¥¤¥−¨¨ ú�â�ª¨ ¢ë¢®¤�û −�àãè¨â¥«ì áâ�¢¨â æ¥«ìî ®¯à¥¤¥«¨âì, ª�ª¨¥
¤�−−ë¥ ¨á¯®«ì§®¢�«¨áì ¤«ï ®¡ãç¥−¨ï ¬®¤¥«¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�. „«ï
íâ®£® ®− ®â¯à�¢«ï¥â ¢ ¬®¤¥«ì ¤�−−ë¥ ¨ á«¥¤¨â §� ¢ëå®¤−ë¬¨ §−�ç¥−¨ï¬¨ ¬®¤¥«¨,
çâ® âà¥¡ã¥â ¤®áâã¯� ª ¬®¤¥«¨, ¤®áâ�â®ç−®£® ¤«ï â®£®, çâ®¡ë ¯®áë«�âì ¤�−−ë¥
¢ ¬®¤¥«ì ¨ −�¡«î¤�âì §� à�¡®â®© ‘ˆˆ. �à¨ ãá¯¥è−®¬ ¯®«ãç¥−¨¨ ¤�−−ëå ®â
æ¥«¥¢®© ¬®¤¥«¨ −�àãè¨â¥«ì á®§¤�¥â ¨ ®¡ãç�¥â ¯à¥¤áª�§ë¢�îéãî ¬®¤¥«ì (á®áâï-
§�â¥«ì−ë© ˆˆ), ¢ à¥§ã«ìâ�â¥ à�¡®âë ª®â®à®© ¡ã¤¥â ®¯à¥¤¥«ïâìáï, ¨á¯®«ì§®¢�«¨áì
®¯à¥¤¥«¥−−ë¥ ¤�−−ë¥ ¤«ï ®¡ãç¥−¨ï æ¥«¥¢®© ¬®¤¥«¨ ˆˆ ¨«¨ −¥â. ’�ª¨¬ ®¡à�-
§®¬, á â®çª¨ §à¥−¨ï â¥å−¨ç¥áª®© §�é¨âë ¨−ä®à¬�æ¨¨ à¥çì ¨¤¥â ®¡ ®£à�−¨ç¥−¨¨
¤®áâã¯� −�àãè¨â¥«ï ª äã−ªæ¨®−�«ì−®¬ã �� (¬®¤¥«¨ ˆ�‘).

Š�ª ¢¨¤¨¬, ¨§ ¯à¨¢¥¤¥−−®£® ¯¥à¥ç−ï á¯¥æ¨ä¨ç¥áª¨å ¤«ï ’ˆˆ �â�ª â®«ìª®
�â�ª� ãª«®−¥−¨ï âà¥¡ã¥â ¤«ï ¥¥ ¯�à¨à®¢�−¨ï á¯¥æ¨ä¨ç¥áª¨å ¯à¨¥¬®¢, á¢ï§�−−ëå
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�á®¡¥−−®áâ¨ ®¡¥á¯¥ç¥−¨ï äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ

á ¯®¢ëè¥−¨¥¬ ãáâ®©ç¨¢®áâ¨. ‚ á«ãç�¥ −¥¤®áâã¯−®áâ¨ ¤«ï −�àãè¨â¥«ï ¬®¤¥«¨
ˆ�‘ ¯à¨ ¯à®¢¥¤¥−¨¨ �â�ª ãª«®−¥−¨ï −� ¥¥ íää¥ªâ¨¢−®áâì ¬®¦¥â ¢«¨ïâì ª�ç¥-
áâ¢® ®¡ãç¥−¨ï ‘ˆˆ, ª®â®à®¥, ¢ á¢®î ®ç¥à¥¤ì, §�¢¨á¨â ®â ª�ç¥áâ¢� ®¡ãç�îé¨å
¤�−−ëå. Œ¥â®¤ë ®æ¥−ª¨ íâ¨å á¢®©áâ¢ à¥£ã«¨àãîâáï ¤¥©áâ¢ãîé¨¬¨ −�æ¨®−�«ì-
−ë¬¨ áâ�−¤�àâ�¬¨ (¯à®¥ªâ�¬¨) [13, 17] ¨ ¡�§¨àãîâáï −� íªá¯¥àâ−ëå ®æ¥−ª�å
§−�ç¨¬ëå å�à�ªâ¥à¨áâ¨ª ª�ç¥áâ¢� ¤�−−ëå, çâ®, ª®−¥ç−®, ¢−®á¨â í«¥¬¥−â áã¡ê¥ª-
â¨¢−®áâ¨ [18]. �à¨ íâ®¬ á®áâ�¢ ¨ ãà®¢¥−ì §−�ç¨¬®áâ¨ ¯®ª�§�â¥«¥© ª�ç¥áâ¢� ��,
‘ˆˆ /̈̈ «¨ ®¡ãç�îé¨å ¤�−−ëå ¢ §−�ç¨â¥«ì−®© ¬¥à¥ §�¢¨áïâ ®â ®¡«�áâ¨ ¯à¨¬¥−¥-
−¨ï ª®−¥ç−®£® ¨§¤¥«¨ï. ’�ª, ¤«ï á¨áâ¥¬ à¥�«ì−®£® ¢à¥¬¥−¨ ®¯¥à�â¨¢−®áâì ¬®¦¥â
®ª�§�âìáï ¡®«¥¥ §−�ç¨¬®©, ç¥¬ ¤�¦¥ äã−ªæ¨®−�«ì−�ï ¯à¨£®¤−®áâì. “ª�§�−−®¥
®¡áâ®ïâ¥«ìáâ¢® −¥®¡å®¤¨¬® ãç¨âë¢�âì ¯à¨ à�§à�¡®âª¥ ¬¥â®¤¨ç¥áª¨å ¤®ªã¬¥−â®¢
¢ ®¡«�áâ¨ äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ [19, 20] ª�ª ‘ˆˆ, â�ª ¨ �‘ ¡¥§ ¯à¨¬¥-
−¥−¨ï ’ˆˆ. �¤−�ª® ¨ ¯à¨ à�§à�¡®âª¥ �‘ ¡¥§ ¯à¨¬¥−¥−¨ï ’ˆˆ ¯à®£à�¬¬¨áâ,
§�ç�áâãî −¥ ®¡«�¤�îé¨© ª¢�«¨ä¨ª�æ¨¥© ¢ �¢â®¬�â¨§¨àã¥¬®© ¯à¥¤¬¥â−®© ®¡-
«�áâ¨, ¤®«¦¥− ®æ¥−¨¢�âì äã−ªæ¨®−�«ì−ãî §−�ç¨¬®áâì ¢å®¤−ëå ¤�−−ëå, ®¡«�áâì
¨å ¤®¯ãáâ¨¬ëå §−�ç¥−¨©, ¢®§¬®¦−ë¥ á®ç¥â�−¨ï ¨ ¤à., çâ® −�¯àï¬ãî ¢«¨ï¥â
−� äã−ªæ¨®−�«ì−ãî ¡¥§®¯�á−®áâì. �à¨ íâ®¬ ¢−¥è−¨© −�àãè¨â¥«ì, â�ª ¦¥ ª�ª
¨ ¢ á«ãç�¥ ‘ˆˆ, ¬®¦¥â ¯ëâ�âìáï ¢«¨ïâì −� íää¥ªâ¨¢−®áâì à¥è¥−¨ï äã−ªæ¨-
®−�«ì−ëå §�¤�ç �‘, ¬�−¨¯ã«¨àãï ¢å®¤−ë¬¨ ¤�−−ë¬¨, ª ª®â®àë¬ ®− ¬®¦¥â
¨¬¥âì ¤®áâã¯. �®¯ëâª¨ ¯à®â¨¢®¤¥©áâ¢¨ï �â�ª�¬ ãª«®−¥−¨ï ¢ ‘ˆˆ, −�¯à¨¬¥à
á ¯®¬®éìî ¢à�¦¤¥¡−®© âà¥−¨à®¢ª¨, ¯® áãâ¨, ¯¥à¥ª«�¤ë¢�îâ à¥è¥−¨¥ ®â−î¤ì
−¥ àãâ¨−−®© §�¤�ç¨ ¢ëï¢«¥−¨ï ¢®§¬®¦−®áâ¨ â�ª¨å ¢−¥è−¥ ¯à¨¥¬«¥¬ëå ¨áª�¦¥-
−¨© ¢å®¤−ëå ¤�−−ëå −� ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ [10]. �â®â ¯®¤å®¤ −¥ ¢á¥£¤�
¯à¨¢®¤¨â ª ãá¯¥åã, çâ® ¯®¤â¢¥à¦¤�¥âáï ¬−®£®ç¨á«¥−−ë¬¨ ¯à¨¬¥à�¬¨ ¢ëï¢«¥−¨ï
¢á¥ −®¢ëå ¢¨¤®¢ ¨áª�¦¥−¨© ¢å®¤−ëå ¤�−−ëå, −¥ à�á¯®§−�¢�¥¬ëå ¨áªãááâ¢¥−−ë¬
¨−â¥««¥ªâ®¬. �â¬¥â¨¬ â�ª¦¥, çâ® ¨ áâ�−¤�àâ®¬ [21] ¯à¨ ®æ¥−ª¥ ãáâ®©ç¨¢®áâ¨
‘ˆˆ ª �â�ª�¬ ¯à¥¤ãá¬�âà¨¢�¥âáï «¨èì â¥áâ¨à®¢�−¨¥ −� ¢à�¦¤¥¡−ëå ¯à¨¬¥à�å,
¯®«ãç¥−−ëå ¯ãâ¥¬ ¢−¥á¥−¨ï á«ãç�©−ëå ¨áª�¦¥−¨© ¢ â¥áâ®¢ë© −�¡®à ¤�−−ëå.

5 Заключение

’�ª¨¬ ®¡à�§®¬, ¬®¦−® á¤¥«�âì á«¥¤ãîé¨¥ ¢ë¢®¤ë:

{ ¬¥â®¤ë ®¡¥á¯¥ç¥−¨ï äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ ¨ ¢«¨ïîé¨¥ −� −¥¥ ä�ªâ®-
àë ¤«ï �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ ¯à¨−æ¨¯¨�«ì−® −¥ ®â«¨ç�îâáï ®â ¨§¢¥áâ−ëå
¬¥â®¤®¢, ¯à¨¬¥−ï¥¬ëå ¤«ï ª«�áá¨ç¥áª¨å �‘ (¡¥§ ¯à¨¬¥−¥−¨ï ’ˆˆ);

{ á¯¥æ¨ä¨ç¥áª¨¥ ¤«ï �‘ á ¯à¨¬¥−¥−¨¥¬ ’ˆˆ ¯à®¡«¥¬ë, ®¡ãá«®¢«¥−−ë¥ ª�ç¥-
áâ¢®¬ ®¡ãç�îé¨å ¤�−−ëå, á®¯®áâ�¢¨¬ë á ¯à®¡«¥¬®© ®æ¥−ª¨ à�§à�¡®âç¨ª®¬
¢á¥å ¢®§¬®¦−ëå §−�ç¥−¨© ¢å®¤−ëå ¤�−−ëå ¨ ¢á¥å áæ¥−�à¨¥¢ ¨å ®¡à�¡®âª¨;

{ ¯à¨¢¥¤¥−−ë© �−�«¨§ á¯¥æ¨ä¨ç¥áª¨å ¤«ï ’ˆˆ ¢¨¤®¢ �â�ª ¯®ª�§ë¢�¥â, çâ®
¤«ï ¯�à¨à®¢�−¨ï ¡®«ìè¨−áâ¢� ¨§ −¨å ¬®£ãâ ¨á¯®«ì§®¢�âìáï ¨§¢¥áâ−ë¥ ¬¥àë
¨ áà¥¤áâ¢� §�é¨âë ®â −¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯�, ¯®¤«¥¦�é¨¥ á¥àâ¨ä¨-
ª�æ¨¨ ¢ áãé¥áâ¢ãîé¨å á¨áâ¥¬�å;
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{ ãáâ®©ç¨¢®áâì ‘ˆˆ ª �â�ª�¬ ãª«®−¥−¨ï ®¯à¥¤¥«ï¥âáï ª�ç¥áâ¢®¬ ¬®¤¥«¨ ˆ�‘
¨ ®¡ãç�îé¨å ¤�−−ëå, æ¥«®áâ−®áâì ª®â®àëå ®¡¥á¯¥ç¨¢�¥âáï á¨áâ¥¬®© §�é¨âë
¨−ä®à¬�æ¨¨ ®â −¥á�−ªæ¨®−¨à®¢�−−®£® ¤®áâã¯�;

{ ª�ç¥áâ¢® ‘ˆˆ ¨ ®¡ãç�îé¨å ¤�−−ëå ®æ¥−¨¢�¥âáï, ª�ª ¨ ¤«ï á«ãç�ï �‘
¡¥§ ¯à¨¬¥−¥−¨ï ’ˆˆ, ¢ à�¬ª�å á¥àâ¨ä¨ª�æ¨¨ §�é¨é¥−−ëå ¯à®£à�¬¬−ëå
áà¥¤áâ¢ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¨ ¯à®£à�¬¬−ëå áà¥¤áâ¢ ®¡é¥£® −�§−�ç¥−¨ï
−� á®®â¢¥âáâ¢¨¥ £®áã¤�àáâ¢¥−−ë¬ áâ�−¤�àâ�¬ [13, 17];

{ ®æ¥−ªã ª�ç¥áâ¢� ‘ˆˆ ¨ ª�ç¥áâ¢� äã−ªæ¨®−�«ì−®£® �� æ¥«¥á®®¡à�§−® ¯à®-
¢®¤¨âì −� §�ª®−ç¥−−®¬ ¨§¤¥«¨¨ (áâ¥−¤¥, ¯®«−®áâìî ¨¬¨â¨àãîé¥¬ ¢¥áì â¥å-
−®«®£¨ç¥áª¨© æ¨ª« ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨), à¥�«¨§ãîé¥¬ äã−ªæ¨®−�«ì−ë¥
§�¤�ç¨.
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Abstract: The article is devoted to the consideration of the features of ensuring
the functional safety of automated systems both with and without the use of
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artificial intelligence technology. The factors affecting the quality of functional
software in both cases are compared. It is shown that most of the attacks specific
to artificial intelligence systems are blocked by standard means of protecting
information from unauthorized access. The effectiveness of protection against an
evasion attack is determined by the quality of the artificial intelligence system
and the data used for training. For automated systems without the use of artificial
intelligence technology, evasion attacks are also relevant and the effectiveness of
protection against them is determined by the quality of functional software.
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АНАЛИЗ ПОДХОДОВ К ИДЕНТИФИКАЦИИ СТРУКТУРЫ
ПРОБЛЕМЫ В ГИБРИДНЫХ ИНТЕЛЛЕКТУАЛЬНЫХ

МНОГОАГЕНТНЫХ СИСТЕМАХ

С. В. Листопад1, И. А. Кириков2

�−−®â�æ¨ï: ‘«®¦−®áâì �¢â®¬�â¨ç¥áª®£® à¥è¥−¨ï ¯à�ªâ¨ç¥áª¨å ¯à®¡«¥¬ ¢®
¬−®£®¬ ®¡ãá«®¢«¥−� ¨å á«�¡®© ä®à¬�«¨§�æ¨¥©, � ¨−®£¤� ¨ ®âáãâáâ¢¨¥¬ ç¥âª®©
¯®áâ�−®¢ª¨ ¢ ¬®¬¥−â ¢®§−¨ª−®¢¥−¨ï. ‚ à¥§ã«ìâ�â¥ âà¥¡ãîâáï áãé¥áâ¢¥−-
−ë¥ ¢à¥¬¥−−ë¥ ¨ âàã¤®¢ë¥ §�âà�âë −� ä®à¬ã«¨à®¢�−¨¥, ¢ëï¢«¥−¨¥ á®áâ�¢�
¨ áâàãªâãàë ¯à®¡«¥¬ë, ¯®¤¡®à ¨«¨ à�§à�¡®âªã ¬¥â®¤®¢, à¥«¥¢�−â−ëå ¥¥
ç�áâï¬, � â�ª¦¥ ¨å á¨−â¥§ã. ‚ à�¡®â¥ à�áá¬�âà¨¢�¥âáï ¯®−ïâ¨¥ ¯à®¡«¥¬ë
¨ à�§à�¡�âë¢�îâáï ¥¥ ¬�ªà®- ¨ ¬¨ªà®ãà®¢−¥¢ë¥ ¬®¤¥«¨, ¢ë¯®«−¥− �−�«¨§ ¬¥-
â®¤®¢ �¢â®¬�â¨ç¥áª®© ¨ �¢â®¬�â¨§¨à®¢�−−®© ¨¤¥−â¨ä¨ª�æ¨¨ ¥¥ áâàãªâãàë −�
¯à¥¤¬¥â ¨å ¢®§¬®¦−®£® ¨á¯®«ì§®¢�−¨ï ¢ á¨áâ¥¬�å £¨¡à¨¤−®£® ¨ á¨−¥à£¥â¨ç¥-
áª®£® ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�, ¢ ç�áâ−®áâ¨ ¢ £¨¡à¨¤−ëå ¨−â¥««¥ªâã�«ì−ëå
¬−®£®�£¥−â−ëå á¨áâ¥¬�å (ƒ¨ˆŒ�‘).

Š«îç¥¢ë¥ á«®¢�: ¯à®¡«¥¬�; á«®¦−�ï §�¤�ç�; ¤¥ª®¬¯®§¨æ¨ï; à¥¤ãªæ¨ï;
ª®««¥ªâ¨¢ á¯¥æ¨�«¨áâ®¢; £¨¡à¨¤−�ï ¨−â¥««¥ªâã�«ì−�ï ¬−®£®�£¥−â−�ï á¨áâ¥¬�
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1 Введение

‘ãé¥áâ¢¥−−ë¥ ®á®¡¥−−®áâ¨ ¯à�ªâ¨ç¥áª¨å ¯à®¡«¥¬ [1{3] | ¨å á«�¡�ï ä®à¬�-
«¨§�æ¨ï ¨ ª®¬¯«¥ªá−®¥ áâà®¥−¨¥, −¥®¤−®à®¤−®áâì §−�−¨© ¨ ¬¥â®¤®¢, −¥®¡å®¤¨-
¬ëå ¤«ï à¥è¥−¨ï [4, 5]. �à¨ ¨å ¢®§−¨ª−®¢¥−¨¨ á®§¤�îâáï £àã¯¯ë á¯¥æ¨�«¨áâ®¢
¤«ï ¢á¥áâ®à®−−¥£® �−�«¨§�, ¢ë¤¥«¥−¨ï ¯®¤¯à®¡«¥¬ ¨ á®¢¬¥áâ−®© ¢ëà�¡®âª¨ á®-
£«�á®¢�−−®£® à¥è¥−¨ï. ‚ ª�ç¥áâ¢¥ ¢ëç¨á«¨â¥«ì−®© ¬®¤¥«¨ â�ª¨å £àã¯¯ ¢ [1]
à�áá¬�âà¨¢�îâáï ƒ¨ˆŒ�‘, ¨−â¥£à¨àãîé¨¥ ¯à¥¨¬ãé¥áâ¢� ¬−®£®�£¥−â−®© [6]
¨ £¨¡à¨¤−®© [7] ¯�à�¤¨£¬ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�. �«¥¬¥−â�à−�ï á®áâ�¢−�ï
ç�áâì â�ª¨å á¨áâ¥¬ | �£¥−â, â. ¥. ¯à®£à�¬¬−�ï áãé−®áâì, å�à�ªâ¥à¨§ãîé�ïáï �¢-
â®−®¬−®áâìî, è¨à®ª¨¬¨ ¢®§¬®¦−®áâï¬¨ ¯® ¬®¤¥«¨à®¢�−¨î ¯à¥¤¬¥â−®© ®¡«�áâ¨,
á¯®á®¡−®áâìî ¯à®ï¢«ïâì æ¥«¥−�¯à�¢«¥−−®¥ ¯®¢¥¤¥−¨¥ ¨ ¢§�¨¬®¤¥©áâ¢®¢�âì á ¤àã-
£¨¬¨ �£¥−â�¬¨ ¤«ï à¥è¥−¨ï ®¡é¥© ¯à®¡«¥¬ë. ‘®ç¥â�−¨¥ ¢ á¨áâ¥¬¥ £¥â¥à®£¥−−ëå
¬¥â®¤®¢, §−�−¨© ¨ æ¥«¥© ã à�§−ëå �£¥−â®¢ ¯®§¢®«ï¥â ¯à¥®¤®«¥¢�âì à�§«¨ç−ë¥
�á¯¥ªâë −¥®¤−®à®¤−®áâ¨ ¯®áâ�¢«¥−−®© ¯à®¡«¥¬ë [7], à�á¯à¥¤¥«ïï ¥¥ ç�áâ¨ ¬¥¦¤ã
à¥«¥¢�−â−ë¬¨ �£¥−â�¬¨. ��«¨ç¨¥ áâ�−¤�àâ−ëå áà¥¤áâ¢ ¢§�¨¬®¤¥©áâ¢¨ï �£¥−â®¢

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, ser-list-post@yandex.ru

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, baltbipiran@mail.ru
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á−¨¦�¥â á«®¦−®áâì ¨−â¥£à�æ¨¨ ¬¥â®¤®¢ ¤«ï à¥è¥−¨ï ®ç¥à¥¤−®© ¯à®¡«¥¬ë ¯®
áà�¢−¥−¨î á £¨¡à¨¤−ë¬¨ ¨−â¥««¥ªâã�«ì−ë¬¨ á¨áâ¥¬�¬¨ [7].

‘¥àì¥§−ë© −¥¤®áâ�â®ª áãé¥áâ¢ãîé¨å ¬®¤¥«¥© ƒ¨ˆŒ�‘ | á«®¦−®áâì �¢-
â®¬�â¨§¨à®¢�−−®© ¨ ®£à�−¨ç¥−−®áâì �¢â®¬�â¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë
−¥¨§¢¥áâ−ëå, ¢−®¢ì ¢®§−¨ª�îé¨å á«�¡®ä®à¬�«¨§ã¥¬ëå ¯à®¡«¥¬. ÷�§à�¡®âª�
¬¥â®¤®¢ ¨ ¬®¤¥«¥© ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë á«�¡®ä®à¬�«¨§ã¥¬®© ¯à®¡«¥¬ë
¨ ¤¨−�¬¨ç¥áª®£® à�á¯à¥¤¥«¥−¨ï ¯®¤¯à®¡«¥¬ �£¥−â�¬ ƒ¨ˆŒ�‘ ¯à¨ ¥¥ à¥è¥-
−¨¨ ¯®§¢®«¨â á®ªà�â¨âì ¢ë¯®«−ï¥¬ë¥ ¢àãç−ãî ¤¥©áâ¢¨ï ¯® ¥¥ áâàãªâãà¨à®¢�−¨î
¨ ãáâ�−®¢«¥−¨î á®®â¢¥âáâ¢¨ï ¬¥¦¤ã ç�áâï¬¨ ¯à®¡«¥¬ë ¨ ¢®§¬®¦−®áâï¬¨ �£¥−â®¢.
‚ −�áâ®ïé¥© à�¡®â¥ à�áá¬�âà¨¢�îâáï ®á−®¢−ë¥ ¬¥â®¤ë ¨ ¯®¤å®¤ë ª �¢â®¬�â¨§¨-
à®¢�−−®© ¨ �¢â®¬�â¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë ¯à®¡«¥¬ë, �−�«¨§¨àãîâáï
¨å ¯à¥¨¬ãé¥áâ¢� ¨ −¥¤®áâ�âª¨ á â®çª¨ §à¥−¨ï ¨å ¨á¯®«ì§®¢�−¨ï ¢ ƒ¨ˆŒ�‘ ¤«ï
à¥è¥−¨ï ¯à®¡«¥¬ë ¯ãâ¥¬ ¥¥ ¤¥ª®¬¯®§¨æ¨¨, à�á¯à¥¤¥«¥−¨ï ¯®¤¯à®¡«¥¬ ¬¥¦¤ã
�£¥−â�¬¨ á ¯®á«¥¤ãîé¥© ¨−â¥£à�æ¨¥© ¯®«ãç¥−−ëå ¨¬¨ à¥è¥−¨©.

2 Понятие и концептуальная модель проблемы

�−�«¨§ ¯®¤å®¤®¢ ª ®¯à¥¤¥«¥−¨î ¯®−ïâ¨ï ú¯à®¡«¥¬�û ¯à¥¤áâ�¢«¥− ¢ [8].
�¤−® ¨§ −�¨¡®«¥¥ ®¡é¨å ®¯à¥¤¥«¥−¨© ®¯¨áë¢�¥â ¯à®¡«¥¬ã ª�ª ®âà¨æ�â¥«ì−®¥
®â−®è¥−¨¥, −¥¤®¢®«ìáâ¢®, −¥ã¤®¢«¥â¢®à¥−−®áâì áã¡ê¥ªâ� à¥�«ì−ë¬ áâ¥ç¥−¨¥¬
®¡áâ®ïâ¥«ìáâ¢ ¨ ¯®«®¦¥−¨¥¬ ¢¥é¥© [9], ¯à¨ íâ®¬ ¯®¤ç¥àª¨¢�¥âáï áã¡ê¥ªâ¨¢−®áâì
¯à®¡«¥¬ë ¨ ¢®§¬®¦−®áâì ¥¥ à¥è¥−¨ï ª�ª ¯ãâ¥¬ ¨§¬¥−¥−¨ï áã¡ê¥ªâ®¬ ®¡ê¥ªâ¨¢−®©
à¥�«ì−®áâ¨, â�ª ¨ á¢®¥£® ®â−®è¥−¨ï ª −¥©. ‚ [10] ¯à®¡«¥¬� | −¥ª®â®à®¥
§�âàã¤−¥−¨¥ ¨«¨ −¥®¯à¥¤¥«¥−−®áâì, áâ¥¯¥−ì ¨ ¯à¨à®¤� ª®â®à®© å�à�ªâ¥à¨§ãîâ
®¤¨− ¨§ ¢®áì¬¨ ª«�áá®¢ ¯à®¡«¥¬, � −�¨¡®«¥¥ ¡�−�«ì−ë¥ ¨§ −¨å à�áá¬�âà¨¢�îâáï
ª�ª ¯®ª�§�â¥«ì−ë¥ §�¤�ç¨. ’�ª¨¬ ®¡à�§®¬ ¢¢®¤¨âáï èª�«� ú§�¤�ç�{¯à®¡«¥-
¬�û, ¡«¨¦¥ ª «¥¢®© £à�−¨æ¥ ª®â®à®© à�á¯®«�£�îâáï §�¤�ç¨ ª�ª ¢ëà®¦¤¥−−ë©
á«ãç�© ¯à®¡«¥¬ á ¬¨−¨¬ã¬®¬ −¥®¯à¥¤¥«¥−−®áâ¨. �−�«®£¨ç−ë© ¯®¤å®¤ ¯à¨−ïâ
¢ [4], £¤¥ §�¤�ç� | ç¥âª® ¯®áâ�¢«¥−−�ï æ¥«ì ¯à¨ ¯®«−®áâìî ®¯à¥¤¥«¥−−ëå
®£à�−¨ç¥−¨ïå ¯® ¥¥ ¤®áâ¨¦¥−¨î. �à®¡«¥¬� ¦¥ å�à�ªâ¥à¨§ã¥âáï §−�ç¨â¥«ì−®
¡®«ìè¥© −¥®¯à¥¤¥«¥−−®áâìî ¨ à�áá¬�âà¨¢�¥âáï ª�ª ®£à�−¨ç¥−¨ï ¡¥§ ç¥âª®© æ¥«¨
¨«¨ ®¯à¥¤¥«¥−−�ï æ¥«ì, −¥ á¢ï§�−−�ï á â¥ªãé¥© −¥¡«�£®¯à¨ïâ−®© á¨âã�æ¨¥©.
‚ −�áâ®ïé¥© à�¡®â¥ ¯®¤ ¯à®¡«¥¬®© ¡ã¤¥¬ ¯®−¨¬�âì §�âàã¤−¥−¨¥, ®¡ãá«®¢«¨-
¢�îé¥¥ −¥£�â¨¢−®¥ ¢®á¯à¨ïâ¨¥ áã¡ê¥ªâ®¬ â¥ªãé¥© á¨âã�æ¨¨, á® á«¥¤ãîé¨¬¨
á¢®©áâ¢�¬¨ [4]:

{ −¥¤®®¯à¥¤¥«¥−−®áâì ¨ áâàãªâãà−�ï �¬®àä−®áâì | ®âáãâáâ¢¨¥ ç¥âª®© ä®à¬ã-
«¨à®¢ª¨ ¯à®¡«¥¬ë −� ¬®¬¥−â ¥¥ ¢®§−¨ª−®¢¥−¨ï ¨ −¥®¡å®¤¨¬®áâì ¤®®¯à¥¤¥«¥-
−¨ï ¢ ¯à®æ¥áá¥ à¥è¥−¨ï;

{ ª®¬¯«¥ªá−®áâì ¨ á¥â¥¢®© å�à�ªâ¥à | −�«¨ç¨¥ ¬−®¦¥áâ¢� ¢§�¨¬®á¢ï§�−−ëå
ç�áâ¥©, ¯à¥¤áâ�¢«ïîé¨å á®¡®© ¯à®¡«¥¬−®¥ ¯®«¥;

{ ¬−®£®á«®©−®áâì | −¥®¡å®¤¨¬®áâì ¢ëï¢«¥−¨ï ¯¥à¢®¯à¨ç¨− ¤«ï à¥è¥−¨ï ¯à®¡-
«¥¬ë, � −¥ ãáâà�−¥−¨ï ¥¥ á¨¬¯â®¬®¢;
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{ ¯®«¨â¥«¨ç−®áâì | ¨§-§� −�«¨ç¨ï ¬−®¦¥áâ¢� áâ¥©ªå®«¤¥à®¢, ¨−â¥à¥áë ª®â®-
àëå á«¥¤ã¥â ãç¨âë¢�âì, ã ¯à®¡«¥¬ë −¥â ¥¤¨−áâ¢¥−−® ¢¥à−®£® à¥è¥−¨ï;

{ −¥¯à®§à�ç−®áâì | ®âáãâáâ¢¨¥ ã áã¡ê¥ªâ� ¯®«−®© ¨−ä®à¬�æ¨¨ ® â¥ªãé¥©
á¨âã�æ¨¨ ¨§-§� −¥¢®§¬®¦−®áâ¨ ¥¥ ¯®«ãç¥−¨ï ¨«¨ ¥¥ ¡ëáâà®£® ãáâ�à¥¢�−¨ï;

{ ¤¨−�¬¨ç−®áâì | à�§¢¨â¨¥ ¯à®¡«¥¬ë ¢® ¢à¥¬¥−¨, −�ª«�¤ë¢�îé¥¥ ®£à�−¨ç¥-
−¨¥ −� áà®ª ¥¥ à¥è¥−¨ï;

{ áã¡ê¥ªâ¨¢−®áâì | ¯à®¡«¥¬� ®âáãâáâ¢ã¥â ¡¥§ áâ®«ª−ã¢è¥£®áï á −¥© áã¡ê¥ªâ�;

{ ¬¥¦¯à¥¤¬¥â−®¥ á®¤¥à¦�−¨¥, âà¥¡ãîé¥¥ ¯à¨¢«¥ç¥−¨ï ¬−®¦¥áâ¢� á¯¥æ¨�«¨-
áâ®¢ á à�§−ë¬ ®¯ëâ®¬ ¨ ª¢�«¨ä¨ª�æ¨¥© ¤«ï à¥è¥−¨ï ¯à®¡«¥¬ë.

‚ ¬®¬¥−â ¢®§−¨ª−®¢¥−¨ï §�âàã¤−¥−¨ï ¥é¥ −¥¢®§¬®¦−® ®¯à¥¤¥«¨âì, ¯à¨áãé¨
«¨ ¥¬ã ¯¥à¥ç¨á«¥−−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¨ ï¢«ï¥âáï «¨ ®−® ¢ ¤¥©áâ¢¨â¥«ì−®áâ¨
¯à®¡«¥¬®©. ‚ íâ®â ¬®¬¥−â ¯®â¥−æ¨�«ì−�ï ¯à®¡«¥¬� ¬®¦¥â ¡ëâì ®¯¨á�−� −�
¬�ªà®ãà®¢−¥ (®¡®§−�ç�¥âáï ç¥àâ®© −�¤ á¨¬¢®«®¬ ª®−æ¥¯â�) á«¥¤ãîé¨¬ ª®àâ¥¦¥¬:

prb = 〈id, sit, sbj, est〉 , (1)

£¤¥ id | ¨¤¥−â¨ä¨ª�â®à, −�¨¬¥−®¢�−¨¥ ¯à®¡«¥¬ë; sit | áã¡ê¥ªâ¨¢−®¥ ®¯¨á�-
−¨¥ ¯à®¡«¥¬−®© á¨âã�æ¨¨, â. ¥. á®áâ®ï−¨ï ®¡ê¥ªâ¨¢−®© à¥�«ì−®áâ¨, ª ª®â®à®¬ã
áã¡ê¥ªâ −¥£�â¨¢−® ®â−®á¨âáï; sbj | ¨¤¥−â¨ä¨ª�â®à áã¡ê¥ªâ�, áâ®«ª−ã¢è¥£®áï
á ¯à®¡«¥¬®©; est | ®¯¨á�−¨¥ ®æ¥−ª¨, ®¡ãá«®¢«¨¢�îé¥© −¥£�â¨¢−®¥ ®â−®è¥−¨¥
áã¡ê¥ªâ� sbj ª á¨âã�æ¨¨ sit.

‚ ¤�«ì−¥©è¥¬ ¢ë¯®«−ï¥âáï ä®à¬ã«¨à®¢�−¨¥, ¨¤¥−â¨ä¨ª�æ¨ï ¨ ¬®¤¥«¨à®-
¢�−¨¥ ¯à®¡«¥¬ë, ¢ à¥§ã«ìâ�â¥ ç¥£® áâà®¨âáï ¥¥ ¬¨ªà®ãà®¢−¥¢�ï (®¡®§−�ç�¥âáï
ç¥àâ®© ¯®¤ á¨¬¢®«®¬ ª®−æ¥¯â�) ¬®¤¥«ì, ®¯¨áë¢�¥¬�ï ª®àâ¥¦¥¬

prb = 〈sitm, sbjm,STHM,pfmt,metm〉, (2)

£¤¥ sitm | ¬®¤¥«ì ¯à®¡«¥¬−®© á¨âã�æ¨¨; sbjm | ¬®¤¥«ì áã¡ê¥ªâ�, áâ®«ª−ã¢-
è¥£®áï á ¯à®¡«¥¬®©; STHM| ¬−®¦¥áâ¢® ¬®¤¥«¥© áâ¥©ªå®«¤¥à®¢, çì¨ ¨−â¥à¥áë
¤®«¦−ë ãç¨âë¢�âìáï ¯à¨ à¥è¥−¨¨ ¯à®¡«¥¬ë; pfmt | ¬¥â®¤ ¤¨−�¬¨ç¥áª®£®
ä®à¬¨à®¢�−¨ï ¯à®¡«¥¬−®£® ¯®«ï, á®¤¥à¦�é¥£® ¢¨¤¥−¨¥ ¯à®¡«¥¬ë (¥¥ ç�áâ¥©)
®áâ�«ì−ë¬¨ áâ¥©ªå®«¤¥à�¬¨; metm| ¬®¤¥«ì ¬¥â®¤� à¥è¥−¨ï ¯à®¡«¥¬ë.

Œ®¤¥«ì ¯à®¡«¥¬−®© á¨âã�æ¨¨ sitm ¨§ (2) ¯à¥¤áâ�¢«ï¥âáï ¢ëà�¦¥−¨¥¬:

sitm = 〈dsam,DAT,CND〉,

£¤¥ dsam| ¤¨−�¬¨ç¥áª�ï ¬®¤¥«ì ¯à¥¤¬¥â−®© ®¡«�áâ¨, ¤®¯®«−ï¥¬�ï ¢ ¯à®æ¥áá¥
�−�«¨§� ¯à®¡«¥¬ë ¨ ãç¨âë¢�îé�ï −¥¢®§¬®¦−®áâì ¯®«ãç¥−¨ï ®¯à¥¤¥«¥−−®© ¨−-
ä®à¬�æ¨¨ ¨«¨ ¥¥ ¡ëáâà®¥ ãáâ�à¥¢�−¨¥; DAT| ¬−®¦¥áâ¢® ¨áå®¤−ëå ¤�−−ëå ¤«ï
à¥è¥−¨ï ¯à®¡«¥¬ë; CND| ¬−®¦¥áâ¢® ãá«®¢¨© (®£à�−¨ç¥−¨©), −�ª«�¤ë¢�¥¬ëå
−� à¥è¥−¨¥ ¯à®¡«¥¬ë.
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Œ®¤¥«¨ áã¡ê¥ªâ� sbjm ¨ áâ¥©ªå®«¤¥à� sthm ∈ STHM (2) ®¯¨áë¢�îâáï
ª®àâ¥¦¥¬:

sbjm = sthm = 〈sthid, gl,EPR, evmet〉, (3)

£¤¥ sthid | ¨¤¥−â¨ä¨ª�â®à áã¡ê¥ªâ� ¨«¨ áâ¥©ªå®«¤¥à�; gl | æ¥«ì, á®áâ®ï−¨¥
®¡ê¥ªâ¨¢−®© à¥�«ì−®áâ¨, ª ª®â®à®¬ã áâà¥¬¨âáï áã¡ê¥ªâ ¨«¨ áâ¥©ªå®«¤¥à; EPR|
ªà¨â¥à¨¨ ®æ¥−ª¨, ¢ëà�¦�îé¨¥ ¯®áâ�¢«¥−−ãî æ¥«ì gl ª®«¨ç¥áâ¢¥−−®; evmet |
¬¥â®¤ ®æ¥−¨¢�−¨ï á¨âã�æ¨¨, ä®à¬¨àãîé¨© §−�ç¥−¨ï ªà¨â¥à¨¥¢ EPR −� ®á−®¢¥
¤¨−�¬¨ç¥áª®© ¬®¤¥«¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨ dsam.

Œ¥â®¤ ä®à¬¨à®¢�−¨ï ¯à®¡«¥¬−®£® ¯®«ï pfmt (2) ãáâ�−�¢«¨¢�¥â ®â−®è¥−¨¥
¬¥¦¤ã ¬®¤¥«ìî ¯à®¡«¥¬−®© á¨âã�æ¨¨ sitm, ¬®¤¥«ìî áã¡ê¥ªâ� sbjm, ¬−®¦¥áâ¢®¬
¬®¤¥«¥© áâ¥©ªå®«¤¥à®¢ STHM ¨ ¬®¤¥«ìî ¯à®¡«¥¬−®£® ¯®«ï prb§d

〈sitm, sbjm,STHM〉 pfmt−−−→ prb§d . (4)

Œ®¤¥«ì ¯à®¡«¥¬−®£® ¯®«ï prb§d ¨§ (4) ®¯¨áë¢�¥âáï ª®àâ¥¦¥¬, ¢â®à�ï ª®¬¯®-
−¥−â� ª®â®à®£® ®¯¨áë¢�¥â á¢ï§¨ à�áá¬�âà¨¢�¥¬®© ¯à®¡«¥¬ë á ¯à®¡«¥¬�¬¨ ¡®«¥¥
¢ëá®ª®£® ãà®¢−ï, í«¥¬¥−â®¬ ª®â®àëå ®−� ï¢«ï¥âáï, âà¥âìï | á¢ï§¨ ¯à®¡«¥¬ë á®
á¢®¨¬¨ ç�áâï¬¨, â. ¥. ¯®¤¯à®¡«¥¬�¬¨ ¨ §�¤�ç�¬¨ (¢ëà®¦¤¥−−ë¬¨ ¯à®¡«¥¬�¬¨),
� ç¥â¢¥àâ�ï | £®à¨§®−â�«ì−ë¥ á¢ï§¨ ¯à®¡«¥¬ ®¤−®£® ãà®¢−ï:

prb§d =

= 〈PRB, Rprb-prb1

(

prb,PRB
)

, Rprb-prb1

(

PRB,prb
)

, Rprb-prb2 (PRB,PRB)〉,

£¤¥ PRB | ¬−®¦¥áâ¢® ¯à®¡«¥¬, ®¯¨áë¢�¥¬ëå ¢ëà�¦¥−¨ï¬¨ (1) ¨ (2), â. ¥.
à�áá¬�âà¨¢�¥¬�ï ¯à®¡«¥¬� ¬®¦¥â ¡ëâì ¬−®£®á«®©−®©, á®¤¥à¦�âì ¢ á¢®¥¬ á®áâ�¢¥

¤àã£¨¥ ¯à®¡«¥¬ë; Rprb-prb1 | ®â−®è¥−¨ï ¬¥¦¤ã ¯à®¡«¥¬�¬¨ ú¡ëâì ç�áâìîû;

Rprb-prb2 | ®â−®è¥−¨ï ¬¥¦¤ã ¯à®¡«¥¬�¬¨ ú¡ëâì á¢ï§�−−ë¬ áû.
Œ®¤¥«ì ¬¥â®¤� à¥è¥−¨ï ¯à®¡«¥¬ë metm ¨§ (2) ®¯¨áë¢�¥âáï ª®àâ¥¦¥¬:

metm = 〈met,METD〉. (5)

‡¤¥áì met | ¬¥â®¤, ¨−â¥£à¨àãîé¨© ¬¥â®¤ë ¨§ METD, «¨¡® �¢â®−®¬-
−ë© ¬¥â®¤, ¥á«¨ METD = ∅; METD = ðÒ1(ðÒ5({prbi|prbi ∈ PRB ∧
∧ Rprb-prb1 (prbi,prb)})) | ¬−®¦¥áâ¢® ¬¥â®¤®¢ met à¥è¥−¨ï ¯à®¡«¥¬-ç�áâ¥©

prbi ¯à®¡«¥¬ë prb, £¤¥ ðÒi | ¯à®¥ªæ¨ï ª®àâ¥¦� −� i-î ª®¬¯®−¥−âã.
Œ¥â®¤ à¥è¥−¨ï ¯à®¡«¥¬ë ¨§ (5) ¬®¦¥â ¡ëâì ¯ãáâë¬ met = null, ¯®ª�

®− −¥ ¢ë¡à�− ¨«¨ −¥ ¯®áâà®¥−. ��«¨ç¨¥ ¬¥â®¤� à¥è¥−¨ï á¢¨¤¥â¥«ìáâ¢ã¥â
® â®¬, çâ® ¯à®¡«¥¬� ¬®¦¥â ¡ëâì à¥è¥−� ¨ ï¢«ï¥âáï §�¤�ç¥©, á«®¦−®áâì ª®â®à®©
å�à�ªâ¥à¨§ã¥âáï á«®¦−®áâìî ¬¥â®¤� met.

Œ¥â®¤ à¥è¥−¨ï ¯à®¡«¥¬ë met (5) ®¯¨áë¢�¥âáï ª®àâ¥¦¥¬:

met = 〈proc, IT,SPK〉,
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£¤¥ proc | ¯à®æ¥¤ãà� (�«£®à¨â¬) à¥�«¨§�æ¨¨ ¬¥â®¤�; IT | ¬−®¦¥áâ¢® ¬¥â®¤®¢
ä®à¬�«¨§®¢�−−®£® ¯à¥¤áâ�¢«¥−¨ï á¨áâ¥¬ [11], ¢ à�¬ª�å ª®â®àëå à¥�«¨§®¢�−
¬¥â®¤; SPK | ¬−®¦¥áâ¢® ¨¤¥−â¨ä¨ª�â®à®¢ á¯¥æ¨�«ì−®áâ¥©, §−�−¨ï ª®â®àëå
¨á¯®«ì§ãîâáï ¯à¨ à¥�«¨§�æ¨¨ ¬¥â®¤�. Œ¥â®¤ ¬®¦¥â ¯à¥¤¯®«�£�âì ª�ª ¨§¬¥−¥−¨ï
¤¨−�¬¨ç¥áª®© ¬®¤¥«¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨ dsam, â�ª ¨ ¬®¤¥«¥© áã¡ê¥ªâ� sbjm
¨«¨ áâ¥©ªå®«¤¥à®¢ sthm ∈ STHM (3), â. ¥. ¨å æ¥«¥© gl ¨ ¬¥â®¤®¢ ®æ¥−¨¢�−¨ï
evmet, ¤«ï à¥è¥−¨ï ¯à®¡«¥¬ë ¯ãâ¥¬ ã«ãçè¥−¨ï ¨å ®â−®è¥−¨ï ª á¨âã�æ¨¨.

3 Подходы к автоматизированной и автоматической идентификации
структуры проблемы

‘ãé¥áâ¢¥−−�ï á«®¦−®áâì ¯à¨ ¯¥à¥å®¤¥ ®â ¬�ªà®ãà®¢−¥¢®© ª ¬¨ªà®ãà®¢−¥¢®©
¬®¤¥«¨ ¯à®¡«¥¬ë ¢ å®¤¥ ¥¥ á¨áâ¥¬−®£® �−�«¨§� á®áâ®¨â ¢ ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâã-
àë ¯à®¡«¥¬ë, â. ¥. ç�áâ¨ ¯à®¡«¥¬−®£® ¯®«ïprb§d, ®¯¨áë¢�îé¥© á®áâ�¢ ¯à®¡«¥¬ë

{prbi|prbi ∈ PRB∧Rprb-prb1 (prbi,prb)} ¨ ®â−®è¥−¨ï Rprb-prb1 ¨Rprb-prb2 ¬¥¦¤ã
¥¥ ç�áâï¬¨. ’à�¤¨æ¨®−−® ¤«ï íâ¨å æ¥«¥© ¨á¯®«ì§ãîâáï ¬¥â®¤ë �−ª¥â¨à®¢�−¨ï,
¨−â¥à¢ìî¨à®¢�−¨ï, ¯à¥¤¢�à¨â¥«ì−®£® ¨áá«¥¤®¢�−¨ï á¨áâ¥¬ë, ¯®áâà®¥−¨ï ¤¨�-
£à�¬¬ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©, ¯à®¡«¥¬−ëå äà¥©¬®¢, ¬�âà¨æ áâàãªâãà
§�¢¨á¨¬®áâ¥© ¨ ¤à. [11{14]. �à¨ íâ®¬ ¬®£ãâ ¨á¯®«ì§®¢�âìáï áà¥¤áâ¢� �¢â®¬�â¨§�-
æ¨¨, −�¯à¨¬¥à �¢â®£à�ä [15], Business Studio [16], MindOnMap [17].

“ªàã¯−¥−−® ¬®£ãâ ¡ëâì ¢ë¤¥«¥−ë á«¥¤ãîé¨¥ £àã¯¯ë �¢â®¬�â¨ç¥áª¨å ¬¥â®-
¤®¢ ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë ¯à®¡«¥¬ë:

{ í¢®«îæ¨®−−ë¥, ¯à¥¤¯®«�£�îé¨¥ ¬®¤¥«¨à®¢�−¨¥ ¥áâ¥áâ¢¥−−®£® ®â¡®à� ¯à®-
£à�¬¬-¨−¤¨¢¨¤ãã¬®¢ á æ¥«ìî ¯®à®¦¤¥−¨ï ®á®¡¨, à¥«¥¢�−â−®© ¯®áâ�¢«¥−−®©
¯à®¡«¥¬¥. Š®§� ¯à¥¤«®¦¨« ¢−ãâà¨¨−¤¨¢¨¤ãã¬−ãî ¤¥ª®¬¯®§¨æ¨î ¯à®¡«¥-
¬ë −� ®á−®¢¥ �¢â®¬�â¨ç¥áª¨ ®¯à¥¤¥«ï¥¬ëå äã−ªæ¨© [18]. ‚ [19] à�§à�¡®â�−
¬¥¦¨−¤¨¢¨¤ãã¬−ë© ¬−®£®¬®¤¥«ì−ë© ¯®¤å®¤ ª ¤¥ª®¬¯®§¨æ¨¨ ¯à®¡«¥¬ë ª«�á-
á¨ä¨ª�æ¨¨ ¡®«ìè¨å ¨ −¥á¡�«�−á¨à®¢�−−ëå ¬−®£®ª«�áá®¢ëå −�¡®à®¢ ¤�−−ëå.
‚ [20] ¨á¯®«ì§ã¥âáï ¤¢ãåãà®¢−¥¢�ï ª®í¢®«îæ¨®−−�ï �àå¨â¥ªâãà� ¤«ï ¯à®¥ª-
â¨à®¢�−¨ï ¨ ®¯â¨¬¨§�æ¨¨ ¬®¤ã«ì−ëå −¥©à®−−ëå á¥â¥©, ®â¤¥«ì−ë¥ ¯®¤á¥â¨
ª®â®àëå à¥è�îâ ª®−ªà¥â−ë¥ ¯®¤¯à®¡«¥¬ë;

{ ¯®¯ã«ïæ¨®−−ë¥, ¯à¨¬¥−ïîé¨¥áï ¤«ï à¥è¥−¨ï ®¯â¨¬¨§�æ¨®−−ëå ¯à®¡«¥¬
¯ãâ¥¬ ¬®¤¥«¨à®¢�−¨ï ¯®¢¥¤¥−¨ï ¬−®¦¥áâ¢� ¢§�¨¬®¤¥©áâ¢ãîé¨å ®á®¡¥© ¨«¨
ç�áâ¨æ (¬ãà�¢ì¨−ë¥ �«£®à¨â¬ë, ª®«®−¨¨ ¨áªãááâ¢¥−−ëå ¯ç¥« ¨ ¤à.). „¥ª®¬-
¯®§¨æ¨ï ¯à®¡«¥¬ë ¢ ¤�−−ëå �«£®à¨â¬�å §�ª«îç�¥âáï ¢ à�§¤¥«¥−¨¨ ¯à®áâà�−-
áâ¢� ¯®¨áª� ¬¥¦¤ã −¥áª®«ìª¨¬¨ ¢§�¨¬®¤¥©áâ¢ãîé¨¬¨ áã¡¯®¯ã«ïæ¨ï¬¨ [21];

{ «¨−¥©−®£® ¯à®£à�¬¬¨à®¢�−¨ï, ¢ ª®â®àëå ¤¥ª®¬¯®§¨æ¨ï á®áâ®¨â ¢ à�§¤¥«¥-
−¨¨ ¨áå®¤−®© ¯à®¡«¥¬ë −� ®á−®¢−ãî §�¤�çã, á®áâ®ïéãî ¨§ æ¥«®ç¨á«¥−−ëå
¯¥à¥¬¥−−ëå ¨áå®¤−®© ¯à®¡«¥¬ë ¨, ¢®§¬®¦−®, −¥ª®â®àëå ¤®¯®«−¨â¥«ì−ëå
−¥¯à¥àë¢−ëå ¯¥à¥¬¥−−ëå, ¨ «¨−¥©−ãî ¯à®£à�¬¬ã, £¥−¥à¨àãîéãî á®ªà�é¥-
−¨ï, áä®à¬ã«¨à®¢�−−ãî ¢ ¯à®áâà�−áâ¢¥ ®áâ�¢è¨åáï ¯¥à¥¬¥−−ëå [22, 23];
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Œ¥â®¤ë ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë ¯à®¡«¥¬ë

ƒàã¯¯�
¬¥â®¤®¢

÷¥è�¥¬ë¥
¯à®¡«¥¬ë „®áâ®¨−áâ¢� �¥¤®áâ�âª¨

�¢â®¬�-
â¨§¨à®-
¢�−−ë¥

”®à¬�«¨-
§®¢�−−ë¥
¨ −¥ä®à-
¬�«¨§®¢�−-
−ë¥

‚®§¬®¦−®áâì ¢á¥áâ®à®−−¥-
£® �−�«¨§� ¯à®¡«¥¬ë, ãç¥â�
æ¥«¥© à�§«¨ç−ëå áâ¥©ªå®«-
¤¥à®¢; ¢®§¬®¦−®áâì à�¡®âë
á è¨à®ª¨¬ ª«�áá®¬ ¯à®¡-
«¥¬; ¢®§¬®¦−®áâì à¥è¥−¨ï
¯à®¡«¥¬ë −� íâ�¯¥ �−�«¨§�
¯ãâ¥¬ ¨§¬¥−¥−¨ï ®â−®è¥−¨ï
áã¡ê¥ªâ� ª à¥�«ì−®áâ¨; à�-
¡®â� á ¯à®¡«¥¬�¬¨, áä®à¬ã-
«¨à®¢�−−ë¬¨ −� ¥áâ¥áâ¢¥−-
−®¬ ï§ëª¥

�¥®¡å®¤¨¬®áâì ¯à¨¢«¥ç¥-
−¨ï íªá¯¥àâ®¢; −¨§ª�ï áª®-
à®áâì; á¨«ì−�ï §�¢¨á¨¬®áâì
à¥§ã«ìâ�â®¢ ®â ª¢�«¨ä¨ª�-
æ¨¨ á¨áâ¥¬−®£® �−�«¨â¨ª�
¨ ¯à¨¢«¥ç¥−−ëå íªá¯¥àâ®¢

�¢®«î-
æ¨®−−ë¥

”®à¬�«¨-
§®¢�−−ë¥

„¥ª®¬¯®§¨æ¨ï ¯à®¡«¥¬ë
¯à®¨áå®¤¨â ®¤−®¢à¥¬¥−−®
á ¢ëà�¡®âª®© ¬¥â®¤� ¥¥ à¥-
è¥−¨ï ¢ å®¤¥ ú¢ëà�é¨¢�-
−¨ïû ¯à®£à�¬¬ë ¨«¨ ª®¬-
¯«¥ªá� ¯à®£à�¬¬

�¥¢ëá®ª�ï áª®à®áâì; ¢ë-
á®ª¨¥ ¢ëç¨á«¨â¥«ì−ë¥ §�-
âà�âë; á¨«ì−�ï §�¢¨á¨¬®áâì
à¥§ã«ìâ�â®¢ ®â −�áâà®¥ª
�«£®à¨â¬�, á¯¥æ¨ä¨ç¥áª¨å
¤«ï ª�¦¤®© ¯à®¡«¥¬ë

�®¯ã«ï-
æ¨®−−ë¥

”®à¬�«¨-
§®¢�−−ë¥
®¯â¨¬¨§�-
æ¨®−−ë¥

�â−®á¨â¥«ì−® ¢ëá®ª�ï áª®-
à®áâì à�¡®âë

�à¨¥−â¨à®¢�−−®áâì −� ¤®-
áâ�â®ç−® ã§ª¨© ª«�áá ®¯â¨-
¬¨§�æ¨®−−ëå ¯à®¡«¥¬ (§�-
¤�ç); á¨«ì−�ï §�¢¨á¨¬®áâì
à¥§ã«ìâ�â®¢ ®â −�áâà®¥ª
�«£®à¨â¬�, á¯¥æ¨ä¨ç¥áª¨å
¤«ï ª�¦¤®© ¯à®¡«¥¬ë

‹¨−¥©-
−®£®
¯à®£à�¬-
¬¨à®¢�-
−¨ï

”®à¬�«¨-
§®¢�−−ë¥
«¨−¥©−®£®
¯à®£à�¬-
¬¨à®¢�−¨ï

‚ëá®ª�ï áª®à®áâì à�¡®âë;
−�å®¦¤¥−¨¥ â®ç−®£® à¥è¥-
−¨ï

�à¨¥−â¨à®¢�−−®áâì −� ã§-
ª¨© ª«�áá ¯à®¡«¥¬ (§�-
¤�ç) «¨−¥©−®£® ¯à®£à�¬¬¨-
à®¢�−¨ï

Œ−®£®-
�£¥−â−ë¥

”®à¬�«¨-
§®¢�−−ë¥

‚ëá®ª�ï áª®à®áâì à�¡®âë;
¯®¤¤¥à¦¨¢�¥âáï ¤¥æ¥−âà�-
«¨§®¢�−−®¥ ¢ë¤¥«¥−¨¥ ¯®¤-
¯à®¡«¥¬ ¨ ¨å à�á¯à¥¤¥«¥−¨¥
¬¥¦¤ã �£¥−â�¬¨

’à¥¡ã¥âáï ¯à¥¤¢�à¨â¥«ì−®¥
®¯à¥¤¥«¥−¨¥ í«¥¬¥−â�à−ëå
§�¤�ç

�®«ìè¨¥
ï§ëª®-
¢ë¥ ¬®-
¤¥«¨

�¥ä®à¬�-
«¨§®¢�−-
−ë¥

‚ëá®ª�ï áª®à®áâì à�¡®âë,
¢®§¬®¦−®áâì à�¡®âë á è¨-
à®ª¨¬ ª«�áá®¬ ¯à®¡«¥¬;
à�¡®â� á ¯à®¡«¥¬�¬¨, áä®à-
¬ã«¨à®¢�−−ë¬¨ −� ¥áâ¥-
áâ¢¥−−®¬ ï§ëª¥

�¥¢ëá®ª¨¥ à¥§ã«ìâ�âë −�
−®¢ëå ¯à®¡«¥¬�å; ¢®§¬®¦-
−®áâì ¯à¨®¡à¥â¥−¨ï «®¦−ëå
§−�−¨© ¨§-§� ®¡ãç¥−¨ï −�
−¥ª®àà¥ªâ−ëå â¥ªáâ�å; ¢®§-
¬®¦−®áâì §�æ¨ª«¨¢�−¨ï
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{ ¬−®£®�£¥−â−ë¥, ¬®¤¥«¨àãîé¨¥ á®¢¬¥áâ−ãî à�¡®âã �¢â®−®¬−ëå ¯à®£à�¬¬−ëå
¨«¨ �¯¯�à�â−ëå áãé−®áâ¥© | �£¥−â®¢ | ¤«ï à¥è¥−¨ï ®¡é¥© ¯à®¡«¥¬ë, ª®â®-
àãî ¯® ®â¤¥«ì−®áâ¨ ®−¨ −¥ ¬®£ãâ à¥è¨âì. �à¨ íâ®¬ ¢ë¤¥«ïîâáï �£¥−âë-á¯¥-
æ¨�«¨áâë, ¬®¤¥«¨àãîé¨¥ íªá¯¥àâ®¢, ª®â®àë¥ à¥è�îâ ç�áâ−ë¥ ¯®¤¯à®¡«¥¬ë
®¡é¥© ä®à¬�«¨§®¢�−−®© ¯à®¡«¥¬ë á ¨á¯®«ì§®¢�−¨¥¬ á®¡áâ¢¥−−ëå ¨ ®¡é¨å
à¥áãàá®¢, ¨ �£¥−â-ª®®à¤¨−�â®à, à�§à¥è�îé¨© ª®−ä«¨ªâë ¬¥¦¤ã �£¥−â�¬¨-
á¯¥æ¨�«¨áâ�¬¨ ¨ ¬®¤¥«¨àãîé¨© à�¡®âã «¨æ�, ¯à¨−¨¬�îé¥£® à¥è¥−¨ï [24,
25]. �«ìâ¥à−�â¨¢−ë© ¯®¤å®¤ ¢ áæ¥−�à¨ïå ú«¨¤¥à{¯®á«¥¤®¢�â¥«ìû á®áâ®-
¨â ¢ á¢¥¤¥−¨¨ ¯à®¡«¥¬ë ã¯à�¢«¥−¨ï £àã¯¯®© �£¥−â®¢ ª ã¯à�¢«¥−¨î ®¤−¨¬
«¨¤¥à®¬ [26];

{ ¡®«ìè¨¥ ï§ëª®¢ë¥ ¬®¤¥«¨, ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© ¨áªãááâ¢¥−−ë¥ −¥©à®−−ë¥
á¥â¨, á¯®á®¡−ë¥ �−�«¨§¨à®¢�âì §�¯à®áë ¨ ¢ë¤�¢�âì ®â¢¥âë ¢ ¢¨¤¥ â¥ªáâ®¢
−� ¥áâ¥áâ¢¥−−ëå ï§ëª�å. ‚ Auto-GPT ¯à¥¤¯®«�£�¥âáï ¢®§¬®¦−®áâì �¢-
â®¬�â¨ç¥áª®© ¤¥ª®¬¯®§¨æ¨¨ ¯à®¡«¥¬ë, áä®à¬ã«¨à®¢�−−®© −� ¥áâ¥áâ¢¥−−®¬
ï§ëª¥, −� ¯®¤¯à®¡«¥¬ë [27]. �à¨ íâ®¬ ®â¬¥ç�¥âáï ¢¥à®ïâ−®áâì §�æ¨ª«¨¢�−¨ï
¨ −¥á¯®á®¡−®áâì à¥è�âì à¥�«ì−ë¥ ¯à®¡«¥¬ë [28]. Šà®¬¥ â®£®, ¢ [29] ¯à®¤¥¬®−-
áâà¨à®¢�−� ¨§¬¥−ç¨¢®áâì, ¢ª«îç�ï á−¨¦¥−¨¥, à¥§ã«ìâ�â®¢ à�¡®âë ¡®«ìè¨å
ï§ëª®¢ëå ¬®¤¥«¥© ¢® ¢à¥¬¥−¨. ‚ [30] à�§à�¡�âë¢�¥âáï ¬¥â®¤ −� ®á−®¢¥
¡®«ìè¨å ï§ëª®¢ëå ¬®¤¥«¥© ¤«ï ¯«�−¨à®¢�−¨ï ¯®¢¥¤¥−¨ï à®¡®â�, ¢ª«îç�ï
¤¥ª®¬¯®§¨æ¨î ¯à®¡«¥¬ −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥, −® −� à�−¥¥ −¥ ¢áâà¥ç�¢è¨åáï
¯à®¡«¥¬�å ¬¥â®¤ ¯®ª�§ë¢�¥â −¥¢ëá®ª¨¥ à¥§ã«ìâ�âë ¤�¦¥ ¢ «�¡®à�â®à−ëå
ãá«®¢¨ïå.

‚ â�¡«¨æ¥ ¯à¥¤áâ�¢«¥− áà�¢−¨â¥«ì−ë© �−�«¨§ ¬¥â®¤®¢ ¨¤¥−â¨ä¨ª�æ¨¨ áâàãª-
âãàë ¯à®¡«¥¬ë. Š�ª ¢¨¤−® ¨§ â�¡«¨æë, �¢â®¬�â¨§¨à®¢�−−ë¥ ¬¥â®¤ë ¨¤¥−â¨-
ä¨ª�æ¨¨ áâàãªâãàë ¯à®¡«¥¬ë âà¥¡ãîâ ¯à¨¢«¥ç¥−¨ï íªá¯¥àâ®¢ ¨ á¥àì¥§−ëå ¢à¥-
¬¥−− �ëå §�âà�â, çâ® ¤¥«�¥â ¨å −¥à¥«¥¢�−â−ë¬¨ ¤¨−�¬¨ç−ë¬ ¯à®¡«¥¬�¬. Œ¥â®¤ë
�¢â®¬�â¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë ¯à®¡«¥¬ë ¯à¨¬¥−ïîâáï ¢ −�áâ®ïé¥¥
¢à¥¬ï ¯à¥¨¬ãé¥áâ¢¥−−® ª å®à®è® ä®à¬�«¨§®¢�−−ë¬ ¯à®¡«¥¬�¬ (§�¤�ç�¬) ¨«¨
ª ¯à®¡«¥¬�¬, ¤«ï ª®â®àëå ã¦¥ ®¯à¥¤¥«¥− á®áâ�¢ ¯®¤¯à®¡«¥¬ ¤àã£¨¬¨ ¬¥â®¤�¬¨.
�®«ìè¨¥ ï§ëª®¢ë¥ ¬®¤¥«¨, á¯®á®¡−ë¥ à�¡®â�âì á −¥ä®à¬�«¨§®¢�−−ë¬¨ ¯à®-
¡«¥¬�¬¨, ¯®ª�§ë¢�îâ ®£à�−¨ç¥−−ãî íää¥ªâ¨¢−®áâì −� −®¢ëå ¯à®¡«¥¬�å ¤�¦¥
¢ «�¡®à�â®à−ëå ãá«®¢¨ïå. ‚ íâ®© á¢ï§¨ �ªâã�«ì−� à�§à�¡®âª� −®¢ëå ¨ ¨−â¥£à�æ¨ï
áãé¥áâ¢ãîé¨å ¬¥â®¤®¢ ¨¤¥−â¨ä¨ª�æ¨¨ áâàãªâãàë ¯à®¡«¥¬ë ¤«ï ª®¬¯¥−á�æ¨¨ ¨å
−¥¤®áâ�âª®¢. ’�ª, ¢ [31] ®â¬¥ç�¥âáï ¯®â¥−æ¨�« â¥å−®«®£¨¨ £¥−¥à�â¨¢−ëå �£¥−â®¢.

4 Заключение

‚ áâ�âì¥ à�áá¬®âà¥−ë ®á−®¢−ë¥ ¯®¤å®¤ë ª ®¯à¥¤¥«¥−¨î ¯®−ïâ¨ï ú¯à®¡«¥¬�û,
¢ë¤¥«¥−ë â¨¯®¢ë¥ á¢®©áâ¢� ¯à®¡«¥¬, � â�ª¦¥ à�§à�¡®â�−� ª®−æ¥¯âã�«ì−�ï ¬®¤¥«ì
íâ®£® ¯®−ïâ¨ï. �à¥¤«®¦¥−−�ï ¬®¤¥«ì à�áè¨àï¥â ¬®¤¥«ì ¯à®¡«¥¬ë [32], ª®â®à�ï
¯à¥¤áâ�¢«ï«� ¥¥ ¢ ¢¨¤¥ á«®¦−®© §�¤�ç¨ [7], å�à�ªâ¥à¨§ãîé¥©áï ª®¬¯«¥ªá−®áâìî,
¬¥¦¯à¥¤¬¥â−ë¬ á®¤¥à¦�−¨¥¬ (−¥®¤−®à®¤−®áâìî). ‚ ¯à¥¤«®¦¥−−®© ¬®¤¥«¨ ¤®-
¯®«−¨â¥«ì−® ãç¨âë¢�îâáï â�ª¨¥ å�à�ªâ¥à¨áâ¨ª¨ ¯à®¡«¥¬ë, ª�ª −¥¤®®¯à¥¤¥«¥−-
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−®áâì ¢ ¬®¬¥−â ¢®§−¨ª−®¢¥−¨ï, ¬−®£®á«®©−®áâì, ¯®«¨â¥«¨ç−®áâì, −¥¯à®§à�ç−®áâì
¨ ¤¨−�¬¨ç−®áâì. �®ª�§�−� �ªâã�«ì−®áâì �¢â®¬�â¨§�æ¨¨ ¯à®æ¥áá®¢ ¨¤¥−â¨ä¨ª�-
æ¨¨ áâàãªâãàë á«�¡®ä®à¬�«¨§ã¥¬®© ¯à®¡«¥¬ë, ¯à®�−�«¨§¨à®¢�−ë ¤®áâ®¨−áâ¢�
¨ −¥¤®áâ�âª¨ áãé¥áâ¢ãîé¨å ¯®¤å®¤®¢ ª �¢â®¬�â¨§¨à®¢�−−®© ¨ �¢â®¬�â¨ç¥áª®©
¨¤¥−â¨ä¨ª�æ¨¨ ¥¥ áâàãªâãàë, ¯à®¤¥¬®−áâà¨à®¢�−� �ªâã�«ì−®áâì £¨¡à¨¤¨§�æ¨¨
¯à¥¤«®¦¥−−ëå ¯®¤å®¤®¢.
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Abstract: The complexity of automatic solution of practical problems is largely
due to their weak formalization and sometimes, the absence of a clear statement
at the time of their occurrence. As a result, significant time and labor costs are
required for formulation, identification of the composition and structure of the
problem, selection or development of methods relevant to its parts, as well as
their synthesis. The paper considers the concept of the problem and develops
its macro- and microlevel models, an analysis of the methods of automatic
and automated identification of its structure is performed for their possible use
in hybrid and synergetic artificial intelligence systems, in particular, hybrid
intelligent multiagent systems for solving weakly formalized problems.
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МЕТОДЫ ВЕРОЯТНОСТНОГО И СТАТИСТИЧЕСКОГО
МОДЕЛИРОВАНИЯ НЕЯВНЫХ СТОХАСТИЧЕСКИХ СИСТЕМ

И. Н. Синицын1

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¢¥à®ïâ−®áâ−ë¬ (�−�«¨â¨ç¥áª¨¬) ¨ áâ�â¨-
áâ¨ç¥áª¨¬ ¬¥â®¤�¬ ¬®¤¥«¨à®¢�−¨ï ¢ −¥ï¢−ëå (−¥¯à¥àë¢−ëå, ¤¨áªà¥â−ëå
¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ëå) áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å (‘â‘). „�− ®¡§®à à�¡®â
¢ ®¡«�áâ¨ ¬¥â®¤®¢ ¢¥à®ïâ−®áâ−®£® ¬®¤¥«¨à®¢�−¨ï (Œ‚Œ) ¨ ¬¥â®¤®¢ áâ�â¨-
áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï (Œ‘Œ) áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ (‘â�). �á−®¢-
−®¥ ¢−¨¬�−¨¥ ã¤¥«ï¥âáï Œ‚Œ ¨ Œ‘Œ ¤«ï −¥ï¢−ëå ‘â‘, ¯à¨¢¥¤¥−−ëå
ª ¤¨ää¥à¥−æ¨�«ì−ë¬, à�§−®áâ−ë¬ ¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ë¬ ãà�¢−¥−¨ï¬.
„«ï Œ‘Œ à�§à�¡®â�−ë ¤¨áªà¥â−ë¥ �«£®à¨â¬ë à�§«¨ç−®£® ¯®àï¤ª� â®ç−®áâ¨
¢ h/h1/2 ¨ h2/h3/2 −¥ï¢−ëå ‘â‘ á £«�¤ª¨¬¨ äã−ªæ¨ï¬¨. �®«ãç¥−ë à¥§ã«ì-
â�âë ¤«ï −¥£«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© ¢ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ −�
®á−®¢¥ à¥£à¥áá¨®−−®© «¨−¥�à¨§�æ¨¨, � â�ª¦¥ ¯�à�¬¥âà¨§�æ¨¨ ®¤−®- ¨ ¬−®-
£®¬¥à−ëå ¯«®â−®áâ¥© à�á¯à¥¤¥«¥−¨ï, ¢ â®¬ ç¨á«¥ á ¯®¬®éìî ª�−®−¨ç¥áª¨å
à�§«®¦¥−¨© á −¥§�¢¨á¨¬ë¬¨ ª®¬¯®−¥−â�¬¨. �®¤à®¡−® à�áá¬®âà¥−ë ¯à¨¬¥àë
á −¥ï¢−ë¬¨ £«�¤ª¨¬¨ ¨ à�§àë¢−ë¬¨ äã−ªæ¨ï¬¨. �¯à¥¤¥«¥−ë −�¯à�¢«¥−¨ï
¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

Š«îç¥¢ë¥ á«®¢�: ¢¥à®ïâ−®áâ−®¥ (�−�«¨â¨ç¥áª®¥) ¬®¤¥«¨à®¢�−¨¥; −¥ï¢−�ï
áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬�; á¨«ì−�ï ¨ á«�¡�ï �¯¯à®ªá¨¬�æ¨ï; áâ�â¨áâ¨ç¥áª®¥
¬®¤¥«¨à®¢�−¨¥; áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬�, −¥ à�§à¥è¥−−�ï ®â−®á¨â¥«ì−® ¯à®¨§-
¢®¤−®© (à�§−®áâ¨)
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1 Введение
‚ áâ�âìïå [1{4] à�áá¬®âà¥−ë ¢®¯à®áë ¢¥à®ïâ−®áâ−®£® (�−�«¨â¨ç¥áª®£®) ¬®¤¥-

«¨à®¢�−¨ï ¯à®æ¥áá®¢ ¢ ‘‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå (�÷��).
�®«ìè®¥ ¢−¨¬�−¨¥ ¢ −¨å ã¤¥«¥−® −®à¬�«ì−ë¬ (£�ãáá®¢áª¨¬) ‘â�. ‚ [5] à�§à�¡®-
â�−ë ¬¥â®¤ë −®à¬�«¨§�æ¨¨ á¨áâ¥¬, áâ®å�áâ¨ç¥áª¨ �÷��. ’¥®à¨ï à�á¯à¥¤¥«¥−¨©
á ¨−¢�à¨�−â−®© ¬¥à®© ¢ ‘â‘ �÷�� à�§¢¨â� ¢ [6]. ‚ [7] ¤�−® ®¡®¡é¥−¨¥ [1{4]
−� á«ãç�© ‘â‘ �÷�� á® á«ãç�©−ë¬¨ ¯�à�¬¥âà�¬¨. „«ï ‘â‘ �÷��, ¤®¯ãá-
ª�îé¨å ¯à¨¢¥¤¥−¨¥ ª á¨áâ¥¬¥ ¤¨ää¥à¥−æ¨�«ì−ëå ¨ ª®−¥ç−ëå áâ®å�áâ¨ç¥áª¨å
ãà�¢−¥−¨©, ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¨§¢¥áâ−ë¥ ¬¥â®¤ë ç¨á«¥−−®£® ¨−â¥£à¨à®-
¢�−¨ï [8{10]. ‚ [11, 12] ¯à¥¤«®¦¥− àï¤ ç¨á«¥−−ëå ¬¥â®¤®¢ ¨−â¥£à¨à®¢�−¨ï
áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©, ®á−®¢�−−ëå −� ¨á¯®«ì§®¢�−¨¨
®¡®¡é¥−−®© ä®à¬ã«ë ˆâ®, � â�ª¦¥ ª�−®−¨ç¥áª¨å à�§«®¦¥−¨© ‘â�. ‚ [13]
à�áá¬®âà¥−ë ¬¥â®¤ë ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï ãà�¢−¥−¨© ¤¨ää¥à¥−æ¨�«ì−ëå
‘â‘ �÷��, ¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬ ‘â‘.

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, sinitsin@dol.ru
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Œ¥â®¤ë ¢¥à®ïâ−®áâ−®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå ‘â‘

÷�áá¬®âà¨¬ Œ‘Œ ¢ −¥ï¢−ëå ¤¨áªà¥â−ëå ¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ëå ‘â‘,
â. ¥. �÷�� (à�§−®áâ¥©). �á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¨¬ −¥£«�¤ª¨¬ −¥ï¢−ë¬ ‘â‘.

2 Неявные стохастические системы

2.1 Приводимые дифференциальные системы

÷�áá¬®âà¨¬ á−�ç�«� ¤¨ää¥à¥−æ¨�«ì−ãî ‘â‘ á −¥«¨−¥©−®áâï¬¨, ®¯¨áë¢�-
¥¬ë¬¨ £«�¤ª¨¬¨ áª�«ïà−ë¬¨ ¤¥â¥à¬¨−¨à®¢�−−ë¬¨ äã−ªæ¨ï¬¨:

� = �
(

t, Yt, ‘Yt, . . . , Y
(k)
t , Ut

)

= 0 ,

Y (t0) = Y0, ‘Y (t0) = ‘Y0, . . . , Y
(k) (t0) = Y

(k)
0 . (1)

�à¨ íâ®¬ ãà�¢−¥−¨¥ −¥«¨−¥©−®£® ä®à¬¨àãîé¥£® ä¨«ìâà� ¤«ï áâ®å�áâ¨ç¥áª¨å
¢®§¬ãé¥−¨© Ut ¢®§ì¬¥¬ ¢ ¢¨¤¥, à�§à¥è¥−−®¬ ®â−®á¨â¥«ì−® ¡¥«ëå èã¬®¢:

‘Ut = a
U (t, Ut) + b

U (t, Ut)V
U
t , U (t0) = U0. (2)

‡¤¥áì aU = aU (t, Ut) ¨ bU (t, Ut) | (nY × 1)- ¨ (nY × nV )-¬¥à−ë¥ äã−ªæ¨¨;
V U

t | ¡¥«ë© èã¬ ¢ áâà®£®¬ á¬ëá«¥ [11], ¤®¯ãáª�îé¨© ¯à¥¤áâ�¢«¥−¨¥ ¢¨¤�

V U
t =

‘WU
t , W

U
t =W

U
0 (t) +

∫

Rq
0

cU (ρ)P 0(t, dρ),

£¤¥ νt | ¥£® ¨−â¥−á¨¢−®áâì:

νt = ν
W
t = ν

W0
t +

∫

Rq
0

cU (ρ)
[

cU (ρ)
]T
νP (t, ρ) dρ ;

cU = cU (ρ) | ¨§¢¥áâ−�ï ¢¥ªâ®à−�ï äã−ªæ¨ï â®© ¦¥ à�§¬¥à−®áâ¨, çâ® ¨ WU
0 ;

¨−â¥£à�« ¯à¨ «î¡®¬ t ≥ t0 ¯à¥¤áâ�¢«ï¥â á®¡®© áâ®å�áâ¨ç¥áª¨© ¨−â¥£à�« ¯®
æ¥−âà¨à®¢�−−®© ¯ã�áá®−®¢áª®© ¬¥à¥ P 0(t,A), −¥§�¢¨á¨¬®© ®â WU

0 ¨ ¨¬¥îé¥©
−¥§�¢¨á¨¬ë¥ §−�ç¥−¨ï −� ¯®¯�à−® −¥¯¥à¥á¥ª�îé¨åáï ¬−®¦¥áâ¢�å; A | ¡®à¥-

«¥¢áª®¥ ¬−®¦¥áâ¢® ¯à®áâà�−áâ¢� Rq
0 á ¢ëª®«®âë¬ −�ç�«®¬; νW

t , νW0
t ¨ νP |

¨−â¥−á¨¢−®áâ¨ ‘â� WU
t , WU

0 ¨ P 0. “à�¢−¥−¨¥ (2) ¯®−¨¬�¥âáï ¢ á¬ëá«¥ ˆâ®
¨ ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ à¥è¥−¨¥ ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ [11].

„«ï £«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© ¢ (1), ¤®¯ãáª�îé¨å áâ®å�áâ¨ç¥áª¨¥ ¯à®¨§-
¢®¤−ë¥ ˆâ® ¤® h-£® ¯®àï¤ª�, ¢ë¯®«−¨¬ á«¥¤ãîé¨¥ ¯à¥®¡à�§®¢�−¨ï. �ã¤¥¬
¤¨ää¥à¥−æ¨à®¢�âì ¯® t «¥¢ë¥ ç�áâ¨ ãà�¢−¥−¨© (1) ¯® ®¡®¡é¥−−®© ä®à¬ã«¥
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ˆâ® [11] ¤® â¥å ¯®à, ¯®ª� −¥ ¯®ï¢ïâáï ¯à®¨§¢®¤−ë¥ ¡¥«®£® èã¬�. ‚ à¥§ã«ìâ�â¥
¯®«ãç¨¬ á«¥¤ãîéãî á¨áâ¥¬ã −¥«¨−¥©−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©:

� = 0, ‘� = 0, . . . , �(h) = 0 . (3)

„�«¥¥ ¢¢¥¤¥¬ ¢¥ªâ®à

Zt =
[

�Y Tt XTt

]T
,

á®áâ�¢«¥−−ë© ¨§ ¢¥ªâ®à�

�Yt =
[

Y Tt Y Tt · · ·Y (k−1)Tt

]T

¨ ¢á¯®¬®£�â¥«ì−®£® ¢¥ªâ®à� Xt, ®¯à¥¤¥«ï¥¬®£® ãà�¢−¥−¨ï¬¨ (3). ‚ à¥§ã«ìâ�â¥
¯à¨¤¥¬ ª ¢¥ªâ®à−®¬ã ãà�¢−¥−¨î, à�§à¥è¥−−®¬ã ®â−®á¨â¥«ì−® ¤¨ää¥à¥−æ¨�«®¢,
á«¥¤ãîé¥£® ¢¨¤�:

dZt = a
Zdt+ bZdW0 +

∫

Rq
0

cZP 0(t, dρ), (4)

£¤¥ aZ = aZ(t, Zt); b
Z = bZ(t, Zt); c

Z = cZ(t, Zt, u).
’�ª¨¬ ®¡à�§®¬, ¨¬¥¥¬ á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

’¥®à¥¬� 2.1. �ãáâì −¥ï¢−�ï −¥«¨−¥©−�ï −¥£�ãáá®¢áª�ï ‘â‘ (1), (2), �÷��
k-£® ¯®àï¤ª�, ã¤®¢«¥â¢®àï¥â ãá«®¢¨ï¬:

10 −¥ï¢−ë¥ äã−ªæ¨¨ (1) ¤®¯ãáª�îâ ®¡®¡é¥−−ë¥ áâ®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−æ¨�-
«ë ˆâ® ¢¯«®âì ¤® h-£® ¯®àï¤ª� ¢ª«îç¨â¥«ì−®;

20 ãà�¢−¥−¨¥ (2) à�§à¥è¥−® ®â−®á¨â¥«ì−® ¡¥«ëå èã¬®¢ ¨ ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥
áà¥¤−¥ª¢�¤à�â¨ç−®¥ à¥è¥−¨¥.

’®£¤� −¥ï¢−�ï á¨áâ¥¬� (1), (2) ¯à¨¢®¤¨¬� ª ¤¨ää¥à¥−æ¨�«ì−®© á¨áâ¥¬¥, à�§à¥-
è¥−−®© ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−ëå (4).

�®«®¦¨¬, çâ® ¢ (1) áâ®å�áâ¨ç¥áª®¥ ¢®§¬ãé¥−¨¥ Ut ï¢«ï¥âáï �¢â®ª®àà¥«¨-
à®¢�−−ë¬ ‘â� ¨ ®¯¨áë¢�¥âáï áâ®å�áâ¨ç¥áª¨¬ ¤¨ää¥à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨¥¬
¢¨¤�

U
(n)
t +

n−1
∑

k=n−m

αU
k (t, Ut, ‘Ut, . . . , U

(n−m−1)
t )U

(k)
t +α

U
0 (t, Ut, ‘Ut, . . . , U

(n−1)
t ) =

=

m
∑

h=1

βh

(

t, Ut, ‘Ut, . . . , U
(n−m−1)
t

)

V
(h)
t . (5)

‡¤¥áì n = nU | ¯®àï¤®ª ¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï, ¯à¨ç¥¬ 0 < nU < n;
αU
0 , αU

k ¨ βU
k | ¨§¢¥áâ−ë¥ äã−ªæ¨¨ ®â¬¥ç¥−−ëå ¯¥à¥¬¥−−ëå.
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�ãáâì â¥¯¥àì ª®¬¯®−¥−âë ‘â� Yt, ‘Yt, . . . , Y
(k)
t ¡®«¥¥ £«�¤ª¨¥, ç¥¬ Ut. ‚ íâ®¬

á«ãç�¥ ¤«ï ¯à¨¢¥¤¥−¨ï ãà�¢−¥−¨© (1), (5) ª (4) ¬®¦−® ¯à¨¬¥−¨âì á¯®á®¡, ®á−®-
¢�−−ë© −� ¤¨ää¥à¥−æ¨à®¢�−¨¨ (1) ¯à¨ ¨áª«îç¥−¨¨ Ut ¨ ¥¥ ¯à®¨§¢®¤−ëå, −¥
á®¤¥à¦�é¨å ¡¥«®£® èã¬� ¨§ ãà�¢−¥−¨© (1) ¨ ãà�¢−¥−¨©, ¯®«ãç¥−−ëå ¨§ −¥£®
¤¨ää¥à¥−æ¨à®¢�−¨¥¬ (5) ¯® ®¡®¡é¥−−®© ä®à¬ã«¥ ˆâ® [11]. ‚ à¥§ã«ìâ�â¥ ¯à¨¤¥¬
ª á«¥¤ãîé¥¬ã ãà�¢−¥−¨î ¢¨¤� (4):

d �Zt = �a
Zdt+�bZdW0 +

∫

Rq
0

�cZP 0(t, du), (6)

£¤¥ �aZ = �aZ(t, �Zt); �b
Z = �bZ(t, �Zt); �c

Z = �cZ(t, �Zt, u).
’�ª¨¬ ®¡à�§®¬, ¯®«ãç�¥¬ á«¥¤ãîé¨© à¥§ã«ìâ�â.

’¥®à¥¬� 2.2. �ãáâì −¥ï¢−�ï −¥«¨−¥©−�ï −¥£�ãáá®¢áª�ï ‘â‘ (1), (5) ã¤®¢«¥â¢®-
àï¥â ãá«®¢¨ï¬:

10 äã−ªæ¨¨ (1) ¤®¯ãáª�îâ ®¡®¡é¥−−ë¥ áâ®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−æ¨�«ë ˆâ®
¢¯«®âì ¤® h-£® ¯®àï¤ª� ¢ª«îç¨â¥«ì−®;

20 ãà�¢−¥−¨¥ (5) ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ áà¥¤−¥ª¢�¤à�â¨ç−®¥ à¥è¥−¨¥;

30 ‘â� Yt, ‘Yt, . . . , Y
(k)
t ¡®«¥¥ £«�¤ª¨¥, ç¥¬ ¢®§¬ãé¥−¨¥ Ut.

’®£¤� á¨áâ¥¬� (1), (5) ¯à¨¢®¤¨¬� ª á¨áâ¥¬¥ (6).

�−�«®£¨ç−® [1{6] à�áá¬�âà¨¢�¥âáï á«ãç�© −¥ï¢−ëå ¢¥ªâ®à−ëå ¤¨ää¥à¥−æ¨-
�«ì−ëå ãà�¢−¥−¨©.

„«ï £«�¤ª¨å −¥ï¢−ëå ¢¥ªâ®à-äã−ªæ¨© (3) ¢ (1) ª®−¥ç−ë¥ −¥ï¢−ë¥ ãà�¢−¥-
−¨ï (1) ¤®¯ãáª�îâ £«�¤ªãî §�¬¥−ã ¯¥à¥¬¥−−ëå ¨ ¯à¨¢¥¤¥−¨¥ ¨áå®¤−ëå ¤¨ä-
ä¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ‘â‘ �÷�� ª á¨áâ¥¬¥, á®áâ®ïé¥© ¨§ ¢¥ªâ®à−®£®
¤¨ää¥à¥−æ¨�«ì−®£® áâ®å�áâ¨ç¥áª®£® ãà�¢−¥−¨ï ˆâ®

d �Yt = a
Y
(

t, �Yt

)

dt+ bY
(

t, �Yt

)

dW0 +

∫

Rq
0

cY
(

t, �Yt, u
)

P 0(t, dρ) (7)

¨ ª®−¥ç−®£® ¢¥ªâ®à−®£® ãà�¢−¥−¨ï

ā(�Yt,Xt, t) = 0. (8)

2.2 Приводимые разностные системы

Š�ª ¯®ª�§�−® ¢ [13], ¯à¨¢®¤¨¬ë¥ −¥ï¢−ë¥ à�§−®áâ−ë¥ ‘â‘ ®¯¨áë¢�îâáï
á«¥¤ãîé¨¬¨ ãà�¢−¥−¨ï¬¨:

Yk+1 = Ÿk(Yk, Vk), āk(Yk,Xk) = 0, k = 1, 2, . . . ;

Yk+1 = ak(Yk) + bk(Yk)Vk, āk(Yk,Xk) = 0, k = 1, 2, . . .

‡¤¥áì äã−ªæ¨¨ Ÿk(yk, vk), ak(yk) ¨ bk(yk) ¨¬¥îâ à�§¬¥à−®áâì (ny × 1), (ny × 1)
¨ (ny × nv) á®®â¢¥âáâ¢¥−−®.
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2.3 Приводимые непрерывно-дискретные системы

‘«¥¤ãï [11, 14], ¢ ª�ç¥áâ¢¥ ¬®¤¥«¥© ‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨â¥«ì−®
¯à®¨§¢®¤−ëå ¨ à�§−®áâ¥©, ¢®§ì¬¥¬ á«¥¤ãîé¨¥:

Y = Y ′ + Y ′′; ā(Y,X) = 0 ; (9)

dY ′ = a′(t, Y )dt + b′(t, Y )dW0 +

∫

Rq
0

c′(t, Y, u)P 0(t, dρ); (10)

‘Y ′′ =
∞
∑

k=0

Y ′′

k 1Ak
(t); (11)

Y ′′

k+1 = Ÿ
′′

k(Yk, Vk); āk(Yk,Xk) = 0 ; (12)

Y ′′

k+1 = a
′′

k(Yk) + b
′′

k(Yk)Vk; āk(Yk,Xk) = 0 . (13)

‡¤¥áì

Yk = Y (tk) =
[

Y ′

k
T
Y ′′

k
T
]T
(k = 0, 1, 2, . . .);

1Ak
(t)| ¨−¤¨ª�â®à ¨−â¥à¢�«�; Ak =

[

t(k), t(k+1)
)

; {Vk} | ¯®á«¥¤®¢�â¥«ì−®áâì
¤¨áªà¥â−ëå ¡¥«ëå èã¬®¢ (−¥§�¢¨á¨¬ëå ¢¥ªâ®à−ëå á«ãç�©−ëå ¢¥«¨ç¨− (‘‚),
¢ â®¬ ç¨á«¥ ¨ ®â W0 ¨ P ).

‡�¬¥ç�−¨¥ 2.1. Œ¥â®¤ë ¢¥à®ïâ−®áâ−®£® (�−�«¨â¨ç¥áª®£®) ¬®¤¥«¨à®¢�−¨ï −¥ï¢-
−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ ¯®¤à®¡−® à�áá¬®âà¥−ë ¢ [1{7]. �®íâ®¬ã ®£à�−¨-
ç¨¬áï Œ‘Œ ¤«ï −¥ï¢−ëå ¤¨áªà¥â−ëå ¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ëå á¨áâ¥¬.

3 Методы статистического моделирования

3.1 Методы порядка h/h1/2

�¡®¡é�ï à¥§ã«ìâ�âë [13] −� á«ãç�© ¯à¨¢¥¤¥−−ëå −¥¯à¥àë¢−®-¤¨áªà¥â−ëå
ãà�¢−¥−¨© (9), (10) ¨ (13), ¯à¨¤¥¬ ª á«¥¤ãîé¥¬ã à¥§ã«ìâ�âã (â¥®à¥¬� 3.1):

�Yn+1 = ϕn

(

�Yn

)

+ ψn

(

�Yn

)

Vn, �Yn = �Y
′

n +
�Y ′′

n ; (14)

ā
(

�Yn,Xn

)

= 0 .

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ¤®¯ãé¥−¨ï ¨ ®¡®§−�ç¥−¨ï:

(1) á«ãç�©−ë¥ ¢¥ªâ®àë Vn ®¡à�§ãîâ ¯®á«¥¤®¢�â¥«ì−®áâì −¥§�¢¨á¨¬ëå á«ãç�©-
−ëå ¢¥ªâ®à®¢ {Vn}, ¯à¨ç¥¬ ¡«®ª¨ V1n ¢¥ªâ®à®¢ Vn ¨¬¥îâ −®à¬�«ì−®¥
(£�ãáá®¢áª®¥) à�á¯à¥¤¥«¥−¨¥ ℵ(0, �Gn), £¤¥

�Gn =

(n+1)h
∫

nh

ν0(τ) dτ ∼= ν0(nh)h ,

ν0(t)| ¨−â¥−á¨¢−®áâì ¢¨−¥à®¢áª®£® ‘â� W0(t);

52 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024



Œ¥â®¤ë ¢¥à®ïâ−®áâ−®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå ‘â‘

(2) áª�«ïà−ë¥ ¡«®ª¨ Vin (i = 2, N + 1) ¨¬¥îâ ¯ã�áá®−®¢áª¨¥ à�á¯à¥¤¥«¥−¨ï
á ¯�à�¬¥âà�¬¨

µin =

(n+1)h
∫

nh

νi(τ) dτ ∼= νi(nh)h ;

(3) ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� Gn ¢¥ªâ®à� Vn ¯à¥¤áâ�¢«ï¥â á®¡®© ¡«®ç−®-¤¨�£®-
−�«ì−ãî ¬�âà¨æã:

Gn =











�Gn 0 0 · · · 0

0 µ2n 0
. . . 0

...
. . .

. . .
. . .

...
0 0 0 · · · µN+1,n











;

(4) ãà�¢−¥−¨¥ (10) §�¬¥−¥−® −� á«¥¤ãîé¥¥:

dY = a(t, Y ) dt + b(t, Y ) dW0 +
N
∑

i=1

ci (t, Y ) dP
0
i ,

£¤¥ ci(t, y) | ny-¬¥à−ë¥ ¢¥ªâ®à−ë¥ äã−ªæ¨¨, ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© §−�-
ç¥−¨ï äã−ªæ¨¨ c(t, y, v) ¢ −¥ª®â®àëå áà¥¤−¨å â®çª�å ui á®®â¢¥âáâ¢ãîé¨å
í«¥¬¥−â®¢ Ai à�§¡¨¥−¨ï r-¬¥à−®£® è�à� ¤®áâ�â®ç−® ¡®«ìè®£® à�¤¨ãá�;
ui ∈ Ai (i = 1, N ); P 0i (t)| æ¥−âà¨à®¢�−−ë¥ ¯à®áâë¥ ¯ã�áá®−®¢áª¨¥ ‘â�

P 0i (t) = P
0 ([0, t), Ai)− µ ([0, t), Ai) , i = 1, N.

ˆ−â¥−á¨¢−®áâ¨ íâ¨å ‘â� ®¯à¥¤¥«ïîâáï ç¥à¥§ ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�-
−¨¥ µ(–, A) ¯ã�áá®−®¢áª®© ¬¥àë P (–, A) ¯® ä®à¬ã«¥:

νi(t) =
dµ ([0, t), Ai)

dt
;

(5) ¢¢¥¤¥−ë ®¡®§−�ç¥−¨ï [11, 12]:

�Yn = Y (nh);

ϕ′

n

(

�Yn

)

= Y (nh) + a′ (Y (nh), nh)h ;

ψ′

1n

(

�Yn

)

= b′(Y (nh), nh), ψin

(

�Yn

)

= ci−1(Y (nh), nh);

V1n =W0((n + 1)h)−W0(nh), Vin = P
0
i−1((n + 1)h)− P 0i−1(nh),

i = 2, N + 1 ;

ϕn( �Yn) =

[

a′( �Yn)h
a′′( �Yn)h

]

;
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ψ1n( �Yn) =

[

b′( �Yn) 0
0 b′′( �Yn)

]

;

ψn( �Yn) =
[

ψ1n
(

�Yn

)

. . . ψN+1,n

(

�Yn

)]

;

Vn =
[

V T1nV2n · · · VN+1,nV
′′

n
T
]T
. (15)

“à�¢−¥−¨¥ (14) ®¯à¥¤¥«ï¥â �Yn+1 ¯à¨ ¤�−−®¬ �Yn á â®ç−®áâìî ¤® h ¢ ¤¥-

â¥à¬¨−¨à®¢�−−®¬ á«�£�¥¬®¬ ϕn( �Yn) ¨ á â®ç−®áâìî ¤®
√
h ¢ á«ãç�©−®¬ á«�£�-

¥¬®¬ ψn( �Yn)Vn.
‘®®â¢¥âáâ¢ãîé¥¥ ®¡®¡é¥−¨¥ −� á«ãç�© £�ãáá®¢ëå ¨ ¯ã�áá®−®¢ëå ‘‚ ¢ (13)

(â¥®à¥¬� 3.2) −¥¬¥¤«¥−−® ¯®«ãç�¥âáï ¯ãâ¥¬ à�áè¨à¥−¨ï ¢¥ªâ®à� Vn ¢ (15):

Vn =
[

V ′T
1n V

′

2n · · ·V ′

N+1,nV
′′T
1n V

′′

2n · · · V ′′

N+1,n

]T
.

�−�«®£¨ç−® ä®à¬ã«¨àãîâáï à¥§ã«ìâ�âë ¤«ï ãà�¢−¥−¨ï (12).

3.2 Методы порядка h2/h3/2

„«ï ¯à¨¢¥¤¥−−ëå ãà�¢−¥−¨© (7) ¨ (8) á â®ç−®áâìî ¤® h2 ¢ ¤¥â¥à¬¨−¨à®¢�−−®¬

á«�£�¥¬®¬ ¨ h3/2 ¢ á«ãç�©−®¬ á«�£�¥¬®¬, á«¥¤ãï [11, 12], ¨¬¥¥¬ á«¥¤ãîéãî
â¥®à¥¬ã 3.3:

�Yn+1 = ϕn

(

�Yn

)

+ ψn

(

�Yn, V
(1)
n

)

Vn, �Yn = �Y
′

n +
�Y ′′

n ; (16)

ā
(

�Yn,Xn

)

= 0 . (17)

‚å®¤ïé¨¥ ¢ ãà�¢−¥−¨ï (16) ¨ (17) ¢¥«¨ç¨−ë ®¯à¥¤¥«ïîâáï ä®à¬ã«�¬¨:

ϕn

(

�Yn

)

= �Yn +



a
(

�Yn, nh
)

−
N
∑

j=1

cj
(

�Yn, nh
)

νjn



h+

+
1

2







at

(

�Yn, nh
)

−
N
∑

j=1

cjt
(

�Yn, nh
)

νjn +
[

ay( �Yn, nh)
T −

−
N
∑

j=1

cjy
(

�Yn, hn
)T
νjn







a
(

�Yn, nh
)

−
N
∑

j=1

cj
(

�Yn, hn
)

νjnt



+

+
1

3



ayy( �Yn, nh)−
N
∑

j=1

cjyy

(

�Yn, nh
)

νjn



 : σ( �Yn, nh)







h2;
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ψ1n
(

�Yn

)

= b
(

�Yn, nh
)

+
1

2



ay

(

�Ynh, nh
)T −

N
∑

j=1

cj
(

�Yn, hn
)T
νjn



 b
(

�Yn, nh
)

;

ψin

(

�Yn

)

= ci−1
(

�Yn, nh
)

+



–i−1an −
N
∑

j=1

–i−1cjnνjn



h;

ψ′

1n

(

Yn, V
(1)
n

)

=

=







b
(

�Yn, nh
)

+



a
(

�Yn, nh
)T −−

N
∑

j=1

cj
(

�Yn, hn
)T
νjn





∂

∂y
b
(

�Yn, nh
)

+

+ V T1nb
(

�Yn, nh
)T ∂

∂y
b
(

�Yn, nh
)







h+
N
∑

j=1

–jbnVj+1,n;

ψ′

in

(

�Yn, V
(1)
n

)

=

=







ci−1,t
(

�Yn, nh
)

+ ci−1,y
(

�Yn, nh
)T



a
(

�Yn, nh
)

−
N
∑

j=1

cj
(

�Yn, hn
)

νjn











h+

+ ci−1,y
(

�Yn, nh
)T
b
(

�Yn, nh
)

V1,n +

N
∑

j=1

–jcj−1,nVj+1,n;

ψ′′

1n(
�Yn) =

1

2

[

byy

(

�Yn, nh
)

: σ( �Yn, nh)
]

;

ψ′′

in

(

�Yn

)

=
1

2

[

ci−1,yy

(

�Yn, nh
)

: σ
(

�Yn, nh
)]

;

V1n = –Wn =W0((n + 1)h) −W0(nh);

Vin = –Pi−1,n = Pi−1((n+ 1)h) − Pi−1(nh), i = 2, N ;

V ′

1n =

(n+1)h
∫

nh

τ − nh

h
dW0(τ); V ′′

1n =

(n+1)h
∫

nh

(

τ − nh

h

)2

dW0(τ);

V ′

in =

(n+1)h
∫

nh

τ − nh

h
dP 0i−1(τ), i = 2, N + 1 ; (18)
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V ′′

in =

(n+1)h
∫

nh

(

τ − nh

h

)2

dP 0i−1(τ), i = 2, N + 1 . (19)

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï ¤«ï ¢¥ªâ®à−ëå äã−ªæ¨©:

[ϕyy : σ]k = tr [ϕkyyσ] , σ = bν0(t)b
T.

‚¥«¨ç¨−� ϕyy : σ ¢ á«ãç�¥ ¬�âà¨ç−®© äã−ªæ¨¨ ϕ ¯à¥¤áâ�¢«ï¥â á®¡®© ¬�âà¨æã,
í«¥¬¥−â�¬¨ ª®â®à®© á«ã¦�â á«¥¤ë ¯à®¨§¢¥¤¥−¨© −� ¬�âà¨æã σ ¬�âà¨æ ¢â®àëå
¯à®¨§¢®¤−ëå á®®â¢¥âáâ¢ãîé¨å í«¥¬¥−â®¢ ¬�âà¨æë ϕ ¯® ª®¬¯®−¥−â�¬ ¢¥ªâ®à� y
−� ¬�âà¨æã σ: [ϕyy : σ]kl = tr[ϕklyyσ]. ��ª®−¥æ, ®¡®§−�ç¨¬

V (1)n = [V T1n V2n · · · Vn+1 ]
T,

¢¢¥¤¥¬ ¡«®ç−ãî ¬�âà¨æã

ψn

(

�Yn, V
(1)
n

)

=
[

ψ1n
(

�Yn

)

ψ′

1n

(

�Yn, V
(1)
n

)

ψ′′

1n

(

�Yn

)

· · ·

· · · ψN+1,n

(

�Yn

)

ψ′

N+1,n

(

�Yn, V
(1)
n

)

ψ′′

N+1,n

(

�Yn

)

]

¨ ¡«®ç−ë© á«ãç�©−ë© ¢¥ªâ®à

Vn =
[

V T
1n V

′T
1n V

′′T
1n V T2n V

′T
2n V

′′T
2n · · · VN+1,n V

′

N+1,n V
′′

N+1,n

]T
.

‡�¬¥ç�−¨¥ 3.1. „«ï ¯®«−®£® ®¯à¥¤¥«¥−¨ï à�á¯à¥¤¥«¥−¨ï á«ãç�©−®£® ¢¥ªâ®à� Vn

¢ (16) ¤®áâ�â®ç−® −�©â¨ ª®¢�à¨�æ¨®−−ãî ¬�âà¨æã −®à¬�«ì−® à�á¯à¥¤¥«¥−−®£®
á«ãç�©−®£® ¢¥ªâ®à� [V Tin V ′T

in V ′′T
in ]

T. �®«ì§ãïáì ¨§¢¥áâ−ë¬¨ ä®à¬ã«�¬¨ ª®¢�à¨-
�æ¨®−−ëå ¨ ¢§�¨¬−ëå ª®¢�à¨�æ¨®−−ëå ¬�âà¨æ áâ®å�áâ¨ç¥áª¨å ¨−â¥£à�«®¢, −�-
å®¤¨¬ ¡«®ª¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë K1n á«ãç�©−®£® ¢¥ªâ®à� [V Tin V ′T

in V ′′T
in ]

T:

K1n,11 = MV1nV
T
1n =

(n+1)h
∫

nh

ν0(τ)dτ ∼= ν0
(

nh+
h

2

)

h;

K1n,12 = MV1nV
′T
1n =

(n+1)h
∫

nh

τ − nh

h
ν0(τ) dτ ∼= 1

2
ν0

(

nh+
h

2

)

h;

K1n,13 = MV1nV
′′T
1n =

(n+1)h
∫

nh

(

τ − nh

h

)2

ν0(τ) dτ ∼= 1
3
ν0

(

nh+
h

2

)

h;
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K1n,21 = K1n,12; K1n,31 = K1n,13;

K1n,23 = MV1nV
′′T
1n =

(n+1)h
∫

nh

(

τ − nh

h

)3

ν0(τ) dτ ∼= 1
4
ν0

(

nh+
h

2

)

h;

K1n,31 = K1n,13; K1n,32 = K1n,23;

K1n,33 = MV
′′

1nV
′′T
1n =

(n+1)h
∫

nh

(

τ − nh

h

)4

ν0(τ) dτ ∼= 1
5
ν0

(

nh+
h

2

)

h.

‡�¬¥ç�−¨¥ 3.2. �à�ªâ¨ç¥áª¨ æ¥«¥á®®¡à�§−® �¯¯à®ªá¨¬¨à®¢�âì áâ®å�áâ¨ç¥áª¨¥
¨−â¥£à�«ë ®â −¥á«ãç�©−ëå äã−ªæ¨© ¢ (18) ¨ (19), ®¯à¥¤¥«ïîé¨¥ ¢¥«¨ç¨−ë V ′

in

¨ V ′′

in (i = 2, N + 1), á ¯®¬®éìî �−�«®£� ¨−â¥£à�«ì−®© â¥®à¥¬ë ® áà¥¤−¥¬ ¤«ï
áâ®å�áâ¨ç¥áª¨å ¨−â¥£à�«®¢:

V ′

in =

(n+1)h
∫

nh

τ − nh

h
dP 0i−1(τ)

∼=











∫ (n+1)h

nh
((τ − nh)/h) νi−1(τ) dτ

∫ (n+1)h

nh
νi−1(τ) dτ











×

×–Pi−1,n
∼= 1
2
–Pi−1,n =

1

2
Vin, i = 2, N + 1 ;

V ′′

in =

(n+1)h
∫

nh

(

τ − nh

h

)2

dP 0i−1(τ)
∼=











∫ (n+1)h

nh
((τ − nh)/h)2 νi−1(τ) dτ

∫ (n+1)h

nh
νi−1(τ) dτ











×

×–Pi−1,n
∼= 1
3
–Pi−1,n =

1

3
Vin, i = 2, N + 1 .

‡�¬¥ç�−¨¥ 3.3. �®«ãç¥−−ë¥ à�§−®áâ−ë¥ ãà�¢−¥−¨ï ¬®¦−® ¨á¯®«ì§®¢�âì ª�ª
¯à¨ â¥®à¥â¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå, â�ª ¨ ¤«ï ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï áâ®å�-
áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. �à¨ íâ®¬ −ã¦−® §−�âì à�á¯à¥¤¥«¥−¨¥
¢á¥å ‘‚, ¢å®¤ïé¨å ¢ à�§−®áâ−ë¥ ãà�¢−¥−¨ï. ‚ ¤�−−®¬ á«ãç�¥ à�§−®áâ−ë¥
ãà�¢−¥−¨ï ¡ã¤ãâ ¯à¥¤áâ�¢«ïâì á®¡®© â�ª −�§ë¢�¥¬ãî á¨«ì−ãî �¯¯à®ªá¨¬�-
æ¨î áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. �à¨ ç¨á«¥−−®¬ ¨−â¥£à¨-
à®¢�−¨¨ â�ª�ï �¯¯à®ªá¨¬�æ¨ï −ã¦−�, ª®£¤� âà¥¡ã¥âáï ¯®«ãç�âì à¥�«¨§�æ¨¨
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‘â� Y (t). �¤−�ª® ç�áâ® −¥â −ã¦¤ë ¢ ¯®«ãç¥−¨¨ à¥�«¨§�æ¨© ‘â�, � ¤®áâ�â®ç−®
¨¬¥âì «¨èì ®æ¥−ª¨ ¬®¬¥−â®¢ ¨«¨ ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ª�ª¨å-«¨¡® äã−ªæ¨©
®â §−�ç¥−¨ï ‘â� Y (t) ¢ ®¯à¥¤¥«¥−−ë© ¬®¬¥−â. ‚ â�ª¨å á«ãç�ïå ¬®¦−® ®âª�§�âìáï
®â ¨á¯®«ì§®¢�−¨ï â®ç−ëå à�á¯à¥¤¥«¥−¨© ¢å®¤ïé¨å ¢ à�§−®áâ−ë¥ ãà�¢−¥−¨ï ‘‚,
� §�¬¥−¨âì ¨å ª�ª¨¬¨-−¨¡ã¤ì ¡®«¥¥ ¯à®áâë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ á â¥¬¨ ¦¥ ¬®-
¬¥−â−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨. ��¯à¨¬¥à, −®à¬�«ì−® à�á¯à¥¤¥«¥−−ãî áª�«ïà−ãî
¢¥«¨ç¨−ã á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¤¨á¯¥àá¨¥© D ¬®¦−® §�¬¥−¨âì

¤¨áªà¥â−®© ‘‚, ¯à¨−¨¬�îé¥© ¤¢� §−�ç¥−¨ï ±
√
D á ¢¥à®ïâ−®áâï¬¨ 1/2. �à¨

§�¬¥−¥ ‘‚ −� ¢¥«¨ç¨−ë á ¡®«¥¥ ¯à®áâë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨ à�§−®áâ−®¥ ãà�¢−¥−¨¥
¡ã¤¥â ¯à¥¤áâ�¢«ïâì á®¡®© á«�¡ãî �¯¯à®ªá¨¬�æ¨î áâ®å�áâ¨ç¥áª®£® ¤¨ää¥à¥−æ¨-
�«ì−®£® ãà�¢−¥−¨ï.

‡�¬¥ç�−¨¥ 3.4. �®«¥¥ â®ç−ë¥ ¬¥â®¤ë áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï à�áá¬�â-
à¨¢�îâáï −� ®á−®¢¥ [11{13].

4 Особенности статистического моделирования негладких неявных
стохастических систем

Œ¥â®¤ë áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¤«ï à�§«¨ç−ëå ãà®¢−¥© â®ç−®áâ¨
�¯¯à®ªá¨¬�æ¨¨, ®á−®¢�−−ë¥ −� ç¨á«¥−−®¬ ¨−â¥£à¨à®¢�−¨¨ ãà�¢−¥−¨© ¤¨ää¥-
à¥−æ¨�«ì−ëå ‘â‘ �÷��, ¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬ á¨áâ¥¬�¬, ¯à¨¬¥-
−¨¬ë â®«ìª® ª ¯à¨¢¥¤¥−−ë¬ á¨áâ¥¬�¬ (7) ¨ (8) á £«�¤ª¨¬¨ −¥ï¢−ë¬¨ −¥«¨−¥©−ë¬¨
äã−ªæ¨ï¬¨.

„«ï −¥£«�¤ª¨å −¥ï¢−ëå −¥«¨−¥©−ëå äã−ªæ¨© ¢ ¨áå®¤−ëå ãà�¢−¥−¨ïå (1)
¢ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨, ª�ª ¯®ª�§�−® ¢ [3{6], æ¥«¥á®®¡à�§−® áà�§ã
¯à¨¬¥−¨âì à¥£à¥áá¨®−−ãî «¨−¥�à¨§�æ¨î ¨«¨ ¯®«¨−®¬¨�«ì−ãî �¯¯à®ªá¨¬�æ¨î.
‚ à¥§ã«ìâ�â¥ ¯à¨¤¥¬ ª ãà�¢−¥−¨ï¬ (7) ¨ (8), «¨−¥�à¨§®¢�−−ë¬ ¨«¨ ¯®«¨−®-
¬¨�«ì−ë¬ áâ®å�áâ¨ç¥áª¨¬ ãà�¢−¥−¨ï¬, ¯�à�¬¥âà¨ç¥áª¨ §�¢¨áïé¨¬ ®â ¯¥à¢ëå
¤¢ãå ¢¥à®ïâ−®áâ−ëå ¬®¬¥−â®¢ ¯¥à¥¬¥−−ëå X ¨ Y . �â¨ ¢¥à®ïâ−®áâ−ë¥ ¬®¬¥−âë
®¯à¥¤¥«ïîâáï ¨«¨ −¥¯®áà¥¤áâ¢¥−−® áâ�â¨áâ¨ç¥áª¨¬, ¨«¨ �−�«¨â¨ç¥áª¨¬ ¬®¤¥«¨-
à®¢�−¨¥¬ ¯ãâ¥¬ ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå
ãà�¢−¥−¨© ¤«ï ¢¥à®ïâ−®áâ−ëå ¬®¬¥−â®¢ ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª� [11, 12].
„«ï ¯®«¨−®¬¨�«ì−ëå ¬®¤¥«¥© �¯¯à®ªá¨¬�æ¨¨ ¯à¨å®¤¨âáï à¥è�âì ®¡ëª−®¢¥−-
−ë¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ ãà�¢−¥−¨ï ¤«ï ¯�à�¬¥âà¨§®¢�−−ëå ®¤−®- ¨ ¬−®£®¬¥à−ëå
¯«®â−®áâ¥©. ’�ª¨¥ ¬¥â®¤ë ¬®¤¥«¨à®¢�−¨ï −�§ë¢�îâ ª®¬¡¨−¨à®¢�−−ë¬¨ ¢¥à®-
ïâ−®áâ−®-áâ�â¨áâ¨ç¥áª¨¬¨. Š ¯®á«¥¤−¨¬ â�ª¦¥ ®â−®áïâ ¬¥â®¤ë ¬®¤¥«¨à®¢�−¨ï
‘â‘ �÷�� á® á«ãç�©−ë¬¨ ¯�à�¬¥âà�¬¨ [7] ª�ª −� ®á−®¢¥ ª�−®−¨ç¥áª¨å ¯à¥¤-
áâ�¢«¥−¨© á«ãç�©−ëå äã−ªæ¨©, â�ª ¨ ¯àï¬®£® áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï
ãà�¢−¥−¨© ¤«ï ¯�à�¬¥âà®¢ ®¤−®- ¨ ¬−®£®¬¥à−ëå ¯«®â−®áâ¥©. ‘®®â¢¥âáâ¢ãîé¨¥
¯à¨¬¥àë ¤�−ë ¢ [7].

÷�áá¬®âà¨¬ ¯®¤à®¡−¥¥ �«£®à¨â¬ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯à¨¢¥¤¥−-
−®© ¤¨ää¥à¥−æ¨�«ì−®© ‘â‘ ¯®á«¥ à¥£à¥áá¨®−−®© «¨−¥�à¨§�æ¨¨ ¯à¨¬¥−¨â¥«ì−®
ª á«¥¤ãîé¥© ¢¥ªâ®à−®© ¤¨ää¥à¥−æ¨�«ì−®© á¨áâ¥¬¥:
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dY = [a0(t, θ) + a1(t, θ)Y ] dt + b(t, θ) dW0 +

N
∑

i=1

ci(t, θ) dP
0
i , (20)

£¤¥ θ =
{

mY ,KY
}

; m | ¢¥ªâ®à ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï; KY | ª®¢�à¨�æ¨-
®−−�ï ¬�âà¨æ�. ÷�§−®áâ−®¥ ãà�¢−¥−¨¥ (20) ¯à¨−¨¬�¥â ¢¨¤:

�Yn+1 = �Yn+
[

a0(nh, θn) + a1(nh, θn) �Yn

]

h+b(nh, θn)V1n+
N
∑

i=1

ci(nh, θn)Vi+1,n.

�à¨¬¥−ïï ä®à¬ã«ã ¤¨ää¥à¥−æ¨à®¢�−¨ï á«®¦−®© äã−ªæ¨¨ a(Yτ , τ, θ) =
= a0(τ, θ)+a1(τ, θ)Yτ,θ ¤«ï ¢ëç¨á«¥−¨ï a0(τ, θ)+a1(τ, θ)(Yn+(τ−nh)–Yn/h),
¯®«ãç¨¬

a0(τ, θ) + a1(τ, θ) �Yτ
∼= a0 (nh, θn) + a1 (nh, θn) �Yn +

+
[

a0t (nh, θn) + a1t (nh, θn) �Yn

]

(τ − nh) + a1 (nh, θn)–Yn

(

τ − nh

h

)

.

‡¤¥áì ¨−¤¥ªá t ¯®-¯à¥¦−¥¬ã ®§−�ç�¥â ¤¨ää¥à¥−æ¨à®¢�−¨¥ ¯® ¢à¥¬¥−¨ t. —â®
ª�á�¥âáï äã−ªæ¨© b¨ ci, â®, ¯®áª®«ìªã ®−¨ −¥ §�¢¨áïâ ®â �Yτ , ¨å ¯à¨à�é¥−¨ï ¬®¦−®
¯à®áâ® ¢ëç¨á«¨âì ¯ãâ¥¬ «¨−¥©−®© ¨−â¥à¯®«ïæ¨¨ −� ¨−â¥à¢�«¥ (nh, (n + 1)h):

b(τ, θ) = b (nh, θn) + –b (nh, θn) (τ − nh),

ci(τ, θ) = ci (nh, θn) + –ci (nh, θn) (τ − nh),

–b (nh, θn) = b ((n+ 1)h, θn)− b (nh, θn) ,

–ci (nh, θn) = ci ((n+ 1)h, θn)− ci (nh, θn) .

‚ à¥§ã«ìâ�â¥ ¤«ï áâ®å�áâ¨ç¥áª¨å ¨−â¥£à�«®¢ ¯®«ãç¨¬ á«¥¤ãîé¥¥ ¢ëà�¦¥−¨¥:

–Yn =
[

a0 (nh, θn) + a1 (nh, θn) �Yn

]

h+
1

2

[

a0t (nh, θn) + a1t (nh, θn) �Yn

]

h2+

+
h

2
a1 (nh, θn)–Yn+b (nh, θn)V1n+

N
∑

i=1

ci (nh, θn)Vi+1,n+–b (nh, θn)hV
′

1n+

+

N
∑

i=1

–ci(nh)hV
′′

i+1,n. (21)

’�ª¨¬ ®¡à�§®¬, ¯à¨å®¤¨¬ ª «¨−¥©−®¬ã �«£¥¡à�¨ç¥áª®¬ã ãà�¢−¥−¨î ®â−®-
á¨â¥«ì−® –Yn. „«ï �á¨¬¯â®â¨ç¥áª¨ ãáâ®©ç¨¢®© á¨áâ¥¬ë íâ® ãà�¢−¥−¨¥ ¢á¥£¤�
¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ à¥è¥−¨¥, â�ª ª�ª ¯à¨ «î¡®¬ t ¢á¥ ª®à−¨ ®¯à¥¤¥«¨â¥«ï ¬�âà¨-
æë λI − a1(t) «¥¦�â áâà®£® ¢ «¥¢®© ¯®«ã¯«®áª®áâ¨ ª®¬¯«¥ªá−®© ¯¥à¥¬¥−−®© λ,
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� ª®à−¨ ®¯à¥¤¥«¨â¥«ï ¬�âà¨æë λI−ha1(t)/2, ®ç¥¢¨¤−®, à�¢−ë á®®â¢¥âáâ¢ãîé¨¬
ª®à−ï¬ ®¯à¥¤¥«¨â¥«ï ¬�âà¨æë λI − a1, ã¬−®¦¥−−ë¬ −� h/2. ‘«¥¤®¢�â¥«ì−®,
λ = 1 −¥ ¬®¦¥â ¡ëâì ª®à−¥¬ ®¯à¥¤¥«¨â¥«ï ¬�âà¨æë λI −ha1/2, � §−�ç¨â, ¬�âà¨-
æ� I − ha1/2 ®¡à�â¨¬�. ÷¥è¨¢ ãà�¢−¥−¨¥ (21) ®â−®á¨â¥«ì−® –Yn = �Yn+1 − �Yn,
¯®«ãç¨¬ à�§−®áâ−®¥ ãà�¢−¥−¨¥ (â¥®à¥¬� 4.1)

�Yn+1 = A0n +A1n �Yn +BnVn,

£¤¥

A0n(θn) =

[

I − ha1(nh, θn)

2

]

−1 [

a0 (nh, θn)h+
a0t(nh)h

2

2

]

;

A1n(θn) = In +

[

I − ha1(nh, θn)

2

]

−1 [

a1 (nh, θn)h+
a1t(nh, θn)h

2

2

]

;

Bn (θn) =

=

[

I − ha1(nh, θn)

2

]

−1

[b (nh, θn)–b (nh, θn)hc1 (nh, θn)–c1 (nh, θn) · · ·

· · · cN (nh, θn)–cN (nh, θn)] ;

Vn =
[

V T1n V
′T
1n V2n V

′T
2n · · · VN+1,n V

′T
N+1,n

]

.

5 Пример

÷�áá¬®âà¨¬ ®¤−®¬¥à−ãî ¤¨ää¥à¥−æ¨�«ì−ãî ‘â‘ ¢¨¤� (1), (2):

ϕ
(

‘Y , Y, U
)

= ϕ0

(

‘Y
)

+ aY + bU = 0 (22)

‘U = a1U + b1V , (23)

£¤¥ ϕ0( ‘Y ) | £«�¤ª�ï äã−ªæ¨ï; a, b, a1 ¨ b1 | ¯®áâ®ï−−ë¥ ¯�à�¬¥âàë; V |
£�ãáá®¢áª¨© (−®à¬�«ì−ë©) áª�«ïà−ë© ¡¥«ë© èã¬ ¨−â¥−á¨¢−®áâ¨ ν.

‚ë¯®«−¨¬ á«¥¤ãîé¨¥ ¯à¥®¡à�§®¢�−¨ï: ¯à®¤¨ää¥à¥−æ¨àã¥¬ ¯® ä®à¬ã«¥
ˆâ® ãà�¢−¥−¨¥ (22), ãçâ¥¬ (23) ¨ ¯¥à¥©¤¥¬ ª −®¢ë¬ ¯¥à¥¬¥−−ë¬:

X1 = Y ; X2 = ‘Y ; X3 = ‘X2; X4 = U . (24)
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‚ à¥§ã«ìâ�â¥ ¯à¨¤¥¬ ª á«¥¤ãîé¥© ¯à¨¢¥¤¥−−®© −¥«¨−¥©−®© á¨áâ¥¬¥ ¤¨ää¥à¥−-
æ¨�«ì−ëå ¨ ª®−¥ç−ëå ãà�¢−¥−¨©:

‘X1 = X2;

‘X2 = X3;

‘X4 = a1X4 + b1V ;

ϕ0(X2) + aX1 + bX4 = 0 ;

∂ϕ0
∂X2

X3 = aX2 + ba1X4 + bb1V .







































(25)

÷¥è¥−¨¥ (25) ¢ë¯®«−¨¬ ¢ ¢¨¤¥ è¥áâ¨ è�£®¢:

è�£ 1: ¨§ âà¥âì¥£® ãà�¢−¥−¨ï −�å®¤¨¬ X4 = “X4(t);

è�£ 2: ¨§ ¯ïâ®£® ãà�¢−¥−¨ï ¯ãâ¥¬ ¯à¨à�¢−¨¢�−¨ï ‘X2 −�å®¤¨¬

X3 = “X3(t) = −
(

∂ϕ0
∂X2

)

−1

(aX2 + ba1 “X4 + bb1V ); (26)

è�£ 3: ¨§ âà¥âì¥£® ãà�¢−¥−¨ï á ãç¥â®¬ (26) ¨¬¥¥¬

‘X2 = −
(

∂ϕ0
∂X2

)

−1
(

aX2 + ba1 “X4 + bb1V
)

; (27)

è�£ 4: ¨§ ç¥â¢¥àâ®£® ãà�¢−¥−¨ï ¯®«ãç�¥¬

X1 = −a−1
[

b “X4(t) + ϕ0(X2)
]

; (28)

è�£ 5: à¥è�¥¬ ãà�¢−¥−¨¥ ®â−®á¨â¥«ì−® X2

‘X2 = −
(

∂ϕ0
∂X2

)

[

aX2 + ba1 “X4(t) + bb1V
]

; (29)

è�£ 6: −�å®¤¨¬ X3 = “X3(t) á®£«�á−® ãà�¢−¥−¨ï¬ (29) ¨ ¢â®à®¬ã (25).

‚ ç�áâ−®áâ¨, ¯à¨ ϕ0 = X
3
2 á«¥¤ã¥â ¯®«®¦¨âì ¢ (22){(29) ∂ϕ0/∂X2 = 3X

2
2 .

„«ï à�§àë¢−®© äã−ªæ¨¨ ϕ0 = ϕ0(X2) = sgnX2 ¯®á«¥ áâ�â¨áâ¨ç¥áª®© «¨−¥-
�à¨§�æ¨¨

ϕ0 ≈ �ϕ00 + k01X2,
£¤¥

�ϕ00 = �ϕ00 (m2,D2) = ϕ00 (m2,D2)− k01 (m2,D2)m2, D2 = DX2,
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ˆ. �. ‘¨−¨æë−

k01 =
∂ϕ0
∂m2

, ϕ00(ζ) = 2�(ζ), ζ =
m2
√

D2
, �(ζ) =

1√
2π

ζ
∫

0

e−t2/2 dt,

¯®«ãç¨¬ ¯à¨¢¥¤¥−−ë¥ «¨−¥©−ë¥ à¥£à¥áá¨®−−ë¥ ãà�¢−¥−¨ï §�¤�ç¨ ¤«ï ¯¥à¥¬¥−-

−ëå X1 = Y , ‘X1 = X2 ¨ X3 = U :

‘X1 = X2 ; ‘X3 = a1X3 + b1V ; �ϕ00 + k01X2 + aX1 + bX3 = 0 . (30)

�¥à¢ë¥ ¤¢� ãà�¢−¥−¨ï (30) ç¥à¥§ m2 ¨D2 á¢ï§�−ë ¬¥¦¤ã á®¡®© ¯�à�¬¥âà¨ç¥áª¨.
ˆå ¬®¦−® −�©â¨ Œ‚Œ ¨«¨ ¯ãâ¥¬ à¥è¥−¨ï á«¥¤ãîé¨å ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−-
æ¨�«ì−ëå ãà�¢−¥−¨© ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ í«¥¬¥−â®¢ ª®¢�à¨�æ¨®−−®©
¬�âà¨æë (¤¨á¯¥àá¨© ¨ ¢§�¨¬−ëå ª®¢�à¨�æ¨®−−ëå ¬®¬¥−â®¢):

‘m1 = −k−101 ( �ϕ00 + am1) ; ‘m3 = a1m3;

‘D1 = −2k−101 (aD1 + bK13) ; ‘D3 = 2a1D3 + b21ν; ‘K13 = −k−101 (aK13 + bD3)
¯à¨ á®®â¢¥âáâ¢ãîé¨å −�ç�«ì−ëå ãá«®¢¨ïå. �à¨ ¡®«ìè¨å èã¬�å ª®íää¨æ¨¥−-
âë �ϕ00 ¨ k01 ¯�¤�îâ, çâ® ¢ë§ë¢�¥â ã¢¥«¨ç¥−¨¥ m1 ¨ D1.

�−�«®£¨ç−® à�áá¬�âà¨¢�¥âáï á«ãç�©, ª®£¤� ¢®§¬ãé¥−¨¥U = Uk ¯à¥¤áâ�¢«ï¥â
á®¡®© ¤¨áªà¥â−ë© ‘â�, ®¯à¥¤¥«ï¥¬ë© ¤¨áªà¥â−ë¬ ãà�¢−¥−¨¥¬ ä®à¬¨àãîé¥£®
ä¨«ìâà� á ¤¨áªà¥â−ë¬ ¡¥«ë¬ èã¬®¬ Vk.

6 Заключение

Œ¥â®¤¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¤«ï −¥ï¢−ëå ‘â‘
¨ à�§«¨ç−ëå ãà®¢−¥© â®ç−®áâ¨ �¯¯à®ªá¨¬�æ¨¨, ®á−®¢�−−®¥ −� ç¨á«¥−−®¬ ¨−â¥-
£à¨à®¢�−¨¨ ãà�¢−¥−¨© ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘, ¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì-
−ë¬ á¨áâ¥¬�¬, ¯à¨¬¥−¨¬® â®«ìª® ª ¯à¨¢¥¤¥−−ë¬ á¨áâ¥¬�¬ (7) ¨ (8) á £«�¤ª¨¬¨
−¥«¨−¥©−ë¬¨ äã−ªæ¨ï¬¨.

„«ï −¥£«�¤ª¨å −¥«¨−¥©−ëå äã−ªæ¨© ¢ ¨áå®¤−ëå ãà�¢−¥−¨ïå (1) ¢ à�¬ª�å
ª®àà¥«ïæ¨®−−®© â¥®à¨¨, ª�ª ¯®ª�§�−® ¢ [3{7], æ¥«¥á®®¡à�§−® áà�§ã ¯à¨¬¥−¨âì
à¥£à¥áá¨®−−ãî «¨−¥�à¨§�æ¨î (¨«¨ ¯®«¨−®¬¨�«ì−ãî �¯¯à®ªá¨¬�æ¨î). ‚ à¥§ã«ì-
â�â¥ ¯à¨¤¥¬ ª ãà�¢−¥−¨ï¬ (7) ¨ (8), «¨−¥�à¨§®¢�−−ë¬ (¨«¨ ¯®«¨−®¬¨�«ì−ë¬)
áâ®å�áâ¨ç¥áª¨¬ ãà�¢−¥−¨ï¬, ¯�à�¬¥âà¨ç¥áª¨ §�¢¨áïé¨¬ ®â ¯¥à¢ëå ¤¢ãå ¢¥à®ïâ-
−®áâ−ëå ¬®¬¥−â®¢ ¯¥à¥¬¥−−ëåX ¨ Y . ‚ «¨−¥�à¨§®¢�−−®¬ á«ãç�¥ ¢¥à®ïâ−®áâ−ë¥
¬®¬¥−âë ®¯à¥¤¥«ïîâáï ¨«¨ −¥¯®áà¥¤áâ¢¥−−® áâ�â¨áâ¨ç¥áª¨¬, ¨«¨ �−�«¨â¨ç¥áª¨¬
¬®¤¥«¨à®¢�−¨¥¬ ¯ãâ¥¬ ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨-
�«ì−ëå ãà�¢−¥−¨© ¤«ï ¢¥à®ïâ−®áâ−ëå ¬®¬¥−â®¢ ¯¥à¢®£® ¨ ¢â®à®£® ¯®àï¤ª� [11,
12]. „«ï ¯®«¨−®¬¨�«ì−ëå ¬®¤¥«¥© �¯¯à®ªá¨¬�æ¨¨ ¯à¨å®¤¨âáï à¥è�âì ®¡ëª−®-
¢¥−−ë¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ ãà�¢−¥−¨ï ¤«ï ¯�à�¬¥âà¨§®¢�−−ëå ®¤−®- ¨ ¬−®£®-
¬¥à−ëå ¯«®â−®áâ¥©. ’�ª¨¥ ¬¥â®¤ë ¬®¤¥«¨à®¢�−¨ï −�§ë¢�îâ ª®¬¡¨−¨à®¢�−−ë¬¨
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Œ¥â®¤ë ¢¥à®ïâ−®áâ−®£® ¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå ‘â‘

¢¥à®ïâ−®áâ−®-áâ�â¨áâ¨ç¥áª¨¬¨. Š ¯®á«¥¤−¨¬ â�ª¦¥ ®â−®áïâ ¬¥â®¤ë ¬®¤¥«¨à®¢�-
−¨ï −¥ï¢−ëå ‘â‘ á® á«ãç�©−ë¬¨ ¯�à�¬¥âà�¬¨ [7] ª�ª −� ®á−®¢¥ ª�−®−¨ç¥áª¨å
¯à¥¤áâ�¢«¥−¨© á«ãç�©−ëå äã−ªæ¨©, â�ª ¨ ¯àï¬®£® áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�-
−¨ï ãà�¢−¥−¨© ¤«ï ¯�à�¬¥âà®¢ ®¤−®- ¨ ¬−®£®¬¥à−ëå à�á¯à¥¤¥«¥−¨©. ‘®®â¢¥â-
áâ¢ãîé¨¥ ¯à¨¬¥àë ¯à¨¢¥¤¥−ë ¢ [7].

�à¥¤áâ�¢«ï¥â ¨−â¥à¥á à�§¢¨â¨¥ ª®¬¡¨−¨à®¢�−−ëå ¬¥â®¤®¢ ¬®¤¥«¨à®¢�−¨ï
¤«ï á¨áâ¥¬, áâ®å�áâ¨ç¥áª¨ �÷��, −� ®á−®¢¥ ª�−®−¨ç¥áª¨å à�§«®¦¥−¨© á −¥§�-
¢¨á¨¬ë¬¨ ª®¬¯®−¥−â�¬¨ ¨ ¨−â¥£à�«ì−ëå ª�−®−¨ç¥áª¨å ¯à¥¤áâ�¢«¥−¨© [12].

‚�¦−ë¬ −�¯à�¢«¥−¨¥¬ ¤�«ì−¥©è¨å à�§à�¡®â®ª ¢ ®¡«�áâ¨ ¬®¤¥«¨à®¢�−¨ï
‘â‘ ¯à¥¤áâ�¢«ïîâáï ï¢−ë¥ ¨ −¥ï¢−ë¥ ‘â‘ á ¢ª«îç¥−¨ï¬¨ [14{19].
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PROBABILISTIC AND STATISTICAL MODELING METHODS
FOR IMPLICIT STOCHASTIC SYSTEMS

I. N. Sinitsyn

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The article is devoted to probabilistic (analytical) and statistical
modeling methods in implicit (continuous, discrete, and continuous-discrete)
stochastic systems (StS). A survey in the fields: method of probabilistic modeling
(MPM) and method of statistical modeling (MSM) is given. Basic implicit
StS reduced to differential, discrete, and continuous-discrete are considered for
smooth StS. Main attention is paid to MSM of h/h1/2 and h2/h3/2 accuracy.
Special attention is paid to the nonsmooth implicit StS. The methods of linear
and polynomial regression were implemented. The example is devoted to scalar
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Probabilistic and statistical modeling methods for implicit stochastic systems

implicit StS with smooth and nonsmooth functions. Basic conclusions and
directions of combined MPM and MSM for StS with inclusions generalizations
are given. Canonical expansions of applications to MPM and MSM are suggested.

Keywords: implicit stochastic system; method of probabilistic modeling; method
of statistical modeling (MSM); stochastic system with unsolved derivatives (StS
USD); strong and weak approximations
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МЕТОДЫ МОДЕЛИРОВАНИЯ НЕЯВНЫХ ЭРЕДИТАРНЫХ
СТОХАСТИЧЕСКИХ СИСТЕМ

И. Н. Синицын1

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¢¥à®ïâ−®áâ−ë¬ ¨ áâ�â¨áâ¨ç¥áª¨¬ ¬¥â®¤�¬
¬®¤¥«¨à®¢�−¨ï áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ (‘â�) ¢ −¥ï¢−ëå −¥¯à¥àë¢−ëå
¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ëå íà¥¤¨â�à−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å (‘â‘). „�−
®¡§®à à�¡®â ¢ ®¡«�áâ¨ ¬¥â®¤®¢ ¢¥à®ïâ−®áâ−®£® ¬®¤¥«¨à®¢�−¨ï (Œ‚Œ) íà¥¤¨-
â�à−ëå ‘â‘ (�‘â‘). �á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® ®¡§®àã ¬¥â®¤®¢ áâ�â¨áâ¨ç¥áª®-
£® ¬®¤¥«¨à®¢�−¨ï (Œ‘Œ) −¥ï¢−ëå ‘â‘. �¯¨á�−ë ¤¢� ¯à�ªâ¨ç¥áª¨å ¬¥â®¤�
¯à¨¢¥¤¥−¨ï ãà�¢−¥−¨© −¥ï¢−ëå �‘â‘ ª ¤¨ää¥à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨ï¬. „«ï
£«�¤ª¨å ¨ −¥£«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© ¯à¥¤áâ�¢«¥−ë Œ‚Œ −� ®á−®¢¥ ¬¥â®¤�
−®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ (Œ��) −� à�§−ëå íâ�¯�å ¯®«ãç¥−¨ï ¯à¨¢¥¤¥−-
−ëå ãà�¢−¥−¨©. ÷�áá¬®âà¥−ë ª�ª áâ�æ¨®−�à−ë¥, â�ª ¨ −¥áâ�æ¨®−�à−ë¥ ‘â�.
ˆ§ãç¥−ë ç¨á«¥−−ë¥ Œ‘Œ à�§«¨ç−®© â®ç−®áâ¨ ¢ ãá«®¢¨ïå á«�¡®© ¨ á¨«ì−®©
�¯¯à®ªá¨¬�æ¨¨ ¤«ï £«�¤ª¨å ¨ −¥£«�¤ª¨å −¥ï¢−ëå äã−ªæ¨©. ÷�áá¬®âà¥−ë
Œ‚Œ ¨ Œ‘Œ ¢ −¥ï¢−ëå −¥¯à¥àë¢−®-¤¨áªà¥â−ëå á¨áâ¥¬�å. ‚ ª�ç¥áâ¢¥
¨««îáâà�â¨¢−®£® ¯à¨¬¥à� ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¬®¤¥«¨à®¢�−¨ï ¯®áà¥¤áâ¢®¬
Œ‚Œ ¨ Œ‘Œ ¤«ï £«�¤ª®© ¨ à�§àë¢−®© −¥ï¢−®© äã−ªæ¨¨. �¯à¥¤¥«¥−ë
−�¯à�¢«¥−¨ï ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

Š«îç¥¢ë¥ á«®¢�: ¬¥â®¤ ¢¥à®ïâ−®áâ−®£® (�−�«¨â¨ç¥áª®£®) ¬®¤¥«¨à®¢�−¨ï
(Œ‚Œ); ¬¥â®¤ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï (Œ‘Œ); −¥ï¢−�ï áâ®å�áâ¨-
ç¥áª�ï á¨áâ¥¬�; áâ®å�áâ¨ç¥áª¨© ¯à®æ¥áá (‘â�); íà¥¤¨â�à−�ï áâ®å�áâ¨ç¥áª�ï
á¨áâ¥¬� (�‘â‘)

DOI: 10.14357/08696527240306 EDN: RVKAFM

1 Введение

÷�áá¬®âà¨¬ �‘â‘, ®¯¨áë¢�¥¬ë¥ äã−ªæ¨®−�«ì−®-¤¨ää¥à¥−æ¨�«ì−ë¬¨ áâ®-
å�áâ¨ç¥áª¨¬¨ ãà�¢−¥−¨ï¬¨, ¯à¨¢®¤¨¬ë¬¨ ª áâ®å�áâ¨ç¥áª¨¬ ¤¨ää¥à¥−æ¨�«ì−ë¬
ãà�¢−¥−¨ï¬ ˆâ®. ‘®®â¢¥âáâ¢ãîé¨¥ Œ‚Œ ®¯¨á�−ë ¢ [1{10]. „«ï �‘â‘, ®¯¨áë-
¢�¥¬ëå ¨−â¥£à®-¤¨ää¥à¥−æ¨�«ì−ë¬¨ ãà�¢−¥−¨ï¬¨ á £«�¤ª¨¬¨ −¥«¨−¥©−®áâï¬¨,
¨á¯®«ì§®¢�«áï ¬¥â®¤ ¤¨ää¥à¥−æ¨à®¢�−¨ï ¯® ®¡®¡é¥−−®© ä®à¬ã«¥ ˆâ® [1, 2].
„«ï −¥£«�¤ª¨å −¥«¨−¥©−®áâ¥© ¯à¨¬¥−ï«�áì à¥£à¥áá¨®−−�ï «¨−¥�à¨§�æ¨ï ¨«¨
¯®«¨−®¬¨�«ì−�ï �¯¯à®ªá¨¬�æ¨ï. ’�ª¨¥ ¯®¤å®¤ë ¯®§¢®«¨«¨ ®âªàëâì ¨ ®¯¨-
á�âì −®¢ë¥ á¯¥æ¨ä¨ç¥áª¨¥ áâ®å�áâ¨ç¥áª¨¥ íà¥¤¨â�à−ë¥ á¢®©áâ¢� íâ¨å á¨áâ¥¬.
‚ [11{14] à�áá¬�âà¨¢�«¨áì Œ‚Œ ¤«ï −¥ï¢−ëå �‘â‘, ®¯¨áë¢�¥¬ëå ¤¨ää¥-
à¥−æ¨�«ì−ë¬¨ áâ®å�áâ¨ç¥áª¨¬¨ ãà�¢−¥−¨ï¬¨, −¥ à�§à¥è¥−−ë¬¨ ®â−®á¨â¥«ì−®

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, sinitsin@dol.ru
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¯à®¨§¢®¤−ëå, � â�ª¦¥ ¤¨áªà¥â−ë¬¨ ¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ë¬¨ ãà�¢−¥−¨ï¬¨.
Œ¥â®¤ë áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¤«ï −¥ï¢−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘
à�áá¬®âà¥−ë ¢ [15, 16].

÷�áá¬®âà¨¬ ®¡®¡é¥−¨¥ Œ‚Œ ¨ Œ‘Œ [11{16] −� á«ãç�© −¥ï¢−ëå �‘â‘. ÷�§-
¤¥« 2 ¯®á¢ïé¥− áâ®å�áâ¨ç¥áª¨¬ ¬®¤¥«ï¬ −¥ï¢−ëå �‘â‘ ¨ ¯à¨¢®¤¨¬ëå ª ¤¨ä-
ä¥à¥−æ¨�«ì−ë¬ ‘â‘. ‚ à�§¤. 3 ¯à¥¤áâ�¢«¥−ë Œ‚Œ ¤«ï −¥£«�¤ª¨å �‘â‘.
÷�§¤¥« 4 ¯®á¢ïé¥− Œ‘Œ −¥ï¢−ëå �‘â‘ ¤«ï £«�¤ª¨å ¨ −¥£«�¤ª¨å äã−ªæ¨©.
Œ¥â®¤ë ¬®¤¥«¨à®¢�−¨ï ¢ −¥ï¢−ëå −¥¯à¥àë¢−®-¤¨áªà¥â−ëå á¨áâ¥¬�å ¯à¥¤áâ�¢-
«¥−ë ¢ à�§¤. 5. �à¨¢®¤¨âáï ¨««îáâà�â¨¢−ë© ¯à¨¬¥à. ‡�ª«îç¥−¨¥ á®¤¥à¦¨â
¢ë¢®¤ë ¨ −�¯à�¢«¥−¨ï ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

2 Неявные дифференциальные эредитарные стохастические системы

�¡®¡é�ï [1,2], ¡ã¤¥¬ á−�ç�«� à�áá¬�âà¨¢�âì á«¥¤ãîéãî −¥ï¢−ãî ¢¥ªâ®à−ãî
¤¨ää¥à¥−æ¨�«ì−ãî �‘â‘:

�
(

‘Xt,X
t
t0 , Ut, t

)

= 0, X(t0) = X0. (1)

‡¤¥áì �( ‘Xt,Xt, Ut, t) | äã−ªæ¨ï ®â¬¥ç¥−−ëå ¯¥à¥¬¥−−ëå à�§¬¥à−®áâ¨ n�; Xt

¨ ‘Xt | ¢¥ªâ®à á®áâ®ï−¨ï à�§¬¥à−®áâ¨ nX ¨ ¥£® áà¥¤−¥ª¢�¤à�â¨ç−�ï ¯à®¨§¢®¤−�ï
¢ ¬®¬¥−â ¢à¥¬¥−¨ t; Xt

t0 = {Xτ : t0 ≤ τ < t} | áà¥¤−¥ª¢�¤à�â¨ç−ë¥ äã−ªæ¨®-

−�«ë −� ¨−â¥à¢�«¥ ¢à¥¬¥−¨ [t0, t); Ut | ¢¥ªâ®à à�§¬¥à−®áâ¨ nU áâ®å�áâ¨ç¥áª¨å
¢®§¬ãé¥−¨©, ®¯à¥¤¥«ï¥¬ë© áâ®å�áâ¨ç¥áª¨¬ ¤¨ää¥à¥−æ¨�«ì−ë¬ ãà�¢−¥−¨¥¬ ˆâ®
¢¨¤�

dUt = a
U (Ut, t) dt + b

U (Ut, t) dW0 +

∫

Rq
0

cU (Ut, t, ρ)P
0(t, dρ), U(t0) = U0, (2)

£¤¥ aU (Ut, t), b
U (Ut, t) ¨ cU (Ut, t, ρ) | äã−ªæ¨¨ ®â¬¥ç¥−−ëå ¯¥à¥¬¥−−ëå à�§-

¬¥à−®áâ¥© (nU × 1), nW0 × nU ) ¨ (nU × 1); W0 = W0t | ¢¨−¥à®¢áª¨© ‘â�
à�§¬¥à−®áâ¨ nW0 ¨ ¨−â¥−á¨¢−®áâ¨ νU = νU (t); P 0 = P 0(t, dρ)| ¯ã�áá®−®¢áª¨©
‘â�, −¥§�¢¨á¨¬ë© ®âW0 ¨ ¨¬¥îé¨© −¥§�¢¨á¨¬ë¥ §−�ç¥−¨ï −� −¥¯¥à¥á¥ª�îé¨å-
áï ¬−®¦¥áâ¢�å ¯à®áâà�−áâ¢� Rq

0 á ¢ëª®«®âë¬ −�ç�«®¬.
��àï¤ã á ¯à¥¤áâ�¢«¥−¨¥¬ (2) ¢ §�¤�ç�å ¯à�ªâ¨ª¨ ¯®«ì§ãîâáï «¨−¥©−ë¬

áâ®å�áâ¨ç¥áª¨¬ ãà�¢−¥−¨¥¬ −®à¬�«ì−®£® (£�ãáá®¢áª®£®) ä®à¬¨àãîé¥£® ä¨«ìâà�:

‘Ut = �a
UUt +�b

UV0, U(t0) = U0, (3)

£¤¥ �aU ¨ �bU | ¢¥ªâ®à−®-¬�âà¨ç−ë¥ ª®íää¨æ¨¥−âë; V0 = V0t | £�ãáá®¢áª¨©
¡¥«ë© èã¬ á ¨−â¥−á¨¢−®áâìî �ν0.
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Œ¥â®¤ë ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå íà¥¤¨â�à−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬

‘®¢®ªã¯−®áâì ãà�¢−¥−¨© (1), (2) ¨«¨ (1), (3) «¥¦¨â ¢ ®á−®¢¥ Œ‚Œ ¨ Œ‘Œ,
� â�ª¦¥ ª®¬¡¨−¨à®¢�−−ëå ¬¥â®¤®¢ ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå ¤¨ää¥à¥−æ¨�«ì−ëå
�‘â‘.

„«ï ãç¥â� ¢ (1) íà¥¤¨â�à−®áâ¨ ¢ ¢¨¤¥ Xt
t0 ¯®«®¦¨¬

Xt
t0 = Z(t) =

t
∫

t0

F (t, τ,X(τ), Z(τ)) dτ, (4)

¯®âà¥¡®¢�¢ ¤«ï ä¨§¨ç¥áª¨ à¥�«¨§ã¥¬ëå �‘â‘ ®â äã−ªæ¨¨ F =
= F (t, τ,X(τ), Z(τ)) §�âãå�−¨ï ¯à¨ t → ∞. ‚ íâ®¬ á«ãç�¥ à�§«¨ç�îâ ¤¢�
¯à¥¤áâ�¢«¥−¨ï ¤«ï äã−ªæ¨¨ F ¢ (4) [1,2].

�¥à¢®¥ ¯à¥¤áâ�¢«¥−¨¥ ®á−®¢�−® −� ä®à¬ã«�å

F (t, τ, x, z, τ) = w(t, τ)F1(x, z, τ),

£¤¥ w(t, τ) = 0 ¤«ï t > τ ,

∞
∫

−∞

|wkh(t, τ)| dτ <∞
(

k = 1, nX , h = 1, nZ
)

,

¯à¨ç¥¬ w(t, τ) á«ã¦¨â ¢¥á®¢®© äã−ªæ¨¥© «¨−¥©−®© ¤¨ää¥à¥−æ¨�«ì−®© á¨áâ¥¬ë

‘ζ = αζ + α1ξ,

£¤¥ α ¨ α1 | −¥ª®â®àë¥ ¬�âà¨æë; ξ | ¢å®¤−®© á¨£−�«. ’®£¤� z ®¯à¥¤¥«ï¥âáï
ãà�¢−¥−¨ï¬¨

z = βz′, ‘z′ = αz′ + α1F1(x, z, t), z
′(t0) = 0 .

‚ à¥§ã«ìâ�â¥ −¥ï¢−�ï ¤¨ää¥à¥−æ¨�«ì−�ï �‘â‘ ¯à¨¢®¤¨âáï ª á«¥¤ãîé¥© −¥ï¢−®©
¤¨ää¥à¥−æ¨�«ì−®© ‘â‘ (â¥®à¥¬� 2.1):

�1

(

‘Xt,Xt, βZ
′

t, Ut, t
)

= 0, Zt = βZ
′

t, ‘Z
′

t = αZ
′

t + α1F1 (Xt, Zt, t) ,

Z(t0) = Z0, Z
′(t0) = 0.

‚â®àë¬ â¨¯®¬ ¯®¤ë−â¥£à�«ì−®© äã−ªæ¨¨ ¢ (4) ¬®¦¥â á«ã¦¨âì äã−ªæ¨ï
á«¥¤ãîé¥£® ¢¨¤�:

F (t, τ, x, z) = ψ(t)F2(x, z, τ),
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£¤¥ ψ = ψ(t) | ¨§¢¥áâ−�ï ¬�âà¨ç−�ï äã−ªæ¨ï ¢à¥¬¥−¨; F1 = F1(x, z, τ) |
¨§¢¥áâ−�ï ¢¥ªâ®à−�ï äã−ªæ¨ï ãª�§�−−ëå �à£ã¬¥−â®¢; ¯¥à¥¬¥−−�ï z ®¯à¥¤¥«ï¥âáï
ãà�¢−¥−¨ï¬¨

z = ψz′, ‘z′ = F2(x, z, t), z
′(t0) = 0 .

’�ª¨¬ ®¡à�§®¬, −¥ï¢−�ï �‘â‘ §�¬¥−ï¥âáï á«¥¤ãîé¥© −¥ï¢−®© ¤¨ää¥à¥−æ¨�«ì-
−®© ‘â‘ (â¥®à¥¬� 2.2):

�2

(

‘Xt,Xt, ψZ
′

t, t, Ut

)

= 0, ‘Z ′

t = F2
(

Xt, ψZ
′

t, t, Ut

)

,

Z(t0) = Z0, Z
′(t0) = 0.

�â¬¥â¨¬, çâ® á«ãç�¨, ª®£¤� äã−ªæ¨ï F ¢ (4) ®¯à¥¤¥«ï¥âáï ä®à¬ã«�¬¨
(â¥®à¥¬� 2.3):

F1(t, τ, x, z) =

N
∑

k=1

wk(t, τ)Fk(x, z, τ);

F2(t, τ, x, z) =

N
∑

k=1

ψk(t, τ)F2k(x, z, τ),

¯ãâ¥¬ ¢¢®¤� ¡«®ç−ëå ¬�âà¨æ

w(t, τ) = [w1(t, τ) · · ·wN (t, τ)] ;

ψ(t) = [ψ1(t) . . . ψN (t)] ;

...

F1(x, z, τ) =
[

F11(x, z, τ)
T · · ·F1N (x, z, τ)T

]T

¯à¨¢®¤ïâáï ª ¯à¥¤ë¤ãé¨¬.
„�«¥¥, −� ¢â®à®¬ íâ�¯¥ ¯à¨¢¥¤¥−¨ï, ¢ §�¢¨á¨¬®áâ¨ ®â £«�¤ª®áâ¨ äã−ªæ¨© F1

¨ F2 (â¥®à¥¬ë 2.1{2.3) ¢ ®á−®¢¥ ¯à¨¢¥¤¥−¨ï −¥ï¢−ëå �‘â‘ ª ï¢−ë¬ ¤¨ää¥à¥−-
æ¨�«ì−ë¬ ‘â‘ «¥¦�â ¬¥â®¤ë, ¨§«®¦¥−−ë¥ ¢ [10].

„«ï £«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© ¯ãâ¥¬ ¤¨ää¥à¥−æ¨à®¢�−¨ï ãà�¢−¥−¨© â¥®-
à¥¬ë 2.1 ¯® ®¡®¡é¥−−®© ä®à¬ã«¥ ˆâ® [1, 2] ℓ à�§ ¤® ¯®ï¢«¥−¨ï ¢¨−¥à®¢áª¨å
¯ã�áá®−®¢áª¨å ¡¥«ëå èã¬®¢ ¯®«ãç¨¬ ãà�¢−¥−¨ï

‘�1 = 0, . . . , �
(ℓ)
1 = 0 . (5)

„�«¥¥ ®¡à�§ã¥¬ á®áâ�¢−®© ¢¥ªâ®à Yt, ¢ª«îç�îé¨© ¢¥ªâ®à á®áâ®ï−¨ï Xt à�§¬¥à-

−®áâ¨ nX, ¢¥ªâ®à ¢á¯®¬®£�â¥«ì−ëå ¯¥à¥¬¥−−ëå �Xt à�§¬¥à−®áâ¨ n
�X, ®¯à¥¤¥«ï-

¥¬ë© ãà�¢−¥−¨ï¬¨ (5), ¨ ¢¥ªâ®à Z ′

t à�§¬¥à−®áâ¨ nZ′

:

Yt =
[

XTt �X
T
t Z

′T
t

]T
.
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Œ¥â®¤ë ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå íà¥¤¨â�à−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬

’®£¤� −¥ï¢−�ï ¤¨ää¥à¥−æ¨�«ì−�ï �‘â‘ (1), (2) ¡ã¤¥â ®¯¨áë¢�âìáï á«¥¤ãîé¥©
á¨áâ¥¬®© ¢¥ªâ®à−ëå áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ˆâ® ¨ ª®−¥ç-
−ëå ãà�¢−¥−¨© ¤«ï ¢¥ªâ®à®¢ Yt ¨ Ut (â¥®à¥¬� 2.4):

dYt = a
Y
1 dt+ b

Y
1 dW0 +

∫

Rq
0

cY1 P
0(t, dρ), ā1(Yt, t) = 0, (6)

� â�ª¦¥ (2) ¨«¨ (3) ¤«ï ¢¥ªâ®à� ¢®§¬ãé¥−¨© Ut.
�−�«®£¨ç−® −� ®á−®¢¥ â¥®à¥¬ë 2.2 ¯®«ãç�îâáï ãà�¢−¥−¨ï â¥®à¥¬ë 2.5:

dYt = a
Y
0 dt + b

Y
2 dW0 +

∫

Rq
0

cY2 P
0(t, dρ), ā2(Yt, t) = 0 , (7)

� â�ª¦¥ (2) ¨«¨ (3) ¤«ï ¢¥ªâ®à� ¢®§¬ãé¥−¨© Ut.

3 Вероятностное моделирование неявных дифференциальных
эредитарных стохастических систем

‚ ®á−®¢¥ Œ‚Œ ¤«ï −®à¬�«ì−®£® (£�ãáá®¢áª®£®) ‘â� ¢ ¯¥à¢®¬ ãà�¢−¥−¨¨ (6)
¯à¨¢¥¤¥−−®© ¤¨ää¥à¥−æ¨�«ì−®© á¨áâ¥¬ë á ¯®¬®éìî Œ�� «¥¦�â á«¥¤ãîé¨¥
ãà�¢−¥−¨ï [1,2]:

‘mY
t = A

m
t

(

t,mY
t ,K

Y
t

)

, mY
0 = m

Y
t0 ,

‘KY
t = A

K
t

(

t,mZ
t ,K

Y
t

)

, KY
0 = K

Y
t0 ,

∂KY (t1, t2)

∂t2
= AK

t1,t2

(

t1, t2,m
Y
t2 ,K

Y
t2

)

, KY (t1, t1) = K
Y
t1 .



















(8)

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

Am
t (t,m

Y
t ,K

Y
t ) = MN

[

aY
]

;

AK
t (t,m

Y
t ,K

Y
t ) = MNA1t

(

t,mY
t ,K

Y
t

)

+AT1t
(

t,mY
t ,K

Y
t

)

+A2t
(

t,mY
t ,K

Y
t

)

;

A1t(t,m
Y
t ,K

Y
t ) = MN

[

aY
(

Yt −mY
t

)T
]

;

A2t(t,m
Y
t ,K

Y
t ) = MN [σ (t, Yt)] ;

σ(t, Yt) = σ0(t, Yt) +

∫

Rq
0

cY (t, Yt, u) c
Y (t, Yt, u)

T νP (t, du);

σ0(t, Yt) = b
Y (t, Yt)ν0(t)b

Y (t, Yt)
T;

Ak
t1,t2

(

t1, t2,m
Y
t2 ,K

Y
t2

)

= KY (t1, t2)
(

KY
t2

)−1
AT1t,
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£¤¥ MN | á¨¬¢®« ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¤«ï £�ãáá®¢áª®£® (−®à¬�«ì−®£®)
à�á¯à¥¤¥«¥−¨ï.

‚ áâ�æ¨®−�à−®¬ á«ãç�¥ ¯à¨ �á¨¬¯â®â¨ç¥áª®© ãáâ®©ç¨¢®áâ¨ ¬�âà¨æë A1∗
ãà�¢−¥−¨ï Œ�� ¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:

Am
∗
(mY

∗
,KY

∗
) = 0 ; AK

∗

(

mY
∗
,KY

∗

)

= 0 ;

dkY (τ)

dτ
= Ak

τ

(

kY (τ),mY
∗
,KY

∗

)

, kY (0) = KY
∗
,







(9)

£¤¥ ¯à¨−ïâ®

Am
∗

(

mY
∗
,KY

∗

)

= MN

[

aY
]

;

AK
∗

(

mY
∗
,KY

∗

)

= A1∗
(

mY
∗
,KY

∗

)

+A1∗
(

mY
∗
,KY

∗

)T
+A2∗

(

mY
∗
,KY

∗

)

;

A1∗
(

mY
∗
,KY

∗

)

= MN

[

aY
(

Yt −mY
∗

)]

;

A2∗
(

mY
∗
,KY

∗

)

= MN [σ∗(Yt)] ;

σ∗(Yt) = σ0∗ (Yt) +

∫

Rq
0

cY (Yt, ρ)c
Y (Yt, ρ)

TνP (t, dρ);

σ0∗ (Yt) = b
Y (Yt)ν0∗(t)b

Y (Yt)
T;

Ak
τ

(

kY (τ),mY
∗
,KY

∗

)

= kY (τ)(KY
∗
)−1AT1∗, τ = t1 − t2.































































(10)

�®à¬�«ì−�ï �¯¯à®ªá¨¬�æ¨ï ¢â®à®£® ª®−¥ç−®£® ãà�¢−¥−¨ï ¢ (6) ¯à¨¢®¤¨â
ª ª®−¥ç−ë¬ ãà�¢−¥−¨ï¬:

ā10 = 0 ;

(

∂ā10

∂mY
t

)

Y 0t = 0 ;

(

∂ā10

∂mY
t

)

KY
t = 0

(

Y 0t = Yt −mY
t

)

,

£¤¥ā10 = ā10(m
Y
t ,K

Y
t , t) ¨ ∂ā10/∂m

Y
t (m

Y
t ,K

Y
t , t)| ª®íää¨æ¨¥−âë áâ�â¨áâ¨-

ç¥áª®© «¨−¥�à¨§�æ¨¨ −¥«¨−¥©−®© äã−ªæ¨¨ ā1 ¢® ¢â®à®¬ ãà�¢−¥−¨¨ (6).
�−�«®£¨ç−® ¢ë¯¨áë¢�îâáï ãà�¢−¥−¨ï Œ�� ¢ á«ãç�¥ (7). ’�ª¨¬ ®¡à�§®¬,

á¯à�¢¥¤«¨¢ë á«¥¤ãîé¨¥ ãâ¢¥à¦¤¥−¨ï.

’¥®à¥¬� 3.1. �ãáâì −¥£�ãáá®¢áª�ï −¥ï¢−�ï ¤¨ää¥à¥−æ¨�«ì−�ï �‘â‘ (1), (2)
¯à¨¢®¤¨¬� ª ¤¨ää¥à¥−æ¨�«ì−®© −¥£�ãáá®¢áª®© ‘â‘ á®£«�á−® â¥®à¥¬�¬ 2.2 ¨ 2.4.
’®£¤� ãà�¢−¥−¨ï Œ�� ¢ −¥áâ�æ¨®−�à−®¬ à¥¦¨¬¥ ¨¬¥îâ ¢¨¤ (8) ¯à¨ ãá«®¢¨¨
ª®−¥ç−®áâ¨ ¨−â¥£à�«®¢ (9) ¨ aY = aY

1 , bY = bY1 , cY = cY1 , � ¢ áâ�æ¨®−�à−®¬
à¥¦¨¬¥ | (9) ¯à¨ ª®−¥ç−®áâ¨ ¨−â¥£à�«®¢ (10).

’¥®à¥¬� 3.2. �ãáâì −¥£�ãáá®¢áª�ï −¥ï¢−�ï �‘â‘ (1) ¯à¨¢®¤¨¬� ª ¤¨ää¥à¥−-
æ¨�«ì−®© −¥£�ãáá®¢áª®© ‘â‘ á®£«�á−® â¥®à¥¬�¬ 2.1, 2.2 ¨ 2.5. ’®£¤� ãà�¢−¥−¨ï
Œ�� ¢ −¥áâ�æ¨®−�à−®¬ à¥¦¨¬¥ ¨¬¥îâ ¢¨¤ (8) ¯à¨ ãá«®¢¨¨ ª®−¥ç−®áâ¨ ¨−â¥-

£à�«®¢ (9) ¨ aY = aY
2 , bY = bY2 , cY = cY2 , � ¢ áâ�æ¨®−�à−®¬ à¥¦¨¬¥ | (9) ¯à¨

ª®−¥ç−®áâ¨ ¨−â¥£à�«®¢ (10).

72 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024



Œ¥â®¤ë ¬®¤¥«¨à®¢�−¨ï −¥ï¢−ëå íà¥¤¨â�à−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬

4 Статистическое моделирование неявных дифференциальных
эредитарных стохастических систем

4.1 Методы порядка h и h1/2

‘«¥¤ãï [11, 12], §�¬¥−¨¬ ¨−â¥£à�« ¯® ¯¥à¥¬¥−−®© ρ ¢ (6) á®®â¢¥âáâ¢ãîé¥©
¨−â¥£à�«ì−®© áã¬¬®©. ‚ à¥§ã«ìâ�â¥ ¯¥à¢®¥ ãà�¢−¥−¨¥ (6) §�¬¥−¨âáï ãà�¢−¥−¨¥¬

dY = a(Y, t) dt + b(Y, t) dW0 +

N
∑

i=1

ci(Y, t) dP
0
i , (11)

£¤¥ ci(y, t)| (nU × 1)-¬¥à−ë¥ äã−ªæ¨¨, ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© §−�ç¥−¨ï äã−ª-
æ¨¨ c(y, t, r) ¢ −¥ª®â®àëå áà¥¤−¨å â®çª�å ri á®®â¢¥âáâ¢ãîé¨å í«¥¬¥−â®¢ Ai

à�§¡¨¥−¨ï r-¬¥à−®£® è�à� ¤®áâ�â®ç−® ¡®«ìè®£® à�¤¨ãá�, ri ∈ Ai (i = 1, . . . , N );
P 0i (t)| æ¥−âà¨à®¢�−−ë¥ ¯à®áâë¥ ¯ã�áá®−®¢áª¨¥ ‘â�:

P 0i (t) = P
0([ 0, t), Ai)− µ([ 0, t), Ai), i = 1, N .

ˆ−â¥−á¨¢−®áâ¨ íâ¨å ‘â� ®¯à¥¤¥«ïîâáï ç¥à¥§ ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ µ(–, A)
¯ã�áá®−®¢áª®© ¬¥àë P (–, A) ¯® ä®à¬ã«¥:

νi(t) =
dµ ([0, t), Ai)

dt
.

�à®áâ¥©è¨© á¯®á®¡ §�¬¥−ë ãà�¢−¥−¨ï (11) à�§−®áâ−ë¬ ãà�¢−¥−¨¥¬ á®áâ®¨â
¢ §�¬¥−¥ ¢á¥å ¤¨ää¥à¥−æ¨�«®¢ í«¥¬¥−â�¬¨ ¨−â¥£à�«ì−ëå áã¬¬:

Y ((n + 1)h)− Y (nh) =

= a(Y (nh), nh)h + b(Y (nh, nh)) [W0((n + 1)h)−W0(nh)] +

+
N
∑

i=1

ci(Y (nh), nh)
[

P 0i ((n + 1)h)− P 0i (nh)
]

.

�®«®¦¨¢

�Yn = Y (nh); ϕn( �Yn) = Y (nh) + a(Y (nh), nh)h; ψ1n( �Yn) = b(Y (nh), nh);

ψin( �Yn) = ci−1(Y (nh), nh); V1n =W0((n + 1)h)−W0(nh);

Vin = P
0
i−1((n + 1)h) − P 0i−1(nh), i = 2, N + 1 ,

¯®«ãç¨¬ áâ®å�áâ¨ç¥áª®¥ à�§−®áâ−®¥ ãà�¢−¥−¨¥

�Yn+1 = ϕn( �Yn) +

N+1
∑

i=1

ψin( �Yn)Vin.
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‚¢®¤ï ¡«®ç−ãî ¬�âà¨æã nY × (nU +N)

ψn( �Yn) =
[

ψ1n( �Yn) · · ·ψN+1,n( �Yn)
]

¨ (nU +N)-¬¥à−ë© á«ãç�©−ë© ¢¥ªâ®à

Vn =
[

V T1n V2n · · · VN+1,n

]T
,

¬®¦¥¬ §�¯¨á�âì ¯®«ãç¥−−®¥ à�§−®áâ−®¥ ãà�¢−¥−¨¥ ª®à®âª® ¢ ¢¨¤¥:

�Yn+1 = ϕn( �Yn) + ψn( �Yn)Vn. (12)

‘«ãç�©−ë¥ ¢¥ªâ®àë Vn ®¡à�§ãîâ ¯®á«¥¤®¢�â¥«ì−®áâì −¥§�¢¨á¨¬ëå á«ãç�©-
−ëå ¢¥ªâ®à®¢ {Vn}, ¯à¨ç¥¬ ¡«®ª¨ V1n ¢¥ªâ®à®¢ Vn ¨¬¥îâ −®à¬�«ì−®¥ (£�ãáá®¢-
áª®¥) à�á¯à¥¤¥«¥−¨¥ N(0, �Gn), £¤¥

�Gn =

(n+1)h
∫

nh

ν0(τ) dτ ∼= ν0(nh)h;

ν0(t) | ¨−â¥−á¨¢−®áâì ¢¨−¥à®¢áª®£® ‘â� W0(t); áª�«ïà−ë¥ ¡«®ª¨ Vin (i =
= 2, N + 1) ¨¬¥îâ ¯ã�áá®−®¢áª¨¥ à�á¯à¥¤¥«¥−¨ï á ¯�à�¬¥âà�¬¨

µin =

(n+1)h
∫

nh

νi(τ) dτ ∼= νi(nh)h .

Š®¢�à¨�æ¨®−−�ï ¬�âà¨æ� Gn ¢¥ªâ®à� Vn ¯à¥¤áâ�¢«ï¥â á®¡®© ¡«®ç−®-¤¨�£®-
−�«ì−ãî ¬�âà¨æã:

Gn =













�Gn 0 0 · · · 0

0 µ2n 0
. . . 0

...
. . .

. . .
. . .

...

0 0 0 · · · µN+1,n













.

‚ á«ãç�¥ £«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© ãà�¢−¥−¨¥ (12) ®¯à¥¤¥«ï¥â �Yn+1 ¯à¨
¤�−−®¬ �Yn á â®ç−®áâìî ¤® h ¢ ¤¥â¥à¬¨−¨à®¢�−−®¬ á«�£�¥¬®¬ ϕn( �Yn) ¨ á â®ç-

−®áâìî ¤®
√
h ¢ á«ãç�©−®¬ á«�£�¥¬®¬ ψn( �Yn)Vn (â¥®à¥¬� 4.1).

„«ï −¥£«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© ¢ (11) ¯à¨ b(Y, t) = b0(t) ¨ ci(Y, t) = ci0(t)
¢ à�¬ª�å Œ�� äã−ªæ¨¨ a, b, ci §�¬¥−ïîâ áâ�â¨áâ¨ç¥áª¨ «¨−¥�à¨§®¢�−−ë¬¨
äã−ªæ¨ï¬¨, â�ª çâ® ϕn = ϕn( �Yn,m

Y
n ,K

Y
n ) ¨ ψ1n = ψ1n( �Yn,m

Y
n ,K

Y
n ), £¤¥

mY
n ¨ KY

n | ¢¥ªâ®à ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ�
(â¥®à¥¬� 4.2).
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4.2 Методы порядка h2 и h3/2

„«ï ãà�¢−¥−¨© (11) á â®ç−®áâìî ¤® h2 ¢ ¤¥â¥à¬¨−¨à®¢�−−®¬ á«�£�¥¬®¬ ¨ h3/2

¢ á«ãç�©−®¬ á«�£�¥¬®¬, á«¥¤ãï [2], ¤«ï £«�¤ª¨å äã−ªæ¨© ¨¬¥¥¬ á«¥¤ãîé¥¥
ãâ¢¥à¦¤¥−¨¥ (â¥®à¥¬� 4.3):

�Yn+1 = ϕn( �Yn) + ψn( �Yn, V
(1)
n )Vn. (13)

‚å®¤ïé¨¥ ¢ ãà�¢−¥−¨ï (13) ¢¥«¨ç¨−ë ®¯à¥¤¥«ïîâáï ä®à¬ã«�¬¨:

ϕn( �Yn) = �Yn +



a
(

�Yn, nh
)

−
N
∑

j=1

cj
(

�Yn, nh
)

νjn



h+
1

2







at

(

�Yn, nh
)

−

−
N
∑

j=1

cjt
(

�Yn, nh
)

νjn +



ay

(

�Yn, nh
)T −

N
∑

j=1

cjy
(

�Yn, hn
)T
νjn



×

×



a
(

�Yn, nh
)

−
N
∑

j=1

cj
(

�Yn, hn
)

νjnt



+

+
1

3



ayy

(

�Yn, nh
)

−
N
∑

j=1

cjyy

(

�Yn, nh
)

νjn



 : σ
(

�Yn, nh
)







h2;

ψ1n
(

�Yn

)

= b
(

�Yn, nh
)

+
1

2



ay

(

�Ynh, nh
)T −

N
∑

j=1

cj
(

�Yn, hn
)T
νjn



 b
(

�Yn, nh
)

;

ψin( �Yn) = ci−1
(

�Yn, nh
)

+



–i−1an −
N
∑

j=1

–i−1cjnνjn



h;

ψ′

1n

(

Yn, V
(1)
n

)

=

=







b
(

�Yn, nh
)

+



a
(

�Yn, nh
)T −

N
∑

j=1

cj
(

�Yn, hn
)T
νjn





∂

∂y
b
(

�Yn, nh
)

+

+ V T1nb
(

�Yn, nh
)T ∂

∂y
b
(

�Yn, nh
)







h+

N
∑

j=1

–jbnVj+1,n;
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ψ′

in

(

�Yn, V
(1)
n

)

=

=







ci−1,t( �Yn, nh) + ci−1,y( �Yn, nh)
T



a
(

�Yn, nh
)

−
N
∑

j=1

cj
(

�Yn, hn
)

νjn











h+

+ ci−1,y
(

�Yn, nh
)T
b
(

�Yn, nh
)

V1,n +

N
∑

j=1

–jcj−1,nVj+1,n;

ψ′′

1n( �Yn) =
1

2

[

byy( �Yn, nh) : σ
(

�Yn, nh
)]

;

ψ′′

in(
�Yn) =

1

2

[

ci−1,yy

(

�Yn, nh
)

: σ
(

�Yn, nh
)]

;

–jcn = a
(

�Y + ci, nh
)

− a
(

�Yn, nh
)

;

–ib = b
(

�Yn + ci, nh
)

− b
(

�Yn, nh
)

;

–jcin = ci
(

�Yn + cj , nh
)

− ci
(

�Yn, nh
)

;

V1n = –Wn =W0((n+ 1)h) −W0(nh);

Vin = –Pi−1,n = Pi−1((n + 1)h)− Pi−1(nh), i = 2, N ;

V ′

1n =

(n+1)h
∫

nh

τ − nh

h
dW0(τ); V ′′

1n =

(n+1)h
∫

nh

(

τ − nh

h

)2

dW0(τ);

V ′

in =

(n+1)h
∫

nh

τ − nh

h
dP 0i−1(τ);

V ′′

in

(n+1)h
∫

nh

(

τ − nh

h

)2

dP 0i−1(τ), i = 2, N + 1 .

‡¤¥áì ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï ¤«ï ¢¥ªâ®à−ëå äã−ªæ¨©:

[ϕyy : σ]k = tr [ϕkyyσ] , σ = bν0(t)b
T .

‚¥«¨ç¨−� ϕyy : σ ¢ á«ãç�¥ ¬�âà¨ç−®© äã−ªæ¨¨ ϕ ¯à¥¤áâ�¢«ï¥â á®¡®© ¬�âà¨æã,
í«¥¬¥−â�¬¨ ª®â®à®© á«ã¦�â á«¥¤ë ¯à®¨§¢¥¤¥−¨© −� ¬�âà¨æã σ ¬�âà¨æ ¢â®àëå
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¯à®¨§¢®¤−ëå á®®â¢¥âáâ¢ãîé¨å í«¥¬¥−â®¢ ¬�âà¨æë ϕ ¯® ª®¬¯®−¥−â�¬ ¢¥ªâ®à� y
−� ¬�âà¨æã σ:

[ϕyy : σ]kl = tr [ϕklyyσ] .

��ª®−¥æ, ¥á«¨ ®¡®§−�ç¨âì V
(1)
n = [V T1n V2n · · · Vn+1]

T ¨ ¢¢¥áâ¨ ¡«®ç−ãî
¬�âà¨æã

ψn

(

�Yn, V
(1)
n

)

=
[

ψ1n
(

�Yn

)

ψ′

1n

(

�Yn, V
(1)
n

)

ψ′′

1n

(

�Yn

)

· · ·

· · · ψN+1,n

(

�Yn

)

ψ′

N+1,n

(

�Yn, V
(1)
n

)

ψ′′

N+1,n

(

�Yn

)

]

,

â® ¤«ï ¡«®ç−®£® á«ãç�©−®£® ¢¥ªâ®à� ¡ã¤¥â á¯à�¢¥¤«¨¢® ¯à¥¤áâ�¢«¥−¨¥:

Vn =
[

V T1n V
′T
1n V ′′T

1n V T2n V
′T
2n V ′′T

2n . . . VN+1,n V
′

N+1,n V
′′

N+1,n

]T
.

„«ï ¯®«−®£® ®¯à¥¤¥«¥−¨ï à�á¯à¥¤¥«¥−¨ï á«ãç�©−®£® ¢¥ªâ®à� Vn ¢ (11) ¤®áâ�-
â®ç−® −�©â¨ ª®¢�à¨�æ¨®−−ãî ¬�âà¨æã −®à¬�«ì−® à�á¯à¥¤¥«¥−−®£® á«ãç�©−®£®
¢¥ªâ®à� [V Tin V ′T

in V ′′T
in ]

T. �®«ì§ãïáì ¨§¢¥áâ−ë¬¨ ä®à¬ã«�¬¨ ª®¢�à¨�æ¨®−−ëå
¨ ¢§�¨¬−ëå ª®¢�à¨�æ¨®−−ëå ¬�âà¨æ áâ®å�áâ¨ç¥áª¨å ¨−â¥£à�«®¢, −�å®¤¨¬ ¡«®ª¨
ª®¢�à¨�æ¨®−−®© ¬�âà¨æë K1n á«ãç�©−®£® ¢¥ªâ®à� [V Tin V ′T

in V ′′T
in ]

T:

K1n,11 = MV1nV
T
1n =

(n+1)h
∫

nh

ν0(τ) dτ ∼= ν0
(

nh+
h

2

)

h;

K1n,12 = MV1nV
′T
1n =

(n+1)h
∫

nh

τ − nh

h
ν0(τ) dτ ∼= 1

2
ν0

(

nh+
h

2

)

h;

K1n,13 = MV1nV
′′T
1n =

(n+1)h
∫

nh

(

τ − nh

h

)2

ν0(τ) dτ ∼= 1
3
ν0

(

nh+
h

2

)

h;

K1n,21 = K1n,12; K1n,31 = K1n,13;

K1n,23 = MV1nV
′′T
1n =

(n+1)h
∫

nh

(

τ − nh

h

)3

ν0(τ) dτ ∼= 1
4
ν0

(

nh+
h

2

)

h;
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K1n,31 = K1n,13; K1n,32 = K1n,23;

K1n,33 = MV
′′

1nV
′′T
1n =

(n+1)h
∫

nh

(

τ − nh

h

)4

ν0(τ) dτ ∼= 1
5
ν0

(

nh+
h

2

)

h .

‚ [2, 15, 16] ®¯¨á�−ë ¡®«¥¥ â®ç−ë¥ ¬¥â®¤ë h3 ¨ h5/2 ¤«ï £«�¤ª¨å −¥ï¢−ëå
äã−ªæ¨©.

‡�¬¥ç�−¨¥ 4.1. �®«ãç¥−−ë¥ à�§−®áâ−ë¥ ãà�¢−¥−¨ï ¬®¦−® ¨á¯®«ì§®¢�âì ª�ª
¯à¨ â¥®à¥â¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå, â�ª ¨ ¤«ï ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï áâ®å�-
áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. �à¨ íâ®¬ −ã¦−® §−�âì à�á¯à¥¤¥«¥−¨¥
¢á¥å á«ãç�©−ëå ¢¥«¨ç¨− (‘‚), ¢å®¤ïé¨å ¢ à�§−®áâ−ë¥ ãà�¢−¥−¨ï. ‚ ¤�−−®¬
á«ãç�¥ à�§−®áâ−ë¥ ãà�¢−¥−¨ï ¡ã¤ãâ ¯à¥¤áâ�¢«ïâì á®¡®© â�ª −�§ë¢�¥¬ãî á¨«ì−ãî
�¯¯à®ªá¨¬�æ¨î áâ®å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. �à¨ ç¨á«¥−−®¬
¨−â¥£à¨à®¢�−¨¨ â�ª�ï �¯¯à®ªá¨¬�æ¨ï −ã¦−�, ª®£¤� âà¥¡ã¥âáï ¯®«ãç�âì à¥�«¨§�-
æ¨¨ ‘â� Y (t). �¤−�ª® ç�áâ® −¥â −ã¦¤ë ¢ ¯®«ãç¥−¨¨ à¥�«¨§�æ¨© ‘â�, � ¤®áâ�-
â®ç−® ¨¬¥âì «¨èì ®æ¥−ª¨ ¬®¬¥−â®¢ ¨«¨ ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ª�ª¨å-«¨¡®
äã−ªæ¨© ®â §−�ç¥−¨ï ‘â� Y (t) ¢ ®¯à¥¤¥«¥−−ë© ¬®¬¥−â. ‚ â�ª¨å á«ãç�ïå ¬®¦-
−® ®âª�§�âìáï ®â ¨á¯®«ì§®¢�−¨ï â®ç−ëå à�á¯à¥¤¥«¥−¨© ¢å®¤ïé¨å ¢ à�§−®áâ−ë¥
ãà�¢−¥−¨ï ‘‚, � §�¬¥−¨âì ¨å ª�ª¨¬¨-−¨¡ã¤ì ¡®«¥¥ ¯à®áâë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨
á â¥¬¨ ¦¥ ¬®¬¥−â−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨. ��¯à¨¬¥à, −®à¬�«ì−® à�á¯à¥¤¥«¥−-
−ãî áª�«ïà−ãî ¢¥«¨ç¨−ã á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¤¨á¯¥àá¨¥© D
¬®¦−® §�¬¥−¨âì ¤¨áªà¥â−®© ‘‚, ¯à¨−¨¬�îé¥© ¤¢� §−�ç¥−¨ï ±

√
D á ¢¥à®ïâ−®-

áâï¬¨ 1/2. �à¨ §�¬¥−¥ ‘‚ −� ¢¥«¨ç¨−ë á ¡®«¥¥ ¯à®áâë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨
à�§−®áâ−®¥ ãà�¢−¥−¨¥ ¡ã¤¥â ¯à¥¤áâ�¢«ïâì á®¡®© á«�¡ãî �¯¯à®ªá¨¬�æ¨î áâ®å�-
áâ¨ç¥áª®£® ¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï.

5 Моделирование неявных непрерывно-дискретных эредитарных
стохастических систем

‘«¥¤ãï [11, 14], ¢ ª�ç¥áâ¢¥ −¥ï¢−ëå ¬®¤¥«¥© ‘â‘, −¥ à�§à¥è¥−−ëå ®â−®á¨-
â¥«ì−® ¯à®¨§¢®¤−ëå ¨ à�§−®áâ¥©, ¢®§ì¬¥¬ á«¥¤ãîé¨¥:

Y = Y ′ + Y ′′; ā(Y,X) = 0 ; (14)

dY ′ = a′(t, Y ) dt+ b′(t, Y ) dW0 +

∫

Rq
0

c′(t, Y, u)P 0(t, du); (15)

‘Y ′′ =
∞
∑

k=0

Y ′′

k 1Ak
(t);

Y ′′

k+1 = Ÿ
′′

k(Yk, Vk); āk(Yk,Xk) = 0 ; (16)

Y ′′

k+1 = a
′′

k(Yk) + b
′′

k(Yk)Vk; āk(Yk,Xk) = 0 ; (17)
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‡¤¥áì

Yk = Y (tk) =
[

Y ′

k
T
Y ′′T

k

]T
(k = 0, 1, 2, . . .);

1Ak
(t) | ¨−¤¨ª�â®à ¨−â¥à¢�«�, Ak = [t

(k), t(k+1)); {Vk} | ¯®á«¥¤®¢�â¥«ì−®áâì
¤¨áªà¥â−ëå ¡¥«ëå èã¬®¢ (−¥§�¢¨á¨¬ëå ¢¥ªâ®à−ëå ‘‚, ¢ â®¬ ç¨á«¥ ¨ ®âW0 ¨ P ,
� â�ª¦¥ −�ç�«ì−ëå ãá«®¢¨©).

‡�¬¥ç�−¨¥ 5.1. Œ¥â®¤ë ¢¥à®ïâ−®áâ−®£® (�−�«¨â¨ç¥áª®£®) ¬®¤¥«¨à®¢�−¨ï −¥ï¢-
−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ ¯®¤à®¡−® à�áá¬®âà¥−ë ¢ [1{7]. �®íâ®¬ã ®£à�−¨-
ç¨¬áï Œ‘Œ ¤«ï −¥ï¢−ëå −¥¯à¥àë¢−®-¤¨áªà¥â−ëå á¨áâ¥¬.

�¡®¡é�ï à¥§ã«ìâ�âë [13] −� á«ãç�© ¯à¨¢¥¤¥−−ëå −¥¯à¥àë¢−®-¤¨áªà¥â−ëå
ãà�¢−¥−¨© (14), (15) ¨ (17), ¯à¨¤¥¬ ª á«¥¤ãîé¥¬ã à¥§ã«ìâ�âã (â¥®à¥¬� 5.1):

�Yn+1 = ϕn

(

�Yn

)

+ ψn

(

�Yn

)

Vn, �Yn = �Y
′

n + �Y
′′

n ; ā
(

�Yn,Xn

)

= 0 ,

£¤¥ ¨á¯®«ì§®¢�−ë ¤®¯ãé¥−¨ï ¨ ®¡®§−�ç¥−¨ï, ¯à¨−ïâë¥ ¢ â¥®à¥¬¥ 4.1.
‘®®â¢¥âáâ¢ãîé¥¥ ®¡®¡é¥−¨¥ −� á«ãç�© £�ãáá®¢ëå ¨ ¯ã�áá®−®¢ëå ‘‚ ¢ (17)

−¥¬¥¤«¥−−® ¯®«ãç�¥âáï ¯ãâ¥¬ à�áè¨à¥−¨ï ¢¥ªâ®à� Vn á«¥¤ãîé¨¬ ®¡à�§®¬:

Vn =
[

V ′T
1n V

′

2n · · ·V ′

N+1,nV
′′T
1n V

′′

2n · · ·V ′′

N+1,n

]T
.

�−�«®£¨ç−® ä®à¬ã«¨àãîâáï à¥§ã«ìâ�âë ¤«ï ãà�¢−¥−¨ï (16).
�á®¡ë© ¯à�ªâ¨ç¥áª¨© ¨−â¥à¥á ¤«ï −¥£«�¤ª¨å −¥ï¢−ëå −¥¯à¥àë¢−®-¤¨áªà¥â-

−ëå äã−ªæ¨© ¯à¥¤áâ�¢«ï¥â Œ�� ¤«ï �¤¤¨â¨¢−ëå £�ãáá®¢áª¨å ¨ ¯ã�áá®−®¢ëå
èã¬®¢, ª®£¤� b(Y, t) = b0(t) ¨ ci(Y, t) = ci0(t). ‚ íâ®¬ á«ãç�¥, ª�ª ¨ ¢ â¥®à¥¬¥ 4.2,
¯à¨¢¥¤¥−−ë¥ ãà�¢−¥−¨ï ¡ã¤ãâ «¨−¥©−ë¬¨ á ª®íää¨æ¨¥−â�¬¨, §�¢¨áïé¨¬¨ ®â
¢¥ªâ®à®¢ ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ¢¥ªâ®à®¢ Y ′

¨ Y ′′.
�®«¥¥ â®ç−ë¥ ãà�¢−¥−¨ï ¯®«ãç�îâáï −� ¯¥à¢®¬ íâ�¯¥ ¯ãâ¥¬ ¯®«¨−®¬¨�«ì−®©

�¯¯à®ªá¨¬�æ¨¨ ¨ −� ®á−®¢¥ ¬¥â®¤®¢ ¯�à�¬¥âà¨§�æ¨¨ à�á¯à¥¤¥«¥−¨©.

6 Пример

÷�áá¬®âà¨¬ áª�«ïà−ãî £�ãáá®¢áªãî ¨−â¥£à®-¤¨ää¥à¥−æ¨�«ì−ãî ‘â‘
(ˆ„‘â‘), −¥ à�§à¥è¥−−ãî ®â−®á¨â¥«ì−® ¯à®¨§¢®¤−®©, ¢¨¤�

t
∫

t0

e−α(t−τ)ϕ( ‘Xτ ) dτ = a0 + aX + bU ; (18)

‘U = γU + V1. (19)

‡¤¥áì a0, a, b ¨ γ | ¯®áâ®ï−−ë¥; V1| £�ãáá®¢áª¨© ¡¥«ë© èã¬ ¨−â¥−á¨¢−®áâ¨ ν1.
�®«ãç¨¬ ãà�¢−¥−¨ï Œ‚Œ.

‚ë¯®«−¨¬ á ˆ„‘â‘ (18) á«¥¤ãîé¨¥ ¯à¥®¡à�§®¢�−¨ï.
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1. ‚¢¥¤¥¬ ¯¥à¥¬¥−−ë¥ X1 = X, X2 = ‘X1 ¨ X3 = U . ‡�¬¥−¨¬ −¥«¨−¥©−ãî

äã−ªæ¨î ϕ( ‘X1) = ϕ(X2) áâ�â¨áâ¨ç¥áª¨ «¨−¥�à¨§®¢�−−®©:

ϕ(X2) ≈ “ϕ0 + kϕ
1X2,

£¤¥ kϕ
1 = ∂ϕ0/∂m

X2.

2. ‚¢¥¤¥¬ ¢á¯®¬®£�â¥«ì−ãî ¯¥à¥¬¥−−ãî X4 á®£«�á−® ãà�¢−¥−¨î

1

α
X4 =

t
∫

t0

e−α(t−τ) ( “ϕ0τ + k
ϕ
1τX2τ ) dτ. (20)

�®«ì§ãïáì ä®à¬ã«®© ¤¨ää¥à¥−æ¨à®¢�−¨ï ¨−â¥£à�«�, §�¢¨áïé¥£® ®â ¯�à�-
¬¥âà�,

d

dλ

v(λ)
∫

u(λ)

∂

∂λ
f(X,λ) dX + f(v(λ), λ)

dv

dλ
− f (u(λ), λ)

du

dλ
,

§�ª«îç�¥¬, çâ® X4 ã¤®¢«¥â¢®àï¥â ¤¨ää¥à¥−æ¨�«ì−®¬ã ãà�¢−¥−¨î

‘X4 = −α (X4 − “ϕ0 − kϕ
1X2) . (21)

3. �¥à¥¯¨è¥¬ (18) ¨ (19) á ãç¥â®¬ (20) ¢ ¢¨¤¥:

a0 + aX1 + bX3 −
1

α
X4 = 0 ; (22)

‘X3 = γX3 + V1 ≡ a33X3 + V1. (23)

4. �à®¤¨ää¥à¥−æ¨àã¥¬ (21) ®¤¨− à�§:

a ‘X1 + b ‘X3 −
1

α
‘X4 = 0, (24)

� §�â¥¬ à�§à¥è¨¬ ãà�¢−¥−¨¥ ®â−®á¨â¥«ì−® X2 = ‘X1:

X2 =
1

a+ (1 + αb)kϕ
16

[−(1 + αb) “ϕ0 + αbX3 +X4] ≡ A20 +A
2
0X

′

3 +A
2
0X4.

‚ à¥§ã«ìâ�â¥ ˆ„‘â‘ (18) ¨ (19) ¡ã¤¥â §�¬¥−¥−� −� íª¢¨¢�«¥−â−ãî áâ�â¨áâ¨-
ç¥áª¨ «¨−¥�à¨§®¢�−−ãî á¨áâ¥¬ã ãà�¢−¥−¨©, á®áâ®ïéãî ¨§ ãà�¢−¥−¨ï

‘X1 = X2

¨ ãà�¢−¥−¨© (21){(24).
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5. “¯à®áâ¨¬ ãà�¢−¥−¨ï (21) á ãç¥â®¬ (24), â®£¤� ¯®«ãç¨¬

‘X4 = −αX4 + α “ϕ0 +
αkϕ
1

a+ (1 + αb)kϕ
1

[−(1 + αb) “ϕ0 + αbX3 +X4] ≡

≡ a40 + a43X3 + a44X4. (25)

“à�¢−¥−¨ï (23) ¨ (25) ®â¤¥«ïîâáï ®â ãà�¢−¥−¨© ¤«ï X1 ¨ X2 ¢ á¨«ã (23)
¨ (24). �®«ì§ãïáì ä®à¬ã«�¬¨ â¥®à¨¨ «¨−¥©−ëå ‘â‘ [1, 2], ¯®«ãç¨¬ ¨áª®¬ë¥
ãà�¢−¥−¨ï ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ¢¥ªâ®à�

X34 = [X3X4]
T:

‘m34 = a340 + a
34m34;

‘K34 = a34K34 +K34
(

a34
)T
+ b34ν

(

b34
)T
.

‡¤¥áì ¢¢¥¤¥−ë ®¡®§−�ç¥−¨ï:

m34 =

[

m3
m4

]

; K34 =

[

D3 K34
K34 D4

]

; a34 =

[

a33 0
a43 a44

]

; b34 =

[

1
0

]

.

„«ï ¯¥à¥¬¥−−ëå X1 ¨ X2 ¢ á¨«ã (22), ¥á«¨ ãç¥áâì á®®â−®è¥−¨¥

X1 =
1

a

(

−a0 − bX3 +
1

α
X4

)

= A10 +A
1
3X3 +A

1
4X4,

¯®«ãç¨¬ ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ¢¥ªâ®à�

X12 = [X1X2]
T á«¥¤ãîé¨¥ ãà�¢−¥−¨ï:

‘m12 = a120 + a
12m12 = 0 ;

‘K12 = a12K12 +K12(a12)T,

£¤¥

a120 =

[

A10
A20

]

; a12 =

[

A113 A
1
14

A213 A
2
14

]

.

‚ á¨«ã §�¢¨á¨¬®áâ¨ ϕ0 ¨ kϕ
1 ®â mX2 ¨ DX2 ¯®«ãç¥−−ë¥ á¨áâ¥¬ë ãà�¢−¥−¨©

Œ‚Œ ¢§�¨¬®á¢ï§�−ë ¨ à¥è�îâáï ç¨á«¥−−® áâ�−¤�àâ−ë¬¨ ¬¥â®¤�¬¨ ç¨á«¥−−®£®
�−�«¨§�. �à®¢¥¤¥−−®¥ áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ ¯®¤â¢¥à¦¤�¥â ª�ç¥áâ¢¥−-
−ë¥ ¨ ª®«¨ç¥áâ¢¥−−ë¥ ¯®«ãç¥−−ë¥ Œ‚Œ à¥§ã«ìâ�âë: −¥ç¥â−�ï §�¢¨á¨¬®áâì ®â
áâ�àè¥© ¯à®¨§¢®¤−®© ¨ íà¥¤¨â�à−®áâ¨ ¯à¨¢®¤¨â ª á−¨¦¥−¨î ¬�â¥¬�â¨ç¥áª®-
£® ®¦¨¤�−¨ï ¨ ¤¨á¯¥àá¨¨, � ç¥â−�ï | ª ¤®¯®«−¨â¥«ì−®¬ã á¨áâ¥¬�â¨ç¥áª®¬ã
¨ ä«ãªâã�æ¨®−−®¬ã á¬¥é¥−¨î ¨ ¤à¥©äã.
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7 Заключение

÷�§à�¡®â�−ë Œ‚Œ ¨ Œ‘Œ −¥ï¢−ëå −¥¯à¥àë¢−ëå (¤¨ää¥à¥−æ¨�«ì−ëå)
¨ −¥¯à¥àë¢−®-¤¨áªà¥â−ëå �‘â‘, ¯à¨¢®¤¨¬ëå ª ¤¨ää¥à¥−æ¨�«ì−ë¬, ¤«ï £«�¤-
ª¨å ¨ −¥£«�¤ª¨å −¥ï¢−ëå äã−ªæ¨© à�§«¨ç−®© â®ç−®áâ¨. �à¨¢¥¤¥− ¨««îáâà�â¨¢-
−ë© ¯à¨¬¥à.

‘à¥¤¨ −�¯à�¢«¥−¨© à�§¢¨â¨ï Œ‚Œ ¨ Œ‘Œ á«¥¤ã¥â à�§¢¨¢�âì ª®¬¡¨−¨à®-
¢�−−ë¥ ¬¥â®¤ë, ®á−®¢�−−ë¥ −� ¯�à�¬¥âà¨§�æ¨¨ à�á¯à¥¤¥«¥−¨©. ‘«¥¤ã¥â ®â¬¥â¨âì
¨á¯®«ì§®¢�−¨¥ ¤àã£¨å ¬¥â®¤®¢ ¯à¨¢¥¤¥−¨ï äã−ªæ¨®−�«ì−®-¤¨ää¥à¥−æ¨�«ì−ëå
ãà�¢−¥−¨© �‘â‘, ®¯¨á�−−ëå ¢ [17, 18]. �� ®ç¥à¥¤¨ áâ®ïâ ¢®¯à®áë à�§à�¡®âª¨
¬¥â®¤®¢ ®æ¥−¨¢�−¨ï ¨ ã¯à�¢«¥−¨ï ¢ −¥ï¢−ëå �‘â‘.
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Abstract: The paper is devoted to probabilistic and statistical modeling methods
of stochastic processes (StP) in continuous and continuous-discrete implicit
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hereditary stochastic systems (StS). A survey of methods for probabilistic mod-
eling (MPM) and methods for statistical modeling (MSM) in hereditary StS
(HStS) is given. Basic differential implicit HStS are considered. Two practical
methods of implicit HStS reduction to differential StS are presented. For smooth
and nonsmooth implicit functions, MPM based on the normal approximation
method are given for various stages of reduction. Stationary and nonstationary
StP are considered. Numerical MSM of various accuracy for reducible dif-
ferential HStS are considered. Both MPM and MSM for systems described
by continuous-discrete implicit equations are given. An illustrative example for
scalar integrodifferential with smooth and nonsmooth implicit HStS is presented.
Basic conclusions and directions for future investigations are discussed.

Keywords: hereditary stochastic system (HStS); implicit stochastic system;
method of probabilistic modeling (MPM); method of statistical modeling (MSM);
stochastic process (StP)
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�−−®â�æ¨ï: ÷�§à�¡®â�− −®¢ë© ¬¥â®¤ á¨−â¥§� ®¯â¨¬�«ì−®© «¨−¥©−®© áâ®å�-
áâ¨ç¥áª®© á¨áâ¥¬ë (‘â‘) ¯® ªà¨â¥à¨î ¬¨−¨¬ã¬� áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨
(‘Š�) á ¯à¨¬¥−¥−¨¥¬ −¥©à®á¥â¥¢ëå â¥å−®«®£¨©. �� ¢å®¤ á¨áâ¥¬ë ¯®¤�¥âáï
®¤−®¬¥à−ë© ¢å®¤−®© á¨£−�« ¢ ¢¨¤¥ áã¬¬ë ¯®«¥§−®£® á¨£−�«� ¨ �¤¤¨â¨¢-
−®© £�ãáá®¢áª®© ¯®¬¥å¨, −¥§�¢¨á¨¬®© ®â á«ãç�©−ëå ¯�à�¬¥âà®¢ ¯®«¥§−®£®
á¨£−�«�. �� ¢ëå®¤¥ á¨áâ¥¬ë âà¥¡ã¥âáï ¯®«ãç¨âì ¨§¢¥áâ−®¥ ¯à¥®¡à�§®¢�−¨¥
¯®«¥§−®£® á¨£−�«�. �à¥¤«�£�¥âáï �àå¨â¥ªâãà� âà¥åá«®©−®© ¢¥©¢«¥â-−¥©à®−-
−®© á¥â¨ (‚�‘) á ®¤−¨¬ áªàëâë¬ á«®¥¬. ”ã−ªæ¨¨ �ªâ¨¢�æ¨¨ áªàëâ®£® á«®ï
§�¤�îâáï −� ®á−®¢¥ ¢ë¡à�−−®£® ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬-
¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨. �«£®à¨â¬ ®¡ãç¥−¨ï á ®¡à�â−ë¬ à�á¯à®áâà�−¥−¨¥¬
®è¨¡ª¨ ¬¥â®¤®¬ −�¨áª®à¥©è¥£® á¯ãáª� ¨á¯®«ì§ã¥âáï ¢ ¯à®æ¥áá¥ äã−ªæ¨®−¨-
à®¢�−¨ï ‚�‘. �®áâà®¥− ‘Š�-®¯â¨¬�«ì−ë© ®¯¥à�â®à á¨áâ¥¬ë. �®«ãç¥−�
ä®à¬ã«� ¤«ï ‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® áâ®å�áâ¨ç¥áª®£® ¯à®æ¥áá�
(‘â�) ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨©. �à¨¢¥¤¥−
¨««îáâà�â¨¢−ë© ¯à¨¬¥à.

Š«îç¥¢ë¥ á«®¢�: ¢¥©¢«¥â; ¢¥©¢«¥â-−¥©à®−−�ï á¥âì; ª�−®−¨ç¥áª®¥ à�§«®¦¥-
−¨¥; ¬®¤¥«¨à®¢�−¨¥; ®¯â¨¬�«ì−�ï ®æ¥−ª�; ®¯â¨¬�«ì−ë© ®¯¥à�â®à; áà¥¤−¥ª¢�-
¤à�â¨ç−�ï ®æ¥−ª�; áâ®å�áâ¨ç¥áª¨© ¯à®æ¥áá; áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬�
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1 Введение

‚ §�¤�ç�å �−�«¨§� ¨ ®¡à�¡®âª¨ ‘â� ã¤®¡−® ¯à¨¬¥−ïâì ª�−®−¨ç¥áª¨¥ à�§-
«®¦¥−¨ï (Š÷), ª®â®àë¥ ¯à¥¤áâ�¢«ïîâ ‘â� ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¤¥-
â¥à¬¨−¨à®¢�−−ëå äã−ªæ¨© á® á«ãç�©−ë¬¨ ª®íää¨æ¨¥−â�¬¨ [1, 2]. ‚ [3, 4]

∗÷�¡®â� ¢ë¯®«−ï«�áì á ¨á¯®«ì§®¢�−¨¥¬ ¨−äà�áâàãªâãàë –¥−âà� ª®««¥ªâ¨¢−®£® ¯®«ì§®¢�−¨ï
ú‚ëá®ª®¯à®¨§¢®¤¨â¥«ì−ë¥ ¢ëç¨á«¥−¨ï ¨ ¡®«ìè¨¥ ¤�−−ë¥û (–Š� úˆ−ä®à¬�â¨ª�û) ”ˆ– ˆ“
÷�� (£. Œ®áª¢�).
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ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

¯à¥¤«®¦¥− à¥ªãàà¥−â−ë© ¬¥â®¤ ¯®áâà®¥−¨ï Š÷ ‘â�, §�¤�−−®£® −� ª®−¥ç−®¬
¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¥©,
−� ®á−®¢¥ ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ (¤�-
«¥¥ | ‚‹Š÷). ‚ [5] ¯®áâà®¥−® Š÷ ‘â� −� ®á−®¢¥ ‚�‘ (¤�«¥¥ | Š÷‚�‘).
Š�−®−¨ç¥áª®¥ à�§«®¦¥−¨¥ ‘â� −� ®á−®¢¥ ‚�‘ ¯à¥¤áâ�¢«ï¥â ‘â� ¢ ¢¨¤¥ «¨−¥©-
−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨© á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ [6], çâ®
ã¯à®é�¥â ¢ë¯®«−¥−¨¥ à�§«¨ç−ëå ¬�â¥¬�â¨ç¥áª¨å ®¯¥à�æ¨© −�¤ ‘â�.

�� ¯à�ªâ¨ª¥ ç�áâ® ¢®§−¨ª�¥â §�¤�ç� ¯à®¥ªâ¨à®¢�−¨ï á¨áâ¥¬ë, ®¡«�¤�îé¥©
−�¨¡®«ìè¥© ¢®§¬®¦−®© â®ç−®áâìî ¯à¨ §�¤�−−ëå ãá«®¢¨ïå. ’�ª¨¥ á¨áâ¥¬ë −�-
§ë¢�îâáï ®¯â¨¬�«ì−ë¬¨ á â®çª¨ §à¥−¨ï ¢ë¡à�−−®£® ªà¨â¥à¨ï ®¯â¨¬�«ì−®áâ¨.
÷�§¢¨â¨¥¬ ¬¥â®¤®¢ −¥¯®áà¥¤áâ¢¥−−®£® ®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−ëå á¨áâ¥¬ §�−¨¬�-
¥âáï â¥®à¨ï ®¯â¨¬�«ì−ëå á¨áâ¥¬. ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� ¬®¦−® ¯à¨¢¥áâ¨ §�¤�çã
¯à®¥ªâ¨à®¢�−¨ï ®¯â¨¬�«ì−®© á«¥¤ïé¥© á¨áâ¥¬ë, ¯à¥¤−�§−�ç¥−−®© ¤«ï ¢®á¯à®-
¨§¢¥¤¥−¨ï −¥ª®â®à®© ¯¥à¥¬¥−−®© ¢¥«¨ç¨−ë. �ç¥¢¨¤−®, çâ® ¯®¤®¡−ë¥ §�¤�ç¨
�ªâã�«ì−ë ¢á¥£¤�, ¯®íâ®¬ã ¥áâ¥áâ¢¥−−® ¤«ï ¨å à¥è¥−¨ï ¬�ªá¨¬�«ì−® ¨á¯®«ì§®-
¢�âì ¯®á«¥¤−¨¥ ¤®áâ¨¦¥−¨ï à�§«¨ç−ëå à�§¤¥«®¢ ¬�â¥¬�â¨ª¨.

‚ [7{10] −� ®á−®¢¥ ‚‹Š÷ ¯®áâà®¥−ë «¨−¥©−ë¥ ®¯¥à�â®àë, ®¯â¨¬�«ì−ë¥ ¯®
ªà¨â¥à¨î ¬¨−¨¬ã¬� ‘Š� ¨ á«®¦−®-áâ�â¨áâ¨ç¥áª®¬ã ªà¨â¥à¨î, ¢ ¢¨¤¥ −�¡®à®¢
ä®à¬�«ì−ëå ¯à�¢¨«, ®¯¨áë¢�îé¨å à¥�ªæ¨î ®¯¥à�â®à� á¨áâ¥¬ë −� ¡�§¨á−ë¥
¢¥©¢«¥â-äã−ªæ¨¨. ��¡®à ä®à¬�«ì−ëå ¯à�¢¨« §�¤�¥âáï ¯®á«¥ à¥è¥−¨ï á¨áâ¥¬ë
«¨−¥©−ëå �«£¥¡à�¨ç¥áª¨å ãà�¢−¥−¨© (‘‹�“), ª®â®à�ï ¢ë¯¨áë¢�¥âáï −� ®á−®¢¥
§�¤�−−®£® ®¯¥à�â®à−®£® ãà�¢−¥−¨ï, á¢ï§ë¢�îé¥£® ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î
¢å®¤−®£® á¨£−�«� á¨áâ¥¬ë ¨ á®¢¬¥áâ−ãî ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î ¢å®¤−®£®
¨ ¢ëå®¤−®£® á¨£−�«®¢ á¨áâ¥¬ë.

‚ à�¡®â�å [11{14] ®¯¨á�−® à¥è¥−¨¥ §�¤�ç¨ á¨−â¥§� ®¯â¨¬�«ì−®© ¯® ¡�©¥-
á®¢ã ªà¨â¥à¨î (�Š) −¥áâ�æ¨®−�à−®© «¨−¥©−®© ‘â‘, ®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨
‚. ‘. �ã£�çñ¢�, ¬¥â®¤®¬ ‚‹Š÷. �� ¢å®¤ á¨áâ¥¬ë ¯®áâã¯�¥â ‘â� ¢ ¢¨¤¥ ¯®«¥§-
−®£® á¨£−�«� ¨ �¤¤¨â¨¢−®© −®à¬�«ì−® à�á¯à¥¤¥«¥−−®© ¯®¬¥å¨. ‚ëå®¤−®© á¨£−�«
á®¤¥à¦¨â §�¤�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯®«¥§−®£® á¨£−�«� ¨ �¤¤¨â¨¢−ãî −®à¬�«ì−®
à�á¯à¥¤¥«¥−−ãî á«ãç�©−ãî ¯®¬¥åã. �æ¥−ª� ¢ëå®¤−®£® ‘â�, ®¯â¨¬�«ì−�ï ¯®
�Š, −�å®¤¨âáï ¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï §�¤�−−®© äã−ª-
æ¨¨ ¯®â¥àì. �� ®á−®¢¥ ‚‹Š÷ á«ãç�©−ëå ¯®¬¥å ¯®«ãç¥−� ä®à¬ã«� ¤«ï ãá«®¢−®©
¯«®â−®áâ¨ ¢¥à®ïâ−®áâ¨ ¢ëå®¤−®£® ‘â� ®â−®á¨â¥«ì−® ¢å®¤−®£® ‘â�, −�¡«î-
¤�¥¬®£® −� ª®−¥ç−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨. „«ï ¯®áâà®¥−¨ï �Š-®¯â¨¬�«ì−®©
®æ¥−ª¨ ¢ëå®¤−®£® ‘â� −¥®¡å®¤¨¬® à¥è¨âì §�¤�çã ¢�à¨�æ¨®−−®£® ¨áç¨á«¥−¨ï
�−�«¨â¨ç¥áª¨ ¨«¨ ¯à¨¡«¨¦¥−−®.

‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤«�£�¥âáï à¥è¥−¨¥ §�¤�ç¨ á¨−â¥§� ‘Š�-®¯â¨¬�«ì-
−®© −¥áâ�æ¨®−�à−®© «¨−¥©−®© ‘â‘, ®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�,
á ¯à¨¬¥−¥−¨¥¬ −¥©à®á¥â¥¢ëå â¥å−®«®£¨© [15{17], ª®â®àë¥ ¯®§¢®«ïîâ à¥è¨âì
§�¤�çã ¡¥§ −�å®¦¤¥−¨ï ¯«®â−®áâ¨ ¢¥à®ïâ−®áâ¨ ¢ëå®¤−®£® ‘â� á¨áâ¥¬ë [11{14]
¨«¨ ¡¥§ ¢ë¯¨áë¢�−¨ï ‘‹�“ [7{10].

‚ à�§¤. 2 ¯à¨¢¥¤¥−� ¯®áâ�−®¢ª� §�¤�ç¨. ‚ à�§¤. 3 ¯à¨¢¥¤¥−® ®¯¨á�−¨¥
¨ ®¡®á−®¢�−¨¥ ¬¥â®¤� ¯®áâà®¥−¨ï Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨ ¨§ á®áâ�¢� ¢å®¤−®£®
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�¥©à®á¥â¥¢®© á¨−â¥§ ®¯â¨¬�«ì−®© «¨−¥©−®© ‘â‘ ¯® ªà¨â¥à¨î ¬¨−¨¬ã¬� ‘Š�

á¨£−�«� á¨áâ¥¬ë. ‚ à�§¤. 4 ¤�−® ®¯¨á�−¨¥ ¨ ®¡®á−®¢�−¨¥ ¯à®æ¥áá� ¬®¤¥«¨à®¢�−¨ï
¢å®¤−®£® á¨£−�«� −� ®á−®¢¥ Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨ ¨§ ¥£® á®áâ�¢�. ÷�§¤¥« 5
¯®á¢ïé¥− �«£®à¨â¬ã −�å®¦¤¥−¨ï ‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� −¥-
áâ�æ¨®−�à−®© «¨−¥©−®© ‘â‘ −� ®á−®¢¥ âà¥åá«®©−®© ‚�‘ á ®¤−¨¬ áªàëâë¬
á«®¥¬. ”ã−ªæ¨¨ �ªâ¨¢�æ¨¨ áªàëâ®£® á«®ï áâà®ïâáï −� ®á−®¢¥ ®àâ®−®à¬¨à®¢�−-
−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨, ¢ë¡à�−−®£® ¤«ï ¯®áâà®¥−¨ï
Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨ ¨§ á®áâ�¢� ¢å®¤−®£® ‘â� á¨áâ¥¬ë. �¡ãç¥−¨¥ ‚�‘
á ®¡à�â−®© á¢ï§ìî ®áãé¥áâ¢«ï¥âáï ¬¥â®¤®¬ −�¨áª®à¥©è¥£® á¯ãáª�. ‚ à�§¤. 6
¯à¨¢¥¤¥− ¨««îáâà�â¨¢−ë© ¯à¨¬¥à.

2 Постановка задачи

�ãáâì áâ®å�áâ¨ç¥áª¨¥ ®¤−®¬¥à−ë¥ ¤¥©áâ¢¨â¥«ì−ë¥ ‘â� Z(t) ¨ W (t) (t ∈
∈ [t0, tk]) §�¤�−ë −� ¢¥à®ïâ−®áâ−®¬ ¯à®áâà�−áâ¢¥ (L2[t0, tk],A,P). ‡¤¥áì
L2[t0, tk]| £¨«ì¡¥àâ®¢® ¯à®áâà�−áâ¢® äã−ªæ¨© ξ(t) (t ∈ [t0, tk]) á −®à¬®©

‖ξ‖ =





tk
∫

t0

|ξ(t)|2 dt





1/2

;

A | σ-�«£¥¡à� ¢ L2[t0, tk]; P(ξ)| ¢¥à®ïâ−®áâì á®¡ëâ¨ï ξ.
÷�áá¬®âà¨¬ ‘â‘, ®¯¨áë¢�¥¬ãî ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�. �� ¢å®¤

‘â‘ ¯®áâã¯�¥â ‘â� Z(t) ¢ ¢¨¤¥ áã¬¬ë ¯®«¥§−®£® á¨£−�«� S(t) ¨ −®à¬�«ì−®
à�á¯à¥¤¥«¥−−®© á«ãç�©−®© ¯®¬¥å¨ X(t) á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬
¨ ¨§¢¥áâ−®© ª®¢�à¨�æ¨®−−®© äã−ªæ¨¥©

KX(t1, t2) = M
[

X(t1)X(t2)
]

(t1, t2 ∈ [t0, tk]) ,

KX(t1, t2) ∈ L
2 ([t0, tk]× [t0, tk]) .

�®«¥§−ë© á¨£−�« S(t) ¯à¥¤áâ�¢«ï¥â á®¡®© «¨−¥©−ãî ª®¬¡¨−�æ¨î §�¤�−−ëå

á«ãç�©−ëå ¯�à�¬¥âà®¢ Ur (r = 1, NU ):

S(t) =

NU
∑

r=1

Urξr(t) ,

£¤¥ ξ1(t), . . . , ξNU
(t) | ¨§¢¥áâ−ë¥ áâàãªâãà−ë¥ äã−ªæ¨¨; ξ1(t), . . . , ξNU

(t) ∈
∈ L2[t0, tk]; U = [U1 U2 · · ·UNU

]T | NU -¬¥à−�ï á«ãç�©−�ï ¢¥«¨ç¨−� (‘‚) á §�-
¤�−−®© ¯«®â−®áâìî ¢¥à®ïâ−®áâ¨ f(u), −¥ §�¢¨áïé�ï ®â á«ãç�©−®© ¯®¬¥å¨ X(t).
ˆâ�ª, ¢å®¤−®© ‘â� ¨¬¥¥â ¢¨¤:

Z(t) =

NU
∑

r=1

Urξr(t) +X(t) . (1)
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�� ¢ëå®¤¥ á¨áâ¥¬ë âà¥¡ã¥âáï ¯®«ãç¨âì ‘â� W (t), ¯à¥¤áâ�¢«ïîé¨© á®¡®©
§�¤�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯®«¥§−®£® á¨£−�«� W (t) = Pt[S(t)]:

W (t) =

NU
∑

r=1

Urζr(t) .

‡¤¥áì ζ1(t), . . . , ζNU
(t) | â�ª¦¥ ¨§¢¥áâ−ë¥ äã−ªæ¨¨, ζ1(t), . . . , ζNU

(t) ∈
∈ L2[t0, tk].

’à¥¡ã¥âáï −�©â¨ ®¯â¨¬�«ì−ãî ‘â‘ á ®¯¥à�â®à®¬ P ∗

t , ¢ëå®¤−®© ‘â� ª®â®-
à®© W ∗(t) = P ∗

t [Z(t)] ®¡¥á¯¥ç¨¢�« ¡ë ¬¨−¨¬ã¬ ª¢�¤à�â¨ç−®£® äã−ªæ¨®−�«�
minM

[

(W (t)−W ∗(t))2
]

. ‘¨áâ¥¬ã á ®¯¥à�â®à®¬ P ∗

t , ®¡¥á¯¥ç¨¢�îé¨¬ ¬¨−¨¬ã¬
íâ®£® äã−ªæ¨®−�«�, ¡ã¤¥¬ −�§ë¢�âì ®¯â¨¬�«ì−®© ¯® ªà¨â¥à¨î ¬¨−¨¬ã¬� ‘Š�
‘â‘ (¤�«¥¥ | ‘Š�-®¯â¨¬�«ì−®© ‘â‘), � W ∗(t)| ‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª®©
‘â� W (t).

„«ï ¯à¨¬¥−¥−¨ï â¥å−®«®£¨¨ ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥© (ˆ�‘) −�¤®

á¬®¤¥«¨à®¢�âì NZ −¥§�¢¨á¨¬ëå à¥�«¨§�æ¨© ¢å®¤−®£® ‘â� {zi(t)}NZ

i=1, −�¡«î¤�-
¥¬®£® −� §�¤�−−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [t0, tk], ¨ á®®â¢¥âáâ¢ãîé¥¥ ¨¬ ¬−®¦¥áâ¢®

−¥§�¢¨á¨¬ëå §−�ç¥−¨© ¢ëå®¤−®£® ‘â� {wi(t)}NZ

i=1. ‚ ®â¢¥â −� ª�¦¤ãî à¥�«¨-
§�æ¨î ¢å®¤−®£® ‘â� zi(t) ‘Š�-®¯â¨¬�«ì−�ï ‘â‘ ¢ë¤�¥â ®æ¥−ªã w∗

i (t). ’®£¤�
á®£«�á−® §�ª®−ã ¡®«ìè¨å ç¨á¥« ®æ¥−ª� M[(W (t) − W ∗(t))2] ¢ëç¨á«ï¥âáï ¯®
ä®à¬ã«¥:

E(t) =
1

N

NZ
∑

i=1

(wi(t)− w∗

i (t))
2 .

Œ®¤¥«ì ¢å®¤−®£® ‘â� Z(t) áâà®¨âáï −� ®á−®¢¥ Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨
X(t) [5].

3 Построение канонического разложения стохастического процесса
на основе вейвлет-нейронной сети случайной помехи X(t)

÷¥�«¨§�æ¨¨x(t) á«ãç�©−®© ¯®¬¥å¨X(t) ¯à¨−�¤«¥¦�â ¯à®áâà�−áâ¢ã L2[t0, tk].
‚ ¯à®áâà�−áâ¢¥ L2[t0, tk] §�¤�¤¨¬ ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢¥©¢«¥â®¢ á ª®¬¯�ªâ-
−ë¬¨ −®á¨â¥«ï¬¨ ¢¨¤�

{ϕ00(t), ψjk(t)} , (2)

£¤¥ ϕ00(t) = ϕ(t) | ¬�áèâ�¡¨àãîé�ï äã−ªæ¨ï; ψ00(t) = ψ(t) | ¬�â¥à¨−áª¨©

¢¥©¢«¥â, ψjk(t) =
√
2j ψ(2jt − k) | ¢¥©¢«¥âë ãà®¢−ï j (j = 1, 2, . . .; k =

= 0, 1, 2j − 1). „«ï ã¤®¡áâ¢� ¯à¥¤áâ�¢¨¬ ¢¥©¢«¥â-¡�§¨á (2) ¢ ¢¨¤¥

g1(t) = ϕ00(t), g2(t) = ψ00(t) ;

gυ(t) = ψjk(t) , j = 1, 2, . . . ; k = 0, 1, 2j − 1 ; υ = 2j + k + 1 . (3)
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Š�−®−¨ç¥áª®¥ à�§«®¦¥−¨¥ ‘â� −� ®á−®¢¥ ‚�‘ á«ãç�©−®© ¯®¬¥å¨X(t) ¡ã¤¥¬
¨áª�âì ¢ ¢¨¤¥

X(t) =
∞
∑

υ=1

Vυgυ(t) , (4)

£¤¥ Vυ | −¥ª®àà¥«¨à®¢�−−ë¥ ‘‚ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨
¨ ¤¨á¯¥àá¨ï¬¨ Dυ. ‘®£«�á−® ¯àï¬®© â¥®à¥¬¥ �ã£�çñ¢�, Š÷ (4) á®®â¢¥âáâ¢ã¥â Š÷
ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨

KX(t1, t2) =
∞
∑

υ=1

Dυgυ(t1)gυ(t2). (5)

ˆ ®¡à�â−®, á®£«�á−® ®¡à�â−®© â¥®à¥¬¥ �ã£�çñ¢�, Š÷ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ (5)
á®®â¢¥âáâ¢ã¥â Š÷ á«ãç�©−®© ¯®¬¥å¨ X(t) (4).

��à�¬¥âàë Š÷‚�‘ (4) á«ãç�©−®© ¯®¬¥å¨ X(t) ã¤®¢«¥â¢®àïîâ á®®â−®è¥−¨-
ï¬ [2]:

Vυ =

tk
∫

t0

av(t)X(t) dt ; (6)

gυ(t) =
1

Dυ

tk
∫

t0

KX(t, τ)aυ(τ) dτ ; (7)

tk
∫

t0

gυ(τ)aµ(τ) dτ = δυµ ,

£¤¥ äã−ªæ¨¨ aµ(t) −�å®¤ïâáï ¨§ ãá«®¢¨ï −¥ª®àà¥«¨à®¢�−−®áâ¨ ‘‚ Vυ. �à¨
¯®¤áâ�−®¢ª¥ (4) ¢ (6) ¨ (5) ¢ (7) ¯®«ãç�¥¬

aµ(t) = gµ(t) .

„«ï ¯®áâà®¥−¨ï Š÷‚�‘ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨KX(t1, t2) ¢ ¯à®áâà�−áâ¢¥
L2([t0, tk] × [t0, tk]) ®¯à¥¤¥«¨¬ ¤¢ã¬¥à−ë© ®àâ®−®à¬¨à®¢�−−ë© ¢¥©¢«¥â-¡�§¨á
¢ ¢¨¤¥ â¥−§®à−®£® ¯à®¨§¢¥¤¥−¨ï ¤¢ãå ¢¥©¢«¥â-¡�§¨á®¢ ¢¨¤� (2) ¤«ï á«ãç�ï, ª®£¤�
¬�áèâ�¡¨à®¢�−¨¥ ¯® ®¡¥¨¬ ¯¥à¥¬¥−−ë¬ ¯à®¨áå®¤¨â ®¤¨−�ª®¢®:

�A(t1, t2) = ϕ00(t1)ϕ00(t2); ā
H(t1, t2) = ϕ00(t1)ψ00(t2) ;

āB(t1, t2) = ψ00(t1)ϕ00(t2); ā
D
jkn(t1, t2) = ψjk(t1)ψjn(t2) ,

£¤¥ j = 1, 2, . . .; k, n = 0, 1, 2j − 1.
ˆ§ ãá«®¢¨ï KX(t1, t2) ∈ L2([t0, tk]× [t0, tk]) á«¥¤ã¥â, çâ®

‖KX(t1, t2)‖2 =





tk
∫

t0

tk
∫

t0

|KX(t1, t2)|2 dt1dt2





1/2

= const

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024 91



ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

¨ áãé¥áâ¢ã¥â ¥¤¨−áâ¢¥−−ë© ¢¥©¢«¥â-àï¤

axāA(t1, t2) + h
xāH(t1, t2) + b

xāB(t1, t2) +
∞
∑

j=1

2j−1
∑

k=0

2j−1
∑

n=0

dx
jknā

D
jkn(t1, t2), (8)

áå®¤ïé¨©áï ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ ª KX(t1, t2), ¯à¨ íâ®¬ ª®íää¨æ¨¥−âë ®¯à¥-
¤¥«ïîâáï ä®à¬ã«�¬¨:

ax =

tk
∫

t0

tk
∫

t0

KX(t1, t2)�
A(t1, t2) dt1dt2 ;

hx =

tk
∫

t0

tk
∫

t0

KX(t1, t2)ā
H(t1, t2) dt1dt2 ;

bx =

tk
∫

t0

tk
∫

t0

KX(t1, t2)ā
B(t1, t2) dt1dt2 ;

dx
jkn =

tk
∫

t0

tk
∫

t0

KX(t1, t2)ā
D
jkn(t1, t2) dt1dt2 .

…á«¨ ®â ¢¥©¢«¥â-¡�§¨á� (2) á ¬ã«ìâ¨¨−¤¥ªá®¬ ¯¥à¥©â¨ ª ¢¥©¢«¥â-¡�§¨áã (3) á®
áª�«ïà−ë¬ ¨−¤¥ªá®¬, â® ¢¥©¢«¥â-àï¤ (8) ¯¥à¥¯¨è¥âáï ¢ ¢¨¤¥ ¢¥©¢«¥â-àï¤�

∞
∑

υ=1

∞
∑

µ=1

kυµgυ(t1)gµ(t2) (9)

á ª®íää¨æ¨¥−â�¬¨ k11 = ax, k12 = hx, k21 = bx, k22 = dx
000 ¨ kυµ = dx

jkn

(υ = 2j + k + 1; µ = 2j + n+ 1; j = 1, 2, . . .; k, n = 0, 1, 2j − 1).
‡�¤�¢ ¤«ï ¢¥©¢«¥â-¡�§¨á®¢ (2) ¨ (3) ¬�ªá¨¬�«ì−ë© ãà®¢¥−ì ¢¥©¢«¥â-à�§à¥è¥-

−¨ï J ¨ â¥¬ á�¬ë¬ ®£à�−¨ç¨¢ ª®«¨ç¥áâ¢® ¡�§¨á−ëå äã−ªæ¨© ç¨á«®¬ L = 2J+1,
�¯¯à®ªá¨¬¨àã¥¬ ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î ª®−¥ç−ë¬ ®âà¥§ª®¬ ¢¥©¢«¥â-àï¤�:

KL
X(t1, t2) =

L
∑

υ=1

kυυgυ(t1)gυ(t2). (10)

‘®£«�á−® à�¢¥−áâ¢ã ��àá¥¢�«ï,

‖KX(t1, t2)‖2 =
∞
∑

υ=1

∑∞

µ=1
k2υµ.
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�âáî¤�

∥

∥KX(t1, t2)−KL
X(t1, t2)

∥

∥

2
=

∞
∑

υ=1

∞
∑

µ=1

k2υµ −
L
∑

υ=1

k2υυ =

= ‖KX(t1, t2)‖2 −
L
∑

υ=1

k2υυ = ε(L) . (11)

ˆ§ ãá«®¢¨ï ‖KX(t1, t2)‖2 = const á«¥¤ã¥â, çâ® ®æ¥−ªã ®áâ�âª� ¢¥©¢«¥â-àï¤� ε(L)
¬®¦−® á¤¥«�âì áª®«ì ã£®¤−® ¬�«®© §� áç¥â ¢ë¡®à� L, â. ¥. ε(L) → 0 ¯à¨ L → ∞
¤«ï «î¡ëå t1, t2 ∈ [t0, tk].

ˆ§ −¥à�¢¥−áâ¢�

tk
∫

t0

tk
∫

t0

(

KX(t1, t2)−KL
X(t1, t2)

)2
dt1dt2 ≤ ε(L)

á«¥¤ã¥â, çâ® ¯®á«¥¤®¢�â¥«ì−®áâì äã−ªæ¨© KL
X(t1, t2) → KX(t1, t2) ¯à¨ L → ∞

¤«ï «î¡ëå t1, t2 ∈ [t0, tk], â. ¥. ¤«ï «î¡®£® εK = εK(L) > 0 áãé¥áâ¢ã¥â â�ª®¥
ç¨á«® L, à�¢−®¥ ª®«¨ç¥áâ¢ã ¡�§¨á−ëå äã−ªæ¨© (3), çâ® ¢ë¯®«−ï¥âáï −¥à�¢¥−áâ¢®

∣

∣KX(t1, t2)−KL
X(t1, t2)

∣

∣ ≤ εK(L).

„«ï −�å®¦¤¥−¨ï ¯à¨¡«¨¦¥−−ëå §−�ç¥−¨© ª®íää¨æ¨¥−â®¢ kυυ (υ = 1, L)
¢ à�§«®¦¥−¨¨ (10) ¢®á¯®«ì§ã¥¬áï â¥å−®«®£¨¥© ‚�‘. �æ¥−ªã −¥¨§¢¥áâ−ëå ª®íä-
ä¨æ¨¥−â®¢ kυυ ®¡®§−�ç¨¬ ç¥à¥§ DL

υ

(

υ = 1, L
)

¨ ¡ã¤¥¬ −�å®¤¨âì DL
υ

(

υ = 1, L
)

¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� ‘Š�:

min

(

KX(t1, t2)−
L
∑

υ=1

DL
υ gυ(t1)gυ(t2)

)2

.

‚ [5] à�§à�¡®â�−� �àå¨â¥ªâãà� âà¥åá«®©−®© ‚�‘. �ªâ¨¢�æ¨®−−ë¥ äã−ªæ¨¨
áªàëâ®£® á«®ï à�¢−ë gυ(t1)gυ(t2)(υ = 1, L). ‡�¤�ç� ¯®áâà®¥−¨ï Š÷ ª®¢�à¨�æ¨-
®−−®© äã−ªæ¨¨ KX(t1, t2) á¢®¤¨âáï ª §�¤�ç¥ �¯¯à®ªá¨¬�æ¨¨ äã−ªæ¨¨KX(t1, t2)
¢¥©¢«¥â-à�§«®¦¥−¨¥¬ (‚‹÷):

KL
X(t1, t2) =

L
∑

υ=1

DL
υ (t1)gυ(t1)gυ(t2). (12)

„«ï −�å®¦¤¥−¨ï −¥¨§¢¥áâ−ëå ¯�à�¬¥âà®¢ DL
υ (υ = 1, L) ¢ (12) §�¤�¥âáï ¬−®-

¦¥áâ¢® ¬�àª¨à®¢�−−ëå ¯à¨¬¥à®¢ {[ti1 ti2]T,KX(t
i
1, t

i
2)}N

i=1. ‘®£«�á−® §�ª®−ã
¡®«ìè¨å ç¨á¥«, ®æ¥−ª� ‘Š� ¢ (11) ¢ëç¨á«ï¥âáï ç¥à¥§ äã−ªæ¨î áâ®¨¬®áâ¨
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E
(

DL
υ

)

=
1

2N

N
∑

i=1

(

KX

(

ti1, t
i
2

)

−
L
∑

υ=1

DL
υ gυ

(

ti1
)

gυ

(

ti2
)

)2

. (13)

�¥¨§¢¥áâ−ë¥ ¯�à�¬¥âàëDL
υ (υ = 1, L) −�å®¤ïâáï ¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� äã−ªæ¨¨

áâ®¨¬®áâ¨ (13) ¯® ®â−®è¥−¨î ª ¢¥á®¢ë¬ ª®íää¨æ¨¥−â�¬ DL
υ (υ = 1, L) ¬¥â®¤®¬

−�¨áª®à¥©è¥£® á¯ãáª�. ˆáå®¤−ë¥ §−�ç¥−¨ï DL
υ (0) = 0 (υ = 1, L). „�«¥¥

§−�ç¥−¨ï DL
υ (n) (υ = 1, L) ¬¥−ïîâáï ¯à¨ ª�¦¤®© ¨â¥à�æ¨¨ n ¯® ä®à¬ã«¥

DL
υ (n+ 1) = D

L
υ (n)− ηgυ(n)

(

υ = 1, L
)

.

‡¤¥áì

gυ(n) = − 1
N

N
∑

i=1

gυ

(

ti1
)

gυ

(

ti2
)



KX

(

ti1, t
i
2

)

−
L
∑

µ=1

DL
µ (n)gµ

(

ti1
)

gµ

(

ti2
)





(

υ = 1, L
)

,

£¤¥ η = const | ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï, 0 < η < 1. �à®æ¥áá ®¡ãç¥−¨ï
‚�‘ ¯à®¢®¤¨âáï ®â ¨â¥à�æ¨¨ ª ¨â¥à�æ¨¨, ¯®ª� ¢¥á®¢ë¥ ª®íää¨æ¨¥−âë DL

υ (υ =
= 1, L) −¥ áâ�¡¨«¨§¨àãîâáï ®ª®«® §−�ç¥−¨ï DL∗

υ (υ = 1, L), � E(DL
υ (n)) −¥

á®©¤¥âáï ª −¥ª®â®à®¬ã ¬¨−¨¬�«ì−®¬ã §−�ç¥−¨î

Emin = E
(

DL∗

υ

) 1

2N

N
∑

i=1

(

KX

(

ti1, t
i
2

)

−
L
∑

υ=1

DL∗

υ gυ

(

ti1
)

gυ

(

ti2
)

)2

. (14)

‘ª®à®áâì áå®¤¨¬®áâ¨ §�¢¨á¨â ®â ¢ë¡®à� ¯�à�¬¥âà� áª®à®áâ¨ ®¡ãç¥−¨ï η.
‚ ¨â®£¥ ¯®«ãç¥− ¯à¨¡«¨¦¥−−ë© ¬¥â®¤ −�å®¦¤¥−¨ï Š÷‚�‘ ª®¢�à¨�æ¨®−−®©

äã−ªæ¨¨ KX(t1, t2) ¨ Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨ X(t) ¤«ï t ∈ [t0, tk]. „�−®
®¡®á−®¢�−¨¥ ¬¥â®¤� ¨ ¤®ª�§�−® á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

“â¢¥à¦¤¥−¨¥ 1. �ãáâì ¢ë¯®«−ïîâáï ãá«®¢¨ï:

(1) á«ãç�©−�ï ¯®¬¥å� X(t) −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [t0, tk] ¨¬¥¥â −ã«¥¢®¥ ¬�-
â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ¨ ¨§¢¥áâ−ãî ª®−¥ç−ãî ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î
KX(t1, t2) ∈ L2([t0, tk]× [t0, tk]);

(2) à¥�«¨§�æ¨¨ á«ãç�©−®© ¯®¬¥å¨ X(t) ¯à¨−�¤«¥¦�â ¯à®áâà�−áâ¢ã L2[t0, tk];

(3) ¢ ¯à®áâà�−áâ¢¥ L2[t0, tk] §�¤�− ®àâ®−®à¬¨à®¢�−−ë© ¢¥©¢«¥â-¡�§¨á
{gυ(t)}, ¯®à®¦¤¥−−ë© ¢¥©¢«¥â�¬¨ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨;

(4) ¤«ï ¢¥©¢«¥â-¡�§¨á� {gυ(t)} §�¤�− ¬�ªá¨¬�«ì−ë© ãà®¢¥−ì ¢¥©¢«¥â-à�§à¥-
è¥−¨ï J.
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’®£¤�

(1) ¯à¨¡«¨¦¥−−®¬ã Š÷‚�‘ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨

KL
X(t1, t2) =

L
∑

υ=1

DL∗

υ gυ(t1)gυ(t2) (15)

á®®â¢¥âáâ¢ã¥â ¯à¨¡«¨¦¥−−®¥ Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨

XL(t) =

L
∑

υ=1

V L
υ gυ(t), (16)

£¤¥ V L
υ | −¥ª®àà¥«¨à®¢�−−ë¥ ‘‚ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�-

−¨ï¬¨ ¨ ¤¨á¯¥àá¨ï¬¨ DL∗

υ

(

υ = 1, L
)

;

(2) §−�ç¥−¨ï DL∗

υ

(

υ = 1, L
)

−�å®¤ïâáï ¬¥â®¤®¬ −�¨áª®à¥©è¥£® á¯ãáª� ¯à¨
®¡ãç¥−¨¨ âà¥åá«®©−®© ‚�‘ á �ªâ¨¢�æ¨®−−ë¬¨ äã−ªæ¨ï¬¨ áªàëâ®£® á«®ï,

à�¢−ë¬¨ gυ(t1)gυ(t2)
(

υ = 1, L
)

;

(3) â®ç−®áâì �¯¯à®ªá¨¬�æ¨¨ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ KX(t1, t2) ¥¥
Š÷‚�‘ (15) ¨ á«ãç�©−®© ¯®¬¥å¨ X(t) á®®â¢¥âáâ¢ãîé¨¬ Š÷‚�‘ (16)
¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥ (14).

4 Моделирование входного стохастического процесса Z(t)
с помощью канонического разложения
на основе вейвлет-нейронной сети случайной помехи X(t)

÷�áá¬®âà¨¬ ‘‚

Zυ =

tk
∫

t0

gυ(t)Z(t) dt (υ = 1, 2, . . .). (17)

ˆ§ ãá«®¢¨ï ξ1(t), . . . , ξNU
(t) ∈ L2[t0, tk] á«¥¤ã¥â, çâ®

‖ξr(t)‖2 =





tk
∫

t0

|ξr(t)|2 dt





1/2

= const
(

r = 1, NU

)

¨ ¤«ï ª�¦¤®© äã−ªæ¨¨ ξr(t) (r = 1, NU ) áãé¥áâ¢ã¥â ¥¤¨−áâ¢¥−−ë© ¢¥©¢«¥â-àï¤

ξr(t) =

∞
∑

υ=1

αυrgυ(t),
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áå®¤ïé¨©áï ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ ª ξr(t) (r = 1, NU ), ¯à¨ íâ®¬ ª®íää¨æ¨¥−âë
®¯à¥¤¥«ïîâáï ä®à¬ã«�¬¨

αυr =

tk
∫

t0

gυ(τ)ξr(τ) dτ . (18)

�®¤áâ�¢«ïï (1) ¢ (17) ¨ ¯à¨−¨¬�ï ¢® ¢−¨¬�−¨¥ (18) ¨ (4), ¯®«ãç¨¬

Zυ =

NU
∑

r=1

αυrUr + Vυ (υ = 1, 2, . . .) .

…á«¨ ¢¢¥áâ¨ ¢¥ªâ®à

αυ = [αυ1 αυ2 · · · αυNU
]T ,

â®
Zυ = α

T
υU + Vυ (υ = 1, 2, . . .). (19)

’�ª¨¬ ®¡à�§®¬, ‘‚ Zυ (υ = 1, 2, . . .) ï¢«ïîâáï äã−ªæ¨ï¬¨ ¢¥ªâ®à−®© ‘‚ U
¨ á®®â¢¥âáâ¢ãîé¨å ‘‚ Vυ.

�� ®á−®¢�−¨¨ (19) ¨ (4) ¨¬¥¥¬ ‚‹÷ ¢å®¤−®£® ‘â� Z(t):

Z(t) =

∞
∑

υ=1

Zυgυ(t) =

∞
∑

υ=1

αTυUgυ(t) +

∞
∑

υ=1

Vυgυ(t). (20)

”®à¬ã«ë (17) ¨ (20) ãáâ�−�¢«¨¢�îâ ¢§�¨¬−® ®¤−®§−�ç−®¥ á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã
‘â� Z(t) (t ∈ [t0, tk] ¨ á®¢®ªã¯−®áâìî ‘‚ Zυ (υ = 1, 2, . . .). Š�¦¤®© ¤�−−®©
à¥�«¨§�æ¨¨ ‘â� Z(t) ¢ á¨«ã (17) á®®â¢¥âáâ¢ãîâ ®¯à¥¤¥«¥−−ë¥ ¢®§¬®¦−ë¥ §−�ç¥-
−¨ï ‘‚ Zυ (υ = 1, 2, . . .). ��®¡®à®â, ª�¦¤®© á®¢®ªã¯−®áâ¨ ‘‚ Zυ (υ = 1, 2, . . .)
á®®â¢¥âáâ¢ã¥â ®¯à¥¤¥«¥−−�ï à¥�«¨§�æ¨ï ‘â� Z(t). ‚ ¨â®£¥ ¤®ª�§�−® á«¥¤ãîé¥¥
ãâ¢¥à¦¤¥−¨¥.

“â¢¥à¦¤¥−¨¥ 2. �ãáâì ¢ë¯®«−ïîâáï ãá«®¢¨ï ãâ¢¥à¦¤¥−¨ï 1, � â�ª¦¥:

(1) ¢å®¤−®© ‘â� Z(t) (t ∈ [t0, tk]) ‘â‘ ®¯¨áë¢�¥âáï ãà�¢−¥−¨¥¬ (1);

(2) áâàãªâãà−ë¥ äã−ªæ¨¨ ξ2(t), . . . , ξNU
(t) ∈ L2[t0, tk];

(3) á«ãç�©−ë© ¢¥ªâ®à U = [U1 U2 · · · UNU
]T §�¤�− ¯«®â−®áâìî ¢¥à®ïâ-

−®áâ¨ f(u);

(4) §�¤�−® Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨ X(t) ¢¨¤� (4) ¨ á®®â¢¥âáâ¢ãîé¥¥
Š÷‚�‘ ª®¢�à¨�æ¨®−−®© äã−ªæ¨¨ KX(t1, t2) | (5).

’®£¤� ¬¥¦¤ã ‘â� Z(t) (t ∈ [t0, tk]) ¨ á®¢®ªã¯−®áâìî ‘‚ Zυ (υ = 1, 2, . . .)
ä®à¬ã«ë (17) ¨ (20) ãáâ�−�¢«¨¢�îâ ¢§�¨¬−® ®¤−®§−�ç−®¥ á®®â¢¥âáâ¢¨¥.
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‡�¤�¢ ¤«ï ¢¥©¢«¥â-¡�§¨á®¢ (2) ¨ (3) ¬�ªá¨¬�«ì−ë© ãà®¢¥−ì ¢¥©¢«¥â-à�§à¥-
è¥−¨ï J, á®£«�á−® ãâ¢¥à¦¤¥−¨î 1, ¬®¦−® ¯®áâà®¨âì ¯à¨¡«¨¦¥−−®¥ Š÷‚�‘
á«ãç�©−®© ¯®¬¥å¨ X(t) ¢¨¤� (16).

‘âàãªâãà−ë¥ äã−ªæ¨¨ ξ1(t), . . . , ξNU
(t) �¯¯à®ªá¨¬¨àã¥¬ ª®−¥ç−ë¬¨ ®âà¥§-

ª�¬¨ ¢¥©¢«¥â-àï¤®¢:

ξL
r (t) =

L
∑

υ=1

αυrgυ(t)
(

r = 1, NU

)

.

‘®£«�á−® à�¢¥−áâ¢ã ��àá¥¢�«ï,

‖ξr(t)‖2 =
∞
∑

υ=1

α2υr

(

r = 1, NU

)

.

�âáî¤�
∥

∥ξr(t)− ξL
r (t)

∥

∥

2
= ‖ξr(t)‖2 −

L
∑

υ=1

α2υr = εr(L).

ˆ§ ãá«®¢¨ï
‖ξr(t)‖2 = const

(

r = 1, NU

)

á«¥¤ã¥â, çâ® ®æ¥−ªã ®áâ�âª� ¢¥©¢«¥â-àï¤� εr(L) ¬®¦−® á¤¥«�âì áª®«ì ã£®¤−®
¬�«®© §� áç¥â ¢ë¡®à� L, â. ¥. εr(L) → 0 ¯à¨ L → ∞ ¤«ï «î¡ëå t ∈ [t0, tk]. ˆ§
−¥à�¢¥−áâ¢�

tk
∫

t0

(

ξr(t)− ξL
r (t)

)2
dt ≤ εr(L)

á«¥¤ã¥â, çâ® ¯®á«¥¤®¢�â¥«ì−®áâì äã−ªæ¨© ξL
r (t) → ξr(t) ¯à¨ L→ ∞ ¤«ï «î¡ëå

t ∈ [t0, tk], â. ¥. ¤«ï «î¡®£® εξr(L) > 0 áãé¥áâ¢ã¥â â�ª®¥ ç¨á«® L, à�¢−®¥
ª®«¨ç¥áâ¢ã ¡�§¨á−ëå äã−ªæ¨© (3), çâ® ¢ë¯®«−ï¥âáï −¥à�¢¥−áâ¢®

|ξr(t)− ξ∗r (t)| ≤ εξr(L),

¨«¨
∣

∣

∣

∣

∣

∑

υ>L

αυrgυ(t)

∣

∣

∣

∣

∣

≤ εξr(L)
(

r = 1, NU

)

. (21)

‚ ¨â®£¥ ‘â� Z(t) ¡ã¤¥â á®®â¢¥âáâ¢®¢�âì ª®−¥ç−�ï á®¢®ªã¯−®áâì ‘‚

ZL
υ =

NU
∑

r=1

αυrUr + V
L
υ

(

υ = 1, L
)
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¨ ¢¥©¢«¥â-à�§«®¦¥−¨¥

ZL(t) =

L
∑

υ=1

ZL
υ gυ(t) =

L
∑

υ=1

NU
∑

r=1

(

αυrUr + V
L
υ

)

gυ(t) =

=
L
∑

υ=1

NU
∑

r=1

αυrUrgυ(t) +X
L(t). (22)

÷�áá¬®âà¨¬ ¬−®¦¥áâ¢® ‘‚ {ZL(t)} ¤«ï t ∈ [t0, tk]. �®ª�¦¥¬, çâ®

ZL(t)
Ó.Ë.→ Z(t) ¯à¨ L→ ∞. „¥©áâ¢¨â¥«ì−®,

M
(

Z(t)− ZL(t)
)2
= M

((

∞
∑

υ=1

NU
∑

r=1

αυrUrgυ(t) +

∞
∑

υ=1

Vυgυ(t)

)

−

−
(

L
∑

υ=1

NU
∑

r=1

αυrUrgυ(t) +

L
∑

υ=1

Vυgυ(t)

))2

=

= M

(

∑

υ>L

NU
∑

r=1

αυrUrgυ(t) +
∑

υ>L

Vυgυ(t)

)2

=

= M





(

∑

υ>L

NU
∑

r=1

αυrUrgυ(t)

)2

+ 2
∑

υ>L

NU
∑

r=1

αυrUrgυ(t)
∑

υ>L

Vυgυ(t) +

+

(

∑

υ>L

Vυgυ(t)

)2


 .

‚â®à®¥ á«�£�¥¬®¥ ¢ ¯®á«¥¤−¥© áã¬¬¥ ¯®¤ §−�ª®¬ ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï
à�¢−® −ã«î, â�ª ª�ª á«ãç�©−ë¥ ¯�à�¬¥âàë Ur (r = 1, NU ) ¨ ¯®¬¥å� X(t) =
=
∑

∞

υ=1 Vυgυ(t) −¥§�¢¨á¨¬ë. �âáî¤�

M
(

Z(t)− ZL(t)
)2
=

NU
∑

r=1

NU
∑

p=1

γrp

∑

υ>L

αυrgυ(t)
∑

µ>L

αµpgµ(t) +
∑

υ>L

Dυg
2
υ(t).

�ã¤¥¬ áç¨â�âì, çâ® á«ãç�©−ë© ¢¥ªâ®à U = [U1 U2 · · · UNU
]T ¨¬¥¥â ª®−¥ç−ë¥

¯¥à¢ë© ¨ ¢â®à®© ¬®¬¥−âë, â®£¤� γrp = MUrUp = const. ‘®£«�á−® (9) ¨ (22),

M
(

Z(t)− ZL(t)
)2 ≤

NU
∑

r=1

NU
∑

p=1

γrpε
ξ
r(L)ε

ξ
p(L) + ε

K(L).
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�æ¥−ª¨ ®áâ�âª®¢ ¢¥©¢«¥â-àï¤®¢ (9) ¨ (21) ¬®¦−® á¤¥«�âì áª®«ì ã£®¤−® ¬�«ë¬¨
§� áç¥â ¢ë¡®à�L, â. ¥. εr(L)→ 0 (r = 1, NU ), ε

K(L)→ 0 ¯à¨L→ ∞ ¤«ï «î¡ëå
t ∈ [t0, tk], ¯®íâ®¬ãM(Z(t)− ZL(t))2 → 0 ¯à¨ L→ ∞ ¤«ï «î¡ëå t ∈ [t0, tk].

‚ ¨â®£¥ ¤®ª�§�−® á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.

“â¢¥à¦¤¥−¨¥ 3. �ãáâì ¢ë¯®«−ïîâáï ãá«®¢¨ï ãâ¢¥à¦¤¥−¨© 1 ¨ 2, � â�ª¦¥

á«ãç�©−ë© ¢¥ªâ®à U = [U1 U2 · · · UNU
]T ¨¬¥¥â ª®−¥ç−ë¥ ¯¥à¢ë© ¨ ¢â®à®©

¬®¬¥−âë. ’®£¤� ¯®á«¥¤®¢�â¥«ì−®áâì ‘â�

ZL(t) =

L
∑

υ=1

NU
∑

r=1

αυrUrgυ(t) +

L
∑

υ=1

V L
υ gυ(t)

áå®¤¨âáï ¢ áà¥¤−¥ª¢�¤à�â¨ç−®¬ ª ‘â� Z(t) ¯à¨ L → ∞ ¤«ï ª�¦¤®£® ä¨ªá¨-
à®¢�−−®£® t ∈ [t0, tk].

5 Построение оценки среднеквадратичной ошибки выходного
стохастического процесса W (t) на основе вейвлет-нейронной сети

‘®£«�á−® ãâ¢¥à¦¤¥−¨ï¬ 2 ¨ 3, ¯à®æ¥áá ¬®¤¥«¨à®¢�−¨ï NZ à¥�«¨§�æ¨© ¢å®¤-

−®£® ‘â� {Zi(t)}NZ

i=1, −�¡«î¤�¥¬®£® −� §�¤�−−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [t0, tk],

á®áâ®¨â ¢ ¬®¤¥«¨à®¢�−¨¨ NZ á®¢®ªã¯−®áâ¥© ‘‚ {ZLi
υ }NZ

i=1. �� ¢ëå®¤¥ ‘â‘
¤®«¦−� ¯®«ãç¨âì á®®â¢¥âáâ¢ãîé¥¥ ¬−®¦¥áâ¢® à¥�«¨§�æ¨© âà¥¡ã¥¬®£® ¢ëå®¤−®£®

‘â� {Wi(t)}NZ

i=1. ’�ª¨¬ ®¡à�§®¬, −� ¢å®¤ ‚�‘ ¯®¤�¥âáï ®¡ãç�îé�ïáï ¢ë¡®àª�

{([t ZLi
1 ZLi

2 · · · ZLi
L ]
T,Wi(t))}NZ

i=1.
�¡®¡é�ï ®¯ëâ á¨−â¥§� ®¯â¨¬�«ì−ëå ¯® à�§«¨ç−ë¬ �Š ‘â‘, ®¯¨áë¢�¥¬ëå

ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�, [11{14], ¢ ª�ç¥áâ¢¥ ¬®¤¥«¨ ‘Š�-®¯â¨¬�«ì−®£®
®¯¥à�â®à� à�áá¬®âà¨¬ «¨−¥©−ãî ª®¬¯®§¨æ¨î ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨© (3)
á® á«ãç�©−ë¬¨ ª®íää¨æ¨¥−â�¬¨ ZL

υ ¨ −¥¨§¢¥áâ−ë¬¨ ¢¥á®¢ë¬¨ ª®íää¨æ¨¥−â�-
¬¨ wL

υ :

WL∗

(t) =

L
∑

υ=1

wL
υZ

L
υ gυ(t).

’®£¤� �ªâ¨¢�æ¨®−−ë¥ äã−ªæ¨¨ −¥©à®−®¢ áªàëâ®£® á«®ï ¯à¨¬ãâ ¢¨¤:

GL
υ (t) = Z

L
υ gυ(t)

(

υ = 1, L
)

.

�ãáâì wL = [wL
1 wL

2 · · · wL
L]
T | ¢¥ªâ®à ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢, yL =

= [yL
1 y

L
2 · · · yL

NZ
]T | ¢ëå®¤−®© á¨£−�« ‚�‘,

yL
i =

L
∑

υ=1

wL
υZ

Li
υ gυ(t) =

L
∑

υ=1

wL
υG

Li
υ (t). (23)
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‚ëå®¤−®© á¨£−�« yL
i ¤«ï ª�¦¤®£® i-£® ¯à¨¬¥à� áà�¢−¨¢�¥âáï á á®®â¢¥âáâ-

¢ãîé¨¬ ¦¥«�¥¬ë¬ ®âª«¨ª®¬ á¨áâ¥¬ë di = Wi(t) (i = 1, NZ) ¨ ¢ëç¨á«ï¥âáï
®è¨¡ª� eLi = di − yL

i . ”ã−ªæ¨ï áâ®¨¬®áâ¨ §�¤�¥âáï ¢ ¢¨¤¥ ‘Š� ¤«ï ¢á¥£®
−�¡®à� ¯à¨¬¥à®¢:

E
(

wL
)

=
1

2NZ

NZ
∑

i=1

(

eLi
)2
=
1

2NZ

NZ
∑

i=1

(

di −
L
∑

υ=1

wL
υG

Li
υ (t)

)2

.

�¡ãç¥−¨¥ ‚�‘ ¯à®¨áå®¤¨â ¯®áà¥¤áâ¢®¬ ¨−â¥à�ªâ¨¢−®£® ¯à®æ¥áá� ª®àà¥ª-
â¨à®¢ª¨ á¨−�¯â¨ç¥áª¨å ¢¥á®¢ wL

υ (υ = 1, L) ¬¥â®¤®¬ −�¨áª®à¥©è¥£® á¯ãáª�.
��ç¨−�ï á ¨áå®¤−®£® §−�ç¥−¨ï wL(0), £¥−¥à¨àã¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì ¢¥ªâ®-
à®¢ ª®íää¨æ¨¥−â®¢ wL(1), wL(2), . . ., â�ª¨å çâ® ¯à¨ ¯¥à¥å®¤¥ ®â n-© ¨â¥à�æ¨¨
�«£®à¨â¬� ª (n + 1)-© ¨â¥à�æ¨¨ §−�ç¥−¨¥ äã−ªæ¨¨ áâ®¨¬®áâ¨ ã¬¥−ìè�¥âáï:

E
(

wL(n+ 1)
)

< E
(

wL(n)
)

.

Š®àà¥ªâ¨à®¢ª� ¢¥ªâ®à� ¢¥á®¢ ¢ë¯®«−ï¥âáï ¢ −�¯à�¢«¥−¨¨ ¬�ªá¨¬�«ì−®£® ã¬¥−ì-
è¥−¨ï äã−ªæ¨¨ áâ®¨¬®áâ¨, â. ¥. ¢ −�¯à�¢«¥−¨¨, ¯à®â¨¢®¯®«®¦−®¬ ¢¥ªâ®àã £à�-
¤¨¥−â®¢

∇E
(

wL
)

=

[

∂E

∂wL
1

∂E

∂wL
2

· · · ∂E

∂wL
L

]T

,

∂E

∂wL
l

= − 1
NZ

NZ
∑

i=1

GLi
l (t)

(

di −
L
∑

υ=1

wL
υG

Li
υ (t)

)

(l = 1, L).

„«ï ã¤®¡áâ¢� ®¡®§−�ç¨¬ £à�¤¨¥−â

∇E(wL) = qL(n).

Š®àà¥ªâ¨à®¢ª� ¢¥á®¢ ®áãé¥áâ¢«ï¥âáï ¯® ä®à¬ã«¥

wL(n+ 1) = wL(n)− ηqL(n).

‡¤¥áì η = const | ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï, 0 < η < 1. �à®æ¥áá ®¡ãç¥−¨ï
¯à®¢®¤¨âáï ®â ¨â¥à�æ¨¨ ª ¨â¥à�æ¨¨, ¯®ª� á¨−�¯â¨ç¥áª¨¥ ¢¥á� −¥ áâ�¡¨«¨§¨àãîâáï
®ª®«® ®¯â¨¬�«ì−®£® §−�ç¥−¨ï

wL∗

=
[

wL∗

1 wL∗

2 · · · wL∗

L

]T
,

� ‘Š� −¥ á®©¤¥âáï ª −¥ª®â®à®¬ã ¬¨−¨¬�«ì−®¬ã §−�ç¥−¨î EL
min [15].
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‚ à¥§ã«ìâ�â¥ ¨¬¥¥¬ ‘Š�-®¯â¨¬�«ì−ãî á¨áâ¥¬ã á ¢ëå®¤−ë¬ ¯à®æ¥áá®¬

WL∗

(t) =

L
∑

υ=1

wL∗

υ ZL
υ gυ(t),

¨«¨ ¤«ï GL(t) = [GL
1 (t) G

L
2 (t) · · · GL

L(t)]
T ¢ ¬�âà¨ç−®¬ ¢¨¤¥

WL∗

(t) =
(

wL∗

)T
GL(t).

�âáî¤� ‘Š�-®¯â¨¬�«ì−ë© ®¯¥à�â®à ¯à¨−¨¬�¥â ¢¨¤:

P ∗

t =
[

wL∗

1 g1(t) w
L∗

2 g2(t) · · · wL∗

L gL(t)
]T
.

…á«¨ ¢¢¥áâ¨ ®¡®§−�ç¥−¨¥ ZL = [ZL
1 Z

L
2 · · ·ZL

L ]
T, â® ‘Š�-®¯â¨¬�«ì−�ï ®æ¥−ª�

¯à¨¬¥â ¢¨¤:

W ∗(t) = (P ∗

t )
T ZL .

6 Пример

��©â¨ ‘Š�-®¯â¨¬�«ì−ãî ®æ¥−ªã ¤«ï íªáâà�¯®«ïæ¨¨ ¯®«¥§−®£® á¨£−�«�,
¯à¥¤áâ�¢«ïîé¥£® á®¡®© «¨−¥©−ãî äã−ªæ¨î ¢à¥¬¥−¨:

Z(t) = U1 + U2t+X(t), W (t+–) = U1 + U2(t+–) , t ∈ [tk − T, tl] .

�®¬¥å� X(t) à�á¯à¥¤¥«¥−� −®à¬�«ì−®, ¨¬¥¥â −ã«¥¢®¥ ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥
¨ ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î

KX(t1, t2) = D exp {−α|t2 − t1|+ β(t2 + t1)} .

‚¥ªâ®à−ë© á«ãç�©−ë© ¯�à�¬¥âà U = [U1 U2]
T á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨-

¤�−¨¥¬ §�¤�− −®à¬�«ì−®© ¯«®â−®áâìî

f(u1, u2) =

√

c11c22 − c212

2π
exp







−1
2

2
∑

p,q=1

cpqupuq







,

£¤¥ cpq | í«¥¬¥−âë ¬�âà¨æë K−1
u , ®¡à�â−®© ª ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥ Ku

á«ãç�©−®£® ¢¥ªâ®à� U .
ˆáå®¤−ë¥ ¤�−−ë¥: tk ∈ [8; 16], T = 8, – = 1; D = 1, α = 1, β = 0,001;

ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� á«ãç�©−®£® ¢¥ªâ®à� U :

Ku =

[

1 0
0 1

]

.
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÷¨á. 1 ƒà�ä¨ª §−�ç¥−¨© ‘Š� ¤«ï J = 2
¨ L = 8

÷¨á. 2 ƒà�ä¨ª á¨£−�«�W (1) ¨ ¥£® ®æ¥−ª¨
WE (2) ¤«ï J = 2 ¨ L = 8

„«ï ¬®¤¥«¨à®¢�−¨ï á«ãç�©−®© ¯®¬¥å¨ X(t) §�¤�¥âáï ®àâ®−®à¬¨à®¢�−−ë©
¡�§¨á •��à� á ¬�ªá¨¬�«ì−ë¬ ãà®¢−¥¬ ¢¥©¢«¥â-à�§à¥è¥−¨ï J ¨ ç¨á«®¬ ¡�§¨á−ëå
äã−ªæ¨© L = 1J+1. „«ï ¯à®¢¥¤¥−¨ï ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ à�§à�¡®-
â�−® ¨−áâàã¬¥−â�«ì−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¢ áà¥¤¥ MATLAB. �«£®à¨â¬
®¡ãç¥−¨ï ¨á¯®«ì§ã¥âáï ¢ ¯à®æ¥áá¥ äã−ªæ¨®−¨à®¢�−¨ï ‚�‘. ‚ëç¨á«¨â¥«ì−ë¥
íªá¯¥à¨¬¥−âë ¯®ª�§�«¨, çâ® ®¯â¨¬�«ì−®¥ §−�ç¥−¨¥ ¯�à�¬¥âà� áª®à®áâ¨ ®¡ãç¥−¨ï
η = 0,001.

�� à¨á. 1 ¨ 2 ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ ¤«ï
¡�§¨á� •��à� ¯à¨ J = 2 ¨ L = 8 ¢ â®çª�å (tk + 1) ∈ [9; 17]. �� à¨á. 1 ¨§®¡à�¦¥−
£à�ä¨ª §−�ç¥−¨© ‘Š�. �� à¨á. 2 ¯à¨¢¥¤¥− £à�ä¨ª á¨£−�«� W ¨ ¥£® ®æ¥−ª¨ WE,
¢ëç¨á«¥−−®© ¯® ä®à¬ã«¥

W ∗(tk +–) =

L
∑

υ=1

w∗

υZυgυ(tk +–) .

‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯®ª�§�«¨, çâ® ‘Š� ã¬¥−ìè�¥âáï ¯à¨ ã¢¥-
«¨ç¥−¨¨ ç¨á«� ¡�§¨á−ëå äã−ªæ¨© ¨ ¬�ªá¨¬�«ì−®£® ãà®¢−ï ¢¥©¢«¥â-à�§à¥è¥−¨ï
¡�§¨á� •��à�. �à¨ J = 2 ¨ L = 8 ‘Š� −¥ ¯à¥¢ëè�¥â 0,76 ¯à¨ ¨§¬¥−¥−¨¨
á¨£−�«� ®â −14 ¤® 15; ¯à¨ J = 4 ¨ L = 32 ‘Š� −¥ ¯à¥¢ëè�¥â 0,49 ¯à¨
¨§¬¥−¥−¨¨ á¨£−�«� ®â −22 ¤® 20.

�æ¥−¨¬ â®ç−®áâì ®¯â¨¬�«ì−ëå «¨−¥©−ëå á¨áâ¥¬, −�©¤¥−−ëå à�§«¨ç−ë¬¨
¯à¨¡«¨¦¥−−ë¬¨ ¬¥â®¤�¬¨, ¯® ä®à¬ã«¥

ηmin(t) = M
[

(W ∗(t)−W (t))2
]

.

‡−�ç¥−¨ï ηmin(t) ¯à¨¢¥¤¥−ë ¢ â�¡«¨æ¥, £¤¥ ¢¢¥¤¥−ë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:
¬¥â®¤ 1 | ®¯â¨¬�«ì−�ï ®æ¥−ª� W ∗(t) ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥ (23); ¬¥â®¤ 2 |
®¯â¨¬�«ì−�ï ®æ¥−ª� W ∗(t) ¢ëç¨á«ï¥âáï −� ®á−®¢¥ à¥è¥−¨ï ‘‹�“ [7{10]; ¬¥-
â®¤ 3 | ®¯â¨¬�«ì−�ï ®æ¥−ª� W ∗(t) −�å®¤¨âáï ¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� ãá«®¢−®£®
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‡−�ç¥−¨ï ηmin(t) ¤«ï à�§«¨ç−ëå ¬¥â®¤®¢

t
Œ¥â®¤

1 2 3
9 0,9038 0,8782 0,8965

11 0,9948 0,7668 0,7940
12 0,8311 0,7274 0,7431
13 0,6077 0,6753 0,6962
15 0,3486 0,5809 0,6168
17 0,1659 0,5494 0,5553
18 0,1488 0,5364 0,5301

¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï äã−ªæ¨¨ ¯®â¥àì ¯®á«¥ ®¯à¥¤¥«¥−¨ï ãá«®¢−®© ¯«®â-
−®áâ¨ ¢¥à®ïâ−®áâ¨ ¢ëå®¤−®£® ‘â� ®â−®á¨â¥«ì−® ¢å®¤−®£® ‘â� [11{14].

‘à�¢−¨â¥«ì−ë© �−�«¨§ −®¢®£® ¬¥â®¤� ¯®áâà®¥−¨ï ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� á¨á-
â¥¬ë, ®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�, á ¯à¨¡«¨¦¥−−ë¬¨ ¬¥â®¤�¬¨,
®¯¨á�−−ë¬¨ ¢ à�¡®â�å [7{14], ¯®ª�§�«¨, çâ® ¢á¥ ¬¥â®¤ë ¤�îâ ®¤¨−�ª®¢ë© ¯®àï¤®ª
â®ç−®áâ¨ ¢ëç¨á«¥−¨©. �® ¯à¥¤«�£�¥¬ë© ¬¥â®¤ ¯à®é¥ ¢ ¨á¯®«−¥−¨¨, â�ª ª�ª −¥
âà¥¡ã¥â ¯à¥¤¢�à¨â¥«ì−ëå �−�«¨â¨ç¥áª¨å ¢ëª«�¤®ª. “¢¥«¨ç¨¢�ï ç¨á«® ¡�§¨á−ëå
äã−ªæ¨© ¨ ¬�ªá¨¬�«ì−ë© ãà®¢¥−ì ¢¥©¢«¥â-à�§à¥è¥−¨ï ¡�§¨á� ¢¥©¢«¥â®¢, ¬®¦−®
¤®¡¨âìáï −¥®¡å®¤¨¬®© â®ç−®áâ¨ ¬®¤¥«¨à®¢�−¨ï ¢ëå®¤−®£® ‘â� á¨áâ¥¬ë.

7 Заключение

‚ à�¡®â¥ ¯à¥¤«�£�¥âáï −®¢ë© ¯à¨¡«¨¦¥−−ë© ¬¥â®¤ ¯®áâà®¥−¨ï ‘Š�-®¯-
â¨¬�«ì−®© ®æ¥−ª¨ áª�«ïà−®£® ¢ëå®¤−®£® ‘â� −¥áâ�æ¨®−�à−®© «¨−¥©−®© ‘â‘,
®¯¨áë¢�¥¬®© ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�. ‚ ®á−®¢¥ ¬¥â®¤� «¥¦�â −¥©à®á¥â¥¢ë¥
â¥å−®«®£¨¨, ¯®§¢®«ïîé¨¥ −�©â¨ ¬¨−¨¬ã¬ ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï äã−ªæ¨¨
¯®â¥àì ¡¥§ −�å®¦¤¥−¨ï à�á¯à¥¤¥«¥−¨ï ¢ëå®¤−®£® ‘â�. „«ï à¥è¥−¨ï §�¤�ç¨
§�¤�¥âáï âà¥åá«®©−�ï ‚�‘. ‚å®¤−®© ‘â� §�¤�¥âáï á®¢®ªã¯−®áâìî ‘‚, ª®â®à�ï
¯®¤�¥âáï −� ¯¥à¢ë© á«®© ‚�‘. ‘®¢®ªã¯−®áâì ‘‚ ¢å®¤−®£® ‘â� áâà®¨âáï −� ®á−®-
¢¥ Š÷‚�‘ á«ãç�©−®© ¯®¬¥å¨ ¨§ á®áâ�¢� ¢å®¤−®£® á¨£−�«�. ”ã−ªæ¨¨ �ªâ¨¢�æ¨¨
áªàëâ®£® á«®ï à�¢−ë ¯à®¨§¢¥¤¥−¨î ¢å®¤−®© ‘‚ ¨ á®®â¢¥âáâ¢ãîé¥© ¡�§¨á−®©
¢¥©¢«¥â-äã−ªæ¨¨ §�¤�−−®£® ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë-
¬¨ −®á¨â¥«ï¬¨. ‚¥á®¢ë¥ ª®íää¨æ¨¥−âë á¢ï§ë¢�îâ äã−ªæ¨¨ �ªâ¨¢�æ¨¨ áªàëâ®£®
á«®ï ¨ ¢ëå®¤−ë¥ á¨£−�«ë ‚�‘. „«ï ®¡ãç¥−¨ï ‚�‘ ¨á¯®«ì§ã¥âáï ®¡à�â−ë© �«-
£®à¨â¬. �¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ −�å®¤ïâáï ¬¥â®¤®¬
−�¨áª®à¥©è¥£® á¯ãáª� ¯à¨ ®¯â¨¬�«ì−®¬ §−�ç¥−¨¨ ¯�à�¬¥âà� áª®à®áâ¨ ®¡ãç¥−¨ï
η = 0,001. �¯à¥¤¥«¥− ¢¨¤ ‘Š�-®¯â¨¬�«ì−®£® ®¯¥à�â®à� ¨ −�©¤¥−� ‘Š�-
®¯â¨¬�«ì−�ï ®æ¥−ª� ¢ëå®¤−®£® ‘â� ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå
¢¥©¢«¥â-äã−ªæ¨©.

‘à�¢−¨â¥«ì−ë© �−�«¨§ á ¤àã£¨¬¨ ¯à¨¡«¨¦¥−−ë¬¨ ¬¥â®¤�¬¨, à�§à�¡®â�−-
−ë¬¨ �¢â®à�¬¨, ¯®ª�§�«, çâ® ¢á¥ ¬¥â®¤ë ¯®áâà®¥−¨ï ‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª¨
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ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

¢ëå®¤−®£® ‘â� ¤�îâ ®¤¨−�ª®¢ãî ¢ëç¨á«¨â¥«ì−ãî â®ç−®áâì. �à¥¨¬ãé¥áâ¢®
¯à¥¤«�£�¥¬®£® ¬¥â®¤� §�ª«îç�¥âáï ¢ ®âáãâáâ¢¨¨ ¯à¥¤¢�à¨â¥«ì−ëå âàã¤®¥¬ª¨å
�−�«¨â¨ç¥áª¨å ¢ëª«�¤®ª.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¤®¯ãáª�îâ ®¡®¡é¥−¨¥ −� á«ãç�© ¢¥ªâ®à−ëå ¢å®¤−®£®
¨ ¢ëå®¤−®£® ‘â� ¨ −¥«¨−¥©−ëå áâàãªâãà−ëå äã−ªæ¨©, ®¯¨áë¢�îé¨å ¯®¢¥¤¥−¨¥
á¨áâ¥¬ë.
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NEURAL NETWORK SYNTHESIS OF AN OPTIMAL LINEAR
STOCHASTIC SYSTEM ACCORDING TO THE CRITERION

OF MINIMUM MEAN SQUARE ERROR

I. N. Sinitsyn, V. I. Sinitsyn, E. R. Korepanov, and T. D. Konashenkova

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The paper is devoted to the new synthesis method for linear optimal
stochastic systems according to the criterion of minimum mean square error (MSE)

and neural network technology. It is supposed that one-dimensional input signal
is the sum of known signal and additive Gaussian noise. Noise is independent
of signal parameters. At output, it is necessary to perform corresponding input
transformation. The paper describes architecture of three-layer wavelet neural
network (WNN) with one reserved layer. The activation function of reserved layer
is described using orthonormal wavelet basis with compact carrier. For WNN
functioning, a tutoring algorithm based on the method of quick descend is used.
The MSE optimal operator is constructed. The MSE estimate is presented in the
form of linear combination of basis wavelet functions. An illustrative example is
given. The basic results are formulated and discussed.
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МОДЕЛИРОВАНИЕ ВХОДНОГО ПОТОКА РАБОЧИХ
НАГРУЗОК ВЫЧИСЛИТЕЛЬНОГО КЛАСТЕРА LANL MUSTANG

М. П. Кривенко1

�−−®â�æ¨ï: ‘â�â¨áâ¨ç¥áª¨© �−�«¨§ | ®¡ï§�â¥«ì−ë© í«¥¬¥−â ¯®áâà®¥−¨ï
¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ¨áá«¥¤ã¥¬®£® ®¡ê¥ªâ�. ‘¨áâ¥¬ë ¬�áá®¢®£® ®¡á«ã-
¦¨¢�−¨ï (‘Œ�) ª�ª ®¡ê¥ªâ ¨áá«¥¤®¢�−¨© ®¡«�¤�îâ á¯¥æ¨ä¨ç¥áª¨¬¨ ®á®-
¡¥−−®áâï¬¨, ¨§-§� ª®â®àëå ¯à¨å®¤¨âáï ¢ëå®¤¨âì §� à�¬ª¨ ®¡é¥© â¥®à¨¨
áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢. ‚ áâ�âì¥ à�áá¬�âà¨¢�¥âáï ¯®áâà®¥−¨¥ ¬®¤¥«¥©
¢å®¤−®£® ¯®â®ª� ¬−®£®¯à®æ¥áá®à−ëå á¨áâ¥¬ −� ®á−®¢¥ âà�áá¨à®¢ª¨ à¥�«ì-
−®© à�¡®ç¥© §�£àã§ª¨ ª«�áâ¥à� Mustang, ¯®«ãç¥−−®© ¢ à�¬ª�å ¯à®¥ªâ� Atlas
(www.project-atlas.org). Š ®á®¡¥−−®áâï¬ ¤�−−ëå Mustang ¬®¦−® ®â−¥áâ¨
¡®«ìè®© ¯¥à¨®¤ −�¡«î¤¥−¨©, ¢−ãè¨â¥«ì−ë© ®¡ê¥¬ á®¡à�−−ëå á¢¥¤¥−¨©,
è¨à®ª®¥ ¯®«¥ ¨§ëáª�−¨© ¨§-§� ã¯à®é¥−−®£® å�à�ªâ¥à� ¯à¥¤è¥áâ¢ãîé¨å ¨á-
á«¥¤®¢�−¨© ¨ ã¦¥ á¤¥«�−−ëå −¥ç¥âª¨å ¢ë¢®¤®¢, ª®¬¡¨−¨à®¢�−¨¥ äà�£¬¥−â®¢
á à�§−ë¬¨ ¨−â¥−á¨¢−®áâï¬¨ ¯®â®ª�, −�«¨ç¨¥ áâ�æ¨®−�à−ëå ¨ −¥áâ�æ¨®−�à-
−ëå ãç�áâª®¢, −¥¯à¨¬¥−¨¬®áâì ¬®¤¥«¨ ¯à®áâ®£® ¯ã�áá®−®¢áª®£® ¯®â®ª�. Š�ª
à¥è¥−¨¥ ¢®§−¨ª�îé¨å ¯à®¡«¥¬ ¤«ï áâ�æ¨®−�à−ëå äà�£¬¥−â®¢ ¤�−−ëå ¯à¥¤-
«�£�¥âáï ¨á¯®«ì§®¢�âì ¬®¤¥«ì ¢¥â¢ïé¥£®áï ¯à®æ¥áá� �ã�áá®−� (Branching
Poisson Process, BPP). ˆ§¢¥áâ−ë¥ ¬¥â®¤ë ®æ¥−¨¢�−¨ï ¯�à�¬¥âà®¢ ¬®¤¥«¨
¤®¯®«−¥−ë ¯à®æ¥¤ãà®© ãâ®ç−¥−¨ï ®æ¥−®ª ¨ ä®à¬�«¨§®¢�−−ë¬¨ ¯à¨¥¬�¬¨
¯®¤â¢¥à¦¤�îé¥£® �−�«¨§�. ‚á«¥¤áâ¢¨¥ ¡®«ìè¨å ®¡ê¥¬®¢ ®¡à�¡�âë¢�¥¬ëå
¤�−−ëå ¢�¦−ë¬ áâ�−®¢¨âáï ¯®áâà®¥−¨¥ íää¥ªâ¨¢−ëå �«£®à¨â¬®¢ ¢ëç¨á«¥−¨ï
å�à�ªâ¥à¨áâ¨ª ¯®â®ª®¢ ¨ á£«�¦¨¢�−¨ï ¢ë¡®à®ç−ëå ¯®ª�§�â¥«¥©.

Š«îç¥¢ë¥ á«®¢�: à¥¯®§¨â®à¨© âà�áá¨à®¢®ª; ª«�áâ¥à LANL Mustang; ¢¥â¢ï-
é¨©áï ¯ã�áá®−®¢áª¨© ¯à®æ¥áá; áâ�â¨áâ¨ç¥áª¨© �−�«¨§ ¯®á«¥¤®¢�â¥«ì−®áâ¥©
á®¡ëâ¨©

DOI: 10.14357/08696527240308 EDN: FRSPMK

1 Введение

‘â�â¨áâ¨ç¥áª¨© �−�«¨§ | ®¡ï§�â¥«ì−ë© í«¥¬¥−â ¯®áâà®¥−¨ï ¬�â¥¬�â¨ç¥áª®©
¬®¤¥«¨ à¥�«ì−®© á¨áâ¥¬ë. Œ®¤¥«ì ¯à�ªâ¨ç¥áª¨ ¡¥á¯®«¥§−�, ¥á«¨ −¥ á¢ï§�−� á®
á¢®¨¬ ¯à®®¡à�§®¬ ¯®áà¥¤áâ¢®¬ �−�«¨§� í¬¯¨à¨ç¥áª¨å ¤�−−ëå, ®æ¥−ª¨ ¯�à�¬¥â-
à®¢ ¨ ¯à®¢¥àª¨ á®®â¢¥âáâ¢ãîé¨å £¨¯®â¥§. �¤−�ª® ¢ â¥®à¨¨ ¬�áá®¢®£® ®¡á«ã-
¦¨¢�−¨ï áâ�â¨áâ¨ç¥áª¨© �−�«¨§ ®â®¤¢¨£�¥âáï −� ¢â®à®© ¯«�− ¯® ¤¢ã¬ ®á−®¢−ë¬
¯à¨ç¨−�¬ [1]. ‚ ®â«¨ç¨¥ ®â �−�«¨§� ¢à¥¬¥−− �ëå àï¤®¢, �¯à¨®à−ë¥ ¯à¥¤¯®«®¦¥−¨ï
®â−®á¨â¥«ì−® ¢å®¤−ëå ¯®â®ª®¢ ¨ ¤¨áæ¨¯«¨−ë ®¡á«ã¦¨¢�−¨ï ®¡ëç−® ã¦¥ ¢ª«îç¥-
−ë ¢ ãá«®¢¨ï, ¯à¨ ª®â®àëå ¨áá«¥¤ã¥âáï ¯®¢¥¤¥−¨¥ á¨áâ¥¬ë. ‚ à¥§ã«ìâ�â¥ ¬¥áâ®
®áâ�¥âáï â®«ìª® ¤«ï ¯®¤â¢¥à¦¤�îé¨å ¨áá«¥¤®¢�−¨©. �à¨ íâ®¬ áâ®å�áâ¨ç¥áª¨¥

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, mkrivenko@ipiran.ru
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¯à®æ¥ááë, «¥¦�é¨¥ ¢ ®á−®¢¥ ‘Œ�, | íâ® ç�áâ−ë¥ á«ãç�¨ ¡®«¥¥ ®¡é¥© â¥®à¨¨
áâ�â¨áâ¨ç¥áª®£® ¢ë¢®¤�, � ®¡à�¡®âª� ¤�−−ëå ® ¯à®â¥ª�îé¨å ¯à®æ¥áá�å ®¡ëç−®
¬®¦¥â ¡ëâì ¢ë¯®«−¥−� á ¯®¬®éìî áãé¥áâ¢ãîé¨å ¯à®æ¥¤ãà. ‚á¥ íâ® á−¨¦�¥â
�ªâã�«ì−®áâì áâ�â¨áâ¨ç¥áª®£® �−�«¨§�, ¯à¨¤�¥â ¥¬ã ¢â®à®áâ¥¯¥−−ë© å�à�ªâ¥à.

�® ‘Œ� ª�ª ®¡ê¥ªâ ¨áá«¥¤®¢�−¨© ®¡«�¤�îâ á¯¥æ¨ä¨ç¥áª¨¬¨ ®á®¡¥−−®áâï¬¨,
¨§-§� ª®â®àëå ¯à¨å®¤¨âáï ¢ëå®¤¨âì §� à�¬ª¨ ®¡é¥© â¥®à¨¨ áâ®å�áâ¨ç¥áª¨å
¯à®æ¥áá®¢. ‚ ¯¥à¢ãî ®ç¥à¥¤ì íâ® ª�á�¥âáï ¢®¯à®á®¢ ¨¤¥−â¨ä¨ª�æ¨¨ ¬®¤¥«¥©,
¢ª«îç�îé¥© ç¥âëà¥ ¢�¦−¥©è¨å íâ�¯�.

‘¡®à ¤�−−ëå, ¤«ï ª®â®à®£® ª�ª ¯à¨¬¥à á¯¥æ¨ä¨ç−®áâ¨ ¬®¦−® ¯à¨¢¥áâ¨
¯à¨−ïâ¨¥ à¥è¥−¨ï: −�¡«î¤�âì §� á¨áâ¥¬®© ¢ â¥ç¥−¨¥ ®¯à¥¤¥«¥−−®£® ¯¥à¨®¤�
¢à¥¬¥−¨ ¨«¨ ¯®ª� −¥ ¯à®¨§®©¤¥â ®¯à¥¤¥«¥−−®¥ ç¨á«® á®¡ëâ¨©.

�à¨ ä®à¬¨à®¢�−¨¨ ¬®¤¥«¥© ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï ¢�¦−ãî à®«ì ¨£à�¥â
ã¤®¡áâ¢® −�¡«î¤¥−¨ï ¨ ¨−ä®à¬�â¨¢−®áâì ¨áá«¥¤ã¥¬ëå å�à�ªâ¥à¨áâ¨ª, çâ® ¯®¤ç�á
¯à¨¢®¤¨â ª ¬−®£®¢�à¨�−â−®áâ¨ à¥è¥−¨ï ®¤−®â¨¯−ëå §�¤�ç (¯à¨¬¥à®¬ ¬®£ãâ
á«ã¦¨âì à�§−®®¡à�§−ë¥ ®¯à¥¤¥«¥−¨ï áâ�¡¨«ì−®áâ¨ ¨ ªà�©−¥ −¥¬−®£®ç¨á«¥−−ë¥
à¥§ã«ìâ�âë ¨å á®¯®áâ�¢«¥−¨ï).

�®¤ç�á ®¤−®© ¨§ ®á−®¢−ëå ¯à®¡«¥¬ ¯à¨ á¡®à¥ −¥®¡å®¤¨¬ëå áâ�â¨áâ¨ç¥áª¨å
¤�−−ëå ® äã−ªæ¨®−¨à®¢�−¨¨ ‘Œ� áâ�−®¢¨âáï ®âáãâáâ¢¨¥ ¯®«−®© ¨−ä®à¬�æ¨¨
«¨¡® ¨§-§� −¥¢®§¬®¦−®áâ¨ ¥¥ ¯®«ãç¨âì (®¯¨á�−ë ã¦¥ á¢¥àè¨¢è¨¥áï á®¡ëâ¨ï,
áâàãªâãà� á¨áâ¥¬ë áªàëâ� ¨«¨ á«®¦−�), «¨¡® ¨§-§� −¥¤®¯ãáâ¨¬® ¢ëá®ª¨å §�âà�â.
�®−ïâ−®, çâ® ¢ íâ®¬ á«ãç�¥ ¯à¨å®¤¨âáï ¨áª�âì à¥è¥−¨¥ ¢®§−¨ª�îé¨å §�¤�ç
¢ á«®¦¨¢è¨åáï ãá«®¢¨ïå, −® ¥á«¨ á®áâ�¢ −¥¤®áâ�îé¥© ¨−ä®à¬�æ¨¨ ¢áªàë¢�¥âáï
¢ å®¤¥ �−�«¨§� ¤�−−ëå, â® ¬®¦¥â áâ�âì ®¡®á−®¢�−¨¥¬ ¤«ï ¨§¬¥−¥−¨ï ¯®àï¤ª� á¡®à�
¨áå®¤−®© ¨−ä®à¬�æ¨¨ (á®®â¢¥âáâ¢ãîé¨© ¯à¨¬¥à á ¢¥â¢ïé¨¬áï ¯ã�áá®−®¢áª¨¬
¯à®æ¥áá®¬ ¡ã¤¥â à�áá¬®âà¥− ¤�«¥¥).

’¥áâ¨à®¢�−¨¥ áâ�æ¨®−�à−®áâ¨ ¢® ¢à¥¬¥−¨, ¢ à�¬ª�å ª®â®à®£® ¯à¨å®¤¨âáï
¯à¨−¨¬�âì à¥è¥−¨¥ ® â®¬, ª�ª à�¡®â�âì á æ¨ª«¨ç¥áª¨¬¨ âà¥−¤�¬¨, ª®£¤� ¯à®-
æ¥áá, ª®â®àë© ¯à¥¤áâ�¢«ï¥âáï −¥áâ�æ¨®−�à−ë¬, ¥á«¨ ¥£® à�áá¬�âà¨¢�âì −� ¢á¥¬
¯¥à¨®¤¥ −�¡«î¤¥−¨ï, ®ª�§ë¢�¥âáï ªãá®ç−®-áâ�æ¨®−�à−ë¬ | â¨¯¨ç−�ï á¨âã�æ¨ï
¤«ï à¥�«ì−ëå ¯®â®ª®¢ ‘Œ�.

’¥áâ¨à®¢�−¨¥ −¥§�¢¨á¨¬®áâ¨, ª®£¤�, ¢ ç�áâ−®áâ¨, áâ�−®¢ïâáï ¢®áâà¥¡®¢�−-
−ë¬¨ ¯à®æ¥¤ãàë �−�«¨§� §�¢¨á¨¬®áâ¨ à�§−®à®¤−ëå í«¥¬¥−â®¢ ‘Œ� ¨ ¢®§−¨ª�¥â
¢®¯à®á, çâ® ¤¥«�âì ¢ á¨âã�æ¨ïå, ª®£¤� ¯à¨ ®£à�−¨ç¥−−ëå ®¡ê¥¬�å ¨áå®¤−ëå
¤�−−ëå ¤®¯ãé¥−¨ï ® −¥§�¢¨á¨¬®áâ¨ −¥ ¢ë¯®«−ïîâáï.

‚ë¡®à à�á¯à¥¤¥«¥−¨ï | ª®¬¯à®¬¨áá� ¬¥¦¤ã ¯à¥¨¬ãé¥áâ¢�¬¨ á«®¦−®áâ¨
¬®¤¥«¨ ¨ á¯®á®¡−®áâìî �−�«¨â¨ç¥áª¨ ¨§¢«¥ª�âì ¨§ −¥¥ ¨−ä®à¬�æ¨î. ’�ª,
¢ â¥®à¨¨ ¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï â¨¯¨ç−ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë −¥ ï¢«ïîâáï
−®à¬�«ì−® à�á¯à¥¤¥«¥−−ë¬¨, ¢ â® ¢à¥¬ï ª�ª ¬−®¦¥áâ¢® ¨á¯®«ì§ã¥¬ëå â¥áâ®¢
®á−®¢�−® ¨¬¥−−® −� íâ®¬ ¯à¥¤¯®«®¦¥−¨¨. �â� ®¡é�ï ¤«ï ¯à¨ª«�¤−®£® áâ�â¨áâ¨-
ç¥áª®£® �−�«¨§� ¯à®¡«¥¬�, ¢ ç�áâ−®áâ¨, ¬®¦¥â à¥è�âìáï §� áç¥â ¨á¯®«ì§®¢�−¨ï
−¥¯�à�¬¥âà¨ç¥áª¨å â¥áâ®¢ ¨«¨ ¯à¨¢«¥ç¥−¨ï �á¨¬¯â®â¨ç¥áª¨å à¥§ã«ìâ�â®¢. �®
¯à¥¯ïâáâ¢¨ï ¯à¨ ¯à¨¬¥−¥−¨¨ ¨ á®¬−¥−¨ï ¢ ¯à�¢®¬¥à−®áâ¨ â�ª¨å ¯®¤å®¤®¢ ¯à¨-
¬¥−¨â¥«ì−® ª ‘Œ� ç�é¥ ¢á¥£® ®áâ�îâáï.
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Œ®¤¥«¨à®¢�−¨¥ ¢å®¤−®£® ¯®â®ª� à�¡®ç¨å −�£àã§®ª ª«�áâ¥à� LANL Mustang

÷�áá¬®âà¨¬ ¤�«¥¥ ¯®áâà®¥−¨¥ ¬®¤¥«¥© ¢å®¤−®£® ¯®â®ª� ¬−®£®¯à®æ¥áá®à−ëå
á¨áâ¥¬ −� ®á−®¢¥ âà�áá¨à®¢ª¨ à¥�«ì−®© à�¡®ç¥© §�£àã§ª¨ á¨áâ¥¬ë, §�ä¨ªá¨à®-
¢�−−®© ¢ á®®â¢¥âáâ¢ãîé¨å ¦ãà−�«�å. „®áâ®¨−áâ¢® ¯à®¨§¢®¤áâ¢¥−−ëå ¦ãà−�«®¢
§�ª«îç�¥âáï ¢ ¨å à¥�«¨áâ¨ç−®áâ¨. �¤−�ª® ®−¨ −¥ á¢®¡®¤−ë ®â −¥¤®áâ�âª®¢ [2]:
−¥ã¢¥à¥−−®áâ¨ ¢ ¤®áâ®¢¥à−®áâ¨ ¯à¥¤áâ�¢«ï¥¬®© ¨−ä®à¬�æ¨¨, −�«¨ç¨ï ®è¨¡®ª
¨«¨ á®¬−¨â¥«ì−ëå ¤�−−ëå, áãé¥áâ¢¥−−ëå ª®«¥¡�−¨© å�à�ªâ¥à¨áâ¨ª −�£àã§®ª
¢ §�¢¨á¨¬®áâ¨ ®â ¯à®¨áå®¦¤¥−¨ï ¦ãà−�«®¢. �®¤®¡−ë¥ ¯à®¡«¥¬ë ®£à�−¨ç¨¢�-
îâ áâ¥¯¥−ì −�¤¥¦−®áâ¨, á ª®â®à®© ¬®¦−® ¤¥«�âì ¢ë¢®¤ë ¨§ ¯à®è«ëå à�¡®ç¨å
−�£àã§®ª, çâ®¡ë ¯à¥¤áª�§ë¢�âì ¡ã¤ãé¨¥, ¨«¨ ¤¥«�âì ¢ë¢®¤ë ¨§ ®¤−®© ª®−ä¨-
£ãà�æ¨¨ ®¡®àã¤®¢�−¨ï, ¯®«ì§®¢�â¥«ìáª®© ¡�§ë ¨ ¯«�−¨à®¢é¨ª� ® ¤àã£¨å. �®
¢á¥ á®¬−¥−¨ï ãå®¤ïâ −� ¢â®à®© ¯«�−, ª®£¤� á ¯®¬®éìî ¨áá«¥¤®¢�−¨ï ª®−ªà¥â−ëå
¤�−−ëå ã¤�¥âáï ®¡à�â¨âì ¢−¨¬�−¨¥ −� −¥®¦¨¤�−−ë¥ ®á®¡¥−−®áâ¨ äã−ªæ¨®−¨-
à®¢�−¨ï á¨áâ¥¬, ¢ëï¢¨âì −¥¤®áâ�âª¨ áãé¥áâ¢ãîé¨å ¯à®æ¥¤ãà �−�«¨§� ¤�−−ëå
¨ ¯à¥¤«®¦¨âì −®¢ë¥ à¥è¥−¨ï, áä®à¬ã«¨à®¢�âì ¯®¦¥«�−¨ï ®â−®á¨â¥«ì−® ¬¥â®¤®¢
á¡®à� ¨−ä®à¬�æ¨¨.

2 Источники данных для моделирования

�¥á¬®âàï −� −�«¨ç¨¥ ¢ «¨â¥à�âãà¥ âà�áá¨à®¢®ª à�¡®ç¥© −�£àã§ª¨ (−�¯à¨-
¬¥à, [3]), ®−¨ ¯®¤ç�á −®áïâ à�§à®§−¥−−ë© å�à�ªâ¥à, á«¥¤ãîâ −¥ª�−®−¨ç¥áª¨¬
ä®à¬�â�¬, ®¯ãáª�îâ ¯®«¥§−ë¥ ¤«ï ¨áá«¥¤®¢�â¥«¥© å�à�ªâ¥à¨áâ¨ª¨.

„«ï ¯à¥¤®â¢à�é¥−¨ï −¥�¤¥ª¢�â−ëå ¨áá«¥¤®¢�−¨© à�¡®ç¨å −�£àã§®ª ¨ ¯à¥-
®¤®«¥−¨ï ®à£�−¨§�æ¨®−−ëå âàã¤−®áâ¥© c 2018 £. ¯®«ãç¨« à�§¢¨â¨¥ ¯à®¥ªâ Atlas
(www.project-atlas.org) | ¯à®£à�¬¬� ¯�àâ−¥àáâ¢�, ¨−¨æ¨¨à®¢�−−®£® “−¨¢¥àá¨-
â¥â®¬ Š�à−¥£¨{Œ¥««®−� ¨ ‹®á-�«�¬®ááª®© −�æ¨®−�«ì−®© «�¡®à�â®à¨¥© (Los
Alamos National Laboratory, LANL). ‘®®â¢¥âáâ¢ãîé¨© à¥¯®§¨â®à¨© á®¤¥à¦¨â
®¡é¥¤®áâã¯−ë¥ âà�áá¨à®¢ª¨. ‘®£«�á−® ¯à�¢¨«�¬ á�©â� ¯à®¥ªâ� Atlas, ¯à¨ ¨á-
¯®«ì§®¢�−¨¨ ¥£® ¤�−−ëå −¥®¡å®¤¨¬® ¤�¢�âì ááë«ª¨ −� [4, 5].

‚ â�¡«. 1 ¤�−� ®¡é�ï å�à�ªâ¥à¨áâ¨ª� ª«�áâ¥à®¢, �−®−á¨à®¢�−−ëå ¢ à�¬ª�å
¯à®¥ªâ� Atlas. –¥«ì �¢â®à®¢ ¯à®¥ªâ� Atlas á®áâ®¨â ¢ â®¬, çâ®¡ë �−�«¨§¨à®¢�âì,
¬®¤¥«¨à®¢�âì ¨ ¯ã¡«¨ª®¢�âì â�ª¨¥ ¦ãà−�«ë, çâ®¡ë ¤àã£¨¥ ¨áá«¥¤®¢�â¥«¨ ¬®£«¨
¨å ¨á¯®«ì§®¢�âì. �−�«¨§ áãé¥áâ¢ãîé¨å à�¡®ç¨å −�£àã§®ª ¯®ª�§ë¢�¥â, çâ®
âà�áá¨à®¢ª¨ LANL ¨ TwoSigma §−�ç¨â¥«ì−® ®â«¨ç�îâáï ®â âà�áá¨à®¢®ª ª«�áâ¥à�
Google, ª®â®àë¥ −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì§ãîâáï ¢ á®¢à¥¬¥−−®© «¨â¥à�âãà¥, çâ®
¯®¤ç¥àª¨¢�¥â −¥®¡å®¤¨¬®áâì à�§−®®¡à�§¨ï ¤�−−ëå, ®¡¥á¯¥ç¨âì ª®â®à®¥ ¯ëâ�¥âáï
¯à®¥ªâ Atlas.

�� ¬®¬¥−â −�¯¨á�−¨ï ¤�−−®© áâ�âì¨ à¥�«ì−ë© ¤®áâã¯ ¢®§¬®¦¥− «¨èì ª LANL
Trinity ¨ LANL Mustang. �§−�ª®¬¨âìáï á ®¡®¨¬¨ ¢�à¨�−â�¬ TwoSigma ¯à¥¤-
«�£�¥âáï ç¥à¥§ www.pdl.cmu.edu/ATLAS, −® ä�ªâ¨ç¥áª¨ íâ® −¨ç¥£® −¥ ¤�îé�ï
®âáë«ª� á−®¢� −� á�©â ¯à®¥ªâ� Atlas. �à¨ç¨−� ¢ â®¬, çâ® à¥¯®§¨â®à¨© ¢ −�áâ®ïé¥¥
¢à¥¬ï −�å®¤¨âáï ¢ áâ�¤¨¨ ¨−â¥−á¨¢−®© à�§à�¡®âª¨.

��¨¡®«ìè¨© ¨−â¥à¥á á ¯®§¨æ¨© à�§¢¥¤®ç−®£® áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−-
−ëå ¯à¥¤áâ�¢«ï¥â âà�áá¨à®¢ª� ¤«ï LANL Mustang: ¡®«ìè®© ¯¥à¨®¤ −�¡«î¤¥−¨©,
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’�¡«¨æ� 1 �¯¯�à�â−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¯à¥¤áâ�¢«¥−−ëå ¢ ¯à®¥ªâ¥ Atlas ª«�áâ¥à®¢

�«�âä®à¬�
ƒ®¤ ä®à¬¨-

à®¢�−¨ï
„«¨â¥«ì−®áâì
ä®à¬¨à®¢�−¨ï

—¨á«®
ã§«®¢

(Nodes)

—¨á«®
¯à®æ¥áá®à®¢

¢ ã§«¥
(Node CPUs)

�¡ê¥¬
®¯¥à�â¨¢−®©

¯�¬ïâ¨
(RAM)

LANL Trinity 2018 3 ¬¥á. 9408 32 128 ƒ�
LANL Mustang 2011{2016 5 «¥â 1600 24 64 ƒ�
TwoSigma A

2016 9 ¬¥á.
872 24 256 ƒ�

TwoSigma B 441 24 256 ƒ�

Google
(10 ¢�à¨�−â®¢) 2012

29 ¤−¥©
¤«ï ª�¦¤®£®

¢�à¨�−â�

®â 1
¤® 6732

®â 0,25 ¤® 1,0
®â−®á¨â¥«ì−®

á�¬®£®
¡®«ìè®£®

ã§«�

®â 0,03 ¤® 1,0
®â−®á¨â¥«ì−®

á�¬®£®
¡®«ìè®£®

ã§«�

¢−ãè¨â¥«ì−ë© ®¡ê¥¬ á®¡à�−−ëå á¢¥¤¥−¨©, è¨à®ª®¥ ¯®«¥ ¨§ëáª�−¨© ¨§-§� ã¯à®-
é¥−−®£® å�à�ªâ¥à� ¯à¥¤è¥áâ¢ãîé¨å ¨áá«¥¤®¢�−¨© ¨ ã¦¥ á¤¥«�−−ëå −¥ç¥âª¨å
¢ë¢®¤®¢. Mustang | ª«�áâ¥à ¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−ëå ¢ëç¨á«¥−¨©, á¯à®¥ªâ¨-
à®¢�− ª�ª íª®−®¬¨ç−ë© à¥áãàá ®¡é¥£® −�§−�ç¥−¨ï ¤«ï ¡®«ìè®£® ç¨á«� ¯®«ì§®-
¢�â¥«¥©; ¨á¯®«ì§®¢�«áï ãç¥−ë¬¨, ¨−¦¥−¥à�¬¨ ¨ à�§à�¡®âç¨ª�¬¨ ¯à®£à�¬¬−®£®
®¡¥á¯¥ç¥−¨ï ¢ LANL; ®− ¡ë« ¢ë¤¥«¥− íâ¨¬ ¯®«ì§®¢�â¥«ï¬ á ¤¥â�«¨§�æ¨¥© ä¨-
§¨ç¥áª¨å ã§«®¢. Š«�áâ¥à á®áâ®ï« ¨§ 1600 ¨¤¥−â¨ç−ëå ¢ëç¨á«¨â¥«ì−ëå ã§«®¢
á ®¡é¨¬ ®¡ê¥¬®¬ 38 400 ï¤¥à AMD Opteron 6176 á â�ªâ®¢®© ç�áâ®â®© 2,3 ƒƒæ
¨ 102 ’� ®¯¥à�â¨¢−®© ¯�¬ïâ¨. „�«¥¥ à¥çì ¯®©¤¥â ®¡ ®¡à�¡®âª¥ ¢¥àá¨¨ ¤�−−ëå
¦ãà−�«� ¯®¤ −�§¢�−¨¥¬ LANL Mustang trace FAQ version 1.0 Beta (®¡®§−�ç¥−¨ï
á�©â� ¯à®¥ªâ� Atlas), ¤�«¥¥ −�§ë¢�¥¬®© ¯à®áâ® ¤�−−ë¬¨ Mustang.

„�−−ë¥ Mustang ®å¢�âë¢�îâ 61 ¬¥á. äã−ªæ¨®−¨à®¢�−¨ï ª«�áâ¥à� á ®ªâï¡àï
2011 £. ¯® −®ï¡àì 2016 £. ‘®¡¨à�¥¬ë¥ ¤�−−ë¥ ¢ª«îç�«¨ ¯®«ï ¬¥â®ª ¢à¥¬¥−¨ ¤«ï
íâ�¯®¢ §�¤�−¨ï ®â ®â¯à�¢ª¨ ¤® §�¢¥àè¥−¨ï, á¢®©áâ¢ §�¤�−¨ï (¯®«ì§®¢�â¥«ì ¨ ®¡ê¥¬
âà¥¡ã¥¬ëå à¥áãàá®¢), á®áâ®ï−¨ï §�¢¥àè¥−¨ï §�¤�−¨ï ¨ ¡î¤¦¥â� ¢à¥¬¥−¨ ¤«ï
ª�¦¤®£® §�¤�−¨ï, ¯à¥¢ëè¥−¨¥ ª®â®à®£® ¯à¨¢®¤¨«® ª ¯à¥ªà�é¥−¨î ¢ë¯®«−¥−¨ï
§�¤�−¨ï.

�¥á¬®âàï −� â® çâ® ¨á¯®«ì§ã¥¬�ï ¢¥àá¨ï ¤�−−ëå ¯à®è«� à¥¤�ªâ¨à®¢�−¨¥
(®â á®áâ®ï−¨ï Raw ¤® Formatted, á®£«�á−® á�©âã ¯à®¥ªâ�), ®¡à�¡®âªã ¯à¨è«®áì
−�ç�âì á ®ç¨áâª¨. „«ï −¥¥ ¨á¯®«ì§®¢�«¨áì âà¨ ä¨«ìâà�: ú¢à¥¬¥−−®©û, úà¥-
áãàá−ë©û ¨ úã¯®àï¤®ç¥−−®áâ¨û. ‘®áâ®ï−¨¥ ®¯à¥¤¥«¥−−®£® ¯®«ï ¤�−−ëå ¬®¦−®
®å�à�ªâ¥à¨§®¢�âì ª�ª ¡¥§ ®è¨¡®ª (¤�«¥¥ | ª®¤ ú0û), á −¥ªà¨â¨ç¥áª®© ®è¨¡-
ª®© (−�¯à¨¬¥à, §−�ç¥−¨¥ ¯à®¯ãé¥−®, −® ¬®¦¥â ¡ëâì ¢®ááâ�−®¢«¥−® á ¯®¬®éìî
¤àã£®£® ¯®«ï; ª®¤ ú1û), á ªà¨â¨ç¥áª®© ®è¨¡ª®© (−�¯à¨¬¥à, −�àãè¥−® ãá«®¢¨¥
−¥ã¡ë¢�−¨ï §−�ç¥−¨© ¢à¥¬¥−− �ëå ¬¥â®ª, ª®¤ ú2û). …á«¨ ¯¥à¥ç¨á«¥−−ë¥ á®áâ®ï-
−¨ï ä¨ªá¨à®¢�âì ¤«ï £àã¯¯ë ¢à¥¬¥−− �ëå å�à�ªâ¥à¨áâ¨ª (ª®¤ úTû) ¨ à¥áãàá−ëå
(ª®¤ úJû), â® ¨â®£®¢�ï â�¡«¨æ� ¢áâà¥â¨¢è¨åáï ª®¬¡¨−�æ¨© ¯à¨¬¥â ¢¨¤ â�¡«. 2.
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’�¡«¨æ� 2 ’�¡«¨æ� á®¯àï¦¥−−®áâ¨ á®áâ®ï−¨© ¯®«¥© ¤�−−ëå ¨ áâ�âãá� §�¤�−¨©

T J
‘â�âãá §�¤�−¨ï

�â¬¥−¥−®
(CANCELLED)

‡�¢¥àè¥−®
(COMPLETED)

‘−ïâ® ¨§-§� ¯à¥¢ëè¥−¨ï ¡î¤¦¥â�
¢à¥¬¥−¨ (TIMEOUT)

0 0 43 798 1 796 924 149 655
0 1 2 272 18 802 2520
0 2 3187 1844 0
1 0 86 389 7581 0
1 1 91 0 0
1 2 0 0 0
2 0 3 0 0
2 1 0 0 109
2 2 0 0 0

„®¯ãáâ¨¢ ¢®§¬®¦−®áâì ®¡à�¡�âë¢�âì ¤�−−ë¥, áä®à¬¨à®¢�−−ë¥ ¯à�¢¨«ì−®
¨«¨ á −¥ªà¨â¨ç¥áª¨¬¨ ®è¨¡ª�¬¨, ¯à¨è«®áì ®â¡à®á¨âì 5143 áâà®ª¨ ¦ãà−�«�
âà�áá¨à®¢ª¨ (á®®â¢¥âáâ¢ãîâ ª«¥âª�¬ â�¡«. 2 ¯®«ãç¥−−ë¬ ¯à¨ ¢®§−¨ª−®¢¥−¨¨
ª�ª®©-«¨¡® ®è¨¡ª¨ á ª®¤®¬ 2), çâ® á®áâ�¢«ï¥â 0,2%.

3 Основные методы анализа данных

’¥áâ¨à®¢�−¨¥ áâ�æ¨®−�à−®áâ¨. ÷�ááç¨âë¢�âì ¯à¨ ¨¬¥îé¥©áï ¡®«ìè®©
¤«¨â¥«ì−®áâ¨ ä®à¬¨à®¢�−¨ï ¤�−−ëå −� −¥¨§¬¥−−®áâì ¨å å�à�ªâ¥à¨áâ¨ª −¥ ¯à¨-
å®¤¨âáï. �®íâ®¬ã ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¢¨§ã�«ì−® ¢áï ¨áå®¤−�ï ¯®á«¥¤®¢�â¥«ì−®áâì
¡ë«� à�§¤¥«¥−� −� âà¨ ç�áâ¨, ¯®¨¬¥−®¢�−−ë¥ ª�ª M1, M2, M3 (â�¡«. 3). Š�¦¤�ï
¨å −¨å ¨¬¥«� ¯à¨¬¥à−® ®¤¨−�ª®¢ë¥ ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï §�¯à®á®¢, −®
ï¢−® ®â«¨ç�îé¨¥áï ¤àã£ ®â ¤àã£�.

’¥áâ¨à®¢�−¨¥ áâ�æ¨®−�à−®áâ¨ ¤«ï ª�¦¤®© ç�áâ¨ ¢ ®â¤¥«ì−®áâ¨ ®á−®¢ë¢�«®áì
−� £¨¯®â¥§¥ ® à�¢−®¬¥à−®¬ à�á¯à¥¤¥«¥−¨¨ ¬®¬¥−â®¢ −�áâã¯«¥−¨ï á®¡ëâ¨© −�

’�¡«¨æ� 3 •�à�ªâ¥à¨áâ¨ª¨ äà�£¬¥−â®¢ ®ç¨é¥−−ëå ¤�−−ëå

ˆ¬ï
—¨á«®

á®¡ëâ¨©

‚à¥¬ï
−�ç�«�

äà�£¬¥−â�

‚à¥¬ï
®ª®−ç�−¨ï
äà�£¬¥−â�

„«¨â¥«ì−®áâì
äà�£¬¥−â�
¢ á¥ªã−¤�å

(¤−ïå)

ˆ−â¥−á¨¢-
−®áâì
¯®â®ª�

á®¡ëâ¨©

Œ�ªá¨¬�«ì-
−�ï ¤«¨−�

á¥à¨¨
®¤¨−�ª®¢ëå

Tin
M1 145 081 3 636 58 592 906 58 589 270 (678) 0,0025 160
M1s 10 321 47 503 972 51 999 832 4 495 860 (52) 0,0023 4
M2 1 238 230 58 592 906 81 639 293 23 046 387 (266) 0,0537 779
M2s 221 593 59 000 067 62 999 971 3 999 904 (46) 0,0554 305
M3 724 721 81 639 453 158 870 694 77 231 241 (893) 0,0094 1 973
M3s 19 865 107 801 163 112 499 510 4 698 347 (32) 0,0042 32

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024 113



Œ. �. Šà¨¢¥−ª®

¯¥à¨®¤¥ −�¡«î¤¥−¨ï (â¥áâ U ) ¨ −� ¯à¨¬¥−¥−¨¨ «¨−¥©−®£® à¥£à¥áá¨®−−®£® �−�«¨§�
ª ¨−â¥à¢�«�¬ ¬¥¦¤ã á®¡ëâ¨ï¬¨ (â¥áâ R); ¯®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¡¥§ á®¬−¥−¨©
á¢¨¤¥â¥«ìáâ¢®¢�«¨ ¢ ¯®«ì§ã £¨¯®â¥§ë ® −�«¨ç¨¨ âà¥−¤�. „«ï æ¥«¥© ¯®á«¥¤ã-
îé¥£® �−�«¨§� ®¯ïâì ¦¥ ¢¨§ã�«ì−ë¬ ¯ãâ¥¬ ¬¥â®¤®¬ ¯à®¡ ¨ ®è¨¡®ª ú¢−ãâà¨û
M1, M2 ¨ M3 ¡ë«¨ ¢ë¤¥«¥−ë äà�£¬¥−âë, ¯®å®¦¨¥ −� áâ�æ¨®−�à−ë¥ (−�§®¢¥¬
¨å á®®â¢¥âáâ¢¥−−® M1s, M2s ¨ M3s), ª ª®â®àë¬ ¡ë«¨ ¯à¨¬¥−¥−ë ãª�§�−−ë¥
â¥áâë. ÷¥§ã«ìâ�âë ¢ ®á−®¢−®¬ ®¯ïâì ¦¥ £®¢®à¨«¨ ® −�«¨ç¨¨ âà¥−¤�, çâ® ¢ë-
§¢�«® −¥ª®â®àë¥ á®¬−¥−¨ï ¢ ª®àà¥ªâ−®áâ¨ ¯à¨¬¥−ï¥¬ëå ¬¥â®¤®¢. �−¨ â®«ìª®
¢®§à®á«¨ ¢ å®¤¥ íªá¯¥à¨¬¥−â®¢ á® á«ãç�©−ë¬¨ ¯¥à¥áâ�−®¢ª�¬¨ í«¥¬¥−â®¢ ¨áå®¤-
−ëå ¤�−−ëå. ��¨¡®«¥¥ áãé¥áâ¢¥−−ë¬ ä�ªâ®à®¬, ¨áª�¦�îé¨¬ ¯à¥¤¯®«®¦¥−¨ï
®¡é¥¯à¨−ïâëå ªà¨â¥à¨¥¢ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¯®á«¥¤®¢�â¥«ì−®áâ¥© á®¡ëâ¨©
(ª ª®â®àë¬, ¡¥§ãá«®¢−®, ®â−®áïâáï ãª�§�−−ë¥ â¥áâëU ¨R), ®ª�§�«®áì á®¢¯�¤¥−¨¥
®â¤¥«ì−ëå §−�ç¥−¨© Tin (¢ ª�ç¥áâ¢¥ ¯à¨¬¥à� á¬. ¯®á«¥¤−¨© áâ®«¡¥æ â�¡«. 3). �à¨-
ç¥¬ ¨å ¬®¦¥â ¡ëâì ¤®áâ�â®ç−® ¬−®£®, ¨ ®â−®áïâáï ®−¨ ¤«ï ®¤−®© ¨ â®© ¦¥ á¥à¨¨
ª�ª ª ®¤−®¬ã ¨ â®¬ã ¦¥ ¯®«ì§®¢�â¥«î, â�ª ¨ ª à�§−ë¬. „«ï â®£® çâ®¡ë ¯®ïá−¨âì,
ª�ª¨¥ ¤¥©áâ¢¨ï ¯®§¢®«¨«¨ ¨á¯à�¢¨âì ¯®«®¦¥−¨¥ ¤¥«, ¯à¨¤¥âáï −�¯®¬−¨âì áãâì
â¥áâ� R [6, à�§¤. 3.2].

�ãáâì ¨áá«¥¤ã¥âáï ¯®áâ¥¯¥−−®¥ ¨§¬¥−¥−¨¥ ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï á®¡ë-
â¨©. ‚ë¡à�¢ −¥ª®â®à®¥ æ¥«®¥ l, áä®à¬¨àã¥¬ Y1 | ¢à¥¬ï ®â −�ç�«� −�¡«î¤¥−¨ï
¤® l-£® á®¡ëâ¨ï, Y2 | ¢à¥¬ï ®â l-£® ¤® 2l-£® á®¡ëâ¨ï ¨ â. ¤., ¯à¨ íâ®¬ ú«¨è−¨¥û
(®¡é¥¥ ç¨á«® á®¡ëâ¨© −¥ ªà�â−® l) ¯® â®¬ã ¨«¨ ¨−®¬ã ¯à�¢¨«ã ®â¡à�áë¢�¥¬. …á«¨
¯à®æ¥áá ¯à®áâ®© ¯ã�áá®−®¢áª¨©, â® Yi ï¢«ïîâáï −¥§�¢¨á¨¬ë¬¨ ¨

E(ln Yi) = − lnλ+ ei ; Var (lnYi) = vl ,

£¤¥ ei ¨ vi | ¨§¢¥áâ−ë¥ ¯®áâ®ï−−ë¥, −¥ §�¢¨áïé¨¥ ®â λ, ¢ ç�áâ−®áâ¨

vl
∼= 1

l − 0,5 .

„¥«�¥âáï ¤®¯ãé¥−¨¥, çâ® ª�¦¤®¬ã yi ¬®¦−® á®¯®áâ�¢¨âì −¥§�¢¨á¨¬ãî á«ãç�©−ãî
¢¥«¨ç¨−ã zi (¢ ¤�−−®© áâ�âì¥ íâ® æ¥−âà ¨−â¥à¢�«� yi):

lnλi = α+ βzi .

’�ª¨¬ ®¡à�§®¬ ¯®«ãç�¥¬ «¨−¥©−ãî ¬®¤¥«ì

E (lnYi) = −
(

α′ + βzi
)

; Var (lnYi) = vl ,

£¤¥ α′ = α − ei; β | −¥¨§¢¥áâ−ë¥ ¯�à�¬¥âàë, ¯®¤«¥¦�é¨¥ ®æ¥−¨¢�−¨î; vl |
¨§¢¥áâ−�ï ¯®áâ®ï−−�ï. ’�ª¨¬ ®¡à�§®¬ ¬®¦−® ¯®«ãç¨âì ®æ¥−ª¨ ¯�à�¬¥âà®¢,
¯à®¢¥à¨âì −ã«¥¢ãî £¨¯®â¥§ã β = 0, ¯à®¢¥áâ¨ �−�«¨§ �¤¥ª¢�â−®áâ¨ ¯à¨−ïâ®©
¬®¤¥«¨ ¨ ®¡®á−®¢�âì à®áâ íää¥ªâ¨¢−®áâ¨ ®æ¥−ª¨ âà¥−¤� á ã¢¥«¨ç¥−¨¥¬ ç¨á«�
®¡ê¥¤¨−ï¥¬ëå ¨−â¥à¢�«®¢.

�á®¡¥−−®áâ¨ ¤�−−ëå Mustang á®§¤�«¨ ¯à®¡«¥¬ã á á�¬®£® −�ç�«� ¯à¨¬¥−¥−¨ï
ªà¨â¥à¨ï: ¨§-§� −�«¨ç¨ï á¥à¨© −ã«¥¢ëå ¨−â¥à¢�«®¢ ®ª�§�«¨áì −¥®¯à¥¤¥«¥−−ë¬¨
®â¤¥«ì−ë¥ §−�ç¥−¨ï ln yi. …¥ à¥è¥−¨¥ §�ª«îç�«®áì ¢ ã¢¥«¨ç¥−¨¨ l. �¥á¬®âàï
−� â® çâ® âà¥¡ã¥¬ë¥ §−�ç¥−¨ï ®ª�§�«¨áì ¤®áâ�â®ç−® ¡®«ìè¨¬¨ (á¬. ¯®á«¥¤−¨©
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’�¡«¨æ� 4 ÷¥§ã«ìâ�âë â¥áâ¨à®¢�−¨ï áâ�æ¨®−�à-
−®áâ¨ (α∗ | ªà¨â¨ç¥áª¨© ãà®¢¥−ì §−�ç¨¬®áâ¨;
n | ç¨á«® ®¡ê¥¤¨−¥−−ëå ¨−â¥à¢�«®¢)

ˆ¬ï
Šà¨â¥à¨© U Šà¨â¥à¨© R′

α∗, % α∗, % l n
M1 0,00 0,00 260 558
M1s 13,98 25,11 100 103
M2 0,00 0,14 870 1423
M2s 0,00 96,20 400 553
M3 0,00 0,00 2070 350
M3s 60,47 6,17 130 152

áâ®«¡¥æ â�¡«. 3), íâ® ¯®«−®áâìî á®£«�á®¢ë¢�«®áì á à®áâ®¬ íää¥ªâ¨¢−®áâ¨ ®æ¥−ª¨
âà¥−¤� á ã¢¥«¨ç¥−¨¥¬ l ¨ −¥ ¡¥á¯®ª®¨«® ¡«�£®¤�àï ¡®«ìè¨¬ ®¡ê¥¬�¬ ¨áå®¤−ëå
¤�−−ëå á â®çª¨ §à¥−¨ï à�§¬¥à−®áâ¥© ¯®«ãç�îé¨åáï §−�ç¥−¨© áâ�â¨áâ¨ª¨. ‘«¥-
¤ãîé¥¥, çâ® ¯à®ï¢¨«®áì ¨§-§� −¥á®®â¢¥âáâ¢¨ï ¯à¥¤¯®«®¦¥−¨ï ® ¯à®áâ®¬ ¯ã�á-
á®−®¢áª®¬ ¯®â®ª¥ ¨ à¥�«ì−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨, | ª®−ªà¥â−®¥ §−�ç¥−¨¥ vl.
�à¥®¤®«¥âì íâ® áâ�«® ¢®§¬®¦−ë¬, ¯¥à¥¢¥¤ï ¤¨á¯¥àá¨î §�¢¨á¨¬®© ¯¥à¥¬¥−−®©
¢ ®æ¥−¨¢�¥¬ë¥ ¯�à�¬¥âàë à¥£à¥áá¨®−−®£® �−�«¨§�. Šáâ�â¨, ¯®å®¦ãî, ¯® áãâ¨,
¯à�¢ªã ¬®¦−® ¯à®¢¥áâ¨ ¨ ¢ á«ãç�¥ áâ�â¨áâ¨ª¨ U , §�¬¥−¨¢ ¤¨á¯¥àá¨î ¥¥ ¯à¥¤¥«ì-
−®£® à�á¯à¥¤¥«¥−¨ï −� ®æ¥−ªã, ¯®áç¨â�−−ãî, −�¯à¨¬¥à, ¬¥â®¤®¬ ¯¥à¥¯à®¢¥àª¨.
÷¥§ã«ìâ�âë ¯à¨¬¥−¥−¨ï ªà¨â¥à¨¥¢ U ¨ R′ (¤¨á¯¥àá¨ï | ¤®¯®«−¨â¥«ì−ë© ¯�à�-
¬¥âà à¥£à¥áá¨®−−®£® �−�«¨§�) ®âà�¦¥−ë ¢ â�¡«. 4.

�−�«¨§ áâ�æ¨®−�à−ëå äà�£¬¥−â®¢. ‘¯¥æ¨ä¨ª� ¯�ª¥â−®£® ®¡à�§®¢�−¨ï
¯®â®ª� §�ï¢®ª ¯à¨¢¥«� ª ¬®¤¥«¨ ¢¥â¢ïé¥£®áï ¯ã�áá®−®¢áª®£® ¯à®æ¥áá� (BPP),
ª®â®àë© á«�£�¥âáï ¨§ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ®á−®¢−ëå á®¡ëâ¨© (¯®áâã¯«¥−¨¥ −�
®¡à�¡®âªã ®â¤¥«ì−®£® ¯�ª¥â� §�¤�−¨©), à�§¤¥«¥−−ëå á«ãç�©−ë¬¨ ¢¥«¨ç¨−�¬¨
Z1, Z2, . . . Š�¦¤®¥ ¨§ ®á−®¢−ëå á®¡ëâ¨© ¯®à®¦¤�¥â ¢á¯®¬®£�â¥«ì−ãî ¯®á«¥-
¤®¢�â¥«ì−®áâì á®¡ëâ¨© (¯à¨¥¬ª� −� ®¡à�¡®âªã ®â¤¥«ì−®£® §�¤�−¨ï ¨§ ¯�ª¥â�),
á®¤¥à¦�éãî á«ãç�©−®¥ (¢®§¬®¦−®, −ã«¥¢®¥) ç¨á«® S á®¡ëâ¨©, à�§¤¥«¥−−ëå á«ã-
ç�©−ë¬¨ ¢¥«¨ç¨−�¬¨ Y1, . . . , YS. ‚á¯®¬®£�â¥«ì−ë¥ ¯à®æ¥ááë −¥§�¢¨á¨¬ë ¤àã£
®â ¤àã£� ¨ ¨¬¥îâ ®¤¨−�ª®¢ãî ¯à¨à®¤ã. ��¡«î¤�¥âáï ¯®«−ë© ¯à®æ¥áá {Xi} â�ª,
çâ® ¤¢� â¨¯� á®¡ëâ¨© −¥à�§«¨ç¨¬ë. ‚ ®á−®¢ã áâ�â¨áâ¨ç¥áª®£® ¢ë¢®¤� ¤«ï ¢¢¥-
¤¥−−®© ¬®¤¥«¨ ¯®«®¦¨¬ á«¥¤ãîé¨¥ ¤®¯®«−¨â¥«ì−ë¥ ¯à¥¤¯®«®¦¥−¨ï ¨ ¢¥à−ë¥,
á®£«�á−® [6], á®®â−®è¥−¨ï.

1. �á−®¢−®© ¯®â®ª ¥áâì ¯ã�áá®−®¢áª¨© á ¨−â¥−á¨¢−®áâìî λ, � ¢á¯®¬®£�â¥«ì-
−ë© | ¯à®æ¥áá ¢®ááâ�−®¢«¥−¨ï, ®¡àë¢�îé¨©áï ¢ ¬®¬¥−â −�áâã¯«¥−¨ï S-£®
á®¡ëâ¨ï, ®âªã¤�, ¢ ç�áâ−®áâ¨, á«¥¤ã¥â, çâ®

E(X) =
1

λ (1 + E(S))
. (1)
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2. „«ï ¡®«ìè¨å xth ãá«®¢−®¥ à�á¯à¥¤¥«¥−¨¥ ¢¥«¨ç¨−ë X − xth ¯à¨ ãá«®¢¨¨,
çâ® X ¡®«ìè¥, ç¥¬ xth, ®ª�§ë¢�¥âáï ¯®ª�§�â¥«ì−ë¬ à�á¯à¥¤¥«¥−¨¥¬ á ¯�à�-
¬¥âà®¬ λ. ’�ª¦¥ ¤«ï x≫ E(Y ) ¨¬¥¥¬

lnRX(x) ≃ − ln (1 + E(S))− λE(Y )E(S) − λt , (2)

â. ¥. ¡¥§ãá«®¢−�ï äã−ªæ¨ï −�¤¥¦−®áâ¨RX(x) ¢¥«¨ç¨−ëX ¨¬¥¥â ¯®ª�§�â¥«ì-
−® à�á¯à¥¤¥«¥−−ë© å¢®áâ.

3. �à¨ t → ∞ ¤«ï �á¨¬¯â®â¨ç¥áª®£® §−�ç¥−¨ï â�−£¥−á� ã£«� −�ª«®−� ªà¨¢®©
¤¨á¯¥àá¨¨ V (t) ¢¥à−®

V (t) ≈ λtE
(

(S + 1)2
)

,

çâ® ¤¥¬®−áâà¨àã¥â −¥§�¢¨á¨¬®áâì ®â à�á¯à¥¤¥«¥−¨ï ¢¥«¨ç¨−ë Y . „«ï ª®−-
ªà¥â−®áâ¨ á¤¥«�¥¬ ¤®¯®«−¨â¥«ì−ë¥ ¯à¥¤¯®«®¦¥−¨ï ® à�á¯à¥¤¥«¥−¨¨ ¢¥«¨-
ç¨−ë S: ®á−®¢−®¥ á®¡ëâ¨¥ ¬®¦¥â −�áâã¯�âì ¡¥§ ¯®á«¥¤áâ¢¨© ¨«¨ ¯®à®¦¤�âì
á ¢¥à®ïâ−®áâìî r ¯® ªà�©−¥© ¬¥à¥ ®¤−® ¢á¯®¬®£�â¥«ì−®¥ á®¡ëâ¨¥ á G ¯®á«¥-
¤ãîé¨¬¨. „«ï G ¯à¨¬¥¬ £¥®¬¥âà¨ç¥cª®¥ à�á¯à¥¤¥«¥−¨¥ á ¯�à�¬¥âà®¬ p.
„«ï ®¯¨á�−−®© áå¥¬ë ¢¥â¢ïé¥£®áï ¯à®æ¥áá� ¢®ááâ�−®¢«¥−¨ï, ¯à®áâ® á«¥¤ãï
®¯à¥¤¥«¥−¨î ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï, ¯®«ãç�¥¬

E(S) =
r

p
. (3)

�â® −¥ á®¢¯�¤�¥â á ä®à¬ã«®© (15) ¨§ [6, à�§¤. 7.4]. ‘®®â¢¥âáâ¢¥−−®,
−¥áª®«ìª® ¨−®© ¢¨¤ ¯à¨−¨¬�¥â �á¨¬¯â®â¨ç¥áª®¥ §−�ç¥−¨¥ ª®íää¨æ¨¥−â�
−�ª«®−� ªà¨¢®© ¤¨á¯¥àá¨¨

V (t) ≈ λt

(

1 + E(S)
2 + p

p

)

. (4)

�®«ãç¥−−ë¥ á®®â−®è¥−¨ï ¯®§¢®«ïîâ áä®à¬ã«¨à®¢�âì

�«£®à¨â¬ ®æ¥−¨¢�−¨ï ¯�à�¬¥âà®¢ BPP

1. �®«ãç¨âì ¨−â¥£à�«ì−ãî ¨−â¥−á¨¢−®áâì ¢å®¤−®£® ¯®â®ª� “m.

2. �®áâà®¨âì ¨ ¯à®¢¥áâ¨ �−�«¨§ í¬¯¨à¨ç¥áª®© äã−ªæ¨¨ −�¤¥¦−®áâ¨. ‘®-
£«�á−® (2) ¥¥ «®£�à¨ä¬ ¨¬¥¥â «¨−¥©−ë© å¢®áâ, çâ® ¯®§¢®«ï¥â ¢¨§ã�«ì−®
®¯à¥¤¥«¨âì ¯®à®£ xth, §�¤�îé¨© «¥¢ãî £à�−¨æã íâ®£® «¨−¥©−®£® ãç�áâª�,

¨ ¯®¤áç¨â�âì áà¥¤−¥¥ §−�ç¥−¨¥ ¨§¡ëâª®¢. �â® ¤�áâ ®æ¥−ªã “E(Z) ¨ á®£«�á−® (1)
¯à¨¢¥¤¥â ª ®æ¥−ª¥

“E(S) = “m “E(Z)− 1 .
‚ à¥§ã«ìâ�â¥ ¡ã¤¥â ¯®«ãç¥−� ¯àï¬�ï á ª®íää¨æ¨¥−â®¬ −�ª«®−�

−“λ = − 1
“E(Z)

,
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¯à®å®¤ïé�ï ç¥à¥§ â®çªã (xth, lnRX(x)) ¨ ®âá¥ª�îé�ï ®âà¥§®ª “h ¯® ¢¥àâ¨-
ª�«ì−®© ®á¨. �â® ¯®§¢®«¨â á®£«�á−® (2) ¯®«ãç¨âì ãà�¢−¥−¨¥

− ln
(

1 + “E(S)
)

− “λ “E(Y ) “E(S) = “h

¤«ï ®æ¥−ª¨ “E(Y ). �®¬®éì ¢ ®¯à¥¤¥«¥−¨¨ xth ¬®¦¥â ®ª�§�âì ¯à®¢¥àª� â®£®
ä�ªâ�, çâ® ãá«®¢−®¥ à�á¯à¥¤¥«¥−¨¥ ¨§¡ëâª®¢ ¥áâì ¯®ª�§�â¥«ì−®¥ ¨, á«¥¤®¢�-
â¥«ì−®, ¨å ¯®á«¥¤®¢�â¥«ì−ë¥ áã¬¬ë ¤®«¦−ë ¡ëâì à�¢−®¬¥à−® à�á¯à¥¤¥«¥−ë
−� á®®â¢¥âáâ¢ãîé¥¬ ¯¥à¨®¤¥ −�¡«î¤¥−¨ï. �®á«¥¤−¥¥ ä®à¬�«ì−® ¯®¢¥àï¥âáï,
−�¯à¨¬¥à á ¯®¬®éìî ªà¨â¥à¨ï Š®«¬®£®à®¢�{‘¬¨à−®¢�.

3. �®áâà®¨âì ¨ ¯à®¢¥áâ¨ �−�«¨§ ªà¨¢®© ¤¨á¯¥àá¨¨. ‘®®â−®è¥−¨¥ (4) ãª�§ë¢�¥â
−� −�«¨ç¨¥ ¯à¨ ¡®«ìè¨å §−�ç¥−¨ïå t «¨−¥©−®£® ¯à�¢®£® «¨−¥©−®£® å¢®á-
â�, ã£®« −�ª«®−� ª®â®à®£® á®¢¬¥áâ−® á (3) ¯®§¢®«ï¥â ®æ¥−¨âì ¯�à�¬¥âàë r
¨ p ¢á¯®¬®£�â¥«ì−®£® ¯à®æ¥áá�. „®¯®«−¨â¥«ì−ãî á«®¦−®áâì ¢−®á¨â ¯à®æ¥áá
®æ¥−¨¢�−¨ï á�¬®© ªà¨¢®© ¤¨á¯¥àá¨¨: ®¡ëç−® ¯®á«¥ ®â−®á¨â¥«ì−® ¤«¨â¥«ì-
−®£® ¯¥à¨®¤� ¢à¥¬¥−¨ á «¨−¥©−ë¬ ¯®¢¥¤¥−¨¥¬ ¯à�¢®£® å¢®áâ� £à�ä¨ª ªà¨¢®©
¤¨á¯¥àá¨¨ ¯¥à¥áâ�¥â ¯®å®¤¨âì −� «¨−¥©−ë©. �®íâ®¬ã ¢¬¥áâ® ¨−â¥à¢�«� á ¡¥á-
ª®−¥ç−®© ¯à�¢®© £à�−¨æ¥© ¯à¨å®¤¨âáï ¢¨§ã�«ì−® §�¤�¢�âì −¥ â®«ìª® «¥¢ãî,
−® ¨ ¯à�¢ãî £à�−¨æë ¨−â¥à¢�«� «¨−¥©−®áâ¨, çâ® ¯®§¢®«ï¥â ®¯à¥¤¥«¨âìáï
á ª®íää¨æ¨¥−â®¬ −�ª«®−� “v ¨ ¯®«ãç¨âì ®æ¥−ª¨: “p ¨§ ãà�¢−¥−¨ï

“λ

(

1 + “E(S)
2 + “p

“p

)

= “v,

¯®á«¥ ç¥£® “r ¨§

“E(S) =
“r

“p
.

”®à¬�«¨§®¢�âì ¢ë¤¥«¥−¨¥ ¨−â¥à¢�«� «¨−¥©−®áâ¨ ¬®¦−® ¯ãâ¥¬ ¨§®«¨à®¢�−¨ï
−ã«¥¢ëå §−�ç¥−¨© á£«�¦¥−−®© 2-© ¯à®¨§¢®¤−®©.

�à¨¬¥−¨â¥«ì−® ª ¨áá«¥¤ã¥¬ë¬ áâ�æ¨®−�à−ë¬ äà�£¬¥−â�¬ ¢å®¤−®£® ¯®â®ª�
®¯¨á�−−�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¯à®æ¥¤ãà ¯à¨¢¥«� ª ®æ¥−ª�¬ ¯�à�¬¥âà®¢ ¬®¤¥«¨,
¤�−−ë¬ ¢ â�¡«. 5, ª®â®àë¥ ¯®§¢®«ïîâ ¬®¤¥«¨à®¢�âì à¥�«ì−ë¥ áâ�æ¨®−�à−ë¥
äà�£¬¥−âë ¢å®¤−®£® ¯®â®ª�.

’�¡«¨æ� 5 �æ¥−ª¨ ¯�à�¬¥âà®¢ BPP

ˆ¬ï “E(Z) “E(S) “E(Y ) “r “p

M1s 7390 16,0 753,0 3,60 · 10−2 2,25 · 10−3
M2s 428 22,7 25,9 3,24 · 10−3 1,42 · 10−4
M3s 2030 7,6 297,0 1,67 · 10−2 2,20 · 10−3
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‡�¬¥ç�−¨¥. „«ï BPP §−�ç¥−¨ï ¯ïâ¨ ®æ¥−®ª ¯�à�¬¥âà®¢ “E(Z), “E(S), “E(Y ),
“r ¨ “p áâà®ïâáï ¯à¨ ä¨ªá¨à®¢�−−®¬ “m −� ®á−®¢¥ ¢á¥£® âà¥å å�à�ªâ¥à¨áâ¨ª:

ª®íää¨æ¨¥−â� −�ª«®−� «¨−¥©−®£® å¢®áâ� «®£�à¨ä¬� äã−ªæ¨¨ −�¤¥¦−®áâ¨; “h |
¢¥«¨ç¨−ë ®âá¥ç¥−¨ï ¯® ¢¥àâ¨ª�«ì−®© ®á¨ «¨−¥©−®£® å¢®áâ� «®£�à¨ä¬� äã−ªæ¨¨
−�¤¥¦−®áâ¨; “v | ª®íää¨æ¨¥−â� −�ª«®−� «¨−¥©−®£® å¢®áâ� ªà¨¢®© ¤¨á¯¥àá¨¨.

‘�¬� ®¡à�¡®âª� ¤�−−ëå ¯®¤â¢¥à¤¨«� −¥−�¤¥¦−®áâì ®â¤¥«ì−ëå íâ�¯®¢ ¨á-
á«¥¤®¢�−¨ï ¯®â®ª®¢ á®¡ëâ¨©, ¨ ¢ ¯¥à¢ãî ®ç¥à¥¤ì íâ® ª�á�«®áì ¢¨§ã�«¨§�æ¨¨.
�¥á¬®âàï −� â® çâ® ¢ áâ�âì¥ ¡ë«¨ ¯à¥¤«®¦¥−ë ¨ �¯à®¡¨à®¢�−ë ¤®¯®«−¨â¥«ì−ë¥
¯à¨¥¬ë ä®à¬�«¨§�æ¨¨ �−�«¨§�, ®áâ�¢�«¨áì á®¬−¥−¨ï ¯à¨ §�¤¥©áâ¢®¢�−¨¨ â�ª¨å
¯®−ïâ¨©, ª�ª ú�á¨¬¯â®â¨ç¥áª¨û ¨«¨ ú«¨−¥©−ë© ¯à�¢ë© å¢®áâû, â¥¬ ¡®«¥¥ çâ®
¯®¤ç�á £à�ä¨ª¨ �−�«¨§¨àã¥¬ëå ¯à®æ¥áá®¢ −¥ ®â¢¥ç�«¨ á«®¦¨¢è¨¬áï ¯à¥¤áâ�¢«¥-
−¨ï¬ (¢ ç�áâ−®áâ¨, ªà�©−¥ ú−¥®¦¨¤�−−ë¬û ¯®¢¥¤¥−¨¥¬ ®â«¨ç�«�áì í¬¯¨à¨ç¥áª�ï
äã−ªæ¨ï −�¤¥¦−®áâ¨). �®−ïâ−®, çâ® á®®â¢¥âáâ¢ãîé¨¥ ¢®¯à®áë ¬®£ãâ ¡ëâì
ç�áâ¨ç−® á−ïâë ¯®á«¥ �−�«¨§� �¤¥ª¢�â−®áâ¨ ¯à¨−ïâ®© ¬®¤¥«¨. “ç¨âë¢�ï, çâ®
¯®¤£®−ª� ¯�à�¬¥âà®¢ BPP ®á−®¢ë¢�«�áì −� å�à�ªâ¥à¨áâ¨ª�å ¯¥à¢®£® ¯®àï¤ª�,
à�§ã¬−® ®¡à�â¨âìáï ª ¡®«¥¥ á«®¦−ë¬ ¯®ª�§�â¥«ï¬: ¤�«¥¥ ¨á¯®«ì§®¢�«®áì ¯®¢¥¤¥-
−¨¥ �¢â®ª®àà¥«ïæ¨®−−®© äã−ªæ¨¨ (autocorrelation function, ACF). ‚ ¯à¨−æ¨¯¥,
§−�ï ¯�à�¬¥âàë BPP, ¥¥ §−�ç¥−¨ï ¬®¦−® −�©â¨ â¥®à¥â¨ç¥áª¨, −® â®«ìª® ¯®á«¥
¯à¨¢«¥ç¥−¨ï ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï. �®íâ®¬ã ACF ®æ¥−¨¢�«�áì ¯® á¬®-
¤¥«¨à®¢�−−®© ¤«ï §�¤�−−ëå ¯�à�¬¥âà®¢ à¥�«¨§�æ¨¨ ¯à®æ¥áá�. �ªá¯¥à¨¬¥−âë
¯®ª�§�«¨, çâ® íâ�«®−−ë¥ ACFst(M1s, M2s, M3s) áãé¥áâ¢¥−−® ®â«¨ç�«¨áì ®â
ACFest(M1s, M2s, M3s), ¯®«ãç¥−−ëå −� ®á−®¢¥ ¤�−−ëå â�¡«. 5. �®íâ®¬ã,
¨á¯®«ì§ãï áà¥¤−¥ª¢�¤à�â¨ç−®¥ à�§«¨ç¨¥ ¯¥à¢ëå ¤¥áïâ¨ §−�ç¥−¨© ACFest(. . . )
¨ ACFst(. . . ) ¢ ª�ç¥áâ¢¥ æ¥«¥¢®© äã−ªæ¨¨, ¬¥â®¤®¬ ¯¥à¥¡®à� ¯®¤¡¨à�«¨áì
ã«ãçè¥−−ë¥ ®æ¥−ª¨ ¯�à�¬¥âà®¢ BPP ¨ ®æ¥−¨¢�«¨áì §−�ç¥−¨ï á®®â¢¥âáâ¢¥−−®
ACFimp(. . . ). �à¨ ¯¥à¥¡®à¥ ¨á¯®«ì§®¢�«¨áì á«¥¤ãîé¨¥ áãé¥áâ¢¥−−ë¥ ¬®¬¥−-
âë: §−�ç¥−¨¥ “m ¤«ï ®¯à¥¤¥«¥−−®£® −�¡®à� ¤�−−ëå ®áâ�¥âáï −¥¨§¬¥−−ë¬, ã¯à�¢-

�¢â®ª®àà¥«ïæ¨®−−ë¥ äã−ªæ¨¨ ¨áå®¤−ëå ¤�−−ëå (ACFst) (1) −� ®á−®¢¥ ®æ¥−®ª ¯�à�¬¥â-
à®¢ BPP (ACFest) (2) ¨ −� ®á−®¢¥ ã«ãçè¥−−ëå ®æ¥−®ª ¯�à�¬¥âà®¢ BPP (ACFimp) (3) ¤«ï
äà�£¬¥−â� M1s
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«ïâì ¯®áâà®¥−¨¥¬ ¢�à¨�−â®¢ BPP á®£«�á−® á¤¥«�−−®¬ã à�−¥¥ §�¬¥ç�−¨î ¬®¦−®
á ¯®¬®éìî âà¥å å�à�ªâ¥à¨áâ¨ª, ¨§ ª®â®àëå ¢ë¡®à §−�ç¥−¨ï “v ¨§ ¢¨¤� ªà¨¢®©
¤¨á¯¥àá¨¨ −¥ ¢ë§ë¢�« −¨ª�ª¨å á®¬−¥−¨© ¨ ¯®íâ®¬ã ®áâ�¢�«áï ä¨ªá¨à®¢�−−ë¬
¤«ï ®¯à¥¤¥«¥−−®£® −�¡®à� ¤�−−ëå. �¯¨á�−−�ï ¯à®æ¥¤ãà� ã«ãçè¥−¨ï −¥ ¯à¥â¥−-
¤ã¥â −� áâ�âãá ®¯â¨¬�«ì−®©, −® ®−� á¢¨¤¥â¥«ìáâ¢ã¥â, çâ® á ¥¥ ¯®¬®éìî ã¤�¥âáï
¤®¡¨âìáï ¡®«¥¥ �¤¥ª¢�â−ëå ®æ¥−®ª ¯�à�¬¥âà®¢ ¬®¤¥«¨ −�¡«î¤�¥¬®£® ¯à®æ¥áá�
(á¬. ¤«ï ¯à¨¬¥à� à¨áã−®ª). Šà®¬¥ â®£®, ¯à®¤¥¬®−áâà¨à®¢�−®, çâ® ¬®¤¥«ì BPP
¢ ç�áâ¨ áâ�æ¨®−�à−ëå äà�£¬¥−â®¢ ¤¥¬®−áâà¨àã¥â á¢®î ¦¨§−¥á¯®á®¡−®áâì.

4 Вычислительные аспекты

�®«ìè¨¥ ®¡ê¥¬ë ¨áå®¤−ëå ¤�−−ëå ¨ −¥®¡å®¤¨¬®áâì ¯à¨¡¥£�âì ª ¬¥â®¤ã
áâ�â¨áâ¨ç¥áª¨å ¨á¯ëâ�−¨© âà¥¡ãîâ ®¡à�â¨âì ¢−¨¬�−¨¥ −� á¯®á®¡ë ¢ëç¨á«¥−¨ï
âà¥¡ã¥¬ëå å�à�ªâ¥à¨áâ¨ª.

�æ¥−¨¢�−¨¥ ªà¨¢®© ¤¨á¯¥àá¨¨. Šà¨¢�ï ¤¨á¯¥àá¨¨ æ¥«®ç¨á«¥−−®£® ¯à®æ¥áá�
{Nt} ®¯à¥¤¥«ï¥âáï ª�ª

V (t) = E(N2t )− {E(Nt)}2.

÷�áá¬®âà¨¬ ®¤¨− ¨§ ¢®§¬®¦−ëå á¯®á®¡®¢ ®æ¥−¨¢�−¨ï ªà¨¢®© ¤¨á¯¥àá¨¨. ��
¯¥à¨®¤¥ ¢à¥¬¥−¨ [0, t0] −�¡«î¤�¥âáï ¯®â®ª N á®¡ëâ¨©. „«ï ®æ¥−¨¢�−¨ï ªà¨¢®©
¤¨á¯¥àá¨¨ ¨−â¥à¢�« −�¡«î¤¥−¨ï [0, t0] ¤¥«¨âáï −� k ®¤¨−�ª®¢ëå ¯®¤ë−â¥à¢�«®¢
¤«¨−®© τ , kτ = t0, ¢ ª�¦¤®¬ ¨§ ª®â®àëå ¯®¤áç¨âë¢�¥âáï ç¨á«® á®¡ëâ¨© ni,

i = 1, k,
∑k

i=1 ni = N .
’à¥¡ã¥¬�ï ®æ¥−ª� áâà®¨âáï −� ®á−®¢¥ Ci(τ) | ª®íää¨æ¨¥−â� ª®¢�à¨�æ¨¨

¬¥¦¤ã ni ¢ ¨−â¥à¢�«�å ¤«¨−ë τ , à�§¤¥«¥−−ëå (i − 1) â�ª¨¬¨ ¦¥ ¨−â¥à¢�«�¬¨.
„«ï −¨å ¢ ª�ç¥áâ¢¥ ®æ¥−ª¨ ¯à¨−¨¬�¥âáï [6, à�§¤. 5.4]:

“Ci(τ) =
1

k − i

k−i
∑

j=1

njnj+i −
1

(k − i)2

k−i
∑

j=1

nj

k−i
∑

j=1

nj+i , i = 0, k − 1 .

’®£¤�

“V (t) ≡ “V (rτ) = r “C0(τ) + 2
r−1
∑

j=1

(r − j) “Cj(τ) , r = 1, k .

��©¤¥¬ Sl =
∑k−l

j=1 nj ¯®á«¥¤®¢�â¥«ì−® ¤«ï l = k − 1, k − 2, . . . , 0, çâ® ¤�¥â

Sl = Sl+1 + nk−l . (5)

�−�«®£¨ç−® ¯®«ãç�¥¬ ¤«ï S+l =
∑k−l

j=1 nj+l:

S+l = S
+
l+1 + nl+1 . (6)
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�®¤®¡−ë¥ á®ªà�é¥−¨ï ¢ëç¨á«¥−¨© ¢ á«ãç�¥ S×

l =
∑k−l

j=1 njnj+l ®áãé¥áâ¢¨âì
−¥ ã¤�¥âáï, â�ª ª�ª á ã¬¥−ìè¥−¨¥¬ ¨−¤¥ªá� ¨§¬¥−ï¥âáï á®áâ�¢ á®¬−®¦¨â¥«¥©.

’�ª¨¬ ®¡à�§®¬, á ¯®¬®éìî à¥ªãàà¥−â−ëå ä®à¬ã« (5) ¨ (6) §−�ç¥−¨ï “Ci(τ)
¬®¦−® ¢ëç¨á«¨âì ¯®á«¥¤®¢�â¥«ì−® ®â ¡�®«ìè¨å §−�ç¥−¨© ¨−¤¥ªá� ª ¬¥−ìè¨¬.

‚ëï¢«¥−¨¥ «¨−¥©−®£® ¯à�¢®£® å¢®áâ� ªà¨¢®© ¤¨á¯¥àá¨¨. ‚¨§ã�«ì−ë©
�−�«¨§ ¤�−−ëå áâ�−®¢¨âáï íää¥ªâ¨¢−¥©, ¥á«¨ ®− á®¯à®¢®¦¤�¥âáï ®¤−®¢à¥¬¥−−®
¢ëà�§¨â¥«ì−ë¬¨ ¨ ä®à¬�«¨§®¢�−−ë¬¨ áà¥¤áâ¢�¬¨. �¡®á−®¢�−¨¥ «¨−¥©−®áâ¨
å®à®è® ¢¨§ã�«¨§¨àã¥âáï ¯®¢¥¤¥−¨¥¬ ¢â®à®© ¯à®¨§¢®¤−®©: ãç�áâªã «¨−¥©−®áâ¨
¤®«¦−ë á®®â¢¥âáâ¢®¢�âì ¯à¨¡«¨§¨â¥«ì−® −ã«¥¢ë¥ §−�ç¥−¨ï. �®áª®«ìªã ®¡ê¥ªâ®¬
�−�«¨§� ¢ëáâã¯�¥â ®æ¥−ª�, «¨−¥©−®áâì ¡ã¤¥â ¯à®ï¢«ïâìáï −¥ −� ¯®«ã¨−â¥à¢�«¥,
ª�ª ¢ â¥®à¥â¨ç¥áª®¬ á«ãç�¥, � ¤«ï ®¡«�áâ¨, ®£à�−¨ç¥−−®© á¯à�¢� −¥ª®â®àë¬
ªà¨â¨ç¥áª¨¬ §−�ç¥−¨¥¬ tcr, ¯à¨ç¥¬ §¤¥áì −¥ ¯®¬®£�¥â ¤�¦¥ ¡®«ìè®© ®¡ê¥¬
�−�«¨§¨àã¥¬ëå ¤�−−ëå.

‡� ®á−®¢ã ¯à¨¬¥¬ à�¢¥−áâ¢® −ã«î ¢â®à®© ¯à®¨§¢®¤−®© ¤«ï â®ç¥ª ¯à¥¤¯®«�-
£�¥¬®£® «¨−¥©−®£® ¯à�¢®£® å¢®áâ�, ®æ¥−ª� ª®â®à®© ¨¬¥¥â ¢¨¤:

“y′′(xi) = “y
′′

i =
yi−1 − 2yi + yi+1

h2
.

„«ï á£«�¦¨¢�−¨ï ®æ¥−ª¨ ¯à¨¬¥−¨¬ áª®«ì§ïé¥¥ áà¥¤−¥¥ ¤«ï 2k + 1 á®á¥¤−¨å
®æ¥−®ª. ˆ§¬¥−¨¢ ¯®àï¤®ª ¤¢®©−®£® áã¬¬¨à®¢�−¨ï, ®¡−�àã¦¨¢�¥¬, çâ® ¤«ï
¢ëç¨á«¥−¨ï áà¥¤−¥£® ®æ¥−ª¨ ¢ i-© â®çª¥ −¥®¡å®¤¨¬ë â®«ìª® ªà�©−¨¥ á«�£�¥¬ë¥:
yi−k−1, yi−k, yi+k ¨ yi+k+1 á®®â¢¥âáâ¢¥−−® á ª®íää¨æ¨¥−â�¬¨ 1, −1, −1 ¨ 1.

5 Заключение

�−�«¨§ ¢å®¤−®£® ¯®â®ª� −� ®á−®¢¥ âà�áá¨à®¢ª¨ à¥�«ì−®© à�¡®ç¥© §�£àã§ª¨
ª«�áâ¥à� Mustang ¯à¨¢¥« ª à�§¢¨â¨î ¬¥â®¤®¢ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−−ëå
¨ ¢ëï¢¨« àï¤ ®á®¡¥−−®áâ¥© −�¡«î¤¥−−ëå ¯à®æ¥áá®¢.

�¥¯à¨¥¬«¥¬®áâì ¬®¤¥«¨ ¯à®áâ®£® ¯ã�áá®−®¢áª®£® ¯®â®ª� ¯®á«ã¦¨«� ¯à¨-
ç¨−®© ãâ®ç−¥−¨ï ¯à¨¢ëç−ëå â¥áâ®¢ áâ�æ¨®−�à−®áâ¨, ä�ªâ¨ç¥áª¨ á¢®¤ïé¥£®áï
ª ¯¥à¥áç¥âã ¤¨á¯¥àá¨¨ á®®â¢¥âáâ¢ãîé¨å áâ�â¨áâ¨ª ¯® ¢ë¡®àª¥. ‘«®¦−®áâ¨
¨−â¥à¯à¥â�æ¨¨ ®á®¡¥−−®áâ¥© å�à�ªâ¥à¨áâ¨ª ¨−â¥à¢�«®¢ ¨ ¢à¥¬¥− ¯®áâã¯«¥−¨ï
á®¡ëâ¨© ¢ë−ã¤¨«¨ ¤®¯®«−¨âì ¢¨§ã�«ì−ë© �−�«¨§ ä®à¬�«¨§®¢�−−ë¬¨ ¯à¨¥¬�¬¨
¯®¤â¢¥à¦¤�îé¥£® �−�«¨§� ¨ ®¡à�â¨âìáï ª ¯à®æ¥¤ãà�¬ ãâ®ç−¥−¨ï ®æ¥−®ª ¯�à�¬¥â-
à®¢ ¬®¤¥«¨ ¯à¨ ®¡®á−®¢�−¨¨ �¤¥ª¢�â−®áâ¨ ¬®¤¥«¨. �®«ìè¨¥ ®¡ê¥¬ë ¨áå®¤−ëå
¤�−−ëå ¯®âà¥¡®¢�«¨ ¤®¯®«−¨â¥«ì−®£® ¢−¨¬�−¨ï ª ¢ëç¨á«¨â¥«ì−ë¬ �á¯¥ªâ�¬,
¯®§¢®«¨¢ áãé¥áâ¢¥−−ë¬ ®¡à�§®¬ á−¨§¨âì ¢à¥¬¥−−�ãî á«®¦−®áâì �«£®à¨â¬®¢.

�à¨¢«¥ç¥−¨¥ BPP ¯®§¢®«¨«® ®¯¨á�âì −î�−áë ¤�−−ëå, ®áâ�¢¨¢ ¢ á¨«¥ �−�-
«¨â¨ç¥áª¨¥ ¢®§¬®¦−®áâ¨ ¯à¥¤«®¦¥−−®© ¬®¤¥«¨. ‚®§−¨ª�îé¨¥ á«®¦−®áâ¨ á ¥¥
¯à¨¬¥−¥−¨¥¬ ç�áâ¨ç−® ¬®£ãâ ¡ëâì á−ïâë, ¥á«¨ áª®àà¥ªâ¨à®¢�âì ¢¥¤¥−¨¥ ¦ãà−�«�
−�£àã§®ª ¨ ¤¥â�«¨§¨à®¢�âì á®áâ�¢ ¨ áâàãªâãàã ¢§�¨¬®á¢ï§¥© ¯®áâã¯�îé¨å §�ï¢®ª.
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of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: Statistical analysis is an indispensable element in the construction
of a mathematical model of the object under study. Queuing systems as an
object of research have specific features that make it necessary to go beyond the
general theory of stochastic processes. The article discusses the construction of
the models of the input flow of multiprocessor systems based on the trace of the
real workload of the Mustang cluster obtained as a part of the Atlas project
(www.project-atlas.org). Mustang data features include a long observation
period, an impressive amount of data collected, a wide field of research due to
the simplified nature of previous studies and fuzzy conclusions already made,
the combination of fragments with different flow intensities, the presence of
stationary and nonstationary areas, and the inapplicability of the simple Poisson
flow model. As a solution to the problems that arise for stationary data
fragments, it is proposed to use the branching Poisson process model. The
well-known methods of estimating the model parameters are supplemented by
the procedure for refining estimates and formalized methods of confirmatory
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analysis. Given the large amounts of data being processed, it is important to build
effective algorithms for calculating the characteristics of streams and smoothing
out sample indicators.

Keywords: trace repository; LANL Mustang cluster; branching Poisson process
(BPP); statistical analysis of series of events
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РЕАЛИЗАЦИЯ СУММИРУЮЩИХ САМОСИНХРОННЫХ
СЧЕТЧИКОВ

Ю. А. Степченков1, Ю. Г. Дьяченко2, Н. В. Морозов3, Д. Ю. Степченков4,
Д. Ю. Дьяченко5

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¯à®¡«¥¬¥ à¥�«¨§�æ¨¨ á�¬®á¨−åà®−−ëå (‘‘)
¤¢®¨ç−ëå áç¥âç¨ª®¢. ‘�¬®á¨−åà®−−ë¥ áå¥¬ë ¯à¥¤áâ�¢«ïîâ á®¡®© áå¥¬®-
â¥å−¨ç¥áª¨© ¡�§¨á, �«ìâ¥à−�â¨¢−ë© á¨−åà®−−®¬ã ¡�§¨áã ¯à¨ à¥�«¨§�æ¨¨
æ¨äà®¢ëå ãáâà®©áâ¢. ‘�¬®á¨−åà®−−ë© ¡�§¨á ®¡¥á¯¥ç¨¢�¥â ãáâ®©ç¨¢®¥ äã−ª-
æ¨®−¨à®¢�−¨¥ æ¨äà®¢®£® ãáâà®©áâ¢� ¯à¨ «î¡ëå §�¤¥à¦ª�å à¥�«¨§ãîé¨å ¥£®
«®£¨ç¥áª¨å í«¥¬¥−â®¢. �á−®¢®© ¤«ï íâ®£® á«ã¦�â ¤¢ãåä�§−�ï ¤¨áæ¨¯«¨-
−� à�¡®âë ¨ ¨−¤¨ª�æ¨ï ¢á¥å ¯¥à¥ª«îç¥−¨© áå¥¬ë, âà¥¡ãîé¨¥ −¥ª®â®à®©
�¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨. ‚ ç�áâ¨ ¤®¯ãáâ¨¬ëå ãá«®¢¨© íªá¯«ã�â�æ¨¨ |
−�¯àï¦¥−¨ï ¯¨â�−¨ï ¨ â¥¬¯¥à�âãàë ®ªàã¦�îé¥© áà¥¤ë | ‘‘-áå¥¬ë ®¡«�-
¤�îâ §−�ç¨â¥«ì−ë¬ ¯à¥¨¬ãé¥áâ¢®¬ ¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨.
�®á«¥¤®¢�â¥«ì−ë¥ ‘‘-áç¥âç¨ª¨ ¢ ¬¥−ìè¥© áâ¥¯¥−¨ ¨§¡ëâ®ç−ë, ç¥¬ ª®¬¡¨−�-
æ¨®−−ë¥ ‘‘-áå¥¬ë, ¨§-§� ¡®«¥¥ ¯à®áâ®© ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë. ˆå á¨−â¥§
¤®áâ�â®ç−® ¯à®áâ® ä®à¬�«¨§ã¥âáï −� ®á−®¢¥ £®â®¢ëå áç¥â−ëå ‘‘-âà¨££¥à®¢.
�¤−�ª® ¤«ï à¥�«¨§�æ¨¨ ‘‘-¯à¥¤ãáâ�−®¢ª¨ áç¥âç¨ª®¢ −¥®¡å®¤¨¬® á®¡«î-
¤�âì ®¯à¥¤¥«¥−−ãî ¯®á«¥¤®¢�â¥«ì−®áâì ä®à¬¨à®¢�−¨ï ¨å ¢å®¤®¢. ‘â�âìï
®¡áã¦¤�¥â áå¥¬®â¥å−¨ç¥áª¨© ¡�§¨á à¥�«¨§�æ¨¨ áã¬¬¨àãîé¨å ‘‘-áç¥âç¨ª®¢
¨ ¯à¥¤«�£�¥â ®¯â¨¬�«ì−ë¥ ¯® �¯¯�à�â−ë¬ §�âà�â�¬ â¥å−¨ç¥áª¨¥ à¥è¥−¨ï,
®¡¥á¯¥ç¨¢�îé¨¥ ‘‘-¯à¥¤ãáâ�−®¢ªã áç¥âç¨ª�.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−�ï áå¥¬�; ¤¢®¨ç−ë© áç¥âç¨ª; ¨−¤¨ª�æ¨ï;
¯à¥¤ãáâ�−®¢ª�; �¯¯�à�â−ë¥ §�âà�âë; ¡ëáâà®¤¥©áâ¢¨¥; �−�«¨§ −� á�¬®á¨−-
åà®−−®áâì
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢ ¨ ¤à.

−®áâì ¢ ãá«®¢¨ïå à�§«¨ç−®£® à®¤� −¥¡«�£®¯à¨ïâ−ëå ¢®§¤¥©áâ¢¨© ¨ −¥áâ�¡¨«ì−®£®
−�¯àï¦¥−¨ï ¯¨â�−¨ï. “à®¢¥−ì −�¤¥¦−®áâ¨ æ¨äà®¢®© �¯¯�à�âãàë ¢ §−�ç¨â¥«ì−®©
¬¥à¥ ®¯à¥¤¥«ï¥âáï ¥¥ ª®¬¯®−¥−â−ë¬ ¡�§¨á®¬ à¥�«¨§�æ¨¨, ª®â®àë© ¢ −�áâ®ïé¥¥
¢à¥¬ï ¯à�ªâ¨ç¥áª¨ ¯®«−®áâìî ¯à¥¤áâ�¢«¥− á¨−åà®−−ë¬¨ áå¥¬�¬¨.

�«ìâ¥à−�â¨¢ã á¨−åà®−−ë¬ áå¥¬�¬ á®áâ�¢«ï¥â ‘‘-áå¥¬®â¥å−¨ª� [1{10]. �®
á¢®¨¬ å�à�ªâ¥à¨áâ¨ª�¬ ‘‘-áå¥¬ë ¨¤¥�«ì−® ¯®¤å®¤ïâ ¤«ï à¥�«¨§�æ¨¨ ¢ëá®ª®−�-
¤¥¦−ëå ¢ëç¨á«¨â¥«ì−ëå ¨ ã¯à�¢«ïîé¨å á¨áâ¥¬. �−¨ ú¥áâ¥áâ¢¥−−® −�¤¥¦−ëû,
¯®áª®«ìªã £�à�−â¨àãîâ á®åà�−¥−¨¥ à�¡®â®á¯®á®¡−®áâ¨ ¯à¨ ¨§¬¥−¥−¨¨ ãá«®¢¨©
®ªàã¦�îé¥© áà¥¤ë ¢ ¯à¥¤¥«ì−® è¨à®ª®¬ ¤¨�¯�§®−¥ §−�ç¥−¨© −�¯àï¦¥−¨ï ¯¨â�-
−¨ï ¨ â¥¬¯¥à�âãàë ®ªàã¦�îé¥© áà¥¤ë, å�à�ªâ¥à¨§ãîâáï ¡¥áâ¥áâ®¢®© á�¬®¤¨�-
£−®áâ¨ª®©, ¯®¢ëè¥−−®© á¡®¥ãáâ®©ç¨¢®áâìî [11] ¨ ã«ãçè¥−−®© í−¥à£¥â¨ç¥áª®©
íää¥ªâ¨¢−®áâìî [12, 13].

„¢®¨ç−ë¥ áç¥âç¨ª¨ §�−¨¬�îâ §−�ç¨â¥«ì−®¥ ¬¥áâ® ¢ á¨−åà®−−®© æ¨äà®¢®©
�¯¯�à�âãà¥ [14]. ‘¨−åà®−−ë¥ ¤¢®¨ç−ë¥ áç¥âç¨ª¨ âà�¤¨æ¨®−−® à¥�«¨§ãîâáï
−� âà¨££¥à�å D-â¨¯� [15]. ÷¥�«¨§�æ¨ï �−�«®£¨ç−®£® ¯®¤å®¤� ¢ ‘‘-¡�§¨á¥
−�â�«ª¨¢�¥âáï −� ¯à®¡«¥¬ã ¨−¤¨ª�æ¨¨ ¬−®£®à�§àï¤−®£® áç¥âç¨ª� [16].

‹®£¨ç¥áª¨¥ á¨−â¥§�â®àë (−�¯à¨¬¥à, Yosys [17]) ¯® ã¬®«ç�−¨î à¥�«¨§ãîâ
áç¥âç¨ª á ¯®¬®éìî à¥£¨áâà� åà�−¥−¨ï ¨ ª®¬¡¨−�æ¨®−−®© áå¥¬ë, ¢ëç¨á«ï-
îé¥© −®¢®¥ á®áâ®ï−¨¥ áç¥âç¨ª�. ‚ ‘‘-¨á¯®«−¥−¨¨ ¯®á«¥ ¤¥á¨−åà®−¨§�æ¨¨ [18]
â�ª®© áç¥âç¨ª ®ª�§ë¢�¥âáï á«¨èª®¬ ¨§¡ëâ®ç−ë¬ ¨ ¬¥¤«¥−−ë¬ ¨§-§� £à®¬®§¤ª®©
¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë.

‘å¥¬®â¥å−¨ç¥áª¨¥ à¥è¥−¨ï ‘‘-áç¥âç¨ª®¢, ¯à¥¤«�£�¥¬ë¥ −�¨¡®«¥¥ ¨§¢¥áâ−®©
§�àã¡¥¦−®© ¬¥â®¤®«®£¨¥© ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬ NULL Convention Logic
(NCL) [19{21], ®ª�§ë¢�îâáï ¢ −¥áª®«ìª® à�§ ¡®«¥¥ á«®¦−ë¬¨, ç¥¬ â¨¯®¢ë¥
áå¥¬ë, á®§¤�−−ë¥ ¢ á®®â¢¥âáâ¢¨¨ á ¬¥â®¤®«®£¨¥© ‚. ˆ. ‚�àè�¢áª®£® [22].

‘�¬®á¨−åà®−−ë¥ áç¥âç¨ª¨ á ¬¨−¨¬�«ì−ë¬¨ �¯¯�à�â−ë¬¨ §�âà�â�¬¨ ¨§¢¥áâ-
−ë [1,2]. �¤−�ª® −¥ ¢á¥ ®−¨ ¬®£ãâ ¡ëâì íää¥ªâ¨¢−® à¥�«¨§®¢�−ë ¢ á®¢à¥¬¥−−®©
â¥å−®«®£¨¨ ª®¬¯«¥¬¥−â�à−ë© ¬¥â�««{¤¨í«¥ªâà¨ª{¯®«ã¯à®¢®¤−¨ª (ŠŒ„�) áã¡-
¬¨ªà®−−®£® ãà®¢−ï ¨§-§� ®£à�−¨ç¥−¨ï −� ¬�ªá¨¬�«ì−ãî ¤«¨−ã æ¥¯®ç¥ª âà�−§¨-
áâ®à®¢ ¢ ¯à¨−æ¨¯¨�«ì−ëå áå¥¬�å «®£¨ç¥áª¨å ïç¥¥ª. Šà®¬¥ â®£®, −¥ ¯®«−®áâìî
à¥è¥−� ¯à®¡«¥¬� ‘‘-¯à¥¤ãáâ�−®¢ª¨ ¬−®£®à�§àï¤−®£® áç¥âç¨ª�. �®íâ®¬ã à¥-
è¥−¨¥ ¯à®¡«¥¬ë â¥å−¨ç¥áª®© à¥�«¨§�æ¨¨ ‘‘-áç¥âç¨ª®¢ á ‘‘-¯à¥¤ãáâ�−®¢ª®©
¢ ¡�§¨á¥ ŠŒ„�-â¥å−®«®£¨¨ áâ�−®¢¨âáï �ªâã�«ì−®© §�¤�ç¥©.

„�−−�ï áâ�âìï ¯®á¢ïé¥−� ¢®¯à®áã à¥�«¨§�æ¨¨ áã¬¬¨àãîé¥£® ¤¢®¨ç−®£® ‘‘-
áç¥âç¨ª� ¢ ŠŒ„�-¡�§¨á¥ á ®¯æ¨®−�«ì−®© ‘‘-¯à¥¤ãáâ�−®¢ª®©. �−� ¯à¥¤«�£�¥â
à¥�«¨§�æ¨î áç¥â−®£® ‘‘-âà¨££¥à�, á«ã¦�é¥£® ®á−®¢®© ¤«ï ¯®áâà®¥−¨ï áç¥âç¨ª�,
� â�ª¦¥ à�áá¬�âà¨¢�¥â ¯à¨−æ¨¯ë ¯®áâà®¥−¨ï ®ªàã¦¥−¨ï, ®¡¥á¯¥ç¨¢�îé¥£® á�-
¬®á¨−åà®−−®áâì ¯à¥¤ãáâ�−®¢ª¨ áç¥âç¨ª�.

2 Разряд самосинхронного счетчика

„¢®¨ç−ë© ‘‘-áç¥âç¨ª áâà®¨âáï −� áç¥â−®¬ âà¨££¥à¥, ª�ª ¨ á¨−åà®−−ë©
�−�«®£ [23]. ��§®¢�ï áå¥¬� à�§àï¤� ‘‘-áç¥âç¨ª� á ¢å®¤�¬¨ á¡à®á� ¨ ãáâ�−®¢ª¨
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÷¥�«¨§�æ¨ï áã¬¬¨àãîé¨å á�¬®á¨−åà®−−ëå áç¥âç¨ª®¢

¯à¥¤áâ�¢«¥−� −� à¨á. 1. ‡¤¥áì ’ | áç¥â-

÷¨á. 1 ÷�§àï¤ ‘‘-áç¥âç¨ª� á ¯à¥¤-
ãáâ�−®¢ª®© −¨§ª¨¬ ãà®¢−¥¬

÷¨á. 2 ‘å¥¬� à�§àï¤� ‘‘-áç¥âç¨ª�
á ¯à¥¤ãáâ�−®¢ª®© ¢ëá®ª¨¬ ãà®¢−¥¬

−ë© ¢å®¤ á −ã«¥¢ë¬ á¯¥©á¥à®¬; C ¨ P |
¢å®¤ë á¡à®á� ¨ ãáâ�−®¢ª¨ á®®â¢¥âáâ¢¥−−®
á �ªâ¨¢−ë¬ −¨§ª¨¬ ãà®¢−¥¬; Q ¨ QB |
¨−ä®à¬�æ¨®−−ë© ¡¨ä�§−ë© ¢ëå®¤; I |
¢ëå®¤ ç�áâ¨ç−®© ¨−¤¨ª�æ¨¨; OT |
áç¥â−ë© ¢ëå®¤. �¥à¥ª«îç¥−¨¥ à�§àï¤�
¢ −®¢®¥ á®áâ®ï−¨¥ ¯à®¨áå®¤¨â ¢ à�¡®ç¥©
ä�§¥ ¯à¨ ¢ëá®ª®¬ ãà®¢−¥ ¢å®¤� T.

�à¨−æ¨¯¨�«ì−�ï áå¥¬� í«¥¬¥−â�
NAN4 ¢ ŠŒ„�-¡�§¨á¥ á®¤¥à¦¨â ç¥âë-
à¥ ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−−ëå âà�−§¨-
áâ®à� n-â¨¯�. ‚ æ¨äà®¢ëå ŠŒ„�-áå¥-
¬�å, ¨§£®â�¢«¨¢�¥¬ëå ¯® −�−®¬¥âà®¢®©
â¥å−®«®£¨¨, à¥ª®¬¥−¤ã¥âáï ®£à�−¨ç¨¢�âì
ç¨á«® ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−−ëå âà�−-
§¨áâ®à®¢ âà¥¬ï. �� à¨á. 2 ¯®ª�§�−� áå¥¬�
à�§àï¤� ‘‘-áç¥âç¨ª�, ã¤®¢«¥â¢®àïîé�ï
íâ®¬ã ®£à�−¨ç¥−¨î. �−� á®¤¥à¦¨â ¤®-
¯®«−¨â¥«ì−ë© ¢å®¤ WE, à�§à¥è�îé¨©
‘‘-¯à¥¤ãáâ�−®¢ªã −¨§ª¨¬ ãà®¢−¥¬. ‚å®-
¤ë ¯à¥¤ãáâ�−®¢ª¨ C ¨ P ¨¬¥îâ ¢ëá®-
ª¨© �ªâ¨¢−ë© ãà®¢¥−ì. ‚ëå®¤ë I ¨ OT
®¡à�§ãîâ ¯�à�ä�§−ë© á¨£−�« á ¥¤¨−¨ç-
−ë¬ á¯¥©á¥à®¬. �â® ¯®§¢®«ï¥â ã¯à®áâ¨âì
¨−¤¨ª�æ¨î ‘‘-áç¥âç¨ª� [2].

‚�à¨�−âë à�§àï¤� ‘‘-áç¥âç¨ª� á ®¤−¨¬ ¢å®¤®¬ ¯à¥¤ãáâ�−®¢ª¨ ¯®«ãç�îâáï
¨§ áå¥¬ à¨á. 1 ¨ 2 ¨áª«îç¥−¨¥¬ ¨§ −¨å −¥−ã¦−®£® ¢å®¤�.

Œ®¤¥«¨à®¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−ëå ¤¢®¨ç−ëå ‘‘-áç¥âç¨ª®¢ −� ®á−®¢¥ áå¥¬
à¨á. 1 ¨ 2, ¢ ª®â®àëå ¢ëå®¤ OT ¯à¥¤ë¤ãé¥£® à�§àï¤� ¯®¤ª«îç¥− ª ¢å®¤ã T
á«¥¤ãîé¥£® à�§àï¤�, ¯®ª�§�«®, çâ® ¨å ¡ëáâà®¤¥©áâ¢¨¥ ¯à�ªâ¨ç¥áª¨ ®¤¨−�ª®¢®.
�® ç¨á«ã ŠŒ„�-âà�−§¨áâ®à®¢ áå¥¬� à¨á. 2 −� 10% ¯à®é¥ áå¥¬ë −� à¨á. 1, −®
¨¬¥¥â ¤®¯®«−¨â¥«ì−ë© ¢å®¤ WE.

3 Многоразрядный самосинхронный счетчик

Œ−®£®à�§àï¤−ë© áç¥âç¨ª ¬®¦¥â ¡ëâì ¯�à�««¥«ì−ë¬ ¨«¨ ¯®á«¥¤®¢�â¥«ì−ë¬.
‚ á¨−åà®−−®© áå¥¬®â¥å−¨ª¥ ¯�à�««¥«ì−ë¥ áç¥âç¨ª¨ ®¡ëç−® ¡®«¥¥ ¡ëáâàë¥, ç¥¬
¯®á«¥¤®¢�â¥«ì−ë¥, â�ª ª�ª ¨å à�§àï¤ë ®¡−®¢«ïîâ á¢®¥ á®áâ®ï−¨¥ ®¤−®¢à¥¬¥−−® ¯®
�ªâ¨¢−®¬ã äà®−âã ®¡é¥£® áç¥â−®£® á¨£−�«�. �¤−�ª® ¢ ¯�à�««¥«ì−®¬ ‘‘-áç¥âç¨-
ª¥ §−�ç¨â¥«ì−® ãá«®¦−ï¥âáï ¨−¤¨ª�â®à−�ï ¯®¤áå¥¬� ¨ §�¬¥¤«ï¥âáï ä®à¬¨à®¢�−¨¥
®¡é¥£® ¨−¤¨ª�â®à−®£® ¢ëå®¤�.
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÷¥�«¨§�æ¨ï áã¬¬¨àãîé¨å á�¬®á¨−åà®−−ëå áç¥âç¨ª®¢

÷¨á. 4 ‘å¥¬� âà¨££¥à� R1RE24

÷¨á. 5 �®á«¥¤®¢�â¥«ì−ë© ‘‘-áç¥âç¨ª ‘1‘4 −� âà¨££¥à¥ ‘1‘

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� −� à¨á. 3 ¯®ª�§�−� áå¥¬� ¯�à�««¥«ì−®£® ç¥âëà¥åà�§àï¤-
−®£® ¤¢®¨ç−®£® ‘‘-áç¥âç¨ª� á �á¨−åà®−−ë¬ á¡à®á®¬ −� RS-âà¨££¥à¥ R1RE24,
¨§®¡à�¦¥−−®¬ −� à¨á. 4. ÷¨áã−®ª 5 ¤¥¬®−áâà¨àã¥â áå¥¬ã ç¥âëà¥åà�§àï¤−®-
£® ¯®á«¥¤®¢�â¥«ì−®£® ‘‘-áç¥âç¨ª� −� âà¨££¥à¥ C1C, ¯®«ãç¥−−®¬ ¨§ áå¥¬ë −�
à¨á. 1 ã¤�«¥−¨¥¬ ¢å®¤� ãáâ�−®¢ª¨ P. ‘à�¢−¥−¨¥ ¯�à�««¥«ì−®£® ¨ ¯®á«¥¤®¢�â¥«ì-
−®£® ¢�à¨�−â®¢ ‘‘-áç¥âç¨ª� ¯®ª�§ë¢�¥â, çâ® á«®¦−®áâì ¯�à�««¥«ì−®£® áç¥âç¨ª�
¯®çâ¨ ¢ 2,5 à�§� ¢ëè¥ á«®¦−®áâ¨ ¯®á«¥¤®¢�â¥«ì−®£® ¢�à¨�−â�, � ¡ëáâà®¤¥©áâ-
¢¨¥ ¢ 1,7 à�§� −¨¦¥. �à¨ ã¢¥«¨ç¥−¨¨ à�§àï¤−®áâ¨ ‘‘-áç¥âç¨ª� ¯à¥¨¬ãé¥áâ¢®
¯®á«¥¤®¢�â¥«ì−®£® áç¥âç¨ª� ¢ áà�¢−¥−¨¨ á ¯�à�««¥«ì−ë¬ à�áâ¥â.

’�ª¨¬ ®¡à�§®¬, ¤«ï à¥�«¨§�æ¨¨ ¤¢®¨ç−®£® ‘‘-áç¥âç¨ª� æ¥«¥á®®¡à�§−® ¨á-
¯®«ì§®¢�âì ¯®á«¥¤®¢�â¥«ì−ë© ¢�à¨�−â ¥£® à¥�«¨§�æ¨¨. �®¬¨¬® ¢á¥£® ¯à®ç¥£®,
¯®á«¥¤®¢�â¥«ì−ë© ‘‘-áç¥âç¨ª ®¡¥á¯¥ç¨¢�¥â ¯à®áâãî ¯�à�¬¥âà¨§�æ¨î ¯® ç¨á«ã
à�§àï¤®¢. ˆ−¤¨ª�â®à−�ï ¯®¤áå¥¬� ¢ë¯®«−ï¥â äã−ªæ¨î «®£¨ç¥áª®£® úˆû ®â
¢ëå®¤®¢ I ¢á¥å à�§àï¤®¢ ¨ ¢ëå®¤� OT ¯®á«¥¤−¥£® (áâ�àè¥£®) à�§àï¤�:

Ind = OTN ∧
(

N
∧

k=1
Ik

)

, (1)

£¤¥ N | à�§àï¤−®áâì áç¥âç¨ª�. ”®à¬ã«� (1) ¤®¯ãáª�¥â «î¡ãî ¤¥ª®¬¯®§¨æ¨î
¡¥§ −�àãè¥−¨ï á�¬®á¨−åà®−−®áâ¨ áç¥âç¨ª�. �à¨ ¯®áâà®¥−¨¨ ¬−®£®à�§àï¤−ëå
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‘‘-áç¥âç¨ª®¢ −� ®á−®¢¥ ç¥âëà¥åà�§àï¤−®£® ¡«®ª� ‘1‘4 ¢ëå®¤ OT ¯à¥¤ë¤ãé¥£®
¡«®ª� ¯®¤ª«îç�¥âáï ª® ¢å®¤ã T á«¥¤ãîé¥£® ¡«®ª�, � ¨å ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë I
®¡ê¥¤¨−ïîâáï ¢ ®¤¨− ¨−¤¨ª�â®à−ë© ¢ëå®¤ ¢ á®®â¢¥âáâ¢¨¨ á ä®à¬ã«®© (1), £¤¥
N | ç¨á«® ç¥âëà¥åà�§àï¤−ëå ¡«®ª®¢.

4 Процедура предустановки самосинхронного счетчика

�à¥¤ãáâ�−®¢ª� ¤¢®¨ç−®£® ‘‘-áç¥âç¨ª� ¬®¦¥â ¡ëâì �á¨−åà®−−®© ¨«¨ á�-
¬®á¨−åà®−−®©. �á¨−åà®−−�ï ¯à¥¤ãáâ�−®¢ª� −¥ âà¥¡ã¥â ¯®¤â¢¥à¦¤¥−¨ï ¥¥ §�-
¢¥àè¥−¨ï ¨ ¨á¯®«ì§ã¥âáï, ª�ª ¯à�¢¨«®, ¤«ï ¨−¨æ¨�«¨§�æ¨¨ ‘‘-áç¥âç¨ª� ¯à¨
¢ª«îç¥−¨¨ ¯¨â�−¨ï ¨«¨ ¯à¨ à¥áâ�àâ¥ áå¥¬ë.

‘�¬®á¨−åà®−−�ï ¯à¥¤ãáâ�−®¢ª� áå¥¬ −� à¨á. 1 ¨ 2 ¢ë¯®«−ï¥âáï á ¯®¬®éìî
á¯¥æ¨�«ì−®© ¯à®æ¥¤ãàë ¢ à�¡®ç¥© ä�§¥ áç¥âç¨ª�. �®á«¥ ¯®¤â¢¥à¦¤¥−¨ï áç¥âç¨-
ª®¬ §�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢ −®¢®¥ á®áâ®ï−¨¥ áå¥¬� ã¯à�¢«¥−¨ï ‘‘-áç¥âç¨ª®¬
á®åà�−ï¥â à�¡®ç¥¥ §−�ç¥−¨¥ áç¥â−®£® ¢å®¤� T ¨ ä®à¬¨àã¥â �ªâ¨¢−ë© ãà®¢¥−ì −�
¢å®¤¥ ¯à¥¤ãáâ�−®¢ª¨. �ªàã¦¥−¨¥ ‘‘-áç¥âç¨ª� ¯à®¢¥àï¥â ãá¯¥è−®¥ §�¢¥àè¥−¨¥
¯à¥¤ãáâ�−®¢ª¨ ¨ ¯¥à¥¢®¤¨â áç¥â−ë© ¢å®¤ ¢ á¯¥©á¥à.

÷¨áã−®ª 6 ¯®ª�§ë¢�¥â à¥�«¨§�æ¨î ç¥âëà¥åà�§àï¤−®£® ‘‘-áç¥âç¨ª� á ‘‘-
á¡à®á®¬, ¨−¨æ¨¨àã¥¬ë¬ ¯® ¤®áâ¨¦¥−¨¨ áç¥âç¨ª®¬ á®áâ®ï−¨ï ú1010û. ‡¤¥áì
‘1‘4 | ç¥âëà¥åà�§àï¤−ë© ‘‘-áç¥âç¨ª, ¨§®¡à�¦¥−−ë© −� à¨á. 5; T | áç¥â−ë©
¢å®¤; REn, REnB | ¯�à�ä�§−ë© ¢å®¤ à�§à¥è¥−¨ï á¡à®á� á ¥¤¨−¨ç−ë¬ á¯¥©-
á¥à®¬, á®áâ®ï−¨¥ REn = 1, REnB = 0 §�¯ãáª�¥â á¡à®á; OT | áç¥â−ë© ¢ëå®¤;
Ind | ¨−¤¨ª�â®à−ë© ¢ëå®¤; Qi, QBi | ¨−ä®à¬�æ¨®−−ë© ¡¨ä�§−ë© ¢ëå®¤ i-£®
à�§àï¤� áç¥âç¨ª�. �¡¢¥¤¥−−ë¥ èâà¨å¯ã−ªâ¨à−ë¬¨ «¨−¨ï¬¨ ¯®¤áå¥¬ë ä®à¬¨-

÷¨á. 6 ‘�¬®á¨−åà®−−ë© áç¥âç¨ª á ‘‘-á¡à®á®¬
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÷¥�«¨§�æ¨ï áã¬¬¨àãîé¨å á�¬®á¨−åà®−−ëå áç¥âç¨ª®¢

àãîâ á¨£−�«ë, −¥®¡å®¤¨¬ë¥ ¤«ï à¥�«¨§�æ¨¨ ¯à®æ¥¤ãàë ‘‘-á¡à®á�. �®¤áå¥¬�A
¯à®¢¥àï¥â ¢ë¯®«−¥−¨¥ ãá«®¢¨ï ¯¥à¥å®¤� ¢ à¥¦¨¬ á¡à®á� áç¥âç¨ª�. �®¤áå¥-
¬� B à¥�«¨§ã¥â âà¨££¥à à¥¦¨¬� à�¡®âë áç¥âç¨ª�: á¡à®á ¨«¨ áç¥â. �®¤áå¥¬� C
ä®à¬¨àã¥â áç¥â−ë© ¢å®¤ ¨ ¢å®¤ á¡à®á� áç¥âç¨ª�. �®¤áå¥¬� D ®¡ê¥¤¨−ï¥â ¨−¤¨-
ª�â®àë à¥¦¨¬®¢ áç¥â� ¨ á¡à®á� ¢ ®¡é¨© ¨−¤¨ª�â®à−ë© ¢ëå®¤ Ind. �®¤áå¥¬� E
¨−¤¨æ¨àã¥â ãá¯¥è−®¥ §�¢¥àè¥−¨¥ á¡à®á� áç¥âç¨ª�.

�à®æ¥¤ãà� ‘‘-¯à¥¤ãáâ�−®¢ª¨ áç¥âç¨ª� ¨−¨æ¨¨àã¥âáï «¨¡® −¥ª®â®àë¬ á®-
áâ®ï−¨¥¬ á�¬®£® áç¥âç¨ª�, «¨¡® ¢−¥è−¨¬ á¨£−�«®¬. ‚ ¤�−−®¬ á«ãç�¥ ¢å®¤ á¡à®á�
¨ áç¥â−ë© ¢å®¤ ‘‘-áç¥âç¨ª� ‘1‘4 ä®à¬¨àãîâáï ª�ª à¥§ã«ìâ�â ¯à®¢¥àª¨ ¤®-
áâ¨¦¥−¨ï áç¥âç¨ª®¬ á®áâ®ï−¨ï {Q4,Q3,Q2,Q1} = ú1010û. �à¨ ¨á¯®«ì§®¢�−¨¨
¤àã£®£® ¨−¨æ¨�â®à� á¡à®á� áç¥âç¨ª� ¯®¤áå¥¬� A §�¬¥−ï¥âáï á®®â¢¥âáâ¢ãîé¥©
¯®¤áå¥¬®©, ä®à¬¨àãîé¥© á¨£−�«ë ã¯à�¢«¥−¨ï ¯à®æ¥¤ãà®© á¡à®á�.

RS-âà¨££¥à à¥¦¨¬� (¯®¤áå¥¬� B) ¯¥à¥ª«îç�¥â à¥¦¨¬ë à�¡®âë áç¥âç¨ª�
¨ §�¤¥à¦¨¢�¥â ¥£® áç¥â−ë© ¢å®¤ TC ¢ à�¡®ç¥¬ §−�ç¥−¨¨ −� ¢à¥¬ï á¡à®á�.

�®¤áå¥¬� ¨−¤¨ª�æ¨¨ á¡à®á� à¥�«¨§ã¥â á¨áâ¥¬ã äã−ªæ¨©

Ij = Q2j−1 +Q2j +Clr , j = 1, N/2 ; (2)

IR = I1 · · · IN/2 + IR(I1 + · · ·+ IN/2), (3)

£¤¥ Clr| á¨£−�« á¡à®á� áç¥âç¨ª�; N | à�§àï¤−®áâì áç¥âç¨ª� (¢ ¤�−−®¬ á«ãç�¥
N = 4); Ij | ç�áâ¨ç−ë¥ ¨−¤¨ª�â®àë; IR | ¨−¤¨ª�â®à à¥¦¨¬� ‘‘-á¡à®á�.
”®à¬ã«� (2) à¥�«¨§ã¥â ¨−¤¨ª�æ¨î á¡à®á� −� í«¥¬¥−â�å á ®£à�−¨ç¥−¨¥¬: −¥
¡®«¥¥ âà¥å ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−−ëå ŠŒ„�-âà�−§¨áâ®à®¢. ”®à¬ã«� (3)
à¥�«¨§ã¥âáï ¯®¤áå¥¬®© ¨§ £¨áâ¥à¥§¨á−ëå âà¨££¥à®¢ (ƒ-âà¨££¥à®¢ [2]).

�� à¨á. 7 ¯®ª�§�−� à¥�«¨§�æ¨ï ‘‘-áç¥âç¨ª� á ‘‘-§�¯¨áìî. ‡¤¥áì ‘1‘÷4 |
ç¥âëà¥åà�§àï¤−ë© áç¥âç¨ª, �−�«®£¨ç−ë© áå¥¬¥ −� à¨á. 5, −® −� âà¨££¥à¥ ‘1‘÷
(á¬. à¨á. 1); T | áç¥â−ë© ¢å®¤; D*, DB* | ¯�à�ä�§−ë© á ¥¤¨−¨ç−ë¬ á¯¥©á¥à®¬
¨«¨ ¡¨ä�§−ë© ¢å®¤ ¤�−−ëå; WE, nWE | ¯�à�ä�§−ë© á ¥¤¨−¨ç−ë¬ á¯¥©á¥à®¬
¨«¨ ¡¨ä�§−ë© ¢å®¤ à�§à¥è¥−¨ï §�¯¨á¨; OT | áç¥â−ë© ¢ëå®¤; Ind | ¨−¤¨ª�-
â®à−ë© ¢ëå®¤; Q*, QB* | ¨−ä®à¬�æ¨®−−ë© ¡¨ä�§−ë© ¢ëå®¤. �¡¢¥¤¥−−ë¥
èâà¨å¯ã−ªâ¨à−ë¬¨ «¨−¨ï¬¨ ¯®¤áå¥¬ë ä®à¬¨àãîâ á¨£−�«ë, −¥®¡å®¤¨¬ë¥ ¤«ï
§�¯ãáª� ¯à®æ¥¤ãàë ‘‘-§�¯¨á¨ ¨ ¥¥ ¨−¤¨ª�æ¨¨. �®¤áå¥¬� A ä®à¬¨àã¥â áç¥â−ë©
¢å®¤ ç¥âëà¥åà�§àï¤−®£® ‘‘-áç¥âç¨ª� C1CP4 ¨ ¢å®¤ë ¥£® ¯à¥¤ãáâ�−®¢ª¨, � â�ª-
¦¥ á¨£−�« WrEnB, ã¯à�¢«ïîé¨© ¢ëå®¤−ë¬ ¨−¤¨ª�â®à®¬ áç¥âç¨ª�. �®¤áå¥¬� B
¨−¤¨æ¨àã¥â ‘‘-§�¯¨áì ¢ áç¥âç¨ª. �®¤áå¥¬� C ®¡ê¥¤¨−ï¥â ¨−¤¨ª�â®àë à¥¦¨¬®¢
áç¥â� ¨ á¡à®á� ¢ ®¡é¨© ¨−¤¨ª�â®à−ë© ¢ëå®¤ Ind.

�®¤áå¥¬� ¨−¤¨ª�æ¨¨ ‘‘-§�¯¨á¨ à¥�«¨§ã¥â á¨áâ¥¬ã «®£¨ç¥áª¨å äã−ªæ¨©

Ij = (Qj +Cj)(QBj +Pj) , j = 1, N ;

IW = I1 · · · IN + IW (I1 + · · ·+ IN ),

£¤¥ Cj ¨ Pj | ¢å®¤ë á¡à®á� ¨ ãáâ�−®¢ª¨ j-£® à�§àï¤� áç¥âç¨ª� á®®â¢¥âáâ¢¥−-
−®; Ij | ç�áâ¨ç−ë¥ ¨−¤¨ª�â®àë; N | à�§àï¤−®áâì áç¥âç¨ª� (¢ ¤�−−®¬ á«ãç�¥
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÷¨á. 7 ‘�¬®á¨−åà®−−ë© áç¥âç¨ª á ‘‘-§�¯¨áìî

N = 4); IW | ¨−¤¨ª�â®à à¥¦¨¬� ‘‘-§�¯¨á¨. �â¬¥â¨¬, çâ® ¡«�£®¤�àï ®á®¡¥−-
−®áâï¬ áå¥¬ë ‘‘-áç¥âç¨ª�, ¨−¤¨ª�æ¨ï ¢ëå®¤®¢ ¯®¤áå¥¬ë A, ä®à¬¨à®¢�â¥«ï
áç¥â−®£® ¢å®¤� ¨ ¢å®¤®¢ ¯à¥¤ãáâ�−®¢ª¨ áç¥âç¨ª� −ã¦−� â®«ìª® ¢ à¥¦¨¬¥ §�¯¨á¨
¨ à¥�«¨§ã¥âáï ¯®¤áå¥¬®© B, çâ® áãé¥áâ¢¥−−® ã¯à®é�¥â ¨−¤¨ª�â®à−ãî ¯®¤áå¥¬ã
‘‘-áç¥âç¨ª� −� à¨á. 7.

’�ª¨¬ ®¡à�§®¬, áç¥âç¨ª¨ ‘1‘4 ¨ ‘1‘÷4 ¬®£ãâ ¨á¯®«ì§®¢�âìáï ¤«ï à¥�«¨-
§�æ¨¨ ‘‘-áç¥âç¨ª� á �á¨−åà®−−®© ¨ á�¬®á¨−åà®−−®© ¯à¥¤ãáâ�−®¢ª®©. ‘�¬®á¨−-
åà®−−�ï ¯à¥¤ãáâ�−®¢ª� ¨−¤¨æ¨àã¥âáï ®ªàã¦¥−¨¥¬ áç¥âç¨ª�.

�¯¨á�−−ë¥ ¯à¨−æ¨¯ë à¥�«¨§�æ¨¨ ‘‘-¯à¥¤ãáâ�−®¢ª¨ ‘‘-áç¥âç¨ª®¢ ¡ë«¨
¯à®¢¥à¥−ë ¯à®£à�¬¬®© á®¡ëâ¨©−®£® �−�«¨§� æ¨äà®¢ëå áå¥¬ −� á�¬®á¨−åà®−-
−®áâì �‘�…Š’ [24], ¯®¤â¢¥à¤¨¢è¥© ª®àà¥ªâ−®áâì ¨å ¢�à¨�−â®¢.

5 Заключение

��§¨á®¬ à¥�«¨§�æ¨¨ ¬−®£®à�§àï¤−ëå ‘‘-áç¥âç¨ª®¢ á«ã¦¨â à�§àï¤ áç¥âç¨ª�
á ¢å®¤�¬¨ á¡à®á� ¨ ãáâ�−®¢ª¨. ‘�¬®á¨−åà®−−ë¥ áç¥âç¨ª¨ á à�§«¨ç−ë¬¨ ®¯æ¨ï¬¨
¯à¥¤ãáâ�−®¢ª¨ ¯®«ãç�îâáï ã¤�«¥−¨¥¬ −¥−ã¦−ëå ¢å®¤®¢ á¡à®á� ¨ ãáâ�−®¢ª¨.

„«ï à¥�«¨§�æ¨¨ ¬−®£®à�§àï¤−®£® ‘‘-áç¥âç¨ª� æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì
¯®á«¥¤®¢�â¥«ì−ãî áâàãªâãà−ãî áå¥¬ã, ¯®áª®«ìªã ®−� å�à�ªâ¥à¨§ã¥âáï ¬¥−ì-
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÷¥�«¨§�æ¨ï áã¬¬¨àãîé¨å á�¬®á¨−åà®−−ëå áç¥âç¨ª®¢

è¨¬¨ �¯¯�à�â−ë¬¨ §�âà�â�¬¨ ¨ ¡®«¥¥ ¢ëá®ª¨¬ ¡ëáâà®¤¥©áâ¢¨¥¬ ¢ áà�¢−¥−¨¨
á ¯�à�««¥«ì−®© áâàãªâãà−®© áå¥¬®©.

÷¥�«¨§�æ¨ï ‘‘-¯à¥¤ãáâ�−®¢ª¨ âà¥¡ã¥â ®à£�−¨§�æ¨¨ á¯¥æ¨�«ì−®£® áæ¥−�-
à¨ï, ¢ª«îç�îé¥£® ¯®¤¤¥à¦�−¨¥ áç¥â−®£® ¢å®¤� ¢ à�¡®ç¥© ä�§¥, ä®à¬¨à®¢�−¨¥
�ªâ¨¢−®£® ãà®¢−ï ¢å®¤®¢ ¯à¥¤ãáâ�−®¢ª¨ ¨ ¨−¤¨ª�æ¨î ãá¯¥è−®£® §�¢¥àè¥−¨ï
¯à¥¤ãáâ�−®¢ª¨. ‘æ¥−�à¨© ®à£�−¨§ã¥âáï ®ªàã¦¥−¨¥¬ ‘‘-áç¥âç¨ª�. ‘å¥¬®â¥å-
−¨ç¥áª�ï à¥�«¨§�æ¨ï á�¬®£® ‘‘-áç¥âç¨ª� ¨−¢�à¨�−â−� ª â¨¯ã ¯à¥¤ãáâ�−®¢ª¨:
�á¨−åà®−−®© ¨«¨ á�¬®á¨−åà®−−®©.

Литература

1. ‚�àè�¢áª¨© ‚. ˆ., Š¨è¨−¥¢áª¨© Œ. �., Œ�à�å®¢áª¨© ‚. �. ¨ ¤à. �¢â®¬�â−®¥
ã¯à�¢«¥−¨¥ �á¨−åà®−−ë¬¨ ¯à®æ¥áá�¬¨ ¢ �‚Œ ¨ ¤¨áªà¥â−ëå á¨áâ¥¬�å. | Œ.:
��ãª�, 1986. 400 á. doi:10.13140/RG.2.1.2230.6644.

2. Kishinevsky M., Kondratyev A., Taubin A., Varshavsky V. Concurrent hardware:
The theory and practice of self-timed design. | J. Wiley & Sons, 1994. 386 p.

3. Taubin A., Cortadella J., Lavagno L., Kondratyev A., Peeters A. Design automation
of real-life asynchronous devices and systems // Foundations Trends Electronic Design
Automation, 2007. Vol. 2. No. 1. P. 1{133. doi: 10.1561/1000000006.

4. �«¥å�−®¢ ‹. �. �á−®¢ë á�¬®á¨−åà®−−ëå í«¥ªâà®−−ëå áå¥¬. | Œ.: �¨−®¬. ‹�¡®-
à�â®à¨ï §−�−¨©, 2013. 208 á.

5. Jiang W., Sha E. H.-M., Zhuge Q., Yang L., Chen X., Hu J. On the design
of time-constrained and buffer-optimal self-timed pipelines // IEEE T. Comput.
Aid. D., 2019. Vol. 38. No. 8. P. 1515{1528. doi: 10.1109/TCAD.2018.2846642.

6. Chau C., Hunt W. A., Kaufmann M., Roncken M., Sutherland I. A hierarchical
approach to self-timed circuit verification // 25th Symposium (International) on
Asynchronous Circuits and Systems Proceedings. | IEEE, 2019. P. 105{113. doi:
10.1109/ASYNC.2019.00022.

7. Bingham N., Manohar R. Self-timed adaptive digit-serial addition // IEEE T. VLSI
Syst., 2019. Vol. 27. No. 9. P. 2131{2141. doi: 10.1109/TVLSI.2019.2918441.

8. Spars� J. Introduction to asynchronous circuit design. | Copenhagen, Denmark:
DTU Compute, Technical University of Denmark, 2020. 275 p. https://backend.
orbit.dtu.dk/ws/¦les/215895041/JSPA async book 2020 PDF.pdf.

9. Skornyakova A. Y., Vikhorev R. V. Self-timed LUT layout simulation // Conference
of Russian Young Researchers in Electrical and Electronic Engineering Proceedings. |
IEEE, 2020. P. 176{179. doi: 10.1109/EIConRus49466.2020.9039374.

10. Kushnerov A., Medina M., Yakovlev A. Towards hazard-free multiplexer based imple-
mentation of self-timed circuits // 27th Symposium (International) on Asynchronous
Circuits and Systems Proceedings. | Piscataway, NJ, USA: IEEE, 2021. P. 17{24.
doi: 10.1109/ASYNC48570.2021.00011.

11. ‘®ª®«®¢ ˆ. �., ‘â¥¯ç¥−ª®¢ ā. �., ÷®¦¤¥áâ¢¥−áª¨© ā. ‚., „ìïç¥−ª® ā. ƒ.
�à¨¡«¨¦¥−−�ï ®æ¥−ª� íää¥ªâ¨¢−®áâ¨ á¨−åà®−−®© ¨ á�¬®á¨−åà®−−®© ¬¥â®¤®«®-
£¨© ¢ §�¤�ç�å ¯à®¥ªâ¨à®¢�−¨ï á¡®¥ãáâ®©ç¨¢ëå ¢ëç¨á«¨â¥«ì−®-ã¯à�¢«ïîé¨å á¨á-
â¥¬ // �¢â®¬�â¨ª� ¨ â¥«¥¬¥å�−¨ª�, 2022. ü 2. ‘. 122{132. doi: 10.31857/
S0005231022020088. EDN: PYRRXN.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024 131



ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢ ¨ ¤à.

12. �«¥å�−®¢ ‹. �., ‘â¥¯ç¥−ª®¢ ā. �. �ªá¯¥à¨¬¥−â�«ì−�ï ¯à®¢¥àª� −¥ª®â®àëå
á¢®©áâ¢ áâà®£® á�¬®á¨−åà®−−ëå áå¥¬ // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨, 2006.
‚ë¯. 16. ‘. 476{485. EDN: KZUWOX.

13. ‘â¥¯ç¥−ª®¢ ā. �., �¥âàãå¨− ‚. ‘., „ìïç¥−ª® ā. ƒ. �¯ëâ à�§à�¡®âª¨ á�¬®-
á¨−åà®−−®£® ï¤à� ¬¨ªà®ª®−âà®««¥à� −� ¡�§®¢®¬ ¬�âà¨ç−®¬ ªà¨áâ�««¥ // ��−®-
¨ ¬¨ªà®á¨áâ¥¬−�ï â¥å−¨ª�, 2006. ‚ë¯. 5. C. 29{36. EDN: IAGLLN.

14. Hennessy J. L., Patterson D. A. Computer architecture: A quantitative approach. |
6th ed. | San Mateo, CA, USA: Morgan Kaufmann, 2019. 936 p.

15. Harris D., Harris S. L. Digital design and computer architecture. | Elsevier, 2013.
690 p.

16. ‘â¥¯ç¥−ª®¢ ā. �., „ìïç¥−ª® ā. ƒ., Œ®à®§®¢ �. ‚., ‘â¥¯ç¥−ª®¢ „. ā., „ìïç¥−-
ª® „. ā. ”®à¬�«¨§�æ¨ï á¨−â¥§� á�¬®á¨−åà®−−ëå áç¥âç¨ª®¢ // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢�
¨−ä®à¬�â¨ª¨, 2024. ’. 34. ü 2. ‘. 67{83. doi: 10.14357/08696527240205. EDN:
KDIEOJ.

17. Yosys Open Synthesis Suite. https://yosyshq.net/yosys.
18. ‘â¥¯ç¥−ª®¢ ā. �., •¨«ìª® „. ‚., „ìïç¥−ª® ā. ƒ., Œ®à®§®¢ �. ‚., ‘â¥¯ç¥−-

ª®¢ „. ā., �à«®¢ ƒ. �. Œ¥â®¤¨ª� ¤¥á¨−åà®−¨§�æ¨¨ ¯à¨ á¨−â¥§¥ á�¬®á¨−åà®−−ëå
áå¥¬ // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨, 2024. ’. 34. ü 1. ‘. 33{43. doi:
10.14357/08696527240103. EDN: XGZCWU.

19. Fant K. M., Brandt S. A. NULL convention logic. | Maitland, FL, USA: Theseus
Logic Inc., 1997. Technical Report. 40 p.

20. Fant K. M. Logically determined design: Clockless system design with NULL conven-
tion logic. | New York, NY, USA: John Wiley, 2005. 292 p.

21. Smith S. C., Jia Di. Designing asynchronous circuits using NULL convention logic
(NCL) // Synthesis Lectures Digital Circuits Systems, 2009. Vol. 4. No. 1. P. 61{73.

22. ‘®ª®«®¢ ˆ. �., ‘â¥¯ç¥−ª®¢ ā. �., �®¡ª®¢ ‘. ƒ., ‡�å�à®¢ ‚. �., „ìïç¥−ª® ā. ƒ.,
÷®¦¤¥áâ¢¥−áª¨© ā. ‚., ‘ãàª®¢ �. ‚. ��§¨á à¥�«¨§�æ¨¨ áã¯¥à-�‚Œ íªá�ä«®¯á−®£®
ª«�áá� // ˆ−ä®à¬�â¨ª� ¨ ¥ñ ¯à¨¬¥−¥−¨ï, 2014. ’. 8. ‚ë¯. 1. ‘. 45{70. doi:
10.14357/19922264140106. EDN: RYYFGD.

23. ‘â¥¯ç¥−ª®¢ ā. �., ‘â¥¯ç¥−ª®¢ „. ā., „ìïç¥−ª® ā. ƒ., Œ®à®§®¢ �. ‚., �«¥å�-
−®¢ ‹. �. ‡�¬¥−� á¨−åà®−−ëå âà¨££¥à®¢ á�¬®á¨−åà®−−ë¬¨ �−�«®£�¬¨ ¢ ¯à®æ¥áá¥
¤¥á¨−åà®−¨§�æ¨¨ áå¥¬ë // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨, 2023. ’. 33. ü 4.
‘. 4{15. doi: 10.14357/08696527230401. EDN: VPLSHI.

24. ÷®¦¤¥áâ¢¥−áª¨© ā. ‚., Œ®à®§®¢ �. ‚., ÷®¦¤¥áâ¢¥−áª¥−¥ �. ‚. �®¤á¨áâ¥¬� á®-
¡ëâ¨©−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬ �‘�…Š’ // �à®¡«¥¬ë à�§à�¡®âª¨
¯¥àá¯¥ªâ¨¢−ëå ¬¨ªà®- ¨ −�−®í«¥ªâà®−−ëå á¨áâ¥¬. | Œ.: ˆ��Œ ÷��, 2010.
‘. 26{31.

�®áâã¯¨«� ¢ à¥¤�ªæ¨î 27.04.24

132 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024



Self-timed up counter implementation

SELF-TIMED UP COUNTER IMPLEMENTATION

Yu. A. Stepchenkov, Yu. G. Diachenko, N. V. Morozov, D. Yu. Stepchenkov,
and D. Yu. Diachenko

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The article is devoted to the problem of self-timed (ST) binary up
counter implementation. The ST circuits are an alternative to the synchronous
ones when implementing digital units. The ST basis ensures stable operation of
a digital unit regardless of any delays in the internal logical cells. A two-phase
operating discipline and full indication of all circuit's switches provide such
behavior but they require some hardware redundancy. In terms of permissible
operating conditions including supply voltage and ambient temperature, ST
circuits have a significant advantage over synchronous counterparts. Sequential
ST counters are less redundant than combinational ST circuits due to the simpler
indication subcircuit. Their synthesis is quite simply formalized on the ready-
made counting ST flip-flops basis. However, to implement their ST preset, one
should perform a certain time sequence of their inputs. The article considers
the circuitry basis for the ST up counter implementation and proposes optimal
circuitry solutions in terms of hardware complexity that provide ST counter
preset.

Keywords: self-timed circuit; binary counter; indication; preset; hardware
complexity; performance; self-timed analysis
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РАЗРАБОТКА ПРОГРАММНОГО КОМПЛЕКСА
МОДЕЛИРОВАНИЯ ЭФФЕКТИВНОСТИ

В АВИАТРАНСПОРТНОЙ СИСТЕМЕ РОССИИ

И. В. Урюпин1

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¬¥â®¤¨ª¨ ¬®¤¥«¨à®-
¢�−¨ï íää¥ªâ¨¢−®áâ¨ ¢ �¢¨�âà�−á¯®àâ−®© á¨áâ¥¬¥ (�’‘). �¢¨�âà�−á¯®àâ−�ï
á¨áâ¥¬� | ¢�¦−�ï á®áâ�¢«ïîé�ï á®æ¨�«ì−®-íª®−®¬¨ç¥áª®£® à�§¢¨â¨ï «î¡®©
áâà�−ë, � ¨−áâàã¬¥−âë ¬®¤¥«¨à®¢�−¨ï ¨ �−�«¨§� á®áâ®ï−¨ï â�ª¨å á«®¦−ëå
á¨áâ¥¬ ¯®§¢®«ïîâ à¥è�âì è¨à®ª¨© á¯¥ªâà §�¤�ç ®â ®æ¥−ª¨ ª�ç¥áâ¢� ¤¥ïâ¥«ì-
−®áâ¨ ¤® ®¯â¨¬¨§�æ¨¨ ã¯à�¢«¥−¨ï ¨ ¯à®£−®§¨à®¢�−¨ï à¥§ã«ìâ�â®¢. �á−®¢−®¥
¢−¨¬�−¨¥ ã¤¥«¥−® à�§à�¡®âª¥ ¯à®£à�¬¬−®£® ª®¬¯«¥ªá� á¨âã�æ¨®−−®£® ¬®-
¤¥«¨à®¢�−¨ï ª�ç¥áâ¢� ¯�áá�¦¨àáª¨å ¯¥à¥¢®§®ª �’‘ ÷” ¨ á¯à®á� −� −¨å.
�à¥¤«®¦¥−−ë© ¢�à¨�−â ¯à®£à�¬¬−®£® ª®¬¯«¥ªá� ¯®§¢®«ï¥â ®æ¥−¨âì ¥¥ äã−ª-
æ¨®−¨à®¢�−¨¥ ¯® à�§−ë¬ ªà¨â¥à¨ï¬ íää¥ªâ¨¢−®áâ¨. �¯¨á�−ë ª«îç¥¢ë¥
à¥�«¨§®¢�−−ë¥ äã−ªæ¨®−�«ì−ë¥ ¡«®ª¨ | ¬®¤ã«ì ®æ¥−ª¨ ª�ç¥áâ¢� �¢¨�âà�−á-
¯®àâ−®© á¥â¨ ¤«ï ¯�áá�¦¨à� ¨ ¬®¤ã«ì ®æ¥−ª¨ ¯®â¥−æ¨�«� ¨§¬¥−¥−¨ï á¯à®á�
−� ¯¥à¥¢®§ª¨ ¯à¨ §�¬¥é¥−¨¨ áãé¥áâ¢ãîé¨å â¨¯®¢ á�¬®«¥â®¢ ¯¥àá¯¥ªâ¨¢−ë¬¨
¢®§¤ãè−ë¬¨ áã¤−�¬¨ (‚‘). ÷�§à�¡®â�−−ë¥ ª®¬¯®−¥−âë ®¯¥à¨àãîâ ¤®áâã¯−®©
¤«ï á¡®à� ¨«¨ ¯à¨®¡à¥â¥−¨ï áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¥© ®¡ �¢¨�¯¥à¥¢®§ª�å
¯®áà¥¤áâ¢®¬ á¯à®¥ªâ¨à®¢�−−®© ¡�§ë ¤�−−ëå (�„).

Š«îç¥¢ë¥ á«®¢�: ¬�â¥¬�â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥; �¢¨�âà�−á¯®àâ−�ï á¨áâ¥-
¬�; ¯à®£à�¬¬−ë© ª®¬¯«¥ªá; ¡�§� ¤�−−ëå
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1 Введение

÷�§¢¨â¨¥ âà�−á¯®àâ−ëå á¨áâ¥¬ á¯®á®¡áâ¢ã¥â ª�ª íª®−®¬¨ç¥áª®¬ã à®áâã, â�ª
¨ ¯®¢ëè¥−¨î ãà®¢−ï ¬®¡¨«ì−®áâ¨ ¤«ï ¢á¥å £àã¯¯ −�á¥«¥−¨ï «î¡®£® £®áã¤�à-
áâ¢�. ‚ −�áâ®ïé¥¥ ¢à¥¬ï §�¤�ç¨ ¢ ®¡«�áâ¨ âà�−á¯®àâ� §�âà�£¨¢�îâ á�¬ë¥
à�§−ë¥ â¥¬�â¨ª¨, � ®¤−¨¬ ¨§ ª«îç¥¢ëå ¬¥â®¤®¢ ¨áá«¥¤®¢�−¨© á«ã¦¨â ¬�â¥-
¬�â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥. ÷¥è¥−¨©, ®¯¨à�îé¨åáï −� ¤�−−ë© ¨−áâàã¬¥−â,
¨§¢¥áâ−® ¨ ¨á¯®«ì§ã¥âáï ¬−®£®, ¨ ®−¨ ¯à®¤®«¦�îâ ¯®ï¢«ïâìáï, ¯®¯®«−ïï ¨¬¥-
îé¨©áï ¨−áâàã¬¥−â�à¨© −®¢ë¬¨ �ªâã�«ì−ë¬¨ áà¥¤áâ¢�¬¨. ��¯à¨¬¥à, ¢ ®¡«�áâ¨
¦¥«¥§−®¤®à®¦−ëå [1] ¨ ¢®¤−ëå [2] ¯¥à¥¢®§®ª, ¡¥§®¯�á−®áâ¨ −� âà�−á¯®àâ¥ [3],
�¢¨�áâà®¥−¨ï ¯à¨ −�ç�«ì−ëå áâ�¤¨ïå ¯à®¥ªâ¨à®¢�−¨ï [4, 5] ‚‘.

�à¨ ¨áá«¥¤®¢�−¨¨ âà�−á¯®àâ−ëå á¨áâ¥¬, ¢ ç�áâ−®áâ¨ �¢¨�æ¨®−−®©, â�ª¦¥
¯à¨¬¥−ï¥âáï á¨âã�æ¨®−−®¥ ¬�â¥¬�â¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ [6, 7], ª®â®à®¥ ¯®§¢®-

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, uryupin93@yandex.ru
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«ï¥â ®æ¥−¨âì â¥ªãé¥¥ ¨ ¡ã¤ãé¥¥ á®áâ®ï−¨¥ á¨áâ¥¬ë. „«ï ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨
�’‘ ¨á¯®«ì§ãîâáï à�§«¨ç−ë¥ ªà¨â¥à¨¨ ¨ ¯®ª�§�â¥«¨ ª�ç¥áâ¢�, å�à�ªâ¥à¨§ãîé¨¥
ª�ª ¯à®æ¥ááë, á¢ï§�−−ë¥ á ¯¥à¥¢®§ª�¬¨ ¨ äã−ªæ¨®−¨à®¢�−¨¥¬ �íà®¯®àâ®¢, â�ª
¨ ¤¥ïâ¥«ì−®áâì �’‘ ¢ æ¥«®¬ [8, 9]. Š â�ª¨¬ ¯®ª�§�â¥«ï¬, −�¯à¨¬¥à, ¬®¦−®
®â−¥áâ¨: ¢à¥¬ï ¨ áâ®¨¬®áâì ¯¥à¥¢®§ª¨, ç¨á«® ¯¥à¥¢¥§¥−−ëå ¯�áá�¦¨à®¢, á¯à®á −�
�¢¨�¯¥à¥¢®§ª¨ ¨ �¢¨�â¥å−¨ªã, ª®¬¬¥àç¥áªãî §�£àã§ªã, á¢ï§−®áâì ¨ âà�−á¯®àâ−ãî
¤®áâã¯−®áâì á¥â¨ [10, 11] ¨ ¤à.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ç�áâ¨ç−® ¯¥à¥ç¥−ì ¯®ª�§�â¥«¥© ¨ ¨å æ¥«¥¢ë¥ §−�ç¥−¨ï
®¯à¥¤¥«¥−ë ¢ ’à�−á¯®àâ−®© áâà�â¥£¨¨ ÷” [12]. �¤−�ª® £®¢®à¨âì ® è¨à®ª®©
¯à�ªâ¨ª¥ ¨å ¯à¨¬¥−¥−¨ï ¤«ï ®æ¥−ª¨ ª�ç¥áâ¢� âà�−á¯®àâ−ëå á¨áâ¥¬ ¢ ÷” ¢ æ¥-
«®¬ −¥ ¯à¨å®¤¨âáï, � äã−ªæ¨®−�«ì−® á®áâ®ïâ¥«ì−ë¥ áà¥¤áâ¢� ¬®¤¥«¨à®¢�−¨ï
¨ �¢â®¬�â¨§�æ¨¨ �−�«¨â¨ª¨, ¯®§¢®«ïîé¨¥ ®æ¥−¨âì à�§−ë¥ ¯®ª�§�â¥«¨ íää¥ª-
â¨¢−®áâ¨ �’‘ ¯® ¤®áâã¯−ë¬ ¨ −¥ª®−ä¨¤¥−æ¨�«ì−ë¬ ¨áâ®ç−¨ª�¬ ¨−ä®à¬�æ¨¨,
®âáãâáâ¢ãîâ.

‘ãé¥áâ¢ãîé¨¥ à�§à�¡®âª¨ ¯à®£à�¬¬−ëå ª®¬¯«¥ªá®¢ ¯® ¬®¤¥«¨à®¢�−¨î ¯à®-
æ¥áá®¢ ¢ �’‘ ¨¬¥îâ ®£à�−¨ç¥−−ë© äã−ªæ¨®−�«, ¯à¨¢ï§�−−ë© ª ¯®âà¥¡−®áâï¬
−¥¯®áà¥¤áâ¢¥−−®£® íªá¯«ã�â�−â� á¨áâ¥¬ë. ��¯à¨¬¥à, ¤«ï �íà®¯®àâ®¢ ¥áâì ¯à¨-
«®¦¥−¨ï, ¯®§¢®«ïîé¨¥ ¬®¤¥«¨à®¢�âì â�ª¨¥ ¯à®æ¥ááë, ª�ª ¤¢¨¦¥−¨¥ ¯�áá�¦¨à®¢
¢ â¥à¬¨−�«¥, ¤¢¨¦¥−¨¥ á�¬®«¥â®¢ ¯® �íà®¤à®¬ã ¨ ¢ ¢®§¤ãè−®¬ ¯à®áâà�−áâ¢¥
¨«¨ ¯à®£à�¬¬ë ®æ¥−ª¨ íªá¯«ã�â�æ¨®−−ëå à�áå®¤®¢ ª�ª ¤«ï ®â¤¥«ì−ëå «¨−¨©,
â�ª ¨ ¤«ï á¥â¥© [13, 14]. ’�ª¨¥ áà¥¤áâ¢� à�§à�¡�âë¢�îâáï ¨−¤¨¢¨¤ã�«ì−® ¤«ï
ª�¦¤®© ª®¬¯�−¨¨ ¨ −¥ áâ�−®¢ïâáï ª®¬¬¥àç¥áª¨¬¨ ¯à®¤ãªâ�¬¨ ¤«ï è¨à®ª®£®
¯®«ì§®¢�−¨ï. „«ï �¢¨�¯¥à¥¢®§ç¨ª®¢ áãé¥áâ¢ãîâ ¯à®£à�¬¬−ë¥ ¨−áâàã¬¥−âë
¯«�−¨à®¢�−¨ï ¬�àèàãâ−®© á¥â¨, ¯®§¢®«ïîé¨¥ ¯®«ãç�âì ®æ¥−ª¨ ¢®§¬®¦−®£® ç¨-
á«� ¯�áá�¦¨à®¢ −� ¬�àèàãâ¥/á¥â¨ ¬�àèàãâ®¢ [15]. Š íâ®© ¦¥ ª�â¥£®à¨¨ ¬®¦−®
®â−¥áâ¨ ª®¬¯«¥ªáë ®âà�á«¥¢®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, ¯®§¢®«ïîé¨¥ ®áã-
é¥áâ¢«ïâì ¯à®£−®§¨à®¢�−¨¥. �®¤®¡−ë¥ ª®¬¯«¥ªáë −¥ ï¢«ïîâáï ª®¬¬¥àç¥áª¨¬¨
¯à®¤ãªâ�¬¨, � ®â−®áïâáï ª §�ªàëâë¬ à�§à�¡®âª�¬ à�§«¨ç−ëå ª®¬¯�−¨©, â�ª¨å
ª�ª Airbus, Boeing, FAA ¨ ¤à.

��«¨ç¨¥ −¥ �ää¨«¨à®¢�−−®£® −¨ á ª�ª¨¬¨ ¢¥−¤®à�¬¨ ¢ ®âà�á«¨ ¯à®£à�¬¬−®£®
ª®¬¯«¥ªá�, à¥è�îé¥£® à�§«¨ç−ë¥ ª«�ááë §�¤�ç ¯® ®æ¥−ª¥ ¤¥ïâ¥«ì−®áâ¨ ¨ ¯à®-
£−®§¨à®¢�−¨î ¢ �’‘ ÷”, ¬®¦¥â ¡ëâì ®ç¥−ì ¯®«¥§−® ®à£�−�¬ £®áã¤�àáâ¢¥−−®©
¢«�áâ¨ ¤«ï ª®¬¯«¥ªá−®© ®æ¥−ª¨ à�§−ëå ªà¨â¥à¨¥¢ íää¥ªâ¨¢−®áâ¨ ¨ à�æ¨®−�«ì-
−®£® à�§¢¨â¨ï −¥¯®áà¥¤áâ¢¥−−ëå ãç�áâ−¨ª®¢ á¨áâ¥¬ë.

‚ áâ�âì¥ ¯à¥¤«®¦¥− ¢�à¨�−â ¯à�ªâ¨ç¥áª®£® à¥è¥−¨ï â�ª®© §�¤�ç¨. ‚ ®á−®¢¥
¯à¥¤áâ�¢«¥−−®£® ¯à®£à�¬¬−®£® ª®¬¯«¥ªá� á¨âã�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï ¯à®æ¥á-
á®¢, ¯à®â¥ª�îé¨å ¢ �’‘ ÷”, «¥¦¨â �„, á¯à®¥ªâ¨à®¢�−−�ï á ãç¥â®¬ ®âªàëâ®©
¨ ¤®áâã¯−®© áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨ ®¡ �¢¨�¯¥à¥¢®§ª�å. �®¬¨¬® �„ ®á−®¢-
−®¥ ¢−¨¬�−¨¥ ã¤¥«ï¥âáï £«�¢−ë¬ äã−ªæ¨®−�«ì−ë¬ ¬®¤ã«ï¬ ª®¬¯«¥ªá�. �¡áã¦-
¤�îâáï ¨ ¤¥¬®−áâà¨àãîâáï à�§−ë¥ �á¯¥ªâë à¥�«¨§�æ¨¨ ¬®¤ã«¥© ®æ¥−ª¨ ª�ç¥áâ¢�
�¢¨�âà�−á¯®àâ−®© á¥â¨ ¤«ï ¯�áá�¦¨à� ¨ ®æ¥−ª¨ ¯®â¥−æ¨�«� ¨§¬¥−¥−¨ï á¯à®á� −�
¯¥à¥¢®§ª¨ ¯à¨ §�¬¥é¥−¨¨ áãé¥áâ¢ãîé¨å â¨¯®¢ á�¬®«¥â®¢ ¯¥àá¯¥ªâ¨¢−ë¬¨ ‚‘.
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2 Методики и математические модели функциональных модулей

�¯¨á�−¨¥ ª®¬¯«¥ªá� −�ç¨−�¥âáï á ¤¢ãå £«�¢−ëå ¬®¤ã«¥© ª�ª −�¨¡®«¥¥ äã−ª-
æ¨®−�«ì−® §−�ç¨¬ëå. �®«¥¥ â¥å−®«®£¨ç¥áª¨© ¡«®ª, á¢ï§�−−ë© á ¯à®¥ªâ¨à®¢�−¨-
¥¬ �„ ª®¬¯«¥ªá�, ®¯¨á�− ¢ á«¥¤ãîé¥¬ à�§¤¥«¥. „¥â�«¨ à¥�«¨§�æ¨¨ â¥å−¨ç¥áª¨å
¨ á«ã¦¥¡−ëå í«¥¬¥−â®¢ ª®¬¯«¥ªá� ®£à�−¨ç¥−ë ¨««îáâà�â¨¢−ë¬ ¯à¥¤áâ�¢«¥−¨¥¬
£à�ä¨ç¥áª®£® ¨−â¥àä¥©á�.

Œ®¤ã«ì ¯®ª�§�â¥«¥© âà�−á¯®àâ−®£® áâ�−¤�àâ� (Œ�’‘). ‚ ª®¬¯«¥ªá¥ à¥-
�«¨§®¢�−� ®à¨£¨−�«ì−�ï ¬®¤¥«ì, ®¯¨áë¢�îé�ï ª�ç¥áâ¢® �’‘ ¤«ï ¯�áá�¦¨à�
á ¯®¬®éìî ¤¢ãå ¢§�¨¬®á¢ï§�−−ëå ¯®ª�§�â¥«¥© | ¯®ªàëâ¨ï á¥â¨ NC ¨ £�-
à�−â¨à®¢�−−®£® ¢à¥¬¥−¨ ¯¥à¥«¥â� TS, −�§¢�−−ëå ú¯®ª�§�â¥«ï¬¨ âà�−á¯®àâ−®£®
áâ�−¤�àâ�û, �«£®à¨â¬ ®¯à¥¤¥«¥−¨ï ª®â®àëå ¯®¤à®¡−® ¯à¥¤áâ�¢«¥− ¢ [16]. Šà�âª®,
¯¥à¢ë© ¯®ª�§�â¥«ì ®¯à¥¤¥«ï¥âáï ª�ª

NC =
N

P − 1 · 100% . (1)

¢â®à®© | £�à�−â¨à®¢�−−®¥ ¬¨−¨¬�«ì−®¥ ¢à¥¬ï, ª®â®à®¥ ¯�áá�¦¨à ¤®«¦¥− ¯®-
âà�â¨âì −� ¯¥à¥«¥â ¢ ª®−ªà¥â−ãî ¤�âã date0 ¨§ ¯ã−ªâ� A0 �íà®¯®àâ®¢®© á¥â¨ ¤®
«î¡®© ¤àã£®© Ai, i = 1, N , ¤®áâ¨¦¨¬®© ¢ ¯à¨−æ¨¯¥ −�¯àï¬ãî ¨«¨ −¥ ¡®«¥¥ ç¥¬
§� k ¯¥à¥á�¤®ª:

TS (A0,date0) = maxminT
k
ij (A0, Aij ,data0) ,

k = 0,K; K ∈ Z+; i = 1, N ; j = 1,M ; N,M ∈ N . (2)

‚ (1) ¨ (2) N ⊆ P | ç¨á«® ¤®áâ¨¦¨¬ëå ¯ã−ªâ®¢ ¯®«¥â� ¨§ A0 −� à�áç¥â−ãî
¤�âã date0 á §�¤�−−ë¬¨ ¯�à�¬¥âà�¬¨ ª�ç¥áâ¢� âà�−á¯®àâ−®© ãá«ã£¨: ¢à¥¬¥−¥¬
−� ¯¥à¥á�¤ªã ttransfer ¨ ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬®¬ ç¨á«¥ ¯¥à¥á�¤®ª k; T k

ij |
¢à¥¬ï, §�âà�ç¨¢�¥¬®¥ −� ¯¥à¥«¥â á −¥ ¡®«¥¥ ç¥¬ k ¯¥à¥á�¤ª�¬¨ ¯à¨ A0 → Aij.
ˆ−¤¥ªá j ¤®¯ãáª�¥â ¢¥à®ïâ−ãî ¬−®¦¥áâ¢¥−−®áâì ¬�àèàãâ®¢ A0 → Ai −� ¤�âã
date0 á ®¤¨−�ª®¢ë¬ ç¨á«®¬ ¯¥à¥á�¤®ª k.

‚ ª�ç¥áâ¢¥ ¨áå®¤−ëå ¤�−−ëå ¤«ï ¯®¨áª� ®¯¨á�−−ëå ¢ëè¥ ¯®ª�§�â¥«¥© ¬®£ãâ
¨á¯®«ì§®¢�âìáï ¤�−−ë¥ æ¥−âà� à�á¯¨á�−¨ï ¨ â�à¨ä®¢ âà�−á¯®àâ−®© ª«¨à¨−£®¢®©
¯�«�âë (–÷’ ’Š�) [17], á®¤¥à¦�é¨¥ ¨−ä®à¬�æ¨î ® ¯àï¬ëå à¥©á�å (k = 0).
�«£®à¨â¬ ¯®«ãç¥−¨ï ¬�àèàãâ� á k > 0 ¯¥à¥á�¤ª�¬¨ ¨á¯®«ì§ã¥â ¤¥ª�àâ®¢® ¯à®¨§-
¢¥¤¥−¨¥ â�¡«¨æë ¯àï¬ëå à¥©á®¢ á�¬®© á á®¡®© k à�§ á ãç¥â®¬ â�ª¨å ®£à�−¨ç¥−¨©,
ª�ª á®®â¢¥âáâ¢¨¥ �íà®¯®àâ� ¯à¨¡ëâ¨ï �íà®¯®àâã ¢ë«¥â�, á®¢¯�¤¥−¨¥ ¤�âë ¯à¨«¥â�
á ¤�â®© ¢ë«¥â�, ¨áª«îç¥−¨¥ æ¨ª«®¢ ®¤−®£® ¨«¨ −¥áª®«ìª¨å á¥£¬¥−â®¢ ¢ ¬�àèàãâ¥
¨ ¯à®¢¥àª� áâëª®¢ª¨ ¤¢ãå à¥©á®¢ ®â−®á¨â¥«ì−® ¢à¥¬¥−−�®£® ¨−â¥à¢�«� ¯¥à¥á�¤®ç-
−®£® ®ª−� á ãç¥â®¬ ¯®¯�¤�−¨ï ®ª−� −� ¯¥à¥å®¤ ¬¥¦¤ã áãâª�¬¨.

„«ï ¢á¥å à¥©á®¢ á −¥ ¡®«¥¥ ç¥¬ k ¯¥à¥á�¤ª�¬¨ ¨ ã¤®¢«¥â¢®àïîé¨å ®£à�−¨-
ç¥−¨ï¬ ¯à¨¬¥−ï¥âáï ¢ë¡®àª�, ¯®§¢®«ïîé�ï ®áâ�¢¨âì â®«ìª® ¬¨−¨¬�«ì−ë¥ ¯®
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¢à¥¬¥−¨ à¥©áë ¤«ï ¢á¥å á¢ï§�−−ëå �íà®¯®àâ®¢. „�«¥¥, á®£«�á−® (2), ¨§ ¯®-
«ãç¥−−®£® ¬−®¦¥áâ¢� ¬¨−¨¬�«ì−ëå ¯® ¢à¥¬¥−¨ à¥©á®¢, ¤®¯ãáª�îé¨å −¥ ¡®«¥¥
ç¥¬ k ¯¥à¥á�¤®ª, ¢ë¡¨à�¥âáï á�¬ë© ¯à®¤®«¦¨â¥«ì−ë©. �¤−®¢à¥¬¥−−® ¢ëç¨á«ï-
¥âáï §−�ç¥−¨¥ ¯®ª�§�â¥«ï ¯®ªàëâ¨ï á¥â¨ (1). ��à� á¢ï§�−−ëå §−�ç¥−¨© (TS, N)
¡ã¤¥â ®âà�¦�âì §−�ç¥−¨¥ ¤®áâ¨£−ãâ®£® âà�−á¯®àâ−®£® áâ�−¤�àâ� ¤«ï ª�¦¤®£®
ª®−ªà¥â−®£® �íà®¯®àâ� ¢ë«¥â� A0.

Œ®¤ã«ì ®æ¥−ª¨ ¢−¥¤à¥−¨ï �¢¨�â¥å−¨ª¨ (Œ�‚�). ‡¤¥áì â�ª¦¥ ¯à¨¬¥−¥−�
®à¨£¨−�«ì−�ï ¬®¤¥«ì, ¯à¥¤«®¦¥−−�ï ¢ à�¡®â¥ [18]. ‚ ª�ç¥áâ¢¥ ¬¥àë ®æ¥−ª¨
íää¥ªâ� ®â ¢−¥¤à¥−¨ï −®¢®© �¢¨�â¥å−¨ª¨ á«ã¦¨â ¯à¨à�é¥−¨¥ ¯�áá�¦¨à®¯®â®ª�
−� «¨−¨ïå ¨§-§� á−¨¦¥−¨ï æ¥−ë ¡¨«¥â� §� áç¥â ¨§¬¥−¥−¨ï á¥¡¥áâ®¨¬®áâ¨ ‚‘.
„«ï ®æ¥−ª¨ ¨§¬¥−¥−¨ï ¯�áá�¦¨à®¯®â®ª� ¨á¯®«ì§®¢�−� ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì
æ¥−®¢®© í«�áâ¨ç−®áâ¨ á¯à®á�, ¯à¥¤áâ�¢«ïîé�ï á®¡®© «¨−¥©−ãî à¥£à¥áá¨î [19],
ª®â®à�ï ®âà�¦�¥â §�¢¨á¨¬®áâì £®¤®¢®£® ¯�áá�¦¨à®¯®â®ª� ®â ç¨á«¥−−®áâ¨ −�á¥-
«¥−¨ï, � â�ª¦¥ áà¥¤−¨å ¢§¢¥è¥−−ëå §−�ç¥−¨© ¤ãè¥¢®£® ¤®å®¤� ¨ â�à¨ä� −�
�¢¨�¯¥à¥¢®§ª¨, áª®àà¥ªâ¨à®¢�−−ëå −� ¨−¤¥ªá ¯®âà¥¡¨â¥«ìáª¨å æ¥− [18]. „�−-
−ë¥ ® áà¥¤−¨å â�à¨ä�å ¬®£ãâ ¡ëâì ¯®«ãç¥−ë ¯ãâ¥¬ ¯®áâà®¥−¨ï ¤®¯®«−¨â¥«ì−®©
à¥£à¥áá¨®−−®© ¬®¤¥«¨ §�¢¨á¨¬®áâ¨ â�à¨ä®¢ ®â ¤�«ì−®áâ¨ ¯¥à¥¢®§ª¨.

‡�¤�ç� ®æ¥−ª¨ íää¥ªâ� á¢®¤¨âáï ª ¯®¨áªã ¬�ªá¨¬�«ì−®£® ¯à¨à®áâ� ®¡ê¥¬�
¯¥à¥¢®§®ª ¯�áá�¦¨à®¢ áà¥¤¨ ¯à¨¬¥−ï¥¬ëå −� «¨−¨¨ â¨¯®¢ ‚‘ ¯à¨ ¯®«−®¬ ¨å
§�¬¥é¥−¨¨ −®¢ë¬¨. ’®£¤� ¯à¨à®áâ ¯�áá�¦¨à®¯®â®ª� ¬¥¦¤ã �íà®¯®àâ�¬¨ A ¨ B
¤«ï i-£® ‚‘ ¬®¦¥â ¡ëâì −�©¤¥− ¯® ä®à¬ã«¥:

–PAXABi
=
(Z − Zi)LABSi LFNi

Pi
E (LAB,–Fare) ,

i = 0, 1, . . . , Pi 6= 0 , Zi 6= 0 ,

£¤¥ Z | á¥¡¥áâ®¨¬®áâì ¢ −®¢®¬ â¨¯¥ ‚‘ (àã¡./ªª¬); Zi | á¥¡¥áâ®¨¬®áâì i-£® ‚‘
−� «¨−¨¨ AB (àã¡./ªª¬); DAB | ªà�âç�©è¥¥ à�áâ®ï−¨¥ ¬¥¦¤ã ª®®à¤¨−�â�¬¨
¤¢ãå �íà®¯®àâ®¢ A ¨ B (®àâ®¤à®¬¨ï); Si | ç¨á«® ªà¥á¥« ¢ i-¬ ‚‘ −� «¨−¨¨ AB;
LF | ª®íää¨æ¨¥−â §�£àã¦¥−−®áâ¨; Pi | â�à¨ä i-£® ‚‘ −� «¨−¨¨AB;Ni | ç¨á-
«® à¥©á®¢, á®¢¥àè¥−−ëå i-¬ ‚‘ −� «¨−¨¨ AB; E | ª®íää¨æ¨¥−â í«�áâ¨ç−®áâ¨
á¯à®á�, §�¢¨áïé¨© ®â ®â−®á¨â¥«ì−®£® ¨§¬¥−¥−¨ï â�à¨ä�–Fare ¨ ¯à®âï¦¥−−®áâ¨
¬�àèàãâ� LAB [18]. Œ�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ ¯à¨à®áâ� ¯�áá�¦¨à®¯®â®ª� −�
«¨−¨¨ AB ®¯à¥¤¥«ï¥âáï ä®à¬ã«®©:

–PAX∗

AB = max (i–PAXABi
) , i = 0, 1, . . . (3)

�®¨áª ¬�ªá¨¬ã¬� ¢ (3) ®áãé¥áâ¢«ï¥âáï ¯¥à¥¡®à®¬ ¢á¥å ‚‘, ¯à¨¬¥−ï¥¬ëå −�
«¨−¨¨ ¨ ã¤®¢«¥â¢®àïîé¨å ®£à�−¨ç¥−¨î −� ç¨á«® ªà¥á¥«. �à¨ ¯®¨áª¥ –PAX∗

¤«ï ¢á¥£® ¬�áá¨¢� «¨−¨© ¬�ªá¨¬ã¬ ¨é¥âáï ¤«ï ª�¦¤®© ®â¤¥«ì−® ¢§ïâ®© «¨−¨¨,
� ¤®¯®«−¨â¥«ì−ë¬ ªà¨â¥à¨¥¬ ¢ë¡®àª¨ «¨−¨© á«ã¦¨â ¤¨�¯�§®− ¤�«ì−®áâ¥©, −�
ª®â®àëå −®¢ë© â¨¯ ‚‘ ¯«�−¨àã¥âáï ¨á¯®«ì§®¢�âì.
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3 Программная реализация

�à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥, à¥�«¨§ãîé¥¥ ®¯¨á�−−ë¥ ¬®¤ã«¨, à�§à�¡®â�−®
¢ áà¥¤¥ ®¡ê¥ªâ−®-®à¨¥−â¨à®¢�−−®£® ¯à®£à�¬¬¨à®¢�−¨ï C# [20]. ‚ ®á−®¢¥ à�-
¡®âë ¯à®£à�¬¬ë «¥¦¨â à�§à�¡®â�−−�ï ¢ SQL Server Management Studio �„,
¯à¥¤−�§−�ç¥−−�ï ¤«ï åà�−¥−¨ï áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨ ® ¬�àèàãâ�å, â¨-
¯�å ¨ å�à�ªâ¥à¨áâ¨ª�å íªá¯«ã�â¨àã¥¬ëå ‚‘ ¨ ¯ã−ªâ�å ¯®«¥â�. ��§� ¤�−−ëå
¯à¥¤áâ�¢«ï¥â á®¡®© £àã¯¯ã á¢ï§�−−ëå â�¡«¨æ: TableFlights, TableAirport, City-
Code, TablePlane ¨ TableLine, � â�ª¦¥ ¢ª«îç�¥â ¢à¥¬¥−− �ë¥ â�¡«¨æë Temp,
¯à¥¤−�§−�ç¥−−ë¥ ¤«ï §�£àã§ª¨ áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨ ¢ ¡�§ã (à¨á. 1).

’�¡«¨æë TableAirport, CityCode ¨ ’ablePlane ¯à¥¤áâ�¢«ïîâ á®¡®© áä®à-
¬¨à®¢�−−ë¥ ¯® ®âªàëâë¬ ¨áâ®ç−¨ª�¬ á«®¢�à¨, á®¤¥à¦�é¨¥ ¨−ä®à¬�æ¨î ®¡
�íà®¯®àâ�å ÷” ¨ ¨å å�à�ªâ¥à¨áâ¨ª�å, ® −�á¥«¥−−ëå ¯ã−ªâ�å ¨ ® â¨¯�å ‚‘.
’�¡«¨æ� TableFlights ¯à¥¤−�§−�ç¥−� ¤«ï åà�−¥−¨ï ¨−ä®à¬�æ¨¨ ® à�á¯¨á�−¨¨
à¥©á®¢, � â�ª¦¥ ¨−ä®à¬�æ¨¨ ®¡ ã¤¥«ì−®© á¥¡¥áâ®¨¬®áâ¨ ¯¥à¥¢®§ª¨ −� «¨−¨¨
¤«ï ª®−ªà¥â−®£® â¨¯� ‚‘. ˆ¬¯®àâ ¤�−−ëå ¢ â�¡«¨æã ¯à®¨áå®¤¨â á«¥¤ãîé¨¬
®¡à�§®¬: −� ¢å®¤ ¢ �„ ¯®áâã¯�¥â â¥ªáâ®¢ë© ä�©« –÷’ ’Š� [17] á à�á¯¨á�−¨¥¬
¯àï¬ëå à¥©á®¢. ‘ ¯®¬®éìî ¢à¥¬¥−− �ëå â�¡«¨æ Temp ¤�−−ë¥ â¥ªáâ®¢®£® ä�©«�
à�á¯à¥¤¥«ïîâáï ¯® �„ á®£«�á−® áä®à¬¨à®¢�−−®© áâàãªâãà¥. ‚ á«ãç�¥ ®âáãâ-
áâ¢¨ï ¢ ª�ª®¬-«¨¡® ¨§ á«®¢�à¥© ¤�−−ëå ¨§ ¨¬¯®àâ¨à®¢�−−®£® ä�©«� ¯à®¨áå®¤¨â
�¢â®¬�â¨ç¥áª®¥ à�áè¨à¥−¨¥ á«®¢�àï. ’�¡«¨æ� TableLine á®¤¥à¦¨â ¨−ä®à¬�-
æ¨î ® «¨−¨ïå, ä®à¬¨àã¥¬ëå −� ®á−®¢¥ à�á¯¨á�−¨ï ¨§ â�¡«¨æë TableFlights.
”ã−ªæ¨®−�« à�§à�¡®â�−−®© ¯à®£à�¬¬ë ¯®§¢®«ï¥â ¨¬¯®àâ¨à®¢�âì ª�ª â¥ªáâ®¢ë¥
ä�©«ë ¤«ï −�¯®«−¥−¨ï â�¡«¨æ �„, â�ª ¨ ¢−®á¨âì −¥®¡å®¤¨¬ë¥ ª®àà¥ªâ¨à®¢ª¨
¢ ã¦¥ §�£àã¦¥−−ë¥ ¤�−−ë¥. ˆ−â¥àä¥©á ¯à®£à�¬¬ë ¯à¥¤áâ�¢«ï¥â á®¡®© −�¡®àë
¢ª«�¤®ª, −�¯à�¢«¥−−ëå ª�ª −� à¥è¥−¨¥ ª®−ªà¥â−ëå §�¤�ç ¯® ®æ¥−ª¥ ¤¥ïâ¥«ì−®áâ¨

÷¨á. 1 �à£�−¨§�æ¨ï �„
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÷¨á. 2 ‚ª«�¤ª� ®æ¥−ª¨ ª�ç¥áâ¢� �’‘ ÷” ¤«ï ¯�áá�¦¨à�

¢ �’‘ ÷”, â�ª ¨ −� à�¡®âã á §�£àã¦¥−−ë¬¨ ¤�−−ë¬¨. ˆ−â¥àä¥©á Œ�’‘ ¯à®-
¨««îáâà¨à®¢�− −� à¨á. 2. ”ã−ªæ¨®−�« ¢ª«�¤ª¨ ¯®§¢®«ï¥â à�ááç¨â�âì ¯®ª�§�â¥«¨
(TS, N) ª�ª ¤«ï ª®−ªà¥â−®£® �íà®¯®àâ�, â�ª ¨ ¤«ï ¢á¥å �íà®¯®àâ®¢ ¢ �’‘ ÷”.
ˆ−â¥àä¥©á ¯à®£à�¬¬ë ¯®§¢®«ï¥â §�¤�¢�âì à�áç¥â−ãî ¤�âã, ¨−â¥à¢�« ¯¥à¥á�¤®ç-
−®£® ®ª−�. ÷¥§ã«ìâ�âë à�áç¥â®¢ ¯à¥¤áâ�¢«ïîâáï ¢ ¢¨¤¥ â�¡«¨æë ¨ �−�«¨â¨ç¥áª¨å
£à�ä¨ª®¢.

ˆ−â¥àä¥©á Œ�‚� (à¨á. 3) à¥�«¨§®¢�− ¢ ¢¨¤¥ ¤¢ãå ¢ª«�¤®ª. �¥à¢�ï ¢ª«�¤ª�
¯à¥¤−�§−�ç¥−� ¤«ï ª®àà¥ªâ¨à®¢ª¨ ¨ ¤®¯®«−¥−¨ï ¤�−−ëå ¯® â�à¨ä�¬. ’�ª¦¥
äã−ªæ¨®−�« ¤®¯ãáª�¥â ¢−¥á¥−¨¥ ª®àà¥ªâ¨à®¢®ª ¯® ¤¨�¯�§®−�¬ æ¥−®¢®© í«�áâ¨ç-

÷¨á. 3 ‚ª«�¤ª� ®æ¥−ª¨ íää¥ªâ� ®â ¢−¥¤à¥−¨ï −®¢®© â¥å−¨ª¨
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÷¨á. 4 �à¨¬¥àë à�áç¥â®¢ Œ�’‘ ¨ Œ�‚�

−®áâ¨ á¯à®á� ¨ ¥¥ ¯¥à¥à�áç¥â ¤«ï ¯à®¬¥¦ãâ®ç−ëå §−�ç¥−¨©. ‚â®à�ï ¢ª«�¤ª�
¯®§¢®«ï¥â ®æ¥−¨âì ¯®â¥−æ¨�« ¨§¬¥−¥−¨ï á¯à®á� −� ¯¥à¥¢®§ª¨ ¯à¨ ¢−¥¤à¥−¨¨
−®¢®£® â¨¯� ‚‘. ‚ ª�ç¥áâ¢¥ ¢å®¤−ëå ¯�à�¬¥âà®¢ à�áç¥â� á«ã¦�â ¬�àèàãâ (¤«ï
«¨−¨¨), á¥¡¥áâ®¨¬®áâì −®¢®£® â¨¯� ‚‘, ¯�áá�¦¨à®¢¬¥áâ¨¬®áâì, ¤¨�¯�§®− ¤�«ì-
−®áâ¨ ¯«�−¨àã¥¬ëå ¯®«¥â®¢ (¤«ï �’‘). ÷¥§ã«ìâ�â à�áç¥â� â�ª¦¥ ¯à¥¤áâ�¢«ï¥âáï
¢ ¢¨¤¥ â�¡«¨æ ¨ �−�«¨â¨ç¥áª¨å £à�ä¨ª®¢.

÷�¡®â� ¯à¥¤áâ�¢«¥−−®£® ª®¬¯«¥ªá�, ¯® ¤�−−ë¬ à�á¯¨á�−¨ï 2022 £., ¤¥-
¬®−áâà¨àã¥âáï −� ¯à¨¬¥à�å ®æ¥−ª¨ ¯®ª�§�â¥«¥© âà�−á¯®àâ−®£® áâ�−¤�àâ� ¤«ï
�íà®¯®àâ� úŒãà¬�−áªû ¨ ¨§¬¥−¥−¨ï ¯�áá�¦¨à®¯®â®ª� −� «¨−¨¨ úŒãà¬�−áªû{
ú˜¥à¥¬¥âì¥¢®û ¯à¨ §�¬¥é¥−¨¨ â¥ªãé¨å ‚‘ ¯¥àá¯¥ªâ¨¢−ë¬ á §�¤�−−®© á¥¡¥áâ®-
¨¬®áâìî. ÷¥§ã«ìâ�âë à�áç¥â®¢ ¯à¥¤áâ�¢«¥−ë −� à¨á. 4.

4 Заключение

‘â�âìï ¯®á¢ïé¥−� à�§à�¡®âª¥ ã−¨¢¥àá�«ì−®£® ¯à®£à�¬¬−®£® ª®¬¯«¥ªá�, ¯®-
§¢®«ïîé¥£® ¯à®¢®¤¨âì ®æ¥−ªã ¤¥ïâ¥«ì−®áâ¨ ¨ äã−ªæ¨®−¨à®¢�−¨ï �’‘ ÷” ¯®
à�§«¨ç−ë¬ ªà¨â¥à¨ï¬ ª�ç¥áâ¢�. ÷¥§ã«ìâ�â ¯à¥¤áâ�¢«ï¥â ¨−â¥à¥á ¤«ï à�§−ëå
ãç�áâ−¨ª®¢ àë−ª� �’‘, â�ª ª�ª ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− ¤«ï ¯®¢ëè¥−¨ï íää¥ª-
â¨¢−®áâ¨ ã¯à�¢«¥−¨ï ¢á¥¬¨ ¯à®æ¥áá�¬¨ ¢ �’‘ ¢ æ¥«®¬. „«ï ¤�−−®© æ¥«¨ ¢ áà¥¤¥
SQL Server á¯à®¥ªâ¨à®¢�−� ¨ à¥�«¨§®¢�−� �„ ¤«ï åà�−¥−¨ï áâ�â¨áâ¨ç¥áª®©
¨−ä®à¬�æ¨¨ ®¡ �¢¨�æ¨®−−ëå ¯¥à¥¢®§ª�å, à¥©á�å, â¨¯�å ‚‘, ¯ã−ªâ�å ¯®«¥â�
¨ �íà®¤à®¬�å ÷”. ÷�§à�¡®â�−ë ª«îç¥¢ë¥ ¯à®£à�¬¬−ë¥ ¬®¤ã«¨ ®æ¥−ª¨ ª�ç¥áâ¢�
�¢¨�âà�−á¯®àâ−®© á¥â¨ ¤«ï ¯�áá�¦¨à� ¨ ®æ¥−ª¨ ¯®â¥−æ¨�«� ¨§¬¥−¥−¨ï á¯à®á� −�
¯¥à¥¢®§ª¨ ¯à¨ §�¬¥é¥−¨¨ áãé¥áâ¢ãîé¨å â¨¯®¢ á�¬®«¥â®¢ ¯¥àá¯¥ªâ¨¢−ë¬¨ ‚‘.
„�«ì−¥©è¥¥ à�§¢¨â¨¥ ª®¬¯«¥ªá� ¢¨¤¨âáï ª�ª ¢ à�áè¨à¥−¨¨ ¥£® �«£®à¨â¬¨ç¥áª®£®
®¡¥á¯¥ç¥−¨ï ¨ ¯®¯®«−¥−¨ï äã−ªæ¨®−�«�, −�¯à¨¬¥à §� áç¥â §�¤�ç ®æ¥−ª¨ ¯àï¬ëå
íªá¯«ã�â�æ¨®−−ëå à�áå®¤®¢ ¯¥àá¯¥ªâ¨¢−ëå ‚‘, íª®−®¬¨ç¥áª®© ¨ âà�−á¯®àâ-
−®© ¤®áâã¯−®áâ¨, â�ª ¨ à�áè¨à¥−¨¨ �„ §� áç¥â ¯®¤ª«îç¥−¨ï ¤®¯®«−¨â¥«ì−ëå
¨áâ®ç−¨ª®¢ ¨−ä®à¬�æ¨¨.
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DEVELOPMENT OF A SOFTWARE PACKAGE FOR MODELING
EFFICIENCY IN THE RUSSIAN AIR TRANSPORT SYSTEM

I. V. Uryupin

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: The article is devoted to the practical implementation of a technique
for modeling efficiency in an air transport system (ATS). Air transport system is an
important component of the socioeconomic development of any country and tools
for modeling and analyzing the state of such complex systems allow solving a wide
range of tasks | from assessing the quality of activities to optimizingmanagement
and forecasting results. The main attention is paid to the development of a software
package for situational modeling of the quality of passenger transportation of the
ATS of the Russian Federation and demand for them. The proposed version of
the software package allows one to evaluate its functioning according to various
efficiency criteria. The key implemented functional blocks are described: the
module for assessing the quality of the air transport network for passengers and
the module for assessing the potential for changes in demand for transportation
when replacing existing types of aircraft with promising aircraft. The developed
components operate with statistical information about air transportation available
for collection or acquisition through a designed database.

Keywords: mathematical modeling; air transport system; software package;
database
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ОНЛАЙН-ЭНЦИКЛОПЕДИИ:
АКТУАЛЬНЫЕ ПРОБЛЕМЫ РАЗВИТИЯ

В. Д. Ильин1

�−−®â�æ¨ï: �à¥¤«®¦¥− ¯®¤å®¤ ª ¨§ãç¥−¨î ®−«�©−-í−æ¨ª«®¯¥¤¨© ª�ª S-á¨¬-
¢®«ì−ëå á¨áâ¥¬ §−�−¨©. �−«�©−-í−æ¨ª«®¯¥¤¨ï à�áá¬�âà¨¢�¥âáï ª�ª ®¡−®¢«ï-
¥¬�ï á®¢®ªã¯−®áâì £¨¯¥à¬¥¤¨©−ëå ¨−ä®à¬�æ¨®−−ëå à¥áãàá®¢, ®ä®à¬«¥−−�ï
¢ ¢¨¤¥ ¢¥¡-á�©â� ¨ ®¡ê¥¤¨−¥−−�ï ¯à�¢¨«�¬¨ ¨å á®§¤�−¨ï, ¨§¬¥−¥−¨ï, ª«�á-
á¨ä¨ª�æ¨¨, ¯®¨áª� ¨ ¯®«ì§®¢�−¨ï. �à�¢¨«� ®¯à¥¤¥«ïîâ äã−ªæ¨®−�«ì−ë¥
âà¥¡®¢�−¨ï ª ¯à®£à�¬¬−®¬ã ®¡¥á¯¥ç¥−¨î ®−«�©−-í−æ¨ª«®¯¥¤¨¨ (ª�ª ¢¥¡-
á¨áâ¥¬¥), à¥�«¨§®¢�−−®¬ã ¢ ¢¨¤¥ ¤¢¨¦ª� ®−«�©−-í−æ¨ª«®¯¥¤¨¨. �à¨¢¥¤¥-
−ë à¥§ã«ìâ�âë áà�¢−¨â¥«ì−®£® �−�«¨§� ª®−æ¥¯âã�«ì−ëå, ®à£�−¨§�æ¨®−−ëå
¨ â¥å−®«®£¨ç¥áª¨å ®á−®¢ âà¥å á®¢à¥¬¥−−ëå à®áá¨©áª¨å ã−¨¢¥àá�«ì−ëå ®−-
«�©−-í−æ¨ª«®¯¥¤¨© (�®«ìè®© à®áá¨©áª®© í−æ¨ª«®¯¥¤¨¨ (�÷�) í«¥ªâà®−−ëå
¢¥àá¨© 2017 ¨ 2022 ££., ÷ã−¨¢¥àá�«¨á ¨ ÷ã¢¨ª¨). �à¨¢¥¤¥−ë ¯à¨¬¥àë
ã¤�ç−ëå ¨ ®è¨¡®ç−ëå à¥è¥−¨©, ¢«¨ïîé¨å −� ¯¥àá¯¥ªâ¨¢ë à�§¢¨â¨ï ®−-
«�©−-í−æ¨ª«®¯¥¤¨©. ‘à¥¤¨ −¥®â«®¦−ëå ®à£�−¨§�æ¨®−−ëå ¯à®¡«¥¬ ¢ë¤¥«¥−�
§�¤�ç� ¯à¨¢«¥ç¥−¨ï íªá¯¥àâ®¢ ª á®§¤�−¨î ¨ à¥æ¥−§¨à®¢�−¨î í−æ¨ª«®¯¥¤¨-
ç¥áª¨å à¥áãàá®¢. „«ï ¥¥ à¥è¥−¨ï (¯à¨ áãé¥áâ¢ãîé¥© á¨áâ¥¬¥ ®æ¥−ª¨ à¥-
§ã«ìâ�â¨¢−®áâ¨ −�ãç−®© ¤¥ïâ¥«ì−®áâ¨ á®âàã¤−¨ª®¢ ¨áá«¥¤®¢�â¥«ìáª¨å ¨ ®¡à�-
§®¢�â¥«ì−ëå ãçà¥¦¤¥−¨©) æ¥«¥á®®¡à�§−® ãç¨âë¢�âì íªá¯¥àâ−ë¥ ¯ã¡«¨ª�æ¨¨
¢ à®áá¨©áª¨å ®−«�©−-í−æ¨ª«®¯¥¤¨ïå.

Š«îç¥¢ë¥ á«®¢�: ®−«�©−-í−æ¨ª«®¯¥¤¨ï; ¢¥¡-á¨áâ¥¬�; S-á¨¬¢®«ì−�ï á¨áâ¥¬�
§−�−¨©; £¨¯¥à¬¥¤¨©−ë¥ ¨−ä®à¬�æ¨®−−ë¥ à¥áãàáë; ¤¢¨¦®ª ®−«�©−-í−æ¨ª«®-
¯¥¤¨¨; íªá¯¥àâ−ë¥ ¯ã¡«¨ª�æ¨¨ ®−«�©−-í−æ¨ª«®¯¥¤¨©

DOI: 10.14357/08696527240311 EDN: SFPZBB

1 Введение

‚ XXI ¢. −¥ãª«®−−® ãá¨«¨¢�¥âáï §�¢¨á¨¬®áâì ¯à®¤ãªâ¨¢−®áâ¨ ¨−â¥««¥ªâã�«ì-
−®© ¤¥ïâ¥«ì−®áâ¨ ®â ª�ç¥áâ¢�, ¤®áâã¯−®áâ¨ ¨ â¥å−®«®£¨© ¯®«ì§®¢�−¨ï ¨−ä®à¬�-
æ¨®−−ë¬¨ à¥áãàá�¬¨ (áâ�âìï¬¨ ®−«�©−-í−æ¨ª«®¯¥¤¨©, í«¥ªâà®−−ëå ¡¨¡«¨®â¥ª
¨ ¤à.) [1]. „®áâ®¢¥à−ë¥ ¨ �¤¥ª¢�â−® ¯à¥¤áâ�¢«¥−−ë¥ í−æ¨ª«®¯¥¤¨ç¥áª¨¥ à¥áãàáë
¨¬¥îâ ®á®¡®¥ §−�ç¥−¨¥ ¢ ¯à®á¢¥é¥−¨¨ ¨ ®¡à�§®¢�−¨¨.

‚ â¥ç¥−¨¥ ¯®çâ¨ 2000 «¥â à�§¢¨â¨ï í−æ¨ª«®¯¥¤¨ç¥áª®£® ¤¥«� í−æ¨ª«®¯¥¤¨¨ [2]
−¥¨§¬¥−−® §�−¨¬�îâ ®¤−ã ¨§ ª«îç¥¢ëå ¯®§¨æ¨© ¢ ¯à®æ¥áá�å ¯®§−�−¨ï. Š®−-
æ¥¯âã�«ì−ë¬ ¯à®®¡à�§®¬ ã−¨¢¥àá�«ì−ëå í−æ¨ª«®¯¥¤¨© XX ¢. ¬®¦−® áç¨â�âì
á®§¤�−−ë© ¢® ”à�−æ¨¨ ¢ XVIII ¢. (¯® ¨−¨æ¨�â¨¢¥ ª−¨£®¨§¤�â¥«ï ‹ã¨ �à¥â®-
−�) á¯à�¢®ç−¨ª, ¯®«ãç¨¢è¨© −�§¢�−¨¥ ú�−æ¨ª«®¯¥¤¨ï, ¨«¨ ’®«ª®¢ë© á«®¢�àì

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, vdilyin@yandex.ru
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−�ãª, ¨áªãááâ¢ ¨ à¥¬¥á¥«û1. �¢â®à�¬¨ áâ�â¥© ¡ë«¨ ‚®«ìâ¥à2, Œ®−â¥áªì¥3,
„¨¤à®4 ¨ ¤àã£¨¥ §−�¬¥−¨âë¥ ä¨«®á®äë-¯à®á¢¥â¨â¥«¨ â®£® ¢à¥¬¥−¨. Š«îç¥¢ãî
à®«ì ¢ á®áâ�¢«¥−¨¨, á¨áâ¥¬�â¨§�æ¨¨ ¨ à¥¤�ªâ¨à®¢�−¨¨ áâ�â¥© áë£à�« „¨¤à®
(¨§ 35 â®¬®¢ ¯¥à¢ë¥ 28 á®áâ�¢«¥−ë ¨¬).

‚ −�è¨ ¤−¨ ¢ ÷®áá¨¨ äã−ªæ¨®−¨àãîâ âà¨ ã−¨¢¥àá�«ì−ëå ®−«�©−-í−æ¨ª-
«®¯¥¤¨¨ (�÷� (¯à¥¤áâ�¢«¥−−�ï ¢¥àá¨ï¬¨ 20175 ¨ 2022 ££.6), ÷ã−¨¢¥àá�«¨á7

¨ ÷ã¢¨ª¨8).
�à¥¤¬¥â ¨ ¬¥â®¤®«®£¨ï ¨áá«¥¤®¢�−¨©. Š�ª¨¬¨ á¢®©áâ¢�¬¨ ¤®«¦−ë ®¡«�-

¤�âì áâ�âì¨ ®−«�©−-í−æ¨ª«®¯¥¤¨©, çâ®¡ë áç¨â�âìáï ¤®áâ®¢¥à−ë¬¨ à¥áãàá�¬¨?
Š�ª â¥å−®«®£¨¨ á®§¤�−¨ï, ¨§¬¥−¥−¨ï, ª«�áá¨ä¨ª�æ¨¨, ¯®¨áª� ¨ ¯®«ì§®¢�−¨ï
¢«¨ïîâ −� íää¥ªâ¨¢−®áâì í−æ¨ª«®¯¥¤¨ç¥áª®£® ª®−â¥−â�? �â¢¥âë −� íâ¨ ¨ á¢ï-
§�−−ë¥ á −¨¬¨ ¢®¯à®áë ¯à¥¤¯®«�£�îâ ¨áá«¥¤®¢�−¨¥ ®−«�©−-í−æ¨ª«®¯¥¤¨© ª�ª
¨−â¥à�ªâ¨¢−ëå á¨áâ¥¬ §−�−¨© [3] ¬�áá®¢®£® ¯à¨¬¥−¥−¨ï. „«ï ¯®¢ëè¥−¨ï íä-
ä¥ªâ¨¢−®áâ¨ ¨áá«¥¤®¢�−¨© æ¥«¥á®®¡à�§−® ¯à¨¬¥−ïâì à�§à�¡®â�−−ãî ¢ â¥®à¨¨
S-á¨¬¢®«®¢ [4{7] ¬¥â®¤®«®£¨î ¯à¥¤áâ�¢«¥−¨ï íâ¨å á¨áâ¥¬ ª�ª S-á¨áâ¥¬ §−�−¨©
(á¬. à�§¤. 2).

÷¥§ã«ìâ�â¨¢−®áâì ¬¥â®¤®«®£¨ç¥áª®£® ¨ â¥å−®«®£¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï ¯à®-
æ¥áá®¢ ¯®áâà®¥−¨ï ¨ ¯à¨¬¥−¥−¨ï í−æ¨ª«®¯¥¤¨ç¥áª¨å à¥áãàá®¢ ¢® ¬−®£®¬ §�¢¨á¨â
¨ ®â à¥§ã«ìâ�â®¢ á¢®¥¢à¥¬¥−−®© ¬®¤¥à−¨§�æ¨¨ ¨−äà�áâàãªâãà−ëå áà¥¤áâ¢ á¨¬-
¢®«ì−®-ª®¤®¢®-á¨£−�«ì−®© áà¥¤ë (S-áà¥¤ë) [4{7]. �â¨ áà¥¤áâ¢� −¥®¡å®¤¨¬ë ¤«ï
à¥�«¨§�æ¨¨ â¥å−®«®£¨© ®¡«�ç−ëå ¢ëç¨á«¥−¨© [8], æ¨äà®¢ëå ¤¢®©−¨ª®¢ (�−£«.
Digital Twins) [9] ¨ á¥¬�−â¨ç¥áª®£® ¢¥¡� (Semantic Web) [10].

�¢â®à¨â¥â−ë© ¨áâ®ç−¨ª. �à¨−ïâ® áç¨â�âì, çâ® ¯®−ïâ¨¥ �¢â®à¨â¥â−ë© ¨á-
â®ç−¨ª (�ˆ) ¯à¨¬¥−¨¬® ª ¨§¤�−¨ï¬ (¢ª«îç�ï í−æ¨ª«®¯¥¤¨¨), ª®â®àë¥ á®¤¥à¦�â
¤®áâ®¢¥à−ë¥ ¨−ä®à¬�æ¨®−−ë¥ à¥áãàáë [11], á®§¤�−−ë¥ ¨ ®âà¥æ¥−§¨à®¢�−−ë¥
íªá¯¥àâ�¬¨. Š®á¢¥−−ë¬ ¯®¤â¢¥à¦¤¥−¨¥¬ ª¢�«¨ä¨ª�æ¨®−−ëå áâ�âãá®¢ �¢â®à®¢
¨ à¥æ¥−§¥−â®¢ ¬®£ãâ ¡ëâì á¯¨áª¨ ¨å −�ãç−ëå âàã¤®¢, ®â−®áïé¨åáï ª â¥¬¥ áâ�âì¨.

‘â�âì¨ �ˆ-í−æ¨ª«®¯¥¤¨© à�áá¬�âà¨¢�îâáï ª�ª ¨áâ®ç−¨ª¨ −�ãç−®-¯à¨§−�−-
−ëå á¢¥¤¥−¨©. ‘áë«ª¨ −� −¨å à�§¬¥é�îâ �¢â®àë ª−¨£ ¨ áâ�â¥© ¢ à�§«¨ç−ëå
¦ãà−�«�å. �� −¨å ááë«�îâáï ¯à¥¯®¤�¢�â¥«¨ èª®«, ¢ã§®¢ ¨ ¤àã£¨å ®¡à�§®¢�â¥«ì-
−ëå ãçà¥¦¤¥−¨©. ‘â�âì¨ �ˆ-í−æ¨ª«®¯¥¤¨© á«ã¦�â ¢�¦−ë¬ ¨áâ®ç−¨ª®¬ §−�−¨©
¤«ï §�−¨¬�îé¨åáï á�¬®®¡à�§®¢�−¨¥¬.

1�−æ¨ª«®¯¥¤¨ï, ¨«¨ ’®«ª®¢ë© á«®¢�àì −�ãª, ¨áªãááâ¢ ¨ à¥¬ñá¥« // ÷ã¢¨ª¨. https://
ru.ruwiki.ru/w/index.php?title=üÎÃÉËÌÏÐÅÄÉÑ, ÉÌÉ ôÏÌËÏ×ÙÊ ÓÌÏ×ÁÒØ ÎÁÕË, ÉÓËÕÓÓÔ× É
ÒÅÍ¾ÓÅÌ&oldid=129932929.

2‚®«ìâ¥à // ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/index.php?title=÷ÏÌØÔÅÒ&oldid=13121072.
3Œ®−â¥áªì¥ // ÷ã¢¨ª¨. https://ru.ruwiki.ru/w/index.php?title=íÏÎÔÅÓËØ¾, ûÁÒÌØ ìÕÉ

ÄÅ&oldid=1186263521.
4„¨¤à® // ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/index.php?title=äÉÄÒÏ, äÅÎÉ&oldid=17583856.
5�®«ìè�ï à®áá¨©áª�ï í−æ¨ª«®¯¥¤¨ï 2004{2017. https://old.bigenc.ru/.
6�®àâ�«. �®«ìè�ï à®áá¨©áª�ï í−æ¨ª«®¯¥¤¨ï. https://bigenc.ru/.
7÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/òÕÎÉ×ÅÒÓÁÌÉÓ.
8÷ã¢¨ª¨ // ÷ã¢¨ª¨. https://ru.ruwiki.ru/wiki/òÕ×ÉËÉ.
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�−«�©−-í−æ¨ª«®¯¥¤¨¨: �ªâã�«ì−ë¥ ¯à®¡«¥¬ë à�§¢¨â¨ï

”®à¬�«¨§®¢�−−�ï §�¯¨áì ¨ à�§¬¥âª� â¥ªáâ�. „«ï §�¯¨á¨ ®¯à¥¤¥«¥−¨©,
§�¬¥ç�−¨© ¨ ¯à¨¬¥à®¢ ¢ áâ�âì¥ ¨á¯®«ì§ãîâáï áà¥¤áâ¢� ï§ëª� TSM-ª®¬¯«¥ªá�
(TSM: textual symbolic modeling) [4{7].

‘à¥¤áâ¢� ¢ë¤¥«¥−¨ï äà�£¬¥−â®¢ â¥ªáâ�, ¯à¨¬¥−ï¥¬ë¥ ¢ áâ�âì¥:
� 〈äà�£¬¥−â â¥ªáâ�〉� ≈ ®¯à¥¤¥«¥−¨¥ (á¨¬¢®« ≈ §�¬¥−ï¥â á«®¢® ú®§−�ç�¥âû);
♦ 〈äà�£¬¥−â â¥ªáâ�〉 ♦ ≈ §�¬¥ç�−¨¥;
© 〈äà�£¬¥−â â¥ªáâ�〉 © ≈ ¯à¨¬¥à.
�¥à¢ë¥ ¢å®¦¤¥−¨ï −�§¢�−¨© ¯®−ïâ¨© ¨ −�¨¡®«¥¥ ¢�¦−ë¥ äà�£¬¥−âë â¥ªáâ�

¢ë¤¥«¥−ë ªãàá¨¢®¬.

2 Онлайн-энциклопедии: S-представление систем понятий и знаний

� �ã¤¥¬ à�áá¬�âà¨¢�âì ®−«�©−-í−æ¨ª«®¯¥¤¨î ª�ª S-á¨áâ¥¬ã §−�−¨© [4{7],
¯à¥¤áâ�¢«¥−−ãî á®¢®ªã¯−®áâìî £¨¯¥à¬¥¤¨©−ëå ¨−ä®à¬�æ¨®−−ëå à¥áãàá®¢ [11],
ª®â®à�ï ®ä®à¬«¥−� ¢ ¢¨¤¥ ¢¥¡-á�©â� ¨ ®¡ê¥¤¨−¥−� ¯à�¢¨«�¬¨ á®§¤�−¨ï, ®¡−®¢-
«¥−¨ï, ª«�áá¨ä¨ª�æ¨¨, ¯®¨áª� ¨ ¯®«ì§®¢�−¨ï à¥áãàá�¬¨. �à�¢¨«� ®¯à¥¤¥«ïîâ
äã−ªæ¨®−�«ì−ë¥ âà¥¡®¢�−¨ï ª ¯à®£à�¬¬−®¬ã ®¡¥á¯¥ç¥−¨î ®−«�©−-í−æ¨ª«®¯¥-
¤¨¨ (ª�ª ¢¥¡-á¨áâ¥¬¥1 [12]), à¥�«¨§®¢�−−®¬ã ¢ ¢¨¤¥ ¤¢¨¦ª� ®−«�©−-í−æ¨ª«®¯¥-
¤¨¨. �

—â®¡ë ¯®¢ëá¨âì, ¯à¥¦¤¥ ¢á¥£®, ª�ç¥áâ¢® −�ãç−®-â¥å−¨ç¥áª¨å áâ�â¥©, æ¥«¥-
á®®¡à�§−® ¯à¨¬¥−ïâì ä®à¬�«¨§®¢�−−®¥ ¯à¥¤áâ�¢«¥−¨¥ á¨áâ¥¬ ¯®−ïâ¨© ¨ §−�−¨©,
¯à¥¤«®¦¥−−®¥ ¢ â¥®à¨¨ S-á¨¬¢®«®¢ [4{7]. „«ï íâ®£® −¥®¡å®¤¨¬® à�áè¨à¨âì
äã−ªæ¨®−�« ¨−áâàã¬¥−â�«ì−ëå á¨áâ¥¬ ®−«�©−-í−æ¨ª«®¯¥¤¨© áà¥¤áâ¢�¬¨ ¨−â¥à-
�ªâ¨¢−®£® á®§¤�−¨ï á®®â¢¥âáâ¢ãîé¨å è�¡«®−®¢ [13, 14]. ‚ à¥¦¨¬¥ çâ¥−¨ï
ª®−â¥−â ¤®«¦¥− ¨¬¥âì ¯à¨¢ëç−ë© ¤«ï ¯®«ì§®¢�â¥«¥© ¢¨¤. ÷¥¦¨¬ ¢ë¢®¤� S-¯à¥¤-
áâ�¢«¥−¨ï á¨áâ¥¬ ¯®−ïâ¨© ¨ §−�−¨© æ¥«¥á®®¡à�§−® á¤¥«�âì ®¯æ¨®−�«ì−ë¬.

� �¯à¥¤¥«¥−¨¥ S-á¨áâ¥¬ë ¯®−ïâ¨© ¤®«¦−® ¡ëâì ¯à¥¤áâ�¢«¥−® ¢ ¢¨¤¥
¯�àë 〈S-¬®¤¥«ì á¨áâ¥¬ë ¯®−ïâ¨©〉, 〈á¯¥æ¨ä¨ª�æ¨ï ¯à¨¬¥−¨¬®áâ¨ ®¯à¥¤¥«¥−¨ï
S-á¨áâ¥¬ë ¯®−ïâ¨©〉.

〈S-¬®¤¥«ì á¨áâ¥¬ë Sc ¯®−ïâ¨©〉 ≈ 〈¬−®¦¥áâ¢® Ssc ¯®−ïâ¨©〉, 〈á¥¬¥©áâ¢®

rel (SSc) á¢ï§¥© −� Ssc〉.
〈‘¯¥æ¨ä¨ª�æ¨ï ¯à¨¬¥−¨¬®áâ¨ ®¯à¥¤¥«¥−¨ï S-á¨áâ¥¬ë ¯®−ïâ¨©〉 ≈ 〈®¡-

«�áâì ¯à¨¬¥−¨¬®áâ¨ (®¤−� ¨«¨ −¥áª®«ìª® ®¡«�áâ¥© §−�−¨©, ¢ ª®â®àëå ®¯à¥¤¥«¥-
−¨¥ ¯à¨¬¥−¨¬®)〉, 〈â¨¯ ª®àà¥á¯®−¤¥−â� [ª®¬ã �¤à¥á®¢�−® ®¯à¥¤¥«¥−¨¥ (−¥á¯¥æ¨-
�«¨áâ, íªá¯¥àâ ¨ â. ¤.)]〉, 〈áâ�¤¨ï ¯à¨¬¥−¨¬®áâ¨ (−�ç�«ì−®¥ ¨§ãç¥−¨¥, ¨§ãç¥−¨¥
ª®−æ¥¯âã�«ì−ëå ®á−®¢�−¨© ¨ â. ¤.)〉.

„«ï ®¯à¥¤¥«¥−¨ï −®¢®£® ¯®−ïâ¨ï −¥®¡å®¤¨¬® ®¯¨á�âì ¥£® á¢ï§ì á ®¤−®© ¨«¨
−¥áª®«ìª¨¬¨ à�−¥¥ ®¯à¥¤¥«¥−−ë¬¨ S-á¨áâ¥¬�¬¨ ¯®−ïâ¨©. �

� S-á¨áâ¥¬� §−�−¨© ¯à¥¤áâ�¢«¥−� ¢ ¢¨¤¥ âà¨�¤ë 〈ca ≈ S-¬®¤¥«ì á¨áâ¥-
¬ë Sc ¯®−ïâ¨©〉, 〈setlng ≈ S-¬®¤¥«ì á®¢®ªã¯−®áâ¨ ï§ëª®¢ S-á®®¡é¥−¨©, ¨−â¥à-

1‚¥¡-á¨áâ¥¬ë | ®á−®¢�−−ë© −� ª«¨¥−â-á¥à¢¥à−ëå â¥å−®«®£¨ïå ª«�áá ¯à®£à�¬¬−ëå áà¥¤áâ¢
¤«ï à�§à�¡®âª¨ ¢¥¡-à¥áãàá®¢.
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¯à¥â¨àã¥¬ëå −� ca〉, 〈setintr ≈ S-¬®¤¥«ì á®¢®ªã¯−®áâ¨ ¨−â¥à¯à¥â�â®à®¢ −� ca
S-á®®¡é¥−¨©, á®áâ�¢«¥−−ëå −� ï§ëª�å ¨§ setlng〉. �

♦ �¡ï§�â¥«ì−ë¬ á¢®©áâ¢®¬ áâ�â¥© ®−«�©−-í−æ¨ª«®¯¥¤¨¨ ¯à¨−ïâ® áç¨â�âì
á¯®á®¡ ¨§«®¦¥−¨ï ¨ ¯à¥¤áâ�¢«¥−¨ï ¬�â¥à¨�«�, à�ááç¨â�−−ë© −� ¯®«ì§®¢�â¥«¥©,
¨¬¥îé¨å à�§−ë© ãà®¢¥−ì ¯®¤£®â®¢«¥−−®áâ¨ (®â −�ç�«ì−®£® ¤® íªá¯¥àâ−®£®).
�®íâ®¬ã æ¥«¥á®®¡à�§−® ¨¬¥âì è�¡«®−ë ¤«ï á®§¤�−¨ï ª®−â¥−â�, ®à¨¥−â¨à®¢�−−®£®
−� à�§−ë¥ ãà®¢−¨ ¯®¤£®â®¢«¥−−®áâ¨ ¯®«ì§®¢�â¥«ï. ♦

3 Современные российские универсальные онлайн-энциклопедии:
Большая российская энциклопедия (электронные версии 2017
и 2022 годов), Руниверсалис и Рувики

÷�áá¬®âà¨¬ −¥ª®â®àë¥ à¥§ã«ìâ�âë �−�«¨§�1, å�à�ªâ¥à¨§ãîé¨¥ ª�ç¥áâ¢® í−-
æ¨ª«®¯¥¤¨ç¥áª¨å à¥áãàá®¢ ¨ ãà®¢¥−ì ¨−áâàã¬¥−â�«ì−ëå áà¥¤áâ¢, ¨á¯®«ì§ã¥¬ëå
¤«ï ¨å á®§¤�−¨ï, ¨§¬¥−¥−¨ï, ª«�áá¨ä¨ª�æ¨¨, ¯®¨áª� ¨ ¯®«ì§®¢�−¨ï.

3.1 Большая российская энциклопедия
(электронные версии 2017 и 2022 годов)

�® ã¬®«ç�−¨î �÷� áç¨â�¥âáï £®áã¤�àáâ¢¥−−ë¬ ¨áâ®ç−¨ª®¬ í−æ¨ª«®¯¥¤¨ç¥-
áª¨å à¥áãàá®¢, â�ª ª�ª ¢á¥ à�¡®âë ®¯«�ç¨¢�îâáï ¨§ £®áã¤�àáâ¢¥−−®£® ¡î¤¦¥â�.
�á−®¢−�ï ç�áâì áâ�â¥© á®§¤�¥âáï ¨ à¥æ¥−§¨àã¥âáï �¢â®à�¬¨, áç¨â�îé¨¬¨áï íªá-
¯¥àâ�¬¨ ¢ â®© ®¡«�áâ¨ §−�−¨©, ª ª®â®à®© ®â−¥á¥−� áâ�âìï. ‚ë¡®à �¢â®à®¢
¨ à¥æ¥−§¥−â®¢ | ¯à¥à®£�â¨¢� −�ãç−ëå à¥¤�ªæ¨© �÷�.

�−¨ ¦¥ §�−¨¬�îâáï ¨ à¥¤�ªâ¨à®¢�−¨¥¬ á®¤¥à¦�−¨ï ¨ áâ¨«ï ¨§«®¦¥−¨ï áâ�â¥©.
�®«ìè�ï à®áá¨©áª�ï í−æ¨ª«®¯¥¤¨ï ¢¥àá¨¨ 2017 £. á®¤¥à¦¨â à�áè¨à¥−−ë¥

¨ ®¡−®¢«¥−−ë¥ áâ�âì¨, ®¯ã¡«¨ª®¢�−−ë¥ ¢ 35-â®¬−®¬ ¨§¤�−¨¨ �÷� [15]. �à¥¤-
¯®«�£�«®áì, çâ® �÷� ¢¥àá¨¨ 2022 £. ¡ã¤¥â á®¢¥àè¥−−¥¥ ¯à¥¤è¥áâ¢¥−−¨æë. �®
¤®áâ¨çì íâ®£® ¯®ª� −¥ ã¤�«®áì ¨§-§� ªà¨â¨ç¥áª¨å ®è¨¡®ª à�§−®£® â¨¯� (¢ª«îç�ï
®à£�−¨§�æ¨®−−ë¥ ¨ â¥å−®«®£¨ç¥áª¨¥, à�áá¬�âà¨¢�¥¬ë¥ ¤�«¥¥). ‚ ¨â®£¥ ¡î¤¦¥â-
−ë¥ áà¥¤áâ¢� −� ¯à®¤®«¦¥−¨¥ à�¡®â ¢ 2024 £. ¤® á¨å ¯®à (¨î«ì 2024 £.) −¥
¢ë¤¥«¥−ë.

�®«ìè�ï à®áá¨©áª�ï í−æ¨ª«®¯¥¤¨ï ¢¥àá¨¨ 2017 £. ãá«®¢−® ¬®¦¥â ¡ëâì ®â-
−¥á¥−� ª �ˆ-í−æ¨ª«®¯¥¤¨¨. “á«®¢−® ¯®â®¬ã, çâ® ¢ë¡®à �¢â®à®¢ ¨ à¥æ¥−§¥−â®¢
®áãé¥áâ¢«ï«áï á®âàã¤−¨ª�¬¨ à¥¤�ªæ¨©, −¥ ï¢«ïîé¨åáï íªá¯¥àâ�¬¨. � �÷�
¢¥àá¨¨ 2022 £. −¥ ¬®¦¥â ¡ëâì ®â−¥á¥−� ª �ˆ-í−æ¨ª«®¯¥¤¨¨ −¥ â®«ìª® ¯®â®¬ã, çâ®
§�¬¥â−® ¢ëà®á«® ç¨á«® ®¯ã¡«¨ª®¢�−−ëå áâ�â¥©, �¢â®à®¢ ª®â®àëå −¥«ì§ï −�§¢�âì
íªá¯¥àâ�¬¨. �à¨§−�ª®¬ −¥¤®áâ�â®ç−®© ª¢�«¨ä¨ª�æ¨¨ á¯¥æ¨�«¨áâ®¢, §�−¨¬�-
îé¨åáï à�§¬¥é¥−¨¥¬ ¬�â¥à¨�«®¢ −� ¢¥¡-á�©â¥, á«ã¦¨â â®, çâ® áâ�âì¨, à�−¥¥

1�®«ãç¥−ë −� ®á−®¢¥ ®¯ëâ� �¢â®à�, ãç�áâ¢ãîé¥£® ¢ á®§¤�−¨¨ íªá¯¥àâ−ëå áâ�â¥© ¢ �÷�
(¡®«¥¥ 20 áâ�â¥© ¯® ¨−ä®à¬�â¨ª¥ ¨ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¥) ¨ ÷ã−¨¢¥àá�«¨á (¡®«¥¥ 30 áâ�â¥©
¨ �¢â®àáª¨å â¥ªáâ®¢).
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®¯ã¡«¨ª®¢�−−ë¥ ¢ �÷� ¢¥àá¨¨ 2017 £., ¡¥áá«¥¤−® ¨áç¥§�îâ, � á ¨å URL (uni-
form resource locator) ¤¥«�îâáï ¯¥à¥−�¯à�¢«¥−¨ï −� ¤àã£¨¥ áâ�âì¨ �÷� ¢¥àá¨¨
2022 £.

© �à¨¢¥¤ã ¤¢� ¯à¨¬¥à� â�ª¨å −�àãè¥−¨©. ‘â�âìï ú�®àâ ¢ ¨−ä®à¬�-
â¨ª¥û, ®¯ã¡«¨ª®¢�−−�ï ¢ �÷� ¢¥àá¨¨ 2017 £., áâ�«� −¥¤®áï£�¥¬®©, � c ¥¥
URL https://old.bigenc.ru/technology and technique/text/3958338 á¤¥«�−® ¯¥-
à¥−�¯à�¢«¥−¨¥ −� áâ�âìî ú�®àâ (äà�−æ. port, ®â «�â. porta | ¢å®¤, ¢®à®-
â�), ãç�áâ®ª ¡¥à¥£� (¬®àï, ®§¥à�,. . .û ¢ �÷� ¢¥àá¨¨ 2022 £., ª®â®à�ï ¨¬¥¥â
URL https://bigenc.ru/c/port-8e2825. ‘â�âìï ú‘¨¬¢®« ¢ ¨−ä®à¬�â¨ª¥ (s-á¨¬-
¢®«)û ¢ �÷� ¢¥àá¨¨ 2017 £. ¨áç¥§«�, � á ¥¥ URL https://old.bigenc.ru/
technology and technique/text/3958296 á¤¥«�−® ¯¥à¥−�¯à�¢«¥−¨¥ −� áâ�âìî �÷�
¢¥àá¨¨ 2022 £. (® á¨¬¢®«�å ¢ «¨â¥à�âãà¥, ¨áªãááâ¢¥ ¨ ¤àã£¨å ®¡«�áâïå ¤¥ïâ¥«ì-
−®áâ¨). ‚ áâ�âì¥ ú‘¨¬¢®«ì−®¥ ¬®¤¥«¨à®¢�−¨¥ (s-¬®¤¥«¨à®¢�−¨¥)û1, ®¯ã¡«¨-
ª®¢�−−®© ¢ �÷� ¢¥àá¨¨ 2017 £., ®áâ�«�áì £¨¯¥àááë«ª� −� áâ�âìî ú‘¨¬¢®«
¢ ¨−ä®à¬�â¨ª¥ (s-á¨¬¢®«)û. �à¨ −�¢¥¤¥−¨¨ −� −¥¥ ªãàá®à� ¢á¯«ë¢�¥â −�ç�-
«® ¤¥ä¨−¨æ¨¨, � ¯à¨ �ªâ¨¢�æ¨¨ £¨¯¥àááë«ª¨ ®âªàë¢�¥âáï áâ�âìï �÷� ¢¥àá¨¨
2022 £. ® á¨¬¢®«�å ¢ «¨â¥à�âãà¥, ¨áªãááâ¢¥ ¨ ¤àã£¨å ®¡«�áâïå ¤¥ïâ¥«ì−®áâ¨, −¥
®â−®áïé¨åáï ª ¨−ä®à¬�â¨ª¥.2 ©

� —â®¡ë ®¡¥á¯¥ç¨âì ¢®§¬®¦−®áâì −�¤¥¦−ëå ¨ −¥¯à®â¨¢®à¥ç¨¢ëå ááë«®ª (−�
áâ�âìî ®−«�©−-í−æ¨ª«®¯¥¤¨¨) ¢ −�ãç−ëå, ®¡à�§®¢�â¥«ì−ëå ¨ ¤àã£¨å ¯ã¡«¨ª�æ¨-
ïå, ª�¦¤�ï ®¯ã¡«¨ª®¢�−−�ï ¢¥àá¨ï áâ�âì¨ ®−«�©−-í−æ¨ª«®¯¥¤¨¨ ¤®«¦−� ¨¬¥âì
ã−¨ª�«ì−ë© URL (¯®áâ®ï−−ãî ááë«ªã). �

‚ �÷� ¢¥àá¨¨ 2022 £. ¯à¥¤ãá¬®âà¥−� ¢®§¬®¦−®áâì (¢ë¡à�¢ ¯ã−ªâ ¬¥−î
ú–¨â¨à®¢�âìû) áª®¯¨à®¢�âì ¢ ¡ãä¥à ®¡¬¥−� ®á−®¢−ë¥ �âà¨¡ãâë áâ�âì¨, ¢ª«îç�ï
URL.

3.2 Руниверсалис

÷ã−¨¢¥àá�«¨á | ®−«�©−-í−æ¨ª«®¯¥¤¨ï −� àãááª®¬ ï§ëª¥, à¥�«¨§ãîé�ï ¯à¨−-
æ¨¯ ª®««¥ªâ¨¢−®£® á®§¤�−¨ï áâ�â¥© (à®áá¨©áª¨© �−�«®£ ¯à®¥ªâ� Wikipedia3) [16].
��ç�«® à¥�«¨§�æ¨¨ ¯à®¥ªâ� | 9 ¨î−ï 2022 £. ÷ãª®¢®¤¨â¥«ì ��¢¥« ”à®«®¢.
‘à¥¤áâ¢� £®áã¤�àáâ¢¥−−®£® ¡î¤¦¥â� ¨ ç�áâ−ëå ª®¬¯�−¨© −¥ ¨á¯®«ì§ãîâáï. �à®-
¥ªâ ¯®«ì§ã¥âáï á¥à¢¥à�¬¨ ¨ áà¥¤áâ¢�¬¨ ¨−ä®à¬�æ¨®−−®© §�é¨âë à®áá¨©áª®©
¨−ä®à¬�æ¨®−−®-â¥å−®«®£¨ç¥áª®© (ˆ’) ª®¬¯�−¨¨ Edge–¥−âà4, ª®â®à�ï ¯à¥¤®-
áâ�¢¨«� ¨å ¯® á®¡áâ¢¥−−®© ¨−¨æ¨�â¨¢¥ ¢ �¢£ãáâ¥ 2022 £. ‚ ¨î−¥ 2024 £.
®¡é¥¥ ç¨á«® áâ�â¥© ¯à¥¢ëá¨«® 3 ¬«−, ¨§ −¨å ¡®«¥¥ 8 âëá. ®à¨£¨−�«ì−ëå (−¥

1ˆ«ì¨− ‚. „. ‘¨¬¢®«ì−®¥ ¬®¤¥«¨à®¢�−¨¥ (s-¬®¤¥«¨à®¢�−¨¥) // �÷� ¢¥àá¨¨ 2017 £.
https://old.bigenc.ru/technology and technique/text/4010980.

2�à¨¬¥àë á®®â¢¥âáâ¢ãîâ á®áâ®ï−¨î �÷� ®¡¥¨å ¢¥àá¨© −� 10.07.2024.
3Wikipedia // Wikipedia. https://en.wikipedia.org/wiki/Wikipedia.
4Edge–¥−âà. https://ÒÕÎÉ.ÒÆ/EdgeãÅÎÔÒ.
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¯¥à¥−¥á¥−−ëå ¨§ ‚¨ª¨¯¥¤¨¨ ¨ ‚¨ª¨á«®¢�àï1). �¥à¥−¥á¥−−ë¥ áâ�âì¨ ¯à®¢¥à¥−ë
¨ ®âà¥¤�ªâ¨à®¢�−ë.

’¨¯ ®−«�©−-í−æ¨ª«®¯¥¤¨¨ | ¢¨ª¨2. ‚¥¡-á¨áâ¥¬−ë¥ áà¥¤áâ¢� | ¢¨ª¨-¤¢¨-
¦®ª3.

’à¥¡®¢�−¨¥ ¨¬¥âì ¯®áâ®ï−−ãî ááë«ªã ¤«ï ª�¦¤®© ¢¥àá¨¨ áâ�âì¨ ¢ë¯®«−ï-
¥âáï ¤®¢®«ì−® à�æ¨®−�«ì−®. �� áâà�−¨æ¥ â¥ªãé¥© ¢¥àá¨¨ áâ�âì¨ −¥®¡å®¤¨¬®
¢ë¡à�âì ¢ ¬¥−î ¯ã−ªâ úˆ−áâàã¬¥−âëû, áà¥¤¨ ®¯æ¨© ª®â®à®£® −�å®¤¨âáï ú�®áâ®-
ï−−�ï ááë«ª�û. © �®áâ®ï−−�ï ááë«ª� ¢¥àá¨¨ áâ�âì¨ úˆ−â¥à−¥âû, á®§¤�−−®©
¢ à¥§ã«ìâ�â¥ ¨§¬¥−¥−¨ï, á¤¥«�−−®£® 05.07.2024 ¢ 13:58, | https://ÒÕÎÉ.ÒÆ/
index.php?title=éÎÔÅÒÎÅÔ&oldid=24393939. ©

�á−®¢−ë¥ ®â«¨ç¨ï ®â ¯à®¥ªâ� Wikipedia. ‚®§¬®¦−®áâì á®§¤�−¨ï ¨ ¨§-
¬¥−¥−¨ï ª®−â¥−â� ¨¬¥îâ â®«ìª® §�à¥£¨áâà¨à®¢�−−ë¥ ¯®«ì§®¢�â¥«¨, ¯à®è¥¤è¨¥
í«¥¬¥−â�à−ãî ®−«�©−-¯à®¢¥àªã −� £®â®¢−®áâì ¯®«ì§®¢�âìáï áà¥¤áâ¢�¬¨ ¢¨ª¨-
¤¢¨¦ª�. ˆå −�§ë¢�îâ ãç�áâ−¨ª�¬¨.

…á«¨ ®á−®¢−®© �¢â®à áâ�âì¨ | íªá¯¥àâ, ãª�§ë¢�îâáï ªà�âª¨¥ á¢¥¤¥−¨ï ® −¥¬
á £¨¯¥àááë«ª®©, ¯®§¢®«ïîé¥© ¯¥à¥©â¨ ª áâ�âì¥ ®¡ �¢â®à¥-íªá¯¥àâ¥. ‚ −¥©
¯à¥¤áâ�¢«¥−ë ¨ á¢¥¤¥−¨ï, å�à�ªâ¥à¨§ãîé¨¥ ¥£® ª¢�«¨ä¨ª�æ¨®−−ë© ãà®¢¥−ì
(¢ª«îç�ï á¯¨á®ª −�ãç−ëå âàã¤®¢).

�¢â®à�¬-íªá¯¥àâ�¬ ¯à¥¤®áâ�¢«¥−� ¢®§¬®¦−®áâì ¯ã¡«¨ª®¢�âì −¥ â®«ìª® �¢â®à-
áª¨¥ áâ�âì¨, −® ¨ â¥ªáâë, ®ä®à¬«ï¥¬ë¥ ª�ª ¯®¤áâà�−¨æë ¢¥¡-áâà�−¨æë áâ�âì¨ ®¡
�¢â®à¥.

�à¨¢¥âáâ¢ã¥âáï íªá¯¥àâ−®¥ à¥æ¥−§¨à®¢�−¨¥ áâ�â¥©. ÷¥æ¥−§¨¨ ¯ã¡«¨ªãîâáï
á ãª�§�−¨¥¬ á¢¥¤¥−¨© ® à¥æ¥−§¥−â¥ (�−�«®£¨ç−® á¢¥¤¥−¨ï¬ ®¡ �¢â®à¥-íªá¯¥àâ¥).

3.3 Рувики

�−«�©−-í−æ¨ª«®¯¥¤¨ï ÷ã¢¨ª¨ ¯à¥¤áâ�¢«ï¥â á®¡®© ª®−æ¥¯âã�«ì−ë© ¨ â¥å-
−®«®£¨ç¥áª¨© �−�«®£ ‚¨ª¨¯¥¤¨¨. ÷ãª®¢®¤¨â¥«ì ¯à®¥ªâ� ‚«�¤¨¬¨à Œ¥¤¥©ª®
(¢ àãááª®ï§ëç−®© ‚¨ª¨¯¥¤¨¨ ¡ë« ®¤−¨¬ ¨§ �¤¬¨−¨áâà�â®à®¢ ¨ ¤¨à¥ªâ®à®¬ −¥-
ª®¬¬¥àç¥áª®£® ¯�àâ−¥àáâ¢� ‚¨ª¨¬¥¤¨� ÷“ 4). �à®¥ªâ ¯®«ì§ã¥âáï ä¨−�−á®¢®©
¯®¤¤¥à¦ª®© ª®¬¬¥àç¥áª®© ®à£�−¨§�æ¨¨. ÷¥�«¨§ã¥âáï −� à®áá¨©áª®© ˆ’-¨−äà�-
áâàãªâãà¥ ¨ á¥à¢¥à�å, à�§¬¥é¥−−ëå ¢ ÷®áá¨¨.

�¥â�-¢¥àá¨ï ÷ã¢¨ª¨ áâ�«� ¤®áâã¯−®© 24 ¨î−ï 2023 £., � à¥¤�ªâ¨à®¢�−¨¥
áâ�â¥© | 1 �¢£ãáâ� 2023 £. �®«−®äã−ªæ¨®−�«ì−�ï à�¡®â� ÷ã¢¨ª¨ −�ç�«�áì
15 ï−¢�àï 2024 £. Š á¥à¥¤¨−¥ 2024 £. ç¨á«® áâ�â¥© ¤®áâ¨£«® 2 ¬«− (¢ ®á−®¢−®¬
¯¥à¥−¥á¥−−ëå ¨§ ‚¨ª¨¯¥¤¨¨). Š®−â¥−â ÷ã¢¨ª¨ á®§¤�¥âáï íªá¯¥àâ�¬¨ ¨ ¯®«ì§®-
¢�â¥«ï¬¨-í−âã§¨�áâ�¬¨. ‘ãé¥áâ¢ã¥â ¢®§¬®¦−®áâì �ã¤¨®¢®á¯à®¨§¢¥¤¥−¨ï â¥ªáâ�
(−� ¢¥¡-áâà�−¨æ�å áâ�â¥© à�§¬¥é¥−� á®®â¢¥âáâ¢ãîé�ï £¨¯¥àâ¥ªáâ®¢�ï ª−®¯ª�).
—�áâì áâ�â¥© ¯¥à¥¢¥¤¥−� −� ï§ëª¨ −�à®¤®¢ ÷®áá¨¨.

1‚¨ª¨á«®¢�àì // ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/÷ÉËÉÓÌÏ×ÁÒØ.
2‚¨ª¨ // ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/÷ÉËÉ.
3‚¨ª¨-¤¢¨¦®ª // ÷ã¢¨ª¨. https://ru.ruwiki.ru/wiki/÷ÉËÉ-Ä×ÉÖÏË.
4‚¨ª¨¬¥¤¨� ÷“ // ÷ã−¨¢¥àá�«¨á. https://ÒÕÎÉ.ÒÆ/÷ÉËÉÍÅÄÉÁ òõ.
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4 Об увеличении числа и повышении качества экспертных статей

�−�«¨§ ª�ç¥áâ¢� áâ�â¥© ¯® ¨−ä®à¬�â¨ª¥ ¨ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¥ ¢ á®¢à¥-
¬¥−−ëå ®−«�©−-í−æ¨ª«®¯¥¤¨ïå ¯®§¢®«ï¥â §�ª«îç¨âì, çâ®, ª�ª ¯à�¢¨«®, ¤®áâ®-
¢¥à−®áâì −¥ ¬®¦¥â ¡ëâì ®¡¥á¯¥ç¥−�, ¥á«¨ áâ�âì¨ −¥ −�¯¨á�−ë (¨«¨ ®âà¥¤�ªâ¨à®-
¢�−ë) íªá¯¥àâ�¬¨. …áâì ®á−®¢�−¨ï ¯®«�£�âì, çâ® íâ®â ¢ë¢®¤ ¯à¨¬¥−¨¬ ¨ ª áâ�âìï¬
¨§ ¤àã£¨å ®¡«�áâ¥© §−�−¨©. �®íâ®¬ã ¯à¨¢«¥ç¥−¨¥ ¢ëá®ª®ª¢�«¨ä¨æ¨à®¢�−−ëå
á¯¥æ¨�«¨áâ®¢ −�ãç−ëå ¨ ®¡à�§®¢�â¥«ì−ëå ãçà¥¦¤¥−¨© ª á®§¤�−¨î à¥áãàá®¢
à®áá¨©áª¨å ®−«�©−-í−æ¨ª«®¯¥¤¨© | ¯®áâ®ï−−® �ªâã�«ì−�ï §�¤�ç� ª®¬¯«¥ªá−®©
¯à®¡«¥¬ë ¯®¢ëè¥−¨ï ª�ç¥áâ¢� í−æ¨ª«®¯¥¤¨ç¥áª¨å áâ�â¥©. �®¨áª ¯®¤å®¤®¢ ª ¥¥
à¥è¥−¨î ¯à¥¤¯®«�£�¥â −¥®¡å®¤¨¬®áâì ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨©.

� �à¨ áãé¥áâ¢ãîé¥© á¨áâ¥¬¥ ®æ¥−ª¨ à¥§ã«ìâ�â¨¢−®áâ¨ −�ãç−®© ¤¥ïâ¥«ì−®áâ¨
æ¥«¥á®®¡à�§−® ãç¨âë¢�âì íªá¯¥àâ−ë¥ ¯ã¡«¨ª�æ¨¨ ¢ à®áá¨©áª¨å í−æ¨ª«®¯¥¤¨-

ç¥áª¨å ¨§¤�−¨ïå1. ‘¯à�¢ª� ®¡ �¢â®à¥-íªá¯¥àâ¥ ¤®«¦−� á®¤¥à¦�âì á¢¥¤¥−¨ï ®¡
®¯ã¡«¨ª®¢�−−ëå ¢ −�ãç−ëå ¨§¤�−¨ïå âàã¤�å ¯® â¥¬¥ áâ�âì¨, ãç¥−®© áâ¥¯¥−¨
¨ §¢�−¨¨. �

♦ �¯à®¡�æ¨î ®−«�©−-í−æ¨ª«®¯¥¤¨ç¥áª¨å ¯ã¡«¨ª�æ¨© æ¥«¥á®®¡à�§−® ®áã-
é¥áâ¢«ïâì −� ®á−®¢¥ −¥®£à�−¨ç¥−−®£® ¯® ¢à¥¬¥−¨ íªá¯¥àâ−®£® à¥æ¥−§¨à®¢�−¨ï
(á ¯ã¡«¨ª�æ¨¥© à¥æ¥−§¨© ¨ á¯à�¢®ª ® à¥æ¥−§¥−â�å). ♦

5 Заключение

1. ÷¥§ã«ìâ�âë ¨áá«¥¤®¢�−¨© ®−«�©−-í−æ¨ª«®¯¥¤¨© ¤�îâ ®á−®¢�−¨ï ¯®«�£�âì,
çâ® ª�ç¥áâ¢® ¯ã¡«¨ªã¥¬ëå ¢ −¨å ¬�â¥à¨�«®¢ ¬®¦¥â ¡ëâì áãé¥áâ¢¥−−® ¯®¢ë-
è¥−® ¯ãâ¥¬ ¯à¨¬¥−¥−¨ï â¥å−®«®£¨© ¨§£®â®¢«¥−¨ï ¨ ¨á¯®«ì§®¢�−¨ï è�¡«®−®¢
¤«ï ä®à¬�«¨§®¢�−−®£® ®¯¨á�−¨ï á¨áâ¥¬ ¯®−ïâ¨© ¨ §−�−¨©, ¯à¥¤«®¦¥−−®£®
¢ â¥®à¨¨ S-á¨¬¢®«®¢.

2. �à¨¢¥¤¥− ®¡§®à −¥ª®â®àëå à¥§ã«ìâ�â®¢ áà�¢−¨â¥«ì−®£® �−�«¨§� âà¥å ã−¨¢¥à-
á�«ì−ëå ®−«�©−-í−æ¨ª«®¯¥¤¨© (�÷� í«¥ªâà®−−ëå ¢¥àá¨© 2017 ¨ 2022 ££.,
÷ã−¨¢¥àá�«¨á ¨ ÷ã¢¨ª¨).

3. „«ï à¥è¥−¨ï ¯à®¡«¥¬ë ¯à¨¢«¥ç¥−¨ï ¢ëá®ª®ª¢�«¨ä¨æ¨à®¢�−−ëå á¯¥æ¨�-
«¨áâ®¢ ª á®§¤�−¨î ¨ à¥æ¥−§¨à®¢�−¨î í−æ¨ª«®¯¥¤¨ç¥áª¨å à¥áãàá®¢ (¯à¨
áãé¥áâ¢ãîé¥© á¨áâ¥¬¥ ®æ¥−ª¨ à¥§ã«ìâ�â¨¢−®áâ¨ −�ãç−®© ¤¥ïâ¥«ì−®áâ¨ á®-
âàã¤−¨ª®¢ ¨áá«¥¤®¢�â¥«ìáª¨å ¨ ®¡à�§®¢�â¥«ì−ëå ãçà¥¦¤¥−¨©) æ¥«¥á®®¡à�§−®
ãç¨âë¢�âì ¯ã¡«¨ª�æ¨¨ ¢ à®áá¨©áª¨å ®−«�©−-í−æ¨ª«®¯¥¤¨ïå.

�¢â®à ¡«�£®¤�à¥− ��¢«ã ”à®«®¢ã (àãª®¢®¤¨â¥«î ¯à®¥ªâ� ÷ã−¨¢¥àá�«¨á [16]),
á¤¥«�¢è¥¬ã àï¤ ¯®«¥§−ëå §�¬¥ç�−¨© ¯à¨ ®¡áã¦¤¥−¨¨ ¨¤¥¨ áâ�âì¨, à�§¤. 3
¨ ª«îç¥¢ëå ®¯à¥¤¥«¥−¨©.
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Online encyclopedias: Urgent development challenges

ONLINE ENCYCLOPEDIAS:
URGENT DEVELOPMENT CHALLENGES
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of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: An approach to study of online encyclopedias as S-symbolic knowl-
edge systems is proposed. The online encyclopedia is considered as an updatable
collection of hypermedia information resources designed in the form of a web site
and united by the rules of creation, modification, classification, search, and use of
resources. The rules define the functional requirements for the online encyclope-
dia software (as a web system) implemented as an online encyclopedia engine. The
results of a comparative analysis of the conceptual, organizational, and techno-
logical foundations of three modern Russian universal online encyclopedias (The
Great Russian Encyclopedia (electronic versions 2017 and 2022), Runiversalis,
and Ruwiki) are presented. The examples of successful and erroneous decisions
affecting the prospects for the development of online encyclopedias are given.
Among urgent organizational problems, the task of attracting experts to create
and review encyclopedic resources is highlighted. To solve it (with the existing
system of evaluating the effectiveness of scientific activities of employees of
research and educational institutions), it is advisable to take into account expert
publications in Russian online encyclopedias.

Keywords: online encyclopedia; web system; S-symbolic knowledge system; hy-
permedia information resources; online encyclopedia engine; expert publications
of online encyclopedias
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¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Œ®à®§®¢ �¨ª®«�© ‚¨ªâ®à®¢¨ç (à. 1956) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
‘¨−¨æë− ‚«�¤¨¬¨à ˆ£®à¥¢¨ç (à. 1968) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘¨−¨æë− ˆ£®àì �¨ª®«�¥¢¨ç (à. 1940) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
§�á«ã¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ÷”, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
‘¬¨à−®¢ „¬¨âà¨© ‚«�¤¨¬¨à®¢¨ç (à. 1984) | ¡¨§−¥á-¯�àâ−¥à ¯® ˆ’ ¤¥¯�àâ�-
¬¥−â� ¡¥§®¯�á−®áâ¨ ��� ú‘¡¥à¡�−ª ÷®áá¨¨û
‘â¥¯ç¥−ª®¢ „¬¨âà¨© āàì¥¢¨ç (à. 1973) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
‘â¥¯ç¥−ª®¢ āà¨© �ä�−�áì¥¢¨ç (à. 1951) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, §�¢¥-
¤ãîé¨© ®â¤¥«®¬, ¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£®
æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
’¨¬®−¨−� …«¥−� …¢£¥−ì¥¢−� (à. 1952) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
“àî¯¨− ˆ«ìï ‚�¤¨¬®¢¨ç (à. 1993) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥© ¤«ï ¯ã¡«¨ª�æ¨¨
¢ ¦ãà−�«¥ ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û

†ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ¯ã¡«¨ªã¥â â¥®à¥â¨ç¥áª¨¥, ®¡§®à−ë¥
¨ ¤¨áªãáá¨®−−ë¥ áâ�âì¨, ¯®á¢ïé¥−−ë¥ −�ãç−ë¬ ¨áá«¥¤®¢�−¨ï¬ ¨ à�§à�¡®âª�¬ ¢ ®¡«�áâ¨
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©.

†ãà−�« ¨§¤�¥âáï −� àãááª®¬ ï§ëª¥. �® á¯¥æ¨�«ì−®¬ã à¥è¥−¨î à¥¤ª®««¥£¨¨
®â¤¥«ì−ë¥ áâ�âì¨ ¬®£ãâ ¯¥ç�â�âìáï −� �−£«¨©áª®¬ ï§ëª¥.

’¥¬�â¨ª� ¦ãà−�«� ®å¢�âë¢�¥â á«¥¤ãîé¨¥ −�¯à�¢«¥−¨ï:

{ ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨å ¯®áâà®¥−¨ï;

{ �àå¨â¥ªâãà� ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå ¬�è¨−, ª®¬¯«¥ªá®¢ ¨ á¥-
â¥©;

{ ¬¥â®¤ë ¨ áà¥¤áâ¢� §�é¨âë ¨−ä®à¬�æ¨¨.

1. ‚ ¦ãà−�«¥ ¯¥ç�â�îâáï áâ�âì¨, á®¤¥à¦�é¨¥ à¥§ã«ìâ�âë, à�−¥¥ −¥ ®¯ã¡«¨ª®¢�−−ë¥
¨ −¥ ¯à¥¤−�§−�ç¥−−ë¥ ª ®¤−®¢à¥¬¥−−®© ¯ã¡«¨ª�æ¨¨ ¢ ¤àã£¨å ¨§¤�−¨ïå.

�ã¡«¨ª�æ¨ï ¯à¥¤®áâ�¢«¥−−®© �¢â®à®¬(�¬¨) àãª®¯¨á¨ −¥ ¤®«¦−� −�àãè�âì ¯®«®¦¥-
−¨© £«�¢ 69, 70 à�§¤¥«� VII ç�áâ¨ IV ƒà�¦¤�−áª®£® ª®¤¥ªá�, ª®â®àë¥ ®¯à¥¤¥«ïîâ
¯à�¢� −� à¥§ã«ìâ�âë ¨−â¥««¥ªâã�«ì−®© ¤¥ïâ¥«ì−®áâ¨ ¨ áà¥¤áâ¢� ¨−¤¨¢¨¤ã�«¨§�æ¨¨,
¢ â®¬ ç¨á«¥ �¢â®àáª¨¥ ¯à�¢�, ¢ ÷”.

�â¢¥âáâ¢¥−−®áâì §� −�àãè¥−¨¥ �¢â®àáª¨å ¯à�¢, ¢ á«ãç�¥ ¯à¥¤êï¢«¥−¨ï ¯à¥â¥−§¨©
ª à¥¤�ªæ¨¨ ¦ãà−�«�, −¥áãâ �¢â®àë áâ�â¥©.

��¯à�¢«ïï àãª®¯¨áì ¢ à¥¤�ªæ¨î, �¢â®àë á®åà�−ïîâ á¢®¨ ¯à�¢� −� ¤�−−ãî àãª®-
¯¨áì ¨ ¯à¨ íâ®¬ ¯¥à¥¤�îâ ãçà¥¤¨â¥«ï¬ ¨ à¥¤ª®««¥£¨¨ ¦ãà−�«� −¥¨áª«îç¨â¥«ì−ë¥
¯à�¢� −� ¨§¤�−¨¥ áâ�âì¨ −� àãááª®¬ ï§ëª¥ (¨«¨ −� ï§ëª¥ áâ�âì¨, ¥á«¨ ®− ®â«¨ç¥−
®â àãááª®£®) ¨ −� ¯¥à¥¢®¤ ¥¥ −� �−£«¨©áª¨© ï§ëª, � â�ª¦¥ −� ¥¥ à�á¯à®áâà�-
−¥−¨¥ ¢ ÷®áá¨¨ ¨ §� àã¡¥¦®¬. Š�¦¤ë© �¢â®à ¤®«¦¥− ¯à¥¤áâ�¢¨âì ¢ à¥¤�ªæ¨î
¯®¤¯¨á�−−ë© á ¥£® áâ®à®−ë ú‹¨æ¥−§¨®−−ë© ¤®£®¢®à ® ¯¥à¥¤�ç¥ −¥¨áª«îç¨â¥«ì-
−ëå ¯à�¢ −� ¨á¯®«ì§®¢�−¨¥ ¯à®¨§¢¥¤¥−¨ïû, â¥ªáâ ª®â®à®£® à�§¬¥é¥− ¯® �¤à¥áã
http://www.ipiran.ru/publications/licence.doc. �â®â ¤®£®¢®à ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢-
«¥− ¢ ¡ã¬�¦−®¬ (¢ 2-å íª§.) ¨«¨ ¢ í«¥ªâà®−−®¬ ¢¨¤¥ (®âáª�−¨à®¢�−−�ï ª®¯¨ï
§�¯®«−¥−−®£® ¨ ¯®¤¯¨á�−−®£® ¤®ªã¬¥−â�).

÷¥¤ª®««¥£¨ï ¢¯à�¢¥ §�¯à®á¨âì ã �¢â®à®¢ íªá¯¥àâ−®¥ §�ª«îç¥−¨¥ ® ¢®§¬®¦−®áâ¨
¯ã¡«¨ª�æ¨¨ ¯à¥¤áâ�¢«¥−−®© áâ�âì¨ ¢ ®âªàëâ®© ¯¥ç�â¨.

2. Š áâ�âì¥ ¯à¨«�£�îâáï ¤�−−ë¥ �¢â®à� (�¢â®à®¢) (á¬. ¯. 8). �à¨ −�«¨ç¨¨ −¥áª®«ìª¨å
�¢â®à®¢ ãª�§ë¢�¥âáï ä�¬¨«¨ï �¢â®à�, ®â¢¥âáâ¢¥−−®£® §� ¯¥à¥¯¨áªã á à¥¤�ªæ¨¥©.

3. ÷¥¤�ªæ¨ï ¦ãà−�«� ®áãé¥áâ¢«ï¥â íªá¯¥àâ¨§ã ¯à¨á«�−−ëå áâ�â¥© ¢ á®®â¢¥âáâ¢¨¨
á ¯à¨−ïâ®© ¢ ¦ãà−�«¥ ¯à®æ¥¤ãà®© à¥æ¥−§¨à®¢�−¨ï.

‚®§¢à�é¥−¨¥ àãª®¯¨á¨ −� ¤®à�¡®âªã −¥ ®§−�ç�¥â ¥¥ ¯à¨−ïâ¨ï ª ¯¥ç�â¨.

„®à�¡®â�−−ë© ¢�à¨�−â á ®â¢¥â®¬ −� §�¬¥ç�−¨ï à¥æ¥−§¥−â� −¥®¡å®¤¨¬® ¯à¨á«�âì
¢ à¥¤�ªæ¨î.

4. ÷¥è¥−¨¥ à¥¤ª®««¥£¨¨ ® ¯ã¡«¨ª�æ¨¨ áâ�âì¨ ¨«¨ ¥¥ ®âª«®−¥−¨¨ á®®¡é�¥âáï �¢â®à�¬.

÷¥¤ª®««¥£¨ï ¬®¦¥â â�ª¦¥ −�¯à�¢¨âì �¢â®à�¬ â¥ªáâ à¥æ¥−§¨¨ −� ¨å áâ�âìî. „¨áªãá-
á¨ï ¯® ¯®¢®¤ã ®âª«®−¥−−ëå áâ�â¥© −¥ ¢¥¤¥âáï.
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥©

5. ÷¥¤�ªâãà� áâ�â¥© ¢ëáë«�¥âáï �¢â®à�¬ ¤«ï ¯à®á¬®âà�. ‡�¬¥ç�−¨ï ª à¥¤�ªâãà¥ ¤®«¦-
−ë ¡ëâì ¯à¨á«�−ë �¢â®à�¬¨ ¢ ªà�âç�©è¨¥ áà®ª¨.

6. ÷ãª®¯¨áì ¯à¥¤®áâ�¢«ï¥âáï ¢ í«¥ªâà®−−®¬ ¢¨¤¥ ¢ ä®à¬�â�å MS WORD (.doc ¨«¨
.docx) ¨«¨ LATEX (.tex), ¤®¯®«−¨â¥«ì−® | ¢ ä®à¬�â¥ .pdf, −� ¤¨áª¥â¥, «�§¥à−®¬
¤¨áª¥ ¨«¨ í«¥ªâà®−−®© ¯®çâ®©. �à¥¤®áâ�¢«¥−¨¥ ¡ã¬�¦−®© àãª®¯¨á¨ −¥®¡ï§�â¥«ì−®.

7. �à¨ ¯®¤£®â®¢ª¥ àãª®¯¨á¨ ¢ MS Word à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì á«¥¤ãîé¨¥
−�áâà®©ª¨.

��à�¬¥âàë áâà�−¨æë: ä®à¬�â | �4; ®à¨¥−â�æ¨ï | ª−¨¦−�ï; ¯®«ï (á¬): ¢−ãâà¨ |
2,5, á−�àã¦¨ | 1,5, á¢¥àåã ¨ á−¨§ã | 2, ®â ªà�ï ¤® −¨¦−¥£® ª®«®−â¨âã«� | 1,3.

�á−®¢−®© â¥ªáâ: áâ¨«ì | ú�¡ëç−ë©û, èà¨äâ | Times New Roman, à�§¬¥à |
14 ¯ã−ªâ®¢, �¡§�æ−ë© ®âáâã¯ | 0,5 á¬, 1,5 ¨−â¥à¢�«�, ¢ëà�¢−¨¢�−¨¥ | ¯® è¨à¨−¥.

÷¥ª®¬¥−¤ã¥¬ë© ®¡ê¥¬ àãª®¯¨á¨ | −¥ á¢ëè¥ 10 áâà�−¨æ ãª�§�−−®£® ä®à¬�â�.
�à¨ ¯à¥¢ëè¥−¨¨ ãª�§�−−®£® ®¡ê¥¬� à¥¤ª®««¥£¨ï ¢¯à�¢¥ ¯®âà¥¡®¢�âì ®â �¢â®à�
á®ªà�é¥−¨ï ®¡ê¥¬� àãª®¯¨á¨.

‘®ªà�é¥−¨ï á«®¢, ¯®¬¨¬® áâ�−¤�àâ−ëå, −¥ ¤®¯ãáª�îâáï. „®¯ãáª�¥âáï ¬¨−¨¬�«ì−®¥
ª®«¨ç¥áâ¢® �¡¡à¥¢¨�âãà.

‚á¥ áâà�−¨æë àãª®¯¨á¨ −ã¬¥àãîâáï.

˜�¡«®−ë ®ä®à¬«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ¨−â¥à−¥â¥:

http://www.ipiran.ru/journal/template iiep ssi 2024.zip

8. ‘â�âìï ¤®«¦−� á®¤¥à¦�âì á«¥¤ãîéãî ¨−ä®à¬�æ¨î −� àãááª®¬ ¨ �−£«¨©áª®¬
ï§ëª�å:

{ −�§¢�−¨¥ áâ�âì¨;
{ ”.ˆ.�. �¢â®à®¢, −� �−£«¨©áª®¬ ¬®¦−® â®«ìª® ¨¬ï ¨ ä�¬¨«¨î;
{ ¬¥áâ® à�¡®âë, á ãª�§�−¨¥¬ £®à®¤� ¨ áâà�−ë ¨ í«¥ªâà®−−®£® �¤à¥á� ª�¦¤®£®

�¢â®à�;
{ á¢¥¤¥−¨ï ®¡ �¢â®à�å, ¢ á®®â¢¥âáâ¢¨¨ á ä®à¬�â®¬, ®¡à�§æë ª®â®à®£® ¯à¥¤áâ�¢«¥−ë

−� áâà�−¨æ�å:
http://www.ipiran.ru/journal/collected/2019 29 03 rus/authors.asp ¨
http://www.ipiran.ru/journal/collected/2019 29 03 eng/authors.asp;

{ �−−®â�æ¨ï (−¥ ¬¥−¥¥ 100 á«®¢ −� ª�¦¤®¬ ¨§ ï§ëª®¢). �−−®â�æ¨ï | íâ® ªà�âª®¥
à¥§î¬¥ à�¡®âë, ª®â®à®¥ ¬®¦¥â ¯ã¡«¨ª®¢�âìáï ®â¤¥«ì−®. �−� ï¢«ï¥âáï ®á−®¢-
−ë¬ ¨áâ®ç−¨ª®¬ ¨−ä®à¬�æ¨¨ ¢ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬�å ¨ ¡�§�å ¤�−−ëå.
�−£«¨©áª�ï �−−®â�æ¨ï ¤®«¦−� ¡ëâì ®à¨£¨−�«ì−®©, ¬®¦¥â −¥ ¡ëâì ¤®á«®¢−ë¬
¯¥à¥¢®¤®¬ àãááª®£® â¥ªáâ� ¨ ¤®«¦−� ¡ëâì −�¯¨á�−� å®à®è¨¬ �−£«¨©áª¨¬ ï§ë-
ª®¬. ‚ �−−®â�æ¨¨ −¥ ¤®«¦−® ¡ëâì ááë«®ª −� «¨â¥à�âãàã ¨, ¯® ¢®§¬®¦−®áâ¨,
ä®à¬ã«;

{ ª«îç¥¢ë¥ á«®¢� | ¦¥«�â¥«ì−® ¨§ ¯à¨−ïâëå ¢ ¬¨à®¢®© −�ãç−®-â¥å−¨ç¥áª®©
«¨â¥à�âãà¥ â¥¬�â¨ç¥áª¨å â¥§�ãàãá®¢. �à¥¤«®¦¥−¨ï −¥ ¬®£ãâ ¡ëâì ª«îç¥¢ë¬¨
á«®¢�¬¨.

{ ¨áâ®ç−¨ª¨ ä¨−�−á¨à®¢�−¨ï à�¡®âë (ááë«ª¬ −� £à�−âë, ¯à®¥ªâë, ¯®¤¤¥à¦¨¢�-
îé¨¥ ®à£�−¨§�æ¨¨ ¨ â. ¯.

9. ’à¥¡®¢�−¨ï ª á¯¨áª�¬ «¨â¥à�âãàë.
‘áë«ª¨ −� «¨â¥à�âãàã ¢ â¥ªáâ¥ áâ�âì¨ −ã¬¥àãîâáï (¢ ª¢�¤à�â−ëå áª®¡ª�å) ¨ à�á¯®-
«�£�îâáï ¢ ª�¦¤®¬ ¨§ á¯¨áª®¢ «¨â¥à�âãàë ¢ ¯®àï¤ª¥ ¯¥à¢ëå ã¯®¬¨−�−¨©.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 34 −®¬¥à 3 2024 161



�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥©

‘¯¨áª¨ «¨â¥à�âãàë ¯à¥¤áâ�¢«ïîâáï ¢ ¤¢ãå ¢�à¨�−â�å:

(1) ‘¯¨á®ª «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨. ÷ãááª¨¥ ¨ �−£«¨©áª¨¥ à�¡®âë |
−� ï§ëª¥ ¨ ¢ �«ä�¢¨â¥ ®à¨£¨−�«�.

(2) References. ÷ãááª¨¥ à�¡®âë ¨ à�¡®âë −� ¤àã£¨å ï§ëª�å | ¢ «�â¨−áª®© âà�−á-
«¨â¥à�æ¨¨ á ¯¥à¥¢®¤®¬ −� �−£«¨©áª¨© ï§ëª; �−£«¨©áª¨¥ à�¡®âë ¨ à�¡®âë −�
¤àã£¨å ï§ëª�å | −� ï§ëª¥ ®à¨£¨−�«�.

�¥®¡å®¤¨¬® ¤«ï á®áâ�¢«¥−¨ï á¯¨áª� \References" ¯®«ì§®¢�âìáï à�§¬¥é¥−−®© −�
á�©â¥ http://www.translit.net/ru/bgn/ ¡¥á¯«�â−®© ¯à®£à�¬¬®© âà�−á«¨â¥à�æ¨¨ àãá-
áª®£® â¥ªáâ� ¢ «�â¨−¨æã.

‘¯¨á®ª «¨â¥à�âãàë \References" ¯à¨¢®¤¨âáï ¯®«−®áâìî ®â¤¥«ì−ë¬ ¡«®ª®¬, ¯®¢â®-
àïï ¢á¥ ¯®§¨æ¨¨ ¨§ á¯¨áª� «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨, −¥§�¢¨á¨¬® ®â â®£®,
¨¬¥îâáï ¨«¨ −¥â ¢ −¥¬ ¨−®áâà�−−ë¥ ¨áâ®ç−¨ª¨. …á«¨ ¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®-
ï§ëç−®© ç�áâ¨ ¥áâì ááë«ª¨ −� ¨−®áâà�−−ë¥ ¯ã¡«¨ª�æ¨¨, −�¡à�−−ë¥ «�â¨−¨æ¥©, ®−¨
¯®«−®áâìî ¯®¢â®àïîâáï ¢ á¯¨áª¥ \References".

�à¨¬¥àë ááë«®ª −� à�§«¨ç−ë¥ ¢¨¤ë ¯ã¡«¨ª�æ¨© ¢ á¯¨áª¥ \References":

�¯¨á�−¨¥ áâ�âì¨ ¨§ ¦ãà−�«�:

Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.

�¯¨á�−¨¥ áâ�âì¨ ¨§ í«¥ªâà®−−®£® ¦ãà−�«�:

Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or
buyers in cyberspace? An investigation of electronic factors influencing electronic
exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).

�¯¨á�−¨¥ ¬�â¥à¨�«®¢ ª®−ä¥à¥−æ¨©:

Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
field development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo
Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
niya neftegazootdachi" [6th Symposium (International) \New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact" Proceedings]. Moscow.
267{272.

�¯¨á�−¨¥ ª−¨£¨ (¬®−®£à�ä¨¨, á¡®à−¨ª¨):

Lindorf, L. S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogenera-
torov s neposredstvennym okhlazhdeniem [Operation of turbine generators with direct
cooling]. Moscow: Energy Publs. 352 p.

�¯¨á�−¨¥ ¯¥à¥¢®¤−®© ª−¨£¨ (¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨ −¥®¡å®-
¤¨¬® ãª�§�âì: / �¥à. á �−£«. | ¯®á«¥ −�§¢�−¨ï ª−¨£¨, � ¢ ª®−æ¥ ááë«ª¨ ãª�§�âì
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