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ПРОГРАММНОЕ ОБЕСПЕЧЕНИЕ ИССЛЕДОВАНИЙ
В ОБЛАСТИ СТАТИСТИЧЕСКОГО АНАЛИЗА ДАННЫХ

М. П. Кривенко1

�−−®â�æ¨ï: �à¨ à�§à�¡®âª¥ áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ �−�«¨§� ¤�−−ëå ¯à¨-
¬¥−¨â¥«ì−® ª §�¤�ç�¬ ª«�áá¨ä¨ª�æ¨¨ −�¡«î¤¥−¨© ¢ ®¡«�áâ¨ ¤¨�£−®áâ¨ç¥áª®©
¬¥¤¨æ¨−ë, á®æ¨®«®£¨¨, ®¡à�¡®âª¨ â¥ªáâ®¢, à�á¯®§−�¢�−¨ï ¨§®¡à�¦¥−¨© −¥-
®¡å®¤¨¬® ¯à®¢®¤¨âì ¨áá«¥¤®¢�−¨ï ¦¨§−¥á¯®á®¡−®áâ¨ ¨á¯®«ì§ã¥¬ëå ¬®¤¥«¥©
¤�−−ëå, áâ�¢¨âì íªá¯¥à¨¬¥−âë á ¤�−−ë¬¨ ¨ �«£®à¨â¬�¬¨ ¨å ®¡à�¡®âª¨.
„«ï íâ®£® ¯à¨å®¤¨âáï ®¡à�é�âìáï ª ¢®§¬®¦−®áâï¬ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨
¨ á®§¤�¢�âì á®®â¢¥âáâ¢ãîé¥¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ (��). ‚ áâ�âì¥ à�á-
á¬�âà¨¢�¥âáï ®¯ëâ à�§à�¡®âª¨ ¢�à¨�−â� ��, ®à¨¥−â¨à®¢�−−®£® −� à¥è¥−¨¥
§�¤�ç ª«�áá¨ä¨ª�æ¨¨ ¤�−−ëå. �à¨¢®¤¨âáï á®áâ�¢ ¬®¤ã«¥©, ®¡¥á¯¥ç¨¢�îé¨å
¯®áâà®¥−¨¥ ¨ ¨á¯®«ì§®¢�−¨¥ ¢¥à®ïâ−®áâ−ëå ¬®¤¥«¥© ¤�−−ëå, ®æ¥−¨¢�−¨¥ ¨å
¯�à�¬¥âà®¢, ¨áá«¥¤®¢�−¨¥ íää¥ªâ¨¢−®áâ¨ ¯à¥¤«�£�¥¬ëå ¯à®æ¥¤ãà ¯à¨−ïâ¨ï
à¥è¥−¨©. ’�ª¦¥ ¯à¨¢®¤ïâáï ¯à¨¬¥àë à¥è¥−¨ï ª®−ªà¥â−ëå ¯à¨ª«�¤−ëå §�¤�ç
¨ ªà�âª® ®¯¨áë¢�îâáï ¨á¯®«ì§ã¥¬ë¥ í«¥¬¥−âë ��. •�à�ªâ¥à¨§ãîâáï ãá«®¢¨ï
¨ ¢®§¬®¦−ë¥ ¯ãâ¨ ¤�«ì−¥©è¥£® à�§¢¨â¨ï áâàãªâãàë, á®áâ�¢� ¨ á®¤¥à¦�−¨ï
¯à®æ¥¤ãà áâ�â¨áâ¨ç¥áª®£® �−�«¨§�.

Š«îç¥¢ë¥ á«®¢�: ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥; áâ�â¨áâ¨ç¥áª¨© �−�«¨§ ¤�−−ëå;
ï§ëª ¯à®£à�¬¬¨à®¢�−¨ï „¥«ä¨; ¯à¨¬¥−¥−¨¥ ¢ à�§«¨ç−ëå ®¡«�áâïå

DOI: 10.14357/08696527200401

1 Введение

‘®§¤�−¨¥ áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ �−�«¨§� ¤�−−ëå ¯®¤à�§ã¬¥¢�¥â à¥�«¨§�æ¨î
á«¥¤ãîé¨å íâ�¯®¢: ä®à¬�«¨§�æ¨ï ¯®áâ�−®¢ª¨ §�¤�ç¨ �−�«¨§�, ¢ë¡®à ¬®¤¥«¨ ¤�−-
−ëå, ä®à¬¨à®¢�−¨¥ ¬¥â®¤®¢ ®¡à�¡®âª¨ ¤�−−ëå, ¨−â¥à¯à¥â�æ¨ï à¥§ã«ìâ�â®¢. „«ï
íâ®£® −¥®¡å®¤¨¬® ¯à¨¢«¥ª�âì ã¦¥ ¨§¢¥áâ−ë¥ à¥è¥−¨ï ¨ à�§¢¨¢�âì −®¢ë¥ ¯®¤å®¤ë,
¯à®¢®¤¨âì ¬−®¦¥áâ¢® íªá¯¥à¨¬¥−â®¢ ¯® ®¡à�¡®âª¥ à¥�«ì−ëå ¨ á¬®¤¥«¨à®¢�−−ëå
¤�−−ëå, ã¬¥âì �−�«¨§¨à®¢�âì ¨ ¯à¥¤áâ�¢«ïâì ¢ ¤®å®¤ç¨¢®¬ ¢¨¤¥ à¥§ã«ìâ�âë íâ¨å
íªá¯¥à¨¬¥−â®¢. Š®¬¯«¥ªá−®¥ à¥è¥−¨¥ ¯¥à¥ç¨á«¥−−ëå ¯à®¡«¥¬ −¥¬ëá«¨¬® ¡¥§
¯à¨¬¥−¥−¨ï áà¥¤áâ¢ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¨ á®®â¢¥âáâ¢ãîé¥£® �� ®¡à�¡®âª¨
¨−ä®à¬�æ¨¨.

‚ â¥ªáâ¥ ¡ã¤ãâ ¢áâà¥ç�âìáï ®¡é¥¨§¢¥áâ−ë¥ −�§¢�−¨ï ¯�ª¥â®¢ ¨ á¨áâ¥¬ ¯à®-
£à�¬¬, áà¥¤ ¯à®£à�¬¬¨à®¢�−¨ï ¨ â. ¯., ¯® ª®â®àë¬ ¢ ¨−â¥à−¥â¥ ¬®¦−® «¥£ª® −�©â¨
á¢¥¤¥−¨ï ®¡ ¨å −�§−�ç¥−¨¨ ¨ á®áâ�¢¥.

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, mkrivenko@ipiran.ru
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�à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−−ëå

ˆáá«¥¤®¢�â¥«ìáª¨© å�à�ªâ¥à ¯®áâà®¥−¨ï ¬®¤¥«¥© ¨ ¬¥â®¤®¢ áâ�â¨áâ¨ç¥áª®£®
�−�«¨§� ¤�−−ëå áä®à¬¨à®¢�« á¯¥æ¨ä¨ç¥áª¨¥ ãá«®¢¨ï ¯à®£à�¬¬¨à®¢�−¨ï:

{ æ¥«ì ¨áá«¥¤®¢�−¨© | à¥è¥−¨¥ ¯à¨ª«�¤−ëå §�¤�ç, � −¥ á®§¤�−¨¥ ��, ¯®-
íâ®¬ã ¬¥è�îé¨¬ ä�ªâ®à®¬ ¢ëáâã¯�îâ ¯®áâ®ï−−ë¥ ¨§¬¥−¥−¨ï ¢ ®¡«�áâ¨
¯à®£à�¬¬¨à®¢�−¨ï, ª®â®àë¥ ¬�«® çâ® ¤�îâ ¯® á®¤¥à¦�−¨î, −® ®â−¨¬�îâ
ã©¬ã ¢à¥¬¥−¨ ¯à¨ ®á¢®¥−¨¨;

{ ¯à¨ à�§à�¡®âª¥ ¯à®£à�¬¬ ®â¤�¥âáï ¯à¥¤¯®çâ¥−¨¥ −�¤¥¦−®áâ¨ ¯®«ãç�¥¬®£®
¯à®¤ãªâ� ¨ −¥ ¢á¥£¤� ®¡à�é�¥âáï ¢−¨¬�−¨¥ −� ¨§ïé−®áâì à¥è¥−¨©;

{ ¯à¥¤¯®çâ¥−¨¥ ®â¤�¥âáï ª«�áá¨ª¥, ¯à¨ �¢â®àáª®¬ ¯à®£à�¬¬¨à®¢�−¨¨ ¨á¯®«ì-
§®¢�«áï Borland Delphi Enterprise (version 7) −� Windows XP;

{ ¢�¦−® ¯®ïá−¨âì, ¯®ç¥¬ã ¯à¨å®¤¨«®áì ¯à¨¡¥£�âì ª áà¥¤¥ ¯à®£à�¬¬¨à®¢�−¨ï,
� −¥ ®¡à�é�âìáï ª áâ�â¨áâ¨ç¥áª¨¬ ¯�ª¥â�¬ (−�¯à¨¬¥à, SAS) ¨«¨ ¡«¨§ª¨¬
ª −¨¬ ¯à®¤ãªâ�¬ (−�¯à¨¬¥à, Matlab); ®¯ëâ ¯®ª�§ë¢�¥â, çâ® ¯®¤®¡−ë¥ ¯�ª¥âë
áâ�−®¢ïâáï ªà�©−¥ £à®¬®§¤ª¨¬¨, ª®£¤� à¥çì §�å®¤¨â ® ¯®¨áª¥ −®¢ëå ¬®¤¥«¥©
¨ ¬¥â®¤®¢, −¥ ¢á¥£¤� ¯à¥¤®áâ�¢«ïîâ ç¥âª¨¥ ®¡®á−®¢�−¨ï ¤«ï ¯à¨¬¥−ï¥¬ëå
à¥è¥−¨©; −¥ −�¤® §�¡ë¢�âì ¨ ® ä¨−�−á®¢ëå ¯à®¡«¥¬�å; ¯®−ïâ−®, çâ® ¯®á«¥¤-
−¥¥ −¥ ®§−�ç�¥â, çâ® −¥ −ã¦−® ¨á¯®«ì§®¢�âì â�ª®¥ ¬®é−®¥ ¯®¤á¯®àì¥, ª�ª
à�§à�¡®â�−−ë¥ ¬�â¥¬�â¨ç¥áª¨¥ ¯�ª¥âë (−�¯à¨¬¥à, LAPACK);

{ ¯®áâ®ï−−®¥ ¨§¬¥−¥−¨¥ áà¥¤ë ¯à®£à�¬¬¨à®¢�−¨ï (¢ ç�áâ−®áâ¨, ®¯¥à�æ¨®−−ë¥
á¨áâ¥¬ë ¢¯«®âì ¤® Window 10), çâ® ¢ ¨â®£¥ ¯à¨¢¥«® ª −¥®¡å®¤¨¬®áâ¨ ®á¢�-
¨¢�âì −®¢ë¥ áà¥¤áâ¢� (ªáâ�â¨, ¯®¯ëâª¨ ¯®©â¨ ¯ãâ¥¬ á®§¤�−¨ï −� Window 10
¢�à¨�−â®¢ ¢¨àâã�«ì−ëå ¬�è¨− ¯®¤ Windows XP ¤«ï Delphi 7 −¨ ª ç¥¬ã
¯®«¥§−®¬ã −¥ ¯à¨¢¥«¨), � â�ª¦¥ âà¥¡ãîâ ¬®¤¥à−¨§�æ¨¨ à�§à�¡®â�−−®£® ��.

2 Структура и общая характеристика программного обеспечения

�à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ á®áâ®¨â ¨§ á«¥¤ãîé¨å £àã¯¯ ¬®¤ã«¥©:

{ ¯à®æ¥¤ãàë ®¡à�¡®âª¨ ¤�−−ëå;

{ ¤¨−�¬¨ç¥áª¨ ¯®¤ª«îç�¥¬�ï ¡¨¡«¨®â¥ª� ¯à®æ¥¤ãà −� ®á−®¢¥ ¯�ª¥â� LAPACK;

{ ¯à®£à�¬¬ë, ®¡¥á¯¥ç¨¢�îé¨¥ à¥è¥−¨¥ ®â¤¥«ì−ëå §�¤�ç �−�«¨§� ¤�−−ëå.

�à¨ ®¯¨á�−¨¨ ¬®¤ã«ï ®¡à�¡®âª¨ ¤�−−ëå ¡ã¤¥¬ á«¥¤®¢�âì áå¥¬¥: ä�ªâ®àë
á®§¤�−¨ï, ®¡é�ï å�à�ªâ¥à¨áâ¨ª� á®áâ�¢�. �à¨ ¨§«®¦¥−¨¨ ¡ã¤¥¬ à�§«¨ç�âì
âà¨¢¨�«ì−ë¥ à¥è¥−¨ï ¯à¨ á®§¤�−¨¨ ¯à®£à�¬¬−ëå ®¡ê¥ªâ®¢, à¥è¥−¨ï −� ®á−®¢¥
¨§¢¥áâ−ëå ¨¤¥© (ç�áâ¨ç−® ®à¨£¨−�«ì−ë¥) ¨ ®à¨£¨−�«ì−ë¥ à¥è¥−¨ï.

Œ®¤ã«ì Common: ®¡é¨¥ ®¯à¥¤¥«¥−¨ï ¨ ¯à®æ¥¤ãàë, � â�ª¦¥ ä®à¬ë ¨−â¥à-
ä¥©á�. ”�ªâ®àë á®§¤�−¨ï: ¡�§®¢ë¥ à¥è¥−¨ï, ä¨ªá�æ¨ï ¯à¨¥¬®¢ ¯à®£à�¬¬¨à®-
¢�−¨ï. ‚ á®áâ�¢ ¬®¤ã«ï ¢å®¤ïâ, ¢ ®á−®¢−®¬, âà¨¢¨�«ì−ë¥ ®¡ê¥ªâë, −�¯à¨¬¥à:
ª®−áâ�−â� | §−�ç¥−¨¥ ¯®à®£� ¤«¨−ë á®àâ¨àã¥¬®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¤«ï ¢ë-
¡®à� −�¨¡®«¥¥ íää¥ªâ¨¢−®£® �«£®à¨â¬� á®àâ¨à®¢ª¨; ¯à®æ¥¤ãà� ã¯®àï¤®ç¥−¨ï
¬�áá¨¢� ç¨á¥« á ã¤�«¥−¨¥¬ ¯®¢â®àïîé¨åáï ç¨á¥« ¨«¨ ¯à®æ¥¤ãà� −�å®¦¤¥−¨ï
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Œ. �. Šà¨¢¥−ª®

à�−£®¢; ª«�áá ¤«ï ¯à¥¤áâ�¢«¥−¨ï úç¨á«�û ¢ á¬¥è�−−®© á¨áâ¥¬¥ áç¨á«¥−¨ï. �®
¯à¨áãâáâ¢ãîâ ¨ ç�áâ¨ç−® ®à¨£¨−�«ì−ë¥ à¥è¥−¨ï, −�¯à¨¬¥à ¢ëç¨á«¥−¨¥ «®£�-
à¨ä¬� £�¬¬�-äã−ªæ¨¨ (−� ¥£® ®á−®¢¥ ã¤�«®áì ®¡¥á¯¥ç¨âì á §�¤�−−®© â®ç−®áâìî
¢ëç¨á«¥−¨¥ ª®¬¡¨−�â®à−ëå ä®à¬ã«). �â¤¥«ì−ãî £àã¯¯ã á®áâ�¢«ïîâ ¬®¤ã«¨,
¢ª«îç�îé¨¥ ä®à¬ë ¤«ï ¢¢®¤�-¢ë¢®¤� ¨−ä®à¬�æ¨¨, −�¯à¨¬¥à à�¡®â� á ¬�áèâ�-
¡¨àã¥¬ë¬ ¨§®¡à�¦¥−¨¥¬.

Œ®¤ã«ì MatrixComp: ¬�âà¨ç−ë¥ ®¯¥à�æ¨¨ ¨ ¯à®æ¥¤ãàë «¨−¥©−®© �«£¥¡àë.
”�ªâ®àë á®§¤�−¨ï: ®¡¥á¯¥ç¨âì ¢®§¬®¦−®áâì à�¡®âë á ¡�§®¢ë¬¨ í«¥¬¥−â�¬¨
«¨−¥©−®© �«£¥¡àë. �®−ïâ−®, çâ® ¯® á®áâ�¢ã ç�áâì ®¡ê¥ªâ®¢ ï¢«ïîâáï âà¨¢¨�«ì-
−ë¬¨, −�¯à¨¬¥à ¯à®áâ¥©è¨¥ ¯à¥®¡à�§®¢�−¨ï ¬�âà¨æ. �à¨ íâ®¬ ç¨á«® à�§«¨ç−ëå
¤¥©áâ¢¨© á ¬�âà¨æ�¬¨ ¤®áâ�â®ç−® ¢¥«¨ª®, −�¯à¨¬¥à ¤«ï ª«�áá� ®¡ëç−ëå ¢¥-
é¥áâ¢¥−−ëå ¬�âà¨æ ®¯à¥¤¥«¥−® ®ª®«® 60 ¯à®æ¥¤ãà, ®å¢�âë¢�îé¨å ¨§¬¥−¥−¨¥
áâàãªâãàë ¬�âà¨æë ¤® ¥¥ á¨−£ã«ïà−®£® à�§«®¦¥−¨ï. ‚ íâ®¬ ¬®¤ã«¥ ¯®ï¢¨«�áì
−¥®¡å®¤¨¬®áâì ®¡à�é¥−¨ï ª ¯�ª¥âã LAPACK; ¯à¨¬¥à®¬ ¬®¦¥â á«ã¦¨âì äã−ªæ¨ï
dsyev.c −� ï§ëª¥ ‘, ¯®¤ª«îç�¥¬�ï ª�ª DLL.

Œ®¤ã«ì RandomGen: £¥−¥à�æ¨ï ¯á¥¢¤®á«ãç�©−ëå ®¡ê¥ªâ®¢. ”�ªâ®àë
á®§¤�−¨ï: ®¡¥á¯¥ç¨âì ®¡à�¡®âªã ¨ ¬®¤¥«¨à®¢�−¨¥ ¤�−−ëå ¡�§®¢ë¬¨ ¤�âç¨ª�¬¨.
‚ ®á−®¢−®¬, ¬®¤ã«ì á®¤¥à¦¨â âà¨¢¨�«ì−ë¥ ®¡ê¥ªâë. �à¨¬¥à®¬ ®à¨£¨−�«ì−®©
¯à®æ¥¤ãàë ¬®¦¥â á«ã¦¨âì £¥−¥à�â®à ¤¨áªà¥â−®£® à�á¯à¥¤¥«¥−¨ï −� ®á−®¢¥ á¬¥á¨
¤¢ãåâ®ç¥ç−ëå à�á¯à¥¤¥«¥−¨©.

Œ®¤ã«ì ProbDistrib: ¢ëç¨á«¥−¨ï §−�ç¥−¨© äã−ªæ¨© à�á¯à¥¤¥«¥−¨ï ¨ ¯«®â-
−®áâ¨ à�á¯à¥¤¥«¥−¨ï. ”�ªâ®àë á®§¤�−¨ï: ®¡¥á¯¥ç¨âì à¥�«¨§�æ¨î ªà¨â¥à¨¥¢ §−�-
ç¨¬®áâ¨. Œ®¤ã«ì ¯à¥¨¬ãé¥áâ¢¥−−® á®¤¥à¦¨â ®¡ê¥ªâë, ®á−®¢�−−ë¥ −� ¨§¢¥áâ−ëå
á®®â−®è¥−¨ïå ¤«ï á¯¥æ¨�«ì−ëå äã−ªæ¨©. Œ−®£® ªà®¯®â«¨¢®£® âàã¤� ¯à¨è«®áì
¯®âà�â¨âì −� ¯®áâà®¥−¨¥ ¬¥â®¤®¢ ¢ëç¨á«¥−¨© ¤«ï à�á¯à¥¤¥«¥−¨©, ¨á¯®«ì§ãîé¨å
ª®¬¡¨−�â®à−ë¥ í«¥¬¥−âë, −�¯à¨¬¥à ¢ á«ãç�¥ ¡¨−®¬¨�«ì−®£® ¨ £¨¯¥à£¥®¬¥âà¨ç¥-
áª®£® à�á¯à¥¤¥«¥−¨©, ®á−®¢�−−ëå −� ç¨á«�å ‘â¨à«¨−£�; íâ® ¯à¨¢¥«® ª á®§¤�−¨î
¯®«−®áâìî ®à¨£¨−�«ì−®£® ¯à®¤ãªâ�.

Œ®¤ã«ì Statistics: −�å®¦¤¥−¨¥ à�§«¨ç−ëå áâ�â¨áâ¨ª. ”�ªâ®àë á®§¤�−¨ï:
®¡¥á¯¥ç¨âì ®¡à�¡®âªã ¤�−−ëå ¡�§®¢ë¬¨ ®¡ê¥ªâ�¬¨. Œ®¤ã«ì á®¤¥à¦¨â âà¨¢¨�«ì-
−ë¥ ®¡ê¥ªâë, −�¯à¨¬¥à ¯à¥®¡à�§®¢�−¨¥ ¤�−−ëå á ¯®¬®éìî ¯¥à¥å®¤� ª £«�¢−ë¬
ª®¬¯®−¥−â�¬ ¨«¨ ª ¯à®¥ªæ¨ï¬ −� «¥¢ë¥ á¨−£ã«ïà−ë¥ ¢¥ªâ®àë ¬�âà¨æë −�¡«î-
¤¥−¨©, ¢�à¨�−âë ¯à®æ¥¤ãà ®æ¥−¨¢�−¨ï ¢ë¡®à®ç−ëå ¬®¬¥−â®¢ ¤«ï ¬−®£®¬¥à−ëå
¤�−−ëå, ¯à®æ¥¤ãàã áà�¢−¥−¨ï ¢¥à®ïâ−®áâ¥© ãá¯¥å� ¢ ¤¢ãå ¯®á«¥¤®¢�â¥«ì−®-
áâïå ¨á¯ëâ�−¨© �¥à−ã««¨. �à¨¬¥à�¬¨ ç�áâ¨ç−® ®à¨£¨−�«ì−ëå ®¡ê¥ªâ®¢ ¬®£ãâ
á«ã¦¨âì ¯¥à¥ç¨á«¥−¨¥ ¢á¥å à�§¡¨¥−¨© ¬−®¦¥áâ¢� í«¥¬¥−â®¢ (à¥�«¨§®¢�− �«£®-
à¨â¬ 1.19 [1]) ¨«¨ ªà¨â¥à¨© ‘î¨ (Xu) [2] ®¤−®à®¤−®áâ¨ ¡¨−®¬¨�«ì−ëå ¯à®¯®àæ¨©.
ˆ−â¥à¥á−� ¯à®æ¥¤ãà� áà�¢−¥−¨ï ¢¥à®ïâ−®áâ¥© ãá¯¥å� ¢ ¤¢ãå ¯®á«¥¤®¢�â¥«ì−®áâïå
¨á¯ëâ�−¨© �¥à−ã««¨ ª�ª ¯à¨¬¥à ¤¥¬®−áâà�æ¨¨ ®à¨£¨−�«ì−ëå ¯à¨¥¬®¢ à�¡®âë
á ª®¬¡¨−�â®à−ë¬¨ ä®à¬ã«�¬¨ ¨ ª�ª ¯à¨¬¥à àãª®¢®¤áâ¢� ¤«ï ¯à�ªâ¨ç¥áª®£®
¯à¨¬¥−¥−¨ï.

Œ®¤ã«ì NormMixt: à�¡®â� á® á¬¥áìî −®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨©. ”�ª-
â®àë á®§¤�−¨ï: ®¡¥á¯¥ç¨âì ¢®§¬®¦−®áâì à�¡®âë á ¡�§®¢®© ¬®¤¥«ìî ¤�−−ëå.
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�à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−−ëå

�à�ªâ¨ç¥áª¨ ¢á¥ ®¡ê¥ªâë, ¢å®¤ïé¨¥ ¢ á®áâ�¢ íâ®£® ¬®¤ã«ï, | ®à¨£¨−�«ì−ë¥.
÷�áá¬�âà¨¢�îâáï á«ãç�¨ ®¤−®¬¥à−®£® ¨ ¬−®£®¬¥à−ëå à�á¯à¥¤¥«¥−¨©, ¯à¥¤áâ�¢-
«¥−ë ¢�à¨�æ¨¨ �«£®à¨â¬®¢, −�æ¥«¥−−ë¥ −� ã«ãçè¥−¨¥ ¢à¥¬¥−−‚ëå ¨ ¥¬ª®áâ−ëå
å�à�ªâ¥à¨áâ¨ª ¯à®£à�¬¬. Ÿàª® ¯à®ï¢«ï¥âáï â¥−¤¥−æ¨ï ª ¯®ï¢«¥−¨î âã¯¨ª®¢ëå
¢�à¨�−â®¢ ¯à®£à�¬¬, ª®â®àë¥ úà�§¤ã¢�îâû ¯à®¥ªâ, � ¢ë¡à®á¨âì ú¦�«ª®û.

Œ®¤ã«ì ImageExec: à�¡®â� á ¨§®¡à�¦¥−¨ï¬¨. ”�ªâ®àë á®§¤�−¨ï: ¯®¤¤¥à¦-
ª� à¥è¥−¨ï §�¤�ç à�á¯®§−�¢�−¨ï í«¥¬¥−â®¢ ¨§®¡à�¦¥−¨ï. ‚á¥ à�§à�¡®â�−−ë¥
®¡ê¥ªâë | ®à¨£¨−�«ì−ë¥. Œ−®£¨¥ ¨§ −¨å ¯®¬¥ç¥−ë ª�ª íªá¯¥à¨¬¥−â�«ì−ë¥,
à¥�«¨§ãîâ à�§¢¥¤®ç−ë¥ (¯®¨áª®¢ë¥) è�£¨ ¢ �−�«¨§¥ ¨§®¡à�¦¥−¨©.

Œ®¤ã«ì GenPCA: �−�«¨§ £«�¢−ëå ª®¬¯®−¥−â. ”�ªâ®àë á®§¤�−¨ï: ®¡¥á-
¯¥ç¨âì à�áè¨à¥−¨¥ ¯à¨−ïâ®© ¬®¤¥«¨ ¤�−−ëå ¨ á−¨¦¥−¨¥ à�§¬¥à−®áâ¨. ‚á¥
®¡ê¥ªâë | ®à¨£¨−�«ì−ë¥.

Œ®¤ã«ì Estimators: −�å®¦¤¥−¨ï à�§«¨ç−ëå áâ�â¨áâ¨ª. ”�ªâ®àë á®§¤�−¨ï:
¤®¯®«−¨âì ¯¥à¥ç¥−ì −¥®¡å®¤¨¬ëå áâ�â¨áâ¨ª. �®«ìè¨−áâ¢® ®¡ê¥ªâ®¢ ï¢«ïîâáï
ç�áâ¨ç−® ®à¨£¨−�«ì−ë¬¨.

3 Применение программного обеспечения на практике

÷�áá¬®âà¨¬ ¯à¨¬¥àë à¥�«ì−ëå §�¤�ç �−�«¨§� ¤�−−ëå, ®¯à¥¤¥«¨¢è¨å á®-
áâ�¢ ¨ á®¤¥à¦�−¨¥ �� ¢ ¯®á«¥¤−¥¥ ¤¥áïâ¨«¥â¨¥. ‘®®â¢¥âáâ¢ãîé¨¥ ¬�â¥à¨�«ë
�¢â®àáª¨¥ ¨ ®¯ã¡«¨ª®¢�−ë ¢ ¯¥ç�â¨.

‡�¤�ç� ¢ë¡®à®ç−®£® ª®−âà®«ï. �à¥¤«®¦¥−−ë¥ à¥è¥−¨ï ¯®§¢®«¨«¨ ®¡¥á¯¥-
ç¨âì à¥�«¨§�æ¨î ¯à®æ¥áá� ¢ë¡®à®ç−®£® ª®−âà®«ï ®¡ê¥ªâ®¢ ª�ª ¢ á«ãç�¥ ¯®«−®©
¨áå®¤−®© ¨−ä®à¬�æ¨¨, â�ª ¨ ç�áâ¨ç−® ¨¬¥îé¥©áï. “ç¥â â®ç−®áâ¨ ¢ëç¨á«¥−¨©
¯à¨¢¥« ª ¯à®à�¡®âª¥ ¯à®æ¥¤ãà à�áç¥â� ª®¬¡¨−�â®à−ëå ä®à¬ã«.

‡�¤�ç� ¯®áâà®¥−¨ï í¬¯¨à¨ç¥áª®£® ¡�©¥á®¢áª®£® ª«�áá¨ä¨ª�â®à� ®¡ê¥ª-
â®¢ à�§−®© à�§¬¥à−®áâ¨. �à¥¤áâ�¢«¥− ª®¬¡¨−¨à®¢�−−ë© ¬¥â®¤ ¯®áâà®¥−¨ï ®æ¥-
−®ª í«¥¬¥−â®¢ ¡�©¥á®¢áª®£® ª«�áá¨ä¨ª�â®à�, ¢ª«îç�îé¨å −¥¯�à�¬¥âà¨ç¥áªãî
ï¤¥à−ãî ®æ¥−ªã ¨ ¯�à�¬¥âà¨ç¥áªãî ®æ¥−ªã ¯«®â−®áâ¨ à�á¯à¥¤¥«¥−¨ï ¤�−−ëå.
÷�§à�¡®â�−ë ¨ ¨áá«¥¤®¢�−ë á®®â¢¥âáâ¢ãîé¨¥ ¯à®æ¥¤ãàë ¯®áâà®¥−¨ï ®æ¥−®ª,
¢ë¡®à� ï¤à� ¨ ¥£® ¯�à�¬¥âà®¢. �à®¤ãªâ¨¢−®áâì à�áá¬®âà¥−−ëå ¨¤¥© ¨««îáâà¨-
àã¥âáï −� ¯à¨¬¥à¥ à�á¯®§−�¢�−¨ï à¥�«ì−ëå á¨«ì−® §�èã¬«¥−−ëå ¨§®¡à�¦¥−¨©
â¥ªáâ®¢ ¢ á«ãç�¥, ª®£¤� ®â¤¥«ì−ë¥ §−�ª¨ ¨¬¥îâ à�§−ë¥ à�§¬¥àë. �à¥¤«®¦¥−−�ï
ª®¬¡¨−¨à®¢�−−�ï ®æ¥−ª� ¯«®â−®áâ¥© à�á¯à¥¤¥«¥−¨© ¨ ¥¥ íªá¯¥à¨¬¥−â�«ì−ë© �−�-
«¨§ ¯®ª�§�«¨ ¢ëá®ªãî íää¥ªâ¨¢−®áâì ¡�©¥á®¢áª®£® ¯®¤å®¤� ª ª«�áá¨ä¨ª�æ¨¨
®¡ê¥ªâ®¢, ¨¬¥îé¨å à�§−ãî à�§¬¥à−®áâì, � â�ª¦¥ à�¡®â®á¯®á®¡−®áâì ¢ á«ãç�¥
¬�«ëå ®¡ê¥¬®¢ ®¡ãç�îé¥© ¢ë¡®àª¨.

‡�¤�ç� ¯à¥¤¢�à¨â¥«ì−®© ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨© â¥ªáâ�, ¢ª«îç�îé¥©
ª®àà¥ªæ¨î −�ª«®−� ¨ ¢ë¤¥«¥−¨ï áâà®ª; ¯à¨ íâ®¬ à�á¯®§−�¢�¥¬®¥ ¨§®¡à�¦¥−¨¥
®¡«�¤�¥â −¨§ª¨¬ ª�ç¥áâ¢®¬ ¨ ¯®«ãç¥−® á ¢ëá®ª¨¬ à�§à¥è¥−¨¥¬ (®¡à�¡®âª� ¤�−-
−ëå ¡®«ìè®© à�§¬¥à−®áâ¨). �à¨å®¤¨âáï ®âª�§�âìáï ®â ¡¨−�à¨§�æ¨¨ ¨áå®¤−®£®
¨§®¡à�¦¥−¨ï, ãá«®¦−ïâì ¨ ¢¢®¤¨âì −®¢ë¥ ¯à¨¥¬ë ®¡à�¡®âª¨ ¤�−−ëå: ¨á¯®«ì-
§®¢�−¨¥ ¬®¤¥«¨ á¬¥á¨ à�á¯à¥¤¥«¥−¨© ¯à¨ �−�«¨§¥ ¯à®¥ªæ¨®−−ëå ¯à®ä¨«¥©,
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Œ. �. Šà¨¢¥−ª®

¢¢¥¤¥−¨¥ ¯®íâ�¯−®£® ®æ¥−¨¢�−¨ï −¥¨§¢¥áâ−ëå å�à�ªâ¥à¨áâ¨ª áâà®ç−®© áâàãªâã-
àë â¥ªáâ�, äà�£¬¥−â�æ¨î ¨§®¡à�¦¥−¨ï, �−�«¨§ «®ª�«ì−ëå ¢§�¨¬®á¢ï§¥© ïàª®áâ¨
¯¨ªá¥«®¢, çâ® ¯à¨¢¥«® ª á®§¤�−¨î ®à¨£¨−�«ì−®£® ��.

‡�¤�ç� à�§à�¡®âª¨ ¬¥â®¤®¢ ¨áá«¥¤®¢�−¨ï ®¤−®à®¤−®áâ¨ áâ�â¨áâ¨ç¥áª¨å
¤�−−ëå ® å¨¬¨ç¥áª®¬ á®áâ�¢¥ ª�¬−¥© ¯à¨ ãà®«¨â¨�§¥. Œ−®£®¬¥à−®áâì ¤�−−ëå,
¡¥¤−ë© á¯¥ªâà à�§«¨ç−ëå §−�ç¥−¨© ¯®ª�§�â¥«¥©, −¥¢®§¬®¦−®áâì ¨á¯®«ì§®¢�âì
¯à®áâë¥ �¤¥ª¢�â−ë¥ ¢¥à®ïâ−®áâ−ë¥ ¬®¤¥«¨ ¤«ï −¨å, � â�ª¦¥ ®âáãâáâ¢¨¥ −�ª®¯-
«¥−−®£® ®¯ëâ� ¯®¤®¡−®£® ¬®¤¥«¨à®¢�−¨ï ¢ ®¡«�áâ¨ ãà®«®£¨¨ ¯à¨¤�«¨ á¯¥æ¨ä¨ªã
à�áá¬�âà¨¢�¥¬®© §�¤�ç¥. �à¨ �−�«¨§¥ ¨§¬¥−¥−¨ï á®áâ�¢� ª�¬−¥© ¢® ¢à¥¬¥−¨
¯à¥¤«®¦¥− ªà¨â¥à¨©, ¨á¯®«ì§ãîé¨© ¯�à−ë¥ áà�¢−¥−¨ï à�§−ëå äà�£¬¥−â®¢ ¤�−-
−ëå. ‚ íâ®¬ á«ãç�¥ ¢¯¥à¢ë¥ ¯à¨¬¥−ï«¨áì ¨¤¥¨ �¯¯à®ªá¨¬�æ¨¨ ¢®§−¨ª�îé¨å
á¢ï§¥© ¬¥¦¤ã íâ¨¬¨ äà�£¬¥−â�¬¨ á ¯®¬®éìî ®â−®è¥−¨ï íª¢¨¢�«¥−â−®áâ¨, çâ®
¯®§¢®«¨«® ®¡®á−®¢�−−® ¯à®¢®¤¨âì áâà�â¨ä¨ª�æ¨î ¨áå®¤−ëå ¤�−−ëå. ‚ å®¤¥ íªá-
¯¥à¨¬¥−â®¢ á ¯®¬®éìî ®à¨£¨−�«ì−®£® �� ¯®«ãç¥−ë áâ�â¨áâ¨ç¥áª¨ ®¡®á−®¢�−−ë¥
à¥§ã«ìâ�âë ª�ª ®¡ ®á®¡¥−−®áâïå ¬®ç¥ª�¬¥−−®© ¡®«¥§−¨, â�ª ¨ ®¡ ¨§¬¥−¥−¨ïå íâ¨å
®á®¡¥−−®áâ¥© á â¥ç¥−¨¥¬ ¢à¥¬¥−¨.

‡�¤�ç� áà�¢−¨â¥«ì−®£® �−�«¨§� ¯à®æ¥¤ãà à¥£à¥áá¨®−−®£® �−�«¨§�. ‚ ¯¥-
à¥ç¥−ì áà�¢−¨¢�¥¬ëå ¯à®æ¥¤ãà ¡ë«¨ ¢ª«îç¥−ë ª�ª ®¡ëç−ë¥ ¬¥â®¤ë ®æ¥−¨¢�−¨ï
¯�à�¬¥âà®¢ ¬®¤¥«¨, â�ª ¨ ¬¥â®¤ë −� ®á−®¢¥ §−�ª®¢ëå ¨ à�−£®¢ëå áâ�â¨áâ¨ª.
÷¥�«¨§�æ¨ï ¬¥â®¤� −�¨¬¥−ìè¨å ª¢�¤à�â®¢ −� ®á−®¢¥ §−�ª®¢ëå áâ�â¨áâ¨ª ¯®âà¥-
¡®¢�«� ¯®áâà®¥−¨ï íää¥ªâ¨¢−®© ¯à®æ¥¤ãàë ®¡à�¡®âª¨ ¤�−−ëå, ¤«ï ç¥£® ¡ë«
®¯¨á�− ¨ ¨áá«¥¤®¢�− ¢�à¨�−â ¬¥â®¤� −�¨áª®à¥©è¥£® á¯ãáª�. ‚ á«®¦−®© á¨âã-
�æ¨¨ ªãá®ç−®-¯®áâ®ï−−®© æ¥«¥¢®© äã−ªæ¨¨ ¯®«ãç¥− à�¡®â®á¯®á®¡−ë© ¢�à¨�−â
á®®â¢¥âáâ¢ãîé¥£® �«£®à¨â¬�. �à®¢¥¤¥−−ë© áà�¢−¨â¥«ì−ë© �−�«¨§ ¯à®æ¥¤ãà
à¥£à¥áá¨®−−®£® �−�«¨§� ¢ à¥�«ì−ëå ãá«®¢¨ïå, ª®£¤� ¤�−−ë¥ −¥ ¯®¤ç¨−ïîâáï
−®à¬�«ì−®¬ã à�á¯à¥¤¥«¥−¨î, ¯®ª�§�« ¯à¥¨¬ãé¥áâ¢� −¥¯�à�¬¥âà¨ç¥áª¨å ¬¥â®-
¤®¢. „®áâ®¨−áâ¢� −¥¯�à�¬¥âà¨ç¥áª¨å ¬¥â®¤®¢ ¯®§¢®«¨«¨ ¯®¢ëá¨âì â®ç−®áâì
á®£«�á®¢�−¨ï ¤¢ãå á¯®á®¡®¢ ¨§¬¥à¥−¨ï åà®¬®£à�−¨−� �, è¨à®ª® ¨á¯®«ì§ã¥¬®£®
¢ ª�ç¥áâ¢¥ ¨¬¬ã−®£¨áâ®å¨¬¨ç¥áª®£® ¬�àª¥à� −¥©à®í−¤®ªà¨−−®© ¤¨ää¥à¥−æ¨-
à®¢ª¨.

‡�¤�ç� ®â¡®à� ¯à¨§−�ª®¢ ª«�áá¨ä¨ª�æ¨¨. „«ï ®æ¥−¨¢�−¨ï ª�ç¥áâ¢� ª«�á-
á¨ä¨ª�æ¨¨ ¨á¯®«ì§®¢�«¨áì ¬¥â®¤ ¯¥à¥¯à®¢¥àª¨ ¨ ¡ãâáâà¥¯-¬¥â®¤, � ¤«ï ¨áá«¥-
¤®¢�−¨ï àï¤� ¢ë¡®à®ç−ëå §−�ç¥−¨© | áà�¢−¨â¥«ì−ë© �−�«¨§ ¤®¢¥à¨â¥«ì−ëå
¨−â¥à¢�«®¢ ¨ ªà¨â¥à¨¨ ®¤−®à®¤−®áâ¨ ¡¨−®¬¨�«ì−ëå ¯à®¯®àæ¨©. �â® ¯®âà¥¡®-
¢�«® á®§¤�−¨ï �� ¯®¤¤¥à¦ª¨ ¯à®æ¥áá®¢ ¯®¢â®à−®© ®¡à�¡®âª¨ ç�áâ¥© ¢ë¡®àª¨,
� â�ª¦¥ ¯à¨¥¬®¢ â®ç−®£® ¢ëç¨á«¥−¨ï ª®¬¡¨−�â®à−ëå ä®à¬ã«. �à®¢¥¤¥−−ë¥
íªá¯¥à¨¬¥−âë ¢ §�¤�ç¥ ¯à®£−®§¨à®¢�−¨ï å¨¬¨ç¥áª®£® á®áâ�¢� ¬®ç¥¢ëå ª�¬−¥©
á®§¤�îâ ¯à¥¤¯®áë«ª¨ ¤«ï ¯®¢ëè¥−¨ï ª�ç¥áâ¢� ¯®«ãç�¥¬ëå à¥è¥−¨© (á®ªà�é¥−¨¥
¯¥à¥ç−ï ¯à®¢®¤¨¬ëå �−�«¨§®¢ ¬®¦¥â ¯à¨¢¥áâ¨ ª à®áâã â®ç−®áâ¨ ¯à®£−®§�), ¤�îâ
â®«ç®ª á¯¥æ¨�«¨áâ�¬ ¢ ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¤«ï ¯à®ïá−¥−¨ï áãâ¨ ¯à®â¥ª�îé¨å
¯à®æ¥áá®¢.

‡�¤�ç� ¯®áâà®¥−¨ï á«�¡ëå ªà¨â¥à¨¥¢ §−�ç¨¬®áâ¨ −� ®á−®¢¥ ¬−®£®¬¥à-
−ëå à¥ä¥à¥−á−ëå à¥£¨®−®¢ (MRR, multivariate reference regions) ¯à¨¬¥−¨-
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�à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−−ëå

â¥«ì−® ª ®¡«�áâ¨ ¬¥¤¨æ¨−áª®© ¤¨�£−®áâ¨ª¨. �à¥¤«®¦¥− ®à¨£¨−�«ì−ë© ¬¥â®¤
¯®áâà®¥−¨ï à¥£¨®−� −� ®á−®¢¥ ®¡«�áâ¥© á ¢ëá®ª®© ¯«®â−®áâìî â®ç¥ª ¨ �¯¯à®ª-
á¨¬�æ¨¨ à�á¯à¥¤¥«¥−¨ï ¤�−−ëå á ¯®¬®éìî á¬¥á¨ −®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨©.
„«ï ®æ¥−ª¨ ¯®à®£� ¤«ï ¯«®â−®áâ¨ à�á¯à¥¤¥«¥−¨ï ¨á¯®«ì§®¢�«áï ¡ãâáâà¥¯-¬¥-
â®¤. ‚ ª�ç¥áâ¢¥ íªá¯¥à¨¬¥−â� à�áá¬�âà¨¢�«®áì ¯®áâà®¥−¨¥ ¨ ¨á¯®«ì§®¢�−¨¥
íâ�«®−−®© ®¡«�áâ¨ ¤«ï ¯à®£−®§¨à®¢�−¨ï â¨¯� ¬®ç¥¢®£® ª�¬−ï. �¡à�¡®âª� à¥-
�«ì−ëå ¤�−−ëå ¯à®¤¥¬®−áâà¨à®¢�«� ¯à¥¨¬ãé¥áâ¢� ¯à¥¤«�£�¥¬ëå à¥è¥−¨©. ��
−�áâ®ïé¨© ¬®¬¥−â ¨¬¥¥âáï ®â−®á¨â¥«ì−® ¬�«® ¯à¨¬¥à®¢ ¯à¨¬¥−¥−¨ï MRR ¢ ª«¨-
−¨ç¥áª®© ¯à�ªâ¨ª¥. ’®¬ã ¥áâì −¥áª®«ìª® ¯à¨ç¨−, ¨ ®¤−� ¨§ −¨å á®áâ®¨â ¢ â®¬,
çâ® «�¡®à�â®à¨¨ á«�¡® ®á−�é¥−ë ¯à®£à�¬¬−ë¬¨ áà¥¤áâ¢�¬¨ ¤«ï à¥�«¨§�æ¨¨
¤®áâ�â®ç−® á«®¦−®£® ¬�â¥¬�â¨ç¥áª®£® �¯¯�à�â� ¬−®£®¬¥à−®£® �−�«¨§�, � ¥é¥
¢�¦−¥¥, çâ® ®âáãâáâ¢ãîâ ¬¥â®¤¨ª¨, ¨−áâàãªæ¨¨ ¯® ¨á¯®«ì§®¢�−¨î á®®â¢¥âáâ¢ã-
îé¨å áà¥¤áâ¢. ‘®§¤�−−®¥ �� à�¡®âë á MRR ¬®¦¥â ¯®á«ã¦¨âì ¯à®â®â¨¯®¬ ¤«ï
¯®á«¥¤ãîé¨å à�§à�¡®â®ª. “¦¥ ¯à®¢¥¤¥−−ë¥ −� ¥£® ¡�§¥ íªá¯¥à¨¬¥−âë ¯®§¢®-
«ïîâ áä®à¬ã«¨à®¢�âì −¥ª®â®àë¥ à¥ª®¬¥−¤�æ¨¨ ¯® ¨áá«¥¤®¢�−¨î ¨ à�§à�¡®âª¥
MRR.

‡�¤�ç� ®¡ãç�¥¬®© ª«�áá¨ä¨ª�æ¨¨ −¥¯®«−ëå ¤�−−ëå. �¡ãç¥−¨¥ ¡�©¥á®¢-
áª®£® ª«�áá¨ä¨ª�â®à� ¢ íâ®¬ á«ãç�¥ ¯à®¢®¤¨«®áì á ¯®¬®éìî ¬¥â®¤� ¬�ªá¨¬�«ì-
−®£® ¯à�¢¤®¯®¤®¡¨ï ¤«ï ¬®¤¥«¨ á¬¥á¨ −®à¬�«ì−ëå à�á¯à¥¤¥«¥−¨©. ‘âà®£¨© ¢ë-
¢®¤ ä®à¬ã«, ®¡¥á¯¥ç¨¢�îé¨å à¥�«¨§�æ¨î è�£®¢ EM (expectation-maximization)
�«£®à¨â¬�, ¯®§¢®«¨« ª®àà¥ªâ−® ¯à¨¬¥−ïâì ¨â¥à�æ¨®−−ë© ¯à®æ¥áá ¯®«ãç¥−¨ï
®æ¥−®ª ¯�à�¬¥âà®¢ á¬¥á¨. „«ï −¥¯®«−ëå ¤�−−ëå ¯à¥¤«®¦¥−ë ¯à¨¥¬ë ¢ë¡®-
à� −�ç�«ì−ëå §−�ç¥−¨© ¨ ª®àà¥ªæ¨¨ ¢ëà®¦¤�îé¨åáï ª®¢�à¨�æ¨®−−ëå ¬�âà¨æ
í«¥¬¥−â®¢ á¬¥á¨. �ªá¯¥à¨¬¥−â�«ì−�ï ç�áâì à�¡®âë §�ª«îç�«�áì ¢ �−�«¨§¥ §�-
¢¨á¨¬®áâ¨ ª�ç¥áâ¢� ª«�áá¨ä¨ª�æ¨¨ ®â áâ¥¯¥−¨ ¯à®¯ãáª� ®â¤¥«ì−ëå §−�ç¥−¨©,
¤«ï íâ®£® ¨á¯®«ì§®¢�«¨áì à¥�«ì−ë¥ ¤�−−ë¥ ® ä¥à¬¥−â�å, ¯®«ãç¥−−ë¥ ¤«ï ¯�æ¨-
¥−â®¢ á §�¡®«¥¢�−¨ï¬¨ ¯¥ç¥−¨. ˆå ®¡à�¡®âª� ¯à®¤¥¬®−áâà¨à®¢�«� ¯à�ªâ¨ç¥áª¨
¨¤¥−â¨ç−ë¥ ®è¨¡ª¨ ª«�áá¨ä¨ª�æ¨¨ ¯à¨ ¯à¨¬¥−¥−¨¨ ¯à®áâëå ¨ á«®¦−ëå ¬¥â®¤®¢
®¡à�¡®âª¨ ¯à®¯ãáª®¢ ¢ á«ãç�¥ −¥¢ëá®ª®© áâ¥¯¥−¨ á«ãç�©−®£® ¯à®¯ãáª� ®â¤¥«ì−ëå
§−�ç¥−¨©.

‡�¤�ç� á¦�â¨ï ¤�−−ëå. ‡¤¥áì −®¢ë¥ ¢®§¬®¦−®áâ¨ ®âªàë¢�¥â ¢¥à®ïâ−®áâ−ë©
�−�«¨§ £«�¢−ëå ª®¬¯®−¥−â (PPCA, probabilistic principal component analysis),
à¥�«¨§ã¥¬ë© ¢ à�¬ª�å ¯à¨−æ¨¯� ¬�ªá¨¬�«ì−®£® ¯à�¢¤®¯®¤®¡¨ï ¤«ï £�ãáá®¢áª®©
¬®¤¥«¨ á «�â¥−â−ë¬¨ ¯¥à¥¬¥−−ë¬¨. ‚ à�¬ª�å PPCA ¯®ï¢¨«¨áì �«£®à¨â¬ë
®¡à�¡®âª¨ ¤�−−ëå, −�æ¥«¥−−ë¥ −� á−¨¦¥−¨¥ à�§¬¥à−®áâ¨ ¤�−−ëå ¨ ®¡¥á¯¥ç¨¢�-
îé¨¥ ¯¥à¥å®¤ ¢ ¯à®áâà�−áâ¢® £«�¢−ëå ª®¬¯®−¥−â, −® −¥ ¤�îé¨¥ ¢ ï¢−®¬ ¢¨¤¥
å�à�ªâ¥à¨áâ¨ª¨ £«�¢−ëå ª®¬¯®−¥−â. ‚ å®¤¥ �¢â®àáª¨å ¨áá«¥¤®¢�−¨© ¨§¢¥áâ−ë¥
à¥§ã«ìâ�âë ¡ë«¨ ¤®¯®«−¥−ë ¤¥â�«ï¬¨, ª®â®àë¥ ã£«ã¡«ï«¨ ¯®−¨¬�−¨¥ ®á®¡¥−−®-
áâ¥© PPCA, ¨¬¥«¨ ¯à¨ª«�¤−®¥ §−�ç¥−¨¥, ¨á¯à�¢«ï«¨ ¢ëï¢«¥−−ë¥ ®è¨¡ª¨ ¢ ¯ã¡-
«¨ª�æ¨ïå. �à¥¤«®¦¥−ë ¨ ®¡®á−®¢�−ë ¤¢� ¬¥â®¤� à¥ª®−áâàãªæ¨¨ å�à�ªâ¥à¨áâ¨ª
£«�¢−ëå ª®¬¯®−¥−â. �−¨ ¯®§¢®«ïîâ ¢®á¯®«ì§®¢�âìáï à¥§ã«ìâ�â�¬¨ ¯à¥¤¥«ì−®£®
PPCA ¨ ¯à®¢®¤¨âì ¯®«−ë© �−�«¨§ ¤�−−ëå, ª®â®àë© ®á®¡¥−−® íää¥ªâ¨¢¥− ¯à¨
áãé¥áâ¢¥−−®¬ á−¨¦¥−¨¨ à�§¬¥à−®áâ¨.
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Œ. �. Šà¨¢¥−ª®

‡�¤�ç� ®¡ãç�¥¬®© ª«�áá¨ä¨ª�æ¨¨ ¤�−−ëå á ãç¥â®¬ �−�«¨§� £«�¢−ëå ª®¬-
¯®−¥−â (PCA, principal component analysis). �®áâà®¥−¨¥ ¡�©¥á®¢áª®£® ª«�áá¨ä¨-
ª�â®à� áâ�−®¢¨âáï ¢®§¬®¦−ë¬ ¯®á«¥ ¯à¥¤áâ�¢«¥−¨ï ª®¢�à¨�æ¨© ç¥à¥§ ¯�à�¬¥âàë
¢¥à®ïâ−®áâ−®© ¬®¤¥«¨ PCA. �à®¢¥¤¥−® ¨áá«¥¤®¢�−¨¥ ª�ç¥áâ¢� ª«�áá¨ä¨ª�æ¨¨
á ãç¥â®¬ à¥�«ì−®© à�§¬¥à−®áâ¨ ¤�−−ëå. �à®¤¥¬®−áâà¨à®¢�−®, çâ® ¯à¨ ¥¥ ¯à�-
¢¨«ì−®¬ §�¤�−¨¨ ª«�áá¨ä¨ª�â®à ®¡«�¤�¥â −�¨¬¥−ìè¨¬¨ ¢¥à®ïâ−®áâï¬¨ ®è¨¡-
ª¨. �à¨ íâ®¬ ¯à¥¢ëè¥−¨¥ −�¨«ãçè¥£® §−�ç¥−¨ï à�§¬¥à−®áâ¨ ®¡ëç−® ãåã¤è�¥â
ª�ç¥áâ¢® ª«�áá¨ä¨ª�æ¨¨ ¢ ¬¥−ìè¥© áâ¥¯¥−¨, ç¥¬ ¥£® §�−¨¦¥−¨¥. ‘¬¥áì ¢¥à®-
ïâ−®áâ−ëå �−�«¨§�â®à®¢ £«�¢−ëå ª®¬¯®−¥−â ¯®§¢®«ï¥â ¬®¤¥«¨à®¢�âì ®¡ê¥¬−ë¥
¤�−−ë¥ á ¯®¬®éìî ®â−®á¨â¥«ì−® −¥¡®«ìè®£® ç¨á«� á¢®¡®¤−ëå ¯�à�¬¥âà®¢. —¨á-
«® á¢®¡®¤−ëå ¯�à�¬¥âà®¢ ¬®¦−® ª®−âà®«¨à®¢�âì á ¯®¬®éìî ¢ë¡®à� «�â¥−â−®©
à�§¬¥à−®áâ¨ ¤�−−ëå. �®«ãç¨âì ¯¥à¥ç¨á«¥−−ë¥ á®¤¥à¦�â¥«ì−ë¥ ¢ë¢®¤ë ã¤�-
¥âáï ¬¥â®¤®¬ ¬®¤¥«¨à®¢�−¨ï, çâ® ¯®¤à�§ã¬¥¢�¥â á®§¤�−¨¥ á¯¥æ¨ä¨ç¥áª®£® ��,
−�áëé¥−−®£® ¬−®¦¥áâ¢®¬ ¤¥â�«¥© (−�¯à¨¬¥à, ¯à¨å®¤¨âáï ¢ë¤¥«ïâì á«ãç�© á¨−-
£ã«ïà−ëå à�á¯à¥¤¥«¥−¨© ¤�−−ëå, ¤«ï ª®â®à®£® ®æ¥−¨¢�−¨¥ ¯�à�¬¥âà®¢ ¬®¤¥«¨
¯à®¢®¤¨âáï ¯à¨ ®£à�−¨ç¥−¨ïå −� á®¡áâ¢¥−−ë¥ §−�ç¥−¨ï ª®¢�à¨�æ¨®−−ëå ¬�â-
à¨æ).

‡�¤�ç� ¢ë¡®à� ¬®¤¥«¨ ¤�−−ëå. �ää¥ªâ¨¢−®¥ à¥è¥−¨¥ §�¤�ç ¬¥¤¨æ¨−áª®©
¤¨�£−®áâ¨ª¨ âà¥¡ã¥â ¯à¨¬¥−¥−¨ï á«®¦−ëå ¢¥à®ïâ−®áâ−ëå ¬®¤¥«¥©, ¯®§¢®«ïîé¨å
�¤¥ª¢�â−® ®¯¨áë¢�âì à¥�«ì−ë¥ ¤�−−ë¥ ¨ ¤®¯ãáª�îé¨å ¯à¨¬¥−¥−¨¥ �−�«¨â¨ç¥-
áª¨å ¬¥â®¤®¢ ®¡ãç�¥¬®© ª«�áá¨ä¨ª�æ¨¨. ‚ë¡®à ¬®¤¥«¨ á¬¥á¨ −®à¬�«ì−ëå
à�á¯à¥¤¥«¥−¨© à¥è�¥â ¯®áâ�¢«¥−−ë¥ §�¤�ç¨, −® ¯à¨¢®¤¨â ª ¯à®¡«¥¬¥ ¯à®ª«ïâ¨ï
à�§¬¥à−®áâ¨. �¥à¥å®¤ ª ¬®¤¥«¨ á¬¥á¨ ¢¥à®ïâ−®áâ−ëå �−�«¨§�â®à®¢ £«�¢−ëå
ª®¬¯®−¥−â ¯®§¢®«ï¥â ä®à¬�«ì−® ¯®áâ�¢¨âì §�¤�çã ¢ë¡®à� ¥¥ áâàãªâãà−ëå ¯�-
à�¬¥âà®¢. ÷¥è¥−¨¥ ¯à¥¤«�£�¥âáï ¨áª�âì, ª®¬¡¨−¨àãï ¯à¨¬¥−¥−¨¥ ¨−ä®à¬�æ¨-
®−−ëå ªà¨â¥à¨¥¢ ¤«ï ä®à¬¨à®¢�−¨ï −�ç�«ì−ëå ¯à¨¡«¨¦¥−¨© á ¯®á«¥¤ãîé¨¬
ãâ®ç−¥−¨¥¬ ¯®«ãç�îé¨åáï ®æ¥−®ª. �� ¯à¨¬¥à¥ íªá¯¥à¨¬¥−â®¢ ¯® ¤¨�£−®áâ¨à®-
¢�−¨î ¡®«¥§−¥© ¯¥ç¥−¨ ¨ ¯à®£−®§¨à®¢�−¨î å¨¬¨ç¥áª®£® á®áâ�¢� ¬®ç¥¢ëå ª�¬−¥©
¤¥¬®−áâà¨àãîâáï ¢®§¬®¦−®áâ¨ ®¯¨á�−−ëå ¯à®æ¥¤ãà �−�«¨§� ¤�−−ëå. �à¥¤«�-
£�¥¬ë¥ à¥è¥−¨ï âà¥¡ãîâ á®§¤�−¨ï ®à¨£¨−�«ì−®£® ��, −® ¯à¨ íâ®¬ áâ�−®¢ïâáï
¨áâ®ç−¨ª®¬ ¯®¢ëè¥−¨ï â®ç−®áâ¨ ª«�áá¨ä¨ª�æ¨¨, ¤�îâ â®«ç®ª á¯¥æ¨�«¨áâ�¬
¢ ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¤«ï ¯à®ïá−¥−¨ï áãâ¨ ¯à®â¥ª�îé¨å ¯à®æ¥áá®¢.

‡�¤�ç� ¢ë¡®à� áâàãªâãà−ëå ¯�à�¬¥âà®¢, å�à�ªâ¥à¨§ãîé¨å ¬®¤¥«ì á¬¥á¨
¢¥à®ïâ−®áâ−ëå �−�«¨§�â®à®¢ £«�¢−ëå ª®¬¯®−¥−â, � ¨¬¥−−®: ç¨á«� í«¥¬¥−â®¢
á¬¥á¨ ¨ à�§¬¥à−®áâ¥© íâ¨å í«¥¬¥−â®¢. ‘à¥¤¨ −�¡®à� ¨á¯®«ì§ã¥¬ëå −� ¯à�ªâ¨ª¥
¯®¤å®¤®¢ ¢ á«ãç�¥ §�¤�ç¨ ®¡ãç�¥¬®© ª«�áá¨ä¨ª�æ¨¨ ¤�−−ëå ä�ªâ¨ç¥áª¨ ¤®áâã¯-
−ë¬¨ ®áâ�îâáï «¨èì ¬¥â®¤ë ã¯à�¢«¥−¨ï ¢ë¡®àª®©. „«ï à¥�«¨§�æ¨¨ ¢ë¡®à�
à�§¬¥à−®áâ¥© ¯à¨å®¤¨âáï ¨á¯®«ì§®¢�âì ª®¬¡¨−�æ¨î ¨§¢¥áâ−ëå ¬¥â®¤®¢ ¢ë¡®à�
à�§¬¥à−®áâ¥© ¯à¨−ïâ®© ¬®¤¥«¨. �®, çâ®¡ë ¯®«ãç¨âì ¨â®£®¢ë© à¥§ã«ìâ�â ® ¯�-
à�¬¥âà�å ¬®¤¥«¨, ¯à¨å®¤¨âáï áâà®¨âì ¯à®£à�¬¬−ãî à¥�«¨§�æ¨î ¢á¥å ¢�à¨�−â®¢
¨ ¯à®¢®¤¨âì ¥¬ª¨¥ ¯® ¢à¥¬¥−¨ ¨áá«¥¤®¢�−¨ï, ¤«ï ç¥£® â�ª¦¥ −ã¦−® á®§¤�¢�âì
�� ¨ â®«ìª® ¯®á«¥ íâ®£® ¤¥«�âì ¢ë¢®¤ ® −�¨«ãçè¥© ¬®¤¥«¨ ¤«ï à¥è�¥¬®© §�¤�ç¨.
�� ¯à¨¬¥à¥ íªá¯¥à¨¬¥−â®¢ ¯® ¤¨�£−®áâ¨à®¢�−¨î ¡®«¥§−¥© ¯¥ç¥−¨ ¨ ¯à®£−®-
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�à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−−ëå

§¨à®¢�−¨î å¨¬¨ç¥áª®£® á®áâ�¢� ¬®ç¥¢ëå ª�¬−¥© ¤¥¬®−áâà¨àãîâáï ¤®áâ®¨−áâ¢�
®¯¨á�−−ëå ¯à®æ¥¤ãà �−�«¨§� ¤�−−ëå.

‡�¤�ç� �−�«¨§� à¥§ã«ìâ�â®¢ −�¡«î¤¥−¨ï £àã¯¯ë ®¡ê¥ªâ®¢ ¢ â¥ç¥−¨¥
¢à¥¬¥−¨, §� ª®â®à®¥ íâ¨ ®¡ê¥ªâë ¬®£ãâ ¯®¬¥−ïâì ª�ª¨¥-«¨¡® á¢®¨ §−�ç¨¬ë¥
å�à�ªâ¥à¨áâ¨ª¨. –¥«ì á®áâ®¨â ¢ â®¬, çâ®¡ë ®¯¨á�âì ¨§¬¥−¥−¨ï ¨ ¢ëï¢¨âì
ä�ªâ®àë, ¨å ®¯à¥¤¥«ïîé¨¥. ‘®®â¢¥âáâ¢ãîé¨¥ ¬¥â®¤ë ¨§¢¥áâ−ë ª�ª «®−£¨âî¤-
−ë¥ (¯à®¤®«ì−ë¥, ¯à®âï¦¥−−ë¥ ¢® ¢à¥¬¥−¨). ‚ å®¤¥ ¨áá«¥¤®¢�−¨© ¯à¥¤«®¦¥−
¨−®© ¯®¤å®¤ | ª®−á®«¨¤¨àãîé¨©, ª®£¤� á¥à¨ï ¬−®£®¬¥à−ëå å�à�ªâ¥à¨áâ¨ª
−¥ª®â®à®£® ®¡ê¥ªâ� á®áâ�¢«ï¥â ¥¤¨−ë© ¢¥ªâ®à −�¡«î¤¥−−ëå §−�ç¥−¨©. ‡� áç¥â
ã¢¥«¨ç¥−¨ï à�§¬¥à−®áâ¨ ¤�−−ëå ã¤�¥âáï ¯®«ãç¨âì ¥¤¨−ãî ª�àâ¨−ã ®¯¨á�−¨ï
®¡ê¥ªâ®¢, ä®à¬�«¨§®¢�âì ¯®áâà®¥−¨¥ ¬®¤¥«¨ ¤�−−ëå. „«ï ¤¥¬®−áâà�æ¨¨ áãâ¨
¯®¤å®¤� ¨ ¨««îáâà�æ¨¨ ¯®ï¢«ïîé¨åáï ¢®§¬®¦−®áâ¥© �−�«¨§� ¤�−−ëå à�áá¬�â-
à¨¢�«�áì §�¤�ç� à�−−¥© ¤¨�£−®áâ¨ª¨ à�ª� á ¨á¯®«ì§®¢�−¨¥¬ ¡¨®¬�àª¥à� PSA.
‚ëï¢«¥−®, çâ® ¬−®£®¬¥à−ë© ¯®¤å®¤ ¯à¨ �−�«¨§¥ á¥à¨© �−�«¨§®¢ ¯à¨¢®¤¨â ª ¯®-
¢ëè¥−¨î â®ç−®áâ¨ ¤¨�£−®áâ¨ª¨. �à¨ ¯à¨¬¥−¥−¨¨ ª®−á®«¨¤¨àãîé¥£® ¯®¤å®¤�,
¡¥§ãá«®¢−®, ¢®§à�áâ�¥â �−�«¨â¨ç¥áª�ï ¨ ¢ëç¨á«¨â¥«ì−�ï âàã¤®¥¬ª®áâì ¬¥â®¤®¢
à¥è¥−¨ï ¢®§−¨ª�îé¨å §�¤�ç (®æ¥−¨¢�−¨¥ ¯�à�¬¥âà®¢ ¬®¤¥«¨ ¤�−−ëå, á−¨¦¥-
−¨¥ à�§¬¥à−®áâ¨ ¯à®áâà�−áâ¢� ¯à¨§−�ª®¢, à¥�«¨§�æ¨ï à¥è�îé¨å ¯à®æ¥¤ãà), çâ®
ãá¨«¨¢�¥â à®«ì á®§¤�¢�¥¬®£® ��.

4 Заключение

�¥à¥¢®¤ à�§à�¡®â�−−ëå ¯à®£à�¬¬ −� á®¢à¥¬¥−−ë© ï§ëª Embarcadero Del-
phi 10.3 ¢ëï¢¨« àï¤ ¬®¬¥−â®¢, âà¥¡ãîé¨å ¤®¯®«−¨â¥«ì−®£® ¢−¨¬�−¨ï.

‚ë¡®à ¨ ú¢−¥¤à¥−¨¥û ¢ â¥ªáâ ¯à®£à�¬¬ ®¡−®¢«¥−−ëå â¨¯®¢ ¤�−−ëå. …á«¨
¤«ï ç¨á«®¢ëå ¤�−−ëå à¥çì ¨¤¥â ® ª®−âà®«¥ â®ç−®áâ¨ ¯à¥¤áâ�¢«¥−¨ï ¨ ¢à¥¬¥−¨
®¡à�¡®âª¨ ¤�−−ëå ¨ ¤®áâ�â®ç−® ¯à®¢¥à¨âì ¨−â¥£à�«ì−ë¥ ¯®ª�§�â¥«¨ ¯à®£à�¬¬
à¥è¥−¨ï ®â¤¥«ì−ëå ª®¬¯«¥ªá−ëå §�¤�ç, â® ¢ á«ãç�¥ áâà®ª®¢ëå ¤�−−ëå ¯à¨-
å®¤¨âáï ¢¥à¨ä¨æ¨à®¢�âì ¢á¥ äà�£¬¥−âë à�¡®âë á® áâà®ª�¬¨, çâ®¡ë ¨áª«îç¨âì
á«ãç�¨ −¥¯à�¢¨«ì−®© à�¡®âë á íâ¨¬¨ ®¡ê¥ªâ�¬¨.

ˆá¯®«ì§®¢�−¨¥ ¢®§¬®¦−®áâ¥© §�¤�−¨ï ¯«�âä®à¬ë (32/64 bit Intel Win-
dows), çâ® ¢«¨ï¥â −� â®ç−®áâì ¢ëç¨á«¥−¨© ¨ ¢®§¬®¦−®áâ¨ ®¡à�¡®âª¨ ¤�−−ëå
¡®«ìè®© à�§¬¥à−®áâ¨. �á−®¢−ë¬ ä�ªâ®à®¬ §¤¥áì ®ª�§ë¢�¥âáï ¯à®¡«¥¬� ¯à®-
ª«ïâ¨ï à�§¬¥à−®áâ¨ ¢ â®¬ á¬ëá«¥, çâ® ¯¥à¥å®¤ ª 64-¡¨â−®© ¯«�âä®à¬¥ ¬®¦¥â
¯à¨¢¥áâ¨ ª −¥à¥�«¨§ã¥¬®© ¢®§¬®¦−®áâ¨ à�¡®âë á ¬−®£®¬¥à−ë¬¨ ¤�−−ë¬¨ ¡®«ì-
è®£® ®¡ê¥¬� (¢ ¯¥à¢ãî ®ç¥à¥¤ì à¥çì ¨¤¥â ® ¯à¨¬¥−¥−¨¨ ¬¥â®¤®¢ ã¯à�¢«¥−¨ï
®¡à�¡®âª®© ¢ë¡®àª®©). Š á®¦�«¥−¨î, ¥¤¨−áâ¢¥−−ë© ¯ãâì ¯à®ïá−¨âì íâ® á®-
áâ®¨â ¢ à¥�«¨§�æ¨¨ ®¡à�¡®âª¨ ¤�−−ëå −� ®¡¥¨å ¯«�âä®à¬�å ¨ ¢ ¯à®¢¥¤¥−¨¨
íªá¯¥à¨¬¥−â®¢ á à¥è¥−¨¥¬ ª®−ªà¥â−ëå §�¤�ç.

�á¢®¥−¨¥ áà¥¤áâ¢ à�á¯�à�««¥«¨¢�−¨ï �«£®à¨â¬®¢, ª®â®àë¥ §�ï¢«¥−ë �¢-
â®à�¬¨ ¯à®£à�¬¬−®© áà¥¤ë Delphi ¨ âà¥¡ãîâ �¯à®¡�æ¨¨. �¥ −�¤® §�¡ë¢�âì
á«¥¤ãîé¥¥. �à¨ �ªâ¨¢−®¬ ¨á¯®«ì§®¢�−¨¨ ¬®¤¥«¨à®¢�−¨ï ¢ ¯à®æ¥áá¥ ¨áá«¥¤®-
¢�−¨© á¢®©áâ¢ áâ�â¨áâ¨ç¥áª¨å ¯à®æ¥¤ãà ¯à¨å®¤¨âáï ®¡à�é�âìáï ª £¥−¥à�â®à�¬
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M. P. Krivenko

á«ãç�©−ëå ®¡ê¥ªâ®¢, çâ® ¯à¨¢®¤¨â ª −¥®¡å®¤¨¬®áâ¨ ®¤−®¢à¥¬¥−−®£® ¨á¯®«ì-
§®¢�−¨ï àï¤� ¯à®£à�¬¬−ëå ¤�âç¨ª®¢ á ®¯à¥¤¥«¥−−ë¬¨ âà¥¡®¢�−¨ï¬¨ ª −¨¬.
� íâ®, ¢ á¢®î ®ç¥à¥¤ì, âà¥¡ã¥â ¢®ááâ�−®¢¨âì ¨¬¥îé¨¥áï �«£®à¨â¬ë, à�§à�¡®â�âì
¨ §�¯à®£à�¬¬¨à®¢�âì −®¢ë¥.

“â®ç−¥−¨¥ á®áâ�¢� ¬®¤ã«¥©, â�ª ª�ª ¯®áâ®ï−−®¥ −�¯®«−¥−¨¥ �� −®¢ë¬¨
¢®§¬®¦−®áâï¬¨ ¯à¨¢®¤¨â ¯®¤ç�á ª ¯®¢â®à−®¬ã ¯à®£à�¬¬¨à®¢�−¨î ¨ §�âàã¤−¥−¨-
ï¬ ¯à¨ ¯®¨áª¥ −¥®¡å®¤¨¬ëå áà¥¤áâ¢ �−�«¨§� ¤�−−ëå. Šà®¬¥ â®£®, −¥®¡å®¤¨¬®áâì
¨áª«îç¨âì ®è¨¡ª¨ ¯à®£à�¬¬¨à®¢�−¨ï ¬®¦¥â ¯à¨¢®¤¨âì ª ¨áªãááâ¢¥−−®¬ã ãá«®¦-
−¥−¨î áâàãªâãàë ¬®¤ã«¥© (¯à¨¬¥à®¬ ¬®¦¥â á«ã¦¨âì ¯®ï¢«¥−¨¥ ¤¢ãå äã−ªæ¨®-
−�«ì−® ¯®¤®¡−ëå ¬®¤ã«¥© | Statistics ¨ Estimators).

‘¨áâ¥¬�â¨§�æ¨ï ¨á¯®«ì§®¢�−¨ï áâ®à®−−¨å ¬�â¥¬�â¨ç¥áª¨å ¡¨¡«¨®â¥ª, çâ®
¢ ¯¥à¢ãî ®ç¥à¥¤ì ª�á�¥âáï LAPACK.

“â®ç−¥−¨¥ ¨áâ®ç−¨ª®¢ ¬�â¥¬�â¨ç¥áª¨å ¨ �«£®à¨â¬¨ç¥áª¨å à¥è¥−¨©, ¨á-
¯®«ì§®¢�−−ëå ¯à¨ á®§¤�−¨¨ ��.
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Abstract: When developing statistical methods for data analysis in relation to
the problems of observation classification in the field of diagnostic medicine,
sociology, word processing, and image recognition, it is necessary to conduct
studies of the viability of the data models used, to experiment with data and
algorithms for their processing. To do this, one has to turn to the capabilities of
computer technology and create the appropriate software. The article discusses the
experience of developing a version of software aimed at solving data classification
problems. The composition of the modules is given,which ensures the construction
and use of probabilistic data models, the estimation of their parameters, and the
study of the effectiveness of the proposed decision-making procedures. It also
provides examples of solving specific applied problems and briefly describes the
software elements used. The conditions and possible ways of further development
of the structure, composition, and content of statistical analysis procedures are
characterized.
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1 Введение

’®¬®£à�ä¨ç¥áª¨¥ ¬¥â®¤ë à¥ª®−áâàãªæ¨¨ ¨§®¡à�¦¥−¨© è¨à®ª® à�á¯à®áâà�-
−¥−ë ¢ á�¬ëå à�§−ëå ®¡«�áâïå, ¢ª«îç�ï ¬¥¤¨æ¨−ã, £¥®ä¨§¨ªã, �áâà®−®¬¨î
¨ à�¤¨®«®ª�æ¨î. Œ�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì, «¥¦�é�ï ¢ ®á−®¢¥ íâ¨å ¬¥â®¤®¢, ª�ª
¯à�¢¨«®, ®á−®¢�−� −� â�ª −�§ë¢�¥¬®¬ ¯à¥®¡à�§®¢�−¨¨ ÷�¤®−�. ‡�¤�ç� ®¡à�é¥−¨ï
íâ®£® ¯à¥®¡à�§®¢�−¨ï ®â−®á¨âáï ª −¥ª®àà¥ªâ−® ¯®áâ�¢«¥−−ë¬, ¨ ¤«ï ¥¥ à¥è¥−¨ï
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“áà¥¤−¥−−�ï ¢¥à®ïâ−®áâì ®è¨¡ª¨ ¢ëç¨á«¥−¨ï ª®íää¨æ¨¥−â®¢

âà¥¡ã¥âáï ¨á¯®«ì§®¢�âì ¬¥â®¤ë à¥£ã«ïà¨§�æ¨¨, ¯®áª®«ìªã ¢ à¥�«ì−ëå −�¡«î¤¥-
−¨ïå ¢á¥£¤� ¯à¨áãâáâ¢ã¥â èã¬. Š«�áá¨ç¥áª¨¥ «¨−¥©−ë¥ ¬¥â®¤ë à¥£ã«ïà¨§�æ¨¨
−¥ ¢á¥£¤� ¤�îâ ã¤®¢«¥â¢®à¨â¥«ì−ë¥ à¥§ã«ìâ�âë, ¯®áª®«ìªã −¥ ãç¨âë¢�îâ ¯à®-
áâà�−áâ¢¥−−ãî −¥®¤−®à®¤−®áâì ¨§®¡à�¦¥−¨©. ‘ íâ¨¬ −¥¤®áâ�âª®¬ ¯®§¢®«ïîâ
á¯à�¢¨âìáï ¬¥â®¤ë ¢¥©¢«¥â-à�§«®¦¥−¨ï, ¯à¥¤«®¦¥−−ë¥ ¢ à�¡®â¥ [1]. ‚ à�¡®-
â�å [2{4] ¯à®¢®¤¨âáï �−�«¨§ áà¥¤−¥ª¢�¤à�â¨ç−®£® à¨áª� ¬¥â®¤®¢ −¥«¨−¥©−®©
à¥£ã«ïà¨§�æ¨¨, ®á−®¢�−−ëå −� ¯®à®£®¢®© ®¡à�¡®âª¥ ª®íää¨æ¨¥−â®¢ ¢¥©¢«¥â-
à�§«®¦¥−¨ï. ‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�¥âáï äã−ªæ¨ï ¯®â¥àì, ®á−®¢�−−�ï −�
¢¥à®ïâ−®áâïå ®è¨¡®ª ¢ëç¨á«¥−¨ï ª®íää¨æ¨¥−â®¢ ¢¥©¢«¥â-à�§«®¦¥−¨ï, ®æ¥−¨¢�-
¥âáï ¥¥ ¯®àï¤®ª ¨ ¢ëç¨á«ïîâáï �á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ¯®à®£®¢.

2 Обращение преобразования Радона с помощью метода
вейвлет–вейглет-разложения

�à¥®¡à�§®¢�−¨¥ ÷�¤®−� −� ¯«®áª®áâ¨ ®¯à¥¤¥«ï¥âáï ª�ª −�¡®à ¨−â¥£à�«®¢ ®â
äã−ªæ¨¨ f ¯® ¢á¥¢®§¬®¦−ë¬ ¯àï¬ë¬:

Rf(s, θ) =

∫

Ls,θ

f(x, y) dl ,

£¤¥
Ls,θ = {(x, y) : x cos θ + y sin θ − s = 0} .

‡�¤�ç� à¥ª®−áâàãªæ¨¨ â®¬®£à�ä¨ç¥áª®£® ¨§®¡à�¦¥−¨ï á®áâ®¨â ¢ ®¡à�é¥−¨¨
¯à¥®¡à�§®¢�−¨ï ÷�¤®−�. „«ï à¥è¥−¨ï íâ®© §�¤�ç¨ ¢®á¯®«ì§ã¥¬áï ¬¥â®¤®¬
¢¥©¢«¥â{¢¥©£«¥â-à�§«®¦¥−¨ï, ¯à¥¤«®¦¥−−ë¬ ¢ à�¡®â¥ [1], ª®â®àë© ¯®§¢®«ï¥â
ãç¨âë¢�âì à�§«¨ç−ë¥ «®ª�«ì−ë¥ ®á®¡¥−−®áâ¨ ¨§®¡à�¦¥−¨©.

�ãáâì §�¤�−� ¬�áèâ�¡¨àãîé�ï äã−ªæ¨ï φ(x) ¨ ¢¥©¢«¥â-äã−ªæ¨ï ψ(x).
�¯à¥¤¥«¨¬ äã−ªæ¨¨:

ψ
[1]
j,k1,k2

(x, y) = 2jφ(2jx− k1)ψ(2jy − k2) ;

ψ
[2]
j,k1,k2

(x, y) = 2jψ(2jx− k1)φ(2jy − k2) ;

ψ
[3]
j,k1,k2

(x, y) = 2jψ(2jx− k1)ψ(2jy − k2) ,





(1)

£¤¥ j, k1, k2 ∈ Z. ‘¥¬¥©áâ¢® {ψ[λ]j,k1,k2
} ®¡à�§ã¥â ®àâ®−®à¬¨à®¢�−−ë© ¡�§¨á

¢ L2(R2). ˆ−¤¥ªá j ¢ (1) −�§ë¢�¥âáï ¬�áèâ�¡®¬, � ¨−¤¥ªáë k1 ¨ k2 | á¤¢¨£�¬¨.
”ã−ªæ¨ï ψ ¤®«¦−� ã¤®¢«¥â¢®àïâì ®¯à¥¤¥«¥−−ë¬ âà¥¡®¢�−¨ï¬, ®¤−�ª® ¥¥ ¬®¦−®
¢ë¡à�âì â�ª¨¬ ®¡à�§®¬, çâ®¡ë ®−� ®¡«�¤�«� −¥ª®â®àë¬¨ ¯®«¥§−ë¬¨ á¢®©áâ¢�¬¨,
−�¯à¨¬¥à ¡ë«� ¤¨ää¥à¥−æ¨àã¥¬®© −ã¦−®¥ ç¨á«® à�§, ¨¬¥«� §�¤�−−®¥ ç¨á«®
−ã«¥¢ëå ¬®¬¥−â®¢ ¨ ¤®áâ�â®ç−® ¡ëáâà® ã¡ë¢�«� −� ¡¥áª®−¥ç−®áâ¨ ¢¬¥áâ¥ á®
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á¢®¨¬¨ ¯à®¨§¢®¤−ë¬¨ [5]. ‚¥§¤¥ ¤�«¥¥ ¯à¥¤¯®«�£�¥âáï, çâ® ψ ã¤®¢«¥â¢®àï¥â ¢á¥¬
−¥®¡å®¤¨¬ë¬ âà¥¡®¢�−¨ï¬.

‚¥©¢«¥â-à�§«®¦¥−¨¥ äã−ªæ¨¨ f ¨¬¥¥â ¢¨¤:

f =
∑

λ,j,k1,k2

〈
f, ψ

[λ]
j,k1,k2

〉
ψ
[λ]
j,k1,k2

. (2)

Œ¥â®¤ à¥ª®−áâàãªæ¨¨ f §�ª«îç�¥âáï ¢ §�¬¥−¥ áª�«ïà−ëå ¯à®¨§¢¥¤¥−¨© ¢ (2) −�
¢¥«¨ç¨−ë, ¢ëà�¦�îé¨¥áï ç¥à¥§ Rf , � −¥ ç¥à¥§ f . �ãáâì

ξ
[λ]
j,k1,k2

=
1

4π
I−1Rψ

[λ]
j,k1,k2

,

£¤¥ Iα | ¯®â¥−æ¨�« ÷¨áá�, ®¯à¥¤¥«ï¥¬ë© ç¥à¥§ ¯à¥®¡à�§®¢�−¨¥ ”ãàì¥ ¯®
ä®à¬ã«¥:

Îαg(ω) = |w|−αĝ(ω) .

…á«¨ φ ¨ ψ ¤®áâ�â®ç−® £«�¤ª¨¥ ¨ ¤®áâ�â®ç−® ¡ëáâà® ã¡ë¢�îâ −� ¡¥áª®-

−¥ç−®áâ¨, â® ¯®á«¥¤®¢�â¥«ì−®áâì äã−ªæ¨© {2−j/2ξ
[λ]
j,k1,k2

} ®¡à�§ã¥â ãáâ®©ç¨¢ë©
¡�§¨á [2]. �à¨ íâ®¬ ¢ë¯®«−¥−®:

〈
f, ψ

[λ]
j,k1,k2

〉
=
〈
Rf, ξ

[λ]
j,k1,k2

〉
.

”ã−ªæ¨¨ 2−j/2ξ
[λ]
j,k1,k2

¯®«ãç¨«¨ −�§¢�−¨¥ ú¢¥©£«¥âëû. ”®à¬ã«� ®¡à�é¥−¨ï
¢ ¬¥â®¤¥ ¢¥©¢«¥â{¢¥©£«¥â-à�§«®¦¥−¨ï ¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬:

f =
∑

λ,j,k1,k2

〈
Rf, ξ

[λ]
j,k1,k2

〉
ψ
[λ]
j,k1,k2

.

3 Модель проекционных данных и функция потерь

�� ¯à�ªâ¨ª¥ äã−ªæ¨ï f §�¤�−� ¢ ¤¨áªà¥â−ëå ®âáç¥â�å −� −¥ª®â®à®¬ ª®−¥ç-
−®¬ −®á¨â¥«¥. �¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨ ¡ã¤¥¬ áç¨â�âì, çâ® íâ¨¬ −®á¨â¥«¥¬
¢ëáâã¯�¥â ªàã£ ¥¤¨−¨ç−®£® à�¤¨ãá� á æ¥−âà®¬ ¢ −�ç�«¥ ª®®à¤¨−�â. �à®¥ªæ¨®−-
−ë¥ ¤�−−ë¥ ¢ íâ®¬ á«ãç�¥ ¨§¬¥àïîâáï ¯à¨ (s, θ) ∈ [−1, 1] × [0, π]. �ãáâì {ei,j,
i, j ∈ Z} ¨¬¥îâ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥àá¨¥© σ2.
÷�áá¬®âà¨¬ á«¥¤ãîéãî ¬®¤¥«ì ¯à®¥ªæ¨®−−ëå ¤�−−ëå á èã¬®¬:

Yi,j = Rfi,j + ei,j , i = 1, . . . , 2J , j = 1, . . . , 2J ,

£¤¥ 2J | ç¨á«® ®âáç¥â®¢.
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�à¨ ¯¥à¥å®¤¥ ª ¤¨áªà¥â−®¬ã ¢¥©¢«¥â{¢¥©£«¥â-¯à¥®¡à�§®¢�−¨î ¯®«ãç�¥âáï
á«¥¤ãîé�ï ¬®¤¥«ì ¤¨áªà¥â−ëå ª®íää¨æ¨¥−â®¢ [6]:

X
[λ]
j,k1,k2

= µ
[λ]
j,k1,k2

+ e
[λ]
j,k1,k2

.

‡¤¥áì

µ
[λ]
j,k1,k2

= 2J
〈
Rf, ξ

[λ]
j,k1,k2

〉
,

� e
[λ]
j,k1,k2

ã¦¥ −¥ ï¢«ïîâáï −¥§�¢¨á¨¬ë¬¨ ¨ ¨¬¥îâ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥

á −ã«¥¢ë¬ áà¥¤−¨¬ ¨ ¤¨á¯¥àá¨¥© σ2λ,j = Cλ · 2j, £¤¥ ª®−áâ�−âë Cλ (λ = 1, 2, 3)
§�¢¨áïâ ®â ¢ë¡à�−−®£® ¢¥©¢«¥â-¡�§¨á�.

„«ï ¯®áâà®¥−¨ï ®æ¥−®ª ª®íää¨æ¨¥−â®¢ µ[λ]j,k1,k2
®¡ëç−® ¯à¨¬¥−ï¥âáï ¯®à®£®-

¢�ï ®¡à�¡®âª� í¬¯¨à¨ç¥áª¨å ª®íää¨æ¨¥−â®¢ X [λ]j,k1,k2
, ¨¤¥ï ª®â®à®© §�ª«îç�¥âáï

¢ ã¤�«¥−¨¨ ¤®áâ�â®ç−® ¬�«¥−ìª¨å ª®íää¨æ¨¥−â®¢, ª®â®àë¥ áç¨â�îâáï èã¬®¬.
’�ª®© ¯®¤å®¤ ®¯à�¢¤ë¢�¥âáï á¢®©áâ¢®¬ ¢¥©¢«¥â-à�§«®¦¥−¨ï íª®−®¬−® ¯à¥¤-
áâ�¢«ïâì ¨áª®¬ãî äã−ªæ¨î, â. ¥. ú¯®«¥§−ëåû ª®íää¨æ¨¥−â®¢ −¥¬−®£® ¨ ®−¨
¤®áâ�â®ç−® ¢¥«¨ª¨ ¯® �¡á®«îâ−®¬ã §−�ç¥−¨î. •�à�ªâ¥à ¯®à®£®¢®© ®¡à�¡®âª¨
®¯à¥¤¥«ï¥âáï ¯®à®£®¢®© äã−ªæ¨¥© ρTλ,j

(x) ¨ ¯®à®£®¬ Tλ,j. ‚¬¥áâ® �à£ã¬¥−-

â� x ¢ äã−ªæ¨î ρTλ,j
(x) ¯®¤áâ�¢«ïîâáï í¬¯¨à¨ç¥áª¨¥ ª®íää¨æ¨¥−âë X

[λ]
j,k1,k2

,
¨ ¯®«ãç�îâáï ®æ¥−ª¨ ª®íää¨æ¨¥−â®¢

�X
[λ]
j,k1,k2

= ρTλ,j

(
X
[λ]
j,k1,k2

)
.

‘�¬ë¬¨ à�á¯à®áâà�−¥−−ë¬¨ ï¢«ïîâáï äã−ªæ¨¨ ¦¥áâª®© ¯®à®£®¢®© ®¡à�¡®âª¨

ρ
(h)
Tλ,j
(x) = x1(|x| > Tλ,j)

¨ ¬ï£ª®© ¯®à®£®¢®© ®¡à�¡®âª¨

ρ
(s)
Tλ,j
(x) = sign (x)(|x| − Tλ,j)+.

‚ ª�ç¥áâ¢¥ äã−ªæ¨¨ ¯®â¥àì ¢ ¬¥â®¤�å ¯®à®£®¢®© ®¡à�¡®âª¨ ®¡ëç−® à�á-
á¬�âà¨¢�¥âáï áà¥¤−¥ª¢�¤à�â¨ç−ë© à¨áª [5]. ‚ à�¡®â�å [2{4] ¯à®¢®¤¨âáï �−�«¨§
áà¥¤−¥ª¢�¤à�â¨ç−®£® à¨áª� ¨ ¥£® ®æ¥−ª¨, � â�ª¦¥ ¢ëç¨á«ïîâáï ®¯â¨¬�«ì−ë¥
§−�ç¥−¨ï ¯®à®£®¢, ®à¨¥−â¨à®¢�−−ë¥ −� à�§«¨ç−ë¥ ª«�ááë äã−ªæ¨©. ‚ ¤�−−®©
à�¡®â¥ à�áá¬�âà¨¢�¥âáï äã−ªæ¨ï ¯®â¥àì, ®á−®¢�−−�ï −� ¢¥à®ïâ−®áâïå â®£®, çâ®
®è¨¡ª� ¢ëç¨á«¥−¨ï ª®íää¨æ¨¥−â� à�§«®¦¥−¨ï ¯à¥¢ëá¨â §�¤�−−ë© ªà¨â¨ç¥áª¨©
ãà®¢¥−ì. ’�ª�ï äã−ªæ¨ï ¯®â¥àì ¡ë«� ¢¯¥à¢ë¥ ¯à¥¤«®¦¥−� ¢ à�¡®â¥ [7], ¨ ¡ë«®
¯®ª�§�−®, çâ® ¯®«ãç�¥¬ë¥ ¢ íâ®¬ á«ãç�¥ ®æ¥−ª¨ äã−ªæ¨¨ á¨£−�«� ®ª�§ë¢�îâáï
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áà�¢−¨¬ë¬¨, � ¨−®£¤� ¨ «ãçè¨¬¨, ç¥¬ ®æ¥−ª¨, ®à¨¥−â¨à®¢�−−ë¥ −� ¬¨−¨¬¨-
§�æ¨î áà¥¤−¥ª¢�¤à�â¨ç−®£® à¨áª�. ‚ à�¡®â�å [8, 9] ®æ¥−¨¢�îâáï ¯®àï¤ª¨ íâ®©
äã−ªæ¨¨ ¢ §�¤�ç�å ¯àï¬®£® −�¡«î¤¥−¨ï á¨£−�«� ¨ §�¤�ç�å ®¡à�é¥−¨ï «¨−¥©−ëå
®¤−®à®¤−ëå ®¯¥à�â®à®¢.

�ãáâì (ξ, η, ζ) | âà¥å¬¥à−�ï á«ãç�©−�ï ¢¥«¨ç¨−�, −¥ §�¢¨áïé�ï ®â ¢á¥å

e
[λ]
j,k1,k2

¨ ¨¬¥îé�ï ¤¨áªà¥â−®¥ à�¢−®¬¥à−®¥ à�á¯à¥¤¥«¥−¨¥ −� ¬−®¦¥áâ¢¥ ¨−¤¥ªá®¢

j = 0, . . . , J − 1, k1, k2 = 0, . . . , 2j − 1. „«ï §�¤�−−®£® ªà¨â¨ç¥áª®£® ãà®¢−ï
ε > 0 ®¯à¥¤¥«¨¬ äã−ªæ¨î ¯®â¥àì

rJ(f) = EP
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
∣∣ ξ, η, ζ

)
=

=

∑J−1

j=0

∑2j−1

k1=0

∑2j−1

k2=0
P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)

22J
,

â. ¥. rJ(f) ¯à¥¤áâ�¢«ï¥â á®¡®© ãáà¥¤−¥−−ãî ¢¥à®ïâ−®áâì â®£®, çâ® ®è¨¡ª� ¢ëç¨á-
«¥−¨ï ¢¥©¢«¥â-ª®íää¨æ¨¥−â� ¯à¥¢ëá¨â ªà¨â¨ç¥áª¨© ãà®¢¥−ì ε.

÷�áá¬®âà¨¬ Lip (γ, L) | ª«�áá ªãá®ç−®-à¥£ã«ïà−ëå ¯® ‹¨¯è¨æã äã−ªæ¨©,
£¤¥ γ > 0 | ¯®ª�§�â¥«ì, � L > 0 | ª®−áâ�−â� ‹¨¯è¨æ� [5]. �á¨¬¯â®â¨ç¥áª¨
®¯â¨¬�«ì−ë© ¯®à®£ ¬¨−¨¬¨§¨àã¥â ¯®àï¤®ª äã−ªæ¨¨ ¯®â¥àì

RJ = sup
f∈Lip (γ,L)

rJ(f) , (3)

â. ¥. ï¢«ï¥âáï ®¯â¨¬�«ì−ë¬ ¢ ¬¨−¨¬�ªá−®¬ á¬ëá«¥.
‚ á«¥¤ãîé¥¬ à�§¤¥«¥ ¯à¨¢¥¤¥−ë ¢¥àå−¨¥ ¨ −¨¦−¨¥ ®æ¥−ª¨ ¤«ï �á¨¬¯â®â¨-

ç¥áª¨ ®¯â¨¬�«ì−®£® ¯®à®£� ¨ äã−ªæ¨¨ ¯®â¥àì ¯à¨ ¦¥áâª®© ¨ ¬ï£ª®© ¯®à®£®¢®©
®¡à�¡®âª¥.

4 Асимптотический порядок функции потерь

�ãáâì äã−ªæ¨ï g1(J) > 0 áª®«ì ã£®¤−® ¬¥¤«¥−−® ã¡ë¢�¥â ¯® J ª −ã«î,
� g2(J) > 0 −¥®£à�−¨ç¥−−® ¢®§à�áâ�¥â ¯® J, ¯à¨ç¥¬

ln g2(J) = o
(√
ln 22J

)
, J →∞ .

’¥®à¥¬�. �à¨ ¢ë¡®à¥ �á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬�«ì−®£® ¯®à®£� ¤«ï ¦¥áâª®©
¨ ¬ï£ª®© ¯®à®£®¢®© ®¡à�¡®âª¨ äã−ªæ¨ï ¯®â¥àì (3) ã¤®¢«¥â¢®àï¥â −¥à�¢¥−áâ¢�¬

C1 · 2−(2γ/(γ+1))Jg1(J) ≤ RJ ≤ C2 · 2−(2γ/(γ+1))Jg2(J),
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£¤¥ C1 ¨ C2 | −¥ª®â®àë¥ ¯®«®¦¨â¥«ì−ë¥ ª®−áâ�−âë. „«ï �á¨¬¯â®â¨ç¥áª¨
®¯â¨¬�«ì−®£® §−�ç¥−¨ï ¯®à®£�, ¬¨−¨¬¨§¨àãîé¥£® ¯®àï¤®ª äã−ªæ¨¨ ¯®â¥àì (3)
¯à¨ ¦¥áâª®© ¨ ¬ï£ª®© ¯®à®£®¢®© ®¡à�¡®âª¥, −�ç¨−�ï á −¥ª®â®à®£® J, á¯à�¢¥¤-
«¨¢® −¥à�¢¥−áâ¢®

T∗ − T2 ≤ Tλ,j ≤ T∗ − T1,

£¤¥

T∗ = C
1/2
λ 2

j/2

√
2γ

γ + 1
ln 22j ;

Ti = C
1/2
λ 2

j/2

√
γ + 1

2γ

ln
((
ln 22j

)1/2
gi(j)

)

√
ln 22j

, i = 1, 2.

„ ® ª � § � â ¥ « ì á â ¢ ® . „®ª�¦¥¬ â¥®à¥¬ã ¤«ï á«ãç�ï ¦¥áâª®© ¯®à®£®¢®© ®¡à�¡®â-
ª¨. ‘«ãç�© ¬ï£ª®© ¯®à®£®¢®© ®¡à�¡®âª¨ à�áá¬�âà¨¢�¥âáï �−�«®£¨ç−®.

�ãáâì

�X
[λ]
j,k1,k2

= ρ
(h)
Tλ,j

(
X
[λ]
j,k1,k2

)
.

‘¯à�¢¥¤«¨¢® −¥à�¢¥−áâ¢® [5]:

∣∣∣µ[λ]j,k1,k2

∣∣∣ ≤ Aγ,λ2
J

2j(γ+1)
, (4)

£¤¥ Aγ,λ { −¥ª®â®à�ï ª®−áâ�−â�, §�¢¨áïé�ï ®â γ ¨ λ.
�¥à�¢¥−áâ¢® (4) ¯®§¢®«ï¥â à�§¡¨âì ¢á¥ ¬−®¦¥áâ¢® ¨−¤¥ªá®¢ {0, . . . , J − 1} −�

âà¨ ª«�áá� ¢ §�¢¨á¨¬®áâ¨ ®â ¢¥«¨ç¨−ë |µ[λ]j,k1,k2
|. �ãáâì ¨−¤¥ªáë j1 ¨ j2 (j1 < j2)

â�ª®¢ë, çâ®

∣∣∣µ[λ]j,k1,k2

∣∣∣ ≤
{
(g1(J))

−(γ+1)/2, j1 ≤ j ≤ j2 − 1 ;
(g2(J))

−(γ+1)/2 , j2 ≤ j ≤ J − 1 .

�à¨ íâ®¬ ¢ á¨«ã (4) ¤«ï i = 1, 2

ji =
J

γ + 1
+
log2 gi(J)

2
+
log2Aγ,λ

γ + 1
. (5)
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÷�§®¡ì¥¬ áã¬¬ã ¢ rJ(f) −� âà¨ á®áâ�¢«ïîé¨¥:

rJ(f) =

j1−1∑

j=0

2j−1∑

k1=0

2j−1∑

k2=0

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
+

+

j2−1∑

j=j1

2j−1∑

k1=0

2j−1∑

k2=0

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
+

+

J−1∑

j=j2

2j−1∑

k1=0

2j−1∑

k2=0

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
≡

≡ S1 + S2 + S3 . (6)

÷�áá¬®âà¨¬ S3. ‡�¬¥â¨¬, çâ® ¤«ï «î¡®£® ε > 0 −�©¤¥âáï â�ª®¥ J0 = J0(ε),
çâ® (g2(J))−(γ+1)/2 ≤ ε ¨ ε ≤ cTλ,j, 0 < c < 1, j2 ≤ j ≤ J − 1, ¤«ï ¢á¥å
J > J0, ¨ −�©¤¥âáï â�ª®¥ J1 = J1(ε, c) ≥ J0, çâ® ¤«ï ¢á¥å J > J1 ¨¬¥îâ ¬¥áâ®
á®®â−®è¥−¨ï:

µ
[λ]
j,k1,k2

+ ε ≥ 0 ; µ[λ]j,k1,k2
− ε ≤ 0 ; µ[λ]j,k1,k2

+ ε ≤ Tλ,j ; µ
[λ]
j,k1,k2

− ε ≥ −Tλ,j

¤«ï j2 ≤ j ≤ J − 1. ‘«¥¤®¢�â¥«ì−®, ¯®¢â®àïï à�ááã¦¤¥−¨ï ¨§ à�¡®âë [9], ¤«ï
®¤−®£® á«�£�¥¬®£® ¨§ S3 ¯®«ãç�¥¬ ¯à¨ J > J1

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
≍
σλ,j exp

{
−T 2λ,j/(2σ

2
λ,j)
}

Tλ,j
.

‘«¥¤®¢�â¥«ì−®, áãé¥áâ¢ãîâ â�ª¨¥ ª®−áâ�−âë c1 > 0 ¨ c2 > 0, çâ® ¯à¨
T∗ − T2 ≤ Tλ,j ≤ T∗ − T1

c1 · 22J/(γ+1)g1(J) ≤ S3 ≤ c2 · 22J/(γ+1)g2(J) . (7)

��©¤¥¬ ¢¥àå−îî ®æ¥−ªã ¤«ï äã−ªæ¨¨ ¯®â¥àì (3). „«ï íâ®£® ¯à¥¤¯®«®¦¨¬,
çâ® ¢á¥ á«�£�¥¬ë¥ ¢ áã¬¬�å S1 ¨ S2 ¨§ (6) ®â¤¥«¥−ë ®â −ã«ï −¥ª®â®à®© ª®−áâ�−â®©.
�®íâ®¬ã ¨§ (5) ¯®«ãç�¥¬, çâ®

S1 + S2 =

j2−1∑

j=0

2j−1∑

k1=0

2j−1∑

k2=0

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
≍ 22j2 ≍ 22J/(γ+1)g2(J).

(8)
Š�ª ¢¨¤−®, ¯®àï¤®ª (8) á®¢¯�¤�¥â á ¯®àï¤ª®¬ ¯à�¢®© ç�áâ¨ (7). ‘«¥¤®¢�â¥«ì−®,

¯®à®£ T∗ − T2 á«ã¦¨â −¨¦−¥© £à�−¨æ¥© (á â®ç−®áâìî ¤® ¢¥«¨ç¨−ë ¯®àï¤ª�
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O(1/
√
ln 22J )) ¤«ï �á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬�«ì−®£® ¢ á¬ëá«¥ äã−ªæ¨¨ ¯®â¥àì RJ

¯®à®£�.
’¥¯¥àì −�©¤¥¬ −¨¦−îî £à�−¨æã ¤«ï äã−ªæ¨¨ ¯®â¥àì (3). ‡�¬¥â¨¬, çâ®

−�©¤¥âáï â�ª�ï äã−ªæ¨ï f ∈ Lip(γ, L), çâ® ¢ −¥à�¢¥−áâ¢¥ (4) ¡ã¤¥â ¤®áâ¨£�âìáï
à�¢¥−áâ¢® ¤«ï 0 ≤ j ≤ j1 − 1 [5]. ‘«¥¤®¢�â¥«ì−®, áãé¥áâ¢ã¥â â�ª®¥ J2 > 0, çâ®
¤«ï ¢á¥å ε > 0 ¨ J > J2 ¢ë¯®«−ï¥âáï

∣∣∣µ[λ]j,k1,k2

∣∣∣ > ε ¯à¨ 0 ≤ j ≤ j1 − 1.

’®£¤�, ª�ª ¨ ¢ à�¡®â¥ [9], ¯®«ãç�¥¬:

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
≥ 2− 2�

(
ε

C
1/2
λ

)
.

‚ íâ®¬ á«ãç�¥ ¯®àï¤®ª áã¬¬ë S1 ¢ (6) à�¢¥− ç¨á«ã á«�£�¥¬ëå, â. ¥.

S1 =

j1−1∑

j=0

2j−1∑

k1=0

2j−1∑

k2=0

P
(∣∣∣ �X [λ]j,k1,k2

− µ[λ]j,k1,k2

∣∣∣ > ε
)
≍ 22j1 ≍ 22J/(γ+1)g1(J).

‡�¬¥â¨¬, çâ® áã¬¬�S2 ¢ ¤�−−ëå à�ááã¦¤¥−¨ïå −¥ ¯à¨áãâáâ¢ã¥â. �â® ®§−�ç�¥â,
çâ® ¨áâ¨−−®¥ §−�ç¥−¨¥ RJ ¨¬¥¥â ¯®àï¤®ª −¥ −¨¦¥ ¤�−−®£®, â. ¥. à�áá¬�âà¨¢�¥¬ë©
¯®àï¤®ª ï¢«ï¥âáï −¨¦−¥© ®æ¥−ª®© ¤«ï ¨áâ¨−−®£® ¯®àï¤ª� äã−ªæ¨¨ ¯®â¥àì,
� T∗ − T1 | ¢¥àå−¥© £à�−¨æ¥© ¤«ï �á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬�«ì−®£® ¯®à®£� Tλ,j,
¯®áª®«ìªã, çâ®¡ë −¥ ã¤�«¨âì ¢�¦−ë¥ ª®¬¯®−¥−âë äã−ªæ¨¨ á¨£−�«�, á«¥¤ã¥â
¢ë¡¨à�âì −�¨¬¥−ìè¨© ¯®à®£, −¥ ãåã¤è�îé¨© ¯®àï¤®ª äã−ªæ¨¨ ¯®â¥àì.

’¥®à¥¬� ¤®ª�§�−�.

5 Заключение

‚ ¤�−−®© à�¡®â¥ ¯®ª�§�−®, çâ® ®¯â¨¬�«ì−ë© ¯®à®£ ¢ §�¤�ç¥ ®¡à�é¥−¨ï
¯à¥®¡à�§®¢�−¨ï ÷�¤®−� ¯à¨ ¬ï£ª®© ¨ ¦¥áâª®© ¯®à®£®¢®© ®¡à�¡®âª¥ ¤«ï äã−ªæ¨¨
¯®â¥àì (3) ¨¬¥¥â áâàãªâãàã, �−�«®£¨ç−ãî áâàãªâãà¥ ®¯â¨¬�«ì−®£® ¯®à®£� ¢ §�¤�ç¥
®¡à�é¥−¨ï «¨−¥©−®£® ®¤−®à®¤−®£® ®¯¥à�â®à� [9].
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AVERAGE PROBABILITY OF ERROR
IN CALCULATING WAVELET–VAGUELETTE COEFFICIENTS

WHILE INVERTING THE RADON TRANSFORM
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1Department of Mathematical Statistics, Faculty of Computational Mathematics
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Abstract: Image reconstruction methods based on decomposition of the image
function in a special wavelet basis and subsequent thresholding of the decompo-
sition coefficients are used to solve computational tomography problems. Their
attractiveness lies in adaptation to spatial inhomogeneities of images and the
possibility of reconstructing local areas of the image from incomplete projection
data that is of key importance, for example, for medical applications where it is
undesirable to expose a patient to an unnecessary dose of radiation. The analysis
of errors of these methods is an important practical task, since it allows one to
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Average probability of error in calculating wavelet{vaguelette coefficients

assess the quality of both the methods themselves and the equipment used. The
paper considers the wavelet{vaguelette decomposition method for reconstructing
tomographic images in a model with an additive Gaussian noise. The order of
the loss function based on the average probability of error in calculating wavelet
coefficients is estimated.

Keywords: Radon transform; wavelet{vaguelette decomposition; thresholding;
loss function
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ПРИМЕНЕНИЕ КЛАСТЕРИЗАЦИИ
В ЗАДАЧАХ РАЗМЕЩЕНИЯ ПОДВИЖНЫХ ТОЧЕК ДОСТУПА

В ВОЗДУШНО-НАЗЕМНЫХ БЕСПРОВОДНЫХ СЕТЯХ∗

Е. Г. Медведева1, Э. М. Хайров2, Н. А. Поляков3, Ю. В. Гайдамака4

�−−®â�æ¨ï: ‚ë¯®«−¥− ®¡§®à §�¤�ç, ¢®§−¨ª�îé¨å ¢ ¡¥á¯à®¢®¤−ëå á¥âïå
á ¯®¤¢¨¦−ë¬¨ ¡�§®¢ë¬¨ áâ�−æ¨ï¬¨, à�§¬¥é¥−−ë¬¨ −� ¡¥á¯¨«®â−ëå «¥â�-
â¥«ì−ëå �¯¯�à�â�å (��‹�). ‘ä®à¬ã«¨à®¢�−� ¨ à¥è¥−� §�¤�ç� ®¯â¨¬¨§�æ¨¨
¤«ï ®¯à¥¤¥«¥−¨ï ¯®§¨æ¨© ��‹�, ®¡¥á¯¥ç¨¢�îé¨å ¬�ªá¨¬¨§�æ¨î ¢¥à®ïâ-
−®áâ¨ ¯®ªàëâ¨ï ¢ ®¡«�áâ¨ ¯à¥¤®áâ�¢«¥−¨ï á¢ï§¨ ¯à¨ ®£à�−¨ç¥−¨ïå −� ¨−-
â¥àä¥à¥−æ¨î ®â á®á¥¤−¨å ¡�§®¢ëå áâ�−æ¨©. „«ï áà�¢−¨â¥«ì−®£® �−�«¨§�
íää¥ªâ¨¢−®áâ¨ à�§¢¥àâë¢�−¨ï á¥â¨ ¯à¨ ¯à¨¬¥−¥−¨¨ �¤�¯â¨¢−®© −�¢¨£�æ¨¨
¢ë¡à�−ë ¤¢� ¬¥â®¤� | ¬¥â®¤ k-áà¥¤−¨å ¨ ¬¥â®¤ à®ï ç�áâ¨æ, ¢ ®á−®¢¥ ª®â®àëå
«¥¦¨â ª«�áâ¥à¨§�æ¨ï ¯®«ì§®¢�â¥«¥©. �à¨¬¥−¥−¨¥ ¬¥â®¤®¢ ¯à®¨««îáâà¨à®¢�-
−® ¤«ï áæ¥−�à¨ï ®¡¥á¯¥ç¥−¨ï á¢ï§ìî ãç�áâ−¨ª®¢ ¬�áá®¢®£® ¬¥à®¯à¨ïâ¨ï −�
®âªàëâ®© ¬¥áâ−®áâ¨ (áæ¥−�à¨© úª®−æ¥àâû).

Š«îç¥¢ë¥ á«®¢�: ��‹�; ¢®§¤ãè−®-−�§¥¬−�ï á¥âì; ¬¥â®¤ à®ï ç�áâ¨æ; ¬¥â®¤
k-áà¥¤−¨å; ¢¥à®ïâ−®áâì ¯®ªàëâ¨ï

DOI: 10.14357/08696527200403

1 Введение

„«ï ¯à¥®¤®«¥−¨ï ªà¨§¨á� ¤¥ä¨æ¨â� á¯¥ªâà� ç�áâ®â, á¢ï§�−−®£® á íªá¯®-
−¥−æ¨�«ì−ë¬ à®áâ®¬ ¡¥á¯à®¢®¤−ëå ãáâà®©áâ¢, ®¤−¨¬ ¨§ ¢®§¬®¦−ëå à¥è¥−¨©
¯à¥¤áâ�¢«ï¥âáï à�áè¨à¥−¨¥ á¯¥ªâà� ¤® ¡®«¥¥ ¢ëá®ª¨å ¤¨�¯�§®−®¢, ¢ ª®â®àëå ¯®-
¯à¥¦−¥¬ã ¤®áâã¯−® ¡®«ìè®¥ ç¨á«® «¨æ¥−§¨à®¢�−−ëå ¨ −¥«¨æ¥−§¨à®¢�−−ëå ç�á-
â®â. Œ−®£®®¡¥é�îé¨¬ ¯®¤å®¤®¬ áâ�«® ¯®¢á¥¬¥áâ−®¥ ¢−¥¤à¥−¨¥ ¨ ¨á¯®«ì§®¢�−¨¥
ç�áâ®â ¬¨««¨¬¥âà®¢ëå ¢®«− (mmWave) ¢ ¤¨�¯�§®−¥ ®â 30 ¤® 300 ƒƒæ [1]. ‘ íâ¨¬
−¥áà�¢−¥−−ë¬ ¯à¥¨¬ãé¥áâ¢®¬ â¥å−®«®£¨ï mmWave áâ�«� ¢�¦−®© ª®¬¯®−¥−â®©

∗�ã¡«¨ª�æ¨ï ¯®¤£®â®¢«¥−� ¯à¨ ¯®¤¤¥à¦ª¥ �à®£à�¬¬ë ÷“„� ú5-100û. ˆáá«¥¤®¢�−¨¥ ¢ë¯®«-
−¥−® ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâë ü 18-07-00576 ¨ ü 20-07-01064).

1÷®áá¨©áª¨© ã−¨¢¥àá¨â¥â ¤àã¦¡ë −�à®¤®¢; ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì-
−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª,
medvedeva-eg@rudn.ru

2÷®áá¨©áª¨© ã−¨¢¥àá¨â¥â ¤àã¦¡ë −�à®¤®¢, emil.khayrov@gmail.com
3÷®áá¨©áª¨© ã−¨¢¥àá¨â¥â ¤àã¦¡ë −�à®¤®¢, goto97@mail.ru
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¢ ¡¥á¯à®¢®¤−ëå á¨áâ¥¬�å 5G ¨ ¯®á«¥¤ãîé¨å á¥âïå 5G (beyond 5G, B5G), å�à�ª-
â¥à¨§ãîé¨åáï âà¥¡®¢�−¨ï¬¨ ª ¢ëá®ª®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨, è¨à®ª®© ¯®«®á¥
¯à®¯ãáª�−¨ï, á¢¥àå¡ëáâàë¬ áª®à®áâï¬ ¯¥à¥¤�ç¨ ¤�−−ëå, á¢¥àå−¨§ª®© §�¤¥à¦ª¥
¨ à�áè¨à¥−−ë¬ ¢®§¬®¦−®áâï¬ ¯®¤ª«îç¥−¨ï ¤«ï á¥â¥¢®£® á®®¡é¥áâ¢�. ‚ ¡ã¤ã-
é¨å á¥âïå 5G ¯®¤à�§ã¬¥¢�¥âáï ¯®¤¤¥à¦ª� ¡®«ìè®£® à�§−®®¡à�§¨ï è¨à®ª®¤¨�-
¯�§®−−ëå ¯à¨«®¦¥−¨©, ¯à¥¤ãá¬®âà¥−−ëå ¤«ï ¬−®¦¥áâ¢¥−−ëå/¬−®£®ª�−�«ì−ëå
¡¥á¯à®¢®¤−ëå á¨áâ¥¬ (Multiple Gigabit Wireless Systems, MGWS), à�§¢¥à−ãâëå
−� −¥«¨æ¥−§¨à®¢�−−ëå ç�áâ®â�å ¤¨�¯�§®−� ®ª®«® 60 ƒƒæ, §�à¥§¥à¢¨à®¢�−−®£®
¤«ï ¯à®¬ëè«¥−−ëå, −�ãç−ëå ¨ ¬¥¤¨æ¨−áª¨å æ¥«¥©, ¨ á¥â¥© WiGig (¡¥á¯à®-
¢®¤−®© £¨£�¡¨â−®©) ª�ª ¯à®¤®«¦¥−¨¥ á¥â¥© Wi-Fi ¢ ¤¨�¯�§®−¥ 60 ƒƒæ. Šà®¬¥
â®£®, ¨á¯®«ì§®¢�−¨¥ ¬¨««¨¬¥âà®¢®£® ¤¨�¯�§®−� ¤«¨− ¢®«− ¢ë¤¥«¥−® ¢ ª�ç¥áâ¢¥
ª«îç¥¢®£® à¥è¥−¨ï á¥â¥© 5G ú�®¢®¥ à�¤¨®û (New Radio, NR), à�§à�¡®â�−-
−®£® ª®−á®àæ¨ã¬®¬ 3GPP ¢ ª�ç¥áâ¢¥ ã−¨ä¨æ¨à®¢�−−®£® à�¤¨®¨−â¥àä¥©á� ¤«ï
¯®¤¤¥à¦ª¨ à�§«¨ç−ëå ¯®«ì§®¢�â¥«ìáª¨å ãá«ã£, â�ª¨å ª�ª, −�¯à¨¬¥à, ãá®¢¥à-
è¥−áâ¢®¢�−−�ï ¬®¡¨«ì−�ï è¨à®ª®¯®«®á−�ï á¢ï§ì (Enhanced Mobile Broadband,
eMBB) ¨ á¢¥àå−�¤¥¦−�ï á¢ï§ì á −¨§ª®© §�¤¥à¦ª®© (Ultra-Reliable Low Latency
Communication, URLLC).

„¨�¯�§®− í«¥ªâà®¬�£−¨â−ëå ¢®«− ¢ ¬¨««¨¬¥âà®¢®¬ ¤¨�¯�§®−¥, −�§ë¢�¥¬ë©
â�ª¦¥ ¤¨�¯�§®−®¬ á¢¥àå¢ëá®ª¨å ç�áâ®â, ®¯à¥¤¥«ï¥âáï ¯®«®á®© á¯¥ªâà� ®â 30
¤® 300 ƒƒæ, ¬¥¦¤ã ¬¨ªà®¢®«−�¬¨ ¨ ¨−äà�ªà�á−ë¬¨ ¢®«−�¬¨. ��«¨ç¨¥ ®¡¨«ì-
−®© −¥§�−ïâ®© ¯®«®áë ¯à®¯ãáª�−¨ï, ¤®áâã¯−®© −� ç�áâ®â�å mmWave, | ®¤−®
¨§ ª«îç¥¢ëå ¯à¥¨¬ãé¥áâ¢ á¢ï§¨ 5G NR ¯® áà�¢−¥−¨î á ®£à�−¨ç¥−−ë¬¨ à¥-
áãàá�¬¨ ¬¨ªà®¢®«−®¢®£® á¯¥ªâà� ¢®«− −¨¦¥ 6 ƒƒæ, ª®â®àë¥ ¢ −�áâ®ïé¥¥ ¢à¥-
¬ï ¨á¯®«ì§ãîâáï âà�¤¨æ¨®−−ë¬¨ ¡¥á¯à®¢®¤−ë¬¨ á¨áâ¥¬�¬¨ ¨ áãé¥áâ¢ãîé¨¬¨
á¥âï¬¨ 4G LTE. �ç¥¢¨¤−®, çâ® ¨á¯®«ì§ã¥¬ë© ¬¨ªà®¢®«−®¢ë© á¯¥ªâà ¢®«− −¨-
¦¥ 6 ƒƒæ ¤«ï áãé¥áâ¢ãîé¨å ¡¥á¯à®¢®¤−ëå á¨áâ¥¬ −¥¤®áâ�â®ç¥− ¤«ï ¤®áâ¨¦¥−¨ï
£¨£�¡¨â−ëå áª®à®áâ¥© ¯¥à¥¤�ç¨ ¤�−−ëå. ‡−�ç¨â¥«ì−®¥ ¯®¢ëè¥−¨¥ áª®à®áâ¨
¯¥à¥¤�ç¨ ¤�−−ëå ¡ë«® â¥®à¥â¨ç¥áª¨ ¯®¤â¢¥à¦¤¥−® â¥®à¥¬®© Š®â¥«ì−¨ª®¢� [2],
¯®ª�§ë¢�îé¥©, çâ® ¯à®¯ãáª−�ï á¯®á®¡−®áâì ã¢¥«¨ç¨¢�¥âáï «¨−¥©−® á à®áâ®¬
¯®«®áë ¯à®¯ãáª�−¨ï. ‚ ç�áâ−®áâ¨, ¤®áâã¯−ë© à�¤¨®à¥áãàá ¯®«®á mmWave
71{76 ¨ 81{86 ƒƒæ (¨§¢¥áâ−ë© â�ª¦¥, ª�ª E-band) [3] §−�ç¨â¥«ì−® ¯à¥¢®áå®¤¨â
áã¬¬�à−® à�¤¨®à¥áãàá ¢á¥å ¤àã£¨å ¯®«®á «¨æ¥−§¨à®¢�−−®£® á¯¥ªâà�. ‚ á®®â¢¥â-
áâ¢¨¨ á 3GPP Release 16 [3] ¤«ï à�−−¥£® à�§¢¥àâë¢�−¨ï á¥â¥© 5G á â¥å−®«®£¨¥©
mmWave ¡ë«¨ ¢ë¡à�−ë ¤¨�¯�§®−ë ç�áâ®â 24,25{29,5 ¨ 37{43,5 ƒƒæ. Šà®¬¥
â®£®, Œ¥¦¤ã−�à®¤−ë¬ á®î§®¬ í«¥ªâà®á¢ï§¨ (Œ‘�) ¨ ª®−á®àæ¨ã¬®¬ 3GPP ¡ë«
à�§à�¡®â�− ¯«�− ¨áá«¥¤®¢�−¨© [4] ¤«ï áâ�−¤�àâ®¢ 5G, ®å¢�âë¢�îé¨å ¤¢¥ ¯®«®áë
ç�áâ®â ¬¨««¨¬¥âà®¢®£® ¤¨�¯�§®−�, ª®â®àë¥ ¡ã¤ãâ ¨á¯®«ì§®¢�âìáï ¤«ï ª®¬¬¥àç¥-
áª¨å −ã¦¤, � ¨¬¥−−®: 40 ¨ 100 ƒƒæ. �¥à¢®−�ç�«ì−® ¥é¥ ¢ 1979 £. ¤«ï ¯®¤¤¥à¦ª¨
¢ëá®ª®¯à®¨§¢®¤¨â¥«ì−®© ¤¢ãåâ®ç¥ç−®© á¢ï§¨ Œ‘� ¡ë«¨ ¢ë¤¥«¥−ë ¤¨�¯�§®−ë
ç�áâ®â E-band | 71{76 ¨ 81{86 ƒƒæ, ¯à¨§¢�−−ë¥ ®¡¥á¯¥ç¨âì ¯®«−®¤ã¯«¥ªá−®¥
¯®¤ª«îç¥−¨¥ á® áª®à®áâìî ¯¥à¥¤�ç¨ ¤�−−ëå 1 ƒ¡¨â/á ¨ ¢ëè¥. ‚ 2015 £. ”¥-
¤¥à�«ì−�ï ª®¬¨áá¨ï ¯® á¢ï§¨ ‘˜� ¯à¥¤«®¦¨«� £¨¡ª¨¥ ¯à�¢¨«� ®¡á«ã¦¨¢�−¨ï
¤«ï ¯®«®á ç�áâ®â mmWave, ¢ª«îç�ï 28, 37 ¨ 39 ƒƒæ ¤«ï «¨æ¥−§¨à®¢�−−®£®
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�à¨¬¥−¥−¨¥ ª«�áâ¥à¨§�æ¨¨ ¢ §�¤�ç�å à�§¬¥é¥−¨ï ¯®¤¢¨¦−ëå â®ç¥ª ¤®áâã¯�

¨á¯®«ì§®¢�−¨ï ¨ 64{71 ƒƒæ ¤«ï −¥«¨æ¥−§¨à®¢�−−®£® ¨á¯®«ì§®¢�−¨ï. Š®¬¯�−¨¨
AT&T ¨ Verizon ¤«ï á¢®¨å −�ç�«ì−ëå à�§¢¥àâë¢�−¨© á¥â¥© 5G áä®ªãá¨à®¢�−ë
−� ¨á¯®«ì§®¢�−¨¨ ¯®«®á ç�áâ®â 39 ¨ 28 ƒƒæ á®®â¢¥âáâ¢¥−−®.

2 Обзор задач при использовании подвижных точек доступа
на беспилотных летательных аппаратах

�¥àá¯¥ªâ¨¢−ë¬ à¥è¥−¨¥¬ ¤«ï ®¡¥á¯¥ç¥−¨ï ¯®«ì§®¢�â¥«¥© ¡¥á¯à®¢®¤−ëå á¥-
â¥© è¨à®ª®¯®«®á−ë¬ ¤®áâã¯®¬ ¢ ¬¥áâ�å ®âáãâáâ¢¨ï áâ�æ¨®−�à−ëå á®â®¢ëå ¡�-
§®¢ëå áâ�−æ¨© áâ�«® ¯à¨®¡à¥â�îé¥¥ ¢ ¯®á«¥¤−¨¥ £®¤ë ¯®¯ã«ïà−®áâì ¯à¨¬¥−¥-
−¨¥ ¯¥à¥¤¢¨¦−ëå ¡�§®¢ëå áâ�−æ¨©. ’�ª, ¨á¯®«ì§®¢�−¨¥ ��‹�, ¨«¨ ¤à®−®¢,
¨ à�§¬¥é¥−¨ï −� −¨å â®ç¥ª ¤®áâã¯� (’„) ¤«ï ¯à¥¤®áâ�¢«¥−¨ï ãá«ã£ á¢ï§¨ ª�ª
¢ «¨æ¥−§¨à®¢�−−®¬ (LTE, WiFi), â�ª ¨ ¢ −¥«¨æ¥−§¨àã¥¬®¬ (mmWave) ¤¨�¯�§®−¥
ç�áâ®â ®¡ãá«®¢«¥−® −¥¢¥à®ïâ−®© £¨¡ª®áâìî ¨ áª®à®áâìî à�§¢¥àâë¢�−¨ï â�ª®© á¥-
â¨. �¥á¯¨«®â−ë¥ «¥â�â¥«ì−ë¥ �¯¯�à�âë, ®á−�é¥−−ë¥ ¢−¥è−¨¬¨ −�¯à�¢«¥−−ë¬¨
�−â¥−−�¬¨ á ¢®§¬®¦−®áâìî ãá¨«¥−¨ï á¨£−�«�, ¢ëáâã¯�îâ −¥ â®«ìª® ª�ª áà¥¤áâ¢�
¤«ï ¨−á¯¥ªæ¨©, ¯®¨áª� ¨ ä¨ªá�æ¨¨ çà¥§¢ëç�©−ëå á¨âã�æ¨© ¯à¨ á¯�á�â¥«ì−ëå
®¯¥à�æ¨ïå ¢ ã¤�«¥−−ëå ¬¥áâ�å, −® ¨ ï¢«ïîâáï ç�áâìî á¥â¥¢®© âà�−á¯®àâ−®© ¨−-
äà�áâàãªâãàë ¨ á«ã¦�â ¤®áâã¯®¬ ª ãá«ã£�¬ ¯¥à¥¤�ç¨ ¤�−−ëå ¤«ï ¯®«ì§®¢�â¥«¥©
−� ¯®¢¥àå−®áâ¨ §¥¬«¨ ¯à¨ ¯à®¢¥¤¥−¨¨ ¢á¥¢®§¬®¦−ëå ¬¥à®¯à¨ïâ¨© −� ¡®«ìè¨å
®âªàëâëå ¯«®é�¤ª�å [5{7].

�á®¡¥−−®áâì ¯¥à¥¤�ç¨ ¤�−−ëå −� ¡�§¥ â¥å−®«®£¨¨ mmWave á ¯®¬®éìî ��‹�
§�ª«îç�¥âáï ¢ −¥®¡å®¤¨¬®áâ¨ −�«¨ç¨ï ¯àï¬®© ¢¨¤¨¬®áâ¨ (Line-of-Sight, LoS)
¬¥¦¤ã ’„ ¨ ¯®«ì§®¢�â¥«¥¬. �â® ¦¥áâª®¥ âà¥¡®¢�−¨¥ ª®¬¯¥−á¨àã¥âáï ¯®¤¢¨¦-
−®áâìî ��‹�, ª®£¤� ®¡¥á¯¥ç¨¢�¥âáï �¤�¯â¨¢−�ï −�¢¨£�æ¨ï ®â−®á¨â¥«ì−® ¯®«ì§®-
¢�â¥«¥©, çâ® ¯®§¢®«ï¥â §−�ç¨â¥«ì−® ¯®¢ëá¨âì íää¥ªâ¨¢−®áâì ¯¥à¥¤�ç¨ ¨ ª�ç¥áâ¢®
®¡á«ã¦¨¢�−¨ï [8{11]. ‚ áâ�âìïå à�áá¬®âà¥− àï¤ à¥è¥−¨© ¤«ï íää¥ªâ¨¢−®-
£® à�§¬¥é¥−¨ï ��‹�, ®¡¥á¯¥ç¨¢�îé¨å ®¯â¨¬¨§�æ¨î ãá«ã£ ¯¥à¥¤�ç¨ ¤�−−ëå
ª®−¥ç−ë¬ ¯®«ì§®¢�â¥«ï¬.

—¨á«® ¨áá«¥¤®¢�−¨©, ¯®á¢ïé¥−−ëå ¯à¨¬¥−¥−¨î ��‹� ¤«ï ¯®¤¤¥à¦ª¨ ¡¥á-
¯à®¢®¤−ëå á¥â¥© 5G −� ¡�§¥ â¥å−®«®£¨¨ mmWave, ¯à¥¢ëè�¥â á®â−î. �«�£®¤�àï
¢®§¬®¦−®áâ¨ §�¢¨á�−¨ï −�¤ ¯®¢¥àå−®áâìî §¥¬«¨, ¤®áâ�â®ç−®© £¨¡ª®áâ¨ ¨ ¯à®á-
â®â¥ à�§¢¥àâë¢�−¨ï, ¢ëá®ª®© ¬�−¥¢à¥−−®áâ¨, ¡ëáâà®© à¥ª®−ä¨£ãà�æ¨¨ á¥â¨,
��‹� ¬®£ãâ ¡ëâì à�§¬¥é¥−ë ¯à�ªâ¨ç¥áª¨ ¢ «î¡ëå ¬¥áâ�å ¤«ï ¢ë¯®«−¥−¨ï
äã−ªæ¨© ¢®§¤ãè−®© à¥âà�−á«ïæ¨¨ −� âà�−§¨â−ëå ãç�áâª�å á¥â¨ ¢ ª�ç¥áâ¢¥ ¡�§®-
¢®© áâ�−æ¨¨ ¨«¨ ¢ ª�ç¥áâ¢¥ ’„. �à¨ íâ®¬, ¢ ®â«¨ç¨¥ ®â ��‹� á ä¨ªá¨à®¢�−−ë¬
ªàë«®¬, ã ª®â®àëå ¯®«®¦¥−¨¥ ¢ ¯à®áâà�−áâ¢¥ ¤¨−�¬¨ç¥áª¨ ¨§¬¥−ï¥âáï ¢® ¢à¥¬¥-
−¨, ¯®«®¦¥−¨¥ ¡¥á¯¨«®â−ëå «¥â�â¥«ì−ëå ¢¨−â®ªàë«ëå �¯¯�à�â®¢ ®â−®á¨â¥«ì−®
ä¨ªá¨à®¢�−−® ¨ áâ�â¨ç−®. ‚ íâ®© á¢ï§¨ ¨áá«¥¤®¢�−¨¥ ¯à®áâà�−áâ¢¥−−®© ª®−-
ä¨£ãà�æ¨¨ á¥â¨ ��‹� áâ�«® ®¤−®© ¨§ ¢�¦−ëå ¯à®¡«¥¬ ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨
¡¥á¯à®¢®¤−ëå á¥â¥©. „«ï íâ®£® −¥®¡å®¤¨¬® ®¯à¥¤¥«ïâì ¨ ã¬¥âì ®¯â¨¬¨§¨à®¢�âì
¯à®áâà�−áâ¢¥−−®¥ ¯®«®¦¥−¨¥ ¨ âà�¥ªâ®à¨¨ ��‹� ¢ á®®â¢¥âáâ¢¨¨ á âà¥¡®¢�−¨-

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 30 −®¬¥à 4 2020 27



…. ƒ. Œ¥¤¢¥¤¥¢�, �. Œ. •�©à®¢, �. �. �®«ïª®¢, ā. ‚. ƒ�©¤�¬�ª�

ï¬¨ ª ¯à®¨§¢®¤¨â¥«ì−®áâ¨ á¨áâ¥¬ë. …é¥ ®¤−®© ª«îç¥¢®© ¯à®¡«¥¬®© ï¢«ï¥âáï
¢®§¬®¦−®áâì íää¥ªâ¨¢−®£® ª®−âà®«ï à�§¢¥àâë¢�−¨ï −¥áª®«ìª¨å ��‹�, ¨«¨ â�ª
−�§ë¢�¥¬�ï ª«�áâ¥à¨§�æ¨ï ��‹� ¨ ä®à¬¨à®¢�−¨¥ à®ï ��‹�. ‘à¥¤¨ ¯®á«¥¤−¨å
¨áá«¥¤®¢�−¨© ¯à®áâà�−áâ¢¥−−®© ª®−ä¨£ãà�æ¨¨ ��‹� á â®çª¨ §à¥−¨ï ®¯â¨¬¨-
§�æ¨¨ ¯®«®¦¥−¨ï ¨ âà�¥ªâ®à¨¨ ¨§¢¥áâ−ë à�¡®âë [12{14], ¢®¯à®áë ã¯à�¢«¥−¨ï
à�§¢¥àâë¢�−¨¥¬ ��‹� ®á¢¥é¥−ë ¢ [15, 16].

�á−®¢−ë¬¨ ¯à¥¨¬ãé¥áâ¢�¬¨ ¨á¯®«ì§®¢�−¨ï ��‹� á äã−ªæ¨¥© á¡®à� í−¥à-
£¨¨ ¨ ¢®§¬®¦−®áâìî åà�−¥−¨ï ¤�−−ëå (ª¥è¨à®¢�−¨ï) ï¢«ïîâáï ®¡¥á¯¥ç¥−¨¥
−¥¯®áà¥¤áâ¢¥−−®© ¯¥à¥¤�ç¨ ª¥è¨à®¢�−−®£® ¯®¯ã«ïà−®£® ª®−â¥−â� ¢ −�¯à�¢«¥−¨¨
−�§¥¬−ëå ¬®¡¨«ì−ëå â¥à¬¨−�«®¢ ¨ ¯à®¤«¥−¨¥ ®¯¥à�æ¨®−−®© à�¡®âë ��‹� ¯ã-
â¥¬ á¡®à� í−¥à£¨¨ ¨§ ®ªàã¦�îé¥© áà¥¤ë (¢¥â¥à, á®«−¥ç−�ï í−¥à£¨ï). �¥à¢®¥
á¢®©áâ¢® ¤®¯®«−¨â¥«ì−® ¯®§¢®«ï¥â á−¨§¨âì ¯¥à¥£àã§ª¨ −� âà�−§¨â−ëå ãç�áâª�å
á¥â¨. �¤−�ª® ¯¥à¥àë¢ë ¢ ¯®áâã¯«¥−¨¨ í−¥à£¨¨ ¢ á¨«ã −¥¯®áâ®ï−−®áâ¨ ¨áâ®ç-
−¨ª� ¨ −¥®¯à¥¤¥«¥−−®áâì ª¥è¨à®¢�−¨ï á®§¤�îâ ¤®¯®«−¨â¥«ì−ë¥ ¯à®¡«¥¬ë ¤«ï
−�¤¥¦−®£® ¯®¤ª«îç¥−¨ï ¨ ¯®¢á¥¬¥áâ−®£® ¯®ªàëâ¨ï â�ª¨¬¨ á¥âï¬¨. ‚®¯à®á ª®-
®à¤¨−�æ¨¨ ¨ ¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã ��‹� ¨ −�§¥¬−ë¬¨ ¡�§®¢ë¬¨ áâ�−æ¨ï¬¨
®¯¨á�−−®£® áæ¥−�à¨ï à�áá¬®âà¥− ¢ [15]. Šà®¬¥ â®£®, ¢ ¤�−−®© à�¡®â¥ ¯à¥¤-
«®¦¥−� ª«�áâ¥à¨§�æ¨¨ ��‹�, −�¯à�¢«¥−−�ï −� à�§£àã§ªã âà�ä¨ª� ¢ §�¤�−−®¬
®£à�−¨ç¥−−®¬ ¯à®áâà�−áâ¢¥.

Š¥è¨à®¢�−¨¥ ¯®¯ã«ïà−®£® ª®−â¥−â� −� ¯¥à¨ä¥à¨¨ á¥â¨ (edge computing) ¢ ¯¥-
à¨®¤ë −¥¯¨ª®¢®© −�£àã§ª¨ ¯à¥¤áâ�¢«ï¥âáï ¬−®£®®¡¥é�îé¨¬ à¥è¥−¨¥¬ ª�ª ¤«ï
ã¬¥−ìè¥−¨ï −�£àã§ª¨ âà�−§¨â−ëå á®¥¤¨−¥−¨© ¢ ®¯®à−ëå á¥âïå, â�ª ¨ ¤«ï ¯®¢ë-
è¥−¨ï ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ª�−�«®¢ ¨ ã«ãçè¥−¨ï ª�ç¥áâ¢� ¢®á¯à¨ïâ¨ï ãá«ã£
(Quality of Experience, QoE) ¯®«ì§®¢�â¥«ï¬¨. Œ®â¨¢¨à®¢�−−ë¥ íâ¨¬¨ ¯à¥¨¬ã-
é¥áâ¢�¬¨, �¢â®àë [12] ¨áá«¥¤®¢�«¨ ¯à®¡«¥¬ã à�§¢¥àâë¢�−¨ï ��‹� á äã−ªæ¨¥©
ª¥è¨à®¢�−¨ï, çâ®¡ë ®¯â¨¬¨§¨à®¢�âì ¯®ª�§�â¥«¨ ª�ç¥áâ¢� ¢®á¯à¨ïâ¨ï ¯®«ì§®-
¢�â¥«ï QoE ¢ ®¡«�ç−®© á¥â¨ à�¤¨®¤®áâã¯� (cloud radio access network, CRAN)
¯ãâ¥¬ ã¯à¥¦¤�îé¥© §�£àã§ª¨ ¨ ª¥è¨à®¢�−¨ï ¯®¯ã«ïà−®£® ª®−â¥−â� ¢ −¥¯¨ª®¢ë¥
ç�áë. „«ï �−�«¨§� �¢â®à�¬¨ ¢ë¡à�−� ¬¥âà¨ª� QoE, å�à�ªâ¥à¨§ãîé�ïáï ¯®§¨æ¨-
¥© úç¥«®¢¥ª ¢ ª®−âãà¥û, ª®â®à�ï ä¨ªá¨àã¥â áª®à®áâì ¯¥à¥¤�ç¨ ¤�−−ëå, §�¤¥à¦ªã
¨ â¨¯ ãáâà®©áâ¢� ª�¦¤®£® ¯®«ì§®¢�â¥«ï. ‚ íâ®¬ á«ãç�¥ áä®à¬ã«¨à®¢�−−�ï §�¤�ç�
®¯â¨¬¨§�æ¨¨ §�ª«îç�¥âáï ¢ ¬¨−¨¬¨§�æ¨¨ ¬®é−®áâ¨ ¯¥à¥¤�ç¨ ��‹� ¯à¨ ã¤®¢«¥-
â¢®à¥−¨¨ ¬¥âà¨ª¨ QoE ¤«ï ª�¦¤®£® ¯®«ì§®¢�â¥«ï. „«ï à¥è¥−¨ï íâ®© ¯à®¡«¥¬ë
¯à¥¤«®¦¥− �«£®à¨â¬ ¯à®£−®§¨à®¢�−¨ï á ¨á¯®«ì§®¢�−¨¥¬ ª®−æ¥¯æ¨¨ íå®-á¥â¥©
(echo state network, ESN) ¤«ï £¥−¥à�æ¨¨ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï ¬®¬¥−â®¢ ¢à¥-
¬¥−¨ §�¯à®á� ª®−â¥−â� ¨ ¬®¤¥«¨ ¬®¡¨«ì−®áâ¨ ª�¦¤®£® −�§¥¬−®£® ¯®«ì§®¢�â¥«ï,
� ¤«ï −�¢¨£�æ¨¨ ��‹� ¨á¯®«ì§ã¥âáï ¬¥â®¤ k-áà¥¤−¨å.

„«ï §�¤�ç ¯�âàã«¨à®¢�−¨ï, ¢®§−¨ª�îé¨å ¢ ¯à¨«®¦¥−¨ïå ¨−â¥à−¥â� ¢¥é¥©,
−�¯à¨¬¥à ¯à¨ á¡®à¥ ¤�−−ëå á ¤�âç¨ª®¢ ª®−âà®«ï ª®−âãà� á¨áâ¥¬ë ¡¥§®¯�á−®áâ¨,
¯à¨¬¥−ïîâáï ¬®¤¥«¨ ¤¢¨¦¥−¨ï ��‹�, −¥ §�¢¨áïé¨¥ ®â ¯¥à¥¬¥é¥−¨ï ¯®«ì§®¢�-
â¥«¥© ¢ ®¡«�áâ¨ ¯à¥¤®áâ�¢«¥−¨ï á¢ï§¨. Œ®¤¥«¨ ¯�âàã«¨à®¢�−¨ï, ª�ª ¯à�¢¨«®,
¯à¥¤áâ�¢«ïîâ á®¡®© §�¬ª−ãâë¥ âà�¥ªâ®à¨¨ ¤¢¨¦¥−¨ï, æ¥«ì ª®â®àëå á®áâ®¨â
¢ ¯®¤¤¥à¦�−¨¨ à�¢−®¬¥à−®£® à�á¯à¥¤¥«¥−¨ï ¢®§¤ãè−ëå ¡�§®¢ëå áâ�−æ¨© ¯®
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�à¨¬¥−¥−¨¥ ª«�áâ¥à¨§�æ¨¨ ¢ §�¤�ç�å à�§¬¥é¥−¨ï ¯®¤¢¨¦−ëå â®ç¥ª ¤®áâã¯�

à�áá¬�âà¨¢�¥¬®© ®¡«�áâ¨. ‚ [17] ¨áá«¥¤®¢�−® á¥¬¥©áâ¢® âà�¥ªâ®à¨©, ¢ á®®â¢¥â-
áâ¢¨¨ á ª®â®àë¬ ¬®¡¨«ì−®áâì ��‹� ¯®§¢®«ï¥â ¯®¤¤¥à¦¨¢�âì ®¤−®à®¤−ë© ®å¢�â
¯®«ì§®¢�â¥«¥© ¯à¨ §�¤�−−®© ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï, � â�ª¦¥ ¯®«ãç¨âì ¯à¥¨¬ã-
é¥áâ¢® á â®çª¨ §à¥−¨ï í−¥à£®íää¥ªâ¨¢−®áâ¨. ‚ ç�áâ−®áâ¨, ¯®ª�§�−®, çâ® ¤«ï
à�áá¬®à¥−−ëå ç�áâ−ëå á«ãç�¥¢, � ¨¬¥−−®: à�¤¨�«ì−®© á¯¨à�«¥¢¨¤−®© −�¢¨£�æ¨¨
¨ ª®«ìæ¥¢®© ®¢�«ì−®© −�¢¨£�æ¨¨, | áà¥¤−¥¥ ¢à¥¬ï §�¬¨à�−¨ï á¨£−�«� (average
fade duration, AFD) ã¬¥−ìè�¥âáï ¯à¨¬¥à−® −� ¤¢� ¯®àï¤ª� ¯® áà�¢−¥−¨î á® áâ�-
â¨ç¥áª¨¬ á«ãç�¥¬ à�á¯®«®¦¥−¨ï ��‹�, −�¯à¨¬¥à, ¢ á®®â¢¥âáâ¢¨¨ á â®ç¥ç−ë¬
¯ã�áá®−®¢áª¨¬ ¯à®áâà�−áâ¢¥−−ë¬ ¯®æ¥áá®¬.

…é¥ ®¤−® ¨−â¥à¥á−®¥ ¯à¨«®¦¥−¨¥ ª«�áâ¥à¨§�æ¨¨ ¤à®−®¢ ¯à¥¤áâ�¢«¥−®
¢ áâ�âì¥ [11], ¯®á¢ïé¥−−®© áâà�â¥£¨ï¬ à�§¢¥àâë¢�−¨ï ��‹� ¢ á¥«ìáª®© ¬¥áâ-
−®áâ¨. �¢â®àë ¯à®¢®¤ïâ ¨áá«¥¤®¢�−¨¥ §�¤�ç¨ ®¯â¨¬¨§�æ¨¨ á ãç¥â®¬ í−¥à£®íää¥ª-
â¨¢−®áâ¨ ¨ ¡¥§ −¥£® ¨ áà�¢−¨¢�îâ áª®à®áâì ¢ë¯®«−¥−¨ï �«£®à¨â¬®¢. ‘¨áâ¥¬−�ï
¬®¤¥«ì ¢ª«îç�¥â ¬�«®¯®¤¢¨¦−ëå, ¯®çâ¨ áâ�â¨ç−ëå ¯®«ì§®¢�â¥«¥©, à�§¬¥é¥−−ëå
¢−ãâà¨ ¯àï¬®ã£®«ì−®© ®¡«�áâ¨ ¤«ï âà¥å â¨¯®¢ ¯ã�áá®−®¢áª®£® â®ç¥ç−®£® ¯à®æ¥á-
á� | ®¤−®à®¤−®£®, −¥®¤−®à®¤−®£® ¨ ª«�áâ¥à−®£®. „«ï −�¢¨£�æ¨¨ ��‹� ¨á¯®«ì-
§ãîâáï 4 �«£®à¨â¬�: £¥®¬¥âà¨ç¥áª�ï à¥«�ªá�æ¨ï, ¬¥â®¤ k-áà¥¤−¨å (k-means),
¬¥â®¤ k-áà¥¤−¨å á ãç¥â®¬ í−¥à£®íää¥ªâ¨¢−®áâ¨ ¨ à�§¢¥àâë¢�−¨¥ ¯® á¥âª¥. ‚á¥
�«£®à¨â¬ë ¬�ªá¨¬¨§¨àãîâ ¢¥à®ïâ−®áâì ¯®ªàëâ¨ï (�−£«. coverage probability),
¯à¥¤áâ�¢«ïîéãî á®¡®© ¤®«î ¯®«ì§®¢�â¥«¥© ¢ ®¡«�áâ¨ ¯à¥¤®áâ�¢«¥−¨ï á¢ï§¨,
¤«ï ª®â®àëå á®¥¤¨−¥−¨¥ ®¡¥á¯¥ç¨¢�îâ â®çª¨ ¤®áâã¯� −� ��‹�. �£à�−¨ç¥−¨¥¬
à¥è�¥¬®© �«£®à¨â¬¨ç¥áª¨ §�¤�ç¨ ®¯â¨¬¨§�æ¨¨ à�§¬¥é¥−¨ï ��‹� á«ã¦¨â §�-
¯à¥â ¯¥à¥á¥ç¥−¨ï §®− ¯®ªàëâ¨ï ’„, çâ® ®¡¥á¯¥ç¨¢�¥â á−¨¦¥−¨¥ ¨−â¥àä¥à¥−æ¨¨.
‚ à�¡®â¥ ¯à®¢¥¤¥−® ¤®¯®«−¨â¥«ì−®¥ ¨áá«¥¤®¢�−¨¥ §�¢¨á¨¬®áâ¨ â®ç−®áâ¨ à¥è¥−¨ï
§�¤�ç¨ ®â ¯®£à¥è−®áâ¨ ¯à¨ ®¯à¥¤¥«¥−¨¨ ª®®à¤¨−�â ¯®«ì§®¢�â¥«¥©.

3 Примеры навигации беспилотных летательных аппаратов
при групповой мобильности пользователей

÷¥è¥−¨¥ ã¯®¬ï−ãâëå ¢ëè¥ §�¤�ç à�§¬¥é¥−¨ï ’„ −� ��‹� á ¯®¬®éìî
¬¥â®¤®¢ ª«�áâ¥à¨§�æ¨¨ ¨««îáâà¨àã¥âáï −¨¦¥ ¯à¨ áà�¢−¨â¥«ì−®¬ �−�«¨§¥ ¤¢ãå
¬¥â®¤®¢ ®¯à¥¤¥«¥−¨ï ¯®§¨æ¨¨ ��‹� | ¬¥â®¤� k-áà¥¤−¨å [18] ¨ ¬¥â®¤� à®ï
ç�áâ¨æ (Particle Swarm Optimization, PSO) [8, 19]. �á®¡¥−−®áâì á®áâ®¨â ¢ ¬®-
¤¥«¨à®¢�−¨¨ ¯¥à¥¬¥é¥−¨ï ¯®«ì§®¢�â¥«¥© á ¯®¬®éìî ¬®¤¥«¨ £àã¯¯®¢®© ¬®¡¨«ì-
−®áâ¨ á ®¯®à−®© â®çª®© (Reference Point Group Mobility, RPGM). Œ®¤¥«ì
¯à¥¤ãá¬�âà¨¢�¥â á«¥¤®¢�−¨¥ £àã¯¯ë §� ãá«®¢−ë¬ «¨¤¥à®¬ á ®¤−®¢à¥¬¥−−ë¬
á«ãç�©−ë¬ ¯¥à¥¬¥é¥−¨¥¬ ª�¦¤®£® ®â¤¥«ì−®£® ®¡ê¥ªâ� ¢−ãâà¨ £àã¯¯ë ¢ ®£à�-
−¨ç¥−−®© ®¡«�áâ¨ −� ®âªàëâ®© ¬¥áâ−®áâ¨ [20] ¨ á®®â¢¥âáâ¢ãîé¥¥ ¤¨−�¬¨ç¥áª®¥
¨§¬¥−¥−¨¥ ¯®«®¦¥−¨© ��‹� ¤«ï ¬�ªá¨¬¨§�æ¨¨ ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï. �®¤-
ª«îç¥−¨¥ ¯®«ì§®¢�â¥«¥© ª è¨à®ª®¯®«®á−®© ¡¥á¯à®¢®¤−®© á¥â¨ ®à£�−¨§®¢�−® −�
¡�§¥ â¥å−®«®£¨¨ Wi-Fi (á¥¬¥©áâ¢® ¯à®â®ª®«®¢ IEEE 802.11, ¯®¤¤¥à¦¨¢�îé¨å
à�§¢¥àâë¢�−¨¥ ¡¥á¯à®¢®¤−ëå «®ª�«ì−ëå á¥â¥© Wireless Local Area Network,
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÷¨á. 1 ‘æ¥−�à¨© ¢§�¨¬®¤¥©áâ¢¨ï ¯®«ì§®¢�â¥«¥© á¥â¨ ��‹�: 1 | ¯®«ì§®¢�â¥«ì ¢ §®−¥
¤¥©áâ¢¨ï ��‹� −� ¢ëá®â¥ hu; 2 | ¯®«ì§®¢�â¥«ì ¢−¥ §®−ë ¤¥©áâ¢¨ï ��‹�

WLAN) [21], ¢ ª®â®à®© ¢ ª�ç¥áâ¢¥ ’„ ¢ëáâã¯�îâ −¥áª®«ìª® ��‹� á −�¯à�¢«¥−-
−®© �−â¥−−®©, ®¡¥á¯¥ç¨¢�îé¨å ¡¥á¯à®¢®¤−®¥ à�¤¨®¯®ªàëâ¨¥ ¤�−−®© ®¡«�áâ¨.
”¨§¨ç¥áª¨¥ ¯�à�¬¥âàë à�¤¨®áà¥¤ë ¨ ¯à¨¥¬®¯¥à¥¤�îé¨å ãáâà®©áâ¢ ¢§ïâë ¨§ [8].
�®ª�§�â¥«¥¬ ª�ç¥áâ¢� ¤«ï ®æ¥−ª¨ ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï ¢ë¡à�−® ®â−®è¥−¨¥ á¨£-
−�«/èã¬ (signal-to-noise ratio, SNR), ª®â®à®¥ ¤®«¦−® ¯à¥¢®áå®¤¨âì §�¤�−−ë©
áâ�−¤�àâ�¬¨ ¯®à®£ γ.

ˆáá«¥¤®¢�− áæ¥−�à¨© ¢§�¨¬®¤¥©áâ¢¨ï ®¡ê¥ªâ®¢ ¡¥á¯à®¢®¤−®© á¥â¨ −� ��‹�,
á®®â¢¥âáâ¢ãîé¨© ®¡¥á¯¥ç¥−¨î á¢ï§ìî ¯®«ì§®¢�â¥«¥© ¯à¨ ¯à®¢¥¤¥−¨¨ ¬¥à®¯à¨-
ïâ¨ï −� ®âªàëâ®© ¬¥áâ−®áâ¨ ¡¥§ ªàã¯−ëå ¬�áá¨¢−ëå á®®àã¦¥−¨© (§¤�−¨ï, ¤¥-
à¥¢ìï, ®¯®àë «¨−¨© í«¥ªâà®¯¥à¥¤�ç¨), â�ª −�§ë¢�¥¬ë© áæ¥−�à¨© úª®−æ¥àâû [8].
�� à¨á. 1 ¯®ª�§�−® ¬−®¦¥áâ¢® ¯®«ì§®¢�â¥«¥© U, ç¨á«® ª®â®àëå ä¨ªá¨à®¢�−®
¨ à�¢−® |U| = U , ¨ Nd ãáâà®©áâ¢ ��‹� −� ä¨ªá¨à®¢�−−®© ¢ëá®â¥, ¯à¨ íâ®¬
à�¤¨®¯®ªàëâ¨¥ ª�¦¤®£® ��‹� ®¯à¥¤¥«ï¥âáï ¬®é−®áâìî ¨§«ãç�îé¥© �−â¥−−ë
¨ å�à�ªâ¥à¨§ã¥âáï à�¤¨ãá®¬ Rd, d = 1, . . . , Nd [10].

‘ç¨â�¥¬, çâ® ¯®«ì§®¢�â¥«ì u ∈ U ¬®¦¥â ãáâ�−®¢¨âì ¯® à�¤¨®ª�−�«ã á®¥¤¨−¥-
−¨¥ c ’„ −� ��‹� d, ¥á«¨ r(d,u) ≤ Rd, £¤¥ r(d,u)| à�ááâ®ï−¨¥ ¬¥¦¤ã ãáâà®©áâ¢®¬
¯®«ì§®¢�â¥«ï ¨ æ¥−âà®¬ §®−ë ¯®ªàëâ¨ï ’„ −� ��‹�. ‚¥à®ïâ−®áâì ¯®ªàëâ¨ï
¢ëç¨á«ï¥âáï ª�ª ¤®«ï ¯®«ì§®¢�â¥«¥© ¢ ®¡«�áâ¨ ¯®ªàëâ¨ï á¥â¨ −� ��‹�:

pc =
1

U

∑

u∈U

1
{
γ(d,u) ≥ γ

}
, d = 1, . . . , Nd ,

£¤¥ γ(d,u)| ®â−®è¥−¨¥ á¨£−�«/èã¬ −� ãáâà®©áâ¢¥ ¯®«ì§®¢�â¥«ï u, ¯à¨−¨¬�îé¥£®
á¨£−�« ®â ��‹� d, u ∈ U, d = 1, . . . , Nd; γ | §�¤�−−ë© ¯®à®£ ®â−®è¥−¨ï
á¨£−�«/èã¬, ®¯à¥¤¥«ïîé¨© ª�ç¥áâ¢® ¯à¨−¨¬�¥¬®£® á¨£−�«�.

�®§¨æ¨¨ ��‹� ¢ ®¡«�áâ¨ ¯à¥¤®áâ�¢«¥−¨ï á¢ï§¨ ®¯à¥¤¥«ïîâáï ª�ª à¥è¥−¨¥
á«¥¤ãîé¥© §�¤�ç¨ ®¯â¨¬¨§�æ¨¨:
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Nd∑

d=1

U∑

u=1

1
{
r(d,u) ≤ Rd

}
→ max
(x,y)

¯à¨ ãá«®¢¨¨ r(i,u) + r(j,u) > Ri + Rj, i 6= j, j = 1, . . . , Nd. ‡¤¥áì x =
= (x1, . . . , xNd

),y = (y1, . . . , yNd
); (xd, yd)| ª®®à¤¨−�âë æ¥−âà� §®−ë ¯®ªàëâ¨ï

’„ −� ��‹� d, d = 1, . . . , Nd.
‘®£«�á−® ¬¥â®¤ã k-áà¥¤−¨å −� ¯¥à¢®¬ è�£¥ ¯®«ì§®¢�â¥«¨ ¢ §�¢¨á¨¬®áâ¨ ®â

¬¥áâ®¯®«®¦¥−¨ï à�§¡¨¢�îâáï −� ª«�áâ¥àë ¯® ç¨á«ã ��‹�. ‘«¥¤ãîé¨© è�£ |
¯®áâà®¥−¨¥ ¤¨�£à�¬¬ë ‚®à®−®£® [22], ¢ à¥§ã«ìâ�â¥ ç¥£® ®¡«�áâì ¯à¥¤®áâ�¢«¥−¨ï
á¢ï§¨ à�§¤¥«ï¥âáï −� −¥áª®«ìª® ¯®¤®¡«�áâ¥©, ¢ ª�¦¤®© ¨§ ª®â®àëå à�§¬¥é�¥âáï
��‹�. ‘®£«�á−® ¬¥â®¤ã à®ï ç�áâ¨æ ¨§¬¥−¥−¨¥ ¯®§¨æ¨¨ ¯®¤¢¨¦−®© â®çª¨ ¤®áâã¯�
¯®¤ç¨−ï¥âáï ¯à¨−æ¨¯ã −�¨«ãçè¥£® −�©¤¥−−®£® ¢ ¯à®áâà�−áâ¢¥ ¯®«®¦¥−¨ï ��‹�
á â®çª¨ §à¥−¨ï ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï.

ˆáá«¥¤®¢�−¨¥ ¯à®¢¥¤¥−® ¤«ï ¤¢ãå á«ãç�¥¢ à�§¡¨¥−¨ï ¯®«ì§®¢�â¥«¥© −� £àã¯-
¯ë: (1) £àã¯¯ë ®¤¨−�ª®¢®£® à�§¬¥à�; (2) ç¨á«® ¯®«ì§®¢�â¥«¥© ¢ £àã¯¯¥ ¨¬¥¥â
à�á¯à¥¤¥«¥−¨¥ –¨¯ä� á ¯�à�¬¥âà®¬ 0,5. �¡� ¬¥â®¤� ¨á¯®«ì§®¢�−ë ¤«ï �¤�¯â¨¢-
−®© −�¢¨£�æ¨¨, ¯à¥¤ãá¬�âà¨¢�îé¥© ®¡−®¢«¥−¨¥ ¯®§¨æ¨© ��‹� ç¥à¥§ ä¨ªá¨à®-
¢�−−ë¥ ¨−â¥à¢�«ë ¢à¥¬¥−¨ tupd. ‚ ¯®«ì§ã ¯à¨¬¥−¥−¨ï �¤�¯â¨¢−®© −�¢¨£�æ¨¨
£®¢®àïâ à¥§ã«ìâ�âë ¤«ï ãáà¥¤−¥−−®© ¯® 300 á ¬®¤¥«¨à®¢�−¨ï ¤®«¥ ¯®«ì§®¢�â¥«¥©,
−�å®¤ïé¨åáï ¢ §®−¥ ¯®ªàëâ¨ï ��‹�, ¯à¨¢¥¤¥−−ë¥ −� à¨á. 2 ¤«ï £àã¯¯ ®¤¨−�-
ª®¢®£® à�§¬¥à�. ‡¤¥áì á â®çª¨ §à¥-

÷¨á. 2 ‘à¥¤−ïï ¤®«ï ¯®«ì§®¢�â¥«¥© ¢ §®−¥
¯®ªàëâ¨ï ��‹�: 1 | ¯®«ì§®¢�â¥«¨ ¢ §®−¥
¤¥©áâ¢¨ï ®¤−®£® ��‹�; 2 | ¯®«ì§®¢�â¥«¨
¢ §®−¥ ¤¥©áâ¢¨ï ¡®«¥¥ ®¤−®£® ��‹�; 3 |
ç¨á«® ¯®«ì§®¢�â¥«¥© ¢ £àã¯¯¥ ®¤¨−�ª®¢®¥;
4 | ç¨á«® ¯®«ì§®¢�â¥«¥© ¢ £àã¯¯¥ à�á¯à¥-
¤¥«¥−® ¯® –¨¯äã

−¨ï ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï ¬¥â®¤ à®ï
ç�áâ¨æ ¤�¥â ¢ë¨£àëè ¤® 60%, � ¬¥â®¤
k-áà¥¤−¨å | ¤® 50% ¯® áà�¢−¥−¨î
á ¤¢¨¦¥−¨¥¬ ��‹� ¡¥§ ãç¥â� ¢à¥¬¥−¨
®¡−®¢«¥−¨ï tupd, −�¯à¨¬¥à ¯à¨ ¯�â-
àã«¨à®¢�−¨¨ ¯® §�¤�−−ë¬ âà�¥ªâ®-
à¨ï¬.

ˆ§ à¨á. 2 â�ª¦¥ ¢¨¤−®, çâ® ¬¥â®¤
à®ï ç�áâ¨æ ¤�¥â ¡®«¥¥ ¢ëá®ªãî ¢¥à®-
ïâ−®áâì ¯®ªàëâ¨ï ¯à¨ áà�¢−¨¬ëå ¯®-
ª�§�â¥«ïå ¨−â¥àä¥à¥−æ¨¨. �®á«¥¤−¥¥
¬®¦−® ®æ¥−¨âì ¯® ¤®«¥ ¯®«ì§®¢�â¥«¥©,
−�å®¤ïé¨åáï ¢ §®−¥ ¤¥©áâ¢¨ï −¥áª®«ì-
ª¨å ��‹� ¨ ¨á¯ëâë¢�îé¨å ¢á«¥¤-
áâ¢¨¥ íâ®£® ¨−â¥àä¥à¥−æ¨î, ¯à¨¢®¤ï-
éãî ª á−¨¦¥−¨î ª�ç¥áâ¢� á¢ï§¨.

�â¤¥«ì−®© §�¤�ç¥© ï¢«ï¥âáï ¢ë-
¡®à ¤«¨â¥«ì−®áâ¨ ¨−â¥à¢�«� tupd. ÷¨-
áã−®ª 3, � ¨««îáâà¨àã¥â á−¨¦¥−¨¥ ¢¥-
à®ïâ−®áâ¨ ¯®ªàëâ¨ï ¤«ï á«ãç�ï, ª®£¤�
®¡−®¢«¥−¨¥ ª®®à¤¨−�âë ®¯®à−®© â®ç-
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÷¨á. 3 ‚¥à®ïâ−®áâì ¯®ªàëâ¨ï pc ¡¥§ ãç¥â� tupd (a) ¨ á tupd = 5 á (¡): 1 | PSO, à�¢−ë¥
£àã¯¯ë; 2 | PSO, −¥à�¢−ë¥ £àã¯¯ë; 3 | k-means, à�¢−ë¥ £àã¯¯ë; 4 | k-means,
−¥à�¢−ë¥ £àã¯¯ë

ª¨ £àã¯¯ë ¯à®¨áå®¤¨â á«¨èª®¬ ç�á-

÷¨á. 4 ‚¥à®ïâ−®áâì ¯®ªàëâ¨ï ¯à¨ tupd =
= 0,01 á: 1 | PSO; 2 | k-means

â®, çâ® −¥ ¯®§¢®«ï¥â ��‹� ¤®áâ¨çì
æ¥«¥¢®© â®çª¨, ¯®«ãç¥−−®© ¢ à¥§ã«ì-
â�â¥ à¥è¥−¨ï §�¤�ç¨ ®¯â¨¬¨§�æ¨¨. ��
à¨á. 3, ¡ ª®àà¥ªâ−ë© ¢ë¡®à ¤«¨−ë ¨−-
â¥à¢�«� tupd ¢¥¤¥â ª à®áâã ¢¥à®ïâ−®áâ¨
¯®ªàëâ¨ï, ¯à¨ íâ®¬ ¬−®¦¥áâ¢¥−−ë¥
¯¨ª¨ −� £à�ä¨ª¥ á®®â¢¥âáâ¢ãîâ §−�-
ç¥−¨ï¬ ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï −¥¯®-
áà¥¤áâ¢¥−−® ¯®á«¥ ¤®áâ¨¦¥−¨ï ��‹�
−®¢®© ¯®§¨æ¨¨, ¯®«ãç¥−−®© ¯à¨ ¯à¨-
¬¥−¥−¨¨ á®®â¢¥âáâ¢ãîé¥£® �«£®à¨â¬�.

‡�¢¨á¨¬®áâì ¨−â¥à¢�«� tupd ®â
®â−®á¨â¥«ì−®© áª®à®áâ¨ ¯¥à¥¬¥é¥−¨ï
¯®«ì§®¢�â¥«ï ¨ ��‹� ¨ ®â ¤«¨−ë ¢®«-

−ë ¨áá«¥¤®¢�−� ¢ [17]. ‚ à�áá¬®âà¥−−®¬ á«ãç�¥ ¤«ï −¥áãé¥© ç�áâ®âë fc = 28 ƒƒæ
¤«¨−� ¢®«−ë λ/2 = 5 á¬, çâ® ¯à¨ ®â−®á¨â¥«ì−®© áª®à®áâ¨ ¤® 3,6 ¬/á ¤�¥â
§−�ç¥−¨¥ tupd = 10 ¬á. �¤−�ª®, ª�ª ¢¨¤−® ¨§ à¨á. 4, £¤¥ ¯à¨¢¥¤¥−ë à¥§ã«ìâ�-
âë ¬®¤¥«¨à®¢�−¨ï ¤«ï á«ãç�ï £àã¯¯ à�¢−®£® à�§¬¥à�, ¢ë¨£àëè ¢ ¢¥à®ïâ−®áâ¨
¯®ªàëâ¨ï −¥ ¯à¥¢ëè�¥â 4%, çâ® −¥ áà�¢−¨¬® á áãé¥áâ¢¥−−® ã¢¥«¨ç¨¢�îé¨¬¨áï
§�âà�â�¬¨ −� ¯¥à¥áç¥â ª®®à¤¨−�â ��‹� ¨ −�¢¨£�æ¨î.

4 Заключение

�−�«¨§ áâ�â¨áâ¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª ª�ç¥áâ¢� ¯®ªàëâ¨ï ¢®§¤ãè−®-−�§¥¬−®©
¡¥á¯à®¢®¤−®© á¥âìî ®¡«�áâ¨ ¬®¤¥«¨à®¢�−¨ï ¤«ï áæ¥−�à¨ï úª®−æ¥àâû á §�¤�−−ë¬
¯®à®£®¬ ®â−®è¥−¨ï á¨£−�«/èã¬ ¯®ª�§�«, çâ® á â®çª¨ §à¥−¨ï ¢¥à®ïâ−®áâ¨ ¯®-
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�à¨¬¥−¥−¨¥ ª«�áâ¥à¨§�æ¨¨ ¢ §�¤�ç�å à�§¬¥é¥−¨ï ¯®¤¢¨¦−ëå â®ç¥ª ¤®áâã¯�

ªàëâ¨ï ¬¥â®¤ à®ï ç�áâ¨æ ¤«ï �¤�¯â¨¢−®© −�¢¨£�æ¨¨ ¯®§¢®«ï¥â ¤®áâ¨çì ¡®«¥¥
¢ëá®ª¨å §−�ç¥−¨© ¢¥à®ïâ−®áâ¨ ¯®ªàëâ¨ï, ç¥¬ ¬¥â®¤ k-áà¥¤−¨å. ˆ−â¥à¥á−®© §�-
¤�ç¥© ¢ ¤�«ì−¥©è¥¬ ¢¨¤¨âáï ¨áá«¥¤®¢�−¨¥ áà¥¤−¥£® ¢à¥¬¥−¨ §�¬¨à�−¨ï á¨£−�«�,
¯à¥¤áâ�¢«ïîé¥£® á®¡®© áà¥¤−¥¥ ¢à¥¬ï, ª®â®à®¥ ¯®«ì§®¢�â¥«ì ®áâ�¥âáï ¡¥§ á¢ï§¨
¨§-§� −¥¤®áâ�â®ç−®£® ª�ç¥áâ¢� à�¤¨®ª�−�«� ¤® ’„, ®¡á«ã¦¨¢�îé¥© á®¥¤¨−¥−¨¥
¯®«ì§®¢�â¥«ï. �¢â®àë ¯«�−¨àãîâ ¢ ¤�«ì−¥©è¥¬ −� ¡�§¥ à�§à�¡®â�−−®£® á¨¬ã«ï-
â®à� à�áè¨à¨âì áæ¥−�à¨¨ ¢§�¨¬®¤¥©áâ¢¨ï ãáâà®©áâ¢, ã¤¥«¨¢ ¢−¨¬�−¨¥ ¯à®¡«¥¬¥
¯®áâà®¥−¨ï íää¥ªâ¨¢−®© §®−ë ¯®ªàëâ¨ï ¢ ¢®§¤ãè−ëå ¡¥á¯à®¢®¤−ëå á¥âïå −�
��‹� á ãç¥â®¬ à�á¯®«®¦¥−¨ï ®¤−®© ¨ −¥áª®«ìª¨å ¡�§®¢ëå áâ�−æ¨©, ¯à®áâà�−-
áâ¢¥−−®£® à�á¯à¥¤¥«¥−¨ï ¯®«ì§®¢�â¥«¥© ¢−ãâà¨ §®−ë ¯®ªàëâ¨ï á¥â¨ ¨ ã¯à�¢«¥−¨ï
à�á¯à¥¤¥«¥−¨¥¬ ¯®áâã¯�îé¥© −�£àã§ª¨ ®â ¯®«ì§®¢�â¥«¥©.
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Application of clustering in deployment of mobile access points in wireless networks

APPLICATION OF CLUSTERING IN DEPLOYMENT OF MOBILE
ACCESS POINTS IN AIR–GROUND WIRELESS NETWORKS
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Abstract: The paper provides an overview of tasks that arise in wireless
networks with mobile base stations located on unmanned aerial vehicles (UAV).
The authors choose two methods of adaptive navigation based on user clustering
for a comparative analysis of effectiveness of network deployment | the k-
means method and the particle swarm method. The solution to the optimization
problem is the positions of UAV that maximize the probability of coverage in the
communication provision area with restrictions on interference from neighboring
base stations. The application of the methods is illustrated for the scenario of
a concert event which is defined as a case for providing communication between
participants of a mass event in an open area.
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НЕЧЕТКОЕ УПРАВЛЕНИЕ ГЕТЕРОГЕННЫМ МЫШЛЕНИЕМ
АГЕНТОВ ГИБРИДНОЙ ИНТЕЛЛЕКТУАЛЬНОЙ

МНОГОАГЕНТНОЙ СИСТЕМЫ∗

С. В. Листопад1, С. Б. Румовская2

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� à�§à�¡®âª¥ ¯®¤á¨áâ¥¬ë −¥ç¥âª®£® ¢ë¢®¤�
¤«ï ã¯à�¢«¥−¨ï �£¥−â®¬-ä�á¨«¨â�â®à®¬ (�”) ¯à®æ¥áá�¬¨ ª®««¥ªâ¨¢−®£® £¥-
â¥à®£¥−−®£® ¬ëè«¥−¨ï �£¥−â®¢ £¨¡à¨¤−®© ¨−â¥««¥ªâã�«ì−®© ¬−®£®�£¥−â−®©
á¨áâ¥¬ë. �−� ¯®§¢®«ï¥â �” ®à£�−¨§®¢�âì à�¡®âã �£¥−â®¢ á¨áâ¥¬ë ¢ á®®â¢¥â-
áâ¢¨¨ á ¬®¤¥«ìî à®¬¡� £àã¯¯®¢®£® ¯à¨−ïâ¨ï à¥è¥−¨© ‘. Š¥©−¥à�. Œ®¤¥«ì
à¥¤ãæ¨àã¥â £àã¯¯®¢ãî ¤¨−�¬¨ªã á¨áâ¥¬ë −� âà¨ ¯®á«¥¤®¢�â¥«ì−ë¥ ä�§ë: áâ�-
¤¨î ¤¨¢¥à£¥−â−®£® ¬ëè«¥−¨ï, −� ª®â®à®© ¢ëà�¡�âë¢�îâáï �«ìâ¥à−�â¨¢−ë¥
à¥è¥−¨ï ¯à®¡«¥¬ë, áâ�¤¨î ¡ãà«¥−¨ï, −� ª®â®à®© �” §�¤¥©áâ¢ã¥â ¬¥â®¤ë,
á¯®á®¡áâ¢ãîé¨¥ ¯®¢ëè¥−¨î ú¢§�¨¬®¯®−¨¬�−¨ïû ¬¥¦¤ã �£¥−â�¬¨, ¨ áâ�¤¨î
ª®−¢¥à£¥−â−®£® ¬ëè«¥−¨ï, ª®£¤� ¯à¥¤«®¦¥−−ë¥ �«ìâ¥à−�â¨¢ë ª«�áá¨ä¨æ¨-
àãîâáï, à�−¦¨àãîâáï ¨ ¤®à�¡�âë¢�îâáï ¤«ï ¯à¨−ïâ¨ï á®£«�á®¢�−−®£® à¥-
è¥−¨ï. �«�£®¤�àï ¤�−−®¬ã ¬¥å�−¨§¬ã ¯®¢ëè�¥âáï à¥«¥¢�−â−®áâì á¨áâ¥¬ë
¯à�ªâ¨ª¥ ª®««¥ªâ¨¢−®£® à¥è¥−¨ï ¯à®¡«¥¬ íªá¯¥àâ�¬¨ ¯®¤ àãª®¢®¤áâ¢®¬ «¨-
æ�, ¯à¨−¨¬�îé¥£® à¥è¥−¨ï, ¯à¨ ¯®áà¥¤−¨ç¥áâ¢¥ ä�á¨«¨â�â®à�. ‚ á®ç¥â�−¨¨
á £¨¡à¨¤−®© ª®¬¯®−¥−â®© ¨−â¥««¥ªâã�«ì−®© á¨áâ¥¬ë ¨ ¬−®£®�£¥−â−ë¬ ¯®¤-
å®¤®¬, ¯®«®¦¥−−ë¬ ¢ ®á−®¢ã ¥¥ �àå¨â¥ªâãàë, ¬®¤¥«¨à®¢�−¨¥ ª®««¥ªâ¨¢−®£®
£¥â¥à®£¥−−®£® ¬ëè«¥−¨ï ®¡¥á¯¥ç¨¢�¥â ¥© ¢®§¬®¦−®áâì à¥è�âì ¯à�ªâ¨ç¥áª¨¥
¯à®¡«¥¬ë ¡¥§ áãé¥áâ¢¥−−®£® ã¯à®é¥−¨ï ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª®© áà¥¤ë,
®£à�−¨ç¨¢�îé¥© ¢à¥¬ï −� ¢ëà�¡®âªã ¨ ¯à¨−ïâ¨¥ à¥è¥−¨ï.

Š«îç¥¢ë¥ á«®¢�: £¥â¥à®£¥−−®¥ ¬ëè«¥−¨¥; £¨¡à¨¤−�ï ¨−â¥««¥ªâã�«ì−�ï
¬−®£®�£¥−â−�ï á¨áâ¥¬�; á¨áâ¥¬� −¥ç¥âª®£® ¢ë¢®¤�; ª®««¥ªâ¨¢ íªá¯¥àâ®¢

DOI: 10.14357/08696527200404

1 Введение

‚®¯à®áë à¥è¥−¨ï ¯à®¡«¥¬ ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª¨å áà¥¤ �ªâ¨¢−® ¨áá«¥¤ã-
îâáï á ª®−æ� 1970-å ££. [1]. ‚ ¤®¯®«−¥−¨¥ ª â�ª¨¬ �…-ä�ªâ®à�¬ [2] ¯à�ªâ¨ç¥áª¨å
¯à®¡«¥¬, ª�ª −¥®¤−®à®¤−®áâì, −¥¤®®¯à¥¤¥«¥−−®áâì, −¥â®ç−®áâì, −¥ç¥âª®áâì, −¥-
¯®«−®â�, ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª¨å áà¥¤ ¢®§−¨ª�îâ á«¥¤ãîé¨¥ ®á®¡¥−−®áâ¨:

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 18-07-00448�).
1Š�«¨−¨−£à�¤áª¨© ä¨«¨�« ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢-

«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ser-list-post@yandex.ru
2Š�«¨−¨−£à�¤áª¨© ä¨«¨�« ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢-

«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; ��«â¨©áª¨© ä¥¤¥à�«ì−ë© ã−¨¢¥àá¨â¥â ¨¬. ˆ. Š�−â�,
sophiyabr@gmail.com
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�¥ç¥âª®¥ ã¯à�¢«¥−¨¥ £¥â¥à®£¥−−ë¬ ¬ëè«¥−¨¥¬ �£¥−â®¢ £¨¡à¨¤−®© á¨áâ¥¬ë

−¥®¡å®¤¨¬®áâì ¯à¨−ïâ¨ï −¥áª®«ìª¨å ¢§�¨¬®§�¢¨á¨¬ëå à¥è¥−¨© ¤«ï ¤®áâ¨¦¥-
−¨ï ¯®áâ�¢«¥−−®© æ¥«¨, ¨§¬¥−ç¨¢®áâì ¯à®¡«¥¬−®© áà¥¤ë, ¯à¨−ïâ¨¥ à¥è¥−¨©
¢ à¥�«ì−®¬ ¢à¥¬¥−¨ [3]. ÷¥è¥−¨¥ ¯à®¡«¥¬ ¢ ¤¨−�¬¨ç¥áª®© áà¥¤¥ å�à�ªâ¥à−®
¤«ï ®¯¥à�â¨¢−®-¤¨á¯¥âç¥àáª®£® ã¯à�¢«¥−¨ï âà�−á¯®àâ−ë¬¨ ¯®â®ª�¬¨, �¢¨�¯¥-
à¥¢®§ª�¬¨, í−¥à£®á¥âï¬¨. ˆáá«¥¤®¢�−¨ï [4{6] ¯®ª�§�«¨ ®âà¨æ�â¥«ì−®¥ ¢«¨ï−¨¥
®£à�−¨ç¥−¨ï ¢à¥¬¥−¨ ¯à¨−ïâ¨ï à¥è¥−¨© −� ¨å ª�ç¥áâ¢®, ¯à®¤¥¬®−áâà¨à®¢�¢
áãé¥áâ¢¥−−®¥ ã¯à®é¥−¨¥ í¢à¨áâ¨ª, ª®â®àë¬¨ àãª®¢®¤áâ¢ã¥âáï «¨æ®, ¯à¨−¨¬�-
îé¥¥ à¥è¥−¨ï. ‚ íâ®© á¢ï§¨ �ªâã�«ì−� à�§à�¡®âª� ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬
¤«ï ¯®¤£®â®¢ª¨ à¥è¥−¨© ¯à®¡«¥¬ ¢ ¤¨−�¬¨ç¥áª¨å áà¥¤�å ¡¥§ ¨å áãé¥áâ¢¥−−®£®
ã¯à®é¥−¨ï. „«ï íâ®£® ¯à¥¤«®¦¥−ë £¨¡à¨¤−ë¥ ¨−â¥««¥ªâã�«ì−ë¥ ¬−®£®�£¥−â−ë¥
á¨áâ¥¬ë £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï (ƒˆŒ‘ƒŒ) [7]. �−¨ ¨−â¥£à¨àãîâ £¨¡à¨¤−ë©
¨−â¥««¥ªâã�«ì−ë© ¯®¤å®¤ [8], ¯�à�¤¨£¬ã ¬−®£®�£¥−â−®£® ¯à®£à�¬¬¨à®¢�−¨ï [9]
¨ ¬®¤¥«¨à®¢�−¨¥ ¯à®æ¥áá®¢ £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï [10]. ��áâ®ïé�ï à�¡®â�
¯®á¢ïé¥−� ¯®áâà®¥−¨î á¨áâ¥¬ë −¥ç¥âª®£® ¢ë¢®¤� �” ¤«ï ®à£�−¨§�æ¨¨ ¯à®æ¥áá�
ª®««¥ªâ¨¢−®£® £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï.

2 Модель гибридной интеллектуальной многоагентной системы
гетерогенного мышления

”®à¬�«ì−® ƒˆŒ‘ƒŒ ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬ [7]:

himsht = 〈AG∗, env, INT∗,ORG, {ht}〉 .

‡¤¥áì AG∗ | ¬−®¦¥áâ¢® �£¥−â®¢ ƒˆŒ‘ƒŒ:

AG∗ =
{
agdm, agfc, agmed, agint

}
∪AGex ∪AGit , (1)

£¤¥ agdm | �£¥−â, ¯à¨−¨¬�îé¨© à¥è¥−¨ï (��÷), ¢ë¯®«−ïîé¨© ¯®áâ�−®¢-
ªã §�¤�ç �£¥−â�¬-íªá¯¥àâ�¬ (��) ¨ ¯à¨−ïâ¨¥ ®ª®−ç�â¥«ì−®£® à¥è¥−¨ï, agfc |
�”, ®¡¥á¯¥ç¨¢�îé¨© íää¥ªâ¨¢−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ �� ¬¥¦¤ã á®¡®© ¨ á ��÷,
agmed | �£¥−â-¯®áà¥¤−¨ª, ª®â®àë© ¢¥¤¥â ¡�§ã ¤�−−ëå §�à¥£¨áâà¨à®¢�−−ëå
¢ ƒˆŒ‘ƒŒ �£¥−â®¢, ¨å ¨¬¥−, ¢®§¬®¦−®áâ¥© ¨ �¤à¥á®¢, agint | ¨−â¥àä¥©á−ë©
�£¥−â, ®¡¥á¯¥ç¨¢�îé¨© ¢§�¨¬®¤¥©áâ¢¨¥ á ¯®«ì§®¢�â¥«¥¬ á¨áâ¥¬ë, AGex | ¯®¤-
¬−®¦¥áâ¢® ��, £¥−¥à¨àãîé¨å ¢�à¨�−âë à¥è¥−¨ï ¯à®¡«¥¬ë ¨«¨ ¥¥ §�¤�ç,AGit|
¯®¤¬−®¦¥áâ¢® �£¥−â®¢ ¨−â¥««¥ªâã�«ì−ëå â¥å−®«®£¨©, ¯®§¢®«ïîé¨å ¨á¯®«ì§®-
¢�âì á¢®¨ ¬¥â®¤ë ¤àã£¨¬ �£¥−â�¬; env | ¬®¤¥«ì ¢−¥è−¥© áà¥¤ë ƒˆŒ‘ƒŒ;
INT∗ = {protbsc,protht, lang,dmscl}| ¬−®¦¥áâ¢® í«¥¬¥−â®¢ áâàãªâãà¨à®¢�−¨ï
¢§�¨¬®¤¥©áâ¢¨© �£¥−â®¢, ¢ª«îç�îé¥¥ ¡�§®¢ë© ¯à®â®ª®« ¢§�¨¬®¤¥©áâ¢¨ï �£¥−-
â®¢ protbsc −� ®á−®¢¥ à¥ç¥¢ëå �ªâ®¢ [11], ®¡¥á¯¥ç¨¢�îé¨© ®¡¬¥− á®®¡é¥−¨ï¬¨
¢ ¯à®æ¥áá¥ à¥è¥−¨ï ¯à®¡«¥¬ë, ¯à®â®ª®« ª®««¥ªâ¨¢−®£® £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï
protht [12], á¯¥æ¨ä¨æ¨àãîé¨© ¢§�¨¬®¤¥©áâ¢¨¥ �” á �� ¨ ��÷, ï§ëª ¯¥à¥¤�-
ç¨ á®®¡é¥−¨© lang, ¬®¤¥«ì ¯à¥¤¬¥â−®© ®¡«�áâ¨ ont, ª«�áá¨ä¨ª�â®à á¨âã�æ¨©
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ª®««¥ªâ¨¢−®£® à¥è¥−¨ï ¯à®¡«¥¬ë dmscl [7]; ORG | ¬−®¦¥áâ¢® �àå¨â¥ªâãà
ƒˆŒ‘ƒŒ; {ht} | ¬−®¦¥áâ¢® ª®−æ¥¯âã�«ì−ëå ¬®¤¥«¥© ¬�ªà®ãà®¢−¥¢ëå ¯à®-
æ¥áá®¢ ¢ ƒˆŒ‘ƒŒ, ¢ª«îç�îé¥¥ ht| ¬®¤¥«ì ¯à®æ¥áá� ª®««¥ªâ¨¢−®£® à¥è¥−¨ï
¯à®¡«¥¬ ¬¥â®¤�¬¨ £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï | à®¬¡ £àã¯¯®¢®£® ¯à¨−ïâ¨ï à¥è¥-
−¨© ‘. Š¥©−¥à�, Š. ’®«¤¨, ‘. ”¨áª, „. �¥à£¥à� [10]. ‘®£«�á−® ¬®¤¥«¨ ‘. Š¥©-
−¥à�, ¯à®æ¥áá à¥è¥−¨ï ¯à®¡«¥¬ë ƒˆŒ‘ƒŒ âà¥åáâ�¤¨©−ë©: (1) ¤¨¢¥à£¥−â−®¥
¬ëè«¥−¨¥, ®¡¥á¯¥ç¨¢�îé¥¥ £¥−¥à�æ¨î ¬−®¦¥áâ¢� �«ìâ¥à−�â¨¢; (2) ¡ãà«¥−¨¥,
¯à¨ ª®â®à®¬ −¥®¡å®¤¨¬® á£«�¤¨âì ª®−ä«¨ªâë ¨ á¡«¨§¨âì â®çª¨ §à¥−¨ï �£¥−â®¢;
(3) ª®−¢¥à£¥−â−®¥ ¬ëè«¥−¨¥, ¯®§¢®«ïîé¥¥ ¤®à�¡®â�âì ¯à¥¤«®¦¥−−ë¥ à�−¥¥ �«ì-
â¥à−�â¨¢ë ¤«ï ¯®«ãç¥−¨ï ª®««¥ªâ¨¢−®£® à¥è¥−¨ï, à¥«¥¢�−â−®£® à�§−®®¡à�§¨î
¬®¤¥«¥© íªá¯¥àâ®¢ ƒˆŒ‘ƒŒ.

�£¥−â ag ∈ AG ¨§ ä®à¬ã«ë (1) ®¯¨áë¢�¥âáï ¢ëà�¦¥−¨¥¬

ag = 〈idag, glag,ACTag〉 ,
£¤¥ idag | ¨¤¥−â¨ä¨ª�â®à �£¥−â�; glag | æ¥«ì �£¥−â�; ACTag | ¬−®¦¥áâ¢®
¤¥©áâ¢¨©, à¥�«¨§ã¥¬ëå �£¥−â®¬. Œ−®¦¥áâ¢® ¤¥©áâ¢¨© �” ¢ª«îç�¥â í«¥¬¥−âë
úã¯à�¢«¥−¨¥ ª®««¥ªâ¨¢−ë¬ £¥â¥à®£¥−−ë¬ ¬ëè«¥−¨¥¬û actagfcchtc, ú�−�«¨§ á¨âã�-

æ¨¨ ª®««¥ªâ¨¢−®£® à¥è¥−¨ï ¯à®¡«¥¬ëû actagfcdmsa ¨ ú¢ë¡®à ¬¥â®¤� £¥â¥à®£¥−−®£®

¬ëè«¥−¨ïû actagfchtmc (á¬. à�§¤. 3), â. ¥.
{
actagfcdmsa, act

agfc
htmc

}
⊂ ACTagfc .

„¥©áâ¢¨¥ �£¥−â� ¨§ ¬−®¦¥áâ¢� ACTag ®¯¨áë¢�¥âáï ¢ëà�¦¥−¨¥¬:

actag = 〈metagact, itagact〉 ,
£¤¥ metag | ¬¥â®¤ à¥è¥−¨ï ¯à®¡«¥¬ë; itag | ¨−â¥««¥ªâã�«ì−�ï â¥å−®«®£¨ï,
¢ à�¬ª�å ª®â®à®© à¥�«¨§®¢�− ¬¥â®¤ metag.

’�ª¨¬ ®¡à�§®¬, äã−ªæ¨ï ƒˆŒ‘ƒŒ ®¯¨áë¢�¥âáï ¢ëà�¦¥−¨¥¬:

acthimsht =


 ⋃

ag∈AG∗

ACTag


 ∪ actcol,

∣∣∣∣∣∣
⋃

ag∈AG

⋃

act∈ACTag

itagact

∣∣∣∣∣∣
≥ 2 ,

£¤¥ actcol | ª®««¥ªâ¨¢−�ï äã−ªæ¨ï ƒˆŒ‘ƒŒ, ª®−áâàã¨àã¥¬�ï �£¥−â�¬¨ ¤¨-
−�¬¨ç¥áª¨; −�ª«�¤ë¢�¥¬®¥ ®£à�−¨ç¥−¨¥ âà¥¡ã¥â, çâ®¡ë ¢ á®áâ�¢¥ ƒˆŒ‘ƒŒ
¨á¯®«ì§®¢�«¨áì −¥ ¬¥−¥¥ ¤¢ãå ¨−â¥««¥ªâã�«ì−ëå â¥å−®«®£¨© [8].

3 Управление коллективным гетерогенным мышлением

„«ï ®à£�−¨§�æ¨¨ ª®««¥ªâ¨¢−®£® £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï ¨á¯®«ì§ã¥âáï ¬¥â®¤
−� ®á−®¢¥ −¥ç¥âª®£® ¢ë¢®¤� Œ�¬¤�−¨ á® á«¥¤ãîé¨¬¨ «¨−£¢¨áâ¨ç¥áª¨¬¨ ¯¥à¥-
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�¥ç¥âª®¥ ã¯à�¢«¥−¨¥ £¥â¥à®£¥−−ë¬ ¬ëè«¥−¨¥¬ �£¥−â®¢ £¨¡à¨¤−®© á¨áâ¥¬ë

¬¥−−ë¬¨: úª®−ä«¨ªâû, úà�§¢¨â¨¥ ª®−ä«¨ªâ�û, úáâ�¤¨ïû, ú¬¥â®¤û, ú¤«¨â¥«ì-
−®áâìû. Šà®¬¥ â®£®, ¨á¯®«ì§ãîâáï á«¥¤ãîé¨¥ ¤¥â¥à¬¨−¨à®¢�−−ë¥ ¯¥à¥¬¥−−ë¥:
ú−®¬¥à ¨â¥à�æ¨¨û, úáà¥¤−ïï −�¯àï¦¥−−®áâì ª®−ä«¨ªâ�û.

„¥â¥à¬¨−¨à®¢�−−�ï ¯¥à¥¬¥−−�ï ú−®¬¥à ¨â¥à�æ¨¨û it ∈ N0 = {0}∪N ®¯¨áë-
¢�¥â ç¨á«® ¯®¢â®à¥−¨© ¤¥©áâ¢¨© ¯® �−�«¨§ã â¥ªãé¥© á¨âã�æ¨¨ ¨ ¢ë¡®àã ¬¥â®¤�,
¢ë¯®«−ï¥¬ëå �” ¯à¨ ã¯à�¢«¥−¨¨ £¥â¥à®£¥−−ë¬ ¬ëè«¥−¨¥¬.

ú‘à¥¤−ïï −�¯àï¦¥−−®áâì ª®−ä«¨ªâ�û −� ¨â¥à�æ¨¨ it ®¯à¥¤¥«ï¥âáï ª�ª áª®«ì-
§ïé¥¥ áà¥¤−¥¥ −�¯àï¦¥−−®áâ¨ ª®−ä«¨ªâ� §� n = |AGex| ¨â¥à�æ¨©:

macnf ithimsht =





1

n

n−1∑

i=0

cnf it−i
himsht ¯à¨ it ≥ n ;

0 ¯à¨ it < n .

(2)

‡¤¥áì cnf it−i
himsht | −�¯àï¦¥−−®áâì ª®−ä«¨ªâ� ¢ ƒˆŒ‘ƒŒ −� ¨â¥à�æ¨¨ it − i,

®¯¨áë¢�¥¬�ï ¢ëà�¦¥−¨¥¬

cnf it−i
himsht =

n∑

i=1

n∑

j=i+1

2cnf it−i
(
agi, agj

)
(n− 2)!(n!)−1 ,

£¤¥ cnf it−i(agi, agj)| −�¯àï¦¥−−®áâì ª®−ä«¨ªâ� ¯�àë �£¥−â®¢, ®¯à¥¤¥«ï¥¬�ï −�
®á−®¢¥ ®æ¥−ª¨ ¯à¥¤«®¦¥−−ëå ¨¬¨ à¥è¥−¨© ¬¥â®¤�¬¨, à�áá¬®âà¥−−ë¬¨ ¢ [13].

‹¨−£¢¨áâ¨ç¥áª�ï ¯¥à¥¬¥−−�ï ú¤«¨â¥«ì−®áâìû, ¨á¯®«ì§ã¥¬�ï ¤«ï ®æ¥−ª¨ ¯à®-
¤®«¦¨â¥«ì−®áâ¨ ¯à¨¬¥−¥−¨ï ¢ë¡à�−−®£® ¬¥â®¤� ª®««¥ªâ¨¢−®£® £¥â¥à®£¥−−®£®
¬ëè«¥−¨ï, ¯à¥¤áâ�¢«ï¥âáï ¢ëà�¦¥−¨¥¬:

durl = 〈βdurl, Tdurl, Udurl, Gdurl,Mdurl〉 , (3)

£¤¥ βdurl = ú¤«¨â¥«ì−®áâìû | −�¨¬¥−®¢�−¨¥ «¨−£¢¨áâ¨ç¥áª®© ¯¥à¥¬¥−−®©;
Tdurl = {ú¬�«�ïû; ú¡®«ìè�ïû}| â¥à¬-¬−®¦¥áâ¢® ¥¥ §−�ç¥−¨©, −�§¢�−¨© −¥ç¥â-
ª®© ¯¥à¥¬¥−−®©; Udurl = N0 | ã−¨¢¥àáã¬ −¥ç¥âª¨å ¯¥à¥¬¥−−ëå; Gdurl = ∅ |
¯à®æ¥¤ãà� ®¡à�§®¢�−¨ï ¨§ í«¥¬¥−â®¢ ¬−®¦¥áâ¢� Tdurl −®¢ëå â¥à¬®¢; Mdurl =
=
{
µ¬�«�ï, µ¡®«ìè�ï

}
| ¯à®æ¥¤ãà�, áâ�¢ïé�ï ¢ á®®â¢¥âáâ¢¨¥ ª�¦¤®¬ã â¥à¬ã

¬−®¦¥áâ¢� Tdurl ®á¬ëá«¥−−®¥ á®¤¥à¦�−¨¥ ¯ãâ¥¬ ä®à¬¨à®¢�−¨ï −¥ç¥âª®£® ¬−®-
¦¥áâ¢�. �à¨ ä®à¬¨à®¢�−¨¨ −¥ç¥âª¨å ¬−®¦¥áâ¢ ¨á¯®«ì§ãîâáï á¨£¬®¨¤�«ì−ë¥
äã−ªæ¨¨

sigmf(u, b, c) =
(
1 + e−b(u−c)

)−1
,

£¤¥ u | í«¥¬¥−â −¥ç¥âª®£® ¬−®¦¥áâ¢�; b ¨ c | ¯�à�¬¥âàë äã−ªæ¨¨ ¯à¨−�¤«¥¦-
−®áâ¨. �¥à¢®−�ç�«ì−® §�¤�−ë á«¥¤ãîé¨¥ ¯�à�¬¥âàë äã−ªæ¨© ¯à¨−�¤«¥¦−®áâ¨:
µÍÁÌÁÑ = sigmf(udurl;−0,2; 10n), µÂÏÌØÛÁÑ = sigmf(udurl; 0,5; 10n). ��à�¬¥âàë
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íâ¨å ¨ ¤àã£¨å äã−ªæ¨© ¯à¨−�¤«¥¦−®áâ¨, à�áá¬®âà¥−−ëå ¢ à�¡®â¥, ¤®«¦−ë ¡ëâì
ãâ®ç−¥−ë ¢ å®¤¥ â¥áâ¨à®¢�−¨ï á¨áâ¥¬ë.

‹¨−£¢¨áâ¨ç¥áª�ï ¯¥à¥¬¥−−�ï úª®−ä«¨ªâû ¤«ï ®æ¥−ª¨ −�¯àï¦¥−−®áâ¨ ª®−-
ä«¨ªâ� ¬¥¦¤ã �£¥−â�¬¨ ƒˆŒ‘ƒŒ §�¤�¥âáï ¯® �−�«®£¨¨ á ¢ëà�¦¥−¨¥¬ (3):

cn§ = 〈βcn§Tcn§, Ucn§, Gcn§,Mcn§〉 , (4)

£¤¥ βcn§ = úª®−ä«¨ªâû; Tcn§ = {ú−¥âû; úá«�¡ë©û; úã¬¥à¥−−ë©û; ú®áâàë©û};
Ucn§ = [0; 1]; Gcn§ = ∅; Mcn§ = {µÎÅÔ, µÓÌÁÂÙÊ, µÕÍÅÒÅÎÎÙÊ, µÏÓÔÒÙÊ}. �à¨
ä®à¬¨à®¢�−¨¨ −¥ç¥âª¨å ¬−®¦¥áâ¢ ¨á¯®«ì§ãîâáï ª®«®ª®«®®¡à�§−ë¥ äã−ªæ¨¨:

bmf (u, a, b, c) =
(
1 + |u− c|2b|a|−2b

)−1
,

£¤¥ u | í«¥¬¥−â −¥ç¥âª®£® ¬−®¦¥áâ¢�; a, b ¨ c | ¯�à�¬¥âàë äã−ªæ¨¨ ¯à¨−�¤-
«¥¦−®áâ¨.

�¥à¢®−�ç�«ì−® §�¤�−ë á«¥¤ãîé¨¥ ¯�à�¬¥âàë äã−ªæ¨© ¯à¨−�¤«¥¦-
−®áâ¨ −¥ç¥âª¨å ¬−®¦¥áâ¢: µÎÅÔ = bmf (ucn§; 0,15; 5; 0); µÓÌÁÂÙÊ =
= bmf (ucn§; 0,15; 5; 0,3); µÕÍÅÒÅÎÎÙÊ = bmf (ucn§; 0,15; 5; 0,6); µÏÓÔÒÙÊ =
= bmf (ucn§; 0,25; 5; 1).

‹¨−£¢¨áâ¨ç¥áª�ï ¯¥à¥¬¥−−�ï úà�§¢¨â¨¥ ª®−ä«¨ªâ�û, ®¯¨áë¢�îé�ï ¨§¬¥−¥-
−¨¥ −�¯àï¦¥−−®áâ¨ ª®−ä«¨ªâ� ¢® ¢à¥¬¥−¨, ¯à¥¤áâ�¢«ï¥âáï ¢ëà�¦¥−¨¥¬:

dcn§ = 〈βdcn§, Tdcn§, Udcn§, Gdcn§,Mdcn§〉 ,

£¤¥ βdcn§ = úà�§¢¨â¨¥ ª®−ä«¨ªâ�û; Tdcn§ = {ú®á«�¡«¥−¨¥û; ú−¥âû;
úãá¨«¥−¨¥û}; Udcn§ = [−1; 1]; Gdcn§ = ∅; Mdcn§ = {µÏÓÌÁÂÌÅÎÉÅ, µÎÅÔ,
µÕÓÉÌÅÎÉÅ}, µÏÓÌÁÂÌÅÎÉÅ = sigmf(udcn§;−10;−0,3), µÎÅÔ = bmf (udcn§; 0,3; 3; 0),
µÕÓÉÌÅÎÉÅ = sigmf (udcn§; 10; 0, 3).

‹¨−£¢¨áâ¨ç¥áª�ï ¯¥à¥¬¥−−�ï úáâ�¤¨ïû, áä®à¬¨à®¢�−−�ï ¢ á®®â¢¥âáâ¢¨¨ á ¬®-
¤¥«ìî à®¬¡� £àã¯¯®¢®£® ¯à¨−ïâ¨ï à¥è¥−¨© [10], ®¯¨áë¢�¥âáï ¢ëà�¦¥−¨¥¬:

stgl = 〈βstgl, Tstgl, Ustgl, Gstgl,Mstgl〉 .

‡¤¥áì βstgl = úáâ�¤¨ïû; Tstgl = {ú¤¨¢¥à£¥−â−�ïû; ú¡ãà«¥−¨¥û; úª®−¢¥à£¥−â-
−�ïû; ú¢ë¡®àû}; Ustgl = [0; 1]; Gstgl = ∅; Mstgl = {µÄÉ×ÅÒÇÅÎÔÎÁÑ , µÂÕÒÌÅÎÉÅ,
µËÏÎ×ÅÒÇÅÎÔÎÁÑ, µ×ÙÂÏÒ}, £¤¥ µÄÉ×ÅÒÇÅÎÔÎÁÑ = bmf (ustgl; 6

−1; 5; 0), µÂÕÒÌÅÎÉÅ =
= bmf (ustgl; 6

−1; 5; 3−1), µËÏÎ×ÅÒÇÅÎÔÎÁÑ = bmf (ustgl; 6−1; 5; 2 · 3−1), µ×ÙÂÏÒ =
= bmf (ustgl; 6

−1; 5; 1).
�� ®á−®¢¥ �−�«¨§� ¬¥â®¤®¢ £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï [7] ¡ë«¨ ¢ë¤¥«¥−ë −�¨-

¡®«¥¥ ¯¥àá¯¥ªâ¨¢−ë¥ ¨§ −¨å ¤«ï à¥�«¨§�æ¨¨ ¢ ƒˆŒ‘ƒŒ: ¬®§£®¢®© èâãà¬
á −�¢®¤ïé¨¬¨ ¢®¯à®á�¬¨ (Œ˜�‚); ¯ã« ¬®§£®¢®© §�¯¨á¨ (�Œ‡); ®á¯�à¨¢�−¨¥
®£à�−¨ç¥−¨© (��); ¢§£«ï¤ á çã¦®© â®çª¨ §à¥−¨ï (‚—’‡); ¢®§¢à�â ®â à¥è¥−¨©
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�«£®à¨â¬ ã¯à�¢«¥−¨ï ª®««¥ªâ¨¢−ë¬ £¥â¥à®£¥−−ë¬ ¬ëè«¥−¨¥¬

ª ¯®âà¥¡−®áâï¬ (‚÷�); ¯®¨áª ª®−á¥−áãá� (�Š); £®«®á®¢�−¨¥ íªá¯¥àâ®¢ (ƒ�); ¢ë-
¡®à «¨æ®¬, ¯à¨−¨¬�îé¨¬ à¥è¥−¨ï, ¯®á«¥ ®¡áã¦¤¥−¨ï á íªá¯¥àâ�¬¨ (‚‹�÷�) |
¨ ¯® �−�«®£¨¨ á ¢ëà�¦¥−¨¥¬ (3) ¯®áâà®¥−� «¨−£¢¨áâ¨ç¥áª�ï ¯¥à¥¬¥−−�ï ú¬¥â®¤û:

mtdl = 〈βmtdl, Tmtdl, Umtdl, Gmtdl,Mmtdl〉 .
‡¤¥áì βmtdl = ú¬¥â®¤û; Tmtdl = {úŒ˜�‚û; ú�Œ‡û; ú��û; ú‚—’‡û;
ú‚÷�û; ú�Šû; úƒ�û; ú‚‹�÷�û}; Umtdl = [0; 1]; Gmtdl =
= ∅; Mmtdl = {µíûî÷, µðíú, µïï, µ÷þôú, µ÷òð, µðë, µçü, µ÷ìðòü}, £¤¥
µíûî÷ = bmf (umtdl; 14

−1; 5; 0), µðíú = bmf (umtdl; 14
−1; 5; 7−1), µïï =

= bmf (umtdl; 14
−1; 5; 2 · 7−1), µ÷þôú = bmf (umtdl; 14−1; 5; 3 · 7−1), µ÷òð =

= bmf (umtdl; 14
−1; 5; 4 · 7−1), µðë = bmf (umtdl; 14

−1; 5; 5 · 7−1), µçü =
= bmf (umtdl; 14

−1; 5; 6 · 7−1), µ÷ìðòü = bmf (umtdl; 14−1; 5; 1).
�«£®à¨â¬ ã¯à�¢«¥−¨ï ª®««¥ªâ¨¢−ë¬ £¥â¥à®£¥−−ë¬ ¬ëè«¥−¨¥¬ −� ®á−®¢¥

à�áá¬®âà¥−−ëå «¨−£¢¨áâ¨ç¥áª¨å ¯¥à¥¬¥−−ëå ¯à¥¤áâ�¢«¥− −� à¨áã−ª¥.
“áâ�−®¢«¥−ë á«¥¤ãîé¨¥ −�ç�«ì−ë¥ §−�ç¥−¨ï ¯¥à¥¬¥−−ëå: it = 0; uitstgl =

= 0; uitmtdl = 0; macnf
it
himsht = 0. �«£®à¨â¬ −�ç¨−�¥âáï á ¨−¨æ¨�«¨§�æ¨¨

¬¥â®¤� ª®««¥ªâ¨¢−®£® ¬ëè«¥−¨ï (¡«®ª 1): §�¯®¬¨−�¥âáï −®¬¥à ¨â¥à�æ¨¨ itmtch =
= it ¨ §−�ç¥−¨¥ áà¥¤−¥© −�¯àï¦¥−−®áâ¨ ª®−ä«¨ªâ� macnfmtchhimsht = macnf

it
himsht.

�£¥−â-ä�á¨«¨â�â®à ®â¯à�¢«ï¥â �� ¨ ��÷ á®®¡é¥−¨ï, ãáâ�−�¢«¨¢�îé¨¥ ¬¥â®¤
ª®««¥ªâ¨¢−®£® ¬ëè«¥−¨ï ¢ á®®â¢¥âáâ¢¨¨ á® §−�ç¥−¨¥¬ «¨−£¢¨áâ¨ç¥áª®© ¯¥à¥¬¥−-
−®© mtdlit

mtdit = argmax
t∈Tmtdl

(
µt

(
uitmtdl

))

¨ ®¦¨¤�¥â ®â −¨å ¯®¤â¢¥à¦¤�îé¨¥ á®®¡é¥−¨ï.
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�� á«¥¤ãîé¥¬ è�£¥ �” ®¦¨¤�¥â ®â �� á®®¡é¥−¨ï, á®¤¥à¦�é¨¥ à¥è¥−¨ï
¯à®¡«¥¬ë ¨«¨ ¥¥ ç�áâ¥© (¡«®ª 2). �à¨ ¯®«ãç¥−¨¨ â�ª®£® á®®¡é¥−¨ï �” ã¢¥«¨-
ç¨¢�¥â §−�ç¥−¨¥ áç¥âç¨ª� ¨â¥à�æ¨© it = it + 1 ¨ ¢ë¯®«−ï¥â äã−ªæ¨î ú�−�«¨§
á¨âã�æ¨¨ ª®««¥ªâ¨¢−®£® à¥è¥−¨ï ¯à®¡«¥¬ëû actagfcdmsa (¡«®ª 3), ¯à¥¤−�§−�ç¥−−ãî
¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ â¥ªãé¥© áâ�¤¨¨ ª®««¥ªâ¨¢−®£® à¥è¥−¨ï ¯à®¡«¥¬ë −� ®á−®¢¥
®æ¥−ª¨ −�¯àï¦¥−−®áâ¨ ª®−ä«¨ªâ®¢ ¢ ƒˆŒ‘ƒŒ. „«ï íâ®£® §−�ç¥−¨¥ áà¥¤−¥©
−�¯àï¦¥−−®áâ¨ ª®−ä«¨ªâ� (2) ¯à¨á¢�¨¢�¥âáï «¨−£¢¨áâ¨ç¥áª®© ¯¥à¥¬¥−−®© úª®−-
ä«¨ªâû (4): uitcn§ = cnfhimsht, ¨ �” ¨¤¥−â¨ä¨æ¨àã¥â â¥ªãéãî áâ�¤¨î ¯à®æ¥áá�
à¥è¥−¨ï ¯à®¡«¥¬ë stglit ¢ à¥§ã«ìâ�â¥ −¥ç¥âª®£® ¢ë¢®¤� Œ�¬¤�−¨ ¯® ¯à�¢¨«�¬:

�à�¢¨«® 1: …‘‹ˆ stglit−1 …‘’œ ú¤¨¢¥à£¥−â−�ïû

ˆ (cn§it …‘’œ úã¬¥à¥−−ë©û ˆ‹ˆ cn§it …‘’œ ú®áâàë©û),

’� stglit …‘’œ ú¡ãà«¥−¨¥û.

�à�¢¨«® 2: …‘‹ˆ stglit−1 …‘’œ ú¡ãà«¥−¨¥û

ˆ (cn§it …‘’œ ú−¥âû ˆ‹ˆ cn§it …‘’œ úá«�¡ë©û),

’� stglit …‘’œ úª®−¢¥à£¥−â−�ïû.

�à�¢¨«® 3: …‘‹ˆ stglit−1 …‘’œ úª®−¢¥à£¥−â−�ïû
ˆ cn§it …‘’œ ú®áâàë©û,

’� stglit …‘’œ ú¡ãà«¥−¨¥û.

�à�¢¨«® 4: …‘‹ˆ stglit−1 …‘’œ úª®−¢¥à£¥−â−�ïû ˆ cn§it …‘’œ ú−¥âû,

’� stglit …‘’œ ú¢ë¡®àû.





(5)

‚ ¡«®ª¥ 4 ®æ¥−¨¢�¥âáï ¤®áâ¨¦¥−¨¥ ªà¨â¥à¨ï ®áâ�−®¢�: ¥á«¨ ¯à®-
æ¥áá à¥è¥−¨ï ¯à®¡«¥¬ë �£¥−â�¬¨ ƒˆŒ‘ƒŒ ¤®áâ¨£ áâ�¤¨¨ ú¢ë¡®àû, â. ¥.
argmaxt∈Tstgl(µt(u

it
stgl)) = ú¢ë¡®àû, ¢ë¯®«−ï¥âáï ¯¥à¥å®¤ ª ¡«®ªã 7 ¨ �”

®â¯à�¢«ï¥â �� ¨ ��÷ á®®¡é¥−¨ï ® −¥®¡å®¤¨¬®áâ¨ §�¢¥àè¥−¨ï à�¡®âë ¨ ¯à¨−ï-
â¨ï ¨â®£®¢®£® à¥è¥−¨ï, ¯®á«¥ ç¥£® §�¢¥àè�¥â á¢®î à�¡®âã. ‚ ¯à®â¨¢−®¬ á«ãç�¥
¢ë¯®«−ï¥âáï ¯¥à¥å®¤ ª ¡«®ªã 5.

„«ï ¢ë¯®«−¥−¨ï äã−ªæ¨¨ ú¢ë¡®à ¬¥â®¤� £¥â¥à®£¥−−®£® ¬ëè«¥−¨ïû actagfchtmc
(¡«®ª 5) ¤®«¦−ë ¡ëâì ®¯à¥¤¥«¥−ë §−�ç¥−¨ï «¨−£¢¨áâ¨ç¥áª¨å ¯¥à¥¬¥−−ëå úà�§-
¢¨â¨¥ ª®−ä«¨ªâ�û, ú¤«¨â¥«ì−®áâìû ¨ ú¬¥â®¤û. ‡−�ç¥−¨¥ «¨−£¢¨áâ¨ç¥áª®©
¯¥à¥¬¥−−®© úà�§¢¨â¨¥ ª®−ä«¨ªâ�û ®¯à¥¤¥«ï¥âáï ª�ª à�§−¨æ� ¬¥¦¤ã â¥ªãé¨¬
§−�ç¥−¨¥¬ ¯¥à¥¬¥−−®© úáà¥¤−ïï −�¯àï¦¥−−®áâì ª®−ä«¨ªâ�û (2) ¨ §−�ç¥−¨¥¬
−� ¬®¬¥−â −�ç�«� ¯à¨¬¥−¥−¨ï ¬¥â®¤� ª®««¥ªâ¨¢−®£® £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï
uitdcn§ = macnf

it
himsht−macnfmtchhimsht.‡−�ç¥−¨¥ «¨−£¢¨áâ¨ç¥áª®© ¯¥à¥¬¥−−®© ú¤«¨-

â¥«ì−®áâìû | à�§−¨æ� ¬¥¦¤ã â¥ªãé¨¬ §−�ç¥−¨¥¬ ¯¥à¥¬¥−−®© ú−®¬¥à ¨â¥à�æ¨¨û
¨ §−�ç¥−¨¥¬ −� ¬®¬¥−â −�ç�«� ¯à¨¬¥−¥−¨ï ¬¥â®¤� ª®««¥ªâ¨¢−®£® £¥â¥à®£¥−−®£®
¬ëè«¥−¨ï: uitdurl = it− itmtch.
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‡−�ç¥−¨¥ «¨−£¢¨áâ¨ç¥áª®© ¯¥à¥¬¥−−®© ú¬¥â®¤û ®¯à¥¤¥«ï¥âáï ¢ à¥§ã«ìâ�â¥
−¥ç¥âª®£® ¢ë¢®¤� Œ�¬¤�−¨ ¯® ¯à�¢¨«�¬:

�à�¢¨«® 1: …‘‹ˆmtdlit−1 …‘’œ úŒ˜�‚û

ˆ (dcn§it …‘’œ ú®á«�¡«¥−¨¥û

ˆ‹ˆ durl …‘’œ ú¡®«ìè�ïû), ’�mtdlit …‘’œ ú�Œ‡û.

�à�¢¨«® 2: …‘‹ˆmtdlit−1 …‘’œ ú�Œ‡û
ˆ (dcn§it …‘’œ ú®á«�¡«¥−¨¥û

ˆ‹ˆ durl …‘’œ ú¡®«ìè�ïû), ’�mtdlit …‘’œ ú��û.

�à�¢¨«® 3: …‘‹ˆmtdlit−1 …‘’œ ú��û ˆ (dcn§it …‘’œ ú®á«�¡«¥−¨¥û

ˆ‹ˆ durl …‘’œ ú¡®«ìè�ïû), ’�mtdlit …‘’œ ú�Šû

ˆ stglit …‘’œ úª®−¢¥à£¥−â−�ïû.

�à�¢¨«® 4: …‘‹ˆ stglit …‘’œ ú¡ãà«¥−¨¥û

ˆ (mtdlit−1 …‘’œ úŒ˜�‚û

ˆ‹ˆ mtdlit−1 …‘’œ ú�Œ‡û ˆ‹ˆ mtdlit−1 …‘’œ ú��û

ˆ‹ˆ mtdlit−1 …‘’œ ú�Šû ˆ‹ˆ mtdlit−1 …‘’œ úƒ�û

ˆ‹ˆ mtdlit−1 …‘’œ ú‚‹�÷�û),

’�mtdlit …‘’œ ú‚—’‡û.

�à�¢¨«® 5: …‘‹ˆmtdlit−1 …‘’œ ú‚—’‡û ˆ (dcn§it …‘’œ úãá¨«¥−¨¥û

ˆ‹ˆ durl …‘’œ ú¡®«ìè�ïû), ’�mtdlit …‘’œ ú‚÷�û.

�à�¢¨«® 6: …‘‹ˆmtdlit−1 …‘’œ ú‚÷�û ˆ durl …‘’œ ú¡®«ìè�ïû,

’�mtdlit …‘’œ ú�Šû ˆ stglit …‘’œ úª®−¢¥à£¥−â−�ïû.

�à�¢¨«® 7: …‘‹ˆ stglit …‘’œ úª®−¢¥à£¥−â−�ïû

ˆ (mtdlit−1 …‘’œ úŒ˜�‚û

ˆ‹ˆ mtdlit−1 …‘’œ ú�Œ‡û ˆ‹ˆ mtdlit−1 …‘’œ ú��û

ˆ‹ˆ mtdlit−1 …‘’œ ú‚—’‡û ˆ‹ˆ mtdlit−1 …‘’œ ú‚÷�û),

’�mtdlit …‘’œ ú�Šû.

�à�¢¨«® 8: …‘‹ˆmtdlit−1 …‘’œ ú�Šû ˆ (dcn§it …‘’œ úãá¨«¥−¨¥û

ˆ‹ˆ durl …‘’œ ú¡®«ìè�ïû), ’�mtdlit …‘’œ úƒ�û.

�à�¢¨«® 9: …‘‹ˆmtdlit−1 …‘’œ úƒ�û ˆ (dcn§it …‘’œ úãá¨«¥−¨¥û

ˆ‹ˆ durl …‘’œ ú¡®«ìè�ïû), ’�mtdlit …‘’œ ú‚‹�÷�û.

�à�¢¨«® 10: …‘‹ˆmtdlit−1 …‘’œ ú‚‹�÷�û ˆ durl …‘’œ ú¡®«ìè�ïû,

’� stglit …‘’œ ú¢ë¡®àû.





(6)
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…á«¨ ¢ë¡à�−−ë© ¬¥â®¤ ª®««¥ªâ¨¢−®£® ¬ëè«¥−¨ï −� â¥ªãé¥© ¨â¥à�æ¨¨ ®â«¨-
ç�¥âáï ®â ¬¥â®¤�, ¢ë¡à�−−®£® −� ¯à¥¤ë¤ãé¥© ¨â¥à�æ¨¨

mtdit−1 6= mtdit = argmax
t∈Tmtdl

(
µt

(
uitmtdl

))
,

¢ë¯®«−ï¥âáï ¯¥à¥å®¤ ª ¡«®ªã 1, ¢ ¯à®â¨¢−®¬ á«ãç�¥ | ª ¡«®ªã 2.
Š�ª ¯®ª�§ë¢�¥â �−�«¨§ ¯à�¢¨« (5) ¨ (6) ¯à¨ ã¯à�¢«¥−¨¨ �” ¯à®æ¥áá®¬ ª®«-

«¥ªâ¨¢−®£® £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï ¯®àï¤®ª á¬¥−ë ¬¥â®¤®¢ −¥ ¯à¥¤®¯à¥¤¥«¥−,
� §�¢¨á¨â ®â á¨âã�æ¨¨ à¥è¥−¨ï ¯à®¡«¥¬ë ¢ ƒˆŒ‘ƒŒ, ¢ ç�áâ−®áâ¨ ¤«¨â¥«ì-
−®áâ¨ ¨á¯®«ì§®¢�−¨ï ¬¥â®¤�, ¨−â¥−á¨¢−®áâ¨ ª®−ä«¨ªâ®¢, ª®â®à�ï ®¯à¥¤¥«ï¥âáï
á®áâ�¢®¬ �� ¨ á®®â−®è¥−¨¥¬ ¨å æ¥«¥©. ’�ª¨¬ ®¡à�§®¬, ¢ ƒˆŒ‘ƒŒ à¥«¥¢�−â−®
¢®á¯à®¨§¢®¤¨âáï ¬®¤¥«ì à®¬¡� £àã¯¯®¢®£® ¯à¨−ïâ¨ï à¥è¥−¨© [10]. �«�£®¤�àï
íâ®¬ã ƒˆŒ‘ƒŒ ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª®© áà¥¤ë ¢ëà�¡�âë¢�¥â ¤«ï ª�¦¤®© ¯à®¡-
«¥¬ë à¥«¥¢�−â−ë© ¥© ¬¥â®¤ à¥è¥−¨ï ¡¥§ ã¯à®é¥−¨ï ¨ ¨¤¥�«¨§�æ¨¨ ¯® �−�«®£¨¨
á â¥¬, ª�ª íâ® ¤¥«�¥â ª®««¥ªâ¨¢ íªá¯¥àâ®¢ ¯®¤ àãª®¢®¤áâ¢®¬ «¨æ�, ¯à¨−¨¬�îé¥£®
à¥è¥−¨ï, ¯à¨ ¯®áà¥¤−¨ç¥áâ¢¥ ä�á¨«¨â�â®à�.

4 Заключение

÷�áá¬®âà¥−ë ®á®¡¥−−®áâ¨ à¥è¥−¨ï ¯à®¡«¥¬ ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª¨å áà¥¤,
¢ ç�áâ−®áâ¨ ®â¬¥ç¥−® ã¯à®é¥−¨¥ á¨âã�æ¨¨ ¨ í¢à¨áâ¨ª «¨æ®¬, ¯à¨−¨¬�îé¨¬
à¥è¥−¨ï. �®ª�§�−� �ªâã�«ì−®áâì à�§à�¡®âª¨ ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬, á¯®á®¡-
−ëå à¥è�âì ¯à®¡«¥¬ë ¡¥§ ¨å áãé¥áâ¢¥−−®£® ã¯à®é¥−¨ï ¢ ãá«®¢¨ïå ¤¥ä¨æ¨â�
¢à¥¬¥−¨. ÷�áá¬®âà¥−� ¬®¤¥«ì ƒˆŒ‘ƒŒ, ¯à¥¤«�£�¥¬ëå ¤«ï íâ®© æ¥«¨. ÷�§-
à�¡®â�− �«£®à¨â¬ �” ¤«ï ã¯à�¢«¥−¨ï £¥â¥à®£¥−−ë¬ ª®««¥ªâ¨¢−ë¬ ¬ëè«¥−¨¥¬
��, à¥�«¨§ãîé¨© ¬®¤¥«ì à®¬¡� £àã¯¯®¢®£® ¯à¨−ïâ¨ï à¥è¥−¨© ‘. Š¥©−¥à�.
‚ ®á−®¢ã ¤�−−®£® �«£®à¨â¬� ¯®«®¦¥− ¬¥â®¤ −¥ç¥âª®£® ¢ë¢®¤� Œ�¬¤�−¨. Œ®¤¥-
«¨à®¢�−¨¥ £¥â¥à®£¥−−®£® ¬ëè«¥−¨ï �£¥−â®¢ ¯®§¢®«ï¥â ƒˆŒ‘ƒŒ ¢ëà�¡�âë¢�âì
à¥ª®¬¥−¤�æ¨¨ ¤«ï ®¯¥à�â¨¢−®-¤¨á¯¥âç¥àáª®£® ¯¥àá®−�«� ¯® à¥è¥−¨î ¯à�ªâ¨ç¥-
áª¨å ¯à®¡«¥¬ ¢ ãá«®¢¨ïå ¤¨−�¬¨ç¥áª®© áà¥¤ë.
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Abstract: The paper is devoted to the development of the fuzzy inference
subsystem for controlling the processes of collective heterogeneous thinking of
agents of a hybrid intelligent multiagent system by an agent-facilitator. It
allows the agent-facilitator to organize the work of the agents of the system in
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accordance with S. Kaner's diamond of participatory decision-making model.
The model reduces the group dynamics of the system into three sequential
phases: the divergent thinking stage at which alternative solutions to the problem
are developed; the groan stage at which the agent-facilitator uses methods that
enhance \mutual understanding" between the agents; and the convergent thinking
stage when the proposed alternatives are classified, ranked, and refined to make
an agreed decision. Thanks to this mechanism, the relevance of the system to the
practice of collective problem solving by experts under the guidance of a decision
maker, with the mediation of a facilitator, increases. In combination with a hybrid
component of an intelligent system and a multiagent approach underlying its
architecture, modeling of collective heterogeneous thinking provides it with the
ability to solve practical problems without significant simplification in a dynamic
environment that limits the time to develop and make a decision.

Keywords: heterogeneous thinking; hybrid intelligent multiagent system; fuzzy
inference system; expert team
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СТАТИСТИЧЕСКИЙ АНАЛИЗ БИОСИГНАЛОВ
ПРИ ИЗУЧЕНИИ ЗРИТЕЛЬНОЙ РАБОЧЕЙ ПАМЯТИ

ЧЕЛОВЕКА∗

А. В. Ерофеева1, Т. В. Захарова2

�−−®â�æ¨ï: ÷�¡®â� ¯®á¢ïé¥−� í«¥ªâà®í−æ¥ä�«®£à�ä¨ç¥áª®¬ã ¨áá«¥¤®¢�−¨î
¢§�¨¬®¤¥©áâ¢¨ï ª®àª®¢ëå §®− ¬®§£�, ®¡¥á¯¥ç¨¢�îé¨å ã¤¥à¦�−¨¥ §à¨â¥«ì-
−®© ¨−ä®à¬�æ¨¨ ¢ à�¡®ç¥© ¯�¬ïâ¨ (÷�). �ë«¨ ¯®áâà®¥−ë ¢¥ªâ®à−ë¥ �¢â®-
à¥£à¥áá¨®−−ë¥ ¬®¤¥«¨ (VAR-¬®¤¥«¨) á¨£−�«®¢, ¯®«ãç¥−−ëå ¨§ á¢ï§�−−ëå
á ®à£�−¨§�æ¨¥© ÷� §®− ¬®§£�. „«ï ®æ¥−ª¨ á¨«ë ¢§�¨¬®¤¥©áâ¢¨ï §®− ¯®
ª®íää¨æ¨¥−â�¬ ¬®¤¥«¥© à�ááç¨âë¢�«�áì äã−ªæ¨ï ç�áâ−®© −�¯à�¢«¥−−®© ª®-
£¥à¥−â−®áâ¨ (Partial Directed Coherence, PDC), ®á−®¢�−−�ï −� ¯à¨ç¨−−®áâ¨
ƒà¥©−¤¦¥à�. ‘à�¢−¨â¥«ì−ë© �−�«¨§ ¤«ï ®æ¥−ª¨ á¨«ë ¢−ãâà¨ª®àª®¢ëå á¢ï§¥©
¡ë« ¯à®¢¥¤¥− á ¯®¬®éìî ¯�à−®£® áâ�â¨áâ¨ç¥áª®£® â¥áâ� “¨«ª®ªá®−�. ��©¤¥−�
§�¢¨á¨¬®áâì á¨«ë á¢ï§¥© ®â å�à�ªâ¥à� ¢ë¯®«−ï¥¬®© §�¤�ç¨.

Š«îç¥¢ë¥ á«®¢�: ��ƒ; äã−ªæ¨®−�«ì−�ï á¢ï§−®áâì; §à¨â¥«ì−�ï à�¡®ç�ï
¯�¬ïâì; PDC; ¢¥ªâ®à−�ï �¢â®à¥£à¥áá¨®−−�ï ¬®¤¥«ì; â¥áâ “¨«ª®ªá®−�; ¯à¨-
ç¨−−®áâì ƒà¥©−¤¦¥à�
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1 Введение

÷�¡®ç�ï ¯�¬ïâì | ¬−®£®ª®¬¯®−¥−â−�ï á¨áâ¥¬�, −¥áãé�ï äã−ªæ¨î ¢à¥¬¥−−®£®
åà�−¥−¨ï ¨−ä®à¬�æ¨¨ ¢ �ªâ¨¢−®¬ ¨ ¤®áâã¯−®¬ ¤«ï �−�«¨§� á®áâ®ï−¨¨. ÷�¡®ç�ï
¯�¬ïâì ¯à¨−¨¬�¥â ãç�áâ¨¥ ¢ ¬ëè«¥−¨¨ ç¥«®¢¥ª�, á«ã¦¨â á¢ï§ãîé¨¬ §¢¥−®¬
¬¥¦¤ã á¨áâ¥¬�¬¨ ¢®á¯à¨ïâ¨ï ¨ ¤®«£®¢à¥¬¥−−®© ¯�¬ïâìî, � å�à�ªâ¥à¨áâ¨ª¨ ÷�
®¯à¥¤¥«ïîâ áª®à®áâì ¨ ®¡ê¥¬ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨. ‚ á®áâ�¢¥ ÷� ¢ë¤¥«ï-
îâ §à¨â¥«ì−ãî ÷� | ¯®¤á¨áâ¥¬ã, ¨á¯®«ì§ãîéãîáï ¤«ï åà�−¥−¨ï §à¨â¥«ì−®©
¨−ä®à¬�æ¨¨ ¨ ¤«ï ¬�−¨¯ã«¨à®¢�−¨ï ¥î ¢ å®¤¥ ¢ë¯®«−¥−¨ï ¯®§−�¢�â¥«ì−ëå
§�¤�−¨© [1{3].

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¬¥å�−¨§¬ë ÷� �ªâ¨¢−® ¨§ãç�îâáï. •®âï ¡ë«� ¯®ª�§�-
−� ¢¥¤ãé�ï à®«ì ¯à¥äà®−â�«ì−ëå ®â¤¥«®¢ ª®àë £®«®¢−®£® ¬®§£� ¢ ®¡¥á¯¥ç¥−¨¨

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 18-07-00252) ¨ ¢ á®®â¢¥âáâ¢¨¨
á ¯à®£à�¬¬®© Œ®áª®¢áª®£® æ¥−âà� äã−¤�¬¥−â�«ì−®© ¨ ¯à¨ª«�¤−®© ¬�â¥¬�â¨ª¨.

1Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì-
−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨, yerofeyeva@bk.ru

2Œ®áª®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�, ä�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì-
−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨; ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£®
æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, tvzaharova@mail.ru
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‘â�â¨áâ¨ç¥áª¨© �−�«¨§ ¡¨®á¨£−�«®¢ ¯à¨ ¨§ãç¥−¨¨ §à¨â¥«ì−®© à�¡®ç¥© ¯�¬ïâ¨ ç¥«®¢¥ª�

äã−ªæ¨© ÷�, ¢á¥ ç�é¥ ¨áá«¥¤ãîâáï ¨ ¤àã£¨¥ §®−ë ¬®§£�. ‡� ¯®á«¥¤−¨¥ £®¤ë
−�ª®¯¨«®áì ¬−®¦¥áâ¢® íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå, á®£«�á−® ª®â®àë¬ ¯à¨ ¢ë-
¯®«−¥−¨¨ «î¤ì¬¨ §�¤�−¨©, âà¥¡ãîé¨å ÷�, �ªâ¨¢−®áâì −�¡«î¤�¥âáï −¥ â®«ìª®
¢ ¯à¥äà®−â�«ì−®©, −® ¨ ¢ §à¨â¥«ì−®©, â¥¬¥−−®©, ¢¨á®ç−®© ª®à¥ [4, 5]. –¥«ì ¤�−-
−®© à�¡®âë | ¨§ãç¥−¨¥ á¢ï§−®áâ¨ ¢ëè¥−�§¢�−−ëå §®− ¬®§£� ¨ ¨å ¢§�¨¬®¤¥©áâ¢¨ï
¯à¨ ã¤¥à¦�−¨¨ ¨−ä®à¬�æ¨¨ ¢ §à¨â¥«ì−®© ÷�.

2 Описание эксперимента

ˆáá«¥¤®¢�−¨¥ äã−ªæ¨®−�«ì−®© á¢ï§−®áâ¨ ¬®§£� ¡ë«® ¯à®¢¥¤¥−® ¯à¨ ¯®¬®é¨
á«¥¤ãîé¥£® íªá¯¥à¨¬¥−â�. �ªá¯¥à¨¬¥−â ¢ª«îç�« ¢ á¥¡ï ¤¢¥ á¥à¨¨ ¨á¯ëâ�−¨©:
ú��¡«î¤¥−¨¥û ¨ ú÷�¡®ç�ï ¯�¬ïâìû. Š�¦¤®¥ ¨á¯ëâ�−¨¥ ¯à¥¤¯®«�£�«® −�¡«î¤¥-
−¨¥ áâ¨¬ã«®¢ | ç¥à−®-¡¥«ëå ¨§®¡à�¦¥−¨© ¯àï¬®ã£®«ì−ëå à¥è¥â®ª á −�ª«®−®¬
«¨−¨© ¢ ¯¥à¢®© á¥à¨¨ ¨ âà®¥ª −¥¡®«ìè¨å ç¥à−ëå ªàã¦ª®¢ −� ¡¥«®¬ ä®−¥ ¢®
¢â®à®©. ˆ§®¡à�¦¥−¨ï áâ¨¬ã«®¢ ¯à¥¤áâ�¢«¥−ë −� à¨á. 1 ¨ 2.

‚ ú��¡«î¤¥−¨¨û ¤«ï ¨á¯ëâã¥¬ëå −¥ ¯à¥¤¯®«�£�«®áì ª®£−¨â¨¢−®© §�¤�ç¨.
‚ ú÷�¡®ç¥© ¯�¬ïâ¨û ¬®¤¥«¨à®¢�«¨áì á¨âã�æ¨¨ áà�¢−¥−¨ï ¨á¯ëâã¥¬ë¬ −®¢®©
¨ ã¤¥à¦¨¢�¥¬®© ¢ ¯�¬ïâ¨ ¨−ä®à¬�æ¨¨. ‚ á«ãç�©−®¬ ¯®àï¤ª¥ ¯à¥¤êï¢«ï«¨
¯�àë á®¢¯�¤�îé¨å ¨ −¥á®¢¯�¤�îé¨å áâ¨¬ã«®¢. ˆá¯ëâã¥¬ë© ¤®«¦¥− ¡ë«
§�¯®¬−¨âì ¯¥à¢ë© (íâ�«®−−ë©) áâ¨¬ã« ¢ ¯�à¥, áà�¢−¨âì ¥£® á® ¢â®àë¬ áâ¨¬ã«®¬
(â¥áâ®¢ë¬) ¨ ®¯à¥¤¥«¨âì, á®¢¯�¤�îâ «¨ ®−¨. �®«¥¥ ¯®¤à®¡−®¥ ®¯¨á�−¨¥ ¨á¯ëâ�−¨©
¯à¥¤áâ�¢«¥−® −� à¨á. 3 ¨ 4.

÷¨á. 1 ‘â¨¬ã«ë ¯¥à¢®© á¥à¨¨ | −�ª«®−−ë¥ à¥è¥âª¨

÷¨á. 2 ‘â¨¬ã«ë ¢â®à®© á¥à¨¨ | ¯�ââ¥à−ë ªàã¦ª®¢
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÷¨á. 3 ˆá¯ëâ�−¨¥ ¢ á¥à¨¨ ú��¡«î¤¥−¨¥û

÷¨á. 4 ˆá¯ëâ�−¨¥ ¢ á¥à¨¨ ú÷�¡®ç�ï ¯�¬ïâìû

3 Моделирование электроэнцефалограммы векторной
авторегрессионной моделью

Š«îç¥¢ãî à®«ì ¢ ¨áá«¥¤®¢�−¨¨ ¨£à�¥â VAR-¬®¤¥«¨à®¢�−¨¥. �� ®á−®¢¥
å�à�ªâ¥à¨áâ¨ª ¯®áâà®¥−−®© ¬®¤¥«¨ ¡ã¤¥â á¤¥«�− ¢ë¢®¤ ® áâ¥¯¥−¨ ¢«¨ï−¨ï ª�−�«®¢
¤àã£ −� ¤àã£�.

�¯¨è¥¬ á ¯®¬®éìî VAR-¬®¤¥«¨ ¯®àï¤ª� p ¬−®£®ª�−�«ì−ë© ¢à¥¬¥−−®© àï¤
í«¥ªâà®í−æ¥ä�«®£à�¬¬ë (��ƒ). �ãáâì ¤�− ®âà¥§®ª ®æ¨äà®¢�−−®© M-ª�−�«ì−®©
��ƒ ¤«¨â¥«ì−®áâìî N ®âáç¥â®¢:

X(t) = [X1(t), . . . ,XM (t)]
T .

’®£¤� X(t) ¨¬¥¥â ¢¨¤:

X(t) =

p∑

i=1

A(i)X(t − i) + E(t) ,

£¤¥ A(i)| ¬�âà¨æ� à�§¬¥à−®áâ¨ M ×M ; E(t)| ®è¨¡ª� ¯à¥¤áª�§�−¨ï, ¢¥ªâ®à
¡¥«®£® èã¬� à�§¬¥à� M ; p | ¯®àï¤®ª ¬®¤¥«¨.
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‘â�â¨áâ¨ç¥áª¨© �−�«¨§ ¡¨®á¨£−�«®¢ ¯à¨ ¨§ãç¥−¨¨ §à¨â¥«ì−®© à�¡®ç¥© ¯�¬ïâ¨ ç¥«®¢¥ª�

�«¥¬¥−â akm(i) ¬�âà¨æë A(i) ¯®ª�§ë¢�¥â, ª�ª®© ¢ª«�¤ ¢ â¥ªãé¥¥ §−�ç¥−¨¥
á¨£−�«� Xk(t) ¢−®á¨â á¨£−�« Xm(t − i). �®«−®¥ ¢«¨ï−¨¥ ª�−�«� m −� ª�−�« k
®¯à¥¤¥«ï¥âáï ¯®á«¥¤®¢�â¥«ì−®áâìî ª®íää¨æ¨¥−â®¢ akm(i) ¯à¨ i ∈ {1, . . . , p}.
…á«¨ ª®íää¨æ¨¥−âë à�¢−ë −ã«î ¤«ï ¢á¥å i, â® áç¨â�¥¬, çâ® ¢«¨ï−¨¥ ®âáãâáâ¢ã¥â.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯®áâà®¥−¨¥ VAR-¬®¤¥«¥© ¨¬¥¥â á¬ëá« «¨èì ¤«ï
áâ�æ¨®−�à−ëå á¨£−�«®¢, ª®â®àë¬ ��ƒ-á¨£−�« ¢ ®¡é¥¬ á«ãç�¥ −¥ ï¢«ï¥âáï. �¥-
áâ�æ¨®−�à−®áâì ��ƒ, ®¤−�ª®, −¥ ¨áª«îç�¥â ¯à¨¬¥−¥−¨ï VAR-¬®¤¥«¨à®¢�−¨ï:
¥á«¨ −�©¤¥âáï ¯à®¬¥¦ãâ®ª, ¢ ¯à¥¤¥«�å ª®â®à®£® á¨£−�« áâ�æ¨®−�à¥−, â® ¯®áâà®-
¥−−�ï −� −¥¬ VAR-¬®¤¥«ì ¡ã¤¥â ¤�¢�âì �¤¥ª¢�â−ë¥ à¥§ã«ìâ�âë. ‘¨£−�«ë á®
áâ�æ¨®−�à−ë¬¨ ¯à®¬¥¦ãâª�¬¨ −�§ë¢�îâáï «®ª�«ì−® áâ�æ¨®−�à−ë¬¨.

Šà®¬¥ â®£®, ¢�¦¥− ¢ë¡®à ¯®àï¤ª� VAR-¬®¤¥«¨, â. ¥. ç¨á«� â®ç¥ª ¢ ¯à®è«®¬,
ª®â®àë¥ ¡ã¤ãâ ¨á¯®«ì§®¢�âìáï ¤«ï ¯à¥¤áª�§�−¨ï ¡ã¤ãé¥£® á®áâ®ï−¨ï: VAR-
¬®¤¥«ì á ¬�«ë¬ ç¨á«®¬ §�¤¥à¦¥ª �¯¯à®ªá¨¬¨àã¥â ��ƒ −¥ª�ç¥áâ¢¥−−®, ¬®¤¥«¨
¢ëá®ª®£® ¯®àï¤ª� ¡®«¥¥ ¤¥â�«¨§¨à®¢�−ë, −® ç�áâ® −¥−�¤¥¦−ë [6].

„«ï −�å®¦¤¥−¨ï −�¨«ãçè¥£® ¯®àï¤ª� ¬®¤¥«¨ ¬®¦¥â ¨á¯®«ì§®¢�âìáï ªà¨â¥à¨©
�ª�¨ª¥ (AIC, Akaike's Information Criterion). „«ï äà�£¬¥−â� ¬−®£®ª�−�«ì−®©
��ƒ áâà®¨âáï á¥à¨ï VAR-¬®¤¥«¥© ®â 1-£® ¤® −¥ª®â®à®£® ¯®àï¤ª� Pm, §�¢¥¤®¬®
¯à¥¢®áå®¤ïé¥£® ®¯â¨¬�«ì−ë©. „«ï ª�¦¤®© ¬®¤¥«¨ ¯®àï¤ª� p ∈ {1, . . . , Pm}
®¯à¥¤¥«ï¥âáï ª®¢�à¨�æ¨®−−�ï ¬�âà¨æ� ®áâ�âª®¢ ›(p) ¨ ¢ëç¨á«ï¥âáï §−�ç¥−¨¥
äã−ªæ¨¨ AIC:

AIC (p) = N ln (det›(p)) + 2pM2.

‘ç¨â�¥âáï, çâ® ç¥¬ ¬¥−ìè¥ §−�ç¥−¨¥, â¥¬ «ãçè¥ ¬®¤¥«ì ®¯¨áë¢�¥â ¤�−−ë¥. �¤−�-
ª® ¢ ª�ç¥áâ¢¥ ®¯â¨¬�«ì−®£® ¯®àï¤ª� ¬®¤¥«¨ à¥ª®¬¥−¤ã¥âáï ¢ë¡¨à�âì «¨¡® â®çªã
¯¥à¢®£® «®ª�«ì−®£® ¬¨−¨¬ã¬� äã−ªæ¨¨AIC (p), «¨¡® ¢ á«ãç�¥ ¬®−®â®−−®£® ã¡ë-
¢�−¨ï äã−ªæ¨¨ ®£à�−¨ç¨¢�âì ¬�ªá¨¬�«ì−ë© ¯®àï¤®ª, −�¯à¨¬¥à, ¢¥«¨ç¨−®© [7]:

pmax <
3
√
N

M
. (1)

4 Расчет частной направленной когерентности

‚ ¯®á«¥¤−¨¥ £®¤ë ¯®¯ã«ïà−®áâì ¢ ¨áá«¥¤®¢�−¨¨ á¢ï§−®áâ¨ £®«®¢−®£® ¬®§£�
−�¡¨à�îâ ¬¥â®¤ë, ®á−®¢�−−ë¥ −� ¯à¨ç¨−−®áâ¨ ƒà¥©−¤¦¥à�. �à¨ç¨−−®áâì ƒà¥©−-
¤¦¥à� (Granger causality) | ®¤¨− ¨§ á¯®á®¡®¢ ¨áá«¥¤®¢�−¨ï ¢«¨ï−¨ï ¢à¥¬¥−−‚ëå
àï¤®¢ ¤àã£ −� ¤àã£�, ¯®§¢®«ïîé¨© −¥ â®«ìª® −�å®¤¨âì áªàëâë¥ ¢§�¨¬®¤¥©áâ¢¨ï
¨ ®æ¥−¨¢�âì ¨å á¨«ã, −® ¨ ®¯à¥¤¥«ïâì −�¯à�¢«¥−¨ï ¨å ¤¥©áâ¢¨ï. ˆ¤¥ï íâ®£®
¬¥â®¤� §�ª«îç�¥âáï ¢ ¯®áâà®¥−¨¨ ¯à¥¤áª�§�â¥«ì−ëå ¬®¤¥«¥©, ¨ ¥á«¨ ¬®¤¥«ì ¯à¨
ãç¥â¥ ¯à¥¤ë¤ãé¨å §−�ç¥−¨© −¥ª®â®à®£® ¢à¥¬¥−−‚®£® àï¤�X â®ç−¥¥ ¯à¥¤áª�§ë¢�¥â
¯®¢¥¤¥−¨¥ àï¤� Y , â® áç¨â�¥âáï, çâ® X ¢«¨ï¥â −� Y ¯® ƒà¥©−¤¦¥àã.

�à¨ ¨áá«¥¤®¢�−¨¨ ¢«¨ï−¨ï ®¤−®£® ª�−�«� −� ¤àã£®© ¬®¦¥â ¯®âà¥¡®¢�âìáï
§−�âì, ª�ª®© ¢ª«�¤ ¢−®á¨â ª�¦¤ë© à¨â¬. ÷¨â¬�¬¨ −�§ë¢�îâ í«¥ªâà¨ç¥áª¨¥
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ª®«¥¡�−¨ï £®«®¢−®£® ¬®§£�, á®®â¢¥âáâ¢ãîé¨¥ ®¯à¥¤¥«¥−−®¬ã ç�áâ®â−®¬ã ¤¨�¯�-
§®−ã. ‘ç¨â�¥âáï, çâ® ª�¦¤ë© à¨â¬ á®®â¢¥âáâ¢ã¥â −¥ª®â®à®¬ã á®áâ®ï−¨î ¬®§£�
¨ ®âà�¦�¥â ¯à®æ¥ááë, ª®â®àë¥ ¯à®¨áå®¤ïâ ¢ −¥¬. •�à�ªâ¥à¨áâ¨ª¨ à¨â¬� ¬®£ãâ
¡ëâì ®æ¥−¥−ë ¯ãâ¥¬ ¢ëç¨á«¥−¨ï ç�áâ®â−ëå å�à�ªâ¥à¨áâ¨ª ¥£® ¤¨�¯�§®−�.

‚ à�¬ª�å ¢¥ªâ®à−®© �¢â®à¥£à¥áá¨®−−®© ¬®¤¥«¨ ¢ ª�ç¥áâ¢¥ ¬¥àë ¢«¨ï−¨ï ¯®
ƒà¥©−¤¦¥àã ®¤−®£® ª�−�«� −� ¤àã£®© −� ç�áâ®â¥ f ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−�
PDC-äã−ªæ¨ï ç�áâ−®© −�¯à�¢«¥−−®© ª®£¥à¥−â−®áâ¨:

Pij(f) =
| Aij(f) |√∑M

k=1
| Akj(f) |2

,

£¤¥ Aij(f)| í«¥¬¥−â A(f):

Aij(f) =





1−
p∑

r=1

aij(r)e
−i2πfr, i = j;

p∑

r=1

aij(r)e
−i2πfr, i 6= j.

�«¥¬¥−âAij(f)¬�âà¨æëA(f) ¯®ª�§ë¢�¥â, ª�ª®© ç�áâ®â−®© ä¨«ìâà�æ¨¨ ¯®¤¢¥à£-
−¥âáï á¨£−�« Xj, ¯à¥¦¤¥ ç¥¬ áâ�âì ç�áâìî á¨£−�«� Xi. �®íâ®¬ã ¢¥«¨ç¨−ã Pij(f)
¬®¦−® à�áá¬�âà¨¢�âì ª�ª ¬¥àã ç�áâ®â−®£® −�¯à�¢«¥−−®£® ¢«¨ï−¨ï ª�−�«� j −� ª�-
−�« i, −®à¬¨à®¢�−−ãî −� á®¢®ªã¯−®¥ ¢«¨ï−¨¥ j −� ¢á¥ ª�−�«ë, ¢ª«îç�ï ª�−�«ë i
¨ ¥£® á�¬®£®.

5 Обработка данных и построение модели

ˆ§ §�¯¨á¥© ��ƒ ª�¦¤®£® ¨á¯ëâã¥¬®£® ¨áª«îç�«¨áì äà�£¬¥−âë á ä¨§¨®«®-
£¨ç¥áª¨¬¨ �àâ¥ä�ªâ�¬¨ ¨ á −¥¢¥à−ë¬¨ ®â¢¥â�¬¨. „�«¥¥ ¢ë¤¥«ï«¨áì ®âà¥§ª¨
¤«¨−®© 900 ¬á, á®®â¢¥âáâ¢ãîé¨¥ íâ�¯ã ã¤¥à¦�−¨ï ¨−ä®à¬�æ¨¨ ¢ ÷�, ¨ ¤«ï
ª�¦¤®£® á«�¡®áâ�æ¨®−�à−®£® 900-¬¨««¨á¥ªã−¤−®£® ®âà¥§ª� áâà®¨«�áì ¢¥ªâ®à−�ï
�¢â®à¥£à¥áá¨®−−�ï ¬®¤¥«ì.

‚ ª�ç¥áâ¢¥ ª�−�«®¢ ¬®¤¥«¨ ¢ ¯®«ãè�à¨ïå £®«®¢−®£® ¬®§£� ¡ë«¨ ¢ë¡à�−ë
á¨¬¬¥âà¨ç−ë¥ á¥−á®àë, á®®â¢¥âáâ¢ãîé¨¥ §�âë«®ç−®¬ã, â¥¬¥−−®¬ã, ¢¨á®ç−®¬ã
¨ «®¡−®¬ã ®â¤¥«�¬ ª®àë. ˆáå®¤ï ¨§ à�á¯®«®¦¥−¨ï í«¥ªâà®¤®¢, ¯�àë ¡ë«¨
à�§¤¥«¥−ë −� ¤«¨−−ë¥ (¯�àë á á¥−á®à�¬¨ «®¡−®£® ®â¤¥«� ª®àë) ¨ ª®à®âª¨¥ äã−ª-
æ¨®−�«ì−ë¥ á¢ï§¨. ‚á¥£® ®¡à�§®¢�−® 12 ¯�à á¥−á®à®¢: ¯® âà¨ ¯�àë ¤«¨−−ëå
¨ ª®à®âª¨å á¢ï§¥© ¢ ª�¦¤®¬ ¯®«ãè�à¨¨. �� à¨á. 5 ¨§®¡à�¦¥−ë á¢ï§¨, −�«®-
¦¥−−ë¥ −� áå¥¬ã ¬®−â�¦� í«¥ªâà®¤®¢ è«¥¬� ��ƒ. �® ¤�−−ë¬ ¨§ ¢ë¡à�−−ëå
í«¥ªâà®¤®¢ ¡ë«¨ à�ááç¨â�−ë ª®íää¨æ¨¥−âë �¢â®à¥£à¥áá¨®−−ëå ¬®¤¥«¥©.
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„«ï −�å®¦¤¥−¨ï ®¯â¨¬�«ì−®£® ¯®àï¤ª� VAR-¬®¤¥«¥© ¨§ ª�¦¤®£® íªá¯¥-
à¨¬¥−â� á«ãç�©−ë¬ ®¡à�§®¬ ¢ë¡¨à�«¨áì ¯à®¬¥¦ãâª¨, −� ª®â®àëå áâà®¨«�áì
äã−ªæ¨ï AIC (p) ¤«ï p ∈ {1, . . . , 20}. ‚ ª�¦¤®¬ íªá¯¥à¨¬¥−â¥ äã−ªæ¨¨ ¬®-
−®â®−−® ã¡ë¢�«¨ ¨ ¤«ï ¢á¥å ¢ë¡à�−−ëå p ¨å §−�ç¥−¨ï «¥¦�«¨ ¢ ¯à®¬¥¦ãâª¥
®â 3 ¤® 7. “ç¨âë¢�ï ¢¥àå−îî ®æ¥−ªã (1), ®âà¥§ª¨ ¤«ï ª�¦¤®£® íªá¯¥à¨¬¥−â�
¯à¨å®¤¨«®áì ¬®¤¥«¨à®¢�âì VAR-¬®¤¥«ï¬¨ 15-£® ¯®àï¤ª�.

Š®íää¨æ¨¥−âë ¬®¤¥«¥© ¨á¯®«ì§®¢�«¨áì ¤«ï ¢ëç¨á«¥−¨ï PD‘. �æ¥−ª¨ à�á-
áç¨âë¢�«¨áì ¤«ï ç�áâ®â−®£® ¤¨�¯�§®−� ®â 4 ¤® 30 ƒæ á è�£®¬ ¢ 0,5 ƒæ ¤«ï
¢á¥å áâ�æ¨®−�à−ëå 900-¬¨««¨á¥ªã−¤−ëå á¥£¬¥−â®¢, � §�â¥¬ ãáà¥¤−ï«¨áì ¯® −¨¬
¤«ï ª�¦¤®© ç�áâ®âë. �¯¨á�−−�ï ¢ëè¥ ¯à®æ¥¤ãà� ®æ¥−ª¨ ¡ë«� −¥®¡å®¤¨¬�
¤«ï ¨áª«îç¥−¨ï −¥®¤¨−�ª®¢®£® áâ�â¨áâ¨ç¥áª®£® á¬¥é¥−¨ï, ¢®§−¨ª�îé¥£® ¯à¨
áà�¢−¥−¨¨ ®æ¥−®ª, ¯®«ãç¥−−ëå ¤«ï ¢à¥¬¥−−‚ëå í¯®å à�§−®© ¤«¨â¥«ì−®áâ¨ [8, 9].
�®«ãç¥−−ë¥ §−�ç¥−¨ï äã−ªæ¨¨ ç�áâ−®© −�¯à�¢«¥−−®© ª®£¥à¥−â−®áâ¨ ãáà¥¤−ï-
«¨áì ¢ ç�áâ®â−ëå ¤¨�¯�§®−�å: θ (4{7,5 ƒæ), α (8{12,5 ƒæ), β1 (13{20,5 ƒæ) ¨ β2
(21{30 ƒæ).

’�ª ª�ª §−�ç¥−¨ï −�¯à�¢«¥−−®© ª®£¥à¥−â−®áâ¨ −¥ ï¢«ï«¨áì −®à¬�«ì−® à�á-
¯à¥¤¥«¥−−ë¬¨, áâ�â¨áâ¨ç¥áª¨© �−�«¨§ ¨å à�§«¨ç¨© ¤«ï ¯�à á¥−á®à®¢ ¢ §�¤�ç�å
−�¡«î¤¥−¨ï ¨ ã¤¥à¦�−¨ï ¢ ¯�¬ïâ¨ ¤«ï ª�¦¤®£® ¨§ â¨¯®¢ áâ¨¬ã«®¢ («¨−¨¨ ¨ ¯�â-
â¥à−ë) ¯à®¢®¤¨«áï á ¨á¯®«ì§®¢�−¨¥¬ ¯�à−®£® ªà¨â¥à¨ï “¨«ª®ªá®−� á ãà®¢−¥¬
§−�ç¨¬®áâ¨ α = 0,05.

6 Результаты

‚ à�¡®â¥ ¡ë« ¯à®¢¥¤¥− áà�¢−¨â¥«ì−ë© �−�«¨§ ¢−ãâà¨ª®àª®¢ëå á¢ï§¥© ¢ §�-
¤�ç¥ §à¨â¥«ì−®© à�¡®ç¥© ¯�¬ïâ¨ −� −�ª«®− «¨−¨© ¨ à�á¯®«®¦¥−¨¥ ¯�ââ¥à−®¢.
‘¢ï§¨ ®æ¥−¨¢�«¨áì −� íâ�¯¥ ã¤¥à¦�−¨ï §à¨â¥«ì−®£® áâ¨¬ã«� ¨ áà�¢−¨¢�«¨áì
á ª®àª®¢ë¬¨ á¢ï§ï¬¨ ¯à¨ ¯à®áâ®¬ −�¡«î¤¥−¨¨ íâ¨å ¦¥ áâ¨¬ã«®¢.

‘â�â¨áâ¨ç¥áª¨© �−�«¨§ ¯à®¢¥¤¥− á ¯®¬®éìî ¯�à−®£® â¥áâ� “¨«ª®ªá®−� á ãà®¢-
−¥¬ §−�ç¨¬®áâ¨ α = 0,05 ¨ á ãç¥â®¬ ¯®¯à�¢ª¨ •®«¬�{�®−ä¥àà®−¨ −� ¬−®¦¥-
áâ¢¥−−ë¥ áà�¢−¥−¨ï. ‚ à�¬ª�å ª�¦¤®© á¥à¨¨ ¤«ï ª�¦¤®£® ¯®«ãè�à¨ï ¯à®¢¥àï-
«®áì 48 £¨¯®â¥§.

‚ á¥à¨¨ −� ®à¨¥−â�æ¨¨ «¨−¨© á ãç¥â®¬ ¯®¯à�¢ª¨ •®«¬�{�®−ä¥àà®−¨ §−�-
ç¨¬ë¥ à¥§ã«ìâ�âë ¡ë«¨ ¯®«ãç¥−ë ¤«ï ®¡®¨å ¯®«ãè�à¨©. ‚ «¥¢®¬ ¯®«ãè�à¨¨
§−�ç¨¬ë¥ à�§«¨ç¨ï PDC ¡ë«¨ −�©¤¥−ë ¤«ï ¯�àë á¥−á®à®¢ F3 → T5 (−¨áå®¤ï-
é�ï á¢ï§ì ®â «®¡−®£® á¥−á®à� ª ¢¨á®ç−®¬ã) ¢ ¤¨�¯�§®−�å α, β1 ¨ β2 á pvalue,
à�¢−ë¬¨ 0,0003, 0,0001, 0,0001 á®®â¢¥âáâ¢¥−−®, � â�ª¦¥ ¤«ï ¯�àë F3 → P3
(−¨áå®¤ïé�ï á¢ï§ì ®â «®¡−®£® á¥−á®à� ª â¥¬¥−−®¬ã) ¢ ¤¨�¯�§®−�å θ ¨ β2 á pvalue,
à�¢−ë¬¨ 0,0006 ¨ 0,001.

‚ ¯à�¢®¬ ¯®«ãè�à¨¨ §−�ç¨¬®¥ à�§«¨ç¨¥ PDC ¡ë«® −�©¤¥−® ¤«ï ¯�àë á¥−-
á®à®¢ F4 → T6 (â�ª¦¥ −¨áå®¤ïé�ï á¢ï§ì ®â «®¡−®£® á¥−á®à� ª ¢¨á®ç−®¬ã)
¢ ¤¨�¯�§®−�å α ¨ β1 á pvalue, à�¢−ë¬¨ 0,001 ¨ 0,0007. �®«ãç¥−−ë¥ áâ�â¨áâ¨-
ç¥áª¨ §−�ç¨¬ë¥ á¢ï§¨, −�«®¦¥−−ë¥ −� áå¥¬ã ¬®−â�¦� í«¥ªâà®¤®¢ è«¥¬� ��ƒ,
¨§®¡à�¦¥−ë −� à¨á. 6.
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‘â�â¨áâ¨ç¥áª¨© �−�«¨§ ¡¨®á¨£−�«®¢ ¯à¨ ¨§ãç¥−¨¨ §à¨â¥«ì−®© à�¡®ç¥© ¯�¬ïâ¨ ç¥«®¢¥ª�

÷¨á. 6 ‚−ãâà¨ª®àª®¢ë¥ á¢ï§¨ á® §−�ç¨¬ë¬¨ à�§«¨ç¨ï¬¨ PDC ¯à¨ −�¡«î¤¥−¨¨
¨ ã¤¥à¦�−¨¨ ¨−ä®à¬�æ¨¨, −�«®¦¥−−ë¥ −� áå¥¬ã ¬®−â�¦� í«¥ªâà®¤®¢ è«¥¬� ��ƒ

‚ á¥à¨¨ −� ¯�ââ¥à−ë −¥ ¡ë«® ¯®«ãç¥−® §−�ç¨¬ëå à¥§ã«ìâ�â®¢ á ãç¥â®¬
¯®¯à�¢ª¨ •®«¬�{�®−ä¥àà®−¨ ª�ª ¤«ï «¥¢®£®, â�ª ¨ ¤«ï ¯à�¢®£® ¯®«ãè�à¨©.

7 Заключение

‚ ¤�−−®© à�¡®â¥ ¡ë« ¯à¨¬¥−¥− ¬¥â®¤ �¯¯à®ªá¨¬¨à®¢�−¨ï ��ƒ �¢â®à¥£à¥á-
á¨®−−®© ¬®¤¥«ìî. ‘ ¯®¬®éìî äã−ªæ¨¨ ç�áâ−®© −�¯à�¢«¥−−®© ª®£¥à¥−â−®áâ¨
¡ë«¨ ®¯à¥¤¥«¥−ë á¨«ë ¢«¨ï−¨ï ª�−�«®¢ ��ƒ ¤àã£ −� ¤àã£�. ˆá¯®«ì§®¢�−¨¥
â¥áâ� “¨«ªoªá®−� ¯®§¢®«¨«® ®æ¥−¨âì á¨«ã áâ�â¨áâ¨ç¥áª®© á¢ï§¨ ¬¥¦¤ã ª�−�«�-
¬¨ ��ƒ. ‚ §�¤�ç¥ §à¨â¥«ì−®© à�¡®ç¥© ¯�¬ïâ¨ −� ®à¨¥−â�æ¨¨ «¨−¨© −�©¤¥−ë
§−�ç¨¬ë¥ à�§«¨ç¨ï ¢ ãà®¢−¥ −¨áå®¤ïé¥© á¢ï§¨ ®â «®¡−®© ª ¢¨á®ç−®© ®¡«�áâ¨
¢ ®¡®¨å ¯®«ãè�à¨ïå. ’�ª¦¥ ¢ §�¤�ç¥ −� ®à¨¥−â�æ¨¨ «¨−¨© ¢ «¥¢®¬ ¯®«ãè�à¨¨
−�©¤¥−ë §−�ç¨¬ë¥ à�§«¨ç¨ï ¢ ãà®¢−¥ −¨áå®¤ïé¥© á¢ï§¨ ®â «®¡−®© ª â¥¬¥−−®©
®¡«�áâ¨. ’�ª¨¬ ®¡à�§®¬, ¢ à�¡®â¥ ¯®ª�§�−� §�¢¨á¨¬®áâì á¨«ë ¤«¨−−ëå á¢ï§¥©
®â å�à�ªâ¥à� ¢ë¯®«−ï¥¬®© §�¤�ç¨. �®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¬®£ãâ ¡ëâì ¯®«¥§−ë
¢ ¨§ãç¥−¨¨ ¡®«¥§−¥©, ¤«ï ª®â®àëå å�à�ªâ¥à−ë à�§«¨ç−ë¥ −�àãè¥−¨ï à�¡®ç¥©
¯�¬ïâ¨.
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Abstract: The article is devoted to EEG (electroencephalography) studying
of connectivity of cortical areas involved in keeping vision information in the

58 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2020 vol 30 no 4



Biosignal statistical analysis in the study of human visual working memory

working memory. There was used VAR-modeling for describing signals got from
connected with working memory brain zones. Brain connections were estimated
the based on Granger Causality Partial Directed Coherence (PDC) and then
compared by Wilcoxon signed-rank test. Connection intensity dependence on
the executing task was found.
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ПОСТРОЕНИЕ МОДЕЛЕЙ ПРОЦЕССА
С ПОМОЩЬЮ ПРОСТЫХ СЕТЕЙ ПЕТРИ∗

И. Ю. Терёхина1, А. А. Грушо2, Е. Е. Тимонина3, С. Я. Шоргин4

�−−®â�æ¨ï: –¥«ì ¤�−−®© à�¡®âë | ¨áá«¥¤®¢�−¨¥ ª«�áá� ¯à®áâëå á¥â¥©
�¥âà¨ ¤«ï ¬®¤¥«¨à®¢�−¨ï à�¡®ç¥£® ¯à®æ¥áá�. �®ª�§�−®, çâ® ¯à¨ ®âáãâáâ¢¨¨
®£à�−¨ç¥−¨ï −� ã−¨ª�«ì−®áâì §�¤�ç ¢ «®£¥ ¯®áâà®¨âì ª®àà¥ªâ−ãî ¬®¤¥«ì
à�¡®ç¥£® ¯à®æ¥áá� −¥ ¢á¥£¤� ã¤�¥âáï. ’�ª¦¥ ¯®ª�§�−®, çâ® ¥á«¨ ¢ ¬®¤¥«¨
¥áâì ¯¥à¥å®¤ë, ª®â®àë¥ −¥ á®®â¢¥âáâ¢ãîâ −¨ ®¤−®© §�¤�ç¥ «®£� à�¡®ç¥£®
¯à®æ¥áá�, â® ¢ ¬®¤¥«¨ à�¡®ç¥£® ¯à®æ¥áá� ¡ã¤ãâ −�àãè¥−ë ¯à¥¤¯®«®¦¥−¨ï
® ¢§�¨¬®á¢ï§¨ ¬¥¦¤ã §�¤�ç�¬¨ ¢ «®£¥ à�¡®ç¥£® ¯à®æ¥áá� ¨ ¬¥¦¤ã ¯¥à¥å®¤�¬¨
á®®â¢¥âáâ¢ãîé¥© á¥â¨ �¥âà¨.

Š«îç¥¢ë¥ á«®¢�: á¥âì �¥âà¨; ®¡−�àã¦¥−¨¥ ¯à®æ¥áá�; ¯®áâà®¥−¨¥ ¬®¤¥«¨
¯à®æ¥áá�

DOI: 10.14357/08696527200406

1 Введение

�®¤ â¥à¬¨−®¬ ¬�©−¨−£ (®¡−�àã¦¥−¨¥) ¯à®æ¥áá� ¯®−¨¬�¥âáï ¬¥â®¤ ¯®áâà®¥−¨ï
¬®¤¥«¨ ¯à®æ¥áá� ¨§ ¬−®¦¥áâ¢� ¯à¨¬¥à®¢ à¥�«¨§�æ¨¨ ¯à®æ¥áá�. ‡�¤�ç� ®¡−�àã-
¦¥−¨ï ¯à®æ¥áá� −¥ −®¢�, −® ¢á¥ ¥é¥ ®áâ�¥âáï �ªâã�«ì−®©. ‚ ª®−â¥ªáâ¥ à�¡®ç¨å
¯à®æ¥áá®¢ ¤�−−�ï §�¤�ç� ¢¯¥à¢ë¥ ¨§ãç�«�áì ¢ à�¡®â¥ [1], ¯®á«¥ ç¥£® ¯®ï¢¨«®áì
¬−®¦¥áâ¢® à�§«¨ç−ëå ¯®¤å®¤®¢ ª ¥¥ à¥è¥−¨î (á¬., −�¯à¨¬¥à, [2{6]).

�á−®¢−ë¥ ¯à¥¤¯®«®¦¥−¨ï, ª®â®àë¥, ª�ª ¯à�¢¨«®, −�ª«�¤ë¢�îâáï −� à�¡®ç¨©
¯à®æ¥áá ¨ ¥£® «®£:

{ ª�¦¤®¥ á®¡ëâ¨¥ ®â−®á¨âáï ª −¥ª®â®à®© §�¤�ç¥ (è�£ à�¡®ç¥£® ¯à®æ¥áá�);

{ ª�¦¤®¥ á®¡ëâ¨¥ ®â−®á¨âáï ª −¥ª®â®à®© à¥�«¨§�æ¨¨ à�¡®ç¥£® ¯à®æ¥áá�;

{ á®¡ëâ¨ï ã¯®àï¤®ç¥−ë (¯à¨â®¬ çâ® §�¤�ç¨ ¬®£ãâ ¨á¯®«−ïâìáï ¯�à�««¥«ì−®);

{ á®¡ëâ¨ï �â®¬�à−ë.

∗÷�¡®â� ç�áâ¨ç−® ¯®¤¤¥à¦�−� ÷””ˆ (¯à®¥ªâ 18-07-00274).
1”�ªã«ìâ¥â ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-

¢¥àá¨â¥â� ¨¬. Œ. ‚. ‹®¬®−®á®¢�, iteryokhina@cs.msu.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
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‚ à�¡®â¥ [6] ®¯¨áë¢�îâáï â¥å−¨ª¨ ¤«ï ®¡−�àã¦¥−¨ï ¬®¤¥«¥© à�¡®ç¨å ¯à®-
æ¥áá®¢ ¢ â¥à¬¨−�å á¥â¥© �¥âà¨ [7] ¨ ¯à¥¤«®¦¥− �«£®à¨â¬, ª®â®àë© ¬®¦¥â ®¡-
−�àã¦¨¢�âì à�¡®ç¨© ¯à®æ¥áá, ¯à¥¤áâ�¢«¥−−ë© ¥£® «®£®¬. ‘ç¨â�¥âáï [8], çâ®
¬®¤¥«¨à®¢�−¨¥ ¢ â¥à¬¨−�å á¥â¥© �¥âà¨ ¯®¬®£�¥â ¯®«ãç¨âì ¤®¯®«−¨â¥«ì−ãî ¨−-
ä®à¬�æ¨î ® áâàãªâãà¥ ¨ ¤¨−�¬¨ç¥áª®¬ ¯®¢¥¤¥−¨¨ ¬®¤¥«¨àã¥¬®© á¨áâ¥¬ë.

–¥«ì ¤�−−®© à�¡®âë | ¨áá«¥¤®¢�−¨¥ ¯à¥¤«®¦¥−−®£® ¢ à�¡®â¥ [6] ª«�áá� á¥â¥©
�¥âà¨ ¤«ï ¬®¤¥«¨à®¢�−¨ï à�¡®ç¥£® ¯à®æ¥áá�. �®ª�§�−®, çâ® ¯à¨ ®âáãâáâ¢¨¨
®£à�−¨ç¥−¨ï −� ã−¨ª�«ì−®áâì §�¤�ç ¢ «®£¥ ¯®áâà®¨âì ª®àà¥ªâ−ãî ¬®¤¥«ì à�¡®ç¥£®
¯à®æ¥áá� −¥ ¢á¥£¤� ã¤�¥âáï. ’�ª¦¥ ¯®ª�§�−®, çâ® ¥á«¨ ¢ ¬®¤¥«¨ ¥áâì ¯¥à¥å®¤ë,
ª®â®àë¥ −¥ á®®â¢¥âáâ¢ãîâ −¨ª�ª®© §�¤�ç¥ ¢ «®£¥, ¢ ç�áâ−®áâ¨ ¢á¯®¬®£�â¥«ì−ë¥
¯¥à¥å®¤ë AND-split, AND-join, OR-split, OR-join, â® −�àãè�îâáï â¥®à¥¬ë
à�¡®âë [6] ® ¢§�¨¬®á¢ï§¨ ¬¥¦¤ã §�¤�ç�¬¨ ¢ «®£¥ à�¡®ç¥£® ¯à®æ¥áá� ¨ ¬¥¦¤ã
¯¥à¥å®¤�¬¨ á®®â¢¥âáâ¢ãîé¥© á¥â¨ �¥âà¨. ’¥¬ á�¬ë¬ ¯®ª�§ë¢�ï, çâ® �«£®à¨â¬
®¡−�àã¦¥−¨ï ¯à®æ¥áá� ¯® «®£ã ¨§ à�¡®âë [6] ¡ã¤¥â à�¡®â�âì «¨èì ¤«ï ã§ª®£®
ª«�áá� à�¡®ç¨å ¯à®æ¥áá®¢, ¢ ª®â®àëå −¥â ¯®¢â®à®¢ §�¤�ç ¨ ãá«®¢¨© úˆ‹ˆû.

2 Необходимые свойства модели для ее обнаружения

�®¤ á¥âìî �¥âà¨ ¡ã¤¥¬ ¯®−¨¬�âì âà®©ªã N = (P, T, F ), £¤¥ P | ª®−¥ç−®¥
¬−®¦¥áâ¢® ¬¥áâ; T | ª®−¥ç−®¥ ¬−®¦¥áâ¢® ¯¥à¥å®¤®¢, P ∩T = ∅; F ⊆ (P ×T )∪
∪(T×P )| ¬−®¦¥áâ¢® −�¯à�¢«¥−−ëå −¥ªà�â−ëå ¤ã£, ®â−®è¥−¨¥ ¨−æ¨¤¥−â−®áâ¨.

„«ï ®¯¨á�−¨ï ¤¨−�¬¨ç¥áª®£® ¯®¢¥¤¥−¨ï á¥â¨ �¥âà¨ ¢¢®¤¨âáï ®¯à¥¤¥«¥−¨¥
à�§¬¥âª¨ −�¤ ¬−®¦¥áâ¢®¬ ¬¥áâ P . �¡ëç−® ¯®¤ à�§¬¥âª®© ¯®−¨¬�¥âáï ¬ã«ìâ¨¬-
−®¦¥áâ¢® ¬¥áâ ¨§ P [6]. ’�ª, §�¯¨áì s = {p1, p1, p2} ®§−�ç�«� ¡ë, çâ® ¢ á¥â¨ N
¥áâì 3 ¬¥âª¨, 2 ¨§ −¨å −�å®¤ïâáï −� ¬¥áâ¥ p1 ∈ P , ®¤−� ¬¥âª� áâ®¨â −� ¬¥áâ¥
p2 ∈ P . ‚ à�¬ª�å ¤�−−®© à�¡®âë ¡ã¤ãâ à�áá¬�âà¨¢�âìáï à�§¬¥âª¨, ¢ ª®â®àëå −�
ª�¦¤®¬ ¬¥áâ¥ á¥â¨ N ¬®¦¥â −�å®¤¨âìáï −¥ ¡®«¥¥ ®¤−®© ¬¥âª¨. ’�ª¨¬ ®¡à�§®¬,
à�§¬¥âª� s | íâ® ¬−®¦¥áâ¢® ¬¥áâ ¨§ P , −� ª®â®àëå ¥áâì ¬¥âª�.

�ãáâì N | ¬−®¦¥áâ¢® ¢á¥å à�§¬¥ç¥−−ëå á¥â¥© �¥âà¨, â. ¥. ¯�à ¢¨¤� (N, s).
‚ à�¡®â¥ [6] ¢¢®¤¨âáï àï¤ á¢®©áâ¢ ª®àà¥ªâ−®áâ¨, −�ª«�¤ë¢�¥¬ëå −� á¥âì

�¥âà¨ ¤«ï â®£®, çâ®¡ë ¬®¤¥«ì ¬®£«� ¡ëâì ®¡−�àã¦¥−� ¯® «®£ã à�¡®ç¥£® ¯à®æ¥áá�.
‚ ¤�−−®© à�¡®â¥ ¡ã¤¥â ¯à®¢¥¤¥− �−�«¨§ á®¢¬¥áâ¨¬®áâ¨ á¢®©áâ¢:

(1) −�¤¥¦−®áâ¨;

(2) §�¯à¥â� ¯®á«¥¤®¢�â¥«ì−®£® ¢ë¯®«−¥−¨ï ¢ á¥â¨ ª®−áâàãªæ¨© á¨−åà®−¨§�æ¨¨
¨ ¢ë¡®à�;

(3) ¯®«−®âë «®£� à�¡®ç¥£® ¯à®æ¥áá� ¤«ï à�áá¬�âà¨¢�¥¬®© á¥â¨;

(4) á®åà�−¥−¨ï ¢ á¥â¨ ®â−®è¥−¨ï ª�ã§�«ì−®áâ¨ ¬¥¦¤ã ¯¥à¥å®¤�¬¨, ¥á«¨ ¬¥¦¤ã
á®®â¢¥âáâ¢ãîé¨¬¨ §�¤�ç�¬¨ ¢ «®£¥ íâ® ®â−®è¥−¨¥ ¡ë«® ¢ë¯®«−¥−®.

‚¢¥¤¥¬ ®¯à¥¤¥«¥−¨ï ¨ áä®à¬ã«¨àã¥¬ â¥®à¥¬ã ¢ á®®â¢¥âáâ¢¨¨ á ¢ëè¥ã¯®¬ï-
−ãâë¬¨ á¢®©áâ¢�¬¨. „�«¥¥ ¡ã¤ãâ à�áá¬�âà¨¢�âìáï á¥â¨ �¥âà¨ N = (P, T, F )
á ®¤−¨¬ ¢å®¤−ë¬ ¨ ¢ëå®¤−ë¬ ¬¥áâ®¬ â�ª¨¥, çâ® ∀x, y ∈ P ∪ T, xF ∗y, £¤¥ F ∗ |
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�®áâà®¥−¨¥ ¬®¤¥«¥© ¯à®æ¥áá� á ¯®¬®éìî ¯à®áâëå á¥â¥© �¥âà¨

à¥ä«¥ªá¨¢−®¥ ¨ âà�−§¨â¨¢−®¥ §�¬ëª�−¨¥ ®â−®è¥−¨ï F . �«¥¬¥−âë ¨§ P ∪ T
¡ã¤¥¬ −�§ë¢�âì ã§«�¬¨. ‚¢¥¤¥¬ ®¡®§−�ç¥−¨ï ¢å®¤−ëå ¨ ¢ëå®¤−ëå ã§«®¢ ¤«ï
−¥ª®â®à®£® ã§«� x á¥â¨ N : (·x) = {y|(y, x) ∈ F}, (x·) = {y|(x, y) ∈ F}.

„¨−�¬¨ç¥áª®¥ ¯®¢¥¤¥−¨¥ á¥â¨ �¥âà¨ ®¯¨áë¢�¥âáï ¯à�¢¨«®¬ áà�¡�âë¢�−¨ï
¯¥à¥å®¤®¢.

�¯à¥¤¥«¥−¨¥ 1 (áà�¡�âë¢�−¨¥ ¯¥à¥å®¤®¢). �ãáâì (N = (P, T, F ), s) | á¥âì
�¥âà¨ á ¬¥âª�¬¨. �¥à¥å®¤ t ∈ T −�§ë¢�¥âáï �ªâ¨¢¨à®¢�−−ë¬, (N, s)[t〉, ¥á«¨
(·t) ⊆ s. �ãáâì t ∈ T | �ªâ¨¢¨à®¢�−−ë© ¯¥à¥å®¤ ¢ á¥â¨ N . ‘à�¡�âë¢�−¨¥
¯¥à¥å®¤� t ¯à¨¢®¤¨â á¥âìN á à�§¬¥âª®© s ª −®¢®© à�§¬¥âª¥ s∪(t·)\(·t) ®¡®§−�ç¥−¨¥
(N, s)[t〉(N, s ∪ (t·)\(·t)).
�¯à¥¤¥«¥−¨¥ 2 (¤®áâ¨¦¨¬ë¥ à�§¬¥âª¨). �ãáâì (N, s0) | à�§¬¥ç¥−−�ï á¥âì
�¥âà¨ ¨§ N. ÷�§¬¥âª� s −�§ë¢�¥âáï ¤®áâ¨¦¨¬®© ¨§ à�§¬¥âª¨ s0, ¥á«¨ áãé¥áâ¢ã¥â
¯®á«¥¤®¢�â¥«ì−®áâì �ªâ¨¢¨à®¢�−−ëå ¯¥à¥å®¤®¢, â�ª¨å çâ® ¨å ¯®á«¥¤®¢�â¥«ì−®¥
áà�¡�âë¢�−¨¥ ¯à¨¢¥¤¥â ¨§ à�§¬¥âª¨ s0 ¢ à�§¬¥âªã s. Œ−®¦¥áâ¢® ¤®áâ¨¦¨¬ëå
à�§¬¥â®ª (N, s0) ®¡®§−�ç�¥âáï [N, s0〉.

„�«¥¥ ¡ã¤ãâ à�áá¬�âà¨¢�âìáï á¥â¨ �¥âà¨ á ¤¢ã¬ï ¢ë¤¥«¥−−ë¬¨ ¬¥áâ�¬¨:
i ∈ P | ¢å®¤−®¥ ¬¥áâ® á¥â¨ ¨ o ∈ P | ¢ëå®¤−®¥ ¬¥áâ® á¥â¨. �à¥¤¯®«�£�¥âáï,
çâ® ¢ á¥âì N −®¢�ï ¬¥âª� ¬®¦¥â ¯®áâã¯�âì â®«ìª® −� ¢å®¤−®¥ ¬¥áâ® ¨ ¯®ª¨¤�âì
á¥âì â®«ìª® ç¥à¥§ ¢ëå®¤−®¥ ¬¥áâ® á¥â¨.

÷�áá¬®âà¨¬ ¯à¨¬¥à à�§¬¥ç¥−−®© á¥â¨ �¥âà¨ (N = (P, T, F ), {i}), £¤¥ P =
= {i, o, p1, p2}, T = {i, o, t1, t2}, F = {(i, t1), (t1, p1), (t1, p2), (p1, t2), (t2, o)}
(à¨á. 1). Œ¥âª� −� ¬¥áâ¥ i �ªâ¨¢¨àã¥â ¯¥à¥å®¤ t1. Œ−®¦¥áâ¢® ¢å®¤ïé¨å ¬¥áâ
¢ ¯¥à¥å®¤ t1 : (·t1) = {i}, ¬−®¦¥áâ¢® ¢ëå®¤ïé¨å ¬¥áâ (t1·) = {p1, p2}

�ãáâì áà�¡�âë¢�¥â ¯¥à¥å®¤ t1. ‘â®-

÷¨á. 1 ÷�§¬¥ç¥−−�ï á¥âì (N, {i}). �ªâ¨-
¢¨à®¢�−−ë© ¯¥à¥å®¤ ®â¬¥ç¥− §−�ª®¬ ú*û

¨â ®â¬¥â¨âì, çâ® ¥á«¨ ¢ á¥â¨ �¥âà¨ ¥áâì
−¥áª®«ìª® �ªâ¨¢¨à®¢�−−ëå ¯¥à¥å®¤®¢,
â® ¢ á«¥¤ãîé¨© ¬®¬¥−â ¢à¥¬¥−¨ ¬®-
¦¥â áà�¡®â�âì «î¡®¥ ¯®¤¬−®¦¥áâ¢® ¨§
−¨å [8]. ‚ ¤�−−®© à�¡®â¥ ¯à¥¤¯®«�£�-
¥âáï, çâ® ¢ ®¤¨− ¬®¬¥−â ¢à¥¬¥−¨ ¬®¦¥â
áà�¡®â�âì â®«ìª® ®¤¨− ¨§ �ªâ¨¢¨à®¢�−-
−ëå ¯¥à¥å®¤®¢. �® ¯à�¢¨«ã áà�¡�âë-
¢�−¨ï ¯¥à¥å®¤®¢ −®¢�ï à�§¬¥âª� ¤«ï á¥-
â¨ N ¯®á«¥ áà�¡�âë¢�−¨ï ¯¥à¥å®¤�: t1 : s ∪ (t·)\(·t) = {i} ∪ {p1, p2}\{i} =
= {p1, p2}, áâ�−®¢¨âáï �ªâ¨¢¨à®¢�−−ë¬ ¯¥à¥å®¤ t2 (à¨á. 2).

�ãáâì áà�¡�âë¢�¥â ¯¥à¥å®¤ t2. Œ−®¦¥áâ¢® ¢å®¤ïé¨å ¬¥áâ ¢ ¯¥à¥å®¤ t2:
(·t2) = {p1}, ¬−®¦¥áâ¢® ¢ëå®¤ïé¨å ¬¥áâ (t2·) = {o}. �®¢�ï à�§¬¥âª� ¯®á«¥ áà�-
¡�âë¢�−¨ï ¯¥à¥å®¤� t2 ¯® ¯à�¢¨«ã áà�¡�âë¢�−¨ï ¯¥à¥å®¤®¢: {p1, p2}∪{o}\{p1} =
= {p2, o} (à¨á. 3).

Œ−®¦¥áâ¢® ¤®áâ¨¦¨¬ëå à�§¬¥â®ª ¤«ï ¯à¨¬¥à� −� à¨á. 1: [N, {i}〉 =
= {{i}, {p1, p2}, {p2, o}}.

‘¢®©áâ¢® 1 ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 30 −®¬¥à 4 2020 63



ˆ. ā. ’¥àñå¨−�, �. �. ƒàãè®, …. …. ’¨¬®−¨−�, ‘. Ÿ. ˜®à£¨−

÷¨á. 2 ÷�§¬¥ç¥−−�ï á¥âì (N, {p1, p2}) ÷¨á. 3 ÷�§¬¥ç¥−−�ï á¥âì (N, {p2, o})

�¯à¥¤¥«¥−¨¥ 3 (á¢®©áâ¢® −�¤¥¦−®áâ¨). �ãáâì N = (P, T, F ) | á¥âì �¥âà¨
á ¢å®¤−ë¬ ¬¥áâ®¬ i ∈ P ¨ ¢ëå®¤−ë¬ ¬¥áâ®¬ o ∈ P . ‘¥âì N −�§ë¢�¥âáï
−�¤¥¦−®©, ¥á«¨ ¢ë¯®«−¥−ë á«¥¤ãîé¨¥ ãá«®¢¨ï:

{ ª®àà¥ªâ−®¥ §�¢¥àè¥−¨¥. „«ï ¢á¥å ¤®áâ¨¦¨¬ëå à�§¬¥â®ª ∀ s ∈ [N, {i}〉, ¥á«¨
o ∈ s, â® s = {o};

{ ®âáãâáâ¢¨¥ ¬¥àâ¢ëå §�¤�ç. Š�¦¤ë© ¨§ ¯¥à¥å®¤®¢ á¥â¨ N�ªâ¨¢¨àã¥âáï
¢ ª�ª®©-«¨¡® ¤®áâ¨¦¨¬®© à�§¬¥âª¥ (N, {i}).
�à¨¬¥à −� à¨á. 1 −¥ ®¡«�¤�¥â á¢®©áâ¢®¬ −�¤¥¦−®áâ¨, â�ª ª�ª −¥ ¢ë¯®«−¥−®

ãá«®¢¨¥ ª®àà¥ªâ−®£® §�¢¥àè¥−¨ï.
�¥à¥©¤¥¬ ª à�áá¬®âà¥−¨î á¢®©áâ¢� 2, ª�á�îé¥£®áï §�¯à¥é¥−−ëå ª®−áâàãª-

æ¨© (à¨á. 4). �â¨ ª®−áâàãªæ¨¨ á®®â¢¥âáâ¢ãîâ á¨âã�æ¨ï¬, ª®£¤� ¯à®¨áå®¤ïâ
¯®¤àï¤ ¢ë¡®à ¨ á¨−åà®−¨§�æ¨ï. �®¤ ¢ë¡®à®¬ ¢ ª®−â¥ªáâ¥ á¥â¥© �¥âà¨ ¯®−¨¬�¥â-

áï ª®−áâàãªæ¨ï, ª®£¤� ¨§ ®¤−®£® ¬¥áâ�

÷¨á. 4 ‡�¯à¥é¥−−ë¥ ª®−áâàãªæ¨¨ á®£«�á-
−® á¢®©áâ¢ã 2

¥áâì à¥¡à� ¢ −¥áª®«ìª® ¯¥à¥å®¤®¢. �®¤
á¨−åà®−¨§�æ¨¥© | ª®£¤� ¨§ −¥áª®«ìª¨å
¬¥áâ ¥áâì à¥¡à� ¢ ®¤¨− ¨ â®â ¦¥ ¯¥à¥å®¤.
’�ª¨¬ ®¡à�§®¬, à¨á. 4, � ®¯¨áë¢�¥â á¨-
âã�æ¨î úá¨−åà®−¨§�æ¨ï ¨ ¢ë¡®àû: á¨-
âã�æ¨ï ¢ë¡®à� §�¤�ç¨ (¬¥áâ® á ¬−®£¨-
¬¨ ¢ëå®¤−ë¬¨ ¯¥à¥å®¤�¬¨) −¥ ¤®«¦−�
¯à®¨áå®¤¨âì ®¤−®¢à¥¬¥−−® á á¨−åà®-
−¨§�æ¨¥© §�¤�ç (¯¥à¥å®¤ë á ¬−®£¨¬¨
¢å®¤−ë¬¨ ¬¥áâ�¬¨). ÷¨áã−®ª 4, ¡ ®¯¨-
áë¢�¥â á¨âã�æ¨î ú¢ë¡®à ¨ á¨−åà®−¨-

§�æ¨ïû: ¥á«¨ ¯à®¨áå®¤¨â á¨−åà®−¨§�æ¨ï §�¤�ç (¯¥à¥å®¤ á ¬−®£¨¬¨ ¢å®¤−ë¬¨
¬¥áâ�¬¨), â® ¢á¥ ¯à¥¤è¥áâ¢ãîé¨¥ ¥© §�¤�ç¨ ¤®«¦−ë ¡ëâì ¢ë¯®«−¥−ë, â. ¥.
á¨−åà®−¨§�æ¨ï §�¤�ç −¥ ¤®«¦−� ¯à®¨áå®¤¨âì áà�§ã ¯®á«¥ ®¯¥à�æ¨¨ úˆ‹ˆû.
�¯à¥¤¥«¥−¨¥ 4 (áâàãªâãà¨à®¢�−−�ï á¥âì �¥âà¨). N = (P, T, F ) | áâàãªâãà¨-
à®¢�−−�ï á¥âì �¥âà¨, ¥á«¨ ∀ p ∈ P,∀ t ∈ T , £¤¥ (p, t) ∈ F , ¢ë¯®«−¥−®:

{ ¥á«¨ |(p·)| > 1, â® |(·t)| = 1;
{ ¥á«¨ |(·t)| > 1, â® |(·p)| = 1;
{ ¢ á¥â¨ −¥â −¥ï¢−ëå ¬¥áâ. Œ¥áâ® p ∈ P −�§ë¢�¥âáï −¥ï¢−ë¬, ¥á«¨ ¤«ï ¢á¥å

¤®áâ¨¦¨¬ëå à�§¬¥â®ª s′ ∈ [N, s〉 ¨ ¯¥à¥å®¤®¢ t ∈ (p·) ¢ë¯®«−¥−®: ¥á«¨
s′ ⊆ (·t)\{p}, â® s′ ⊆ (·t).
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�®áâà®¥−¨¥ ¬®¤¥«¥© ¯à®æ¥áá� á ¯®¬®éìî ¯à®áâëå á¥â¥© �¥âà¨

„«ï ®¯¨á�−¨ï á¢®©áâ¢� 3 −¥®¡å®¤¨¬® ¢¢¥áâ¨ ¤®¯®«−¨â¥«ì−ë¥ ®¯à¥¤¥«¥−¨ï
®â−®è¥−¨© ¯®àï¤ª� ¬¥¦¤ã §�¤�ç�¬¨ ¢ «®£¥ ¨ áà�¡�âë¢�îé¥© ¯®á«¥¤®¢�â¥«ì−®áâ¨
¢ á¥â¨ �¥âà¨.

�ãáâì T | ª®−¥ç−®¥ ¬−®¦¥áâ¢® §�¤�ç, â®£¤� σ ∈ T ∗ | âà�áá�, W ⊆ T ∗ |
«®£.
�¯à¥¤¥«¥−¨¥ 5 (®â−®è¥−¨¥ ¯®àï¤ª� ¬¥¦¤ã §�¤�ç�¬¨ ¢ «®£¥). �ãáâì W | «®£
−�¤ T , ¨ a, b ∈ T . ’®£¤�:

{ a >W b (a ¯à¥¤è¥áâ¢ã¥â b), ¥á«¨ ∃σ = t1, . . . , tn−1 ¨ i ∈ {1, . . . , n−2} â�ª¨¥,
çâ® σ ∈W ¨ ti = a, ti+1 = b;

{ a→W b (¯àï¬®¥ ª�ã§�«ì−®¥ ®â−®è¥−¨¥), ¥á«¨ a >W b ¨ b 6>W a;
{ a#W b (§�¤�ç¨ −¥ ¢áâà¥ç�îâáï ¢¬¥áâ¥), ¥á«¨ a 6>W b ¨ b 6>W a;
{ a‖W b (¯®â¥−æ¨�«ì−ë© ¯�à�««¥«¨§¬), ¥á«¨ a >W b ¨ b >W a.

�¯à¥¤¥«¥−¨¥ 6 (áà�¡�âë¢�îé�ï ¯®á«¥¤®¢�â¥«ì−®áâì). �ãáâì ¤�−� à�§¬¥ç¥−−�ï
á¥âì (N = (P, T, F ), s0). �®á«¥¤®¢�â¥«ì−®áâì ¯¥à¥å®¤®¢ σ ∈ T ∗ −�§ë¢�¥âáï
áà�¡�âë¢�îé¥© ¤«ï (N, s0), ¥á«¨ ∃n ∈ N â�ª®¥, çâ® áãé¥áâ¢ãîâ à�§¬¥âª¨
s1, . . . , sn ¨ ¯¥à¥å®¤ë t1, . . . , tn ∈ T â�ª¨¥, çâ® σ = t1, . . . , tn ¨ ¤«ï ¢á¥å i,
0 ≤ i < n ¯¥à¥å®¤ ti+1 �ªâ¨¢¨à®¢�− ¢ à�§¬¥ç¥−−®© á¥â¨ (N, si) ¨ si+1 = si ∪
∪ (ti+1·)\(·ti+1). �¡®§−�ç¥−¨¥: (N, s0)[σ〉 ‘à�¡�âë¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ σ
¢¥¤¥â ª à�§¬¥âª¥ sn, ®¡®§−�ç¥−¨¥: (N, s0)[σ〉(N, sn).

’�ª, ¢ ¯à¨¬¥à¥ −� à¨á. 1 áà�¡�âë¢�îé¥© ¡ã¤¥â ¯®á«¥¤®¢�â¥«ì−®áâì
σ = {t1, t2} ¨ ¯®á«¥ áà�¡�âë¢�−¨ï à�§¬¥âª� {i} ¯¥à¥©¤¥â ¢ à�§¬¥âªã
{p2, o}, (N, {i})[δ〉(N, {p2 , o}).

�¯à¥¤¥«¨¬ á¢®©áâ¢® 3.
�¯à¥¤¥«¥−¨¥ 7 (¯®«−®â� «®£� à�¡®ç¥£® ¯à®æ¥áá�). �ãáâì N = (P, T, F ) |
−�¤¥¦−�ï á¥âì �¥âà¨. W | «®£ à�¡®ç¥£® ¯à®æ¥áá� ¤«ï á¥â¨ N , ¥á«¨ W ⊆ T ∗

¨ ∀σ ∈ W | áà�¡�âë¢�îé�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¢ N , −�ç¨−�ï á à�§¬¥âª¨ {i}
¨ §�ª�−ç¨¢�ï à�§¬¥âª®© {o}. W | ¯®«−ë© «®£ à�¡®ç¥£® ¯à®æ¥áá� ¤«ï á¥â¨ N ,
¥á«¨:

{ W | «®£ à�¡®ç¥£® ¯à®æ¥áá�;
{ ¤«ï «î¡®£® ¤àã£®£® «®£� à�¡®ç¥£® ¯à®æ¥áá� W ′ á¥â¨N ¢ë¯®«−¥−®: >′

W⊆>W ;
{ ∀ t ∈ T ∃σ ∈ W : t ∈ σ | ¢á¥ ¯¥à¥å®¤ë ¯®ªàë¢�îâáï −¥ª®â®à®© áà�¡�âë¢�-

îé¥© ¯®á«¥¤®¢�â¥«ì−®áâìî.

‘¢®©áâ¢® 4 ä®à¬ã«¨àã¥âáï â¥®à¥¬®© ¢ à�¡®â¥ [6]. ˆ§ â¥®à¥¬ë 1 á«¥¤ã¥â, çâ®
¥á«¨ áãé¥áâ¢ã¥â ª�ã§�«ì−®¥ ®â−®è¥−¨¥ ¬¥¦¤ã §�¤�ç�¬¨ á®£«�á−® «®£ã à�¡®ç¥£®
¯à®æ¥áá�, â® ¢ á®®â¢¥âáâ¢ãîé¥© á¥â¨ �¥âà¨ áãé¥áâ¢ã¥â ¬¥áâ®, á®¥¤¨−ïîé¥¥
¯¥à¥å®¤ë, á®®â¢¥âáâ¢ãîé¨¥ íâ¨¬ ¤¢ã¬ §�¤�ç�¬.
’¥®à¥¬� 1 [6]. �ãáâì N = (P, T, F ) | −�¤¥¦−�ï á¥âì �¥âà¨ ¨ W | ¯®«−ë©
«®£ à�¡®ç¥£® ¯à®æ¥áá� ¤«ï á¥â¨ N . „«ï ¢á¥å a, b ∈ T â�ª¨å, çâ® a →W b,
á«¥¤ã¥â

(a·) ∩ (·b) 6= ∅ .
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3 Описание рабочего процесса

÷�áá¬�âà¨¢�¥âáï §�¤�ç� ¯®áâà®¥−¨ï ¬®¤¥«¨ à�¡®ç¥£® ¯à®æ¥áá�, ª®â®àë© ¯à¥¤-
áâ�¢«¥− «®£®¬ W . …á«¨ â�ª�ï ¬®¤¥«ì à�¡®ç¥£® ¯à®æ¥áá� ¡ã¤¥â ¯®áâà®¥−�, â® ¤«ï
−¥¥ ¡ã¤¥â ¯à¨¬¥−¨¬ �«£®à¨â¬ ¯¥à¥®¡−�àã¦¥−¨ï ¯à®æ¥áá�, ¯à¥¤«®¦¥−−ë© ¢ à�-
¡®â¥ [6]. ‚ ¤�−−®© à�¡®â¥ ¯à¨¢¥¤¥− ¯à¨¬¥à à�¡®ç¥£® ¯à®æ¥áá�, á®áâ®ïé¥£® ¨§
ç¥âëà¥å §�¤�ç, ¤«ï ª®â®à®£® ¢ â¥à¬¨−�å ¯à¥¤«®¦¥−−®£® ¢ à�¡®â¥ [6] ¬�â¥¬�â¨ç¥-
áª®£® �¯¯�à�â� −¥ ã¤�¥âáï ¯®áâà®¨âì ª®àà¥ªâ−ãî ¬®¤¥«ì, ¥á«¨ ¯®¤ ª®àà¥ªâ−®áâìî
¯®−¨¬�¥âáï −�«¨ç¨¥ å®âï ¡ë ç¥âëà¥å á¢®©áâ¢, ®¯¨á�−−ëå ¢ à�§¤. 2.

÷�áá¬®âà¨¬ ¯à®æ¥áá, á®áâ®ïé¨©:

{ ¨§ §�¤�ç¨ A, ª®â®à�ï ¢á¥£¤� ¢ë¯®«−ï¥âáï ¢ −�ç�«¥;

{ ¨§ ¡«®ª� úˆ‹ˆû: «¨¡® §�¤�ç� A, «¨¡® §�¤�ç� B, «¨¡® −¨ª�ª®© §�¤�ç¨;

{ ¨§ §�¤�ç C ¨ D, ª®â®àë¥ ¢á¥£¤� ¢ë¯®«−ïîâáï ¢ ª®−æ¥.

÷�áá¬®âà¨¬ ¯®«−ë© «®£ ¤«ï â�ª®£® ¯à®æ¥áá�: W = {ACD,AACD,ABCD}.
‘¯à�¢¥¤«¨¢ë¥ ®â−®è¥−¨ï ¤«ï «®£� W :

{ ®â−®è¥−¨¥ ¯à¥¤è¥áâ¢¨ï ¬¥¦¤ã ¤¥©áâ¢¨ï¬¨ (§�¤�ç�¬¨, ¯¥à¥å®¤�¬¨ ¢ á¥â¨
�¥âà¨): A >W A, A >W B, A >W C, B >W C ¨ C >W D;

{ ¯àï¬®¥ ª�ã§�«ì−®¥ ®â−®è¥−¨¥: A→W B, A→W C, B →W C ¨ C →W D;

{ ®â−®è¥−¨¥ ¯�à�««¥«¨§¬�: A‖WA;

{ §�¤�ç¨ −¥ ¢áâà¥ç�îâáï ¢¬¥áâ¥ (á¨¬¬¥âà¨ç−®¥ ®â−®è¥−¨¥, ¤«ï ªà�âª®áâ¨ −¥
¯à¨¢¥¤¥−ë §�¯¨á¨ ¢¨¤� bRa, ¥á«¨ ¥áâì §�¯¨áì aRb): A#WD, B#WB,
B#WD, C#WC ¨ D#WD.

4 Модели рабочего процесса

÷�áá¬®âà¨¬ ¢®§¬®¦−ë¥ á¥â¨ �¥âà¨ ¤«ï «®£� W á æ¥«ìî ¨å ¨áá«¥¤®¢�−¨ï −�
−�«¨ç¨¥ ç¥âëà¥å á¢®©áâ¢, ¢¢¥¤¥−−ëå ¢ à�§¤. 2. Œ®¦−® à�áá¬�âà¨¢�âì á¥â¨ �¥âà¨,
ª®â®àë¥ ¯à¥¤áâ�¢«¥−ë ¢ ¤�−−®¬ à�§¤¥«¥, ª�ª ¯®â¥−æ¨�«ì−ë¥ ¬®¤¥«¨ ¯à®æ¥áá�,
â�ª ª�ª âà�ááë «®£� W ¬®£ãâ ¡ëâì ¯®à®¦¤¥−ë íâ¨¬¨ á¥âï¬¨. ˆ«¨, ¤àã£¨¬¨
á«®¢�¬¨, á¥â¨ N1, N3, N4 ¨ N5 ¬®¤¥«¨àãîâ «®£ W . ‘¥âì N2 ¯à¥¤áâ�¢«¥−�

÷¨á. 5 ‘¥âì N1 ¤«ï «®£� W
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ª�ª ¯à¨¬¥à −¥¢¥à−®© à�¡®âë á«®¦−ëå ¡«®ª®¢ OR-split ¨ OR-join ¢ ª«�áá¥ á¥â¥©
�¥âà¨, ¯à¥¤«�£�¥¬ëå �¢â®à�¬¨ [6].

÷�áá¬®âà¨¬ á¥âì �¥âà¨ N1 (à¨á. 5) −� −�«¨ç¨¥ á¢®©áâ¢, ®¯à¥¤¥«¥−−ëå
¢ à�§¤. 2.
“â¢¥à¦¤¥−¨¥ 1. ‘¥âì N1 −�¤¥¦−�.

„ ® ª � § � â ¥ « ì á â ¢ ® . �à®¢¥àª� á¢®©áâ¢ ¯® ®¯à¥¤¥«¥−¨î −�¤¥¦−®áâ¨.

1. Š®àà¥ªâ−®¥ §�¢¥àè¥−¨¥. ’�ª ª�ª ¢ á¥â¨ N1 −¥â ¯¥à¥å®¤®¢, ã¢¥«¨ç¨¢�îé¨å
ç¨á«® ¬¥â®ª (¯¥à¥å®¤ á −¥áª®«ìª¨¬¨ ¢ëå®¤−ë¬¨ ¬¥áâ�¬¨), â® ¥á«¨ ¢ à�§¬¥â-
ª¥ {i} ¡ë«� 1 ¬¥âª� ¨ íâ� ¬¥âª� ¤®©¤¥â ¤® ¢ëå®¤−®£® ¬¥áâ�, â® ®−� ¡ã¤¥â
¥¤¨−áâ¢¥−−®©.

2. �âáãâáâ¢¨¥ ¬¥àâ¢ëå ¯¥à¥å®¤®¢. ’à�áá� ABCD �ªâ¨¢¨àã¥â ª�¦¤ë© ¨§
¯¥à¥å®¤®¢ á¥â¨ N1. �®áâà®¥−−�ï á¥âì N1 −¥ ï¢«ï¥âáï áâàãªâãà¨à®¢�−−®©
á¥âìî (á¢®©áâ¢® 2), â�ª ª�ª á®¤¥à¦¨â ®¡¥ §�¯à¥é¥−−ë¥ ª®−áâàãªæ¨¨ (á¬.
à¨á. 4). �� à¨á. 6 ¨ 7 à¥¡à� á¥â¨, −¥ ãç�áâ¢ãîé¨¥ ¢ ¤¥¬®−áâà�æ¨¨ −�àãè¥−¨ï,
¨§®¡à�¦¥−ë ¯ã−ªâ¨à−ë¬¨ áâà¥«ª�¬¨, � à¥¡à�, ¤¥¬®−áâà¨àãîé¨¥ −�àãè¥−¨¥
ãá«®¢¨ï, | â®«áâë¬¨:

{ −�àãè¥−¨¥ ãá«®¢¨ï ∀(p, t) ∈ F , ¥á«¨ |(p·)| > 1, â® |(·t)| = 1 (á¬. à¨á. 6);

{ −�àãè¥−¨¥ ãá«®¢¨ï ∀(p, t) ∈ F , ¥á«¨ |(·t)| > 1, â® |(·p)| = 1 (á¬. à¨á. 7).

÷¨á. 6 ‘¨−åà®−¨§�æ¨ï ¨ ¢ë¡®à ¢ á¥â¨N1 ÷¨á. 7 ‚ë¡®à ¨ á¨−åà®−¨§�æ¨ï ¢ á¥â¨N1

‹¥£ª® ¢¨¤¥âì, çâ® á¥âì ¬®¤¥«¨àã¥â ¡®«ìè¥¥ ç¨á«® âà�áá, ç¥¬ ¯à¥¤áâ�¢«¥−®
¢ «®£¥ W . ��¯à¨¬¥à, áà�¡�âë¢�îé¨¬¨ ¯®á«¥¤®¢�â¥«ì−®áâï¬¨ ¡ã¤ãâ âà�ááë
A . . . ACD, AB . . . BCD, ª®â®àëå −¥â ¢ «®£¥ W . ’�ª¨¬ ®¡à�§®¬, á¥âì −¥
®¡«�¤�¥â á¢®©áâ¢®¬ 3 (¯®«−®âë «®£�).

“ á¥â¨N1 −�«¨æ® á¢®©áâ¢® 4, â�ª ª�ª ¤«ï ª�¦¤®© ¯�àë §�¤�ç ¢ «®£¥W , ¬¥¦¤ã
ª®â®àë¬¨ ¥áâì ª�ã§�«ì−®¥ ®â−®è¥−¨¥, ¬¥¦¤ã á®®â¢¥âáâ¢ãîé¨¬¨ ¯¥à¥å®¤�¬¨
áãé¥áâ¢ã¥â ¬¥áâ®.

�¢â®àë à�¡®âë [6] ¯®«�£�îâ, çâ® áâàãªâãà¨à®¢�−−ë¥ á¥â¨ ¯®¤¤¥à¦¨¢�îâ
á«®¦−ë¥ ¡«®ª¨ ¢¨¤� OR-split, OR-join, AND-split ¨ AND-join. ’�ª ª�ª
¢ «®£¥ W ¥áâì ª®−áâàãªæ¨ï úˆ‹ˆû, ¯®áâà®¨¬ á¥âì �¥âà¨ N2 á ¯¥à¥å®¤�¬¨
OR-split ¨ OR-join (à¨á. 8).

‚ à�áá¬�âà¨¢�¥¬®¬ ª«�áá¥ á¥â¥© �¥âà¨ ãá«®¢¨ï úˆû ¨ úˆ‹ˆû ¬®¤¥«¨àãîâáï
á ¯®¬®éìî á«¥¤ãîé¨å ª®−áâàãªæ¨© [7] (à¨á. 9).
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÷¨á. 8 ‘¥âì N2 ¤«ï «®£� W

÷¨á. 9 Š®−áâàãªæ¨¨ ¯�à�««¥«ì−®£® ¨á¯®«−¥−¨ï (ãá«®¢¨¥ úˆû) (�) ¨ úrace conditionû
(ãá«®¢¨¥ úˆ‹ˆû) (¡)

’�ª¨¬ ®¡à�§®¬, ¡¥§ −�«®¦¥−¨ï ¤®¯®«−¨â¥«ì−ëå ãá«®¢¨© −� ¯¥à¥å®¤ë
OR-split ¨ OR-join ¢ á¥â¨ N2 íâ¨ ¯¥à¥å®¤ë ¡ã¤ãâ ¬®¤¥«¨à®¢�âì ãá«®¢¨¥ úˆû,
� −¥ ãá«®¢¨¥ úˆ‹ˆû, â. ¥. á¥âì N2 ¡ã¤¥â ¬®¤¥«¨à®¢�âì −¥ «®£ W , � «®£ W ′ =
= {AABCD,ABACD} ÷¥è¥−¨¥ ¤�−−®© ¯à®¡«¥¬ë ¬®¦¥â §�ª«îç�âìáï ¢ à�á-
á¬®âà¥−¨¨ ¡®«¥¥ á«®¦−®£® ª«�áá� á¥â¥© �¥âà¨ á −�«®¦¥−¨¥¬ ãá«®¢¨© −� ¯¥à¥å®¤ë,
−�¯à¨¬¥à ª«�áá ¨−£¨¡¨â®à−ëå á¥â¥© �¥âà¨.

÷�áá¬®âà¨¬ ¯®«−ë© «®£ W ′ ¤«ï á¥â¨ N2. ‚ á¥â¨ N2 ¥áâì á«®¦−ë¥ ¯¥à¥å®¤ë
OR-split ¨ OR-join (ª®â®àë¥ à�¡®â�îâ ¢ â®ç−®áâ¨, ª�ª AND-split ¨ AND-join),
¨ â�ª�ï á¥âì ¢á¥ à�¢−® −¥ ¡ã¤¥â ª®àà¥ªâ−®©, â�ª ª�ª −¥ ®¡«�¤�¥â á¢®©áâ¢®¬ 4:

{ «®£ W ′ −¥ ¯®¤à�§ã¬¥¢�¥â −�«¨ç¨ï ¤®¯®«−¨â¥«ì−ëå ¯¥à¥å®¤®¢, ªà®¬¥ ãª�§�−-
−ëå ¢ «®£¨ª¥ ¯à®æ¥áá� §�¤�ç (¢ ç�áâ−®áâ¨, §�¤�ç OR-split ¨ OR-join), ®âªã¤�
−¥ ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥−® ¡®«¥¥ ¯®«−®¥ ª�ã§�«ì−®¥ ®â−®è¥−¨¥ → (çâ®¡ë
¯®ï¢¨«¨áì ª®−áâàãªæ¨¨ ¢¨¤� A→ OR-join);

{ ¢ «®£¥ W ′ á¯à�¢¥¤«¨¢® ª�ã§�«ì−®¥ ®â−®è¥−¨¥ B →W ′ C, −® ¯à¨ íâ®¬
¢ á¥â¨ N2, ¢ áà�¡�âë¢�îé¨å à�§¬¥âª�å, ¬¥âª� ¬®¦¥â −�å®¤¨âìáï «¨¡® ¬¥¦¤ã
¯¥à¥å®¤�¬¨ B ¨ OR-join (à¨á. 10), ¢ â�ª®¬ á«ãç�¥ (·C) = ∅, ®âªã¤� (B·) ∩
∩ (·C) = ∅, «¨¡® ¬¥âª� ¬®¦¥â −�å®¤¨âìáï ¬¥¦¤ã ¯¥à¥å®¤�¬¨ OR-join ¨ C
(à¨á. 11), ¢ â�ª®¬ á«ãç�¥ (B·) = ∅, ®âªã¤� (B·) ∩ (·C) = ∅.
ˆá¯®«ì§ã¥¬ ª®−áâàãªæ¨î úˆ‹ˆû á à¨á. 9, ¡ ¨ ¯®áâà®¨¬ −®¢ãî á¥âì �¥âà¨N3

¡¥§ ¯¥à¥å®¤®¢ OR-split ¨ OR-join (à¨á. 12). �á−®¢−®© ¯à®¡«¥¬®© ®áâ�¥âáï
¬®¤¥«¨à®¢�−¨¥ ¯ãáâ®£® ¯¥à¥å®¤� ¢ ãá«®¢¨¨ úˆ‹ˆû, â�ª ª�ª ¬¥áâ� ¢ á¥âïå �¥âà¨
−¥ ¬®£ãâ ¡ëâì á®¥¤¨−¥−ë á ¬¥áâ�¬¨.
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÷¨á. 10 —�áâì á¥â¨ N2 ¯®á«¥ áà�¡�âë¢�−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨ AAB ¨«¨ ABA

÷¨á. 11 —�áâì á¥â¨ N2 ¯®á«¥ áà�¡�âë¢�−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨ AABC ¨«¨ ABAC

÷¨á. 12 ‘¥âì N3 ¤«ï «®£� W

“â¢¥à¦¤¥−¨¥ 2. ‘¥âì N3 −�¤¥¦−�.

„ ® ª � § � â ¥ « ì áâ ¢ ® . �à®¢¥àª� á¢®©áâ¢ ¯® ®¯à¥¤¥«¥−¨î −�¤¥¦−®áâ¨.

1. Š®àà¥ªâ−®¥ §�¢¥àè¥−¨¥. ‚ á¥â¨ N3 −¥â ¯¥à¥å®¤®¢, ã ª®â®àëå ¥áâì −¥áª®«ìª®
¢ëå®¤−ëå ¬¥áâ, ¯®íâ®¬ã ç¨á«® ¬¥â®ª −¥ ¬®¦¥â ã¢¥«¨ç¨âìáï. …á«¨ ¢ á¥âì
�¥âà¨ −¥ ¬®¦¥â ¯®áâã¯¨âì −®¢�ï ¬¥âª�, ¯®ª� −�å®¤ïé�ïáï ¢ −¥© ¬¥âª� −¥
¤®©¤¥â ¤® ¢ëå®¤−®£® ¬¥áâ�, â® ¥á«¨ íâ� ¬¥âª� ®ª�¦¥âáï ¢ ¢ëå®¤−®¬ ¬¥áâ¥,
®−� ¡ã¤¥â ¥¤¨−áâ¢¥−−®©.

2. �âáãâáâ¢¨¥ ¬¥àâ¢ëå ¯¥à¥å®¤®¢. ’à�áá� ACD �ªâ¨¢¨àã¥â ª�¦¤ë© ¨§
¯¥à¥å®¤®¢ á¥â¨ N3.

�®áâà®¥−−�ï á¥âì N3 −¥ ï¢«ï¥âáï áâàãªâãà¨à®¢�−−®© á¥âìî (á¢®©áâ¢® 2),
â�ª ª�ª á®¤¥à¦¨â ®¡¥ §�¯à¥é¥−−ë¥ ª®−áâàãªæ¨¨ ¨§ à¨á. 4. �� à¨á. 13 ¨ 14
à¥¡à� á¥â¨, −¥ ãç�áâ¢ãîé¨¥ ¢ ¤¥¬®−áâà�æ¨¨ −�àãè¥−¨ï, ¨§®¡à�¦¥−ë ¯ã−ªâ¨à-
−ë¬¨ áâà¥«ª�¬¨, � à¥¡à�, ¤¥¬®−áâà¨àãîé¨¥ −�àãè¥−¨¥ ãá«®¢¨ï, | ¦¨à−ë¬¨
áâà¥«ª�¬¨:

{ −�àãè¥−¨¥ ãá«®¢¨ï ∀(p, t) ∈ F , ¥á«¨ |(p·)| > 1, â® |(·t)| = 1 (á¬. à¨á. 13);

{ −�àãè¥−¨¥ ãá«®¢¨ï ∀(p, t) ∈ F , ¥á«¨ |(·t)| > 1, â® |(·p)| = 1 (á¬. à¨á. 14).
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÷¨á. 13 ‘¨−åà®−¨§�æ¨ï ¨ ¢ë¡®à ¢ á¥-
â¨ N3

÷¨á. 14 ‚ë¡®à ¨ á¨−åà®−¨§�æ¨ï ¢ á¥-
â¨ N3

W ï¢«ï¥âáï ¯®«−ë¬ «®£®¬ à�¡®ç¥£® ¯à®æ¥áá� ¤«ï á¥â¨ N3 (−�«¨ç¨¥ á¢®©-
áâ¢� 3), â�ª ª�ª á®¤¥à¦¨â ¢á¥ áà�¡�âë¢�îé¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¤«ï íâ®© á¥â¨.
÷�§«¨ç¨¥ ¢ áà�¡�âë¢�îé¨å ¯®á«¥¤®¢�â¥«ì−®áâïå ¤«ï á¥â¨N3 ¬®¤¥«¨àã¥âáï ãá«®-
¢¨¥¬ úˆ‹ˆû: ¯à¥ä¨ªáë âà�áá AAC, ABC ¨«¨ AC. —¨á«® à�§«¨ç−ëå âà�áá
à�¢−® 3, ¨ íâ¨ âà�ááë ¢ â®ç−®áâ¨ á®¢¯�¤�îâ á «®£®¬ W .

‹®£W ¨ á¥âìN3 −¥ ®¡«�¤�îâ á¢®©áâ¢®¬ 4, ª�á�îé¨¬áï −�«¨ç¨ï ®¡é¥£® ¬¥áâ�
¢ á¥â¨, ¥á«¨ ¢ «®£¥ ¬¥¦¤ã á®®â¢¥âáâ¢ãîé¨¬¨ §�¤�ç�¬¨ á¯à�¢¥¤«¨¢® ª�ã§�«ì−®¥
®â−®è¥−¨¥, ¨ ¬®¦−® ¤®ª�§�âì ¡®«¥¥ ®¡éãî â¥®à¥¬ã.

’¥®à¥¬� 2. ’¥®à¥¬� 1 −¥ ¢ë¯®«−ï¥âáï, ª®£¤� ¢ ¯®«−®¬ «®£¥ W ¤«ï á¥â¨ N
á®¤¥à¦�âáï ¯®¢â®àë §�¤�ç.

„ ® ª � § � â ¥ « ì á â ¢ ® . ‚ ¤®ª�§�â¥«ìáâ¢® â¥®à¥¬ë à�áá¬®âà¨¬ ¯®áâà®¥−−ë© ¯à¨-
¬¥à á á¥âìî �¥âà¨ N3 ¨ ¯®«−ë¬ «®£®¬ à�¡®ç¥£® ¯à®æ¥áá� W .

„«ï «®£� W á¯à�¢¥¤«¨¢® ®â−®-

÷¨á. 15 —�áâì á¥â¨ N3 ¤«ï ¨««îáâà�æ¨¨
¯à®â¨¢®à¥ç¨ï â¥®à¥¬¥ 1 (®¤¨−�ª®¢ë¥ ¯¥à¥å®-
¤ë á §�¤�ç¥© A à�§¬¥ç¥−ë ¤®¯®«−¨â¥«ì−®)

è¥−¨¥ A→W B. ‘®£«�á−® â¥®à¥¬¥ 1
¨§ íâ®£® ®â−®è¥−¨ï ¤®«¦−® á«¥¤®-
¢�âì, çâ® áãé¥áâ¢ã¥â ®¡é¥¥ ¬¥áâ® ¤«ï
¯¥à¥å®¤®¢ c §�¤�ç�¬¨ A ¨ B ¢ á¥â¨
�¥âà¨N3. ÷�áá¬®âà¨¬ ç�áâì á¥â¨N3
(à¨á. 15). Œ®¦−® ¢¨¤¥âì, çâ® ¬¥¦¤ã
¯¥à¥å®¤�¬¨A′′ ¨B −¥â ®¡é¥£® ¬¥áâ�.

�à®¡«¥¬ë á á¥âìî N3 á¢ï§�−ë
á â¥¬, çâ® ¯à®¨áå®¤¨â ¯®¯ëâª� ¬®¤¥-

«¨à®¢�−¨ï ãá«®¢¨ï úˆ‹ˆû, £¤¥ ®¤−� ¨§ ¢®§¬®¦−ëå ¢¥â®ª −¥ á®¤¥à¦¨â −¨ ®¤−®©
§�¤�ç¨; â�ª¨¬ ®¡à�§®¬, ¢ë¡®à ¨ á¨−åà®−¨§�æ¨ï ¤®«¦−ë ¯à®¨áå®¤¨âì ¯®¤àï¤.
�®¬¥−ï¥¬ ª®−áâàã¨à®¢�−¨¥ ¯ãáâ®£® ¯¥à¥å®¤� ¢ ãá«®¢¨¨ úˆ‹ˆû ¨ ¯®áâà®¨¬
−®¢ãî á¥âì N4 (à¨á. 16). ’�ª¨¬ ®¡à�§®¬, ã á¥â¨ N4 ¡ã¤¥â §�¢¥¤®¬® ¯à¨áãâáâ¢®-

÷¨á. 16 ‘¥âì N4 ¤«ï «®£� W
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¢�âì á¢®©áâ¢® 2, ª�á�îé¥¥áï â®£®, çâ® á¥âì −¥ ¤®«¦−� á®¤¥à¦�âì §�¯à¥é¥−−ëå
ª®−áâàãªæ¨©. ‘¢®©áâ¢® 3, á¢ï§�−−®¥ á ¯®«−®â®© «®£� W ¤«ï N4, â�ª¦¥ §�¢¥¤®¬®
¢¥à−®, ¯® ¯®áâà®¥−¨î.

“â¢¥à¦¤¥−¨¥ 3. ‘¥âì N4 −¥ª®àà¥ªâ−® §�¢¥àè�¥âáï.
„ ® ª � § � â ¥ « ì á â ¢ ® . „«ï ¨««îáâà�æ¨¨ ¯à®â¨¢®à¥ç¨ï à�áá¬®âà¨¬ áà�¡�âë¢�-
îéãî ¯®á«¥¤®¢�â¥«ì−®áâì ¯¥à¥å®¤®¢ σ = ACD, ¯¥à¥¢®¤ïéãî ¬¥âªã á® ¢å®¤−®£®
¬¥áâ� −� ¢ëå®¤−®¥ ¬¥áâ® | (N4, {i})[σ〉(N4 , {o}):

{ à�§¬¥âª� {i} �ªâ¨¢¨àã¥â ¯¥à¥å®¤ A (à¨á. 17);

{ áà�¡�âë¢�¥â ¯¥à¥å®¤ A, ¯®ï¢«ïîâáï 2 ¬¥âª¨, ª®â®àë¥ �ªâ¨¢¨àãîâ 3 ¯¥à¥å®¤�
(à¨á. 18);

{ áà�¡�âë¢�¥â ¯¥à¥å®¤ C, ¬¥−ï¥â ¬¥áâ®¯®«®¦¥−¨¥ ®¤−� ¬¥âª� ¨§ ¤¢ãå, �ªâ¨¢¨-
à®¢�−ë 3 ¯¥à¥å®¤� (à¨á. 19);

{ áà�¡�âë¢�¥â ¯¥à¥å®¤ D, ¬¥âª� ¯¥à¥¬¥é�¥âáï −� ¢ëå®¤−®¥ ¬¥áâ®, ¢ á¥â¨ ¥é¥
®áâ�¥âáï ®¤−� ¬¥âª� ¬¥¦¤ã ¯¥à¥å®¤�¬¨ A, A ¨ B (à¨á. 20).

’�ª¨¬ ®¡à�§®¬, ®¡−�àã¦¥−� ¤®áâ¨¦¨¬�ï à�§¬¥âª� ¨§ à�§¬¥âª¨ {i} â�ª�ï,
çâ® ¢ íâ®© à�§¬¥âª¥ ¥áâì ¬¥âª�, −�å®¤ïé�ïáï −� ¢ëå®¤−®¬ ¬¥áâ¥, ¨ ®−� −¥
¥¤¨−áâ¢¥−−�ï.

÷¨á. 17 —�áâì á¥â¨N4 ¢ −�ç�«ì−®© à�§¬¥âª¥. �ªâ¨¢¨à®¢�−−ë© ¯¥à¥å®¤ ®â¬¥ç¥− §−�ª®¬
ú*û

÷¨á. 18 —�áâì á¥â¨ N4 ¯®á«¥ áà�¡�âë¢�−¨ï ¯¥à¥å®¤� A

÷¨á. 19 —�áâì á¥â¨ N4 ¯®á«¥ áà�¡�âë¢�−¨ï ¯¥à¥å®¤� C

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 30 −®¬¥à 4 2020 71



ˆ. ā. ’¥àñå¨−�, �. �. ƒàãè®, …. …. ’¨¬®−¨−�, ‘. Ÿ. ˜®à£¨−

÷¨á. 20 —�áâì á¥â¨ N4 ¯®á«¥ áà�¡�âë¢�−¨ï ¯¥à¥å®¤� D

÷¨á. 21 ‘¥âì N5 ¤«ï «®£� W

’�ª ª�ª á¥âì N4 −¥ §�¢¥àè�¥âáï ª®àà¥ªâ−®, ®−� −¥ ¬®¦¥â ¡ëâì −�¤¥¦−®©.
‘¢®©áâ¢® 1 ®âáãâáâ¢ã¥â. ‘¢®©áâ¢® 4 â�ª¦¥ ®âáãâáâ¢ã¥â, â�ª ª�ª ¤«ï á¥â¨ N4
á¯à�¢¥¤«¨¢� â¥®à¥¬� 2.

“¢¥«¨ç¨¬ ç¨á«® ¯¥à¥å®¤®¢ ¢ á¥â¨, ¤«ï â®£® çâ®¡ë ¯®«ãç¨«�áì ª�−®−¨ç¥áª�ï
ª®−áâàãªæ¨ï ãá«®¢¨ï úˆ‹ˆû, ª�ª −� à¨á. 9, ¡. ‘¥âìN5 ¯à¥¤áâ�¢«¥−� −� à¨á. 21.

‘¥âì N5 ¡ã¤¥â ®¡«�¤�âì á¢®©áâ¢�¬¨ ¯®«−®âë «®£� ¨ ®âáãâáâ¢¨ï §�¯à¥é¥−−ëå
ª®−áâàãªæ¨© ¯® ¯®áâà®¥−¨î. ‚ â® ¦¥ ¢à¥¬ï ¡ã¤¥â ®âáãâáâ¢®¢�âì á¢®©áâ¢®,
®¡¥á¯¥ç¨¢�îé¥¥ ¢ë¯®«−¥−¨¥ â¥®à¥¬ë 1, â�ª ª�ª, −�¯à¨¬¥à, −¥ ¬¥¦¤ã ª�¦¤®©
¯�à®© ¯¥à¥å®¤®¢ á §�¤�ç�¬¨A ¨ B áãé¥áâ¢ã¥â ®¡é¥¥ ¬¥áâ®.

“â¢¥à¦¤¥−¨¥ 4. ‘¥âì N5 −�¤¥¦−�.

„ ® ª � § � â ¥ « ì á â ¢ ® . �à®¢¥àª� á¢®©áâ¢ ¯® ®¯à¥¤¥«¥−¨î −�¤¥¦−®áâ¨.

1. Š®àà¥ªâ−®¥ §�¢¥àè¥−¨¥. ‚ á¥â¨ N5 ¥áâì â®«ìª® â¨¯ ¯¥à¥å®¤®¢, ª®â®àë©
−¥ ã¢¥«¨ç¨¢�¥â ç¨á«® ¬¥â®ª. …á«¨ ¢ á¥âì �¥âà¨ −¥ ¬®¦¥â ¯®áâã¯¨âì −®¢�ï
¬¥âª�, ¯®ª� −�å®¤ïé�ïáï ¢ −¥© ¬¥âª� −¥ ¤®©¤¥â ¤® ¢ëå®¤−®£® ¬¥áâ�, â® ¥á«¨
íâ� ¬¥âª� ®ª�¦¥âáï −� ¢ëå®¤−®¬ ¬¥áâ¥, ®−� ¡ã¤¥â ¥¤¨−áâ¢¥−−®©.

2. �âáãâáâ¢¨¥ ¬¥àâ¢ëå ¯¥à¥å®¤®¢. ’à�ááë ACD, AACD ¨ ABCD �ªâ¨¢¨-
àãîâ ª�¦¤ë© ¨§ ¯¥à¥å®¤®¢ á¥â¨ N5.

5 Заключение

‚ áâ�âì¥ ¯à®¢¥¤¥−® ¨áá«¥¤®¢�−¨¥ ¯à¥¤«®¦¥−−®£® ¢ à�¡®â¥ [6] ª«�áá� á¥â¥©
�¥âà¨ ¤«ï ¬®¤¥«¨à®¢�−¨ï à�¡®ç¥£® ¯à®æ¥áá�. �®ª�§�−®, çâ® ¯à¨ ®âáãâáâ¢¨¨
®£à�−¨ç¥−¨ï −� ã−¨ª�«ì−®áâì §�¤�ç ¢ «®£¥ ¨ −�«¨ç¨¨ ¢ ¬®¤¥«¨ ¯¥à¥å®¤®¢,
ª®â®àë¥ −¥ á®®â¢¥âáâ¢ãîâ −¨ª�ª®© §�¤�ç¥ ¢ «®£¥, ¯®áâà®¥−¨¥ ¬®¤¥«¨, ª®â®à�ï ¡ë
®¡«�¤�«� å®âï ¡ë à�áá¬�âà¨¢�¥¬ë¬¨ ç¥âëàì¬ï á¢®©áâ¢�¬¨, ï¢«ï¥âáï á«®¦−®©
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�®áâà®¥−¨¥ ¬®¤¥«¥© ¯à®æ¥áá� á ¯®¬®éìî ¯à®áâëå á¥â¥© �¥âà¨

‘à�¢−¥−¨¥ á¥â¥© �¥âà¨ ¤«ï ®¤−®£® ¯à®æ¥áá�

‘¥âì ��¤¥¦−®áâì
�¥â

§�¯à¥é¥−−ëå
ª®−áâàãªæ¨©

�®«−®â� «®£�
‘®åà�−¥−¨¥
®â−®è¥−¨ï

ª�ã§�«ì−®áâ¨
N1 + − − +
N2 −∗ −∗ −∗ −∗

N3 + − + −
N4 − + + −
N5 + + + −

§�¤�ç¥©, £¤¥ ¢ë¯®«−¥−¨¥ ®¤−¨å âà¥¡®¢�−¨© ç�áâ® ¯à®â¨¢®à¥ç¨â ¢ë¯®«−¥−¨î
¤àã£¨å. ‘à�¢−¨â¥«ì−ë¥ å�à�ªâ¥à¨áâ¨ª¨ à�áá¬®âà¥−−ëå á¥â¥© ¯® á¢®©áâ¢�¬
¯à¥¤áâ�¢«¥−ë ¢ â�¡«¨æ¥.

’�ª¦¥ ¢ à�¡®â¥ ¯®ª�§�−®, çâ® ¯¥à¥å®¤ë OR-split ¨ OR-join ¡¥§ −�«®¦¥−¨ï
¤®¯®«−¨â¥«ì−ëå ãá«®¢¨© −� à�áá¬�âà¨¢�¥¬ë© ª«�áá á¥â¥© �¥âà¨ ¡ã¤ãâ à�¡®â�âì
¢ â®ç−®áâ¨, ª�ª ¯¥à¥å®¤ë AND-split ¨ AND-join, ¨ ¡ã¤ãâ ¬®¤¥«¨à®¢�âì ¤àã£®©
¯à®æ¥áá. �®íâ®¬ã ¢ â�¡«¨æ¥ à¥§ã«ìâ�âë áà�¢−¥−¨© ¯® âà¥¡®¢�−¨ï¬ ¤«ï á¥â¨ N2
¯®¬¥ç¥−ë §−�ª®¬ ú*û.

’�ª¨¬ ®¡à�§®¬, ¬®¦−® £®¢®à¨âì ® â®¬, çâ® �«£®à¨â¬ ®¡−�àã¦¥−¨ï ¯à®æ¥áá�
¯® «®£ã ¨§ áâ�âì¨ [6] á¯à�¢¥¤«¨¢ ¤«ï ¥é¥ ¡®«¥¥ ã§ª®£® ª«�áá� à�¡®ç¨å ¯à®æ¥áá®¢,
ç¥¬ ¯à¥¤¯®«�£�¥âáï ¢ [6]. �®«¥¥ â®ç−®, ¢ «®£¥ à�¡®ç¥£® ¯à®æ¥áá� §�¤�ç¨ ¤®«¦−ë
¡ëâì ã−¨ª�«ì−ë¬¨, −¥ ¤®«¦−® ¡ëâì ¯¥à¥å®¤®¢ ¯® ¯ãáâ®¬ã ãá«®¢¨î, −¥ ¤®«¦−®
¡ëâì ¬®¤¥«¨à®¢�−¨ï ãá«®¢¨© úˆ‹ˆû.
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Abstract: The paper deals with the problem of \workflow mining." Workflow
mining is numerous techniques for discovering processes' models represented by
their workflow log. The paper considers process models in terms of simple Petri
nets. It is shown that constructing a correct model when a process contains equal
tasks is not always an attainable goal. Moreover, it was revealed that in the
case when a model has transitions with no correspondence to any process task,
the relation between the causal relations detected in the log and the presence of
places connecting transitions in the Petri net is violated.
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КОМПЛЕКСНОЕ ОБЕСПЕЧЕНИЕ ИНФОРМАЦИОННОЙ
БЕЗОПАСНОСТИ ЧАСТНЫХ ОБЛАЧНЫХ

ВЫЧИСЛИТЕЛЬНЫХ СРЕД∗

А. А. Грушо1, А. В. Николаев2, В. О. Писковский3, В. В. Сенчило4,
Е. Е. Тимонина5

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï §�¤�ç� ¯®áâà®¥−¨ï ¡¥§®¯�á−®£® ª®à¯®à�â¨¢−®£®
®¡«�ª�, ¢ ª®â®à®¬ ¨á¯®«ì§ãîâáï −¥¡¥§®¯�á−ë¥ ª®¬¯®−¥−âë. ��¨¡®«¥¥ ¢�¦−ë¬
¯à¥¤áâ�¢«ï¥âáï à¥è¥−¨¥ ¤«ï ã¤�«¥−−®© à�¡®âë á®âàã¤−¨ª®¢ ®à£�−¨§�æ¨¨. ÷¥-
è¥−¨¥ ®á−®¢�−® −� ¢ë¤¥«¥−¨¨ ¯à®áâ®£® ¯®¤®¡«�ª�, à¥�«¨§ãîé¥£® ¡¥§®¯�á−ë¥
¢§�¨¬®¤¥©áâ¢¨ï ã¤�«¥−−ëå á®âàã¤−¨ª®¢ ¬¥¦¤ã á®¡®©, á ®¡«�ç−ë¬¨ á¥à¢¨á�¬¨
¨ à¥áãàá�¬¨ £«®¡�«ì−®© á¥â¨ ˆ−â¥à−¥â.

Keywords: ¨−ä®à¬�æ¨®−−�ï ¡¥§®¯�á−®áâì; ®¡«�ç−ë¥ ¢ëç¨á«¥−¨ï; ¡¥§®¯�á-
−®áâì ã¤�«¥−−®© à�¡®âë −� −¥¡¥§®¯�á−ëå â¥à¬¨−�«�å
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1 Введение

÷�§«¨ç−ë¥ ®à£�−¨§�æ¨¨ ¢á¥ è¨à¥ ¨á¯®«ì§ãîâ ®¡«�ç−ë¥ ¢ëç¨á«¥−¨ï. ‚ë−®á
â®çª¨ ¤®áâã¯� ¢ ç�áâ−®¥ ®¡«�ª® §� ¯à¥¤¥«ë ª®−âà®«¨àã¥¬®© §®−ë (Š‡) ¢á¥£¤� á¢ï-
§�− á æ¥«ë¬ àï¤®¬ à¨áª®¢ ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ (ˆ�). ‚ ª�ç¥áâ¢¥ â�ª®©
â®çª¨ ¤®áâã¯� ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− −®ãâ¡ãª, ¯¥àá®−�«ì−ë© ª®¬¯ìîâ¥à, ¯«�−-
è¥â ¨«¨ â¥«¥ä®−. “¤�«¥−−®¥ à�¡®ç¥¥ ¬¥áâ® ¬®¦¥â á®¤¥à¦�âì ¤¥«®¢ãî ¯¥à¥¯¨áªã,
¢�¦−ë¥ ¤®ªã¬¥−âë, áâ�â¨áâ¨ªã. …£® «¥£ª® ¯®â¥àïâì, «¨è¨âìáï ¯à¨ âà�−á¯®à-
â¨à®¢ª¥ ¨ ¯à. ’�ª¨¬ ®¡à�§®¬, ®¡à�¡®âª� ¢�¦−®© ¨«¨ á¥ªà¥â−®© ¨−ä®à¬�æ¨¨
−� â�ª®¬ à�¡®ç¥¬ ¬¥áâ¥ ¢−¥ Š‡ ¯à®¡«¥¬�â¨ç−�. Šà®¬¥ −¥á�−ªæ¨®−¨à®¢�−−®£®
¤®áâã¯� ª ª®−ä¨¤¥−æ¨�«ì−®© ¨−ä®à¬�æ¨¨, åà�−¨¬®© −� à�¡®ç¥© áâ�−æ¨¨, ¯®¤-
ª«îç¥−¨¥ ¥¥ ª ¤®¬�è−¥© á¥â¨ ¬®¦¥â §�¢¥àè¨âìáï ¢§«®¬®¬ ¨ ¨−ä¨æ¨à®¢�−¨¥¬
á ¯®á«¥¤ãîé¨¬ −¥ª®−âà®«¨àã¥¬ë¬ ¯à®−¨ª−®¢¥−¨¥¬ ¢ ®ä¨á−ãî ¨−ä®à¬�æ¨®−-
−ãî áà¥¤ã ¨«¨ ¨−äà�áâàãªâãàã ®à£�−¨§�æ¨¨. �¥§ ¯à®ä¥áá¨®−�«ì−ëå áà¥¤áâ¢

∗÷�¡®â� ç�áâ¨ç−® ¯®¤¤¥à¦�−� ÷””ˆ (¯à®¥ªâ 18-29-03081).
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¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, grusho@yandex.ru
2”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà å¨¬¨ç¥áª®© ä¨§¨ª¨ ¨¬. �. �. ‘¥¬ñ−®¢� ÷®áá¨©áª®©

�ª�¤¥¬¨¨ −�ãª, gentoorion@mail.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vpvp80@yandex.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, volodias@mail.ru
5ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�

¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, eltimon@yandex.ru

76



Š®¬¯«¥ªá−®¥ ®¡¥á¯¥ç¥−¨¥ ˆ� ç�áâ−ëå ®¡«�ç−ëå ¢ëç¨á«¨â¥«ì−ëå áà¥¤

§�é¨âë ®¡−�àã¦¨âì ¯®¤®¡−ãî �â�ªã ¯à�ªâ¨ç¥áª¨ −¥¢®§¬®¦−®, ª�ª ¨ −¥¢®§¬®¦−®
¯à¥¤®â¢à�â¨âì ¨á¯®«ì§®¢�−¨¥ áâ®à®−−¨å áà¥¤áâ¢ åà�−¥−¨ï ¨ ®¡¬¥−� ¨−ä®à¬�æ¨¨,
¨−â¥à−¥â-à¥áãàá®¢. ‘«ã¦¡� ˆ� ª®¬¯�−¨¨ ®¡ëç−® −¥ ¨¬¥¥â ¢®§¬®¦−®áâ¨ ¯à®-
ª®−âà®«¨à®¢�âì ã¤�«¥−−ë¥ à�¡®ç¨¥ ¬¥áâ�, çâ® ¤¥«�¥â â�ª¨¥ áæ¥−�à¨¨ à¥�«¨§�æ¨¨
ã£à®§ ¥é¥ ¡®«¥¥ ªà¨â¨ç−ë¬¨ á â®çª¨ §à¥−¨ï ¯®á«¥¤áâ¢¨©. Š®−âà®«ì ¤¥©áâ¢¨© ¯à¨
®¡¬¥−¥ ¨−ä®à¬�æ¨¥© áâ�−®¢¨âáï ¥é¥ ¡®«¥¥ á«®¦−®© §�¤�ç¥©. �ç¥¢¨¤−®, çâ® ¤«ï
®¡¥á¯¥ç¥−¨ï ã¤�«¥−−®£® à�¡®ç¥£® ¬¥áâ�, ¡¥§®¯�á−®£® á â®çª¨ §à¥−¨ï ¨−â¥à¥á®¢
ª®¬¯�−¨¨, −ã¦¥− −®¢ë© ¯®¤å®¤ ª ®à£�−¨§�æ¨¨ íää¥ªâ¨¢−®© á¨áâ¥¬ë §�é¨âë,
ª®â®à�ï á®§¤�¢�«�áì ¡ë á ãç¥â®¬ ¢ëè¥¯¥à¥ç¨á«¥−−ëå ã£à®§. �à¨ íâ®¬ á¨áâ¥¬�
¤®«¦−� ¡ëâì ¯à®áâ®© ¢ íªá¯«ã�â�æ¨¨, � «ãçè¥ | áªàëâ®©, ã¯à�¢«¥−¨¥ −¥ ¤®«¦−®
âà¥¡®¢�âì ¢ëá®ª®© ª¢�«¨ä¨ª�æ¨¨ ®¡á«ã¦¨¢�îé¥£® ¯¥àá®−�«�.

2 Архитектура защиты

‚ â¥ç¥−¨¥ àï¤� «¥â ¢ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨ ¯à®¢®¤¨«¨áì ¨áá«¥¤®¢�−¨ï
¯® à�§à�¡®âª¥ �àå¨â¥ªâãàë §�é¨é¥−−®© ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë (ˆ‘) ¨§ −¥-
¡¥§®¯�á−ëå ª®¬¯®−¥−â®¢ [1, 2]. ÷ï¤ íâ¨å à¥§ã«ìâ�â®¢ ¬®¦−® ¯à¨¬¥−¨âì ¨ ª ¯®-
áâà®¥−¨î ª®à¯®à�â¨¢−®£® ®¡«�ª�. ‚ à�¡®â¥ ¯à¥¤«®¦¥−® ¢ ®â¤¥«ì−®¥ ¯®¤®¡«�ª®
¢ë−¥áâ¨:

{ ã¤�«¥−−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ á®âàã¤−¨ª®¢ ª®à¯®à�æ¨¨ ¬¥¦¤ã á®¡®©;

{ ã¤�«¥−−®¥ ¨á¯®«ì§®¢�−¨¥ à¥áãàá®¢ ª®¬¯�−¨¨;

{ ¢§�¨¬®¤¥©áâ¢¨¥ á à¥áãàá�¬¨ £«®¡�«ì−®© á¥â¨.

’�ª®¥ ¯®¤®¡«�ª® ¯®§¢®«¨â «®ª�«¨§®¢�âì ¨ ¨§®«¨à®¢�âì ®¯�á−ë¥ äã−ªæ¨¨,
á¢ï§�−−ë¥ á ¢§�¨¬®¤¥©áâ¢¨ï¬¨ ¨ á¥â¥¢ë¬¨ ®¡¬¥−�¬¨. �â¬¥â¨¬, çâ® ®áâ�«ì−�ï
ç�áâì ®¡«�ç−ëå á¥à¢¨á®¢ â�ª¦¥ ®ª�¦¥âáï ¢ ¨§®«ïæ¨¨, çâ® ¯®§¢®«¨â ¨á¯®«ì§®¢�âì
¢ ®¡«�ª¥ −¥¡¥§®¯�á−ë¥ ª®¬¯®−¥−âë. ˆ¤¥ï ¬�ªá¨¬�«ì−®© ¨§®«ïæ¨¨ ¯®¤á¨áâ¥¬,
¯®áâà®¥−−ëå ¨§ −¥¡¥§®¯�á−ëå í«¥¬¥−â®¢, áâ�«� ®¤−®© ¨§ ®á−®¢−ëå ¢ â¥®à¨¨
¯®áâà®¥−¨ï §�é¨é¥−−ëå á¨áâ¥¬ ¨§ −¥§�é¨é¥−−ëå í«¥¬¥−â®¢ [3, 4].

�â®â ¯®¤å®¤ ç�áâ¨ç−® ¯¥à¥á¥ª�¥âáï á −®¢®© à�§à�¡®âª®© �¬¥à¨ª�−áª¨å ãç¥-
−ëå, � ¨¬¥−−®: á ª®−æ¥¯æ¨¥© ¢ ®¡«�áâ¨ ª¨¡¥à¡¥§®¯�á−®áâ¨ | ú−ã«¥¢®¥ ¤®¢¥à¨¥û
(Zero Trust, ¨«¨ ZT) [5]. �â®â ¯®¤å®¤ ¯à¥¤¯®«�£�¥â, çâ® ª�¦¤�ï á¥âì ¢§«®¬�−�,
ª�¦¤�ï ¬�è¨−� áª®¬¯à®¬¥â¨à®¢�−� ¨ ª�¦¤ë© ¯®«ì§®¢�â¥«ì (¢®«ì−® ¨«¨ −¥¢®«ì-
−®) áâ�−®¢¨âáï «¨¡® −�àãè¨â¥«¥¬, «¨¡® ®¡ê¥ªâ®¬ ¨−â¥à¥á� −�àãè¨â¥«ï. �¨ª®¬ã
¨ −¨ç¥¬ã ¢ á¥â¨ á −ã«¥¢ë¬ ¤®¢¥à¨¥¬ −¥«ì§ï ¤®¢¥àïâì, ¯®ª� −¥ ¤®ª�§�−® ®¡à�â−®¥.

��æ¨®−�«ì−ë© ¨−áâ¨âãâ áâ�−¤�àâ®¢ ¨ â¥å−®«®£¨© ‘˜� (NIST) [5] ®¯à¥¤¥«ï¥â
ZT ª�ª ¯�à�¤¨£¬ã ª¨¡¥à¡¥§®¯�á−®áâ¨, −�¯à�¢«¥−−ãî −� §�é¨âã à¥áãàá®¢ ¢ ¯à¥¤-
¯®«®¦¥−¨¨, çâ® ãà®¢¥−ì ¤®¢¥à¨ï −¨ª®£¤� −¥ ¯à¥¤®áâ�¢«ï¥âáï ¯® ã¬®«ç�−¨î,
� ¯®áâ®ï−−® ®æ¥−¨¢�¥âáï. �àå¨â¥ªâãà� á¥â¨, á®®â¢¥âáâ¢ãîé�ï ZT, ¯à¥¤áâ�¢«ï-
¥â á®¡®© ¯«�− ª¨¡¥à¡¥§®¯�á−®áâ¨ ¯à¥¤¯à¨ïâ¨ï, ª®â®àë© ¨á¯®«ì§ã¥â ª®−æ¥¯æ¨¨
−ã«¥¢®£® ¤®¢¥à¨ï ¨ ®å¢�âë¢�¥â ®â−®è¥−¨ï ª®¬¯®−¥−â®¢, ¯«�−¨à®¢�−¨¥ à�¡®ç¥£®
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¯à®æ¥áá� ¨ ¯®«¨â¨ª¨ ¤®áâã¯�. ’�ª¨¬ ®¡à�§®¬, ZT-¡¥§®¯�á−®áâì | íâ® á®¢®-
ªã¯−®áâì ¢§�¨¬®á¢ï§�−−ëå ¯®«¨â¨ª, ¯à�ªâ¨ª, ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (��)
¨ ®¡®àã¤®¢�−¨ï.

ZT −¥ ¢ëáâã¯�¥â �«ìâ¥à−�â¨¢®© âà�¤¨æ¨®−−ë¬ ¬¥â®¤�¬ ¡¥§®¯�á−®áâ¨, � ï¢«ï-
¥âáï à�§¢¨â¨¥¬ å®à®è® ¨§¢¥áâ−ëå ¨ §�à¥ª®¬¥−¤®¢�¢è¨å á¥¡ï â¥å−®«®£¨©. �®¢ë-
á¨âì ãà®¢¥−ì ¤®¢¥à¨ï ª áà¥¤¥, ¢ ª®â®à®© à�¡®â�¥â ¯®«ì§®¢�â¥«ì, ZT ¯à¥¤«�£�¥â
á ¯®¬®éìî àï¤� ¨§¢¥áâ−ëå ¬¥à, ¢ ç¨á«¥ ª®â®àëå:

{ ãáâ�−®¢ª� ¨ ¯®¤¤¥à¦ª� �−â¨¢¨àãá−®£® ��;
{ ãáâ�−®¢ª� ¨ ª®àà¥ªâ−�ï −�áâà®©ª� ¬¥¦á¥â¥¢®£® íªà�−�;
{ ª®àà¥ªâ−�ï −�áâà®©ª� ¯à®æ¥áá®¢ ®¡−®¢«¥−¨ï á¨áâ¥¬−®£® ¨ ¯à¨ª«�¤−®£® ��;
{ ãáâ�−®¢ª� �¯¯�à�â−®£® ¬®¤ã«ï ¤®¢¥à¥−−®© §�£àã§ª¨.

„«ï á®§¤�−¨ï á¥â¨ ¢ à�áá¬�âà¨¢�¥¬ëå ¯à¥¤¯®«®¦¥−¨ïå −¥®¡å®¤¨¬® −�«¨ç¨¥
àï¤� �¢â®¬�â¨§¨à®¢�−−ëå á«ã¦¡ ¨ ª®¬¯®−¥−â®¢ ¯®¤¤¥à¦ª¨ ¡¥§®¯�á−®áâ¨. ‚á¥
íâ¨ í«¥¬¥−âë á«ã¦�â ¨−áâàã¬¥−â�¬¨ ¨«¨ ¯à®æ¥¤ãà�¬¨, ª®â®àë¥ ã¦¥ ãá¯¥è−®
áãé¥áâ¢ãîâ, íªá¯«ã�â¨àãîâáï ¨ ¯®¢â®àïîâ ª®−æ¥¯æ¨î ¯à®£à�¬¬−®-ª®¬¬ãâ¨àã-
¥¬®© á¥â¨ (�Š‘). ’�ª, ª®¬¯®−¥−â ¯à¨−ïâ¨ï à¥è¥−¨ï ® ¯®«¨â¨ª¥ (PDP | Policy
Decision Point) à¥è�¥â, ¡¥§®¯�á¥− «¨ ª®¬¯ìîâ¥à ¨«¨ ¢¥¡-âà�ä¨ª, ¨ ¯®á«¥ íâ®£®
á®®â¢¥âáâ¢¥−−® ¯à¥¤®áâ�¢«ï¥â ¨«¨ ®â¬¥−ï¥â ¤®áâã¯. Œ¥å�−¨§¬ ¯®«¨â¨ª ¡¥§®¯�á-
−®áâ¨ (��) [6] ¨á¯®«ì§ã¥â ¢á¥ ¤®áâã¯−ë¥, ¢ â®¬ ç¨á«¥ ¨ ¢−¥è−¨¥, ¨áâ®ç−¨ª¨
¤�−−ëå, ¯à¨¬¥−¨¬ë¥ ª ¯®âà¥¡−®áâï¬ ®à£�−¨§�æ¨¨ ¤«ï ®¯à¥¤¥«¥−¨ï ¡¥§®¯�á−®áâ¨
−� ®á−®¢¥ ��. ’�ª, à¥è¥−¨¥ ® ¡¥§®¯�á−®áâ¨ á¥â¥¢®£® ª®¬¯®−¥−â� ¯à¨−¨¬�¥â-
áï −� ®á−®¢¥ ¨−ä®à¬�æ¨¨, ¯à¥¤®áâ�¢«ï¥¬®© á¨áâ¥¬�¬¨. ‘¨áâ¥¬� −¥¯à¥àë¢−®©
¤¨�£−®áâ¨ª¨ ¨ ª®¬¯¥−á�æ¨¨ ¯®á«¥¤áâ¢¨© áç¨â�¥âáï £«�¢−®©. ‘¨áâ¥¬� á®¡¨à�¥â
¨−ä®à¬�æ¨î ® â¥ªãé¥¬ á®áâ®ï−¨¨ á¥â¥¢ëå ª®¬¯®−¥−â®¢ ¨ ¯à¨¬¥−ï¥â ®¡−®¢«¥−¨ï
ª ª®−ä¨£ãà�æ¨¨ ¨ ¯à®£à�¬¬−ë¬ ª®¬¯®−¥−â�¬, ¯à¥¤®áâ�¢«ï¥â ¨−ä®à¬�æ¨î ®¡
í«¥¬¥−â¥, ®â¯à�¢«ïîé¥¬ §�¯à®á −� ¤®áâã¯, −�¯à¨¬¥à à�¡®â�¥â «¨ ®− á á®®â¢¥â-
áâ¢ãîé¥© ¨á¯à�¢«¥−−®© ®¯¥à�æ¨®−−®© á¨áâ¥¬®© ¨ ¯à¨«®¦¥−¨ï¬¨ ¨«¨ ¥áâì «¨
ã �ªâ¨¢� ª�ª¨¥-«¨¡® ¨§¢¥áâ−ë¥ ãï§¢¨¬®áâ¨.

�á−®¢−ë¬ −¥¤®áâ�âª®¬ ®¯¨á�−−®£® ¯®¤å®¤� ï¢«ï¥âáï −�«¨ç¨¥ á«®¦−®© ¨−-
â¥««¥ªâã�«ì−®© á¨áâ¥¬ë ®âá«¥¦¨¢�−¨ï ¨ ¤¨−�¬¨ç¥áª®£® ¯à¨−ïâ¨ï à¥è¥−¨©.
‚ à�¬ª�å ¤®áâ¨¦¥−¨© ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¢ ÷” â�ªãî á¨áâ¥¬ã á®-
§¤�âì á«®¦−®. ‚â®à®© −¥¤®áâ�â®ª �¬¥à¨ª�−áª®£® ¯®¤å®¤� á®áâ®¨â ¢ â®¬, çâ® ®−
®¯¨à�¥âáï −� áâ�−¤�àâ−ë© −�¡®à ¬¥å�−¨§¬®¢ ¡¥§®¯�á−®áâ¨, ª®â®àë¥ −¥ ¢á¥£¤�
¤�îâ −�¤¥¦−®áâì §�é¨âë. ‚ ®â¥ç¥áâ¢¥−−ëå à�§à�¡®âª�å ¯à¥¤«®¦¥−� ª®−æ¥¯æ¨¨
ª®−âà®«ï á®¥¤¨−¥−¨© à�á¯à¥¤¥«¥−−®© á¨áâ¥¬ë −� ®á−®¢¥ ¬¥â�¤�−−ëå, ª®â®à�ï
¯®§¢®«ï¥â ®¡¥á¯¥ç¨âì ¡®«¥¥ ¢ëá®ª¨© ãà®¢¥−ì ˆ� [7].

3 Безопасные взаимодействия

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� ¯à¨¬¥−¥−¨ï ç�áâ−®£® ¯®¤®¡«�ª� ¤«ï ®à£�−¨§�æ¨¨ ¡¥§®¯�á-
−ëå ¢§�¨¬®¤¥©áâ¢¨© à�áá¬®âà¨¬ à¥�«¨§�æ¨î ç�áâ−®£® ®¡«�ª�, ¯à¥¤áâ�¢«¥−−®£®
−� à¨áã−ª¥.
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Š®¬¯«¥ªá−®¥ ®¡¥á¯¥ç¥−¨¥ ˆ� ç�áâ−ëå ®¡«�ç−ëå ¢ëç¨á«¨â¥«ì−ëå áà¥¤

�àå¨â¥ªâãà� §�é¨é¥−−®£® ª®à¯®à�â¨¢−®£® ®¡«�ª� á ¯®¬®éìî ¡¥§®¯�á−®£® ª®¬¬ã−¨ª�-
æ¨®−−®£® ¯®¤®¡«�ª�

‚ ª�ç¥áâ¢¥ ¯®«ì§®¢�â¥«ìáª®£® â¥à¬¨−�«� ¨á¯®«ì§ã¥âáï ¢¨àâã�«ì−�ï ¬�è¨-
−� (¨«¨ ª®−â¥©−¥à), −� ª®â®à®© à¥�«¨§®¢�− ª«¨¥−â ¤«ï â¥à¬¨−�«ì−ëå á«ã¦¡,
à�§¢¥à−ãâëå ¢ ç�áâ−®¬ ®¡«�ª¥. �à¨¢«¥ª�¥â ¨¤¥ï §�£àã§ª¨ ¢ −¥¤®¢¥à¥−−ë© â¥à-
¬¨−�« ¯®«ì§®¢�â¥«ï úç¨áâ®©û à�¡®ç¥© áà¥¤ë á ¢−¥è−¥£® −®á¨â¥«ï ¨«¨ ®¡«�ç−®£®
à¥áãàá�. �ã¤¥¬ −�§ë¢�âì ãáâà®©áâ¢® ¡¥§®¯�á−®£® ¤®áâã¯� ¯®«ì§®¢�â¥«ìáª®£®
â¥à¬¨−�«� ª ®¡«�ç−ë¬ à¥áãàá�¬ �¡®−¥−âáª¨¬ ®¡«�ç−ë¬ ¨−â¥àä¥©á®¬ (��ˆ).
÷�¡®ç�ï áâ�−æ¨ï (÷‘) ¯®«ì§®¢�â¥«ï −¥ ¨¬¥¥â ¢®§¬®¦−®áâ¨ −¥¯®áà¥¤áâ¢¥−−®£®
¢ëå®¤� ¢ £«®¡�«ì−ãî á¥âì. …¤¨−áâ¢¥−−ë¬ ª�−�«®¬ á«ã¦¨â §�é¨é¥−−ë© ª�−�«
¨§ ��ˆ, á®¥¤¨−ïîé¨© ÷‘1 á ç�áâ−ë¬ ¯®¤®¡«�ª®¬ ¨ à¥�«¨§ãîé¨© â®â�«ì−®¥
è¨äà®¢�−¨¥ ¨−ä®à¬�æ¨¨, ¯¥à¥¤�¢�¥¬®© ¯® íâ®¬ã ª�−�«ã −� ã−¨ª�«ì−®¬ ¤«ï
��ˆ ª«îç¥.

‚ á®®â¢¥âáâ¢¨¨ á ¢ëè¥áª�§�−−ë¬, ÷‘1 á ãáâ�−®¢«¥−−ë¬ ��ˆ §�¯à�è¨¢�¥â
−ã¦−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ ¢ ¯®¤®¡«�ª¥ ª®−âà®«ï ¢§�¨¬®¤¥©áâ¢¨©. Œ¥¦¤ã ª®¬¬ãâ�-
â®à®¬, á«ã¦�é¨¬ â®çª®© ¤®áâã¯� ¢ ®¡«�ª®, ¨ ��ˆ ãáâ�−�¢«¨¢�¥âáï §�é¨é¥−−®¥
á®¥¤¨−¥−¨¥ −� ª«îç¥, ¨á¯®«ì§ã¥¬®¬ â®«ìª® ¬¥¦¤ã íâ®© ÷‘ ¨ è¨äà�â®à®¬ −� ª®¬-
¬ãâ�â®à¥. Š�¦¤ë© «¥£�«ì−ë© ��ˆ ¨¬¥¥â ã−¨ª�«ì−ë© á¨¬¬¥âà¨ç−ë© ª«îç ¤«ï
á¢ï§¨ á ª®¬¬ãâ�â®à®¬. “á¯¥è−®¥ à�áè¨äà®¢�−¨¥ ®¡à�é¥−¨ï ª ª®¬¬ãâ�â®àã á«ã-
¦¨â −�¤¥¦−®© �ãâ¥−â¨ä¨ª�æ¨¥© ��ˆ ¨ ¨−¨æ¨¨àã¥â ¯à®¤®«¦¥−¨¥ ®à£�−¨§�æ¨¨
¢§�¨¬®¤¥©áâ¢¨ï.

…á«¨ ¢§�¨¬®¤¥©áâ¢¨¥ ¯à¥¤¯®«�£�¥â á¢ï§ì á ¤àã£¨¬ á®âàã¤−¨ª®¬ ª®à¯®à�æ¨¨,
â® ®áãé¥áâ¢«ï¥âáï ¥£® ¢ë§®¢ ç¥à¥§ �−�«®£¨ç−ë© â¥à¬¨−�« íâ®£® á®âàã¤−¨ª� −�
¥£® á¨¬¬¥âà¨ç−®¬ ª«îç¥. „«ï ¨å ¢§�¨¬®¤¥©áâ¢¨ï ¯®âà¥¡ã¥âáï ¯¥à¥è¨äà®¢�−¨¥
®¡¬¥−� ¨−ä®à¬�æ¨¥© á ®¤−®£® ª«îç� −� ¤àã£®©. �¯¨á�−−�ï áå¥¬� ¢§�¨¬®¤¥©-
áâ¢¨ï | ¯à®áâ¥©è�ï, ®−� ®áâ�¢«ï¥â ¢®§¬®¦−®áâì ª®−âà®«ï ¢§�¨¬®¤¥©áâ¢¨ï. „«ï
¬�àèàãâ¨§�æ¨¨ âà�ä¨ª� ¢−ãâà¨ ®¡«�ª� ª®¬¬ãâ�â®àë áâà®ïâ ¨−¤¨¢¨¤ã�«ì−ë¥ ¤«ï
ª�¦¤®£® ã§«� §�é¨é¥−−ë¥ á®¥¤¨−¥−¨ï á ¯®¬®éìî à�§¢¥à−ãâ®© ¨−äà�áâàãªâãàë
áà¥¤áâ¢ è¨äà®¢�−¨ï ¯à¥¤¯à¨ïâ¨ï.
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4 Заключение

�®áâà®¥−¨¥ á®¢à¥¬¥−−ëå ª®à¯®à�â¨¢−ëå á¨áâ¥¬ á §�é¨é¥−−ë¬¨ â¥à¬¨−�«�-
¬¨ ã¤�«¥−−ëå ¤àã£ ®â ¤àã£� ¯®«ì§®¢�â¥«¥© ¬®¦¥â ®¯¨à�âìáï −� −¥§�é¨é¥−−ë¥ ÷‘
¨ ¬®¡¨«ì−ë¥ ãáâà®©áâ¢�, ¢ ª®â®àë¥ ¢áâà®¥− ¥¤¨−áâ¢¥−−ë© ¤®¢¥à¥−−ë© ¡«®ª, à¥-
�«¨§ãîé¨© ¨−â¥àä¥©á −¥¡¥§®¯�á−®£® ª®¬¯ìîâ¥à� ¡¥§ ¢®§¬®¦−®áâ¨ ¢ëå®¤� ¢ á¥âì
¨ á¥â¥¢®£® ¨−â¥àä¥©á� á ¥¤¨−áâ¢¥−−ë¬ �¤à¥á®¬ ¢§�¨¬®¤¥©áâ¢¨ï. �â®â �¤à¥á
¯à¥¤¯®«�£�¥â á¢ï§ì á ¯à¨¬¨â¨¢−ë¬ ¯®¤®¡«�ª®¬ ª®à¯®à�â¨¢−®© á¨áâ¥¬ë, à¥�«¨-
§ãîé¥© ª®¬¬ãâ�â®à ¤«ï ®à£�−¨§�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï ã¤�«¥−−ëå ¯®«ì§®¢�â¥«¥©
¤àã£ á ¤àã£®¬, á á¥à¢¨á�¬¨ ª®à¯®à�â¨¢−®£® ®¡«�ª� ¨ à¥áãàá�¬¨ ¢−¥è−¥© £«®¡�«ì-
−®© á¥â¨. ‚ §�¢¨á¨¬®áâ¨ ®â æ¥−−®áâ¥© �ªâ¨¢®¢ ®à£�−¨§�æ¨¨ ¬®¦¥â ¨á¯®«ì§®¢�âìáï
£�à�−â¨à®¢�−−®¥ ¨«¨ «¥£ª®¥ è¨äà®¢�−¨¥.
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ОБ АЛГОРИТМАХ ДЕКОДИРОВАНИЯ
ОБОБЩЕННЫХ КОДОВ РИДА–СОЛОМОНА

С. М. Рацеев1, О. И. Череватенко2

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�îâáï �«£®à¨â¬ë ¤¥ª®¤¨à®¢�−¨ï ®¡®¡é¥−−ëå ª®-
¤®¢ ÷¨¤�{‘®«®¬®−� (÷‘), ¯®áâà®¥−−ë¥ −� ®á−®¢¥ �«£®à¨â¬®¢ ¤«ï ª®¤®¢
÷‘. �à¨¢®¤¨âáï �«£®à¨â¬ë ƒ�®, ‘ã£¨ï¬ë ¨ �¥à«¥ªí¬¯�{Œ¥áá¨ (�«£®à¨â¬
�¨â¥àá®−�{ƒ®à¥−áâ¥©−�{–¨à«¥à�). �¥à¢ë© ¨§ ¤�−−ëå �«£®à¨â¬®¢ ®â−®á¨âáï
ª �«£®à¨â¬�¬ ¡¥áá¨−¤à®¬−®£® ¤¥ª®¤¨à®¢�−¨ï, ®áâ�«ì−ë¥ | ª �«£®à¨â¬�¬
á¨−¤à®¬−®£® ¤¥ª®¤¨à®¢�−¨ï. �ªâã�«ì−®áâì ¤�−−ëå �«£®à¨â¬®¢ á®áâ®¨â ¢ â®¬,
çâ® ®−¨ ¯à¨¬¥−¨¬ë ¤«ï ¤¥ª®¤¨à®¢�−¨ï ª®¤®¢ ƒ®¯¯ë, ª®â®àë¥ «¥¦�â ¢ ®á−®¢¥
−¥ª®â®àëå ¯¥àá¯¥ªâ¨¢−ëå ¯®áâª¢�−â®¢ëå ªà¨¯â®á¨áâ¥¬. �à¨ íâ®¬ ¤�−−ë¥
�«£®à¨â¬ë ¯à¨¬¥−¨¬ë ¤«ï ª®¤®¢ ƒ®¯¯ë −�¤ ¯à®¨§¢®«ì−ë¬ ¯®«¥¬ ¢ ®â«¨ç¨¥
®â å®à®è® ¨§¢¥áâ−®£® �«£®à¨â¬� ¤¥ª®¤¨à®¢�−¨ï ��ââ¥àá®−� ¤«ï ¤¢®¨ç−ëå
ª®¤®¢ ƒ®¯¯ë.

Š«îç¥¢ë¥ á«®¢�: ¯®¬¥å®ãáâ®©ç¨¢ë¥ ª®¤ë; ª®¤ë ÷¨¤�{‘®«®¬®−�; ª®¤ë
ƒ®¯¯ë; ¤¥ª®¤¨à®¢�−¨¥ ª®¤�

DOI: 10.14357/08696527200408

1 Введение

�ãáâì α = (α0, α1, . . . , αn−1), £¤¥ αi { à�§«¨ç−ë¥ í«¥¬¥−âë ¯®«ï GF(q), y =
= (y0, y1, . . . , yn−1)| −¥−ã«¥¢ë¥ (−¥®¡ï§�â¥«ì−® à�§«¨ç−ë¥) í«¥¬¥−âë ¨§GF(q).
’®£¤� ®¡®¡é¥−−ë© [n, k, d = n − k + 1]-ª®¤ ÷‘, ®¡®§−�ç�¥¬ë© GRSk(α, y),
á®áâ®¨â ¨§ ¢á¥å ª®¤®¢ëå ¢¥ªâ®à®¢ ¢¨¤�

u = (y0b(α0), y1b(α1), . . . , yn−1b(αn−1)) ,

£¤¥ b(x) | ¨−ä®à¬�æ¨®−−ë¥ ¬−®£®ç«¥−ë −�¤ ¯®«¥¬ GF(q) áâ¥¯¥−¨ −¥ ¢ëè¥
k − 1. …á«¨ n = q − 1, ¢¥ªâ®à y á®áâ®¨â ¨§ ¥¤¨−¨æ ¨ αi = α

i, i = 0, 1, . . . , n− 1,
£¤¥ α | ¯à¨¬¨â¨¢−ë© í«¥¬¥−â ¯®«ï GF(q), â® ¢ íâ®¬ á«ãç�¥ ¯®«ãç�¥¬ ª®¤ ÷‘.
˜¨®§�ª¨ [1] ¨ ƒ�® [2] ¯à¥¤«®¦¨«¨ ®ç¥−ì ¯à®áâ®© �«£®à¨â¬ ¤¥ª®¤¨à®¢�−¨ï ª®¤®¢
÷‘, �á¨¬¯â®â¨ç¥áª�ï á«®¦−®áâì ª®â®à®£® ®æ¥−¨¢�¥âáï ¢¥«¨ç¨−®© O(n(log n)2)
¨ á®¢¯�¤�¥â á® á«®¦−®áâìî «ãçè¨å �«£®à¨â¬®¢ ¤¥ª®¤¨à®¢�−¨ï ª®¤®¢ ÷‘. ’�ª¦¥
¨¬¥îâáï å®à®è® ¨§¢¥áâ−ë¥ �«£®à¨â¬ë ¤¥ª®¤¨à®¢�−¨ï ª®¤®¢ ÷‘ [3{5]: �¨â¥àá®-
−�{ƒ®à¥−áâ¥©−�{–¨à«¥à� (á«®¦−®áâì �«£®à¨â¬� O(n3) [6]), �¥à«¥ªí¬¯�{Œ¥áá¨

1“«ìï−®¢áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, ratseevsm@mail.ru
2“«ìï−®¢áª¨© £®áã¤�àáâ¢¥−−ë© ¯¥¤�£®£¨ç¥áª¨© ã−¨¢¥àá¨â¥â ¨¬¥−¨ ˆ. �. “«ìï−®¢�,

choi2008@yandex.ru
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(á«®¦−®áâì �«£®à¨â¬� O(n2) [6]) ¨ ‘ã£¨ï¬ë{Š�á�å�àë{•¨à�á�¢ë{��¬¥ª�¢ë
(á«®¦−®áâì �«£®à¨â¬� O(n2) [6]).

‡�¬¥â¨¬, çâ®, ¢ ®â«¨ç¨¥ ®â ª®¤®¢ ÷‘, ¢ ®¡®¡é¥−−ëå ª®¤�å ÷‘ ®¤−� ¨§
ª®¬¯®−¥−â ¢¥ªâ®à� α ¬®¦¥â ¡ëâì −ã«¥¢®©, çâ® −ã¦−® ãç¨âë¢�âì ¤«ï −¥ª®â®àëå
�«£®à¨â¬®¢ ¤¥ª®¤¨à®¢�−¨ï. ‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�îâáï �«£®à¨â¬ë ¤¥ª®-
¤¨à®¢�−¨ï ¤«ï ®¡®¡é¥−−ëå ª®¤®¢ ÷‘, ¯®áâà®¥−−ë¥ −� ®á−®¢¥ �«£®à¨â¬®¢ ¤«ï
ª®¤®¢ ÷‘. �ªâã�«ì−®áâì â�ª¨å �«£®à¨â¬®¢ ¤¥ª®¤¨à®¢�−¨ï á®áâ®¨â ¢ â®¬, çâ®
¢á¥ �«£®à¨â¬ë ¤¥ª®¤¨à®¢�−¨ï ¤«ï ®¡®¡é¥−−ëå ª®¤®¢ ÷‘ ¬®¦−® ¯à¨¬¥−ïâì ¤«ï
¤¥ª®¤¨à®¢�−¨ï ª®¤®¢ ƒ®¯¯ë, ¯à¨ íâ®¬ ¨¬¥−−® −� ®á−®¢¥ ª®¤®¢ ƒ®¯¯ë áâà®ïâáï
−¥ª®â®àë¥ ¯¥àá¯¥ªâ¨¢−ë¥ ¯®áâª¢�−â®¢ë¥ ªà¨¯â®á¨áâ¥¬ë [7].

2 Декодирование обобщенных кодов Рида–Соломона
на основе алгоритма Гао

�à¨ ®¯¨á�−¨¨ á«¥¤ãîé¥£® �«£®à¨â¬� ¡ã¤¥¬ á«¥¤®¢�âì à�¡®â¥ [8]. �ãáâì
®¡®¡é¥−−ë© ª®¤ ÷‘ GRSk(α, y) ¤«¨−ë n §�¤�¥âáï ¢¥ªâ®à�¬¨ α ¨ y. �¯à¥¤¥«¨¬
¬−®£®ç«¥− m(x) = (x − α0)(x − α1) · · · (x − αn−1). �ãáâì ª®¤®¢ë© ¢¥ªâ®à u
¯®«ãç¥− á ¯®¬®éìî ª®¤¨à®¢�−¨ï ¨−ä®à¬�æ¨®−−®£® ¬−®£®ç«¥−� b(x) = b0 +
+ b1x+ · · ·+ bk−1xk−1:

u = (y0b(α0), y1b(α1), . . . , yn−1b(αn−1)) .

�ãáâì v = u + e | ¯®«ãç¥−−ë© ¢¥ªâ®à, £¤¥ e | ¢¥ªâ®à ®è¨¡®ª, X1 =
= αi1 , . . . ,Xt = αit | «®ª�â®àë ®è¨¡®ª; Y1 = ei1 , . . . , Yt = eit | §−�ç¥−¨ï
®è¨¡®ª. ‚ ¤�−−®¬ �«£®à¨â¬¥ ¬−®£®ç«¥− «®ª�â®à®¢ ®è¨¡®ª §�¯¨è¥¬ ¢ ¢¨¤¥:

σ(x) = (x−X1) · · · (x−Xt).

…á«¨ ®è¨¡®ª −¥ ¡ë«®, â® ¡ã¤¥¬ ¯®«�£�âì, çâ® σ(x) = 1.
…á«¨ vi = ui, â® vi = yib(αi). …á«¨ vi 6= ui, â® −� ¯®§¨æ¨¨ i ¯à®¨§®è«�

®è¨¡ª�, ¯®íâ®¬ã σ(αi) = 0. ˆ§ íâ®£® á«¥¤ã¥â, çâ® σ(αi)y
−1
i vi = σ(αi)b(αi),

i = 0, 1, . . . , n− 1. �¡®§−�ç¨¬ p(x) = σ(x)b(x). ’®£¤�

σ (αi) y
−1
i vi = p (αi) , i = 0, 1, . . . , n− 1 .

�®áâà®¨¬ ¨−â¥à¯®«ïæ¨®−−ë© ¬−®£®ç«¥− ‹�£à�−¦� f(x) áâ¥¯¥−¨ −¥ ¢ëè¥ n− 1,
¯à®å®¤ïé¨© ç¥à¥§ â®çª¨ (α0, y

−1
0 v0), (α1, y

−1
1 v1), . . . , (αn−1, y

−1
n−1vn−1):

f(αi) = y
−1
i vi , i = 0, 1, . . . , n− 1 , deg f(x) ≤ n− 1 .

’®£¤� ¨§ à�¢¥−áâ¢ σ(αi)f(αi) = p(αi), i = 0, 1, . . . , n− 1, ¯®«ãç�¥¬ áà�¢−¥−¨¥:

σ(x)f(x) ≡ p(x)(modm(x)) .
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�¡ �«£®à¨â¬�å ¤¥ª®¤¨à®¢�−¨ï ®¡®¡é¥−−ëå ª®¤®¢ ÷¨¤�{‘®«®¬®−�

�«£®à¨â¬ 1 (�«£®à¨â¬ ¤¥ª®¤¨à®¢�−¨ï ƒ�® ¤«ï ®¡®¡é¥−−ëå ª®¤®¢ ÷¨¤�{‘®-
«®¬®−�)

‚å®¤: ¯à¨−ïâë© ¢¥ªâ®à v.
‚ëå®¤: ¨áå®¤−ë© ¨−ä®à¬�æ¨®−−ë© ¢¥ªâ®à b, ¥á«¨ ¯à®¨§®è«® −¥ ¡®«¥¥

[(d− 1)/2] ®è¨¡®ª.
1. ˆ−â¥à¯®«ïæ¨ï. ‘âà®¨âáï ¨−â¥à¯®«ïæ¨®−−ë© ¬−®£®ç«¥− f(x), ¤«ï ª®â®-

à®£® f(αi) = y
−1
i vi, i = 0, 1, . . . , n− 1.

2. �¥§�ª®−ç¥−−ë© ®¡®¡é¥−−ë© �«£®à¨â¬ …¢ª«¨¤�. �ãáâì r−1(x) = m(x),
r0(x) = f(x), v−1(x) = 0, v0(x) = 1. �à®¨§¢®¤¨âáï ¯®á«¥¤®¢�â¥«ì−®áâì
¤¥©áâ¢¨© ®¡®¡é¥−−®£® �«£®à¨â¬� …¢ª«¨¤�

ri−2(x) = ri−1(x)qi−1(x) + ri(x); vi(x) = vi−2(x)− vi−1(x)qi−1(x), i ≥ 1,
¤® â¥å ¯®à, ¯®ª� −¥ ¡ã¤¥â ¤®áâ¨£−ãâ â�ª®© rj(x), ¤«ï ª®â®à®£®

deg rj−1(x) ≥
n+ k

2
; deg rj(x) <

n+ k

2
.

3. „¥«¥−¨¥. ˆ−ä®à¬�æ¨®−−ë© ¬−®£®ç«¥− à�¢¥− b(x) = rj(x)/vj(x).
’¥®à¥¬� 1. …á«¨ ¢ ª®¤®¢®¬ ¢¥ªâ®à¥ ¯à®¨§®è«® −¥ ¡®«¥¥ [(d − 1)/2] ®è¨¡®ª,
â® �«£®à¨â¬ ¤¥ª®¤¨à®¢�−¨ï 1 ¢á¥£¤� ¯à¨¢®¤¨â ª ¥¤¨−áâ¢¥−−®¬ã à¥è¥−¨î,
� ¨¬¥−−®: ª ¨áå®¤−®¬ã ¨−ä®à¬�æ¨®−−®¬ã ¢¥ªâ®àã b.

„ ® ª � § � â ¥ « ì á â ¢ ® ¤�−−®© â¥®à¥¬ë �−�«®£¨ç−® ¤®ª�§�â¥«ìáâ¢ã �−�«®£¨ç−®©
â¥®à¥¬ë ¨§ à�¡®âë [8] ¤«ï ª®¤®¢ ÷‘.
�à¨¬¥à 1. ÷�áá¬®âà¨¬ ®¡®¡é¥−−ë© ª®¤ ÷‘ −�¤ ¯®«¥¬GF (7) á ¯�à�¬¥âà�¬¨n =
= 7, k = 3, d = 5, α = (0, 1, 2, 3, 4, 5, 6), y = (2, 1, 3, 1, 4, 1, 5). ’�ª ª�ª ¢¥ªâ®à α
á®¤¥à¦¨â ¢á¥ í«¥¬¥−âë ¯®«ïGF (7), â®m(x) = x7−x. �¨¦¥ ¯à¨¢¥¤¥−ë ¬�âà¨æ�
‚�−¤¥à¬®−¤� V −� ®á−®¢¥ ¢¥ªâ®à� α, ®¡à�â−�ï ª −¥© ¬�âà¨æ� V −1 ¨ ¤¨�£®−�«ì−�ï
¬�âà¨æ� Y −� ®á−®¢¥ ¢¥ªâ®à� y:

V =




1 1 1 1 1 1 1
0 1 2 3 4 5 6
0 1 4 2 2 4 1
0 1 1 6 1 6 6
0 1 2 4 4 2 1
0 1 4 5 2 3 6
0 1 1 1 1 1 1



; V −1 =




1 0 0 0 0 0 6
0 6 6 6 6 6 6
0 3 5 6 3 5 6
0 2 3 1 5 4 6
0 5 3 6 5 3 6
0 4 5 1 3 2 6
0 1 6 1 6 1 6



; Y = Diag (2, 1, 3, 1, 4, 1, 5).

‡�¬¥â¨¬, çâ® ¯¥à¢ë¥ k = 3 áâà®ª¨ ¬�âà¨æë V Y ®¡à�§ãîâ ¯®à®¦¤�îéãî ¬�âà¨-
æã G ª®¤� GRS3(α, y).

�ãáâì b = (2, 4, 1) | ¨−ä®à¬�æ¨®−−ë© ¢¥ªâ®à, ª®â®àë© á®®â¢¥âáâ¢ã¥â ¬−®-
£®ç«¥−ã b(x) = 2 + 4x + x2. �®á«¥ ª®¤¨à®¢�−¨ï ¢¥ªâ®à� b ¯®«ãç�¥¬ ª®¤®¢ë©
¢¥ªâ®à

u = (y0b(0), y1b(1), . . . , y6b(6)) = (4, 0, 0, 2, 3, 5, 2) = (b0, b1, b2, 0, 0, 0, 0, )V Y.
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�ãáâì ¢¥ªâ®à ®è¨¡®ª à�¢¥− e = (5, 0, 3, 0, 0, 0, 0). ’®£¤� −� ¯à¨¥¬−®¬ ª®−-
æ¥ ¡ã¤¥â ¯®«ãç¥− ¢¥ªâ®à v = u + e = (2, 0, 3, 2, 3, 5, 2). �à¨¬¥−¨¬ �«£®à¨â¬
¤¥ª®¤¨à®¢�−¨ï 1.

1. ˆ−â¥à¯®«ïæ¨ï. ‚ëç¨á«ï¥¬ ª®íää¨æ¨¥−âë ¬−®£®ç«¥−� f(x) = f0 +
+ f1x+ · · ·+ f6x6:

(f0, f1, . . . , f6) = vY
−1V −1 = (1, 0, 6, 6, 3, 5, 0).

2. �¥§�ª®−ç¥−−ë© ®¡®¡é¥−−ë© �«£®à¨â¬ …¢ª«¨¤�. �®«�£�¥¬ r−1(x) =
= m(x), r0(x) = f(x), v−1(x) = 0, v0(x) = 1. �®á«¥ ¯à¨¬¥−¥−¨ï ¯¥à¢®£® è�£�
®¡®¡é¥−−®£® �«£®à¨â¬� …¢ª«¨¤�

r−1(x) = r0(x)(x+ 3x
2) + 5x+ 4x2 + x3 + 4x4;

r1(x) = 5x+ 4x
2 + x3 + 4x4;

v1(x) = −(x+ 3x2) = 6x+ 4x2

¯à®æ¥áá ®áâ�−�¢«¨¢�¥âáï, â�ª ª�ª deg r0(x) = 5, deg r1(x) = 4, (n+ k)/2 = 5.
3. „¥«¥−¨¥. ˆáå®¤−ë© ¨−ä®à¬�æ¨®−−ë© ¬−®£®ç«¥− à�¢¥− b(x) =

= r1(x)/v1(x).

3 Декодирование обобщенных кодов Рида-Соломона
на основе алгоритма Сугиямы

‚ á«¥¤ãîé¥© â¥®à¥¬¥ ¯à¨¢®¤¨âáï ¢¨¤ ¯à®¢¥à®ç−®© ¬�âà¨æë ª®¤�GRSk(α, y)
(á¬., −�¯à¨¬¥à, [3]), ª®â®à�ï −¥®¡å®¤¨¬� ¤«ï à�áá¬®âà¥−−®£® −¨¦¥ �«£®à¨â¬�
¤¥ª®¤¨à®¢�−¨ï.
’¥®à¥¬� 2. Š®¤, ¤ã�«ì−ë© GRSk(α, y)-ª®¤ã, ï¢«ï¥âáï GRSn−k(α,w)-ª®¤®¬
¤«ï −¥ª®â®à®£® ¢¥ªâ®à� w, ¯à¨ç¥¬ ¢ ª�ç¥áâ¢¥ ¢¥ªâ®à� w ¬®¦−® ¢§ïâì w =
= (w0, w1, . . . , wn−1), £¤¥

wi =
1

yi

∏
j 6=i
(αi − αj)

, i = 0, 1, . . . , n− 1 .

ˆ§ â¥®à¥¬ë 2 á«¥¤ã¥â, çâ® ¯à®¢¥à®ç−�ï ¬�âà¨æ� H ª®¤� GRSk(α, y) à�¢−�
¯®à®¦¤�îé¥© ¬�âà¨æ¥ ª®¤� GRSn−k(α,w):

H =




1 1 · · · 1
α0 α1 · · · αn−1
...

...
. . .

...
αn−k−1
0 αn−k−1

1 · · · αn−k−1
n−1







w0 0 · · · 0
0 w1 · · · 0
...

...
. . .

...
0 0 · · · wn−1


 . (1)

Œ�âà¨æ� H á®¤¥à¦¨â n− k = d− 1 áâà®ª ¨ n áâ®«¡æ®¢.
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�ãáâì §�¤�− ª®¤ GRSk(α, y) á ¯à®¢¥à®ç−®© ¬�âà¨æ¥© ¢¨¤� (1) á ª®¤®¢ë¬
à�ááâ®ï−¨¥¬ d ≥ 2t+1. ’�ª ª�ª r = n− k = d− 1 ≥ 2t, â® ¡ã¤¥¬ à�áá¬�âà¨¢�âì
á¨−¤à®¬−ë© ¢¥ªâ®à ¢¨¤� (S0, S1, . . . , S2t−1), à�¢−ë© ¯à®¨§¢¥¤¥−¨î ¢¥ªâ®à� v
−� âà�−á¯®−¨à®¢�−−ãî ¬�âà¨æã, ¯®«ãç¥−−ãî ¨§ ¯¥à¢ëå 2t áâà®ª ¬�âà¨æë H.
÷�á¯¨è¥¬ íâ® ¡®«¥¥ ¯®¤à®¡−®.

�ãáâì ¯®á«¥ ®â¯à�¢«¥−¨ï ¢¥ªâ®à� u −� ¯à¨¥¬−®¬ ª®−æ¥ ¯à¨−ïâ ¢¥ªâ®à v =
= u + e, £¤¥ e | ¢¥ªâ®à ®è¨¡®ª ¢¥á� −¥ ¡®«¥¥ t. �ãáâì ®è¨¡ª¨ ¯à®¨§®è«¨ −�
¯®§¨æ¨ïå i1, . . . , it. ‚ëç¨á«ïï á¨−¤à®¬−ë© ¢¥ªâ®à, ¯®«ãç�¥¬:

S = vHT = eHT =




ei1wi1 + · · ·+ eitwit
ei1wi1αi1 + · · ·+ eitwitαit

...
ei1wi1α

r−1
i1
+ · · ·+ eitwitα

r−1
it




T

.

�ãáâì X1 = αi1,X2 = αi2 , . . . ,Xt = αit | «®ª�â®àë ®è¨¡®ª; Y1 = ei1 , Y2 =
= ei2 , . . . , Yt = eit | §−�ç¥−¨ï ®è¨¡®ª. �¡®§−�ç¨¬ Zj = Yjwij , j = 1, . . . , t.
’®£¤�

Si = Z1X
i
1 + · · ·+ ZtX

i
t , i = 0, 1, . . . , 2t− 1 ;

S(x) = S0 + S1x+ · · ·+ S2t−1x2t−1.

�¯à¥¤¥«¨¬ ¬−®£®ç«¥− «®ª�â®à®¢ ®è¨¡®ª:

σ(x) = (1−X1x)(1−X2x) · · · (1−Xtx) = σ0 + σ1x+ σ2x
2 + · · · + σtx

t,

£¤¥ σ0 = 1. ‚ë¢¥¤¥¬ ª«îç¥¢®¥ ãà�¢−¥−¨¥ ¤«ï ®¡®¡é¥−−ëå ª®¤®¢ ÷‘. „«ï íâ®£®
®¯à¥¤¥«¨¬ ¤¢� ¬−®£®ç«¥−� ω(x) ¨ �(x):

ω(x) =

t∑

j=1

Zj

∏

s 6=j

(1−Xsx); �(x) =

t∑

j=1

ZjX
2t
j

∏

s 6=j

(1−Xsx),

£¤¥ ω(x) −�§ë¢�¥âáï ¬−®£®ç«¥−®¬ §−�ç¥−¨© ®è¨¡®ª ¤«ï ®¡®¡é¥−−ëå ª®¤®¢ ÷‘.
’®£¤�

S(x) =

2t−1∑

i=0

Six
i =

2t−1∑

i=0

t∑

j=1

ZjX
i
jx

i =

t∑

j=1

Zj

2t−1∑

i=0

(Xjx)
i =

=

t∑

j=1

Zj
1− (Xjx)

2t

1−Xjx
=

t∑

j=1

Zj

1−Xjx
− x2t

t∑

j=1

X2tj

1−Xjx
=
ω(x)

σ(x)
− x2t�(x)

σ(x)
.
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’�ª¨¬ ®¡à�§®¬, ¯®«ãç�¥¬ ª«îç¥¢®¥ ãà�¢−¥−¨¥:

S(x)σ(x) ≡ ω(x)(modx2t). (2)

‡�¬¥ç�−¨¥ 1. ‚¥à−¥¬áï ª ¢®¯à®áã ® −�«¨ç¨¨ ¢ ¢¥ªâ®à¥ α −ã«¥¢®© ª®¬¯®−¥−âë.
‚ ¯à¥¤ë¤ãé¥¬ �«£®à¨â¬¥ íâ®â ä�ªâ −¥ ¨¬¥« §−�ç¥−¨ï. ‡¤¥áì ¦¥ −ã¦−® íâ®
ãç¨âë¢�âì. �à¥¤¯®«®¦¨¬, çâ® αi = 0, ¨ ¯ãáâì −� i-© ¯®§¨æ¨¨ ª®¤®¢®£® ¢¥ªâ®à�
¯à®¨§®è«� ®è¨¡ª�. ’�ª ª�ª X0 = αi = 0, â® ¤�−−ë© «®ª�â®à ®è¨¡ª¨ −¥
®ª�§ë¢�¥â ¢«¨ï−¨ï −� ¬−®£®ç«¥−ë σ(x) ¨ ω(x). ‘ ¯®¬®éìî ¤�−−ëå ¬−®£®ç«¥−®¢
¬®¦−® −�©â¨ â®«ìª® −¥−ã«¥¢ë¥ «®ª�â®àë ®è¨¡®ª ¨ á®®â¢¥âáâ¢ãîé¨¥ ¨¬ §−�ç¥−¨ï
®è¨¡®ª. �®íâ®¬ã ¢ á�¬®¬ ª®−æ¥ á«¥¤ãîé¥£® �«£®à¨â¬� ¯®á«¥ −�å®¦¤¥−¨ï
¢á¥å ®è¨¡®ª, á®®â¢¥âáâ¢ãîé¨å −¥−ã«¥¢ë¬ «®ª�â®à�¬, −¥®¡å®¤¨¬® ¯à®¢¥à¨âì,
¡ë«� «¨ ¥é¥ ®¤−� ®è¨¡ª� −� i-© ¯®§¨æ¨¨. �ãáâì ũ | ¢¥ªâ®à, ¢ ª®â®à®¬
¨á¯à�¢«¥−ë ¢á¥ ®è¨¡ª¨, á®®â¢¥âáâ¢ãîé¨¥ −¥−ã«¥¢ë¬ «®ª�â®à�¬. ’�ª ª�ª i-©
áâ®«¡¥æ ¬�âà¨æë H ¨¬¥¥â â®«ìª® ®¤−® −¥−ã«¥¢®¥ §−�ç¥−¨¥ −� ¯¥à¢®© ¯®§¨æ¨¨,
à�¢−®¥ wi, â® −¥®¡å®¤¨¬® −�©â¨ §−�ç¥−¨¥ Z0, à�¢−®¥ áª�«ïà−®¬ã ¯à®¨§¢¥¤¥−¨î
¢¥ªâ®à� ũ −� ¯¥à¢ãî áâà®ªã ¬�âà¨æë H. …á«¨ Z0 = 0, â® −� i-© ¯®§¨æ¨¨ ®è¨¡®ª
−¥ ¡ë«®. ‚ ¯à®â¨¢−®¬ á«ãç�¥ §−�ç¥−¨¥ ®è¨¡ª¨ −� i-© ¯®§¨æ¨¨ à�¢−® Y0 = Z0w

−1
i .

�«£®à¨â¬ 2 (¤¥ª®¤¨à®¢�−¨¥ ®¡®¡é¥−−®£® ª®¤� ÷¨¤�{‘®«®¬®−� −� ®á−®¢¥
�«£®à¨â¬� ‘ã£¨ï¬ë)

‚å®¤: ¯à¨−ïâë© ¢¥ªâ®à v.
‚ëå®¤: ¨áå®¤−ë© ª®¤®¢ë© ¢¥ªâ®à u, ¥á«¨ ¯à®¨§®è«® −¥ ¡®«¥¥ [(d − 1)/2]

®è¨¡®ª.
1. �¯à¥¤¥«ï¥âáï t = [(d − 1)/2]. ��å®¤ïâáï ¯¥à¢ë¥ 2t ª®¬¯®−¥−â

S0, S1, . . . , S2t−1 á¨−¤à®¬−®£® ¢¥ªâ®à� vHT. …á«¨ ®−¨ ¢á¥ à�¢−ë −ã«î, â®
¯®«�£�¥âáï, çâ® ®è¨¡®ª −¥â ¨ ¯à®æ¥¤ãà� ®ª®−ç¥−�. �®«ãç¥−−®¬ã ¢¥ªâ®àã áâ�¢¨â-
áï ¢ á®®â¢¥âáâ¢¨¥ á¨−¤à®¬−ë© ¬−®£®ç«¥− S(x) =

∑2t−1
i=0 Six

i.
2. �ãáâì r−1(x) = x2t, r0(x) = S(x), v−1(x) = 0, v0(x) = 1. ‘ ¯®¬®éìî

®¡®¡é¥−−®£® �«£®à¨â¬� …¢ª«¨¤� ¯à®¨§¢®¤¨âáï ¯®á«¥¤®¢�â¥«ì−®áâì ¢ëç¨á«¥−¨©
(i ≥ 1):

ri−2(x) = ri−1(x)qi−1(x) + ri(x); vi(x) = vi−2(x)− vi−1(x)qi−1(x).

�à®æ¥áá ¯à¥ªà�é�¥âáï, ª�ª â®«ìª® ¤«ï −¥ª®â®à®£® rj(x) ¡ã¤¥â ¢ë¯®«−¥−®

deg rj−1(x) ≥ t ; deg rj(x) ≤ t− 1 . (3)

’®£¤� σ(x) = λvj(x), ω(x) = λrj(x), £¤¥ ª®−áâ�−â� λ ∈ GF (q) §�¤�¥âáï â�ª,
çâ®¡ë ã¤®¢«¥â¢®àï«®áì ãá«®¢¨¥ σ(0) = 1.

3. �ãáâì s = deg σ(x). �âëáª¨¢�îâáï s ª®à−¥© ¬−®£®ç«¥−� σ(x) ¯®á«¥-
¤®¢�â¥«ì−®© ¯®¤áâ�−®¢ª®© ¢ −¥£® −¥−ã«¥¢ëå í«¥¬¥−â®¢ ¯®«ï GF(q). �à¨ íâ®¬
«®ª�â®àë ®è¨¡®ª | íâ® ¢¥«¨ç¨−ë, ®¡à�â−ë¥ ª®à−ï¬ ¬−®£®ç«¥−� σ(x).
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4. ��å®¤ïâáï Z1, . . . , Zs, −�¯à¨¬¥à á ¯®¬®éìî �«£®à¨â¬� ”®à−¨:

Zi =
ω
(
X−1

i

)
∏

j 6=i

(
1−XjX

−1
i

) , i = 1, . . . , s . (4)

�®á«¥ íâ®£® −�å®¤ïâáï §−�ç¥−¨ï ®è¨¡®ª Yj = Zj/wij , j = 1, . . . , s. “ ¢¥ªâ®à� v
¨§ ij-£® á¨¬¢®«�, Xj = αij , ¢ëç¨â�¥âáï §−�ç¥−¨¥ Yj, j = 1, . . . , s. �à¨ íâ®¬
¯®«ãç�¥âáï ¢¥ªâ®à ũ.

…á«¨αi = 0 ¤«ï −¥ª®â®à®£® i, â® ¢ëç¨á«ï¥âáï §−�ç¥−¨¥Z0, à�¢−®¥ áª�«ïà−®¬ã
¯à®¨§¢¥¤¥−¨î ¢¥ªâ®à� ũ −� ¯¥à¢ãî áâà®ªã ¬�âà¨æë H. …á«¨ Z0 6= 0, â®
¢ëç¨á«ï¥âáï §−�ç¥−¨¥ ®è¨¡ª¨ Y0 = Z0/wi. �áâ�«®áì ¢ ¢¥ªâ®à¥ ũ ¨§ i-£® á¨¬¢®«�
¢ëç¥áâì Y0.
’¥®à¥¬� 3. �ãáâì d ≥ 2t + 1, vj(x) ¨ rj(x) | ¬−®£®ç«¥−ë ¨§ ®¡®¡é¥−−®£®
�«£®à¨â¬� …¢ª«¨¤� á ãá«®¢¨¥¬ (3). ’®£¤� −�©¤¥âáï â�ª�ï −¥−ã«¥¢�ï ª®−áâ�−â�
λ ∈ F , ¤«ï ª®â®à®© σ(x) = λvj(x) ¨ ω(x) = λrj(x).

„ ® ª � § � â ¥ « ì á â ¢ ® �−�«®£¨ç−®© â¥®à¥¬ë ¤«ï ª®¤®¢ ÷‘ ¬®¦−® −�©â¨, −�¯à¨-
¬¥à, ¢ [3].
�à¨¬¥à 2. �à®¤®«¦¨¬ à�§¡®à ¯à¨¬¥à� 1, ¢ ª®â®à®¬ à�áá¬�âà¨¢�«áï
ª®¤ GRS3(α, y). �®à®¦¤�îé�ï ¨ ¯à®¢¥à®ç−�ï ¬�âà¨æë ª®¤� GRS3(α, y) ¡ã¤ãâ
¨¬¥âì ¢¨¤:

G = V3(α)Diag (y) =

(
2 1 3 1 4 1 5
0 1 6 3 2 5 2
0 1 5 2 1 4 5

)
;

H = V4(α)Diag (−w) =



4 1 5 1 2 1 3
0 1 3 3 1 5 4
0 1 6 2 4 4 3
0 1 5 6 2 6 4


 ,

£¤¥, ãç¨âë¢�ï â¥®à¥¬ã 2, wi = −y−1i ; V3(α) ¨ V4(α) | ¬�âà¨æë, ¯®«ãç¥−−ë¥
á®®â¢¥âáâ¢¥−−® ¨§ ¯¥à¢ëå âà¥å ¨ ç¥âëà¥å áâà®ª ¬�âà¨æë ‚�−¤¥à¬®−¤� V (α).
‡¤¥áì ãçâ¥− â®â ä�ªâ, çâ®

∏
j 6=i(αj − αi) = −1 ¤«ï «î¡®£® αi ∈ GF (7).

�ãáâì −� ¯à¨¥¬−®¬ ª®−æ¥ ¯®«ãç¥− â®â ¦¥ ¢¥ªâ®à v = (2, 0, 3, 2, 3, 5, 2).
�à¨¬¥−¨¬ �«£®à¨â¬ ¤¥ª®¤¨à®¢�−¨ï 2.

1. �®«�£�¥¬ t = [(d − 1)/2] = 2. ‚ëç¨á«ï¥¬ á¨−¤à®¬−ë© ¢¥ªâ®à
(S0, S1, S2, S3) = vH

T = (0, 2, 4, 1). ’®£¤� S(x) = 2x+ 4x2 + x3.
2. �®«�£�¥¬ r−1(x) = x4, r0(x) = S(x), v−1(x) = 0, v0(x) = 1. �à¨¬¥−ï¥¬

−¥¯®«−ë© ®¡®¡é¥−−ë© �«£®à¨â¬ …¢ª«¨¤�:

r−1(x) = r0(x)(3 + x) + x, r1(x) = x;
v1(x) = −(3 + x) = 4 + 6x.
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�®á«¥ ¯¥à¢®£® è�£� ®áâ�−�¢«¨¢�¥¬áï, â�ª ª�ª t = 2, deg r0(x) = 3, deg r1(x) =
= 1 < t. �®íâ®¬ã σ(x) = λv1(x), ω(x) = λr1(x). �à¨ λ = 2 ¯®«ãç�¥¬ σ(0) = 1,
¯®íâ®¬ã σ(x) = 1 + 5x, ω(x) = 2x.

3. Š®à−¥¬ σ(x) ï¢«ï¥âáï x1 = 4, ¯®íâ®¬ã X1 = x−11 = 2 = α2, â. ¥. ®è¨¡ª�
¯à®¨§®è«� −� 2-© ¯®§¨æ¨¨.

4. ’�ª ª�ª S1 = Z1X1, â® Z1 = S1X
−1
1 = 1, ¯®íâ®¬ã §−�ç¥−¨¥ ®è¨¡ª¨ à�¢−®

Y1 = Z1w
−1
2 = 1 · 5−1 = 3. �®«ãç�¥¬:

ũ = (2, 0, 3, 2, 3, 5, 2) − (0, 0, 3, 0, 0, 0, 0) = (2, 0, 0, 2, 3, 5, 2).

�áâ�«®áì ¯à®¢¥à¨âì, ¡ë«� «¨ ®è¨¡ª� −� 0-© ¯®§¨æ¨¨, ª®â®à�ï á®®â¢¥âáâ¢ã¥â
í«¥¬¥−âã α0 = 0. ‚ëç¨á«ïï áª�«ïà−®¥ ¯à®¨§¢¥¤¥−¨¥ ¢¥ªâ®à� ũ −� ¯¥à¢ãî áâà®ªã
¬�âà¨æë H, ¯®«ãç�¥¬ Z0 = 6. �â® ®§−�ç�¥â, çâ® −� 0-© ¯®§¨æ¨¨ ¨¬¥¥âáï ®è¨¡ª�
á® §−�ç¥−¨¥¬ Y0 = Z0w

−1
0 = 5. �ª®−ç�â¥«ì−®

u = ũ− (5, 0, 0, 0, 0, 0, 0) = (4, 0, 0, 2, 3, 5, 2).

4 Декодирование обобщеных кодов Рида–Соломона
на основе алгоритма Берлекэмпа–Месси
(алгоритма Питерсона–Горенстейна–Цирлера)

÷�áá¬®âà¨¬ áà�¢−¥−¨¥ (2). ’�ª ª�ª degS(x)σ(x) ≤ 3t− 1, degω(x) ≤ t− 1,
â® áà�¢−¥−¨¥ (2) ¨¬¥¥â ¬¥áâ®, ¥á«¨ ª®íää¨æ¨¥−â ¬−®£®ç«¥−� S(x)σ(x) ¯à¨ xi,
i = t, t + 1, . . . , 2t − 1, à�¢¥− −ã«î. “ç¨âë¢�ï, çâ® σ0 = 0, ¯®«ãç�¥¬ á¨áâ¥¬ã
ãà�¢−¥−¨©:

σ1St−1 + σ2St−2 + · · ·+ σtS0 = −St;

σ1St + σ2St−1 + · · ·+ σtS1 = −St+1;

· · ·
σ1S2t−2 + σ2S2t−3 + · · ·+ σtSt−1 = −S2t−1.

‡�¯¨è¥¬ ¤�−−ãî á¨áâ¥¬ã ¢ ¬�âà¨ç−®¬ ¢¨¤¥:




S0 S1 · · · St−2 St−1

S1 S2 · · · St−1 St
...

...
...

...
...

St−1 St · · · S2t−3 S2t−2







σt

σt−1
...
σ1


 =




−St

−St+1
...

−S2t−1


 . (5)

Œ�âà¨æã ¤�−−®© á¨áâ¥¬ë ®¡®§−�ç¨¬ ç¥à¥§ Mt.
’¥®à¥¬� 4. Œ�âà¨æ� Mt −¥¢ëà®¦¤¥−−� â®£¤� ¨ â®«ìª® â®£¤�, ª®£¤� ¯à®¨§®-
è«® t ®è¨¡®ª.
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„ ® ª � § � â ¥ « ì á â ¢ ® . �ãáâì A = V (X1, . . . ,Xt)| ¬�âà¨æ� ‚�−¤¥à¬®−¤�, B =
= Diag (Z1, . . . , Zt) | ¤¨�£®−�«ì−�ï ¬�âà¨æ�. ’®£¤� ¤®ª�§�â¥«ìáâ¢® á«¥¤ã¥â ¨§
à�¢¥−áâ¢�Mt = ABA

T ¨ ªà¨â¥à¨ï à�¢¥−áâ¢� −ã«î ®¯à¥¤¥«¨â¥«ï ‚�−¤¥à¬®−¤�.�

‘«¥¤áâ¢¨¥ 1. ‘¨áâ¥¬� ãà�¢−¥−¨© (5) ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ à¥è¥−¨¥ â®£¤� ¨ â®«ìª®
â®£¤�, ª®£¤� ¯à®¨§®è«® t ®è¨¡®ª.

‡�¬¥ç�−¨¥ 2. “ç¨âë¢�ï â¥®à¥¬ã 4, ®áâ�«®áì ãç¥áâì ¢®¯à®á ® −�«¨ç¨¨ ¢ ¢¥ªâ®à¥ α
−ã«¥¢®© ª®¬¯®−¥−âë, ¥á«¨ â�ª®¢�ï ¨¬¥¥âáï. �ãáâì αi = 0 (â. ¥. â�ª�ï ª®¬¯®−¥−â�
¥áâì). �ãáâì |Mt| 6= 0, â. ¥. ¯à®¨§®è«® t ®è¨¡®ª. …á«¨ deg σ(x) = t, â® −� i-©
¯®§¨æ¨¨ ®è¨¡®ª −¥ ¡ë«®. …á«¨ ¦¥ deg σ(x) < t, â® −� i-© ¯®§¨æ¨¨ ¯à®¨§®è«�
®è¨¡ª�. ‚ íâ®¬ á«ãç�¥ ¯ãáâì Z0 | §−�ç¥−¨¥ áª�«ïà−®£® ¯à®¨§¢¥¤¥−¨ï ¢¥ªâ®à� ũ
−� ¯¥à¢ãî áâà®ªã ¬�âà¨æë H, £¤¥ ũ | ¢¥ªâ®à, ¢ ª®â®à®¬ ã¦¥ ¨á¯à�¢«¥−ë t− 1
®è¨¡®ª. ’®£¤� §−�ç¥−¨¥ ®è¨¡ª¨ −� i-© ¯®§¨æ¨¨ à�¢−® Y0 = Z0/wi.

�«£®à¨â¬ 3 (¤¥ª®¤¨à®¢�−¨¥ ®¡®¡é¥−−®£® ª®¤� ÷¨¤�{‘®«®¬®−� −� ®á−®¢¥
�«£®à¨â¬� �¥à«¥ªí¬¯�{Œ¥áá¨)

‚å®¤: ¯à¨−ïâë© ¢¥ªâ®à v.
‚ëå®¤: ¨áå®¤−ë© ª®¤®¢ë© ¢¥ªâ®à u, ¥á«¨ ¯à®¨§®è«® −¥ ¡®«¥¥ [(d − 1)/2]

®è¨¡®ª.
1. �¯à¥¤¥«ï¥âáï t = [(d − 1)/2]. ��å®¤ïâáï ¯¥à¢ë¥ 2t ª®¬¯®−¥−â

S0, S1, . . . , S2t−1 á¨−¤à®¬−®£® ¢¥ªâ®à� vHT . …á«¨ ®−¨ ¢á¥ à�¢−ë −ã«î, â®
¯®«�£�¥âáï, çâ® ®è¨¡®ª −¥â ¨ ¯à®æ¥¤ãà� ®ª®−ç¥−�.

2. –¨ª«: ¯®ª� |Mt| = 0, ¯¥à¥®¯à¥¤¥«ï¥âáï t := t− 1.
��å®¤ïâáï σ1, . . . , σt | à¥è¥−¨¥ á¨áâ¥¬ë (5). �â® ¬®¦−® á¤¥«�âì á ¯®¬®éìî

�«£®à¨â¬� �¥à«¥ªí¬¯�{Œ¥áá¨ (¨«¨ ¬¥â®¤®¬ ƒ�ãáá�). �®á«¥ íâ®£® á®áâ�¢«ï¥âáï
¬−®£®ç«¥− σ(x). �ãáâì s = deg σ(x).

3. �âëáª¨¢�îâáï s ª®à−¥© ¬−®£®ç«¥−� σ(x) ¯®á«¥¤®¢�â¥«ì−®© ¯®¤áâ�−®¢ª®©
¢ −¥£® −¥−ã«¥¢ëå í«¥¬¥−â®¢ ¯®«ï GF (q). �à¨ íâ®¬ «®ª�â®àë ®è¨¡®ª | íâ®
¢¥«¨ç¨−ë, ®¡à�â−ë¥ ª®à−ï¬ ¬−®£®ç«¥−� σ(x).

4. ��å®¤ïâáï Z1, . . . , Zs, −�¯à¨¬¥à á ¯®¬®éìî �«£®à¨â¬� ”®à−¨ (4). �®á«¥
íâ®£® −�å®¤ïâáï §−�ç¥−¨ï ®è¨¡®ª Yj = Zj/wij , j = 1, . . . , s. “ ¢¥ªâ®à� v ¨§ ij-£®
á¨¬¢®«�, Xj = αij , ¢ëç¨â�¥âáï §−�ç¥−¨¥ Yj, j = 1, . . . , s. �à¨ íâ®¬ ¯®«ãç�¥âáï
¢¥ªâ®à ũ.

…á«¨ αi = 0 ¤«ï −¥ª®â®à®£® i ¨ deg σ(x) < t, â® ¢ëç¨á«ï¥âáï §−�ç¥−¨¥ Z0,
à�¢−®¥ áª�«ïà−®¬ã ¯à®¨§¢¥¤¥−¨î ¢¥ªâ®à� ũ −� ¯¥à¢ãî áâà®ªã ¬�âà¨æë H.
‚ëç¨á«ï¥âáï §−�ç¥−¨¥ ®è¨¡ª¨ Y0 = Z0/wi. �áâ�«®áì ¢ ¢¥ªâ®à¥ ũ ¨§ i-£® á¨¬¢®«�
¢ëç¥áâì Y0.

�à¨¬¥à 3. �à®¤®«¦¨¬ à�áá¬®âà¥−¨¥ ¯à¥¤ë¤ãé¥£® ¯à¨¬¥à�. �¯à¥¤¥«ï¥¬
t = [(d− 1)/2] = 2. ‘®áâ�¢«ï¥¬ ¬�âà¨æã á¨áâ¥¬ë (5):

(
S0 S1 −S2
S1 S2 −S3

)
=

(
0 2 3
2 4 6

)
.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 30 −®¬¥à 4 2020 91



‘. Œ. ÷�æ¥¥¢, �. ˆ. —¥à¥¢�â¥−ª®

’�ª ª�ª |M2| 6= 0, â® ¯®«ãç¥−−ë© ¢¥ªâ®à v á®¤¥à¦¨â ¤¢¥ ®è¨¡ª¨. ��å®¤¨¬
§−�ç¥−¨ï σ1 = 5, σ2 = 0. �®íâ®¬ã σ(x) = 1 + 5x, ¨§ ç¥£® á«¥¤ã¥â, çâ® X1 = 2 =
= α2. „�«ìè¥ −�å®¤¨¬ ¢¥ªâ®à ũ ¨ §−�ç¥−¨¥ ®è¨¡ª¨ −� 0-© ¯®§¨æ¨¨ Y0 = Z0/w0,
â�ª ª�ª deg σ(x) < 2 = t.

5 Заключение

„«ï ¤¥ª®¤¨à®¢�−¨ï ª®¤®¢ ƒ®¯¯ë (−� ®á−®¢¥ ª®â®àëå ¯®áâà®¥−ë −¥ª®â®àë¥
¯¥àá¯¥ªâ¨¢−ë¥ ¯®áâª¢�−â®¢ë¥ ªà¨¯â®á¨áâ¥¬ë) å®à®è® ¨§¢¥áâ¥− �«£®à¨â¬ ��â-
â¥àá®−�. �® ®− ¯à¨¬¥−¨¬ â®«ìª® ¤«ï ¤¢®¨ç−ëå −¥¯à¨¢®¤¨¬ëå ª®¤®¢ ƒ®¯¯ë. ‚ â®
¦¥ ¢à¥¬ï «î¡®© �«£®à¨â¬ ¤¥ª®¤¨à®¢�−¨ï ®¡®¡é¥−−ëå ª®¤®¢ ÷‘ ¬®¦−® ¯à¨¬¥-
−¨âì ¨ ¤«ï ª®¤®¢ ƒ®¯¯ë −�¤ «î¡ë¬ ¯®«¥¬. �®íâ®¬ã à�áá¬®âà¥−−ë¥ ¢ ¤�−−®©
à�¡®â¥ �«£®à¨â¬ë ¤¥ª®¤¨à®¢�−¨ï ¬®¦−® ¯à¨¬¥−ïâì ¨ ¤«ï ª®¤®¢ ƒ®¯¯ë [9].
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РАЗВИТИЕ ГИБРИДНОЙ МНОГОЯДЕРНОЙ РЕКУРРЕНТНОЙ
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�−−®â�æ¨ï: �à¥¤áâ�¢«¥− à¥§ã«ìâ�â ¬®¤¨ä¨ª�æ¨¨ £¨¡à¨¤−®© ¬−®£®ï¤¥à−®©
�àå¨â¥ªâãàë à¥ªãàà¥−â−®£® á¨£−�«ì−®£® ¯à®æ¥áá®à� (ƒŒ�÷‘�) ¨ ¥¥ �¯à®-
¡�æ¨¨ ¢ ¢¨¤¥ ¬�ª¥â−®£® ®¡à�§æ� −� ®â«�¤®ç−®© ¯«�â¥ −®¢®£® ¯®ª®«¥−¨ï HAN
Pilot Platform á ¯à®£à�¬¬¨àã¥¬®© «®£¨ç¥áª®© ¨−â¥£à�«ì−®© áå¥¬®© (�‹ˆ‘)
Intel Arria10 SoC 10AS066K3F40E2SG −� ®á−®¢¥ VHDL (very high speed inte-
grated circuits) ¬®¤¥«¨ ãà®¢−ï à¥£¨áâà®¢ëå ¯¥à¥¤�ç. ƒ¨¡à¨¤−�ï ¬−®£®ï¤¥à−�ï
�àå¨â¥ªâãà� à¥ªãàà¥−â−®£® á¨£−�«ì−®£® ¯à®æ¥áá®à� á®áâ®¨â ¨§ ¢¥¤ãé¥£® ä®−-
−¥©¬�−®¢áª®£® ¯à®æ¥áá®à� −� ã¯à�¢«ïîé¥¬ ãà®¢−¥ ¨ ¯®â®ª®¢®£® ¯à®æ¥áá®à�
á ¢®á¥¬ìî ¢ëç¨á«¨â¥«ì−ë¬¨ ï¤à�¬¨ (‚Ÿ) −� ®¯¥à�æ¨®−−®¬ ãà®¢−¥. ‚ëç¨á-
«¨â¥«ì−ë¥ ï¤à� ®¡ê¥¤¨−¥−ë ª�¯áã«ì−ë¬ à�á¯à¥¤¥«¨â¥«¥¬, ®¡¥á¯¥ç¨¢�îé¨¬
à�§¢¥àâë¢�−¨¥ �«£®à¨â¬¨ç¥áª®© ª�¯áã«ë ¢ ¯�à�««¥«ì−®-¯®á«¥¤®¢�â¥«ì−ë©
¯®â®ª ª®¬�−¤, ¨ à�¡®â�îâ á 32-à�§àï¤−ë¬¨ ¤�−−ë¬¨. �¯¯�à�â−�ï à¥�«¨§�-
æ¨ï ¤¢ãåêï¤¥à−®£® ¯à®æ¥áá®à� ã¯à�¢«ïîé¥£® ãà®¢−ï Cortex-A9 ®¡¥á¯¥ç¨«�
áãé¥áâ¢¥−−®¥ ¯®¢ëè¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢á¥© ƒŒ�÷‘� ¨ ã¢¥«¨ç¥−¨¥
â®ç−®áâ¨ ®¡à�¡®âª¨ ¤�−−ëå §� áç¥â ¨á¯®«ì§®¢�−¨ï 32-à�§àï¤−ëå ¤�−−ëå
á ä¨ªá¨à®¢�−−®© â®çª®©. �¯à®¡�æ¨ï VHDL-¬®¤¥«¨ ¬®¤¨ä¨æ¨à®¢�−−®©
ƒŒ�÷‘� −� â¨¯®¢®¬ ¯à¨«®¦¥−¨¨ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå | à�á¯®§−�-
¢�â¥«¥ ¨§®«¨à®¢�−−ëå á«®¢ (÷ˆ‘) | ¯®ª�§�«� ¥¥ ¢ëá®ªãî íää¥ªâ¨¢−®áâì
¯à¨ à�¡®â¥ ¢ à¥¦¨¬¥ à¥�«ì−®£® ¢à¥¬¥−¨.

Š«îç¥¢ë¥ á«®¢�: à¥ªãàà¥−â−ë© á¨£−�«ì−ë© ¯à®æ¥áá®à; £¨¡à¨¤−�ï ¬−®£®-
ï¤¥à−�ï �àå¨â¥ªâãà�; VHDL-¬®¤¥«ì; �‹ˆ‘; à�á¯®§−�¢�â¥«ì ¨§®«¨à®¢�−-
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1 Введение

�®â®ª®¢�ï (data-flow) �àå¨â¥ªâãà� áâ�«� ¢ −�áâ®ïé¥¥ ¢à¥¬ï −�¨¡®«¥¥ �ªâ¨¢−®
à�§¢¨¢�îé¨¬áï −�¯à�¢«¥−¨¥¬ ¢ à�§à�¡®âª¥ á¨áâ¥¬ ¯�à�««¥«ì−ëå ¢ëç¨á«¥−¨©.
‚ ˆ−áâ¨âãâ¥ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª ¢ â¥ç¥−¨¥ àï¤� «¥â
à�§à�¡�âë¢�¥âáï ƒŒ�÷‘� [1, 2].

’¥áâ®¢�ï ®â«�¤ª� ƒŒ�÷‘� ¯à®¢®¤¨«¨áì −� ®á−®¢¥ ¥¥ VHDL-¬®¤¥«¨ ãà®¢-
−ï à¥£¨áâà®¢ëå ¯¥à¥¤�ç ¨ ¯à®£à�¬¬¨àã¥¬®© «®£¨ç¥áª®© ¨−â¥£à�«ì−®© áå¥¬ë
(�‹ˆ‘) 5CGTFD9E5F35C7 (Intel) ¢ á®áâ�¢¥ ®â«�¤®ç−®© ¯«�âë úCyclone V
GT FPGA Development Kitû (Terasic). ‘ ¯®¬®éìî á¨áâ¥¬ë Quartus (Intel)
VHDL-¬®¤¥«ì ƒŒ�÷‘� á¨−â¥§¨à®¢�«�áì ¨ §�£àã¦�«�áì ¢ �‹ˆ‘. ‚ ª�ç¥áâ¢¥
¯à¥¤¬¥â−®© ®¡«�áâ¨ ¤«ï ®â«�¤ª¨ �àå¨â¥ªâãàë ƒŒ�÷‘� ¡ë« ¢ë¡à�− ÷ˆ‘ [3].

„«ï ¢¥à¨ä¨ª�æ¨¨ ƒŒ�÷‘� ¡ë«� ¨á¯®«ì§®¢�−� áãé¥áâ¢ãîé�ï à¥�«¨§�æ¨ï
�«£®à¨â¬®¢ ÷ˆ‘ −� ¨¬¨â�æ¨®−−®© ¬®¤¥«¨ �àå¨â¥ªâãàë. ‚¥à¨ä¨ª�æ¨ï ¯à®¢®¤¨-
«�áì ¯® ä�ªâã ¯®¡¨â®¢®£® áà�¢−¥−¨ï à¥§ã«ìâ�â®¢ ¨á¯®«−¥−¨ï �«£®à¨â¬®¢ ª�ª −�
¨¬¨â�æ¨®−−®© ¨ �¯¯�à�â−®© ¬®¤¥«ïå, â�ª ¨ −� �‹ˆ‘-à¥�«¨§�æ¨ïå. �®«ãç¥−−ë¥
à¥§ã«ìâ�âë ¯®¤â¢¥à¤¨«¨ ª®àà¥ªâ−®áâì à¥�«¨§�æ¨¨.

’¥áâ®¢�ï ®â«�¤ª� ¯à®¥ªâ� ÷ˆ‘ ¯®¤â¢¥à¤¨«� ¢ëá®ªãî íää¥ªâ¨¢−®áâì
ƒŒ�÷‘�, à¥�«¨§®¢�−−®© ¢ ¢¨¤¥ VHDL-¬®¤¥«¨, ¯à¨ ¢ë¯®«−¥−¨¨ à�§«¨ç−ëå
�«£®à¨â¬®¢ æ¨äà®¢®© ®¡à�¡®âª¨ à¥ç¥¢ëå á¨£−�«®¢ [4]. �¤−�ª® ®£à�−¨ç¥−−ë¥
�¯¯�à�â−ë¥ à¥áãàáë ¯«�âë úCyclone V GTû §�áâ�¢¨«¨ áãé¥áâ¢¥−−® ®£à�−¨-
ç¨âì äã−ªæ¨®−�«ì−ë¥ ¢®§¬®¦−®áâ¨ ƒŒ�÷‘� ¤«ï ®¡¥á¯¥ç¥−¨ï à�¡®â®á¯®á®¡-
−®áâ¨ ÷ˆ‘ ¢ �‹ˆ‘. ÷¥�«ì−�ï ç�áâ®â� à�¡®âë ƒŒ�÷‘� ®ª�§�«�áì −¥¢ëá®ª®©
(12,5 Œƒæ) ¨ §�âàã¤−¨«� à¥�«¨§�æ¨î ¢ à¥¦¨¬¥ à¥�«ì−®£® ¢à¥¬¥−¨ á«®¦−ëå
�«£®à¨â¬®¢ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå. Šà®¬¥ â®£®, ¨¬¥îé¨åáï −� ¯«�â¥ à¥-
áãàá®¢ ®ª�§�«®áì −¥¤®áâ�â®ç−® ¤«ï à�áè¨à¥−¨ï à�§àï¤−®áâ¨ ¨ ã¢¥«¨ç¥−¨ï ç¨á«�
¢ëç¨á«¨â¥«ì−ëå ï¤¥à ¢ ƒŒ�÷‘�.

„�−−�ï áâ�âìï ¯à¥¤áâ�¢«ï¥â ®â«�¤®ç−ãî ¯«�âã −®¢®£® ¯®ª®«¥−¨ï (Ar-
ria 10 SoC Development Kit á ãáâ�−®¢«¥−−®© −� −¥© �‹ˆ‘ Arria10 SoC
10AS066N3F40E2SG1 (Intel)) ¨ ®æ¥−¨¢�¥â æ¥«¥á®®¡à�§−®áâì ¥¥ ¨á¯®«ì§®¢�−¨ï
¤«ï à�§à�¡®âª¨ ¨ ®â«�¤ª¨ ƒŒ�÷‘�, à¥�«¨§®¢�−−®© ¢ ¢¨¤¥ VHDL-¬®¤¥«¨
ãà®¢−ï à¥£¨áâà®¢ëå ¯¥à¥¤�ç.

2 Расширение структуры гибридной многоядерной архитектуры
рекуррентного сигнального процессора

‘âàãªâãà−�ï áå¥¬� à�áè¨à¥−¨ï ƒŒ�÷‘� ¯®ª�§�−� −� à¨áã−ª¥. „¢ãå-
¯®àâ®¢�ï ¡ãä¥à−�ï ¯�¬ïâì ®¡¥á¯¥ç¨¢�¥â ¬�ªá¨¬�«ì−ãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¯à¨
®¡¬¥−¥ ¤�−−ë¬¨ á ¯à®æ¥áá®à®¬ ã¯à�¢«ïîé¥£® ãà®¢−ï, §�£àã§ª¥ ®¯¥à�−¤�¬¨ à¥-
ªãàà¥−â−®£® ãà®¢−ï ¨ ®¡−®¢«¥−¨¨ ª�¯áã« à¥§ã«ìâ�â�¬¨ à�¡®âë à¥ªãàà¥−â−®£®
ãà®¢−ï. Œ¥¦ª¢�àâ¥â−ë© à�á¯à¥¤¥«¨â¥«ì ä®à¬¨àã¥â ®¯¥à�−¤ë ¤«ï ª¢�àâ¥â−ëå
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÷�§¢¨â¨¥ £¨¡à¨¤−®© ¬−®£®ï¤¥à−®© à¥ªãàà¥−â−®© �àå¨â¥ªâãàë −� �‹ˆ‘

‘âàãªâãà−�ï áå¥¬� ƒŒ�÷‘�

à�á¯à¥¤¥«¨â¥«¥©, ª�¦¤ë© ¨§ ª®â®àëå, ¢ á¢®î ®ç¥à¥¤ì, ä®à¬¨àã¥â ¯�ª¥âë (ú£®à-
áâ¨û) ¤«ï á¢®¨å ç¥âëà¥å ‚Ÿ, à¥§ã«ìâ�âë à�¡®âë ª®â®àëå ¨−â¥àä¥©á ®¡¬¥−�
¤�−−ë¬¨ ®â¯à�¢«ï¥â ®¡à�â−® ¢ ¬¥¦ª¢�àâ¥â−ë© à�á¯à¥¤¥«¨â¥«ì ¨«¨ §�¯¨áë¢�¥â
¢ ¡ãä¥à−ãî ¯�¬ïâì.

‚ áà�¢−¥−¨¨ á ƒŒ�÷‘�, ®¯¨á�−−®© ¢ [4], áâàãªâãà� −®¢®£® ¯®ª®«¥−¨ï
ƒŒ�÷‘�, ¯à¥¤áâ�¢«¥−−�ï −� à¨áã−ª¥, á®¤¥à¦¨â ¡®«ìè¥ ¢ëç¨á«¨â¥«ì−ëå ï¤¥à
¨ à�¡®â�¥â á ¡®«ìè¥© à�§àï¤−®áâìî ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå (32 ¢¬¥áâ® 16).
�â® ®¡¥á¯¥ç¨¢�¥â ¯®¢ëè¥−¨¥ â®ç−®áâ¨ ¢ëç¨á«¨â¥«ì−ëå ®¯¥à�æ¨© ¨ ¡®«¥¥ íä-
ä¥ªâ¨¢−®¥ ¢ë¯®«−¥−¨¥ à�á¯�à�««¥«¨¢�¥¬ëå ®¯¥à�æ¨©. ƒ¨¡à¨¤−�ï ¬−®£®ï¤¥à−�ï
�àå¨â¥ªâãà� à¥ªãàà¥−â−®£® á¨£−�«ì−®£® ¯à®æ¥áá®à� −®¢®£® ¯®ª®«¥−¨ï â�ª¦¥ à¥-
�«¨§®¢�−� ¢ ¢¨¤¥ VHDL-¬®¤¥«¨ ãà®¢−ï à¥£¨áâà®¢ëå ¯¥à¥¤�ç.
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ā. �. ‘â¥¯ç¥−ª®¢, �. ‚. Œ®à®§®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

3 ПЛИС для отладки расширенной структуры гибридной
многоядерной архитектуры рекуррентного сигнального процессора

‚ë¡®à ¯«�âë ¨ �‹ˆ‘ −� −¥© ®¯à¥¤¥«ï¥âáï ®¦¨¤�¥¬®© á«®¦−®áâìî ƒŒ�÷‘�
¨ ¯à®¥ªâ®¢ −� ¥¥ ®á−®¢¥. “¢¥«¨ç¥−¨¥ ç¨á«� ¢ëç¨á«¨â¥«ì−ëå ï¤¥à ¨ à�áè¨à¥-
−¨¥ à�§àï¤−®áâ¨ ¢−ãâà¥−−¨å è¨− ¤�−−ëå âà¥¡ãîâ §−�ç¨â¥«ì−ëå �¯¯�à�â−ëå
à¥áãàá®¢ ¨ ¢®§¬®¦−®áâ¥© úä�¡à¨ª¨ ¬¥¦á®¥¤¨−¥−¨©û.

’¥å−®«®£¨ç¥áª¨© ãà®¢¥−ì ¨§£®â®¢«¥−¨ï �‹ˆ‘ á¢¨¤¥â¥«ìáâ¢ã¥â ® ¥¥ ¯®â¥−-
æ¨�«ì−®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¨ å�à�ªâ¥à¨áâ¨ª�å úä�¡à¨ª¨ ¬¥¦á®¥¤¨−¥−¨©û.
—¥¬ ¬¥−ìè¥ â¥å−®«®£¨ç¥áª¨¥ −®à¬ë, â¥¬ ¡®«¥¥ ¢ëá®ªãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¬®-
¦¥â ®¡¥á¯¥ç¨âì �‹ˆ‘ §� áç¥â ã¬¥−ìè¥−¨ï §�¤¥à¦¥ª ¯¥à¥ª«îç¥−¨ï «®£¨ç¥áª¨å
í«¥¬¥−â®¢ ¨ ¯®¢ëè¥−¨ï ¯à®¯ãáª−®© á¯®á®¡−®áâ¨ (âà�áá¨àã¥¬®áâ¨) úä�¡à¨ª¨
¬¥¦á®¥¤¨−¥−¨©û.

’�¡«¨æ� 1 •�à�ªâ¥à¨áâ¨ª¨ �‹ˆ‘ ¢ á®áâ�¢¥ ®â«�¤®ç−ëå ¯«�â

�‹ˆ‘

‹®£¨-
ç¥-

áª¨¥
í«¥-

¬¥−âë,
âëá.

�¤�¯-
â¨¢-
−ë¥

«®£¨-
ç¥áª¨¥
¬®¤ã«¨

�«®ª¨
¯�¬ï-

â¨
Œ10Š

�«®ª¨
¯�¬ï-

â¨
Œ20Š

÷¥£¨áâ-
àë

(âà¨£-
£¥àë)

ƒ«®-
¡�«ì-
−ë¥

â�ªâ®-
¢ë¥
æ¥¯¨

“¬−®-
¦¨-
â¥«¨

�¯¯�-
à�â−ë©

¯à®-
æ¥áá®à

’¥å−®-
«®£¨-
ç¥áª¨¥
−®à-
¬ë,
−¬

5CGTFD9E5F35C7 301 113 560 1220 | 454 240 16 684 | 28

10AS066N3F40E2SG1 660 250 540 | 2133 1 002 160 32 1688
ARM

Cortex-A9,
1,5 ƒƒæ

20

�−�«¨§ ¢®§¬®¦−ëå ¢�à¨�−â®¢ �‹ˆ‘ ¨ ®â«�¤®ç−ëå ¯«�â ¯®ª�§�«, çâ® −�¨¡®-
«¥¥ ¯à¥¤¯®çâ¨â¥«ì−ë© ¢�à¨�−â | ¯«�â� úArria 10 SoC Development Kitû á ãáâ�-
−®¢«¥−−®© −� −¥© �‹ˆ‘ úArria10 SoC 10AS066N3F40E2SG1û (Intel). ’�¡«¨-
æ� 1 ¯®ª�§ë¢�¥â ¥¥ å�à�ªâ¥à¨áâ¨ª¨ ¢ áà�¢−¥−¨¨ á �‹ˆ‘ 5CGTFD9E5F35C7.
�¯¯�à�â−ë¥ à¥áãàáë �‹ˆ‘ 10AS066N3F40E2SG1 ¯® ¢á¥¬ ¯®§¨æ¨ï¬ ¡®«¥¥ ç¥¬
¢ 2 à�§� ¯à¥¢®áå®¤ïâ á®®â¢¥âáâ¢ãîé¨¥ ¯®ª�§�â¥«¨ �‹ˆ‘ 5CGTFD9E5F35C7.
Œ¥−ìè¨¥ â¥å−®«®£¨ç¥áª¨¥ −®à¬ë £�à�−â¨àãîâ ã¢¥«¨ç¥−¨¥ âà�áá¨à®¢®ç−®© á¯®-
á®¡−®áâ¨ úä�¡à¨ª¨ ¬¥¦á®¥¤¨−¥−¨©û, ª®â®à�ï ®¡«¥£ç�¥â à�§¬¥é¥−¨¥ ¨ à�§¢®¤ªã
ª®¬¯®−¥−â®¢ ¯à®¥ªâ�. ��«¨ç¨¥ �¯¯�à�â−®© à¥�«¨§�æ¨¨ ¯à®æ¥áá®à� ARM Cortex-
A9, ¢ë¯®«−ïîé¥£® äã−ªæ¨¨ ã¯à�¢«ïîé¥£® ãà®¢−ï ¢ à�áè¨à¥−−®© ƒŒ�÷‘�,
®¡¥á¯¥ç¨¢�¥â ¤®¯®«−¨â¥«ì−®¥ ¯®¢ëè¥−¨¥ ¥¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨.

4 Характеристики реализации расширенной гибридной многоядерной
архитектуры рекуррентного сигнального процессора

�ªá¯¥à¨¬¥−â�«ì−ë¥ à¥§ã«ìâ�âë à¥�«¨§�æ¨¨ ¨áå®¤−®£® ¢�à¨�−â� ƒŒ�÷‘�,
à¥�«¨§®¢�−−®© ¢ ¢¨¤¥ VHDL-¬®¤¥«¨ ãà®¢−ï à¥£¨áâà®¢ëå ¯¥à¥¤�ç, −� ®â-
«�¤®ç−®© ¯«�â¥ úArria 10 SoC Development Kitû á �‹ˆ‘ úArria10 SoC
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÷�§¢¨â¨¥ £¨¡à¨¤−®© ¬−®£®ï¤¥à−®© à¥ªãàà¥−â−®© �àå¨â¥ªâãàë −� �‹ˆ‘

’�¡«¨æ� 2 Œ�ªá¨¬�«ì−® ¢®§¬®¦−�ï ç�áâ®â� á¨−åà®−¨§�æ¨¨ ƒŒ�÷‘� ¢ à�§−ëå �‹ˆ‘

“¯à�¢«ïîé¨© ãà®¢¥−ì, Œƒæ
÷¥�«¨§�æ¨ï ÷ˆ‘ −� �‹ˆ‘ �à®£à�¬¬−�ï

à¥�«¨§�æ¨ï
�¯¯�à�â−�ï
à¥�«¨§�æ¨ï

÷¥ªãàà¥−â−ë©
ãà®¢¥−ì, Œƒæ

5CGTFD9E5F35C7
¨áå®¤−�ï 90 | 12,5

10AS066N3F40E2SG1
¨áå®¤−�ï 160 1500 26,0
à�áè¨à¥−−�ï 160 1500 25,2

10AS066N3F40E2SG1û ¯®ª�§�«¨, çâ® ¥¥ �¯¯�à�â−ë¥ à¥áãàáë ®¡¥á¯¥ç¨«¨ �¢-
â®¬�â¨ç¥áª®¥ ¯®¢ëè¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ƒŒ�÷‘� ¢ à¥¦¨¬¥ à¥�«ì−®£®
¢à¥¬¥−¨ ¤�¦¥ ¡¥§ ¨á¯®«ì§®¢�−¨ï ¢áâà®¥−−®£® ¯à®æ¥áá®à� ARM Cortex-A9.
‚ â�¡«¨æ¥ 2 ¯à¨¢¥¤¥−ë å�à�ªâ¥à¨áâ¨ª¨ ¨áå®¤−®£® ¯à®¥ªâ� ƒŒ�÷‘� ¢ ¤¢ãå
�‹ˆ‘. �®¢�ï �‹ˆ‘ ®¡¥á¯¥ç¨¢�¥â ª�ª ¬¨−¨¬ã¬ ã¤¢®¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨
¨áå®¤−®£® ¢�à¨�−â� ƒŒ�÷‘�.

÷¥�«¨§�æ¨ï ÷ˆ‘ −� à�áè¨à¥−−®¬ ¢�à¨�−â¥ ƒŒ�÷‘� ¯à¨¢¥«� ª −¥§−�-
ç¨â¥«ì−®¬ã ãåã¤è¥−¨î ¯à®¨§¢®¤¨â¥«ì−®áâ¨ (á¬. ¯®á«¥¤−îî áâà®ªã â�¡«. 2).
�à¨ íâ®¬ ®ª�§�«¨áì §�¤¥©áâ¢®¢�−ë «¨èì 40% �¯¯�à�â−ëå à¥áãàá®¢ �‹ˆ‘
10AS066N3F40E2SG1.

’�ª¨¬ ®¡à�§®¬, ¨á¯®«ì§®¢�−¨¥ �‹ˆ‘ 10AS066N3F40E2SG1 ®¡¥á¯¥ç¨¢�¥â
§�¯ãáª ÷ˆ‘ −� ¨áå®¤−®¬ ¢�à¨�−â¥ ƒŒ�÷‘� ¢ à¥¦¨¬¥ à¥�«ì−®£® ¢à¥¬¥−¨
¨ ¤¥«�¥â ¢®§¬®¦−ë¬ à�áè¨à¥−¨¥ à�§àï¤−®áâ¨ ®¡à�¡�âë¢�¥¬ëå ¢ ƒŒ�÷‘�
¤�−−ëå ¤® 64 ¡¨â ¨ ã¢¥«¨ç¥−¨¥ ç¨á«� ¢ëç¨á«¨â¥«ì−ëå ï¤¥à ¤® 16.

5 Заключение

ƒ¨¡à¨¤−�ï ¬−®£®ï¤¥à−�ï �àå¨â¥ªâãà� à¥ªãàà¥−â−®£® á¨£−�«ì−®£® ¯à®æ¥áá®à�
−®¢®£® ¯®ª®«¥−¨ï, à¥�«¨§®¢�−−�ï ¢ ¢¨¤¥ VHDL-¬®¤¥«¨ ãà®¢−ï à¥£¨áâà®¢ëå
¯¥à¥¤�ç, ï¢«ï¥âáï à¥áãàá®¥¬ª®© §� áç¥â à�á¯�à�««¥«¨¢�−¨ï ¢ëç¨á«¨â¥«ì−ëå
§�¤�ç ¨ ¨á¯®«ì§®¢�−¨ï FIFO (first in, first out) ¢ à�§−ëå ¡«®ª�å �àå¨â¥ªâãàë.

�‹ˆ‘ 10AS066N3F40E2SG1 ®¡¥á¯¥ç¨¢�¥â ã¤¢®¥−¨¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨
¨áå®¤−®£® ¢�à¨�−â� ƒŒ�÷‘� ¨ §�¯ãáª à¥ç¥¢ëå ¯à¨«®¦¥−¨© ¢ à¥¦¨¬¥ à¥�«ì−®£®
¢à¥¬¥−¨. �−� £�à�−â¨àã¥â à�áè¨à¥−¨¥ à�§àï¤−®áâ¨ ¤�−−ëå ¢ ƒŒ�÷‘� ¤® 32 ¡¨â
¨ ã¢¥«¨ç¥−¨¥ ç¨á«� ¢ëç¨á«¨â¥«ì−ëå ï¤¥à, � ¢ ¯¥àá¯¥ªâ¨¢¥ ¤¥«�¥â ¢®§¬®¦−®©
®¡à�¡®âªã 64-à�§àï¤−ëå ¤�−−ëå.
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Abstract: The paper presents the result of modification of the multicore hy-
brid architecture for recurrent signal processing (HARSP) and discusses its
approbation as a prototype on the next-generation HAN Pilot Platform devel-
opment board with FPGA (field-programmable gate array) Intel Arria10 SoC
10AS066K3F40E2SG on the basis of the register transfer level VHDL (very
high speed integrated circuits) model. Hybrid architecture for recurrent signal
processing contains the control level, implemented as von Neumann processor,
and the operational level represented by the data-flow processor with eight
computing cores. A capsule distributor combines all computing cores. It pro-
vides algorithmic capsule explication into a parallel-serial command flow and
processes 32-bit data. Hardware implementation of the control level dual-core
processor Cortex-A9 improved HARSP performance radically and increased data
processing accuracy due to using 32-bit fixed-point operands. Modified HARSP
VHDL-model approbation on a typical data processing application, namely,
isolated word recognition, proved HARSP high efficiency in real-time mode
operation.

Keywords: recurrent signal processor; multicore hybrid architecture; data-flow;
VHDL-model; FPGA; development board; isolated word recognizer
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МЕТОД СЕГМЕНТАЦИИ ИЗОБРАЖЕНИЙ
НА ОСНОВЕ КВАДРОДЕРЕВА

Ю. А. Маньяков1, А. И. Сорокин2

�−−®â�æ¨ï: �¯à¥¤áâ�¢«¥− ¬¥â®¤ á¥£¬¥−â�æ¨¨ æ¢¥â−®£® ¨§®¡à�¦¥−¨ï −� ®á−®¢¥
ª¢�¤à®¤¥à¥¢�, á®áâ®ïé¨© ¨§ −¥áª®«ìª¨å è�£®¢. �¥à¢ë© ¨§ −¨å | ®¡−�àã-
¦¥−¨¥ £à�−¨æ, ®á−®¢�−−®¥ −� âà¥åª�−�«ì−®¬ æ¢¥â¥ ¨ ¤¢ãå ¬�áª�å. „�«¥¥
¯à¨¬¥−ï¥âáï �«£®à¨â¬ ãâ®−ç¥−¨ï ª®−âãà�. �«£®à¨â¬ á¥£¬¥−â�æ¨¨ ¤¥«¨âáï −�
¤¢¥ ç�áâ¨. ‚ ¯¥à¢®© ç�áâ¨ ¨§®¡à�¦¥−¨¥ à�§¤¥«ï¥âáï −� ¬�ªá¨¬�«ì−®¥ ç¨á«®
á¥£¬¥−â®¢. ‚® ¢â®à®© ç�áâ¨ á¥£¬¥−âë ®¡ê¥¤¨−ïîâáï −� ®á−®¢¥ FSM-â�¡«¨-
æë. ‚ áâ�âì¥ ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë á¥£¬¥−â�æ¨¨ æ¢¥â−ëå ¨§®¡à�¦¥−¨©,
¯®«ãç¥−−ë¥ −� ®á−®¢¥ ®¯¨á�−−®£® �«£®à¨â¬�.

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

‘¥£¬¥−â�æ¨ï | ®¤−� ¨§ äã−¤�¬¥−â�«ì−ëå ®¯¥à�æ¨©, ¨á¯®«ì§ã¥¬ëå ¢ ®¡-
à�¡®âª¥ ¨§®¡à�¦¥−¨© ¨, ¢ ç�áâ−®áâ¨, ¢ ®¡«�áâ¨ ª®¬¯ìîâ¥à−®£® §à¥−¨ï [1] ¤«ï
¨§¢«¥ç¥−¨ï −¥®¡å®¤¨¬®© ¨−ä®à¬�æ¨¨ ¨§ áæ¥−ë. �¥á¬®âàï −� â® çâ® íâ®¬ã ¢®-
¯à®áã ¯®á¢ïé¥−® −¥¬�«® ¨áá«¥¤®¢�−¨©, §�¤�ç� ®áâ�¥âáï �ªâã�«ì−®© [2]. ‚ ®¡é¥¬,
¬®¦−® áª�§�âì, çâ® á¥£¬¥−â�æ¨ï §�ª«îç�¥âáï ¢ à�§¡¨¥−¨¨ ¨§®¡à�¦¥−¨ï −� à�§-
«¨ç−ë¥ −¥¯¥à¥á¥ª�îé¨¥áï ®¡«�áâ¨. ’�ª¨¥ ®¡«�áâ¨, ª�ª ¯à�¢¨«®, ®¤−®à®¤−ë ¯®
−¥ª®â®à®¬ã ¯à¨§−�ªã, ¢ëç¨á«¥−−®¬ã −� ®á−®¢¥ ¨§®¡à�¦¥−¨ï.

‚ ®á−®¢¥ �«£®à¨â¬®¢ á¥£¬¥−â�æ¨¨ «¥¦�â à�§«¨ç−ë¥ ¯®¤å®¤ë [3], ¨§ ª®â®àëå
¬®¦−® ¢ë¤¥«¨âì ç¥âëà¥ ®á−®¢−ëå.

1. �¡−�àã¦¥−¨¥ ª®−âãà®¢. �â®â ¯®¤å®¤ è¨à®ª® ¨á¯®«ì§ã¥âáï ¤«ï á¥£¬¥−-
â�æ¨¨ ç¥à−®-¡¥«ëå ¨§®¡à�¦¥−¨© [4]. ‚ â�ª¨å ¨§®¡à�¦¥−¨ïå ¯®¨áª ªà�¥¢
®áãé¥áâ¢«ï¥âáï ¬¥â®¤®¬ £à�¤¨¥−â−®© �¯¯à®ªá¨¬�æ¨¨ −� ®á−®¢¥ ¢ëç¨á«¥−¨ï
¯¥à¢®© ¯à®¨§¢®¤−®© (®¯¥à�â®àë Š�−−¨, ‘®¡¥«ï ¨ ¤à. [5]). ‘ â®çª¨ §à¥−¨ï
¢¨§ã�«ì−®© ®æ¥−ª¨ ®−¨ ¢ë£«ï¤ïâ å®à®è®, −® −¥ á®®â¢¥âáâ¢ãîâ âà¥¡®¢�−¨ï¬
−¥¯à¥àë¢−®áâ¨ ¨ ¬¨−¨¬�«ì−®© â®«é¨−ë ª®−âãà−ëå «¨−¨©.
ƒà�¤¨¥−â−ë© ¯®¨áª æ¢¥â−ëå ¨§®¡à�¦¥−¨© ®áãé¥áâ¢«ï¥âáï, ¢ ®á−®¢−®¬, ¤¢ã-
¬ï á¯®á®¡�¬¨ [6]: ¤«ï ¢á¥å ¢�à¨�æ¨© æ¢¥â®¢ëå ª�−�«®¢ ¨á¯®«ì§ã¥âáï ®¤−�

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

2�à«®¢áª¨© ä¨«¨�« ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û
÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, webdi@mail.ru
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¬¥à�; £à�¤¨¥−â ª�−�«� ¢ëç¨á«ï¥âáï ®â¤¥«ì−® ¨ ®¡ê¥¤¨−ï¥â íâ¨ ¢ëç¨á«¥−¨ï
¯® ®¯à¥¤¥«¥−−ë¬ ªà¨â¥à¨ï¬.

2. ‚ëà�é¨¢�−¨¥ à¥£¨®−®¢. �â®â ¯à®æ¥áá −�ç¨−�¥âáï á ®â¡®à� ¨áå®¤−®£® úá¥-
¬¥−¨û. ’®çª¨ ¢®ªàã£ á¥¬¥−¨ £àã¯¯¨àãîâ ¯® −¥ª®â®à®¬ã ªà¨â¥à¨î ®¤−®-
à®¤−®áâ¨. „«ï á¥£¬¥−â�æ¨¨ æ¢¥â−ëå ¨§®¡à�¦¥−¨© ¨á¯®«ì§ã¥âáï ¡®«ìè®¥
ç¨á«® ¬¥â®¤®¢, ®á−®¢�−−ëå −� ®¡à�¡®âª¥ ¯®«ãâ®−®¢ëå ¨§®¡à�¦¥−¨© [7]. �¥-
®¡å®¤¨¬® ãç¨âë¢�âì, çâ® ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¤�−−®£® ¯®¤å®¤� ¨¬¥¥â ¬¥áâ®
§�¢¨á¨¬®áâì ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ ®â ¯®àï¤ª� ®¡à�¡®âª¨ â®ç¥ª ¨§®¡à�¦¥-
−¨ï. ’�ª¦¥ ¢ íâ®¬ á«ãç�¥ −¥®¡å®¤¨¬® ¯à®�−�«¨§¨à®¢�âì ª�¦¤ë© ¯¨ªá¥«ì
¨ á®®â−¥áâ¨ ¥£® á ®¯à¥¤¥«¥−−®© ®¤−®à®¤−®© ®¡«�áâìî.

3. Œ¥â®¤ë à�§¤¥«¥−¨ï ¨ á«¨ï−¨ï. �â� £àã¯¯� ¨á¯®«ì§ã¥â ¨§®¡à�¦¥−¨¥ ¢ ª�-
ç¥áâ¢¥ −�ç�«ì−®© ®¡«�áâ¨ ¤«ï à�§¤¥«¥−¨ï [3]. �®á«¥ á®§¤�−¨ï ®¤−®à®¤−ëå
®¡«�áâ¥© ¤¥«¥−¨¥ §�ª�−ç¨¢�¥âáï. Šà®¬¥ â®£®, á®á¥¤−¨¥ à¥£¨®−ë á¢ï§�−ë
−� ®á−®¢¥ ª¢�¤à�â¨ç−®£® ¤¥à¥¢�. ‘¢ï§�−−ë¥ ®¡«�áâ¨ ¤®«¦−ë ¡ëâì £«�¤-
ª¨¬¨ ¨ −¥¯à¥àë¢−ë¬¨. „«ï íâ®£® ¨á¯®«ì§ãîâ ¬�àª®¢áª®¥ á«ãç�©−®¥ ¯®«¥,
áâ�¡¨«¨§¨à®¢�−−ë¥ ãà�¢−¥−¨ï ®¡à�â−®© ¤¨ääã§¨¨ ¨ ¤à.

4. Š«�áâ¥à¨§�æ¨ï. ‚ ¯à®æ¥áá¥ ª«�áâ¥à¨§�æ¨¨ ¯¨ªá¥«¨ ¨§®¡à�¦¥−¨ï ¤¥«ïâáï
−� £àã¯¯ë, ª®â®àë¥ −¥ ¯¥à¥á¥ª�îâáï. •�à�ªâ¥à¨áâ¨ª¨ ®¡ê¥ªâ®¢, ¢å®¤ïé¨å
¢ £àã¯¯ã, ¤®«¦−ë ¡ëâì ¡«¨§ª¨¬¨. ‚ ¯à®â¨¢−®¬ á«ãç�¥ ®¡ê¥ªâë, ¯à¨−�¤«¥-
¦�é¨¥ ª à�§−ë¬ £àã¯¯�¬, ¤®«¦−ë áãé¥áâ¢¥−−® ®â«¨ç�âìáï. ‘®®â¢¥âáâ¢¥−−®,
à�á¯®«®¦¥−¨¥ ¯¨ªá¥«¥© ¢ ª�¦¤®¬ ª«�áâ¥à¥ ¡ã¤¥â ®¯à¥¤¥«ïâìáï æ¢¥â®¢ë¬¨
¢�à¨�æ¨ï¬¨ ¨§®¡à�¦¥−¨ï. ‚ íâ®¬ á«ãç�¥ §�¤�ç� ª«�áâ¥à¨§�æ¨¨ ®¯à¥¤¥«ï¥âáï
ª�ª ¯®¨áª ®¯à¥¤¥«¥−−®£® ç¨á«� ¯�ââ¥à−®¢, ®¤−®§−�ç−® ®¯à¥¤¥«ïîé¨å ç¨á«®
®¡«�áâ¥© [7].

‚ ¤�−−®© à�¡®â¥ ¯à¥¤«®¦¥− ¬¥â®¤ á¥£¬¥−â�æ¨¨ ¨§®¡à�¦¥−¨© −� ®á−®¢¥ à�§¤¥-
«¥−¨ï ¨ á«¨ï−¨ï. �â®â ¬¥â®¤ á®áâ®¨â ¨§ ¯®¨áª� à¥¡¥à; ¨áâ®−ç¥−¨ï ¢ëç¨á«¥−−ëå
£à�−¨æ; ã¬¥−ìè¥−¨ï æ¢¥â�; à�§¡¨¥−¨ï ¨§®¡à�¦¥−¨ï ª¢�¤à�â� −� ®á−®¢¥ æ¢¥â�
¨ ãç¥â� ¨−ä®à¬�æ¨¨ ® £à�−¨æ�å; ®¡ê¥¤¨−¥−¨ï ®¤−®à®¤−ëå ®¡«�áâ¥© −� ®á−®¢¥
£à�ä�. „�−−ë© �«£®à¨â¬ ¯à¨¬¥−ï¥âáï ¤«ï ¨§¢«¥ç¥−¨ï ¨−ä®à¬�æ¨¨ ® á¥£¬¥−â�å
¨ �−�«¨§� ¨å ¤«ï ¯®¨áª� ®¯®à−ëå â®ç¥ª ¢ §�¤�ç�å áâ¥à¥®§à¥−¨ï.

2 Сегментация

‚ ä®à¬�«ì−®¬ ¢¨¤¥ á¥£¬¥−â�æ¨ï ¨§®¡à�¦¥−¨ï ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−�
á«¥¤ãîé¨¬ ®¡à�§®¬ [3]. �ãáâì ¨§®¡à�¦¥−¨¥ I à�§¬¥à®¬ W × H ï¢«ï¥âáï
−¥ª®â®à®© ¤¨áªà¥â−®© ¤¢ã¬¥à−®© äã−ªæ¨¥© f(x, y), £¤¥ I | íâ® ¤¢ã¬¥à−�ï ¬�â-
à¨æ�, ¢ ª®â®à®© ®¯à¥¤¥«¥−� â®çª� −� ¨§®¡à�¦¥−¨¨, � á®®â¢¥âáâ¢ãîé¨¥ â®ç¥ç−ë¥
í«¥¬¥−âë ¬�âà¨æë §�¤�îâ ¥¥ æ¢¥â®¢ãî å�à�ªâ¥à¨áâ¨ªã.

�ãáâì P | ¯à¥¤¨ª�â ®¤−®à®¤−®áâ¨. ’®£¤� á¥£¬¥−â�æ¨ï à�§¡¨¢�¥â I −�
¬−®¦¥áâ¢® N ®¡«�áâ¥© Sn, n = 1, . . . , N , â�ª¨å çâ®

(1)
⋃N

n=1 Sn = I, Sn ∩ Sm = 0, n 6= m;
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÷¨á. 1 �â�¯ë á¥£¬¥−â�æ¨¨

(2) P (Sn) = 1 ∀n;

(3) P (Sn ∪ Sm) = 0, ∀Sn, Sm| á¬¥¦−ëå.

�¥à¢®¥ ¨ ¢â®à®¥ ãá«®¢¨ï £®¢®àïâ ® â®¬, çâ® ª�¦¤ë© ¯¨ªá¥«ì ¨§®¡à�¦¥−¨ï
¯à¨−�¤«¥¦¨â â®«ìª® ®¤−®© ®¡«�áâ¨ [8]. ‚ âà¥âì¥¬ ãª�§ë¢�¥âáï, çâ® ®¡«�áâ¨
®¤−®à®¤−ë.

�à®æ¥áá á¥£¬¥−â�æ¨¨ ¨§®¡à�¦¥−¨ï á®áâ®¨â ¨§ −¥áª®«ìª¨å íâ�¯®¢ (à¨á. 1).
�¥à¢®−�ç�«ì−® ®áãé¥áâ¢«ï¥âáï ¢ë¤¥«¥−¨¥ ª®−âãà®¢ −� ®á−®¢¥ æ¢¥â®¢ëå §−�-

ç¥−¨©. �®á«¥ íâ®£® ¢ë¯®«−ï¥âáï ãâ®−ç¥−¨¥ ª®−âãà�. „�«¥¥ ã¬¥−ìè�¥âáï ç¨á«®
æ¢¥â®¢ −� ¨§®¡à�¦¥−¨¨ ¨ −� ®á−®¢¥ ¨−ä®à¬�æ¨¨ ® æ¢¥â¥ ¨ ® ª®−âãà�å ¢ë¯®«−ï¥âáï
à�áé¥¯«¥−¨¥, � §�â¥¬ á«¨ï−¨¥.

‘âàãªâãà� ¤�−−ëå. Š�ª ã¯®¬¨−�«®áì à�−¥¥, á¥£¬¥−â�æ¨ï ®á−®¢�−� −�
ª¢�¤à®¤¥à¥¢¥ [9]. ˆ§®¡à�¦¥−¨¥ åà�−¨âáï ¢ ¤¥à¥¢¥ â�ª¨¬ ®¡à�§®¬, çâ® ª�¦¤ë©
ã§¥« ¨¬¥¥â ç¥âëà¥ ¯®â®¬ª� | NW, NE, SW ¨ SE.

’�ª¨¬ ®¡à�§®¬, ¤¥áªà¨¯â®à ¯àï¬®ã£®«ì−®© ®¡«�áâ¨ ¨§®¡à�¦¥−¨ï ¨ ã§«�
¤¥à¥¢� (Node) ®¯¨áë¢�¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

Node =

{
Level,

{
RegonID
PartitionID
ChNum

}
, avgColor,nPoint,nBorder,Rect,Env

}
.

‡¤¥áì Level | ¢ëá®â� â¥ªãé¥£® ã§«� ª¢�¤à®¤¥à¥¢�; RegonID | ã−¨ª�«ì−ë©
¨¤¥−â¨ä¨ª�â®à â¥ªãé¥£® ã§«�, ª®â®àë© ¢ëç¨á«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬ [10]:

RegonID = PartitionId · 10 + ChNum ; (1)

PartitionID | ¨¤¥−â¨ä¨ª�â®à à®¤¨â¥«ï; ChNum | −®¬¥à ã§«� ¢ â¥ªãé¥¬
à�§¤¥«¥: NW | 1, NE | 2, SW | 3, SE | 4; avgColor| áà¥¤−¥¥ §−�ç¥−¨¥ æ¢¥â�;
nPoint| ç¨á«® â®ç¥ª ¢ â¥ªãé¥¬ ã§«¥; nBorder| ç¨á«® â®ç¥ª, ¯à¨−�¤«¥¦�é¨å
ª®−âãàã ¢ â¥ªãé¥¬ ã§«¥;Rect| £à�−¨æë ã§«�: Left, Right, Top, Bottom; Env|
¨¤¥−â¨ä¨ª�â®àë á®á¥¤−¨å ã§«®¢: NorthID, EastID, SouthID,WestID.

�¡−�àã¦¥−¨¥ ª®−âãà®¢. „«ï ®¡−�àã¦¥−¨ï ª®−âãà®¢ ¨á¯®«ì§ã¥âáï ¯®¤å®¤,
®¯¨á�−−ë© ¢ à�¡®â¥ [11] | ¯®¨áª ¨§¬¥−¥−¨ï æ¢¥â� á ¯®¬®éìî ¬�á®ª (à¨á. 2). „«ï
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÷¨á. 2 �à¨¬¥−¥−¨¥ ¬�á®ª: (�) à�á¯®«®¦¥−¨¥ ¯¨ªá¥«¥©: (¡) ¬�áª¨ 0◦ ¨ 90◦

á−¨¦¥−¨ï ¢ëç¨á«¨â¥«ì−®© −�£àã§ª¨ ¨á¯®«ì§ãîâáï ¤¢¥ ¬�áª¨: £®à¨§®−â�«ì−�ï
(0◦) ¨ ¢¥àâ¨ª�«ì−�ï (90◦) (à¨á. 2, ¡).

�®à®£®¢®¥ §−�ç¥−¨¥ ¢ëç¨á«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬:

T = (dp (i, j)|Avg) ;

(dp(i, j)|0◦) =

=

max I∑

i=0

max J∑

j=0

[|(KmaxR(i, j − 1) +G(i, j − 1) +B(i, j − 1)) a(i, j − 1) +

+ (KmaxR(i, j + 1) +G(i, j − 1) +B(i, j + 1)) a(i, j + 1)|] ;

(dp (i, j)|90◦) =

=
max I∑

i=0

max J∑

j=0

[|(KmaxR(i− 1, j) +G(i − 1, j) +B(i− 1, j)) b(i− 1, j) +

+ (KmaxR(i+ 1, j) +G(i+ 1, j) +B(i+ 1, j)) b(i+ 1, j)|] .

“â®−ç¥−¨¥ ª®−âãà�. „«ï ¯à®à¥¦¨¢�−¨ï £à�−¨æ ¯à¨¬¥−ï¥âáï �«£®à¨â¬,
®¯¨á�−−ë© ¢ [12], ¢ ª®â®à®¬ ¯à¨¬¥−ïîâáï ¤¢� è�£� ¨â¥à�æ¨¨ | ®¤¨− ¤«ï
£®à¨§®−â�«ì−ëå ¨ ¢¥àâ¨ª�«ì−ëå «¨−¨©, ¢â®à®© ¤«ï −�ª«®−−ëå. �®á«¥ íâ®£®
−¥®¡å®¤¨¬® ¯à®¢¥áâ¨ ®â¡®à. ��¨¡®«¥¥ ¯®¤å®¤ïé¨¥ £à�−¨æë ¢ë¡¨à�îâáï −�
®á−®¢¥ ª®¬¯®−¥−â®¢ á¢ï§−®áâ¨. “ç¨âë¢�îâáï −¥¯à¥àë¢−®áâì ¨ ¤«¨−� £à�−¨æ.
÷¥§ã«ìâ�â®¬ íâ®© ®¯¥à�æ¨¨ áâ�−®¢¨âáï á®§¤�−¨¥ ¡¨−�à−®© ¬�âà¨æë brdMtx
à�§¬¥à−®áâ¨ W ×H.

�à®à¥¦¨¢�−¨¥ æ¢¥â�. „«ï ã¬¥−ìè¥−¨ï æ¢¥â� ¨§®¡à�¦¥−¨ï ¨á¯®«ì§ã¥âáï
¯®¤å®¤, ®¯¨á�−−ë© ¢ [13]. ’�ª®© ¢ë¡®à ®¡ãá«®¢«¥− ¯à®áâ®â®© à¥�«¨§�æ¨¨
¨ ª�ç¥áâ¢®¬ ¯®«ãç�¥¬ëå à¥§ã«ìâ�â®¢.

÷�áé¥¯«¥−¨¥. �à®æ¥áá à�áé¥¯«¥−¨ï ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¤¥«¥−¨ï à®-
¤¨â¥«ìáª®£® ã§«� −� ç¥âëà¥ ¤®ç¥à−¨å. „«ï ª�¦¤®£® ª¢�¤à�−â� ¯à®¢¥àï¥âáï,
−�áª®«ìª® ®¤−®à®¤−� ç�áâì ¨§®¡à�¦¥−¨ï, «¥¦�é�ï ¢ ¥£® £à�−¨æ�å. ‚ ®¡é¥¬
á«ãç�¥, ¥á«¨ ¯à¥¤¨ª�â, ¯à¨¬¥−¥−−ë© ª ç¥âëà¥¬ ¤®ç¥à−¨¬ ã§«�¬, ¨áâ¨−¥−, â®
à�áé¥¯«¥−¨ï −¥ ¯à®¨áå®¤¨â:
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Noden =





4⋃
j=1
Nodenj , ¥á«¨ P (Noden) = false;

Noden ¨−�ç¥.

„«ï ª�¦¤®£® ¤®ç¥à−¥£® ã§«� ¢ëç¨á«ï¥âáï áà¥¤−¥¥ §−�ç¥−¨¥ ¥£® æ¢¥â� avgColor
¨ ç¨á«® £à�−¨ç−ëå ¯¨ªá¥«¥© numBrd. …á«¨ ¬�−åíââ¥−áª®¥ à�ááâ®ï−¨¥ ¬¥¦¤ã
avgColor ¨ æ¢¥â®¬ ã§«� pColor ¬¥−ìè¥ Tclr ¨«¨ numBrd ≥ Tbrd, â® â¥ªãé¨© ã§¥«
¤¥«¨âáï −� ç¥âëà¥.

�à®æ¥áá à�áé¥¯«¥−¨ï ¬®¦−® ¯à¥¤áâ�¢¨âì á«¥¤ãîé¨¬ ®¡à�§®¬:

P (Noden) =





false, ¥á«¨
H∑

x=0

W∑

y=0

∣∣avgColorNoden (f(x, y))−

− pColorx,y∈Noden (f(x, y))
∣∣ ≤ Tclr ;

false, ¥á«¨ numBrdNoden ≥ Tbrd ;
true ¨−�ç¥.

�«£®à¨â¬ à�§¤¥«¥−¨ï ã§«®¢ ¢ë£«ï¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬. �� ¢å®¤ ¯®¤�¥âáï
¨§®¡à�¦¥−¨¥ á ã¬¥−ìè¥−−ë¬ ç¨á«®¬ æ¢¥â®¢ Iq ¨ brdMtx. ‚ æ¨ª«¥ ¢ë¯®«−ïîâáï
á«¥¤ãîé¨¥ ¤¥©áâ¢¨ï:

{ ¢ëç¨á«¥−¨¥ ª®®à¤¨−�â ¯®â®¬ª�;

{ ¯®¨áª áà¥¤−¥£® æ¢¥â� ¤«ï Noden ª�¦¤®£® ª�−�«�:

{ ¢ëç¨á«¥−¨¥ ¤¨áâ�−æ¨¨ ¬¥¦¤ã avgColorNoden ¨ pColorx,y∈Noden;

{ ¥á«¨ dstc ≤ Tclr ¨«¨ brdn ≥ Tbrd, â® ¢ë¯®«−¥−¨¥ á«¥¤ãîé¥£® ¤¥©áâ¢¨ï, ¨−�ç¥
ª®−¥æ;

{ ¤®¡�¢«¥−¨¥ ¨−ä®à¬�æ¨¨ ® â¥ªãé¥¬ ã§«¥, ¢ëç¨á«¥−¨¥ RegionID ¯® ä®à¬ã-
«¥ (1).

�� ¢ëå®¤¥ ¯®«ãç�¥¬
⋃N

n=1 Sn = I.
÷¥§ã«ìâ�â®¬ ¢ë¯®«−¥−¨ï íâ®£® �«£®à¨â¬� ¡ã¤¥â ¬�ªá¨¬�«ì−®¥ à�§¡¨¥−¨¥

¨§®¡à�¦¥−¨©.
‘«¨ï−¨¥. �â�¯ ®¡ê¥¤¨−¥−¨ï −�ç¨−�¥âáï á ®¯à¥¤¥«¥−¨ï á®á¥¤¥© ¤«ï ª�¦¤®£®

ã§«�. �â� ®¯¥à�æ¨ï ®á−®¢�−� −� ¬®¤¨ä¨ª�æ¨¨ ¯®¤å®¤�, ¯à¥¤«®¦¥−−®£® ¢ à�¡®-
â¥ [14], â. ¥. ¨á¯®«ì§ã¥âáï ª®−¥ç−ë© �¢â®¬�â (Š�), ¯à¥¤áâ�¢«¥−−ë© ¢ â�¡«¨æ¥.

‚ ®â«¨ç¨¥ ®â [14] ¨á¯®«ì§ãîâáï ç¥âëà¥ á®áâ®ï−¨ï. �â® ¤¥«�¥âáï ¤«ï á−¨¦¥−¨ï
¢ëç¨á«¨â¥«ì−®© −�£àã§ª¨.

„¢� §−�ç¥−¨ï (ç¨á«® ¨ â¨à¥) ¢ ïç¥©ª¥ ãª�§ë¢�îâ −� â®, çâ® ¯®¨áª á®á¥¤¥©
¢ íâ®¬ −�¯à�¢«¥−¨¨ ¤®«¦¥− ¯à®¤®«¦�âìáï ¤«ï á«¥¤ãîé¥£® ¯à®å®¤� (R, L, D
¨ U). �¤−® §−�ç¥−¨¥ ¢ ïç¥©ª¥ ®§−�ç�¥â, çâ® â¥ªãé¨© ª¢�¤à�−â ¯®á«¥¤−¨© ¨ ¯®¨áª
¢ íâ®¬ −�¯à�¢«¥−¨¨ −¥®¡å®¤¨¬® ®áâ�−®¢¨âì.

�¨¦¥ ¯à¨¢¥¤¥−� ¯®á«¥¤®¢�â¥«ì−®áâì è�£®¢ �«£®à¨â¬� ¯®¨áª� á®á¥¤¥© ¤«ï
ã§«�:
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Š®−¥ç−ë© �¢â®¬�â ¤«ï á®á¥¤¥© ª¢�¤-
à�−â®¢ ¯® ç¥âëà¥¬ −�¯à�¢«¥−¨ï¬

��¯à�¢- Š¢�¤à�−â
«¥−¨¥ 1 2 3 4

R 2 1− 4 3−
L 2− 1 4− 3
D 3 4 1− 2−
U 3− 4− 1 2

{ ¥á«¨ Left, Right, Top, Bottom à�¢−ë 0 ¨«¨ à�§¬¥àã ¨§®¡à�¦¥−¨ï (W , H), â®
¢ á®®â¢¥âáâ¢ãîé¥¬ −�¯à�¢«¥−¨¨ á®á¥¤¥© −¥â;

{ ¢ëç¨á«¨âì á®á¥¤� ¤«ï Noden: ¢ æ¨ª«¥ ¤«ï ¢á¥å áãé¥áâ¢ãîé¨å −�¯à�¢«¥−¨©
(−¥ à�¢−ëå 0) ¢ëç¨á«¨âì ¢á¥ §−�ç¥−¨ï á®á¥¤−¨å ª¢�¤à�−â®¢ −� ®á−®¢¥ ChNum
¢ á®®â¢¥âáâ¢¨¨ á â�¡«¨æ¥©;

{ §�−¥áâ¨ §−�ç¥−¨¥ ¢ Env.

Š®−¥ç−ë© �¢â®¬�â ¢®§¢à�é�¥â ç¨á«®, ®¡®§−�ç�îé¥¥ á®á¥¤−¨© ª¢�¤à�−â ¢ á®-
®â¢¥âáâ¢ãîé¥¬ −�¯à�¢«¥−¨¨. “à®¢¥−ì á®á¥¤� ¢ëç¨á«ï¥âáï ¤® à�§¬¥à� −¥ ¬¥−¥¥
à�§¬¥à� â¥ªãé¥£® ã§«� [14]. �® ª¢�¤à�−â ¬®¦¥â £à�−¨ç¨âì á á®á¥¤®¬ «î¡®£®
à�§¬¥à�. ‚ íâ®¬ á«ãç�¥ −¥®¡å®¤¨¬® ãâ®ç−¥−¨¥ à�§¬¥à� á®á¥¤¥©. �®áª®«ìªã Env
á®¤¥à¦¨â ¨¤¥−â¨ä¨ª�â®à á®á¥¤¥©, −¥®¡å®¤¨¬® ¯à®¢¥áâ¨ −�¯à�¢«¥−−ë© á¯ãáª ¯®
¤¥à¥¢ã ¨ ®¯à¥¤¥«¨âì áãé¥áâ¢®¢�−¨¥ ã§«� á á®®â¢¥âáâ¢ãîé¨¬ ¨¤¥−â¨ä¨ª�â®à®¬.
�¨¦¥ ¯à¥¤áâ�¢«¥− �«£®à¨â¬ ¯®¨áª� áãé¥áâ¢ãîé¨å á®á¥¤¥©.

�� ¢å®¤ ¯®¤�¥âáï ¤¥à¥¢® ª¢�¤à�−â®¢ QTree á ¢ëç¨á«¥−−ë¬ Env. „�«¥¥
¢ë¯®«−ïîâáï á«¥¤ãîé¨¥ ¤¥©áâ¢¨ï:

{ ¯à®á¬®âà §−�ç¥−¨© ¨§ Env ¨ §�−¥á¥−¨¥ ¨å ¢ áâ¥ª strID;

{ ¢ æ¨ª«¥ ®áãé¥áâ¢¨âì ¯à®á¬®âà §−�ç¥−¨© ¤«ï ¢¥àå−¥£® §−�ç¥−¨ï strID: §�−¥áâ¨
¥£® ¢ â¥ªãé¨© ¯ãâì curWay, ¥á«¨ ¥£® ¤«¨−� à�¢−� 0 ¨«¨ ã§¥« á â¥ªãé¨¬
−®¬¥à®¬ −¥ áãé¥áâ¢ã¥â, â® §�ª®−ç¨âì ¤�«ì−¥©è¥¥ à�áá¬®âà¥−¨¥ â¥ªãé¥£® ¯ãâ¨
¨ ¢¥à−ãâì áãé¥áâ¢ãîé¨© ¯ãâì ¨ ãª�§�â¥«ì −� ¯®á«¥¤−¨© áãé¥áâ¢ãîé¨© ã§¥«
íâ®£® ¯ãâ¨, ¨−�ç¥ §�−¥áâ¨ §−�ç¥−¨¥ ¢ ¯à®©¤¥−−ë© ¯ãâì rtnWay, ¯®¢â®à¨âì
¤«ï á«¥¤ãîé¥£® §−�ç¥−¨ï;

{ á®§¤�âì á¢ï§ì ¨§ â¥ªãé¥£® ã§«� ¢ ã§¥« á ¨−¤¥ªá®¬ ¢ rtnWay;

{ á®åà�−¨âì ¯à®©¤¥−−ë© ¯ãâì rtnWay ¨ ãª�§�â¥«ì −� ã§¥«.

�� ¢ëå®¤¥ �«£®à¨â¬� | QTree á ¢ëç¨á«¥−−ë¬ áãé¥áâ¢ãîé¨¬ Env ¨ ááë«-
ª�¬¨ −� á®á¥¤¥©. ÷¥§ã«ìâ�â®¬ à�¡®âë íâ®£® �«£®à¨â¬� ¡ã¤¥â £à�ä, ¢ ª®â®à®¬
¨¬¥îâáï ¯¥à¥å®¤ë ®â ã§«� ª ª�¦¤®¬ã áãé¥áâ¢ãîé¥¬ã á®á¥¤ã, −¥ ¬¥−ìè¥ â¥ªãé¥£®
ã§«�.

„«ï â®£® çâ®¡ë ®áãé¥áâ¢¨âì á«¨ï−¨¥, −¥®¡å®¤¨¬® ¯¥à¥©â¨ ª «¨−¥©−ë¬
ä®à¬�¬ ª¢�¤à®¤¥à¥¢� QTree | LnQTree | ¨ ¯à®¢¥áâ¨ á®àâ¨à®¢ªã ¯® ç¨á«ã
â®ç¥ª ¢ ª¢�¤à�−â¥ ¢ ¯®àï¤ª¥ ¢®§à�áâ�−¨ï. �â® ¤¥«�¥âáï ¤«ï ãáª®à¥−¨ï á«¨ï−¨ï.
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�«£®à¨â¬ á«¨ï−¨ï −� ¢å®¤ ¯®«ãç�¥â ¤¥à¥¢® ¢ ®âá®àâ¨à®¢�−−®¬ «¨−¥©−®¬ ¢¨¤¥
LnQTree ¨ ¯à¥¤¯®«�£�¥â á«¥¤ãîéãî ¯®á«¥¤®¢�â¥«ì−®áâì è�£®¢:

{ ®áãé¥áâ¢¨âì ¯à®á¬®âà ¬�áá¨¢� LnQTree, ¯®ª� ¢ −¥¬ ¨¬¥îâáï í«¥¬¥−âë;

{ ¨§¢«¥çì ªà�©−¨© í«¥¬¥−â ¬�áá¨¢� LnQTree ¨ ¯®á¬®âà¥âì ¬�áá¨¢ á«¨ï−¨ï
Segment (á®¤¥à¦�é¨© ¨−¤¥ªá á¥£¬¥−â�, ª®â®à®¬ã ¯à¨−�¤«¥¦¨â ª¢�¤à�−â,
ç¨á«® â®ç¥ª ¨ æ¢¥â): ¥á«¨ ®− ¯ãáâ, â® á®§¤�âì ¯¥à¢ë© á¥£¬¥−â, ¨−�ç¥ á®§¤�âì
−®¢ë© á¥£¬¥−â;

{ ¯®¬¥â¨âì ã§¥« ª�ª ¯®á¥é¥−−ë©;

{ ¢ æ¨ª«¥ ®áãé¥áâ¢¨âì ¯à®á¬®âà ã§«®¢, á¬¥¦−ëå á ã§«�¬¨ â¥ªãé¥£® á¥£¬¥−â�,
¨ ¯®¬¥áâ¨âì ¨å ¢ vNgbrSgmNode;

{ ¢ëç¨á«¨âì ¡«¨§®áâì æ¢¥â� á¥£¬¥−â� ¨ ã§«� á®á¥¤� ¨, ¥á«¨ ®−� ¬¥−ìè¥ ¯®à®£�,
¤®¡�¢¨âì íâ®â ã§¥« ¢ á¥£¬¥−â ¨ ®â¬¥â¨âì ã§¥« ª�ª ¯®á¥é¥−−ë©;

{ ®áãé¥áâ¢¨âì ¯à®á¬®âà vNgbrSgmNode ¨ ¨§¢«¥çì ã§«ë, ª®â®àë¥ ¡ë«¨ ¯®á¥-
é¥−ë;

{ �−�«®£¨ç−® ¯à®©â¨áì ¯® ¬�áá¨¢ã LnQTree ¨ ã¤�«¨âì ¯®á¥é¥−−ë¥ ã§«ë.

�� ¢ëå®¤¥ �«£®à¨â¬� | ¬�áá¨¢ á¥£¬¥−â®¢, ¢ ª®â®à®¬ ª�¦¤ë© á¥£¬¥−â á®áâ®¨â
¨§ ã§«®¢, ¡«¨§ª¨å ¯® æ¢¥â®¢ë¬ å�à�ªâ¥à¨áâ¨ª�¬.

’�ª¨¬ ®¡à�§®¬, ª�¦¤ë© ã§¥« ¬®¦−® ª«�áá¨ä¨æ¨à®¢�âì ¨ á®¯®áâ�¢¨âì á ®¯à¥-
¤¥«¥−−ë¬ á¥£¬¥−â®¬. �à¨−�¤«¥¦−®áâì ª á®®â¢¥âáâ¢ãîé¥¬ã á¥£¬¥−âã ®¯à¥¤¥«ï-
¥âáï ¨áå®¤ï ¨§ §−�ç¥−¨ï, ãª�§�−−®£® ¢ segmentnumber, ¨á¯®«ì§ã¥¬®£® ¢ ª�ç¥áâ¢¥
¨−¤¥ªá� ¬�áá¨¢� á¥£¬¥−â®¢.

3 Результаты

÷¥§ã«ìâ�â à�¡®âë ®¯¨á�−−®£® �«£®à¨â¬� ¯à¨¢¥¤¥− −� à¨á. 3.

4 Выводы

Š�ª ¢¨¤−® ¨§ ¯à¥¤áâ�¢«¥−−ëå à¥§ã«ìâ�â®¢, �«£®à¨â¬ á¥£¬¥−â�æ¨¨ å®à®è®
á¯à�¢«ï¥âáï á ¨§®¡à�¦¥−¨ï¬¨, á®¤¥à¦�é¨¬¨ §−�ç¨â¥«ì−®¥ ç¨á«® ¬¥«ª¨å ¤¥-
â�«¥©, ¯®â¥àï ª®â®àëå á®§¤�¥â âàã¤−®áâ¨ ¯à¨ �−�«¨§¥. �à¨ íâ®¬ äà�£¬¥−âë
¨§®¡à�¦¥−¨ï, ¯à¥¤áâ�¢«ïîé¨¥ á®¡®© ®¤−®à®¤−ãî ®¡«�áâì, ®¡ê¥¤¨−ïîâáï ¢ ¡®-
«¥¥ ªàã¯−ë¥ á¥£¬¥−âë.

��à�¬¥âàë, ¨á¯®«ì§ã¥¬ë¥ �«£®à¨â¬®¬ ¯à¨ á¥£¬¥−â�æ¨¨, ¡ë«¨ ãáâ�−®¢«¥−ë
í¬¯¨à¨ç¥áª¨. ‚®§¬®¦−®, ¡ë«® ¡ë æ¥«¥á®®¡à�§−® ¢ë¡à�âì ¨å �¢â®¬�â¨ç¥áª¨
¢ §�¢¨á¨¬®áâ¨ ®â â¨¯� ¢å®¤−®£® ¨§®¡à�¦¥−¨ï. �® ¬¥à¥ ¤�«ì−¥©è¥© à�¡®âë
¢®§¬®¦−® ã«ãçè¥−¨¥ ¢ë¡®à� £à�−¨æ ¨, ¢¥à®ïâ−®, ¨á¯®«ì§®¢�−¨¥ ¤®¯®«−¨â¥«ì−ëå
¨−¤¨ª�â®à®¢, −�¯à¨¬¥à ®á−®¢�−−ëå −� â¥ªáâãà�å, ¤«ï ã«ãçè¥−¨ï à¥§ã«ìâ�â®¢
á¥£¬¥−â�æ¨¨, ¢ ç�áâ−®áâ¨ ¤«ï á«®¦−ëå ¨§®¡à�¦¥−¨©.
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÷¨á. 3 ÷¥§ã«ìâ�âë à�¡®âë �«£®à¨â¬�: (a) ¨áå®¤−®¥ ¨§®¡à�¦¥−¨¥; (¡) ãâ®−ç¥−¨¥
ª®−âãà®¢; (¢) ã¬¥−ìè¥−¨¥ æ¢¥â®¢ −� ¨§®¡à�¦¥−¨¨; (£) à�§¤¥«¥−¨¥; (¤) á«¨ï−¨¥
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QUADTREE BASED COLOR IMAGE SEGMENTATION METHOD

Yu. A. Maniakov and A. I. Sorokin

Orel Branch of the Federal Research Center \Computer Science and Control" of
the Russian Academy of Sciences, 137 Moskovskoe Shosse, Orel 302025, Russian
Federation

Abstract: The paper presents a color image segmentation method and an
algorithm based on quadtree. The proposed method consists of several steps.
First of them is border detection based on three-channel color and two masks.
Then, the authors apply the thinning algorithm to decrease the area of the found
boundary. The segmentation algorithm is divided into two parts. In the first
part, the image is divided into segments as much as possible. In the second part,
the segments union algorithm uses the finding neighbor's ID based on the FSM
table and applies a link to ID to create a graph. The results of color images
segmentation obtained on the basis of the described algorithm are presented.
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ПРОГРАММНЫЙ КОМПЛЕКС ДЛЯ ПОЗИЦИОНИРОВАНИЯ
АКУСТИЧЕСКИХ ДОННЫХ СИСТЕМ

В. А. Смирнов1, Н. Н. Скворцова2, Е. М. Кончеков3, В. А. Ларичев4,
Г. А. Максимов5

�−−®â�æ¨ï: �� ®á−®¢¥ �«£®à¨â¬®¢ ª®àà¥«ïæ¨®−−®£® ¨ á¯¥ªâà�«ì−®£® �−�«¨§�
à�§à�¡®â�− ¯à®£à�¬¬−ë© ª®¬¯«¥ªá ¤«ï ®¡à�¡®âª¨ à�¤¨®ä¨§¨ç¥áª¨å á¨£−�«®¢
á æ¥«ìî â®ç−®£® ¯®§¨æ¨®−¨à®¢�−¨ï ¯à¨¥¬−ëå í«¥¬¥−â®¢ ¤®−−ëå á¥©á¬¨ç¥-
áª¨å ª®á. ‘¥©á¬®ª®áë ¡ë«¨ ¨á¯ëâ�−ë ¢ ƒ¥«¥−¤¦¨ªáª®© ¡ãåâ¥ −� —¥à−®¬
¬®à¥. �à¥¤áâ�¢«¥− à¥§ã«ìâ�â ¯®§¨æ¨®−¨à®¢�−¨ï á¨áâ¥¬ë, ¯®«ãç¥−−ë© á ¯®-
¬®éìî à�§à�¡®â�−−ëå �«£®à¨â¬®¢ ¯® ¨§¬¥à¥−−ë¬ �ªãáâ¨ç¥áª¨¬ ¤¨áâ�−æ¨ï¬.
�à®¨§¢¥¤¥−® áà�¢−¥−¨¥ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ á ª®−âà®«ì−ë¬¨ ¤�−−ë¬¨
¨§¬¥à¥−¨© íå®«®â�. �®ª�§�−®, çâ® ¨§¬¥à¥−¨¥ �ªãáâ¨ç¥áª¨å ¤¨áâ�−æ¨© ¯à¨ ¨á-
¯®«ì§®¢�−¨¨ à�§à�¡®â�−−®£® ¯à®£à�¬¬−®£® ª®¬¯«¥ªá� ®â¢¥ç�¥â âà¥¡®¢�−¨ï¬
¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï á¨áâ¥¬ ¬®àáª®© 2D-á¥©á¬®à�§¢¥¤ª¨.

Š«îç¥¢ë¥ á«®¢�: £¨¤à®�ªãáâ¨ª�; ¬®−¨â®à¨−£; ¬®àáª�ï á¥©á¬®à�§¢¥¤ª�;
â¢¥à¤®â¥«ì−�ï ¤®−−�ï æ¨äà®¢�ï á¥©á¬®ª®á�; ¯®§¨æ¨®−¨à®¢�−¨¥; ª®àà¥«ïæ¨-
®−−ë© �−�«¨§; á¯¥ªâà�«ì−ë© �−�«¨§
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1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï ®¤−®© ¨§ −�¨¡®«¥¥ �ªâã�«ì−ëå §�¤�ç £¨¤à®�ªãáâ¨ª¨ áâ�-
«� §�¤�ç� á¥©á¬¨ç¥áª®© à�§¢¥¤ª¨ ¤«ï æ¥«¥© ®¡−�àã¦¥−¨ï ¯®«¥§−ëå ¨áª®¯�¥¬ëå
−� è¥«ìä�å. Œ®àáª�ï á¥©á¬®à�§¢¥¤ª� ®¡ëç−® ¯à®¢®¤¨âáï á«¥¤ãîé¨¬¨ á¯®á®-
¡�¬¨: à�áª«�¤ª®© ¤®−−ëå á¥©á¬¨ç¥áª¨å ª®á, §�£«ã¡«¥−¨¥¬ ¬−®¦¥áâ¢� ®â¤¥«ì-
−ëå ¬�ïª®¢-®â¢¥âç¨ª®¢, ¡ãªá¨à®¢ª®© á¥©á¬¨ç¥áª¨å ª®á ã ¯®¢¥àå−®áâ¨ (£«ã¡¨−�
∼ 5{10 ¬) [1]. �®«ãç¥−¨¥ á¥©á¬¨ç¥áª¨å ¤�−−ëå ¯à¨ ¡ãªá¨à®¢ª¥ á¥©á¬¨ç¥áª¨å
ª®á ã ¯®¢¥àå−®áâ¨ ¬®àï ï¢«ï¥âáï �ªâã�«ì−®© ª�ª á −�ãç−®©, â�ª ¨ á ¯à�ªâ¨ç¥áª®©
â®çª¨ §à¥−¨ï §�¤�ç¥© [2]. ÷¥è¥−¨¥ ¤�−−®© §�¤�ç¨ á¢ï§�−® á à�§à�¡®âª®© á«®¦−ëå
¯à®£à�¬¬−ëå ª®¬¯«¥ªá®¢ ¤«ï ¨§¬¥à¥−¨ï, ®¡à�¡®âª¨ ¨ åà�−¥−¨ï íªá¯¥à¨¬¥−â�«ì-
−ëå ¤�−−ëå [3]. Œ¥â®¤ë ¤¥â¥ªâ¨à®¢�−¨ï ¨ ®¡à�¡®âª¨ â�ª¨å à�¤¨®ä¨§¨ç¥áª¨å

1�ªãáâ¨ç¥áª¨© ¨−áâ¨âãâ ¨¬. �ª�¤¥¬¨ª� �. �. �−¤à¥¥¢�; Œˆ÷�� | ÷®áá¨©áª¨© â¥å−®«®£¨ç¥-
áª¨© ã−¨¢¥àá¨â¥â, Viperx15@mail.ru

2ˆ−áâ¨âãâ ®¡é¥© ä¨§¨ª¨ ¨¬. �. Œ. �à®å®à®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; Œˆ÷�� | ÷®á-
á¨©áª¨© â¥å−®«®£¨ç¥áª¨© ã−¨¢¥àá¨â¥â; ��æ¨®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ï¤¥à−ë© ã−¨¢¥àá¨â¥â
úŒˆ”ˆû, mukudori@mail.ru

3ˆ−áâ¨âãâ ®¡é¥© ä¨§¨ª¨ ¨¬. �. Œ. �à®å®à®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; ÷®áá¨©áª¨© −�æ¨-
®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ¬¥¤¨æ¨−áª¨© ã−¨¢¥àá¨â¥â ¨¬. �. ˆ. �¨à®£®¢�, eukmek@gmail.com

4�ªãáâ¨ç¥áª¨© ¨−áâ¨âãâ ¨¬. �ª�¤¥¬¨ª� �. �. �−¤à¥¥¢�; larido@gmail.com
5�ªãáâ¨ç¥áª¨© ¨−áâ¨âãâ ¨¬. �ª�¤¥¬¨ª� �. �. �−¤à¥¥¢�; gamaximov@mail.ru
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á¨£−�«®¢ −¥®¡å®¤¨¬ë ¤«ï ¨áá«¥¤®¢�−¨ï á¨£−�«®¢ ¨ ¢ ¤àã£¨å ®¡«�áâïå −�ãª¨
¨ â¥å−¨ª¨: ¢ �ªãáâ¨ª¥, £¥®ä¨§¨ª¥, ¨áá«¥¤®¢�−¨¨ ¯«�§¬¥−−®© [4{7] ¨ �â¬®áä¥à−®©
âãà¡ã«¥−â−®áâ¨ [8] ¨ â. ¤.

‘®¢à¥¬¥−−®© ¨ �ªâã�«ì−®© áâ�«� §�¤�ç� ®¡à�¡®âª¨ «®æ¨àãîé¨å �ªãáâ¨ç¥áª¨å
á¨£−�«®¢ ¤®−−ëå ¨ ¡ãªá¨àã¥¬ëå �ªãáâ¨ç¥áª¨å �−â¥−− (á¥©á¬®ª®á) ¤«ï ¯®«ãç¥−¨ï
¬�áá¨¢� à�ááâ®ï−¨© ¬¥¦¤ã ¤�âç¨ª�¬¨ á¥©á¬®ª®áë ¨ ¨áâ®ç−¨ª®¬ «®æ¨àãîé¨å
á¨£−�«®¢ ¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï á¨áâ¥¬ë [9]. ‚ áâ�âì¥ ¡ã¤¥â à�áá¬®âà¥− �«-
£®à¨â¬ à�¡®âë á®§¤�−−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¤«ï ®¡à�¡®âª¨ §�¯¨á¥©
«®æ¨àãîé¨å á¨£−�«®¢ −� ¯à¨¥¬−¨ª�å á¥©á¬®ª®áë, ¢ë¤¥«¥−¨ï ¢à¥¬¥− à�á¯à®-
áâà�−¥−¨ï �ªãáâ¨ç¥áª®£® á¨£−�«� ¯® ¯àï¬®¬ã «ãçã ®â ¨áâ®ç−¨ª� á ¨§¢¥áâ−ë¬¨
ª®®à¤¨−�â�¬¨ ¤® ¯à¨¥¬−®£® í«¥¬¥−â� á¥©á¬®ª®áë ¤«ï ¨§¬¥à¥−¨ï �ªãáâ¨ç¥áª¨å
¤¨áâ�−æ¨©, ¯®§¨æ¨®−¨à®¢�−¨ï ¨ ¢ëç¨á«¥−¨ï ®à¨¥−â�æ¨¨ ¯à¨¥¬−ëå í«¥¬¥−â®¢
¢ ¯à®áâà�−áâ¢¥.

2 Позиционирование донной сейсмокосы

‚ �ªãáâ¨ç¥áª®¬ ¨−áâ¨âãâ¥ ¨¬. �ª�¤¥¬¨ª� �. �. �−¤à¥¥¢� (�� �Šˆ�)
à�§à�¡®â�−ë ¨ ¯à®¨§¢®¤ïâáï æ¨äà®¢ë¥ â¢¥à¤®â¥«ì−ë¥ ¤®−−ë¥ á¥©á¬®ª®áë ¤«ï
¨−¦¥−¥à−®© ¬®àáª®© á¥©á¬®à�§¢¥¤ª¨ ¨ ¬®−¨â®à¨−£�. �®á«¥ §�£«ã¡«¥−¨ï â�ª®©
ª®áë ¯¥à¥¤ ¯à®¢¥¤¥−¨¥¬ á¥©á¬¨ç¥áª¨å ¨§¬¥à¥−¨© âà¥¡ã¥âáï ®¯à¥¤¥«¨âì à�á¯®«®-
¦¥−¨¥ ¨ ®à¨¥−â�æ¨î ª�¦¤®£® ¯à¨¥¬−®£® í«¥¬¥−â�. „«ï à¥è¥−¨ï ¤�−−®© §�¤�ç¨
¢ à�©®−¥ à�áª«�¤ª¨ ¨ ¯®á«¥ §�£«ã¡«¥−¨ï á¥©á¬®ª®áë ¨á¯®«ì§ã¥âáï á¯¥æ¨�«ì-
−®¥ áã¤−®-¯¨−£¥à1, ®á−�é¥−−®¥ á¯�àª¥à®¬, ¯à¥¤−�§−�ç¥−−ë¬ ¤«ï á¥©á¬¨ç¥áª¨å
¨§¬¥à¥−¨©. „«ï ¨§«ãç¥−¨ï «®ª�æ¨®−−ëå ¨¬¯ã«ìá®¢ áã¤−® ®¡®àã¤®¢�−® ¢ë-
á®ª®ç�áâ®â−ë¬ ¯ì¥§®ª¥à�¬¨ç¥áª¨¬ ¨§«ãç�â¥«¥¬, à�¡®â�îé¨¬ ¢ ¯®«®á¥ ç�áâ®â
∼ 30 ªƒæ, á ¯®¬®éìî ª®â®à®£® ¯à®¨§¢®¤¨âáï ¨§«ãç¥−¨¥ á¥à¨¨ ¢ëá®ª®ç�áâ®â−ëå
è¨à®ª®¯®«®á−ëå ¨¬¯ã«ìá®¢. ‡�¯¨áì ¯à¨−ïâëå á¨£−�«®¢ á ¯à¨¥¬−ëå í«¥¬¥−â®¢
¤®−−®© á¥©á¬®ª®áë á¨−åà®−¨§¨à®¢�−� á −�ç�«®¬ ¨§«ãç¥−¨ï áã¤−�-¯¨−£¥à�.

÷�¡®â� ¯à®£à�¬¬ë −�ç¨−�¥âáï á ¢ë¡®à� ¯®«ì§®¢�â¥«¥¬ ¤¨à¥ªâ®à¨¨, á®¤¥à-
¦�é¥© §�¯¨á¨ á¨£−�«®¢ ¯à¨¥¬−ëå í«¥¬¥−â®¢ á¥©á¬®ª®áë ¢ ä®à¬�â¥ SEGY 2.0
¨ §�¯¨á¨ ª®®à¤¨−�â GPS âà�¥ªâ®à¨¨ ¤¢¨¦¥−¨ï áã¤−�-¯¨−£¥à� á â®çª�¬¨, á®-
®â¢¥âáâ¢ãîé¨¬¨ ¬®¬¥−â�¬ ¨§«ãç¥−¨ï «®æ¨àãîé¥£® á¨£−�«� (å«®¯ª�). �¡é�ï
âà�¥ªâ®à¨ï ¤¢¨¦¥−¨ï áã¤−�-¯¨−£¥à� ¨ ¬®¬¥−âë ¢à¥¬¥−¨, á®®â¢¥âáâ¢ãîé¨¥ §�¯¨-
áï¬ á á¥©á¬®ª®áë, ¯à¨¢¥¤¥−ë −� à¨á. 1. �� à¨á. 1 á¨¬¢®«®¬ ú*û ®â¬¥ç¥− ¬®¬¥−â
¨§«ãç¥−¨ï «®æ¨àãîé¥£® ¨¬¯ã«ìá�. ‡−�çª®¬ ú�û ®â¬¥ç¥− ¬®¬¥−â ¨§«ãç¥−¨ï
«®æ¨àãîé¥£® á¨£−�«�, ¤«ï ª®â®à®£® ¢ §�¤�−−®© ¤¨à¥ªâ®à¨¨ ¡ë«� −�©¤¥−� §�¯¨áì
¯à¨−ïâ®£® á¨£−�«� á¥©á¬®ª®áë. Š�¦¤®¬ã §−�çªã ú�û á®®â¢¥âáâ¢ã¥â ãç�áâ®ª
§�¯¨á¨ ¢à¥¬¥−−‚ëå ¢ë¡®à®ª ¢á¥å ¯à¨¥¬−ëå í«¥¬¥−â®¢ á¥©á¬®ª®áë ¢ ®¤−®¬ ¨§
ä�©«®¢ SEGY.

1�¨−£¥à | íâ® áã¤−®, ®áãé¥áâ¢«ïîé¥¥ ¯à®å®¤ ¯® §�¤�−−®© âà�¥ªâ®à¨¨ à�áª«�¤ª¨ ¯®£àã¦�¥¬ëå
�ªãáâ¨ç¥áª¨å áà¥¤áâ¢ (¢ ¤�−−®¬ á«ãç�¥ á¥©á¬®ª®áë) ¨ ¨§«ãç�îé¥¥ è¨à®ª®¯®«®á−ë¥ ¬®é−ë¥
«®æ¨àãîé¨¥ ¨¬¯ã«ìáë ¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï ¤�−−ëå áà¥¤áâ¢.
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�à®£à�¬¬−ë© ª®¬¯«¥ªá ¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï �ªãáâ¨ç¥áª¨å ¤®−−ëå á¨áâ¥¬

÷¨á. 1 ’à�¥ªâ®à¨ï ¤¢¨¦¥−¨ï áã¤−�-¯¨−£¥à�. �® ®áï¬ X ¨ Y ®â¬¥ç¥−® à�ááâ®ï−¨¥
à�¡®ç¥£® à¥£¨®−� ¢ ¬¥âà�å. �¡é¥¥ ç¨á«® â®ç¥ª âà�¥ªâ®à¨¨ | 6444. —¨á«® ¬®¬¥−â®¢
¨§«ãç¥−¨ï «®æ¨àãîé¥£® ¨¬¯ã«ìá� | 1244 (§−�ç®ª ú*û). —¨á«® ¬®¬¥−â®¢ ¨§«ãç¥−¨ï,
¤«ï ª®â®àëå ¯à®¢®¤¨âáï �−�«¨§ §�¯¨á¥© á¨£−�«®¢ | 369 (§−�ç®ª ú�û)

�¤¨− ¯à¨¥¬−ë© í«¥¬¥−â á¥©á¬®ª®áë ¨¬¥¥â 5 ¯à¨¥¬−ëå ª�−�«®¢ (3 −¨§ª®ç�á-
â®â−ëå ¤«ï á¥©á¬¨ç¥áª¨å ¨§¬¥à¥−¨© ¨ 2 ¢ëá®ª®ç�áâ®â−ëå ¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï
¨ ¯®¨áª� ®à¨¥−â�æ¨¨). —�áâ®â� ¤¨áªà¥â¨§�æ¨¨ ¤«ï ¢á¥å ¯à¨¥¬−ëå ª�−�«®¢ á®-
®â¢¥âáâ¢ã¥â 2 ªƒæ. �� à¨á. 2 ¨ 3 ¯à¥¤áâ�¢«¥−ë ¢à¥¬¥−−‚ë¥ ¢ë¡®àª¨ §�¯¨á¥©
¢á¥å ¢ëá®ª®ç�áâ®â−ëå ¯à¨¥¬−ëå í«¥¬¥−â®¢ á¥©á¬®ª®áë ¯à¨ ¨§«ãç¥−¨¨ ®¤−®©
á¥à¨¨ ¨¬¯ã«ìá®¢, §�£àã¦¥−−ë¥ ¯à®£à�¬¬®© ¨§ ä�©«®¢ SEGY. �®áâà®¥−¨¥ §�-
¯¨á¥© á¨£−�«®¢ ¯à®¢®¤¨âáï ¢¥àâ¨ª�«ì−® ¤«ï ¢¨§ã�«¨§�æ¨¨ ¬�ªá¨¬�«ì−®£® ç¨á«�
ª�−�«®¢ −� íªà�−¥ ¯®«ì§®¢�â¥«ï. �� à¨á. 3 ¯à¥¤áâ�¢«¥− −¥¡®«ìè®© ãç�áâ®ª
¤«ï à�áá¬®âà¥−¨ï ä®à¬ë «®æ¨àãîé¨å ¨¬¯ã«ìá®¢ ¨ à¥§ã«ìâ�â®¢ ¤¥â¥ªâ¨à®¢�−¨ï.
Š�¦¤®¬ã ¯à¨¥¬−®¬ã í«¥¬¥−âã (£¨¤à®ä®−ã) á®®â¢¥âáâ¢ãîâ ¤¢� ¯à¨¥¬−ëå ª�−�«�,
çâ® −¥®¡å®¤¨¬® ¤«ï ¤�«ì−¥©è¥£® ¢ëç¨á«¥−¨ï ¥£® ®à¨¥−â�æ¨¨ ¢ ¯à®áâà�−áâ¢¥.

�� à¨á. 2 ¨á¯®«ì§ãîâáï á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

{ â®çª�¬¨ −� ¢à¥¬¥−−‚ëå ¢ë¡®àª�å ¯®ª�§�−ë à�ááç¨â�−−ë¥ ¯® ¤�−−®© §�¯¨á¨
¢à¥¬¥−� à�á¯à®áâà�−¥−¨ï «®æ¨àãîé¥£® á¨£−�«� ¯® ¯àï¬®¬ã «ãçã. �� à¨á. 2
¯à¨¢¥¤¥− ¯à¨¬¥à −¥ª®àà¥ªâ−®£® ¤¥â¥ªâ¨à®¢�−¨ï (®â¡à®è¥−−®¥ ¨§¬¥à¥−¨¥),
−¥ ¯à®è¥¤è¥£® ¢�«¨¤�æ¨î (å®âï ¡ë ¯® ®¤−®¬ã ªà¨â¥à¨î). „¨áâ�−æ¨¨,
¯®«ãç¥−−ë¥ ¨§ â�ª¨å ¢à¥¬¥−, −¥ ¯à¨−¨¬�îâ ãç�áâ¨ï ¢ à�áç¥â¥. ˆ§¬¥−ïï
¯®à®£®¢ë¥ §−�ç¥−¨ï ®âá¥¢� à¥§ã«ìâ�â®¢, ¬®¦−® ã¢¥«¨ç¨âì ç¨á«® ¨§¬¥à¥−−ëå
¤¨áâ�−æ¨©, −® á ã¬¥−ìè¥−¨¥¬ ¯®à®£®¢ëå §−�ç¥−¨© ¯®¢ëè�¥âáï ¢¥à®ïâ−®áâì
¯®¯�¤�−¨ï −¥ª®àà¥ªâ−® ¨§¬¥à¥−−®© ¤¨áâ�−æ¨¨ ¢ à�áç¥â ¯®§¨æ¨®−¨à®¢�−¨ï;
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÷¨á. 2 ‡�¯¨áì á¨£−�«®¢ ¯à¨¥¬−ëå í«¥¬¥−â®¢ á¥©á¬®ª®áë ¯à¨ ¨§«ãç¥−¨¨ ®¤−®© á¥à¨¨
¨¬¯ã«ìá®¢ (¯à¨¡«¨¦¥− ãç�áâ®ª §�¯¨á¨ ª�−�«®¢ 138{168, â®«ìª® ç¥â−ë¥ ª�−�«ë)

÷¨á. 3 ”¨−�«ì−ë© à¥§ã«ìâ�â ¯®§¨æ¨®−¨à®¢�−¨ï ¯à¨¥¬−ëå í«¥¬¥−â®¢ á¥©á¬®ª®áë.
�® ®áï¬ X ¨ Y ®â¬¥ç¥−® à�ááâ®ï−¨¥ à�¡®ç¥£® à¥£¨®−� ¢ ¬¥âà�å. —¥à−ë¬ æ¢¥â®¬
¯à¥¤áâ�¢«¥−ë ¢ëç¨á«¥−−ë¥ ª®®à¤¨−�âë ¯à¨¥¬−ëå ª�−�«®¢ 352{510. ‘¥àë¬ æ¢¥â®¬
¯à¥¤áâ�¢«¥−ë ¨§¬¥à¥−−ë¥ (§−�ç®ª ú�û) ¨ áª®àà¥ªâ¨à®¢�−−ë¥ ¢ ¯à¥¤¥«�å ¯®£à¥è−®áâ¨
ª®®à¤¨−�âë GPS-¬�ïª� ¢ ¬®¬¥−âë ¨§«ãç¥−¨ï «®æ¨àãîé¥£® ¨¬¯ã«ìá� (§−�ç®ª ú×û)

116 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 30 −®¬¥à 4 2020



�à®£à�¬¬−ë© ª®¬¯«¥ªá ¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï �ªãáâ¨ç¥áª¨å ¤®−−ëå á¨áâ¥¬

{ §−�çª®¬ ú×û®â¬¥ç¥−ë ¢à¥¬¥−� à�á¯à®áâà�−¥−¨ï, ¢®ááâ�−®¢«¥−−ë¥ ¨§ ã¦¥
à�ááç¨â�−−®£® à�á¯®«®¦¥−¨ï í«¥¬¥−â®¢ (¯® ¢á¥¬ ∼ 1200 §�¯¨áï¬), ®−¨ ¯®-
ï¢«ïîâáï ¯®á«¥ ¯¥à¢®£® ¯à¥¤¢�à¨â¥«ì−®£® �−�«¨§� ¢á¥å §�¯¨á¥© ¨ ¢ëç¨á«¥−¨ï
¯à¥¤¢�à¨â¥«ì−®£® à¥§ã«ìâ�â� ¯®§¨æ¨®−¨à®¢�−¨ï;

{ á¨¬¢®«®¬ ú+û ¯®ª�§�−ë −�ç�«® ¨ ª®−¥æ ª®àà¥«ïæ¨®−−ëå ¨−â¥à¢�«®¢ ¨ §−�-
ç¥−¨ï ª®àà¥«ïæ¨®−−ëå ª®íää¨æ¨¥−â®¢ á¨£−�«®¢ ¤¢ãå ¯à¨¥¬−ëå ª�−�«®¢
ª�¦¤®£® í«¥¬¥−â�, −¥®¡å®¤¨¬ë¥ ¤«ï ¯®¨áª� ®à¨¥−â�æ¨¨ ¯à¨¥¬−®£® í«¥¬¥−â�
¢ ¯à®áâà�−áâ¢¥, æ¨äà®© ãª�§�− ãà®¢¥−ì ª®àà¥«ïæ¨¨ á¨£−�«®¢.

÷�áç¥â ¢à¥¬¥− ¯àï¬®£® à�á¯à®áâà�−¥−¨ï «®æ¨àãîé¥£® á¨£−�«� ¯à®¢®¤¨âáï
á«¥¤ãîé¨¬¨ ¬¥â®¤�¬¨ ç¨á«¥−−®£® �−�«¨§� ¢à¥¬¥−−‚ëå ¢ë¡®à®ª.

1. ‚ëç¨á«¥−¨¥ ®â−®è¥−¨ï á¨£−�«/èã¬ −� ¢á¥¬ ¨−â¥à¢�«¥ á¨£−�«� ¤«ï ¢ë¡®à�
à�¡®ç¥£® ãç�áâª�.

2. Š®àà¥«ïæ¨ï ®£¨¡�îé¥© ¯à¨−ïâ®£® á¨£−�«� ¨ ®£¨¡�îé¥© ¨§«ãç¥−−®© ¯®á«¥-
¤®¢�â¥«ì−®áâ¨ «®æ¨àãîé¨å ¨¬¯ã«ìá®¢. ‡−�ç¥−¨ï −¨¦¥ ¯®à®£®¢®£® ãà®¢−ï
ª®àà¥«ïæ¨¨ ®â¡à�áë¢�îâáï.

3. Œ¥¤¨�−−�ï ä¨«ìâà�æ¨ï1 ¯à¨−ïâ®£® á¨£−�«� á §�¤�−−ë¬ ®ª−®¬ ¤«ï ª®àà¥ªæ¨¨
¢à¥¬¥− à�á¯à®áâà�−¥−¨ï á¨£−�«®¢ ¨ ¡®àì¡ë á §�¬¨à�−¨ï¬¨.

÷¥è¥−¨¥ §�¤�ç¨ ¯®§¨æ¨®−¨à®¢�−¨ï ¯à®å®¤¨â ¢ ¤¢� íâ�¯�.

1. ‚ëç¨á«¥−¨¥ ¯à¥¤¢�à¨â¥«ì−®£® à¥§ã«ìâ�â� á ¯®¬®éìî ¬¥â®¤� �ìîâ®−� ¨«¨
âà¨«�â¥à�æ¨¨.

2. ‚ëç¨á«¥−¨¥ ª®−¥ç−®£® à¥§ã«ìâ�â� á ¯®¬®éìî ¨â¥à�æ¨®−−ëå ¬¥â®¤®¢: £à�-
¤¨¥−â−®£® á¯ãáª�2 ¨«¨ ¬¥â®¤� á®¯àï¦¥−−ëå £à�¤¨¥−â®¢3.

�®á«¥ §�¯ãáª� à�áç¥â� ¯à®£à�¬¬� �¢â®¬�â¨ç¥áª¨ �−�«¨§¨àã¥â ¢á¥ á®¯®áâ�¢-
«¥−−ë¥ ¬®¬¥−âë ¨§«ãç¥−¨ï á §�¯¨áï¬¨ á¨£−�«®¢, ¯à®¢®¤¨â ¨§¬¥à¥−¨¥ �ªãá-
â¨ç¥áª¨å ¤¨áâ�−æ¨© ¨ ¯à¥¤áâ�¢«ï¥â à¥§ã«ìâ�â ¯®§¨æ¨®−¨à®¢�−¨ï. �� à¨á. 3
¯à¥¤áâ�¢«¥− ª®−¥ç−ë© à¥§ã«ìâ�â ¯®§¨æ¨®−¨à®¢�−¨ï ¯à¨¥¬−ëå í«¥¬¥−â®¢ ¤®−−®©
á¥©á¬®ª®áë.

1Œ¥¤¨�−−ë© ä¨«ìâà | ®¤¨− ¨§ ¢¨¤®¢ æ¨äà®¢ëå ä¨«ìâà®¢, è¨à®ª® ¨á¯®«ì§ã¥¬ë© ¢ æ¨äà®¢®©
®¡à�¡®âª¥ á¨£−�«®¢ ¨ ¨§®¡à�¦¥−¨© ¤«ï ã¬¥−ìè¥−¨ï ãà®¢−ï èã¬�. Œ¥¤¨�−−ë© ä¨«ìâà ï¢«ï¥âáï
−¥«¨−¥©−ë¬ ä¨«ìâà®¬ c ª®−¥ç−®© ¨¬¯ã«ìá−®© å�à�ªâ¥à¨áâ¨ª®©. ‡−�ç¥−¨ï ®âáç¥â®¢ ¢−ãâà¨ ®ª−�
ä¨«ìâà� á®àâ¨àãîâáï ¢ ¯®àï¤ª¥ ¢®§à�áâ�−¨ï (ã¡ë¢�−¨ï); ¨ §−�ç¥−¨¥, −�å®¤ïé¥¥áï ¢ á¥à¥¤¨−¥
ã¯®àï¤®ç¥−−®£® á¯¨áª�, ¯®áâã¯�¥â −� ¢ëå®¤ ä¨«ìâà�. ‚ á«ãç�¥ ç¥â−®£® ç¨á«� ®âáç¥â®¢ ¢ ®ª−¥
¢ëå®¤−®¥ §−�ç¥−¨¥ ä¨«ìâà� à�¢−® áà¥¤−¥¬ã §−�ç¥−¨î ¤¢ãå ®âáç¥â®¢ ¢ á¥à¥¤¨−¥ ã¯®àï¤®ç¥−−®£®
á¯¨áª�. �ª−® ¯¥à¥¬¥é�¥âáï ¢¤®«ì ä¨«ìâàã¥¬®£® á¨£−�«�, ¨ ¢ëç¨á«¥−¨ï ¯®¢â®àïîâáï.

2ƒà�¤¨¥−â−ë© á¯ãáª | ¬¥â®¤ −�å®¦¤¥−¨ï «®ª�«ì−®£® íªáâà¥¬ã¬� äã−ªæ¨¨ á ¯®¬®éìî ¤¢¨¦¥-
−¨ï ¢¤®«ì £à�¤¨¥−â�.

3Œ¥â®¤ á®¯àï¦¥−−ëå £à�¤¨¥−â®¢ | ¬¥â®¤ −�å®¦¤¥−¨ï «®ª�«ì−®£® íªáâà¥¬ã¬� äã−ªæ¨¨ −�
®á−®¢¥ ¨−ä®à¬�æ¨¨ ® ¥¥ §−�ç¥−¨ïå ¨ ¥¥ £à�¤¨¥−â¥.
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3 Ориентация приемных элементов донной сейсмокосы

‡�¤�ç� ¯®¨áª� ®à¨¥−â�æ¨¨ à¥è�¥âáï ¯ãâ¥¬ ¯®áâà®¥−¨ï ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨
à�á¯à®áâà�−¥−¨ï �ªãáâ¨ç¥áª®£® á¨£−�«� á ¨§¢¥áâ−ë¬¨ ç�áâ®â−ë¬¨ å�à�ªâ¥à¨áâ¨-
ª�¬¨ ®â ¨áâ®ç−¨ª� ª ¤¢ã¬ £¨¤à®ä®−�¬ ¯à¨¥¬−¨ª�, −�å®¤ïé¨¬áï −� ¨§¢¥áâ−®¬
à�ááâ®ï−¨¨ ¤àã£ ®â ¤àã£� (14{17 á¬). ‡�â¥¬ ®áãé¥áâ¢«ï¥âáï ¯¥à¥¡®à §−�ç¥−¨©
¢å®¤−ëå ¯�à�¬¥âà®¢ ¬®¤¥«¨:

{ £®à¨§®−â�«ì−®¥ à�á¯®«®¦¥−¨¥ ¯à¨¥¬−¨ª� (¯¥à¥¡®à á â®ç−®áâìî 0,5◦);
{ ¢¥àâ¨ª�«ì−®¥ à�á¯®«®¦¥−¨¥ ¯à¨¥¬−¨ª� (¯¥à¥¡®à á â®ç−®áâìî 0,5◦);
{ ¤¨áâ�−æ¨ï ¬¥¦¤ã ¯à¨¥¬−¨ª�¬¨ ®¤−®£® í«¥¬¥−â� (¯¥à¥¡®à á â®ç−®áâìî 0,5 ¬¬);
{ ç�áâ®â� −¥áãé¥© ¨§«ãç�¥¬®£® á¨£−�«� (∼ 30 ªƒæ).

–¥«ì ¯¥à¥¡®à� ¤«ï ¤�−−®© §�¤�ç¨ §�ª«îç�¥âáï ¢ ¯®¨áª¥ ¯�à�¬¥âà®¢ ¬®¤¥«ì-
−®© äã−ªæ¨¨, ¤«ï ª®â®à®© ª®àà¥«ïæ¨®−−ë¥ ª®íää¨æ¨¥−âë á¨£−�«®¢ ¯à¨¥¬−ëå
ª�−�«®¢ ®¤−®£® í«¥¬¥−â� ¨§ à�§−ëå ¨áâ®ç−¨ª®¢ á®¢¯�¤�îâ ¢ ¯à¥¤¥«�å ¤®¯ãáâ¨¬®©
¯®£à¥è−®áâ¨ á íªá¯¥à¨¬¥−â�«ì−ë¬¨ §−�ç¥−¨ï¬¨, ®¯à¥¤¥«ï¥¬ë¬¨ ¢ å®¤¥ �−�«¨§�
á¨£−�«®¢ ¯à¨¥¬−ëå ª�−�«®¢ ¯®á«¥ à¥è¥−¨ï §�¤�ç¨ ¯®§¨æ¨®−¨à®¢�−¨ï.

÷�á¯®«®¦¥−¨¥ í«¥¬¥−â�, ¯à¨ ª®â®à®¬ ¬®¤¥«ì−ë¥ ª®íää¨æ¨¥−âë á®¢¯�¤�îâ
á íªá¯¥à¨¬¥−â�«ì−ë¬¨ ¢ ¯à¥¤¥«�å ¤®¯ãáâ¨¬®© ¯®£à¥è−®áâ¨, áç¨â�¥âáï ¯à�¢¨«ì-
−ë¬ ®â¢¥â®¬. …á«¨ â�ª®¥ à�á¯®«®¦¥−¨¥ −¥ ¡ë«® −�©¤¥−® ¯à¨ ¯¥à¥¡®à¥ ¢á¥å
¤®áâã¯−ëå ¯�à�¬¥âà®¢ ¬®¤¥«¨à®¢�−¨ï, ®à¨¥−â�æ¨ï ®áâ�¥âáï −¥ ®¯à¥¤¥«¥−−®©
¨ ®â¬¥ç�¥âáï á¥àë¬ æ¢¥â®¬.

÷¥§ã«ìâ�â áà�¢−¥−¨ï ¯®«ãç¥−−®© ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨, ãç¨âë¢�îé¥© à�á-
¯®«®¦¥−¨¥ ¯à¨¥¬−®£® í«¥¬¥−â�, á ¨áå®¤−ë¬¨ (íªá¯¥à¨¬¥−â�«ì−ë¬¨) ª®íää¨æ¨-
¥−â�¬¨ ¯à¥¤áâ�¢«¥− −� à¨á. 4. Š®àà¥«¨àã¥¬ë¥ á¨£−�«ë ¯à¥¤áâ�¢«¥−ë á¯à�¢�.

�� à¨á. 5 ¯à¥¤áâ�¢«¥− à¥§ã«ìâ�â ¢ëç¨á«¥−¨ï ®à¨¥−â�æ¨¨ ¯à¨¥¬−ëå í«¥¬¥−â®¢
á¥©á¬®ª®áë ¢ ¯à®áâà�−áâ¢¥ (á¥àë¬ æ¢¥â®¬). ‘¥à®¥ §−�ç¥−¨¥ á®®â¢¥âáâ¢ã¥â ¤¨áâ�−-
æ¨¨ ¬¥¦¤ã ¯à¨¥¬−ë¬¨ ª�−�«�¬¨ ¯à¨¥¬−¨ª� ¢ ¬¥âà�å (−� íâ�¯¥ ¬®¤¥«¨à®¢�−¨ï
íâ® ®¤¨− ¨§ ¯�à�¬¥âà®¢, ª®â®àë© ¬®¦¥â ¨§¬¥−ïâìáï ¢ −¥¡®«ìè¨å ¯à¥¤¥«�å).

÷¨á. 4 ‘à�¢−¥−¨¥ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï ¢§�¨¬−® ª®àà¥«ïæ¨®−−ëå ª®íää¨æ¨¥−â®¢
¯à¨¥¬−ëå ª�−�«®¢ ®¤−®£® í«¥¬¥−â� (¬®¤¥«ì ¨ íªá¯¥à¨¬¥−â)
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�à®£à�¬¬−ë© ª®¬¯«¥ªá ¤«ï ¯®§¨æ¨®−¨à®¢�−¨ï �ªãáâ¨ç¥áª¨å ¤®−−ëå á¨áâ¥¬

÷¨á. 5 �à¨¥−â�æ¨ï í«¥¬¥−â®¢ ¤®−−®© á¥©á¬®ª®áë

’�ª¨¬ ®¡à�§®¬, ¬®¦−® ¯à¨¬¥−¨âì à�§à�¡®â�−−ë¥ �«£®à¨â¬ë á¯¥ªâà�«ì−®-
ª®àà¥«ïæ¨®−−®© ®¡à�¡®âª¨ à�¤¨®ä¨§¨ç¥áª¨å á¨£−�«®¢ ¤«ï §�¤�ç¨ ¤¥â¥ªâ¨à®¢�-
−¨ï ¢à¥¬¥− ¯àï¬®£® à�á¯à®áâà�−¥−¨ï �ªãáâ¨ç¥áª¨å «®æ¨àãîé¨å á¨£−�«®¢ ¤«ï
à¥è¥−¨ï §�¤�ç¨ ¯®§¨æ¨®−¨à®¢�−¨ï ¨ ®à¨¥−â�æ¨¨ ¯à¨¥¬−ëå í«¥¬¥−â®¢ ¤®−−®©
á¥©á¬®ª®áë.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¯®§¨æ¨®−¨à®¢�−¨ï áà�¢−¨¢�«¨áì á ¤�−−ë¬¨ £«ã¡¨−
íå®«®â�, ãáâ�−®¢«¥−−®£® −� áã¤−¥-¯¨−£¥à¥. Š®−¥ç−�ï ®è¨¡ª� ¯®§¨æ¨®−¨à®¢�−¨ï
−¥ ¬®¦¥â ¡ëâì ¬¥−ìè¥ â®ç−®áâ¨ GPS-¬�ïª�, ãáâ�−®¢«¥−−®£® −� áã¤−¥ (1{3 ¬),
®¤−�ª® ¯à¨ ¡®«ìè®¬ ç¨á«¥ â®ç−ëå ¨§¬¥à¥−¨© ¤¨áâ�−æ¨© (¡®«¥¥ 50 ¤«ï ª�¦¤®£®
¯à¨¥¬−®£® í«¥¬¥−â�) áâ�â¨áâ¨ç¥áª¨ ®è¨¡ª� ¯®§¨æ¨®−¨à®¢�−¨ï ¬®¦¥â ¡ëâì ã¬¥−ì-
è¥−� ¤® 0,5 ¬ ¨ ¬¥−¥¥. �à¨ à�áç¥â¥ ¯®§¨æ¨®−¨à®¢�−¨ï áãé¥áâ¢ã¥â ¢®§¬®¦−®áâì
§�ä¨ªá¨à®¢�âì £«ã¡¨−ã, §�¬¥é�ï ¥¥ ¤�−−ë¬¨ íå®«®â�, çâ® ¬®¦¥â ã¬¥−ìè¨âì
®è¨¡ªã ¯®§¨æ¨®−¨à®¢�−¨ï ¤® 0,1 ¬.

4 Заключение

÷¥�«¨§®¢�−® ¡®àâ®¢®¥ ªà®áá¯«�âä®à¬¥−−®¥ ¡®àâ®¢®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥-
−¨¥ (¯à®â¥áâ¨à®¢�−® −� Windows XP, Windows 7, Windows 10, Ubuntu 18,
Debian 9 ¨ 10) ¤«ï ¢¨§ã�«¨§�æ¨¨ ¨ á®¯®áâ�¢«¥−¨ï ¤�−−ëå âà�¥ªâ®à¨© ¤¢¨¦¥-
−¨ï áã¤−�-¯¨−£¥à�, ®¡à�¡®âª¨ ¨ �−�«¨§� ¤�−−ëå �ªãáâ¨ç¥áª¨å á¨£−�«®¢ ¤®−−ëå
á¥©á¬®ª®á, ¯®§¨æ¨®−¨à®¢�−¨ï ¨ ¯®¨áª� ®à¨¥−â�æ¨¨ ¯à¨¥¬−ëå í«¥¬¥−â®¢ ¤®−−ëå
á¥©á¬®ª®á. �à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ á®§¤�¢�«®áì áà¥¤áâ¢�¬¨ ‘++ 17 á ¯®-
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¬®éìî ®âªàëâ®£® ¯�ª¥â� ¤«ï à�§à�¡®âª¨ QT Creator 5. ÷¥�«¨§®¢�−ë �«£®à¨â¬ë
¤«ï ¢ë¤¥«¥−¨ï ¢à¥¬¥− ¯àï¬®£® à�á¯à®áâà�−¥−¨ï �ªãáâ¨ç¥áª¨å á¨£−�«®¢ ®â ¨á-
â®ç−¨ª� á ¨§¢¥áâ−ë¬¨ ª®®à¤¨−�â�¬¨ (¯¨−£¥à�) ¤® ¯à¨¥¬−ëå í«¥¬¥−â®¢ ¤®−−®©
á¥©á¬®ª®áë, à¥�«¨§®¢�− àï¤ �«£®à¨â¬®¢ ¤«ï ¡®àì¡ë á §�¬¨à�−¨ï¬¨ ¨ ¯®¬¥å�-
¬¨. �à®¢¥¤¥−® áà�¢−¥−¨¥ ¯®«ãç¥−−ëå à¥§ã«ìâ�â®¢ ¯®§¨æ¨®−¨à®¢�−¨ï á ¤�−−ë¬¨
íå®«®â�. �®«ãç¥−−�ï â®ç−®áâì ¯®§¨æ¨®−¨à®¢�−¨ï ¤®áâ�â®ç−� ¤«ï §�¤�ç ¬®àáª®©
2D-á¥©á¬®à�§¢¥¤ª¨.
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Software package for positioning of acoustic bottom systems
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SOFTWARE PACKAGE FOR POSITIONING
OF ACOUSTIC BOTTOM SYSTEMS
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Abstract: The problem of accurate positioning of the receiving elements of the
bottom seismic streamers is considered. A new software package for processing,
based on the algorithms of correlation and spectral analysis, of radio-physical
signals is developed. Seismic streamers were tested in the Gelendzhik bay on
the Black Sea. The system positioning results, obtained using the developed
algorithms according to the measured acoustic distances, are presented and
compared with the echo sounder measurement data. It is shown that measurements
of acoustic distances using the developed software meet the requirements for
positioning of two-dimensional marine seismic systems.

Keywords: hydroacoustics; monitoring; marine seismic; solid-state bottom
digital seismic streamer; positioning; correlation analysis; spectral analysis
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МАШИННЫЙ ПЕРЕВОД:
ИНДИКАТОРНАЯ ОЦЕНКА РЕЗУЛЬТАТОВ ОБУЧЕНИЯ

ИСКУССТВЕННОЙ НЕЙРОННОЙ СЕТИ

А. Ю. Егорова1, И. М. Зацман2, М. Г. Кружков3, В. А. Нуриев4

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−ë ¤�−−ë¥, ¯®«ãç¥−−ë¥ ¢ å®¤¥ −�¡«î¤¥−¨ï §� ®¡ãç¥-
−¨¥¬ á¨áâ¥¬ë −¥©à®−−®£® ¬�è¨−−®£® ¯¥à¥¢®¤� (�Œ�). �à®¢¥¤¥−� ª®«¨ç¥-
áâ¢¥−−�ï ®æ¥−ª� à�¡®âë á¨áâ¥¬ë �Œ� á ¯®¬®éìî ¨−¤¨ª�â®à®¢. ‚ ª�ç¥áâ¢¥
íªá¯¥à¨¬¥−â�«ì−®£® ¬�â¥à¨�«� ¡ë«¨ ¨á¯®«ì§®¢�−ë 250 àãááª®ï§ëç−ëå â¥ª-
áâ®¢ëå äà�£¬¥−â®¢, ¤«ï ª�¦¤®£® ¨§ ª®â®àëå ¥¦¥¬¥áïç−® ¢ â¥ç¥−¨¥ ®¤−®£®
£®¤� ä¨ªá¨à®¢�«áï ¯¥à¥¢®¤ −� äà�−æã§áª¨© ï§ëª, ¢ë¯®«−¥−−ë© á ¯®¬®éìî
á¨áâ¥¬ë �Œ� Google. ”¨ªá�æ¨ï ¯¥à¥¢®¤®¢ ¡ë«� à¥�«¨§®¢�−� ¯®áà¥¤áâ¢®¬
¨å �−−®â¨à®¢�−¨ï ¢ −�¤ª®à¯ãá−®© ¡�§¥ ¤�−−ëå (��„), ¢ à¥§ã«ìâ�â¥ ç¥£®
¡ë«� áä®à¬¨à®¢�−� á¥à¨ï ¨§ 12 �−−®â�æ¨© ¤«ï ª�¦¤®£® ¨§ 250 â¥ªáâ®¢ëå
äà�£¬¥−â®¢. �−−®â¨à®¢�−¨¥ ¯¥à¥¢®¤®¢ ¯®§¢®«¨«® −¥ â®«ìª® §�ä¨ªá¨à®¢�âì
¤®¯ãé¥−−ë¥ ¢ ¯¥à¥¢®¤¥ ®è¨¡ª¨ ¢ á«ãç�¥ ¨å −�«¨ç¨ï, −® ¨ ®¯à¥¤¥«¨âì ª�â¥-
£®à¨î −¥áâ�¡¨«ì−®áâ¨ �Œ�, ãª�§ë¢�îéãî −� ¨§¬¥−¥−¨ï ª�ç¥áâ¢� ¯¥à¥¢®¤�
¨«¨ −� ¨å ®âáãâáâ¢¨¥. –¥«ì áâ�âì¨ | ¯à¥¤áâ�¢¨âì à�§à�¡®â�−−ë© ¨−¤¨ª�-
â®à−ë© ¯®¤å®¤ ¨ ¯à¨¬¥à ¥£® ¯à¨¬¥−¥−¨ï ¤«ï ®æ¥−ª¨ à¥§ã«ìâ�â®¢ ®¡ãç¥−¨ï
¨áªãááâ¢¥−−®© −¥©à®−−®© á¥â¨ (ˆ�‘).

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

DOI: 10.14357/08696527200412

1 Введение

Š®¬¯ìîâ¥à−ë¥ á¨áâ¥¬ë ¯®á«¥ ®¡ãç¥−¨ï ˆ�‘ á«¥¤ãîâ ¯à�¢¨«�¬ à¥è¥−¨ï
§�¤�ç¨, ª®â®àë¥ ®¯à¥¤¥«ïîâáï ¤�−−ë¬¨ ¢ ¯à®æ¥áá¥ ¥¥ ®¡ãç¥−¨ï (data-driven),
� −¥ á®§¤�îâáï §�à�−¥¥ ç¥«®¢¥ª®¬. �«£®à¨â¬ë, ®¯à¥¤¥«ï¥¬ë¥ ¤�−−ë¬¨, −¥
á®®â¢¥âáâ¢ãîâ ¯à�¢¨«�¬, ª®â®àë¬ á«¥¤ãîâ «î¤¨ ¯à¨ à¥è¥−¨¨ íâ®© ¦¥ §�¤�ç¨.
‘®£«�á−® ”¥−áâ¥à¬�å¥àã, ª®¬¯ìîâ¥à−ë¥ á¨áâ¥¬ë ¬®£ãâ ¢ë¯®«−ïâì âã ¦¥ §�¤�çã,
¨á¯®«ì§ãï �«ìâ¥à−�â¨¢−ë¥ ¯à�¢¨«� ¨ ¤àã£¨¥ ä®à¬ë ¯à¥¤áâ�¢«¥−¨ï §−�−¨ï, ¯à¨-
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Œ�è¨−−ë© ¯¥à¥¢®¤: ¨−¤¨ª�â®à−�ï ®æ¥−ª� à¥§ã«ìâ�â®¢ ®¡ãç¥−¨ï ˆ�‘

¬¥−ï¥¬®£® ¯à¨ ¥¥ à¥è¥−¨¨ [1]. ��¯à¨¬¥à, ¬�è¨−−ë© �«£®à¨â¬ à�á¯®§−�¢�−¨ï
«¨æ, áä®à¬¨à®¢�−−ë© ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï ª®¬¯ìîâ¥à−®© á¨áâ¥¬ë, −¥ á®¢¯�¤�¥â
á �«£®à¨â¬®¬, à�§à�¡®â�−−ë¬ ç¥«®¢¥ª®¬ [2].

�á−®¢−�ï ¯à¨ç¨−� ®â«¨ç¨© ¬�è¨−−ëå ¨ à�§à�¡®â�−−ëå ç¥«®¢¥ª®¬ �«£®à¨â-
¬®¢ §�ª«îç�¥âáï ¢ á«¥¤ãîé¥¬. ˆáªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì á®áâ®¨â ¨§ á«®¥¢
¨áªãááâ¢¥−−ëå −¥©à®−®¢, á®¥¤¨−¥−−ëå ¬¥¦¤ã á®¡®© ¢§¢¥è¥−−ë¬¨ á¢ï§ï¬¨. ˆá-
ªãááâ¢¥−−ë¥ −¥©à®−−ë¥ á¥â¨ −¥ ¯à®£à�¬¬¨àãîâáï ®¡ëç−ë¬ á¯®á®¡®¬ á®£«�á−®
�«£®à¨â¬ã, à�§à�¡®â�−−®¬ã ç¥«®¢¥ª®¬. �−¨ ®¡ãç�îâáï −� ¡®«ìè®¬ ç¨á«¥ ãç¥¡-
−ëå ¯à¨¬¥à®¢ á ¨å à¥è¥−¨ï¬¨ (®â¢¥â�¬¨) ¨ −�áâà�¨¢�îâ ¢¥á®¢ë¥ ª®íää¨æ¨¥−âë
(¢¥á�) á¢ï§¥© â�ª, çâ®¡ë ˆ�‘ ¤«ï ª�¦¤®£® ®¡ãç�îé¥£® ¯à¨¬¥à� ¤�¢�«� ¯à�¢¨«ì-
−ë© ®â¢¥â. �à¨ íâ®¬ ®¡ê¥¬ ¬�âà¨æë ¢¥á®¢ á¢ï§¥© ¬®¦¥â á®áâ�¢«ïâì −¥áª®«ìª®
£¨£�¡�©â. �®á«¥ ®¡ãç¥−¨ï ˆ�‘ ¨á¯®«ì§ã¥âáï ¤«ï à¥è¥−¨ï §�¤�ç, −¥ ¢å®¤ïé¨å
¢ ®¡ãç�îé¨¥ ¯à¨¬¥àë. —â® ¯à®¨§®©¤¥â, ¥á«¨ ˆ�‘ ¤�áâ −¥¯à�¢¨«ì−ë© à¥§ã«ìâ�â
¯à¨ ¨å à¥è¥−¨¨ ¨ ¢®§−¨ª−¥â −¥®¡å®¤¨¬®áâì ã§−�âì, ¯®ç¥¬ã ¯à®¨§®è«� ®è¨¡ª�,
ï¢«ï¥âáï «¨ ®−� ¯®áâ®ï−−®© ¨«¨ −¥áâ�¡¨«ì−®©? ‚ âà�¤¨æ¨®−−®© ¯à®£à�¬¬¥
ç¥«®¢¥ª ¨é¥â á¥£¬¥−â ª®¤�, ®â¢¥âáâ¢¥−−ë© §� ®è¨¡ªã, �−�«¨§¨àã¥â ¥¥ ¨ ¨á¯à�-
¢«ï¥â. ‚ ˆ�‘ −¥â �«£®à¨â¬¨ç¥áª¨å è�£®¢, ¨ ¬®¦−® ã¢¨¤¥âì â®«ìª® £¨£�¡�©â−ãî
¬�âà¨æã ¢¥á®¢. �â� ¬�âà¨æ� ¢¥á®¢ −¥¯à®§à�ç−� | á ¥¥ ¯®¬®éìî −¥«ì§ï ¢ëïá-
−¨âì, ª�ª ¢¥á� á®®â−®áïâáï á ®è¨¡ª®©. ‚®â ¯®ç¥¬ã �−�«¨§ ¨ ®æ¥−ª� à¥§ã«ìâ�â®¢,
¯®«ãç�¥¬ëå ¯à¨ ®¡ãç¥−¨¨ ˆ�‘, áâ�−®¢ïâáï ¢ àï¤ á�¬ëå �ªâã�«ì−ëå ®¡«�áâ¥©
¨áá«¥¤®¢�−¨© ¢ ¨−ä®à¬�â¨ª¥ [3] ¨ ª®¬¯ìîâ¥à−®© «¨−£¢¨áâ¨ª¥.

‚ áâ�âì¥ ®¡ãç¥−¨¥ ˆ�‘ ¤¥¬®−áâà¨àã¥âáï −� ¬�â¥à¨�«¥ àãááª®-äà�−æã§áª¨å
�−−®â�æ¨© (á¬. ¯à¨¬¥àë á ª®−−¥ªâ®à�¬¨1 ª�ª (à�ááâ®ï−¨¥), â�ª ¨ ¢ â�¡«. 4 ¨ −¥
â®«ìª® (à�ááâ®ï−¨¥)∅ ¢ â�¡«. 5). �−−®â�æ¨¨ ¡ë«¨ á®§¤�−ë ¢® ¢à¥¬ï íªá¯¥à¨¬¥−â�
á ¯®¬®éìî ��„ ª®−−¥ªâ®à®¢ [5{10]. Š�¦¤�ï �−−®â�æ¨ï ¢ª«îç�¥â â¥ªáâ®¢ë©
äà�£¬¥−â á ª®−−¥ªâ®à®¬ −� àãááª®¬ ï§ëª¥, ¯¥à¥¢®¤ äà�£¬¥−â� −� äà�−æã§áª¨©,
¢ë¯®«−¥−−ë© á ¯®¬®éìî á¨áâ¥¬ë �Œ� Google, ¨ áâàãªâãà¨à®¢�−−®¥ ®¯¨á�−¨¥
®è¨¡®ª ¢ á«ãç�¥ ¨å −�«¨ç¨ï.

„«ï íªá¯¥à¨¬¥−â� ¡ë«¨ ®â®¡à�−ë 250 â¥ªáâ®¢ëå äà�£¬¥−â®¢ −� àãááª®¬ ï§ë-
ª¥, ª�¦¤ë© ¨§ ª®â®àëå á®¤¥à¦¨â ¤¢ãåª®¬¯®−¥−â−ë© ª®−−¥ªâ®à (á¬., −�¯à¨¬¥à,
ª�ª (à�ááâ®ï−¨¥), â�ª ¨ ¢ â�¡«. 4). ‚ íªá¯¥à¨¬¥−â¥ ¨á¯®«ì§®¢�«¨áì â¥ªáâë
−� àãááª®¬ ï§ëª¥ ¨ ¨å äà�−æã§áª¨¥ ¯¥à¥¢®¤ë, ¯®«ãç¥−−ë¥ ¨§ äà�−æã§áª®£®
¯®¤ª®à¯ãá� ��æ¨®−�«ì−®£® ª®à¯ãá� àãááª®£® ï§ëª� (�Š÷Ÿ) [11].

�� ¯à®âï¦¥−¨¨ £®¤�, á ¬�àâ� 2019 £. ¯® ä¥¢à�«ì 2020 £., ¤«ï ®â®¡à�−−ëå
äà�£¬¥−â®¢ ¢ ��„ ª®−−¥ªâ®à®¢ ¥¦¥¬¥áïç−® ä®à¬¨à®¢�«¨áì ¨ à¥£¨áâà¨à®¢�«¨áì
250 �−−®â�æ¨©. ‚ à¥§ã«ìâ�â¥ ¡ë« ¯®«ãç¥− ¬�áá¨¢ íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå,
¢ ª®â®à®¬ ¤«ï ª�¦¤®£® ¨§ 250 â¥ªáâ®¢ëå äà�£¬¥−â®¢ ¡ë«� §�ä¨ªá¨à®¢�−� á¥à¨ï
¨§ 12 ¢¥àá¨© ¬�è¨−−®£® ¯¥à¥¢®¤�. ’�ª¨¬ ®¡à�§®¬, ¢á¥£® ¢ ��„ ¡ë«® á®§¤�−®
3000 �−−®â�æ¨©.

1Š®−−¥ªâ®à | ï§ëª®¢�ï ¥¤¨−¨æ�, äã−ªæ¨ï ª®â®à®© á®áâ®¨â ¢ ¢ëà�¦¥−¨¨ «®£¨ª®-á¥¬�−â¨ç¥áª®-
£® ®â−®è¥−¨ï, áãé¥áâ¢ãîé¥£® ¬¥¦¤ã á®¥¤¨−¥−−ë¬¨ á ¥¥ ¯®¬®éìî ç�áâï¬¨ â¥ªáâ®¢®£® äà�£¬¥−â� [4,
á. 17].
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„«ï ®¡à�¡®âª¨ áä®à¬¨à®¢�−−ëå �−−®â�æ¨© ¯à¨¬¥−¥−� ®æ¥−ª� à¥§ã«ìâ�â®¢
®¡ãç¥−¨ï ˆ�‘ á ¨á¯®«ì§®¢�−¨¥¬ á¨áâ¥¬ë ª®«¨ç¥áâ¢¥−−ëå ¯®ª�§�â¥«¥© (¨−¤¨-
ª�â®à®¢), §−�ç¥−¨ï ª®â®àëå ¢ëç¨á«ïîâáï −� ®á−®¢¥ ¬®−¨â®à¨−£� à�¡®âë ˆ�‘
(¤�«¥¥ | ¨−¤¨ª�â®à−�ï ®æ¥−ª� à¥§ã«ìâ�â®¢ ®¡ãç¥−¨ï). ‘¨áâ¥¬� ¨−¤¨ª�â®à®¢
¨ ¬¥â®¤¨ª� ¬®−¨â®à¨−£� ¡ë«¨ à�§à�¡®â�−ë ¢ âà¨ íâ�¯�. �� ¯¥à¢®¬ íâ�¯¥, ®¯¨-
á�−−®¬ ¢ [12], ¡ë«� ¯à®¢¥¤¥−� ª�â¥£®à¨§�æ¨ï −¥áâ�¡¨«ì−®áâ¨ �Œ� −� ®á−®¢¥
�−�«¨§� ®è¨¡®ª ¯¥à¥¢®¤�, ª®â®àë¥ ¢®§−¨ª�«¨ ¨«¨ ¨áç¥§�«¨ ¢ á¥à¨ïå ¬�è¨−−®£®
¯¥à¥¢®¤� ¯à¨ ®¡ãç¥−¨¨ ˆ�‘. ‚ à¥§ã«ìâ�â¥ ¡ë«¨ ¢ë¤¥«¥−ë 6 ª�â¥£®à¨© | 5 ¨§
−¨å å�à�ªâ¥à¨§ãîâ −¥áâ�¡¨«ì−®áâì ª�ç¥áâ¢� �Œ�:

{ ¯®¢ëè¥−¨¥ ª�ç¥áâ¢� �Œ�;
{ á−¨¦¥−¨¥ ª�ç¥áâ¢� �Œ�;
{ ª®«¥¡�−¨¥ ª�ç¥áâ¢� �Œ�;
{ ¨§¬¥−¥−¨¥ −�¡®à� ®è¨¡®ª ¢ �Œ� ¡¥§ ¤¨−�¬¨ª¨ ¥£® ª�ç¥áâ¢�;
{ ¨§¬¥−¥−¨¥ �Œ� ¡¥§ ¤¨−�¬¨ª¨ ¥£® ª�ç¥áâ¢�.

˜¥áâ�ï ª�â¥£®à¨ï ®¡ê¥¤¨−ï¥â ¯¥à¥¢®¤ë, ª®â®àë¥ −¥ ¬¥−ï«¨áì ¢ ¯à¥¤¥«�å
á¥à¨¨ (¯®¤à®¡−®¥ ®¯¨á�−¨¥ ª�â¥£®à¨© ¤�−® ¢ [12]).

�� ¢â®à®¬ íâ�¯¥ ¡ë«� à�§à�¡®â�−� ¨ ®¯¨á�−� ¬¥â®¤¨ª� â¥¬¯®à�«ì−®© ®æ¥−-
ª¨ −¥áâ�¡¨«ì−®áâ¨ �Œ� [13]. ��áâ®ïé�ï áâ�âìï ¯®á¢ïé¥−� âà¥âì¥¬ã íâ�¯ã
¨áá«¥¤®¢�−¨ï, æ¥«ì ª®â®à®£® | ®æ¥−ª� à¥§ã«ìâ�â®¢ ®¡ãç¥−¨ï ˆ�‘ −� ®á−®-
¢¥ ¬®−¨â®à¨−£� ¥¥ à�¡®âë á ¯à¨¬¥−¥−¨¥¬ à�§à�¡®â�−−®© á¨áâ¥¬ë ¨−¤¨ª�â®à®¢
(â�¡«. 1).

2 Нестабильность нейронного машинного перевода и виды ошибок
перевода

‚ à¥§ã«ìâ�â¥ íªá¯¥à¨¬¥−â� ¤«ï ª�¦¤®© ¨§ 6 ª�â¥£®à¨© ¡ë«¨ ¯®«ãç¥−ë ç¨á«®-
¢ë¥ ¤�−−ë¥ ¤«ï á«ãç�¥¢, ª®£¤� ®è¨¡ª¨ ¢ ¬�è¨−−®¬ ¯¥à¥¢®¤¥ ®âáãâáâ¢ãîâ (á¬.
áâà®ªã 1 â�¡«. 1), � â�ª¦¥ ¤�−−ë¥ ® ç�áâ®â−®áâ¨ 19 ¢¨¤®¢ ®è¨¡®ª ¬�è¨−−®£®
¯¥à¥¢®¤�1 (á¬. áâà®ª¨ 2{20 â�¡«. 1). —�áâ®â−®áâì ¢ëç¨á«ï«�áì ®â ®¡é¥£® ç¨á«�
®è¨¡®ª (2836), §�à¥£¨áâà¨à®¢�−−ëå ¢ 1800 �−−®â�æ¨ïå, â�ª ª�ª ®¤−� �−−®â�æ¨ï
¬®£«� á®¤¥à¦�âì ®¯¨á�−¨¥ −¥áª®«ìª¨å ®è¨¡®ª.

�� ¬®¬¥−â −�¯¨á�−¨ï −�áâ®ïé¥© áâ�âì¨ ¡ë«� ¯à®¢¥¤¥−� àã¡à¨ª�æ¨ï ¯®
¢¨¤�¬ ®è¨¡®ª ¨ ª�â¥£®à¨ï¬, å�à�ªâ¥à¨§ãîé¨¬ −¥áâ�¡¨«ì−®áâì �Œ�, ¤«ï 60%
áä®à¬¨à®¢�−−ëå ¢ ��„ �−−®â�æ¨© (1800 ¨§ 3000). �� ®á−®¢�−¨¨ �−�«¨§�
¯®«ãç¥−−ëå ¤�−−ëå ¬®¦−® ¢ëï¢¨âì àï¤ §�ª®−®¬¥à−®áâ¥©.

�® áã¬¬¥ ®è¨¡®ª ¢® ¢á¥å 6 ª�â¥£®à¨ïå, å�à�ªâ¥à¨§ãîé¨å −¥áâ�¡¨«ì−®áâì
�Œ�, á�¬®© ç�áâ®â−®© áâ�«� ®è¨¡ª� ErrorSemant | «¥ªá¨ç¥áª�ï ®è¨¡ª�
(38,26% ®â 2836 ®è¨¡®ª), ¨áª�¦�îé�ï á¬ëá« ®à¨£¨−�«� ¢ ¯¥à¥¢®¤−®¬ äà�£-
¬¥−â¥ (á¬. â�ª¦¥ áâà®ªã 11 ¢ â�¡«. 4 ¨ áâà®ª¨ 6 ¨ 11 ¢ â�¡«. 5). ‚ ��„ ¡ë«®
§�à¥£¨áâà¨à®¢�−® 1085 �−−®â�æ¨© á â�ª®© ®è¨¡ª®© ¨§ 1800.

1�®¤à®¡−¥¥ ® ª«�áá¨ä¨ª�æ¨¨ ®è¨¡®ª á¬. ¢ [12, 13].
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’�¡«¨æ� 1 ˆ−¤¨ª�â®àë −¥áâ�¡¨«ì−®áâ¨ �Œ�, ®è¨¡®ª ¨ á«ãç�¥¢ ¨å ®âáãâáâ¢¨ï

ü Š®¤ ®è¨¡ª¨

�®¢ë-
è¥−¨¥
ª�ç¥-
áâ¢�

�Œ�

‘−¨-
¦¥−¨¥
ª�ç¥-
áâ¢�

�Œ�

Š®«¥-
¡�−¨¥
ª�ç¥-
áâ¢�

�Œ�

ˆ§¬¥−¥-
−¨¥

−�¡®à�
®è¨¡®ª
¢ �Œ�

¡¥§ ¤¨−�-
¬¨ª¨ ¥£®
ª�ç¥áâ¢�

ˆ§¬¥-
−¥−¨¥
�Œ�

¡¥§ ¤¨−�-
¬¨ª¨ ¥£®
ª�ç¥áâ¢�

�Œ�
¡¥§

¨§¬¥-
−¥−¨©

‘ã¬¬�
¯®

6 ª�â¥-
£®à¨ï¬,

å�à�ªâ¥à¨-
§ãîé¨¬

−¥áâ�¡¨«ì-
−®áâì

‡−�ç¥-
−¨ï

¨−¤¨ª�-
â®à®¢

®è¨¡®ª,
%

1 2 3 4 5 6
1 NoError 73 66 82 0 156 48 425 14,99
2 ErrorSemant 366 67 362 217 61 12 1085 38,26
3 ErrorSyntax 108 25 94 66 12 0 305 10,75
4 ErrorSyntaxPostCNT 82 19 60 46 24 0 231 8,15
5 ErrorTotalCNT 64 3 19 62 24 0 172 6,06
6 ErrorCNT 46 0 33 55 0 0 134 4,72
7 Pleonasm 28 12 15 23 11 0 89 3,14
8 ErrorMorphPostCNT 16 0 17 27 0 0 60 2,12
9 ErrorMorphCNT 16 0 2 20 12 0 50 1,76

10 Lacuna 13 0 16 36 0 0 65 2,29
11 ErrorPart2CNT 26 3 6 16 12 0 63 2,22
12 ErrorPunct 9 3 21 10 0 0 43 1,52
13 ErrorPart1CNT 15 0 16 13 12 0 56 1,97
14 ErrorMorph 5 3 14 13 0 0 35 1,23
15 AgramTotal 5 0 0 7 0 0 12 0,42
16 TrPart1CNT 0 0 5 0 0 0 5 0,18
17 Latin 5 0 0 0 0 0 5 0,18
18 TrPart2CNT 0 0 1 0 0 0 1 0,04
19 Cyrillic 0 0 0 0 0 0 0 0,00
20 ErrorOrthCNT 0 0 0 0 0 0 0 0,00
‘ã¬¬� ¯® ¢¨¤�¬
®è¨¡®ª 877 201 763 611 324 60 2836

‡−�ç¥−¨ï ¨−¤¨ª�â®à®¢
¤«ï ª�¦¤®© ª�â¥£®à¨¨, % 30,92 7,09 26,90 21,54 11,42 2,12 100,00

„�«¥¥ ¯® ã¬¥−ìè¥−¨î ç�áâ®â−®áâ¨ (¯à®¯ãáª�ï ª®¤ NoError, å�à�ªâ¥à¨§ã-
îé¨© ¤®¯ãáâ¨¬ë¥ ¢�à¨�−âë ¯¥à¥¢®¤�) | á¨−â�ªá¨ç¥áª¨¥ ®è¨¡ª¨ ¢® äà�£-
¬¥−â¥, −¥ ¢¢®¤¨¬®¬ ª®−−¥ªâ®à®¬ (ErrorSyntax | 10,75%) ¨ ¢¢®¤¨¬®¬ ª®−-
−¥ªâ®à®¬ (ErrorSyntaxPostCNT | 8,15%). �à¨¬¥à ¯¥à¥¢®¤� á ®è¨¡ª®©
ErrorSyntaxPostCNT ãª�§�− ¢ áâà®ª¥ 1 â�¡«. 4. Œ®àä®«®£¨ç¥áª¨å ®è¨¡®ª
(ErrorMorphPostCNT ¤«ï äà�£¬¥−â� á ª®−−¥ªâ®à®¬ ¨ ErrorMorph ¤«ï äà�£¬¥−-
â�, −¥ ¢¢®¤¨¬®£® ª®−−¥ªâ®à®¬), −�¯à®â¨¢, §−�ç¨â¥«ì−® ¬¥−ìè¥ | 2,12% ¨ 1,76%
á®®â¢¥âáâ¢¥−−®. �â® á¢¨¤¥â¥«ìáâ¢ã¥â ® â®¬, çâ® á¨áâ¥¬� �Œ� ¢ ®á−®¢−®¬ å®à®è®
á¯à�¢«ï¥âáï á £à�¬¬�â¨ª®© −� ãà®¢−¥ ¬®àä®«®£¨¨ ¨ âàã¤−®áâ¨ ¢®§−¨ª�îâ ç�é¥
−� ãà®¢−¥ á¨−â�ªá¨á�. �¤−�ª® ãáâ®©ç¨¢®¥ á−¨¦¥−¨¥ ç¨á«� ¬®àä®«®£¨ç¥áª¨å
®è¨¡®ª ¢ ¯¥à¨®¤ ¯à®¢¥¤¥−¨ï íªá¯¥à¨¬¥−â� −¥ −�¡«î¤�«®áì (â�¡«. 2).

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 30 −®¬¥à 4 2020 127



�. ā. …£®à®¢�, ˆ. Œ. ‡�æ¬�−, Œ. ƒ. Šàã¦ª®¢, ‚. �. �ãà¨¥¢

’�¡«¨æ� 2 „¨−�¬¨ª� ®è¨¡®ª ¯® ¬¥áïæ�¬

Š®¤ Œ¥áïæ
®è¨¡ª¨ 1 2 3 4 5 6 7 8 9 10 11 12

AgramTotal 3 2 3 2 2 0 0 0 0 0 0 0
ErrorMorph 3 2 3 2 2 2 2 3 3 5 4 4
ErrorMorphPostCNT 5 5 7 6 7 4 4 4 5 5 4 4
ErrorSyntax 28 27 28 26 27 23 22 21 24 28 25 26
ErrorSyntaxPostCNT 27 24 22 25 22 15 16 16 16 16 16 16
ErrorSemant 85 84 82 83 83 93 94 95 96 97 95 98
ErrorPunct 4 5 4 4 4 3 3 3 3 2 4 4
Cyrillic 0 0 0 0 0 0 0 0 0 0 0 0
Latin 1 1 1 1 1 0 0 0 0 0 0 0
Lacuna 8 5 8 5 4 6 6 6 6 5 3 3
Pleonasm 6 7 9 10 8 7 8 8 7 6 6 7
TrPart1CNT 0 0 0 0 0 2 1 1 1 0 0 0
TrPart2CNT 0 0 0 1 0 0 0 0 0 1 1 1
ErrorPart1CNT 5 5 6 6 6 2 2 2 3 4 5 5
ErrorPart2CNT 10 10 8 8 8 2 2 2 2 2 2 2
ErrorTotalCNT 20 21 22 22 23 7 7 8 9 8 9 9
ErrorMorphCNT 6 5 5 6 5 3 3 2 2 3 4 6
ErrorOrthCNT 0 0 0 0 0 0 0 0 0 0 0 0
ErrorCNT 13 13 14 14 15 9 9 9 11 9 9 9
NoError 32 34 36 37 35 39 39 38 36 32 34 33

‘à¥¤¨ ®è¨¡®ª, ª�á�îé¨åáï −¥¯®áà¥¤áâ¢¥−−® ¯¥à¥¢®¤� ª®−−¥ªâ®à®¢, á�¬ë¬¨
à�á¯à®áâà�−¥−−ë¬¨ áâ�«¨ ErrorTotalCNT (á¨áâ¥¬� �Œ� ¯¥à¥¢®¤¨â ª®−−¥ªâ®à
−¥áãé¥áâ¢ãîé¥© ï§ëª®¢®© ¥¤¨−¨æ¥©, ¯à¨¬¥à á¬. ¢ áâà®ª¥ 1 â�¡«. 4) ¨ ErrorCNT
(á¨áâ¥¬� ®¯à¥¤¥«ï¥â, çâ® ¢ ¯¥à¥¢®¤¥ −ã¦¥− ª®−−¥ªâ®à, −® ®è¨¡�¥âáï ¢ ¥£® ¢ë¡®à¥,
á¬. áâà®ªã 6 â�¡«. 4).

•®âï á¨áâ¥¬� �Œ� −¥à¥¤ª® ¤®¯ãáª�¥â ®è¨¡ª¨ ¯à¨ ¯¥à¥¢®¤¥ ª®−−¥ªâ®à� −�
äà�−æã§áª¨© ï§ëª, ¯® ¤�−−ë¬ ¨§ ��„ ª®−−¥ªâ®à®¢, −¥ ¢®è¥¤è¨¬ ¢ â�¡«. 1,
¡ë«® §�à¥£¨áâà¨à®¢�−® ®â−®á¨â¥«ì−® ¬�«® á«ãç�¥¢, ª®£¤� ª®−−¥ªâ®à −¥ ¯¥à¥¢¥¤¥−
¢®¢á¥, ¢á¥£® 34 �−−®â�æ¨¨ ¨§ 1800. �¡ê¥¬ −�áâ®ïé¥© áâ�âì¨ −¥ ¯®§¢®«ï¥â
®¯¨á�âì íâ® −�¡«î¤¥−¨¥ ¯®¤à®¡−¥¥, ®â¬¥â¨¬ â®«ìª®, çâ® ¯¥à¥¢®¤ àãááª®ï§ëç−®£®
ª®−−¥ªâ®à� −ã«¥¢ë¬ íª¢¨¢�«¥−â®¬ −¥ ¢á¥£¤� ®è¨¡®ç¥−.

�� ¤�−−®¬ íâ�¯¥ −ã«¥¢ë¬¨ ®áâ�«¨áì ïç¥©ª¨ ¤«ï ®è¨¡®ª Cyrillic (á«®¢�
ª¨à¨««¨æ¥© ¢ ¯¥à¥¢®¤¥) ¨ ErrorOrthCNT (®àä®£à�ä¨ç¥áª�ï ®è¨¡ª� ¢ ä®à¬¥
ª®−−¥ªâ®à�). �â® ¬®¦¥â ãª�§ë¢�âì −� â¥−¤¥−æ¨î ª ¯®¢ëè¥−¨î ª�ç¥áâ¢� �Œ�,
¯®áª®«ìªã ¢ ¯à¥¤ë¤ãé¨å ¨áá«¥¤®¢�−¨ïå [14] íâ¨ §−�ç¥−¨ï −¥ ¡ë«¨ −ã«¥¢ë¬¨.

Šà®¬¥ â®£®, à�áá¬�âà¨¢�ï ¤�−−ë¥ ¤«ï ¯¥à¢ëå ¯ïâ¨ ª�â¥£®à¨©, ª®â®àë¥ å�à�ª-
â¥à¨§ãîâ −¥áâ�¡¨«ì−®áâì �Œ�, ¬®¦−® ®â¬¥â¨âì á«¥¤ãîé¥¥: ¯¥à¢®© ª�â¥£®à¨¨
ú�®¢ëè¥−¨¥ ª�ç¥áâ¢� �Œ�û á®®â¢¥âáâ¢ã¥â −�¨¡®«ìè¥¥ ç¨á«® ®è¨¡®ª (30,92%),
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� ¢â®à®© ª�â¥£®à¨¨ ú‘−¨¦¥−¨¥ ª�ç¥áâ¢� �Œ�û | −�¨¬¥−ìè¥¥ ç¨á«® ®è¨¡®ª
(7,09%), çâ® §�á«ã¦¨¢�¥â ®â¤¥«ì−®£® «¨−£¢¨áâ¨ç¥áª®£® �−�«¨§�, ¢ëå®¤ïé¥£® §�
à�¬ª¨ íâ®© áâ�âì¨.

3 Динамика ошибок на протяжении эксперимента

ˆá¯®«ì§®¢�−¨¥ ��„ ¯à¨ ¨§ãç¥−¨¨ −¥áâ�¡¨«ì−®áâ¨ �Œ� ¯®§¢®«¨«® −¥ â®«ì-
ª® ¯®«ãç¨âì §−�ç¥−¨ï ¨−¤¨ª�â®à®¢ ¯® ª�â¥£®à¨ï¬, å�à�ªâ¥à¨§ãîé¨¬ −¥áâ�¡¨«ì-
−®áâì �Œ�, ¨ ¯® ®è¨¡ª�¬ �Œ�, −® ¨ ¯à®á«¥¤¨âì ¤¨−�¬¨ªã ®è¨¡®ª ª�¦¤®£®
¢¨¤� −� ¯à®âï¦¥−¨¨ ¢á¥£® íªá¯¥à¨¬¥−â� (á¬. â�¡«. 2).

„�−−ë¥ â�¡«. 2 á¢¨¤¥â¥«ìáâ¢ãîâ ® â®¬, çâ® ã à�§−ëå ¢¨¤®¢ ®è¨¡®ª à�§−�ï ¤¨-
−�¬¨ª�. �á−®¢−�ï â¥−¤¥−æ¨ï (áâà®ª¨ ¤«ï ®è¨¡®ª ErrorSyntaxPostCNT, Lacuna,
ErrorPart2CNT, ErrorTotalCNT ¨ ErrorCNT1) | ã¬¥−ìè¥−¨¥ ç¨á«� ®è¨¡®ª á®
¢à¥¬¥−¥¬. �¤−�ª® ¥áâì ®è¨¡ª¨ (ErrorSyntax, Pleonasm2 ¨ ErrorMorphPostCNT,
ErrorMorph3), ç¨á«® ª®â®àëå ª®«¥¡«¥âáï. ’�ª¦¥ ¥áâì ¢¨¤ë ®è¨¡®ª, ç¨á«®
ª®â®àëå, −�¯à®â¨¢, ã¢¥«¨ç¨¢�¥âáï (−�¯à¨¬¥à, ErrorSemant4 −� 15,29%).

4 Распределение аннотаций по категориям, характеризующим
нестабильность нейронного машинного перевода

’¥−¤¥−æ¨¨, ¯à®¤¥¬®−áâà¨à®¢�−−ë¥ ¢ â�¡«. 2, ª®àà¥«¨àãîâ á ¤�−−ë¬¨ â�¡«. 3,
¢ ª®â®à®© ¯à¥¤áâ�¢«¥−® à�á¯à¥¤¥«¥−¨¥ �−−®â�æ¨© ¯® ª�â¥£®à¨ï¬, å�à�ªâ¥à¨§ã-
îé¨¬ −¥áâ�¡¨«ì−®áâì �Œ�.

’�ª, −�¨¡®«ìè¥¥ §−�ç¥−¨¥ ¨−¤¨ª�â®à� (30,6% �−−®â�æ¨©) ã 1-© ª�â¥£®à¨¨,
å�à�ªâ¥à¨§ãîé¥© ¯®¢ëè¥−¨¥ ª�ç¥áâ¢� �Œ� (¯à¨¬¥à á¬. ¢ â�¡«. 4). ‡� −¥© ¯®
ç�áâ®â−®áâ¨ á«¥¤ãîâ àã¡à¨ª¨, á¨£−�«¨§¨àãîé¨¥ ®¡ ¨§¬¥−¥−¨¨ �Œ� ¡¥§ ®¤−®-
§−�ç−®© ¤¨−�¬¨ª¨ ¥£® ª�ç¥áâ¢� ª ¯®¢ëè¥−¨î ¨«¨ ¯®−¨¦¥−¨î. �â® ª®«¥¡�−¨¥
ª�ç¥áâ¢� �Œ� (3-ï ª�â¥£®à¨ï), ¨§¬¥−¥−¨¥ −�¡®à� ®è¨¡®ª ¢ �Œ� ¡¥§ ¤¨−�¬¨ª¨
¥£® ª�ç¥áâ¢� (4-ï ª�â¥£®à¨ï) ¨ ¨§¬¥−¥−¨¥ �Œ� ¡¥§ ¤¨−�¬¨ª¨ ¥£® ª�ç¥áâ¢� (5-ï
ª�â¥£®à¨ï). ��¨¬¥−ìè¥¥ ç¨á«® �−−®â�æ¨© ¯à¨å®¤¨âáï −� 2-î ª�â¥£®à¨î (á−¨¦¥-
−¨¥ ª�ç¥áâ¢� �Œ�) | 9,3% �−−®â�æ¨© (¯à¨¬¥à á¬. ¢ â�¡«. 5). ‘â�¡¨«ì−ë¬¨
¢ â¥ç¥−¨¥ íªá¯¥à¨¬¥−â� ®áâ�«¨áì «¨èì 3,3% ¯¥à¥¢®¤®¢ (�Œ� ¡¥§ ¨§¬¥−¥−¨©).

‚ â�¡«. 4 ¯à¥¤áâ�¢«¥−� á¥à¨ï ¯¥à¥¢®¤®¢ á«¥¤ãîé¥£® â¥ªáâ®¢®£® äà�£¬¥−â�:
úŠ�ª ¢®à®¢�«¨, â�ª ¨ ¡ã¤ãâ ¢®à®¢�âìû [‘¢¥â«�−� �«¥ªá¨¥¢¨ç. ‚à¥¬ï á¥ª®−¤ åí−¤

1ErrorSyntaxPostCNT | c¨−â�ªá¨ç¥áª�ï ®è¨¡ª� ¢® äà�£¬¥−â¥ â¥ªáâ�, ¢¢®¤¨¬®¬ ª®−−¥ªâ®à®¬;
Lacuna | ¯à®¯ãáª äà�£¬¥−â� â¥ªáâ�; ErrorPart2CNT | ¢â®à�ï ç�áâì −¥®¤−®á«®¢−®£® ª®−−¥ª-
â®à� ¯¥à¥¢¥¤¥−� ®è¨¡®ç−®; ErrorTotalCNT | ª®−−¥ªâ®à ¯¥à¥¢¥¤¥− −¥áãé¥áâ¢ãîé¥© ï§ëª®¢®©
¥¤¨−¨æ¥©; ErrorCNT | á¥¬�−â¨ç¥áª�ï ®è¨¡ª� ¢ ¢ë¡®à¥ ª®−−¥ªâ®à�.

2ErrorSyntax | á¨−â�ªá¨ç¥áª�ï ®è¨¡ª� ¢® äà�£¬¥−â¥ â¥ªáâ�, −¥ ¢¢®¤¨¬®¬ ª®−−¥ªâ®à®¬;
Pleonasm | ¨§¡ëâ®ç−ë© ¯¥à¥¢®¤.

3ErrorMorphPostCNT | ¬®àä®«®£¨ç¥áª�ï ®è¨¡ª� ¢® äà�£¬¥−â¥ â¥ªáâ�, ¢¢®¤¨¬®¬ ª®−−¥ªâ®-
à®¬; ErrorMorph | ¬®àä®«®£¨ç¥áª�ï ®è¨¡ª� ¢® äà�£¬¥−â¥ â¥ªáâ�, −¥ ¢¢®¤¨¬®¬ ª®−−¥ªâ®à®¬.

4ErrorSemant | «¥ªá¨ç¥áª�ï ®è¨¡ª�, ¨áª�¦¥−¨¥ á¬ëá«� ¯¥à¥¢®¤¨¬®£® äà�£¬¥−â�.
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’�¡«¨æ� 3 ÷�á¯à¥¤¥«¥−¨¥ �−−®â�æ¨© ¯® ª�â¥£®à¨ï¬, å�à�ªâ¥à¨§ãîé¨¬ −¥áâ�¡¨«ì−®áâì
�Œ�

ü
��§¢�−¨¥ àã¡à¨ª¨, å�à�ªâ¥à¨§ãîé¥©

−¥áâ�¡¨«ì−®áâì �Œ�
—¨á«®

�−−®â�æ¨©
„®«ï ®â ®¡é¥£® ç¨á«�

�−−®â�æ¨© (1800)
1 �®¢ëè¥−¨¥ ª�ç¥áâ¢� �Œ� 552 30,6%
2 ‘−¨¦¥−¨¥ ª�ç¥áâ¢� �Œ� 168 9,3%
3 Š®«¥¡�−¨¥ ª�ç¥áâ¢� �Œ� 492 27,3%

4
ˆ§¬¥−¥−¨¥ −�¡®à� ®è¨¡®ª ¢ �Œ�
¡¥§ ¤¨−�¬¨ª¨ ¥£® ª�ç¥áâ¢� 300 16,6%

5
ˆ§¬¥−¥−¨¥ �Œ� ¡¥§ ¤¨−�¬¨ª¨
¥£® ª�ç¥áâ¢� 228 12,6%

6 �Œ� ¡¥§ ¨§¬¥−¥−¨© 60 3,3%

(ç. 2) (2013)]1. �® ¨â®£�¬ ¯à®¢¥¤¥−−®£® «¨−£¢¨áâ¨ç¥áª®£® �−�«¨§�, ¬¥â®¤¨ª�
ª®â®à®£® ¯®¤à®¡−® ®¯¨á�−� ¢ [13], ¤«ï íâ®© á¥à¨¨ ¯¥à¥¢®¤®¢ ¡ë«� ¯à®áâ�¢«¥−�
ª�â¥£®à¨ï ú�®¢ëè¥−¨¥ ª�ç¥áâ¢� �Œ�û.

‡� £®¤ íªá¯¥à¨¬¥−â� ¯® ¨§ãç¥−¨î −¥áâ�¡¨«ì−®áâ¨ �Œ�, ª®â®à�ï, ¯® ¢á¥©
¢¨¤¨¬®áâ¨, ¢ë§¢�−� ®¡ãç¥−¨¥¬ ˆ�‘, ¬�è¨−−ë© ¯¥à¥¢®¤ ¨áå®¤−®£® â¥ªáâ®¢®£®
äà�£¬¥−â� ¬¥−ï«áï âà¨ à�§� (¯®¢â®àïîé¨¥áï §−�ç¥−¨ï â�¡«¨æë §�¬¥−¥−ë á¨¬-
¢®«®¬ -//-). ‚ ¯¥à¢®© ¢¥àá¨¨ ¯¥à¥¢®¤� ®â 03.03.19 ¤®¯ãé¥−® âà¨ ®è¨¡ª¨.
�â® ErrorSyntaxPostCNT (®âáãâáâ¢ã¥â á¨−â�ªá¨ç¥áª�ï á¢ï§ì ¬¥¦¤ã ª«�ã§�¬¨
comment voler ¨ alors ils voleront), � â�ª¦¥ ¤¢¥ ®è¨¡ª¨ ¢ ¯¥à¥¢®¤¥ ª®−−¥ªâ®-
à� | ErrorTotalCNT (àãááª¨© ª®−−¥ªâ®à ª�ª‖â�ª ¨ ¯¥à¥¢¥¤¥− −¥áãé¥áâ¢ãîé¥©
¢® äà�−æã§áª®¬ ï§ëª¥ ¥¤¨−¨æ¥© comment‖alors) ¨ ErrorMorph (ç�áâì ª®−−¥ªâ®-
à� ®è¨¡®ç−® §�¬¥−¥−� ï§ëª®¢®© ¥¤¨−¨æ¥© comment, −¥ ï¢«ïîé¥©áï ª®−−¥ªâ®-
à®¬).

‚ 6-¬ ¯¥à¥¢®¤¥ ®â 03.08.19 ¤®¯ãé¥−� ¢á¥£® ®¤−� ®è¨¡ª� | íâ® ErrorCNT
(¢ë¡à�− á¥¬�−â¨ç¥áª¨ −¥¢¥à−ë© ª®−−¥ªâ®à comme). �®¤®¡−ë¥ ®è¨¡ª¨ §�ç�áâãî
¢¥¤ãâ ª ¨áª�¦¥−¨î á¬ëá«� ¢á¥£® ¯¥à¥¢®¤¨¬®£® äà�£¬¥−â�: ¯à¨ ¨á¯®«ì§®¢�−¨¨
ª®−−¥ªâ®à� comme äà�§� ¯à¨®¡à¥â�¥â á¬ëá« ú�®â®¬ã ª�ª ®−¨ ¢®à®¢�«¨, ®−¨
¡ã¤ãâ ¢®à®¢�âìû.

‚ 11-¬ ¯¥à¥¢®¤¥ ®â 02.01.20 ¤®¯ãé¥−� ErrorSemant: ¯à¨ ¯¥à¥¢®¤¥ ª®−−¥ªâ®à�
ª�ª‖â�ª ¨ ¨á¯®«ì§ã¥âáï £à�¬¬�â¨ç¥áª�ï áâàãªâãà� g‚erondif pr‚esent, ¨ äà�§�
¯à¨®¡à¥â�¥â á¬ëá« ú‚®àãï, ®−¨ ¡ã¤ãâ ¢®à®¢�âìû.

�¥á¬®âàï −� â® çâ® ¢ ¯®á«¥¤−¥¬, 12-¬, ¯¥à¥¢®¤¥ á®åà�−ï¥âáï ErrorSemant,
¢ æ¥«®¬ ¢ íâ®© á¥à¨¨ ¯¥à¥¢®¤®¢ ¯à®á«¥¦¨¢�¥âáï â¥−¤¥−æ¨ï ª ¯®¢ëè¥−¨î ª�-
ç¥áâ¢� ¬�é¨−−®£® ¯¥à¥¢®¤�, â�ª ª�ª ç¨á«® ®è¨¡®ª á® ¢à¥¬¥−¥¬ ã¬¥−ìè�¥âáï
¨ ¯¥à¥¢®¤−®© â¥ªáâ áâ�−®¢¨âáï ¡®«¥¥ ¯®−ïâ−ë¬.

1�à®ä¥áá¨®−�«ì−ë© ¯¥à¥¢®¤ íâ®£® ¯à¥¤«®¦¥−¨ï −� äà�−æã§áª¨© ï§ëª: úLes gens continueront
à voler comme avantû [Sophie Benech, 2013].
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’�¡«¨æ� 4 ‘¥à¨ï �−−®â�æ¨© á ¯®¢ëè¥−¨¥¬ ª�ç¥áâ¢� �Œ�

ü
¯/¯

ü
¢ ��„

Š®−â¥ªáâ ÷÷
¢ ®à¨£¨−�«¥1

÷÷ ¢ ®à¨-
£¨−�«¥

¨ ¥¥ ¯à¨-
§−�ª¨

Š®−â¥ªáâ ÷÷
¢ ¯¥à¥¢®¤¥2

÷÷ ¢ ¯¥à¥¢®¤¥
¨ ¥¥ ¯à¨§−�ª¨

�à¨-
§−�ª¨
�−−®-
â�æ¨¨

„�â�
¨ ¢à¥¬ï
§�¯¨á¨
¢ ��„

1 28312

Š�ª
¢®à®¢�«¨,
â�ª ¨ ¡ã¤ãâ
¢®à®¢�âì.

ª�ª‖â�ª ¨
〈�−�«®£¨ï〉
〈CNT p
CNT q〉

Comment
voler, alors
ils voleront.

comment‖alors
〈ErrorSyntaxPostCNT〉
〈ErrorTotalCNT〉
〈ErrorMorphCNT〉

MT
03.03.19

17:20

2 28670
〈CNT〉
〈„¨áâ�−â〉 -//- -//- -//-

01.04.19
15:39

3 29324 -//- -//- -//-
05.05.19

14:38

4 29913 -//- -//- -//-
05.06.19

14:26

5 30174 -//- -//- -//-
02.07.19

13:45

6 30461
Comme ils
ont vol‚e,
ils vont voler.

comme
〈ErrorCNT〉

Cngrn
MT

03.08.19
23:37

7 30707 -//- -//- -//-
03.09.19

15:04

8 31022 -//- -//- -//-
02.10.19

22:23

9 31545 -//- -//- -//-
04.11.19

15:27

10 32078 -//- -//- -//-
02.12.19

15:36

11 32485
En volant,
ils voleront.

x g‚er pr‚es
〈ErrorSemant〉

Dvrg
MT

02.01.20
20:02

12 33171 -//-

x g‚er pr‚es
〈ErrorSemant〉
〈�®¢ëè¥−¨¥
ª�ç¥áâ¢� �Œ�〉

-//-
03.02.20

15:50

1÷¥ç¥¢�ï à¥�«¨§�æ¨ï (÷÷) ¢ ®à¨£¨−�«¥ | ä®à¬� ª®−−¥ªâ®à� ¢ ª®−ªà¥â−®¬ ¢ëáª�§ë¢�−¨¨ [15].
2÷¥ç¥¢�ï à¥�«¨§�æ¨ï ¢ ¯¥à¥¢®¤¥ | äã−ªæ¨®−�«ì−® íª¢¨¢�«¥−â−ë© äà�£¬¥−â ¯¥à¥¢®¤�, ¯¥à¥¤�îé¨© á¬ë-

á«®¢®¥ −�¯®«−¥−¨¥ ÷÷ ¢ ®à¨£¨−�«¥. �®−ïâ¨¥ úäã−ªæ¨®−�«ì−® íª¢¨¢�«¥−â−ë© äà�£¬¥−âû ¯à¥¤«®¦¥−® ¢ [16].
�à¨¬¥ç�−¨ï.

1. ÷ã¡à¨ª� (¯®¤à®¡−¥¥ ® àã¡à¨ª�å á¬. ¢ [7]) ú�−�«®£¨ïû £®¢®à¨â ® â®¬, çâ® ª®−−¥ªâ®à ª�ª (à�ááâ®ï−¨¥),
â�ª ¨ ¢ëà�¦�¥â «®£¨ª®-á¥¬�−â¨ç¥áª®¥ ®â−®è¥−¨¥ �−�«®£¨¨.

2. ÷ã¡à¨ª� úCNT p CNT qû £®¢®à¨â ® â®¬, çâ® í«¥¬¥−âë ¤¢ãåª®¬¯®−¥−â−®£® ª®−−¥ªâ®à� −�å®¤ïâáï
¢ ª�¦¤®¬ ¨§ á®¥¤¨−ï¥¬ëå ª®¬¯®−¥−â®¢ â¥ªáâ� p (ú¢®à®¢�«¨û) ¨ q (ú¡ã¤ãâ ¢®à®¢�âìû).

3. ÷ã¡à¨ª� úCNTû £®¢®à¨â ® â®¬, çâ® �−−®â�æ¨ï áä®à¬¨à®¢�−� ¤«ï ¢á¥£® ª®−−¥ªâ®à�, � −¥ ¤«ï ®â¤¥«ì−®
á®áâ�¢«ïîé¨å ¥£® ¡«®ª®¢ ¨«¨ í«¥¬¥−â®¢.

4. ÷ã¡à¨ª� ú„¨áâ�−âû £®¢®à¨â ® â®¬, çâ® á®áâ�¢−ë¥ ç�áâ¨ ª®−−¥ªâ®à� úª�ªû ¨ úâ�ª ¨û à�§¤¥«¥−ë â¥ªáâ®¬
ú¢®à®¢�«¨û.

5. ÷ã¡à¨ª� úMTû ¯à®áâ�¢«ï¥âáï �¢â®¬�â¨ç¥áª¨ ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¬�è¨−−®£® ¯¥à¥¢®¤ç¨ª�.
6. ÷ã¡à¨ª� úCngrnû £®¢®à¨â ® â®¬, çâ® ª®−−¥ªâ®à àãááª®£® ï§ëª� ¯¥à¥¢¥¤¥− ¨¬¥−−® ª®−−¥ªâ®à®¬ äà�−-

æã§áª®£® ï§ëª�, � −¥ ï§ëª®¢®© ¥¤¨−¨æ¥© ¨«¨ ª®−áâàãªæ¨¥© ¤àã£®© ª�â¥£®à¨¨.
7. ÷ã¡à¨ª� úDvrgû £®¢®à¨â ® â®¬, çâ® ª®−−¥ªâ®à àãááª®£® ï§ëª� ¯¥à¥¢¥¤¥− ï§ëª®¢®© ¥¤¨−¨æ¥© ¨«¨

ª®−áâàãªæ¨¥© ¤àã£®© ª�â¥£®à¨¨ (−¥ ª®−−¥ªâ®à®¬).
8. ÷ã¡à¨ª� ú�®¢ëè¥−¨¥ ª�ç¥áâ¢� �Œ�û ¨ ¤àã£¨¥ àã¡à¨ª¨, å�à�ªâ¥à¨§ãîé¨¥ ¨§¬¥−¥−¨¥ ª�ç¥áâ¢� ¯¥à¥-

¢®¤�, ¯à®áâ�¢«ïîâáï ¢ ¯®á«¥¤−¥©, 12-© ¢¥àá¨¨ ¯¥à¥¢®¤�, −® å�à�ªâ¥à¨§ãîâ ¢áî á¥à¨î ¨§ 12 ¯¥à¥¢®¤®¢.
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’�¡«¨æ� 5 ‘¥à¨ï �−−®â�æ¨© á® á−¨¦¥−¨¥¬ ª�ç¥áâ¢� �Œ�

ü
¯/¯

ü
¢ ��„

Š®−â¥ªáâ ÷÷
¢ ®à¨£¨−�«¥

÷÷ ¢ ®à¨-
£¨−�«¥

¨ ¥¥ ¯à¨-
§−�ª¨

Š®−â¥ªáâ ÷÷
¢ ¯¥à¥¢®¤¥

÷÷ ¢ ¯¥à¥¢®¤¥
¨ ¥¥ ¯à¨§−�ª¨

�à¨-
§−�ª¨
�−−®-
â�æ¨¨

„�â�
¨ ¢à¥¬ï
§�¯¨á¨
¢ ��„

1 28213

Š�à¨¬®¢ áª�§�«:
| “ −�á ã−¨çâ®-
¦¨«¨ −¥ â®«ìª®
«î¤¥©, −�æ¨®-
−�«ì−ãî ªã«ìâãàã
ã−¨çâ®¦¨«¨.

−¥ â®«ìª®‖∅
〈−¥¥¤¨−áâ-
¢¥−−®áâ¨〉
〈CNT p
CNT q〉
〈CNT〉

Karimov a d‚eclar‚e:
úPas seulement
les gens ont ‚et‚e
d‚etruits ici,
la culture nationale
a ‚et‚e d‚etruiteû.

pas
seulement‖∅
〈NoError 〉

Cngrn
MT

01.03.19
15:18

2 28724
〈Š®−â�ªâ〉

-//- -//- -//-
02.04.19

14:49

3 29413 -//- -//- -//-
06.05.19

14:45

4 30049 -//- -//- -//-
07.06.19

14:31

5 30340 -//- -//- -//-
05.07.19

14:28

6 30557

Karimov a d‚eclar‚e:
| Nous n'avons
pas seulement
d‚etruit des
personnes, nous
avons ‚egalement
d‚etruit la culture
nationale.

ne|pas
seulement‖
‚egalement
〈ErrorSemant〉

-//-
05.08.19

22:29

7 30761 -//- -//- -//-
04.09.19

15:08

8 31181 -//- -//- -//-
06.10.19

23:28

9 31599 -//- -//- -//-
05.11.19

14:39

10 32186 -//- -//- -//-
03.12.19

15:08

11 32594

Karimov a d‚eclar‚e:
| Nous avons non
seulement d‚etruit
des gens, nous
avons d‚etruit la
culture nationale.

non
seulement‖∅
〈ErrorSemant〉

-//-
04.01.20

11:51

12 33253 -//-

non
seulement‖∅
〈ErrorSemant〉
〈‘−¨¦¥−¨¥ ª�-
ç¥áâ¢� �Œ�〉

-//-
05.02.20

22:40
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‚ â�¡«. 5 ¯à¥¤áâ�¢«¥−� á¥à¨ï ¯¥à¥¢®¤®¢ á«¥¤ãîé¥£® àãááª®ï§ëç−®£® äà�£-
¬¥−â�: úŠ�à¨¬®¢ áª�§�«: | “ −�á ã−¨çâ®¦¨«¨ −¥ â®«ìª® «î¤¥©, −�æ¨®−�«ì−ãî
ªã«ìâãàã ã−¨çâ®¦¨«¨û [‚. ‘. ƒà®áá¬�−. †¨§−ì ¨ áã¤ì¡� (ç. 1) (1959)]1.

‡� £®¤ ¯¥à¥¢®¤ ¨áå®¤−®£® äà�£¬¥−â� â�ª¦¥ ¬¥−ï«áï 3 à�§�. �¥à¢�ï ¢¥àá¨ï ®â
01.03.19 | ¯à¨¥¬«¥¬ë© ¢�à¨�−â ¯¥à¥¢®¤�, ¯®íâ®¬ã ¤«ï −¥¥ ¯à®áâ�¢«¥−� àã¡à¨ª�
NoError. ‚ 6-© ¢¥àá¨¨ ®â 05.08.19 ¯à®áâ�¢«¥−� àã¡à¨ª� ErrorSemant: ¢ ¯¥à¥¢®¤¥
¨áª�¦¥− á¬ëá« ¨áå®¤−®£® äà�£¬¥−â� ¨§-§� ®è¨¡ª¨ ¢ ¢ë¡®à¥ á¥¬�−â¨ç¥áª®£®
áã¡ê¥ªâ� (¢¬¥áâ® úã −�á ã−¨çâ®¦¨«¨û ¯®«ãç¨«®áì ú¬ë ã−¨çâ®¦¨«¨û). ‚ 11-©
¢¥àá¨¨ ¯¥à¥¢®¤� des personnes §�¬¥−ï¥âáï −� des gens, −® ãª�§�−−�ï ErrorSemant
¯à¨ íâ®¬ á®åà�−ï¥âáï.

„«ï ¤�−−®© á¥à¨¨ ¯¥à¥¢®¤®¢ ¯à®áâ�¢«¥−� àã¡à¨ª�, å�à�ªâ¥à¨§ãîé�ï á−¨-
¦¥−¨¥ ª�ç¥áâ¢� �Œ�, â�ª ª�ª á â¥ç¥−¨¥¬ ¢à¥¬¥−¨ ¢ ¨§−�ç�«ì−® ¤®¯ãáâ¨¬®¬
¢�à¨�−â¥ ¯¥à¥¢®¤� ¯®ï¢¨«�áì ®è¨¡ª�.

�â¬¥â¨¬, çâ® ¯à¨ ¢ë¡®à¥ àã¡à¨ª ú�®¢ëè¥−¨¥/á−¨¦¥−¨¥ ª�ç¥áâ¢� �Œ�û
®æ¥−¨¢�¥âáï ®¡é�ï ¤¨−�¬¨ª� ª�ç¥áâ¢�, ¯à¨ íâ®¬ −�«¨ç¨¥ ¢ á¥à¨¨ ¯¥à¥¢®¤®¢
¤®¯ãáâ¨¬®£® ¢�à¨�−â� ¯¥à¥¢®¤� (ª�ª ¢ â�¡«. 5) −¥ ®¡ï§�â¥«ì−®: ¢ â�¡«. 4 ¯¥à¥¢®¤
®áâ�¥âáï ®è¨¡®ç−ë¬, −® ¥£® ª�ç¥áâ¢® ¯®¢ëè�¥âáï §� áç¥â ã¬¥−ìè¥−¨ï ç¨á«�
®è¨¡®ª.

5 Заключение

‚ áâ�âì¥ ¯à¨¢¥¤¥−® ®¯¨á�−¨¥ âà¥âì¥£® íâ�¯� íªá¯¥à¨¬¥−â� ¯® ¬−®£®ªà�â−®¬ã
ä¨ªá¨à®¢�−¨î ¬�è¨−−ëå ¯¥à¥¢®¤®¢, ¯®«ãç¥−−ëå á ¯®¬®éìî á¨áâ¥¬ë �Œ�
Google. �¥¯®áà¥¤áâ¢¥−−®© æ¥«ìî ¤�−−®£® íâ�¯� ¡ë« ª®«¨ç¥áâ¢¥−−ë© �−�«¨§
à¥§ã«ìâ�â®¢, ¯®«ãç¥−−ëå ¢ å®¤¥ ¨áá«¥¤®¢�−¨ï −¥áâ�¡¨«ì−®áâ¨ �Œ�. ‚ ¨â®£¥
¡ë«® ¢ë¢¥¤¥−® ¨ ¯à®�−�«¨§¨à®¢�−® á®®â−®è¥−¨¥ ª�â¥£®à¨©, å�à�ªâ¥à¨§ãîé¨å
−¥áâ�¡¨«ì−®áâì �Œ�, ¨ ¢¨¤®¢ ®è¨¡®ª �Œ�. ’�ª¦¥ ®¯¨á�−� ¤¨−�¬¨ª� ®è¨¡®ª
−� ¯à®âï¦¥−¨¨ ¢á¥£® íªá¯¥à¨¬¥−â� ¨ ¯à¥¤áâ�¢«¥−ë ¤�−−ë¥ à�á¯à¥¤¥«¥−¨ï á¥à¨©
¯¥à¥¢®¤®¢ ¯® ¢¨¤�¬ −¥áâ�¡¨«ì−®áâ¨.

�®«ãç¥−−ë¥ ¤�−−ë¥ ® ¤¨−�¬¨ª¥ ®è¨¡®ª á¢¨¤¥â¥«ìáâ¢ãîâ −¥ â®«ìª® ®¡ �ªâã-
�«ì−®áâ¨ ¨§ãç¥−¨ï ¯à¥¤¥«ì−ëå ¢®§¬®¦−®áâ¥© ®¡ãç¥−¨ï ˆ�‘ (çâ® ¬®£ãâ ¨ ç¥£® −¥
¬®£ãâ ¤¥«�âì ª®¬¯ìîâ¥à−ë¥ á¨áâ¥¬ë −� ®á−®¢¥ ˆ�‘ [17]), −® ¨ ® −¥®¡å®¤¨¬®áâ¨
¨−¤¨ª�â®à−®© ®æ¥−ª¨ à¥§ã«ìâ�â®¢ ®¡ãç¥−¨ï ¯à¨ à¥è¥−¨¨ §�¤�ç ¬�è¨−−®£® ¯¥à¢®-
¤�. ÷�§à�¡®â�−−�ï á¨áâ¥¬� ¨−¤¨ª�â®à®¢ ¨ ¨å ¢ëç¨á«¥−−ë¥ §−�ç¥−¨ï ã−¨ª�«ì−ë.
�à¥¤«�£�¥¬ë© ¯®¤å®¤ ª ¨−¤¨ª�â®à−®© ®æ¥−ª¥ à¥§ã«ìâ�â®¢ ®¡ãç¥−¨ï ˆ�‘ ¬®-
¦¥â ¯®§¨æ¨®−¨à®¢�âìáï ª�ª −®¢ë© �á¯¥ªâ ¢ ¨áá«¥¤®¢�−¨ïå ª�ç¥áâ¢� ¬�è¨−−®£®
¯¥à¥¢®¤� (® −¥®¡å®¤¨¬®áâ¨ â�ª¨å ¨áá«¥¤®¢�−¨© á¬., −�¯à¨¬¥à, [18{20]).

1�à®ä¥áá¨®−�«ì−ë© ¯¥à¥¢®¤ íâ®£® ¯à¥¤«®¦¥−¨ï −� äà�−æã§áª¨© ï§ëª: ú| Mais chez nous,
reprit Karimov, on ne s'est pas content‚e d'an‚eantir des hommes, on a an‚eanti toute une cultureû [Alexis
Berelowitch, 1980].
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MACHINE TRANSLATION: INDICATOR-BASED EVALUATION
OF TRAINING PROGRESS IN NEURAL PROCESSING

A. Yu. Egorova, I. M. Zatsman, M. G. Kruzhkov, and V. A. Nuriev

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

Abstract: The paper presents data collected while observing training progress
of a neural machine translation (NMT) engine. The observed training progress
received qualitative evaluation based on a set of indicators. Two hundred and fifty
text fragments in Russian were used as experimental material for the study. For
the duration of one year, every month these fragments were translated into French
using the publicly available Google's NMT engine. The produced translations
were recorded and annotated by language experts in a supracorpora database
which resulted in a series of 12 annotated translations for each of the 250 Russian
fragments. The annotations include labels of translation errors which enables
researchers to determine the NMT instability types according to the changes of
translation quality or lack thereof. The goal of this paper is to describe the newly
developed indicator-based approach and to provide an example of its application
to evaluation of a neural network training progress.

Keywords: neural machine translation; instability of machine translation;
indicator-based evaluation; linguistic annotation; instability types
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МЕХАНИЗМ ТЕМПОРАЛЬНОГО СОПОСТАВЛЕНИЯ
КОНКРЕТНО-ИСТОРИЧЕСКИХ ФАКТОВ

И. М. Адамович1, О. И. Волков2

�−−®â�æ¨ï: ‘â�âìï ¯à®¤®«¦�¥â á¥à¨î à�¡®â, ¯®á¢ïé¥−−ëå â¥å−®«®£¨¨ ¯®¤-
¤¥à¦ª¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨© (�Šˆˆ). ’¥å−®«®£¨ï ¯®áâà®-
¥−� −� ¯à¨−æ¨¯�å á®â¢®àç¥áâ¢� ¨ ªà�ã¤á®àá¨−£� ¨ ®à¨¥−â¨à®¢�−� −� è¨à®ª¨©
ªàã£ ¯®«ì§®¢�â¥«¥©, −¥ ®â−®áïé¨åáï ª ¯à®ä¥áá¨®−�«ì−ë¬ ¨áâ®à¨ª�¬ ¨ ¡¨®-
£à�ä�¬. ‘â�âìï ¯®á¢ïé¥−� ¤�«ì−¥©è¥¬ã à�§¢¨â¨î â¥å−®«®£¨¨ ¯ãâ¥¬ ¨−â¥£à�-
æ¨¨ ¢ −¥¥ ¬¥å�−¨§¬� â¥¬¯®à�«ì−®£® á®¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å
ä�ªâ®¢. �à¨¢¥¤¥−ë ®á−®¢−ë¥ −�¯à�¢«¥−¨ï á®¯®áâ�¢«¥−¨ï ä�ªâ®¢ ¢ ª®−-
ªà¥â−®-¨áâ®à¨ç¥áª®¬ ¨áá«¥¤®¢�−¨¨, ®¡®á−®¢�−� ®á®¡�ï §−�ç¨¬®áâì ¯®¤§�¤�ç¨
á®¯®áâ�¢«¥−¨ï ¨ ¢§�¨¬®ã¢ï§ë¢�−¨ï ä�ªâ®¢ ¯® ®á¨ ¢à¥¬¥−¨ á æ¥«ìî ®¯à¥¤¥«¥-
−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨ á®¡ëâ¨© ¢ ¦¨§−¨ ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨ï ¨ ãâ®ç−¥−¨ï
¨å ¤�â¨à®¢ª¨. �à¥¤«®¦¥− ¯®¤å®¤ ª �¢â®¬�â¨§�æ¨¨ íâ®© ¯®¤§�¤�ç¨ ¢ à�¬ª�å
â¥å−®«®£¨¨, ®á−®¢�−−®© −� ¬¥å�−¨§¬¥ �¢â®¬�â¨§¨à®¢�−−®£® ¯®¨áª� ¯à®â¨¢®à¥-
ç¨© ¢ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®© ¨−ä®à¬�æ¨¨. �®ª�§�−� ¢®§¬®¦−®áâì á¢¥¤¥−¨ï
§�¤�ç¨ ¯®¨áª� ¤®¯ãáâ¨¬ëå ¢à¥¬¥−−ëå ¨−â¥à¢�«®¢ ª §�¤�ç¥ «¨−¥©−®£® ¯à®-
£à�¬¬¨à®¢�−¨ï. �¡®á−®¢�−® ¯à¨¬¥−¥−¨¥ á¨¬¯«¥ªá-¬¥â®¤� ¤«ï à¥�«¨§�æ¨¨
�«£®à¨â¬� â¥¬¯®à�«ì−®£® á®¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢.

Š«îç¥¢ë¥ á«®¢�: ª®−ªà¥â−®-¨áâ®à¨ç¥áª®¥ ¨áá«¥¤®¢�−¨¥; à�á¯à¥¤¥«¥−−�ï
â¥å−®«®£¨ï; á®¯®áâ�¢«¥−¨¥ ä�ªâ®¢; ¨áâ®à¨ª®-¡¨®£à�ä¨ç¥áª¨© ä�ªâ; «¨−¥©−®¥
¯à®£à�¬¬¨à®¢�−¨¥
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1 Введение

�®¤¤¥à¦ª� ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨© áâ�«� ®¤−®© ¨§ �ªâã�«ì-
−ëå §�¤�ç á®¢à¥¬¥−−®áâ¨, çâ® ®¡ãá«®¢«¥−® ¢®¢«¥ç¥−¨¥¬ ¢ ¨áá«¥¤®¢�â¥«ìáª¨©
¯à®æ¥áá −¥ â®«ìª® ç«¥−®¢ ¯à®ä¥áá¨®−�«ì−®£® ¨áâ®à¨ç¥áª®£® á®®¡é¥áâ¢�, −® ¨ á�-
¬ëå è¨à®ª¨å á«®¥¢ −¥¯à®ä¥áá¨®−�«®¢ ¢ á¢ï§¨ á® ¢á¥ ¢®§à�áâ�îé¨¬ ¨−â¥à¥á®¬
ª ç�áâ−®©, á¥¬¥©−®© ¨áâ®à¨¨ [1].

‚ [2,3] ®¯¨á�−� à�§à�¡®â�−−�ï ¢ ”ˆ– ˆ“ ÷�� à�á¯à¥¤¥«¥−−�ï â¥å−®«®£¨ï
�Šˆˆ, ®á−®¢�−−�ï −� ¯à¨−æ¨¯�å ªà�ã¤á®àá¨−£� (¬®¡¨«¨§�æ¨¨ à¥áãàá®¢ è¨-
à®ª®£® ªàã£� ¤®¡à®¢®«ìæ¥¢ ¯®áà¥¤áâ¢®¬ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©). „�−−ë¥
¢ íâ®© â¥å−®«®£¨¨ ®à£�−¨§®¢�−ë ¢ ä®à¬¥ á¥¬�−â¨ç¥áª®© á¥â¨. “§«ë á¥â¨ ¯à¥¤-
áâ�¢«ïîâ á®¡®© ¨¬¥−®¢�−−ë¥ ã−¨¢¥àá�«ì−ë¥ ª«�ááë ®¡ê¥ªâ®¢. ”�ªâë §�¤�îâáï

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

2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, Volkov@amsd.com
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Œ¥å�−¨§¬ â¥¬¯®à�«ì−®£® á®¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢

§−�ç¥−¨ï¬¨ íª§¥¬¯«ïà®¢ ª«�áá®¢ ¨ á¢ï§ï¬¨ ¬¥¦¤ã −¨¬¨. ‘¢ï§¨ −�á«¥¤ãîâáï ¨§
á¥â¨ ª«�áá®¢ [4].

‘¯¥æ¨ä¨ª� ª®−ªà¥â−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï á®áâ®¨â ¢ â®¬, çâ® ä�ªâë,
ª®â®àë¬¨ ®¯¥à¨àã¥â ¨áá«¥¤®¢�â¥«ì (¨áâ®à¨ª®-¡¨®£à�ä¨ç¥áª¨¥ ä�ªâë), ®¡«�¤�îâ
á¢®©áâ¢®¬ äà�£¬¥−â�à−®áâ¨ ¨ ¯à®â¨¢®à¥ç¨¢®áâ¨. �®«ãç¥−¨¥ íâ¨å ä�ªâ®¢ |
−¥®¡å®¤¨¬�ï ¨ −�¨¡®«¥¥ âàã¤®¥¬ª�ï áâ�¤¨ï ¡¨®£à�ä¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï, á®-
áâ®ïé�ï ¢ à�¡®â¥ ¢ �àå¨¢�å ¨ ¯à®á¬®âà¥ ®£à®¬−®£® ç¨á«� ¤®ªã¬¥−â®¢. ÷�¡®â�
¨áá«¥¤®¢�â¥«ï −� ¢â®à®¬ íâ�¯¥ á®áâ®¨â ¢ á®¯®áâ�¢«¥−¨¨ ¢ëï¢«¥−−ëå ä�ªâ®¢
¬¥¦¤ã á®¡®© á æ¥«ìî ¢§�¨¬®ã¢ï§ë¢�−¨ï ¨ à�§à¥è¥−¨ï ¯à®â¨¢®à¥ç¨© [5].

2 Механизм автоматизированного поиска противоречий

‚ [6] ¡ë«® ®¯¨á�−® à�§¢¨â¨¥ â¥å−®«®£¨¨ �Šˆˆ §� áç¥â ¢ª«îç¥−¨ï ¢ −¥¥
¬¥å�−¨§¬�, ¯à¥¤−�§−�ç¥−−®£® ¤«ï �¢â®¬�â¨§¨à®¢�−−®£® ¯®¨áª� ¯à®â¨¢®à¥ç¨©
¢ ¨áâ®à¨ª®-¡¨®£à�ä¨ç¥áª¨å ä�ªâ�å.

�á®¡¥−−®áâì ¯®¨áª� ¯à®â¨¢®à¥ç¨© ¢ ¨áâ®à¨ª®-¡¨®£à�ä¨ç¥áª®© ¨−ä®à¬�æ¨¨
¯à¨ ¯à®¢¥¤¥−¨¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï á®áâ®¨â ¢ â®¬, çâ® ¡¨®£à�-
ä¨ç¥áª¨¥ ä�ªâë, ã¢ï§ë¢�îé¨¥ ®¡ê¥ªâë ¨áâ®à¨ç¥áª®© à¥�«ì−®áâ¨ á ¨å ¤¨−�¬¨ç¥-
áª¨¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨ (�âà¨¡ãâ�¬¨), á¢ï§�−ë ®¯à¥¤¥«¥−−ë¬¨ §�¢¨á¨¬®áâï¬¨.
�â¨ §�¢¨á¨¬®áâ¨ à¥£«�¬¥−â¨àãîâáï ¥áâ¥áâ¢¥−−ë¬¨ §�ª®−®¬¥à−®áâï¬¨, ®¯à¥¤¥-
«ïîé¨¬¨ ¤®¯ãáâ¨¬ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ á®¡ëâ¨©, §�¤�îé¨¬¨ −¥ª¨© è�¡«®−,
áæ¥−�à¨© ¨«¨ −�¡®à ®£à�−¨ç¥−¨©, §�ª®−�¬¨ ¯à¨à®¤ë, §�ª®−�¬¨ ¨ −®à¬�â¨¢−ë¬¨
¤®ªã¬¥−â�¬¨, âà�¤¨æ¨ï¬¨. ”®à¬ã«¨à®¢ª¨ à¥£«�¬¥−â¨àãîé¨å §�ª®−®¬¥à−®-
áâ¥©, §�ª®−®¢, âà�¤¨æ¨© −�§ë¢�îâáï −®à¬�«ï¬¨. ˆ¬¥−−® −®à¬�«¨ ¯®§¢®«ïîâ
á®¯®áâ�¢¨âì ä�ªâë, ¢ëï¢¨âì ¨ à�§à¥è¨âì ¯à®â¨¢®à¥ç¨ï, áä®à¬¨à®¢�âì −®¢ë¥
ä�ªâë-á«¥¤áâ¢¨ï, ¨−â¥£à¨à®¢�âì ¤�−−ë¥ ¢ ®¡éãî ª�àâ¨−ã [7].

�â� ®á®¡¥−−®áâì ª®−ªà¥â−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï ¢ ãá«®¢¨ïå â¥å−®«®-
£¨¨ �Šˆˆ ¯à¨¢®¤¨â ª â®¬ã, çâ® §�¤�ç� ¯®¨áª� ¯àï¬®£® ¯à®â¨¢®à¥ç¨ï ¬¥¦¤ã
¤¢ã¬ï ä�ªâ�¬¨ áâ�−®¢¨âáï âà¨¢¨�«ì−®© ¨ á¢®¤¨âáï ª áà�¢−¥−¨î à�§−ëå §−�ç¥-
−¨© ®¤−®£® �âà¨¡ãâ� ®¤−®£® ®¡ê¥ªâ�. ˆ−â¥à¥á ¤«ï ¨áá«¥¤®¢�â¥«ï ¯à¥¤áâ�¢«ï¥â
¯®¨áª −¥ä®à¬�«ì−®£® ¯à®â¨¢®à¥ç¨ï ¬¥¦¤ã £àã¯¯®© ä�ªâ®¢ ¨ á¢ï§ë¢�îé¨¬¨ ¨å
−®à¬�«ï¬¨. �â®â ¨−â¥à¥á ®¯à¥¤¥«ï¥âáï â¥¬, çâ® ¡«�£®¤�àï á¯¥æ¨ä¨ª¥ ª®−ªà¥â-
−®-¨áâ®à¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï ¢ëï¢«¥−¨¥ ¯à®â¨¢®à¥ç¨ï ¢¬¥áâ® áã¦¥−¨ï ®¡ê¥¬�
¨−ä®à¬�æ¨¨ ¢ëï¢«ï¥â −®¢ë¥ −�¯à�¢«¥−¨ï −�ãç−®£® ¯®¨áª� ¨ â¥¬ á�¬ë¬ ¤�¥â
−®¢ë© ¨¬¯ã«ìá ¨áá«¥¤®¢�−¨î.

�à®â¨¢®à¥ç¨ï â�ª®£® à®¤� −¥ ¬®£ãâ ¡ëâì à�§à¥è¥−ë á ¯®¬®éìî âà�¤¨æ¨®−−ëå
¯®¤å®¤®¢ ¨ âà¥¡ãîâ á®§¤�−¨ï á¯¥æ¨�«ì−®£® ¬¥å�−¨§¬�. ‚ [6] ®¯¨á�− â�ª®©
¬¥å�−¨§¬: á¯¥æ¨ä¨æ¨à®¢�−ë á®®â¢¥âáâ¢ãîé¨¥ ¨§¬¥−¥−¨ï ®¡ê¥ªâ−®© ¬®¤¥«¨
â¥å−®«®£¨¨ §� áç¥â ¢ª«îç¥−¨ï ¢ −¥¥ ¯®−ïâ¨ï −®à¬�«¨ ¨ ¢¢¥¤¥−¨ï ï¢−®£® ãª�§�−¨ï
â¥¬¯®à�«ì−®áâ¨ �âà¨¡ãâ� ¨ ¯®¤à®¡−® ®¯¨á�− �«£®à¨â¬, ¢ ®á−®¢¥ ª®â®à®£® «¥¦¨â
®¯®à� −� ¯à¥æ¥¤¥−âë | ¯à®â¨¢®à¥ç¨ï, ï¢−® ¢ëï¢«¥−−ë¥ ¯®«ì§®¢�â¥«ï¬¨. ‚ë¡®à
¤�−−®£® ¯®¤å®¤� ®¡êïá−ï¥âáï â¥¬, çâ® áâàãªâãà� ¨ á®áâ�¢ á¥¬�−â¨ç¥áª®© á¥â¨
â¥å−®«®£¨¨ �Šˆˆ −¥ ®¯à¥¤¥«¥−ë §�à�−¥¥, � á®§¤�îâáï ¤¨−�¬¨ç¥áª¨ è¨à®ª¨¬
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ªàã£®¬ −¥ á¢ï§�−−ëå ¬¥¦¤ã á®¡®© ¨áá«¥¤®¢�â¥«¥©, ¨§ ç¥£® á«¥¤ã¥â, çâ® �«£®à¨â¬
¯®¨áª� ¯à®â¨¢®à¥ç¨© −¥ ¬®¦¥â ®¯¥à¥âìáï −� §�à�−¥¥ ¨§¢¥áâ−®¥ à�á¯®«®¦¥−¨¥
−®à¬�«¥© ¢ ¡�§¥ ¤�−−ëå â¥å−®«®£¨¨, ª�ª¨¥-«¨¡® ¨§−�ç�«ì−® ä¨ªá¨à®¢�−−ë¥ ¨å
á¢ï§¨ á �âà¨¡ãâ�¬¨ ®¡ê¥ªâ®¢, á®áâ�¢ ¨ −�¨¬¥−®¢�−¨¥ â¥¬¯®à�«ì−ëå �âà¨¡ãâ®¢
¨ â. ¯.

�«£®à¨â¬ ¨¬¥¥â âà¨ ¯®¤á¨áâ¥¬ë, ®¡¥á¯¥ç¨¢�îé¨¥ ¯®á«¥¤®¢�â¥«ì−®¥ ¢ë¯®«-
−¥−¨¥ á«¥¤ãîé¨å íâ�¯®¢:

(1) á®§¤�−¨¥ ¯à¥æ¥¤¥−â� ¯®«ì§®¢�â¥«¥¬;
(2) �¢â®¬�â¨ç¥áª¨© ¯®¨áª ¯à®â¨¢®à¥ç¨© ¯® ¯à¥æ¥¤¥−âã;
(3) ®¡à�¡®âª� ¯®«ì§®¢�â¥«¥¬ à¥§ã«ìâ�â®¢ ¯®¨áª�.

3 Сопоставление фактов в конкретно-историческом исследовании

Š�ª ¯®ª�§�−® ¢ëè¥, §�¤�ç� ¨áá«¥¤®¢�â¥«ï ¢ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®¬ ¨áá«¥-
¤®¢�−¨¨ ¯à¨ ®¡à�¡®âª¥ ¢ëï¢«¥−−®© ¨−ä®à¬�æ¨¨ á®áâ®¨â ¯®¬¨¬® ¯®¨áª� ¯à®-
â¨¢®à¥ç¨© ¢ á®¯®áâ�¢«¥−¨¨ ä�ªâ®¢ á æ¥«ìî ¨å ¢§�¨¬®ã¢ï§ë¢�−¨ï. ‘¯¥æ¨ä¨ª�
¡¨®£à�ä¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï á®áâ®¨â ¢ â®¬, çâ® ¢ æ¥−âà¥ ¢−¨¬�−¨ï ¨áá«¥¤®¢�-
â¥«ï −�å®¤¨âáï ª®−ªà¥â−�ï «¨ç−®áâì ¨ ¢á¥ ¡¥§ ¨áª«îç¥−¨ï áâ®à®−ë (á®æ¨�«ì−ë¥,
íª®−®¬¨ç¥áª¨¥, ¯®«¨â¨ç¥áª¨¥, íâ−¨ç¥áª¨¥, åã¤®¦¥áâ¢¥−−ë¥ ¨ â. ¯.) ¥¥ à¥�«ì−®©
¦¨§−¨ [8]. Œ−®£®®¡à�§¨¥ ¨§ãç�¥¬ëå �á¯¥ªâ®¢ ¦¨§−¨ ¨−¤¨¢¨¤ãã¬�, áâ®ïé¥£®
¢ æ¥−âà¥ ¨áá«¥¤®¢�−¨ï, ¯à¨¢®¤¨â ª ¯®ï¢«¥−¨î ®£à®¬−®£® ç¨á«� ¯®¤§�¤�ç á®¯®-
áâ�¢«¥−¨ï ä�ªâ®¢. ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à®¢ â�ª¨å ¯®¤§�¤�ç, ¢®§−¨ª�¢è¨å ¢ à¥�«ì−ëå
¡¨®£à�ä¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå, ¬®¦−® ¯à¨¢¥áâ¨:

{ á®¯®áâ�¢«¥−¨¥ á¢¥¤¥−¨© ® ¯¥à¥¤¨á«®ª�æ¨¨ ¯®«ª� á ¤�â�¬¨ ¯¨á¥¬ ¢®¥−−®á«ã-
¦�é¥£® á æ¥«ìî ®¯à¥¤¥«¥−¨ï £®à®¤�, ¢ ª®â®à®¬ ¯à®¨§®è«® ã¯®¬¨−�¥¬®¥
¢ ¯¨áì¬¥ á®¡ëâ¨¥;

{ á®¯®áâ�¢«¥−¨¥ §�¯¨á¥© ¢ ¬¥âà¨ç¥áª¨å ª−¨£�å ¨ ¨á¯®¢¥¤−ëå á¯¨áª�å á æ¥«ìî
¢ëï¢«¥−¨ï ª®−ªà¥â−ëå à®¤®¢ (®ç¥−ì �ªâã�«ì−�ï ¨ á«®¦−�ï §�¤�ç�, ¯®áª®«ìªã
ä�¬¨«¨¨ ¤«ï ªà¥áâìï−áâ¢� ¡ë«¨ ¢¢¥¤¥−ë â®«ìª® ¢ XIX ¢., ¨¬¥−� ¢ à�§−ëå ¤®-
ªã¬¥−â�å ¬®£«¨ ¯¨á�âìáï ¯®-à�§−®¬ã, � ¢®§à�áâ ¬®£ á®§−�â¥«ì−® ¨áª�¦�âìáï,
−�¯à¨¬¥à á æ¥«ìî ®âáà®ç¨âì ¯à¨§ë¢ −� ¢®¨−áªãî á«ã¦¡ã ¢ ¢®¥−−®¥ ¢à¥¬ï);

{ á®¯®áâ�¢«¥−¨¥ ��¬ïâ−ëå ª−¨£ £ã¡¥à−¨© á ¨−ä®à¬�æ¨¥© ®¡ ¨§¬¥−¥−¨¨ ¨å
£à�−¨æ ¨ ® ¯¥à¥¨¬¥−®¢�−¨¨ ¤¥à¥¢¥−ì, á¥«, £®à®¤®¢, ¢®«®áâ¥© ¨ ã¥§¤®¢ á æ¥«ìî
®¯à¥¤¥«¥−¨ï à�á¯®«®¦¥−¨ï −ë−¥ −¥ áãé¥áâ¢ãîé¨å −�á¥«¥−−ëå ¯ã−ªâ®¢.

‘à¥¤¨ ®£à®¬−®£® ¬−®£®®¡à�§¨ï �á¯¥ªâ®¢, ¯® ª®â®àë¬ ¯à®¢®¤¨âáï á®¯®áâ�¢-
«¥−¨¥, ®á®¡−ïª®¬ áâ®¨â ®áì ¢à¥¬¥−¨. ‡�¤�ç� ¢§�¨¬®ã¢ï§ë¢�−¨ï ä�ªâ®¢ ® â¥å
¨«¨ ¨−ëå á®¡ëâ¨ïå ¢ ¦¨§−¨ ¨−¤¨¢¨¤ãã¬� á æ¥«ìî ®¯à¥¤¥«¥−¨ï ¨å ¯®á«¥¤®-
¢�â¥«ì−®áâ¨ ¨ ãâ®ç−¥−¨ï ¤�â¨à®¢ª¨ ï¢«ï¥âáï −�¨¡®«¥¥ ¢�¦−®© ¯à¨ ¯à®¢¥¤¥−¨¨
¡¨®£à�ä¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï ¨, ¡¥§ ¯à¥ã¢¥«¨ç¥−¨ï, «¥¦¨â ¢ ¥£® ®á−®¢¥. �¯à¥-
¤¥«¥−¨î ¯®¤å®¤� ª �¢â®¬�â¨§�æ¨¨ ¨¬¥−−® íâ®© §�¤�ç¨ ¢ à�¬ª�å â¥å−®«®£¨¨
�Šˆˆ ¨ ¯®á¢ïé¥−� ¤�−−�ï áâ�âìï.
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Œ¥å�−¨§¬ â¥¬¯®à�«ì−®£® á®¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢

„«ï �¢â®¬�â¨§�æ¨¨ §�¤�ç¨ ®¯à¥¤¥«¥−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨ á®¡ëâ¨© ¨ ãâ®ç-
−¥−¨ï ¨å ¤�â¨à®¢ª¨ ¬®¦−® ®¯¥à¥âìáï −� ®¯¨á�−−ë© ¢ëè¥ ¬¥å�−¨§¬ �¢â®¬�â¨ç¥-
áª®£® ¯®¨áª� ¯à®â¨¢®à¥ç¨© ¢ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®© ¨−ä®à¬�æ¨¨. �á−®¢−®©
¯à¨−æ¨¯ á®áâ®¨â ¢ á«¥¤ãîé¥¬: ¤®¯ãáâ¨¬�ï ¯à¨¢ï§ª� £àã¯¯ë ä�ªâ®¢ ª ®á¨ ¢à¥¬¥−¨
−¥ ¤®«¦−� ¢ë§ë¢�âì ¯à®â¨¢®à¥ç¨© ¬¥¦¤ã −¨¬¨ ¨ á¢ï§ë¢�îé¨¬¨ ¨å −®à¬�«ï¬¨,
çâ®, ¢ á¢®î ®ç¥à¥¤ì, ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥−® �¢â®¬�â¨ç¥áª¨. �¨¦¥ ¯à¨¢¥¤¥− ¯à¨-
¬¥à §�¤�ç¨, ¢®§−¨ªè¥© ¯à¨ ¯à®¢¥¤¥−¨¨ ¡¨®£à�ä¨ç¥áª®£® ¨áá«¥¤®¢�−¨ï, ª®â®à�ï
¬®¦¥â ¡ëâì à¥è¥−� ¢ à�¬ª�å ¤�−−®£® ¯®¤å®¤�.

1. ˆ§¢¥áâ−ë¥ ä�ªâë ¨§ ¦¨§−¨ ¨§ãç�¥¬®© ¯¥àá®−ë:

{ ¤�â� à®¦¤¥−¨ï | ¯®á«¥ 1857 £.;

{ ¯® ¤�−−ë¬ ¨á¯®¢¥¤−®© à®á¯¨á¨ 1892 £. ¯à®¦¨¢�« á ¦¥−®© ¨ áë−®¬ 5 «¥â
®â à®¤ã, ç¨á«ïáì ¯à¨ íâ®¬ ®âáâ�¢−ë¬ áâ�àè¨¬ ã−â¥à-®ä¨æ¥à®¬ 15-£®
¯¥å®â−®£® ˜«¨áá¥«ì¡ãà£áª®£® ¯®«ª�.

2. ‘®®â¢¥âáâ¢ãîé¨¥ −®à¬�«¨:

{ “áâ�¢ ® ¢®¨−áª®© ¯®¢¨−−®áâ¨ ®â 1 ï−¢�àï 1874 £. £«�á¨â: ú�®áâã¯«¥−¨¥
−� á«ã¦¡ã ¯® ¯à¨§ë¢�¬ à¥è�¥âáï ¦à¥¡¨¥¬. . . Š ¦à¥¡¨î ¯à¨§ë¢�¥âáï
¥¦¥£®¤−® ®¤¨− â®«ìª® ¢®§à�áâ −�á¥«¥−¨ï, ¨¬¥−−® ¬®«®¤ë¥ «î¤¨, ª®â®àë¬
ª 1-¬ã ï−¢�àï â®£® £®¤�, ª®£¤� −�¡®à ¯à®¨§¢®¤¨âáï, ¬¨−ã«® ¤¢�¤æ�âì «¥â
®â à®¤ã. �¡é¨© áà®ª á«ã¦¡ë ¢ áãå®¯ãâ−ëå ¢®©áª�å ¤«ï ¯®áâã¯�îé¨å ¯®
¦à¥¡¨î ®¯à¥¤¥«ï¥âáï ¢ ¯ïâ−�¤æ�âì «¥â, ¨§ ª®¨å è¥áâì «¥â ¤¥©áâ¢¨â¥«ì−®©
á«ã¦¡ë ¨ ¤¥¢ïâì «¥â ¢ §�¯�á¥û;

{ á®æ¨�«ì−�ï −®à¬� â®£® ¢à¥¬¥−¨ ®¯à¥¤¥«ï¥â ¥áâ¥áâ¢¥−−ë¬ à®¦¤¥−¨¥ à¥-
¡¥−ª� ¯®á«¥ §�ª«îç¥−¨ï ¡à�ª�;

{ ¡à�ª ¤«ï −¨¦−¨å ç¨−®¢ ¢ ¯à¨−æ¨¯¥ ¤®¯ãáª�«áï á à�§à¥è¥−¨ï −�ç�«ìáâ¢�,
−® ä�ªâ¨ç¥áª¨ ¡ë« ¢®§¬®¦¥− â®«ìª® ¯®á«¥ ã¢®«ì−¥−¨ï ¢ §�¯�á;

{ ¡¨®«®£¨ç¥áª�ï −®à¬� ®¯à¥¤¥«ï¥â −®à¬�«ì−ë© áà®ª ¡¥à¥¬¥−−®áâ¨ ¢ 9 ¬¥-
áïæ¥¢.

‘®¯®áâ�¢«¥−¨¥ ¢à¥¬¥−−‚ëå ¨−â¥à¢�«®¢ ¯®§¢®«ï¥â ¢ëï¢¨âì á«¥¤ãîé¥¥ ®£à�-
−¨ç¥−¨¥: ®¡ê¥ªâ ¨§ãç¥−¨ï à®¤¨«áï, áª®à¥¥ ¢á¥£®, −¥ ¯®§¦¥ 1860 £. �à¨ íâ®¬
¨áá«¥¤®¢�â¥«î á«¥¤ã¥â ¨¬¥âì ¢ ¢¨¤ã, çâ® ¢®§¬®¦−ë ®¡áâ®ïâ¥«ìáâ¢�, ¯à¨ ª®â®àëå
¤�−−ë¥ ®£à�−¨ç¥−¨ï ¬®£ãâ −¥ ¤¥©áâ¢®¢�âì: á®ªà�é¥−−ë© áà®ª á«ã¦¡ë, à®¦¤¥−¨¥
à¥¡¥−ª� ¢−¥ ¡à�ª� ¨ â. ¯. �â¨ ®¡áâ®ïâ¥«ìáâ¢� ¤®«¦−ë ¡ëâì ¯à®¢¥à¥−ë ¢ à�¬ª�å
¨áá«¥¤®¢�−¨ï.

4 Алгоритм сопоставления фактов

÷�¡®â� �«£®à¨â¬� −�ç¨−�¥âáï á ãª�§�−¨ï ¯®«ì§®¢�â¥«¥¬ ®¡ê¥ªâ� (í«¥¬¥−â�
á¥â¨ íª§¥¬¯«ïà®¢), ¤«ï ª®â®à®£® âà¥¡ã¥âáï ãâ®ç−¥−¨¥ ¤�â¨à®¢®ª á¢ï§�−−ëå á −¨¬
á®¡ëâ¨©. �«£®à¨â¬ ¨é¥â â¥¬¯®à�«ì−ë¥ �âà¨¡ãâë T = {τi} á −¥ãáâ�−®¢«¥−−ë¬¨
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§−�ç¥−¨ï¬¨ ¤«ï íâ®£® ®¡ê¥ªâ� ¨ ¤«ï ®¡ê¥ªâ®¢, á �âà¨¡ãâ�¬¨ ª®â®àëå §�¤�−−ë©
¯®«ì§®¢�â¥«¥¬ ®¡ê¥ªâ á¢ï§�− á¢ï§ìî ú§−�ç¥−¨¥û, â. ¥. ¢ëï¢«ï¥â á®¡ëâ¨ï ¡¥§
¤�â¨à®¢ª¨, ®ä®à¬«¥−−ë¥ ª�ª �âà¨¡ãâë ¤�−−®£® ®¡ê¥ªâ� ¨ ª�ª á�¬®áâ®ïâ¥«ì−ë¥
áãé−®áâ¨, ª ª®â®àë¬ íâ®â ®¡ê¥ªâ ¯à¨¢ï§�− ª�ª ãç�áâ−¨ª [2].

‡�¤�ç� á®¯®áâ�¢«¥−¨ï á®áâ®¨â ¢ −�å®¦¤¥−¨¨ â�ª¨å ¢®§¬®¦−ëå £à�−¨ç−ëå
§−�ç¥−¨© ¢ëï¢«¥−−ëå â¥¬¯®à�«ì−ëå �âà¨¡ãâ®¢ T , ¯à¨ ª®â®àëå −¥ ¢®§−¨ª�-
¥â ¯à®â¨¢®à¥ç¨©, ¬¥å�−¨§¬ ¯à®¢¥àª¨ ª®â®àëå ®¯à¥¤¥«¥− [6] ¨ ¡�§¨àã¥âáï −�
¯à¥æ¥¤¥−â�å, §�¤�−−ëå ¯®«ì§®¢�â¥«ï¬¨. �à¨ íâ®¬ ¤«ï ª�¦¤®£® ¯à¥æ¥¤¥−â�
ä¨ªá¨àãîâáï:

{ −�¡®à ãá«®¢¨© á®®â¢¥âáâ¢¨ï −®à¬�«ï¬;

{ −�¡®à ãá«®¢¨© ¯à®â¨¢®à¥ç¨ï.

“á«®¢¨¥ ¯à®â¨¢®à¥ç¨ï ¯à¥¤áâ�¢«ï¥â á®¡®© ááë«ªã −� −®à¬�«ì ¨ «®£¨ª®-�à¨ä-
¬¥â¨ç¥áª®¥ ¢ëà�¦¥−¨¥ −�¤ §−�ç¥−¨ï¬¨ �âà¨¡ãâ®¢ −¥ª¨å ®¡ê¥ªâ®¢, ¨áâ¨−−®áâì
ª®â®à®£® ï¢«ï¥âáï âà¥¡®¢�−¨¥¬ −®à¬�«¨, −® −¥ ¢ë¯®«−ï¥âáï ¢ à¥�«ì−®áâ¨ ¤«ï
¤�−−ëå ®¡ê¥ªâ®¢, ¢ ç¥¬ ¨ ¯à®ï¢«ï¥âáï ¯à®â¨¢®à¥ç¨¥.

“á«®¢¨¥ á®®â¢¥âáâ¢¨ï −®à¬�«¨ ®¯à¥¤¥«ï¥â ¯à¨¬¥−¨¬®áâì −®à¬�«¨ ª ¤�−−®©
á¨âã�æ¨¨. “á«®¢¨ï à�§¤¥«ïîâáï −� â¥¬¯®à�«ì−ë¥ ¨ ¯à®ç¨¥. �¡ï§�â¥«ì−®¥
â¥¬¯®à�«ì−®¥ ãá«®¢¨¥ ®¯à¥¤¥«ï¥â á®®â¢¥âáâ¢¨¥ ¤�âë ®á−®¢−®£® á®¡ëâ¨ï áà®ª�¬
¤¥©áâ¢¨ï −®à¬�«¨. ’�ª®¥ ãá«®¢¨¥ §�¤�¥âáï ááë«ª®© −� −®à¬�«ì ¨ §−�ç¥−¨¥¬
â¥¬¯®à�«ì−®£® �âà¨¡ãâ�. �à®ç¨¥ ãá«®¢¨ï §�¤�îâáï �−�«®£¨ç−® ãá«®¢¨ï¬ ¯à®-
â¨¢®à¥ç¨ï, â. ¥. ááë«ª®© −� −®à¬�«ì ¨ «®£¨ª®-�à¨ä¬¥â¨ç¥áª¨¬ ¢ëà�¦¥−¨¥¬ −�¤
§−�ç¥−¨ï¬¨ �âà¨¡ãâ®¢ −¥ª¨å ®¡ê¥ªâ®¢, ¨áâ¨−−®áâì ª®â®à®£® á«ã¦¨â ªà¨â¥à¨¥¬
¯à¨¬¥−¨¬®áâ¨ −®à¬�«¨.

„«ï ª�¦¤®£® −�¡®à� §−�ç¥−¨© ¢ëï¢«¥−−ëå â¥¬¯®à�«ì−ëå �âà¨¡ãâ®¢, ¤«ï
ª®â®àëå ¨áå®¤−® §−�ç¥−¨ï −¥ §�¤�−ë, ¬¥å�−¨§¬®¬ ¯®¨áª� ¯à®â¨¢®à¥ç¨© ¬®¦¥â
¡ëâì ¯à®¢¥à¥−® −�«¨ç¨¥ ¨«¨ ®âáãâáâ¢¨¥ ¯à®â¨¢®à¥ç¨© á ¯®¬®éìî á®®â¢¥âáâ¢ã-
îé¥£® ¬¥å�−¨§¬� [6]. �à¨ −�«¨ç¨¨ ¯à®â¨¢®à¥ç¨© −�¡®à §−�ç¥−¨© ¡ã¤¥¬ −�§ë¢�âì
¯à®â¨¢®à¥ç¨¢ë¬, ¢ ¯à®â¨¢−®¬ á«ãç�¥ | −¥¯à®â¨¢®à¥ç¨¢ë¬. –¥«ì à�¡®âë ®¯¨-
áë¢�¥¬®£® �«£®à¨â¬� | ¢ëï¢«¥−¨¥ ¬¨−¨¬�«ì−®£® (á ¬¨−¨¬�«ì−ë¬¨ §−�ç¥−¨ï¬¨)
¨ ¬�ªá¨¬�«ì−®£® (á ¬�ªá¨¬�«ì−ë¬¨ §−�ç¥−¨ï¬¨) −¥¯à®â¨¢®à¥ç¨¢ëå −�¡®à®¢, â. ¥.
®¯à¥¤¥«¥−¨¥ £à�−¨æ ¤®¯ãáâ¨¬ëå §−�ç¥−¨© â¥¬¯®à�«ì−ëå �âà¨¡ãâ®¢ T .

‘âà®¨âì �«£®à¨â¬ −� ¯¥à¥¡®à¥ ¢á¥å ¢®§¬®¦−ëå §−�ç¥−¨© ¢ëï¢«¥−−ëå â¥¬-
¯®à�«ì−ëå �âà¨¡ãâ®¢ á æ¥«ìî ®¯à¥¤¥«¥−¨ï ¤®¯ãáâ¨¬ëå £à�−¨æ −¥¢®§¬®¦−®,
¯®áª®«ìªã ¯à®¢¥àï¥¬ë¥ ¤¨�¯�§®−ë ¤®«¦−ë ¡ëâì ¯® ¤«¨â¥«ì−®áâ¨ áà�¢−¨¬ë á®
áà®ª®¬ ç¥«®¢¥ç¥áª®© ¦¨§−¨ (¤¥áïâª¨ «¥â), ¨ ¯à¨ −�«¨ç¨¨ ®ª®«® ¤¥áïâª� «�ªã−
¢ ¤�â¨à®¢ª�å á®¡ëâ¨© ¨§ ¦¨§−¨ ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨ï (çâ® ¯® ®¯ëâã à¥�«ì−ëå
¨áá«¥¤®¢�−¨© á«ã¦¨â ¢¯®«−¥ ¯à�¢¤®¯®¤®¡−®© ®æ¥−ª®©), ®¡ê¥¬ ¯¥à¥¡®à� á®áâ�¢¨â
¡®«¥¥ 1035 ¢�à¨�−â®¢. �®íâ®¬ã ¯à¨ ¯®áâà®¥−¨¨ �«£®à¨â¬� æ¥«¥á®®¡à�§−® ®¯¥-
à¥âìáï −� á¯¥æ¨ä¨ç¥áªãî áâàãªâãàã ãá«®¢¨© ¢ ®¯¨á�−¨¨ ¯à¥æ¥¤¥−â®¢ ¨§ −�¡®à®¢
ãá«®¢¨© á®®â¢¥âáâ¢¨ï −®à¬�«ï¬ ¨ −�¡®à®¢ ãá«®¢¨© ¯à®â¨¢®à¥ç¨ï.

Š�¦¤®¥ ãá«®¢¨¥ ï¢«ï¥âáï «®£¨ª®-�à¨ä¬¥â¨ç¥áª¨¬ ¢ëà�¦¥−¨¥¬ −�¤ §−�ç¥−¨-
ï¬¨ �âà¨¡ãâ®¢ ®¡ê¥ªâ®¢, â. ¥. «®£¨ç¥áª¨¬ ¢ëà�¦¥−¨¥¬, ª®â®à®¥ ¡¥§ ®£à�−¨ç¥−¨ï
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Œ¥å�−¨§¬ â¥¬¯®à�«ì−®£® á®¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢

®¡é−®áâ¨ ¬®¦−® áç¨â�âì ¯à¥¤áâ�¢«¥−−ë¬ ¢ ¤¨§êî−ªâ¨¢−®© −®à¬�«ì−®© ä®à¬¥
(„�”), â. ¥. ¢ ä®à¬¥ ¤¨§êî−ªæ¨¨ ª®−êî−ªæ¨© «¨â¥à�«®¢, ¢ ª�ç¥áâ¢¥ «¨â¥à�-
«®¢ ª®â®à®£® ¢ëáâã¯�îâ �à¨ä¬¥â¨ç¥áª¨¥ ãá«®¢¨ï −� §−�ç¥−¨ï �âà¨¡ãâ®¢. �â¨
�à¨ä¬¥â¨ç¥áª¨¥ ãá«®¢¨ï ¯à¥¤áâ�¢«ïîâ á®¡®© −¥à�¢¥−áâ¢® ¨«¨ à�¢¥−áâ¢® á ª®−-
áâ�−â®© ¢ ¯à�¢®© ç�áâ¨ ¨ �à¨ä¬¥â¨ç¥áª¨¬ ¢ëà�¦¥−¨¥¬ −�¤ §−�ç¥−¨ï¬¨ �âà¨¡ãâ®¢
¢ «¥¢®©. �® ®¯ëâã à¥�«ì−ëå ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨© ¨ ¨áå®¤ï ¨§
§¤à�¢®£® á¬ëá«� ¬®¦−® áç¨â�âì, çâ® ãá«®¢¨ï −� â¥¬¯®à�«ì−ë¥ �âà¨¡ãâë ®¡ê¥ªâ®¢
¨áá«¥¤®¢�−¨ï ¬®£ãâ §�¤�¢�âì «¨¡® âà¥¡®¢�−¨¥ ¢å®¦¤¥−¨ï ¤�âë ¢ ®¯à¥¤¥«¥−−ë©
¤¨�¯�§®−, «¨¡® âà¥¡®¢�−¨¥ ¢å®¦¤¥−¨ï à�§−¨æë ¤¢ãå ¤�â ¢ ®¯à¥¤¥«¥−−ë© ¤¨�¯�-
§®−. �®íâ®¬ã ¤«ï â¥¬¯®à�«ì−ëå �âà¨¡ãâ®¢ «¥¢�ï ç�áâì �à¨ä¬¥â¨ç¥áª®£® ãá«®¢¨ï
¬®¦¥â ¡ëâì «¨¡® §−�ç¥−¨¥¬ �âà¨¡ãâ�, «¨¡® à�§−¨æ¥© §−�ç¥−¨© ¤¢ãå �âà¨¡ãâ®¢.

�à¨ä¬¥â¨ç¥áª¨¥ ãá«®¢¨ï, −¥ §�¢¨áïé¨¥ ®â §−�ç¥−¨© ¢ëï¢«¥−−ëå â¥¬¯®à�«ì-
−ëå �âà¨¡ãâ®¢T , ¬®¦−® áç¨â�âì «®£¨ç¥áª¨¬¨ ª®−áâ�−â�¬¨, ¯®áª®«ìªã ®−¨ ¢ëç¨á-
«ïîâáï ®¤−®ªà�â−®. ‘«¥¤®¢�â¥«ì−®, ãá«®¢¨ï á®®â¢¥âáâ¢¨ï −®à¬�«ï¬ ¨ ãá«®¢¨ï
¯à®â¨¢®à¥ç¨ï ¯® ®¯à¥¤¥«¥−¨î „�” ¨ ¢ á®®â¢¥âáâ¢¨¨ á ®¯¨á�−−ë¬ ¢ëè¥ ¢¨¤®¬
�à¨ä¬¥â¨ç¥áª¨å ãá«®¢¨©, á®¤¥à¦�é¨å â¥¬¯®à�«ì−ë¥ �âà¨¡ãâë τi ∈ T , ¬®£ãâ
¡ëâì ¯à¥¤áâ�¢«¥−ë ¢ ä®à¬¥ á®¢®ªã¯−®áâ¨ á¨áâ¥¬ «¨−¥©−ëå −¥à�¢¥−áâ¢ ¨«¨ ãà�¢-
−¥−¨©, ¨ §�¤�ç� á¢®¤¨âáï ª −�å®¦¤¥−¨î max τi ¨ min τi ¯à¨ ®£à�−¨ç¥−¨ïå,
§�¤�−−ëå á¨áâ¥¬�¬¨ «¨−¥©−ëå ®â−®á¨â¥«ì−® T ãà�¢−¥−¨© ¨«¨ −¥à�¢¥−áâ¢. �à¨
â�ª®© ¯®áâ�−®¢ª¥ §�¤�ç� á¢®¤¨âáï ª §�¤�ç¥ «¨−¥©−®£® ¯à®£à�¬¬¨à®¢�−¨ï ¢ ®¡é¥©
ä®à¬¥: −�å®¦¤¥−¨¥ −�¨¡®«ìè¥£® (−�¨¬¥−ìè¥£®) §−�ç¥−¨ï «¨−¥©−®© äã−ªæ¨¨
¬−®£¨å ¯¥à¥¬¥−−ëå ¯à¨ «¨−¥©−ëå ®£à�−¨ç¥−¨ïå â¨¯� à�¢¥−áâ¢ (¨«¨ −¥à�¢¥−áâ¢),
ª®£¤� −� ¯¥à¥¬¥−−ë¥ ¥áâì (¨«¨ −¥â) ®£à�−¨ç¥−¨ï −� §−�ª [9].

Œ¥â®¤ë à¥è¥−¨ï §�¤�ç «¨−¥©−®£® ¯à®£à�¬¬¨à®¢�−¨ï à�§à�¡®â�−ë ¨ ¯®¤à®¡-
−® ¨§«®¦¥−ë ¢ á®®â¢¥âáâ¢ãîé¥© «¨â¥à�âãà¥ [10]. �� ¯à�ªâ¨ª¥ ¢ëá®ªãî íää¥ª-
â¨¢−®áâì ¯®ª�§�« á¨¬¯«¥ªá-¬¥â®¤ [11], ª®â®àë© ¨ ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì ¤«ï
à¥è¥−¨ï §�¤�ç¨ á®¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢.

5 Выводы

�à¥¤«®¦¥−−ë© ¬¥å�−¨§¬ �¢â®¬�â¨§¨à®¢�−−®£® á®¯®áâ�¢«¥−¨ï ¨áâ®à¨ª®-¡¨®-
£à�ä¨ç¥áª¨å ä�ªâ®¢ áãé¥áâ¢¥−−® ¤®¯®«−ï¥â ¨ à�§¢¨¢�¥â â¥å−®«®£¨î �Šˆˆ,
®à¨¥−â¨à®¢�−−®© −� è¨à®ª¨© ªàã£ −¥ ï¢«ïîé¨åáï ¯à®ä¥áá¨®−�«ì−ë¬¨ ¨áâ®à¨-
ª�¬¨ ¨ ¡¨®£à�ä�¬¨ ¯®«ì§®¢�â¥«¥©, çâ® ®ç¥−ì �ªâã�«ì−® ¢ á¢ï§¨ á® ¢á¥ ¢®§à�áâ�-
îé¨¬ ®¡é¥áâ¢¥−−ë¬ ¨−â¥à¥á®¬ ª ç�áâ−®©, á¥¬¥©−®© ¨áâ®à¨¨.

„�−−ë© ¬¥å�−¨§¬ ¯®¬¨¬® à¥è¥−¨ï á¢®¥© ®á−®¢−®© §�¤�ç¨ ®¯à¥¤¥«¥−¨ï ¯®-
á«¥¤®¢�â¥«ì−®áâ¨ á®¡ëâ¨© ¨ ãâ®ç−¥−¨ï ¨å ¤�â¨à®¢ª¨ à�áè¨àï¥â ¢®§¬®¦−®áâ¨
¯®¤á¨áâ¥¬ë ¯®¨áª� ¯à®â¨¢®à¥ç¨©, ¯®áª®«ìªã ¯®§¢®«ï¥â ¢ëï¢¨âì â¥¬¯®à�«ì−ë¥
¯à®â¨¢®à¥ç¨ï ¢ £àã¯¯¥ ä�ªâ®¢, ¤�¦¥ ¥á«¨ ®âáãâáâ¢ã¥â ¨å â®ç−�ï ¯à¨¢ï§ª� ª ®á¨
¢à¥¬¥−¨. ‚ íâ®¬ á«ãç�¥ ¯®¤á¨áâ¥¬� ¯®¨áª� ¯à®â¨¢®à¥ç¨© −¥¯à¨¬¥−¨¬�, −®
¯®áâà®¥−−ë© −� ¥¥ ¡�§¥ ¬¥å�−¨§¬ á®¯®áâ�¢«¥−¨ï ä�ªâ®¢ ¬®¦¥â ¡ëâì á¯®á®¡¥−
®¯à¥¤¥«¨âì, çâ® ¤®¯ãáâ¨¬ë¥ ¢à¥¬¥−−‚ë¥ ¨−â¥à¢�«ë ¤«ï à�áá¬�âà¨¢�¥¬ëå ä�ªâ®¢
¯ãáâë, ¨§ ç¥£® ¡ã¤¥â á«¥¤®¢�âì, çâ® ¨−â¥à¯à¥â�æ¨ï ¨áá«¥¤®¢�â¥«¥¬ á®¡ëâ¨© ¨§
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ˆ. Œ. �¤�¬®¢¨ç, �. ˆ. ‚®«ª®¢

¦¨§−¨ ®¡ê¥ªâ� ¨áá«¥¤®¢�−¨ï, ¨å ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨ ¢§�¨¬®á¢ï§¨ −¥¢¥à−�,
¨ ¥¬ã á«¥¤ã¥â áª®−æ¥−âà¨à®¢�âì á¢®¨ ãá¨«¨ï −� ¯®¨áª¥ ¤®¯®«−¨â¥«ì−®© ¨−ä®à-
¬�æ¨¨, á¯®á®¡−®© ¤�âì ¨áá«¥¤®¢�−¨î −®¢ë© ¨¬¯ã«ìá. ’�ª¨¥ á¨âã�æ¨¨ ç�áâ®
¢®§−¨ª�îâ ¢ à¥�«ì−ëå ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ¨áá«¥¤®¢�−¨ïå, ¨ ¨−áâàã¬¥−â
¤«ï ¨å �¢â®¬�â¨§¨à®¢�−−®© ®¡à�¡®âª¨ ®ç¥−ì ¢®áâà¥¡®¢�−.
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Mechanism of temporal comparison of concrete-historical facts

MECHANISM OF TEMPORAL COMPARISON
OF CONCRETE-HISTORICAL FACTS

I. M. Adamovich and O. I. Volkov

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

Abstract: The article continues the series of works devoted to the technology of
concrete historical research supporting. The technology is based on the principles
of co-creation and crowdsourcing and is designed for a wide range of users which
are not professional historians and biographers. The article is devoted to the
further development of the technology by integrating the mechanism of temporal
comparison of concrete-historical facts. The main directions of facts comparison
in concrete-historical research are given. The high significance of the subtask
of facts comparison and linking along the time axis in order to determine the
sequence of events in the life of the object of research and clarify their dating
is established. The approach to automation of this subtask in the context of the
technology based on the mechanism for the automated search for contradictions
in concrete-historical information is proposed. The possibility of reducing the
problem of finding admissible time intervals to the linear programming problem
is shown. The use of the Simplex algorithm for implementation of the algorithm
of temporal comparison of concrete-historical facts is reasoned.

Keywords: concrete historical investigation; distributed technology; facts
comparison; historical-biographical fact; linear programming
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БЛОКЧЕЙН-ТЕХНОЛОГИИ НОРМАЛИЗОВАННОГО
БЮДЖЕТНОГО ОБЕСПЕЧЕНИЯ НАЦИОНАЛЬНЫХ

ПРОЕКТОВ

А. В. Ильин1, В. Д. Ильин2

�−−®â�æ¨ï: �«®ªç¥©−-â¥å−®«®£¨¨ −®à¬�«¨§®¢�−−®£® ¡î¤¦¥â−®£® ®¡¥á¯¥-
ç¥−¨ï (���-â¥å−®«®£¨¨) à�áá¬�âà¨¢�îâáï ª�ª ¨−áâàã¬¥−â�«ì−ë¥ áà¥¤áâ¢�,
−¥®¡å®¤¨¬ë¥ ¤«ï à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï à�§à�¡®âª¨ ¨ ¨á¯®«−¥−¨ï −�æ¨®-
−�«ì−ëå ¯à®¥ªâ®¢ §�é¨âë ¨ à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë. ÷�áá¬�âà¨¢�¥¬�ï
¢ áâ�âì¥ ç�áâì ¬¥â®¤®«®£¨ç¥áª®£® ®¡¥á¯¥ç¥−¨ï à�§à�¡®â®ª ���-â¥å−®«®£¨©
¢ª«îç�¥â ¬¥â®¤®«®£¨¨ á¨âã�æ¨®−−®£® ®−«�©−-¡î¤¦¥â¨à®¢�−¨ï ¨ −®à¬�«¨-
§®¢�−−®£® â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï. �−«�©−-¯«�−¨à®¢�−¨¥ ¡î¤¦¥â�
à�áá¬�âà¨¢�¥âáï ª�ª §�¤�ç� ¨−â¥à¢�«ì−®£® ¯«�−¨à®¢�−¨ï à�áå®¤®¢ á ãç¥â®¬
á¨âã�æ¨®−−® §�¢¨á¨¬ëå ®¡ï§�â¥«ì−ëå ¨ ®à¨¥−â¨àãîé¨å âà¥¡®¢�−¨© ª ¨áª®-
¬®¬ã à¥è¥−¨î. ‡�¤�ç� à¥è�¥âáï ¬¥â®¤®¬ æ¥«¥¢®£® ¯¥à¥¬¥é¥−¨ï à¥è¥−¨ï
¢ à¥¦¨¬¥ ¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−â�. Œ¥â®¤®«®£¨ï −®à¬�«¨§®¢�−−®£®
â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï ¢ª«îç�¥â ¬¥â®¤ë ä®à¬¨à®¢�−¨ï ¨ à¥�«¨§�æ¨¨
¤®£®¢®à−ëå ®â−®è¥−¨© ¢ æ¨äà®¢®© áà¥¤¥, ¯«�â¥¦−®£® ¨ â®¢�à−®£® ªà¥¤¨-
â®¢�−¨ï, ®−«�©−-¡�−ª¨−£� −� ®á−®¢¥ ¡�−ª®¢-¯à®¢�©¤¥à®¢, ª®à¯®à�â¨¢−ëå
¨ ¯¥àá®−�«ì−ëå í«¥ªâà®−−ëå ¡�−ª®¢. �«®ªç¥©−-â¥å−®«®£¨¨ −®à¬�«¨§®¢�−-
−®£® ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï ¯à�ªâ¨ç¥áª¨ ¨áª«îç�îâ −¥§�¯«�−¨à®¢�−−®¥
¨á¯®«ì§®¢�−¨¥ ¡î¤¦¥â−ëå áà¥¤áâ¢.

Š«îç¥¢ë¥ á«®¢�: ¡«®ªç¥©−-â¥å−®«®£¨¨ −®à¬�«¨§®¢�−−®£® ¡î¤¦¥â−®£® ®¡¥á-
¯¥ç¥−¨ï (���-â¥å−®«®£¨¨); à¥áãàá−®¥ ®¡¥á¯¥ç¥−¨¥ −�æ¨®−�«ì−ëå ¯à®¥ªâ®¢
§�é¨âë ¨ à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë; á¨âã�æ¨®−−®¥ ®−«�©−-¡î¤¦¥â¨à®¢�-
−¨¥; −®à¬�«¨§®¢�−−®¥ â®¢�à−®-¤¥−¥¦−®¥ ®¡à�é¥−¨¥

DOI: 10.14357/08696527200414

1 Введение

��æ¨®−�«ì−ë¥ ¯à®¥ªâë (−�æ¯à®¥ªâë) [1] à�§à�¡�âë¢�îâáï ¨ à¥�«¨§ãîâáï,
çâ®¡ë ®¡¥á¯¥ç¨âì §�é¨âã ¨ à�§¢¨â¨¥ ¯®â¥−æ¨�«� áâà�−ë [2]. ‚ ÷®áá¨¨ §�¤�ç�¬¨
à�§à�¡®âª¨, à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï, ¨á¯®«−¥−¨ï ¨ ª®−âà®«ï à¥§ã«ìâ�â¨¢−®áâ¨
−�æ¯à®¥ªâ®¢ §�−¨¬�îâáï ä¥¤¥à�«ì−ë¥ ¬¨−¨áâ¥àáâ¢� ¨ ¢¥¤®¬áâ¢� (Œ¨−íª®−®¬-

1ƒ®áã¤�àáâ¢¥−−ë© −�ãç−®-¨áá«¥¤®¢�â¥«ìáª¨© ¨−áâ¨âãâ �¢¨�æ¨®−−ëå á¨áâ¥¬,
ilyin@res-plan.com

2‚ëç¨á«¨â¥«ì−ë© æ¥−âà ¨¬. �. �. „®à®¤−¨æë−� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vdilyin@yandex.ru

147



�. ‚. ˆ«ì¨−, ‚. „. ˆ«ì¨−

à�§¢¨â¨ï1, Œ¨−ä¨−2, Š�§−�ç¥©áâ¢®3 ¨ ‘ç¥â−�ï ¯�«�â�4) ¢® ¢§�¨¬®¤¥©áâ¢¨¨
á ®à£�−�¬¨ ¢«�áâ¨ áã¡ê¥ªâ®¢ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨.

�¤−®© ¨§ §�¤�ç à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï −�æ¯à®¥ªâ®¢ ï¢«ï¥âáï §�¤�ç� ¡î¤-
¦¥â−®£® ®¡¥á¯¥ç¥−¨ï.

�«®ªç¥©−-â¥å−®«®£¨¨ ¢ �àá¥−�«¥ á®¢à¥¬¥−−ëå â¥å−®«®£¨© æ¨äà®¢®©
íª®−®¬¨ª¨ [3{10]. ‚ ÷®áá¨¨ ¡«®ªç¥©−-â¥å−®«®£¨¨ −�¨¡®«¥¥ ãá¯¥è−® ¯à¨¬¥−ï-
îâáï −� ¯à¥¤¯à¨ïâ¨ïå í−¥à£¥â¨ª¨, ¤®¡ë¢�îé¥© ¨ ®¡à�¡�âë¢�îé¥© ¯à®¬ëè«¥−-
−®áâ¨, ¢ ä¨−�−á®¢ëå ãçà¥¦¤¥−¨ïå ¨ «®£¨áâ¨ª¥. �á−®¢−ë¥ ®¡«�áâ¨ ¯à¨¬¥−¥−¨ï:
ª®−âà®«ì ¯®áâ�¢®ª ¯à®¤ãªæ¨¨; ®¡¬¥− ¤®ªã¬¥−â�æ¨¥© ¯à¨ á¤¥«ª�å. ˆ−â¥−á¨¢−®
ã¢¥«¨ç¨¢�¥âáï ç¨á«® ¡«®ªç¥©−-¯à®¥ªâ®¢ á æ¥«ìî: à�æ¨®−�«¨§�æ¨¨ ª®à¯®à�â¨¢-
−®£® ¤®ªã¬¥−â®®¡®à®â�; â®ª¥−¨§�æ¨¨5 ¯à®¤ãªæ¨¨ ¨ ä¨−�−á®¢ëå ¨−áâàã¬¥−â®¢;
¡¥§®¯�á−ëå ¯«�â¥¦¥©; ª®−âà®«ï ¯®áâ�¢®ª. ‘®§¤�¥âáï ¡«®ªç¥©−-¨−äà�áâàãªâãà�
àë−ª� ¨−â¥««¥ªâã�«ì−®© á®¡áâ¢¥−−®áâ¨ [11].

‡�¯¨áì ä®à¬ã« ¨ ¢ë¤¥«¥−¨¥ äà�£¬¥−â®¢ â¥ªáâ�. „«ï ¢ë¤¥«¥−¨ï ®¯à¥¤¥«¥-
−¨©, §�¬¥ç�−¨© ¨ ¯à¨¬¥à®¢ ¨á¯®«ì§ãîâáï áà¥¤áâ¢� ï§ëª� TSM-ª®¬¯«¥ªá� (TSM:
textual symbolic modeling), à�§à�¡®â�−−®£® ¤«ï ä®à¬�«¨§®¢�−−®£® ®¯¨á�−¨ï â¥ª-
áâ®¢ëå ¬®¤¥«¥© [12].

‚ áâ�âì¥ ¯à¨¬¥−¥−ë á«¥¤ãîé¨¥ áà¥¤áâ¢� ¢ë¤¥«¥−¨ï äà�£¬¥−â®¢ â¥ªáâ�:
� 〈äà�£¬¥−â ®¯¨á�−¨ï〉 � ≈ ãâ¢¥à¦¤¥−¨¥ (®¯à¥¤¥«¥−¨¥, �ªá¨®¬� ¨ ¤à.) (§¤¥áì
¨ ¤�«¥¥ á¨¬¢®« ≈ §�¬¥−ï¥â á«®¢® ú®§−�ç�¥âû);

♦ 〈äà�£¬¥−â ®¯¨á�−¨ï〉 ♦ ≈ §�¬¥ç�−¨¥;
© 〈äà�£¬¥−â ®¯¨á�−¨ï〉 © ≈ ¯à¨¬¥à.
Šãàá¨¢®¬ ¢ë¤¥«¥−ë ¯¥à¢ë¥ ¢å®¦¤¥−¨ï −�§¢�−¨© ¯®−ïâ¨© ¨ äà�£¬¥−âë ®¯¨-

á�−¨ï, ª ª®â®àë¬ �¢â®àë å®âïâ ¯à¨¢«¥çì ¢−¨¬�−¨¥.
�¡áã¦¤�¥¬ë¥ à¥§ã«ìâ�âë. �à¥¤áâ�¢«¥−� ç�áâì à¥§ã«ìâ�â®¢ ¬¥â®¤®«®£¨-

ç¥áª®£® ®¡¥á¯¥ç¥−¨ï à�§à�¡®âª¨ ¡«®ªç¥©−-â¥å−®«®£¨© £®áã¤�àáâ¢¥−−®£® ¯«�−¨-
à®¢�−¨ï ¨ ã¯à�¢«¥−¨ï ¯à®æ¥áá�¬¨ §�é¨âë ¨ à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë.
÷¥§ã«ìâ�âë ¯®«ãç¥−ë ¯à¨ ¢ë¯®«−¥−¨¨ −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®© à�¡®âë úŒ®-
¤¥«¨à®¢�−¨¥ á®æ¨�«ì−ëå, íª®−®¬¨ç¥áª¨å ¨ íª®«®£¨ç¥áª¨å ¯à®æ¥áá®¢û (ü 0063-
2016-0005), ¢ë¯®«−ï¥¬®© ¢ á®®â¢¥âáâ¢¨¨ á £®áã¤�àáâ¢¥−−ë¬ §�¤�−¨¥¬ ”���
÷®áá¨¨ ¤«ï ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥-
−¨¥û ÷��. �−¨ á«ã¦�â â¥¬�â¨ç¥áª¨¬ ¤®¯®«−¥−¨¥¬ ¨ à�§¢¨â¨¥¬ à¥§ã«ìâ�â®¢ ¨á-
á«¥¤®¢�−¨©, ¯®á¢ïé¥−−ëå á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨
−�á¥«¥−¨ï áâà�−ë, à�áá¬�âà¨¢�¥¬®© ª�ª á®¢®ªã¯−®áâì ®¡à�§®¢�â¥«ì−®©, ¯à®¨§-
¢®¤áâ¢¥−−®© ¨ ¤àã£¨å ¢¨¤®¢ ¤¥ïâ¥«ì−®áâ¨ [13].

1Œ¨−¨áâ¥àáâ¢® íª®−®¬¨ç¥áª®£® à�§¢¨â¨ï ÷®áá¨©áª®© ”¥¤¥à�æ¨¨. �à¨®à¨â¥â−ë¥ −�¯à�¢«¥−¨ï.
https://www.economy.gov.ru/material/directions.

2Œ¨−¨áâ¥àáâ¢® ä¨−�−á®¢ ÷®áá¨©áª®© ”¥¤¥à�æ¨¨. �ã¡«¨ç−ë¥ æ¥«¨. https://min¦n.gov.ru/ru/
?fullversion=1.

3Š�§−�ç¥©áâ¢® ÷®áá¨¨. http://www.roskazna.ru/o-kaznachejstve.
4‘ç¥â−�ï ¯�«�â� ÷®áá¨©áª®© ”¥¤¥à�æ¨¨. https://ach.gov.ru/about.
5’®ª¥− | ã−¨ª�«ì−ë© è¨äà®¢�−−ë© ª®¤, á®®â¢¥âáâ¢ãîé¨© −¥ª®â®à®¬ã ®¡ê¥ªâã.
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♦ Œ�â¥à¨�« áâ�âì¨ �¤à¥á®¢�− ¯à¥¦¤¥ ¢á¥£® ¨áá«¥¤®¢�â¥«ï¬, §�−¨¬�îé¨¬áï
¬¥â®¤®«®£¨ç¥áª¨¬ ®¡¥á¯¥ç¥−¨¥¬ à�§à�¡®â®ª ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© æ¨ä-
à®¢®© íª®−®¬¨ª¨. ♦

2 Основы концепции нормализованного бюджетного обеспечения
нацпроектов

� �®â¥−æ¨�« áâà�−ë ª�ª à¥áãàá−®¥ ®á−®¢�−¨¥ ¥¥ ®¡®à®−®á¯®á®¡−®áâ¨ ¨ á®-
æ¨�«ì−®-íª®−®¬¨ç¥áª®£® à�§¢¨â¨ï ®¯à¥¤¥«ï¥âáï å�à�ªâ¥à¨áâ¨ª�¬¨ −�á¥«¥−¨ï,
áà¥¤ë ®¡¨â�−¨ï ¨ á¨áâ¥¬ ®à£�−¨§�æ¨¨ ¨ ®¡¥á¯¥ç¥−¨ï ¦¨§−¨. �

ˆ§¬¥−¥−¨¥ ¯®â¥−æ¨�«� áâà�−ë ¯®§¢®«ï¥â áã¤¨âì ® á®áâ®ï−¨¨ ®¡ê¥ªâ� £®áã-
¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï (®¤−®© ¨§ ä®à¬ ª®â®à®£® ï¢«ï¥âáï à¥�«¨§�æ¨ï −�æ¯à®-
¥ªâ®¢). ♦ �à¨®à¨â¥â−ë© á¯¨á®ª ¯®ª�§�â¥«¥© ãà®¢−ï à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë
¨ ¨å ¨áâ®«ª®¢�−¨¥ (¢ª«îç�îé¥¥ á¯®á®¡ë ®æ¥−ª¨ ¨ áâ¨¬ã«¨à®¢�−¨ï ¨§¬¥−¥−¨©)
á®áâ�¢«ïîâ ®á−®¢ã £®áã¤�àáâ¢¥−−®£® ¯«�−¨à®¢�−¨ï ¨ ã¯à�¢«¥−¨ï ¯à®æ¥áá�¬¨
à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë [2]. ♦

�«®ªç¥©−-â¥å−®«®£¨¨ −®à¬�«¨§®¢�−−®£® ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï, ¯®§¢®«ï-
îé¨¥ ¯®¢ëá¨âì íää¥ªâ¨¢−®áâì ¨á¯®«ì§®¢�−¨ï ¡î¤¦¥â−ëå áà¥¤áâ¢ ¨ ¨áª«îç¨âì
¨å −¥§�¯«�−¨à®¢�−−®¥ à�áå®¤®¢�−¨¥, ¯à¥¤áâ�¢«ïîâ á®¡®© ¡«®ªç¥©−-à¥�«¨§�æ¨î
¬¥â®¤®«®£¨¨ −®à¬�«¨§®¢�−−®£® â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï. ♦ �â� ¬¥â®¤®«®-
£¨ï ¢ª«îç�¥â ¬¥â®¤ë ä®à¬¨à®¢�−¨ï ¨ à¥�«¨§�æ¨¨ ¤®£®¢®à−ëå ®â−®è¥−¨© ¢ æ¨ä-
à®¢®© áà¥¤¥ [14], ¯«�â¥¦−®£® ¨ â®¢�à−®£® ªà¥¤¨â®¢�−¨ï [15], ®−«�©−-¡�−ª¨−£�
−� ®á−®¢¥ ¡�−ª®¢-¯à®¢�©¤¥à®¢, ª®à¯®à�â¨¢−ëå ¨ ¯¥àá®−�«ì−ëå í«¥ªâà®−−ëå
¡�−ª®¢ [5, 9,10]. ♦

‘®¢¥àè¥−áâ¢®¢�−¨¥ â¥å−®«®£¨© à¥áãàá−®£® ®¡®á−®¢�−¨ï −�æ¯à®¥ªâ®¢.
�®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ −�æ¯à®¥ªâ®¢ ¯à¥¤¯®«�£�¥â á®¢¥àè¥−áâ¢®¢�−¨¥ â¥å-
−®«®£¨© ¨å à¥áãàá−®£® ®¡®á−®¢�−¨ï. ‘à¥¤¨ −¨å | â¥å−®«®£¨ï ¯«�−¨à®¢�−¨ï
à�áå®¤®¢ −� à�§à�¡®âªã ¨ à¥�«¨§�æ¨î ¯à®¥ªâ� (¤�«¥¥ | ¯«�−¨à®¢�−¨¥ à�áå®¤®¢
−� ¯à®¥ªâ).

�«�− à�áå®¤®¢ ®¡ëç−® ®¡−®¢«ï¥âáï ¢ â¥ç¥−¨¥ ¢á¥£® ¦¨§−¥−−®£® æ¨ª«� ¯à®-
¥ªâ�. �â® á¢ï§�−® á ª®−ªà¥â¨§�æ¨¥© ¤¥â�«¥© ¯à®¥ªâ�, ãâ®ç−¥−¨¥¬ ¢¥«¨ç¨−ë
à�á¯®«�£�¥¬ëå ¤¥−¥¦−ëå áà¥¤áâ¢, ¨§¬¥−¥−¨¥¬ æ¥− ¨ ¤àã£¨¬¨ ä�ªâ®à�¬¨. � �¥-
¢®§¬®¦−®áâì â®ç−®£® ¯à®£−®§� à�áå®¤®¢ ¯® á®áâ�¢«ïîé¨¬ ¯à®¥ªâ� | �ªá¨®¬�,
á¯à�¢¥¤«¨¢�ï ¨ ¤«ï ¥£® ¤®å®¤−®© ç�áâ¨. �

�®«¥¥ �¤¥ª¢�â−ë¬ ¢ë£«ï¤¨â ¯à¥¤áâ�¢«¥−¨¥ ¤�−−ëå ¨ à¥§ã«ìâ�â� ¢ ¢¨¤¥ ç¨á-
«®¢ëå ®âà¥§ª®¢ («¥¢�ï £à�−¨æ� ®âà¥§ª� á®®â¢¥âáâ¢ã¥â −�¨¬¥−ìè¥¬ã ®¦¨¤�¥¬®¬ã
§−�ç¥−¨î, � ¯à�¢�ï | −�¨¡®«ìè¥¬ã) c ãç¥â®¬ à¥�«ì−®© â®ç−®áâ¨ ¤�−−ëå
¨ à¥�«¨§�æ¨¨ à¥è¥−¨© [16].

“ª�§�−−ë© ¬¥â®¤®«®£¨ç¥áª¨© −¥¤®áâ�â®ª ãáâà�−¥− ¢ à�áá¬�âà¨¢�¥¬®© ¤�«¥¥
®¡−®¢«¥−−®© ¯®áâ�−®¢ª¥ §�¤�ç¨ á¨âã�æ¨®−−®£® ¯«�−¨à®¢�−¨ï à�áå®¤®¢.

�æ¥−ª� á®áâ®ï−¨ï ¤®å®¤−®© ¨ à�áå®¤−®© ç�áâ¨ ¯à®¥ªâ�. � ‘¨âã�æ¨-
¥© ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï −�æ¯à®¥ªâ� (���-á¨âã�æ¨¥©) −�§®¢¥¬ á®áâ®ï−¨¥
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¤®å®¤−®© ¨ à�áå®¤−®© ç�áâ¨ ¯à®¥ªâ�, ¯à¥¤áâ�¢«¥−−®¥ á®¢®ªã¯−®áâìî ¯�à�¬¥-
âà®¢, ®¯¨áë¢�îé¨å ¨áâ®ç−¨ª¨ ¯®áâã¯«¥−¨ï ¤¥−¥¦−ëå áà¥¤áâ¢, à�áå®¤−ë¥ áâ�âì¨
¨ ¤à.

–¥«¥¢®© −�§®¢¥¬ ���-á¨âã�æ¨î, ª®â®àãî ¯«�−¨àã¥âáï á®§¤�âì ¢ à¥§ã«ìâ�â¥
§�¢¥àè¥−¨ï ¯à®¥ªâ�; áâ�àâ®¢®© | áãé¥áâ¢ãîéãî ¢ −�ç�«¥ à�§à�¡®âª¨ ¯à®¥ªâ�;
¤®áâ¨£−ãâ®© | á®§¤�−−ãî ¢ à¥§ã«ìâ�â¥ ¢ë¯®«−¥−¨ï íâ�¯� ¯à®¥ªâ�. �

� �®àâà¥â ���-á¨âã�æ¨¨ | ä®à¬�«¨§®¢�−−®¥ ®¯¨á�−¨¥ á®áâ®ï−¨ï ¤®å®¤-
−®© ¨ à�áå®¤−®© ç�áâ¨ ¯à®¥ªâ�. �

�®àâà¥â á¨âã�æ¨¨ ä®à¬¨àã¥âáï ¢ á®®â¢¥âáâ¢¨¨ á® á¯¥æ¨�«ì−®© á¨áâ¥¬®© ¯à�-
¢¨« [17]. �� ¢å®¤ íâ®© á¨áâ¥¬ë ¯®áâã¯�îâ ¤�−−ë¥ ® ¯�à�¬¥âà�å ¯à®áâà�−áâ¢�
á®áâ®ï−¨© ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï −�æ¯à®¥ªâ�, ® à�á¯®«�£�¥¬ëå â¨¯�å ¢®§¤¥©-
áâ¢¨© ¨ ® à¥áãàá�å, ®¡¥á¯¥ç¨¢�îé¨å à¥�«¨§�æ¨î ¢®§¤¥©áâ¢¨©.

„¨−�¬¨ª� ¨§¬¥−¥−¨ï á¨âã�æ¨© ®âà�¦�¥âáï ¯®áà¥¤áâ¢®¬ ¢à¥¬¥−−‚ëå àï¤®¢,
á®áâ®ïé¨å ¨§ ¯®àâà¥â®¢ á¨âã�æ¨©. �â® ¯®§¢®«ï¥â ¯à®á«¥¤¨âì ¯®á«¥¤áâ¢¨ï à¥�«¨-
§�æ¨¨ ¢®§¤¥©áâ¢¨©. �®àâà¥âë á¨âã�æ¨© åà�−ïâáï ¢ á¯¥æ¨�«ì−®¬ �àå¨¢¥ á¨áâ¥¬ë
à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï −�æ¯à®¥ªâ�.

‚ à�áá¬�âà¨¢�¥¬®© â¥å−®«®£¨¨ á¨âã�æ¨®−−®£® ¯«�−¨à®¢�−¨ï à�áå®¤®¢ −�
−�æ¯à®¥ªâë ¬®−¨â®à¨−£ ¢ë¯®«−ï¥âáï ª®¬¯«¥ªá®¬ æ¨äà®¢ëå ¤¢®©−¨ª®¢ [18], ¯à¥¤-
áâ�¢«ïîé¨¬ á®¡®© ¡«®ªç¥©−-á¥â¥¢ãî ®¡ãç�¥¬ãî á¨¬¢®«ì−ãî ¬®¤¥«ì ¤®å®¤−®©
¨ à�áå®¤−®© ç�áâ¨ ¯à®¥ªâ�, à¥�«¨§®¢�−−ãî ¢ ç¥«®¢¥ª®-¬�è¨−−®© áà¥¤¥ à¥è¥−¨ï
§�¤�ç (s-áà¥¤¥) [12].

‘¨âã�æ¨®−−�ï ¬®¤¥«ì ã−¨¢¥àá�«ì−®£® ¤®£®¢®à� ¢ æ¨äà®¢®© áà¥¤¥ [14]
¨á¯®«ì§ã¥âáï ¤«ï ä®à¬¨à®¢�−¨ï ¨ ¨á¯®«−¥−¨ï ¤®£®¢®à®¢, à¥�«¨§ã¥¬ëå ¯à¨
¡î¤¦¥â−®¬ ®¡¥á¯¥ç¥−¨¨ −�æ¯à®¥ªâ®¢.

�«®ªç¥©−-â¥å−®«®£¨¨ ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï −�æ¯à®¥ªâ®¢ ®¡¥á¯¥ç¨¢�îâ
¤¥æ¥−âà�«¨§�æ¨î, ¯à®§à�ç−®áâì ¨ ¡¥§®¯�á−®áâì ¯à®æ¥áá®¢ ¯«�−¨à®¢�−¨ï, ¨á¯®«-
−¥−¨ï ¨ ª®−âà®«ï: ¯®¢ëè�¥âáï ¡¥§®¯�á−®áâì ¯«�â¥¦−ëå ®¯¥à�æ¨©, ª®−âà®«¨àã-
¥¬®áâì à�áå®¤®¢, ¨áª«îç�îâáï ¯®â¥à¨ í«¥ªâà®−−ëå ¤®ªã¬¥−â®¢ ¨ ¤à.

2.1 Ситуационное планирование расходов на нацпроект

‡�¤�ç� á¨âã�æ¨®−−®£® ¯«�−¨à®¢�−¨ï à�áå®¤®¢ −� ¯à®¥ªâ à¥è�¥âáï ¢ à¥¦¨¬¥
¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−â� á®®¡é¥áâ¢®¬ íªá¯¥àâ®¢ ¯® à¥áãàá−®¬ã ®¡¥á¯¥-
ç¥−¨î −�æ¯à®¥ªâ®¢. ˆå ª®¬¯ìîâ¥àë ( /̈̈ «¨ ª®¬¯ìîâ¥à−ë¥ ãáâà®©áâ¢�) ¯à¨-
−�¤«¥¦�â ¬−®¦¥áâ¢ã ã§«®¢ ¡«®ªç¥©−-á¥â¨ �¡¥á¯¥ç¨¢�îé¥© áâ®à®−ë, £®â®¢ïé¥©
¯à®¥ªâë ¯«�−®¢, ¯®áâã¯�îé¨å −� ãâ¢¥à¦¤¥−¨¥ ÷¥è�îé¥© áâ®à®−®© [2].

„«ï ç¨á«®¢®£® ®âà¥§ª�
[
amin, amax

]
(amin ≥ 0, amax > 0), §�¤�îé¥£® à�á-

¯à¥¤¥«ï¥¬ãî ¢¥«¨ç¨−ã (© áã¬¬ã ¤¥−¥£ ©), ®âà¥§ª®¢
[
bmini , bmaxi

]
(bmini ≥ 0,

bmaxi > 0, i = 1, . . . , n), §�¤�îé¨å §�¯à®áë ¯® à�áå®¤−ë¬ áâ�âìï¬, ¨ ¢¥á®¢ëå
ª®íää¨æ¨¥−â®¢ (¯à¨®à¨â¥â®¢) à�áå®¤−ëå áâ�â¥© pi > 0 (i = 1, . . . , n) âà¥¡ã¥âáï
−�©â¨ ¯«�− à�áå®¤®¢ ¯® áâ�âìï¬:
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[
xmini , xmaxi

]
:
{
0 ≤ xmini ≤ bmini , xmaxi ≤ bmaxi ,

∑
xmini ≤ amin,

∑
xmaxi ≤ amax. i = 1, . . . , n

}
. (1)

„«ï á®¢®ªã¯−®£® ¢¥ªâ®à� ¨áª®¬®£® ¯«�−� x =
(
xmin1 , . . . , xminn , xmax1 , . . .

. . . , xmaxn ) ¬®¦¥â ¡ëâì â�ª¦¥ §�¤�− −�¡®à âà¥¡®¢�−¨©
Cx ≤ d← q , (2)

£¤¥ C | ¬�âà¨æ� ¢¥é¥áâ¢¥−−ëå ª®íää¨æ¨¥−â®¢ à�§¬¥à� k × 2n (k ≥ 1); d |
¢¥ªâ®à-áâ®«¡¥æ ¢¥é¥áâ¢¥−−ëå ª®−áâ�−â à�§¬¥à� k; q | ¢¥ªâ®à-áâ®«¡¥æ ¢¥á®¢ëå
ª®íää¨æ¨¥−â®¢ (¯à¨®à¨â¥â®¢) âà¥¡®¢�−¨© (0 < qi ≤ +∞, i = 1, . . . , k).

�¡ï§�â¥«ì−ë¥ âà¥¡®¢�−¨ï ¨¬¥îâ ¯à¨®à¨â¥â +∞. �à¨®à¨â¥âë ®à¨¥−â¨àã-
îé¨å âà¥¡®¢�−¨© §�¤�îâáï ¯®«®¦¨â¥«ì−ë¬¨ ¢¥é¥áâ¢¥−−ë¬¨ ç¨á«�¬¨. ♦ �à¨®-
à¨â¥âë §�¤�îâ íªá¯¥àâë-íª®−®¬¨áâë, ãç¨âë¢�ï ®â−®á¨â¥«ì−ãî ¢�¦−®áâì ¢ë¯®«-
−¥−¨ï à�áá¬�âà¨¢�¥¬ëå âà¥¡®¢�−¨©. ♦

’à¥¡®¢�−¨ï (1) ï¢«ïîâáï ®¡ï§�â¥«ì−ë¬¨. ’à¥¡®¢�−¨ï (2) ¬®£ãâ ¡ëâì ª�ª
®¡ï§�â¥«ì−ë¬¨, â�ª ¨ ®à¨¥−â¨àãîé¨¬¨.

‚ âà¥å á«¥¤ãîé¨å á«ãç�ïå §�¤�ç� à¥è�¥âáï ¨â¥à�â¨¢−ë¬ ¬¥â®¤®¬ ¯à¨®à¨-
â¥â−®£® ¨−â¥à¢�«ì−®£® à�á¯à¥¤¥«¥−¨ï [19, 20], à¥�«¨§®¢�−−ë¬ ¢ ¤¥©áâ¢ãîé¥¬
¨−â¥à−¥â-á¥à¢¨á¥ ¯«�−¨à®¢�−¨ï à�áå®¤®¢1.

1.
∑
bmini > amin,

∑
bmaxi > amax (i = 1, . . . , n) ¨ −�¡®à âà¥¡®¢�−¨© (2) ¨¬¥¥â

¢¨¤:

{∑
xmini = amin ← +∞,

∑
xmaxi = amax ← +∞ (i = 1, . . . , n),

pjb
min
j xmini − pib

min
i xminj = 0← 1

¤«ï ª�¦¤®© ¯�àë i, j {1 ≤ i ≤ n, 1 ≤ j ≤ n} ,

pj

(
bmaxj − bminj

) (
xmaxi − xmini

)
− pi

(
bmaxi − bmini

) (
xmaxj − xminj

)
= 0← 1

¤«ï ª�¦¤®© ¯�àë i, j:
{
bmaxi > bmini , bmaxj > bminj , 1 ≤ i ≤ n, 1 ≤ j ≤ n

}
,

pjb
max
j xmaxi − pib

max
i xmaxj = 0← 1

¤«ï ª�¦¤®© ¯�àë i, j:
{
bmaxi = bmini , bmaxj = bminj , 1 ≤ i ≤ n, 1 ≤ j ≤ n

}}
. (3)

2.
∑
bmini ≤ amin,

∑
bmaxi > amax (i = 1, . . . , n) ¨ −�¡®à âà¥¡®¢�−¨© (2) ¨¬¥¥â

¢¨¤:

1ˆ«ì¨− �. ‚. ˆ−â¥à−¥â-á¥à¢¨á ¯«�−¨à®¢�−¨ï à�áå®¤®¢.https://www.res-plan.com/services-ru.
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{
xmini = bmini ← +∞ ,

∑
xmaxi = amax ← +∞ (i− 1, . . . , n),

pj

(
bmaxj − bminj

) (
xmaxi − xmini

)
− pi

(
bmaxi − bmini

) (
xmaxj − xminj

)
= 0← 1

¤«ï ª�¦¤®© ¯�àë i, j:
{
bmaxi > bmini , bmaxj > bminj , 1 ≤ i ≤ n, 1 ≤ j ≤ n

}
,

pjb
max
j xmaxi − pib

max
i xmaxj = 0← 1

¤«ï ª�¦¤®© ¯�àë i, j:
{
bmaxi = bmini , bmaxj = bminj , 1 ≤ i ≤ n, 1 ≤ j ≤ n

}}
. (4)

3.
∑
bmini > amin,

∑
bmaxi ≤ amax (i = 1, . . . , n) ¨ −�¡®à âà¥¡®¢�−¨© (2) ¨¬¥¥â

¢¨¤:

{∑
xmini = amin ← +∞, xmaxi = bmaxi ← +∞ (i = 1, . . . , n),

pjb
min
j xmini − pib

min
i xminj = 0← 1

¤«ï ª�¦¤®© ¯�àë i, j {1 ≤ i ≤ n, 1 ≤ j ≤ n}
}
. (5)

♦ �à¨ª«�¤−�ï â®ç−®áâì, §�¤�¢�¥¬�ï íªá¯¥àâ®¬-íª®−®¬¨áâ®¬, ®¯à¥¤¥«ï¥â
¢ ¢ë¡à�−−ëå ¥¤¨−¨æ�å ¨§¬¥à¥−¨ï ¬¨−¨¬�«ì−ãî §−�ç¨¬ãî áã¬¬ã (© æ¥«ë¥
áâ¥¯¥−¨ 10 ®â −4 ¤® 9 ©). „�−−ë¥ ®ªàã£«ïîâáï ¢ á®®â¢¥âáâ¢¨¨ á §�¤�−−®©
¯à¨ª«�¤−®© â®ç−®áâìî. ÷¥§ã«ìâ�âë à�áç¥â®¢ ®ªàã£«ïîâáï ¯® á¯¥æ¨�«ì−®¬ã
�«£®à¨â¬ã | á á®åà�−¥−¨¥¬ âà¥¡ã¥¬®© áã¬¬ë, ãç¥â®¬ §�¯à®á®¢ ¨ ¯à¨®à¨â¥â®¢.
‚®§¬®¦−®áâì §�¤�−¨ï ¯à¨ª«�¤−®© â®ç−®áâ¨ ¯®§¢®«ï¥â, ¢ ç�áâ−®áâ¨, à¥è�âì
æ¥«®ç¨á«¥−−ë¥ §�¤�ç¨. ♦

‚ á«ãç�ïå ª®£¤� −�¡®à âà¥¡®¢�−¨© (2) ®â«¨ç�¥âáï ®â ¢�à¨�−â®¢ (3){(5), §�¤�ç�
à¥è�¥âáï ¬¥â®¤®¬ æ¥«¥¢®£® ¯¥à¥¬¥é¥−¨ï à¥è¥−¨ï [21]. „«ï ã¤®¡áâ¢� ç¨â�â¥«ï
¤�«¥¥ ¯à¨¢¥¤¥−® áå¥¬�â¨ç¥áª®¥ ®¯¨á�−¨¥ ¨¤¥¨ íâ®£® ¬¥â®¤�.

�à¨ −¥á®¢¬¥áâ−®áâ¨ á¨áâ¥¬ë âà¥¡®¢�−¨© ¢ ª�ç¥áâ¢¥ −�ç�«ì−®£® ¯«�−� à�á-
á¬�âà¨¢�¥âáï ç¥¡ëè¥¢áª�ï â®çª� [21], ¬¨−¨¬¨§¨àãîé�ï ¬�ªá¨¬�«ì−ë© ¤¥ä¨æ¨â:

min
x
max

i
(ci1x1 + · · ·+ ci,2nx2n − di) , i = 1, . . . , k

(
§¤¥áì ¨ ¤�«¥¥ ¤«ï ã¤®¡áâ¢� §�¯¨á¨ x1 = x

min
1 , . . . , xn = x

min
n , xn+1 = x

max
1 , . . .

. . . , x2n = x
max
n ) .

…á«¨ á¨áâ¥¬� âà¥¡®¢�−¨© á®¢¬¥áâ−�, â® −�ç�«ì−ë¬ ¯«�−®¬ ¬®¦¥â á«ã¦¨âì ª�ª
ç¥¡ëè¥¢áª�ï â®çª�, â�ª ¨ à¥è¥−¨¥ ª«�áá¨ç¥áª®© §�¤�ç¨ «¨−¥©−®£® ¯à®£à�¬¬¨-
à®¢�−¨ï.

�� ¯®á«¥¤ãîé¨å è�£�å ¤¨�«®£®¢®£® ¯®¨áª� ¯«�−� íªá¯¥àâ-íª®−®¬¨áâ, á®¯®-
áâ�¢«ïï §−�ç¥−¨ï «¥¢ëå ¨ ¯à�¢ëå ç�áâ¥© −�¡®à� −¥à�¢¥−áâ¢ Cx ≤ d, ®æ¥−¨¢�¥â
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à¥�«¨§ã¥¬®áâì ¨ íää¥ªâ¨¢−®áâì ¯®«ãç¥−−ëå à¥è¥−¨©. ’¥ªãé¨© ¯«�−, ¯®«ã-
ç¨¢è¨© ®æ¥−ªã íªá¯¥àâ�, ¬®¦¥â ¡ëâì ®¯à¥¤¥«¥− ª�ª ®ª®−ç�â¥«ì−ë© ¨«¨ ¬®£ãâ
¡ëâì ¨§¬¥−¥−ë âà¥¡®¢�−¨ï, −�¯à�¢«ïîé¨¥ ¯¥à¥¬¥é¥−¨¥ à¥è¥−¨ï. Š�¦¤ë© ¯«�−
(á ®æ¥−ª®©) ¬®¦¥â ¡ëâì á®åà�−¥− ¢ ¡�§¥ ¤�−−ëå ¤«ï áà�¢−¨â¥«ì−®£® �−�«¨§�
¨ ¢®§¬®¦−®£® ¢®§¢à�â�.

…á«¨ x0 | â¥ªãé¨© ¯«�− ¨ íªá¯¥àâ ®¯à¥¤¥«¨« ®à¨¥−â¨àãîé¨¥ âà¥¡®¢�−¨ï
¤«ï ¯¥à¥¬¥é¥−¨ï ®â x0 ª æ¥«¥¢®¬ã ¯«�−ã x ¢ ¢¨¤¥ −�¡®à�

C∗x = C∗x0 + h ,

£¤¥ C∗ | ¯®¤¬−®¦¥áâ¢® ¨§ m áâà®ª ¬�âà¨æë C, � h = (h1, . . . , hm) | ¢¥ªâ®à
−¥−ã«¥¢ëå ª®−áâ�−â, −�¯à�¢«ïîé¨å ¯¥à¥¬¥é¥−¨¥ à¥è¥−¨ï, â® ª�−¤¨¤�â®¬ −�
ã«ãçè¥−−®¥ à¥è¥−¨¥ ¡ã¤¥â:

x =


x01 +

∑
qi–ix1
∑

qi
(i = 1, . . . ,m), x02n +

∑
qi–ix2n
∑

qi
(i = 1, . . . ,m)


 ,

£¤¥

–ixj =
cijhi

c2i1 + · · ·+ c2i,2n
, j = 1, . . . , 2n, i = 1, . . . ,m .

’�ª®¥ à¥è¥−¨¥ ú¡«¨¦¥û ª £¨¯¥à¯«®áª®áâï¬, ®¯à¥¤¥«ï¥¬ë¬ âà¥¡®¢�−¨ï¬¨
á ¡®«¥¥ ¢ëá®ª¨¬¨ ¯à¨®à¨â¥â�¬¨. „¥â�«ì−®¥ ®¡®á−®¢�−¨¥ ¬¥â®¤� ¨ ¨§«®¦¥−¨¥
�«£®à¨â¬� ¯à¨¢¥¤¥−® ¢ [21].

2.2 Применение технологий платежного и товарного кредитования

’¥å−®«®£¨¨ ¯«�â¥¦−®£® ¨ â®¢�à−®£® ªà¥¤¨â®¢�−¨ï à�ááç¨â�−ë ¯à¥¦¤¥ ¢á¥£®
−� ã¢¥«¨ç¥−¨¥ ¨−ä®à¬�æ¨®−−®© −¥ãï§¢¨¬®áâ¨ â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï
¢ æ¨äà®¢®© áà¥¤¥ [15].

�«�â¥¦−®¥ ªà¥¤¨â®¢�−¨¥ −�æ¯à®¥ªâ� à�áá¬�âà¨¢�¥âáï ª�ª ¯à®£à�¬¬−® ª®−-
âà®«¨àã¥¬�ï ç�áâ¨ç−�ï ¨«¨ ¯®«−�ï ¯à¥¤®¯«�â� §�ª�§�−−ëå â®¢�à®¢, ¯à�¢¨«�
à¥�«¨§�æ¨¨ ª®â®à®© ¦¥áâª® á¢ï§�−ë á ¯à�¢¨«�¬¨ ¨á¯®«−¥−¨ï §�ª�§�. ƒà�ä¨ª
¯¥à¥ç¨á«¥−¨ï ¯«�â¥¦−®£® ªà¥¤¨â� à¥�«¨§ã¥âáï ¯® â¥å−®«®£¨¨ −�§−�ç¥−−ëå ¯«�-
â¥¦¥© [22]. ’®¢�à−®¥ ªà¥¤¨â®¢�−¨¥ −�æ¯à®¥ªâ� | ¯à®£à�¬¬−® ª®−âà®«¨àã¥¬�ï
¯®áâ�¢ª� §�ª�§�−−ëå â®¢�à®¢ á ç�áâ¨ç−®© ¨«¨ ¯®«−®© ®âáà®çª®© ®¯«�âë, ¯à�-
¢¨«� à¥�«¨§�æ¨¨ ª®â®à®© ¦¥áâª® á¢ï§�−ë á ¯à�¢¨«�¬¨ ¯®áâ�¢ª¨ (®á−®¢�−® −�
â¥å−®«®£¨¨ í«¥ªâà®−−®© ¤®«£®¢®© â®à£®¢«¨ [23]). �¡¥á¯¥ç¨¢�¥âáï ®ä®à¬«¥−¨¥
®âáà®ç¥−−®© ç�áâ¨ ®¯«�âë â®¢�à� ª�ª ¤®«£� §�ª�§ç¨ª� ¯®áâ�¢é¨ªã. �¥®¯«�ç¥−-
−�ï ç�áâì áâ®¨¬®áâ¨ â®¢�à� ®ä®à¬«ï¥âáï ª�ª ¤®«£, £à�ä¨ª ¢ë¯«�âë ª®â®à®£®
ä¨ªá¨àã¥âáï ¢ ¤®£®¢®à¥ (£¤¥ ãª�§ë¢�îâáï èâà�ä−ë¥ á�−ªæ¨¨ §� −�àãè¥−¨¥
£à�ä¨ª� ¢ë¯«�â ¤®«£� ¨ −¥−�¤«¥¦�é¥¥ ª�ç¥áâ¢® ¯®áâ�¢«¥−−®£® â®¢�à�). Œ®−¨-
â®à¨−£ ¯«�â¥¦−®£® ¨ â®¢�à−®£® ªà¥¤¨â®¢�−¨ï −�æ¯à®¥ªâ� | §�¤�ç¨, à¥è�¥¬ë¥
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á®®â¢¥âáâ¢ãîé¨¬¨ ª®¬¯«¥ªá�¬¨ æ¨äà®¢ëå ¤¢®©−¨ª®¢. �à�¢¨«� ¨á¯®«−¥−¨ï
ª�¦¤®£® ¤®£®¢®à� ª®−âà®«¨àãîâáï ¯à®£à�¬¬−® ¢® ¢§�¨¬®¤¥©áâ¢¨¨ á æ¨äà®¢ë¬¨
¤¢®©−¨ª�¬¨, ®âá«¥¦¨¢�îé¨¬¨ á®¡ëâ¨ï, ®¯à¥¤¥«¥−−ë¥ ¢ ¤®£®¢®à¥.

�®áª®«ìªã â¥å−®«®£¨¨ ¯«�â¥¦−®£® ¨ â®¢�à−®£® ªà¥¤¨â� ¯®§¢®«ïîâ ªà¥¤¨â®-
à�¬, ¨¬¥îé¨¬ ¯¥àá®−�«ì−ë¥ í«¥ªâà®−−ë¥ ¡�−ª¨ /̈̈ «¨ ª®à¯®à�â¨¢−ë¥ í«¥ª-
âà®−−ë¥ ¡�−ª¨ [5,9,10], ¨á¯®«ì§®¢�âì â®«ìª® á®¡áâ¢¥−−ë¥ áà¥¤áâ¢�, à¥�«¨§�æ¨ï
íâ¨å â¥å−®«®£¨© −¥ á¢ï§�−� á ã¬¥−ìè¥−¨¥¬ â®¢�à−®© ¥¬ª®áâ¨ ¤¥−¥£, � ¤®«£®¢�ï
¤¥−¥¦−�ï í¬¨áá¨ï á«ã¦¨â áà¥¤áâ¢®¬ ¡¥§ë−ä«ïæ¨®−−®£® à¥£ã«¨à®¢�−¨ï ®¡é¥©
áã¬¬ë ¤¥−¥£ ¢ íª®−®¬¨ç¥áª®© á¨áâ¥¬¥.

3 Заключение

�î¤¦¥â−®¥ ®¡¥á¯¥ç¥−¨¥ −�æ¯à®¥ªâ®¢ | ª®¬¯«¥ªá−�ï §�¤�ç�, ®â íää¥ªâ¨¢-
−®áâ¨ à¥è¥−¨ï ª®â®à®© §�¢¨á¨â ¯®â¥−æ¨�« áâà�−ë, à�áá¬�âà¨¢�¥¬ë© ª�ª à¥áãàá-
−®¥ ®á−®¢�−¨¥ ¥¥ ®¡®à®−®á¯®á®¡−®áâ¨ ¨ c®æ¨�«ì−®-íª®−®¬¨ç¥áª®£® à�§¢¨â¨ï.

�«®ªç¥©−-â¥å−®«®£¨¨ −®à¬�«¨§®¢�−−®£® ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï £�à�−â¨-
àãîâ ¤¥æ¥−âà�«¨§�æ¨î, ¯à®§à�ç−®áâì ¨ ¡¥§®¯�á−®áâì ¯à®æ¥áá®¢ ¯«�−¨à®¢�−¨ï
¨ ¨á¯®«−¥−¨ï ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï −�æ¯à®¥ªâ®¢.

’¥å−®«®£¨ï á¨âã�æ¨®−−®£® ¯«�−¨à®¢�−¨ï à�áå®¤®¢ ¯®§¢®«ï¥â −� ¢á¥å íâ�-
¯�å ¦¨§−¥−−®£® æ¨ª«� −�æ¯à®¥ªâ� ¯®«ãç�âì à¥è¥−¨ï, íää¥ªâ¨¢−®áâì ª®â®àëå
®¡¥á¯¥ç¥−� á®®â¢¥âáâ¢¨¥¬ ®¡ï§�â¥«ì−ë¬ ¨ ®à¨¥−â¨àãîé¨¬ âà¥¡®¢�−¨ï¬.

÷¥�«¨§�æ¨ï ���-â¥å−®«®£¨© ¯à¥¤¯®«�£�¥â −¥®¡å®¤¨¬®áâì ®à£�−¨§�æ¨®−−®-
â¥å−®«®£¨ç¥áª®£® á®¢¥àè¥−áâ¢®¢�−¨ï ¡î¤¦¥â−ëå ãçà¥¦¤¥−¨©, §�−¨¬�îé¨åáï
£®áã¤�àáâ¢¥−−ë¬¨ ¯à®¥ªâ�¬¨ ¨ à¥áãàá−ë¬ ®¡¥á¯¥ç¥−¨¥¬ ¨å ¨á¯®«−¥−¨ï.
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Abstract: Blockchain technologies for normalized budget support (NBS-
technologies) are considered as means necessary for resource support of design
and implementation of national projects for protection and development of the
country's potential. The part of the methodological support for development of
NBS-technologies considered in the article includes methodologies of situational
online budgeting and normalized commodity-money circulation. Online budget
planning is considered as a problem of the interval cost planning, taking into
account the situationally dependent mandatory and orienting requirements for
the desired solution. The problem is solved by means of the method of target dis-
placement of solution in the computational experiment mode. The methodology
of normalized commodity-money circulation includes methods for formation and
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commodity lending, and online banking based on banks-providers, corporate,
and personal electronic banks. Blockchain technologies for normalized budjet
support practically eliminate the unplanned use of budget funds.
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ПОВЫШЕНИЕ ЭФФЕКТИВНОСТИ ОБРАБОТКИ
ИНФОРМАЦИИ НЕЙРОННЫМИ СЕТЯМИ
С ИСПОЛЬЗОВАНИЕМ ПАРАБОЛИЧЕСКИХ

ИНТЕГРОДИФФЕРЕНЦИАЛЬНЫХ СПЛАЙНОВ
В КАЧЕСТВЕ ФУНКЦИЙ АКТИВАЦИИ НЕЙРОНОВ

Т. К. Бирюкова1

�−−®â�æ¨ï: ÷�áá¬®âà¥−ë á¯®á®¡ë ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨
¨−ä®à¬�æ¨¨ −¥©à®−−ë¬¨ á¥âï¬¨ (−¥©à®á¥âï¬¨) ¯ãâ¥¬ ¨á¯®«ì§®¢�−¨ï à�§-
à�¡®â�−−ëå �¢â®à®¬ ¯�à�¡®«¨ç¥áª¨å ¨−â¥£à®¤¨ää¥à¥−æ¨�«ì−ëå á¯«�©−®¢
(ˆ„-á¯«�©−®¢) ª�ª äã−ªæ¨© �ªâ¨¢�æ¨¨ −¥©à®−®¢. �à¥¤«®¦¥−® á¤¥«�âì ª®-
íää¨æ¨¥−âë ¯�à�¡®«¨ç¥áª¨å ˆ„-á¯«�©−®¢ ®¡ãç�¥¬ë¬¨ ¯�à�¬¥âà�¬¨ −¥©à®-
á¥â¨ −�àï¤ã á ¢¥á�¬¨ −¥©à®−®¢. ‚ íâ®¬ á«ãç�¥ äã−ªæ¨ï �ªâ¨¢�æ¨¨ ¢ ¢¨¤¥
¯�à�¡®«¨ç¥áª®£® ˆ„-á¯«�©−� ¨§¬¥−ï¥âáï ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï â�ª, çâ®¡ë
¬¨−¨¬¨§¨à®¢�âì äã−ªæ¨î ®è¨¡ª¨, §� áç¥â ç¥£® ¯®¢ëè�¥âáï â®ç−®áâì à¥§ã«ì-
â�â®¢ à�¡®âë −¥©à®á¥â¨, á®ªà�é�¥âáï ¢à¥¬ï ¥¥ ®¡ãç¥−¨ï ¨ à�¡®âë ¢ à¥¦¨¬¥
íªá¯«ã�â�æ¨¨. �à®�−�«¨§¨à®¢�−ë ¯¥àá¯¥ªâ¨¢ë ¬®¤¨ä¨ª�æ¨¨ −¥©à®á¥â¥©
á ¨§¢¥áâ−ë¬¨ �àå¨â¥ªâãà�¬¨ (â�ª¨å ª�ª ResNet) ¯ãâ¥¬ §�¬¥−ë ¢ −¨å äã−ªæ¨©
�ªâ¨¢�æ¨¨ −� ˆ„-á¯«�©−®¢ë¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨. �à¥¤áâ�¢«ï¥âáï, çâ® â�-
ª®© ¯®¤å®¤ á¬®¦¥â ¯®¢ëá¨âì ª�ç¥áâ¢® äã−ªæ¨®−¨à®¢�−¨ï àï¤� ¯®¯ã«ïà−ëå
−¥©à®á¥â¥©. ‘¤¥«�− ¢ë¢®¤ ® â®¬, çâ® ¯�à�¡®«¨ç¥áª¨¥ ˆ„-á¯«�©−ë ¢ ª�ç¥áâ¢¥
äã−ªæ¨© �ªâ¨¢�æ¨¨ ¬®£ãâ ¯®¢ëá¨âì íää¥ªâ¨¢−®áâì â¥å−®«®£¨© ¨áªãááâ¢¥−−®-
£® ¨−â¥««¥ªâ�, ¢ ç�áâ−®áâ¨ ¢ â�ª¨å §�¤�ç�å, ª�ª ¯à¨−ïâ¨¥ à¥è¥−¨©, á®§¤�−¨¥
ª®¬¯ìîâ¥à−ëå ¨£à, �¯¯à®ªá¨¬�æ¨ï ¨ ¯à®£−®§¨à®¢�−¨¥ ¤�−−ëå (¢ ä¨−�−á®¢®©
¨ á®æ¨�«ì−®© áä¥à¥, ¢ −�ãª¥ ¨ ¤à.), ª«�áá¨ä¨ª�æ¨ï ¨−ä®à¬�æ¨¨, ®¡à�¡®âª�
¨§®¡à�¦¥−¨© ¨ ¢¨¤¥®à®«¨ª®¢, ¯à¨¬¥−¥−¨¥ ª®¬¯ìîâ¥à−®£® §à¥−¨ï, ®¡à�¡®âª�
â¥ªáâ®¢, à¥ç¨, ¬ã§ëª¨ ¨ ¤à.
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1 Введение

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¬¥â®¤ë ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�, ®á−®¢�−−ë¥ −� ¯à¨-
¬¥−¥−¨¨ −¥©à®á¥â¥©, áâ�−®¢ïâáï ®¤−¨¬ ¨§ ®á−®¢−ëå ¬¨à®¢ëå âà¥−¤®¢ à�§¢¨â¨ï

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, yukonta@mail.ru
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’. Š. �¨àîª®¢�

¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© [1]. Š«îç¥¢ãî à®«ì ¢ à�¡®â¥ −¥©à®á¥â¥© ¨£à�îâ
äã−ªæ¨¨ �ªâ¨¢�æ¨¨, ª®â®àë¥ ®¯à¥¤¥«ïîâ ¢ëå®¤−ë¥ á¨£−�«ë −¥©à®−®¢. ‚ ¤�−−®©
à�¡®â¥ à�áá¬®âà¥−ë á¯®á®¡ë ¯®¢ëè¥−¨ï íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨ ¨−ä®à¬�-
æ¨¨ −¥©à®á¥âï¬¨ ¯ãâ¥¬ ¨á¯®«ì§®¢�−¨ï à�§à�¡®â�−−ëå �¢â®à®¬ ¯�à�¡®«¨ç¥áª¨å
ˆ„-á¯«�©−®¢ [2] ª�ª äã−ªæ¨© �ªâ¨¢�æ¨¨ −¥©à®−®¢.

Š®íää¨æ¨¥−âë ¯�à�¡®«¨ç¥áª¨å ˆ„-á¯«�©−®¢

S2éä(x) =

n−1⋃

i=0

S2éä,i(x) (1)

¢ëç¨á«ïîâáï á ¨á¯®«ì§®¢�−¨¥¬ ãá«®¢¨ï −ã«¥¢®© ¨−â¥£à�«ì−®© −¥¢ï§ª¨ ¬¥¦¤ã
á®áâ�¢«ïîé¨¬¨ á¯«�©− (1) ¬−®£®ç«¥−�¬¨ S2éä,i(x) ¨ á®®â¢¥âáâ¢ãîé¨¬¨ äà�£-
¬¥−â�¬¨ �¯¯à®ªá¨¬¨àã¥¬®© äã−ªæ¨¨ f(x) −� ®âà¥§ª�å [xi, xi+1], ®£à�−¨ç¥−−ëå
ã§«�¬¨ á¥âª¨ á¯«�©−� θ: x0 < · · · < xi < · · · < xn:

xi+1∫

xi

S2éä,i(x) dx− Ii+1
i = 0 , (2)

£¤¥ Ii+1
i ≈

∫ xi+1

xi
f(x) dx | ¨§¢¥áâ−ë¥ ¨«¨ ¢ëç¨á«¥−−ë¥ ¯® ª�ª¨¬-«¨¡® ª¢�¤à�-

âãà−ë¬ ä®à¬ã«�¬ §−�ç¥−¨ï ¨−â¥£à�«� ®â �¯¯à®ªá¨¬¨àã¥¬®© äã−ªæ¨¨ f(x) −�
®âà¥§ª¥ [xi, xi+1].

…á«¨ ®¡®§−�ç¨âì u = (x − xi)/hi+1, â® §¢¥−ìï S2éä,i(x) á¯«�©−� (1) ¡ã¤ãâ
¨¬¥âì ¢¨¤:

S2éä,i(u) =
(
−6u2 + 6u

) Ii+1
i

hi+1
+
(
3u2 − 4u+ 1

)
fi +

(
3u2 − 2u

)
fi+1 , (3)

£¤¥ hi+1 = xi+1−xi; fi | ¨§¢¥áâ−ë¥ (¢®§¬®¦−®, á −¥ª®â®à®© ¯®£à¥è−®áâìî) ¨«¨
¢ëç¨á«¥−−ë¥ §−�ç¥−¨ï äã−ªæ¨¨ f(x)¢ ã§«�å á¥âª¨ θ (fi ≈ f(xi)).

Š®íää¨æ¨¥−âë ¬−®£®ç«¥−®¢ (3) ®¯à¥¤¥«ïîâáï ¨−â¥£à�«ì−ë¬ ãá«®¢¨¥¬ á®-
£«�á®¢�−¨ï (2) ¨ ¤¢ã¬ï äã−ªæ¨®−�«ì−ë¬¨ ãá«®¢¨ï¬¨ á®£«�á®¢�−¨ï −� ª®−æ�å
®âà¥§ª� [xi, xi+1]: S2éä,i(xi) = fi ¨ S2éä,i(xi+1) = fi+1.

�à¨ ¢ëç¨á«¥−¨¨ ¯�à�¬¥âà®¢ fi (i = 0, . . . , n) ¨§ á«¥¤ãîé¥© á¨áâ¥¬ë «¨−¥©-
−ëå �«£¥¡à�¨ç¥áª¨å ãà�¢−¥−¨© (‘‹�“) á £à�−¨ç−ë¬¨ ãá«®¢¨ï¬¨, ®¯à¥¤¥«ï¥¬ë-
¬¨ ¨§ ä¨§¨ç¥áª®£® á¬ëá«� à¥è�¥¬®© §�¤�ç¨, ¯¥à¢�ï ¯à®¨§¢®¤−�ï á¯«�©−� ¢á¥£¤�
−¥¯à¥àë¢−�, â. ¥. á¯«�©− ¨¬¥¥â ¤¥ä¥ªâ 1:

1

hi
fi−1 + 2

(
1

hi
+
1

hi+1

)
fi +

1

hi+1
fi+1 = 3

(
Ii+1
i

h2i+1
+
Ii
i−1

h2i

)
,

i = 1, . . . , n− 1 . (4)
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�®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ −¥©à®−−ë¬¨ á¥âï¬¨

‚ ª�ç¥áâ¢¥ £à�−¨ç−ëå ãà�¢−¥−¨©, ¤®¯®«−ïîé¨å ‘‹�“ (4), ¬®¦−® ¨á¯®«ì§®¢�âì,
−�¯à¨¬¥à, §−�ç¥−¨ï á¥â®ç−®© äã−ªæ¨¨ ¢ â®çª�å x0 ¨ xn:

f0 = f (x0) , fn = f (xn) . (5)

‘¨áâ¥¬� (4) ¢ á®ç¥â�−¨¨ á ãà�¢−¥−¨ï¬¨ (5) | íâ® âà¥å¤¨�£®−�«ì−�ï ‘‹�“
á ¤¨�£®−�«ì−ë¬ ¯à¥®¡«�¤�−¨¥¬ (çâ® ®¡¥á¯¥ç¨¢�¥â ãáâ®©ç¨¢®áâì ¢ëç¨á«¥−¨©),
à¥è�¥¬�ï ¬¥â®¤®¬ ¯à®£®−ª¨ [2].

�â−®á¨â¥«ì−® ¬�«®¥ ª®«¨ç¥áâ¢® ¢ëç¨á«¨â¥«ì−ëå ®¯¥à�æ¨© ¢ ä®à¬ã«¥ (3) ¯®
áà�¢−¥−¨î á âà�¤¨æ¨®−−ë¬¨ ¯�à�¡®«¨ç¥áª¨¬¨ (áâà®ïé¨¬¨áï á® á¤¢¨£®¬ ã§«®¢
á¯«�©−� ®â−®á¨â¥«ì−® â®ç¥ª �¯¯à®ªá¨¬¨àã¥¬®© á¥â®ç−®© äã−ªæ¨¨) ¨ ªã¡¨ç¥-
áª¨¬¨ á¯«�©−�¬¨ [3] ¯®§¢®«¨«® ¯à¥¤¯®«®¦¨âì, çâ® ¯�à�¡®«¨ç¥áª¨© ˆ„-á¯«�©−
¨¬¥¥â è¨à®ª¨¥ ¯¥àá¯¥ªâ¨¢ë ¯® ¯à¨¬¥−¥−¨î ¢ −¥©à®á¥âïå ¢ ª�ç¥áâ¢¥ �¤�¯â¨¢−®©
(¨§¬¥−ïîé¥©áï ¯à¨ ®¡ãç¥−¨¨) äã−ªæ¨¨ �ªâ¨¢�æ¨¨.

‚ 1996 £. ¡ë«� ®¯ã¡«¨ª®¢�−� áâ�âìï [4], ®¯¨áë¢�îé�ï äã−ªæ¨¨ �ªâ¨¢�æ¨¨
¢ ¢¨¤¥ ªã¡¨ç¥áª¨å á¯«�©−®¢. “ª�§�−®, çâ® ¨å ¯à¥¨¬ãé¥áâ¢® ¯¥à¥¤ −¥¨§¬¥−ï¥¬ë-
¬¨ äã−ªæ¨ï¬¨ �ªâ¨¢�æ¨¨ §�ª«îç�¥âáï ¢ â®¬, çâ® á¯«�©−®¢ë¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨
−�áâà�¨¢�îâáï ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï −¥©à®á¥â¨ ¤«ï ®¯â¨¬¨§�æ¨¨ ¥¥ à�¡®âë. ‚ ¯®-
á«¥¤ãîé¨å áâ�âìïå ¯® ¤�−−®¬ã ¢®¯à®áã à�áá¬�âà¨¢�«¨áì à�§«¨ç−ë¥ á¯®á®¡ë
¯®áâà®¥−¨ï �àå¨â¥ªâãàë −¥©à®á¥â¥© á â�ª¨¬¨ äã−ªæ¨ï¬¨ �ªâ¨¢�æ¨¨ ¨ ¯à¨¬¥àë
¨å ¨á¯®«ì§®¢�−¨ï ¢ −¥©à®á¥âïå [5, 6]. �¤−�ª® ã¯®¬ï−ãâë¥ ¢ íâ¨å áâ�âìïå ªã¡¨-
ç¥áª¨¥ á¯«�©−ë âà¥¡ãîâ ¡®«ìè¥ ¢ëç¨á«¨â¥«ì−ëå à¥áãàá®¢, ç¥¬ ¯�à�¡®«¨ç¥áª¨¥
ˆ„-á¯«�©−ë á® §¢¥−ìï¬¨ (3). ˆ ¯®áª®«ìªã −¥©à®á¥â¨ ®¡ãç�îâáï −� ¡®«ìè¨å
®¡ê¥¬�å ¤�−−ëå (®¡ãç¥−¨¥ ¨−®£¤� §�−¨¬�¥â ¬¥áïæë), � äã−ªæ¨ï �ªâ¨¢�æ¨¨ ¢ë-
ç¨á«ï¥âáï −¥ª®â®à®¥ ç¨á«® à�§ (®¯à¥¤¥«ï¥¬®¥ �àå¨â¥ªâãà®© á¥â¨) ¤«ï ª�¦¤®£®
á¨£−�«�, ®¡à�¡�âë¢�¥¬®£® á¥âìî, â® á®ªà�é¥−¨¥ ¢à¥¬¥−¨ ¢ëç¨á«¥−¨ï §−�ç¥−¨©
äã−ªæ¨¨ �ªâ¨¢�æ¨¨ ¨£à�¥â §−�ç¨â¥«ì−ãî à®«ì.

’�ª¨¬ ®¡à�§®¬, ¯à¨¬¥−¥−¨¥ ¯�à�¡®«¨ç¥áª¨å ˆ„-á¯«�©−®¢ ¢ −¥©à®á¥âïå á®
á«®¦−®© �àå¨â¥ªâãà®© ¯®§¢®«¨â á®ªà�â¨âì ¢à¥¬ï ®¡ãç¥−¨ï á¥â¨ ¨ ¥¥ à�¡®âë
¢ à¥¦¨¬¥ íªá¯«ã�â�æ¨¨ ¯® áà�¢−¥−¨î á ªã¡¨ç¥áª¨¬¨ á¯«�©−�¬¨. ‚ â® ¦¥ ¢à¥¬ï
â®ç−®áâì à¥§ã«ìâ�â®¢, ¢ë¤�¢�¥¬ëå −¥©à®á¥âìî á ˆ„-á¯«�©−®¢®© äã−ªæ¨¥© �ª-
â¨¢�æ¨¨, ¡ã¤¥â ¢ëè¥, ç¥¬ ¯à¨ −¥¨§¬¥−ï¥¬ëå äã−ªæ¨ïå �ªâ¨¢�æ¨¨. ‚ ç�áâ−®áâ¨,
¯¥àá¯¥ªâ¨¢−®© ¢ë£«ï¤¨â ¨¤¥ï ¯® §�¬¥−¥ −¥�¤�¯â¨àã¥¬ëå äã−ªæ¨© �ªâ¨¢�æ¨¨ −�
¯�à�¡®«¨ç¥áª¨¥ ˆ„-á¯«�©−ë ¢ ¯®¯ã«ïà−ëå ¢ −�áâ®ïé¥¥ ¢à¥¬ï −¥©à®á¥âïå |
−�¯à¨¬¥à, ¢ á¥â¨ ResNet, ¯à¨¬¥−ï¥¬®© ¢ ®á−®¢−®¬ ¤«ï �−�«¨§� ¨§®¡à�¦¥−¨©
¨ ¯à¥¢®áå®¤ïé¥© ç¥«®¢¥ç¥áª¨© ãà®¢¥−ì ª«�áá¨ä¨ª�æ¨¨ ¨§®¡à�¦¥−¨©.

2 Обработка информации нейронными сетями с использованием
параболических интегродифференциальных сплайнов
как функций активации

‚ ¤�−−®¬ à�§¤¥«¥ ¯à¥¤«�£�¥âáï �«£®à¨â¬ ¯à¨¬¥−¥−¨ï ¯�à�¡®«¨ç¥áª®£®
ˆ„-á¯«�©−� ¢ ª�ç¥áâ¢¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨. „«ï ¯®áâà®¥−¨ï �«£®à¨â¬� à�á-
á¬®âà¨¬ ¢−�ç�«¥ ¯à¨−æ¨¯ à�¡®âë ®¤−®£® −¥©à®−� ¢ −¥©à®á¥â¨.
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‘å¥¬� à�¡®âë ®¤−®£® −¥©à®−� ¢ ú¯®«−®á¢ï§−®¬û á«®¥ −¥©à®á¥â¨ á ¯�à�¡®«¨ç¥áª¨¬
ˆ„-á¯«�©−®¬ ¢ ª�ç¥áâ¢¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨

ˆáªãááâ¢¥−−�ï −¥©à®−−�ï á¥âì áâà®¨âáï ¯® ¯à¨−æ¨¯�¬ à�¡®âë ç¥«®¢¥ç¥áª®£®
¬®§£�. Š�¦¤ë© −¥©à®− ¢ −¥©à®á¥â¨ | íâ® ®¡ê¥ªâ, ¯à¥®¡à�§ãîé¨© á¨£−�«ë, ¯®-
«ãç¥−−ë¥ ®â −¥ª®â®à®£® ¬−®¦¥áâ¢� −¥©à®−®¢, ¨ ®â¯à�¢«ïîé¨© ¤àã£¨¬ −¥©à®−�¬
á¨£−�«ë, ï¢«ïîé¨¥áï à¥§ã«ìâ�â�¬¨ íâ®£® ¯à¥®¡à�§®¢�−¨ï. �¥©à®−ë ®¡ê¥¤¨−ï-
îâáï ¢ £àã¯¯ë | á«®¨. Š�¦¤ë© á«®© ®¡à�¡�âë¢�¥â á¨£−�«ë ¯® ®¯à¥¤¥«¥−−®¬ã
¯à�¢¨«ã. Œ−®¦¥áâ¢® á¨£−�«®¢, ¯®¤�¢�¥¬ëå ¢ −¥ª®â®àë© ¬®¬¥−â ¢à¥¬¥−¨ −�
¢å®¤ −¥©à®á¥â¨, ¯à¥¤áâ�¢«ï¥â á®¡®© ¬�áá¨¢ ç¨á«®¢ëå ¢¥«¨ç¨− (¢ ®¡é¥¬ á«ãç�¥
¬−®£®¬¥à−ë©), −�¯à¨¬¥à: å�à�ªâ¥à¨áâ¨ª¨ −¥ª®â®à®£® ®¡ê¥ªâ�, ®æ¨äà®¢�−−®¥
¨§®¡à�¦¥−¨¥, â¥ªáâ, §¢ãª®¢�ï ¤®à®¦ª�. ’�ª®© ¬�áá¨¢ ¢ â¥å−¨ç¥áª®© «¨â¥à�âãà¥,
¯®á¢ïé¥−−®© −¥©à®á¥â¥¢ë¬ â¥å−®«®£¨ï¬, ®¡®§−�ç�¥âáï â¥à¬¨−®¬ úâ¥−§®àû (§¤¥áì
−¥â á¢ï§¨ á ®¡ê¥ªâ®¬ úâ¥−§®àû ¢ «¨−¥©−®© �«£¥¡à¥).

�¥©à®á¥âì á®¤¥à¦¨â ¨§¬¥−ï¥¬ë¥ ¯�à�¬¥âàë, ª®â®àë¥ −�áâà�¨¢�îâáï â�ª,
çâ®¡ë á¥âì ®¯â¨¬�«ì−ë¬ ®¡à�§®¬ ¢ë¯®«−ï«� ¯®áâ�¢«¥−−ãî §�¤�çã. „«ï à¥-
è¥−¨ï §�¤�ç à�§«¨ç−ëå â¨¯®¢ ¨á¯®«ì§ãîâáï −¥©à®á¥â¨, á®áâ®ïé¨¥ ¨§ á«®¥¢,
¯®áâà®¥−−ëå ¯® à�§−ë¬ ¯à¨−æ¨¯�¬ (®â«¨ç�îé¨åáï ç¨á«®¬ −¥©à®−®¢ ¨ á¯®á®¡®¬
¯à¥®¡à�§®¢�−¨ï á¨£−�«®¢).

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� −� à¨áã−ª¥ ¯®ª�§�−� áå¥¬� à�¡®âë ®¤−®£® −¥©à®−� N
l
r â�ª

−�§ë¢�¥¬®£® ú¯®«−®á¢ï§−®£®û á«®ï −¥©à®á¥â¨. �®«−®á¢ï§−ë© á«®© å�à�ªâ¥à¥−
â¥¬, çâ® ¢ −¥¬ ª�¦¤ë© −¥©à®− ¯®«ãç�¥â á¨£−�«ë ®â ¢á¥å −¥©à®−®¢ ¯à¥¤ë¤ãé¥£®
á«®ï ¨ ¢ë¤�¥â á¨£−�«ë ¢á¥¬ −¥©à®−�¬ á«¥¤ãîé¥£® á«®ï.

�� ¢ëå®¤¥ ¨§ (l − 1)-£® á«®ï, á®áâ®ïé¥£® ¨§ Kl−1 −¥©à®−®¢ (á¬. à¨áã−®ª),
¯®«ãç�îâáï ¢¥ªâ®àë

X l−1
t =

(
xl−1

t0 · · · xl−1
tk · · · xl−1

tKl−1

)
, t = 1, . . . , T ,

¤«¨−®© Kl−1.
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�®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ −¥©à®−−ë¬¨ á¥âï¬¨

Š�¦¤ë© r-© −¥©à®− N
l
r l-£® (ú¯®«−®á¢ï§−®£®û) á«®ï ¯®á«¥¤®¢�â¥«ì−® ¢ ¬®-

¬¥−âë ¢à¥¬¥−¨ t (t = 1, . . . , T ) ¯à¨−¨¬�¥â ¢¥ªâ®àë

X l−1
t =

(
xl−1

t1 · · · xl−1
tk · · · xl−1

tKl−1

)

®â −¥©à®−®¢ ¯à¥¤ë¤ãé¥£®, (l− 1)-£® á«®ï, ¯à¨ íâ®¬ ª�¦¤ë© á¨£−�« xl−1
tk ã¬−®¦�-

¥âáï −� −¥ª®â®àë© ¢¥á wl
kr, å�à�ªâ¥à¨§ãîé¨© á¢ï§ì ¬¥¦¤ã −¥©à®−�¬¨ N

l−1
k ¨ N

l
r.

„�«¥¥ −¥©à®− N
l
r ¢ë¯®«−ï¥â «¨−¥©−®¥ ¯à¥®¡à�§®¢�−¨¥ ¢å®¤−ëå á¨£−�«®¢:

“xl
tr =

Kl−1∑

k=0

xl−1
tk wl

tk (§¤¥áì xl−1
t0 = 1), (6)

£¤¥ Kl−1 | ç¨á«® −¥©à®−®¢ (l − 1)-£® á«®ï, ®â ª®â®àëå −¥©à®− N
l
r ¯®«ãç�¥â

á¨£−�«ë. ‚¥á� wl
kr (k = 1, . . . ,Kl−1) á¢ï§¥© −¥©à®−� N

l
r á ª�¦¤ë¬ ¨§ ¢§�¨¬®¤¥©-

áâ¢ãîé¨å á −¨¬ −¥©à®−®¢ ¯à¥¤ë¤ãé¥£®, (l − 1)-£® á«®ï á®áâ�¢«ïîâ ¬−®¦¥áâ¢®
¢¥á®¢ −¥©à®−� N

l
r. „®¯®«−¨â¥«ì−® ¢ ç¨á«® ¢¥á®¢ −¥©à®−� ¢ª«îç�¥âáï ¢¥«¨ç¨-

−�wl
0r, −�§ë¢�¥¬�ï úá¬¥é¥−¨¥¬û (¨ xl−1

t0 ¢ «¨−¥©−®© ª®¬¡¨−�æ¨¨ (6) ¯à¨−¨¬�¥âáï
à�¢−ë¬ 1).

‚¥á� −¥©à®á¥â¨, ¢ª«îç�ï á¬¥é¥−¨ï, ï¢«ïîâáï ®¡ãç�¥¬ë¬¨ ¯�à�¬¥âà�¬¨.
�¡ãç¥−¨¥ á®áâ®¨â ¢ ª®àà¥ªâ¨à®¢ª¥ ¢¥á®¢ â�ª, çâ®¡ë ã«ãçè¨âì ª�ç¥áâ¢® à�¡®âë
−¥©à®á¥â¨. ‚ §�¢¨á¨¬®áâ¨ ®â §�¤�ç, à¥è�¥¬ëå −¥©à®á¥âìî, ¨á¯®«ì§ãîâáï à�§−ë¥
á¯®á®¡ë ®¡ãç¥−¨ï. �à¨ â�ª −�§ë¢�¥¬®¬ ú®¡ãç¥−¨¨ á ãç¨â¥«¥¬û ¯à¥¤áª�§�−−ë¥
−¥©à®á¥âìî à¥§ã«ìâ�âë áà�¢−¨¢�îâáï á ¨§¢¥áâ−ë¬¨ §−�ç¥−¨ï¬¨ (ú¯à�¢¨«ì−ë¬¨
®â¢¥â�¬¨û) ¯ãâ¥¬ ¢ëç¨á«¥−¨ï §−�ç¥−¨ï −¥ª®â®à®© äã−ªæ¨¨ ®è¨¡ª¨ (−�§ë¢�¥¬®©
â�ª¦¥ äã−ªæ¨¥© ¯®â¥àì). „�«¥¥ ¢¥á� −¥©à®á¥â¨ ª®àà¥ªâ¨àãîâáï â�ª, çâ®¡ë ¬¨−¨-
¬¨§¨à®¢�âì äã−ªæ¨î ¯®â¥àì. �¡ëç−® ¤«ï íâ®£® ¨á¯®«ì§ã¥âáï ¬¥â®¤ £à�¤¨¥−â−®£®
á¯ãáª� ¨ ¥£® ¬®¤¨ä¨ª�æ¨¨. ��¨¡®«¥¥ à�á¯à®áâà�−¥−−®© äã−ªæ¨¥© ¯®â¥àì á«ã¦¨â
áà¥¤−¥ª¢�¤à�â¨ç−�ï ®è¨¡ª�. �¡ãç¥−¨¥ ¯à®¢®¤¨âáï ¨â¥à�æ¨ï¬¨. ’à¥−¨à®¢®ç−ë©
−�¡®à ¤�−−ëå à¥ª®¬¥−¤ã¥âáï ¤¥«¨âì −� ¯�ª¥âë (â�ª −�§ë¢�¥¬ë¥ ¡�âç¨). ‚ ®¤−®©
¨â¥à�æ¨¨ −� ¢å®¤ −¥©à®á¥â¨ ¯®¤�¥âáï ®¤¨− ¡�âç â¥−§®à®¢ âà¥−¨à®¢®ç−ëå ¤�−−ëå,
¨ ¯®á«¥ ®¡à�¡®âª¨ ¡�âç� ¢á¥¬¨ á«®ï¬¨ ®¡−®¢«ïîâáï ®¡ãç�¥¬ë¥ ¯�à�¬¥âàë á¥â¨.

‚ëå®¤−®© á¨£−�« −¥©à®−� N
P
k | íâ® à¥§ã«ìâ�â ¯à¨¬¥−¥−¨ï ª áã¬¬¥ (6)

−¥«¨−¥©−®© äã−ªæ¨¨ ϕ, −�§ë¢�¥¬®© äã−ªæ¨¥© �ªâ¨¢�æ¨¨: xl
tr = ϕ(“x

l
tr).

Š −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì§ã¥¬ë¬ äã−ªæ¨ï¬ �ªâ¨¢�æ¨¨ ®â−®áïâáï: á¨£¬®¨¤�,
£¨¯¥à¡®«¨ç¥áª¨© â�−£¥−á, ReLU (¨ ¥¥ ¬®¤¨ä¨ª�æ¨¨), ELU [5]. ‚ à�§−ëå
á«®ïå −¥©à®á¥â¨ ¬®£ãâ ¯à¨¬¥−ïâìáï à�§−ë¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨, −® ¢ ®¤−®¬ á«®¥
®¡ëç−® ¨á¯®«ì§ã¥âáï ®¤−� ¨ â� ¦¥ äã−ªæ¨ï �ªâ¨¢�æ¨¨. ‚ëè¥ãª�§�−−ë¥ äã−ªæ¨¨
�ªâ¨¢�æ¨¨ −¥ ¨§¬¥−ïîâáï ¯à¨ ®¡ãç¥−¨¨ −¥©à®á¥â¨.

‚ ¤�−−®© à�¡®â¥ ¯à¥¤«�£�¥âáï ¢ ª�ç¥áâ¢¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨ ¨á¯®«ì§®¢�âì
¯�à�¡®«¨ç¥áª¨© ˆ„-á¯«�©− á® §¢¥−ìï¬¨ (3), £¤¥ ¨−â¥£à�«ë Ii+1

i ï¢«ïîâáï ®¡ãç�-
¥¬ë¬¨ ¯�à�¬¥âà�¬¨ −¥©à®á¥â¨ −�àï¤ã á ¢¥á�¬¨ −¥©à®−®¢. ”®à¬� ªà¨¢®© â�ª®©
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äã−ªæ¨¨ �ªâ¨¢�æ¨¨ ¨§¬¥−ï¥âáï ¢ ¯à®æ¥áá¥ ®¡ãç¥−¨ï â�ª, çâ®¡ë ã«ãçè¨âì à¥-
§ã«ìâ�âë à�¡®âë −¥©à®á¥â¨.

‚ ú¯®«−®á¢ï§−ëåû á«®ïå á ¬�«ë¬ ç¨á«®¬ −¥©à®−®¢ (¬¥−¥¥ 50) ¬®¦−® ¤«ï
ª�¦¤®£® −¥©à®−� ¨á¯®«ì§®¢�âì á¢®î ˆ„-á¯«�©−®¢ãî äã−ªæ¨î �ªâ¨¢�æ¨¨ â�ª,
çâ®¡ë ¨−â¥£à�«ì−ë¥ ¯�à�¬¥âàë Ii+1

i , ¢å®¤ïé¨¥ ¢ á®áâ�¢ ª®íää¨æ¨¥−â®¢ á¯«�©-
−�, ¬¥−ï«¨áì −¥§�¢¨á¨¬® ¤«ï à�§−ëå −¥©à®−®¢. �® ¢ ¡®«¥¥ á«®¦−ëå −¥©à®á¥âïå
(−�¯à¨¬¥à, á® úá¢¥àâ®ç−ë¬¨û á«®ï¬¨, ¨á¯®«ì§ã¥¬ë¬¨, ¢ ç�áâ−®áâ¨, ¤«ï ®¡à�-
¡®âª¨ ¨§®¡à�¦¥−¨©) ¯®áâà®¥−¨¥ ¡®«ìè®£® ç¨á«� à�§−ëå á¯«�©−®¢ ¢ë§¢�«® ¡ë
−¥¯à¨¥¬«¥¬®¥ ã¢¥«¨ç¥−¨¥ ¢à¥¬¥−¨ ®¡ãç¥−¨ï. �®íâ®¬ã ¯à¥¤«�£�¥âáï ¢ ¡®«ìè¨å
−¥©à®á¥âïå ¨á¯®«ì§®¢�âì ¢ ®¤−®¬ á«®¥ ®¤−ã ˆ„-á¯«�©−®¢ãî äã−ªæ¨î �ªâ¨¢�æ¨¨
(−® ¢ à�§−ëå á«®ïå | à�§−ë¥, ¬¥−ïîé¨¥áï −¥§�¢¨á¨¬® ¤àã£ ®â ¤àã£�).

�¨¦¥ ¯à¨¢®¤¨âáï �«£®à¨â¬ ¢ëç¨á«¥−¨ï §−�ç¥−¨© ˆ„-á¯«�©−®¢®© äã−ªæ¨¨
®â á¨£−�«®¢, ¢ë¤�¢�¥¬ëå á«®¥¬ −¥©à®−®¢.

÷�áá¬®âà¨¬ à�¡®âã l-£® á«®ï −¥©à®á¥â¨, ¯®á«¥ ª®â®à®£® ¢ë§ë¢�¥âáï äã−ªæ¨ï
�ªâ¨¢�æ¨¨. l-© á«®© −¥©à®á¥â¨ ¢ë¤�¥â ¡�âç B “X, á®áâ®ïé¨© ¢ ®¡é¥¬ á«ãç�¥
¨§ ¬−®£®¬¥à−ëå â¥−§®à®¢ “Xt (t = 1, . . . , T ), ¯®áâã¯�îé¨© −� ¢å®¤ äã−ªæ¨¨
�ªâ¨¢�æ¨¨: B “X = (

“X1, . . . , “Xt, . . . , “XT )
T. ‚®§ì¬¥¬ á¥âªã ã§«®¢ á¯«�©−� θ. „«ï

¢ëç¨á«¥−¨ï §−�ç¥−¨© í«¥¬¥−â®¢ â¥−§®à� ¢ëå®¤−ëå á¨£−�«®¢ ˆ„-á¯«�©−®¢®©
äã−ªæ¨¨ �ªâ¨¢�æ¨¨ BY = (Y1, . . . , Yt, . . . , YT )

T −ã¦−® ¤«ï ª�¦¤®£® í«¥¬¥−â� “x
ª�¦¤®£® â¥−§®à� “Xt ¨§ ¡�âç�B “X ®¯à¥¤¥«¨âì ¨−â¥à¢�« á¥âª¨ ã§«®¢ [xi, xi+1), ªã¤�
ú¯®¯�«û “x: “x ∈ [xi, xi+1). �â® −¥®¡å®¤¨¬® ¤«ï â®£®, çâ®¡ë ¯®−ïâì, ª�ª®¥ §¢¥−®
á¯«�©−� (â. ¥. ª�ª¨¥ ¯�à�¬¥âàë Ii+1

i , fi, fi+1) −ã¦−® ¨á¯®«ì§®¢�âì ¤«ï ¢ëç¨á«¥−¨ï
¢ëå®¤−®£® §−�ç¥−¨ï y = S2éä,i(“x), £¤¥ i ®¯à¥¤¥«ï¥âáï ãá«®¢¨¥¬ “x ∈ [xi, xi+1).
„«ï ª�¦¤®£® ¡�âç� B “X −ã¦−® á®áâ�¢¨âì á«¥¤ãîé¨¥ â¥−§®àë (¨¬¥îé¨¥ â�ª®© ¦¥
à�§¬¥à, ª�ª B “X ): Bind ¨ Bind1, £¤¥ ª�¦¤ë© í«¥¬¥−â ¯à¥¤áâ�¢«ï¥â á®¡®© ¨−¤¥ªá i
¨ i + 1 (á®®â¢¥âáâ¢¥−−®) «¥¢®© ¨ ¯à�¢®© £à�−¨ç−®© â®çª¨ ¨−â¥à¢�«� á¥âª¨ θ,
ªã¤� ú¯®¯�«û á®®â¢¥âáâ¢ãîé¨© í«¥¬¥−â “x ¡�âç� B “X (“x ∈ [xi, xi+1)); BIH |
á®áâ®ïé¨© ¨§ §−�ç¥−¨© Ii+1

i /hi+1; Bf ¨ Bf1 | á®áâ®ïé¨¥ ¨§ §−�ç¥−¨© fi ¨ fi+1

á®®â¢¥âáâ¢¥−−®; Bu | á®áâ®ïé¨© ¨§ §−�ç¥−¨© (“x− xi)/hi+1.
„�«¥¥ ¯® ä®à¬ã«¥, ¢ëâ¥ª�îé¥© ¨§ (3), ¬®¦−® ¢ëç¨á«¨âì:

BY = S2éä(B “X) =

=
(
−6B2u + 6Bu

)
BIH +

(
3B2u − 4B2u + 1

)
Bf +

(
3B2u − 2Bu

)
Bf1 .

(‡¤¥áì ®¯¥à�æ¨¨ ã¬−®¦¥−¨ï ¨ á«®¦¥−¨ï | íâ® ¯®ç«¥−−®¥ ã¬−®¦¥−¨¥ ¨ á«®¦¥−¨¥
§−�ç¥−¨© ¬−®£®¬¥à−ëå ¬�áá¨¢®¢ (â¥−§®à®¢) á®®â¢¥âáâ¢¥−−®.)

�� ª�¦¤®© ¨â¥à�æ¨¨ ®¡ãç¥−¨ï (¯®á«¥ ®¡à�¡®âª¨ −¥©à®á¥âìî ®¤−®£® ¡�âç� ¨§
âà¥−¨à®¢®ç−®£® −�¡®à� ¤�−−ëå) ¨−â¥£à�«ì−ë¥ ¯�à�¬¥âàë Ii+1

i (i = 0, . . . , n −
− 1) ¨§¬¥−ïîâáï. �®á«¥ ®¡−®¢«¥−¨ï Ii+1

i (i = 0, . . . , n − 1) −ã¦−® ¢ëç¨á«¨âì
§−�ç¥−¨ï fi (i = 0, . . . , n) ¨§ ‘‹�“ (4) ¢ á®ç¥â�−¨¨ á (5).

�¥à¥¤ −�ç�«®¬ ®¡ãç¥−¨ï á«¥¤ã¥â ¨−¨æ¨�«¨§¨à®¢�âì ¯�à�¬¥âàë Ii+1
i (i =

= 0, . . . , n − 1). ˆå ¬®¦−® §�¤�âì ª�ª ¨−â¥£à�«ë ®â ¨§¢¥áâ−®© äã−ªæ¨¨ �ªâ¨¢�-
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�®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ −¥©à®−−ë¬¨ á¥âï¬¨

æ¨¨ (¨§ ¯¥à¥ç¨á«¥−−ëå ¢ëè¥), ¨á¯®«ì§ã¥¬®© ¤«ï §�¤�ç, �−�«®£¨ç−ëå à¥è�¥¬®©.
‚ëç¨á«¨âì Ii+1

i ¬®¦−® ª�ª ¯® ï¢−ë¬ ä®à¬ã«�¬ (¯à®¨−â¥£à¨à®¢�¢ íâ¨ ¨§¢¥áâ−ë¥
äã−ªæ¨¨), â�ª ¨ á ¯®¬®éìî ª¢�¤à�âãà−ëå ä®à¬ã« ¢ëç¨á«¨â¥«ì−®© ¬�â¥¬�â¨-
ª¨ [2].

3 Заключение

”ã−ªæ¨ï �ªâ¨¢�æ¨¨ ¢ ¢¨¤¥ ¯�à�¡®«¨ç¥áª®£® ˆ„-á¯«�©−� ¬¥−ï¥âáï ¢ ¯à®æ¥áá¥
®¡ãç¥−¨ï â�ª, çâ®¡ë ¬¨−¨¬¨§¨à®¢�âì äã−ªæ¨î ®è¨¡ª¨, §� áç¥â ç¥£® ¯à®¨áå®¤¨â
¯®¢ëè¥−¨¥ â®ç−®áâ¨ à¥§ã«ìâ�â®¢ à�¡®âë −¥©à®á¥â¨, á®ªà�é¥−¨¥ ¢à¥¬¥−¨ ¥¥
®¡ãç¥−¨ï ¨ ãáª®à¥−¨¥ à�¡®âë ¢ à¥¦¨¬¥ íªá¯«ã�â�æ¨¨. ‚ íâ®¬ á«ãç�¥ ¯à¨¬¥−¥−¨¥
−¥©à®á¥â¥© á ã¯à®é¥−−®© �àå¨â¥ªâãà®© (á ¬¥−ìè¨¬ ç¨á«®¬ á«®¥¢, −¥©à®−®¢) −¥
¢ë§®¢¥â ¯®â¥àî ª�ç¥áâ¢�.

�à¥¤áâ�¢«ï¥âáï ¯¥àá¯¥ªâ¨¢−ë¬ −�¯à�¢«¥−¨¥¬ ¬®¤¨ä¨ª�æ¨ï −¥©à®á¥â¥© á ¨§-
¢¥áâ−ë¬¨ �àå¨â¥ªâãà�¬¨ (â�ª¨å ª�ª ResNet) ¯ãâ¥¬ §�¬¥−ë ¢ −¨å äã−ªæ¨© �ªâ¨-
¢�æ¨¨ −� ˆ„-á¯«�©−®¢ë¥ äã−ªæ¨¨ �ªâ¨¢�æ¨¨. �à¨ íâ®¬ ®áâ�¥âáï ¢®§¬®¦−®áâì
¨á¯®«ì§®¢�−¨ï ¯à¥¤®¡ãç¥−−ëå ¢¥á®¢ −¥©à®−®¢, ¯®áâ�¢«ï¥¬ëå áâ�−¤�àâ−ë¬¨ ¯à®-
£à�¬¬−ë¬¨ ¡¨¡«¨®â¥ª�¬¨ ¤«ï á®§¤�−¨ï −¥©à®á¥â¥© (−�¯à¨¬¥à, PyTorch), çâ®
®ç¥−ì ¢�¦−® ¤«ï á®ªà�é¥−¨ï ¢à¥¬¥−¨ ®¡ãç¥−¨ï.

‚®§¬®¦−®áâì ¯à¨¬¥−¥−¨ï ª�ª à�¢−®¬¥à−ëå, â�ª ¨ −¥à�¢−®¬¥à−ëå á¥â®ª ã§«®¢
¯�à�¡®«¨ç¥áª®£® ˆ„-á¯«�©−� ¯®§¢®«ï¥â ¯®¢ëá¨âì â®ç−®áâì à¥§ã«ìâ�â®¢ à�¡®âë
−¥©à®á¥â¨. ‘ª®à®áâì ®¡ãç¥−¨ï ¨ à�¡®âë ¢ à¥¦¨¬¥ íªá¯«ã�â�æ¨¨ ˆ„-á¯«�©−®¢®©
−¥©à®á¥â¨ −¥ §�¢¨á¨â ®â ¢¨¤� á¥âª¨ á¯«�©−�.

��à�¡®«¨ç¥áª¨¥ ˆ„-á¯«�©−ë ¢ ª�ç¥áâ¢¥ äã−ªæ¨© �ªâ¨¢�æ¨¨ ¬®£ãâ ¯®¢ëá¨âì
íää¥ªâ¨¢−®áâì â¥å−®«®£¨© ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¢ â�ª¨å §�¤�ç�å, ª�ª ¯à¨-
−ïâ¨¥ à¥è¥−¨©, á®§¤�−¨¥ ª®¬¯ìîâ¥à−ëå ¨£à, �¯¯à®ªá¨¬�æ¨ï ¨ ¯à®£−®§¨à®¢�−¨¥
¤�−−ëå (¢ ä¨−�−á®¢®© ¨ á®æ¨�«ì−®© áä¥à¥, ¢ −�ãª¥ ¨ ¤à.), ª«�áá¨ä¨ª�æ¨ï ¨−-
ä®à¬�æ¨¨, ®¡à�¡®âª� ¨§®¡à�¦¥−¨© ¨ ¢¨¤¥®à®«¨ª®¢, ¯à¨¬¥−¥−¨¥ ª®¬¯ìîâ¥à−®£®
§à¥−¨ï, ®¡à�¡®âª� â¥ªáâ®¢, à¥ç¨, ¬ã§ëª¨ ¨ ¤à.
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Abstract: The paper considers the method to increase the efficiency of infor-
mation processing by neural networks by using the parabolic integrodifferential
splines (ID-splines) developed by the author as an activation function (AF) for
neurons. If the coefficients of parabolic ID-splines along with the weights of
the neurons are the trainable parameters of the neural network, then the AF in
the form of a parabolic ID spline changes in the learning process to minimize the
error function. This increases the accuracy of the results of the neural network
calculations and accelerates its training and operation. The prospects for modi-
fying neural networks with known architectures (such as ResNet) by introducing
ID-spline as AF are analyzed. Apparently, such an approach can improve the
quality of functioning of some popular neural networks. It is concluded that
parabolic ID splines as AF can increase the efficiency of artificial intelligence
technologies in such tasks as decision making, computer games development,
approximating and predicting data (in the financial and social spheres, in science,
etc.), classification of information, processing of images and videos, application
of computer vision, processing of texts, speech, and music, etc.
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−�ãª, −�ç�«ì−¨ª ®â¤¥«� £¥®ä¨§¨ç¥áª®© �ªãáâ¨ª¨ �ªãáâ¨ç¥áª®£® ¨−áâ¨âãâ� ¨¬.
�ª�¤¥¬¨ª� �. �. �−¤à¥¥¢�
Œ�−ìïª®¢ āà¨© �−�â®«ì¥¢¨ç (à. 1984) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª �à«®¢-
áª®£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢-
«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
Œ¥¤¢¥¤¥¢� …ª�â¥à¨−� ƒ¥®à£¨¥¢−� (à. 1985) | �áá¨áâ¥−â ª�ä¥¤àë ¯à¨ª«�¤−®©
¨−ä®à¬�â¨ª¨ ¨ â¥®à¨¨ ¢¥à®ïâ−®áâ¥© ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë −�à®¤®¢;
áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
Œ®à®§®¢ �¨ª®«�© ‚¨ªâ®à®¢¨ç (à. 1956) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
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�¨ª®«�¥¢ �−¤à¥© ‚«�¤¨¬¨à®¢¨ç (à. 1973) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, −�ãç−ë© á®âàã¤−¨ª ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� å¨¬¨ç¥áª®©
ä¨§¨ª¨ ¨¬. �. �. ‘¥¬ñ−®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
�ãà¨¥¢ ‚¨â�«¨© �«¥ªá�−¤à®¢¨ç (à. 1980) | ª�−¤¨¤�â ä¨«®«®£¨ç¥áª¨å −�ãª,
áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
�¨áª®¢áª¨© ‚¨ªâ®à �«¥£®¢¨ç (à. 1963) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥ª¨å −�-
ãª, áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
�®«ïª®¢ �¨ª¨â� �«¥ªá¥¥¢¨ç (à. 1997) | áâã¤¥−â ¬�£¨áâà�âãàë ª�ä¥¤àë ¯à¨-
ª«�¤−®© ¨−ä®à¬�â¨ª¨ ¨ â¥®à¨¨ ¢¥à®ïâ−®áâ¥© ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë
−�à®¤®¢
÷�æ¥¥¢ ‘¥à£¥© Œ¨å�©«®¢¨ç (à. 1979) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¤®æ¥−â ª�ä¥¤àë ¨−ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ ¨ â¥®à¨¨ ã¯à�¢«¥−¨ï “«ìï−®¢-
áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�
÷ã¬®¢áª�ï ‘®ä¨ï �®à¨á®¢−� (à. 1985) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, −�ãç−ë©
á®âàã¤−¨ª Š�«¨−¨−£à�¤áª®£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª; áâ�àè¨© ¯à¥¯®¤�¢�-
â¥«ì ��«â¨©áª®£® ä¥¤¥à�«ì−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ ˆ¬¬�−ã¨«� Š�−â�
‘¥−ç¨«® ‚«�¤¨¬¨à ‚¨ªâ®à®¢¨ç (à. 1963) | −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ�
¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘ª¢®àæ®¢� �¨−� �¨ª®«�¥¢−� (à. 1956) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à ª�ä¥¤àë ¬®¤¥«¨à®¢�−¨ï à�¤¨®ä¨§¨ç¥áª¨å ¯à®æ¥áá®¢ Œˆ÷-
�� | ÷®áá¨©áª®£® â¥å−®«®£¨ç¥áª®£® ã−¨¢¥àá¨â¥â�; ¯à®ä¥áá®à ª�ä¥¤àë ü 69
��æ¨®−�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® ï¤¥à−®£® ã−¨¢¥àá¨â¥â� úŒˆ”ˆû; ¢¥¤ã-
é¨© −�ãç−ë© á®âàã¤−¨ª ®â¤¥«� ä¨§¨ª¨ ¯«�§¬ë ˆ−áâ¨âãâ� ®¡é¥© ä¨§¨ª¨ ¨¬.
�. Œ. �à®å®à®¢� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘¬¨à−®¢ ‚¨â�«¨© �«¥ªá�−¤à®¢¨ç (à. 1990) | �á¯¨à�−â ª�ä¥¤àë ¬®¤¥«¨à®-
¢�−¨ï à�¤¨®ä¨§¨ç¥áª¨å ¯à®æ¥áá®¢ Œˆ÷�� | ÷®áá¨©áª®£® â¥å−®«®£¨ç¥áª®£®
ã−¨¢¥àá¨â¥â�; ¢¥¤ãé¨© ¨−¦¥−¥à ®â¤¥«� £¨¤à®�ªãáâ¨ç¥áª¨å ¯à¥®¡à�§®¢�â¥«¥©
�ªãáâ¨ç¥áª®£® ¨−áâ¨âãâ� ¨¬. �ª�¤¥¬¨ª� �. �. �−¤à¥¥¢�
‘®à®ª¨− �−¤à¥© ˆ¢�−®¢¨ç (à. 1987) | ¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª �à«®¢áª®-
£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥-
−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
‘â¥¯ç¥−ª®¢ „¬¨âà¨© āàì¥¢¨ç (à. 1973) | áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
‘â¥¯ç¥−ª®¢ āà¨© �ä�−�áì¥¢¨ç (à. 1951) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¢¥¤ã-
é¨© −�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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’¥àñå¨−� ˆà¨−� āàì¥¢−� (à. 1994) | �á¯¨à�−â ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì-
−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬.
Œ. ‚. ‹®¬®−®á®¢�
’¨¬®−¨−� …«¥−� …¢£¥−ì¥¢−� (à. 1952) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£®
¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª
•�©à®¢ �¬¨«ì Œ�à�â®¢¨ç (à. 1997) | áâã¤¥−â ¬�£¨áâà�âãàë ª�ä¥¤àë ¯à¨-
ª«�¤−®© ¨−ä®à¬�â¨ª¨ ¨ â¥®à¨¨ ¢¥à®ïâ−®áâ¥© ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë
−�à®¤®¢
•¨«ìª® „¬¨âà¨© ‚«�¤¨¬¨à®¢¨ç (à. 1987) | 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¥¢�â¥−ª® �«ì£� ˆ¢�−®¢−� (à. 1983) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¤®æ¥−â ª�ä¥¤àë ¢ëáè¥© ¬�â¥¬�â¨ª¨ “«ìï−®¢áª®£® £®áã¤�àáâ¢¥−−®£® ¯¥¤�-
£®£¨ç¥áª®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ ˆ. �. “«ìï−®¢�
˜¥áâ�ª®¢ �«¥£ ‚«�¤¨¬¨à®¢¨ç (p. 1976) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì-
−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬.
Œ. ‚. ‹®¬®−®á®¢�; áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�-
â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û
÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
˜®à£¨− ‘¥à£¥© Ÿª®¢«¥¢¨ç (à. 1952) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥-
à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª
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�¤�¬®¢¨ç ˆ. Œ., ‚®«ª®¢ �. ˆ. �¢â®¬�â¨§¨à®¢�−−�ï ®æ¥−ª�
¤®áâ®¢¥à−®áâ¨ ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢ 1 160{170

�¤�¬®¢¨ç ˆ. Œ., ‚®«ª®¢ �. ˆ. �¢â®¬�â¨§¨à®¢�−−ë© ¯®¨áª
¯à®â¨¢®à¥ç¨© ¢ ª®−ªà¥â−®-¨áâ®à¨ç¥áª®© ¨−ä®à¬�æ¨¨ 3 145{153

�¤�¬®¢¨ç ˆ. Œ., ‚®«ª®¢ �. ˆ. Œ¥å�−¨§¬ â¥¬¯®à�«ì−®£® á®-
¯®áâ�¢«¥−¨ï ª®−ªà¥â−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢ 4 138{146

�¤�¬®¢¨ç ˆ. Œ., ‚®«ª®¢ �. ˆ. Œ®¤¥«ì äã−ªæ¨®−¨à®¢�−¨ï
á¨áâ¥¬ë �¢â®¬�â¨§¨à®¢�−−®© ®æ¥−ª¨ ¤®áâ®¢¥à−®áâ¨ ª®−ªà¥â-
−®-¨áâ®à¨ç¥áª¨å ä�ªâ®¢ 2 177{186

�¨àîª®¢� ’. Š. �®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨ ®¡à�¡®âª¨ ¨−ä®à-
¬�æ¨¨ −¥©à®−−ë¬¨ á¥âï¬¨ á ¨á¯®«ì§®¢�−¨¥¬ ¯�à�¡®«¨ç¥áª¨å
¨−â¥£à®¤¨ää¥à¥−æ¨�«ì−ëå á¯«�©−®¢ ¢ ª�ç¥áâ¢¥ äã−ªæ¨©
�ªâ¨¢�æ¨¨ −¥©à®−®¢ 4 159{167

�®à¨á®¢ �. ‚., �®á®¢ �. ‚., †ãª®¢ „. ‚., ˆ¢�−®¢ �. ‚.,
‘ãèª® „. ‚. ˆ−ä®à¬�æ¨®−−ë¥ �á¯¥ªâë ®¡¥á¯¥ç¥−¨ï ¡¥§-
®¯�á−®áâ¨ −� âà�−á¯®àâ¥: ®−â®«®£¨ï ¯à¥¤¬¥â−®© ®¡«�áâ¨,
¬®¤¥«¨ ¨ ¢�à¨�−âë ¨á¯®«ì§®¢�−¨ï 1 126{134

�®á®¢ �. ‚., ‘ãçª®¢ �. �. ˆ−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª¨© á¨-
âã�æ¨®−−ë© æ¥−âà áâà�â¥£¨ç¥áª®£® ¯«�−¨à®¢�−¨ï ¢ ®¡«�áâ¨
®¡¥á¯¥ç¥−¨ï −�æ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨: ä�ªâ®àë ¢«¨ï−¨ï 1 115{125

�®á®¢ �. ‚., ‘ãçª®¢ �. �. ˆ−ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áª¨© á¨-
âã�æ¨®−−ë© æ¥−âà áâà�â¥£¨ç¥áª®£® ¯«�−¨à®¢�−¨ï ¢ ®¡«�áâ¨
®¡¥á¯¥ç¥−¨ï −�æ¨®−�«ì−®© ¡¥§®¯�á−®áâ¨: ¯¥àá¯¥ªâ¨¢−ë¥
�àå¨â¥ªâãà−ë¥ à¥è¥−¨ï 2 145{162

�®á®¢ �. ‚. á¬. �®à¨á®¢ �. ‚.
‚�ªã«¥−ª® ‚. ‚., ƒ®−ç�à®¢ �. �., „ãà−®¢® �. �., ‡�æ-

¬�− ˆ. Œ. ‡�¤�ç¨ ¡�§ë ¤�−−ëå äà�§¥®«®£¨ç¥áª®£® á«®¢�àï
¨ áâ�¤¨¨ ¥¥ ¯à®¥ªâ¨à®¢�−¨ï 2 113{123

‚®¤®«�¦¥−ª® �. �. á¬. Š�¡�−®¢ �. ‘.
‚®«ª®¢ �. ˆ. á¬. �¤�¬®¢¨ç ˆ. Œ.
‚®«ª®¢ �. ˆ. á¬. �¤�¬®¢¨ç ˆ. Œ.
‚®«ª®¢ �. ˆ. á¬. �¤�¬®¢¨ç ˆ. Œ.
‚®«ª®¢ �. ˆ. á¬. �¤�¬®¢¨ç ˆ. Œ.
ƒ�¢à¨«®¢ ‚. …., ‡�æ�à¨−−ë© �. �. �ªâã�«ì−ë¥ ¯à®¡«¥¬ë ¨−-

ä®à¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ ¢ ãá«®¢¨ïå ¯�−¤¥¬¨¨ ª®à®−�-
¢¨àãá� 3 123{132

ƒ�©¤�¬�ª� ā. ‚. á¬. Œ¥¤¢¥¤¥¢� …. ƒ.
ƒ�à�−¨− �. ˆ. á¬. ‡�æ�à¨−−ë© �. �.
ƒ®−ç�à®¢ �. �. á¬. ‚�ªã«¥−ª® ‚. ‚.
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ƒà¨−ç¥−ª® ‘. �. ��§¨á−ë¥ ¨−ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨ ¨ ú¯à®-
¬ëè«¥−−ë¥ à¥¢®«îæ¨¨û: ª�ª®¢� ¨å ¢§�¨¬®á¢ï§ì? 3 163{171

ƒàãè® �. �., ƒàãè® �. �., �¨ª®«�¥¢ �. ‚., �¨áª®¢-
áª¨© ‚. �., ‘¥−ç¨«® ‚. ‚., ’¨¬®−¨−� …. …. �®à®¦¤¥−¨¥
ã£à®§ ¢ £¥â¥à®£¥−−ëå á¨áâ¥¬�å æ¨äà®¢®© íª®−®¬¨ª¨ 1 46{55

ƒàãè® �. �., ƒàãè® �. �., ‘¥−ç¨«® ‚. ‚., ’¨¬®−¨−� …. ….
�à¥¤®â¢à�é¥−¨¥ ¬�áá®¢®£® ¢ë¢®¤� ¨§ áâà®ï á«�¡®§�é¨é¥−-
−ëå ¬®¡¨«ì−ëå á¨áâ¥¬ ¨−ä®à¬�æ¨®−−®© ¯®¤¤¥à¦ª¨ æ¨äà®-
¢®© íª®−®¬¨ª¨ 2 21{30

ƒàãè® �. �., ‡�æ�à¨−−ë© �. �., ’¨¬®−¨−� …. …. �¯¨á�−¨¥
¤¨−�¬¨ª¨ æ¨äà®¢®© íª®−®¬¨ª¨ á ¯®¬®éìî í«¥ªâà®−−®© ¡ãå-
£�«â¥àáª®© ª−¨£¨ 1 108{114

ƒàãè® �. �., �¨ª®«�¥¢ �. ‚., �¨áª®¢áª¨© ‚. �., ‘¥−ç¨-
«® ‚. ‚., ’¨¬®−¨−� …. …. Š®¬¯«¥ªá−®¥ ®¡¥á¯¥ç¥−¨¥ ¨−ä®à-
¬�æ¨®−−®© ¡¥§®¯�á−®áâ¨ ç�áâ−ëå ®¡«�ç−ëå ¢ëç¨á«¨â¥«ì−ëå
áà¥¤ 4 76{82

ƒàãè® �. �. á¬. ’¥àñå¨−� ˆ. ā.
ƒàãè® �. �. á¬. ƒàãè® �. �.
ƒàãè® �. �. á¬. ƒàãè® �. �.
„ã«¨− ‘. Š., �¨ª¨è¨− „. �. �®¤å®¤ë ª ¨−â¥£à�æ¨¨ ¯à¨ª«�¤-

−ëå ª®−æ¥¯âã�«ì−ëå áå¥¬ ¢ á®áâ�¢¥ ã−¨ä¨æ¨à®¢�−−®© £¥®-
®−â®«®£¨¨ 2 68{77

„ãà−®¢® �. �. á¬. ‚�ªã«¥−ª® ‚. ‚.
„ìïç¥−ª® „. ā. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
„ìïç¥−ª® „. ā. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
„ìïç¥−ª® ā. ƒ. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
„ìïç¥−ª® ā. ƒ. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
„ìïç¥−ª® ā. ƒ. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
…£®à®¢ ‚. �. �¥ª®â®àë¥ ¢®¯à®áë ¯à®£à�¬¬−®£® ®¯à¥¤¥«¥−¨ï

æ¥−âà®¢ ®¡à�¡®âª¨ ¤�−−ëå 2 103{112
…£®à®¢ ‚. �. �á®¡¥−−®áâ¨ ¬−®£®ï¤¥à−®áâ¨ ¨ ¬−®£®¯®â®ç−®áâ¨

¢ á¥â¥¢ëå ¯à®æ¥áá®à�å 1 82{92
…£®à®¢� �. ā., ‡�æ¬�− ˆ. Œ., Š®á�à¨ª ‚. ‚., �ãà¨¥¢ ‚. �.

�¥áâ�¡¨«ì−®áâì −¥©à®−−®£® ¬�è¨−−®£® ¯¥à¥¢®¤� 2 124{135
…£®à®¢� �. ā., ‡�æ¬�− ˆ. Œ., Šàã¦ª®¢ Œ. ƒ., �ãà¨¥¢ ‚. �.

Œ�è¨−−ë© ¯¥à¥¢®¤: ¨−¤¨ª�â®à−�ï ®æ¥−ª� à¥§ã«ìâ�â®¢
®¡ãç¥−¨ï ¨áªãááâ¢¥−−®© −¥©à®−−®© á¥â¨ 4 124{137

…£®à®¢� �. ā., ‡�æ¬�− ˆ. Œ., Šàã¦ª®¢ Œ. ƒ., �ãà¨¥¢ ‚. �.
Œ¥â®¤¨ª� â¥¬¯®à�«ì−®© ®æ¥−ª¨ −¥áâ�¡¨«ì−®áâ¨ ¬�è¨−−®£®
¯¥à¥¢®¤� 3 67{80

…à®ä¥¥¢� �. ‚., ‡�å�à®¢� ’. ‚. ‘â�â¨áâ¨ç¥áª¨© �−�«¨§ ¡¨®-
á¨£−�«®¢ ¯à¨ ¨§ãç¥−¨¨ §à¨â¥«ì−®© à�¡®ç¥© ¯�¬ïâ¨ ç¥«®¢¥ª� 4 50{60
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†ãª®¢ „. ‚. á¬. �®à¨á®¢ �. ‚.
‡�àï¤®¢ ˆ. ‘. á¬. Œ¥©å�−�¤¦ï− ‹. �.
‡�å�à®¢ ‚. �. á¬. Š®¢�«¥¢ „. ā
‡�å�à®¢ ‚. �. á¬. �«¥å�−®¢ ‹. �.
‡�å�à®¢� ’. ‚. á¬. …à®ä¥¥¢� �. ‚.
‡�æ�à¨−−ë© �. �., ˆ®−¥−ª®¢ ā. ‘. Œ¥â®¤¨ç¥áª¨© ¯®¤å®¤

ª ®æ¥−ª¥ ¢ª«�¤� ¨−ä®à¬�æ¨®−−ëå á¨áâ¥¬ ¢ íää¥ªâ¨¢−®áâì
®à£�−¨§�æ¨®−−ëå á¨áâ¥¬ 2 136{144

‡�æ�à¨−−ë© �. �., Š®à®«ñ¢ ‚. ˆ., ƒ�à�−¨− �. ˆ. �−�«¨§
¢«¨ï−¨ï −�¤¥¦−®áâ¨ ®¡®àã¤®¢�−¨ï á¨âã�æ¨®−−ëå æ¥−âà®¢
−� ¨−ä®à¬�æ¨®−−ãî ¡¥§®¯�á−®áâì 1 93{107

‡�æ�à¨−−ë© �. �., ‘ãçª®¢ �. �. “£à®§ë ¨ à¨áª¨ à¥�«¨§�-
æ¨¨ ª®¬¯«¥ªá−ëå −�ãç−®-â¥å−¨ç¥áª¨å ¯à®£à�¬¬ ¢ à�¬ª�å
¯à¨®à¨â¥â®¢ ‘âà�â¥£¨¨ −�ãç−®-â¥å−®«®£¨ç¥áª®£® à�§¢¨â¨ï
÷®áá¨¨ 3 97{111

‡�æ�à¨−−ë© �. �. á¬. ƒ�¢à¨«®¢ ‚. ….
‡�æ�à¨−−ë© �. �. á¬. ƒàãè® �. �.
‡�æ¬�− ˆ. Œ. á¬. ‚�ªã«¥−ª® ‚. ‚.
‡�æ¬�− ˆ. Œ. á¬. …£®à®¢� �. ā.
‡�æ¬�− ˆ. Œ. á¬. …£®à®¢� �. ā.
‡�æ¬�− ˆ. Œ. á¬. …£®à®¢� �. ā.
ˆ¢�−®¢ �. ‚. á¬. �®à¨á®¢ �. ‚.
ˆ«ì¨− �. ‚., ˆ«ì¨− ‚. „. �«®ªç¥©−-â¥å−®«®£¨¨ −®à¬�«¨§®-

¢�−−®£® ¡î¤¦¥â−®£® ®¡¥á¯¥ç¥−¨ï −�æ¨®−�«ì−ëå ¯à®¥ªâ®¢ 4 147{158
ˆ«ì¨− �. ‚., ˆ«ì¨− ‚. „. �®à¬�«¨§®¢�−−ë© íª®−®¬¨ç¥áª¨©

¬¥å�−¨§¬: æ¨äà®¢ë¥ â¥å−®«®£¨¨ ¯®«¨¢�«îâ−®£® àë−ª� 1 186{197
ˆ«ì¨− �. ‚., ˆ«ì¨− ‚. „. �¥àá®−�«ì−ë¥ ¨ ª®à¯®à�â¨¢−ë¥

í«¥ªâà®−−ë¥ ¡�−ª¨ ¢ â¥å−®«®£¨ïå â®¢�à−®-¤¥−¥¦−®£® ®¡à�-
é¥−¨ï 2 187{194

ˆ«ì¨− �. ‚., ˆ«ì¨− ‚. „. ‘¨âã�æ¨®−−�ï ¬®¤¥«ì ã−¨¢¥àá�«ì-
−®£® ¤®£®¢®à� ¢ æ¨äà®¢®© áà¥¤¥ 3 154{162

ˆ«ì¨− ‚. „. á¬. ˆ«ì¨− �. ‚.
ˆ«ì¨− ‚. „. á¬. ˆ«ì¨− �. ‚.
ˆ«ì¨− ‚. „. á¬. ˆ«ì¨− �. ‚.
ˆ«ì¨− ‚. „. á¬. ˆ«ì¨− �. ‚.
ˆ®−¥−ª®¢ ā. ‘. á¬. ‡�æ�à¨−−ë© �. �.
Š�¡�−®¢ �. ‘., ‚®¤®«�¦¥−ª® �. �. �¯à¥¤¥«¥−¨¥ æ¥−−®áâ¨ ¨ §�-

é¨â� ¨−á�©¤¥àáª®© ¨−ä®à¬�æ¨¨ 2 31{42
Š¨à¨ª®¢ ˆ. �. á¬. ‹¨áâ®¯�¤ ‘. ‚.
Š®¢�«¥¢ „. ā., ’�à�á®¢ …. �., ‡�å�à®¢ ‚. �., ”¨«¨¬®-

−®¢ �. Œ. �àå¨â¥ªâãà� ¯«�âä®à¬ë ¤«ï ¯à®¢¥¤¥−¨ï ¤¢¨¦¨-
¬ëå £¨¯®â¥§�¬¨ ¢¨àâã�«ì−ëå íªá¯¥à¨¬¥−â®¢ 2 56{67
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Š®¢�«¥¢ „. ā., ˜�−¨− ˆ. �., ’¨à¨ª®¢ …. Œ. Œã«ìâ¨¤¨á-
æ¨¯«¨−�à−ë¥ §�¤�ç¨ −¥©à®ä¨§¨®«®£¨¨ ¤«ï ¨á¯®«−¥−¨ï −�
à�á¯à¥¤¥«¥−−ëå ¢ëç¨á«¨â¥«ì−ëå ¨−äà�áâàãªâãà�å 2 43{55

Š®¢�«ñ¢ ‘. �. �à®¥ªâ¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−®£® ®¡¥á¯¥ç¥−¨ï
æ¨äà®¢ëå ¤¢®©−¨ª®¢ í−¥à£¥â¨ç¥áª¨å á¨áâ¥¬ 1 66{81

Š®«¥á−¨ª®¢ �. ‚. á¬. ÷ã¬®¢áª�ï ‘. �.
Š®−®¢�«®¢ ƒ. Œ. �à®¡«¥¬� §�¤�−¨ï ª®íää¨æ¨¥−â®¢ £®â®¢−®áâ¨

¤¨�£−®áâ¨ç¥áª¨å á¨áâ¥¬ ¢ ¯à®¥ªâ¥ ˆ’�÷: ¯®áâ�−®¢ª� §�¤�ç¨
¨ �«£®à¨â¬ à¥è¥−¨ï 2 89{102

Š®−ç¥ª®¢ …. Œ. á¬. ‘¬¨à−®¢ ‚. �.
Š®à®«ñ¢ ‚. ˆ. á¬. ‡�æ�à¨−−ë© �. �.
Š®á�à¨ª ‚. ‚. á¬. …£®à®¢� �. ā.
Šà¨¢¥−ª® Œ. �. ��©¥á®¢áª�ï ª«�áá¨ä¨ª�æ¨ï á¥à¨© ¬−®£®¬¥à-

−ëå ¤�−−ëå 1 34{45
Šà¨¢¥−ª® Œ. �. �à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¨áá«¥¤®¢�−¨© ¢ ®¡-

«�áâ¨ áâ�â¨áâ¨ç¥áª®£® �−�«¨§� ¤�−−ëå 4 4{13
Šà¨¢®è¥¥¢ ˆ. �., ‹¨−−¨ª Œ. �. ‘â�â¨ç¥áª¨© á¯®á®¡ áâ¥£�−®-

£à�ä¨ç¥áª®£® ¢áâà�¨¢�−¨ï ¨−ä®à¬�æ¨¨ −� ®á−®¢¥ LSB 3 56{66
Šàã¦ª®¢ Œ. ƒ. á¬. …£®à®¢� �. ā.
Šàã¦ª®¢ Œ. ƒ. á¬. …£®à®¢� �. ā.
Šã¤àï¢æ¥¢ �. �., ˜¥áâ�ª®¢ �. ‚. “áà¥¤−¥−−�ï ¢¥à®ïâ−®áâì

®è¨¡ª¨ ¢ëç¨á«¥−¨ï ª®íää¨æ¨¥−â®¢ ¢¥©¢«¥â{¢¥©£«¥â-à�§«®-
¦¥−¨ï ¯à¨ ®¡à�é¥−¨¨ ¯à¥®¡à�§®¢�−¨ï ÷�¤®−� 4 14{24

‹�à¨ç¥¢ ‚. �. á¬. ‘¬¨à−®¢ ‚. �.
‹¨−−¨ª Œ. �. á¬. Šà¨¢®è¥¥¢ ˆ. �.
‹¨áâ®¯�¤ ‘. ‚. ”ã−ªæ¨®−�«ì−�ï áâàãªâãà� á¯«®ç¥−−®© £¨¡à¨¤-

−®© ¨−â¥««¥ªâã�«ì−®© ¬−®£®�£¥−â−®© á¨áâ¥¬ë 2 78{88
‹¨áâ®¯�¤ ‘. ‚., Š¨à¨ª®¢ ˆ. �. Œ¥â®¤ ¨¤¥−â¨ä¨ª�æ¨¨ ª®−-

ä«¨ªâ®¢ �£¥−â®¢ ¢ £¨¡à¨¤−ëå ¨−â¥««¥ªâã�«ì−ëå ¬−®£®�£¥−â-
−ëå á¨áâ¥¬�å 1 56{65

‹¨áâ®¯�¤ ‘. ‚., ÷ã¬®¢áª�ï ‘. �. �¥ç¥âª®¥ ã¯à�¢«¥−¨¥ £¥â¥-
à®£¥−−ë¬ ¬ëè«¥−¨¥¬ �£¥−â®¢ £¨¡à¨¤−®© ¨−â¥««¥ªâã�«ì−®©
¬−®£®�£¥−â−®© á¨áâ¥¬ë 4 38{49

Œ�ªá¨¬®¢ ƒ. �. á¬. ‘¬¨à−®¢ ‚. �.
Œ�«�è¥−ª® ā. …., ��§�à®¢� ˆ. �. �æ¥−ª¨ à�á¯à¥¤¥«¥−¨ï ¯®-

â®ª®¢ ¯à¨ ¯à¥¤¥«ì−®© §�£àã§ª¥ ¬−®£®¯®«ì§®¢�â¥«ìáª®© á¥â¨ 3 4{13
Œ�−ìïª®¢ ā. �., ‘®à®ª¨− �. ˆ. Œ¥â®¤ á¥£¬¥−â�æ¨¨ ¨§®¡à�-

¦¥−¨© −� ®á−®¢¥ ª¢�¤à®¤¥à¥¢� 4 102{112
Œ¥¤¢¥¤¥¢� …. ƒ., •�©à®¢ �. Œ., �®«ïª®¢ �. �., ƒ�©¤�¬�-

ª� ā. ‚. �à¨¬¥−¥−¨¥ ª«�áâ¥à¨§�æ¨¨ ¢ §�¤�ç�å à�§¬¥é¥−¨ï
¯®¤¢¨¦−ëå â®ç¥ª ¤®áâã¯� ¢ ¢®§¤ãè−®-−�§¥¬−ëå ¡¥á¯à®¢®¤-
−ëå á¥âïå 4 25{37
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Œ¥©å�−�¤¦ï− ‹. �., ‡�àï¤®¢ ˆ. ‘., Œ¨«®¢�−®¢� ’. �. ‘â�-
æ¨®−�à−ë¥ å�à�ªâ¥à¨áâ¨ª¨ ¤¢ãåã§«®¢®© ¬�àª®¢áª®© á¨áâ¥¬ë
¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï á ®¡®¡é¥−−ë¬ ®¡−®¢«¥−¨¥¬ 3 14{31

Œ¨«®¢�−®¢� ’. �. á¬. Œ¥©å�−�¤¦ï− ‹. �.
Œ¨áâàîª®¢ �. ‚. �¡ íà£®¤¨ç−®áâ¨ ®¤−®ª�−�«ì−ëå á¨áâ¥¬ ¬�á-

á®¢®£® ®¡á«ã¦¨¢�−¨ï á ¤¨áæ¨¯«¨−®© �¡á®«îâ−®£® ¯à¨®à¨-
â¥â� 3 32{38

Œ®à®§®¢ �. ‚. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
Œ®à®§®¢ �. ‚. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
Œ®à®§®¢ �. ‚. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
��§�à®¢� ˆ. �. á¬. Œ�«�è¥−ª® ā. ….
�¨ª¨è¨− „. �. ‘âàãªâãà� ¨ ®á®¡¥−−®áâ¨ £¥−¥à�«¨§�æ¨¨ ¢ ª®−-

â¥ªáâ¥ äã−ªæ¨®−¨à®¢�−¨ï â¥¬¯®à�«ì−®© ¡�§ë £¥®¤�−−ëå 1 147{159
�¨ª¨è¨− „. �. á¬. „ã«¨− ‘. Š.
�¨ª®«�¥¢ �. ‚. á¬. ƒàãè® �. �.
�¨ª®«�¥¢ �. ‚. á¬. ƒàãè® �. �.
�ãà¨¥¢ ‚. �. á¬. …£®à®¢� �. ā.
�ãà¨¥¢ ‚. �. á¬. …£®à®¢� �. ā.
�ãà¨¥¢ ‚. �. á¬. …£®à®¢� �. ā.
�ãà¨¥¢ ‚. �. á¬. ÷ëç¨å¨− �. Š.
�ãà¨¥¢ ‚. �. á¬. ÷ëç¨å¨− �. Š.
�¨áª®¢áª¨© ‚. �. á¬. ƒàãè® �. �.
�¨áª®¢áª¨© ‚. �. á¬. ƒàãè® �. �.
�«¥å�−®¢ ‹. �., ‡�å�à®¢ ‚. �. “−¨¢¥àá�«ì−ë© äã−ªæ¨®−�«ì-

−ë© ¬¥â®¤ �−�«¨§� ¡®«ìè¨å á�¬®á¨−åà®−−ëå áå¥¬ 2 11{20
�®«ïª®¢ �. �. á¬. Œ¥¤¢¥¤¥¢� …. ƒ.
÷�æ¥¥¢ ‘. Œ., —¥à¥¢�â¥−ª® �. ˆ. �¡ �«£®à¨â¬�å ¤¥ª®¤¨à®¢�-

−¨ï ®¡®¡é¥−−ëå ª®¤®¢ ÷¨¤�{‘®«®¬®−� 4 83{94
÷®¦¤¥áâ¢¥−áª¨© ā. ‚. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
÷®¦¤¥áâ¢¥−áª¨© ā. ‚. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
÷ã¬®¢áª�ï ‘. �., Š®«¥á−¨ª®¢ �. ‚. ÷¥è¥−¨¥ £®¬®£¥−−ëå ¤¨�-

£−®áâ¨ç¥áª¨å §�¤�ç á¯¥æ¨�«¨áâ®¬ ¢ ¬¥¤¨æ¨−¥ 3 39{48
÷ã¬®¢áª�ï ‘. �. á¬. ‹¨áâ®¯�¤ ‘. ‚.
÷ëç¨å¨− �. Š., �ãà¨¥¢ ‚. �. �à£�−¨§�æ¨ï ¦¨§−¥−−®£® æ¨ª«�

¨áá«¥¤®¢�â¥«ìáª¨å ¤�−−ëå 3 81{96
÷ëç¨å¨− �. Š., �ãà¨¥¢ ‚. �. �«�−¨à®¢�−¨¥ ¦¨§−¥−−®£® æ¨ª«�

¨−ä®à¬�æ¨®−−ëå à¥áãàá®¢ ¢ (¯®áâ)£à�−â®¢ë© ¯¥à¨®¤ 1 135{146
‘¥−ç¨«® ‚. ‚. á¬. ƒàãè® �. �.
‘¥−ç¨«® ‚. ‚. á¬. ƒàãè® �. �.
‘¥−ç¨«® ‚. ‚. á¬. ƒàãè® �. �.
‘¨−¨æë− ‚. ˆ. á¬. ‘¨−¨æë− ˆ. �.
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‘¨−¨æë− ˆ. �., ‘¨−¨æë− ‚. ˆ. ”¨«ìâà�æ¨ï ¨ íªáâà�¯®«ï-
æ¨ï ¯à®æ¥áá®¢ ¢ ¬¨£à�æ¨®−−®-¯®¯ã«ïæ¨®−−ëå áâ®å�áâ¨ç¥-
áª¨å á¨áâ¥¬�å 1 4{19

‘ª¢®àæ®¢ �. �. ‘¯¥æ¨ä¨ª�æ¨¨ ¯à¥¤¬¥â−®© ®¡«�áâ¨ ¤«ï à¥è¥−¨ï
§�¤�ç á ¨−â¥−á¨¢−ë¬ ¨á¯®«ì§®¢�−¨¥¬ ¤�−−ëå ¢ −¥©à®ä¨§¨®-
«®£¨¨ 1 20{33

‘ª¢®àæ®¢� �. �. á¬. ‘¬¨à−®¢ ‚. �.
‘¬¨à−®¢ ‚. �., ‘ª¢®àæ®¢� �. �., Š®−ç¥ª®¢ …. Œ., ‹�à¨-

ç¥¢ ‚. �., Œ�ªá¨¬®¢ ƒ. �. �à®£à�¬¬−ë© ª®¬¯«¥ªá ¤«ï
¯®§¨æ¨®−¨à®¢�−¨ï �ªãáâ¨ç¥áª¨å ¤®−−ëå á¨áâ¥¬ 4 113{123

‘®à®ª¨− �. ˆ. á¬. Œ�−ìïª®¢ ā. �.
‘â¥¯ç¥−ª®¢ „. ā. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
‘â¥¯ç¥−ª®¢ „. ā. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
‘â¥¯ç¥−ª®¢ „. ā. á¬. ‘â¥¯ç¥−ª®¢ ā. �.
‘â¥¯ç¥−ª®¢ ā. �., „ìïç¥−ª® ā. ƒ., ÷®¦¤¥áâ¢¥−áª¨© ā. ‚.,

Œ®à®§®¢ �. ‚., ‘â¥¯ç¥−ª®¢ „. ā., „ìïç¥−ª® „. ā.
“áâ®©ç¨¢®áâì á�¬®á¨−åà®−−®£® ª®−¢¥©¥à� ª «®£¨ç¥áª¨¬
á¡®ï¬ ¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ 3 49{55

‘â¥¯ç¥−ª®¢ ā. �., „ìïç¥−ª® ā. ƒ., ÷®¦¤¥áâ¢¥−áª¨© ā. ‚.,
Œ®à®§®¢ �. ‚., ‘â¥¯ç¥−ª®¢ „. ā., „ìïç¥−ª® „. ā.
“áâ®©ç¨¢®áâì á�¬®á¨−åà®−−ëå ª®¬¡¨−�æ¨®−−ëå áå¥¬
ª ªà�âª®¢à¥¬¥−−ë¬ «®£¨ç¥áª¨¬ á¡®ï¬ 2 4{10

‘â¥¯ç¥−ª®¢ ā. �., Œ®à®§®¢ �. ‚., „ìïç¥−ª® ā. ƒ., •¨«ì-
ª® „. ‚., ‘â¥¯ç¥−ª®¢ „. ā. ÷�§¢¨â¨¥ £¨¡à¨¤−®© ¬−®£®-
ï¤¥à−®© à¥ªãàà¥−â−®© �àå¨â¥ªâãàë −� �‹ˆ‘ 4 95{101

‘ãçª®¢ �. �. �«£®à¨â¬ë �−�«¨â¨ç¥áª®© ®¡à�¡®âª¨ ¤�−−ëå á¨á-
â¥¬ë ã¯à�¢«¥−¨ï −�ãç−ë¬¨ á¥à¢¨á�¬¨ ¤«ï ¯«�−¨à®¢�−¨ï
¨ ¢ë¯®«−¥−¨ï ¬¥¦¤¨áæ¨¯«¨−�à−ëå −�ãç−ëå ¨áá«¥¤®¢�−¨© 3 112{122

‘ãçª®¢ �. �. ‘®áâ�¢, áâàãªâãà� ¨ ¬¥â®¤ë �−�«¨§� ¤�−−ëå á¨áâ¥¬
ã¯à�¢«¥−¨ï −�ãç−ë¬¨ á¥à¢¨á�¬¨ 2 163{176

‘ãçª®¢ �. �. á¬. �®á®¢ �. ‚.
‘ãçª®¢ �. �. á¬. �®á®¢ �. ‚.
‘ãçª®¢ �. �. á¬. ‡�æ�à¨−−ë© �. �.
‘ãèª® „. ‚. á¬. �®à¨á®¢ �. ‚.
’�à�á®¢ …. �. á¬. Š®¢�«¥¢ „. ā
’¥àñå¨−� ˆ. ā., ƒàãè® �. �., ’¨¬®−¨−� …. …., ˜®à£¨− ‘. Ÿ.

�®áâà®¥−¨¥ ¬®¤¥«¥© ¯à®æ¥áá� á ¯®¬®éìî ¯à®áâëå á¥â¥©
�¥âà¨ 4 61{75

’¨¬®−¨−� …. …. á¬. ƒàãè® �. �.
’¨¬®−¨−� …. …. á¬. ƒàãè® �. �.
’¨¬®−¨−� …. …. á¬. ƒàãè® �. �.
’¨¬®−¨−� …. …. á¬. ƒàãè® �. �.
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’¨¬®−¨−� …. …. á¬. ’¥àñå¨−� ˆ. ā.
’¨à¨ª®¢ …. Œ. á¬. Š®¢�«¥¢ „. ā
”¨«¨¬®−®¢ �. Œ. á¬. Š®¢�«¥¢ „. ā
•�©à®¢ �. Œ. á¬. Œ¥¤¢¥¤¥¢� …. ƒ.
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�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 ¯à¨¬¥à®¢ ®ä®à¬«¥−¨ï ¯à¥¤áâ�¢«¥−ë ¢ ˆ−â¥à−¥â¥:
http://www.ipiran.ru/publications/collected/template.doc

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�;
{ ¨á¯®«ì§®¢�âì attach (¯à¨á®¥¤¨−¥−¨¥);
{ ¢ á®áâ�¢ í«¥ªâà®−−®© ¢¥àá¨¨ áâ�âì¨ ¤®«¦−ë ¢å®¤¨âì: ä�©«, á®¤¥à¦�é¨© â¥ªáâ

áâ�âì¨, ¨ ä�©«(ë), á®¤¥à¦�é¨©(¥) ¨««îáâà�æ¨¨.

12. †ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ï¢«ï¥âáï −¥ª®¬¬¥àç¥áª¨¬ ¨§¤�−¨¥¬.
�«�â� §� ¯ã¡«¨ª�æ¨î −¥ ¢§¨¬�¥âáï, £®−®à�à �¢â®à�¬ −¥ ¢ë¯«�ç¨¢�¥âáï.

�¤à¥á à¥¤�ªæ¨¨ ¦ãà−�«� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û:

Œ®áª¢� 119333, ã«. ‚�¢¨«®¢�, ¤. 44, ª®à¯. 2, ”ˆ– ˆ“ ÷��
’¥«.: +7 (499) 135-86-92 ”�ªá: +7 (495) 930-45-05

e-mail: rust@ipiran.ru (‘âà¨£¨−� ‘¢¥â«�−� �¨ª®«�¥¢−�)
http://www.ipiran.ru/journal/collected
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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.

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
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may be sent by e-mail or provided on a CD or diskette. A hard copy submission is not
necessary.

7. The recommended typesetting instructions for manuscript.
Pages parameters: format A4, portrait orientation, document margins (cm): left | 2.5,
right | 1.5, above | 2.0, below | 2.0, footer 1.3.
Text: font |Times New Roman, font size | 14, paragraph indent | 0.5, line
spacing | 1.5, justified alignment.
The recommended manuscript size: not more than 10 pages of the specified format. If
the specified size exceeded, the editorial board is entitled to require the author to reduce
the manuscript.
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:
http://www.ipiran.ru/publication/collected/template.doc

8. Articles should enclose data both in Russian and English:

{ 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.

9. References. Russian references have to be presented both in English translation and in
Latin transliteration (refer http://www.translit.net/ru/bgn/).
Please take into account the following examples of Russian references appearance:
Article in journal:
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.
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

190 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2020 vol 30 no 3



Requirements for manuscripts submitted to Journal

exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5/issue2/
(accessed April 28, 2011).
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
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Bolshakov, M. V., A. V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob
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References in the text are numbered according to the order of their first appearance;
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