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РЕАЛИЗАЦИЯ САМОСИНХРОННОГО РЕГИСТРА ТИПА FIFO∗
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�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¢®¯à®á�¬ à�§à�¡®âª¨ ¨−â¥àä¥©á� ¢§�¨¬®¤¥©-
áâ¢¨ï á�¬®á¨−åà®−−ëå (‘‘) áå¥¬ á á¨−åà®−−ë¬ ¨ á�¬®á¨−åà®−−ë¬ ®ªàã¦¥-
−¨¥¬, ¢ ç�áâ−®áâ¨ ¡ãä¥à−®¬ã à¥£¨áâàã ¯à¨¥¬� ¤�−−ëå â¨¯� FIFO (First Input
First Output) | FIFO-à¥£¨áâàã. ‡�¯à®á−®-®â¢¥â−�ï ¤¨áæ¨¯«¨−� ¢§�¨¬®-
¤¥©áâ¢¨ï ‘‘-áå¥¬ á ®ªàã¦¥−¨¥¬, ®âáãâáâ¢¨¥ £«®¡�«ì−®£® â�ªâ®¢®£® á¨£−�«�
¨ −¥§�¢¨á¨¬®áâì ¨å ¯®¢¥¤¥−¨ï ®â à¥�«ì−ëå §�¤¥à¦¥ª «®£¨ç¥áª¨å í«¥¬¥−â®¢
¯à¨¢®¤¨â ª −¥−®à¬¨à®¢�−−®¬ã ¢à¥¬¥−¨ ®¡à�¡®âª¨ ¢å®¤−ëå ¤�−−ëå. ‚à¥¬ï
¯®ï¢«¥−¨ï £®â®¢−®áâ¨ à¥§ã«ìâ�â� −� ¢ëå®¤¥ ‘‘-áå¥¬ë ®¯à¥¤¥«ï¥âáï ãá«®-
¢¨ï¬¨ ®ªàã¦�îé¥© áà¥¤ë ¨ á�¬¨¬¨ ¤�−−ë¬¨. „«ï ¯®¢ëè¥−¨ï ¯à®¨§¢®-
¤¨â¥«ì−®áâ¨ ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë, ¢ª«îç�îé¥© ª�ª á¨−åà®−−ë¥, â�ª
¨ ‘‘-ãáâà®©áâ¢�, æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì FIFO-à¥£¨áâà ¤«ï ®¡¬¥−� ¤�−-
−ë¬¨ ¨ à¥§ã«ìâ�â�¬¨ ¨å ®¡à�¡®âª¨. FIFO-à¥£¨áâà ¯®§¢®«ï¥â §�¬�áª¨à®¢�âì
−¥á®®â¢¥âáâ¢¨¥ ¯¥à¨®¤¨ç−®áâ¨ ¯®áâã¯«¥−¨ï ¢å®¤−ëå ¤�−−ëå ¨ ¢à¥¬¥−¨ ¨å
®¡à�¡®âª¨ ¢ ‘‘-áå¥¬¥. ÷�áá¬®âà¥−ë ®á®¡¥−−®áâ¨ ¯®áâà®¥−¨ï ‘‘-FIFO-
à¥£¨áâà®¢, ¯à¥¤«®¦¥−ë ¢�à¨�−âë ¨å à¥�«¨§�æ¨¨ ¨ ¯à®�−�«¨§¨à®¢�−ë ¨å
¯®âà¥¡¨â¥«ìáª¨¥ å�à�ªâ¥à¨áâ¨ª¨. �¡®á−®¢�−®, çâ® ¯® á®¢®ªã¯−®áâ¨ ¯®âà¥¡¨-
â¥«ìáª¨å å�à�ªâ¥à¨áâ¨ª ®¯â¨¬�«ì−ë¬ à¥è¥−¨¥¬ ï¢«ï¥âáï ‘‘-FIFO-à¥£¨áâà
−� ®á−®¢¥ £¨áâ¥à¥§¨á−ëå âà¨££¥à®¢: ®− ®¡¥á¯¥ç¨¢�¥â ¬�ªá¨¬�«ì−ãî ¯à®¨§-
¢®¤¨â¥«ì−®áâì ¯à¨ −¥§−�ç¨â¥«ì−®¬ à®áâ¥ �¯¯�à�â−ëå §�âà�â, ¥á«¨ ¥¬ª®áâì
FIFO-à¥£¨áâà� ¯à¥¢ëè�¥â ç¥âëà¥ ®¯¥à�−¤�.
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1 Введение
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ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢, „. ā. ‘â¥¯ç¥−ª®¢, „. ā. „ìïç¥−ª®

¨ −¥®¡å®¤¨¬®áâìî áâà®£®£® á®£«�á®¢�−¨ï ®¤−®¢à¥¬¥−−®áâ¨ á®¡ëâ¨© ¢ ®â¤�«¥−-
−ëå ç�áâïå ®¤−®© ‘�ˆ‘, ®¡¬¥−¨¢�îé¨åáï ¤�−−ë¬¨. Š�¬¥−ì ¯à¥âª−®¢¥−¨ï |
£«®¡�«ì−�ï ¨ à�§¢¥â¢«¥−−�ï á¥âì á¨−åà®−¨§�æ¨¨ (â�ªâ®¢®£® á¨£−�«�) ¨ −�«¨ç¨¥
¬−®¦¥áâ¢� â�ªâ®¢ëå £¥−¥à�â®à®¢ ¢ ®¤−®© ‘�ˆ‘. ‚ â® ¦¥ ¢à¥¬ï ¢ �á¨−åà®−−ëå
áå¥¬�å ¤�−−ë¥ ¯à®¡«¥¬ë ®âáãâáâ¢ãîâ, ¯®áª®«ìªã ¢ −¨å £«®¡�«ì−�ï á¨−åà®−¨§�-
æ¨ï ®¤−¨¬ â�ªâ®¢ë¬ á¨£−�«®¬ −¥ ¨á¯®«ì§ã¥âáï. ‚ á¢ï§¨ á íâ¨¬ ¢®§à®á ¨−â¥à¥á
à�§à�¡®âç¨ª®¢ æ¨äà®¢®© �¯¯�à�âãàë ª �á¨−åà®−−®© ¯�à�¤¨£¬¥ ¯à®¥ªâ¨à®¢�-
−¨ï æ¨äà®¢ëå ãáâà®©áâ¢ ¢ æ¥«®¬ ¨ ª ‘‘-áå¥¬�¬ [1, 2] ª�ª −�¨¡®«¥¥ ïàª¨¬
¯à¥¤áâ�¢¨â¥«ï¬ ª«�áá� �á¨−åà®−−ëå ãáâà®©áâ¢.

‘�¬®á¨−åà®−−ë¥ áå¥¬ë ¡«�£®¤�àï ¨§¡ëâ®ç−®¬ã ª®¤¨à®¢�−¨î ¤�−−ëå, ¤¢ãå-
ä�§−®© ¤¨áæ¨¯«¨−¥ äã−ªæ¨®−¨à®¢�−¨ï ¨ ®¡ï§�â¥«ì−®¬ã ¯®¤â¢¥à¦¤¥−¨î ãá¯¥è-
−®£® §�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢á¥å í«¥¬¥−â®¢ áå¥¬ë ¢ â¥ªãéãî ä�§ã ®¡«�¤�îâ
àï¤®¬ ¯à¥¨¬ãé¥áâ¢ ¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨ [3]. Š −¨¬ ®â−®-
áïâáï ®âáãâáâ¢¨¥ úá®áâï§�−¨©û ¬¥¦¤ã á¨£−�«�¬¨, ãáâ®©ç¨¢�ï à�¡®â� ¯à¨ «î¡ëå
ãá«®¢¨ïå íªá¯«ã�â�æ¨¨, ¨¬¬ã−−®áâì ª â¥å−®«®£¨ç¥áª®¬ã à�§¡à®áã ¯�à�¬¥âà®¢
í«¥¬¥−â®¢, ¢ −¥áª®«ìª® à�§ «ãçè�ï ãáâ®©ç¨¢®áâì ª «®£¨ç¥áª¨¬ á¡®ï¬ [4] ¨ ¤à.

�¥á¬®âàï −� ®¡è¨à−ãî ¡¨¡«¨®£à�ä¨î, ¯®á¢ïé¥−−ãî ¢®¯à®á�¬ à�§à�¡®â-
ª¨ �á¨−åà®−−ëå ¨ á�¬®á¨−åà®−−ëå áå¥¬ (á¬., −�¯à¨¬¥à, [5{10]) ¨ ¯®ï¢«¥−¨î
¢ â¥å−¨ç¥áª®© «¨â¥à�âãà¥ á¢¥¤¥−¨© ® ¯à�ªâ¨ç¥áª¨å à�§à�¡®âª�å −� ¡�§¥ �á¨−åà®−-
−ëå áå¥¬ (−�¯à¨¬¥à, [11, 12]), ¯à®¥ªâ¨à®¢�−¨¥ ‘‘-ãáâà®©áâ¢ ®áâ�¥âáï ¤®¢®«ì−®
á«®¦−®© §�¤�ç¥©, âà¥¡ãîé¥© á¯¥æ¨ä¨ç¥áª®£® ¯®¤å®¤� ¨ áâà®£®£® á®¡«î¤¥−¨ï
¯à¨−æ¨¯®¢ ¯®áâà®¥−¨ï ‘‘-áå¥¬. „«ï á¨−â¥§� ª®¬¡¨−�æ¨®−−ëå ‘‘-áå¥¬ ¯à¥¤-
«®¦¥−ë ¬¥â®¤ë ä®à¬�«¨§�æ¨¨, ¯®§¢®«ïîé¨¥ ¯®«ãç¨âì ¯à¨¥¬«¥¬ë© à¥§ã«ìâ�â
−� ®á−®¢¥ ¨áå®¤−®£® Verilog-®¯¨á�−¨ï á¨−åà®−−®£® ¯à®â®â¨¯� á¨−â¥§¨àã¥¬®©
áå¥¬ë [5, 6]. �®á«¥¤®¢�â¥«ì−®áâ−ë¥ ¦¥ æ¨äà®¢ë¥ ‘‘-ãáâà®©áâ¢ æ¥«¥á®®¡à�§−®
¢áâ�¢«ïâì ¢ á¨−â¥§¨àã¥¬ãî ‘‘-áå¥¬ã ¢ ¢¨¤¥ £®â®¢ëå ¯�à�¬¥âà¨§®¢�−−ëå ¬®-
¤ã«¥©, á¯¥æ¨ä¨æ¨à®¢�−−ëå ¯®¤ ª®−ªà¥â−®¥ ¯à¨¬¥−¥−¨¥ [13, 14]. ’�ª®© ¯®¤å®¤
®¡¥á¯¥ç¨¢�¥â ¯®«ãç¥−¨¥ ª®àà¥ªâ−®© ‘‘-áå¥¬ë á ¯�¬ïâìî, ®¡«�¤�îé¥© ¬¨−¨-
¬�«ì−®© �¯¯�à�â−®© á«®¦−®áâìî ¨ ¬�ªá¨¬�«ì−ë¬ ¡ëáâà®¤¥©áâ¢¨¥¬.

÷¥£¨áâà â¨¯� FIFO (ú¯¥à¢ë¬ ¢®è¥« | ¯¥à¢ë¬ ¢ëè¥«û) | â¨¯¨ç−ë© ¯à¥¤-
áâ�¢¨â¥«ì ª«�áá� ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢. ‘¨−åà®−−ë¥ FIFO-à¥£¨áâàë
¢ ®á−®¢−®¬ ¨á¯®«ì§ãîâáï ¢ ª�ç¥áâ¢¥ ª¥è� ¤�−−ëå ¤«ï à¥è¥−¨ï ¯à®¡«¥¬ë −¥-
á®®â¢¥âáâ¢¨ï áª®à®áâ¥© çâ¥−¨ï ¨ §�¯¨á¨ [15]. �á¨−åà®−−ë¥ FIFO-à¥£¨áâàë
®¡¥á¯¥ç¨¢�îâ ¡ëáâàãî ¨ «¥£ªãî ¯¥à¥¤�çã ¤�−−ëå ¬¥¦¤ã á¨áâ¥¬�¬¨ á à�§−ë¬¨
â�ªâ®¢ë¬¨ ¤®¬¥−�¬¨ [16], à�¡®âã à¥�«ì−ëå ®ç¥à¥¤¥© ¨ «¨−¨© [17], à¥�«¨§�æ¨î
íää¥ªâ¨¢−ëå ¬−®£®æ¥«¥¢ëå ¬¥â®¤®¢ ¨áª�¦¥−¨ï á¨£−�«� ¢ ®¡«�áâ¨ à�¤¨®«®ª�-
æ¨¨ [18], ¢ë¯®«−¥−¨¥ £àã¯¯®¢®© à�−¤®¬¨§�æ¨¨ ¢ ªà¨¯â®£à�ä¨ç¥áª¨å �«£®à¨â-
¬�å [19], ¬�àèàãâ¨§�æ¨î á¨áâ¥¬ë úá¥âì −� ªà¨áâ�««¥û [20] ¨ ¯®¬®£�îâ à¥è�âì
¬−®£¨¥ ¤àã£¨¥ ¯à�ªâ¨ç¥áª¨¥ §�¤�ç¨ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå.

ˆáá«¥¤®¢�−¨ï ¯®ª�§ë¢�îâ, çâ® �á¨−åà®−−ë¥ FIFO-à¥£¨áâàë á¯®á®¡−ë à�-
¡®â�âì ¡ëáâà¥¥ ¨ ¯®âà¥¡«ïâì ¬¥−ìè¥ í−¥à£¨¨, ç¥¬ ¨å á¨−åà®−−ë¥ �−�«®£¨ [21].
�¤−�ª® ¯à®¡«¥¬� §�¯¨á¨ ¢ FIFO-à¥£¨áâà ¨ çâ¥−¨ï ¨§ −¥£® à¥è�¥âáï á ¯®¬®éìî
¨−¤¥ªá�æ¨¨ â¥ªãé¥£® á®áâ®ï−¨ï ¥£® ïç¥¥ª, ä®à¬¨à®¢�−¨ï ¨ ¨á¯®«ì§®¢�−¨ï á¨£-
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÷¥�«¨§�æ¨ï á�¬®á¨−åà®−−®£® à¥£¨áâà� â¨¯� FIFO

−�«®¢ ú¯ãáâ®©{¯®«−ë©û [22]. �â®â ¬¥â®¤ ¯à¨¢®¤¨â ª ¯®ï¢«¥−¨î ¬¥â�áâ�¡¨«ì−ëå
á®áâ®ï−¨©, ¯®áª®«ìªã −¥ ¨á¯®«ì§ãîâáï ¢®§¬®¦−®áâ¨ ¨−¤¨ª�æ¨¨ â¥ªãé¥£® á®-
áâ®ï−¨ï FIFO-à¥£¨áâà� ¨ ¤¥©áâ¢¨â¥«ì−®¥ §�¯à®á−®-®â¢¥â−®¥ ¢§�¨¬®¤¥©áâ¢¨¥,
®¡¥á¯¥ç¨¢�¥¬ë¥ ‘‘-¤¨áæ¨¯«¨−®©. „«ï à¥è¥−¨ï ¯à®¡«¥¬ë ¬¥â�áâ�¡¨«ì−ëå
á®áâ®ï−¨© ¨á¯®«ì§ã¥âáï ª®¤ ƒà¥ï [23], ¤¢ãå¯®àâ®¢�ï ®¯¥à�â¨¢−�ï ¯�¬ïâì [24]
¨ ¤àã£¨¥ �«£®à¨â¬¨ç¥áª¨¥ ¨ áå¥¬®â¥å−¨ç¥áª¨¥ á¯®á®¡ë.

‚ á¢ï§¨ á íâ¨¬ áâ�−®¢¨âáï �ªâã�«ì−®© §�¤�ç� à�§à�¡®âª¨ â¨¯®¢ëå áå¥¬®â¥å−¨-
ç¥áª¨å à¥è¥−¨© ‘‘-FIFO-à¥£¨áâà�, ®¡¥á¯¥ç¨¢�îé¨å á®£«�á®¢�−¨¥ ¯à®¨§¢®¤¨-
â¥«ì−®áâ¥© ¯¥à¥¤�âç¨ª®¢ ¨ ¯à¨¥¬−¨ª®¢ ®¡à�¡�âë¢�¥¬®© ¨−ä®à¬�æ¨¨, á¢®¡®¤−ëå
®â ¬¥â�áâ�¡¨«ì−ëå á®áâ®ï−¨© ¨ £�à�−â¨àãîé¨å ª®àà¥ªâ−ãî à�¡®âã ¯à¨ «î-
¡ëå §�¤¥à¦ª�å «®£¨ç¥áª¨å í«¥¬¥−â®¢ ¡�§¨á� ¯à®¥ªâ¨à®¢�−¨ï. „�−−�ï áâ�âìï
¯®á¢ïé¥−� áà�¢−¨â¥«ì−®¬ã �−�«¨§ã ¢�à¨�−â®¢ à¥�«¨§�æ¨¨ ‘‘-FIFO-à¥£¨áâà�
¢ ¡�§¨á¥ ª®¬¯«¥¬¥−â�à−ëå ¬¥â�««{¤¨í«¥ªâà¨ª{¯®«ã¯à®¢®¤−¨ª (ŠŒ„�) âà�−-
§¨áâ®à®¢ ¤«ï à�§«¨ç−ëå ¯à�ªâ¨ç¥áª¨å ¯à¨¬¥−¥−¨©.

2 Структурная схема самосинхронного FIFO-регистра

‡�¤�ç¨ FIFO-à¥£¨áâà� | ¯à¨−¨¬�âì ¨ −�ª�¯«¨¢�âì ¬−®£®à�§àï¤−ë¥ ¤�−−ë¥
(®¯¥à�−¤ë) ¤«ï ¯®á«¥¤ãîé¥© ¢ë¤�ç¨ ¨å ¯® âà¥¡®¢�−¨î ®¡à�¡�âë¢�îé¥£® ¨å
ãáâà®©áâ¢�. ‚ á¨−åà®−−®© áå¥¬®â¥å−¨ª¥ FIFO-à¥£¨áâà à¥�«¨§ã¥âáï −� ®á−®¢¥
¡�−ª� à¥£¨áâà®¢ á¤¢¨£� (à¥£¨áâà®¢®£® ä�©«�), ¡�§¨á®¬ ¯à®¥ªâ¨à®¢�−¨ï ª®â®àëå
á«ã¦�â, ª�ª ¯à�¢¨«®, âà�¤¨æ¨®−−ë¥ D-âà¨££¥àë [25]. ˆå å�à�ªâ¥à−�ï ®á®-
¡¥−−®áâì | á¤¢¨£ åà�−¨¬®© ¨−ä®à¬�æ¨¨ −� ®¤¨− à�§àï¤ §� ®¤¨− â�ªâ á¨£−�«�
ã¯à�¢«¥−¨ï (á¨−åà®−¨§�æ¨¨). ‚ à¥§ã«ìâ�â¥ ¬−®£®à�§àï¤−ë© ®¯¥à�−¤, §�¯¨áë-
¢�¥¬ë© ¢ FIFO-à¥£¨áâà, ¯à®¤¢¨£�¥âáï ª ¢ëå®¤ã ¨§ FIFO-à¥£¨áâà� ¯®áâ¥¯¥−−®,
è�£ §� è�£®¬, ¯® â�ªâ�¬ á¨£−�«� á¨−åà®−¨§�æ¨¨. ˆá¯®«ì§®¢�−¨¥ ¬¥å�−¨§¬�
¨−¤¥ªá�æ¨¨ ú¯ãáâ®©{¯®«−ë©û ¨ ¬�àª¥à� ®ç¥à¥¤¨ ®¯¥à�−¤®¢ ¢ FIFO-à¥£¨áâà¥
¯®§¢®«ï¥â á¤¥«�âì ®¯¥à�−¤ ¤®áâã¯−ë¬ ¤«ï çâ¥−¨ï áà�§ã ¯®á«¥ §�¯¨á¨. �¤−�ª®
®− âà¥¡ã¥â ¤®¯®«−¨â¥«ì−ëå �¯¯�à�â−ëå §�âà�â ¨ §�¬¥¤«ï¥â ¯à®¨§¢®¤¨â¥«ì−®áâì
FIFO-à¥£¨áâà�.

‘�¬®á¨−åà®−−ë© FIFO-à¥£¨áâà ®¡«�¤�¥â ®¯à¥¤¥«¥−−®© á¯¥æ¨ä¨ª®©, ®â«¨-
ç�îé¥© ¥£® ®â á¨−åà®−−ëå �−�«®£®¢. ��«¨ç¨¥ §�¯à®á−®-®â¢¥â−®£® ¢§�¨¬®¤¥©-
áâ¢¨ï ¬¥¦¤ã à�§àï¤�¬¨ FIFO-à¥£¨áâà�, ®á−®¢�−−®£® −� ®¡ï§�â¥«ì−®¬ ª®−âà®«¥
¨ ¯®¤â¢¥à¦¤¥−¨¨ §�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï ª�¦¤®£® à�§àï¤� ¢ â¥ªãéãî ä�-
§ã, ¯®§¢®«ï¥â ®à£�−¨§®¢�âì ¬¨ªà®ª®−¢¥©¥à, ãáª®àïîé¨© à�¡®âã FIFO-à¥£¨áâà�.
‘âàãªâãà−�ï áå¥¬� ‘‘-¬¨ªà®ª®−¢¥©¥à� FIFO-à¥£¨áâà� ¯®ª�§�−� −� à¨á. 1. �−�
¢ª«îç�¥â −¥áª®«ìª® áâã¯¥−¥©, ¢ ¯à®áâ¥©è¥¬ á«ãç�¥ | ïç¥¥ª ¯�¬ïâ¨ (Ÿ�). ‡�-
¯à®á−®-®â¢¥â−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ áâã¯¥−¥© ¬¨ªà®ª®−¢¥©¥à� à¥�«¨§ã¥âáï ¯ãâ¥¬ á®-
¥¤¨−¥−¨ï ä�§®¢®£® ¢ëå®¤� áâã¯¥−¨ PhO á ä�§®¢ë¬ ¢å®¤®¬ PhI ¯à¥¤è¥áâ¢ãîé¥©
áâã¯¥−¨. �−® ®¡¥á¯¥ç¨¢�¥â ¡¥áª®−ä«¨ªâ−®¥ ¯à®¤¢¨¦¥−¨¥ ¨−ä®à¬�æ¨®−−®£®
¡¨â�, ¯®áâã¯¨¢è¥£® −� ¢å®¤ X, ¤® á¢®¡®¤−®© áâã¯¥−¨, ¡«¨¦�©è¥© ª ¢ëå®¤−®©.

‚ ®¡é¥¬ á«ãç�¥ â¨¯ë ¨−ä®à¬�æ¨®−−®£® ¢å®¤�X ¨ ¢ëå®¤� Y ¬®£ãâ ¡ëâì ¯à®-
¨§¢®«ì−ë¬¨. �−¨ ®¯à¥¤¥«ïîâáï ®ªàã¦¥−¨¥¬ ¬¨ªà®ª®−¢¥©¥à�, ä®à¬¨àãîé¨¬
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÷¨á. 1 ‘âàãªâãà−�ï áå¥¬� N-áâã¯¥−ç�â®£® ‘‘-¬¨ªà®ª®−¢¥©¥à�: X | ¨−ä®à¬�æ¨-
®−−ë© ¢å®¤ ª®−¢¥©¥à�; Wr | ¢å®¤ à�§à¥è¥−¨ï §�¯¨á¨ (¯à¨¥¬�) ¤�−−ëå; AR | ¢å®¤
−�ç�«ì−®£® á¡à®á�; Rd | ¢å®¤ §�¯à®á� çâ¥−¨ï ¨§ ¯®á«¥¤−¥© áâã¯¥−¨ ¬¨ªà®ª®−¢¥©¥à�;
Y | ¨−ä®à¬�æ¨®−−ë© ¢ëå®¤; Ack | ¢ëå®¤ ¯®¤â¢¥à¦¤¥−¨ï ¯à¨¥¬� ¤�−−ëå ¬¨ªà®ª®−-
¢¥©¥à®¬; Ready | ¢ëå®¤ ¯à¨§−�ª� −�«¨ç¨ï ¤�−−ëå ¢ ¯®á«¥¤−¥© áâã¯¥−¨ ¬¨ªà®ª®−¢¥©¥à�

¢å®¤ X ¨ ¢ëå®¤ Y . ��¯à¨¬¥à, á¨−åà®−−®¥ ®ªàã¦¥−¨¥ §�¤�¥â X ¨ ¯à¨−¨¬�¥â Y
¢ ã−�à−®¬ ª®¤¥, � ‘‘-®ªàã¦¥−¨¥ ¬®¦¥â ¨á¯®«ì§®¢�âì ¡¨ä�§−®¥, ¯�à�ä�§−®¥
á® á¯¥©á¥à®¬ (�”‘) ¨«¨ ã−�à−®¥ ª®¤¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢ X
¨ Y [2]. „«ï �”‘ ¢å®¤� X −¥ −ã¦¥− ä�§®¢ë© ¢å®¤ à�§à¥è¥−¨ï §�¯¨á¨ Wr ¢®
¢å®¤−®© áâã¯¥−¨ ¬¨ªà®ª®−¢¥©¥à�. �¨ä�§−ë© ¨ ã−�à−ë© ¢å®¤ë −ã¦¤�îâáï ¢ á®-
¯à®¢®¦¤�îé¥¬ ¨å á¨£−�«¥, ¯®ª�§ë¢�îé¥¬ ¨å â¥ªãéãî ä�§ã. ‚ëå®¤ ¯à¨§−�ª�
−�«¨ç¨ï ¤�−−ëå Rdy ¢ ¢ëå®¤−®© áâã¯¥−¨ ¬®¦¥â ®¡ê¥¤¨−ïâìáï á ä�§®¢ë¬ ¢ëå®-
¤®¬ PhO. �®íâ®¬ã ¢å®¤ Wr ¨ ¢ëå®¤ Ready ¢ áâàãªâãà−®© áå¥¬¥ ¬¨ªà®ª®−¢¥©¥à�
®¯æ¨®−�«ì−ë¥.

Š®¬¡¨−�æ¨®−−ë¥ ‘‘-áå¥¬ë ãáâà®©áâ¢ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå ¨á¯®«ì-
§ãîâ ¨§¡ëâ®ç−®¥ ª®¤¨à®¢�−¨¥ ¨−ä®à¬�æ¨¨, ª�ª ¯à�¢¨«® �”‘ [2]. �®íâ®¬ã
¢§�¨¬®¤¥©áâ¢ãîé¨¥ á −¨¬¨ FIFO-à¥£¨áâàë ¤®«¦−ë íää¥ªâ¨¢−® ¯à¨−¨¬�âì
¨ ¢ë¤�¢�âì à¥§ã«ìâ�âë ®¡à�¡®âª¨ ¤�−−ëå ¢ �”‘-ª®¤¥. ÷�áá¬®âà¨¬ â¨¯®¢ë¥
¢�à¨�−âë à¥�«¨§�æ¨¨ ‘‘-FIFO-à¥£¨áâà�.

3 Варианты одноразрядного самосинхронного FIFO-регистра

—¥à¥¤®¢�−¨¥ à�¡®ç¥© ¨ á¯¥©á¥à−®© ä�§ ¯à¨ äã−ªæ¨®−¨à®¢�−¨¨ ‘‘-FIFO-
à¥£¨áâà� ¯à¨¢®¤¨â ª â®¬ã, çâ® ¢ ¯à®áâ¥©è¥¬ á«ãç�¥ ¯®á«¥ §�¯®«−¥−¨ï FIFO-à¥-
£¨áâà� ª�¦¤�ï ¢â®à�ï ¥£® ïç¥©ª� ®ª�§ë¢�¥âáï ¯ãáâ®© | −�å®¤¨âáï ¢ á¯¥©á¥à¥.
FIFO-à¥£¨áâàë á â�ª®© ®à£�−¨§�æ¨¥© ¯®«ãç¨«¨ −�§¢�−¨¥ ú¯®«ã¯«®â−ëåû [2].
�à¨¬¥à ¯®«ã¯«®â−®£® FIFO-à¥£¨áâà� á ã−�à−ë¬ ¨−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬, ¯®-
áâà®¥−−®£® −� ®á−®¢¥ ¢å®¤−®© (‚åŸ), ¢ëå®¤−®© (‚ëåŸ) ¨ ¯à®¬¥¦ãâ®ç−ëå (�Ÿ)
ïç¥¥ª, ¯à¥¤«®¦¥−−ëå ¢ [2], ¯®ª�§�− −� à¨á. 2.

‚ áâ�â¨ç¥áª®¬ á®áâ®ï−¨¨ ª�¦¤�ï ïç¥©ª� FIFO-à¥£¨áâà� −� à¨á. 2, ®¡¢¥¤¥−−�ï
èâà¨å¯ã−ªâ¨à®¬, åà�−¨â ®¤¨− ¡¨â ¨−ä®à¬�æ¨¨. ‚å®¤−�ï ¨ ¢ëå®¤−�ï ïç¥©ª¨
‘‘-FIFO-à¥£¨áâà� | ®¡ï§�â¥«ì−ë¥. �−¨ ®¡¥á¯¥ç¨¢�îâ §�¯à®á−®-®â¢¥â−®¥
¢§�¨¬®¤¥©áâ¢¨¥ á ¨áâ®ç−¨ª®¬ ¤�−−ëå ¤«ï FIFO-à¥£¨áâà� ¨ ¯à¨¥¬−¨ª®¬ ¤�−−ëå
¨§ FIFO-à¥£¨áâà� á®®â¢¥âáâ¢¥−−®. —¨á«® ¯à®¬¥¦ãâ®ç−ëå ïç¥¥ª FIFO-à¥£¨áâà�
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÷¥�«¨§�æ¨ï á�¬®á¨−åà®−−®£® à¥£¨áâà� â¨¯� FIFO

Nðñ ¢ë¡¨à�¥âáï ¨áå®¤ï ¨§ âà¥¡ã¥¬®© ¥¬ª®áâ¨ (£«ã¡¨−ë) FIFO-à¥£¨áâà� n ¯®
ä®à¬ã«¥ Nðñ = n− 2.

‚á¥ ïç¥©ª¨ ¢ FIFO-à¥£¨áâà¥ −� à¨á. 2 ¯®áâà®¥−ë −� ®á−®¢¥ ¯¥à¥ªà¥áâ−® á¢ï-
§�−−ëå RS-âà¨££¥à®¢ (¡¨áâ�¡¨«ì−ëå ïç¥¥ª). ÷¥�«¨§®¢�−−ë¥ ¯¥à¥ªà¥áâ−ë¥ á¢ï§¨
¨áª«îç�îâ −¥®¡å®¤¨¬®áâì ¨−¤¨æ¨à®¢�−¨ï ¯à®¬¥¦ãâ®ç−ëå ïç¥¥ª. ˆ−¤¨ª�â®à�¬¨
‘‘-FIFO-à¥£¨áâà� −� à¨á. 2 á«ã¦�â á¨£−�«ë Ack ¨ Rdy. ‘¨£−�« Ack −¨§ª¨¬
ãà®¢−¥¬ (Ack = 0) ã¢¥¤®¬«ï¥â ¨áâ®ç−¨ª ¢å®¤−ëå ¤�−−ëå ®¡ ãá¯¥è−®¬ §�¢¥àè¥-
−¨¨ ¯à¨¥¬� §−�ç¥−¨ï ¢å®¤� X ¯à¨ Wr = 1, � ¢ëá®ª¨¬ ãà®¢−¥¬ (Ack = 1) |
® £®â®¢−®áâ¨ ª ¯à¨¥¬ã −®¢ëå ¤�−−ëå ¯à¨Wr = 0. ˆ§¬¥−¥−¨¥ §−�ç¥−¨ï á¨£−�«� −�
¢å®¤¥X ¤®¯ãáâ¨¬® â®«ìª® ¯à¨Ack = 1. ‚å®¤−®¥ ®ªàã¦¥−¨¥ ‘‘-FIFO-à¥£¨áâà�
¤®«¦−® ®¡¥á¯¥ç¨¢�âì ¯¥à¥ª«îç¥−¨¥ ¢å®¤� ä�§®¢®£® ã¯à�¢«¥−¨ï Wr ¨§ −¥�ªâ¨¢-
−®£® (−¨§ª®£®) ãà®¢−ï ¢ �ªâ¨¢−ë© (¢ëá®ª¨©) â®«ìª® ¯®á«¥ ãáâ�−®¢ª¨ −� ¢å®¤¥ X
−®¢®£® §−�ç¥−¨ï. ‘¨£−�« Rdy −¨§ª¨¬ ãà®¢−¥¬ ¯®¤â¢¥à¦¤�¥â −�«¨ç¨¥ ¤�−−ëå
¢ ¢ëå®¤−®© ïç¥©ª¥ FIFO-à¥£¨áâà� ¨, á®®â¢¥âáâ¢¥−−®, £®â®¢−®áâì FIFO-à¥£¨áâà�
ª ¨å ¯¥à¥¤�ç¥ ¯à¨¥¬−¨ªã.

�à¨ ¨á¯®«ì§®¢�−¨¨ ‘‘-FIFO-à¥£¨áâà� á ‘‘-®ªàã¦¥−¨¥¬ æ¥«¥á®®¡à�§−®
§�¬¥−¨âì ã−�à−ë© ¨−ä®à¬�æ¨®−−ë© ¢å®¤ ¨ á®¯à®¢®¦¤�îé¨© ¥£® ¢å®¤ ä�§®¢®£®
ã¯à�¢«¥−¨ï ¨−ä®à¬�æ¨®−−ë¬ �”‘-¢å®¤®¬. �� à¨á. 3 ¯®ª�§�−� áå¥¬� ‘‘-
FIFO-à¥£¨áâà� á �”‘-¢å®¤®¬ á −ã«¥¢ë¬ á¯¥©á¥à®¬, à¥�«¨§®¢�−−�ï ¢ ¡�§¨á¥
RS-âà¨££¥à®¢. �−� ®â«¨ç�¥âáï ®â áå¥¬ë −� à¨á. 2 ¡®«¥¥ ¯à®áâ®© à¥�«¨§�æ¨¥©
¢å®¤−®© ïç¥©ª¨ FIFO-à¥£¨áâà�. ÷®«ì ¢å®¤� ä�§®¢®£® ã¯à�¢«¥−¨ï ¨£à�¥â á�¬
�”‘-¢å®¤, ¯®áª®«ìªã á®áâ®ï−¨¥ ¤¢ãå ¥£® ª®¬¯®−¥−â ®¤−®§−�ç−® á¢¨¤¥â¥«ìáâ¢ã¥â
® ¥£® â¥ªãé¥© ä�§¥.

÷¨áã−®ª 4 ¤¥¬®−áâà¨àã¥â ¯®¢¥¤¥−¨¥ ‘‘-FIFO-à¥£¨áâà�, ¨§®¡à�¦¥−−®£® −�
à¨á. 3 ¨ ®¡¥á¯¥ç¨¢�îé¥£® ¡ãä¥à¨§�æ¨î ®¡¬¥−� ¤�−−ë¬¨ ¬¥¦¤ã ¯¥à¥¤�âç¨ª®¬

÷¨á. 4 „¨�£à�¬¬� à�¡®âë ‘‘-FIFO-à¥£¨áâà�
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¨ ¯à¨¥¬−¨ª®¬. „¨�£à�¬¬ã à�¡®âë ‘‘-FIFO-à¥£¨áâà� ¢ ®¡é¥¬ á«ãç�¥ ¬®¦−®
à�§¤¥«¨âì −� ¯¥à¨®¤ë:

{ T1 | §�¯®«−¥−¨¥ FIFO-à¥£¨áâà� ¢å®¤−ë¬¨ ¤�−−ë¬¨ ¢ ®âáãâáâ¢¨¥ §�¯à®á� ®â
¯à¨¥¬−¨ª�. ‚ −�ç�«ì−®¬ á®áâ®ï−¨¨ �”‘-¢å®¤ (D, DB) −�å®¤¨âáï ¢ á¯¥©á¥à¥
(D = DB = 0) ¨ ïç¥©ª¨ FIFO-à¥£¨áâà� ¯ãáâë (Q1 = · · · = Q7 = Y =
= 0). �®áâã¯«¥−¨¥ ¤�−−ëå −� �”‘-¢å®¤ (ç¥à¥¤ãîé¨åáï −ã«¥© ¨ ¥¤¨−¨æ)
¨−¨æ¨¨àã¥â §�¯®«−¥−¨¥ FIFO-à¥£¨áâà�. ‡�¯¨áì ª�¦¤®£® ¡¨â� ¨−ä®à¬�æ¨¨
¯®¤â¢¥à¦¤�¥âáï á¨£−�«®¬ Ack = 0. �®á«¥ §�¯®«−¥−¨ï ¢á¥å ïç¥¥ª FIFO-
à¥£¨áâà ®áâ�−�¢«¨¢�¥âáï, ®ç¥à¥¤−®© ¡¨â ¨−ä®à¬�æ¨¨ («®£¨ç¥áª�ï ¥¤¨−¨æ�)
¤¥à¦¨âáï −� ¢å®¤¥ (D, DB) ¢ ®¦¨¤�−¨¨ ¯®¤â¢¥à¦¤¥−¨ï ¥£® §�¯¨á¨ ¢ FIFO-
à¥£¨áâà;

{ T2 | ®¦¨¤�−¨¥ §�¯à®á� −� çâ¥−¨¥ ¤�−−ëå ®â ¯à¨¥¬−¨ª�;

{ T3| −�ç�«® çâ¥−¨ï ¯à¨¥¬−¨ª®¬ ¤�−−ëå ¨§ FIFO-à¥£¨áâà�. —â¥−¨¥ ¨§ ¢ëå®¤-
−®© ïç¥©ª¨ FIFO-à¥£¨áâà� ¨−¨æ¨¨àã¥â ¯¥à¥¤�çã åà�−¨¬ëå ¡¨â ®â ¢å®¤−®©
ª ¢ëå®¤−®© ïç¥©ª¥ FIFO-à¥£¨áâà�. ‘ ®á¢®¡®¦¤¥−¨¥¬ ¢å®¤−®© ïç¥©ª¨ FIFO-
à¥£¨áâà� ¢−®¢ì ¨−¨æ¨¨àã¥âáï §�¯¨áì ¢ −¥¥ á® áâ®à®−ë ¯¥à¥¤�âç¨ª�;

{ T4 | ãáâ�−®¢¨¢è¨©áï à¥¦¨¬ ®¡¬¥−� ¤�−−ë¬¨ ¬¥¦¤ã ¯¥à¥¤�âç¨ª®¬ ¨ ¯à¨-
¥¬−¨ª®¬ ç¥à¥§ FIFO-à¥£¨áâà, ª®£¤� §�¯¨áì ¢ FIFO-à¥£¨áâà ¨ çâ¥−¨¥ ¨§ −¥£®
¢ë¯®«−ïîâáï ®¤−®¢à¥¬¥−−®.

�� à¨á. 5 ¯®ª�§�−� áå¥¬� CC-FIFO-à¥£¨áâà� −� £¨áâ¥à¥§¨á−ëå (ƒ) âà¨££¥-
à�å [2] ¥¬ª®áâìî n ¡¨â á ¨−ä®à¬�æ¨®−−ë¬ �”‘-¢å®¤®¬ (X, XB) ¨ ¢ëå®¤®¬ (Y ,
YB). ƒ¨áâ¥à¥§¨á−ë¥ âà¨££¥àë ®¡®§−�ç¥−ë á¨¬¢®«�¬¨ úHTRû. ‚å®¤−�ï ¨ ¯à®¬¥-
¦ãâ®ç−ë¥ ïç¥©ª¨ FIFO-à¥£¨áâà� (‚å�Ÿ) ¨¤¥−â¨ç−ë ¯® á®áâ�¢ã ¨ ¯à¥¤áâ�¢«ïîâ
á®¡®© ¤¢ãåª�áª�¤−ãî áå¥¬ã. ‚ëå®¤−�ï ïç¥©ª� (‚ëåŸ) ¨¤¥−â¨ç−� ¯®«®¢¨−ª¥
ïç¥©ª¨ ‚å�Ÿ ¨ ®â«¨ç�¥âáï ®â −¥¥ ¤®¯®«−¨â¥«ì−ë¬ ¨−¤¨ª�â®à−ë¬ ¢ëå®¤®¬ Rdy,
®âà�¦�îé¨¬ £®â®¢−®áâì ¤�−−ëå −� ¢ëå®¤¥ FIFO-à¥£¨áâà�. �¡®§−�ç¥−¨ï ¢å®¤®¢
¨ ¢ëå®¤®¢ á®®â¢¥âáâ¢ãîâ á¨£−�«�¬ áå¥¬ë −� à¨á. 3. ˜âà¨å¯ã−ªâ¨à−ë¬ ª®−âãà®¬
¢ë¤¥«¥−ë ç�áâ¨ áå¥¬ë, åà�−ïé¨¥ 1 ¡¨â ¨−ä®à¬�æ¨¨.

÷¨á. 5 ‘å¥¬� ‘‘-FIFO-à¥£¨áâà� −� ƒ-âà¨££¥à�å á �”‘-¢å®¤®¬
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÷¥�«¨§�æ¨ï á�¬®á¨−åà®−−®£® à¥£¨áâà� â¨¯� FIFO

÷¨á. 6 ‘à�¢−¥−¨¥ ¡ëáâà®¤¥©áâ¢¨ï ‘‘-FIFO-à¥£¨áâà� −� RS- ¨ ƒ-âà¨££¥à�å

‘�¬®á¨−åà®−−ë© FIFO-à¥£¨áâà, à¥�«¨§ã¥¬ë© −� RS-âà¨££¥à�å (á¬. à¨á. 3)
¨«¨ ƒ-âà¨££¥à�å (á¬. à¨á. 5), ã¯à�¢«ï¥âáï ¢å®¤−ë¬¨ ¤�−−ë¬¨. ‘¢ï§ì ¬¥¦¤ã
ïç¥©ª�¬¨ FIFO-à¥£¨áâà� ®áãé¥áâ¢«ï¥âáï á ¯®¬®éìî ¢å®¤−ëå ¨ ¯à®¬¥¦ãâ®ç−ëå
¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢, � â�ª¦¥ ¢−ãâà¥−−¨å ¨−¤¨ª�â®à−ëå á¨£−�«®¢. �«�-
£®¤�àï íâ®¬ã ®¤−®à�§àï¤−ë© ‘‘-FIFO-à¥£¨áâà ®¡«�¤�¥â ¢ëá®ª¨¬ ¡ëáâà®¤¥©áâ-
¢¨¥¬. ’¥¬¯ ¯¥à¥¤�ç¨ ¤�−−ëå (ç¨á«® ¯à¨−ïâëå ¨ ¯¥à¥¤�−−ëå ¡¨â ¨−ä®à¬�æ¨¨
¢ ¥¤¨−¨æã ¢à¥¬¥−¨) −¥ §�¢¨á¨â ®â ¥¬ª®áâ¨ FIFO-à¥£¨áâà�.

÷¥§ã«ìâ�âë í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¢�à¨�−â®¢ áå¥¬ ‘‘-FIFO-à¥£¨áâ-
à� −� à¨á. 3 ¨ 5, à¥�«¨§®¢�−−ëå ¢ â¨¯®¢®© 65-−�−®¬¥âà®¢®© ŠŒ„�-â¥å−®«®£¨¨,
¯®ª�§�−ë −� à¨á. 6. ‘à�¢−¥−¨¥ ¡ëáâà®¤¥©áâ¢¨ï áå¥¬ FIFO-à¥£¨áâà®¢ á¢¨¤¥-
â¥«ìáâ¢ã¥â ® ¯à¥¨¬ãé¥áâ¢¥ ¢ 1,6 à�§� áå¥¬ë −� ƒ-âà¨££¥à�å. ‘«¥¤®¢�â¥«ì−®,
‘‘-FIFO-à¥£¨áâà −� ƒ-âà¨££¥à�å ®¡«�¤�¥â ¡¥§ãá«®¢−® «ãçè¨¬¨ ¯®âà¥¡¨â¥«ì-
áª¨¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ áà¥¤¨ ¢�à¨�−â®¢, ¯®ª�§�−−ëå −� à¨á. 2, 3 ¨ 5.

�¤−�ª® ‘‘-FIFO-à¥£¨áâà ¬®¦¥â áâà®¨âìáï â�ª¦¥ ¨ −� ®á−®¢¥ ‘‘-à¥£¨áâà�
á¤¢¨£� �−�«®£¨ç−® á¨−åà®−−ë¬ �−�«®£�¬ [26]. �à¨¬¥à â�ª®© à¥�«¨§�æ¨¨ ¯®ª�§�−
−� à¨á. 7. „�−−ë© ¢�à¨�−â FIFO-à¥£¨áâà� ¢ áà�¢−¥−¨¨ á ¢�à¨�−â�¬¨ −� à¨á. 2,
3 ¨ 5 ¢ë−ã¦¤¥−−® á®¤¥à¦¨â ¤®¯®«−¨â¥«ì−ãî ¨−¤¨ª�â®à−ãî ¯®¤áå¥¬ã. �−�
®¡ê¥¤¨−ï¥â ¯®¡¨â−ë¥ ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë ¢ ®¤¨− ®¡é¨© á¨£−�« Rdy, ¯®¤â¢¥à¦-
¤�îé¨© ãá¯¥è−®¥ ¯¥à¥ª«îç¥−¨¥ ¢á¥å à�§àï¤®¢ à¥£¨áâà� ¢ â¥ªãéãî ä�§ã à�¡®âë.
��«¨ç¨¥ ¤®¯®«−¨â¥«ì−®© ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë â®à¬®§¨â à�¡®âã FIFO-à¥£¨áâ-
à�, ¯®áª®«ìªã ¢ ¤�−−®¬ ¢�à¨�−â¥ ¨¬¥−−® ¢ëå®¤ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ¨£à�¥â
à®«ì á¨£−�«�, ¯®¤â¢¥à¦¤�îé¥£® £®â®¢−®áâì FIFO-à¥£¨áâà� ª ®¡¬¥−ã ¤�−−ë¬¨
á ¯¥à¥¤�âç¨ª®¬ ¨ ¯à¨¥¬−¨ª®¬.

÷¥§ã«ìâ�âë í«¥ªâà¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¢�à¨�−â®¢ áå¥¬ë FIFO-à¥£¨áâ-
à�, ¯à¨¢¥¤¥−−ëå −� à¨á. 5 ¨ 7, ¯®ª�§ë¢�îâ, çâ® ‘‘-FIFO-à¥£¨áâà −� ®á−®¢¥
‘‘-à¥£¨áâà� á¤¢¨£� ¬¥¤«¥−−¥¥ ¢�à¨�−â� −� ƒ-âà¨££¥à�å, −�ç¨−�ï á ¥¬ª®áâ¨
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ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢, „. ā. ‘â¥¯ç¥−ª®¢, „. ā. „ìïç¥−ª®

÷¨á. 7 ‘å¥¬� ‘‘-FIFO-à¥£¨áâà� −� ®á−®¢¥ ‘‘-à¥£¨áâà� á¤¢¨£� á �”‘-¢ë¢®¤�¬¨

÷¨á. 8 ‘à�¢−¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ‘‘-FIFO-à¥£¨áâà� −� ®á−®¢¥ ƒ-âà¨££¥à®¢ (1)
¨ à¥£¨áâà� á¤¢¨£� (1)

¢ ç¥âëà¥ åà�−¨¬ëå ¡¨â�. �� à¨á. 8 ¯à¨¢¥¤¥−� §�¢¨á¨¬®áâì ¯¥à¨®¤¨ç−®áâ¨ ¢ë¤�ç¨
¤�−−ëå ¤«ï ®¡®¨å ¢�à¨�−â®¢, à¥�«¨§®¢�−−ëå ¢ ŠŒ„�-â¥å−®«®£¨¨ á ¯à®¥ªâ−ë¬¨
−®à¬�¬¨ 65 −¬. �à®¨§¢®¤¨â¥«ì−®áâì ‘‘-FIFO-à¥£¨áâà� −� ƒ-âà¨££¥à�å −¥
§�¢¨á¨â ®â ¥£® ¥¬ª®áâ¨, ¢ â® ¢à¥¬ï ª�ª ¯à®¨§¢®¤¨â¥«ì−®áâì FIFO-à¥£¨áâà�
−� ®á−®¢¥ ‘‘-à¥£¨áâà� á¤¢¨£� ¯�¤�¥â á ã¢¥«¨ç¥−¨¥¬ ¥£® ¥¬ª®áâ¨. „�−−ë©
ä�ªâ ®¡êïá−ï¥âáï à®áâ®¬ ç¨á«� ª�áª�¤®¢ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ¢ áå¥¬¥ −�
à¨á. 7 ¯à¨ ã¢¥«¨ç¥−¨¨ ¥¥ ¡¨â−®áâ¨. �â® ¢ë§ë¢�¥â ¯à®¯®àæ¨®−�«ì−ë© à®áâ
§�¤¥à¦ª¨ ä®à¬¨à®¢�−¨ï ¨−¤¨ª�â®à−®£® ¢ëå®¤� Rdy, ãç�áâ¢ãîé¥£® ¢ §�¯à®á-
−®-®â¢¥â−®¬ ¢§�¨¬®¤¥©áâ¢¨¨ à¥£¨áâà� ¨ ¥£® ¢å®¤−®£® ¨ ¢ëå®¤−®£® ®ªàã¦¥−¨ï
¨ −¥¯®áà¥¤áâ¢¥−−® ¢«¨ïîé¥£® −� ¡ëáâà®¤¥©áâ¢¨¥ FIFO-à¥£¨áâà�.

‚ à¥§ã«ìâ�â¥ ¯à®¨§¢®¤¨â¥«ì−®áâì 16-¡¨â−®£® ‘‘-FIFO-à¥£¨áâà� −� ¡�§¥ ‘‘-
à¥£¨áâà� á¤¢¨£� ®ª�§ë¢�¥âáï ¢ 1,8 à�§� −¨¦¥, ç¥¬ ã ¥£® �−�«®£� −� ƒ-âà¨££¥à�å.
‘ ã¢¥«¨ç¥−¨¥¬ ç¨á«� åà�−¨¬ëå ¡¨â íâ®â à�§àë¢ ¢ ¡ëáâà®¤¥©áâ¢¨¨ ¢®§à�áâ�¥â.
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÷¥�«¨§�æ¨ï á�¬®á¨−åà®−−®£® à¥£¨áâà� â¨¯� FIFO

�¯¯�à�â−ë¥ §�âà�âë ‘‘-FIFO-à¥£¨áâà®¢ −� à¨á. 2 ¨ 3 á®áâ�¢«ïîâ 64n + 14
¨ 64n + 6 ŠŒ„�-âà�−§¨áâ®à®¢ á®®â¢¥âáâ¢¥−−®. ‘«®¦−®áâì ¢�à¨�−â®¢ ‘‘-
FIFO-à¥£¨áâà®¢ −� à¨á. 5 ¨ 7 ®æ¥−¨¢�¥âáï ª�ª 64n−32 ¨ 54n+8 á®®â¢¥âáâ¢¥−−®.

’�ª¨¬ ®¡à�§®¬, ®¤−®à�§àï¤−ë© ‘‘-FIFO-à¥£¨áâà −� ®á−®¢¥ ƒ-âà¨££¥à®¢ −¥
¬¥−¥¥ ç¥¬ ¢ 1,6 à�§� ¯à®¨§¢®¤¨â¥«ì−¥¥ ¢á¥å ®áâ�«ì−ëå à�áá¬®âà¥−−ëå ¢�à¨�−â®¢
à¥�«¨§�æ¨¨ (®¡«�¤�¥â ¬¥−ìè¥© ¯¥à¨®¤¨ç−®áâìî ¢ë¤�ç¨ ¤�−−ëå). �® �¯¯�à�â−ë¬
§�âà�â�¬ ®− ãáâã¯�¥â «¨èì ¢�à¨�−âã −� ®á−®¢¥ ‘‘-à¥£¨áâà� á¤¢¨£� ¯à¨ ç¨á«¥
åà�−¨¬ëå ¡¨â n ≥ 4.

4 Построение многоразрядного самосинхронного FIFO-регистра

Œ−®£®à�§àï¤−ë© ‘‘-FIFO-à¥£¨áâà áâà®¨âáï ¨§ ®¤−®à�§àï¤−ëå ¯ãâ¥¬ ¤®-
¡�¢«¥−¨ï ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë, ®¡ê¥¤¨−ïîé¥© ¯®à�§àï¤−ë¥ á¨£−�«ë Acki

¨ Rdyi, i = 1,m, ¢ ®¡é¨¥ ä�§®¢ë¥ á¨£−�«ë á®®â¢¥âáâ¢ãîé¥£® −�§−�ç¥−¨ï.
÷¨áã−®ª 9 ¤¥¬®−áâà¨àã¥â m-à�§àï¤−ë© FIFO-à¥£¨áâà −� ®á−®¢¥ ®¤−®à�§àï¤-
−ëå ‘‘-FIFO-à¥£¨áâà®¢, ¯à¨¢¥¤¥−−ëå −� à¨á. 2, 3 ¨ 5. —�áâ¨ ˆ‘1 ¨ ˆ‘2
¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ä®à¬¨àãîâ áã¬¬�à−ë¥ á¨£−�«ë ACK ¨ READY, ®¡¥á-
¯¥ç¨¢�îé¨¥ ‘‘-¢§�¨¬®¤¥©áâ¢¨¥ á®®â¢¥âáâ¢¥−−® á ¯¥à¥¤�âç¨ª®¬ ¨ ¯à¨¥¬−¨ª®¬
¯®â®ª� ¬−®£®à�§àï¤−ëå ®¯¥à�−¤®¢. ‘âàãªâãà−�ï áå¥¬� ¬−®£®à�§àï¤−®£® ‘‘-
FIFO-à¥£¨áâà� −� ®á−®¢¥ ‘‘-à¥£¨áâà� á¤¢¨£� �−�«®£¨ç−� áå¥¬¥ −� à¨á. 9, −®
¡¥§ ç�áâ¨ ˆ‘1 ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë, ¯®áª®«ìªã ¤«ï ®à£�−¨§�æ¨¨ ‘‘-¢§�¨-
¬®¤¥©áâ¢¨ï á ¯¥à¥¤�âç¨ª®¬ ¨ ¯à¨¥¬−¨ª®¬ ¯®â®ª� ®¯¥à�−¤®¢ ¨á¯®«ì§ã¥âáï ®¡é¨©
ä�§®¢ë© á¨£−�« READY.

÷¨á. 9 ‘âàãªâãà−�ï áå¥¬� m-à�§àï¤−®£® ‘‘-FIFO-à¥£¨áâà�
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ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢, „. ā. ‘â¥¯ç¥−ª®¢, „. ā. „ìïç¥−ª®

÷¨á. 10 ‡�¢¨á¨¬®áâì �¯¯�à�â−ëå §�âà�â ‘‘-FIFO-à¥£¨áâà� (á¯«®è−ë¥ «¨−¨¨ | ¤«ï
¢�à¨�−â� −� à¨á. 5; èâà¨å®¢ë¥ | ¤«ï ¢�à¨�−â� −� à¨á. 7) ®â à�§àï¤−®áâ¨ ®¯¥à�−¤®¢ ¯à¨
à�§−®© ¥¬ª®áâ¨ FIFO-à¥£¨áâà�: 1 | n = 2; 2 | 4; 3 | 6; 4 | n = 8

�¯¯�à�â−ë¥ á«®¦−®áâ¨ ¨ §�¤¥à¦ª¨ áà�¡�âë¢�−¨ï ã ç�áâ¥© ˆ‘1 ¨ ˆ‘2
¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ¨¤¥−â¨ç−ë, â�ª ª�ª ®¯à¥¤¥«ïîâáï à�§àï¤−®áâìî m
®¯¥à�−¤®¢, åà�−¨¬ëå FIFO-à¥£¨áâà®¬. �¯¯�à�â−�ï á«®¦−®áâì ˆ‘1 ¨ ˆ‘2
¢ ŠŒ„�-âà�−§¨áâ®à�å ®æ¥−¨¢�¥âáï ª�ª 8m. ’®£¤� áã¬¬�à−ë¥ �¯¯�à�â−ë¥
§�âà�âë −� à¥�«¨§�æ¨î m-à�§àï¤−ëå ‘‘-FIFO-à¥£¨áâà®¢, ¯à¥¤áâ�¢«¥−−ëå −�
à¨á. 5 ¨ 7, ¥¬ª®áâìîn ¡¨â ¬®¦−® ®æ¥−¨âì ¯® ä®à¬ã«�¬ (64n−16)m ¨ (54n+16)m
á®®â¢¥âáâ¢¥−−®. �� à¨á. 10 ¨§®¡à�¦¥−® á¥¬¥©áâ¢® £à�ä¨ª®¢, ®âà�¦�îé¨å §�-
¢¨á¨¬®áâì �¯¯�à�â−ëå §�âà�â ¢ ŠŒ„�-âà�−§¨áâ®à�å −� à¥�«¨§�æ¨î ãª�§�−−ëå
¢�à¨�−â®¢ ‘‘-FIFO-à¥£¨áâà� ®â à�§àï¤−®áâ¨m åà�−¨¬ëå ®¯¥à�−¤®¢ ¯à¨ à�§−®©
¥¬ª®áâ¨ n FIFO-à¥£¨áâà�.

„¨�£à�¬¬� −� à¨á. 10 ¯®¤â¢¥à¦¤�¥â á¤¥«�−−ë© à�−¥¥ ¢ë¢®¤ ® â®¬, çâ® ¯à¨
−¥¡®«ìè®© ¥¬ª®áâ¨ (−¥ ¡®«¥¥ ç¥âëà¥å ®¯¥à�−¤®¢) ‘‘-FIFO-à¥£¨áâà −� ƒ-âà¨£-
£¥à�å (á¬. à¨á. 5) ¯à¥¤¯®çâ¨â¥«ì−¥¥ «î¡®£® ¤àã£®£® ¢�à¨�−â� à¥�«¨§�æ¨¨ ¨§
à�áá¬®âà¥−−ëå ¢ ¤�−−®© áâ�âì¥. �à¨ ¥¬ª®áâ¨ ¢ëè¥ ç¥âëà¥å ®¯¥à�−¤®¢ ®−
ãáâã¯�¥â ¢�à¨�−âã ‘‘-FIFO-à¥£¨áâà� −� ‘‘-à¥£¨áâà¥ á¤¢¨£� (á¬. à¨á. 7) ¯®
�¯¯�à�â−ë¬ §�âà�â�¬, ¯à¨ç¥¬ á ã¢¥«¨ç¥−¨¥¬ ¥¬ª®áâ¨ ®â−®á¨â¥«ì−�ï à�§−¨æ�
à�áâ¥â. ��¯à¨¬¥à, ¯à¨ m = 64 à�§−¨æ� ¢ �¯¯�à�â−ëå §�âà�â�å á®áâ�¢«ï¥â 8%
¤«ï ¥¬ª®áâ¨ n = 6 ¨ 11% ¤«ï n = 8.

�¤−�ª® −� á®¢à¥¬¥−−®¬ ãà®¢−¥ à�§¢¨â¨ï ¬¨ªà®í«¥ªâà®−¨ª¨ ¬¨−¨¬�«ì−®áâì
�¯¯�à�â−ëå §�âà�â ã¦¥ −¥ ¨¬¥¥â à¥è�îé¥£® §−�ç¥−¨ï, ¯®áª®«ìªã á ã¬¥−ìè¥−¨-
¥¬ â®¯®«®£¨ç¥áª¨å −®à¬ ¯à®¥ªâ¨à®¢�−¨ï ¨−â¥£à�«ì−ëå ¬¨ªà®áå¥¬ æ¥−� ®¤−®£®
ŠŒ„�-âà�−§¨áâ®à� ¡ëáâà® ¯�¤�¥â.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¤®¡�¢«¥−¨¥ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ¢ ¬−®£®à�§àï¤−®¬
‘‘-FIFO-à¥£¨áâà¥ ã¢¥«¨ç¨¢�¥â ¯¥à¨®¤ ¢ë¤�ç¨ åà�−¨¬ëå ®¯¥à�−¤®¢ ¯à¨¥¬−¨ªã
−� �¤¤¨â¨¢−ãî ¢¥«¨ç¨−ã, à�¢−ãî áã¬¬�à−®© §�¤¥à¦ª¥ ¯¥à¥ª«îç¥−¨ï ¨−¤¨ª�-
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â®à−®© ¯®¤áå¥¬ë ¢ ®¡¥ ä�§ë à�¡®âë. �®áª®«ìªã íâ� ¢¥«¨ç¨−� ®¤¨−�ª®¢� ¤«ï
¢á¥å ¢�à¨�−â®¢ à¥�«¨§�æ¨¨ ‘‘-FIFO-à¥£¨áâà� ¨ −¥¬®−®â®−−® à�áâ¥â á ã¢¥«¨ç¥-
−¨¥¬ à�§àï¤−®áâ¨ FIFO-à¥£¨áâà�, ¯à¥¨¬ãé¥áâ¢® ¯® ¡ëáâà®¤¥©áâ¢¨î ¢�à¨�−â�
‘‘-FIFO-à¥£¨áâà� −� ƒ-âà¨££¥à�å ¢ áà�¢−¥−¨¨ á ®áâ�«ì−ë¬¨ ¢�à¨�−â�¬¨ ã¬¥−ì-
è�¥âáï, −® −¥ ¨áç¥§�¥â ¯®«−®áâìî.

�®íâ®¬ã á«¥¤ã¥â ¯à¨§−�âì, çâ® ¯® á®¢®ªã¯−®áâ¨ ¯®âà¥¡¨â¥«ìáª¨å å�à�ªâ¥à¨-
áâ¨ª −�¨«ãçè¨¬ ¢ë¡®à®¬ á«ã¦¨â ‘‘-FIFO-à¥£¨áâà −� ®á−®¢¥ ƒ-âà¨££¥à®¢, ®¡¥á-
¯¥ç¨¢�îé¨© ¬�ªá¨¬�«ì−ãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¯à¨ −¥§−�ç¨â¥«ì−®¬ ãåã¤è¥−¨¨
�¯¯�à�â−ëå §�âà�â, ¥á«¨ ¥¬ª®áâì FIFO-à¥£¨áâà� ¯à¥¢ëè�¥â ç¥âëà¥ ®¯¥à�−¤�.

5 Автоматизированный синтез самосинхронного FIFO-регистра

‘�¬®á¨−åà®−−ë© FIFO-à¥£¨áâà ¨¬¥¥â ®¤−®à®¤−ãî áâàãªâãàã ¨ ®£à�−¨ç¥−-
−ë© −�¡®à ®¯æ¨© â¨¯� �á¨−åà®−−®© ¨«¨ á�¬®á¨−åà®−−®© ãáâ�−®¢ª¨ ¢ á¯¥©á¥à−®¥
á®áâ®ï−¨¥. �®íâ®¬ã ¯à¨ �¢â®¬�â¨§¨à®¢�−−®¬ ¯à®¥ªâ¨à®¢�−¨¨ ‘‘-áå¥¬ë ¨§
Verilog-®¯¨á�−¨ï ¥¥ äã−ªæ¨®−¨à®¢�−¨ï −� ¯®¢¥¤¥−ç¥áª®¬ ¨«¨ �àå¨â¥ªâãà−®¬
ãà®¢−¥ −� íâ�¯¥ «®£¨ç¥áª®£® á¨−â¥§� æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì £®â®¢ë¥ ¯�à�-
¬¥âà¨§®¢�−−ë¥ è�¡«®−ë ‘‘-FIFO-à¥£¨áâà�, �−�«®£¨ç−ë¥ è�¡«®−�¬ à¥£¨áâà®¢
¨ âà¨££¥à®¢ [13, 14]. ˜�¡«®−ë ®¡¥á¯¥ç¨¢�îâ −�¤¥¦−®¥ ®¯à¥¤¥«¥−¨¥ äà�£¬¥−â�
Verilog-ª®¤�, ®¯¨áë¢�îé¥£® FIFO-à¥£¨áâà, ¨ §�¬¥−ã ¥£® ª®àà¥ªâ−ë¬ áâàãªâãà-
−ë¬ Verilog-®¯¨á�−¨¥¬ ‘‘-FIFO-à¥£¨áâà� ¢ ¡�§¨á¥ §�¤�−−®© ¡¨¡«¨®â¥ª¨ áâ�−-
¤�àâ−ëå í«¥¬¥−â®¢ −� íâ�¯¥ ª®−¢¥àâ�æ¨¨ Verilog-®¯¨á�−¨ï á¨−åà®−−®£® �−�«®£�
á¨−â¥§¨àã¥¬®© ‘‘-áå¥¬ë ¢ ‘‘-®¯¨á�−¨¥ á® ¢á¥¬¨ −¥®¡å®¤¨¬ë¬¨ �âà¨¡ãâ�¬¨.

�¤−�ª® ¤�−−�ï ¯à®¡«¥¬� ¢ëå®¤¨â §� à�¬ª¨ ¤�−−®© áâ�âì¨ ¨ ¡ã¤¥â à�áá¬®âà¥−�
¢ ¯®á«¥¤ãîé¨å ¯ã¡«¨ª�æ¨ïå.

6 Заключение

�á¨−åà®−−ë¥ FIFO-à¥£¨áâàë ®¡¥á¯¥ç¨¢�îâ ¡ëáâàãî ¨ «¥£ªãî ¯¥à¥¤�çã
¤�−−ëå ¬¥¦¤ã á¨áâ¥¬�¬¨ á à�§−ë¬¨ â�ªâ®¢ë¬¨ ¤®¬¥−�¬¨ ¨ ¯®¬®£�îâ à¥è�âì
¬−®£¨¥ ¤àã£¨¥ ¯à�ªâ¨ç¥áª¨¥ §�¤�ç¨ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå. �−¨ á¯®-
á®¡−ë à�¡®â�âì ¡ëáâà¥¥ ¨ ¯®âà¥¡«ïâì ¬¥−ìè¥ í−¥à£¨¨, ç¥¬ ¨å á¨−åà®−−ë¥
�−�«®£¨. ‘�¬®á¨−åà®−−ë¥ FIFO-à¥£¨áâàë, ®¡à�§ãîé¨¥ ¯®¤ª«�áá �á¨−åà®−−ëå
FIFO-à¥£¨áâà®¢, £�à�−â¨àãîâ á®£«�á®¢�−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¥© ¯¥à¥¤�âç¨ª®¢
¨ ¯à¨¥¬−¨ª®¢ ®¡à�¡�âë¢�¥¬®© ¨−ä®à¬�æ¨¨ ¯à¨ «î¡ëå §�¤¥à¦ª�å «®£¨ç¥áª¨å
í«¥¬¥−â®¢ ¡�§¨á� ¯à®¥ªâ¨à®¢�−¨ï.

’¨¯®¢®© ‘‘-FIFO-à¥£¨áâà ã¯à�¢«ï¥âáï ¯�à�ä�§−ë¬¨ ¢å®¤−ë¬¨ ¤�−−ë¬¨,
¡ãä¥à¨§ãï ®¡¬¥− ¤�−−ë¬¨ ¬¥¦¤ã ‘‘-¯¥à¥¤�âç¨ª®¬ ¨ ‘‘-¯à¨¥¬−¨ª®¬. �à¨
−¥®¡å®¤¨¬®áâ¨ ‘‘-FIFO-à¥£¨áâà ¬®¦¥â ¯à¨−¨¬�âì ®¯¥à�−¤ë ®â á¨−åà®−−®£®
¯¥à¥¤�âç¨ª� ¢ ¢¨¤¥ ã−�à−ëå á¨£−�«®¢, á®¯à®¢®¦¤�¥¬ëå á¨£−�«�¬¨ ¯®¤â¢¥à¦¤¥-
−¨ï £®â®¢−®áâ¨ ¤�−−ëå −� ¢å®¤¥ FIFO-à¥£¨áâà�.
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ā. ƒ. „ìïç¥−ª®, �. ‚. Œ®à®§®¢, „. ā. ‘â¥¯ç¥−ª®¢, „. ā. „ìïç¥−ª®

��¨«ãçè¨¬¨ ¯®âà¥¡¨â¥«ìáª¨¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ ®¡«�¤�¥â ‘‘-FIFO-à¥-
£¨áâà −� ®á−®¢¥ ƒ-âà¨££¥à®¢. ’¥¬¯ ¯¥à¥¤�ç¨ ¤�−−ëå (ç¨á«® ¯¥à¥¤�−−ëå ¡¨â
¢ ¥¤¨−¨æã ¢à¥¬¥−¨) ®¤−®à�§àï¤−®£® FIFO-à¥£¨áâà� −� ƒ-âà¨££¥à�å ª�ª ¬¨−¨¬ã¬
¢ 1,8 à�§� ¯à¥¢ëè�¥â �−�«®£¨ç−ë© ¯®ª�§�â¥«ì ‘‘-FIFO-à¥£¨áâà� −� RS-âà¨£-
£¥à�å, âà�¤¨æ¨®−−®£® ¡�§¨á� à¥�«¨§�æ¨¨ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢.
‚ ¬−®£®à�§àï¤−®¬ ¢�à¨�−â¥ ‘‘-FIFO-à¥£¨áâà� íâ® ¯à¥¨¬ãé¥áâ¢® ã¬¥−ìè�¥âáï
¨§-§� ¤®¯®«−¨â¥«ì−®© ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë, ®¤¨−�ª®¢®© ¢® ¢á¥å ¢�à¨�−â�å
‘‘-FIFO-à¥£¨áâà�, −® −¥ ¨áç¥§�¥â ¯®«−®áâìî.

�¯¯�à�â−ë¥ §�âà�âë ‘‘-FIFO-à¥£¨áâà� −� ƒ-âà¨££¥à�å ¥¬ª®áâìî ¡®«¥¥ âà¥å
¡¨â ¯à¥¢ëè�îâ á«®¦−®áâì ‘‘-FIFO-à¥£¨áâà� −� ®á−®¢¥ ‘‘-à¥£¨áâà� á¤¢¨£�
(¤® 11% ¯à¨ ¥¬ª®áâ¨ 8 ¡¨â). �¤−�ª® −� á®¢à¥¬¥−−®¬ ãà®¢−¥ à�§¢¨â¨ï ¬¨ªà®-
í«¥ªâà®−¨ª¨ ¬¨−¨¬�«ì−®áâì �¯¯�à�â−ëå §�âà�â −¥ ¨¬¥¥â à¥è�îé¥£® §−�ç¥−¨ï.

�à¨ �¢â®¬�â¨§¨à®¢�−−®¬ ¯à®¥ªâ¨à®¢�−¨¨ ‘‘-áå¥¬ë ¨§ Verilog-®¯¨á�−¨ï ¥¥
äã−ªæ¨®−¨à®¢�−¨ï −� ¯®¢¥¤¥−ç¥áª®¬ ¨«¨ �àå¨â¥ªâãà−®¬ ãà®¢−¥ −� íâ�¯¥ «®£¨ç¥-
áª®£® á¨−â¥§� æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì £®â®¢ë¥ ¯�à�¬¥âà¨§®¢�−−ë¥ è�¡«®−ë
‘‘-FIFO-à¥£¨áâà�. �−¨ ®¡¥á¯¥ç¨¢�îâ −�¤¥¦−®¥ ¢ë¤¥«¥−¨¥ äà�£¬¥−â� Verilog-
ª®¤�, ®¯¨áë¢�îé¥£® FIFO-à¥£¨áâà, ¨ §�¬¥−ã ¥£® ª®àà¥ªâ−ë¬ áâàãªâãà−ë¬
Verilog-®¯¨á�−¨¥¬ ‘‘-FIFO-à¥£¨áâà� ¢ ¡�§¨á¥ §�¤�−−®© ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ-
−ëå í«¥¬¥−â®¢ −� íâ�¯¥ ª®−¢¥àâ�æ¨¨ Verilog-®¯¨á�−¨ï á¨−â¥§¨àã¥¬®© ‘‘-áå¥¬ë
¢ áâàãªâãà−®¥ ‘‘-®¯¨á�−¨¥ á® ¢á¥¬¨ −¥®¡å®¤¨¬ë¬¨ �âà¨¡ãâ�¬¨.
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SELF-TIMED FIFO IMPLEMENTATION

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 119333, Russian Federation

Abstract: The article focuses on the interface development for self-timed (ST)
circuits interacting with both synchronous and ST environments, specifically
on a FIFO (First Input First Output) data reception buffer register. The
request-acknowledge nature of ST circuits interacting with their environment,
the absence of a global clock signal, and their independence from the actual delays
of logic cells leads to unspecified input data processing times. The environmental
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conditions and the data itself determine the time it takes for appearing valid
result at the ST circuit's output. To improve the performance of a computing
system incorporating both synchronous and ST circuits, it is advisable to use
a FIFO for exchanging data and the results of their processing. A FIFO allows
one to mask the discrepancy between the frequency of input data receipt and
the time it takes to process it in a ST circuit. The article examines the design
features of ST FIFO, proposes cases for their implementation, analyzes their
consumer characteristics, and substantiates the conclusion that, based on the
totality of consumer characteristics, the best choice is ST FIFO on hysteretic
latches, which provides maximum performance with a slight deterioration in
hardware complexity if the FIFO capacity exceeds four operands.

Keywords: self-timed circuit; FIFO; hardware costs; performance; computer-
aided design; logic synthesis; conversion

DOI: 10.14357/08696527260101 EDN: LTFPTQ

Acknowledgments

The research was funded by the Russian Science Foundation grant No. 25-19-00508,
https://rscf.ru/en/project/25-19-00508/.

References

1. Muller, D. E., and W. C. Bartky. 1959. A theory of asynchronous circuits. Symposium
(International) on the Theory of Switching Proceedings. Cambridge, MA: Harvard
University Press. 1:204{243.

2. Varshavsky, V. I., M. A. Kishinevsky, V. B. Marakhovsky, et al. 1990. Self-timed
control of concurrent processes. The design of aperiodic logical circuits in computers
and discrete systems. Ed. V. I. Varshavsky. Dordrecht: Kluver Academic Publs. 408 p.
doi:10.13140/RG.2.1.2230.6644.

3. Zakharov, V. N., Yu. A. Stepchenkov, Yu. G. Diachenko, N. V. Morozov, L. P. Ple-
khanov, and D. Yu. Stepchenkov. 2025. Svoystva i optimizatsiya samosinkhronnykh
skhem [Properties and optimization of self-timed circuits]. Sistemy i Sredstva In-
formatiki | Systems and Means of Informatics 35(1):149{169. doi: 10.14357/
08696527250108. EDN: QPTSAO.

4. Sokolov, I. A., Yu. A. Stepchenkov, Yu. G. Diachenko, and Yu. V. Rogdestvenski.
2022. Otsenka nadezhnosti sinkhronnogo i samosinkhronnogo konveyerov [Synchronous
and self-timed pipeline's reliability estimation]. Informatika i ee Primeneniya |
Inform. Appl. 16(4):2{7. doi: 10.14357/19922264220401. EDN: GWXJHM.

5. Kishinevsky, M., A. Kondratyev, A. Taubin, and V. Varshavsky. 1994. Concurrent
hardware: The theory and practice of self-timed design. New York, NY: John Wiley
& Sons. 368 p.

6. Fant, K. M. 2005. Logically determined design: Clockless system design with NULL
convention logic. New York, NY: John Wiley. 292 p. doi: 10.1002/0471702897.

7. Plekhanov, L. P. 2013. Osnovy samosinkhronnykh elektronnykh skhem [Basics of self-
timed electronic circuits]. Moscow: BINOM; Laboratoriya znaniy. 208 p. EDN:
SUMKIV.

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 1 19



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

8. Spars�, J. 2020. Introduction to asynchronous circuit design. Copenhagen,
Denmark: DTU Compute, Technical University of Denmark. 255 p. Avail-
able at: https://backend.orbit.dtu.dk/ws/¦les/424861944/JSPA-async-book-2020-
PDF.pdf (accessed March 16, 2026).

9. Kushnerov, A., M. Medina, and A. Yakovlev. 2021. Towards hazard-free multiplex-
er based implementation of self-timed circuits. 27th Symposium (International) on
Asynchronous Circuits and Systems Proceedings. Piscataway, NJ: IEEE. 17{24. doi:
10.1109/ASYNC48570.2021.00011.

10. Fiorentino, M., C. Thibeault, and Y. Savaria. 2021. Introducing KeyRing self-timed
microarchitecture and timing-driven design flow. IET Comput. Digit. Tec. 15(6):409{
426. doi: 10.1049/cdt2.12032.

11. Lines, A., P. Joshi, R. Liu, S. McCoy, J. Tse, Y.-H. Weng, and M. Davies. 2018.
Loihi asynchronous neuromorphic research chip. 24th IEEE Symposium (International)
on Asynchronous Circuits and Systems Proceedings. Piscataway, NJ: IEEE. 32{33.
doi: 10.1109/ASYNC.2018.00018.

12. Xu, C., G. Raghavan, B. W. Melton, et al. 2021. Self-timed processors implemented
with multi-rail null convention logic and unate gates. U.S. Patent No. 10951212. 13 p.

13. Diachenko, Yu. G., L. P. Plekhanov, N. V. Morozov, D. Yu. Stepchenkov, G. A. Or-
lov, and D. Yu. Diachenko. 2025. Realizatsiya funktsional'nosti sinkhronnykh trig-
gerov v samosinkhronnom bazise [Implementation of synchronous flip-flop and latch
functionality in a self-timed basis]. Sistemy i Sredstva Informatiki | Systems and
Means of Informatics 35(3):3{16. doi: 10.14357/08696527250301. EDN: SYFOCX.

14. Plekhanov, L. P., Yu. G. Diachenko, D. V. Khilko, and G. A. Orlov. 2025. Op-
timizatsiya sinteza posledovatel'nostnykh samosinkhronnykh skhem po sinkhronno-
mu opisaniyu [Template method in synthesis of self-timed digital circuits]. Siste-
my i Sredstva Informatiki | Systems and Means of Informatics 35(4):4{19. doi:
10.14357/08696527250401. EDN: THWOVK.

15. Jenila, C., U. V. Sai, D. M. K. Reddy, M. V. S. Akhil, S. U. Prasad, and S. M. Chari.
2025. Efficient synchronous FIFO design: A structured approach using ASIC method-
ology. 7th Conference (International) on Inventive Material Science and Appli-
cations Proceedings. Piscataway, NJ: IEEE. 93{100. doi: 10.1109/ICIMA64861.
2025.11073879.

16. Xie, E., and J. Zhou. 2023. Analysis and comparison of asynchronous FIFO and
synchronous FIFO. 2nd Conference (International) on Electrical Engineering, Big
Data and Algorithms Proceedings. Piscataway, NJ: IEEE. 260{264. doi: 10.1109/
EEBDA56825.2023.10090586.

17. Shrivastava, S., and A. Kaur. 2024. Implementation and analysis on FIFO using FPGA.
2nd Conference (International) on Sustainable Computing and Smart Systems Pro-
ceedings. Piscataway, NJ: IEEE. 86{90. doi: 10.1109/ICSCSS60660.2024.10624886.

18. Pillai, M., S. Raut, P. Sarkar, A. Beohar, and K. Khare. 2024. Design and analysis
of QDR- SRAM using FIFO for multiple false targets. 3rd Conference (Internation-
al) on Electrical Power and Energy Systems Proceedings. Piscataway, NJ: IEEE.
Art. 10653479. 3 p. doi: 10.1109/ICEPES60647.2024.10653479.

19. Tian, J., Y. Cui, Z. Ni, et al. 2025. Ultra-compact and side-channel resistant design
of FIFO- based NTT core for PQCs. Symposium (International) on Circuits and
Systems Proceedings. Piscataway, NJ: IEEE. Art. 11043820. 5 p. doi: 10.1109/
ISCAS56072.2025.11043820.

20 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 1



Self-timed FIFO implementation

20. Menaka, M., K. Aishwarya, T. R. Dinesh Kumar, G. Sunai Kumaran, M. Sam
Wilfard, and M. Varun Raja. 2023. Asynchronous circular buffers based on FIFO
for network on chips. Conference (International) on Circuit Power and Comput-
ing Technologies Proceedings. Piscataway, NJ: IEEE. 1356{1361. doi: 10.1109/
ICCPCT58313.2023.10245047.

21. Porel, S. K., S. Nag, A. Chandra, and H. K. Mondal. 2024. Power, performance
and area optimization of asynchronous FIFO. Symposium (International) on Smart
Electronic Systems Proceedings. Piscataway, NJ: IEEE. 368{371. doi: 10.1109/
iSES63344.2024.00083.

22. Patel, V., V. Mer, J. Patoliya, and B. Soni. 2023. Design & implementation of
novel asynchronous FIFO. Symposium (International) on Smart Electronic Systems
Proceedings. Piscataway, NJ: IEEE. 292{295. doi: 10.1109/iSES58672.2023.00066.

23. Hao, Z., L. Liu, and B. Tian. 2023. The principle and applications of asynchronous
FIFO. 2nd Conference (International) on Electrical Engineering, Big Data and Al-
gorithms Proceedings. Piscataway, NJ: IEEE. 277{279. doi: 10.1109/EEBDA56825.
2023.10090696.

24. Shukla, A., J. Singh, and R. K. Chauhan. 2024. 128-bit asynchronous gray code
FIFO using Verilog HDL. Conference (International) on IoT, Communication and
Automation Technology Proceedings. Piscataway, NJ: IEEE. 1660{1664. doi: 10.1109/
ICICAT62666.2024.10923331.

25. Sai Dharahas, M. V. S., and K. V. Surya Vineeth. 2025. Design of four bit shift
register by using D Flip Flop in 16 nm predictive technology model. Preprint. 12 p.
doi: 10.21203/rs.3.rs-8060953/v1.

26. Stepchenkov, Yu. A., Yu. G. Diachenko, Yu. V. Rogdestvenski, N. V. Morozov,
D. Yu. Stepchenkov, and D. Yu. Diachenko. 2022. Varianty samosinkhronnykh re-
gistrov sdviga [Self-timed shift register cases]. Sistemy i Sredstva Informatiki |
Systems and Means of Informatics 32(3):81{91. doi: 10.14357/08696527220308.
EDN: MCKFDI.

Received January 29, 2026
Accepted March 15, 2026

Contributors

Diachenko Yuri G. (b. 1958) | Candidate of Science (PhD) in technology, senior
scientist, Federal Research Center \Computer Science and Control" of the Russian
Academy of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation;
diaura@mail.ru
Morozov Nikolai V. (b. 1956) | senior scientist, Federal Research Center \Com-
puter Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov Str.,
Moscow 119133, Russian Federation; NMorozov@ipiran.ru
Stepchenkov Dmitri Yu. (b. 1973) | senior scientist, Federal Research Center
\Computer Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov
Str., Moscow 119133, Russian Federation; stepchenkov@mail.ru
Diachenko Denis Yu. (b. 1987) | engineer-researcher, Federal Research Center
\Computer Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov
Str., Moscow 119133, Russian Federation; diaden87@gmail.com

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 1 21



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2026. ’. 36. ü 1. ‘. 22{44

ВЕЙВЛЕТ-НЕЙРОСЕТЕВОЙ СИНТЕЗ НЕЛИНЕЙНОЙ
МНОГОМЕРНОЙ БАЙЕСОВСКОЙ ОПТИМАЛЬНОЙ

СТОХАСТИЧЕСКОЙ СИСТЕМЫ∗

И. Н. Синицын1, В. И. Синицын2, Э. Р. Корепанов3, Т. Д. Конашенкова4

�−−®â�æ¨ï: ÷�§à�¡®â�− −®¢ë© ¬¥â®¤ ¨ �«£®à¨â¬ á¨−â¥§� ®¯â¨¬�«ì−®© ¯®
¡�©¥á®¢áª®¬ã ªà¨â¥à¨î (�Š) −¥«¨−¥©−®© −¥áâ�æ¨®−�à−®© ¬−®£®¬¥à−®© áâ®-
å�áâ¨ç¥áª®© á¨áâ¥¬ë (‘â‘) á ¯à¨¬¥−¥−¨¥¬ −¥©à®á¥â¥¢ëå â¥å−®«®£¨© ¨ â¥®à¨¨
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ä®à¬ã«ë ¤«ï ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï, ¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â� ¨ ¤¨á-
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ −¥«¨−¥©−®© ¬−®£®¬¥à−®© ¡�©¥á®¢áª®© ®¯â¨¬�«ì−®© ‘â‘

1 Введение

��áâ®ïé�ï à�¡®â� á«ã¦¨â ¯à®¤®«¦¥−¨¥¬ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ á¨−â¥§�
®¯â¨¬�«ì−ëå ‘â‘ −� ®á−®¢¥ â¥®à¨¨ ª�−®−¨ç¥áª¨å à�§«®¦¥−¨© (Š÷) ‘â� [1{
5]. �ªâã�«ì−®áâì ¨áá«¥¤®¢�−¨© ¢ë§¢�−� ª�ª â¥®à¥â¨ç¥áª¨¬ ¨−â¥à¥á®¬, â�ª
¨ ¯à�ªâ¨ç¥áª¨¬ §−�ç¥−¨¥¬, çâ® ¯®¤â¢¥à¦¤�¥âáï ¡®«ìè¨¬ ç¨á«®¬ −�ãç−ëå à�¡®â,
¢ ª®â®àëå ¯à¨ à¥è¥−¨¨ §�¤�ç¨ á¨−â¥§� ®¯â¨¬�«ì−®© ¯® ¢ë¡à�−−®¬ã ªà¨â¥à¨î
‘â‘ ¯à¨¬¥−ïîâ ¯®á«¥¤−¨¥ ¤®áâ¨¦¥−¨ï à�§«¨ç−ëå à�§¤¥«®¢ ¨−ä®à¬�â¨ª¨, ¢ â®¬
ç¨á«¥ −¥©à®á¥â¥¢ë¥ ¯®¤å®¤ë [6{13].

�¢â®àë à�§à�¡�âë¢�îâ ¬¥â®¤ë á¨−â¥§� ®¯â¨¬�«ì−®© ¯® �Š ‘â‘, ¯®¢¥¤¥−¨¥
ª®â®à®© ®¯¨áë¢�¥âáï ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢� ¤«ï ¢å®¤−®£® ¨ ¢ëå®¤−®£®
‘â�. „«ï ¬®¤¥«¨à®¢�−¨ï ‘â�, §�¤�−−®£® −� ª®−¥ç−®¬ ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨,
�¢â®àë ¯à¨¬¥−ïîâ ‚‹Š÷ ‘â�, ¯®§¢®«ïîé¨¥ á¢¥áâ¨ ¬®¤¥«¨à®¢�−¨¥ ‘â� ª ¬®-
¤¥«¨à®¢�−¨î ‘‚. ‚¥©¢«¥â-ª�−®−¨ç¥áª¨¥ à�§«®¦¥−¨ï ‘â� áâà®ïâáï −� ®á−®¢¥
¢ë¡à�−−®£® ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï-
¬¨ [6]. ÷�§à�¡®â�−ë ¤¢� ¬¥â®¤� ¯®áâà®¥−¨ï ‚‹Š÷ ‘â�: −� ®á−®¢¥ à¥ªãàà¥−â−ëå
ä®à¬ã« [2] ¨ −� ®á−®¢¥ ‚�‘ [14, 15]. „«ï ‚‹Š÷ ‘â�, ¯®áâà®¥−−ëå á ¨á-
¯®«ì§®¢�−¨¥¬ −¥©à®á¥â¥¢ëå â¥å−®«®£¨© [16{18], ¢¢¥¤¥−® ®¡®§−�ç¥−¨¥ Š÷‚�‘.
‚ [2] ¬¥â®¤ ‚‹Š÷ ¡ë« ¯à¨¬¥−¥− ¤«ï à¥è¥−¨ï §�¤�ç¨ á¨−â¥§� �Š-®¯â¨¬�«ì−®©
«¨−¥©−®© ‘â‘, ¯®«ãç¥−ë ä®à¬ã«ë ¤«ï ®æ¥−ª¨ âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�.
‚ [3, 4] à�áá¬®âà¥−� §�¤�ç� á¨−â¥§� �Š-®¯â¨¬�«ì−®© −¥«¨−¥©−®© ‘â‘, ¯®«ãç¥-
−� ä®à¬ã«� ¤«ï ãá«®¢−®© ¯«®â−®áâ¨ ¢¥à®ïâ−®áâ¨ ¢ëå®¤−®£® ‘â� ®â−®á¨â¥«ì−®
−�¡«î¤�¥¬®£® ¢å®¤−®£® ‘â�. ‚ à¥§ã«ìâ�â¥ §�¤�ç� ¡ë«� á¢¥¤¥−� ª −�å®¦¤¥−¨î
¬¨−¨¬ã¬� ¨−â¥£à�«ì−®£® äã−ªæ¨®−�«�.

‚ áâ�âì¥ ¤�−® à¥è¥−¨¥ ¬−®£®¬¥à−®© §�¤�ç¨ á¨−â¥§� �Š-®¯â¨¬�«ì−®© ‘â‘,
®¯¨áë¢�¥¬®© −¥«¨−¥©−ë¬¨ ãà�¢−¥−¨ï¬¨ ‚. ‘. �ã£�çñ¢�. ‚ à�§¤. 2 ¯à¥¤áâ�¢«¥−�
¯®áâ�−®¢ª� §�¤�ç¨. �� ¢å®¤ á¨áâ¥¬ë ¯®¤�¥âáï ¬−®£®¬¥à−ë© ¢å®¤−®© ‘â� ¢ ¢¨¤¥
áã¬¬ë ¯®«¥§−®£® á¨£−�«� ¨ �¤¤¨â¨¢−®© £�ãáá®¢áª®© ¯®¬¥å¨. �®«¥§−ë© á¨£−�«
¯à¥¤áâ�¢«ï¥â á®¡®© −¥«¨−¥©−ãî äã−ªæ¨î ¢à¥¬¥−¨ ¨ á«ãç�©−ëå ¯�à�¬¥âà®¢.
‘«ãç�©−�ï ¯®¬¥å� −¥ §�¢¨á¨â ®â á«ãç�©−ëå ¯�à�¬¥âà®¢ ¯®«¥§−®£® á¨£−�«�. ��
¢ëå®¤¥ á¨áâ¥¬ë âà¥¡ã¥âáï ¯®«ãç¨âì ¨§¢¥áâ−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯®«¥§−®£® á¨£−�«�,
§�¤�−−®¥ ¢ ®¡é¥¬ á«ãç�¥ −¥«¨−¥©−®© äã−ªæ¨¥© ¢à¥¬¥−¨ ¨ á«ãç�©−ëå ¯�à�¬¥â-
à®¢. ˆ§¢¥áâ−® à�á¯à¥¤¥«¥−¨¥ ¢¥ªâ®à� á«ãç�©−ëå ¯�à�¬¥âà®¢. �¥®¡å®¤¨¬® −�©â¨
®æ¥−ªã âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â� ¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� ¬�â¥¬�â¨ç¥áª®£® ®¦¨-
¤�−¨ï äã−ªæ¨¨ ¯®â¥àì, §�¢¨áïé¥© ®â ®è¨¡ª¨ ®æ¥−ª¨ ¢ëå®¤−®£® ‘â�. ‚ à�§¤. 3
¯à¨¢¥¤¥−® ¢á¯®¬®£�â¥«ì−®¥ ãâ¢¥à¦¤¥−¨¥, á«ã¦�é¥¥ ®¡®á−®¢�−¨¥¬ à�§à�¡®â�−-
−®£® ¬¥â®¤�. ‚ à�§¤. 4 ®¯¨á�− ¬¥â®¤ ®¯à¥¤¥«¥−¨ï �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨
âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�. ‚å®¤−®© ‘â�, −�¡«î¤�¥¬ë© −� ª®−¥ç−®¬ ¯à®¬¥-
¦ãâª¥ ¢à¥¬¥−¨, ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ ¢å®¤−ëå ‘‚. �à¨
®¯à¥¤¥«¥−¨¨ §−�ç¥−¨© ¢å®¤−ëå ‘‚ ¯à¨¬¥−ï¥âáï Š÷‚�‘ ¢å®¤−®© á«ãç�©−®©
¯®¬¥å¨. ‚ ª�ç¥áâ¢¥ ¬®¤¥«¨ �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¢ëå®¤−®£® ‘â� ¢ë¡à�−�
«¨−¥©−�ï ª®¬¡¨−�æ¨ï ¢å®¤−ëå ‘‚ á ª®íää¨æ¨¥−â�¬¨ ¢ ¢¨¤¥ ¤¥â¥à¬¨−¨à®¢�−-
−ëå ª®®à¤¨−�â−ëå äã−ªæ¨©. Š®®à¤¨−�â−ë¥ äã−ªæ¨¨ ¯à¥¤áâ�¢«ïîâáï ¢ ¢¨¤¥
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ˆ. �. ‘¨−¨æë−, ‚. ˆ. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ’. „. Š®−�è¥−ª®¢�

‚‹÷ ¯® §�¤�−−®¬ã ®àâ®−®à¬¨à®¢�−−®¬ã ¡�§¨áã ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨-
â¥«ï¬¨. ’¥¬ á�¬ë¬ §�¤�ç� á¢®¤¨âáï ª −�å®¦¤¥−¨î −¥¨§¢¥áâ−ëå ª®íää¨æ¨¥−â®¢
‚‹÷ ª®®à¤¨−�â−ëå äã−ªæ¨© ¨§ ãá«®¢¨ï ¬¨−¨¬ã¬� áà¥¤−¥£® à¨áª�, ¨«¨ äã−ªæ¨¨
áâ®¨¬®áâ¨ ¢ â¥à¬¨−�å −¥©à®á¥â¥¢ëå â¥å−®«®£¨©. „«ï −�å®¦¤¥−¨ï −¥¨§¢¥áâ−ëå
¯�à�¬¥âà®¢ ¯à¨¬¥−ï¥âáï ¬−®£®á«®©−�ï ‚�‘ ¨ −¥©à®á¥â¥¢®© �«£®à¨â¬, à�§à�-
¡®â�−−ë¥ ¯à¨ à¥è¥−¨¨ �−�«®£¨ç−®© §�¤�ç¨ ¤«ï ¬−®£®¬¥à−®© «¨−¥©−®© ‘â‘.
‚ à�§¤. 5 ¤«ï ª®àà¥«ïæ¨®−−®© ®æ¥−ª¨ â®ç−®áâ¨ �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ âà¥-
¡ã¥¬®£® ¢ëå®¤−®£® ‘â� ¯®«ãç¥−ë ä®à¬ã«ë ¤«ï ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï,
¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â� ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨. ‚ à�§¤. 6 ¯à¨-
¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ ¤«ï ¤¢ã¬¥à−®© ªã¡¨ç¥áª®©
á¨áâ¥¬ë.

2 Постановка задачи

�¡®¡é�ï [12, 14] −� −¥«¨−¥©−ë© á«ãç�©, à�áá¬®âà¨¬ ¬−®£®¬¥à−ë¥ ¤¥©áâ¢¨-
â¥«ì−ë¥ ‘â� Z(t) ¨W (t), t ∈ [t0, tk], §�¤�−−ë¥ −� ¢¥à®ïâ−®áâ−ëå ¯à®áâà�−áâ¢�å
(HZ ,AZ ,PZ) ¨ (HW ,AW ,PW )

HZ = L
2[t0, tk]× L

2[t0, tk]× · · · × L
2[t0, tk]︸ ︷︷ ︸

NZ

;

HW = L
2[t0, tk]× L

2[t0, tk]× · · · × L
2[t0, tk]︸ ︷︷ ︸

NW

,

£¤¥ L2[t0, tk] | £¨«ì¡¥àâ®¢® ¯à®áâà�−áâ¢® äã−ªæ¨© f(t) (t ∈ [t0, tk])

á −®à¬®© ‖ f ‖= [
∫ tk
t0

|f(t)|2 dt]1/2; AZ | σ-�«£¥¡à� ¢ HZ; AW |

σ-�«£¥¡à� ¢ HW ; PZ(Z(t) = [z1(t) z2(t) · · · zNZ
(t)]T) | ¢¥à®ïâ−®áâì á®-

¡ëâ¨ï Z(t) = [z1(t) z2(t) · · · zNZ
(t)]T, zh(t) ∈ L2[t0, tk], h = 1, NZ ;

PW (W (t) = [w1(t)w2(t) · · · wNW
(t)]T) | ¢¥à®ïâ−®áâì á®¡ëâ¨ï W (t) =

= [w1(t)w2(t) · · · wNW
(t)]T, wp(t) ∈ L2[t0, tk], p = 1, NW .

‚ ¯à®áâà�−áâ¢¥ L2[t0, tk] §�¤�¤¨¬ ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á ¢¥©¢«¥â®¢ á ª®¬-
¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ {gv(t)}∞v=0 [6]. Šà�â−®¬�áèâ�¡−ë© �−�«¨§ [6] ¯®§¢®«ï¥â
¯®áâà®¨âì ¯®á«¥¤®¢�â¥«ì−®áâì ¯®¤¯à®áâà�−áâ¢ EJ ¯à®áâà�−áâ¢� L2[t0, tk], ¢ ª�¦-
¤®¬ ¨§ ª®â®àëå ¬®¦−® ¯®áâà®¨âì á®®â¢¥âáâ¢ãîé¨© ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á
¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨ {gv(t)}L

v=1, £¤¥ ª®−¥ç−®¥ ç¨á«® L ¡�§¨á-
−ëå ¢¥©¢«¥â-äã−ªæ¨© ®¯à¥¤¥«ï¥âáï ¬�ªá¨¬�«ì−ë¬ ãà®¢−¥¬ ¢¥©¢«¥â-à�§à¥è¥−¨ï
J = 0, 1, 2,. . . ¨ L = 2J+1. ‚ ¯à®áâà�−áâ¢�å HZ ¨ HW ®¯à¥¤¥«¨¬ ¬−®£®-
¬¥à−ë¥ ®àâ®−®à¬¨à®¢�−−ë¥ ¡�§¨áë ¯ãâ¥¬ â¥−§®à−®£® ¯à®¨§¢¥¤¥−¨ï ®¤−®¬¥à−ëå
¢¥©¢«¥â-¡�§¨á®¢ {gv(t)}L

v=0 ¨ ¯®áâà®¨¬ á®®â¢¥âáâ¢ãîé¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨
¯®¤¯à®áâà�−áâ¢

HJ
Z = EJ × EJ × · · · × EJ︸ ︷︷ ︸

NZ

; HJ
W = EJ ×EJ × · · · × EJ︸ ︷︷ ︸

NW

.
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ −¥«¨−¥©−®© ¬−®£®¬¥à−®© ¡�©¥á®¢áª®© ®¯â¨¬�«ì−®© ‘â‘

÷�áá¬®âà¨¬ ¬−®£®¬¥à−ãî ‘â‘, −� ¢å®¤ ª®â®à®© ¯®áâã¯�¥â ‘â� Z(t), � −�
¢ëå®¤¥ ‘â‘ âà¥¡ã¥âáï ¯®«ãç¨âì ‘â� W (t). ‚¥ªâ®à−ë© ¢å®¤−®© ‘â� Z(t)
¯à¥¤áâ�¢«ï¥â á®¡®© áã¬¬ã ¢¥ªâ®à−®£® ¯®«¥§−®£® á¨£−�«�

S(t) = [S1(t)S2(t) · · · SNZ
(t)]T

¨ −®à¬�«ì−® à�á¯à¥¤¥«¥−−®© ¢¥ªâ®à−®© á«ãç�©−®© ¯®¬¥å¨

X(t) = [X1(t)X2(t) · · · XNZ
(t)]T

á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ¨§¢¥áâ−®© ¬�âà¨æ¥© ª®¢�à¨�æ¨®−−ëå
äã−ªæ¨©

KX(t1, t2) = M
[
X(t1)X

T(t2)
]
, t1, t2 ∈ [t0, tk].

�®«¥§−ë© á¨£−�« §�¤�− ¢ ®¡é¥¬ á«ãç�¥ ¢¥ªâ®à−®© ¨§¢¥áâ−®© −¥«¨−¥©−®© äã−ª-
æ¨¥© �(t, U) =‖ �h(t, U) ‖NZ

h=1 ®â−®á¨â¥«ì−® ¢à¥¬¥−¨ t ¨ ¢¥ªâ®à� á«ãç�©−ëå
¯�à�¬¥âà®¢ U = [U1 U2 · · · UNU

]T á §�¤�−−®© ¯«®â−®áâìî ¢¥à®ïâ−®áâ¨ fU (u),
−¥ §�¢¨áïé¥£® ®â á«ãç�©−®© ¯®¬¥å¨ X(t). ‚¥ªâ®à−�ï ‘‚ U ¨¬¥¥â ª®−¥ç−ë¥
¢¥à®ïâ−®áâ−ë¥ ¬®¬¥−âë:

mU = M[U ]; •U = M
[
U UT

]
; αU

π = α
U
π1,...,πNU

= M
[
Uπ1
1 · · ·UπNU

NU

]
;

π = π1 + · · · + πNU
; π1, . . . , πNU

= 1, 2, . . .

“à�¢−¥−¨ï ¤«ï ¢å®¤−®£® ‘â� ¨¬¥îâ ¢¨¤:

Z(t) = �(t, U) +X(t); Zh(t) = �h(t, U) +Xh(t), h = 1, NZ . (1)

�� ¢ëå®¤¥ ‘â‘ âà¥¡ã¥âáï ¯®«ãç¨âì §�¤�−−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯®«¥§−®£®
á¨£−�«� ¢ ®¡é¥¬ á«ãç�¥ ¢ ¢¨¤¥ −¥«¨−¥©−®© äã−ªæ¨¨ ā(t, U) = ‖āp(t, U) ‖NW

p=1.
“à�¢−¥−¨ï âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â� ¨¬¥îâ ¢¨¤:

W (t) = ā(t, U); Wp(t) = āp(t, U), p = 1, NW . (2)

’à¥¡ã¥âáï −�©â¨ ®¯â¨¬�«ì−ãî ‘â‘, ¢ëå®¤−®© ‘â� ª®â®à®© W ∗(t) =
= [W ∗

1 (t)W
∗
2 (t) · · · W ∗

NW
(t)]T ®¡¥á¯¥ç¨¢�« ¡ë ¬¨−¨¬ã¬ ¬�â¥¬�â¨ç¥áª®£® ®¦¨-

¤�−¨ï §�¤�−−®© äã−ªæ¨¨ ¯®â¥àì l(W,W ∗):

M [l (W,W ∗)] = min, (3)

£¤¥ M [l (W,W ∗)] | áà¥¤−¨© à¨áª. �ã¤¥¬ áç¨â�âì, çâ® ¬−®£®¬¥à−ë© ¤¥©áâ¢¨-
â¥«ì−ë© ‘â� W ∗(t), t ∈ [t0, tk], ¯à¨−�¤«¥¦¨â ¢¥à®ïâ−®áâ−®¬ã ¯à®áâà�−áâ¢ã
(HW ,AW ,PW ). Šà¨â¥à¨© (3) ¬¨−¨¬ã¬� áà¥¤−¥£® à¨áª� −�§ë¢�¥âáï ¡�©¥á®¢áª¨¬
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ªà¨â¥à¨¥¬, � ‘â� W ∗(t)| �Š-®¯â¨¬�«ì−®© ®æ¥−ª®© ‘â� W (t). „«ï äã−ªæ¨¨
¯®â¥àì, §�¢¨áïé¥© ®â ®è¨¡ª¨ – = –(t) =W (t)−W ∗(t), �Š ¯à¨¬¥â ¢¨¤:

M [l(–)] = min . (4)

�à¨¬¥à�¬¨ â�ª¨å �Š á«ã¦�â [1,2]:

(1) ªà¨â¥à¨© ¬¨−¨¬ã¬� áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ (‘Š�) ¤«ï äã−ªæ¨¨ ¯®-
â¥àì l(–) = tr [––T], –(t) =W (t)−W ∗(t);

(2) á«®¦−®-áâ�â¨áâ¨ç¥áª¨© ªà¨â¥à¨© (‘‘Š) ¤«ï äã−ªæ¨¨ ¯®â¥àì l(W,W ∗) =
= f(m–(t),K–(t)), §�¢¨áïé¥© ®â ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ®è¨¡-
ª¨ m–(t) ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨ K–(t);

(3) ¥á«¨ ®è¨¡ª� à�á¯à¥¤¥«¥−� −®à¬�«ì−®, â® ç�áâ−ë¬ á«ãç�¥¬ ‘‘Š áâ�−®¢¨âáï
ªà¨â¥à¨© ¬�ªá¨¬ã¬� ¢¥à®ïâ−®áâ¨ â®£®, çâ® ®è¨¡ª� −¥ ¢ë©¤¥â ¨§ §�¤�−−®©
®¡«�áâ¨ A– = {– : |–p| < ap(t)(p = 1, NW )}: P(– ∈ A–) = max;

(4) ªà¨â¥à¨© ¬¨−¨¬ã¬� −�ª®¯«¥−−®£® ãé¥à¡� ¤«ï äã−ªæ¨¨ ¯®â¥àì l(–) = 1 −
− exp{−k2–T–}, k = const.

3 Вспомогательное утверждение

‚ ®á−®¢¥ ¯à¨¡«¨¦¥−−®£® à¥è¥−¨ï ¯®áâ�¢«¥−−®© §�¤�ç¨ «¥¦¨â ¬¥â®¤ ‚‹Š÷ [1,
2], ¯®§¢®«ïîé¨© �¯¯à®ªá¨¬¨à®¢�âì ¢å®¤−®© ‘â� Z(t), t ∈ [t0, tk], −¥ª®â®àë¬
‘â� ZL(t), t ∈ [t0, tk], á à¥�«¨§�æ¨ï¬¨ zL(t) ∈ HJ

Z . ‘®£«�á−® [15], á«ãç�©−�ï
¯®¬¥å� X(t) �¯¯à®ªá¨¬¨àã¥âáï Š÷‚�‘

XL(t) =
L∑

v=1

V X
v κL

v (t) ; X
L
h (t) =

L∑

v=1

V X
v κL

vh(t), h = 1, NZ ,

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

¨ ¤¨á¯¥àá¨ï¬¨ DX
v = 1; κL

v (t) = [κ
L
v1(t)κ

L
v2(t) · · · κL

vNZ
(t)]T | ¢¥ªâ®à−ë¥

ª®®à¤¨−�â−ë¥ äã−ªæ¨¨. ‘ª�«ïà−ë¥ ª®®à¤¨−�â−ë¥ äã−ªæ¨¨ ¯à¥¤áâ�¢«ïîâ á®¡®©
«¨−¥©−ë¥ ª®¬¡¨−�æ¨¨ ¡�§¨á−ëå ¢¥©¢«¥â-äã−ªæ¨©:

κL
vh(t) =

L∑

µ=1

cvh
µ gµ(t) , h = 1, NZ . (5)

‡−�ç¥−¨ï ª®íää¨æ¨¥−â®¢ cvh
µ , v, µ = 1, L, h = 1, NZ , ¢ëç¨á«ïîâáï ¢ ¯à®æ¥áá¥

¯®áâà®¥−¨ï Š÷‚�‘ X(t). …á«¨ ¢¢¥áâ¨ ¢¥ªâ®àë

cvh(t) =
[
cvh
1 (t) c

vh
2 (t) · · · cvh

L (t)
]T
; gL(t) = [g1(t) g2(t) · · · gL(t)]

T ,
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‚¥©¢«¥â-−¥©à®á¥â¥¢®© á¨−â¥§ −¥«¨−¥©−®© ¬−®£®¬¥à−®© ¡�©¥á®¢áª®© ®¯â¨¬�«ì−®© ‘â‘

â® (5) ¬®¦−® §�¯¨á�âì ¢ ¢¨¤¥:

κL
vh(t) = (c

vh)TgL(t) , h = 1, NZ . (6)

‘«ãç�©−ë¥ ¢¥«¨ç¨−ë V X
v , v = 1, L, ã¤®¢«¥â¢®àïîâ á®®â−®è¥−¨ï¬ [1,2]:

V X
v =

tk∫

t0

(av(t))
TX(t) dt , v = 1, L , (7)

£¤¥ av(t) = [av1(t) av2(t) · · · avNZ
(t)]T | ä®à¬¨àãîé¨¥ äã−ªæ¨¨,

avh(t) =
L∑

θ=1

αvh
θ gθ(t) , αah

θ =
1

LNZc
vh
θ

. (8)

Š�ª ¨§¢¥áâ−® [1, 2], XL(t) áå®¤¨âáï ¢ áà¥¤−¥¬ ª¢�¤à�â¨ç−®¬ ª ‘â� X(t) ¯à¨
L→ ∞ ¤«ï ª�¦¤®£® ä¨ªá¨à®¢�−−®£® t ∈ [t0, tk].

„�«¥¥ à�áá¬�âà¨¢�îâáï ‘‚

V Z
v =

tk∫

t0

(av(t))
TZ(t) dt =

NZ∑

h=1

tk∫

t0

avh(t)Zh(t) dt , v = 1, L ,

¨ ‘â� ZL(t) ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ «¨−¥©−®© ª®¬¡¨−�æ¨¨ íâ¨å ‘‚ V Z
v :

ZL(t) =
L∑

v=1

V Z
v κ

L
v (t). (9)

�®á«¥ ¯®¤áâ�−®¢ª¨ (1) ¢ (7) ¨¬¥¥¬

V Z
v = βv(U) + V

X
v , v = 1, L ,

£¤¥ ¢¢¥¤¥−® ®¡®§−�ç¥−¨¥

βv(U) =

tk∫

t0

(av(t))
T�(t, U) dt , v = 1, L .

“ç¨âë¢�ï (8), ¯®«ãç�¥¬

βv(U) =

NZ∑

h=1

L∑

θ=1

αvh
θ

tk∫

t0

�h(t, U)gθ(t) dt , v = 1, L . (10)
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÷�áá¬�âà¨¢�ï ¢¥«¨ç¨−ã u ∈ R, u = const < ∞, ª�ª ¯�à�¬¥âà, −¥«¨−¥©−ë¥
áª�«ïà−ë¥ äã−ªæ¨¨ �h(t, u) ∈ L2[t0, tk] �¯¯à®ªá¨¬¨àã¥¬ äã−ªæ¨ï¬¨ �L

h(t, u) ∈∈ EJ , ª®â®àë¥ ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥ ‚‹÷

�L
h(t, u) =

L∑

v=1

γh
v (u)gv(t) (11)

á ª®íää¨æ¨¥−â�¬¨

γh
v (u) =

tk∫

t0

�h(t, u)gv(t) dt . (12)

‘®£«�á−® á¢®©áâ¢�¬ ªà�â−®¬�áè�¡−®£® �−�«¨§�,

lim
L→∞

�L
h (t, u) = �h(t, u).

�®á«¥ ¯®¤áâ�−®¢ª¨ (12) ¢ (10) ¯®«ãç�¥¬:

βv(U) =

NZ∑

h=1

L∑

θ=1

αvh
θ γh

θ (U), v = 1, L .

“â¢¥à¦¤¥−¨¥ 1. �®á«¥¤®¢�â¥«ì−®áâì ‘â� ZL(t) (9) áå®¤¨âáï ¢ áà¥¤−¥¬
ª¢�¤à�â¨ç−®¬ ª ‘â� Z(t) ¯à¨ L→ ∞ ¤«ï ª�¦¤®£® ä¨ªá¨à®¢�−−®£® t ∈ [t0, tk].
„ ® ª � § � â ¥ « ì á â ¢ ® . Š�ª ¨§¢¥áâ−® [2],XL

h (t) áå®¤¨âáï ¢ áà¥¤−¥¬ ª¢�¤à�â¨ç−®¬
ª Xh(t) ¯à¨ L → ∞. C ãç¥â®¬ −¥§�¢¨á¨¬®áâ¨ ¢¥ªâ®à−®© ‘‚ U ¨ ¢¥ªâ®à−®©
−®à¬�«ì−®© á«ãç�©−®© ¯®¬¥å¨ X(t) ¨¬¥¥¬ á®®â−®è¥−¨ï:

M
(
Zh(t)− ZL

h (t)
)2
= M

(
(�h(t, U) +Xh(t))−

L∑

v=1

V Z
v κ

L
vh(t)

)2
=

= M

(
�h(t, U)−

L∑

v=1

βv(U)κ
L
vh(t)

)2
+M

(
Xh(t)−

L∑

v=1

V X
v κL

vh(t)

)2
=

= M

(
�h(t, U)−

L∑

v=1

NZ∑

h=1

L∑

θ=1

1

LNZ
γh

θ (U)gθ(t)

)2
+

+M

(
Xh(t)−

L∑

v=1

V X
v κL

vh(t)

)2
=

= M

(
�h(t, U)−

L∑

θ=1

γh
θ (U)gθ(t)

)2
+M

(
Xh(t)−

L∑

v=1

V X
v κL

vh(t)

)2
.
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�® ãá«®¢¨î §�¤�ç¨ ‘‚ U ¨¬¥¥â ª®−¥ç−ë¥ ¢¥à®ïâ−®áâ−ë¥ ¬®¬¥−âë, ¯®íâ®¬ã

M
(
Zh(t)− ZL

h (t)
)2
= M

(
�h(t, U)−

L∑

θ=1

γh
θ (U)gθ(t)

)2
+

+M

(
Xh(t)−

L∑

v=1

V Z
v κ

L
vh(t)

)2
→ 0 ¯à¨ L→ ∞ ¤«ï «î¡ëå t ∈ [t0, tk].

‘«¥¤®¢�â¥«ì−®, ãâ¢¥à¦¤¥−¨¥ ¤®ª�§�−®.

4 Метод и алгоритм вейвлет-нейросетевого синтеза
нелинейной многомерной системы

‚ ª�ç¥áâ¢¥ ¬®¤¥«¨ �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ W ∗(t) ¢ëå®¤−®£® ‘â� W (t)
à�áá¬®âà¨¬ ¥¥ �¯¯à®ªá¨¬�æ¨î «¨−¥©−®© ª®¬¯®§¨æ¨¥© ‘‚ V Z

v , v = 1, L, á ª®-
íää¨æ¨¥−â�¬¨ ¢ ¢¨¤¥ ¢¥ªâ®à−ëå ¤¥â¥à¬¨−¨à®¢�−−ëå ª®®à¤¨−�â−ëå äã−ªæ¨©
χL

v (t) = [χ
L
v1(t)χ

L
v2(t) · · · χL

LNW
(t)]T:

WL(t) =

L∑

v=1

V Z
v χ

L
v (t) , W

L(t) =
[
WL
1 (t)W

L
2 (t) · · · WL

NW
(t)
]T
;

WL
p (t) =

L∑

v=1

V Z
v χvp(t) , p = 1, NW .

�ãáâì χL
vp(t) ∈ L2[t0, tk], p = 1, NW , v = 1, L. ’®£¤� ¨å ¬®¦−® ¯à¥¤áâ�¢¨âì

¢ ¢¨¤¥ ‚‹÷:

χL
vp(t) =

L∑

µ=1

λvp
µ gµ(t) . (13)

…á«¨ ¤«ï v = 1, L ¢¢¥áâ¨ ¬�âà¨æë −¥¨§¢¥áâ−ëå ª®íää¨æ¨¥−â®¢

˜v =




λv1
1 λv1

2 · · · λv1
L

λv2
1 λv2

2 · · · λv2
L

...
...

...
...

λvNW

1 λvNW

2 · · · λvNW

L


 ,

â®£¤�
χL

v (t) = ˜vg
L(t),

� ®æ¥−ª� ¯à¨¬¥â ¢¨¤:

WL(t) =

L∑

v=1

V Z
v ˜vg

L(t) .
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‚ ¨â®£¥ §�¤�ç� ¯®áâà®¥−¨ï �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ W ∗(t) ¢ëå®¤−®£® ‘â�W (t)
á¢¥¤¥−� ª §�¤�ç¥ −�å®¦¤¥−¨ï ®¯â¨¬�«ì−ëå §−�ç¥−¨© ¯�à�¬¥âà®¢ ˜v, v = 1, L, ¨§
ãá«®¢¨ï ¬¨−¨¬ã¬� áà¥¤−¥£® à¨áª� (4). ÷¥è¨¬ íâã §�¤�çã −� ®á−®¢¥ ¬−®£®á«®©−®©
‚�‘, ®¯¨á�−−®© ¢ [5]. �� ¢å®¤ ‚�‘ ¯®¤�¥âáï L −�¡®à®¢ ®¡ãç¥−¨ï. Š�¦¤ë© i-©
−�¡®à, i = 1, L, á®áâ®¨â ¨§ á®¢®ªã¯−®áâ¨ á¬®¤¥«¨à®¢�−−ëå §−�ç¥−¨© vZi

v ‘‚ V Z
v ,

v = 1, L, ¨ á®®â¢¥âáâ¢ãîé¥£® §−�ç¥−¨ï wi(t) âà¥¡ã¥¬®£® ¢ëå®¤−®£® ‘â�.
‚¥©¢«¥â-−¥©à®−−�ï á¥âì ¨¬¥¥â á«¥¤ãîéãî �àå¨â¥ªâãàã (à¨á. 1):

{ ¢å®¤−®© á«®©: {vZi
1 vZi

2 · · · vZi
L }L

i=1, t;

{ ¯¥à¢ë© áªàëâë© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨¥ ¢¥ªâ®à� ¡�§¨á−ëå ¢¥©¢«¥â-äã−ª-
æ¨© gL(t);

{ ¢â®à®© áªàëâë© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï ¢¥ªâ®à−ëå ª®®à¤¨−�â−ëå äã−ªæ¨©
χL

v (t), v = 1, L;

{ ¢ëå®¤−®© á«®© ¢ëç¨á«ï¥â §−�ç¥−¨ï �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ wLi(t) =

=
∑L

v=1 v
Zi
v χL

v (t), i = 1, L.

�¡ãç�¥¬ë¬¨ ¯�à�¬¥âà�¬¨ á«ã¦�â ¬�âà¨æë á¨−�¯â¨ç¥áª¨å ¢¥á®¢ ˜v =

=‖ λvp
µ ‖NW ,L

p,µ=1, v = 1, L. „«ï ®¡ãç¥−¨ï ‚�‘ ¯à¨¬¥−ï¥âáï ¯�ª¥â−ë© à¥¦¨¬
®¡ãç¥−¨ï, çâ® ®âà�¦¥−® ¢ áâàãªâãà¥ á¥â¨. �¡ãç¥−¨¥ ‚�‘ á ãç¨â¥«¥¬ ®áãé¥-
áâ¢«ï¥âáï ¬¥â®¤®¬ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨ [16]. �æ¥−ª� áà¥¤−¥£®
à¨áª� (4) ¤«ï L −�¡®à®¢ ®¡ãç¥−¨ï ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥ äã−ªæ¨¨ áâ®¨¬®áâ¨:

E(˜) =
1

L

L∑

i=1

l(–i) , (14)

£¤¥

–i = –i(t) = wi(t)−wLi(t) , wLi(t) =
L∑

v=1

vZi
v ˜vg

L(t) .

��ç¨−�ï á ¨áå®¤−ëå §−�ç¥−¨© λvp
µ (0) = λvp

µ 0, v, µ = 1, L, p = 1, NW , £¥−¥-
à¨àã¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ λvp

µ (1), λ
vp
µ (2), . . ., â�ª¨å

çâ® ¯à¨ ¯¥à¥å®¤¥ ®â n-© ¨â¥à�æ¨¨ �«£®à¨â¬� ª (n + 1)-© ¢ë¯®«−ï¥âáï ãá«®¢¨¥
E(˜(n + 1)) ≤ E(˜(n)). Š®àà¥ªâ¨à®¢ª� ¢¥á®¢ ®áãé¥áâ¢«ï¥âáï ¯® ä®à¬ã«¥:

λvp
µ (n+ 1) = λ

vp
µ (n)− ηqvp

µ (n), (15)

£¤¥

qvp
µ (n) =

∂E

∂λvp
µ

=
1

L

L∑

i=1

∂l(–i)

∂wLi
p

∂wLi
p

∂λvp
µ

= − 1
L

L∑

i=1

∂l(–i)

∂wLi
p

vZi
v gµ(t) ;

η = const | ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï, 0 < η < 1.
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÷¨á. 1 �àå¨â¥ªâãà� ‚�‘

�à®æ¥áá ®¡ãç¥−¨ï ‚�‘ ¯à®¢®¤¨âáï ®â ¨â¥à�æ¨¨ ª ¨â¥à�æ¨¨, ¯®ª� §−�ç¥−¨ï
¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ −¥ áâ�¡¨«¨§¨àãîâáï ®ª®«® ®¯â¨¬�«ì−ëå §−�ç¥−¨© λvp∗

µ ,
v, µ = 1, L, p = 1, NW , � äã−ªæ¨ï áâ®¨¬®áâ¨ −¥ á®©¤¥âáï ª −¥ª®â®à®¬ã ¬¨-
−¨¬�«ì−®¬ã §−�ç¥−¨î EL

min [16]. ‚ ¨â®£¥ �Š-®¯â¨¬�«ì−�ï ®æ¥−ª� WL∗

(t) =

= [WL∗

1 (t)W
L∗

2 (t) · · · WL∗

NW
(t)]T ¡ã¤¥â ®¯à¥¤¥«ïâìáï ¢ëà�¦¥−¨¥¬:
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WL∗

(t) =

L∑

v=1

V Z
v ˜

∗
vg

L(t) , ˜∗v =
∥∥∥λvp∗

µ

∥∥∥
NW ,L

p,µ=1
.

”®à¬ã«ë ¤«ï ª®¬¯®−¥−â®¢ ¢¥ªâ®à� WL∗

p (t), p = 1, NW , ¨¬¥îâ ¢¨¤:

WL∗

p (t) =

L∑

v=1

V Z
v χ

L∗

vp (t) , χL∗

vp (t) =

L∑

µ=1

λvp∗
µ gµ(t) , (16)

¨«¨

WL∗

p (t) =

L∑

v=1

V Z
v

L∑

µ=1

λvp∗
µ gµ(t). (17)

‚ à¥§ã«ìâ�â¥ ¯®«ãç¥− �«£®à¨â¬ ¢¥©¢«¥â-−¥©à®á¥â¥¢®£® á¨−â¥§� �Š-®¯â¨¬�«ì-
−®© ®æ¥−ª¨WL∗

(t) ¬−®£®¬¥à−®£® ¢ëå®¤−®£® ‘â� (2) ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï
¢å®¤−®£® ‘â� (1) −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [t0, tk].

�«£®à¨â¬. ‘¨−â¥§ �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ ¬−®£®¬¥à−®£® ¢ëå®¤−®£® ‘â�

1. ƒ¥−¥à�æ¨ï ¬−®¦¥áâ¢� ®¡ãç�îé¨å ¯à¨¬¥à®¢ t, {{vZi
v }L

v=1, wi(t)}L
i=1.

2. ‡�¤�−¨¥ ¯�à�¬¥âà� áª®à®áâ¨ ®¡ãç¥−¨ï 0 < η < 1, ¯�à�¬¥âà� 0 < δE < 1.

3. ˆ−¨æ¨�«¨§�æ¨ï ¢¥á®¢. �à¨ n = 0 λvp
µ (0) = λ

vp
µ0, v, µ = 1, L, p = 1, NW .

4. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¯¥à¢®£® áªàëâ®£® á«®ï gL(t).

5. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¢â®à®£® áªàëâ®£® á«®ï:
χL

v (n, t) = ˜v(n)g
L(t), v = 1, L .

6. ‚ëç¨á«¥−¨¥ äã−ªæ¨© ¢ëå®¤−®£® á«®ï:

wLi(n, t) =

L∑

v=1

vZi
v ˜v(n)g

L(t), i = 1, L .

7. ‚ëç¨á«¥−¨¥ §−�ç¥−¨ï äã−ªæ¨¨ áâ®¨¬®áâ¨ ¯® ä®à¬ã«¥ (14). ��ç¨−�ï á âà¥âì¥£®
è�£� ¯à¨ n = 3, ¯à®¢¥àª� ãá«®¢¨ï ®ª®−ç�−¨ï �¤�¯â�æ¨¨ ¢¥á®¢:

|E(˜(n+ 1))− E(˜(n))| ≤ δE .

…á«¨ ãá«®¢¨¥ ¢ë¯®«−ï¥âáï, ¢ëå®¤ ¨§ �«£®à¨â¬�, ¢ ¯à®â¨¢−®¬ á«ãç�¥ ¯¥à¥å®¤
ª ¯. 8.

8. �¤�¯â�æ¨ï ¢¥á®¢. ˆ§¬¥−¥−¨¥ ¢¥á®¢ ¯® ä®à¬ã«¥ (15).

9. “¢¥«¨ç¥−¨¥ −®¬¥à� ¨â¥à�æ¨¨ n −� 1 ¨ ¢®§¢à�é¥−¨¥ ª ¯. 5.
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5 Точность оценки требуемого выходного стохастического процесса

‚ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ [1, 2] â®ç−®áâì ®æ¥−ª¨ WL∗

(t), á®£«�á-
−® (16) ¨«¨ (17), ®æ¥−¨¢�¥âáï ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬, ¢â®àë¬ −�ç�«ì−ë¬
¬®¬¥−â®¬ ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© ®è¨¡ª¨ –(t) = W (t) −WL∗

(t), –t =
= [–1(t)–2(t) · · · –NW

(t)]T, £¤¥

–p(t) =Wp(t)−WL∗

p (t) = āp(t, U)−
L∑

v=1

(
βv(U) + V

X
v

)
χL∗

vp (t), p = 1, NW .

�ãáâì

εLp (t, U) = āp(t, U)−
L∑

v=1

βv(U)χ
L∗

vp (t), p = 1, NW .

’®£¤�

–p(t) = ε
L
p (t, U)−

L∑

v=1

V X
v χL∗

vp (t), p = 1, NW .

“ç¨âë¢�ï M[V X
v ] = 0 ¨ M[(V X

v )
2] = 1, ª®¬¯®−¥−âë ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï

®è¨¡ª¨ M[–(t)] = m–(t) = [m–1 (t)m
–
2 (t) · · · m–NW

(t)]T ¬®¦−® ¢ëç¨á«¨âì ¯®
ä®à¬ã«�¬:

m–p (t) = M
[
εLp (t, U)

]
, p = 1, NW , (18)

ª®¬¯®−¥−âë ¢â®à®£® −�ç�«ì−®£® ¬®¬¥−â� ®è¨¡ª¨ •–(t) = M[–(t)–T(t)] =
= ‖•–pq(t)‖NW

p,q=1 | ¯® ä®à¬ã«�¬:

•–pq(t) = M
[
εLp (t, U)ε

L
q (t, U)

]
+

L∑

v=1

χL∗

vp (t)χ
L∗

vq (t), p, q = 1, NW , (19)

ª®¬¯®−¥−âë ª®¢�à¨�æ¨®−−®© ¬�âà¨æë ®è¨¡ª¨K–(t) = M[(–(t)−m–(t))(–(t)−
−m–(t))

T] = ‖K–pq(t)‖NW

p,q=1 | ¯® ä®à¬ã«�¬:

K–pq(t) = M
[
εLp (t, U)ε

L
q (t, U)

]
−m–p (t)m

–
q (t) +

L∑

v=1

χL∗

vp (t)χ
L∗

vq (t),

p, q = 1, NW . (20)

‚ ¨â®£¥ ¨¬¥¥¬ á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.
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“â¢¥à¦¤¥−¨¥ 2. ‚ à�¬ª�å ª®àà¥«ïæ¨®−−®© â¥®à¨¨ [1, 2] ¯à¨ ãá«®¢¨ïå −¥¢ë-

à®¦¤¥−−®áâ¨ −�¡«î¤¥−¨© â®ç−®áâì �Š-®¯â¨¬�«ì−®© ®æ¥−ª¨ WL∗

(t) ¢ëå®¤−®£®
‘â� W (t) (1) ®æ¥−¨¢�¥âáï ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬, ¢â®àë¬ −�ç�«ì−ë¬

¬®¬¥−â®¬ ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© ®è¨¡ª¨ –(t) = W (t) −WL∗

(t), ª®¬-
¯®−¥−âë ª®â®àëå á®®â¢¥âáâ¢¥−−® ¢ëç¨á«ïîâáï ¯® ä®à¬ã«�¬ (18){(20) ¯à¨
ãá«®¢¨ïå ª®−¥ç−®áâ¨ (11), (12).

6 Вычислительные эксперименты

��©â¨ ®¯â¨¬�«ì−ë© ¢ áà¥¤−¥¬ ª¢�¤à�â¨ç−®¬ ä¨«ìâà, ¯à¥¤−�§−�ç¥−−ë© ¤«ï
¢®á¯à®¨§¢¥¤¥−¨ï ¤¢ã¬¥à−®£® ¯®«ïà¨§®¢�−−®£® ¢ëå®¤−®£® á¨£−�«�

W (t) = [W1(t)W2(t)]
T , Wh(t) = ρhU

3 , h = 1, 2, (21)

¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï ¢å®¤−®£® á¨£−�«�

Z(t) = [Z1(t) Z2(t)]
T , Zh(t) = ρh

(
U3 +X(t)

)
, h = 1, 2,

¢ â¥ç¥−¨¥ ¨−â¥à¢�«� ¢à¥¬¥−¨ ¤«¨â¥«ì−®áâìî T , ¯à¥¤è¥áâ¢ãîé¥£® ¤�−−®¬ã ¬®-
¬¥−âã ¢à¥¬¥−¨ t (t ≥ T ). ‡¤¥áì ρ1 ¨ ρ2 | ¬�áèâ�¡−ë¥ ª®íää¨æ¨¥−âë ª®®à¤¨−�â
á¨£−�«�. ‘«ãç�©−�ï ¯®¬¥å� X(t) −®à¬�«ì−® à�á¯à¥¤¥«¥−�. �à¨ íâ®¬ M[x(t)] =
= 0. �®¬¥å� −¥ §�¢¨á¨â ®â −®à¬�«ì−® à�á¯à¥¤¥«¥−−®£® á«ãç�©−®£® ¯�à�¬¥âà� U
á ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ mu ¨ ¤¨á¯¥àá¨¥© Du. �¯â¨¬�«ì−�ï ¯® ªà¨â¥à¨î
‘Š� ®æ¥−ª� W ∗(t) = [W ∗

1 (t)W
∗
2 (t)]

T ¢ëå®¤−®£® á¨£−�«� W (t) −�å®¤¨âáï ¨§
ãá«®¢¨ï ¬¨−¨¬ã¬� áà¥¤−¥£® à¨áª� M [(W1 −W ∗

1 )
2 + (W2 −W ∗

2 )
2]. ÷�áá¬®âà¥âì

¤¢� á«ãç�ï §�¤�−¨ï ¯®¬¥å¨:

(1) áâ�æ¨®−�à−�ï á«ãç�©−�ï ¯®¬¥å� X(t) á ª®¢�à¨�æ¨®−−®© äã−ªæ¨¥©

KX(t1, t2) = D
X exp(−αX |t1 − t2|);

(2) −¥áâ�æ¨®−�à−�ï á«ãç�©−�ï ¯®¬¥å� X(t) á ª®¢�à¨�æ¨®−−®© äã−ªæ¨¥©

KX(t1, t2) = D
X exp(−αX

1 |t1 − t2|+ αX
2 (t1 + t2)).

‚ ª�ç¥áâ¢¥ ®àâ®−®à¬¨à®¢�−−®£® ¡�§¨á� ¢¥©¢«¥â®¢ á ª®¬¯�ªâ−ë¬¨ −®á¨â¥«ï¬¨
§�¤�¤¨¬ ¡�§¨á •��à� á ¬�ªá¨¬�«ì−ë¬ ãà®¢−¥¬ ¢¥©¢«¥â-à�§à¥è¥−¨ï J. �®-
áâà®¥−¨¥ Š÷‚�‘ ¢¥ªâ®à−®£® ‘â� X(t) ¢ ¢¨¤¥ (6), (7) ¢ë¯®«−¨¬ á ¯®¬®éìî
¨−áâàã¬¥−â�«ì−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (ˆ��) Š÷‚�‘.2, à�§à�¡®â�−-
−®£® ¢ áà¥¤¥ MATLAB ¨ à¥�«¨§ãîé¥£® �«£®à¨â¬, ®¯¨á�−−ë© ¢ [15].

‘®£«�á−® (9), ¢å®¤−®© ‘â� Z(t) �¯¯à®ªá¨¬¨àã¥âáï

ZL(t) =

L∑

v=1

V Z
v κ

L
v (t) =

L∑

v=1

(
βv(U) + V

X
v

)
κL

v (t) ,
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£¤¥

βv(U) =
2∑

h=1

L∑

θ=1

αvh
θ γh

θ (U), γ
h
v (U) = ρhU

3

t∫

t−T

gv(t) dt, v = 1, L .

�âáî¤� ¯®«ãç�¥¬ ä®à¬ã«ë ¤«ï ¢å®¤−ëå ‘‚:

V Z
v = T

(
αv1
1 ρ1 + α

v2
1 ρ2

)
U3 + V X

v , v = 2, L . (22)

‘®£«�á−® (21) ¨ (22) £¥−¥à¨àã¥âáï −�¡®à ®¡ãç¥−¨ï ‚�‘ ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨ §−�-
ç¥−¨© vZi

v ‘‚V Z
v , v, i = 2, L, ¨ á®®â¢¥âáâ¢ãîé¨å §−�ç¥−¨© âà¥¡ã¥¬®£® ¢ëå®¤−®£®

¤¢ã¬¥à−®£® á¨£−�«� wi(t) = [wi
1(t)w

i
2(t)]

T, i = 2, L. �æ¥−ª� áà¥¤−¥£® à¨áª� ¤«ï
¢á¥£® −�¡®à� ®¡ãç¥−¨ï ¡ã¤¥â ¢ëç¨á«ïâìáï ¯® ä®à¬ã«¥ äã−ªæ¨¨ áâ®¨¬®áâ¨:

E(˜) =
2

L

L∑

i=1

(
wi
1 − wLi

1

)
+
(
wi
2 − wLi

2

)2
,

£¤¥

wLi
h (t) =

L∑

v=1

vZi
v χL

vh(t) , h = 1, 2.

„«ï ¢ëç¨á«¥−¨ï ‘Š�-®¯â¨¬�«ì−®© ®æ¥−ª¨ WL∗

(t) ¢ ¢¨¤¥ (13) ¯à¨¬¥−¨¬
ˆ�� ú�Š-‘¨−â¥§-‚�‘.2û [5]. �è¨¡ª¨ ‘Š�-®¯â¨¬�«ì−ëå ®æ¥−®ª W ∗

h (t)
ª®¬¯®−¥−â ¢ëå®¤−®£® á¨£−�«� Wh(t) ¤«ï h = 1, 2 ¢ëç¨á«ïîâáï ¯® ä®à¬ã«�¬:

–h(t) = ε
L
h (t, U)−

L∑

v=1

V X
v χL∗

vh (t) , εLh (t, U) = ξ
L
h (t)U

3 ,

ξL
h (t) =

(
ρh −

L∑

v=1

T
(
αv1
1 ρ1 + α

v2
1 ρ2

)
χL∗

vh (t)

)
.

�âáî¤� á®£«�á−® ãâ¢¥à¦¤¥−¨î 2 ¯®«ãç�¥¬ ä®à¬ã«ë ¤«ï ¬�â¥¬�â¨ç¥áª®£® ®¦¨-
¤�−¨ï ¨ ¤¨á¯¥àá¨¨ ®è¨¡®ª ®æ¥−ª¨ ª®¬¯®−¥−â®¢ ¢ëå®¤−®£® ‘â�:

m–h (t) = M [–h(t)] = M
[
εLh (t, U)

]
= ξL

h (t)M
[
U3
]
=

= ξL
h (t)

(
m3u + 3muDu

)
, h = 1, 2 ;

D–h (t) = M

[(
–h(t)−m–h (t)

)2]
=

=
(
ξL
h (t)

)2
M
[
U6
]
−
(
ξL
h (t)

)2 (
m3u + 3muDu

)2
+

L∑

v=1

(
χL∗

vh (t)
)2
=
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=
(
ξL
h (t)

)2 (
m6u + 15Dum

4
u + 45D

2
um
2
u + 15D

3
u

)
−

−
(
ξL
h (t)

)2 (
m3u + 3muDu

)2
+

L∑

v=1

(
χL∗

vh (t)
)2
=

=
(
ξL
h (t)

)2 (
9Dum

4
u + 36D

2
um
2
u + 15D

3
u

)
+

L∑

v=1

(
χL∗

vh (t)
)2
, h = 1, 2.

‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯à®¢¥¤¥−ë ¤«ï ¨áå®¤−ëå ¤�−−ëå: t ∈ [9, 16];
T = 8; ρ1 = 2; ρ2 = 3; DX = 1; αX = 1; αX

1 = 1; α
X
2 = 0,01; mu = 0; Du = 1;

J = 5, L = 64.
�ªá¯¥à¨¬¥−â�«ì−® ¢ë¡à�− ¯�à�¬¥âà áª®à®áâ¨ ®¡ãç¥−¨ï ‚�‘ η = 0,01.

��ç¨−�ï á n = 138 ¢ë¯®«−ï¥âáï ãá«®¢¨¥

|E(˜(n + 1)) − E(˜(n))| ≤ δE

¤«ï δE = 0,001. �¨¦¥ ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢
¯à¨ n = 200. ’®ç−®áâì ‘Š�-®æ¥−ª¨ W ∗(t) å�à�ªâ¥à¨§ã¥âáï ¬�â¥¬�â¨ç¥áª¨¬
®¦¨¤�−¨¥¬ ®è¨¡ª¨, ª®â®à®¥ ¢ ¤�−−®¬ ¯à¨¬¥à¥ ¤«ï ®¡®¨å á«ãç�¥¢ à�¢−® 0.

�� à¨á. 2{9 ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¥−¨© ¤«ï á«ãç�ï 1: áâ�æ¨®−�à−®©
á«ãç�©−®© ¯®¬¥å¨. �� à¨á. 2 ¨§®¡à�¦¥−ë £à�ä¨ª¨ á¨£−�«� W1(t) ¨ ¥£® ‘Š�-
®æ¥−ª¨ W ∗

1 (t). ‡−�ç¥−¨ï á¨£−�«� W1(t) ¨§¬¥−ïîâáï ®â −2,42 ¤® +5,85. ��
à¨á. 3 ¯® £à�ä¨ªã ¬®¤ã«ï ®è¨¡ª¨ |–1(t)| = |W1(t)−W ∗

1 (t)| ¢¨¤−®, çâ® |–1(t) ≤
≤ 1,05. �� à¨á. 4 ¨§®¡à�¦¥−ë £à�ä¨ª¨ á¨£−�«�W2(t) ¨ ¥£® ‘Š�-®æ¥−ª¨ W ∗

2 (t).
‡−�ç¥−¨ï á¨£−�«� W2(t) ¨§¬¥−ïîâáï ®â −3,63 ¤® +8,78. �� à¨á. 5 ¯® £à�ä¨ªã
¬®¤ã«ï ®è¨¡ª¨ |–2(t)| = |W2(t)−W ∗

2 (t)| ¢¨¤−®, çâ® |–2(t)| ≤ 1,57. �� à¨á. 6
¨§®¡à�¦¥− £à�ä¨ª ¤¨á¯¥àá¨¨ D–1 (t) ®è¨¡ª¨ ®æ¥−ª¨ W1(t). �® £à�ä¨ªã ¢¨¤−®,
çâ® −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [8, 12] §−�ç¥−¨ï D–1 (t) ã¬¥−ìè�îâáï −�ç¨−�ï á 0,56.

÷¨á. 2 ƒà�ä¨ª¨ á¨£−�«� W1(t) (1) ¨ ¥£®
®æ¥−ª¨ W ∗

1 (t) (2) (á«ãç�© 1)
÷¨á. 3 ƒà�ä¨ª ¬®¤ã«ï ®è¨¡ª¨
|–1(t)| = |W1(t)−W ∗

1 (t)| (á«ãç�© 1)
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÷¨á. 4 ƒà�ä¨ª¨ á¨£−�«�W2(t) (1) ¨ ¥£®
®æ¥−ª¨ W ∗

2 (t) (2) (á«ãç�© 1)
÷¨á. 5 ƒà�ä¨ª ¬®¤ã«ï ®è¨¡ª¨
|–2(t)| = |W2(t)−W ∗

2 (t)| (á«ãç�© 1)

÷¨á. 6 ƒà�ä¨ª ¤¨á¯¥àá¨¨D–1 (t) ®è¨¡ª¨
®æ¥−ª¨ W ∗

1 (t) (á«ãç�© 1)
÷¨á. 7 ƒà�ä¨ª ¤¨á¯¥àá¨¨ D–2 (t) ®è¨¡-
ª¨ ®æ¥−ª¨ W ∗

2 (t) (á«ãç�© 1)

÷¨á. 8 ƒà�ä¨ª äã−ªæ¨¨ áâ®¨¬®áâ¨E(t)
(á«ãç�© 1)

÷¨á. 9 ƒà�ä¨ª äã−ªæ¨¨ áâ®¨¬®áâ¨
E(n) ¯à¨ t = 12 (á«ãç�© 1)

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026 37



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

�� à¨á. 7 ¨§®¡à�¦¥− £à�ä¨ª ¤¨á¯¥àá¨¨D–2 (t) ®è¨¡ª¨ ®æ¥−ª¨W2(t). �® £à�ä¨ªã
¢¨¤−®, çâ® −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [8, 12] §−�ç¥−¨ï D–2 (t) ã¬¥−ìè�îâáï −�ç¨−�ï
á 1,26. �� à¨á. 8 ¨§®¡à�¦¥− £à�ä¨ª ¨§¬¥−¥−¨ï äã−ªæ¨¨ áâ®¨¬®áâ¨ E(t) −�
¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [8, 12]. �� à¨á. 9 ¯à¨¢¥¤¥− £à�ä¨ª ¨§¬¥−¥−¨ï §−�ç¥−¨©
äã−ªæ¨¨ áâ®¨¬®áâ¨ E(n) ¯à¨ t = 12.

�� à¨á. 10{17 ¯à¨¢¥¤¥−ë à¥§ã«ìâ�âë ¢ëç¨á«¥−¨© ¤«ï á«ãç�ï 2: −¥áâ�æ¨®-
−�à−®© á«ãç�©−®© ¯®¬¥å¨. �� à¨á. 10 ¨§®¡à�¦¥−ë £à�ä¨ª¨ á¨£−�«� W1(t) ¨ ¥£®
‘Š�-®æ¥−ª¨ W ∗

1 (t). ‡−�ç¥−¨ï á¨£−�«� W1(t) ¨§¬¥−ïîâáï ®â −4,76 ¤® +1,52.
�� à¨á. 11 ¯® £à�ä¨ªã ¬®¤ã«ï ®è¨¡ª¨ |–1(t)| = |W1(t) −W ∗

1 (t)| ¢¨¤−®, çâ®
|–1(t) ≤ 1,25. �� à¨á. 12 ¨§®¡à�¦¥−ë £à�ä¨ª¨ á¨£−�«� W2(t) ¨ ¥£® ‘Š�-®æ¥−-
ª¨ W ∗

2 (t). ‡−�ç¥−¨ï á¨£−�«� W2(t) ¨§¬¥−ïîâáï ®â −7,1 ¤® +2,28. �� à¨á. 13 ¯®
£à�ä¨ªã ¬®¤ã«ï ®è¨¡ª¨ |–2(t)| = |W2(t)−W ∗

2 (t)| ¢¨¤−®, çâ® |–2(t) ≤ 1,9.
�� à¨á. 14 ¨§®¡à�¦¥− £à�ä¨ª ¤¨á¯¥àá¨¨ D–1 (t) ®è¨¡ª¨ ®æ¥−ª¨ W ∗

1 (t). �®
£à�ä¨ªã ¢¨¤−®, çâ® −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [8, 12] §−�ç¥−¨ï D–1 (t) ≤ 0,23. ��

÷¨á. 10 ƒà�ä¨ª¨ á¨£−�«� W1(t) (1)
¨ ¥£® ®æ¥−ª¨ W ∗

1 (t) (2) (á«ãç�© 2)
÷¨á. 11 ƒà�ä¨ª ¬®¤ã«ï ®è¨¡ª¨
|–1(t)| = |W1(t)−W ∗

1 (t)| (á«ãç�© 2)

÷¨á. 12 ƒà�ä¨ª¨ á¨£−�«� W2(t) (1)
¨ ¥£® ®æ¥−ª¨ W ∗

2 (t) (2) (á«ãç�© 2)

÷¨á. 13 ƒà�ä¨ª ¬®¤ã«ï ®è¨¡ª¨
|–2(t)| = |W2(t)−W ∗

2 (t)| (á«ãç�© 2)
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÷¨á. 14 ƒà�ä¨ª ¤¨á¯¥àá¨¨D–1 (t) ®è¨¡-
ª¨ ®æ¥−ª¨ W ∗

1 (t) (á«ãç�© 2)
÷¨á. 15 ƒà�ä¨ª ¤¨á¯¥àá¨¨ D–2 (t)
®è¨¡ª¨ ®æ¥−ª¨ W ∗

2 (t) (á«ãç�© 2)

÷¨á. 16 ƒà�ä¨ª äã−ªæ¨¨ áâ®¨¬®áâ¨
E(t) (á«ãç�© 2)

÷¨á. 17 ƒà�ä¨ª äã−ªæ¨¨ áâ®¨¬®áâ¨
E(n) ¯à¨ t = 12 (á«ãç�© 2)

à¨á. 15 ¨§®¡à�¦¥− £à�ä¨ª ¤¨á¯¥àá¨¨ D–2 (t) ®è¨¡ª¨ ®æ¥−ª¨ W ∗
2 (t). �® £à�ä¨ªã

¢¨¤−®, çâ® −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [8, 12] §−�ç¥−¨ï D–2 (t) ≤ 0,5. �� à¨á. 16
¨§®¡à�¦¥− £à�ä¨ª ¨§¬¥−¥−¨ï äã−ªæ¨¨ áâ®¨¬®áâ¨E(t) −� ¯à®¬¥¦ãâª¥ ¢à¥¬¥−¨ [8,
12]. �� à¨á. 17 ¢ ª�ç¥áâ¢¥ ®¡à�§æ� ¯à¨¢¥¤¥− £à�ä¨ª ¨§¬¥−¥−¨ï §−�ç¥−¨© äã−ªæ¨¨
áâ®¨¬®áâ¨ E(n) ¯à¨ t = 12.

‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯®ª�§�«¨, çâ® ¥á«¨ ¢ á®áâ�¢ ¢å®¤−®£® á¨£−�«�
¢å®¤¨â áâ�æ¨®−�à−�ï á«ãç�©−�ï ¯®¬¥å� á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬
¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© KX(t1, t2) = DX exp(−αX |t1 − t2|), â® ¤¨á¯¥àá¨ï
®è¨¡ª¨ ã¬¥−ìè�¥âáï á â¥ç¥−¨¥¬ ¢à¥¬¥−¨.

…á«¨ ¢ á®áâ�¢ ¢å®¤−®£® á¨£−�«� ¢å®¤¨â −¥áâ�æ¨®−�à−�ï á«ãç�©−�ï ¯®¬¥å�
á −ã«¥¢ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© KX(t1, t2) =
= DX exp(−αX

1 |t1 − t2| + αX
2 (t1 + t2)), â® §−�ç¥−¨ï á¨£−�«� à�áâãâ á â¥ç¥−¨¥¬

¢à¥¬¥−¨.
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7 Заключение

�à¨¢¥¤¥−ë à¥§ã«ìâ�âë à�¡®â ¯® ¬¥â®¤¨ç¥áª®¬ã ¨ �«£®à¨â¬¨ç¥áª®¬ã ®¡¥á¯¥ç¥-
−¨î ¢¥©¢«¥â-−¥©à®á¥â¥¢®£® á¨−â¥§� ¬−®£®¬¥à−ëå −¥«¨−¥©−ëå ¯®«¨−®¬¨�«ì−ëå
‘â‘ −� ®á−®¢¥ Š÷. ‚ë¯®«−¥−−ë¥ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¤«ï £�ãáá®¢-
áª¨å áâ�æ¨®−�à−ëå ¨ −¥áâ�æ¨®−�à−ëå ¯®¬¥å ¯®¤â¢¥à¦¤�îâ ¢ëá®ªãî â®ç−®áâì
¬¥â®¤¨ç¥áª®£® ¨ �«£®à¨â¬¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï.

÷¥§ã«ìâ�âë ¤®¯ãáª�îâ ®¡®¡é¥−¨¥ −� á«ãç�© à�§àë¢−ëå −¥«¨−¥©−®áâ¥©, ¥á«¨
¨á¯®«ì§®¢�âì ¬¥â®¤ áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨ ¯®áà¥¤áâ¢®¬ Š÷ ¨ à¥§ã«ìâ�âë
¤«ï «¨−¥©−ëå á¨áâ¥¬.
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WAVELET NEURAL NETWORKS BAYES SYNTHESIS
OF MULTIDIMENSIONAL NONLINEAR STOCHASTIC SYSTEMS

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 119333, Russian Federation

Abstract: New methodological tools of optimal synthesis of multidimensional
linear stochastic system (StS) on Bayes criterion (BC) are based on quantitative
estimate of output stochastic process (StP). Nonlinear StS is described by
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Pugachev equation for input and output StP. Input StP contains useful signal
and random additive multidimensional normal noise with zero mathematical
expectation and known matrix of covariance functions. Random noise does
not depend upon vector of random parameters of useful signal. Distribution of
random vector parameters is known. After a short survey, the model of BC optimal
estimate of output StP is constructed on the basis of wavelet canonical expansion
(CE) of random noise and wavelet CE of input StP. To find unknown parameters
in optimal output StP, an estimate architecture of multilayer wavelet neural
networks (WNN) is developed. The WNN training algorithm for inverse error
prevalence by the method of steepest descent is used. Formulae for mathematical
expectation, second initial probabilistic moment, and error covariance matrix of
BC optimal estimate of output StP are obtained. Numerical experiments with
cubic two-dimensional StS illustrate WNN preference with wavelet CE.

Keywords: Bayes criterion; canonical expansion; modeling; loss function;
optimal estimate; stochastic process; stochastic system; wavelet; wavelet-neural
network
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1 Введение

Œ¥â®¤ë áâ®å�áâ¨ç¥áª®© ä¨«ìâà�æ¨¨ ¤�¢−® ¨ ãá¯¥è−® ¯à¨¬¥−ïîâáï ¢ è¨-
à®ª®¬ á¯¥ªâà¥ â¥å−¨ç¥áª¨å á¨áâ¥¬, −® ®á®¡® ¢�¦−ë ¨å ¯à¨«®¦¥−¨ï ¢ §�¤�ç�å
−�¢¨£�æ¨¨ [1]. Š âà�¤¨æ¨®−−ë¬ ¨áâ®ç−¨ª�¬ −�¢¨£�æ¨®−−ëå ¯à¨«®¦¥−¨© ®â-
−®áïâáï ¡¥á¯¨«®â−ë¥ «¥â�â¥«ì−ë¥ �¯¯�à�âë ¨ �¢â®−®¬−ë¥ �¢â®¬®¡¨«¨; ¢ íâ®¬
¦¥ àï¤ã −�å®¤ïâáï ¦¥«¥§−®¤®à®¦−ë© ¨ ¬®àáª®© âà�−á¯®àâ, ¯¨«®â¨àã¥¬�ï �¢¨�-
æ¨ï ¨ ª®á¬¨ç¥áª¨¥ á¨áâ¥¬ë [2{4]. �¢â®−®¬−ë¥ �� | áà�¢−¨â¥«ì−® −®¢®¥, −®
−¥ ¬¥−¥¥ �ªâã�«ì−®¥ −�¯à�¢«¥−¨¥ ¢ íâ®¬ ª«�áá¥ §�¤�ç. �®¢ëè¥−−ë© ¨−â¥à¥á
ª ¤�−−®© ®¡«�áâ¨ ¢ ¯®á«¥¤−¨¥ £®¤ë ®¡ãá«®¢«¥− à�áè¨à¥−¨¥¬ áä¥à ¯à�ªâ¨ç¥áª®£®
¯à¨¬¥−¥−¨ï ¯®¤¢®¤−ëå à®¡®â®â¥å−¨ç¥áª¨å áà¥¤áâ¢ ¨ ¢®§à�áâ�−¨¥¬ âà¥¡®¢�−¨©
ª â®ç−®áâ¨ ¨ ãáâ®©ç¨¢®áâ¨ ¨å −�¢¨£�æ¨®−−®£® ®¡¥á¯¥ç¥−¨ï [5, 6].

‡�¤�ç¨ −�¢¨£�æ¨¨ �� ª�ª ¯à¨«®¦¥−¨ï ¤«ï ä¨«ìâà�æ¨¨ ®¡«�¤�îâ å�à�ª-
â¥à−ë¬¨ ®á®¡¥−−®áâï¬¨ ¯® áà�¢−¥−¨î á §�¤�ç�¬¨ ¤«ï −�§¥¬−ëå ¨ ¢®§¤ãè−ëå
®¡ê¥ªâ®¢. �â® ª�á�¥âáï ª�ª ãá«®¢¨© ¤¢¨¦¥−¨ï ¢ ¢®¤−®© áà¥¤¥, â�ª ¨ á¢®©áâ¢
¨á¯®«ì§ã¥¬ëå ¨§¬¥à¨â¥«ì−ëå áà¥¤áâ¢ [7, 8]. …á«¨ −¥ ãç¨âë¢�âì â¨¯®¢ë¥ ¨−¥à-
æ¨�«ì−ë¥ ¤�âç¨ª¨, äã−ªæ¨®−¨àãîé¨¥ −� ¡®àâã ��, â® ¢−¥è−¨¥ −�¡«î¤¥−¨ï
¢ ¯®¤�¢«ïîé¥¬ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ®á−®¢�−ë −� ¨á¯®«ì§®¢�−¨¨ �ªãáâ¨ç¥áª®-
£® á¨£−�«�, â. ¥. à¥�«¨§ãîâáï á®−�à®¬. ‚ ®â«¨ç¨¥ ®â −�§¥¬−ëå ¨ ¢®§¤ãè−ëå
á¨áâ¥¬, £¤¥ è¨à®ª® ¯à¨¬¥−ïîâáï áà¥¤áâ¢� −� ®á−®¢¥ í«¥ªâà®¬�£−¨â−®£® ¨§«ãç¥-
−¨ï, �ªãáâ¨ç¥áª¨¥ á¥−á®àë à�¡®â�îâ ¢ áà¥¤¥ á áãé¥áâ¢¥−−® ¬¥−ìè¥© áª®à®áâìî
à�á¯à®áâà�−¥−¨ï á¨£−�«�. ‚ à¥§ã«ìâ�â¥ ¢à¥¬¥−−��ï §�¤¥à¦ª� ¯®áâã¯«¥−¨ï ¨§¬¥-
à¨â¥«ì−®© ¨−ä®à¬�æ¨¨ áâ�−®¢¨âáï §−�ç¨¬ë¬ ä�ªâ®à®¬, ¢«¨ïîé¨¬ −� â®ç−®áâì
®æ¥−¨¢�−¨ï á®áâ®ï−¨ï −�¡«î¤�¥¬®£® ®¡ê¥ªâ�. ‚à¥¬¥−− �ë¥ §�¤¥à¦ª¨ ¯à¨ ¯®«ã-
ç¥−¨¨ �ªãáâ¨ç¥áª®£® á¨£−�«� −� à�ááâ®ï−¨ïå ¯®àï¤ª� −¥áª®«ìª¨å ª¨«®¬¥âà®¢
áâ�−®¢ïâáï á®¯®áâ�¢¨¬ë á å�à�ªâ¥à−ë¬¨ ¢à¥¬¥−�¬¨ ¨§¬¥−¥−¨ï á®áâ®ï−¨ï −�¡«î-
¤�¥¬®£® ¤¢¨¦ãé¥£®áï ®¡ê¥ªâ� ¨ −¥ ¬®£ãâ ¡ëâì ¯à®¨£−®à¨à®¢�−ë ¯à¨ ¯®áâà®¥−¨¨
�«£®à¨â¬®¢ ®æ¥−¨¢�−¨ï.

”®à¬�«ì−® ®¯à¥¤¥«¥−¨¥ ¯®«®¦¥−¨ï ¤«ï −�¢¨£�æ¨¨ �� á¢®¤¨âáï ª ®æ¥−¨¢�-
−¨î á®áâ®ï−¨ï áâ®å�áâ¨ç¥áª®© ¤¨−�¬¨ç¥áª®© á¨áâ¥¬ë ¯à¨ −�«¨ç¨¨ á«ãç�©−ëå
¢à¥¬¥−− �ëå §�¤¥à¦¥ª −�¡«î¤¥−¨©. ”�ªâ®à §�¤¥à¦¥ª −¥ ¯à¥¯ïâáâ¢ã¥â ¯à¨¬¥−¥−¨î
â¥®à¨¨ ®¯â¨¬�«ì−®© áâ®å�áâ¨ç¥áª®© ä¨«ìâà�æ¨¨ ¨ ¡�©¥á®¢áª®© ¨¤¥−â¨ä¨ª�æ¨¨.
�¤−�ª® ¯à�ªâ¨ç¥áª�ï à¥�«¨§�æ¨ï ®¯â¨¬�«ì−ëå áå¥¬ á®¯àï¦¥−� á çà¥§¢ëç�©-
−® ¢ëá®ª¨¬¨ ¢ëç¨á«¨â¥«ì−ë¬¨ §�âà�â�¬¨. ’�ª¨¬ ®¡à�§®¬, ¤«ï ¯à�ªâ¨ç¥áª®©
à¥�«¨§�æ¨¨ −ã¦−® ¢ë¡¨à�âì ¨ �¤�¯â¨à®¢�âì áã¡®¯â¨¬�«ì−ë¥ ä¨«ìâàë.

„®¯®«−¨â¥«ì−ãî á«®¦−®áâì ¯à¥¤áâ�¢«ï¥â −�«¨ç¨¥ �¯à¨®à−®© −¥®¯à¥¤¥«¥−-
−®áâ¨ ®â−®á¨â¥«ì−® ¯�à�¬¥âà®¢ ¬®¤¥«¨ ¤¢¨¦¥−¨ï ¨ −�¡«î¤¥−¨ï. �à¥¤¯®«®¦¥−¨¥
® ¯®«−®© �¯à¨®à−®© ¨−ä®à¬�æ¨¨, ¨á¯®«ì§ã¥¬®¥ ¢ àï¤¥ ¨§¢¥áâ−ëå à¥è¥−¨©,
¢ ¯à�ªâ¨ç¥áª¨å §�¤�ç�å −�¢¨£�æ¨¨, ª�ª ¯à�¢¨«®, −¥ ¢ë¯®«−ï¥âáï. �¥®¯à¥¤¥«¥−-
−®áâ¨ ¬®£ãâ ¡ëâì ®¡ãá«®¢«¥−ë à�§«¨ç−ë¬¨ ä�ªâ®à�¬¨, áà¥¤¨ ª®â®àëå −¥â®ç−®áâì
å�à�ªâ¥à¨áâ¨ª ¨§¬¥à¥−¨© ¯à¨ ¯¥à¢¨ç−®¬ ®¡−�àã¦¥−¨¨ ®¡ê¥ªâ�, ¨§¬¥−ïîé¨¥áï
à�á¯à¥¤¥«¥−¨ï ®è¨¡®ª, ®âª�§ë ®â¤¥«ì−ëå ª�−�«®¢ −�¡«î¤¥−¨ï ¨ á¬¥−� ¬®¤¥«¨
¨§¬¥à¥−¨©. �¥à¥ç¨á«¥−−ë¥ ä�ªâ®àë −¥ ¨áç¥à¯ë¢�îâ ¢®§¬®¦−ëå ¨áâ®ç−¨ª®¢ −¥-
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�¤�¯â¨¢−ë¥ ¨ à®¡�áâ−ë¥ �«£®à¨â¬ë ä¨«ìâà�æ¨¨ ¤«ï á¨áâ¥¬ á® á«ãç�©−ë¬¨ §�¤¥à¦ª�¬¨

®¯à¥¤¥«¥−−®áâ¨, ®¤−�ª® ã¦¥ ®−¨ ¤¥¬®−áâà¨àãîâ �ªâã�«ì−®áâì ª®¬¯«¥ªá−®£® ¯®¤-
å®¤� ª §�¤�ç¥ ¯®áâà®¥−¨ï ¢ëç¨á«¨â¥«ì−® à¥�«¨§ã¥¬ëå �¤�¯â¨¢−ëå ¨ à®¡�áâ−ëå
�«£®à¨â¬®¢ ä¨«ìâà�æ¨¨ ¤«ï áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ á® á«ãç�©−ë¬¨ ¢à¥¬¥−− �ë¬¨
§�¤¥à¦ª�¬¨ −�¡«î¤¥−¨© ¯à¨ −¥¯®«−®© �¯à¨®à−®© ¨−ä®à¬�æ¨¨.

„«ï ¤¢ãå ¨§ ¯¥à¥ç¨á«¥−−ëå ç¥âëà¥å ä�ªâ®à®¢ −¥®¯à¥¤¥«¥−−®áâ¨ ¢ áâ�âì¥
¯à¥¤«�£�îâáï ¢�à¨�−âë à¥è¥−¨ï â¨¯®¢®© §�¤�ç¨ −�¢¨£�æ¨¨ | ®¯à¥¤¥«¥−¨¥ ¯®«®-
¦¥−¨ï ¤¢¨¦ãé¥£®áï �� ¯® −�¡«î¤¥−¨ï¬ −¥áª®«ìª¨å â¥àà¨â®à¨�«ì−® ã¤�«¥−−ëå
−�¡«î¤�â¥«ì−ëå ª®¬¯«¥ªá®¢. ‘®áâ®ï−¨¥ ¨áá«¥¤ã¥¬®© â¥¬ë ªà�âª® ®¡áã¦¤�¥âáï
¢ á«¥¤ãîé¥¬ à�§¤¥«¥. „�«¥¥ ®¯¨áë¢�¥âáï ¬®¤¥«ì á¨áâ¥¬ë −�¡«î¤¥−¨ï ¨ ¡�-
§®¢ë© �«£®à¨â¬ | à�áè¨à¥−−ë© ä¨«ìâà Š�«¬�−� (÷”Š) ¯® ¬¥â®¤ã «¨−¥©−ëå
¯á¥¢¤®−�¡«î¤¥−¨©. ‚ ®á−®¢−®¬ à�§¤¥«¥ ¤¥â�«ì−® à�áá¬®âà¥−ë ¢ë¡à�−−ë¥ ¢¨¤ë
−¥®¯à¥¤¥«¥−−®áâ¨ ¨ ¯à¥¤«�£�îâáï ¬¥â®¤ë à¥è¥−¨ï. ‡� à�¬ª�¬¨ áâ�âì¨ ®áâ�«¨áì
¬®¤¥«¨, ®¯¨áë¢�îé¨¥ á¡®¨ ¨ �−®¬�«¨¨ ¨§¬¥à¨â¥«ì−ëå ª�−�«®¢, ¨ ¢ëå®¤ ®¡ê¥ªâ�
¨§ §®−ë ª®−âà®«ï, ª®â®àë¥ ¯à¥¤¯®«�£�¥âáï ¨§ãç�âì ¢ ¡ã¤ãé¥¬.

2 Современное состояние исследований

�¥®¡å®¤¨¬®áâì ãç¥â� á«ãç�©−®© ¢à¥¬¥−−�®© §�¤¥à¦ª¨ ¯à¨ ¨áá«¥¤®¢�−¨¨ ¤¢¨-
¦¥−¨ï �� ¤�¢−® ®â¬¥ç�«�áì ¢ à�¡®â�å, ¯®á¢ïé¥−−ëå ®á®¡¥−−®áâï¬ ¢®¤−®© áà¥¤ë
¨ �ªãáâ¨ç¥áª¨å ¨§¬¥à¥−¨©. �¤−�ª® ¤® −¥¤�¢−¥£® ¢à¥¬¥−¨ ®âáãâáâ¢®¢�«� ä®à¬�-
«¨§®¢�−−�ï ¯®áâ�−®¢ª� á®®â¢¥âáâ¢ãîé¥© §�¤�ç¨. ‚¯¥à¢ë¥ ¬®¤¥«ì áâ®å�áâ¨ç¥áª®©
á¨áâ¥¬ë á® á«ãç�©−ë¬¨ ¢à¥¬¥−− �ë¬¨ §�¤¥à¦ª�¬¨ ¨§¬¥à¥−¨© ¯à¥¤áâ�¢«¥−� ¢ [9,
10], ¢ à�¡®â�å [11, 12] ®−� à�áè¨à¥−� −� §�¤�çã ¨¤¥−â¨ä¨ª�æ¨¨ −¥¨§¢¥áâ−ëå
¯�à�¬¥âà®¢ ¬®¤¥«¨ ¤¢¨¦¥−¨ï, � ¢ [13] ¯®«ãç¥−ë á®®â−®è¥−¨ï ®¯â¨¬�«ì−®© ¡�©¥-
á®¢áª®© ä¨«ìâà�æ¨¨.

��«¨ç¨¥ ä®à¬�«ì−®© ¬®¤¥«¨ ¯®§¢®«ï¥â à�áá¬�âà¨¢�âì ¢®§¬®¦−®áâì ¯à¨¬¥-
−¥−¨ï à�§«¨ç−ëå áã¡®¯â¨¬�«ì−ëå ¬¥â®¤®¢ ä¨«ìâà�æ¨¨, ¢ª«îç�ï ÷”Š [14],
ä¨«ìâàë ç�áâ¨æ [15], á¨£¬�-â®ç¥ç−ë¥ ¬¥â®¤ë [16], � â�ª¦¥ ãá«®¢−®-®¯â¨¬�«ì-
−ë¥ ¨ ¬¨−¨¬�ªá−ë¥ ä¨«ìâàë [17, 18]. �¤−�ª® ¯à¨ ¯à¨¬¥−¥−¨¨ ª ¬®¤¥«ï¬
á® á«ãç�©−ë¬¨ ¢à¥¬¥−− �ë¬¨ §�¤¥à¦ª�¬¨ ã−¨¢¥àá�«ì−ë¥ ¬¥â®¤ë ¤¥¬®−áâà¨àã-
îâ áãé¥áâ¢¥−−ë¥ ®£à�−¨ç¥−¨ï. ‘ã¡®¯â¨¬�«ì−ë¥ �«£®à¨â¬ë å�à�ªâ¥à¨§ãîâáï
áª«®−−®áâìî ª à�áå®¤¨¬®áâ¨ ®æ¥−®ª, â®£¤� ª�ª ®¯â¨¬�«ì−ë¥ ¡�©¥á®¢áª¨¥ ¬¥-
â®¤ë ®ª�§ë¢�îâáï ¢ëç¨á«¨â¥«ì−® ªà�©−¥ §�âà�â−ë¬¨. �®¯ëâª¨ �¤�¯â�æ¨¨
ª ¢à¥¬¥−− �ë¬ §�¤¥à¦ª�¬ ¡®«¥¥ á«®¦−ëå ¬®¤¨ä¨ª�æ¨© ä¨«ìâà� Š�«¬�−�, −�-
¯à�¢«¥−−ëå −� ã¬¥−ìè¥−¨¥ á¬¥é¥−¨ï, ãç¥â ª®àà¥«ïæ¨© ®è¨¡®ª ¨«¨ �¤�¯â�æ¨î
ª −¥¨§¢¥áâ−ë¬ ¯�à�¬¥âà�¬, â�ª¦¥ −¥ ¯à¨¢®¤ïâ ª ãáâ®©ç¨¢ë¬ à¥§ã«ìâ�â�¬ ¡¥§
áãé¥áâ¢¥−−®© ¯¥à¥à�¡®âª¨ �«£®à¨â¬¨ç¥áª®© áâàãªâãàë. ˆâ¥à�æ¨®−−ë¥ ¬®¤¨ä¨-
ª�æ¨¨ ÷”Š [19], ãá®¢¥àè¥−áâ¢®¢�−−ë¥ ¨â¥à�æ¨®−−ë¥ ¯à®æ¥¤ãàë [20], � â�ª¦¥
®¡®¡é¥−−ë© ¨â¥à�â¨¢−ë© ÷”Š ¤«ï á¨áâ¥¬ á ª®àà¥«¨à®¢�−−ë¬¨ ®è¨¡ª�¬¨ ¨§¬¥-
à¥−¨© [21] ¤¥¬®−áâà¨àãîâ íää¥ªâ¨¢−®áâì ¢ àï¤¥ §�¤�ç −¥«¨−¥©−®© ä¨«ìâà�æ¨¨,
®¤−�ª® ¨å ¯à¨¬¥−¥−¨¥ ¢ á¨áâ¥¬�å á® á«ãç�©−ë¬¨ ¢à¥¬¥−− �ë¬¨ §�¤¥à¦ª�¬¨ âà¥-
¡ã¥â ¯à¨−æ¨¯¨�«ì−ëå ¤®à�¡®â®ª.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026 47



‘. �. �®á®¢, ˆ. ‚. “àî¯¨−

Š −�áâ®ïé¥¬ã ¢à¥¬¥−¨ ãá¯¥è−ë¥ à¥è¥−¨ï §�¤�ç ¤«ï á¨áâ¥¬ á® á«ãç�©−ë¬¨
§�¤¥à¦ª�¬¨ −�¡«î¤¥−¨© á¢ï§�−ë á ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤� ä¨«ìâà�æ¨¨ «¨−¥©−ëå
¯á¥¢¤®−�¡«î¤¥−¨©. „�−−ë© ¬¥â®¤ §�−¨¬�¥â ¯à®¬¥¦ãâ®ç−®¥ ¯®«®¦¥−¨¥ ¬¥¦¤ã
ã−¨¢¥àá�«ì−ë¬¨ ¯®¤å®¤�¬¨, ¯à¨¬¥−¨¬ë¬¨ ª ¯à®¨§¢®«ì−ë¬ ¬®¤¥«ï¬, ¨ á¯¥-
æ¨�«¨§¨à®¢�−−ë¬¨ ¬¥â®¤�¬¨, ®à¨¥−â¨à®¢�−−ë¬¨ −� áâà®£® ®¯à¥¤¥«¥−−ë© â¨¯
¨§¬¥à¥−¨©. �¥á¬®âàï −� ã−¨¢¥àá�«ì−®áâì ®á−®¢−®© ¨¤¥¨, ¯à�ªâ¨ç¥áª�ï à¥�-
«¨§�æ¨ï ¬¥â®¤� ¯à¥¤¯®«�£�¥â ¥£® ¯à¨¬¥−¥−¨¥ ª ª®−ªà¥â−ë¬ ¢¨¤�¬ −�¡«î¤¥−¨©
á ¯à¥¤¢�à¨â¥«ì−®© ¨å «¨−¥�à¨§�æ¨¥©. ‚ §�¤�ç�å ¯®¤¢®¤−®© −�¢¨£�æ¨¨ ¯à¨
à�§−®®¡à�§¨¨ á¥−á®à−ëå á¨áâ¥¬ ¨§¬¥à¨â¥«ì−�ï ¨−ä®à¬�æ¨ï ¨¬¥¥â ®â−®á¨â¥«ì−®
®¤−®à®¤−ë© å�à�ªâ¥à ¨ ¯à¥¤áâ�¢«¥−�, ª�ª ¯à�¢¨«®, ã£«�¬¨ −�¯à�¢«¥−¨© ¨ à�á-
áâ®ï−¨ï¬¨ [22]. ˆ§¬¥à¥−¨ï áª®à®áâ¨ â�ª¦¥ ¨á¯®«ì§ãîâáï, ®¤−�ª® ®−¨ ¯® á¢®¥©
¯à¨à®¤¥ ¤®¯ãáª�îâ ¡®«¥¥ ¯à®áâãî «¨−¥�à¨§�æ¨î.

ˆ¤¥ï ¯á¥¢¤®−�¡«î¤¥−¨© ¨§¢¥áâ−� ¤®áâ�â®ç−® ¤�¢−® ¨ ¬®¦¥â à�áá¬�âà¨¢�âì-
áï ª�ª ¥áâ¥áâ¢¥−−®¥ à�§¢¨â¨¥ ÷”Š [14]. ÷�áè¨à¥−−ë© ä¨«ìâà ¢®á¯à®¨§¢®¤¨â
áâàãªâãàã «¨−¥©−®£® ä¨«ìâà� Š�«¬�−� [23], ®¯â¨¬�«ì−®£® ¢ §�¤�ç¥ ®æ¥−¨¢�−¨ï
á®áâ®ï−¨ï «¨−¥©−®-£�ãáá®¢áª®© á¨áâ¥¬ë −�¡«î¤¥−¨ï. Š«�áá¨ç¥áª¨© «¨−¥©−ë©
ä¨«ìâà ®¡«�¤�¥â àï¤®¬ ¢�¦−ëå á¢®©áâ¢ ¢ §�¤�ç�å à®¡�áâ−®£® ¨ �¤�¯â¨¢−®£®
®æ¥−¨¢�−¨ï ¨ ã¯à�¢«¥−¨ï, çâ® ®¡êïá−ï¥â ãáâ®©ç¨¢ë© ¨−â¥à¥á ª ¬¥â®¤�¬ ª�«-
¬�−®¢áª®© áâàãªâãàë. ‘«¥¤®¢�−¨¥ áâàãªâãà¥ «¨−¥©−®£® ä¨«ìâà� ¯à¥¤¯®«�£�¥â
¯à®æ¥¤ãàã «¨−¥�à¨§�æ¨¨. ‚ á«ãç�¥ ÷”Š «¨−¥�à¨§�æ¨ï ¢ë¯®«−ï¥âáï ¢ ®ªà¥áâ-
−®áâ¨ ¯à®£−®§� á®áâ®ï−¨ï ¨ ¨á¯®«ì§ã¥âáï ¤«ï ¯®«ãç¥−¨ï í¢à¨áâ¨ç¥áª¨å ®æ¥−®ª
ª®¢�à¨�æ¨© ¯à®£−®§� ¨ ä¨«ìâà�æ¨¨. Š�ç¥áâ¢® ®æ¥−¨¢�−¨ï ¯à¨ ¯à¨¬¥−¥−¨¨ ÷”Š
áãé¥áâ¢¥−−® §�¢¨á¨â ®â �¤¥ª¢�â−®áâ¨ â�ª®© «¨−¥�à¨§�æ¨¨. �®«®¦¨â¥«ì−ë©
à¥§ã«ìâ�â ¤®áâ¨£�¥âáï −¥ ¢® ¢á¥å ¯®áâ�−®¢ª�å, � ¢ −¥¡«�£®¯à¨ïâ−ëå ãá«®¢¨ïå
¢®§¬®¦−� §−�ç¨â¥«ì−�ï ¤¥£à�¤�æ¨ï ®æ¥−®ª ¢¯«®âì ¤® à�áå®¤¨¬®áâ¨ ä¨«ìâà�.
ˆ¬¥−−® ¯à®¡«¥¬� à�áå®¤¨¬®áâ¨ «¥¦¨â ¢ ®á−®¢¥ ¡®«ìè¨−áâ¢� à�¡®â ¯® á®¢¥à-
è¥−áâ¢®¢�−¨î ÷”Š. �®áâ�−®¢ª¨ ¨§ãç�«¨áì à�§−ë¥. ‚ [24] ¨áá«¥¤®¢�−� ¬®¤¥«ì
¯«®áª®£® ¤¢¨¦¥−¨ï ¨ ¯à¥¤«®¦¥−ë á¯®á®¡ë ¡®àì¡ë ¨¬¥−−® á à�áå®¤¨¬®áâìî.
÷�¡®â� [25] ¯®á¢ïé¥−� �−�«®£¨ç−®© ¯à®¡«¥¬�â¨ª¥ ¢ §�¤�ç¥ ®¤−®¢à¥¬¥−−®© «®ª�-
«¨§�æ¨¨ ¨ ª�àâ®£à�ä¨à®¢�−¨ï. ‘ãé¥áâ¢¥−−ë© ¢ª«�¤ ¢ �−�«¨§ á¢®©áâ¢ ®æ¥−ª¨
÷”Š ¤«ï ¡�©¥á®¢áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ ¢−¥á¥− ¢ [26], ®¤−�ª® ¤�«ì−¥©-
è¥£® à�§¢¨â¨ï, â¥¬ ¡®«¥¥ ¤«ï á¨áâ¥¬ á §�¤¥à¦ª�¬¨, íâ� «¨−¨ï ¨áá«¥¤®¢�−¨© −¥
¯®«ãç¨«�. �à¨ íâ®¬ ¢ ¯®á«¥¤ãîé¨å ¨áá«¥¤®¢�−¨ïå ¯à®¤®«¦�«® ä¨ªá¨à®¢�âìáï
−¥ãáâ®©ç¨¢®¥ ¯®¢¥¤¥−¨¥ ÷”Š ¢ à�§«¨ç−ëå ¯à¨«®¦¥−¨ïå [27, 28].

�¥á¬®âàï −� ãª�§�−−ë¥ âàã¤−®áâ¨, ¢®á¯à®¨§¢¥¤¥−¨¥ áâàãªâãàë «¨−¥©−®£®
ä¨«ìâà� Š�«¬�−� ®áâ�¥âáï ¯à¨¢«¥ª�â¥«ì−ë¬ −�¯à�¢«¥−¨¥¬ ¨áá«¥¤®¢�−¨©. �«ì-
â¥à−�â¨¢−ë© ¯®¤å®¤ §�ª«îç�¥âáï −¥ ¢ ¬®¤¨ä¨ª�æ¨¨ ã−¨¢¥àá�«ì−®£® ä¨«ìâà�,
� ¢ ¯à¥®¡à�§®¢�−¨¨ ª®−ªà¥â−®© ¬®¤¥«¨ −�¡«î¤¥−¨ï â�ª¨¬ ®¡à�§®¬, çâ®¡ë ®−�
¯à¨®¡à¥«� ä®à¬ã, ¡«¨§ªãî ª «¨−¥©−®©. ’�ª®© ¯®¤å®¤ à¥�«¨§ã¥âáï ¢ ¬¥â®¤¥
«¨−¥©−ëå ¯á¥¢¤®−�¡«î¤¥−¨©. ‚®§¬®¦−®áâì ä®à¬¨à®¢�−¨ï «¨−¥©−ëå ¯á¥¢¤®-
−�¡«î¤¥−¨© ¤«ï ã£«®¢ëå ¨§¬¥à¥−¨© ¢¯¥à¢ë¥ ¯à®¤¥¬®−áâà¨à®¢�−� ¢ [29], å®âï
á�¬¨ ¬®¤¥«¨ á«¥¦¥−¨ï ¯® à¥§ã«ìâ�â�¬ ¯¥«¥−£� à�áá¬�âà¨¢�«¨áì à�−¥¥. �¥à¢®-
−�ç�«ì−ë¥ ¨áá«¥¤®¢�−¨ï ¡ë«¨ ®£à�−¨ç¥−ë ¯à®áâë¬¨ ¬®¤¥«ï¬¨ ¤¢¨¦¥−¨ï ¨ −¥-

48 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026



�¤�¯â¨¢−ë¥ ¨ à®¡�áâ−ë¥ �«£®à¨â¬ë ä¨«ìâà�æ¨¨ ¤«ï á¨áâ¥¬ á® á«ãç�©−ë¬¨ §�¤¥à¦ª�¬¨

¡®«ìè¨¬¨ ¢ëç¨á«¨â¥«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨. ‚ ¯®á«¥¤ãîé¨å à�¡®â�å ®á−®¢−®¥
¢−¨¬�−¨¥ ã¤¥«ï«®áì ¯à®¡«¥¬¥ á¬¥é¥−¨ï ®æ¥−®ª, å�à�ªâ¥à−®© ¤«ï áã¡®¯â¨¬�«ì-
−ëå ä¨«ìâà®¢ [30{33]. ‚®§¢à�é¥−¨¥ ª ¨¤¥¥ ¯á¥¢¤®−�¡«î¤¥−¨© −� á®¢à¥¬¥−−®¬
ãà®¢−¥ ¢ë¯®«−¥−® ¢ [34], £¤¥ ¯à®¢¥¤¥−® áà�¢−¥−¨¥ á �«ìâ¥à−�â¨¢−ë¬¨ ¬¥â®¤�¬¨
ä¨«ìâà�æ¨¨. �¤−�ª® áãé¥áâ¢¥−−®£® ¨§¬¥−¥−¨ï ¬®¤¥«¨ −�¡«î¤¥−¨ï ¯à¨ íâ®¬ −¥
¯à®¨§®è«®: ¤¢¨¦¥−¨¥ ®áâ�¢�«®áì ¯«®áª¨¬, � ¯à¥®¡à�§®¢�−¨¥ ã£«®¢®£® ¨§¬¥à¥−¨ï
®áãé¥áâ¢«ï«®áì ç¥à¥§ äã−ªæ¨î â�−£¥−á�. �®¢ë© íâ�¯ à�§¢¨â¨ï ¬¥â®¤� á¢ï§�−
á á¥à¨¥© à�¡®â, −�ç�â®© ¢ [35], £¤¥ ¯à¥¤«®¦¥−® ¨á¯®«ì§®¢�âì ¯à¥®¡à�§®¢�−¨¥
ã£«®¢ëå ¨§¬¥à¥−¨© ç¥à¥§ ¨å â�−£¥−á, çâ® ¯®§¢®«¨«® ä®à¬¨à®¢�âì «¨−¥©−ë¥
¯á¥¢¤®−�¡«î¤¥−¨ï ¢ ¬®¤¥«ïå á ¤¢ã¬ï ã£«�¬¨ (�§¨¬ãâ ¨ ã£®« ¢®§¢ëè¥−¨ï) ¨ ¤�«ì-
−®áâìî. „�−−ë© ¯®¤å®¤ ¡ë« à�á¯à®áâà�−¥− −� à�¤¨®í«¥ªâà®−−ë¥ ¨ �ªãáâ¨ç¥áª¨¥
á¥−á®àë [36{39], � â�ª¦¥ −� ¤�−−ë¥ ¢¨§ã�«ì−®© ®¤®¬¥âà¨¨ [40, 41]. ˆ¬¥−−® íâ�
¬¥â®¤¨ª� «¥¦¨â ¢ ®á−®¢¥ à¥è¥−¨© §�¤�ç −�¢¨£�æ¨¨ ¢ [9{12] ¢ á®ç¥â�−¨¨ á ¬¥â®¤®¬
ãá«®¢−®-®¯â¨¬�«ì−®© (¬¨−¨¬�ªá−®©) ä¨«ìâà�æ¨¨ [17,18].

3 Система наблюдения и базовый алгоритм

÷¥è�¥¬�ï −�¢¨£�æ¨®−−�ï §�¤�ç� á®áâ®¨â ¢ ®æ¥−¨¢�−¨¨ ¯®«®¦¥−¨ï �� A,
§�¤�−−®£® ¢¥ªâ®à®¬ Xt ∈ R

pX , ¯® −�¡«î¤¥−¨ï¬ yt ∈ R
qy. Œ®¦−® áç¨â�âì,

çâ® ¢¥ªâ®à á®áâ®ï−¨ï á¨áâ¥¬ë Xt = (X(t), Y (t), Z(t))
′, â. ¥. pX = 3, ¨ «®ª�-

«¨§�æ¨ï §�ª«îç�¥âáï ¢ ®¯à¥¤¥«¥−¨¨ â®çª¨ ¢ âà¥å¬¥à−®¬ ¯à®áâà�−áâ¢¥. ‚ ¡®«¥¥
á«®¦−ëå §�¤�ç�å ¢¥ªâ®à Xt ¬®¦¥â à�áè¨àïâìáï, −�¯à¨¬¥à ¢¥ªâ®à®¬ áª®à®áâ¨
/̈̈ «¨ −¥¨§¢¥áâ−ë¬¨ ¯�à�¬¥âà�¬¨ ¬®¤¥«¨ ¤¢¨¦¥−¨ï. �æ¥−¨¢�−¨¥ Xt −�ç¨−�-

¥âáï ¢ ¬®¬¥−â ¢à¥¬¥−¨ t = 0 ¨ ¢ë¯®«−ï¥âáï ¢ ¤¨áªà¥â−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨
1, 2, . . . , t, . . ., ®â¢¥ç�îé¨¥ à�§¡¨¥−¨î ¨−â¥à¢�«� −�¡«î¤¥−¨ï á è�£®¬ δ á. „¥â¥ª-
â¨àã¥¬®¥ −�ç�«ì−®¥ ¯®«®¦¥−¨¥ �� ä®à¬�«ì−® ®¯¨áë¢�¥âáï á«ãç�©−ë¬ ¢¥ªâ®à®¬
X0 = (X(0), Y (0), Z(0))

′, ¨−ä®à¬�æ¨ï ® ª®â®à®¬ ¯®ï¢«ï¥âáï ¢ á¢ï§¨ á ¯®áâã¯-
«¥−¨¥¬ ¨§¬¥à¥−¨ï y0 (¯à¥¤¯®«�£�¥âáï, çâ® à�−¥¥ ¨§¬¥à¥−¨© −¥ ¡ë«®). �¤−�ª®
¥á«¨ ãç¨âë¢�âì ¢à¥¬¥−−�ãî §�¤¥à¦ªã, â® −�¤® á®®â−®á¨âì ¨§¬¥à¥−¨¥ y0 á ¯®-
«®¦¥−¨¥¬ X−τ0 ¢ −¥¨§¢¥áâ−ë© ¨ ¡®«¥¥ à�−−¨© ¬®¬¥−â −τ0 < 0. ‡�¤¥à¦ª� τ0
á®§¤�¥âáï á®−�à®¬ ¨ à�¢−� ¢à¥¬¥−¨, −ã¦−®¬ã ¤«ï ¯¥à¥¤�ç¨ á¨£−�«� y0 ¬¥¦¤ã A

¨ M. �®íâ®¬ã ä®à¬�«ì−® ¯à¥¤¯®«�£�¥âáï, çâ® ¤¢¨¦¥−¨¥ �� −�ç�â® à�−ìè¥
t = 0 ¨ ®¯¨áë¢�¥âáï á®áâ®ï−¨ï¬¨ X−1,X−1, . . . X−T . ‘�¬®¥ úáâ�à®¥û ¯®«®¦¥-
−¨¥ §�¤�¥âáï ¤«ï ä¨ªá¨à®¢�−−®£® ¬®¬¥−â� T , −�áâã¯¨¢è¥£® §� δT [á] ¤® −�ç�«�
®æ¥−¨¢�−¨ï t = 0. �â® ¢à¥¬ï «¥£ª® ®æ¥−¨âì, §−�ï ¯à¥¤¥«ì−ãî ¤�«ì−®áâì, −�
ª®â®à®© ¬®¦¥â ¡ëâì ®¡−�àã¦¥− ��. ”®à¬�«ì−®¥ −�ç�«ì−®¥ á®áâ®ï−¨¥ ¬®¤¥«¨,
â�ª¨¬ ®¡à�§®¬, ®¯à¥¤¥«ï¥âáï ¢¥ªâ®à®¬ X−T−1 = η. �à¥¤¯®«�£�¥âáï, çâ® η ¨¬¥¥â
¨§¢¥áâ−®¥ à�á¯à¥¤¥«¥−¨¥ á® áà¥¤−¨¬ mη ¨ ª®¢�à¨�æ¨¥© Dη.

‚ ¤¨−�¬¨ª¥ ¢à¥¬¥−−��ï §�¤¥à¦ª� τt ¢ ¯®áâã¯«¥−¨¨ ¨§¬¥à¥−¨© ï¢«ï¥âáï äã−ª-
æ¨¥© á®áâ®ï−¨ï Xt, � ¨¬¥−−®:

τt =

√
(X(t)−XM)

2 + (Y (t)− YM)
2 + (Z(t)− ZM)

2

δvs
, (1)
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£¤¥ (XM, YM, ZM) | ª®®à¤¨−�âë −�¡«î¤�â¥«ï; vs = 5400 ª¬/ç (1500 ¬/á) |
áª®à®áâì §¢ãª� ¯®¤ ¢®¤®©.

„�«¥¥ −�¤® ãç¥áâì, çâ® −�¡«î¤�â¥«¥© ¬®¦¥â ¡ëâì −¥áª®«ìª®, ®−¨ à�á¯®«®-
¦¥−ë −� à�§−ëå à�ááâ®ï−¨ï ¤® �� ¨, á«¥¤®¢�â¥«ì−®, ¨¬¥îâ à�§−ë¥ ¢à¥¬¥−− �ë¥
§�¤¥à¦ª¨ ¢ ¯®áâã¯«¥−¨¨ −�¡«î¤¥−¨©. ‚ ¨â®£¥ ¯à¨å®¤¨¬ ª á«¥¤ãîé¥© ¬®¤¥«¨
á¨áâ¥¬ë −�¡«î¤¥−¨ï:

Xt = �
(1)
t (Xt−1) + �

(2)
t (Xt−1)Wt;

y
(i)
t = ψ

(i,1)
t

(
X

t−τ
(i)
t

)
+ ψ

(i,2)
t

(
X

t−τ
(i)
t

)
v
(i)
t , i = 1, q ,

t = −T,−T + 1, . . . , 0, 1, . . . ,X−T−1 = η ,





(2)

£¤¥ �(1)t , �(2)t , ψ(i,1)t ¨ ψ
(i,2)
t | §�¤�−−ë¥ äã−ªæ¨¨; ¢®§¬ãé¥−¨ï Wt ∈ R

pW

¨ ®è¨¡ª¨ ¨§¬¥à¥−¨© v(i)t ∈ R
q
(i)
v | −¥§�¢¨á¨¬ë¥ ¤¨áªà¥â−ë¥ ¡¥«ë¥ èã¬ë ¢â®-

à®£® ¯®àï¤ª�; η, Wt ¨ v
(i)
t −¥§�¢¨á¨¬ë ¢ á®¢®ªã¯−®áâ¨. ‘®®â¢¥âáâ¢ãîé¨¥

¬�â¥¬�â¨ç¥áª¨¥ ®¦¨¤�−¨ï ¨ ª®¢�à¨�æ¨ï ®¡®§−�ç�îâáï mW (t), DW (t) ¨ m(i)v (t),

D
(i)
v (t). �â«¨ç¨¥ ®â â¨¯®¢ëå á¨áâ¥¬ −�¡«î¤¥−¨ï §¤¥áì ¢ â®¬, çâ® ï¢−® ¢ë¤¥«¥-

−ë q à�§−ëå −�¡«î¤�â¥«¥© (®−¨ ¯à®−ã¬¥à®¢�−ë i = 1, q), ¢®§¬®¦−®, ª�¦¤ë© á®

á¢®¨¬ −�¡®à®¬ ¨§¬¥à¥−¨©, −®, £«�¢−®¥, á® á¢®¥© ¢à¥¬¥−−�®© §�¤¥à¦ª®© τ (i)t (ª�¦-
¤�ï ¢ëç¨á«ï¥âáï á®£«�á−® (1), £¤¥ ¡¥àãâáï ª®®à¤¨−�âë i-£® −�¡«î¤�â¥«ï). „«ï
�ªªãà�â−®áâ¨ −�¤® ¤®¡�¢¨âì, çâ® à�¢¥−áâ¢® ¢ (1) ¯®−¨¬�¥âáï á ãç¥â®¬ ®ªàã£«¥−¨ï
¤«ï ®¡¥á¯¥ç¥−¨ï æ¥«ëå §−�ç¥−¨© τt.

„«ï ®æ¥−¨¢�−¨ï Xt ¯® −�¡«î¤¥−¨ï¬ y(i)t , i = 1, q, ¡ã¤¥¬ ¨á¯®«ì§®¢�âì ÷”Š
¨ ¬¥â®¤ «¨−¥©−ëå ¯á¥¢¤®−�¡«î¤¥−¨© [42, 43]. ‘®£«�á−® ¥¬ã ¢¬¥áâ® ú¨áâ¨−−ëåû
−�¡«î¤¥−¨© ¢ ¬®¤¥«ì (2) ¤®¡�¢«ïîâáï á¯¥æ¨�«ì−ë¬ ®¡à�§®¬ áä®à¬¨à®¢�−−ë¥
¯á¥¢¤®−�¡«î¤¥−¨ï, ®¯¨áë¢�¥¬ë¥ ãà�¢−¥−¨ï¬¨ ¢¨¤�

Y
(i)
t = ā

(i,1)
t

(
y
(i)
t

)
X

t−“τ
(i)
t

+ā
(i,2)
t

(
X

t−“τ
(i)
t

, y
(i)
t

)
V
(i)
t . (3)

‘¬ëá« íâ¨å ¢¥«¨ç¨− á®áâ®¨â ¢ â®¬, çâ® ¨§¬¥à¨â¥«ì−�ï äã−ªæ¨ï «¨−¥©−�

¯® Xt: ¥á«¨ ¢ (3) ¨§¬¥àï¥âáï ā(i,1)t (y
(i)
t )Xt−“τ

(i)
t

, â® ¢ (2) | íâ® ®¡é�ï ä®à¬�

ψ
(i,1)
t (X

t−“τ
(i)
t

). �à¨ íâ®¬ §�¤¥à¦ª� “τ (i)t = “τ
(i)
t (yt) ¯à¥¤áâ�¢«ï¥â á®¡®© ¯à®áâãî

®æ¥−ªã τ (i)t , � ¨¬¥−−®:

“τ
(i)
t = min

{
T,

[
y(i)rt

δvs

]}
.

‡¤¥áì ¤«ï ¢à¥¬¥−−�®© §�¤¥à¦ª¨ ¨ ¢ æ¥«®¬ ¤«ï ¯á¥¢¤®−�¡«î¤¥−¨© ¨á¯®«ì§®¢�−ë
®¡®§−�ç¥−¨ï: y(i)ϕt , y(i)λt

¨ y(i)rt | ¨§¬¥à¥−¨ï ¯¥«¥−£� ϕ, ã£«� ¢®§¢ëè¥−¨ï λ ¨ ¤�«ì-
−®áâ¨ r ¤«ï i-£® −�¡«î¤�â¥«ï (á¬. à¨áã−®ª). ˆ¬¥−−® ¤«ï íâ¨å ¢¥«¨ç¨− ¢ [42, 43]
¯à¥¤«®¦¥−ë ª®−ªà¥â−ë¥ �¯¯à®ªá¨¬�æ¨¨, ¯à¨¢®¤ïé¨¥ ª ¬®¤¥«¨ (3):
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‘å¥¬� à�¡®âë −�¡«î¤�â¥«ï

Y
(i)
ϕt = −Y (i)

M
ycosϕ +X

(i)
M
ysinϕ ;

Y
(i)
λt
= −ycosϕ ycosλ Z

(i)
M
+ ysinλ X

(i)
M
;

Y
(i)
rt = Z

(i)
M
+ y

(i)
rt y

sin
λ ,





(4)

£¤¥ ysinϕ = sin
(
y
(i)
ϕt

)
; ycosϕ = cos

(
y
(i)
ϕt

)
; ysinλ = sin

(
y
(i)
λt

)
; ycosλ = cos

(
y
(i)
λt

)
.

‚ëç¨á«¥−−ë¥ ¨§ ú¨áâ¨−−ëåû ¨§¬¥à¥−¨© y
(i)
ϕt , y(i)λt

¨ y
(i)
rt ¯® ä®à¬ã«�¬ (4)

¯á¥¢¤®−�¡«î¤¥−¨ï Y
(i)
ϕt , Y (i)λt

¨ Y
(i)
rt ¯à¨ è¨à®ª¨å ¯à¥¤¯®«®¦¥−¨ïå ¬®¦−® �¯-

¯à®ªá¨¬¨à®¢�âì á«¥¤ãîé¨¬ ®¡à�§®¬ [42, 43]:



Y
(i)
ϕt

Y
(i)
λt

Y
(i)
rt


 =



ysinϕ −ycosϕ 0
ysinλ 0 −ycosϕ ycosλ
0 0 1


X

t−“τ
(i)
t

+

+




X
(i)
M

−X(t) Y (t)− Y
(i)
M

0 0 0

0 (Z(t)− Z
(i)
M
)ycosλ X

(i)
M

−X(t) (Z(t)− Z
(i)
M
)ycosϕ 0

0 0 y
(i)
rt 0 ysinλ


V , (5)
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£¤¥ V = (v1, v2, v3, v4, v5)′ á®áâ®¨â ¨§ −¥§�¢¨á¨¬ëå æ¥−âà¨à®¢�−−ëå £�ãáá®¢áª¨å
¢¥«¨ç¨−; E{v21} = E{v22} − σ2ϕ; E{v23} = E{v24} = σ2λ; E{v2r} = σ2r ; σϕ, σλ

¨ σr | áâ�−¤�àâ−ë¥ ®âª«®−¥−¨ï ¯à¨ ¨§¬¥à¥−¨¨ ¯¥«¥−£� ϕ, ã£«� ¢®§¢ëè¥−¨ï λ
¨ ¤�«ì−®áâ¨ r ¤«ï i-£® −�¡«î¤�â¥«ï.

’¥¯¥àì, ¥á«¨ ¨á¯®«ì§®¢�âì (3) ¢¬¥áâ® ú¨áâ¨−−ëåû ¨§¬¥à¥−¨© ¢ (2), ¨¬¥ï

¢ ¢¨¤ã, çâ® äã−ªæ¨¨ ā(i,1)t ¨ ā(i,2)t ®¯à¥¤¥«¥−ë á®®â−®è¥−¨¥¬ (5), ¨ ¯à¨¬¥−¨âì
ª«�áá¨ç¥áª¨© ÷”Š, �¤�¯â¨à®¢�−−ë© ¯®¤ ¢à¥¬¥−− �ë¥ §�¤¥à¦ª¨, â® ¯®«ãç�âáï
á®®â−®è¥−¨ï [42, 43]:

“Xt = �
(1)
t

(
�Xt−1

)
+�

(2)
t

(
�Xt−1

)
mW (t) ;

“Kt = “�
(1)
t
�Kt−1

(
“�
(1)
t

)′
+ “�

(2)
t DW (t)

(
“�
(2)
t

)′
,





(6)

£¤¥

�Xt = “Xt +Kt–“Yt ;

Kt = “Kt

(
ā
(1)
t

)(
ā
(1)
t
“Kt

(
ā
(1)
t

)′
+ “ā

(2)
t DV (t)

(
“ā
(2)
t

)′)−1

;

–“Yt =
(
Y
(1)
t −ā(1,1)t

(
y
(1)
t

)
“X

t−“τ
(1)
t

, . . . , Y
(q)
t −ā(q,1)

t

(
y
(q)
t

)
“X

t−“τ
(q)
t

)
;

ā
(1)
t =



ā
(1,1)
t (yt)

...

ā
(q,1)
t (yt)


 ;

“ā
(2)
t = diag

{
ā
(1,2)
t

(
“X

t−“τ
(1)
t

, yt

)
, . . . ,ā

(q,2)
t

(
“X

t−“τ
(1)
t

, yt

)}
;

“�
(1)
t =

∂�
(1)
t (X)

∂X

∣∣∣
X= “Xt

;

“�
(2)
t = �

(2)
t

(
“Xt

)
;

�Kt = “Kt −Ktā
(1)
t
“Kt .

”¨«ìâà (6) | íâ® ª®¬¡¨−�æ¨ï ª«�áá¨ç¥áª¨å ÷”Š, ¯à¨¬¥−¥−−ëå ª ¬®¤¥«¨ (2),
(3), ª ª�¦¤®¬ã ¨§ q −�¡«î¤�â¥«¥©, áª®àà¥ªâ¨à®¢�−−®¬ã á®£«�á−® á¢®¥© ¢à¥¬¥−−�®©

§�¤¥à¦ª¥ −� á¢®î ®æ¥−ªã “τ (i)t .
„�«¥¥, ¯à¥¤¯®«�£�ï íâ®â �«£®à¨â¬ ®á−®¢−ë¬ ¨−áâàã¬¥−â®¬ à¥è¥−¨ï §�¤�ç¨

®æ¥−ª¨ ¯®«®¦¥−¨ï ��, à�áá¬®âà¨¬ ¤¢¥ (¨§ ç¥âëà¥å áä®à¬ã«¨à®¢�−−ëå) ªà¨â¨ç¥-
áª¨å ¯®§¨æ¨©, ¢ ª®â®àëå ¥£® à�¡®â� ®ª�§ë¢�¥âáï −¥ã¤®¢«¥â¢®à¨â¥«ì−®©, � â®ç−¥¥,
¢ ª®â®àëå ¯à¥¤¯®«®¦¥−¨ï ® ¬®¤¥«¨ á«¨èª®¬ ¦¥áâª¨¬¨ ¨ «¥£ª® −�àãè�¥¬ë¬¨ −�
¯à�ªâ¨ª¥.
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4 Дополнительные неопределенности модели наблюдения

4.1 Этап обнаружении цели

�«£®à¨â¬ã ä¨«ìâà�æ¨¨ (6) −ã¦−ë −�ç�«ì−ë¥ ãá«®¢¨ï. ˆå ¬®¦−® ¯®«ãç¨âì ¨§
¬®¤¥«¨ ¤¢¨¦¥−¨ï (2), â. ¥. ¨§ ãá«®¢¨ï X−T−1 = η. �¤−�ª® ¯¥à¢®¥ −�¡«î¤¥−¨¥ y0
−¥ ï¢«ï¥âáï ¨§¬¥à¥−¨¥¬ ¯®«®¦¥−¨ï X−T−1, ª�ª ¨¬¥«® ¡ë ¬¥áâ® ¢ â¨¯®¢®© §�¤�ç¥
ä¨«ìâà�æ¨¨ ¡¥§ ¢à¥¬¥−− �ëå §�¤¥à¦¥ª. ‚ ®¡ëç−®© §�¤�ç¥ −�ç�«ì−ë¥ ãá«®¢¨ï
¤�¢�«¨ ¡ë ¬®¬¥−âë η: �X−1 = mη, �K−1 = Dη, ®âªã¤� ¥¤¨−áâ¢¥−−ë© −ã¦−ë©
¯à®£−®§ ¨ ¥£® í¢à¨áâ¨ç¥áª�ï ª®¢�à¨�æ¨ï | “X0, “K0. �® �«£®à¨â¬ã (6) ¤«ï à�¡®âë
á ¯¥à¢ë¬ −�¡«î¤¥−¨¥¬ y0 ¬®¦¥â ¯®âà¥¡®¢�âìáï «î¡®© ¨§ ¯à®£−®§®¢ “Xt−τ , “Kt−τ ,

τ = 0, T , ¯®â®¬ã çâ® â�ª¨¥ §−�ç¥−¨ï ¬®£ãâ ¯à¨−¨¬�âì ®æ¥−ª¨ “τ (i)t §�¤¥à¦¥ª ¤«ï
i = 1, q −�¡«î¤�â¥«¥©. ”®à¬�«ì−® ¯®«ãç¨âì −ã¦−ë¥ ¢¥«¨ç¨−ë ¬®¦−® ¨§ mη

¨ Dη ¢ á¨«ã á¨áâ¥¬ë (2):

“Xt = �
(1)
t

(
“Xt−1

)
+�

(2)
t

(
“Xt−1

)
mW (t), “X−T−1 = mη ;

“Kt = “�
(1)
t
“Kt−1

(
“�
(1)
t

)′
+ “�

(2)
t DW (t)

(
“�
(2)
t

)′
, “K−T−1 = Dη .

ˆ¬¥−−® â�ª á«¥¤ã¥â ¨−â¥à¯à¥â¨à®¢�âì −�ç�«ì−ë© íâ�¯ �«£®à¨â¬� (6). ˆ ª íâ®-
¬ã íâ�¯ã ¥áâì ¤¢� ¢®¯à®á�:

(1) Œ®£ãâ «¨ ¡ëâì ¯à¥¤êï¢«¥−ë ª�ª¨¥-«¨¡® ®¡ê¥ªâ¨¢−ë¥ ®á−®¢�−¨ï ¤«ï ä®à-
¬¨à®¢�−¨ï ¡®«¥¥-¬¥−¥¥ â®ç−®£® −�ç�«ì−®£® ãá«®¢¨ï η?

(2) Œ®¦−® «¨ −�¤¥ïâìáï, çâ® £àã¡ë¥ ®æ¥−ª¨ −�ç�«ì−®£® ¯®«®¦¥−¨ï ¡ã¤ãâ
ª®¬¯¥−á¨à®¢�−ë �«£®à¨â¬®¬ ÷”Š ¯® ¬¥à¥ −�ª®¯«¥−¨ï ¨§¬¥à¥−¨©?

�� ®¡� ¢®¯à®á� ®â¢¥â | −¥â. �à¥¤áª�§�âì áâ�â¨áâ¨ç¥áª¨ â®çªã ª®−âà®«¨-
àã¥¬®£® ¯à®áâà�−áâ¢�, ¢ ª®â®à®© ¯®ï¢¨âáï ¤¢¨¦ãé¨©áï ®¡ê¥ªâ, −¥«ì§ï. ‚ ¯à®-
â¨¢−®¬ á«ãç�¥ | §�ç¥¬ ª®−âà®«¨à®¢�âì ¢áî ®¡«�áâì? ÷�áè¨à¥−−ë© ä¨«ìâà
Š�«¬�−� áª«®−¥− ª à�áå®¤¨¬®áâ¨, ¨, å®âï ¬¥â®¤ ¯á¥¢¤®−�¡«î¤¥−¨© ¤¥«�¥â ¥£®
áãé¥áâ¢¥−−® áâ�¡¨«ì−¥¥, çã¢áâ¢¨â¥«ì−®áâì ª −�ç�«ì−®¬ã à�á¯à¥¤¥«¥−¨î ®áâ�¥âáï
á«�¡ë¬ ¬¥áâ®¬ [44].

÷¥è¥−¨¥ ¯à®¡«¥¬ë −�ç�«ì−®£® íâ�¯� ¯®¤áª�§ë¢�¥â ª«�áá ¬¥â®¤®¢, ¤�¢−®
¯à¨¬¥−ï¥¬ëå ¤«ï à¥è¥−¨ï áâ�â¨ç¥áª¨å −�¢¨£�æ¨®−−ëå §�¤�ç. ��¯à¨¬¥à, íâ®
¨§¢¥áâ−�ï â¥å−®«®£¨ï ¤«¨−−®© ¡�§ë (Long Baseline, LBL). ‚ á�¬®¬ ¯à®áâ®¬ ¢�à¨-
�−â¥ LBL ¯à¥¤¯®«�£�¥â, çâ® ¥áâì ¯®¤£®â®¢«¥−−�ï ¨−äà�áâàãªâãà� ¨§ −¥áª®«ìª¨å
å®à®è® à�ááâ�¢«¥−−ëå, â®ç−® ¯®§¨æ¨®−¨à®¢�−−ëå âà�−á¯®−¤¥à®¢, ¨§¬¥àïîé¨å
¤�«ì−®áâì ¤® ��. �®«ãç�¥âáï −¥áª®«ìª® â®ç−ëå −�¡«î¤¥−¨©, ¨§ ª®â®àëå ç¨áâ®
£¥®¬¥âà¨ç¥áª¨ ¬®¦−® ®¯à¥¤¥«¨âì ¡¥§ ä¨«ìâà�æ¨¨ ¯®«®¦¥−¨¥ −�áâ®«ìª® â®ç−®,
çâ® ¡®«ìè¥ −¥ âà¥¡ã¥âáï ¨§ ¯à�ªâ¨ç¥áª¨å á®®¡à�¦¥−¨© [45]. ‚ à�áá¬�âà¨¢�¥¬®©
§�¤�ç¥ ¬®¦−® ¯à¨¬¥−¨âì â®ç−® â�ª®© ¦¥ ¯®¤å®¤. ��¯à¨¬¥à, ¤«ï −�¡«î¤¥−¨ï y0
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¬®¦−® áä®à¬¨à®¢�âì á«¥¤ãîé¨¥ à�§−®áâ¨ ¤«ï ª�¦¤®£® ¨§¬¥à¥−¨ï ¯¥«¥−£�, ã£«�
¢®§¢ëè¥−¨ï ¨ ¤�«ì−®áâ¨:

yϕ = ϕ+ vϕ −
(
yϕ − arctan YA − YM

XA −XM

)
;

yλ = ϕ+ vλ −
(
yλ − arctan ZA − ZM

|XA −XM| cos arctg
YA − YM

XA −XM

)
;

yr = r + vr −
(
yr −

√
(XA −XM)2 + ((YA − YM)2 + (ZA − ZM)2

)
,

£¤¥ yϕ, yλ ¨ yr | ¨§¬¥à¥−¨ï ®¤−®£® −�¡«î¤�â¥«ï ¨§ á®áâ�¢� ¢¥ªâ®à� y0;
(XM, YM, ZM) | ª®®à¤¨−�âë íâ®£® −�¡«î¤�â¥«ï; (XA, YA, ZA) | ®æ¥−ª� ¯®-

«®¦¥−¨ï �� ¢ ¬®¬¥−â t = −“τ (i)t , ¢ëà�¦¥−−�ï ç¥à¥§ ¨áª®¬ãî ®æ¥−ªã â¥ªãé¥£®

¯®«®¦¥−¨ï �� �X0. ��¯®¬−¨¬, çâ® “τ (i)t ¢ëç¨á«ï¥âáï ç¥à¥§ ¯®áâã¯¨¢è¥¥ ¨§-

¬¥à¥−¨¥ “τ (i)t = min{T, [yr/(δvs)]}. �æ¥−ª¨ ¦¥ ¯®«®¦¥−¨ï ¢ëç¨á«ïîâáï ¨§ (2)

®¡à�â−ë¬ ¯¥à¥áç¥â®¬, −�¯à¨¬¥à �X
−“τ
(i)
t

= �X0 − “τ (i)t
�VX .

‡¤¥áì á¤¥«�− ¥é¥ ®¤¨− è�£: ¢¬¥áâ® ¬®¤¥«¨ ¤¢¨¦¥−¨ï (2) ¯à¥¤¯®«�£�¥âáï, çâ®
�� (â®«ìª® §¤¥áì ¨ â®«ìª® −� −¥¡®«ìè®¬ −�ç�«ì−®¬ íâ�¯¥ t = −T,−T +1, . . . , 0)
¤¢¨¦¥âáï á ¯®áâ®ï−−®© áà¥¤−¥© áª®à®áâìî V = (VX , VY , VZ)

′, � ®æ¥−ª¨ í«¥-
¬¥−â®¢ íâ®£® ¢¥ªâ®à� �V = (�VX , �VY , �VZ)

′ ¢ëç¨á«ïîâáï ¢¬¥áâ¥ á ®æ¥−ª�¬¨
�X0, �X1, . . . , �XT−1. „«ï ®¤−®© â®çª¨ ¨ ®¤−®£® −�¡«î¤¥−¨ï y0 á®¤¥à¦�â¥«ì-

−ãî ®æ¥−ªã áª®à®áâ¨ �V (0) ¢ëç¨á«¨âì, ª®−¥ç−®, −¥«ì§ï, ¨ ¥¤¨−áâ¢¥−−®¥ à¥è¥-
−¨¥ �V (0) = E{V }. �® ã¦¥ ¤«ï ¤¢ãå{âà¥å −�¡«î¤¥−¨© ¡ã¤ãâ ä®à¬¨à®¢�âìáï
−¥áª®«ìª® à�§−®áâ¥©, ®â−®áïé¨åáï ª à�§−ë¬ ¬®¬¥−â�¬ ¢à¥¬¥−¨, â�ª çâ® ®æ¥−¨-
¢�−¨¥ �V (1), �V (2), . . . ã¦¥ ¨¬¥¥â á¬ëá«. „«ï íâ®£® ¨§ ¯®«ãç¥−−ëå à�§−®áâ¥© −�
ª�¦¤®¬ è�£¥ −�¤® ä®à¬¨à®¢�âì æ¥«¥¢®© äã−ªæ¨®−�«, −�¯à¨¬¥à áã¬¬ã ª¢�¤à�â®¢
(¬¥â®¤ −�¨¬¥−ìè¨å ª¢�¤à�â®¢) ¨«¨ áã¬¬ã ¬®¤ã«¥© (¬¥â®¤ −�¨¬¥−ìè¨å ¬®¤ã«¥©),
¨ ¬¨−¨¬¨§¨à®¢�âì ¥£®, ¢ëç¨á«ïï �X(t) ¨ �V (t) ¯® −�¡«î¤¥−¨î yt. �à¨ ¡®«ìè¨å T
¯®âà¥¡ã¥âáï ®£à�−¨ç¨¢�âìáï ª®−¥ç−ë¬ ®âà¥§ª®¬, â. ¥. ¢ª«îç�âì â®«ìª® à�§−®áâ¨
¤«ï S < T ¬®¬¥−â®¢ ¢à¥¬¥−¨. ’�ª¦¥ ¢®§¬®¦−® ¤®¯®«−¨â¥«ì−® ¢§¢¥è¨¢�âì á«�-
£�¥¬ë¥, çâ®¡ë ®â¤�¢�âì ¯à¥¨¬ãé¥áâ¢® ¡®«¥¥ úá¢¥¦¨¬û ¨§¬¥à¥−¨ï¬, ®â¢¥ç�îé¨¬
¯®á«¥¤−¨¬ ¨§¬¥à¥−−ë¬ ¯®«®¦¥−¨ï¬. �æ¥−ª¨ �V ¯à®¤®«¦�îâ ¢ëç¨á«ïâìáï ¢¬¥áâ¥
á ®æ¥−ª�¬¨ �X1, �X2, . . . ¨ ¤�«ìè¥, ¨ ¢á¥ | ¢¯«®âì ¤® t = T , ª®£¤� ¢ à�áç¥â �XT

¬®¦¥â ¡ëâì ¢ª«îç¥− ÷”Š (6), £�à�−â¨à®¢�−−® ®¡¥á¯¥ç¥−−ë© ¢á¥¬¨ −ã¦−ë¬¨
¯à®£−®§�¬¨. ‚ íâ®â ¬®¬¥−â −�¤® ¯®«®¦¨âì “Xt = �Xt ¤«ï ¢á¥å t = −T, 0, � â®ç-
−®áâì íâ¨å ¯à®£−®§®¢ ¯à¥¤¢�à¨â¥«ì−® ¬®¦−® à�ááç¨â�âì ¯ãâ¥¬ ª®¬¯ìîâ¥à−®£®
¬®¤¥«¨à®¢�−¨ï ¨ §�¯®¬−¨âì.

�â¬¥â¨¬, çâ® ä®à¬�«ì−® ¢ §�¤�çã ä¨«ìâà�æ¨¨ −¥ ¢å®¤¨â ¢ëç¨á«¥−¨¥ ®æ¥−-
ª¨ �V . �à¨ ¬¨−¨¬¨§�æ¨¨ æ¥«¥¢®© äã−ªæ¨¨ ¥¥ à�áç¥â −®á¨â â¥å−¨ç¥áª¨© å�à�ªâ¥à,
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�¤�¯â¨¢−ë¥ ¨ à®¡�áâ−ë¥ �«£®à¨â¬ë ä¨«ìâà�æ¨¨ ¤«ï á¨áâ¥¬ á® á«ãç�©−ë¬¨ §�¤¥à¦ª�¬¨

� ¯à¨ ¤�«ì−¥©è¥¬ ¨á¯®«ì§®¢�−¨¨ ¥áâì ¬®¤¥«ì (2), ¨ íâ� ®æ¥−ª� ¬®¦¥â ¡ëâì −¥
−ã¦−�. �¤−�ª®, ¥á«¨ ¢ ¬®¤¥«¨ (2) ¯®áâ®ï−−�ï áà¥¤−ïï áª®à®áâì ä¨£ãà¨àã¥â
ª�ª ¯�à�¬¥âà, ®¯¨á�−−ë© −�ç�«ì−ë© íâ�¯ ä¨«ìâà�æ¨¨ §�®¤−® à¥è¨â ¢®¯à®á
¨¤¥−â¨ä¨ª�æ¨¨ íâ®£® ¯�à�¬¥âà�. �â®â ¬®¬¥−â â�ª¦¥ ¯®«¥§¥− ¤«ï ÷”Š, â�ª ª�ª
¨ ª â®ç−®áâ¨ §�¤�−¨ï ¯�à�¬¥âà®¢ ¤�¦¥ ¢�à¨�−â á «¨−¥©−ë¬¨ ¯á¥¢¤®−�¡«î¤¥−¨ï¬¨
®áâ�¥âáï çã¢áâ¢¨â¥«ì−ë¬ [44].

4.2 Распределения ошибок в изменяющихся условиях наблюдений

‚ íâ®¬ ¯®¤à�§¤¥«¥ ¡ã¤¥¬ £®¢®à¨âì ® ¤¢ãå ¢¨¤�å −¥®¯à¥¤¥«¥−−®áâ¥©. ‚®-¯¥à-

¢ëå, ® à�á¯à¥¤¥«¥−¨ïå ¢®§¬ãé¥−¨© Wt ¨ v
(i)
t , i = 1, q, ¢ (2). ’à�¤¨æ¨®−−®¥

¯à¥¤¯®«®¦¥−¨¥ ®¡ ¨å −®à¬�«ì−®¬ à�á¯à¥¤¥«¥−¨¨, ¨ ¡¥§ â®£® ç�áâ® ¯®¤¢¥à£�¥¬®¥
ªà¨â¨ª¥ ¢ ãá«®¢¨ïå ¤¢¨¦¥−¨ï ¯®¤ ¢®¤®©, ¯à¨®¡à¥â�¥â ¤®¯®«−¨â¥«ì−ë¥ ªà�áª¨
¨§-§� ¢«¨ï−¨ï â�ª¨å ä�ªâ®à®¢, ª�ª ¨§¬¥−ïîé¨¥áï ¢ ¯à®æ¥áá¥ ¤¢¨¦¥−¨ï â¥¬¯¥-
à�âãà�, á®«¥−®áâì ¨ ¤�¢«¥−¨¥ ¢®¤ë [46]. � ¥é¥ ¥áâì â¥ç¥−¨ï [47], çìï £�ãáá®¢áª�ï
¯à¨à®¤� ¢¥áì¬� á®¬−¨â¥«ì−�. ‘ ¤àã£®© áâ®à®−ë, ®á®¡ëå ä¨§¨ç¥áª¨å ®á−®¢�-
−¨© ¤«ï §�¤�−¨ï §�ª®−� à�á¯à¥¤¥«¥−¨ï ¢®§¬ãé¥−¨© ¢ à�áá¬�âà¨¢�¥¬®© §�¤�ç¥

−¥â, â�ª çâ® ä®à¬�«ì−® á«¥¤ã¥â áç¨â�âì, çâ® Wt ¨ v
(i)
t −¥¨§¢¥áâ−ë. ÷�§ã¬−®¥

¯à¥¤¯®«®¦¥−¨¥ á®áâ®¨â ¢ â®¬, çâ® �¯à¨®à−�ï ¨−ä®à¬�æ¨ï ®£à�−¨ç¥−� §−�−¨¥¬
¢â®àëå ¬®¬¥−â®¢. �ã¤¥¬ ¯à¥¤¯®«�£�âì, çâ® ¢®§¬ãé¥−¨ï æ¥−âà¨à®¢�−ë (−ã«¥¢ë¥
¬�â¥¬�â¨ç¥áª¨¥ ®¦¨¤�−¨ï) ¨ §�¤�−ë ¬�ªá¨¬�«ì−ë¥ §−�ç¥−¨ï (¢¥àå−¨¥ £à�−¨æë)

¤¨á¯¥àá¨© í«¥¬¥−â®¢ Wt ¨ v
(i)
t . ‚ íâ¨å ãá«®¢¨ïå á«¥¤®¢�«® ¡ë á®áà¥¤®â®ç¨âì

¯à¨®à¨â¥â−®¥ ¢−¨¬�−¨¥ −� ¬¥â®¤¨ª¥ ®¡¥á¯¥ç¥−¨ï ä¨«ìâàã à®¡�áâ−®áâ¨, � ã¦¥
¢® ¢â®àãî ®ç¥à¥¤ì | −� £¥®¬¥âà¨¨ ª®−ªà¥â−ëå ¨§¬¥à¥−¨©. �¤−�ª® ®ª�§�«®áì,
çâ® ¬¥â®¤ «¨−¥©−ëå ¯á¥¢¤®−�¡«î¤¥−¨© ã¦¥ à¥è¨« íâã §�¤�çã á�¬ ¯® á¥¡¥. …á«¨
á«¥¤®¢�âì ¯®áâà®¥−¨î ¬®¤¥«¨ ¯á¥¢¤®−�¡«î¤¥−¨© ¢ ¬®¤¥«¨ á ¢à¥¬¥−− �ë¬¨ §�¤¥à¦-
ª�¬¨ [42, 43], â® −¥âàã¤−® ã¢¨¤¥âì, çâ® «¨−¥©−�ï ¬®¤¥«ì ¯á¥¢¤®−�¡«î¤¥−¨© ¤«ï
¨§¬¥à¥−¨© ¯¥«¥−£�, ã£«� ¢®§¢ëè¥−¨ï ¨ ¤�«ì−®áâ¨ ®á−®¢�−� −� ¯à®áâ®© �¯¯à®ª-
á¨¬�æ¨¨ á¨−ãá®¢ ¨ ª®á¨−ãá®¢. ��¯à¨¬¥à, ¤«ï ¯¥«¥−£� à�ááã¦¤¥−¨ï â�ª®¢ë.
‘−�ç�«� ¢ë¤¥«ï¥âáï «¨−¥©−�ï ç�áâì àï¤� ’¥©«®à�:

ysinϕ = sin(yϕ) = sin(ϕ+ vϕ) ≈ sin(ϕ) + cos(ϕ)vϕ ;

ycosϕ = cos(yϕ) = cos(ϕ+ vϕ) ≈ cos(ϕ)− sin(ϕ)vϕ .

‡�¬¥â¨¬, çâ® ¢ë¯®«−ïîâáï −¥à�¢¥−áâ¢�

E{(cos(ϕ)vϕ)
2} ≤ σ2ϕ; E{(sin(ϕ)vϕ)

2} ≤ σ2ϕ ,

£¤¥ σ2ϕ | ¢¥àå−ïï £à�−¨æ� ¤¨á¯¥àá¨¨ ®è¨¡ª¨ ¨§¬¥à¥−¨ï ¯¥«¥−£� ϕ. �à¨ íâ®¬
á¢®©áâ¢® æ¥−âà¨à®¢�−−®áâ¨ á®åà�−ï¥âáï:

E{cos(ϕ)vϕ} = E{sin(ϕ)vϕ} = 0 .
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…á«¨ à�áá¬�âà¨¢�âì ysinϕ ¨ ycosϕ ª�ª ¤¢� −¥§�¢¨á¨¬ëå í«¥¬¥−â� ¯á¥¢¤®−�¡«î¤¥−¨©,
−� ®á−®¢¥ ª®â®àëå −¥®¡å®¤¨¬® ¯®«ãç¨âì ®æ¥−ª¨ ¤«ï sin(ϕ) ¨ cos(ϕ) (¯®áª®«ìªã
á�¬ ã£®«ϕ ¨−ë¬ ®¡à�§®¬ ¢ à�áç¥âë −¥ ¢å®¤¨â), âà¥¡ã¥âáï ®¯à¥¤¥«¨âì ª®àà¥«ïæ¨î
®è¨¡®ª cos(ϕ)vϕ ¨ sin(ϕ)vϕ, â. ¥. ¢ëç¨á«¨âì cov(cos(ϕ)vϕ sin(ϕ)vϕ). „«ï íâ®£®
−¥®¡å®¤¨¬® §−�âì à�á¯à¥¤¥«¥−¨¥ ϕ ¨«¨ ¥£® á¢®©áâ¢�, çâ® à�¢−®á¨«ì−® ®â¢¥âã
−� ¢®¯à®á ® à�á¯à¥¤¥«¥−¨¨ §−�ç¥−¨© ¯¥«¥−£� (−�¯à¨¬¥à, ®¡−�àã¦¥−−®© æ¥«¨)
¢ ª®−âà®«¨àã¥¬®¬ ¯à®áâà�−áâ¢¥. �ç¥¢¨¤−®, çâ® −�¨åã¤è¨¬ áæ¥−�à¨¥¬ ï¢«ï¥âáï
¤®¯ãé¥−¨¥ ® ¯à®¨§¢®«ì−®¬ §−�ç¥−¨¨ ¯¥«¥−£�. ‚ íâ®¬ á«ãç�¥ ®âà¨æ�â¥«ì−ë¥
¨ ¯®«®¦¨â¥«ì−ë¥ §−�ç¥−¨ï ¯¥«¥−£� à�¢−®¢¥à®ïâ−ë, â. ¥. à�á¯à¥¤¥«¥−¨¥ ϕ á¨¬-
¬¥âà¨ç−®. ‘«¥¤®¢�â¥«ì−®

E{cos(ϕ)vϕ sin(ϕ)vϕ} =
1

2
σ2ϕE{sin(2ϕ)} = 0 .

’�ª¨¬ ®¡à�§®¬, ¢ ä®à¬¨àã¥¬®© ¬®¤¥«¨ ¯á¥¢¤®−�¡«î¤¥−¨© ¯à¨áãâáâ¢ãîâ ¤¢�
¨§¬¥à¥−¨ï:

ysinϕ ≈ sin(ϕ) + v1; ycosϕ ≈ cos(ϕ) + v2.
�è¨¡ª¨ ¢ íâ¨å ¨§¬¥à¥−¨ïå ï¢«ïîâáï −¥ª®àà¥«¨à®¢�−−ë¬¨ á«ãç�©−ë¬¨ ¢¥«¨ç¨-
−�¬¨ á −ã«¥¢ë¬¨ ¬�â¥¬�â¨ç¥áª¨¬¨ ®¦¨¤�−¨ï¬¨ ¨ ¤¨á¯¥àá¨ï¬¨, ®£à�−¨ç¥−−ë¬¨
á¢¥àåã ¢¥«¨ç¨−®© σ2ϕ. „«ï ®æ¥−ª¨ sin(ϕ) ¨ cos(ϕ) ¢ ¬®¤¥«ì ¤«ï ysinϕ ¨ ycosϕ

á«¥¤ã¥â ¢ª«îç¨âì ãá«®¢¨¥ −�¨åã¤è¥£® (á â®çª¨ §à¥−¨ï ª�ç¥áâ¢� ®æ¥−ª¨) à�á-
¯à¥¤¥«¥−¨ï (v1, v2)′. �â® à�á¯à¥¤¥«¥−¨¥ ¤�¥â ¨§¢¥áâ−®¥ ¬¨−¨¬�ªá−®¥ á¢®©áâ¢®
−®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï, ¬�ªá¨¬¨§¨àãîé¥£® ¤¨á¯¥àá¨î −� ª«�áá¥ à�á¯à¥¤¥-
«¥−¨© á ¨§¢¥áâ−ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ®£à�−¨ç¥−−®© ª®¢�à¨�æ¨®−−®©
¬�âà¨æ¥© [48]. ‘«¥¤®¢�â¥«ì−®, ¢−¥ §�¢¨á¨¬®áâ¨ ®â �¯à¨®à−®© ¨−ä®à¬�æ¨¨
® à�á¯à¥¤¥«¥−¨¨ ®è¨¡ª¨ vϕ, ¬®¤¥«ì «¨−¥©−ëå ¯á¥¢¤®−�¡«î¥−¨© ¢¬¥áâ® vϕ ¯à¥¤-
¯®«�£�¥â ¨á¯®«ì§®¢�−¨¥ v1 ¨ v2 ª�ª −¥§�¢¨á¨¬ëå £�ãáá®¢áª¨å á«ãç�©−ëå ¢¥«¨ç¨−,
E{v1} = E{v2} = 0 ¨ E{v21} = E{v22} = σ2ϕ.

�−�«®£¨ç−ë¥ à�ááã¦¤¥−¨ï ¤«ï ¨§¬¥à¥−¨© ã£«� ¢®§¢ëè¥−¨ï ¤�îâ ¥é¥ ¤¢¥
£�ãáá®¢áª¨¥ ¢¥«¨ç¨−ë ¢ ¬®¤¥«¨ ¯á¥¢¤®−�¡«î¤¥−¨©, � ¤«ï ¨§¬¥à¥−¨ï ¤�«ì−®áâ¨
¬¨−¨¬�ªá−®áâì £�ãáá®¢áª¨å ®è¨¡®ª ¯®«ãç�¥âáï −¥¯®áà¥¤áâ¢¥−−®. ’�ª çâ® íâ¨
à�ááã¦¤¥−¨ï á−¨¬�îâ ¢®¯à®á ® à®¡�áâ−®áâ¨ ä¨«ìâà� ¢ ®â−®è¥−¨¨ à�á¯à¥¤¥«¥−¨©

Wt ¨ v(i)t , ¯à¨ç¥¬ ®¡®¨å ¢®§¬ãé¥−¨©, ¯®â®¬ã çâ® ¨§¬¥−¥−¨¥ §−�ç¥−¨© Wt | íâ®
¢®¯à®á ¯à® ¯¥«¥−£, ã£®« ¢®§¢ëè¥−¨ï ¨ ¤�«ì−®áâì, � ¤«ï ä¨«ìâà� (6) −ã¦−� â®«ìª®
ª®¢�à¨�æ¨ï.

�¡à�â¨¬ ¢−¨¬�−¨¥ −� ®¤−® ª�¦ãé¥¥áï ¯à®â¨¢®à¥ç¨¥. ÷�§¤¥« ¡ë« −�ç�â á ªà¨-
â¨ª¨ ¯à¥¤¯®«®¦¥−¨ï −®à¬�«ì−®£® à�á¯à¥¤¥«¥−¨ï ¤«ï ¢®§¬ãé¥−¨©, � §�ª®−ç¥−
£�ãáá®¢áª¨¬¨ v1 ¨ v2. �â® ¨¬¥−−® ª�¦ãé¥¥áï ¯à®â¨¢®à¥ç¨¥, ¯®â®¬ã çâ® ¢¬¥áâ®
®¤−®© ®è¨¡ª¨ vϕ á −¥¨§¢¥áâ−ë¬ à�á¯à¥¤¥«¥−¨¥¬ ¢ ¬®¤¥«ì ¯á¥¢¤®−�¡«î¤¥−¨©
¢ª«îç¥−ë ¤¢¥ £�ãáá®¢áª¨å ¢¥«¨ç¨−ë, � áã¬¬�à−® ¤«ï âà¥å ¨§¬¥à¥−¨© ¢ ®¡éãî
¬®¤¥«ì (5) ¢ª«îç¥− ¯ïâ¨¬¥à−ë© £�ãáá®¢áª¨© ¢¥ªâ®à V = (v1, v2, v3, v4, v5)′.
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�¤�¯â¨¢−ë¥ ¨ à®¡�áâ−ë¥ �«£®à¨â¬ë ä¨«ìâà�æ¨¨ ¤«ï á¨áâ¥¬ á® á«ãç�©−ë¬¨ §�¤¥à¦ª�¬¨

’¥¯¥àì ®¡áã¤¨¬ §−�−¨¥ ¤¨á¯¥àá¨© ¨«¨ ¨å ¢¥àå−¨å £à�−¨æ. „«ï ¢ë¡à�−−®£®
ä¨«ìâà� (6) −ã¦−ë â®ç−ë¥ §−�ç¥−¨ï äã−ªæ¨© DW (t) ¨ DV (t) (â¥¯¥àì ¬®¦−®
£®¢®à¨âì â®«ìª® ® ¯�à�¬¥âà�å ¯á¥¢¤®−�¡«î¤¥−¨©, â. ¥. ®¡ ®è¨¡ª¥ Vt). ˆå ¬®¦−®
§�¬¥−¨âì −� ¢¥àå−¨¥ ®æ¥−ª¨, ááë«�ïáì −� ¢á¥ âã ¦¥ ¬¨−¨¬�ªá−®áâì ä¨«ìâà�
Š�«¬�−� [48]. Ÿá−®, çâ® íâ® ¡ã¤¥â à�¡®â�âì, ¥á«¨ ¨áâ¨−−ë¥ ª®¢�à¨�æ¨¨ ¨ ¢¥àå−¨¥
£à�−¨æë ¡«¨§ª¨. � ¥á«¨ −¥â, â® à¥§ã«ìâ�â ¬®¦¥â ¡ëâì áª®«ì ã£®¤−® ¯«®å¨¬.

’¨¯¨ç−ë© ¢ëå®¤ ¢ íâ®© á¨âã�æ¨¨: ¯®áª®«ìªã DW (t) ¨ DV (t) −¥¨§¢¥áâ−ë
¨ §−�ç¨¬ë ¤«ï ¬®¤¥«¨, −�¤® ¨å ®æ¥−¨âì (¯à�¢¨«ì−® £®¢®à¨âì ¢ ¤�−−®¬ ª®−â¥ªáâ¥
®¡ ¨å ¨¤¥−â¨ä¨ª�æ¨¨ ª�ª á®áâ�¢−®© ç�áâ¨ á¨−â¥§� ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ (2),
§¤¥áì ã¬¥áâ−� â� ¦¥ �−�«®£¨ï á ®æ¥−ª®© ¯®áâ®ï−−®© áà¥¤−¥© áª®à®áâ¨ �V ). �®-
áª®«ìªã ¨¬¥¥âáï à�¡®â�îé¨© ä¨«ìâà, â® ¬®¦−® −¥¯®áà¥¤áâ¢¥−−® ¥£® ¨á¯®«ì§®¢�âì
¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ −¥¨§¢¥áâ−ëå ¯�à�¬¥âà®¢ ¯�à�««¥«ì−® á á®¡áâ¢¥−−® ä¨«ìâà�-
æ¨¥© á®áâ®ï−¨©, â. ¥. ¢®á¯®«ì§®¢�âìáï ¬¥â®¤®«®£¨¥© ¡�©¥á®¢áª®© ¨¤¥−â¨ä¨ª�æ¨¨,
¯à¨ç¥¬ íâ® à�¡®â�¥â ¢ á¨áâ¥¬�å á ¢à¥¬¥−− �ë¬¨ §�¤¥à¦ª�¬¨, çâ® ¯®ª�§�−® ¢ [11,
12] −� ¯à¨¬¥à¥ ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà� áª®à®áâ¨ (�«£®à¨â¬, ¯à¥¤«®¦¥−−ë©
¢ [11, 12] ¤«ï ®æ¥−¨¢�−¨ï V , áãé¥áâ¢¥−−® á«®¦−¥¥ ¨ §�âà�â−¥¥ ä¨«ìâà� íâ�¯�
®¡−�àã¦¥−¨ï æ¥«¨ ¯®¤à�§¤. 4.1).

÷�áè¨à¨¬ ¢¥ªâ®à á®áâ®ï−¨ï Xt = (X(t), Y (t), Z(t))
′ äã−ªæ¨ï¬¨ DW (t)

¨ DV (t). ”®à¬�«ì−® DW (t) ¨¬¥¥â à�§¬¥à−®áâì q × 3 × 5 (á¬. (5)), � DV (t) |
à�§¬¥à−®áâì pW × pW (á¬. (2)). �� ¯à�ªâ¨ª¥ −¥®¡å®¤¨¬® ®æ¥−¨âì è¥áâì ®âª«®−¥-
−¨©: σϕ, σλ ¨ σr | ¤«ï âà¥å ¨§¬¥à¥−¨© ¨ σX , σY ¨ σZ | ¤«ï âà¥å −¥§�¢¨á¨¬ëå
¢®§¬ãé¥−¨© ¯® âà¥¬ ®áï¬. �®¢ë© ¢¥ªâ®à

Xt = (X(t), Y (t), Z(t), σϕ, σλ, σr, σX , σY , σZ)
′

®¯¨áë¢�¥âáï ¬®¤¥«ìî â®© ¦¥ ä®à¬ë (2), −® ã¦¥ ¡¥§ áâ�â¨áâ¨ç¥áª®© −¥®¯à¥¤¥«¥−-
−®áâ¨ á ¤¨á¯¥àá¨ï¬¨. �à¨ íâ®¬ ¯á¥¢¤®−�¡«î¤¥−¨ï −¥ ¬¥−ïîâáï, ¨ ¢ �«£®à¨â¬¥ (6)
−ã¦−ë ¬¨−¨¬�«ì−ë¥ ¯® ä®à¬¥ ¨§¬¥−¥−¨ï, −¥ §�âà�£¨¢�îé¨¥ −¥¢ï§ª¨ −�¡«î-
¤¥−¨© –“Yt. ˆ¬¥−−® â�ª®© ¬¥â®¤ ¨á¯®«ì§®¢�−¨ï ÷”Š ¢ §�¤�ç¥ ¨¤¥−â¨ä¨ª�æ¨¨
¨§ãç�«áï ¢ [26].

�à¨−æ¨¯¨�«ì−® ¤àã£®© ¯®¤å®¤, à¥�«¨§ãîé¨© ¨¤¥î �¤�¯â¨¢−®£® ®æ¥−¨¢�−¨ï
¯�à�¬¥âà®¢ ª®¢�à¨�æ¨¨ ¤«ï ¢®§¬ãé¥−¨© ¢ ¤¨−�¬¨ª¥ ¨ èã¬®¢ ¢ ¨§¬¥à¥−¨ïå,
¯à¥¤«®¦¥− ¢ [49] ¨ ¬−®£® «¥â ®áâ�¥âáï áâ�−¤�àâ−ë¬ ¤«ï à¥è¥−¨ï ¯à®¡«¥¬ë
−¥¯®«−®© �¯à¨®à−®© ¨−ä®à¬�æ¨¨ ® ¯�à�¬¥âà�å à�á¯à¥¤¥«¥−¨ï Wt ¨ Vt. „«ï
â®£® çâ®¡ë á�¬� ¢®§¬®¦−®áâì �¤�¯â�æ¨¨ ¨¬¥«� ¬¥áâ®, −ã¦−® ¤®¯®«−¨â¥«ì−®
¯à¥¤¯®«�£�âì

“�
(2)
t DW (t)

(
“�
(2)
t

)′
= DW ; “ā

(2)
t DV (t)

(
“ā
(2)
t

)′
= DV ,

â. ¥. �¤�¯â�æ¨ï ä¨«ìâà� | íâ® ®æ¥−¨¢�−¨¥ −¥¨§¢¥áâ−ëå ¯®áâ®ï−−ëå DW ¨ DV .
�à¨−æ¨¯¨�«ì−®¥ à¥è¥−¨¥ íâ®© §�¤�ç¨, ¨§¢¥áâ−®¥ ª�ª �¤�¯â¨¢−ë© ä¨«ìâà Š�«-
¬�−�, ®á−®¢�−® −� í¢à¨áâ¨ç¥áª¨å ®æ¥−ª�å:
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ĉov
(
– “Xt,– “Xt

)
= “�

(1)
t
�Kt−1

(
“�
(1)
t

)′
+DW , – “Xt = �Xt − “Xt ;

ĉov(–“Yt,–“Yt) = ā
(1)
t
“Kt

(
ā
(1)
t

)′
+DV , –“Yt =

(
–Y

(1)
t , . . . ,–Y

(q)
t

)
,

–Y
(i)
t = Y

(i)
t −ā(i,1)t

(
y
(i)
t

)
“X

t−“τ
(i)
t

.





(7)

‡¤¥áì ĉov | íâ® í¢à¨áâ¨ç¥áª�ï ®æ¥−ª� ª®¢�à¨�æ¨¨ (¨¬¥−−® â�ª®¢ë ¢ �«£®à¨â¬¥
÷”Š ¢¥«¨ç¨−ë “Kt ¨ �Kt ¨§ (6));–“Yt | ¯à¨¢¥¤¥−−ë¥ ª ¢à¥¬¥−−�®© §�¤¥à¦ª¥ ®¡ëç-
−ë¥ −¥¢ï§ª¨ −�¡«î¤¥−¨©, â®ç−¥¥, à�§−®áâì −�¡«î¤¥−¨ï ¨ äã−ªæ¨¨ ¨§¬¥à¨â¥«ï
á ¯à®£−®§®¬ á®áâ®ï−¨ï ¢ á®®â¢¥âáâ¢ãîé¨© ¬®¬¥−â ¢à¥¬¥−¨; – “Xt | í¢à¨áâ¨-
ç¥áª�ï ®è¨¡ª� ¯à®£−®§�, ¢ ª®â®à®© ¢¬¥áâ® ¨áâ¨−−®£® §−�ç¥−¨ï Xt ¯®¤áâ�¢«¥−�
®æ¥−ª� �Xt. �æ¥−ª¨ �DW ¨ �DV ¤�«¥¥ | íâ® í¢à¨áâ¨ç¥áª¨¥ �¯¯à®ªá¨¬�æ¨¨, ®á−®-
¢�−−ë¥ ª�ª −� í¢à¨áâ¨ª�å á�¬®£® ä¨«ìâà� (7), â�ª ¨ −� ¯à¥¤¯®«®¦¥−¨¨ ® ¡«¨§®áâ¨
â®ç−®£® §−�ç¥−¨ï á®áâ®ï−¨ï Xt ¨ ¥£® ®æ¥−ª¨ �Xt. �−¨ ¯®«ãç�îâáï §�¬¥−®© ĉov −�
áâ�â¨áâ¨ç¥áª¨¥ áà¥¤−¨¥, ¢ëç¨á«¥−−ë¥ ¯® ¨¬¥îé¨¬áï ®æ¥−ª�¬:

�DW (t) =
1

N

t∑

s=t−N+1

(
�Xs − “Xs

)(
�Xs − “Xs

)′
− “�(1)t

�Kt−1

(
“�
(1)
t

)′
;

�DV (t) =
1

N

t∑

s=t−N+1

q∑

i=1

–Y (i)s

(
–Y (i)s

)′
−ā(1)t

“Kt

(
ā
(1)
t

)′
.





(8)

�â®â á�¬ë© ¯à®áâ®© ¢�à¨�−â �¤�¯â�æ¨¨ ¨¬¥¥â ¬−®¦¥áâ¢® ãá®¢¥àè¥−áâ¢®¢�−¨©
¨ ãâ®ç−¥−¨©, ¯à¨¬¥−¨¬ëå, ¢ â®¬ ç¨á«¥, ª à�áá¬�âà¨¢�¥¬®© §�¤�ç¥ [50]. �¢â®-
ª®àà¥«ïæ¨¨, ¢§¢¥è¥−−ë© ¬¥â®¤ −�¨¬¥−ìè¨å ª¢�¤à�â®¢, à¥£ã«ïà¨§�â®àë ®æ¥−®ª,
áª®«ì§ïé¨¥ ®ª−� ¨ ª®íää¨æ¨¥−âë §�âãå�−¨ï | ¢á¥ íâ¨ ¬¥â®¤¨ª¨ ãâ®ç−¥−¨ï
ä®à¬ã« (8) ¬®£ãâ ¤�âì íää¥ªâ ¨ ¢ à¥è�¥¬®© §�¤�ç¥ á ¢à¥¬¥−− �ë¬¨ §�¯�§¤ë¢�−¨-
ï¬¨. �¤−�ª® −� ®¯ëâ¥ ¯à¨¬¥−¥−¨ï ãá«®¢−®-¬¨−¨¬�ªá−®£® ¯®¤å®¤� [9{13] ¡®«¥¥
¯¥àá¯¥ªâ¨¢−ë¬ ¯à¥¤áâ�¢«ï¥âáï ¤®¯®«−¥−¨¥ �«£®à¨â¬� (6) ãá«®¢−®-¬¨−¨¬�ªá−ë¬
¨¤¥−â¨ä¨ª�â®à®¬, ª�ª íâ® á¤¥«�−® ¢ [11, 12], á â®© «¨èì à�§−¨æ¥©, çâ® ¢¬¥áâ®
¡�©¥á®¢áª®© áâàãªâãàë ®æ¥−ª¨ ¨¤¥−â¨ä¨ª�â®à� ¢ áâ¨«¥ [26] ¬®¦−® ¨á¯®«ì§®-
¢�âì (8) ª�ª áâàãªâãà−ë¥ äã−ªæ¨¨ ®æ¥−ª¨ ¨ ¯®¤¢¥à£�âì ¨å ãá«®¢−®-®¯â¨¬�«ì−®©
ª®àà¥ªæ¨¨.

5 Заключение

‚ áâ�âì¥ à�áá¬®âà¥−� §�¤�ç� ¯®áâà®¥−¨ï �¤�¯â¨¢−ëå ¨ à®¡�áâ−ëå �«£®à¨â¬®¢
®æ¥−¨¢�−¨ï ¤«ï áâ®å�áâ¨ç¥áª¨å ¤¨−�¬¨ç¥áª¨å á¨áâ¥¬ á® á«ãç�©−ë¬¨ ¢à¥¬¥−− �ë¬¨
§�¤¥à¦ª�¬¨ −�¡«î¤¥−¨© ¯à¨ −¥¯®«−®© �¯à¨®à−®© ¨−ä®à¬�æ¨¨. ‚ ª�ç¥áâ¢¥ ¡�-
§®¢®£® ¨−áâàã¬¥−â� ¢ë¡à�− ¬¥â®¤ «¨−¥©−ëå ¯á¥¢¤®−�¡«î¤¥−¨© ¢ á®ç¥â�−¨¨
á ÷”Š, �¤�¯â¨à®¢�−−ë¬ ª ¬®¤¥«¨ á §�¤¥à¦ª�¬¨. �á−®¢−®© à¥§ã«ìâ�â áâ�âì¨
−®á¨â ª®−æ¥¯âã�«ì−ë© å�à�ªâ¥à. �®ª�§�−®, çâ® ¢ à�¬ª�å ¥¤¨−®© áâàãªâãà−®©
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�¤�¯â¨¢−ë¥ ¨ à®¡�áâ−ë¥ �«£®à¨â¬ë ä¨«ìâà�æ¨¨ ¤«ï á¨áâ¥¬ á® á«ãç�©−ë¬¨ §�¤¥à¦ª�¬¨

áå¥¬ë ä¨«ìâà�æ¨¨ ¬®¦−® á¨áâ¥¬�â¨ç¥áª¨ ãç¨âë¢�âì à�§«¨ç−ë¥ ¢¨¤ë −¥®¯à¥-
¤¥«¥−−®áâ¨, â¨¯¨ç−ë¥ ¤«ï §�¤�ç ¯®¤¢®¤−®© −�¢¨£�æ¨¨. „«ï ¤¢ãå ¨§ ç¥âëà¥å
¢ë¤¥«¥−−ëå ä�ªâ®à®¢ −¥®¯à¥¤¥«¥−−®áâ¨ | −�ç�«ì−®£® íâ�¯� ®¡−�àã¦¥−¨ï æ¥-
«¨ ¨ −¥®¯à¥¤¥«¥−−®áâ¨ à�á¯à¥¤¥«¥−¨© ®è¨¡®ª | ¯à¥¤«®¦¥−ë á®£«�á®¢�−−ë¥
¯®¤å®¤ë, ®á−®¢�−−ë¥ −� á®åà�−¥−¨¨ ª�«¬�−®¢áª®© áâàãªâãàë �«£®à¨â¬� ¨ ¯à¥-
®¡à�§®¢�−¨¨ ¬®¤¥«¨ −�¡«î¤¥−¨©.

÷�áá¬®âà¥−−ë¥ à¥è¥−¨ï −¥ á¢®¤ïâáï ª ä¨ªá¨à®¢�−−ë¬ �«£®à¨â¬�¬, � ¯à¥¤-
áâ�¢«ïîâ á®¡®© −�¡®à ¢§�¨¬®á¢ï§�−−ëå ¬¥â®¤¨ç¥áª¨å ¢�à¨�−â®¢, ®¡ê¥¤¨−¥−−ëå
®¡é¥© ¨¤¥¥©: ¯¥à¥−®á �ªæ¥−â� á ãá«®¦−¥−¨ï ã−¨¢¥àá�«ì−®£® ä¨«ìâà� −� áâàãª-
âãà−®¥ ¯à¥®¡à�§®¢�−¨¥ ¬®¤¥«¨ ¨ ¨á¯®«ì§®¢�−¨¥ ¬¨−¨¬�ªá−ëå ¨ �¤�¯â¨¢−ëå
¯à¨−æ¨¯®¢ ¢ à�¬ª�å ¥¤¨−®© áå¥¬ë ®æ¥−¨¢�−¨ï. ’�ª®© ¯®¤å®¤ ¯®§¢®«ï¥â ®¡¥á¯¥-
ç¨âì ¢ëç¨á«¨â¥«ì−ãî à¥�«¨§ã¥¬®áâì ¨ ãáâ®©ç¨¢®áâì �«£®à¨â¬®¢ ¡¥§ ®¡à�é¥−¨ï
ª £à®¬®§¤ª¨¬ ®¯â¨¬�«ì−ë¬ ¡�©¥á®¢áª¨¬ ¬¥â®¤�¬. „�«ì−¥©è¨¥ ¨áá«¥¤®¢�−¨ï
¯à¥¤¯®«�£�îâ ª®«¨ç¥áâ¢¥−−ãî ®æ¥−ªã ¯à¥¤«®¦¥−−ëå ª®−æ¥¯æ¨© −� ª®−ªà¥â−ëå
¬®¤¥«ïå ¤¢¨¦¥−¨ï ¨ −�¡«î¤¥−¨ï, � â�ª¦¥ à�á¯à®áâà�−¥−¨¥ à�§à�¡®â�−−®© ¬¥-
â®¤®«®£¨ç¥áª®© à�¬ª¨ −� ®áâ�¢è¨¥áï ª«�ááë −¥®¯à¥¤¥«¥−−®áâ¥©, á¢ï§�−−ë¥ á®
á¡®ï¬¨ ¨§¬¥à¨â¥«ì−ëå ª�−�«®¢ ¨ áâàãªâãà−ë¬¨ ¨§¬¥−¥−¨ï¬¨ ¬®¤¥«¥© ¤¢¨¦¥-
−¨ï{−�¡«î¤¥−¨ï.
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ADAPTIVE AND ROBUST FILTERING ALGORITHMS
FOR SYSTEMS WITH RANDOM OBSERVATION DELAYS:

MAIN CONCEPTUAL AND ALGORITHMIC ASPECTS
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of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: The work is motivated by a specific class of navigation problems
of autonomous underwater vehicles, for which the use of acoustic measurement
means encounters their sensitivity to random delays in data arrival. At long
distances, this effect may lead to a significant increase in estimation error even at
moderate motion speeds. The existing formal mathematical formulation reduces
to the problem of state estimation for stochastic dynamic systems with random
observation time delays under conditions of incomplete prior information. The
practical implementation problem, on which the paper is focused, reduces to the
development and software implementation of computationally efficient stochastic
filtering algorithms. The method of linear pseudomeasurements adapted to an
observation model with random delay is used as the basic tool. In addition
to previously considered formulations with complete prior information on the
parameters of the motion and observation models, the paper analyzes cases of
incomplete information typical in practice. For two of them | uncertainty
of measurement accuracy characteristics at the stage of target detection and
unknown error distributions under changing observation conditions, methods for
solving practical problems are proposed. The algorithms are described within
the framework of the general objective | to form a conceptual approach to the
construction of conditionally optimal, adaptive, and robust filtering algorithms
for the specified classes of models.

Keywords: autonomous underwater vehicles; navigation; positioning; target
tracking; stochastic system with random observation time delays; stochastic
filtering; linear pseudomeasurements; suboptimal filtering; extended Kalman
filter; conditionally minimax filtering; conditionally optimal estimation; sonars
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ЦИФРОВОЙ ДВОЙНИК КАК ЯДРО
ПРЕДМЕТНО-ОРИЕНТИРОВАННОЙ ЦИФРОВОЙ

ПЛАТФОРМЫ УПРАВЛЕНИЯ ЭЛЕКТРОСНАБЖЕНИЕМ

С. П. Ковалёв1, О. В. Лукинова2

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−ë ª«îç¥¢ë¥ ¯à®¥ªâ−ë¥ à¥è¥−¨ï, á¢ï§�−−ë¥ á à�§¬¥-
é¥−¨¥¬ æ¨äà®¢ëå ¤¢®©−¨ª®¢ (–„) ®¡ê¥ªâ®¢ �¢â®¬�â¨§�æ¨¨ ¢ ª�ç¥áâ¢¥ ã−¨ä¨-
æ¨à®¢�−−®£® ï¤à� ¯«�âä®à¬ ¯®¤¤¥à¦ª¨ æ¨äà®¢®© âà�−áä®à¬�æ¨¨ ¯à¥¤¬¥â-
−ëå ®¡«�áâ¥©. �� ®á−®¢¥ íâ�«®−−®© ¬®¤¥«¨ áà¥¤ë ®âªàëâëå á¨áâ¥¬ OSE/RM
(Open System Environment Reference Model) ¯®ª�§�−ë â¥å−®«®£¨ç¥áª¨¥ �á¯¥ª-
âë ¯à®¥ªâ¨à®¢�−¨ï æ¨äà®¢ëå ¯«�âä®à¬. ÷�áá¬®âà¥−ë ®á−®¢−ë¥ âà¥¡®¢�−¨ï
ª ¯ã¡«¨ç−ë¬ á¥à¢¨á�¬, à�§¬¥é�¥¬ë¬ −� ¯«�âä®à¬¥. �¯¨á�− á®áâ�¢ â¨¯®¢®£®
–„ ª�ª á®¢®ªã¯−®áâì ¢§�¨¬®¤¥©áâ¢ãîé¨å à�§−®¯«�−®¢ëå ¬®¤¥«¥© ®¡ê¥ªâ�
�¢â®¬�â¨§�æ¨¨. �¯à¥¤¥«¥− ¯à®æ¥áá à�§à�¡®âª¨ ¬®¤¥«¥© ¨ áå¥¬� ¨å à�§¢¥à-
âë¢�−¨ï ¢ ª®¬¯®−¥−â�å ¯«�âä®à¬ë ¨ ¯à¨«®¦¥−¨ïå. ‚ ª�ç¥áâ¢¥ ¯à¨ª«�¤−®£®
¯à¨¬¥à� ¯à¨ ¯®¬®é¨ à�§¢¥à−ãâëå ¯® íâ®© áå¥¬¥ ¬®¤¥«¥© áª®−áâàã¨à®¢�−
¨−â¥£à¨à®¢�−−ë© æ¨ª« ã¯à�¢«¥−¨ï í−¥à£®á−�¡¦¥−¨¥¬, ¢ª«îç�îé¨© à�áç¥â
¯®ª�§�â¥«¥© á®áâ®ï−¨ï ®¡ê¥ªâ� ã¯à�¢«¥−¨ï, ®¯à¥¤¥«¥−¨¥ ¨ ¯à¨¬¥−¥−¨¥ −¥-
®¡å®¤¨¬ëå ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨©. Šà�âª® ¯®ª�§�−®, ª�ª ®¡®á−®¢�âì
¯à¥¤«®¦¥−−ë¥ ¯à®¥ªâ−ë¥ à¥è¥−¨ï ä®à¬�«ì−ë¬¨ �«£¥¡à�¨ç¥áª¨¬¨ ¬¥â®¤�¬¨
−� ®á−®¢¥ �¯¯�à�â� â¥®à¨¨ ª�â¥£®à¨©.

Š«îç¥¢ë¥ á«®¢�: æ¨äà®¢�ï âà�−áä®à¬�æ¨ï; æ¨äà®¢®© ¤¢®©−¨ª; æ¨äà®¢�ï
¯«�âä®à¬�; á®¢¬¥áâ¨¬®áâì; ã¯à�¢«¥−¨¥ í−¥à£®á−�¡¦¥−¨¥¬; â¥®à¨ï ª�â¥£®à¨©

DOI: 10.14357/08696527260104 EDN: IZQIDP

1 Введение

‘®¢à¥¬¥−−ë© æ¨äà®¢®© ãª«�¤, ®á−®¢�−−ë© −� ¯®¢á¥¬¥áâ−®¬ ¢−¥¤à¥−¨¨ ¨−-
ä®à¬�æ¨®−−ëå ¨ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå â¥å−®«®£¨© (ˆ’), ¯à®−¨ª ¢® ¢á¥ á¥ª-
â®àë íª®−®¬¨ª¨. �¨ ®¤−� ®à£�−¨§�æ¨ï, ®à¨¥−â¨à®¢�−−�ï −� ¤®«£®áà®ç−®¥ à�§-
¢¨â¨¥, −¥ ¬®¦¥â ¨£−®à¨à®¢�âì ¬�áèâ�¡−ë¥ áâàãªâãà−ë¥ ¨§¬¥−¥−¨ï, á¢ï§�−−ë¥
á æ¨äà®¢®© âà�−áä®à¬�æ¨¥©.

’¥à¬¨− úæ¨äà®¢�ï âà�−áä®à¬�æ¨ïû ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¯®¤à�§ã¬¥¢�¥â ¯¥à¥å®¤
®â �−�«®£®¢®© ®¯¥à�â¨¢−®© ¨−ä®à¬�æ¨¨ ª æ¨äà®¢®©, ®¡ëç−® −�§ë¢�¥¬ë© æ¨äà®-
¢¨§�æ¨¥©. ‘ãé¥áâ¢ãîâ âà¨ ®á−®¢−ëå â®çª¨ §à¥−¨ï −� á¥¬�−â¨ªã íâ®£® ¯®−ïâ¨ï [1].

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ã¯à�¢«¥−¨ï ¨¬. ‚. �. ’à�¯¥§−¨ª®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,
kovalyov@sibnet.ru

2ˆ−áâ¨âãâ ¯à®¡«¥¬ ã¯à�¢«¥−¨ï ¨¬. ‚. �. ’à�¯¥§−¨ª®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,
lobars@mail.ru
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–¨äà®¢®© ¤¢®©−¨ª ª�ª ï¤à® ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®© æ¨äà®¢®© ¯«�âä®à¬ë

‚®-¯¥à¢ëå, á á�¬®£® §�à®¦¤¥−¨ï æ¨äà®¢ë¥ â¥å−®«®£¨¨ ¨á¯®«ì§ãîâáï ¤«ï �¢â®-
¬�â¨§�æ¨¨ ¡¨§−¥á�: æ¨äà®¢�ï âà�−áä®à¬�æ¨ï | íâ® ¤«ïé¨©áï ¤¥áïâ¨«¥â¨ï¬¨
¯à®æ¥áá, ¢ ª®â®à®¬ ª�¦¤�ï −®¢�ï è¨à®ª® à�á¯à®áâà�−¥−−�ï â¥å−®«®£¨ï ¯à¨¢®¤¨â
ª −®¢®¬ã íâ�¯ã. ‘®£«�á−® ¢â®à®© â®çª¥ §à¥−¨ï, âà�−áä®à¬�æ¨ï á¢ï§�−� â®«ìª®
á ®¯à¥¤¥«¥−−ë¬ ¯¥à¨®¤®¬ à�§¢¨â¨ï æ¨äà®¢ëå â¥å−®«®£¨©. �®¢®à®â−ë¬ ¬®¬¥−-
â®¬ áâ�«® ¯®ï¢«¥−¨¥ â�ª −�§ë¢�¥¬®© âà¥âì¥© ¯«�âä®à¬ë (®¡«�ª�, ¬®¡¨«ì−®áâì,
á®æ¨�«ì−ë¥ á¥â¨, ¡®«ìè¨¥ ¤�−−ë¥), −� ¡�§¥ ª®â®à®© áâ�«¨ ¯®ï¢«ïâìáï æ¨äà®¢ë¥
ª®¬¯�−¨¨, ¯à¥¤«�£�îé¨¥ −®¢ë¥ ¡¨§−¥á-¬®¤¥«¨ ¨ ¬�ªá¨¬�«ì−® ¨§¡�¢«ïîé¨¥áï
®â −¥æ¨äà®¢ëå �ªâ¨¢®¢. �à¨¢¥à¦¥−æë âà¥âì¥© â®çª¨ §à¥−¨ï ä®ªãá¨àãîâáï
−� ¡¨§−¥á-�á¯¥ªâ�å ª®¬¯�−¨©, §�−¨¬�îé¨åáï ª�ª æ¨äà®¢ë¬¨ ®¯¥à�æ¨ï¬¨, â�ª
¨ ä¨§¨ç¥áª¨¬ ¯à®¨§¢®¤áâ¢®¬. ’¥å−®«®£¨¨ §¤¥áì áç¨â�îâáï ¬¥−¥¥ ¢�¦−ë¬¨, ç¥¬
íª®−®¬¨ç¥áª¨¥ ®£à�−¨ç¥−¨ï, −�ª«�¤ë¢�¥¬ë¥ ¨¬¨ −� ª®¬¯�−¨î.

�¤¨− ¨§ £«�¢−ëå ä�ªâ®à®¢ æ¨äà®¢®© âà�−áä®à¬�æ¨¨ | ¨á¯®«ì§®¢�−¨¥ ˆ’
¢ ª�ç¥áâ¢¥ ®á−®¢−®£® áà¥¤áâ¢� ¯à®¨§¢®¤áâ¢� [2]. ‚ â® ¦¥ ¢à¥¬ï ¢ëá®ª¨¥ â¥å−®«®£¨¨
¨ ¨−áâàã¬¥−âë áâ�−®¢ïâáï à¥§ã«ìâ�â�¬¨ ¯à®¨§¢®¤áâ¢�. �â® ¯®§¢®«ï¥â ¯¥à¥©â¨ ®â
¬�áá®¢®£®, á¥à¨©−®£® ¯à®¨§¢®¤áâ¢� ª èâãç−®¬ã, −�¯à¨¬¥à ¯à¥¤®áâ�¢«¥−¨î ãá«ã£
ª®−ªà¥â−®¬ã «¨æã ¨«¨ £àã¯¯¥ «¨æ. ‚ íâ®¬ á«ãç�¥ âà�−áä®à¬�æ¨ï ®æ¥−¨¢�¥âáï
á â®çª¨ §à¥−¨ï ¤®¯®«−¨â¥«ì−®© æ¥−−®áâ¨, ¯à¥¤®áâ�¢«ï¥¬®© ª«¨¥−â�¬ á ¯®¬®éìî
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©, ®á®¡¥−−® æ¨äà®¢ëå ¯«�âä®à¬, ¯® áà�¢−¥−¨î
á íää¥ªâ®¬ ®â âà�¤¨æ¨®−−ëå ¡¨§−¥á-¬®¤¥«¥© á −¨§ª¨¬ ãà®¢−¥¬ ¨á¯®«ì§®¢�−¨ï
æ¨äà®¢ëå â¥å−®«®£¨©.

�¥§�¢¨á¨¬® ®â ¯à¥¤¯®çâ¨â¥«ì−®© â®çª¨ §à¥−¨ï, ®¤−®© ¨§ −�¨¡®«¥¥ ¬®é−ëå
¤¢¨¦ãé¨å á¨« æ¨äà®¢®© âà�−áä®à¬�æ¨¨ áâ�«� à�§à�¡®âª� ¨ ¢−¥¤à¥−¨¥ –„ ®¡ê-
¥ªâ®¢ �¢â®¬�â¨§�æ¨¨. ��¯®¬−¨¬, çâ® –„ | íâ® ¢¨àâã�«ì−�ï ª®¯¨ï ä¨§¨ç¥áª®£®
®¡ê¥ªâ�, ª®â®à�ï ®¯¥à�â¨¢−® ¢®á¯à®¨§¢®¤¨â ¨ ¨§¬¥−ï¥â ¥£® áâàãªâãàã, á®áâ®ï−¨¥
¨ ¯®¢¥¤¥−¨¥ [3]. –¨äà®¢®© ¤¢®©−¨ª ®å¢�âë¢�¥â ¢¥áì ¦¨§−¥−−ë© æ¨ª« ®¡ê¥ª-
â�, ®¡¥á¯¥ç¨¢�ï ¢ëá®ªãî â®ç−®áâì ¥£® ¯à¥¤áâ�¢«¥−¨ï ¢ ¢¨àâã�«ì−®¬ ¬¨à¥ [4].
�®ï¢«ïîâáï –„ ¤«¨â¥«ì−ëå ¯à®æ¥áá®¢, ¢ ª®â®àëå §�¤¥©áâ¢®¢�−® ¬−®¦¥áâ¢®
®¡ê¥ªâ®¢ ¨ ãç�áâ−¨ª®¢. �à¨£¨−�«�¬¨ ¤«ï −¨å á«ã¦�â −¥ â®«ìª® â¥å−¨ç¥áª¨¥
®¡ê¥ªâë ¨ ¯à®æ¥ááë, −® ¨ ¯à¨à®¤−ë¥, ®à£�−¨§�æ¨®−−ë¥ ¨ ¤à.: áãé¥áâ¢ãîâ –„
¯à®æ¥áá®¢ á¡®àª¨ ¨§¤¥«¨©, §�ªã¯ª¨ ¨ «®£¨áâ¨ª¨, á−�¡¦¥−¨ï ¨ ¤®áâ�¢ª¨ [5]. ‚ â®
¦¥ ¢à¥¬ï £àã¡ë¥ –„-¯à®â®â¨¯ë áâà®ïâáï −� íâ�¯¥ ¯à®¥ªâ¨à®¢�−¨ï ®¡ê¥ªâ®¢.
ˆá¯®«ì§ãîâáï â�ª¦¥ æ¨äà®¢ë¥ â¥−¨, ª®â®àë¥ ¯®«ãç�îâ ¨ �−�«¨§¨àãîâ ¯®â®ª¨
¤�−−ëå ®â ®¡ê¥ªâ�, −® −¥ ¬®£ãâ ®â¯à�¢«ïâì ¥¬ã ã¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï.

ˆ§¢¥áâ−®© ¯à®¡«¥¬®© ¢−¥¤à¥−¨ï –„ áç¨â�¥âáï ¥£® á«�¡�ï á®¢¬¥áâ¨¬®áâì
á ¤àã£¨¬¨ ª®¬¯®−¥−â�¬¨ ˆ’-«�−¤è�äâ� ¢«�¤¥«ìæ� ®¡ê¥ªâ� �¢â®¬�â¨§�æ¨¨ [6].
‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤«®¦¥− ¯®¤å®¤ ª à¥è¥−¨î íâ®© ¯à®¡«¥¬ë ¯ãâ¥¬ ¢áâà�¨¢�-
−¨ï –„ ¢ ï¤à® ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®© æ¨äà®¢®© ¯«�âä®à¬ë. ’�ª®© ¯®¤å®¤
£�à�−â¨àã¥â, çâ® ¯«�âä®à¬� ®å¢�â¨â ¢á¥ ¤ã¡«¨àã¥¬ë¥ ¢ –„ ®¡ê¥ªâë ¨ ¯à®æ¥ááë
¢ëá®ª®â¥å−®«®£¨ç−ë¬¨ áà¥¤áâ¢�¬¨ �¢â®¬�â¨§�æ¨¨. ‚ â® ¦¥ ¢à¥¬ï ¯«�âä®à¬�
®¡¥á¯¥ç¨¢�¥â –„ ¢á¥®¡ê¥¬«îé¨¬ ¯®â®ª®¬ ã−¨ä¨æ¨à®¢�−−ëå ¤�−−ëå, ¯®áâã¯�-
îé¨å ®â ¤�âç¨ª®¢, ¯®«ì§®¢�â¥«¥© ¨ á¬¥¦−ëå ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬. �®¤å®¤
®¡®á−®¢�− ä®à¬�«ì−ë¬¨ �«£¥¡à�¨ç¥áª¨¬¨ ¬¥â®¤�¬¨. ‚ ¯®¤â¢¥à¦¤¥−¨¥ ¥£® �ª-

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026 69



‘. �. Š®¢�«ñ¢, �. ‚. ‹ãª¨−®¢�

âã�«ì−®áâ¨ à®áá¨©áª¨© −�æ¨®−�«ì−ë© ¯à®¥ªâ ú�ª®−®¬¨ª� ¤�−−ëå ¨ æ¨äà®¢�ï
âà�−áä®à¬�æ¨ï £®áã¤�àáâ¢�û, áâ�àâ®¢�¢è¨© ¢ 2025 £., ¤¥ª«�à¨àã¥â æ¥«ì ¯® á®-
§¤�−¨î æ¨äà®¢ëå ¯«�âä®à¬ ¢® ¢á¥å ª«îç¥¢ëå á¥ªâ®à�å íª®−®¬¨ª¨, á®æ¨�«ì−®©
áä¥à¥ ¨ £®áã¤�àáâ¢¥−−®¬ ã¯à�¢«¥−¨¨ ª 2030 £. [7]. �®¤å®¤ ¯à®¨««îáâà¨à®¢�−
−� ¯à¨¬¥à¥ á¥ªâ®à� í«¥ªâà®í−¥à£¥â¨ª¨, £¤¥ ¯®ï¢«ïîâáï ¯«�âä®à¬ë ¤«ï ã¯à�¢«¥-
−¨ï í−¥à£®á−�¡¦¥−¨¥¬ [8], � â¥å−®«®£¨¨ –„ ¯®áâ¥¯¥−−® ¯à¥®¤®«¥¢�îâ âàã¤−®áâ¨
¯à®¥ªâ¨à®¢�−¨ï ¨ ¢−¥¤à¥−¨ï [9].

2 Методологические аспекты разработки цифровых платформ

–¨äà®¢�ï ¯«�âä®à¬� | íâ® −�¡®à æ¨äà®¢ëå â¥å−®«®£¨©, ¯à®¤ãªâ®¢ /̈̈ «¨
á¥à¢¨á®¢, −� ¡�§¥ ª®â®àëå ¢«�¤¥«ìæë ¯«�âä®à¬ë ¨«¨ ¢−¥è−¨¥ ®à£�−¨§�æ¨¨ ¬®£ãâ
á®§¤�¢�âì ¯à¨«®¦¥−¨ï ¢ ¥¥ ¯à¥¤¬¥â−®© ®¡«�áâ¨ [10]. �«�âä®à¬� ¯®¤¤¥à¦¨¢�-
¥â âà�−áä®à¬�æ¨î ¡¨§−¥á-¬®¤¥«¨, −�¯à�¢«¥−−ãî −� á−¨¦¥−¨¥ âà�−á�ªæ¨®−−ëå
¨§¤¥à¦¥ª ¯®«ì§®¢�â¥«¥© §� áç¥â æ¨äà®¢¨§�æ¨¨: ¨¬ ¯à¥¤«�£�¥âáï ã¤®¡−�ï ¬−®£®-
äã−ªæ¨®−�«ì−�ï ®á−®¢� ¤«ï à�§à�¡®âª¨ ¯®«¥§−ëå ¯à®¤ãªâ®¢ ¨ ãá«ã£ ¢ §�¤�−−®©
¯à¥¤¬¥â−®© ®¡«�áâ¨.

‘à¥¤¨ ¬−®£®ç¨á«¥−−ëå â¥å−®«®£¨©, á¯®á®¡áâ¢ãîé¨å á®§¤�−¨î ¯«�âä®à¬,
¢ë¤¥«ïîâáï ®¡«�ç−ë¥ ¢ëç¨á«¥−¨ï ¨ á¥à¢¨á−®-®à¨¥−â¨à®¢�−−�ï �àå¨â¥ªâãà�.
Š®£¤� á¥à¢¨á ¯ã¡«¨ªã¥âáï ¢ ®¡«�ª¥, ®− ¯à¨®¡à¥â�¥â á¢®©áâ¢® ¬ã«ìâ¨â¥−�−â-
−®áâ¨ | à�§¤¥«ï¥¬®áâ¨ ¯®áâ�¢é¨ª®¢ á¥à¢¨á®¢ ¨ ¯®«ì§®¢�â¥«¥© [11]. ’�ª®©
á¥à¢¨á áâ�−®¢¨âáï ¯à¥¤¯®çâ¨â¥«ì−ë¬ áà¥¤áâ¢®¬ ¯à¥¤®áâ�¢«¥−¨ï ¯«�âä®à¬®©
á¢®¨å ¢®§¬®¦−®áâ¥© ¯®«ì§®¢�â¥«ï¬, ®¤−�ª® ¢ æ¥«ïå ®¡é¥¤®áâã¯−®áâ¨ ®− ¤®«-
¦¥− á®®â¢¥âáâ¢®¢�âì àï¤ã âà¥¡®¢�−¨©. �à¥¦¤¥ ¢á¥£®, ¤«ï îà¨¤¨ç¥áª®© §�é¨âë
¯®«ì§®¢�â¥«ï äã−ªæ¨®−�«ì−®¥ −�¯®«−¥−¨¥ á¥à¢¨á� ¤®«¦−® á®®â¢¥âáâ¢®¢�âì −®à-
¬�â¨¢�¬ ¨ áâ�−¤�àâ�¬ ¯à¥¤¬¥â−®© ®¡«�áâ¨. ‚®-¢â®àëå, á¥à¢¨á ¤®«¦¥− ¡ëâì
−�¤«¥¦�é¨¬ ®¡à�§®¬ §�à¥£¨áâà¨à®¢�− −� ¤®¢¥à¥−−®¬ à¥áãàá¥ â¨¯� à¥¥áâà� ¢ á¥â¨
ˆ−â¥à−¥â, á ®¯¨á�−¨¥¬ ¯®¤¤¥à¦¨¢�¥¬ëå äã−ªæ¨© ¨ áà¥¤áâ¢ ¤®áâã¯�. „®áâã¯
¤®«¦¥− ®á−®¢ë¢�âìáï −� áâ�−¤�àâ−ëå ¬¥å�−¨§¬�å ¢¥¡-á¥à¢¨á®¢, à�§¢¥à−ãâëå −�
à¥áãàá¥. �à¨ ¯à®¥ªâ¨à®¢�−¨¨ ¯«�âä®à¬ë ¤®«¦−ë ¡ëâì ¢ë¡à�−ë ¨«¨ à�§à�¡®-
â�−ë �¤¥ª¢�â−ë¥ ¬¥â®¤®«®£¨¨, ¨−áâàã¬¥−âë ¨ à¥è¥−¨ï.

‚ ç�áâ¨ ¬¥â®¤®«®£¨¨ ¨áâ®ç−¨ª®¬ ¬®£ãâ á«ã¦¨âì áâ�−¤�àâë ¯® ®âªàëâë¬
á¨áâ¥¬�¬, â�ª¨¥ ª�ª íâ�«®−−�ï ¬®¤¥«ì OSE/RM IEEE POSIX [12]. ‚ à�¬ª�å
¬®¤¥«¨ «î¡�ï ¨−ä®à¬�æ¨®−−�ï á¨áâ¥¬� à�§¤¥«ï¥âáï −� á«¥¤ãîé¨¥ âà¨ �àå¨â¥ª-
âãà−ëå ç�áâ¨:

(1) ¯à¨ª«�¤−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¤«ï ª®−¥ç−ëå ¯®«ì§®¢�â¥«¥©, �¢â®¬�-
â¨§¨àãîé¥¥ ¨å ¯à®æ¥ááë;

(2) ¯à¨ª«�¤−�ï ¯«�âä®à¬�, ¯à¥¤®áâ�¢«ïîé�ï è¨à®ª¨© ¯à¨ª«�¤−®© ¯à®-
£à�¬¬−ë© ¨−â¥àä¥©á (Application Program Interface, API) /̈̈ «¨ à¥áãàáë
¢ëç¨á«¨â¥«ì−®© ¨−äà�áâàãªâãàë;

(3) ¢−¥è−ïï áà¥¤� ¯«�âä®à¬ë.
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–¨äà®¢®© ¤¢®©−¨ª ª�ª ï¤à® ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®© æ¨äà®¢®© ¯«�âä®à¬ë

‚ à�¬ª�å âà�¤¨æ¨®−−®© ¯�à�¤¨£¬ë �¢â®¬�â¨§�æ¨¨ ¤®áâã¯−ë¥ ¯à¨«®¦¥−¨ï¬
¢®§¬®¦−®áâ¨ ¨¬¥îâ ç¨áâ® â¥å−®«®£¨ç¥áª¨© å�à�ªâ¥à (åà�−¥−¨¥ ¤�−−ëå, ¯à®æ¥á-
á®à−®¥ ¢à¥¬ï) ¨ −¥ ®âà�¦�îâ á¯¥æ¨ä¨ªã ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¯à¨«®¦¥−¨ï. ‚ í¯®-
åã æ¨äà®¢®© âà�−áä®à¬�æ¨¨ ¨ ¬�áá®¢®£® ¯¥à¥å®¤� −� ¯«�âä®à¬ë íâ® −¥¯à¨¥¬-
«¥¬®: −¥ â®«ìª® ¯à¨«®¦¥−¨ï, −® ¨ á�¬� ¯«�âä®à¬� ¤®«¦−ë ¡ëâì ®à¨¥−â¨à®¢�−ë
−� ®¯à¥¤¥«¥−−ãî ¯à¥¤¬¥â−ãî ®¡«�áâì. „«ï íâ®£® ¬−®£®ªà�â−® ¨á¯®«ì§ã¥¬ë¥
¡«®ª¨ �¢â®¬�â¨§�æ¨¨ ¡¨§−¥á-«®£¨ª¨ ¯à¨«®¦¥−¨© ¤®«¦−ë ¡ëâì ¯¥à¥−¥á¥−ë −�
ãà®¢¥−ì ¯à®¬¥¦ãâ®ç−®£® á«®ï (middleware) ¯«�âä®à¬ë, ®¡¥á¯¥ç¨¢�ï áª¢®§−ãî
äã−ªæ¨®−�«ì−®áâì ¤«ï à¥è¥−¨ï ¯à¥¤¬¥â−ëå §�¤�ç ¢ á¥à¢¨á−®-®à¨¥−â¨à®¢�−−®©
¯�à�¤¨£¬¥. �âªàëâë© API ¨ ¤®¯®«−¨â¥«ì−ë¥ á¯¥æ¨ä¨ª�æ¨¨ ¤®«¦−ë ¨áç¥à-
¯ë¢�îé¥ ®¯¨áë¢�âì ¨−â¥àä¥©á ¨ á¥¬�−â¨ªã íâ¨å á¥à¢¨á®¢, ç�áâ® á ¯®¬®éìî
®−â®«®£¨¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨. „®«¦−ë ¡ëâì ãáâ�−®¢«¥−ë ¥¤¨−ë¥ ¯à�¢¨«�
¨ ä®à¬�âë ®¡¬¥−� ¤�−−ë¬¨ ¬¥¦¤ã ¯à¨«®¦¥−¨ï¬¨ ¨ ¯«�âä®à¬®©, � â�ª¦¥ ¥¤¨−ë¥
¯à®â®ª®«ë ¨ áà¥¤áâ¢� ¯®¤ª«îç¥−¨ï, ¥¤¨−ë¥ ¬¥àë ¡¥§®¯�á−®áâ¨ ¨ â. ¤. �à¨¬¥à
�àå¨â¥ªâãàë â�ª®© ¯«�âä®à¬ë ¯à¥¤áâ�¢«¥− ¢ à�§¤. 4.

�á®¡¥−−® �ªâã�«ì−� âà�−áä®à¬�æ¨ï −� ®á−®¢¥ ¯«�âä®à¬¥−−®£® ¯®¤å®¤� ¢ á¥ª-
â®à¥ í«¥ªâà®í−¥à£¥â¨ª¨ ¢ ª®−â¥ªáâ¥ ¯¥à¥å®¤� ª ú§¥«¥−®©û í−¥à£¥â¨ª¥ [13]. �à¥¤-
¬¥â−®-®à¨¥−â¨à®¢�−−�ï ¯«�âä®à¬�, ®á−�é¥−−�ï ¨áªãááâ¢¥−−ë¬ ¨−â¥««¥ªâ®¬,
á¯®á®¡−� ¯®¬®çì �ªâ¨¢−ë¬ ¯®âà¥¡¨â¥«ï¬ ¢ ¯à®£−®§¨à®¢�−¨¨ −�£àã§ª¨ ¨ ¢ëà�-
¡®âª¨ í«¥ªâà®í−¥à£¨¨, ã¯à�¢«¥−¨¨ à¥¦¨¬�¬¨ ¢ à¥�«ì−®¬ ¢à¥¬¥−¨, ã¯à�¢«¥−¨¨
á¯à®á®¬, ®¤−®à�−£®¢®© â®à£®¢«¥ í−¥à£¨¥© ¨ ¤àã£¨å ¢ëá®ª®â¥å−®«®£¨ç−ëå ¯à®æ¥-
¤ãà�å ã¯à�¢«¥−¨ï í−¥à£®á−�¡¦¥−¨¥¬.

„«ï à¥�«¨§�æ¨¨ ¨−â¥£à¨à®¢�−−ëå ¬ã«ìâ¨¤®¬¥−−ëå æ¨äà®¢ëå íª®á¨áâ¥¬
−¥®¡å®¤¨¬® ®¡®¡é¨âì ¯à¨¬¥−ï¥¬ë¥ ¡¨§−¥á-¬®¤¥«¨. „«ï íâ®£® ®à£�−¨§ã¥âáï
¢§�¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã −¥áª®«ìª¨¬¨ æ¨äà®¢ë¬¨ ¯«�âä®à¬�¬¨. ��¯à¨¬¥à, ®â-
à�á«¥¢�ï ¯«�âä®à¬� ã¯à�¢«¥−¨ï í−¥à£®á−�¡¦¥−¨¥¬ ¬®¦¥â ¡ëâì ¨−â¥£à¨à®¢�−�
á ¯«�âä®à¬�¬¨ ã¯à�¢«¥−¨ï £®à®¤áª¨¬, á¥«ìáª¨¬ ¨«¨ ¯à®¬ëè«¥−−ë¬ å®§ï©áâ¢®¬
¢ æ¥«ïå ¯®¢ëè¥−¨ï í−¥à£®íää¥ªâ¨¢−®áâ¨.

3 Разработка цифровых двойников

‚ «¨â¥à�âãà¥ ®¯¨á�−ë à�§«¨ç−ë¥ ¯®¤å®¤ë ª �àå¨â¥ªâãà−®© ¤¥ª®¬¯®§¨æ¨¨
–„ [14]. ��¯à¨¬¥à, äã−ªæ¨®−�«ì−�ï ¤¥ª®¬¯®§¨æ¨ï ¯à¥¤¯¨áë¢�¥â à�§¤¥«¨âì
–„ −� ¬®¤ã«¨ åà�−¥−¨ï ¤�−−ëå, ¨−ä®à¬�æ¨®−−®£® ®¡¬¥−�, ç¨á«¥−−®£® à�áç¥â�
¨ �−�«¨§�, ¨¬¨â�æ¨®−−®£® ¬®¤¥«¨à®¢�−¨ï, ¢¨§ã�«¨§�æ¨¨ ¨ â. ¤. �«ìâ¥à−�â¨¢-
−® ¯® ®¡à�§æã ª¨¡¥àä¨§¨ç¥áª¨å á¨áâ¥¬ áâà®¨âáï ¬−®£®ãà®¢−¥¢�ï �àå¨â¥ªâãà�,
¢¥àå−¨© ãà®¢¥−ì ª®â®à®© §�¯®«−ï¥âáï á¥à¢¨á�¬¨ ¨−â¥««¥ªâã�«ì−®£® ã¯à�¢«¥-
−¨ï, −¨¦−¨© ãà®¢¥−ì ¯à¥¤áâ�¢«ï¥â ä¨§¨ç¥áª¨© ®¡ê¥ªâ, � ¯à®¬¥¦ãâ®ç−ë¥ ãà®¢−¨
®¡¥á¯¥ç¨¢�îâ ¨å ¬ã«ìâ¨¬®¤�«ì−®¥ ¤¢ã−�¯à�¢«¥−−®¥ ¢§�¨¬®¤¥©áâ¢¨¥. ��áâ®ïé�ï
à�¡®â� á«¥¤ã¥â ¯®¤å®¤ã ¬®¤¥«ì−®-®à¨¥−â¨à®¢�−−®© á¨áâ¥¬−®© ¨−¦¥−¥à¨¨, ª®â®-
àë© ¯à¥¤¯®«�£�¥â à�§¡¨¥−¨¥ –„ −� ¬®¤¥«¨, à�§«¨ç�¥¬ë¥ ¯® ¢¨¤�¬ ¨ ¯à¥¤¬¥â�¬
¬®¤¥«¨à®¢�−¨ï. ’�ª®© ¯®¤å®¤ ¯®¤ç¥àª¨¢�¥â á¯¥æ¨ä¨ªã –„ áà¥¤¨ ¤àã£¨å ª«�áá®¢
æ¨äà®¢ëå á¨áâ¥¬. ’¨¯®¢®© –„ á®áâ®¨â ¨§ á«¥¤ãîé¨å ¬®¤¥«¥© [15]:
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÷¨á. 1 ’¨¯®¢�ï �àå¨â¥ªâãà� –„: 1 | ¯à¥¤®áâ�¢«¥−¨¥ ¤�−−ëå; 2 | ¯à¨¢ï§ª� ¤�−−ëå;
3 | £¥−¥à�æ¨ï áâàãªâãàë; 4 | ¢¥à¨ä¨ª�æ¨ï

{ ®−â®«®£¨ç¥áª�ï ¬®¤¥«ì (�Œ);

{ æ¨äà®¢ë¥ ¤¨�£à�¬¬ë ¨ áå¥¬ë (–„‘);

{ í«¥ªâà®−−�ï ¤®ªã¬¥−â�æ¨ï (�„);

{ ®¯¥à�â¨¢−�ï ¨−ä®à¬�æ¨ï à¥�«ì−®£® ¢à¥¬¥−¨ (�ˆ);

{ ¨−ä®à¬�æ¨®−−�ï ¬®¤¥«ì (ˆŒ);

{ ¬�â¥¬�â¨ç¥áª¨¥ ¨ ¨¬¨â�æ¨®−−ë¥ ¬®¤¥«¨ (ŒˆŒ).

—â®¡ë ®¡«¥£ç¨âì á®§¤�−¨¥ –„ ¢ ª®−â¥ªáâ¥ ¯«�âä®à¬ë â¨¯� ®¯¨á�−−®©
¢ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥, æ¥«¥á®®¡à�§−® à�§à�¡�âë¢�âì ¬®¤¥«¨ ¢ ¢¨¤¥ (¬¨ªà®)á¥à-
¢¨á®¢ [16]. „¥©áâ¢¨â¥«ì−®, ¯à¨ íâ®¬ £¨¡ª®¥ ¢§�¨¬®¤¥©áâ¢¨¥ á ¬®¤¥«ìî ®¡¥á¯¥ç¨-
¢�¥âáï á¥à¢¨á-®à¨¥−â¨à®¢�−−®© �àå¨â¥ªâãà®©, ¢ â® ¢à¥¬ï ª�ª ¤¥â�«¨ à¥�«¨§�æ¨¨
¬®¤¥«¨ áªàëâë ®â ¢−¥è−¥£® ¬¨à�. ‚ å®¤¥ äã−ªæ¨®−¨à®¢�−¨ï –„ á®áâ�¢«ïîé¨¥
¥£® ¬®¤¥«¨ ¨−â¥−á¨¢−® ¢§�¨¬®¤¥©áâ¢ãîâ ª�ª á ä¨§¨ç¥áª¨¬ ®¡ê¥ªâ®¬-®à¨£¨−�«®¬,
â�ª ¨ ¤àã£ á ¤àã£®¬, −¥ â®«ìª® ®¡¬¥−¨¢�ïáì ¤�−−ë¬¨, −® ¨ ááë«�ïáì −� −¨å,
¢¥à¨ä¨æ¨àãï ¨ £¥−¥à¨àãï ¨å áâàãªâãàã, ª�ª ¯®ª�§�−® −� à¨á. 1 [15].

’�ª�ï �àå¨â¥ªâãà� ®¯à¥¤¥«ï¥â ¥áâ¥áâ¢¥−−ë© ¯®àï¤®ª à�§à�¡®âª¨ –„. ‚ −�-
ç�«¥ ¯à®æ¥áá� à�§à�¡®âª¨ ¢ë¡¨à�¥âáï ¨«¨ ª®¬¯¨«¨àã¥âáï ¨§ áãé¥áâ¢ãîé¨å
äà�£¬¥−â®¢ �Œ. ’�ª¨¬ ¯ãâ¥¬ ¯®−ïâ¨ï ¯à¥¤¬¥â−®© ®¡«�áâ¨ –„ ¨ ®â−®è¥−¨ï
¬¥¦¤ã −¨¬¨ ¨¤¥−â¨ä¨æ¨àãîâáï ¨ ¢ á®¢®ªã¯−®áâ¨ ¯à¥¤áâ�¢«ïîâáï ä®à¬�«ì−®©
á¥¬�−â¨ç¥áª®© ¬®¤¥«ìî. ‚�¦−®, çâ®¡ë �Œ á®¤¥à¦�«� ¢á¥ à¥«¥¢�−â−ë¥ ¯®−ïâ¨ï,
� ¨å ®¯¨á�−¨ï −¥ ¯à®â¨¢®à¥ç¨«¨ ¤àã£ ¤àã£ã. ‚ â® ¦¥ ¢à¥¬ï �Œ −¥ ¤®«¦−� ¡ëâì
¯¥à¥£àã¦¥−� −¥¨á¯®«ì§ã¥¬ë¬¨ ¯®−ïâ¨ï¬¨.
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–¨äà®¢®© ¤¢®©−¨ª ª�ª ï¤à® ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®© æ¨äà®¢®© ¯«�âä®à¬ë

÷�§à�¡®â�−−�ï �Œ (¯®«ã)�¢â®¬�â¨ç¥áª¨ ¯à¥®¡à�§ã¥âáï ¢ áâàãªâãàã ˆŒ,
à¥�«¨§ã¥¬®© ¢ ¢¨¤¥ à¥«ïæ¨®−−®© ¡�§ë ¤�−−ëå: ®−â®«®£¨ç¥áª¨¥ ¯®−ïâ¨ï ¯à¥¢à�-
é�îâáï ¢ â�¡«¨æë; á¢®©áâ¢� | ¢ �âà¨¡ãâë; ®â−®è¥−¨ï | ¢® ¢−¥è−¨¥ ª«îç¨;
�ªá¨®¬ë | ¢ ¯à�¢¨«� ¯à®¢¥àª¨ −�¯®«−¥−¨ï [15]. ‡�â¥¬ ˆŒ §�¯®«−ï¥âáï ¬�á-
â¥à-¤�−−ë¬¨ ®¡ê¥ªâ� �¢â®¬�â¨§�æ¨¨ ¨ ®¡®£�é�¥âáï §� áç¥â �„ ¨ –„‘. …á«¨
®¡ê¥ªâ ã¦¥ ¯®áâà®¥− ¨ ¢¢¥¤¥− ¢ íªá¯«ã�â�æ¨î, â® −¥®¡å®¤¨¬ë¥ ¤«ï íâ®£® ¤�−-
−ë¥ ¨§¢«¥ª�îâáï ¨§ íªá¯«ã�â�æ¨®−−®© ¤®ªã¬¥−â�æ¨¨ −� −¥£® ¨ ¢¥à¨ä¨æ¨àãîâáï
−�âãà−ë¬ ®¡á«¥¤®¢�−¨¥¬. ‚ ¯à®â¨¢−®¬ á«ãç�¥ ¤�−−ë¥ £¥−¥à¨àãîâáï ¢ ¯à®æ¥áá¥
¯à®¥ªâ¨à®¢�−¨ï ¨ áâà®¨â¥«ìáâ¢� ®¡ê¥ªâ� á ¯®¬®éìî á¨áâ¥¬ �¢â®¬�â¨§¨à®¢�−−®£®
¯à®¥ªâ¨à®¢�−¨ï ¨ �−�«®£¨ç−ëå ¨−áâàã¬¥−â®¢. �® ¬¥à¥ £®â®¢−®áâ¨ ˆŒ à�§-
¢¥àâë¢�îâáï, ª�«¨¡àãîâáï/®¡ãç�îâáï ¨ ¢¥à¨ä¨æ¨àãîâáï −� −¥© ŒˆŒ. ‡�â¥¬
ª –„ ¯à¨á®¥¤¨−ïîâáï ¨áâ®ç−¨ª¨ ¨ ¯®«ãç�â¥«¨ �ˆ, ¢ â®¬ ç¨á«¥ ¢ (¬ï£ª®¬)
à¥�«ì−®¬ ¢à¥¬¥−¨, ¨ ®− −�ç¨−�¥â äã−ªæ¨®−¨à®¢�âì. �® ¬¥à¥ −¥®¡å®¤¨¬®áâ¨
¬®¤¥«¨ ¢ á®áâ�¢¥ –„ ®¡−®¢«ïîâáï, ¤®¡�¢«ïîâáï −®¢ë¥, � ãáâ�à¥¢è¨¥ ®âª«îç�-
îâáï.

Šà¨â¥à¨¥¬ §�¢¥àè¥−¨ï ¯à®æ¥áá� à�§à�¡®âª¨ –„ á«ã¦¨â ¤®áâ¨¦¥−¨¥ §−�-
ç¥−¨© ¯®ª�§�â¥«¥© ª�ç¥áâ¢�, ¤®áâ�â®ç−ëå ¤«ï ®¡¥á¯¥ç¥−¨ï −�¤¥¦−®© à�¡®âë
–„ ¢ ª�ç¥áâ¢¥ ï¤à� á¨áâ¥¬ë ã¯à�¢«¥−¨ï ®¡ê¥ªâ®¬ �¢â®¬�â¨§�æ¨¨. ‚ë¤¥«¥−
àï¤ å�à�ªâ¥à¨áâ¨ª ª�ç¥áâ¢� –„ [17]: ¤®áâ®¢¥à−®áâì; ã¤®¡áâ¢® ¨á¯®«ì§®¢�−¨ï;
¨−â¥à�ªâ¨¢−®áâì; ª¨¡¥à§�é¨é¥−−®áâì; ã¤®¡áâ¢® à�§¢¥àâë¢�−¨ï; á¨−åà®−−®áâì
á ®¡ê¥ªâ®¬. Œ−®£¨¥ ¨§ −¨å ¯à¨¬¥−¨¬ë ¨ ª æ¨äà®¢ë¬ á¨áâ¥¬�¬ ¤àã£¨å ¢¨¤®¢;
¤«ï –„ −�¨¡®«¥¥ á¯¥æ¨ä¨ç−ë ¤®áâ®¢¥à−®áâì ¨ á¨−åà®−−®áâì. ‚ ¤®¯®«−¥−¨¥
ª −¨¬, ª ¨−ä®à¬�æ¨®−−®¬ã ®¡¥á¯¥ç¥−¨î –„ ¯à¥¤êï¢«ïîâáï âà¥¡®¢�−¨ï ¯®«−®-
âë ¨ −¥¯à®â¨¢®à¥ç¨¢®áâ¨ ¯à¥¤áâ�¢«¥−¨ï ®¡ê¥ªâ�. �®«−®â� ¨ −¥¯à®â¨¢®à¥ç¨¢®áâì
®æ¥−¨¢�îâáï ¢ ¯¥à¢ãî ®ç¥à¥¤ì ¯® �Œ, ¤®áâ®¢¥à−®áâì | ¯® –„‘, ˆŒ ¨ ŒˆŒ,
� á¨−åà®−−®áâì | ¯® �„ ¨ �ˆ.

„«ï á«®¦−®£® £¥â¥à®£¥−−®£® ®¡ê¥ªâ�, â�ª®£® ª�ª í−¥à£®á¨áâ¥¬�, −¥®¡å®¤¨¬®
�¢â®¬�â¨§¨à®¢�âì á®§¤�−¨¥ –„, ¤«ï ç¥£® âà¥¡ãîâáï áà¥¤áâ¢� ¥£® ä®à¬�«ì−®©
á¯¥æ¨ä¨ª�æ¨¨ ¨ ¢¥à¨ä¨ª�æ¨¨. �¥àá¯¥ªâ¨¢−ë¬ áà¥¤áâ¢®¬ â�ª®£® à®¤� á«ã¦¨â
�«£¥¡à�¨ç¥áª¨© �¯¯�à�â â¥®à¨¨ ª�â¥£®à¨© [18]. Câàãªâãà−�ï áå¥¬� ®à¨£¨−�«�
–„ ¯à¥¤áâ�¢«ï¥âáï ¤¨�£à�¬¬®© ¢ ª�â¥£®à¨¨, ®¡ê¥ªâ�¬¨ ª®â®à®© á«ã¦�â �«-
£¥¡à�¨ç¥áª¨¥ ¬®¤¥«¨ á¨áâ¥¬−ëå ¥¤¨−¨æ, � ¬®àä¨§¬ë ®¯¨áë¢�îâ ¤¥©áâ¢¨ï ¯®
á¡®àª¥ ¬®¤¥«¥© á«®¦−ëå á¨áâ¥¬−ëå ¥¤¨−¨æ ¨§ ¬®¤¥«¥© á®áâ�¢«ïîé¨å. „«ï
â�ª®© ¤¨�£à�¬¬ë ¢ëç¨á«ï¥âáï ã−¨¢¥àá�«ì−�ï ª®−áâàãªæ¨ï ª®¯à¥¤¥«� (colimit) |
�«£¥¡à�¨ç¥áª¨© �−�«®£ ¯à®æ¥¤ãàë á¡®àª¨. �à¨ ¯®¬®é¨ ¡®«¥¥ á«®¦−ëå ¤¨�-
£à�¬¬−ëå ª®−áâàãªæ¨© ®¯¨áë¢�îâáï ¤àã£¨¥ á¯®á®¡ë á¨−â¥§� á¨áâ¥¬, −�¯à¨¬¥à
á¢ï§ë¢�−¨¥ (weaving) �á¯¥ªâ®¢ | ¯®¢â®àïîé¨åáï ¥¤¨−¨æ, ¯®£àã¦¥−−ëå ¢ ª®−-
â¥ªáâ á¢®¥£® ¨á¯®«ì§®¢�−¨ï [19]. ’�ª¨¥ ª®−áâàãªæ¨¨ ¤�îâ ¢®§¬®¦−®áâì áâà®£®
à�ááç¨âë¢�âì ¢ –„ ¨−â¥£à�«ì−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¨ ¯®¢¥¤¥−¨¥ ®à¨£¨−�«� ª�ª
æ¥«®£® ¯® ¨−ä®à¬�æ¨¨ ® ¥£® á®áâ�¢−ëå ç�áâïå. �¯¯�à�â â¥®à¨¨ ª�â¥£®à¨© â�ª¦¥
¯®§¢®«ï¥â à¥è�âì àï¤ ®¡à�â−ëå §�¤�ç | ¢ëç¨á«ïâì áâàãªâãà−ë¥ áå¥¬ë, ®¡¥á-
¯¥ç¨¢�îé¨¥ ¤®áâ¨¦¥−¨¥ (áã¡-, ��à¥â®-) ®¯â¨¬�«ì−ëå §−�ç¥−¨© ¨−â¥£à�«ì−ëå
å�à�ªâ¥à¨áâ¨ª.
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‡�ç�áâãî ®¡ê¥¤¨−¥−¨¥ ¢á¥å á®áâ�¢−ëå ç�áâ¥© á¨áâ¥¬ë ¢ ®¤−ã ª�â¥£®à¨î −¥-
à�æ¨®−�«ì−®. ��¯à®â¨¢, æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì à�§«¨ç−ë¥ ª�â¥£®à¨¨ ¤«ï
¯à¥¤áâ�¢«¥−¨ï ª®¬¯®−¥−â®¢ à�§−®© ¯à¨à®¤ë: á¨«®¢®£® ®¡®àã¤®¢�−¨ï, á¥£¬¥−-
â®¢ «¨−¨©, ª®−âà®««¥à®¢, ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¨ ¤à. ‚ –„ ®à¨£¨−�«
¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ áâàãªâãà−®£® ®à¨¥−â¨à®¢�−−®£® £à�ä�, ¢¥àè¨−ë ª®â®à®£®
¯®¬¥ç¥−ë ¬®¤¥«ï¬¨ à�§−®à®¤−ëå ç�áâ¥©. ‘ â®çª¨ §à¥−¨ï â¥®à¨¨ ª�â¥£®à¨© â�ª®©
£à�ä −¥ ï¢«ï¥âáï ¤¨�£à�¬¬®©, â�ª ª�ª ¬¥âª¨ ¥£® ¢¥àè¨− ¯à¨−�¤«¥¦�â à�§−ë¬
ª�â¥£®à¨ï¬. ‚ ¤�−−®© á¨âã�æ¨¨ ®¯¨á�−¨¥ ®à¨£¨−�«� æ¥«¥á®®¡à�§−® ¢ë¯®«−ïâì
¢ à�¬ª�å ª®−ªà¥â−ëå �àå¨â¥ªâãà−ëå ¯à¥¤áâ�¢«¥−¨©, ®á−®¢ë¢�ïáì −� áâ�−¤�àâ¥
ISO/IEC/IEEE 42010 (¢ ÷®áá¨¨ ¯à¨−ïâ ª�ª ƒ�‘’ ÷ 57100-2016 ú‘¨áâ¥¬−�ï
¨ ¯à®£à�¬¬−�ï ¨−¦¥−¥à¨ï. �¯¨á�−¨¥ �àå¨â¥ªâãàëû). „¥©áâ¢¨â¥«ì−®, �«£¥¡à�-
¨ç¥áª¨¥ ®¯¨á�−¨ï ¢á¥å ¢®§¬®¦−ëå ç�áâ¥© ¢á¥å ¢¨¤®¢ á −¥ª®â®à®© â®çª¨ §à¥−¨ï
á®áâ�¢«ïîâ ª�â¥£®à¨î, ¬®àä¨§¬ë ¢ ª®â®à®© ¢ëà�¦�îâ ¢ë¡à�−−ãî â®çªã §à¥−¨ï
−� ¤¥©áâ¢¨ï ¯® á¡®àª¥ á¨áâ¥¬. ��¯à¨¬¥à, ª�â¥£®à¨ï ¬−®¦¥áâ¢ Set ¯à¨¬¥−ï¥â-
áï ¤«ï ¯à¥¤áâ�¢«¥−¨ï ¨−ä®à¬�æ¨®−−®© �àå¨â¥ªâãàë, � ª�â¥£®à¨ï ¯®¬¥ç¥−−ëå
ç�áâ¨ç−® ã¯®àï¤®ç¥−−ëå ¬−®¦¥áâ¢ Pomset ¯à¥¤áâ�¢«ï¥â â®çªã §à¥−¨ï ¯®¢¥¤¥-
−¨ï ¢ ä®à¬¥ ¤¨áªà¥â−®-á®¡ëâ¨©−ëå ¬®¤¥«¥©. Œ®¤¥«¨ ç�áâ¥© ®â®¡à�¦�îâáï
¢ ª�â¥£®à¨î â®çª¨ §à¥−¨ï ¯®áà¥¤áâ¢®¬ ¯®¤å®¤ïé¨å äã−ªâ®à®¢ ¨ â�¬ á®¡¨à�-
îâáï ¢ ¤¨�£à�¬¬ë áâàãªâãàë, ä®à¬¨àãï ¬�â¥¬�â¨ç¥áª¨¥ ®¡ê¥ªâë, ®¡à�§ãîé¨¥
ª®−áâàãªæ¨î ¯®¤ −�§¢�−¨¥¬ ¬ã«ìâ¨§�¯ïâ®© (multicomma) [20].

4 Размещение цифрового двойника как ядра платформы

Š®£¤� –„ ¯à¨¬¥−ï¥âáï ¢ ª�ç¥áâ¢¥ ï¤à� ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®© ¯«�â-
ä®à¬ë, á®áâ�¢«ïîé¨¥ ¥£® ¬®¤¥«¨ à�§¢¥àâë¢�îâáï ¢ ª®¬¯®−¥−â�å ¯«�âä®à¬ë
¨ ¯®«ì§®¢�â¥«ìáª¨å ¯à¨«®¦¥−¨ïå, ª�ª ¯®ª�§�−® −� à¨á. 2. ‡¤¥áì ª®¬¯®−¥−âë
¯«�âä®à¬ë à�§¤¥«¥−ë −� ç¥âëà¥ äã−ªæ¨®−�«ì−ëå �á¯¥ªâ� (¯®«ì§®¢�â¥«ì, á¨á-
â¥¬�, ¨−ä®à¬�æ¨ï ¨ ª®¬¬ã−¨ª�æ¨ï), ¯à®−¨§ë¢�îé¨å âà¨ �àå¨â¥ªâãà−ëå á«®ï
(¯à®¬¥¦ãâ®ç−ë©, ®¯¥à�æ¨®−−ë© ¨ �¯¯�à�â−ë©) [11]. �−â®«®£¨ç¥áª�ï ¬®¤¥«ì
à�§¬¥é�¥âáï ¢ åà�−¨«¨é¥ ¤�−−ëå ¯à®¬¥¦ãâ®ç−®£® á«®ï ¯«�âä®à¬ë. ˆ−ä®à¬�-
æ¨®−−�ï ¬®¤¥«ì ¨ �„ à�á¯à¥¤¥«ïîâáï ¬¥¦¤ã ¯«�âä®à¬®©, ã¯à�¢«ïîé¥© ®¡é¥©
−®à¬�â¨¢−®-á¯à�¢®ç−®© ¡�§®©, ¨ ¯®«ì§®¢�â¥«ìáª¨¬¨ ¯à¨«®¦¥−¨ï¬¨, á¯¥æ¨ä¨ç-
−ë¬¨ ¤«ï ª®−ªà¥â−ëå §�¤�ç ¨ ®¡ê¥ªâ®¢ ã¯à�¢«¥−¨ï. –¨äà®¢ë¥ ¤¨�£à�¬¬ë
¨ áå¥¬ë ¨ �ˆ ®â−®áïâáï â®«ìª® ª ¯à¨«®¦¥−¨ï¬. Œ�â¥¬�â¨ç¥áª¨¥ ¨ ¨¬¨â�æ¨®−-
−ë¥ ¬®¤¥«¨ áâ�−®¢ïâáï ª®¬¯®−¥−â�¬¨ ¯à®¬¥¦ãâ®ç−®£® á«®ï, �¢â®¬�â¨§¨àãîé¨¬¨
¯à®æ¥ááë ¯®«ì§®¢�â¥«¥© −� ãà®¢−¥ ¯«�âä®à¬ë.

–¨äà®¢®© ¤¢®©−¨ª í−¥à£®á¨áâ¥¬ë ¢ â�ª®© ª®−ä¨£ãà�æ¨¨ á¯®á®¡¥− ¢ë¯®«−ïâì
¨−â¥£à¨à®¢�−−ë© æ¨ª« ¢ëá®ª®�¢â®¬�â¨§¨à®¢�−−®£® ã¯à�¢«¥−¨ï í−¥à£®á−�¡¦¥-
−¨¥¬, á®áâ®ïé¨© ¨§ à�áç¥â� ¯®ª�§�â¥«¥© á®áâ®ï−¨ï á¨áâ¥¬ë, ®¯à¥¤¥«¥−¨ï ¨ ¯à¨-
¬¥−¥−¨ï −¥®¡å®¤¨¬ëå ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨©, ª�ª ¯®ª�§�−® −� à¨á. 3 [21].
�� ¯¥à¢®¬ íâ�¯¥ æ¨ª«� –„ ¢ëç¨á«ï¥â ¢ à¥�«ì−®¬ ¢à¥¬¥−¨ à¥¦¨¬−ë¥ ¯®ª�§�â¥-
«¨ | à¥§ã«ìâ�âë à�á¯à®áâà�−¥−¨ï §−�ç¥−¨© ¯�à�¬¥âà®¢ ª®«¨ç¥áâ¢� ¨ ª�ç¥áâ¢�
í−¥à£®à¥áãàá®¢ ¢¤®«ì ®á¨ ¢à¥¬¥−¨ (áâ�â¨áâ¨ç¥áª¨© �−�«¨§, ¯à®£−®§¨à®¢�−¨¥),

74 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026



–¨äà®¢®© ¤¢®©−¨ª ª�ª ï¤à® ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®© æ¨äà®¢®© ¯«�âä®à¬ë

÷¨á. 2 �àå¨â¥ªâãà� ¯«�âä®à¬ë á ¬®¤¥«ï¬¨, á®áâ�¢«ïîé¨¬¨ –„

÷¨á. 3 ˆ−â¥£à¨à®¢�−−ë© æ¨ª« ã¯à�¢«¥−¨ï í−¥à£®á−�¡¦¥−¨¥¬
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¯®â®ª®¢ í−¥à£¨¨ (§�¬¥é¥−¨¥ ®âáãâáâ¢ãîé¨å §−�ç¥−¨©, à�áç¥â ®â¯ãáª� ¨§ á¥â¨
¯® ¯à¨¥¬ã ¢ á¥âì ¨ ¤à.), ¨¥à�àå¨¨ ã¯à�¢«¥−¨ï (−�¯à¨¬¥à, ä®à¬¨à®¢�−¨¥ á¢®¤-
−®£® â®¯«¨¢−®-í−¥à£¥â¨ç¥áª®£® ¡�«�−á� £®à®¤�). „®¯®«−¨â¥«ì−® ¢ëç¨á«ïîâáï
¤àã£¨¥ §−�ç¨¬ë¥ ¯®ª�§�â¥«¨, â�ª¨¥ ª�ª ¯®â¥à¨ í−¥à£¨¨ −� à�§«¨ç−ëå ãç�áâª�å
í−¥à£®á¨áâ¥¬ë, ¯®ª�§�â¥«¨ â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ®¡®àã¤®¢�−¨ï, áâ®¨¬®áâ−ë¥
¯®ª�§�â¥«¨. Œ�áá¨¢ë ¨å §−�ç¥−¨© á«ã¦�â ¢å®¤−ë¬¨ ¤�−−ë¬¨ ¤«ï ®¯à¥¤¥«¥−¨ï
−¥®¡å®¤¨¬®£® ã¯à�¢«ïîé¥£® ¢®§¤¥©áâ¢¨ï, â�ª çâ® –„ à�ááç¨âë¢�¥â −¥ â®«ìª®
ä�ªâ¨ç¥áª¨¥ §−�ç¥−¨ï, −® ¨ ¢®§¬®¦−ë¥: ¯«�−®¢ë¥, âà¥¡ã¥¬ë¥, ¯à®£−®§−ë¥,
¯à¥¤¥«ì−ë¥, ãáà¥¤−¥−−ë¥, −®à¬�â¨¢−ë¥, ®¯â¨¬�«ì−ë¥ ¯® à�§«¨ç−ë¬ ªà¨â¥à¨ï¬
¨ â. ¤. „�«¥¥ ¢ëï¢«ïîâáï à�áå®¦¤¥−¨ï ¬¥¦¤ã ä�ªâ¨ç¥áª¨¬¨ ¨ ¢®§¬®¦−ë¬¨
§−�ç¥−¨ï¬¨, ¢ëå®¤ïé¨¥ §� à�¬ª¨ ¤®¯ãáâ¨¬ëå. ‚ëïá−ïîâáï ¨å ¯à¨ç¨−ë: «¨¡®
¢ ¤�−−ëå ¨«¨ à�áç¥â−ëå ¬®¤ã«ïå ¤®¯ãé¥−ë ®è¨¡ª¨, «¨¡® à¥¦¨¬ í−¥à£®á¨áâ¥¬ë
¢ëå®¤¨â §� ¯à¥¤¥«ë −®à¬�«ì−®£®. ‚ ¯¥à¢®¬ á«ãç�¥ ®è¨¡ª¨ ¨á¯à�¢«ïîâáï, � ¢®
¢â®à®¬ –„ ®¯à¥¤¥«ï¥â ã¯à�¢«ïîé¥¥ ¢®§¤¥©áâ¢¨¥ −� í−¥à£®á¨áâ¥¬ã, á¯®á®¡−®¥
−�¨¡®«¥¥ íää¥ªâ¨¢−® ¯à¨¢¥áâ¨ ª ¢®§¢à�âã §−�ç¥−¨© ¢ æ¥«¥¢ë¥ à�¬ª¨. Š�ª
â®«ìª® ¢®§¤¥©áâ¢¨¥ ¡ë«® ¯à¨¬¥−¥−®, –„ ®æ¥−¨¢�¥â ¥£® íää¥ªâ¨¢−®áâì ¨ §�-
â¥¬ ¢ëç¨á«ï¥â �£à¥£�â−ë¥ ¯®ª�§�â¥«¨ ãà®¢−ï à�§¢¨â¨ï í−¥à£®á¨áâ¥¬ë ¤«ï æ¥«¥©
áâà�â¥£¨ç¥áª®£® ã¯à�¢«¥−¨ï.

Š�ª ®¯¨á�−® ¢ëè¥, à�áç¥â−ë¥ �«£®à¨â¬ë, ¨á¯®«ì§ã¥¬ë¥ ¢ â�ª®¬ æ¨ª«¥, à�§-
¢¥àâë¢�îâáï ¢ ¯à®¬¥¦ãâ®ç−®¬ á«®¥ ¯«�âä®à¬ë. ‚ â® ¦¥ ¢à¥¬ï ¤�−−ë¥ à¥�«ì−®£®
¢à¥¬¥−¨ ¨ ¬�áâ¥à-¤�−−ë¥ í−¥à£®á¨áâ¥¬ë ¥áâ¥áâ¢¥−−ë¬ ®¡à�§®¬ à�§¬¥é�îâáï
¢ ¨−ä®à¬�æ¨®−−®¬ ®¡¥á¯¥ç¥−¨¨ ®¡ê¥ªâ� ã¯à�¢«¥−¨ï, ®âªã¤� ¯®¤�îâáï −� ¢å®¤
�«£®à¨â¬�¬ ¢ ã−¨ä¨æ¨à®¢�−−ëå ä®à¬�â�å.

5 Заключение

�® å®¤ã æ¨äà®¢®© âà�−áä®à¬�æ¨¨ ¢ëá®ª®â¥å−®«®£¨ç−ë¥ ˆ’-¯à®¤ãªâë, â�-
ª¨¥ ª�ª –„ ¨ ¯«�âä®à¬ë, áâ�−®¢ïâáï ¯à®é¥ ¢ à�§à�¡®âª¥, ¢−¥¤à¥−¨¨ ¨ ¨á-
¯®«ì§®¢�−¨¨. �¤−�ª® ®−¨ §�ç�áâãî à�§¢¨¢�îâáï −¥§�¢¨á¨¬® ¤àã£ ®â ¤àã£� ¨ ®â
¯à®ç¨å ˆ’-á¨áâ¥¬, çâ® á−¨¦�¥â ¨−â¥£à�«ì−ãî ¢ë£®¤ã ®â æ¨äà®¢¨§�æ¨¨. Š�ª ¯®-
ª�§�−® ¢ −�áâ®ïé¥© à�¡®â¥, à�§¬¥é¥−¨¥ –„ ¢ ï¤à¥ ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−®©
¯«�âä®à¬ë £�à�−â¨àã¥â ¨å äã−ªæ¨®−�«ì−ãî á®¢¬¥áâ¨¬®áâì ú¯® ¯®áâà®¥−¨îû
¨ ¯®à®¦¤�¥â ¯®«¥§−ë¥ á¨−¥à£¥â¨ç¥áª¨¥ íää¥ªâë.
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DIGITAL TWIN AS THE CORE OF A DOMAIN-SPECIFIC DIGITAL
ENERGY MANAGEMENT PLATFORM

S. P. Kovalyov and O. V. Lukinova

V. A. Trapeznikov Institute of Control Sciences of the Russian Academy of Sciences,
65 Profsoyuznaya Str., Moscow 117997, Russian Federation

Abstract: Key design decisions regarding the integration of asset digital twins as
a unified core for domain digital transformation support platforms are presented.
Based on the OSE/RM (Open Systems Environment Reference Model), the tech-
nological aspects of digital platform design are demonstarted. The fundamental
requirements for public services hosted on the platform are examined. A generic
digital twin architecture is described as a set of interacting heterogeneous asset
models. The model development process and deployment schemes across platform
components and applications are specified. As a case study, models deployed
according to the proposed scheme are employed to construct an integrated energy
management cycle including the calculation of energy asset status indicators,
automated determination, and execution of control actions. The proposed design
decisions are formally justified using algebraic methods based on category theory.

Keywords: digital transformation; digital twin; digital platform; interoperabil-
ity; energy management; category theory
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РАСПРЕДЕЛЕНИЯХ МНОГОМЕРНЫХ СТОХАСТИЧЕСКИХ
РАЗНОСТНЫХ УРАВНЕНИЙ∗

В. Ю. Королев1, Н. Р. Романюк2

�−−®â�æ¨ï: ÷�áá¬®âà¥−� §�¤�ç� ®¯¨á�−¨ï áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï ¤«ï
¬−®£®¬¥à−®£® áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£® ãà�¢−¥−¨ï | áå¥¬ë ¬−®£®¬¥à−®©
�¢â®à¥£à¥áá¨¨ ¯¥à¢®£® ¯®àï¤ª� á® á«ãç�©−ë¬¨ ª®íää¨æ¨¥−â�¬¨. �®ª�§�−®,
çâ® «î¡�ï áª�«ïà−�ï ª®¢�à¨�æ¨®−−®-á¤¢¨£®¢�ï á¬¥áì ¬−®£®¬¥à−ëå −®à¬�«ì-
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−®© áå¥¬¥. •�à�ªâ¥à−®© ç¥àâ®© â�ª¨å á¬¥á¥© ï¢«ï¥âáï â®, çâ® á¬¥è¨¢�−¨¥
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¯®à®¦¤�îé¨å ¤�−−®¥ áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥. ’�ª¦¥ à�áá¬�âà¨¢�¥âáï
¢ −¥ª®â®à®¬ á¬ëá«¥ ®¡à�â−�ï §�¤�ç�: áãé¥áâ¢ã¥â «¨ áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥-
−¨¥ ã áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£® ãà�¢−¥−¨ï á §�¤�−−ë¬¨ ª®íää¨æ¨¥−â�¬¨
¨ ª�ª ®−® ¬®¦¥â ¢ë£«ï¤¥âì. �à¥¤«®¦¥− −¥ª®â®àë© ¢�à¨�−â ¤®áâ�â®ç−ëå ãá«®-
¢¨© áãé¥áâ¢®¢�−¨ï áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£®
ãà�¢−¥−¨ï.
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1 Введение

�ãáâì d ∈ N. ‚ ¤�−−®© áâ�âì¥ à�áá¬�âà¨¢�îâáï á«ãç�©−ë¥ ¢¥ªâ®àë, ¯à¨-
−¨¬�îé¨¥ §−�ç¥−¨ï ¢ d-¬¥à−®¬ ¥¢ª«¨¤®¢®¬ ¯à®áâà�−áâ¢¥ R

d. ‘¨¬¢®« x ¡ã¤¥â
®¡®§−�ç�âì ¢¥ªâ®à-áâ®«¡¥æ x = (x1, . . . , xd)

⊤. …¢ª«¨¤®¢� −®à¬� ¢¥ªâ®à� x ∈ R
d

¡ã¤¥â ®¡®§−�ç�âìáï ‖x‖. ‚¥ªâ®à, ¢á¥ ª®®à¤¨−�âë ª®â®à®£® à�¢−ë −ã«î, ¡ã¤¥â
®¡®§−�ç�âìáï 0.

�¥ ®£à�−¨ç¨¢�ï ®¡é−®áâì, ¡ã¤¥¬ áç¨â�âì, çâ® ¢á¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë ¨ á«ã-
ç�©−ë¥ ¢¥ªâ®àë, ãç�áâ¢ãîé¨¥ ¢ ¯à¨¢®¤¨¬ëå −¨¦¥ ¯®áâà®¥−¨ïå, ®¯à¥¤¥«¥−ë
−� ®¤−®¬ ¢¥à®ïâ−®áâ−®¬ ¯à®áâà�−áâ¢¥ (Ÿ, A,P). Œ�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ¯®
®â−®è¥−¨î ª ¢¥à®ïâ−®áâ−®© ¬¥à¥ P ¡ã¤¥¬ ®¡®§−�ç�âì E. �®à¥«¥¢áª�ï σ-�«£¥¡à�
¬−®¦¥áâ¢ ¨§ R

d ¡ã¤¥â ®¡®§−�ç�âìáï B(Rd).

‘®¢¯�¤¥−¨¥ à�á¯à¥¤¥«¥−¨© ¡ã¤¥â ®¡®§−�ç�âìáï á¨¬¢®«®¬
d
=, ¯à®¨§¢¥¤¥−¨¥ −¥-

§�¢¨á¨¬ëå á«ãç�©−ëå í«¥¬¥−â®¢ ¡ã¤¥â ®¡®§−�ç�âìáï á¨¬¢®«®¬ ◦. ˆ−¤¨ª�â®à−�ï
äã−ªæ¨ï ¬−®¦¥áâ¢�A ¡ã¤¥â ®¡®§−�ç�âìáï IA(z): ¥á«¨ z ∈ A, â® IA(z) = 1; ¨−�ç¥
IA(z) = 0.

‚ ¤�−−®© áâ�âì¥ à�áá¬�âà¨¢�¥âáï áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯à®æ¥áá�
¬−®£®¬¥à−®© �¢â®à¥£à¥áá¨¨ ¯¥à¢®£® ¯®àï¤ª� á® á«ãç�©−ë¬¨ ª®íää¨æ¨¥−â�-
¬¨, � ¨¬¥−−®: ¯ãáâì Y1 | ¯à®¨§¢®«ì−ë© á«ãç�©−ë© ¢¥ªâ®à. ÷�áá¬®âà¨¬
¯®á«¥¤®¢�â¥«ì−®áâì á«ãç�©−ëå ¢¥ªâ®à®¢ {Yn}n≥1, §�¤�¢�¥¬ãî à¥ªãàà¥−â−ë¬
á®®â−®è¥−¨¥¬

Yn+1 = Yn +αn+1(Yn) + βn+1(Yn) ◦Xn+1, n = 1, 2, . . . , (1)

£¤¥ {Xn}n≥1| ¯®á«¥¤®¢�â¥«ì−®áâì −¥§�¢¨á¨¬ëå d-¬¥à−ëå á«ãç�©−ëå ¢¥ªâ®à®¢,
¨¬¥îé¨å ®¤−® ¨ â® ¦¥ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ Nd,› á −ã«¥¢ë¬ ¢¥ªâ®à®¬
¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© ¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥© ›; αn+1(u) | ¢¥ªâ®à-
äã−ªæ¨ï, αn+1(u) : R

d → R
d; βn+1(u) | ¯®«®¦¨â¥«ì−�ï äã−ªæ¨ï, βn+1(u) :

R
d → R+.

�®á«¥¤®¢�â¥«ì−®áâ¨ ¢¨¤� (1) | ú¤®¯à¥¤¥«ì−ë¥û ¤¨áªà¥â−ë¥ �−�«®£¨ áâ®-
å�áâ¨ç¥áª¨å ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©, −�§ë¢�¥¬ë¥ áâ®å�áâ¨ç¥áª¨¬¨ à�§-
−®áâ−ë¬¨ ãà�¢−¥−¨ï¬¨, | ¯à¨¬¥−ïîâáï ¢ ª�ç¥áâ¢¥ ¬®¤¥«¥© −�¡«î¤�¥¬ëå ¯à®-
æ¥áá®¢ ¢® ¬−®£¨å ®¡«�áâïå. ‚ ç�áâ−®áâ¨, ¢ à�¡®â�å [1, 2] ¯à¨ �−�«¨§¥ ¯®â®ª®¢
â¥¯«� ¬¥¦¤ã �â¬®áä¥à®© ¨ ®ª¥�−®¬ ¡ë«� ¨á¯®«ì§®¢�−� ¬®¤¥«ì áâ®å�áâ¨ç¥áª¨å
¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© á −¥¨§¢¥áâ−ë¬¨ á«ãç�©−ë¬¨ ª®íää¨æ¨¥−â�¬¨.
ˆ§ãç¥−¨¥ ¯®¢¥¤¥−¨ï â�ª¨å ¯®á«¥¤®¢�â¥«ì−®áâ¥© ¢�¦−®, çâ®¡ë ¯®−ïâì, ª�ª¨¥
ãá«®¢¨ï ã¯à�¢«ïîâ ¯®¢¥¤¥−¨¥¬ à�áá¬�âà¨¢�¥¬ëå ä¨§¨ç¥áª¨å ¯à®æ¥áá®¢.

‚ áâ�âì¥ [3] à¥§ã«ìâ�âë à�¡®âë [2] à�á¯à®áâà�−¥−ë −� ¯à®¨§¢®«ì−ë¥ ¤¨á¯¥àá¨-
®−−®-á¤¢¨£®¢ë¥ á¬¥á¨ ¬−®£®¬¥à−ëå −®à¬�«ì−ëå §�ª®−®¢ ¨ ¯à®¤¥¬®−áâà¨à®¢�−®,
çâ® ¯à®¨§¢®«ì−�ï ¤¨á¯¥àá¨®−−®-á¤¢¨£®¢�ï á¬¥áì ¬−®£®¬¥à−ëå −®à¬�«ì−ëå §�-
ª®−®¢ ¬®¦¥â ¡ëâì áâ�æ¨®−�à−ë¬ à�á¯à¥¤¥«¥−¨¥¬ áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£®
ãà�¢−¥−¨ï | áå¥¬ë �¢â®à¥£à¥áá¨¨ ¯¥à¢®£® ¯®àï¤ª� | á® á«ãç�©−ë¬¨ ª®íää¨-
æ¨¥−â�¬¨.
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� áª�«ïà−ëå ª®¢�à¨�æ¨®−−®-á¤¢¨£®¢ëå á¬¥áïå −®à¬�«ì−ëå §�ª®−®¢

‚ ª−¨£¥ [4] ¯à¨¢¥¤¥−ë à�ááã¦¤¥−¨ï, ®á−®¢�−−ë¥ −� ¯à¨−æ¨¯¥ −¥ã¡ë¢�−¨ï í−â-
à®¯¨¨ ¢ §�¬ª−ãâëå á¨áâ¥¬�å, ¯®§¢®«ïîé¨¥ á¢ï§�âì á¬¥è¨¢�îé¥¥ à�á¯à¥¤¥«¥−¨¥
á ¯®¢¥¤¥−¨¥¬ áà¥¤ë, ¢−¥è−¥© ¯® ®â−®è¥−¨î ª à¥£¨áâà¨àã¥¬®¬ã ¯à®æ¥ááã.

‚ ¤�−−®© áâ�âì¥ à¥§ã«ìâ�âë à�¡®âë [3] ¡ã¤ãâ ®¡®¡é¥−ë −� áª�«ïà−ë¥ ¤¨á¯¥à-
á¨®−−®-á¤¢¨£®¢ë¥ á¬¥á¨ ¬−®£®¬¥à−ëå −®à¬�«ì−ëå §�ª®−®¢. ’�ª¦¥ ®¡áã¦¤�¥âáï
¢®¯à®á ® áãé¥áâ¢®¢�−¨¨ áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï ¯à¨ §�¤�−−ëå ª®íää¨æ¨-
¥−â�å áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£® ãà�¢−¥−¨ï. �â� §�¤�ç� ¢ −¥ª®â®à®¬ á¬ëá«¥
®¡à�â−�ï ¯® ®â−®è¥−¨î ª ®¡áã¦¤�¢è¥¬ãáï ¢ [3] ¢®¯à®áã ® â®¬, ª�ª ¤®«¦−ë ¢ë£«ï-
¤¥âì (á«ãç�©−ë¥) ª®íää¨æ¨¥−âë ¤à¥©ä� ¨ ¤¨ääã§¨¨ ¤«ï â®£®, çâ®¡ë ª®−ªà¥â−�ï
á¬¥áì ¡ë«� áâ�æ¨®−�à−ë¬ à�á¯à¥¤¥«¥−¨¥¬.

‘«ãç�©, ª®£¤� áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥ ¯à¥¤áâ�¢«ï¥â á®¡®© ç¨áâ® ¬�á-
èâ�¡−ãî á¬¥áì ¬−®£®¬¥à−ëå −®à¬�«ì−ëå §�ª®−®¢, à�áá¬®âà¥− ¢ à�¡®â¥ [5].
—�áâ−ë© á«ãç�© ¬�áèâ�¡−ëå á¬¥á¥© −®à¬�«ì−ëå §�ª®−®¢ | à�á¯à¥¤¥«¥−¨¥ ‹�¯-
«�á� | ¡ë« à�áá¬®âà¥− ¢ à�¡®â¥ [6].

�ãáâì › | á¨¬¬¥âà¨ç−�ï ¯®«®¦¨â¥«ì−® ®¯à¥¤¥«¥−−�ï ¬�âà¨æ� à�§¬¥à�
d × d. Œ−®£®¬¥à−®¥ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¬�âà¨æ¥©
ª®¢�à¨�æ¨© › ¡ã¤¥â ®¡®§−�ç�âìáï Xd,›. ‘®®â¢¥âáâ¢ãîé¥¥ à�á¯à¥¤¥«¥−¨¥ −�
¡®à¥«¥¢áª®© σ-�«£¥¡à¥ B(Rd) ¡ã¤¥â ®¡®§−�ç�âìáï Nd,› ¨ §�¤�¥âáï ¯«®â−®áâìî

ϕd,›(x) =
exp

{
−(1/2)x⊤›−1x

}

(2π)d/2|›|1/2
, x ∈ R

d.

‘«¥¤ãï à�¡®â¥ [7], ¢¢¥¤¥¬ ¯®−ïâ¨¥ áª�«ïà−®© ª®¢�à¨�æ¨®−−®-á¤¢¨£®¢®© á¬¥á¨
¬−®£®¬¥à−ëå −®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨©. �ãáâì Z | −¥®âà¨æ�â¥«ì−�ï á«ãç�©-
−�ï ¢¥«¨ç¨−� á äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ïFZ(x). �¯à¥¤¥«¨¬ á«ãç�©−ë© d-¬¥à−ë©
¢¥ªâ®à Yd,› ª�ª

Yd,›
d
= β + Zα+

√
Z ◦Xd,› , (2)

£¤¥ β,α | −¥á«ãç�©−ë¥ d-¬¥à−ë¥ ¢¥ªâ®àë. ÷�á¯à¥¤¥«¥−¨¥ ¢¥ªâ®à� Yd,› −�-
§ë¢�¥âáï áª�«ïà−®© ª®¢�à¨�æ¨®−−®-á¤¢¨£®¢®© á¬¥áìî ¬−®£®¬¥à−ëå −®à¬�«ì−ëå
à�á¯à¥¤¥«¥−¨©. �â® à�á¯à¥¤¥«¥−¨¥ §�¤�−® −� ¡®à¥«¥¢áª®© σ-�«£¥¡à¥ B(Rd)
¨ ¨¬¥¥â ¢¨¤:

ād,›(A) =

∞∫

0

P(β + zα+
√
zXd,›,∈ A) dFZ(z) =

=

∞∫

0

Nd,›

(
z−1/2 (A− β − αz)

)
dFZ(z) .

�¡à�â¨¬ ¢−¨¬�−¨¥, çâ® §¤¥áì á¬¥è¨¢�−¨¥ ¯® áª�«ïà−®¬ã ¯�à�¬¥âàã z ®¤−®-
¢à¥¬¥−−® ¯à®¨áå®¤¨â ¨ ¯® á¤¢¨£ã, ¨ ¯® ª®¢�à¨�æ¨®−−®© ¬�âà¨æ¥, ª®â®àë¥ â¥¬
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á�¬ë¬ ®ª�§ë¢�îâáï ¦¥áâª® á¢ï§�−−ë¬¨. ’�ª¨¥ á¬¥á¨ å®à®è® á¥¡ï §�à¥ª®¬¥−¤®-
¢�«¨ ¢ ª�ç¥áâ¢¥ ¬®¤¥«¥© áâ�â¨áâ¨ç¥áª¨å §�ª®−®¬¥à−®áâ¥©, −�¡«î¤�¥¬ëå ¢ á�¬ëå
à�§−ëå ®¡«�áâïå (á¬., −�¯à¨¬¥à, [7]) ¨ ¤�«ì−¥©è¨¥ ááë«ª¨ ¢ íâ®© à�¡®â¥.

2 Основные результаты

�ãáâì ›| ¯à®¨§¢®«ì−�ï á¨¬¬¥âà¨ç−�ï ¯®«®¦¨â¥«ì−® ®¯à¥¤¥«¥−−�ï ¬�âà¨-
æ� à�§¬¥à� d × d, Z | ¯à®¨§¢®«ì−�ï −¥¢ëà®¦¤¥−−�ï ¯®«®¦¨â¥«ì−�ï á«ãç�©−�ï
¢¥«¨ç¨−� á äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ï FZ(x), FZ(0+) = 0. ÷�áá¬®âà¨¬ á®®â¢¥â-
áâ¢ãîé¨© á«ãç�©−ë© ¢¥ªâ®à Yd,›, ®¯à¥¤¥«ï¥¬ë© á®®â−®è¥−¨¥¬ (2). �®ª�¦¥¬,
çâ® ¥£® à�á¯à¥¤¥«¥−¨¥ād,›(A) ¬®¦¥â ¡ëâì áâ�æ¨®−�à−ë¬ à�á¯à¥¤¥«¥−¨¥¬ ¯®á«¥-
¤®¢�â¥«ì−®áâ¨ (1) ¯à¨ á¯¥æ¨�«ì−®¬ ¢ë¡®à¥ ª®íää¨æ¨¥−â®¢ αn ¨ βn, â®£¤� §�¤�ç�
¯®¨áª� áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨ (1) á¢¥¤¥âáï ª á«¥¤ã-
îé¥©: −�©â¨ äã−ªæ¨î g : R → R+ ¨ à�á¯à¥¤¥«¥−¨¥ āY(A) = P(Y ∈ A)
−� B(Rd), â�ª¨¥ çâ®

Y
d
= β +αg(Y) +

√
g(Y) ◦Xd,›

¨«¨, çâ® â® ¦¥ á�¬®¥,

āY(A) =

∫

Rd

Nd,›

(
g(y)−1/2(A− β − αg(y)

)
āY(dy), A ∈ B(Rd).

‘ã§¨¬ ¬−®¦¥áâ¢®, ¢ ª®â®à®¬ ¡ã¤¥¬ ¨áª�âì á®®â¢¥âáâ¢ãîé¨¥ ¢¥ªâ®àë Y, ¤®
¬−®¦¥áâ¢� ¢¥ªâ®à®¢, ¨¬¥îé¨å ¢¨¤ (2). � ¨¬¥−−®: ¡ã¤¥¬ áç¨â�âì, çâ®

Y
d
= Yd,›

d
= β +αZ +

√
Z ◦Xd,›

á −¥ª®â®à®© ¯®«®¦¨â¥«ì−® ®¯à¥¤¥«¥−−®© ¬�âà¨æ¥© › ¨ −¥®âà¨æ�â¥«ì−®© á«ãç�©-
−®© ¢¥«¨ç¨−®© Z.

•®à®è® ¨§¢¥áâ−®, çâ® ¤«ï «î¡®© ¯®«®¦¨â¥«ì−®© á«ãç�©−®© ¢¥«¨ç¨−ë Z áã-
é¥áâ¢ã¥â ¯®á«¥¤®¢�â¥«ì−®áâì ¯à®áâëå (¯à¨−¨¬�îé¨å ª®−¥ç−®¥ ç¨á«® §−�ç¥−¨©)
á«ãç�©−ëå ¢¥«¨ç¨− {Zn}n≥1, áå®¤ïé�ïáï ª Z ¯à¨ n→ ∞ ¢áî¤ã. �à¨¬¥à®¬ â�-
ª®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¬®¦¥â á«ã¦¨âì ¯®á«¥¤®¢�â¥«ì−®áâì á«ãç�©−ëå ¢¥«¨ç¨−,
®¯à¥¤¥«ï¥¬ëå á«¥¤ãîé¨¬ ®¡à�§®¬:

Zn(ω) =
n2n∑

k=1

k

2n
I

(
k − 1
2n

≤ Z(ω) <
k

2n

)
+(n+1)I (Z(ω) ≥ n) , ω ∈ Ÿ, n ≥ 1

(á¬., −�¯à¨¬¥à, [8]). �®«®¦¨¬

p
(n)
k = P

(
k − 1
2n

≤ Z <
k

2n

)
, k = 1, n2n, p

(n)
n2n+1 = P(Z ≥ n).
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„«ï ª�¦¤®£® n ≥ 1 ¢¢¥¤¥¬ ¬−®¦¥áâ¢� B(n)k ⊂ R
d, k = 1, n2n, ã¤®¢«¥â¢®àï-

îé¨¥ ãá«®¢¨ï¬

B
(n)
k ∩B(n)m = ∅ ¯à¨ k 6= m,

n2n+1⋃

k=1

B
(n)
k = R

d;

P(Y ∈ B
(n)
k ) = p

(n)
k , k = 1, n2n + 1 .

�®áª®«ìªã ¤®¯®«−¥−¨¥ ª −®á¨â¥«î �¡á®«îâ−® −¥¯à¥àë¢−®£® à�á¯à¥¤¥«¥−¨ï á«ã-

ç�©−®£® ¢¥ªâ®à�Y ¨¬¥¥â «¥¡¥£®¢ã ¬¥àã −ã«ì, ¬−®¦¥áâ¢� B(n)k , ã¤®¢«¥â¢®àïîé¨¥
ãª�§�−−ë¬ ãá«®¢¨ï¬, ¬®¦−® ®¯à¥¤¥«ïâì ¯®-à�§−®¬ã. ÷�áá¬®âà¨¬ á«¥¤ãîé¨©
¢�à¨�−â ¯®áâà®¥−¨ï â�ª¨å ¬−®¦¥áâ¢. �ãáâì

F (x) = P(‖Y‖ < x), x ∈ R .

�¥á«®¦−® ¢¨¤¥âì, çâ® äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï F (x) −¥¯à¥àë¢−� ¨ áâà®£® ¬®-
−®â®−−�, ¯®íâ®¬ã áãé¥áâ¢ã¥â −¥¯à¥àë¢−�ï ¨ áâà®£® ¬®−®â®−−�ï ®¡à�â−�ï äã−ª-
æ¨ï F−1(p), p ∈ (0, 1).

�®«®¦¨¬

B
(n)
1 =

{
y : ‖y‖ < F−1(p

(n)
1 )
}
;

B
(n)
k =

{
y : F−1

(
p
(n)
1 + · · ·+ p(n)k−1

)
≤ ‖y‖ < F−1

(
p
(n)
1 + · · · + p(n)k

)}
,

k = 2, n2n ;

B
(n)
n2n+1 =

{
y : ‖y‖ ≥ F−1

(
p
(n)
1 + · · · + p(n)n2n

)}
.

’�ª¨¥ ¬−®¦¥áâ¢� B(n)k ¯à¥¤áâ�¢«ïîâ á®¡®© d-¬¥à−ë¥ ª®«ìæ�. �¯à¥¤¥«¨¬ äã−ª-
æ¨î:

gn(y) =
1

2n
I
B
(n)
1
(y) +

2

2n
I
B
(n)
2
(y) + · · · + nI

B
(n)
n2n
(y) + (n+ 1)I

B
(n)
n2n+1

(y).

‡�¬¥â¨¬, çâ® p(n)k = p
(n+1)
2k−1 +p

(n+1)
2k ¨, ª�ª á«¥¤áâ¢¨¥,B(n)k = B

(n+1)
2k−1 ⊔B(n+1)2k .

„«ï «î¡®£® y −�ç¨−�ï á −¥ª®â®à®£® n0 ¯®á«¥¤®¢�â¥«ì−®áâì gn(y) −¥ ¢®§à�áâ�¥â
¨ ®£à�−¨ç¥−� á−¨§ã, � á«¥¤®¢�â¥«ì−®, ¨¬¥¥â ¯à¥¤¥«. �¡®§−�ç¨¬ §� g(y) íâ®â

¯à¥¤¥«. �¥á«®¦−® ¢¨¤¥âì, çâ® Zn
d
= gn(Y) ¯à¨ ª�¦¤®¬ n ≥ 1, â�ª çâ®

Y
d
= β +αZ +

√
Z ◦Xd,› = lim

n→∞

(
β +αZn +

√
Zn ◦Xd,›

)
d
=

d
= lim

n→∞

(
β +αgn(Y) +

√
gn(Y) ◦Xd,›

)
= β +αg(Y) +

√
g(Y) ◦Xd,›.

’�ª¨¬ ®¡à�§®¬, ¤®ª�§�−® á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.
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‚. ā. Š®à®«¥¢, �. ÷. ÷®¬�−îª

’¥®à¥¬� 1. „«ï «î¡®© á«ãç�©−®© ¢¥«¨ç¨−ë Y ¢¨¤� (2) áãé¥áâ¢ã¥â äã−ªæ¨ï

g : Rd → R+ â�ª�ï, çâ®

Y
d
= β +αg(Y) +

√
g(Y) ◦Xd,›.

‚®§¢à�é�ïáì ª ¨áå®¤−®© §�¤�ç¥, ¤®ª�¦¥¬ á«¥¤ãîéãî â¥®à¥¬ã.
’¥®à¥¬� 2. ‹î¡®¥ à�á¯à¥¤¥«¥−¨¥ ¢¨¤� (2) ¯à¥¤áâ�¢«ï¥â á®¡®© áâ�æ¨®−�à−®¥
à�á¯à¥¤¥«¥−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ (1) ¯à¨ −¥ª®â®à®¬ ¢ë¡®à¥ ª®íää¨æ¨¥−â®¢
¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨ −�ç�«ì−®£® §−�ç¥−¨ï.

„ ® ª � § � â ¥ « ì á â ¢ ® . �¡®§−�ç¨¬, ª�ª ¨ ¢ëè¥, ç¥à¥§ ād,› à�á¯à¥¤¥«¥−¨¥ ¨§
á¥¬¥©áâ¢� (2), � ç¥à¥§ g(y) | äã−ªæ¨î ¨§ â¥®à¥¬ë 1, ¯®áâà®¥−−ãî ¯® à�á¯à¥-
¤¥«¥−¨î F . �®«®¦¨¬ βn(y) =

√
g(y), αn(y) = αg(y), � Y0 à�á¯à¥¤¥«¥−−ë¬

á®£«�á−® §�ª®−ã ād,›. ’®£¤� ®ç¥¢¨¤−®, çâ® áâ�æ¨®−�à−ë¬ à�á¯à¥¤¥«¥−¨¥¬ â�ª®©
¯®á«¥¤®¢�â¥«ì−®áâ¨ ¡ã¤¥â à�á¯à¥¤¥«¥−¨¥ ād,›.

ˆâ�ª, ¯®ª�§�−®, çâ®, ª�ª®¢� ¡ë −¨ ¡ë«� áª�«ïà−�ï ¤¨á¯¥àá¨®−−®-á¤¢¨£®-
¢�ï á¬¥áì ¬−®£®¬¥à−ëå −®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨©, ¬®¦−® ãª�§�âì áâ®å�áâ¨ç¥-
áª®¥ à�§−®áâ−®¥ ãà�¢−¥−¨¥ á ª®íää¨æ¨¥−â�¬¨, á¯¥æ¨�«ì−® ¯®¤®¡à�−−ë¬¨ â�ª¨¬
®¡à�§®¬, çâ®¡ë §�¤�−−�ï á¬¥áì ®ª�§�«�áì áâ�æ¨®−�à−ë¬ à�á¯à¥¤¥«¥−¨¥¬ â�ª®£®
ãà�¢−¥−¨ï. ‚ §�ª«îç¥−¨¥ ®¡áã¤¨¬ ¢ −¥ª®â®à®¬ á¬ëá«¥ ®¡à�â−ãî §�¤�çã: áãé¥-
áâ¢ã¥â «¨ áâ�æ¨®−�à−®¥ à�á¯à¥¤¥«¥−¨¥ ã áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£® ãà�¢−¥−¨ï
á §�¤�−−ë¬¨ ª®íää¨æ¨¥−â�¬¨ ¨ ª�ª ®−® ¬®¦¥â ¢ë£«ï¤¥âì.

„«ï −�£«ï¤−®áâ¨ à�áá¬®âà¨¬ ®¤−®¬¥à−ë© á«ãç�©. ‚ â�ª®¬ á«ãç�¥ à�§−®áâ−®¥
ãà�¢−¥−¨¥ (1) ¯à¨−¨¬�¥â ¢¨¤:

Yn+1 = Yn + αn+1(Yn) + βn+1(Yn) ◦Xn+1, n = 1, 2, . . . , (3)

£¤¥ {Yn}n≥1 | ¯®á«¥¤®¢�â¥«ì−®áâì á«ãç�©−ëå ¢¥«¨ç¨−; αn : R → R | ¢¥-
é¥áâ¢¥−−�ï äã−ªæ¨ï; βn : R → R+ | ¯®«®¦¨â¥«ì−�ï äã−ªæ¨ï ¤«ï ª�¦¤®£®
n ∈ N; X1,X2, . . . | −¥§�¢¨á¨¬ë¥ á«ãç�©−ë¥ ¢¥«¨ç¨−ë, ¨¬¥îé¨¥ ®¤¨−�ª®¢®¥
áâ�−¤�àâ−®¥ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥. ‘®®â−®è¥−¨¥ (3) ¯à¥¤áâ�¢«ï¥â á®¡®©
ç�áâ−ë© á«ãç�© ®¤−®¬¥à−®£® ¯à®æ¥áá� �¢â®à¥£à¥áá¨¨ ¯¥à¢®£® ¯®àï¤ª� á® á«ãç�©-
−ë¬¨ ª®íää¨æ¨¥−â�¬¨.

�ãáâì a ∈ R, b ∈ (0,∞), Z | ¯à®¨§¢®«ì−�ï −¥¢ëà®¦¤¥−−�ï ¯®«®¦¨â¥«ì−�ï
á«ãç�©−�ï ¢¥«¨ç¨−� á äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ï FZ(x), FZ(0+) = 0. ÷�áá¬®âà¨¬
¤¨á¯¥àá¨®−−®-á¤¢¨£®¢ãî á¬¥áì

F (x) =

∞∫

0

�

(
x− ay

b
√
y

)
dFZ(y), x ∈ R , (4)

£¤¥ a ∈ R; 0 < b < ∞. ‚ à�¡®â¥ [3] ¯®ª�§�−®, çâ® ¥á«¨ ¢ á®®â−®è¥−¨¨ (4)
äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï FZ(x) −¥¯à¥àë¢−� ¨ áâà®£® ¬®−®â®−−�, â® áãé¥áâ¢ã¥â
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� áª�«ïà−ëå ª®¢�à¨�æ¨®−−®-á¤¢¨£®¢ëå á¬¥áïå −®à¬�«ì−ëå §�ª®−®¢

−¥¯à¥àë¢−�ï ¨ áâà®£® ¬®−®â®−−�ï ®¡à�â−�ï äã−ªæ¨ï F−1
Z ¨ ãª�§�−−�ï ¢ â¥®à¥¬¥ 1

äã−ªæ¨ï g(y) ¬®¦¥â ¨¬¥âì ¢¨¤:

g(y) = F−1
Z (F (y)) ¨«¨ g(y) = F−1

Z (1− F (y)) , y ∈ R . (5)

�®íâ®¬ã ®¤−®¬ã ¨ â®¬ã ¦¥ áâ�æ¨®−�à−®¬ã à�á¯à¥¤¥«¥−¨î ¬®£ãâ á®®â¢¥âáâ¢®¢�âì

à�§−ë¥ ª®íää¨æ¨¥−âë αn ¨ βn. �®«¥¥ â®£®, ¬−®¦¥áâ¢� B
(n)
k â�ª¦¥ ¬®¦−®

¢ë¡¨à�âì ¯®-à�§−®¬ã. ’�ª¨¬ ®¡à�§®¬, ¢®®¡é¥ £®¢®àï, ®¤−®§−�ç−® ¢®ááâ�−®¢¨âì
ª®íää¨æ¨¥−âë αn ¨ βn ¯® à�á¯à¥¤¥«¥−¨î F −¥«ì§ï. �¤−�ª® á®®â−®è¥−¨ï¬¨ (5)
¬®¦−® ¢®á¯®«ì§®¢�âìáï ¤«ï ®â¢¥â� −� ¯®áâ�¢«¥−−ë¥ ¢ëè¥ ¢®¯à®áë, � ¨¬¥−−®:
¢®á¯®«ì§ã¥¬áï «¥¢ë¬ ¯à¥¤áâ�¢«¥−¨¥¬ ¢ á®®â−®è¥−¨¨ (5). Š�ª ¯®ª�§�−® ¢ [3], ¥á«¨
äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ïF (x) ¨¬¥¥â ¢¨¤ (4), ¢ ª®â®à®¬ äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ïFZ

−¥¯à¥àë¢−� ¨ áâà®£® ¬®−®â®−−�, ¨ ¢ á®®â−®è¥−¨¨ (3) ª®íää¨æ¨¥−âë αn ¨ βn

¨¬¥îâ ¢¨¤:

αn(u) = aF
−1
Z (F (u)) − u; βn(u) = b

√
F−1

Z (F (u)), u ∈ R, n ≥ 1 ,

â® äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï F (x) á®®â¢¥âáâ¢ã¥â áâ�æ¨®−�à−®¬ã à�á¯à¥¤¥«¥−¨î
¯®á«¥¤®¢�â¥«ì−®áâ¨ (3). ‡�¬¥â¨¬, çâ® ¢ â�ª®¬ á«ãç�¥ ª®íää¨æ¨¥−âë αn ¨ βn

á¢ï§�−ë á®®â−®è¥−¨¥¬:

αn(u) =
a

b2β2n(u)
− u . (6)

�®íâ®¬ã ¬®¦−® ¯à¥¤«®¦¨âì á«¥¤ãîé¨© ¢�à¨�−â ¤®áâ�â®ç−ëå ãá«®¢¨© áãé¥áâ¢®-
¢�−¨ï áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£® ãà�¢−¥−¨ï.
’¥®à¥¬� 3. �ãáâì ª®íää¨æ¨¥−âë αn ¨ βn á¢ï§�−ë á®®â−®è¥−¨¥¬ (6). …á«¨
−�©¤¥âáï ¯�à� äã−ªæ¨© à�á¯à¥¤¥«¥−¨ï FZ ¨ F , á¢ï§�−−ëå á®®â−®è¥−¨¥¬ (4)
á −¥ª®â®àë¬¨ a ∈ R ¨ b > 0, ¯à¨ç¥¬

FZ

(
β2n(u)

b

)
= F (u), u ∈ R ,

â® äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï F á®®â¢¥âáâ¢ã¥â áâ�æ¨®−�à−®¬ã à�á¯à¥¤¥«¥−¨î
áâ®å�áâ¨ç¥áª®£® à�§−®áâ−®£® ãà�¢−¥−¨ï (3).

�−�«®£¨ç−® ¤®áâ�â®ç−ë¥ ãá«®¢¨ï ¬®¦−® ¯®«ãç¨âì, ¢®á¯®«ì§®¢�¢è¨áì ¯à�¢ë¬
á®®â−®è¥−¨¥¬ ¢ (5).
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ON SCALAR COVARIANCE-MEAN NORMAL MIXTURES
AS STATIONARY DISTRIBUTIONS FOR MULTIVARIATE

STOCHASTIC DIFFERENCE EQUATIONS

V. Yu. Korolev1,2 and N. R. Romanyuk1

1Faculty of Computational Mathematics and Cybernetics, M. V. Lomonosov
Moscow State University, 1-52 Leninskie Gory, GSP-1, Moscow 119991, Russian
Federation
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of Sciences, 44-2 Vavilov Str., Voscow 119333, Russian Federation

Abstract: The paper addresses the problem of describing the stationary distribu-
tion for a multivariate stochastic difference equation, specifically, a first-order
multivariate autoregressive scheme with random coefficients. It is demonstrated
that any scalar covariance-mean mixture of multivariate normal distributions can
serve as a stationary distribution within this framework. Such mixtures are char-
acterized by a scalar mixing parameter that simultaneously scales both the vector
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On scalar covariance-mean normal mixtures as stationary distributions for equations

of expectations and the covariance matrix, thereby establishing an affine de-
pendence between them. These mixtures have proven effective for modeling
statistical regularities observed in various disciplines. It is proved that for any
scalar covariance-mean mixture of multivariate normal distributions, it is possible
to define a stochastic difference equation with appropriate coefficients for which
the given mixture is a stationary distribution. The correspondence between the
resulting mixture and the behavior of the coefficients that generate the corre-
sponding stationary distribution is discussed. Also, a problem is considered that
is in some sense inverse to that was mentioned above: does there exist a stationary
distribution for a stochastic difference equation with given coefficients and if yes,
then what does it look like. A version of sufficient conditions for the existence of
such a stationary distribution for the stochastic difference equation is presented.
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МОДЕЛИРОВАНИЕ ДИСКРЕТНЫХ РАСПРЕДЕЛЕНИЙ
В ЗАДАЧАХ ГЕНЕРАЦИИ ОБРАЗОВАТЕЛЬНОГО КОНТЕНТА∗

А. В. Босов1, А. В. Иванов2

�−−®â�æ¨ï: ‘â�âìï ¯à¥¤áâ�¢«ï¥â §�¢¥àè�îé¨© à¥§ã«ìâ�â ¨áá«¥¤®¢�−¨ï
§�¤�ç¨ ¯à¨¬¥−¥−¨ï £¥−¥à�â¨¢−®-á®áâï§�â¥«ì−ëå −¥©à®−−ëå á¥â¥© (GAN |
Generative Adversarial Networks) ¤«ï á®§¤�−¨ï ®¡à�§®¢�â¥«ì−®£® ª®−â¥−â�.
‚ ª�ç¥áâ¢¥ �«ìâ¥à−�â¨¢ë ª«�áá¨ç¥áª¨¬ £«ã¡®ª¨¬ á¢¥àâ®ç−ë¬ á¥âï¬, å�à�ªâ¥-
à¨§ãîé¨¬áï §−�ç¨â¥«ì−®© á«®¦−®áâìî ®¡ãç¥−¨ï ¨ −�ª«�¤ë¢�îé¨¬ ®£à�−¨ç¥-
−¨ï −� ¢¨¤ë £¥−¥à¨àã¥¬®£® ª®−â¥−â�, ¢ë¡à�−ë £¥−¥à�â¨¢−ë¥ á¥â¨ ‚�á¥àèâ¥©-
−�. �¡§®à ¯à�ªâ¨ç¥áª¨å ¯à¨¬¥−¥−¨© ¯®ª�§ë¢�¥â −�«¨ç¨¥ àï¤� ¯à¥¨¬ãé¥áâ¢
¤�−−®£® ¢¨¤� á¥â¥©. ‚ ¯à¥¤áâ�¢«¥−−®¬ ¨áá«¥¤®¢�−¨¨ á¥âì ‚�á¥àèâ¥©−� á®
èâà�ä®¬ −� −®à¬ã £à�¤¨¥−â� (WGAN-GP | Wasserstein GAN with Gradient
Penalty) ¯à¨¬¥−¥−� ª §�¤�ç¥ £¥−¥à�æ¨¨ ¢¥ªâ®à� ¯�à�¬¥âà®¢ íª§�¬¥−�æ¨®−−ëå
¡¨«¥â®¢. „«ï ®¡ãç¥−¨ï ¨ â¥áâ¨à®¢�−¨ï ¨á¯®«ì§®¢�− á®§¤�−−ë© à�−¥¥ ¨ à�§-
¬¥ç¥−−ë© íªá¯¥àâ�¬¨ −�¡®à ¬�â¥¬�â¨ç¥áª¨å §�¤�ç ¤«ï ¯à®¢¥¤¥−¨ï ¨â®£®¢ëå
íª§�¬¥−®¢ ¯® ªãàáã ú’¥®à¨ï äã−ªæ¨© ª®¬¯«¥ªá−®£® ¯¥à¥¬¥−−®£®û (’”Š�).
�à�ªâ¨ç¥áª�ï £¥−¥à�æ¨ï ¯®ª�§�«� ¯à¥¨¬ãé¥áâ¢® ¢ áâ�¡¨«ì−®áâ¨ ¯à®æ¥áá�
®¡ãç¥−¨ï ¨ ¢®§¬®¦−®áâì ¯®«ãç¥−¨ï ¡®«¥¥ ¢ëá®ª®£® ª�ç¥áâ¢� £¥−¥à�æ¨¨. „®-
¯®«−¨â¥«ì−® ¯à¥¤«®¦¥−ë ®æ¥−ª¨ ª�ç¥áâ¢� £¥−¥à¨àã¥¬®£® ®¡à�§®¢�â¥«ì−®£®
ª®−â¥−â� −� ®á−®¢¥ ¤¨¢¥à£¥−æ¨¨ Šã«ì¡�ª�{‹¥©¡«¥à�.
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‚�á¥àèâ¥©−�

DOI: 10.14357/08696527260106 EDN: FELMPG

1 Введение

ƒ«ã¡®ª¨¥ á¢¥àâ®ç−ë¥ £¥−¥à�â¨¢−ë¥ á¥â¨ (Deep Convolutional GAN, DCGAN)
¯à®¤®«¦�îâ −�¡¨à�âì ¯®¯ã«ïà−®áâì ¢ −�ãç−ëå ¨áá«¥¤®¢�−¨ïå ¨ ¯à�ªâ¨ç¥áª¨å
¯à¨¬¥−¥−¨ïå. �â® ¢¥áì¬� ãá¯¥è−�ï â¥å−®«®£¨ï £¥−¥à�æ¨¨ à�§−®®¡à�§−®£® ª®−-
â¥−â�, ¢ ¯¥à¢ãî ®ç¥à¥¤ì £à�ä¨ç¥áª®£® ¨ ¬ã«ìâ¨¬¥¤¨©−®£®. ‚ à�¡®â�å [1, 2]
¢ ®â«¨ç¨¥ ®â âà�¤¨æ¨®−−ëå â¨¯®¢ ª®−â¥−â� ¡ë«� á¤¥«�−� ¯®¯ëâª� ¨á¯®«ì§®¢�âì
¤�−−ãî â¥å−®«®£¨î ¢ §�¤�ç¥ ¬®¤¥«¨à®¢�−¨ï íª§�¬¥−�æ¨®−−ëå ¡¨«¥â®¢ | â¨-
¯¨ç−®© §�¤�ç¥ £¥−¥à�æ¨¨ ®¡à�§®¢�â¥«ì−®£® ª®−â¥−â� [3]. �®«ãç¥−¨¥ à¥§ã«ìâ�â�,

∗÷�¡®â� ¢ë¯®«−¥−� 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¢�).

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

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, aivanov@ipiran.ru
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ª�ª ¨ ã ¬−®£¨å ¤àã£¨å ¨áá«¥¤®¢�â¥«¥©, ¯à¨¢¥«® ª àï¤ã ¯à®¡«¥¬, å�à�ªâ¥à−ëå
¤«ï DCGAN. Š −¨¬ ¬®¦−® ®â−¥áâ¨ ª�ª ¤®áâ�â®ç−® ¨§¢¥áâ−ë¥ ¨ ã¯®¬¨−�¥¬ë¥ ¢®
¬−®£¨å ¯ã¡«¨ª�æ¨ïå ¯à®¡«¥¬ë ®âáãâáâ¢¨ï áå®¤¨¬®áâ¨ ¨ ª®««�¯á� à¥¦¨¬�, â�ª
¨ ¡®«¥¥ á¯¥æ¨ä¨ç−ãî ¯à®¡«¥¬ã | −¥ã¤®¢«¥â¢®à¨â¥«ì−ãî à�¡®âã á¥â¥© DCGAN
á ¤¨áªà¥â−ë¬¨ à�á¯à¥¤¥«¥−¨ï¬¨. �®á«¥¤−¨© ä�ªâ ®¡ãá«®¢«¥− â¥¬, çâ® â�ª¨¥
á¥â¨ ¢ ¯à¨−æ¨¯¥ −¥ ¬®£ãâ ¨¬¥âì ¤¨áªà¥â−ëå ¯¥à¥¬¥−−ëå −� ¢ëå®¤¥, â�ª ª�ª
¢ íâ®¬ á«ãç�¥ äã−ªæ¨ï £¥−¥à�â®à� áâ�−®¢¨âáï −¥¤¨ää¥à¥−æ¨àã¥¬®© [4]. ‘¥âì ¬®-
¦¥â �¯¯à®ªá¨¬¨à®¢�âì ¤¨áªà¥â−ë¥ §−�ç¥−¨ï −¥¯à¥àë¢−ë¬¨, ®¤−�ª® â�ª®© ¯®å®¤
¯à¨¥¬«¥¬ −¥ ¢® ¢á¥å áæ¥−�à¨ïå. Šà®¬¥ â®£®, −�«¨ç¨¥ â�ª®© �¯¯à®ªá¨¬�æ¨¨ §�-
âàã¤−ï¥â ¯à®æ¥áá ®¡ãç¥−¨ï á¥â¨, ª®â®àë© ¤«ï ª«�áá¨ç¥áª¨å £«ã¡®ª¨å á¢¥àâ®ç−ëå
á¥â¥© á�¬ ¯® á¥¡¥ ¢¥áì¬� −¥áâ�¡¨«¥−. �®¤à®¡−ë© �−�«¨§ ¯à¨ç¨− íâ®© ¯à®¡«¥¬ë
¯à¨¢¥¤¥− ¢ [5].

�ë«® ¯à¥¤¯à¨−ïâ® ¬−®£® ¯®¯ëâ®ª �¤�¯â¨à®¢�âì £¥−¥à�â¨¢−ë¥ á¥â¨ (GAN,
−¥ â®«ìª® á¢¥àâ®ç−ë¥) ª ¤¨áªà¥â−ë¬ ¤�−−ë¬. �¥à¢®−�ç�«ì−® ¤«ï íâ®£® ¨á¯®«ì-
§®¢�«�áì áâà�â¥£¨ï ®¡ãç¥−¨ï á ¯®¤ªà¥¯«¥−¨¥¬ (Reinforced Learning) [6]. ‡�â¥¬
−¥¤®áâ�âª¨ íâ®© áâà�â¥£¨¨ ¯à¨¢¥«¨ ª ¯®ï¢«¥−¨î ¤àã£¨å ¬¥â®¤®¢, ¢ ç�áâ−®áâ¨
âàîª� Gumbel-Softmax [7]. �â®â ¬¥â®¤ ¯®§¢®«ï¥â §�¬¥−¨âì ¤¨áªà¥â−ë¥ ¯¥à¥¬¥−-
−ë¥ ¨å ¤¨ää¥à¥−æ¨àã¥¬ë¬¨ íª¢¨¢�«¥−â�¬¨. �¤−®¢à¥¬¥−−® á®§¤�¢�«¨áì ¤àã£¨¥
¬®¤¨ä¨ª�æ¨¨ á¥â¥©, ¯®¢ëè�îé¨¥ áâ�¡¨«ì−®áâì ¯à®æ¥áá� ®¡ãç¥−¨ï. ‚�¦−ë¬
¯à¨¬¥à®¬ â�ª®© ¬®¤¨ä¨ª�æ¨¨ á«ã¦¨â á¥âì ‚�á¥àèâ¥©−� (WGAN) [8]. …¥ ®â«¨ç¨¥
§�ª«îç�¥âáï ¢ â®¬, çâ® ¢¬¥áâ® ¤¨¢¥à£¥−æ¨¨ „¦¥−á¥−�{˜¥−−®−�, −¥ ¢¥§¤¥ −¥¯à¥-
àë¢−®© ¨ ¯®â®¬ã −¥ ¢á¥£¤� á¯®á®¡−®© ¤�âì −ã¦−ë© ¤«ï ®¡ãç¥−¨ï á¥â¨ á¨£−�«,
¢ ª�ç¥áâ¢¥ æ¥«¥¢®© äã−ªæ¨¨ ¨á¯®«ì§ã¥âáï á¯¥æ¨�«¨§¨à®¢�−−�ï ¬¥âà¨ª�, −�§¢�−�ï
¯® ¨¬¥−¨ �¢â®à� ¬¥âà¨ª®© ‚�á¥àèâ¥©−�. ‚ ®â«¨ç¨¥ ®â ¬¥âà¨ª¨ „¦¥−á¥−�{˜¥−-
−®−� ®−� −¥ úâ¥àï¥â çã¢áâ¢¨â¥«ì−®áâìû, ª®£¤� à�á¯à¥¤¥«¥−¨ï −¥ ¯¥à¥á¥ª�îâáï,
â. ¥. ª®£¤� £à�¤¨¥−âë à�¢−ë −ã«î, � ¯à®¤®«¦�¥â ¨§¬¥àïâì à�ááâ®ï−¨¥ ¬¥¦¤ã
¢¥à®ïâ−®áâï¬¨. �à¨−ïâ® áç¨â�âì, çâ® ¡«�£®¤�àï íâ®¬ã ¬¥âà¨ª� ‚�á¥àèâ¥©−�
¤�«� GAN ¢â®à®© è�−á.

•®âï áâ�¡¨«ì−®áâì ®¡ãç¥−¨ï á¥â¥© WGAN §−�ç¨â¥«ì−® ¢ëè¥, â¥¬ −¥ ¬¥−¥¥
¢ å®¤¥ ®¡ãç¥−¨ï ¢á¥ ¥é¥ ¬®£ãâ ¢®§−¨ª�âì á¨âã�æ¨¨ ®âáãâáâ¢¨ï áå®¤¨¬®áâ¨ ¨«¨
£¥−¥à�æ¨¨ −¥ã¤®¢«¥â¢®à¨â¥«ì−ëå ¤�−−ëå. �¤−� ¨§ ¯à¨ç¨− íâ®£® §�ª«îç�¥âáï
¢ ¨á¯®«ì§®¢�−¨¨ ®£à�−¨ç¥−¨ï §−�ç¥−¨© ¢¥á®¢ WGAN §�¤�−−ë¬ ¨−â¥à¢�«®¬
(ª«¨¯¯¨−£), ¯à¨¬¥−ï¥¬®¥ ¤«ï ®¡¥á¯¥ç¥−¨ï ¢ë¯®«−¥−¨ï ãá«®¢¨ï ‹¨¯è¨æ� ¤«ï
á¥â¨ ¤¨áªà¨¬¨−�â®à� [9]. ‚ á¢ï§¨ á íâ¨¬ ¡ë«® ¯à¥¤«®¦¥−® �«ìâ¥à−�â¨¢−®¥
à¥è¥−¨¥, á®áâ®ïé¥¥ ¢ ¨á¯®«ì§®¢�−¨¨ èâà�ä� −� −®à¬ã £à�¤¨¥−â�, ¢ëç¨á«ï¥¬®£®
¤«ï á«ãç�©−ëå ¢ë¡®à®ª [9]. ’�ª®© ¢�à¨�−â á¥â¨ ¯®«ãç¨« −�§¢�−¨¥ WGAN-GP.

‚ë¢®¤ë ® ¯à¥¨¬ãé¥áâ¢�å á¥â¥© WGAN ¯® áà�¢−¥−¨î á DCGAN ¢ â®¬ ¨«¨
¨−®¬ ¢¨¤¥ ¬®¦−® ®¡−�àã¦¨âì ¢ ¯à¨¬¥à�å à¥è¥−¨ï à¥�«ì−ëå §�¤�ç. ’�ª, ¢ §�¤�ç�å
ª«�áá¨ä¨ª�æ¨¨ ¬¥¤¨æ¨−áª¨å ¨§®¡à�¦¥−¨© à¥£ã«ïà−� á¨âã�æ¨ï, ª®£¤� ¨áå®¤−ë¥
−�¡®àë ¨§®¡à�¦¥−¨© −¥á¡�«�−á¨à®¢�−ë, ¯à¥¤áâ�¢¨â¥«¨ à�á¯à¥¤¥«¥−¨© ®¯à¥¤¥-
«¥−−ëå ª«�áá®¢ ¯à¨áãâáâ¢ãîâ ¢ −¨å ¢ ¬¥−ìè¨−áâ¢¥. “«ãçè¨âì −�¡®à ¤�−−ëå
¬®¦−® §� áç¥â ®¡®£�é¥−¨ï ¥£® á¨−â¥â¨ç¥áª¨¬¨ ¨§®¡à�¦¥−¨ï¬¨, ®¤−�ª® ¯à¨ ¨å
£¥−¥à�æ¨¨ á¥â¨ DCGAN ¬®£ãâ ª®««�¯á¨à®¢�âì, ¢ë¤�¢�âì ®¤−®â¨¯−ë¥ ¯�ââ¥à-
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Œ®¤¥«¨à®¢�−¨¥ ¤¨áªà¥â−ëå à�á¯à¥¤¥«¥−¨© ¢ §�¤�ç�å £¥−¥à�æ¨¨ ª®−â¥−â�

−ë. ‘¥â¨ WGAN-GP ¤�îâ áâ�¡¨«ì−®áâì, á®åà�−ïîâ à�§−®®¡à�§¨¥ ¨ à¥�«¨§¬.
��¯à¨¬¥à, ¢ à�¡®â¥ [10] ¯®ª�§�−® ¢ëá®ª®¥ ª�ç¥áâ¢® £¥−¥à�æ¨¨ á¨−â¥â¨ç¥áª¨å
á−¨¬ª®¢ á¥âç�âª¨ ¤«ï §�¤�ç ª«�áá¨ä¨ª�æ¨¨ ¯�â®«®£¨© (¤¨�¡¥â¨ç¥áª®© à¥â¨−®¯�-
â¨¨), � ¢ [11] §� áç¥â £¥−¥à�æ¨¨ á¨−â¥â¨ç¥áª¨å ¨§®¡à�¦¥−¨© ¬�£−¨â−®-à¥§®−�−á−®©
â®¬®£à�ä¨¨ (Œ÷’) �¢â®à�¬ ã¤�«®áì ã«ãçè¨âì ¡�«�−á¨à®¢ªã ª«�áá®¢ ¨ §−�ç¨-
â¥«ì−® ¯®¢ëá¨âì â®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ ¯à¨ ¤¨�£−®áâ¨ª¥ ¡®«¥§−¨ �«ìæ£¥©¬¥à�.
‚ [12] ¤«ï ®¡®£�é¥−¨ï ®£à�−¨ç¥−−®£® −�¡®à� à¥�«ì−ëå ¤�−−ëå ¢ë¯®«−¥− á¨−-
â¥§ ¨§®¡à�¦¥−¨© ª®áâ¥©, ¯®«ãç¥−−ëå ¬¥â®¤®¬ ¤¢ãåí−¥à£¥â¨ç¥áª®© ª®¬¯ìîâ¥à−®©
â®¬®£à�ä¨¨, ¨á¯®«ì§ã¥¬ëå ¤«ï ¤¨�£−®áâ¨ª¨ ®â¥ª� ª®áâ−®£® ¬®§£�.

‚ â®© ¦¥ ¯à¨ª«�¤−®© ®¡«�áâ¨ ¥áâì ¤àã£�ï ¯® á¢®¥© áãâ¨ §�¤�ç� à¥ª®−áâ-
àãªæ¨ /̈¢®ááâ�−®¢«¥−¨ï ¬¥¤¨æ¨−áª¨å ¨§®¡à�¦¥−¨©. ÷¥è�îâ ¥¥ ¢ ãá«®¢¨ïå,
ª®£¤� ¤�−−ë¥ úá«¨èª®¬û ¤¨áªà¥â−ë¥, ¨¬¥îâ −¨§ª®¥ à�§à¥è¥−¨¥, èã¬−ë¥ ¨«¨
−¥¯®«−ë¥. ‡¤¥áì âà¥¡ã¥âáï, çâ®¡ë äã−ªæ¨ï ¯®â¥àì £¥−¥à�â¨¢−®© á¥â¨ ¢á¥£¤�
¬®£«� ®¡¥á¯¥ç¨âì ¯®«¥§−ë© á¨£−�« ®¡à�â−®© á¢ï§¨ ¤«ï ®¡ãç¥−¨ï, ãáâ®©ç¨¢ë© ¯à¨
á«®¦−ëå ¨ ¢ëá®ª®à�§¬¥à−ëå ¤�−−ëå. ”ã−ªæ¨¨ ¯®â¥àì ª«�áá¨ç¥áª¨å á¥â¥© GAN
−¥ ¢á¥£¤� ¬®£ãâ ¥£® ¯à¥¤®áâ�¢¨âì. ’�ª, ¢ à�¡®â¥ [13] ¢ë¯®«−ï¥âáï à¥ª®−áâàãªæ¨ï
á−¨¬ª®¢ Œ÷’, � ¢ à�¡®â¥ [14] | ¨§®¡à�¦¥−¨©, ¯®«ãç¥−−ëå ¬¥â®¤®¬ ¯®§¨âà®−−®-
í¬¨áá¨®−−®© â®¬®£à�ä¨¨ á ¬�«ë¬ áç¥â®¬ ä®â®−®¢.

…áâì §�¤�ç¨ ¯®¢ëè¥−¨ï ª�ç¥áâ¢� ¨§®¡à�¦¥−¨© (−¥ â®«ìª® ¬¥¤¨æ¨−áª¨å)
¨ ®ç¨áâª¨ ¨å ®â èã¬®¢. ‘«®¦−®áâì ¯®¤®¡−ëå �«£®à¨â¬®¢ ¢ëá®ª�, � á¥â¨
DCGAN ¢ â�ª¨å §�¤�ç�å áª«®−−ë ¤�¢�âì �àâ¥ä�ªâë ¨«¨ ª®««�¯áë à¥¦¨¬�. ’�ª,
¢ à�¡®â¥ [15] á¥âì WGAN ¨á¯®«ì§®¢�−� ¢ ª®¬¡¨−�æ¨¨ á ãá«®¢−®© á¥âìî GAN ¤«ï
®ç¨áâª¨ ¯®«ãâ®−®¢ëå ¨§®¡à�¦¥−¨© ®â èã¬�. �¢â®àë ®â¬¥ç�îâ, çâ® WGAN á−¨-
¦�¥â à¨áª ª®««�¯á� à¥¦¨¬� ¨ áâ�¡¨«¨§¨àã¥â ®¡ãç¥−¨¥. ‚ ®¡§®à¥ [16] ®â¬¥ç�¥âáï
á«®¦−®áâì ®¡ãç¥−¨ï ª«�áá¨ç¥áª¨å GAN, � WGAN à�áá¬�âà¨¢�¥âáï ª�ª ¯¥àá¯¥ª-
â¨¢−ë© ¢�à¨�−â á−¨¦¥−¨ï íâ®© á«®¦−®áâ¨ −� §�¤�ç�å ®ç¨áâª¨ ¨§®¡à�¦¥−¨© ®â
èã¬�.

�® ¬−¥−¨î �¢â®à®¢ áâ�âì¨, ®á®¡ãî íää¥ªâ¨¢−®áâì ¤¥¬®−áâà¨àã¥â WGAN
¢ §�¤�ç�å £¥−¥à�æ¨¨ ¤�−−ëå, ª®â®àë¥ −¥ ï¢«ïîâáï ¨§®¡à�¦¥−¨ï¬¨: ¤¨áªà¥â-
−ëå á¨£−�«®¢, ¢à¥¬¥−− �ëå àï¤®¢, â�¡«¨ç−ëå ¤�−−ëå ¨ ¯à. �¯ïâì-â�ª¨ ¤«ï
¬¥¤¨æ¨−áª¨å ¯à¨«®¦¥−¨© å�à�ªâ¥à−ë© â¨¯ â�ª¨å ¤�−−ëå | íâ® ��ƒ (í«¥ªâà®-
í−æ¥ä�«®£à�ä¨ï). ��¯à¨¬¥à, ¢ áâ�âìïå [17, 18] ¯®ª�§�−®, çâ® WGAN ¬®¦¥â
£¥−¥à¨à®¢�âì ¯à�¢¤®¯®¤®¡−ë¥ á¨£−�«ë ��ƒ, � á¨−â¥â¨ç¥áª¨¥ ¤�−−ë¥ ã«ãçè�îâ
ª«�áá¨ä¨ª�æ¨î ¯® áà�¢−¥−¨î á ¡�§®¢ë¬¨ ¬¥â®¤�¬¨.

��¤® ¯®¤ç¥àª−ãâì, çâ® ¬¥¤¨æ¨−áª�ï ®¡«�áâì | ¡®£�âë© ¨áâ®ç−¨ª â�ª¨å
§�¤�ç, −® −¥ ¥¤¨−áâ¢¥−−ë©. ’�ª, ¢ [19] �«£®à¨â¬ ®¡ãç¥−¨ï WGAN ¯à¨¬¥−¥−
¤«ï á¨−â¥§� à�á¯à¥¤¥«¥−¨© áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢/à¥è¥−¨© áâ®å�áâ¨ç¥áª¨å
¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¤«ï ¢®ááâ�−®¢«¥−¨ï á«®¦−ëå à�á¯à¥¤¥«¥−¨© −�
®á−®¢¥ à�§à¥¦¥−−ëå ¨§¬¥à¥−¨©. � ¢ à�¡®â¥ [20] à¥�«¨§®¢�−� £¥−¥à�æ¨ï ¤¨áªà¥â-
−ëå â�¡«¨ç−ëå ¤�−−ëå. ’�ª¨¬ ®¡à�§®¬, ¨¬¥îâáï ª�ª ¬¨−¨¬ã¬ âà¨ ¯à¨¬¥à�, £¤¥
á¥âì WGAN ¯à¨¬¥−¥−� ª £¥−¥à�æ¨¨ ¤�−−ëå, −¥ ï¢«ïîé¨åáï ¨§®¡à�¦¥−¨ï¬¨.

�¥ ¯à¥â¥−¤ãï −� áª®«ì-«¨¡® ¯®«−ë© ®¡§®à ¯à¨«®¦¥−¨© á¥â¥© WGAN, −�¤®
®â¬¥â¨âì, çâ® ¢ á�¬ëå á¢¥¦¨å à�¡®â�å ¨¬¥−−® á¥â¨ WGAN ¯®§¢®«ïîâ á¯à�-
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¢¨âìáï á £¥−¥à�æ¨¥© ¤�−−ëå, ª®â®àë¥ −¥ ï¢«ïîâáï ¨§®¡à�¦¥−¨ï¬¨ ¨ ¯à¨ íâ®¬
¤¨áªà¥â−ë. ‘®®â¢¥âáâ¢¥−−®, â¥ ¯à®¡«¥¬ë, ª®â®àë¥ ¡ë«¨ ¢ëï¢«¥−ë ¯à¨ ¯®¯ëâª¥
¨á¯®«ì§®¢�âì DCGAN ¤«ï £¥−¥à�æ¨¨ íª§�¬¥−�æ¨®−−ëå ¡¨«¥â®¢ [1, 2], ¨áå®¤ï
¨§ ¯à¥¤áâ�¢«¥−−®£® ®¯ëâ� ¨á¯®«ì§®¢�−¨ï WGAN, â�ª¦¥ ¬®£ãâ ¡ëâì à¥è¥−ë,
� à¥§ã«ìâ�âë ¯®«ãç¥−ë á ¬¥−ìè¨¬¨ âàã¤−®áâï¬¨. ‚ â® ¦¥ ¢à¥¬ï ¯®â¥−æ¨�«ì−®
¡®«¥¥ ¢ëá®ª®¥ ª�ç¥áâ¢® £¥−¥à¨àã¥¬ëå á¥âìî à¥§ã«ìâ�â®¢ áâ�¢¨â ¢®¯à®á ®æ¥−ª¨
ª�ç¥áâ¢� íâ¨å à¥§ã«ìâ�â®¢. ’�ª¨¬ ®¡à�§®¬, æ¥«ìî ¤�−−®£® ¨áá«¥¤®¢�−¨ï áâ�¢¨âáï
¯®¯ëâª� ¯à¨¬¥−¨âì á¥âì WGAN-GP ª §�¤�ç¥ ¬®¤¥«¨à®¢�−¨ï íª§�¬¥−�æ¨®−−ëå
¡¨«¥â®¢, áä®à¬ã«¨à®¢�âì ªà¨â¥à¨© ®æ¥−ª¨ ª�ç¥áâ¢� £¥−¥à�æ¨¨ á¥â¨ ¨ á®¯®áâ�¢¨âì
à¥§ã«ìâ�âë £¥−¥à�æ¨¨ ®¡ëç−®© á¥â¨ DCGAN ¨ á¥â¨ WGAN-GP.

2 Исходные данные

‚ ª�ç¥áâ¢¥ ¨áå®¤−ëå ¤�−−ëå ¤«ï £¥−¥à�â¨¢−®© ¬®¤¥«¨ ¢ëáâã¯�îâ 100 ¢¥ª-
â®à®¢, áä®à¬¨à®¢�−−ëå ¨§ íª§�¬¥−�æ¨®−−ëå ¡¨«¥â®¢ ¯® ªãàáã ’”Š�, ¯®¤£®-
â®¢«¥−−ëå íªá¯¥àâ�¬¨. �â® â®â ¦¥ −�¡®à ¤�−−ëå, ª®â®àë© ¡ë« ¨á¯®«ì§®¢�−
à�−¥¥ ¢ [1] ¤«ï ®¡ãç¥−¨ï á¥â¨ DCGAN. �¨«¥â á®¤¥à¦¨â 5 §�¤�ç, ¢á¥£® ¢ −�¡®à¥
¨á¯®«ì§ãîâáï 485 ã−¨ª�«ì−ëå §�¤�ç. Š�¦¤�ï §�¤�ç� ¯à¥¤áâ�¢«¥−� ¢ ¢¨¤¥ ª®¬-
¡¨−�æ¨¨ �âà¨¡ãâ®¢ Ti, Di, Ci, i = 1, 5. ‡¤¥áì Ti ∈ {tj}9j=1 = {1, . . . , 9} | ®¤−�
¨§ ¨¬¥îé¨åáï ¤¥¢ïâ¨ â¥¬�â¨ª (à�§¤¥«®¢ ’”Š�); Di ∈ {dj}7j=1 = {1, . . . , 7} |
®¤¨− ¨§ ¨¬¥îé¨åáï á¥¬¨ ãà®¢−¥© á«®¦−®áâ¨ (®¯à¥¤¥«¥−−ëå íªá¯¥àâ�¬¨, ¯®¤£®-
â®¢¨¢è¨¬¨ ¡¨«¥âë); ci = [ci,1, ci,2, . . . , ci,20], ci,j = {0, 1} | 20-¬¥à−ë© ¢¥ªâ®à
ª®¬¯¥â¥−æ¨©, ª�¦¤ë© ª®¬¯®−¥−â ª®â®à®£® ®¯à¥¤¥«ï¥â ¯à¨−�¤«¥¦−®áâì §�¤�ç¨
ª á®®â¢¥âáâ¢ãîé¥© ª®¬¯¥â¥−æ¨¨ (¯¥à¥ç¥−ì §�¤�− ä¥¤¥à�«ì−ë¬ áâ�−¤�àâ®¬). ‡−�-
ç¥−¨ï ¤�−−ëå ¢¥ªâ®à®¢ ¢ ¨á¯®«ì§ã¥¬®¬ −�¡®à¥ ®¡à�§ãîâ 109 ã−¨ª�«ì−ëå £àã¯¯
ª®¬¯¥â¥−æ¨©. ‘ ãç¥â®¬ íâ®£® ¬®¦−® à�áá¬�âà¨¢�âì �âà¨¡ãâ ª®¬¯¥â¥−æ¨© ª�ª
áª�«ïà−®¥ §−�ç¥−¨¥ Ci ∈ {cj}109j=1 = {1, . . . , 109}.

„«ï ®¡ãç¥−¨ï á¥â¨ à�§¬¥à−®áâì ¢¥ªâ®à� ci ¡ë«� á−¨¦¥−� ¢¤¢®¥. �®¢ë©
¢¥ªâ®à cι = [ci,1, ci,2, . . . , ci,10], ci,j = {0, . . . , 3}, á®áâ�¢«¥− â�ª, çâ® ª�¦¤ë©
¥£® ª®¬¯®−¥−â ¯à¨−¨¬�¥â §−�ç¥−¨ï ®â 0 ¤® 3, ª®¤¨àãï ¤¢� á¬¥¦−ëå §−�ç¥−¨ï
¨áå®¤−®£® ¢¥ªâ®à� ci.

’�ª¨¬ ®¡à�§®¬, ¬®¤¥«ì ¡¨«¥â� ¬®¦¥â ¡ëâì ®¯¨á�−� ª�ª

Eticket = col (T1,D1, C1, T2, . . . , C5) .

�®á«¥ ¯®¤£®â®¢ª¨ ¢¥ªâ®à®¢ ¢á¥ í«¥¬¥−âë ®¡ãç�îé¥© ¢ë¡®àª¨ ¡ë«¨ −®à¬�-
«¨§®¢�−ë.

3 Алгоритмы

„«ï à¥�«¨§�æ¨¨ à�áç¥â−ëå ¯à®æ¥¤ãà ¨á¯®«ì§®¢�«�áì ¢¥àá¨ï https://github.
com/keras-team/keras-io/blob/master/examples/generative/wgan gp.py ®¡ãç�-
îé¥£® �«£®à¨â¬� WGAN-GP ¤«ï ¡¨¡«¨®â¥ª¨ Keras 2.0 (https://keras.io/).
Œ®¤¥«¨ £¥−¥à�â®à� ¨ ¤¨áªà¨¬¨−�â®à� §�¨¬áâ¢®¢�−ë ¨§ [1].
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�®á«¥ â®£® ª�ª ¡ë« ¯®«ãç¥− à�¡®â�îé¨© �«£®à¨â¬, ¢áâ�« ¢®¯à®á áà�¢−¥−¨ï
ª�ç¥áâ¢� ª®−â¥−â�, £¥−¥à¨àã¥¬®£® à�§−ë¬¨ â¨¯�¬¨ á¥â¥©, ¢®§−¨ª«� −¥®¡å®¤¨-
¬®áâì ¢ ¤®¯®«−¨â¥«ì−®¬ ¨−áâàã¬¥−â¥.

‘â�−¤�àâ−ë¬ áà¥¤áâ¢®¬ ª®−âà®«ï ¯à®æ¥áá� ®¡ãç¥−¨ï £¥−¥à�â¨¢−ëå ¬®¤¥«¥©
áç¨â�îâáï ¬¥âà¨ª¨ ¯®â¥àì £¥−¥à�â®à� ¨ ¤¨áªà¨¬¨−�â®à�. �â¨ ¬¥âà¨ª¨ ¯®¬®£�-
îâ ¢ëï¢¨âì ¬−®£¨¥ ¢¨¤ë ®âª�§®¢ ®¡ãç¥−¨ï ¬®¤¥«¥©, ®¤−�ª® ®−¨ −¥ ¯®§¢®«ïîâ
®æ¥−¨âì, §�¢¥àè¨«áï ¯à®æ¥áá ®¡ãç¥−¨ï ¨«¨ −¥â. �®á«¥ −�ç�«ì−®£® íâ�¯� ¯à®æ¥á-
á� ®¡ãç¥−¨ï, á®¯à®¢®¦¤�îé¥£®áï §−�ç¨â¥«ì−ë¬¨ ª®«¥¡�−¨ï¬¨ ãà®¢−ï ¯®â¥àì,
¢ ¤�«ì−¥©è¥¬ íâ¨ ¯®â¥à¨ ¬®£ãâ á−¨¦�âìáï, á®åà�−ïâìáï −� ¯à¥¦−¥¬ ãà®¢−¥
¨«¨ à�áâ¨. �à¨ íâ®¬ ¯® £à�ä¨ª�¬ ¯®â¥àì −¥¢®§¬®¦−® ®æ¥−¨âì, ¯à®¨áå®¤¨â «¨
ã«ãçè¥−¨¥ à¥§ã«ìâ�â®¢, £¥−¥à¨àã¥¬ëå ¬®¤¥«ìî, ¨«¨ ¦¥ ¥¥ ®¡ãç¥−¨¥ §�¢¥àè¥−®
¨ ã«ãçè¥−¨ï à¥§ã«ìâ�â®¢ −¥ ¯à®¨áå®¤¨â. ‚ á¢ï§¨ á íâ¨¬ −¥®¡å®¤¨¬ ªà¨â¥à¨©
¤«ï ®æ¥−ª¨ ª�ç¥áâ¢� £¥−¥à¨àã¥¬®£® á¥âìî ª®−â¥−â�. ’�ª®£® à®¤� ªà¨â¥à¨¨ ª�-
ç¥áâ¢� è¨à®ª® ¨á¯®«ì§ãîâáï ¯à¨ ®¡ãç¥−¨¨ á¥â¥© ¤«ï £¥−¥à�æ¨¨ ¨§®¡à�¦¥−¨©.
ˆ§¢¥áâ−ë¬ ¯à¨¬¥à®¬ á«ã¦¨â ¬¥âà¨ª� Inception Score [21].

’�ª ª�ª ¤«ï à�áá¬�âà¨¢�¥¬®© £¥−¥à�â¨¢−®© ¬®¤¥«¨ íª§�¬¥−�æ¨®−−ëå ¡¨«¥â®¢
¯®¤®¡−®£® ªà¨â¥à¨ï ®æ¥−ª¨ ª�ç¥áâ¢� −¥ áãé¥áâ¢®¢�«®, ¡ë« á¤¥«�− á¢®© �«£®à¨â¬
¢ëç¨á«¥−¨ï â�ª®© ®æ¥−ª¨. ‚ ¥£® ®á−®¢¥ «¥¦¨â ¨á¯®«ì§®¢�−¨¥ ¤¨¢¥à£¥−æ¨¨ Šã«ì-
¡�ª�{‹¥©¡«¥à� [22], ª®â®à�ï âà�¤¨æ¨®−−® ¨á¯®«ì§ã¥âáï ª�ª ç¨á«®¢�ï ®æ¥−ª�
áå®¤áâ¢� ¤¢ãå à�á¯à¥¤¥«¥−¨© ¢¥à®ïâ−®áâ¨.

“ ª�¦¤®£® §�¤�−¨ï ¡¨«¥â� ¨¬¥îâáï �âà¨¡ãâë â¥¬ë, á«®¦−®áâ¨ ¨ ª®¬¯¥â¥−æ¨©
Ti, Di ¨ Ci. „«ï ª�¦¤®£® ¨§ íâ¨å �âà¨¡ãâ®¢ ¬®¦−® ¢§ïâì ¯®á«¥¤®¢�â¥«ì−®áâì ¨å
§−�ç¥−¨© {xj}L

j=1 ¨ ¢ëç¨á«¨âì ç�áâ®âë ¢áâà¥ç�¥¬®áâ¨ íâ¨å §−�ç¥−¨© pij ¢ ®¡ãç�-
îé¥¬ −�¡®à¥ ¡¨«¥â®¢ ¨ qij ¢ á£¥−¥à¨à®¢�−−®¬ −�¡®à¥. �®á«¥ íâ®£® ¬®¦¥â ¡ëâì
¢ëç¨á«¥−® §−�ç¥−¨¥ ¤¨¢¥à£¥−æ¨¨ Šã«ì¡�ª�{‹¥©¡«¥à�:

DKL (Pi|Qi) =
L∑

j=1

pij ln
pij

qij
.

„�«¥¥ ¯ãâ¥¬ áã¬¬¨à®¢�−¨ï §−�ç¥−¨© ¤¨¢¥à£¥−æ¨© ¤«ï �âà¨¡ãâ� á«®¦−®áâ¨ ¢á¥å
¯ïâ¨ §�¤�−¨© ¡¨«¥â� ¯®«ãç�¥âáï ®æ¥−ª� ª�ç¥áâ¢� ¡¨«¥â� ¯® �âà¨¡ãâã á«®¦−®áâ¨.
�−�«®£¨ç−® ¯ãâ¥¬ áã¬¬¨à®¢�−¨ï §−�ç¥−¨© ¤¨¢¥à£¥−æ¨¨ ¤«ï �âà¨¡ãâ� â¥¬ë ¢á¥å
§�¤�−¨© ¡¨«¥â� ¯®«ãç�¥âáï ®æ¥−ª� ª�ç¥áâ¢� ¡¨«¥â� ¯® �âà¨¡ãâã â¥¬ë, � ¯ãâ¥¬
áã¬¬¨à®¢�−¨ï §−�ç¥−¨© ¤¨¢¥à£¥−æ¨¨ ¤«ï �âà¨¡ãâ� ª®¬¯¥â¥−æ¨© ¢á¥å §�¤�−¨©
¡¨«¥â� ¯®«ãç�¥âáï ®æ¥−ª� ª�ç¥áâ¢� ¡¨«¥â� ¯® �âà¨¡ãâã ª®¬¯¥â¥−æ¨©.

‚�¦−® ®â¬¥â¨âì, çâ® −ã«¥¢�ï ç�áâ®â� ¢áâà¥ç�¥¬®áâ¨ §−�ç¥−¨ï �âà¨¡ãâ� ¢ á£¥-
−¥à¨à®¢�−−®¬ −�¡®à¥ ¯à¨¢®¤¨â ª ¯®«ãç¥−¨î ¡¥áª®−¥ç−®£® §−�ç¥−¨ï ¤¨¢¥à£¥−æ¨¨.
�à�ªâ¨ç¥áª¨ íâ® ¤¥«�¥â ®æ¥−ªã ¬�«®¨−ä®à¬�â¨¢−®©, â�ª ª�ª §−�ç¥−¨ï, ®â«¨ç−ë¥
®â ¡¥áª®−¥ç−®áâ¨, ¡ã¤ãâ ¯®«ãç¥−ë â®«ìª® ¯à¨ ¢ëá®ª®© áâ¥¯¥−¨ áå®¤áâ¢� à�á¯à¥-
¤¥«¥−¨©. —â®¡ë á¤¥«�âì ®æ¥−ªã ¡®«¥¥ ¨−ä®à¬�â¨¢−®©, ª §−�ç¥−¨ï¬ ç�áâ®â pij

¨ qij ¡ë«® ¯à¨¬¥−¥−® á£«�¦¨¢�−¨¥ ‹�¯«�á�:

�θij =
pij + α

N + αL
, j = 1, L .

‚ ¤�−−®¬ á«ãç�¥ ¯�à�¬¥âà á£«�¦¨¢�−¨ï α ¡ë« ¢ë¡à�− à�¢−ë¬ 1/L.
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�à¨ ¢ëç¨á«¥−¨¨ �âà¨¡ãâ� ª®¬¯¥â¥−æ¨© ¨á¯®«ì§®¢�«®áì ¥£® áª�«ïà−®¥ ¯à¥¤-
áâ�¢«¥−¨¥ Ci. …á«¨ ¢ á£¥−¥à¨à®¢�−−ëå ¡¨«¥â�å ¢áâà¥ç�«�áì à¥�«¨§�æ¨ï Ci, −¥
á®®â¢¥âáâ¢ãîé�ï −¨ ®¤−®© ¨§ 109 £àã¯¯ ª®¬¯¥â¥−æ¨©, ¨¬¥îé¨åáï ¢ ®¡ãç�îé¥¬
−�¡®à¥ ¡¨«¥â®¢, â�ª�ï à¥�«¨§�æ¨ï ®â¡à�áë¢�«�áì.

4 Экспериментальная генерация и выводы

�¥à¢ë¥ íªá¯¥à¨¬¥−âë ¯®ª�§�«¨, çâ® áâ�¡¨«ì−®áâì ®¡ãç¥−¨ï á¥â¨ WGAN-GP
áãé¥áâ¢¥−−® ¯à¥¢®áå®¤¨â áâ�¡¨«ì−®áâì á¥â¨ DCGAN −� ¨á¯®«ì§ã¥¬ëå ¤�−−ëå.
’�ª, á¥âì DCGAN ã¦¥ ¯®á«¥ 500 í¯®å ®¡ãç¥−¨ï ¯®ª�§ë¢�«� ¯®áâ®ï−−ë© à®áâ
¯®â¥àì £¥−¥à�â®à� ¨ ¤¨áªà¨¬¨−�â®à�, á¨£−�«¨§¨àãîé¨© ® ú¢§àë¢�îé¥¬áïû £à�-
¤¨¥−â¥. ‚ â�ª¨å ãá«®¢¨ïå ¡ë«® ¯à�ªâ¨ç¥áª¨ −¥¢®§¬®¦−® §�¢¥àè¨âì ®¡ãç¥−¨¥
á¥â¨. �®â¥à¨ ¦¥ á¥â¨ WGAN-GP ®áâ�¢�«¨áì áâ�¡¨«ì−ë¬¨ ¤�¦¥ ¯®á«¥ 50 000 í¯®å
®¡ãç¥−¨ï, â¥¬ á�¬ë¬ ¯®§¢®«ïï ¯à®¢®¤¨âì ®¡ãç¥−¨¥ á¥â¨ ¯à�ªâ¨ç¥áª¨ ¡¥§ ®£à�−¨-
ç¥−¨©.

‘â®¨â ®â¬¥â¨âì, çâ® ®¡ãç¥−¨¥ á¥â¨ WGAN-GP ¯à®â¥ª�¥â ¬¥¤«¥−−¥¥. �®á«¥
500 í¯®å ®¡ãç¥−¨ï ª�ç¥áâ¢® £¥−¥à¨àã¥¬®£® ª®−â¥−â� ®ª�§�«®áì §�¬¥â−® −¨¦¥, ç¥¬
ã DCGAN. ‚ ¯¥à¢ãî ®ç¥à¥¤ì íâ® ®¡ãá«®¢«¥−® à�§«¨ç¨ï¬¨ ¢ £¨¯¥à¯�à�¬¥âà�å,
®¤−�ª® á¢®© ¢ª«�¤ ¢−®á¨â ¨ ¨á¯®«ì§ã¥¬�ï æ¥«¥¢�ï äã−ªæ¨ï, ª®â®à�ï ¤�¥â ¬¥−¥¥
¨−â¥−á¨¢−ë© á¨£−�« ¤«ï ®¡ãç¥−¨ï á¥â¨. ’¥¬ −¥ ¬¥−¥¥ ¢ëá®ª�ï áâ�¡¨«ì−®áâì
¯à®æ¥áá� ®¡ãç¥−¨ï WGAN-GP ¯®«−®áâìî ª®¬¯¥−á¨àã¥â íâ®â −¥¤®áâ�â®ª §� áç¥â
¢®§¬®¦−®áâ¨ ã¢¥«¨ç¨âì ¤«¨â¥«ì−®áâì ®¡ãç¥−¨ï.

‘ ¨á¯®«ì§®¢�−¨¥¬ áä®à¬ã«¨à®¢�−−ëå ¢ à�§¤. 3 ®æ¥−®ª ª�ç¥áâ¢� ¡ë«® ¯à®-
¢¥¤¥−® ®¡ãç¥−¨¥ á¥â¨ ¢ â¥ç¥−¨¥ 50 000 í¯®å. �æ¥−ª¨ ª�ç¥áâ¢� ¢ëç¨á«ï«¨áì ¯®
¬�áá¨¢ã ¢ 100 á£¥−¥à¨à®¢�−−ëå ¡¨«¥â®¢, ¢ëç¨á«¥−¨¥ ¯à®¢®¤¨«®áì ç¥à¥§ ª�¦-
¤ë¥ 100 í¯®å. ÷¥§ã«ìâ�âë ¯à¥¤áâ�¢«¥−ë −� à¨á. 1 ¨ 2.

�� £à�ä¨ª�å ¢¨¤−®, çâ® −�¨¡®«¥¥ ¡ëáâà® ®¡ãç¥−¨¥ á¥â¨ ¨¤¥â ¢ â¥ç¥−¨¥
¯¥à¢ëå 2000 í¯®å, ¯®á«¥ ç¥£® ®−® §�¬¥¤«ï¥âáï. Œ®¦−® áª�§�âì, çâ® −�¨¡®«ìèãî

÷¨á. 1 �æ¥−ª¨ ª�ç¥áâ¢� ¡¨«¥â®¢ ¯® �âà¨¡ãâ�¬ â¥¬ë, á«®¦−®áâ¨ ¨ ª®¬¯¥â¥−æ¨© ¤«ï
í¯®å 0{10 000: 1 | â¥¬�; 2 | á«®¦−®áâì; 3 | ª®¬¯¥â¥−æ¨ï
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÷¨á. 2 �æ¥−ª� ª�ç¥áâ¢� ¡¨«¥â®¢ ¯® �âà¨¡ãâ�¬ â¥¬ë (�), á«®¦−®áâ¨ (¡) ¨ ª®¬¯¥â¥−æ¨© (¢)
¤«ï í¯®å 5000{50000

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026 97



�. ‚. �®á®¢, �. ‚. ˆ¢�−®¢

÷¨á. 3 ÷�á¯à¥¤¥«¥−¨¥ ¡¨«¥â®¢ ®¡ãç�îé¥£® (�) ¨ á£¥−¥à¨à®¢�−−®£® (¡) −�¡®à®¢ ¯®
áã¬¬�à−®© á«®¦−®áâ¨

âàã¤−®áâì ã á¥â¨ ¢ë§ë¢�¥â ¨§ãç¥−¨¥ �âà¨¡ãâ� ª®¬¯¥â¥−æ¨©, â�ª ª�ª ®æ¥−ª�
ª�ç¥áâ¢� ¤«ï íâ®£® �âà¨¡ãâ� á−¨¦�¥âáï ¬¥¤«¥−−¥¥ ¢á¥£®. ‘ª®à¥¥ ¢á¥£®, íâ®
á¢ï§�−® á ¡®«ìè¨¬ ®¡ê¥¬®¬ ¨−ä®à¬�æ¨¨, ª®â®àë© á®¤¥à¦¨âáï ¢ íâ®¬ �âà¨¡ãâ¥.

“¦¥ ¯®á«¥ 20 000 í¯®å áª®à®áâ¨ ¨§¬¥−¥−¨ï ®æ¥−®ª áâ�−®¢ïâáï ¤®áâ�â®ç−®
¬�«ë¬¨, çâ® ¯®§¢®«ï¥â £®¢®à¨âì ® â®¬, çâ® á¥âì ú¢ëãç¨«�û ¡�®«ìèãî ç�áâì
¨−ä®à¬�æ¨¨ ® áâàãªâãà¥ ¡¨«¥â®¢. ‚ â® ¦¥ ¢à¥¬ï, ¥á«¨ ¯à¨¢«¥çì ¤®¯®«−¨â¥«ì−ë¥
ªà¨â¥à¨¨ â¨¯� £¨áâ®£à�¬¬ë áã¬¬�à−®© á«®¦−®áâ¨ (à¨á. 3), ¬®¦−® §�¬¥â¨âì,
çâ® ®âª«®−¥−¨¥ ®â æ¥«¥¢®£® à�á¯à¥¤¥«¥−¨ï ¤�¦¥ ¯®á«¥ 50 000 í¯®å ®¡ãç¥−¨ï
«¥£ª® à�§«¨ç¨¬®, â. ¥. â�ª�ï úá«®¦−�ïû §�¢¨á¨¬®áâì, âà¥¡ãîé�ï á®£«�á®¢�−−®£®
¨§¬¥−¥−¨ï −¥áª®«ìª¨å �âà¨¡ãâ®¢ ¡¨«¥â� ®¤−®¢à¥¬¥−−®, −¥ ¡ë«� ¢ −ã¦−®© áâ¥¯¥−¨
ú¢ëãç¥−�û á¥âìî.

’�ª¨¬ ®¡à�§®¬, ¬®¦−® á¤¥«�âì ¯à¥¤¯®«®¦¥−¨¥ ® â®¬, çâ® £¥−¥à�æ¨ï ¡®«¥¥
á«®¦−ëå §�¢¨á¨¬®áâ¥© ¬¥¦¤ã í«¥¬¥−â�¬¨ ¢ëå®¤−ëå ¤�−−ëå á¥â¨, áª®à¥¥ ¢á¥£®,
¡ã¤¥â âà¥¡®¢�âì ¡®«ìè¥ ¢à¥¬¥−¨ ¤«ï ®¡ãç¥−¨ï á¥â¨. ˆ ¢ íâ®¬ á«ãç�¥ áâ�¡¨«ì−®áâì
¯à®æ¥áá� ®¡ãç¥−¨ï, ¤¥¬®−áâà¨àã¥¬�ï á¥âï¬¨ WGAN-GP, áâ�−®¢¨âáï ¢ë£®¤−ë¬
¯à¥¨¬ãé¥áâ¢®¬.

’�ª¦¥ −ã¦−® ®â¬¥â¨âì, çâ® ¯à¥¤«®¦¥−−ë© −�¡®à ®æ¥−®ª ª�ç¥áâ¢� á£¥−¥à¨-
à®¢�−−ëå ¡¨«¥â®¢ ¯®ª�§�« á¢®î ¯à�ªâ¨ç¥áªãî æ¥−−®áâì ª�ª áà¥¤áâ¢� ª®−âà®«ï
¯à®æ¥áá� ®¡ãç¥−¨ï. „�−−ë© ¨−áâàã¬¥−â ¯®â¥−æ¨�«ì−® ¬®¦¥â −�©â¨ ¯à¨¬¥−¥−¨¥
¨ ¢−¥ á¢ï§¨ á £¥−¥à�â¨¢−ë¬¨ á¥âï¬¨ | ª�ª áà¥¤áâ¢® �¢â®¬�â¨§¨à®¢�−−®£® �−�«¨§�
ª�ç¥áâ¢� æ¨äà®¢®£® ®¡à�§®¢�â¥«ì−®£® ª®−â¥−â�.
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MODELING DISCRETE DISTRIBUTIONS
IN EDUCATIONAL CONTENT GENERATION TASKS

A. V. Bosov and A. V. Ivanov

Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: The article presents the final result of a study on the application of
generative adversarial neural networks (GANs) for the creation of educational
content. Wasserstein GANs (WGANs) are selected as an alternative to standard
deep convolutional networks, which are characterized by high training complexity
and impose restrictions on the kinds of generated content. A review of practical
applications highlights several advantages of this type of network. In the present
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study, a WGAN with gradient penalty is applied to the problem of generating
a vector of parameters for examination tickets. The neural network was trained and
evaluated using a set of mathematical problems for the final exams in the course
\Theory of functions of a complex variables" previously developed and labeled
by experts. In practice, this generation technique demonstrated advantages in
training stability and achieved higher output quality. Furthermore, quality
metrics for the generated educational content based on the Kullback{Leibler
divergence are proposed.

Keywords: educational content; machine learning; discrete distributions; gen-
erative models; generative adversarial networks; Wasserstein networks
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ПЕРИОД ЗАНЯТОСТИ В СИСТЕМЕ ВИДА M/G/1

С ПОСТОЯННОЙ СКОРОСТЬЮ УХОДА ЗАЯВОК С ОРБИТЫ∗

К. А. Жукова1, Е. В. Морозов2

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï §�¤�ç� −�å®¦¤¥−¨ï à�á¯à¥¤¥«¥−¨ï ¯¥à¨®¤� §�-
−ïâ®áâ¨ ¢ ®¤−®á¥à¢¥à−®© á¨áâ¥¬¥ á ¯®áâ®ï−−®© ¨−â¥−á¨¢−®áâìî ¯®¢â®à−ëå
¢ë§®¢®¢ ¨ ¯ã�áá®−®¢áª¨¬ ¢å®¤−ë¬ ¯®â®ª®¬. „«ï íâ®£® ¨áá«¥¤ã¥¬�ï á¨áâ¥¬�
âà�ªâã¥âáï ª�ª ª«�áá¨ç¥áª�ï ¬®¤¥«ì â¨¯� M/G/1, ã ª®â®à®© ¯¥à¢®¥ ¢à¥¬ï
®¡á«ã¦¨¢�−¨ï §�ï¢ª¨ −� æ¨ª«¥ §�−ïâ®áâ¨ ®â«¨ç�¥âáï ®â ®áâ�«ì−ëå ¢à¥¬¥−
®¡á«ã¦¨¢�−¨ï. �®ª�§�−®, çâ® ¯à¥®¡à�§®¢�−¨¥ ‹�¯«�á�{‘â¨«âì¥á� (�‹‘)
áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï ¯¥à¨®¤� §�−ïâ®áâ¨ ã¤®¢«¥â¢®àï¥â äã−ªæ¨®−�«ì-
−®¬ã ãà�¢−¥−¨î, �−�«®£¨ç−®¬ã ãà�¢−¥−¨î ¤«ï ã¯®¬ï−ãâ®© ¢ëè¥ á¨áâ¥¬ë ¡¥§
®à¡¨âë. ‘å®¦¨© à¥§ã«ìâ�â ¢ â¥à¬¨−�å ¯à®¨§¢®¤ïé¨å äã−ªæ¨© (�”) ¯®«ãç¥−
¤«ï ¤¨áªà¥â−®© ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ (ç¨á«� ®¡á«ã¦¥−−ëå −� ¯¥à¨®¤¥
§�ï¢®ª). ’�ª¦¥ ¯à¨¢¥¤¥−ë −¥ª®â®àë¥ �−�«¨â¨ç¥áª¨¥ ¯à¨¬¥àë. ‚ ç�áâ−®áâ¨,
¯®áç¨â�−� áà¥¤−ïï ¤«¨−� ¯¥à¨®¤� §�−ïâ®áâ¨ ¨ ¥¥ ¢â®à®© ¬®¬¥−â ¢ á¨áâ¥¬�å
á ®à¡¨â®© â¨¯� M/M/1, � â�ª¦¥ ¤«ï á«ãç�¥¢, ª®£¤� ¢à¥¬¥−� ®¡á«ã¦¨¢�−¨ï
¨¬¥îâ à�á¯à¥¤¥«¥−¨ï �à«�−£� ¨ ‚¥©¡ã««�.

Š«îç¥¢ë¥ á«®¢�: á¨áâ¥¬� á ®à¡¨â®©; ¯¥à¨®¤ §�−ïâ®áâ¨; à¥£¥−¥à�æ¨ï; áâ�æ¨-
®−�à−®áâì; ¯à¥®¡à�§®¢�−¨¥ ‹�¯«�á�{‘â¨«âì¥á�; ¯®áâ®ï−−�ï áª®à®áâì ¯®¢â®à-
−ëå ¢ë§®¢®¢; ¯¥à¢�ï §�ï¢ª� −� ¯¥à¨®¤¥ §�−ïâ®áâ¨ ®¡á«ã¦¨¢�¥âáï ¨−�ç¥, ç¥¬
¤àã£¨¥
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1 Введение

„�−−�ï áâ�âìï ¯®á¢ïé¥−� �−�«¨§ã ¯¥à¨®¤� §�−ïâ®áâ¨ ®¤−®á¥à¢¥à−®© á¨áâ¥¬ë
®¡á«ã¦¨¢�−¨ï ¢¨¤�M/G/1 á ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨, â. ¥. á¨áâ¥¬ë á ¯ã�áá®−®¢áª¨¬
¢å®¤−ë¬ ¯®â®ª®¬ ¯¥à¢¨ç−ëå §�ï¢®ª ¨ ¯à®¨§¢®«ì−ë¬ ¢à¥¬¥−¥¬ ¨å ®¡á«ã¦¨¢�−¨ï.
‡�ï¢ª¨, §�áâ�îé¨¥ á¥à¢¥à §�−ïâë¬, ®â¯à�¢«ïîâáï −� ¢¨àâã�«ì−ãî ®à¡¨âã, £¤¥
®¡à�§ãîâ ú¢¨àâã�«ì−ãîû ®ç¥à¥¤ì ¢ ¯®àï¤ª¥ ¯®áâã¯«¥−¨ï. ‹¨èì ¯¥à¢�ï (áâ�-
à¥©è�ï) §�ï¢ª� ¨§ íâ®© ®ç¥à¥¤¨ ç¥à¥§ á«ãç�©−ë¥ ¨−â¥à¢�«ë ¢à¥¬¥−¨ á®¢¥àè�¥â
¯®¢â®à−ë¥ ¯®¯ëâª¨ ¤® â¥å ¯®à, ¯®ª� −¥ §�©¬¥â (®á¢®¡®¤¨¢è¨©áï) á¥à¢¥à. ’�ª�ï
á¨áâ¥¬� −�§ë¢�¥âáï á¨áâ¥¬®© á ¯®áâ®ï−−®© áª®à®áâìî ¯®¢â®à−ëå ¯®¯ëâ®ª [1{3].
„�−−�ï ¬®¤¥«ì ¬®â¨¢¨à®¢�−� àï¤®¬ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå ¯à¨«®¦¥−¨©, â�ª¨å

∗‘â�âìï ¯®¤£®â®¢«¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ Œ¨−¨áâ¥àáâ¢� −�ãª¨ ¨ ¢ëáè¥£® ®¡à�§®¢�-
−¨ï ¢ à�¬ª�å ¯à®£à�¬¬ë Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨ ¯®
‘®£«�è¥−¨î ü 075-15-2025-345.

1ˆ−áâ¨âãâ ¯à¨ª«�¤−ëå ¬�â¥¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨© Š�à¥«ìáª®£® −�ãç−®£® æ¥−âà� ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª; �¥âà®§�¢®¤áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, kalininaksenia90@gmail.com

2ˆ−áâ¨âãâ ¯à¨ª«�¤−ëå ¬�â¥¬�â¨ç¥áª¨å ¨áá«¥¤®¢�−¨© Š�à¥«ìáª®£® −�ãç−®£® æ¥−âà� ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª; �¥âà®§�¢®¤áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, emorozov@karelia.ru

104



�¥à¨®¤ §�−ïâ®áâ¨ ¢ á¨áâ¥¬¥ ¢¨¤� M/G/1 á ¯®áâ®ï−−®© áª®à®áâìî ãå®¤� §�ï¢®ª á ®à¡¨âë

ª�ª ¡¥á¯à®¢®¤−ë¥ á¨áâ¥¬ë ¬−®¦¥áâ¢¥−−®£® ¤®áâã¯�, ®¯â¨ç¥áª¨¥ á¥â¨ ¨ ¯à®â®ª®-
«ë ã¯à�¢«¥−¨ï ¯¥à¥¤�ç¥© ¤�−−ëå. Šà®¬¥ â®£®, á¨áâ¥¬ë á ¯®áâ®ï−−®© ç�áâ®â®©
¯®¢â®à−ëå ¯®¯ëâ®ª ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¤«ï ¬®¤¥«¨à®¢�−¨ï àï¤� â¥«¥-
ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬, â�ª¨å ª�ª â¥«¥ä®−−ë¥ ª®¬¬ãâ�â®àë [1], á¨áâ¥¬ë
¬−®¦¥áâ¢¥−−®£® ¤®áâã¯� [4, 5], ª®à®âª¨¥ TCP-¯¥à¥¤�ç¨ [2], á¥â¨ ®¯â¨ç¥áª®©
¯�ª¥â−®© ª®¬¬ãâ�æ¨¨ [6,7], � â�ª¦¥ «®£¨áâ¨ç¥áª¨¥ á¨áâ¥¬ë [8].

�á−®¢−�ï ¨¤¥ï ¯®¤å®¤�, ¯à¥¤«�£�¥¬®£® ¢ ¤�−−®© à�¡®â¥, á®áâ®¨â ¢ â®¬, çâ®
á â®çª¨ §à¥−¨ï �−�«¨§� ¯¥à¨®¤� §�−ïâ®áâ¨ ¨áå®¤−�ï á¨áâ¥¬� ¬®¦¥â ¡ëâì ¯à¥¤-
áâ�¢«¥−� ª�ª á¨áâ¥¬� á ¡ãä¥à®¬, ¢ ª®â®à®© ª�¦¤�ï ¯¥à¢�ï §�ï¢ª� −� ¯¥à¨®¤¥
§�−ïâ®áâ¨ ®¡á«ã¦¨¢�¥âáï, ¢®®¡é¥ £®¢®àï, ¯® ¤àã£®¬ã §�ª®−ã, ç¥¬ ®áâ�«ì−ë¥
§�ï¢ª¨ −� ¤�−−®¬ ¯¥à¨®¤¥. ’�ª¨¥ á¨áâ¥¬ë (−�§ë¢�¥¬ë¥ â�ª¦¥ á¨áâ¥¬�¬¨ á ¨á-
ª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ®¡á«ã¦¨¢�−¨¥¬) ¨áá«¥¤ãîâáï ¤®áâ�â®ç−® ¤�¢−®, ¨ ¤«ï −¨å
¨§¢¥áâ−® £®à�§¤® ¡®«ìè¥ �−�«¨â¨ç¥áª¨å à¥§ã«ìâ�â®¢, ç¥¬ ¤«ï á¨áâ¥¬ á ®à¡¨â®©
¨ ¯®áâ®ï−−®© ç�áâ®â®© ¯®¢â®à−ëå ¯®¯ëâ®ª.

�ã¤¥â ¯®ª�§�−®, çâ® �‹‘ áâ�æ¨®−�à−®© ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ ¨áå®¤-
−®© á¨áâ¥¬ë ã¤®¢«¥â¢®àï¥â −¥ª®â®à®¬ã äã−ªæ¨®−�«ì−®¬ã ãà�¢−¥−¨î, ª®â®à®¥
¯à¥¤áâ�¢«ï¥â á®¡®© ¬®¤¨ä¨ª�æ¨î ãà�¢−¥−¨ï, ®¯¨áë¢�îé¥£® á¨áâ¥¬ã ¢¨¤�M/G/1
á ®¦¨¤�−¨¥¬ ¨ á ¨áª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ®¡á«ã¦¨¢�−¨¥¬. �®-¢¨¤¨¬®¬ã, ¯¥à¢®©
à�¡®â®©, ¨§ãç�¢è¥© á¨áâ¥¬ë á ¨áª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ®¡á«ã¦¨¢�−¨¥¬, áâ�«�
áâ�âìï [9], ¢ ª®â®à®© ¯®«ãç¥−® �‹‘ áâ�æ¨®−�à−®© −¥§�¢¥àè¥−−®© à�¡®âë ¢ á¨á-
â¥¬¥. �â¬¥â¨¬ â�ª¦¥ à�¡®âë [10{12], �−�«¨§¨àãîé¨¥ à�§«¨ç−ë¥ áâ�æ¨®−�à−ë¥
å�à�ªâ¥à¨áâ¨ª¨ á¨áâ¥¬ á ¨áª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ®¡á«ã¦¨¢�−¨¥¬. ‚ ç�áâ−®áâ¨,
¢ à�¡®â¥ [10] ¯à¥¤«®¦¥− ¬¥â®¤ ¯®«ãç¥−¨ï áâ�æ¨®−�à−®£® à�á¯à¥¤¥«¥−¨ï ç¨á«�
§�ï¢®ª ¢ â�ª®© á¨áâ¥¬¥ (¤«ï −¥ª®â®àëå à�á¯à¥¤¥«¥−¨© ¢à¥¬¥−¨ ®¡á«ã¦¨¢�−¨ï)
¡¥§ ¨á¯®«ì§®¢�−¨ï �‹‘. ‚ à�¡®â¥ [11] �−�«¨§ ¢à¥¬¥−¨ ®¦¨¤�−¨ï §�ï¢ª¨ ¢ ¤¨á-
ªà¥â−®© á¨áâ¥¬¥ â�ª®£® ¢¨¤� (¢á¥ §�¤�−−ë¥ à�á¯à¥¤¥«¥−¨ï ¤¨áªà¥â−ë) ¯à®¢¥¤¥−
¢ â¥à¬¨−�å ¯à®¨§¢®¤ïé¥© äã−ªæ¨¨ (�”), � ¢ áâ�âì¥ [12] à�áá¬�âà¨¢�¥âáï ¬®-
¤¥«ì, ¢ ª®â®à®© −¥áª®«ìª® ¯¥à¢ëå −� ¯¥à¨®¤¥ §�−ïâ®áâ¨ §�ï¢®ª ¨¬¥îâ à�§«¨ç−ë¥
à�á¯à¥¤¥«¥−¨ï ¢à¥¬¥−¨ ®¡á«ã¦¨¢�−¨ï. �â¬¥â¨¬, çâ® ¨−â¥à¯à¥â�æ¨ï á¨áâ¥¬ë
á ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨ ª�ª á¨áâ¥¬ë á ¨áª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ®¡á«ã¦¨¢�−¨¥¬
¬®¦¥â ®ª�§�âìáï ¯®«¥§−®© ¨ ¢ ¤àã£¨å á¨âã�æ¨ïå, ¯®áª®«ìªã, ª�ª ®â¬¥ç¥−® ¢ëè¥,
¯®á«¥¤−¨© ª«�áá á¨áâ¥¬ ¨áá«¥¤®¢�− §−�ç¨â¥«ì−® ¡®«¥¥ ¯®¤à®¡−® ¨ ¢ª«îç�¥â,
¢ ç�áâ−®áâ¨, â�ª −�§ë¢�¥¬ë¥ á¨áâ¥¬ë á úà�§®£à¥¢®¬û [13].

‚ë¢®¤ ã¯®¬ï−ãâ®£® äã−ªæ¨®−�«ì−®£® ãà�¢−¥−¨ï ®¯¨à�¥âáï −� ¨á¯®«ì§®¢�−¨¥
¨−¢¥àá¨®−−®© ¤¨áæ¨¯«¨−ë ®¡á«ã¦¨¢�−¨ï (LIFO | last in, first out), ¯à¨ ª®-
â®à®© ¯®á«¥¤−ïï ¯à¨è¥¤è�ï §�ï¢ª� ¯®«ãç�¥â ¯à¨®à¨â¥â ¢ ®¡á«ã¦¨¢�−¨¨ (¯®á«¥
®á¢®¡®¦¤¥−¨ï á¥à¢¥à�) [14]. �à¨ â�ª®© ¤¨áæ¨¯«¨−¥ ª�¦¤�ï §�ï¢ª�, ¯®áâã¯�îé�ï
¢® ¢à¥¬ï ¯¥à¢®£® −� ¯¥à¨®¤¥ ®¡á«ã¦¨¢�−¨ï, ¯®à®¦¤�¥â −®¢ë© ¯¥à¨®¤ §�−ïâ®áâ¨,
¨ ¢ à¥§ã«ìâ�â¥ ¯®«ãç�¥âáï ¨−â¥£à�«ì−®¥ ãà�¢−¥−¨¥, á®¤¥à¦�é¥¥ àï¤ ¨§ á¢¥àâ®ª
¨áª®¬®£® à�á¯à¥¤¥«¥−¨ï ¯¥à¨®¤� §�−ïâ®áâ¨. �â®, ¢ á¢®î ®ç¥à¥¤ì, ¯®§¢®«ï¥â ¯®-
«ãç¨âì ®á−®¢−®¥ äã−ªæ¨®−�«ì−®¥ ãà�¢−¥−¨¥ ¤«ï �‹‘ ¨áª®¬®£® à�á¯à¥¤¥«¥−¨ï.

‘âàãªâãà� áâ�âì¨ á«¥¤ãîé�ï. ÷�§¤¥« 2 á®¤¥à¦¨â ¤¥â�«ì−®¥ ®¯¨á�−¨¥ ¨á-
å®¤−®© á¨áâ¥¬ë á ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨ ¯®áâ®ï−−®© ¨−â¥−á¨¢−®áâ¨. ‚ à�§¤. 3
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¢−�ç�«¥ ¤�¥âáï ®¯¨á�−¨¥ à¥£¥−¥à�â¨¢−®© áâàãªâãàë ¯à®æ¥áá®¢, ®¯¨áë¢�îé¨å
¤¨−�¬¨ªã ¨áå®¤−®© á¨áâ¥¬ë, çâ® ¨á¯®«ì§ã¥âáï ¤«ï ãáâ�−®¢«¥−¨ï ãá«®¢¨ï áâ�æ¨-
®−�à−®áâ¨ á¨áâ¥¬ë. ‡�â¥¬ ¯à¨¢¥¤¥− ªà�âª¨© ¢ë¢®¤ äã−ªæ¨®−�«ì−®£® ãà�¢−¥−¨ï
¤«ï �‹‘ à�á¯à¥¤¥«¥−¨ï ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ ¢ ª«�áá¨ç¥áª®© á¨áâ¥¬¥M/G/1
á ®¦¨¤�−¨¥¬, ª®â®àë© §�â¥¬ ¨á¯®«ì§ã¥âáï ¤«ï ¯®«ãç¥−¨ï á®®â¢¥âáâ¢ãîé¥£®
ãà�¢−¥−¨ï ¤«ï ¨áå®¤−®© á¨áâ¥¬ë á ®à¡¨â®©. ‚ íâ®¬ ¦¥ à�§¤¥«¥ ¯®«ãç¥−® ãà�¢-
−¥−¨¥ ¤«ï �” ç¨á«� §�ï¢®ª, ®¡á«ã¦¥−−ëå −� ¯¥à¨®¤¥ §�−ïâ®áâ¨. ‚ à�§¤. 4
¯à¨¢¥¤¥−ë ¢ëà�¦¥−¨ï ¤«ï −�ç�«ì−ëå ¬®¬¥−â®¢, ¨««îáâà¨àãîé¨¥ ¯®«ãç¥−−ë¥
â¥®à¥â¨ç¥áª¨¥ ãâ¢¥à¦¤¥−¨ï. ‚ ç�áâ−®áâ¨, à�áá¬®âà¥−ë á¨áâ¥¬ë á ¯®¢â®à−ë¬¨
§�ï¢ª�¬¨, ¨¬¥îé¨¬¨ à�á¯à¥¤¥«¥−¨¥ ¢à¥¬¥−¨ ®¡á«ã¦¨¢�−¨ï: (1) ¯®ª�§�â¥«ì−®¥;
(2) �à«�−£�; (3) ‚¥©¡ã««�. ��ª®−¥æ, ¢ à�§¤. 5 ¯®ª�§�−®, ª�ª ¯®«ãç¥−−ë¥ à�−¥¥
à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ®¡®¡é¥−ë −� ª«�áá á¨áâ¥¬, ¢ ª®â®àëå á¥à¢¥à ¯®á«¥ ®á¢®-
¡®¦¤¥−¨ï á�¬ ®áãé¥áâ¢«ï¥â ¯®¨áª §�ï¢ª¨ á ®à¡¨âë ¢ â¥ç¥−¨¥ á«ãç�©−®£® ¢à¥¬¥−¨
á ¯à®¨§¢®«ì−ë¬ à�á¯à¥¤¥«¥−¨¥¬.

2 Описание модели и постановка задачи

‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�¥âáï ®¤−®á¥à¢¥à−�ï á¨áâ¥¬� á ¯®¢â®à−ë¬¨ §�-
ï¢ª�¬¨ ¯®áâ®ï−−®© ¨−â¥−á¨¢−®áâ¨ á ¯ã�áá®−®¢áª¨¬ ¢å®¤−ë¬ ¯®â®ª®¬ á ¨−â¥−-
á¨¢−®áâìî λ, á ¬®¬¥−â�¬¨ ¯à¨å®¤� §�ï¢®ª {tn, n ≥ 1} ¢ á¨áâ¥¬ã ¨ −¥§�¢¨á¨-
¬ë¬¨ ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¬¨ ¨−â¥à¢�«�¬¨ {τn, n ≥ 1}. �¡®§−�ç¨¬ ç¥à¥§
{Sn, n ≥ 1} −¥§�¢¨á¨¬ë¥ ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ë¥ ¢à¥¬¥−� ®¡á«ã¦¨¢�−¨ï §�-
ï¢®ª á äã−ªæ¨¥© à�á¯à¥¤¥«¥−¨ï FS ¨ áà¥¤−¨¬ ES ∈ (0, ∞). ‡¤¥áì ¨ ¤�«¥¥ ¬ë
®¯ãáª�¥¬ ¨−¤¥ªá, çâ®¡ë ®¡®§−�ç¨âì â¨¯¨ç−ë© í«¥¬¥−â (áâ®å�áâ¨ç¥áªãî ª®¯¨î)
¯®á«¥¤®¢�â¥«ì−®áâ¨ −¥§�¢¨á¨¬ëå ®¤¨−�ª®¢® à�á¯à¥¤¥«¥−−ëå á«ãç�©−ëå ¢¥«¨ç¨−
(‘‚). �à¨ ¯®áâã¯«¥−¨¨ −®¢®© §�ï¢ª¨ ¢ á¨áâ¥¬ã ¢®§¬®¦−ë ¤¢� ¢�à¨�−â�:

(1) ¢ ¬®¬¥−â ¯à¨å®¤� §�ï¢ª� §�−¨¬�¥â á¢®¡®¤−ë© á¥à¢¥à;

(2) ¥á«¨ á¥à¢¥à §�−ïâ, §�ï¢ª� ®â¯à�¢«ï¥âáï −� ¢¨àâã�«ì−ãî ®à¡¨âã.

÷�áá¬�âà¨¢�¥¬ ¯®áâ®ï−−ãî ¤¨áæ¨¯«¨−ã ¯®¢â®à−ëå ¢ë§®¢®¢, ¯à¨ ª®â®à®© ®à¡¨-
âã ¬®¦−® âà�ªâ®¢�âì ª�ª ®ç¥à¥¤ì â¨¯� ú¯¥à¢ë© ¯à¨è¥« { ¯¥à¢ë© ®¡á«ã¦¨«áïû
(¤¨áæ¨¯«¨−� FIFO | first in, first out), £¤¥ «¨èì ú¯¥à¢�ïû (áâ�à¥©è�ï) §�ï¢-
ª� á®¢¥àè�¥â ¯®¢â®à−ë¥ ¯®¯ëâª¨ ¯®áâã¯¨âì −� á¥à¢¥à ç¥à¥§ íªá¯®−¥−æ¨�«ì−®
à�á¯à¥¤¥«¥−−®¥ ¢à¥¬ï ξ á ¨−â¥−á¨¢−®áâìî γ. �à¥¤¯®«�£�¥âáï, çâ® ¢ë¯®«−¥−
ªà¨â¥à¨© áâ�æ¨®−�à−®áâ¨ [3]

ρ := λES <
γ

λ+ γ
. (1)

�â¬¥â¨¬, çâ® ¢á¥ ¯à®æ¥ááë, ®¯¨áë¢�îé¨¥ à�¡®âã á¨áâ¥¬ë, à¥£¥−¥à¨àãîé¨¥.
�ãáâì N(t) ¥áâì ç¨á«® §�ï¢®ª ¢ á¨áâ¥¬¥ ¢ ¬®¬¥−â ¢à¥¬¥−¨ t ≥ 0. �à®æ¥áá
{N(t)} à¥£¥−¥à¨àã¥â ¢ ¬®¬¥−âë ¯à¨å®¤� §�ï¢®ª ¢ ¯ãáâãî á¨áâ¥¬ã, ®¯à¥¤¥«ï¥¬ë¥
á«¥¤ãîé¨¬ ®¡à�§®¬:
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�¥à¨®¤ §�−ïâ®áâ¨ ¢ á¨áâ¥¬¥ ¢¨¤� M/G/1 á ¯®áâ®ï−−®© áª®à®áâìî ãå®¤� §�ï¢®ª á ®à¡¨âë

Tn+1 = inf (tk > Tn : Nk = 0) , n ≥ 0 (T0 := 0), (2)

£¤¥ N(t−n ) = Nn, n ≥ 1. �¡®§−�ç¨¬ ç¥à¥§ T â¨¯¨ç−ãî ¤«¨−ã æ¨ª«� à¥£¥−¥à�æ¨¨
¢ −¥¯à¥àë¢−®¬ ¢à¥¬¥−¨, ª®â®àë© ¢ª«îç�¥â ¯¥à¨®¤ §�−ïâ®áâ¨ (ª®£¤� á¨áâ¥¬� −¥
¯ãáâ�) ¨ ¯®á«¥¤ãîé¨© ¯¥à¨®¤, ª®£¤� á¨áâ¥¬� ¯®«−®áâìî á¢®¡®¤−�, à�á¯à¥¤¥«¥−-
−ë© ª�ª ¨−â¥à¢�« τ . ’�ª¦¥ ®¯à¥¤¥«¨¬ ¬®¬¥−âë à¥£¥−¥à�æ¨¨ ¢ â¥à¬¨−�å ç¨á«�
¯à¨å®¤®¢ §�ï¢®ª

θn+1 = inf (k > θn : Nk = 0) , n ≥ 0 (θ0 := 0), (3)

á â¨¯¨ç−®© ¤«¨−®© θ, à�¢−®© ç¨á«ã §�ï¢®ª, ¯®áâã¯¨¢è¨å −� ¯¥à¨®¤¥ §�−ï-
â®áâ¨, â. ¥. −� ¨−â¥à¢�«¥ ¬¥¦¤ã ¤¢ã¬ï §�ï¢ª�¬¨, ¨ §�áâ�¢è¨å á¨áâ¥¬ã ¯®«−®áâìî
á¢®¡®¤−®©. �â¬¥â¨¬, çâ® ãá«®¢¨¥ (1) ®¡¥á¯¥ç¨¢�¥â áãé¥áâ¢®¢�−¨¥ ¡¥áª®−¥ç−ëå
¯®á«¥¤®¢�â¥«ì−®áâ¥© ¬®¬¥−â®¢ à¥£¥−¥à�æ¨¨ (2) ¨ (3) á ª®−¥ç−ë¬¨ áà¥¤−¨¬¨
ET < ∞, Eθ < ∞, çâ®, ¢ á¢®î ®ç¥à¥¤ì, £�à�−â¨àã¥â áâ�æ¨®−�à−®áâì à�áá¬�â-
à¨¢�¥¬®© á¨áâ¥¬ë (á¬., −�¯à¨¬¥à, [3]). –¨ª« à¥£¥−¥à�æ¨¨ á®áâ®¨â ¨§ ¯¥à¨®¤�
§�−ïâ®áâ¨ á¨áâ¥¬ë B1 ¨ á«¥¤ãîé¥£® §� −¨¬ ¯¥à¨®¤� ¯à®áâ®ï, â. ¥.

T = B1 + τ . (4)

�á−®¢−�ï §�¤�ç� á®áâ®¨â ¢ −�å®¦¤¥−¨¨ à�á¯à¥¤¥«¥−¨ï ‘‚ B1 � â�ª¦¥ ‘‚ θ
¢ ¨áå®¤−®© á¨áâ¥¬¥ (¢ â¥à¬¨−�å �‹‘). „«ï íâ®£® ¡®«¥¥ ¤¥â�«ì−® à�áá¬®âà¨¬
¤¨−�¬¨ªã á¨áâ¥¬ë −� ¯¥à¨®¤¥ §�−ïâ®áâ¨. �¥à¥¤ −�ç�«®¬ ¯¥à¨®¤� §�−ïâ®áâ¨
¢à¥¬ï ¯à®áâ®ï à�¢−® τ , � ¯®á«¥ ãå®¤� ª�¦¤®© ®¡á«ã¦¥−−®© §�ï¢ª¨ −� ¯¥à¨®¤¥
§�−ïâ®áâ¨ (¯®ª� ®à¡¨â� −¥ ¯ãáâ�) á¥à¢¥à ®áâ�¥âáï −¥§�−ïâë¬ íªá¯®−¥−æ¨�«ì−®
à�á¯à¥¤¥«¥−−®¥ ¢à¥¬ï

ζ := min(ξ, τ)

á ¯�à�¬¥âà®¬ λ + γ. “å®¤ë §�ï¢®ª ¯à®¨áå®¤ïâ ç¥à¥§ ¨−â¥à¢�«ë, à�á¯à¥¤¥«¥−-
−ë¥ ª�ª ‘‚ Ŝ = ζ + S, ¯à¨ç¥¬ ‘‚ ζ ¨ S −¥§�¢¨á¨¬ë. �®áª®«ìªã á¥à¢¥à
¡«®ª¨à®¢�− ¢ â¥ç¥−¨¥ ¢à¥¬¥−¨ Ŝ ¯®á«¥ ª�¦¤®£® ®¡á«ã¦¨¢�−¨ï, â® ¥áâ¥áâ¢¥−−®
áç¨â�âì ¢¥«¨ç¨−ã Ŝ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï ¢ á®®â¢¥âáâ¢ãîé¥© á¨áâ¥¬¥ M/G/1
á ®¦¨¤�−¨¥¬. Šà®¬¥ â®£®, ¬®¦−® áç¨â�âì, çâ® ¢ ¨áå®¤−®© á¨áâ¥¬¥ §�ï¢ª� ¢å®¤-
−®£® ¯®â®ª�, §�áâ�îé�ï á¥à¢¥à á¢®¡®¤−ë¬, â�ª¦¥ −¥¬¥¤«¥−−® ¨¤¥â −� ®à¡¨âã,
� ¯¥à¢�ï §�ï¢ª� ¨§ ¢¨àâã�«ì−®© ®ç¥à¥¤¨ −¥¬¥¤«¥−−® §�−¨¬�¥â á¥à¢¥à. ’�ª�ï
¨−â¥à¯à¥â�æ¨ï −¥ ¬¥−ï¥â à�á¯à¥¤¥«¥−¨ï ç¨á«� §�ï¢®ª ¢ á¨áâ¥¬¥ ¨ ¤«¨−ã ¯¥à¨®¤�
§�−ïâ®áâ¨ ¨ ¯®§¢®«ï¥â áãé¥áâ¢¥−−® ã¯à®áâ¨âì �−�«¨§ ¨áå®¤−®© á¨áâ¥¬ë á ®à-
¡¨â®©, á¢¥¤ï ¥¥ ª �−�«¨§ã á¨áâ¥¬ë á ®¦¨¤�−¨¥¬, ¢ ª®â®à®© ¯¥à¢�ï −� ¯¥à¨®¤¥
§�−ïâ®áâ¨ §�ï¢ª� ¨¬¥¥â (¨áª«îç¨â¥«ì−®¥) ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï S, � ®áâ�«ì−ë¥ |
¢à¥¬ï ®¡á«ã¦¨¢�−¨ï Ŝ.
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3 Функциональное уравнение для преобразования
Лапласа–Стилтьеса периода занятости

‚ íâ®¬ à�§¤¥«¥ ¢−�ç�«¥ ªà�âª® ¯à¨¢¥¤¥− ¢ë¢®¤ äã−ªæ¨®−�«ì−®£® ãà�¢−¥-
−¨ï ¤«ï �‹‘ ¯¥à¨®¤� §�−ïâ®áâ¨ ª«�áá¨ç¥áª®© áâ�æ¨®−�à−®© á¨áâ¥¬ë M/G/1,
� §�â¥¬ íâ® ãà�¢−¥−¨¥ ®¡®¡é¥−® −� ¨áå®¤−ãî á¨áâ¥¬ã á ¯®¢â®à−ë¬¨ ¢ë§®¢�¬¨,
¯à¥¤áâ�¢«¥−−ãî ª�ª á¨áâ¥¬� á ®¦¨¤�−¨¥¬ ¨ ¨áª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ¢à¥¬¥−¥¬
®¡á«ã¦¨¢�−¨ï.

3.1 Классическая система M/G/1

÷�áá¬®âà¨¬ ª«�áá¨ç¥áªãî á¨áâ¥¬ã M/G/1 á ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï S, ¢å®¤-
−ë¬ ¯®â®ª®¬ ¨−â¥−á¨¢−®áâ¨ λ ¨ ãá«®¢¨¥¬ áâ�æ¨®−�à−®áâ¨ ρ = λES < 1. �¡®-
§−�ç¨¬ ç¥à¥§ B â¨¯¨ç−ãî ¤«¨−ã ¯¥à¨®¤� §�−ïâ®áâ¨ á¨áâ¥¬ë (¢ −¥¯à¥àë¢−®¬
¢à¥¬¥−¨). ”ã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï G ‘‚ B ¯à¥¤áâ�¢«ï¥â á®¡®© à¥è¥−¨¥ ¨−â¥-
£à�«ì−®£® ãà�¢−¥−¨ï [14,15]

G(x) = P(B ≤ x) =

x∫

0

∞∑

n=0

e−λu [λu]
n

n!
G(n)(x− u)FS(du), x ≥ 0 , (5)

£¤¥ G(n) ¥áâì n-ªà�â−�ï á¢¥àâª� äã−ªæ¨¨ G á á®¡®© (G(0) := 1). �®ïá−¨¬
ãà�¢−¥−¨¥ (5). �¡®§−�ç¨¬ ç¥à¥§ α(S) ç¨á«® §�ï¢®ª, ¯®áâã¯�îé¨å ¢ á¨áâ¥¬ã
§� ¢à¥¬ï (¯¥à¢®£®) ®¡á«ã¦¨¢�−¨ï S. ’®£¤� ¥á«¨ ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï ¯¥à¢®©
§�ï¢ª¨ −� ¯¥à¨®¤¥ §�−ïâ®áâ¨ ¯à¨−¨¬�¥â §−�ç¥−¨¥ u (á ¢¥à®ïâ−®áâìî FS(du)), â®
¢¥à®ïâ−®áâì â®£®, çâ® §� ¢à¥¬ï u ¢ á¨áâ¥¬ã ¯®áâã¯¨â à®¢−® n §�ï¢®ª, à�¢−�

P(α(u) = n) = e−λu [λu]
n

n!
, n ≥ 0 .

�â¨ §�ï¢ª¨ (¢ ¯à¥¤¯®«®¦¥−¨¨ ¨á¯®«ì§®¢�−¨ï ¤¨áæ¨¯«¨−ë LIFO) ¯®à®¤ïâ n
¯®á«¥¤®¢�â¥«ì−ëå ¢«®¦¥−−ëå ¯¥à¨®¤®¢ §�−ïâ®áâ¨. �âáî¤� «¥£ª® á«¥¤ã¥â ãà�¢-
−¥−¨¥ (5). „«ï ¥£® à¥è¥−¨ï ¢¢¥¤¥¬ �‹‘ ‘‚ B ¨ S:

g(z) = Ee−zB ; ϕ(z) = Ee−zS , z ≥ 0.
�à¨¬¥−¨¢ �‹‘ ª ®¡¥¨¬ ç�áâï¬ ãà�¢−¥−¨ï (5), ¯®«ãç¨¬ (¨§¢¥áâ−®¥) äã−ªæ¨®-
−�«ì−®¥ ãà�¢−¥−¨¥

g(z) = ϕ(z + λ− λg(z)) (6)

(á¬., −�¯à¨¬¥à, [14, £«. 4] ¨«¨ [3, á. 49]). “à�¢−¥−¨¥ (6) ¯®§¢®«ï¥â ¯®«ãç¨âì
¬®¬¥−âë ‘‚ B, ¢ ç�áâ−®áâ¨ áà¥¤−ïï ¤«¨−� ¯¥à¨®¤� §�−ïâ®áâ¨ à�¢−�

EB = −g′(0) = ES

1− ρ
.
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�¥à¨®¤ §�−ïâ®áâ¨ ¢ á¨áâ¥¬¥ ¢¨¤� M/G/1 á ¯®áâ®ï−−®© áª®à®áâìî ãå®¤� §�ï¢®ª á ®à¡¨âë

(�â¬¥â¨¬, çâ® ¤¥â�«ì−ë© �−�«¨§ ¯¥à¨®¤� §�−ïâ®áâ¨ ª«�áá¨ç¥áª®© á¨áâ¥¬ëM/G/1
á ¨á¯®«ì§®¢�−¨¥¬ ¢«®¦¥−−ëå ¯¥à¨®¤®¢ ¯à¥¤áâ�¢«¥− ¢ [15, á. 249].)

3.2 Система M/G/1 с повторными вызовами

÷�ááã¦¤¥−¨ï, ¯à¨¢¥¤¥−−ë¥ ¢ à�§¤. 3.1, ¬®¦−® −¥¯®áà¥¤áâ¢¥−−® ®¡®¡é¨âì
−� ¨áá«¥¤ã¥¬ãî á¨áâ¥¬ã á ®à¡¨â®©, à�áá¬�âà¨¢�¥¬ãî ª�ª á¨áâ¥¬ã á ®¦¨¤�−¨¥¬
¨ ¨áª«îç¨â¥«ì−ë¬ ¯¥à¢ë¬ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï.

—â®¡ë ¢ë¢¥áâ¨ �−�«®£ ãà�¢−¥−¨ï (3), §�¬¥â¨¬, çâ® −�ç�«ì−ë© ¯¥à¨®¤ §�−ï-
â®áâ¨ B1, ¯®à®¦¤�¥¬ë© ¯¥à¢®© §�ï¢ª®© −� æ¨ª«¥ à¥£¥−¥à�æ¨¨ (¯®á«¥ ¯®«−®£®
®¯ãáâ®è¥−¨ï á¨áâ¥¬ë), ®â«¨ç�¥âáï ®â ¯®á«¥¤ãîé¨å ¯¥à¨®¤®¢ §�−ïâ®áâ¨, ¨−¨æ¨-
¨à®¢�−−ëå §�ï¢ª�¬¨, ¯®áâã¯¨¢è¨¬¨ §� ¢à¥¬ï ¥¥ ®¡á«ã¦¨¢�−¨ï. (’�ª®© ¯¥à¨®¤
®¡®§−�ç¨¬ ç¥à¥§ B.) �â® ¢ë§¢�−® â¥¬, çâ® ¬®¬¥−âã à¥£¥−¥à�æ¨¨ ¯à¥¤è¥áâ¢ã¥â
¯¥à¨®¤ ¯à®áâ®ï, à�á¯à¥¤¥«¥−−ë© ª�ª τ (á¬. (4)), ¢ â® ¢à¥¬ï ª�ª ¯¥à¨®¤ë §�−ïâ®áâ¨
¢−ãâà¨ æ¨ª«� à¥£¥−¥à�æ¨¨ à�§¤¥«¥−ë ‘‚ ζ. �â® ®â«¨ç¨¥ ¨áá«¥¤ã¥¬®© á¨áâ¥¬ë
®â á¨áâ¥¬ë á ®¦¨¤�−¨¥¬ M/G/1 ¢¥¤¥â ª ãá«®¦−¥−¨î ¨−â¥£à�«ì−®£® ãà�¢−¥−¨ï ¨,
ª�ª á«¥¤áâ¢¨¥, á®®â¢¥âáâ¢ãîé¥£® äã−ªæ¨®−�«ì−®£® ãà�¢−¥−¨ï ¤«ï �‹‘.

Š�ª ¨ ¢ëè¥, ¯ãáâì S ¥áâì ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï ¯¥à¢®© §�ï¢ª¨ −� ¯¥à¨®¤¥
§�−ïâ®áâ¨, � α(S) | ç¨á«® §�ï¢®ª, ¯®áâã¯�îé¨å ¢ á¨áâ¥¬ã §� ¢à¥¬ï S. …á«¨
α(S) = 0, â® ¯¥à¨®¤ §�−ïâ®áâ¨ á®áâ®¨â ¨§ ¥¤¨−áâ¢¥−−®© (¯¥à¢®©) §�ï¢ª¨ (θ = 1)
¨B1 = S. ‚ ¯à®â¨¢−®¬ á«ãç�¥α(S) ≥ 1 §�ï¢®ª ä®à¬¨àãîâ ¢¨àâã�«ì−ãî ®ç¥à¥¤ì
−� ®à¡¨â¥. �−�«®£¨ç−® [15] ¢ ª®−æ¥ ®¡á«ã¦¨¢�−¨ï ¯¥à¢®© §�ï¢ª¨ á¥à¢¥à −�ç¨−�¥â
®¡á«ã¦¨¢�âì ¯¥à¢ãî (áâ�à¥©èãî) ¢ ®ç¥à¥¤¨ §�ï¢ªã, � ®áâ�«ì−ë¥ α(S)− 1 §�ï¢®ª
¢à¥¬¥−−® úã¤�«ïîâáïû ¨§ ®ç¥à¥¤¨. ‡�â¥¬ ®¡á«ã¦¨¢�îâáï §�ï¢ª¨, ¯®áâã¯¨¢è¨¥ §�
¢à¥¬ï ®¡á«ã¦¨¢�−¨ï ¯¥à¢®© (¥á«¨ â�ª¨¥ ¥áâì) ¤® â¥å ¯®à, ¯®ª� ¯¥à¨®¤ §�−ïâ®áâ¨,
¯®à®¦¤¥−−ë© ¯¥à¢®© §�ï¢ª®©, −¥ §�ª®−ç¨âáï. �¡®§−�ç¨¬ ç¥à¥§ θ̂1 ç¨á«® ®¡á«ã-
¦¥−−ëå â�ª¨¬ ®¡à�§®¬ §�ï¢®ª, � ç¥à¥§B

θ̂1
| ¯à®¤®«¦¨â¥«ì−®áâì â�ª®£® ¯¥à¨®¤�

§�−ïâ®áâ¨. ‚ á¨«ã ¯à¥¤¯®«®¦¥−¨ï ® ä®à¬¨à®¢�−¨¨ ®ç¥à¥¤¨ −� ®à¡¨â¥, ‘‚ B
θ̂1

¥áâì â¨¯¨ç−�ï ¤«¨−� ¯¥à¨®¤� §�−ïâ®áâ¨ á¨áâ¥¬ë M/G/1 á ®¦¨¤�−¨¥¬ ¨ ¢à¥¬¥−�¬¨
®¡á«ã¦¨¢�−¨ï, à�á¯à¥¤¥«¥−−ë¬¨ ª�ª S + ζ, � θ̂1 ¥áâì â¨¯¨ç−®¥ ç¨á«® §�ï¢®ª,
®¡á«ã¦¥−−ëå §� íâ®â ¯¥à¨®¤. �® ®ª®−ç�−¨¨ ¯¥à¢®£® ¯¥à¨®¤� §�−ïâ®áâ¨ B

θ̂1
á¥à¢¥à ®¡á«ã¦¨¢�¥â úáâ�à¥©èãîû ¨§ úã¤�«¥−−ëåû à�−¥¥ α(S) − 1 §�ï¢®ª (¥á-
«¨ â�ª¨¥ ¥áâì). �â� §�ï¢ª� ¨−¨æ¨¨àã¥â á«¥¤ãîé¨© ¯¥à¨®¤ §�−ïâ®áâ¨ ¤«¨−ë B

θ̂2
¨ â. ¤. �â®â ¯à®æ¥áá ¯à®¤®«¦�¥âáï ¯®ª� ¢á¥ α(S)−1 úã¤�«¥−−ë¥û §�ï¢ª¨ −¥ ¡ã¤ãâ
®¡á«ã¦¥−ë. ’�ª¨¬ ®¡à�§®¬ ¯®«ãç�îâáï −¥§�¢¨á¨¬ë¥ ®¤¨−�ª®£® à�á¯à¥¤¥«¥−−ë¥
¯¥à¨®¤ë §�−ïâ®áâ¨ B

θ̂k
, k = 1, α(S), á â¨¯¨ç−ë¬ í«¥¬¥−â®¬ B ¨ −¥§�¢¨á¨¬ë¥

®¤¨−�ª®£® à�á¯à¥¤¥«¥−−ë¥ ‘‚ θ̂k, k = 1, α(S), á â¨¯¨ç−ë¬ í«¥¬¥−â®¬ θ̂ ¨ �”

ψ̂(z) = Ezθ̂, z ≤ 1 . (7)

�®áª®«ìªã ¯®àï¤®ª ®¡á«ã¦¨¢�−¨ï −¥ ¢«¨ï¥â −� ¤«¨−ã ¯¥à¨®¤� §�−ïâ®áâ¨ ¨ ç¨á«®
®¡á«ã¦¥−−ëå −� −¥¬ §�ï¢®ª, â®
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B1 = S +

α(S)∑

k=1

B
θ̂k
, θ = 1 +

α(S)∑

k=1

θ̂k. (8)

(‘ã¬¬�
∑0

k=1 à�¢−� −ã«î.) �¡®§−�ç¨¬ ç¥à¥§G1 äã−ªæ¨î à�á¯à¥¤¥«¥−¨ï ‘‚B1.
‡�¯¨è¥¬ ¤«ï −¥¥ ãà�¢−¥−¨¥, �−�«®£¨ç−®¥ (5):

G1(x) = P(B1 ≤ x) =

x∫

0

∞∑

n=0

e−λu [λu]
n

n!
Ĝ(n)(x− u)FS(du), x ≥ 0 , (9)

£¤¥ �G(x) = P(B ≤ x)| äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ ¢ á¨á-
â¥¬¥ á ®¦¨¤�−¨¥¬ M/G/1 ¨ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï S + ζ, ª®â®à�ï ¯à¥¤áâ�¢«ï¥â
á®¡®© à¥è¥−¨¥ ãà�¢−¥−¨ï (5):

�G(x) =

x∫

0

∞∑

n=0

e−λu [λu]
n

n!
�G(n)(x− u)FS+ζ(du), x ≥ 0 .

�à¨¬¥−ïï �‹‘ ª ®¡¥¨¬ ç�áâï¬ ãà�¢−¥−¨ï (9), ¯®«ãç¨¬ äã−ªæ¨®−�«ì−®¥ ãà�¢-
−¥−¨¥ ¤«ï −�å®¦¤¥−¨ï �‹‘ ¨áª®¬®£® à�á¯à¥¤¥«¥−¨ï ¯¥à¨®¤� §�−ïâ®áâ¨

g1(z) = ϕ(z + λ− λĝ(z)), (10)

£¤¥ g1(z) = Ee
−zB1; �g(z) = Ee−zB; ϕ(z) = Ee−zS. ’�ª¨¬ ®¡à�§®¬, ¤«ï

−�å®¦¤¥−¨ï g1(z) ¨§ (10) −¥®¡å®¤¨¬® á−�ç�«� ¢ëç¨á«¨âì ĝ(z), ¯à¥¤áâ�¢«ïîé¥¥
á®¡®© à¥è¥−¨¥ ãà�¢−¥−¨ï

�g(z) = �ϕ(z + λ− λ�g(z)),

£¤¥ �ϕ(z) = Ee−z(S+ζ), � §�â¥¬ −�©â¨ ϕ(z).
„«ï −�å®¦¤¥−¨ï à�á¯à¥¤¥«¥−¨ï ‘‚ θ ã¤®¡−® ¨á¯®«ì§®¢�âì �” ψ(z) = Ezθ.

„«ï ª«�áá¨ç¥áª®© á¨áâ¥¬ë M/G/1 â�ª®© �−�«¨§ ¯à¥¤áâ�¢«¥− ¢ à�¡®â¥ [16], £¤¥
¨á¯®«ì§®¢�−� ®¡à�â−�ï â¥®à¥¬� ‹�£à�−¦� ¤«ï ¯®«ãç¥−¨ï ¢ ï¢−®¬ ¢¨¤¥ à�á¯à¥¤¥-
«¥−¨ï ¤¨áªà¥â−®© ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ −� ®á−®¢¥ �”. ˆá¯®«ì§ãï à¥§ã«ìâ�âë
¤«ï ª«�áá¨ç¥áª®© á¨áâ¥¬ë, ¯à¥¤áâ�¢«¥−−ë¥ ¢ [16], ¯®«ãç¨¬ ãà�¢−¥−¨¥, à¥è¥−¨¥
ª®â®à®£® | �” ψ̂(z) ¤¨áªà¥â−®© ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ ¢ á¨áâ¥¬¥ á ¢à¥¬¥−¥¬
®¡á«ã¦¨¢�−¨ï S + ζ (á¬. (7)):

ψ̂(z) = zϕ̂(λ− λψ̂(z)), z ≤ 1 , (11)

£¤¥, −�¯®¬−¨¬, ϕ̂(z) = Ee−z(S+ζ). „�«¥¥, ¨á¯®«ì§ãï ¯à¥¤áâ�¢«¥−¨¥ (8) ¨ −¥§�¢¨-
á¨¬®áâì ‘‚ �θk, k = 1, α(S), ¯®«ãç¨¬ á«¥¤ãîé¥¥ ãà�¢−¥−¨¥ ¤«ï �” ¤¨áªà¥â−®©
¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ ¨áå®¤−®© á¨áâ¥¬ë:
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ψ(z) ≡ Ezθ = Ez1+
∑α(S)

k=1
�θk = zE

[
E
[
z
∑ν

k=1
�θk
∣∣α(S), S

]]
=

= z

∞∫

0

∑∞

n=0
E
[
z
∑α(S)

k=1
�θk
∣∣α(S) = n, S = u

]
P (α(S) = n|S = u)FS(du) =

= z
∞∑

n=0

≤ ft
(
Ez
�θ
)n

∞∫

0

e−λu [λu]
n

n!
FS(du) = z

∞∫

0

∞∑

n=0

e−λu [λuψ̂(z)]
n

n!
FS(du) =

= zϕ(λ− λψ̂(z)), z ≤ 1. (12)

4 Примеры

��å®¦¤¥−¨¥ �” ψ(z) ¨ �ψ(z) ¨ �‹‘ �g(z) ¨ g1(z) (¨ ¨å ®¡à�é¥−¨¥) ¢ ï¢−®¬
¢¨¤¥ ¢ ®¡é¥¬ á«ãç�¥ −¥ ¯à¥¤áâ�¢«ï¥âáï ¢®§¬®¦−ë¬, ®¤−�ª® −�©¤¥−−ë¥ à¥§ã«ìâ�âë
¯®§¢®«ïîâ ¯®«ãç¨âì ¬®¬¥−âë á®®â¢¥âáâ¢ãîé¨å ‘‚. ‚ íâ®¬ à�§¤¥«¥ ¯à¨¢¥¤¥¬
−¥áª®«ìª® ¯à¨¬¥à®¢ ¤«ï á¨áâ¥¬ á ¯®¢â®à−ë¬¨ ¯®¯ëâª�¬¨ ¨−â¥−á¨¢−®áâ¨ γ.

4.1 Система M/M/1

÷�áá¬®âà¨¬ á¨áâ¥¬ã á ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨ â¨¯� M/M/1, £¤¥ ¢à¥¬ï ®¡á«ã-
¦¨¢�−¨ï S à�á¯à¥¤¥«¥−® íªá¯®−¥−æ¨�«ì−® á ¯�à�¬¥âà®¬ µ ∈ (0, ∞). �ãáâì
¢ë¯®«−¥−® ãá«®¢¨¥ áâ�æ¨®−�à−®áâ¨ (1):

λ

µ
<

γ

λ+ γ
.

„«ï −�å®¦¤¥−¨ï �‹‘ g1(z) ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ B1 ¢ëç¨á«¨¬ �‹‘ ‘‚ S
¨ S + ζ

ϕ(z) = Ee−zS =
µ

µ+ z
;

ϕ̂(z) = Ee−z(S+ζ) =
µ

µ+ z

λ+ γ

λ+ γ + z

¨ §�¯¨è¥¬ ãà�¢−¥−¨¥ (6) ¤«ï �‹‘ ĝ(z) = Ee−zB:

ĝ(z) =
µ(λ+ γ)

(µ+ λ+ z − λĝ(z))(2λ + γ + z − λĝ(z))
. (13)

“à�¢−¥−¨¥ (13) §�¤�¥â äã−ªæ¨î �g(z) ¢ −¥ï¢−®¬ ¢¨¤¥, ¨ ¯®íâ®¬ã ¨áª®¬®¥ �‹‘
g1(z) â�ª¦¥ §�¤�¥âáï −¥ï¢−® ¢ëà�¦¥−¨¥¬ (10):

g1(z) =
µ

µ+ z + λ− λĝ(z)
.
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’�ª¨¬ ®¡à�§®¬, ¤�¦¥ ¤«ï ¯®ª�§�â¥«ì−®£® ®¡á«ã¦¨¢�−¨ï −¥ ã¤�¥âáï ¢ëà�§¨âì
¢ ï¢−®¬ ¢¨¤¥ à�á¯à¥¤¥«¥−¨¥ B1. �¤−�ª® ¬®¦−® ¯®«ãç¨âì ¢ëà�¦¥−¨ï ¤«ï
¬®¬¥−â®¢ ‘‚ B1. ‚ ç�áâ−®áâ¨,

EB1 = −g′1(0) =
µ

(µ+ z + λ− λ�g(z))2
(
1− λ�g′(z)

) ∣∣∣∣
z=0

. (14)

—â®¡ë −�©â¨ �g′(0), á−�ç�«� ¤¨ää¥à¥−æ¨àã¥¬ (13):

�g′(z) = − µ(λ+ γ)(3λ+ γ + µ+ 2z − 2λ�g(z))
(z + λ− λ�g(z) + µ)2(z + 2λ− λ�g(z) + γ)2

(
1− λ�g′(z)

)
,

®âªã¤� (á ãç¥â®¬ �g(0) = 1) ¯®«ãç�¥¬

�g′(0) = − λ+ γ + µ

(µ− λ)γ − λ2
. (15)

�®¤áâ�¢«ïï (15) ¢ (14), ¢ëç¨á«ï¥¬ áà¥¤−îî ¤«¨−ã ¯¥à¨®¤� §�−ïâ®áâ¨

EB1 = −g′1(0) =
λ+ γ

µγ − λ(λ+ γ)
,

� â�ª¦¥, ãç¨âë¢�ï (4), áà¥¤−îî ¤«¨−ã æ¨ª«� à¥£¥−¥à�æ¨¨

ET = EB1 + Eτ =
λ+ γ

µγ − λ(λ+ γ)
+
1

λ
=

γ

λ (γ − (λ+ γ)λ/µ) .

„�−−®¥ ¢ëà�¦¥−¨¥ á®¢¯�¤�¥â á® áà¥¤−¥© ¤«¨−®© æ¨ª«� à¥£¥−¥à�æ¨¨ ¢ á¨áâ¥¬¥
á ¯®¢â®à−ë¬¨ ¢ë§®¢�¬¨ â¨¯� M/M/1, ¯®«ãç¥−−®© ¤àã£¨¬ ¯ãâ¥¬ ¢ à�¡®â¥ [17,
ä®à¬ã«� (26)]. �®¤ç¥àª−¥¬, çâ® ¬¥â®¤ à�¡®âë [17] −¥ ¯®§¢®«ï¥â −�©â¨ ¤àã£¨¥
¬®¬¥−âë ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨, ªà®¬¥ áà¥¤−¥£®.

�−�«®£¨ç−® −�å®¤¨¬ ¢â®à®© ¬®¬¥−â:

EB21 = g
′′
1 (0) =

2µ3γ2(λ+ γ)2((λ+ γ + µ)2 − µ(λ+ γ))

(µγ2 − λ(λ+ γ)(λ+ γ + µ))(λ2 − γ(µ− λ))2
.

’¥¯¥àì ¢ëç¨á«¨¬ �” φ(z) ç¨á«� §�ï¢®ª θ, ®¡á«ã¦¥−−ëå −� ¯¥à¨®¤¥ §�−ïâ®áâ¨
¤«ï µ = λ + γ. ‚ íâ®¬ á«ãç�¥ ‘‚ S + ζ ¨¬¥¥â à�á¯à¥¤¥«¥−¨¥ �à«�−£� ¢â®à®£®
¯®àï¤ª� á ¯�à�¬¥âà®¬ µ ¨ ¯«®â−®áâìî

fS+ζ(x) = µ
2xe−µx, x ≥ 0 .
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„�«¥¥, �” ‘‚ θ̂ ¯à¥¤áâ�¢«ï¥â á®¡®© à¥è¥−¨¥ ãà�¢−¥−¨ï (11)

ψ̂(z) =
zµ2

(µ+ λ− λψ̂(z))2
,

à¥è¥−¨¥ ª®â®à®£® ¨¬¥¥â ¢¨¤ [16]

ψ̂(z) = Ezθ̂ =

∞∑

n=1

zn 1

n
Cn−1

n−2

(
λ

µ

)n−1( µ

µ+ λ

)3n−1
.

‚¢¨¤ã (12), ¨áª®¬ãî �” ‘‚ θ ¬®¦−® §�¯¨á�âì ¢ ¢¨¤¥

ψ(z) =
µz

µ+ λ− λψ̂(z)
=

= µz

(
µ+ λ− λ

∞∑

n=1

zn 1

n
Cn−1
3n−2

(
λ

µ

)n−1( µ

µ+ λ

)3n−1)−1

, z ≤ 1 .

4.2 Система M/Erlang/1

÷�áá¬®âà¨¬ á¨áâ¥¬ã á ¯®¢â®à−ë¬¨ ¯®¯ëâª�¬¨, ¢ ª®â®à®© ¢à¥¬ï ®¡á«ã¦¨¢�-
−¨ï S ¨¬¥¥â à�á¯à¥¤¥«¥−¨¥ �à«�−£� ¯®àï¤ª� k á ¯«®â−®áâìî

fS(x) =
µk

(k − 1)! x
k−1e−µx, x ≥ 0 , µ > 0 ,

£¤¥ k ∈ {1, 2, . . .} | ä¨ªá¨à®¢�−−®¥ ç¨á«®. �ãáâì ¢ë¯®«−¥−® ãá«®¢¨¥ áâ�æ¨®-
−�à−®áâ¨ (1):

kλ

µ
<

γ

λ+ γ
.

„«ï −�å®¦¤¥−¨ï �‹‘ g1(z) ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ B1 á−�ç�«� ¢ëç¨á«¨¬
�‹‘ ¤«ï ‘‚ S ¨ S + ζ

ϕ(z) =

(
µ

µ+ z

)k

;

�ϕ(z) =

(
µ

µ+ z

)k λ+ γ

λ+ γ + z
,

� §�â¥¬ §�¯¨è¥¬ ãà�¢−¥−¨¥ (6) ¤«ï �‹‘ ĝ(z):

�g(z) =
µk(λ+ γ)

(µ+ z + λ− λ�g(z))k(2λ+ γ + z − λ�g(z))
. (16)
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‚ íâ®¬ á«ãç�¥ ãà�¢−¥−¨¥ (16) â�ª¦¥ ®¯à¥¤¥«ï¥â −¥ï¢−® §�¤�−−ãî äã−ªæ¨î �g(z),
ç¥à¥§ ª®â®àãî ¨áª®¬®¥ �‹‘ ¢ëà�¦�¥âáï ª�ª

g1(z) =
µk

(µ+ z + λ− λ�g(z))k
.

Š�ª ¨ ¢ ¯à¥¤ë¤ãé¥¬ ¯à¨¬¥à¥, −¥âàã¤−® ¯®ª�§�âì, ãç¨âë¢�ï

�g(0) = 1, �g′(0) =
µ+ k(λ+ γ)

λk(λ+ γ)− µγ
;

�g′′(0) =
µ(λ+ γ)

(
k(k + 1)(λ+ γ)2 + 2kµ(λ+ γ) + 2µ2

)

(kλ(λ+ γ)− µγ)2 (µγ + 2µλ− kλ(λ+ γ))
,

çâ®

EB1 = −g′1(0) =
kµk

(µ+ z + λ− λ�g(z))k+1
(
1− λ�g′(z)

) ∣∣∣∣
z=0

=
k(λ+ γ)

µγ − kλ(λ+ γ)
;

EB21 = g
′′
1 (0) =

k(k + 1)µk(1− λ�g′(z))2 + kλµk(µ+ z + λ− λ�g(z))�g′′(z)

(µ+ z + λ− λ�g(z))k+2

∣∣∣∣
z=0

=

=
k(k + 1)(λ+ γ)2

kλ(λ+ γ)− µγ
+
kλ(λ+ γ)

(
k(k + 1)(λ + γ)2 + 2kµ(λ+ γ) + 2µ2

)

(kλ(λ+ γ)− µγ)2 (µγ + 2µλ− kλ(λ+ γ))
.

Šà®¬¥ â®£®, áà¥¤−ïï ¤«¨−� æ¨ª«� à¥£¥−¥à�æ¨¨ à�¢−�

ET =
γ

λ (γ − λ(λ+ γ)k/µ)
,

çâ® á®¢¯�¤�¥â á á®®â¢¥âáâ¢ãîé¨¬ à¥§ã«ìâ�â®¬, ¯®«ãç¥−−ë¬ ¢ à�¡®â¥ [17] ¤àã£¨¬
á¯®á®¡®¬.

„«ï ¢ëç¨á«¥−¨ï �” ¤¨áªà¥â−®© ¤«¨−ë ¯¥à¨®¤� §�−ïâ®áâ¨ ¯à¥¤¯®«®¦¨¬
á−®¢�, çâ® µ = λ + γ. ’®£¤� ‘‚ S + ζ ¨¬¥¥â à�á¯à¥¤¥«¥−¨¥ �à«�−£� ¯®àï¤ª�
(k + 1) á ¯�à�¬¥âà®¬ µ ¨ ¯«®â−®áâìî

fS+ζ(x) =
µ

k!
(µx)k e−µx, x ≥ 0 .

’®£¤�, á®£«�á−® [16], �” ψ̂ §�¯¨è¥âáï ¢ ¢¨¤¥

ψ̂(z) = Ezθ̂ =

∞∑

n=1

zn 1

n
Cn−1
(k+1)n−2

(
λ

µ

)n−1( µ

µ+ λ

)(k+1)n−1
,
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�¥à¨®¤ §�−ïâ®áâ¨ ¢ á¨áâ¥¬¥ ¢¨¤� M/G/1 á ¯®áâ®ï−−®© áª®à®áâìî ãå®¤� §�ï¢®ª á ®à¡¨âë

ª�ª à¥è¥−¨¥ ãà�¢−¥−¨ï (11)

ψ̂(z) = z

(
µ

µ+ λ− λψ̂(z)

)k+1

.

�à®¨§¢®¤ïéãî äã−ªæ¨î ψ(z) ¬®¦−® §�¯¨á�âì, ¨á¯®«ì§ãï (12), ª�ª

ψ(z) = z

(
µ

µ+ λ− λψ̂(z)

)k

=

= µkz

(
µ+ λ− λ

∞∑

n=1

zn 1

n
Cn−1
(k+1)n−2

(
λ

µ

)n−1( µ

µ+ λ

)(k+1)n−1)−k

, z ≤ 1 .

4.3 Система M/Weibull/1

�ãáâì â¥¯¥àì ¢à¥¬ï ®¡á«ã¦¨¢�−¨ï S à�á¯à¥¤¥«¥−® ¯® §�ª®−ã ‚¥©¡ã««� á ¯«®â-
−®áâìî fS(x) = 2xe

−x2, x ≥ 0. ‚ íâ®¬ á«ãç�¥ ES = •(1, 5) =
√
π/2, £¤¥ • ¥áâì

£�¬¬�-äã−ªæ¨ï

•(x) =

∞∫

0

e−t tx−1 dt, x > 0 .

“á«®¢¨¥ áâ�æ¨®−�à−®áâ¨ (1) ¯à¨−¨¬�¥â ¢¨¤:

λ•(1, 5) <
γ

λ+ γ
.

��¯®¬−¨¬ â�ª¦¥, çâ®

ρ̂ = λE(S + ζ) = λ

(√
π

2
+

1

λ+ γ

)
.

�®«¥¥ â®£®, á®®â¢¥âáâ¢ãîé¨¥ �‹‘ ¨¬¥îâ ¢¨¤ (á¬. ®¡®§−�ç¥−¨ï ¢ëè¥):

ϕ(z) = 1−
√
π

2
zez

2/4

(
1− �

(
z

2

))
;

�ϕ(z) =
λ+ γ

λ+ γ + z

(
1−

√
π

2
zez

2/4

(
1− �

(
z

2

)))
,
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£¤¥

�(x) =
2√
π

x∫

0

e−t2dt, x ≥ 0 .

“à�¢−¥−¨¥ (6) ¤«ï ĝ(z) ¯à¨¬¥â ¢ ¤�−−®¬ á«ãç�¥ ¢¨¤:

�g(z) =
λ+ γ

λ+ γ + z

(
1−

−
√
π

2
(z + λ− λ�g(z))e(z+λ−λ�g(z))2/4

(
1− �

(
z + λ− λ�g(z)

2

)))
. (17)

‚ á®®â¢¥âáâ¢¨¨ á (10) g1(z) ã¤®¢«¥â¢®àï¥â ãà�¢−¥−¨î:

g1(z) = 1−
√
π

2
(z + λ− λ�g(z)) e(z+λ−λ�g(z))2/4

(
1−�

(
z + λ− λ�g(z)

2

))
,

£¤¥ �‹‘ �g(z) ¯à¥¤áâ�¢«ï¥â á®¡®© à¥è¥−¨¥ ãà�¢−¥−¨ï (17). ‚ëç¨á«¨¬ ¬®¬¥−-
âë B1:

EB1 =
(λ+ γ)

√
π/2

γ − λ(γ + λ)
√
π/2
;

EB21 =
λ
√
π

(λ+ γ)2(1− λ
√
π/2
+

λπ/2

(1− λ
√
π/2)(γ − λ(λ+ γ)

√
π/2)

.

5 Система, где сервер забирает заявку с орбиты

�−�«¨§, ¯à®¢¥¤¥−−ë© ¢ ¯®¤à�§¤. 3.2, ¬®¦−® ®¡®¡é¨âì −� á¨áâ¥¬ë á ¯ã�á-
á®−®¢áª¨¬ ¢å®¤−ë¬ ¯à®æ¥áá®¬ ¨ ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨, ª®£¤� á¥à¢¥à ¯®á«¥
§�¢¥àè¥−¨ï ®¡á«ã¦¨¢�−¨ï á�¬ §�¡¨à�¥â §�ï¢ªã á ®à¡¨âë ¤«ï ®¡á«ã¦¨¢�−¨ï. „«ï
íâ®£® á¥à¢¥àã âà¥¡ã¥âáï á«ãç�©−®¥ ¢à¥¬ï φ á à�á¯à¥¤¥«¥−¨¥¬ ®¡é¥£® ¢¨¤� Fφ(x)

(¨ �‹‘ ϕφ(z) = Ee
−zφ). …á«¨ ¢ ¯à®æ¥áá¥ ¯®¨áª� ¯®áâã¯�¥â §�ï¢ª� ¢å®¤−®£®

¯®â®ª�, â® ¯®¨áª ¯à¥ªà�é�¥âáï ¨ á¥à¢¥à ¯à¨áâã¯�¥â ª ®¡á«ã¦¨¢�−¨î ¢−®¢ì ¯à¨-
¡ë¢è¥© §�ï¢ª¨. ˆáá«¥¤®¢�−¨¥ â�ª¨å á¨áâ¥¬ ¨ ¨å ¯à¨«®¦¥−¨ï ¯à¥¤áâ�¢«¥−ë,
−�¯à¨¬¥à, ¢ à�¡®â�å [18{20].

�ãáâì ¢ á¨áâ¥¬¥ á ¯ã�áá®−®¢áª¨¬ ¢å®¤−ë¬ ¯®â®ª®¬ á ¯�à�¬¥âà®¬ λ ¨ ¢à¥¬¥-
−¥¬ ®¡á«ã¦¨¢�−¨ï S ¢à¥¬ï ¯®¨áª� φ ¨¬¥¥â à�á¯à¥¤¥«¥−¨¥ Fφ(x). ‚ ¯à¥¦−¨å
®¡®§−�ç¥−¨ïå ãá«®¢¨¥ áâ�æ¨®−�à−®áâ¨ â�ª®© á¨áâ¥¬ë ¥áâì

λES + λE[min(τ, φ)] < 1 ,
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�¥à¨®¤ §�−ïâ®áâ¨ ¢ á¨áâ¥¬¥ ¢¨¤� M/G/1 á ¯®áâ®ï−−®© áª®à®áâìî ãå®¤� §�ï¢®ª á ®à¡¨âë

¨«¨ ρ < ϕφ(λ) [20]. ’�ªãî á¨áâ¥¬ã ¬®¦−® à�áá¬�âà¨¢�âì ª�ª á¨áâ¥¬ã á ®¦¨¤�-
−¨¥¬ ¨ ¯¥à¢ë¬ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï −� ¯¥à¨®¤¥ §�−ïâ®áâ¨ S1 = S, ¢ â® ¢à¥¬ï
ª�ª ®áâ�«ì−ë¥ ¢à¥¬¥−� ®¡á«ã¦¨¢�−¨ï à�á¯à¥¤¥«¥−ë ª�ª ‘‚ �S = S + ζ, £¤¥ ‘‚
ζ = min(τ, φ) ¨¬¥¥â äã−ªæ¨î à�á¯à¥¤¥«¥−¨ï

Fζ(x) = 1− e−λx (1− Fφ(x)) , x ≥ 0 ,

¨ �‹‘

ϕζ(z) =
λ

λ+ z
− λ

∞∫

0

e−(λ+z)xFφ(x) dx+ ϕφ(z + λ).

�®áª®«ìªã Ee−z �S = ϕ(z)ϕζ(z) ¢¢¨¤ã −¥§�¢¨á¨¬®áâ¨ ‘‚S ¨ ζ, £¤¥ϕ(z) = Ee−zS,
â® ¤�«ì−¥©è¨© �−�«¨§ ¬®¦¥â ¡ëâì ¯à®¢¥¤¥− ¯® �−�«®£¨¨ á â¥¬, çâ® ¯à¥¤áâ�¢«¥−
¢ëè¥ ¤«ï á¨áâ¥¬ë, £¤¥ §�ï¢ª� ¤¥«�¥â ¯®¯ëâª¨ −¥§�¢¨á¨¬® ®â á®áâ®ï−¨ï á¥à¢¥à�.
�®«¥¥ ¤¥â�«ì−ë© �−�«¨§ â�ª¨å á¨áâ¥¬ ¯à¥¤¯®«�£�¥âáï ¯à®¢¥áâ¨ ¢ ®â¤¥«ì−®¬
¨áá«¥¤®¢�−¨¨.

6 Заключение

„«ï á¨áâ¥¬ë á ¯®¢â®à−ë¬¨ ¢ë§®¢�¬¨ ¯®áâ®ï−−®© ¨−â¥−á¨¢−®áâ¨ á ¯ã�áá®−®¢-
áª¨¬ ¢å®¤−ë¬ ¯®â®ª®¬ ¨ ¯à®¨§¢®«ì−ë¬ ¢à¥¬¥−¥¬ ®¡á«ã¦¨¢�−¨ï à�áá¬�âà¨¢�¥âáï
§�¤�ç� −�å®¦¤¥−¨ï à�á¯à¥¤¥«¥−¨ï ¤«¨â¥«ì−®áâ¨ ¯¥à¨®¤� §�−ïâ®áâ¨ (¢ â¥à¬¨−�å
�‹‘), � â�ª¦¥ à�á¯à¥¤¥«¥−¨ï ç¨á«� §�ï¢®ª, ®¡á«ã¦¥−−ëå §� íâ®â ¯¥à¨®¤ (¢ â¥à-
¬¨−�å �”). �−�«¨§ ¡�§¨àã¥âáï −� ¯à¥¤áâ�¢«¥−¨¨ ¨áå®¤−®© ¬®¤¥«¨ ª�ª á¨áâ¥¬ë
á ®¦¨¤�−¨¥¬, ¢ ª®â®à®© ¯¥à¢�ï §�ï¢ª� −� ¯¥à¨®¤¥ §�−ïâ®áâ¨ ¨¬¥¥â ¨−®¥ ¢à¥¬ï
®¡á«ã¦¨¢�−¨ï, ç¥¬ ¯®á«¥¤ãîé¨¥. �®ª�§�−®, çâ® ¨áª®¬®¥ à�á¯à¥¤¥«¥−¨¥ ã¤®¢«¥-
â¢®àï¥â äã−ªæ¨®−�«ì−®¬ã ãà�¢−¥−¨î, �−�«®£¨ç−®¬ã ª«�áá¨ç¥áª®¬ã ãà�¢−¥−¨î
¤«ï á¨áâ¥¬ë M/G/1 á ®¦¨¤�−¨¥¬. �−�«®£¨ç−ë© �−�«¨§ ¯à®¢¥¤¥− ¢ â¥à¬¨−�å �”
ç¨á«� §�ï¢®ª, ®¡á«ã¦¥−−ëå −� ¯¥à¨®¤¥ §�−ïâ®áâ¨. �à¨¢¥¤¥−ë ¯à¨¬¥àë à�áç¥â�
−�ç�«ì−ëå ¬®¬¥−â®¢ ¤«ï àï¤� ª®−ªà¥â−ëå á¨áâ¥¬. �à¥¤«®¦¥−−�ï ¨−â¥à¯à¥â�æ¨ï
á¨áâ¥¬ë á ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨ ª�ª á¨áâ¥¬ë á ®¦¨¤�−¨¥¬ (¨ ¨áª«îç¨â¥«ì−ë¬
¯¥à¢ë¬ ®¡á«ã¦¨¢�−¨¥¬) ¬®¦¥â ¡ëâì íää¥ªâ¨¢−� ¯à¨ �−�«¨§¥ ¤àã£¨å áâ�æ¨®−�à-
−ëå å�à�ªâ¥à¨áâ¨ª á¨áâ¥¬ á ¯®¢â®à−ë¬¨ §�ï¢ª�¬¨.
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Abstract: The busy period of a stationary single-server retrial system with
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first service. It is shown that the busy period distribution satisfies a functional
equation similar to the well-known equation for the conventionalM/G/1 system.
The main result is expressed in terms of Laplace{Stieltjes transforms for the
continuous busy period duration and in terms of generating functions for the
integer-valued busy period length. Several analytical examples are provided.

Keywords: retrial queue; busy period; regeneration; stationarity; Laplace{
Stieltjes transform; constant retrial rate; first exceptional service

DOI: 10.14357/08696527260107 EDN: MXXTVE

Acknowledgments

The work was supported by the Ministry of Education and Science of the Russian
Federation as part of the program of the Moscow Center for Fundamental and
Applied Mathematics under the Agreement No. 075-15-2025-345.

References

1. Fayolle, G. 1986. A simple telephone exchange with delayed feedback. Teletraffic
analysis and computer performance evaluation. Eds. O. J. Boxma, J. W. Cohen, and
H. C. Tijms. 245{253.

2. Avrachenkov, K., and U. Yechiali. 2010. On tandem blocking queues with a common
retrial queue. Comput. Oper. Res. 37(7):1174{1180. doi: 10.1016/j.cor.2009.10.004.

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 1 119



K. A. Zhukova and E. V. Morozov

3. Morozov, E., and B. Steyaert. 2021. Stability analysis of regenerative queueing
models. Springer. 185 p. doi: 10.1007/978-3-030-82438-9. EDN: BNDRHS.

4. Choi, B. D., Y. W. Shin, and W. C. Ahn. 1992. Retrial queues with collision arising
from unslotted CSMA/CD protocol. Queueing Syst. 11:335{356. doi: 10.1007/
BF01163860.

5. Choi, B. D., K. H. Rhee, and K. K. Park. 1993. The M/G/1 retrial queue with
retrial rate control policy. Probab. Eng. Inform. Sc. 7:29{46. doi: 10.1017/
S0269964800002771.

6. Yao, S., F. Xue, B. Mukherjee, S. J. B. Yoo, and S. Dixit. 2002. Electrical ingress
buffering and traffic aggregation for optical packet switching and their effect on TCP-
level performance in optical mesh networks. IEEE Commun. Mag. 40(9):66{72. doi:
10.1109/MC0M.2002.1031831.

7. Wong, E. W. M., L. L. H. Andrew, T. Cui, B. Moran, A. Zalesky, R. S. Tucker,
and M. Zukerman. 2009. Towards a bufferless optical internet. J. Lightwave Technol.
27(14):2817{2833. doi: 10.1109/JLT.2009.2017211.

8. Lillo, R. E. 1996. A G/M/1-queue with exponential retrial. TOP 4(1):99{120. doi:
10.1007/BF02568606.

9. Welch, P. D. 1964. On a generalized M/G/l queueing process in which the first
customer of each busy period receives exceptional service. Oper. Res. 12(5):736{752.
doi: 10.1287/opre.12.5.736.

10. Ryzhikov, Yu. I. 1973. Distribution of the number of requests in a queueing system
with \Warm-up". Probl. Inf. Transm. 9(1):67{74.

11. Van Ommeren, J. C. W. 1991. The discrete-time single-server queue. Queueing Syst.
8:279{294. doi: 10.1007/BF02412256.

12. Kengaku, H., and M. Miyazawa. 2000. A regenerative cycle approach to an
M/G/1 queue with exceptional service. J. Oper. Res. Soc. Jpn. 43(4):486{504.
doi: 10.15807/jorsj.43.486.

13. Tian, N., and Z. G. Zhang. 2006. Vacation queueing models. New York, NY: Springer.
386 p. doi: 10.1007/978-0-387-33723-4.

14. Gnedenko, B., and I. N. Kovalenko. 1989. An introduction to queueing theory. 2nd
ed. Boston: Birkh�auser Boston. 315 p. doi: 10.1007/978-1-4615-9826-8.

15. Cohen, J. W. 1982. The single-server queue. Amsterdam: North-Holland. 682 p.
16. Chaudhry, M. L., and V. Goswami. 2019. Analytically explicit results for the distribu-

tion of the number of customers served during a busy period for special cases of theM/G/1
queue. J. Probability Statistics 2019:7398658. 15 p. doi: 10.1155/2019/7398658.

17. Morozov, E., and S. Rogozin. 2024. The mean regeneration cycle length in a constant
retrial rate system. Information technologies and mathematical modelling. Queueing
theory and applications. Eds. A. Dudin, A. Nazarov, and A. Moiseev. Communica-
tions in computer and information science ser. Cham: Springer. 2163:288{299. doi:
10.1007/978-3-031-65385-8 21.

18. Kim, J., and B. Kim. 2010. Tail asymptotics for the queue size distribution in the
MAP/G/1 retrial queue. Queueing Syst. 66:79{94. doi: 10.1007/s11134-010-9179-9.

19. Morozov, E., and K. Zhukova. 2019. A large deviation analysis of retrial models
with constant and classic retrial rates. Perform. Evaluation 135(12):102021. 12 p. doi:
10.1016/j.peva.2019.102021.

120 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 1



Busy period analysis in M/G/1 retrial queue with constant retrial rate

20. Morozov, E., and K. Zhukova. 2021. The overflow probability asymptotics in a single-
class retrial system with general retrieve time. Distributed computer and commu-
nication networks: Control, computation, communications. Eds. V. M. Vishnevskiy,
K. E. Samouylov, and D. V. Kozyrev. Lecture notes in computer science ser. Cham:
Springer. 13144:55{66. doi: 10.1007/978-3-030-92507-9 6.

Received January 13, 2026
Accepted March 3, 2026

Contributors

Zhukova Ksenia A. (b. 1990) | Candidate of Science (PhD) in physics and
mathematics, scientist, Institute of Applied Mathematical Research of Karelian
Research Centre of the Russian Academy of Sciences, 11 Pushkinskaya Str.,
Petrozavodsk 185910, Republic of Karelia, Russian Federation; associate professor,
Petrozavodsk State University, 33 Lenin Str., Petrozavodsk 185910, Republic of
Karelia, Russian Federation; kalininaksenia90@gmail.com
Morozov Evsey V. (b. 1947) | Doctor of Science in physics and mathematics,
leading scientist, Institute of Applied Mathematical Research of Karelian Research
Centre of the Russian Academy of Sciences, 11 Pushkinskaya Str., Petrozavodsk
185910, Republic of Karelia, Russian Federation; professor, Petrozavodsk State
University, 33 Lenin Str., Petrozavodsk 185910, Republic of Karelia, Russian
Federation; emorozov@karelia.ru

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2026 vol 36 no 1 121



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2026. ’. 36. ü 1. ‘. 122{139

ИССЛЕДОВАНИЕ ВЛИЯНИЯ АРХИТЕКТУРНЫХ
МОДИФИКАЦИЙ СХЕМ РЕЗЕРВИРОВАНИЯ
НА НАДЕЖНОСТЬ ФУНКЦИИ БЛОКИРОВКИ

СИСТЕМЫ FDU ITER

В. Д. Артемьев1, Г. M. Коновалов2, П. Ю. Чайка3

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ®¤−®© ¨§ −�¨¡®«¥¥ áãé¥áâ¢¥−−ëå ¯à®¡«¥¬
¯à¨ á®§¤�−¨¨ ¬¥¦¤ã−�à®¤−®£® â¥à¬®ï¤¥à−®£® íªá¯¥à¨¬¥−â�«ì−®£® à¥�ªâ®à�
(ˆ’�÷) | ®¡¥á¯¥ç¥−¨î −�¤¥¦−®áâ¨. ‚ ç�áâ−®áâ¨, ¢�¦−®¥ §−�ç¥−¨¥ ¨¬¥¥â
¢®¯à®á ®æ¥−ª¨ ¯®ª�§�â¥«¥© −�¤¥¦−®áâ¨ ª®−¥ç−ëå í«¥¬¥−â®¢, ª®â®àë¥ ¢å®¤ïâ
¢ á®áâ�¢ à�§«¨ç−ëå ¯®¤á¨áâ¥¬ à¥�ªâ®à�. �� ¯à¨¬¥à¥ à¥�«ì−®© ¯®¤á¨áâ¥¬ë
à�áá¬�âà¨¢�¥âáï ¢«¨ï−¨¥ à�§«¨ç−ëå �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥-
§¥à¢¨à®¢�−¨ï −� −�¤¥¦−®áâì äã−ªæ¨¨ ¡«®ª¨à®¢ª¨ ¢ á¨áâ¥¬¥ ¡ëáâà®£® ¢ë¢®¤�
í−¥à£¨¨ â¥à¬®ï¤¥à−®£® à¥�ªâ®à� ˆ’�÷. �−�«¨§¨àãîâáï ¢�à¨�−âë áâàãªâãà
á à�§−ë¬ ãà®¢−¥¬ à¥§¥à¢¨à®¢�−¨ï ¨ «®£¨ç¥áª®© á¢ï§ìî. ‚ë¯®«−¥−® ¬®¤¥«¨-
à®¢�−¨¥ ¬¥â®¤®¬ k-¨§-n (k | ¬¨−¨¬�«ì−®¥ ç¨á«® í«¥¬¥−â®¢, ®¡¥á¯¥ç¨¢�îé¥¥
äã−ªæ¨®−¨à®¢�−¨¥ á¨áâ¥¬ë ¨§ n í«¥¬¥−â®¢) á à�áç¥â®¬ −�¤¥¦−®áâ¨. �®«ã-
ç¥−−ë¥ à¥§ã«ìâ�âë ¯®§¢®«ïîâ ®¡®á−®¢�−−® ¢ë¡¨à�âì áå¥¬−ë¥ à¥è¥−¨ï ¤«ï
¯®¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ ª«îç¥¢ëå §�é¨â−ëå äã−ªæ¨©.

Š«îç¥¢ë¥ á«®¢�: á¨áâ¥¬� ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨; à¥§¥à¢¨à®¢�−¨¥; −�-
¤¥¦−®áâì; ˆ’�÷
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1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¢® ”à�−æ¨¨ á¨«�¬¨ á¥¬¨ ãç�áâ−¨ª®¢ (…‘, Ÿ¯®−¨ï, ‘˜�,
÷®áá¨ï, Š¨â�©, ˆ−¤¨ï, ā¦−�ï Š®à¥ï) ¯®¤ ®¡é¨¬ àãª®¢®¤áâ¢®¬ ¬¥¦¤ã−�à®¤−®©
®à£�−¨§�æ¨¨ ˆ’�÷ (International Thermonuclear Experimental Reactor) ¢¥¤¥âáï
á®®àã¦¥−¨¥ â¥à¬®ï¤¥à−®£® à¥�ªâ®à� [1, 2]. �à®¥ªâ ˆ’�÷ ®¡ê¥¤¨−ï¥â −�ãç-
−ë¥, ¨−¦¥−¥à−ë¥ ¨ íª®−®¬¨ç¥áª¨¥ à¥áãàáë ãç�áâ−¨ª®¢ [3]. „«ï ¯®¢ëè¥−¨ï
−�¤¥¦−®áâ¨ ˆ’�÷, â. ¥. á¯®á®¡−®áâ¨ á¨áâ¥¬ á®åà�−ïâì ¢ë¯®«−¥−¨¥ âà¥¡ã¥¬ëå
äã−ªæ¨© ¢ §�¤�−−ëå ãá«®¢¨ïå íªá¯«ã�â�æ¨¨, ¡ë« à�§à�¡®â�− ª®¬¯«¥ªá ¬¥à,
−�§ë¢�¥¬ë© RAMI-�−�«¨§®¬ [4, 5] (RAMI | �¡¡à¥¢¨�âãà� ®â reliability, avail-
ability, maintainability, inspectability). �á−®¢−�ï §�¤�ç� RAMI-�−�«¨§� |
®¯à¥¤¥«¨âì ¢®§¬®¦−ë¥ â¥å−¨ç¥áª¨¥ à¨áª¨ ¨ ¯à¥¤«®¦¨âì íää¥ªâ¨¢−ë¥ ¬¥â®¤ë

1�� ú�ˆˆ�”�û, artemev@sintez.niiefa.spb.su
2—�áâ−®¥ ãçà¥¦¤¥−¨¥ ƒ®áã¤�àáâ¢¥−−®© ª®à¯®à�æ¨¨ ¯® �â®¬−®© í−¥à£¨¨ ú÷®á�â®¬û ú�à®¥ªâ−ë©

æ¥−âà ˆ’�÷û, g.konovalov@iterrf.ru
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

¤«ï ¨å á−¨¦¥−¨ï á æ¥«ìî ã¢¥«¨ç¥−¨ï ¢¥à®ïâ−®áâ¨ ¡¥§®âª�§−®© à�¡®âë (‚�÷)
ãáâ�−®¢ª¨. RAMI-�−�«¨§ ¯à®¢®¤¨âáï −� áâ�¤¨¨ ¯à®¥ªâ¨à®¢�−¨ï ¨ −�ç¨−�¥âáï
á íáª¨§−®£® �−�«¨§�. �à¨¬¥−¥−¨¥ ¤�−−®£® �−�«¨§� ¯®§¢®«ï¥â §�à�−¥¥ ¢ëï¢«ïâì
ã§ª¨¥ ¬¥áâ� ¢ á¨áâ¥¬�å ã¯à�¢«¥−¨ï ¨ §�é¨âë, çâ® ªà¨â¨ç−® ¤«ï ¡¥§®¯�á−®áâ¨
â¥à¬®ï¤¥à−®£® à¥�ªâ®à� [6].

‘®£«�á−® ¬¥â®¤®«®£¨¨ ¯à®¢¥¤¥−¨ï RAMI-�−�«¨§�, ¯à¨−ïâ®© ¬¥¦¤ã−�à®¤−®©
®à£�−¨§�æ¨¥© ˆ’�÷, à�áç¥â ª®íää¨æ¨¥−â®¢ £®â®¢−®áâ¨ ¯®¤á¨áâ¥¬ ¯à®¢®¤¨âáï −�
®á−®¢�−¨¨ å�à�ªâ¥à¨áâ¨ª −�¤¥¦−®áâ¨ (¨−â¥−á¨¢−®áâ¨ ®âª�§®¢ ¨ ¢à¥¬¥−¨ −� ¢®á-
áâ�−®¢«¥−¨¥ à�¡®â®á¯®á®¡−®áâ¨) í«¥¬¥−â®¢ ¢ á®áâ�¢¥ ª®−ªà¥â−®© ¯®¤á¨áâ¥¬ë [5].
Œ¥â®¤¨ª� à�áç¥â� £®â®¢−®áâ¨ ¬®¦¥â ¡ëâì à¥�«¨§®¢�−� á ¨á¯®«ì§®¢�−¨¥¬ ¬®¤¥«¨
k-¨§-n (k-out-of-n), ª®â®à�ï ¯®§¢®«ï¥â ®æ¥−¨¢�âì ¢«¨ï−¨¥ ®âª�§®¢ ®â¤¥«ì−ëå
í«¥¬¥−â®¢ −� äã−ªæ¨®−¨à®¢�−¨¥ ¯®¤á¨áâ¥¬ [7]. �à¨¬¥−¥−¨¥ á®¢à¥¬¥−−ëå ¯®¤-
å®¤®¢ ª à¥§¥à¢¨à®¢�−¨î ãç¨âë¢�¥â ª�ª ¢¥à®ïâ−®áâì ®âª�§� (‚�), â�ª ¨ §�âà�âë
−� ¢®ááâ�−®¢«¥−¨¥, çâ® ¯®¢ëè�¥â íää¥ªâ¨¢−®áâì íªá¯«ã�â�æ¨¨ ¯®¤á¨áâ¥¬ [8, 9].
‚ á¢ï§¨ á íâ¨¬ ¯®¢ëè¥−¨¥ −�¤¥¦−®áâ¨ ®â¤¥«ì−ëå í«¥¬¥−â®¢ ¯®¤á¨áâ¥¬ë ï¢«ï¥â-
áï ¯à¨®à¨â¥â−®© §�¤�ç¥© ¤«ï à�§à�¡®âç¨ª®¢, çâ® ®á®¡¥−−® �ªâã�«ì−® ¤«ï á¨áâ¥¬
ã¯à�¢«¥−¨ï ¨ §�é¨âë, £¤¥ ®âª�§ ¥¤¨−¨ç−®£® í«¥¬¥−â� ¬®¦¥â ¯à¨¢¥áâ¨ ª à�§¢¨â¨î
�¢�à¨©−®© á¨âã�æ¨¨ [10]. ‚ −�áâ®ïé¥© à�¡®â¥ ¯à®¢¥¤¥− áà�¢−¨â¥«ì−ë© �−�«¨§
âà¥å áå¥¬ à¥§¥à¢¨à®¢�−¨ï ¤«ï ®¡¥á¯¥ç¥−¨ï äã−ªæ¨¨ ¡«®ª¨à®¢ª¨: ¤¥©áâ¢ãîé¥©
¤¢ãåª®«ìæ¥¢®© á «®£¨ª®© ˆ‹ˆ, � â�ª¦¥ ¤¢ãå ¬®¤¨ä¨ª�æ¨© | âà¥åª®«ìæ¥¢®©
á «®£¨ª®© ˆ‹ˆ ¨ ¤¢ãåª®«ìæ¥¢®© á ¯�à�««¥«ì−ë¬ à¥§¥à¢¨à®¢�−¨¥¬ í«¥¬¥−â®¢.
�¥à¢�ï ¬®¤¨ä¨ª�æ¨ï ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì ¢«¨ï−¨¥ ã¢¥«¨ç¥−¨ï ãà®¢−ï à¥§¥à¢¨-
à®¢�−¨ï −� −�¤¥¦−®áâì, � ¢â®à�ï | ®æ¥−¨âì íää¥ªâ «®ª�«ì−®£® à¥§¥à¢¨à®¢�−¨ï
í«¥¬¥−â®¢ ¡¥§ ¨§¬¥−¥−¨ï ®¡é¥© áâàãªâãàë. �®¤ ª®«ìæ®¬ ¯®−¨¬�¥âáï §�¬ª−ãâ�ï
«®£¨ç¥áª�ï áâàãªâãà�, á®áâ®ïé�ï ¨§ ¯ïâ¨ í«¥¬¥−â®¢, á®¢¬¥áâ−® ¢ë¯®«−ïîé¨å
äã−ªæ¨î ¡«®ª¨à®¢ª¨, £¤¥ ª�¦¤®¥ ª®«ìæ® äã−ªæ¨®−¨àã¥â −¥§�¢¨á¨¬®.

–¥«ìî ¤�−−®© áâ�âì¨ áâ�¢¨âáï ®¯à¥¤¥«¥−¨¥ ¢«¨ï−¨ï áâàãªâãà−ëå ¬®¤¨ä¨-
ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï −� ¯®ª�§�â¥«¨ −�¤¥¦−®áâ¨ ¨ á®¢®ªã¯−ë¥ íªá¯«ã�â�-
æ¨®−−ë¥ §�âà�âë á ¯®á«¥¤ãîé¨¬ ¢ë¡®à®¬ à�æ¨®−�«ì−®© �àå¨â¥ªâãàë −� ®á−®¢¥
ªà¨â¥à¨ï −�¤¥¦−®áâì/áâ®¨¬®áâì ¢®ááâ�−®¢«¥−¨ï [11].

�®å®¦�ï æ¥«ì ã¦¥ ¢áâà¥ç�¥âáï ¢ àï¤¥ ¤àã£¨å à�¡®â, çâ® ¤¥¬®−áâà¨àã¥â ¥¥
�ªâã�«ì−®áâì ¢ â®¬ ç¨á«¥ ¨ ¤«ï ¤�−−®© ¯®¤á¨áâ¥¬ë. �®¢ëè¥−¨¥ −�¤¥¦−®áâ¨
â¥å−¨ç¥áª¨å á¨áâ¥¬ §� áç¥â à¥§¥à¢¨à®¢�−¨ï ¤®«¦−® −¥¨§¬¥−−® à�áá¬�âà¨¢�âìáï
¢ ª®¬¯«¥ªá¥ á íª®−®¬¨ç¥áª¨¬¨ ¯®ª�§�â¥«ï¬¨ [12, 13]. �¥®¡å®¤¨¬® ãç¨âë-
¢�âì â®â ä�ªâ, çâ® ã¢¥«¨ç¥−¨¥ áâàãªâãà−®© ¨§¡ëâ®ç−®áâ¨ −¥ ¢á¥£¤� ¯à¨¢®¤¨â
ª íª®−®¬¨ç¥áª¨ æ¥«¥á®®¡à�§−®¬ã à¥è¥−¨î, ¯®áª®«ìªã à®áâ −�¤¥¦−®áâ¨ ¬®¦¥â
á®¯à®¢®¦¤�âìáï −¥¯à®¯®àæ¨®−�«ì−ë¬ ã¢¥«¨ç¥−¨¥¬ §�âà�â [14, 15].

Œ�â¥à¨�« áâ�âì¨ áâàãªâãà¨à®¢�− á«¥¤ãîé¨¬ ®¡à�§®¬. ‚ à�§¤. 2 ¯à¨¢®¤¨âáï
®¯¨á�−¨¥ ¡«®ª®¢ ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨ ¨ á¨áâ¥¬ë ¨å ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï,
ª®â®àë¥ ¢å®¤ïâ ¢ á®áâ�¢ á¨áâ¥¬ë í«¥ªâà®¯¨â�−¨ï à¥�ªâ®à� ˆ’�÷. ÷�§¤¥« 3 ¯®-
á¢ïé¥− ¬¥â®¤¨ª¥ à�áç¥â� ¯®ª�§�â¥«¥© −�¤¥¦−®áâ¨ ¤«ï à�§«¨ç−ëå �àå¨â¥ªâãà−ëå
áå¥¬ á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï. ‚ à�§¤. 4 ¯à®¢®¤¨âáï �−�«¨§ ¯®«ãç¥−−ëå
à¥§ã«ìâ�â®¢ ¨ ¯à¥¤«�£�îâáï à¥ª®¬¥−¤�æ¨¨ ¯® ®¯â¨¬¨§�æ¨¨ §�âà�â −� ®¡á«ã¦¨¢�-
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−¨¥ ¨ à¥¬®−â. ‚ §�ª«îç¥−¨¨ áâ�âì¨ ¯®¤¢®¤ïâáï −¥ª®â®àë¥ ¨â®£¨ ¨ ®¯à¥¤¥«ïîâáï
−�¯à�¢«¥−¨ï ¤�«ì−¥©è¨å ¨áá«¥¤®¢�−¨© ¯® ¤�−−®© â¥¬�â¨ª¥.

2 Описание конструкции

�¤−� ¨§ ¯®¤á¨áâ¥¬ à¥�ªâ®à� ˆ’�÷ | á¨áâ¥¬� í«¥ªâà®¯¨â�−¨ï, ª®â®à�ï
á®áâ®¨â ¨§ ãáâà®©áâ¢� ª®¬¬ãâ�æ¨¨ â®ª� ¨ ¢ë¢®¤� í−¥à£¨¨ ¨§ á¢¥àå¯à®¢®¤ïé¨å
®¡¬®â®ª, á¨«®¢ëå æ¥¯¥© ¯®áâ®ï−−®£® â®ª� ¨ ¨§¬¥à¨â¥«ì−ëå ãáâà®©áâ¢. ˆáå®¤−ë¥
âà¥¡®¢�−¨ï ª à�§à�¡®âª¥ ¨ ¨§£®â®¢«¥−¨î ®¯à¥¤¥«¥−ë ¢ â¥å−¨ç¥áª®¬ §�¤�−¨¨ (’‡).

�à�ªâ¨ç¥áª¨ ¢á¥ ®¡®àã¤®¢�−¨¥, ®â−®áïé¥¥áï ª�ª ª á¨áâ¥¬¥ í«¥ªâà®¯¨â�−¨ï,
â�ª ¨ ª ®áâ�«ì−ë¬ á¨áâ¥¬�¬ ˆ’�÷, ã−¨ª�«ì−® ¨ −¥ ¨¬¥¥â �−�«®£®¢ −� ¬¨à®-
¢®¬ àë−ª¥, çâ® âà¥¡ã¥â ¯à®¢¥¤¥−¨ï á¯¥æ¨�«ì−ëå à�§à�¡®â®ª. �à¨¬¥−¨â¥«ì−®
ª á¨áâ¥¬¥ í«¥ªâà®¯¨â�−¨ï −�¨¡®«¥¥ á«®¦−®© §�¤�ç¥© ¯à¥¤áâ�¢«ï¥âáï á®§¤�−¨¥
ª®¬¬ãâ�æ¨®−−ëå �¯¯�à�â®¢, á¯®á®¡−ëå ¤«¨â¥«ì−® ¢ë¤¥à¦¨¢�âì á¢¥àå¢ëá®ª¨¥
â®ª¨ (¤® 70 ª�), ®âª«îç�âì ¨å ¯®¤ ¢ëá®ª¨¬ −�¯àï¦¥−¨¥¬ (¤® 10 ª‚) ¨ ¯à¨ íâ®¬
®¡«�¤�âì ¢ëá®ª¨¬ ¡ëáâà®¤¥©áâ¢¨¥¬.

�«®ª¨ ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨ ¨§ ª�âãè¥ª â®à®¨¤�«ì−®£® ¯®«ï (TF FDU |
Toroidal Field Fast Discharge Units), ï¢«ïîé¨¥áï ç�áâìî á¨áâ¥¬ë í«¥ªâà®¯¨-
â�−¨ï, ¤®«¦−ë á®áâ®ïâì ¨§ �¢â®¬�â¨ç¥áª¨å ¢ëª«îç�â¥«¥© ¯®áâ®ï−−®£® â®ª�,
ª®â®àë¥ à�§¬ëª�îâáï ¯® ª®¬�−¤¥ ¢ á«ãç�¥ £�è¥−¨ï ª�âãèª¨ TF ¨«¨ ¤àã£®£®
â¨¯� −¥¨á¯à�¢−®áâ¨ ¤«ï ¯¥à¥−�¯à�¢«¥−¨ï â®ª� ¨§ ª�âãè¥ª TF, ¡«®ª� à�§àï¤−ëå
à¥§¨áâ®à®¢, á«ã¦�é¥£® ¤«ï ¢ë¢®¤� ¬�£−¨â−®© í−¥à£¨¨ ¨§ ª�âãè¥ª TF, ¨ ¬¥áâ-
−®£® ¡«®ª� ã¯à�¢«¥−¨ï (Local I&C System), ¯à¥¤−�§−�ç¥−−®£® ¤«ï ã¯à�¢«¥−¨ï
ª®¬¯®−¥−â�¬¨ ¢ á®áâ�¢¥ FDU ¯à¨ ¢ë¯®«−¥−¨¨ ®á−®¢−®© äã−ªæ¨¨.

”ã−ªæ¨®−�«ì−®¥ −�§−�ç¥−¨¥ ¡«®ª®¢ ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨ ¬®¦−® ®¯à¥-
¤¥«¨âì ª�ª á�−ªæ¨®−¨à®¢�−−®¥ ¯¥à¥ª«îç¥−¨¥ â®ª�, â¥ªãé¥£® ç¥à¥§ ª�âãèª¨
â®à®¨¤�«ì−®£® ¯®«ï ¢ −®à¬�«ì−®¬ à¥¦¨¬¥, ¢ æ¥¯ì à�§àï¤−ëå à¥§¨áâ®à®¢ ¤«ï
®¡¥á¯¥ç¥−¨ï ¢ë¢®¤� ¬�£−¨â−®© í−¥à£¨¨ ¨§ ª�âãè¥ª ¢ á«ãç�¥ −�àãè¥−¨ï á¢¥àå-
¯à®¢®¤¨¬®áâ¨ ¨«¨ ¤àã£¨å −¥èâ�â−ëå á¨âã�æ¨©.

„«ï à¥�«¨§�æ¨¨ á¢®¥£® äã−ªæ¨®−�«ì−®£® −�§−�ç¥−¨ï ¡«®ª¨ ¡ëáâà®£® ¢ë¢®¤�
í−¥à£¨¨ ¤®«¦−ë à¥è�âì á«¥¤ãîé¨¥ §�¤�ç¨:

{ ®¡¥á¯¥ç¥−¨¥ ¡¥§®âª�§−®£® ¯à®â¥ª�−¨ï â®ª� â®à®¨¤�«ì−ëå ª�âãè¥ª ç¥à¥§
ãáâà®©áâ¢® ¢ −®à¬�«ì−®¬ à¥¦¨¬¥;

{ ®¡¥á¯¥ç¥−¨¥ á�−ªæ¨®−¨à®¢�−−®£® ¯¥à¥ª«îç¥−¨ï â®ª�, â¥ªãé¥£® ç¥à¥§ ª�âãè-
ª¨ â®à®¨¤�«ì−®£® ¯®«ï ¢ −®à¬�«ì−®¬ à¥¦¨¬¥, ¢ æ¥¯ì à�§àï¤−ëå à¥§¨áâ®à®¢
¯à¨ −¥¯à¥¢ëè¥−¨¨ ª®¬¬ãâ�æ¨®−−ë¬¨ ¯¥à¥−�¯àï¦¥−¨ï¬¨ §�¤�−−ëå ¢ ’‡
®£à�−¨ç¥−¨©;

{ ®¡¥á¯¥ç¥−¨¥ −¥¢®§¬®¦−®áâ¨ −¥á�−ªæ¨®−¨à®¢�−−®£® ¯¥à¥ª«îç¥−¨ï â®ª�, â¥ªã-
é¥£® ç¥à¥§ ª�âãèª¨ ¯®«ï ¢ −®à¬�«ì−®¬ à¥¦¨¬¥, ¢ æ¥¯ì à�§àï¤−ëå à¥§¨áâ®à®¢;

{ ®¡¥á¯¥ç¥−¨¥ èâ�â−®£® à�áá¥¨¢�−¨ï ¢ë¢®¤¨¬®© í−¥à£¨¨ −� à�§àï¤−ëå à¥§¨á-
â®à�å;
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

÷¨á. 1 ‘å¥¬� TF FDU

{ ¯¥à¥¤�ç� ª®¬�−¤ë −� áà�¡�âë¢�−¨¥ ¨ ¢ë¤�ç� ¨−ä®à¬�æ¨¨ ® £®â®¢−®áâ¨ ¨§¤¥-
«¨ï ª èâ�â−®¬ã äã−ªæ¨®−¨à®¢�−¨î.

„¥¢ïâì ¡«®ª®¢ ¡ëáâà®£® à�§àï¤� ¤®«¦−ë ¡ëâì ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−ë
á ¤¥¢ïâìî ¯�à�¬¨ ª�âãè¥ª ¤«ï ¡ëáâà®£® ¢ë¢®¤� −�ª®¯«¥−−®© ¬�£−¨â−®© í−¥à£¨¨.

‘å¥¬� TF FDU ¯à¥¤áâ�¢«¥−� −� à¨á. 1.
‚ ª�¦¤®¬ ¡«®ª¥ ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨ (FDU) ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−ë

¤¢� �¢â®¬�â¨ç¥áª¨å ¢ëª«îç�â¥«ï.
�¥à¢ë©, −�§ë¢�¥¬ë© ¡«®ª®¬ ª®¬¬ãâ�æ¨¨ â®ª� (CCU), à�ááç¨â�− −� ¬−®£®-

ªà�â−ãî à�¡®âã ¨ à�§¬ëª�¥âáï ¯à¨ ®¡−�àã¦¥−¨¨ £�è¥−¨ï â®ª�.
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‚â®à®© ¢ëª«îç�â¥«ì á® ¢§àë¢−ë¬ ¯à¨¢®¤®¬ (PB) á £¥−¥à�â®à®¬ ¯ãáª®¢ëå
¨¬¯ã«ìá®¢ (FPG) ¨á¯®«ì§ã¥âáï ¢ ª�ç¥áâ¢¥ à¥§¥à¢−®£®, ¥á«¨ CCU ¢ë©¤¥â ¨§
áâà®ï.

�«®ª ª®¬¬ãâ�æ¨¨ â®ª� á®áâ®¨â ¨§ ¬¥å�−¨ç¥áª®£® ®¡å®¤−®£® ¢ëª«îç�â¥«ï
(BPS) ¨ ¢�ªãã¬−®£® ¢ëª«îç�â¥«ï (VCB), á®¥¤¨−¥−−ëå ¯�à�««¥«ì−® ¨ ®¡à�§ãî-
é¨å ¤¢ãåáâã¯¥−ç�âë© á¨«ì−®â®ç−ë© ¬¥å�−¨ç¥áª¨© ¢ëª«îç�â¥«ì (SWG).

��à�««¥«ì−® á CCU ¨ PB ãáâ�−®¢«¥− á−�¡¡¥à−ë© ª®−âãà (SC) ¤«ï ¯à¥¤®â-
¢à�é¥−¨ï ¯¥à¥−�¯àï¦¥−¨ï −� ª«¥¬¬�å ª�âãè¥ª.

–¥¯ì ¯à®â¨¢®¨¬¯ã«ìá� (CPC), ¯à¥¤áâ�¢«ïîé�ï á®¡®© ¥¬ª®áâ−®© −�ª®¯¨â¥«ì
í−¥à£¨¨, á®áâ®¨â ¨§ ¤¢ãå ®¤−®−�¯à�¢«¥−−ëå ¡«®ª®¢ ¯à®â¨¢®¨¬¯ã«ìá� (CPC-U1
¨ CPC-U2) ¨ §�àï¤−®£® ãáâà®©áâ¢� (CH).

‘¨áâ¥¬� ¢®¤ï−®£® ®å«�¦¤¥−¨ï á ª®««¥ªâ®à®¬ ®å«�¦¤�îé¥© ¢®¤ë (CWC)
¯à¥¤−�§−�ç¥−� ¤«ï ®å«�¦¤¥−¨ï PB, SWG ¨ ¬¥¤−ëå è¨−.

Локальная система управления и контроля FDU (Local I&C System)

÷�áá¬®âà¨¬ ¡®«¥¥ ¯®¤à®¡−® «®ª�«ì−ãî á¨áâ¥¬ã ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï FDU
(Local I&C System). ‹®ª�«ì−�ï á¨áâ¥¬� I&C | −¥®âê¥¬«¥¬�ï ç�áâì TF FDU
¨ ¯à¥¤−�§−�ç¥−� ¤«ï ã¯à�¢«¥−¨ï ª®¬¯®−¥−â�¬¨, ¢å®¤ïé¨¬¨ ¢ á®áâ�¢ FDU, ¯à¨
¢ë¯®«−¥−¨¨ ®á−®¢−®© äã−ªæ¨¨, � ¨¬¥−−®: §�é¨âë á¢¥àå¯à®¢®¤ïé¨å ª�âãè¥ª
TF ¢ á«ãç�¥ £�è¥−¨ï ¨«¨ ¤àã£¨å â¨¯®¢ �¢�à¨©−ëå á®¡ëâ¨©, ª®â®àë¥ ¬®£ãâ
¯®â¥−æ¨�«ì−® ¯®¢à¥¤¨âì ª�âãèª¨ ¨«¨ á¨«®¢®¥ ®¡®àã¤®¢�−¨¥.

Šà®¬¥ â®£®, «®ª�«ì−�ï á¨áâ¥¬� I&C ¤®«¦−� ¢ë¯®«−ïâì á«¥¤ãîé¨¥ ¤®¯®«−¨-
â¥«ì−ë¥ äã−ªæ¨¨.

”ã−ªæ¨ï 1. Œ¥áâ−®¥ ã¯à�¢«¥−¨¥ á¨áâ¥¬®© ¢ á«ãç�¥ â¥å−¨ç¥áª®£® ®¡á«ã¦¨-
¢�−¨ï ¨«¨ ®âª�§� æ¥−âà�«ì−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï.

”ã−ªæ¨ï 2. �à¨¢¥¤¥−¨¥ ¢ á®áâ®ï−¨¥ £®â®¢−®áâ¨ TF FDU ¢ �¢â®¬�â¨ç¥áª®¬
à¥¦¨¬¥ ¯® ª®¬�−¤�¬ I&C-áâ�−æ¨¨.

”ã−ªæ¨ï 3. �¯¥à�â¨¢−ë© ª®−âà®«ì ¨ ã¯à�¢«¥−¨¥ ¢ á®áâ®ï−¨¨ £®â®¢−®áâ¨,
ª®£¤� â®ª á¢¥àå¯à®¢®¤ïé¨å ª�âãè¥ª ¯à®å®¤¨â ç¥à¥§ ª®−â�ªâ−ãî á¨áâ¥¬ã
FDU.

”ã−ªæ¨ï 4. ‚ë¯®«−¥−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ®¯¥à�æ¨© ¡ëáâà®£® à�§àï¤�
¢ á«ãç�¥ £�è¥−¨ï ¨«¨ ¤àã£®£® â¨¯� −¥¨á¯à�¢−®áâ¥© (äã−ªæ¨ï ¡«®ª¨à®¢ª¨).

‹®ª�«ì−�ï á¨áâ¥¬� ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï FDU ¢ª«îç�¥â ¢ á¥¡ï á«¥¤ãîé¥¥
®¡®àã¤®¢�−¨¥:

{ èª�ä ¬¥áâ−®£® ã¯à�¢«¥−¨ï FDU (FDU LCC) | ®¡¥á¯¥ç¨¢�¥â à�§¬¥é¥−¨¥
ª®−âà®««¥à®¢, í«¥ªâà®−−ëå ãáâà®©áâ¢ ¨ ¯«�â, ¨−ä®à¬�æ¨®−−ë¥ ¨ í«¥ªâà¨-
ç¥áª¨¥ á¢ï§¨ ¬¥¦¤ã ª®¬¯®−¥−â�¬¨;

{ ¯¥à¨ä¥à¨©−ë¥ ¡«®ª¨ ã¯à�¢«¥−¨ï (¡«®ª¨ A, B ¨ C), à�á¯®«®¦¥−−ë¥ àï¤®¬
á SWG;

{ ¤�âç¨ª¨:
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

◦ ¤�âç¨ª ¤ã£®¢®£® −�¯àï¦¥−¨ï (AVD-U), à�á¯®«®¦¥−−ë© −� ¡«®ª¥ VCB;

◦ ¤¢� ¬�£−¨â−ëå ¬®¤ã«ïâ®à� MM1 ¨ MM2, à�á¯®«®¦¥−−ë¥ −� PB, ª®â®àë¥
ï¢«ïîâáï ç�áâï¬¨ ¤¢ãå ¤�âç¨ª®¢ −ã«¥¢®£® â®ª� (ZCD1 ¨ ZCD2).

‘¨áâ¥¬� «®ª�«ì−®© ¡«®ª¨à®¢ª¨ I&C à¥�«¨§®¢�−� ª�ª ®â¤¥«ì−�ï ¯®¤á¨áâ¥¬�
¢ á®áâ�¢¥ Local I&C System ¨ ®¡¥á¯¥ç¨¢�¥â ¢ë¯®«−¥−¨¥ äã−ªæ¨¨ 4 ¨ ¢ª«îç�¥â
¢ á¥¡ï á«¥¤ãîé¨¥ ãáâà®©áâ¢�:

{ ¤¢� ª®−âà®««¥à� ¬¥áâ−®© ¡«®ª¨à®¢ª¨ | F-LIC 1 ¨ F-LIC 2 (Siemens FM
352-5) | ¯¥à¢ë© ¯à¥¤−�§−�ç¥− ¤«ï ã¯à�¢«¥−¨ï ®¡®àã¤®¢�−¨¥¬ á¨«ì−®â®ç−®£®
¬¥å�−¨ç¥áª®£® ¢ëª«îç�â¥«ï (SWG) ¢ à¥¦¨¬¥ à¥�«ì−®£® ¢à¥¬¥−¨ ¯à¨ ¡ëáâà®©
à�§àï¤ª¥, � ¢â®à®© | ¤«ï ã¯à�¢«¥−¨ï à¥§¥à¢−ë¬ ¢ëª«îç�â¥«¥¬ (PB) ¢ á«ãç�¥
−¥¨á¯à�¢−®áâ¨ ã¯à�¢«¥−¨ï ®á−®¢−®© ¡«®ª¨à®¢ª¨ á® áâ®à®−ë SWG;

{ ¤¢¥ áâ�−æ¨¨ Siemens ET-200M | ¯¥à¥¤�îâ ¨−ä®à¬�æ¨î ® á¨£−�«�å á F-LIC 1
¨ F-LIC 2 −� ª®−âà®««¥à ¡«®ª¨à®¢ª¨ ãáâ�−®¢ª¨ ¨ «®ª�«ì−ë© ª®−âà®««¥à
§�¬¥¤«¥−¨ï á¨áâ¥¬ë Conventional I&C;

{ ¨−â¥àä¥©á−ë© ¡«®ª à�§àï¤−®£® ª®−âãà� (DLIB) | á®¥¤¨−ï¥â á¨áâ¥¬ã «®-
ª�«ì−®© ¡«®ª¨à®¢ª¨ á ¯¥â«ï¬¨ £�è¥−¨ï ¤«ï ¯®¤�ç¨ ª®¬�−¤ë −� ¡ëáâàãî
à�§àï¤ªã;

{ ¨á¯®«−¨â¥«ì−ë¥ ¬¥å�−¨§¬ë ®¡ê¥ªâ®¢ ã¯à�¢«¥−¨ï;

{ ¨áâ®ç−¨ª¨ ®¡à�â−ëå á¨£−�«®¢ ®¡ê¥ªâ®¢ ã¯à�¢«¥−¨ï;

{ ª�−�«ë ¯¥à¥¤�ç¨ á¨£−�«®¢.

”ã−ªæ¨¨ á¨áâ¥¬ë «®ª�«ì−®© ¡«®ª¨à®¢ª¨ I&C á«¥¤ãîé¨¥:

{ ®¡−�àã¦¥−¨¥ á®¡ëâ¨© ¡«®ª¨à®¢ª¨;

{ ¢ë¯®«−¥−¨¥ ¤¥©áâ¢¨© ¡«®ª¨à®¢ª¨;

{ ¨−ä®à¬¨à®¢�−¨¥ æ¥−âà�«ì−®© á¨áâ¥¬ë ¡«®ª¨à®¢ª¨ (CIS) ® «®ª�«ì−ëå á®¡ë-
â¨ïå/¤¥©áâ¢¨ïå;

{ ¨−â¥àä¥©á á á¨áâ¥¬®© ã¯à�¢«¥−¨ï, ¤®áâã¯� ª ¤�−−ë¬ ¨ ª®¬¬ã−¨ª�æ¨¨
(CODAC) ¤«ï ¬®−¨â®à¨−£� ¤�−−ëå («®ª�«ì−ëå ®¯¥à�æ¨©).

‘å¥¬� á¨áâ¥¬ë «®ª�«ì−®© ¡«®ª¨à®¢ª¨ ¯à¥¤áâ�¢«¥−� −� à¨á. 2, £¤¥ BPS |
¡�©¯�á−ë© ¯¥à¥ª«îç�â¥«ì; VCB | ¢�ªãã¬−ë© �¢â®¬�â¨ç¥áª¨© ¢ëª«îç�â¥«ì;
AVD | ¤�âç¨ª ¤ã£®¢®£® −�¯àï¦¥−¨ï; CPC-U1 ¨ CPC-U2 | ®¤−®−�¯à�¢«¥−−ë¥
¡«®ª¨ ¯à®â¨¢®¨¬¯ã«ìá�; PB | ¯¨à®¡à¥©ª¥à; FPG | £¥−¥à�â®à ¯ãáª®¢ëå
¨¬¯ã«ìá®¢; CWC | ª®««¥ªâ®à ®å«�¦¤�îé¥© ¢®¤ë; ZCD1 ¨ ZCD2 | ¤�âç¨ª¨
−ã«¥¢®£® â®ª�.

��¤¥¦−®áâì ¡«®ª®¢ ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨ ¨ á¨áâ¥¬ë ¨å ã¯à�¢«¥−¨ï §�-
¢¨á¨â ®â ª®¬¯«¥ªá−®£® ¯®¤å®¤�, ¢ª«îç�îé¥£® ¯à®¥ªâ¨à®¢�−¨¥, â¥áâ¨à®¢�−¨¥,
íªá¯«ã�â�æ¨î ¨ ¯à®ä¨«�ªâ¨ªã ¢®§¬®¦−ëå á¡®¥¢. �� áâ�¤¨¨ ¯à®¥ªâ¨à®¢�−¨ï
¬®¦−® ¢ë¡à�âì à�§«¨ç−ë¥ �àå¨â¥ªâãà−ë¥ ¬®¤¨ä¨ª�æ¨¨, ª®â®àë¥ ¡ã¤ãâ ®ª�§ë-
¢�âì ¯àï¬®¥ ¢«¨ï−¨¥ −� −�¤¥¦−®áâì ¢á¥© á¨áâ¥¬ë ¢ æ¥«®¬.
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÷¨á. 2 ‘å¥¬� Interlock I&C

3 Методика расчета

„¥©áâ¢¨ï «®ª�«ì−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï FDU (Local I&C)
¯® ¡«®ª¨à®¢ª¥ §�ª«îç�îâáï ¢ à�§àë¢¥ í«¥ªâà¨ç¥áª®© æ¥¯¨ FDU, çâ®¡ë â®ª
á¢¥àå¯à®¢®¤ïé¨å ª�âãè¥ª TF ¡ë« −�¯à�¢«¥− −� à�§àï¤−ë¥ à¥§¨áâ®àë (FDR),
£¤¥ ¡ã¤¥â ¢ëá¢®¡®¦¤¥−� í−¥à£¨ï ¬�£−¨â−®£® ¯®«ï á¢¥àå¯à®¢®¤ïé¨å ª�âãè¥ª.
„«ï íâ®£® á¨áâ¥¬� Local I&C ¡«®ª¨à®¢ª¨ ¢ë¯®«−ï¥â ¡ëáâàãî à�§àï¤ªã.

�� ¤�−−ë© ¬®¬¥−â ¡�§®¢�ï áå¥¬� à¥§¥à¢¨à®¢�−¨ï, ª®â®à�ï ã¦¥ ¨á¯®«ì§ã¥âáï
¢ ˆ’�÷ ¤«ï ®¯¨á�−¨ï à�¡®âë á¨áâ¥¬ë Local I&C, ¯à¥¤áâ�¢«ï¥â á®¡®© ¤¢ãåª®«ì-
æ¥¢ãî áå¥¬ã á «®£¨ª®© ˆ‹ˆ ¬¥¦¤ã ª®«ìæ�¬¨ (¯® ¯ïâì í«¥¬¥−â®¢ ¢ ª®«ìæ¥), £¤¥
á¨áâ¥¬� à�¡®â�¥â, ¥á«¨ à�¡®â�¥â å®âï ¡ë ®¤−® ª®«ìæ®.

Š�ª �«ìâ¥à−�â¨¢ë áãé¥áâ¢ãîé¥© áå¥¬¥ ¯à¥¤«�£�îâáï á«¥¤ãîé¨¥ �àå¨â¥ª-
âãà−ë¥ ¬®¤¨ä¨ª�æ¨¨:
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

{ âà¥åª®«ìæ¥¢�ï á «®£¨ª®© ˆ‹ˆ ¬¥¦¤ã ª®«ìæ�¬¨;

{ ¤¢ãåª®«ìæ¥¢�ï á ¯�à�««¥«ì−ë¬ à¥§¥à¢¨à®¢�−¨¥¬ í«¥¬¥−â®¢.

3.1 Двухкольцевая схема с логикой ИЛИ между кольцами

‹®£¨ç¥áª�ï áå¥¬� ¤«ï ®¯à¥¤¥«¥−¨ï ‚�÷ ¯à¥¤áâ�¢«¥−� −� à¨á. 3.
�� ®á−®¢�−¨¨ «®£¨ç¥áª®© áå¥¬ë ¯ãâ¥¬ à�áç¥â� á ¨á¯®«ì§®¢�−¨¥¬ áâ�−¤�àâ−ëå

¬®¤¥«¥© ®âª�§®¢ ¤«ï ª�¦¤®£® ª®¬¯®−¥−â� ®¯à¥¤¥«¥−ë ¯®ª�§�â¥«¨ ¡¥§®âª�§−®áâ¨
(â�¡«. 1).

÷�§¬¥à−®áâì ‚� 1/£®¤ ®âà�¦�¥â áà¥¤−¥¥ ç¨á«® ®âª�§®¢ í«¥¬¥−â� ¨«¨ ¯®¤á¨-
áâ¥¬ë §� ®¤¨− £®¤ íªá¯«ã�â�æ¨¨. ‘¨áâ¥¬� ¨§−�ç�«ì−® ¯à®¥ªâ¨à®¢�«�áì á ¢−ãâ-
à¥−−¨¬ ¤ã¡«¨à®¢�−¨¥¬: ¤«ï ®¡¥á¯¥ç¥−¨ï ®á−®¢−®© äã−ªæ¨¨ ¤®áâ�â®ç−® ¨¬¥âì
à�¡®â®á¯®á®¡−ë¬¨ 7 ¡«®ª®¢ TF FDU ¨§ 9. ‚¥à®ïâ−®áâì ¡¥§®âª�§−®© à�¡®âë
á¨áâ¥¬ë (áå¥¬� k-¨§-n) ¬®¦−® à�ááç¨â�âì ¯® ä®à¬ã«¥:

PTFFDU =

n∑

i=k

(
n

n− i

)
PiQn−i , (1)

£¤¥ P| ‚�÷; Q | ‚�.

÷¨á. 3 ‹®£¨ç¥áª�ï �àå¨â¥ªâãà� ¨áå®¤−®© ¤¢ãåª®«ìæ¥¢®© áå¥¬ë à¥§¥à¢¨à®¢�−¨ï ¤«ï
®æ¥−ª¨ ¡¥§®âª�§−®áâ¨ «®ª�«ì−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï FDU

’�¡«¨æ� 1 �®ª�§�â¥«¨ ¡¥§®âª�§−®áâ¨ ¤«ï á¨áâ¥¬ë Local I&C ¯® ¡«®ª¨à®¢ª¥ TF FDU
¨ ¥£® ª®¬¯®−¥−â®¢

Š®¬¯®−¥−â
‚�÷ ‚�, 1/£®¤�®§¨æ¨ï −� à¨á. 3 �¡®§−�ç¥−¨¥

1 LCC power supply #1 0,9829 0,0171
2 LCC power supply #2 0,9829 0,0171
3 F-LIC #1 (BP1) 0,9798 0,0202
4 F-LIC #2 (BP2) 0,9798 0,0202
5 Interlock A board 0,9146 0,0854
6 Interlock B board 0,9732 0,0268
7 Unit A 0,8459 0,1541
8 Unit B 0,9419 0,0581
9 Channels of SWG local control 0,9668 0,0332
10 Channels of Pirobreaker local control 0,8956 0,1044

1 + 3 + 5 + 7 + 9 Interlock 1 ring 0,7203 0,2797
2 + 4 + 6 + 8 + 10 Interlock 2 ring (redundant control channel) 0,7906 0,2094

ˆâ®£ 0,9414 0,0586
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�®¤áâ�¢¨¬ ¤�−−ë¥ ¢ ä®à¬ã«ã (1):

PTFFDU =

((
9
7

)
· 0,94147 · 0,05862

)
+

((
9
8

)
· 0,94148 · 0,05861

)
+

+

((
9
9

)
· 0,94149 · 0,05860

)
≈ 0,9871.

’�ª¨¬ ®¡à�§®¬, ‚�÷ á¨áâ¥¬ë ¡ëáâà®£® ¢ë¢®¤� í−¥à£¨¨ ¨§ â®à®¨¤�«ì−ëå ª�-
âãè¥ª ¯à¨ ¤¢ãåª®«ìæ¥¢®© áå¥¬¥ ¯®¤ª«îç¥−¨ï á «®£¨ª®© ˆ‹ˆ á®áâ�¢«ï¥â 0,9871.

÷�ááç¨â�−−�ï ‚�÷ å�à�ªâ¥à¨§ã¥â ¤�−−ãî á¨áâ¥¬ã ª�ª ¤®áâ�â®ç−® −�¤¥¦−ãî.
�¤−�ª® á«¥¤ã¥â ãç¨âë¢�âì, çâ® íâ® ‚�÷ ®¤−®© ¨§ ¯®¤á¨áâ¥¬, ¯®íâ®¬ã ¤«ï
ª®−¥ç−®© á¨áâ¥¬ë ‚�÷ ¬®¦¥â ®ª�§�âìáï −¨¦¥, ç¥¬ â®£® âà¥¡ã¥â ’‡.

‚ á«¥¤ãîé¨å ¯®¤à�§¤¥«�å à�áá¬®âà¥−ë �«ìâ¥à−�â¨¢−ë¥ ª®−ä¨£ãà�æ¨¨ áå¥¬ë
à¥§¥à¢¨à®¢�−¨ï ¤«ï ®æ¥−ª¨ −¥®¡å®¤¨¬®áâ¨ ¯®¢ëè¥−¨ï −�¤¥¦−®áâ¨.

3.2 Трехкольцевая схема с логикой ИЛИ между кольцами

‚ ¤�−−®© ¬®¤¨ä¨ª�æ¨¨ ¤®¡�¢«ï¥âáï âà¥âì¥ à¥§¥à¢−®¥ ª®«ìæ®, á®áâ®ïé¥¥ ¨§
¯ïâ¨ í«¥¬¥−â®¢. �à¨ â�ª¨å ãá«®¢¨ïå á¨áâ¥¬� ¡ã¤¥â ¯à®¤®«¦�âì à�¡®â�âì, ¥á«¨
¡ã¤¥â à�¡®â�âì å®âï ¡ë ®¤−® ¨§ âà¥å ª®«¥æ.

�«ìâ¥à−�â¨¢−ë© ¢�à¨�−â «®£¨ç¥áª®© áå¥¬ë Local I&C ¯à¥¤áâ�¢«¥− −� à¨á. 4.

÷¨á. 4 ‹®£¨ç¥áª�ï �àå¨â¥ªâãà� âà¥åª®«ìæ¥¢®© áå¥¬ë à¥§¥à¢¨à®¢�−¨ï ¤«ï ®æ¥−ª¨
¡¥§®âª�§−®áâ¨ «®ª�«ì−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï FDU

„«ï à�áç¥â� ®¡é¥© ‚�÷ áå¥¬ë ¢ ª�ç¥áâ¢¥ ¤®¯ãé¥−¨ï ¯à¨¬¥¬ ‚�÷ í«¥¬¥−â®¢
âà¥âì¥£® à¥§¥à¢−®£® ª®«ìæ� à�¢−ë¬¨ ‚�÷ í«¥¬¥−â®¢ ¢â®à®£® ª®«ìæ�. �® �−�«®£¨¨
á ¯à¥¤ë¤ãé¥© áå¥¬®© ¯® ä®à¬ã«¥ (1) PTFFDU = 0,99985.

‚¥à®ïâ−®áâì ¡¥§®âª�§−®© à�¡®âë á¨áâ¥¬ë ã¢¥«¨ç¨«�áì ¯® áà�¢−¥−¨î
á ¯à¥¤ë¤ãé¨¬ §−�ç¥−¨¥¬.

3.3 Двухкольцевая схема с параллельным резервированием элементов

‚ ¤�−−®© ¬®¤¨ä¨ª�æ¨¨ ª�¦¤ë© í«¥¬¥−â ¨¬¥¥â ¤ã¡«¨àãîé¨© à¥§¥à¢−ë©
¡«®ª, ®¡¥á¯¥ç¨¢�îé¨© ¯®¢ëè¥−−ãî ®âª�§®ãáâ®©ç¨¢®áâì §� áç¥â «®£¨ª¨ ˆ‹ˆ
ª�ª ¬¥¦¤ã ª®«ìæ�¬¨, â�ª ¨ ¢−ãâà¨ ¯�à.

‚�à¨�−â �àå¨â¥ªâãàë ¯à¥¤áâ�¢«¥− −� à¨á. 5.
�¥§®âª�§−®áâì ¯® â�ª®© áå¥¬¥ ®æ¥−¨¢�¥âáï ¢ −¥áª®«ìª® íâ�¯®¢.
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

÷¨á. 5 ‹®£¨ç¥áª�ï �àå¨â¥ªâãà� ¤¢ãåª®«ìæ¥¢®© áå¥¬ë á à¥§¥à¢¨à®¢�−¨¥¬ í«¥¬¥−â®¢
¤«ï ®æ¥−ª¨ ¡¥§®âª�§−®áâ¨ «®ª�«ì−®© á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¨ ª®−âà®«ï FDU

’�¡«¨æ� 2 ‚¥à®ïâ−®áâì ¡¥§®âª�§−®©
à�¡®âë ¯�à í«¥¬¥−â®¢

�®¬¥à ¯�àë ‚�÷
1{1� 0,9997
2{2� 0,9997
3{3� 0,9993
4{4� 0,9993
5{5� 0,9927
6{6� 0,9699
7{7� 0,9762
8{8� 0,9966
9{9� 0,9988

10{10� 0,9891

1. �à¨ ¨¤¥−â¨ç−®áâ¨ ª�¦¤®£® í«¥¬¥−â� á® á¢®¨¬ ¯�à�««¥«ì−ë¬ à¥§¥à¢−ë¬
¡«®ª®¬ áç¨â�¥¬ ‚�÷ ¯�à í«¥¬¥−â®¢ ¯® ä®à¬ã«¥:

PÐÁÒÙ = 1− (1− P)2,

£¤¥ P| ‚�÷ ª®¬¯®−¥−â� ¨ à¥§¥à¢−®£® ¡«®ª�.
÷¥§ã«ìâ�âë ¢ëç¨á«¥−¨ï ‚�÷ ¯�à ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 2.

2. ‡�â¥¬ ¢ëç¨á«ï¥¬ ¡¥§®âª�§−®áâì ª�¦¤®£® ª®«ìæ�:

{ ‚�÷ ¯¥à¢®£® ª®«ìæ�

0,9997 · 0,9993 · 0,9927 · 0,9762 · 0,9988 = 0,967;

{ ‚�÷ ¢â®à®£® ª®«ìæ�

0,9997 · 0,9993 · 0,9699 · 0,9966 · 0,9891 = 0,955.

3. ‘ç¨â�¥¬ ‚�÷ ¢á¥© á¨áâ¥¬ë:

PÓÉÓÔÅÍÙ = 1− (1− 0,967)(1 − 0,955) = 0,9985.
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’�¡«¨æ� 3 ÷¥§ã«ìâ�âë à�áç¥â� áå¥¬ à¥§¥à¢¨à®¢�−¨ï TF FDU

Š®−ä¨£ãà�æ¨ï áå¥¬ë
—¨á«®

í«¥¬¥−â®¢,
èâ.

‚�÷

„¢ãåª®«ìæ¥¢�ï á¨áâ¥¬� á «®£¨ª®© úˆ‹ˆû
¬¥¦¤ã ª®«ìæ�¬¨ 10 0,9871

’à¥åª®«ìæ¥¢�ï á¨áâ¥¬� á «®£¨ª®© úˆ‹ˆû
¬¥¦¤ã ª®«ìæ�¬¨ 15 0,99985

„¢ãåª®«ìæ¥¢�ï á¨áâ¥¬� á ¯�à�««¥«ì−ë¬
à¥§¥à¢¨à®¢�−¨¥¬ í«¥¬¥−â®¢ 20 0,99999

‚¥à®ïâ−®áâì ¡¥§®âª�§−®© à�¡®âë TF FDU ¯® áå¥¬¥ k-¨§-n ¯® ä®à¬ã«¥ (1)
PTFFDU = 0,9999.

‡−�ç¥−¨¥ ã¢¥«¨ç¨«®áì ¯® áà�¢−¥−¨î á ¯à¥¤ë¤ãé¨¬¨ áå¥¬�¬¨.
÷¥§ã«ìâ�âë à�áç¥â� ¤«ï ¢á¥å ª®−ä¨£ãà�æ¨© áå¥¬ ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 3.
÷¥§ã«ìâ�âë à�áç¥â� ¯®ª�§ë¢�îâ, ª�ª ¨§¬¥−ï¥âáï ‚�÷ ¢ §�¢¨á¨¬®áâ¨ ®â

áâàãªâãàë ¨ ç¨á«� ª®¬¯®−¥−â®¢. ˆáå®¤ï ¨§ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ ¬®¦−®
á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ® −¥â −¥®¡å®¤¨¬®áâ¨ ¢ ¤®¯®«−¨â¥«ì−®¬ à¥§¥à¢¨à®¢�−¨¨
¨ çà¥§¬¥à−®¬ ¯®¢ëè¥−¨¨ −�¤¥¦−®áâ¨. �¥®¡å®¤¨¬® â�ª¦¥ ãç¨âë¢�âì áâ®¨¬®áâì
®¡á«ã¦¨¢�−¨ï â�ª¨å �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨©.

4 Оптимизация затрат на обслуживание и ремонт
при сохранении высокого коэффициента готовности

�à¨ �−�«¨§¥ −�¤¥¦−®áâ¨ â¥å−¨ç¥áª¨å á¨áâ¥¬ ¢�¦−® ãç¨âë¢�âì −¥ â®«ìª®
¢¥à®ïâ−®áâ−ë¥ å�à�ªâ¥à¨áâ¨ª¨, −® ¨ íª®−®¬¨ç¥áª¨¥ ¯®á«¥¤áâ¢¨ï ®âª�§®¢. �á®-
¡¥−−® �ªâã�«ì−ë¬ áâ�−®¢¨âáï ãç¥â §�âà�â −� à¥¬®−â, §�¢¨áïé¨å ®â áã¬¬�à−®£®
¢à¥¬¥−¨ ¢®ááâ�−®¢«¥−¨ï, ªã¤� ¢å®¤¨â −¥ â®«ìª® ¢®ááâ�−®¢«¥−¨¥ á�¬¨å ª®¬¯®-
−¥−â®¢, −® ¨ ®áâ�−®¢ª� ¯à®æ¥áá�, ¤®áâã¯ ª ª®¬¯®−¥−â�¬, §�ªã¯ª�, ¯¥à¥§�¯ãáª
¨ â. ¤. �à¨ íâ®¬ ¥á«¨ ¤«ï á¨áâ¥¬ë ¤®áâ¨£−ãâ ¢ëá®ª¨© ¯®ª�§�â¥«ì £®â®¢−®áâ¨, â®
áãé¥áâ¢ã¥â ¢®§¬®¦−®áâì ®¯â¨¬¨§�æ¨¨ §�âà�â −� à¥¬®−â ¡¥§ á−¨¦¥−¨ï â¥ªãé¥£®
ª®íää¨æ¨¥−â� £®â®¢−®áâ¨. �â® ¢®§¬®¦−® §� áç¥â á−¨¦¥−¨ï á®¢®ªã¯−®© áâ®¨¬®áâ¨
¢®ááâ�−®¢«¥−¨ï ª�¦¤®£® ¨«¨ −¥ª®â®àëå ª®¬¯®−¥−â®¢ á¨áâ¥¬ë ¯à¨ ¯®¬®é¨ ¯®ª�-
§�â¥«¥© MTTF (Mean Time To Failures | −�à�¡®âª� −� ®âª�§) ¨ MTTR (Mean
Time To Repair | áà¥¤−¥¥ ¢à¥¬ï ¢®ááâ�−®¢«¥−¨ï).

�� ¯à¨¬¥à¥ «®ª�«ì−®© á¨áâ¥¬ë ã¯à�¢«−¥¨ï ¨ ª®−âà®«ï TF FDU ¯à®¢¥¤¥¬
®æ¥−ªã §�âà�â ¢ §�¢¨á¨¬®áâ¨ ®â áå¥¬ë à¥§¥à¢¨à®¢�−¨ï. �æ¥−ª� ª®íää¨æ¨¥−â�
£®â®¢−®áâ¨ ¯à®¢®¤¨âáï ¯® ä®à¬ã«¥:

Ai =
MMTFÓÉÓÔ

MTTFÓÉÓÔ +MTTRÓÉÓÔ
,
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

£¤¥ MTTFÓÉÓÔ | −�à�¡®âª� −� ®âª�§ á¨áâ¥¬ë; MTTRÓÉÓÔ | áà¥¤−¥¥ ¢à¥¬ï
¢®ááâ�−®¢«¥−¨ï á¨áâ¥¬ë.

÷�áç¥â MTTF ¨ MTTR á¨áâ¥¬ë ¤«ï à�§−ëå �àå¨â¥ªâãà−ëå áå¥¬ ¯à®¢®¤¨âáï
á ¨á¯®«ì§®¢�−¨¥¬ −�à�¡®â®ª ¨ ¢à¥¬¥−¨ ¢®ááâ�−®¢«¥−¨ï ¥¥ í«¥¬¥−â®¢ ¯à¨ ãç¥â¥ ¯�-
à�««¥«ì−®-¯®á«¥¤®¢�â¥«ì−®£® á®¥¤¨−¥−¨ï á®£«�á−® à¨á. 3{5, â�¡«. 1 ¨ á«¥¤ãîé¨å
ä®à¬ã«:

{ ¨−â¥−á¨¢−®áâì ®âª�§®¢ í«¥¬¥−â� i, 1/ç:

λi = − ln(Pi)

t
,

£¤¥ Pi | ‚�÷ í«¥¬¥−â�; t | ¢à¥¬ï, à�¢−®¥ 8760 ç (1 £®¤);
{ áà¥¤−¥¥ ¢à¥¬ï ¢®ááâ�−®¢«¥−¨ï í«¥¬¥−â� i, ç:

MTTRi =
1

µi
;

{ MTTF ¯à¨ ¯®á«¥¤®¢�â¥«ì−®¬ á®¥¤¨−¥−¨¨, ç:

MTTFring =
1∑
λi

;

{ MTTF ¯à¨ ¯�à�««¥«ì−®¬ á®¥¤¨−¥−¨¨ («®£¨ª� 1 ¨§ 2), ç:

MTTFÓÉÓÔ=

(
1

MTTFring1
+

1

MTTFring2
− 1

MTTFring1 +MTTFring2

)−1

;

{ MTTF ¯à¨ ¯�à�««¥«ì−®¬ á®¥¤¨−¥−¨¨ («®£¨ª� 1 ¨§ 3), ç:

MTTFÓÉÓÔ =

(
1

MTTFring1
+

1

MTTFring2
+

1

MTTFring3
+

+
1

MTTFring1 +MTTFring2 +MTTFring3
− 1

MTTFring1 +MTTFring2
+

+
1

MTTFring1 +MTTFring3
+

1

MTTFring2 +MTTFring3

)−1

;

{ ¢§¢¥è¥−−®¥ áà¥¤−¥¥ MTTR ¯à¨ ¯®á«¥¤®¢�â¥«ì−®¬ á®¥¤¨−¥−¨¨, ç:

MTTRring =

∑
(λiMTTRi)
∑

λi

;
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’�¡«¨æ� 4 ˆáå®¤−ë¥ ¤�−−ë¥ MTTF ¨ MTTR

�®¬¥à
ª®¬¯®−¥−â� λi, 1/ç MTTR , ç MTTF, ç

1 1, 97 · 10−6 8 507 888
2 1, 97 · 10−6 8 507 888
3 2, 86 · 10−6 8 350 258
4 2, 86 · 10−6 8 350 258
5 1, 02 · 10−5 9 98 131
6 2, 17 · 10−5 8,5 46 029
7 1, 91 · 10−5 12 52 344
8 6, 83 · 10−6 14 146 351
9 3, 85 · 10−6 10 259 451

10 1, 26 · 10−5 10 79 448

{ MTTR ¯à¨ ¯�à�««¥«ì−®¬ á®¥¤¨−¥−¨¨ («®£¨ª� 1 ¨§ 2), ç:

MTTRÓÉÓÔ =
λring1MTTRring1 + λring2MTTRring2

λring1 + λring2
;

{ MTTR ¯à¨ ¯�à�««¥«ì−®¬ á®¥¤¨−¥−¨¨ («®£¨ª� 1 ¨§ 3), ç:

MTTRÓÉÓÔ ==
λring1MTTRring1 + λring2MTTRring2 + λring3MTTRring3

λring1 + λring2 + λring3
;

{ MTTF ¤«ï ¯�àë ®¤¨−�ª®¢ëå í«¥¬¥−â®¢, ç:

MTTFÐÁÒÙ = 1,5MTTFi ;

{ MTTR ¤«ï ¯�àë ®¤¨−�ª®¢ëå í«¥¬¥−â®¢, ç:

MTTRÐÁÒÙ =
MTTRi

2
.

ˆáå®¤−ë¥ ¤�−−ë¥ MTTF ¨ MTTR ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 4, −®¬¥à� ª®¬¯®-
−¥−â®¢ á®®â¢¥âáâ¢ãîâ à¨á. 3.

Š®¬¯®−¥−âë 11{15 âà¥âì¥£® ª®«ìæ� (á¬. à¨á. 4) | ¤ã¡«¨ª�âë ª®¬¯®−¥−â®¢
¢â®à®£® ª®«ìæ�, � §−�ç¥−¨ï MTTR ¨ MTBF ¤«ï ª®¬¯®−¥−â®¢ 1�{10� (á¬. à¨á. 5)
¯à¨−¨¬�îâ §−�ç¥−¨ï ª®¬¯®−¥−â®¢ 1{10.

‡�¤�ç� ®¯â¨¬¨§�æ¨¨ §�ª«îç�¥âáï ¢ ¬¨−¨¬¨§�æ¨¨ áã¬¬�à−ëå §�-
âà�â −� à¥¬®−â ¯à¨ á®åà�−¥−¨¨ §�¤�−−®£® ª®íää¨æ¨¥−â� £®â®¢−®áâ¨:
min{MTTRi}

∑N
i=1CÒÅÍ(MTTRi), £¤¥ CÒÅÍ | áâ®¨¬®áâì ®¡á«ã¦¨¢�−¨ï ¨ à¥-

¬®−â� í«¥¬¥−â�, ã. ¥.; N | ç¨á«® í«¥¬¥−â®¢ ¢ á¨áâ¥¬¥.
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ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï �àå¨â¥ªâãà−ëå ¬®¤¨ä¨ª�æ¨© áå¥¬ à¥§¥à¢¨à®¢�−¨ï

’�¡«¨æ� 5 ÷¥§ã«ìâ�âë à�áç¥â� ª®íää¨æ¨¥−â� £®â®¢−®áâ¨ áå¥¬ à¥§¥à¢¨à®¢�−¨ï á¨áâ¥¬ë
TF FDU

Š®−ä¨£ãà�æ¨ï áå¥¬ë MTTR, ç MTTF, ç Ai

„¢ãåª®«ìæ¥¢�ï á¨áâ¥¬� á «®£¨ª®© úˆ‹ˆû
¬¥¦¤ã ª®«ìæ�¬¨ 10,5 48 430 0,9997

’à¥åª®«ìæ¥¢�ï á¨áâ¥¬� á «®£¨ª®© úˆ‹ˆû
¬¥¦¤ã ª®«ìæ�¬¨ 10,5 62 492 0,9998

„¢ãåª®«ìæ¥¢�ï á¨áâ¥¬� á ¯�à�««¥«ì−ë¬
à¥§¥à¢¨à®¢�−¨¥¬ í«¥¬¥−â®¢ 5,26 72 645 0,9999

�à¨ ®£à�−¨ç¥−¨¨ A({MTTRi}) ≥ AÚÁÄÁÎ, £¤¥ AÚÁÄÁÎ | æ¥«¥¢®© ª®íää¨-
æ¨¥−â £®â®¢−®áâ¨, â�ª¦¥ ®£à�−¨ç¨¢�¥¬ ¯�à�¬¥âàë ¢®ááâ�−®¢«¥−¨ï, ¯à¨ ª®â®àëå
¡�§®¢®¥ ¢à¥¬ï −¥ ¯à¥¢ëè�¥â à�ááç¨â�−−®¥: 0 < MTTRÂÁÚi ≤ MTTRi (áà¥¤−¥¥
¡�§®¢®¥ ¢à¥¬ï ¢®ááâ�−®¢«¥−¨ï á¨áâ¥¬ë).

‚¥«¨ç¨−� §�âà�â CÒÅÍ(MTTRi) ¬®¦¥â ¢®§à�áâ�âì ¯à¨ á®ªà�é¥−¨¨ ¢à¥¬¥−¨
¢®ááâ�−®¢«¥−¨ï, ®âà�¦�ï §�âà�âë −� à¥§¥à¢−ë¥ ª®¬¯®−¥−âë, ¤®¯®«−¨â¥«ì−ë©
¯¥àá®−�« ¨ ¤àã£¨¥ �á¯¥ªâë, ¢ë§¢�−−ë¥ á®ªà�é¥−¨¥¬ MTTR, ¯®íâ®¬ã ¨á¯®«ì§ã¥¬
¯®¤å®¤ ¯à¨à�é¥−−ëå (¤®¯®«−¨â¥«ì−ëå) §�âà�â:

CÒÅÍ(MTTRi) = αi

(
MTTRÂÁÚi −MTTRi

)
, (2)

£¤¥ αi > 0 | ã¤¥«ì−ë¥ §�âà�âë −� á®ªà�é¥−¨¥ ¢à¥¬¥−¨ ¢®ááâ�−®¢«¥−¨ï ¤«ï
á¨áâ¥¬ë i; ¯à¨MTTRi = MTTR

ÂÁÚ
i ¤®¯®«−¨â¥«ì−ë¥ §�âà�âë à�¢−ë −ã«î.

„«ï ¤¥¬®−áâà�æ¨¨ ¯®«®¦¨¬ ãà®¢¥−ì ã¤¥«ì−ëå §�âà�â | 500 ã. ¥./ç. ’�ª
ª�ª ¯¥à¢�ï áå¥¬� (á¬. à¨á. 3) ã¦¥ à¥�«¨§®¢�−� ¢ á¨áâ¥¬¥, ®¯à¥¤¥«¨¬ ¥¥ ª�ª
¡�§®¢ãî ¨ à�ááç¨â�¥¬ ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬®¥ MTTRmax ¤«ï ª�¦¤®© ¨§ áå¥¬,
¯à¨ ª®â®à®¬ ¬®¦−® á®åà�−¨âì ª®íää¨æ¨¥−â £®â®¢−®áâ¨ ¢ 0,9997 ¯® à¥§ã«ìâ�â�¬
â�¡«. 5.

„«ï ¤¢ãåª®«ìæ¥¢®© á¨áâ¥¬ë á «®£¨ª®© ˆ‹ˆ ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬®¥ MTTR:

MTTRmax =
MTTF

AÚÁÄÁÎ
−MTTF = 48 430

0,9997
− 48 430 = 14,53 ç.

‚ ª�ç¥áâ¢¥ ¤®¯ãé¥−¨ï ¯®«®¦¨¬ MTTRi = MTTRmax ¨ ¢ëç¨á«¨¬ §�âà�âë
¯® ä®à¬ã«¥ (2):

CÒÅÍ = 500(10,5− 14,53) = −2006,1 ã. ¥.

�−�«®£¨ç−ë¬ ®¡à�§®¬ ¯à®¢®¤¨¬ à�áç¥â ¤«ï ®áâ�«ì−ëå ª®−ä¨£ãà�æ¨©.
÷¥§ã«ìâ�âë à�áç¥â®¢ ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 6.
�âà¨æ�â¥«ì−ë¥ à¥§ã«ìâ�âë, ¯®«ãç¥−−ë¥ ¢ â�¡«. 6, ¤¥¬®−áâà¨àãîâ ®âáãâáâ¢¨¥

¤®¯®«−¨â¥«ì−ëå §�âà�â −� à¥¬®−â ¨ ¬®£ãâ ¡ëâì ¯à¨à�¢−¥−ë ª 0, çâ® ®âà�¦�¥â
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’�¡«¨æ� 6 ÷¥§ã«ìâ�âë à�áç¥â®¢ §�âà�â

‚¨¤ á¨áâ¥¬ë
—¨á«®

í«¥¬¥−â®¢,
èâ.

αi,
ã. ¥.

MTTRÂÁÚi ,
ç

MTTRmax,
ç

CÒÅÍ,
ã. ¥.

„¢ãåª®«ìæ¥¢�ï á «®£¨ª®© úˆ‹ˆû 10

500

10,5 14,53 −2006,1
’à¥åª®«ìæ¥¢�ï á «®£¨ª®© úˆ‹ˆû 15 10,5 18,75 −4115,4
„¢ãåª®«ìæ¥¢�ï á ¯�à�««¥«ì−ë¬
à¥§¥à¢¨à®¢�−¨¥¬ í«¥¬¥−â®¢ 20 5,26 21,8 −8269,8

¯®«®¦¨â¥«ì−ë© íª®−®¬¨ç¥áª¨© íää¥ªâ. �® ¯®«ãç¥−−ë¬ à¥§ã«ìâ�â�¬ ¬®¦−®
á¤¥«�âì ¢ë¢®¤, çâ® ¢á¥ âà¨ áå¥¬ë ¯®¤å®¤ïâ ¤«ï à¥�«¨§�æ¨¨, ®¤−�ª® ¯® á«®¦−®áâ¨
ª®−ä¨£ãà�æ¨¨ ¨ ¢¢¨¤ã ®âáãâáâ¢¨ï íª®−®¬¨ç¥áª®£® ¯à¥¨¬ãé¥áâ¢� ¯à¨ ¤®¯®«-
−¨â¥«ì−®¬ à¥§¥à¢¨à®¢�−¨¨ ®¯â¨¬�«ì−®© ¯à¥¤áâ�¢«ï¥âáï ¤¢ãåª®«ìæ¥¢�ï áå¥¬�
á «®£¨ª®© ˆ‹ˆ ¤«ï ¤�−−®© á¨áâ¥¬ë. ‚ë¡®à ¡®«¥¥ á«®¦−®© ª®−ä¨£ãà�æ¨¨
áâ�−¥â ®¯à�¢¤�−−ë¬ ¯à¨ ¯®¢ëè¥−−ëå âà¥¡®¢�−¨ïå ª ª®íää¨æ¨¥−âã £®â®¢−®áâ¨,
−�¯à¨¬¥à 0,9999, ¨«¨ ®£à�−¨ç¥−¨ïå −� ¢à¥¬ï ¯à®áâ®ï.

5 Заключение

‚ å®¤¥ ¯à®¢¥¤¥−−®£® �−�«¨§� ¢ë¯®«−¥−� ª®¬¯«¥ªá−�ï ®æ¥−ª� âà¥å à�§«¨ç−ëå
�àå¨â¥ªâãà−ëå áå¥¬ á¨áâ¥¬ë I&C ¯® ¡«®ª¨à®¢ª¥ TF FDU ¯à¨ ¯®¬®é¨ ¯à®áâëå
à�áç¥â−ëå ¯à®æ¥¤ãà. �� ¯¥à¢®¬ íâ�¯¥ ¤«ï ª�¦¤®© áå¥¬ë ¡ë«� à�ááç¨â�−� ‚�÷,
çâ® ¯®§¢®«¨«® ãáâ�−®¢¨âì −¥§−�ç¨â¥«ì−®¥ ¯®«®¦¨â¥«ì−®¥ ¢«¨ï−¨¥ áâàãªâãà−®©
¨§¡ëâ®ç−®áâ¨ −� −�¤¥¦−®áâì ¨áá«¥¤ã¥¬ëå ª®−ä¨£ãà�æ¨©. �� ¢â®à®¬ íâ�¯¥
¢ë¯®«−¥−ë à�áç¥âë ª®íää¨æ¨¥−â®¢ £®â®¢−®áâ¨, −� ®á−®¢¥ ª®â®àëå ¡ë« ®¯à¥-
¤¥«¥− æ¥«¥¢®© ãà®¢¥−ì 0,9997, � â�ª¦¥ ®æ¥−¥−ë ¯à¨à�é¥−−ë¥ ¤®¯®«−¨â¥«ì−ë¥
§�âà�âë ¤«ï á®¯®áâ�¢«¥−¨ï íª®−®¬¨ç¥áª®© íää¥ªâ¨¢−®áâ¨ ¯à¨ ä¨ªá¨à®¢�−−ëå
íªá¯«ã�â�æ¨®−−ëå âà¥¡®¢�−¨ïå.

÷¥§ã«ìâ�âë �−�«¨§� ¯®ª�§�«¨, çâ® ã¢¥«¨ç¥−¨¥ áâàãªâãà−®© ¨§¡ëâ®ç−®áâ¨ −¥
¤�¥â íª®−®¬¨ç¥áª¨å ¯à¥¨¬ãé¥áâ¢ ¯à¨ ¤®áâ¨¦¥−¨¨ §�¤�−−®© £®â®¢−®áâ¨. ‘ â®çª¨
§à¥−¨ï á®¢®ªã¯−®© íää¥ªâ¨¢−®áâ¨ −�¨¡®«¥¥ à�æ¨®−�«ì−®© ¯à¨§−�−� ¤¢ãåª®«ìæ¥-
¢�ï áå¥¬� á «®£¨ª®© ˆ‹ˆ. ’¥¬ −¥ ¬¥−¥¥ ¯à¨ ¨§¬¥−¥−¨¨ âà¥¡®¢�−¨© ®¯â¨¬�«ì−®©
¬®¦¥â ®ª�§�âìáï ¨−�ï �àå¨â¥ªâãà�; ¤�−−ë© ¢ë¢®¤ á«¥¤ã¥â ãç¨âë¢�âì ¯à¨ ¯à®¥ª-
â¨à®¢�−¨¨ ¨ ¬®¤¥à−¨§�æ¨¨ �−�«®£¨ç−ëå á¨áâ¥¬.
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Abstract: The article is devoted to one of the most significant problems in
the creation of the international thermonuclear experimental reactor (ITER) |
ensuring reliability. In particular, it is important to assess the reliability of
elements that belong to various subsystems of the reactor. Using the example
of a real subsystem, the influence of various architectural modifications of
redundancy schemes on the reliability of the interlock function in the fast
energy output system of the ITER thermonuclear reactor is considered. The
article analyzes the variants of structures with different levels of redundancy and
logical coupling. The simulation was performed using the \k-out-of-n" method
(k is the minimum number of elements ensuring the functioning of a system of
n elements) with the calculation of reliability. The results obtained make it
possible to reasonably choose circuit solutions to increase the fault tolerance of
key protective functions.
Keywords: fast energy output system; redundancy; reliability; ITER
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АРХИТЕКТУРА ИССЛЕДОВАТЕЛЬСКОЙ ИНФРАСТРУКТУРЫ
В ОБЛАСТИ КОМПЬЮТЕРНЫХ НАУК

Н. А. Калинин1, Н. А. Скворцов2, С. А. Ступников3

�−−®â�æ¨ï: ‚ ãá«®¢¨ïå à�§¢¨â¨ï ¬¥¦¤¨áæ¨¯«¨−�à−ëå ¨áá«¥¤®¢�â¥«ìáª¨å
¨−äà�áâàãªâãà ¢®§à�áâ�¥â −¥®¡å®¤¨¬®áâì ¨å �¤�¯â�æ¨¨ ª á¯¥æ¨ä¨ª¥ ®â¤¥«ì-
−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥©. “−¨¢¥àá�«ì−ë¥ à¥è¥−¨ï, ®à¨¥−â¨à®¢�−−ë¥ −�
®¡¥á¯¥ç¥−¨¥ ¨áá«¥¤®¢�â¥«¥© ®¡®¡é¥−−ë¬¨ â¨¯�¬¨ ¨áá«¥¤®¢�â¥«ìáª¨å ¤�−−ëå,
−¥ ¬®£ãâ ¡ëâì ®¤¨−�ª®¢® íää¥ªâ¨¢−ë¬¨ ¤«ï à�§−ëå −�¯à�¢«¥−¨© −�ãç−ëå
¨áá«¥¤®¢�−¨©. ‚ ç�áâ−®áâ¨, áãé¥áâ¢ãîé¨¥ ¨−äà�áâàãªâãàë −¥ ãç¨âë¢�îâ
¢ ¤®áâ�â®ç−®© áâ¥¯¥−¨ ®á®¡¥−−®áâ¥© â�ª¨å �àâ¥ä�ªâ®¢, ª�ª ¯à®£à�¬¬−ë© ª®¤,
¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë, çâ® §�âàã¤−ï¥â
¨å ¯à¨¬¥−¥−¨¥ ¤«ï à¥è¥−¨ï §�¤�ç ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª. �à¥¤«®¦¥−
¯®¤å®¤ ª �¤�¯â�æ¨¨ ¡�§®¢®© ¨−äà�áâàãªâãàë ª ®á®¡¥−−®áâï¬ ª®−ªà¥â−®© −�-
ãç−®© ®¡«�áâ¨, ¢ª«îç�îé¨© ¯à®¢¥¤¥−¨¥ �−�«¨§� ¥¥ ¯®âà¥¡−®áâ¥©, ¢ëï¢«¥−¨¥
®á®¡¥−−®áâ¥© ¨á¯®«ì§ã¥¬ëå ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢, ä®à¬¨à®¢�−¨¥
âà¥¡®¢�−¨© ª ¨−äà�áâàãªâãà¥ ¨ ¯à®¥ªâ¨à®¢�−¨¥ �àå¨â¥ªâãàë ¨áá«¥¤®¢�â¥«ì-
áª®© ¨−äà�áâàãªâãàë, ãç¨âë¢�îé¥© á¯¥æ¨ä¨ç¥áª¨¥ âà¥¡®¢�−¨ï ¯à¥¤¬¥â−®©
®¡«�áâ¨. �à�ªâ¨ç¥áª�ï ¯à¨¬¥−¨¬®áâì ¯®¤å®¤� ¯®ª�§�−� −� ¯à¨¬¥à¥ ®¡«�áâ¨
ª®¬¯ìîâ¥à−ëå −�ãª. ‚ à¥§ã«ìâ�â¥ ¯à¥¤«®¦¥−� �àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®©
¨−äà�áâàãªâãàë, ¢ª«îç�îé�ï ¡�§®¢ë¥ ã−¨¢¥àá�«ì−ë¥ ¯®¤á¨áâ¥¬ë ¨ à�áè¨-
àï¥¬�ï á¯¥æ¨�«¨§¨à®¢�−−ë¬¨ ¯®¤á¨áâ¥¬�¬¨. „«ï ¯®ªàëâ¨ï −ã¦¤ ¨áá«¥¤®-
¢�â¥«¥© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ®¡®á−®¢�−� −¥®¡å®¤¨¬®áâì ¯®¤¤¥à¦ª¨
¬−®£®¢¥àá¨®−−®áâ¨ ¯à®£à�¬¬−ëå �àâ¥ä�ªâ®¢, ¨−â¥£à�æ¨¨ ¨−áâàã¬¥−â®¢ à�§-
à�¡®âª¨ ¨ ¨á¯®«−¥−¨ï ¯à®£à�¬¬−®£® ª®¤�. �®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¬®£ãâ
¡ëâì ¨á¯®«ì§®¢�−ë ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà
¢ ¤àã£¨å ¯à¥¤¬¥â−ëå ®¡«�áâïå.

Š«îç¥¢ë¥ á«®¢�: ¯à¨−æ¨¯ë FAIR; �−�«¨§ ¯à¥¤¬¥â−®© ®¡«�áâ¨; ¨áá«¥¤®¢�-
â¥«ìáª¨¥ ¨−äà�áâàãªâãàë; ª®¬¯ìîâ¥à−ë¥ −�ãª¨
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�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª

®¡à�¡�âë¢�âì, �−�«¨§¨à®¢�âì ¨ ¯ã¡«¨ª®¢�âì ¤«ï ®¡¥á¯¥ç¥−¨ï ¢®á¯à®¨§¢®¤¨-
¬®áâ¨ à¥§ã«ìâ�â®¢. �¤−�ª® íâ¨ ¤�−−ë¥ −¥ ¢á¥£¤� «¥£ª®¤®áâã¯−ë ¨ ¬®£ãâ ¡ëâì
¨á¯®«ì§®¢�−ë ¢ ¤àã£¨å ¨áá«¥¤®¢�−¨ïå ¡¥§ ¤®¯®«−¨â¥«ì−®© à�¡®âë ¯® ¨å ¯®¤-
£®â®¢ª¥. ‚ á¢ï§¨ á íâ¨¬ ®á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«ï¥âáï á«¥¤®¢�−¨î ¯à¨−æ¨¯�¬
FAIR [1], ª®â®àë¥ ¤¥ª«�à¨àãîâ −¥®¡å®¤¨¬®áâì ®¡¥á¯¥ç¥−¨ï ®¡−�àã¦¨¢�¥¬®áâ¨
(Findable), ¤®áâã¯−®áâ¨ (Accessible), ¨−â¥à®¯¥à�¡¥«ì−®áâ¨ (Interoperable) ¨ ¯à¨-
£®¤−®áâ¨ ¤«ï ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï (Reusable) ¨áá«¥¤®¢�â¥«ìáª¨å ¤�−−ëå.
�®¬¨¬® ¯à¨−æ¨¯®¢ FAIR ¯à¥¤«�£�«áï àï¤ à�áè¨à¥−¨© ¤«ï ª®−ªà¥â−ëå ¯à¥¤-
¬¥â−ëå ®¡«�áâ¥© [2,3], ª®â®àë¥ ãç¨âë¢�«¨áì ¢ â®© ¨«¨ ¨−®© áâ¥¯¥−¨ ¯à�ªâ¨ç¥áª¨
¢® ¢á¥å á¥à¢¨á�å, ¯à¥¤−�§−�ç¥−−ëå ¤«ï à�§¬¥é¥−¨ï ¨áá«¥¤®¢�â¥«ìáª¨å ¤�−−ëå.
�à¨−æ¨¯ë FAIR ¨¬¥îâ ¡®«ìè®¥ ¢«¨ï−¨¥ ¢ à�§¢¨âëå ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�-
áâàãªâãà�å, ¨ á«¥¤®¢�−¨¥ ¨¬ ¤¥¬®−áâà¨àã¥â ¯®¢ëè¥−¨¥ ®¡é¥© íää¥ªâ¨¢−®áâ¨
¨áá«¥¤®¢�−¨© [4]. Š á®¦�«¥−¨î, −¥á¬®âàï −� §−�ç¨â¥«ì−ë¥ ¯à¥¤¯à¨−¨¬�¥¬ë¥
ãá¨«¨ï, á®åà�−ïîâáï áãé¥áâ¢¥−−ë¥ âàã¤−®áâ¨ ¢ ®¡¥á¯¥ç¥−¨¨ ¯®¢â®à−®£® ¨á¯®«ì-
§®¢�−¨ï −�ãç−ëå ¤�−−ëå.

‘ ®¤−®© áâ®à®−ë, íâ® á¢ï§�−® á −¥¤®áâ�âª®¬ ®á¢¥¤®¬«¥−−®áâ¨ ¨áá«¥¤®¢�â¥«¥©
® ¢�¦−®áâ¨ ¯ã¡«¨ª�æ¨¨ ¤�−−ëå ¨ á¥à¢¨á®¢ ¢ á®®â¢¥âáâ¢¨¨ á ¯à¨−æ¨¯�¬¨ FAIR,
â¥å−¨ç¥áª®© −¥âà¨¢¨�«ì−®áâ¨ á«¥¤®¢�−¨ï ¨¬, á ¯à®¡«¥¬�¬¨ áâ�−¤�àâ¨§�æ¨¨, �¤-
¬¨−¨áâà¨à®¢�−¨ï ¨áá«¥¤®¢�−¨©. ‘ ¤àã£®© áâ®à®−ë, ¢−¥¤à¥−¨¥ ¯à¨−æ¨¯®¢ FAIR
¢ à�§«¨ç−ëå ¯à¥¤¬¥â−ëå ®¡«�áâïå ¯à®¨áå®¤¨â −¥à�¢−®¬¥à−®. �â� á¨âã�æ¨ï
®âç¥â«¨¢® ¯à®ï¢«ï¥âáï ¢ â�ª¨å ®¡«�áâïå, ª�ª ª®¬¯ìîâ¥à−ë¥ −�ãª¨, ¬�â¥¬�â¨-
ª�, íª®−®¬¨ª� ¨ á®æ¨�«ì−ë¥ −�ãª¨, £ã¬�−¨â�à−ë¥ −�ãª¨ [5]. �¤−� ¨§ ¯à¨ç¨−
â�ª®© ¤¨á¯à®¯®àæ¨¨ | −¥¤®áâ�â®ç−ë© ãç¥â ¯®âà¥¡−®áâ¥© ª®−ªà¥â−ëå ¯à¥¤¬¥â-
−ëå ®¡«�áâ¥© ¢ áãé¥áâ¢ãîé¨å ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà�å. �®«ìè�ï
ç�áâì ¨áá«¥¤®¢�â¥«¥© ®£à�−¨ç¨¢�¥âáï ¯ã¡«¨ª�æ¨¥© á¢®¨å ¤�−−ëå ¢ −¥á¯¥æ¨�-
«¨§¨à®¢�−−ëå á¥à¢¨á�å (GitLab, arXiv) ¨«¨ å®à®è® ¨§¢¥áâ−ëå à¥¯®§¨â®à¨ïå
á ®£à�−¨ç¥−−ë¬ äã−ªæ¨®−�«®¬ (Zenodo, Dryad) [6]. ’�ª¨¬ ®¡à�§®¬, ¢®§−¨ª�-
¥â −¥®¡å®¤¨¬®áâì ¢ ¨áá«¥¤®¢�−¨¨ ¨ à�§à�¡®âª¥ �àå¨â¥ªâãàë ¨áá«¥¤®¢�â¥«ìáª®©
¨−äà�áâàãªâãàë, á¯®á®¡−®© ãç¨âë¢�âì ª�ª ¡�§®¢ë¥ ¬¥¦¤¨áæ¨¯«¨−�à−ë¥ âà¥-
¡®¢�−¨ï, â�ª ¨ ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−ë¥ ®á®¡¥−−®áâ¨ ª®−ªà¥â−ëå ®¡«�áâ¥©
¨áá«¥¤®¢�−¨©.

–¥«ì ¤�−−®£® ¨áá«¥¤®¢�−¨ï | à�§à�¡®âª� ¯®¤å®¤� ª �¤�¯â�æ¨¨ ¨áá«¥¤®¢�-
â¥«ìáª¨å ¨−äà�áâàãªâãà ¯®¤ −ã¦¤ë ª®−ªà¥â−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥© ¨ ¤¥¬®−-
áâà�æ¨ï ¥£® ¯à¨¬¥−¥−¨ï ¤«ï ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª. ‚ à�¬ª�å ¯à¥¤«®¦¥−-
−®£® ¯®¤å®¤� ¯à®¢®¤¨âáï �−�«¨§ ¯®âà¥¡−®áâ¥© ®¡«�áâ¨, ¢ëï¢«¥−¨¥ á¯¥æ¨ä¨ª¨
¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢, ä®à¬ã«¨à®¢�−¨¥ âà¥¡®¢�−¨© ª ¨−äà�áâàãªâãà¥
¨ ¯à®¥ªâ¨à®¢�−¨¥ �àå¨â¥ªâãàë, ãç¨âë¢�îé¥© íâ¨ âà¥¡®¢�−¨ï. „«ï ®¡«�áâ¨
ª®¬¯ìîâ¥à−ëå −�ãª ¯à¥¤«®¦¥−� �àå¨â¥ªâãà�, ¢ª«îç�îé�ï á¯¥æ¨�«¨§¨à®¢�−−ë¥
¯®¤á¨áâ¥¬ë åà�−¥−¨ï ¬−®£®¢¥àá¨®−−ëå �àâ¥ä�ªâ®¢, ¨á¯®«−¥−¨ï ª®¤� ¨ ®¡®£�-
é¥−¨ï ¬¥â�¤�−−ëå. �â® ¯®§¢®«ï¥â ¯®¤¤¥à¦¨¢�âì â�ª¨¥ å�à�ªâ¥à−ë¥ ¤«ï ¤�−−®©
®¡«�áâ¨ �àâ¥ä�ªâë, ª�ª ¯à®£à�¬¬−ë© ª®¤ ¨ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë.
„«ï ãç¥â� ®á®¡¥−−®áâ¥© ¯à¥¤¬¥â−ëå ®¡«�áâ¥© ¢ à�§à�¡®â�−−®© �àå¨â¥ªâãà¥
®¡®á−®¢ë¢�¥âáï ¬¥å�−¨§¬ à�áè¨à¥−¨ï ã−¨¢¥àá�«ì−®© ¨−äà�áâàãªâãàë ¯à¥¤-
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¬¥â−®-®à¨¥−â¨à®¢�−−ë¬¨ á¥à¢¨á�¬¨. „�−−®¥ ¨áá«¥¤®¢�−¨¥ ¯à®¢¥¤¥−® ¢ à�¬ª�å
¨áá«¥¤®¢�−¨ï ¡®«¥¥ è¨à®ª®© ¯à®¡«¥¬ë | à�§à�¡®âª¨ ¬¥â®¤®¢ ¯®áâà®¥−¨ï ¬¥¦-
¤¨áæ¨¯«¨−�à−ëå ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà, á¯®á®¡−ëå �¤�¯â¨à®¢�âìáï
ª ®á®¡¥−−®áâï¬ à�§«¨ç−ëå −�ãç−ëå ¤¨áæ¨¯«¨−. �®«ãç¥−−ë¥ à¥§ã«ìâ�âë á®§¤�-
îâ ®á−®¢ã ¤«ï �−�«¨§� ¤àã£¨å ¯à¥¤¬¥â−ëå ®¡«�áâ¥© ¨ ¯®á«¥¤ãîé¥£® ®¡®¡é¥−¨ï
�àå¨â¥ªâãà−ëå à¥è¥−¨©.

‘âàãªâãà� à�¡®âë ¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬. ‚ à�§¤. 2 à�áá¬�âà¨¢�îâáï
®á−®¢−ë¥ íâ�¯ë ¯®¤å®¤� ª �¤�¯â�æ¨¨ ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¯®¤
âà¥¡®¢�−¨ï ª®−ªà¥â−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨. ‚ à�§¤. 3 ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë
�−�«¨§� ¯®âà¥¡−®áâ¥© ¯à¥¤¬¥â−®© ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª. ‚ à�§¤. 4 ¯à¨-
¢®¤ïâáï à¥§ã«ìâ�âë �−�«¨§� áãé¥áâ¢ãîé¨å ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà
¨ ¨å ª®¬¯®−¥−â®¢ ¤«ï ¯®¤¤¥à¦ª¨ ª®¬¯ìîâ¥à−ëå −�ãª. ÷�§¤¥« 5 ¯®á¢ïé¥− ®æ¥−-
ª¥ á®®â¢¥âáâ¢¨ï áãé¥áâ¢ãîé¨å ¨−äà�áâàãªâãà ¯à¨−æ¨¯�¬ FAIR ¯à¨¬¥−¨â¥«ì−®
ª ª«îç¥¢ë¬ �àâ¥ä�ªâ�¬ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª. ‚ ¯®¤à�§¤. 6.1 ä®à-
¬ã«¨àãîâáï âà¥¡®¢�−¨ï, ª®â®àë¬ ¤®«¦−ë á®®â¢¥âáâ¢®¢�âì ¨áá«¥¤®¢�â¥«ìáª¨¥
¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª. ‚ ¯®¤à�§¤. 6.2 ¯à¥¤áâ�¢«¥−�
�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë, ª®â®à�ï ®â¢¥ç�¥â áä®à¬ã«¨à®-
¢�−−ë¬ âà¥¡®¢�−¨ï¬ ¨ ¯à¥¤ãá¬�âà¨¢�¥â ç¥âª®¥ à�§£à�−¨ç¥−¨¥ ¡�§®¢ëå ¨ á¯¥æ¨-
�«¨§¨à®¢�−−ëå äã−ªæ¨© ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë.

2 Подход к адаптации исследовательской инфраструктуры
под нужды предметной области

�¡é¨© ¯®¤å®¤, ¯®§¢®«ïîé¨© ¢ëï¢¨âì ®á®¡¥−−®áâ¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨
¨ áä®à¬ã«¨à®¢�âì ¤«ï ¥¥ ¯®¤¤¥à¦ª¨ á¯¥æ¨ä¨ç¥áª¨¥ âà¥¡®¢�−¨ï ª ¨áá«¥¤®¢�-
â¥«ìáª®© ¨−äà�áâàãªâãà¥, ¢ª«îç�¥â á«¥¤ãîé¨¥ íâ�¯ë.

1. �−�«¨§ ¯®âà¥¡−®áâ¥© ¯à¥¤¬¥â−®© ®¡«�áâ¨: ¯à®¢®¤¨âáï ¨áá«¥¤®¢�−¨¥ á¯¥-
æ¨ä¨ª¨ −�ãç−®© ¤¥ïâ¥«ì−®áâ¨, ¢ëï¢«ïîâáï ®á−®¢−ë¥ â¨¯ë �àâ¥ä�ªâ®¢, ¨−-
áâàã¬¥−âë ¨ á¥à¢¨áë, ¨á¯®«ì§ã¥¬ë¥ ¤«ï ¨å á®§¤�−¨ï, åà�−¥−¨ï ¨ ®¡¬¥−�.
÷¥§ã«ìâ�â®¬ ï¢«ï¥âáï áâàãªâãà¨à®¢�−−®¥ ®¯¨á�−¨¥ ¯®âà¥¡−®áâ¥© ¨ â¨¯¨ç−ëå
¯à�ªâ¨ª.

2. �æ¥−ª� áãé¥áâ¢ãîé¨å à¥è¥−¨©: −� ®á−®¢¥ ¢ëï¢«¥−−ëå ¯®âà¥¡−®áâ¥©
�−�«¨§¨àãîâáï ¤®áâã¯−ë¥ ¨−áâàã¬¥−âë ¨ ¨−äà�áâàãªâãàë, ®æ¥−¨¢�¥âáï
áâ¥¯¥−ì ¯®¤¤¥à¦ª¨ á¯¥æ¨ä¨ç¥áª¨å �àâ¥ä�ªâ®¢ ¨ á®®â¢¥âáâ¢¨¥ ¨å ¯®¤¤¥à¦ª¨
¯à¨−æ¨¯�¬ FAIR, ¢ëï¢«ïîâáï äã−ªæ¨®−�«ì−ë¥ ¯à®¡¥«ë.

3. ”®à¬ã«¨à®¢�−¨¥ âà¥¡®¢�−¨© ª á¯¥æ¨�«¨§¨à®¢�−−®© ¨−äà�áâàãªâãà¥,
á£àã¯¯¨à®¢�−−ëå ¯® −�§−�ç¥−¨î −¥®¡å®¤¨¬ëå äã−ªæ¨© ¨−äà�áâàãªâãàë,
á ®á®¡ë¬ ¢−¨¬�−¨¥¬ ª äã−ªæ¨ï¬, −¥ à¥�«¨§®¢�−−ë¬ ¢ ã−¨¢¥àá�«ì−ëå ¨−-
äà�áâàãªâãà�å, −� ®á−®¢¥ á®¯®áâ�¢«¥−¨ï ¯®âà¥¡−®áâ¥© á ¢®§¬®¦−®áâï¬¨
áãé¥áâ¢ãîé¨å à¥è¥−¨©.

4. �à®¥ªâ¨à®¢�−¨¥ �àå¨â¥ªâãàë ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë. ��
®á−®¢¥ âà¥¡®¢�−¨© à�§à�¡�âë¢�¥âáï �àå¨â¥ªâãà�, ¢ª«îç�îé�ï ª�ª ¡�§®-
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�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª

¢ë¥ äã−ªæ¨¨, ®¡é¨¥ ¤«ï ¯à®¨§¢®«ì−ëå ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà,
â�ª ¨ á¯¥æ¨�«¨§¨à®¢�−−ë¥ äã−ªæ¨¨, ãç¨âë¢�îé¨¥ ®á®¡¥−−®áâ¨ ¯à¥¤¬¥â−®©
®¡«�áâ¨. �®«−®â� �àå¨â¥ªâãàë ®æ¥−¨¢�¥âáï áâ¥¯¥−ìî ¯®ªàëâ¨ï âà¥¡®¢�−¨©.

�à¥¤«®¦¥−−ë© ¯®¤å®¤ ¢ ¤�−−®¬ ¨áá«¥¤®¢�−¨¨ ¯à¨¬¥−ï¥âáï ª ®¡«�áâ¨ ª®¬-
¯ìîâ¥à−ëå −�ãª, ¢ë¡®à ª®â®à®© ®¡ãá«®¢«¥− á«�¡®© ¯à¥¤áâ�¢«¥−−®áâìî ¥¥ �à-
â¥ä�ªâ®¢ ¢ ¬¥¦¤¨áæ¨¯«¨−�à−ëå ¨−äà�áâàãªâãà�å ¨ ¢ëá®ª®© §−�ç¨¬®áâìî ¤«ï
à�§¢¨â¨ï −�ãª¨ ¢ æ¥«®¬ á¢®©áâ¢¥−−ëå ¥© ¯®¢â®à−® ¨á¯®«ì§ã¥¬ëå �àâ¥ä�ªâ®¢,
â�ª¨å ª�ª ¯à®£à�¬¬−ë© ª®¤, ¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ¢ëç¨á«¨â¥«ì−ë¥
íªá¯¥à¨¬¥−âë.

3 Анализ потребностей предметной области компьютерных наук

ˆáá«¥¤®¢�−¨ï ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ®å¢�âë¢�îâ è¨à®ª¨© á¯¥ªâà
§�¤�ç, ¢ª«îç�îé¨© à�§à�¡®âªã −®¢ëå �«£®à¨â¬®¢ ¨ ¢ëç¨á«¨â¥«ì−ëå ¬¥â®¤®¢
�−�«¨§� ¤�−−ëå, ®¡ãç¥−¨¥ ¨ ¯à¨¬¥−¥−¨¥ ¬®¤¥«¥© ¬�è¨−−®£® ®¡ãç¥−¨ï, ¯à®¢¥-
¤¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢. �á−®¢−ë¬¨ �àâ¥ä�ªâ�¬¨ ¨ à¥§ã«ìâ�â�¬¨
â�ª¨å ¨áá«¥¤®¢�−¨© ¢ëáâã¯�îâ:

{ ¯à®£à�¬¬−ë© ª®¤ | ¨áå®¤−ë¥ â¥ªáâë �«£®à¨â¬®¢ ¨ á¯¥æ¨�«¨§¨à®¢�−−ë¥
¡¨¡«¨®â¥ª¨ ¢ëç¨á«¨â¥«ì−ëå ¬¥â®¤®¢;

{ ¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï | ä�©«ë ®¡ãç¥−−ëå ¬®¤¥«¥©, ¤�−−ë¥ ¨ ¬¥â�-
¤�−−ë¥ ®¡ãç¥−¨ï, ª®−ä¨£ãà�æ¨¨ �àå¨â¥ªâãà;

{ ®¯¨á�−¨ï ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢ | ª®−ä¨£ãà�æ¨®−−ë¥ ä�©«ë, áæ¥-
−�à¨¨ §�¯ãáª�, ¦ãà−�«ë ¢ë¯®«−¥−¨ï, ¯�à�¬¥âàë ®ªàã¦¥−¨ï, ä�©«ë ¨−â¥à-
�ªâ¨¢−®£® �−�«¨§�.

�â¨ �àâ¥ä�ªâë â¥á−® á¢ï§�−ë ¢ å®¤¥ ¨áá«¥¤®¢�−¨©: ¯à®£à�¬¬−ë© ª®¤ ¨á¯®«ì-
§ã¥â ¡¨¡«¨®â¥ª¨, íªá¯¥à¨¬¥−âë ®¯¨à�îâáï −� ª®¤ ¨ ¬®¤¥«¨, ¤«ï ¨å ¢®á¯à®¨§¢®-
¤¨¬®áâ¨ ä¨ªá¨àãîâáï á¢¥¤¥−¨ï ®¡ ®ªàã¦¥−¨¨ (§�¢¨á¨¬®áâ¨, ¢¥àá¨¨ ¡¨¡«¨®â¥ª,
¯�à�¬¥âàë §�¯ãáª�). �à®£à�¬¬−ë© ª®¤ | íâ® ®á−®¢−®© ®¡ê¥ªâ à�§à�¡®âª¨ ¨á-
á«¥¤®¢�â¥«¥© ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¨ ¯àï¬®© à¥§ã«ìâ�â ¨áá«¥¤®¢�−¨©. Š®¤ | íâ®
¤�−−ë¥, ®¤−�ª® ®− âà¥¡ã¥â ®á®¡ëå ¯®¤å®¤®¢ ª åà�−¥−¨î, ®¡à�¡®âª¥ ¨ ®âá«¥-
¦¨¢�−¨î à�§¢¨â¨ï. …£® ®á®¡¥−−ë¥ á¢®©áâ¢� | ¨á¯®«−ï¥¬®áâì, −¥®¡å®¤¨¬®áâì
¯®¤¤¥à¦ª¨ §�¢¨á¨¬®áâ¥© ®â à�§«¨ç−ëå ¡¨¡«¨®â¥ª ¨ ®â ®£à�−¨ç¥−¨© áà¥¤ à�§à�-
¡®âª¨, ¨á¯®«−¨â¥«ì−ëå áà¥¤, ®¯¥à�æ¨®−−ëå á¨áâ¥¬ ¨ ®¡®àã¤®¢�−¨ï [3].

÷�¡®â� á �àâ¥ä�ªâ�¬¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ®¯¨à�¥âáï
−� ãáâ®ï¢è¨¥áï ¨−áâàã¬¥−âë á®¢¬¥áâ−®© à�§à�¡®âª¨: à�á¯à¥¤¥«¥−−ë¥ á¨áâ¥¬ë
ª®−âà®«ï ¢¥àá¨© (Git), ¯«�âä®à¬ë ¤«ï å®áâ¨−£� ª®¤� (GitHub, GitLab), áà¥¤áâ¢�
ª®−â¥©−¥à¨§�æ¨¨ (Docker), � â�ª¦¥ ¨−â¥à�ªâ¨¢−ë¥ áà¥¤ë ¤«ï ¯à®¢¥¤¥−¨ï ¨ ¤®-
ªã¬¥−â¨à®¢�−¨ï íªá¯¥à¨¬¥−â®¢ (Jupyter). ˆáá«¥¤®¢�â¥«¨ ®¦¨¤�îâ ¢®§¬®¦−®áâ¨
¢¥â¢«¥−¨ï ¨ á«¨ï−¨ï ¤¨−�¬¨ç¥áª¨ ¬¥−ïîé¥£®áï ¢ ¯à®æ¥áá¥ ¨áá«¥¤®¢�−¨© ª®¤�,
®âá«¥¦¨¢�−¨ï ¨áâ®à¨¨ ¨§¬¥−¥−¨© ¤® ãà®¢−ï ®â¤¥«ì−ëå áâà®ª, á®¢¬¥áâ−®© à�¡®âë
−�¤ ¡¨¡«¨®â¥ª�¬¨ ¨ ¬®¤¥«ï¬¨. „«ï ®¡¥á¯¥ç¥−¨ï ¢®á¯à®¨§¢®¤¨¬®áâ¨ âà¥¡ã¥âáï
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¢®§¬®¦−®áâì −¥ â®«ìª® åà�−¨âì ª®¤, −® ¨ ¢®áá®§¤�¢�âì ®ªàã¦¥−¨¥, ¢ ª®â®à®¬ ®−
¨á¯®«−ï«áï.

4 Анализ существующих исследовательских инфраструктур
и их компонентов для поддержки компьютерных наук

4.1 Отдельные элементы исследовательских инфраструктур

ˆáá«¥¤®¢�â¥«ìáª¨¥ ¨−äà�áâàãªâãàë ¯à¥¤áâ�¢«ïîâ á®¡®© á«®¦−ë¥ á¨áâ¥¬ë,
¢ª«îç�îé¨¥ ¬−®¦¥áâ¢® ª®¬¯®−¥−â®¢, ®¡¥á¯¥ç¨¢�îé¨å åà�−¥−¨¥, ®¡à�¡®âªã,
¯®¨áª ¨ ¯®¢â®à−®¥ ¨á¯®«ì§®¢�−¨¥ −�ãç−ëå ¤�−−ëå. �¥®¡å®¤¨¬® ¢ë¤¥«¨âì
®á−®¢−ë¥ ª�â¥£®à¨¨ â�ª¨å ª®¬¯®−¥−â®¢ ¨ ®æ¥−¨âì, −�áª®«ìª® áãé¥áâ¢ãîé¨¥
à¥è¥−¨ï ãç¨âë¢�îâ á¯¥æ¨ä¨ªã ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢, å�à�ªâ¥à−ëå ¤«ï
¤�−−®© ®¡«�áâ¨.

‚�¦−ë¬ ª®¬¯®−¥−â®¬ ¡®«ìè¨−áâ¢� ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà ï¢«ï-
îâáï à¥¯®§¨â®à¨¨ ¤�−−ëå, ¯à¥¤−�§−�ç¥−−ë¥ ¤«ï ¤®«£®¢à¥¬¥−−®£® åà�−¥−¨ï
¨áá«¥¤®¢�â¥«ìáª¨å ®¡ê¥ªâ®¢. �à¨¬¥à�¬¨ è¨à®ª® ¨á¯®«ì§ã¥¬ëå à¥¯®§¨â®à¨-
¥¢ ®¡é¥£® −�§−�ç¥−¨ï á«ã¦�â Zenodo [7] ¨ Dryad [8]. �® ¬¥à¥ à®áâ� ç¨á«�
à¥¯®§¨â®à¨¥¢ ¢®§−¨ª«� ¯®âà¥¡−®áâì ¢ ¨å ª�â�«®£¨§�æ¨¨ ¤«ï ®¡¥á¯¥ç¥−¨ï ®¡−�àã-
¦¨¢�¥¬®áâ¨ ¤�−−ëå. „«ï íâ®£® á®§¤�îâáï ª�â�«®£¨ à¥¯®§¨â®à¨¥¢ ¨ ¬¥â�¤�−−ëå,
â�ª¨¥ ª�ª re3data [9] ¨ FAIRsharing [10]. „�«ì−¥©è¨¬ à�§¢¨â¨¥¬ íâ®© ¨¤¥¨ áâ�«¨
á¥à¢¨áë-�£à¥£�â®àë ¨ ¯®àâ�«ë −�ãç−ëå ¤�−−ëå, −�¯à¨¬¥à OpenAIRE [11] (¨−-
â¥£à¨à®¢�−−ë© á ¨−äà�áâàãªâãà®© EOSC) ¨ CORE [12], ª®â®àë¥ ®¡¥á¯¥ç¨¢�îâ
¨−â¥£à�æ¨î ¬¥â�¤�−−ëå ¨§ ¬−®¦¥áâ¢� ¨áâ®ç−¨ª®¢.

„«ï à�¡®âë á ¨áá«¥¤®¢�â¥«ìáª¨¬¨ ®¡ê¥ªâ�¬¨ ª�ª −� íâ�¯¥ ¯ã¡«¨ª�æ¨¨, â�ª
¨ ¯à¨ ¯®¢â®à−®¬ ¨á¯®«ì§®¢�−¨¨ á®§¤�îâáï á¯¥æ¨�«¨§¨à®¢�−−ë¥ á¥à¢¨áë-¯®áà¥¤-
−¨ª¨. �−¨ ¯à¥¤®áâ�¢«ïîâ ¤®¯®«−¨â¥«ì−ë¥ ¢®§¬®¦−®áâ¨ ¯® ®¡à�¡®âª¥, �−�«¨§ã,
¢¨§ã�«¨§�æ¨¨ ¨ ¢ë¯®«−¥−¨î ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢. �à¨¬¥àë â�ª¨å
á¥à¢¨á®¢ ¢ª«îç�îâ EGI Cloud Compute [13], Language Resource Switchboard [14],
� â�ª¦¥ á¥à¢¨áë ¯«�âä®à¬ë Open Science Framework (OSF) [15]. Šà®¬¥ â®£®,
¤«ï ¨−â¥£à�æ¨¨ −¥®¤−®à®¤−ëå ª®¬¯®−¥−â®¢ ¯à¨¬¥−ïîâáï áâ�−¤�àâë ¬¥â�¤�−−ëå
¨ á¯¥æ¨ä¨ª�æ¨¨ ¨−â¥àä¥©á®¢ (−�¯à¨¬¥à, DCAT, RO-Crate, OpenAPI).

‚ á«¥¤ãîé¨å ¯®¤à�§¤¥«�å ¯¥à¥ç¨á«¥−−ë¥ ª�â¥£®à¨¨ ª®¬¯®−¥−â®¢ à�áá¬®âà¥-
−ë ¡®«¥¥ ¯®¤à®¡−® á �ªæ¥−â®¬ −� â®, −�áª®«ìª® ®−¨ ã¤®¢«¥â¢®àïîâ ¯®âà¥¡−®áâï¬
¨áá«¥¤®¢�â¥«¥© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ¨ á¯®á®¡áâ¢ãîâ à¥�«¨§�æ¨¨ ¯à¨−-
æ¨¯®¢ FAIR ¤«ï â�ª¨å á¯¥æ¨ä¨ç¥áª¨å �àâ¥ä�ªâ®¢, ª�ª ¯à®£à�¬¬−ë© ª®¤, ¬®¤¥«¨
¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë.

4.2 Репозитории научных данных

÷¥¯®§¨â®à¨¨ ¤�−−ëå ¯à¥¤áâ�¢«ïîâ á®¡®© −�¨¡®«¥¥ ¬−®£®ç¨á«¥−−ãî £àã¯¯ã
à¥è¥−¨© ¢ ®¡«�áâ¨ ®âªàëâ®© −�ãª¨. ˆå ¬®¦−® ª«�áá¨ä¨æ¨à®¢�âì ¯® ®å¢�âã
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�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª

¯à¥¤¬¥â−ëå ®¡«�áâ¥© (®¡é¥£® −�§−�ç¥−¨ï ¨ á¯¥æ¨�«¨§¨à®¢�−−ë¥), � â�ª¦¥ ¯®
â¨¯ã ®à£�−¨§�æ¨¨ (®â ¨−áâ¨âãæ¨®−�«ì−ëå ¤® ¬¥¦¤ã−�à®¤−ëå).

„«ï �−�«¨§� ¢®§¬®¦−®áâ¥© áãé¥áâ¢ãîé¨å à¥¯®§¨â®à¨¥¢ á â®çª¨ §à¥−¨ï ¯®¤-
¤¥à¦ª¨ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ¡ë«¨ ®â®¡à�−ë −�¨¡®«¥¥
ªàã¯−ë¥ ¨ ¯®¯ã«ïà−ë¥ ¬¥¦¤¨áæ¨¯«¨−�à−ë¥ à¥¯®§¨â®à¨¨ −� ®á−®¢¥ ª�â�«®£®¢
re3data.org ¨ FAIRsharing.org. ‚ë¡®à ®¡ãá«®¢«¥− â¥¬, çâ® ªàã¯−ë¥ à¥¯®§¨â®à¨¨
á íªáª«î§¨¢−®© ¯®¤¤¥à¦ª®© ª®¬¯ìîâ¥à−ëå −�ãª ®âáãâáâ¢ãîâ, ®¤−�ª® ¨¬¥−−®
¢ ¬¥¦¤¨áæ¨¯«¨−�à−ëå åà�−¨«¨é�å ¨áá«¥¤®¢�â¥«¨ ¤�−−®© ®¡«�áâ¨ ç�é¥ ¢á¥£®
à�§¬¥é�îâ á¢®¨ ¬�â¥à¨�«ë ¨ à¥§ã«ìâ�âë ¨áá«¥¤®¢�−¨© [6].

Zenodo [7]. Zenodo | ªàã¯−ë© ¬¥¦¤¨áæ¨¯«¨−�à−ë© à¥¯®§¨â®à¨©, ¯®§¢®-
«ïîé¨© åà�−¨âì ¨ à�á¯à®áâà�−ïâì ¨áá«¥¤®¢�â¥«ìáª¨¥ ¤�−−ë¥ ¢ ¯à®¨§¢®«ì−®¬
ä®à¬�â¥. �¡ê¥ªâë á−�¡¦�îâáï ã−¨ª�«ì−ë¬ ¨¤¥−â¨ä¨ª�â®à®¬ DOI ¨ ¬¥â�¤�−-
−ë¬¨, á®®â¢¥âáâ¢ãîé¨¬¨ áå¥¬¥ DataCite [16]. Œ¥â�¤�−−ë¥ ®â¤¥«¥−ë ®â ¤�−−ëå
¨ ¢á¥£¤� ®¡é¥¤®áâã¯−ë. „®áâã¯ ª ¤�−−ë¬ ¯à¥¤®áâ�¢«ï¥âáï ç¥à¥§ REST API
(Representational State Transfer Application Programmimg Interface), ¯à¥¤ãá¬®â-
à¥−ë ¢®§¬®¦−®áâ¨ ®£à�−¨ç¥−−®£® ¤®áâã¯�. ÷¥�«¨§®¢�−® à¥æ¥−§¨à®¢�−¨¥ −� ¡�§¥
á®®¡é¥áâ¢. ‚ Zenodo ®âáãâáâ¢ã¥â á¯¥æ¨ä¨ç¥áª�ï ¯®¤¤¥à¦ª� ¤«ï à�§«¨ç−ëå ¯à¥¤-
¬¥â−ëå ®¡«�áâ¥©, ®¤−�ª® á«¥¤ã¥â ®â¬¥â¨âì ¨−â¥£à�æ¨î á GitHub ¨ §−�ç¨â¥«ì−ë©
®¡ê¥¬ à�§¬¥é¥−−®£® ¯à®£à�¬¬−®£® ª®¤�. ’¥¬ −¥ ¬¥−¥¥ äã−ªæ¨®−�«ì−®áâì ¤«ï
à�¡®âë á ª®¤®¬ ®£à�−¨ç¥−� ¥£® ¯à®áâë¬ åà�−¥−¨¥¬ ¡¥§ ¯®¤¤¥à¦ª¨ ¢¥àá¨®−−®áâ¨,
â¨¯¨ç−®© ¤«ï á¨áâ¥¬ ª®−âà®«ï ¢¥àá¨©.

Dryad [17]. ÷¥¯®§¨â®à¨© ã¯à�¢«ï¥âáï ª®−á®àæ¨ã¬®¬ ¨áá«¥¤®¢�â¥«ìáª¨å
¨−áâ¨âãâ®¢ ¨ ¯®¤¤¥à¦¨¢�¥â ¯ã¡«¨ª�æ¨î ¯à®¨§¢®«ì−ëå ¤�−−ëå. „«ï §�£àã§-
ª¨ ¨á¯®«ì§ã¥âáï ¯à®â®ª®« SWORD (Simple Web-service Offering Repository
Deposit), ¤�−−ë¥ ¤®áâã¯−ë ¯® API ¨ åà�−ïâáï ¢¬¥áâ¥ á ¬¥â�¤�−−ë¬¨. �®¨áª ®áã-
é¥áâ¢«ï¥âáï ¯®á«¥ á¡®à� ¬¥â�¤�−−ëå ç¥à¥§ ª®¬¯®−¥−â HARVEST ¯® ¯à®â®ª®«ã
OAI-PMH (Open Archives Initiative Protocol for Metadata Harvesting). �®¤-
¤¥à¦¨¢�îâáï ¨¤¥−â¨ä¨ª�â®àë DOI (Digital Object Identifier) ¨ ORCID (Open
Researcher and Contributor ID). Š«îç¥¢�ï ®á®¡¥−−®áâì Dryad | ¯®¤¤¥à¦ª�
¯à®æ¥áá� ªãà¨à®¢�−¨ï ¤�−−ëå, ®¡¥á¯¥ç¨¢�îé¥£® ¢ëá®ª®¥ ª�ç¥áâ¢® ¬¥â�¤�−−ëå.
‘¯¥æ¨�«¨§¨à®¢�−−ë¥ ¢®§¬®¦−®áâ¨ ¤«ï ª®¬¯ìîâ¥à−ëå −�ãª ®âáãâáâ¢ãîâ.

Science Data Bank [18]. ÷¥¯®§¨â®à¨©, ¯®¤¤¥à¦¨¢�¥¬ë© ª¨â�©áª¨¬¨ −�-
ãç−ë¬¨ ¨−áâ¨âãâ�¬¨, ®â«¨ç�¥âáï ¡®«ìè¨¬ ®¡ê¥¬®¬ ¤¥¯®−¨à®¢�−−ëå ¤�−−ëå.
ˆá¯®«ì§ãîâáï ¨¤¥−â¨ä¨ª�â®àë DOI ¨ CSTR (Common Standard Textual Repre-
sentation). „®áâã¯−ë ¤«ï ¯ã¡«¨ª�æ¨¨ à�§«¨ç−ë¥ â¨¯ë ¤�−−ëå, ¢ª«îç�ï −�¡®àë
¤�−−ëå, ¨§®¡à�¦¥−¨ï, â�¡«¨æë, á«�©¤ë ¨ ¯à®£à�¬¬−ë© ª®¤. ‚ à¥¯®§¨â®à¨¨
−�áç¨âë¢�¥âáï ®ª®«® 36 âëá. §�¯¨á¥© á â¨¯®¬ ú¤�−−ë¥ ¯à®£à�¬¬−®£® ª®¤�û.
Œ¥â�¤�−−ë¥ ¤®áâã¯−ë ¯® ®âªàëâ®© «¨æ¥−§¨¨ ¨ ¬®£ãâ ¡ëâì §�£àã¦¥−ë ¢ −¥-
áª®«ìª¨å ä®à¬�â�å. ‘¯¥æ¨ä¨ç¥áª�ï ¯®¤¤¥à¦ª� ª®¤� (¢¥àá¨®−−®áâì, ¨á¯®«−¥-
−¨¥) ®âáãâáâ¢ã¥â, å®âï à¥¯®§¨â®à¨© ®à¨¥−â¨à®¢�− −� ã¯à�¢«¥−¨¥ æ¨â¨àã¥¬®áâìî
¨ áâ�â¨áâ¨ª®© ¨á¯®«ì§®¢�−¨ï.

EUDAT B2SHARE [19]. ÷¥¯®§¨â®à¨© ï¢«ï¥âáï ç�áâìî ¥¢à®¯¥©áª®© ¨−äà�-
áâàãªâãàë EUDAT ¨ ¯®¤¤¥à¦¨¢�¥â à�áè¨àï¥¬ë¥ áå¥¬ë ¬¥â�¤�−−ëå, à¥£¨áâà�-
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�. �. Š�«¨−¨−, �. �. ‘ª¢®àæ®¢, ‘. �. ‘âã¯−¨ª®¢

æ¨î DOI ¤«ï −�¡®à®¢ ¤�−−ëå ¨ Handle PID ¤«ï ®¡ê¥ªâ®¢. ÷¥�«¨§®¢�−� ¬−®£®-
¢¥àá¨®−−®áâì ¤�−−ëå, ¨−â¥£à�æ¨ï á ¨−áâàã¬¥−â�¬¨ á¡®à� ¬¥â�¤�−−ëå (B2FIND,
OpenAIRE Explorer), ¯àï¬�ï §�£àã§ª� ¨§ á¥à¢¨á� åà�−¥−¨ï, á¨−åà®−¨§�æ¨¨
¨ ®¡¥á¯¥ç¥−¨ï á®¢¬¥áâ−®£® ¤®áâã¯� ª ¤�−−ë¬ B2DROP, ¢¥¡-¨−â¥àä¥©á ¨ API.
�®¤¤¥à¦¨¢�îâáï ¯à¥¤¬¥â−ë¥ á®®¡é¥áâ¢�, ¢®§¬®¦−®áâì ®¯à¥¤¥«ïâì à�áè¨à¥−¨ï
¬¥â�¤�−−ëå ¨ ¯à�¢¨«� ¤®áâã¯�. •®âï á¯¥æ¨�«ì−ë¥ ¬¥å�−¨§¬ë ¤«ï ¯à®£à�¬¬−®-
£® ª®¤� −¥ ¯à¥¤ãá¬®âà¥−ë, £¨¡ª®áâì áå¥¬ ¬¥â�¤�−−ëå ¯®§¢®«ï¥â �¤�¯â¨à®¢�âì
®¯¨á�−¨¥ ¯®¤ −ã¦¤ë ª®−ªà¥â−®© ®¡«�áâ¨. B2SHARE ®à¨¥−â¨à®¢�− −� ¨á¯®«ì-
§®¢�−¨¥ ¢ ª�ç¥áâ¢¥ ª®¬¯®−¥−â� à�á¯à¥¤¥«¥−−®© ¨−äà�áâàãªâãàë, ¯®íâ®¬ã ¥£®
¯®¨áª®¢ë¥ ¨ �−�«¨â¨ç¥áª¨¥ ¢®§¬®¦−®áâ¨ ®£à�−¨ç¥−ë.

Harvard Dataverse [20]. �¤¨− ¨§ ªàã¯−¥©è¨å à¥¯®§¨â®à¨¥¢, ¯®áâà®¥−−ëå
−� ¯«�âä®à¬¥ Dataverse á ®âªàëâë¬ ª®¤®¬. �®¤¤¥à¦¨¢�¥â ¨−â¥£à�æ¨î á ¤àã-
£¨¬¨ à¥¯®§¨â®à¨ï¬¨ Dataverse. ˆá¯®«ì§ã¥âáï DOI, ¬¥â�¤�−−ë¥ á®®â¢¥âáâ¢ãîâ
DataCite. �¡¥á¯¥ç¨¢�¥âáï ¤®áâã¯−®áâì ¬¥â�¤�−−ëå, ¯®¤¤¥à¦¨¢�îâáï ¯à¥¤¬¥â-
−ë¥ ®−â®«®£¨¨ (−�¯à¨¬¥à, DDI (Data Documentation Initiative)). �à®£à�¬¬−ë©
ª®¤ ¬®¦¥â ¡ëâì à�§¬¥é¥−, −® ¥£® á¯¥æ¨ä¨ç¥áª�ï ¯®¤¤¥à¦ª� (¢¥àá¨®−−®áâì,
¨á¯®«−¥−¨¥) ®âáãâáâ¢ã¥â. „�−−ë¥ ¯ã¡«¨ªãîâáï ¢ ¢¨¤¥ ª®««¥ªæ¨© (dataverse),
¤«ï ¬�è¨−−®£® ¤®áâã¯� ¯à¥¤®áâ�¢«ï¥âáï API, ¤®áâã¯−ë ¬¥âà¨ª¨ æ¨â¨à®¢�−¨ï.
÷¥¯®§¨â®à¨© ï¢«ï¥âáï íâ�«®−−ë¬ ¤«ï ¯«�âä®à¬ë Dataverse.

Figshare [21]. ÷¥¯®§¨â®à¨©, ®à¨¥−â¨à®¢�−−ë© −� åà�−¥−¨¥ ¬�â¥à¨�«®¢,
¤®¯®«−ïîé¨å ¯ã¡«¨ª�æ¨¨ ¢ −�ãç−ëå ¦ãà−�«�å. „�−−ë¥ á−�¡¦�îâáï DOI
¨ á®¯à®¢®¦¤�îâáï ¬¥â�¤�−−ë¬¨, ª®â®àë¥ ¬®£ãâ ¢�àì¨à®¢�âìáï ¢ §�¢¨á¨¬®áâ¨ ®â
¦ãà−�«�. �®¨áª ®áãé¥áâ¢«ï¥âáï ¢−¥è−¨¬¨ á¥à¢¨á�¬¨. Œ¥â�¤�−−ë¥ ¤®áâã¯−ë ¯®
®âªàëâë¬ «¨æ¥−§¨ï¬, ¯®¤¤¥à¦¨¢�¥âáï ¢ë£àã§ª� ¢ à�§«¨ç−ëå ä®à¬�â�å. �¡ê-
¥ªâë ¬®£ãâ á®¤¥à¦�âì ááë«ª¨ −� à¥æ¥−§¨àã¥¬ë¥ áâ�âì¨. Figshare ¨−â¥£à¨à®¢�−
¢ ¯à®æ¥ááë à¥æ¥−§¨à®¢�−¨ï, ®¤−�ª® á¯¥æ¨�«¨§¨à®¢�−−ë¥ −�¡®àë ¬¥â�¤�−−ëå
¤«ï ª®¬¯ìîâ¥à−ëå −�ãª ®âáãâáâ¢ãîâ.

MathRepo [22]. �â®â à¥¯®§¨â®à¨© ¢ª«îç¥− ¢ ®¡§®à ª�ª ¯à¨¬¥à ¯à¥¤¬¥â−®-
®à¨¥−â¨à®¢�−−®£® à¥è¥−¨ï, ¤¥¬®−áâà¨àãîé¥£® ¢®§¬®¦−®áâì ¯®¤¤¥à¦ª¨ á¯¥æ¨-
ä¨ç¥áª¨å �àâ¥ä�ªâ®¢. MathRepo á¯¥æ¨�«¨§¨àã¥âáï −� ª®¬¯ìîâ¥à−®© �«£¥¡à¥
(MathPro) ¨ ®¡¥á¯¥ç¨¢�¥â à�§¬¥é¥−¨¥ ¬®¤¥«¥© ¢ ¢¨¤¥ ¯à®£à�¬¬−®£® ª®¤�, � â�ª¦¥
á®åà�−¥−¨¥ à¥§ã«ìâ�â®¢ ¢ëç¨á«¥−¨© ¢ ä®à¬�â¥ −®ãâ¡ãª®¢.

’�ª¨¬ ®¡à�§®¬, ¯à®¢¥¤¥−−ë© �−�«¨§ ¯®ª�§ë¢�¥â, çâ® ¢ ªàã¯−ëå ¬¥¦¤¨á-
æ¨¯«¨−�à−ëå à¥¯®§¨â®à¨ïå ®âáãâáâ¢ãîâ ¬¥å�−¨§¬ë, ãç¨âë¢�îé¨¥ á¯¥æ¨ä¨ªã
ª®−ªà¥â−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥©. „«ï ª®¬¯ìîâ¥à−ëå −�ãª íâ® ®§−�ç�¥â ä�ª-
â¨ç¥áª®¥ ®âáãâáâ¢¨¥ ¯®¤¤¥à¦ª¨ â�ª¨å ª«îç¥¢ëå �àâ¥ä�ªâ®¢, ª�ª ¯à®£à�¬¬−ë©
ª®¤, ¬®¤¥«¨ ¨ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë, §� ¨áª«îç¥−¨¥¬ ¢®§¬®¦−®áâ¨ ¨å
¯à®áâ®£® åà�−¥−¨ï ¨ ¯®¨áª� ¯® â¨¯ã ä�©«�. �®«ìè¨−áâ¢® à¥¯®§¨â®à¨¥¢ ¯à¥¤-
áâ�¢«ïîâ á®¡®© æ¥−âà�«¨§®¢�−−ë¥ á¨áâ¥¬ë á ¬¨−¨¬�«ì−ë¬ −�¡®à®¬ ¬¥â�¤�−−ëå,
−¥®¡å®¤¨¬ë¬ ¤«ï æ¨â¨à®¢�−¨ï (DOI, �¢â®àë), ¨ ®¡¥á¯¥ç¨¢�îâ à�§¤¥«ì−ë© ¤®-
áâã¯ ª ¬¥â�¤�−−ë¬ ¨ ¤�−−ë¬. �®¤ ¢®§¬®¦−®áâï¬¨ ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï
®¡ëç−® ¯®−¨¬�¥âáï â®«ìª® ¯à®£à�¬¬−ë© ¤®áâã¯ ª ¬¥â�¤�−−ë¬. •®âï à¥¯®§¨â®-
à¨¨ ç�áâ® ¨−â¥£à¨à®¢�−ë ¤àã£ á ¤àã£®¬ ¨ á ¢−¥è−¨¬¨ ¨áâ®ç−¨ª�¬¨ (−�¯à¨¬¥à,
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GitHub), £«ã¡®ª�ï ¯®¤¤¥à¦ª� ¦¨§−¥−−®£® æ¨ª«� ¯à®£à�¬¬−®£® ª®¤�, ¢ª«îç�ï
¢¥àá¨®−−®áâì, «¨æ¥−§¨à®¢�−¨¥ ¨ ¨á¯®«−¥−¨¥, ®âáãâáâ¢ã¥â. ‚ëï¢«¥−−ë¥ ®£à�−¨-
ç¥−¨ï ®¡®á−®¢ë¢�îâ −¥®¡å®¤¨¬®áâì à�§à�¡®âª¨ á¯¥æ¨�«¨§¨à®¢�−−ëå äã−ªæ¨©
¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë, ®à¨¥−â¨à®¢�−−®© −� ¯®âà¥¡−®áâ¨ ª®¬¯ìî-
â¥à−ëå −�ãª.

4.3 Каталоги репозиториев и сервисы поиска научных данных

„«ï �−�«¨§� ¤®áâã¯−®áâ¨ ¨áá«¥¤®¢�â¥«ìáª¨å ¤�−−ëå ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå
−�ãª −¥®¡å®¤¨¬® à�áá¬®âà¥âì −¥ â®«ìª® ®â¤¥«ì−ë¥ à¥¯®§¨â®à¨¨, −® ¨ ª�â�«®-
£¨, ®¡¥á¯¥ç¨¢�îé¨¥ ¨å ®¡−�àã¦¨¢�¥¬®áâì. Š�ª ¡ë«® ¯®ª�§�−® ¢ ¯à¥¤ë¤ãé¥¬
¯®¤à�§¤¥«¥, áãé¥áâ¢ã¥â §−�ç¨â¥«ì−®¥ ç¨á«® ª�ª ªàã¯−ëå, â�ª ¨ ¡®«¥¥ ¬¥«ª¨å
à¥¯®§¨â®à¨¥¢ ¤�−−ëå. „«ï ®¡¥á¯¥ç¥−¨ï ®¡−�àã¦¨¢�¥¬®áâ¨ ¤�−−ëå ¢ íâ¨å à¥-
¯®§¨â®à¨ïå ¡ë«¨ á®§¤�−ë ª�â�«®£¨ à¥¯®§¨â®à¨¥¢, ª®â®àë¥ ¯®§¦¥ ¯à¥¢à�â¨«¨áì
¢ ¯®àâ�«ë −�ãç−ëå ¤�−−ëå. Š −�¨¡®«¥¥ ¨§¢¥áâ−ë¬ ª�â�«®£�¬ ®â−®áïâáï ã¯®¬ï-
−ãâë¥ à�−¥¥ re3data.org [9] ¨ FAIRsharing.org [10].

Š�â�«®£¨ −¥ ¢á¥£¤� ®¡«�¤�îâ à�§¢¨âë¬¨ áà¥¤áâ¢�¬¨ ¯®¨áª� ¨áá«¥¤®¢�â¥«ì-
áª¨å ¤�−−ëå. „«ï íâ®£® á®§¤�−ë á¥à¢¨áë-�£à¥£�â®àë ¨ á¢ï§�−−ë¥ á −¨¬¨ ¯®àâ�«ë
−�ãç−ëå ¤�−−ëå. �à¨¬¥à�¬¨ â�ª¨å à¥è¥−¨© á«ã¦�â á¥à¢¨áë OpenAIRE [23]
¨ á¢ï§�−−ë© á −¨¬ ¯®àâ�« EOSC [24], � â�ª¦¥ ¯®àâ�« CORE [11,12,25].

Š�â�«®£¨ à¥¯®§¨â®à¨¥¢ re3data.org ¨ FAIRsharing.org ®à£�−¨§®¢�−ë áå®¤-
−ë¬ ®¡à�§®¬. „«ï à�§«¨ç−ëå à¥¯®§¨â®à¨¥¢ ¨ ¨áâ®ç−¨ª®¢ á®§¤�¥âáï §�¯¨áì,
ª®â®à�ï ¤®¯®«−ï¥âáï ¬¥â�¤�−−ë¬¨. �á−®¢−ë¥ ¬¥â�¤�−−ë¥ ¢ª«îç�îâ ¯à¨−�¤-
«¥¦−®áâì ª ¯à¥¤¬¥â−®© ®¡«�áâ¨, áâà�−¥ ¨ ®à£�−¨§�æ¨¨, â¨¯ åà�−¨¬ëå ¤�−−ëå.
Re3data.org ®¡«�¤�¥â ¡®«¥¥ è¨à®ª¨¬ ¯¥à¥ç−¥¬ ¤®¯ãáâ¨¬ëå ¬¥â�¤�−−ëå. �á®¡¥−-
−®áâì FAIRsharing §�ª«îç�¥âáï ¢ åà�−¥−¨¨ §�¯¨á¥© −¥ â®«ìª® ® á�¬¨å à¥¯®§¨â®-
à¨ïå, −® â�ª¦¥ ¨ ®¡ ®âà�á«¥¢ëå áâ�−¤�àâ�å, ¯®«¨â¨ª�å. Š�â�«®£¨ à¥¯®§¨â®à¨¥¢
¯à¥¤áâ�¢«ïîâ æ¥−−®áâì ª�ª ¨áâ®ç−¨ª ¤�−−ëå ¤«ï ¨áá«¥¤®¢�−¨© ¨ ¯®¨áª®¢ëå
á¥à¢¨á®¢.

‚ …¢à®¯¥©áª®¬ ®¡«�ª¥ ®âªàëâ®© −�ãª¨ (EOSC, European Open Science
Cloud), ¨¬¥îé¥¬ ä¥¤¥à�â¨¢−ãî áâàãªâãàã, ®á®¡¥−−® ¨−â¥à¥á−ë á¥à¢¨áë ¨−â¥-
£à�æ¨¨ ¨ ¯®¨áª�, ¯à¥¤®áâ�¢«ï¥¬ë¥ ¢ à�¬ª�å ¨−¨æ¨�â¨¢ë OpenAIRE. ˆ−â¥£à�æ¨ï
®áãé¥áâ¢«ï¥âáï ç¥à¥§ á¥à¢¨á OpenAIRE Connect.

OpenAIRE Connect ¯à¥¤®áâ�¢«ï¥â ¨−äà�áâàãªâãàã ¤«ï á¡®à�, åà�−¥−¨ï
¨ ®¡¬¥−� ¬¥â�¤�−−ë¬¨, á¢ï§�−−ë¬¨ á −�ãç−ë¬¨ à¥§ã«ìâ�â�¬¨ ¨ ¤¥ïâ¥«ì−®áâìî.
�â®â á¥à¢¨á ®¡«¥£ç�¥â á¡®à ¨ áâ�−¤�àâ¨§¨à®¢�−−®¥ åà�−¥−¨¥ ¬¥â�¤�−−ëå, çâ®
á¯®á®¡áâ¢ã¥â ¯®¢ëè¥−¨î ¤®áâã¯−®áâ¨ −�ãç−ëå à¥§ã«ìâ�â®¢. Š«îç¥¢ë¬ á¥à¢¨-
á®¬ á â®çª¨ §à¥−¨ï ®¡¥á¯¥ç¥−¨ï ®¡−�àã¦¨¢�¥¬®áâ¨ áç¨â�¥âáï OpenAIRE Explore.
�â® á¥à¢¨á ¯®¨áª�, ª®â®àë© ¯®§¢®«ï¥â ¯®«ì§®¢�â¥«ï¬ ¨áª�âì −�ãç−ë¥ à¥§ã«ìâ�âë
¢ à�§«¨ç−ëå ¨áâ®ç−¨ª�å, ¢ª«îç�ï ¨−áâ¨âãæ¨®−�«ì−ë¥ à¥¯®§¨â®à¨¨, �àå¨¢ë ¤�−-
−ëå ¨ ¨§¤�â¥«ìáâ¢�. �®«ì§®¢�â¥«¨ ¬®£ãâ ¢ë¯®«−ïâì ¯®¨áª ¯® ª«îç¥¢ë¬ á«®¢�¬,
�¢â®à�¬, ®à£�−¨§�æ¨ï¬ ¨ ¤àã£¨¬ ªà¨â¥à¨ï¬, � â�ª¦¥ ä¨«ìâà®¢�âì à¥§ã«ìâ�âë
¯®¨áª� ¯® ¤�â¥ ¯ã¡«¨ª�æ¨¨, â¨¯ã ¤®ªã¬¥−â� ¨ ï§ëªã. OpenAIRE Explore ¨á¯®«ì-
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§ã¥â à¥ª®¬¥−¤�æ¨¨ OpenAIRE ¤«ï ¬¥â�¤�−−ëå, ®¡¥á¯¥ç¨¢�ï ¯®á«¥¤®¢�â¥«ì−®áâì
¨ áâ�−¤�àâ¨§�æ¨î ¬¥â�¤�−−ëå ®â à�§−ëå ¯®áâ�¢é¨ª®¢ ¤�−−ëå. ‚¨§ã�«¨§�æ¨ï
�£à¥£¨à®¢�−−ëå ¬¥â�¤�−−ëå ¤®áâã¯−� á ¯®¬®éìî á¥à¢¨á� OpenAIRE Graph,
ª®â®àë© ¯®§¢®«ï¥â ¯à¥¤áâ�¢¨âì ®¡é¨© «�−¤è�äâ �£à¥£¨à®¢�−−ëå −�ãç−ëå ¤�−-
−ëå.

„àã£¨¬ ¯à¨¬¥à®¬ à¥è¥−¨ï íâ®© §�¤�ç¨ á«ã¦¨â ¯«�âä®à¬� CORE, ¯à¥¤®-
áâ�¢«ïîé�ï á¥à¢¨áë ¤«ï ¯®¨áª�, ¤®áâã¯� ¨ �−�«¨§� −�ãç−ëå áâ�â¥© ¨ ¤àã£¨å
¨áá«¥¤®¢�â¥«ìáª¨å à¥§ã«ìâ�â®¢, à�§¬¥é¥−−ëå ¢ ®âªàëâëå à¥¯®§¨â®à¨ïå ¨ �à-
å¨¢�å ¯® ¢á¥¬ã ¬¨àã. �®¨áª ®áãé¥áâ¢«ï¥âáï ç¥à¥§ á¥à¢¨á CORE Discovery,
� â�ª¦¥ ¤®áâã¯¥− á¥à¢¨á CORE Recommender ¤«ï à¥ª®¬¥−¤�æ¨¨ áâ�â¥© −� ®á−®¢¥
�«£®à¨â¬®¢ ¬�è¨−−®£® ®¡ãç¥−¨ï.

�à®¢¥¤¥−−ë© �−�«¨§ ¯®ª�§ë¢�¥â, çâ® á¥à¢¨áë CORE ¨ OpenAIRE ¯à�ªâ¨ç¥-
áª¨ −¥ ¯à¥¤®áâ�¢«ïîâ á¯¥æ¨ä¨ç¥áª¨å ¢®§¬®¦−®áâ¥© ¤«ï ¯®¨áª� ¤�−−ëå ¢ ®¡«�áâ¨
ª®¬¯ìîâ¥à−ëå −�ãª. �®¨áª ®áãé¥áâ¢«ï¥âáï ¯® ¬¥â�¤�−−ë¬, ¯à¥¤®áâ�¢«ï¥¬ë¬
á�¬¨¬¨ à¥¯®§¨â®à¨ï¬¨, ª®â®àë¥ ®¡ëç−® ®£à�−¨ç¨¢�îâáï ¨−ä®à¬�æ¨¥© ® â¨¯¥
à¥áãàá� ¨ ¯à®¨áå®¦¤¥−¨¨ (áâà�−�, �¢â®à, ®¡«�áâì §−�−¨ï). �âáãâáâ¢¨¥ á¯¥-
æ¨�«¨§¨à®¢�−−®© ¨−¤¥ªá�æ¨¨ ¯à®£à�¬¬−®£® ª®¤�, ¬®¤¥«¥© ¨ ¢ëç¨á«¨â¥«ì−ëå
íªá¯¥à¨¬¥−â®¢ §�âàã¤−ï¥â ¨å ®¡−�àã¦¥−¨¥ ¨ ¯®¢â®à−®¥ ¨á¯®«ì§®¢�−¨¥. �â® ¯®¤-
â¢¥à¦¤�¥â −¥®¡å®¤¨¬®áâì ãç¥â� íâ¨å ®£à�−¨ç¥−¨© ¯à¨ à�§à�¡®âª¥ �àå¨â¥ªâãàë
¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¤«ï ª®¬¯ìîâ¥à−ëå −�ãª.

4.4 Сервисы-посредники в исследовательских инфраструктурах

Š�ª ®â¬¥ç¥−® ¢ [26], ¯®áà¥¤−¨ª¨ ®âªàëâëå ¤�−−ëå ¯à¥¤®áâ�¢«ïîâ á¯¥æ¨�«¨-
§¨à®¢�−−ë¥ à¥áãàáë ¨ ¢®§¬®¦−®áâ¨ ¤«ï ¨á¯®«ì§®¢�−¨ï ®âªàëâëå ¤�−−ëå. ‚ á®-
¢à¥¬¥−−ëå ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà�å íâ� äã−ªæ¨®−�«ì−®áâì ¯®àãç�-
¥âáï á¥à¢¨á�¬-¯®áà¥¤−¨ª�¬. ˆ¬¥−−® íâ¨ á¥à¢¨áë ®¡¥á¯¥ç¨¢�îâ ¨áá«¥¤®¢�â¥«ï¬
¤®¯®«−¨â¥«ì−ë¥ ¢®§¬®¦−®áâ¨ ¯® ®¡à�¡®âª¥, �−�«¨§ã, ¢¨§ã�«¨§�æ¨¨ ¨ ¢ ª®−¥ç−®¬
¨â®£¥ á¯®á®¡áâ¢ãîâ ¯®¢â®à−®¬ã ¨á¯®«ì§®¢�−¨î ¤�−−ëå.

‚ à�¬ª�å �−�«¨§� ¯®âà¥¡−®áâ¥© ª®¬¯ìîâ¥à−ëå −�ãª −¥®¡å®¤¨¬® à�áá¬®â-
à¥âì, ª�ª¨¥ á¥à¢¨áë-¯®áà¥¤−¨ª¨ ã¦¥ ¤®áâã¯−ë ¨ −�áª®«ìª® ®−¨ ¯®¤¤¥à¦¨¢�îâ
à�¡®âã á ¯à®£à�¬¬−ë¬ ª®¤®¬, ¢ëç¨á«¨â¥«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨ ¨ ¬®¤¥«ï¬¨.
��¨¡®«¥¥ ¯®«−ë© ª�â�«®£ â�ª¨å á¥à¢¨á®¢ ¯à¥¤áâ�¢«¥− ¢ à¥¥áâà¥ EOSC Market-
place [27]. Œ®¦−® ¢ë¤¥«¨âì á«¥¤ãîé¨¥ á¥à¢¨áë, ¯®â¥−æ¨�«ì−® §−�ç¨¬ë¥ ¤«ï
ª®¬¯ìîâ¥à−ëå −�ãª:

{ EGI Notebooks: ®¡«�ç−ë© á¥à¢¨á ¤«ï à�¡®âë á ¤�−−ë¬¨ á ¯®¬®éìî ¯«�â-
ä®à¬ë Jupyter Notebook;

{ DODAS: á¥à¢¨á ¤«ï ¨−â¥à�ªâ¨¢−®£® �−�«¨§�, ®á−®¢�−−ë© −� ¯«�âä®à¬�å
Spark ¨ Jupyter Notebook, � â�ª¦¥ HTCondor ¤«ï ¯�ª¥â−®© ®¡à�¡®âª¨ ¤�−−ëå;

{ TSD: á¥à¢¨á ¤«ï à�¡®âë á ¯à¨¢�â−ë¬¨ ¤�−−ë¬¨, ¯à¥¤®áâ�¢«ïîé¨© ¡¥§®¯�á-
−®¥ ®ªàã¦¥−¨¥;

{ VD-Maps: á¥à¢¨á ¤«ï ¢¨§ã�«¨§�æ¨¨ ª�àâ −� ®á−®¢¥ −�¡®à®¢ ¤�−−ëå;
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{ Enrichment API: á¥à¢¨á ¤«ï �¢â®¬�â¨ç¥áª®£® á®§¤�−¨ï ¬¥â�¤�−−ëå, ¨á-
¯®«ì§ãîé¨© §�ªàëâ®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ expert.ai ¤«ï ¨§¢«¥ç¥−¨ï
¬¥â�¤�−−ëå −� ®á−®¢¥ á¥¬�−â¨ç¥áª®© á¥â¨;

{ PSI Remote Desktop: á¥à¢¨á ¯à¥¤®áâ�¢«¥−¨ï ã¤�«¥−−®£® à�¡®ç¥£® áâ®«�;

{ AI4GEO: á¥à¢¨á ¤«ï �−�«¨§� ¤�−−ëå á ¬−®¦¥áâ¢®¬ ¢®§¬®¦−®áâ¥©, ¢ª«îç�ï
Jupyter, IDE ¨ ®âªàëâë¥ AI-äà¥©¬¢®àª¨;

{ AMNESIA: á¥à¢¨á ¤«ï �−®−¨¬¨§�æ¨¨ ª®−ä¨¤¥−æ¨�«ì−ëå ¤�−−ëå á ¢®§¬®¦-
−®áâìî ã¯à�¢«¥−¨ï ¯à®æ¥áá®¬;

{ EGI Cloud Container Compute: á¥à¢¨á ¤«ï §�¯ãáª� ª®−â¥©−¥à¨§®¢�−−ëå
¯à¨«®¦¥−¨©;

{ HOSTKEY GPU GRANT PROGRAM: ¯à®£à�¬¬� ¯à¥¤®áâ�¢«¥−¨ï ¢ëç¨á-
«¨â¥«ì−ëå ¬®é−®áâ¥© £à�ä¨ç¥áª¨å ãáª®à¨â¥«¥©;

{ EGI Workload Manager: á¥à¢¨á ¤«ï ®à£�−¨§�æ¨¨ à�á¯à¥¤¥«¥−−ëå ¢ëç¨á«¥-
−¨©;

{ EGI Online Storage ¨ EGI Data Transfer: á¥à¢¨áë ¤«ï åà�−¥−¨ï ¨ £�à�−â¨-
à®¢�−−®© ¯¥à¥¤�ç¨ ¤�−−ëå;

{ Nuvla.io SAAS: á¥à¢¨á ¤«ï ¯à¥¤®áâ�¢«¥−¨ï ®¡«�ç−ëå â¥å−®«®£¨© è¨à®ª®£®
á¯¥ªâà�;

{ robotbenchmark: ¢¥¡-á¥à¢¨á á ®¡«�ç−ë¬ ¯à®£à�¬¬−ë¬ ®¡¥á¯¥ç¥−¨¥¬ ¤«ï
3D-¬®¤¥«¨à®¢�−¨ï à®¡®â®¢, ¯à¥¤®áâ�¢«ïîé¨© §�¤�ç¨ ¯® à®¡®â®â¥å−¨ª¥;

{ IFCA-CSIC Cloud Infrastructure: á¥à¢¨á ¤«ï ¯à¥¤®áâ�¢«¥−¨ï ®¡«�ç−®© ¨−-
äà�áâàãªâãàë −� ®á−®¢¥ OpenStack;

{ Infrastructure Manager: á¥à¢¨á ¤«ï ã¯à�¢«¥−¨ï ¢ëç¨á«¨â¥«ì−®© ¨−äà�áâàãª-
âãà®©, ¢ª«îç�ï ¢¨àâã�«ì−ë¥ ¬�è¨−ë ¨ ®¡«�ç−ë¥ à¥è¥−¨ï, á ¯®¤¤¥à¦ª®©
¯à®æ¥áá®¢ CI/CD (Continuous Integration/Continuous Delivery) −� ®á−®¢¥
Ansible;

{ DEEP Training Facility: á¥à¢¨á, ¯à¥¤®áâ�¢«ïîé¨© ¨−áâàã¬¥−âë ¤«ï á®§¤�−¨ï
¬®¤¥«¥© ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ à�á¯à¥¤¥«¥−−ëå
¨−äà�áâàãªâãà�å.

Œ®¦−® ®â¬¥â¨âì, çâ® áãé¥áâ¢ãîé¨¥ á¥à¢¨áë-¯®áà¥¤−¨ª¨ ®å¢�âë¢�îâ â�ª¨¥
−�¯à�¢«¥−¨ï, ª�ª ®à£�−¨§�æ¨ï ®¡«�ç−ëå ¢ëç¨á«¥−¨©, à�¡®â� á ª®−â¥©−¥à�¬¨,
¨−â¥à�ªâ¨¢−ë© �−�«¨§ (Jupyter Notebook), �¢â®¬�â¨ç¥áª®¥ ®¡®£�é¥−¨¥ ¬¥â�¤�−-
−ëå ¨ ¤®áâã¯ ª ¢ëç¨á«¨â¥«ì−ë¬ à¥áãàá�¬. �¤−�ª® ¤«ï ª®¬¯ìîâ¥à−ëå −�ãª
ª«îç¥¢®¥ §−�ç¥−¨¥ ¨¬¥¥â ¢®§¬®¦−®áâì −¥ â®«ìª® §�¯ãáª� ª®¤�, −® ¨ ¨−â¥£à�æ¨¨
¥£® á à¥¯®§¨â®à¨ï¬¨, ®¡¥á¯¥ç¥−¨ï ¢¥àá¨®−−®áâ¨ ¨ «¨æ¥−§¨®−−®© ç¨áâ®âë ª®¬-
¯®−¥−â®¢. ‚ à�áá¬®âà¥−−ëå á¥à¢¨á�å â�ª�ï ¨−â¥£à�æ¨ï ®âáãâáâ¢ã¥â. ��¨¡®«¥¥
¡«¨§ª¨ ¯® äã−ªæ¨®−�«ì−®áâ¨ á¥à¢¨áë Enrichment API (¤«ï �¢â®¬�â¨ç¥áª®£® ¨§-
¢«¥ç¥−¨ï ¬¥â�¤�−−ëå) ¨ DEEP Training Facility (¤«ï à�¡®âë á ¬®¤¥«ï¬¨), ®¤−�ª®
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®−¨ −¥ ¯®ªàë¢�îâ ¯®«−ë© ¦¨§−¥−−ë© æ¨ª« ¯à®£à�¬¬−ëå �àâ¥ä�ªâ®¢. ’�ª¨¬
®¡à�§®¬, ¢ëï¢«¥−−ë¥ ¯à®¡¥«ë ¯®¤â¢¥à¦¤�îâ −¥®¡å®¤¨¬®áâì à�§à�¡®âª¨ á¯¥æ¨-
�«¨§¨à®¢�−−ëå äã−ªæ¨© ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë, ®à¨¥−â¨à®¢�−−®©
−� ª®¬¯ìîâ¥à−ë¥ −�ãª¨.

5 Поддержка компьютерных наук
в исследовательских инфраструктурах

„«ï ®æ¥−ª¨ â®£®, −�áª®«ìª® áãé¥áâ¢ãîé¨¥ ¨áá«¥¤®¢�â¥«ìáª¨¥ ¨−äà�áâàãªâã-
àë ã¤®¢«¥â¢®àïîâ ¯®âà¥¡−®áâï¬ ª®¬¯ìîâ¥à−ëå −�ãª, −¥®¡å®¤¨¬® ¯à®�−�«¨§¨à®-
¢�âì ¨å á®®â¢¥âáâ¢¨¥ ¯à¨−æ¨¯�¬ FAIR [1] ¯à¨¬¥−¨â¥«ì−® ª ª«îç¥¢ë¬ �àâ¥ä�ªâ�¬
¤�−−®© ®¡«�áâ¨. �à¨−æ¨¯ë FAIR ç�áâ® ¨á¯®«ì§ãîâáï ¤«ï ®æ¥−ª¨ ¨−áâàã¬¥−â®¢
¯ã¡«¨ª�æ¨¨ ¨ ª�ç¥áâ¢� ¯ã¡«¨ªã¥¬ëå −�ãç−ëå ¤�−−ëå. �¥á¬®âàï −� â® çâ® ®−¨
−¥ ¯à¥¤áâ�¢«ïîâ á®¡®© áâà®£¨å ¨−áâàãªæ¨©, ®−¨ §�¤�îâ −�¯à�¢«¥−¨¥, á«¥¤®¢�−¨¥
ª®â®à®¬ã, ª�ª ¯®ª�§�«¨ ¯à�ªâ¨ª� ¨ ¬−®£®ç¨á«¥−−ë¥ à�¡®âë, ®¡¥á¯¥ç¨¢�¥â ¡®«¥¥
íää¥ªâ¨¢−ë© −�ãç−ë© ®¡¬¥−.

‚ á«¥¤ãîé¨å ¯®¤à�§¤¥«�å à�áá¬®âà¥−ë ¢®¯à®áë ¯®«−®âë ¢®¯«®é¥−¨ï íâ¨å
¯à¨−æ¨¯®¢ ¤«ï ¨áá«¥¤®¢�â¥«ìáª¨å ¤�−−ëå ¢ áãé¥áâ¢ãîé¨å ¨áá«¥¤®¢�â¥«ìáª¨å
¨−äà�áâàãªâãà�å ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª.

5.1 Обеспечение доступности (A)

÷�áá¬®âà¥−−ë¥ à¥¯®§¨â®à¨¨ ¨ á¥à¢¨áë ç�áâ¨ç−® á®®â¢¥âáâ¢ãîâ ¯à¨−æ¨¯�¬
¤®áâã¯−®áâ¨, ®¤−�ª® ¤«ï ª®¬¯ìîâ¥à−ëå −�ãª ¢ëï¢«ïîâáï á«¥¤ãîé¨¥ ®£à�−¨ç¥-
−¨ï. „�«¥¥ ¯à¨¢®¤ïâáï ª®−ªà¥â−ë¥ ¯à¨−æ¨¯ë FAIR, ª®−ªà¥â¨§¨àãîé¨¥ ¯à¨−-
æ¨¯ ¤®áâã¯−®áâ¨ (A), ¨ ¯à®¢®¤¨âáï �−�«¨§ ¯®«−®âë ¨å ¯®ªàëâ¨ï áãé¥áâ¢ãîé¨¬¨
à¥¯®§¨â®à¨ï¬¨ ¨ á¥à¢¨á�¬¨.

(Œ¥â�)¤�−−ë¥ ¨§¢«¥ª�îâáï ¯® ¨å ¨¤¥−â¨ä¨ª�â®àã á ¨á¯®«ì§®¢�−¨¥¬
áâ�−¤�àâ¨§¨à®¢�−−®£® ¯à®â®ª®«� (A1). ‚�¦−® ®â¬¥â¨âì, çâ® ¤«ï −�áâ®ïé¥©
¤®áâã¯−®áâ¨ âà¥¡ã¥âáï ®âªàëâ®áâì −¥ â®«ìª® ¯à®â®ª®«�, −® ¨ ®âªàëâ®¥ ®¯¨á�−¨¥
¯à®£à�¬¬−®£® ¨−â¥àä¥©á�. ‚á¥ ã¯®¬ï−ãâë¥ à¥¯®§¨â®à¨¨ (Zenodo, Dryad, Har-
vard Dataverse ¨ ¤à.) ¯à¥¤®áâ�¢«ïîâ REST API, çâ® ä®à¬�«ì−® ã¤®¢«¥â¢®àï¥â
¤�−−®¬ã âà¥¡®¢�−¨î. �¤−�ª® ¤«ï ¯à®£à�¬¬−®£® ª®¤� ªà¨â¨ç−� ¢®§¬®¦−®áâì
¨−â¥£à�æ¨¨ á á¨áâ¥¬�¬¨ ª®−âà®«ï ¢¥àá¨© (Git, SVN), ª®â®à�ï ¢ à¥¯®§¨â®à¨ïå
®¡é¥£® −�§−�ç¥−¨ï ®âáãâáâ¢ã¥â.

�à®â®ª®« ¤®¯ãáª�¥â ¯à®æ¥¤ãàã �ãâ¥−â¨ä¨ª�æ¨¨ ¨ �¢â®à¨§�æ¨¨ ¯à¨ −¥-
®¡å®¤¨¬®áâ¨ (A1.2). ‚®¯à®á à�§£à�−¨ç¥−¨ï ¤®áâã¯� (ª�ª á â®çª¨ §à¥−¨ï «¨æ¥−-
§¨à®¢�−¨ï, â�ª ¨ á â®çª¨ §à¥−¨ï ª®−ä¨¤¥−æ¨�«ì−®áâ¨) ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢
à¥è�¥âáï ¯ãâ¥¬ ®¡¥á¯¥ç¥−¨ï ¯®«−®© ®âªàëâ®áâ¨ ¬¥â�¤�−−ëå ¨ ®£à�−¨ç¥−−®£®
−�¡®à� ¯�à�¬¥âà®¢ ¤«ï ®£à�−¨ç¥−¨ï ¤®áâã¯� ª ¤�−−ë¬. ˆ¬¥−−® â�ª®¥ à¥è¥−¨¥
−�¡«î¤�¥âáï ¢® ¢á¥å à�áá¬®âà¥−−ëå ¢ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥ à¥¯®§¨â®à¨ïå. Š�ª
¯®ª�§�−® ¢ [28], áãé¥áâ¢ã¥â ¯®âà¥¡−®áâì ¨ ¢ à�§£à�−¨ç¥−¨¨ ¤®áâã¯� ª ¬¥â�¤�−−ë¬,
®á®¡¥−−® ¥á«¨ íâ¨ ¬¥â�¤�−−ë¥ �¢â®¬�â¨ç¥áª¨ ¨§¢«¥ç¥−ë ¨§ ¨áá«¥¤®¢�â¥«ìáª®£®
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�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª

®¡ê¥ªâ�. �á®¡¥−−®áâì ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ¢ ¤�−−®¬ á«ãç�¥ §�ª«îç�¥âáï
¢ −¥®¡å®¤¨¬®áâ¨ ¯®¤¤¥à¦¨¢�âì à�§«¨ç−ë¥ â¨¯ë ®£à�−¨ç¥−¨© ¤®áâã¯� ª í«¥¬¥−â�¬
®¤−®£® ¨áá«¥¤®¢�â¥«ìáª®£® �àâ¥ä�ªâ�, −�¯à¨¬¥à ¯à¨ á®¢¬¥áâ−®¬ ¨á¯®«ì§®¢�−¨¨
ª®¬¯®−¥−â®¢ á §�ªàëâë¬ ¨ ®âªàëâë¬ ¨áå®¤−ë¬ ª®¤®¬. �¨ ®¤¨− ¨§ à�áá¬®âà¥−-
−ëå à¥¯®§¨â®à¨¥¢ −¥ ¯à¥¤®áâ�¢«ï¥â â�ª®£® à�§£à�−¨ç¥−¨ï.

Œ¥â�¤�−−ë¥ ¤®áâã¯−ë, ¤�¦¥ ¥á«¨ ¤�−−ë¥ ¡®«ìè¥ −¥ ¤®áâã¯−ë (A2). ‚®
¢á¥å à�áá¬®âà¥−−ëå à¥¯®§¨â®à¨ïå ¯à¨−æ¨¯ A2 ¢ë¯®«−ï¥âáï −� ª®−æ¥¯âã�«ì-
−®¬ ãà®¢−¥, ®¤−�ª® ¢�¦−® ¯®¬−¨âì, çâ® á®®â¢¥âáâ¢¨¥ ¥¬ã −¥à�§àë¢−® á¢ï§�−®
á ¢®¯à®á®¬ ®¡¥á¯¥ç¥−¨ï â¥å−¨ç¥áª®© −�¤¥¦−®áâ¨ åà�−¥−¨ï ¤�−−ëå. �à¨¬¥-
à®¬ £�à�−â¨¨ íâ®© −�¤¥¦−®áâ¨ á«ã¦¨â ¨á¯®«ì§®¢�−¨¥ åà�−¨«¨é� CERN ¤«ï
Zenodo. �«ìâ¥à−�â¨¢®© ¤®à®£¨¬ ¢ëá®ª®−�¤¥¦−ë¬ æ¥−âà�«¨§®¢�−−ë¬ á¨áâ¥¬�¬
¬®£ãâ áâ�âì ¤¥æ¥−âà�«¨§®¢�−−ë¥, à�á¯à¥¤¥«¥−−ë¥ á¨áâ¥¬ë. ˆå ¢®§¬®¦−®áâ¨
¢ à�áá¬®âà¥−−ëå à¥¯®§¨â®à¨ïå −¥ ¨á¯®«ì§ãîâáï.

5.2 Обеспечение обнаруживаемости (F)

Š�ª ¯®ª�§�−® ¢ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥, áãé¥áâ¢ãîé¨¥ à¥áãàáë ®¡¥á¯¥ç¨¢�-
îâ −¥ª®â®àë© ãà®¢¥−ì á®®â¢¥âáâ¢¨ï ¯à¨−æ¨¯�¬ ®¡−�àã¦¨¢�¥¬®áâ¨, ¢ â®¬ ç¨á«¥
¤«ï ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª. (Œ¥â�)¤�−−ë¬ ¯à¨á¢�¨¢�¥âáï £«®¡�«ì−ë©
ã−¨ª�«ì−ë© ¨ ¯®áâ®ï−−ë© ¨¤¥−â¨ä¨ª�â®à (F1). Œ¥â�¤�−−ë¥ ç¥âª® ¨ −¥¤¢ã-
á¬ëá«¥−−® ¢ª«îç�îâ ¨¤¥−â¨ä¨ª�â®à ¤�−−ëå, ª®â®àë¥ ®−¨ ®¯¨áë¢�îâ (F3).
„�−−ë¥ à¥£¨áâà¨àãîâáï ¨«¨ ¨−¤¥ªá¨àãîâáï −� à¥áãàá¥ á ¢®§¬®¦−®áâìî
¯®¨áª� (F4). �â¨ âà¥¡®¢�−¨ï ¢ë¯®«−ïîâáï ¢á¥¬¨ ªàã¯−ë¬¨ à¥¯®§¨â®à¨ï¬¨.

’�ª¨¬ ®¡à�§®¬, ¤®¯®«−¨â¥«ì−ëå ãá¨«¨© âà¥¡ã¥â â®«ìª® ¢ë¯®«−¥−¨¥ ¯à¨−æ¨-
¯� ¤�−−ë¥ ®¯¨á�−ë ¡®£�âë¬¨ ¬¥â�¤�−−ë¬¨ (F2). ’à¥¡®¢�−¨¥ (F2) ¯à¥¤¯®«�£�¥â
¨á¯®«ì§®¢�−¨¥ ®¡è¨à−ëå ¬¥â�¤�−−ëå, ¢ëå®¤ïé¨å §� ¯à¥¤¥«ë ¡�§®¢®£® −�¡®à�
(�¢â®à, −�§¢�−¨¥, £®¤). ‘ãé¥áâ¢ãîâ ¤¢� ¯®¤å®¤� ª à¥è¥−¨î íâ®£® ¢®¯à®á�.
�¥à¢ë© ¯®¤å®¤, ®â¬¥ç¥−−ë©, ¢ ç�áâ−®áâ¨, ¢ áâ�âì¥ [29], á®áâ®¨â ¢ à�§à�¡®âª¥
¡®«¥¥ ¯®«−ëå áâ�−¤�àâ®¢ ¬¥â�¤�−−ëå ¤«ï ¯à¥¤¬¥â−ëå ®¡«�áâ¥©. �ã¤ãç¨ ®á−®¢-
−ë¬ ¯®¤å®¤®¬ −� ¯à®âï¦¥−¨¨ ¤«¨â¥«ì−®£® ¢à¥¬¥−¨, ®− â¥¬ −¥ ¬¥−¥¥ ®¡«�¤�¥â
®£à�−¨ç¥−−®© íää¥ªâ¨¢−®áâìî, â�ª ª�ª âà¥¡ã¥â ¯à®¢¥¤¥−¨ï á¥àì¥§−®© ¤®¯®«-
−¨â¥«ì−®© à�¡®âë á® áâ®à®−ë ¨áá«¥¤®¢�â¥«ï, ¯ã¡«¨ªãîé¥£® á¢®¨ à¥§ã«ìâ�âë.
‚â®à®© ¯®¤å®¤ ¯à¥¤áâ�¢«¥−, ¢ ç�áâ−®áâ¨, á¥à¢¨á®¬ Enrichment API ¢ EOSC
¨ ¯à¥¤áâ�¢«ï¥â á®¡®© ¤®¯®«−¥−¨¥ ¢àãç−ãî áä®à¬¨à®¢�−−ëå áâ�−¤�àâ−ëå ¬¥-
â�¤�−−ëå ¬¥â�¤�−−ë¬¨, ¨§¢«¥ç¥−−ë¬¨ �¢â®¬�â¨ç¥áª¨. �à¨¬¥à®¬ ¬¥â�¤�−−ëå,
¨§¢«¥ª�¥¬ëå �¢â®¬�â¨ç¥áª¨ ¤«ï ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª,
á«ã¦�â áå¥¬ë −�¡®à®¢ ¤�−−ëå, ¨á¯®«ì§ã¥¬ë¥ ¡¨¡«¨®â¥ª¨, ¢−¥è−¥¥ ¯à®£à�¬-
¬−®¥ ®¡¥á¯¥ç¥−¨¥, å�à�ªâ¥à¨áâ¨ª¨ ¯à®£à�¬¬−®£® ª®¤�, â�ª¨¥ ª�ª ¨á¯®«ì§ã¥¬ë¥
�«£®à¨â¬ë, è�¡«®−ë ¯à®¥ªâ¨à®¢�−¨ï ¨ â. ¤. �¤−�ª®, ª�ª ¯®ª�§�−® ¢ ¯à¥¤ë¤ã-
é¥¬ à�§¤¥«¥, �¢â®¬�â¨ç¥áª®¥ ®¡®£�é¥−¨¥ ¬¥â�¤�−−ëå ¤«ï ª®¤� ¢ áãé¥áâ¢ãîé¨å
à¥¯®§¨â®à¨ïå −¥ ¯à¨¬¥−ï¥âáï. ‘®¢¬¥é¥−¨¥ íâ¨å ¤¢ãå ¯®¤å®¤®¢, ª®â®à®¥ ¯®§¢®-
«¨â ¨á¯®«ì§®¢�âì ®âà�á«¥¢ë¥ áâ�−¤�àâë ¨ ®á¢®¡®¤¨â ¨áá«¥¤®¢�â¥«¥© ®â âï¦¥«®©
¨ −¥®ç¥¢¨¤−®© à�¡®âë, ¤®«¦−® ¡ëâì ®¡¥á¯¥ç¥−® ¨−äà�áâàãªâãà®©.
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5.3 Обеспечение интероперабельности (I)

÷�áá¬®âà¨¬, −�áª®«ìª® áãé¥áâ¢ãîé¨¥ à¥è¥−¨ï ®¡¥á¯¥ç¨¢�îâ ¨−â¥à®¯¥à�-
¡¥«ì−®áâì ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢ ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª.

�à¨−æ¨¯ë (¬¥â�)¤�−−ë¥ ¨á¯®«ì§ãîâ ä®à¬�«ì−ë©, ¤®áâã¯−ë© ¨ è¨à®ª®
¯à¨¬¥−¨¬ë© ï§ëª ¤«ï ¯à¥¤áâ�¢«¥−¨ï §−�−¨© (I1) ¨ (¬¥â�)¤�−−ë¥ ¨á¯®«ì§ãîâ
á«®¢�à¨ (I2) ª®−æ¥¯âã�«ì−® ãç¨âë¢�îâáï ¢ áãé¥áâ¢ãîé¨å à¥è¥−¨ïå. �¤−�ª®,
ª�ª ¯®ª�§�−® ¢ à�¡®â¥ [30], áâ¥¯¥−ì á®®â¢¥âáâ¢¨ï ¨¬ §�¢¨á¨â ®â ª�ç¥áâ¢� ¯à¥¤áâ�¢-
«¥−¨© ¬¥â�¤�−−ëå ¨ ¨å á«®¢�à¥© á®®â¢¥âáâ¢¥−−®. „«ï ª®−ªà¥â−ëå ¯à¥¤¬¥â−ëå
®¡«�áâ¥© íâ® ®§−�ç�¥â, çâ® ¢ë¡à�−−ë© ï§ëª ¤®«¦¥− ã¤®¢«¥â¢®àïâì âà¥¡®¢�−¨ï¬
íâ®© ®¡«�áâ¨ ¨ çâ® ¢ë¡à�−ë ¨«¨ ¯®áâà®¥−ë á«®¢�à¨, ¯à¥¤®áâ�¢«ïîé¨¥ ª®àà¥ªâ-
−ãî ¨ ®¡é¥¯à¨−ïâãî ¨−â¥à¯à¥â�æ¨î â¥à¬¨−®¢. ‚ à�áá¬®âà¥−−ëå à¥¯®§¨â®à¨ïå
¨ á¥à¢¨á�å íª®á¨áâ¥¬ë EOSC ¨á¯®«ì§®¢�−¨¥ á«®¢�à¥© ãà®¢−ï ¨−äà�áâàãªâãàë
®£à�−¨ç¥−® ¬¥¦¤¨áæ¨¯«¨−�à−ë¬¨ áâ�−¤�àâ�¬¨ (−�¯à¨¬¥à, DataCite). ‘¯¥æ¨-
�«¨§¨à®¢�−−ë¥ ®−â®«®£¨¨ ¤«ï ®¯¨á�−¨ï ¯à®£à�¬¬−®£® ª®¤�, ¢ëç¨á«¨â¥«ì−ëå
íªá¯¥à¨¬¥−â®¢ ¨«¨ ¬®¤¥«¥© ¬�è¨−−®£® ®¡ãç¥−¨ï ¢ íâ¨å ¨−äà�áâàãªâãà�å −¥
¯à¨¬¥−ïîâáï.

�¥áª®«ìª® åã¦¥ ®¡¥á¯¥ç¨¢�¥âáï á®®â¢¥âáâ¢¨¥ ¯à¨−æ¨¯ã (¬¥â�)¤�−−ë¥ á®-
¤¥à¦�â ª¢�«¨ä¨æ¨à®¢�−−ë¥ ááë«ª¨ −� ¤àã£¨¥ (¬¥â�)¤�−−ë¥ (I3). ��«¨ç¨¥
ª¢�«¨ä¨æ¨à®¢�−−ëå ááë«®ª ®§−�ç�¥â ¨−â¥£à�æ¨î á ¤àã£¨¬¨ ¨−äà�áâàãªâãà�¬¨
¨ ¢ ¬¨−¨¬�«ì−®© áâ¥¯¥−¨ ¯à¥¤áâ�¢«¥−® ¢® ¢á¥å ¨−äà�áâàãªâãà�å. ‚® ¢á¥å à�á-
á¬®âà¥−−ëå à¥¯®§¨â®à¨ïå ¨á¯®«ì§ãîâáï ááë«ª¨ −� ¤àã£¨¥ à¥¯®§¨â®à¨¨ (®¡ëç−®
−� Zenodo ¨«¨ GitHub), DOI, � â�ª¦¥ ãª�§�−¨¥ ¯à®¢�©¤¥à®¢ á¥à¢¨á®¢. ��¨¡®«¥¥
à�§¢¨â®© à¥�«¨§�æ¨¥© íâ®© ¨−â¥£à�æ¨¨ áç¨â�¥âáï á¥à¢¨á OpenAIRE. ’�ª¨¬ ®¡à�-
§®¬, ®¯¨á�−−�ï ¨−â¥£à�æ¨ï ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¢−¥á¥−¨ï ¤�−−ëå ¢ ª�â�«®£¨
¤�−−ëå, ¯®¤ª«îç¥−¨ï á¥à¢¨á®¢ ¯®¨áª�, ¨á¯®«ì§®¢�−¨ï ®¡é¥¯à¨−ïâëå ¨¤¥−â¨-
ä¨ª�â®à®¢ ¨ ¡�§®¢ëå −�¡®à®¢ ¬¥â�¤�−−ëå. Šà®¬¥ â®£®, ª�ª ¯®ª�§�−® ¢ [3], íâ®
âà¥¡®¢�−¨¥ â�ª¦¥ ®§−�ç�¥â −¥®¡å®¤¨¬®áâì −�«¨ç¨ï ª¢�«¨ä¨æ¨à®¢�−−ëå ááë«®ª
−� ¯à®£à�¬¬−ë¥ §�¢¨á¨¬®áâ¨. �®áª®«ìªã ¯à®£à�¬¬−ë¥ §�¢¨á¨¬®áâ¨ ï¢«ïîâáï
á¯¥æ¨ä¨ç−ë¬ â¨¯®¬ ¤�−−ëå, ¢ à�áá¬®âà¥−−ëå ¨−äà�áâàãªâãà�å ¢®¯à®á ® −�«¨-
ç¨¨ ª¢�«¨ä¨æ¨à®¢�−−ëå ááë«®ª −� −¨å −¥ à¥è¥−. „«ï ª®¬¯ìîâ¥à−ëå −�ãª íâ®
ªà¨â¨ç−®, â�ª ª�ª ¯®¢â®à−®¥ ¨á¯®«ì§®¢�−¨¥ ª®¤� −¥¢®§¬®¦−® ¡¥§ ï¢−®£® ãª�§�−¨ï
§�¢¨á¨¬®áâ¥© ¨ ¨å ¢¥àá¨©.

5.4 Обеспечение воспроизводимости и повторного использования (R)

(Œ¥â�)¤�−−ë¥ ¡®£�â® ®¯¨á�−ë á ¬−®¦¥áâ¢®¬ â®ç−ëå ¨ �ªâã�«ì−ëå �âà¨-
¡ãâ®¢ (R1). ÷¥�«¨§�æ¨ï íâ®£® ¯à¨−æ¨¯� −¥à�§àë¢−® á¢ï§�−� á ¯à¨−æ¨¯®¬ F2,
®¤−�ª® âà¥¡ã¥â ®¯¨á�−¨ï −¥ â®«ìª® ¯®¨áª®¢ëå å�à�ªâ¥à¨áâ¨ª, −® ¨ �âà¨¡ãâ®¢,
−¥®¡å®¤¨¬ëå ¤«ï ¢®á¯à®¨§¢®¤¨¬®áâ¨ ¨ ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï ¨áá«¥¤®¢�â¥«ì-
áª®£® ®¡ê¥ªâ�. �ªâã�«ì−®áâì ¤�−−ëå ¨ ¬¥â�¤�−−ëå ¯à¥¤¯®«�£�¥â à¥�«¨§�æ¨î
á¥à¢¨á®¢ ¤«ï ¯®¤¤¥à¦ª¨ ¯à®æ¥áá®¢ á®¯à®¢®¦¤¥−¨ï ¤�−−ëå, � â�ª¦¥ á¥à¢¨á®¢
�−�«¨§� ¬¥â�¤�−−ëå −� ¯à¥¤¬¥â ¨å â®ç−®áâ¨ ¨ �ªâã�«ì−®áâ¨. ‚ ª®−â¥ªáâ¥
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�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª

ª®¬¯ìîâ¥à−ëå −�ãª íâ® âà¥¡ã¥â ¯®¤¤¥à¦ª¨ ¢¥àá¨®−−®áâ¨ −¥ â®«ìª® á�¬¨å �àâ¥-
ä�ªâ®¢, −® ¨ ¨å ®ªàã¦¥−¨ï (¡¨¡«¨®â¥ª, §�¢¨á¨¬®áâ¥©, ¯�à�¬¥âà®¢ §�¯ãáª�), çâ®
¢ à�áá¬®âà¥−−ëå à¥è¥−¨ïå ®âáãâáâ¢ã¥â.

(Œ¥â�)¤�−−ë¥ ¢ë¯ãé¥−ë á ç¥âª®© ¨ ¤®áâã¯−®© «¨æ¥−§¨¥© −� ¨á¯®«ì§®-
¢�−¨¥ ¤�−−ëå (R1.1). ”ã−ªæ¨®−�« «¨æ¥−§¨à®¢�−¨ï è¨à®ª® ¯à¥¤áâ�¢«¥− ¢ áã-
é¥áâ¢ãîé¨å ¨−äà�áâàãªâãà�å ¨ à¥�«¨§®¢�− ¢® ¢á¥å à�áá¬®âà¥−−ëå à¥¯®§¨â®à¨-
ïå. …¤¨−áâ¢¥−−®© á¯¥æ¨ä¨ç−®© ¤«ï ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ®á®¡¥−−®áâìî
ï¢«ï¥âáï −¥®¡å®¤¨¬®áâì ¯®¤¤¥à¦¨¢�âì ®â¤¥«ì−ë¥ «¨æ¥−§¨¨ ¤«ï ®â¤¥«ì−ëå ª®¬-
¯®−¥−â®¢ ®¤−®£® ¨ â®£® ¦¥ ¨áá«¥¤®¢�â¥«ìáª®£® ®¡ê¥ªâ� (−�¯à¨¬¥à, ®¤−� «¨æ¥−§¨ï
¤«ï ª®¤�, ¤àã£�ï | ¤«ï ¤�−−ëå ¨ ¬®¤¥«¥©, âà¥âìï | ¤«ï ¢−¥è−¨å §�¢¨á¨¬®áâ¥©).
�¨ ®¤¨− ¨§ ¯à®�−�«¨§¨à®¢�−−ëå à¥¯®§¨â®à¨¥¢ −¥ ¯®§¢®«ï¥â §�¤�¢�âì à�§−ë¥
«¨æ¥−§¨¨ ¤«ï ç�áâ¥© ®¤−®£® −�¡®à� ¤�−−ëå.

(Œ¥â�)¤�−−ë¥ á¢ï§�−ë á ¯®¤à®¡−®© ¨áâ®à¨¥© ¯à®¨áå®¦¤¥−¨ï (R1.2).
„®áâã¯−ë¥ à¥è¥−¨ï ¢ −¥ª®â®à®© ¬¥à¥ ®¡¥á¯¥ç¨¢�îâ ãç¥â íâ®£® ¯à¨−æ¨¯�. �à¥¤®-
áâ�¢«ïîâáï ¬¥â�¤�−−ë¥ ®¡ �¢â®à�å, ®à£�−¨§�æ¨¨, ¨ ¢ −¥ª®â®àëå á«ãç�ïå ¯à¥¤®-
áâ�¢«ï¥âáï â�ª¦¥ á¥à¢¨á à¥æ¥−§¨à®¢�−¨ï ¯ã¡«¨ªã¥¬ëå ¬�â¥à¨�«®¢. „«ï ¯ã¡«¨-
ªã¥¬®£® ¯à®£à�¬¬−®£® ª®¤� �ªâã�«¥− ¯¥à¥−®á ¯®−ïâ¨© ¯à®¨áå®¦¤¥−¨ï ¨ �¢â®àáâ¢�
á æ¥«®£® ®¡ê¥ªâ� −� ¥£® á®áâ�¢−ë¥ ç�áâ¨. �à®£à�¬¬−ë¥ áà¥¤áâ¢� ª®−âà®«ï ¢¥à-
á¨© ¯®§¢®«ïîâ ®¯à¥¤¥«¨âì �¢â®àáâ¢® á â®ç−®áâìî ¤® áâà®ª¨, ®¤−�ª® −¨ ®¤−® ¨§
à�áá¬®âà¥−−ëå à¥è¥−¨© −¥ ¨á¯®«ì§ã¥â íâã ®á®¡¥−−®áâì. ’® ¦¥ á�¬®¥ ®â−®á¨âáï
¨ ª à¥�«¨§�æ¨¨ ¬−®£®¢¥àá¨®−−®áâ¨ ¢ áãé¥áâ¢ãîé¨å à¥è¥−¨ïå, ª®â®à�ï ¬®¦¥â
¡ëâì à�áè¨à¥−� ¤«ï â¨¯®¢ ¨áá«¥¤®¢�â¥«ìáª¨å ®¡ê¥ªâ®¢, ¯®§¢®«ïîé¨å â�ª®¥
à�áè¨à¥−¨¥.

(Œ¥â�)¤�−−ë¥ á®®â¢¥âáâ¢ãîâ áâ�−¤�àâ�¬, à¥«¥¢�−â−ë¬ ¤«ï á®®â¢¥âáâ¢ã-
îé¥© ®¡«�áâ¨ (R1.3). ÷¥�«¨§�æ¨ï íâ®£® ¯à¨−æ¨¯� ®¡¥á¯¥ç¨¢�¥âáï −�«¨ç¨¥¬
¯à¥¤¬¥â−ëå á®®¡é¥áâ¢ ¢ à�áá¬®âà¥−−ëå à¥è¥−¨ïå, çâ® ®á®¡¥−−® §�¬¥â−® ¯®
ä¥¤¥à�â¨¢−®© áâàãªâãà¥ EOSC. �¤−�ª® áâ�−¤�àâë ¤«ï ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå
−�ãª â¥á−® á¢ï§�−ë á® áâ�−¤�àâ�¬¨, ¯à¨−ïâë¬¨ ¢−¥ −�ãç−®© áà¥¤ë, ¨ ¤®«¦-
−ë ¯®¤¢¥à£�âìáï à¥£ã«ïà−®¬ã ¯¥à¥á¬®âàã ¯® ¬¥à¥ ¨å à�§¢¨â¨ï. Š�ª ¯®ª�§�−®
¢ [3], ¤«ï ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï íâ®¬ã âà¥¡®¢�−¨î ¤®«¦−ë ã¤®¢«¥â¢®àïâì
−¥ â®«ìª® ¬¥â�¤�−−ë¥, −® ¨ ¤®ªã¬¥−â�æ¨ï. ‚ áãé¥áâ¢ãîé¨å ¨−äà�áâàãªâãà�å
®âáãâáâ¢ãîâ ¬¥å�−¨§¬ë ¯à®¢¥àª¨ á®®â¢¥âáâ¢¨ï ®¯ã¡«¨ª®¢�−−®£® ª®¤� áâ�−¤�àâ�¬
®ä®à¬«¥−¨ï, ¤®ªã¬¥−â¨à®¢�−¨ï ¨«¨ «¨æ¥−§¨à®¢�−¨ï, ¯à¨−ïâë¬ ¢ ª®−ªà¥â−ëå
á®®¡é¥áâ¢�å ¨áá«¥¤®¢�â¥«¥© ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª.

�®¬¨¬® ¯¥à¥ç¨á«¥−−ëå ¯à¨−æ¨¯®¢ ¤«ï ãá¯¥è−®£® ¯®¢â®à−®£® ¨á¯®«ì§®¢�-
−¨ï à¥§ã«ìâ�â®¢ ª®¬¯ìîâ¥à−ëå −�ãª ªà¨â¨ç¥áª¨ ¢�¦−� ¢®§¬®¦−®áâì ¨á¯®«−¥-
−¨ï �àâ¥ä�ªâ®¢ ª®¤�. ‚ [31] ¯®ª�§�−� ¨áª«îç¨â¥«ì−�ï ¢�¦−®áâì ®¡¥á¯¥ç¥−¨ï
â¥å−¨ç¥áª¨å ¢®§¬®¦−®áâ¥© ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï. �â® ®§−�ç�¥â, çâ® ¤®«¦-
−� áãé¥áâ¢®¢�âì ¢®§¬®¦−®áâì ¯à®£à�¬¬−®£® ¨á¯®«−¥−¨ï, ¢ëç¨á«¥−¨ï, §�¯ãáª�
¨ ®¡à�¡®âª¨ ¤«ï ¢á¥å à�áá¬�âà¨¢�¥¬ëå �àâ¥ä�ªâ®¢. ’�ª¨¥ ¢®§¬®¦−®áâ¨ ãá¯¥è−®
à¥�«¨§®¢�−ë, −�¯à¨¬¥à, ¢ á¥à¢¨á�å á®¯à®¢®¦¤¥−¨ï ®¡«�ç−ëå ¢ëç¨á«¥−¨©, â�ª¨å
ª�ª EGI, Nuvla.io, Infrastructure Manager ¨ ¤à. �¤−�ª® íâ¨ á¥à¢¨áë áãé¥áâ¢ãîâ
¨§®«¨à®¢�−−® ®â à¥¯®§¨â®à¨¥¢, ¨ ¨áá«¥¤®¢�â¥«ì −¥ ¬®¦¥â −¥¯®áà¥¤áâ¢¥−−® ¨§ §�-
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¯¨á¨ ¢ à¥¯®§¨â®à¨¨ §�¯ãáâ¨âì ª®¤ −� ¢ë¯®«−¥−¨¥. �¥àá¯¥ªâ¨¢−ë¬ −�¯à�¢«¥−¨¥¬
¯à¥¤áâ�¢«ï¥âáï ¨å ¡®«¥¥ ¯«®â−�ï ¨−â¥£à�æ¨ï á ¤àã£¨¬¨ ª®¬¯®−¥−â�¬¨ ¨−äà�-
áâàãªâãàë, çâ®¡ë �−�«¨§ ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢ ¬®£ ¡ëâì ®áãé¥áâ¢«¥−
¨áá«¥¤®¢�â¥«¥¬ ¯®«−®áâìî ¢−ãâà¨ ¨−äà�áâàãªâãàë, ¡¥§ −¥®¡å®¤¨¬®áâ¨ ¤®¯®«-
−¨â¥«ì−®© ®¡à�¡®âª¨ ¤�−−ëå ¨«¨ ¨á¯®«ì§®¢�−¨ï áâ®à®−−¨å ¢ëç¨á«¨â¥«ì−ëå
¨ �−�«¨â¨ç¥áª¨å à¥áãàá®¢. ÷�§ã¬¥¥âáï, ¨−äà�áâàãªâãà� −¥ ¬®¦¥â ã¤®¢«¥â¢®à¨âì
¢á¥ ¯®âà¥¡−®áâ¨ ¢ ¢®á¯à®¨§¢¥¤¥−¨¨ ¨áá«¥¤®¢�−¨ï, −® ®−� ¤®«¦−� ¯®¤¤¥à¦¨¢�âì
ãª�§�−−ë¥ âà¥¡®¢�−¨ï ª�ª ¬¨−¨¬ã¬ ¤«ï á�¬ëå ¯®¯ã«ïà−ëå â¨¯®¢ ¨áá«¥¤®¢�-
â¥«ìáª¨å �àâ¥ä�ªâ®¢. �à®¢¥¤¥−−ë© �−�«¨§ ¯®ª�§ë¢�¥â, çâ® ¤«ï ª®¬¯ìîâ¥à−ëå
−�ãª â�ª�ï ¯®¤¤¥à¦ª� ¢ −�áâ®ïé¥¥ ¢à¥¬ï ®âáãâáâ¢ã¥â.

6 Разработка архитектуры исследовательской инфраструктуры

6.1 Требования к инфраструктуре

�à®¢¥¤¥−−ë© ¢ ¯à¥¤ë¤ãé¨å à�§¤¥«�å �−�«¨§ ¯®âà¥¡−®áâ¥© ®¡«�áâ¨ ª®¬¯ìî-
â¥à−ëå −�ãª ¨ áâ¥¯¥−¨ á®®â¢¥âáâ¢¨ï áãé¥áâ¢ãîé¨å ¨−äà�áâàãªâãà ¯à¨−æ¨¯�¬
FAIR ¯®§¢®«ï¥â áä®à¬ã«¨à®¢�âì á«¥¤ãîé¨¥ âà¥¡®¢�−¨ï ª á¯¥æ¨�«¨§¨à®¢�−−®©
¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãà¥, ®à¨¥−â¨à®¢�−−®© −� ¤�−−ãî ¯à¥¤¬¥â−ãî
®¡«�áâì.

1. Š�ª á«¥¤ã¥â ¨§ �−�«¨§� à¥¯®§¨â®à¨¥¢ (á¬. ¯®¤à�§¤. 4.2) ¨ ¯à¨−æ¨¯®¢ ¤®-
áâã¯−®áâ¨ (á¬. ¯®¤à�§¤. 5.1), áãé¥áâ¢ãîé¨¥ à¥è¥−¨ï −¥ ¯à¥¤®áâ�¢«ïîâ
¢®§¬®¦−®áâ¥© ¤«ï à�§¬¥é¥−¨ï á¯¥æ¨ä¨ç¥áª¨å ¤«ï ª®¬¯ìîâ¥à−ëå −�ãª â¨-
¯®¢ ¤�−−ëå, â�ª¨å ª�ª ¯à®£à�¬¬−ë© ª®¤, ¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï,
¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë. Šà®¬¥ â®£®, ¬¥å�−¨§¬ë ¬−®£®¢¥àá¨®−−®áâ¨
¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢ ¢ ®¡é¨å à¥¯®§¨â®à¨ïå (−�¯à¨¬¥à, á®§¤�−¨¥
−®¢®© ¢¥àá¨¨ ª�ª ¯®«−®áâìî −®¢®£® −�¡®à� ¤�−−ëå) −¥ á®®â¢¥âáâ¢ãîâ ¯à�ªâ¨-
ª¥ à�¡®âë á ¯à®£à�¬¬−ë¬ ª®¤®¬, £¤¥ è¨à®ª® ¨á¯®«ì§ãîâáï à�á¯à¥¤¥«¥−−ë¥
á¨áâ¥¬ë ª®−âà®«ï ¢¥àá¨© (Git, SVN) á ¯®¤¤¥à¦ª®© ¢¥â¢«¥−¨ï ¨ á«¨ï−¨ï.
„«ï ãáâà�−¥−¨ï íâ¨å −¥¤®áâ�âª®¢ ¨−äà�áâàãªâãà� ¤®«¦−� ®¡¥á¯¥ç¨¢�âì
åà�−¥−¨¥ ¨ ¢¥àá¨®−−®áâì á«¥¤ãîé¨å â¨¯®¢ �àâ¥ä�ªâ®¢: ¯à®£à�¬¬−ë© ª®¤,
¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï, ä�©«ë ¨−â¥à�ªâ¨¢−ëå ¨á¯®«−¨â¥«ì−ëå áà¥¤
(Jupyter Notebook); ¤�−−ë¥ ¢ ¢¨¤¥ ª®¯¨© á¨áâ¥¬ ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−−ëå;
í«¥ªâà®−−ë¥ â�¡«¨æë; JSON-ä�©«ë. �¥à¥ç¥−ì á®áâ�¢«¥− −� ®á−®¢¥ �−�«¨§�
−�¡®à� ¤�−−ëå [32] ¨ ®âà�¦�¥â −�¨¡®«¥¥ ç�áâ® ¢áâà¥ç�îé¨¥áï ¢ ¯ã¡«¨ª�æ¨ïå
â¨¯ë à¥§ã«ìâ�â®¢.

2. Š�ª ¯®ª�§�−® ¢ ¯®¤à�§¤. 5.3, ®¡¥á¯¥ç¥−¨¥ ¨−â¥à®¯¥à�¡¥«ì−®áâ¨ (¯à¨−æ¨¯ë
I1{I3) âà¥¡ã¥â −�«¨ç¨ï ¯®«−ëå ¨ ¬�è¨−®ç¨â�¥¬ëå ¬¥â�¤�−−ëå. ÷ãç−®¥
á®áâ�¢«¥−¨¥ â�ª¨å ¬¥â�¤�−−ëå ¯à¥¤áâ�¢«ï¥â áãé¥áâ¢¥−−ãî á«®¦−®áâì ¤«ï
¨áá«¥¤®¢�â¥«¥©. �®íâ®¬ã ¨−äà�áâàãªâãà� ¤®«¦−� ¢ª«îç�âì á¥à¢¨áë, ¯à¥¤®-
áâ�¢«ïîé¨¥, á ®¤−®© áâ®à®−ë, ¤®áâã¯ ª ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−ë¬ á«®-
¢�àï¬ ¨ áå¥¬�¬ ¬¥â�¤�−−ëå (−�¯à¨¬¥à, ¤«ï ®¯¨á�−¨ï ¯à®£à�¬¬−®£® ª®¤�,
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�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª

§�¢¨á¨¬®áâ¥©, «¨æ¥−§¨©), � á ¤àã£®© áâ®à®−ë, áà¥¤áâ¢� �¢â®¬�â¨§¨à®¢�−−®£®
¨§¢«¥ç¥−¨ï ¬¥â�¤�−−ëå ¨§ á®¤¥à¦¨¬®£® �àâ¥ä�ªâ®¢ (�−�«¨§ ª®¤�, ¢ëï¢«¥-
−¨¥ ¨á¯®«ì§ã¥¬ëå ¡¨¡«¨®â¥ª, �«£®à¨â¬®¢). ‚ −�áâ®ïé¥¥ ¢à¥¬ï ¯®¤®¡−ë¥
á¥à¢¨áë ¢ ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà�å ¯à�ªâ¨ç¥áª¨ ®âáãâáâ¢ãîâ, §�
¨áª«îç¥−¨¥¬ ¥¤¨−¨ç−ëå ¯à¨¬¥à®¢ (Enrichment API ¢ EOSC), −¥ ¨−â¥£à¨-
à®¢�−−ëå ¢ ®¡é¨© ª®−â¥ªáâ.

3. �à¨−æ¨¯ë ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï (R1{R1.3) ¨ �−�«¨§ á¥à¢¨á®¢-¯®áà¥¤-
−¨ª®¢ (á¬. ¯®¤à�§¤. 4.4) ¯®ª�§ë¢�îâ, çâ® ¤«ï ª®¬¯ìîâ¥à−ëå −�ãª ªà¨â¨ç¥áª¨
¢�¦−� ¢®§¬®¦−®áâì −¥ â®«ìª® åà�−¥−¨ï, −® ¨ ¨á¯®«−¥−¨ï ¨áá«¥¤®¢�â¥«ìáª¨å
�àâ¥ä�ªâ®¢. Š�ª ®â¬¥ç¥−® ¢ [31], â¥å−¨ç¥áª�ï ¢®§¬®¦−®áâì ¯®¢â®à−®£®
¨á¯®«ì§®¢�−¨ï âà¥¡ã¥â ®¡¥á¯¥ç¥−¨ï ¯à®£à�¬¬−®£® §�¯ãáª� �àâ¥ä�ªâ®¢. “ç¨-
âë¢�ï, çâ® ®á−®¢−ë¬ à¥§ã«ìâ�â®¬ ¨áá«¥¤®¢�−¨© ¢ ª®¬¯ìîâ¥à−ëå −�ãª�å
ï¢«ï¥âáï ¯à®£à�¬¬−ë© ª®¤ ¨ áªà¨¯âë, ¨−äà�áâàãªâãà� ¤®«¦−� ®¡¥á¯¥ç¨-
¢�âì áà¥¤ã ¤«ï ¨å ¨á¯®«−¥−¨ï. �â® ¯à¥¤¯®«�£�¥â ¨−â¥£à�æ¨î ¢−¥è−¨å
¢ëç¨á«¨â¥«ì−ëå ¬®é−®áâ¥© ¨ ¨á¯®«ì§®¢�−¨¥ â¥å−®«®£¨© ª®−â¥©−¥à¨§�æ¨¨.

4. �¡¥á¯¥ç¥−¨¥ ®¤−®¢à¥¬¥−−® ª®−ä¨¤¥−æ¨�«ì−®áâ¨ ¨ ¤®áâã¯−®áâ¨ ¯à¥¤áâ�¢«ï-
¥âáï −¥âà¨¢¨�«ì−®© §�¤�ç¥©. �−�«¨§ ¯à¨−æ¨¯� A1.2 (à�§¤. 5.1) ¯®ª�§�«,
çâ® áãé¥áâ¢ãîé¨¥ à¥¯®§¨â®à¨¨ −¥ ¯®¤¤¥à¦¨¢�îâ à�§£à�−¨ç¥−¨¥ ¤®áâã¯�
ª à�§«¨ç−ë¬ ª®¬¯®−¥−â�¬ ®¤−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ®¡ê¥ªâ� (−�¯à¨¬¥à,
®âªàëâë© ª®¤, −® §�ªàëâë¥ ¤�−−ë¥). ÷¥è¥−¨¥¬ ¬®¦¥â áâ�âì ¯®¤¤¥à¦ª�
¬−®£®ãà®¢−¥¢ëå ¬¥â�¤�−−ëå ¨ £¨¡ª¨å ¯®«¨â¨ª ¤®áâã¯� −� ãà®¢−¥ ¨−äà�-
áâàãªâãàë, çâ® â�ª¦¥ á®£«�áã¥âáï á à¥ª®¬¥−¤�æ¨ï¬¨ [28] ¯® ã¯à�¢«¥−¨î
¤®áâã¯®¬ ª FAIR-¤�−−ë¬.

5. Š�ª ¯®ª�§�−® ¯à¨ à�áá¬®âà¥−¨¨ ¯à¨−æ¨¯� I3 (á¬. ¯®¤à�§¤. 5.3), áãé¥áâ¢ã-
îé¨¥ ¨−äà�áâàãªâãàë á«�¡® ¨−â¥£à¨à®¢�−ë ¬¥¦¤ã á®¡®©. „«ï ®¡¥á¯¥ç¥−¨ï
ª®àà¥ªâ−ëå ¨ ¯®«−ëå ááë«®ª −� ¤àã£¨¥ ¨áá«¥¤®¢�â¥«ìáª¨¥ �àâ¥ä�ªâë (−�-
¯à¨¬¥à, −� ¨á¯®«ì§®¢�−−ë¥ ¡¨¡«¨®â¥ª¨, −�¡®àë ¤�−−ëå, ¯ã¡«¨ª�æ¨¨) −¥®¡-
å®¤¨¬� ¨−â¥£à�æ¨ï ª�ª á ¤àã£¨¬¨ −�ãç−ë¬¨ ¨−äà�áâàãªâãà�¬¨ (OpenAIRE,
re3data), â�ª ¨ á ®¡é¥¯à¨−ïâë¬¨ ¢ ª®¬¯ìîâ¥à−ëå −�ãª�å ¯«�âä®à¬�¬¨
(GitHub, GitLab, �àå¨¢ë ¯�ª¥â®¢). ˆ−äà�áâàãªâãà� ¤®«¦−� ¯®¤¤¥à¦¨-
¢�âì ¬¥å�−¨§¬ë ¯®áâ®ï−−ëå ¨¤¥−â¨ä¨ª�â®à®¢ (DOI, Software Heritage ID)
¨ ®¡¥á¯¥ç¨¢�âì ¢®§¬®¦−®áâì �¢â®¬�â¨ç¥áª®£® à�§à¥è¥−¨ï ááë«®ª.

6.2 Подсистемы архитектуры и их функции

�� ®á−®¢¥ áä®à¬ã«¨à®¢�−−ëå âà¥¡®¢�−¨© ¯à¥¤«�£�¥âáï �àå¨â¥ªâãà� ¨áá«¥¤®-
¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¤«ï ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª, ¢ª«îç�îé�ï ª�ª
¡�§®¢ë¥ äã−ªæ¨¨, ª®â®àë¥ ¬®£ãâ ¡ëâì ®¡é¨¬¨ ¤«ï «î¡ëå ¨áá«¥¤®¢�â¥«ìáª¨å
¨−äà�áâàãªâãà, â�ª ¨ á¯¥æ¨�«¨§¨à®¢�−−ë¥, ãç¨âë¢�îé¨¥ á¯¥æ¨ä¨ªã à�¡®âë
á ¯à®£à�¬¬−ë¬ ª®¤®¬, ¬®¤¥«ï¬¨ ¨ ¢ëç¨á«¨â¥«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨. �¨¦¥
®¯¨á�−ë ®á−®¢−ë¥ ¯®¤á¨áâ¥¬ë ¯à¥¤«�£�¥¬®© �àå¨â¥ªâãàë, ¨å −�§−�ç¥−¨¥ ¨ à¥-
ª®¬¥−¤ã¥¬ë¥ äã−ªæ¨¨, ®¡¥á¯¥ç¨¢�îé¨¥ −ã¦¤ë ¨áá«¥¤®¢�â¥«ìáª®£® á®®¡é¥áâ¢�.
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‘®áâ�¢ äã−ªæ¨© ¬®¦¥â ¬¥−ïâìáï ¢ §�¢¨á¨¬®áâ¨ ®â �ªâã�«ì−ëå −ã¦¤ ®¯à¥¤¥«¥−-
−ëå ¨áá«¥¤®¢�â¥«ìáª¨å á®®¡é¥áâ¢, à�¡®â�îé¨å ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª.

1. �®¤á¨áâ¥¬� åà�−¥−¨ï ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢ à¥�«¨§ã¥â ¡�§®¢ë¥
äã−ªæ¨¨ ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë ¯® ¤®«£®¢à¥¬¥−−®¬ã á®åà�-
−¥−¨î ¤�−−ëå, � â�ª¦¥ á«¥¤ãîé¨¥ äã−ªæ¨¨, à¥�«¨§ãîé¨¥ âà¥¡®¢�−¨ï
¯à¥¤¬¥â−®© ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª:

{ ¯®¤¤¥à¦ªã ¬−®£®¢¥àá¨®−−®£® åà�−¥−¨ï á ¢®§¬®¦−®áâìî íää¥ªâ¨¢−®£®
ã¯à�¢«¥−¨ï ¢¥àá¨ï¬¨ (¢¥â¢«¥−¨¥, á«¨ï−¨¥, ¨áâ®à¨ï ¨§¬¥−¥−¨©) à�§−ëå
¢¨¤®¢ �àâ¥ä�ªâ®¢, ¢ª«îç�ï ª®¤ ¨ ¢¥àá¨®−−®áâì ®ªàã¦¥−¨ï (¡¨¡«¨®â¥ª,
§�¢¨á¨¬®áâ¥©, ¯�à�¬¥âà®¢ §�¯ãáª�) ¤«ï ª®àà¥ªâ−®£® ®âà�¦¥−¨ï ¦¨§−¥−-
−®£® æ¨ª«� ¯à®£à�¬¬−®£® ª®¤�;

{ ®¡¥á¯¥ç¥−¨¥ åà�−¥−¨ï à�§«¨ç−ëå �àâ¥ä�ªâ®¢ ¢ áâàãªâãà¨à®¢�−−®¬ ¢¨¤¥,
â�ª¨å ª�ª ¯à®£à�¬¬−ë© ª®¤ á á®åà�−¥−¨¥¬ áâàãªâãàë ª�â�«®£®¢, ¬®¤¥«¨
¬�è¨−−®£® ®¡ãç¥−¨ï (¢ª«îç�ï ä�©«ë ¬®¤¥«¨ ¨ ¬¥â�¤�−−ë¥ ®¡ãç¥−¨ï),
ä�©«ë ¨−â¥à�ªâ¨¢−ëå ¨á¯®«−¨â¥«ì−ëå áà¥¤ (Jupyter Notebook), ª®¯¨¨
¡�§ ¤�−−ëå, í«¥ªâà®−−ë¥ â�¡«¨æë ¨ JSON-ä�©«ë;

{ ®¡¥á¯¥ç¥−¨¥ à�§£à�−¨ç¥−¨ï ¤®áâã¯� ª á®áâ�¢«ïîé¨¬ �àâ¥ä�ªâ�, ¢ª«îç�ï
¢®§¬®¦−®áâì §�¤�¢�âì à�§«¨ç−ë¥ ¯à�¢� ¤®áâã¯� ¨ «¨æ¥−§¨¨ ¤«ï à�§−ëå
ç�áâ¥© ®¤−®£® −�¡®à� ¤�−−ëå (−�¯à¨¬¥à, ®âªàëâë© ª®¤, −® §�ªàëâë¥
¤�−−ë¥);

{ ¯à¥¤®áâ�¢«¥−¨¥ ¨−â¥àä¥©á®¢ ¤®áâã¯�, á®®â¢¥âáâ¢ãîé¨å ®âà�á«¥¢ë¬
áâ�−¤�àâ�¬, â�ª¨¬ ª�ª REST API ¤«ï ¬¥â�¤�−−ëå, ¯à®â®ª®«ë Git
¨ SVN ¤«ï ª®¤�, � â�ª¦¥ ¢®§¬®¦−®áâì ¯àï¬®© §�£àã§ª¨ ¨ ¢ë£àã§ª¨ ç¥à¥§
¢¥¡-¨−â¥àä¥©á.

2. �®¤á¨áâ¥¬� ã¯à�¢«¥−¨ï ¬¥â�¤�−−ë¬¨ â�ª¦¥ á�¬� ¯® á¥¡¥ ï¢«ï¥âáï ¡�§®-
¢®© ¤«ï à�¡®âë ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà ¨ ®â¢¥ç�¥â §� á−�¡¦¥−¨¥
�àâ¥ä�ªâ®¢ ®¡è¨à−ë¬¨ ¨ ¨−â¥à®¯¥à�¡¥«ì−ë¬¨ ¬¥â�¤�−−ë¬¨. �®¤á¨áâ¥¬�
¤®«¦−� à¥�«¨§®¢ë¢�âì −¥áª®«ìª® á¢ï§�−−ëå á ã¯à�¢«¥−¨¥¬ ¬¥â�¤�−−ë¬¨
äã−ªæ¨©:

{ ¯®¤¤¥à¦ªã ¨ ®¡¥á¯¥ç¥−¨¥ ¤®áâã¯� ª à¥¥áâàã áå¥¬ ¨ á«®¢�à¥© ¬¥â�¤�−−ëå,
á®¤¥à¦�é¥¬ã ª�ª áâ�−¤�àâ−ë¥ áå¥¬ë ¬¥â�¤�−−ëå (DataCite, Dublin
Core), â�ª ¨ ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−ë¥ ®−â®«®£¨¨ (−�¯à¨¬¥à, ¤«ï ®¯¨-
á�−¨ï ¯à®£à�¬¬−®£® ª®¤�, §�¢¨á¨¬®áâ¥©, «¨æ¥−§¨©). „«ï íâ®£® ¢®§¬®¦−®
¨á¯®«ì§®¢�−¨¥ ª�â�«®£®¢, ¯®¤®¡−ëå FAIRsharing [10];

{ �¢â®¬�â¨§¨à®¢�−−®¥ ¨§¢«¥ç¥−¨¥ ¬¥â�¤�−−ëå ¤«ï �−�«¨§� á®¤¥à¦¨¬®£®
§�£àã¦�¥¬ëå �àâ¥ä�ªâ®¢ (¨−ä®à¬�æ¨¨ ®¡ ¨á¯®«ì§ã¥¬ëå ¡¨¡«¨®â¥ª�å,
¢¥àá¨ïå, «¨æ¥−§¨ïå) ¨ ®¡®£�é¥−¨ï ¢¢¥¤¥−−ëå á¢¥¤¥−¨©; ¯à¨¬¥à®¬ ¬®¦¥â
á«ã¦¨âì Enrichment API ¢ EOSC;

{ ¯®¤¤¥à¦ªã ¬−®£®ãà®¢−¥¢ëå ¬¥â�¤�−−ëå ¤«ï à�§£à�−¨ç¥−¨ï ¤®áâã¯�
ª ¯ã¡«¨ç−ë¬, ¤®áâã¯−ë¬ ¯®á«¥ �¢â®à¨§�æ¨¨, ¢−ãâà¥−−¨¬ ¬¥â�¤�−−ë¬
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(¤«ï á«ã¦¥¡−®£® ¨á¯®«ì§®¢�−¨ï). �â® ¯®§¢®«ï¥â à¥�«¨§®¢�âì à�§«¨ç−ë¥
¯®«¨â¨ª¨ ¤®áâã¯�;

{ ¢�«¨¤�æ¨î ¬¥â�¤�−−ëå −� á®®â¢¥âáâ¢¨¥ ¢ë¡à�−−ë¬ áå¥¬�¬ ¨ ¯®«−®âã
¯¥à¥¤ ¨å ¯ã¡«¨ª�æ¨¥©.

3. �®¤á¨áâ¥¬� ¨−â¥£à�æ¨¨ á ¢−¥è−¨¬¨ á¨áâ¥¬�¬¨ ®¡¥á¯¥ç¨¢�¥â ¨−â¥à®¯¥à�-
¡¥«ì−®áâì −� ãà®¢−¥ ¨−äà�áâàãªâãàë ¨ á¢ï§ì á ¤àã£¨¬¨ ¨áâ®ç−¨ª�¬¨ ¤�−−ëå
¨ á¥à¢¨á�¬¨. �®¤á¨áâ¥¬� à¥�«¨§ã¥â á«¥¤ãîé¨¥ äã−ªæ¨¨:

{ ¨¬¯®àâ ¨ íªá¯®àâ ¬¥â�¤�−−ëå ¯® â�ª¨¬ ¯à®â®ª®«�¬, ª�ª OAI-PMH
¨ REST API, � â�ª¦¥ á ¨á¯®«ì§®¢�−¨¥¬ á¯¥æ¨�«¨§¨à®¢�−−ëå ä®à¬�â®¢
(RO-Crate ¨ DCAT);

{ ¨−â¥£à�æ¨ï á ¢−¥è−¨¬¨ à¥¯®§¨â®à¨ï¬¨ ¨ ¯«�âä®à¬�¬¨ (GitHub, GitLab,
Zenodo, Software Heritage ¨ OpenAIRE). �â® ¯®§¢®«¨â �¢â®¬�â¨ç¥áª¨
à¥£¨áâà¨à®¢�âì −®¢ë¥ ¢¥àá¨¨ ¯®¢â®à−® ¨á¯®«ì§ã¥¬ëå �àâ¥ä�ªâ®¢, ¨¬-
¯®àâ¨à®¢�âì áãé¥áâ¢ãîé¨¥ ¯à®¥ªâë ¨ ®¡¥á¯¥ç¨¢�âì ª®àà¥ªâ−ë¥ ááë«ª¨
−� ¢−¥è−¨¥ à¥áãàáë;

{ ¯®¤¤¥à¦ª� ¯®áâ®ï−−ëå ¨¤¥−â¨ä¨ª�â®à®¢, ¢ª«îç�ï £¥−¥à�æ¨î ¨ à�§-
à¥è¥−¨¥ ¨¤¥−â¨ä¨ª�â®à®¢ DOI, Handle ¨ Software Heritage ID ¤«ï
æ¨â¨à®¢�−¨ï ¨ ®âá«¥¦¨¢�−¨ï ¯à®¨áå®¦¤¥−¨ï �àâ¥ä�ªâ®¢;

{ ¯®¨áª ¨ ä®à¬¨à®¢�−¨¥ à¥ª®¬¥−¤�æ¨© −� ®á−®¢¥ �£à¥£�æ¨¨ ¬¥â�¤�−−ëå
¨§ ¢−ãâà¥−−¨å ¨ ¢−¥è−¨å ¨áâ®ç−¨ª®¢ á ¢®§¬®¦−®áâìî ä¨«ìâà�æ¨¨ â¨¯®¢
�àâ¥ä�ªâ®¢, ¨á¯®«ì§ã¥¬ëå â¥å−®«®£¨© ¨ ¤àã£¨å ¯�à�¬¥âà®¢, ¢�¦−ëå ¤«ï
ª®¬¯ìîâ¥à−ëå −�ãª.

4. �®¤á¨áâ¥¬� §�¯ãáª� ¨á¯®«−¨¬ëå �àâ¥ä�ªâ®¢ ¬®¦¥â ¡ëâì á¯¥æ¨�«¨§¨à®-
¢�−−®© ¤«ï ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª ¨ ¯à¨§¢�−� ®¡¥á¯¥ç¨âì ¢ë¯®«−¥-
−¨¥ ¯à¨−æ¨¯®¢ ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï (R), ¯à¥¤¯¨áë¢�îé¨å ¯®¤¤¥à¦ªã
áâ�−¤�àâ®¢ ¯à¥¤¬¥â−®© ®¡«�áâ¨. �®¤á¨áâ¥¬� à¥�«¨§ã¥â á«¥¤ãîé¨¥ ®á−®¢−ë¥
äã−ªæ¨¨:

{ ¨á¯®«−¥−¨¥ ¯à®£à�¬¬−®£® ª®¤�, ¬®¤¥«¥© ¨ ä�©«®¢ ¨−â¥à�ªâ¨¢−ëå ¨á-
¯®«−¨â¥«ì−ëå áà¥¤ −¥¯®áà¥¤áâ¢¥−−® ¢ áà¥¤¥ ¨−äà�áâàãªâãàë ¨«¨ á ¯à¨-
¢«¥ç¥−¨¥¬ ¢−¥è−¨å ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢;

{ ¢§�¨¬®¤¥©áâ¢¨¥ á ¯®¤á¨áâ¥¬®© åà�−¥−¨ï ¤«ï ¯®«ãç¥−¨ï ¨áå®¤−®£® ª®¤�
¨ ¤�−−ëå, � â�ª¦¥ ¤«ï á®åà�−¥−¨ï à¥§ã«ìâ�â®¢ ¢ë¯®«−¥−¨ï;

{ ¨á¯®«ì§®¢�−¨¥ â¥å−®«®£¨© ª®−â¥©−¥à¨§�æ¨¨ (Docker, Podman) ¤«ï ¨§®-
«ïæ¨¨ ¨ ¢®á¯à®¨§¢®¤¨¬®áâ¨ ®ªàã¦¥−¨ï;

{ ¯®¤¤¥à¦ª� ®àª¥áâà�æ¨¨ (Kubernetes, Slurm) ¤«ï ®à£�−¨§�æ¨¨ à�á¯à¥¤¥-
«¥−−ëå ¢ëç¨á«¥−¨© −� ª«�áâ¥à�å;

{ ¯®¤¤¥à¦ª� ®¯¨á�−¨ï âà¥¡ã¥¬®£® ®ªàã¦¥−¨ï (Ansible, Terraform,
Dockerfile) ¤«ï �¢â®¬�â¨ç¥áª®£® à�§¢¥àâë¢�−¨ï.
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�à¥¤«®¦¥−−�ï �àå¨â¥ªâãà� −¥ ¯à¥¤¯®«�£�¥âáï ¦¥áâª® ¤¥â¥à¬¨−¨à®¢�−−®©;
®−� ¤®¯ãáª�¥â à¥�«¨§�æ¨î ®â¤¥«ì−ëå äã−ªæ¨© ª�ª −� ®á−®¢¥ áãé¥áâ¢ãîé¨å
®âªàëâëå à¥è¥−¨© (−�¯à¨¬¥à, Dataverse ¤«ï åà�−¥−¨ï, GitLab ¤«ï ª®¤�,
JupyterHub ¤«ï ¨á¯®«−¥−¨ï), â�ª ¨ á ¨á¯®«ì§®¢�−¨¥¬ ®à¨£¨−�«ì−ëå à�§à�¡®â®ª.
Š«îç¥¢ë¬ ¥¥ ¯à¨−æ¨¯®¬ ï¢«ï¥âáï ¨−â¥£à�æ¨ï á¯¥æ¨�«¨§¨à®¢�−−ëå ¯®¤á¨áâ¥¬
á ¡�§®¢ë¬¨, çâ® ¯®§¢®«ï¥â ®¡¥á¯¥ç¨âì ¯®«−ë© ¦¨§−¥−−ë© æ¨ª« ¨áá«¥¤®¢�â¥«ì-
áª¨å �àâ¥ä�ªâ®¢ ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−ëå −�ãª | ®â à�§à�¡®âª¨ ¨ ¯ã¡«¨ª�æ¨¨
¤® ¯®¢â®à−®£® ¨á¯®«ì§®¢�−¨ï ¨ ¢®á¯à®¨§¢¥¤¥−¨ï.

7 Заключение

‚ áâ�âì¥ ¯à¥¤«®¦¥− ¯®¤å®¤ ª �¤�¯â�æ¨¨ ¨áá«¥¤®¢�â¥«ìáª¨å ¨−äà�áâàãªâãà
¯®¤ −ã¦¤ë ª®−ªà¥â−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥©, ¢ª«îç�îé¨© �−�«¨§ ¯®âà¥¡−®áâ¥©,
®æ¥−ªã áãé¥áâ¢ãîé¨å à¥è¥−¨©, ä®à¬ã«¨à®¢�−¨¥ âà¥¡®¢�−¨© ¨ ¯à®¥ªâ¨à®¢�−¨¥
á¯¥æ¨�«¨§¨à®¢�−−®© �àå¨â¥ªâãàë. �à¨¬¥−¥−¨¥ ¯®¤å®¤� ¯à®¤¥¬®−áâà¨à®¢�−®
−� ¯à¨¬¥à¥ ª®¬¯ìîâ¥à−ëå −�ãª, ¤«ï ª®â®àëå ¢ëï¢«¥−ë ª«îç¥¢ë¥ ®á®¡¥−−®-
áâ¨ ¨áá«¥¤®¢�â¥«ìáª¨å �àâ¥ä�ªâ®¢ | ¯à®£à�¬¬−®£® ª®¤�, ¬®¤¥«¥© ¬�è¨−−®£®
®¡ãç¥−¨ï, ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢. �®ª�§�−®, çâ® áãé¥áâ¢ãîé¨¥ ¬¥¦-
¤¨áæ¨¯«¨−�à−ë¥ ¨−äà�áâàãªâãàë −¥ ®¡¥á¯¥ç¨¢�îâ ¨å ¯®«−®æ¥−−®© ¯®¤¤¥à¦ª¨
¢ á®®â¢¥âáâ¢¨¨ á ¯à¨−æ¨¯�¬¨ FAIR.

�� ®á−®¢¥ ¯à®¢¥¤¥−−®£® �−�«¨§� áä®à¬ã«¨à®¢�−ë âà¥¡®¢�−¨ï ¨ ¯à¥¤«®¦¥−�
�àå¨â¥ªâãà� ¨áá«¥¤®¢�â¥«ìáª®© ¨−äà�áâàãªâãàë, ¢ª«îç�îé�ï ¡�§®¢ë¥ ¯®¤á¨á-
â¥¬ë (åà�−¥−¨¥ ¤�−−ëå, ã¯à�¢«¥−¨¥ ¬¥â�¤�−−ë¬¨, ¨−â¥£à�æ¨ï á ¢−¥è−¨¬¨
á¨áâ¥¬�¬¨) ¨ á¯¥æ¨�«¨§¨à®¢�−−ãî ¯®¤á¨áâ¥¬ã §�¯ãáª� ¨á¯®«−¨¬ëå �àâ¥ä�ªâ®¢.
„«ï ª�¦¤®© äã−ªæ¨¨ ®¯à¥¤¥«¥−ë ¢®§¬®¦−ë¥ â¥å−®«®£¨ç¥áª¨¥ à¥�«¨§�æ¨¨.

„�«ì−¥©è¨¥ ¨áá«¥¤®¢�−¨ï ¡ã¤ãâ −�¯à�¢«¥−ë −� à¥�«¨§�æ¨î ¯à®â®â¨¯� ¯à¥¤-
«®¦¥−−®© �àå¨â¥ªâãàë, ¥¥ ¨−â¥£à�æ¨î á áãé¥áâ¢ãîé¨¬¨ ¨−äà�áâàãªâãà�¬¨,
� â�ª¦¥ ¯à¨¬¥−¥−¨¥ à�§à�¡®â�−−®£® ¯®¤å®¤� ª ¤àã£¨¬ ¯à¥¤¬¥â−ë¬ ®¡«�áâï¬
á® áå®¦¨¬¨ ¯à®¡«¥¬�¬¨ ¯®¤¤¥à¦ª¨ á¯¥æ¨ä¨ç¥áª¨å �àâ¥ä�ªâ®¢. �®«ãç¥−−ë¥
à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ¨áá«¥¤®¢�â¥«ìáª¨å
¨−äà�áâàãªâãà, ®à¨¥−â¨à®¢�−−ëå −� ¯®¤¤¥à¦ªã ª®¬¯ìîâ¥à−ëå −�ãª ¨ ¤àã£¨å
−�ãç−ëå ¤¨áæ¨¯«¨−.
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AN ARCHITECTURE OF RESEARCH INFRASTRUCTURE
IN THE DOMAIN OF COMPUTER SCIENCE
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of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: As interdisciplinary research infrastructures evolve, the necessity to
adapt them to the specific needs of particular domains increases. Universal
solutions aimed at providing researchers with generalized types of research data
cannot be equally effective for different research domains. In particular, common
infrastructures do not sufficiently account for the features of artifacts such as
software code, machine learning models, and computational experiments, which
complicates the use of research infrastructures for solving problems in computer
science. An approach to adapting a basic infrastructure to the specifics of
a particular research domain is proposed. This approach includes analyzing needs
of the domain, identifying the features of the research artifacts used, formulating
requirements for the infrastructure, and designing a research infrastructure
architecture that takes into account the domain-specific requirements. The
practical applicability of the approach is demonstrated through a computer
science case study. An architecture for a research infrastructure is proposed,
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including basic universal subsystems and extensible with specialized subsystems.
To meet the needs of researchers in computer science, the necessity of supporting
multiversion software artifacts and integrating software development and code
execution tools is substantiated. The results obtained can be used in the design
of research infrastructures in other domains.

Keywords: FAIR principles; domain analysis; research infrastructures; computer
science
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Š 75-‹…’ˆā ‡�‘‹“†…���ƒ� „…Ÿ’…‹Ÿ ��“Šˆ

÷�‘‘ˆ‰‘Š�‰ ”…„…÷�–ˆˆ �. �. ‡�–�÷ˆ���ƒ�

�«¥ªá�−¤à �«¥ªá¥¥¢¨ç ‡�æ�à¨−−ë© | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
¢ë¤�îé¨©áï ãç¥−ë© ¢ ®¡«�áâ¨ ¢ëá®ª®â¥å−®«®£¨ç−ëå ¨−ä®à¬�æ¨®−−ëå, ã¯à�¢-
«ïîé¨å ¨ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬ ¨ ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨, ¢ â®¬
ç¨á«¥ á®§¤�¢�¥¬ëå −� ®á−®¢¥ â¥å−®«®£¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�, ç«¥−-ª®à-
à¥á¯®−¤¥−â �ª�¤¥¬¨¨ ªà¨¯â®£à�ä¨¨ ÷” (2020 £.), ¤¥©áâ¢¨â¥«ì−ë© ç«¥− �ª�¤¥-
¬¨¨ ¢®¥−−ëå −�ãª (2002 £.) ¨ �ª�¤¥¬¨¨ ¨−¦¥−¥à−ëå −�ãª ¨¬. �. Œ. �à®å®à®¢�
(2001 £.). �¢â®à ¡®«¥¥ 400 −�ãç−ëå à�¡®â, ¢ª«îç�ï 24 ¬®−®£à�ä¨¨ ¨ 14 ¯�â¥−â®¢
−� ¨§®¡à¥â¥−¨ï, ¯®¤£®â®¢¨« ¤¢ãå ¤®ªâ®à®¢ ¨ 11 ª�−¤¨¤�â®¢ −�ãª. Œ−®£¨¥ ¥£®
ãç¥−¨ª¨ âàã¤ïâáï −� ®â¢¥âáâ¢¥−−ëå ¤®«¦−®áâïå ¢ −�ãç−ëå ¨ ¯à®¬ëè«¥−−ëå
®à£�−¨§�æ¨ïå ÷®áá¨¨. ˆ¬¥¥â ¡®«ìè®© ®¯ëâ −�ãç−®© à�¡®âë ¢ ®¡®à®−−®-¯à®-
¬ëè«¥−−®¬ ª®¬¯«¥ªá¥ ¨ ¢ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª.

�. �. ‡�æ�à¨−−ë© à®¤¨«áï 25 �¯à¥«ï 1951 £. ¢ £. Š¨¥¢¥ ¢ á¥¬ì¥ ¢®¥−−®-
á«ã¦�é¥£®. ‚ë¡®à ¦¨§−¥−−®£® ¯ãâ¨ �«¥ªá�−¤à �«¥ªá¥¥¢¨ç ®¯à¥¤¥«¨« á ãç¥â®¬
á¥¬¥©−®© âà�¤¨æ¨¨, á¢ï§�−−®© á ¢®¥−−®© á«ã¦¡®©. …£® ®â¥æ, �ªâ¨¢−ë© ãç�áâ−¨ª
‚¥«¨ª®© �â¥ç¥áâ¢¥−−®© ¢®©−ë, ¯à®è¥« á —¥à−®¬®àáª¨¬ ä«®â®¬ âàã¤−¥©è¨¥
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¤®à®£¨ íâ®© ¢®©−ë, áâ�« ¤«ï áë−� ¯à¨¬¥à®¬ ¢¥à−®áâ¨ ¢®¨−áª®¬ã ¤®«£ã ¨ áâà¥¬-
«¥−¨ï ª ¯®áâ®ï−−®¬ã á®¢¥àè¥−áâ¢®¢�−¨î á¢®¥£® ¯à®ä¥áá¨®−�«ì−®£® ¬�áâ¥àáâ¢�.
‚ 1968 £. �«¥ªá�−¤à �«¥ªá¥¥¢¨ç ¯®áâã¯¨« ¢ Š¨¥¢áª®¥ ¢ëáè¥¥ ¢®¥−−®¥ ¨−¦¥−¥à-
−®¥ ¤¢�¦¤ë Šà�á−®§−�¬¥−−®¥ ãç¨«¨é¥ á¢ï§¨ ¨¬¥−¨ Œ. ˆ. Š�«¨−¨−�, ª®â®à®¥
®ª®−ç¨« ¢ 1973 £. á ¤¨¯«®¬®¬ á ®â«¨ç¨¥¬ ¨ §®«®â®© ¬¥¤�«ìî, ¯®«ãç¨« −�§−�ç¥-
−¨¥ ¢ 16 –¥−âà�«ì−ë© −�ãç−®-¨áá«¥¤®¢�â¥«ìáª¨© ¨á¯ëâ�â¥«ì−ë© ¨−áâ¨âãâ á¢ï§¨
Œ¨−¨áâ¥àáâ¢� ®¡®à®−ë, £¤¥ ¢ ¯¥à¨®¤ ¤® 1999 £. ¯à®å®¤¨« á«ã¦¡ã ¢ ¤®«¦−®áâïå
¬«�¤è¥£®, áâ�àè¥£® −�ãç−®£® á®âàã¤−¨ª�, −�ç�«ì−¨ª� «�¡®à�â®à¨¨, −�ç�«ì−¨ª�
ã¯à�¢«¥−¨ï ¨ §�¬¥áâ¨â¥«ï −�ç�«ì−¨ª� ¨−áâ¨âãâ� ¯® −�ãç−®© à�¡®â¥. …£® −�ãç−�ï
¤¥ïâ¥«ì−®áâì ¡ë«� á¢ï§�−� á ¨áá«¥¤®¢�−¨ï¬¨ ¯® ®¡®á−®¢�−¨î á¨áâ¥¬−ëå ¨ â¥å-
−®«®£¨ç¥áª¨å à¥è¥−¨© ¯® à�§¢¨â¨î ¨ ¢®¥−−®-−�ãç−®¬ã á®¯à®¢®¦¤¥−¨î á¨áâ¥¬
®¡¬¥−� ¤�−−ë¬¨ ¢ �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬¥ ã¯à�¢«¥−¨ï (�‘“) ‚®®àã¦¥−-
−ë¬¨ á¨«�¬¨ (‚‘) −�è¥© áâà�−ë. ‚ â¥ £®¤ë ¨¬ ¡ë«¨ à�§à�¡®â�−ë, ¨á¯®«ì§®¢�−ë
¢ ¯à�ªâ¨ª¥ ¯à®¢¥¤¥−¨ï −�ãç−®-¨áá«¥¤®¢�â¥«ìáª¨å ¨ ®¯ëâ−®-ª®−áâàãªâ®àáª¨å à�-
¡®â (�ˆ�Š÷) ¨ ¢ ¤�«ì−¥©è¥© à�¡®â¥ à�§¢¨âë −®¢ë¥ ¬¥â®¤ë á¨áâ¥¬−®£® ¯®¤å®¤�
ª ¯®áâà®¥−¨î �‘“ ¨ á¨áâ¥¬ á¢ï§¨ ‚‘ ÷”. �®«ìè®© «¨ç−ë© ¢ª«�¤ �«¥ªá�−¤à
�«¥ªá¥¥¢¨ç ¢−¥á ¢ ª®®à¤¨−�æ¨î à�¡®âë −�ãç−®-¨áá«¥¤®¢�â¥«ìáª¨å ¨−áâ¨âãâ®¢
¢¨¤®¢ ‚‘ (‚‚‘, �‚�, ÷‚‘�, ‚Œ”) ¢ ®¡«�áâ¨ ¢®¥−−®© á¢ï§¨. �à¨ ¥£® �ª-
â¨¢−®¬ «¨ç−®¬ ãç�áâ¨¨ ¡ë«¨ à�§à�¡®â�−ë ¨ á®§¤�−ë ��§®¢�ï ¨ �¡ê¥¤¨−¥−−�ï
á¨áâ¥¬ë ®¡¬¥−� ¤�−−ë¬¨ ¯¥à¢®£® íâ�¯�, � ¢ 1990-¥ ££. ¯®¤ ¥£® −�ãç−ë¬ àãª®-
¢®¤áâ¢®¬ ®áãé¥áâ¢«ï«®áì à�§¢¨â¨¥ á¨áâ¥¬ë ®¡¬¥−� ¤�−−ë¬¨ ¢ ¨−â¥à¥á�å �‘“
‚‘ ÷”.

�®«ãç¨¢ ®£à®¬−ë© ®¯ëâ −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®© ¨ ¨á¯ëâ�â¥«ì−®© à�¡®âë,
�«¥ªá�−¤à �«¥ªá¥¥¢¨ç ¡ë« −�§−�ç¥− −� ¤®«¦−®áâì −�ç�«ì−¨ª� ã¯à�¢«¥−¨ï à�§-
¢¨â¨ï á¨áâ¥¬ á¢ï§¨ ¨ �‘“ ‚‘ ÷” “¯à�¢«¥−¨ï −�ç�«ì−¨ª� á¢ï§¨ ‚‘ ÷”. ��
¯à®âï¦¥−¨¨ ¬−®£¨å «¥â àãª®¢®¤¨« à�§à�¡®âª®© ¯à®¥ªâ®¢ à�§¤¥«®¢ ƒ®áã¤�àáâ¢¥−-
−®© ¯à®£à�¬¬ë ¢®®àã¦¥−¨© ¢ ®¡«�áâ¨ �‘“ ¨ á¢ï§¨ ‚‘ ÷”, ä®à¬¨à®¢�−¨¥¬
á¢®¤−®£® ¥¦¥£®¤−®£® £®áã¤�àáâ¢¥−−®£® ®¡®à®−−®£® §�ª�§� (ƒ�‡), ¯®áâ�−®¢ª®©
äã−¤�¬¥−â�«ì−ëå �ˆ÷ ¢ ¢¥¤ãé¨å �ˆˆ ÷�� ¨ −� ¯à¥¤¯à¨ïâ¨ïå ¯à®¬ëè«¥−-
−®áâ¨. ‡� ª®¬¯«¥ªá à�¡®â ¯® à�§à�¡®âª¥ ¨ á®§¤�−¨î ä¥¤¥à�«ì−ëå ¬®¡¨«ì−ëå
á¨áâ¥¬ á¢ï§¨ ®¡é¥£® ¨ á¯¥æ¨�«ì−®£® −�§−�ç¥−¨ï �. �. ‡�æ�à¨−−ë© ã¤®áâ®¥−
¯à¥¬¨¨ �à�¢¨â¥«ìáâ¢� ÷®áá¨©áª®© ”¥¤¥à�æ¨¨ ¢ ®¡«�áâ¨ −�ãª¨ ¨ â¥å−¨ª¨ §�
2003 £.

�¡«�¤�ï ¡®«ìè¨¬ ®¯ëâ®¬ −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®©, ¨á¯ëâ�â¥«ì−®© ¨ −�-
ãç−®-®à£�−¨§�æ¨®−−®© à�¡®âë, ¯®á«¥ ã¢®«ì−¥−¨ï ¢ §�¯�á á ¢®¥−−®© á«ã¦¡ë
¢ §¢�−¨¨ £¥−¥à�«-«¥©â¥−�−â� �. �. ‡�æ�à¨−−ë© ¯à®¤®«¦¨« âàã¤®¢ãî ¤¥ïâ¥«ì-
−®áâì ¢ 2006 £. ¢ ¤®«¦−®áâ¨ §�¬¥áâ¨â¥«ï ¤¨à¥ªâ®à� ¯® −�ãç−®© à�¡®â¥ (¤® 2015 £.
¢ ˆ�ˆ ÷��, � á 2015, ¯®á«¥ ¥£® ¯à¥®¡à�§®¢�−¨ï, | ¢ ”ˆ– ˆ“ ÷��). ‘ 2021 £.
¯® −�áâ®ïé¥¥ ¢à¥¬ï ï¢«ï¥âáï £«�¢−ë¬ −�ãç−ë¬ á®âàã¤−¨ª®¬, −�ãç−ë¬ àãª®¢®¤¨-
â¥«¥¬ −�¯à�¢«¥−¨ï úˆ−ä®à¬�æ¨®−−ë¥, ã¯à�¢«ïîé¨¥ ¨ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥
á¨áâ¥¬ëû ¢ à�¬ª�å £®áã¤�àáâ¢¥−−®£® §�¤�−¨ï ”ˆ– ˆ“ ÷��.

�à¨ ¥£® �ªâ¨¢−®¬ ãç�áâ¨¨ à�§à�¡®â�−ë ®á−®¢−ë¥ ¯®«®¦¥−¨ï ¬¥â®¤®«®£¨¨
á®§¤�−¨ï ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬ (ˆ’‘) ¢ ¨−â¥à¥á�å £®-
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áã¤�àáâ¢¥−−®£® ¨ ¢®¥−−®£® ã¯à�¢«¥−¨ï, ¢ª«îç�ï ®¡®á−®¢�−¨¥ ¨ à¥�«¨§�æ¨î
á¨áâ¥¬®â¥å−¨ç¥áª¨å, ®à£�−¨§�æ¨®−−®-¬¥â®¤¨ç¥áª¨å ¨ â¥å−®«®£¨ç¥áª¨å à¥è¥−¨©
¯® á®§¤�−¨î ˆ’‘, ¯® ®¡¥á¯¥ç¥−¨î ¬¥¦¢¥¤®¬áâ¢¥−−®£® ¨−ä®à¬�æ¨®−−®£® ¢§�¨-
¬®¤¥©áâ¢¨ï, ¯® ¨−â¥£à�æ¨¨ ˆ’‘ −� ®á−®¢¥ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©, � â�ª¦¥
¯® −®à¬�â¨¢−®-¬¥â®¤¨ç¥áª®¬ã ®¡¥á¯¥ç¥−¨î ¨å á®§¤�−¨ï ¨ à�§¢¨â¨ï.

�¡®á−®¢�−−ë¥ −�ãç−ë¥ à¥§ã«ìâ�âë ¢ ¢¨¤¥ á¨áâ¥¬®â¥å−¨ç¥áª¨å ¯à¨−æ¨¯®¢,
¬¥â®¤¨ç¥áª¨å ¯®¤å®¤®¢, â¥å−¨ç¥áª¨å à¥è¥−¨© ¨ â¥å−®«®£¨© �. �. ‡�æ�à¨−−ë©
ª�ª £«�¢−ë© ª®−áâàãªâ®à �ªâ¨¢−® ¨á¯®«ì§®¢�« ¢ å®¤¥ à�¡®â ¯® á®§¤�−¨î ¨ ¢¢®¤ã
¢ íªá¯«ã�â�æ¨î ¢ ¯¥à¨®¤ 2006{2023 ££. −¥áª®«ìª¨å â¥àà¨â®à¨�«ì−® à�á¯à¥¤¥«¥−-
−ëå ˆ’‘ ¢ §�é¨é¥−−®¬ ¨á¯®«−¥−¨¨, ª®â®àë¥ ãá¯¥è−® ¯à¨¬¥−ïîâáï −� ®¡ê¥ªâ�å
§�ª�§ç¨ª®¢ ¢® ¬−®£¨å à¥£¨®−�å ÷®áá¨¨. Ÿ¢«ïïáì §�¬¥áâ¨â¥«¥¬ £¥−¥à�«ì−®£® ª®−-
áâàãªâ®à� �‘“ ®à£�−®¢ ¡¥§®¯�á−®áâ¨ (2006{2012 ££.), §�¬¥áâ¨â¥«¥¬ £¥−¥à�«ì−®£®
ª®−áâàãªâ®à� …¤¨−®© ˆ’‘ ®à£�−®¢ ¢−ãâà¥−−¨å ¤¥« (2008{2010 ££.), §�¬¥áâ¨-
â¥«¥¬ £«�¢−®£® ª®−áâàãªâ®à� ‘¨áâ¥¬ë à�á¯à¥¤¥«¥−−ëå á¨âã�æ¨®−−ëå æ¥−âà®¢,
à�¡®â�îé¨å ¯® ¥¤¨−®¬ã à¥£«�¬¥−âã ¢§�¨¬®¤¥©áâ¢¨ï (2013{2017 ££.), ç«¥−®¬ á®-
¢¥â� £«�¢−ëå ª®−áâàãªâ®à®¢ �¢â®¬�â¨§¨à®¢�−−®© ¨−ä®à¬�æ¨®−−®-ã¯à�¢«ïîé¥©
á¨áâ¥¬ë …¤¨−®© £®áã¤�àáâ¢¥−−®© á¨áâ¥¬ë ¯à¥¤ã¯à¥¦¤¥−¨ï ¨ «¨ª¢¨¤�æ¨¨ çà¥§-
¢ëç�©−ëå á¨âã�æ¨© (2014{2016 ££.), ç«¥−®¬ á®¢¥â� £«�¢−ëå ª®−áâàãªâ®à®¢ �¢â®-
¬�â¨§¨à®¢�−−®£® ¯à®£à�¬¬−®£® ª®¬¯«¥ªá� ú�¥§®¯�á−ë© £®à®¤û (2015{2023 ££.)
¨ ç«¥−®¬ á®¢¥â� £«�¢−ëå ª®−áâàãªâ®à®¢ ¯® á®§¤�−¨î ¨−â¥£à¨à®¢�−−®© á¥â¨ á¢ï-
§¨ (2014{2020 ££.), �. �. ‡�æ�à¨−−ë© ª�ª á¯¥æ¨�«¨áâ, ®¡«�¤�îé¨© è¨à®ª®©
ª®¬¯¥â¥−æ¨¥©, −� ¢ëá®ª®¬ ¯à®ä¥áá¨®−�«ì−®¬ ãà®¢−¥ ¢ë¯®«−ï« à�¡®âë ¢ á®®â-
¢¥âáâ¢¨¨ á £®áã¤�àáâ¢¥−−ë¬ §�ª�§®¬. ‡� ª®¬¯«¥ªá à�¡®â ¯® á®§¤�−¨î, ¢−¥¤à¥−¨î
¨ à�§¢¨â¨î ®¤−®© ¨§ ¨−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª¨å á¨áâ¥¬, ª®â®à�ï ®¡¥á¯¥ç¨-
«� áãé¥áâ¢¥−−®¥ ¯®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ã¯à�¢«¥−ç¥áª¨å ¯à®æ¥áá®¢ ¢ áä¥à¥
¡¥§®¯�á−®áâ¨ £®áã¤�àáâ¢�, �. �. ‡�æ�à¨−−ë© (àãª®¢®¤¨â¥«ì ª®««¥ªâ¨¢�) ã¤®áâ®-
¥− ¯à¥¬¨¨ �à�¢¨â¥«ìáâ¢� ÷®áá¨©áª®© ”¥¤¥à�æ¨¨ ¢ ®¡«�áâ¨ −�ãª¨ ¨ â¥å−¨ª¨ §�
2021 £.

�− �ªâ¨¢−® ãç�áâ¢ã¥â ¢ −�ãç−®-®¡é¥áâ¢¥−−®© ¨ íªá¯¥àâ−®© à�¡®â¥. —«¥− âà¥å
−�ãç−ëå á®¢¥â®¢ ÷��: ¯à¨ �à¥§¨¤¨ã¬¥ ÷�� ¯® ª®¬¯«¥ªá−®© ¯à®¡«¥¬¥ ú÷�¤¨®-
ä¨§¨ç¥áª¨¥ ¬¥â®¤ë ¨áá«¥¤®¢�−¨ï ¬®à¥© ¨ ®ª¥�−®¢û (á 2001 £.) ¨ úŠ¢�−â®¢ë¥
â¥å−®«®£¨¨û (á 2020 £.), ��ãç−®£® á®¢¥â� ��ˆ’ ÷�� ú”ã−¤�¬¥−â�«ì−ë¥ ¯à®¡-
«¥¬ë í«¥¬¥−â−®© ¡�§ë ¨−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−ëå ¨ ã¯à�¢«ïîé¨å á¨áâ¥¬
¨ ¬�â¥à¨�«®¢ ¤«ï ¥¥ á®§¤�−¨ïû (á 2018 £.). ‘ 2018 £. | ç«¥− ‘®¢¥â� ¯à¨®à¨â¥â−®-
£® â¥å−®«®£¨ç¥áª®£® −�¯à�¢«¥−¨ï ¯® í«¥ªâà®−−ë¬ â¥å−®«®£¨ï¬, á 2020 £. | ç«¥−
Š®−áã«ìâ�æ¨®−−®£® á®¢¥â� ¯® ¢®¯à®á�¬ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¯à¨ ��ãç−®-
â¥å−¨ç¥áª®¬ á®¢¥â¥ Œ¨−¨áâ¥àáâ¢� ®¡®à®−ë ÷”. ‚ à�§−ë¥ £®¤ë á®áâ®ï« ç«¥−®¬
‘®¢¥â� ÷�� ¯® ¨áá«¥¤®¢�−¨ï¬ ¢ ®¡«�áâ¨ ®¡®à®−ë (2017{2021 ££.) ¨ �ªá¯¥àâ−®£®
á®¢¥â� ‚�Š ÷®áá¨¨ ¯® à�¤¨®í«¥ªâà®−¨ª¥, ¨§¬¥à¨â¥«ì−®© â¥å−¨ª¥ ¨ á¢ï§¨ (2007{
2022 ££.). �ªâ¨¢−® à�¡®â�¥â ¢ á®áâ�¢¥ âà¥å ¤¨áá¥àâ�æ¨®−−ëå á®¢¥â®¢ (¯à¨ ”ˆ–
ˆ“ ÷��, Œˆ÷�� ¨ ®¡ê¥¤¨−¥−−®£® á®¢¥â� �ˆˆ �� ¨ ”ˆ– ˆ“ ÷��), �ªá-
¯¥àâ−®£® á®¢¥â� ¯à¨ Š®¬¨â¥â¥ ƒ®áã¤�àáâ¢¥−−®© „ã¬ë ¯® à�§¢¨â¨î ¯à¥¤¯à¨ïâ¨©
à�¤¨®í«¥ªâà®−−®© ¯à®¬ëè«¥−−®áâ¨ (2014{2020 ££.), ÷®áá¨©áª®£® ä®−¤� äã−¤�-

166 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026



ˆ‘’�÷ˆŸ. ��ŒŸ’�›… „�’›. ‘��›’ˆŸ

¬¥−â�«ì−ëå ¨áá«¥¤®¢�−¨© (2015{2023 ££.). ‘ 2011 £. ¯® −�áâ®ïé¥¥ ¢à¥¬ï �ªâ¨¢−®
à�¡®â�¥â ¢ á®áâ�¢¥ íªá¯¥àâ−®© ª®¬¨áá¨¨ ‚á¥à®áá¨©áª®£® ª®−ªãàá� úˆ−¦¥−¥à
£®¤�û ÷®áá¨©áª®£® ‘®î§� −�ãç−ëå ¨ ¨−¦¥−¥à−ëå ®¡é¥áâ¢¥−−ëå ®¡ê¥¤¨−¥−¨© ¯®
−®¬¨−�æ¨ï¬: úˆ−ä®à¬�â¨ª�, ¨−ä®à¬�æ¨®−−ë¥ á¥â¨, ¢ëç¨á«¨â¥«ì−�ï â¥å−¨ª�û
¨ ú÷�¤¨®â¥å−¨ª�, í«¥ªâà®−¨ª�, á¢ï§ìû. —«¥− íªá¯¥àâ−®© ª®¬¨áá¨¨ ‚á¥à®áá¨©-
áª®£® ª®−ªãàá� ¯® ¯à¨áã¦¤¥−¨î ¬®«®¤¥¦−®© ¯à¥¬¨¨ ¢ ®¡«�áâ¨ −�ãª¨ ¨ â¥å−¨ª¨
ú��¤¥¦¤� ÷®áá¨¨û ¯® −®¬¨−�æ¨¨ úˆ−ä®à¬�â¨ª� ¨ á¢ï§ìû (á 2020 £.). ��ãç-
−ë© àãª®¢®¤¨â¥«ì –¥−âà� æ¨äà®¢®© íª®−®¬¨ª¨ ‚®à®−¥¦áª®£® £®áã¤�àáâ¢¥−−®£®
ã−¨¢¥àá¨â¥â� (á 2017 £.). —«¥− à¥¤ª®««¥£¨¨ á¥¬¨ −�ãç−ëå ¦ãà−�«®¢. �«¥ªá�−¤à
�«¥ªá¥¥¢¨ç áâ�« «�ãà¥�â®¬:

{ �à®å®à®¢áª®© ¯à¥¬¨¨ §� æ¨ª« −�ãç−ëå à�¡®â ú÷�§à�¡®âª� ¬¥â®¤®¢ á®§¤�−¨ï
â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå á¨áâ¥¬ á ¨á¯®«ì§®¢�−¨¥¬ ¬�àª®¢áª®© â¥®à¨¨ ®æ¥−¨-
¢�−¨ïû (à¥è¥−¨¥ �à¥§¨¤¨ã¬� �ª�¤¥¬¨¨ ¨−¦¥−¥à−ëå −�ãª ®â 16.10.2008 £.);

{ ‚á¥à®áá¨©áª®£® ª®−ªãàá� úˆ−¦¥−¥à ¤¥áïâ¨«¥â¨ï-2012û §� ¡®«ìè®© ¢ª«�¤
¢ á®§¤�−¨¥, à�§¢¨â¨¥ ¨ ¢−¥¤à¥−¨¥ á¨áâ¥¬ §�é¨âë ¨−ä®à¬�æ¨¨ ¢ �¢â®¬�â¨§¨-
à®¢�−−ëå á¨áâ¥¬�å (−�£à�¦¤¥− §®«®â®© ¬¥¤�«ìî úˆ−¦¥−¥à ¤¥áïâ¨«¥â¨ïû).

�à¨−¨¬�¥â �ªâ¨¢−®¥ ãç�áâ¨¥ ¢ ¬¥¦¤ã−�à®¤−ëå ¨ ¢á¥à®áá¨©áª¨å −�ãç−®-¯à�ª-
â¨ç¥áª¨å ª®−ä¥à¥−æ¨ïå ¯® ¯à®¡«¥¬�â¨ª¥ ˆ’‘ ¨ ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨.
‚ ¯¥à¨®¤ á 2013 ¯® 2018 ££. ¢ë¯®«−ï« äã−ªæ¨¨ ¬®¤¥à�â®à� á¥ªæ¨¨ úˆ−-
ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨û ¢ à�¬ª�å ¥¦¥£®¤−ëå ª®−ä¥à¥−æ¨© ú�−�«¨â¨ª�û
¢ �¡é¥áâ¢¥−−®© ¯�«�â¥ ÷”. ‘ 2016 £. ¯® −�áâ®ïé¥¥ ¢à¥¬ï ®áâ�¥âáï ¬®¤¥à�â®à®¬
¥¦¥£®¤−ëå ª®−ä¥à¥−æ¨© ú‘¨âã�æ¨®−−ë¥ æ¥−âàë: ä®ªãá ªà®áá-®âà�á«¥¢ëå ¨−â¥-
à¥á®¢û. ‚ ¯¥à¨®¤ 2018{2023 ££. ¯à¨−¨¬�« �ªâ¨¢−®¥ ãç�áâ¨¥ ¢ ®à£�−¨§�æ¨¨ ¨ ¯à®-
¢¥¤¥−¨¨ −�ãç−ëå ¬¥à®¯à¨ïâ¨© ¢ à�¬ª�å Œ¥¦¤ã−�à®¤−®£® ¢®¥−−®-â¥å−¨ç¥áª®£®
ä®àã¬� ú�à¬¨ïû ¯® ¯à®¡«¥¬�â¨ª¥ á¨áâ¥¬ë á¨âã�æ¨®−−ëå æ¥−âà®¢ ¨ â¥å−®«®£¨©
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�. ‚ëáâã¯�« á ¤®ª«�¤�¬¨ −� ¯«¥−�à−ëå §�á¥¤�−¨ïå
¨ −�ãç−ëå á¥ªæ¨ïå. ‡� §�á«ã£¨ ¢ ä®à¬¨à®¢�−¨¨ ¨ à¥�«¨§�æ¨¨ £®áã¤�àáâ¢¥−−®©
¯®«¨â¨ª¨ ¢ ®¡«�áâ¨ ¢®¥−−®-â¥å−¨ç¥áª®£® á®âàã¤−¨ç¥áâ¢�, � â�ª¦¥ ¢ à�§¢¨â¨¨
¨ ¢−¥¤à¥−¨¨ ¨−−®¢�æ¨®−−ëå â¥å−®«®£¨© ¢ ¨−â¥à¥á�å ‚‘ ÷” ¢ 2023 £. −�£à�¦¤¥−
¬¥¤�«ìî ú‡� ¤®áâ¨¦¥−¨ï ¢ ®¡«�áâ¨ à�§¢¨â¨ï ¨−−®¢�æ¨®−−ëå â¥å−®«®£¨©û.

„¢�¦¤ë «�ãà¥�â ¯à¥¬¨¨ �à�¢¨â¥«ìáâ¢� ÷” ¢ ®¡«�áâ¨ −�ãª¨ ¨ â¥å−¨ª¨
(§� 2003 ¨ 2021 ££.), −�£à�¦¤¥− £®áã¤�àáâ¢¥−−ë¬¨ −�£à�¤�¬¨: ®à¤¥−®¬ ú‡�
¢®¥−−ë¥ §�á«ã£¨û (2000 £.), ¬¥¤�«ìî ®à¤¥−� ú‡� §�á«ã£¨ ¯¥à¥¤ �â¥ç¥áâ¢®¬û
II áâ¥¯¥−¨ (1996 £.) ¨ ¬−®£¨¬¨ ¢¥¤®¬áâ¢¥−−ë¬¨ ¬¥¤�«ï¬¨. �â¬¥ç¥− ¯®ç¥â−ë¬¨
£à�¬®â�¬¨ �à¥§¨¤¨ã¬� ‚ëáè¥© �ââ¥áâ�æ¨®−−®© ª®¬¨áá¨¨ (2021 £.), �à¥§¨¤¨ã¬�
÷�� (2022 £.), � â�ª¦¥ §¢�−¨¥¬ ÷®ááâ�−¤�àâ� ÷” ú‘â�−¤�àâ¨§�â®à £®¤�û
(2021 £.). ‚¥â¥à�− ¡®¥¢ëå ¤¥©áâ¢¨© (2004 £.). �¡é¨© áâ�¦ −¥¯à¥àë¢−®© −�ãç−®-
¨áá«¥¤®¢�â¥«ìáª®©, −�ãç−®-®à£�−¨§�æ¨®−−®© ¨ −�ãç−®-íªá¯¥àâ−®© ¤¥ïâ¥«ì−®áâ¨
�. �. ‡�æ�à¨−−®£® á®áâ�¢«ï¥â ¡®«¥¥ 50 «¥â.

‚ ¯¥à¨®¤ á¢®¥© ¯®«ã¢¥ª®¢®© âàã¤®¢®© ¤¥ïâ¥«ì−®áâ¨ �«¥ªá�−¤à �«¥ªá¥¥-
¢¨ç ¯®«ãç¨« ã−¨ª�«ì−ãî ¢®§¬®¦−®áâì à�¡®â�âì ¢ á®áâ�¢¥ ¢á¥å áã¡ê¥ªâ®¢ ƒ�‡.
��ç�«® ¥£® ¯ãâ¨ ¢ 16 –�ˆˆˆ Œ� ¡ë«® á¢ï§�−® á ¢®¥−−®-−�ãç−ë¬ ®¡¥á-

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 36 −®¬¥à 1 2026 167



ˆ‘’�÷ˆŸ. ��ŒŸ’�›… „�’›. ‘��›’ˆŸ

¯¥ç¥−¨¥¬ ¯«�−¨à®¢�−¨ï ¨ ¢ë¯®«−¥−¨ï ƒ�‡, §�â¥¬ ¢ “¯à�¢«¥−¨¨ −�ç�«ì−¨ª�
á¢ï§¨ ‚‘ ÷” | −¥¯®áà¥¤áâ¢¥−−® á ®à£�−¨§�æ¨¥© ¯«�−¨à®¢�−¨ï, ¢ë¯®«−¥−¨ï
¨ ª®−âà®«ï ƒ�‡ ¨ ¢ ¯®á«¥¤−¨¥ 20 «¥â ¢ ”ˆ– ˆ“ ÷�� | á ¢ë¯®«−¥−¨¥¬
�ˆ�Š÷ ¢ à�¬ª�å ƒ�‡. �à¨®¡à¥â¥−−ë© ¨¬ ¡¥áæ¥−−ë© ®¯ëâ ®¯à¥¤¥«ï¥â ¢ëá®-
ª®¥ ¬¥â®¤¨ç¥áª®¥ ¬�áâ¥àáâ¢® ¢ ®à£�−¨§�æ¨¨ ¨ ¯à®¢¥¤¥−¨¨ −�ãç−ëå ¨áá«¥¤®¢�−¨©
¨ à�§à�¡®â®ª. ˜¨à®ª�ï íàã¤¨æ¨ï ¨ £«ã¡®ª¨¥ §−�−¨ï ¢ ®¡«�áâ¨ ¨−ä®à¬�æ¨®−−ëå
â¥å−®«®£¨©, ®£à®¬−ë© ®¯ëâ −�ãç−®-®à£�−¨§�æ¨®−−®© ¨ −�ãç−®-¯à�ªâ¨ç¥áª®© à�-
¡®âë, −¥§�ãàï¤−ë¥ ®à£�−¨§�â®àáª¨¥ á¯®á®¡−®áâ¨ ¯®§¢®«¨«¨ �. �. ‡�æ�à¨−−®¬ã
¢−¥áâ¨ §−�ç¨¬ë© ¢ª«�¤ ¢ à�§à�¡®âªã, à�§¢¨â¨¥ ¨ à¥�«¨§�æ¨î ¬¥â®¤®«®£¨¨ á®-
§¤�−¨ï ˆ’‘ ¢ ¨−â¥à¥á�å ®¡¥á¯¥ç¥−¨ï £®áã¤�àáâ¢¥−−®£® ¨ ¢®¥−−®£® ã¯à�¢«¥−¨ï
¢ −�è¥© áâà�−¥.

�â ¨¬¥−¨ ª®««¥ªâ¨¢� ”ˆ– ˆ“ ÷�� �¢â®àë ¦¥«�îâ �«¥ªá�−¤àã �«¥ªá¥-
¥¢¨çã ªà¥¯ª®£® §¤®à®¢ìï ¨ â¢®àç¥áª®£® ¤®«£®«¥â¨ï.
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−¨ª®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

Š®−�è¥−ª®¢� ’�âìï−� „¬¨âà¨¥¢−� (à. 1964) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥-
áª¨å −�ãª, −�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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Š®−®¢�«®¢ ƒà¨£®à¨© Œ¨å�©«®¢¨ç (à. 1980) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, −�ç�«ì−¨ª ®â¤¥«� â¥å−¨ç¥áª¨å á¨áâ¥¬ —�áâ−®£® ãçà¥¦¤¥−¨ï ƒ®áã¤�àáâ¢¥−-
−®© ª®à¯®à�æ¨¨ ¯® �â®¬−®© í−¥à£¨¨ ú÷®á�â®¬û ú�à®¥ªâ−ë© æ¥−âà ˆ’�÷û

Š®à¥¯�−®¢ �¤ã�à¤ ÷ã¤®«ìä®¢¨ç (à. 1966) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
¢¥¤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

Š®à®«¥¢ ‚¨ªâ®à āàì¥¢¨ç (à. 1954) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¯à®ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â�
¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�; ¢¥¤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

‹ãª¨−®¢� �«ì£� ‚�á¨«ì¥¢−� (à. 1966) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¢¥¤ãé¨©
−�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ã¯à�¢«¥−¨ï ¨¬. ‚. �. ’à�¯¥§−¨ª®¢�
÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

Œ®à®§®¢ …¢á¥© ‚¨ªâ®à®¢¨ç (à. 1947) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, ¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à¨ª«�¤−ëå ¬�â¥¬�â¨ç¥-
áª¨å ¨áá«¥¤®¢�−¨© Š�à¥«ìáª®£® −�ãç−®£® æ¥−âà� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª;
¯à®ä¥áá®à �¥âà®§�¢®¤áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�

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

÷®¬�−îª �¨ª¨â� ÷®¬�−®¢¨ç (à. 1993) | �á¯¨à�−â ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®©
áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£®
£®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�

‘¨−¨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

‘ª¢®àæ®¢ �¨ª®«�© �«¥ªá¥¥¢¨ç (à. 1973) | −�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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‘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

‘âã¯−¨ª®¢ ‘¥à£¥© �«¥ªá�−¤à®¢¨ç (à. 1978) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
àãª®¢®¤¨â¥«ì ®â¤¥«�, ¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ì-
áª®£® 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

—�©ª� ��¢¥« āàì¥¢¨ç (à. 1959) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, −�ç�«ì−¨ª
−�ãç−®-¨áá«¥¤®¢�â¥«ìáª®© â¥å−¨ç¥áª®© «�¡®à�â®à¨¨ −�¤¥¦−®áâ¨ ¨ ¡¥§®¯�á−®áâ¨
�� ú�ˆˆ�”�û
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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�).
…á«¨ ¯à¨ ¯®¤£®â®¢ª¥ áâ�âì¨ �¢â®àë ¨á¯®«ì§®¢�«¨ ¨−áâàã¬¥−âë −� ®á−®¢¥ ¨áªãá-
áâ¢¥−−®£® ¨−â¥««¥ªâ�, ®−¨ ®¡ï§�−ë ¢ª«îç¨âì íâã ¨−ä®à¬�æ¨î ¢ â¥ªáâ áâ�âì¨.
÷¥¤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.
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