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¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨, âà¥¡ã¥â á¯¥æ¨ä¨ç¥áª®£® ¯®¤å®¤�
¨ ãç¥â� ®á®¡¥−−®áâ¥© ¤¨áæ¨¯«¨−ë äã−ªæ¨®−¨à®¢�−¨ï ‘‘-áå¥¬. ��¨¡®«ì-
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¯�à�â−ë¥ §�âà�âë ¨ ®¯â¨¬�«ì−®¥ ¡ëáâà®¤¥©áâ¢¨¥ ¨ £�à�−â¨àã¥â á�¬®á¨−åà®−-
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1 Введение

‘�¬®á¨−åà®−−ë¥ æ¨äà®¢ë¥ áå¥¬ë ®â−®áïâáï ª ª«�ááã �á¨−åà®−−ëå æ¨äà®-
¢ëå áå¥¬. �«�£®¤�àï ¤¢ãåä�§−®© ¤¨áæ¨¯«¨−¥ ¨ ®¡ï§�â¥«ì−®© ¨−¤¨ª�æ¨¨ §�¢¥à-
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�¯â¨¬¨§�æ¨ï á¨−â¥§� ¯®á«¥¤®¢�â¥«ì−®áâ−ëå CC-áå¥¬ ¯® á¨−åà®−−®¬ã ®¯¨á�−¨î

è¥−¨ï ¢á¥å ¯¥à¥ª«îç¥−¨© ¯à¨ ¯¥à¥å®¤¥ ¢ ®ç¥à¥¤−ãî ä�§ã à�¡®âë, ®−¨ ®¡«�¤�îâ
ã−¨ª�«ì−ë¬¨ ®á®¡¥−−®áâï¬¨, −¥¤®áâ¨¦¨¬ë¬¨ ¢ á¨−åà®−−ëå ¨ ¯à®ç¨å �á¨−åà®−-
−ëå áå¥¬�å [1, 2]. �−¨ ¯®§¢®«ïîâ ¯®«ãç¨âì æ¨äà®¢ë¥ ãáâà®©áâ¢� á ã−¨ª�«ì−ë¬¨
á¢®©áâ¢�¬¨, ¢®áâà¥¡®¢�−−ë¬¨ ¢® ¬−®£¨å ®â¢¥âáâ¢¥−−ëå ¯à¨¬¥−¥−¨ïå:

{ ¯®«−ë¬ ®âáãâáâ¢¨¥¬ á®áâï§�−¨©;

{ ®âª�§®¡¥§®¯�á−®áâìî | ®áâ�−®¢ª®© à�¡®âë áå¥¬ë ¯à¨ ¢®§−¨ª−®¢¥−¨¨ «î¡®£®
ç¨á«� ª®−áâ�−â−ëå −¥¨á¯à�¢−®áâ¥© â¨¯� §�«¨¯�−¨ï −� 0 ¨«¨ 1.

�â¨ ®á®¡¥−−®áâ¨ á®¡«î¤�îâáï ¢® ¢á¥© ®¡«�áâ¨ ä¨§¨ç¥áª®© à�¡®â®á¯®á®¡−®áâ¨
âà�−§¨áâ®à−ëå áâàãªâãà, â. ¥. ¢ ¬�ªá¨¬�«ì−® ¢®§¬®¦−®¬ ¤¨�¯�§®−¥ ¯® −�¯àï-
¦¥−¨î ¯¨â�−¨ï ¨ â¥¬¯¥à�âãà¥ ®ªàã¦�îé¥© áà¥¤ë. �−¨ ¡ë«¨ ¯®¤â¢¥à¦¤¥−ë
¯àï¬ë¬¨ íªá¯¥à¨¬¥−â�¬¨ (¢¯¥à¢ë¥ ¤«ï íâ®£® ª«�áá� áå¥¬) [3]. ˆ¬¥¥âáï ¬−®£®
¯à¨«®¦¥−¨©, £¤¥ ®á®¡¥−−®áâ¨ ‘‘-áå¥¬ áâ�−®¢ïâáï ¯à¥¤¯®çâ¨â¥«ì−ë¬¨ ¯à¨ ¢ë-
¡®à¥ â¨¯� à¥�«¨§�æ¨¨, −�¯à¨¬¥à: ãáâà®©áâ¢� á ¯®¢ëè¥−−®© −�¤¥¦−®áâìî [4],
áå¥¬ë ã¯à�¢«¥−¨ï ãáâà®©áâ¢�¬¨ á ®£à�−¨ç¥−−ë¬¨ í−¥à£¥â¨ç¥áª¨¬¨ à¥áãàá�¬¨,
áå¥¬ë á −¥áâ�¡¨«ì−ë¬¨ ¨áâ®ç−¨ª�¬¨ ¯¨â�−¨ï ¨ ¤à. ‘�¬®á¨−åà®−−ë¥ áå¥¬ë
¨¬¥îâ ¢ëá®ª¨© ¯®â¥−æ¨�« ¤«ï ¯à�ªâ¨ç¥áª®£® ¯à¨¬¥−¥−¨ï ¨ −�å®¤ïâáï ¢ ä®ªãá¥
á®¢à¥¬¥−−ëå −�ãç−®-â¥å−¨ç¥áª¨å à�§à�¡®â®ª [5{8]. �¤−�ª® �¯¯�à�â−�ï ¨§¡ë-
â®ç−®áâì ‘‘-áå¥¬ ¨ −¥®¡å®¤¨¬®áâì ¨¬¥âì ¤®áâ�â®ç−® ¢ëá®ªãî ª¢�«¨ä¨ª�æ¨î
¢ ®¡«�áâ¨ ‘‘-áå¥¬®â¥å−¨ª¨ ¤«ï ¨å àãç−®£® ¯à®¥ªâ¨à®¢�−¨ï á¤¥à¦¨¢�îâ ¨å
è¨à®ª®¥ ¢−¥¤à¥−¨¥ ¢ ¯à�ªâ¨ç¥áª¨¥ à�§à�¡®âª¨.

„«ï �¢â®¬�â¨§¨à®¢�−−®£® á¨−â¥§� ‘‘-áå¥¬ −¥®¡å®¤¨¬� ä®à¬�«¨§�æ¨ï á¯¥-
æ¨�«ì−ëå ¬�â¥¬�â¨ç¥áª¨å ¬¥â®¤®¢ [1] ¨ ¢ë¯®«−¥−¨¥ àï¤� ¤àã£¨å ãá«®¢¨©. ˆ¬¥-
îé¨¥áï §�àã¡¥¦−ë¥ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� á¨−â¥§� �á¨−åà®−−ëå ¨ á�¬®á¨−åà®−-
−ëå áå¥¬ (á¬., −�¯à¨¬¥à, [9{14]) ®à¨¥−â¨à®¢�−ë −� ¨á¯®«ì§®¢�−¨¥ á¯¥æ¨�«ì−ëå
ï§ëª®¢ ®¯¨á�−¨ï ¯®¢¥¤¥−¨ï �á¨−åà®−−ëå áå¥¬ ¤«ï §�¤�−¨ï ¨áå®¤−®£® ®¯¨á�−¨ï
á¨−â¥§¨àã¥¬®© áå¥¬ë (Balsa [10, 13], á¥â¨ �¥âà¨ [9], Signal Transition Graph
(STG) [11], Communicating Sequential Processes (CSP) [15] ¨ ¤à.), çâ® ¤¥«�¥â ¨å
âàã¤−ë¬¨ ¤«ï ¯à¨¬¥−¥−¨ï è¨à®ª¨¬ ªàã£®¬ à�§à�¡®âç¨ª®¢. �®íâ®¬ã �¢â®¬�â¨§¨-
à®¢�−−ë© á¨−â¥§ ‘‘-áå¥¬ ¤«ï ¬−®£¨å ®â¢¥âáâ¢¥−−ëå ¯à¨¬¥−¥−¨©, −¥ âà¥¡ãîé¨©
®â à�§à�¡®âç¨ª� £«ã¡®ª¨å §−�−¨© ¢ ®¡«�áâ¨ ‘‘-áå¥¬®â¥å−¨ª¨ ¨ á¯¥æ¨�«ì−ëå
ï§ëª®¢ ®¯¨á�−¨ï ¯®¢¥¤¥−¨ï �á¨−åà®−−ëå áå¥¬, áâ�−®¢¨âáï �ªâã�«ì−®© §�¤�ç¥©.

’¥®à¥â¨ç¥áª¨¥ ¨ ¯à�ªâ¨ç¥áª¨¥ ¨áá«¥¤®¢�−¨ï ¬¥â®¤®¢ á¨−â¥§� �á¨−åà®−−ëå
¨ á�¬®á¨−åà®−−ëå áå¥¬ [15{17] ¯®ª�§�«¨, çâ® íää¥ªâ¨¢−ë© á¨−â¥§ ‘‘-áå¥¬
¢®§¬®¦¥− ¨ −� ®á−®¢¥ ¨áå®¤−®£® Verilog-®¯¨á�−¨ï á¨−åà®−−®£® ¯à®â®â¨¯� á¨−â¥-
§¨àã¥¬®© áå¥¬ë, ¯à¥¤áâ�¢«¥−−®£® −� «î¡®¬ ãà®¢−¥ �¡áâà�ªæ¨¨: ¯®¢¥¤¥−ç¥áª®¬,
�àå¨â¥ªâãà−®¬, äã−ªæ¨®−�«ì−®¬, áâàãªâãà−®¬ [18{20].

‚ ®¡é¥¬ á«ãç�¥ ¢ áå¥¬�å ¬®£ãâ ¯à¨áãâáâ¢®¢�âì ª�ª ª®¬¡¨−�æ¨®−−ë¥ ç�áâ¨,
â�ª ¨ ãáâà®©áâ¢� á ¯�¬ïâìî: âà¨££¥àë, à¥£¨áâàë åà�−¥−¨ï, áç¥âç¨ª¨, à¥£¨áâàë
á¤¢¨£�. ‘¨−â¥§ ª®¬¡¨−�æ¨®−−ëå ‘‘-áå¥¬ ¤®áâ�â®ç−® «¥£ª® ¯®¤¤�¥âáï ä®à¬�«¨-
§�æ¨¨ ¨ �¢â®¬�â¨§�æ¨¨ −� ®á−®¢¥ ¤ã�«¨§�æ¨¨ «®£¨ç¥áª¨å äã−ªæ¨© ¨ ¯à¨¬¥−¥−¨ï
ã−¨¢¥àá�«ì−ëå ¬¥â®¤®¢ ¬¨−¨¬¨§�æ¨¨, ¤¥ª®¬¯®§¨æ¨¨, ª®¬¯®§¨æ¨¨ ¨ ¯®ªàëâ¨ï
á¨áâ¥¬ë «®£¨ç¥áª¨å äã−ªæ¨© ¡¨¡«¨®â¥ç−ë¬¨ í«¥¬¥−â�¬¨ [15]. �¥®¡å®¤¨¬ë¬
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‹. �. �«¥å�−®¢, ā. ƒ. „ìïç¥−ª®, „. ‚. •¨«ìª®, ƒ. �. �à«®¢

¤®¯®«−¥−¨¥¬ ¯à¨ á¨−â¥§¥ ‘‘-áå¥¬ë á«ã¦¨â ¯®¤á¨áâ¥¬� ª®−âà®«ï ãá¯¥è−®£®
§�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï áå¥¬ë ¢ ®ç¥à¥¤−ãî ä�§ã à�¡®âë | ¨−¤¨ª�â®à−�ï
¯®¤áå¥¬� [1, 15].

�¤−�ª® ¨á¯®«ì§®¢�−¨¥ �−�«®£¨ç−®£® ¯®¤å®¤� ¯ãâ¥¬ ¯àï¬®£® ¯¥à¥«®¦¥−¨ï
¨§¢¥áâ−ëå ¬¥â®¤®¢ á¨−â¥§� á¨−åà®−−ëå ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢ [21] −�
á¨−â¥§ ‘‘-áå¥¬ ¨«¨ á¨−â¥§ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢ á ¯®¬®éìî §�-
¤�−¨ï ¨å äã−ªæ¨®−¨à®¢�−¨ï áà¥¤áâ¢�¬¨ ®¯¨á�−¨ï ¯®¢¥¤¥−¨ï �á¨−åà®−−ëå ¨ ‘‘-
áå¥¬ [22, 23] ®ª�§ë¢�¥âáï −¥íää¥ªâ¨¢−ë¬ ¨ ¯à¨¢®¤¨â ª çà¥§¬¥à−®© �¯¯�à�â−®©
¨§¡ëâ®ç−®áâ¨ ¨ åã¤è¥¬ã ¡ëáâà®¤¥©áâ¢¨î ¨â®£®¢®© ‘‘-áå¥¬ë. ��¯à¨¬¥à, ¨§-
¢¥áâ−ë¥ ¢ â¥å−¨ç¥áª®© «¨â¥à�âãà¥ ¬¥â®¤ë ¯®áâà®¥−¨ï ‘‘-âà¨££¥à®¢ ¨á¯®«ì§ãîâ
‘-í«¥¬¥−â ¤«ï à¥�«¨§�æ¨¨ äã−ªæ¨¨ åà�−¥−¨ï ¨ ª®¬¡¨−�æ¨®−−ãî «®£¨ªã á ¯�à�-
ä�§−ë¬ ª®¤¨à®¢�−¨¥¬ ¤«ï ä®à¬¨à®¢�−¨ï ¥£® ¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢ [15], çâ®
®ª�§ë¢�¥âáï ï¢−® −¥®¯â¨¬�«ì−ë¬ ¯® �¯¯�à�â−ë¬ §�âà�â�¬.

‚ â® ¦¥ ¢à¥¬ï ¬¥â®¤ë ®¯â¨¬�«ì−®© à¥�«¨§�æ¨¨ ¯¥à¥ç¨á«¥−−ëå ãáâà®©áâ¢
á ¯�¬ïâìî ¨§¢¥áâ−ë [24{26]. ÷ãç−®¥ ¯à®¥ªâ¨à®¢�−¨¥ ¢ á®®â¢¥âáâ¢¨¨ á íâ¨-
¬¨ ¬¥â®¤�¬¨ ®¡¥á¯¥ç¨¢�¥â ¯®«ãç¥−¨¥ íää¥ªâ¨¢−ëå ¯® �¯¯�à�â−ë¬ §�âà�â�¬
¨ ¡ëáâà®¤¥©áâ¢¨î ¯�â¥−â®á¯®á®¡−ëå à¥è¥−¨© (á¬., −�¯à¨¬¥à, [27]). �®íâ®¬ã
¤«ï �¢â®¬�â¨§�æ¨¨ á¨−â¥§� ‘‘-áå¥¬ á ¯�¬ïâìî æ¥«¥á®®¡à�§−® à�§à�¡®â�âì ¬¥-
â®¤ ä®à¬�«¨§®¢�−−®© ¯®¤áâ�−®¢ª¨ ®¯â¨¬¨§¨à®¢�−−ëå ¯® �¯¯�à�â−ë¬ §�âà�â�¬
¨ ¡ëáâà®¤¥©áâ¢¨î à¥�«¨§�æ¨© ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢, §�¤�−−ëå
¢ ¢¨¤¥ è�¡«®−®¢ −� ï§ëª¥ Verilog.

‘â�âìï ¯®á¢ïé¥−� à�§à�¡®âª¥ ¬¥â®¤� ä®à¬�«¨§®¢�−−®£® á¨−â¥§� ‘‘-áå¥¬
á ¯�¬ïâìî −� ®á−®¢¥ ¡¨¡«¨®â¥ª¨ ®¯â¨¬¨§¨à®¢�−−ëå ¯�à�¬¥âà¨§®¢�−−ëå è�¡«®-
−®¢ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢. ‚ «¨â¥à�âãà¥ ¨§¢¥áâ−ë ¬¥â®¤ë ¨á¯®«ì§®-
¢�−¨ï è�¡«®−®¢ (templates) ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ �á¨−åà®−−ëå áå¥¬. ��¯à¨¬¥à,
¯à¨ ª®¤¨à®¢�−¨¨ á®áâ®ï−¨ï ¤«ï ¢áâ�¢ª¨ ¤®¯®«−¨â¥«ì−ëå á¨£−�«®¢ ¢ STG á −¥-
¡®«ìè¨¬ −®¬¥à®¬ [28], ¯à¨ ¢áâà�¨¢�−¨¨ ¡«®ª®¢ PCHB (Pre-Charge Half Buffer)
¢ áå¥¬ã ã¯à�¢«¥−¨ï �á¨−åà®−−ë¬ ª®−¢¥©¥à®¬ [29], ¯à¨ ¯®áâà®¥−¨¨ ¬¥«ª®§¥à−¨-
áâëå �á¨−åà®−−ëå ª®−¢¥©¥à®¢ á ¢ëá®ª®© ¯à®¯ãáª−®© á¯®á®¡−®áâìî [30]. „�−−�ï
áâ�âìï ¯à¥¤«�£�¥â ¬¥â®¤ ®¯â¨¬¨§�æ¨¨ á¨−â¥§� ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-áå¥¬ −�
®á−®¢¥ ¨áå®¤−®£® Verilog-®¯¨á�−¨ï á¨−åà®−−®£® �−�«®£� á ¯®¬®éìî è�¡«®−®¢
â¨¯®¢ëå ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢.

2 Постановка задачи

˜�¡«®−®¬ ¡ã¤¥¬ −�§ë¢�âì §�à�−¥¥ ¯®¤£®â®¢«¥−−®¥ ¯�à�¬¥âà¨§®¢�−−®¥ ®¯¨-
á�−¨¥ ‘‘-ãáâà®©áâ¢� á ¯�¬ïâìî −� ï§ëª¥ ¢ëá®ª®£® ãà®¢−ï (¢ ¤�−−®¬ á«ãç�¥ |
Verilog), £�à�−â¨àãîé¥¥ ¡«¨§ªãî ª ®¯â¨¬�«ì−®© ¯® ¯®âà¥¡¨â¥«ìáª¨¬ å�à�ªâ¥à¨-
áâ¨ª�¬ �¯¯�à�â−ãî à¥�«¨§�æ¨î ¢ ¡�§¨á¥ «î¡®© §�¤�−−®© ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå
í«¥¬¥−â®¢, à�áè¨à¥−−®© −¥®¡å®¤¨¬ë¬¨ ‘‘-í«¥¬¥−â�¬¨.

ˆáå®¤−®© ¨−ä®à¬�æ¨¥© ¤«ï á¨−â¥§� ‘‘-áå¥¬ë á«ã¦�â Verilog-®¯¨á�−¨¥
á¨−åà®−−®£® �−�«®£� á¨−â¥§¨àã¥¬®© áå¥¬ë −� ¯à®¨§¢®«ì−®¬ ãà®¢−¥ �¡áâà�ªæ¨¨

6 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 4 2025
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¨ ¡¨¡«¨®â¥ª� è�¡«®−®¢ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå á¨−åà®−−ëå ¨ á�¬®á¨−åà®−−ëå
ãáâà®©áâ¢ á ¯�¬ïâìî, â�ª¦¥ ¯à¥¤áâ�¢«¥−−ëå ¢ ¢¨¤¥ ¬®¤ã«¥© −� ï§ëª¥ Verilog.

„«ï ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ �¢â®¬�â¨§¨à®¢�−−®£® «®£¨ç¥áª®£® á¨−â¥§�
‘‘-áå¥¬ á ¯�¬ïâìî (¯®á«¥¤®¢�â¥«ì−®áâ−ëå áå¥¬) −� ®á−®¢¥ ¨áå®¤−®£® Verilog-
®¯¨á�−¨ï á¨−åà®−−®£® �−�«®£� −¥®¡å®¤¨¬® ®¡¥á¯¥ç¨âì:

(1) ª®−¢¥àâ¨à®¢�−¨¥ ¨áå®¤−®£® á¨−åà®−−®£® ®¯¨á�−¨ï −� ¯à®¨§¢®«ì−®¬ ãà®¢−¥
�¡áâà�ªæ¨¨ ¢ ®¯¨á�−¨¥, á®¤¥à¦�é¥¥ â®«ìª® «®£¨ç¥áª¨¥ äã−ªæ¨¨ ¨ ¢ë§®¢ë
è�¡«®−®¢ CC-ãáâà®©áâ¢ á ¯�¬ïâìî á ª®−ªà¥â−ë¬¨ ¯�à�¬¥âà�¬¨;

(2) �¢â®¬�â¨§¨à®¢�−−ë© á¨−â¥§ áâàãªâãà−®£® ®¯¨á�−¨ï ‘‘-áå¥¬ë ¢ ¢ë§®¢�å
¡¨¡«¨®â¥ç−ëå í«¥¬¥−â®¢, ¢ â®¬ ç¨á«¥ ¯®á«¥¤®¢�â¥«ì−ëå CC-ãáâà®©áâ¢ −�
®á−®¢¥ à¥§ã«ìâ�â� ª®−¢¥àâ¨à®¢�−¨ï.

3 Шаблоны последовательностных устройств

‘�¬®á¨−åà®−−�ï à¥�«¨§�æ¨ï «î¡®© æ¨äà®¢®© áå¥¬ë ãç¨âë¢�¥â ®á®¡¥−−®áâ¨
¯®áâà®¥−¨ï ‘‘-áå¥¬:

{ ‘‘-ª®¤¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢;

{ ¤¢ãåä�§−ãî ¤¨áæ¨¯«¨−ã äã−ªæ¨®−¨à®¢�−¨ï;

{ §�¯à®á-®â¢¥â−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ ç�áâ¥© ‘‘-áå¥¬ë, á¢ï§�−−ëå ¤àã£ á ¤àã£®¬
®â−®è¥−¨ï¬¨ ú§�¤�âç¨ª á¨£−�«®¢ { ¯à¨¥¬−¨ªû.

„«ï ª®¬¡¨−�æ¨®−−ëå áå¥¬ áãé¥áâ¢ã¥â ä®à¬�«ì−ë© á¯®á®¡ ¯à¥®¡à�§®¢�−¨ï
á¨áâ¥¬ë «®£¨ç¥áª¨å äã−ªæ¨© ¢ ‘‘-à¥�«¨§�æ¨î:

{ ¨á¯®«ì§®¢�−¨¥ ¯�à�ä�§−®£® ª®¤¨à®¢�−¨ï [1] ¤«ï ¢á¥å ¨−ä®à¬�æ¨®−−ëå á¨£-
−�«®¢;

{ ¤ã�«¨§�æ¨ï á¨áâ¥¬ë äã−ªæ¨© | ¤«ï ª�¦¤®© «®£¨ç¥áª®© äã−ªæ¨¨ ¤®¡�¢-
«ï¥âáï ¥¥ ¨−¢¥àá−®¥ ¯à¥¤áâ�¢«¥−¨¥, ª®â®à®¥ ¢¬¥áâ¥ á ¨áå®¤−®© äã−ªæ¨¥©
ä®à¬¨àã¥â ¯�à�ä�§−ãî ¯¥à¥¬¥−−ãî;

{ ¤®¡�¢«¥−¨¥ í«¥¬¥−â®¢ ¨−¤¨ª�æ¨¨ ¯¥à¢®£® ãà®¢−ï, ä®à¬¨àãîé¨å á¨£−�«ë,
¯®ª�§ë¢�îé¨¥ á¢®¨¬ §−�ç¥−¨¥¬ ä�§®¢®¥ á®áâ®ï−¨¥ á®®â¢¥âáâ¢ãîé¥£® ¯�à�-
ä�§−®£® á¨£−�«�;

{ ¤®¡�¢«¥−¨¥ ¯®¤áå¥¬ë, á®¡¨à�îé¥© ¢á¥ ¢ëå®¤ë í«¥¬¥−â®¢ ¨−¤¨ª�æ¨¨ ¯¥à¢®£®
ãà®¢−ï ¢ ®¤¨− ®¡é¨© ¨−¤¨ª�â®à−ë© ¢ëå®¤ ‘‘-áå¥¬ë.

�−�«®£¨ç−ë© ä®à¬�«¨§®¢�−−ë© ¬¥â®¤ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− ¨ ¤«ï à¥�«¨-
§�æ¨¨ ãáâà®©áâ¢ á ¯�¬ïâìî. ‘â�−¤�àâ−ë¥ «®£¨ç¥áª¨¥ á¨−â¥§�â®àë á¨−åà®−−ëå
áå¥¬ á¨−â¥§¨àãîâ ¬−®£®à�§àï¤−ë¥ ãáâà®©áâ¢� á ¯�¬ïâìî ¥¤¨−®®¡à�§−®:

{ äã−ªæ¨ï åà�−¥−¨ï à¥�«¨§ã¥âáï á ¯®¬®éìî à¥£¨áâà� åà�−¥−¨ï −� ¤¢ãåâ�ªâ−ëå
âà¨££¥à�å á®®â¢¥âáâ¢ãîé¥© à�§àï¤−®áâ¨ á ¯�à�««¥«ì−®© §�¯¨áìî;
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‹. �. �«¥å�−®¢, ā. ƒ. „ìïç¥−ª®, „. ‚. •¨«ìª®, ƒ. �. �à«®¢

{ �«£®à¨â¬ ¨§¬¥−¥−¨ï á®áâ®ï−¨ï ãáâà®©áâ¢� ¯® ¯à¨å®¤¥ â�ªâ®¢®£® ¨«¨ áç¥â−®-
£® á¨£−�«� à¥�«¨§ã¥âáï á ¯®¬®éìî ª®¬¡¨−�æ¨®−−®© áå¥¬ë, ä®à¬¨àãîé¥©
á¨£−�«ë, ¯®¤�¢�¥¬ë¥ −� ¨−ä®à¬�æ¨®−−ë¥ ¢å®¤ë à�§àï¤®¢ ãáâà®©áâ¢� á ¯�-
¬ïâìî.

‚ á«ãç�¥ à¥£¨áâà®¢ åà�−¥−¨ï ª®¬¡¨−�æ¨®−−�ï ç�áâì ¨á¯®«ì§ã¥âáï â®«ìª® ¤«ï
à¥�«¨§�æ¨¨ ãá«®¢¨© §�¯¨á¨ ¢ à¥£¨áâà ¨ ãáâ�−®¢ª¨ ¥£® ¢ ®¯à¥¤¥«¥−−®¥ á®áâ®ï−¨¥
¨ −¥ ¯à¨¢®¤¨â ª �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨. ‚ á«ãç�¥ á¨−åà®−−ëå à¥£¨áâà®¢ á¤¢¨£�
¨ áç¥âç¨ª®¢ ¯®«ãç�¥âáï ¯�à�««¥«ì−�ï à¥�«¨§�æ¨ï, ®¡«�¤�îé�ï ¯®¢ëè¥−−ë¬
¡ëáâà®¤¥©áâ¢¨¥¬ §� áç¥â −¥ª®â®à®© �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨.

”®à¬�«ì−®¥ ¯à¥®¡à�§®¢�−¨¥ ¯�à�««¥«ì−®£® à¥£¨áâà� á¤¢¨£� ¨«¨ áç¥âç¨ª�
¢ ‘‘-à¥�«¨§�æ¨î ¢®§¬®¦−®, −® ¯à¨¢®¤¨â ª áå¥¬®â¥å−¨ç¥áª®¬ã à¥è¥−¨î á çà¥§-
¬¥à−®© ¨§¡ëâ®ç−®áâìî ¨ −¨§ª¨¬ ¡ëáâà®¤¥©áâ¢¨¥¬. �à¨ç¨−� | ¨−¤¨ª�â®à−�ï
¯®¤áå¥¬�, ª®â®à�ï ¢ íâ®¬ á«ãç�¥ ¯®«ãç�¥âáï −�¬−®£® ¡®«¥¥ á«®¦−®© ¨ ¬¥¤«¥−−®©.

‘�¬®á¨−åà®−−ë¥ à¥£¨áâàë åà�−¥−¨ï, −�¯à¨¬¥à à¥£¨áâàë −� ¢ëå®¤¥ áâã¯¥−¨
ª®−¢¥©¥à�, â�ª¦¥ ¬®£ãâ ¡ëâì à¥�«¨§®¢�−ë ¯ãâ¥¬ §�¬¥−ë á¨−åà®−−ëå ¤¢ãå-
â�ªâ−ëå âà¨££¥à®¢ ¨å ‘‘-�−�«®£�¬¨ [24, 26]. �¤−�ª® ¤¢ãåä�§−�ï ¤¨áæ¨¯«¨−�
‘‘-áå¥¬ ¯®§¢®«ï¥â ã¯à®áâ¨âì à¥�«¨§�æ¨î ‘‘-à¥£¨áâà� åà�−¥−¨ï: ¢¬¥áâ® ¤¢ãå-
â�ªâ−ëå âà¨££¥à®¢ á §�¤�ç¥© åà�−¥−¨ï ¢¯®«−¥ á¯à�¢«ïîâáï ®¤−®â�ªâ−ë¥ âà¨£-
£¥àë. �®«¥¥ â®£®, ¨á¯®«ì§®¢�−¨¥ ¢ á®áâ�¢¥ ®¤−®£® à�§àï¤� ¤¢ãå £¨áâ¥à¥§¨á−ëå
âà¨££¥à®¢ [1] ®¡¥á¯¥ç¨¢�¥â åà�−¥−¨¥ ª�ª à�¡®ç¥£® á®áâ®ï−¨ï ¯�à�ä�§−®£® á¨£-
−�«�, ä®à¬¨àã¥¬®£® ª®¬¡¨−�æ¨®−−®© ç�áâìî ‘‘-áå¥¬ë, â�ª ¨ ¥£® á¯¥©á¥à−®£®
á®áâ®ï−¨ï [27].

‘�¬®á¨−åà®−−ë¥ áç¥âç¨ª¨ ¢ ®â«¨ç¨¥ ®â á¨−åà®−−ëå �−�«®£®¢ −¥ ¬®£ãâ ¡ëâì
¯®áâà®¥−ë ¯ãâ¥¬ ¯®á«¥¤®¢�â¥«ì−®£® á®¥¤¨−¥−¨ï ¤¢ãåâ�ªâ−ëå âà¨££¥à®¢ D-â¨¯�
á §�¬ëª�−¨¥¬ ¨−¢¥àá−®£® ¨−ä®à¬�æ¨®−−®£® ¢ëå®¤� −� ¨−ä®à¬�æ¨®−−ë© ¢å®¤
íâ®£® ¦¥ âà¨££¥à� ¨§-§� ¯à®¡«¥¬ á ¨−¤¨ª�æ¨¥© ¬−®£®à�§àï¤−®£® áç¥âç¨ª�. ‘å¥-
¬®â¥å−¨ç¥áª¨¥ à¥è¥−¨ï ¤«ï à¥�«¨§�æ¨¨ ¯®á«¥¤®¢�â¥«ì−ëå ‘‘-áç¥âç¨ª®¢ ¡ë«¨
¯à¥¤«®¦¥−ë £àã¯¯®© ‚. ˆ. ‚�àè�¢áª®£® [1]. �−¨ ®¡¥á¯¥ç¨¢�îâ ¬¨−¨¬�«ì−ë¥
�¯¯�à�â−ë¥ §�âà�âë ¨ ¯à¨¥¬«¥¬®¥ ¡ëáâà®¤¥©áâ¢¨¥ ¤«ï ‘‘-áç¥âç¨ª®¢ «î¡®© à�§-
àï¤−®áâ¨. ��¯à¨¬¥à, ¬®¤¥«¨à®¢�−¨¥ áå¥¬ ¯�à�««¥«ì−®£® ¨ ¯®á«¥¤®¢�â¥«ì−®£®
áç¥âç¨ª� [25] ¯®ª�§�«®, çâ® áà¥¤−¥¥ ¡ëáâà®¤¥©áâ¢¨¥ ¯®á«¥¤®¢�â¥«ì−®£® ¢�à¨�−-
â� ‘‘-áç¥âç¨ª� ¢ 1,7 à�§� ¢ëè¥, ç¥¬ ¯�à�««¥«ì−®£®. —¥¬ ¢ëè¥ à�§àï¤−®áâì
áç¥âç¨ª�, â¥¬ ¡®«ìè¥ ¯à¥¨¬ãé¥áâ¢® ¢ ¡ëáâà®¤¥©áâ¢¨¨. �®íâ®¬ã ¤«ï £�à�−-
â¨à®¢�−−®£® ¯®«ãç¥−¨ï ‘‘-áå¥¬ë á ¯�à�¬¥âà�¬¨, ¡«¨§ª¨¬¨ ª ®¯â¨¬�«ì−ë¬,
æ¥«¥á®®¡à�§−® −� −�ç�«ì−®¬ íâ�¯¥ «®£¨ç¥áª®£® á¨−â¥§� §�¬¥−ïâì ¬−®£®à�§àï¤−ë¥
ãáâà®©áâ¢� á ¯�¬ïâìî, £¥−¥à¨àã¥¬ë¥ á¨−åà®−−ë¬ á¨−â¥§�â®à®¬, £®â®¢ë¬¨ ‘‘-
à¥è¥−¨ï¬¨ (è�¡«®−�¬¨), ¯®¤£®â®¢«¥−−ë¬¨ §�à�−¥¥ ¨ ¢ª«îç¥−−ë¬¨ ¢ ¡¨¡«¨®â¥ªã
á«®¦−®äã−ªæ¨®−�«ì−ëå ¡«®ª®¢ á¨−â¥§�â®à� ‘‘-áå¥¬ [31].

÷�§à�¡®â�−−ë¥ è�¡«®−ë ãáâà®©áâ¢ á ¯�¬ïâìî á®¤¥à¦�â £®â®¢ë¥ áå¥¬®â¥å−¨-
ç¥áª¨¥ ‘‘-à¥�«¨§�æ¨¨ â¨¯®¢ëå ¯®á«¥¤®¢�â¥«ì−®áâ−ëå áå¥¬: âà¨££¥à®¢, à¥£¨áâ-
à®¢ åà�−¥−¨ï ¨ á¤¢¨£�, áç¥âç¨ª®¢. �−¨ à¥�«¨§ãîâ äã−ªæ¨®−�«ì−®áâì á®®â¢¥â-
áâ¢ãîé¥£® ãáâà®©áâ¢� ¢ áâàãªâãà−®¬ ¢¨¤¥ | ¢ ¡�§¨á¥ ¡¨¡«¨®â¥ª¨ áâ�−¤�àâ−ëå

8 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 4 2025



�¯â¨¬¨§�æ¨ï á¨−â¥§� ¯®á«¥¤®¢�â¥«ì−®áâ−ëå CC-áå¥¬ ¯® á¨−åà®−−®¬ã ®¯¨á�−¨î

ïç¥¥ª. ‚ ª�ç¥áâ¢¥ â�ª®© ¡¨¡«¨®â¥ª¨ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−� «î¡�ï ¯à®¬ëè-
«¥−−�ï ¡¨¡«¨®â¥ª�, ¤®¯®«−¥−−�ï á¯¥æ¨ä¨ç¥áª¨¬¨ í«¥¬¥−â�¬¨, −¥®¡å®¤¨¬ë¬¨
¤«ï ¯à®¥ªâ¨à®¢�−¨ï ‘‘-áå¥¬. Verilog-ª®¤ ¢ è�¡«®−�å á®¤¥à¦¨â ª®−ªà¥â−ë¥
¨¬¥−� ¡¨¡«¨®â¥ç−ëå ïç¥¥ª, ¯®íâ®¬ã ®− −�áâà�¨¢�¥âáï ¨−¤¨¢¨¤ã�«ì−® ¯®¤ âã
¡¨¡«¨®â¥ªã, á ª®â®à®© ¯à¥¤áâ®¨â à�¡®â�âì «®£¨ç¥áª®¬ã á¨−â¥§�â®àã ‘‘-áå¥¬.

˜�¡«®−ë ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢ ¯à¥®¡à�§ãîâáï ¢ áå¥¬ã −�
¡¨¡«¨®â¥ç−ëå í«¥¬¥−â�å «î¡ë¬ «®£¨ç¥áª¨¬ á¨−â¥§�â®à®¬. ‹®£¨ª� ‘‘-¯®¢¥¤¥-
−¨ï ¨ −¥®¡å®¤¨¬�ï ¨−¤¨ª�â®à−�ï ¯®¤áå¥¬� ã¦¥ à¥�«¨§®¢�−ë ¢ è�¡«®−¥. �®íâ®¬ã
¯®«ãç¥−−ë© á¨−åà®−−ë¬ á¨−â¥§�â®à®¬ à¥§ã«ìâ�â −¥ âà¥¡ã¥â ¤®¯®«−¨â¥«ì−®©
¤®à�¡®âª¨ áà¥¤áâ¢�¬¨ á¨−â¥§�â®à� ‘‘-áå¥¬.

4 Процедура синтеза

‚ ¯à¥¤«�£�¥¬®¬ ¬¥â®¤¥ ¨á¯®«ì§ã¥âáï ¨§¢¥áâ−�ï ®âªàëâ�ï ¯à®£à�¬¬−�ï á¨á-
â¥¬� Yosys [32] «®£¨ç¥áª®£® á¨−â¥§� æ¨äà®¢ëå áå¥¬, ¨á¯®«ì§ãîé�ï ¢ ª�ç¥áâ¢¥
¨áå®¤−®£® §�¤�−¨ï ®¯¨á�−¨¥ �«£®à¨â¬� à�¡®âë áå¥¬ë −� ï§ëª¥ Verilog «î¡®£®
ãà®¢−ï �¡áâà�ªæ¨¨. �à¨¬¥−¥−¨¥ íâ®© á¨áâ¥¬ë §−�ç¨â¥«ì−® ã¯à®é�¥â ¯¥à¢ë© íâ�¯
á¨−â¥§�, ®¡¥á¯¥ç¨¢�ï ¯à¥®¡à�§®¢�−¨¥ ¯®¢¥¤¥−ç¥áª®£® ®¯¨á�−¨ï á¨−â¥§¨àã¥¬®©
áå¥¬ë ¢ á¨áâ¥¬ã «®£¨ç¥áª¨å äã−ªæ¨© ¨ ¯à®æ¥¤ãà−ëå ¡«®ª®¢ always ¨ ¨§¡�¢«ïï ®â
−¥®¡å®¤¨¬®áâ¨ à�§à�¡®âª¨ á®¡áâ¢¥−−ëå �−�«®£¨ç−ëå ¯à®£à�¬¬−ëå áà¥¤áâ¢ [31].
‘¨áâ¥¬� «®£¨ç¥áª¨å äã−ªæ¨© ®¯¨áë¢�¥â ª®¬¡¨−�æ¨®−−ãî ç�áâì á¨−â¥§¨àã¥¬®©
áå¥¬ë. �«®ª¨ always §�¤�îâ ¯®¢¥¤¥−¨¥ ãáâà®©áâ¢ á ¯�¬ïâìî.

�¯ëâ ¯®ª�§ë¢�¥â, çâ® á¨áâ¥¬� Yosys ¯à¥®¡à�§ã¥â ®¯¨á�−¨¥ á¨−åà®−−®© áå¥-
¬ë, §�¤�−−®¥ −� «î¡®¬ ãà®¢−¥, ¢ äã−ªæ¨®−�«ì−®¥ ®¯¨á�−¨¥ ¢ ®¯¥à�â®à�å assign,
®¯¨áë¢�îé¨å «®£¨ç¥áª¨¥ äã−ªæ¨¨ á ç¨á«®¬ �à£ã¬¥−â®¢ −¥ ¡®«¥¥ âà¥å. ‘ â®çª¨
§à¥−¨ï ‘‘-áå¥¬ë â�ª�ï à¥�«¨§�æ¨ï −¥ ®¯â¨¬�«ì−�, ¯®áª®«ìªã á¨«ì−�ï ¤¥ª®¬-
¯®§¨æ¨ï áå¥¬ë ¯à¨¢®¤¨â ª ã¢¥«¨ç¥−¨î á«®¦−®áâ¨ ¨ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë
¨ ª ãåã¤è¥−¨î ¡ëáâà®¤¥©áâ¢¨ï ¢á¥© ‘‘-áå¥¬ë. Šà®¬¥ â®£®, ¬−®£®à�§àï¤−ë¥
¯®á«¥¤®¢�â¥«ì−®áâ−ë¥ ãáâà®©áâ¢�, ª�ª ¡ë«® ®â¬¥ç¥−® ¢ëè¥, Yosys á¨−â¥§¨àã¥â
¢ ¢¨¤¥ à¥£¨áâà� åà�−¥−¨ï −� ¤¢ãåâ�ªâ−ëå âà¨££¥à�å ¨ ª®¬¡¨−�æ¨®−−®£® ®ªàã¦¥-
−¨ï, ä®à¬¨àãîé¥£® ¨−ä®à¬�æ¨®−−ë¥ ¢å®¤ë à¥£¨áâà�. ‚ à¥§ã«ìâ�â¥ ¯®«ãç�¥âáï
‘‘-áå¥¬� á çà¥§¬¥à−®© ¨§¡ëâ®ç−®áâìî.

‚ á¢ï§¨ á íâ¨¬ ¢ à�¬ª�å ¯à¥¤«�£�¥¬®£® ¯®¤å®¤� ª á¨−â¥§ã ‘‘-áå¥¬ à¥�«¨§®¢�−
¬¥â®¤ è�¡«®−®¢.

4.1 Метод шаблонов

Œ¥â®¤ è�¡«®−®¢ á¨−â¥§� ‘‘-áå¥¬ á ¯�¬ïâìî §�ª«îç�¥âáï ¢ ¯®á«¥¤®¢�â¥«ì−®¬
¢ë¯®«−¥−¨¨ á«¥¤ãîé¨å íâ�¯®¢.

1. ‘¨−â�ªá¨ç¥áª¨© ¨ á¥¬�−â¨ç¥áª¨© ª®−âà®«ì ¨ �−�«¨§ ¨áå®¤−®£® ®¯¨á�−¨ï
á¨−åà®−−®£® �−�«®£� á¨−â¥§¨àã¥¬®© ‘‘-áå¥¬ë −� ï§ëª¥ Verilog á ¯®¬®éìî
¯à®£à�¬¬−ëå áà¥¤áâ¢ «®£¨ç¥áª®£® á¨−â¥§�â®à� á¨−åà®−−ëå áå¥¬ Yosys.
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2. �®¨áª äà�£¬¥−â®¢ ¨áå®¤−®£® Verilog-ª®¤�, à¥�«¨§ã¥¬ëå ãáâà®©áâ¢�¬¨ á ¯�-
¬ïâìî. Š�ª ¯à�¢¨«®, ãáâà®©áâ¢� á ¯�¬ïâìî ¢ ï§ëª¥ Verilog à¥�«¨§ãîâáï
¯à®æ¥¤ãà−ë¬¨ ¡«®ª�¬¨ always, §�£®«®¢®ª ¨ â¥«® ª®â®àëå ®¯¨áë¢�îâ ®á®-
¡¥−−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï ãáâà®©áâ¢.

3. ‡�¬¥−� −�©¤¥−−ëå äà�£¬¥−â®¢ ª®¤� ¢ë§®¢�¬¨ â¨¯®¢ëå ¬®¤ã«¥© á¨−åà®−−ëå
âà¨££¥à®¢, à¥£¨áâà®¢ ¨ áç¥âç¨ª®¢, à¥�«¨§ãîé¨å á®®â¢¥âáâ¢ãîéãî äã−ªæ¨-
®−�«ì−®áâì, á ¯®¬®éìî ¨−áâàã¬¥−â�à¨ï Yosys.

4. ‡�¬¥−� â¨¯®¢ëå ¬®¤ã«¥© á¨−åà®−−ëå ãáâà®©áâ¢ á ¯�¬ïâìî è�¡«®−�¬¨ �¤¥-
ª¢�â−ëå ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢ á ¯®¬®éì â�¡«¨ç−®£® ¬¥â®¤�
®¤−®§−�ç−®£® á®®â¢¥âáâ¢¨ï [24] −� ®á−®¢¥ à�§à�¡®â�−−®© ¡¨¡«¨®â¥ª¨ è�¡«®-
−®¢ ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢.

5. ‚−¥¤à¥−¨¥ ¢ ¯®¤áâ�¢«ï¥¬ë¥ ‘‘-è�¡«®−ë ¤®¯®«−¨â¥«ì−ëå �âà¨¡ãâ®¢, á¯¥-
æ¨ä¨æ¨àãîé¨å ‘‘-á¢®©áâ¢�, â¨¯� á¯¥©á¥à� ¢å®¤®¢ ¨ ¢ëå®¤®¢, â¨¯� á¨£−�-
«®¢ á¡à®á� ¨ ãáâ�−®¢ª¨ (�á¨−åà®−−ë© ¨«¨ á�¬®á¨−åà®−−ë©) ¨ â. ¤. −� ®á−®¢¥
�−�«¨§� ¢§�¨¬®¤¥©áâ¢¨ï äã−ªæ¨®−�«ì−ëå ¡«®ª®¢ ¢ á®áâ�¢¥ á¨−â¥§¨àã¥¬®©
áå¥¬ë. �âà¨¡ãâë ®¡«¥£ç�îâ ¯®á«¥¤ãîé¨© á¨−â¥§ ª®¬¡¨−�æ¨®−−®© ç�áâ¨
‘‘-áå¥¬ë ¨ ®à£�−¨§�æ¨î §�¯à®á-®â¢¥â−ëå á¢ï§¥© ¬¥¦¤ã ¡«®ª�¬¨ áå¥¬ë.

Œ¥â®¤ è�¡«®−®¢ ¯®§¢®«ï¥â ä®à¬�«¨§®¢�âì ¨ �¢â®¬�â¨§¨à®¢�âì ª®−¢¥àâ¨à®¢�-
−¨¥ á¨−åà®−−ëå ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢, ®¯¨á�−−ëå −� ï§ëª¥ Verilog,
¢ ¨å ‘‘-¯à¥¤áâ�¢«¥−¨¥, á®åà�−¨¢ äã−ªæ¨®−�«ì−®áâì ãáâà®©áâ¢ á ãç¥â®¬ ®á®-
¡¥−−®áâ¥© à¥�«¨§�æ¨¨ ‘‘-áå¥¬. ÷�§à�¡®â�−−ë¥ ¢àãç−ãî è�¡«®−ë £�à�−â¨àãîâ
á�¬®á¨−åà®−−®áâì ®â¤¥«ì−® ¢§ïâëå ¯®á«¥¤®¢�â¥«ì−®áâ−ëå ãáâà®©áâ¢ ¢ á®áâ�¢¥
á¨−â¥§¨à®¢�−−®© áå¥¬ë ¨ ®¡¥á¯¥ç¨¢�îâ ®¯â¨¬�«ì−®áâì ¨å å�à�ªâ¥à¨áâ¨ª.

4.2 Преобразование исходного описания

�¤¨− ¨§ ª«îç¥¢ëå íâ�¯®¢ á¨−â¥§� ‘‘-áå¥¬ë | ¯à¥®¡à�§®¢�−¨¥ ¨áå®¤−®£®
á¨−åà®−−®£® ®¯¨á�−¨ï ¢ ¯à®¬¥¦ãâ®ç−®¥ ¯à¥¤áâ�¢«¥−¨¥ [31], ª®â®à®¥ ã¤®¢«¥-
â¢®àï¥â ãª�§�−−ë¬ ¢ à�§¤. 2 âà¥¡®¢�−¨ï¬. ”ã−ªæ¨®−�«ì−ë¥ ¢®§¬®¦−®áâ¨
Yosys ¯®§¢®«ïîâ �¢â®¬�â¨§¨à®¢�âì ¤�−−ë© ¯à®æ¥áá ¡¥§ −¥®¡å®¤¨¬®áâ¨ à�§à�-
¡®âª¨ ¤®¯®«−¨â¥«ì−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, çâ® ï¢«ï¥âáï −¥á®¬−¥−−ë¬
¯à¥¨¬ãé¥áâ¢®¬ ¯à¥¤«�£�¥¬®£® ¯®¤å®¤�.

‘¨áâ¥¬� á¨−â¥§� Yosys äã−ªæ¨®−¨àã¥â �−�«®£¨ç−® ¬−®£®¯à®å®¤−®¬ã ª®¬¯¨-
«ïâ®àã. �à®æ¥áá á¨−â¥§� ®à£�−¨§ã¥âáï ¢ ¢¨¤¥ ¨á¯®«−¥−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨
¯à¥®¡à�§®¢�−¨© −�¤ â¥ªãé¨¬ á®áâ®ï−¨¥¬ áå¥¬ë. Š�¦¤ë© íâ�¯ ¯à¥®¡à�§®¢�−¨©
¢ ¤®ªã¬¥−â�æ¨¨ Yosys −�§ë¢�¥âáï pass. ˆáå®¤−®¥ ®¯¨á�−¨¥ −� ï§ëª¥ Verilog ¨«¨
VHDL ¯à¥®¡à�§ã¥âáï ¢® ¢−ãâà¥−−¨© ä®à¬�â Register Transfer Level Intermediate
Language (RTLIL). ’¥ªãé¥¥ á®áâ®ï−¨¥ áå¥¬ë ¢á¥£¤� ¯à¥¤áâ�¢«ï¥âáï ¢ ä®à¬�â¥
RTLIL, ª®â®àë© ¯¥à¥¤�¥âáï ¬¥¦¤ã ¢ë§®¢�¬¨ ®â¤¥«ì−ëå pass'®¢. Š«îç¥¢ë¥
pass'ë | proc, opt, extract, techmap, dfflibmap.

�â�¯ proc ®áãé¥áâ¢«ï¥â ®¡à�¡®âªã ¡«®ª®¢ always ¨áå®¤−®£® Verilog-®¯¨á�−¨ï,
¨§¢«¥ª�ï ¨§ −¨å ¢áî ª®¬¡¨−�æ¨®−−ãî «®£¨ªã, ¢ à¥§ã«ìâ�â¥ ç¥£® ª�¦¤ë© ®áâ�¢-
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è¨©áï ¡«®ª always á®¤¥à¦¨â ®¯¨á�−¨¥ «®£¨ª¨, ®¡¥á¯¥ç¨¢�îé¥© åà�−¥−¨¥ á®áâ®-
ï−¨ï (â. ¥. à¥£¨áâàë ¨ âà¨££¥àë).

�â�¯ opt ®áãé¥áâ¢«ï¥â ®¯â¨¬¨§�æ¨î ¯à®¬¥¦ãâ®ç−®£® á®áâ®ï−¨ï áå¥¬ë ¨ ¨á-
¯®«ì§ã¥âáï ¯à�ªâ¨ç¥áª¨ −� ¢á¥å íâ�¯�å á¨−â¥§�.

�â�¯ extract | íâ® ®¤¨− ¨§ ¢�à¨�−â®¢ â¥å−®«®£¨ç¥áª®£® ¬�¯¯¨−£�. „�−-
−ë© íâ�¯ ®áãé¥áâ¢«ï¥â ¯®¨áª ¢ ¯à®¬¥¦ãâ®ç−®¬ ¯à¥¤áâ�¢«¥−¨¨ ¯®á«¥ íâ�¯� proc
¯®¤áå¥¬, ¨§®¬®àä−ëå §�¤�−−ë¬ ¡¨¡«¨®â¥ç−ë¬ ®¯¨á�−¨ï¬. „àã£¨¬¨ á«®¢�¬¨,
¨¬¥−−® íâ®â íâ�¯ ¯®§¢®«ï¥â −�©â¨ ¢á¥ äà�£¬¥−âë áå¥¬ë, ª®â®àë¥ á®®â¢¥âáâ¢ãîâ
¨áª®¬ë¬ è�¡«®−�¬.

�â�¯ techmap | íâ® −¥¯®áà¥¤áâ¢¥−−ë© â¥å−®«®£¨ç¥áª¨© ¬�¯¯¨−£, ª®â®àë©
®áãé¥áâ¢«ï¥â à�§¡¨¥−¨¥ ¬−®£®à�§àï¤−ëå í«¥¬¥−â®¢ −� £àã¯¯ë ®¤−®à�§àï¤−ëå
¨ ¨å §�¬¥−ã ¯à¥¤áâ�¢«¥−−ë¬¨ ¢ ¡¨¡«¨®â¥ª¥ ¡�§®¢ë¬¨ í«¥¬¥−â�¬¨. �® ã¬®«-
ç�−¨î ¨á¯®«ì§ã¥âáï ¡�§®¢�ï ¡¨¡«¨®â¥ª� í«¥¬¥−â®¢, ¢áâà®¥−−�ï ¢ Yosys, ®¤−�ª®
áãé¥áâ¢ã¥â ¢®§¬®¦−®áâì à�§à�¡®âª¨ á®¡áâ¢¥−−ëå ¡¨¡«¨®â¥ª ¬�¯¯¨−£�, ª®â®àë¥
¡ã¤ãâ ¯®§¢®«ïâì ®áãé¥áâ¢«ïâì §�¬¥−ã âà¥¡ã¥¬ë¬¨ è�¡«®−�¬¨.

�â�¯ dfflibmap | íâ® ¯à¥®¡à�§®¢�−¨¥ (¬�¯¯¨−£) âà¨££¥à®¢ ¢ §�¤�−−ë¥
¡¨¡«¨®â¥ç−ë¥ í«¥¬¥−âë. �� ¤�−−®¬ íâ�¯¥ ®áâ�¢è¨¥áï ¡«®ª¨ always (� íâ® ¬®£ãâ
¡ëâì â®«ìª® í«¥¬¥−âë á ¯�¬ïâìî) §�¬¥−ïîâáï ¡¨¡«¨®â¥ç−ë¬¨ âà¨££¥à�¬¨.

’�ª¨¬ ®¡à�§®¬, ¤«ï ®áãé¥áâ¢«¥−¨ï ¯®¤áâ�−®¢ª¨ è�¡«®−®¢ −¥®¡å®¤¨¬® ®¡¥á-
¯¥ç¨âì:

(1) ¡¨¡«¨®â¥ªã ‘‘-è�¡«®−®¢;

(2) ¡¨¡«¨®â¥ªã á¨−åà®−−ëå è�¡«®−®¢, à�¢−®¬®é−ãî ¯® ç¨á«ã í«¥¬¥−â®¢ ¡¨¡-
«¨®â¥ª¥ ‘‘-è�¡«®−®¢. Š�¦¤®¬ã í«¥¬¥−âã ¤�−−®© ¡¨¡«¨®â¥ª¨ á®®â¢¥âáâ¢ã¥â
(¢ «®£¨ç¥áª®¬ á¬ëá«¥) â®«ìª® ®¤¨− í«¥¬¥−â ‘‘-¡¨¡«¨®â¥ª¨;

(3) ¡¨¡«¨®â¥ªã á¨−åà®−−ëå âà¨££¥à®¢;

(4) ¡¨¡«¨®â¥ªã á®®â¢¥âáâ¢ãîé¨å ‘‘-âà¨££¥à®¢;

(5) â¥å−®«®£¨ç¥áª¨© ¬�¯¯¥à, ª®â®àë© ¡ã¤¥â ®áãé¥áâ¢«ïâì §�¬¥−ã ®¡−�àã¦¥−-
−ëå á¨−åà®−−ëå è�¡«®−®¢ ‘‘-íª¢¨¢�«¥−â�¬¨.

‚ ¯à®æ¥áá¥ á¨−â¥§� ¢ Yosys íâ�¯ extract ¬®¦¥â ¡ëâì ®áãé¥áâ¢«¥− ¬−®£®ªà�â−®.
�ç¥¢¨¤−®, çâ® ç¥¬ ¯®«−¥¥ ¡ã¤ãâ áä®à¬¨à®¢�−ë ¡¨¡«¨®â¥ª¨ á¨−åà®−−ëå ¨ ‘‘-
è�¡«®−®¢, â¥¬ ¡®«ìè¥ ¡ã¤¥â ®¡−�àã¦¥−® í«¥¬¥−â®¢ ¨ â¥¬ ¡®«¥¥ ®¯â¨¬�«ì−ë¬¨
¡ã¤ãâ à¥§ã«ìâ�âë ¯à¥®¡à�§®¢�−¨©. ’¥¬ −¥ ¬¥−¥¥ ¢¥à®ïâ−®áâì â®£®, çâ® −¥ ¢á¥
è�¡«®−ë ¡ã¤ãâ à�á¯®§−�−ë, −¥ à�¢−� −ã«î. �¤−�ª® íâ® −¥ ¯®¬¥è�¥â ãá¯¥è−®¬ã
§�¢¥àè¥−¨î á¨−â¥§�, â�ª ª�ª ¯®á«¥ ¢ë¯®«−¥−¨ï íâ�¯� dfflibmap −¥à�á¯®§−�−−ë¥
−� à�−−¨å íâ�¯�å í«¥¬¥−âë ¯�¬ïâ¨ ¡ã¤ãâ §�¬¥−¥−ë á®®â¢¥âáâ¢ãîé¨¬¨ âà¨££¥-
à�¬¨ ¨§ á¨−åà®−−®© ¡¨¡«¨®â¥ª¨, ¤«ï ª®â®àëå ¢ ¡¨¡«¨®â¥ª¥ ‘‘-âà¨££¥à®¢ ã¦¥
®¯à¥¤¥«¥−ë íª¢¨¢�«¥−â−ë¥ í«¥¬¥−âë.

’¥å−®«®£¨ç¥áª¨© ¬�¯¯¥à ®¡¥á¯¥ç¨¢�¥â ª®àà¥ªâ−ãî §�¬¥−ã á¨−åà®−−ëå è�¡-
«®−®¢ ¨å ‘‘-íª¢¨¢�«¥−â�¬¨. „�−−ë© ¯®¤å®¤ ¤®áâ�â®ç−® £¨¡ª¨©, â�ª ª�ª
¯®§¢®«ï¥â ¯®¬¨¬® −¥¯®áà¥¤áâ¢¥−−®© §�¬¥−ë ®¡¥á¯¥ç¨âì £¥−¥à�æ¨î âà¥¡ã¥¬®©
¤«ï ‘‘-í«¥¬¥−â� ¨−äà�áâàãªâãàë (¯® áãâ¨, ¤®¯®«−¨â¥«ì−®© «®£¨ª¨). �¤−�ª®
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à�§à�¡®âª� å®à®è¥£® â¥å−®«®£¨ç¥áª®£® ¬�¯¯¥à� ¯à¥¤áâ�¢«ï¥âáï −¥âà¨¢¨�«ì−®©
§�¤�ç¥©.

4.3 Синтез на нижнем уровне

‡�¤�ç� íâ®£® íâ�¯� | à�á¯®§−�¢�−¨¥ ¢ë§®¢®¢ è�¡«®−®¢, ¢ë¤¥«¥−¨¥ ¨ ‘‘-
á¨−â¥§ ª®¬¡¨−�æ¨®−−ëå äà�£¬¥−â®¢ áå¥¬ë.

�à¨ ¢ë§®¢�å è�¡«®−®¢ −¥®¡å®¤¨¬® ®¡¥á¯¥ç¨âì ‘‘-¨−â¥àä¥©á ¢ á®®â¢¥âáâ¢¨¨
á ¨å ¯�à�¬¥âà�¬¨ ¯® ¬¥áâã ¢ë§®¢®¢ ¨−ä®à¬�æ¨®−−ë¬¨ á�¬®á¨−åà®−−ë¬¨ ¢å®¤�-
¬¨ ¨ ¢ëå®¤�¬¨, � â�ª¦¥ ä�§®¢ë¬¨ ã¯à�¢«ïîé¨¬¨ ¨ ¨−¤¨ª�â®à−ë¬¨ á¨£−�«�¬¨.

‚ ä¨−�«ì−®© ç�áâ¨ íâ�¯� á®§¤�¥âáï ¨−¤¨ª�â®à−�ï ¯®¤áå¥¬� ¢á¥© á®§¤�¢�¥¬®©
áå¥¬ë.

„�−−ë© íâ�¯ ¢ë¯®«−ï¥âáï á ¯®¬®éìî à�−¥¥ à�§à�¡®â�−−ëå ¬¥â®¤®¢ [33].

5 Заключение

�à¨¬¥−¥−¨¥ á¨áâ¥¬ë Yosys á ®âªàëâë¬ ª®¤®¬ §−�ç¨â¥«ì−® ã¯à®é�¥â ¯¥à-
¢ë© íâ�¯ á¨−â¥§� ‘‘-áå¥¬ ¯® ¨áå®¤−®¬ã á¨−åà®−−®¬ã ®¯¨á�−¨î, ®¡¥á¯¥ç¨¢�ï
¯à¥®¡à�§®¢�−¨¥ ¯®¢¥¤¥−ç¥áª®£® ®¯¨á�−¨ï á¨−â¥§¨àã¥¬®© áå¥¬ë ¢ á¨áâ¥¬ã «®£¨ç¥-
áª¨å äã−ªæ¨© ¨ ¯à®æ¥¤ãà−ëå ª®−áâàãªæ¨© ï§ëª� Verilog, §�¤�îé¨å ¯®¢¥¤¥−¨¥
ãáâà®©áâ¢ á ¯�¬ïâìî.

�à¥¤«�£�¥¬ë© ¬¥â®¤ è�¡«®−®¢ ¯®§¢®«ï¥â §−�ç¨â¥«ì−® ã¯à®áâ¨âì á¨−â¥§ ‘‘-
áå¥¬ á ¯�¬ïâìî §� áç¥â ¨á¯®«ì§®¢�−¨ï §�à�−¥¥ ¯®¤£®â®¢«¥−−®© ¡¨¡«¨®â¥ª¨ ¯�-
à�¬¥âà¨§®¢�−−ëå è�¡«®−®¢ â¨¯®¢ëå ‘‘-ãáâà®©áâ¢ á ¯�¬ïâìî: âà¨££¥à®¢, à¥-
£¨áâà®¢ åà�−¥−¨ï ¨ á¤¢¨£�, áç¥âç¨ª®¢. ˜�¡«®−ë ¢áâ�¢«ïîâáï ¢ ¯à®¬¥¦ãâ®ç−®¥
Verilog-®¯¨á�−¨¥ á¨−â¥§¨àã¥¬®© áå¥¬ë á ¯®¬®éìî ¬¥å�−¨§¬� ¯®¨áª� ¨ ¯®¤-
áâ�−®¢ª¨ ãª�§�−−ëå ¯®«ì§®¢�â¥«¥¬ ¬®¤ã«¥© á®®â¢¥âáâ¢ãîé¨å äã−ªæ¨®−�«ì−ëå
ãáâà®©áâ¢ ¢¬¥áâ® äà�£¬¥−â®¢ Verilog-ª®¤�. „«ï íâ®£® ¨á¯®«ì§ã¥âáï ¨−áâàã¬¥−-
â�à¨© á¨−åà®−−®£® «®£¨ç¥áª®£® á¨−â¥§�â®à� Yosys. �®á«¥¤ãîé�ï ¨−â¥£à�æ¨ï
¯®á«¥¤®¢�â¥«ì−®áâ−ëå ‘‘-ãáâà®©áâ¢ ¢ á¨−â¥§¨àã¥¬ãî ‘‘-áå¥¬ã, á®£«�á®¢�−¨¥
â¨¯®¢ á¯¥©á¥à� ç�áâ¥© áå¥¬ë ¨ ®à£�−¨§�æ¨ï ‘‘-ã¯à�¢«¥−¨ï ¢ë¯®«−ïîâáï à�§à�-
¡®â�−−ë¬¨ �¢â®à�¬¨ ¯à®£à�¬¬−ë¬¨ áà¥¤áâ¢�¬¨.
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TEMPLATE METHOD IN SYNTHESIS
OF SELF-TIMED DIGITAL CIRCUITS

L. P. Plekhanov, Yu. G. Diachenko, D. V. Khilko, and G. A. Orlov

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

Abstract: The article considers the problem of self-timed (ST) digital circuit
design automation. Self-timed circuits are an alternative to the synchronous ones.
In spite of significant advantages, especially in terms of operational reliability in
a wide range of operating conditions under the influence of unfavorable factors,
ST circuits have not yet found wide application. In part, this is due to the
complexity of their design which requires a specific approach and consideration
of the ST circuit's functioning discipline features. The greatest difficulty is
the formalization and automation of sequential ST unit synthesis. For this
purpose, it is proposed to use the template method. It includes an analysis of the
synchronous counterpart's original description of the synthesized ST circuit using
Yosys, the open-source logical synthesizer of synchronous circuits, searching for
fragments implemented by units with memory, and replacing them with pre-
prepared templates, namely, ST Verilog descriptions of sequential units adequate
to the prototype in terms of operational features. The templates contain the
synchronous and ST implementations of the corresponding units. The article
provides template examples and describes the method of their application in
the process of converting the original synchronous description of the synthesized
circuit into an ST Verilog description. Substituting templates into the synthesized
circuit description eliminates the need for their individual synthesis taking into
account the specifics of the ST circuits. The proposed approach ensures minimal
hardware costs and optimal performance and guarantees the ST nature of the
resulting circuit implementations of digital units.

Keywords: self-timed circuits; automated logic synthesis; template; sequential
circuits; conversion; Verilog
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О ПРИМЕНЕНИИ ДРЕВОВИДНЫХ АЛГОРИТМОВ
РАЗРЕШЕНИЯ КОНФЛИКТОВ В ПРОЦЕДУРЕ СЛУЧАЙНОГО
МНОЖЕСТВЕННОГО ДОСТУПА ДЛЯ УСТРОЙСТВ 5G NB-IoT∗

В. А. Бесчастный1, А. М. Тюрликов2, Н. В. Степанов3, В. С. Шоргин4

�−−®â�æ¨ï: ‘®¢à¥¬¥−−ë¥ IoT-¯à¨«®¦¥−¨ï å�à�ªâ¥à¨§ãîâáï ¡®«¥¥ áâà®£¨¬¨
âà¥¡®¢�−¨ï¬¨ ª §�¤¥à¦ª¥, ç¥¬ â¥, çâ® ®¯à¥¤¥«¥−ë ¤«ï 5G Massive Machine-
Type Communications ¢ ITU-R M.2410, −�¯à¨¬¥à ¬¥−¥¥ 10 ¬á. „«ï íâ®£®
ª®−á®àæ¨ã¬ 3GPP (3rd Generation Partnership Project) ®¯à¥¤¥«¨« −¥áª®«ìª®
¯à®æ¥¤ãà ¤«ï á−¨¦¥−¨ï §�¤¥à¦ª¨ ¤®áâã¯� ¢ á¨áâ¥¬¥ 5G NB-IoT (Narrowband
Internet-of-Things). �¤−�ª® íâ¨ ¯à®æ¥¤ãàë ç¨áâ® ALOHA-â¨¯� ¨ −¥ ¨á¯®«ì-
§ãîâ ¨−ä®à¬�æ¨î, ª®â®à�ï ¬®¦¥â ¡ëâì ¤®áâã¯−� −� ¡�§®¢®© áâ�−æ¨¨ (�‘)
NB-IoT. ‚ ¤�−−®© à�¡®â¥ à�áá¬®âà¥−ë ¤¢� à�áè¨à¥−¨ï ¯à®æ¥¤ãàë á«ãç�©−®£®
¤®áâã¯� −� ®á−®¢¥ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢. �®«ã-
ç¥−−ë¥ à¥§ã«ìâ�âë ¯®ª�§ë¢�îâ, çâ® ¡«®ª¨àã¥¬ë© �«£®à¨â¬ å�à�ªâ¥à¨§ã¥âáï
¡®«ìè¥© −� 25%{35% ¯à®¯ãáª−®© á¯®á®¡−®áâìî ¯® áà�¢−¥−¨î á ¡«®ª¨àã¥¬ë¬
�«£®à¨â¬®¬. �à¨ íâ®¬ á â®çª¨ §à¥−¨ï §�¤¥à¦ª¨ à�áá¬�âà¨¢�¥¬ë¥ �«£®à¨â-
¬ë ¬®£ãâ ¡ëâì íää¥ªâ¨¢−® ¨á¯®«ì§®¢�−ë, ª®£¤� ¯à¥¤«�£�¥¬�ï −�£àã§ª� −¥
¯à¥¢ëè�¥â 70%{80% ®â ¬�ªá¨¬�«ì−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: 5G; NB-IoT (Narrowband Internet-of-Things); ª�−�« á«ã-
ç�©−®£® ¤®áâã¯� (RACH); §�¤¥à¦ª�; ¤à¥¢®¢¨¤−ë© �«£®à¨â¬ à�§à¥è¥−¨ï ª®−-
ä«¨ªâ®¢
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1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï àë−®ª ¯à¨«®¦¥−¨© ˆ−â¥à−¥â� ¢¥é¥© (Internet of things,
IoT) à�§¢¨¢�¥âáï ¡¥á¯à¥æ¥¤¥−â−ë¬¨ â¥¬¯�¬¨. �â® ®¡ãá«®¢«¥−® −¥ â®«ìª® à®á-
â®¬ ç¨á«� ¯®âà¥¡¨â¥«ìáª¨å â®¢�à®¢, ®á−�é¥−−ëå ¡¥á¯à®¢®¤−ë¬¨ ¬®¤ã«ï¬¨, −®
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https://rscf.ru/project/25-79-10142/ (¨á¯®«−¨â¥«ì ‚. �. �¥áç�áâ−ë©, à�§¤. 1, 2, 5), � â�ª¦¥
¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ Œ¨−¨áâ¥àáâ¢� −�ãª¨ ¨ ¢ëáè¥£® ®¡à�§®¢�−¨ï ÷®áá¨©áª®© ”¥¤¥à�-
æ¨¨, á®£«�è¥−¨¥ ü FSRF-2023-0003, ú”ã−¤�¬¥−â�«ì−ë¥ ®á−®¢ë ¯®áâà®¥−¨ï ¯®¬¥å®§�é¨é¥−-
−ëå á¨áâ¥¬ ª®á¬¨ç¥áª®© ¨ á¯ãâ−¨ª®¢®© á¢ï§¨, ®â−®á¨â¥«ì−®© −�¢¨£�æ¨¨, â¥å−¨ç¥áª®£® §à¥−¨ï
¨ �íà®ª®á¬¨ç¥áª®£® ¬®−¨â®à¨−£�û (¯®«ãç�â¥«¨ �. Œ. ’îà«¨ª®¢ ¨ �. ‚. ‘â¥¯�−®¢, à�§¤. 3 ¨ 4).
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� ¯à¨¬¥−¥−¨¨ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢

¨ ¯®ï¢«¥−¨¥¬ −®¢ëå ¯à¨«®¦¥−¨©, á¢ï§�−−ëå á à�§«¨ç−ë¬¨ ®âà�á«ï¬¨ ¯à®¬ëè-
«¥−−®áâ¨. ‚ −�áâ®ïé¥¥ ¢à¥¬ï NB-IoT áâ�« ¤¥-ä�ªâ® áâ�−¤�àâ®¬ ¤«ï â¥å−®«®£¨©
á®â®¢®£® IoT (CIoT), −¥¤�¢−® ¯à¨−ïâë¬ ITU-R ¢ ª�ç¥áâ¢¥ ®á−®¢−®£® ¤«ï á¥à¢¨á®¢
¬�áá®¢ëå ¬¥¦¬�è¨−−ëå ª®¬¬ã−¨ª�æ¨© (Massive Machine Type Communications,
mMTC).

‘®¢à¥¬¥−−ë© àë−®ª ˆ−â¥à−¥â� ¢¥é¥© å�à�ªâ¥à¨§ã¥âáï ¯®ï¢«¥−¨¥¬ −®¢ëå
¯à¨«®¦¥−¨©, ª®â®àë¥ §�−¨¬�îâ ¯à®¬¥¦ãâ®ç−®¥ ¯®«®¦¥−¨¥ ¬¥¦¤ã á¥à¢¨á�¬¨ á®
á¢¥àå−�¤¥¦−®© á¢ï§ìî ¨ á¢¥àå−¨§ª®© §�¤¥à¦ª®© (Ultra Reliable and Low La-
tency Communications, URLLC) ¨ mMTC. ’�ª¨¥ áæ¥−�à¨¨ ¨á¯®«ì§®¢�−¨ï, ª�ª
¯à®¬ëè«¥−−�ï �¢â®¬�â¨§�æ¨ï −� ¯à®¨§¢®¤áâ¢¥, á¢ï§ì ¬¥¦¤ã ¡¥á¯¨«®â−ë¬¨ «¥-
â�â¥«ì−ë¬¨ �¯¯�à�â�¬¨ (��‹�), ¬®−¨â®à¨−£ í−¥à£¥â¨ç¥áª¨å á¥â¥©, ®â«¨ç�îâáï
¡®«¥¥ áâà®£¨¬¨ âà¥¡®¢�−¨ï¬¨ ª §�¤¥à¦ª¥, ¡®«¥¥ ¢ëá®ª®© −�¤¥¦−®áâìî ¨ ¡®«¥¥
¢ëá®ª®© ¯à®¯ãáª−®© á¯®á®¡−®áâìî, ç¥¬ â¥, çâ® ®¯à¥¤¥«¥−ë ¤«ï mMTC [1]. •®âï
íâ¨ âà¥¡®¢�−¨ï ¢á¥ ¥é¥ −¥ â�ª áâà®£¨, ª�ª ¤«ï URLLC, áãé¥áâ¢ãîé¨¥ à¥è¥-
−¨ï CIoT, â�ª¨¥ ª�ª LTE-M (Long-Term Evolution for Machines) ¨ NB-IoT, −¥
á®®â¢¥âáâ¢ãîâ âà¥¡®¢�−¨ï¬ íâ¨å á¥à¢¨á®¢ ¯® §�¤¥à¦ª¥ ¨ −�¤¥¦−®áâ¨.

‚ ®â¢¥â −� íâ¨ −®¢ë¥ âà¥¡®¢�−¨ï 3GPP ¢ −¥¤�¢−¨å áâ�−¤�àâ�å ¯à¥¤«®¦¨«
−¥áª®«ìª® ãá®¢¥àè¥−áâ¢®¢�−¨© ¤«ï á¢ï§¨ á ¯®−¨¦¥−−®© §�¤¥à¦ª®©, ®á®¡¥−−®
¢ ç�áâ¨ ¯à®æ¥¤ãà ª�−�«� á«ãç�©−®£® ¤®áâã¯� (RACH, Random Access Channel).
‚ ç�áâ−®áâ¨, ¢ Release 16 ¡ë«� ¯à¥¤«®¦¥−� ¤¢ãåè�£®¢�ï ¯à®æ¥¤ãà�, ¯®§¢®«ïîé�ï
®¤−®¢à¥¬¥−−® ¯¥à¥¤�¢�âì ¯à¥�¬¡ã«ã ¤®áâã¯� ¨ ¤�−−ë¥ ¢ ®¤−®¬ ª�¤à¥, £�à�−â¨àãï,
çâ® ¯¥à¥¤�ç� ¤�−−ëå ¡ã¤¥â §�¢¥àè¥−� §� ¤¢� ª�¤à�. �¤−�ª®, ª�ª ¡ë«® ¯®ª�§�−®
¢ [2], â�ª®© ¯®¤å®¤ ¬®¦¥â ¯à¨¢®¤¨âì ª áã¡®¯â¨¬�«ì−®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨
¢ ãá«®¢¨ïå ¢ëá®ª®© §�£àã§ª¨ á¥â¨.

—â®¡ë à¥è¨âì ãª�§�−−ãî ¯à®¡«¥¬ã ¤¢ãåè�£®¢®© ¯à®æ¥¤ãàë RACH ¢ NB-
IoT, ¢ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�îâáï ¢�à¨�−âë à�áè¨à¥−¨ï ¬¥â®¤� ¤®áâã¯�
¡¥§ à¥§¥à¢¨à®¢�−¨ï à¥áãàá®¢ ¢ NB-IoT −� ®á−®¢¥ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§-
à¥è¥−¨ï ª®−ä«¨ªâ®¢. �à¥¤«®¦¥−−ë© ¯®¤å®¤ −¥ ¨§¬¥−ï¥â á�¬ã ¤¢ãåè�£®¢ãî
¯à®æ¥¤ãàã á«ãç�©−®£® ¤®áâã¯� ¨ âà¥¡ã¥â ¬¨−¨¬�«ì−ëå ¬®¤¨ä¨ª�æ¨© â¥ªãé¥©
¢¥àá¨¨ áâ�−¤�àâ� NB-IoT.

2 Методы случайного доступа в NB-IoT

�à®æ¥¤ãà� á«ãç�©−®£® ¤®áâã¯� ¢ NB-IoT | íâ® á¯®á®¡, ª®â®àë¬ �¡®−¥−âáª®¥
ãáâà®©áâ¢® (�“) ãáâ�−�¢«¨¢�¥â á¢ï§ì á �‘. ‚ ¥¥ ®á−®¢¥ «¥¦¨â ç¥âëà¥åè�£®-
¢ë© ¯à®æ¥áá: ãáâà®©áâ¢® ®â¯à�¢«ï¥â ª®à®âª¨© á¨£−�« (¯à¥�¬¡ã«ã), �‘ ®â¢¥ç�¥â,
¯à¥¤®áâ�¢«ïï à¥áãàáë ¤«ï ¯¥à¥¤�ç¨ á«¥¤ãîé¥£® á®®¡é¥−¨ï. ‡�â¥¬ ãáâà®©áâ¢®
®â¯à�¢«ï¥â á¢®¥ á®®¡é¥−¨¥, � �‘ ¯®¤â¢¥à¦¤�¥â ãá¯¥è−®¥ §�¢¥àè¥−¨¥ ¯à®-
æ¥¤ãàë. �á−®¢−�ï ¯à®¡«¥¬� | ª®««¨§¨¨ (−�«®¦¥−¨¥ á®®¡é¥−¨© ®â à�§−ëå
ãáâà®©áâ¢), ¢®§−¨ª�îé¨¥, ª®£¤� −¥áª®«ìª® ãáâà®©áâ¢ ¯¥à¥¤�îâ ®¤−ã ¨ âã ¦¥
¯à¥�¬¡ã«ã ®¤−®¢à¥¬¥−−®. …á«¨ ¨¬¥¥âáï ¢®§¬®¦−®áâì ¤¨−�¬¨ç¥áª¨ ¯¥à¥®¯à¥¤¥-
«ïâì ç�áâ®â−®-¢à¥¬¥−− �ë¥ à¥áãàáë, ª®â®àë¥ ¢ë¤¥«ïîâáï ¤«ï ¯¥à¥¤�ç¨ ¯à¥�¬¡ã«
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‚. �. �¥áç�áâ−ë©, �. Œ. ’îà«¨ª®¢, �. ‚. ‘â¥¯�−®¢, ‚. ‘. ˜®à£¨−

¨ á®®¡é¥−¨©, â® ¬®¦−® §� áç¥â â�ª®£® ¯¥à¥à�á¯à¥¤¥«¥−¨ï á−¨§¨âì ¢¥à®ïâ−®áâì
ª®««¨§¨© ¨ ã¬¥−ìè¨âì §�¤¥à¦ªã [3].

•®âï ¢ëè¥ã¯®¬ï−ãâ�ï âà�¤¨æ¨®−−�ï ¯à®æ¥¤ãà� ¤®áâã¯� §�à¥ª®¬¥−¤®¢�«�
á¥¡ï ª�ª −�¤¥¦−�ï, ®−� ¨−®£¤� ¯à¨¢®¤¨â ª −¥−ã¦−ë¬ §�¤¥à¦ª�¬ −� à�¤¨®¨−-
â¥àä¥©á¥. �¥¤�¢−® 3GPP ¯à¥¤«®¦¨«� â�ª −�§ë¢�¥¬®¥ ¤¢ãåè�£®¢®¥ á«ãç�©−®¥
¯à¥¤®áâ�¢«¥−¨¥ ¤®áâã¯� ¡¥§ àãª®¯®¦�â¨ï [4]. ‘®£«�á−® íâ®© ¯à®æ¥¤ãà¥ ¯à¥-
�¬¡ã«ë â¥¯¥àì ¦¥áâª® á¢ï§�−ë á ¢®§¬®¦−®áâï¬¨ ¯¥à¥¤�ç¨ ¢ ª�−�«¥ PUSCH
(Physical Uplink Shared Channel), � ®¯¨á�−−�ï 4-è�£®¢�ï ¯à®æ¥¤ãà� á®ªà�é¥−�
¢á¥£® ¤® ¤¢ãå ä�§. �� ¯¥à¢®© ä�§¥ á®®¡é¥−¨¥ 1 ¨ ¤�−−ë¥ ¯¥à¥¤�îâáï ¯® ª�−�-
«�¬ NPRACH (Narrowband Physical RACH) ¨ PUSCH. ˆå ãá¯¥è−�ï ¤®áâ�¢ª�
¯®¤â¢¥à¦¤�¥âáï á ¯®¬®éìî á®®¡é¥−¨ï 2. �â® ¨§¬¥−¥−¨¥ ¯®§¢®«ï¥â §−�ç¨â¥«ì−®
á®ªà�â¨âì §�¤¥à¦ªã ¤®áâ�¢ª¨ ¨−ä®à¬�æ¨¨ ¢ á¥âïå á å®à®è® á¯à®¥ªâ¨à®¢�−−®©
ª®−ä¨£ãà�æ¨¥© [2, 5]. �¤−�ª® â¥¯¥àì ¯à®æ¥¤ãà� ¯®¤¢¥à¦¥−� ¯®â¥−æ¨�«ì−ë¬
ª®««¨§¨ï¬ ¬¥¦¤ã ¯�ª¥â�¬¨ ¤�−−ëå ¢ ª�−�«¥ PUSCH ¤�¦¥ ¢ â®¬ á«ãç�¥, ª®£¤�
à�§−ë¥ ãáâà®©áâ¢� ¢ë¡à�«¨ à�§−ë¥ ¯à¥�¬¡ã«ë ¨ ¯à¥�¬¡ã«ë ¡ë«¨ ¯à�¢¨«ì−®
®¡−�àã¦¥−ë. —â®¡ë ¥é¥ ¡®«ìè¥ ¯®¢ëá¨âì ¯à®¨§¢®¤¨â¥«ì−®áâì íâ®£® ¯®¤å®¤�,
¡ë« ¯à¥¤«®¦¥− ¢�à¨�−â ¢®§¢à�â� ª âà�¤¨æ¨®−−®© 4-è�£®¢®© ¯à®æ¥¤ãà¥. ‘®®â-
¢¥âáâ¢¥−−®, ¥á«¨ ¯à¥�¬¡ã«ë ¡ë«¨ ¯à�¢¨«ì−® ®¡−�àã¦¥−ë, −® ¯�ª¥âë ¤�−−ëå −¥
¬®£ãâ ¡ëâì à�á¯®§−�−ë ¨§-§� ª®««¨§¨¨, á¨áâ¥¬� ¯¥à¥å®¤¨â ª á®®¡é¥−¨ï¬ 3 ¨ 4
4-è�£®¢®© ¯à®æ¥¤ãàë. ’¥¬ −¥ ¬¥−¥¥ íâ® ¯à¨¢®¤¨â ª ¤®¯®«−¨â¥«ì−ë¬ §�¤¥à¦ª�¬,
á¢ï§�−−ë¬ á ¯à®æ¥¤ãà®© ¢®§¢à�â� ¨ ¢ë¤¥«¥−¨¥¬ à¥áãàá®¢ ¢ PUSCH.

3 Древовидные алгоритмы разрешения конфликтов

„à¥¢®¢¨¤−ë¥ �«£®à¨â¬ë à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢ ¡ë«¨ ¯à¥¤«®¦¥−ë ¡®«¥¥
40 «¥â −�§�¤ ¢ à�¡®â�å [6, 7]. ‚ íâ¨å à�¡®â�å ¡ë«� ¢¢¥¤¥−� ¬®¤¥«ì á¨áâ¥¬ë
á«ãç�©−®£® ¬−®¦¥áâ¢¥−−®£® ¤®áâã¯� (‘Œ„) á ¯®â¥−æ¨�«ì−® −¥®£à�−¨ç¥−−ë¬
ç¨á«®¬ �“. �á−®¢−ë¥ ®á®¡¥−−®áâ¨ ¤�−−®© ¬®¤¥«¨ á®áâ®ïâ ¢ â®¬, çâ® ¯à®æ¥áá
¯®ï¢«¥−¨ï �¡®−¥−â®¢ ¢ á¨áâ¥¬¥ ®¯¨áë¢�¥âáï ®¤−®à®¤−ë¬ ¯ã�áá®−®¢áª¨¬ ¯®â®ª®¬.
“ �¡®−¥−â� ¨¬¥¥âáï ®¤−®-¥¤¨−áâ¢¥−−®¥ á®®¡é¥−¨¥, ¢à¥¬ï ¯¥à¥¤�ç¨ ¯à¨−ïâ® §�
¥¤¨−¨æã ¢à¥¬¥−¨, ¢á¥ ¢à¥¬ï ¯¥à¥¤�ç¨ ¯® ª�−�«ã à�§¤¥«¥−® −� á«®âë ¥¤¨−¨ç−®©
¤«¨−ë, � ¬®¬¥−âë à�§¤¥«¥−¨ï ®ª®− ¨§¢¥áâ−ë �¡®−¥−â�¬, ¨ �¡®−¥−â ¬®¦¥â −�ç¨−�âì
¯¥à¥¤�çã á®®¡é¥−¨ï â®«ìª® ¢ −�ç�«¥ á«®â�. …á«¨ ¢ ®¤−®¬ á«®â¥ ¯¥à¥¤�îâ ¤¢�
¨«¨ ¡®«¥¥ �¡®−¥−â®¢, â® −¨ ®¤−® ¨§ á®®¡é¥−¨© íâ¨å �¡®−¥−â®¢ −¥ ¬®¦¥â ¡ëâì
ãá¯¥è−® ¯à¨−ïâ®, ¢®§−¨ª�¥â â�ª −�§ë¢�¥¬ë© ª®−ä«¨ªâ. �«£®à¨â¬®¬ á«ãç�©−®£®
¬−®¦¥áâ¢¥−−®£® ¤®áâã¯� −�§ë¢�¥âáï ¯à�¢¨«®, ¢ á®®â¢¥âáâ¢¨¨ á ª®â®àë¬ �¡®−¥−âë,
−�¡«î¤�ï ¢ëå®¤ ª�−�«�, ¯à¨−¨¬�îâ à¥è¥−¨¥, ¯¥à¥¤�¢�âì á®®¡é¥−¨¥ ¨«¨ −¥â.
‚ à�¡®â�å [6, 7] íâ® ¯à�¢¨«® ¯à¥¤áâ�¢«ï«®áì ¢ ¢¨¤¥ ¤¢®¨ç−®£® ¤¥à¥¢� à�§à¥è¥−¨ï
ª®−ä«¨ªâ�. Š®à¥−ì ¨ ¯à®¬¥¦ãâ®ç−ë¥ ¢¥àè¨−ë íâ®£® ¤¥à¥¢� á®®â¢¥âáâ¢®¢�«¨
á«®â�¬ á á¨âã�æ¨¥© úª®−ä«¨ªâû, � ª®−æ¥¢ë¥ ¢¥àè¨−ë á®®â¢¥âáâ¢®¢�«¨ ®ª−�¬
á á¨âã�æ¨ï¬¨ ú¯ãáâ®û ¨«¨ úãá¯¥åû. ‚á¥ �¡®−¥−âë, −�¡«î¤�ï ¢ëå®¤ ª�−�«�,
áâà®ïâ ¤¥à¥¢® à�§à¥è¥−¨ï ª®−ä«¨ªâ�. �¡®−¥−âë, ¯¥à¥¤�¢�¢è¨¥ ¢ á«®â¥, ª®â®àë©
á®®â¢¥âáâ¢ã¥â ª®à−¥¢®© ¢¥àè¨−¥ ¤¥à¥¢�, ¢ ¯à®æ¥áá¥ ¯®áâà®¥−¨ï ¤¥à¥¢� ¢ë¡¨à�îâ
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á«®âë, ¢ ª®â®àëå ¡ã¤ãâ ¤¥«�âì ¯®¢â®à−ãî ¯¥à¥¤�çã. ‚á¥ ®áâ�«ì−ë¥ �¡®−¥−âë
â�ª¦¥ áâà®ïâ ¤¥à¥¢® à�§à¥è¥−¨ï ª®−ä«¨ªâ�, −® ®âª«�¤ë¢�îâ (¡«®ª¨àãîâ) á¢®î
¯¥à¥¤�çã ¤® â¥å ¯®à, ¯®ª� ª®−ä«¨ªâ −¥ ¡ã¤¥â à�§à¥è¥−, â. ¥. ¤¥à¥¢® à�§à¥è¥−¨ï
ª®−ä«¨ªâ� ¯®áâà®¥−®. �à¥¤«®¦¥−−ë¥ ¢ à�¡®â�å [7, 8] �«£®à¨â¬ë ¯®«ãç¨«¨
−�§¢�−¨¥ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ ‘Œ„ ¨ ¢ à�¬ª�å íâ®© ¬®¤¥«¨ ®¡¥á¯¥ç¨¢�«¨
ãáâ®©ç¨¢ãî à�¡®âã ¯à¨ ¨−â¥−á¨¢−®áâ¨ ¢å®¤−®£® ¯®â®ª� ¯®àï¤ª� 0,375 á®®¡é¥−¨©
¢ ¥¤¨−¨æã ¢à¥¬¥−¨. ‚ ¤�«ì−¥©è¥¬ ¤à¥¢®¢¨¤−ë¥ �«£®à¨â¬ë à�§¢¨¢�«¨áì ¢ âà¥å
−�¯à�¢«¥−¨ïå:

(1) á®§¤�−¨¥ �«ìâ¥à−�â¨¢−®£® ®¯¨á�−¨ï ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ ¢ ä®à¬¥ áâ¥ª�
¨ ¯®ï¢«¥−¨¥ ¢¥àá¨¨ �«£®à¨â¬�, ¢ ª®â®à®© �¡®−¥−âë áà�§ã ¬®£ãâ ¯¥à¥¤�¢�âì
¢ ª�−�« (�«£®à¨â¬ á¢®¡®¤−®£® ¤®áâã¯�, ‘„);

(2) ãá®¢¥àè¥−áâ¢®¢�−¨¥ á¯®á®¡� ¯®áâà®¥−¨ï ¤¥à¥¢� (¨«¨ íª¢¨¢�«¥−â−®£® ¯à�-
¢¨«� à�¡®âë á® áâ¥ª®¬) á æ¥«ìî ¯®¢ëè¥−¨ï ¯à¥¤¥«ì−®© ¨−â¥−á¨¢−®áâ¨
¢å®¤−®£® ¯®â®ª�, ¤® ª®â®à®© �«£®à¨â¬ ¬®¦¥â ®¡¥á¯¥ç¨âì ãáâ®©ç¨¢ãî à�¡®âã
á¨áâ¥¬ë ¢ à�¬ª�å ¬®¤¥«¨ ¨§ [8]. ‚ àãááª®ï§ëç−ëå à�¡®â�å íâ� ¯à¥¤¥«ì-
−�ï ¨−â¥−á¨¢−®áâì ¯®«ãç¨«� −�§¢�−¨¥ úáª®à®áâì �«£®à¨â¬�û, ¨á¯®«ì§ã¥âáï
¨ ¯àï¬®© ¯¥à¥¢®¤ á �−£«¨©áª®£® | ú¯à®¯ãáª−�ï á¯®á®¡−®áâì �«£®à¨â¬�û
(the throughput of an algorithm). ‚ à�¡®â¥ [7] ¡ë«� ¯à¥¤«®¦¥−� ¬®¤¨ä¨ª�æ¨ï
¤à¥¢®¢¨¤−®£® �«£®à¨â¬�, â�ª −�§ë¢�¥¬ë© �«£®à¨â¬ ¤à®¡«¥−¨ï (part-and-try
algorithm), ª®â®àë© ¨¬¥¥â áª®à®áâì 0,4877. „® −�áâ®ïé¥£® ¢à¥¬¥−¨ �«-
£®à¨â¬®¢, ª®â®àë¥ ¢ à�¬ª�å ¬®¤¥«¨ ¨§ [8] ¨¬¥îâ ¡�®«ìèãî áª®à®áâì, −¥
−�©¤¥−®;

(3) ¨§¬¥−¥−¨¥ ¤®¯ãé¥−¨© ¬®¤¥«¨ ¨§ [8] á ãç¥â®¬ á¢®©áâ¢ ä¨§¨ç¥áª®£® ãà®¢-
−ï ¨ ãá®¢¥àè¥−áâ¢®¢�−¨¥ á¯®á®¡� ¯®áâà®¥−¨ï ¤¥à¥¢� (¨«¨ íª¢¨¢�«¥−â−®£®
¯à�¢¨«� à�¡®âë á® áâ¥ª®¬) á ãç¥â®¬ ®á®¡¥−−®áâ¥© ¢¨¤®¨§¬¥−¥−−®© ¬®¤¥«¨.

‘ à�§¢¨â¨¥¬ ª®−æ¥¯æ¨¨ mMTC ¢ −�áâ®ïé¥¥ ¢à¥¬ï ¯®ï¢¨«®áì ¤®áâ�â®ç−®
¡®«ìè®¥ ç¨á«® à�¡®â, á¢ï§�−−ëå ¨¬¥−−® á âà¥âì¨¬ −�¯à�¢«¥−¨¥¬ à�§¢¨â¨ï ¤à¥-
¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢. �à¨ íâ®¬, ¯® ¬−¥−¨î �¢â®à®¢
áâ�âì¨, ¢ −�áâ®ïé¥¥ ¢à¥¬ï á ãç¥â®¬ á®¢à¥¬¥−−ëå ¯®¤å®¤®¢ ª ¯®áâà®¥−¨î ä¨§¨-
ç¥áª®£® ãà®¢−ï ¬®¦−® ¨á¯®«ì§®¢�âì ¯®¤å®¤, ¯à¥¤«®¦¥−−ë© ¡®«¥¥ 40 «¥â −�§�¤
¢ à�¡®â¥ [9]. „�«¥¥ ªà�âª® ®¯¨è¥¬ íâ®â ¯®å®¤.

‚ à�¡®â¥ [9] ¢ ¬®¤¥«ì ¨§ [8] ¢−®á¨âáï á«¥¤ãîé¥¥ ¨§¬¥−¥−¨¥. ‚ á«®â¥ ¯¥à¥¤ á®-
®¡é¥−¨¥¬ �¡®−¥−â ¯¥à¥¤�¥â á«ã¦¥¡−ãî ¤¢®¨ç−ãî ¯®á«¥¤®¢�â¥«ì−®áâì ¨§ H ¡¨â,
áà¥¤¨ ª®â®àëå (H − 1) ¡¨â ¨¬¥îâ §−�ç¥−¨¥ 0 ¨ ®¤¨− á«ãç�©−® ¢ë¡à�−−ë© �¡®-
−¥−â®¬ ¯à¨ ª�¦¤®© ¯¥à¥¤�ç¥ ¡¨â à�¢¥− 1. �à¨ íâ®¬ ¯à¥¤¯®«�£�¥âáï, çâ® ¢ ª�−�«¥
¨¬¥¥âáï ¨¤¥�«ì−�ï ¯®¡¨â®¢�ï á¨−åà®−¨§�æ¨ï ¨ ¯à¨ −�«®¦¥−¨¨ á®®¡é¥−¨© ®â
à�§−ëå �¡®−¥−â®¢ ¤¢®¨ç−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¤¨§êî−ªâ¨¢−® áª«�¤ë¢�îâáï.
‘ ãç¥â®¬ ¢¨¤®¨§¬¥−¥−−®© ¬®¤¥«¨ ¤¥à¥¢® à�§à¥è¥−¨ï ª®−ä«¨ªâ� ¯¥à¥áâ�¥â ¡ëâì
¤¢®¨ç−ë¬. ’¥¯¥àì ã ª�¦¤®© ¢¥àè¨−ë, ¢ ª®â®à®© ¯à®¨§®è¥« ª®−ä«¨ªâ, áâ®«ìª®
¯®â®¬ª®¢, áª®«ìª® ¥¤¨−¨æ ¢ á«ã¦¥¡−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨.
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‚ [9] ¯®ª�§ë¢�¥âáï, çâ® λóä(H) | ¯à®¯ãáª−�ï á¯®á®¡−®áâì �«£®à¨â¬� á«ã-
ç�©−®£® ¤®áâã¯� | ï¢«ï¥âáï ª®à−¥¬ ãà�¢−¥−¨ï

1 =
ψ

1− ψ
e−ψ/H

∞
∑

m=0

eψ/H
m

{

(

1−H−1
)

(

1− e−λ/H
m

)

+

+ (Hm − 1)

(

1−
λ

Hm − e−λ/H
m

)

+
1− ψ

ψ
Hm

(

λ

Hm +H
(

e−λ/H
m+1

− 1
)

)}

,

£¤¥ ψ , λ/(1 −H−1). ’�ª¦¥ ®â¬¥ç�¥âáï, çâ® λóä(H) → λ0 ¯à¨ H → ∞, £¤¥
λ0 = 0,567| ª®à¥−ì ãà�¢−¥−¨ï λ = e−λ.

’�ª¦¥ ¢ à�¡®â¥ [9] ¯à¨¢®¤¨âáï ¯à¨¡«¨¦¥−−®¥ ¢ëà�¦¥−¨¥ ¤«ï à�áç¥â� ¯à®-
¯ãáª−®© á¯®á®¡−®áâ¨ �«£®à¨â¬� ¡«®ª¨àã¥¬®£® ¤®áâã¯� (�„):

λâä(H) ≈ lnH(1 + lnH)
−1.

ˆ§ �−�«¨§� �«£®à¨â¬®¢ á«¥¤ã¥â, çâ® ¤«ï ¡«®ª¨àã¥¬®£® �«£®à¨â¬� ¯à®¯ãáª−ãî
á¯®á®¡−®áâì á ã¢¥«¨ç¥−¨¥¬ §−�ç¥−¨ï H ¬®¦−® á¤¥«�âì áª®«ì ã£®¤−® ¡«¨§ª®©
ª ¥¤¨−¨æ¥. �à¨ íâ®¬ à¥�«¨§�æ¨ï �«£®à¨â¬®¢ −¥ á«®¦−¥¥, ç¥¬ à¥�«¨§�æ¨ï ¤àã£¨å
¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢.

�¤−�ª® ¯à¥¤¯®«®¦¥−¨¥ ® â®¬, çâ® ¢ ª�−�«¥ ¨¬¥¥âáï ¨¤¥�«ì−�ï ¯®¡¨â®¢�ï á¨−-
åà®−¨§�æ¨ï ¨ ¯à¨ −�«®¦¥−¨¨ á®®¡é¥−¨© ®â à�§−ëå �¡®−¥−â®¢ ¤¢®¨ç−ë¥ ¯®á«¥-
¤®¢�â¥«ì−®áâ¨ ¤¨§êî−ªâ¨¢−® áª«�¤ë¢�îâáï, −¥ à¥�«¨áâ¨ç−® ¤«ï ¡¥á¯à®¢®¤−ëå
á¨áâ¥¬, ¨, ¢®§¬®¦−®, ¯®íâ®¬ã −� à�¡®âã [9] −¥ ¡ë«® ®¡à�é¥−® ¢−¨¬�−¨¥.

„�−−ë¥ �«£®à¨â¬ë ¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¢ à�¬ª�å 2-è�£®¢®© ¯à®æ¥¤ãàë
á«ãç�©−®£® ¬−®¦¥áâ¢¥−−®£® ¤®áâã¯�, ª®â®à�ï ¯à¨¬¥−ï¥âáï ¢ á¥âïå 5-£® ¯®ª®«¥-
−¨ï. �à¨ íâ®¬ ¢¬¥áâ® ¤¢®¨ç−ëå ¯®á«¥¤®¢�â¥«ì−®áâ¥© á ¨¤¥�«ì−®© ¯®¡¨â®¢®©
á¨−åà®−¨§�æ¨¥© ¡ã¤ãâ ¨á¯®«ì§®¢�âìáï ¯à¥�¬¡ã«ë (¯®á«¥¤®¢�â¥«ì−®áâ¨ ‡�¤®¢�{
—ã), ¯à¨¬¥−ï¥¬ë¥ ¢ á®¢à¥¬¥−−ëå á®â®¢ëå á¥âïå. ’®£¤� ç¨á«® â�ª¨å ¯à¥�¬¡ã«
¡ã¤¥â à�¢−ïâìáï ç¨á«ã ¡¨â ¢ ¤¢®¨ç−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨, à�áá¬�âà¨¢�¥¬®©
¢ à�¡®â¥ [9]. ’�ª¨¬ ®¡à�§®¬, ¤«ï �«£®à¨â¬� á¢®¡®¤−®£® ¤®áâã¯�, ã¢¥«¨ç¨¢�ï
ç¨á«® ¯à¥�¬¡ã«, ¬®¦−® ¤®áâ¨çì ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ λ0 = 0,567, � ¤«ï �«£®-
à¨â¬� �„ ¯à®¯ãáª−�ï á¯®á®¡−®áâì ¬®¦¥â ¡ëâì ¤®áâ¨£−ãâ� áª®«ì ã£®¤−® ¡«¨§ª®©
ª ¥¤¨−¨æ¥.

4 Предлагаемый подход и модель системы

4.1 Модифицированные алгоритмы доступа для NB-IoT

�á−®¢−�ï ¯à®¡«¥¬� ¤®áâã¯� ¡¥§ à¥§¥à¢¨à®¢�−¨ï à¥áãàá®¢ §�ª«îç�¥âáï ¢ â®¬,
çâ® ¡¥§ ï¢−ëå á®®¡é¥−¨© Message 3 (¨¤¥−â¨ä¨ª�â®à ®ª®−¥ç−®£® ãáâà®©áâ¢�)
¨ Message 4 (à�§à¥è¥−¨¥ ª®««¨§¨©) ®¡à�¡®âª� ª®««¨§¨© áâ�−®¢¨âáï §�âàã¤−¨-
â¥«ì−®©. …á«¨ −¥áª®«ìª® ãáâà®©áâ¢ ¯¥à¥¤�îâ ¤�−−ë¥, ¨å ¯à¥�¬¡ã«ë ¨ ¯�ª¥âë
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� ¯à¨¬¥−¥−¨¨ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢

÷¨á. 1 ˆ««îáâà�æ¨ï ¯à¨¬¥−¥−¨ï ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢
á ‘„ ¨ �„ ¤«ï ¤¢ãåè�£®¢®© ¯à®æ¥¤ãàë á«ãç�©−®£® ¤®áâã¯� ¢ NB-IoT: 1 | áâ¥ª; 2 |
¯à¥�¬¡ã«ë; 3 | ¯®áâã¯�îé¨¥ §�ï¢ª¨

¤�−−ëå −�ª«�¤ë¢�îâáï ¤àã£ −� ¤àã£� ¨ �‘ ¬®¦¥â −¥ áã¬¥âì ¨å à�§«¨ç¨âì.
�à¥¤«®¦¥−−ë¥ ¤à¥¢®¢¨¤−ë¥ �«£®à¨â¬ë à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢ ¬®¦−® ¨−â¥-
£à¨à®¢�âì ¢ ¯à®æ¥¤ãàã á«ãç�©−®£® ¤®áâã¯� NB-IoT. ÷�áá¬®âà¨¬ ¯à®æ¥¤ãàã −�
¯à¨¬¥à¥ ‘„.

�� áâ®à®−¥ �“ ¯à¨ ¯®¯ëâª¥ ¤®áâã¯� ®−® á®åà�−ï¥â ª�ª −®¬¥à ¯à¥�¬¡ã«ë,
â�ª ¨ −®¬¥à ª�¤à�, ¢ ª®â®à®¬ ®−� ¡ë«� ®â¯à�¢«¥−�. …á«¨ −¨ ®¤−® ¤àã£®¥ �“ −¥
¢ë¡à�«® âã ¦¥ ¯à¥�¬¡ã«ã ¨ �‘ ãá¯¥è−® ¤¥ª®¤¨àã¥â ¤�−−ë¥ ¢ ¢ë¤¥«¥−−®¬ ª�−�«¥
PUSCH, ®−� ®â¯à�¢«ï¥â �“ á®®¡é¥−¨¥ B, ¨ �“ ¯®ª¨¤�¥â á¨áâ¥¬ã.

‚ ¯à®â¨¢−®¬ á«ãç�¥, ¥á«¨ −¥áª®«ìª® �“ ¢ë¡à�«¨ ®¤−ã ¨ âã ¦¥ ¯à¥�¬¡ã«ã,
−� �‘ ¨−¨æ¨¨àã¥âáï ¤à¥¢®¢¨¤−ë© �«£®à¨â¬. ÷�áá¬®âà¨¬ áâ¥ª, ¯®ª�§�−−ë© −�
à¨á. 1, £¤¥ á�¬�ï ¢¥àå−ïï ïç¥©ª� ¨¬¥¥â ¨−¤¥ªá 0. ˆ§−�ç�«ì−® áâ¥ª ¯ãáâ. …á«¨
n > 1 ¨ �“ ®¤−®¢à¥¬¥−−® ¢ë¡à�«¨ ®¤−ã ¨ âã ¦¥ ¯à¥�¬¡ã«ã, ïç¥©ª¨ áâ¥ª�
−�ç¨−�ï á ¨−¤¥ªá� 1 á¤¢¨£�îâáï ¢−¨§ −� n− 1 ¯®§¨æ¨©. �ã«¥¢�ï ïç¥©ª� ¨ −®¢ë¥
n − 1 ®á¢®¡®¤¨¢è¨åáï ïç¥¥ª §�¯®«−ïîâáï n −®¬¥à�¬¨ ¯®«ãç¥−−ëå ¯à¥�¬¡ã«
¨ −®¬¥à®¬ ª�¤à�. …á«¨ â®«ìª® ®¤−® �“ ¢ë¡à�«® ¯à¥�¬¡ã«ã, ïç¥©ª¨ áâ¥ª�
−�ç¨−�ï á ¨−¤¥ªá� 1 á¤¢¨£�îâáï ¢−¨§ −� ®¤−ã ¯®§¨æ¨î. �ã«¥¢�ï ïç¥©ª� ¨ −®¢�ï
®á¢®¡®¤¨¢è�ïáï ïç¥©ª� á ¨−¤¥ªá®¬ 1 §�¯®«−ïîâáï â¥¬ ¦¥ −®¬¥à®¬ ¯®«ãç¥−−®©
¯à¥�¬¡ã«ë ¨ −®¬¥à®¬ á«®â�.

‡�â¥¬ ª�−�« NPCCH ¨á¯®«ì§ã¥âáï ¤«ï ¨−ä®à¬¨à®¢�−¨ï �“ (1) ® −¥ã¤�ç¥
¯¥à¥¤�ç¨, (2) −®¬¥à¥ ª�¤à�, (3) −®¬¥à¥ ¯à¥�¬¡ã«ë, (4) ®¡é¥¬ ç¨á«¥ à�§«¨ç−ëå
¯à¥�¬¡ã« n, ¯¥à¥¤�−−ëå −� �‘. �� áâ®à®−¥ �“ ¯à¨ ¯®«ãç¥−¨¨ íâ®£® á®®¡é¥−¨ï,
¥á«¨ n > 1, �“ ¯®¢â®àï¥â ¯®¯ëâªã ¤®áâã¯�.

‚ á«ãç�¥ ¥á«¨ ¤�−−ë¥ ãá¯¥è−® ¯à¨−ïâë, −ã«¥¢�ï ïç¥©ª� áâ¥ª� ®ç¨é�¥âáï,
¨ ¢á¥ ïç¥©ª¨ −�ç¨−�ï á ¨−¤¥ªá� 1 á¤¢¨£�îâáï ¢¢¥àå −� ®¤−ã ¯®§¨æ¨î. ˆ−ä®à¬�æ¨ï
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®¡ ãá¯¥è−®¬ ¯à¨¥¬¥ ¤�−−ëå ¨ á�¬¨ ¤�−−ë¥ ¨§ −ã«¥¢®© ïç¥©ª¨ áâ¥ª� ¯¥à¥¤�îâáï
¯® ª�−�«ã NPCCH.

�à¨ íâ®¬ ®â«¨ç¨¥ ¯à®â®ª®«� �„ á®áâ®¨â ¢ â®¬, çâ® −®¢ë¥ �“ ¯à¨ ¯¥à¢®©
¯®¯ëâª¥ ¤®áâã¯� ®â¯à�¢«ïîâ ¯à¥�¬¡ã«ã ¢ â¥ªãé¥¬ á«®â¥ â®«ìª® ¢ á«ãç�¥ ¯ãáâ®£®
áâ¥ª�, � ¢ á«ãç�¥ −¥¯ãáâ®£® áâ¥ª� ¡«®ª¨àãîâáï ¨ ¯®¬¥é�îâáï −� ¥£® ¢¥àè¨−ã,
â. ¥. ¯¥à¥¤�îâ ¯à¥�¬¡ã«ë ã¦¥ ¢ ¯®á«¥¤ãîé¨å á«®â�å. ’�ª¨¬ ®¡à�§®¬ á®ªà�é�-
¥âáï ¢¥à®ïâ−®áâì ¢®§−¨ª−®¢¥−¨ï ª®−ä«¨ªâ®¢ ¬¥¦¤ã ¢−®¢ì ¯à¨è¥¤è¨¬¨ ¨ ã¦¥
−�å®¤ïé¨¬¨áï ¢ á¨áâ¥¬¥ �“.

4.2 Система предположений

„«ï �−�«¨§� ¯à¥¤«®¦¥−−ëå �«£®à¨â¬®¢ ¡ë«¨ ¯à¨−ïâë á«¥¤ãîé¨¥ ¤®¯ãé¥-
−¨ï. ‚®-¯¥à¢ëå, ãç¨âë¢�ï á¯¥æ¨ä¨ªã á¥à¢¨á� mMTC, ¯à¥¤¯®«�£�¥âáï, çâ®
áã¬¬�à−ë© ¯à®æ¥áá ¯®áâã¯«¥−¨ï §�¯à®á®¢ ¢ á¨áâ¥¬ã ®¯¨áë¢�¥âáï ¯à®æ¥áá®¬
�ã�áá®−� á ¨−â¥−á¨¢−®áâìî λ. …¤¨−¨æ¥© ¢à¥¬¥−¨ (á«®â®¬) ¢ à�áá¬�âà¨¢�¥¬®©
á¨áâ¥¬¥ á«ã¦¨â ¯®¤ª�¤à ¤«¨â¥«ì−®áâìî 1 ¬á, ¨ ª�¦¤ë© ¯®¤ª�¤à ¢ª«îç�¥â ¢®§-
¬®¦−®áâì á«ãç�©−®£® ¤®áâã¯� (Random Access Occasion, RAO). �â® á®®â¢¥âáâ¢ã¥â
¨−¤¥ªáã ª®−ä¨£ãà�æ¨¨ PRACH 27 [10]. �â®â ¨−¤¥ªá â�ª¦¥ ®¯à¥¤¥«ï¥â ¨á¯®«ì-
§®¢�−¨¥ ä®à¬�â� ¯à¥�¬¡ã«ë 0 −� à�¤¨®¨−â¥àä¥©á¥. �¤−�ª® áâ®¨â ®â¬¥â¨âì,
çâ® ¯à¥¤«®¦¥−−ë© ¯®¤å®¤ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− ¨ ¤«ï ¤àã£¨å ª®−ä¨£ãà�-
æ¨®−−ëå ¨−¤¥ªá®¢, £¤¥ â®«ìª® ®£à�−¨ç¥−−®¥ ç¨á«® ¯®¤ª�¤à®¢ ¬®¦¥â á®¤¥à¦�âì
¢®§¬®¦−®áâ¨ RAO.

‚ à�¡®â¥ â�ª¦¥ ¯à¨−ïâë á«¥¤ãîé¨¥ ¤®¯ãé¥−¨ï ®â−®á¨â¥«ì−® ¤¥ª®¤¨à®¢�−¨ï
¯à¥�¬¡ã« ¨ ¤�−−ëå −� �‘:
(1) ª®£¤� ®¤¨− ¯®«ì§®¢�â¥«ì ¯¥à¥¤�¥â ¯à¥�¬¡ã«ã ¨ ¤�−−ë¥, ®−¨ ®¡� ¯à¨−¨¬�îâáï

ª®àà¥ªâ−®;
(2) ª®£¤� ¤¢� ¨«¨ ¡®«¥¥ ¯®«ì§®¢�â¥«¥© ¯¥à¥¤�îâ ¯à¥�¬¡ã«ã ¨ ¤�−−ë¥, ¯�ª¥-

âë ¤�−−ëå ¢á¥£¤� ¯à¨−¨¬�îâáï á ®è¨¡ª®©, ¯à¨ íâ®¬ �‘ à�á¯®§−�¥â â¨¯
¯¥à¥¤�−−®© ¯à¥�¬¡ã«ë.

‚�¦−®, çâ® ¯®á«¥ ¢®§−¨ª−®¢¥−¨ï ª®««¨§¨¨ ¤®¯®«−¨â¥«ì−ë¥ ¯®«ì§®¢�â¥«¨
¬®£ãâ �ªâ¨¢¨à®¢�âìáï ¢® ¢à¥¬ï ä�§ë ¥¥ à�§à¥è¥−¨ï ¨ ¯à¨á®¥¤¨−¨âìáï ª ¯à®æ¥ááã.

4.3 Имитационная модель

„«ï à�áç¥â� §�¤¥à¦¥ª ¢ á¨áâ¥¬¥ ¢ à�¡®â¥ ¨á¯®«ì§®¢�−ë ¬¥â®¤ë ¨¬¨â�æ¨®−−®£®
¬®¤¥«¨à®¢�−¨ï. �à®£à�¬¬� à�áç¥â� ¡ë«� à¥�«¨§®¢�−� −� ï§ëª¥ ¯à®£à�¬¬¨à®-
¢�−¨ï Python. ‚ à�¬ª�å ¬®¤¥«¨à®¢�−¨ï à�áá¬�âà¨¢�«�áì â®«ìª® ¯à®æ¥¤ãà�
á«ãç�©−®£® ¤®áâã¯�, −® á ãç¥â®¬ ¢à¥¬¥−− �ëå ®£à�−¨ç¥−¨©, −�ª«�¤ë¢�¥¬ëå ¯à®-
â®ª®«®¬ NB-IoT [11].

�®áª®«ìªã ¤«ï ¨−â¥−á¨¢−®áâ¥©, −¥ ¯à¥¢ëè�îé¨å â¥®à¥â¨ç¥áª®© £à�−¨æë,
¢®§¬®¦−® ¤®áâ¨¦¥−¨¥ áâ�æ¨®−�à−®£® à¥¦¨¬�, ¥£® −�ç�«® ®¯à¥¤¥«ï¥âáï á ¯®-
¬®éìî ¬¥â®¤� íªá¯®−¥−æ¨�«ì−® ¢§¢¥è¥−−®£® áª®«ì§ïé¥£® áà¥¤−¥£® á ¯�à�¬¥â-
à®¬ á£«�¦¨¢�−¨ï 0,01. ‘¡®à ¤�−−ëå ®áãé¥áâ¢«ï«áï ¢ áâ�æ¨®−�à−®¬ à¥¦¨¬¥
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� ¯à¨¬¥−¥−¨¨ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢

¯®àæ¨®−−® ¯® 1000 á«®â®¢ −�¡«î¤¥−¨ï, ¯®á«¥ ç¥£® ¤«ï ª�¦¤®£® ¨−â¥à¢�«� ¢ë-
ç¨á«ï«¨áì ãáà¥¤−¥−−ë¥ å�à�ªâ¥à¨áâ¨ª¨, çâ® ¯®§¢®«ï«® ¨§¡¥£�âì ¢®§−¨ª−®¢¥−¨ï
íää¥ªâ� ®áâ�â®ç−®© ª®àà¥«ïæ¨¨ [12]. ‘®£«�á−® ¨á¯®«ì§®¢�−−®¬ã ¬¥â®¤ã, ª�¦-
¤�ï ¯®«ãç¥−−�ï ¢ë¡®àª� ¤¥«¨âáï −� ¯�àâ¨¨, ª�¦¤�ï ¨§ ª®â®àëå á®¤¥à¦¨â ¯®
1000 −�¡«î¤¥−¨©. ‘à¥¤−¥¥ §−�ç¥−¨¥ ª�¦¤®© ¯�àâ¨¨ áâ�â¨áâ¨ç¥áª¨ −¥ §�¢¨á¨â ®â
áà¥¤−¨å §−�ç¥−¨© ¤àã£¨å ¯�àâ¨©, ¨, â�ª¨¬ ®¡à�§®¬, ¢ë¡®àª� áà¥¤−¨å §−�ç¥−¨©
¬®¦¥â ¡ëâì ®¡à�¡®â�−� á ¨á¯®«ì§®¢�−¨¥¬ áâ�−¤�àâ−ëå áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢.
�à¨ íâ®¬ ¢ ª�¦¤®¬ íªá¯¥à¨¬¥−â¥ −�¡¨à�¥âáï ¤®áâ�â®ç−®¥ ç¨á«® ¯�àâ¨©, çâ®¡ë
¤®¢¥à¨â¥«ì−ë¥ ¨−â¥à¢�«ë −¥ ®âª«®−ï«¨áì ®â â®ç¥ç−ëå ®æ¥−®ª ¡®«¥¥ ç¥¬ −� 1%
¯à¨ ãáâ�−®¢«¥−−®¬ ãà®¢−¥ §−�ç¨¬®áâ¨ α = 0,05.

‘â®¨â ®â¬¥â¨âì, çâ® ¯® ¬¥à¥ ¯à¨¡«¨¦¥−¨ï ª ¯à¥¤¥«ì−®© ¨−â¥−á¨¢−®áâ¨
¤®áâ¨¦¥−¨¥ áâ�æ¨®−�à−®£® à¥¦¨¬� ¯¥à¥áâ�¥â ¡ëâì ¢®§¬®¦−ë¬. �® íâ®© ¯à¨ç¨−¥
¡ë«® ¢¢¥¤¥−® ®£à�−¨ç¥−¨¥ −� à�§¬¥à áâ¥ª� ¢ 10 000 §�ï¢®ª, ¯à¨ ¤®áâ¨¦¥−¨¨
ª®â®à®£® ¨−â¥−á¨¢−®áâì ¢å®¤ïé¥£® ¯®â®ª� áç¨â�«�áì ¯à¥¤¥«ì−®©. ’�ª¨¬ ®¡à�§®¬
¡ë«¨ ¯®«ãç¥−ë ®æ¥−ª¨ á¢¥àåã −� ¯à®¯ãáª−ãî á¯®á®¡−®áâì á¨áâ¥¬ë.

5 Численный анализ

‚ ¤�−−®¬ à�§¤¥«¥ ¯à®¢®¤¨âáï ç¨á«¥−−ë© �−�«¨§ ¯à¥¤«�£�¥¬ëå ¯®¤å®¤®¢
ª ã«ãçè¥−¨î ¬¥â®¤� ¤®áâã¯� ¡¥§ à¥§¥à¢¨à®¢�−¨ï à¥áãàá®¢ ¢ NB-IoT. ÷�áá¬®âà¥-
−ë −¥¡«®ª¨àã¥¬ë© ¨ ¡«®ª¨àã¥¬ë© �«£®à¨â¬ë.

�� à¨á. 2 ¯à¥¤áâ�¢«¥−® áà�¢−¥−¨¥ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ �«£®à¨â¬®¢ �„
¨ ‘„ ¤«ï á¨áâ¥¬ë NB-IoT ª�ª äã−ªæ¨¨ ®â ç¨á«� ¯à¥�¬¡ã«. ’¥®à¥â¨ç¥áª¨¥
à¥§ã«ìâ�âë ¯®«ãç¥−ë á ¯®¬®éìî ¬®¤¥«¨, ¯à¥¤«®¦¥−−®© ¢ [9]. ‚ â® ¦¥ ¢à¥¬ï
¨¬¨â�æ¨®−−�ï ¬®¤¥«ì à¥�«¨§ã¥â 2-è�£®¢ãî ¯à®æ¥¤ãàã á ¨á¯®«ì§®¢�−¨¥¬ à�á-
á¬�âà¨¢�¥¬ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢. �−�«¨§¨àãï ¯®«ãç¥−−ë¥
¤�−−ë¥, ®â¬¥â¨¬, çâ® â¥®à¥â¨ç¥áª¨¥ à¥§ã«ìâ�âë, ¯à¥¤áâ�¢«¥−−ë¥ ¢ à�§¤. 2, ¯®¤-
â¢¥à¦¤�îâáï ¨¬¨â�æ¨®−−ë¬ ¬®¤¥«¨à®¢�−¨¥¬. �à¨ íâ®¬ ¤«ï ‘„ −�¡«î¤�¥âáï

÷¨á. 2 ‘à�¢−¥−¨¥ ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ �«£®à¨â¬®¢ ‘„ (1) ¨ �„ (2): ªà¨¢ë¥ |
â¥®à¥â¨ç¥áª¨¥ à¥§ã«ìâ�âë; §−�çª¨ | ¨¬¨â�æ¨®−−�ï ¬®¤¥«ì
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÷¨á. 3 ‡�¢¨á¨¬®áâì áà¥¤−¥© §�¤¥à¦ª¨ �«£®à¨â¬®¢ ‘„ (á¯«®è−ë¥ ªà¨¢ë¥) ¨ �„
(¯ã−ªâ¨à−ë¥ ªà¨¢ë¥) ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï §�ï¢®ª: 1 | H = 2; 2 | 4; 3 | 8;
4 | H = 32

¯®«−®¥ á®®â¢¥âáâ¢¨¥, â®£¤� ª�ª ¤«ï �„ −�¡«î¤�¥âáï à�áå®¦¤¥−¨¥ â¥®à¥â¨ç¥áª®©
¬®¤¥«¨ −�ç¨−�ï á H = 20. �à¨ íâ®¬ ®â¬¥â¨¬, çâ® ¤à¥¢®¢¨¤−ë© �«£®à¨â¬ á �„
§−�ç¨â¥«ì−® ¯à¥¢®áå®¤¨â �«£®à¨â¬ á ‘„. ÷�§−¨æ� ¯à¥¢ëè�¥â 25% ã¦¥ ¯à¨ H =
= 10 ¨ ¤�«¥¥ ã¢¥«¨ç¨¢�¥âáï ¤® 35% ¯à¨ H > 40. �¤−�ª® à¥�«¨§�æ¨ï �„ âà¥¡ã¥â
¤®¯®«−¨â¥«ì−®© á¨£−�«ì−®© ¨−ä®à¬�æ¨¨ ¢ −¨áå®¤ïé¥¬ ª�−�«¥ á¢ï§¨, çâ® −¥
¯®¤¤¥à¦¨¢�¥âáï −� â¥ªãé¥¬ íâ�¯¥ áâ�−¤�àâ¨§�æ¨¨ (á¥à¨ï ¤®ªã¬¥−â®¢ 3GPP 18)
á¨áâ¥¬ á¢ï§¨ NB-IoT.

�� à¨á. 3 ¯à¥¤áâ�¢«¥−® áà�¢−¥−¨¥ áà¥¤−¥© §�¤¥à¦ª¨ �«£®à¨â¬®¢ �„ ¨ ‘„
¤«ï á¨áâ¥¬ë NB-IoT ª�ª äã−ªæ¨¨ ®â ¨−â¥−á¨¢−®áâ¨ ¯®áâã¯«¥−¨ï §�ï¢®ª ¤«ï
à�§«¨ç−®£® ç¨á«� ¯à¥�¬¡ã«. �à¥¤áâ�¢«¥−−�ï §�¢¨á¨¬®áâì ®âà�¦�¥â à�§−¨æã
¢ §�¤¥à¦ª¥ à�áá¬�âà¨¢�¥¬ëå �«£®à¨â¬®¢. �â¬¥â¨¬, çâ® §�¤¥à¦ª� ¤¥¬®−áâà¨àã¥â
íªá¯®−¥−æ¨�«ì−ë© à®áâ, ¨ ä�ªâ¨ç¥áª¨ ª�¦¤ë© ¨§ à�áá¬�âà¨¢�¥¬ëå �«£®à¨â¬®¢
¬®¦¥â ¡ëâì íää¥ªâ¨¢−® ¨á¯®«ì§®¢�−, ª®£¤� ¯à¥¤«�£�¥¬�ï −�£àã§ª� −¥ ¯à¥¢ëè�¥â
70%{80% ®â ¬�ªá¨¬�«ì−®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨.

6 Заключение

÷�áá¬®âà¥−ë ¢�à¨�−âë à�áè¨à¥−¨ï ¬¥â®¤� ¤®áâã¯� ¡¥§ à¥§¥à¢¨à®¢�−¨ï à¥-
áãàá®¢ ¢ NB-IoT −� ®á−®¢¥ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢.
÷�áá¬®âà¥−ë ¤¢� ¢�à¨�−â� à¥�«¨§�æ¨¨ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ | á ‘„ ¨ �„.

‘à�¢−¨â¥«ì−ë© �−�«¨§ ¯®ª�§�«, çâ® ¯à®¯ãáª−�ï á¯®á®¡−®áâì �«£®à¨â¬� á �„
−� 25%{35% ¢ëè¥, ç¥¬ ã ‘„. —â® ª�á�¥âáï §�¤¥à¦ª¨, ®¡� ¯®¤å®¤� íää¥ªâ¨¢−®
à�¡®â�îâ ¯à¨ −�£àã§ª¥, −¥ ¯à¥¢ëè�îé¥© 70%{80% ®â ¬�ªá¨¬�«ì−®© ¯à®¯ãáª−®©
á¯®á®¡−®áâ¨ á¨áâ¥¬ë.
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Abstract: State-of-the-art Internet of Things (IoT) applications are characterized
by exclusive requirements on latency which are much higher than those defined for
5G Massive Machine-Type Communications in ITU-R M.2410 (e. g., less than
10 ms). For this reason, 3GPP (3rd Generation Partnership Project) has defined
several procedures to reduce access latency in the 5G NB-IoT systems. However,
these procedures are purely ALOHA-type and do not use information that may be
available on the NB-IoT base station. In this paper, two extensions of the random
access procedure based on tree-splitting algorithms have been considered. The
results show that the algorithm with blocked access is characterized by a 25%{
35% higher throughput compared to the free-access algorithm. At the same time,
the considered algorithms can be effectively employed in the case when the traffic
load does not exceed 70%{80% of the available throughput.
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НЕЙРО-НЕЧЕТКАЯ МОДЕЛЬ И ПРЕЦЕДЕНТНАЯ
ЭКСПЕРТНАЯ СИСТЕМА ТРАНСФОРМАЦИОННОГО

ГИБРИДНОГО ИНТЕЛЛЕКТА ПРОГНОЗИРОВАНИЯ ИСХОДОВ
ОСТРОГО ПАНКРЕАТИТА∗

С. Б. Румовская1

�−−®â�æ¨ï: �à¨ ¯®«¨¬®à¡¨¤−ëå, ¯®«¨íâ¨®«®£¨ç¥áª¨å §�¡®«¥¢�−¨ïå á®
á«®¦−®© ª«¨−¨ç¥áª®© ª�àâ¨−®© ¨ ä�§®¢ë¬ â¥ç¥−¨¥¬, ¯®¤®¡−ëå ®áâà®¬ã
¯�−ªà¥�â¨âã (��), ¢ á«ãç�¥ à�§¢¨â¨ï ¨−ä¥ªæ¨®−−ëå ®á«®¦−¥−¨© ¨ ¯à¨
®âáãâáâ¢¨¨ �¤¥ª¢�â−®© â�ªâ¨ª¨ «¥ç¥−¨ï ¨ å¨àãà£¨ç¥áª®£® ¯®á®¡¨ï «¥â�«ì-
−®áâì ¬®¦¥â ¤®áâ¨£�âì 100%. “«ãçè¥−¨¥ à¥§ã«ìâ�â®¢ «¥ç¥−¨ï ¯�æ¨¥−â®¢
á �� ¢®§¬®¦−® ¯ãâ¥¬ à�−−¥£® ¯à®£−®§¨à®¢�−¨ï ¨−ä¥ªæ¨®−−ëå ®á«®¦−¥−¨©
¨ ¢®§¬®¦−®£® «¥â�«ì−®£® ¨áå®¤�, ¢ë¤¥«ïï â�ª¨¬ ®¡à�§®¬ −�¨¡®«¥¥ âï¦¥«ãî
£àã¯¯ã ¯�æ¨¥−â®¢ á æ¥«ìî á¢®¥¢à¥¬¥−−®© ª®¬¯«¥ªá−®© ¨−â¥−á¨¢−®© â¥à�¯¨¨
¨ �¤¥ª¢�â−®£® å¨àãà£¨ç¥áª®£® «¥ç¥−¨ï. ˆá¯®«ì§ã¥¬ë¥ ¬¥â®¤ë ¨ ¯®¤å®¤ë
¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ¬�ªá¨¬�«ì−® ¨−ä®à¬�â¨¢−ë â®«ìª® ª ª®−æã ¢â®àëå{
âà¥âì¨å áãâ®ª, ¢ â® ¢à¥¬ï ª�ª íää¥ªâ¨¢−®áâì â¥à�¯¥¢â¨ç¥áª®£® ¢®§¤¥©áâ¢¨ï
−�¨¡®«ìè�ï ¢ ¯¥à¢ë¥{¢â®àë¥ áãâª¨. ‘«¥¤®¢�â¥«ì−®, −¥®¡å®¤¨¬® ¯¥à¥©-
â¨ ª ¯¥àá®−�«¨§¨à®¢�−−ë¬ ¨−â¥£à¨à®¢�−−ë¬ �«£®à¨â¬�¬ ¯à®£−®§¨à®¢�−¨ï.
‚ à�¡®â¥ ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë à�§à�¡®âª¨ £¥â¥à®£¥−−®£® ¬®¤¥«ì−®£® ¯®«ï
(ƒŒ�) âà�−áä®à¬�æ¨®−−®© ¬®¤¥«¨, à�§à�¡�âë¢�îé¥©áï ª�ª ú−¥©à®-−¥ç¥âª�ï
¯à¥æ¥¤¥−â−�ï íªá¯¥àâ−�ï á¨áâ¥¬� (�‘)û. „�−−�ï ¬®¤¥«ì ¯à¥¤áâ�¢«ï¥â á®-
¡®© ç�áâì à�§à�¡�âë¢�¥¬ëå ª®®¯¥à�â¨¢−ëå á�¬®−�áâà�¨¢�îé¨åáï £¨¡à¨¤−ëå
¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ (ƒ¨ˆ‘) ¯¥àá®−�«¨§¨à®¢�−−®© ®æ¥−ª¨ á®áâ®ï−¨ï
¯�æ¨¥−â� (−� ¯à¨¬¥à¥ ��).

Š«îç¥¢ë¥ á«®¢�: £¨¡à¨¤−�ï ¨−â¥««¥ªâã�«ì−�ï á¨áâ¥¬�; −¥©à®-−¥ç¥âª�ï
á¨áâ¥¬�; ¯à¥æ¥¤¥−â−�ï íªá¯¥àâ−�ï á¨áâ¥¬�; ¯à®£−®§¨à®¢�−¨¥ ¢ ¬¥¤¨æ¨−¥;
®áâàë© ¯�−ªà¥�â¨â

DOI: 10.14357/08696527250403 EDN: WGIRDY

1 Введение

�à®£−®§¨à®¢�−¨¥ á®áâ®ï−¨ï §¤®à®¢ìï ¯�æ¨¥−â� ®á«®¦−ï¥âáï ¯®«¨¬®à¡¨¤-
−®áâìî ¨ £¥â¥à®£¥−−®áâìî á®áâ®ï−¨ï ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨ï, −¥®¤−®à®¤−®áâìî,
−¥â®ç−®áâìî ¨ −¥ç¥âª®áâìî ª�ª á¨¬¯â®¬�â¨ç¥áª®© ¨−ä®à¬�æ¨¨, â�ª ¨ ¨−ä®à¬�-
æ¨¨ ® á�¬®¬ ¯à®æ¥áá¥ ®æ¥−ª¨ ¨ ¯à®£−®§¨à®¢�−¨¨, � â�ª¦¥ ®¡ íâ¨®«®£¨¨ ¨ ¯�â®£¥-
−¥§¥ §�¡®«¥¢�−¨©. �à®£−®§ [1] | ®¤¨− ¨§ ¯®ª�§�â¥«¥© ¯®−¨¬�−¨ï ¨ ®¡êïá−¥−¨ï

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® §� áç¥â £à�−â� ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� ü 24-21-00392,
https://rscf.ru/project/24-21-00392/.

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
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á®áâ®ï−¨ï ®à£�−¨§¬� ¯�æ¨¥−â� (¥£® á¨áâ¥¬ ¨ ¯®¤á¨áâ¥¬). ‚ [2] ¯à¥¤áâ�¢«¥−ë
à¥§ã«ìâ�âë �−�«¨§� ®á®¡¥−−®áâ¥© ¯à®¡«¥¬−®© áà¥¤ë ®æ¥−ª¨ (ª�ª ¤¨�£−®áâ¨ç¥-
áª®©, â�ª ¨ ¯à®£−®áâ¨ç¥áª®©) á®áâ®ï−¨ï ®à£�−¨§¬� ¯�æ¨¥−â� á ¯®¤®§à¥−¨¥¬ −�
��, ¢ â®¬ ç¨á«¥ áâ�â¨áâ¨ç¥áª¨¥ ¤�−−ë¥: (1) ¯® á¬¥àâ−®áâ¨ ®â §�¡®«¥¢�−¨© ¯®¤-
¦¥«ã¤®ç−®© ¦¥«¥§ë, ¢ ç�áâ−®áâ¨ ®â �� | ¤® 15%, � ¤«ï ¥£® âï¦¥«ëå ä®à¬,
� â�ª¦¥ ¯®á«¥®¯¥à�æ¨®−−®© | ¤® 70% ¨ ¢ëè¥; (2) ® ¢à�ç¥¡−ëå ®è¨¡ª�å ¯à¨
¯®áâã¯«¥−¨¨ ¯®¤®¡−ëå ¡®«ì−ëå, ª®â®àë¥ ¤®áâ¨£�îâ 30% ¢¢¨¤ã −¥¢¥à−ëå ®æ¥−®ª
á®áâ®ï−¨ï ¯�æ¨¥−â�, � â�ª¦¥ ¯à®£−®§¨à®¢�−¨ï âï¦¥«ëå á®áâ®ï−¨© ¨ ®á«®¦−¥−¨©.
�à¥¤áâ�¢«¥−¨¥ ® ¤¨−�¬¨ª¥ ¨ −�¯à�¢«¥−¨¨ à�§¢¨â¨ï §�¡®«¥¢�−¨ï ä®à¬¨àã¥âáï
¤«ï ®à£�−¨§¬� ª�ª ¥¤¨−®£® æ¥«®£® ¢ à�¬ª�å ¤¨ää¥à¥−æ¨�«ì−®© ¯à®£−®áâ¨-
ª¨ | ¤«ï ä®à¬¨à®¢�−¨ï ®ª®−ç�â¥«ì−®£® §�ª«îç¥−¨ï à�áá¬�âà¨¢�îâáï ¢�à¨�−âë
¡ã¤ãé¥£® â¥ç¥−¨ï ¡®«¥§−¨, ¢§¢¥è¨¢�îâáï ¢á¥ §� ¨ ¯à®â¨¢ ¨ ®æ¥−¨¢�îâáï. �¥®¡-
å®¤¨¬ë â¥å−®«®£¨¨ ¢¨àâã�«¨§�æ¨¨ ¯à¨−ïâ¨ï ¯®¤®¡−ëå à¥è¥−¨©, ¨á¯®«ì§ãîé¨¥
¨−áâàã¬¥−â�à¨© ú¬ï£ª¨åû ¢ëç¨á«¥−¨© [3], ¢ ç�áâ−®áâ¨ −¥ç¥âª¨¥ á¨áâ¥¬ë, ¨á-
ªãááâ¢¥−−ë¥ −¥©à®−−ë¥ á¥â¨ ¨ £¥−¥â¨ç¥áª¨¥ �«£®à¨â¬ë (ƒ�). �âã −¥®¡å®¤¨¬®áâì
¯®¤â¢¥à¦¤�îâ à¥§ã«ìâ�âë �−�«¨§� ¢ [4], ®â¥ç¥áâ¢¥−−ëå ¨ §�àã¡¥¦−ëå ¯ã¡«¨ª�-
æ¨© ¢ −�ãç−®© «¨â¥à�âãà¥ ¯® â¥¬¥ ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ ¯®¤¤¥à¦ª¨ ¯à¨−ïâ¨ï
à¥è¥−¨© ¢ ¬¥¤¨æ¨−¥, ¢ â®¬ ç¨á«¥ ¯à®£−®§−ëå, à�§à�¡®â�−−ëå á ¯à¨¬¥−¥−¨¥¬
¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥©, £«ã¡®ª®£® ®¡ãç¥−¨ï, �−á�¬¡«¥¢ëå ¬¥â®¤®¢, «®-
£¨áâ¨ç¥áª®© à¥£à¥áá¨¨, �‘ ¨ ƒ¨ˆ‘, ¨−â¥£à¨àãîé¨å, −�¯à¨¬¥à, ¬−®£®�£¥−â−ë¥
á¨áâ¥¬ë, ®−â®«®£¨¨ ¨ ¬®¤¥«¨à®¢�−¨¥ ¨¬¬ã−−®© á¥â¨; íªá¯¥àâ−ë¥ ¯à®¤ãªæ¨®−−ë¥
á¨áâ¥¬ë, ƒ�, ¨áªãááâ¢¥−−ë¥ −¥©à®−−ë¥ á¥â¨ ¨ −¥ç¥âª¨¥ á¨áâ¥¬ë; ¨áªãááâ¢¥−−ë¥
−¥©à®−−ë¥ á¥â¨ ¨ −¥ç¥âª¨¥ á¨áâ¥¬ë; á¢¥àâ®ç−ë¥ −¥©à®−−ë¥ á¥â¨ ¨ ƒ�.

‚ [5] ¯à¥¤«�£�¥âáï à�§à�¡®âª� −®¢®£® ª«�áá� ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ |
ª®®¯¥à�â¨¢−ëå á�¬®−�áâà�¨¢�îé¨åáï ƒ¨ˆ‘ ú‚¨àâã�«ì−ë¥ ª®−á¨«¨ã¬ë ¯¥àá®-
−�«¨§¨à®¢�−−®© ®æ¥−ª¨ âï¦¥áâ¨ ¨ ¯à®£−®§¨à®¢�−¨ï á®áâ®ï−¨ï ¯�æ¨¥−â®¢û (‚Š
��’ �‘�) −� ¯à¨¬¥à¥ ��. ‚Š ��’ �‘� ª®¬¡¨−¨àãîâ ¬®¤¥«¨ ƒ¨ˆ‘ ¤¢ãå
â¨¯®¢:

(1) äã−ªæ¨®−�«ì−ãî ¨−â¥£à¨à®¢�−−ãî ¬®¤¥«ì ®æ¥−ª¨ âï¦¥áâ¨ á®áâ®ï−¨ï á«®¦-
−®£® ®¡ê¥ªâ� ¨ ¢ëà�¡®âª¨ à¥è¥−¨© ® ¤�«ì−¥©è¥¬ à�§¢¨â¨¨ §�¡®«¥¢�−¨ï,
®á−®¢ë¢�ïáì −� à�§−®à®¤−ëå á®âàã¤−¨ç�îé¨å §−�−¨ïå ®¡ ®¡ê¥ªâ¥, ¯à®¡«¥-
¬¥, � â�ª¦¥ íâ¨®«®£¨¨ ¨ ¯�â®£¥−¥§¥ §�¡®«¥¢�−¨ï −� ¢á¥å ä�§�å ¥£® â¥ç¥−¨ï
−� ¯à®âï¦¥−¨¨ ¢á¥£® ¯à®æ¥áá� ¢¥¤¥−¨ï ¯�æ¨¥−â�;

(2) âà�−áä®à¬�æ¨®−−ãî ¨−â¥£à¨à®¢�−−ãî ¬®¤¥«ì ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢ §�-
¡®«¥¢�−¨ï á ®¡®á−®¢�−¨¥¬ ¯à®£−®§�.

�à®¡«¥¬�â¨ª� ¨ ¯¥àá¯¥ªâ¨¢ë à�§à�¡®âª¨ ¯®¤®¡−ëå á¨áâ¥¬ à�áá¬®âà¥−ë ¢ [5].
‚ [2, 6, 7] ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë á¨áâ¥¬−®£® �−�«¨§� ¯à®¡«¥¬ë ¯¥àá®−�-
«¨§¨à®¢�−−®© ®æ¥−ª¨ âï¦¥áâ¨ ¨ ¯à®£−®§¨à®¢�−¨ï á®áâ®ï−¨ï á«®¦−®£® ®¡ê¥ªâ�
(��’ �‘ ‘�) | ®à£�−¨§¬� ¯�æ¨¥−â�, ¥£® á¨áâ¥¬ ¨ ¯®¤á¨áâ¥¬ −� ¯à¨¬¥à¥ ��:
¨¤¥−â¨ä¨ª�æ¨¨ ¯à®¡«¥¬ë, ¥¥ à¥¤ãªæ¨¨, � â�ª¦¥ á¯¥æ¨ä¨ª�æ¨¨ ¨ ¢ë¡®à� ¬¥-
â®¤®¢ �¢â®¬�â¨§¨à®¢�−−®£® à¥è¥−¨ï äã−ªæ¨®−�«ì−ëå ¨ â¥å−®«®£¨ç¥áª¨å §�¤�ç
¨§ ¤¥ª®¬¯®§¨æ¨¨, ¯®«ãç¥−−®© ¢ à¥§ã«ìâ�â¥ à¥¤ãªæ¨¨. ‚ ¤�−−®© ¤¥ª®¬¯®§¨æ¨¨
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�¥©à®-−¥ç¥âª�ï ¬®¤¥«ì ¨ ¯à¥æ¥¤¥−â−�ï �‘ âà�−áä®à¬�æ¨®−−®£® £¨¡à¨¤−®£® ¨−â¥««¥ªâ�

¯®¤¬−®¦¥áâ¢® §�¤�ç «¨æ�, ¯à¨−¨¬�îé¥£® à¥è¥−¨ï, ¢ª«îç�¥â, ¯®¬¨¬® ¯à®ç¨å,
â�ª¨¥ §�¤�ç¨, ª�ª phPO | ¯à®£−®§ ¨áå®¤®¢ �� (¯�−ªà¥�â¨ç¥áª�ï ¨−ä¥ªæ¨ï
¨ «¥â�«ì−ë© ¨áå®¤); phtehPO | ¯®áâà®¥−¨¥ ¢å®¤−®£® ¬−®¦¥áâ¢� ¨−ä®à¬�â¨¢-
−ëå ¯à¨§−�ª®¢ ¤«ï ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢; phintP | ¨−â¥à¯à¥â�æ¨ï ¯à®£−®§�.
‚ −�áâ®ïé¥© à�¡®â¥ à�áá¬®âà¥−ë à¥§ã«ìâ�âë à�§à�¡®âª¨ ¬®¤¥«¥© à¥è¥−¨ï ¤�−-
−ëå §�¤�ç, ¨−â¥£à�æ¨ï ª®â®àëå ®¡à�§ã¥â âà�−áä®à¬�æ¨®−−ãî ƒ¨ˆ‘, � ¨¬¥−−®:
äã−ªæ¨®−�«ì−®© ¬®¤ã«ì−®© −¥©à®-−¥ç¥âª®© ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢
�� ¨ ¨−â¥à¯à¥â¨àãîé¥© ¥¥ ¯à®£−®§ äã−ªæ¨®−�«ì−®© ¬®¤¥«¨ ¯à¥æ¥¤¥−â−®© �‘
á ¡�§®© ¯à¥æ¥¤¥−â®¢ (��) ¨ £¨¡à¨¤−®© äà¥©¬®¢®-¯à®¤ãªæ¨®−−®© ¡�§®© §−�−¨©
(�‡), � â�ª¦¥ ƒ� ®¯â¨¬¨§�æ¨¨ −�¡®à� ¯®ª�§�â¥«¥© á®áâ®ï−¨ï §¤®à®¢ìï ¤«ï ¯à®-
£−®§¨à®¢�−¨ï ¨áå®¤®¢ �� (â¥å−®«®£¨ç¥áª�ï ¬®¤¥«ì). ‚á¥ ¬®¤¥«¨ ¡ã¤ãâ ¢ª«îç¥−ë
¢ ƒŒ� ¡ã¤ãé¥£® ‚Š ��’ �‘�.

2 Снижение размерности множества факторов,
учитываемых при формировании прогностических оценок

�à®¡«¥¬ë â¨¯� ��’ �‘ ‘�, ¢ ç�áâ−®áâ¨ ¯à®£−®§¨à®¢�−¨ï ¢ ¬¥¤¨æ¨-
−¥, | ¬−®£®ä�ªâ®à−ë¥ [5, 6]. �¤−�ª® ¢®á¯à¨ïâ¨¥ ¤�−−ëå ¢ëá®ª®© à�§¬¥à−®áâ¨
¢ ª«¨−¨ç¥áª®© ¯à�ªâ¨ª¥ −¥¢®§¬®¦−®, ¨ ¢à�ç¨ ¯à¨ ¯®áâà®¥−¨¨ ¯à®£−®§®¢ ä®ªã-
á¨àãîâáï â®«ìª® −� ®£à�−¨ç¥−−®¬ −�¡®à¥ ä�ªâ®à®¢, ä®à¬¨àã¥¬®¬ á ¯®§¨æ¨¨ ¨å
¯à�ªâ¨ç¥áª®£® ®¯ëâ�. �â® −¥¢¥à¡�«ì−ë¥ §−�−¨ï [8]. �à¨§−�ª®¢®¥ ¯à®áâà�−-
áâ¢® à�§¬¥à−®áâìî 203 ¯®áâà®¥−® ¯® ª«¨−¨ç¥áª¨¬ à¥ª®¬¥−¤�æ¨ï¬ ®â−®á¨â¥«ì−®
�� [9], ãç¥¡−®-¬¥â®¤¨ç¥áª¨¬ ¯®á®¡¨ï¬ [10{12] ¨ à¥§ã«ìâ�â�¬ �−�«¨§� ¡¥á¥¤
á íªá¯¥àâ®¬ (å¨àãà£®¬ á ®¯ëâ®¬ à�¡®âë ¡®«¥¥ 10 «¥â).

’¥å−®«®£¨ç¥áª�ï ¬®¤¥«ì à¥è�¥â §�¤�çã ¡¥§ãá«®¢−®© ®¯â¨¬¨§�æ¨¨ −� ¬−®¦¥-
áâ¢¥ ®æ¥−¨¢�¥¬ëå ¯à¨§−�ª®¢ ¨ ¨áª«îç�¥â ¨§ à�áá¬®âà¥−¨ï ¨§¡ëâ®ç−ë¥ ¨ ¢§�¨-
¬®§�¢¨á¨¬ë¥ ¯®ª�§�â¥«¨, §−�ç¥−¨ï ª®â®àëå ®¯à¥¤¥«ïîâ ¯à®£−®§, çâ® ¯®¢ëè�¥â
íää¥ªâ¨¢−®áâì ¨ ª�ç¥áâ¢® ¯à¨−ïâ¨ï à¥è¥−¨ï ¯à¨ ¯à®£−®§¨à®¢�−¨¨ ¨áå®¤®¢
��. „«ï à¥�«¨§�æ¨¨ â¥å−®«®£¨ç¥áª®© ¬®¤¥«¨, à¥è�îé¥© §�¤�çã ú�®áâà®¥−¨¥
¢å®¤−®£® ¬−®¦¥áâ¢� ¨−ä®à¬�â¨¢−ëå ¯à¨§−�ª®¢ ¤«ï ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢û
(phtehPO), ¯à¥¤«�£�¥âáï ¢¢¨¤ã −¨§ª¨å âàã¤®§�âà�â ¨ ®âáãâáâ¢¨ï −¥®¡å®¤¨¬®áâ¨
¢ ®¡ãç¥−¨¨ ¬®¤¥«¨ ¨á¯®«ì§®¢�âì ƒ� [7] | ¬®¤¥«ì modg tehPO.

�¡®§−�ç¨¬ ®á−®¢−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¬®¤¥«¨ modg tehPO. ÷�§¬¥à ¯®¯ã«ï-
æ¨¨ | 50 ®á®¡¥©. ÷�§¬¥à ¨−¤¨¢¨¤ãã¬®¢ à�¢¥− ®¡é¥¬ã ç¨á«ã ãç¨âë¢�¥¬ëå
¯à¨§−�ª®¢ NF | 203 (£¥− ¯à¨−¨¬�¥â §−�ç¥−¨¥ 1, ¥á«¨ ¯à¨§−�ª ãç¨âë¢�¥âáï,
¨ 0 | ¥á«¨ −¥â). ‚ ª�ç¥áâ¢¥ ®¯¥à�â®à� áªà¥é¨¢�−¨ï ¨á¯®«ì§ã¥âáï ®à¨¥−-
â¨à®¢�−−ë© −� à�§¬¥à ¯®¤¬−®¦¥áâ¢� ®¯¥à�â®à ¯¥à¥á¥ç¥−¨ï ®¡é¨å ¯à¨§−�ª®¢
(Subset Size-Oriented Common Feature Crossover), ç�áâ® ¯à¨¬¥−ï¥¬ë© ¯à¨ ®â-
¡®à¥ áãé¥áâ¢¥−−ëå ¯à¨§−�ª®¢ [13{16] ¨ á®åà�−ïîé¨© ¯®«¥§−ë¥ ¨−ä®à¬�â¨¢−ë¥
è�¡«®−ë | ®¡é¨¥ ¤«ï à®¤¨â¥«¥© ¯à¨§−�ª¨ (£¥−ë ú1û) á®åà�−ïîâáï ®á®¡ï¬¨-
¯®â®¬ª�¬¨, � −¥®¡é¨¥ ¯à¨§−�ª¨ −�á«¥¤ãîâáï ®â i-£® à®¤¨â¥«ï á ¢¥à®ïâ−®áâìî
ni − nc/nu, £¤¥ ni | ç¨á«® ¢ë¡à�−−ëå ¯à¨§−�ª®¢ i-£® à®¤¨â¥«ï; nc | ç¨á«®
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®¡é¨å ¢ë¡à�−−ëå ¯à¨§−�ª®¢; nu | ç¨á«® −¥®¡é¨å ¢ë¡à�−−ëå ¯à¨§−�ª®¢. �¯¥-
à�â®à ¬ãâ�æ¨¨ à�¡®â�¥â á ¢¥à®ïâ−®áâìî 0,6 ¤«ï £¥−®¢ ú1û ¨ 0,3 ¤«ï £¥−®¢ ú0û.
Œ¥â®¤ á¥«¥ªæ¨¨ | âãà−¨à−ë© (à�§¬¥à âãà−¨à� | 2): ¢ë¡¨à�îâáï «ãçè¨¥ ®á®¡¨,
¨§ ª®â®àëå ¯®à®¦¤�îâáï −®¢ë¥ ®á®¡¨-¯®â®¬ª¨ á ¯®¬®éìî ®¯¥à�â®à®¢ ¬ãâ�æ¨¨
¨ áªà¥é¨¢�−¨ï (¢¥à®ïâ−®áâì 0,7), ¨ ¯®à®¦¤�¥âáï −®¢�ï ¯®¯ã«ïæ¨ï. ”ã−ªæ¨ï
¯à¨á¯®á®¡«¥−−®áâ¨ ¯à¥¤«®¦¥−� ¯® �−�«®£¨¨ á [16]:

FF = 1 ·
(1−MC)(NF /15 − 15SF)

NF
+ 2 ·

MC(NF /15 + 15SF)

NF
, (1)

£¤¥MC = |A ∩B ∩C ∩ · · · |/|A ∪B ∪C · · · | (A, B ¨ C | ¬−®¦¥áâ¢� íª§¥¬¯«ï-
à®¢, ¤«ï ª®â®àëå á®®â¢¥âáâ¢ãîé¨¥ ¢ë¡à�−−ë¥ ¯à¨§−�ª¨ ¨¬¥îâ §−�ç¥−¨¥ ú1û,
¨«¨ �ªâ¨¢−ë) | ®â−®è¥−¨¥ à�§¬¥à� ¬−®¦¥áâ¢� íª§¥¬¯«ïà®¢, ¤«ï ª®â®àëå ¢á¥
¢ë¡à�−−ë¥ ¯à¨§−�ª¨ �ªâ¨¢−ë ª à�§¬¥àã ¬−®¦¥áâ¢� íª§¥¬¯«ïà®¢, ¤«ï ª®â®àëå
å®âï ¡ë ®¤¨− ¨§ ¢ë¡à�−−ëå ¯à¨§−�ª®¢ �ªâ¨¢¥−, â. ¥. ¬¥à� ¯¥à¥ªàëâ¨ï ¨«¨ ª®«-
«¨−¥�à−®áâ¨ ¬¥¦¤ã ¢ë¡à�−−ë¬¨ ¯à¨§−�ª�¬¨; NF| ®¡é¥¥ ç¨á«® ¯à¨§−�ª®¢;
SF | ç¨á«® ¢ë¡à�−−ëå §−�ç¨¬ëå ¯à¨§−�ª®¢, ª®â®àë¥ ú−¥ á«¨èª®¬ ¡«¨§ª¨û
¤àã£ ª ¤àã£ã, â. ¥. −¥ ª®¤¨àã¥¬ë¥ á®á¥¤−¨¬¨ ¡¨â�¬¨ ¢ åà®¬®á®¬¥.

”ã−ªæ¨ï ¯à¨á¯®á®¡«¥−−®áâ¨ ãáâ�−�¢«¨¢�¥â ¡�«�−á ¬¥¦¤ã ¤¢ã¬ï �á¯¥ªâ�¬¨:

(1) á®ªà�é¥−¨¥¬ à�§¬¥à� −�¡®à� ¯à¨§−�ª®¢. �¡ íâ®¬ £®¢®à¨â ç«¥− NF /15 −
− 15SF, ª®â®àë© áâà¥¬¨âáï ª ã¢¥«¨ç¥−¨î, ª®£¤� SF ã¬¥−ìè�¥âáï. ‡¤¥áì
§−�ç¨¬®áâì ®¡é¥£® ç¨á«� ¯à¨§−�ª®¢ (NF ) ã¬¥−ìè¥−� §� áç¥â ¤¥«¥−¨ï −� 15,
çâ® ¯à¨¢®¤¨â ª ¡®«¥¥ á¨«ì−®¬ã �ªæ¥−âã −� á®ªà�é¥−¨¥ à�§¬¥à−®áâ¨. „¥«¥−¨¥
−� NF ¢ (1) | −®à¬�«¨§�æ¨ï ¯® à�§¬¥àã −�¡®à� ¤�−−ëå;

(2) ¢ë¡®à®¬ §−�ç¨¬ëå ¨ −¥ª®««¨−¥�à−ëå ¯à¨§−�ª®¢ ¯®áà¥¤áâ¢®¬ MC. —«¥−
1·(1−MC)(NF /15−15SF)/NF èâà�äã¥â §� ¢ëá®ªãî ª®««¨−¥�à−®áâì (MC
¡«¨§ª® ª 1) ¨ §� ¡®«ìè®¥ ç¨á«® §−�ç¨¬ëå ¯à¨§−�ª®¢ (SF > NF/225) | áâà¥-
¬¨âáï ¬�ªá¨¬¨§¨à®¢�âì ¯à¨£®¤−®áâì, ¢ë¡¨à�ï ¯à¨§−�ª¨, ª®â®àë¥ ¢−®áïâ
à�§−ë© ¢ª«�¤ ¢ ª«�áá¨ä¨ª�æ¨î (ç¥¬ ¬¥−ìè¥ SF ¨ ç¥¬ ¬¥−ìè¥ ª®àà¥«ïæ¨ï
¬¥¦¤ã ¯à¨§−�ª�¬¨, â¥¬ ¢ëè¥ ®æ¥−ª�). —«¥− 2 · (MC(NF /15 + 15SF)/NF )
¢®§−�£à�¦¤�¥â §� −¨§ªãî ª®««¨−¥�à−®áâì (MC ¡«¨§ª® ª 0) ¨ §� ¡®«ìè®¥ ç¨á-
«® §−�ç¨¬ëå ¯à¨§−�ª®¢ | ª®íää¨æ¨¥−â 2 ãá¨«¨¢�¥â ¢«¨ï−¨¥ íâ®£® ç«¥−�.
˜âà�ä §� ¡®«ìè®¥ ç¨á«® §−�ç¨¬ëå ¯à¨§−�ª®¢ (MC) ¢ ¯¥à¢®¬ ç«¥−¥ §−�ç¨-
â¥«ì−® á¨«ì−¥¥, ç¥¬ ¢®§−�£à�¦¤¥−¨¥ §� ¡®«ìè®¥ ç¨á«® §−�ç¨¬ëå ¯à¨§−�ª®¢
¢® ¢â®à®¬ ç«¥−¥.

”ã−ªæ¨ï ¯à¨á¯®á®¡«¥−−®áâ¨ �£à¥áá¨¢−® ®â¡¨à�¥â ¯à¨§−�ª¨, �ªæ¥−â¨àãï ¢−¨-
¬�−¨¥ −� á®ªà�é¥−¨¨ à�§¬¥à−®áâ¨ ¨ ®â¡¨à�ï â®«ìª® á�¬ë¥ §−�ç¨¬ë¥ ¯à¨§−�ª¨,
¤�¦¥ ¥á«¨ íâ® ®§−�ç�¥â ®âª�§ ®â ¬¥−¥¥ ¢�¦−ëå, −® −¥ª®««¨−¥�à−ëå ¯à¨§−�ª®¢.

÷¥§ã«ìâ�â à�¡®âë �«£®à¨â¬� ¨á¯®«ì§ã¥âáï ¤«ï á−¨¦¥−¨ï à�§¬¥à−®áâ¨ ¢å®¤-
−ëå ¤�−−ëå ¬®¤¥«¨modANFISPO (á¬. à�§¤. 3) −� íâ�¯¥ à�§à�¡®âª¨ ¬®¤¥«¥© ƒŒ�
¨ ª�ª ¬�áª¨àãîé�ï ¨−ä®à¬�æ¨ï ¯à¨ ¨−¨æ¨�«¨§�æ¨¨ ‚Š ��’ �‘� (®¯æ¨®−�«ì-
−®) | �à£ã¬¥−â äã−ªæ¨¨ ¬®¤¨ä¨ª�æ¨¨ ¯à¥æ¥¤¥−â−®© �‘moderPO (á¬. à�§¤. 4),
¯® ã¬®«ç�−¨î á®¤¥à¦�é¥© ¢¥áì ®â®¡à�−−ë© −�¡®à ¯à¨§−�ª®¢.
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�¥©à®-−¥ç¥âª�ï ¬®¤¥«ì ¨ ¯à¥æ¥¤¥−â−�ï �‘ âà�−áä®à¬�æ¨®−−®£® £¨¡à¨¤−®£® ¨−â¥««¥ªâ�

÷�¡®â�¥â ƒ� á«¥¤ãîé¨¬ ®¡à�§®¬: (1) ¯à®¢®¤¨âáï ¨−¨æ¨�«¨§�æ¨ï −�ç�«ì−®©
¯®¯ã«ïæ¨¨ ¨−¤¨¢¨¤ãã¬®¢ ¢ 50 ®á®¡¥©; (2) ¢ëç¨á«ïîâáï äã−ªæ¨¨ ¯à¨á¯®á®¡-
«¥−−®áâ¨ ¨−¤¨¢¨¤ãã¬®¢; (3) ¯à®¢®¤¨âáï ®â¡®à à®¤¨â¥«¥© ¬¥â®¤®¬ âãà−¨à−®©
á¥«¥ªæ¨¨; (4) ¨§¡à�−−ë¥ ¯®à®¦¤�îâ −®¢ë¥ ®á®¡¨-¯®â®¬ª¨ ®¯¥à�â®à�¬¨ ¬ãâ�æ¨¨
¨ áªà¥é¨¢�−¨ï, ¨ ä®à¬¨àã¥âáï −®¢�ï ¯®¯ã«ïæ¨ï; (5) ¯®á«¥ 100 ¨â¥à�æ¨© ¢ë-
¡¨à�¥âáï −�¨«ãçè�ï ®á®¡ì á ®¯â¨¬�«ì−ë¬ −�¡®à®¬ ¯à¨§−�ª®¢ | ¯®ª�§�â¥«¥©
á®áâ®ï−¨ï §¤®à®¢ìï ¯�æ¨¥−â� ¤«ï ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢.

ƒ¥−¥â¨ç¥áª¨© �«£®à¨â¬ à¥�«¨§®¢�− áà¥¤áâ¢�¬¨ MatLab. ÷¥§ã«ìâ�â à�¡®âë
ƒ� áà�¢−¨¢�«áï á ®¡ê¥¬®¬ ¢å®¤−®© ¨−ä®à¬�æ¨¨ ¤«ï modANFISPO ¨ moderPO
(¤«ï ¤�−−®© ¬®¤¥«¨ ¯à¨¬¥−ï¥âáï ®¯æ¨®−�«ì−®, ¯® §�¯à®áã ¢à�ç�-¯®«ì§®¢�â¥«ï),
ª®â®àë© ¡ë« ¯®«ãç¥−, ¨áå®¤ï ¨§ à�ááç¨â�−−ëå ¯® â¥®à¨¨ ¯®¤â¢¥à¦¤¥−¨ï Š�à-
−�¯� [17] ä�ªâ®à®¢ ã¢¥à¥−−®áâ¨ ®â®¡à�−−ëå íªá¯¥àâ®¬ ¯à¨§−�ª®¢. ‚ à¥§ã«ìâ�â¥
à�¡®âë ƒ� ®áâ�«áï 21 ¯à¨§−�ª, � á ¨á¯®«ì§®¢�−¨¥¬ â¥®à¨¨ Š�à−�¯� | 35. �−�-
«¨§ ¬−®¦¥áâ¢ ¯à¨§−�ª®¢, ¯®«ãç¥−−ëå ®¡®¨¬¨ ¬¥â®¤�¬¨, ¯®ª�§�«, çâ® à�§−¨æ�
®¡êïá−ï¥âáï â¥¬, çâ® íªá¯¥àâë-¢à�ç¨ ¢ ®¡é¥© ¬�áá¥ á¨¬¯â®¬®¢ â�ª ¨«¨ ¨−�ç¥
ãç¨âë¢�îâ â�ª¦¥ ¨ â¥, çâ® ¨¬¥îâ ¤®áâ®¢¥à−®áâì, à�¢−ãî −ã«î, ¨ −¥ ¢«¨ïîâ
−� ¯à®£−®§. ƒ¥−¥â¨ç¥áª¨© �«£®à¨â¬ ¦¥ ¨áª«îç�¥â ¨§ à�áá¬®âà¥−¨ï ¯®ª�§�â¥«¨
á®áâ®ï−¨ï §¤®à®¢ìï á −ã«¥¢ë¬ ª®íää¨æ¨¥−â®¬ ¤®áâ®¢¥à−®áâ¨.

3 Моделирование процесса решения задачи прогнозирования исходов
острого панкреатита

„«ï à¥è¥−¨ï §�¤�ç¨ phPO ú�à®£−®§ ¨áå®¤®¢ ��û (¯�−ªà¥�â¨ç¥áª�ï ¨−ä¥ª-
æ¨ï ¨ «¥â�«ì−ë© ¨áå®¤) ¯à¥¤«�£�¥âáï äã−ªæ¨®−�«ì−�ï ¬®¤ã«ì−�ï −¥©à®-−¥ç¥âª�ï
¬®¤¥«ì modANFISPO. �−� ¢ª«îç�¥â ¤¢� ¬®¤ã«ï ¤«ï ¯à®£−®§¨à®¢�−¨ï à�§¢¨â¨ï
¯�−ªà¥�â¨ç¥áª®© ¨−ä¥ªæ¨¨ (1 | ¤�; 0 | −¥â) ¨ ¢¥à®ïâ−®áâ¨ «¥â�«ì−®£® ¨áå®¤�
(1 | ¢ëá®ª¨© à¨áª; 0 | −¨§ª¨© à¨áª). Š�¦¤ë© ¬®¤ã«ì | −¥ç¥âª�ï á¨áâ¥¬� ¢ë-
¢®¤� ‘ã£¥−®, à¥�«¨§®¢�−−�ï ¢ �¤�¯â¨¢−ëå á¥âïå, | ANFIS (Adaptive-Network-
Based Fuzzy Inference System) [18, 19]. Œ®¤ã«¨ −¥ á¢ï§�−ë ¤àã£ á ¤àã£®¬.
‚å®¤−�ï ¨−ä®à¬�æ¨ï (§−�ç¥−¨ï 21 ¯®ª�§�â¥«ï á®áâ®ï−¨ï §¤®à®¢ìï, ®â®¡à�−−ëå
modg tehPO) ¯®áâã¯�¥â −� ®¡� ¬®¤ã«ï ®¤−®¢à¥¬¥−−®. ’�ª�ï áâàãªâãà� ¯®§¢®«ï¥â
¬®¤¥à−¨§¨à®¢�âì ¬®¤¥«ì ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¯®¢ëè¥−¨ï ç¨á«� ¯à®£−®§¨àã¥¬ëå
¨áå®¤®¢ ¯ãâ¥¬ ¤®¡�¢«¥−¨ï −®¢ëå ¬®¤ã«¥© ¡¥§ ¯¥à¥®¡ãç¥−¨ï ¢á¥å ¬®¤ã«¥© á¥â¨.
Š�¦¤ë© ¬®¤ã«ì á®áâ®¨â ¨§ ¯ïâ¨ á«®¥¢: ¯¥à¢ë© | â¥à¬ë ¢å®¤−ëå ¯¥à¥¬¥−−ëå;
¢â®à®© | �−â¥æ¥¤¥−âë (¯®áë«ª¨) −¥ç¥âª¨å ¯à�¢¨«; âà¥â¨© | −®à¬�«¨§�æ¨ï
áâ¥¯¥−¥© ¢ë¯®«−¥−¨ï ¯à�¢¨«; ç¥â¢¥àâë© | §�ª«îç¥−¨ï ¯à�¢¨«; ¯ïâë© | �£à¥-
£¨à®¢�−¨¥ à¥§ã«ìâ�â�, ¯®«ãç¥−−®£® ¯® à�§«¨ç−ë¬ ¯à�¢¨«�¬.

”®à¬�â ¢å®¤−®© ¨−ä®à¬�æ¨¨: (1) ª�ç¥áâ¢¥−−ë¥ ¯¥à¥¬¥−−ë¥ | ®¯à¥¤¥«ïîâ
¯®ª�§�â¥«ì á®áâ®ï−¨ï §¤®à®¢ìï ¯® «¨−£¢¨áâ¨ç¥áª®© èª�«¥ ®æ¥−®ª (−�¯à¨¬¥à,
ú¨−â¥−á¨¢−®áâì ¡®«¨û ®¯¨áë¢�¥âáï áâ¥¯¥−ìî ¯à¨−�¤«¥¦−®áâ¨ ª ¬−®¦¥áâ¢ã −¨§-
ª�ï, áà¥¤−ïï, ¢ëá®ª�ï, ®ç¥−ì ¢ëá®ª�ï); (2) ª�â¥£®à¨�«ì−ë¥ (−�¯à¨¬¥à, úâ¨¯
¡®«¨û | âã¯�ï, ®áâà�ï, ¯ã«ìá¨àãîé�ï, ¦£ãç�ï, −®îé�ï, áå¢�âª®®¡à�§−�ï) |
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§�ª®¤¨à®¢�−ë á ¨á¯®«ì§®¢�−¨¥¬ ¬¥â®¤� One-Hot Encoding: á®§¤�−ë ®â¤¥«ì−ë¥
¡¨−�à−ë¥ ¯à¨§−�ª¨ ¤«ï ª�¦¤®£® ¢®§¬®¦−®£® §−�ç¥−¨ï; (3) ª®«¨ç¥áâ¢¥−−ë¥ |
−®à¬�«¨§®¢�−ë ¬¥â®¤®¬ Min-Max Scaling, çâ®¡ë ¯à¨¢¥áâ¨ ¨å ª ¤¨�¯�§®−ã ®â 0
¤® 1; (4) ¡¨−�à−ë¥, ®âà�¦�îé¨¥ −�«¨ç¨¥, ú1û, ¨«¨ ®âáãâáâ¢¨¥, ú0û, ¯à¨§−�ª�.
÷�§¬¥à ®¡ãç�îé¥© ¢ë¡®àª¨ | 100 §�¯¨á¥©, ¯à®¢¥à®ç−®© | 40 ¨ â¥áâ®¢®© |
40. �à®¢¥à®ç−�ï ¢ë¡®àª� ¨á¯®«ì§ã¥âáï ¤«ï ¯à¥¤®â¢à�é¥−¨ï ¯¥à¥®¡ãç¥−¨ï ¢®
¢à¥¬ï ®¡ãç¥−¨ï ANFIS. Œ¥â®¤ £¥−¥à�æ¨¨ −¥ç¥âª®© á¨áâ¥¬ë (Fuzzy Inference
System, FIS) | �«£®à¨â¬ ¢ëç¨â�îé¥© ª«�áâ¥à¨§�æ¨¨ Subtractive Clustering
(SC). „«ï SC à�¤¨ãá ¢«¨ï−¨ï ª«�áâ¥à®¢ (Influence Range) | ®â 0,2 ¤® 0,8 |
¡ã¤¥â −�áâà�¨¢�âìáï á è�£®¬ 0,1 −� íâ�¯¥ ¨áá«¥¤®¢�−¨ï à�¡®âë ¢á¥å ¬®¤¥«¥©
ƒŒ� ¨ á¨−â¥§¨àã¥¬®£® −�¤ ƒŒ� «�¡®à�â®à−®£® ¯à®â®â¨¯� ‚Š ��’ �‘�. …á«¨
SC −¥ ¤�áâ å®à®è¨å à¥§ã«ìâ�â®¢, â® ¢®§¬®¦−� á¬¥−� ¬¥â®¤� −� ¬¥â®¤ −¥ç¥âª®©
ª«�áâ¥à¨§�æ¨¨ C-áà¥¤−¨å (Fuzzy ‘-Means Clustering). „«ï ª�¦¤®© ¢å®¤−®©
¯¥à¥¬¥−−®© £¥−¥à¨àãîâáï ¯® ¤¢¥ £�ãáá®¢ë äã−ªæ¨¨ ¯à¨−�¤«¥¦−®áâ¨, � ¤«ï ª�â¥-
£®à¨�«ì−ëå/¡¨−�à−ëå ¯® ¤¢¥ âà¥ã£®«ì−ë¥ (¤«ï ú�¥âû | ¯¨ª ¢ 0, ¤«ï ú„�û |
¯¨ª ¢ 1). —¨á«® ¯à�¢¨« ¡ã¤¥â à�¢−® ç¨á«ã ª«�áâ¥à®¢, â. ¥. ¡ã¤¥â §�¢¨á¥âì ®â
à�¤¨ãá� (−�ç�«ì−®¥ ç¨á«® ¯à�¢¨« ¯à¨ à�¤¨ãá¥ 0,2{25). ��à�¬¥âàë ®¡ãç¥−¨ï:
ç¨á«® æ¨ª«®¢ ®¡ãç¥−¨ï (í¯®å) | 100; ¬¥â®¤ | ¬¥â®¤ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï
®è¨¡ª¨ (Backpropagation) ¢¢¨¤ã ¡¨−�à−®© ª«�áá¨ä¨ª�æ¨¨.

Œ¥â®¤ modANFISPO à¥�«¨§ã¥âáï áà¥¤áâ¢�¬¨ ANFIS Editor ¯�ª¥â� MatLab
¯®íâ�¯−®: (1) ä®à¬¨à®¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢å®¤®¢ ¨ ¢ëå®¤®¢, ¨å ¯à¥¤®¡-
à�¡®âª� ¨ à�§¤¥«¥−¨¥ −� ¢ë¡®àª¨; (2) ®¯à¥¤¥«¥−¨¥ áâàãªâãàë ANFIS ¢ ANFIS
Editor (§�£àã§ª� ¤�−−ëå, ¢ë¡®à ¬¥â®¤� £¥−¥à�æ¨¨ −¥ç¥âª®© á¨áâ¥¬ë ¨ −�áâà®©ª�
¯�à�¬¥âà®¢ áâàãªâãàë FIS); (3) £¥−¥à�æ¨ï ANFIS; (4) ¬®¤¥«¨à®¢�−¨¥; (5) ®¡ãç¥-
−¨¥, �¤�¯â�æ¨ï (§¤¥áì ¢®§¬®¦−� àãç−�ï −�áâà®©ª� äã−ªæ¨© ¯à¨−�¤«¥¦−®áâ¨
¨ ª®àà¥ªæ¨ï/ã¤�«¥−¨¥ ¯à�¢¨« á®¢¬¥áâ−® á íªá¯¥àâ®¬) ¨ ®æ¥−ª�. ‚ë¯®«−¥−ë
ç¥âëà¥ íâ�¯�. �ïâë© íâ�¯ §�¯«�−¨à®¢�− ¢ à�¬ª�å ¨áá«¥¤®¢�−¨ï ¢á¥å ¬®¤¥«¥©
ƒŒ� ¡ã¤ãé¥£® ¢¨àâã�«ì−®£® ª®−á¨«¨ã¬�.

4 Экспертная система, интерпретирующая прогноз

Œ®¤¥«ì �‘ moder IntP §�¤�ç¨ úˆ−â¥à¯à¥â�æ¨ï ¯à®£−®§�û (phIntP) ä®à¬¨àã-
¥â ®¡êïá−¥−¨¥ ¯®«ãç¥−−®£® ®â ¬®¤¥«¨ modANFISPO ¯à®£−®§� (¯�−ªà¥�â¨ç¥áª�ï
¨−ä¥ªæ¨ï ¨ «¥â�«ì−ë© ¨áå®¤). �ªá¯¥àâ−�ï á¨áâ¥¬� à�§à�¡�âë¢�¥âáï −� Python
¨ ¢ª«îç�¥â �‡ á £¨¡à¨¤−®© ¬®¤¥«ìî ¯à¥¤áâ�¢«¥−¨ï §−�−¨© (¯à®¤ãªæ¨®−−®-äà¥©-
¬®¢®©) ¨ ��.

Œ−®¦¥áâ¢® äà¥©¬®¢ ¨á¯®«ì§ã¥âáï ¤«ï áâàãªâãà¨à®¢�−−®£® ¯à¥¤áâ�¢«¥−¨ï
§−�−¨© ® à¥áãàá�å §�¤�ç¨ phIntP | ¡�§� ä�ªâ®¢ à�§¬¥à−®áâìî 26 äà¥©¬®¢ [20].
„«ï á«®â®¢, ª®â®àë¥ ãç�áâ¢ãîâ ¢ ¯®¤áç¥â¥ ¡�««®¢ èª�«, ¨á¯®«ì§ã¥¬ëå ¯à¨ ¯à®-
£−®§¨à®¢�−¨¨ à�§¢¨â¨ï ¯�−ªà¥�â¨ç¥áª®© ¨−ä¥ªæ¨¨ ¨ «¥â�«ì−®£® ¨áå®¤� (�ˆˆ
‘� ¨¬. ˆ. ˆ. „¦�−¥«¨¤§¥, BISAP | Bedside Index of Severity in Acute Pancre-
atitis, SOFA | Sepsis-related Organ Failure Assessment ¨ ¤à.) [9{12], ®¯à¥¤¥«¥−ë
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�¥©à®-−¥ç¥âª�ï ¬®¤¥«ì ¨ ¯à¥æ¥¤¥−â−�ï �‘ âà�−áä®à¬�æ¨®−−®£® £¨¡à¨¤−®£® ¨−â¥««¥ªâ�

á®®â¢¥âáâ¢ãîé¨¥ ¤¥¬®−ë, áà�¡�âë¢�îé¨¥ −� on-set | ãáâ�−®¢ªã §−�ç¥−¨ï ¢ á«®â.
‘®¢®ªã¯−®áâì ¯à®¤ãªæ¨®−−ëå ¯à�¢¨« | �‡, ¢ª«îç�îé�ï ¯à�¢¨«�-¯à®¤ãªæ¨¨
¢¨¤� ú…‘‹ˆ �−â¥æ¥¤¥−â, ’� ª®−á¥ª¢¥−âû, ¨¬¨â¨àãîé¨¥ ¬¨−¨¬�«ì−® ¢®§-
¬®¦−ãî ª®−áâàãªæ¨î â®ç−ëå à�ááã¦¤¥−¨© íªá¯¥àâ�-¢à�ç�. ÷�§¬¥à−®áâì �‡ |
78 ¯à�¢¨«. ��§� ¯à¥æ¥¤¥−â®¢ â�ª¦¥ ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥ íªá¯¥àâ−ëå ¯à�¢¨«
¯à®¤ãªæ¨®−−®£® â¨¯� ¨ ¯®¯®«−ï¥âáï ¯® à¥§ã«ìâ�â�¬ à�¡®âë modANFISPO: ¢å®¤-
−ë¥ á¨£−�«ë modANFISPO | �−â¥æ¥¤¥−â, � ¢ëå®¤−ë¥ | ª®−á¥ª¢¥−â. �®á«¥
à�¡®âë ANFIS −®¢ë¥ á«ãç�¨ −�ª�¯«¨¢�îâáï ª�ª ¯®â¥−æ¨�«ì−ë¥ ¯à¥æ¥¤¥−âë,
¢à�ç-íªá¯¥àâ �−�«¨§¨àã¥â ¨å, à�áè¨àï¥â ¨å ª®−á¥ª¢¥−âë ¤¥©áâ¢¨¥¬ | ¢ë¤�ç¥©
à¥ª®¬¥−¤�æ¨©, á®®â¢¥âáâ¢ãîé¨å ¯à®£−®§ã, ¨ ¤®¡�¢«ï¥â ¢ ��. ‚®§¬®¦−® àãç−®¥
§�¯®«−¥−¨¥ �� ¯à¨ à�§à�¡®âª¥ ¨ ¯à¨ ¯®¤¤¥à¦ª¥, ¥á«¨ ¢ ¯à�ªâ¨ª¥ ¯®ï¢«ïîâáï
−¥áâ�−¤�àâ−ë¥ á«ãç�¨.

��§� ä�ªâ®¢ ¨ �‡ ¤«ï �‘ à�§à�¡®â�−ë ¯® à¥§ã«ìâ�â�¬ �−�«¨§� ¬¥¤¨æ¨−áª¨å
â¥ªáâ®«®£¨ç¥áª¨å ¨áâ®ç−¨ª®¢ ¯® ¤¨�£−®áâ¨ª¥ ¨ ¯à®£−®§¨à®¢�−¨î á®áâ®ï−¨ï ¯�-
æ¨¥−â®¢ á �� [9{12] ¨ ¡¥á¥¤ á íªá¯¥àâ®¬ (å¨àãà£®¬ á ®¯ëâ®¬ à�¡®âë ¡®«¥¥ 10 «¥â).
�à¨ ¨−â¥à¯à¥â�æ¨¨ ¯à®£−®§� �‘ à�¡®â�¥â ¢ à¥¦¨¬¥ ®¡à�â−®£® ¢ë¢®¤�. ‡�â¥¬
§�¯ãáª�¥âáï ¯àï¬®© ¢ë¢®¤ −� �� ¤«ï ¯®¨áª� ¯®å®¦¨å á«ãç�¥¢ ¨ ¯®«ãç¥−¨ï
à¥ª®¬¥−¤�æ¨©: (1) ¤«ï ª�¦¤®£® ¯à�¢¨«� ¢ �� ¯à®¢®¤¨âáï ¯à®¢¥àª�: ¢ë¯®«−ï-
¥âáï «¨ ãá«®¢¨¥ (¯®«−®áâìî/ç�áâ¨ç−®) ¤«ï ¤�−−ëå ¯�æ¨¥−â� | ¥á«¨ ãá«®¢¨¥
¢ë¯®«−ï¥âáï (¯à�¢¨«® áà�¡�âë¢�¥â), â® ¯à�¢¨«® áç¨â�¥âáï ¯à¨¬¥−¨¬ë¬ ª ¤�−-
−®¬ã á«ãç�î; (2) áà¥¤¨ ¢á¥å ¯à¨¬¥−¨¬ëå ¯à�¢¨« ¢ë¡¨à�îâáï âà¨ ¯à¥æ¥¤¥−â�,
ª®â®àë¥ ¨¬¥îâ −�¨¡®«ìè¥¥ ç¨á«® á®¢¯�¤¥−¨© á ¤�−−ë¬¨ ¯�æ¨¥−â� (ç¥¬ ¡®«ìè¥
¯à¨§−�ª®¢ ¨§ ãá«®¢¨ï ¯à�¢¨«� á®®â¢¥âáâ¢ãîâ ¤�−−ë¬ ¯�æ¨¥−â�, â¥¬ ¡®«¥¥ ú¯®å®-
¦¨¬û áç¨â�¥âáï ¯à¥æ¥¤¥−â). Œ¥å�−¨§¬ à�§à¥è¥−¨ï ª®−ä«¨ªâ®¢ | ¢ë¡®à®ç−�ï
áâà�â¥£¨ï.

5 Заключение

÷�§à�¡�âë¢�¥¬�ï âà�−áä®à¬�æ¨®−−�ï ¬®¤¥«ì −� ¢á¥¬ ¯à®âï¦¥−¨¨ ¢¥¤¥−¨ï
¡®«ì−®£® ¯à¥¤®áâ�¢¨â ¢®§¬®¦−®áâì ®¯à¥¤¥«¨âì ¯à®£−®§ ¡ã¤ãé¥£® −�¯à�¢«¥−¨ï
â¥ç¥−¨ï §�¡®«¥¢�−¨ï ¨ ¥£® ¨áå®¤®¢, � §−�ç¨â, ¢¯®á«¥¤áâ¢¨¨ ¯®¤®¡à�âì/áª®àà¥ª-
â¨à®¢�âì �¤¥ª¢�â−ãî ª®−ªà¥â−®© á¨âã�æ¨¨ â¥à�¯¨î á æ¥«ìî ¯à®â¨¢®¤¥©áâ¢¨ï ¢ë-
ï¢«¥−−ë¬ �−®¬�«¨ï¬ (¯�â®«®£¨ï¬) ¢ ®à£�−¨§¬¥ ¯�æ¨¥−â�, � â�ª¦¥ −�ç�âì «¥ç¥−¨¥
−� íâ�¯¥ ã¯à�¢«ï¥¬®áâ¨ ¯�â®«®£¨ç¥áª¨å(®£®) ¯à®æ¥áá®¢(�) [21]. ANFIS ¯®§¢®«¨â
®¡¥á¯¥ç¨âì ä®à¬�«¨§�æ¨î à�§¬ëâëå ¯®−ïâ¨© ¨ á¢ï§¥© (−¥ç¥âª®áâì ¢ à�ááã¦¤¥-
−¨ïå ¢à�ç¥©), ¢ëà�¡�âë¢�ï ¯à®£−®§, ª®â®àë© ¡ã¤¥â ¨−â¥à¯à¥â¨à®¢�âìáï �‘,
−� ®á−®¢¥ ¯®áâã¯¨¢è¥© ¢å®¤−®© ¨−ä®à¬�æ¨¨ ® ¯�æ¨¥−â¥ ¨ à¥§ã«ìâ�â�å à�¡®-
âë ¢¨àâã�«ì−®£® ª®−á¨«¨ã¬�. �ªá¯¥àâ−�ï á¨áâ¥¬� ®¡ê¥¤¨−ï¥â ¯à¥¨¬ãé¥áâ¢�
¯à¨¬¥−¥−¨ï ¯à®¤ãªæ¨© ¨ äà¥©¬®¢ | −�£«ï¤−®áâì, £¨¡ª®áâì, ¬®¤ã«ì−®áâì, −�-
á«¥¤®¢�−¨¥ á¢®©áâ¢, ¨á¯®«ì§®¢�−¨¥ ¯à®æ¥¤ãà−ëå ¯à¨¢ï§®ª ¨ «¥£ª®áâì ¢−¥á¥−¨ï
¨§¬¥−¥−¨©. �à¨ íâ®¬ ã âà�−áä®à¬�æ¨®−−®© ƒ¨ˆ‘ ¯à¥¤¯®«�£�¥âáï −�«¨ç¨¥ ¤¢ãå
à¥¦¨¬®¢ à�¡®âë: ú¬®¤ã«ì−�ï ANFIS { ¯à¥æ¥¤¥−â−�ï �‘û | à¥è�¥âáï −¥¯®-
áà¥¤áâ¢¥−−® ¯à®¡«¥¬� ¯à®£−®§¨à®¢�−¨ï ¨áå®¤®¢ §�¡®«¥¢�−¨ï ¨ ú¯à¥æ¥¤¥−â−�ï
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�‘ { ¬®¤ã«ì−�ï ANFISû | ¤«ï ®¡ãç¥−¨ï ANFIS ¢ å®¤¥ à�§à�¡®âª¨ ¨ ¯®¤-
¤¥à¦ª¨, â¥¬ á�¬ë¬ á®ªà�â¨¢ ¢à¥¬ï −� ®¡ãç¥−¨¥ ¨ ®¡ê¥¬ ®¡ãç�îé¥© ¢ë¡®àª¨.
ˆáâ®à¨¨ ¡®«¥§−¨ ¯�æ¨¥−â®¢ ¡ã¤¥â á®¤¥à¦�âì ¡�§� ¤�−−ëå, ¤®áâã¯−�ï ¤«ï ¢á¥å
¬®¤¥«¥© ƒŒ� ¨ à�§à�¡�âë¢�¥¬�ï −� ®á−®¢¥ á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−-
−ëå PostgreSQL ¢¢¨¤ã ¡®«ìè®£® à�§−®®¡à�§¨ï ¯®¤¤¥à¦¨¢�¥¬ëå â¨¯®¢ ¤�−−ëå
¨ −�«¨ç¨ï ã−¨¢¥àá�«ì−®£® ¬¥å�−¨§¬� ¨−¤¥ªá¨à®¢�−¨ï.
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NEURO-FUZZY MODEL AND PRECEDENT EXPERT SYSTEM
OF THE TRANSFORMATIONAL HYBRID INTELLIGENCE

FOR PREDICTING OUTCOMES OF THE ACUTE PANCREATITIS

S. B. Rumovskaya

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

Abstract: In polymorbid and polyetiological diseases with complex clinical
presentations and phasic progression such as acute pancreatitis, the development
of infectious complications combined with inadequate treatment strategies and
surgical interventions can lead to mortality rates reaching 100%. Improving
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outcomes for patients with acute pancreatitis requires the early prediction of
infectious complications and potential lethal outcomes to identify the most severe
patient cohort for timely comprehensive intensive therapy and adequate surgical
treatment. Current diagnostic methods and approaches are maximally informative
only by the end of the second to third days. However, the highest therapeutic
efficacy is observed within the first 24{48 h. Thus, transitioning to personalized
integrated prediction algorithms is critical. The paper presents the results of the
developing a heterogeneous field of models within the transformational model
designed as a \neuro-fuzzy { case-based expert system. This model is the part of
the future cooperative self-adjusting hybrid intelligent systems for personalized
patient state assessment (the case of acute pancreatitis).

Keywords: hybrid intelligent system; neuro-fuzzy system; precedent expert
system; predicting in medicine; acute pancreatitis
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АРХИТЕКТУРА СИСТЕМЫ СЕМАНТИЧЕСКОГО АНАЛИЗА
НАУЧНО-ТЕХНИЧЕСКИХ ДОКУМЕНТОВ∗

А. В. Кан1, Ал-др А. Хорошилов2, И. А. Чечулин3, С. А. Ступников4,
Ю. В. Никитин5, Ал-ей А. Хорошилов6

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï −®¢�ï äã−ªæ¨®−�«ì−�ï �àå¨â¥ªâãà� á¨áâ¥¬ë
á¥¬�−â¨ç¥áª®£® �−�«¨§� (‘‘�) −�ãç−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢ (�’„).
‘¨áâ¥¬� ®â−®á¨âáï ª ª�â¥£®à¨¨ ¨−â¥««¥ªâã�«ì−ëå ¯«�âä®à¬ ¤«ï �£à¥£�æ¨¨
¨ �−�«¨§� �’„. �á−®¢−®¥ ¬¥â®¤®«®£¨ç¥áª®¥ à¥è¥−¨¥, ®â«¨ç�îé¥¥ ¥¥ ®â
áãé¥áâ¢ãîé¨å á¨áâ¥¬ ¨ −�æ¥«¥−−®¥ −� ¯®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ¨ ª�ç¥áâ¢�
®¡à�¡®âª¨ �’„, á®áâ®¨â ¢ ¨á¯®«ì§®¢�−¨¨ �¤�¯â¨àã¥¬®£® ¯®¤ à�§«¨ç−ë¥
®âà�á«¨ −�ãª¨ ¨ â¥å−¨ª¨ ª®¬¯«¥ªá� ¤¥ª«�à�â¨¢−ëå áà¥¤áâ¢, à¥�«¨§ã-
îé¨å ª®−æ¥¯æ¨î äà�§¥®«®£¨ç¥áª®£® ª®−æ¥¯âã�«ì−®£® �−�«¨§� â¥ªáâ®¢
(”Š�’), ¯à¥¤¯®«�£�îéãî ®¡ê¥¤¨−¥−¨¥ à¥§ã«ìâ�â®¢ £à�ä¥¬�â¨ç¥áª®£®,
¬®àä®«®£¨ç¥áª®£®, ª®−æ¥¯âã�«ì−®£® ¨ á¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª®£® �−�«¨§�
â¥ªáâ� ¢ ä®à¬�«¨§®¢�−−ãî ¬®¤¥«ì ¬¥â�¤�−−ëå (”ŒŒ). ÷�áá¬®âà¥−ë
á®áâ�¢«ïîé¨¥ �àå¨â¥ªâãàã ¯®¤á¨áâ¥¬ë ¨ ¬®¤ã«¨, ®¯¨á�−® ¨å äã−ªæ¨-
®−¨à®¢�−¨¥ ¨ ¢§�¨¬®¤¥©áâ¢¨¥. �¤¨− ¨§ −�¨¡®«¥¥ ¢�¦−ëå ª®¬¯®−¥−â®¢
á¨áâ¥¬ë | �¢â®¬�â¨ç¥áª¨ ä®à¬¨àã¥¬ë¥ ¨ −�áâà�¨¢�¥¬ë¥ −� ®âà�á«ì
§−�−¨ï ¬®àä®«®£¨ç¥áª¨¥, á¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª¨¥ ¨ ª®−æ¥¯âã�«ì−ë¥
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¤®¢�â¥«¥© ¨ ¨áá«¥¤®¢�â¥«ìáª¨å ª®««¥ªâ¨¢®¢ ª −�æ¨®−�«ì−ë¬ ¨ ¬¥¦¤ã−�à®¤−ë¬
¨−ä®à¬�æ¨®−−ë¬ à¥áãàá�¬, à¥§ã«ìâ�â�¬ −�ãç−ëå ¨áá«¥¤®¢�−¨©, −�ãç−®© ¨−äà�-
áâàãªâãà¥, ª â¥å−®«®£¨ç¥áª¨¬ à�§à�¡®âª�¬ −� ¢á¥© â¥àà¨â®à¨¨ áâà�−ë. „®áâ¨-
¦¥−¨¥ ¯®áâ�¢«¥−−ëå æ¥«¥© −¥¢®§¬®¦−® ¡¥§ à�§¢¨â¨ï ƒ®áã¤�àáâ¢¥−−®© á¨áâ¥¬ë
−�ãç−®-â¥å−¨ç¥áª®© ¨−ä®à¬�æ¨¨ (�’ˆ), ®á−®¢−�ï §�¤�ç� ª®â®à®© §�ª«îç�¥â-
áï ¢ ®¡¥á¯¥ç¥−¨¨ ¤®áâ®¢¥à−®© ¨ �ªâã�«ì−®© �’ˆ −�ãç−®-¨áá«¥¤®¢�â¥«ìáª¨å,
ª®−áâàãªâ®àáª¨å ¨ ¯à®¬ëè«¥−−®-â¥å−®«®£¨ç¥áª¨å ®à£�−¨§�æ¨©, ¯®¤¤¥à¦ª¥ −�-
ãç−ëå ¨áá«¥¤®¢�−¨© ¨ â¥å−®«®£¨ç¥áª®£® ¯à®£à¥áá�.

�¥á¬®âàï −� ¬¨à®¢ë¥ ¤®áâ¨¦¥−¨ï ¯®á«¥¤−¨å «¥â ¢ ®¡«�áâ¨ ®¡à�¡®âª¨ ¨ �−�-
«¨§� â¥ªáâ®¢, â¥å−®«®£¨ç¥áª¨© ¯à®æ¥áá �−�«¨â¨ª®-á¨−â¥â¨ç¥áª®© ®¡à�¡®âª¨ ¤®-
ªã¬¥−â®¢ (¢ ç�áâ−®áâ¨, ¢ £®áã¤�àáâ¢¥−−ëå ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬�å) ®áâ�¥âáï
¤�«¥ª¨¬ ®â ¯®«−®© �¢â®¬�â¨§�æ¨¨. Š ¯à¨¬¥àã, ¤®¬¥− ú��ãª� ¨ ¨−−®¢�æ¨¨û1

¯à¥¤«�£�¥â ¯®¨áª áà¥¤¨ 4 ¬«− −�ãç−ëå ®âç¥â®¢, ¤¨áá¥àâ�æ¨©, −�ãç−®-¨áá«¥¤®-
¢�â¥«ìáª¨å ¨ ®¯ëâ−®-ª®−áâàãªâ®àáª¨å à�¡®â ¨ à¥§ã«ìâ�â®¢ ¨−â¥««¥ªâã�«ì−®©
¤¥ïâ¥«ì−®áâ¨, ®¤−�ª® â®«ìª® ¯® −�§¢�−¨î, ª«îç¥¢ë¬ á«®¢�¬, �−−®â�æ¨¨ ¨ −¥ª®-
â®àë¬ ¬¥â�¤�−−ë¬, −® −¥ ¯®«−®â¥ªáâ®¢ë© á¥¬�−â¨ç¥áª¨© ¯®¨áª. �à�ªâ¨ç¥áª�ï
§�¤�ç� ¢ë¡®à� áãé¥áâ¢ãîé¥© ¨«¨ à�§à�¡®âª� −®¢®© ‘‘� �’„ ¤«ï ¯®¢ëè¥−¨ï
íää¥ªâ¨¢−®áâ¨ íâ®£® ¯à®æ¥áá� ¤¥«�¥â �ªâã�«ì−®© −�ãç−ãî §�¤�çã áà�¢−¨â¥«ì−®-
£® �−�«¨§� ¨§¢¥áâ−ëå á¨áâ¥¬ ®¡à�¡®âª¨ â¥ªáâ®¢ ¨, ¢ ç�áâ−®áâ¨, �’„, � â�ª¦¥
à�§à�¡®âªã −®¢®© äã−ªæ¨®−�«ì−®© �àå¨â¥ªâãàë ‘‘� �’„, −�¯à�¢«¥−−®© −� ¯®-
¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ¨ ª�ç¥áâ¢� ®¡à�¡®âª¨ �’„, ¢ë¡®à� ¥¥ ¬¥â®¤®«®£¨ç¥áª®©
®á−®¢ë.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ®á−®¢−ë¬ ¨−áâàã¬¥−â®¬ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¤«ï
�¢â®¬�â¨ç¥áª®© ®¡à�¡®âª¨ â¥ªáâ®¢®© ¨−ä®à¬�æ¨¨ áâ�−®¢ïâáï ¡®«ìè¨¥ ï§ëª®-
¢ë¥ ¬®¤¥«¨ (�ŸŒ). Š�ª ¯®ª�§ë¢�¥â ¯à�ªâ¨ª� ¨á¯®«ì§®¢�−¨ï �ŸŒ, ®−¨ ¬®£ãâ
¯à¨ ®¡à�¡®âª¥ â¥ªáâ®¢®© ¨−ä®à¬�æ¨¨ −�àï¤ã á à¥§ã«ìâ�â�¬¨ ¢ëá®ª®£® ª�ç¥-
áâ¢� £¥−¥à¨à®¢�âì ¢ë¤ã¬�−−ãî ¨ −¥¤®áâ®¢¥à−ãî ¨−ä®à¬�æ¨î [1]. Š«îç¥¢ë¬¨
¯à®¡«¥¬�¬¨ −¥©à®á¥â¥¢ëå â¥å−®«®£¨© ®áâ�îâáï −¥®¡å®¤¨¬®áâì á®§¤�−¨ï ¢ëá®-
ª®ª�ç¥áâ¢¥−−ëå ®¡ãç�îé¨å −�¡®à®¢ ¤�−−ëå ¡®«ìè¨å ®¡ê¥¬®¢, −¥¤¥â¥à¬¨−¨-
à®¢�−−®áâì ¨ −¥¨−â¥à¯à¥â¨àã¥¬®áâì ¯®«ãç�¥¬ëå à¥§ã«ìâ�â®¢, â. ¥. ®âáãâáâ¢¨¥
¯à®§à�ç−®áâ¨ ¢ ãáâ�−®¢«¥−¨¨ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© ¯à¨ áª¢®§−®© ®¡-
à�¡®âª¥ â¥ªáâ®¢ëå ¤�−−ëå [2]. ˆ§¢¥áâ−® â�ª¦¥, çâ® ¤«ï íää¥ªâ¨¢−ëå �â�ª
®âà�¢«¥−¨ï (¯®¤¬¥è¨¢�−¨ï ¨§¬¥−¥−−ëå ¤�−−ëå ¢ ®¡ãç�îéãî ¢ë¡®àªã), ¢ ç�áâ-
−®áâ¨ ¤«ï ¯à®¤ãæ¨à®¢�−¨ï −¥¦¥«�â¥«ì−®£® ¯®¢¥¤¥−¨ï ¬®¤¥«¨ ¯® äà�§¥-âà¨££¥àã
¢ §�¯à®á¥ (−�¯à¨¬¥à, ª®£¤� ¬®¤¥«ì ®â¢¥ç�¥â −� ®¯�á−ë¥ §�¯à®áë, ª®â®àë¥ ¯à¨ ¥¥
−®à¬�«ì−®¬ äã−ªæ¨®−¨à®¢�−¨¨ ®â¢¥à£�îâáï), ¤®áâ�â®ç−® «¨èì ®£à�−¨ç¥−−®£®
ç¨á«� ®¡ãç�îé¨å ¯à¨¬¥à®¢, −¥ §�¢¨áïé¥£® ®â à�§¬¥à� ®¡ãç�îé¥© ¢ë¡®àª¨2. ’¥¬
−¥ ¬¥−¥¥ ¡ëáâà® à�§¢¨¢�îâáï ®á−®¢�−−ë¥ −� �ŸŒ á¨áâ¥¬ë ®¡à�¡®âª¨ ¨ �−�«¨§�

1https://gisnauka.ru/.
2Souly A., Rando J., Chapman E., Davies X., Hasircioglu B., Shereen E., Mougan C.,

Mavroudis V., Jones E., Hicks C., Carlini N. Poisoning attacks on LLMs require a near-constant
number of poison samples. | Cornell University, 2025. arXiv:2510.07192.
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�àå¨â¥ªâãà� á¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� −�ãç−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢

�’„. ��¯à¨¬¥à, INVENTORUS1, ¯®§¨æ¨®−¨àã¥¬�ï ª�ª ¨−â¥««¥ªâã�«ì−�ï �−�-
«¨â¨ç¥áª�ï ¯«�âä®à¬� ¤«ï ãáª®à¥−¨ï ¨ ®¯â¨¬¨§�æ¨¨ ¯à®æ¥áá®¢ ¯®¨áª� ¨ �−�«¨§�
¬¨à®¢®© �’ˆ, ®áãé¥áâ¢«ï¥â ¯®¨áª áà¥¤¨ ¡®«¥¥ ç¥¬ 437 ¬«− ¤®ªã¬¥−â®¢2. ‘¥à-
¢¨áë ¬®−¨â®à¨−£� −�ãç−®© ¨ ¨−−®¢�æ¨®−−®© �ªâ¨¢−®áâ¨ �¢â®à®¢ ¨ ®à£�−¨§�æ¨©,
áà�¢−¥−¨ï ®à£�−¨§�æ¨©, ä®à¬¨à®¢�−¨ï ¤�©¤¦¥áâ� ¯ã¡«¨ª�æ¨© ¨ �−�«¨â¨ç¥áª¨å
®âç¥â®¢, ¢®¯à®á−®-®â¢¥â−ë© á¥à¢¨á, ¯à¥¤«�£�¥¬ë¥ á¨áâ¥¬®©, ®á−®¢�−ë −� �ŸŒ.
�âªàëâë¬¨ ®áâ�îâáï ¢®¯à®áë ª�ç¥áâ¢� ¨ íää¥ªâ¨¢−®áâ¨ ¯®¨áª� ¨ �−�«¨§� �’„
¢ á¨áâ¥¬�å íâ®© ª�â¥£®à¨¨.

Œ¥â®¤ë ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨, ¢ ®á−®¢¥ ª®â®àëå «¥¦�â á®¢à¥¬¥−−ë¥
«¨−£¢¨áâ¨ç¥áª¨¥ ¬®¤¥«¨ á¬ëá«®¢®© áâàãªâãàë â¥ªáâ®¢ [2{4], ¬�è¨−−ë¥ á«®¢�à-
−ë¥ à¥áãàáë, â¥§�ãàãáë ¨ ®−â®«®£¨¨, ¯®çâ¨ «¨è¥−ë ã¯®¬ï−ãâëå −¥¤®áâ�âª®¢
�ŸŒ. �−¨ ¬®£ãâ ¤®¯ãáª�âì −¥â®ç−®áâ¨, −® £�««îæ¨−�æ¨¨ ¨¬ −¥ á¢®©áâ¢¥−-
−ë. �á−®¢�−−ë¥ −� ¬¥â®¤�å ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨ á¨áâ¥¬ë ¬®£ãâ ¡ëâì
à�§ã¬−®© �«ìâ¥à−�â¨¢®© ®£à®¬−ë¬ ï§ëª®¢ë¬ ¬®¤¥«ï¬, ®¡ãç¥−−ë¬ −� ¤¥áïâª�å
â¥à�¡�©â â¥ªáâ®¢®© ¨−ä®à¬�æ¨¨, ¯à¨ á¬ëá«®¢®¬ �−�«¨§¥ ®¯¨á�−¨© ®âà�á«¥¢ëå
â¥å−®«®£¨ç¥áª¨å ¯à®æ¥áá®¢, ª®£¤� ¢ ®âà�á«¥¢®¬ â¥ªáâ®¢®¬ ¨−ä®à¬�æ¨®−−®¬ ¯à®-
áâà�−áâ¢¥ æ¨àªã«¨àãîâ ®¡ê¥¬ë â¥ªáâ®¢®© ¨−ä®à¬�æ¨¨ −� −¥áª®«ìª® ¯®àï¤ª®¢
−¨¦¥, á¨−â�ªá¨ç¥áª�ï áâàãªâãà� £®à�§¤® ¡¥¤−¥¥ â¥ªáâ®¢ëå á¨âã�æ¨©, −� ª®â®àëå
®¡ãç�¥âáï �ŸŒ, −® ¢ â® ¦¥ ¢à¥¬ï áâàãªâãà� ®âà�á«¥¢ëå â¥ªáâ®¢ ¡®«¥¥ á¯¥æ¨ä¨ç−�
¨ −�áëé¥−� ®âà�á«¥¢®© â¥à¬¨−®«®£¨¥©.

‘¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� â¥ªáâ®¢ à�§¢¨¢�îâáï ¨ ¯à¨¬¥−ïîâáï ¢ à�§-
«¨ç−ëå ®âà�á«ïå, ¨ ¨å ¬®¦−® à�§¡¨âì −� ¤¢¥ ªàã¯−ë¥ ª�â¥£®à¨¨. Š ¯¥à¢®© ª�â¥-
£®à¨¨ ®â−®áïâáï, ¢ ç�áâ−®áâ¨, á¨áâ¥¬ë ªàã¯−ëå ®¡«�ç−ëå ¯à®¢�©¤¥à®¢ (Google,
Amazon, Microsoft), ª®â®àë¥ à¥�«¨§ãîâ ¬¥â®¤ë ¡�§®¢®£® á¥¬�−â¨ç¥áª®£® �−�«¨§�
(�‘�). Š® ¢â®à®© ª�â¥£®à¨¨ ®â−®áïâáï ¯à®¬ëè«¥−−ë¥ ¨ �ª�¤¥¬¨ç¥áª¨¥ á¨áâ¥¬ë,
à¥�«¨§ãîé¨¥ ¬¥â®¤ë á¯¥æ¨�«¨§¨à®¢�−−®£® á¥¬�−â¨ç¥áª®£® �−�«¨§�: −�¯à¨¬¥à,
¢ á¨áâ¥¬¥ Leximanser3 à¥�«¨§®¢�−ë ¬¥â®¤ë ª®−â¥−â−®£® �−�«¨§�, � ¢ á¨áâ¥¬¥
TITANIS [5] à¥�«¨§®¢�−ë ¬¥â®¤ë ¯á¨å®«¨−£¢¨áâ¨ç¥áª®£® �−�«¨§�, �−�«¨§� í¬®-
æ¨®−�«ì−®© áâàãªâãàë, ®¯à¥¤¥«¥−¨ï äàãáâà�æ¨¨. ‘à¥¤¨ á¨áâ¥¬ íâ®© ª�â¥£®à¨¨,
à¥�«¨§ãîé¨å ¬¥â®¤ë ®¡à�¡®âª¨ ¨ �−�«¨§� �’„, ¬®¦−® ¢ë¤¥«¨âì £àã¯¯ã á¨áâ¥¬,
à¥�«¨§ãîé¨å ¡�§®¢ë¥ ¬¥â®¤ë áâàãªâãà¨§�æ¨¨ �’„ (−�¯à¨¬¥à, GROBID4).
��¨¡®«¥¥ ¦¥ §à¥«ë¥ ¢ ¬¥â®¤¨ç¥áª®¬ á¬ëá«¥ á¨áâ¥¬ë à¥è�îâ §�¤�ç¨ á¯¥æ¨�-
«¨§¨à®¢�−−®£® á¥¬�−â¨ç¥áª®£® �−�«¨§� �’„. ’�ª¨¥ á¨áâ¥¬ë ¯®§¨æ¨®−¨àãîâáï
ª�ª ¨−â¥««¥ªâã�«ì−ë¥ ¯«�âä®à¬ë ¤«ï �£à¥£�æ¨¨ ¨ �−�«¨§� �’„: −�¯à¨¬¥à,
SciApp5, ®á−®¢�−−�ï −� ¯à®£à�¬¬−®-�¯¯�à�â−®¬ ª®¬¯«¥ªá¥ ¨−â¥««¥ªâã�«ì−®£®
¯®¨áª� ¨ �−�«¨§� ¡®«ìè¨å ¬�áá¨¢®¢ â¥ªáâ®¢ TextAppliance [5]. ‚ ¤�−−®© à�¡®â¥
à�áá¬�âà¨¢�¥âáï −®¢�ï äã−ªæ¨®−�«ì−�ï �àå¨â¥ªâãà� ‘‘� �’„ (à�§¤. 4), ®â−®-

1https://inventorus.ru/inventorusproduct.
2�® ¨−ä®à¬�æ¨¨ −� á�©â¥ ª®¬¯�−¨¨-à�§à�¡®âç¨ª� á¨áâ¥¬ë.
3https://www.leximancer.com/.
4https://grobid.readthedocs.io/.
5https://sciapp.ru/.
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áïé¥©áï ª íâ®© ¦¥ £àã¯¯¥. �àå¨â¥ªâãà� −�¯à�¢«¥−� −� ¯®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨
¨ ª�ç¥áâ¢� ®¡à�¡®âª¨ �’„. …¥ ¬¥â®¤®«®£¨ç¥áª®¥ à¥è¥−¨¥ á®áâ®¨â ¢ á®§¤�−¨¨ ®â-
−®á¨â¥«ì−® ¯à®áâ®£®, ¬�«®§�âà�â−®£®, ¡ëáâà® �¤�¯â¨àã¥¬®£® ¯®¤ −®¢ãî ®âà�á«ì
−�ãª¨ ¨ â¥å−¨ª¨ ª®¬¯«¥ªá� ¤¥ª«�à�â¨¢−ëå áà¥¤áâ¢, à¥�«¨§ãîé¨å ª®−æ¥¯æ¨î
”Š�’ [6] (à�§¤. 3). ‚ à�§¤. 2 ¯à¥¤«®¦¥−� ª«�áá¨ä¨ª�æ¨ï ‘‘� â¥ªáâ®¢ ¨ à¥�«¨-
§ã¥¬ëå ¨¬¨ ¬¥â®¤®¢ á ª®−æ¥−âà�æ¨¥© −� á¨áâ¥¬�å ®¡à�¡®âª¨ ¨ �−�«¨§� �’„.

2 Классификация систем семантического анализа текстов
и реализуемых ими методов

�à®¢¥¤¥−−ë© �−�«¨§ á®¢à¥¬¥−−ëå ‘‘� â¥ªáâ®¢ ¯®ª�§ë¢�¥â, çâ® ¨å ¬®¦-
−® à�§¡¨âì −� ¤¢¥ ªàã¯−ë¥ ª�â¥£®à¨¨ ¯® á¯¥ªâàã à¥�«¨§ã¥¬ëå ¨¬¨ ¬¥â®¤®¢.
Š ¯¥à¢®© ª�â¥£®à¨¨ ®â−®áïâáï á¨áâ¥¬ë ªàã¯−ëå ®¡«�ç−ëå ¯à®¢�©¤¥à®¢ (Google
Cloud NL1, Amazon Comprehend2, Azure AI Language3), ¯à®¯à¨¥â�à−ë¥ á¨áâ¥¬ë
(Dandelion4, Semanticase5) ¨ −¥ª®â®àë¥ �ª�¤¥¬¨ç¥áª¨¥ á¨áâ¥¬ë (Texterra6 [7]),
−�æ¥«¥−−ë¥ −� à¥�«¨§�æ¨î á«¥¤ãîé¨å ¬¥â®¤®¢ �‘�:

{ ¡�§®¢ë© «¨−£¢¨áâ¨ç¥áª¨© �−�«¨§ (â®ª¥−¨§�æ¨ï, «¥¬¬�â¨§�æ¨ï, ¬®àä®«®£¨-
ç¥áª¨© �−�«¨§, ¢ë¤¥«¥−¨¥ ç�áâ¥© à¥ç¨, à�§¤¥«¥−¨¥ â¥ªáâ� −� ¯à¥¤«®¦¥−¨ï);

{ ¨§¢«¥ç¥−¨¥ áãé−®áâ¥©. ‘ãé−®áâ¨ ¬®£ãâ ¡ëâì ¨§ ®£à�−¨ç¥−−®£® ¢áâà®¥−−®£®
á¯¨áª� (¯¥àá®−ë, ®à£�−¨§�æ¨¨, ¬¥áâ� ¨ â. ¤.) «¨¡® ¨§ á¯¨áª�, −�áâà�¨¢�¥¬®£®
¯®«ì§®¢�â¥«¥¬ (custom). �à¨ íâ®¬ ¤«ï ¨§¢«¥ç¥−¨ï áãé−®áâ¥© á®§¤�¥âáï ¬®-
¤¥«ì ¬�è¨−−®£® ®¡ãç¥−¨ï −� ®á−®¢¥ à�§¬¥ç¥−−®© ¢ë¡®àª¨, ¯à¥¤®áâ�¢«¥−−®©
¯®«ì§®¢�â¥«¥¬;

{ �−�«¨§ â®−�«ì−®áâ¨. ’®−�«ì−®áâì ®¡ëç−® ¡ë¢�¥â ¯®§¨â¨¢−�ï, −¥£�â¨¢−�ï,
−¥©âà�«ì−�ï ¨«¨ á¬¥è�−−�ï, ¤«ï ª�¦¤®© ¨§ ª�â¥£®à¨© ¤�¥âáï ç¨á«®¢�ï ®æ¥−-
ª�. �æ¥−ª� ¤�¥âáï áãé−®áâ¨ «¨¡® â¥ªáâã ¢ æ¥«®¬. �âá«¥¦¨¢�îâáï ¢à¥¬¥−− �ë¥
âà¥−¤ë â®−�«ì−®áâ¨;

{ ª«�áá¨ä¨ª�æ¨ï. ’¥ªáâ ª«�áá¨ä¨æ¨àã¥âáï −� ¯à¥¤®¯à¥¤¥«¥−−ë¥ ª�â¥£®à¨¨,
ª®â®àëå ¬®¦¥â ¡ëâì ¤®áâ�â®ç−® ¬−®£® (−�¯à¨¬¥à, ¢ á¨áâ¥¬¥ Google Cloud
NL ¨å ¯®¤¤¥à¦¨¢�¥âáï ¡®«¥¥ 1000), «¨¡® −� ª�â¥£®à¨¨, −�áâà�¨¢�¥¬ë¥ ¯®«ì-
§®¢�â¥«¥¬ (¢ íâ®¬ á«ãç�¥ −� ®á−®¢¥ à�§¬¥ç¥−−®© ¢ë¡®àª¨ á®§¤�¥âáï ¬®¤¥«ì
¬�è¨−−®£® ®¡ãç¥−¨ï);

{ ¢ë¤¥«¥−¨¥ ¨ ¬�áª¨à®¢ª� ¯¥àá®−�«ì−®© ¨−ä®à¬�æ¨¨ (−�¯à¨¬¥à, ¤�−−ëå ® ªà¥-
¤¨â−ëå ª�àâ�å, −®¬¥à�å ¤®ªã¬¥−â®¢, á¥â¥¢ëå �¤à¥á�å);

{ ¢ë¤¥«¥−¨¥ ª«îç¥¢ëå á«®¢ (®¡ëç−® | áãé¥áâ¢¨â¥«ì−ëå á −¥ª®â®àë¬ ¬®¤¨ä¨-
ª�â®à®¬);

1https://cloud.google.com/natural-language.
2https://aws.amazon.com/comprehend/.
3https://learn.microsoft.com/en-us/azure/ai-services/language-service/overview.
4https://dandelion.eu/.
5https://www.semanticase.it/.
6https://texterra.ispras.ru/.

48 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 4 2025



�àå¨â¥ªâãà� á¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� −�ãç−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢

{ ®¯à¥¤¥«¥−¨¥ ï§ëª� (¤® 100 ï§ëª®¢ ¢ á¨áâ¥¬�å ®¡«�ç−ëå ¯à®¢�©¤¥à®¢);
{ ª«�áâ¥à¨§�æ¨ï ¨ ¬®¤¥«¨à®¢�−¨¥ â¥¬. ˆá¯®«ì§ãîâáï á¯¥æ¨�«¨§¨à®¢�−−ë¥

¬¥â®¤ë ª«�áâ¥à¨§�æ¨¨ ¨ ¬®¤¥«¨à®¢�−¨ï â¥¬ («�â¥−â−®¥ à�§¬¥é¥−¨¥ „¨à¨å«¥,
áâ®å�áâ¨ç¥áª¨¥ ¬®¤¥«¨ á®¢¬¥áâ−®£® ¯®ï¢«¥−¨ï á«®¢); ¯à®¢®¤¨âáï ¢ë¤¥«¥−¨¥
ª�â¥£®à¨©, ®¯à¥¤¥«¥−¨¥ −�§¢�−¨ï â¥¬, ¨å áã¬¬�à¨§�æ¨ï;

{ áã¬¬�à¨§�æ¨ï. �ªáâà�ªâ¨¢−�ï áã¬¬�à¨§�æ¨ï ¯à¥¤¯®«�£�¥â ¢ë¤¥«¥−¨¥ −�¨-
¡®«¥¥ å�à�ªâ¥à−ëå ¯à¥¤«®¦¥−¨© ¨§ â¥ªáâ� ¨ ¨§ ¯®§¨æ¨©. �à¨ �¡áâà�ªâ¨¢-
−®© áã¬¬�à¨§�æ¨¨ ¯à®¨áå®¤¨â £¥−¥à�æ¨ï á¢ï§−®£® à¥ä¥à�â�, −¥ ®¡ï§�â¥«ì−®
¢ â®ç−®áâ¨ æ¨â¨àãîé¥£® ¨áå®¤−ë© â¥ªáâ;

{ á¢ï§ë¢�−¨¥ áãé−®áâ¥© á® áâ�âìï¬¨ ‚¨ª¨¯¥¤¨¨ /̈̈ «¨ ¯®−ïâ¨ï¬¨ dbpedia;
{ ®¯à¥¤¥«¥−¨¥ á¥¬�−â¨ç¥áª®© áå®¦¥áâ¨ â¥ªáâ®¢;
{ ä®à¬¨à®¢�−¨¥ ®â¢¥â®¢ −� ¢®¯à®áë ¯®§¢®«ï¥â ä®à¬¨à®¢�âì úà�§£®¢®à−ë©û

á«®© −�¤ â¥ªáâ®¢ë¬¨ ¤�−−ë¬¨ á −�áâà®©ª®© ¯® ª®à¯ãáã â¥ªáâ®¢ ¨ à�§¬¥âª®©
¢®¯à®á−®-®â¢¥â−ëå ¯�à.

Š® ¢â®à®© ª�â¥£®à¨¨ ®â−®áïâáï ¯à®¬ëè«¥−−ë¥ ¨ �ª�¤¥¬¨ç¥áª¨¥ á¨áâ¥¬ë,
à¥�«¨§ãîé¨¥ ¬¥â®¤ë á¯¥æ¨�«¨§¨à®¢�−−®£® á¥¬�−â¨ç¥áª®£® �−�«¨§�. �â¤¥«ì−ãî
¯®¤ª�â¥£®à¨î ®¡à�§ãîâ á¨áâ¥¬ë, à¥�«¨§ãîé¨¥ ¬¥â®¤ë ®¡à�¡®âª¨ ¨ �−�«¨§�
�’„. ‘à¥¤¨ −¨å ¬®¦−® ¢ë¤¥«¨âì £àã¯¯ã á¨áâ¥¬, à¥�«¨§ãîé¨å ¡�§®¢ë¥ ¬¥â®¤ë
áâàãªâãà¨§�æ¨¨ �’„:

{ à�§¡®à §�£®«®¢®ç−®© ç�áâ¨ �’„ ¨ ¢ë¤¥«¥−¨¥ á¯¥æ¨�«¨§¨à®¢�−−ëå áãé−®-
áâ¥©: −�§¢�−¨¥, �−−®â�æ¨ï, �¢â®àë, �ää¨«¨�æ¨¨, �¤à¥á�, ª«îç¥¢ë¥ á«®¢�,
ä¨−�−á¨à®¢�−¨¥;

{ ¨§¢«¥ç¥−¨¥ ¨ à�§¡®à ¡¨¡«¨®£à�ä¨ç¥áª¨å ááë«®ª, ¨å ª®−á®«¨¤�æ¨ï ¨ à�§à¥-
è¥−¨¥. �à¨¬¥−ïîâáï ¬®¤¥«¨ £«ã¡®ª®£® ®¡ãç¥−¨ï. �®¤¤¥à¦¨¢�¥âáï è¨à®ª¨©
−�¡®à ¬¥â�¤�−−ëå, ¢ª«îç�ï DOI ¨ PMID;

{ áâàãªâãà¨§�æ¨ï â¥ªáâ� ¨ ª«�áá¨ä¨ª�æ¨ï ¯à¥¤«®¦¥−¨©. ˆá¯®«ì§ãîâáï
¬®¤¥«¨ á¥£¬¥−â�æ¨¨ ¤®ªã¬¥−â� ¨ áâàãªâãà¨§�æ¨¨ â¥ªáâ� (�¡§�æë, −�§¢�−¨ï
à�§¤¥«®¢, ááë«ª¨ ¨ á−®áª¨, à¨áã−ª¨, â�¡«¨æë ¨ â. ¤.) �à®¢®¤¨âáï ª«�áá¨ä¨-
ª�æ¨ï ¯à¥¤«®¦¥−¨© �’„: æ¥«ì ¨áá«¥¤®¢�−¨ï, −®¢¨§−�, ¬¥â®¤ë, à¥§ã«ìâ�âë
á ¨á¯®«ì§®¢�−¨¥¬ ¬®¤¥«¥© £«ã¡®ª®£® ®¡ãç¥−¨ï.

Š íâ®© £àã¯¯¥ ®â−®áïâáï, ¢ ç�áâ−®áâ¨, á¨áâ¥¬ë GROBID [8], SciWING1 [9],
Scim2 [10].

��¨¡®«¥¥ §à¥«ë¥ ¢ ¬¥â®¤¨ç¥áª®¬ á¬ëá«¥ á¨áâ¥¬ë ¯®¬¨¬® ¬¥â®¤®¢ �‘�
¨ ¬¥â®¤®¢ ¡�§®¢®© áâàãªâãà¨§�æ¨¨ �’„ à¥�«¨§ãîâ ¬¥â®¤ë á¯¥æ¨�«¨§¨à®¢�−−®£®
á¥¬�−â¨ç¥áª®£® �−�«¨§� �’„:

{ ª®−æ¥¯âã�«ì−ë© �−�«¨§ [11];
{ á¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª¨© �−�«¨§ [2, 11];

1https://sciwing.readthedocs.io/en/latest/index.html.
2https://github.com/rayfok/scim.
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{ ¤¨áªãàá¨¢−ë© �−�«¨§ [2];
{ ä®à¬¨à®¢�−¨¥ ¬®¤¥«¨ ¬¥â�¤�−−ëå â¥ªáâ� [11];
{ ¨¥à�àå¨ç¥áª�ï ª«�áá¨ä¨ª�æ¨ï á §�¤�−−ë¬¨ ª«�áá¨ä¨ª�â®à�¬¨ (ƒ÷�’ˆ,

“„Š, . . . );
{ ¢ë¤¥«¥−¨¥ â¥§�ãàãá�;
{ ®¡−�àã¦¥−¨¥ ªà®áá-ï§ëª®¢ëå §�¨¬áâ¢®¢�−¨© ¨ ¡«¨§ª¨å ¯® á¬ëá«ã ¢ëáª�§ë-

¢�−¨©;
{ á¥¬�−â¨ç¥áª¨© ¯®¨áª ¯® §�¯à®áã −� ¥áâ¥áâ¢¥−−®¬ ï§ëª¥ á ãç¥â®¬ ®£à�−¨ç¥−¨©

−� ¬¥â�¤�−−ë¥, ¯®¨áª ¯® ¤®ªã¬¥−âã-®¡à�§æã, ¯®¨áª ¯® ¡�§¥ §−�−¨© ¯® §�¯à®áã
−� ¤¥ª«�à�â¨¢−®¬ ï§ëª¥;

{ �£à¥£�æ¨ï ¬¥â�¤�−−ëå.

Š íâ®© ª�â¥£®à¨¨ ®â−®áïâáï, ¢ ç�áâ−®áâ¨, á¨áâ¥¬� SciApp ¨ á¨áâ¥¬� −®¢®©
�àå¨â¥ªâãàë (á¬. à�§¤. 4). �â¨ á¨áâ¥¬ë â�ª¦¥ −�æ¥«¥−ë −� à¥�«¨§�æ¨î á«®ï
¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå á¥à¢¨á®¢, à¥è�îé¨å á«¥¤ãîé¨¥ �−�«¨â¨ç¥áª¨¥
§�¤�ç¨ −� ®á−®¢¥ ¬¥â®¤®¢ á¥¬�−â¨ç¥áª®£® �−�«¨§�:

{ ®æ¥−ª� −�ãç−ëå ¯à®¥ªâ®¢;
{ ¯®áâà®¥−¨¥ −�ãç−ëå «�−¤è�äâ®¢;
{ ®¡−�àã¦¥−¨¥ âà¥−¤®¢ ¢ ®¡«�áâïå §−�−¨©;
{ ¬®−¨â®à¨−£ àë−®ç−ëå âà¥−¤®¢, ª®−ªãà¥−â−�ï à�§¢¥¤ª�;
{ �−�«¨â¨ç¥áª¨© −�ãç−ë© ®¡§®à ¯à¥¤¬¥â−ëå ®¡«�áâ¥©;
{ úâà�−áä¥à â¥å−®«®£¨©û | ¯®¨áª â¥å−®«®£¨ç¥áª¨å à¥è¥−¨© ¯®¤ §�¤�ç¨ ¯à®-

¬ëè«¥−−®áâ¨;
{ ®âá«¥¦¨¢�−¨¥ æ¥¯®çª¨ ú¨áá«¥¤®¢�−¨¥{à�§à�¡®âª�{¯à®¤ãªâû;
{ ®¯à¥¤¥«¥−¨¥ æ¥−âà®¢ ª®¬¯¥â¥−æ¨©;
{ ¯®¨áª íªá¯¥àâ®¢ ¯® §�¤�−−®© ¯à®¡«¥¬�â¨ª¥;
{ ä®à¬¨à®¢�−¨¥, �¢â®¬�â¨§¨à®¢�−−®¥ ¯®¯®«−¥−¨¥ ¨ �−�«¨§ ¯®«ì§®¢�â¥«ìáª¨å

¯®¤¡®à®ª ¤®ªã¬¥−â®¢;
{ ¢ë¤¥«¥−¨¥ −�ãç−ëå −�¯à�¢«¥−¨©;
{ ¢ë¤¥«¥−¨¥ ª®««¥ªâ¨¢®¢ ¨áá«¥¤®¢�â¥«¥©.

3 Модель фразеологического концептуального анализа текстов

Ÿ§ëª®¢�ï ¬®¤¥«ì ”Š�’ ¯à¥¤áâ�¢«ï¥â á®¡®© í¢®«îæ¨®−−®¥ à�§¢¨â¨¥ âà�¤¨-
æ¨®−−ëå «¨−£¢¨áâ¨ç¥áª¨å ¯®¤å®¤®¢, ¡�§¨àãîé¨åáï −� ¬®¤¥«¨ á¨áâ¥¬ë ä«¥ªâ¨¢-
−ëå ª«�áá®¢ àãááª®£® ï§ëª�, ¯à¨−æ¨¯¥ «¨−£¢¨áâ¨ç¥áª®© �−�«®£¨¨, æ¥−âà®¨¤−®-
ª®−â¥ªáâ−®© ¬®¤¥«¨ ¨ ¬¥â®¤�å à�§−®ãà®¢−¥¢®£® �−�«¨§� â¥ªáâ®¢, ¨á¯®«ì§ã¥¬ëå
¢ â¥å−®«®£¨ç¥áª¨å ¯à®æ¥áá�å �¢â®¬�â¨ç¥áª®© ®¡à�¡®âª¨ â¥ªáâ®¢ [6]. ‘ â¥®à¥â¨ç¥-
áª®© â®çª¨ §à¥−¨ï ”Š�’ ®¯¨à�¥âáï −� ¨áá«¥¤®¢�−¨ï á¥¬�−â¨ç¥áª®© ®à£�−¨§�æ¨¨
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�àå¨â¥ªâãà� á¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� −�ãç−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢

¬ã«ìâ¨ï§ëç−ëå â¥ªáâ®¢, ¢ëï¢«ïîé¨¥ á«¥¤ãîé¨¥ «¨−£¢¨áâ¨ç¥áª¨¥ §�ª®−®¬¥à-
−®áâ¨: (�) ¢ ï§ëª®¢ëå á¨áâ¥¬�å ®¡ê¥ªâ¨¢−® áãé¥áâ¢ã¥â à�§−®ãà®¢−¥¢�ï ¨¥à�àå¨ï
á¬ëá«®¢ëå ¥¤¨−¨æ; (¡) á¥¬�−â¨ª� ¢ëè¥áâ®ïé¨å ¥¤¨−¨æ −¥ ï¢«ï¥âáï �¤¤¨â¨¢-
−®© áã¬¬®© §−�ç¥−¨© á®áâ�¢«ïîé¨å í«¥¬¥−â®¢; (¢) äà�§¥®«®£¨ç¥áª¨¥ â¥ªáâ®¢ë¥
ª®−áâàãªæ¨¨ ¯à¥¤áâ�¢«ïîâ −�¨¡®«¥¥ ãáâ®©ç¨¢ë¥ ¨ ¢®á¯à®¨§¢®¤¨¬ë¥ á¬ëá«®¢ë¥
®¡à�§®¢�−¨ï [3].

”®à¬�«¨§�æ¨ï á¬ëá«®¢®£® á®¤¥à¦�−¨ï â¥ªáâ� ¯à®¨áå®¤¨â ¯ãâ¥¬ ¯à¥®¡à�-
§®¢�−¨ï ¥£® â¥ªáâ®¢®£® ¯à¥¤áâ�¢«¥−¨ï ¢ áâàãªâãà¨à®¢�−−ãî ä®à¬�«¨§®¢�−−ãî
¬®¤¥«ì ¯à¥¤áâ�¢«¥−¨ï ¥£® á¬ëá«� | ”ŒŒ â¥ªáâ� [6]. �â� ¬®¤¥«ì á®áâ®¨â ¨§
¤¢ãå â¨¯®¢ áâàãªâãà¨à®¢�−−ëå ¤�−−ëå: ®¯¨á�−¨ï â¥ªáâ®¢®© áâàãªâãàë ¤®ªã¬¥−-
â� ¨ ®¯¨á�−¨ï ¥£® ¯®−ïâ¨©−®© áâàãªâãàë. ’¥ªáâ®¢�ï áâàãªâãà� á®áâ®¨â ¨§ í«¥-
¬¥−â®¢ ¡¨¡«¨®£à�ä¨ç¥áª¨å ®¯¨á�−¨© ¤®ªã¬¥−â®¢ ¨ −�§¢�−¨© à�§¤¥«®¢ ¤®ªã¬¥−â�.
�®−ïâ¨©−�ï áâàãªâãà� ”ŒŒ ¢ª«îç�¥â àï¤ ¬®¤¥«¥© −¨¦¥áâ®ïé¨å ãà®¢−¥©: £à�-
ä¥¬�â¨ç¥áª®©, ¬®àä®«®£¨ç¥áª®©, á¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª®© ¨ ª®−æ¥¯âã�«ì−®©
¬®¤¥«¥©, ®¡¥á¯¥ç¨¢�îé¨å à¥è¥−¨¥ àï¤� ¢ëá®ª®ãà®¢−¥¢ëå ¯à¨ª«�¤−ëå §�¤�ç.

ƒà�ä¥¬�â¨ç¥áª�ï ¬®¤¥«ì â¥ªáâ� (ƒŒ’) ª®−æ¥¯âã�«¨§¨àã¥â â¥ªáâ ª�ª ã¯®àï-
¤®ç¥−−ãî ¯®á«¥¤®¢�â¥«ì−®áâì â®ª¥−®¢ ¨ à�§¤¥«¨â¥«ì−ëå í«¥¬¥−â®¢, £¤¥ ª�¦¤®-
¬ã â®ª¥−ã ¯à¨á¢�¨¢�îâáï á®®â¢¥âáâ¢ãîé¨¥ â¨¯®«®£¨ç¥áª¨¥ ¨ £à�ä¥¬�â¨ç¥áª¨¥
å�à�ªâ¥à¨áâ¨ª¨. �à®æ¥¤ãà� ä®à¬¨à®¢�−¨ï ƒŒ’ ¢ë¯®«−ï¥â âà�−áä®à¬�æ¨î
á¨¬¢®«ì−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢ áâàãªâãà¨à®¢�−−ë© −�¡®à â¥ªáâ®¢ëå ¨−ä®à-
¬�æ¨®−−ëå ¥¤¨−¨æ. ��à�««¥«ì−® á â®ª¥−¨§�æ¨¥© ¢ë¯®«−ï¥âáï ¬−®£®ãà®¢−¥¢�ï
ª«�áá¨ä¨ª�æ¨ï â®ª¥−®¢ ¯® á«¥¤ãîé¨¬ ¯�à�¬¥âà�¬: â¨¯®«®£¨ç¥áª�ï ¯à¨−�¤-
«¥¦−®áâì (¯à®áâë¥/á®áâ�¢−ë¥ «¥ªá¥¬ë, ç¨á«®¢ë¥ ¢ëà�¦¥−¨ï, ¯ã−ªâã�æ¨®−−ë¥
¬�àª¥àë); ¢¨¤®¢�ï á¯¥æ¨ä¨ª�æ¨ï (¤à®¡−ë¥ ¢¥«¨ç¨−ë, á¥â¥¢ë¥ ¨¤¥−â¨ä¨ª�â®àë,
ª®−â�ªâ−ë¥ ¤�−−ë¥); £à�ä¥¬�â¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ (�«ä�¢¨â−®-á¨¬¢®«ì−ë©
á®áâ�¢ ¨ à¥£¨áâà®¢ë¥ ®á®¡¥−−®áâ¨).

Œ®àä®«®£¨ç¥áª�ï ¬®¤¥«ì â¥ªáâ� (ŒŒ’) ä®à¬�«¨§ã¥â â¥ªáâ ª�ª ¯®á«¥¤®¢�-
â¥«ì−®áâì â®ª¥−®¢, ª�¦¤ë© ¨§ ª®â®àëå á®¯à®¢®¦¤�¥âáï ª®¬¯«¥ªá®¬ £à�¬¬�â¨ç¥-
áª¨å ¨ á¥¬�−â¨ç¥áª¨å �âà¨¡ãâ®¢, ®¯à¥¤¥«ï¥¬ëå ¡¥§ ãç¥â� ª®−â¥ªáâ−®£® ®ªàã¦¥-
−¨ï. „�−−�ï ¬®¤¥«ì ®¡¥á¯¥ç¨¢�¥â áâà®£®¥ à�§¤¥«¥−¨¥ ¬¥¦¤ã £à�¬¬�â¨ç¥áª¨¬¨
¨ á¥¬�−â¨ç¥áª¨¬¨ ¯à¨§−�ª�¬¨ á«®¢, ä®à¬¨àãï ¨å ¨áç¥à¯ë¢�îé¨© ¬®àä®«®-
£¨ç¥áª¨© ¯®àâà¥â. �à®æ¥áá ¯®áâà®¥−¨ï ŒŒ’ ®áãé¥áâ¢«ï¥âáï ¯à¥¤®¡ãç¥−−®©
¬®àä®«®£¨ç¥áª®© ï§ëª®¢®© ¬®¤¥«ìî, ¢ª«îç�îé¥© á¨áâ¥¬ã ¤¥ª«�à�â¨¢−ëå ï§ë-
ª®¢ëå à¥áãàá®¢ (á«®¢�à¥© á«®¢®ä®à¬, ¡ãª¢®á®ç¥â�−¨©, á¥¬�−â¨ç¥áª¨å ¯à¨§−�-
ª®¢, £à�¬¬�â¨ç¥áª¨å â�¡«¨æ ¯à¥®¡à�§®¢�−¨ï á«®¢®ä®à¬).

Š®−æ¥¯âã�«ì−�ï ¬®¤¥«ì â¥ªáâ� ¯à¥¤áâ�¢«ï¥â ¯®−ïâ¨©−ãî áâàãªâãàã â¥ªáâ�
¢ ¢¨¤¥ á¨áâ¥¬ë ¯®−ïâ¨© â¥ªáâ� ¨ ¨å á¬ëá«®¢ëå ®â−®è¥−¨© (¯�à�¤¨£¬�â¨ç¥áª¨å
¨ á¨−â�£¬�â¨ç¥áª¨å). Š®−æ¥¯âã�«ì−�ï ¬®¤¥«ì â¥ªáâ� ¡�§¨àã¥âáï −� ¬¥â®¤�å â®ç-
−®£® ¨ ¯à¥¤¨ªâ¨¢−®£® ¢ë¤¥«¥−¨ï ¯®−ïâ¨©. ’®ç−ë© ¢�à¨�−â ¬®¤¥«¨ ¡�§¨àã¥âáï
−� ¨á¯®«ì§®¢�−¨¨ íâ�«®−−®£® ª®−æ¥¯âã�«ì−®£® á«®¢�àï, ¢ª«îç�îé¥£® ®á−®¢−®©
¯®−ïâ¨©−ë© á®áâ�¢ è¨à®ª®£® á¯¥ªâà� â¥¬�â¨ç¥áª¨å ®¡«�áâ¥©. �à¥¤¨ªâ¨¢−ë© ¢�-
à¨�−â �«£®à¨â¬� ¢ë¤¥«¥−¨ï −�¨¬¥−®¢�−¨© ¯®−ïâ¨© ¯®§¢®«ï¥â à¥è¨âì ¯à®¡«¥¬ã
¢ëï¢«¥−¨ï ¢á¥å ¢®§¬®¦−ëå ¯®−ïâ¨© ¢ â¥ªáâ¥ −� ®á−®¢¥ ¬¥â®¤� «¨−£¢¨áâ¨ç¥áª®©
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�−�«®£¨¨ ¯à¥¤áâ�¢«¥−¨ï ¬−¥¬®−¨ç¥áª¨å ä®à¬ â¥ªáâ®¢ëå ¯®−ïâ¨© ¢ â¥ªáâ�å à�§-
«¨ç−ëå â¥¬�â¨ª á ãáâ�−®¢«¥−¨¥¬ £à�¬¬�â¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª â¥ªáâ®¢ëå ä®à¬
á«®¢, ¢å®¤ïé¨å ¢ á®áâ�¢ á«®¢®á®ç¥â�−¨©.

‘¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª�ï ¬®¤¥«ì (‘‘Œ) â¥ªáâ� á®áâ®¨â ¨§ ¯®á«¥¤®¢�â¥«ì-
−®áâ¨ ¯à¥¤«®¦¥−¨©, á®¯à®¢®¦¤�¥¬ëå á¨−â�ªá¨ç¥áª®© ¨ á¥¬�−â¨ç¥áª®© ¨−ä®à-
¬�æ¨¥©. �à®æ¥áá ä®à¬¨à®¢�−¨ï ‘‘Œ à¥�«¨§ã¥â ¨§¢«¥ç¥−¨¥ ¨ ª«�áá¨ä¨ª�-
æ¨î á¨−â�ªá¨ç¥áª¨å ª®−áâàãªæ¨© ¯à¥¤«®¦¥−¨ï, � â�ª¦¥ ãáâ�−�¢«¨¢�¥â ¨å à®«ì
¢ ¯à¥¤«®¦¥−¨¨ ¨ ®¯à¥¤¥«ï¥â ¨å áâàãªâãàã á ¨á¯®«ì§®¢�−¨¥¬ ®¡¥á¯¥ç¨¢�îé¨å
áã¡¬®¤¥«¥© £à�¬¬�â¨ç¥áª¨å ª«�áá®¢ á«®¢, ¤¥à¥¢� §�¢¨á¨¬®áâ¥© á«®¢, áâàãªâãàë
ª�àª�á� ¯à¥¤«®¦¥−¨ï, ç«¥−®¢ ¯à¥¤«®¦¥−¨ï, ¯à¥¤¨ª�â−®-�ªâ�−â−®© áâàãªâãàë
¯à¥¤«®¦¥−¨ï ¨ æ¥−âà®¨¤−®-ª®−â¥ªáâ−®© ¬®¤¥«¨, ¯à¥¤−�§−�ç¥−−®© ¤«ï ®¤−®-
§−�ç−®£® à�§à¥è¥−¨ï −¥®¤−®§−�ç−®© â¥ªáâ®¢®© á¨âã�æ¨¨ −� ®á−®¢¥ �−�«¨§� ¥¥
ª®−â¥ªáâ−®£® ®ªàã¦¥−¨ï [11, 12].

�� ª®−¥ç−®¬ íâ�¯¥ ä®à¬�«¨§�æ¨¨ â¥ªáâ� £à�¬¬�â¨ç¥áª¨¥, á¨−â�ªá¨ç¥áª¨¥
¨ á¥¬�−â¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ ¢á¥© ¨¥à�àå¨¨ ¬®¤¥«¥© ¨áå®¤−®£® â¥ªáâ� ¯à¥-
®¡à�§ãîâáï ¢ ¬−®£®á«®©−ãî ”ŒŒ â¥ªáâ�.

÷�§à�¡®â�−ë ¬¥â®¤ë á®§¤�−¨ï ª®¬¯«¥ªá� á«®¢�à¥© ¯® ®âà�á«¥¢ë¬ â¥ªáâ�¬,
®¯¨á�−¨¥ ¬®àä®«®£¨ç¥áª®©, á¨−â�ªá¨ç¥áª®©, ª®−æ¥¯âã�«ì−®© ¬®¤¥«¥©, −�¡®à®¢
¬®àä®«®£¨ç¥áª¨å, á¨−â�ªá¨ç¥áª¨å ¨ ª®−æ¥¯âã�«ì−ëå ¯à¨§−�ª®¢ [3, 6]. Š�ç¥áâ¢®
à�¡®âë ¬¥â®¤®¢ ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¨ §�¢¨á¨â ®â ¯®«−®âë ¨ ª�ç¥áâ¢� á«®-
¢�à¥© ¨ £à�¬¬�â¨ç¥áª¨å â�¡«¨æ, á®§¤�−¨¥ ¨ �ªâã�«¨§�æ¨ï ª®â®àëå ¢ à�§«¨ç−ëå
®¡«�áâïå −�ãª¨ ¨ â¥å−¨ª¨ ®áâ�¥âáï âàã¤®¥¬ª®© §�¤�ç¥© ¨ âà¥¡ã¥â §−�ç¨â¥«ì−®©
¢®¢«¥ç¥−−®áâ¨ íªá¯¥àâ®¢. Š®−æ¥¯æ¨ï ”Š�’ ¯®§¢®«ï¥â à¥�«¨§®¢�âì â¥å−®«®£¨î
¢§�¨¬®á¢ï§�−−ëå ¡�§®¢ëå ¬¥â®¤®¢ ®¡à�¡®âª¨ â¥ªáâ®¢ ¢ à¥¦¨¬¥ ¯®áâ®ï−−®© �ªâã-
�«¨§�æ¨¨ ª®¬¯«¥ªá� ®âà�á«¥¢ëå «¨−£¢¨áâ¨ç¥áª¨å à¥áãàá®¢ (á«®¢�à¥©). „�−−�ï
®á®¡¥−−®áâì ®ç¥−ì ¢�¦−�, ®−� ®¡¥á¯¥ç¨¢�¥â ¢®§¬®¦−®áâì ®¡à�¡®âª¨ ¨ �−�«¨§�
�’„ á ®âà�¦¥−¨¥¬ −®¢ëå §−�−¨© ¨ −®¢ëå â¥à¬¨−®«®£¨ç¥áª¨å ¯®−ïâ¨©.

4 Функциональная архитектура системы семантического анализа
текстов

”ã−ªæ¨®−�«ì−�ï �àå¨â¥ªâãà� ‘‘� â¥ªáâ®¢, −�æ¥«¥−−�ï −� à¥�«¨§�æ¨î ª®−-
æ¥¯æ¨¨ ”Š�’, ¨§®¡à�¦¥−� −� à¨áã−ª¥.

�àå¨â¥ªâãà� ¢ª«îç�¥â á®áâ®ïé¨¥ ¨§ ¬®¤ã«¥© ¯®¤á¨áâ¥¬ë ¤¥ª«�à�â¨¢−ëå
áà¥¤áâ¢ (�„‘), «¨−£¢¨áâ¨ç¥áª®© ®¡à�¡®âª¨ â¥ªáâ®¢ (�‹�), �−�«¨§� ¢å®¤−®£®
¯®â®ª� ¤®ªã¬¥−â®¢ (��‚„), ä®à¬¨à®¢�−¨ï ¤¥ª«�à�â¨¢−ëå áà¥¤áâ¢ (�”„‘),
á¥¬�−â¨ç¥áª®£® ¯®¨áª� (�‘�), �£à¥£¨à®¢�−¨ï ¨ �−�«¨â¨ª¨. ”ã−ªæ¨®−¨à®¢�−¨¥
®á−®¢−ëå ¬®¤ã«¥© á¨áâ¥¬ë ¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬.

‚å®¤ïé¨¥ ¤®ªã¬¥−âë ¯®áâã¯�îâ ¢ ¬®¤ã«ì ¯¥à¢¨ç−®£® �−�«¨§� ¤®ªã¬¥−â�
(Œ��„), ®ç¨é�îâáï ®â −¥−ã¦−®© ¨−ä®à¬�æ¨¨, ¯à®¢¥àïîâáï −� −�«¨ç¨¥ ®à-
ä®£à�ä¨ç¥áª¨å ®è¨¡®ª ¨ ¯à¨¢®¤ïâáï ª ¢−ãâà¨á¨áâ¥¬−®¬ã ä®à¬�âã. ‚ ¬®¤ã«¥
¯®áâà®¥−¨ï ¬�àèàãâ−®© ª�àâë (Œ�ŒŠ) ®¯à¥¤¥«ïîâáï ï§ëª¨ ¤®ªã¬¥−â®¢ ¨ ¨å
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�àå¨â¥ªâãà� á¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� −�ãç−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢
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â¨¯ë ¨ �¢â®¬�â¨ç¥áª¨ ä®à¬¨àãîâáï ¬�àèàãâ−ë¥ ª�àâë ¤®ªã¬¥−â®¢, ¢ ª®â®àëå
ãª�§ë¢�îâáï ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢ë¯®«−¥−¨ï â¥å−®«®£¨ç¥áª¨å ®¯¥à�æ¨© −�¤ ¤®-
ªã¬¥−â�¬¨. ‚ ¬®¤ã«¥ ª«�áá¨ä¨ª�æ¨¨ ¤®ªã¬¥−âë ª«�áá¨ä¨æ¨àãîâáï á®£«�á−®
ƒ®áã¤�àáâ¢¥−−®¬ã àã¡à¨ª�â®àã �’ˆ (ƒ÷�’ˆ). Š«�áá¨ä¨ª�æ¨ï ®áãé¥áâ¢«ï¥âáï
á ¨á¯®«ì§®¢�−¨¥¬ ª�áª�¤� ¯à¥¤®¡ãç¥−−ëå −¥©à®á¥â¥¢ëå ¬®¤¥«¥© (íâ® ®¡ãá«®¢«¥−®
¡®«ìè¨¬ ç¨á«®¬ àã¡à¨ª | ®ª®«® 7 âëá.), ¤«ï ç¥£® ¯à¥¤¢�à¨â¥«ì−® ¢ë¯®«−ï-
¥âáï ¢¥ªâ®à¨§�æ¨ï â¥ªáâ®¢ ¤®ªã¬¥−â®¢. �®á«¥ ª«�áá¨ä¨ª�æ¨¨ ¤®ªã¬¥−â®¢ ¯®
àã¡à¨ª�¬ 1-£® ãà®¢−ï á −¥ª®â®à®© ¯¥à¨®¤¨ç−®áâìî ¯à®¢®¤¨âáï �¢â®¬�â¨ç¥áª®¥
ª®−ä¨£ãà¨à®¢�−¨¥ â¥¬�â¨ç¥áª¨å á«®¢�à−ëå á¨áâ¥¬ ¤«ï àã¡à¨ª 1-£® ãà®¢−ï (à�á-
á¬�âà¨¢�¥¬ëå ª�ª ®â¤¥«ì−ë¥ ®¡«�áâ¨) ¢ ¬®¤ã«¥ ŒŠ‘‘ −� ®á−®¢¥ ¨−ä®à¬�æ¨¨
® â¥¬�â¨ª¥ ¤®ªã¬¥−â®¢ ¨ §�£àã§ª� á«®¢�à−®£® ª®¬¯«¥ªá� á®®â¢¥âáâ¢ãîé¥© â¥¬�-
â¨ç¥áª®© ®¡«�áâ¨.

„�«¥¥ ¢ ¬®¤ã«¥ Œ’’ ¢ë¯®«−ï¥âáï â®ª¥−¨§�æ¨ï â¥ªáâ®¢ ¨ ä®à¬¨à®¢�−¨¥ ¨å
£à�ä¥¬�â¨ç¥áª®© ¬®¤¥«¨, ¢ ¬®¤ã«¥ ŒŒ� | ¬®àä®«®£¨ç¥áª¨© �−�«¨§ ¨ ä®à-
¬¨à®¢�−¨¥ ¬®àä®«®£¨ç¥áª®© ¬®¤¥«¨, ¢ ¬®¤ã«¥ ŒŠ� | ª®−æ¥¯âã�«ì−ë© �−�«¨§
¨ ä®à¬¨à®¢�−¨¥ ª®−æ¥¯âã�«ì−®© ¬®¤¥«¨, ¢ ¬®¤ã«¥ Œ‘‘� | á¥¬�−â¨ª®-á¨−â�ª-
á¨ç¥áª¨© �−�«¨§ ¨ ä®à¬¨à®¢�−¨¥ ‘‘Œ, ¢ ¬®¤ã«¥ Œ”ŒŒ | ä®à¬¨à®¢�−¨¥
ä®à¬�«ì−®© ¬®¤¥«¨ ¬¥â�¤�−−ëå, ¨§ ª®â®à®© ¢ë¤¥«ïîâáï ª«îç¥¢ë¥ á«®¢� ¨ ¯®-
−ïâ¨©−®-â¥à¬¨−®«®£¨ç¥áª¨© á®áâ�¢ ¤®ªã¬¥−â®¢ (¢ ¢ë¤¥«¥−¨¨ ¬®£ãâ ¯à¨−¨¬�âì
ãç�áâ¨¥ íªá¯¥àâë [13]). �®«ãç¥−−ë¥ ¤�−−ë¥ ¨á¯®«ì§ãîâáï ¢ ª�ç¥áâ¢¥ ¨áå®¤−ëå
¤«ï −¥©à®á¥â¥¢®£® ¬®¤ã«ï 2-£® ¨ ¯®á«¥¤ãîé¨å ãà®¢−¥© ª«�áá¨ä¨ª�æ¨¨.

‚ ¬®¤ã«¥ Œ‘’ ®áãé¥áâ¢«ï¥âáï áã¬¬�à¨§�æ¨ï â¥ªáâ� | á®áâ�¢«ï¥âáï ¯à¥¤-
¢�à¨â¥«ì−ë© à�áè¨à¥−−ë© à¥ä¥à�â ¤®ªã¬¥−â� á ¨á¯®«ì§®¢�−¨¥¬ íªáâà�ªâ¨¢−ëå
¬¥â®¤®¢ −� ®á−®¢�−¨¨ à¥§ã«ìâ�â®¢ «¨−£¢¨áâ¨ç¥áª®£® �−�«¨§� ¤®ªã¬¥−â�, ¯®á«¥
ç¥£® ¤�−−ë© â¥ªáâ ®¡à�¡�âë¢�¥âáï á ¯à¨¬¥−¥−¨¥¬ −¥©à®á¥â¥¢®© ¬®¤¥«¨ áã¬¬�-
à¨§�æ¨¨. ’�ª®© ¯®¤å®¤ ¯®¬®£�¥â à¥è¨âì ¯à®¡«¥¬ã ¢ë¤¥«¥−¨ï á«¨èª®¬ ®¡é¥£®,
−¥á®¤¥à¦�â¥«ì−®£® à¥ä¥à�â�, çâ® å�à�ªâ¥à−® ¤«ï áã¬¬�à¨§�æ¨¨ á ¯à¨¬¥−¥−¨¥¬
ï§ëª®¢ëå ¬®¤¥«¥©.

„«ï ®¡¥á¯¥ç¥−¨ï á¥¬�−â¨ç¥áª®£® ¯®¨áª� ¯® ®âà�á«¥¢®© ª®««¥ªæ¨¨ ¤®ªã¬¥−â®¢
®â¤¥«ì−ë© ¬®¤ã«ì á®§¤�¥â ®âà�á«¥¢ãî ®−â®«®£¨î ¨ ¡�§ã §−�−¨© −� ®á−®¢�−¨¨
¨−ä®à¬�æ¨¨ ® á¥¬�−â¨ç¥áª¨å ®â−®è¥−¨ïå, ¨§¢«¥ç¥−−ëå ¢ à¥§ã«ìâ�â¥ �−�«¨§�
â¥ªáâ®¢ ¢ �‹� [14]. ‚ ¬®¤ã«¥ á¥¬�−â¨ç¥áª®£® ¯®¨áª� ¯à¥¤¯®«�£�¥âáï £¨¡à¨¤−®¥
¯à¨¬¥−¥−¨¥ −¥áª®«ìª¨å ¯®¤å®¤®¢ ¤«ï ¯®¢ëè¥−¨ï ª�ç¥áâ¢� à¥§ã«ìâ�â®¢ ¯®¨áª�:
¯®¨áª ¯® ¬¥â�¤�−−ë¬, ¯®«−®â¥ªáâ®¢ë© ¯®¨áª, ¯®¨áª ¯® ®−â®«®£¨¨ ¨ ¡�§¥ §−�−¨©
á ¨á¯®«ì§®¢�−¨¥¬ ¤¥ª«�à�â¨¢−ëå §�¯à®á®¢ −� ï§ëª¥ SPARQL.

�à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ë¥ á¥à¢¨áë �£à¥£¨à®¢�−¨ï ¨ �−�«¨â¨ª¨ ¯à¥¤−�-
§−�ç¥−ë ¤«ï à¥è¥−¨ï è¨à®ª®£® á¯¥ªâà� §�¤�ç, ¯¥à¥ç¨á«¥−−ëå ¢ à�§¤. 2.

5 Заключение

‚ áâ�âì¥ à�áá¬®âà¥−� −®¢�ï äã−ªæ¨®−�«ì−�ï �àå¨â¥ªâãà� ‘‘� �’„. ‘�¬�
á¨áâ¥¬� ®â−®á¨âáï ª ª�â¥£®à¨¨ ¨−â¥««¥ªâã�«ì−ëå ¯«�âä®à¬ ¤«ï �£à¥£�æ¨¨ ¨ �−�-
«¨§� �’„. Œ¥â®¤®«®£¨ç¥áªãî ®á−®¢ã á¨áâ¥¬ë á®áâ�¢«ï¥â ª®−æ¥¯æ¨ï ”Š�’,
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�àå¨â¥ªâãà� á¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� −�ãç−®-â¥å−¨ç¥áª¨å ¤®ªã¬¥−â®¢

¯à¥¤¯®«�£�îé�ï ®¡ê¥¤¨−¥−¨¥ à¥§ã«ìâ�â®¢ £à�ä¥¬�â¨ç¥áª®£®, ¬®àä®«®£¨ç¥áª®-
£®, ª®−æ¥¯âã�«ì−®£® ¨ á¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª®£® �−�«¨§� â¥ªáâ� ¢ ”ŒŒ. �¤−¨
¨§ −�¨¡®«¥¥ ¢�¦−ëå ª®¬¯®−¥−â®¢ á¨áâ¥¬ë | �¢â®¬�â¨ç¥áª¨ ä®à¬¨àã¥¬ë¥ ¨ −�-
áâà�¨¢�¥¬ë¥ −� ®âà�á«ì §−�−¨ï ¬®àä®«®£¨ç¥áª¨¥, á¥¬�−â¨ª®-á¨−â�ªá¨ç¥áª¨¥
¨ ª®−æ¥¯âã�«ì−ë¥ á«®¢�à¨, ®¡¥á¯¥ç¨¢�îé¨¥ �ªâã�«ì−®áâì ª®¬¯«¥ªá� «¨−£¢¨-
áâ¨ç¥áª¨å à¥áãàá®¢. �â¨ ®á®¡¥−−®áâ¨ ®â«¨ç�îâ ¯à¥¤«�£�¥¬ãî �àå¨â¥ªâãàã ®â
¨§¢¥áâ−ëå ‘‘� â¥ªáâ®¢ ¨ −�æ¥«¥−ë −� ¯®¢ëè¥−¨¥ ª�ç¥áâ¢� ®¡à�¡®âª¨ ¨ �−�«¨§�
�’„. �à¨¬¥−¥−¨¥ ®â−®á¨â¥«ì−® ª®¬¯�ªâ−ëå −�¡®à®¢ ®âà�á«¥¢ëå ¤¥ª«�à�â¨¢-
−ëå áà¥¤áâ¢ ¯®§¢®«ï¥â −�¤¥ïâìáï −� ¡®«¥¥ ¢ëá®ªãî íää¥ªâ¨¢−®áâì à�¡®âë, ç¥¬
¢ á¨áâ¥¬�å, ®á−®¢�−−ëå −� �ŸŒ. �à¨¬¥−¥−¨¥ £¨¡à¨¤−®£® á¥¬�−â¨ç¥áª®£® ¯®-
¨áª�, ®¡ê¥¤¨−ïîé¥£® ¯®¨áª ¯® ¬¥â�¤�−−ë¬, ¯®«−®â¥ªáâ®¢ë© ¯®¨áª ¨ ¯®¨áª ¯®
®−â®«®£¨¨ ¨ ¡�§¥ §−�−¨©, ¯®§¢®«¨â ¯®¢ëá¨âì ª�ç¥áâ¢® ¯®¨áª� | à¥«¥¢�−â−®áâì
à¥§ã«ìâ�â®¢ §�¯à®áã.

„�«ì−¥©è¨¬ ¥áâ¥áâ¢¥−−ë¬ è�£®¬ ¯à¥¤áâ�¢«ï¥âáï íää¥ªâ¨¢−�ï ¯à®£à�¬¬−�ï
à¥�«¨§�æ¨ï ¯à¥¤«®¦¥−−®© �àå¨â¥ªâãàë ¢ ¢¨¤¥ á¯¥æ¨�«¨§¨à®¢�−−®£® «¨−£¢¨-
áâ¨ç¥áª®£® ¯à®æ¥áá®à�. �â® ¯®§¢®«¨â íªá¯¥à¨¬¥−â�«ì−® ¯à®¢¥àïâì £¨¯®â¥§ë
® ¯à¥¨¬ãé¥áâ¢�å ¯à¥¤«�£�¥¬®© �àå¨â¥ªâãàë ¢ ª�ç¥áâ¢¥ ¨ íää¥ªâ¨¢−®áâ¨ ®¡-
à�¡®âª¨ ¨ �−�«¨§� �’„ −�¤ �àå¨â¥ªâãà�¬¨, à¥�«¨§®¢�−−ë¬¨ ¢ áãé¥áâ¢ãîé¨å
á¨áâ¥¬�å. „«ï ¯à®¢¥¤¥−¨ï íªá¯¥à¨¬¥−â®¢ −¥®¡å®¤¨¬® â�ª¦¥ áä®à¬¨à®¢�âì ¡¥−ç-
¬�àª ¤«ï áà�¢−¨â¥«ì−®£® â¥áâ¨à®¢�−¨ï á¨áâ¥¬ ®¡à�¡®âª¨ �’„, ®æ¥−¨âì ª�ç¥áâ¢®
¨ ¯à®¨§¢®¤¨â¥«ì−®áâì à�§à�¡�âë¢�¥¬®© á¨áâ¥¬ë −� ¡¥−ç¬�àª¥ ¨ áà�¢−¨âì á áãé¥-
áâ¢ãîé¨¬¨ á¨áâ¥¬�¬¨ ¨ �ŸŒ ¯® ª�ç¥áâ¢ã ¨ ¯®âà¥¡«ï¥¬ë¬ à¥áãàá�¬. ‚¬¥áâ¥ á â¥¬
¡ëáâà®¥ à�á¯à®áâà�−¥−¨¥ �ŸŒ ¢® ¬−®£¨å ®¡«�áâïå ç¥«®¢¥ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ |
íâ® ¬®â¨¢�æ¨ï ¤«ï ¨áá«¥¤®¢�−¨ï ¨ à�§à�¡®âª¨ �àå¨â¥ªâãàë £¨¡à¨¤−®£® ¢�à¨�−â�
‘‘� �’„ −� ®á−®¢¥ á®¢¬¥áâ−®£® ¨á¯®«ì§®¢�−¨ï �ŸŒ ¨ ¬¥â®¤®¢ ª®¬¯ìîâ¥à−®©
«¨−£¢¨áâ¨ª¨ ¤«ï ¯®¢ëè¥−¨ï ª�ç¥áâ¢� à¥§ã«ìâ�â®¢ �¢â®¬�â¨ç¥áª¨å ®¯¥à�æ¨© �−�-
«¨â¨ª®-á¨−â¥â¨ç¥áª®© ®¡à�¡®âª¨ �’ˆ ¨ à�¡®âë ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå
á¥à¢¨á®¢.
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Abstract: The paper considers the functional architecture of the system of
semantic analysis of scientific and technical documents. The system belongs
to the category of intelligent platforms for the aggregation and analysis of
scientific and technical documents. The main technological solution of the system
is to create a set of declarative tools adaptable to various domains of science
and technology, implementing the concept of phraseological conceptual analysis
of texts. This assumes combining the results of graphemic, morphological,
conceptual, and semantic and syntactic analysis of texts into a formalized
metadata model. The subsystems and modules constituting the architecture
are considered, their functions and interaction are described. One of the most
important components of the system is a set of morphological, semantic, syntactic,
and conceptual dictionaries that are automatically generated and customized to
domains of knowledge, ensuring the relevance of a set of linguistic resources.
A classification of systems for semantic analysis of texts and the problems they
solve are considered. The system being developed is positioned in the classification
and its distinctive features are distinguished.

Keywords: phraseological conceptual analysis of texts; semantic analysis of
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ДВИЖЕНИЕ, СКОРОСТЬ И ТРАЕКТОРИИ ПРЕДСТАВЛЕНИЙ
КЛЮЧЕВЫХ СЛОВ В ВЕКТОРНОМ ПРОСТРАНСТВЕ

ЯЗЫКОВОЙ МОДЕЛИ

М. М. Шарнин1, Н. В. Сомин2

�−−®â�æ¨ï: �à¥¤«®¦¥− ¬¥â®¤ à�áç¥â� ¯®«®¦¥−¨©, áª®à®áâ¥© ¨ í¢®«îæ¨®−−ëå
âà�¥ªâ®à¨© ª«îç¥¢ëå á«®¢ ¢ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥ áâ�â¨ç¥áª®© ï§ëª®¢®©
¬®¤¥«¨. ‘¥¬�−â¨ç¥áª®¥ à�ááâ®ï−¨¥ ¬¥¦¤ã ¢¥ªâ®à�¬¨ á«®¢� ¢ ¬®¬¥−âë ¢à¥¬¥−¨
t1 ¨ t2 ®¯à¥¤¥«ï¥âáï ª�ª ª®á¨−ãá−®¥ à�ááâ®ï−¨¥ ¬¥¦¤ã íâ¨¬¨ ¢¥ªâ®à�¬¨. ‘ª®-
à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨© ¢ëç¨á«ï¥âáï ª�ª á¥¬�−â¨ç¥áª®¥ à�ááâ®ï−¨¥,
¤¥«¥−−®¥ −� t2− t1. ‘ª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨© ¢ëà�¦�¥â, −�áª®«ìª®
¡ëáâà® ¬¥−ï¥âáï §−�ç¥−¨¥/á¥¬�−â¨ª� á«®¢�, ¥£® ª®−â¥ªáâ, ¯®«®¦¥−¨¥ ¢ ¢¥ªâ®à-
−®¬ ¯à®áâà�−áâ¢¥ ¨ á¥¬�−â¨ç¥áª¨ ¡«¨§ª¨¥ á«®¢�. Œ¥â®¤ ¯®§¢®«ï¥â à�ááç¨âë-
¢�âì áª®à®áâ¨ ¨ í¢®«îæ¨®−−ë¥ âà�¥ªâ®à¨¨ â¥¬, ¯à¥¤áâ�¢«ïîé¨å á®¢®ªã¯−®áâì
−¥áª®«ìª¨å à®¤áâ¢¥−−ëå ª«îç¥¢ëå á«®¢. „«ï à�áç¥â� áª®à®áâ¥© ¨ âà�¥ªâ®à¨©
¢ �−�«¨§¨àã¥¬ë© ¨áå®¤−ë© â¥ªáâ ¢áâ�¢«ïîâáï á¯¥æ¨�«ì−ë¥ í¢®«îæ¨®−−ë¥
¬¥âª¨ àï¤®¬ á® á«®¢�¬¨ ¨§ ¨−â¥à¥áãîé¥© â¥¬ë. ÷�áá¬�âà¨¢�¥âáï á«ãç�©
áª®à®áâ¥© ¨ âà�¥ªâ®à¨© ª«îç¥¢ëå á«®¢ ¢ ®¡«�áâ¨ ú¬�è¨−−®£® ®¡ãç¥−¨ïû,
¯®«ãç¥−−ëå ¨§ ¡¨¡«¨®â¥ª¨ PubMed. ‚¥ªâ®àë ª«îç¥¢ëå á«®¢ ¨ ¨å ¨§¬¥−¥−¨ï
¢® ¢à¥¬¥−¨ à�ááç¨âë¢�îâáï á ¯®¬®éìî −¥©à®á¥â¨ Word2Vec. �à¥¤áâ�¢«¥−�
á¥¬�−â¨ç¥áª�ï ª�àâ�, ¯®§¢®«ïîé�ï ¢¨§ã�«ì−® ®æ¥−¨âì í¢®«îæ¨®−−ë¥ âà�¥ª-
â®à¨¨ ¨ áª®à®áâ¨. �−� ®á−®¢�−� −� �«£®à¨â¬¥ PCA (Principal Component
Analysis), ¯®§¢®«ïîé¥¬ ¯®«ãç¨âì ¯à®¥ªæ¨î âà�¥ªâ®à¨© −� ¤¢ã¬¥à−ãî (2D)
¯«®áª®áâì.

Š«îç¥¢ë¥ á«®¢�: áª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨©; í¢®«îæ¨®−−ë¥ âà�¥ª-
â®à¨¨; ¢¥ªâ®à−®¥ ¯à®áâà�−áâ¢®; áâ�â¨ç¥áª�ï ï§ëª®¢�ï ¬®¤¥«ì
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1 Введение

‘®¢à¥¬¥−−ë¥ ¬¥â®¤ë �−�«¨§� â¥ªáâ®¢ ¤�îâ ¢®§¬®¦−®áâì §−�ç¨â¥«ì−® à�áè¨-
à¨âì ¢®§¬®¦−®áâ¨ â�ª®© ª«�áá¨ç¥áª®© −�ãª¨, ª�ª íâ¨¬®«®£¨ï, ª®â®à�ï ¨§ãç�¥â
¯à®¨áå®¦¤¥−¨¥ ¨ ¨§¬¥−¥−¨¥ á¬ëá«� á«®¢ [1]. ÷�−¥¥ §�¤�ç¨ íâ¨¬®«®£¨¨ à¥è�«¨áì
¯ãâ¥¬ ¢¨§ã�«ì−®£® �−�«¨§� â¥ªáâ®¢ ¨ á®§¤�−¨ï ®¡è¨à−ëå ª�â�«®£®¢ ®¯¨á�−¨©
á«®¢ [2], � â�ª¦¥ �−�«¨§� á®¢¬¥áâ−®£® ã¯®âà¥¡«¥−¨ï á«®¢ [3], −® −� á®¢à¥¬¥−-
−®¬ íâ�¯¥ á ¯®¬®éìî −¥©à®á¥â¥¢ëå «¨−£¢¨áâ¨ç¥áª¨å ¬®¤¥«¥© [4{6] ¯®ï¢¨«�áì

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

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, chri-soc@ãandex.ru
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„¢¨¦¥−¨¥, áª®à®áâì ¨ âà�¥ªâ®à¨¨ ¯à¥¤áâ�¢«¥−¨© ª«îç¥¢ëå á«®¢ ¢ ¯à®áâà�−áâ¢¥ ¬®¤¥«¨

¢®§¬®¦−®áâì ¤«ï ª�¦¤®£® á«®¢� ¡ëáâà® ¢ëç¨á«ïâì ¢¥ªâ®àë, á®¤¥à¦�é¨¥ á¥¬�−-
â¨ç¥áª¨¥ à�ááâ®ï−¨ï ¬¥¦¤ã ¤�−−ë¬ á«®¢®¬ ¨ ®áâ�«ì−ë¬¨ á«®¢�¬¨. ��¡®à â�ª¨å
¢¥ªâ®à®¢ ¯à¥¤áâ�¢«ï¥â á®¡®© á¥¬�−â¨ç¥áª®¥ ¢¥ªâ®à−®¥ ¯à®áâà�−áâ¢®.

�¯ëâ ¯®ª�§ë¢�¥â, çâ® ¤«ï ¡®«ìè¨−áâ¢� á«®¢ á¥¬�−â¨ç¥áª¨¥ à�ááâ®ï−¨ï á â¥-
ç¥−¨¥¬ ¢à¥¬¥−¨ ¨§¬¥−ïîâáï, â. ¥. á«®¢® ú¤¢¨¦¥âáïû ¢ íâ®¬ ¯à®áâà�−áâ¢¥. �â®
®§−�ç�¥â, çâ® ¢ ®¯à¥¤¥«¥−−®© áâ¥¯¥−¨ ¬¥−ï¥âáï á¥¬�−â¨ª� á«®¢� ¨«¨ ¥£® ª®−−®-
â�æ¨ï. —â®¡ë íâ® ¤¢¨¦¥−¨¥ á«®¢ ®æ¥−¨âì ª®«¨ç¥áâ¢¥−−®, ã¤®¡−® ¢¢¥áâ¨ â�ªãî
å�à�ªâ¥à¨áâ¨ªã, ª�ª áª®à®áâì á«®¢�. ‚ −�áâ®ïé¥© áâ�âì¥ ¯à¥¤«�£�¥âáï ¬¥â®¤¨ª�
®¯à¥¤¥«¥−¨ï íâ®© å�à�ªâ¥à¨áâ¨ª¨.

—â®¡ë −�£«ï¤−® ¯à®¤¥¬®−áâà¨à®¢�âì á¥¬�−â¨ç¥áª¨¥ ¨§¬¥−¥−¨ï â¥à¬¨−®¢, ¡ë-
«� ¯à¥¤«®¦¥−� ¬¥â®¤¨ª� ¢¨§ã�«¨§�æ¨¨ ¨§¬¥−¥−¨© −� ¤¢ã¬¥à−®© ¯«®áª®áâ¨, ¯à¥¤-
áâ�¢«ïîé¥© ¯à®¥ªæ¨î ¬−®£®¬¥à−®£® á¥¬�−â¨ç¥áª®£® ¢¥ªâ®à−®£® ¯à®áâà�−áâ¢�.
—â®¡ë à�§¬¥áâ¨âì à�§«¨ç−ë¥ ¢à¥¬¥−− �ë¥ áà¥§ë ¢ ®¤−®¬ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥,
¡ë« ¯à¥¤«®¦¥− ¬¥â®¤ í¢®«îæ¨®−−ëå ¬¥â®ª, à�§¬¥é�¥¬ëå ¯¥à¥¤ ª«îç¥¢ë¬¨ á«®-
¢�¬¨. �â®â ¬¥â®¤ §−�ç¨â¥«ì−® ã¯à®é�¥â ¯®áâà®¥−¨¥ âà�¥ªâ®à¨© ª«îç¥¢ëå á«®¢.

�¥®¡å®¤¨¬® áª�§�âì −¥áª®«ìª® á«®¢ ® à�¡®â�å, á¢ï§�−−ëå á® áª®à®áâìî á¥-
¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨© ¨ í¢®«îæ¨®−−ë¬¨ âà�¥ªâ®à¨ï¬¨ á«®¢, ª®−æ¥¯æ¨© ¨ â¥¬.
÷�−−¨¥ ¯®¯ëâª¨ ¯®áâà®¨âì í¢®«îæ¨®−−ãî âà�¥ªâ®à¨î ª®−æ¥¯æ¨© ®á−®¢ë¢�«¨áì
−� �−�«¨§¥ £à�ä®¢ ¡¨¡«¨®£à�ä¨ç¥áª¨å ááë«®ª [7]. �®§¦¥ ¡ë«¨ à�§à�¡®â�−ë
¬¥â®¤ë ¯®áâà®¥−¨ï ¢¥ªâ®à−ëå ¯à®áâà�−áâ¢ −� ®á−®¢¥ −¥©à®á¥â¥¢ëå ï§ëª®¢ëå
¬®¤¥«¥© [4{6], çâ® á¤¥«�«® í¢®«îæ¨®−−ë¥ âà�¥ªâ®à¨¨ ª«îç¥¢ëå á«®¢ ¥é¥ ¡®«¥¥
−�£«ï¤−ë¬¨. ‚ à�¡®â¥ [4] (2013 £.) �¢â®àë á®áà¥¤®â®ç¨«¨áì −� à�á¯à¥¤¥«¥−−ëå
¯à¥¤áâ�¢«¥−¨ïå á«®¢, ¯®«ãç¥−−ëå á ¯®¬®éìî −¥©à®−−ëå á¥â¥©. �−¨ ¯à¥¤«®-
¦¨«¨ áâ�â¨ç¥áªãî ï§ëª®¢ãî ¬®¤¥«ì ¯®¤ −�§¢�−¨¥¬ Word2Vec ¤«ï ¢ëç¨á«¥−¨ï
−¥¯à¥àë¢−ëå ¢¥ªâ®à−ëå ¯à¥¤áâ�¢«¥−¨© á«®¢ ¨§ ®ç¥−ì ¡®«ìè¨å −�¡®à®¢ â¥ªáâ®-
¢ëå ¤�−−ëå. ‚¥ªâ®àë ¢áâà�¨¢�−¨ï (embeddings) íâ®© ¬®¤¥«¨ ®¡à�§ãîâ ¢¥ªâ®à−®¥
¯à®áâà�−áâ¢® ¨ ®¡¥á¯¥ç¨¢�îâ ¢ëá®ªãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¤«ï ¨§¬¥à¥−¨ï á¨−-
â�ªá¨ç¥áª®£® ¨ á¥¬�−â¨ç¥áª®£® áå®¤áâ¢� á«®¢. �¢â®àë ¨á¯®«ì§®¢�«¨ ª®á¨−ãá−®¥
à�ááâ®ï−¨¥ ¬¥¦¤ã ¢¥ªâ®à�¬¨ ¤«ï ®¯à¥¤¥«¥−¨ï á¥¬�−â¨ç¥áª®£® áå®¤áâ¢� á®®â¢¥â-
áâ¢ãîé¨å á«®¢. —¥âëà¥ £®¤� á¯ãáâï ¯®ï¢¨«�áì ¤¨−�¬¨ç¥áª�ï ¢¥àá¨ï Word2Vec [8]
¤«ï â¥ªáâ®¢ëå ¤�−−ëå á ¬¥âª�¬¨ ¢à¥¬¥−¨, ª®â®à�ï ®âá«¥¦¨¢�¥â á¥¬�−â¨ç¥áªãî
í¢®«îæ¨î ®â¤¥«ì−ëå á«®¢. Œ®¤¥«ì ¯à¥¤áâ�¢«ï¥â á«®¢� ¨ ª®−â¥ªáâë ª�ª áªàëâë¥
âà�¥ªâ®à¨¨ ¢ ¯à®áâà�−áâ¢¥ ¢¥ªâ®à®¢ ¢áâà�¨¢�−¨ï. �â� ¤¨−�¬¨ç¥áª�ï ¬®¤¥«ì
áâà®¨«� âà�¥ªâ®à¨¨ ¢áâà�¨¢�−¨ï á«®¢, ª®â®àë¥ ¡ë«¨ ¡®«¥¥ ¨−â¥à¯à¥â¨àã¥¬ë,
ç¥¬ ª®−ªãà¨àãîé¨¥ ¬¥â®¤ë, ®á−®¢�−−ë¥ −� áâ�â¨ç¥áª¨å ¬®¤¥«ïå, ®¡ãç¥−−ëå
®â¤¥«ì−® −� ¢à¥¬¥−− �ëå áà¥§�å.

‚ à�¡®â¥ [9] (2018 £.) ¨á¯®«ì§®¢�«�áì ¬®¤¥«ì Dynamic Word2Vec ¤«ï ¢¨§ã�«¨-
§�æ¨¨ âà�¥ªâ®à¨© −�¡®à� ¯à¨¬¥à®¢ á«®¢ ¢® ¢áâà®¥−−®¬ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥.
�¢â®àë ¯®áâà®¨«¨ 2D-¯à®¥ªæ¨¨ ¢à¥¬¥−− �ëå ¢¥ªâ®à®¢ à�áá¬�âà¨¢�¥¬ëå á«®¢
á ¯®¬®éìî ¬¥â®¤� ¢¨§ã�«¨§�æ¨¨ t-SNE [10]. �−¨ â�ª¦¥ ¯®áâà®¨«¨ ¡«¨¦�©è¨¥
á«®¢� ª æ¥«¥¢®¬ã á«®¢ã ¨§ ª�¦¤®£® ¢à¥¬¥−−�®£® áà¥§�. �¢â®àë ®â¬¥â¨«¨, çâ®
âà�¥ªâ®à¨ï á«®¢� ¢® ¢áâà®¥−−®¬ ¯à®áâà�−áâ¢¥ á«ã¦¨â ¨−áâàã¬¥−â®¬, ¯®«¥§−ë¬
¤«ï ¯®−¨¬�−¨ï ¨§¬¥−¥−¨ï §−�ç¥−¨© á«®¢ á â¥ç¥−¨¥¬ ¢à¥¬¥−¨.
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‚ à�¡®â¥ [11] (2016 £.) �¢â®àë ¨á¯®«ì§®¢�«¨ ¬®¤¥«ì Word2Vec ¨ ¯à¥¤-
«®¦¨«¨ ¤¢� í¬¯¨à¨ç¥áª¨å ª®«¨ç¥áâ¢¥−−ëå §�ª®−� á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨©:
(1) áª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨© ®¡à�â−® ¯à®¯®àæ¨®−�«ì−� ç�áâ®â¥ ã¯®-
âà¥¡«¥−¨ï á«®¢ (§�ª®− á®®â¢¥âáâ¢¨ï); (2) á«®¢� á ¡®«ìè¥© ¯®«¨á¥¬¨ç−®áâìî
¤¥¬®−áâà¨àãîâ ¡®«¥¥ ¢ëá®ªãî áª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨© (§�ª®− ¨−−®-
¢�æ¨©). ‚ à�¡®â¥ ¨á¯®«ì§®¢�«®áì ª®á¨−ãá−®¥ à�ááâ®ï−¨¥ ¬¥¦¤ã ¢¥ªâ®à�¬¨ á«®¢�
¢ à�§−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨ ¤«ï ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¨ áª®à®áâ¨ á¥¬�−â¨ç¥áª¨å
¨§¬¥−¥−¨©. �â¨ à¥§ã«ìâ�âë ¡ë«¨ ¯®¤â¢¥à¦¤¥−ë ¨ ã«ãçè¥−ë ¢ 2020 £. ¢ à�-
¡®â¥ [12], £¤¥ â�ª¦¥ ¨á¯®«ì§®¢�«¨áì ¬®¤¥«ì Word2Vec, ª®á¨−ãá−®¥ à�ááâ®ï−¨¥
¨ ¤�−−ë¥ ® ç�áâ®â¥ á«®¢ ¤«ï ã«ãçè¥−¨ï ª�ç¥áâ¢� ®¡−�àã¦¥−¨ï á¥¬�−â¨ç¥áª¨å
á¤¢¨£®¢ ã ¯®¯ã«ïà−ëå á«®¢, ª®â®àë¥ ¬¥−ïîâáï ¬¥¤«¥−−¥¥. �à¨ íâ®¬ ®â¬¥-
ç�«®áì, çâ® ®¤−®¢à¥¬¥−−® á ¡ëáâàë¬¨ á¥¬�−â¨ç¥áª¨¬¨ ¨§¬¥−¥−¨ï¬¨ ¢¥ªâ®à®¢
á«®¢ §�¬¥â−® à�áâ¥â ®â−®á¨â¥«ì−�ï ç�áâ®â� íâ¨å á«®¢. ‚ à�¡®â¥ [13] (2022 £.)
�¢â®àë ®¡−�àã¦¨«¨, çâ® ¨§¬¥−¥−¨¥ §−�ç¥−¨ï ¡®«¥¥ ¢¥à®ïâ−® ¤«ï á«®¢, ª®â®-
àë¥ ãá¢�¨¢�îâáï ¢ ¦¨§−¨ ¯®§¦¥ ¨ ª®â®àë¥ á«®¦−¥¥ ¤«ï ¢®á¯à¨ïâ¨ï, � á«®¢�,
ª®â®àë¥ ãá¢�¨¢�îâáï à�−ìè¥, ¨¬¥îâ ¬¥−ìèãî áª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥-
−¨©.

„®áâ¨¦¥−¨ï ¢ ®¡«�áâ¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¨ −¥©à®−−ëå á¥â¥© ¯à¨-
¢¥«¨ ª ¯®ï¢«¥−¨î −®¢ëå, ¡®«¥¥ ¬®é−ëå «¨−£¢¨áâ¨ç¥áª¨å ¬®¤¥«¥© [14{16].
‚ −�áâ®ïé¥¥ ¢à¥¬ï ¡®«ìè¨¥ ï§ëª®¢ë¥ ¬®¤¥«¨ �ªâ¨¢−® ¨á¯®«ì§ãîâáï ¢ á¨áâ¥¬�å
¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�, à�§à�¡�âë¢�¥¬ëå ªàã¯−ë¬¨ ª®¬¯�−¨ï¬¨. ’�ª, ¢ [5]
¢ 2019 £. ¡ë«� ®¯¨á�−� ¬®¤¥«ì BERT (Bidirectional Encoder Representations from
Transformers), à�§à�¡®â�−−�ï Google. Œ®¤¥«ì BERT ¡ë«� ¢áâà®¥−� ¢ ¯®¯ã«ïà-
−ãî â¥ªáâ®¢ãî ¯®¨áª®¢ãî á¨áâ¥¬ã ª®¬¯�−¨¨, çâ® ¯®§¢®«¨«® ¥© «ãçè¥ ¯®−¨¬�âì
¯®¨áª®¢ë¥ §�¯à®áë. „«ï íâ®£® ¬®¤¥«ì ¡ë«� ®¡ãç¥−� −� ®£à®¬−®¬ ç¨á«¥ â¥ª-
áâ®¢ (¯®àï¤ª� 2500 ¬«− á«®¢), ¢ −¥© ¤®áâã¯−ë ¡®«¥¥ 100 ï§ëª®¢. ˆ−ä®à¬�æ¨ï
® ¤¨−�¬¨ç¥áª®© ¬®¤¥«¨ BERT ¡ë«� ®¯ã¡«¨ª®¢�−� £®¤®¬ ¯®§¦¥ ¢ [17] (2020 £.).
…é¥ ®¤−� ï§ëª®¢�ï ¬®¤¥«ì | GPT (Generative Pre-trained Transformer) [6],
¢ë¯ãé¥−−�ï OpenAI ¢ 2022 £., áâ�«� ¤®áâã¯−� ¬−®£¨¬ ¯®«ì§®¢�â¥«ï¬ ¨§¢¥áâ−®©
áà¥¤ë ChatGPT.

„¨−�¬¨ç¥áª¨¥ ¢¥àá¨¨ ï§ëª®¢ëå ¬®¤¥«¥© ®¡ëç−® ¯®ï¢«ïîâáï ¯®§¦¥ áâ�â¨-
ç¥áª¨å. �¥ ¢á¥ áâ�â¨ç¥áª¨¥ ¬®¤¥«¨ ¨¬¥îâ á¢®¨ ¤¨−�¬¨ç¥áª¨¥ ¢¥àá¨¨. �à¥¤-
«®¦¥−−ë© ¢ ¤�−−®© áâ�âì¥ ¬¥â®¤ ¯®§¢®«ï¥â ¢¨§ã�«ì−® áà�¢−¨¢�âì ª�ç¥áâ¢® âà�-
¥ªâ®à¨© í¢®«îæ¨¨ â¥¬ ¨ âà�¥ªâ®à¨© í¢®«îæ¨¨ ª«îç¥¢ëå á«®¢, ¯®áâà®¥−−ëå
á ¨á¯®«ì§®¢�−¨¥¬ à�§−ëå áâ�â¨ç¥áª¨å ¬®¤¥«¥©. „«ï â�ª®£® áà�¢−¥−¨ï ¬®¦−®
¨á¯®«ì§®¢�âì ®¤−¨ ¨ â¥ ¦¥ â¥ªáâ®¢ë¥ ¤�−−ë¥, −¥ ¨§¬¥−ïï ¯à®£à�¬¬−ë© ª®¤ íâ¨å
¬®¤¥«¥©.

2 Постановка задачи

÷¥è�¥¬�ï ¢ áâ�âì¥ §�¤�ç� §�ª«îç�¥âáï ¢ �−�«¨§¥ ¯à¥¤«®¦¥−−®© å�à�ªâ¥à¨-
áâ¨ª¨ | áª®à®áâ¨ ¤¢¨¦¥−¨ï á«®¢, � â�ª¦¥ ¢ à�§à�¡®âª¥ ¬¥â®¤¨ª¨ ¥¥ ¢ëç¨á«¥−¨ï.
„«ï íâ®£® âà¥¡ã¥âáï:
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„¢¨¦¥−¨¥, áª®à®áâì ¨ âà�¥ªâ®à¨¨ ¯à¥¤áâ�¢«¥−¨© ª«îç¥¢ëå á«®¢ ¢ ¯à®áâà�−áâ¢¥ ¬®¤¥«¨

(1) ®¯à¥¤¥«¨âì ¢¥ªâ®àë ¤«ï ¢ë¡à�−−®© £àã¯¯ë ª«îç¥¢ëå á«®¢ ¨«¨ â¥¬ ¢ à�§-
«¨ç−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨ ¨ ¯®«ãç¨âì âà�¥ªâ®à¨¨ í¢®«îæ¨®−−®£® ¤¢¨¦¥−¨ï
íâ¨å ª«îç¥¢ëå á«®¢ ¢ á¥¬�−â¨ç¥áª®¬ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥;

(2) ®¯à¥¤¥«¨âì á¥¬�−â¨ç¥áª¨¥ à�ááâ®ï−¨ï ¬¥¦¤ã ¯®«ãç¥−−ë¬¨ ¢¥ªâ®à�¬¨ ¨ −�
íâ®© ®á−®¢¥ ¢ëï¢¨âì ¨å á¥¬�−â¨ç¥áªãî ¤¨−�¬¨ªã, � â�ª¦¥ ¢ëç¨á«¨âì áª®-
à®áâ−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¨å ¤¢¨¦¥−¨ï. ‘¥¬�−â¨ç¥áª®¥ à�ááâ®ï−¨¥/á¤¢¨£
¬¥¦¤ã ¢¥ªâ®à�¬¨ á«®¢� ¢ ¬®¬¥−âë ¢à¥¬¥−¨ t1 ¨ t2 ®¯à¥¤¥«ï¥âáï ª�ª ª®-
á¨−ãá−®¥ à�ááâ®ï−¨¥ ¬¥¦¤ã íâ¨¬¨ ¢¥ªâ®à�¬¨, â. ¥. ª�ª ¥¤¨−¨æ� ¬¨−ãá ª®-
á¨−ãá ã£«� ¬¥¦¤ã ¢¥ªâ®à�¬¨. �−�«®£¨ç−®¥ ®¯à¥¤¥«¥−¨¥ á¥¬�−â¨ç¥áª®£®
à�ááâ®ï−¨ï/á¤¢¨£� −� ®á−®¢¥ ª®á¨−ãá−®£® à�ááâ®ï−¨ï (cosine distance) ¨á-
¯®«ì§ã¥âáï ¢ à�¡®â�å [4, 11, 12]. �à¨ íâ®¬ áª®à®áâì ¤¢¨¦¥−¨ï ¢¥ªâ®à−ëå
¯à¥¤áâ�¢«¥−¨© â¥à¬¨−®¢ (áª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨©, rate of seman-
tic change) ®¯à¥¤¥«ï¥âáï ª�ª á¥¬�−â¨ç¥áª®¥ à�ááâ®ï−¨¥, ¤¥«¥−−®¥ −� t2 − t1.
‘¬ëá« áª®à®áâ¨ §�ª«îç�¥âáï ¢ â®¬, çâ®¡ë ¨§¬¥à¨âì, −�áª®«ìª® ¡ëáâà®
¬¥−ïîâáï §−�ç¥−¨¥/á¥¬�−â¨ª� á«®¢�, ¥£® ª®−â¥ªáâ, ¯®«®¦¥−¨¥ ¢ ¢¥ªâ®à−®¬
¯à®áâà�−áâ¢¥ ¨ á¥¬�−â¨ç¥áª¨ ¡«¨§ª¨¥ á«®¢�, ª®â®àë¥ ®ªàã¦�îâ á«®¢® ¢ íâ®¬
¯à®áâà�−áâ¢¥. ‘®£«�á−® ¨§¢¥áâ−®© ¢ «¨−£¢¨áâ¨ª¥ ¤¨áâà¨¡ãâ¨¢−®© £¨¯®â¥§¥
¢ë ã§−�¥â¥ á«®¢® ¯® ª®¬¯�−¨¨ (ª®−â¥ªáâã), ª®â®à�ï ¥£® ®ªàã¦�¥â (\you shall
know a word by the company it keeps" [18]);

(3) ¯®áâà®¨âì áà�¢−¨â¥«ì−ë¥ ¤¨�£à�¬¬ë ¤«ï áª®à®áâ¨ ¤¢¨¦¥−¨ï −¥ª®â®àëå
ª«îç¥¢ëå á«®¢ ¢ à�§«¨ç−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨;

(4) ¢¨§ã�«¨§¨à®¢�âì −� ¤¢ã¬¥à−®© ¯«®áª®áâ¨ ª«îç¥¢ë¥ á«®¢�, ¨å í¢®«îæ¨®−−ë¥
âà�¥ªâ®à¨¨ ¨ áª®à®áâ¨ ¤¢¨¦¥−¨ï.

3 Описание метода и вычислительных экспериментов

3.1 Текстовый материал и отбор ключевых слов

„«ï íªá¯¥à¨¬¥−â®¢ ¡ë«� ¢ë¡à�−� ª®««¥ªæ¨ï PubMed [19] (−�§¢�−¨ï, �¢â®àë,
£®¤ ¯ã¡«¨ª�æ¨¨), á®¤¥à¦�é�ï ¨−ä®à¬�æ¨î ® ¡®«¥¥ ç¥¬ 36 ¬«− áâ�â¥© (36 417 711)
¯® ¬¥¤¨æ¨−¥, ¡¨®«®£¨¨ ¨ á¬¥¦−ë¬ −�ãª�¬ ¯® á®áâ®ï−¨î −� −�ç�«® 2024 £.

‘−�ç�«� ¨§ ª®««¥ªæ¨¨ PubMed ¯à®¢®¤¨«�áì ¢ë¡®àª� áâ�â¥© ¢ ®¡«�áâ¨ ¬�-
è¨−−®£® ®¡ãç¥−¨ï ¯® ª«îçã machine learning. ‡�â¥¬ ¢ ®â®¡à�−−ëå áâ�âìïå
¢ëï¢«ï«¨áì −�¨¡®«¥¥ ç�áâ® ¢áâà¥ç�îé¨¥áï âà¥−¤®¢ë¥ ª«îç¥¢ë¥ á«®¢� (®¤−®-
á«®¢−ë¥ ¨«¨ ¤¢ãåá«®¢−ë¥). „«ï �¢â®¬�â¨§�æ¨¨ íâ¨å ¯à®æ¥áá®¢ ¨á¯®«ì§®¢�«¨áì
¬¥â®¤ë, ®¯¨á�−−ë¥ ¢ [20]. ‘à¥¤¨ ª«îç¥¢ëå á«®¢ −�å®¤¨«¨áì âà¥−¤®¢ë¥ (â. ¥. −�¨-
¡®«¥¥ ¯¥àá¯¥ªâ¨¢−ë¥) ª«îç¥¢ë¥ á«®¢�. �−¨ ¢ëï¢«ï«¨áì á ãç¥â®¬ ¤®«£®áà®ç−ëå
¯à®£−®§®¢ ¨å âà¥−¤®¢ ¢ PubMed.

3.2 Построение матрицы семантических расстояний

‘¥¬�−â¨ç¥áª®¥ áå®¤áâ¢® ¨ á¥¬�−â¨ç¥áª¨¥ à�ááâ®ï−¨ï ¬¥¦¤ã ¢ë¡à�−−ë¬¨
ª«îç¥¢ë¬¨ á«®¢�¬¨ ¢ëç¨á«ïîâáï á ¯®¬®éìî ¬®¤¥«¨ (−¥©à®á¥â¨) Word2Vec.
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÷¥§ã«ìâ�â®¬ ï¢«ï¥âáï ¬�âà¨æ� á¥¬�−â¨ç¥áª¨å à�ááâ®ï−¨© N × N (N | ç¨á«®
¢ë¡à�−−ëå ª«îç¥¢ëå á«®¢), £¤¥ à�ááâ®ï−¨ï ¢ëà�¦¥−ë ª�ª ®â−®á¨â¥«ì−ë¥ §−�ç¥-
−¨ï ¢ ¤¨�¯�§®−¥ ®â 0 (á¥¬�−â¨ç¥áª®¥ á®¢¯�¤¥−¨¥) ¤® 2 (¬�ªá¨¬�«ì−®¥ à�§«¨ç¨¥).
‘âà®ª¨ ¢ ¬�âà¨æ¥ à�ááâ®ï−¨©, á®®â¢¥âáâ¢ãîé¨¥ ª«îç¥¢ë¬ á«®¢�¬, ¯à¥¤áâ�¢«ïîâ
á®¡®© ¢¥ªâ®àë ¨§ −¥ª®â®à®£® á¥¬�−â¨ç¥áª®£® ¢¥ªâ®à−®£® ¯à®áâà�−áâ¢�. …á«¨ á¥-
¬�−â¨ç¥áª¨¥ à�ááâ®ï−¨ï −¥ ¢ëç¨á«ï«¨áì áâ�¡¨«ì−®, â® áâ�¡¨«ì−®áâì ã«ãçè�«�áì
¯ãâ¥¬ ¬−®£®ªà�â−®£® ®¡ãç¥−¨ï ï§ëª®¢®© ¬®¤¥«¨ á ¯®á«¥¤ãîé¨¬ ãáà¥¤−¥−¨¥¬
á¥¬�−â¨ç¥áª¨å à�ááâ®ï−¨©.

�®¬¨¬® ª«îç¥¢ëå á«®¢ ¢ ¬�âà¨æã á¥¬�−â¨ç¥áª¨å à�ááâ®ï−¨© ¥é¥ ¢ª«îç�îâáï
â¥¬ë. ’¥¬� | íâ® £àã¯¯� ¡«¨§ª¨å ¯® á¬ëá«ã ª«îç¥¢ëå á«®¢. ’¥¬ë ¢ëï¢«ïîâáï
¯®á«¥ ®¡à�¡®âª¨ â¥ªáâ� á ¯®¬®éìî −¥©à®á¥â¨ Word2Vec. „«ï ¢ëï¢«¥−¨ï â¥¬
¨á¯®«ì§ã¥âáï ª«�áâ¥à¨§�æ¨ï. �à¨ à�áç¥â¥ âà�¥ªâ®à¨© â¥¬ í¢®«îæ¨®−−ë¥ ¬¥âª¨
(á¬. −¨¦¥) áâ�¢ïâáï ¯¥à¥¤ ª�¦¤ë¬ ª«îç¥¢ë¬ á«®¢®¬, ®â−®áïé¨¬áï ª ¤�−−®© â¥¬¥.
‚ ¤�«ì−¥©è¥¬ à�¡®â� á â¥¬�¬¨ ®áãé¥áâ¢«ï¥âáï �−�«®£¨ç−® ª«îç¥¢ë¬ á«®¢�¬.

3.3 Эволюционные метки

Š�ª ãª�§�−® ¢ëè¥, ¤«ï ®¡ê¥¤¨−¥−¨ï à�§−ëå ¢à¥¬¥−− �ëå áà¥§®¢ ¢ ¥¤¨−®¥
¯à®áâà�−áâ¢® ¯¥à¥¤ ¢ë¡à�−−ë¬¨ ª«îç¥¢ë¬¨ á«®¢�¬¨ ¢áâ�¢«ïîâáï í¢®«îæ¨®−−ë¥
¬¥âª¨. Š�¦¤�ï ¬¥âª� ª®¤¨àã¥â ª«îç¥¢®¥ á«®¢® ¨ £®¤ ¯ã¡«¨ª�æ¨¨ áâ�âì¨,
á®¤¥à¦�é¥© ª«îç¥¢®¥ á«®¢®. ‘¥¬�−â¨ç¥áª¨¥ à�ááâ®ï−¨ï ¢ëç¨á«ïîâáï ¤«ï ¬¥â®ª
¢¬¥áâ¥ á ª«îç¥¢ë¬¨ á«®¢�¬¨, çâ® ¯®§¢®«ï¥â ¢ëï¢«ïâì í¢®«îæ¨®−−ë¥ âà�¥ªâ®à¨¨
ª«îç¥¢ëå á«®¢ ¢ á¥¬�−â¨ç¥áª®¬ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥.

‚ à¥§ã«ìâ�â¥ ¤®¡�¢«¥−¨ï í¢®«îæ¨®−−ëå ¬¥â®ª �−�«¨§¨àã¥¬ë© ¨áå®¤−ë©
â¥ªáâ ¨§¬¥−ï¥âáï, � á¥¬�−â¨ç¥áª¨¥ à�ááâ®ï−¨ï ¬¥¦¤ã ª«îç¥¢ë¬¨ á«®¢�¬¨ ¢ ¬�â-
à¨æ¥ à�ááâ®ï−¨© N × N ¬®£ãâ ¨§¬¥−¨âìáï ¨ ¨áª�§¨âìáï, çâ® ¬®¦¥â ¯à¨¢¥áâ¨
ª ¨áª�¦¥−¨ï¬ ¢ à�áç¥â¥ ¯®§¨æ¨©/ª®®à¤¨−�â ¬¥â®ª ¢ á¥¬�−â¨ç¥áª®¬ ¢¥ªâ®à−®¬
¯à®áâà�−áâ¢¥. �� ®á−®¢�−¨¨ íªá¯¥à¨¬¥−â®¢ ¢ëïá−¥−®, çâ® ç¥¬ ¡®«ìè¥ í¢®-
«îæ¨®−−ëå ¬¥â®ª ¤®¡�¢«ï¥âáï ¢ â¥ªáâ ®¤−®¢à¥¬¥−−®, â¥¬ ¡®«ìè¥ ¬®£ãâ ¡ëâì
¨áª�¦¥−¨ï. �®íâ®¬ã, çâ®¡ë ã¬¥−ìè¨âì íâ¨ ¨áª�¦¥−¨ï, ª�¦¤�ï ¬¥âª� ¤®¡�¢«ï-
«�áì ¢ ¨áå®¤−ë© â¥ªáâ ®â¤¥«ì−® ¨ ¥¥ ª®®à¤¨−�âë ¢ëç¨á«ï«¨áì −¥§�¢¨á¨¬® ®â
¤àã£¨å ¬¥â®ª.

3.4 Скоростные характеристики движения ключевых слов

„«ï à�áç¥â� áª®à®áâ¨ ¤¢¨¦¥−¨ï ª«îç¥¢ëå á«®¢ ¨á¯®«ì§®¢�«¨áì ¢¥ªâ®à−ë¥
¯à¥¤áâ�¢«¥−¨ï ª«îç¥¢ëå á«®¢, � â�ª¦¥ ¢¥ªâ®à−ë¥ ¯à¥¤áâ�¢«¥−¨ï ¨å í¢®«îæ¨®−-
−ëå ¬¥â®ª ¢ à�§«¨ç−ë¥ £®¤ë. „�«¥¥ à�ááç¨âë¢�«®áì á¥¬�−â¨ç¥áª®¥ à�ááâ®ï−¨¥
¬¥¦¤ã íâ¨¬¨ ¢¥ªâ®à�¬¨. �®«ãç¥−−®¥ §−�ç¥−¨¥ ¤¥«¨«®áì −� ç¨á«® «¥â. ÷¥§ã«ìâ�âë
à�áç¥â®¢ ¤«ï â¥à¬¨−®¢ ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ (artificial intelligence), ¬�è¨−-
−®¥ ®¡ãç¥−¨¥ (machine-learning) ¨ ¨−â¥à¯à¥â¨àã¥¬ë© (interpretable) ®âà�¦¥−ë −�
à¨á. 1.
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÷¨á. 1 ‘ª®à®áâì ¤¢¨¦¥−¨ï ¯à¥¤áâ�¢«¥−¨© â¥à¬¨−®¢ ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ (arti-
ficial intelligence) (1), ¬�è¨−−®¥ ®¡ãç¥−¨¥ (machine-learning) (2) ¨ ¨−â¥à¯à¥â¨àã¥¬ë©
(interpretable) (3) ¢ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥ −¥©à®á¥â¨ Word2Vec, ®¡ãç¥−−®© ¯® ¡¨¡«¨®-
£à�ä¨ç¥áª¨¬ ¤�−−ë¬ PubMed

�«¨§ª¨¥ ¯® á¥¬�−â¨ª¥ â¥à¬¨−ë ¢ à�§−ë¥ £®¤ë

ƒ®¤ Artificial intelligence Machine-learning Interpretable

2020

explainable
XAI
chatbots
medical artificial
LLM
ChatGpt

explainable
multimodal learning
multi-classification
deep-learning

explainable
semisupervised
graph-based
transformer-based
generalizable
supervised learning

2010

explainable
logic-based
ontology-aware
physics-guided

knowledge-guided
ontology-aware
physics-guided
explainable
meta-learning

generalizable
semisupervised
explainable
semi-supervised learning
graph-based

2000

explainable
knowledge-guided
logic-based
ontology-driven

knowledge-guided
ontology-aware
physics-guided
bayesian-based

explainable
supervised learning
generalizable
gaussian process
semisupervised
random forest
graph-based

„«ï à�áá¬®âà¥−−ëå ¢ëè¥ âà¥å ®á−®¢−ëå â¥à¬¨−®¢ ¨ ¨å ¬¥â®ª ¡ë«¨ −�©¤¥−ë
¡«¨§ª¨¥ ¯® á¥¬�−â¨ª¥ (á®á¥¤−¨¥) ¤àã£¨¥ â¥à¬¨−ë, ª®â®àë¥ ¡ë«¨ ¡«¨§ª¨ ¢ à�§«¨ç-
−ë¥ £®¤ë ¢® ¢à¥¬ï ¤¢¨¦¥−¨ï ¯® í¢®«îæ¨®−−®© âà�¥ªâ®à¨¨. ‚ â�¡«¨æ¥ ¯à¨¢¥¤¥−�
¨−ä®à¬�æ¨ï ® −¥ª®â®àëå ¡«¨§ª¨å â¥à¬¨−�å, ª®â®àë¥ ç�é¥ ¤àã£¨å ®ª�§ë¢�«¨áì
á®á¥¤ï¬¨ ¢® ¢à¥¬ï ¤¢¨¦¥−¨ï ¯® âà�¥ªâ®à¨¨.

‚ â�¡«¨æ¥ ¯à¥¤áâ�¢«¥−ë ¯®¢â®àï¥¬ë¥ ¨ ¡«¨§ª¨¥ ¯® á¥¬�−â¨ª¥ â¥à¬¨−ë ¢ à�§-
«¨ç−ë¥ £®¤ë ¤«ï â¥à¬¨−®¢ artificial intelligence, machine-learning ¨ interpretable.
’¥à¬¨−ë ¢ ª«¥âª�å â�¡«¨æë ã¯®àï¤®ç¥−ë ¯® ¬¥à¥ á¥¬�−â¨ç¥áª®£® áå®¤áâ¢�.
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ˆ§ â�¡«¨æë ¬®¦−® á¤¥«�âì á«¥¤ãîé¨¥ ¢ë¢®¤ë. �® ®â−®è¥−¨î ª â¥à¬¨−ã arti-
ficial intelligence ¥£® ¡«¨§ª¨¥ â¥à¬¨−ë knowledge-guided, logic-based ¨ ontology-
driven ãáâã¯¨«¨ ¯® §−�ç¨¬®áâ¨ ¬¥áâ® â¥à¬¨−�¬ chatbots, LLM ¨ ChatGpt. „«ï
machine-learning â¥à¬¨− explainable áâ�« ¡®«¥¥ §−�ç¨¬ë¬, � â¥à¬¨−ë knowledge-
guided ¨ ontology-aware ãáâã¯¨«¨ ¬¥áâ® multimodal learning ¨ deep-learning. „«ï
interpretable ¬¥â®¤ ª®−âà®«¨àã¥¬®£® ®¡ãç¥−¨ï (supervised learning) ãáâã¯¨« ¯®
§−�ç¨¬®áâ¨ ¬¥áâ® ¬¥â®¤ã ¯®«ãª®−âà®«¨àã¥¬®£® ®¡ãç¥−¨ï (semisupervised), ¯®¢ë-
á¨«�áì à®«ì ¬¥â®¤®¢, ®á−®¢�−−ëå −� £à�ä�å (graph-based), � ¬¥â®¤ë gaussian
process ¨ random forest ãáâã¯¨«¨ ¬¥áâ® ¬¥â®¤�¬, ®á−®¢�−−ë¬ −� âà�−áä®à¬¥à�å
(transformer-based).

3.5 Семантическая карта

„«ï ¢¨§ã�«¨§�æ¨¨ ¢ë¡à�−−ëå ª«îç¥¢ëå á«®¢ ¨ â¥¬, � â�ª¦¥ ¨å í¢®«îæ¨®−-
−ëå âà�¥ªâ®à¨© −� á¥¬�−â¨ç¥áª®© ª�àâ¥ −¥®¡å®¤¨¬® à�ááç¨â�âì á®®â¢¥âáâ¢ãîé¨¥
ª®®à¤¨−�âë −� 2D-¯«®áª®áâ¨. ÷�áç¥â ª®®à¤¨−�â ª«îç¥¢ëå á«®¢ ¨ í¢®«îæ¨®−−ëå
¬¥â®ª ¢ë¯®«−ï¥âáï á ¯®¬®éìî ¯à®£à�¬¬ë PCA, ª®â®à�ï à¥¤ãæ¨àã¥â ¬−®£®¬¥à-
−®¥ á¥¬�−â¨ç¥áª®¥ ¢¥ªâ®à−®¥ ¯à®áâà�−áâ¢® ª ¤¢ã¬ ¨§¬¥à¥−¨ï¬. �®á«¥¤ãîé�ï
¢¨§ã�«¨§�æ¨ï ¢ ¢¨¤¥ á¥¬�−â¨ç¥áª®© ª�àâë ¢ë¯®«−ï¥âáï á ¯®¬®éìî ¡¨¡«¨®â¥ª¨
Python Matplotlib. �à¨¬¥à â�ª®© á¥¬�−â¨ç¥áª®© ª�àâë ¯®ª�§�− −� à¨á. 2.

–¢¥â� ª«îç¥¢ëå á«®¢ −� á¥¬�−â¨ç¥áª®© ª�àâ¥ á®®â¢¥âáâ¢ãîâ ¨å ¤®«£®áà®ç−ë¬
¯à®£−®§�¬ âà¥−¤®¢ ¢ ª®««¥ªæ¨¨ PubMed. ��¨¡®«¥¥ ¯¥àá¯¥ªâ¨¢−ë¥ ª«îç¥¢ë¥
á«®¢� á á�¬ë¬¨ ¤«¨â¥«ì−ë¬¨ âà¥−¤�¬¨ ¢ë¤¥«¥−ë ªà�á−ë¬ æ¢¥â®¬, áà¥¤−¨¥
âà¥−¤ë | á¨−¨¬, � ¬¨−¨¬�«ì−ë¥ âà¥−¤ë | ç¥à−ë¬.

Š®®à¤¨−�âë ª«îç¥¢ëå á«®¢, â¥¬ ¨ ¬¥â®ª −� á¥¬�−â¨ç¥áª®© ª�àâ¥ ®¯à¥¤¥«ïîâ-
áï ª�ª ¯à®¥ªæ¨¨ á®®â¢¥âáâ¢ãîé¨å â®ç¥ª ¬−®£®¬¥à−®£® ¢¥ªâ®à−®£® ¯à®áâà�−áâ¢�
−� ¤¢ã¬¥à−ãî ¯«®áª®áâì, ®¯à¥¤¥«ï¥¬ãî £«�¢−ë¬¨ −�¯à�¢«¥−¨ï¬¨ (£«�¢−ë¬¨
ª®¬¯®−¥−â�¬¨), ¢ëç¨á«¥−−ë¬¨ á ¯®¬®éìî �«£®à¨â¬� PCA. ’�ª�ï á¥¬�−â¨ç¥-
áª�ï ª�àâ� ¯®¬®£�¥â ¢¨§ã�«ì−® ¨¤¥−â¨ä¨æ¨à®¢�âì ª«�áâ¥àë â¥á−® á¢ï§�−−ëå
ª«îç¥¢ëå á«®¢. �� à¨á. 2 ¬®¦−® ¢¨¤¥âì á«¥¤ãîé¨¥ ª«�áâ¥àë ª«îç¥¢ëå á«®¢,
¡«¨§ª¨å ¯® á¬ëá«ã: á«¥¢� | §�¡®«¥¢�−¨ï ¨ ¬¥¤¨æ¨−áª�ï â¥à¬¨−®«®£¨ï; á¯à�-
¢� | �«£®à¨â¬ë, ¬¥â®¤ë ¨ ª®¬¯ìîâ¥à−�ï â¥à¬¨−®«®£¨ï; ¢¢¥àåã | ª«îç¥¢ë¥
á«®¢� á ¬¨−¨¬�«ì−ë¬¨ âà¥−¤�¬¨ (ç¥à−ë¥); ¢−¨§ã | âà¥−¤®¢ë¥ ª«îç¥¢ë¥ á«®¢�
(ªà�á−ë¥ ¨ á¨−¨¥).

‘¥¬�−â¨ç¥áª�ï ª�àâ� ¨««îáâà¨àã¥â áª®à®áâì á¥¬�−â¨ç¥áª¨å ¨§¬¥−¥−¨© ¨ §−�-
ç¨â¥«ì−ë¥ á¥¬�−â¨ç¥áª¨¥ á¤¢¨£¨ ¨−â¥à¥áãîé¨å ª«îç¥¢ëå á«®¢ §� 24 £®¤� á 2000
¯® 2024 ££. —¥¬ ¢ëè¥ áª®à®áâì, â¥¬ ¡®«ìè¥ á¤¢¨£�¥âáï ¬¥âª� ª«îç¥¢®£® á«®-
¢� −� ª�àâ¥ ¨ â¥¬ á¨«ì−¥¥ ¬¥−ïîâáï ®ªàã¦�îé¨¥ á¥¬�−â¨ç¥áª¨ áå®¦¨¥ á«®¢�.
��¯à¨¬¥à, −� à¨á. 2 ¯®ª�§�−®, çâ® ª«îç¥¢®¥ á«®¢® machine learning (¬�è¨−−®¥
®¡ãç¥−¨¥) ¨¬¥«® á«¥¤ãîé¨¥ á¥¬�−â¨ç¥áª¨ áå®¦¨¥ á«®¢� ¢ à�§−ë¥ £®¤ë: physics-
guided ¨ algorithm-generated á 2000 ¯® 2010 ££., multiclassification ¨ catboost
¢ 2020 £. ¨ deep learning ¢ 2024 £. ’�ª¨¬ ®¡à�§®¬, à¨á. 2 ¯®ª�§ë¢�¥â, çâ®
¯à¥¤«�£�¥¬ë© ¬¥â®¤ ¯®§¢®«ï¥â áâà®¨âì í¢®«îæ¨®−−ë¥ âà�¥ªâ®à¨¨, ª®â®àë¥ ¬®-
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÷¨á. 2 ‚¨§ã�«¨§�æ¨ï −�¡®à� ª«îç¥¢ëå á«®¢ ¨ â¥¬ á í¢®«îæ¨®−−ë¬¨ âà�¥ªâ®à¨ï¬¨.
‡¤¥áì í¢®«îæ¨®−−ë¥ ¬¥âª¨, §�ª�−ç¨¢�îé¨¥áï −� úyû, á®®â¢¥âáâ¢ãîâ £®¤�¬ ¯ã¡«¨ª�æ¨¨
2000 ¨ à�−¥¥; §�ª�−ç¨¢�îé¨¥áï −� úoû á®®â¢¥âáâ¢ãîâ £®¤�¬ 2010 ¨ à�−¥¥; §�ª�−ç¨¢�îé¨-
¥áï −� úeû á®®â¢¥âáâ¢ãîâ £®¤�¬ 2020 ¨ à�−¥¥. �®§¨æ¨¨ á�¬¨å ª«îç¥¢ëå á«®¢ ¯®ª�§�−ë
−� 2024 £. ��¯à¨¬¥à, ¬¥âª� `ai y' §�¬¥−ï¥â ª«îç¥¢®¥ á«®¢® artificial intelligence,
¨á¯®«ì§ã¥¬®¥ ¢ 2000 ¨ à�−¥¥. ”¨®«¥â®¢ë¥ «¨−¨¨, á®¥¤¨−ïîé¨¥ ¬¥âª¨ ®¤−®£® ¨ â®£® ¦¥
ª«îç¥¢®£® á«®¢�, ¨§®¡à�¦�îâ ¥£® í¢®«îæ¨®−−ãî âà�¥ªâ®à¨î ¢ á¥¬�−â¨ç¥áª®¬ ¢¥ªâ®à−®¬
¯à®áâà�−áâ¢¥

£ãâ å®à®è® ä¨ªá¨à®¢�âì á¥¬�−â¨ç¥áª¨¥ á¤¢¨£¨ ¨ ¨§¬¥−¥−¨¥ áª®à®áâ¨ ª«îç¥¢ëå
á«®¢ á â¥ç¥−¨¥¬ ¢à¥¬¥−¨. ’�ª¦¥ à¨á. 2 ¤¥¬®−áâà¨àã¥â, çâ® âà�¥ªâ®à¨¨ à�§−ëå
ª«îç¥¢ëå á«®¢ ¨¬¥îâ à�§−ë¥ −�¯à�¢«¥−¨ï, ¤«¨−ë ¨ ä®à¬ë.

4 Заключение

�à¥¤«�£�¥¬ë© ¬¥â®¤ ¬®¦¥â ¡ëâì ¯®«¥§−ë¬ ¯à¨ à¥è¥−¨¨ æ¥«®£® àï¤� §�¤�ç,
â�ª¨å ª�ª ¡®«¥¥ â®ç−®¥ ¯®−¨¬�−¨¥ á¬ëá«� â¥ªáâ®¢, ¢ëï¢«¥−¨¥ ¯®å®¦¥áâ¨ ¬¥¦¤ã
â¥à¬¨−�¬¨ ¢¯«®âì ¤® ¨å ¢§�¨¬®§�¬¥−ï¥¬®áâ¨ ¨«¨, −�®¡®à®â, �«ìâ¥à−�â¨¢−®áâ¨,
®¯à¥¤¥«¥−¨¥ �¢â®àáâ¢� �−®−¨¬−ëå â¥ªáâ®¢, ¨ ¤àã£¨å §�¤�ç, ¤«ï à¥è¥−¨ï ª®â®-
àëå −¥ −�å®¤¨«®áì ®¡ê¥ªâ¨¢−ëå ¬¥â®¤®¢ ¢ à�¬ª�å ª«�áá¨ç¥áª®© íâ¨¬®«®£¨¨,
¯à¨ç¥¬ â�ª®© �−�«¨§ ¬®¦¥â ¡ëâì ¯à®¤¥«�− ¤«ï à�§−ëå ¯à¥¤¬¥â−ëå ®¡«�áâ¥©
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¡¥§ ª�ª®©-«¨¡® ¬®¤¨ä¨ª�æ¨¨ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï. �â® ¤�¥â ¢®§¬®¦−®áâì
¤«ï ¡®«¥¥ ã£«ã¡«¥−−®£® �−�«¨§� ¨§¬¥−¥−¨©, ¯à®¨áå®¤ïé¨å ¢ ¨á¯®«ì§®¢�−¨¨ â¥å
¨«¨ ¨−ëå ¯®−ïâ¨© ¢ −�ãª¥, â¥å−¨ª¥, ¬¥¤¨æ¨−¥, áà¥¤áâ¢�å ¬�áá®¢®© ¨−ä®à¬�-
æ¨¨. ‘à¥¤¨ ¯à¥¨¬ãé¥áâ¢ ¯à¥¤«�£�¥¬®£® ¬¥â®¤� ª�àâ¨à®¢�−¨ï í¢®«îæ¨®−−ëå
âà�¥ªâ®à¨© ¬®¦−® ¢ë¤¥«¨âì ¢®§¬®¦−®áâì ¨á¯®«ì§®¢�−¨ï à�§«¨ç−ëå á®¢à¥¬¥−-
−ëå ï§ëª®¢ëå ¬®¤¥«¥© (Word2Vec, BERT, GPT ¨ ¤à.) ¡¥§ ¬®¤¨ä¨ª�æ¨¨ ¨å
¯à®£à�¬¬, ¢®§¬®¦−®áâì ¨á¯®«ì§®¢�−¨ï à�§«¨ç−ëå �«£®à¨â¬®¢ ¬�àª¨à®¢ª¨ ¯®-
−ïâ¨© ¨ â¥¬ ¢ ¨áå®¤−®¬ â¥ªáâ¥, � â�ª¦¥ ¢®§¬®¦−®áâì ¢¨§ã�«ì−®£® áà�¢−¥−¨ï
ª�ç¥áâ¢� à�§«¨ç−ëå ï§ëª®¢ëå ¬®¤¥«¥©.

�¢â®àë áç¨â�îâ, çâ®, à�§¢¨¢�ï ¯à¥¤«�£�¥¬ë© ¯®¤å®¤, ¬®¦−® ¡ã¤¥â ¯à¨¡«¨-
§¨âìáï ª �¢â®¬�â¨ç¥áª®¬ã ®¯®§−�−¨î â�ª¨å á«®¦−ëå á¥¬�−â¨ç¥áª¨å §�¤�ç, ª�ª
¢ëï¢«¥−¨¥ ®ª®− �¢¥àâ®−� [21]. ‚¥¤ì á¬ëá« ®ª®− �¢¥àâ®−� á®áâ®¨â ¢ â®¬, çâ®¡ë
¢ â¥ç¥−¨¥ ¤®áâ�â®ç−® ª®à®âª®£® ¢à¥¬¥−¨ à�áè¨à¨âì §−�ç¥−¨¥ â¥à¬¨−� ¨«¨ ¨§¬¥-
−¨âì ¥£® ª®−−®â�æ¨î. “ â�ª¨å â¥à¬¨−®¢ ®¡ëç−® ¡ëáâà® ¬¥−ï¥âáï á¥¬�−â¨ç¥áª®¥
®ªàã¦¥−¨¥. �à¥¤«�£�¥¬ë© ¢ à�¡®â¥ ¬¥â®¤ ¯®§¢®«ï¥â ®âá«¥¦¨¢�âì ¤«ï â¥à¬¨−®¢
¨¬¥−−® â�ª¨¥ ¤¨−�¬¨ç¥áª¨¥ ¨§¬¥−¥−¨ï.

”¨§¨ç¥áª¨¥ ¯®−ïâ¨ï ¤¢¨¦¥−¨¥, áª®à®áâì ¨ âà�¥ªâ®à¨ï å®à®è® ¨§¢¥áâ−ë
¨§ ®¯ëâ� ¢ ¬�â¥à¨�«ì−®¬ ¬¨à¥. ‚ áâ�âì¥ −� ª®−ªà¥â−®¬ ¯à¨¬¥à¥ á ¯®¬®éìî
â®ç−ëå ¨§¬¥à¥−¨© ¨ ¢¨§ã�«¨§�æ¨¨ ¯à®¤¥¬®−áâà¨à®¢�−� �−�«®£¨ï ¬¥¦¤ã á®®â¢¥â-
áâ¢ãîé¨¬¨ ä¨§¨ç¥áª¨¬¨ ¨ ¨−ä®à¬�æ¨®−−ë¬¨ ¯à®æ¥áá�¬¨, çâ® ¯®¬®£�¥â ¯®−ïâì
â�ª¨¥ á«®¦−ë¥ ¯®−ïâ¨ï, ª�ª áª®à®áâì ¤¢¨¦¥−¨ï ¨ âà�¥ªâ®à¨¨ ª«îç¥¢ëå á«®¢
¢ ¢¥ªâ®à−®¬ ¯à®áâà�−áâ¢¥ −¥©à®á¥â¨.
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MOVEMENT, VELOCITY, AND TRAJECTORIES
OF KEYWORD REPRESENTATIONS IN THE VECTOR SPACE

OF THE LANGUAGE MODEL
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of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation

Abstract: A method for calculating the positions, velocities, and evolutionary
trajectories of keywords in the vector space of a static language model is proposed.
The semantic distance between word vectors at times t1 and t2 is defined as the
cosine distance between these vectors. The rate of semantic change is calculated
as the semantic distance divided by time (t2 − t1). The rate of semantic change
expresses how quickly the meaning/semantics of a word, its context, position
in the vector space, and semantically close words change. The method allows
one to calculate the velocities and evolutionary trajectories of topics representing
a set of several related keywords. To calculate the velocities and trajectories,
special evolutionary labels are inserted into the analyzed source text next to the
words from the topic of interest. The case of the velocities and trajectories of
keywords in the field of \machine learning" obtained from the PubMed library
is considered. Keyword vectors and their changes over time are calculated using
the Word2Vec neural network. A semantic map is presented that allows one
to visually assess evolutionary trajectories and velocities. It is based on the
PCA (Principal Component Analysis) algorithm which allows one to obtain
a projection of trajectories onto a two-dimensional plane.

Keywords: rate of semantic change; evolutionary trajectories; vector space;
static language model
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МЕТАЭВРИСТИЧЕСКИЕ АЛГОРИТМЫ
ДЛЯ ИДЕНТИФИКАЦИИ ПАРАМЕТРОВ ТРЕХМЕРНОЙ

МОДЕЛИ СНИЖЕНИЯ УСТАЛОСТНОЙ ЖЕСТКОСТИ
КОМПОЗИЦИОННЫХ МАТЕРИАЛОВ∗

А. В. Пантелеев1, Н. В. Турбин2, И. С. Надоров3, Н. О. Кононов4

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ¯à¨¬¥−¥−¨î á®¢à¥¬¥−−ëå ¬¥â�í¢à¨áâ¨ç¥áª¨å
�«£®à¨â¬®¢ ®¯â¨¬¨§�æ¨¨ ¤«ï ®¯à¥¤¥«¥−¨ï ¯�à�¬¥âà®¢ −®¢ëå ¬�â¥¬�â¨ç¥áª¨å
¬®¤¥«¥©, ®¯¨áë¢�îé¨å à¥§ã«ìâ�âë íªá¯¥à¨¬¥−â®¢. �à¥¤¬¥â®¬ ¨áá«¥¤®¢�−¨©
¢ë¡à�−® á¢®©áâ¢® ª®¬¯®§¨æ¨®−−ëå ¬�â¥à¨�«®¢, ¨á¯®«ì§ã¥¬ëå ¢ �¢¨�áâà®-
¥−¨¨, â¥àïâì ¦¥áâª®áâì ¢ ¯à®æ¥áá¥ íªá¯«ã�â�æ¨¨. „«ï ¬�â¥¬�â¨ç¥áª®£® ¬®¤¥-
«¨à®¢�−¨ï ¯à®æ¥áá� ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ ¯à¥¤«®¦¥−® ¨á¯®«ì§®¢�âì á¨áâ¥¬ã
¨§ âà¥å ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©, ®¯¨áë¢�îé¨å å�à�ª-
â¥à−ë¥ íâ�¯ë ¯à®æ¥áá�. „«ï −�å®¦¤¥−¨ï ¯�à�¬¥âà®¢ ¯à�¢ëå ç�áâ¥© ãà�¢−¥-
−¨© à¥è�îâáï ¤¢¥ §�¤�ç¨ ãá«®¢−®© ®¯â¨¬¨§�æ¨¨, ¢ ª®â®àëå ¬¨−¨¬¨§¨àãîâáï
®âª«®−¥−¨ï à¥è¥−¨© ãà�¢−¥−¨© ®â ¨§¢¥áâ−ëå à¥§ã«ìâ�â®¢ ¨á¯ëâ�−¨© ª®¬¯®§¨-
æ¨®−−ëå ¬�â¥à¨�«®¢. ÷¥è¥−¨ï ãà�¢−¥−¨© −�å®¤ïâáï ª«�áá¨ç¥áª¨¬¨ ï¢−ë¬¨
¬¥â®¤�¬¨ ç¨á«¥−−®£® ¨−â¥£à¨à®¢�−¨ï à�§«¨ç−®£® ¯®àï¤ª� â®ç−®áâ¨. „«ï ¯�-
à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨, â. ¥. −�å®¦¤¥−¨ï §−�ç¥−¨© ¯�à�¬¥âà®¢ ¯à�¢ëå
ç�áâ¥© ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¯® à¥§ã«ìâ�â�¬ ¨á¯ëâ�−¨©, ¯à¥¤«�£�¥â-
áï ¨á¯®«ì§®¢�âì ¬¥â�í¢à¨áâ¨ç¥áª¨¥ ¬¥â®¤ë ®¯â¨¬¨§�æ¨¨: ¬®¤¨ä¨æ¨à®¢�−−ë©
¬¥â®¤, ¨¬¨â¨àãîé¨© ¯®¢¥¤¥−¨¥ áâ�¨ ¬®âë«ìª®¢, � â�ª¦¥ ¬¥â®¤ á«ãç�©−®£®
¯®¨áª� á ¯®á«¥¤®¢�â¥«ì−®© à¥¤ãªæ¨¥© ®¡«�áâ¨ ¨áá«¥¤®¢�−¨ï. �à¨¢¥¤¥−ë ç¨á-
«¥−−ë¥ à¥§ã«ìâ�âë ¨áá«¥¤®¢�−¨ï ª®−ªà¥â−®£® ª®¬¯®§¨æ¨®−−®£® ¬�â¥à¨�«�,
¨««îáâà¨àãîé¨¥ íää¥ªâ¨¢−®áâì ¯à¥¤«®¦¥−−®£® ¯®¤å®¤�.
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1 Введение

�à¨¬¥−¥−¨¥ −®¢ëå â¥å−®«®£¨© ¢ à�§«¨ç−ëå ®¡«�áâïå â¥å−¨ª¨, ¢ ç�áâ−®áâ¨
¢ ¯à®¥ªâ¨à®¢�−¨¨ á®¢à¥¬¥−−ëå «¥â�â¥«ì−ëå �¯¯�à�â®¢ ¨§ ª®¬¯®§¨æ¨®−−ëå ¬�â¥-
à¨�«®¢, âà¥¡ã¥â ¨á¯®«ì§®¢�−¨ï −¥ â®«ìª® ª«�áá¨ç¥áª¨å ¬�â¥¬�â¨ç¥áª¨å ¬¥â®¤®¢,
−® ¨ −®¢ëå ¯®¤å®¤®¢, å®à®è® §�à¥ª®¬¥−¤®¢�¢è¨å á¥¡ï ¯à¨ à¥è¥−¨¨ �ªâã�«ì−ëå
¯à¨ª«�¤−ëå §�¤�ç. Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë £«®¡�«ì−®© ®¯â¨¬¨§�æ¨¨,
¢ª«îç�îé¨¥ ¢ á¥¡ï ¬¥â®¤ë úà®¥¢®£® ¨−â¥««¥ªâ�û, í¢®«îæ¨®−−ë¥, ¡¨®¨−á¯¨à¨-
à®¢�−−ë¥, ¬ã«ìâ¨�£¥−â−ë¥ ¬¥â®¤ë, � â�ª¦¥ ¬¥â®¤ë, ¨¬¨â¨àãîé¨¥ ä¨§¨ç¥áª¨¥,
å¨¬¨ç¥áª¨¥ ¨ á®æ¨�«ì−ë¥ ¯à®æ¥ááë, ¨−â¥−á¨¢−® à�§¢¨¢�îâáï ¢ â¥ç¥−¨¥ ¯®á«¥¤-
−¥£® ¤¥áïâ¨«¥â¨ï. ˆå ¨á¯®«ì§®¢�−¨¥ ¢¯®«−¥ ®¡®á−®¢�−−®, ª®£¤� ¤«ï ¢ëç¨á«¥−¨ï
§−�ç¥−¨ï æ¥«¥¢®© äã−ªæ¨¨ âà¥¡ã¥âáï à¥�«¨§®¢�âì ¯à®æ¥áá ¬�â¥¬�â¨ç¥áª®£® ¬®-
¤¥«¨à®¢�−¨ï à¥�«ì−®£® ï¢«¥−¨ï. ‚ à�¡®â¥ à�áá¬�âà¨¢�¥âáï âà¥å¬¥à−�ï ¬®¤¥«ì
¯à®æ¥áá� à®áâ� ¯®¢à¥¦¤¥−−®áâ¨ ª®¬¯®§¨æ¨®−−®£® ¬�â¥à¨�«� ¯® ¬¥à¥ −�à�¡®âª¨
ç¨á«� æ¨ª«®¢ −�£àã§ª¨, ª®â®àë© ®¯¨áë¢�¥âáï à¥è¥−¨¥¬ á¨áâ¥¬ë −¥«¨−¥©−ëå
®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. ‘ä®à¬ã«¨à®¢�−� ¨ à¥è¥−� §�-
¤�ç� −�å®¦¤¥−¨ï ¯�à�¬¥âà®¢ ¯à�¢ëå ç�áâ¥© íâ¨å ãà�¢−¥−¨© ¯® à¥§ã«ìâ�â�¬
¨á¯ëâ�−¨© ª®¬¯®§¨â−®£® ¬�â¥à¨�«� á æ¥«ìî −�¨«ãçè¥£® ¨å ®¯¨á�−¨ï. „«ï
¯®¤áç¥â� §−�ç¥−¨© æ¥«¥¢®© äã−ªæ¨¨, å�à�ªâ¥à¨§ãîé¥© â®ç−®áâì ¨¤¥−â¨ä¨ª�æ¨¨
¯�à�¬¥âà®¢ ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨, ¨á¯®«ì§ãîâáï ª«�áá¨ç¥áª¨¥ ï¢−ë¥ ¬¥â®-
¤ë ¨−â¥£à¨à®¢�−¨ï ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. ‘ æ¥«ìî
®¯à¥¤¥«¥−¨ï §−�ç¥−¨© ¯�à�¬¥âà®¢ ¯à�¢ëå ç�áâ¥© ¯à¥¤«®¦¥−® ¨á¯®«ì§®¢�âì ¤¢�
¬¥â�í¢à¨áâ¨ç¥áª¨å �«£®à¨â¬� ®¯â¨¬¨§�æ¨¨: ¬®¤¨ä¨æ¨à®¢�−−ë© ¬¥â®¤, ¨¬¨-
â¨àãîé¨© ¯®¢¥¤¥−¨¥ áâ�¨ ¬®âë«ìª®¢, ¨ ¬¥â®¤ á ¯®á«¥¤®¢�â¥«ì−®© à¥¤ãªæ¨¥©
®¡«�áâ¨ ¨áá«¥¤®¢�−¨ï.

‚ ª�ç¥áâ¢¥ ¯à¨ª«�¤−®© §�¤�ç¨ à�áá¬�âà¨¢�¥âáï ¯à®¡«¥¬� ®¯à¥¤¥«¥−¨ï å�à�ª-
â¥à−ëå ¯�à�¬¥âà®¢ ¬®¤¥«ì−®£® ª®¬¯®§¨æ¨®−−®£® ¬�â¥à¨�«�.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¨§¢¥áâ−® ¬−®¦¥áâ¢® ¬®¤¥«¥© ¤«ï ®æ¥−ª¨ ãáâ�«®áâ−®©
¯à®ç−®áâ¨ ª®−áâàãªæ¨© ¨§ ¯®«¨¬¥à−ëå ª®¬¯®§¨æ¨®−−ëå ¬�â¥à¨�«®¢ (�ŠŒ).
�®áª®«ìªã −�ª®¯«¥−¨¥ ãáâ�«®áâ−®© ¯®¢à¥¦¤¥−−®áâ¨ ¢ �ŠŒ á®¯à®¢®¦¤�¥âáï ¯®-
â¥à¥© ¦¥áâª®áâ¨, â® è¨à®ª®¥ à�á¯à®áâà�−¥−¨¥ ¯®«ãç¨«¨ à�§«¨ç−ë¥ ¬¥â®¤¨ª¨
à�áç¥â−®© ®æ¥−ª¨ ¤®«£®¢¥ç−®áâ¨ ¯® ®áâ�â®ç−®© ¦¥áâª®áâ¨ [1{4]. �¯à¥¤¥«¥−¨¥
à�¡®ç¨å å�à�ªâ¥à¨áâ¨ª �ŠŒ ¤«ï ¯®¤®¡−®£® à�áç¥â� áâ�¢¨«®áì §�¤�ç¥© á¯¥æ¨-
�«ì−®£® íªá¯¥à¨¬¥−â� [5]. ‚ [1] ¯à¥¤«®¦¥−� −®¢�ï ¬®¤¥«ì | ¯à®£à¥áá¨àãîé¥¥
ãáâ�«®áâ−®¥ ¯®¢à¥¦¤¥−¨¥, à�áç¥â−ë¥ ãà�¢−¥−¨ï ª®â®à®© ¯®§¢®«ïîâ �¯¯à®ªá¨-
¬¨à®¢�âì ªà¨¢ë¥ ®áâ�â®ç−®© ¯à®ç−®áâ¨ ¨ ¦¥áâª®áâ¨. „«ï ®æ¥−ª¨ à�§àãè¥−¨ï
¬�â¥à¨�«� à�áá¬�âà¨¢�îâáï ä¥−®¬¥−®«®£¨ç¥áª¨¥ ¬¥àë ãáâ�«®áâ−®£® à�§àãè¥-
−¨ï ¢ −¥áª®«ìª¨å −�¯à�¢«¥−¨ïå á ¨á¯®«ì§®¢�−¨¥¬ ªà¨â¥à¨¥¢, ®á−®¢�−−ëå −�
−�¯àï¦¥−¨ïå. ‚ [6] à�§à�¡®â�−� ¬®¤¥«ì ®áâ�â®ç−®© ¦¥áâª®áâ¨, ª®â®à�ï å®à®-
è® á®£«�áã¥âáï á íªá¯¥à¨¬¥−â�«ì−ë¬¨ ¤�−−ë¬¨ ¨ −¥ âà¥¡ã¥â ¡®«ìè®£® ®¡ê¥¬�
¨áå®¤−ëå ¤�−−ëå. „«ï ¯®áâà®¥−¨ï ªà¨¢ëå ®áâ�â®ç−®© ¦¥áâª®áâ¨ −¥®¡å®¤¨¬®
à¥£¨áâà¨à®¢�âì ¨§¬¥−¥−¨¥ ¬®¤ã«ï ã¯àã£®áâ¨ ª®−áâàãªæ¨© ¨§ �ŠŒ ¢ ¯à®æ¥áá¥
æ¨ª«¨ç¥áª¨å ¨á¯ëâ�−¨©. ‚ [5] à�§à�¡®â�− ¬¥â®¤ ®æ¥−ª¨ ¨§¬¥−¥−¨ï ¬®¤ã«ï ã¯àã-
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Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬®¤¥«¨

£®áâ¨ ¢ ¯à®æ¥áá¥ æ¨ª«¨ç¥áª¨å ¨á¯ëâ�−¨© −� ®á−®¢¥ à¥£¨áâà�æ¨¨ ¯®«¥© ¤¥ä®à¬�-
æ¨©, á®®â¢¥âáâ¢ãîé¨å à�§−ë¬ æ¨ª«�¬ −�£àã§ª¨. ‚ [7, 8] ®¯¨á�−ë á®¢à¥¬¥−−ë¥
¬�â¥¬�â¨ç¥áª¨¥ ¬®¤¥«¨ ¨ ¬¥â®¤ë �−�«¨§� �ŠŒ.

�à¨ íâ®¬ ¢�¦−®© ¯à®¡«¥¬®© ®áâ�¥âáï ä®à¬¨à®¢�−¨¥ ¨ �−�«¨§ ¬�â¥¬�â¨ç¥áª¨å
¬®¤¥«¥©, ®¯¨áë¢�îé¨å ¯à®æ¥ááë ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ ¢ ª®¬¯®§¨æ¨®−−ëå ¬�â¥-
à¨�«�å. �á−®¢®© â�ª¨å ¬®¤¥«¥© á«ã¦�â ãà�¢−¥−¨ï, �¯¯à®ªá¨¬¨àãîé¨¥ ªà¨¢ë¥
®áâ�â®ç−®© ¯à®ç−®áâ¨ ¨«¨ ®áâ�â®ç−®© ¦¥áâª®áâ¨. „«ï ¨á¯®«ì§®¢�−¨ï ¬®¤¥«¥©
−¥®¡å®¤¨¬® ¯®¤¡¨à�âì ª®íää¨æ¨¥−âë �¯¯à®ªá¨¬�æ¨¨, ¢å®¤ïé¨¥ ¢ à�áç¥â−ë¥
ãà�¢−¥−¨ï, â�ª, çâ®¡ë à¥è¥−¨ï ãà�¢−¥−¨© á®®â¢¥âáâ¢®¢�«¨ ¤�−−ë¬, ¯®«ãç¥−−ë¬
¢ à¥§ã«ìâ�â¥ ¨á¯ëâ�−¨©.

�¤−� ¨§ ¢®§¬®¦−ëå ¬®¤¥«¥©, ¯à¥¤«®¦¥−−�ï ¢ [2], á®¤¥à¦¨â 5 −¥¨§¢¥áâ−ëå
¯�à�¬¥âà®¢, å�à�ªâ¥à¨§ãîé¨å ãáâ�«®áâ−®¥ á−¨¦¥−¨¥ ¦¥áâª®áâ¨ ¬�â¥à¨�«�, −®
®−� ®¯¨áë¢�¥â ¯à®æ¥ááë â®«ìª® ¢¤®«ì ®¤−®£® ¨§ −�¯à�¢«¥−¨©. „«ï íâ®© ¬®¤¥-
«¨ §�¤�ç� ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ à¥è¥−� ¢ [9]. �¤−�ª® ¯à¨ ¨áá«¥¤®¢�−¨¨
�ŠŒ, ¨á¯®«ì§ã¥¬ëå, ¢ ç�áâ−®áâ¨, ¢ ª®−áâàãªæ¨ïå á�¬®«¥â®¢, âà¥¡ã¥âáï �−�«¨-
§¨à®¢�âì ¯à®æ¥ááë ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ ¯® âà¥¬ −�¯à�¢«¥−¨ï¬: ¯à®¤®«ì−®¬ã,
¯®¯¥à¥ç−®¬ã ¨ á¤¢¨£®¢®¬ã. ‚ [2] ¯à¥¤«®¦¥−� £¨¯®â¥§� ®¯¨á�−¨ï â�ª®© ¬®¤¥«¨.

‚ áâ�âì¥ ¯à¥¤«�£�¥âáï áä®à¬¨à®¢�âì âà¥å¬¥à−ãî ¬®¤¥«ì ¤¥£à�¤�æ¨¨ ¦¥áâ-
ª®áâ¨ −� ¯à¨¬¥à¥ ¬®¤¥«ì−®£® ª®¬¯®§¨æ¨®−−®£® ¬�â¥à¨�«� ã£«¥¯«�áâ¨ª� −� ®á−®¢¥
®¤−®−�¯à�¢«¥−−ëå «¥−â á ãª«�¤ª�¬¨ [0]n, [90]n ¨ [±45]n á å�à�ªâ¥à−ë¬¨ ¤«ï
íâ®£® â¨¯� ¬�â¥à¨�«� ¬¥å�−¨ç¥áª¨¬¨ ¨ ¯à®ç−®áâ−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ ¨ ¨áá«¥-
¤®¢�âì ¥¥ ¯®¢¥¤¥−¨¥ ¯ãâ¥¬ ¬�â¥¬�â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï, â. ¥. à¥è¨âì ¯àï¬ãî
§�¤�çã �−�«¨§�. �¤−®¢à¥¬¥−−® ¯à¥¤«®¦¨âì à¥è¥−¨¥ ¨ ®¡à�â−®© §�¤�ç¨, â. ¥.
¯à®¡«¥¬ë −�å®¦¤¥−¨ï ª®íää¨æ¨¥−â®¢ ¯à�¢®© ç�áâ¨ âà¥å¬¥à−®© ¬�â¥¬�â¨ç¥-
áª®© ¬®¤¥«¨, ®¯¨áë¢�¥¬®© á¨áâ¥¬®© ¨§ âà¥å ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå
ãà�¢−¥−¨© ¯¥à¢®£® ¯®àï¤ª�, ¯® à¥§ã«ìâ�â�¬ ¨á¯ëâ�−¨©. �à¨ íâ®¬ á æ¥«ìî ¢¥à¨-
ä¨ª�æ¨¨ ¬®¤¥«¨ ¯à¥¤¯®«�£�¥âáï, çâ® ®−¨ á®®â¢¥âáâ¢ãîâ à¥è¥−¨î ¯àï¬®© §�¤�ç¨.

‡�¤�ç� −�å®¦¤¥−¨ï ¯�à�¬¥âà®¢ ¬®¤¥«¨ ä®à¬ã«¨àã¥âáï ª�ª §�¤�ç� ¯®¨áª�
ãá«®¢−®£® ¬¨−¨¬ã¬� æ¥«¥¢®© äã−ªæ¨¨ ¢ ãá«®¢¨ïå, ª®£¤� −� ¯�à�¬¥âàë −�«®-
¦¥−ë ¨−â¥à¢�«ì−ë¥ ®£à�−¨ç¥−¨ï, å�à�ªâ¥à¨§ãîé¨¥ áâ¥¯¥−ì −¥®¯à¥¤¥«¥−−®áâ¨
¨å §�¤�−¨ï. –¥«¥¢�ï äã−ªæ¨ï å�à�ªâ¥à¨§ã¥â ¬¥àã ®âª«®−¥−¨ï ¯®¢¥¤¥−¨ï ¬�â¥-
¬�â¨ç¥áª®© ¬®¤¥«¨ ®â à¥§ã«ìâ�â®¢ ¨á¯ëâ�−¨© ¬®¤¥«ì−®£® ¬�â¥à¨�«� ¢ ¯à®æ¥áá¥
æ¨ª«¨ç¥áª®£® −�£àã¦¥−¨ï.

„«ï à¥è¥−¨ï áä®à¬ã«¨à®¢�−−®© §�¤�ç¨ ®¯â¨¬¨§�æ¨¨ ¬®£ãâ ¡ëâì ¯à¨¬¥−¥−ë
ª�ª ª«�áá¨ç¥áª¨¥ �«£®à¨â¬ë, â�ª ¨ ®â−®áïé¨¥áï ª ¬¥â�í¢à¨áâ¨ç¥áª¨¬ [10{12].
‚ ª�ç¥áâ¢¥ ®á−®¢−®£® �«£®à¨â¬� ¢ë¡à�−� ¬®¤¨ä¨ª�æ¨ï �«£®à¨â¬�, ¨¬¨â¨àãî-
é¥£® ¯®¢¥¤¥−¨¥ áâ�¨ ¬®âë«ìª®¢ (Moth-Flame Optimization, MFO) [13], ª®â®à�ï
ãá¯¥è−® ¯à¨¬¥−ï«�áì ¤«ï à¥è¥−¨ï §�¤�ç¨ ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ®¤-
−®¬¥à−®© ¬®¤¥«¨ ¢ [9]. Œ¥â®¤ ®â−®á¨âáï ª £àã¯¯¥ ¡¨®¨−á¯¨à¨à®¢�−−ëå ¬¥â®¤®¢
£«®¡�«ì−®© ®¯â¨¬¨§�æ¨¨ [14, 15]. ÷¥§ã«ìâ�âë, ¯®«ãç¥−−ë¥ ¬®¤¨ä¨æ¨à®¢�−−ë¬
¬¥â®¤®¬ ¬®âë«ìª®¢, ã«ãçè�«¨áì ¯®á«¥¤ãîé¨¬ ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤� á«ãç�©−®-
£® ¯®¨áª� á ¯®á«¥¤®¢�â¥«ì−®© à¥¤ãªæ¨¥© ®¡«�áâ¨ ¨áá«¥¤®¢�−¨ï (¬¥â®¤� Luus{
Jaakola) [16]. ‚ ¨â®£¥ ¯®«ãç¥−ë §−�ç¥−¨ï ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬�â¥¬�â¨ç¥áª®©
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, ˆ. ‘. ��¤®à®¢, �. �. Š®−®−®¢

¬®¤¥«¨, ª®â®àë¥ á®®â¢¥âáâ¢ãîâ §�¤�−−ë¬ á¢®©áâ¢�¬ ¨áá«¥¤ã¥¬®£® ª®¬¯®§¨æ¨®−-
−®£® ¬�â¥à¨�«�.

2 Формирование трехмерной математической модели
изменения усталостной жесткости

�ã¤¥¬ ¨á¯®«ì§®¢�âì á«¥¤ãîé¨¥ ®á−®¢−ë¥ ®¡®§−�ç¥−¨ï.
—¨á«® æ¨ª«®¢ [n], ¢ ª®â®à®¬ ®¤¨− æ¨ª«: ¨áå®¤−®¥ á®áâ®ï−¨¥ → −�¯àï¦¥−−®¥

á®áâ®ï−¨¥ (à�áâï¦¥−¨¥) → ¨áå®¤−®¥ á®áâ®ï−¨¥, n ∈ {0, . . . , N}, £¤¥ N | ®¡é¥¥
ç¨á«® ¢ë¯®«−¥−−ëå ¨á¯ëâ�−¨©. ��¯àï¦¥−¨¥ [σ,Œ��]| ä¨§¨ç¥áª�ï ¢¥«¨ç¨−�,
å�à�ªâ¥à¨§ãîé�ï ¤¥©áâ¢¨¥ ¢−ãâà¥−−¨å á¨« ã¯àã£®áâ¨ ¢ ¤¥ä®à¬¨à®¢�−−®¬ â¢¥à-
¤®¬ â¥«¥. ��¯àï¦¥−¨¥ à�§àãè¥−¨ï [XT ,Œ��] | ä¨§¨ç¥áª�ï ¢¥«¨ç¨−�, å�à�ª-
â¥à¨§ãîé�ï −�¯àï¦¥−¨¥, ¯à¨ ª®â®à®¬ ¯à®¨áå®¤¨â à�§àãè¥−¨¥ ®¡à�§æ�. Œ®¤ã«ì
¦¥áâª®áâ¨ ¨«¨ ¬®¤ã«ì ã¯àã£®áâ¨ [E,Œ��] å�à�ªâ¥à¨§ã¥â á¯®á®¡−®áâì ¬�â¥à¨�«�
á®¯à®â¨¢«ïâìáï à�áâï¦¥−¨î, á¦�â¨î ¯à¨ ã¯àã£®© ¤¥ä®à¬�æ¨¨. �®¢à¥¦¤¥−−®áâì
[D]| ¢¥«¨ç¨−�, å�à�ªâ¥à¨§ãîé�ï ¯�¤¥−¨¥ ¬®¤ã«ï ã¯àã£®áâ¨ E ®¡à�§æ�.

’¥ªãé¥¥ §−�ç¥−¨¥ ¯®¢à¥¦¤¥−−®áâ¨ á¢ï§�−® á â¥ªãé¨¬ §−�ç¥−¨¥¬ ¬®¤ã«ï
ã¯àã£®áâ¨:

D(n) = 1−
E(n)

E0
, (1)

£¤¥E(n)| â¥ªãé¨© ¬®¤ã«ì ã¯àã£®áâ¨, å�à�ªâ¥à¨§ãîé¨© á¯®á®¡−®áâì ¬�â¥à¨�«�
á®¯à®â¨¢«ïâìáï à�áâï¦¥−¨î/á¦�â¨î ¯à¨ ã¯àã£®© ¤¥ä®à¬�æ¨¨ ¯®á«¥ æ¨ª«®¢®©
−�£àã§ª¨; E0 | ¨áå®¤−ë© ¬®¤ã«ì ã¯àã£®áâ¨ | ª®−áâ�−â�, å�à�ªâ¥à¨§ãîé�ï
á¯®á®¡−®áâì ¬�â¥à¨�«� á®¯à®â¨¢«ïâìáï à�áâï¦¥−¨î, á¦�â¨î ¯à¨ ã¯àã£®© ¤¥ä®à-
¬�æ¨¨; n | ¯®àï¤ª®¢ë© −®¬¥à æ¨ª«� −�£àã¦¥−¨ï. �®áª®«ìªã E(n) ∈ [0, E0], â®
¯®¢à¥¦¤¥−−®áâì D(n) ∈ [0, 1].

…á«¨ ¨§¢¥áâ−® §−�ç¥−¨¥ ¯®¢à¥¦¤¥−−®áâ¨, â® â¥ªãé¨© ¬®¤ã«ì ã¯àã£®áâ¨ −�-
å®¤¨âáï ¯® ä®à¬ã«¥, á«¥¤ãîé¥© ¨§ (1):

E(n) = E0[1−D(n)].

ˆ−¤¥ªá ãáâ�«®áâ−®£® à�§àãè¥−¨ï | ¯¥à¥¬¥−−�ï ¢¥«¨ç¨−�, å�à�ªâ¥à¨§ãîé�ï
ãáâ�«®áâ−®¥ á®áâ®ï−¨¥ ®¡à�§æ� [2]:

›(n) =
σ

[1−D(n)]XT
.

‚ [2] ¯à¥¤«®¦¥−� ®¤−®¬¥à−�ï ¤¨ää¥à¥−æ¨�«ì−�ï ¬®¤¥«ì ¢¥«¨ç¨−ë áª®à®áâ¨
à®áâ� ¯®¢à¥¦¤¥−−®áâ¨ ®¡à�§æ�:

dD(n)

dn
= c1›(n) exp

[

−
c2D(n)
√

›(n)

]

+c3D(n)›
2(n) [1 + exp {c5 [›(n)− c4]}] (2)
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Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬®¤¥«¨

á −�ç�«ì−ë¬ ãá«®¢¨¥¬ D(0) = 0. �−� ®á−®¢�−� −� ®¯ëâ¥ ®¡à�¡®âª¨ à¥§ã«ìâ�â®¢
¨á¯ëâ�−¨© ª®¬¯®§¨â−ëå ¬�â¥à¨�«®¢. �à�¢�ï ç�áâì ®¡ëª−®¢¥−−®£® ¤¨ää¥à¥−-
æ¨�«ì−®£® ãà�¢−¥−¨ï (2) §�¢¨á¨â ®â ¯ïâ¨ ¯�à�¬¥âà®¢, ®¯à¥¤¥«ïîé¨å ¯à®æ¥áá
¨§¬¥−¥−¨ï ¯®¢à¥¦¤¥−−®áâ¨ −� å�à�ªâ¥à−ëå ãç�áâª�å. Š®íää¨æ¨¥−â c1 å�à�ªâ¥-
à¨§ã¥â áª®à®áâì à®áâ� ¢ à¥¦¨¬¥ ¨−¨æ¨¨à®¢�−¨ï ¯®¢à¥¦¤¥−¨© (−� ¯¥à¢®¬ íâ�¯¥),
â. ¥. à¥§ª®¥ −�ç�«ì−®¥ á−¨¦¥−¨¥ ªà¨¢®© ã¬¥−ìè¥−¨ï ¬®¤ã«ï ã¯àã£®áâ¨. Š®íää¨-
æ¨¥−â c2 ¤®«¦¥− ¡ëâì ¤®áâ�â®ç−® ¡®«ìè¨¬ ¯® ¢¥«¨ç¨−¥, çâ®¡ë ¯¥à¢®¥ á«�£�¥¬®¥
¯® ¢¥«¨ç¨−¥ ¤®áâ�â®ç−® ¡ëáâà® ã¡ë¢�«® á à®áâ®¬ ¯®¢à¥¦¤¥−−®áâ¨. Š®íää¨æ¨-
¥−â c3 å�à�ªâ¥à¨§ã¥â áª®à®áâì à®áâ� ¢ à¥¦¨¬¥ à�á¯à®áâà�−¥−¨ï ¯®¢à¥¦¤¥−¨©,
â. ¥. ª®£¤� ¯à®¨áå®¤¨â ¯®áâ¥¯¥−−®¥ ã¬¥−ìè¥−¨¥ ¬®¤ã«ï ã¯àã£®áâ¨. Š®íää¨æ¨-
¥−âë c4 ¨ c5 å�à�ªâ¥à¨§ãîâ íâ�¯ ¢§àë¢−®£® à®áâ� ¯®¢à¥¦¤¥−−®áâ¨ −� âà¥âì¥¬
íâ�¯¥.

�® �−�«®£¨¨ á (2) ¯à¥¤«�£�¥âáï à�áá¬®âà¥âì âà¥å¬¥à−ãî ¬®¤¥«ì −� ¯à¨¬¥à¥
®¡à�§æ®¢ á ãª«�¤ª�¬¨ [0]n, [90]n ¨ [±45]n ¨§ ¬®¤¥«ì−®£® �ŠŒ, �à¬¨à®¢�−−®£®
ã£«¥¢®«®ª−®¬, ¯®§¢®«ïîéãî ¨áá«¥¤®¢�âì ¯à®æ¥áá ¨§¬¥−¥−¨ï ¯®¢à¥¦¤¥−−®áâ¨ ¯®
âà¥¬ −�¯à�¢«¥−¨ï¬: ¯à®¤®«ì−®¬ã, ¯®¯¥à¥ç−®¬ã ¨ á¤¢¨£®¢®¬ã.

�à¨¢¥¤¥−−ë¥ ¤�«¥¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ ãà�¢−¥−¨ï ¬®¤¥«¨ ®¯¨áë¢�îâ áª®-
à®áâì à®áâ� ¯®¢à¥¦¤¥−−®áâ¨ ¢ ¬�â¥à¨�«¥ ¯® á®®â¢¥âáâ¢ãîé¥¬ã −�¯à�¢«¥−¨î.
•�à�ªâ¥à ªà¨¢®© ¨§¬¥−¥−¨ï ¯®¢à¥¦¤¥−−®áâ¨ ¤«ï ª�¦¤®£® −�¯à�¢«¥−¨ï ¬®¦−®
®¯¨á�âì âà¥¬ï íâ�¯�¬¨ [2], áâëªãîé¨¬¨áï ¤àã£ á ¤àã£®¬ ¯® −¥¯à¥àë¢−®áâ¨:

(1) íâ�¯ ¨−¨æ¨¨à®¢�−¨ï ¯®¢à¥¦¤¥−¨ï, −� ª®â®à®¬ ¯à®¨áå®¤¨â ã¬¥−ìè¥−¨¥ ¬®-
¤ã«ï ã¯àã£®áâ¨ (¯® íªá¯®−¥−æ¨�«ì−®© §�¢¨á¨¬®áâ¨);

(2) íâ�¯ ¯®áâ¥¯¥−−®© ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ (¯® «¨−¥©−®¬ã §�ª®−ã);

(3) íâ�¯ á à¥§ª¨¬ á−¨¦¥−¨¥¬ ¬®¤ã«ï ã¯àã£®áâ¨, ª®â®à®¥ ¢ ¨â®£¥ ¯à¨¢®¤¨â ª à�§-
àãè¥−¨î ¬�â¥à¨�«� (á®£«�á−® íªá¯®−¥−æ¨�«ì−®© §�¢¨á¨¬®áâ¨, ¢«¨ïîé¥© −�
¯à®æ¥áá ¯®á«¥ ¯à®¢¥¤¥−¨ï ¤®áâ�â®ç−® ¡®«ìè®£® ç¨á«� æ¨ª«®¢ −�£àã¦¥−¨ï).

’à¨ á«�£�¥¬ëå ¢ ¯à�¢ëå ç�áâïå ãà�¢−¥−¨© ®¯¨áë¢�îâ ª�¦¤ë© ¨§ íâ�¯®¢,
�¯¯à®ªá¨¬¨àãï áª®à®áâì à®áâ� ¯®¢à¥¦¤�¥¬®áâ¨ á ¯®¬®éìî ¯�à�¬¥âà¨ç¥áª®©
§�¢¨á¨¬®áâ¨ ®â ¢¥«¨ç¨−ë ª®íää¨æ¨¥−â®¢ c1, . . . , c5.

��¯à�¢«¥−¨¥ 1{1. „¨ää¥à¥−æ¨�«ì−�ï ¬®¤¥«ì ¨¬¥¥â ¢¨¤ [2]:

dD11(n)

dn
= c1,11›11(n) exp

[

−
c2,11D11(n)
√

›11(n)

]

+

+ c3,11D11(n)›
2
11(n) [1 + exp {c5,11 [›11(n)− c4,11]}] , D11 = 0 , (3)

£¤¥ ›11(n) = σ11/([1 −D11(n)]XT ) ¯à¨ σ11 ≥ 0.
÷¥è¥−¨¥ ¯àï¬®© §�¤�ç¨ (§�¤�ç¨ Š®è¨ (3)) −�å®¤¨âáï á ãç¥â®¬ §−�ç¥−¨©

¯�à�¬¥âà®¢ ¨áá«¥¤ã¥¬®£® ¬®¤¥«ì−®£® ª®¬¯®§¨â−®£® ¬�â¥à¨�«� [17]:

E110 = 142 000Œ�� | ¨áå®¤−ë© ¬®¤ã«ì ã¯àã£®áâ¨ ¢ −�¯à�¢«¥−¨¨ 1{1;

XT = 2314Œ�� | −�¯àï¦¥−¨¥ à�§àãè¥−¨ï ¢ −�¯à�¢«¥−¨¨ 1{1;
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σ11 = 1619,8Œ�� | −�¯àï¦¥−¨¥ æ¨ª«� (ª�ª ¯à�¢¨«®, 70% ®â XT );

c1,11 = 8,1 · 10
−5; c2,11 = 673; c3,11 = 3 · 10−6; c4,11 = 0,856; c5,11 = 30.

��¯à�¢«¥−¨¥ 2{2. „¨ää¥à¥−æ¨�«ì−�ï ¬®¤¥«ì ¨¬¥¥â ¢¨¤ [2]:

dD22(n)

dn
= c1,22

[

1 +D212(n)
]

›22(n) exp

[

−
c2,22D22(n)

[

1 +D212(n)
]
√

›22(n)

]

+

+ c3,22D22(n)›
2
22(n) [1 + exp {c5,22 [›22(n)− c4,22]}] , D22(0) = 0 , (4)

£¤¥ ›22(n) = σ22/([1−D22(n)]YT ) ¯à¨ σ22 ≥ 0.
��¯à�¢«¥−¨¥ 1{2. „¨ää¥à¥−æ¨�«ì−�ï ¬®¤¥«ì ¨¬¥¥â ¢¨¤ [2]:

dD12(n)

dn
= c1,12

[

1 +D212(n)
]

›12(n) exp

[

−
c2,12D12(n)

[

1 +D212(n)
]
√

›12(n)

]

+

+ c3,12D12(n)›
2
12(n) [1 + exp {c5,12 [›12(n)− c4,12]}] , D12(0) = 0 , (5)

£¤¥ ›12(n) = τ12/([1 − D12(n)]S12) ¯à¨ τ12 ≥ 0. ‡�¬¥â¨¬, çâ® âà�¤¨æ¨®−−®
¬®¤ã«ì á¤¢¨£� ®¡®§−�ç�¥âáï G120 , � −¥ E120 . �®áª®«ìªã ¢ áâ�âì¥ ¯à¨¬¥−ïîâáï
ä®à¬ã«ë ¨§ [2], â® ¨á¯®«ì§ãîâáï −®â�æ¨¨ �¢â®à�, à�§à�¡®â�¢è¥£® ¨á¯®«ì§ã-
¥¬ãî ¢ áâ�âì¥ ¬�â¥¬�â¨ç¥áªãî ¬®¤¥«ì. Šà®¬¥ â®£®, á¯à�¢¥¤«¨¢ë á®®â−®è¥−¨ï,
�−�«®£¨ç−ë¥ (1):

D11(n) = 1−
E11(n)

E110
; D12(n) = 1−

E12(n)

E120
; D22(n) = 1−

E22(n)

E220
.

÷¥è¥−¨¥ ¯àï¬®© §�¤�ç¨ (§�¤�ç¨ Š®è¨ (4){(5)) −�å®¤¨âáï á ãç¥â®¬ §−�ç¥−¨©
¯�à�¬¥âà®¢ ¨áá«¥¤ã¥¬®£® ¬®¤¥«ì−®£® ¬�â¥à¨�«� [17]:

E220 = 8400Œ�� | ¨áå®¤−ë© ¬®¤ã«ì ã¯àã£®áâ¨ ¢ −�¯à�¢«¥−¨¨ 2{2;

YT = 38Œ�� | −�¯àï¦¥−¨¥ à�§àãè¥−¨ï ¢ −�¯à�¢«¥−¨¨ 2{2;

σ22 = 19Œ�� | −�¯àï¦¥−¨¥ æ¨ª«� (50% ®â YT );

c1,22 = 1,9 · 10
−5; c2,22 = 492; c3,22 = 1,8 · 10−6; c4,22 = 0,765; c5,22 = 2,01;

E120 = 4380Œ�� | ¨áå®¤−ë© ¬®¤ã«ì ã¯àã£®áâ¨ ¢ −�¯à�¢«¥−¨¨ 1{2;

S12 = 148Œ�� | −�¯àï¦¥−¨¥ à�§àãè¥−¨ï ¢ −�¯à�¢«¥−¨¨ 1{2;

τ12 = 74Œ�� | −�¯àï¦¥−¨¥ æ¨ª«� (50% ®â S12);

c1,12 = 3 · 10
−6; c2,12 = 1; c3,12 = 3 · 10−5; c4,12 = 0; c5,12 = 0.

78 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 4 2025



Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬®¤¥«¨

‚ à¥§ã«ìâ�â¥ ¨¬¥¥¬ á¨áâ¥¬ã ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©

dD11(n)

dn
= c1,11

σ11
[1−D11(n)]XT

exp

[

−
c2,11D11(n)

√

σ11/([1 −D11(n)]XT )

]

+

+ c3,11D11(n)

[

σ11
[1−D11(n)]XT

]2

(n)

[

1 +

+ exp

{

c5,11

[

σ11
[1−D11(n)]XT

− c4,11

]}]

, D11(0) = 0 ;

dD12(n)

dn
= c1,12

[

1 +D212(n)
] τ12
[1−D12(n)]S12

×

× exp

[

−
c2,12D12(n)

[

1 +D212(n)
]
√

τ12/([1−D12(n)]S12)

]

+

+ c3,12D12(n)

[

τ12
[1−D12(n)]S12

]2 [

1 +

+ exp

{

c5,12

[

τ12
[1−D12(n)]S12

− c4,12

]}]

, D12(0) = 0 ;

dD22(n)

dn
= c1,22

[

1 +D212(n)
] σ22
[1−D22(n)]YT

×

× exp

[

−
c2,22D22(n)

[

1 +D212(n)
]
√

σ22/([1 −D22(n)]YT )

]

+

+ c3,22D22(n)

[

σ22
[1−D22(n)]YT

]2 [

1 +

+ exp

{

c5,22

[

σ22
[1−D22(n)]YT

− c4,22

]}]

, D22(0) = 0 .
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


































































































































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
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









































(6)

’à¥¡ã¥âáï −�©â¨ §�ª®−ë ¨§¬¥−¥−¨ï D11(n), D12(n) ¨ D22(n) −� ¯à®¬¥¦ãâª¥
n = [0, . . . , N = 100 000].

„«ï à¥è¥−¨ï ¯®«ãç¥−−®© §�¤�ç¨ Š®è¨ (¯àï¬®© §�¤�ç¨) ¬®¦−® ¯à¨¬¥−ïâì
ª�ª ï¢−ë¥, â�ª ¨ −¥ï¢−ë¥ ç¨á«¥−−ë¥ ¬¥â®¤ë ¨−â¥£à¨à®¢�−¨ï ®¡ëª−®¢¥−−ëå
¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© à�§«¨ç−ëå ¯®àï¤ª®¢ â®ç−®áâ¨.

3 Параметрическая идентификация трехмерной модели
по заданному поведению значений поврежденности

�â� §�¤�ç� | ®¡à�â−�ï ¯® ®â−®è¥−¨î ª ¯àï¬®©.
�®áª®«ìªã ¯à�¢�ï ç�áâì ãà�¢−¥−¨ï, ®¯¨áë¢�îé¥£® ¨§¬¥−¥−¨¥ D11(n), −¥

§�¢¨á¨â ®â D12(n) ¨ D22(n), â® ª®íää¨æ¨¥−âë c1,11, c2,11, c3,11, c4,11 ¨ c5,11
¬®£ãâ ¡ëâì −�©¤¥−ë −¥§�¢¨á¨¬® ¢ à¥§ã«ìâ�â¥ à¥è¥−¨ï §�¤�ç¨ ®¯â¨¬¨§�æ¨¨
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I1 =

K
∑

n=0

(

D11(n)− �D11(n)
)2

→ min
c1,11,...,c5,11

, (7)

£¤¥D11(·)| ¯®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨¨ 1{1, ¯®«ãç¥−−�ï ¢ à¥§ã«ìâ�â¥ à¥è¥-
−¨ï ¯àï¬®© §�¤�ç¨; �D11(·) | ¯®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨¨ 1{1, ¯®«ãç¥−−�ï
¢ à¥§ã«ìâ�â¥ ¨−â¥£à¨à®¢�−¨ï ¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï (3) á ¯�à�¬¥âà�¬¨
c1,11, c2,11, c3,11, c4,11 ¨ c5,11, ã¤®¢«¥â¢®àïîé¨¬¨ ¨−â¥à¢�«ì−ë¬ ®£à�−¨ç¥−¨ï¬.

Š®íää¨æ¨¥−âë c1,12, c2,12, c3,12, c4,12, c5,12 ¨ c1,22, c2,22, c3,22, c4,22, c5,22
−�å®¤ïâáï ¢ à¥§ã«ìâ�â¥ à¥è¥−¨ï §�¤�ç¨ ®¯â¨¬¨§�æ¨¨

I2 =
K

∑

n=0

[

λ1

(

D12(n)− �D12(n)
)2
+ λ2

(

D22(n)− �D22(n)
)2

]

→

→ min
c1,12,...,c5,12,c1,22,...,c5,22

, (8)

£¤¥D12(·)| ¯®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨¨ 1{2, ¯®«ãç¥−−�ï ¢ à¥§ã«ìâ�â¥ à¥è¥-
−¨ï ¯àï¬®© §�¤�ç¨; �D12(·) | ¯®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨¨ 1{2, ¯®«ãç¥−−�ï
¢ à¥§ã«ìâ�â¥ ¨−â¥£à¨à®¢�−¨ï ¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï (4) á ¯�à�¬¥âà�¬¨
c1,12, c2,12, c3,12, c4,12 ¨ c5,12, ã¤®¢«¥â¢®àïîé¨¬¨ ¨−â¥à¢�«ì−ë¬ ®£à�−¨ç¥−¨ï¬;
D22(·) | ¯®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨¨ 2{2, ¯®«ãç¥−−�ï ¢ à¥§ã«ìâ�â¥ à¥è¥-
−¨ï ¯àï¬®© §�¤�ç¨; �D22(·) | ¯®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨¨ 2{2, ¯®«ãç¥−−�ï
¢ à¥§ã«ìâ�â¥ ¨−â¥£à¨à®¢�−¨ï ¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï (5) á ¯�à�¬¥âà�¬¨
c1,22, c2,22, c3,22, c4,22 ¨ c5,22, ã¤®¢«¥â¢®àïîé¨¬¨ ¨−â¥à¢�«ì−ë¬ ®£à�−¨ç¥−¨ï¬;
λ1 ¨ λ2 | ¢¥á®¢ë¥ ª®íää¨æ¨¥−âë (¯�à�¬¥âàë «¨−¥©−®© á¢¥àâª¨ ªà¨â¥à¨¥¢),
§�¤�¢�¥¬ë¥ ¨áå®¤ï ¨§ áà�¢−¨â¥«ì−®© ¢�¦−®áâ¨ ¯¥à¢®£® ¨ ¢â®à®£® á«�£�¥¬ëå.

‚¥àå−¨© ¯à¥¤¥« áã¬¬¨à®¢�−¨ï −�å®¤¨âáï ¨§ á®®â−®è¥−¨ï K =
= min{K11,K12,K22}, £¤¥ Kij | ¯®á«¥¤−¨© �à£ã¬¥−â Dij(·), ¯à¨ ª®â®à®¬
äã−ªæ¨ï ®¯à¥¤¥«¥−�, â. ¥. ¯à®æ¥áá ¨−â¥£à¨à®¢�−¨ï ¨ ¢ëç¨á«¥−¨ï ªà¨â¥à¨¥¢
§�ª�−ç¨¢�¥âáï ¯à¨ ¤®áâ¨¦¥−¨¨ ª�ª®©-«¨¡® ¨§ å�à�ªâ¥à¨áâ¨ª D11(n), D12(n),
D22(n) ®ªà¥áâ−®áâ¨ §−�ç¥−¨ï, à�¢−®£® 1. �à¨ íâ®¬ ¯à®æ¥áá ¨−â¥£à¨à®¢�−¨ï
§�¢¥àè�¥âáï ¨ ¢ë¤�îâáï ¨â®£®¢ë¥ à¥§ã«ìâ�âë.

Œ−®¦¥áâ¢® ¤®¯ãáâ¨¬ëå à¥è¥−¨©D §�¤�¥âáï ¨−â¥à¢�«ì−ë¬¨ ®£à�−¨ç¥−¨ï¬¨:

c1,11 ∈
[

0, 10−3
]

, c2,11 ∈ [0, 1000], c3,11 ∈
[

−10−3, 10−3
]

,

c4,11 ∈ [0, 1], c5,11 ∈ [0, 50];

c1,12 ∈
[

0, 10−5
]

, c2,12 ∈ [0, 1000], c3,12 ∈
[

−10−4, 10−4
]

,

c4,12 ∈ [0, 1], c5,12 ∈ [0, 50];

c1,22 ∈
[

0, 10−5
]

, c2,22 ∈ [0, 1000], c3,22 ∈
[

−10−4, 10−4
]

,

c4,22 ∈ [0, 1], c5,22 ∈ [0, 50].
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�à¨ ¢ë¡®à¥ ¨−â¥à¢�«ì−ëå ®£à�−¨ç¥−¨© �¢â®àë ¨á¯®«ì§®¢�«¨ ¨−ä®à¬�æ¨î
® à¥è¥−¨¨ ¯àï¬ëå §�¤�ç (3) ¨ (4){(5), � â�ª¦¥ ®¯®à−ë¥ §−�ç¥−¨ï ¨§ â�¡«. 6.1
¢ [2]. ‚ å®¤¥ à¥è¥−¨ï §�¤�ç¨ ®¯â¨¬¨§�æ¨¨ §−�ç¥−¨ï «¥¢®© ¨ ¯à�¢®© £à�−¨æ
¯à®¬¥¦ãâª®¢ ¨â¥à�æ¨®−−® ãâ®ç−ï«¨áì á æ¥«ìî ¯®«ãç¥−¨ï ¡®«¥¥ â®ç−®£® ®â¢¥-
â�. �à¨ ®¡à�¡®âª¥ à¥�«ì−ëå à¥§ã«ìâ�â®¢ íªá¯¥à¨¬¥−â� à¥ª®¬¥−¤ã¥âáï −�ç¨−�âì
á ®âà¥§ª®¢ ¡®«ìè¥© ¤«¨−ë, � §�â¥¬ ¯®á«¥ ¯®«ãç¥−¨ï à¥§ã«ìâ�â®¢ à¥è¥−¨ï §�¤�ç
®¯â¨¬¨§�æ¨¨ ¯®á«¥¤®¢�â¥«ì−® ã¬¥−ìè�âì ¤«¨−ë ¯à®¬¥¦ãâª®¢ á æ¥«ìî ¤®áâ¨¦¥-
−¨ï ¡®«ìè¥© â®ç−®áâ¨ ¨ á®ªà�é¥−¨ï §�âà�â ¢à¥¬¥−¨ −� ¯®¨áª íªáâà¥¬ã¬�.

4 Модифицированный метод, имитирующий поведение
стаи мотыльков

÷�áá¬�âà¨¢�¥âáï §�¤�ç� −�å®¦¤¥−¨ï £«®¡�«ì−®£® ãá«®¢−®£® ¬¨−¨¬ã¬� äã−ª-
æ¨¨ f(x) −� ¬−®¦¥áâ¢¥ ¤®¯ãáâ¨¬ëå à¥è¥−¨© D, â. ¥. â�ª®© â®çª¨ x∗ ∈ D,
¢ ª®â®à®© f(x∗) = minx∈D f(x), £¤¥ x = (x1, x2, . . . , xn)T, D = {x|xi ∈ [ai, bi],
i = 1, n}.

‚ ª�ç¥áâ¢¥ æ¥«¥¢ëå äã−ªæ¨© à�áá¬�âà¨¢�îâáï ªà¨â¥à¨¨ (7), (8), å�à�ªâ¥à¨-
§ãîé¨¥ â®ç−®áâì ®¯¨á�−¨ï ï¢«¥−¨ï ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ á ¯®¬®éìî ®¯¨á�−−ëå
¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥©.

Œ¥â®¤ ¬®âë«ìª®¢ ¨ ¨áâ®ç−¨ª®¢ á¢¥â� (MFO) ¨¬¨â¨àã¥â ¯®¢¥¤¥−¨¥ ¬®âë«ì-
ª®¢ ¯à¨ ¨å ¯à¨¡«¨¦¥−¨¨ ª ¨áâ®ç−¨ª�¬ á¢¥â�. Š�¦¤ë© ¬®âë«¥ª ¨§ ¯®¯ã«ïæ¨¨
¬®âë«ìª®¢ à¥�«¨§ã¥â ¤¢¨¦¥−¨¥ ¯® á¯¨à�«¨ ª æ¥−âàã | ¨áâ®ç−¨ªã á¢¥â� [13, 18].
‚ −�ç�«¥ á®§¤�¥âáï á«ãç�©−ë© −�¡®à ¨§ Np â®ç¥ª (¯®«®¦¥−¨© ¬®âë«ìª®¢) ¢ ¬−®-
¦¥áâ¢¥ ¤®¯ãáâ¨¬ëå à¥è¥−¨©, ª®â®àë© ¬®¦−® ¯à¥¤áâ�¢¨âì á«¥¤ãîé¥© ¬�âà¨æ¥©:

M(Moth) =







m11 · · · m1n
...

. . .
...

mNp1 · · · mNpn






,

£¤¥ mj
i | §−�ç¥−¨¥ i-© ª®®à¤¨−�âë j-£® ¬®âë«ìª�, j = 1,Np, i = 1, n.

„«ï ¢á¥å â¥ªãé¨å ¯®«®¦¥−¨© ¬®âë«ìª®¢ mj = (mj
1, . . . ,m

j
n)T ¢ëç¨á«ïîâáï

§−�ç¥−¨ï æ¥«¥¢®© äã−ªæ¨¨ OMj = f(mj), j = 1,Np. ‚ à¥§ã«ìâ�â¥ ä®à¬¨àã¥âáï
¢¥ªâ®à OM = (OM1OM2 · · ·OMNp)T.

�®¬¨¬® ¬®âë«ìª®¢ ¢ à¥è¥−¨¨ §�¤�ç¨ ¨£à�îâ à®«ì ¨áâ®ç−¨ª¨ á¢¥â� | «ãçè¨¥
¯®«®¦¥−¨ï ¬®âë«ìª®¢ áà¥¤¨ ¢á¥å à�−¥¥ §�−ïâëå á â®çª¨ §à¥−¨ï ¤®áâ¨¦¥−¨ï
−�¨¬¥−ìè¥£® §−�ç¥−¨ï æ¥«¥¢®© äã−ªæ¨¨. �®íâ®¬ã ç¨á«® ¨áâ®ç−¨ª®¢ á¢¥â� â®¦¥
à�¢−® Np. �−�«®£¨ç−® ¬®âë«ìª�¬ ä®à¬¨àã¥âáï ¬�âà¨æ� ª®®à¤¨−�â ¨áâ®ç−¨ª®¢
á¢¥â� ¨ ¢¥ªâ®à §−�ç¥−¨© æ¥«¥¢®© äã−ªæ¨¨, ã¯®àï¤®ç¥−−ë© ¯® ¢®§à�áâ�−¨î
(−�¨«ãçè¨© ¨áâ®ç−¨ª á¢¥â� ¨¬¥¥â −®¬¥à 1):
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F (Flame) =







f11 · · · f1n
...

. . .
...

fNp1 · · · fNpn






, OF =











OF1

OF2

...
OFNp











,

£¤¥ f ji | §−�ç¥−¨¥ i-© ª®®à¤¨−�âë j-£® ¨áâ®ç−¨ª� á¢¥â�, j = 1,Np, i = 1, n;
OFj | §−�ç¥−¨¥ æ¥«¥¢®© äã−ªæ¨¨ ¢ â®çª¥ f j = (f j1 , . . . , f

j
n)T, j = 1,Np,

á®®â¢¥âáâ¢ãîé¥© ¯®«®¦¥−¨î j-£® ¨áâ®ç−¨ª� á¢¥â�.
‚ ¯à®æ¥áá¥ ¯®¨áª� ¬®âë«ìª¨ ¬¥−ïîâ á¢®¥ ¯®«®¦¥−¨¥: ¤¢¨£�îâáï ¯® á¯¨à�«¨

ª ¨áâ®ç−¨ª�¬ á¢¥â� ¯® ª�¦¤®© ª®®à¤¨−�â¥. ‘¯¨à�«ì ¤®«¦−� ã¤®¢«¥â¢®àïâì
âà¥¬ âà¥¡®¢�−¨ï¬: −�ç�«ì−�ï â®çª� á¯¨à�«¨ −�ç¨−�¥âáï á â¥ªãé¥£® ¯®«®¦¥−¨ï
¬®âë«ìª�; ¢ ¯®«îá¥ á¯¨à�«¨ à�á¯®«®¦¥− ¨áâ®ç−¨ª á¢¥â�; â®çª¨ á¯¨à�«¨ −¥
¤®«¦−ë ¢ëå®¤¨âì §� ¯à¥¤¥«ë ¬−®¦¥áâ¢� ¤®¯ãáâ¨¬ëå à¥è¥−¨© D. ‚ ª�ç¥áâ¢¥
â�ª®© á¯¨à�«¨ ¬®¦−® ¢§ïâì «®£�à¨ä¬¨ç¥áªãî á¯¨à�«ì:

S(mj, f j) = Hjest cos(2πt) + f j,

£¤¥ mj | ¯®«®¦¥−¨¥ j-£® ¬®âë«ìª�; f j | ¯®«®¦¥−¨¥ j-£® ¨áâ®ç−¨ª� á¢¥â�;
Hj = |f j −mj | | ¢¥ªâ®à ¯®ª®®à¤¨−�â−ëå à�ááâ®ï−¨© ¬¥¦¤ã j-¬ ¨áâ®ç−¨ª®¬
á¢¥â� ¨ j-¬ ¬®âë«ìª®¬; s | ª®−áâ�−â� ¤«ï ®¯à¥¤¥«¥−¨ï ä®à¬ë á¯¨à�«¨; t ∈
∈ [r−1, 0]| á«ãç�©−®¥ ç¨á«®, ®¯à¥¤¥«ïîé¥¥ ¯®«®¦¥−¨¥ ¬®âë«ìª®¢ ®â−®á¨â¥«ì−®
á¯¨à�«¨, §�¤�¢�¥¬®¥ à�¢−®¬¥à−ë¬ §�ª®−®¬ à�á¯à¥¤¥«¥−¨ï. —¨á«® r| ª®−áâ�−â�,
§−�ç¥−¨¥ ª®â®à®© ã¬¥−ìè�¥âáï á à®áâ®¬ ç¨á«� ¨â¥à�æ¨© ¯® «¨−¥©−®¬ã §�ª®−ã ®â
−1 ¤® −2.

Œ®¤¨ä¨ª�æ¨ï ¬¥â®¤� MFO (Modified MFO, MMFO) §�ª«îç�¥âáï ¢ à�áá¬®â-
à¥−¨¨ áà�§ã −¥áª®«ìª¨å â®ç¥ª −� á¯¨à�«¨ (¨å ç¨á«® τ §�¤�¥âáï ¯®«ì§®¢�â¥«¥¬),
¨¬¨â¨àãîé¨å ¯¥à¥¤¢¨¦¥−¨¥ ¬®âë«ìª� ª ¨áâ®ç−¨ªã á¢¥â�, ¢ ¯à®æ¥áá¥ ª®â®à®£®
à¥�«¨§ã¥âáï áâà�â¥£¨ï ¯®¨áª� íªáâà¥¬ã¬� [18]. …á«¨ ®¤−� ¨§ â�ª¨å â®ç¥ª ®ª�¦¥âáï
§� ¯à¥¤¥«�¬¨ ¬−®¦¥áâ¢� ¤®¯ãáâ¨¬ëå à¥è¥−¨©, ¢¬¥áâ® −¥¥ ¬®¦−® à�áá¬�âà¨¢�âì
á«ãç�©−ãî â®çªã ¢ ¯à¥¤¥«�å D. ‚ ª�ç¥áâ¢¥ á«¥¤ãîé¥£® ¯®«®¦¥−¨ï ¬®âë«ìª�
á«¥¤ã¥â ¢ë¡¨à�âì â® ¯®«®¦¥−¨¥, ¢ ª®â®à®¬ ¤®áâ¨£�¥âáï −�¨¬¥−ìè¥¥ §−�ç¥−¨¥
æ¥«¥¢®© äã−ªæ¨¨.

�à®¤¢¨¦¥−¨¥ ¬®âë«ìª®¢ ®¡¥á¯¥ç¨¢�¥â ¯®¨áª −�¨«ãçè¥£® à¥è¥−¨ï áà¥¤¨ £¥-
−¥à¨à®¢�−−ëå −� á¯¨à�«¨ ¤®¯ãáâ¨¬ëå à¥è¥−¨©, � ¨áâ®ç−¨ª¨ á¢¥â� ¯®áâ®ï−−®
¬¥−ïîâ á¢®¥ ¯®«®¦¥−¨¥. �â® ¯à®¨áå®¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬: à�áá¬®âà¨¬ ¯®-
«®¦¥−¨¥ ¯¥à¢®£® ¬®âë«ìª�, áà�¢−¨¢�ï §−�ç¥−¨ï æ¥«¥¢®© äã−ªæ¨¨ ¢ â®çª¥ ¥£®
¯®«®¦¥−¨ï ¨ ¢ â®çª¥ ¯®«®¦¥−¨ï ¯®á«¥¤−¥£® ¨áâ®ç−¨ª� á¢¥â� (¢ −�ç�«¥ ¯à®æ¥áá�
¯®¨áª� ®− ¨¬¥¥â −®¬¥àNp). …á«¨ ¢ë¯®«−ï¥âáï ãá«®¢¨¥OM1 < OFlast, â. ¥. ¯®«®-
¦¥−¨¥ ¬®âë«ìª� «ãçè¥, â® §� ¯®«®¦¥−¨¥ ¯®á«¥¤−¥£® ¨áâ®ç−¨ª� á¢¥â� ¯à¨−¨¬�¥âáï
â¥ªãé¥¥ ¯®«®¦¥−¨¥ ¯¥à¢®£® ¬®âë«ìª�: f last = m1 ¨ §�¬¥−ï¥âáï §−�ç¥−¨¥ æ¥«¥¢®©
äã−ªæ¨¨ ¯®á«¥¤−¥£® ¨áâ®ç−¨ª� á¢¥â� −� á®®â¢¥âáâ¢ãîé¥¥ §−�ç¥−¨¥ ¤«ï ¬®âë«ìª�
OFlast = OM1. ‡�â¥¬ á«¥¤ã¥â ã¯®àï¤®ç¨âì ª®®à¤¨−�âë ¢¥ªâ®à� ¯®«®¦¥−¨© ¨á-
â®ç−¨ª®¢ á¢¥â� ¯® ¢®§à�áâ�−¨î §−�ç¥−¨© æ¥«¥¢®© äã−ªæ¨¨. �à¨ ª®¬¯ìîâ¥à−®©
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Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬®¤¥«¨

à¥�«¨§�æ¨¨ ¯à®æ¥¤ãàë ã¯®àï¤®ç¥−¨ï ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì ¡ëáâàãî á®à-
â¨à®¢ªã •®�à�. �¯¨á�−−�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨© ¯®¢â®àï¥âáï ¤«ï ¢á¥å
¯®«®¦¥−¨© ¬®âë«ìª®¢.

—â®¡ë ¬®âë«ìª¨ −¥ −�å®¤¨«¨ ¡ëáâà® «®ª�«ì−ë¥ ¬¨−¨¬ã¬ë ¨ −¥ ¯à¥ªà�é�«¨
¯®¨áª, á«¥¤ã¥â á¢ï§�âì ª�¦¤®£® ¬®âë«ìª� à®¢−® á ®¤−¨¬ ¨áâ®ç−¨ª®¬ á¢¥â�: ¯¥à-
¢ë© «¥â¨â ¯® á¯¨à�«¨ ª ¯¥à¢®¬ã ¨áâ®ç−¨ªã, ¢â®à®© | ª® ¢â®à®¬ã, ¯®á«¥¤−¨© |
ª ¯®á«¥¤−¥¬ã. �®áª®«ìªã ¨áâ®ç−¨ª¨ ¯®áâ®ï−−® ¬¥−ïîâáï ¨ á®àâ¨àãîâáï, ¯à®-
¨§®©¤¥â ®¡¥á¯¥ç¥−¨¥ âé�â¥«ì−®£® ¨áá«¥¤®¢�−¨ï ¬−®¦¥áâ¢� ¤®¯ãáâ¨¬ëå à¥è¥−¨©.
�¤−�ª® ¯à¨ ¤«¨â¥«ì−®¬ ¯®¨áª¥ íâ®â ¯à®æ¥áá ¬®¦¥â ®á«�¡¨âì æ¥«¥−�¯à�¢«¥−−®¥
¤¢¨¦¥−¨¥ ª ¬¨−¨¬ã¬ã. —â®¡ë ¨áª«îç¨âì â�ªãî ¢®§¬®¦−®áâì, ç¨á«® ¨áâ®ç−¨ª®¢
á¢¥â� á®ªà�é�¥âáï ¯®áâ¥¯¥−−® ¯® á«¥¤ãîé¥© ä®à¬ã«¥:

Nof = round

(

Np− k
Np− 1

T

)

,

£¤¥ round (x) | ®ªàã£«¥−¨¥ ¤® ¡«¨¦�©è¥£® æ¥«®£® ç¨á«�; k | −®¬¥à â¥ªãé¥©
¨â¥à�æ¨¨; Np | ¯¥à¢®−�ç�«ì−®¥ ç¨á«® ¨áâ®ç−¨ª®¢ á¢¥â�; T | ¬�ªá¨¬�«ì−®¥
ç¨á«® ¨â¥à�æ¨©, §�¤�¢�¥¬®¥ ¨áå®¤ï ¨§ âà¥¡®¢�−¨© ¤®áâ¨¦¥−¨ï ¡�«�−á� ¬¥¦-
¤ã ¤®áâ�â®ç−®© â®ç−®áâìî −�å®¦¤¥−¨ï íªáâà¥¬ã¬� ¨ ¨á¯®«ì§ã¥¬ë¬ ¢à¥¬¥−¥¬
à�áç¥â®¢.

‘®ªà�é¥−¨¥ ç¨á«� ¨áâ®ç−¨ª®¢ ¯à®¨áå®¤¨â ¯ãâ¥¬ ã¤�«¥−¨ï ¨§ à�áá¬®âà¥−¨ï
åã¤è¥£® −� ¤�−−ë© ¬®¬¥−â ¨áâ®ç−¨ª�, â. ¥. ¯®á«¥¤−¥£® ¢ ¢¥ªâ®à¥ OF. Œ®âë«¥ª,
à�−¥¥ á¢ï§�−−ë© á íâ¨¬ ¨áâ®ç−¨ª®¬, â¥¯¥àì á¢ï§ë¢�¥âáï á ¨áâ®ç−¨ª®¬, ¡ë¢è¨¬
à�−¥¥ ¯à¥¤¯®á«¥¤−¨¬. ’�ª¨¬ ®¡à�§®¬ ¤®áâ¨£�¥âáï ¡�«�−á ¬¥¦¤ã ®¡è¨à−ë¬
¨áá«¥¤®¢�−¨¥¬ ¬−®¦¥áâ¢� ¤®¯ãáâ¨¬ëå à¥è¥−¨© ¨ ¤¢¨¦¥−¨¥¬ ª ¬¨−¨¬ã¬ã.

�à®æ¥áá ¯®¨áª� ®ª�−ç¨¢�¥âáï ¯à¨ ¤®áâ¨¦¥−¨¨ ¬�ªá¨¬�«ì−®£® ç¨á«� ¨â¥à�æ¨©
¨«¨ §�¤�−−®£® ¯à¥¤¥«ì−®£® ¢à¥¬¥−¨ à�¡®âë �«£®à¨â¬�.

5 Результаты моделирования процесса поврежденности
при заданных значениях характерных параметров модели

ˆ−â¥£à¨à®¢�−¨¥ ãà�¢−¥−¨© á¨áâ¥¬ë (6) ¯à®¢®¤¨«®áì ç¨á«¥−−® ®¤−¨¬ ¨§ á«¥-
¤ãîé¨å ¬¥â®¤®¢: ¬¥â®¤®¬ �©«¥à�, ¬¥â®¤®¬ �©«¥à�{Š®è¨, ¬¥â®¤®¬ �¤�¬á�
¢â®à®£® ¨ ç¥â¢¥àâ®£® ¯®àï¤ª� á ¯®áâ®ï−−®© ¢¥«¨ç¨−®© è�£�, � â�ª¦¥ ¨å ¬®¤¨ä¨-
ª�æ¨ï¬¨ á −¥à�¢−®¬¥à−ë¬ è�£®¬ [9].

“áâ�−®¢«¥−®, çâ® ¢® ¬−®£¨å á«ãç�ïå ¨−â¥£à¨à®¢�−¨¥ −¥ ¬®¦¥â ¡ëâì ¤®
ª®−æ� ¯à®¢¥¤¥−® (¤® n = 100 000), â�ª ª�ª §−�ç¥−¨ï ¯®¢à¥¦¤¥−−®áâ¨ ¢ëå®¤ïâ §�
¯à¥¤¥«ë ¤®¯ãáâ¨¬ëå §−�ç¥−¨©. �â® ¬®¦¥â ¯à®¨áå®¤¨âì ¯® −¥áª®«ìª¨¬ ¯à¨ç¨−�¬:
¨á¯®«ì§®¢�−¨ï á«¨èª®¬ ¡®«ìè®£® è�£� ¨−â¥£à¨à®¢�−¨ï, á¢®©áâ¢ ç¨á«¥−−ëå
¬¥â®¤®¢, ¨á¯®«ì§®¢�−¨ï §−�ç¥−¨© ª®íää¨æ¨¥−â®¢, ª®â®àë¥ ¯®à®¦¤�îâ ¡ëáâà®¥
¢®§à�áâ�−¨¥ §−�ç¥−¨ï ¯®¢à¥¦¤¥−−®áâ¨. Šà®¬¥ â®£®, ¯à¨¬¥−¥−¨¥ ¬−®£®è�£®¢ëå
¬¥â®¤®¢ ¨−â¥£à¨à®¢�−¨ï (�©«¥à�{Š®è¨ ¨ �¤�¬á�) ¢ á¨«ã −¥®¡å®¤¨¬®áâ¨ ¯à¥¤¢�-
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�. ‚. ��−â¥«¥¥¢, �. ‚. ’ãà¡¨−, ˆ. ‘. ��¤®à®¢, �. �. Š®−®−®¢

à¨â¥«ì−®£® −�å®¦¤¥−¨ï à�§£®−−ëå â®-

÷¨á. 1 �®¢à¥¦¤¥−−®áâì −� −�¯à�¢«¥−¨ïå
1{1 (�), 1{2 (¡) ¨ 2{2 (¢), ¯®«ãç¥−−�ï ¯à¨
à¥è¥−¨¨ ¯àï¬®© §�¤�ç¨ ¬¥â®¤®¬ �©«¥à�
á è�£®¬ 100

ç¥ª ¯à¨¢®¤¨â ª §−�ç¨â¥«ì−ë¬ ª®«¥¡�-
−¨ï¬ à¥è¥−¨© ¢ −�ç�«¥ ¯à®æ¥áá�.

�� à¨á. 1 ¯à¨¢¥¤¥− ®¤¨− ¨§ ¯à¨-
¬¥à®¢ à¥è¥−¨ï ¯àï¬®© §�¤�ç¨ (¤«ï
¯®«ãç¥−¨ï −¥¯à¥àë¢−®© §�¢¨á¨¬®áâ¨
¯à¨¬¥−ï«�áì «¨−¥©−�ï ¨−â¥à¯®«ïæ¨ï
¢ëç¨á«¥−−ëå §−�ç¥−¨© ¯®¢à¥¦¤¥−-
−®áâ¨).

6 Решение задачи
параметрической
идентификации
трехмерной модели
по заданному поведению
значений поврежденности

�à¨ à¥è¥−¨¨ §�¤�ç¨ ®¯â¨¬¨§�æ¨¨
¯¥à¢ë¬ ¯à¨¬¥−ï«áï ¬¥â®¤ MMFO,
� ¥£® à¥§ã«ìâ�â ã«ãçè�«áï á ¨á¯®«ì-
§®¢�−¨¥¬ ¬¥â®¤� Luus{Jaakola [16].

‘âà�â¥£¨ï ¬¥â®¤� Luus{Jaakola §�-
ª«îç�¥âáï ¢ ¢ë¯®«−¥−¨¨ á«¥¤ãîé¨å
¯à®æ¥¤ãà: §�¤�¥âáï −�ç�«ì−�ï â®çª�
−� ¬−®¦¥áâ¢¥ ¤®¯ãáâ¨¬ëå à¥è¥−¨©; ¨§
−¥¥ £¥−¥à¨àãîâáï R â®ç¥ª ¢ á«ãç�©-
−ëå −�¯à�¢«¥−¨ïå á ãç¥â®¬ å�à�ªâ¥à-
−ëå à�§¬¥à®¢ ¬−®¦¥áâ¢� á ¯à®¢¥àª®©
¯à¨−�¤«¥¦−®áâ¨ ¥¬ã; áà¥¤¨ ¯®«ãç¥−-
−ëå â®ç¥ª ¢ë¡¨à�¥âáï −�¨«ãçè�ï, ¨ ¨§
−¥¥ ¯à®æ¥áá ¯à®¤®«¦�¥âáï. �à¨ íâ®¬
à�§¬¥à ¬−®¦¥áâ¢� ¯®¨áª� á®ªà�é�¥âáï
(¯à¨ ¯®¬®é¨ ¯�à�¬¥âà� γ) ®â ¨â¥à�-
æ¨¨ ª ¨â¥à�æ¨¨ ¢¯«®âì ¤® ¤®áâ¨¦¥−¨ï
¨¬¨ §�¤�−−®£® ç¨á«� ITER; ª�ª â®«ìª®
§�¤�−−®¥ ç¨á«® ¨â¥à�æ¨© ¢ë¯®«−¥−®,
§�¢¥àè�¥âáï ú¯à®å®¤û; ¯à¨ ¯¥à¥å®¤¥
ª á«¥¤ãîé¥¬ã ¯à®å®¤ã à�§¬¥à ¬−®-
¦¥áâ¢� ¯®¨áª� ¢®ááâ�−�¢«¨¢�¥âáï (¯à¨

¯®¬®é¨ ¯�à�¬¥âà� η), � ¤�«¥¥ á−®¢� ¢ë¯®«−ï¥âáï §�¤�−−®¥ ç¨á«® ¨â¥à�æ¨©. �à®-
æ¥áá §�¢¥àè�¥âáï ¯®á«¥ à¥�«¨§�æ¨¨ §�¤�−−®£® ç¨á«� ¯à®å®¤®¢, ¯à¨ ¢ë¯®«−¥−¨¨
ãá«®¢¨© −¥íää¥ªâ¨¢−®áâ¨ ¯®¨áª� (®¤−®¢à¥¬¥−−®£® −¥¤®áâ¨¦¥−¨ï â®ç−®áâ¨ ε1 ¯®
¢¥«¨ç¨−¥ ¬®¤ã«ï ¯à¨à�é¥−¨ï ¢¥«¨ç¨−ë æ¥«¥¢®© äã−ªæ¨¨ ¨ â®ç−®áâ¨ ε2 ¢¥«¨ç¨-
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Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬®¤¥«¨

−ë ®â−®á¨â¥«ì−®£® ¯à¨à�é¥−¨ï ¢¥ªâ®à� à¥è¥−¨ï), ¯® ¨áâ¥ç¥−¨¨ ¢ë¤¥«¥−−®£® −�
à¥è¥−¨¥ ¢à¥¬¥−¨.

„«ï à¥è¥−¨ï §�¤�ç¨ (7) −� ®¯¨á�−−®¬ ¢ëè¥ ¬−®¦¥áâ¢¥ ¤®¯ãáâ¨¬ëå à¥-
è¥−¨© D ¯à¨¬¥−ï«áï ¬¥â®¤ MMFO á ¯�à�¬¥âà�¬¨: Np = 3000, s = 0,8,
T = 1000 000, τ = 500 ¯à¨ ®£à�−¨ç¥−¨¨ −� ¢à¥¬ï ¢ë¯®«−¥−¨ï | 5 ¬¨−. „«ï
ãâ®ç−¥−¨ï à¥§ã«ìâ�â� ¯à¨¬¥−ï«áï ¬¥â®¤ Luus{Jaakola á ¯�à�¬¥âà�¬¨: R = 100,
P = 100, ITER = 100, γ = 0,8, η = 0,9, ε1 = ε2 = 10

−50 ¯à¨ ®£à�−¨ç¥−¨¨ −�
¢à¥¬ï ¢ë¯®«−¥−¨ï | 30 á. ‚ ª�ç¥áâ¢¥ −�ç�«ì−®© â®çª¨ ¤«ï ¬¥â®¤� Luus{Jaakola
¨á¯®«ì§®¢�«áï à¥§ã«ìâ�â ¯à¨¬¥−¥−¨ï MMFO. Œ¥â®¤ ¨−â¥£à¨à®¢�−¨ï | ¬¥â®¤
�©«¥à� c è�£®¬ 100. ÷¥§ã«ìâ�âë à¥è¥−¨ï §�¤�ç¨ (7) ¯à¥¤áâ�¢«¥−ë −� à¨á. 2.

�®«ãç¥−−ë¥ ¢ à¥§ã«ìâ�â¥ ¯®á«¥¤®-

÷¨á. 2 ‘à�¢−¥−¨¥ ªà¨¢ëå ¯®¢à¥¦¤¥−−®-
áâ¥© −� −�¯à�¢«¥−¨¨ 1{1, ¯®«ãç¥−−ëå ¯à¨
à¥è¥−¨¨ ¯àï¬®© (ç¥à−�ï, 1) ¨ ®¡à�â−®© (á¥-
à�ï, 2) §�¤�ç

¢�â¥«ì−®£® ¯à¨¬¥−¥−¨ï ¤¢ãå ¬¥â®¤®¢
®¯â¨¬¨§�æ¨¨ §−�ç¥−¨ï ª®íää¨æ¨¥−â®¢
¨¬¥îâ ¢¨¤:
c1,11 = 8,0955023112103 · 10

−5 ;

c2,11 = 672,50512114333 ;
c3,11 = 1,15473098168472 · 10

−6 ;

c4,11 = 0,686408646360375 ;

c5,11 = 22,9051597306067 ,

� §−�ç¥−¨¥ ªà¨â¥à¨ï (7):

I1 = 4,15071314385573 · 10
−10.

‡�¬¥â¨¬, çâ® à¥è¥−¨ï ¯àï¬®© ¨ ®¡à�â-
−®© §�¤�ç ¯à�ªâ¨ç¥áª¨ −¥ à�§«¨ç¨¬ë
¬¥¦¤ã á®¡®©.

„«ï à¥è¥−¨ï §�¤�ç¨ (8) ¯à®æ¥áá −�ç¨−�¥âáï á §�¤�−¨ï ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢
λ1 ¨ λ2 à�¢−ë¬¨ 1. „�«¥¥ §−�ç¥−¨ï ¨§¬¥−ïîâáï ¢ §�¢¨á¨¬®áâ¨ ®â â®ç−®áâ¨
¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢. ‚ ¤�−−®¬ á«ãç�¥ §�¤�ç� ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢
ãà�¢−¥−¨ï ¤«ï ¯¥à¥¬¥−−®©D12(n) à¥è�¥âáï áà�§ã á ¤®áâ�â®ç−®© â®ç−®áâìî ¨ ¥áâì
¯à®¡«¥¬ë á ¨¤¥−â¨ä¨ª�æ¨¥© ¯�à�¬¥âà®¢ ãà�¢−¥−¨ï ¤«ï ¯¥à¥¬¥−−®© D22(n).
�®íâ®¬ã §−�ç¥−¨¥ ª®íää¨æ¨¥−â� λ2 ¯®á«¥¤®¢�â¥«ì−® ã¢¥«¨ç¨¢�«®áì. ��¨«ãçè¨¥
à¥§ã«ìâ�âë ¯®«ãç¥−ë ¯à¨ λ1 = 1 ¨ λ2 = 104.

�à¨ ¨á¯®«ì§®¢�−¨¨ ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ λ1 = 1 ¨ λ2 = 104 ¯à¨¬¥−ï«áï
¬¥â®¤ Luus{Jaakola [16] á ¯�à�¬¥âà�¬¨: R = 200, P = 200, ITER = 200,
γ = 0,8, η = 0,9, ε1 = ε2 = 10

−50 á ®£à�−¨ç¥−¨¥¬ −� ¢à¥¬ï ¢ë¯®«−¥−¨ï: 60 á,
¬¥â®¤ ¨−â¥£à¨à®¢�−¨ï: ¬¥â®¤ �©«¥à� c è�£®¬ 100.

‚ ª�ç¥áâ¢¥ −�ç�«ì−®£® ¯à¨¡«¨¦¥−¨ï ¤«ï ¬¥â®¤� Luus{Jaakola ¨á¯®«ì§®¢�«áï
à¥§ã«ìâ�â ¯à¨¬¥−¥−¨ï ¬¥â®¤� MMFO ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¢¥á®¢ëå ª®íää¨æ¨¥−-
â®¢ λ1 = 1 ¨ λ2 = 100:

c1,12 = 3,06335104509683 · 10
−6 ;

c2,12 = 0,0360565134569079 ;

c3,12 = 3,23801707906896 · 10
−5 ;
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÷¨á. 3 ‘à�¢−¥−¨¥ ªà¨¢ëå ¯®¢à¥¦¤¥−−®áâ¥© −� −�¯à�¢«¥−¨ïå 1{2 (�) ¨ 2{2 (¡),
¯®«ãç¥−−ëå ¯à¨ à¥è¥−¨¨ ¯àï¬®© (ç¥à−�ï, 1) ¨ ®¡à�â−®© (á¥à�ï, 2) §�¤�ç

c4,12 = 0,99959425831806 ;

c5,12 = 1,42837237268894 ;

c1,22 = 2,200736913194343 · 10
−6 ;

c2,22 = 204,345098431823 ;

c3,22 = −2,27037296384949 · 10−5 ;

c4,22 = 0,798059542595711 ;

c5,22 = 10,9375229807987 .

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¯®á«¥¤®¢�â¥«ì−®£® ¯à¨¬¥−¥−¨ï ¤¢ãå ¬¥â®¤®¢ ®¯â¨-
¬¨§�æ¨¨ ¯à¥¤áâ�¢«¥−ë −� à¨á. 3. ��©¤¥−−ë¥ §−�ç¥−¨ï ª®íää¨æ¨¥−â®¢ ¯à�¢ëå
ç�áâ¥© ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¨¬¥îâ ¢¨¤:

c1,12 = 3,15746410459782 · 10
−6, c2,12 = 0,0413824463669797,

c3,12 = 2,72695039726558 · 10
−5, c4,12 = 0,9554012483105131,

c5,12 = 0,372390529265973;

c1,22 = 8,51462220223207 · 10
−6, c2,22 = 365,709195625326,

c3,22 = −1,01033043238019 · 10−5, c4,22 = 0,760931609273087,

c5,22 = 7,36230735147148.

„®áâ¨£−ãâ®¥ §−�ç¥−¨¥ ªà¨â¥à¨ï I2 = 0,257689079837312.
‘à�¢−¨â¥«ì−ë© �−�«¨§ ¯®«ãç¥−−ëå à¥è¥−¨© ¯àï¬®© ¨ ®¡à�â−®© §�¤�ç ¯®§¢®-

«ï¥â áã¤¨âì ®¡ ¨å ¤®áâ�â®ç−®© á ¯à�ªâ¨ç¥áª®© â®çª¨ §à¥−¨ï ¡«¨§®áâ¨.

7 Анализ численных результатов

�® à¥§ã«ìâ�â�¬ à¥è¥−¨ï §�¤�ç¨ (7) ¬®¦−® á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ® á«¥¤ã¥â
¢ë¡¨à�âì −¥¡®«ìè®© è�£ ¨−â¥£à¨à®¢�−¨ï (−�¯à¨¬¥à, h = 100). Œ¥â®¤ �©«¥à�{
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Œ¥â�í¢à¨áâ¨ç¥áª¨¥ �«£®à¨â¬ë ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¯�à�¬¥âà®¢ âà¥å¬¥à−®© ¬®¤¥«¨

Š®è¨ ¬®¦¥â ¯à¨¢®¤¨âì ª ¤®áâ�â®ç−® á¨«ì−ë¬ ª®«¥¡�−¨ï¬ ¢ à¥è¥−¨¨. ÷¥§ã«ìâ�-
âë, ¯®«ãç¥−−ë¥ ¬¥â®¤®¬ �¤�¬á�, ¢¨§ã�«ì−® ¯®çâ¨ −¥ ®â«¨ç�îâáï ®â ¯®«ãç¥−−ëå
¬¥â®¤®¬ �©«¥à�, â®«ìª® à�¡®â�îâ ¤®«ìè¥, � à¥§ã«ìâ�âë −�å®¦¤¥−¨ï à�§£®−−ëå
â®ç¥ª −�àãè�îâ ú£«�¤ª®áâìû £à�ä¨ª� ¢ −�ç�«¥ ¯à®æ¥áá� ¨−â¥£à¨à®¢�−¨ï.

‚ à¥§ã«ìâ�â¥ à¥è¥−¨ï ®¡à�â−®© §�¤�ç¨ −�©¤¥−ë ª®íää¨æ¨¥−âë, ¤®¢®«ì−®
¡«¨§ª¨¥ ª §�¤�−−ë¬ ¢ ¯àï¬®© §�¤�ç¥. “ ¡®«ìè¨−áâ¢� ¯®«ãç¥−−ëå ª®íää¨æ¨-
¥−â®¢ â®â ¦¥ ¯®àï¤®ª, çâ® ¨ ã §�¤�−−ëå. Š â®¬ã ¦¥ £à�ä¨ª¨ ¯®¢à¥¦¤¥−−®áâ¨,
¢ëç¨á«¥−−®© ¤«ï ª�¦¤®£® −�¯à�¢«¥−¨ï, ¯®çâ¨ á®¢¯�¤�îâ á £à�ä¨ª�¬¨ ¯®¢¥¤¥−¨ï
¨áå®¤−®© ¬®¤¥«¨. ‘â®¨â §�¬¥â¨âì, çâ® −�©¤¥−−ë© ª®íää¨æ¨¥−â c3,22 | ®âà¨æ�-
â¥«ì−ë©, çâ® á¢¨¤¥â¥«ìáâ¢ã¥â ® −¥®¡å®¤¨¬®áâ¨ ãç¥â� ¤�−−®£® ä�ªâ� ¯à¨ §�¤�−¨¨
¬−®¦¥áâ¢� ¤®¯ãáâ¨¬ëå à¥è¥−¨©. ‡�¬¥â¨¬, çâ® §−�ç¥−¨ï ª®íää¨æ¨¥−â®¢ c4 ¨ c5
¨£à�îâ à®«ì â®«ìª® ¢ á«ãç�¥ ¢®§−¨ª−®¢¥−¨ï íâ�¯� áâà¥¬¨â¥«ì−®£® à�§àãè¥−¨ï
®¡à�§æ�, � íâ®â íâ�¯ ¢®§−¨ª�¥â −¥ ¤«ï ¢á¥å −�¯à�¢«¥−¨©. ‹ãçè¨© à¥§ã«ìâ�â
à¥è¥−¨ï §�¤�ç¨ (8) ¯®«ãç¥− ¯à¨ ¢¥á®¢ëå ª®íää¨æ¨¥−â�å λ1 = 1 ¨ λ2 = 10

4,
®âà�¦�îé¨å ®â−®á¨â¥«ì−ë© ¯à¨®à¨â¥â á«�£�¥¬ëå ¢ ªà¨â¥à¨¨.

8 Заключение

ˆáá«¥¤®¢�−� ¢®§¬®¦−®áâì ¯à¨¬¥−¥−¨ï âà¥å¬¥à−®© ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨
¤«ï ®¯¨á�−¨ï ¯à®æ¥áá� ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ ¬®¤¥«ì−®£® ª®¬¯®§¨æ¨®−−®£® ¬�-
â¥à¨�«� ¢ ¯à®æ¥áá¥ ¨á¯ëâ�−¨©. ��à�¬¥âàë ¬®¤¥«¨, ¢å®¤ïé¨¥ ¢ ¯à�¢ë¥ ç�áâ¨
âà¥å ®¡ëª−®¢¥−−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¯¥à¢®£® ¯®àï¤ª�, ®¯¨áë¢�-
îé¨å ¯à®æ¥áá ¤¥£à�¤�æ¨¨ ¦¥áâª®áâ¨ ¯® âà¥¬ −�¯à�¢«¥−¨ï¬, ¬®£ãâ ¡ëâì −�©¤¥−ë
¢ à¥§ã«ìâ�â¥ ®¡à�¡®âª¨ ¤�−−ëå á ¯®¬®éìî ¯à®æ¥¤ãàë ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−-
â¨ä¨ª�æ¨¨. „«ï ¥¥ à¥�«¨§�æ¨¨ ¯à¥¤«®¦¥−® ¯®á«¥¤®¢�â¥«ì−® ¯à¨¬¥−¨âì ¤¢�
¬¥â�í¢à¨áâ¨ç¥áª¨å �«£®à¨â¬� £«®¡�«ì−®© ãá«®¢−®© ®¯â¨¬¨§�æ¨¨. „«ï ¯®¢ëè¥-
−¨ï íää¥ªâ¨¢−®áâ¨ ç¨á«¥−−ëå ¬¥â®¤®¢ ®¯â¨¬¨§�æ¨¨ ¯à¥¤«®¦¥−� ¬®¤¨ä¨ª�æ¨ï
¬¥â®¤�, ¨¬¨â¨àãîé¥£® ¯®¢¥¤¥−¨¥ áâ�¨ ¬®âë«ìª®¢. �� ¯à¨¬¥à¥ ¬®¤¥«ì−®£®
ª®¬¯®§¨æ¨®−−®£® ¬�â¥à¨�«� ¯®ª�§�−®, çâ® ¨áá«¥¤®¢�−−�ï âà¥å¬¥à−�ï ¬®¤¥«ì
¯®§¢®«ï¥â ¯®«ãç�âì à¥§ã«ìâ�âë á ¯à¨¥¬«¥¬®© â®ç−®áâìî.
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Metaheuristic optimization algorithms of parametric identification of a model

METAHEURISTIC OPTIMIZATION ALGORITHMS
OF PARAMETRIC IDENTIFICATION

OF A THREE-DIMENSIONAL MODEL FOR REDUCING
THE FATIGUE STIFFNESS OF COMPOSITE MATERIALS

A. V. Panteleev, N. V. Turbin, I. S. Nadorov, and N. O. Kononov

Moscow Aviation Institute (National Research University), 4 Volokolamskoe Shosse,
Moscow 125933, Russian Federation

Abstract: The article explores the application of modern metaheuristic opti-
mization algorithms to determine the parameters of new mathematical models
describing experimental results. The subject of the study was the property of
composite materials used in aircraft construction to lose fatigue stiffness during
operation. For mathematical modeling of stiffness degradation, a system of three
ordinary differential equations describing the characteristic stages of the process
is proposed. To find the parameters of the right-hand sides of the equations, two
constrained optimization problems are solved minimizing the deviations of the
equation solutions from known composite material test results. The solutions to
the equations are found using classical explicit numerical integration methods of
varying orders of accuracy. For parametric identification, i. e., finding the values
of the parameters of the right-hand sides of the differential equations based on
test results, it is proposed to use metaheuristic optimization methods: a modified
method simulating the behavior of a swarm of moths as well as a random search
method with sequential reduction of the study area. Numerical results of the
study of a specific composite material are presented illustrating the effectiveness
of the proposed approach.

Keywords: metaheuristic optimization algorithms; moth swarm behavior simu-
lating method; damage model; composite materials
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�®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢

1 Введение

‘®¢à¥¬¥−−ë¥ â¥å−®«®£¨¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�, ®á−®¢�−−ë¥ −� ¬¥â®-
¤�å ¬�è¨−−®£® ®¡ãç¥−¨ï, ¯®§¢®«ïîâ íää¥ªâ¨¢−® ®¡à�¡�âë¢�âì ¡®«ìè¨¥ ®¡ê¥¬ë
æ¨äà®¢ëå ¤�−−ëå, á®¡¨à�¥¬ëå ¨§ à�§«¨ç−ëå ¨áâ®ç−¨ª®¢, ¤«ï ¯®«ãç¥−¨ï ¯à®-
£−®§−ëå à¥ª®¬¥−¤�æ¨© [1]. ƒ«ã¡®ª¨¥ −¥©à®−−ë¥ á¥â¨ á �àå¨â¥ªâãà®© úâà�−áä®à-
¬¥àû [2] ¢ −�áâ®ïé¥¥ ¢à¥¬ï ãá¯¥è−® à¥è�îâ §�¤�ç¨ ®¡à�¡®âª¨ ¯®á«¥¤®¢�â¥«ì−ëå
¤�−−ëå ¤«ï ¢ëï¢«¥−¨ï ¤®«£®áà®ç−ëå §�¢¨á¨¬®áâ¥©, −® ®ç¥−ì âà¥¡®¢�â¥«ì−ë
ª −�«¨ç¨î áãé¥áâ¢¥−−ëå ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢, §−�ç¨â¥«ì−ëå ®¡ê¥¬®¢ ¯�-
¬ïâ¨, ª�ç¥áâ¢¥−−ëå ¤�−−ëå ¤«ï ®¡ãç¥−¨ï ¨ à�§¢¥àâë¢�−¨ï. ‚ â® ¦¥ ¢à¥¬ï
§�¤�ç¨ �−�«¨§� ¯®á«¥¤®¢�â¥«ì−ëå ç¨á«®¢ëå ¤�−−ëå (¢à¥¬¥−− �ëå àï¤®¢) á ¯®-
«ãç¥−¨¥¬ ¯à®£−®§−ëå à¥ª®¬¥−¤�æ¨© ¢¯®«−¥ ãá¯¥è−® ¬®£ãâ à¥è�âìáï ¬¥â®¤�¬¨
¬�è¨−−®£® ®¡ãç¥−¨ï á ¨á¯®«ì§®¢�−¨¥¬ ª«�áá� à¥ªãàà¥−â−ëå −¥©à®−−ëå á¥â¥©.
�à¨ íâ®¬ á ¯®¬®éìî à¥ªãàà¥−â−ëå −¥©à®−−ëå á¥â¥© â¨¯� LSTM [3, 4] ¬®¦−®
á®ç¥â�âì ¤®áâ�â®ç−® ¯à®áâãî ¢ëç¨á«¨â¥«ì−ãî �àå¨â¥ªâãàã ¨ íª®−®¬−®¥ ¨á¯®«ì-
§®¢�−¨¥ ¯�¬ïâ¨ ¢ëç¨á«¨â¥«ï á ¢ëá®ª®© íää¥ªâ¨¢−®áâìî à¥è¥−¨ï §�¤�ç ¯à®£−®§�
§� áç¥â ¨á¯®«ì§®¢�−¨ï á¯¥æ¨�«ì−ëå â¥å−®«®£¨© ®âá«¥¦¨¢�−¨ï ¤®«£®áà®ç−ëå §�-
¢¨á¨¬®áâ¥© ¢® ¢à¥¬¥−− �ëå àï¤�å. �à¨¬¥−¥−¨¥ LSTM-¬®¤¥«¥© ¤«ï à¥è¥−¨ï
§�¤�ç ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨, ¢®§−¨ª�îé¨å ¯à¨ ¨§ãç¥−¨¨ äã−ªæ¨®−¨à®¢�−¨ï
â¥å−¨ç¥áª¨å á¨áâ¥¬, à�áá¬®âà¥−® ¢ [5, 6] ¨ ¢ ¤àã£¨å à�¡®â�å.

�¥©à®−−ë¥ á¥â¨ ç�áâ® âà¥¡ãîâ ¤®áâ�â®ç−® ¡®«ìè®£® ®¡ê¥¬� ¢¢®¤−®© ¨−ä®à-
¬�æ¨¨, ª®â®à�ï ¯®«ãç¥−� ¢ à¥§ã«ìâ�â¥ íªá¯¥à¨¬¥−â®¢ ¨«¨ −�âãà−ëå ¨§¬¥à¥−¨©,
®¤−�ª® −� ¯à�ªâ¨ª¥ −¥ ¢á¥£¤� ã¤�¥âáï ¯®«ãç¨âì à¥¯à¥§¥−â�â¨¢−ë¥ ¤�â�á¥âë ¢¢¨¤ã
®á®¡¥−−®áâ¥© ¨§ãç�¥¬ëå ¯à®æ¥áá®¢ ¨ á¨áâ¥¬, � â�ª¦¥ −¥¤®áâ�â®ç−®áâ¨ âà¥¡ã¥¬®£®
®¡®àã¤®¢�−¨ï ¨ á«®¦−®áâ¥© ãáâ�−®¢ª¨ áâ�æ¨®−�à−ëå ¤�âç¨ª®¢ [7]. „«ï ä®à¬¨-
à®¢�−¨ï â�ª¨å ¤�−−ëå ¢ ¯®á«¥¤−¥¥ ¢à¥¬ï ¨á¯®«ì§ã¥âáï �−�«¨â¨ç¥áª¨© ¯®¤å®¤
ª á®§¤�−¨î á¨−â¥â¨ç¥áª¨å ¤�â�á¥â®¢ ¤«ï ¯®á«¥¤ãîé¥© ®¡à�¡®âª¨ ¢ −¥©à®á¥â¥-
¢ëå ¬®¤¥«ïå. �à¨ ¤�−−®¬ ¯®¤å®¤¥ ¢®§¬®¦−® ¨á¯®«ì§®¢�âì ¯®áâà®¥−¨¥ â�ª¨å
¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© á ¨¬¨â�æ¨®−−ë¬¨ ª®¬¯®−¥−â�¬¨, à¥�«¨§�æ¨ï ª®â®àëå
¯®§¢®«ï¥â á®§¤�¢�âì −�¡®àë ¤�−−ëå á® á¢®©áâ¢�¬¨, ¯à¨áãé¨¬¨ à¥�«ì−ë¬ â¥å-
−¨ç¥áª¨¬ á¨áâ¥¬�¬. ‚ ç�áâ−®áâ¨, �ªâã�«ì−®© §�¤�ç¥© áâ�«� à�§à�¡®âª� ¬¥â®¤®¢
®æ¥−ª¨ â¥å−¨ç¥áª®£® á®áâ®ï−¨ï í«¥¬¥−â®¢ ¨ ã§«®¢ âà�−á¯®àâ−ëå á¨áâ¥¬, ¢ â®¬
ç¨á«¥ á ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤®¢ −¥©à®á¥â¥¢ëå �«£®à¨â¬®¢ ¨ â¥å−®«®£¨¨ æ¨äà®¢ëå
¤¢®©−¨ª®¢ [8].

‘¨áâ¥¬ë â¥¬¯¥à�âãà−®£® ª®−âà®«ï ¡ãªá®¢ëå ã§«®¢ ¯®¤¢¨¦−®£® á®áâ�¢� |
®¤−¨ ¨§ ¢�¦−¥©è¨å í«¥¬¥−â®¢ ®¡¥á¯¥ç¥−¨ï ¡¥§®¯�á−®áâ¨ íªá¯«ã�â�æ¨¨ ¦¥«¥§-
−®¤®à®¦−®£® âà�−á¯®àâ�. Š�ª ¨§¢¥áâ−® [9], ¯®¢ëè¥−¨¥ â¥¬¯¥à�âãàë ¡ãªá®¢®£®
ã§«� á«ã¦¨â §−�ç¨¬ë¬ ¨−¤¨ª�â®à®¬ ¯à¨¡«¨¦�îé¥£®áï ®âª�§� ¯®¤è¨¯−¨ª®¢ ª®-
«¥á−®© ¯�àë §�¤®«£® ¤® â®£®, ª�ª ®−¨ ¢ë©¤ãâ ¨§ áâà®ï. ‚ −�áâ®ïé¥¥ ¢à¥¬ï
®á−®¢−ë¬ ¬¥â®¤®¬ ®¡−�àã¦¥−¨ï â¥¬¯¥à�âãà−ëå �−®¬�«¨© ¡ãªá®¢ëå ã§«®¢ áâ�-
«® ¨á¯®«ì§®¢�−¨¥ áâ�æ¨®−�à−ëå áà¥¤áâ¢ ¡¥áª®−â�ªâ−®£® ¨§¬¥à¥−¨ï â¥¬¯¥à�âãàë
¢ á®áâ�¢¥ �¢â®¬�â¨§¨à®¢�−−ëå ¬−®£®äã−ªæ¨®−�«ì−ëå ª®¬¯«¥ªá®¢ â¥å−¨ç¥áª¨å
áà¥¤áâ¢ ¤¨�£−®áâ¨ª¨, ãáâ�−�¢«¨¢�¥¬ëå −� ¯ãâïå ¤¢¨¦¥−¨ï. �à¨ ¨á¯®«ì§®¢�−¨¨
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�. ‚. „àã¦¨−¨−�, �. ÷. Š®à¥¯�−®¢, ˆ. ‚. Œ�ª�à¥−ª®¢� ¨ ¤à.

â�ª®£® ¬¥â®¤� ¢®§−¨ª�îâ á«®¦−®áâ¨, á¢ï§�−−ë¥ á −¥®¡å®¤¨¬®áâìî à�§¬¥é¥−¨ï −�
¦¥«¥§−®© ¤®à®£¥ ¡®«ìè®£® ç¨á«� ¤®à®£®áâ®ïé¨å áâ�æ¨®−�à−ëå ª®¬¯«¥ªá®¢ ¤¨�-
£−®áâ¨ª¨ (−�¯à¨¬¥à, Š’‘Œ-02, Š’‘Œ-03 [10, 11]). ‘â�æ¨®−�à−ë¥ ª®¬¯«¥ªáë
à�§¬¥é�îâáï −� §−�ç¨â¥«ì−®¬ à�ááâ®ï−¨¨ ¤àã£ ®â ¤àã£� ¨ −¥ ¨¬¥îâ ¤�−−ëå ®¡
¨§¬¥−¥−¨ïå â¥¬¯¥à�âãàë ¡ãªá®¢ëå ã§«®¢ −� ¯à®¬¥¦ãâ®ç−ëå ãç�áâª�å, çâ® ¬®¦¥â
¯à¨¢®¤¨âì ª ®è¨¡®ç−ë¬ à¥è¥−¨ï¬ ®¡ ®âæ¥¯«¥−¨¨ ¢�£®−®¢ ¨ −¥®¡®á−®¢�−−ë¬
§�¤¥à¦ª�¬ ¤¢¨¦¥−¨ï ¯®¥§¤®¢. ‚ á¢ï§¨ á íâ¨¬ ¢®§−¨ª�îâ §�¤�ç¨, −�¯à�¢«¥−−ë¥
−� à¥�«¨§�æ¨î ¢®§¬®¦−®áâ¨ ¯à®¢¥¤¥−¨ï à�áç¥â®¢ ¢ à¥�«ì−®¬ ¢à¥¬¥−¨, ¢ â®¬ ç¨á-
«¥ á ¨á¯®«ì§®¢�−¨¥¬ à�§«¨ç−ëå −¥©à®á¥â¥¢ëå �«£®à¨â¬®¢ ¢ à�¬ª�å æ¨äà®¢ëå
¤¢®©−¨ª®¢ [12].

‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤«�£�¥âáï −®¢ë© á¯®á®¡ ¯à®£−®§¨à®¢�−¨ï á®áâ®ï−¨ï
¡ãªá®¢ëå ã§«®¢ −� ®á−®¢¥ ¯®áâà®¥−¨ï ¬®¤¥«¨ ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨ ¤«ï �−�-
«¨§� ¢à¥¬¥−− �ëå àï¤®¢ ¢ ¢¨¤¥ â¥¬¯¥à�âãà−ëå ¤�−−ëå, ¨§¬¥àï¥¬ëå −¥¯à¥àë¢−®
¢ å®¤¥ íªá¯«ã�â�æ¨¨ ¦¥«¥§−®¤®à®¦−ëå ¢�£®−®¢. �à�ªâ¨ç¥áª®¥ ¨á¯®«ì§®¢�−¨¥
à�§à�¡®â�−−®© ¬®¤¥«¨ ¬®¦¥â ®áãé¥áâ¢«ïâìáï á ãç¥â®¬ ¢−¥¤à¥−¨ï á®¢à¥¬¥−−ëå
á¨áâ¥¬ ¡®àâ®¢®£® ¬®−¨â®à¨−£� á®áâ®ï−¨ï ¢�£®−®¢ −� ®á−®¢¥ á®¢à¥¬¥−−ëå ¬¨ªà®-
ª®−âà®««¥à®¢ ¨ ¨−â¥««¥ªâã�«ì−ëå ¤�âç¨ª®¢. �à¥¤«�£�¥âáï à¥è¥−¨¥ §�¤�ç¨ ¯à®-
£−®§¨à®¢�−¨ï á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢ ¢�£®−®¢ ¯® â¥¬¯¥à�âãà−ë¬ ¯à¨§−�ª�¬
á ¨á¯®«ì§®¢�−¨¥¬ ¬¥â®¤®¢ ¬�è¨−−®£® ®¡ãç¥−¨ï ¤«ï −¥©à®−−ëå á¥â¥© �àå¨â¥ªâã-
àë LSTM. ‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯à¥¤«�£�¥¬ë© ¯®¤å®¤ ª ¢ë¡®àã �àå¨â¥ªâãàë
−¥©à®á¥â¨ ¨ ª ¥¥ ®¡ãç¥−¨î à�§à�¡�âë¢�¥âáï á ãç¥â®¬ ®á®¡¥−−®áâ¥© ®¡¥á¯¥ç¥-
−¨ï äã−ªæ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨ â¥å−¨ç¥áª¨å á¨áâ¥¬, ¢ ª®â®àëå ¨á¯®«ì§ãîâáï
â¥å−®«®£¨¨ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� [13, 14].

‚ ¯à®æ¥áá¥ à¥è¥−¨ï §�¤�ç¨ ¯à®£−®§¨à®¢�−¨ï ¢ë¯®«−ï¥âáï ¯®áâà®¥−¨¥ ¨¬¨-
â�æ¨®−−®© áâ®å�áâ¨ç¥áª®© ¬®¤¥«¨ â¥à¬®ª®−âà®«ï ¡ãªá®¢ëå ã§«®¢ ª®«¥á−®© ¯�àë
¤«ï £¥−¥à�æ¨¨ á¨−â¥â¨ç¥áª¨å ¤�â�á¥â®¢ á ¯®á«¥¤ãîé¨¬ ®¡ãç¥−¨¥¬ ¯à¥¤«®¦¥−-
−®© −¥©à®á¥â¨. ‘ ãç¥â®¬ ¯à®¢¥¤¥−−ëå �¢â®à�¬¨ ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢
¤�¥âáï ®æ¥−ª� íää¥ªâ¨¢−®áâ¨ −¥©à®á¥â¨ ¤«ï ¯à®£−®§� â¥¬¯¥à�âãà−ëå à¥¦¨¬®¢
á ¯à¨¬¥−¥−¨¥¬ ¬¥âà¨ª ¯à®¨§¢®¤¨â¥«ì−®áâ¨ Precision, Recall ¨ F1-score.

2 Особенности обработки натурных данных при термометрии
буксовых узлов и постановка задачи исследования

�¤−¨¬ ¨§ ¯¥àá¯¥ªâ¨¢−ëå −�¯à�¢«¥−¨© à�§¢¨â¨ï â¥å−®«®£¨© ¬®−¨â®à¨−£� á®-
áâ®ï−¨ï ¯®¤¢¨¦−®£® á®áâ�¢� ¦¥«¥§−®¤®à®¦−®£® âà�−á¯®àâ� áç¨â�¥âáï à�§à�¡®âª�
¨−¤¨¢¨¤ã�«ì−ëå ¬®¡¨«ì−ëå á¨áâ¥¬ ª®−âà®«ï, ®¡¥á¯¥ç¨¢�îé¨å −¥¯à¥àë¢−ë©
¬®−¨â®à¨−£ ¬�àª¥à®¢ ¢®§−¨ª−®¢¥−¨ï �¢�à¨©−ëå á¨âã�æ¨© [15, 16]. ˆáá«¥¤®¢�−¨ï
¢ ¤�−−®¬ −�¯à�¢«¥−¨¨ á¢ï§�−ë á ¯à¨¬¥−¥−¨¥¬ á®¢à¥¬¥−−®© ¬¨ªà®í«¥ªâà®−¨ª¨
¨ â¥å−®«®£¨¨ ¨−â¥à−¥â� ¢¥é¥©, ª®â®àë¥ ¯®§¢®«ïîâ á®§¤�¢�âì �¢â®−®¬−ë¥ ¨−â¥«-
«¥ªâã�«ì−ë¥ ¤�âç¨ª¨ á® á¢¥àå−¨§ª¨¬ í−¥à£®¯®âà¥¡«¥−¨¥¬, ¯¥à¥¤�îé¨¥ ¤�−−ë¥
¯® à�¤¨®ª�−�«ã (á¬., −�¯à¨¬¥à, [17] ¨«¨ [18]). ‘à¥¤¨ ¯¥àá¯¥ªâ¨¢−ëå â¥å−¨ç¥áª¨å
à¥è¥−¨© â�ª¦¥ ¬®¦−® ®â¬¥â¨âì ¤�âç¨ª¨, à�¡®â�îé¨¥ §� áç¥â úá¡®à� í−¥à£¨¨û
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�®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢

¨§ ®ªàã¦�îé¥© áà¥¤ë [19, 20] −� ¯à®âï¦¥−¨¨ ¢á¥£® áà®ª� íªá¯«ã�â�æ¨¨ ¯®
−�§−�ç¥−¨î. ÷¥�«¨§�æ¨ï ¨−¤¨¢¨¤ã�«ì−ëå ¬®¡¨«ì−ëå áà¥¤áâ¢ ª®−âà®«ï §−�ç¨-
â¥«ì−® ã¢¥«¨ç¨¢�¥â ®¡ê¥¬ ¯®«ãç�¥¬ëå ¤�−−ëå ® â¥å−¨ç¥áª®¬ á®áâ®ï−¨¨ á®áâ�¢�,
¢ á¢ï§¨ á ç¥¬ ¢�¦−®© −�ãç−®© §�¤�ç¥© áâ�−®¢¨âáï à�§à�¡®âª� í−¥à£®íää¥ªâ¨¢−ëå
¬¥â®¤®¢ ®¡à�¡®âª¨ ¤�−−ëå á ¨á¯®«ì§®¢�−¨¥¬ ¬�è¨−−®£® ®¡ãç¥−¨ï.

�®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨ â¥¬¯¥à�âãà−ëå ¤�−−ëå −¥¯®áà¥¤-
áâ¢¥−−® −� ¯®¤¢¨¦−®¬ á®áâ�¢¥ ¬®¦¥â ¡ëâì ¤®áâ¨£−ãâ® ¯ãâ¥¬ ¨å à¥�«¨§�æ¨¨
¢ ¢¨¤¥ ¨áªãááâ¢¥−−ëå −¥©à®−−ëå á¥â¥© á ¨á¯®«ì§®¢�−¨¥¬ á¯¥æ¨�«¨§¨à®¢�−−ëå
í−¥à£®íää¥ªâ¨¢−ëå ç¨¯®¢, ¢ â®¬ ç¨á«¥ á ¨á¯®«ì§®¢�−¨¥¬ 8/32-¡¨â−ëå ¬¨ªà®-
ª®−âà®««¥à®¢, í−¥à£®íää¥ªâ¨¢−ëå ¯à®£à�¬¬¨àã¥¬ëå «®£¨ç¥áª¨å ¨−â¥£à�«ì−ëå
áå¥¬ ¨«¨ á¯¥æ¨�«¨§¨à®¢�−−ëå §�ª�§−ëå ç¨¯®¢ ¯®¤ ª®−ªà¥â−ãî à¥�«¨§�æ¨î −¥©-
à®−−®© á¥â¨.

‚ ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¥ ¨á¯®«ì§ãîâáï −¥©à®−−ë¥ á¥â¨ LSTM [2, 3]. „�−-
−�ï �àå¨â¥ªâãà� ¯®¤â¢¥à¤¨«� á¢®î íää¥ªâ¨¢−®áâì ¢ §�¤�ç�å ¯à®£−®§� −®¢®©
¨−ä®à¬�æ¨¨ (¯à¥¤áª�§�−¨¥ á«¥¤ãîé¥£® í«¥¬¥−â� ¢à¥¬¥−−�®£® àï¤�) ¨áå®¤ï ¨§
�−�«¨§� ¨ ¨§¢«¥ç¥−¨ï ®¯à¥¤¥«¥−−ëå §�ª®−®¬¥à−®áâ¥© ¢ ú¨áâ®à¨ç¥áª¨å ¤�−−ëåû
¯à¥¤ë¤ãé¨å ¢à¥¬¥−− �ëå ¯¥à¨®¤®¢, ¢ â®¬ ç¨á«¥ ¨ ¯à¨ ®¡à�¡®âª¥ ¤�−−ëå ¢ à¥-
¦¨¬¥ à¥�«ì−®£® ¢à¥¬¥−¨, ¯®«ãç�¥¬ëå ®â ãáâà®©áâ¢ ¨−â¥à−¥â� ¢¥é¥© ¢ á®áâ�¢¥
æ¨äà®¢ëå ¤¢®©−¨ª®¢ [21, 22]. ‘¯¥æ¨ä¨ª� ¢ëç¨á«¨â¥«ì−ëå ®¯¥à�æ¨©, §�«®¦¥−-
−�ï ¢ LSTM, á ãç¥â®¬ ªãá®ç−®-«¨−¥©−®© �¯¯à®ªá¨¬�æ¨¨ äã−ªæ¨© �ªâ¨¢�æ¨¨
¯®§¢®«ï¥â ¢ë¯®«−¨âì à¥�«¨§�æ¨î LSTM-¬®¤¥«¨ −� á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥á-
á®à−ëå �àå¨â¥ªâãà�å. �� �¯¯�à�â−ãî ¯«�âä®à¬ã ¯¥à¥−®áïâáï ã¦¥ à�ááç¨â�−−ë¥
¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï ¢¥á®¢ë¥ ª®íää¨æ¨¥−âë −¥©à®−−®© á¥â¨. �à¨ íâ®¬ ç�áâ® ¢®§-
−¨ª�¥â ¯à®¡«¥¬� ¯®«ãç¥−¨ï ¤�−−ëå ¤«ï ®¡ãç¥−¨ï, à¥è¥−¨¥ ª®â®à®© ¯à¨ á®§¤�−¨¨
á¨áâ¥¬ë ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢ á¢ï§�−® á −¥-
®¡å®¤¨¬®áâìî à�§à�¡®âª¨ ¬¥â®¤®¢ ä®à¬¨à®¢�−¨ï à¥¯à¥§¥−â�â¨¢−ëå ¤«¨−−ëå
¢à¥¬¥−− �ëå àï¤®¢ â¥¬¯¥à�âãà−ëå ¯à¨§−�ª®¢.

–¥«ìî −�áâ®ïé¥© áâ�âì¨ áâ�¢¨âáï ¯®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®-
¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢ ¢�£®−®¢ á ¯à¨¬¥−¥−¨¥¬ ¨−â¥«-
«¥ªâã�«ì−ëå ¬¥â®¤®¢ ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨. �á−®¢−ë¬¨ §�¤�ç�¬¨ áâ�¢ïâáï:
¢ë¡®à ¨ à�§à�¡®âª� �àå¨â¥ªâãàë −¥©à®−−®© á¥â¨ ¤«ï ¬�è¨−−®£® ®¡ãç¥−¨ï ¤�−-
−ëå â¥¬¯¥à�âãà−ëå ¯à¨§−�ª®¢; ¯®áâà®¥−¨¥ ¨¬¨â�æ¨®−−®© ¬®¤¥«¨ ¤«ï £¥−¥à�æ¨¨
á¨−â¥â¨ç¥áª¨å ¤�â�á¥â®¢, −¥®¡å®¤¨¬ëå ¤«ï ¬�è¨−−®£® ®¡ãç¥−¨ï; à�§à�¡®âª�
�«£®à¨â¬� ®¡ãç¥−¨ï ¬®¤¥«¨ ¬�è¨−−®£® ®¡ãç¥−¨ï; ®æ¥−ª� íää¥ªâ¨¢−®áâ¨ á ¨á-
¯®«ì§®¢�−¨¥¬ ¬¥âà¨ª Accuracy, F1-score ¨ Recall. ‘å¥¬� ¨áá«¥¤®¢�−¨ï −� ®á−®¢¥
¯®áâà®¥−¨ï ¨−â¥««¥ªâã�«ì−®© ¯à¥¤¨ªâ¨¢−®© ¬®¤¥«¨ ¤�−� −� à¨á. 1.

‘®£«�á−® à¨á. 1, ¯®íâ�¯−®¥ à¥è¥−¨¥ ¯à®¡«¥¬ë ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥-
áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢ ¢ª«îç�¥â ¢ á¥¡ï ¨§ãç¥−¨¥ ¯à¥¤¬¥â−®© ®¡«�áâ¨,
¯®áâ�−®¢ªã §�¤�ç¨ ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨, � â�ª¦¥ íªá¯¥à¨¬¥−â�«ì−®¥ ¯®«ã-
ç¥−¨¥ ¤�−−ëå â¥à¬®¬¥âà¨¨ á ¯®á«¥¤ãîé¨¬ ¯®áâà®¥−¨¥¬ ¯à¥¤¨ªâ¨¢−®© ¬®¤¥«¨.
‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ãª�§�−−�ï ¯à¥¤¨ªâ¨¢−�ï ¬®¤¥«ì ¬®¦¥â ¡ëâì ¨â¥à�â¨¢−®
ãâ®ç−¥−� ¨ s¢¥à¨ä¨æ¨à®¢�−� á ¨á¯®«ì§®¢�−¨¥¬ ¤®¯®«−¨â¥«ì−ëå ¤�−−ëå. ‚ à�¡®-
â¥ ¯®«ãç¥−¨¥ ¤�−−ëå ®áãé¥áâ¢«ï¥âáï á ¯®¬®éìî áâ®å�áâ¨ç¥áª®£® ª®¬¯ìîâ¥à−®£®
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÷¨á. 1 ‘å¥¬� ¨áá«¥¤®¢�−¨ï −� ®á−®¢¥ ¯®áâà®¥−¨ï ¨−â¥««¥ªâã�«ì−®© ¯à¥¤¨ªâ¨¢−®©
¬®¤¥«¨

¬®¤¥«¨à®¢�−¨ï, ¯à¨ íâ®¬ ®¤−¨¬ ¨§ ¯¥àá¯¥ªâ¨¢−ëå −�¯à�¢«¥−¨© à�§¢¨â¨ï ¨áá«¥-
¤®¢�−¨ï áâ�−®¢¨âáï ¯®«ãç¥−¨¥ ¤�−−ëå −� ®á−®¢¥ −�âãà−ëå ¨á¯ëâ�−¨©.

3 Построение имитационной модели, разработка алгоритма
машинного обучения и реализация в виде компьютерного прототипа

„«ï à¥è¥−¨ï §�¤�ç¨ ®æ¥−ª¨ â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢ ¨á-
¯®«ì§ã¥âáï ¯à®£à�¬¬−®¥ à¥è¥−¨¥ −� ®á−®¢¥ �«£®à¨â¬� −¥©à®á¥â¨ LSTM, à¥�-
«¨§®¢�−−®¥ á ¯à¨¬¥−¥−¨¥¬ ¡¨¡«¨®â¥ª¨ PyTorch. Š�ª ¨§¢¥áâ−® [23], PyTorch
áç¨â�¥âáï ®¤−®© ¨§ −�¨¡®«¥¥ ¯®¯ã«ïà−ëå ¡¨¡«¨®â¥ª £«ã¡®ª®£® ®¡ãç¥−¨ï ¡«�-
£®¤�àï á¢®¥© £¨¡ª®áâ¨, ¯à®áâ®â¥ ¨á¯®«ì§®¢�−¨ï ¨ ¢ëá®ª®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨.
‘à¥¤¨ ª«îç¥¢ëå ®á®¡¥−−®áâ¥© ãª�§�−−®© ¡¨¡«¨®â¥ª¨ ¬®¦−® ®â¬¥â¨âì ¯®¤¤¥à¦ªã
£à�ä®¢®© áâàãªâãàë ¢ëç¨á«¥−¨©, ¢ëá®ªãî áâ¥¯¥−ì ¨−â¥£à�æ¨¨ á ¯à®£à�¬¬−®©
¨−äà�áâàãªâãà®© Python, ¯®¤¤¥à¦ªã £¨¡à¨¤−ëå ¢ëç¨á«¥−¨© −� à�§«¨ç−ëå â¨-
¯�å ãáª®à¨â¥«¥© (Nvidia, AMD, Intel), ¯®¤¤¥à¦ªã à�á¯à¥¤¥«¥−−ëå ¢ëç¨á«¥−¨©
¨ ¢ëç¨á«¥−¨© −� ¬®¡¨«ì−ëå ãáâà®©áâ¢�å. Šà®¬¥ â®£®, á«¥¤ã¥â ®â¬¥â¨âì, çâ®
¡¨¡«¨®â¥ª� PyTorch ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−� −� ®â¥ç¥áâ¢¥−−®© ¯à®£à�¬¬−®-�¯-
¯�à�â−®© ¯«�âä®à¬¥ �«ì¡àãá 801-÷‘ [24].

�àå¨â¥ªâãà� à�§à�¡®â�−−®© −¥©à®á¥â¨ LSTM ¯à®¤¥¬®−áâà¨à®¢�−� −� à¨á. 2.
‘«¥¤ã¥â ®â¬¥â¨âì, çâ® �àå¨â¥ªâãà� £¨¡à¨¤−�ï, â�ª ª�ª ¨á¯®«ì§ã¥â á®ç¥â�-

−¨¥ á«®¥¢ LSTM ¨ ¯®«−®á¢ï§−ëå á«®¥¢ ¯àï¬®£® à�á¯à®áâà�−¥−¨ï. ‘®£«�á−®
à¨á. 2, á¥âì á®áâ®¨â ¨§ á«®ï ¢å®¤� à�§¬¥à−®áâ¨ 2, ¤¢ãå áªàëâëå á«®¥¢ LSTM
à�§¬¥à−®áâ¨ 16 ¨ ¢ëå®¤−®£® «¨−¥©−®£® á«®ï à�§¬¥à−®áâ¨ 16. ‚ëå®¤ −¥©à®á¥â¨
®¡®§−�ç�¥âáï ¯à¥¤¯®«�£�¥¬ë¬ ¥¤¨−áâ¢¥−−ë¬ one-hot-¢¥ªâ®à®¬N+1, ¢®§¬®¦−ë¥
§−�ç¥−¨ï ª®â®à®£® ¯à¨¢¥¤¥−ë ¢ â�¡«. 1.

÷¨á. 2 �àå¨â¥ªâãà� −¥©à®á¥â¨; ReLu | Rectified Linear Unit (¢ë¯àï¬¨â¥«ì−ë©
«¨−¥©−ë© ¡«®ª)
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�®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢

’�¡«¨æ� 1 ‚¥ªâ®àë â¥å−¨ç¥áª®£® á®áâ®ï−¨ï
¡ãªá®¢ëå ã§«®¢

‚¥ªâ®à ’¥¬¯¥à�âãà−®¥ á®áâ®ï−¨¥
[1, 0, 0, 0] N | −®à¬�«ì−®¥ á®áâ®ï−¨¥
[0, 1, 0, 0] E0 | âà¥¢®£� 1
[0, 0, 1, 0] E1 | âà¥¢®£� 2
[0, 0, 0, 1] E2 | âà¥¢®£� 3

�â¬¥â¨¬, çâ® ª«�áá¨ä¨ª�æ¨ï ¯® ç¥âëà¥¬ ãà®¢−ï¬ á®áâ®ï−¨ï áç¨â�¥âáï áâ�−-
¤�àâ−®©, ¯à¨−ïâ®© ¤«ï �−�«¨§� ¯®«ãç�¥¬ëå ¤�−−ëå ¯à¨ â¥¬¯¥à�âãà−®¬ ª®−âà®«¥
¡ãªá®¢ëå ã§«®¢ á ¯®¬®éìî Š’‘Œ. �¤−�ª® ¯®«ãç�¥¬ë¥ ¤�−−ë¥ −� ®á−®¢¥ Š’‘Œ
¢ á¨«ã ®á®¡¥−−®áâ¥© ¨å ¯à¨¬¥−¥−¨ï −¥ ¯®§¢®«ïîâ ä®à¬¨à®¢�âì à¥¯à¥§¥−â�â¨¢−ë¥
¤«¨−−ë¥ ¢à¥¬¥−− �ë¥ àï¤ë â¥¬¯¥à�âãà−ëå ¯à¨§−�ª®¢.

„«ï ¢®§¬®¦−®áâ¨ ä®à¬¨à®¢�−¨ï â�ª¨å ¢à¥¬¥−− �ëå àï¤®¢ ¯à¥¤«�£�¥âáï, ¢®-
¯¥à¢ëå, á®§¤�âì á¨−â¥â¨ç¥áª¨¥ ¢å®¤−ë¥ ¢à¥¬¥−− �ë¥ àï¤ë −� ®á−®¢¥ ¤¨−�¬¨ç¥áª®©
¢¥à®ïâ−®áâ−®© ¬®¤¥«¨ ¨, ¢®-¢â®àëå, ¢ë¯®«−¨âì ¯à®£−®§¨à®¢�−¨¥ â¥å−¨ç¥áª®£®
á®áâ®ï−¨ï −� ®á−®¢¥ ¯®áâà®¥−¨ï LSTM-¬®¤¥«¨ á ãç¥â®¬ á®åà�−¥−¨ï ¯à¨−ïâ®©
ª«�áá¨ä¨ª�æ¨¨ á®áâ®ï−¨©.

ˆ¤¥ï ¯®áâà®¥−¨ï �«£®à¨â¬� ¬�è¨−−®£® ®¡ãç¥−¨ï á®áâ®¨â ¢ á«¥¤ãîé¥¬. �¡-
é�ï ¯®á«¥¤®¢�â¥«ì−®áâì ®¡ãç�îé¥© ¢ë¡®àª¨ à�§¤¥«ï¥âáï −� ¡�âç¨ ¤«¨−®© N+1,
£¤¥N | ¤«¨−� ®¤−®¢à¥¬¥−−® ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå. �¤−®¢à¥¬¥−−® ®¡à�¡�âë-
¢�¥¬ë¥ ¤�−−ë¥ ãª�§ë¢�îâ −� ¢®§−¨ª−®¢¥−¨¥ ¢à¥¬¥−− �ëå ª®àà¥«ïæ¨©, ¯® ª®â®àë¬
¬®¦−® ®âá«¥¦¨¢�âì âà¥−¤ë −� ¨§¬¥−¥−¨¥ â¥¬¯¥à�âãà−ëå ¯®ª�§�â¥«¥©. ‘ ãç¥â®¬
â®£® çâ® à�áá¬�âà¨¢�îâáï â¥¬¯¥à�âãà−ë¥ ¯®ª�§�â¥«¨ ¤¢ãå ¡ãªá®¢ëå ã§«®¢ ª®«¥á-
−®© ¯�àë, −� ¢å®¤ −¥©à®á¥â¨ ¯®¤�¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì ¨§ N â¥¬¯¥à�âãà−ëå
¯�à�¬¥âà®¢ ¢¨¤� (t11, t21), (t12, t22), . . . , (t1N , t2N ), £¤¥ tin ¨ tjn | à¥§ã«ìâ�âë
n-£® â¥¬¯¥à�âãà−®£® ¨§¬¥à¥−¨ï ¤«ï i-£® ¨ j-£® ¡ãªá®¢ëå ã§«®¢. ‚ë¡®à ¯�à�¬¥â-
à¨ç¥áª¨å ú¤¢®¥ªû ®¡ãá«®¢«¥− ç¨á«®¬ ¨§¬¥àï¥¬ëå â¥¬¯¥à�âãà−ëå ¯®ª�§�â¥«¥©.
��¯à¨¬¥à, t12 | â¥¬¯¥à�âãà� ¢â®à®£® ¨§¬¥à¥−¨ï ¤«ï ¯¥à¢®£® ¡ãªá®¢®£® ã§«�.

‚ à�¬ª�å à¥è¥−¨ï §�¤�ç¨ ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨ ®áãé¥áâ¢«¥−� à¥�«¨§�æ¨ï
¡«®ª� ¯à®£à�¬¬ë, á¢ï§�−−®£® á äã−ªæ¨®−¨à®¢�−¨¥¬ ¬®¤¥«¨ ¨ ¯à¥¤®¡à�¡®âª®©
¤�−−ëå. “ª�§�−−�ï ¯à¥¤®¡à�¡®âª� á®®â¢¥âáâ¢ã¥â ¯®áâà®¥−¨î á®®â¢¥âáâ¢ãîé¨å
¯�à ú¯®á«¥¤®¢�â¥«ì−®áâì ¨§¬¥à¥−¨© { â¥à¬®á®áâ®ï−¨¥û (á¬. â�¡«. 1). �à¨¬¥à
¯à¥¤®¡à�¡®âª¨ ¤�â�á¥â� ¤«ï −¥©à®á¥â¨ LSTM ¯à¥¤áâ�¢«¥− −� à¨á. 3.

��à�¬¥âàë ¬�è¨−−®£® ®¡ãç¥−¨ï ¯à¨¢¥¤¥−ë ¢® äà�£¬¥−â¥ ¯à®£à�¬¬−®£® ª®¤�
−� à¨á. 4. ‚ ª�ç¥áâ¢¥ äã−ªæ¨¨ ¯®â¥àì ¨á¯®«ì§ã¥âáï ª�â¥£®à¨�«ì−�ï ªà®áá-
í−âà®¯¨ï (nn.CrossEntropyLoss), ¢ ª�ç¥áâ¢¥ ®¯â¨¬¨§�â®à� ¨á¯®«ì§ã¥âáï Adam á®
áª®à®áâìî ®¡ãç¥−¨ï (learning rate) 0,001. �à¨¢¥¤¥−−ë¥ −� à¨á. 4 ¯�à�¬¥âàë
¯®§¢®«ïîâ ¤®áâ¨çì ãáâ®©ç¨¢®£® á−¨¦¥−¨ï ®è¨¡ª¨ ¯à¨ ®¡ãç¥−¨¨, çâ® ¯®¤â¢¥à-
¦¤�¥âáï ¢ëç¨á«¨â¥«ì−ë¬¨ íªá¯¥à¨¬¥−â�¬¨.
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÷¨á. 3 �à¨¬¥à ¯à¥¤®¡à�¡®âª¨ ¤�â�á¥â� á ãç¥â®¬ áâ�−¤�àâ−®£® â¨¯� ¤�−−ëå tensor
(§−�ç¥−¨¥ [0, 1, 0, 0] á®®â¢¥âáâ¢ã¥â âà¥¢®£¥ úE0û)

÷¨á. 4 ”à�£¬¥−â ¯à®£à�¬¬ë ¤«ï à¥�«¨§�æ¨¨ LSTM, á®¤¥à¦�é¨© ®¯à¥¤¥«¥−¨¥ ¬®¤¥«¨

„«ï £¥−¥à�æ¨¨ á¨−â¥â¨ç¥áª®£® ¤�â�á¥â� ¯à¥¤«�£�¥âáï ¯®áâà®¥−¨¥ ¨¬¨â�æ¨-
®−−®© áâ®å�áâ¨ç¥áª®© ¬®¤¥«¨ â¥à¬®ª®−âà®«ï ¡ãªá®¢ëå ã§«®¢ ª®«¥á−®© ¯�àë.
‚ à�¬ª�å ãª�§�−−®© ¬®¤¥«¨ ¯à¥¤¯®«�£�¥âáï, çâ® â¥à¬®ª®−âà®«ì ¤¢ãå ¡ãªá®¢ëå
ã§«®¢ ª®«¥á−®© ¯�àë á ãç¥â®¬ ¯¥à¥å®¤®¢ ¨§ ®¤−®£® â¥à¬®á®áâ®ï−¨ï ¢ ¤àã£®¥
¬®¦−® ®¯¨á�âì á ¯®¬®éìî ¤¨áªà¥â−®£® ¬�àª®¢áª®£® ¯à®æ¥áá� [25, 26]. ’¥¬¯¥à�-
âãà−ë¥ ¯®ª�§�â¥«¨ ¯à¥¤áâ�¢«¥−ë ¢ ¢¨¤¥ á¥âª¨ á®áâ®ï−¨© (à¨á. 5), £¤¥ ª�¦¤ë© ã§¥«

÷¨á. 5 �à¨¬¥à â¥¬¯¥à�âãà−®© á¥âª¨
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�®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢

÷¨á. 6 �à®¥ªæ¨ï ¢¥ªâ®à−®£® ¯®«ï ¢¥à®ïâ−®áâ¥© ¯¥à¥å®¤� ¤«ï á®¢®ªã¯−®áâ¨ 〈a1, a2, a3〉

¯à¥¤áâ�¢«ï¥â á®¡®© ®¤−ã ¨§ ¢®§¬®¦−ëå ª®¬¡¨−�æ¨© â¥¬¯¥à�âãà−ëå ¯®ª�§�â¥«¥©
ti, tj ª�ª Tij ¤«ï ¯¥à¢®£® ¨ ¢â®à®£® ¡ãªá®¢®£® ã§«� ª®«¥á−®© ¯�àë á®®â¢¥âáâ¢¥−−®,
¯à¨ç¥¬ Tij ¯à¥¤áâ�¢«ï¥â á®¡®© ã§¥« á¥âª¨. ’�ª¨¬ ®¡à�§®¬, ¬−®¦¥áâ¢® ¢á¥å ã§«®¢
á¥âª¨ §�¤�¥âáï ª�ª T = (t11, t12, . . . , t1n)×(t21, t22, . . . , t2k), £¤¥ n ¨ k | à�§¬¥àë
á¥âª¨; × | ¤¥ª�àâ®¢® ¯à®¨§¢¥¤¥−¨¥.

�� à¨á. 5 ¯à¨¢¥¤¥− ¯à¨¬¥à â¥¬¯¥à�âãà−®© á¥âª¨ ¤«ï 6 ¢®§¬®¦−ëå â¥¬¯¥à�-
âãà−ëå á®áâ®ï−¨© ¤«ï ª�¦¤®£® ¡ãªá®¢®£® ã§«�.

‚¥à®ïâ−®áâ¨ ¯¥à¥å®¤®¢ ¬®¦−® ®¯à¥¤¥«¨âì ª�ª ¢¥ªâ®à−®¥ ¯®«¥ í«¥¬¥−â®¢ S,
â. ¥. ∀Tij ∃Sij = (nij , pij, nij−1, pi−1,j, s), £¤¥ i ¨ j á®®â¢¥âáâ¢ãîâ ¨−¤¥ªá�¬ á®-
áâ®ï−¨©, ç¥à¥§ n ¨ p ®¡®§−�ç¥−ë ¢¥à®ïâ−®áâ¨ ¯¥à¥å®¤®¢ ¢ á®á¥¤−¨¥ ã§«ë, � ç¥à¥§
s | ¢¥à®ïâ−®áâì ¯¥à¥å®¤� ¢ â®â ¦¥ á�¬ë© ã§¥«. �®áª®«ìªã ¯à®æ¥áá ¬�àª®¢áª¨©,
á¯à�¢¥¤«¨¢® à�¢¥−áâ¢® nij+pij+nij−1+pi−1,j+ s = 1. �«¥¬¥−âë à�áá¬�âà¨¢�-
¥¬®£® ¢¥ªâ®à−®£® ¯®«ï S ¬®¦−® ®¯à¥¤¥«¨âì ç¥à¥§ á®¢®ªã¯−®áâì 〈a1, a2, a3〉, ¤«ï
ª®â®à®©

a1 = f(Ti)× f(Tj); a2 = (max(f),max(f))− a1; a3 = 1− sum (a1 + a2) ,

£¤¥ f | áª�«ïà−�ï äã−ªæ¨ï à�á¯à¥¤¥«¥−¨ï ¢¥à®ïâ−®áâ¥© à®áâ� â¥¬¯¥à�âãàë;
max(f(Ti)) < 1; min(f(Ti)) ≥ 0; sum | ¯®í«¥¬¥−â−�ï áã¬¬� (�ªªã¬ã«ï-
æ¨ï) ¢¥ªâ®à�. �� à¨á. 6 ¯à¨¢¥¤¥−� ¯à®¥ªæ¨ï ¢¥ªâ®à−®£® ¯®«ï ¤«ï §−�ç¥−¨©
sum (a1 + a2), ª®â®à�ï ¨««îáâà¨àã¥â −�¨¡®«¥¥ ¢¥à®ïâ−ë¥ −�¯à�¢«¥−¨ï à®áâ�
â¥¬¯¥à�âãà−ëå ¯®ª�§�â¥«¥©.

‘®£«�á−® à¨á. 6, æ¢¥â ¢¥ªâ®à� ®¯¨áë¢�¥â áª�«ïà−®¥ §−�ç¥−¨¥ −®à¬ë, ª®â®-
à®¥ ¯à®¯®àæ¨®−�«ì−® ¢¥à®ïâ−®áâ¨ ¨§¬¥−¥−¨ï á®áâ®ï−¨ï á¨áâ¥¬ë (ç¥¬ úá¢¥â«¥¥û
¢¥ªâ®à, â¥¬ ¡®«ìè¥ ¢¥à®ïâ−®áâì ¯¥à¥å®¤�).

�à¥¤«®¦¥−−�ï ¨¬¨â�æ¨®−−�ï ¬®¤¥«ì ¯®§¢®«ï¥â ¢ë¯®«−ïâì £¥−¥à�æ¨î â¥¬¯¥-
à�âãà−ëå àï¤®¢ ¤«ï á®áâ�¢«¥−¨ï á¨−â¥â¨ç¥áª®£® ¤�â�á¥â� ¤«ï ®¡ãç¥−¨ï ¨áªãá-
áâ¢¥−−®© −¥©à®−−®© á¥â¨. �� à¨á. 7 ¨ 8 ¯à¥¤áâ�¢«¥−ë £à�ä¨ª¨ â¥¬¯¥à�âãà−ëå
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�. ‚. „àã¦¨−¨−�, �. ÷. Š®à¥¯�−®¢, ˆ. ‚. Œ�ª�à¥−ª®¢� ¨ ¤à.

÷¨á. 7 „¢� á£¥−¥à¨à®¢�−−ëå â¥¬¯¥à�âãà−ëå àï¤� ¤«ï Tâõ1 (1) ¨ Tâõ2 (2)

÷¨á. 8 “à®¢−¨ âà¥¢®£¨ ¤«ï á£¥−¥à¨à®¢�−−ëå àï¤®¢

¯®ª�§�â¥«¥© ¨ ãà®¢−¨ âà¥¢®£¨ á®®â¢¥âáâ¢¥−−® ¤«ï 10 000 á£¥−¥à¨à®¢�−−ëå ¨§¬¥-
à¥−¨© Tâõ1 ¨ Tâõ2.

„«ï ¯®¢ëè¥−¨ï à¥¯à¥§¥−â�â¨¢−®áâ¨ ¨ ¤«ï à¥�«¨§�æ¨¨ �¢â®¬�â¨ç¥áª®© ¯à®-
¢¥àª¨ á£¥−¥à¨à®¢�−−ëå ¤�â�á¥â®¢ ¯à¥¤«�£�¥âáï ãç¨âë¢�âì −�«¨ç¨¥ −¥áª®«ìª¨å
â¥¬¯¥à�âãà−ëå á¥â®ª, á®®â¢¥âáâ¢ãîé¨å à�§−ë¬ ¢¥à®ïâ−ë¬ ãà®¢−ï¬ âà¥¢®£¨.
�¥à¥å®¤ ¬¥¦¤ã ãª�§�−−ë¬¨ â¥¬¯¥à�âãà−ë¬¨ á¥âª�¬¨ â�ª¦¥ ï¢«ï¥âáï ¤¨áªà¥â-
−ë¬ ¬�àª®¢áª¨¬ ¯à®æ¥áá®¬ [27]. �� à¨á. 9 ¯à¥¤áâ�¢«¥− ¯à¨¬¥à â¥¯«®¢®© ª�àâë
¢¥à®ïâ−®áâ¥© ¯¥à¥å®¤®¢ ®â ®¤−®© á¥âª¨ ª ¤àã£®©.

�� à¨á. 9 ¯® ®á¨ �¡áæ¨áá ®¡®§−�ç¥−ë ¢¥ªâ®àë á¬¥é¥−¨© ã§«®¢ −� £à�ä¥,
� ¯® ®á¨ ®à¤¨−�â ¯®àï¤ª®¢ë¥ −®¬¥à� ã§«®¢ i, j. „«ï ãª�§�−−®£® ¯à¨¬¥à�
¯à¥¤¯®«�£�¥âáï −�«¨ç¨¥ ç¥âëà¥å ¢®§¬®¦−ëå ®¦¨¤�¥¬ëå â¥à¬¨ç¥áª¨å á®áâ®ï−¨©,
ª®â®àë¥ ®¡à�§ãîâ ¯®«−®á¢ï§−ãî ¬�àª®¢áªãî æ¥¯ì. –¢¥â®¢ë¬¨ ®¡®§−�ç¥−¨ï¬¨
¯à¥¤áâ�¢«¥−ë ¢¥à®ïâ−®áâ¨ ¯¥à¥å®¤®¢ ¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥, á®£«�á−®
ãª�§�−−®© æ¢¥â®¢®© èª�«¥. �ã«¥¢ë¥ ¢¥à®ïâ−®áâ¨ ®¯à¥¤¥«ïîâ ú−¥¢®§¬®¦−ë¥û
â¥−§®àë á¬¥é¥−¨ï ¤«ï −¥áãé¥áâ¢ãîé¨å ¢ £à�ä¥ ã§«®¢. �â¬¥â¨¬, çâ® ¥á«¨ −¨ ®¤−®
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�®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢

÷¨á. 9 ’¥¯«®¢�ï ª�àâ� ¢¥à®ïâ−®áâ¥© ¯¥à¥å®¤®¢ ¬¥¦¤ã á¥âª�¬¨

¨§ á®¡ëâ¨© ¯¥à¥å®¤� −¥ −�áâã¯�¥â, â® á®áâ®ï−¨¥ ®áâ�¥âáï ¯à¥¦−¨¬, â. ¥. â¥−§®à
á¬¥é¥−¨ï −� â¥ªãé¥© ¨â¥à�æ¨¨ �«£®à¨â¬� ¨¬¥¥â ¢¨¤ [0 0]. ‘«¥¤ã¥â ®â¬¥â¨âì, çâ®
à¨á. 9 ¯à¥¤áâ�¢«ï¥â á®¡®© â¥¯«®¢ãî ª�àâã ¬�âà¨ç−®£® ¯à¥¤áâ�¢«¥−¨ï ¬�àª®¢áª®©
æ¥¯¨, ¤«ï ª®â®à®© ¢¥à®ïâ−®áâ¨ ¯¥à¥å®¤®¢ ã¯®àï¤®ç¥−ë ¯® ç�á®¢®© áâà¥«ª¥,
−�ç¨−�ï ®â ¯¥à¢®£® ¯à�¢®£® ¯¥à¥å®¤� (−�¯à¨¬¥à, ¨§ [0 0] ¢ [0 1] ¨ â. ¤).

÷�§à�¡®â�−−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ −� ¡�§¥ ¯à¥¤«®¦¥−−®© ¬®¤¥«¨ ¯à¥-
¤¨ªâ¨¢−®© �−�«¨â¨ª¨ ¨ ®à¨£¨−�«ì−ëå �«£®à¨â¬®¢ ¢å®¤¨â ¢ á®áâ�¢ ¯à®£à�¬¬−®£®
ª®¬¯«¥ªá� ABITechDiagnostics (Axle Box Intelligent Technical Diagnostics) ¨ á«ã-
¦¨â ®á−®¢®© ¯à®£−®áâ¨ç¥áª®£® ¬®¤ã«ï ABITech Thermal Forecast Module. ÷ï¤
à�¡®ç¨å ¬®¤ã«¥© ª®¬¯«¥ªá� ®¯¨á�− ¢ [28, 29].

4 Результаты компьютерного моделирования
и оценка эффективности моделей

„«ï ®¡ãç¥−¨ï ¨á¯®«ì§ãîâáï á¨−â¥â¨ç¥áª¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨§ 1000 ¨§-
¬¥à¥−¨© ¯�à�¬¥âà®¢. �¥à¢�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¨á¯®«ì§ã¥âáï −¥¯®áà¥¤áâ¢¥−−®
¤«ï ¯®¤¡®à� ¢¥á®¢ëå ª®íää¨æ¨¥−â®¢ ¬®¤¥«¨, � ¢â®à�ï ¯à¨¬¥−ï¥âáï ¤«ï ¢�«¨-
¤�æ¨¨ ¯ãâ¥¬ ®æ¥−ª¨ ¬¥âà¨ª ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬®¤¥«¨. ’�ª¨¬ ®¡à�§®¬, ¤«ï
à�§à�¡®â�−−®© ¬®¤¥«¨ ¢ë¯®«−ï¥âáï ªà®áá-¢�«¨¤�æ¨ï ¢ ¯à®¯®àæ¨¨ 50/50.

Š�ª ¨§¢¥áâ−®, ®¤−¨¬¨ ¨§ −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì§ã¥¬ëå ¬¥âà¨ª ¯à®¨§¢®-
¤¨â¥«ì−®áâ¨ −¥©à®á¥â¥¢ëå ¬®¤¥«¥© á«ã¦�â Precision, Recall ¨ F1-score [30].
�®«ãç¥−−ë¥ ¬¥âà¨ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬®¤¥«¨ ¯à¨¢¥¤¥−ë ¢ â�¡«. 2.

�â¬¥â¨¬, çâ® ®â−®á¨â¥«ì−® −¥¢ëá®ª¨¥ ¬¥âà¨ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬®¤¥«¨
−� ¢�«¨¤�æ¨®−−®¬ ¤�â�á¥â¥ ®¡ãá«®¢«¥−ë ¢ëá®ª®© á«®¦−®áâìî §�¤�ç¨ ª«�áá¨-
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�. ‚. „àã¦¨−¨−�, �. ÷. Š®à¥¯�−®¢, ˆ. ‚. Œ�ª�à¥−ª®¢� ¨ ¤à.

’�¡«¨æ� 2 Œ¥âà¨ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬®¤¥«¨

Œ¥âà¨ª�
‡−�ç¥−¨¥

−� ®¡ãç�îé¥¬ ¤�â�á¥â¥
‡−�ç¥−¨¥

−� ¢�«¨¤�æ¨®−−®¬ ¤�â�á¥â¥
CrossEntropyLoss 0,7826 0,9965
’®ç−®áâì 0,9794 0,7626
F1-score 0,9659 0,7458
Recall 0,9527 0,7297

÷¨á. 10 ’¥¯«®¢ë¥ ª�àâë à�§−®áâ¥© ¯à¥¤áª�§�−−ëå ¨ ¨áâ¨−−ëå §−�ç¥−¨© ¤«ï ®¡ãç�-
îé¥£® (�) ¨ ¢�«¨¤�æ¨®−−®£® (¡) ¤�â�á¥â®¢

ä¨ª�æ¨¨ á ¨á¯®«ì§®¢�−¨¥¬ á¨−â¥â¨ç¥áª®£® ¤�â�á¥â�, ¤�−−ë¥ ª®â®à®£® ®¡«�¤�îâ
¡®«ìè®© í−âà®¯¨¥©. �� à¨á. 10 ¯à¨¢¥¤¥−ë â¥¯«®¢ë¥ ª�àâë à�§−®áâ¥© ¯à¥¤-
áª�§�−−ëå ¨ ¨áâ¨−−ëå §−�ç¥−¨© ¤«ï ®¡ãç�îé¥£® ¨ ¢�«¨¤�æ¨®−−®£® ¤�â�á¥â�
á®®â¢¥âáâ¢¥−−®. �¤−®à®¤−ë© ä®− −� ãª�§�−−ëå à¨áã−ª�å á®®â¢¥âáâ¢ã¥â ¢¥à−ë¬
¯à¥¤áª�§�−¨ï¬, á¨¬¬¥âà¨ç−ë¥ ªà�á−®-¦¥«âë¥ ¯®«®áë ¯®ª�§ë¢�îâ á¨áâ¥¬�â¨ç¥-
áª¨¥ ®è¨¡ª¨ ¯à¥¤áª�§�−¨©, ¢ë¡®à®ç−ë¥ ªà�á−ë¥ ¨«¨ ¦¥«âë¥ ¯®«®áë ®â¢¥ç�îâ
−¥â®ç−®© ª«�áá¨ä¨ª�æ¨¨.

‘®£«�á−® à¨á. 10, �, −� ®¡ãç�îé¥¬ ¤�â�á¥â¥ ®è¨¡ª¨ à�áá¥ï−ë ¯à�ªâ¨ç¥-
áª¨ à�¢−®¬¥à−® ¯® ¢á¥¬ ç¥âëà¥¬ ª«�áá�¬ â¥à¬®á®áâ®ï−¨©. ‚ëá®ª¨¥ ¬¥âà¨ª¨
¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¬®¤¥«¨ −� ®¡ãç�îé¥¬ ¤�â�á¥â¥ ãª�§ë¢�îâ −� −�«¨ç¨¥ −¥-
§−�ç¨â¥«ì−®£® ¯¥à¥®¡ãç¥−¨ï.

‘®£«�á−® à¨á. 10, ¡, ¬®¤¥«ì ¤�¥â −¥ª®â®à®¥ ç¨á«® ®è¨¡®ç−ëå ¯à¥¤áª�§�−¨©
−� ¢�«¨¤�æ¨®−−®¬ ¤�â�á¥â¥. �¤−�ª® á¨áâ¥¬�â¨ç¥áª¨¥ ®è¨¡ª¨ «®ª�«¨§®¢�−ë
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�®áâà®¥−¨¥ ¨ �−�«¨§ ¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢

÷¨á. 11 ƒà�ä¨ª¨ â¥¬¯¥à�âãà ¡ãªá®¢ëå ã§«®¢ Tâõ1 (1) ¨ Tâõ2 (2) ¤«ï â¥áâ®¢®£® ¤�â�á¥â�
¨§ 1000 ¨§¬¥à¥−¨©

÷¨á. 12 ƒà�ä¨ª¨ ãà®¢−ï â¥¬¯¥à�âãà−®© âà¥¢®£¨ ¤«ï â¥áâ®¢®£® ¤�â�á¥â�

¢ ®á−®¢−®¬ ¯® úá®á¥¤−¨¬û ãà®¢−ï¬ âà¥¢®£¨. ‚ á¢ï§¨ á ãª�§�−−ë¬ ®¡áâ®ïâ¥«ìáâ¢®¬
à¥�«¨§®¢�−−�ï ¬®¤¥«ì ¬�è¨−−®£® ®¡ãç¥−¨ï ¨¬¥¥â áà¥¤−îî ¯à®¨§¢®¤¨â¥«ì−®áâì,
çâ® ¬®¦−® áç¨â�âì ¤®áâ�â®ç−ë¬ ¤«ï æ¥«¥© ®¡ãç¥−¨ï.

„�«¥¥ à�áá¬®âà¨¬ £à�ä¨ç¥áª®¥ ¯à¥¤áâ�¢«¥−¨¥ ¤�−−ëå ¢�«¨¤�æ¨®−−®£® ¤�â�-
á¥â�. ƒà�ä¨ª¨ â¥¬¯¥à�âãà ¡ãªá®¢ëå ã§«®¢ ¤«ï â¥áâ®¢®£® ¤�â�á¥â� ¯à¥¤áâ�¢«¥−ë
−� à¨á. 11, £à�ä¨ª¨ ãà®¢−ï â¥¬¯¥à�âãà−®© âà¥¢®£¨ ¯à¥¤áâ�¢«¥−ë −� à¨á. 12.

‘®£«�á−® à¨á. 11 ¨ 12, ¢ â¥áâ®¢®¬ ¤�â�á¥â¥ ®âáãâáâ¢ãîâ á®áâ®ï−¨ï á¨áâ¥¬ë
úNû, ®â¢¥ç�îé¨¥ −®à¬�«ì−®¬ã â¥¬¯¥à�âãà−®¬ã à¥¦¨¬ã. �® íâ®© ¯à¨ç¨−¥
−¥¢®§¬®¦−� ¯à�¢¨«ì−�ï ª«�áá¨ä¨ª�æ¨ï −� −�ç�«ì−ëå íâ�¯�å ¨§¬¥à¥−¨ï, £¤¥
â¥¬¯¥à�âãà� ¡ãªá®¢®£® ã§«� ®áâ�¥âáï −¥¢ëá®ª®©. ‚ æ¥«®¬ ¡�®«ìè�ï ç�áâì ®è¨¡®ª
ª«�áá¨ä¨ª�æ¨¨ ¬¥¦¤ã á®á¥¤−¨¬¨ ª«�áá�¬¨ ®â¬¥ç�¥âáï ¢ ¯¥à¥å®¤−ëå à¥¦¨¬�å.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯à¥¤«®¦¥−−�ï ¬®¤¥«ì −� ¡�§¥ LSTM á ¤®¡�¢«¥−−ë¬
«¨−¥©−ë¬ ¯®«−®á¢ï§−ë¬ á«®¥¬ ¨á¯®«ì§ã¥â à¥§ã«ìâ�âë ¢à¥¬¥−−�®£® àï¤� â¥¬¯¥à�-
âãà−ëå ¨§¬¥à¥−¨© ¤«ï ¯à®£−®§¨à®¢�−¨ï −¥¨á¯à�¢−®áâ¥©, ª®â®àë¥ ¬®£ãâ ¢®§−¨ª-
−ãâì ¢ ¡ã¤ãé¥¬. �à¥¤áâ�¢«¥−−®¥ �«£®à¨â¬¨ç¥áª®¥ ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥
à�§à�¡®â�−® á ãç¥â®¬ ¢®§¬®¦−®áâ¨ à¥�«¨§�æ¨¨ −� ®á−®¢¥ ¢áâà®¥−−ëå ¬¨ªà®-
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�. ‚. „àã¦¨−¨−�, �. ÷. Š®à¥¯�−®¢, ˆ. ‚. Œ�ª�à¥−ª®¢� ¨ ¤à.

¯à®æ¥áá®à−ëå ¨§¬¥à¨â¥«ì−ëå ª®¬¯«¥ªá®¢ á æ¥«ìî à¥è¥−¨ï §�¤�ç ¯à¥¤¨ªâ¨¢−®©
�−�«¨â¨ª¨.

5 Заключение

÷�áá¬®âà¥−� ¯®áâ�−®¢ª� ¨ ¨§ãç¥−ë ®á−®¢−ë¥ �á¯¥ªâë à¥è¥−¨ï §�¤�ç¨ ¯à®-
£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå ã§«®¢ ¦¥«¥§−®¤®à®¦−ëå ¢�£®−®¢
á ¯à¨¬¥−¥−¨¥¬ ¨−â¥««¥ªâã�«ì−ëå ¬¥â®¤®¢ ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨. �®áâà®¥−-
−�ï ¬®¤¥«ì ¯à¥¤¨ªâ¨¢−®© �−�«¨â¨ª¨, ¢ª«îç�îé�ï ¢ á¥¡ï ¨¬¨â�æ¨®−−ãî ¬®¤¥«ì
â¥à¬®¬¥âà¨¨ ¡ãªá®¢ëå ã§«®¢ ¨ ¬®¤¥«ì ¬�è¨−−®£® ®¡ãç¥−¨ï, −�¯à�¢«¥−� −� á®-
¢¥àè¥−áâ¢®¢�−¨¥ ¬¥â®¤®¢ á¡®à� ¨ ®¡à�¡®âª¨ â¥¬¯¥à�âãà−ëå ¤�−−ëå ¡ãªá®¢ëå
ã§«®¢, −� ®¯à¥¤¥«¥−¨¥ ®¯â¨¬�«ì−ëå ¯�à�¬¥âà®¢ á¨£−�«®¢ úâà¥¢®£�û, −� ®¡¥á-
¯¥ç¥−¨¥ ¡�«�−á� ¬¥¦¤ã à¨áª®¬ ¢®§−¨ª−®¢¥−¨ï �¢�à¨©−ëå á¨âã�æ¨© −� ¯¥à¥£®−¥
¨ á−¨¦¥−¨¥¬ §�¤¥à¦¥ª ¯®¥§¤®¢ ¨§-§� −¥®¡å®¤¨¬®áâ¨ ¯à®¢¥¤¥−¨ï ¯à®¢¥à®ª ¨ ®â-
æ¥¯®ª ¢�£®−®¢.

ˆ¬¨â�æ¨®−−�ï ¬®¤¥«ì à�§à�¡®â�−� −� ®á−®¢¥ à¥�«¨§�æ¨¨ ¤¨áªà¥â−®£® ¬�à-
ª®¢áª®£® ¯à®æ¥áá�. ‘ ¨á¯®«ì§®¢�−¨¥¬ ¨¬¨â�æ¨®−−®© ¬®¤¥«¨ ¯®áâà®¥−ë á¨−â¥â¨-
ç¥áª¨¥ ¤�â�á¥âë á ãç¥â®¬ ®¡ãç�îé¥© ¨ ¢�«¨¤�æ¨®−−®© ª®¬¯®−¥−â. �à¥¨¬ãé¥áâ¢®
à�§à�¡®â�−−®© ¨¬¨â�æ¨®−−®© ¬®¤¥«¨ §�ª«îç�¥âáï ¢ ¢®§¬®¦−®áâ¨ £¥−¥à�æ¨¨ á¨−-
â¥â¨ç¥áª¨å ¤�â�á¥â®¢ ¯à®¨§¢®«ì−®£® ®¡ê¥¬� á á®åà�−¥−¨¥¬ à¥¯à¥§¥−â�â¨¢−®áâ¨
¤�−−ëå, á®£«�áãîé¨åáï á í¬¯¨à¨ç¥áª¨¬¨ ¨§¬¥à¥−¨ï¬¨.

‘ ¨á¯®«ì§®¢�−¨¥¬ ¯®«ãç¥−−ëå ¤�−−ëå à¥�«¨§®¢�−� ¬®¤¥«ì ¬�è¨−−®£® ®¡ãç¥-
−¨ï ¤«ï ¬−®£®ª«�áá®¢®© ª«�áá¨ä¨ª�æ¨¨. ‚ ãª�§�−−®© ¬®¤¥«¨ ¨á¯®«ì§ã¥âáï
−¥©à®á¥â¥¢�ï �àå¨â¥ªâãà� LSTM ¤«ï �−�«¨§� ¢à¥¬¥−− �ëå àï¤®¢ â¥à¬®¬¥âà¨¨
¡ãªá®¢ëå ã§«®¢. Š«�áá¨ä¨ª�æ¨ï ¯®§¢®«ï¥â ®áãé¥áâ¢«ïâì ¯à¥¤¨ªâ¨¢−ãî �−�-
«¨â¨ªã â¥à¬®á®áâ®ï−¨©, ãª�§ë¢�îé¨å −� ãà®¢¥−ì âà¥¢®£¨ ¯® ç¥âëà¥å¡�««ì−®©
èª�«¥.

÷�§à�¡®â�−−®¥ ¨−áâàã¬¥−â�«ì−®¥ ®¡¥á¯¥ç¥−¨¥ −�¯à�¢«¥−® −� ¯®«ãç¥−¨¥ ¯à®-
£−®§� â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¦¥«¥§−®¤®à®¦−ëå á®áâ�¢®¢ á ãç¥â®¬ ¢®§¬®¦−®áâ¥©
¯®«ãç¥−¨ï â¥à¬®¬¥âà¨ç¥áª¨å ¤�−−ëå −� ¯à®âï¦¥−−ëå ãç�áâª�å ¯ãâ¥©. ‚ ª�ç¥-
áâ¢¥ ¯¥àá¯¥ªâ¨¢ ¨áá«¥¤®¢�−¨ï á«¥¤ã¥â ®â¬¥â¨âì ¯à¥¤¨ªâ¨¢−ë© �−�«¨§ á ãç¥â®¬
ã¢¥«¨ç¥−¨ï ª®«¨ç¥áâ¢� â¥¬¯¥à�âãà−ëå ¯®ª�§�â¥«¥© ¨ ¤�−−ëå ® ¢¨¡à�æ¨¨, � â�ª-
¦¥ ¨á¯®«ì§®¢�−¨¥ £¨¡à¨¤−ëå �àå¨â¥ªâãà ¨−â¥««¥ªâã�«ì−ëå ª«�áá¨ä¨ª�â®à®¢
¤«ï ã«ãçè¥−¨ï ¬¥âà¨ª ¯à®¨§¢®¤¨â¥«ì−®áâ¨ −¥©à®á¥â¥¢®© ¬®¤¥«¨. ÷¥§ã«ìâ�âë
¬®£ãâ ¡ëâì ¨á¯®«ì§®¢�−ë ¯à¨ à¥è¥−¨¨ §�¤�ç ¯à¥¤¨ªâ¨¢−®£® �−�«¨§� ¯�à�¬¥âà®¢
âà�−á¯®àâ−ëå á¨áâ¥¬, � â�ª¦¥ §�¤�ç á®¢¥àè¥−áâ¢®¢�−¨ï áà¥¤áâ¢ â¥å−¨ç¥áª®©
¤¨�£−®áâ¨ª¨.
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Construction and analysis of model to predict the technical state of railway car axle boxes

CONSTRUCTION AND ANALYSIS OF MODEL TO PREDICT
THE TECHNICAL STATE OF RAILWAY CAR AXLE BOXES
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O. V. Druzhinina1, E. R. Korepanov1, I. V. Makarenkova1, V. V. Maksimova1,
and A. A. Petrov2

1Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation
2Yelets State University named after I. A. Bunin, 28 Kommunarov Str., Yelets
399770, Lipetsk Region, Russian Federation

Abstract: The paper is devoted to the study of the problem of constructing and
analyzing a model for predicting the technical state of axle boxes of railway cars
based on the use of artificial intelligence methods. The relevance of this problem
is related to the need to create and improve high-tech and energy-efficient data
analysis tools for diagnosing the technical condition of elements and systems
of transport infrastructure. It is proposed to use the LSTM (Long Short-
Term Memory) neural network architecture to predict the state when processing
sequential data (time series). Synthetic datasets for neural network training are
generated using the developed simulation stochastic model of thermal control
of axle boxes. The performed computer modeling in the PyTorch environment
allowed to conduct a comparative analysis of the results of computational
experiments and to evaluate the effectiveness of LSTM training in the framework
of the problem under consideration. The constructed predictive analytics model
can serve as the basis for the ABITech Thermal Forecast Module, a software
package for diagnosing the technical state of axle boxes.

Keywords: data analysis; predictive analytics; computer modeling; neural
networks LSTM; time series; machine learning algorithms; technical state
assessment; intelligent transport systems
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1 Введение

„¨áâ�−æ¨®−−®¥ §®−¤¨à®¢�−¨¥ ‡¥¬«¨ („‡‡) ¨§ ª®á¬®á� ¨á¯®«ì§ã¥âáï ¤«ï
à¥è¥−¨ï à�§«¨ç−ëå á¥«ìáª®å®§ï©áâ¢¥−−ëå §�¤�ç, â�ª¨å ª�ª à�á¯®§−�¢�−¨¥ á¥«ì-
áª®å®§ï©áâ¢¥−−ëå ªã«ìâãà, ª«�áá¨ä¨ª�æ¨ï à�áâ¨â¥«ì−®£® ¯®ªà®¢� ¨ ª�àâ®£à�-
ä¨à®¢�−¨¥ ¯®«¥©, ¡«�£®¤�àï ¥£® £«®¡�«ì−®¬ã ®å¢�âã ¨ ¢ëá®ª®© ¤®áâã¯−®áâ¨
¤�−−ëå [1, 2]. „«ï à¥è¥−¨ï §�¤�ç á¯ãâ−¨ª®¢®£® ¬®−¨â®à¨−£� ¯à¨à®¤−ëå á¨áâ¥¬
âà¥¡ã¥âáï �−�«¨§ ¢à¥¬¥−− �ëå àï¤®¢ ¤�−−ëå (á−¨¬ª®¢, §−�ç¥−¨© ª�−�«®¢ ¨ ¢¥-
£¥â�æ¨®−−ëå ¨−¤¥ªá®¢) [3], ¢ â®¬ ç¨á«¥ á ¨á¯®«ì§®¢�−¨¥¬ ¬¥â®¤®¢ ¬�è¨−−®£®
®¡ãç¥−¨ï [4]. �à¨¬¥−¥−¨¥ £¥®¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ (ƒˆ‘) ¨ á¯¥æ¨�«¨§¨à®-
¢�−−ëå ¡¨¡«¨®â¥ª §−�ç¨â¥«ì−® ã¯à®é�¥â ¨á¯®«ì§®¢�−¨¥ £¥®¯à®áâà�−áâ¢¥−−ëå
¤�−−ëå [5].

‘¯ãâ−¨ª®¢ë¥ á¨áâ¥¬ë Landsat-8/9 ¨ Sentinel-2 áâ�«¨ −�¨¡®«¥¥ è¨à®ª®
¨á¯®«ì§ã¥¬ë¬¨ ¤«ï ¬®−¨â®à¨−£� ¯®¢¥àå−®áâ¨ áãè¨, ¢ â®¬ ç¨á«¥ ¤«ï ãâ®ç−¥-
−¨ï £à�−¨æ §¥¬¥«ì á¥«ìáª®å®§ï©áâ¢¥−−®£® −�§−�ç¥−¨ï ¨ ®æ¥−ª¥ á¥¢®®¡®à®â� [2,
6]. ‚¬¥áâ¥ á â¥¬ ®¤−¨¬ ¨§ ¯à¨®à¨â¥â®¢ ¢ à�§¢¨â¨¨ ¬¥â®¤®¢ „‡‡, á¯®á®¡áâ¢ã-
îé¨å ãªà¥¯«¥−¨î −�æ¨®−�«ì−®£® áã¢¥à¥−¨â¥â� ¢ íâ®© ®¡«�áâ¨, áâ�«® ¯à¨¬¥−¥−¨¥
¤�−−ëå −�æ¨®−�«ì−®© á¯ãâ−¨ª®¢®© £àã¯¯¨à®¢ª¨ ¤«ï à¥è¥−¨ï §�¤�ç ¬®−¨â®-
à¨−£� [7]. ��¯à¨¬¥à, ª¨â�©áª¨¬¨ ãç¥−ë¬¨ �ªâ¨¢−® ¨áá«¥¤ãîâáï ¢®§¬®¦−®áâ¨
á¯ãâ−¨ª� Gaofen ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ á¥«ìáª®å®§ï©áâ¢¥−−ëå ªã«ìâãà ¨ ®æ¥−ª¨
¯®ç¢¥−−ëå å�à�ªâ¥à¨áâ¨ª ¢ áà�¢−¥−¨¨ á Sentinel-2 ¨ Landsat [8, 9]. ’®ç-
−®áâì ª«�áá¨ä¨ª�æ¨¨ á ¨á¯®«ì§®¢�−¨¥¬ Sentinel-2 á®áâ�¢¨«� 97% ¯à¨ ®æ¥−ª¥
F1 ¢ 71%, ¢ â® ¢à¥¬ï ª�ª â®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ á ¨á¯®«ì§®¢�−¨¥¬ ¨§®¡à�-
¦¥−¨© Gaofen ¢�àì¨à®¢�«�áì ®â 75% ¤® 97% ¯à¨ ®æ¥−ª¥ F1 ¢ 55%{73% [8].
Œ®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï ¯®ç¢¥−−ëå å�à�ªâ¥à¨áâ¨ª ¤«ï á¯ãâ−¨ª®¢ Landsat-8,
Sentinel-2 ¨ Gaofen-2 ¨¬¥«¨ áà¥¤−¥ª¢�¤à�â¨ç−ë¥ ®è¨¡ª¨ 0,34, 0,39 ¨ 0,31 á®-
®â¢¥âáâ¢¥−−® [9]. ‚®§¬®¦−®áâ¨ �à£¥−â¨−áª®© £àã¯¯¨à®¢ª¨ à�¤¨®«®ª�æ¨®−−ëå
á¯ãâ−¨ª®¢ SAOCOM-1A/1B ¤®áâ�â®ç−® è¨à®ª® ¨á¯®«ì§ãîâáï ¤«ï ¬®−¨â®à¨−£�
¯�å®â−ëå §¥¬¥«ì �à£¥−â¨−ë [10]. ’®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ á®áâ�¢«ï¥â ®â 62%
¤® 90% ¢ §�¢¨á¨¬®áâ¨ ®â ä¥−®«®£¨ç¥áª®© ä�§ë ¨ ¢¨¤� á¥«ìáª®å®§ï©áâ¢¥−−®©
ªã«ìâãàë.

÷®áá¨©áª�ï ®à¡¨â�«ì−�ï £àã¯¯¨à®¢ª� „‡‡ â�ª¦¥ ¯®¤¤¥à¦¨¢�¥â §�¤�ç¨, á¢ï-
§�−−ë¥ á ¬®−¨â®à¨−£®¬ ¯®¢¥àå−®áâ¨ ‡¥¬«¨. ‘¯ãâ−¨ª¨ úŒ¥â¥®à-Œû ®â−®áïâáï
ª á¨áâ¥¬�¬ áà¥¤−¥£® ¯à®áâà�−áâ¢¥−−®£® à�§à¥è¥−¨ï. ‘¯ãâ−¨ª¨ íâ®© á¥à¨¨,
−�å®¤ïé¨¥áï −� ¯®«ïà−®© ®à¡¨â¥, ¯à¥¤−�§−�ç¥−ë ¤«ï ¯à¥¤®áâ�¢«¥−¨ï ®¯¥à�â¨¢-
−ëå ¤�−−ëå ”¥¤¥à�«ì−®© á«ã¦¡¥ ÷®áá¨¨ ¯® £¨¤à®¬¥â¥®à®«®£¨¨ ¨ ¬®−¨â®à¨−£ã
®ªàã¦�îé¥© áà¥¤ë, −�ãç−®-¨áá«¥¤®¢�â¥«ìáª¨¬ ¨−áâ¨âãâ�¬ ¨ ¤àã£¨¬ ®à£�−¨-
§�æ¨ï¬ [11, 12]. �â¨ á¯ãâ−¨ª¨ ¨á¯®«ì§ãîâáï ¤«ï −�¡«î¤¥−¨ï §� ®¡ê¥ªâ�¬¨
¨ ï¢«¥−¨ï¬¨ ¢ �â¬®áä¥à¥, £¨¤à®áä¥à¥ ¨ ªà¨®áä¥à¥ ¢ æ¥«ïå £«®¡�«ì−®£® ¬®−¨â®-
à¨−£� ª«¨¬�â�, à¥�£¨à®¢�−¨ï −� çà¥§¢ëç�©−ë¥ á¨âã�æ¨¨ ¨ ¬®−¨â®à¨−£� ®ªàã¦�-
îé¥© áà¥¤ë [13]. ‚ −�áâ®ïé¥¥ ¢à¥¬ï −� ®à¡¨â¥ äã−ªæ¨®−¨àãîâ ç¥âëà¥ á¯ãâ−¨ª�
úŒ¥â¥®à-Œû | ü 2, ü 2.2, ü 2.3 ¨ ü 2.4. „�−−ë¥ ª®¬¯«¥ªá� ¬−®£®§®−�«ì−®©
á¯ãâ−¨ª®¢®© áê¥¬ª¨ (ŠŒ‘‘) è¨à®ª® ¨á¯®«ì§ãîâáï ¤«ï ¤¨áâ�−æ¨®−−®© ®æ¥−ª¨

112 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 35 −®¬¥à 4 2025



Š�àâ®£à�ä¨à®¢�−¨¥ ¯�å®â−ëå §¥¬¥«ì ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨© •�¡�à®¢áª®£® ªà�ï

å�à�ªâ¥à¨áâ¨ª à�áâ¨â¥«ì−®£® ¯®ªà®¢� ¨ ®¯¥à�â¨¢−®£® ¬®−¨â®à¨−£� ¢ ÷®áá¨¨
¨ ¯à¨«¥£�îé¨å à¥£¨®−�å [13, 14].

÷�−¥¥ ¡ë«� ¯à®¢¥¤¥−� ®æ¥−ª� ¢®§¬®¦−®áâ¨ ¯à¨¬¥−¥−¨ï ¤�−−ëå á¯ãâ−¨ª�
úŒ¥â¥®à-Œû ü 2 ¢ à¥è¥−¨¨ §�¤�ç ¯® ¨¤¥−â¨ä¨ª�æ¨¨ á¥«ìáª®å®§ï©áâ¢¥−−ëå
ªã«ìâãà ¨ ª«�áá¨ä¨ª�æ¨¨ ¯�å®â−ëå §¥¬¥«ì •�¡�à®¢áª®£® ªà�ï [15]. �® ¢¥à¨ä¨-
æ¨à®¢�−−ë¬ ¤�−−ë¬ ® á¥¢®®¡®à®â¥ ¢ ¯¥à¨®¤ á 2021 ¯® 2023 ££. á¥«ìáª®å®§ï©áâ¢¥−-
−ëå ¯®«¥© •�¡�à®¢áª®£® à�©®−� ¡ë«� ¯à®¢¥¤¥−� ¯®¯¨ªá¥«ì−�ï ª«�áá¨ä¨ª�æ¨ï
−� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï á ¨á¯®«ì§®¢�−¨¥¬ �«£®à¨â¬� Random Forest. �®
à¥§ã«ìâ�â�¬ ªà®áá-¢�«¨¤�æ¨¨ ®¡é�ï â®ç−®áâì á®áâ�¢¨«� 0,95. ‚ æ¥«®¬ ¯®«ã-
ç¥−−ë¥ à¥§ã«ìâ�âë ¯®§¢®«ïîâ à�áá¬�âà¨¢�âì ¨§®¡à�¦¥−¨ï ŠŒ‘‘ úŒ¥â¥®à-Œû
ü 2 ¤«ï à¥è¥−¨ï §�¤�ç ª«�áá¨ä¨ª�æ¨¨ ¨ ª�àâ®£à�ä¨à®¢�−¨ï ¯�å®â−ëå §¥¬¥«ì,
¢ â®¬ ç¨á«¥ −� â¥àà¨â®à¨¨ •�¡�à®¢áª®£® ªà�ï. �� â¥ªãé¨© ¬®¬¥−â ¨−ä®à¬�æ¨ï
® £à�−¨æ�å ®â¤¥«ì−ëå ¯®«¥© ¨ ¯à®¨§à�áâ�îé¨å ªã«ìâãà�å î¦−ëå à�©®−®¢ •�¡�-
à®¢áª®£® ªà�ï (�¨ª¨−áª¨©, ‚ï§¥¬áª¨©, ¨¬. ‹�§®), ª®â®à�ï §�−¥á¥−� ¢ …¤¨−ãî ä¥-
¤¥à�«ì−ãî ¨−ä®à¬�æ¨®−−ãî á¨áâ¥¬ã §¥¬¥«ì á¥«ìáª®å®§ï©áâ¢¥−−®£® −�§−�ç¥−¨ï
(…”ˆ‘ ‡‘�), âà¥¡ã¥â ãâ®ç−¥−¨ï ¨ ¢−¥á¥−¨ï ª®àà¥ªâ¨à®¢®ª. �á−®¢−®© æ¥«ìî
¨áá«¥¤®¢�−¨ï áâ�¢¨âáï ¯®áâà®¥−¨¥ ª�àâ ¯�å®â−ëå §¥¬¥«ì âà¥å î¦−ëå à�©®−®¢
•�¡�à®¢áª®£® ªà�ï −� ®á−®¢¥ á¯ãâ−¨ª®¢ëå ¨§®¡à�¦¥−¨© ŠŒ‘‘ úŒ¥â¥®à-Œû
ü 2 §� 2024 £. á ¨á¯®«ì§®¢�−¨¥¬ ¢�«¨¤¨à®¢�−−ëå ¤�−−ëå ¯® •�¡�à®¢áª®¬ã
à�©®−ã. ‚�¦−®© á®¯ãâáâ¢ãîé¥© æ¥«ìî ¢ëáâã¯�¥â à�§à�¡®âª� ¨ −�¯®«−¥−¨¥ ¨−-
ä®à¬�æ¨®−−®© á¨áâ¥¬ë, á«ã¦�é¥© â¥å−®«®£¨ç¥áª®© ¯«�âä®à¬®© ¤«ï à¥�«¨§�æ¨¨
¤�−−®£® ¯à®¥ªâ�. �ë«¨ ¯®áâ�¢«¥−ë á«¥¤ãîé¨¥ §�¤�ç¨.

1. �à®¢¥áâ¨ ª«�áá¨ä¨ª�æ¨î ¯�å®â−ëå §¥¬¥«ì −� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï
á ¨á¯®«ì§®¢�−¨¥¬ �«£®à¨â¬� RF, ®æ¥−¨âì â®ç−®áâì ¨ áä®à¬¨à®¢�âì ª�àâë
¯�å®â−ëå §¥¬¥«ì.

2. �®áâà®¨âì áà¥¤−¨¥ ¢à¥¬¥−− �ë¥ àï¤ë á¥§®−−®£® å®¤� §−�ç¥−¨© NDVI ¤«ï
à�§−ëå â¨¯®¢ à�áâ¨â¥«ì−®áâ¨ −� ¯�å®â−ëå §¥¬«ïå ¬ã−¨æ¨¯�«ì−ëå à�©®−®¢
•�¡�à®¢áª®£® ªà�ï.

3. ˆ−â¥£à¨à®¢�âì ¯®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¢ ¨−ä®à¬�æ¨®−−ãî á¨áâ¥¬ã ¤«ï ¨å
åà�−¥−¨ï, ¢¨§ã�«¨§�æ¨¨ ¨ ¤�«ì−¥©è¥£® �−�«¨§�.

2 Материалы и методы

Исходные данные и объект исследования

�ë«¨ à�áá¬®âà¥−ë 3155 á¥«ìáª®å®§ï©áâ¢¥−−ëå ¯®«¥© (2024 £.), ª®â®àë¥
®â−®áïâáï ª ®¤−®¬ã ¨§ 4-å ª«�áá®¢: á®ï, §�«¥¦ì, ¬−®£®«¥â−¨¥ âà�¢ë ¨ §¥à−®¢ë¥
(¯è¥−¨æ�, ®¢¥á, ïç¬¥−ì). �®«ï à�á¯®«�£�îâáï ¢ ç¥âëà¥å ¬ã−¨æ¨¯�«ì−ëå à�©®−�å
î¦−®© ç�áâ¨ •�¡�à®¢áª®£® ªà�ï: •�¡�à®¢áª®¬ (1148 ¯®«¥©, 35 391 £�), ¨¬. ‹�§®
(686 ¯®«¥©, 21 411 £�), ‚ï§¥¬áª®¬ (555 ¯®«¥©, 22 796 £�) ¨ �¨ª¨−áª®¬ (418 ¯®«¥©
10 174 £�). ‚ íâ¨å ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨ïå −�å®¤ïâáï 99% ¯�å®â−ëå §¥¬¥«ì
•�¡�à®¢áª®£® ªà�ï. �¡é�ï ¯«®é�¤ì ¨áá«¥¤ã¥¬ëå ¯®«¥© á®áâ�¢«ï¥â 89 772 £�.
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Спутниковые данные и предобработка

‚ ª�ç¥áâ¢¥ ¨áâ®ç−¨ª� ¤�−−ëå ¯à¨¬¥−ï«¨áì ¥¦¥¤−¥¢−ë¥ ª®¬¯®§¨â−ë¥ ¨§®¡à�-
¦¥−¨ï ª�−�«®¢ ¡«¨¦−¥£® ¨−äà�ªà�á−®£® (NIR) ¨ ªà�á−®£® (RED) ¤¨�¯�§®−®¢
á¯¥ªâà� áà¥¤−¥£® à�§à¥è¥−¨ï (60 ¬) ¯à¨¡®à� ŠŒ‘‘ á¯ãâ−¨ª� úŒ¥â¥®à-Œû
ü 2. ˆá¯®«ì§®¢�«¨áì ¤�−−ë¥ §� ¯¥à¨®¤ ¢¥£¥â�æ¨¨ 2024 £. | á 118-£® (ª®−¥æ
�¯à¥«ï) ¯® 299-© (ª®−¥æ ®ªâï¡àï) ª�«¥−¤�à−ë¥ ¤−¨. Š®¬¯®§¨âë ¡ë«¨ ¯®«ãç¥−ë
á ¨á¯®«ì§®¢�−¨¥¬ ¨−äà�áâàãªâãàë –¥−âà� ª®««¥ªâ¨¢−®£® ¯®«ì§®¢�−¨ï á¨áâ¥-
¬�¬¨ �àå¨¢�æ¨¨, ®¡à�¡®âª¨ ¨ �−�«¨§� ¤�−−ëå á¯ãâ−¨ª®¢ëå −�¡«î¤¥−¨© ˆŠˆ
÷�� [16].

Расчет вегетационных индексов и формирование временных рядов

„«ï ª�¦¤®£® ¯¨ªá¥«ï ¢ £à�−¨æ�å ¨áá«¥¤ã¥¬ëå ¯®«¥© à�ááç¨âë¢�«áï ¨−¤¥ªá
NDVI ¯® ä®à¬ã«¥

NDVI =
NIR− RED

NIR + RED
,

£¤¥ NIR | ®âà�¦¥−¨¥ ¢ ¡«¨¦−¥© ¨−äà�ªà�á−®© ®¡«�áâ¨ á¯¥ªâà�; RED |
®âà�¦¥−¨¥ ¢ ªà�á−®© ®¡«�áâ¨ á¯¥ªâà�.

�¡à�¡®âª� á−¨¬ª®¢ ¢ë¯®«−ï«�áì á ¨á¯®«ì§®¢�−¨¥¬ à�§à�¡®â�−−®£® ¯à®-
£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï −� ¡�§¥ ¡¨¡«¨®â¥ª Python Rasterio ¨ Osgeo [17]. ‚ ª�ç¥-
áâ¢¥ ¢å®¤−ëå ¤�−−ëå ¨á¯®«ì§®¢�«¨áì −�¡®àë ª®¬¯®§¨â−ëå ¨§®¡à�¦¥−¨© (ä®à¬�â
.tiff) §� ¢ë¡à�−−ë© ¢à¥¬¥−−®© ®âà¥§®ª, � â�ª¦¥ ¢¥ªâ®à−ë¥ ª®−âãàë á¥«ìáª®å®-
§ï©áâ¢¥−−ëå ¯®«¥©. „¥©áâ¢¨¥ ¯à®£à�¬¬ë §�ª«îç�¥âáï ¢ ¯®¨áª¥ −� à�áâà®¢ëå
¨§®¡à�¦¥−¨ïå ¯¨ªá¥«¥©, ®â−®áïé¨åáï ª á¥«ìáª®å®§ï©áâ¢¥−−ë¬ ¯®«ï¬, á ¯®á«¥-
¤ãîé¥© £¥−¥à�æ¨¥© ä�©«®¢ ¢ ä®à¬�â¥ .csv ¤«ï ª�¦¤®£® ¯®«ï, ¢ ª®â®àëå á®-
åà�−ïîâáï £¥®£à�ä¨ç¥áª¨¥ ª®®à¤¨−�âë ¨ ç¨á«¥−−ë¥ §−�ç¥−¨ï NDVI ¤«ï ª�¦¤®©
¤�âë.

�á−®¢−ë¥ ¢®§¬®¦−®áâ¨ ¯à®£à�¬¬−®£® ª®¬¯«¥ªá�:

{ ¯®¯¨ªá¥«ì−ë© à�áç¥â §−�ç¥−¨© ¢¥£¥â�æ¨®−−ëå ¨−¤¥ªá®¢, ¢ â®¬ ç¨á«¥ NDVI;

{ á®¢¬¥é¥−¨¥ á−¨¬ª®¢ (ª®à¥£¨áâà�æ¨ï). ‘−¨¬ª¨ ¯à¥®¡à�§ãîâáï ¢ á¨áâ¥¬ã ª®®à-
¤¨−�â EPSG:4326 (WGS 84), ª®â®à�ï áç¨â�¥âáï áâ�−¤�àâ®¬ ¤«ï á¯ãâ−¨ª®¢ëå
−�¢¨£�æ¨®−−ëå á¨áâ¥¬;

{ ¨§¬¥−¥−¨¥ ¯à®áâà�−áâ¢¥−−®£® à�§à¥è¥−¨ï (¯à¨ −¥®¡å®¤¨¬®áâ¨). „«ï ¯¥-
à¥¤¨áªà¥â¨§�æ¨¨ ¤�−−ëå −� ¥¤¨−ãî á¥âªã ¯à¨¬¥−ï¥âáï ¬¥â®¤ ¡¨«¨−¥©−®©
¨−â¥à¯®«ïæ¨¨. �â®â ¬¥â®¤ ®¯à¥¤¥«ï¥â §−�ç¥−¨¥ ¯¨ªá¥«ï ¢ëå®¤−®£® à�áâà�
ª�ª ¢§¢¥è¥−−®¥ áà¥¤−¥¥ §−�ç¥−¨© ç¥âëà¥å ¡«¨¦�©è¨å ¯¨ªá¥«¥© ¨áå®¤−®£®
¨§®¡à�¦¥−¨ï á ãç¥â®¬ à�ááâ®ï−¨ï ¤® ¨å æ¥−âà®¢;

{ ®¡ê¥¤¨−¥−¨¥ ¤�−−ëå −¥áª®«ìª¨å à�áâà®¢ëå ¨§®¡à�¦¥−¨©. ‚¬¥áâ® â®£® çâ®¡ë
¯à¥¤¢�à¨â¥«ì−® ¢ë¯®«−ïâì ¢ëç¨á«¨â¥«ì−® §�âà�â−ãî ¯à®æ¥¤ãàã ¯à¥¤¢�à¨-
â¥«ì−®© úáª«¥©ª¨û (®¡ê¥¤¨−¥−¨ï) −¥áª®«ìª¨å á¯ãâ−¨ª®¢ëå áæ¥−, ¯®ªàë-
¢�îé¨å à�§−ë¥ ãç�áâª¨ ®¤−®£® ¯®«ï, ¢ ¥¤¨−ë© à�áâà®¢ë© ä�©«, á¨áâ¥¬�
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Š�àâ®£à�ä¨à®¢�−¨¥ ¯�å®â−ëå §¥¬¥«ì ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨© •�¡�à®¢áª®£® ªà�ï

�¢â®¬�â¨ç¥áª¨ �£à¥£¨àã¥â ¢á¥ à¥«¥¢�−â−ë¥ ¤�−−ë¥ ¢ ¥¤¨−ãî â�¡«¨æã ¤«ï
ª�¦¤®£® ª®−ªà¥â−®£® ¯®«ï. „�−−ë¥ ¨§ à�§«¨ç−ëå áæ¥−, á®®â¢¥âáâ¢ãîé¨¥
£à�−¨æ�¬ ®¤−®£® ¯®«ï, ¨§¢«¥ª�îâáï ¨ á®åà�−ïîâáï ¢ áâàãªâãà¨à®¢�−−®¬ ¢¨¤¥
¢ ¨â®£®¢®¬ ä�©«¥ ä®à¬�â� .csv;

{ �¢â®¬�â¨§¨à®¢�−−�ï ®¡à�¡®âª� ®è¨¡®ª ¯®§¢®«ï¥â ¨§¡¥¦�âì ¯à¥¤¢�à¨â¥«ì−®©
úàãç−®©û ¯à®¢¥àª¨ ¨§®¡à�¦¥−¨©. �â® −¥ â®«ìª® ¨áª«îç�¥â áã¡ê¥ªâ¨¢−ë©
ç¥«®¢¥ç¥áª¨© ä�ªâ®à, −® ¨ §−�ç¨â¥«ì−® ¯®¢ëè�¥â áª®à®áâì ¨ −�¤¥¦−®áâì
¯à®æ¥áá� ¨−â¥£à�æ¨¨ ¡®«ìè¨å ¬�áá¨¢®¢ á¯ãâ−¨ª®¢®© ¨−ä®à¬�æ¨¨ ¢ á¨áâ¥¬ã.

„«ï á−¨¦¥−¨ï èã¬� ¯®«ãç¥−−ë¥ ¯®¯¨ªá¥«ì−ë¥ ¥¦¥¤−¥¢−ë¥ ª®¬¯®§¨âë ¡ë«¨
¯à¥®¡à�§®¢�−ë ¢ ¥¦¥−¥¤¥«ì−ë¥ ¬¥â®¤®¬ áª®«ì§ïé¥£® ®ª−� (§−�ç¥−¨¥ NDVI ¤«ï
n-£® ¤−ï à�ááç¨âë¢�«®áì ª�ª áà¥¤−¥¥ §−�ç¥−¨¥ NDVIn−3, . . . ,NDVIn+3).

�� ®á−®¢¥ íâ¨å ¤�−−ëå ¤«ï ª�¦¤®£® ª«�áá� ªã«ìâãà ¯® à�©®−�¬ ¡ë«¨ ¯®áâà®-
¥−ë ãáà¥¤−¥−−ë¥ ¢à¥¬¥−− �ë¥ àï¤ë NDVI, å�à�ªâ¥à¨§ãîé¨¥ á¥§®−−ãî ¤¨−�¬¨ªã
¢¥£¥â�æ¨¨. „«ï áà¥¤−¨å ¢à¥¬¥−− �ëå àï¤®¢ ¥¦¥−¥¤¥«ì−ëå ª®¬¯®§¨â®¢ NDVI ª�¦-
¤®£® ª«�áá� à�áâ¨â¥«ì−®áâ¨ (á® 121-£® ¯® 296-© ª�«¥−¤�à−ë¥ ¤−¨ £®¤� (−�ç�«®
¬�ï { ª®−¥æ ®ªâï¡àï, á è�£®¬ ¢ 7 ¤−¥©) à�ááç¨âë¢�«¨áì §−�ç¥−¨ï ¬�ªá¨¬ã¬�
¨−¤¥ªá� NDVImax ¨ ª�«¥−¤�à−®£® ¤−ï −�áâã¯«¥−¨ï ¬�ªá¨¬ã¬� DOYNDVImax.
‘ä®à¬¨à®¢�−−ë¥ ¢à¥¬¥−− �ë¥ àï¤ë ¨á¯®«ì§®¢�«¨áì ¤«ï ª«�áá¨ä¨ª�æ¨¨ ¯�å®â-
−ëå §¥¬¥«ì.

Классификация

Š«�áá¨ä¨ª�æ¨ï ®áãé¥áâ¢«ï«�áì á ¯à¨¬¥−¥−¨¥¬ �«£®à¨â¬� RF (ú«¥á ¤¥à¥¢ì-
¥¢û) ¡¨¡«¨®â¥ª¨ scikit-learn ¤«ï Python ¯à¨ ç¨á«¥ ¤¥à¥¢ì¥¢, à�¢−®¬ 50. ‚ ª�ç¥-
áâ¢¥ ®¡ãç�îé¥© ¢ë¡®àª¨ ¨á¯®«ì§®¢�«¨áì ¢¥à¨ä¨æ¨à®¢�−−ë¥ ¤�−−ë¥ ® à�á¯à¥-
¤¥«¥−¨¨ ¢ë¡à�−−ëå ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨ −� ¯�å®â−ëå §¥¬«ïå •�¡�à®¢áª®£®
à�©®−� (¯à¥¤¢�à¨â¥«ì−® ¡ë«� ¯à®¢¥¤¥−� íªá¯¥àâ−�ï ®æ¥−ª� à¥§ã«ìâ�â®¢ à�¡®âë
ª«�áá¨ä¨ª�â®à�) [15]. �®áâà®¥−−�ï ¨ ¢�«¨¤¨à®¢�−−�ï ¬®¤¥«ì ¯à¨¬¥−ï«�áì ¤«ï
�¢â®¬�â¨§¨à®¢�−−®© ª«�áá¨ä¨ª�æ¨¨ á¥«ìáª®å®§ï©áâ¢¥−−ëå ¯®«¥© ¬ã−¨æ¨¯�«ì-
−ëå à�©®−®¢: ‚ï§¥¬áª®£®, �¨ª¨−áª®£® ¨ ¨¬. ‹�§®.

„«ï ®æ¥−ª¨ ª�ç¥áâ¢� ¬®¤¥«¨ à�ááç¨âë¢�«¨áì ®¡é�ï â®ç−®áâì (OA, %) ¨ F1-
¬¥âà¨ª� ¯® ä®à¬ã«�¬

OA =
TP+ TN

TP+ TN+ FP + FN
· 100%;

F1 =
TP

TP+ (FP + FN)/2
,

£¤¥TP| ¢¥à−® ¯à¥¤áª�§�−−®¥ ®â−¥á¥−¨¥ ¯¨ªá¥«ï ª ¤�−−®¬ã ª«�ááã; TN| ¢¥à−®
¯à¥¤áª�§�−−®¥ ®â−¥á¥−¨¥ ¯¨ªá¥«ï ª ¤àã£®¬ã ª«�ááã; FP | −¥¢¥à−®¥ ®â−¥á¥−¨¥
¯¨ªá¥«ï ª ¤�−−®¬ã ª«�ááã; FN| −¥¢¥à−®¥ ®â−¥á¥−¨¥ ¯¨ªá¥«ï ª ¤àã£®¬ã ª«�ááã.
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Архитектура системы мониторинга сельскохозяйственных земель юга
Дальнего Востока

”ã−¤�¬¥−â�«ì−ë© ¯à¨−æ¨¯ �àå¨â¥ªâãàë ¯à®£à�¬¬−®£® ª®¬¯«¥ªá�, ¨á¯®«ì-
§ã¥¬®£® ¤«ï åà�−¥−¨ï ¨ ¢¨§ã�«¨§�æ¨¨ ¨−ä®à¬�æ¨¨, | à�§¤¥«¥−¨¥ ¤�−−ëå ¨ ¨å
¢¨§ã�«ì−®£® ¯à¥¤áâ�¢«¥−¨ï: åà�−¥−¨¥ ¨−ä®à¬�æ¨¨ ®¡¥á¯¥ç¨¢�¥âáï à¥«ïæ¨®−−®©
¡�§®© ¤�−−ëå, � ¥¥ ¯à®á¬®âà ¨ �−�«¨â¨ç¥áª�ï ®¡à�¡®âª� ®áãé¥áâ¢«ïîâáï ¢ ƒˆ‘.
‚ ª�ç¥áâ¢¥ ¨áâ®ç−¨ª®¢ ¨áå®¤−ëå ¤�−−ëå ¨á¯®«ì§ãîâáï á−¨¬ª¨ á à�§«¨ç−ëå
á¯ãâ−¨ª®¢, � â�ª¦¥ ª®¬¯®§¨â−ë¥ ¨§®¡à�¦¥−¨ï −� ®á−®¢¥ ¨−äà�ªà�á−®£® ¨ ªà�á-
−®£® ª�−�«®¢ á¯ãâ−¨ª� úŒ¥â¥®à-Œû §� ¯¥à¨®¤ á 2019 ¯® 2024 ££. ‘®¢®ªã¯−ë©
®¡ê¥¬ �àå¨¢−ëå ¤�−−ëå ¯à¥¢ëè�¥â 4 ’�.

�à£�−¨§�æ¨ï ¡�§ë ¤�−−ëå à¥�«¨§®¢�−� ¢ ¢¨¤¥ ª«�áâ¥à−®© áâàãªâãàë, £¤¥
ª�¦¤ë© í«¥¬¥−â á®®â¢¥âáâ¢ã¥â ®â¤¥«ì−®¬ã áã¡ê¥ªâã ÷®áá¨©áª®© ”¥¤¥à�æ¨¨.
‹®£¨ç¥áª�ï áâàãªâãà� ¡�§ë ¤�−−ëå á®áâ®¨â ¨§ −¥áª®«ìª¨å ¢§�¨¬®á¢ï§�−−ëå ¬®-
¤ã«¥© [18]. Œ®¤ã«ì ú�âà¨¡ãâ¨¢−�ï ¨−ä®à¬�æ¨ï ® ¯®«ïåû �ªªã¬ã«¨àã¥â ãá«®¢-
−®-¯®áâ®ï−−ë¥ ¤�−−ë¥, ¢ª«îç�ï ª«�áá¨ä¨ª�â®à á¥«ìáª®å®§ï©áâ¢¥−−ëå ªã«ìâãà.
Œ®¤ã«ì úˆ−ä®à¬�æ¨ï ® ¢¥£¥â�æ¨®−−ëå ¨−¤¥ªá�åû ¯à¥¤−�§−�ç¥− ¤«ï åà�−¥-
−¨ï ¥¦¥−¥¤¥«ì−ëå ª®¬¯®§¨â−ëå §−�ç¥−¨© ¨−¤¥ªá®¢, ¢ëç¨á«¥−−ëå ¯® à�§«¨ç−ë¬
�«£®à¨â¬�¬. –¥−âà�«ì−ë¬ á¢ï§ãîé¨¬ §¢¥−®¬ ¢ëáâã¯�¥â ¬®¤ã«ì úƒ¥®¨−ä®à¬�-
æ¨ïû, á®¤¥à¦�é¨© ¯à®áâà�−áâ¢¥−−ë¥ ¤�−−ë¥ ® £à�−¨æ�å ¯®«¥©, ¨å ¯«®é�¤¨,
�£à®å¨¬¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª�å, ¯®ª�§�â¥«ïå ãà®¦�©−®áâ¨ ¨ ¨−®© �£à®−®¬¨-
ç¥áª®© ¨−ä®à¬�æ¨¨. �� â¥ªãé¨© ¬®¬¥−â ¢ ¡�§ã ¤�−−ëå §�£àã¦¥−ë á¢¥¤¥−¨ï
® á¥¢®®¡®à®â¥ ¯à¨¬¥à−® 3 âëá. ¯®«¥© ®¡é¥© ¯«®é�¤ìî á¢ëè¥ 300 âëá. £�, çâ®
íª¢¨¢�«¥−â−® ¡®«¥¥ ç¥¬ 40 ¬«− ¯¨ªá¥«¥© á¯ãâ−¨ª®¢ëå á−¨¬ª®¢.

„®¯®«−¨â¥«ì−® ¡ë« à�§à�¡®â�− ¬®¤ã«ì §�£àã§ª¨ ¤�−−ëå, ®á−�é¥−−ë© £à�ä¨-
ç¥áª¨¬ ¨−â¥àä¥©á®¬, ª®â®àë© �¢â®¬�â¨ç¥áª¨ ¨§¢«¥ª�¥â ¨¤¥−â¨ä¨ª�â®àë ¯®«¥©
¨§ ä�©«®¢ ¤«ï ª®àà¥ªâ−®© §�£àã§ª¨ ¢ ¡�§ã ¤�−−ëå. …£® äã−ªæ¨®−�« ¢ª«îç�¥â
¯à¥¤¢�à¨â¥«ì−ãî ¯à®¢¥àªã ¤�−−ëå ¨ ¯�ª¥â−ãî ®¡à�¡®âªã, çâ® ¯®¢ëè�¥â áª®à®áâì
¨ −�¤¥¦−®áâì −�¯®«−¥−¨ï ¡�§ë.

�àå¨â¥ªâãà� ƒˆ‘ ¯®áâà®¥−� ¯® âà¥å§¢¥−−®© ¬®¤¥«¨ á ¯à¨¬¥−¥−¨¥¬ ¬¨ªà®-
á¥à¢¨á−®£® ¯®¤å®¤�. ‘¨áâ¥¬� ¨−â¥£à¨àã¥â ¡�§ã ¤�−−ëå −� PostgreSQL á à�á-
è¨à¥−¨¥¬ PostGIS ¤«ï à�¡®âë á ¯à®áâà�−áâ¢¥−−ë¬¨ ¤�−−ë¬¨, ¡íª¥−¤-á¥à¢¥à −�
Python á ¨á¯®«ì§®¢�−¨¥¬ äà¥©¬¢®àª� GeoDjango ¨ ¯®«−®áâìî ¯¥à¥à�¡®â�−−®¥
äà®−â¥−¤-¯à¨«®¦¥−¨¥ −� Vue.js 3 á ¡¨¡«¨®â¥ª®© OpenLayers. „®¯®«−¨â¥«ì-
−® ¢ á¨áâ¥¬ã ¢−¥¤à¥− á¥à¢¨á GeoServer, ¯à¥¤−�§−�ç¥−−ë© ¤«ï íää¥ªâ¨¢−®©
¯ã¡«¨ª�æ¨¨ â�©«®¢ á¯ãâ−¨ª®¢ëå á−¨¬ª®¢, çâ® ®¡¥á¯¥ç¨¢�¥â ¢ëá®ªãî ¯à®¨§-
¢®¤¨â¥«ì−®áâì ¯à¨ à�¡®â¥ á à�áâà®¢ë¬¨ ¤�−−ë¬¨. ‚á¥ ª®¬¯®−¥−âë á¨áâ¥¬ë
ª®−â¥©−¥à¨§¨à®¢�−ë á ¯®¬®éìî â¥å−®«®£¨¨ Docker, çâ® £�à�−â¨àã¥â ¨å ¨§®«¨-
à®¢�−−®áâì, ¬�áèâ�¡¨àã¥¬®áâì ¨ ã¯à®é�¥â ¯à®æ¥áá à�§¢¥àâë¢�−¨ï ¢ à�§«¨ç−ëå
áà¥¤�å.

ƒ¥®¨−ä®à¬�æ¨®−−�ï á¨áâ¥¬� ¯à¥¤®áâ�¢«ï¥â ¯®«ì§®¢�â¥«ï¬ äã−ªæ¨®−�« ¤«ï
¯à®á¬®âà� ª�àâ®£à�ä¨ç¥áª¨å ¬�â¥à¨�«®¢, à¥¤�ªâ¨à®¢�−¨ï £à�−¨æ ¯®«¥©, íªá-
¯®àâ� ¤�−−ëå á ¢®§¬®¦−®áâìî ¯à¥¤¢�à¨â¥«ì−®© ä¨«ìâà�æ¨¨, ¯®áâà®¥−¨ï £à�-
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ä¨ª®¢ ¢à¥¬¥−− �ëå àï¤®¢ ¢¥£¥â�æ¨®−−ëå ¨−¤¥ªá®¢ ¨ ¢¨§ã�«¨§�æ¨¨ à¥§ã«ìâ�â®¢
¯®¯¨ªá¥«ì−®© ª«�áá¨ä¨ª�æ¨¨ ¯�å®â−ëå §¥¬¥«ì. „®áâã¯ ª äã−ªæ¨®−�«ì−ë¬
¢®§¬®¦−®áâï¬ á¨áâ¥¬ë à�§£à�−¨ç¥− ¢ á®®â¢¥âáâ¢¨¨ á ãà®¢−¥¬ ¯à¨¢¨«¥£¨© à�§-
«¨ç−ëå ª�â¥£®à¨© ¯®«ì§®¢�â¥«¥© | ®â á¥«ìáª®å®§ï©áâ¢¥−−ëå ¯à®¨§¢®¤¨â¥«¥© ¤®
á¯¥æ¨�«¨áâ®¢, ®¡«�¤�îé¨å à�áè¨à¥−−ë¬¨ ¯à�¢�¬¨.

3 Результаты

�¡é�ï â®ç−®áâì ª«�áá¨ä¨ª�æ¨¨ ¯�å®â−ëå §¥¬¥«ì ¢ 2024 £. −� ¯®«ïå ‚ï§¥¬-
áª®£®, �¨ª¨−áª®£® à�©®−®¢ ¨ à�©®−� ¨¬. ‹�§® ®ª�§�«�áì à�¢−®© 87%. ‡−�ç¥−¨ï
¬¥âà¨ª¨ F1 ¤«ï à�§−ëå â¨¯®¢ à�áâ¨â¥«ì−®áâ¨ á®áâ�¢¨«¨: á®ï | 0,93; §¥à−®¢ë¥ |
0,87; ¬−®£®«¥â−¨¥ âà�¢ë | 0,61; §�«¥¦ì | 0,85. „«ï ®æ¥−ª¨ ãáâ®©ç¨¢®áâ¨
à�§à�¡®â�−−®£® ª«�áá¨ä¨ª�â®à� ¡ë«� ¯à®¢¥¤¥−� âà¥åªà�â−�ï ªà®áá-¢�«¨¤�æ¨ï
(â�¡«. 1). „«ï ª�¦¤®© ¨§ âà¥å ¨â¥à�æ¨© â®ç−®áâì −�å®¤¨«�áì −� ãà®¢−¥ 87%{88%
(®âáãâáâ¢¨¥ ¢�à¨�æ¨¨ ¬¥¦¤ã ¨â¥à�æ¨ï¬¨ ¯®ª�§ë¢�¥â −�¤¥¦−®áâì ª«�áá¨ä¨ª�â®-
à�), §−�ç¥−¨¥ F1-¬¥âà¨ª¨ ¬¥−ï«®áì ®â 0,77 ¤® 0,83.

„®¯®«−¨â¥«ì−® −� ¯à¨¬¥à¥ �¨ª¨−áª®£® à�©®−� ¯à®¢®¤¨«�áì íªá¯¥àâ−�ï ¢¥-
à¨ä¨ª�æ¨ï ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢. ��®«ìè�ï ç�áâì ®è¨¡®ª ª«�áá¨ä¨ª�æ¨¨
¡ë«� á¢ï§�−� á ®â−¥á¥−¨¥¬ ¯®«¥© á ¬−®£®«¥â−¨¬¨ âà�¢�¬¨ ª −¥¨á¯®«ì§ã¥¬ë¬
§¥¬«ï¬. ‚ ®¡é¥¬, −¥á®®â¢¥âáâ¢¨¥ à¥§ã«ìâ�â®¢ ª«�áá¨ä¨ª�æ¨¨ ä�ªâ¨ç¥áª®¬ã
â¨¯ã à�áâ¨â¥«ì−®áâ¨ ¡ë«® ¢ëï¢«¥−® −� 3 ¨§ 410 ¯®«¥©, çâ® á®áâ�¢«ï¥â 10,5% ®â
®¡é¥£® ç¨á«� ¨ á®®â¢¥âáâ¢ã¥â ªà®áá-¢�«¨¤�æ¨®−−®© OA. „«ï ª�¦¤®£® ¯®«ï ¡ë«¨
áä®à¬¨à®¢�−ë ªà¨¢ë¥ á¥§®−−®£® å®¤� NDVI, ¤«ï ª�¦¤®£® ª«�áá� à�ááç¨â�−ë
áà¥¤−¨¥ §−�ç¥−¨ï á¥§®−−ëå ¢à¥¬¥−− �ëå àï¤®¢ NDVI.

�� à¨á. 1 ¯à¥¤áâ�¢«¥−ë ªà¨¢ë¥ á¥§®−−®© ¤¨−�¬¨ª¨ áà¥¤−¨å §−�ç¥−¨© ¨−¤¥ªá�
NDVI ¢ 2024 £., ®âà�¦�îé¨¥ ä¥−®«®£¨ç¥áª¨¥ ®á®¡¥−−®áâ¨ ®á−®¢−ëå á¥«ìáª®-
å®§ï©áâ¢¥−−ëå ªã«ìâãà •�¡�à®¢áª®£® ªà�ï: á®¨, §¥à−®¢ëå, ¬−®£®«¥â−¨å âà�¢,
� â�ª¦¥ §�«¥¦−ëå §¥¬¥«ì.

Š�ª ¢¨¤−® ¨§ à¨á. 1, −�¨¡®«¥¥ ¡ëáâàë© à®áâ NDVI ¢ ¬�¥{¨î−¥ ¤«ï ¢á¥å 4-å
ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨ å�à�ªâ¥à¥− ¤«ï á�¬ëå î¦−ëå (�¨ª¨−áª®£® ¨ ‚ï§¥¬áª®£®)
à�©®−®¢. „«ï á¥«ìáª®å®§ï©áâ¢¥−−ëå ªã«ìâãà íâ® á¢ï§�−®, ¢ â®¬ ç¨á«¥, ¨ á ¡®«¥¥
à�−−¨¬¨ áà®ª�¬¨ ¯®á¥¢� ¢ áà�¢−¥−¨¨ á •�¡�à®¢áª¨¬ à�©®−®¬ (á¬. à¨á. 1, ¡ ¨ 1, ¢).

’�¡«¨æ� 1 ÷¥§ã«ìâ�âë ªà®áá-
¢�«¨¤�æ¨¨ �«£®à¨â¬� ª«�áá¨ä¨-
ª�æ¨¨ ¯�å®â−ëå §¥¬¥«ì

ˆâ¥à�æ¨ï ��, % F1
1 87,2 0,77
2 87,4 0,79
3 88,2 0,83
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÷¨á. 1 ‘¥§®−−ë© å®¤ NDVI ¤«ï à�§−ëå ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨ î¦−®© ç�áâ¨ •�¡�-
à®¢áª®£® ªà�ï ¯® ¤�−−ë¬ úŒ¥â¥®à-Œû ü 2: (a) §�«¥¦ì, (¡) §¥à−®¢ë¥, (¢) ¬−®£®«¥â−¨¥
âà�¢ë, (£) á®ï; 1 | �¨ª¨−áª¨© à�©®−; 2 | ‚ï§¥¬áª¨© à�©®−; 3 | à�©®− ¨¬. ‹�§®; 4 |
•�¡�à®¢áª¨© à�©®−; á¯«®è−ë¥ ªà¨¢ë¥ | áà¥¤−¥¥; èâà¨å®¢ë¥ ªà¨¢ë¥ | áâ�−¤�àâ−®¥
®âª«®−¥−¨¥

Šà¨¢ë¥ á¥§®−−®£® å®¤� NDVI ¨¬¥«¨ å�à�ªâ¥à−ë© ¢¨¤ ¤«ï ª�¦¤®£® ª«�áá�. „«ï
á®¨ §−�ç¥−¨ï ¢à¥¬¥−−�®£® àï¤� NDVI ¯«�¢−® −�à�áâ�«¨ á ¬�ï ¯® �¢£ãáâ, ¬�ªá¨¬ã¬
¢¥£¥â�æ¨¨ á®®â¢¥âáâ¢®¢�« 219{240 ª�«¥−¤�à−ë¬ ¤−ï¬, −�ç¨−�ï á ª®−æ� á¥−âï¡àï
−�¡«î¤�«®áì à¥§ª®¥ á−¨¦¥−¨¥ ¢¥«¨ç¨−ë NDVI (á¬. à¨á. 1, £). Œ−®£®«¥â−¨¥ âà�¢ë
å�à�ªâ¥à¨§®¢�«¨áì ¤®¢®«ì−® ¡ëáâàë¬ à®áâ®¬ NDVI ¨ ¤®áâ¨¦¥−¨¥¬ ¬�ªá¨¬ã¬�
NDVI ¢ ¨î−¥{¨î«¥ (á¬. à¨á. 1, ¢). �� ¯®«ïå á §¥à−®¢ë¬¨ ªã«ìâãà�¬¨ ¢á«¥¤áâ¢¨¥
à�−−¥£® á¥¢� â�ª¦¥ −�¡«î¤�«áï ¡ëáâàë© à®áâ §−�ç¥−¨© NDVI, ¯à¨ íâ®¬ ¬�ªá¨¬ã¬
NDVI −�¡«î¤�«áï ¢ ¨î«¥, ¯®á«¥ ã¡®àª¨ ¢ ª®−æ¥ ¨î«ï §−�ç¥−¨ï NDVI á−¨¦�«¨áì
¤®áâ�â®ç−® ¯«�¢−®, çâ® ®¡ãá«®¢«¥−® ¯à�ªâ¨ª®© ¯®¤á¥¢� ¬−®£®«¥â−¨å âà�¢ −�
¯®«ï á §¥à−®¢ë¬¨ ªã«ìâãà�¬¨ (á¬. à¨á. 1, ¡). „«ï §�«¥¦¨ −�¡«î¤�«áï §�âï¦−®©
¬�ªá¨¬ã¬, ¢¨§ã�«ì−® à�§«¨ç¨ï ¬¥¦¤ã ªà¨¢ë¬¨ á¥§®−−®£® å®¤� NDVI ¤«ï à�§−ëå
à�©®−®¢ −¥ ¡ë«¨ ïàª® ¢ëà�¦¥−ë (á¬. à¨á. 1, �).
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÷¨á. 2 ’¥¯«®¢ë¥ ª�àâë à�á¯à¥¤¥«¥−¨ï NDVI ¤«ï à�§−ëå ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨
((�) §�«¥¦ì; (¡) §¥à−®¢ë¥; (¢) ¬−®£®«¥â−¨¥ âà�¢ë; (£) á®ï) −� ¯®«ïå ¬ã−¨æ¨¯�«ì−ëå
à�©®−®¢ •�¡�à®¢áª®£® ªà�ï ¢ 2024 £.: ¯¥à¢�ï ª®«®−ª� | �¨ª¨−áª¨© à�©®−; ¢â®à�ï
ª®«®−ª� | ‚ï§¥¬áª¨© à�©®−; âà¥âìï ª®«®−ª� | à�©®− ¨¬. ‹�§®; ¯®á«¥¤−ïï ª®«®−ª� |
•�¡�à®¢áª¨© à�©®−
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’¥¯«®¢ë¥ ª�àâë, ¯à¥¤áâ�¢«¥−−ë¥ −� à¨á. 2, ¯®ª�§�«¨, çâ® ¤«ï §¥à−®¢ëå ªã«ì-
âãà ¢ •�¡�à®¢áª®¬, ‚ï§¥¬áª®¬ ¨ à�©®−¥ ¨¬. ‹�§® §−�ç¥−¨ï ¬�ªá¨¬ã¬� NDVI
¤¥©áâ¢¨â¥«ì−® ®ª�§�«¨áì ç¨á«¥−−® −¨¦¥, ç¥¬ ¢ �¨ª¨−áª®¬ à�©®−¥, ¨ à�á¯à¥¤¥-
«¥−ë −� ¢à¥¬¥−−�®© ®á¨ ¢ ¡®«ìè¥¬ ¨−â¥à¢�«¥.

„«ï ®áâ�«ì−ëå ªã«ìâãà ¨ −¥¨á¯®«ì§ã¥¬ëå §¥¬¥«ì â¥¯«®¢�ï ª�àâ� �¨ª¨−áª®£®
à�©®−� â�ª¦¥ ¡ë«� ¡®«¥¥ ïàª®© ¢ áà�¢−¥−¨¨ á â¥¯«®¢ë¬¨ ª�àâ�¬¨ ¯à®ç¨å
â¥àà¨â®à¨©. ÷�á¯à¥¤¥«¥−¨ï DOYNDVImax ¤«ï á®¨, ¬−®£®«¥â−¨å âà�¢ ¨ §�«¥¦¨ ¢®
¢á¥å ç¥âëà¥å à�©®−�å ¨¬¥«¨ áå®¦¨© å�à�ªâ¥à.

‚ â�¡«. 2 ¯à¥¤áâ�¢«¥−ë ®á−®¢−ë¥ ¯®ª�§�â¥«¨, ª®â®àë¥ å�à�ªâ¥à¨§ãîâ á¥-
§®−−ë¥ àï¤ë §−�ç¥−¨© NDVI ¤«ï à�§−ëå à�©®−®¢ ¨ ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨.
‚ áà¥¤−¥¬ ¬�ªá¨¬�«ì−ë¥ §−�ç¥−¨ï NDVI ¤«ï à�§−ëå ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨
−�å®¤¨«¨áì ¢ ¤¨�¯�§®−¥ ®â 0,79 ¤® 0,85. „¥−ì −�áâã¯«¥−¨ï ¬�ªá¨¬ã¬� NDVI ¤«ï
§¥à−®¢ëå ¨ §�«¥¦¨ á®®â¢¥âáâ¢®¢�« ¨−â¥à¢�«�¬ 193{197 ¨ 196{200 ª�«¥−¤�à−ëå
¤−¥© á®®â¢¥âáâ¢¥−−®. Œ�ªá¨¬ã¬ NDVI ¤«ï á®¨ ¤®áâ¨£�«áï áãé¥áâ¢¥−−® ¯®§¦¥ |
¢ ¯¥à¨®¤ á 223-£® ¯® 232-© ª�«¥−¤�à−ë© ¤¥−ì á −�ç�«� £®¤�.

�à®¢¥¤¥−−ë© ¤¢ãåä�ªâ®à−ë© ¤¨á¯¥àá¨®−−ë© �−�«¨§ ¢ëï¢¨«, çâ® §−�ç¥−¨ï
NDVImax ¨ DOYNDVImax §−�ç¨¬® à�§«¨ç�«¨áì ¤«ï à�§−ëå à�©®−®¢ ¨ ª«�áá®¢
à�áâ¨â¥«ì−®áâ¨ (p < 0,001).

’�¡«¨æ� 2 �á−®¢−ë¥ å�à�ªâ¥à¨áâ¨ª¨ á¥§®−−ëå ¢à¥¬¥−−ëå
àï¤®¢ NDVI ¯�å®â−ëå §¥¬¥«ì ¢ ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨ïå
•�¡�à®¢áª®£® ªà�ï (¯® ¤�−−ë¬ á¯ãâ−¨ª� úŒ¥â¥®à-Œû, 2024 £.)

Œã−¨æ¨¯�«ì−ë© à�©®− NDVImax ± σ DOYNDVImax ± σ
‡�«¥¦ì

�¨ª¨−áª¨© à�©®− 0,85± 0,02 196,0± 7,7
‚ï§¥¬áª¨© à�©®− 0,84± 0,03 197,2± 8,8
÷�©®− ¨¬. ‹�§® 0,84± 0,03 198,3± 8,1
•�¡�à®¢áª¨© à�©®− 0,82± 0,03 199,6± 9,0

‡¥à−®¢ë¥
�¨ª¨−áª¨© à�©®− 0,85± 0,03 193,2± 6,5
‚ï§¥¬áª¨© à�©®− 0,82± 0,04 194,3± 6,9
÷�©®− ¨¬. ‹�§® 0,82± 0,03 197,1± 6,7
•�¡�à®¢áª¨© à�©®− 0,81± 0,05 194,9± 6,9

Œ−®£®«¥â−¨¥ âà�¢ë
�¨ª¨−áª¨© à�©®− 0, 84± 0,03 192,2± 8,1
‚ï§¥¬áª¨© à�©®− 0, 81± 0,05 199,8± 19,5
÷�©®− ¨¬. ‹�§® 0, 80± 0,05 214,1± 18,7
•�¡�à®¢áª¨© à�©®− 0,79± 0,05 207,3± 22,2

‘®ï
�¨ª¨−áª¨© à�©®− 0,85± 0,03 223,3± 11,2
‚ï§¥¬áª¨© à�©®− 0,85± 0,04 230,1± 13,9
÷�©®− ¨¬. ‹�§® 0,83± 0,04 231,6± 15,6
•�¡�à®¢áª¨© à�©®− 0,80± 0,04 226,3± 16,7
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÷¨á. 3 „¨�£à�¬¬� à�§¬�å� §−�ç¥−¨© NDVImax (�) ¨ DOYNDVImax (¡) ¯® ¤�−−ë¬ á¯ãâ-
−¨ª� úŒ¥â¥®à-Œû −� ¯®«ïå ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨© •�¡�à®¢áª®£® ªà�ï ¢ 2024 £.:
1 | �¨ª¨−áª¨© à�©®−; 2 | ‚ï§¥¬áª¨© à�©®−; 3 | à�©®− ¨¬. ‹�§®; 4 | •�¡�à®¢áª¨©
à�©®−; 5 | áà¥¤−¥¥ §−�ç¥−¨¥

Š�ª á«¥¤ã¥â ¨§ à¨á. 3, ¢�à¨�â¨¢−®áâì ¬�ªá¨¬ã¬� NDVI ¯à¨¬¥à−® ®¤¨−�ª®¢�
¤«ï ®¤−®£® ¨ â®£® ¦¥ ª«�áá� à�áâ¨â¥«ì−®áâ¨, −® ¢ à�§−ëå ¬ã−¨æ¨¯�«ì−ëå à�©®−�å
ªà�ï. ‚¬¥áâ¥ á â¥¬ à�§¡à®á §−�ç¥−¨© NDVI ¤«ï à�§−ëå ¯®«¥© ¬¨−¨¬�«¥−
¢ �¨ª¨−áª®¬ à�©®−¥. ‚�à¨�â¨¢−®áâì DOYNDVImax ¤«ï §�«¥¦¨ ¨ §¥à−®¢ëå
¡ë«� −¥ ®ç¥−ì ¢ëá®ª®© ¨ ¯à¨¬¥à−® à�¢−®© ¢ ç¥âëà¥å à�©®−�å. ‚�à¨�â¨¢−®áâì
DOYNDVImax ¤«ï á®¨ ¨ ¬−®£®«¥â−¨å âà�¢ áãé¥áâ¢¥−−® ¢ëè¥, ¯à¨ íâ®¬ ¢ à�©®−¥
¨¬. ‹�§® ¨ ¢ •�¡�à®¢áª®¬ à�©®−¥ ¢ 1,5{2 à�§� ¢ëè¥, ç¥¬ ¢ �¨ª¨−áª®¬ à�©®−¥.
‚ëá®ª�ï ¢�à¨�¡¥«ì−®áâì ¤−ï −�áâã¯«¥−¨ï ¬�ªá¨¬ã¬� ã ¬−®£®«¥â−¨å âà�¢ ¨ á®¨
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’�¡«¨æ� 3 �«®é�¤ì ¯�å®â−ëå §¥¬¥«ì ¢ ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨ïå •�¡�à®¢-
áª®£® ªà�ï ¯®¤ ¨¤¥−â¨ä¨æ¨à®¢�−−ë¬¨ ª«�áá�¬¨ à�áâ¨â¥«ì−®áâ¨ (¯® ¤�−−ë¬ á¯ãâ−¨ª�
úŒ¥â¥®à-Œû, 2024 £.), £�

Š«�áá
à�áâ¨â¥«ì−®áâ¨

�¨ª¨−áª¨©
à�©®−

‚ï§¥¬áª¨©
à�©®−

÷�©®−
¨¬. ‹�§®

•�¡�à®¢áª¨©
à�©®−

(®¡ãç�îé�ï
¢ë¡®àª�)

ˆâ®£®

‡�«¥¦ì 6 608 10 478 4 126 14 384 35 597
‡¥à−®¢ë¥ 1 282 1 473 900 3 801 7 457

Œ−®£®«¥â−¨¥ âà�¢ë 109 622 507 2 024 3 263
‘®ï 2 172 10 222 15 878 15 183 43 456

ˆâ®£® 10 173 22 796 21 411 35 392 90 939

ãª�§ë¢�¥â −� −¥®¡å®¤¨¬®áâì ¤¨ää¥à¥−æ¨à®¢�−−®£® ¯®¤å®¤� ª ¨å ª«�áá¨ä¨ª�æ¨¨
á ãç¥â®¬ á¯¥æ¨ä¨ª¨ á®àâ� ¨ ¨á¯®«ì§ã¥¬ëå �£à®â¥å−®«®£¨©.

÷�§«¨ç¨ï ¢à¥¬¥−− �ëå àï¤®¢ NDVI, ¯®«ãç¥−−ëå ¯® á−¨¬ª�¬ úŒ¥â¥®à-Œû ¤«ï
à�§−ëå à�©®−®¢, ®¡ãá«®¢¨«¨ ¢®§¬®¦−®áâì ¯à®¢¥¤¥−¨ï ¯®¯¨ªá¥«ì−®© ª«�áá¨ä¨-
ª�æ¨¨ −� ®á−®¢¥ ¬¥â®¤®¢ ¬�è¨−−®£® ®¡ãç¥−¨ï. �ë«® ¯à®¢¥¤¥−® ¯®¯¨ªá¥«ì−®¥
®¯à¥¤¥«¥−¨¥ ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨ ¢ £à�−¨æ�å ¯®«¥© (á â®ç−ë¬ á®®â¢¥âáâ¢¨¥¬
ª®−âãà�¬ …”ˆ‘), ãâ®ç−¥−ë ¯«®é�¤¨ ¯®á¥¢®¢ ¨ á£¥−¥à¨à®¢�−ë â¥¬�â¨ç¥áª¨¥
ª�àâë. �¡é�ï ¯«®é�¤ì ¨¤¥−â¨ä¨æ¨à®¢�−−ëå ª«�áá®¢ ¢ £à�−¨æ�å ¯�å®â−ëå
§¥¬¥«ì ¯® ¬ã−¨æ¨¯�«ì−ë¬ ®¡à�§®¢�−¨ï¬ ¯à¥¤áâ�¢«¥−� ¢ â�¡«. 3.

Š�ª ¢¨¤−® ¨§ â�¡«. 3, ¢ æ¥«®¬ ¢ î¦−ëå à�©®−�å •�¡�à®¢áª®£® ªà�ï ¯«®é�¤ì
§�«¥¦¨ ¢ 2024 £. ¯à¥¢ëè�«� 35 000 £�, çâ® á®áâ�¢«ï«® ¡®«¥¥ 30% ®â ¯�å®â−ëå
§¥¬¥«ì, §�−¥á¥−−ëå ¢ …”ˆ‘ ‡‘�. „®«ï á®¨ ¡ë«� çãâì ¬¥−ìè¥ 50%. �â¬¥â¨¬,
çâ® ¨¤¥−â¨ä¨æ¨à®¢�«¨áì â®«ìª® ®á−®¢−ë¥ ª«�ááë à�áâ¨â¥«ì−®áâ¨, −� ç�áâ¨ ¯®«¥©
ªã«ìâ¨¢¨à®¢�«¨áì ®¢®é¨, ªãªãàã§� ¨ â. ¤. �¤−�ª® ¤®«ï íâ¨å ªã«ìâãà ¡ë«�

÷¨á. 4 Š�àâë ¯�å®â−ëå §¥¬¥«ì î¦−ëå à�©®−®¢ •�¡�à®¢áª®£® ªà�ï, ¯®áâà®¥−−ë¥ ¯®
¤�−−ë¬ á¯ãâ−¨ª� úŒ¥â¥®à-Œû ¢ 2024 £. (á¨−¨¬ æ¢¥â®¬ ®¡®§−�ç¥−� á®ï; ªà�á−ë¬ |
§¥à−®¢ë¥; §¥«¥−ë¬ | ¬−®£®«¥â−¨¥ âà�¢ë; ç¥à−ë¬ | §�«¥¦ì): (�) �¨ª¨−áª¨© à�©®−,
(¡) ‚ï§¥¬áª¨© à�©®−, (¢) à�©®− ¨¬. ‹�§®
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Š�àâ®£à�ä¨à®¢�−¨¥ ¯�å®â−ëå §¥¬¥«ì ¬ã−¨æ¨¯�«ì−ëå ®¡à�§®¢�−¨© •�¡�à®¢áª®£® ªà�ï

¤®áâ�â®ç−® −¨§ª®©. �� à¨á. 4 ¯à¥¤áâ�¢«¥−ë ª�àâë ¯�å®â−ëå §¥¬¥«ì �¨ª¨−áª®£®,
‚ï§¥¬áª®£® ¨ à�©®−� ¨¬. ‹�§®, ¯®áâà®¥−−ë¥ ¯® à¥§ã«ìâ�â�¬ �−�«¨§� á¯ãâ−¨ª®¢ëå
¨§®¡à�¦¥−¨© úŒ¥â¥®à-Œû ¢ 2024 £.

4 Заключение

‚ å®¤¥ ¯à®¢¥¤¥−−®£® ¨áá«¥¤®¢�−¨ï ¡ë«® ãáâ�−®¢«¥−®, çâ® á¥§®−−ë¥ àï¤ë
NDVI, ¯®«ãç¥−−ë¥ ¯® ¤�−−ë¬ á¯ãâ−¨ª� úŒ¥â¥®à-Œû, ¤«ï ¯�å®â−ëå §¥¬¥«ì
î¦−ëå à�©®−®¢ •�¡�à®¢áª®£® ªà�ï ¢ 2024 £. ¤«ï ®¤−¨å ¨ â¥å ¦¥ ª«�áá®¢ à�áâ¨-
â¥«ì−®áâ¨ ¢ à�§−ëå à�©®−�å ¨¬¥îâ áå®¦¨© ¢¨¤, ¯à¨ íâ®¬ ç¨á«¥−−ë¥ §−�ç¥−¨ï
NDVImax ¨ DOYNDVImax §�¬¥â−® à�§«¨ç�îâáï ¤«ï à�§−ëå ª«�áá®¢. �� ®á−®¢¥
¢�«¨¤¨à®¢�−−ëå ¤�−−ëå ® á¥¢®®¡®à®â¥ ¢ •�¡�à®¢áª®¬ à�©®−¥ ¡ë«� ¯à®¢¥¤¥-
−� ª«�áá¨ä¨ª�æ¨ï ¨ ¯®áâà®¥−ë ª�àâë ¯�å®â−ëå §¥¬¥«ì âà¥å î¦−ëå à�©®−®¢
•�¡�à®¢áª®£® ªà�ï. ‘à¥¤−ïï â®ç−®áâì ¬¥â®¤� ¯® à¥§ã«ìâ�â�¬ âà¥åªà�â−®© ªà®áá-
¢�«¨¤�æ¨¨ ®ª�§�«�áì à�¢−®© 87,6%, §−�ç¥−¨¥ F1-¬¥âà¨ª¨ | 0,80. „«ï à�§−ëå
ª«�áá®¢ à�áâ¨â¥«ì−®áâ¨ §−�ç¥−¨¥ F1 ¬¥−ï«®áì ®â 0,61 ¤® 0,93. �ë«® ãáâ�−®¢«¥−®,
çâ® ¤®«ï §�«¥¦¨ ®â ®¡é¥© ¯«®é�¤¨ ¯�å®â−ëå §¥¬¥«ì ¯à¥¢ëá¨«� 30%, � ¯®á¥¢ë á®¨
¢ 2024 £. á®áâ�¢¨«¨ 48% ¤«ï î¦−ëå à�©®−®¢ •�¡�à®¢áª®£® ªà�ï. �®«ãç¥−−ë¥
¤�−−ë¥ ¢−¥á¥−ë ¢ ¨−ä®à¬�æ¨®−−ãî á¨áâ¥¬ã.
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MAPPING OF KHABAROVSK KRAI ARABLE LANDS
USING METEOR-M NO. 2 SATELLITE DATA
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Abstract: The article considers the possibility of using weekly composite images
from the Meteor-M No.2 satellite to classify arable lands in Khabarovsk Krai. For
four vegetation classes (soybeans, grain crops, perennial grasses, and fallow land),
average Normalized Difference Vegetation Index (NDVI) seasonal variation series
were constructed for municipal districts in the south of Khabarovsk Krai in 2024
and the main characteristics | the NDVI maximum values and the day of the
maximum | were calculated. Statistically significant differences in the indicators
for the average NDVI time series for different vegetation classes were revealed
(p < 0.0001). Using validated data from Khabarovsk KRAI, a classification of
arable lands in the Bikinsky, Vyazemsky, and Lazovsky Districts was conducted
using machine learning (the Random Forest algorithm). The average accuracy
of the method based on the results of three-fold cross-validation was equal to
87.6%. For different vegetation classes, the F1 metric value ranged from 0.61
to 0.93. Arable land maps were created for the southern regions of Khabarovsk
Krai. It was found that fallow land accounts for over 30% of the region's total
arable land area, while soybean crops accounted for 48% in 2024. The mapping
results were entered into the developed geographic information system.
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СОВРЕМЕННЫЕ МЕТОДЫ ИЗВЛЕЧЕНИЯ
ГЕОГРАФИЧЕСКОГО ЗНАНИЯ ИЗ БОЛЬШИХ МАССИВОВ

ПРОСТРАНСТВЕННЫХ ДАННЫХ

Д. А. Никишин1

�−−®â�æ¨ï: ÷�áá¬®âà¥−ë ®á−®¢−ë¥ ª®−æ¥¯æ¨¨ ¯à¥¤áâ�¢«¥−¨ï ¯à®áâà�−áâ¢¥−-
−ëå ¤�−−ëå ¨ àï¤ á®¢à¥¬¥−−ëå ¬¥â®¤®¢ �−�«¨§� ¨ ¨§¢«¥ç¥−¨ï £¥®£à�ä¨ç¥-
áª¨å §−�−¨© ¨§ ¡�§ £¥®£à�ä¨ç¥áª¨å ¤�−−ëå, ¢ª«îç�ï á®¢à¥¬¥−−ë¥ â¥−¤¥−æ¨¨
à�§¢¨â¨ï £¥®£à�ä¨ç¥áª®£® ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� (ˆˆ). �®¨áª §−�−¨©
¢ ¡�§�å £¥®£à�ä¨ç¥áª¨å ¤�−−ëå | −¥âà¨¢¨�«ì−ë© ¯à®æ¥áá, ª®â®àë© âà¥¡ã¥â
¯®−¨¬�−¨ï äã−¤�¬¥−â�«ì−ëå £¥®£à�ä¨ç¥áª¨å ª®−æ¥¯æ¨©, ãç¥â� ®á®¡¥−−®áâ¥©
¯à®áâà�−áâ¢¥−−®£® ¨«¨ ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−−®£® ¯à¥¤áâ�¢«¥−¨ï £¥®®¡ê¥ª-
â®¢ ¨ á®¯àï¦¥−−ëå á íâ¨¬ á¯¥æ¨�«¨§¨à®¢�−−ëå �«£®à¨â¬®¢ ¨ ª®â®àë© á«®¦−®
à¥�«¨§®¢�âì á ¯®¬®éìî ¯àï¬®£® ¯¥à¥−®á� âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ ¨−â¥««¥ª-
âã�«ì−®£® �−�«¨§� ¤�−−ëå. ƒ¥®£à�ä¨ç¥áª¨© ˆˆ (Geographical Artificial
Intelligence, GeoAI) ¯à¥¤áâ�¢«ï¥âáï ¯¥àá¯¥ªâ¨¢−®© â¥å−®«®£¨¥© ¨−â¥««¥ªâã-
�«ì−®© ®¡à�¡®âª¨ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¤«ï à¥è¥−¨ï à�§«¨ç−ëå §�¤�ç
(â�ª¨å ª�ª ª«�áâ¥à¨§�æ¨ï, ª«�áá¨ä¨ª�æ¨ï, á¥£¬¥−â�æ¨ï, ¨−â¥à¯®«ïæ¨ï ¨ ¤à.),
®á®¡¥−−® ¢ ª®−â¥ªáâ¥ �−�«¨§� ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−−ëå §�ª®−®¬¥à−®áâ¥©.
�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¤®«¦−ë ¯®á«ã¦¨âì ®â¯à�¢−®© â®çª®© ¯à¨ à�§à�¡®âª¥
−®¢ëå ¯®¤å®¤®¢ ª ¨§¢«¥ç¥−¨î £¥®£à�ä¨ç¥áª®£® §−�−¨ï.

Š«îç¥¢ë¥ á«®¢�: £¥®¤�−−ë¥; ¡�§ë £¥®£à�ä¨ç¥áª¨å ¤�−−ëå; ¬¥â®¤ë ¨§¢«¥-
ç¥−¨ï £¥®£à�ä¨ç¥áª¨å §−�−¨©; £¥®£à�ä¨ç¥áª¨© ¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâ

DOI: 10.14357/08696527250409 EDN: CWPFNM

1 Введение

�à®£à¥áá ¢ ®¡«�áâ¨ â¥å−®«®£¨© ˆˆ, ¤®áâã¯−®áâì ¢ëá®ª®ª�ç¥áâ¢¥−−ëå ªàã¯-
−®¬�áèâ�¡−ëå £¥®£à�ä¨ç¥áª¨å ¤�−−ëå, � â�ª¦¥ ¤®áâ¨¦¥−¨ï ¢ ®¡«�áâ¨ ¢ëá®-
ª®¯à®¨§¢®¤¨â¥«ì−®© ®¡à�¡®âª¨ íâ¨å ¤�−−ëå ®¡ãá«®¢¨«¨ ¯à¥®¡à�§®¢�−¨ï ¢ àï¤¥
®¡«�áâ¥© [1]. Š −�áâ®ïé¥¬ã ¬®¬¥−âã −�ª®¯«¥−ë ®£à®¬−ë¥ ®¡ê¥¬ë ¯à®áâà�−áâ¢¥−-
−ëå ¨ ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−− �ëå ¤�−−ëå, á®¡à�−−ëå á ¯®¬®éìî à�§«¨ç−ëå
¬¥â®¤®¢, ¢ª«îç�ï á¨áâ¥¬ë £«®¡�«ì−®£® á¯ãâ−¨ª®¢®£® ¯®§¨æ¨®−¨à®¢�−¨ï (â¨-
¯� ƒ‹���‘‘), ¤¨áâ�−æ¨®−−®¥ §®−¤¨à®¢�−¨¥ ‡¥¬«¨, £¥®«®ª�æ¨®−−ë¥ á¥à¢¨áë
¨ −¥ª®â®àë¥ ¤àã£¨¥. �¡à�¡®âª� ¬�áá¨¢®¢ íâ¨å ¤�−−ëå, ®á®¡¥−−® ¢ëá®ª®£® à�§à¥-
è¥−¨ï, ®âªàë¢�¥â è¨à®ª¨¥ ¢®§¬®¦−®áâ¨ ¤«ï ¯®«ãç¥−¨ï −®¢ëå §−�−¨© ¨ «ãçè¥£®
¯®−¨¬�−¨ï á«®¦−ëå £¥®£à�ä¨ç¥áª¨å ï¢«¥−¨© [2].

‚¬¥áâ¥ á â¥¬ ¬−®£¨¥ âà�¤¨æ¨®−−ë¥ ¬¥â®¤ë ¯à®áâà�−áâ¢¥−−®£® �−�«¨§� ¨¬¥îâ
®£à�−¨ç¥−¨ï ®¡à�¡®âª¨ ¤�−−ëå ¢ ãá«®¢¨ïå ¨å ¡®«ìè®£® à�§¬¥à�, ¨å ¢ëá®ª®©

1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, dmnikishin@mail.ru
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à�§¬¥à−®áâ¨ (¯®àï¤ª� á®â¥− ¯¥à¥¬¥−−ëå), ¢−ãâà¥−−¥© á«®¦−®áâ¨ áâàãªâãà ¤�−-
−ëå, −�«¨ç¨ï ï¢−ëå ¨«¨ −¥ï¢−ëå ¯à®áâà�−áâ¢¥−−ëå ®â−®è¥−¨© ¢ áâàãªâãà¥
−�¡®à� ¤�−−ëå, −¥®¤−®à®¤−®áâ¨ ¨áâ®ç−¨ª®¢ ¤�−−ëå ¨ ¤à. Šà®¬¥ â®£®, ¯®ï¢¨«¨áì
−¥ª®â®àë¥ −®¢ë¥ â¨¯ë ¤�−−ëå, −�¯à¨¬¥à âà�¥ªâ®à¨¨ ¤¢¨¦ãé¨åáï ®¡ê¥ªâ®¢1,
¯®«ãç�¥¬ë¥ ®â ãáâà®©áâ¢ á ®¯à¥¤¥«¥−¨¥¬ ¬¥áâ®¯®«®¦¥−¨ï, ¬ã«ìâ¨á¯¥ªâà�«ì−ë¥
¨§®¡à�¦¥−¨ï ¨ â. ¯. ‚á¥ íâ® −� ä®−¥ −®¢ëå ¯®âà¥¡−®áâ¥© á®¢à¥¬¥−−ëå ¯à¨-
«®¦¥−¨© ®¡ãá«®¢«¨¢�¥â ¯®âà¥¡−®áâì ¢ á®§¤�−¨¨ íää¥ªâ¨¢−ëå ¨ ¤¥©áâ¢¥−−ëå
¬¥â®¤®¢ ¨§¢«¥ç¥−¨ï §−�−¨© ¨§ ¯®¤®¡−ëå −�¡®à®¢ (¬�áá¨¢®¢) ¯à®áâà�−áâ¢¥−−ëå
¤�−−ëå [2].

÷�§à�¡®âª� â¥®à¨¨, ¬¥â®¤®«®£¨¨ ¨ ¯à�ªâ¨ª¨ ¨−â¥««¥ªâã�«ì−®£® �−�«¨§�
¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨ ¨§¢«¥ç¥−¨ï £¥®£à�ä¨ç¥áª¨å §−�−¨© ¨§ ¬�áá¨¢−ëå
¨ á«®¦−ëå ¯à®áâà�−áâ¢¥−−ëå ¡�§ ¤�−−ëå ¢ à�§«¨ç−ëå ®¡«�áâïå ¯à¥¢à�â¨«�áì
¢ −�áâ®ïé¥¥ ¢à¥¬ï ¢ �ªâ¨¢−®¥ −�¯à�¢«¥−¨¥ ¨áá«¥¤®¢�−¨© [3, 4].

„�«¥¥ à�áá¬®âà¥−ë ®á−®¢−ë¥ ª®−æ¥¯æ¨¨ ¨ ¬®¤¥«¨ ¯à¥¤áâ�¢«¥−¨ï £¥®£à�-
ä¨ç¥áª¨å ¤�−−ëå ¨ àï¤ áãé¥áâ¢ãîé¨å ¬¥â®¤®¢ �−�«¨§� ¨ ¨§¢«¥ç¥−¨ï ¨§ −¨å
£¥®£à�ä¨ç¥áª¨å §−�−¨©. ’�ª¦¥ ¯à¥¤áâ�¢«¥− ®¡§®à á®¢à¥¬¥−−ëå â¥−¤¥−æ¨© à�§-
¢¨â¨ï £¥®£à�ä¨ç¥áª®£® ˆˆ.

2 Концептуальные модели пространственных данных

Š®−æ¥¯âã�«ì−ë¥ ¬®¤¥«¨ ¯à¨§¢�−ë ®âà�¦�âì ®á−®¢−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ®¡ê-
¥ªâ®¢ ¨ á®¡ëâ¨© ®¯à¥¤¥«¥−−®© ¯à¥¤¬¥â−®© ®¡«�áâ¨ á â®çª¨ §à¥−¨ï ¯®«ì§®¢�â¥«ï
¨ à¥è�¥¬®© §�¤�ç¨. �� ª®−æ¥¯âã�«ì−®¬ ãà®¢−¥ ¬®¦−® ¢ë¤¥«¨âì ¤¢� ®á−®¢−ëå
¯®¤å®¤� ª ¬®¤¥«¨à®¢�−¨î.

‚ ¯¥à¢®¬ á«ãç�¥ ¯à®áâà�−áâ¢¥−−�ï ®¡«�áâì à�áá¬�âà¨¢�¥âáï ª�ª äà�£¬¥−â
−¥¯à¥àë¢−®© ¯®¢¥àå−®áâ¨, ¯à¥¤áâ�¢«ïîé¥© á®¡®© äã−ªæ¨î ¬¥áâ®¯®«®¦¥−¨ï
¢ ¯à®áâà�−áâ¢¥ ¯à®¨§¢®«ì−®© à�§¬¥à−®áâ¨ (¢ ç�áâ−®áâ¨, ¤«ï £¥®£à�ä¨ç¥áª¨å
¯à¨«®¦¥−¨© ¨á¯®«ì§ãîâáï ¤¢ãå- ¨«¨ âà¥å¬¥à−ë¥ ¬®¤¥«¨), ¯à¨ íâ®¬ −� ¯®¢¥àå-
−®áâ¨ ¢¢®¤¨âáï à¥£ã«ïà−�ï ¨«¨ ¨àà¥£ã«ïà−�ï á¥âì (à¨á. 1), ª�¦¤®¬ã ¨§ ã§«®¢

÷¨á. 1 ÷�§−®¢¨¤−®áâ¨ â¥áá¥«ïæ¨¨ (¯® [5]): (�) ïç¥©ª¨ ª¢�¤à�â−®© (¯àï¬®ã£®«ì−®©) á¥â¨;
(¡) ïç¥©ª¨ £¥ªá�£®−�«ì−®© á¥â¨; (¢) ïç¥©ª¨ ¨àà¥£ã«ïà−®© á¥â¨

1�¯¨á�−¨ï âà�¥ªâ®à¨© ¤¢¨¦ãé¨åáï ®¡ê¥ªâ®¢ ¢ª«îç�îâ â�ª¨¥ å�à�ªâ¥à¨áâ¨ª¨, ª�ª áª®à®áâì
¨ ãáª®à¥−¨¥. ‚ëï¢«¥−¨¥ §�ª®−®¬¥à−®áâ¥© ¢ íâ¨å ¤�−−ëå ï¢«ï¥âáï á«®¦−®© §�¤�ç¥© ¨§-§� â¥¬¯®-
à�«ì−®© ¯à¨à®¤ë ¤�−−ëå.
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‘®¢à¥¬¥−−ë¥ ¬¥â®¤ë ¨§¢«¥ç¥−¨ï £¥®£à�ä¨ç¥áª®£® §−�−¨ï ¨§ ¡®«ìè¨å ¬�áá¨¢®¢ ¤�−−ëå

ª®â®à®© ¬®¦¥â ¡ëâì á®¯®áâ�¢«¥− ®¤−®â¨¯−ë© ®¤−®- ¨«¨ ¬−®£®¬¥à−ë© ¢¥ªâ®à
á¢®©áâ¢ (�âà¨¡ãâ®¢) ª�ª ¯à®áâà�−áâ¢¥−−ëå, â�ª ¨ −¥¯à®áâà�−áâ¢¥−−ëå. �â� ¯�-
à�¤¨£¬� ç�áâ® −�§ë¢�¥âáï ¬®¤¥«ìî ¯®«ï ¨«¨ ¬®¤¥«ìî â¥áá¥«ïæ¨¨ [5]. Œ®¤¥«¨
¤�−−®£® ª«�áá� å®à®è® ¯®¤å®¤ïâ ¤«ï ¬®¤¥«¨à®¢�−¨ï ®¤−®à®¤−ëå −¥¯à¥àë¢−ëå
¨§¬¥−¥−¨© ¨ ¯®§¢®«ïîâ à¥�«¨§®¢�âì íää¥ªâ¨¢−ë¥ áâàãªâãàë ¨−¤¥ªá�æ¨¨. •�-
à�ªâ¥à−ë¬ ¯à¨¬¥à®¬ ¯à¨¬¥−¥−¨ï â�ª¨å ¬®¤¥«¥© á«ã¦�â ¤�−−ë¥ ¤¨áâ�−æ¨®−−®£®
§®−¤¨à®¢�−¨ï (áê¥¬ª¨) ¬¥áâ−®áâ¨, � â�ª¦¥ −¥ª®â®àë¥ ¯à¨ª«�¤−ë¥ ¯à¨¬¥−¥−¨ï
(£¥®«®£¨ï, ¬¥â¥®à®«®£¨ï ¨ ¤à.).

‚® ¢â®à®¬ á«ãç�¥ ª®−æ¥¯âã�«ì−�ï ¬®¤¥«ì ®á−®¢�−� −� ¯�à�¤¨£¬¥ ¬®¤¥«¨à®¢�-
−¨ï ®â¤¥«ì−ëå £¥®£à�ä¨ç¥áª¨å ®¡ê¥ªâ®¢, ¢ë¤¥«ï¥¬ëå −� ¬¥áâ−®áâ¨ ¨ ¯à¥¤áâ�¢-
«ï¥¬ëå ¢ ¢¨¤¥ ª®−¥ç−ëå £¥®¬¥âà¨ç¥áª¨å áâàãªâãà, ª�¦¤®© ¨§ ª®â®àëå ¬®¦¥â
¡ëâì ¯à¨á¢®¥− ®¯à¥¤¥«¥−−ë© −�¡®à −¥¯à®áâà�−áâ¢¥−−ëå á¢®©áâ¢. ‚ æ¥«®¬ ¬®¤¥«ì
£¥®®¡ê¥ªâ� ¬®¦−® ®å�à�ªâ¥à¨§®¢�âì ª�ª ú¢¥ªâ®àû ¢ ®¡é¥¬, ¯à®áâà�−áâ¢¥−−®-á¥-
¬�−â¨ç¥áª®¬ ª®−â¥ªáâ¥. �¤−�ª® ®¡ê¥ªâ−�ï ¬®¤¥«ì ¡®«¥¥ á«®¦−� ¤«ï ¯à®áâà�−-
áâ¢¥−−®£® �−�«¨§�, ¢ ç�áâ−®áâ¨ ¯à¨ à¥�«¨§�æ¨¨ ®¢¥à«¥©−ëå ®¯¥à�æ¨© [5].

�¡ê¥ªâ−�ï ¬®¤¥«ì ¢ ¯à¨−æ¨¯¥ ¬®¦¥â ¨á¯®«ì§®¢�âìáï ¨ ¤«ï ¯à¥¤áâ�¢«¥−¨ï
ª®−æ¥¯æ¨¨ ¯®¢¥àå−®áâ¨, ¢ á¢ï§¨ á ç¥¬ ¬®¤¥«ì −¥à¥£ã«ïà−®© â¥áá¥«ïæ¨¨ (á¬.
à¨á. 1, ¢) ¬®¦¥â à�áá¬�âà¨¢�âìáï ª�ª ¯¥à¥å®¤−�ï ¬¥¦¤ã íâ¨¬¨ ¤¢ã¬ï á«ãç�ï¬¨.

÷¥�«¨§�æ¨ï ®¡ê¥ªâ−®© ¬®¤¥«¨, ¢ á¢®î ®ç¥à¥¤ì, ¬®¦¥â ¨¬¥âì ¤¢� ®á−®¢−ëå
¢�à¨�−â� [5]. ‚ ¯¥à¢®¬ á«ãç�¥ ¯à®áâà�−áâ¢¥−−�ï ¨−ä®à¬�æ¨ï ® «®ª�«¨§�æ¨¨ ¯à¥¤-
áâ�¢«ï¥âáï ¢ ï¢−®¬ (ú®¡ê¥ªâ−®¬û) ¢¨¤¥, çâ® ®¡¥á¯¥ç¨¢�¥â áà�¢−¨â¥«ì−® ¯à®áâ®©
¤®áâã¯ ª £¥®¬¥âà¨¨ ®â¤¥«ì−® ¢§ïâ®£® ®¡ê¥ªâ�. �¤−�ª® ¨−ä®à¬�æ¨ï ® ¯à®-
áâà�−áâ¢¥−−ëå á¢ï§ïå (â�ª −�§ë¢�¥¬ë¥ úâ®¯®«®£¨¨û) ®¡ê¥ªâ®¢ ¢ â�ª¨å ¬®¤¥«ïå
§�ç�áâãî ¯à¥¤áâ�¢«¥−� −¥ï¢−®, ¨ ¥¥ ¨§¢«¥ç¥−¨¥ ¯à¥¤áâ�¢«ï¥â á®¡®© á«®¦−ãî
§�¤�çã, âà¥¡ãîéãî ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ ¯à®áâà�−áâ¢¥−−®£® �−�«¨§� ¤�−−ëå.
‚® ¢â®à®¬ á«ãç�¥ £¥®¬¥âà¨ï ¯à®áâà�−áâ¢¥−−ëå ®¡ê¥ªâ®¢ à¥�«¨§®¢�−� −� ®á−®¢¥
á¢ï§¥© �£à¥£�æ¨¨ ®â¤¥«ì−ëå ¯à®áâà�−áâ¢¥−−ëå í«¥¬¥−â®¢ (â�ª −�§ë¢�¥¬�ï úâ®-
¯®«®£¨ç¥áª�ïû ¬®¤¥«ì), ¯®áà¥¤áâ¢®¬ ç¥£® áâ�−®¢¨âáï ¢®§¬®¦−ë¬ §�ä¨ªá¨à®¢�âì
¢ ï¢−®¬ ¢¨¤¥ â®¯®«®£¨ç¥áª¨¥ ®â−®è¥−¨ï ¬¥¦¤ã ®¡ê¥ªâ�¬¨.

3 Методы анализа и извлечения географических знаний
на основе пространственных данных

�á®¡¥−−®áâì ¯®¨áª� §−�−¨© ¢ ¡�§�å £¥®£à�ä¨ç¥áª¨å ¤�−−ëå ¤«ï ¨å ¨§¢«¥ç¥−¨ï
§�ª«îç�¥âáï ¢ â®¬, çâ®, å®âï ¬−®£¨¥ �«£®à¨â¬ë �−�«¨§� ¤�−−ëå ¯® á¢®¥© áãâ¨ ¬®-
£ãâ ¡ëâì à�á¯à®áâà�−¥−ë −� ¬−®£®¬¥à−ë¥ ¯à®áâà�−áâ¢¥−−ë¥ ®¡ê¥ªâë, −¥ ¢á¥ ®−¨
¬®£ãâ ¡ëâì ¯à¨¬¥−¥−ë ¤«ï ¬®¤¥«¨à®¢�−¨ï £¥®£à�ä¨ç¥áª®£® ¯à®áâà�−áâ¢� [5] ¢¢¨-
¤ã −�«¨ç¨ï ã ¯®á«¥¤−¥£® ®¯à¥¤¥«¥−−ëå ®£à�−¨ç¥−¨©. ˆ§¢«¥ç¥−¨¥ ¯à®áâà�−áâ¢¥−-
−ëå å�à�ªâ¥à¨áâ¨ª £¥®£à�ä¨ç¥áª¨å ®¡ê¥ªâ®¢ ¨ ãáâ�−®¢«¥−¨¥ ¯à®áâà�−áâ¢¥−−ëå
(â®¯®«®£¨ç¥áª¨å) ¢§�¨¬®á¢ï§¥© á®¢®ªã¯−®áâ¨ ®¡ê¥ªâ®¢ | ¢¥áì¬� âàã¤®¥¬ª¨©
íâ�¯ ¯à®æ¥áá� ®¡−�àã¦¥−¨ï §−�−¨© [5]. „�«¥¥ ªà�âª® à�áá¬®âà¥−ë ®á−®¢−ë¥
á®¢à¥¬¥−−ë¥ ¯®¤å®¤ë ª �−�«¨§ã á ¨á¯®«ì§®¢�−¨¥¬ £¥®£à�ä¨ç¥áª¨å ¤�−−ëå.
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Œ¥â®¤ë ª«�áâ¥à¨§�æ¨¨ ¬®¦−® ¢ æ¥«®¬ à�§¤¥«¨âì −� ¤¢¥ £àã¯¯ë: ª«�áâ¥à¨§�-
æ¨ï á à�§¤¥«¥−¨¥¬ ¨ ¨¥à�àå¨ç¥áª�ï ª«�áâ¥à¨§�æ¨ï. Œ¥â®¤ë ¯¥à¢®© £àã¯¯ë ¤¥«ïâ
−�¡®à ¤�−−ëå −� −¥áª®«ìª® −¥¯¥à¥ªàë¢�îé¨åáï ª«�áâ¥à®¢, � â¥ªãé¨© í«¥¬¥−â
¤�−−ëå ®â−®á¨âáï ª ú¡«¨¦�©è¥¬ãû ª«�áâ¥àã −� ®á−®¢¥ ¬¥àë ¡«¨§®áâ¨ ¨«¨ à�§-
«¨ç¨ï. ‚® ¢â®à®¬ á«ãç�¥ í«¥¬¥−âë ¤�−−ëå ®à£�−¨§ãîâáï ¢ ¯®á«¥¤®¢�â¥«ì−®áâì
¢«®¦¥−−ëå à�§¤¥«®¢ ¨«¨ £àã¯¯¨à®¢®ª.

ˆá¯®«ì§ãîâáï âà¨ ®á−®¢−ëå â¨¯� ª«�áâ¥à−®£® �−�«¨§� [2]: ¯à®áâà�−áâ¢¥−−�ï
ª«�áâ¥à¨§�æ¨ï (®¯à¥¤¥«ï¥âáï á¢®©áâ¢�¬¨ ¬¥áâ®¯®«®¦¥−¨ï ¨ à�ááâ®ï−¨ï), à¥-
£¨®−�«¨§�æ¨ï (ª«�áâ¥à¨§�æ¨ï ¢ ¯à®áâà�−áâ¢¥−−® á¬¥¦−ë¥ ª«�áâ¥àë-úà¥£¨®−ëû)
¨ ®¡−�àã¦¥−¨¥ ú£®àïç¨åû â®ç¥ª (−¥®¡ëç−ëå ª®−æ¥−âà�æ¨© á®¡ëâ¨© ¢ ¯à®áâà�−-
áâ¢¥).

‚¬¥áâ¥ á â¥¬ ¯à¥¤¯®«®¦¥−¨¥ ® ¢ë¯ãª«ëå ª«�áâ¥à�å −¥ ¯®¤å®¤¨â ¤«ï ¬−®£¨å
−�¡®à®¢ £¥®£à�ä¨ç¥áª¨å ¤�−−ëå (à¨á. 2, �). „«ï à¥è¥−¨ï íâ®© ¯à®¡«¥¬ë ¢ à�-
¡®â¥ [6] ¡ë« à�§à�¡®â�− �«£®à¨â¬, ®á−®¢�−−ë© −� ¯«®â−®áâ¨ â®ç¥ç−ëå ¤�−−ëå,
ª®â®àë© ¯®§¢®«ï¥â −�å®¤¨âì ª«�áâ¥àë ¯à®¨§¢®«ì−®© ä®à¬ë (à¨á. 2, ¡).

÷¨á. 2 �à®áâà�−áâ¢¥−−ë¥ ª«�áâ¥àë (¯® [5]): (�) ¢ë¯ãª«®© ä®à¬ë; (¡) ¯à®¨§¢®«ì−®©
ä®à¬ë

Œ¥â®¤ë ª«�áá¨ä¨ª�æ¨¨ ¨ à¥£à¥áá¨®−−®£® �−�«¨§�. Š«�áá¨ä¨ª�æ¨ï ª�ª
¬¥â®¤ ®â−¥á¥−¨ï í«¥¬¥−â®¢ ¤�−−ëå ª ª«�áá�¬ (ª�â¥£®à¨ï¬) ¢ á®®â¢¥âáâ¢¨¨ á ¨å
á¢®©áâ¢�¬¨ ¯à¥¤¯®«�£�¥â −�«¨ç¨¥ −¥ª®â®à®© ¬®¤¥«¨ ª«�áá¨ä¨ª�æ¨¨, ª®â®à�ï á®-
§¤�¥âáï, −�áâà�¨¢�¥âáï ¨ ¢¥à¨ä¨æ¨àã¥âáï −� ®¡ãç�îé¨å, ¯à®¢¥à®ç−ëå ¨ â¥áâ®¢ëå
−�¡®à�å ¤�−−ëå [2]. Œ¥â®¤ë ¯à®áâà�−áâ¢¥−−®© ª«�áá¨ä¨ª�æ¨¨ ª�ª à�áè¨à¥−¨ï
¬¥â®¤®¢ ª«�áá¨ä¨ª�æ¨¨ ®¡é¥£® −�§−�ç¥−¨ï ¯®§¢®«ïîâ ãç¨âë¢�âì �âà¨¡ãâë ª�ª
â¥ªãé¥£®, â�ª ¨ á¬¥¦−ëå ®¡ê¥ªâ®¢, � â�ª¦¥ ¨å ¯à®áâà�−áâ¢¥−−ë¥ ®â−®è¥−¨ï [7].
„¨áâ�−æ¨®−−®¥ §®−¤¨à®¢�−¨¥ áâ�«® ®¤−®© ¨§ ®¡«�áâ¥©, ¢ ª®â®àëå è¨à®ª® ¨á-
¯®«ì§ãîâáï ¬¥â®¤ë ª«�áá¨ä¨ª�æ¨¨ ¯¨ªá¥«¥© ¨§®¡à�¦¥−¨ï ¯® ¬�àª¨à®¢�−−ë¬
ª�â¥£®à¨ï¬ (á¬., −�¯à¨¬¥à, [8]).

�à®áâà�−áâ¢¥−−ë¥ à¥£à¥áá¨®−−ë¥ ¨«¨ ¯à®£−®§−ë¥ ¬®¤¥«¨ ®¡à�§ãîâ ®á®¡ãî
£àã¯¯ã �−�«¨§�. Š â�ª¨¬ ¬¥â®¤�¬ ®â−®áïâáï, −�¯à¨¬¥à, ¯à®áâà�−áâ¢¥−−ë¥ �¢â®-
à¥£à¥áá¨®−−ë¥ ¬®¤¥«¨ (SAR) [2], ®¤−�ª® ¬¥â®¤ë, ¯®¤®¡−ë¥ SAR, ¯à¥¤¯®«�£�îâ
¬�−¨¯ã«¨à®¢�−¨¥ ¬�âà¨æ¥© ¯à®áâà�−áâ¢¥−−ëå ¢¥á®¢ ¡®«ìè®© à�§¬¥à−®áâ¨, çâ®
âà¥¡ã¥â ¡®«ìè¨å ¢ëç¨á«¨â¥«ì−ëå §�âà�â. �®íâ®¬ã ¡®«¥¥ ¯®§¤−¨¥ ¨áá«¥¤®¢�−¨ï
¡ë«¨ −�¯à�¢«¥−ë −� à�§à�¡®âªã ¯®¤å®¤®¢ ª ¯®¨áªã ¯à¨¡«¨¦¥−−ëå à¥è¥−¨© ¤«ï
SAR ¢ á«ãç�ïå ®¡à�¡®âª¨ ®ç¥−ì ¡®«ìè¨å −�¡®à®¢ ¤�−−ëå [9].
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�¡áâ®ïâ¥«ìáâ¢®¬, ®¡ê¥¤¨−¨¢è¨¬ ¬¥â®¤ë ª«�áá¨ä¨ª�æ¨¨ ¨ à¥£à¥áá¨¨, áâ�«®
â®, çâ® −¥¨§¢¥áâ−®¥ æ¥«¥¢®¥ §−�ç¥−¨¥ −¥ª®â®à®£® ®¡ê¥ªâ� ¯à®£−®§¨àã¥âáï á ãç¥â®¬
−�¡®à� ®¡ãç�îé¨å ¯à¨¬¥à®¢ [5]. …á«¨ æ¥«¥¢�ï ¯¥à¥¬¥−−�ï ¤¨áªà¥â−�, §�¤�ç�
®¡ãç¥−¨ï −�§ë¢�¥âáï ª«�áá¨ä¨ª�æ¨¥©. …á«¨ ®−� −¥¯à¥àë¢−�, ®−� −�§ë¢�¥âáï
à¥£à¥áá¨¥©. •®à®è® ¨§¢¥áâ¥− ¬¥â®¤ k ¡«¨¦�©è¨å á®á¥¤¥©, ª®â®àë© ¬®¦¥â ¡ëâì
¯à¨¬¥−¥− ª�ª ª §�¤�ç�¬ ª«�áá¨ä¨ª�æ¨¨, â�ª ¨ ª §�¤�ç�¬ à¥£à¥áá¨¨. ’�ª¦¥ ¯à¨-
¬¥−ïîâáï ¬¥â®¤ë −� ®á−®¢¥ ¤¥à¥¢ì¥¢ ¯à®áâà�−áâ¢¥−−ëå ¬®¤¥«¥©, £¥®£à�ä¨ç¥áª¨
¢§¢¥è¥−−�ï à¥£à¥áá¨ï ¨ ªà¨£¨−£.

�«£®à¨â¬ k ¡«¨¦�©è¨å á®á¥¤¥© (k-Nearest Neighbors, kNN) | ¬¥â®¤ ®¡ãç¥-
−¨ï, ª®â®àë© ª«�áá¨ä¨æ¨àã¥â −®¢ë¥ ®¡ê¥ªâë ¢ á®®â¢¥âáâ¢¨¨ á æ¥«¥¢ë¬ §−�ç¥−¨¥¬
¨§ k −�¨¡®«¥¥ ¯®å®¦¨å ®¡ãç�îé¨å ¯à¨¬¥à®¢ [5]. �à¥¤¯®«�£�¥âáï, çâ® ®¡ê¥ªâë á®
áå®¦¨¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ ®â−®áïâáï ª ®¤−®¬ã ª«�ááã. ‚ á«ãç�¥ ª«�áá¨ä¨ª�æ¨¨
â¥ªãé¥¬ã ®¡ê¥ªâã ¯à¨á¢�¨¢�¥âáï §−�ç¥−¨¥, −�¨¡®«¥¥ ç�áâ® ¢áâà¥ç�îé¥¥áï áà¥¤¨
áå®¦¨å ¯® á¢®©áâ¢�¬ ®¡ê¥ªâ®¢. ‚ á«ãç�¥ à¥£à¥áá¨¨ ¢ëç¨á«ï¥âáï (¢§¢¥è¥−−®¥)
áà¥¤−¥¥ §−�ç¥−¨¥. „«ï ®¯à¥¤¥«¥−¨ï áå®¤áâ¢� ¬¥¦¤ã ¤¢ã¬ï ®¡ê¥ªâ�¬¨ kNN âà¥¡ã-
¥â ¨§¬¥à¥−¨¥ à�ááâ®ï−¨ï ¤«ï ª�¦¤®£® �âà¨¡ãâ�. ‘®®â¢¥âáâ¢¥−−®, £¥®£à�ä¨ç¥áª¨¥
ª®®à¤¨−�âë ¬®£ãâ −�¯àï¬ãî ¢ª«îç�âìáï ¢ �«£®à¨â¬ ®¯à¥¤¥«¥−¨ï à�ááâ®ï−¨ï
¬¥¦¤ã ¤¢ã¬ï ¬¥áâ®¯®«®¦¥−¨ï¬¨.

„¥à¥¢ìï ¬®¤¥«¥© (Model Trees) à�¡®â�îâ �−�«®£¨ç−® ¤¥à¥¢ìï¬ à¥è¥−¨©, −®
¨¬¥îâ «¨áâìï, ª®â®àë¥ á¢ï§�−ë −¥ á ä¨ªá¨à®¢�−−ë¬¨ §−�ç¥−¨ï¬¨, � á ¬®¤¥«ï¬¨
(«¨−¥©−ë¬¨ äã−ªæ¨ï¬¨) [5]. �à¨ íâ®¬ ¢−ãâà¥−−¨¥ ã§«ë ¤¥à¥¢� à�§¤¥«ïîâ
¯à®áâà�−áâ¢® ¢ë¡®à®ª, � ¢−¥è−¨¥ ã§«ë ¯à¥¤áâ�¢«ïîâ ª®−ªà¥â−ë¥ ¬®¤¥«¨ ¤«ï
ª�¦¤®© ç�áâ¨ ¯à®áâà�−áâ¢� ¢ë¡®à®ª.

ƒ¥®£à�ä¨ç¥áª¨ ¢§¢¥è¥−−�ï à¥£à¥áá¨ï (Geographically Weighted Regression,
GWR) | ¬¥â®¤ «®ª�«ì−®© à¥£à¥áá¨¨, ª®â®àë© ¨á¯®«ì§ã¥â ¯à¥¨¬ãé¥áâ¢� ¯®«®-
¦¨â¥«ì−®© �¢â®ª®àà¥«ïæ¨¨ ¬¥¦¤ã á®á¥¤−¨¬¨ â®çª�¬¨ ¢ ¯à®áâà�−áâ¢¥ [5]. �−
à�áè¨àï¥â âà�¤¨æ¨®−−ãî áâàãªâãàã à¥£à¥áá¨¨ â�ª, çâ® ¢á¥ ¯�à�¬¥âàë ®æ¥−¨¢�-
îâáï ¢ «®ª�«ì−®¬ ª®−â¥ªáâ¥. Œ®¤¥«ì GWR ¯à¥¤¯®«�£�¥â, çâ® ¢á¥ ¯�à�¬¥âàë
¯à®áâà�−áâ¢¥−−® á®£«�á®¢�−ë. ’�ª¨¬ ®¡à�§®¬, ¯�à�¬¥âàë ¢ â¥ªãé¥¬ ¬¥áâ®¯®-
«®¦¥−¨¨ ®æ¥−¨¢�îâáï −� ®á−®¢¥ ¨§¬¥à¥−¨©, ¡«¨§ª¨å ª íâ®¬ã ¬¥áâ®¯®«®¦¥−¨î.
�â® ¤®áâ¨£�¥âáï ¢¢¥¤¥−¨¥¬ ¤¨�£®−�«ì−®© ¢¥á®¢®© ¬�âà¨æë, ª®â®à�ï ®¯à¥¤¥«ï¥â
¢«¨ï−¨¥ ª�¦¤®£® ¨§¬¥à¥−¨ï −� ®æ¥−ªã ¯�à�¬¥âà®¢ à¥£à¥áá¨¨ ¢ â¥ªãé¥© â®çª¥.

Šà¨£¨−£ (Kriging) | à�á¯à®áâà�−¥−−ë© ¬¥â®¤ «¨−¥©−®© ¨−â¥à¯®«ïæ¨¨ ¤«ï
®æ¥−ª¨ −¥¨§¢¥áâ−ëå §−�ç¥−¨© ¢ £¥®£à�ä¨ç¥áª¨å ¤�−−ëå â¨¯� ¯®«ï §−�ç¥−¨© [5].
„«ï −�¡®à� ¨§¬¥à¥−¨© ªà¨£¨−£ ®æ¥−¨¢�¥â −¥¨§¢¥áâ−ë¥ §−�ç¥−¨ï ª�ª ¢§¢¥è¥−−ãî
áã¬¬ã ¤�−−ëå á®á¥¤−¨å ¢ë¡®à®ª ¨ ¨á¯®«ì§ã¥â ¢�à¨®£à�¬¬ã ¤«ï ®¯à¥¤¥«¥−¨ï
®¯â¨¬�«ì−ëå §−�ç¥−¨© −¥¨§¢¥áâ−ëå ¢¥á®¢ ¢ë¡®à®ª (à¨á. 3). ‚�à¨®£à�¬¬ë
¬®¤¥«¨àãîâ ¯à®áâà�−áâ¢¥−−ãî §�¢¨á¨¬®áâì ¬¥¦¤ã ¬¥áâ®¯®«®¦¥−¨ï¬¨ ¨ á«ã¦�â
äã−ªæ¨¥© à�ááâ®ï−¨ï ¤«ï «î¡®© ¯�àë ®¡ê¥ªâ®¢.

�®áª®«ìªã £¥®£à�ä¨ç¥áª¨¥ ®¡ê¥ªâë ¢ ®¡é¥¬ á«ãç�¥ ¨§¬¥−ïîâáï á â¥ç¥−¨¥¬
¢à¥¬¥−¨, ¢�¦−®© ¯à®¡«¥¬®© áâ�−®¢¨âáï ¨§¢«¥ç¥−¨¥ §−�−¨© −� ®á−®¢¥ ¯à®áâà�−-
áâ¢¥−−®-¢à¥¬¥−− �ëå ¤�−−ëå. �à¨ íâ®¬ −¥ª®â®àë¥ ¢§�¨¬®á¢ï§¨ á ®ªàã¦¥−¨-
¥¬ (ª�ª ¢ ¯à®áâà�−áâ¢¥−−®¬, â�ª ¨ ¢ −¥¯à®áâà�−áâ¢¥−−®¬ ®â−®è¥−¨¨) ®áâ�-
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÷¨á. 3 ‘®§¤�−¨¥ ¯�à ®¤−®© â®çª¨ (ªà�á−�ï â®çª�) á® ¢á¥¬¨ ¤àã£¨¬¨ ¨§¬¥àï¥¬ë¬¨
¬¥áâ®¯®«®¦¥−¨ï¬¨ (¯® [10]). �â®â ¯à®æ¥áá ¯®¢â®àï¥âáï ¤«ï ª�¦¤®© ¨§¬¥àï¥¬®© â®çª¨

îâáï ¯®áâ®ï−−ë¬¨, ¤àã£¨¥ ¬®£ãâ §−�ç¨â¥«ì−® ¨§¬¥−ïâìáï á â¥ç¥−¨¥¬ ¢à¥¬¥-
−¨ [11].

‚�¦−ë¬ áâ�−®¢¨âáï ¢®¯à®á ® á¯®á®¡�å à¥£¨áâà�æ¨¨ ¢à¥¬¥−−�®© ¨§¬¥−ç¨¢®-
áâ¨. ’�ª, ¯à¨ �−�«¨§¥ ¤¢¨¦ãé¥£®áï ®¡ê¥ªâ� −�¨¡®«¥¥ ¯à®áâë¬ ¯®¤å®¤®¬ ¡ã¤¥â
¯à®¥æ¨à®¢�−¨¥ ¥£® âà�¥ªâ®à¨¨ ¢ áã£ã¡® ¯à®áâà�−áâ¢¥−−®¥ ¨§¬¥à¥−¨¥, ®¤−�ª®
íâ® ¯à¨¢¥¤¥â ª §−�ç¨â¥«ì−®© ¯®â¥à¥ ¨−ä®à¬�æ¨¨ ® ¤¨−�¬¨ª¥. ‚â®à®© ¯®¤-
å®¤ ¬®¦¥â à�áá¬�âà¨¢�âì ¯®á«¥¤®¢�â¥«ì−®áâì ¢à¥¬¥−− �ëå áà¥§®¢, ¯à¨ ª®â®à®©
¯à®áâà�−áâ¢¥−−ë¥ §�ª®−®¬¥à−®áâ¨ ®¡−�àã¦¨¢�îâáï −¥§�¢¨á¨¬® ¢ ¯à¥¤¥«�å ®â-
¤¥«ì−®£® ¢à¥¬¥−−�®£® áà¥§� ¨ §�â¥¬ á®¯®áâ�¢«ïîâáï ¬¥¦¤ã á®¡®©. �¡� ¯®¤å®¤� −¥
®¯â¨¬�«ì−ë ¤«ï è¨à®ª®£® ¨á¯®«ì§®¢�−¨ï ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−− �ëå áâàãªâãà,
¢ á¢ï§¨ á ç¥¬ �ªâã�«ì−� à�§à�¡®âª� á¯¥æ¨�«¨§¨à®¢�−−ëå �«£®à¨â¬®¢ ¨−â¥««¥ª-
âã�«ì−®£® �−�«¨§� ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−− �ëå £¥®¤�−−ëå.

4 Современные тенденции применения
географического искусственного интеллекта

ƒ¥®£à�ä¨ç¥áª¨© ˆˆ áâ�« à¥§ã«ìâ�â®¬ ¢−¥¤à¥−¨ï ¢ âà�¤¨æ¨®−−ë© äã−ª-
æ¨®−�« £¥®£à�ä¨ç¥áª¨å ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ àï¤� â¥å−®«®£¨© ˆˆ, ª®â®àë¥
à�−¥¥ −�è«¨ á¢®¥ ¯à¨¬¥−¥−¨¥ ¢® ¬−®£¨å á¯¥æ¨ä¨ç¥áª¨å ®¡«�áâïå, â�ª¨å ª�ª �¢â®-
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−®¬−ë¥ âà�−á¯®àâ−ë¥ áà¥¤áâ¢�, à�á¯®§−�¢�−¨¥ «¨æ, ¯¥à¥¢®¤ â¥ªáâ�, á¯ãâ−¨ª®¢�ï
�−�«¨â¨ª� ¨ ¬−®£®¥ ¤àã£®¥. �ªâã�«ì−®áâì íâ®£® ¯®¤å®¤� ®¡ãá«®¢«¥−� àï¤®¬ ä�ª-
â®à®¢ [1]. ‚®-¯¥à¢ëå, íâ® −�ª®¯«¥−¨¥ §−�ç¨â¥«ì−ëå ®¡ê¥¬®¢ ¢¥áì¬� à�§−®à®¤−ëå
¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå, ¯®«ãç�¥¬ëå á® á¯ãâ−¨ª®¢, ¯¨«®â¨àã¥¬ëå ¨ ¡¥á¯¨-
«®â−ëå «¥â�â¥«ì−ëå �¯¯�à�â®¢, ®áãé¥áâ¢«ïîé¨å −�¡«î¤¥−¨ï ¨ ¤¨áâ�−æ¨®−−®¥
§®−¤¨à®¢�−¨¥ ‡¥¬«¨ ®¯â¨ç¥áª¨¬¨, à�¤�à−ë¬¨, «¨¤�à−ë¬¨ ¨ ¤àã£¨¬¨ á¯®á®¡�¬¨.
‚®-¢â®àëå, ¯®ï¢¨«¨áì −®¢ë¥ â¨¯ë ¤�−−ëå ¨ −®¢ë¥ ®¡«�áâ¨ ¨å ¯à¨¬¥−¥−¨ï, â�ª¨¥
ª�ª �−�«¨§ ¬¥áâ®¯®«®¦¥−¨© ¨ âà�¥ªâ®à¨© ¤¢¨¦ãé¨åáï ®¡ê¥ªâ®¢, ¯à®áâà�−áâ¢¥−-
−ëå ¤�−−ëå á®æ¨�«ì−ëå á¥â¥©, ¯à®áâà�−áâ¢¥−−®© ¨−ä®à¬�æ¨¨ ¢ ¢¥¡-¤®ªã¬¥−â�å,
£¥®ª®¤¨à®¢�−−ëå ¬ã«ìâ¨¬¥¤¨� ¨ â. ¯. ‚-âà¥âì¨å, ¢®§à®á«� à®«ì á«¨ï−¨ï (fu-
sion) ¤�−−ëå [12{14] | ª®−æ¥¯æ¨¨, §�ª«îç�îé¥©áï ¢ ®¡ê¥¤¨−¥−¨¨ ¤�−−ëå ¨§
à�§«¨ç−ëå ¨áâ®ç−¨ª®¢ ¢ ¯à¥¤¯®«®¦¥−¨¨, çâ® íâ® ¤�áâ ¡®«¥¥ â®ç−ë¥, ¯®«−ë¥ ¨ ¤®-
áâ®¢¥à−ë¥ à¥§ã«ìâ�âë ¨ ¯®§¢®«¨â ¨§¡¥¦�âì ¯à®¡«¥¬, á¢ï§�−−ëå á −¥¤®áâ�â®ç−ë¬
ª�ç¥áâ¢®¬ ¨«¨ á ®¤−®áâ®à®−−¥© à¥¯à¥§¥−â�â¨¢−®áâìî ®â¤¥«ì−ëå ¨áâ®ç−¨ª®¢ ¤�−-
−ëå (á¬., −�¯à¨¬¥à, [15]). ‚á¥ íâ® §−�ç¨â¥«ì−® à�áè¨à¨«® ¯à¨¬¥−¥−¨¥ ¬¥â®¤®¢
GeoAI ¤«ï ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨ ®¡−�àã¦¥−¨ï
−®¢ëå â¨¯®¢ §�ª®−®¬¥à−®áâ¥©.

Š ¢�¦−ë¬ §�¤�ç�¬, à¥è�¥¬ë¬ ¯®áà¥¤áâ¢®¬ GeoAI, ®â−®áïâáï: ª«�áá¨ä¨ª�-
æ¨ï ¨§®¡à�¦¥−¨©, ®¡−�àã¦¥−¨¥ ®¡ê¥ªâ®¢ (à¨á. 4), á¥£¬¥−â�æ¨ï áæ¥−, ¨−â¥à¯®«ï-
æ¨ï, ¬®¤¥«¨à®¢�−¨¥ (simulation), ¯à®£−®§¨à®¢�−¨¥ (prediction), ¯®¨áª ¨ ®â¢¥âë
−� ¢®¯à®áë −� ®á−®¢¥ ¥áâ¥áâ¢¥−−®£® ï§ëª�, ®¯¥à�â¨¢−�ï ¨−â¥£à�æ¨ï ¤�−−ëå,
£¥®®¡®£�é¥−¨¥ ¨ ¬−®£¨¥ ¤àã£¨¥ [1]. ‘ãé¥áâ¢ã¥â è¨à®ª¨© á¯¥ªâà à¥è¥−¨© GeoAI
¤«ï ª®−ªà¥â−ëå §�¤�ç.

÷¨á. 4 ÷¥§ã«ìâ�âë �¢â®¬�â¨ç¥áª®£® ¤¥è¨äà¨à®¢�−¨ï ®¡ê¥ªâ®¢ £¨¤à®£à�ä¨¨ −� á¯ãâ-
−¨ª®¢®¬ ¨§®¡à�¦¥−¨¨ (¨§ [16])
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�à¨¬¥àë ¨áá«¥¤®¢�â¥«ìáª¨å ¤®áâ¨¦¥−¨© ¢ áä¥à¥ GeoAI, å�à�ªâ¥à¨§ãîé¨å
á®¢à¥¬¥−−®¥ á®áâ®ï−¨¥ ¤¥«, ¢ª«îç�îâ ¢ ç¨á«¥ ¯à®ç¨å á®¢¥àè¥−áâ¢®¢�−¨¥ ¬¥â®-
¤®¢ ¡ëáâà®£® ¨ â®ç−®£® ®¡−�àã¦¥−¨ï ®¡ê¥ªâ®¢ [1], ®¡−�àã¦¥−¨ï ®á®¡¥−−®áâ¥©
¬¥áâ−®áâ¨ [17], ¬¥áâ ¯«®â−®£® à�á¯®«®¦¥−¨ï áâà®¥−¨© [18], á¥¬�−â¨ç¥áªãî ª«�á-
á¨ä¨ª�æ¨î (−�¯à¨¬¥à, «¨¤�à−ëå ®¡«�ª®¢ â®ç¥ª) [19]. Œ�è¨−−®¥ ®¡ãç¥−¨¥ ¨ ®¡-
à�¡®âª� ¥áâ¥áâ¢¥−−®£® ï§ëª� ®¡«¥£ç�îâ ¨§¢«¥ç¥−¨¥ £¥®£à�ä¨ç¥áª®© ¨−ä®à¬�æ¨¨
¨§ −¥áâàãªâãà¨à®¢�−−ëå (â¥ªáâ®¢ëå) ¤�−−ëå, � â�ª¦¥ á®¯®áâ�¢«¥−¨¥ ®¯¨á�−¨©
¯à¨à®¤−ëå ®¡ê¥ªâ®¢ ¢ �«ìâ¥à−�â¨¢−ëå á¯à�¢®ç−¨ª�å [20]. ’¥å−®«®£¨¨ Seman-
tic Web, ®−â®«®£¨¨ ¨ á¢ï§�−−ë¥ ¤�−−ë¥ ¨á¯®«ì§ãîâáï ¤«ï ã«ãçè¥−¨ï ¯®¨áª�
£¥®£à�ä¨ç¥áª®© ¨−ä®à¬�æ¨¨ ¨ ¯®áâà®¥−¨ï à�áè¨à¥−−ëå £à�ä®¢ £¥®£à�ä¨ç¥áª¨å
§−�−¨© [21{24]. �â¨ ¯à¨¬¥àë ¯®ª�§ë¢�îâ, çâ® ¬¥â®¤ë ˆˆ ¯à®−¨ª�îâ ¢® ¬−®£¨¥
�á¯¥ªâë ¨ ¢¨¤ë ¤¥ïâ¥«ì−®áâ¨ ¨ −¥ ®£à�−¨ç¨¢�îâáï ª®−ªà¥â−ë¬¨ §�¤�ç�¬¨ ¨«¨
â¨¯�¬¨ ¤�−−ëå.

ˆáá«¥¤®¢�−¨ï GeoAI â�ª¦¥ á¯®á®¡áâ¢ãîâ à�§à�¡®âª¥ ¢®¯à®á−®-®â¢¥â−ëå á¨á-
â¥¬ ¨, ¢ ¡®«¥¥ è¨à®ª®¬ á¬ëá«¥, úã¬−ëåû (¨−â¥««¥ªâã�«ì−ëå) æ¨äà®¢ëå ¯®¬®é-
−¨ª®¢ [1]. „®áâã¯−®áâì ¤�−−ëå á ãáâ�−®¢«¥−−ë¬¨ ¯à®áâà�−áâ¢¥−−ë¬¨ ®â−®è¥-
−¨ï¬¨ ¤�áâ â�ª¨¬ á¨áâ¥¬�¬ ¢®§¬®¦−®áâì íää¥ªâ¨¢−® à¥è�âì àï¤ §�¤�ç, â�ª¨å
ª�ª ®¯à¥¤¥«¥−¨¥ ¬¥áâ®¯®«®¦¥−¨ï ¯®«ì§®¢�â¥«ï, à�ááâ®ï−¨© ¤® ¤àã£¨å ®¡ê¥ªâ®¢,
à�ááã¦¤¥−¨ï ® â®¯®«®£¨ç¥áª¨å á¢ï§ïå, ¯®−¨¬�−¨¥ −¥®¯à¥¤¥«¥−−ëå ª®£−¨â¨¢−ëå
®¡«�áâ¥© ¨ â. ¯.

Œ¥â®¤ë ¬�è¨−−®£® ®¡ãç¥−¨ï ¨ ˆˆ â�ª¦¥ ¨£à�îâ ¢�¦−ãî à®«ì ¢ ®¡«�áâ¨
úá®æ¨�«ì−®£® §®−¤¨à®¢�−¨ïû [25], ¨á¯®«ì§ãîé¥£® á®§¤�¢�¥¬ë© ¯®«ì§®¢�â¥«ï¬¨
æ¨äà®¢®© ª®−â¥−â ¤«ï à¥è¥−¨ï àï¤� §�¤�ç, ®â ¢ëï¢«¥−¨ï ¬®¤¥«¥© ¬®¡¨«ì−®áâ¨
«î¤¥© ¨ ¨§ãç¥−¨ï áâàãªâãàë á®æ¨�«ì−ëå á¥â¥© ¤® à¥è¥−¨© ¢ ®¡«�áâ¨ £®à®¤-
áª®£® ¯«�−¨à®¢�−¨ï [1, 26]. �à®æ¥áá á®æ¨�«ì−®£® §®−¤¨à®¢�−¨ï ¯à¥¤¯®«�£�¥â
á®§¤�−¨¥ ¬−®£®¬¥à−ëå á¥¬�−â¨ç¥áª¨å á¨£−�âãà ¤�−−ëå (¯à®áâà�−áâ¢¥−−ëå, ¢à¥-
¬¥−− �ëå ¨ â¥¬�â¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª), ¨§¢«¥ª�¥¬ëå ¨§ úæ¨äà®¢®£® á«¥¤�û
«î¤¥© [25]. ’�ª®© úæ¨äà®¢®© á«¥¤û ¢ ®á−®¢−®¬ à¥£¨áâà¨àã¥âáï á ¯®¬®éìî
¬®¡¨«ì−ëå ãáâà®©áâ¢ ¨ ¤àã£¨å ãáâà®©áâ¢, ®á−�é¥−−ëå á®®â¢¥âáâ¢ãîé¨¬¨ á¥−-
á®à�¬¨. ’�ª¦¥ ¢�¦−ë¬ ¨áâ®ç−¨ª®¬ â�ª¨å ¤�−−ëå á«ã¦�â ¤�âç¨ª¨ ¤¢¨¦¥−¨ï,
ª®¬¯ìîâ¥à−®¥ §à¥−¨¥ ¨ ¬¥â®¤ë £«ã¡®ª®£® ®¡ãç¥−¨ï ¨§®¡à�¦¥−¨ï −� ãà®¢−¥ ã«¨æ.
�®«ãç�¥¬ë¥ ¤�−−ë¥ ¢ª«îç�îâ ¢ á¥¡ï ¨−ä®à¬�æ¨î ® ¬¥áâ®¯®«®¦¥−¨¨ ç¥«®¢¥ª�,
â¥¬¯¥à�âãàã ®ªàã¦�îé¥© áà¥¤ë, ®á¢¥é¥−−®áâì, ãà®¢¥−ì èã¬� ¨ ¤àã£¨¥ å�à�ª-
â¥à¨áâ¨ª¨. �£à®¬−ë© ®¡ê¥¬ ¤�−−ëå, á®¡à�−−ëå á ¯®¬®éìî íâ¨å ãáâà®©áâ¢,
� â�ª¦¥ −¥®¤−®à®¤−®áâì ¯®«ãç�¥¬®£® ª®−â¥−â� ¤¥«�îâ íâ¨ ¤�−−ë¥ ®á®¡¥−−® ¯®¤-
å®¤ïé¨¬¨ ¤«ï �−�«¨§� á ¯®¬®éìî ¬¥â®¤®¢ GeoAI.

„«ï à¥�«¨§�æ¨¨ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ GeoAI âà¥¡ãîâáï ¢ëá®ª®ª�ç¥áâ¢¥−-
−ë¥ −�¡®àë £¥®¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå, ¯®áª®«ìªã ¬−®£¨¥ ¬®¤¥«¨ ˆˆ, ®á®-
¡¥−−® £«ã¡®ª¨¥ −¥©à®−−ë¥ á¥â¨, −¥®¡å®¤¨¬® ®¡ãç�âì −� ¡®«ìè®¬ −�¡®à¥ å®à®-
è® à�§¬¥ç¥−−ëå ®¡ãç�îé¨å ¤�−−ëå [1], � á â®çª¨ §à¥−¨ï ¢®á¯à®¨§¢®¤¨¬®áâ¨
¨ â¨à�¦¨àã¥¬®áâ¨ à�§à�¡�âë¢�¥¬ëå ¬®¤¥«¥© GeoAI −¥®¡å®¤¨¬� ¢®§¬®¦−®áâì
á¢ï§ë¢�−¨ï ¬®¤¥«¨ á −�¡®à®¬ ¨áå®¤−ëå ¤�−−ëå, −� ®á−®¢¥ ª®â®àëå ¡ë«� à�§-
à�¡®â�−� ¬®¤¥«ì, ¢ á¢ï§¨ á ç¥¬ ®¡ãç�îé¨¥ ¤�−−ë¥, ¯® áãâ¨, áâ�−®¢ïâáï −¥®âê-
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‘®¢à¥¬¥−−ë¥ ¬¥â®¤ë ¨§¢«¥ç¥−¨ï £¥®£à�ä¨ç¥áª®£® §−�−¨ï ¨§ ¡®«ìè¨å ¬�áá¨¢®¢ ¤�−−ëå

¥¬«¥¬®© ç�áâìî ¬®¤¥«¥© GeoAI. �−�«®£¨ç−ë¬ ®¡à�§®¬ −¥®¡å®¤¨¬® á®¢¬¥áâ−®
¯®«ì§®¢�âìáï ¨áå®¤−ë¬ ª®¤®¬ ¨á¯®«ì§ã¥¬®© �àå¨â¥ªâãàë, ¯®áª®«ìªã −� ¯à®¨§-
¢®¤¨â¥«ì−®áâì £«ã¡®ª¨å −¥©à®−−ëå á¥â¥© ç�áâ® ¢«¨ïîâ ¤¥â�«¨ à¥�«¨§�æ¨¨, â�ª¨¥
ª�ª áâà�â¥£¨¨ á«ãç�©−®£® §�¯®«−¥−¨ï ¨ ¨−¨æ¨�«¨§�æ¨¨ ¯�à�¬¥âà®¢.

5 Заключение

÷¥§î¬¨àãï, á«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯®¨áª §−�−¨© ¢ ¡�§�å £¥®£à�ä¨ç¥áª¨å ¤�−-
−ëå | −¥âà¨¢¨�«ì−ë© ¯à®æ¥áá, ª®â®àë© −¥¢®§¬®¦−® à¥è¨âì á ¯®¬®éìî ¯àï¬®£®
¯¥à¥−®á� âà�¤¨æ¨®−−ëå ¬¥â®¤®¢ ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� ¤�−−ëå. ��¯à®â¨¢,
®− âà¥¡ã¥â ¯®−¨¬�−¨ï äã−¤�¬¥−â�«ì−ëå £¥®£à�ä¨ç¥áª¨å ª®−æ¥¯æ¨©, ãç¥â� ®á®-
¡¥−−®áâ¥© ¯à®áâà�−áâ¢¥−−®£® ¨«¨ ¯à®áâà�−áâ¢¥−−®-¢à¥¬¥−−�®£® ¯à¥¤áâ�¢«¥−¨ï
£¥®®¡ê¥ªâ®¢ ¨ á®¯àï¦¥−−ëå á íâ¨¬ á¯¥æ¨�«¨§¨à®¢�−−ëå �«£®à¨â¬®¢.

ƒ¥®£à�ä¨ç¥áª¨© ˆˆ ¯à¥¤áâ�¢«ï¥âáï ¯¥àá¯¥ªâ¨¢−®© â¥å−®«®£¨¥© ¨−â¥««¥ª-
âã�«ì−®© ®¡à�¡®âª¨ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¤«ï à¥è¥−¨ï à�§«¨ç−ëå §�¤�ç,
â�ª¨å ª�ª ª«�áá¨ä¨ª�æ¨ï ¨§®¡à�¦¥−¨©, ®¡−�àã¦¥−¨¥ ®¡ê¥ªâ®¢, á¥£¬¥−â�æ¨ï
áæ¥−, ¬®¤¥«¨à®¢�−¨¥ (simulation) ¨ ¨−â¥à¯®«ïæ¨ï, ¯à®£−®§¨à®¢�−¨¥ (link predic-
tion), ¯®¨áª ¨ ®â¢¥âë −� ¢®¯à®áë −� ®á−®¢¥ ¥áâ¥áâ¢¥−−®£® ï§ëª�, ®¯¥à�â¨¢−�ï
¨−â¥£à�æ¨ï ¤�−−ëå, £¥®®¡®£�é¥−¨¥ ¨ ¤à., ®á®¡¥−−® ¢ ª®−â¥ªáâ¥ �−�«¨§� ¯à®-
áâà�−áâ¢¥−−®-¢à¥¬¥−− �ëå §�ª®−®¬¥à−®áâ¥©.

÷¥§ã«ìâ�â®¬ ¤�−−®© à�¡®âë áâ�« �−�«¨§ ®á−®¢−ëå ¯à®áâà�−áâ¢¥−−ëå ª®−-
æ¥¯æ¨© ¯à¥¤áâ�¢«¥−¨ï £¥®£à�ä¨ç¥áª¨å ¤�−−ëå ¨ àï¤� á®¢à¥¬¥−−ëå ¬¥â®¤®¢
�−�«¨§� ¨ ¨§¢«¥ç¥−¨ï £¥®£à�ä¨ç¥áª¨å §−�−¨© ¨§ ¡�§ £¥®£à�ä¨ç¥áª¨å ¤�−−ëå,
¢ª«îç�ï á®¢à¥¬¥−−ë¥ â¥−¤¥−æ¨¨ à�§¢¨â¨ï GeoAI. �â® ¤®«¦−® ¯®á«ã¦¨âì ®â-
¯à�¢−®© â®çª®© ¯à¨ à�§à�¡®âª¥ −®¢ëå ¯®¤å®¤®¢ ª ¨§¢«¥ç¥−¨î £¥®£à�ä¨ç¥áª®£®
§−�−¨ï. �¡«�áâìî ¯à¨¬¥−¥−¨ï à¥§ã«ìâ�â� ¬®¦¥â áâ�âì ¯à®¥ªâ¨à®¢�−¨¥ £¥®£à�-
ä¨ç¥áª¨å ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬, ¯à¥¤−�§−�ç¥−−ëå ¤«ï ¨§¢«¥ç¥−¨ï ¨ ¨á¯®«ì-
§®¢�−¨ï £¥®§−�−¨ï.
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Abstract: The main spatial concepts of spatial data representation and a number
of modern methods for analyzing and extracting geographical knowledge from
geographic databases including current trends in the development of geographic
artificial intelligence (AI) are presented. Searching for knowledge in geographical
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databases is a nontrivial process that requires understanding of fundamental
geographical concepts taking into account the features of spatial or spatiotemporal
representation of geoobjects and related specialized algorithms and which is
difficult to implement using direct transfer of traditional methods of data
mining. Geographical AI is a promising technology for intelligent spatial
data processing for solving various tasks (such as clustering, classification,
segmentation, interpolation, etc.), especially in the context of the analysis of
spatial and temporal patterns. The results obtained should serve as a starting
point for the development of new approaches to the extraction of geographical
knowledge.

Keywords: geodata; geographical databases; methods of extracting geographical
knowledge; geographical artificial intelligence
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ПОДХОД К ИСПОЛЬЗОВАНИЮ АНАЛИЗА ВРЕМЕННЫХ
РЯДОВ ДЛЯ ФОРМИРОВАНИЯ ГИПОТЕЗ

В КОНКРЕТНО-ИСТОРИЧЕСКОМ ИССЛЕДОВАНИИ

И. М. Адамович1, О. И. Волков2

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� à�§¢¨â¨î áà¥¤áâ¢ ¯®¤¤¥à¦ª¨ ª®−ªà¥â−®-¨áâ®-
à¨ç¥áª¨å ¨áá«¥¤®¢�−¨©. �à¥¤«�£�¥¬ë© ¯®¤å®¤ ¯®§¢®«ï¥â ®¯à¥¤¥«¨âì ¯à¨®à¨-
â¥â−ë¥ −�¯à�¢«¥−¨ï ¨−ä®à¬�æ¨®−−®£® ¯®¨áª� ¯®áà¥¤áâ¢®¬ �¢â®¬�â¨ç¥áª®£®
ä®à¬¨à®¢�−¨ï ®¡®á−®¢�−−ëå £¨¯®â¥§. �á®¡¥−−®áâì ¯®¤å®¤� §�ª«îç�¥âáï ¢ ¥£®
®à¨¥−â¨à®¢�−−®áâ¨ −¥ −� ¨§®«¨à®¢�−−ë¥ ¨áâ®à¨ç¥áª¨¥ ä�ªâë, � −� ¤¨−�¬¨ªã
à�§¢¨â¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¯à®æ¥áá®¢. �®¤å®¤ ®¯¨à�¥âáï −� ¬¥â®¤ë
ª«�áâ¥à−®£® �−�«¨§� ¢à¥¬¥−−ëå àï¤®¢. �¯¨á�−ë ®á®¡¥−−®áâ¨ ¢à¥¬¥−−ëå
àï¤®¢, ®âà�¦�îé¨å ¤®áâã¯−ãî ¢ ¨áâ®à¨ç¥áª¨å ¨áâ®ç−¨ª�å ¨−ä®à¬�æ¨î ®¡
¨§¬¥−¥−¨¨ â¥å ¨«¨ ¨−ëå ®¡ê¥ªâ®¢ ¨ ï¢«¥−¨© ¢ ¯à®è«®¬. �¯à¥¤¥«¥−ë �«£®-
à¨â¬ë, −�¨¡®«¥¥ á®®â¢¥âáâ¢ãîé¨¥ ¤�−−ë¬ ®á®¡¥−−®áâï¬. �á®¡®¥ ¢−¨¬�−¨¥
ã¤¥«¥−® ®¯à¥¤¥«¥−¨î á¯¥æ¨ä¨ç¥áª®© ¬¥àë áå®¤áâ¢� ¤«ï â�ª¨å ¢à¥¬¥−−ëå
àï¤®¢. �®¤à®¡−® à�áá¬®âà¥− ¯à¨¬¥à ¤�−−ëå, ®âà�¦�îé¨© ®á®¡¥−−®áâ¨ áâ�-
à®®¡àï¤ç¥áª®£® ¯à¥¤¯à¨−¨¬�â¥«ìáâ¢� ¢ ÷®áá¨©áª®© ˆ¬¯¥à¨¨, ¨ ¯®ª�§�−®, ª�ª
á ¯®¬®éìî ®¯¨á�−−®£® ¯®¤å®¤� ¬®¦−® á¤¥«�âì ®¡®á−®¢�−−®¥ ¯à¥¤¯®«®¦¥−¨¥
®¡ ®â−¥á¥−¨¨ ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨ï ª áâ�à®®¡àï¤ç¥áâ¢ã.

Š«îç¥¢ë¥ á«®¢�: ª®−ªà¥â−®-¨áâ®à¨ç¥áª®¥ ¨áá«¥¤®¢�−¨¥; ä®à¬¨à®¢�−¨¥
£¨¯®â¥§; ª«�áâ¥à¨§�æ¨ï; ¢à¥¬¥−−ë¥ àï¤ë; ¬¥à� áå®¤áâ¢�
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1 Введение

Š�ª ¯®ª�§�−® ¢ [1], ¯à¨ ¯à®¢¥¤¥−¨¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�-
−¨ï ¢ë¡®à −�¯à�¢«¥−¨ï ¯®¨áª� −¥¤®áâ�îé¥© ¨−ä®à¬�æ¨¨ ®áâ�¥âáï ¯®«−®áâìî
àãç−®© −¥ä®à¬�«ì−®© ¯à®æ¥¤ãà®©, §�¢¨áïé¥© ¨áª«îç¨â¥«ì−® ®â ®¯ëâ� ¨ ª¢�-
«¨ä¨ª�æ¨¨ ¨áá«¥¤®¢�â¥«ï. �¥¢¥à−ë© ¢ë¡®à −�¯à�¢«¥−¨ï ¯®¨áª� −¥¨§¡¥¦−®
¯à¨¢®¤¨â ª §−�ç¨â¥«ì−®¬ã à®áâã ¥£® ®¡ê¥¬®¢ ¨ ª §�¬¥â−®¬ã ã¢¥«¨ç¥−¨î áà®ª®¢
¢á¥£® ¨áá«¥¤®¢�−¨ï. �®íâ®¬ã ¬¥å�−¨§¬ë, ¯®§¢®«ïîé¨¥ ¯à¥¤«®¦¨âì ¯®«ì§®¢�-
â¥«î ¯¥àá¯¥ªâ¨¢−ë¥ −�¯à�¢«¥−¨ï ¯®¨áª�, ªà�©−¥ ¢®áâà¥¡®¢�−ë. ‚ [1] ®¯¨á�−
¯®¤å®¤ ª ä®à¬¨à®¢�−¨î £¨¯®â¥§, ®á−®¢�−−ë© −� ¯à®æ¥¤ãà¥ ¨¬¯ãâ�æ¨¨ ¤�−-
−ëå, â. ¥. �¢â®¬�â¨ç¥áª®£® ä®à¬¨à®¢�−¨ï −� ¡�§¥ −¥¯®«−®© ¨−¤ãªæ¨¨ £¨¯®â¥§ë
® §−�ç¥−¨¨ «�ªã−ë ¢ −�¡®à¥ ¨áâ®à¨ç¥áª¨å ä�ªâ®¢. –¥−−®áâì â�ª®£® à¥è¥−¨ï

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

2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª, Volkov@amsd.com
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¤«ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï, ª�ª ¯®ª�§�−® ¢ [1], ú§�ª«îç�¥âáï
¢ ¢�¦−®áâ¨ ®¡®á−®¢�−−®© £¨¯®â¥§ë ª�ª ¬¥â®¤� à�§¢¨â¨ï «î¡®£® −�ãç−®£® §−�−¨ï.
�á®¡¥−−® íâ® ®â−®á¨âáï ª ¨áâ®à¨ç¥áª®¬ã §−�−¨î, â�ª ª�ª «î¡®¥ §−�−¨¥ ® ¯à®-
è«®¬ −¥á¥â ¢ á¥¡¥ ¤®«î £¨¯®â¥â¨ç−®áâ¨, ¯®áª®«ìªã ¨áâ®à¨ª −¥ ¬®¦¥â −�¡«î¤�âì
−¥¯®áà¥¤áâ¢¥−−® ¨áâ®à¨ç¥áª¨¥ á®¡ëâ¨ï ª�ª £«�¢−ë© ®¡ê¥ªâ á¢®¥£® ¨§ãç¥−¨ï [2].
‡�¤�ç¥©, à¥è�¥¬®© á ¯®¬®éìî íâ®£® ¯®¤å®¤�, ï¢«ï¥âáï −¥ ¯®«ãç¥−¨¥ −®¢®© ¤®-
áâ®¢¥à−®© ¨−ä®à¬�æ¨¨ ®¡ ®¡ê¥ªâ¥ ¨áá«¥¤®¢�−¨ï, ¯®áª®«ìªã −¥¯®«−�ï ¨−¤ãªæ¨ï
¯®§¢®«ï¥â ¤¥«�âì â®«ìª® ¢¥à®ïâ−®áâ−ë¥ §�ª«îç¥−¨ï, � á®§¤�−¨¥ ®¡®á−®¢�−−®© £¨-
¯®â¥§ë, ª®â®à�ï §�¤�áâ −®¢®¥ −�¯à�¢«¥−¨¥ ¯®¨áª�û. �¥¤®áâ�â®ª íâ®£® ¯®¤å®¤� |
®¯®à� −� áà�¢−¥−¨¥ áâ�â¨ç¥áª¨å ¤�−−ëå ¡¥§ ãç¥â� ¨å ¤¨−�¬¨ª¨.

‚ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå, áä®ªãá¨à®¢�−−ëå −� ¨§ãç¥−¨¨
ª®−ªà¥â−ëå á®¡ëâ¨©, ï¢«¥−¨© ¨«¨ ¯à®æ¥áá®¢ ¢ ¨å ¨áâ®à¨ç¥áª®© á¯¥æ¨ä¨ª¥,
�−�«¨§ ¢à¥¬¥−− �ëå àï¤®¢ è¨à®ª® ¨á¯®«ì§ã¥âáï ¢ á«¥¤ãîé¨å −�¯à�¢«¥−¨ïå:

{ íª®−®¬¨ç¥áª�ï ¨áâ®à¨ï [3];

{ ¤¥¬®£à�ä¨ç¥áª�ï ¨áâ®à¨ï [4];

{ á®æ¨�«ì−�ï ¨áâ®à¨ï [5];

{ ¨áâ®à¨ï ª«¨¬�â� ¨ íª®«®£¨¨ [6].

–¥«ìî −�áâ®ïé¥© áâ�âì¨ áâ�¢¨âáï ®¡®á−®¢�−¨¥ ¯à¨¬¥−¥−¨ï �−�«¨§� ¢à¥-
¬¥−− �ëå àï¤®¢ ¢ §�¤�ç�å �¢â®¬�â¨§�æ¨¨ ä®à¬¨à®¢�−¨ï £¨¯®â¥§ ¯à¨ ¯à®¢¥¤¥−¨¨
ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨© ¨ ®¯¨á�−¨¥ á®®â¢¥âáâ¢ãîé¥£® ¯®¤å®¤�.

2 Описание и обоснование подхода

�à¨ ¯à®¢¥¤¥−¨¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨© ¢áâà¥ç�îâáï á¨âã�-
æ¨¨, ª®£¤� ¤¨−�¬¨ª� −¥ª®â®àëå ¯à®æ¥áá®¢, á¢ï§�−−ëå á ¨áâ®à¨ç¥áª¨¬¨ áãé−®-
áâï¬¨, ®¡«�¤�îé¨¬¨ −¥ª¨¬ ®¡é¨¬ á¢®©áâ¢®¬, ¨¬¥¥â ¢ëà�¦¥−−ãî á¯¥æ¨ä¨ªã.
‚ â�ª¨å á«ãç�ïå, ¥á«¨ ¤«ï ®¯à¥¤¥«¥−−®© áãé−®áâ¨ ¤¨−�¬¨ª� á¢ï§�−−®£® ¯à®æ¥á-
á� ®¡«�¤�¥â â®© ¦¥ á¯¥æ¨ä¨ª®©, ¬®¦−® ¯à¥¤¯®«®¦¨âì, çâ® íâ� áãé−®áâì â�ª¦¥
®¡«�¤�¥â íâ¨¬ ¦¥ á¢®©áâ¢®¬. �â® ¯à¥¤¯®«®¦¥−¨¥ ¨ ¡ã¤¥â ¨áª®¬®© £¨¯®â¥§®©.

��¯à¨¬¥à, áâ�à®®¡àï¤ç¥áª®¥ ¯à¥¤¯à¨−¨¬�â¥«ìáâ¢® ¢ ÷®áá¨¨ ¨¬¥«® àï¤ á¯¥-
æ¨ä¨ç¥áª¨å ç¥àâ, ®â«¨ç�¢è¨å ¥£® ®â ¯à�ªâ¨ª −¥áâ�à®®¡àï¤æ¥¢. �â� á¯¥æ¨ä¨ª�
®¯à¥¤¥«ï«�áì á«¥¤ãîé¨¬¨ ®á®¡¥−−®áâï¬¨ áâ�à®®¡àï¤ç¥áª®£® ¯à¥¤¯à¨−¨¬�â¥«ì-
áâ¢� [7]:

{ ®¡é¨−−®áâì, ªàã£®¢�ï ¯®àãª� ¨ ª®««¥ªâ¨¢−�ï ®â¢¥âáâ¢¥−−®áâì;

{ ®âª�§ ®â ¤¥¬®−áâà�â¨¢−®© à®áª®è¨ ¨ ¯à¨®à¨â¥â ¢«®¦¥−¨© áà¥¤áâ¢ ¢ à�§¢¨â¨¥
¤¥«�;

{ áâà®£�ï âàã¤®¢�ï íâ¨ª�;

{ á®ç¥â�−¨¥ âà�¤¨æ¨®−�«¨§¬� á â¥å−®«®£¨ç¥áª¨¬¨ −®¢�æ¨ï¬¨.
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�®¤å®¤ ª ¨á¯®«ì§®¢�−¨î �−�«¨§� ¢à¥¬¥−−ëå àï¤®¢ ¤«ï ä®à¬¨à®¢�−¨ï £¨¯®â¥§

�à¨ íâ®¬ áâ�à®®¡àï¤ç¥áª®¥ ¯à¥¤¯à¨−¨¬�â¥«ìáâ¢® −¥«ì§ï áç¨â�âì ®¤−®à®¤−ë¬.
‘¯¥æ¨ä¨ª� áâ�à®®¡àï¤ç¥áª®£® ¡¨§−¥á� §�¢¨á¥«� ®â £¥®£à�ä¨¨, ª®−ä¥áá¨®−�«ì-
−®£® â¥ç¥−¨ï ¨ áâ�àâ®¢ëå ãá«®¢¨©. �� íâ®¬ ¯à¨¬¥à¥ ¬®¦−® ¯à®¨««îáâà¨à®¢�âì
¯à¥¤«�£�¥¬ë© ¯®¤å®¤.

‚ ª�ç¥áâ¢¥ áà�¢−¨¢�¥¬ëå ¯à®æ¥áá®¢ à�áá¬®âà¨¬ íª®−®¬¨ç¥áªãî ¤¥ïâ¥«ì−®áâì
¯à¥¤¯à¨−¨¬�â¥«¥© ¢ ÷®áá¨©áª®© ˆ¬¯¥à¨¨. �â¨ ¯à®æ¥ááë ¯à¥¤áâ�¢«¥−ë −�¡®à®¬
§�ä¨ªá¨à®¢�−−ëå ¢ ¨áâ®à¨ç¥áª¨å ¤®ªã¬¥−â�å («¨ç−ë¥ �àå¨¢ë ¯à¥¤¯à¨−¨¬�-
â¥«¥©, �àå¨¢ë ¯à¥¤¯à¨ïâ¨©, ¨áâ®à¨ª®-áâ�â¨áâ¨ç¥áª¨¥ á¢¥¤¥−¨ï, ¨áâ®à¨ç¥áª¨¥
�ªâë ¨ ã«®¦¥−¨ï, ®âç¥âë ¨ â. ¤.) ¯®ª�§�â¥«¥©. Š�¦¤ë© â�ª®© −�¡®à ¯à¥¤áâ�¢-
«ï¥â á®¡®© −¥¯®«−ë© �¯¥à¨®¤¨ç¥áª¨© ¢à¥¬¥−−®© àï¤, ¯®áª®«ìªã ¨áâ®à¨ç¥áª¨¥
¤�−−ë¥ ®¡«�¤�îâ á¢®©áâ¢®¬ äà�£¬¥−â�à−®áâ¨. �®«¥¥ â®£®, ¯¥à¢�ï â®çª� ¢à¥-
¬¥−−�®£® àï¤� ¬®¦¥â −¥ á®¢¯�¤�âì á −�ç�«®¬ ¯à®æ¥áá�, � ¯®á«¥¤−ïï ¬®¦¥â −¥
á®¢¯�¤�âì á ¬®¬¥−â®¬ §�¢¥àè¥−¨ï íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨, â. ¥. á ª®−æ®¬
¯à®æ¥áá�. �à¥¤áâ�¢«ï¥â ¨−â¥à¥á á®¢®ªã¯−®áâì ¤�−−ëå S, ¤«ï ª®â®àëå ¨§¢¥áâ−®,
çâ® áã¡ê¥ªâ, ®áãé¥áâ¢«ï¢è¨© ¤¥ïâ¥«ì−®áâì, ¡ë« áâ�à®®¡àï¤æ¥¬.

�®áª®«ìªã áâ�à®®¡àï¤ç¥áª®¥ ¯à¥¤¯à¨−¨¬�â¥«ìáâ¢® −¥®¤−®à®¤−®, ¢áî á®¢®-
ªã¯−®áâì á«¥¤ã¥â à�§¡¨âì −� ®¤−®â¨¯−ë¥ £àã¯¯ë (ª«�áâ¥àë) Ki: ∪Ki = Si; ∀ i, j
Ki ∩ Kj = ∅. ƒàã¯¯ë, ¨¬¥îé¨¥ §−�ç¨â¥«ì−®¥ ç¨á«® í«¥¬¥−â®¢, ¡ã¤¥¬ −�§ë-
¢�âì ¯à¥¤áâ�¢¨â¥«ì−ë¬¨ ¨ ¤�«¥¥ à�áá¬�âà¨¢�âì â®«ìª® ¨å, ¯®áª®«ìªã ®â−¥á¥−¨¥
¯à®æ¥áá�, ¤«ï áã¡ê¥ªâ� ª®â®à®£® ¤¥«�¥âáï ¯à¥¤¯®«®¦¥−¨¥ ® ¯à¨−�¤«¥¦−®áâ¨
ª áâ�à®®¡àï¤ç¥áâ¢ã, ª â®© ¨«¨ ¨−®© £àã¯¯¥ ®¤−®â¨¯−ëå ¯à®æ¥áá®¢ ¨§ á®¢®ªã¯-
−®áâ¨S (®â−¥á¥−¨¥ á®®â¢¥âáâ¢ãîé¥£® ¢à¥¬¥−−�®£® àï¤� ª â®¬ã ¨«¨ ¨−®¬ã ª«�áâ¥àã)
¤®«¦−® ¯®¤â¢¥à¦¤�âìáï áâ�â¨áâ¨ç¥áª¨.

„«ï íâ®£® ¤®«¦−ë ¡ëâì ®¯à¥¤¥«¥−ë:

{ ªà¨â¥à¨© §−�ç¨â¥«ì−®áâ¨ ¤«ï ¯à¥¤áâ�¢¨â¥«ì−ëå ª«�áâ¥à®¢;

{ �«£®à¨â¬ ª«�áâ¥à¨§�æ¨¨;
{ á¯®á®¡ áà�¢−¥−¨ï ¯à®æ¥áá®¢, ¯à¥¤áâ�¢«¥−−ëå ¢à¥¬¥−− �ë¬¨ àï¤�¬¨ (¬¥à�

áå®¤áâ¢�).

��¨¡®«¥¥ ¥áâ¥áâ¢¥−−ë¬ ªà¨â¥à¨¥¬ §−�ç¨â¥«ì−®áâ¨ ¤«ï ¯à¥¤áâ�¢¨â¥«ì−ëå
ª«�áâ¥à®¢ ¢ë£«ï¤¨â ¯à¥¢ëè¥−¨¥ ®â−®è¥−¨ï ®¡ê¥¬� ª«�áâ¥à� ª ®¡é¥¬ã ®¡ê¥¬ã
á®¢®ªã¯−®áâ¨ ¤�−−ëå −¥ª®â®à®£® ¯®à®£�: |Ki|/|S| = α.

‘à¥¤¨ ¬−®¦¥áâ¢� �«£®à¨â¬®¢ ª«�áâ¥à¨§�æ¨¨ −�¨¡®«¥¥ ¯®¯ã«ïà−ë¬¨ [8] ®áâ�-
îâáï ¬¥â®¤ë K-áà¥¤−¨å (k-Means), �£«®¬¥à�â¨¢−®© ¨¥à�àå¨ç¥áª®© ª«�áâ¥à¨§�-
æ¨¨, � â�ª¦¥ �«£®à¨â¬ DBSCAN (Density-Based Spatial Clustering of Applica-
tions with Noise). Œ¥â®¤ k-Means −¥á¯®á®¡¥− ¢ë¤¥«¨âì ª«�áâ¥àë −¥áä¥à¨ç¥áª®©
ä®à¬ë, ¨ ç¨á«® ª«�áâ¥à®¢ ¤®«¦−® ¡ëâì §�¤�−® ª�ª ¯�à�¬¥âà ¨§−�ç�«ì−®, çâ®
¤¥«�¥â íâ®â �«£®à¨â¬ −¥¯à¨£®¤−ë¬ ¤«ï à¥è¥−¨ï à�áá¬�âà¨¢�¥¬®© §�¤�ç¨. �â¨å
−¥¤®áâ�âª®¢ «¨è¥−ë �«£®à¨â¬ë �£«®¬¥à�â¨¢−®© ¨¥à�àå¨ç¥áª®© ª«�áâ¥à¨§�æ¨¨
¨ DBSCAN, çâ® ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¨å ¤«ï ª«�áâ¥à¨§�æ¨¨ ¢à¥¬¥−− �ëå àï-
¤®¢, å�à�ªâ¥à¨§ãîé¨å íª®−®¬¨ç¥áªãî ¤¥ïâ¥«ì−®áâì ¯à¥¤¯à¨−¨¬�â¥«¥©-áâ�à®®¡-
àï¤æ¥¢. „«ï íâ®£® á«¥¤ã¥â ®¯à¥¤¥«¨âì ¬¥àã ¡«¨§®áâ¨ ¤«ï íâ¨å íª®−®¬¨ç¥áª¨å
¯à®æ¥áá®¢, ¯à¥¤áâ�¢«¥−−ëå ¢ ¢¨¤¥ ¢à¥¬¥−− �ëå àï¤®¢.
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3 Специфика задачи

„«ï ¢ë¡®à� −�¨¡®«¥¥ �¤¥ª¢�â−®© ¤«ï ®¯¨á�−−®© §�¤�ç¨ ¬¥àë áå®¤áâ¢� á«¥-
¤ã¥â ãç¥áâì á«¥¤ãîé¨¥ ®á®¡¥−−®áâ¨ à�áá¬�âà¨¢�¥¬ëå ¯à®æ¥áá®¢.
3.1. ‘å®¤−ë¥ ¯à®æ¥ááë ¬®£ãâ −�ç¨−�âìáï ¢ à�§−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨. ‘«¥¤®-

¢�â¥«ì−®, ¬¥à� áå®¤áâ¢� −¥ ¤®«¦−� ¡ëâì çã¢áâ¢¨â¥«ì−®© ª á¤¢¨£ã «î¡®£®
¨§ áà�¢−¨¢�¥¬ëå ¯à®æ¥áá®¢ ¯® ®á¨ ¢à¥¬¥−¨.

3.2. „¨−�¬¨ª� à�§¢¨â¨ï ¯à®æ¥áá� −� ª�¦¤®¬ íâ�¯¥ á«ã¦¨â ¢�¦−ë¬ ¯®ª�§�â¥«¥¬
íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨. ‘«¥¤®¢�â¥«ì−®, ¬¥à� áå®¤áâ¢� ¤®«¦−� ¡ëâì
çã¢áâ¢¨â¥«ì−� ª á¦�â¨î ¨«¨ à�áâï¦¥−¨î ®â¤¥«ì−ëå ãç�áâª®¢ ¯à®æ¥áá� ¯®
®á¨ ¢à¥¬¥−¨.

3.3. ‚à¥¬¥−− �ë¥ àï¤ë, ®¯¨áë¢�îé¨¥ ¯à®æ¥áá, −¥à�¢−®¬¥à−ë. ‘«¥¤®¢�â¥«ì−®,
¬¥à� áå®¤áâ¢� ¤®«¦−� ãç¨âë¢�âì −¥á®¢¯�¤¥−¨¥ ¢à¥¬¥−− �ëå ¬¥â®ª áà�¢−¨-
¢�¥¬ëå ¢à¥¬¥−− �ëå àï¤®¢.

3.4. ��ç�«® ¨ ª®−¥æ ¯à®æ¥áá� ¬®£ãâ −¥ á®¢¯�¤�âì á −�ç�«®¬ ¨ ª®−æ®¬ ®¯¨áë¢�-
îé¥£® ¥£® ¢à¥¬¥−−�®£® àï¤�. �®íâ®¬ã ¬¥à� áå®¤áâ¢� ¤®«¦−� ãç¨âë¢�âì â®â
ä�ªâ, çâ® ¢à¥¬¥−−®© àï¤ ¬®¦¥â ®âà�¦�âì −¥ ¢¥áì ¯à®æ¥áá, � â®«ìª® −¥ª®-
â®àãî ¥£® ç�áâì, á®®â¢¥âáâ¢ãîéãî −¥¯à¥àë¢−®¬ã ¨−â¥à¢�«ã −�¡«î¤¥−¨©
¢ ¯à¥¤¥«�å ¢á¥£® ¢à¥¬¥−¨ áãé¥áâ¢®¢�−¨ï ¯à®æ¥áá�, ¨ áå®¤−ë¥ ¯à®æ¥ááë
¬®£ãâ ¡ëâì ¯à¥¤áâ�¢«¥−ë −¥áå®¤−ë¬¨ ¢à¥¬¥−− �ë¬¨ àï¤�¬¨, ¯®áª®«ìªã ®â-
−®áïâáï ª à�§−ë¬ ¨−â¥à¢�«�¬ −�¡«î¤¥−¨©.

3.5. ‚áï §�ä¨ªá¨à®¢�−−�ï ¢ ¨áâ®à¨ç¥áª¨å ¤®ªã¬¥−â�å íª®−®¬¨ç¥áª�ï ¨−ä®à-
¬�æ¨ï ®âà�¦�¥â à¥�«ì−ë¥ ¨§¬¥−¥−¨ï ¢ å®¤¥ ¯à®æ¥áá� ¨ áç¨â�¥âáï §−�ç¨¬®©.
‘«¥¤®¢�â¥«ì−®, ¤®¯ãáâ¨¬® ¨á¯®«ì§®¢�−¨¥ ¬¥àë áå®¤áâ¢�, çã¢áâ¢¨â¥«ì−®©
ª ¢ë¡à®á�¬ ¨ èã¬�¬.

4 Метрика для временных рядов
„«ï ®¯à¥¤¥«¥−¨ï ¬¥àë áå®¤áâ¢� ¯à®æ¥áá®¢, ¯à¥¤áâ�¢«¥−−ëå ¢à¥¬¥−− �ë¬¨

àï¤�¬¨, á«¥¤ã¥â ®¯¥à¥âìáï −� −¥ª®â®àë© á¯®á®¡ áà�¢−¥−¨ï íâ¨å àï¤®¢. ‚ë¡®à
®¯â¨¬�«ì−®© ¬¥âà¨ª¨ ¨§ ¬−®¦¥áâ¢� á®§¤�−−ëå ¤«ï ¢à¥¬¥−− �ëå àï¤®¢ ®¯à¥¤¥-
«ï¥âáï á¯¥æ¨ä¨ª®© §�¤�ç¨, � ¨¬¥−−®: ®á®¡¥−−®áâï¬¨ 3.2 (çã¢áâ¢¨â¥«ì−®áâì
ª ¨áª�¦¥−¨ï¬ ¢à¥¬¥−−�®© èª�«ë) ¨ 3.3 (−¥à�¢−®¬¥à−®áâì ¢à¥¬¥−− �ëå àï¤®¢). �â¨
®á®¡¥−−®áâ¨ ¤¥«�îâ −¥¢®§¬®¦−ë¬ ¨á¯®«ì§®¢�−¨¥ ¬−®£¨å ¬¥âà¨ª, ®á−®¢�−−ëå
−� áà�¢−¥−¨¨ ä®à¬ë ¢à¥¬¥−− �ëå àï¤®¢, ¢ â®¬ ç¨á«¥ ¨ ®ç¥−ì ¯®¯ã«ïà−®¥ DTW-
à�ááâ®ï−¨¥, ®á−®¢�−−®¥ −� �«£®à¨â¬¥ ¤¨−�¬¨ç¥áª®© âà�−áä®à¬�æ¨¨ ¢à¥¬¥−−�®©
èª�«ë (Dynamic Time Warping). �®íâ®¬ã á«¥¤ã¥â ®¯¥à¥âìáï −� è¨à®ª® ¨á-
¯®«ì§ã¥¬®¥ ¢ ª«�áâ¥à−®¬ �−�«¨§¥ ¨ ¬−®£¨å ¤àã£¨å ¯à¨«®¦¥−¨ïå ¤«ï ®¯¨á�−¨ï
à�§«¨ç¨© ¬¥¦¤ã ®¡ê¥ªâ�¬¨ ¥¢ª«¨¤®¢® à�ááâ®ï−¨¥ [9]. ‚ á«ãç�¥ á ¤¢ã¬ï ¢à¥-
¬¥−− �ë¬¨ àï¤�¬¨ X ¨ Y , ¨¬¥îé¨¬¨ ®¤¨−�ª®¢ë© ¨−â¥à¢�« ¨§ n −�¡«î¤¥−¨©, ®−®
¢ëç¨á«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

m(X,Y ) =

√

√

√

√

n
∑

i−1

(Xi − Yi)
2 . (1)
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�®¤å®¤ ª ¨á¯®«ì§®¢�−¨î �−�«¨§� ¢à¥¬¥−−ëå àï¤®¢ ¤«ï ä®à¬¨à®¢�−¨ï £¨¯®â¥§

…¢ª«¨¤®¢� ¬¥âà¨ª� ¯®¤¢¥à¦¥−� ¢«¨ï−¨î ¢ë¡à®á®¢ ¨ èã¬®¢, çâ® ¢ á®®â¢¥â-
áâ¢¨¨ á ®á®¡¥−−®áâìî 3.5 (¤®¯ãáâ¨¬®áâì çã¢áâ¢¨â¥«ì−®áâ¨ ª ¢ë¡à®á�¬ ¨ èã¬�¬)
−¥ áç¨â�¥âáï áãé¥áâ¢¥−−ë¬ −¥¤®áâ�âª®¬. �à®¡«¥¬� §�ª«îç�¥âáï ¢ âà¥¡®¢�−¨¨
®¤¨−�ª®¢®© ¤«¨−ë áà�¢−¨¢�¥¬ëå àï¤®¢ ¨ á®¢¯�¤¥−¨¨ ¨å ¢à¥¬¥−− �ëå ¬¥â®ª, ¢ â®
¢à¥¬ï ª�ª ¢ à�áá¬�âà¨¢�¥¬®© §�¤�ç¥ ¢à¥¬¥−− �ë¥ àï¤ë −¥à¥£ã«ïà−ë ¨ ¬®£ãâ ¨¬¥âì
à�§−ãî ¤«¨−ã. ��¨¡®«¥¥ à�á¯à®áâà�−¥−−�ï ¯à®æ¥¤ãà� ¯à¨ ®¡à�¡®âª¥ −¥à¥£ã«ïà-
−ëå ¢à¥¬¥−− �ëå àï¤®¢ | ¯à¥¤¢�à¨â¥«ì−�ï ®¡à�¡®âª� ¤�−−ëå á ¯®¬®éìî «¨−¥©−®©
¨−â¥à¯®«ïæ¨¨ [10]. �â®â ¬¥â®¤ ¨¬¥¥â áãé¥áâ¢¥−−ë© −¥¤®áâ�â®ª, ¯®áª®«ìªã ¢¢®¤¨â
¤®¯®«−¨â¥«ì−ãî ¨−ä®à¬�æ¨î ¢® ¢à¥¬¥−− �ë¥ àï¤ë á £®à�§¤® ¡®«ìè¥© −¥®¯à¥¤¥-
«¥−−®áâìî, ç¥¬ à¥�«ì−ë¥ −�¡«î¤¥−¨ï. �®, ª�ª ¯®ª�§�−® ¢ëè¥, æ¥«ìî áâ�¢¨âáï
−¥ ¯®«ãç¥−¨¥ −®¢®© ¤®áâ®¢¥à−®© ¨−ä®à¬�æ¨¨ ®¡ ®¡ê¥ªâ¥ ¨áá«¥¤®¢�−¨ï, � â®«ìª®
á®§¤�−¨¥ ®¡®á−®¢�−−®© £¨¯®â¥§ë, ª®â®à�ï §�¤�áâ −®¢®¥ −�¯à�¢«¥−¨¥ ¯®¨áª�, çâ®
¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¤�−−ë© ¯®¤å®¤, −¥á¬®âàï −� ¢ëá®ª¨© ãà®¢¥−ì −¥®¯à¥¤¥-
«¥−−®áâ¨ ¢ ¤�−−ëå. ‚ à¥§ã«ìâ�â¥ áà�¢−¥−¨¥ −¥à�¢−®¬¥à−ëå ¢à¥¬¥−− �ëå àï¤®¢ X
¨ Y , ®¯à¥¤¥«¥−−ëå −� ®¤−®¬ ¢à¥¬¥−−�®¬ ¨−â¥à¢�«¥ T , ¡ã¤¥â ®áãé¥áâ¢«ïâìáï ¢ âà¨
íâ�¯�:

(1) ¯®áâà®¥−¨¥ −¥¯à¥àë¢−ëå −� ¨−â¥à¢�«¥ T äã−ªæ¨© x(t) ¨ y(t) «¨−¥©−®©
¨−â¥à¯®«ïæ¨¥© ¢à¥¬¥−− �ëå àï¤®¢ X ¨ Y á®®â¢¥âáâ¢¥−−®;

(2) á®§¤�−¨¥ à�¢−®¬¥à−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ {ti} ¢à¥¬¥−− �ëå ¬¥â®ª −� ¨−â¥à-
¢�«¥ T ¨ ¯®áâà®¥−¨¥ −®¢ëå ¢à¥¬¥−− �ëå àï¤®¢ “X = {x(ti)} ¨ “Y = {y(ti)};

(3) ¢ëç¨á«¥−¨¥ ¥¢ª«¨¤®¢� à�ááâ®ï−¨ï ¬¥¦¤ã àï¤�¬¨ “X ¨ “Y ¢ á®®â¢¥âáâ¢¨¨
á ä®à¬ã«®© (1).

…¢ª«¨¤®¢� ¬¥âà¨ª� çã¢áâ¢¨â¥«ì−� ª á¤¢¨£�¬ ¯® ¢à¥¬¥−¨, çâ® ¢å®¤¨â ¢ ¯à®-
â¨¢®à¥ç¨¥ á ®á®¡¥−−®áâìî 3.1. �â® ¯à®â¨¢®à¥ç¨¥ ¡ã¤¥â ãáâà�−¥−® ¤�«¥¥ ¯à¨
®¯à¥¤¥«¥−¨¨ ¬¥àë áå®¤áâ¢� ¯à®æ¥áá®¢.

5 Мера сходства процессов

�à¨ ®¯à¥¤¥«¥−¨¨ ¬¥àë áå®¤áâ¢� à�áá¬�âà¨¢�¥¬ëå ¢ ¤�−−®© áâ�âì¥ ¯à®æ¥áá®¢
á ®¯®à®© −� ¢ë¡à�−−ãî ¢ëè¥ ¬¥âà¨ªã á«¥¤ã¥â ãç¥áâì, çâ®:

{ ¬¥à� áå®¤áâ¢� −¥ ¤®«¦−� ¡ëâì çã¢áâ¢¨â¥«ì−®© ª á¤¢¨£ã «î¡®£® ¨§ áà�¢−¨¢�-
¥¬ëå ¯à®æ¥áá®¢ ¯® ®á¨ ¢à¥¬¥−¨ (®á®¡¥−−®áâì 3.1);

{ ¬¥à� áå®¤áâ¢� ¤®«¦−� ¡ëâì ®¯à¥¤¥«¥−� á ãç¥â®¬ â®£®, çâ® ¢à¥¬¥−−®© àï¤ ¬®¦¥â
®âà�¦�âì −¥ ¢¥áì ¯à®æ¥áá, � â®«ìª® −¥ª®â®àãî ¥£® ç�áâì (®á®¡¥−−®áâì 3.4).

�¯à¥¤¥«¨¬ ¬¥âà¨ªã M , ®âà�¦�îéãî áâ¥¯¥−ì áå®¤áâ¢� ¯à®æ¥áá®¢ Si ¨ Sj,
ª®â®àë¬ á®®â¢¥âáâ¢ãîâ ¢à¥¬¥−− �ë¥ àï¤ëXi(t) ¨Xj(t) á ¨−â¥à¢�«�¬¨ −�¡«î¤¥−¨©
T (Xi) ¨ T (Xj) á®®â¢¥âáâ¢¥−−®. �ãáâì mT | ¢ë¡à�−−�ï ¢ëè¥ ¬¥âà¨ª� ¤«ï
¢à¥¬¥−− �ëå àï¤®¢, ®¯à¥¤¥«¥−−ëå −� ®¤−®¬ ¢à¥¬¥−−�®¬ ¨−â¥à¢�«¥ T . ’®£¤�
®¯à¥¤¥«¨¬ ¬¥âà¨ªã “m ¤«ï ¢à¥¬¥−− �ëå àï¤®¢ á ¯¥à¥á¥ª�îé¨¬¨áï ¯¥à¨®¤�¬¨
−�¡«î¤¥−¨© ª�ª
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“m(X,Y ) =

(

|T (X) ∪ T (Y )|

|T (X) ∩ T (Y )|

)β

mT (X)∩T (Y )(X,Y ),

â. ¥. ¬¥âà¨ª�m, ®¯à¥¤¥«¥−−�ï −� ¯¥à¥á¥ç¥−¨¨ ¨−â¥à¢�«®¢ −�¡«î¤¥−¨© ¢à¥¬¥−− �ëå
àï¤®¢ X ¨ Y á ¯®¯à�¢®ç−ë¬ ª®íää¨æ¨¥−â®¬, ¯à¥¤áâ�¢«ïîé¨¬ á®¡®© èâà�ä §�
−¥á®¢¯�¤¥−¨¥ ¨−â¥à¢�«®¢ −�¡«î¤¥−¨©. Š®−áâ�−â� β ®¯à¥¤¥«ï¥â §−�ç¨¬®áâì íâ®£®
èâà�ä�. Œ¥âà¨ª� “m ãç¨âë¢�¥â ®á®¡¥−−®áâì 3.4.

�¯à¥¤¥«¨¬ ¤«ï ¢à¥¬¥−−�®£® àï¤� X = {xt1 , . . . , xtn}, ®¯à¥¤¥«¥−−®£® −�
¨−â¥à¢�«¥ T (X) = [t1, tn], àï¤ X–, ¯à¥¤áâ�¢«ïîé¨© á®¡®© àï¤ X, á¤¢¨−ãâë©
−� ¢¥«¨ç¨−ã – ¯® ®á¨ ¢à¥¬¥−¨:

X– = {yp1, . . . , ypn
|pi = ti +–; ypi

= xti} ;

T
(

X–
)

= [t1 +–, tn +–] .

’®£¤� ®¯à¥¤¥«¨¬ ¬¥âà¨ªã M ¢ ®¯¨á�−−ëå ¢ëè¥ ®¡®§−�ç¥−¨ïå á«¥¤ãîé¨¬
®¡à�§®¬:

M (Si, Sj) = min
–: T(X–i )∩T (Xj)6=∅

“m
(

X–i ,Xj

)

.

ˆ−ë¬¨ á«®¢�¬¨, ¥á«¨ ¤«ï ¯�àë ¢à¥¬¥−− �ëå àï¤®¢ á¤¢¨−ãâì ®¤¨− ¨§ −¨å
¯® ®á¨ ¢à¥¬¥−¨ −� −¥ª®â®àãî ¢¥«¨ç¨−ã – ¨ ¯®áç¨â�âì à�ááâ®ï−¨¥ ¬¥¦¤ã −¨¬¨
¢ á®®â¢¥âáâ¢¨¨ á ¬¥âà¨ª®© “m, â® íâ® à�ááâ®ï−¨¥ ¬®¦−® áç¨â�âì äã−ªæ¨¥© ®â ®¤−®©
¯¥à¥¬¥−−®© –. Œ¨−¨¬ã¬ íâ®© äã−ªæ¨¨ −� ¨−â¥à¢�«¥ §−�ç¥−¨©, ¤«ï ª®â®àëå
¨−â¥à¢�«ë −�¡«î¤¥−¨© ¨¬¥îâ −¥¯ãáâ®¥ ¯¥à¥á¥ç¥−¨¥, ¨ ¯à¨−¨¬�¥âáï §� §−�ç¥−¨¥
¬¥âà¨ª¨M . ‚ëç¨á«¥−¨¥ ¬¨−¨¬ã¬� äã−ªæ¨¨ −� −¥ª®â®à®¬ ¨−â¥à¢�«¥ | ®¡ëç−�ï
®¯â¨¬¨§�æ¨®−−�ï §�¤�ç� −¥«¨−¥©−®£® ¯à®£à�¬¬¨à®¢�−¨ï [11] ¨ ¬®¦¥â à¥è�âìáï
¬−®£¨¬¨ ¬¥â®¤�¬¨, −�¯à¨¬¥à ¬¥â®¤®¬ áª�−¨à®¢�−¨ï á ¯¥à¥¬¥−−ë¬ è�£®¬.

6 Экспериментальная проверка подхода

„«ï ¯à®¢¥àª¨ ¯à�¢®¬¥à−®áâ¨ ¯à¥¤«®¦¥−−®£® ¯®¤å®¤� ¡ë«¨ ¢§ïâë ¤�−−ë¥ ¨§
¤®áâã¯−ëå ¨áâ®ç−¨ª®¢. ‚ ª�ç¥áâ¢¥ ¨áâ®ç−¨ª� ¨−ä®à¬�æ¨¨ ® á®áâ®ï−¨¨ ¨ ¤¨-
−�¬¨ª¥ ¯à®¬ëè«¥−−ëå ¯à¥¤¯à¨ïâ¨© ÷®áá¨¨ ¡ë«¨ ¢ë¡à�−ë ú“ª�§�â¥«ì ä�¡à¨ª
¨ §�¢®¤®¢ …¢à®¯¥©áª®© ÷®áá¨¨ á –�àáâ¢®¬ �®«ìáª¨¬ ¨ ‚¥«. Š−. ”¨−«ï−¤áª¨¬û
§� 1881{1894 ££. ¨ ú‘¯¨á®ª ä�¡à¨ª ¨ §�¢®¤®¢ ÷®áá¨¨û §� 1910 £., çâ® ¯®-
§¢®«¨«® áä®à¬¨à®¢�âì ¢à¥¬¥−− �ë¥ àï¤ë íª®−®¬¨ç¥áª¨å ¯®ª�§�â¥«¥© ®â¤¥«ì−ëå
¯à¥¤¯à¨ïâ¨©. „«ï ª�¦¤®£® ¯à¥¤¯à¨ïâ¨ï ¢ ¨áâ®ç−¨ª�å ¯à¨¢¥¤¥−ë:

{ ¢«�¤¥«¥æ;

{ ¬¥áâ®−�å®¦¤¥−¨¥;

{ ç¨á«® ¯�à®¢ëå ¬�è¨−;

{ ª®«¨ç¥áâ¢® ¢ëà�¡®â�−−®© ¯à®¤ãªæ¨¨ ¢ £®¤;
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�®¤å®¤ ª ¨á¯®«ì§®¢�−¨î �−�«¨§� ¢à¥¬¥−−ëå àï¤®¢ ¤«ï ä®à¬¨à®¢�−¨ï £¨¯®â¥§

{ áã¬¬� ¯à®¨§¢®¤áâ¢� §� £®¤ ¢ àã¡«ïå;
{ ç¨á«¥−−®áâì à�¡®ç¨å.

‘¢¥¤¥−¨ï á£àã¯¯¨à®¢�−ë ¯® ®âà�á«ï¬ ¨ ¯® £ã¡¥à−¨ï¬.
�®áª®«ìªã á¢¥¤¥−¨ï ® ç¨á«¥ ¯�à®¢ëå ¬�è¨− ¨ ª®«¨ç¥áâ¢¥ ¢ëà�¡®â�−−®© ¯à®-

¤ãªæ¨¨ −¥á®¯®áâ�¢¨¬ë ¤«ï à�§−ëå ®âà�á«¥©, ¢ á®áâ�¢ íª®−®¬¨ç¥áª¨å ¯®ª�§�â¥«¥©
¢ ¨áá«¥¤ã¥¬ëå ¢à¥¬¥−− �ëå àï¤�å ¡ë«¨ ¢ª«îç¥−ë:

{ áã¬¬� ¯à®¨§¢®¤áâ¢� ¢ àã¡«ïå;
{ ç¨á«¥−−®áâì à�¡®ç¨å.

�®áª®«ìªã ¢ ãª�§�−−ëå á¯à�¢®ç−¨ª�å −¥ ¯à¨¢®¤¨âáï ¢¥à®¨á¯®¢¥¤�−¨¥ ¢«�-
¤¥«ìæ¥¢, ¢ ª�ç¥áâ¢¥ ¤®¯®«−¨â¥«ì−®£® ¨áâ®ç−¨ª� ¨−ä®à¬�æ¨¨ ¡ë« ¨á¯®«ì§®¢�−
ú‘¯¨á®ª ªã¯¥ç¥áª¨å áâ�à®¡àï¤ç¥áª¨å ä�¬¨«¨© Œ®áª¢ë (XIX { −�ç�«® XX ¢.)û.
‚ à¥§ã«ìâ�â¥ ¡ë«� áä®à¬¨à®¢�−� ¢ë¡®àª� á® á«¥¤ãîé¨¬¨ á¢®©áâ¢�¬¨:

(1) à�áá¬�âà¨¢�îâáï â®«ìª® ¯à®¬ëè«¥−−ë¥ ¯à¥¤¯à¨ïâ¨ï Œ®áª¢ë (685 èâ.)
¢ á¢ï§¨ á ®âáãâáâ¢¨¥¬ ¨−ä®à¬�æ¨¨ ® ª®−ä¥áá¨®−�«ì−®© ¯à¨−�¤«¥¦−®áâ¨
¢«�¤¥«ìæ¥¢ ¯à¥¤¯à¨ïâ¨© ¤àã£¨å à¥£¨®−®¢;

(2) ¢ ¢ë¡®àª¥ ®âáãâáâ¢ãîâ ®á®¡® ¬�«ë¥, á ®¡ê¥¬®¬ ¯à®¨§¢®¤áâ¢� ¬¥−¥¥
2 âëá. àã¡. ¢ £®¤, ¨ ªãáâ�à−ë¥ ¯à¥¤¯à¨ïâ¨ï, ¯®áª®«ìªã ¨−ä®à¬�æ¨ï ® â�ª¨å
¯à¥¤¯à¨ïâ¨ïå −¥ ¯à¨¢¥¤¥−� ¢ ¨á¯®«ì§ã¥¬ëå á¯à�¢®ç−¨ª�å;

(3) á¯¨á®ª ¯à¥¤¯à¨−¨¬�â¥«¥©-áâ�à®®¡àï¤æ¥¢ á®¤¥à¦¨â ¢á¥£® 178 ä�¬¨«¨©, çâ®
á¢¨¤¥â¥«ìáâ¢ã¥â ® −¥¯®«−®â¥ íâ®£® á¯¨áª�, ¯®áª®«ìªã, á®£«�á−® ¨áá«¥¤®-
¢�−¨ï¬, ª −�ç�«ã XX ¢. áâ�à®®¡àï¤æ�¬ ¯à¨−�¤«¥¦�«¨ ®ª®«® 60%{70%
¯à®¬ëè«¥−−ëå ¯à¥¤¯à¨ïâ¨© Œ®áª¢ë, � ¢ −¥ª®â®àëå ®âà�á«ïå, −�¯à¨¬¥à
¢ â¥ªáâ¨«ì−®©, ¨å ¤®«ï ¤®áâ¨£�«� 75%{80%;

(4) ¢ ¨á¯®«ì§ã¥¬®¬ á¯¨áª¥ ¯à¥¤¯à¨−¨¬�â¥«¥©-áâ�à®®¡àï¤æ¥¢ ¯à¥¤áâ�¢«¥−ë
¡®«ìè¥© ç�áâìî úà�áª®«ì−¨ª¨ ¯®¯®¢é¨−áª®£® â®«ª�û ¨ ¯à¥¨¬ãé¥áâ¢¥−-
−® ¯à¥¤áâ�¢¨â¥«¨ â¥ªáâ¨«ì−®© ¯à®¬ëè«¥−−®áâ¨;

(5) ¢ á¯¨áª¥ ãá¯¥è−ë¥ ¯à¥¤¯à¨−¨¬�â¥«¨, ¢«�¤¥îé¨¥ ªàã¯−ë¬¨ ¯à¥¤¯à¨ïâ¨ï-
¬¨, ¯à¥¤áâ�¢«¥−ë ¡®«¥¥ ¯®«−®, ç¥¬ ¯à¥¤¯à¨−¨¬�â¥«¨, ¢«�¤¥îé¨¥ −¥¡®«ì-
è¨¬¨ ¯à®¨§¢®¤áâ¢�¬¨.

ˆ§ ¯à¨¢¥¤¥−−ëå á¢®©áâ¢� ¢ë¡®àª¨ á«¥¤ã¥â −¥¢®§¬®¦−®áâì ¥¥ ¨á¯®«ì§®¢�−¨ï
¤«ï ¯®«ãç¥−¨ï ¤®áâ®¢¥à−ëå ¨áâ®à¨ç¥áª¨å ¢ë¢®¤®¢, −® ¢®§¬®¦−�ï ¤®áâ�â®ç−®áâì
¤«ï ¯à®¢¥àª¨ à�¡®â®á¯®á®¡−®áâ¨ �«£®à¨â¬�. Š«�áâ¥à¨§�æ¨ï ¤�−−®© ¢ë¡®àª¨
¢ á®®â¢¥âáâ¢¨¨ á ®¯¨á�−−ë¬ ¢ëè¥ �«£®à¨â¬®¬ ¤�«� á«¥¤ãîé¨¥ à¥§ã«ìâ�âë:

{ ¡ë«¨ ¢ëï¢«¥−ë 6 ¬¥«ª¨å ª«�áâ¥à®¢, á®¢¬¥áâ−® á®¤¥à¦�é¨å 21 ¯à¥¤¯à¨ïâ¨¥,
ª®â®àë¥ ï¢−® á«¥¤ã¥â áç¨â�âì ¢ ®¯¨á�−−ëå ¢ëè¥ â¥à¬¨−�å −¥¯à¥¤áâ�¢¨â¥«ì-
−ë¬¨;

{ ¡ë«¨ ¢ëï¢«¥−ë â�ª¦¥ 6 ª«�áâ¥à®¢, ¯à¥¤áâ�¢«¥−−ëå ¢ â�¡«¨æ¥, ¯à¥¤¯à¨ïâ¨ï
¢ ª®â®àëå ï¢−® á£àã¯¯¨à®¢�−ë ¯® ®¡ê¥¬ã ¯à®¨§¢®¤áâ¢�: 1 ª«�áâ¥à ªàã¯−ëå
¯à¥¤¯à¨ïâ¨©, 3 ª«�áâ¥à� áà¥¤−¨å ¯à¥¤¯à¨ïâ¨© ¨ 2 ª«�áâ¥à� −¥¡®«ìè¨å
¯à¥¤¯à¨ïâ¨©.
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ˆ. Œ. �¤�¬®¢¨ç, �. ˆ. ‚®«ª®¢

�à¥¤áâ�¢¨â¥«ì−ë¥ ª«�áâ¥àë

ü ’¨¯ ª«�áâ¥à�
‘à¥¤−¥¥

ç¨á«®
à�¡®â−¨ª®¢

÷�§¬¥à
ª«�áâ¥à�

—¨á«®
áâ�à®®¡àï¤ç¥áª¨å

¯à¥¤¯à¨ïâ¨©

„®«ï
áâ�à®®¡àï¤ç¥áª¨å

¯à¥¤¯à¨ïâ¨©
1 Šàã¯−ë¥ 811 13 11 85%
2 76 51 67%
3 ‘à¥¤−¨¥ 185 111 29 26%
4 49 1 2%
5

�¥¡®«ìè¨¥ 17
194 37 19%

6 221 46 21%

…¤¨−áâ¢¥−−ë© ª«�áâ¥à ªàã¯−ëå ¯à¥¤¯à¨ïâ¨© ¯®¤â¢¥à¦¤�¥â â®â ä�ªâ, çâ®
ªàã¯−ë© ¡¨§−¥á, ®á®¡¥−−® ¢ â¥ªáâ¨«ì−®© ¯à®¬ëè«¥−−®áâ¨, ¡®«ìè¥© ç�áâìî
¯à¨−�¤«¥¦�« áâ�à®®¡àï¤æ�¬, ¨ ª�ª¨å-â® ¤®¯®«−¨â¥«ì−ëå ¢ë¢®¤®¢ ª íâ®¬ã ®¡-
é¥¨§¢¥áâ−®¬ã ä�ªâã à�áá¬�âà¨¢�¥¬ë© �«£®à¨â¬ ¤®¡�¢¨âì −¥ ¢ á®áâ®ï−¨¨.

„¢� ¯à¨¬¥à−® à�¢−ëå ¯® ®¡ê¥¬ã ª«�áâ¥à� −¥¡®«ìè¨å ¯à¥¤¯à¨ïâ¨© ¨¬¥-
îâ ¯à�ªâ¨ç¥áª¨ à�¢−®¥ ¯à¥¤áâ�¢¨â¥«ìáâ¢® áâ�à®®¡àï¤æ¥¢ | ®ª®«® 20%. �â®
®§−�ç�¥â, çâ® −� ¤�−−®© ¢ë¡®àª¥ ¢ ç�áâ¨ ¬�«®£® ¡¨§−¥á� �«£®à¨â¬ã −¥ ã¤�«®áì
¢ëï¢¨âì á¯¥æ¨ä¨ªã áâ�à®®¡àï¤ç¥áª®£® ¯à¥¤¯à¨−¨¬�â¥«ìáâ¢�. �â® ¬®¦¥â ®¡ê-
ïá−ïâìáï −¥¯®«−®â®© ¢ë¡®àª¨ ¨¬¥−−® ¢ íâ®© ®¡«�áâ¨. ˆ§¢¥áâ−®, çâ® à¥�«ì−®¥
¯à¥¤áâ�¢¨â¥«ìáâ¢® áâ�à®®¡àï¤æ¥¢ §−�ç¨â¥«ì−® ¯à¥¢ëè�«® 20%.

��¨¡®«¥¥ ¨−â¥à¥á−ë¥ à¥§ã«ìâ�âë ¯®«ãç¥−ë ¤«ï áà¥¤−¨å ¯à¥¤¯à¨ïâ¨©. ’à¨
ª«�áâ¥à� à�§«¨ç−ë ¯® ®¡ê¥¬ã ¨ ¨¬¥îâ ®ç¥−ì à�§−®¥ ¯à¥¤áâ�¢¨â¥«ìáâ¢® áâ�à®-
®¡àï¤æ¥¢:

(1) ¡®«ìè®¥ ¤«ï ª«�áâ¥à� 2 | 67%;

(2) áà¥¤−¥¥ ¤«ï ª«�áâ¥à� 3 | 26%;

(3) ¬�«®¥ ¤«ï ª«�áâ¥à� 4 | 2%.

�â® ®§−�ç�¥â, çâ® �«£®à¨â¬ã ã¤�«®áì ¢ëï¢¨âì á¯¥æ¨ä¨ªã áâ�à®®¡àï¤ç¥áª®-
£® ¯à¥¤¯à¨−¨¬�â¥«ìáâ¢� ¤«ï áà¥¤−¨å ¯à¥¤¯à¨ïâ¨© ¨ ¤«ï ¯à¥¤¯à¨−¨¬�â¥«¥© ¨§
ª«�áâ¥à� 2 ¯à¥¤¯®«®¦¥−¨¥ ®¡ ¨å ¯à¨−�¤«¥¦−®áâ¨ ª áâ�à®®¡àï¤ç¥áâ¢ã, � ¤«ï
¯à¥¤¯à¨−¨¬�â¥«¥© ¨§ ª«�áâ¥à� 4 ¯à¥¤¯®«®¦¥−¨¥ ®¡ ¨å −¥¯à¨−�¤«¥¦−®áâ¨ ª áâ�-
à®®¡àï¤ç¥áâ¢ã ®ª�§�«®áì ¢¯®«−¥ ®¡®á−®¢�−−ë¬.

7 Выводы

‚ áâ�âì¥ ¯à¥¤«®¦¥− ¯®¤å®¤, à�áè¨àïîé¨© ¢®§¬®¦−®áâ¨ ¯à¨¬¥−¥−¨ï �−�«¨§�
¢à¥¬¥−− �ëå àï¤®¢ ¢ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå. �à¥¤«®¦¥− −®¢ë©
á¯®á®¡ �¢â®¬�â¨§�æ¨¨ ä®à¬¨à®¢�−¨ï £¨¯®â¥§ ¢ æ¥«ïå ®¯à¥¤¥«¥−¨ï ¯¥àá¯¥ªâ¨¢-
−ëå −�¯à�¢«¥−¨© ¨−ä®à¬�æ¨®−−®£® ¯®¨áª� ¤«ï á«ãç�¥¢, ª®£¤� ã ¨áá«¥¤®¢�â¥«ï
¨¬¥¥âáï ¨−ä®à¬�æ¨ï ® ¤¨−�¬¨ª¥ â¥å ¨«¨ ¨−ëå ¯à®æ¥áá®¢, á¢ï§�−−ëå á ®¡ê¥ªâ®¬
¨áá«¥¤®¢�−¨ï. �®¤å®¤ ¯à®¨««îáâà¨à®¢�− ¯à¨¬¥à®¬, á¢ï§�−−ë¬ á ¤¨−�¬¨ª®©
íª®−®¬¨ç¥áª¨å ¯à®æ¥áá®¢, −® â�ª¦¥ ¯à¨¬¥−¨¬ ¨ ª ¯à®æ¥áá�¬ ¤àã£®© ¯à¨à®¤ë.
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�®¤å®¤ ª ¨á¯®«ì§®¢�−¨î �−�«¨§� ¢à¥¬¥−−ëå àï¤®¢ ¤«ï ä®à¬¨à®¢�−¨ï £¨¯®â¥§

�à¨¢¥¤¥−® ®¯¨á�−¨¥ ¯à¨¬¥−¥−¨ï ¯®¤å®¤� ¨ ãª�§�−ë á®®â¢¥âáâ¢ãîé¨¥ �«£®-
à¨â¬ë, ãç¨âë¢�îé¨¥ á¯¥æ¨ä¨ªã ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¤�−−ëå. —¨á«¥−−ë©
íªá¯¥à¨¬¥−â −� à¥�«ì−ëå ¨áâ®à¨ç¥áª¨å ¤�−−ëå ¯®¤â¢¥à¤¨« ¯à¨−æ¨¯¨�«ì−ãî
¯à¨¬¥−¨¬®áâì ¯®¤å®¤� ¤«ï §�ï¢«¥−−ëå æ¥«¥©.
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Abstract: The article is devoted to the development of means of concrete historical
investigation supporting. The proposed approach allows one to determine the
priority directions of information search by automatically forming the reasonable
hypotheses. A special feature of the approach is its focus not on isolated historical
facts but on the dynamics of the development of concrete historical processes. The
approach is based on the methods of cluster analysis of time series. The article
describes the features of time series reflecting information available in historical
sources on changes in certain objects and phenomena in the past. The algorithms
that best match these features have been identified. Special attention is paid to
the definition of a specific similarity measure for such time series. An example of
data reflecting the peculiarities of Old Believer entrepreneurship in the Russian
Empire is considered in detail and it is shown how, using the described approach,
it is possible to make an informed assumption about the assignment of the object
of research to Old Believers.
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СЛОЖНОСТЬ АЛГОРИТМА ПОИСКА СОВПАДЕНИЙ
В НЕСКОЛЬКИХ ПОСЛЕДОВАТЕЛЬНОСТЯХ

А. А. Грушо1, М. И. Забежайло2, В. В. Кульченков3, Е. Е. Тимонина4

�−−®â�æ¨ï: �−�«¨§ ¤�−−ëå −� ¯à¥¤¬¥â −�«¨ç¨ï ¢ −¨å á«¥¤áâ¢¨© −¥¨§¢¥áâ-
−®©, −® ¯à¨áãâáâ¢ãîé¥© ¯à¨ç¨−ë ¢®§−¨ª�¥â ¢® ¬−®£¨å §�¤�ç�å, ¨ ¢ à�¡®â¥
¯à¨¢¥¤¥− â®«ìª® ®¤¨− ¨§ ¯à¨¬¥à®¢, á¢ï§�−−ë© á ¯®¨áª®¬ ¯à¨§−�ª®¢ ¬®è¥−-
−¨ç¥áâ¢� áà¥¤¨ ¬−®¦¥áâ¢� ¯®«ãç�â¥«¥© ¯®âà¥¡¨â¥«ìáª®£® ªà¥¤¨â� ¢ ¡�−ª¥.
„«ï ¯®áâà®¥−¨ï ¨áå®¤−ëå ¤�−−ëå ¡ë« ¢ë¡à�− ¬¥â®¤, ¢ ª®â®à®¬ ¯à¨§−�ª¨
¬®è¥−−¨ç¥áâ¢� ¯à®ï¢«ïîâáï ¢ âà�−§�ªæ¨®−−®© �ªâ¨¢−®áâ¨ ¯®á«¥ ¯®«ãç¥−¨ï
ªà¥¤¨â�, � ¨¬¥−−®: ¯à¨§−�ª¨ ®á−®¢ë¢�îâáï −� â®¬, ª�ª¨¬ ®¡à�§®¬ ¢ë¢®¤ïâáï
¯®«ãç¥−−ë¥ áà¥¤áâ¢�. �à¨¢¥¤¥−−ë© ¯à¨¬¥à | ç�áâ−ë© á«ãç�© á¨âã�æ¨©,
ª®£¤� ¢ ®£à�−¨ç¥−−®¬ ¬−®¦¥áâ¢¥ ¯à¥æ¥¤¥−â®¢ ¤�−−ëå, ¨¬¥îé¨å ¡®«ìèãî
à�§¬¥à−®áâì, ¯à¨áãâáâ¢ãîâ ¨ ¯®¢â®àïîâáï á«¥¤áâ¢¨ï ®¤−®© ¯à¨ç¨−ë. ‚ íâ¨å
ãá«®¢¨ïå ¡®«ìè®¥ §−�ç¥−¨¥ ¨¬¥¥â §�¤�ç� −�å®¦¤¥−¨ï ¯®¢â®à¥−¨ï á«¥¤áâ¢¨©.
�®áâà®¥− �«£®à¨â¬ â�ª®£® ¯®¨áª�, ¨¬¥îé¨© á«®¦−®áâì ¬¥−ìè¥ ª¢�¤à�â¨ç−®©.
‘«®¦−®áâì ¯®áâà®¥−−®£® �«£®à¨â¬� ¯®¨áª� ¢á¥å ¯®¢â®à¥−¨© ¢ m ã¯®àï¤®ç¥−-
−ëå ¯®á«¥¤®¢�â¥«ì−®áâïå ¯à¥æ¥¤¥−â®¢ −¥ ¯à¥¢®áå®¤¨â mN , £¤¥ N | ¤«¨−ë
¢á¥ ¯à¥æ¥¤¥−â®¢. ‘ ãç¥â®¬ á«®¦−®áâ¨ ã¯®àï¤®ç¥−¨ï ª�¦¤®£® ¯à¥æ¥¤¥−â�
¨ ¯à¨ ¨áå®¤−®© ã¯®àï¤®ç¥−−®áâ¨ ¢á¥£® ¬−®¦¥áâ¢� å�à�ªâ¥à¨áâ¨ª á«®¦−®áâì
à¥è¥−¨ï §�¤�ç¨ −¥ ¯à¥¢®áå®¤¨â mN log2N .

Š«îç¥¢ë¥ á«®¢�: á«®¦−®áâì §�¤�ç¨ ª«�áá¨ä¨ª�æ¨¨; ¬�è¨−−®¥ ®¡ãç¥−¨¥;
¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¥ á¢ï§¨; ¯®¨áª ¯®¢â®à¥−¨© ¢ −�¡®à¥ ¯®á«¥¤®¢�â¥«ì−®-
áâ¥©

DOI: 10.14357/08696527250411 EDN: GAAUSE

1 Введение

�−�«¨§ ¤�−−ëå −� ¯à¥¤¬¥â −�«¨ç¨ï ¢ −¨å á«¥¤áâ¢¨© −¥¨§¢¥áâ−®©, −® ¯à¨áãâ-
áâ¢ãîé¥© ¯à¨ç¨−ë ¢®§−¨ª�¥â ¢® ¬−®£¨å §�¤�ç�å, ¨ ¤�«¥¥ ¯à¨¢¥¤¥− â®«ìª® ®¤¨−
¨§ ¯à¨¬¥à®¢. ÷�áá¬�âà¨¢�¥¬ë© ª«�áá §�¤�ç ®¡ê¥¤¨−ï¥â â®, çâ® ¢ ®£à�−¨ç¥−-
−®¬ ç¨á«¥ ¯à¥æ¥¤¥−â®¢ ¤�−−ëå, ¨¬¥îé¨å ¡®«ìèãî à�§¬¥à−®áâì, ¯à¨áãâáâ¢ãîâ
¨ ¯®¢â®àïîâáï á«¥¤áâ¢¨ï ®¤−®© ¯à¨ç¨−ë [1].

�à¨¬¥à â®£®, ª�ª ¢®§−¨ª�îâ ¯®âà¥¡−®áâ¨ ¢ â�ª¨å �«£®à¨â¬�å, à�áá¬®âà¨¬
−� §�¤�ç¥, á¢ï§�−−®© á ¯®¨áª®¬ ¯à¨§−�ª®¢ ¬®è¥−−¨ç¥áâ¢� [2{4] áà¥¤¨ ¬−®¦¥áâ¢�
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‘«®¦−®áâì �«£®à¨â¬� ¯®¨áª� á®¢¯�¤¥−¨© ¢ −¥áª®«ìª¨å ¯®á«¥¤®¢�â¥«ì−®áâïå

¯®«ãç�â¥«¥© ¯®âà¥¡¨â¥«ìáª®£® ªà¥¤¨â� ¢ ¡�−ª¥. ÷ï¤ ¯à¨¬¥à®¢ ¨§ ¤àã£¨å ®¡«�áâ¥©
¬®¦−® −�©â¨ ¢ à�¡®â�å [1, 5{7].

„«ï ¨áá«¥¤®¢�−¨ï ¡ë« ¢ë¡à�− ¬¥â®¤, ¢ ª®â®à®¬ ¯à¨§−�ª¨ ¬®è¥−−¨ç¥áâ¢�
¯à®ï¢«ïîâáï ¢ âà�−§�ªæ¨®−−®© �ªâ¨¢−®áâ¨ ¯®á«¥ ¯®«ãç¥−¨ï ªà¥¤¨â�, � ¨¬¥−−®:
¯à¨§−�ª¨ áâà®ïâáï −� â®¬, ª�ª¨¬ ®¡à�§®¬ ¢ë¢®¤ïâáï ¯®«ãç¥−−ë¥ áà¥¤áâ¢�.

Œ¥â®¤ ®á−®¢�− −� â®¬, çâ® ¯®«ãç�â¥«ì ªà¥¤¨â� ¢ë¢®¤¨â ¤¥−ì£¨ −¥¡®«ìè¨¬¨
áã¬¬�¬¨ ¢ â¥ç¥−¨¥ àï¤� ¤−¥© á ¯®¬®éìî á¨áâ¥¬ë ¡ëáâàëå ¯«�â¥¦¥©. �®«ãç�-
â¥«¥© ¯«�â¥¦¥© ¬−®£®, ¨ ¨å ®âá«¥¦¨¢�−¨¥ −� ¯¥à¢®¬ íâ�¯¥ | íâ® âàã¤®¥¬ª¨©
¯à®æ¥áá. �®íâ®¬ã −� ¯¥à¢®¬ íâ�¯¥ ¨á¯®«ì§ã¥âáï ¯®á«¥¤®¢�â¥«ì−®áâì å�à�ªâ¥-
à¨áâ¨ª ¢¨¤� (®â¯à�¢¨â¥«ì ¯«�â¥¦�, ª®¬¬¥−â�à¨© ª ¯«�â¥¦ã). …á«¨ −�¡«î¤¥−¨ï
¢¥¤ãâáï −¥áª®«ìª® ¤−¥©, â® −� ä®−¥ ¡®«ìè¨å ¤�−−ëå à�§«¨ç−ëå ç¥áâ−ëå ¨ −¥-
ç¥áâ−ëå ®â¯à�¢¨â¥«¥© ¯«�â¥¦¥© ¯à®ï¢«ïîâáï ¨¤¥−â¨ç−ë¥ ª®¬¬¥−â�à¨¨ ã à�§«¨ç-
−ëå ®â¯à�¢¨â¥«¥© ¯«�â¥¦¥©. ‚ëï¢«¥−¨¥ â�ª¨å ¯®¢â®à¥−¨© á«ã¦¨â ¯¥à¢¨ç−ë¬
¯à¨§−�ª®¬ ¬®è¥−−¨ç¥áâ¢�. �à¨ íâ®¬ ¢ëï¢«ïîâáï ¯®â¥−æ¨�«ì−ë¥ «î¤¨, ®â-
−®á¨â¥«ì−® ª®â®àëå −¥®¡å®¤¨¬® ¯à®¢®¤¨âì £«ã¡®ª¨© �−�«¨§ ¡®«¥¥ âàã¤®¥¬ª¨¬¨
¬¥â®¤�¬¨. Šà®¬¥ â®£®, ®â¯à�¢¨â¥«ì ¯«�â¥¦¥© ¬®¦¥â ¢ á¨áâ¥¬¥ ¡ëáâàëå ¯«�â¥¦¥©
®â¯à�¢«ïâì ¤¥−ì£¨, −¥ á¢ï§�−−ë¥ á ¬®è¥−−¨ç¥áª®© áå¥¬®©, −® æ¥«ìî áâ�¢¨âáï
¢ëï¢«¥−¨¥ ¯à¨§−�ª®¢ á«¥¤áâ¢¨© ¯à¨ç¨−ë, ª®â®à�ï á®áâ®¨â å®âï ¡ë ¢ ç�áâ¨ç−®¬
ãç�áâ¨¨ ®â¯à�¢¨â¥«ï ¯«�â¥¦¥© ¢ ¬®è¥−−¨ç¥áª®© áå¥¬¥.

�á®¡¥−−®áâì §�¤�ç â�ª®£® ¯®¨áª� ¢ â®¬, çâ® ¡®«ìè�ï ¤«¨−� ¯®á«¥¤®¢�â¥«ì-
−®áâ¥©, ¢ ª®â®àëå −�¤® ®à£�−¨§®¢�âì ¯®¨áª (¯«�â¥¦¨ ¢ â¥ç¥−¨¥ áãâ®ª). �â®â
¨ ¤àã£¨¥ ¯à¨¬¥àë ¯®¤®¡−ëå ¯®¨áª®¢ëå §�¤�ç ®¡ê¥¤¨−ï¥â â®, çâ® ¢ ®£à�−¨ç¥−-
−®¬ −�¡®à¥ ¯à¥æ¥¤¥−â®¢ ¤�−−ëå, ¨¬¥îé¨å ¡®«ìèãî à�§¬¥à−®áâì, ¯à¨áãâáâ¢ãîâ
¨ ¯®¢â®àïîâáï á«¥¤áâ¢¨ï ®¤−®© ¯à¨ç¨−ë [1]. ’®ç−®¥ ®¯¨á�−¨¥ ¯à¨ç¨−ë ¯®ï¢¨âáï
â®«ìª® ¯®á«¥ ¢ëï¢«¥−¨ï ¨ �−�«¨§� â¥å ¯à¥æ¥¤¥−â®¢, ª®â®àë¥ ®¡«�¤�îâ ®¡é¨¬¨
á¢®©áâ¢�¬¨ −� ä®−¥ ¤àã£¨å −¥áãé¥áâ¢¥−−ëå ¤«ï ¯®¨áª� ¯®¢â®à¥−¨© ¤�−−ëå.
ˆáá«¥¤®¢�−¨ï ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© −� ä®−¥ èã¬� ¯à¨áãâáâ¢ãîâ â�ª¦¥
¢ àï¤¥ ¤àã£¨å à�¡®â [8{11].

‚ ¤�−−®© à�¡®â¥ ¢ à�¬ª�å ã¯à®é¥−−®© ¬®¤¥«¨ ¯à¨¬¥à®¢ ãª�§�−−ëå §�¤�ç ¯à¨
¤®¯ãé¥−¨¨ ®¡ãç¥−¨ï á ãç¨â¥«¥¬ à�áá¬�âà¨¢�¥âáï ¯à®¡«¥¬� á«®¦−®áâ¨ ¯®¨áª�
¯à¨§−�ª®¢ ¯à®ï¢«¥−¨ï −¥¨§¢¥áâ−®© ¯à¨ç¨−ë ç¥à¥§ ¯®¢â®àïîé¨¥áï á«¥¤áâ¢¨ï.
�à®áâ¥©è¨© �«£®à¨â¬ ¨¬¥¥â ª¢�¤à�â¨ç−ãî á«®¦−®áâì. �®áâà®¥−−ë© ¢ áâ�âì¥
�«£®à¨â¬ ¢ëï¢«¥−¨ï ¯®¢â®à¥−¨© ¯à¨§−�ª®¢ áãé¥áâ¢®¢�−¨ï ¯à¨ç¨−ë ¢ −�¡®à¥
¯à¥æ¥¤¥−â®¢ ¨¬¥¥â á«®¦−®áâì O(N lnN).

2 Модель данных

�ãáâì ¤�−−ë¥ ¯à¥¤áâ�¢«ïîâ á®¡®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢ �«ä�¢¨â¥ ¡®«ìè®£®
à�§¬¥à�, í«¥¬¥−âë ª®â®à®£® −�§®¢¥¬ å�à�ªâ¥à¨áâ¨ª�¬¨. ÷�áá¬�âà¨¢�¥âáï §�¤�ç�
ª«�áá¨ä¨ª�æ¨¨ −� ¤¢� ª«�áá� ¯®á«¥¤®¢�â¥«ì−®áâ¥© ¡®«ìè®© ¤«¨−ë ¯à¨ −�«¨ç¨¨
®£à�−¨ç¥−−®£® −�¡®à� ¨§ m ®¡ãç�îé¨å ®¡à�§æ®¢ ¤�−−ëå ®¤−®£® ª«�áá� (®¡ãç¥-
−¨¥ á ãç¨â¥«¥¬). ‚ íâ¨å ãá«®¢¨ïå ¬®¦−® ¨á¯®«ì§®¢�âì ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¥
á¢ï§¨ [1], ®á−®¢�−−ë¥ −� â®¬, çâ® ¢ ¤�−−ëå ®¡ãç�îé¥© ¢ë¡®àª¨ ¢®§−¨ª�îâ
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¤¥â¥à¬¨−¨à®¢�−−ë¥ ¯®¢â®à¥−¨ï ®â¤¥«ì−ëå å�à�ªâ¥à¨áâ¨ª, ª®â®àë¥ ®â¢¥ç�îâ áã-
é¥áâ¢®¢�−¨î ¯à¨ç¨−ë P , ¯®à®¦¤�îé¥© íâ¨ ¯®¢â®à¥−¨ï ª�ª á«¥¤áâ¢¨ï. Šà®¬¥
¯®¢â®à¥−¨©, ®áâ�¢è�ïáï ç�áâì ¤�−−ëå áç¨â�¥âáï á«ãç�©−®©. �«ìâ¥à−�â¨¢®©
áç¨â�îâáï æ¥«¨ª®¬ á«ãç�©−ë¥ ¤�−−ë¥, ¯®«ãç¥−−ë¥ ¯® à�¢−®¢¥à®ïâ−®© ¯®«¨−®-
¬¨�«ì−®© áå¥¬¥ (¢â®à®© ª«�áá).

‚ â¥å á«ãç�ïå ª®£¤� ¯à¨ç¨−� ¨§¢¥áâ−� ¨, á«¥¤®¢�â¥«ì−®, ¨§¢¥áâ−ë ¥¥ á«¥¤áâ¢¨ï
¨ ®¯¨á�−¨ï ¡«¨§ª¨å ¯à¨ç¨−, â�ª®© ¬¥â®¤ −�§ë¢�¥âáï ª®−âàä�ªâã�«ì−ë¬ [12].
Š®£¤� ¯à¨ç¨−� −¥¨§¢¥áâ−�, −® ®−� ¥áâì, ¨á¯®«ì§ã¥âáï ®¡ãç¥−¨¥ −� ¯à¥æ¥¤¥−â�å,
¨¬¥îé¨å íâã ¯à¨ç¨−ã [1]. �à¨ íâ®¬ ¨¬¥¥âáï ¢®§¬®¦−®áâì ®¡®¡é¨âì §�¤�çã −�
á«ãç�© ®¡ãç¥−¨ï ¡¥§ ãç¨â¥«ï.

‚ à�¡®â¥ [1] −�©¤¥−ë ãá«®¢¨ï ãá¯¥è−®£® à¥è¥−¨ï ¯®áâ�¢«¥−−®© §�¤�ç¨ ª«�á-
á¨ä¨ª�æ¨¨ −� ®á−®¢¥ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©. �ãáâì M | ç¨á«® å�à�ª-
â¥à¨áâ¨ª (¬®é−®áâì ¨áå®¤−®£® �«ä�¢¨â�), ¨§ ª®â®àëå áâà®ïâáï ¤�−−ë¥, ¨ ¢á¥ å�-
à�ªâ¥à¨áâ¨ª¨ à�§«¨ç−ë¥. …á«¨ ç�áâì ¤�−−ëå ¯®à®¦¤¥−� á«¥¤áâ¢¨ï¬¨ ¯à¨ç¨−ë P
(á�¬� ¯à¨ç¨−� −¥¨§¢¥áâ−�), � N | ç¨á«® å�à�ªâ¥à¨áâ¨ª ¢ ª�¦¤®¬ ®¡à�§æ¥ ®¡ãç�-
îé¥© ¢ë¡®àª¨ à�§¬¥à� m, â® á ¢¥à®ïâ−®áâìî, áâà¥¬ïé¥©áï ª 1, ª«�áá¨ä¨ª�â®à
ãá¯¥è−® à¥è�¥â §�¤�çã ¯à¨ m = const, N → ∞, M → ∞ ¨ Nm/Mm−1 → 0.
‚ íâ¨å ãá«®¢¨ïå ª«�áá¨ä¨ª�â®à ¨á¯®«ì§ã¥â ¯®¢â®à¥−¨ï á«¥¤áâ¢¨© ¯à¨ç¨−ë P
¢ ¤�−−ëå ®¡ãç�îé¥© ¢ë¡®àª¨ ¨ ¤�−−ëå, ª®â®àë¥ −¥®¡å®¤¨¬® ª«�áá¨ä¨æ¨à®¢�âì.
�¤−�ª® á«¥¤áâ¢¨ï ¯à¨ç¨−ë P ¬®£ãâ ¡ëâì à�§¡à®á�−ë ¢ ¤�−−ëå ¢ ¯à®¨§¢®«ì−®¬
¯®àï¤ª¥. �¥®¡å®¤¨¬® ¨áª�âì ¢ ®¡à�§æ�å å�à�ªâ¥à¨áâ¨ª¨, ¢áâà¥ç�îé¨¥áï ¢® ¢á¥å
®¡à�§æ�å. ’�ª¨¥ −�¡®àë ¡ã¤¥¬ −�§ë¢�âì ¯®¢â®à¥−¨ï¬¨. �à®áâ¥©è¨© �«£®à¨â¬
¯®¨áª� ¯®¢â®à¥−¨ï ¢ ®¡ãç�îé¥© ¢ë¡®àª¥ à�§¬¥à� m, á®¤¥à¦�é¥© ¯® N å�à�ª-
â¥à¨áâ¨ª ¢ ª�¦¤®¬ ®¡à�§æ¥, âà¥¡ã¥â (m − 1)N2 áà�¢−¥−¨© í«¥¬¥−â®¢ ¢ë¡®à®ª.
‚ ¤�−−®© áâ�âì¥ à�áá¬�âà¨¢�¥âáï �ªâã�«ì−�ï §�¤�ç� ¯®áâà®¥−¨ï �«£®à¨â¬� ¯®¨áª�
¯®¢â®à¥−¨© ¬¥−ìè¥© á«®¦−®áâ¨.

3 Описание алгоритма поиска повторений

�à¥¤¯®«®¦¨¬, çâ® ¢á¥ M å�à�ªâ¥à¨áâ¨ª ã¯®àï¤®ç¥−ë, −�¯à¨¬¥à ¯¥à¥−ã¬¥-
à®¢�−ë −�âãà�«ì−ë¬¨ ç¨á«�¬¨. ’®£¤� ¬®¦−® áç¨â�âì, çâ® å�à�ªâ¥à¨áâ¨ª¨ | íâ®
§−�ç¥−¨ï ¯®àï¤ª®¢ëå −®¬¥à®¢ ¨áå®¤−ëå å�à�ªâ¥à¨áâ¨ª. —¨á«® å�à�ªâ¥à¨áâ¨ª
¢ «î¡®¬ ®¡à�§æ¥ à�¢−® N . �ã¤¥¬ áç¨â�âì, çâ® ¢á¥ å�à�ªâ¥à¨áâ¨ª¨ ¢ ª�¦¤®¬
¨§ m ®¡à�§æ®¢ ®¡ãç�îé¥© ¢ë¡®àª¨ ã¯®àï¤®ç¥−ë ¯® ã¡ë¢�−¨î. ˆ§¢¥áâ−® [13,
14], çâ® ã¯®àï¤®ç¥−¨¥ ®¤−®£® ®¡à�§æ� âà¥¡ã¥â N log2N ®¯¥à�æ¨© ¯¥à¥áâ�−®¢®ª
å�à�ªâ¥à¨áâ¨ª. ’®£¤� á«®¦−®áâì ã¯®àï¤®ç¥−¨ï ¢á¥å ®¡à�§æ®¢ à�¢−� mN log2N .

�ãáâì å�à�ªâ¥à¨áâ¨ª¨ ¢ ª�¦¤®¬ ¨§m ®¡à�§æ®¢, ã¯®àï¤®ç¥−−ëå ¯® ã¡ë¢�−¨î,
®¡à�§ãîâ ¢¥ªâ®à

X0(j) = (X0(1, j),X0(2, j), . . . ,X0(N, j)), j = 1,m ,

ª®®à¤¨−�âë ª®â®à®£® ¯à®−ã¬¥à®¢�−ë ¯® ¢®§à�áâ�−¨î ®â 1 ¤® N á«¥¢� −�¯à�-
¢®. ‡¤¥áì ç¥à¥§ X0(i, j) ®¡®§−�ç¥−ë å�à�ªâ¥à¨áâ¨ª¨ ®¡à�§æ®¢, £¤¥ i = 1, N |
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−®¬¥à ¬¥áâ� ¢ ®¡à�§æ¥, j = 1,m | −®¬¥à ®¡à�§æ�. �«£®à¨â¬ ¯®¨áª� ¢á¥å
¯®¢â®à¥−¨© å�à�ªâ¥à¨áâ¨ª ¢ à�§«¨ç−ëå ®¡à�§æ�å á®áâ®¨â ¨§ á«¥¤ãîé¨å è�-
£®¢.

˜�£ 0. ‡�¯¨è¥¬ ¢á¥ ¢¥ªâ®àë X0(j), j = 1,m, ®¡ãç�îé¨å ®¡à�§æ®¢ ¢ ¯àï¬®-
ã£®«ì−ãî â�¡«¨æã à�§¬¥à� m× 2N , −�ç¨−�ï á (N + 1)-£® áâ®«¡æ�, ¯à¥¤¯®«�£�ï
¢ ¤�«ì−¥©è¥¬, çâ® ¢ à¥§ã«ìâ�â¥ à�¡®âë �«£®à¨â¬� áâà®ª¨ â�¡«¨æë ¡ã¤ãâ á¤¢¨-
£�âìáï ¢«¥¢® −¥ ¡®«¥¥ ç¥¬ −� N ¯®§¨æ¨©.

˜�£ 1. ÷�áá¬®âà¨¬ ¢ ¯®áâà®¥−−®© â�¡«¨æ¥ (N + 1)-© áâ®«¡¥æ å�à�ªâ¥à¨áâ¨ª
α0 = (X0(1, 1),X0(1, 2), . . . ,X0(1,m)), ª®â®àë© ¡ã¤¥¬ −�§ë¢�âì ®ª−®¬. �¡®-
§−�ç¨¬ ç¥à¥§ X0 å�à�ªâ¥à¨áâ¨ªã, ¨¬¥îéãî −�¨¡®«ìè¥¥ §−�ç¥−¨¥ ¢ ®ª−¥ α0,
� Y 0 | å�à�ªâ¥à¨áâ¨ªã, ¨¬¥îéãî −�¨¬¥−ìè¥¥ §−�ç¥−¨¥ ¢ íâ®¬ ®ª−¥ α0.

…á«¨ X0 > Y 0 ¨ X0 = X0(1, k1) = · · · = X0(1, ks) ¤«ï −¥ª®â®àëå 1 ≤
≤ k1 < · · · < ks ≤ m, â® á¤¢¨£�¥¬ áâà®ª¨ á −®¬¥à�¬¨ k1, . . . , ks −� ®¤−ã ¯®§¨æ¨î
¢«¥¢®. �®«ãç¨¬ −� â®¬ ¦¥ ¬¥áâ¥ ¢¬¥áâ® (N + 1)-£® áâ®«¡æ� α0 −®¢ë© áâ®«¡¥æ
(®ª−®) α1 = (X1(1, 1),X1(1, 2), . . . ,X1(1,m)), ¯®«ãç¥−−ë© ¯®á«¥ á¤¢¨£� áâà®ª
á ®¤¨−�ª®¢ë¬¨ X0 ¢«¥¢® −� ®¤−ã ¯®§¨æ¨î. ‚ ®ª−¥ α1 ¨¬¥¥¬ X1(1, j) = X0(1, j)
¤«ï j 6= k1, . . . , ks ¨ X1(1, j) = X0(2, j) ¤«ï j = k1, . . . , ks.

…á«¨ X0 = Y 0, â® −�©¤¥−® ¯¥à¢®¥ ¯®¢â®à¥−¨¥, à�¢−®¥ X0. ’®£¤� á¤¢¨-
£�¥¬ ¢á¥ áâà®ª¨ â�¡«¨æë −� ®¤−ã ¯®§¨æ¨î ¢«¥¢® ¨ ¯®«ãç¨¬ −®¢®¥ ®ª−® α1 =
= (X1(1, 1),X1(1, 2), . . . ,X1(1,m)), £¤¥ X1(1, j) = X0(2, j) ¤«ï ¢á¥å j =
= 1,m.

˜�£ 2. ‚ −®¢®© â�¡«¨æ¥ à�áá¬®âà¨¬ ®ª−® α1. �¯ïâì ®¡®§−�ç¨¬ ç¥à¥§ X1 å�à�ª-
â¥à¨áâ¨ª¨, ¨¬¥îé¨¥ −�¨¡®«ìè¥¥ §−�ç¥−¨¥ ¢ íâ®¬ ®ª−¥ §−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª,
� ç¥à¥§ Y 1 | å�à�ªâ¥à¨áâ¨ª¨, ¨¬¥îé¨¥ −�¨¬¥−ìè¥¥ §−�ç¥−¨¥ ¢ íâ®¬ ®ª−¥. …á«¨
X1 > Y 1, â® á¤¢¨£�¥¬ ¢á¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¢ â�¡«¨æ¥, ¨¬¥îé¨¥ ¢ ®ª−¥ α1

§−�ç¥−¨¥ X1, −� ®¤−ã ¯®§¨æ¨î ¢«¥¢®. …á«¨ X1 = Y 1, â® −�©¤¥−® ¯®¢â®à¥−¨¥,
à�¢−®¥ X1.

˜�£ 3. �®¢â®àï¥¬ è�£¨ 1 ¨ 2 ¤® â¥å ¯®à, ¯®ª� ¢ ®ª−¥ αt ¢¯¥à¢ë¥ ¢®§−¨ª−¥â
¯ãáâ®¥ ¬¥áâ® (¬¥áâ�), çâ® ®§−�ç�¥â ª®−¥æ ¯®¨áª� ¯®¢â®à¥−¨©.

÷¥§ã«ìâ�â®¬ à�¡®âë �«£®à¨â¬� áâ�−ãâ ¢á¥ §−�ç¥−¨ï å�à�ªâ¥à¨áâ¨ª X l, l =
= 0, t− 1, ¤«ï ª®â®àëå X l = Y l ¨ t | ¬®¬¥−â ®áâ�−®¢ª¨ �«£®à¨â¬�.

�à¨¬¥à. ÷�áá¬®âà¨¬ ¯à¨¬¥à à�¡®âë �«£®à¨â¬� ¤«ï M = {1, 2, . . . , 8}, m = 3,
N = 5 ¨ ®¡à�§æ®¢ X0(1) = (8, 6, 5, 3, 2), X0(2) = (7, 5, 4, 2, 1), X0(3) =
= (8, 7, 5, 2, 1). ‡�¯¨è¥¬ ¢¥ªâ®àë ®¡ãç�îé¨å ®¡à�§æ®¢ ¢ â�¡«¨æã ¨ à�áá¬®âà¨¬
¯®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨© á â�¡«¨æ¥© ¢ á®®â¢¥âáâ¢¨¨ á ®¯¨á�−−ë¬ �«£®à¨â¬®¬,
¯à¥¤áâ�¢«¥−−ãî −� à¨áã−ª¥.

ˆ§ à¨áã−ª� á«¥¤ã¥â, çâ® à�¡®â� �«£®à¨â¬� §�ª®−ç¨«�áì ¢ ¬®¬¥−â t = 7,
� à¥§ã«ìâ�â®¬ à�¡®âë �«£®à¨â¬� áâ�«¨ ¯®¢â®à¥−¨ï X3 = 5 ¨ X6 = 2.
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�®á«¥¤®¢�â¥«ì−®áâì à�¡®âë �«£®à¨â¬�

4 Обоснование алгоритма

�¡®§−�ç¨¬ ç¥à¥§ n = 0, 1,. . . ç¨á«® ¢á¥å á¤¢¨£®¢ áâà®ª â�¡«¨æë ¢ è�£�å 1
¨ 2 ¢ à�¡®â¥ �«£®à¨â¬�. ’®£¤� ¨¬¥¥â ¬¥áâ® á«¥¤ãîé�ï «¥¬¬�.

‹¥¬¬� 1. …á«¨ −� è�£¥ n �«£®à¨â¬� ¢ ¯®«ãç¨¢è¥¬áï ¢¥ªâ®à¥ αn ¨¬¥¥â ¬¥áâ®
−¥à�¢¥−áâ¢® Xn > Y n, â® §−�ç¥−¨¥ Xn −¥ ¬®¦¥â ¢®©â¨ ¢ ç¨á«® ¯®¢â®à¨¢è¨åáï
å�à�ªâ¥à¨áâ¨ª, ¯à¨áãâáâ¢ãîé¨å ¢® ¢á¥å m ®¡à�§æ�å ®¡ãç�îé¥© ¢ë¡®àª¨.

„ ® ª � § � â ¥ « ì á â ¢ ® . „«ï n = 0 §−�ç¥−¨¥ X0 ¡ã¤¥â ¢á¥£¤� ¡®«ìè¥ ¢á¥å §−�-
ç¥−¨© ¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ®¡à�§æ�, ¢ ª®â®à®© ¯¥à¢ë© −®¬¥à å�à�ªâ¥à¨áâ¨ª¨
à�¢¥−Y 0. �®á«¥¤®¢�â¥«ì−®áâì, ª®â®à®© ¯à¨−�¤«¥¦¨â Y 0, ã¯®àï¤®ç¥−� ¯® ã¡ë¢�-
−¨î, ¯®íâ®¬ã X0 −¥ ¬®¦¥â ¢áâà¥â¨âìáï ¢ íâ®© ¯®á«¥¤®¢�â¥«ì−®áâ¨. �−�«®£¨ç−®,
¥á«¨ Xn > Y n, â® §−�ç¥−¨¥ Xn −¥ ¬®¦¥â ¢®©â¨ ¢ ç¨á«® ¯®¢â®à¨¢è¨åáï, ¥á«¨
à�áá¬�âà¨¢�âì â®«ìª® ãç�áâª¨ ¯®á«¥¤®¢�â¥«ì−®áâ¥© á¯à�¢� ®â ®ª−� αn.

�ãáâì ¤«ï ¯à®áâ®âë Xn = Xn(1, 1) | ¬�ªá¨¬ã¬ ¢ ®ª−¥ αn ¨ Xn > Y n,
£¤¥ Y n = Xn(1,m). ’®£¤� Xn −¥ ¬®¦¥â ¢áâà¥â¨âìáï ¢ m-© áâà®ª¥ ¤«ï ¢á¥å
¤�«ì−¥©è¨å ç«¥−®¢ íâ®© ¯®á«¥¤®¢�â¥«ì−®áâ¨. ‚ á«¥¤ãîé¥¬ ®ª−¥ αn+1 ¬�ªá¨¬ã¬
¬®¦¥â ¡ëâì ¤®áâ¨£−ãâ ¢ ¤àã£®© áâà®ª¥ §� áç¥â á−¨¦¥−¨ï §−�ç¥−¨© ¯¥à¢®© ¯®á«¥-
¤®¢�â¥«ì−®áâ¨ ¯à¨ ¥¥ á¤¢¨£�å. ’�ª¦¥ ¢®§¬®¦−® à�¢¥−áâ¢® Xn+1 = Y n+1, £¤¥
Y n+1 = Y n. ‚ íâ®¬ á«ãç�¥ ¢®§−¨ª�¥â ¯®¢â®à¥−¨¥.

„®ª�¦¥¬, çâ® ¢ m-© áâà®ª¥ −¥ ¬®£«® ¢áâà¥â¨âìáï §−�ç¥−¨¥ Xn ¤® â®£®, ª�ª
®−® ¯®ï¢¨«®áì ¢ ¯¥à¢®© áâà®ª¥. �ã¤¥¬ à�ááã¦¤�âì ®â ¯à®â¨¢−®£® ¨ ¯à¥¤¯®«®¦¨¬,
çâ® Xn−k(1,m) = Xn ¤«ï −¥ª®â®à®£® k > 0. �ãáâì ¯®á«¥¤®¢�â¥«ì−®áâì ¢ ¯¥à¢®©
áâà®ª¥ ¢ ®ª−¥ αn−k ¯à¨−¨¬�¥â §−�ç¥−¨¥X ′. ’®£¤�X ′ ≥ Xn. „«ï â®£® çâ®¡ë m-ï
áâà®ª� ¡ë«� á¤¢¨−ãâ� ¢«¥¢® −� k ¯®§¨æ¨© ¢ å®¤¥ à�¡®âë �«£®à¨â¬�, ®−� ¤®«¦−�
¡ë«� ¯à¨−¨¬�âì ¢ á®®â¢¥âáâ¢ãîé¨å ®ª−�å ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥. �â¨ §−�ç¥−¨ï
¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨ m-© áâà®ª¨ −¥ ¬®£ãâ ¡ëâì ¡®«ìè¥, ç¥¬Xn (¨§-§� ã¡ë¢�−¨ï
¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨ á¤¥«�−−®£® ¯à¥¤¯®«®¦¥−¨ï). �â® ¢®§¬®¦−® â®«ìª® â®£¤�,
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ª®£¤� X ′ = Xn = Xn−j(1,m) ¯à¨ j = 1, k. �â® ¯à®â¨¢®à¥ç¨â ãá«®¢¨î, çâ®
¢ ®ª−¥ αn ¢ë¯®«−¥−® ãá«®¢¨¥ Xn > Y n. …á«¨ Xn = Y n, â® íâ® ¯®¢â®à¥−¨¥.
‹¥¬¬� 1 ¤®ª�§�−�.

‘«¥¤áâ¢¨¥. �à¨ Xn > Y n ¯®¢â®à¥−¨ï ¬®£ãâ ¢®§−¨ª−ãâì â®«ìª® ¯à¨ á−¨¦¥−¨¨
§−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª ¯à¨ á¤¢¨£�å áâà®ª, ¨¬¥îé¨å ¬�ªá¨¬�«ì−ë¥ §−�ç¥−¨ï ¤®
ãà®¢−¥© ¬¥−ìè¨å §−�ç¥−¨© ¢ ¤àã£¨å áâà®ª�å.

‹¥¬¬� 2. „® á¢®¥£® ®áâ�−®¢� �«£®à¨â¬ ¢®ááâ�−®¢¨â ¢á¥ ¯®«−ë¥ ¯®¢â®à¥−¨ï.

„ ® ª � § � â ¥ « ì á â ¢ ® . „®ª�§�â¥«ìáâ¢® ¡ã¤¥¬ ¢¥áâ¨ ®â ¯à®â¨¢−®£®. �à¥¤¯®«®-
¦¨¬, çâ® áãé¥áâ¢ã¥â å�à�ªâ¥à¨áâ¨ª� X∗, ª®â®à�ï ¢áâà¥â¨«�áì ¢® ¢á¥å ®¡à�§æ�å
®¡ãç�îé¥© ¢ë¡®àª¨, −® −¥ ¢ëï¢«¥−� �«£®à¨â¬®¬.

�� −ã«¥¢®¬ è�£¥ �«£®à¨â¬� ¢á¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ®¡à�§æ®¢ §�¯¨áë¢�îâáï
¢ áâà®ª¨ â�¡«¨æë à�§¬¥à�m×2N ¤àã£ ¯®¤ ¤àã£®¬ −�ç¨−�ï á (N +1)-£® áâ®«¡æ�.
�® ¯à¥¤¯®«®¦¥−¨î, ¢ ª�¦¤®© áâà®ª¥ ¢áâà¥ç�¥âáï X∗. �ãáâì ¤«ï ¯à®áâ®âë X∗

¢ ª�¦¤®© ¨§ áâà®ª â�¡«¨æë −�å®¤¨âáï ¢ áâ®«¡æ¥ á −®¬¥à®¬ N + 1 + di, i = 1,m,
£¤¥ d1 < d2 < · · · < dm. �®ï¢«¥−¨¥ X∗ ¯à¨ à�¡®â¥ �«£®à¨â¬� ¢®§¬®¦−® â®«ìª®
¢ ¯®àï¤ª¥ ®â ¯¥à¢®© áâà®ª¨ ¤® m-© áâà®ª¨. ‚ á�¬®¬ ¤¥«¥, ¥á«¨ ¢¯¥à¢ë¥ §−�ç¥−¨¥
å�à�ªâ¥à¨áâ¨ª¨ X∗ ¢ á®®â¢¥âáâ¢ãîé¥¬ ®ª−¥ ¯®ï¢¨«®áì ¢® ¢â®à®© áâà®ª¥, â®
¯®ï¢«¥−¨¥ X∗ ¨§ ¯¥à¢®© áâà®ª¨ ¢ ®¤−®¬ ¨ â®¬ ¦¥ ®ª−¥ −¥¢®§¬®¦−®. „«ï â®£®
çâ®¡ë X∗ ¨§ ¯¥à¢®© ¨ ¢â®à®© áâà®ª¨ ¯®¯�«¨ ¢ ®¤−® ®ª−®, −¥®¡å®¤¨¬®, çâ®¡ë
¯à®¨§®è¥« á¤¢¨£ ¯¥à¢®© áâà®ª¨ ¢«¥¢® −� d2 − d1 ¯®§¨æ¨©. �® ¢ ¯à®¬¥¦ãâª¥
¬¥¦¤ã (N +1+d1)-¬ ¨ (N +1+d2)-¬ áâ®«¡æ�¬¨ §−�ç¥−¨ï å�à�ªâ¥à¨áâ¨ª ¢â®à®©
áâà®ª¨ ¡®«ìè¥ §−�ç¥−¨© å�à�ªâ¥à¨áâ¨ª ¯¥à¢®© áâà®ª¨. ‘«¥¤®¢�â¥«ì−®, á¤¢¨£¨
¯¥à¢®© áâà®ª¨ −¥ á¬®£ãâ ®¡¥á¯¥ç¨âì ¯®¯�¤�−¨¥ X∗ ¨§ ¯¥à¢®© áâà®ª¨ ¢ ®¤−®
¨ â® ¦¥ ®ª−® á X∗ ¢â®à®© áâà®ª¨. �â®â ¢ë¢®¤ à�á¯à®áâà�−ï¥âáï −� ¢á¥ ¯�àë
¯®ï¢«¥−¨ï X∗.

�â¬¥â¨¬, çâ® §−�ç¥−¨ï å�à�ªâ¥à¨áâ¨ª ¢ m-© áâà®ª¥ −� ¯à®¬¥¦ãâª¥ ¬¥¦¤ã
(N + 1 + dm−1)-¬ ¨ (N + 1 + dm)-¬ áâ®«¡æ�¬¨ â�¡«¨æë ¡®«ìè¥, ç¥¬ §−�ç¥−¨ï
å�à�ªâ¥à¨áâ¨ª ¢ (m − 1)-© áâà®ª¥. �®íâ®¬ã ¢ ¯�à¥ m-© ¨ (m − 1)-© áâà®ª
§−�ç¥−¨ï å�à�ªâ¥à¨áâ¨ª ¢ m-© áâà®ª¥ ¡ã¤ãâ ¤®¬¨−¨à®¢�âì −� ¢á¥¬ ¯à®¬¥¦ãâª¥
¬¥¦¤ã (N + 1 + d1)-¬ ¨ (N + 1 + d2)-¬ áâ®«¡æ�¬¨, çâ® ¯®§¢®«¨â ¯ãâ¥¬ á¤¢¨£®¢
á®§¤�âì ç�áâ¨ç−®¥ ¯®¢â®à¥−¨¥. „«ï ®áâ�«ì−ëå ¯�à ¬®¦−® ¯à®¢¥áâ¨ �−�«®£¨ç−ë¥
à�ááã¦¤¥−¨ï. ‹¥£ª® ¢¨¤¥âì, çâ® â�ª�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨© | ç�áâì
¯®á«¥¤®¢�â¥«ì−®áâ¨ á¤¢¨£®¢ ®¡à�§æ®¢ ¨ à�¡®â� �«£®à¨â¬� ¯à¨¢®¤¨â ª ¯®«ãç¥−¨î
¯®¢â®à¥−¨ï X∗. �®«ãç¥−−®¥ ¯à®â¨¢®à¥ç¨¥ ¤®ª�§ë¢�¥â «¥¬¬ã 2.

‹¥¬¬� 3. …á«¨ ¤® ¯®ï¢«¥−¨ï ¯ãáâ®£® §−�ç¥−¨ï ¢ ®ª−¥ �«£®à¨â¬ −¥ −�è¥«
¯®¢â®à¥−¨©, â® á ¢¥à®ïâ−®áâìî, áâà¥¬ïé¥©áï ª ¥¤¨−¨æ¥, ¢¥à−® ãâ¢¥à¦¤¥−¨¥,
çâ® ¯à¨ç¨−ë P ¢ ¯®áâà®¥−−®© ®¡ãç�îé¥© ¢ë¡®àª¥ −¥â.

„ ® ª � § � â ¥ « ì á â ¢ ® á«¥¤ã¥â ¨§ «¥¬¬ë 2 ¨ â¥®à¥¬ë [1] ®¡ ®âáãâáâ¢¨¨ á«ãç�©-
−ëå ¯®¢â®à¥−¨© ¯à¨ ¢ë¯®«−¥−¨¨ ãá«®¢¨© íâ®© â¥®à¥¬ë.

‹¥¬¬� 4. ‘«®¦−®áâì �«£®à¨â¬� ¯®¨áª� ¢á¥å ¯®¢â®à¥−¨© ¢ ã¯®àï¤®ç¥−−ëå
®¡à�§æ�å ®¡ãç�îé¥© ¢ë¡®àª¨ −¥ ¯à¥¢®áå®¤¨â mN .
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�. �. ƒàãè®, Œ. ˆ. ‡�¡¥¦�©«®, ‚. ‚. Šã«ìç¥−ª®¢, …. …. ’¨¬®−¨−�

„ ® ª � § � â ¥ « ì á â ¢ ® . Š�¦¤ë© è�£ �«£®à¨â¬� ¢ åã¤è¥¬ ¢�à¨�−â¥ á®®â¢¥âáâ¢ã¥â
á¤¢¨£ã ®¤−®© áâà®ª¨ â�¡«¨æë ¢«¥¢® −� ®¤−ã ¯®§¨æ¨î ®â ®ç¥à¥¤−®£® ®ª−� α.
�®íâ®¬ã ç¨á«® á¤¢¨£®¢ −¥ ¯à¥¢®áå®¤¨â mN .
’¥®à¥¬�. ‘«®¦−®áâì �«£®à¨â¬� ¯®¨áª� ¢á¥å ¯®¢â®à¥−¨© á ãç¥â®¬ ®¯¥à�æ¨©
ã¯®àï¤®ç¥−¨ï −¥ ¯à¥¢®áå®¤¨â mN log2N .

„ ® ª � § � â ¥ « ì á â ¢ ® . ‘®£«�á−® «¥¬¬¥ 4, ®á−®¢−�ï á«®¦−®áâì ¯®¨áª� ¯®¢â®à¥−¨©
á¢ï§�−� á ã¯®àï¤®ç¥−¨¥¬ ¢á¥å ®¡à�§æ®¢ ®¡ãç�îé¥© ¢ë¡®àª¨. ’¥®à¥¬� ¤®ª�§�−�.

„®ª�§�−−ë¥ à¥§ã«ìâ�âë ¤�îâ ®¡®á−®¢�−¨¥ íää¥ªâ¨¢−®áâ¨ ¯®áâà®¥−−®£® �«-
£®à¨â¬� ¯®¨áª� ¯®¢â®à¥−¨© ¢ ®¡ãç�îé¥© ¢ë¡®àª¥.

5 Заключение

‚ à�¡®â¥ ¯®áâà®¥− �«£®à¨â¬ ¯®¨áª� ¯®¢â®à¥−¨© å�à�ªâ¥à¨áâ¨ª ¨§ ¡®«ìè®£®
�«ä�¢¨â�, ¢áâà¥ç�îé¨åáï ¢ à�§«¨ç−ëå ¯®á«¥¤®¢�â¥«ì−®áâïå ¡®«ìè®© ¤«¨−ë.
�à¨¢¥¤¥− ¯à¨¬¥à ¯®ï¢«¥−¨ï §�¤�ç ¯®¤®¡−®£® â¨¯� ¨§ ¯à�ªâ¨ª¨ ¯®¨áª� ¬®è¥−−¨-
ç¥áª¨å ¤¥©áâ¢¨© ¢ ¬−®¦¥áâ¢¥ ¯®«ãç�â¥«¥© ¯®âà¥¡¨â¥«ìáª¨å ªà¥¤¨â®¢ ¢ ¡�−ª�å.
‡�¤�ç� ¯®áâà®¥−¨ï ®¡ãç�îé¥© ¢ë¡®àª¨ ¤«ï ¯®¨áª� â�ª¨å ¤¥©áâ¢¨© á ¨á¯®«ì§®¢�-
−¨¥¬ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© á¢®¤¨âáï ª ¯®¨áªã ¯®¢â®à¥−¨© ®¤¨−�ª®¢ëå
å�à�ªâ¥à¨áâ¨ª, ¯à¨áãâáâ¢ãîé¨å ¢® ¢á¥å ®¡à�§æ�å ®¡ãç�îé¥© ¢ë¡®àª¨. �à¨
íâ®¬ ¨á¯®«ì§ã¥âáï �−á�¬¡«¥¢ë© ¯®¤å®¤ ª ¯®¨áªã ¨á¯®«ì§ã¥¬ëå ¬¥â®¤®¢ ¬®è¥−-
−¨ç¥áª¨å áå¥¬.

„«ï m ®¡à�§æ®¢ ®¡ãç�îé¥© ¢ë¡®àª¨ ¯à®¡«¥¬� ¯®¨áª� ¯®¢â®à¥−¨ï áãé¥-
áâ¢¥−−� ¤«ï ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¢á¥£® ¯®¤å®¤� ª ª«�áá¨ä¨ª�æ¨¨ −� ®á−®¢¥
¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥©. �®íâ®¬ã ¤®ª�§�−−�ï â¥®à¥¬� á«ã¦¨â ®á−®¢®©
à¥�«¨§ã¥¬®áâ¨ à�áá¬�âà¨¢�¥¬®£® ¯®¤å®¤�.
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COMPLEXITY OF THE ALGORITHM
FOR FINDING COINCIDENCES IN SEVERAL SEQUENCES

A. A. Grusho1, M. I. Zabezhailo1, V. V. Kulchenkov2, and E. E. Timonina1

1Federal Research Center \Computer Science and Control" of the Russian Academy
of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation
2VTB Bank, 43-1 Vorontsovskaya Str., Moscow 109147, Russian Federation

Abstract: Analysis of data for the presence of effects of an unknown but present
cause arises in many tasks and one of the examples given in the work is related to
the search for signs of fraud among many recipients of a consumer loan in a bank.
To build the initial data, a method was chosen in which signs of fraud appear in
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transactional activity after receiving a loan, namely, the signs are based on how
the funds are withdrawn. The example given is a special case of situations when
in a limited set of precedents of data having a large dimension, the effects of
one cause are present and repeated. Under these conditions, the task of finding
repetitions of consequences of effects is of great importance. An algorithm for
such a search has been built, which has a complexity less than quadratic. The
complexity of the constructed algorithm for finding all coincidences inm ordered
precedents does not exceed mN where N is the length of all precedents. Given
the complexity of ordering each precedent when there is the initial ordering of
the entire set of characteristics, the complexity of solving the problem does not
exceed mN log2N .

Keywords: complexity of the classification task; machine learning; cause and
effect relationships; searching for coincidences in the sequence of sets
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Š®−®−®¢ �¨ª®«�© �«¥£®¢¨ç (à. 2000) | ¨−¦¥−¥à Œ®áª®¢áª®£® �¢¨�æ¨®−−®£®
¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)
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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
Šã«ìç¥−ª®¢ ‚«�¤¨á«�¢ ‚«�¤¨¬¨à®¢¨ç (à. 1989) | §�¬¥áâ¨â¥«ì −�ç�«ì−¨ª�
ã¯à�¢«¥−¨ï ¯®àâä¥«ì−®£® �−�«¨§� ��−ª� ‚’�
Œ�ª�à¥−ª®¢� ˆà¨−� ‚ïç¥á«�¢®¢−� (à. 1964) | ¢¥¤ãé¨© ¯à®£à�¬¬¨áâ ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
Œ�ªá¨¬®¢� ‚¥à� ‚�«¥−â¨−®¢−� (à. 1975) | ¢¥¤ãé¨© ¯à®£à�¬¬¨áâ ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
��¤®à®¢ ˆ¢�− ‘¥à£¥¥¢¨ç (à. 2003) | �áá¨áâ¥−â ª�ä¥¤àë úŒ�â¥¬�â¨ç¥áª�ï
ª¨¡¥à−¥â¨ª�û Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�-
â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)
�¨ª¨â¨− āà¨© ‚¨ªâ®à®¢¨ç (à. 1977) | −�ç�«ì−¨ª ®â¤¥«� ��æ¨®−�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−áâ¨âãâ ¨¬¥−¨ �. …. †ãª®¢áª®£®û
�¨ª¨è¨− „¬¨âà¨© �«¥ªá�−¤à®¢¨ç (à. 1976) | 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
�à«®¢ ƒ¥®à£¨© �«¥ªá�−¤à®¢¨ç (à. 1994) | ¬«�¤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
��−â¥«¥¥¢ �−¤à¥© ‚«�¤¨¬¨à®¢¨ç (à. 1955) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© úŒ�â¥¬�â¨ç¥áª�ï ª¨¡¥à−¥â¨ª�û Œ®á-
ª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨-
â¥â�)
�¥âà®¢ �«¥ªá¥© �«¥ªá¥¥¢¨ç (à. 1991) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¤®æ¥−â ª�-
ä¥¤àë ¬�â¥¬�â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï, ª®¬¯ìîâ¥à−ëå â¥å−®«®£¨© ¨ ¨−ä®à¬�-
æ¨®−−®© ¡¥§®¯�á−®áâ¨ …«¥æª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ ˆ. �. �ã-
−¨−�
�«¥å�−®¢ ‹¥®−¨¤ �¥âà®¢¨ç (à. 1943) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, 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
÷ã¬®¢áª�ï ‘®ä¨ï �®à¨á®¢−� (à. 1985) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, 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
‘®¬¨− �¨ª®«�© ‚«�¤¨¬¨à®¢¨ç (à. 1947) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨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
‘â¥¯�−®¢ �«¥ªá¥© ‘¥à£¥¥¢¨ç (à. 1974) | ¤®ªâ®à ä�à¬�æ¥¢â¨ç¥áª¨å −�ãª, ¢¥¤ã-
é¨© −�ãç−ë© á®âàã¤−¨ª „�«ì−¥¢®áâ®ç−®£® −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®£® ¨−áâ¨âãâ�
á¥«ìáª®£® å®§ï©áâ¢�
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‘â¥¯�−®¢ �¨ª¨â� ‚ïç¥á«�¢®¢¨ç (à. 1996) | áâ�àè¨© ¯à¥¯®¤�¢�â¥«ì ª�ä¥¤-
àë ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå â¥å−®«®£¨© ¨ á¨áâ¥¬ á¢ï§¨ ‘�−ªâ-�¥â¥à¡ãà£áª®£®
£®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� �íà®ª®á¬¨ç¥áª®£® ¯à¨¡®à®áâà®¥−¨ï
‘âã¯−¨ª®¢ ‘¥à£¥© �«¥ªá�−¤à®¢¨ç (à. 1978) | 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
’¨¬®−¨−� …«¥−� …¢£¥−ì¥¢−� (à. 1952) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à-
¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
’ãà¡¨− �¨ª®«�© ‚�á¨«ì¥¢¨ç (à. 1989) | ¢¥¤ãé¨© ¨−¦¥−¥à �¥à¥¤®¢®© ¨−¦¥-
−¥à−®© èª®«ë Œ®áª®¢áª®£® �¢¨�æ¨®−−®£® ¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�-
â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)
’îà«¨ª®¢ �−¤à¥© Œ¨å�©«®¢¨ç (à. 1957) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®-
ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå â¥å−®«®£¨© ¨ á¨áâ¥¬
á¢ï§¨ ‘�−ªâ-�¥â¥à¡ãà£áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� �íà®ª®á¬¨ç¥áª®£®
¯à¨¡®à®áâà®¥−¨ï
”®¬¨−� …«¨§�¢¥â� �−¤à¥¥¢−� (à. 1998) | ¨−¦¥−¥à ‚ëç¨á«¨â¥«ì−®£® æ¥−âà�
„�«ì−¥¢®áâ®ç−®£® ®â¤¥«¥−¨ï ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
•¨«ìª® „¬¨âà¨© ‚«�¤¨¬¨à®¢¨ç (p. 1987) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, áâ�à-
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
•®à®è¨«®¢ �«¥ªá�−¤à �«¥ªá¥¥¢¨ç (à. 1952) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ‚á¥à®áá¨©áª®£® ¨−áâ¨âãâ� −�ãç−®© ¨ â¥å−¨ç¥áª®©
¨−ä®à¬�æ¨¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; ¯à®ä¥áá®à Œ®áª®¢áª®£® �¢¨�æ¨®−−®£®
¨−áâ¨âãâ� (−�æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ã−¨¢¥àá¨â¥â�)
•®à®è¨«®¢ �«¥ªá¥© �«¥ªá¥¥¢¨ç (à. 1958) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª,
§�¢¥¤ãîé¨© «�¡®à�â®à¨¥© ‚á¥à®áá¨©áª®£® ¨−áâ¨âãâ� −�ãç−®© ¨ â¥å−¨ç¥áª®©
¨−ä®à¬�æ¨¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
—¥çã«¨− ˆ¢�− �−¤à¥¥¢¨ç (à. 1988) | §�¬¥áâ¨â¥«ì §�¢¥¤ãîé¥£® ®â¤¥«®¬ ‚á¥-
à®áá¨©áª®£® ¨−áâ¨âãâ� −�ãç−®© ¨ â¥å−¨ç¥áª®© ¨−ä®à¬�æ¨¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
˜�à−¨− Œ¨å�¨« Œ¨å�©«®¢¨ç (à .1959) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, 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
˜®à£¨− ‚á¥¢®«®¤ ‘¥à£¥¥¢¨ç (à. 1978) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, 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
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� ‚ ’ � ÷ ‘ Š ˆ ‰ “ Š � ‡ � ’ … ‹ œ ‡ � 2 0 2 5 £.

ü ‘âà.

�£�«�à®¢ Ÿ. Œ. “−¨¬®¤�«ì−®áâì ¢§¢¥è¥−−®© áã¬¬ë ç�áâ−ëå
ªà¨â¥à¨¥¢ ¬®¤¥«¨ G/M/1 á ®¡−®¢«¥−¨¥¬ ¨ ¤¢ãå¯®à®£®¢ë¬
RED-¯®¤®¡−ë¬ �«£®à¨â¬®¬ 3 71{89

�¤�¬®¢¨ç ˆ. Œ., ‚®«ª®¢ �. ˆ. �®¤å®¤ ª ¨á¯®«ì§®¢�−¨î �−�-
«¨§� ¢à¥¬¥−−ëå àï¤®¢ ¤«ï ä®à¬¨à®¢�−¨ï £¨¯®â¥§ ¢ ª®−ªà¥â-
−®-¨áâ®à¨ç¥áª®¬ ¨áá«¥¤®¢�−¨¨ 4 143{153

�àå¨¯®¢ �. �., ”¨«¨¯¯áª¨å ‘. ‹., –ãª�−®¢ Œ. ‚. �á®¡¥−-
−®áâ¨ ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨ ¬¥â®¤� �ã£¬¥−â�æ¨¨ ¬�«ëå
®¡ê¥ªâ®¢ −� ®á−®¢¥ á¥â¥© á¢¥àå¢ëá®ª®£® à�§à¥è¥−¨ï 3 17{32

�¥áç�áâ−ë© ‚. �., ’îà«¨ª®¢ �. Œ., ‘â¥¯�−®¢ �. ‚., ˜®à-
£¨− ‚. ‘. � ¯à¨¬¥−¥−¨¨ ¤à¥¢®¢¨¤−ëå �«£®à¨â¬®¢ à�§à¥-
è¥−¨ï ª®−ä«¨ªâ®¢ ¢ ¯à®æ¥¤ãà¥ á«ãç�©−®£® ¬−®¦¥áâ¢¥−−®£®
¤®áâã¯� ¤«ï ãáâà®©áâ¢ 5G NB-IoT 4 20{32

�àîå®¢ „. �. á¬. ‘âã¯−¨ª®¢ ‘. �.
�ã−â¬�− �. ‚. á¬. ˆ£−�â®¢� ‘. „.
‚�á¥−¨− ˆ. �. á¬. ’îà¨− ‘. ”.
‚¥àå®âãà®¢ �. ‹. á¬. ‘â¥¯�−®¢ �. ‘.
‚®«ª®¢ �. ˆ. á¬. �¤�¬®¢¨ç ˆ. Œ.
ƒ®−ç�à®¢ �. �. á¬. ˆ£−�â®¢� ‘. „.
ƒà¥ª®¢ Œ. Œ. Œ®¤¥«ì �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬ë ¨¬¨â�æ¨¨

�â�ª −� ®á−®¢¥ ¬�è¨−−®£® ®¡ãç¥−¨ï 3 105{116
ƒà¨¤¨− ‚. �., ‘�«¥¬ �. ÷., ‘¬¨à−®¢ „. ‘., ‘®«®¤®¢−¨-

ª®¢ ‚. ˆ. ˆáá«¥¤®¢�−¨¥ ¢«¨ï−¨ï ¬¥å�−¨§¬� ‹�¯«�á� −� áâ�-
â¨áâ¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ ¨áå®¤−ëå ¤�−−ëå 1 71{94

ƒàãè® �. �., ƒàãè® �. �., ‡�¡¥¦�©«® Œ. ˆ., ‘¬¨à−®¢ „. ‚.,
’¨¬®−¨−� …. …., ˜®à£¨− ‘. Ÿ. �−�«¨§ á¡®¥¢ ¯® ª®á¢¥−−ë¬
¯à¨§−�ª�¬ 1 59{70

ƒàãè® �. �., ‡�¡¥¦�©«® Œ. ˆ., Šã«ìç¥−ª®¢ ‚. ‚., ’¨¬®−¨-
−� …. …. ‘«®¦−®áâì �«£®à¨â¬� ¯®¨áª� á®¢¯�¤¥−¨© ¢ −¥-
áª®«ìª¨å ¯®á«¥¤®¢�â¥«ì−®áâïå 4 154{163

ƒàãè® �. �. á¬. ƒàãè® �. �.
„®¡à®¢®«ìáª¨© „. �., ‡�æ¬�− ˆ. Œ. ˆ−â¥£à�æ¨ï í«¥ªâà®−−®£®

á«®¢�àï á â¥ªáâ�¬¨ ¯�à�««¥«ì−®£® ª®à¯ãá�: −®¢ë© â¥®à¥â¨-
ç¥áª¨© ¯®¤å®¤ 1 111{124
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ü ‘âà.

„àã¦¨−¨−� �. ‚., Š®à¥¯�−®¢ �. ÷., Œ�ª�à¥−ª®¢� ˆ. ‚.,
Œ�ªá¨¬®¢� ‚. ‚., �¥âà®¢ �. �. �®áâà®¥−¨¥ ¨ �−�«¨§
¬®¤¥«¨ ¯à®£−®§¨à®¢�−¨ï â¥å−¨ç¥áª®£® á®áâ®ï−¨ï ¡ãªá®¢ëå
ã§«®¢ ¢�£®−®¢ á ¯à¨¬¥−¥−¨¥¬ ¨−â¥««¥ªâã�«ì−ëå ¬¥â®¤®¢ ¯à¥-
¤¨ªâ¨¢−®© �−�«¨â¨ª¨ 4 92{110

„ã¡à®¢¨− Š. �. á¬. ‘â¥¯�−®¢ �. ‘.
„ìïç¥−ª® „. ā. á¬. „ìïç¥−ª® ā. ƒ.
„ìïç¥−ª® ā. ƒ., �«¥å�−®¢ ‹. �., Œ®à®§®¢ �. ‚., ‘â¥¯ç¥−-

ª®¢ „. ā., �à«®¢ ƒ. �., „ìïç¥−ª® „. ā. ÷¥�«¨§�æ¨ï
äã−ªæ¨®−�«ì−®áâ¨ á¨−åà®−−ëå âà¨££¥à®¢ ¢ á�¬®á¨−åà®−-
−®¬ ¡�§¨á¥ 3 3{16

„ìïç¥−ª® ā. ƒ. á¬. ‡�å�à®¢ ‚. �.
„ìïç¥−ª® ā. ƒ. á¬. �«¥å�−®¢ ‹. �.
„ìïç¥−ª® ā. ƒ. á¬. ’îà¨− ‘. ”.
…£®à®¢ ‚. �. �à®æ¥áá®àë ¤�−−ëå ª�ª −®¢ë© ª®¬¯®−¥−â ¨−äà�-

áâàãªâãàë ¤�â�-æ¥−âà®¢ 1 170{180
‡�¡¥¦�©«® Œ. ˆ. á¬. ƒàãè® �. �.
‡�¡¥¦�©«® Œ. ˆ. á¬. ƒàãè® �. �.
‡�å�à®¢ ‚. �., ‘â¥¯ç¥−ª®¢ ā. �., „ìïç¥−ª® ā. ƒ., Œ®à®-

§®¢ �. ‚., �«¥å�−®¢ ‹. �., ‘â¥¯ç¥−ª®¢ „. ā. ‘¢®©áâ¢�
¨ ®¯â¨¬¨§�æ¨ï á�¬®á¨−åà®−−ëå áå¥¬ 1 149{169

‡�å�à®¢ ‚. �. á¬. ‘®ª®«®¢ ˆ. �.
‡�æ�à¨−−ë© �. �., Š®§«®¢ ‘. ‚. �¢®«îæ¨ï ª®−æ¥¯âã�«ì−ëå

¯®¤å®¤®¢ ª ¨−â¥£à�æ¨¨ ¨−ä®ª®¬¬ã−¨ª�æ¨®−−ëå ¨ ã¯à�¢«ï-
îé¨å á¨áâ¥¬ ª�ª ®á−®¢ë ¯¥àá¯¥ªâ¨¢−ëå ®à£�−¨§�æ¨®−−ëå
á¨áâ¥¬ 3 130{144

‡�æ�à¨−−ë© �. �. á¬. ‘®ª®«®¢ ˆ. �.
‡�æ¬�− ˆ. Œ. á¬. „®¡à®¢®«ìáª¨© „. �.
ˆ£−�â®¢� ‘. „., ƒ®−ç�à®¢ �. �., �ã−â¬�− �. ‚. Œ¥â®¤ �¢â®-

¬�â¨§¨à®¢�−−®£® ¢ëï¢«¥−¨ï �á¨¬¬¥âà¨¨ ¯ã−ªâã�æ¨¨ ¢ ¯�-
à�««¥«ì−ëå â¥ªáâ�å 2 103{115

ˆ««�à¨®−®¢� ‹. ‚. á¬. ‘â¥¯�−®¢ �. ‘.
Š�§�−æ¥¢ ‘. ā., ‘�¯®¦−¨ª®¢ Œ. ‚., ’¥à¥å¨− „. �., Œ¨à®-

−®¢ ā. �., ˜�¡�−®¢ �. Œ. �æ¥−ª� ¤®áâã¯−®áâ¨ �â¬®áä¥à-
−®© ®¯â¨ç¥áª®© á¢ï§¨ ¢ à�§«¨ç−ëå áã¡ê¥ªâ�å ÷®áá¨©áª®©
”¥¤¥à�æ¨¨ 2 61{80

Š�− �. ‚., •®à®è¨«®¢ �«-¤à �., —¥çã«¨− ˆ. �., ‘âã¯−¨-
ª®¢ ‘. �., �¨ª¨â¨− ā. ‚., •®à®è¨«®¢ �«-¥© �. �à-
å¨â¥ªâãà� á¨áâ¥¬ë á¥¬�−â¨ç¥áª®£® �−�«¨§� −�ãç−®-â¥å−¨ç¥-
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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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5. ÷¥¤�ªâãà� áâ�â¥© ¢ëáë«�¥âáï �¢â®à�¬ ¤«ï ¯à®á¬®âà�. ‡�¬¥ç�−¨ï ª à¥¤�ªâãà¥ ¤®«¦-
−ë ¡ëâì ¯à¨á«�−ë �¢â®à�¬¨ ¢ ªà�âç�©è¨¥ áà®ª¨.

6. ÷ãª®¯¨áì ¯à¥¤®áâ�¢«ï¥âáï ¢ í«¥ªâà®−−®¬ ¢¨¤¥ ¢ ä®à¬�â�å MS WORD (.doc ¨«¨
.docx) ¨«¨ LATEX (.tex), ¤®¯®«−¨â¥«ì−® | ¢ ä®à¬�â¥ .pdf, −� ¤¨áª¥â¥, «�§¥à−®¬
¤¨áª¥ ¨«¨ í«¥ªâà®−−®© ¯®çâ®©. �à¥¤®áâ�¢«¥−¨¥ ¡ã¬�¦−®© àãª®¯¨á¨ −¥®¡ï§�â¥«ì−®.

7. �à¨ ¯®¤£®â®¢ª¥ àãª®¯¨á¨ ¢ MS Word à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì á«¥¤ãîé¨¥
−�áâà®©ª¨.
��à�¬¥âàë áâà�−¨æë: ä®à¬�â | �4; ®à¨¥−â�æ¨ï | ª−¨¦−�ï; ¯®«ï (á¬): ¢−ãâà¨ |
2,5, á−�àã¦¨ | 1,5, á¢¥àåã ¨ á−¨§ã | 2, ®â ªà�ï ¤® −¨¦−¥£® ª®«®−â¨âã«� | 1,3.
�á−®¢−®© â¥ªáâ: áâ¨«ì | ú�¡ëç−ë©û, èà¨äâ | Times New Roman, à�§¬¥à |
14 ¯ã−ªâ®¢, �¡§�æ−ë© ®âáâã¯ | 0,5 á¬, 1,5 ¨−â¥à¢�«�, ¢ëà�¢−¨¢�−¨¥ | ¯® è¨à¨−¥.
÷¥ª®¬¥−¤ã¥¬ë© ®¡ê¥¬ àãª®¯¨á¨ | −¥ á¢ëè¥ 10 áâà�−¨æ ãª�§�−−®£® ä®à¬�â�.
�à¨ ¯à¥¢ëè¥−¨¨ ãª�§�−−®£® ®¡ê¥¬� à¥¤ª®««¥£¨ï ¢¯à�¢¥ ¯®âà¥¡®¢�âì ®â �¢â®à�
á®ªà�é¥−¨ï ®¡ê¥¬� àãª®¯¨á¨.
‘®ªà�é¥−¨ï á«®¢, ¯®¬¨¬® áâ�−¤�àâ−ëå, −¥ ¤®¯ãáª�îâáï. „®¯ãáª�¥âáï ¬¨−¨¬�«ì−®¥
ª®«¨ç¥áâ¢® �¡¡à¥¢¨�âãà.
‚á¥ áâà�−¨æë àãª®¯¨á¨ −ã¬¥àãîâáï.
˜�¡«®−ë ®ä®à¬«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ¨−â¥à−¥â¥:
http://www.ipiran.ru/journal/template iiep ssi 2024.zip

8. ‘â�âìï ¤®«¦−� á®¤¥à¦�âì á«¥¤ãîéãî ¨−ä®à¬�æ¨î −� àãááª®¬ ¨ �−£«¨©áª®¬
ï§ëª�å:

{ −�§¢�−¨¥ áâ�âì¨;
{ ”.ˆ.�. �¢â®à®¢, −� �−£«¨©áª®¬ ¬®¦−® â®«ìª® ¨¬ï ¨ ä�¬¨«¨î;
{ ¬¥áâ® à�¡®âë, á ãª�§�−¨¥¬ £®à®¤� ¨ áâà�−ë ¨ í«¥ªâà®−−®£® �¤à¥á� ª�¦¤®£®

�¢â®à�;
{ á¢¥¤¥−¨ï ®¡ �¢â®à�å, ¢ á®®â¢¥âáâ¢¨¨ á ä®à¬�â®¬, ®¡à�§æë ª®â®à®£® ¯à¥¤áâ�¢«¥−ë

−� áâà�−¨æ�å:
http://www.ipiran.ru/journal/collected/2019 29 03 rus/authors.asp ¨
http://www.ipiran.ru/journal/collected/2019 29 03 eng/authors.asp;

{ �−−®â�æ¨ï (−¥ ¬¥−¥¥ 100 á«®¢ −� ª�¦¤®¬ ¨§ ï§ëª®¢). �−−®â�æ¨ï | íâ® ªà�âª®¥
à¥§î¬¥ à�¡®âë, ª®â®à®¥ ¬®¦¥â ¯ã¡«¨ª®¢�âìáï ®â¤¥«ì−®. �−� ï¢«ï¥âáï ®á−®¢-
−ë¬ ¨áâ®ç−¨ª®¬ ¨−ä®à¬�æ¨¨ ¢ ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬�å ¨ ¡�§�å ¤�−−ëå.
�−£«¨©áª�ï �−−®â�æ¨ï ¤®«¦−� ¡ëâì ®à¨£¨−�«ì−®©, ¬®¦¥â −¥ ¡ëâì ¤®á«®¢−ë¬
¯¥à¥¢®¤®¬ àãááª®£® â¥ªáâ� ¨ ¤®«¦−� ¡ëâì −�¯¨á�−� å®à®è¨¬ �−£«¨©áª¨¬ ï§ë-
ª®¬. ‚ �−−®â�æ¨¨ −¥ ¤®«¦−® ¡ëâì ááë«®ª −� «¨â¥à�âãàã ¨, ¯® ¢®§¬®¦−®áâ¨,
ä®à¬ã«;

{ ª«îç¥¢ë¥ á«®¢� | ¦¥«�â¥«ì−® ¨§ ¯à¨−ïâëå ¢ ¬¨à®¢®© −�ãç−®-â¥å−¨ç¥áª®©
«¨â¥à�âãà¥ â¥¬�â¨ç¥áª¨å â¥§�ãàãá®¢. �à¥¤«®¦¥−¨ï −¥ ¬®£ãâ ¡ëâì ª«îç¥¢ë¬¨
á«®¢�¬¨.

{ ¨áâ®ç−¨ª¨ ä¨−�−á¨à®¢�−¨ï à�¡®âë (ááë«ª¬ −� £à�−âë, ¯à®¥ªâë, ¯®¤¤¥à¦¨¢�-
îé¨¥ ®à£�−¨§�æ¨¨ ¨ â. ¯.

9. ’à¥¡®¢�−¨ï ª á¯¨áª�¬ «¨â¥à�âãàë.
‘áë«ª¨ −� «¨â¥à�âãàã ¢ â¥ªáâ¥ áâ�âì¨ −ã¬¥àãîâáï (¢ ª¢�¤à�â−ëå áª®¡ª�å) ¨ à�á¯®-
«�£�îâáï ¢ ª�¦¤®¬ ¨§ á¯¨áª®¢ «¨â¥à�âãàë ¢ ¯®àï¤ª¥ ¯¥à¢ëå ã¯®¬¨−�−¨©.
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‘¯¨áª¨ «¨â¥à�âãàë ¯à¥¤áâ�¢«ïîâáï ¢ ¤¢ãå ¢�à¨�−â�å:
(1) ‘¯¨á®ª «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨. ÷ãááª¨¥ ¨ �−£«¨©áª¨¥ à�¡®âë |

−� ï§ëª¥ ¨ ¢ �«ä�¢¨â¥ ®à¨£¨−�«�.
(2) References. ÷ãááª¨¥ à�¡®âë ¨ à�¡®âë −� ¤àã£¨å ï§ëª�å | ¢ «�â¨−áª®© âà�−á-

«¨â¥à�æ¨¨ á ¯¥à¥¢®¤®¬ −� �−£«¨©áª¨© ï§ëª; �−£«¨©áª¨¥ à�¡®âë ¨ à�¡®âë −�
¤àã£¨å ï§ëª�å | −� ï§ëª¥ ®à¨£¨−�«�.

�¥®¡å®¤¨¬® ¤«ï á®áâ�¢«¥−¨ï á¯¨áª� \References" ¯®«ì§®¢�âìáï à�§¬¥é¥−−®© −�
á�©â¥ http://www.translit.net/ru/bgn/ ¡¥á¯«�â−®© ¯à®£à�¬¬®© âà�−á«¨â¥à�æ¨¨ àãá-
áª®£® â¥ªáâ� ¢ «�â¨−¨æã.
‘¯¨á®ª «¨â¥à�âãàë \References" ¯à¨¢®¤¨âáï ¯®«−®áâìî ®â¤¥«ì−ë¬ ¡«®ª®¬, ¯®¢â®-
àïï ¢á¥ ¯®§¨æ¨¨ ¨§ á¯¨áª� «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨, −¥§�¢¨á¨¬® ®â â®£®,
¨¬¥îâáï ¨«¨ −¥â ¢ −¥¬ ¨−®áâà�−−ë¥ ¨áâ®ç−¨ª¨. …á«¨ ¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®-
ï§ëç−®© ç�áâ¨ ¥áâì ááë«ª¨ −� ¨−®áâà�−−ë¥ ¯ã¡«¨ª�æ¨¨, −�¡à�−−ë¥ «�â¨−¨æ¥©, ®−¨
¯®«−®áâìî ¯®¢â®àïîâáï ¢ á¯¨áª¥ \References".
�à¨¬¥àë ááë«®ª −� à�§«¨ç−ë¥ ¢¨¤ë ¯ã¡«¨ª�æ¨© ¢ á¯¨áª¥ \References":
�¯¨á�−¨¥ áâ�âì¨ ¨§ ¦ãà−�«�:
Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electro-
chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.
�¯¨á�−¨¥ áâ�âì¨ ¨§ í«¥ªâà®−−®£® ¦ãà−�«�:
Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or
buyers in cyberspace? An investigation of electronic factors influencing electronic
exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).
�¯¨á�−¨¥ ¬�â¥à¨�«®¢ ª®−ä¥à¥−æ¨©:
Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
field development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo
Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
niya neftegazootdachi" [6th Symposium (International) \New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact" Proceedings]. Moscow.
267{272.
�¯¨á�−¨¥ ª−¨£¨ (¬®−®£à�ä¨¨, á¡®à−¨ª¨):
Lindorf, L. S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogenera-
torov s neposredstvennym okhlazhdeniem [Operation of turbine generators with direct
cooling]. Moscow: Energy Publs. 352 p.
�¯¨á�−¨¥ ¯¥à¥¢®¤−®© ª−¨£¨ (¢ á¯¨áª¥ «¨â¥à�âãàë ª àãááª®ï§ëç−®© ç�áâ¨ −¥®¡å®-
¤¨¬® ãª�§�âì: / �¥à. á �−£«. | ¯®á«¥ −�§¢�−¨ï ª−¨£¨, � ¢ ª®−æ¥ ááë«ª¨ ãª�§�âì
®à¨£¨−�« ª−¨£¨ ¢ ªàã£«ëå áª®¡ª�å):

1. ‚ àãááª®ï§ëç−®© ç�áâ¨:
’¨¬®è¥−ª® ‘. �., Ÿ−£ „. •., “¨¢¥à “. Š®«¥¡�−¨ï ¢ ¨−¦¥−¥à−®¬ ¤¥«¥ / �¥à.
á �−£«. | Œ.: Œ�è¨−®áâà®¥−¨¥, 1985. 472 á. (Timoshenko S. P., Young D. H.,
Weaver W. Vibration problems in engineering. | 4th ed. | New York, NY,
USA: Wiley, 1974. 521 p.)
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2. ‚ �−£«®ï§ëç−®© ç�áâ¨:
Timoshenko, S. P., D. H. Young, and W. Weaver. 1974. Vibration problems in
engineering. 4th ed. New York, NY: Wiley. 521 p.

�¯¨á�−¨¥ −¥®¯ã¡«¨ª®¢�−−®£® ¤®ªã¬¥−â�:
Latypov, A. R., M. M. Khasanov, and V. A. Baikov. 2004. Geology and pro-
duction (NGT GiD). Certificate on official registration of the computer program
No. 2004611198. (In Russian, unpubl.)
�¯¨á�−¨¥ ¨−â¥à−¥â-à¥áãàá�:
Pravila tsitirovaniya istochnikov [Rules for the citing of sources]. Available at:
http://www.scribd.com/doc/1034528/ (accessed February 7, 2011).
�¯¨á�−¨¥ ¤¨áá¥àâ�æ¨¨ ¨«¨ �¢â®à¥ä¥à�â� ¤¨áá¥àâ�æ¨¨:
Semenov, V. I. 2003. Matematicheskoe modelirovanie plazmy v sisteme kompaktnyy
tor [Mathematical modeling of the plasma in the compact torus]. Moscow. D.Sc. Diss.
272 p.
Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
monitoring system]. PhD Thesis. Moscow: IPI RAN. 23 p.
�¯¨á�−¨¥ ƒ�‘’�:
GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda
i kolichestva zhidkostey i gazov s pomoshch'yu standartnykh suzhayushchikh ustroystv
[Method of measurement. Measurement of flow rate and volume of liquids and gases by
means of orifice devices]. Moscow: Standardinform Publs. 10 p.
�¯¨á�−¨¥ ¯�â¥−â�:
Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
orientirovaniya po krenu letatel'nogo apparata s opticheskoy golovkoy samonavedeniya
[The way to orient on the roll of aircraft with optical homing head]. Patent RF
No. 2280590.

10. �à¨á«�−−ë¥ ¢ à¥¤�ªæ¨î ¬�â¥à¨�«ë �¢â®à�¬ −¥ ¢®§¢à�é�îâáï.
11. �à¨ ®â¯à�¢ª¥ ä�©«®¢ ¯® í«¥ªâà®−−®© ¯®çâ¥ ¯à®á¨¬ ¯à¨¤¥à¦¨¢�âìáï á«¥¤ãîé¨å

¯à�¢¨«:
{ ãª�§ë¢�âì ¢ ¯®«¥ subject (â¥¬�) −�§¢�−¨¥ ¦ãà−�«� ¨ ä�¬¨«¨î �¢â®à�;
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Journal \Systems and Means of Informatics" publishes theoretical, review, and discussion
articles on the research and development in the field of information technology.

The journal is published in Russian. By a special decision of the editorial board, some
articles can be published in English.

Topics covered include the following areas:
{ information and communication systems and tools of their design;
{ architecture and software of computational complexes and networks; and
{ methods and tools of information protection.
1. The Journal publishes original articles which have not been published before and are

not intended for simultaneous publication in other editions. An article submitted to the
Journal must not violate the Copyright law. Sending the manuscript to the Editorial
Board, the authors retain all rights of the owners of the manuscript and transfer the
nonexclusive rights to publish the article in Russian (or the language of the article, if
not Russian) and its distribution in Russia and abroad to the Founders and the Editorial
Board. Authors should submit a letter to the Editorial Board in the following form:
Agreement on the transfer of rights to publish:

\We, the undersigned authors of the manuscript \. . . ," pass to the Founder and the
Editorial Board of the Journal \Systems and Means of Informatics" the nonexclusive
right to publish the manuscript of the article in Russian (or in English) in both
print and electronic versions of the Journal. We affirm that this publication does not
violate the Copyright of other persons or organizations.

Author(s) signature(s): (name(s), address(es), date)."

This agreement should be submitted in paper form or in the form of a scanned copy
(signed by the authors).
The Editorial Board has the right to request from the authors an official expert conclu-
sion that the submitted article has no classified data prohibited for publication.
If authors used artificial intelligence (AI)-based tools in preparing their manuscript,
they must include this information in the text of the article.

2. A submitted article should be attached with the data on the author(s) (see item 8). If
there are several authors, the contact person should be indicated who is responsible for
correspondence with the Editorial Board and other authors about revisions and final
approval of the proofs.

3. The Editorial Board of the Journal examines the article according to the established
reviewing procedure. If authors receive their article for correction after reviewing, it
does not mean that the article is approved to be published. The corrected article should
be sent to the Editorial Board for the subsequent review and approval.

4. The decision on the article publication or its rejection is communicated to the authors.
The Editorial Board may also send the reviews on the submitted articles to the authors.
Any discussion upon the rejected articles is not possible.

5. The edited articles will be sent to the authors for proofread. The comments of the
authors to the edited text of the article should be sent to the Editorial Board as soon as
possible.

6. The manuscript of the article should be presented electronically in the MS WORD (.doc
or .docx) or LATEX (.tex) formats, and additionally in the .pdf format. All documents
may be sent by e-mail or provided on a CD or diskette. A hard copy submission is not
necessary.
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right | 1.5, above | 2.0, below | 2.0, footer 1.3.
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spacing | 1.5, justified alignment.
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the specified size exceeded, the editorial board is entitled to require the author to reduce
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Use only standard abbreviations. Avoid abbreviations in the title and abstract. The full
term for which an abbreviation stands should precede its first use in the text unless it is
a standard unit of measurement.
All pages of the manuscript should be numbered.
The templates for the manuscript typesetting are presented on site:
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{ title;
{ author's name and surname;
{ affiliation | organization, its address with ZIP code, city, country, and official

e-mail address;
{ data on authors according to the format (see site):
http://www.ipiran.ru/journal/collected/2019 29 03 rus/authors.asp and
http://www.ipiran.ru/journal/collected/2019 29 03 eng/authors.asp;

{ abstract (not less than 100 words) both in Russian and in English. Abstract is
a short summary of the article that can be published separately. The abstract is
the main source of information on the article and it could be included in leading
information systems and data bases. The abstract in English has to be an original
text and should not be an exact translation of the Russian one. Good English is
required. In abstracts, avoid references and formulae.

{ Indexing is performed on the basis of keywords. The use of keywords from the
internationally accepted thematic Thesauri is recommended.
Important! Keywords must not be sentences.

{ Acknowledgments.
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Latin transliteration (refer http://www.translit.net/ru/bgn/).
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Article in journal:
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chemical micromachining. Russ. J. Electrochem. 44(8):926{930. doi:10.1134/
S1023193508080077.
Journal article in electronic format:
Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or
buyers in cyberspace? An investigation of electronic factors influencing electronic
exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).
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Conference proceedings:
Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina,
A. N. Chervyakova, and A. V. Sveshnikov. 2007. Osobennosti proektirovaniya
razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of
field development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo
Simpoziuma \Novye resursosberegayushchie tekhnologii nedropol'zovaniya i povyshe-
niya neftegazootdachi" [6th Symposium (International) \New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact" Proceedings]. Moscow.
267{272.
Books and other monographs:
Lindorf, L. S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogenera-
torov s neposredstvennym okhlazhdeniem [Operation of turbine generators with direct
cooling]. Moscow: Energy Publs. 352 p.
Dissertation and Thesis:
Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informat-
sionnogo monitoringa [Technology of development of semantic dictionary of information
monitoring system]. Moscow: IPI RAN. PhD Thesis. 23 p.
State standards and patents:
GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda
i kolichestva zhidkostey i gazov s pomoshch'yu standartnykh suzhayushchikh ustroystv
[Method of measurement. Measurement of flow rate and volume of liquids and gases by
means of orifice devices]. M.: Standardinform Publs. 10 p.
Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
orientirovaniya po krenu letatel'nogo apparata s opticheskoy golovkoy samonavedeniya
[The way to orient on the roll of aircraft with optical homing head]. Patent RF
No. 2280590.
References in Latin transcription are presented in the original language.
References in the text are numbered according to the order of their first appearance;
the number is placed in square brackets. All items from the reference list should be cited.

10. Manuscripts and additional materials are not returned to Authors by the Editorial
Board.

11. Submissions of files by e-mail must include:
{ the journal title and author's name in the \Subject" field;
{ the article title, authors' names, and the journal title, whereto the paper is being

submitted, in the text of the e-mail;
{ an article and additional materials have to be attached using the \attach" function;
{ an electronic version of the article should contain the file with the text and a sepa-

rate file with figures.
12. \System and Means of Informatics" journal is not a profit publication. There are no

charges for the authors as well as there are no royalties.
Editorial Board address:

FRC CSC RAS, 44, block 2, Vavilov Str., Moscow 119333, Russia
Ph.: +7 (499) 135 86 92, Fax: +7 (495) 930 45 05

e-mail: ssi@frccsc.ru (to Svetlana Strigina)
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