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О КОМПЛЕКСНОЙ АУТЕНТИФИКАЦИИ∗

А. А. Грушо1, М. И. Забежайло2, Д. В. Смирнов3, Е. Е. Тимонина4

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï ¯à®¡«¥¬� ª®¬¯«¥ªá−®© �ãâ¥−â¨ä¨ª�æ¨¨. ‘å¥-
¬� ª®¬¯«¥ªá−®© �ãâ¥−â¨ä¨ª�æ¨¨ ¯®¤à�§ã¬¥¢�¥â ¯à®å®¦¤¥−¨¥ ¯®á«¥¤®¢�â¥«ì-
−®áâ¨ ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢. Š�¦¤®¥ ¨§ íâ¨å ¯à®áâà�−áâ¢ á®¤¥à¦¨â
á¢®î ¨−ä®à¬�æ¨î, á¯®á®¡−ãî ¯®¤â¢¥à¤¨âì ¨«¨ ®¯à®¢¥à£−ãâì ¯à¥¤áâ�¢«¥−-
−ë¥ ¯®«ì§®¢�â¥«¥¬ ¤�−−ë¥ ¤«ï á¢®¥© �ãâ¥−â¨ä¨ª�æ¨¨. �à¨¢¥¤¥− ¯à¨¬¥à
®à£�−¨§�æ¨¨ ¨á¯®«ì§®¢�−¨ï ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ ¤«ï �ãâ¥−â¨ä¨ª�-
æ¨¨. ‚ ª�¦¤®¬ ¨−ä®à¬�æ¨®−−®¬ ¯à®áâà�−áâ¢¥ ¬®¦−® ¯®áâà®¨âì á¢®¨ ¬®¤¥«¨
¨ ®æ¥−ª¨ ¢¥à®ïâ−®áâ¨ �ãâ¥−â¨ä¨ª�æ¨¨ ¨«¨ ¥¥ ®¯à®¢¥à¦¥−¨ï. ˆ−â¥£à�æ¨ï
à�§«¨ç−ëå ¢¥à®ïâ−®áâ−ëå ¯à®áâà�−áâ¢ ¬®¦¥â ®áãé¥áâ¢«ïâìáï §� áç¥â á¨áâ¥¬ë
§�¯à¥â®¢, ¯®áâà®¥−−ëå −� ¯®á«¥¤®¢�â¥«ì−®áâïå §−�ç¥−¨© ¤�−−ëå �ãâ¥−â¨ä¨-
ª�æ¨¨ ¨§ à�§−ëå ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢.

Š«îç¥¢ë¥ á«®¢�: ¨¤¥−â¨ä¨ª�æ¨ï ¨ ª®¬¯«¥ªá−�ï �ãâ¥−â¨ä¨ª�æ¨ï; ¨−ä®à-
¬�æ¨®−−�ï ¡¥§®¯�á−®áâì

DOI: 10.14357/08696527170301

1 Введение

‘¯¥ªâà ãá«ã£, ª®â®àë¥ ®ª�§ë¢�îâáï ª«¨¥−â�¬ ¤¨áâ�−æ¨®−−®, à�áè¨àï¥âáï
¡ëáâàë¬¨ â¥¬¯�¬¨, ¯®íâ®¬ã ¯®¤â¢¥à¦¤¥−¨¥ ¯®¤«¨−−®áâ¨ ª«¨¥−â� áâ�−®¢¨âáï
¢�¦−ë¬ í«¥¬¥−â®¬ ãá¯¥å� ¡¨§−¥á�.

‚ á«ãç�ïå, ª®£¤� ãç¥â−�ï §�¯¨áì ª«¨¥−â� áª®¬¯à®¬¥â¨à®¢�−� §«®ã¬ëè«¥−-
−¨ª�¬¨, −�¯à¨¬¥à ãªà�¤¥− «®£¨−/̄ �à®«ì ª«¨¥−â� ¨ á®¢¥àè¥− ¯¥à¥¢®¤ ¤¥−¥¦−ëå
áà¥¤áâ¢ ®â ¥£® ¨¬¥−¨, ãé¥à¡ ¤«ï ª®¬¯�−¨¨ −¥ ®£à�−¨ç¨¢�¥âáï ¯®â¥−æ¨�«ì−®©
¯®â¥à¥© ª«¨¥−â�. Šà�¦¨ ãç¥â−ëå §�¯¨á¥© ª«¨¥−â®¢ ¬®£ãâ ¯®¤®à¢�âì ¨¬¨¤¦
ª®¬¯�−¨¨, ¯®¤®à¢�âì ¤®¢¥à¨¥ ¬−®¦¥áâ¢� ª«¨¥−â®¢ ¨ ®£à�−¨ç¨âì à®áâ ª®¬¯�−¨¨
¢ æ¥«®¬.

÷�§à�¡®âª� ¢ëá®ª®−�¤¥¦−®© ¨ ú¯à®áâ®©û ¤«ï ª«¨¥−â� �ãâ¥−â¨ä¨ª�æ¨¨ ï¢«ï-
¥âáï �ªâã�«ì−®© ¯à®¡«¥¬®© ¤«ï æ¨äà®¢ëå ª®¬¯�−¨©. „«ï §�é¨âë ãç¥â−ëå
§�¯¨á¥© −¥¤®áâ�â®ç−® ¯�à®«¥©, â�ª ª�ª ¯�à®«¨ ¬®£ãâ ¡ëâì ¢§«®¬�−ë á ¯®¬®éìî
ã¦¥ ¨§¢¥áâ−ëå ¬¥â®¤®¢ | �â�ª ¯® á«®¢�àî ¨ â. ¤.

∗÷�¡®â� ¯®¤¤¥à¦�−� ÷””ˆ (¯à®¥ªâ 15-07-02053).
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, grusho@yandex.ru
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, zmizanv@ya.ru
3‘¡¥à¡�−ª ÷®áá¨¨, dvlsmirnov@sberbank.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, eltimon@yandex.ru
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� ª®¬¯«¥ªá−®© �ãâ¥−â¨ä¨ª�æ¨¨

„¨�£à�¬¬� äã−ªæ¨®−¨à®¢�−¨ï á¨áâ¥¬ë ¨¤¥−â¨ä¨ª�æ¨¨ ¨ �ãâ¥−â¨ä¨ª�æ¨¨

Œ−®£®ä�ªâ®à−�ï �ãâ¥−â¨ä¨ª�æ¨ï ¯à¥¤®áâ�¢«ï¥â ¤®¯®«−¨â¥«ì−ë© ãà®¢¥−ì
§�é¨âë ãç¥â−ëå §�¯¨á¥© ¯ãâ¥¬ ¯à¨¬¥−¥−¨ï ¤®¯®«−¨â¥«ì−ëå ¯à®¢¥à®ª ¯®¤«¨−-
−®áâ¨ ª«¨¥−â�, −�¯à¨¬¥à ®â¯à�¢ª¨ ‘Œ‘- ¨«¨ push-ã¢¥¤®¬«¥−¨ï ¤«ï ¯®¤â¢¥à¦-
¤¥−¨ï ®¯¥à�æ¨¨. �® ¢ àï¤¥ á«ãç�¥¢ ¬−®£®ä�ªâ®à−®© �ãâ¥−â¨ä¨ª�æ¨¨ −¥¤®áâ�-
â®ç−®. ��¯à¨¬¥à, ¢ á«ãç�¥ ¯à¨¬¥−¥−¨ï ¤¢ãåä�ªâ®à−®© �ãâ¥−â¨ä¨ª�æ¨¨ ª«¨¥−â�
¢ ¯à¨«®¦¥−¨¨ −� ¬®¡¨«ì−®¬ ãáâà®©áâ¢¥, ¯à¨ ª®â®à®¬ ¢â®à®© ä�ªâ®à (‘Œ‘- ¨«¨
push-up-ã¢¥¤®¬«¥−¨¥) ¤®áâ�¢«ï¥âáï −� íâ® ¦¥ ãáâà®©áâ¢®.

‚ á«ãç�¥ §�à�¦¥−¨ï ¬®¡¨«ì−®£® ãáâà®©áâ¢� ¢à¥¤®−®á−ë¬ ¯à®£à�¬¬−ë¬ ®¡¥á-
¯¥ç¥−¨¥¬ (��) §«®ã¬ëè«¥−−¨ª ¯®«ãç�¥â ¢®§¬®¦−®áâì ã¤�«¥−−® ã¯à�¢«ïâì
ãáâà®©áâ¢®¬, ú¯®¤á¬�âà¨¢�âìû ¢¢®¤¨¬ë¥ «®£¨−/¯�à®«ì, ¯¥à¥ªàë¢�âì íªà�−,
ç¨â�âì ‘Œ‘- ¨«¨ push-ã¢¥¤®¬«¥−¨ï, ¯à¨å®¤ïé¨¥ −� íâ® ¦¥ ãáâà®©áâ¢®. ‚à¥¤®-
−®á−®¥ �� ¬®¦¥â ®â¯à�¢«ïâì ‘Œ‘- ¨ ¤àã£¨¥ á®®¡é¥−¨ï ¢ ª®¬¯�−¨î ®â ¨¬¥−¨
ª«¨¥−â� ¨ ¡¥§ ¥£® ã¢¥¤®¬«¥−¨ï. ˆ−ë¬¨ á«®¢�¬¨, §«®ã¬ëè«¥−−¨ª á ¯®¬®éìî
¢à¥¤®−®á−®£® �� ¬®¦¥â à�á¯®àï¦�âìáï �ªâ¨¢�¬¨ ª«¨¥−â� ®â ¥£® ¨¬¥−¨ ¨ ¡¥§ ¥£®
¢¥¤®¬� ç¥à¥§ ã¤�«¥−−ë¥ ª�−�«ë ®¡á«ã¦¨¢�−¨ï.

�à®¡«¥¬� �ãâ¥−â¨ä¨ª�æ¨¨ á®áâ®¨â ¢ â®¬, çâ®¡ë ¯®¤â¢¥à¤¨âì §�ï¢«¥−−ë©
¯®«ì§®¢�â¥«¥¬ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬¥ ¨¤¥−â¨ä¨ª�â®à. �á−®¢−�ï ¬�áá� à�¡®â
−� íâã â¥¬ã ¯®á¢ïé¥−� ¨áá«¥¤®¢�−¨ï¬ ª�ç¥áâ¢� â®£® ¨«¨ ¨−®£® á¯®á®¡� �ãâ¥−â¨ä¨-
ª�æ¨¨. ‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�¥âáï ¯à®¡«¥¬� ¢ ª®¬¯«¥ªá¥. Š®¬¯«¥ªá−®áâì
®¯à¥¤¥«ï¥âáï ¤¨�£à�¬¬®© (á¬. à¨áã−®ª), �−�«®£ ª®â®à®© ¨áá«¥¤®¢�«áï ¢ à�¡®â¥ [1].

‡¤¥áì ¨áå®¤−ë¥ ¤�−−ë¥ ¨¤¥−â¨ä¨ª�æ¨¨ ¨ �ãâ¥−â¨ä¨ª�æ¨¨ ( /̂�) ¯¥à¥¤�îâáï
−� ã§¥« �−�«¨§�, à¥§ã«ìâ�âë ª®â®à®£® ç¥à¥§ ª®¬¯®−¥−âã ã¯à�¢«¥−¨ï ¬¥å�−¨§¬�¬¨
¡¥§®¯�á−®áâ¨ ä®à¬¨àãîâ ¤¥©áâ¢¨ï ¯® ¯à®¤®«¦¥−¨î ¯à®æ¥¤ãàë /̂� ¨«¨ ¥¥
®áâ�−®¢ª¥. �â¨ ¤¥©áâ¢¨ï −�¯à�¢«¥−ë −� á−¨¦¥−¨¥ à¨áª®¢, ª®â®àë¥ ®à£�−¨§�æ¨ï
¬®¦¥â ¯®−¥áâ¨ ®â −¥¯à�¢¨«ì−®© /̂�.

2 Информационные пространства для аутентификации

�¥®¡å®¤¨¬®áâì à�áá¬®âà¥−¨ï ¬−®£®è�£®¢®© /̂� á¢ï§�−� á ¯®¤ª«îç¥−¨¥¬
à�§«¨ç−ëå ¨−ä®à¬�æ¨®−−ëå à¥áãàá®¢, ¯®¤â¢¥à¦¤�îé¨å �ãâ¥−â¨ç−®áâì ¯®«ì§®-
¢�â¥«ï. ÷�áá¬®âà¨¬ ¯à¨¬¥àë /̂� −� ¡�§¥ �¡áâà�ªâ−®£® ¡�−ª�.
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�. �. ƒàãè®, Œ. ˆ. ‡�¡¥¦�©«®, „. ‚. ‘¬¨à−®¢, …. …. ’¨¬®−¨−�

1. �®«ì§®¢�â¥«ì ¯à¥¤êï¢«ï¥â ª�àâã ¨ �ˆ�-ª®¤ ¨ ¯ëâ�¥âáï á−ïâì ¢á¥ ¤¥−ì£¨
á® áç¥â�. …á«¨ ®− −¨ª®£¤� íâ®£® −¥ ¤¥«�«, â® ªà®¬¥ ¯®«®¦¨â¥«ì−ëå áæ¥-
−�à¨¥¢ (¯®ªã¯ª�, ¯®¬®éì) ¢®§¬®¦−ë ¨ −¥£�â¨¢−ë¥ (¯®â¥àï/ªà�¦� ª�àâë
¨ �ˆ�-ª®¤�, è�−â�¦ ¯à¥áâã¯−¨ª�¬¨, ¢§ïâ¨¥ ¢ §�«®¦−¨ª¨ ¡«¨§ª¨å «î¤¥©
¯®«ì§®¢�â¥«ï). �à®â¨¢®à¥ç¨¥ á ®¡ëç−ë¬ ¯®¢¥¤¥−¨¥¬ ¬®¦¥â ¢ë§¢�âì §�-
¯à¥â −� ¥¤¨−®¢à¥¬¥−−ãî ¢ë¤�çã âà¥¡ã¥¬®© áã¬¬ë ¨ ®à£�−¨§�æ¨î ª®−â�ªâ�
á ®¯¥à�â®à®¬ (¤«ï ¢ëïá−¥−¨ï ¯á¨å®«®£¨ç¥áª®£® á®áâ®ï−¨ï ¨ ¯à¥¤«®¦¥−¨ï
¯®¬®é¨).

2. �®«ì§®¢�â¥«ì ¯à¥¤êï¢«ï¥â ¯�á¯®àâ ¤«ï ¯®«ãç¥−¨ï ªà¥¤¨â�. „«ï §−�ç¨â¥«ì-
−ëå áã¬¬ −¥®¡å®¤¨¬® ¯à®¢¥à¨âì �ªâã�«ì−®áâì ¯�á¯®àâ�, ¯à®¢¥à¨âì ªà¥¤¨â-
−ãî ¨áâ®à¨î ¨ â. ¤. �«®ª¨à®¢�−¨¥ ¢ë¤�ç¨ ªà¥¤¨â� ¯à®¨áå®¤¨â ¯à¨ «î¡®¬
ª®−ä«¨ªâ¥ á −®à¬�â¨¢−ë¬¨ ¨−áâàãªæ¨ï¬¨. …á«¨ ¨−áâàãªæ¨¨ ¢ë¯®«−¥−ë,
−® ¢®§−¨ª«¨ ¯®¤®§à¥−¨ï, â® −¥®¡å®¤¨¬® ®¡à�â¨âìáï ª ¤àã£¨¬ ¨áâ®ç−¨ª�¬
¨−ä®à¬�æ¨¨ ¤«ï ¯®§¨â¨¢−®£® ¨«¨ −¥£�â¨¢−®£® à¥è¥−¨ï.

’�ª¨¬ ®¡à�§®¬, −¥®¡å®¤¨¬� ã£«ã¡«¥−−�ï ¨¤¥−â¨ä¨ª�æ¨ï ¤«ï §�é¨âë ¨−â¥à¥-
á®¢ ª«¨¥−â� ¨ ®à£�−¨§�æ¨¨. �á−®¢−�ï ¨¤¥ï ¯à¥¤«�£�¥¬®£® ¯®¤å®¤� á®áâ®¨â ¢ â®¬,
çâ®¡ë ¯®áâà®¨âì á¥¬¥©áâ¢® ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢, á¢ï§�−−ëå á ¯®«ì§®-
¢�â¥«¥¬. ‚ −¨å á®¤¥à¦�âáï à�§−®¯«�−®¢ë¥ ¤�−−ë¥, ª®â®àë¥ ¬®¦−® ¨á¯®«ì§®¢�âì
¤«ï ¯®¤â¢¥à¦¤¥−¨ï ¨«¨ ¤«ï ¢ëï¢«¥−¨ï ª®−ä«¨ªâ� ¬¥¦¤ã ¯®á«¥¤®¢�â¥«ì−®áâìî
¤¥©áâ¢¨© ¯® /̂� ¨ �¯à¨®à−® ¯®¤£®â®¢«¥−−ë¬, −¥ ¢ë§ë¢�îé¨¬ ¯®¤®§à¥−¨ï
¯à®æ¥áá®¬ /̂� á ¨á¯®«ì§®¢�−¨¥¬ ¨−ä®à¬�æ¨¨ ®ç¥à¥¤−®£® ¨−ä®à¬�æ¨®−−®£®
¯à®áâà�−áâ¢�. ‘«¥¤ãï [2], ¯®á«¥¤®¢�â¥«ì−®áâ¨, ¯®à®¦¤�îé¨¥ â�ª¨¥ ª®−ä«¨ªâë,
¡ã¤¥¬ −�§ë¢�âì §�¯à¥â�¬¨.

�à¨¢¥¤¥¬ ¯à¨¬¥àë ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ ¤«ï �¡áâà�ªâ−®£® ¡�−ª�
¤«ï ¯à®æ¥áá� ¯®«ãç¥−¨ï ¤¥−¥£ ¯® ª�àâ¥.

�ãáâì X1 | ¬−®¦¥áâ¢® ¯�à (ª�àâ�, �ˆ�-ª®¤); X2 | ¬−®¦¥áâ¢® âà�¥ªâ®à¨©
®¡à�é¥−¨ï ª áç¥âã (ª®«¨ç¥áâ¢® ¤¥−¥£ −� áç¥âã, ®¡ê¥¬ §�¯à®è¥−−®© áã¬¬ë,
¤�â� §�¯à®á�); X3 | ¯¥àá®−�«ì−ë¥ ¤�−−ë¥, ª®â®àë¥ ä®à¬¨àãîâ −¥áª®«ìª®
¨−ä®à¬�æ¨®−−ëå ¯®¤¯à®áâà�−áâ¢:

{ ¯�á¯®àâ−ë¥ ¤�−−ë¥;

{ ¯à®ä¥áá¨ï, ¬¥áâ® à�¡®âë;

{ á¥¬ìï, §�−ïâ¨ï ç«¥−®¢ á¥¬ì¨;

{ ¡¨®£à�ä¨ç¥áª¨¥ ¤�−−ë¥ (−� íâ®© ®á−®¢¥ ¯à®áâ® ¯®áâà®¨âì â¥áâë ¤«ï ¯®«ì§®-
¢�â¥«ï, ®âá¥ª�îé¨¥ ªà�¦ã ª�àâë ¨ �ˆ�-ª®¤�);

{ á®æ¨�«ì−ë¥ á¢ï§¨ (−� íâ®© ®á−®¢¥ ¬®¦−® ¯®áâà®¨âì â¥áâë ¤«ï ¢ëï¢«¥−¨ï
è�−â�¦� ¨«¨ ¢§ïâ¨ï ¡«¨§ª¨å ¢ §�«®¦−¨ª¨).

�¡®§−�ç¨¬ ç¥à¥§ X1,X2, . . . ¯®á«¥¤®¢�â¥«ì−®áâì ¨−ä®à¬�æ¨®−−ëå ¯à®-
áâà�−áâ¢, ¨á¯®«ì§ã¥¬ëå ¤«ï ˆ/� ¤�−−®£® ¯®«ì§®¢�â¥«ï. �®àï¤®ª ¯®á«¥-
¤®¢�â¥«ì−®áâ¨ ®¯à¥¤¥«ï¥âáï æ¥«ìî /̂� ¨ �¤¬¨−¨áâà�â®à®¬. ’®£¤� ¯à®æ¥áá
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/̂� ®¯¨áë¢�¥âáï ¯®á«¥¤®¢�â¥«ì−®áâìî x1, x2, . . . , £¤¥ ª�¦¤ë© í«¥¬¥−â ¯®á«¥-
¤®¢�â¥«ì−®áâ¨ ¯à¨−�¤«¥¦¨â ¨−ä®à¬�æ¨®−−®¬ã ¯à®áâà�−áâ¢ã á á®®â¢¥âáâ¢ãîé¨¬
¨−¤¥ªá®¬.

Š�¦¤®¥ ¨−ä®à¬�æ¨®−−®¥ ¯à®áâà�−áâ¢® ®¯¨áë¢�¥âáï ª®−¥ç−ë¬ ï§ëª®¬ ¢®§-
¬®¦−ëå á®áâ®ï−¨© ¨«¨ ¤¥©áâ¢¨ï¬¨ ¯®«ì§®¢�â¥«ï ¢ à�§«¨ç−ëå ª®−â¥ªáâ�å. ‡�¯à¥â
á¢ï§�− á ¯®á«¥¤®¢�â¥«ì−®áâìî x1, x2, . . . â�ª®©, çâ® −�¡«î¤�¥¬�ï ¯®á«¥¤®¢�â¥«ì-
−®áâì ¯à®â¨¢®à¥ç¨â «î¡®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ í«¥¬¥−â®¢ ¨−ä®à¬�æ¨®−−ëå ¯à®-
áâà�−áâ¢, ª®â®àãî ¬®¦−® áç¨â�âì ¤®¯ãáâ¨¬®© ¤«ï /̂� ¯®«ì§®¢�â¥«ï. Ÿá−®,
çâ® à¥�«ì−® â�ª�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¤®«¦−� ¡ëâì ª®−¥ç−®© (íâ® −�¤® ¤®ª�§�âì)
¨ ®¡àë¢�¥âáï −� ¯¥à¢®¬ á¥àì¥§−®¬ §�¯à¥â¥. ‡¤¥áì −�¤® ®¯à¥¤¥«¨âì, çâ® ¢®§¬®¦−ë
¢ /̂� âà¨ ¢ëå®¤� ¨§ −�¡«î¤�¥¬®© ¯®á«¥¤®¢�â¥«ì−®áâ¨ x1, x2, . . . , ª®£¤�:

(1) ¯à¨−¨¬�¥âáï ¯®«®¦¨â¥«ì−®¥ à¥è¥−¨¥ ® /̂� (+);

(2) ¯à¨−¨¬�¥âáï à¥è¥−¨¥ ® â®¬, çâ® /̂� −¥ ¯®¤â¢¥à¦¤�¥âáï (−);

(3) ¥áâì ¯®¤®§à¥−¨ï, ¨ ¯à¨−¨¬�¥âáï à¥è¥−¨¥ ® ¯à®¤®«¦¥−¨¨ ¯à®æ¥¤ãàë /̂�
á ¨á¯®«ì§®¢�−¨¥¬ á«¥¤ãîé¨å ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ (τ ).

�à¨−ïâ®¥ à¥è¥−¨¥ ¯¥à¥¤�¥âáï −� ã§¥« ã¯à�¢«¥−¨ï (á¬. à¨áã−®ª), £¤¥ à�§à�¡�-
âë¢�îâáï ¨ ä®à¬¨àãîâáï −¥®¡å®¤¨¬ë¥ ¤¥©áâ¢¨ï ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¤«ï
á−¨¦¥−¨ï à¨áª®¢ ®à£�−¨§�æ¨¨ ¨ ¯®«ì§®¢�â¥«ï.

�¤−� ¨§ á�¬ëå á«®¦−ëå ¯à®¡«¥¬ à¥�«¨§�æ¨¨ ¯à¥¤«�£�¥¬®£® ¯®¤å®¤� | −�-
å®¦¤¥−¨¥ §�¯à¥â®¢. ‚ëè¥ ¯à¨¢¥¤¥−® ®¯¨á�−¨¥ ï§ëª� ¯à¥¤áâ�¢«¥−¨ï ¤�−−ëå /̂�
¢ ¢¨¤¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ í«¥¬¥−â®¢ à�§«¨ç−ëå ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢.
�®áª®«ìªã ¤«¨−ë â�ª¨å ¯®á«¥¤®¢�â¥«ì−®áâ¥© ª®−¥ç−ë, −® −¥ ä¨ªá¨à®¢�−ë, â®
â¥®à¥â¨ç¥áª¨ â�ª¨¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¬®¦−® áç¨â�âì ¡¥áª®−¥ç−ë¬¨ ¨«¨ ®£à�-
−¨ç¥−−ë¬¨ −®à¬�â¨¢−® ç¨á«®¬ T . „«ï æ¥«¥© ®¯à¥¤¥«¥−¨ï §�¯à¥â®¢ ¡ã¤¥¬
à�áá¬�âà¨¢�âì ¬−®¦¥áâ¢� ã¦¥ −�¡«î¤¥−−ëå ¯®á«¥¤®¢�â¥«ì−®áâ¥©. ÷¥�«ì−® íâ®
¬−®¦¥áâ¢® á«®¢ ª®−¥ç−®© ¤«¨−ë, ¯®íâ®¬ã ¬®¦−® ¯à®¢®¤¨âì áâ�â¨áâ¨ç¥áªãî ®¡à�-
¡®âªã −� â�ª®¬ ¬−®¦¥áâ¢¥. �®¤å®¤ ª ®¯à¥¤¥«¥−¨î §�¯à¥â®¢ ã¦¥ à�áá¬�âà¨¢�«áï
¢ à�¡®â�å [3, 4]. �¤−�ª® ®â«¨ç¨¥ à�áá¬�âà¨¢�¥¬®£® á«ãç�ï á®áâ®¨â ¢ â®¬, çâ®
¢ ª�ç¥áâ¢¥ ¨áå®¤®¢ à�áá¬�âà¨¢�îâáï á«®¢� à�§−®© ¤«¨−ë ¨ ¢ á«®¢�å ¬®£ãâ ¡ëâì
§�¢¨á¨¬®áâ¨. �«£®à¨â¬ ¯®¨áª� §�¯à¥â®¢ á®áâ®¨â ¢ á«¥¤ãîé¥¬.

�� ¬−®¦¥áâ¢¥ ¯®á«¥¤®¢�â¥«ì−®áâ¥© /̂� ¢ëç¨á«ïîâáï ç�áâ®âë ¢áâà¥ç�¥¬®áâ¨
à�§«¨ç−ëå á«®¢ ¨ ç�áâ¨ç−ëå á«®¢ (−�ç�«ì−ëå ãç�áâª®¢ á«®¢). ‚ë¤¥«ïîâáï
¢á¥ ¯®«®¦¨â¥«ì−ë¥ ç�áâ®âë á«®¢. ‘®®â¢¥âáâ¢ãîé¨¥ ¨¬ á«®¢� §�¯®¬¨−�îâáï
¢ «¥ªá¨ª®£à�ä¨ç¥áª®¬ ¯®àï¤ª¥. ‚á¥ á«®¢�, ¨¬¥îé¨¥ ç�áâ®âã ¢áâà¥ç�¥¬®áâ¨ 0,
®¡êï¢«ïîâáï §�¯à¥â�¬¨.

�æ¥−¨¬ á«®¦−®áâì �«£®à¨â¬� ¤«ï ®¤−®£® ¯®«ì§®¢�â¥«ï ¨ ®¡ê¥¬ á«®¢�àï
¤«ï á«®¢, −¥ ï¢«ïîé¨åáï §�¯à¥â�¬¨. �ãáâì ¬�ªá¨¬�«ì−�ï ¤«¨−� ¤®¯ãáâ¨¬®£®
¢ ¯à®æ¥áá¥ /̂� á«®¢� à�¢−� T . —¨á«® à�§«¨ç−ëå á«®¢ ¤«¨−ë t à�¢−® K(t).
’®£¤� ®¡ê¥¬ á«®¢�àï à�¢¥− K =

∑T
t=1K(t).

…á«¨ áâ�â¨áâ¨ª� ¡¥à¥âáï ¯® N −�¡«î¤¥−−ë¬ á«®¢�¬, â® §�¤¥©áâ¢®¢�−−�ï
¯�¬ïâì ¤«ï ¯®áâà®¥−¨ï á«®¢�àï á®¤¥à¦¨â −¥ ¡®«¥¥KN à�§«¨ç−ëå á«®¢. —¨á«®K
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�. �. ƒàãè®, Œ. ˆ. ‡�¡¥¦�©«®, „. ‚. ‘¬¨à−®¢, …. …. ’¨¬®−¨−�

−¥ ¬®¦¥â ¡ëâì ¡®«ìè¨¬ ¯à¨ §−�ç¨â¥«ì−®¬ ç¨á«¥ ¯®«ì§®¢�â¥«¥©, â�ª ª�ª ç¨á«®
áæ¥−�à¨¥¢ /̂� −¥ ¬®¦¥â ¡ëâì ¡®«ìè¨¬. �®íâ®¬ã á«®¢�àì ®¤−®£® ¯®«ì§®¢�â¥«ï
áç¨â�¥âáï ¡ëáâà®. ‘®§¤�−¨¥ á«®¢�à¥© ¤«ï M ¯®«ì§®¢�â¥«¥© ã¢¥«¨ç¨â ¯�¬ïâì
¤® MKN á«®¢. �à¨ íâ®¬ á�¬ á«®¢�àì á®¤¥à¦¨â MK á«®¢. �à¨ K = 10
¨ M = 10000 ¯®âà¥¡ã¥âáï ¯�¬ïâì ¤«ï ç¨á«� á«®¢ 100 000. �à¨ íâ®¬ ¯®
¬¥à¥ −�¡«î¤¥−¨ï §� ª�¦¤ë¬ ¯®«ì§®¢�â¥«¥¬ á«¥¤ã¥â à�áá¬�âà¨¢�âì ã¢¥«¨ç¥−¨¥
¬−®¦¥áâ¢� á«®¢ á ¯®«®¦¨â¥«ì−®© /̂�.

�à®¢¥¤¥¬ �−�«¨§ à¨áª®¢ ¯à¨ à�¡®â¥ ¯à¥¤«®¦¥−−®£® ¬¥â®¤�. „«ï íâ®£®
à�áá¬®âà¨¬ á«¥¤ãîéãî ¬®¤¥«ì. �ãáâì Yk =

∏k
i=1Xi; Dk,1 | ¬−®¦¥áâ¢® ¢á¥å

á«®¢ ¤«¨−ë k, −� ª®â®àëå ¯à¨−¨¬�¥âáï à¥è¥−¨¥ (+); Dk,2 | ¬−®¦¥áâ¢® ¢á¥å
á«®¢ ¤«¨−ë k, −� ª®â®àëå ¯à¨−¨¬�¥âáï à¥è¥−¨¥ (−); Dk,3 | ¬−®¦¥áâ¢® ¢á¥å
á«®¢ ¤«¨−ë k, −� ª®â®àëå ¯à¨−¨¬�¥âáï à¥è¥−¨¥ ¯à®¤®«¦¨âì /̂� (τ ); Lk,1 |
¬−®¦¥áâ¢® −�¨¬¥−ìè¨å §�¯à¥â®¢ ¤«¨−ë k ¤«ï ¯®«®¦¨â¥«ì−®£® à¥è¥−¨ï (+), â. ¥.
¤«ï ¢¥ªâ®à®¢, «¥¦�é¨å ¢ Dk−1,1, −® ã¦¥ −¥ «¥¦�é¨å ¢ Dk,1; Lk,2 | ¬−®¦¥áâ¢®
−�¨¬¥−ìè¨å §�¯à¥â®¢ ¤«¨−ë k ¤«ï à¥è¥−¨© ® ¯à®¤®«¦¥−¨¨ ¯à®¢¥àª¨ /̂�.

„«ï «î¡®£® k ¨ «î¡ëå à�§«¨ç−ëå l ¨ s Dk,l ∩Dk,s = ∅. �à¨ �−�«¨§¥ ¨§ Yk

−¥®¡å®¤¨¬® ¢ë¡à�áë¢�âì ¬−®¦¥áâ¢�
⋃k

t=1

(
Lt,1

∏k
n=t+1Xn

)
. ‘ ã¢¥«¨ç¥−¨¥¬

ç¨á«� è�£®¢ ¢ á«ãç�¥ ¯à®¤®«¦¥−¨ï /̂� á−¨¦�îâáï à¨áª¨ «®¦−®© /̂�. �â®
á«¥¤ã¥â ¨§ á®®â−®è¥−¨ï

⋃k
t=1 Lt,1 ⊆

⋃k+1
t=1 Lt,1.

�¡®§−�ç¨¬ ç¥à¥§ CLk,1 ¬−®¦¥áâ¢® −�¨¬¥−ìè¨å §�¯à¥â®¢ ¤«¨−ë k ¨§ Lk,1,
ª®â®àë¥ −¥ ï¢«ïîâáï à¥�«ì−ë¬¨ §�¯à¥â�¬¨, � ¢®§−¨ª«¨ á«ãç�©−® ¨§-§� ¬�«®£®
ç¨á«� −�¡«î¤¥−¨©. ‘«ãç�©−ë¥ §�¯à¥âë ¯®à®¦¤�îâ ®è¨¡ªã ®â¢¥à¦¥−¨ï ç¥áâ−®£®
¯®«ì§®¢�â¥«ï ¨«¨ ãá«®¦−ïîâ ¯à®æ¥áá /̂� ®ç¥à¥¤−ë¬¨ ¯à®¤®«¦¥−¨ï¬¨. Œ®¦−®
¤®ª�§�âì [3], çâ® á ã¢¥«¨ç¥−¨¥¬ ç¨á«� −�¡«î¤¥−¨© ¢¥à®ïâ−®áâì ¯®ï¢«¥−¨ï á«ã-
ç�©−ëå §�¯à¥â®¢ áâà¥¬¨âáï ª 0. Š á®¦�«¥−¨î, áª®à®áâì áå®¤¨¬®áâ¨ −¥¢¥«¨ª�,
¯®íâ®¬ã á®§¤�¢�âì ¬−®¦¥áâ¢® §�¯à¥â®¢ ¤«ï ¡®«ìè®£® ç¨á«� ¯®«ì§®¢�â¥«¥© |
−¥à¥�«ì−�ï §�¤�ç�.

�¤−�ª® ¬®¦−® ¨áªãááâ¢¥−−® ã¢¥«¨ç¨âì ç¨á«® ¨áâ¨−−ëå §�¯à¥â®¢ á ¯®¬®éìî
ä®à¬¨à®¢�−¨ï ¤�−−ëå ¢ ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢�å. ��¯à¨¬¥à, í«¥¬¥−â
¯à®áâà�−áâ¢� Xk ¬®¦¥â á®¤¥à¦�âì ¢¥ªâ®à ®â¢¥â®¢ −� ¢®¯à®áë, á¢ï§�−−ë¥ á ¨−-
ä®à¬�æ¨®−−ë¬¨ à¥áãàá�¬¨ ¢ á®®â¢¥âáâ¢ãîé¥¬ ¯à®áâà�−áâ¢¥.

„«ï �ãâ¥−â¨ä¨ª�æ¨¨ −¥®¡å®¤¨¬® ¯à®¢¥áâ¨ ¨áá«¥¤®¢�−¨ï ¤�−−ëå ® ¯®«ì§®-
¢�â¥«¥ ¢ ª�¦¤®¬ ¨−ä®à¬�æ¨®−−®¬ ¯à®áâà�−áâ¢¥. ��¯à¨¬¥à, ¯ãáâì ¯®«ì§®¢�â¥«ì
®ª®−ç¨« Œ�ˆ ¢ 1980 £. ¨ à�¡®â�« ¯à¥¯®¤�¢�â¥«¥¬ ®á−®¢ £�§®¢®© ¤¨−�¬¨ª¨.
�âáî¤� ¯®«ì§®¢�â¥«î ¯à¨ �ãâ¥−â¨ä¨ª�æ¨¨ ¬®¦−® §�¤�âì á«¥¤ãîé¨¥ ¢®¯à®áë:
1. ú�à�¢¤� «¨, çâ® ®− ®ª®−ç¨« Œ�ˆ?û
2. ú�à�¢¤� «¨, çâ® ®− ¢ë¯ãáª−¨ª 1982 £.?û
3. ú�à�¢¤� «¨, çâ® ®− à�¡®â�« −� ¯à¥¤¯à¨ïâ¨¨ ¯® à�§à�¡®âª¥ �¢¨�â¥å−¨ª¨?û
4. ú�à�¢¤� «¨, çâ® ®− §�−¨¬�¥âáï £�§®¢®© ¤¨−�¬¨ª®©?û

‚¥ªâ®à ¨áâ¨−−ëå ®â¢¥â®¢ −� íâ¨ ¢®¯à®áë | (¤�, −¥â, −¥â, ¤�). �¤−�ª®
¢¥à®ïâ−®áâì ¢ë¡®à� ¯à�¢¨«ì−ëå ®â¢¥â®¢ §«®ã¬ëè«¥−−¨ª®¬, −¥ ¨¬¥îé¨¬ ¤®áâã¯�
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ª ¯¥àá®−�«ì−ë¬ ¤�−−ë¬, à�¢−� (1/2)4 = 1/16. ‹î¡®© −¥¯à�¢¨«ì−ë© ®â¢¥â
ï¢«ï¥âáï §�¯à¥â®¬.

�®áª®«ìªã à¥çì ¨¤¥â ® ä®à¬¨à®¢�−¨¨ ¨ ¨á¯®«ì§®¢�−¨¨ −¥áª®«ìª¨å ¨−ä®à-
¬�æ¨®−−ëå ¯à®áâà�−áâ¢, â® ¢¥à®ïâ−®áâì ¯à�¢¨«ì−®© �ãâ¥−â¨ä¨ª�æ¨¨ ¯à¨ ãª�-
§�−−®¬ ¯®¤å®¤¥ ¡ëáâà® ¯®¢ëè�¥âáï. ‚ ªà¨¯â®£à�ä¨¨ ¤«ï �ãâ¥−â¨ä¨ª�æ¨¨ ¡¥§
à�§£«�è¥−¨ï á¥ªà¥â� [5] ¨á¯®«ì§ã¥âáï ¡«¨§ª�ï ¨¤¥ï.

”®à¬¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ §� áç¥â ¨−ä®à¬�æ¨¨ ¨§ á®æ¨-
�«ì−ëå á¥â¥© ¨ ¤àã£¨å ¡�§ ¤�−−ëå ¯®§¢®«ï¥â áãé¥áâ¢¥−−® ã¢¥«¨ç¨âì ª®«¨ç¥áâ¢®
¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ ¨ ¡«�£®¤�àï íâ®¬ã ¯®¢ëá¨âì ¢¥à®ïâ−®áâì ¯à�¢¨«ì-
−®© �ãâ¥−â¨ä¨ª�æ¨¨.

Œ®¦−® ¤®ª�§�âì [6], çâ® ¯à¨ à�áá¬®âà¥−¨¨ ¡¥áª®−¥ç−ëå ¯®á«¥¤®¢�â¥«ì−®áâ¥©
¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ ®¡¬�− ¢áªà®¥âáï á ¢¥à®ïâ−®áâìî 1 −� ª®−¥ç−®¬
è�£¥ ¤«ï ¡®«ìè¨−áâ¢� ¢¥à®ïâ−®áâ−ëå ¬®¤¥«¥© ¯®¢¥¤¥−¨ï §«®ã¬ëè«¥−−¨ª�.

�à¥¤«®¦¥−−ë© ¯®¤å®¤ ¬®¦−® ¨áá«¥¤®¢�âì á ¯®¬®éìî ¨¬¨â�æ¨®−−®£® ¬®¤¥-
«¨à®¢�−¨ï, çâ® ¯®§¢®«ï¥â ®¡®¡é¨âì ¥£® −� á«ãç�© ¡®«ìè®£® ç¨á«� ¯®«ì§®¢�â¥«¥©
¨ −�©â¨ ®¯â¨¬�«ì−ë¥ ¯�à�¬¥âàë /̂� ¤«ï ¢¥å ¯®«ì§®¢�â¥«¥© ¨ ¯à®æ¥áá®¢.

3 Заключение

Š®¬¯«¥ªá−ë© ¯®¤å®¤ ª �ãâ¥−â¨ä¨ª�æ¨¨ ¯®−¨¬�¥âáï ¢ â®¬ á¬ëá«¥, çâ® ¤«ï
¯®¤â¢¥à¦¤¥−¨ï ¯®¤«¨−−®áâ¨ ¨¤¥−â¨ä¨ª�â®à� ¨á¯®«ì§ãîâáï à�§«¨ç−ë¥ ¨−ä®à-
¬�æ¨®−−ë¥ à¥áãàáë, ª�á�îé¨¥áï ¯®«ì§®¢�â¥«ï. ‘®£«�á®¢�−−®áâì íâ¨å ¤�−−ëå
®¯à¥¤¥«ï¥âáï à�áá¬®âà¥−¨¥¬ ¯à®æ¥áá� á ¤¨áªà¥â−ë¬ ¢à¥¬¥−¥¬ ¨−ä®à¬�æ¨®−−ëå
äà�£¬¥−â®¢ ¨§ à�§−ëå ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢. ‚ á¨«ã â®£® çâ® â�ª¨¥
¯à®æ¥ááë −¥ ¬®£ãâ ¨¬¥âì ¡®«ìèãî ¤«¨−ã, ¢¬¥áâ® ¢¥à®ïâ−®áâ−ëå à�á¯à¥¤¥«¥−¨©
−� âà�¥ªâ®à¨ïå æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì ¯®−ïâ¨¥ §�¯à¥â� [2].

÷�§¡¨¥−¨¥ ¬−®¦¥áâ¢� §�¯à¥â®¢ −� ª«�ááë ¯® à�§«¨ç−®© úá¨«¥û ¯®à®¦¤�¥â
à�áá«®¥−¨¥ ¬−®¦¥áâ¢� âà�¥ªâ®à¨© ¯à®æ¥áá� �ãâ¥−â¨ä¨ª�æ¨¨, ¯à¨ íâ®¬ ¢ ®â-
¤¥«ì−ëå ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢�å ¢¥à®ïâ−®áâ−ë¥ ¬®¤¥«¨ «¥£ç¥ áâà®¨âì
¨ ®æ¥−¨¢�âì ¢¥à®ïâ−®áâ¨ ®è¨¡®ª.

Šà®¬¥ â®£®, à�áá¬®âà¥−−ë© ¯®¤å®¤ ¯®§¢®«ï¥â íªá¯¥à¨¬¥−â�«ì−® ®¯â¨¬¨-
§¨à®¢�âì �«£®à¨â¬ë ª®¬¯«¥ªá−®© �ãâ¥−â¨ä¨ª�æ¨¨ á ¯®¬®éìî ¨¬¨â�æ¨®−−®£®
¬®¤¥«¨à®¢�−¨ï.

�−�«¨§ −¥ª®â®àëå ¨−ä®à¬�æ¨®−−ëå ¯à®áâà�−áâ¢ ¬®¦−® ¯à®¢®¤¨âì á ¯®-
¬®éìî ¨−â¥««¥ªâã�«ì−®£® �−�«¨§� ¤�−−ëå −� ®á−®¢¥ ¨§¢¥áâ−ëå ¯à¥æ¥¤¥−â®¢.
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АНАЛИЗ НЕПРОТИВОРЕЧИВОСТИ РЕКОНФИГУРАЦИИ
ПРОГРАММНО-КОНФИГУРИРУЕМОЙ СЕТИ∗

А. А. Грушо1, И. Ю. Терёхина2

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï §�¤�ç� à¥ª®−ä¨£ãà�æ¨¨ ¤«ï ¯à®£à�¬¬−®-ª®−-
ä¨£ãà¨àã¥¬ëå á¥â¥© (SDN, software-defined networks), ª®â®à�ï ¯à¥¤¯®«�£�¥â
®¡−®¢«¥−¨¥ â�¡«¨æ ¬�àèàãâ¨§�æ¨¨ á ãç¥â®¬ á¢®©áâ¢ ª®àà¥ªâ−®áâ¨ (−¥¯à®-
â¨¢®à¥ç¨¢®áâ¨). Š�ª ¯à�¢¨«®, SDN à�áá¬�âà¨¢�¥âáï ª�ª ®à¨¥−â¨à®¢�−−ë©
£à�ä, � á¢®©áâ¢� −¥¯à®â¨¢®à¥ç¨¢®áâ¨ ¬®£ãâ ¡ëâì áä®à¬ã«¨à®¢�−ë à�§«¨ç-
−ë¬¨ á¯®á®¡�¬¨. ‡�¤�ç� à¥ª®−ä¨£ãà�æ¨¨ SDN á á®¡«î¤¥−¨¥¬ á¢®©áâ¢ −¥-
¯à®â¨¢®à¥ç¨¢®áâ¨ ¢ ®¡é¥¬ á«ãç�¥ ï¢«ï¥âáï NP-âàã¤−®© §�¤�ç¥©. ‚ ¤�−−®©
à�¡®â¥ à�áá¬�âà¨¢�¥âáï ¬®¤¥«ì ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬®© á¥â¨ ª�ª −¥®à¨-
¥−â¨à®¢�−−®£® £à�ä�, áä®à¬ã«¨à®¢�−� §�¤�ç� à¥ª®−ä¨£ãà�æ¨¨, ®¡«�¤�îé�ï
á¢®©áâ¢®¬ −¥¯à®â¨¢®à¥ç¨¢®áâ¨, ª®â®à®¥ §�ª«îç�¥âáï ¢ ®âáãâáâ¢¨¨ §�æ¨ª«¨¢�-
−¨ï ¯�ª¥â®¢ ¯à¨ à¥ª®−ä¨£ãà�æ¨¨ á¥â¨. �à¨¢®¤¨âáï �«£®à¨â¬, ¯®§¢®«ïîé¨©
¯®áâà®¨âì à¥ª®−ä¨£ãà¨àãîéãî ¯®á«¥¤®¢�â¥«ì−®áâì ¢ åã¤è¥¬ á«ãç�¥ §� ª¢�¤-
à�â¨ç−®¥ ®â ç¨á«� ¢¥àè¨− ¢à¥¬ï.

Š«îç¥¢ë¥ á«®¢�: ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬�ï á¥âì; §�¤�ç� à¥ª®−ä¨£ãà�-
æ¨¨; −¥¯à®â¨¢®à¥ç¨¢�ï à¥ª®−ä¨£ãà�æ¨ï á¥â¨

DOI: 10.14357/08696527170302

1 Введение

�à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬ë¥ á¥â¨ | −®¢ë© ¯®¤å®¤ ª ®à£�−¨§�æ¨¨ ª®¬¯ìî-
â¥à−ëå á¥â¥©, æ¥«ìî ª®â®à®£® ¡ë«® à¥è¨âì áãé¥áâ¢ãîé¨¥ ¯à®¡«¥¬ë ª®¬¯ìî-
â¥à−ëå á¥â¥©, ®¡¥á¯¥ç¨¢�ï ¢ëá®ªãî ¯à®¨§¢®¤¨â¥«ì−®áâì ¨ ¬¥−ìèãî áâ®¨¬®áâì.

ƒ«�¢−ë¬¨ æ¥«ï¬¨ á®§¤�−¨ï SDN ¡ë«¨: ãáâà�−¥−¨¥ −¥¦¥«�â¥«ì−ëå íää¥ªâ®¢
à�á¯à¥¤¥«¥−−ëå ¯à®â®ª®«®¢ −� ãà®¢−¥ ã¯à�¢«¥−¨ï á¥âìî (ª�ª, −�¯à¨¬¥à, íää¥ªâ
§�æ¨ª«¨¢�−¨ï ¯�ª¥â®¢) ¨ ã¯à®é¥−¨¥ §�¤�ç¨ ª®−ä¨£ãà�æ¨¨ ãà®¢−ï ¤�−−ëå á ãç¥-
â®¬ §�¤�ç ¯®«¨â¨ª ¡¥§®¯�á−®áâ¨ §� áç¥â à�§¤¥«¥−¨ï á¥â¨ −� ãà®¢¥−ì ã¯à�¢«¥−¨ï
¨ ãà®¢¥−ì ¤�−−ëå [1,2].

�¥á¬®âàï −� ¯®áâ�¢«¥−−ë¥ æ¥«¨, ¢ SDN-á¥âïå ¯�ª¥âë ¬®£ãâ á«¥¤®¢�âì ¯®
¯ãâï¬, −�àãè�îé¨¬ ¤¥©áâ¢ãîéãî ¯®«¨â¨ªã ¡¥§®¯�á−®áâ¨, ¨ §�¬¥â−® ã¬¥−ìè�âì

∗÷�¡®â� ¯®¤¤¥à¦�−� ÷””ˆ (¯à®¥ªâ 15-29-07981 ®ä¨-¬).
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, grusho@yandex.ru
2”�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®¢�, irinateryokhina@gmail.com
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�−�«¨§ −¥¯à®â¨¢®à¥ç¨¢®áâ¨ à¥ª®−ä¨£ãà�æ¨¨ ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬®© á¥â¨

¯à®¯ãáª−ãî á¯®á®¡−®áâì á¥â¨. �â® ¯à®¨áå®¤¨â ¯®â®¬ã, çâ® §�¤�ç¨ ¯®«¨â¨ª¨
¡¥§®¯�á−®áâ¨ ª�á�îâáï ®¡é¥£® ¯®¢¥¤¥−¨ï á¥â¨ ¯®á«¥ â®£®, ª�ª ãà®¢¥−ì ¤�−−ëå
¡ë« ã¦¥ áª®−ä¨£ãà¨à®¢�−, ¢ â® ¢à¥¬ï ª�ª −¥ª®àà¥ªâ−®¥ á®áâ®ï−¨¥ á¥â¨ ¬®-
¦¥â ¢®§−¨ª−ãâì ¢ ¯à®æ¥áá¥ ¥¥ (à¥)ª®−ä¨£ãà�æ¨¨ [3, 4], ¢á«¥¤áâ¢¨¥ ç¥£® à�¡®âë,
á¢ï§�−−ë¥ á à¥ª®−ä¨£ãà�æ¨¥© SDN, ®à¨¥−â¨à®¢�−ë −� à¥è¥−¨¥ §�¤�ç¨ ¨¬¥−−®
−¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ãà�æ¨¨.

‚ à�¡®â�å [5, 6] ¡ë«® ¯®ª�§�−®, çâ® §�¤�ç� à¥ª®−ä¨£ãà�æ¨¨ á¥â¨ ®â−®á¨âáï
ª ª«�ááã co-NP.

‚®§−¨ª−®¢¥−¨¥ ¦¥ §�¤�ç à¥ª®−ä¨£ãà�æ¨¨ ¢ ®¡é¥¬ á«ãç�¥ ®¡ãá«®¢«¥−® −¥-
®¡å®¤¨¬®áâìî ¯®è�£®¢®£® ¯à¥®¡à�§®¢�−¨ï ¬¥¦¤ã ¤¢ã¬ï à¥è¥−¨ï¬¨ −¥ª®â®à®©
§�¤�ç¨ Z â�ª¨¬ ®¡à�§®¬, çâ®¡ë ¯à®¬¥¦ãâ®ç−ë¥ à¥§ã«ìâ�âë ¯à¥®¡à�§®¢�−¨ï
â�ª¦¥ ï¢«ï«¨áì ¡ë à¥è¥−¨ï¬¨ íâ®© §�¤�ç¨. ÷¥è¥−¨¥ §�¤�ç¨ à¥ª®−ä¨£ãà�æ¨¨
¯®§¢®«ï¥â −�©â¨ ¯®á«¥¤®¢�â¥«ì−®áâì à¥è¥−¨© §�¤�ç¨Z, ª�¦¤®¥ ¨§ ª®â®àëå ®â«¨-
ç�¥âáï ®â ¯à¥¤ë¤ãé¥£® ®£à�−¨ç¥−−ë¬ ç¨á«®¬ ¨§¬¥−¥−¨©. ‚ à�¡®â¥ [7] ¯®ª�§�−®,
çâ® áãé¥áâ¢ãîâ §�¤�ç¨ à¥ª®−ä¨£ãà�æ¨¨, ®á−®¢�−−ë¥ −� NP-¯®«−ëå §�¤�ç�å,
ª®â®àë¥ ®â−®áïâáï ª ª«�ááã PSPACE-¯®«−ëå.

“á«®¢¨ï −¥¯à®â¨¢®à¥ç¨¢®áâ¨, ª®â®àë¥ ¬®£ãâ âà¥¡®¢�âìáï ¯à¨ à¥ª®−ä¨£ãà�-
æ¨¨, ¬®£ãâ ¡ëâì à�§«¨ç−ë¬¨. ‚ à�¡®â�å [6, 8] ¡ë«¨ ¯¥à¥ç¨á«¥−ë ¢®§¬®¦−ë¥
ãá«®¢¨ï ¤«ï −¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ãà�æ¨¨ á¥â¨:

{ á®£«�á®¢�−−®áâì ¯�ª¥â®¢: ¬−®¦¥áâ¢® ¯à�¢¨«, á®£«�á−® ª®â®à®¬ã ®¡à�¡�âë-
¢�¥âáï ®â¤¥«ì−ë© ¯�ª¥â, ¤®«¦−® ¡ëâì ¨«¨ ¯®«−®áâìî áâ�àë¬, ¨«¨ ¯®«−®áâìî
−®¢ë¬;

{ á®£«�á®¢�−−®áâì ¯®â®ª®¢: ¢á¥ ¯�ª¥âë ¢ ®¤−®¬ ¯®â®ª¥ ¤®«¦−ë ¡ëâì ®¡à�-
¡®â�−ë á ¯®¬®éìî ®¤−®© ª®−ä¨£ãà�æ¨¨ á¥â¨ (áâà®£�ï á®£«�á®¢�−−®áâì) ¨«¨
¯à¥ä¨ªá ¯®â®ª� ¤®«¦¥− ¡ëâì ®¡à�¡®â�− ®¤−®© ª®−ä¨£ãà�æ¨¥©, � áãää¨ªá
¯®â®ª� ¤®«¦¥− ¡ëâì ®¡à�¡®â�− ¤àã£®© ª®−ä¨£ãà�æ¨¥© (á«�¡�ï á®£«�á®¢�−-
−®áâì [5]);

{ −¥¯à®â¨¢®à¥ç¨¢®áâì (á®£«�á®¢�−−®áâì) ¢ ª®−¥ç−®¬ áç¥â¥: −®¢®¥ ¬−®¦¥áâ¢®
¯à�¢¨«, ¢ëç¨á«ï¥¬ëå ª®−âà®««¥à®¬, ¤®«¦−® ¡ëâì −¥¯à®â¨¢®à¥ç¨¢ë¬. �à¨
®¡¥á¯¥ç¥−¨¨ íâ®£® ãá«®¢¨ï ¢ ¯à®æ¥áá¥ à¥ª®−ä¨£ãà�æ¨¨ á¥â¨ −¥ £�à�−â¨àã¥âáï
¥¥ −¥¯à®â¨¢®à¥ç¨¢®áâì;

{ á¢®¡®¤� ®â ç¥à−ëå ¤ëà: −¨ ®¤¨− ¯�ª¥â −¥ ¤®«¦¥− ¡ëâì ¯®â¥àï− ¢® ¢à¥-
¬ï à¥ª®−ä¨£ãà�æ¨¨. —¥à−ë¥ ¤ëàë ¢®§−¨ª�îâ, ¥á«¨ ¯�ª¥â ¯à¨å®¤¨â −�
ª®¬¬ãâ�â®à, −� ª®â®à®¬ −¥â ¯à�¢¨«� ¤«ï ¥£® ®¡à�¡®âª¨;

{ á¢®¡®¤� ®â ¯¥à¥£àã§®ª: ®¡ê¥¬ âà�ä¨ª�, ¯®áâã¯�îé¥£® −� ª®¬¬ãâ�â®à,
−¥ ¤®«¦¥− ¯à¥¢ëè�âì ¥£® ¯à®¯ãáª−ãî á¯®á®¡−®áâì, ¯à¨ íâ®¬ −¥ ¤®«¦−®
¯à®¨áå®¤¨âì ¯®â¥à¨ ¤�−−ëå.

‚ à�¡®â�å [3, 6] ¯à¥¤«®¦¥−® à¥è¥−¨¥ §�¤�ç¨ −¥¯à®â¨¢®à¥ç¨¢®© ª®−ä¨£ãà�-
æ¨¨, £¤¥ ãá«®¢¨¥ −¥¯à®â¨¢®à¥ç¨¢®áâ¨ á®®â¢¥âáâ¢ã¥â ãá«®¢¨î á®£«�á®¢�−−®áâ¨
¯�ª¥â®¢ | ª�¦¤ë© ¯�ª¥â ¨¤¥â ¨«¨ ¯®«−®áâìî ¯® áâ�àë¬ ¯à�¢¨«�¬, ¨«¨ ¯®«-
−®áâìî ¯® −®¢ë¬. ÷¥è¥−¨¥, ¨á¯®«ì§ãîé¥¥ èâ�¬¯®¢ªã ¯�ª¥â®¢, ¯à¥¤«®¦¥−−®¥
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¢ [3], ®¡¥á¯¥ç¨¢�¥â á¢®¡®¤ã ®â æ¨ª«®¢ ¯®áà¥¤áâ¢®¬ ¤®¡�¢«¥−¨ï −®¬¥à®¢ ¢¥àá¨©
¢ ¯�ª¥âë. �â®â á¯®á®¡ ®¡¥á¯¥ç¨¢�¥â ¡®«¥¥ á¨«ì−®¥ á¢®©áâ¢® á®£«�á®¢�−−®áâ¨
¯�ª¥â®¢, −® ¯à¨ íâ®¬ ï¢«ï¥âáï ¡®«¥¥ ¬¥¤«¥−−ë¬ ¨ âà¥¡ã¥â ¡®«ìè¨å §�âà�â −�
¯�¬ïâì. �à¨ íâ®¬ ¢® ¢à¥¬ï ®¡−®¢«¥−¨ï ®â¤¥«ì−®£® ª®¬¬ãâ�â®à� ¯à®áâ�¨¢�¥â ¢áï
á¥âì.

‚ à�¡®â¥ [6] ¯à¥¤«®¦¥− ¬¥â®¤ à¥ª®−ä¨£ãà�æ¨¨, ª®â®àë© ®¡¥á¯¥ç¨¢�¥â ª�ª
ãá«®¢¨¥ á®£«�á®¢�−−®áâ¨ ¯�ª¥â®¢, â�ª ¨ ãá«®¢¨¥ á®£«�á®¢�−−®áâ¨ ¯®â®ª®¢. �¡�
−�¡®à� ¯à�¢¨« §�£àã¦�îâáï ¢ ª�¦¤ë© ª®¬¬ãâ�â®à á −¥¨á¯®«ì§ã¥¬ë¬ ¡¨â®¬
¢ ¯®«¥ §�£®«®¢ª�. ‡�â¥¬ ª®¬¬ãâ�â®àë ¢ á«ãç�¥ −¥®¡å®¤¨¬®áâ¨ ãáâ�−�¢«¨¢�îâ
¡¨â ¤«ï â®£®, çâ®¡ë ¯®ª�§�âì, ª�ª®© −�¡®à ¯à�¢¨« á«¥¤ã¥â ¨á¯®«ì§®¢�âì ¤«ï
ª®−ªà¥â−®£® ¯�ª¥â�. �â®â ¬¥â®¤ âà¥¡ã¥â §−�ç¨â¥«ì−ëå à¥áãàá®¢ ª®¬¬ãâ�â®à®¢:
¢ â�¡«¨æ¥ ¯à�¢¨« ª�¦¤®£® ª®¬¬ãâ�â®à� ¤®«¦−ë ¯à¨áãâáâ¢®¢�âì ¤�−−ë¥ ¤¢ãå
ª®−ä¨£ãà�æ¨©, â. ¥. ¤®áâã¯−�ï ¯�¬ïâì ª®¬¬ãâ�â®à®¢ ¤¥«¨âáï ¯®¯®«�¬.

‚ à�¡®â¥ [5] ¯à¥¤«®¦¥− ¬¥â®¤ à¥ª®−ä¨£ãà�æ¨¨ á¥â¨ ¯ãâ¥¬ §�£àã§ª¨ ¯à®¬¥-
¦ãâ®ç−®£® −�¡®à� ¯à�¢¨« −� ª®¬¬ãâ�â®àë. ‚ íâ®¬ ¯®¤å®¤¥ ¯�ª¥âë, ®¡à�¡®âª�
ª®â®àëå ¤®«¦−� ¨§¬¥−¨âìáï, ¯®áë«�îâáï ¢ ª®−âà®««¥à (¨«¨ ¤àã£¨¥ åà�−¨«¨é�
¯�ª¥â®¢) ¯à®¬¥¦ãâ®ç−ë¬ −�¡®à®¬ ¯à�¢¨«; ª�ª â®«ìª® ¯à®¬¥¦ãâ®ç−ë© −�¡®à
¯à�¢¨« ¡ã¤¥â ¯®«−®áâìî §�£àã¦¥− −� ª®¬¬ãâ�â®àë, −� ª®¬¬ãâ�â®àë §�£àã¦�¥âáï
−®¢ë© −�¡®à ¯à�¢¨« ¨ ã¤¥à¦¨¢�¥¬ë¥ ¯�ª¥âë ®â¯à�¢«ïîâáï ª ¬¥áâã −�§−�ç¥−¨ï.
�â®â ¬¥â®¤ âà¥¡ã¥â åà�−¥−¨ï â®«ìª® ®¤−®£® −�¡®à� ¯à�¢¨«, −® ¢¥¤¥â ª ã¢¥«¨ç¥−¨î
¯à®¯ãáª−®© á¯®á®¡−®áâ¨ ª®−âà®««¥à�, ã¢¥«¨ç¥−¨î §�¤¥à¦ª¨ ¨, ª�ª á«¥¤áâ¢¨¥,
ª −¥¯®á«¥¤®¢�â¥«ì−®© ¤®áâ�¢ª¥ ¯�ª¥â®¢.

‚ à�¡®â¥ [9] ®¯¨áë¢�¥âáï ¯à®â®ª®«, á®®â¢¥âáâ¢ãîé¨© ãá«®¢¨ï¬ á®£«�á®¢�−-
−®áâ¨ ¯�ª¥â®¢ ¨ á«�¡®© á®£«�á®¢�−−®áâ¨ ¯®â®ª®¢, −¥ âà¥¡ãîé¨© ¤®¯®«−¨â¥«ì−ëå
à¥áãàá®¢ −¨ −� ª®¬¬ãâ�â®àë, −¨ −� ®â¤¥«ì−®¥ åà�−¥−¨¥ ¯�ª¥â®¢ ¢® ¢à¥¬ï ®¡−®¢«¥-
−¨ï. ÷¥ª®−ä¨£ãà�æ¨ï ¯à®¨áå®¤¨â ¯®áà¥¤áâ¢®¬ ¯®á«¥¤®¢�â¥«ì−®£® ¯à¨¬¥−¥−¨ï
¯à�¢¨« ®¡−®¢«¥−¨© −� ®â¤¥«ì−ë© ª®¬¬ãâ�â®à.

÷�¡®âë [4, 10{12] −�¯à�¢«¥−ë −� ®¡¥á¯¥ç¥−¨¥ −¥−ã«¥¢®© ¯à®¯ãáª−®© á¯®á®¡-
−®áâ¨ «¨−¨© ¯¥à¥¤�ç¨ ¯�ª¥â®¢.

÷�¡®âë [13,14] à�áá¬�âà¨¢�îâ −¥¯à®â¨¢®à¥ç¨¢ãî á¥âì á â®çª¨ §à¥−¨ï ®âáãâ-
áâ¢¨ï ¯®â¥àì ¯�ª¥â®¢ ¯à¨ ¥¥ ®¡−®¢«¥−¨¨. „«ï á«ãç�ï −�¡®à� ¯à�¢¨«, á®¤¥à¦�é¨å
®¤¨− ¯ã−ªâ −�§−�ç¥−¨ï, à�áá¬�âà¨¢�¥âáï ¤¥à¥¢® æ¥«¨ T . Š�¦¤ë© á«®© ¤¥à¥¢�
®¡−®¢«ï¥âáï ¯®á«¥¤®¢�â¥«ì−® ®¤¨− §� ¤àã£¨¬, çâ® âà¥¡ã¥â ç¨á«� ®¡−®¢«¥−¨©,
à�¢−®£® £«ã¡¨−¥ íâ®£® ¤¥à¥¢�. ’�ª®© ¯®¤å®¤ ¬®¦¥â ¤®áâ¨£�âì ¡ëáâà®© áå®¤¨-
¬®áâ¨ −� ISP (Internet Service Provider) á¥âïå ¨ ¡ë« ¤®à�¡®â�− ¤«ï ¯à�ªâ¨ç¥áª®£®
¨á¯®«ì§®¢�−¨ï [15].

‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�¥âáï §�¤�ç� à¥ª®−ä¨£ãà�æ¨¨ â�¡«¨æ ¬�àèàã-
â¨§�æ¨¨ ¢ ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬ëå á¥âïå. ÷¥è¥−¨¥ ¯®áâ�¢«¥−−®© §�¤�ç¨
áâà®¨âáï á ãç¥â®¬ á¢®©áâ¢� −¥¯à®â¨¢®à¥ç¨¢®áâ¨ á®áâ®ï−¨© ª®¬¯ìîâ¥à−®© á¥â¨,
ª®â®à®¥ §�ª«îç�¥âáï ¢ ®âáãâáâ¢¨¨ §�æ¨ª«¨¢�−¨ï ¯�ª¥â®¢ −� ª�¦¤®¬ è�£¥ à¥-
ª®−ä¨£ãà�æ¨¨. „«ï ¢¢¥¤¥−−®© ¬®¤¥«¨ á¥â¨ ®æ¥−¨¢�¥âáï á«®¦−®áâì �«£®à¨â¬�
¯®áâà®¥−¨ï −¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ãà�æ¨¨, ¤«¨−� á®®â¢¥âáâ¢ãîé¥© à¥ª®−-
ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¨ ¤àã£¨¥ á¢®©áâ¢�.
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2 Основные понятия и результаты

‡�¤�ç� à¥ª®−ä¨£ãà�æ¨¨, ª�ª ¯à�¢¨«®, ¨¬¥¥â á«¥¤ãîéãî áâàãªâãàã [7]:

{ ä¨ªá¨àã¥âáï −¥ª®â®à�ï §�¤�ç� ¯®¨áª� S | �«£®à¨â¬, ª®â®àë© ¤«ï íª§¥¬-
¯«ïà� §�¤�ç¨ I ¨ ¤«ï ¯à¥¤¯®«�£�¥¬®£® à¥è¥−¨ï y ®¯à¥¤¥«ï¥â, ï¢«ï¥âáï «¨ y
à¥è¥−¨¥¬ I;

{ ä¨ªá¨àã¥âáï ®â−®è¥−¨¥ á®á¥¤áâ¢� A −� ¬−®¦¥áâ¢¥ à¥è¥−¨© | �«£®à¨â¬,
ª®â®àë© ¤«ï íª§¥¬¯«ïà� §�¤�ç¨ I ¨ ¤¢ãå à¥è¥−¨© y, y′ ®¯à¥¤¥«ï¥â, ï¢«ïîâáï
«¨ à¥è¥−¨ï á®á¥¤−¨¬¨.

‡�¤�ç� à¥ª®−ä¨£ãà�æ¨¨ ¤«ï S ¨ A ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬: ¤�−ë
íª§¥¬¯«ïà §�¤�ç¨ I ¨ ¤¢� à¥è¥−¨ï y0, yt, −¥®¡å®¤¨¬® ®¯à¥¤¥«¨âì, áãé¥áâ¢ã¥â
«¨ ¯®á«¥¤®¢�â¥«ì−®áâì à¥è¥−¨© y0, y1, . . ., yt §�¤�ç¨ I â�ª�ï, çâ® yi−1 ¨ yi |
á®á¥¤−¨¥ à¥è¥−¨ï, i = 1, 2, . . . , t.

‚ ¤�−−®© à�¡®â¥ ¡ã¤¥â à�áá¬�âà¨¢�âìáï §�¤�ç� à¥ª®−ä¨£ãà�æ¨¨ ¯à®£à�¬¬−®-
ª®−ä¨£ãà¨àã¥¬ëå á¥â¥©. �à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬�ï á¥âì, ¢ á®®â¢¥âáâ¢¨¨
á [8], ¡ã¤¥â à�áá¬�âà¨¢�âìáï ª�ª −�¡®à á®¥¤¨−¥−−ëå ¬¥¦¤ã á®¡®© ¬�àèàãâ¨§�-
â®à®¢ ¨ ª®¬¬ãâ�â®à®¢. �à¥¤¯®«�£�¥âáï, çâ® ¢ ®â¤¥«ì−ë© ¬®¬¥−â ¢à¥¬¥−¨ −�
ª�¦¤ë© ª®¬¬ãâ�â®à æ¥−âà�«ì−ë¬ ª®−âà®««¥à®¬ §�£àã¦¥− −�¡®à ¯à�¢¨« ¯¥à¥-
−�¯à�¢«¥−¨ï, ª®â®àë¥ ª®¬¬ãâ�â®à ¬®¦¥â ¯à¨¬¥−¨âì ¯à¨ ¯®«ãç¥−¨¨ −¥ª®â®à®£®
¯�ª¥â�.

�¯à¥¤¥«¥−¨¥ 1. �à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬�ï á¥âì | −¥®à¨¥−â¨à®¢�−−ë©
£à�ä G = (V,E), £¤¥ V | ¬−®¦¥áâ¢® ¢¥àè¨−, á®®â¢¥âáâ¢ãîé¥¥ ¬−®¦¥áâ¢ã
ª®¬¬ãâ�â®à®¢ ¨ ¬�àèàãâ¨§�â®à®¢; E | ¬−®¦¥áâ¢® à¥¡¥à, á®®â¢¥âáâ¢ãîé¥¥ ¬−®-
¦¥áâ¢ã ¢®§¬®¦−ëå ¯à�¢¨« ª®¬¬ãâ�æ¨¨ ¯�ª¥â®¢ ¢ á¥â¨.

…á«¨ e = (v1, v2) ∈ E | −¥ª®â®à®¥ à¥¡à®, â® ¢¥àè¨−� v1 ∈ V (á®®â¢¥âáâ¢¥−−®
v2 ∈ V ) ¨ à¥¡à® e ¨−æ¨¤¥−â−ë.

�¯à¥¤¥«¥−¨¥ 2. �ãáâì E′ ⊆ E | −¥ª®â®à®¥ ¯®¤¬−®¦¥áâ¢® à¥¡¥à £à�ä� G,
V ′ ⊆ V | ¬−®¦¥áâ¢® ¢¥àè¨− ¨−æ¨¤¥−â−ëå à¥¡à�¬ ¨§ E′ (â. ¥. V ′ = {v ∈
∈ V |∃u ∈ V, (v, u) ∈ E′}), â®£¤� ¯®¤£à�ä G′ = (V ′, E′) | ª®−ä¨£ãà�æ¨ï á¥â¨
(£à�ä�) G.

„�«¥¥ ¡ã¤ãâ à�áá¬�âà¨¢�âìáï â®«ìª® ª®−ä¨£ãà�æ¨¨ £à�ä� G. �ãáâì G′ =
= (V ′, E′) ¨ G′′ = (V ′′, E′′)| ¤¢¥ ª®−ä¨£ãà�æ¨¨.

�¯à¥¤¥«¨¬ ®â−®è¥−¨¥ á®á¥¤áâ¢� ¤«ï ¤¢ãå ª®−ä¨£ãà�æ¨©, §�ª«îç�îé¥¥áï
¢ ¨§¬¥−¥−¨¨ ®¤−®£® ¯à�¢¨«� ª®¬¬ãâ�æ¨¨ ¯�ª¥â®¢.

�¯à¥¤¥«¥−¨¥ 3. „¢¥ ª®−ä¨£ãà�æ¨¨ G′ ¨ G′′ | á®á¥¤−¨¥, ¥á«¨ ¯®«ãç¥−ë ¤àã£
¨§ ¤àã£� ã¤�«¥−¨¥¬ ¨/¨«¨ ¤®¡�¢«¥−¨¥¬ ®¤−®£® à¥¡à�, â. ¥. 0 ≤ |E′ \ E′′| ≤ 1,
0 ≤ |E′′ \ E′| ≤ 1, E′ 6= E′′.

�¯à¥¤¥«¥−¨¥ 4. �®á«¥¤®¢�â¥«ì−®áâì ª®−ä¨£ãà�æ¨© G0 = (V0, E0), . . . , Gt =
= (Vt, Et) â�ªãî, çâ® Gi−1, Gi | á®á¥¤−¨¥ ª®−ä¨£ãà�æ¨¨ ¤«ï i = 1, . . . , t,
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−�§®¢¥¬ à¥ª®−ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�â¥«ì−®áâìî ª®−ä¨£ãà�æ¨¨ G0 ¢ ª®−ä¨-
£ãà�æ¨î Gt (à¥ª®−ä¨£ãà�æ¨ï G0 ¢ Gt), £¤¥ t | ç¨á«® è�£®¢ à¥ª®−ä¨£ãà�æ¨¨.

’�ª¨¬ ®¡à�§®¬, §�¤�çã à¥ª®−ä¨£ãà�æ¨¨ ¤«ï ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬®©
á¥â¨ ¬®¦−® ®¯à¥¤¥«¨âì â�ª:

{ ¤�−ë ¤¢¥ ª®−ä¨£ãà�æ¨¨ G′ = (V ′, E′) ¨ G′′ = (V ′′, E′′);

{ ®¯à¥¤¥«¨âì, áãé¥áâ¢ã¥â «¨ à¥ª®−ä¨£ãà�æ¨ï G′ ¢ G′′.

„«ï ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬ëå á¥â¥© ¨−â¥à¥á−® −¥ áâ®«ìª® ¯®«ãç¥−¨¥
®â¢¥â� −� ¢®¯à®á, áãé¥áâ¢ã¥â «¨ à¥è¥−¨¥ §�¤�ç¨ à¥ª®−ä¨£ãà�æ¨¨, áª®«ìª®
−¥¯®áà¥¤áâ¢¥−−®¥ −�å®¦¤¥−¨¥ á®®â¢¥âáâ¢ãîé¥© à¥ª®−ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�-
â¥«ì−®áâ¨, ª®â®à�ï ¯à¨ íâ®¬ ®â¢¥ç�«� ¡ë §�¯à�è¨¢�¥¬ë¬ ãá«®¢¨ï¬ −¥¯à®â¨¢®-
à¥ç¨¢®áâ¨ −� ª�¦¤®¬ è�£¥ à¥ª®−ä¨£ãà�æ¨¨.

÷�áá¬®âà¨¬ á¢®©áâ¢® −¥¯à®â¨¢®à¥ç¨¢®áâ¨ ª®−ä¨£ãà�æ¨¨, ª®â®à®¥ §�ª«îç�-
¥âáï ¢ ®âáãâáâ¢¨¨ §�æ¨ª«¨¢�−¨ï ¯�ª¥â®¢ ¢ á¥â¨.
�¯à¥¤¥«¥−¨¥ 5. Š®−ä¨£ãà�æ¨ï G′ = (V ′, E′) −¥¯à®â¨¢®à¥ç¨¢�, ¥á«¨ −¥ á®¤¥à-
¦¨â æ¨ª«®¢.

‘ ¢¢¥¤¥−−ë¬ ãá«®¢¨¥¬ −¥¯à®â¨¢®à¥ç¨¢®áâ¨ á¥â¨ áâ�−®¢¨âáï ¢®§¬®¦−ë¬ ®¯à¥-
¤¥«¥−¨¥ ª®àà¥ªâ−®£® à¥è¥−¨ï §�¤�ç¨ à¥ª®−ä¨£ãà�æ¨¨.

�ãáâì Gold = (Vold, Eold) = G0 ¨ Gnew = (Vnew, Enew) = Gt | ¤¢¥
ª®−ä¨£ãà�æ¨¨ â�ª¨¥, çâ® áãé¥áâ¢ã¥â à¥ª®−ä¨£ãà¨àãîé�ï ¯®á«¥¤®¢�â¥«ì−®áâì
G0, . . . , Gt.
�¯à¥¤¥«¥−¨¥ 6. ÷¥ª®−ä¨£ãà�æ¨ï Gold ¢ Gnew −¥¯à®â¨¢®à¥ç¨¢�, ¥á«¨ ª�¦¤�ï
ª®−ä¨£ãà�æ¨ï Gi = (Vi, Ei), i = 0, . . . , t, ¢ à¥ª®−ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�â¥«ì-
−®áâ¨ −¥¯à®â¨¢®à¥ç¨¢�.

�®ª�¦¥¬, çâ® ¤«ï ¢¢¥¤¥−−®© ¬®¤¥«¨ ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬®© á¥â¨
¨ ãá«®¢¨© −¥¯à®â¨¢®à¥ç¨¢®áâ¨ ª®−ä¨£ãà�æ¨¨ ¤«ï ¯à®¨§¢®«ì−ëå ¤¢ãå ª®−ä¨£ã-
à�æ¨© Gold ¨ Gnew áãé¥áâ¢ã¥â −¥¯à®â¨¢®à¥ç¨¢�ï à¥ª®−ä¨£ãà�æ¨ï.

÷�áá¬®âà¨¬ �«£®à¨â¬ ¯®áâà®¥−¨ï à¥ª®−ä¨£ãà�æ¨¨ Gold = (Vold, Eold)
¢ Gnew = (Vnew, Enew), £¤¥ Gold ¨ Gnew | −¥¯à®â¨¢®à¥ç¨¢ë¥ ª®−ä¨£ãà�æ¨¨.

�«£®à¨â¬ 1

ˆ−¨æ¨�«¨§�æ¨ï �«£®à¨â¬�

1. �ãáâìEto remove := Eold \Enew ¨Eto add := Enew \Eold | ¤¢� ¢á¯®¬®£�â¥«ì-
−ëå ¬−®¦¥áâ¢� à¥¡¥à, ª®â®àë¥ ¤®«¦−ë ¡ëâì ¨§¬¥−¥−ë. �«£®à¨â¬ à�¡®â�¥â
¨â¥à�â¨¢−®, ¯®ª� −¥ ¡ã¤¥â ¯®áâà®¥−� ª®−ä¨£ãà�æ¨ï Gnew.

2. G0 := Gold.

i-© è�£ �«£®à¨â¬� (ª®−ä¨£ãà�æ¨ï Gi−1 ¯®áâà®¥−�), i = 0, 1, . . .

1. …á«¨ Eto remove = Eto add = {∅}, â® Gi−1 = Gnew, t := i − 1, à¥ª®−ä¨-
£ãà�æ¨ï Gold ¢ Gnew ¯®áâà®¥−�, t | ç¨á«® è�£®¢ à¥ª®−ä¨£ãà�æ¨¨ (¤«¨−�
à¥ª®−ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�â¥«ì−®áâ¨).
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2. …á«¨ Eto remove = {∅} ¨ Eto add 6= {∅}, â® ∃ e ∈ Eto add ¨ Gi := (Vi, Ei−1 ∪
∪ e), Eto add := Eto add \ {e}.

3. Eá«¨ Eto remove 6= {∅} ¨ Eto add = {∅}, â® ∃ e ∈ Eto remove ¨ Gi :=
:= (Vi, Ei−1 \ {e}), Eto remove := Eto remove \ {e}.

4. …á«¨ ¨−�ç¥, ¯ãáâì e = (v1, v2) ∈ Eto add. ÷�áá¬®âà¨¬ £à�ä G′ = (Vi−1 ∪
∪ {v1, v2}, Ei−1 ∪ {e}). ‚®§¬®¦−ë 2 á«ãç�ï:

(�) G′ −¥ á®¤¥à¦¨â æ¨ª«®¢, â®£¤� Gi := G
′, Eto add := Eto add \ {e};

(¡) G′ á®¤¥à¦¨â æ¨ª« L ⊆ Ei−1 ∪ {e}. ‚ æ¨ª«¥ L áãé¥áâ¢ã¥â à¥¡à® e′ ∈
∈ Eto remove, â®£¤�Gi := (Vi, Ei−1∪{e}\{e′}), Eto remove := Eto remove \
{e′} ¨ Eto add := Eto add \ {e}.

’¥®à¥¬� 1. �ãáâì Gold = (Vold, Eold) ¨ Gnew = (Vnew, Enew)| ¤¢¥ −¥¯à®â¨¢®-
à¥ç¨¢ë¥ ª®−ä¨£ãà�æ¨¨ á¥â¨ G = (V,E). ’®£¤� áãé¥áâ¢ã¥â −¥¯à®â¨¢®à¥ç¨¢�ï
à¥ª®−ä¨£ãà�æ¨ï Gold ¢ Gnew, ª®â®à�ï ¢ åã¤è¥¬ á«ãç�¥ ¬®¦¥â ¡ëâì ¯®áâà®¥−�
§� O(|V |2).

…á«¨ ¤«ï ®à¨¥−â¨à®¢�−−®£® £à�ä� §�¤�ç� ¯®¨áª� à�§à¥§�îé¥£® æ¨ª«ë −�¡®à�
à¥¡¥à ï¢«ï¥âáï NP-¯®«−®© [16], â® ¤«ï −¥®à¨¥−â¨à®¢�−−®£® £à�ä� §�¤�ç� ¬®¦¥â
¡ëâì à¥è¥−� á ¯®¬®éìî ¦�¤−®£® �«£®à¨â¬� ¨«¨ ¤®¯®«−¥−¨ï £à�ä� ¤® ®áâ®¢−®£®
¤¥à¥¢�, çâ® ¯à¨ ®âáãâáâ¢¨¨ ãá«®¢¨ï −¥¯à®â¨¢®à¥ç¨¢®áâ¨ −� −�ç�«ì−ãî ¨ ª®−¥ç−ãî
ª®−ä¨£ãà�æ¨¨ ¤�¥â ¢®§¬®¦−®áâì á¤¥«�âì ¨å −¥¯à®â¨¢®à¥ç¨¢ë¬¨ ¨ ¯à¨¬¥−¨âì
�«£®à¨â¬ 1 ¯®áâà®¥−¨ï à¥ª®−ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�â¥«ì−®áâ¨. �à¨¢¥¤¥−¨¥
−¥ª®â®à®£® £à�ä� G ª ¥£® �æ¨ª«¨ç−®¬ã ¢¨¤ã âà¥¡ã¥â r = m − n + c ã¤�«¥−¨©
à¥¡¥à, £¤¥ m | ç¨á«® à¥¡¥à, n | ç¨á«® ¢¥àè¨−, � c | ç¨á«® ª®¬¯®−¥−â á¢ï§-
−®áâ¨ £à�ä� G. �æ¥−ª� á«®¦−®áâ¨ à�¡®âë �«£®à¨â¬� 1 ¢ åã¤è¥¬ á«ãç�¥ ®áâ�¥âáï
á¯à�¢¥¤«¨¢®©.

÷�áá¬®âà¨¬ ¢®¯à®á ® ç¨á«¥ è�£®¢ t −¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ãà�æ¨¨Gold =
= (Vold, Enew) ¢ Gnew = (Vnew, Enew).

“â¢¥à¦¤¥−¨¥ 1. „«ï à¥ª®−ä¨£ãà�æ¨¨ Gold ¢ Gnew, ¯®áâà®¥−−®© á ¯®¬®éìî
�«£®à¨â¬� 1, á¯à�¢¥¤«¨¢®

t ≤ |Eold \ Enew|+ |Enew \ Eold| .

‚¥àå−ïï ®æ¥−ª� ¤®áâ¨£�¥âáï, ª®£¤� ¤®¡�¢«¥−¨¥ ª�¦¤®£® −®¢®£® à¥¡à� −¥
®¡à�§ã¥â æ¨ª«, çâ® ¯à¨¢®¤¨â ª ¯¥à¥¡®àã ¢á¥å à¥¡¥à ª�¦¤ë© à�§.

‚®§¬®¦−® ®æ¥−¨âì ¨§¬¥−¥−¨¥ ç¨á«� ª®¬¯®−¥−â á¢ï§−®áâ¨ ¢ ¯®à®¦¤�¥¬ëå
ª®−ä¨£ãà�æ¨ïå ¯à¨ à�¡®â¥ �«£®à¨â¬� 1.

�ãáâì k | ç¨á«® ª®¬¯®−¥−â á¢ï§−®áâ¨ £à�ä� Gold; m | ç¨á«® ª®¬¯®−¥−â
á¢ï§−®áâ¨ £à�ä� Gnew.

“â¢¥à¦¤¥−¨¥ 2. �à¨ ¯®áâà®¥−¨¨ −¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ãà�æ¨¨Gold ¢Gnew
á ¯®¬®éìî �«£®à¨â¬� 1 ç¨á«® ª®¬¯®−¥−â á¢ï§−®áâ¨ l ¢ ª�¦¤®© ª®−ä¨£ã-
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à�æ¨¨ ¨§ à¥ª®−ä¨£ãà¨àãîé¥© ¯®á«¥¤®¢�â¥«ì−®áâ¨ ã¤®¢«¥â¢®àï¥â −¥à�¢¥−áâ¢ã
min{k,m} ≤ l ≤ max{k,m}.

„®ª�§�â¥«ìáâ¢® á«¥¤ã¥â ¨§ «¥¬¬ë 1 ¨ ¯®áâà®¥−¨ï ª�¦¤®£® è�£� �«£®à¨â¬�.

3 Вспомогательные утверждения и доказательства

‹¥¬¬� 1. �ãáâì Gi−1 = (Vi−1, Ei−1) { −¥¯à®â¨¢®à¥ç¨¢�ï ª®−ä¨£ãà�æ¨ï, â®-
£¤� ª®−ä¨£ãà�æ¨ï Gi = (Vi, Ei), ¯®áâà®¥−−�ï á ¯®¬®éìî è�£� �«£®à¨â¬� 1,
ï¢«ï¥âáï −¥¯à®â¨¢®à¥ç¨¢®© ¨ á®á¥¤−¥© ª ª®−ä¨£ãà�æ¨¨ Gi−1.
„ ® ª � § � â ¥ « ì á â ¢ ® . �®á«¥ è�£� �«£®à¨â¬� 1 ¢ ¯®áâà®¥−−®© ª®−ä¨£ãà�æ¨¨ Gi

¡ã¤¥â ¨§¬¥−¥−® ®¤−® à¥¡à® (à¥¡à® ¬®¦¥â ¡ëâì ã¤�«¥−®, ¤®¡�¢«¥−® −®¢®¥, ã¤�«¥−®
®¤−® à¥¡à® ¨ ¤®¡�¢«¥−® ¤àã£®¥), ¯®íâ®¬ã Gi−1 ¨ Gi | á®á¥¤−¨¥ ª®−ä¨£ãà�æ¨¨.

�ã−ªâ 2 è�£� �«£®à¨â¬� −¥ ¬®¦¥â ®¡à�§®¢�âì æ¨ª«, ¥á«¨ Gnew | −¥¯à®â¨¢®-
à¥ç¨¢�ï ª®−ä¨£ãà�æ¨ï. �ã−ªâ 3 ã¤�«ï¥â à¥¡à�, çâ® â�ª¦¥ −¥ ¬®¦¥â ®¡à�§®¢�âì
−®¢ë© æ¨ª«, â�ª ¦¥ ª�ª ¨ ¯¥à¢ë© ¯®¤¯ã−ªâ ¯. 4.

÷�áá¬®âà¨¬ ¢â®à®© ¯®¤¯ã−ªâ ¯. 4.
�®ª�¦¥¬, çâ® ¤®¡�¢«¥−¨¥ à¥¡à� e ªGi−1 ¬®¦¥â ®¡à�§®¢�âì â®«ìª® ®¤¨− æ¨ª«.

�à¥¤¯®«®¦¨¬, çâ® ¯à¨ ¤®¡�¢«¥−¨¨ à¥¡à� e ª Gi−1 £à�ä G′ á®¤¥à¦¨â 2 ¨«¨ ¡®«¥¥
æ¨ª«®¢ L1, . . . , Lk (k ≥ 2).

…á«¨ à¥¡à® e 6∈ Lj ∀j = 1, . . . , k, â® ¢ Gi−1 áãé¥áâ¢®¢�«¨ æ¨ª«ë L1, . . . , Lk

(L1, . . . , Lk ⊂ Gi), çâ® ¯à®â¨¢®à¥ç¨â ãá«®¢¨î −¥¯à®â¨¢®à¥ç¨¢®áâ¨ Gi−1.
…á«¨ à¥¡à® e ¯à¨−�¤«¥¦¨â â®«ìª® æ¨ª«ã Lj, â® �−�«®£¨ç−® L1, . . .

. . . , Lj−1, Lj+1, . . . , Lk ⊂ Gi, çâ® ¯à®â¨¢®à¥ç¨â ãá«®¢¨î −¥¯à®â¨¢®à¥ç¨-
¢®áâ¨ Gi−1.

�ãáâì à¥¡à® e = (v1, v2) á®¤¥à¦¨âáï ¢ ¤¢ãå æ¨ª«�å £à�ä� G′, e ∈ L1 ∩ L2,
L1 = v1ev2C1v1, L2 = v1ev2C2v1. ’®£¤� áãé¥áâ¢ã¥â ú¢−¥è−¨©û æ¨ª« L′ ⊂
⊂ L1 ∪ L2, L′ = v1C1v2C2v1, ¢ ª®â®à®¬ à¥¡à® e −¥ ãç�áâ¢ã¥â, çâ® ¯à®â¨¢®à¥ç¨â
ãá«®¢¨î −¥¯à®â¨¢®à¥ç¨¢®áâ¨ Gi−1.

…á«¨ e ∈ L1 ∩ · · · ∩ Lm, 2 < m ≤ k, â® �−�«®£¨ç−® à�ááã¦¤¥−¨ï¬, ª®£¤�
à¥¡à® e = (v1, v2) á®¤¥à¦¨âáï â®«ìª® ¢ ¤¢ãå æ¨ª«�å £à�ä� G′, â�ª¦¥ ¯®«ãç�¥¬
¯à®â¨¢®à¥ç¨¥ á ãá«®¢¨¥¬ −¥¯à®â¨¢®à¥ç¨¢®áâ¨ Gi−1.

’�ª¨¬ ®¡à�§®¬, £à�ä G′ ¬®¦¥â á®¤¥à¦�âì â®«ìª® ®¤¨− æ¨ª«, ª®â®àë© ¡ë«
®¡à�§®¢�− ¯®á«¥ ¤®¡�¢«¥−¨ï à¥¡à� e ∈ Eto add. ‚ æ¨ª«¥ L áãé¥áâ¢ã¥â à¥¡à®
e′ ∈ Eto remove, â�ª ª�ª ¨−�ç¥ æ¨ª« L á®¤¥à¦�«áï ¡ë ¢ Enew, çâ® ¯à®â¨¢®à¥ç¨â
ãá«®¢¨î −¥¯à®â¨¢®à¥ç¨¢®áâ¨ ª®−ä¨£ãà�æ¨¨ Gnew.
„ ® ª � § � â ¥ « ì á â ¢ ® â¥®à¥¬ë 1. ‘ãé¥áâ¢®¢�−¨¥ −¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ã-
à�æ¨¨:

‘®£«�á−® «¥¬¬¥ 1 �«£®à¨â¬ 1 −� ª�¦¤®¬ è�£¥ áâà®¨â á®á¥¤−îî −¥¯à®â¨¢®à¥-
ç¨¢ãî ª®−ä¨£ãà�æ¨î ª â¥ªãé¥©. ’�ª ª�ª ¬−®¦¥áâ¢� Eto add ¨ Eto remove ª®−¥ç−ë
(|Eto add| ≤ |Enew|, |Eto remove| ≤ |Eold|) ¨ ª®−ä¨£ãà�æ¨ï Gold −¥¯à®â¨¢®à¥ç¨¢�,
�«£®à¨â¬ áâà®¨â −¥¯à®â¨¢®à¥ç¨¢ãî à¥ª®−ä¨£ãà�æ¨î Gold ¢ Gnew §� ª®−¥ç−®¥
¢à¥¬ï.
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�−�«¨§ −¥¯à®â¨¢®à¥ç¨¢®áâ¨ à¥ª®−ä¨£ãà�æ¨¨ ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬®© á¥â¨

‘«®¦−®áâì:
�ã−ªâ 2 �«£®à¨â¬� ¤¥«�¥â −¥ ¡®«¥¥ |Enew \ Eold| ¤®¡�¢«¥−¨© à¥¡¥à, ¯. 3,

á®®â¢¥âáâ¢¥−−®, |Eold \Enew| ã¤�«¥−¨©. ‚ ¯. 4 ¢ åã¤è¥¬ á«ãç�¥ |Enew \Eold| à�§
¨é¥âáï ¯®¤å®¤ïé¥¥ à¥¡à® ¢ æ¨ª«¥ L, ª®â®à®¥ á®¤¥à¦¨â −¥ ¡®«¥¥ |Enew ∪ Eold|
à¥¡¥à.

’�ª¨¬ ®¡à�§®¬, á«®¦−®áâì �«£®à¨â¬� ¯®áâà®¥−¨ï á®á¥¤−¥© ª®−ä¨£ãà�æ¨¨
¨¬¥¥â ®æ¥−ªã O(|Enew \ Eold|+ |Eold \ Enew|+ |Enew \ Eold| × (|Enew ∪Eold|)).
’�ª ª�ª ç¨á«® à¥¡¥à ¢ −¥¯à®â¨¢®à¥ç¨¢ëå ª®−ä¨£ãà�æ¨ïå, â. ¥. ¢ £à�ä�å ¡¥§
æ¨ª«®¢, −¥ ¯à¥¢®áå®¤¨â |V | − 1, â® ¢ åã¤è¥¬ á«ãç�¥ �«£®à¨â¬ 1 ¨¬¥¥â á«®¦-
−®áâì O(|V |2).

4 Заключение

‚ à�¡®â¥ ¯à¥¤«®¦¥−� ¬®¤¥«ì ¯à®£à�¬¬−®-ª®−ä¨£ãà¨àã¥¬®© á¥â¨. „«ï ¤�−−®©
¬®¤¥«¨ ¯à¥¤«®¦¥−® à¥è¥−¨¥ §�¤�ç¨ à¥ª®−ä¨£ãà�æ¨¨ á ãç¥â®¬ á¢®©áâ¢� −¥¯à®â¨-
¢®à¥ç¨¢®áâ¨, §�ª«îç�îé¥¥áï ¢ ®âáãâáâ¢¨¨ §�æ¨ª«¨¢�−¨ï ¯�ª¥â®¢ ¯à¨ ¯¥à¥å®¤¥
ª ª�¦¤®© −®¢®© ª®−ä¨£ãà�æ¨¨ á¥â¨. �®ª�§�−®, çâ® ¤«ï ¢¢¥¤¥−−®© ¬®¤¥«¨ à¥è¥-
−¨¥ §�¤�ç¨ −¥¯à®â¨¢®à¥ç¨¢®© à¥ª®−ä¨£ãà�æ¨¨ ¢á¥£¤� áãé¥áâ¢ã¥â ¨ ¬®¦¥â ¡ëâì
¯®áâà®¥−® §� ¯®«¨−®¬¨�«ì−®¥ ¢à¥¬ï.
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Abstract: The paper studies the software-defined networks (SDN) reconfigura-
tion problem, considering presence of consistency properties while updating the
route tables. Generally, SDN is represented as an oriented graph, but consistency
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properties can be formulated in various ways. The SDN reconfiguration problem
with respect to consistency properties is an NP-hard problem for most cases.
The paper defines the SDN model as an undirected graph and formulates the
reconfiguration problem for this model that satisfies the loop-free consistency
property while the network updates. For the introduced model, the worst-case
quadratic algorithm of building the corresponding reconfiguration sequence from
one configuration to another is proposed.

Keywords: software-defined network; reconfiguration problem; consistency;
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АНАЛИТИЧЕСКОЕ МОДЕЛИРОВАНИЕ НОРМАЛЬНЫХ
ПРОЦЕССОВ В СТОХАСТИЧЕСКИХ СИСТЕМАХ
С ИНТЕГРАЛЬНЫМИ НЕЛИНЕЙНОСТЯМИ (II)

И. Н. Синицын1

�−−®â�æ¨ï: ÷�§à�¡®â�−® ¬¥â®¤¨ç¥áª®¥ ¨ �«£®à¨â¬¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ �−�-
«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï (�Œ) −®à¬�«ì−ëå (£�ãáá®¢áª¨å) ¯à®æ¥áá®¢ ¢ ¤¨ä-
ä¥à¥−æ¨�«ì−ëå áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å (‘â‘) á ¢¥à®ïâ−®áâ−ë¬¨ ¨−â¥£à�«ì-
−ë¬¨ −¥«¨−¥©−®áâï¬¨ (‚ˆ�) −� ®á−®¢¥ ¬¥â®¤®¢ áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨
(Œ‘‹) ¨ −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ (Œ��). „«ï ‚ˆ� (íªá¯®−¥−æ¨�«ì−®-
£®, £�¬¬�- ¨ χ2-à�á¯à¥¤¥«¥−¨©) ¯®«ãç¥−ë �−�«¨â¨ç¥áª¨¥ ¢ëà�¦¥−¨ï ¤«ï
ª®íää¨æ¨¥−â®¢ Œ‘‹ (Œ��) ¯à¨ áâ¥¯¥−−®© �¯¯à®ªá¨¬�æ¨¨. �«£®à¨â¬ë ¯®-
«®¦¥−ë ¢ ®á−®¢ã ¬®¤ã«ï à�§à�¡�âë¢�¥¬®£® ¨−áâàã¬¥−â�«ì−®£® ¯à®£à�¬¬−®£®
®¡¥á¯¥ç¥−¨ï StS-Analysis.2017. �à¨¢¥¤¥−® ¤¢� â¥áâ®¢ëå ¯à¨¬¥à� á ®æ¥−ª®©
â®ç−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: ¢¥à®ïâ−®áâ−�ï ¨−â¥£à�«ì−�ï −¥«¨−¥©−®áâì (‚ˆ�); £�¬¬�-
à�á¯à¥¤¥«¥−¨¥; χ2-à�á¯à¥¤¥«¥−¨¥; ¨−â¥£à�«ì−�ï −¥«¨−¥©−®áâì (ˆ�); ¬¥-
â®¤ −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨ (Œ��); ¬¥â®¤ áâ�â¨áâ¨ç¥áª®© «¨−¥�à¨§�æ¨¨
(Œ‘‹); áâ¥¯¥−−®¥ à�§«®¦¥−¨¥; áâ®å�áâ¨ç¥áª�ï á¨áâ¥¬� (‘â‘); íªá¯®−¥−æ¨-
�«ì−®¥ à�á¯à¥¤¥«¥−¨¥
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1 Введение

‚ [1{3] ®¯¨á�−ë ¬¥â®¤ë ¨ ¨−áâàã¬¥−â�«ì−ë¥ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� �Œ
−®à¬�«ì−ëå ¯à®æ¥áá®¢ ¢ ‘â‘ á® á«®¦−ë¬¨ −¥«¨−¥©−®áâï¬¨, ®¯¨áë¢�¥¬ë¬¨
â�ª¨¬¨ á¯¥æ¨�«ì−ë¬¨ äã−ªæ¨ï¬¨, ª�ª äã−ªæ¨¨ �¥áá¥«ï æ¥«®£® ¨ ¤à®¡−®£®
¯®àï¤ª�, í««¨¯â¨ç¥áª¨¥ äã−ªæ¨¨ Ÿª®¡¨ ¨ ‚¥©¥àèâà�áá�, � â�ª¦¥ á¢ï§�−−ë¬¨
á −¨¬¨ äã−ªæ¨ï¬¨.

‚ [4] à�áá¬®âà¥−ë â¨¯®¢ë¥ á«®¦−ë¥ ¨−â¥£à�«ì−ë¥ −¥«¨−¥©−®áâ¨ (ˆ�), Œ‘‹
¨ Œ�� ¤«ï ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ á® á«®¦−ë¬¨ ˆ�. ‚ ª�ç¥áâ¢¥ â¥áâ®¢®£® ¯à¨-
¬¥à� à�áá¬®âà¥−� ¤¨−�¬¨ª� ¨−â¥£à�«ì−®£® ®áæ¨««ïâ®à� ¢ áâ®å�áâ¨ç¥áª®© áà¥¤¥.
�á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® ˆ�, ®¯¨áë¢�¥¬ë¬ äã−ªæ¨ï¬¨ ‹�¯«�á�, ¨−â¥£à�«�¬¨
”à¥−¥«ï ¨ ¨−â¥£à�«ì−ë¬ á¨−ãá®¬.

�à®¤®«¦¨¬ [1{4] ¨ à�áá¬®âà¨¬ ¬¥â®¤¨ç¥áª®¥ ¨ �«£®à¨â¬¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥
�Œ −®à¬�«ì−ëå áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ (‘â�) ¢ ‘â‘ á ‚ˆ�. ‚ à�§¤. 2{4

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, sinitsin@dol.ru

23



ˆ. �. ‘¨−¨æë−

à�áá¬®âà¥−ë â¨¯®¢ë¥ ‚ˆ�, �«£®à¨â¬ë Œ‘‹ ¨ Œ�� ¨ â¥áâ®¢ë¥ ¯à¨¬¥àë.
‚ ¯à¨«®¦¥−¨ïå �1{�3 ¯à¨¢¥¤¥−ë �−�«¨â¨ç¥áª¨¥ ¢ëà�¦¥−¨ï Œ‘‹ ¤«ï á«¥¤ã-
îé¨å ‚ˆ�: íªá¯¥à¨¬¥−â�«ì−®£®, £�¬¬�- ¨ χ2-à�á¯à¥¤¥«¥−¨©. �à¨«®¦¥−¨¥ �4
á®¤¥à¦¨â −¥®¡å®¤¨¬ë¥ á¢¥¤¥−¨ï ® äã−ªæ¨ïå ¯�à�¡®«¨ç¥áª®£® æ¨«¨−¤à�, «¥¦�-
é¨å ¢ ®á−®¢¥ �«£®à¨â¬®¢.

2 Вероятностные интегральные нелинейности
и их статистическая линеаризация

÷�áá¬®âà¨¬ áª�«ïà−ãî −¥áâ�æ¨®−�à−ãî ‚ˆ� á«¥¤ãîé¥£® ¢¨¤�:

Zt (Yt, t) =

Yt∫

−∞

ψ×ÉÎ (Yt, t, η) dη , (1)

£¤¥ ψ×ÉÎ = ψ×ÉÎ(Yt, t, η) | áª�«ïà−�ï ¤¥â¥à¬¨−¨à®¢�−−�ï −¥«¨−¥©−�ï äã−ªæ¨ï
®â¬¥ç¥−−ëå ¯¥à¥¬¥−−ëå â¨¯� ¯«®â−®áâ¨ à�á¯à¥¤¥«¥−¨ï á«ãç�©−®© ¢¥«¨ç¨−ë
(á.¢.), ª®â®à�ï −¥¯à¥àë¢−�, ¤¨ää¥à¥−æ¨àã¥¬� ¨ ã¤®¢«¥â¢®àï¥â ãá«®¢¨ï¬:

Zt(−∞) = 0 ; Zt(∞) = 1 ; Zt(Y ) = Zt (Yt − 0) .
„«ï ¯à¨¡«¨¦¥−−®£® ¯à¥¤áâ�¢«¥−¨ï ‚ˆ� (1) è¨à®ª® ¯à¨¬¥−ïîâáï á«¥¤ãîé¨¥

¯à¨¡«¨¦¥−−ë¥ ¬¥â®¤ë [5{10]:

{ áâ¥¯¥−−ë¥ à�§«®¦¥−¨ï;
{ á¨áâ¥¬� ªà¨¢ëå �¨àá®−�;
{ ®àâ®£®−�«ì−ë¥ à�§«®¦¥−¨ï ¯® ¯®«¨−®¬�¬ �à¬¨â�, —¥¡ëèñ¢� ¨ ¤à., àï¤ë

ƒà�¬�{˜�à«ì¥, �¤¦ã®àâ� ¨ ¤à.;
{ �¯¯à®ªá¨¬�æ¨ï ª®−¥ç−ëå ®âà¥§ª®¢ ¯«®â−®áâ¨ «¨−¥©−®© ª®¬¡¨−�æ¨¥© §�¤�−-

−®© äã−ªæ¨¨.

�à¨¬¥à®¬ ‚ˆ� ¬®¦¥â á«ã¦¨âì äã−ªæ¨ï ‹�¯«�á�, ¯®¤à®¡−® à�áá¬®âà¥−−�ï
¢ [4], � â�ª¦¥ ¨§¢¥áâ−ë¥ â¨¯®¢ë¥ äã−ªæ¨¨ à�á¯à¥¤¥«¥−¨ï áª�«ïà−ëå á.¢. [5{7].

�à¨¬¥à�¬¨ á«®¦−ëå áª�«ïà−ëå ‚ˆ� ¬®£ãâ á«ã¦¨âì ¬−®£®ç«¥−−ë¥ ¨ ¤à®¡-
−®-à�æ¨®−�«ì−ë¥ äã−ªæ¨¨ â¨¯®¢ëå ‚ˆ�, � â�ª¦¥ äã−ªæ¨¨, ¯®«ãç�¥¬ë¥ ¯ãâ¥¬
á®®â¢¥âáâ¢ãîé¥£® ¯à¥®¡à�§®¢�−¨ï �à£ã¬¥−â� ¢ ‚ˆ�.

‚ á«ãç�¥ ¢¥ªâ®à−ëå ¨ ¬�âà¨ç−ëå ‚ˆ� ¨¬¥îâ ¬¥áâ® á®®â¢¥âáâ¢ãîé¨¥ ¯à¥¤-
áâ�¢«¥−¨ï ¤«ï ª®¬¯®−¥−â.

‚ á«ãç�ïå áâ¥¯¥−−®£® ¨ íà¬¨â®¢� ¯à¥¤áâ�¢«¥−¨ï ‚ˆ� (1) ¬®¦¥â ¡ëâì �¯-
¯à®ªá¨¬¨à®¢�−� á«¥¤ãîé¨¬¨ ¢ëà�¦¥−¨ï¬¨:

Zt = ϕ
ÓÔ(Yt, t) +R

ÓÔ
n ,

ϕÓÔ(Yt, t) = ϕ
+(Yt, t)ϕ

−
n (Yt, t) , ϕ

−
n (Yt, t) =

nÓÔ∑

k=0

a−k (t)Y
k
t ;





(2)
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Zt = ϕ
ÜÒ(Yt, t) +R

ÜÒ ,

ϕÜÒ(Yt, t) = ϕ
+(Yt, t)ϕ

−
n (Yt, t) , ϕ

−
n (Yt, t) =

nÜÒ∑

k=0

akHk(Yt)Y
k
t ,





(3)

£¤¥ Rn | ®áâ�â®ç−ë© ç«¥−, � Hk | ¯®«¨−®¬ �à¬¨â�. �à¨¬¥−¨¬ Œ‘‹ [8{10]
ª �¯¯à®ªá¨¬¨à®¢�−−®¬ã ¢ëà�¦¥−¨î ‚ˆ�:

Zt ≈ ϕ (Yt, t) . (4)

‡¤¥áì äã−ªæ¨ï (4) ®¯à¥¤¥«ï¥âáï (2) ¨«¨ (3).
„�«¥¥ ¡ã¤¥¬ áç¨â�âì ‘â� Yt ¤¥©áâ¢¨â¥«ì−ë¬, −¥á¨¬¬¥âà¨ç−ë¬ (my 6= 0)

¨ á ª®−¥ç−®© ¤¨á¯¥àá¨¥© Dy. ’®£¤� á®£«�á−® Œ‘‹ ‚ˆ� (4) ¡ã¤¥â, ¢ á¬ëá«¥
¬¨−¨¬ã¬� áà¥¤−¥© ª¢�¤à�â¨ç¥áª®© ®è¨¡ª¨, áâ�â¨áâ¨ç¥áª¨ íª¢¨¢�«¥−â−® ¢ëà�-
¦¥−¨î ¢¨¤�:

Zt ≈ ϕ0 (my,Dy, t) + k1 (my,Dy, t)Y
0
t

(
Y 0t = Yt −my

)
, (5)

£¤¥

ϕ0 = ϕ0 (my,Dy, t) =
1√
2πDy

∞∫

−∞

ϕ(η, t) exp

[
−(η −my)

2

2Dy

]
dη ; (6)

k1 = k1 (my,Dy, t) =
1√
2πDy

∞∫

−∞

(η −my)ϕ(η, t) exp

[
−(η −my)

2

2Dy

]
dη =

=
∂ϕ0 (my,Dy , t)

∂Dy
.

„«ï −¥ç¥â−ëå (4) ä®à¬ã«ë (5) ¨ (6) ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥:

Zt ≈ k0 (my,Dy , t)my + k1 (my,Dy, t)Y
0
t ,

£¤¥

k0 = k0 (my,Dy, t) =
1

my

√
2πDy

∞∫

−∞

ϕ(η, t) exp

[
−(η −my)

2

2Dy

]
dη .

‚ ¯à¨«®¦¥−¨ïå �1{�3 ¯à¨¢¥¤¥−ë −¥®¡å®¤¨¬ë¥ á¢¥¤¥−¨ï ® â¨¯®¢ëå à�á¯à¥-
¤¥«¥−¨ïå, � â�ª¦¥ ª®íää¨æ¨¥−âë Œ‘‹ ¯à¨ áâ¥¯¥−−®© �¯¯à®ªá¨¬�æ¨¨ ‚ˆ�.
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3 Алгоритмы аналитического моделирования нормальных процессов
в стохастических системах с вероятностными интегральными
нелинейностями

“à�¢−¥−¨ï äã−ªæ¨®−¨à®¢�−¨ï ª®−¥ç−®¬¥à−ëå −¥¯à¥àë¢−ëå −¥«¨−¥©−ëå
á¨áâ¥¬ á® áâ®å�áâ¨ç¥áª¨¬¨ ¢®§¬ãé¥−¨ï¬¨ ¯ãâ¥¬ à�áè¨à¥−¨ï ¢¥ªâ®à� á®áâ®ï-
−¨ï ‘â‘ ¬®£ãâ ¡ëâì §�¯¨á�−ë ¢ ¢¨¤¥ á«¥¤ãîé¥£® ¢¥ªâ®à−®£® áâ®å�áâ¨ç¥áª®£®
¤¨ää¥à¥−æ¨�«ì−®£® ãà�¢−¥−¨ï ˆâ® [4]:

dYt = a
×ÉÎ (Yt, t) dt + b

×ÉÎ (Yt, t) dW0 +

∫

R0

c×ÉÎ (Yt, t, v)P
0 (dt, dv) ,

Y (t0) = Y0 . (7)

‡¤¥áì Yt | (p × 1)-¬¥à−ë© ¢¥ªâ®à á®áâ®ï−¨ï, Yt ∈ –y (–y | ¬−®£®®¡à�§¨¥
á®áâ®ï−¨©); a×ÉÎ = a×ÉÎ(Yt, t) ¨ b×ÉÎ = b×ÉÎ(Yt, t) | ¨§¢¥áâ−ë¥ (p × 1)-¬¥à−�ï
¨ (p×m)-¬¥à−�ï äã−ªæ¨¨Yt ¨ t;W0 =W0(t)| (r×1)-¬¥à−ë© ¢¨−¥à®¢áª¨© ‘â�
¨−â¥−á¨¢−®áâ¨ ν0 = ν0(t); c×ÉÎ = c×ÉÎ(Yt, t, v) | (p × 1)-¬¥à−�ï äã−ªæ¨ï Yt, t
¨ ¢á¯®¬®£�â¥«ì−®£® (q×1)-¬¥à−®£® ¯�à�¬¥âà� v;

∫
– dP

0(t, A)| æ¥−âà¨à®¢�−−�ï
¯ã�áá®−®¢áª�ï ¬¥à�, ®¯à¥¤¥«ï¥¬�ï

∫

–

dP 0(t, A) =

∫

–

dP (t, A) =

∫

–

νP (t, A) dt ,

¯à¨ íâ®¬ ¯à¨−ïâ®:
∫
– | ç¨á«® áª�çª®¢ ¯ã�áá®−®¢áª®£® ‘â� ¢ ¨−â¥à¢�«¥ ¢à¥-

¬¥−¨ – = (t1, t2]; νP (t, A) | ¨−â¥−á¨¢−®áâì ¯ã�áá®−®¢áª®£® ‘â� P (t, A); A |
−¥ª®â®à®¥ ¡®à¥«¥¢áª®¥ ¬−®¦¥áâ¢® ¯à®áâà�−áâ¢� Rq

0 á ¢ëª®«®âë¬ −�ç�«®¬. ��-
ç�«ì−®¥ §−�ç¥−¨¥ Y0 ¯à¥¤áâ�¢«ï¥â á®¡®© á.¢., −¥ §�¢¨áïéãî ®â ¯à¨à�é¥−¨©W0(t)
¨ P (t, A) −� ¨−â¥à¢�«�å ¢à¥¬¥−¨, á«¥¤ãîé¨å §� t0, t0 ≤ t1 ≤ t2, ¤«ï «î¡®£®
¬−®¦¥áâ¢� A.

‚ á«ãç�¥ �¤¤¨â¨¢−ëå £�ãáá®¢áª¨å (−®à¬�«ì−ëå) ¨ ®¡®¡é¥−−ëå ¯ã�áá®−®¢áª¨å
¢®§¬ãé¥−¨© ãà�¢−¥−¨¥ (7) ¯à¨−¨¬�¥â ¢¨¤ [4]:

‘Y = a×ÉÎ (Yt, t) + b0(t)V , V = ‘W , Y (t0) = Y0 . (8)

‡¤¥áì W | ‘â� á −¥§�¢¨á¨¬ë¬¨ ¯à¨à�é¥−¨ï¬¨, ¯à¥¤áâ�¢«ïîé¨© á®¡®© á¬¥áì
−®à¬�«ì−®£® ¨ ®¡®¡é¥−−®£® ¯ã�áá®−®¢áª®£® ‘â�.

…á«¨ áãé¥áâ¢ãîâ ª®−¥ç−ë¥ ¢¥à®ïâ−®áâ−ë¥ ¬®¬¥−âë ¢â®à®£® ¯®àï¤ª� ¤«ï
¬®¬¥−â®¢ ¢à¥¬¥−¨ t1 ¨ t2, â® ãà�¢−¥−¨ï Œ�� ¯à¨¬ãâ á«¥¤ãîé¨© ¢¨¤ [4]:

{ ¤«ï å�à�ªâ¥à¨áâ¨ç¥áª¨å äã−ªæ¨©:

gN1 (λ; t) = exp

[
iλTmt −

1

2
λTKtλ

]
;

gNt1,t2 (λ1, λ2; t1, t2) = exp

[
i�λT �m2 −

1

2
�λT �K2λ

]
,





(9)
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£¤¥

�λ =
[
λT1 λ

T
2

]T
; �m2 =

[
mTt1m

T
t2

]T
; �K2 =

[
K(t1, t1) K(t1, t2)
K(t2, t1) K(t2, t2)

]
;

{ ¤«ï ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© mt, ª®¢�à¨�æ¨®−−®© ¬�âà¨æë Kt ¨ ¬�âà¨æë
ª®¢�à¨�æ¨®−−ëå äã−ªæ¨© K(t1, t2):

‘mt = a
×ÉÎ
1 (mt,Kt, t) , m0 = m (t0) ;

‘Kt = a
×ÉÎ
2 (mt,Kt, t) , K0 = K (t0) ;

∂K(t1, t2)

∂t2
= K (t1, t2) a

×ÉÎ
21 (mt2 ,Kt2 , t2)

T , K (t1, t1) = Kt1 .





(10)

‡¤¥áì ¯à¨−ïâë á«¥¤ãîé¨¥ ®¡®§−�ç¥−¨ï:

mt = M
N
–y
[Yt] ; Y

0
t = Yt −mt ; Kt = M

N
–y

[
Y 0t Y

0T
t

]
;

K (t1, t2) = M
N
–y

[
Y 0t1Y

0T
t2

]
;

a×ÉÎ1 = a×ÉÎ1 (mt,Kt, t) = M
N
–y
[a×ÉÎ(Yt, t)] ;

a×ÉÎ2 = a×ÉÎ2 (mt,Kt, t) =

= a×ÉÎ21 (mt,Kt, t) + a
×ÉÎ
21 (mt,Kt, t)

T + a×ÉÎ22 (mt,Kt, t) ;

a×ÉÎ21 = a
×ÉÎ
21 (mt,Kt, t) = M

N
–y

[
a×ÉÎ (Yt, t)Y

0T
t

]
;

a×ÉÎ22 = a
×ÉÎ
22 (mt,Kt, t) = M

N
–y
[�σ×ÉÎ (Yt, t)] ;

σ×ÉÎ (Yt, t) = b
×ÉÎ (Yt, t) ν0(t)b

×ÉÎ (Yt, t)
T ;

�σ (Yt, t) = σ
×ÉÎ (Yt, t) +

∫

Rq
0

c×ÉÎ (Yt, t, v) c
×ÉÎ (Yt, t, v)

T νP (t, dv) , (11)

£¤¥ MN
–y

| á¨¬¢®« ¢ëç¨á«¥−¨ï ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¤«ï −®à¬�«ì−ëå
à�á¯à¥¤¥«¥−¨© (9) −� £«�¤ª®¬ ¬−®£®®¡à�§¨¨ –y.
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„«ï áâ�æ¨®−�à−ëå ‘â‘ −®à¬�«ì−ë¥ áâ�æ¨®−�à−ë¥ ‘â� | ¥á«¨ ®−¨ áãé¥-
áâ¢ãîâ, â® mt = m∗, Kt = K∗, K(t1, t2) = k(τ) (τ = t1 − t2) | ®¯à¥¤¥«ïîâáï
ãà�¢−¥−¨ï¬¨ [5,7,8]:

a×ÉÎ1 (m∗,K∗) = 0 ; a×ÉÎ2 (m∗,K∗) = 0 ;

‘kτ (τ) = a
×ÉÎ
21 (m

∗,K∗)K∗−1k(τ) , k(0) = K∗ (∀ τ > 0) ;
k(τ) = k(−τ)T (∀ τ < 0) .





(12)

�à¨ íâ®¬ −¥®¡å®¤¨¬®, çâ®¡ë ¬�âà¨æ�a×ÉÎ21 (m
∗,K∗) = a×ÉÎ∗21 ¡ë«� �á¨¬¯â®â¨ç¥áª¨

ãáâ®©ç¨¢®©.
‚ á«ãç�¥ ‘â‘ (8) ãà�¢−¥−¨ï Œ�� ¯¥à¥å®¤ïâ ¢ ¨§¢¥áâ−ë¥ ãà�¢−¥−¨ï Œ‘‹ [4]:

‘mt = a
×ÉÎ
1 (mt,Kt, t) ; m0 = m (t0) ;

‘Kt = k
×ÉÎa
1 (mt,Kt, t)Kt +Ktk

×ÉÎa
1 (mt,Kt, t)

T + σ0(t) ,

K0 = K (t0) ;

∂K(t1, t2)

∂t2
= K (t1, t2)Kt2k

×ÉÎa
1 (mt2 ,Kt2 , t2)

T ; K (t1, t2) = Kt1 ,






(13)

£¤¥

a×ÉÎ (Yt, t) = a
×ÉÎ
0 (mt,Kt) + k

×ÉÎa
1 (mt,Kt)Y

0
t ;

kÉÎa1 (mt,Kt, t) =

[(
∂

∂mt

)
a×ÉÎ0 (mt,Kt, t)

T

]T
;

b×ÉÎ (Yt, t) = b
×ÉÎ
0 (t) , σ

×ÉÎ (Yt, t) = b
ÉÎ
0 (t)ν(t)b

×ÉÎ
0 (t)

T = σ×ÉÎ0 (t) .

�à¨ ãá«®¢¨¨ �á¨¬¯â®â¨ç¥áª®© ãáâ®©ç¨¢®áâ¨ ¬�âà¨æë ka
1(m

∗,K∗) ¤«ï áâ�æ¨-
®−�à−ëå ‘â‘ (8) ¢ ®á−®¢¥ Œ‘‹ «¥¦�â ãà�¢−¥−¨ï (12), §�¯¨á�−−ë¥ ¢ ¢¨¤¥:

a×ÉÎ0 (m∗,K∗) = 0 ;

k×ÉÎa1 (m∗,K∗)K∗ +K∗k×ÉÎa1 (m∗,K∗)T + �σ×ÉÎ∗0 = 0 ;

‘kτ (τ) = k
×ÉÎa
1 (m∗,K∗) k(τ) ; k(0) = K∗ (∀ τ > 0) ;

k(τ) = k(−τ)T (∀ τ < 0) .






(14)

’�ª¨¬ ®¡à�§®¬, ¢ ®á−®¢¥ ¬¥â®¤®¢ �Œ (Œ�Œ) «¥¦�â á«¥¤ãîé¨¥ ãâ¢¥à¦¤¥−¨ï.
’¥®à¥¬� 3.1. …á«¨ áãé¥áâ¢ãîâ ¨−â¥£à�«ë (11), â® ãà�¢−¥−¨ï (9), (10) «¥-
¦�â ¢ ®á−®¢¥ −¥áâ�æ¨®−�à−ëå �«£®à¨â¬®¢ Œ�Œ ¤«ï −¥£�ãáá®¢áª¨å ‘â‘ (7),
� ãà�¢−¥−¨ï (13) | ¤«ï −¥£�ãáá®¢áª¨å ‘â‘ (8).
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’¥®à¥¬� 3.2. …á«¨ ‘â‘ (7) ¨ (8) áâ�æ¨®−�à−ë ¨ áãé¥áâ¢ã¥â áâ�æ¨®−�à−ë© −®à-
¬�«ì−ë© ¯à®æ¥áá, � ¬�âà¨æ� a∗21 �á¨¬¯â®â¨ç¥áª¨ ãáâ®©ç¨¢�, â® ãà�¢−¥−¨ï (12)
¨ (14) «¥¦�â ¢ ®á−®¢¥ áâ�æ¨®−�à−ëå �«£®à¨â¬®¢ Œ�Œ.

‡�¬¥ç�−¨¥. „«ï £�ãáá®¢áª¨å ‘â‘ �«£®à¨â¬ë ã¯à®é�îâáï, ¥á«¨ ¯à¨−ïâì
cÉÎ(Yt, t, v) ≡ 0 ¢ (7) ¨ V = V0, νV = νV0 ¢ (8).

„«ï �«£®à¨â¬¨§�æ¨¨ Œ�� −¥®¡å®¤¨¬® ã¬¥âì ¢ëç¨á«ïâì á«¥¤ãîé¨¥ ¨−â¥-
£à�«ë:

I×ÉÎa0 = I×ÉÎa0 (mt,Kt, t) = a
×ÉÎ
1 (mt,Kt, t) = M

N
–y
[a×ÉÎ(Yt, t)] ; (15)

I×ÉÎa1 = I×ÉÎa1 (mt,Kt, t) = a
×ÉÎ
21 (mt,Kt, t) = M

N
–y

[
a×ÉÎ (Yt, t)Y

0T
t

]
;

I×ÉÎ�σ0 = I×ÉÎ�σ0 (mt,Kt, t) = a
×ÉÎ
22 (mt,Kt, t) = M

N [�σ×ÉÎ (Yt, t)] ,

� ¤«ï Œ‘‹ ¤®áâ�â®ç−® ¢ëç¨á«¨âì ¯¥à¢ë© ¨−â¥£à�« ¢ (15), ¯à¨ç¥¬ ¨−â¥£à�« IÉÎa1
¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥ [4]:

k×ÉÎa1 = ka
1 (mt,Kt, t) =

[(
∂

∂mt

)
I×ÉÎa0 (mt,Kt, t)

T

]T
.

“à�¢−¥−¨ï Œ�� (Œ‘‹) á®¤¥à¦�â ¨−â¥£à�«ë I×ÉÎa0 , I×ÉÎa1 ¨ I×ÉÎσ0 ¢ ¢¨¤¥
á®®â¢¥âáâ¢ãîé¨å ª®íää¨æ¨¥−â®¢, ¯®íâ®¬ã ¯à®æ¥¤ãà� ¢ëç¨á«¥−¨ï ¨−â¥£à�«®¢
¤®«¦−� ¡ëâì á®£«�á®¢�−� á ¬¥â®¤®¬ ç¨á«¥−−®£® à¥è¥−¨ï ®¡ëª−®¢¥−−ëå ¤¨ää¥-
à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¤«ï mt, Kt ¨ K(t1, t2). �â¨ ª®íää¨æ¨¥−âë ¤®¯ãáª�îâ
¤¨ää¥à¥−æ¨à®¢�−¨¥ ¯® mt ¨ Kt, â�ª ª�ª ¯®¤ ¨−â¥£à�«®¬ áâ®¨â á£«�¦¨¢�îé�ï
−®à¬�«ì−�ï ¯«®â−®áâì.

‚ [11] ¨§«®¦¥−ë �«£®à¨â¬ë ¤¨áªà¥â−®£® �−�«¨â¨ç¥áª®£® ¨ áâ�â¨áâ¨ç¥áª®£®
¬®¤¥«¨à®¢�−¨ï â¨¯®¢ëå à�á¯à¥¤¥«¥−¨© (¢ â®¬ ç¨á«¥ −®à¬�«ì−ëå) ¢ −¥«¨−¥©−ëå
‘â‘ −� ¬−®£®®¡à�§¨ïå. �«£®à¨â¬ë ¤¨áªà¥â−®£® �−�«¨â¨ç¥áª®£® ¨ áâ�â¨áâ¨ç¥-
áª®£® ¬®¤¥«¨à®¢�−¨ï ¤«ï ‘â‘ á ‚ˆ�, � â�ª¦¥ á¬¥è�−−ë¥ �«£®à¨â¬ë à�§«¨ç−®©
áâ¥¯¥−¨ â®ç−®áâ¨ ®â−®á¨â¥«ì−® è�£� ¨−â¥£à¨à®¢�−¨ï â�ª¦¥ ¯à¥¤áâ�¢«¥−ë ¢ [11].

4 Тестовые примеры

4.1. ÷�áá¬®âà¨¬ �«£®à¨â¬ë Œ�Œ ¤«ï ®¤−®¬¥à−®© ‘â‘ á �¤¤¨â¨¢−ë¬ èã¬®¬
¨ χ2-‚ˆ�, ®¯¨áë¢�¥¬®© á«¥¤ãîé¨¬ ãà�¢−¥−¨¥¬:

‘Yt = at

Yt∫

0

ψχ2 (Yt) dYt + btVt . (16)

‡¤¥áì

ψχ2 (Yt) =

[
2ν/2•

(
ν

2

)]−1
Y

ν/2−1
t exp

(
−Yt

2

)
; (17)
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at ¨ bt | ¨§¢¥áâ−ë¥ áª�«ïà−ë¥ äã−ªæ¨¨; Vt | áª�«ïà−ë© £�ãáá®¢áª¨© (−®à-
¬�«ì−ë©) ¡¥«ë© èã¬ ¨−â¥−á¨¢−®áâ¨ νt. “à�¢−¥−¨ï Œ�Œ áâ®å�áâ¨ç¥áª¨© ¤¨-
−�¬¨ª¨ (16), ¥á«¨ ¯à®¢¥áâ¨ áâ¥¯¥−−ãî �¯¯à®ªá¨¬�æ¨î ‚ˆ� á®£«�á−® ¯à¨«®¦¥-
−¨î �3, ¯à¨¬ãâ á«¥¤ãîé¨© ¢¨¤:

Yt = mt + Y
0
t ;

‘mt = atϕ0 (mt,Dt) , mt0 = m0 ; (18)
‘Y 0t = atk

ϕ
1 (mt,Dt)Y

0
t + btVt , Y

0
t0 = Y

0
0 ;

‘Dt = 2atk
ϕ
1 (mt,Dt)Dt + btνt , Dt0 = D0 . (19)

‚å®¤ïé¨¥ áî¤� ª®íää¨æ¨¥−âë Œ‘‹ϕ0(mt,Dt) ¨ k
ϕ
1 (mt,Dt) ®¯à¥¤¥«¥−ë ¢ ¯à¨-

«®¦¥−¨¨ �3.
‚ áâ�æ¨®−�à−®¬ á«ãç�¥, ª®£¤� at = a

∗, bt = b∗, νt = ν
∗ −¥ §�¢¨áïâ ®â ¢à¥¬¥−¨,

¯à¨ç¥¬ a∗ > 0, áâ�æ¨®−�à−ë¥ §−�ç¥−¨ï m∗ ¨ D∗ −�å®¤ïâáï ¨§ ãà�¢−¥−¨© (18)
¨ (19) ¯à¨ ‘m∗ = 0, ‘D∗ = 0,

ϕ0 (m
∗,D∗) = 0 ; 2a∗kϕ

1 (mj,D
∗)D∗ + b∗ν∗ = 0 .

Š�ª ¯®ª�§�«® áâ�â¨áâ¨ç¥áª®¥ ¬®¤¥«¨à®¢�−¨¥ Œ�Œ −� ®á−®¢¥ Œ‘‹ ¨ áâ¥¯¥−-
−®© �¯¯à®ªá¨¬�æ¨¨ ‚ˆ� (17), ¢ áâ�æ¨®−�à−®¬ à¥¦¨¬¥ ¯à¨ n = 3 â®ç−®áâì −¥
¢ëè¥ 30%, � ¤«ï n = 10 ¨¬¥¥¬ â®ç−®áâì ¯®àï¤ª� 10%.

4.2. „«ï ®¤−®¬¥à−®© ‘â‘ á ¯�à�¬¥âà¨ç¥áª¨¬ χ2-‚ˆ� ¯à¨ ¡¥«®¬ èã¬¥,
ª®£¤�

‘Yt = a0t + a1tYt +



b0t + b1t
Yt∫

0

ψχ2 (Yt) dYt



Vt ,

ãà�¢−¥−¨ï Œ�Œ á®£«�á−® Œ�� ¯à¨¬ãâ á«¥¤ãîé¨© ¢¨¤:

‘mt = a0t + a1tmt , mt0 = m0 ;

‘Dt = 2a1tDt + σt , Dt0 = D0 ;

σt =
[
b20t + b

2
1tϕ

P 2
0 (my,Dy)

]
νt .

‡¤¥áì ª®íää¨æ¨¥−â ϕP 2
0 (my,Dy) ®¯à¥¤¥«ï¥âáï á®£«�á−® ¯à¨«®¦¥−¨î �3.

‚ áâ�æ¨®−�à−®¬ á«ãç�¥, ª®£¤� a1t = a∗1 > 0, m∗, D∗ ®¯à¥¤¥«ïîâáï ¨§
ãà�¢−¥−¨©:

a∗0 + a
∗
1M

∗ = 0 ; 2a∗1D
∗ + σ∗ = 0 .

’®ç−®áâì Œ�Œ −� ®á−®¢¥ Œ�� ¯à¨ n = 2 −¥ ¢ëè¥ 40%, � ¤«ï n = 10 ¨¬¥¥¬
â®ç−®áâì ¯®àï¤ª� 20%.
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5 Заключение

÷�§à�¡®â�−® ¬¥â®¤¨ç¥áª®¥ ¨ �«£®à¨â¬¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ �Œ −®à¬�«ì−ëå
(£�ãáá®¢áª¨å) ¯à®æ¥áá®¢ ¢ ¤¨ää¥à¥−æ¨�«ì−ëå ‘â‘ á ‚ˆ� −� ®á−®¢¥ Œ‘‹
¨ Œ��.

„«ï ¢¥à®ïâ−®áâ−ëå ¨−â¥£à�«ì−ëå −¥«¨−¥©−®áâ¥© (íªá¯®−¥−æ¨�«ì−®£®,
£�¬¬�- ¨ χ2-à�á¯à¥¤¥«¥−¨©) ¯®«ãç¥−ë �−�«¨â¨ç¥áª¨¥ ¢ëà�¦¥−¨ï ¤«ï ª®íä-
ä¨æ¨¥−â®¢ Œ‘‹ (Œ��) ¯à¨ ¨å áâ¥¯¥−−®© �¯¯à®ªá¨¬�æ¨¨.

�«£®à¨â¬ë ¯®«®¦¥−ë ¢ ®á−®¢ã ¬®¤ã«ï à�§à�¡�âë¢�¥¬®£® ¨−áâàã¬¥−â�«ì−®£®
¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï StS-Analysis.2017. �à¨¢¥¤¥−® ¤¢� â¥áâ®¢ëå ¯à¨¬¥à�
á ®æ¥−ª®© â®ç−®áâ¨.

Приложения

П1. Нелинейность в виде экспоненциального распределения [6]

�¯à¥¤¥«¥−¨ï:

f(Y ) = λe−λY 1(Y ) ;

P (Y ) =

Y∫

−∞

f(Y ) dY = 1− e−λY ;

Q(Y ) = 1− P (Y ) = e−λY .

’¨¯®¢®© ¨−â¥£à�« [5]:

∞∫

0

xν−1e−βx2−γx dx = (2β)−ν/2•(ν) exp

(
γ2

8β

)
D−ν

(
γ√
2β

)
,

£¤¥ Dµ(·)| äã−ªæ¨ï ¯�à�¡®«¨ç¥áª®£® æ¨«¨−¤à� (á¬. ¯à¨«®¦¥−¨¥ �4).
Š®íää¨æ¨¥−âë Œ‘‹:

ϕP
0 (my, Dy) =

1√
2π
exp

(
− m2y
4Dy

)[
D−1

(
− my√

Dy

)
−D−1

((
λ− my√

Dy

)
√
Dy

)

P

]
;

kP
1 (my, Dy) =

∂ϕP
0

∂my
(my, Dy) ;

ϕQ
0 (my, Dy) =

√
Dy exp




(
λ−my/

√
Dy

)2

4Dy


D−1

((
λ− my√

Dy

)
√
Dy

)
.
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П2. Нелинейность в виде гамма-распределения [6]

�¯à¥¤¥«¥−¨ï:

f(Y ) =
λα

•(α)
Y α−1e−λY 1(Y ) ;

P (Y ) =

Y∫

−∞

f(Y ) dY =

Y∫

0

λα

•(α)
Y α−1e−αY dY ;

Q(Y ) = 1− P (Y ) .

Š®íää¨æ¨¥−âë Œ‘‹:

ϕP
0 (my, Dy) =

λα

√
2π•(α)

exp

(
− m2y
4Dy

)
∞∑

j=0

(λ)j•(α+ j)

(α+ j)j!
D(α+j)/2

y D
−(α+j)

(
− my√

Dy

)
;

kP
1 (my, Dy) =

∂ϕP
0 (my, Dy)

∂my
;

ϕQ
0 (my, Dy) = 1− ϕP

0 (my, Dy) ;

kQ
1 (my, Dy) =

∂ϕQ
0

∂my
(my, Dy) .

П3. Нелинейность в виде χ2-распределения [6]

�¯à¥¤¥«¥−¨ï:

f(Y ) =

[
2α/2•

(
α

2

)]
−1

Y α/2−1e−Y/21(Y ) (Y = χ2) ;

P (Y ) =

[
2α/2•

(
α

2

)]
−1 Y∫

0

Y α/2−1e−Y/2 dY ;

Q(Y ) = 1− P (Y ) .

‘â¥¯¥−−�ï �¯¯à®ªá¨¬�æ¨ï ¯à¨ α = 2r + 1:

P (Y ) =

(
Y

2

)α/2
e−Y/2

• [(α+ 2)/2]



1 +
∞∑

j=1

Y j+1

(α+ 2)(α+ 4) · · · (α+ 2j)



 ,

Q(Y ) = 2Q
(√

Y
)
+
2
√
Y√
2π

e−Y/2
∞∑

j=1

Y j

(2j + 1)!!
.

‘â¥¯¥−−�ï �¯¯à®ªá¨¬�æ¨ï ¯à¨ α = 2r:
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P (Y ) =
1

•(α/2)

∞∑

j=0

(−1)j(Y/2)α/2+j

l!(α/2 + j)!
;

Q(Y ) = e−Y



1 +
(α−2)/2∑

j=1

Y j

(2j)!!



 .

�¯¯à®ªá¨¬�æ¨ï ¯à¨ ¡®«ìè¨å α:

P (Y ) ≈ P (X1) , X1 =
Y − α√
2α
;

Q(Y ) ≈ Q (X2) , X2 =
√
2Y −

√
2α− 1 .

Š®íää¨æ¨¥−âë Œ‘‹:

ϕP
0 (my, Dy) =

exp
(
−m2y/(4Dy)

)
D−(α+2)/2

y√
2π2α/2• [(α + 2)/2]




• (α/2)D−α/2

(
− my√

Dy

)
+

+

∞∑

j=1

•((α/2) + j + 1)

(α+ 2)(α+ 4) · · · (α+ 2j) D
−(j+1)/2
y D

−(α/2+1+j)

(
− m2y√

Dy

)

 ; (20)

ϕP
0 (my, Dy) =

1√
2π•(α/2)

×

× exp
(
− m2y
4Dy

)
∞∑

j=0

(−1)j•(α/2 + 1 + j)
2α/2+jj!(α/2 + j)!

D(α+1)/2+j
y , D

−(α/2+1+j)

(
− my√

Dy

)
; (21)

ϕQ
0 (my, Dy) = 1ϕ

P
0 (my, Dy) . (22)

Š®íää¨æ¨¥−âë Œ�� ¤«ï P 2(Y ) ¯à¨ áâ¥¯¥−−®© �¯¯à®ªá¨¬�æ¨¨ ¯®«ãç�îâáï −� ®á−®-
¢¥ (20){(22), ¥á«¨ ¢®á¯®«ì§®¢�âìáï ¨§¢¥áâ−®© ä®à¬ã«®© ¢®§¢¥¤¥−¨ï ¢ ª¢�¤à�â áâ¥¯¥−−®£®
àï¤� [5]: (

∞∑

k=0

akX
k

)2
=

∞∑

k=0

bkX
k, bk =

∞∑

k=0

akan−k .

П4. Функции параболического цилиндра Dp(z) [6]

�¯à¥¤¥«¥−¨¥:

Dp(z) = 2
p/2e−z2/4

{ √
π

• ((1 − p)/2)
�

(
−p
2
,
1

2
;
z2

2

)
−

√
2π z

• (−p/2) �
(
−1− p

2
,
3

2
;
z2

2

)}
,

£¤¥ �(α, β; z)| ¢ëà®¦¤¥−−�ï £¨¯¥à£¥®¬¥âà¨ç¥áª�ï äã−ªæ¨ï.
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„¨ää¥à¥−æ¨�«ì−®¥ ãà�¢−¥−¨¥ ¤«ï u = Dp(z):

d2u

dz2
+

(
p+
1

2
− z2

4

)
u = 0 .

ˆ−â¥£à�«ì−®¥ ¯à¥¤áâ�¢«¥−¨¥:

Dp(z) =
e−z2/4

•(−p)

∞∫

0

exp

(
zx− x2

2

)
x−(p+1) dx .

„¨ää¥à¥−æ¨�«ì−®¥ ¯à¥¤áâ�¢«¥−¨¥:

Dp(z) = (−1)pez2/4 d
p

dzp

(
e−z2/4

)
.

”ã−ªæ¨®−�«ì−ë¥ á®®â−®è¥−¨ï:

Dp+1(z)− zDp(z) + pDp−1(z) = 0 ;

d

dz
Dp(z) +

1

2
Dp(z)− pDp−1(z) = 0 .

—�áâ−ë¥ §−�ç¥−¨ï:

D−1(z) = e
z2/4

√
π

2

[
1− ��

(
z√
2

)]
;

D−2(z) = e
z2/4

√
π

2

{
z

[
1− ��

(
z√
2

)]
−
√
2

π
e−z2/4

}
,

£¤¥ ��(x) = (2/π)
∫ x

0 e
−t2dt.

�á¨¬¯â®â¨ç¥áª¨¥ à�§«®¦¥−¨ï (|z| ≫ 1, |z| ≫ p):

Dp(z) ≈ e−z2/4zp

[
1− p(p− 1)

2z2
+
p(p− 1)(p− 2)(p− 3)

2 · 4 · z4 − · · ·
]
.
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I. N. Sinitsyn

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: General methodological and algorithmical support for analytical
modeling of normal processes in differential stochastic systems (StS) with proba-
bilistic integral nonlinearities (PIN) and Wiener and Poisson noises is presented.
The support is based on the method of normal approximation (MNA) and the
method of statistical linearization (MSL). Probabilistic integral nonlinearities
were approximated by power and Hermite series. The MSL and MNA co-
efficients for PIN described by exponential, gamma, and χ2-distributions are
presented. The necessary information about the function of the parabolic cylinder
is also presented. Two test examples are considered. Some generalizations are
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1 Введение

‚ ¤�−−®© à�¡®â¥ à�áá¬�âà¨¢�¥âáï −¥ª®â®àë© ¯®¤ª«�áá ¬�àª®¢áª¨å æ¥¯¥©
á −¥¯à¥àë¢−ë¬ ¢à¥¬¥−¥¬ | −¥®¤−®à®¤−ë¥ ¯à®æ¥ááë à®¦¤¥−¨ï ¨ £¨¡¥«¨ á ¤®-
¯®«−¨â¥«ì−ë¬¨ ¯¥à¥å®¤�¬¨ ¨§/¢ −ã«¥¢®¥ á®áâ®ï−¨¥, � ¨¬¥−−®: ¨áá«¥¤ã¥âáï
−¥®¤−®à®¤−�ï ¬�àª®¢áª�ï æ¥¯ì á −¥¯à¥àë¢−ë¬ ¢à¥¬¥−¥¬ {X(t), t ≥ 0} ¨ ¯à®-
áâà�−áâ¢®¬ á®áâ®ï−¨© X = {0, 1, 2, . . . } ¢ ¯à¥¤¯®«®¦¥−¨¨, çâ® ¨−â¥−á¨¢−®áâ¨
¯¥à¥å®¤®¢ ï¢«ïîâáï äã−ªæ¨ï¬¨, §�¢¨áïé¨¬¨ ª�ª ®â ¢à¥¬¥−¨, â�ª ¨ ®â á®áâ®ï−¨ï
¯à®æ¥áá�. �à¥¤¯®«�£�¥âáï, çâ® ¨§ á®áâ®ï−¨ï 0 ¯à®æ¥áá ¬®¦¥â ¯¥à¥©â¨ ¢ «î¡®¥
á®áâ®ï−¨¥ i > 0 á ¨−â¥−á¨¢−®áâìî ¯¥à¥å®¤� ri(t), ¨§ −¥−ã«¥¢®£® á®áâ®ï−¨ï i >
> 0 ¢®§¬®¦−ë ¯¥à¥å®¤ë ¢ á®áâ®ï−¨¥ (i − 1), (i + 1) ¨«¨ 0 á ¨−â¥−á¨¢−®áâï¬¨
á®®â¢¥âáâ¢¥−−® µi(t), λi(t) ¨ βi(t).

�à®æ¥ááë â�ª®£® à®¤� ¯à¨¬¥−ïîâáï ¢ ¨áá«¥¤®¢�−¨¨ ¬�àª®¢áª¨å á¨áâ¥¬ ¬�á-
á®¢®£® ®¡á«ã¦¨¢�−¨ï (‘Œ�) (á¬., −�¯à¨¬¥à, [1{6]). �à¨ íâ®¬ ¯¥à¥å®¤ë ¨§
−ã«¥¢®£® á®áâ®ï−¨ï ¨ ®¡à�â−® á®®â¢¥âáâ¢ãîâ ¯®áâã¯«¥−¨î ¨ ¯®â¥à¥ £àã¯¯ë âà¥-
¡®¢�−¨© á®®â¢¥âáâ¢ãîé¥£® ®¡ê¥¬� (úmass arrivals when emptyû ¨ úmass exodusû).

�àï¬®¥ ¢ëç¨á«¥−¨¥ ¯à¥¤¥«ì−ëå å�à�ªâ¥à¨áâ¨ª, §�¢¨áïé¨å ®â ¢à¥¬¥−¨, ï¢«ï-
¥âáï −¥ á�¬ë¬ ã¤®¡−ë¬ á¯®á®¡®¬ ¤«ï �−�«¨§� ¯®¢¥¤¥−¨ï á¨áâ¥¬ë, ®¯¨áë¢�¥¬®©
¯à®æ¥áá�¬¨ á −¥®¤−®à®¤−ë¬¨ ¨−â¥−á¨¢−®áâï¬¨, ¯®íâ®¬ã â�ª ¢�¦−® ¨¬¥âì ¢®§-
¬®¦−®áâì ¯à¨¡«¨¦¥−−®£® ¯®áâà®¥−¨ï ®á−®¢−ëå å�à�ªâ¥à¨áâ¨ª á®®â¢¥âáâ¢ãîé¨å
¯à®æ¥áá®¢. �à¨ íâ®¬, ª�ª ¨ ¢ ¯à¥¤ë¤ãé¨å à�¡®â�å [5{9], ¨á¯®«ì§ã¥âáï ¬¥â®¤,
®á−®¢�−−ë© −� ¯®−ïâ¨¨ «®£�à¨ä¬¨ç¥áª®© −®à¬ë «¨−¥©−®£® ®¯¥à�â®à� ¨ á®®â¢¥â-
áâ¢ãîé¨å ¯à¥®¡à�§®¢�−¨ïå à¥¤ãæ¨à®¢�−−®© ¯àï¬®© á¨áâ¥¬ë Š®«¬®£®à®¢�.

�ç¥¢¨¤−®, çâ® ®æ¥−ª¨ íà£®¤¨ç−®áâ¨, ãáâ®©ç¨¢®áâ¨ ¨ �¯¯à®ªá¨¬�æ¨¨ á¨«ì−®
§�¢¨áïâ ®â ®£à�−¨ç¥−¨©, −�ª«�¤ë¢�¥¬ëå −� ¨−â¥−á¨¢−®áâ¨ ¯¥à¥å®¤®¢ ¯à®æ¥á-
á�. ‘ ®¤−®© áâ®à®−ë, ¡®«¥¥ ¦¥áâª¨¥ ®£à�−¨ç¥−¨ï ¯®§¢®«ïîâ ¯®«ãç¨âì «ãçè¨¥
®æ¥−ª¨; á ¤àã£®© áâ®à®−ë, á«¨èª®¬ ¦¥áâª¨¥ ãá«®¢¨ï à¥¤ª® ¢ë¯®«−ïîâáï ¢ ¯à¨-
«®¦¥−¨ïå. ‚ [5] ¡ë«¨ ¯®«ãç¥−ë ¯¥à¢ë¥ ®æ¥−ª¨ íà£®¤¨ç−®áâ¨, ãáâ®©ç¨¢®áâ¨
¨ �¯¯à®ªá¨¬�æ¨¨ ¢ ¡®«¥¥ ¯à®áâ®© á¨âã�æ¨¨, ª®£¤� ¨−â¥−á¨¢−®áâ¨ ¯¥à¥å®¤®¢
¢ −ã«¥¢®¥ á®áâ®ï−¨¥ −¥ §�¢¨áïâ ®â â¥ªãé¥£® á®áâ®ï−¨ï (â. ¥. βi(t) = β(t) ¤«ï
«î¡®£® i). ÷�¡®â� [7] ¯®á¢ïé¥−� à�áá¬®âà¥−¨î ¯à®æ¥áá� X(t) á ri(t) = βi(t) ≡ 0
(â. ¥. −¥®¤−®à®¤−®£® ¯à®æ¥áá� à®¦¤¥−¨ï ¨ £¨¡¥«¨ ®¡é¥£® ¢¨¤�). ‚ [8] ã¤�«®áì
¯®«ãç¨âì ®æ¥−ª¨ à�¢−®¬¥à−®© �¯¯à®ªá¨¬�æ¨¨ ¤«ï ¯à®æ¥áá� X(t) ¢ á«ãç�¥, ª®£¤�
βi(t) ≡ 0 ¨ ¨−â¥−á¨¢−®áâ¨ ri(t) íªá¯®−¥−æ¨�«ì−® ã¡ë¢�îâ ¯® i, â. ¥. áãé¥áâ¢ã¥â
â�ª®¥ q > 1, çâ® ri(t) ≤ q−i ¤«ï «î¡®£® i > 0.

‚ ¤�−−®© à�¡®â¥ ¯®ª�§�−®, ª�ª¨¬ ®¡à�§®¬ ¬®¦−® ¯®«ãç¨âì à�¢−®¬¥à−ë¥ ¯®
¢à¥¬¥−¨ ®æ¥−ª¨ ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨ ãá¥ç¥−¨ï¬¨ ¤«ï ¯à®æ¥áá� X(t) ¯à¨
¬¥−¥¥ ¦¥áâª¨å ãá«®¢¨ïå −� ri(t).

2 Описание процесса

�ãáâì X (t), t ≥ 0, | −¥®¤−®à®¤−�ï ¬�àª®¢áª�ï æ¥¯ì á −¥¯à¥àë¢−ë¬ ¢à¥¬¥-
−¥¬ ¨ ¯à®áâà�−áâ¢®¬ á®áâ®ï−¨© X = {0, 1, 2 . . . }.
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�æ¥−ª¨ ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨ ¤«ï ¬�àª®¢áª¨å á¨áâ¥¬ ®¡á«ã¦¨¢�−¨ï

�¡®§−�ç¨¬ ç¥à¥§ pij (s, t) = Pr {X (t) = j |X (s) = i}, i, j ≥ 0, 0 ≤ s ≤
≤ t, ¢¥à®ïâ−®áâ¨ ¯¥à¥å®¤®¢ X (t), ç¥à¥§ pi (t) = Pr {X (t) = i} | ¢¥à®ïâ−®áâì
â®£®, çâ® X (t) −�å®¤¨âáï ¢ á®áâ®ï−¨¨ i ¢ ¬®¬¥−â ¢à¥¬¥−¨ t. ÷�áá¬®âà¨¬ p (t) =
= (p0 (t) , p1 (t) , . . . )

T| ¢¥ªâ®à à�á¯à¥¤¥«¥−¨ï ¢¥à®ïâ−®áâ¥© á®áâ®ï−¨© ¢ ¬®¬¥−â
¢à¥¬¥−¨ t. „�«¥¥ ¢ à�¡®â¥ ¯®«�£�¥¬, çâ® ¤«ï j 6= i

Pr (X (t+ h) = j|X (t) = i) =

=






λi (t)h+ αij (t, h) , ¥á«¨ j = i+ 1, i > 0 ;
µi (t)h+ αij (t, h) , ¥á«¨ j = i− 1, i > 1 ;
βi (t)h+ αij (t, h) , ¥á«¨ j = 0, i > 1 ;
rj (t)h+ αij (t, h) , ¥á«¨ j ≥ 1, i = 0 ;
(µ1 (t) + β1 (t))h+ αij (t, h) , ¥á«¨ j = i− 1, i = 1 ;
αij (t, h) ¢ ®áâ�«ì−ëå á«ãç�ïå,

£¤¥ ¢á¥ αij(t, h)= o(h) à�¢−®¬¥à−® ¯® i, j, â. ¥. supi,j |αij(t, h)| = o(h).
‚á¥ ¨−â¥−á¨¢−®áâ¨ ¯à¥¤¯®«�£�îâáï «®ª�«ì−® ¨−â¥£à¨àã¥¬ë¬¨ −� ¯à®¬¥¦ãâª¥

[0,∞) −¥®âà¨æ�â¥«ì−ë¬¨ äã−ªæ¨ï¬¨.
Œ�âà¨æ� ¨−â¥−á¨¢−®áâ¥© ¬�àª®¢áª®© æ¥¯¨ X (t) ¨¬¥¥â ¢¨¤:

Q (t) =




a00 (t) r1 (t) r2 (t) r3 (t) r4 (t) · · · · · ·
β1 (t) + µ1 (t) a11 (t) λ1 (t) 0 0 · · · · · ·

β2 (t) µ2 (t) a22 (t) λ2 (t) 0 · · · · · ·
...

. . . . . . . . . . . . . . . . . .

βj (t) 0
. . . µj (t) ajj (t) λj (t)

. . .
...

...
...

...
...

...
. . .




.

�ãáâì aij (t) = qji (t) ¤«ï j 6= i ¨

aii (t) = −
∑

j 6=i

aji (t) = −
∑

j 6=i

qij (t) .

‘®£«�á−® áâ�−¤�àâ−®¬ã ¯®¤å®¤ã, ª®â®àë© ¡ë« ®¯¨á�− ¨ ¯à¨¬¥−¥− ¢ [10, 11],
¯à¥¤¯®«�£�¥¬ ¢ë¯®«−¥−−ë¬ ãá«®¢¨¥

|aii (t)| ≤ L <∞

¯à¨ ¢á¥å i ¨ ¯®çâ¨ ¢á¥å t ≥ 0.
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’®£¤� ¯®«ãç�¥¬ ¤«ï ®¯¨á�−¨ï ¯à®æ¥áá� ¯àï¬ãî á¨áâ¥¬ã ¤¨ää¥à¥−æ¨�«ì−ëå
ãà�¢−¥−¨© Š®«¬®£®à®¢�:

dp (t)

dt
= A (t)p (t) , (1)

£¤¥ A (t) = QT (t) | âà�−á¯®−¨à®¢�−−�ï ¬�âà¨æ�. „�«¥¥ ç¥à¥§ ‖ · ‖ ®¡®§−�ç¨¬
l1-−®à¬ã, � ¨¬¥−−®: ‖x‖ = ∑i |xi| ¨ ‖B‖ = supj

∑
i |bij | ¤«ï ¬�âà¨æë B =

= (bij)
∞
i,j=0. ÷�áá¬®âà¨¬ Ÿ | ¬−®¦¥áâ¢® ¢á¥å áâ®å�áâ¨ç¥áª¨å ¢¥ªâ®à®¢, â. ¥.

l1-¢¥ªâ®à®¢ á −¥®âà¨æ�â¥«ì−ë¬¨ ª®®à¤¨−�â�¬¨ ¨ ¥¤¨−¨ç−®© −®à¬®©. ’®£¤�
‖A (t) ‖ = 2 supk |akk (t)| ≤ 2L ¯à¨ ¯®çâ¨ ¢á¥å t ≥ 0. ‘«¥¤®¢�â¥«ì−®, ®¯¥à�-
â®à A (t) ¨§ ¯à®áâà�−áâ¢� l1 ¢ á¥¡ï ®£à�−¨ç¥− ¯à¨ ¯®çâ¨ ¢á¥å t ≥ 0 ¨ «®ª�«ì−®
¨−â¥£à¨àã¥¬ −� [0;∞). ’�ª¨¬ ®¡à�§®¬, ¬®¦−® à�áá¬®âà¥âì (1) ª�ª ¤¨ää¥-
à¥−æ¨�«ì−®¥ ãà�¢−¥−¨¥ ¢ ¯à®áâà�−áâ¢¥ ¯®á«¥¤®¢�â¥«ì−®áâ¥© l1 á ®£à�−¨ç¥−−ë¬
®¯¥à�â®à®¬.

‡�¤�ç� Š®è¨ ¤«ï á¨áâ¥¬ ¢¨¤� (1) ¨¬¥¥â ¥¤¨−áâ¢¥−−®¥ à¥è¥−¨¥ ¯à¨ ¯à®¨§-
¢®«ì−®¬ −�ç�«ì−®¬ ãá«®¢¨¨, ¨ p (s) ∈ Ÿ ¢«¥ç¥â p (t) ∈ Ÿ ¯à¨ t ≥ s ≥ 0.

�¡®§−�ç¨¬ ç¥à¥§ E (t, k) = E {X (t) |X (0) = k} ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥
(áà¥¤−¥¥) ¯à®æ¥áá� X (t) ¢ ¬®¬¥−â ¢à¥¬¥−¨ t ¯à¨ −�ç�«ì−®¬ ãá«®¢¨¨ X (0) = k.

��¯®¬−¨¬, çâ® ¯à®æ¥áá X (t) −�§ë¢�¥âáï á«�¡® íà£®¤¨ç−ë¬, ¥á«¨ ‖p∗ (t) −
− p∗∗ (t) ‖ → 0 ¯à¨ t → ∞ ¤«ï «î¡ëå −�ç�«ì−ëå ãá«®¢¨© p∗ (0) ,p∗∗ (0), £¤¥
p∗ (t) ¨ p∗∗ (t)| á®®â¢¥âáâ¢ãîé¨¥ à¥è¥−¨ï á¨áâ¥¬ë (1).

�à®æ¥áá X (t) ¨¬¥¥â ¯à¥¤¥«ì−®¥ áà¥¤−¥¥ ϕ (t), ¥á«¨ limt→∞ (ϕ (t)−
− E (t, k)) = 0 ¤«ï «î¡®£® k.

3 Оценки эргодичности

„«ï ¯®«ãç¥−¨ï ®æ¥−®ª íà£®¤¨ç−®áâ¨ ¯à¨¬¥−¨¬ ¯®¤å®¤ ¨§ [5]. ‚¢¥¤¥¬ ®¡®§−�-
ç¥−¨¥:

β∗ (t) = inf
i
βi (t) ,

â®£¤� ¬®¦−® ¯¥à¥¯¨á�âì ¯àï¬ãî á¨áâ¥¬ã Š®«¬®£®à®¢� (1) ¢ ¢¨¤¥

dp(t)

dt
= A∗ (t)p(t) + g (t) , t ≥ 0 , (2)

£¤¥ g (t) = (β∗ (t) , 0, 0, . . . )
T, A∗ (t) =

(
a∗ij (t)

)∞
i,j=0

, �

a∗ij (t) =

{
a0j (t)− β∗ (t) ¯à¨ i = 0 ;
aij (t) ¢ ®áâ�«ì−ëå á«ãç�ïå .

��¯®¬−¨¬, çâ® ç¨á«®

γ (B (t))B = lim
h→+0

‖I + hB (t)‖ − 1
h
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�æ¥−ª¨ ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨ ¤«ï ¬�àª®¢áª¨å á¨áâ¥¬ ®¡á«ã¦¨¢�−¨ï

−�§ë¢�¥âáï «®£�à¨ä¬¨ç¥áª®© −®à¬®© ®¯¥à�â®à� B (t) ¢ ¯à®áâà�−áâ¢¥ B. �®-
¤à®¡−¥¥ ¯®−ïâ¨¥ «®£�à¨ä¬¨ç¥áª®© −®à¬ë ®¯¥à�â®à−®© äã−ªæ¨¨ à�áá¬®âà¥−®
¢ à�¡®â�å [10{12]. …á«¨ B | (N + 1)-¬¥à−®¥ ¢¥ªâ®à−®¥ ¯à®áâà�−áâ¢® á l1-−®à-
¬®©, â�ª®¥ çâ® ®¯¥à�â®à B (t) §�¤�¥âáï ¬�âà¨æ¥© B (t) = (bij (t))

N
i,j=0, t ≥ 0, â®

¬®¦−® −�©â¨ «®£�à¨ä¬¨ç¥áªãî −®à¬ã B (t) á«¥¤ãîé¨¬ ®¡à�§®¬:

γ (B (t)) = sup
j



bjj (t) +
∑

i6=j

|bij (t)|



 , t ≥ 0 .

‘ ¤àã£®© áâ®à®−ë, «®£�à¨ä¬¨ç¥áª�ï −®à¬� ®¯¥à�â®à�B (t) á¢ï§�−� á ®¯¥à�â®à®¬
Š®è¨ V (t, s) á¨áâ¥¬ë

dx

dt
= B (t)x , t ≥ 0 ,

á«¥¤ãîé¨¬ ®¡à�§®¬:

γ (B (t))B = lim
h→+0

‖V (t+ h, t)‖ − 1
h

, t ≥ 0 .

� â®£¤� á¯à�¢¥¤«¨¢� ®æ¥−ª� ®¯¥à�â®à� Š®è¨ V (t, s)

‖V (t, s)‖B ≤ e
∫ t

s
γ(B(τ)) dτ , 0 ≤ s ≤ t .

‚ à�áá¬�âà¨¢�¥¬®© á¨âã�æ¨¨

γ (A∗ (t)) = sup
i



a∗ii (t) +
∑

j 6=i

∣∣a∗ji (t)
∣∣


 = −β∗ (t) .

…á«¨ ®¡®§−�ç¨âì ç¥à¥§ U∗ (t, s) ®¯¥à�â®à Š®è¨ ¤«ï (2), â® ‖U∗ (t, s) ‖ ≤
≤ e−

∫ t

s
β∗(τ) dτ ¨, á«¥¤®¢�â¥«ì−®, ¤«ï «î¡ëå −�ç�«ì−ëå ãá«®¢¨© p∗ (0) ,p∗∗ (0)

¨ «î¡®£® t ≥ 0 ¨¬¥¥¬:

‖p∗ (t)− p∗∗ (t)‖ ≤ e−
∫ t

0
β∗(τ) dτ ‖p∗ (0)− p∗∗ (0)‖ .

’�ª¨¬ ®¡à�§®¬, á¯à�¢¥¤«¨¢® á«¥¤ãîé¥¥ ãâ¢¥à¦¤¥−¨¥.
’¥®à¥¬� 1. �ãáâì ¢ë¯®«−ï¥âáï ãá«®¢¨¥

∞∫

0

β∗ (t) dt =∞ .
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’®£¤� ¯à®æ¥áá X (t) á«�¡® íà£®¤¨ç¥− (¢ à�¢−®¬¥à−®© ®¯¥à�â®à−®© â®¯®«®£¨¨)
¨ á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï ®æ¥−ª� áª®à®áâ¨ áå®¤¨¬®áâ¨:

‖p∗ (t)− p∗∗ (t)‖ ≤ 2e−
∫ t

0
β∗(τ) dτ

¤«ï «î¡ëå −�ç�«ì−ëå ãá«®¢¨© p∗ (0) ,p∗∗ (0) ¨ «î¡®£® t ≥ 0.
�ãáâì D | ¤¨�£®−�«ì−�ï ¬�âà¨æ� ¢¨¤� D = diag (d0, d1, d2, . . . ), â�ª�ï çâ®

1 = d0 ≤ d1 ≤ · · · . ÷�áá¬®âà¨¬ á®®â¢¥âáâ¢ãîé¥¥ ¯à®áâà�−áâ¢® ¯®á«¥¤®¢�â¥«ì-
−®áâ¥© l1D = {z = (p0, p1, p2, . . .)}, â�ª®¥ çâ® ‖z‖1D = ‖Dz‖1 < ∞. ’®£¤�
¬®¦−® ¯®«ãç¨âì ®æ¥−ªã «®£�à¨ä¬¨ç¥áª®© −®à¬ë ®¯¥à�â®à−®© äã−ªæ¨¨ A∗ (t) ¯®
−®à¬¥ l1D:

γ (A∗ (t))1D = γ
(
DA∗ (t)D−1

)
= sup

i



a∗ii (t) +
∑

j 6=i

∣∣∣∣
dj

di
a∗ji (t)

∣∣∣∣



 = −β∗∗ (t) ,

£¤¥

β∗∗ (t) = inf
i



|a∗ii (t) | −
∑

j 6=i

∣∣∣∣
dj

di
a∗ji (t)

∣∣∣∣



 .

’¥®à¥¬� 2. �ãáâì áãé¥áâ¢ã¥â ¯®á«¥¤®¢�â¥«ì−®áâì {di}, â�ª�ï çâ®

∞∫

0

β∗∗ (t) dt =∞ .

’®£¤� á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï ®æ¥−ª� áª®à®áâ¨ áå®¤¨¬®áâ¨:

‖p∗ (t)− p∗∗ (t)‖1D ≤ e−
∫ t

0
β∗∗(τ) dτ ‖p∗ (0)− p∗∗ (0)‖1D

¤«ï «î¡ëå −�ç�«ì−ëå ãá«®¢¨© p∗ (0) ,p∗∗ (0) ¨ «î¡®£® t ≥ 0.
÷�áá¬®âà¨¬ ¯à®áâà�−áâ¢® ¯®á«¥¤®¢�â¥«ì−®áâ¥© l1E = {z = (p0, p1, p2, . . .)}

â�ª¨å, çâ® ‖z‖1E =
∑

k≥0 k|pk| < ∞. �®«®¦¨¬ W = infk≥1(dk/k). ’®£¤�
W‖z‖1E ≤ ‖z‖1D.
‘«¥¤áâ¢¨¥ 1. �ãáâì ãá«®¢¨ï â¥®à¥¬ë 2 ¢ë¯®«−ïîâáï ¨ W > 0. ’®£¤� ¯à®-
æ¥áá X (t) ¨¬¥¥â ¯à¥¤¥«ì−®¥ áà¥¤−¥¥ φ (t) = E (t, 0) ¨ á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï
®æ¥−ª� áª®à®áâ¨ áå®¤¨¬®áâ¨:

|E (t, j)− E (t, 0) | ≤ 1 + dj

W
e−

∫ t

0
β∗∗(τ) dτ

¤«ï «î¡®£® −�ç�«ì−®£® j ¨ «î¡®£® t ≥ 0.
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4 Аппроксимация

÷�áá¬®âà¨¬ ãá¥ç¥−−ë© ¯à®æ¥áá XN (t) á ¯à®áâà�−áâ¢®¬ á®áâ®ï−¨© EN =
= {0, 1, . . . , N} ¨ á®®â¢¥âáâ¢ãîé¥© âà�−á¯®−¨à®¢�−−®© ¬�âà¨æ¥© ¨−â¥−á¨¢−®-
áâ¥©AN (t). „�«¥¥ ¡ã¤¥¬ ®â®¦¤¥áâ¢«ïâì ª®−¥ç−ë© ¢¥ªâ®à (a0, a1, . . . , aN )

T ¨ ¡¥á-
ª®−¥ç−ë© ¢¥ªâ®à á â¥¬¨ ¦¥ ¯¥à¢ë¬¨ N ª®®à¤¨−�â�¬¨, � ®áâ�«ì−ë¬¨ | à�¢−ë¬¨
−ã«î. �¡®§−�ç¨¬ ç¥à¥§ yN (t) ¢¥ªâ®à ¢¥à®ïâ−®áâ¥© á®áâ®ï−¨© ¤«ï ãá¥ç¥−−®£®
¯à®æ¥áá�. ÷�áá¬®âà¨¬ ãá¥ç¥−−ãî á¨áâ¥¬ã, á®®â¢¥âáâ¢ãîéãî á¨áâ¥¬¥ (2):

dyN (t)

dt
= A∗

N (t)yN (t) + gN (t) , (3)

£¤¥ A∗
N (t)| ¬�âà¨æ�, ¯®«ãç¥−−�ï ãá¥ç¥−¨¥¬ ¬�âà¨æë A∗(t).

�¥à¥¯¨è¥¬ á¨áâ¥¬ã (3) ¢ ¢¨¤¥:

dyN (t)

dt
= A∗(t)yN (t) + g (t) + (A

∗
N (t)−A∗ (t))yN (t) .

÷¥è¥−¨ï á¨áâ¥¬ (2) ¨ (3) ¨¬¥îâ ¢¨¤:

p (t) = U∗ (t, 0)p (0) +

t∫

0

U∗ (t, τ)g (τ) dτ,

yN (t) = U
∗ (t, 0)yN (0) +

t∫

0

U∗ (t, τ)g (τ) dτ +

+

t∫

0

U∗ (t, τ) (A∗
N (τ)−A∗ (τ))yN (τ) dτ.

�ãáâì −�ç�«ì−ë¥ ãá«®¢¨ï ¤«ï ®¡®¨å ¯à®æ¥áá®¢ á®¢¯�¤�îâ, â. ¥. yN (0) =
= p (0). ’®£¤� ¢ «î¡®© −®à¬¥ á¯à�¢¥¤«¨¢® −¥à�¢¥−áâ¢®:

‖p (t)− yN (t)‖ ≤
t∫

0

‖U∗ (t, τ)‖ ‖(A∗
N (τ)−A∗ (τ))yN (τ)‖ dτ . (4)

�à¥¤¯®«®¦¨¬, çâ® áãé¥áâ¢ãîâ ¯®«®¦¨â¥«ì−ë¥ M ¨ a â�ª¨¥, çâ®

‖U∗ (t, τ)‖ ≤ e−
∫ t

τ
β∗(u) du ≤Me−a(t−τ) , (5)
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� â�ª¦¥ çâ® ¤«ï −¥ª®â®àëå ¯®«®¦¨â¥«ì−ëå M1 ¨ a1 á¯à�¢¥¤«¨¢� ®æ¥−ª�:

‖U∗ (t, τ) ‖1D ≤ e−
∫ t

τ
β∗∗(u) du ≤M1e

−a1(t−τ) .

‚ë¡¥à¥¬ θ = supt β∗ (t). ’®£¤� ¯®«ãç�¥¬ á«¥¤ãîéãî ®æ¥−ªã:

‖p (t) ‖1D =

∥∥∥∥∥∥
U∗ (t, 0)p (0) +

t∫

0

U∗ (t, τ)g (τ) dτ

∥∥∥∥∥∥
≤ ‖U∗ (t, 0) ‖1D‖p (0) ‖1D+

+

t∫

0

‖U∗ (t, τ) ‖1D‖g (τ) ‖1D dτ ≤M1e
−a1t‖p (0) ‖1D +

M1θ

a1
.

“ç¨âë¢�ï, çâ® ‖U∗
N (t, s) ‖1D ≤ ‖U∗ (t, s) ‖1D ¨ gN (τ) = g (τ), ¬®¦−® ®æ¥−¨âì

à¥è¥−¨¥ á¨áâ¥¬ë (3) á«¥¤ãîé¨¬ ®¡à�§®¬:

‖yN (t) ‖1D ≤ ‖U∗
N (t, 0)yN (0) ‖+

t∫

0

‖U∗
N (t, τ)gN (τ)‖ dτ ≤

≤ ‖U∗ (t, 0)‖1D ‖p (0)‖1D +
t∫

0

‖U∗ (t, τ)‖1D ‖g (τ) ‖1D dτ ≤

≤M1e
−a1t‖p (0) ‖1D +

M1θ

a1
,

� ®âáî¤� ¨¬¥¥¬:

pN (t) =
dNpN (t)

dN
≤ ‖yN (t) ‖1D

dN
≤ M1θ

a1dN
+
M1e

−a1t

dN
‖p (0) ‖1D . (6)

„�«¥¥ à�áá¬®âà¨¬ à�§−®áâì A∗ (τ)−A∗
N (τ):

A∗ (τ)−A∗
N (τ) =




− ∑
n≥N+1

rn 0 0 0 0 · · · βN+1 − β∗ · · · · · ·

0 0 0 0 0 · · · 0
. . .

...
...

...
...

...
. . . . . . . . . . . .

...

0 0 · · · · · · 0 −λN µN+1 0
...

rN+1 0 0 · · · · · · λN aN+1,N+1 µN+2 0
...

...
...

...
...

. . . λN+1
. . .

...




.
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„«ï (A∗ (τ)−A∗
N (τ))yN ¨¬¥¥¬:

(A∗ (τ)−A∗
N (τ))yN =




− ∑
n≥N+1

rny0

0
...

−λNyN

rN+1y0 + λNyN

rN+2y0
...




.

’®£¤�, ¢®á¯®«ì§®¢�¢è¨áì ®æ¥−ª®© (6), ¯®«ãç�¥¬:

‖(A∗
N (τ)−A∗ (τ))yN (τ)‖ ≤ 2

∑

n≥N+1

rnp0 + 2λNpN ≤

≤ 2RN+1 +
2M1L

dN

(
θ

a1
+ e−a1t‖p (0) ‖1D

)
, (7)

£¤¥ RN+1 | ®áâ�â®ª áå®¤ïé¥£®áï àï¤�
∑∞

n rn.
’�ª¨¬ ®¡à�§®¬, ¨á¯®«ì§ãï ãá«®¢¨ï (4) ¨ (5), á ãç¥â®¬ (7) ¯®«ãç�¥¬ á«¥¤ãîéãî

®æ¥−ªã ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨:

‖p (t)− yN (t)‖ ≤

≤
(
2MRN+1 +

2MM1L

dN

(
θ

a1
+ e−a1t‖p (0) ‖1D

)) t∫

0

e−a(t−τ) dτ ≤

≤ 2MRN+1

a
+
2MM1L

adN

(
θ

a1
+ e−a1t‖p (0) ‖1D

)
.

’¥®à¥¬� 3. �ãáâì ãá«®¢¨ï â¥®à¥¬ 1 ¨ 2 ¢ë¯®«−ïîâáï. ’®£¤� ¤«ï «î¡ëå
−�ç�«ì−ëå ãá«®¢¨© p (0) = yN (0) ¨ «î¡®£® t ≥ 0 á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï
®æ¥−ª� ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨:

‖p (t)− yN (t)‖ ≤ 2MRN+1

a
+
2MM1L

adN

(
θ

a1
+ e−a1t‖p (0) ‖1D

)
.

—â®¡ë −�©â¨ ®æ¥−ªã áà¥¤−¥£® ¤«ï ãá¥ç¥−−®£® ¯à®æ¥áá�, à�áá¬®âà¨¬ ª®®à¤¨-
−�âë ¢¥ªâ®à� p (t). ˆ¬¥¥¬:
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pN+1 + 2pN+2 + 3pN+3 + · · · ≤

≤ 1

dN+1
dN+1pN+1 +

2

dN+2
dN+2pN+2 +

3

dN+3
dN+3pN+3 + · · · ≤

≤ ‖p (t)‖1D sup
i≥1

i

dN+i
. (8)

ˆ§ (8) ¯®«ãç�¥¬ ®æ¥−ªã

|E(t, k) − EN (t, k)| ≤ ‖p (t)− yN (t)‖1E <

< |p0 − pN0|+ |p1 − pN1|+ 2 |p2 − pN2|+ · · ·
· · ·+N |pN − pNN |+ (N + 1) pN+1 + (N + 2) pN+2 + (N + 3) pN+3 + · · · ≤

≤ N ‖p (t)− yN (t)‖+ pN+1 + 2pN+2 + 3pN+3 + · · · .

‘«¥¤áâ¢¨¥ 2. �ãáâì ¢ë¯®«−ïîâáï ãá«®¢¨ï â¥®à¥¬ë 3 ¨, ªà®¬¥ â®£®, àï¤
∑

n nrn
áå®¤¨âáï. ’®£¤� ¤«ï «î¡ëå −�ç�«ì−ëå ãá«®¢¨© X(0) = XN (0) = k ¨ «î¡®£®
t ≥ 0 á¯à�¢¥¤«¨¢� á«¥¤ãîé�ï ®æ¥−ª� ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨:

|E(t, k) − EN (t, k)| ≤
2NMRN+1

a
+

+

(
2NMM1L

adN
+ sup

i≥1

i

dN+i

)(
θ

a1
+ e−a1t‖p (0) ‖1D

)
,

£¤¥ ‖p(0)‖1D = dk.

5 Пример

÷�áá¬®âà¨¬ ç¨á«® âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥ ®¡á«ã¦¨¢�−¨ï â¨¯� Mt/Mt/S á ¤®-
¯®«−¨â¥«ì−ë¬¨ ¢®§¬®¦−®áâï¬¨ ¯®áâã¯«¥−¨ï £àã¯¯ âà¥¡®¢�−¨© ¢ á«ãç�¥ ¯ãáâ®©
®ç¥à¥¤¨ ¨ ¢®§¬®¦−®áâìî ¯®â¥à¨ ¢á¥å âà¥¡®¢�−¨©, ¯à¥¤¯®«�£�ï çâ® ¨−â¥−á¨¢−®áâ¨
¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:

{ ¯®áâã¯«¥−¨¥ −®¢®£® âà¥¡®¢�−¨ï ¢ á¨áâ¥¬ã | λ(t);

{ ¯®áâã¯«¥−¨¥ £àã¯¯ë à�§¬¥à� n ¢ ¯ãáâãî á¨áâ¥¬ã ®¡á«ã¦¨¢�−¨ï | gnr(t);

{ ®¡á«ã¦¨¢�−¨¥ âà¥¡®¢�−¨ï á¥à¢¥à®¬ | µ(t);

{ ª�â�áâà®äë (¯®â¥à¨ ®¤−®¢à¥¬¥−−® ¢á¥å n âà¥¡®¢�−¨©) ¢ á¨áâ¥¬¥ | βn(t).

÷�áá¬®âà¨¬ á«¥¤ãîé¨¥ âà¨ ¯à¥¤¥«ì−ëå å�à�ªâ¥à¨áâ¨ª¨ á¨áâ¥¬ë: ¯à¥¤¥«ì-
−ãî ¢¥à®ïâ−®áâì ®âáãâáâ¢¨ï âà¥¡®¢�−¨© ¢ ‘Œ� p0(t), ¯à¥¤¥«ì−ãî ¢¥à®ïâ−®áâì
ú®âáãâáâ¢¨ï ®ç¥à¥¤¨û ¢ á¨áâ¥¬¥ Pr (X(t) ≤ S) =

∑S
i=0 pi(t), � â�ª¦¥ ¯à¥¤¥«ì−®¥

áà¥¤−¥¥ ç¨á«® âà¥¡®¢�−¨© ¢ ‘Œ� E(t, 0).
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„«ï ®¯à¥¤¥«¥−−®áâ¨ ¡ã¤¥¬ áç¨â�âì, çâ® S = 20, � ¨−â¥−á¨¢−®áâ¨ ¨¬¥îâ
á«¥¤ãîé¨© ¢¨¤:

λn (t) = λ (t) = 15 (1 + sin 2πt) ;

µn (t) = min (n, S)µ (t) = min (n, 20) (1− sin 2πt) ;

βn (t) = 2 + cos 2πt+
1

n
;

rn (t) =
1 + sin 2πt

n10
.

’®£¤� ãá«®¢¨ï â¥®à¥¬ë 1 ¢ë¯®«−¥−ë,X (t) íªá¯®−¥−æ¨�«ì−® á«�¡® íà£®¤¨ç¥−
¨ ¨¬¥¥â ¯à¥¤¥«ì−ë¥ 1-¯¥à¨®¤¨ç¥áª¨¥ å�à�ªâ¥à¨áâ¨ª¨, ¯à¨ç¥¬

‖p∗ (t)− p∗∗ (t)‖ ≤ 2e−
∫ t

0
β(τ) dτ ≤ 4e−2t

¯à¨ «î¡ëå −�ç�«ì−ëå ãá«®¢¨ïå p∗ (0) ,p∗∗ (0) ¨ «î¡®¬ t ≥ 0.
�®«�£�ï dn = (9/8)

n, ¥á«¨ n < 200, dn = (9/8)
200(n+ 1)/200, ¥á«¨ n ≥

≥ 200, ¬®¦−® ¢ëç¨á«¨âì:

L = 74 ; M = e1/π ; a = 2 ;

β∗∗ (t) =
17

72
+ cos 2πt− 143

72
sin 2πt .

„�«¥¥, a1 = 0, 2M1 = e3/π, � §−�ç¨â, ¯®«ãç�¥¬

|E (t, j) − E (t, 0) | ≤ 3 (dj + 1) e
−0,2t

¤«ï «î¡ëå j ¨ t ≥ 0.

÷¨á. 1 �à¥¤¥«ì−�ï ¢¥à®ïâ−®áâì ®âáãâáâ¢¨ï âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥ Pr (X (t) = 0) (�)
¨ ú®âáãâáâ¢¨ï ®ç¥à¥¤¨û ¢ á¨áâ¥¬¥ Pr (X (t) ≤ S) (¡) −� ®âà¥§ª¥ [56, 57]
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÷¨á. 2 �à¥¤¥«ì−®¥ áà¥¤−¥¥ ç¨á«® âà¥¡®¢�−¨© ¢ á¨áâ¥¬¥ E(t, 0) −� ®âà¥§ª¥ [56, 57]

’¥¯¥àì ¨§ â¥®à¥¬ë 3 ¨ á«¥¤áâ¢¨ï 2 ¯®«ãç�¥¬ −� ®âà¥§ª¥ t ∈ [56, 57] á«¥¤ãîé¨¥
®æ¥−ª¨:

‖p (t)− yN (t)‖ ≤ 3 · 10−8 ;
|E(t, 0) − EN (t, 0)| ≤ 6 · 10−6 .

‘®®â¢¥âáâ¢ãîé¨¥ £à�ä¨ª¨Pr (X(t) = 0), Pr (X(t) ≤ S) ¨ E (t, 0) ¯à¨¢¥¤¥−ë
−� à¨á. 1 ¨ 2.
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ЛОКАЛЬНАЯ РЕКОНСТРУКЦИЯ УЧАСТКОВ
ТОМОГРАФИЧЕСКИХ ИЗОБРАЖЕНИЙ В ПАРАЛЛЕЛЬНОЙ

И ВЕЕРНОЙ СХЕМАХ СКАНИРОВАНИЯ∗

А. А. Кудрявцев1, О. В. Шестаков2, И. А. Федюшин3

�−−®â�æ¨ï: ’®¬®£à�ä¨ç¥áª¨¥ ¬¥â®¤ë à¥ª®−áâàãªæ¨¨ ¨§®¡à�¦¥−¨© ®¡ê¥ªâ®¢
è¨à®ª® ¨á¯®«ì§ãîâáï ¢ á�¬ëå à�§−®®¡à�§−ëå ®¡«�áâïå, ¢ª«îç�ï ¬¥¤¨æ¨−ã,
¡¨®«®£¨î, ä¨§¨ªã ¯«�§¬ë, £�§®¢ãî ¤¨−�¬¨ªã, £¥®ä¨§¨ªã, �áâà®−®¬¨î ¨ à�-
¤¨®«®ª�æ¨î. ‚ −¥ª®â®àëå ¯à¨«®¦¥−¨ïå −¥¢®§¬®¦−® (¨«¨ −¥¦¥«�â¥«ì−®) ¯®-
«ãç¨âì ¯®«−ë© −�¡®à ¯à®¥ªæ¨®−−ëå ¤�−−ëå ¤«ï ¢®ááâ�−®¢«¥−¨ï ¨§®¡à�¦¥−¨ï
¢á¥£® ®¡ê¥ªâ�. ˆ−®£¤� ¨−â¥à¥á ¯à¥¤áâ�¢«ï¥â «¨èì ãç�áâ®ª ¨§®¡à�¦¥−¨ï (ç�áâ®
−¥¡®«ìè®© ¯® áà�¢−¥−¨î á ¨§®¡à�¦¥−¨¥¬ ¢á¥£® ®¡ê¥ªâ�), ¨ ¢®§−¨ª�¥â §�¤�ç�
«®ª�«ì−®© à¥ª®−áâàãªæ¨¨ ¯® −¥¯®«−®¬ã −�¡®àã ¯à®¥ªæ¨©. �¤−¨¬ ¨§ á�¬ëå
¯®¯ã«ïà−ëå ¬¥â®¤®¢ à¥è¥−¨ï íâ®© §�¤�ç¨ ï¢«ï¥âáï ¢¥©¢«¥â-à�§«®¦¥−¨¥, ª®â®-
à®¥ ¯®§¢®«ï¥â «®ª�«ì−® ¢®ááâ�−®¢¨âì ¬¥«ª¨¥ áâàãªâãàë ¨§®¡à�¦¥−¨ï. Œ¥â®¤
¢¥©¢«¥â-à�§«®¦¥−¨ï ¯à¨¬¥−¨¬ ¤«ï ¯�à�««¥«ì−®© áå¥¬ë â®¬®£à�ä¨ç¥áª®£®
áª�−¨à®¢�−¨ï. ‚ ¢¥¥à−®© áå¥¬¥ ®¡ëç−® ¨á¯®«ì§ã¥âáï ¬¥â®¤ ¯¥à¥£àã¯¯¨à®¢ª¨
¯à®¥ªæ¨©, ¯®§¢®«ïîé¨© ¯à¨¬¥−ïâì �«£®à¨â¬ë à¥ª®−áâàãªæ¨¨, à�§à�¡®â�−-
−ë¥ ¤«ï ¯�à�««¥«ì−®© áå¥¬ë. ‚ à�¡®â¥ à�áá¬�âà¨¢�¥âáï ¢®¯à®á ®¡ ¨§¬¥−¥−¨¨
−¥®¡å®¤¨¬®£® ®¡ê¥¬� ¯à®¥ªæ¨®−−ëå ¤�−−ëå ¯à¨ ¯¥à¥å®¤¥ ®â ¢¥¥à−®© ª ¯�-
à�««¥«ì−®© áå¥¬¥.

Š«îç¥¢ë¥ á«®¢�: ¯à¥®¡à�§®¢�−¨¥ ÷�¤®−�; ¢¥©¢«¥âë; «®ª�«ì−�ï à¥ª®−áâàãª-
æ¨ï; ¢¥¥à−�ï áå¥¬� áª�−¨à®¢�−¨ï; ¯�à�««¥«ì−�ï áå¥¬� áª�−¨à®¢�−¨ï
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1 Введение

Œ¥â®¤ë ¢¥©¢«¥â-�−�«¨§� è¨à®ª® ¯à¨¬¥−ïîâáï ¯à¨ à¥è¥−¨¨ §�¤�ç ¢ëç¨á«¨-
â¥«ì−®© â®¬®£à�ä¨¨ [1{3]. �®¬¨¬® ¯®¤�¢«¥−¨ï èã¬� ¢¥©¢«¥â-¬¥â®¤ë ªà�â−®-
¬�áèâ�¡−®£® �−�«¨§� (ŠŒ�) â�ª¦¥ ¨á¯®«ì§ãîâáï ¤«ï «®ª�«ì−®© à¥ª®−áâàãªæ¨¨
ãç�áâª®¢ â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨©, çâ® ®á®¡¥−−® ¢�¦−® ¤«ï §�¤�ç ¬¥¤¨æ¨−-
áª®© ¤¨�£−®áâ¨ª¨, ¢ ª®â®àëå −¥¦¥«�â¥«ì−® ¯®¤¢¥à£�âì ¯�æ¨¥−â®¢ ¨§«¨è−¥© ¤®§¥
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‹®ª�«ì−�ï à¥ª®−áâàãªæ¨ï ãç�áâª®¢ â®¬®£à�ä¨ç¥áª¨å ¨§®¡à�¦¥−¨©

®¡«ãç¥−¨ï, çâ®¡ë §�à¥£¨áâà¨à®¢�âì ¯®«−ë© −�¡®à ¯à®¥ªæ¨©. „«ï ¯�à�««¥«ì−®©
áå¥¬ë áª�−¨à®¢�−¨ï ã¦¥ ¤�¢−® à�§à�¡®â�−ë ¢¥©¢«¥â-�«£®à¨â¬ë, ¯®å®¦¨¥ −�
áâ�−¤�àâ−ë¥ �«£®à¨â¬ë ä¨«ìâà�æ¨¨ ®¡à�â−ëå ¯à®¥ªæ¨©, ¯®§¢®«ïîé¨¥ ¢ëç¨á-
«ïâì ¢¥©¢«¥â-ª®íää¨æ¨¥−âë ¯® ¯à®¥ªæ¨®−−ë¬ ¤�−−ë¬ [2].

‚ ¬¥¤¨æ¨−áª¨å ¯à¨«®¦¥−¨ïå à¥£¨áâà�æ¨î ¯à®¥ªæ¨®−−ëå ¤�−−ëå −¥®¡å®¤¨-
¬® ¯à®¢®¤¨âì ª�ª ¬®¦−® ¡ëáâà¥¥, çâ®¡ë ã¬¥−ìè¨âì ¢à¥¬ï ®¡«ãç¥−¨ï ¯�æ¨¥−â�
¨ ¨áª�¦¥−¨ï, ¢ë§¢�−−ë¥ ¥£® ¤¢¨¦¥−¨¥¬. „«ï íâ®£® ¨á¯®«ì§ã¥âáï ¯ãç®ª «ãç¥©,
¢¥¥à®¬ à�áå®¤ïé¨åáï ®â ¨áâ®ç−¨ª� ¨§«ãç¥−¨ï. ‘®®â−®è¥−¨ï ¬¥¦¤ã ¯à®¥ªæ¨®−-
−ë¬¨ ¤�−−ë¬¨ ¨ ¢¥©¢«¥â-ª®íää¨æ¨¥−â�¬¨ ¢ ¯�à�««¥«ì−®© áå¥¬¥ áª�−¨à®¢�−¨ï
¯®«ãç�îâáï ¨§ â¥®à¥¬ë ® áà¥¤−¥¬ á¥ç¥−¨¨. �¤−�ª® ¢ ¢¥¥à−®© áå¥¬¥ áª�−¨à®¢�−¨ï
ã¦¥ −¥â â�ª®© ¥áâ¥áâ¢¥−−®© á¢ï§¨ ¬¥¦¤ã ¢¥©¢«¥â-¯à¥®¡à�§®¢�−¨¥¬ ¨ ¯à¥®¡à�§®-
¢�−¨¥¬ ÷�¤®−�. „«ï ¢¥¥à−®© áå¥¬ë ¬®¦−® ¯à¨¬¥−¨âì �«£®à¨â¬ ¯¥à¥£àã¯¯¨à®¢ª¨
¯à®¥ªæ¨© [4] ¨ ¤�«¥¥ ¨á¯®«ì§®¢�âì ¬¥â®¤ë ¯�à�««¥«ì−®© áå¥¬ë. �à¨ íâ®¬ ¨§-§�
à�§−ëå á¨áâ¥¬ ª®®à¤¨−�â ¯à¨å®¤¨âáï ¤®¯®«−¨â¥«ì−® ¯à®¨§¢®¤¨âì ¨−â¥à¯®«ï-
æ¨î ¯à®¥ªæ¨®−−ëå ¤�−−ëå. ÷�§à�¡®â�−ë â�ª¦¥ ¯àï¬ë¥ ¬¥â®¤ë ¢ëç¨á«¥−¨ï
¢¥©¢«¥â-ª®íää¨æ¨¥−â®¢ ¯® ¢¥¥à−ë¬ ¯à®¥ªæ¨ï¬, ¯à¨¬¥−¨¬®áâì ª®â®àëå, ®¤−�ª®,
¨¬¥¥â á¢®¨ ®£à�−¨ç¥−¨ï, á¢ï§�−−ë¥ á ¢¥«¨ç¨−®© ã£«� ®¡§®à� ¨ ¡«¨§®áâìî §®−ë
à¥ª®−áâàãªæ¨¨ ª æ¥−âà�«ì−®© ç�áâ¨ ¨§®¡à�¦¥−¨ï [5{7].

‚ ¤�−−®© à�¡®â¥ ¨áá«¥¤ã¥âáï ¢®¯à®á ®¡ ¨§¬¥−¥−¨¨ ¤®§ë ®¡«ãç¥−¨ï (§®−ë
¯®ªàëâ¨ï), âà¥¡ã¥¬®© ¤«ï ¯®«ãç¥−¨ï ¯à®¥ªæ¨®−−ëå ¤�−−ëå, −¥®¡å®¤¨¬ëå ¤«ï
«®ª�«ì−®© à¥ª®−áâàãªæ¨¨ ãç�áâª� ¨§®¡à�¦¥−¨ï, ¯à¨ ¯¥à¥å®¤¥ ®â ¢¥¥à−®© ª ¯�à�«-
«¥«ì−®© áå¥¬¥ áª�−¨à®¢�−¨ï á ¯®¬®éìî ¯¥à¥£àã¯¯¨à®¢ª¨ ¯à®¥ªæ¨©. �à¨¢®¤ïâáï
à¥§ã«ìâ�âë ç¨á«¥−−ëå íªá¯¥à¨¬¥−â®¢ ¤«ï à�§«¨ç−ëå à�§¬¥à®¢ ¨ ¯®«®¦¥−¨ï
¢®ááâ�−�¢«¨¢�¥¬ëå ãç�áâª®¢ ¨§®¡à�¦¥−¨ï.

2 Преобразование Радона

�ãáâì Ÿ | ®£à�−¨ç¥−−�ï ®¡«�áâì −� ¯«®áª®áâ¨, � f(x, y) ∈ L2(Ÿ) |
äã−ªæ¨ï, ®¯¨áë¢�îé�ï ¨§®¡à�¦¥−¨¥. �à¥®¡à�§®¢�−¨¥ ÷�¤®−� ®¯à¥¤¥«ï¥âáï ª�ª
¨−â¥£à�« ®â äã−ªæ¨¨ f(x, y) ¯® ¯àï¬®©, ª®â®à�ï ®¯¨áë¢�¥âáï ãà�¢−¥−¨¥¬

x cos θ + y sin θ − s = 0 ,

£¤¥ s | à�ááâ®ï−¨¥ ®â −�ç�«� ª®®à¤¨−�â ¤® ¯àï¬®©, � θ | ã£®«, ®¡à�§®¢�−−ë©
á ®áìî x ¯¥à¯¥−¤¨ªã«ïà®¬, ®¯ãé¥−−ë¬ ¨§ −�ç�«� ª®®à¤¨−�â −� íâã ¯àï¬ãî:

Rθ(s) =

∞∫

−∞

∞∫

−∞

f(x, y)δ(x cos θ + y sin θ − s) dxdy , s ∈ R, θ ∈ [0, 2π) .

�à¨ ä¨ªá¨à®¢�−−®¬ §−�ç¥−¨¨ θ äã−ªæ¨î Rθ(s) â�ª¦¥ −�§ë¢�îâ ¯à®¥ªæ¨¥©
äã−ªæ¨¨ f(x, y) ¯®¤ ã£«®¬ θ. ”ã−ªæ¨ï Rθ(s) ®¯¨áë¢�¥â â�ª −�§ë¢�¥¬ãî
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�. �. Šã¤àï¢æ¥¢, �. ‚. ˜¥áâ�ª®¢, ˆ. �. ”¥¤îè¨−

¯�à�««¥«ì−ãî áå¥¬ã áª�−¨à®¢�−¨ï (à¨á. 1), ¢ ª®â®à®© áª�−¨àãîé¨¥ «ãç¨ ¯à¨
§�¤�−−®¬ ã£«¥ ®¡§®à� θ ¯à®å®¤ïâ ¯�à�««¥«ì−® ¤àã£ ¤àã£ã.

�¤−¨¬ ¨§ ¯®¯ã«ïà−ëå ¬¥â®¤®¢ ®¡à�é¥−¨ï ¯à¥®¡à�§®¢�−¨ï ÷�¤®−� ï¢«ï¥âáï
¬¥â®¤ ä¨«ìâà�æ¨¨ ®¡à�â−ëå ¯à®¥ªæ¨©, ®á−®¢�−−ë© −� ä®à¬ã«¥:

f(x, y) =
1

2

2π∫

0

sm∫

−sm

Rθ(s)h(x cos θ + y sin θ − s) dsdθ .

‡¤¥áì

h(t) =

∞∫

−∞

|ω| ei2πωtdω ,

� sm | â�ª®¥, çâ® Rθ(s) = 0 ¯à¨ ¢á¥å

÷¨á. 1 ��à�««¥«ì−�ï áå¥¬� áª�−¨à®¢�−¨ï

θ ∈ [0, 2π) ¨ |s| > sm. �à¥®¡à�§®¢�-
−¨¥ ÷�¤®−� −¥ ¤®¯ãáª�¥â «®ª�«ì−®£®
®¡à�é¥−¨ï ¢ â®¬ á¬ëá«¥, çâ® ¤«ï à¥-
ª®−áâàãªæ¨¨ ¨§®¡à�¦¥−¨ï ¢ ª�ª®©-«¨-
¡® â®çª¥ âà¥¡ã¥âáï ¨á¯®«ì§®¢�−¨¥ ¢á¥å
¯à®¥ªæ¨© | ¤�¦¥ ¯® ¯àï¬ë¬, ª®â®-
àë¥ −¥ ¯à®å®¤ïâ ¢¡«¨§¨ íâ®© â®çª¨ [1].
�¤−�ª® á ¯®¬®éìî ¬¥â®¤®¢ ¢¥©¢«¥â-
�−�«¨§� ¬®¦−® «®ª�«ì−® ¢®ááâ�−®¢¨âì
â�ª¨¥ áâàãªâãàë, ª�ª £à�−¨æë ¨ à¥§-
ª¨¥ ¨§¬¥−¥−¨ï ïàª®áâ¨ ¨§®¡à�¦¥−¨ï,
¢ ª®â®àëå ®¡ëç−® ¨ á®¤¥à¦¨âáï á�¬�ï
¢�¦−�ï ¨−ä®à¬�æ¨ï.

3 Кратномасштабный анализ

‚ L2(R) ªà�â−®¬�áèâ�¡−ë¬ �−�«¨§®¬ −�§ë¢�¥âáï á¯¥æ¨�«ì−�ï ¯®á«¥¤®-
¢�â¥«ì−®áâì ¢«®¦¥−−ëå ¯®¤¯à®áâà�−áâ¢ {Vj}j∈Z, ¯à¥¤áâ�¢«ïîé¨å á®¡®© �¯-
¯à®ªá¨¬�æ¨¨ L2(R) (â®ç−®¥ ®¯à¥¤¥«¥−¨¥ ¬®¦−® −�©â¨ ¢ [8]). �¡®§−�ç¨¬ ç¥-
à¥§ ϕ(x) ¨ ψ(x) ¬�áèâ�¡¨àãîéãî äã−ªæ¨î ¨ ¢¥©¢«¥â-äã−ªæ¨î, á¢ï§�−−ë¥
á ŠŒ� {Vj}j∈Z. ’®£¤� Vj+1 = Vj

⊕
Wj, � ¯®á«¥¤®¢�â¥«ì−®áâ¨ {ϕj,k(x) =

= 2j/2ϕ(2jx − k)}k∈Z ¨ {ψj,k(x) = 2
j/2ψ(2jx − k)}k∈Z ®¡à�§ãîâ ®àâ®−®à¬¨-

à®¢�−−ë¥ ¡�§¨áë ¯à®áâà�−áâ¢ Vj ¨ Wj á®®â¢¥âáâ¢¥−−®. ”ã−ªæ¨¨ ϕ(x) ¨ ψ(x)
¬®¦−® ¢ë¡à�âì â�ª¨¬¨, çâ®¡ë ®−¨ ®¡«�¤�«¨ àï¤®¬ ¯®«¥§−ëå á¢®©áâ¢. ‚ ç�áâ-
−®áâ¨, ®−¨ ¬®£ãâ ¨¬¥âì ª®¬¯�ªâ−ë© −®á¨â¥«ì, §�¤�−−®¥ ç¨á«® −ã«¥¢ëå ¬®¬¥−â®¢
¨ −¥¯à¥àë¢−ëå ¯à®¨§¢®¤−ëå [8].
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”ã−ªæ¨î f(x) ∈ L2(R) ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ¢¨¤¥ áå®¤ïé¥£®áï ¢ áà¥¤−¥¬
àï¤�:

f(x) =
∑

k

al,kϕl,k(x) +
∑

j≥l

∑

k

dj,kψj,k(x) , (1)

£¤¥ ¢¥©¢«¥â-ª®íää¨æ¨¥−âë al,k ¨ dj,k ®¯à¥¤¥«ïîâáï ¯® ä®à¬ã«�¬

al,k = 〈ϕl,k, f〉 =
∞∫

−∞

ϕl,k(x)f(x) dx ;

dj,k = 〈ψj,k, f〉 =
∞∫

−∞

ψj,k(x)f(x) dx .

�¥à¢�ï áã¬¬� ¢ (1) ¯à¥¤áâ�¢«ï¥â á®¡®© �¯¯à®ªá¨¬�æ¨î äã−ªæ¨¨ f(x) ¯à¨
à�§à¥è¥−¨¨ l, � ¢â®à�ï áã¬¬� | ¤®¡�¢«ï¥¬ë¥ ª íâ®© �¯¯à®ªá¨¬�æ¨¨ ¤¥â�«¨.

‚ L2(R2) ®àâ®−®à¬¨à®¢�−−ë© ¢¥©¢«¥â-¡�§¨á ¬®¦¥â ¡ëâì á®áâ�¢«¥− �−�«®£¨ç-
−ë¬ ®¡à�§®¬ ¨§ á¦�â¨© ¨ á¤¢¨£®¢ äã−ªæ¨©:

�(x, y) = ϕ(x)ϕ(y) ;

ā[1](x, y) = ϕ(x)ψ(y) ;

ā[2](x, y) = ψ(x)ϕ(y) ;

ā[3](x, y) = ψ(x)ψ(y) ,

£¤¥ ϕ(x) | ®¤−®¬¥à−�ï ¬�áèâ�¡¨àãîé�ï äã−ªæ¨ï, � ψ(x) | ®¤−®¬¥à−�ï
¢¥©¢«¥â-äã−ªæ¨ï. �à®áâà�−áâ¢� Vj ¨ Wj ¢ ¤¢ã¬¥à−®¬ á«ãç�¥ ¯®à®¦¤�îâ-

áï ¡�§¨á�¬¨ {�j,k(x, y) = 2
j�(2jx − kx, 2

jy − ky)}kx,ky∈Z2 ¨ {ā[m]j,k (x, y) =

= 2jā[m](2jx− kx, 2
jy − ky)}kx,ky∈Z2,;m=1,2,3. ‚ L2(R2) á¯à�¢¥¤«¨¢® à�§«®¦¥-

−¨¥, �−�«®£¨ç−®¥ (1):

f(x, y) =
∑

k

al,k�l,k(x, y) +
∑

m

∑

j≥l

∑

k

d
[m]
j,kā

[m]
j,k (x, y) , (2)

£¤¥

k = (kx, ky) ;

al,k = 〈�l,k, f〉 =
∞∫

−∞

∞∫

−∞

�l,k(x, y)f(x, y) dxdy ;

d
[m]
j,k = 〈ā[m]j,k , f〉 =

∞∫

−∞

∞∫

−∞

ā
[m]
j,k (x, y)f(x, y) dxdy .
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4 Локальное обращение преобразования Радона

Š®íää¨æ¨¥−âë al,k ¨ d[m]l,k ¢ (2) ¬®¦−® ¢ëà�§¨âì ç¥à¥§ Rθ(s), ¯®«ãç¨¢ â�ª¨¬
®¡à�§®¬ ¬¥â®¤ à¥ª®−áâàãªæ¨¨ äã−ªæ¨¨ f(x, y), ®á−®¢�−−ë© −� ¢¥©¢«¥â-à�§«®-

¦¥−¨¨. „«ï ª�¦¤®£® θ ∈ [0, 2π) ®¯à¥¤¥«¨¬ äã−ªæ¨¨ ̺θ(s) ¨ ρ[m]θ (s), m = 1, 2, 3,
ç¥à¥§ ¨å ¯à¥®¡à�§®¢�−¨ï ”ãàì¥:

̺̂θ(ω) =
1

2
ϕ̂(ω cos θ)ϕ̂(ω sin θ) ;

ρ̂[1]θ(ω) =
1

2
ϕ̂(ω cos θ)ψ̂(ω sin θ) ;

ρ̂[2]θ(ω) =
1

2
ψ̂(ω cos θ)ϕ̂(ω sin θ) ;

ρ̂[3]θ(ω) =
1

2
ψ̂(ω cos θ)ψ̂(ω sin θ) .

’®£¤� [1]

al,k = 2
l

2π∫

0

∞∫

−∞

Rθ(s)̺θ(2
ls− kx cos θ − ky sin θ) dsdθ ;

d
[m]
j,k = 2

j

2π∫

0

∞∫

−∞

Rθ(s)ρ
[m]
θ (2

js− kx cos θ − ky sin θ) dsdθ .

…á«¨ ¢¥©¢«¥â-äã−ªæ¨ï ψ(x) ¨¬¥¥â ª®¬¯�ªâ−ë© −®á¨â¥«ì ¨ ¤®áâ�â®ç−® ¬−®£®

−ã«¥¢ëå ¬®¬¥−â®¢, â® äã−ªæ¨¨ ρ
[m]
θ (s) ¡ã¤ãâ §�¬¥â−® ®â«¨ç−ë ®â −ã«ï â®«ìª®

¢ ®ªà¥áâ−®áâ¨ á à�¤¨ãá®¬, à�¢−ë¬ à�¤¨ãáã −®á¨â¥«ï ¤¢ã¬¥à−®© ¢¥©¢«¥â-äã−ª-

æ¨¨ā[m](x, y). ‘«¥¤®¢�â¥«ì−®, ª®íää¨æ¨¥−âë d[m]j,k ¬®¦−® ¢ëç¨á«¨âì ¤®áâ�â®ç−®

â®ç−®, ¨á¯®«ì§ãï §−�ç¥−¨ï Rθ(s) â®«ìª® ¨§ ¨−â¥à¢�«� à�¤¨ãá� 2−jT á æ¥−âà®¬
¢ â®çª¥ 2−j(kx cos θ − ky sin θ), £¤¥ T | à�¤¨ãá −®á¨â¥«ï ā[m](x, y). �â¨
§−�ç¥−¨ï Rθ(s) ¯à¥¤áâ�¢«ïîâ á®¡®© ¯à®¥ªæ¨¨ äã−ªæ¨¨ f(x, y) ¯® ¯àï¬ë¬,
¯à®å®¤ïé¨¬ ¢ ªàã£¥ à�¤¨ãá� 2−jT c æ¥−âà®¬ ¢ â®çª¥ (2−jkx, 2

−jky). ÷�¤¨ãá ªàã£�
áâ�−®¢¨âáï ¬¥−ìè¥ á à®áâ®¬ j, â. ¥. ¤«ï ¢®ááâ�−®¢«¥−¨ï ¡®«¥¥ ¬¥«ª¨å ¤¥â�«¥©
¨§®¡à�¦¥−¨ï âà¥¡ã¥âáï ¡®«¥¥ «®ª�«ì−�ï ¨−ä®à¬�æ¨ï, ç¥¬ ¤«ï ¢®ááâ�−®¢«¥−¨ï
ªàã¯−ëå ¤¥â�«¥©. ‡�ç�áâãî ¢ â®¬®£à�ä¨ç¥áª®¬ íªá¯¥à¨¬¥−â¥ ¯à¥¤áâ�¢«ïîâ
¨−â¥à¥á ¨¬¥−−® ¬¥«ª¨¥ ¤¥â�«¨. �â® ®¡áâ®ïâ¥«ìáâ¢® ¯®§¢®«ï¥â §−�ç¨â¥«ì−®
á−¨§¨âì ¤®§ã ®¡«ãç¥−¨ï ¢ ¯à®æ¥áá¥ ¯®«ãç¥−¨ï ¯à®¥ªæ¨®−−ëå ¤�−−ëå [1].
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5 Веерная схема сканирования

�¯¨è¥¬ â¥¯¥àì ¬�â¥¬�â¨-

÷¨á. 2 ‚¥¥à−�ï áå¥¬� áª�−¨à®¢�−¨ï

ç¥áª¨¥ á®®â−®è¥−¨ï ¢ ¢¥¥à−®©
áå¥¬¥ áª�−¨à®¢�−¨ï (à¨á. 2).
�à¥¤¯®«®¦¨¬, çâ® ¨áâ®ç−¨ª
¨§«ãç¥−¨ï ¤¢¨¦¥âáï ¯® ®ªàã¦-
−®áâ¨ á æ¥−âà®¬ ¢ −�ç�-
«¥ ª®®à¤¨−�â ¨ à�¤¨ãá®¬ D,
� ®¡«�áâì Ÿ á®¤¥à¦¨âáï ¢−ãâ-
à¨ íâ®© ®ªàã¦−®áâ¨. �¡®-
§−�ç¨¬ ç¥à¥§ Rβ(γ) ¯à®¥ªæ¨î
¢ ¢¥¥à−®© áå¥¬¥ áª�−¨à®¢�−¨ï.
‡¤¥áì β ∈ [0, 2π) | ã£«®¢�ï
ª®®à¤¨−�â� ¨áâ®ç−¨ª� ¯ãçª�
«ãç¥©, γ ∈ [−γm, γm] ®¯¨-
áë¢�¥â ¯®«®¦¥−¨¥ «ãç� ¢−ãâ-
à¨ ¯ãçª� (ã£®« ¬¥¦¤ã ¤�−−ë¬
¨ æ¥−âà�«ì−ë¬ «ãç�¬¨ ¯ãçª�),

� γm | ã£®« ¬�ªá¨¬�«ì−®£® ®âª«®−¥−¨ï «ãç� ¢−ãâà¨ ¯ãçª�. ‚ â�ª®© áå¥¬¥
áª�−¨à®¢�−¨ï ¯à®¥ªæ¨®−−ë¥ ¤�−−ë¥ ®¯¨áë¢�îâáï á«¥¤ãîé¨¬ ¢ëà�¦¥−¨¥¬ [4]:

Rβ(γ) =

∞∫

−∞

∞∫

−∞

f(x, y)δ(x cos(β + γ) + y sin(β + γ)−D sin γ) dxdy .

�à¨¬¥−¥−¨¥ �«£®à¨â¬� ä¨«ìâà�æ¨¨ ®¡à�â−ëå ¯à®¥ªæ¨© ¯®§¢®«ï¥â ¢®ááâ�−®¢¨âì
¨§®¡à�¦¥−¨¥ f(x, y) ¯® ¯à®¥ªæ¨®−−ë¬ ¤�−−ë¬ Rβ(γ) ¯® ä®à¬ã«¥ [4]:

f(x, y) =
1

2

2π∫

0

γm∫

−γm

Rβ(γ)h(x cos(β + γ) + y sin(β + γ)−D sin γ)D cos γ dγdβ .

„«ï «®ª�«ì−®© à¥ª®−áâàãªæ¨¨ ãç�áâª®¢ ¨§®¡à�¦¥−¨ï ¢ ¢¥¥à−®© áå¥¬¥ áª�−¨-
à®¢�−¨ï ®¡ëç−® ¨á¯®«ì§ã¥âáï �«£®à¨â¬ ¯¥à¥£àã¯¯¨à®¢ª¨ ¯à®¥ªæ¨©, ®á−®¢�−−ë©
−� á¢ï§¨ ¬¥¦¤ã ¯¥à¥¬¥−−ë¬¨ (θ, s) ¨ (β, γ):

θ = β + γ ; s = D sin γ . (3)

�®á«¥ ¯®«ãç¥−¨ï −¥®¡å®¤¨¬®£® ¬−®¦¥áâ¢� ¯à®¥ªæ¨© ¢ ¢¥¥à−®© áå¥¬¥ áª�−¨à®¢�-
−¨ï á ¯®¬®éìî á®®â−®è¥−¨ï (3) íâ¨ ¯à®¥ªæ¨¨ ¯¥à¥¢®¤ïâáï ¢ ¯�à�««¥«ì−ãî áå¥¬ã
¨ ¤�«¥¥ ¯®áà¥¤áâ¢®¬ ¨§«®¦¥−−®£® ¬¥â®¤� ¢¥©¢«¥â-à�§«®¦¥−¨ï ®áãé¥áâ¢«ï¥âáï
«®ª�«ì−�ï à¥ª®−áâàãªæ¨ï ¬¥«ª¨å áâàãªâãà ¨§®¡à�¦¥−¨ï.
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6 Численные эксперименты для модельных примеров

�à¥¤¯®«®¦¨¬, çâ® ®¡«�áâì Ÿ ï¢«ï¥âáï ªàã£®¬ á æ¥−âà®¬ ¢ −�ç�«¥ ª®®à¤¨−�â
¨ à�¤¨ãá®¬R, � ®¡«�áâìŸ1, ¨−â¥à¥áãîé�ï ¨áá«¥¤®¢�â¥«ï, â�ª¦¥ ï¢«ï¥âáï ªàã£®¬
¢−ãâà¨ Ÿ á æ¥−âà®¬ ¢ â®çª¥ (x0, y0) ¨ à�¤¨ãá®¬ r. �¥§ ®£à�−¨ç¥−¨ï ®¡é−®áâ¨
¢¢¨¤ã á¨¬¬¥âà¨¨ ¡ã¤¥¬ áç¨â�âì, çâ® æ¥−âà Ÿ1 «¥¦¨â −� ®á¨ �¡áæ¨áá (y0 = 0).

ˆáá«¥¤ã¥¬ ¢®¯à®á ®¡ ¨§¬¥−¥−¨¨ ¤®§ë ®¡«ãç¥−¨ï, âà¥¡ã¥¬®© ¤«ï ¯®«ãç¥−¨ï
¯à®¥ªæ¨®−−ëå ¤�−−ëå, −¥®¡å®¤¨¬ëå ¤«ï «®ª�«ì−®© à¥ª®−áâàãªæ¨¨ ãç�áâª�
¨§®¡à�¦¥−¨ï, ¯à¨ ¯¥à¥å®¤¥ ®â ¯�à�««¥«ì−®© ª ¢¥¥à−®© áå¥¬¥ áª�−¨à®¢�−¨ï
á ¯®¬®éìî ¯¥à¥£àã¯¯¨à®¢ª¨ ¯à®¥ªæ¨©. �¡®§−�ç¨¬ ç¥à¥§ S1 ¨S2 ®â−®è¥−¨ï §®−ë
¯®ªàëâ¨ïŸ1 ª §®−¥ ¯®ªàëâ¨ïŸ ¢ ¯�à�««¥«ì−®© ¨ ¢¥¥à−®© áå¥¬�å á®®â¢¥âáâ¢¥−−®.

‚ ¯�à�««¥«ì−®© áå¥¬¥ áª�−¨à®¢�−¨ï ¯àï¬ë¥, ®¡¥á¯¥ç¨¢�îé¨¥ ¯®ªàëâ¨¥,
§�¤�îâáï −¥à�¢¥−áâ¢®¬:

−r ≤ s− x0 cos θ − y0 sin θ ≤ r,

®âªã¤� ¯®«ãç�¥¬
x0 cos θ − r ≤ s ≤ x0 cos θ + r

¨

S1 =

2π∫

0

x0 cos θ+r∫

x0 cos θ−r

ds dθ

/ 2π∫

0

R∫

−R

ds dθ =
r

R
.

�¥à¥©¤¥¬ ª ª®®à¤¨−�â�¬ ¢¥¥à−®© áå¥¬ë, ¨á¯®«ì§ãï (3):

x0 cos(β + γ)− r ≤ D sin γ ≤ x0 cos(β + γ) + r .

÷¥è¥−¨¥ ¯®á«¥¤−¥£® −¥à�¢¥−áâ¢� ®â−®á¨â¥«ì−® γ ∈ [−π, π) ¨¬¥¥â ¢¨¤:

γ1(β) ≡ − arcsin r

b(β)
+ arcsin

x0 cos β

b(β)
≤ γ ≤ arcsin r

b(β)
+

+ arcsin
x0 cos β

b(β)
≡ γ2(β) ,

£¤¥

b(β) =
√
x20 cos

2 β + (x0 sinβ +D)2 =
√
x20 + 2x0D sin β +D

2 .

’�ª¨¬ ®¡à�§®¬,

S2 =

2π∫

0

γ2(β)∫

γ1(β)

dγ dβ

/ 2π∫

0

π∫

−π

dγ dβ =
1

4π2

2π∫

0

γ2(β)∫

γ1(β)

dγ dβ .
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’�¡«¨æ� 1 ‡−�ç¥−¨ï S1/S2

D/R x0/(R− r)
r/R

0,1 0,3 0,5 0,7 0,9
0,0 1,09378 1,08721 1,07364 1,05209 1,02060

1,5 0,5 1,06828 1,07126 1,06480 1,04841 1,02008
1,0 0,98033 1,01885 1,03668 1,03703 1,01852
0,0 1,01932 1,01781 1,01475 1,01011 1,00381

3,0 0,5 1,01354 1,01428 1,01292 1,00943 1,00373
1,0 0,99567 1,00351 1,00736 1,00738 1,00349
0,0 1,00464 1,00427 1,00352 1,00240 1,00090

6,0 0,5 1,00323 1,00341 1,00308 1,00224 1,00088
1,0 0,99895 1,00083 1,00176 1,00176 1,00082

’�¡«¨æ� 2 ‡−�ç¥−¨ï S1/S2 ¯à¨ x0/(R− r) = 1

D/R
r/R

0,05 0,10 0,15 0,20 0,25 0,30
1,5 0,96638 0,98033 0,99231 1,00261 1,01141 1,01885
3,0 0,99305 0,99567 0,99802 1,00011 1,00193 1,00351
6,0 0,99833 0,99895 0,99951 1,00001 1,00045 1,00083

0,35 0,40 0,45 0,50 0,55 0,60
1,5 1,02503 1,03003 1,03390 1,03668 1,03838 1,39020
3,0 1,00484 1,00592 1,00676 1,00736 1,00773 1,00785
6,0 1,00115 1,00141 1,00161 1,00176 1,00185 1,00188

0,65 0,70 0,75 0,80 0,85 0,90
1,5 1,03858 1,03703 1,03434 1,03042 1,02519 1,01852
3,0 1,00774 1,00738 1,00678 1,00594 1,00484 1,00349
6,0 1,00185 1,00176 1,00162 1,00141 1,00115 1,00082

÷�áá¬®âà¨¬ ¬®¤¥«ì−ë¥ ¯à¨¬¥àë ¤«ï −¥ª®â®àëå ¯®ª�§�â¥«ì−ëå §−�ç¥−¨© á®-
®â−®è¥−¨© ¯�à�¬¥âà®¢. ‚ â�¡«. 1 ¨ 2 ¯à¨¢¥¤¥−ë §−�ç¥−¨ï S1/S2 ¯à¨ á«¥¤ãîé¨å
á®®â−®è¥−¨ïå ¡�§®¢ëå ¯�à�¬¥âà®¢. ‚¥«¨ç¨−� r/R ¯®ª�§ë¢�¥â, −�áª®«ìª® ¢¥«¨ª
¨áá«¥¤ã¥¬ë© ®¡ê¥ªâ Ÿ1 ¯® ®â−®è¥−¨î ª ®¡«ãç�¥¬®¬ã ®¡ê¥ªâã Ÿ. ‚¥«¨ç¨-
−� x0/(R − r) §�¤�¥â ®â−®á¨â¥«ì−®¥ ¯®«®¦¥−¨¥ Ÿ1 ¢−ãâà¨ Ÿ. ‚¥«¨ç¨−� D/R
ãª�§ë¢�¥â −� ã¤�«¥−−®áâì ¨áâ®ç−¨ª� ¨§«ãç¥−¨ï ®â ®¡«ãç�¥¬®£® ®¡ê¥ªâ�.

‡�¬¥â¨¬, çâ® S1/S2 áâà¥¬¨âáï ª ¥¤¨−¨æ¥ ¯à¨ ã¢¥«¨ç¥−¨¨ ®â−®á¨â¥«ì−®£®
à�§¬¥à� ¨áá«¥¤ã¥¬®© ®¡«�áâ¨, ¯à¨ íâ®¬ áå®¤¨¬®áâì â¥¬ ¡ëáâà¥¥, ç¥¬ ¤�«ìè¥ ®â
®¡«ãç�¥¬®£® ®¡ê¥ªâ� −�å®¤¨âáï ¨áâ®ç−¨ª ¨§«ãç¥−¨ï. ’�ª¦¥ áª®à®áâì áå®¤¨¬®áâ¨
ã¢¥«¨ç¨¢�¥âáï ¯à¨ ã¤�«¥−¨¨ æ¥−âà� Ÿ1 ®â −�ç�«� ª®®à¤¨−�â. Š�ª ¢¨¤−®, áå®¤¨-
¬®áâì −¥ ï¢«ï¥âáï ¬®−®â®−−®©: ¯à¨ ®â−®á¨â¥«ì−® ¬�«ëå à�§¬¥à�å ¨áá«¥¤ã¥¬®©
®¡«�áâ¨ ®â−®è¥−¨¥ S1/S2 ¬¥−ìè¥ ¥¤¨−¨æë ¨ ¬®−®â®−−® ¢®§à�áâ�¥â á ã¢¥«¨ç¥−¨-
¥¬ r/R ¤® −¥ª®â®à®£® ãà®¢−ï, � §�â¥¬ ¬®−®â®−−® ã¡ë¢�¥â ª ¥¤¨−¨æ¥. ƒà�−¨æ�
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¬¥¦¤ã ¯à®¬¥¦ãâª�¬¨ ¢®§à�áâ�−¨ï ¨ ã¡ë¢�−¨ï á¬¥é�¥âáï ¢¯à�¢® ¯® r/R ¯à¨
ã¤�«¥−¨¨ æ¥−âà� Ÿ1 ®â −�ç�«� ª®®à¤¨−�â, −¥§�¢¨á¨¬® ®â ã¤�«¥−−®áâ¨ ¨áâ®ç−¨ª�
¨§«ãç¥−¨ï.
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LOCAL RECONSTRUCTION OF TOMOGRAPHIC IMAGES
IN PARALLEL AND FAN-BEAM SCANNING SCHEMES

A. A. Kudryavtsev1, O. V. Shestakov1,2, and I. A. Fedushin1

1Department of Mathematical Statistics, Faculty of Computational Mathematics
and Cybernetics, M. V. Lomonosov Moscow State University, 1-52 Lenin-
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Abstract: Tomographic methods for reconstructing images of objects are widely
used in a variety of fields, including medicine, biology, plasma physics, gas
dynamics, geophysics, astronomy, and radar. In some applications, it is impossible
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(or undesirable) to obtain a complete set of projection data to restore the image
of the entire object. Sometimes, only a portion of the image (often small
compared to the image of the whole object) is of interest, and the problem of
local reconstruction with an incomplete set of projections arises. One of the most
popular methods for solving this problem is the wavelet decomposition, which
allows local restoration of small image structures. The wavelet decomposition
method is applicable for the parallel tomographic scan scheme. In the fan-beam
scheme, the projection rearrangement method is usually used, which makes it
possible to apply the reconstruction algorithms developed for the parallel scheme.
The paper considers the question of changing the required amount of projection
data during the transition from the fan-beam to parallel scheme.

Keywords: Radon transform; wavelets; local reconstruction; fan-beam scheme;
parallel scheme
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ПРОГНОЗИРОВАНИЕ РАЗВИТИЯ ПОЗДНИХ
ПОСЛЕОПЕРАЦИОННЫХ ОСЛОЖНЕНИЙ ПО РЕЗУЛЬТАТАМ

ДИСКРИМИНАНТНОГО И КОРРЕЛЯЦИОННОГО АНАЛИЗА
ХАРАКТЕРИСТИК ГЛИКЕМИИ В РАННЕМ

ПОСЛЕОПЕРАЦИОННОМ ПЕРИОДЕ∗

Т. В. Захарова1, А. В. Сливкина2

�−−®â�æ¨ï: ÷�áá¬�âà¨¢�¥âáï ¯à¨¬¥−¥−¨¥ áâ�â¨áâ¨ç¥áª®£® ¬¥â®¤� ª«�áá¨-
ä¨ª�æ¨¨ ¬−®£®¬¥à−ëå −�¡«î¤¥−¨© | ¬¥â®¤� ¤¨áªà¨¬¨−�−â−®£® �−�«¨§�
¨ áâ�â¨áâ¨ç¥áª®£® ¬¥â®¤�, ¯®§¢®«ïîé¥£® ®æ¥−¨âì â¥á−®âã á®¢¬¥áâ−®£® ¢«¨ï-
−¨ï ä�ªâ®à®¢ −� à¥§ã«ìâ�â | ª®àà¥«ïæ¨®−−®£® �−�«¨§� ¤�−−ëå. ÷¥è�¥âáï
§�¤�ç� ¯à®£−®§¨à®¢�−¨ï à�§¢¨â¨ï ®á«®¦−¥−¨© ã ¯�æ¨¥−â®¢ ¯®á«¥ ®¯¥à�æ¨¨
−� ¯®¤¦¥«ã¤®ç−®© ¦¥«¥§¥ ¨áå®¤ï ¨§ −�¡®à� ¯à¥¤áª�§ë¢�îé¨å ¯¥à¥¬¥−−ëå
(¯à¥¤¨ªâ®à®¢), ª®â®àë¬¨ ï¢«ïîâáï â�ª¨¥ å�à�ªâ¥à¨áâ¨ª¨ ãà®¢−ï £«îª®§ë
¢ ªà®¢¨ ã ¯�æ¨¥−â®¢, ª�ª ¤¨á¯¥àá¨ï, à�§¬�å ¢ë¡®àª¨, áà¥¤−¥¥ §−�ç¥−¨¥,
¬�ªá¨¬ã¬ ¨ ¬¨−¨¬ã¬. ‚ á¢ï§¨ á íâ¨¬ ¢ë−¥á¥−� £¨¯®â¥§� ¨áá«¥¤®¢�−¨ï: áà¥¤-
−¨© ãà®¢¥−ì £«¨ª¥¬¨¨ ¢ à�−−¥¬ ¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥ ¨¬¥¥â à¥è�îé¥¥
§−�ç¥−¨¥ ¤«ï ¯à®£−®§¨à®¢�−¨ï −�àãè¥−¨© ã£«¥¢®¤−®£® ®¡¬¥−� ¢ ®â¤�«¥−−®¬
¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥. ‘ ¨á¯®«ì§®¢�−¨¥¬ ¯�ª¥â� ¯à¨ª«�¤−ëå ¯à®£à�¬¬
STATISTICA ¡ë« ¯à®¢¥¤¥− ¤¨áªà¨¬¨−�−â−ë© �−�«¨§ íªá¯¥à¨¬¥−â�«ì−ëå
¤�−−ëå. �® à¥§ã«ìâ�â�¬ ¨áá«¥¤®¢�−¨ï £¨¯®â¥§� ®âª«®−¥−�.

Š«îç¥¢ë¥ á«®¢�: «ï¬¡¤� “¨«ªá�; ¢ë¡®à®ç−�ï á®¢®ªã¯−®áâì; ¤¨á¯¥àá¨ï
¢ë¡®àª¨; à�§¬�å; ¤¨áªà¨¬¨−�−â−ë© �−�«¨§
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1 Введение

Œ¥â®¤ë ¤¨áªà¨¬¨−�−â−®£® �−�«¨§� ¯à¨¬¥−ïîâáï ¯à¨ à¥è¥−¨¨ §�¤�ç à�§-
¤¥«¥−¨ï −¥®¤−®à®¤−®© ¢ë¡®àª¨ −� ®¤−®à®¤−ë¥ £àã¯¯ë. ‡�¤�ç¨ â�ª®£® â¨¯�
¢®§−¨ª�îâ ¢ á�¬ëå à�§«¨ç−ëå ®¡«�áâïå: ª®−âà®«¥ ª�ç¥áâ¢� ¯à®¤ãªæ¨¨, £¥®-
«®£¨¨, ¡¨®«®£¨¨, íª®−®¬¨ª¥, á®æ¨®«®£¨¨, ¯á¨å®«®£¨¨ ¨ â. ¤. ‚ ¤�−−®© à�¡®â¥
¬¥â®¤ ¤¨áªà¨¬¨−�−â−®£® �−�«¨§� ¡ë« ¯à¨¬¥−¥− ¢ áä¥à¥ ¬¥¤¨æ¨−ë, � ¨¬¥−−®:

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 16-07-00736).
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¨; 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, lsa@cs.msu.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¨, anya-slivkina@mail.ru
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’. ‚. ‡�å�à®¢�, �. ‚. ‘«¨¢ª¨−�

¢ ¨§ãç¥−¨¨ à¨áª� ¢®§−¨ª−®¢¥−¨ï ®á«®¦−¥−¨© ã ¡®«ì−ëå, ¯¥à¥−¥áè¨å ®¯¥à�æ¨¨
−� ¯®¤¦¥«ã¤®ç−®© ¦¥«¥§¥.

„¨áªà¨¬¨−�−â−ë© �−�«¨§ ç�áâ® ¨á¯®«ì§ãîâ ª�ª ¬¥â®¤ ¯à®£−®§¨à®¢�−¨ï ¯®¢¥-
¤¥−¨ï −�¡«î¤�¥¬ëå ®¡ê¥ªâ®¢ −� ®á−®¢¥ ¨¬¥îé¥©áï ¨−ä®à¬�æ¨¨ ® å�à�ªâ¥à¨áâ¨-
ª�å ®¡ãç�îé¨å ¢ë¡®à®ª, ª®â®àë¥ ®¯à¥¤¥«ïîâ ®¤−®à®¤−ãî £àã¯¯ã. ��¯à¨¬¥à,
¢ à�¡®â�å [1{3] ª«�áá¨ä¨æ¨àãîâáï á®áâ®ï−¨ï ¯�æ¨¥−â®¢ á æ¥«ìî ¯à®£−®§¨à®¢�−¨ï
íää¥ªâ¨¢−®áâ¨ «¥ç¥−¨ï, ¢ à�¡®â¥ [4] ¯à®£−®§¨àã¥âáï à�§¢¨â¨¥ á�å�à−®£® ¤¨�¡¥â�
(‘„).

‚ −�áâ®ïé¥© à�¡®â¥ ¨áá«¥¤ã¥âáï ¢®¯à®á ® áãé¥áâ¢®¢�−¨¨ §�¢¨á¨¬®áâ¨ ¬¥¦¤ã
¯®ª�§�â¥«¥¬ ãà®¢−ï £«îª®§ë ¢ ªà®¢¨ ã ¡®«ì−ëå áà�§ã ¯®á«¥ ®¯¥à�æ¨¨ ¨ ¢®§-
¬®¦−®áâìî ¢®§−¨ª−®¢¥−¨ï â�ª¨å ®á«®¦−¥−¨©, ª�ª ‘„ ¨ −�àãè¥−¨¥ â¥áâ� â®«¥-
à�−â−®áâ¨ ª £«îª®§¥. �®«ãç¥−−�ï ¨−ä®à¬�æ¨ï ¤®«¦−� ¡ëâì ¨á¯®«ì§®¢�−� ¯à¨
−�§−�ç¥−¨¨ ®¯à¥¤¥«¥−−®£® «¥ç¥−¨ï ¢ ¯¥à¨®¤ à¥�¡¨«¨â�æ¨¨, ¢ â®¬ ç¨á«¥ ¢¢¥¤¥-
−¨¥ ¨−áã«¨−� ¨ ¯®áâ®ï−−ë© ª®−âà®«ì ãà®¢−ï £«îª®§ë ¢ ªà®¢¨. ˆ−�ç¥ £®¢®àï,
¯à¨¬¥−¥−¨¥ ¬¥â®¤� ¨¬¥¥â æ¥«ì: ¯®áâà®¥−¨¥ ¬®¤¥«¨, ¯à¥¤áª�§ë¢�îé¥©, ª ª�ª®©
¨§ ç¥âëà¥å £àã¯¯ (®¯à¥¤¥«ï¥¬ëå −¨¦¥ ¢ à�§¤. 3) ®â−®áïâáï ¯�æ¨¥−âë, ¨áå®¤ï ¨§
−�¡®à� ¯à¥¤áª�§ë¢�îé¨å ¯¥à¥¬¥−−ëå (¯à¥¤¨ªâ®à®¢), ª®â®àë¬¨ ï¢«ïîâáï â�ª¨¥
å�à�ªâ¥à¨áâ¨ª¨ ãà®¢−ï £«îª®§ë ¢ ªà®¢¨ ã ¯�æ¨¥−â®¢, ª�ª ¤¨á¯¥àá¨ï, à�§¬�å
¢ë¡®àª¨, áà¥¤−¥¥ §−�ç¥−¨¥, ¬�ªá¨¬ã¬ ¨ ¬¨−¨¬ã¬. �â¨ ¯�à�¬¥âàë à¥£¨áâà¨à®-
¢�«¨áì ã ¯�æ¨¥−â®¢ ¥¦¥¤−¥¢−® ¢ â¥ç¥−¨¥ 5 áãâ ¯®á«¥ ®¯¥à�æ¨¨. �¥®¡å®¤¨¬® ¡ë«®
®¯à¥¤¥«¨âì ¯¥à¥¬¥−−ë¥, ª®â®àë¥ ¨¬¥îâ áãé¥áâ¢¥−−®¥ §−�ç¥−¨¥ ¤«ï à�§¤¥«¥−¨ï
−�¡«î¤¥−¨© −� £àã¯¯ë, ¨ à�§à�¡®â�âì �«£®à¨â¬ ª«�áá¨ä¨ª�æ¨¨ −®¢ëå ¯�æ¨¥−â®¢
¯® å�à�ªâ¥à¨áâ¨ª�¬ ãà®¢−ï £«îª®§ë á æ¥«ìî ®¯à¥¤¥«¥−¨ï ¨å ¯à¨−�¤«¥¦−®áâ¨
ª â®© ¨«¨ ¨−®© £àã¯¯¥.

ˆáá«¥¤®¢�−¨¥ ¡ë«® ¯à®¢¥¤¥−® −� ¡�§¥ ˆ−áâ¨âãâ� å¨àãà£¨¨ ¨¬¥−¨ �. ‚. ‚¨è-
−¥¢áª®£®.

2 Постановка задачи

�ãáâì ¨¬¥¥âáï ¬−®¦¥áâ¢®, á®áâ®ïé¥¥ ¨§ n ¢¥ªâ®à®¢ −�¡«î¤¥−¨© X. Š�¦-
¤ë© ¨§ ¢¥ªâ®à®¢ å�à�ªâ¥à¨§ã¥âáï k ¯à¨§−�ª�¬¨, â. ¥. X = (X1, . . . ,Xk), £¤¥
X1, . . . ,Xk | §−�ç¥−¨ï ¯à¨§−�ª� ¤«ï i-£® ¯�æ¨¥−â�. „®¯ãáâ¨¬, çâ® ¢á¥ ¬−®-
¦¥áâ¢® ®¡ê¥ªâ®¢ à�§¡¨â® −� q ¯®¤¬−®¦¥áâ¢ (¨«¨ ª«�áá®¢) (q > 1). ˆ§ ª�¦¤®£®
¯®¤¬−®¦¥áâ¢� ¢§ïâ� ¢ë¡®àª� ®¡ê¥¬®¬ ng, £¤¥ g | −®¬¥à ¯®¤¬−®¦¥áâ¢�, g =
= 1, . . . , q.

„¨áªà¨¬¨−�−â−ë¥ ¯à¨§−�ª¨ | íâ® ¯à¨§−�ª¨, ª®â®àë¥ ¡ã¤ãâ ®â«¨ç�âì ®¤−®
¯®¤¬−®¦¥áâ¢® ®â ¤àã£®£®. �¥®¡å®¤¨¬®, çâ®¡ë:

(1) ç¨á«® ®¡ê¥ªâ®¢ −�¡«î¤¥−¨© ¯à¥¢ëè�«® ç¨á«® ¤¨áªà¨¬¨−�−â−ëå ¯¥à¥¬¥−-
−ëå, â. ¥. k < n;

(2) ¤¨áªà¨¬¨−�−â−ë¥ ¯¥à¥¬¥−−ë¥ ¡ë«¨ «¨−¥©−® −¥§�¢¨á¨¬ë, â. ¥. X1a1 +
+X2a2 + · · · +Xkak = 0⇔ a21 + a

2
2 + · · ·+ a2k = 0;

(3) Xi ¨¬¥«¨ −®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ N(µ, σ2).
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�à®£−®§¨à®¢�−¨¥ à�§¢¨â¨ï ¯®§¤−¨å ¯®á«¥®¯¥à�æ¨®−−ëå ®á«®¦−¥−¨©

Š�−®−¨ç¥áª®© ¤¨áªà¨¬¨−�−â−®© äã−ªæ¨¥© −�§ë¢�¥âáï äã−ªæ¨ï ¢¨¤�:

dgm = β0 + β1x1gm + · · · + βkxkgm ,

£¤¥ dgm | §−�ç¥−¨¥ g-© ª�−®−¨ç¥áª®© ¤¨áªà¨¬¨−�−â−®© äã−ªæ¨¨ ¤«ï m-£®
®¡ê¥ªâ�, m = 1, . . . , n, g = 1, . . . , q; xkgm | §−�ç¥−¨¥ ¤¨áªà¨¬¨−�−â−®© ¯¥à¥-
¬¥−−®© Xk ¤«ï m-£® ®¡ê¥ªâ� ¢ £àã¯¯¥ g; β0, . . . , βk | ª®íää¨æ¨¥−âë ¤¨áªà¨¬¨-
−�−â−®© äã−ªæ¨¨.

�¥®¡å®¤¨¬® ¯®¤áâ�¢¨âì §−�ç¥−¨ï ª®¬¯®−¥−â ¢¥ªâ®à� X ¢ ¤¨áªà¨¬¨−�−â−ë¥
äã−ªæ¨¨ ¤«ï ª�¦¤®£® g-£® ¯®¤¬−®¦¥áâ¢� ¨ à�ááç¨â�âì §−�ç¥−¨ï q ¤¨áªà¨¬¨-
−�−â−ëå äã−ªæ¨©. ‚¥ªâ®à X ®â−®á¨âáï ª â®¬ã ¯®¤¬−®¦¥áâ¢ã g, ¤«ï ª®â®à®£®
¢¥«¨ç¨−� dgm ¨¬¥¥â ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥.

’�ª ª�ª ¤¨áªà¨¬¨−�−â−ë¥ äã−ªæ¨¨ −�å®¤ïâáï ¯® ¢ë¡®à®ç−ë¬ ¤�−−ë¬, ®−¨
−ã¦¤�îâáï ¢ ¯à®¢¥àª¥ áâ�â¨áâ¨ç¥áª®© §−�ç¨¬®áâ¨. ‚ ¤�−−®© à�¡®â¥ ¡ã¤¥â ¯à¨-
¬¥−¥−� áâ�â¨áâ¨ª� “¨«ªá�, −�§ë¢�¥¬�ï ¥é¥ «ï¬¡¤� “¨«ªá�. ‹ï¬¡¤� “¨«ªá� |
íâ® ®â−®è¥−¨¥ ¬¥àë ¢−ãâà¨£àã¯¯®¢®© ¨§¬¥−ç¨¢®áâ¨ ª ¬¥à¥ ®¡é¥© ¨§¬¥−ç¨¢®áâ¨:

L =
det(E)

det(T )
.

‡¤¥áì E | ¬�âà¨æ� ¢−ãâà¨ª«�áá®¢®£® à�§¡à®á�:

E =

q∑

j=1

Ej ,

£¤¥ Ej | ¬�âà¨æ� à�áá¥ï−¨ï j-£® ª«�áá�:

Ej =
∑

xi∈Sj

(
xi −Xi

) (
xi −Xi

)T
;

T | ®¡é�ï ¬�âà¨æ� à�áá¥ï−¨ï:

T =

n∑

k=1

(
xi −Xi

) (
xi −Xi

)T
.

ˆ§ ®¯à¥¤¥«¥−¨ï á«¥¤ã¥â, çâ® §−�ç¥−¨¥ «ï¬¡¤ë “¨«ªá� ¬¥−ï¥âáï ®â 1 ¤® 0.
ˆ ç¥¬ ¬¥−ìè¥¥ §−�ç¥−¨¥ ¨¬¥¥â «ï¬¡¤� “¨«ªá�, â¥¬ «ãçè¨¬ ®ª�§ë¢�¥âáï à�§¤¥-
«¥−¨¥ −� £àã¯¯ë ¯à¨ ¤¨áªà¨¬¨−�−â−®¬ �−�«¨§¥ [5].

3 Исходные данные и условия эксперимента

�à®¢®¤¨«�áì ®æ¥−ª� á®áâ®ï−¨ï ã£«¥¢®¤−®£® ®¡¬¥−� ¤® ®¯¥à�æ¨¨ ¨ ¯®á«¥
¢ ®â¤�«¥−−®¬ ¯¥à¨®¤¥ ¯® ªà¨â¥à¨ï¬ ‚á¥¬¨à−®© ®à£�−¨§�æ¨¨ §¤à�¢®®åà�−¥−¨ï
1999 £.: −®à¬�; −�àãè¥−−�ï £«¨ª¥¬¨ï −�â®é�ª; −�àãè¥−¨¥ â®«¥à�−â−®áâ¨ ª £«î-
ª®§¥ (�’ƒ); ‘„. „«ï íâ®£® ¡ë«¨ á¤¥«�−ë §�¬¥àë ãà®¢−ï £«îª®§ë ¢ ªà®¢¨
¢ â¥ç¥−¨¥ 5 áãâ ¯®á«¥ ®¯¥à�æ¨¨ −� ¯®¤¦¥«ã¤®ç−®© ¦¥«¥§¥.
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�® ¤�−−ë¬ ª®¬¯«¥ªá−®© ®æ¥−ª¨ á®áâ®ï−¨ï ã£«¥¢®¤−®£® ®¡¬¥−� ¢ à�−−¥¬
¨ ®â¤�«¥−−®¬ ¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥ ¯�æ¨¥−âë ¡ë«¨ à�§¡¨âë −� á«¥¤ãîé¨¥
£àã¯¯ë: 1-ï £àã¯¯� (−®à¬�/−®à¬�) á®áâ®¨â ¨§ ¯�æ¨¥−â®¢, ã ª®â®àëå ª�ª ¤®, â�ª
¨ ¯®á«¥ ®¯¥à�æ¨¨ ¯®ª�§�â¥«¨ £«îª®§ë ªà®¢¨ ®áâ�¢�«¨áì ¢ ¯à¥¤¥«�å −®à¬ë; 2-ï
£àã¯¯� (−®à¬�/�’ƒ) á®áâ®¨â ¨§ ¯�æ¨¥−â®¢, ã ª®â®àëå ¤® ®¯¥à�æ¨¨ ¯®ª�§�â¥«¨
£«îª®§ë ªà®¢¨ ¡ë«¨ ¢ ¯à¥¤¥«�å −®à¬ë, � ¯®á«¥ ®¯¥à�æ¨¨ ¤¨�£−®áâ¨à®¢�−� �’ƒ;
3-î £àã¯¯ã (−®à¬�/‘„) á®áâ�¢«ïîâ ¯�æ¨¥−âë, ã ª®â®àëå ¤® ®¯¥à�æ¨¨ ¯®ª�§�â¥-
«¨ £«îª®§ë ªà®¢¨ ¡ë«¨ ¢ ¯à¥¤¥«�å −®à¬ë, � ¯®á«¥ ®¯¥à�æ¨¨ ¤¨�£−®áâ¨à®¢�− ‘„;
¢ 4-î £àã¯¯ã (‘„/‘„) ¢å®¤ïâ ¯�æ¨¥−âë, ª®â®àë¥ ª�ª ¤®, â�ª ¨ ¯®á«¥ ®¯¥à�æ¨¨
¨¬¥«¨ ‘„.

ˆ§ ¢á¥å ¯®ª�§�â¥«¥© ã£«¥¢®¤−®£® ®¡¬¥−� ¢ à�−−¥¬ ¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥
¡ë«¨ ¢ë¡à�−ë ¤¨áªà¨¬¨−�−â−ë¥ ¯¥à¥¬¥−−ë¥: áà¥¤−¥¥, ¤¨á¯¥àá¨ï, ¬�ªá¨¬ã¬,
¬¨−¨¬ã¬ ¨ à�§¬�å §−�ç¥−¨© ãà®¢−ï £«îª®§ë ¢ ªà®¢¨ ¢ à�−−¥¬ ¯®á«¥®¯¥à�æ¨®−−®¬
¯¥à¨®¤¥.

‚á¥ ¤�−−ë¥ á®áâ®ï«¨ ¨§ 183 −�¡«î¤¥−¨©, ª�¦¤®¥ ¨§ ª®â®àëå á®¤¥à¦�«® 5 ¯à¨-
§−�ª®¢.

ƒ¨¯®â¥§� ¨áá«¥¤®¢�−¨ï ¡ë«� áä®à¬ã«¨à®¢�−� â�ª: áà¥¤−¨© ãà®¢¥−ì £«¨ª¥¬¨¨
¢ à�−−¥¬ ¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥ ¨¬¥¥â à¥è�îé¥¥ §−�ç¥−¨¥ ¤«ï ¯à®£−®§¨à®-
¢�−¨ï −�àãè¥−¨© ã£«¥¢®¤−®£® ®¡¬¥−� ¢ ®â¤�«¥−−®¬ ¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥.

4 Результаты эксперимента

‚ ¯à®£à�¬¬¥ STATISTICA ¨¬¥¥âáï ¬®¤ã«ì Discriminant Analysis (¤¨áªà¨-
¬¨−�−â−ë© �−�«¨§), ¯à¥¤áâ�¢«ïîé¨© á®¡®© ®¡ãç�îéãî á¨áâ¥¬ã ¤«ï ¯®¨áª�
¯¥à¥¬¥−−ëå, ¯® ª®â®àë¬ ¯à®¨§¢®¤¨âáï ª«�áá¨ä¨ª�æ¨ï −�¡«î¤¥−¨© ¯® §�¤�−−ë¬
£àã¯¯�¬. Œ®¤¥«¨, à¥�«¨§®¢�−−ë¥ ¢ ¬®¤ã«¥, ï¢«ïîâáï «¨−¥©−ë¬¨, � äã−ª-
æ¨¨ ª«�áá¨ä¨ª�æ¨¨ ¨ ¤¨áªà¨¬¨−�−â−ë¥ äã−ªæ¨¨ | «¨−¥©−ë¬¨ ª®¬¡¨−�æ¨ï¬¨
−�¡«î¤�¥¬ëå ¢¥«¨ç¨− [6].

4.1 Основной результат

‚ ¬®¤ã«¥ ú„¨áªà¨¬¨−�−â−ë© �−�«¨§û ¡ë«¨ ®¯à¥¤¥«¥−ë ¯�à�¬¥âàë ¬®¤¥«¨
¨ à�ááç¨â�−ë ®¡é¨¥ å�à�ªâ¥à¨áâ¨ª¨: DISCRIMINANT FUNCTION ANALYSIS
SUMMARY | STEP 3; N OF VARS IN MODEL: 3; GROUPING: 4 GRPS;
WILKS' LAMBDA: 0,80437; APPROX. F(9,430) = 4,4802; P < 0,0000.

�á−®¢−ë¥ à¥§ã«ìâ�âë ¯à¥¤áâ�¢«¥−ë ¢ â�¡«. 1.
ˆ§ ¯ïâ¨ à�áá¬�âà¨¢�¥¬ëå ¨§−�ç�«ì−® ¯à¨§−�ª®¢ ¢ ¬®¤¥«ì −¥ ¢®è«¨ ¯à¨§−�ª¨

úminû ¨ úmaxû ª�ª ¬�«®¨−ä®à¬�â¨¢−ë¥.
‘â�â¨áâ¨ª� Partial Lambda ¯®ª�§ë¢�¥â ®â−®è¥−¨¥ «ï¬¡¤ë “¨«ªá� ¯®á«¥

¤®¡�¢«¥−¨ï ¤�−−®£® ¯à¨§−�ª� ª «ï¬¡¤¥ “¨«ªá� ¤® ¤®¡�¢«¥−¨ï ¤�−−®£® ¯à¨§−�ª�,
¯®íâ®¬ã ç¥¬ ¬¥−ìè¨¬ ®ª�§ë¢�¥âáï §−�ç¥−¨¥ Partial Lambda, â¥¬ æ¥−−¥¥ ¤�−−ë©
¯à¨§−�ª [7].
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�à®£−®§¨à®¢�−¨¥ à�§¢¨â¨ï ¯®§¤−¨å ¯®á«¥®¯¥à�æ¨®−−ëå ®á«®¦−¥−¨©

’�¡«¨æ� 1 ÷¥§ã«ìâ�âë ¤¨áªà¨¬¨−�−â−®£® �−�«¨§� (N = 183 −�¡«î¤¥−¨ï)

�à¨§−�ª Wilks' Lambda Partial Lambda F-remove (3,177) p-level
‘à¥¤−¥¥ 0,947951 0,848535 10,53160 0,000002
„¨á¯¥àá¨ï 0,831367 0,967527 1,98018 0,118652
÷�§¬�å ¢ë¡®àª¨ 0,824294 0,975830 1,46137 0,226742

’�¡«¨æ� 2 ÷¥§ã«ìâ�âë ¤¨áªà¨¬¨−�−â−®£® �−�«¨§� ¯à¨ ª«�áá¨ä¨ª�æ¨¨ −� ¤¢¥ £àã¯¯ë
(N = 183 −�¡«î¤¥−¨ï)

�à¨§−�ª Wilks' Lambda Partial Lambda F-remove (3,177) p-level
‘à¥¤−¥¥ 0,978236 0,861513 28,93466 0,000002
„¨á¯¥àá¨ï 0,851727 0,989475 1,91463 0,168164

’�¡«¨æ� 3 Œ�âà¨æ� ª«�áá¨ä¨ª�æ¨¨

ƒàã¯¯� Percent correct �®à¬�/−®à¬� �®à¬�/¡®«¥−
�®à¬�/−®à¬� 47,94521 35 38
�®à¬�/¡®«¥− 80,00000 22 88
‚á¥£® 67,21311 57 126

‡−�ç¥−¨¥ Partial Lambda (ç�áâ−�ï «ï¬¡¤� “¨«ªá�) ¢ â�¡«. 1 ¤¥¬®−áâà¨àã¥â,
çâ® −�¨¡®«ìè¨© ®¤¨−®ç−ë© ¢ª«�¤ ¢ ¤¨áªà¨¬¨−�æ¨î ¯® £àã¯¯�¬ ¢−®á¨â ¯¥à¥¬¥−-
−�ï ú‘à¥¤−¥¥û. �® à�ááç¨â�−−�ï áâ�â¨áâ¨ª� “¨«ªá� ¬®¤¥«¨ ¡«¨§ª� ª ¥¤¨−¨æ¥,
WILKS' LAMBDA = 0,80437. �â® ®§−�ç�¥â, çâ® −�¡«î¤�¥¬ë¥ áà¥¤−¨¥ §−�ç¥-
−¨ï £àã¯¯ ¡«¨§ª¨ ¬¥¦¤ã á®¡®©.

‘«¥¤®¢�â¥«ì−®, ¬®¦−® á¤¥«�âì ¢ë¢®¤, çâ® á�¬ë¬ ¨−ä®à¬�â¨¢−ë¬ ¨§ ¨¬¥-
îé¨åáï ¯à¨§−�ª®¢ ï¢«ï¥âáï ¯à¨§−�ª ú‘à¥¤−¥¥û, −® ®¤−®£® â�ª®£® ¯à¨§−�ª�
−¥¤®áâ�â®ç−® ¤«ï à�§¤¥«¥−¨ï ¯�æ¨¥−â®¢ −� ¢ëè¥¯¥à¥ç¨á«¥−−ë¥ £àã¯¯ë ¨ ¯®-
áâà®¥−¨¥ ¯à®£−®§®¢. �®«ãç¥−® ®¯à®¢¥à¦¥−¨¥ ¢ë−¥á¥−−®© ¢ëè¥ £¨¯®â¥§ë.

‘ æ¥«ìî ã¢¥«¨ç¥−¨ï â®ç−®áâ¨ ª«�áá¨ä¨ª�æ¨¨ ¡ë«� ¯à¥¤¯à¨−ïâ� ¯®¯ëâª�
á®ªà�â¨âì ç¨á«® £àã¯¯ ¤® ¤¢ãå: −®à¬�/−®à¬� ¨ −®à¬�/¡®«¥− (â�¡«. 2).

�¤−�ª® ¬�âà¨æ� ª«�áá¨ä¨ª�æ¨¨ ¤¥¬®−áâà¨àã¥â −¨§ªãî â®ç−®áâì ª«�áá¨ä¨-
ª�æ¨¨ ¤�¦¥ ¢ íâ®¬ á«ãç�¥ (â�¡«. 3).

4.2 Анализ канонических дискриминантных функций

„�«¥¥ ¡ë« ¯à®¢¥¤¥− �−�«¨§ ª�−®−¨ç¥áª¨å ª®àà¥«ïæ¨©, ª®â®àë¥ ®¯à¥¤¥«ï«¨
¯®á«¥¤®¢�â¥«ì−ë¥ ª�−®−¨ç¥áª¨¥ ª®à−¨ ¨ äã−ªæ¨¨.

�® ¤�−−ë¬ â�¡«. 4, â®«ìª® ¯¥à¢�ï ª�−®−¨ç¥áª�ï ¤¨áªà¨¬¨−�−â−�ï äã−ªæ¨ï
(®áì Root1) ï¢«ï¥âáï áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬®© (p = 0,000012) [8].
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’�¡«¨æ� 4 �æ¥−ª� ª�−®−¨ç¥áª¨å ¤¨áªà¨¬¨−�−â−ëå äã−ªæ¨©

Eigen-value Canonical R Wilks' Lambda Chi-Sqr. df p-level
0,208150 0,415076 0,804370 38,85869 9 0,000012
0,024012 0,153132 0,971800 5,10608 4 0,276585
0,004889 0,069750 0,995135 0,87053 1 0,350810

’�¡«¨æ� 5 Š�−®−¨ç¥áª¨¥ ¤¨áªà¨¬¨−�−â−ë¥ äã−ªæ¨¨

�à¨§−�ª Root 1 Root 2 Root 3
‘à¥¤−¥¥ §−�ç¥−¨¥ −1,15121 −0,08003 0,42738
„¨á¯¥àá¨ï 0,83209 −3,27522 0,01945
÷�§¬�å ¢ë¡®àª¨ −0,48232 3,07749 −1,19630
Eigen value 0,20815 0,02401 0,00489
Cum. Prop 0,87808 0,97938 1,00000

�® à¥§ã«ìâ�â�¬ ¢ â�¡«. 5 ¬®¦−® áª�§�âì, çâ® ¯¥à¢�ï äã−ªæ¨ï −�¨¡®«¥¥
ú−�£àã¦¥−�û â�ª¨¬¨ §−�ç¥−¨ï¬¨, ª�ª ú‘à¥¤−¥¥ §−�ç¥−¨¥û ¨ ú„¨á¯¥àá¨ïû,
¢â®à�ï äã−ªæ¨ï | §−�ç¥−¨ï¬¨ ú„¨á¯¥àá¨ïû ¨ ú÷�§¬�å ¢ë¡®àª¨û, � âà¥âìï |
§−�ç¥−¨ï¬¨ ú÷�§¬�å ¢ë¡®àª¨û ¨ ú‘à¥¤−¥¥ §−�ç¥−¨¥û.

‡−�ç¥−¨¥ Cum. Prop (−�ª®¯«¥−−ë© ¯à®æ¥−â) ãª�§ë¢�¥â −� â®, çâ® ¯¥à¢�ï
¤¨áªà¨¬¨−�−â−�ï äã−ªæ¨ï ãç¨âë¢�¥â 88% ¢á¥© ¤¨áªà¨¬¨−¨àãîé¥© ¬®é−®áâ¨,
¢â®à�ï | 10%, � âà¥âìï | 2%.

�� à¨á. 1{3 ¤�−ë £à�ä¨ç¥áª¨¥ ¯à¥¤áâ�¢«¥−¨ï à�§¤¥«¥−¨ï ®¡ê¥ªâ®¢ ¢ ¯à®-
áâà�−áâ¢¥ ¯�àë ª�−®−¨ç¥áª¨å «¨−¥©−ëå ¤¨áªà¨¬¨−�−â−ëå äã−ªæ¨©.

÷¨á. 1 „¨�£à�¬¬� à�áá¥¨¢�−¨ï ¤«ï ¯¥à-
¢®© ¨ ¢â®à®© äã−ªæ¨¨: 1 | −®à¬�/−®à¬�;
2 | −®à¬�/‘„; 3 | −®à¬�/�’ƒ; 4 |
‘„/‘„

÷¨á. 2 „¨�£à�¬¬� à�áá¥¨¢�−¨ï ¤«ï ¯¥à¢®©
¨ âà¥âì¥© äã−ªæ¨¨: 1 | −®à¬�/−®à¬�;
2 | −®à¬�/‘„; 3 | −®à¬�/�’ƒ; 4 |
‘„/‘„
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�à®£−®§¨à®¢�−¨¥ à�§¢¨â¨ï ¯®§¤−¨å ¯®á«¥®¯¥à�æ¨®−−ëå ®á«®¦−¥−¨©

�� à¨áã−ª�å ¢¨¤−®, çâ® ú®¡«�-

÷¨á. 3 „¨�£à�¬¬� à�áá¥¨¢�−¨ï ¤«ï ¢â®à®©
¨ âà¥âì¥© äã−ªæ¨¨: 1 | −®à¬�/−®à¬�; 2 |
−®à¬�/‘„; 3 | −®à¬�/�’ƒ; 4 | ‘„/‘„

ª� â®ç¥ªû ª�¦¤®© ¨§ £àã¯¯ á¨«ì−®
¯¥à¥ªàë¢�îâáï. �â® ®§−�ç�¥â, çâ®
¯�æ¨¥−âë á«�¡® ¤¨áªà¨¬¨−¨àãîâ-
áï −� £àã¯¯ë −®à¬�/−®à¬�, −®à-
¬�/‘„, −®à¬�/�’ƒ ¨ ‘„/‘„
¯® â�ª¨¬ ¯à¨§−�ª�¬, ª�ª áà¥¤−¨©
ãà®¢¥−ì £«îª®§ë ¢ ªà®¢¨ ¯®á«¥
®¯¥à�æ¨¨, ¬�ªá¨¬�«ì−ë© ¨ ¬¨−¨-
¬�«ì−ë© ãà®¢¥−ì, � â�ª¦¥ à�§¬�å
¨ ¤¨á¯¥àá¨ï ¬¥¦¤ã íâ¨¬¨ §−�ç¥−¨-
ï¬¨.

4.3 Коэффициент частной
и множественной корреляции

�®ª�§�â¥«ì ¬−®¦¥áâ¢¥−−®© ª®àà¥«ïæ¨¨ å�à�ªâ¥à¨§ã¥â â¥á−®âã á¢ï§¨ à�áá¬�â-
à¨¢�¥¬®£® −�¡®à� ä�ªâ®à®¢ á ¨áá«¥¤ã¥¬ë¬ ¯à¨§−�ª®¬, ¨«¨, ¨−�ç¥, ®æ¥−¨¢�¥â
â¥á−®âã á®¢¬¥áâ−®£® ¢«¨ï−¨ï ä�ªâ®à®¢ −� à¥§ã«ìâ�â.

‚¢¥¤¥¬ äã−ªæ¨î-¨−¤¨ª�â®à, ª®â®à�ï ¯à¨−¨¬�¥â á«¥¤ãîé¨¥ §−�ç¥−¨ï ¢ §�-
¢¨á¨¬®áâ¨ ®â £àã¯¯ë ¯�æ¨¥−â®¢: ¤«ï £àã¯¯ë −®à¬�/−®à¬� | 1; ¤«ï £àã¯¯
−®à¬�/�’ƒ ¨ −®à¬�/‘„ | −1; ¤«ï £àã¯¯ë ‘„/‘„ | 0. ‚ ¤�«ì−¥©è¥¬
§−�ç¥−¨ï íâ®© äã−ªæ¨¨ ¡ã¤¥¬ −�§ë¢�âì á®áâ®ï−¨ï¬¨.

’®£¤� ¤«ï ¯¥à¥¬¥−−ëå ú‘®áâ®ï−¨¥û, ú„¨á¯¥àá¨ïû, ú‘à¥¤−¥¥ §−�ç¥−¨¥û
¨ ú÷�§¬�åû, ¯®¤áç¨â�−−ëå ¯® ¢á¥© ¢ë¡®àª¥ ¯�æ¨¥−â®¢, ¯®áâà®¨¬ ¬�âà¨æã ¯�à−ëå
ª®íää¨æ¨¥−â®¢ ª®àà¥«ïæ¨¨ (â�¡«. 6).

‚ ®¡é¥¬ ¢¨¤¥ ä®à¬ã«� ¤«ï ¯®¤áç¥â� ª®íää¨æ¨¥−â� ª®àà¥«ïæ¨¨ â�ª®¢�:

rxy =

∑
(xi − xi)(yi − yi)

√∑
(xi − xi)2

∑
(yi − yi)2

,

£¤¥ xi | §−�ç¥−¨ï, ¯à¨−¨¬�¥¬ë¥ ¯¥à¥¬¥−−®© X; yi | §−�ç¥−¨ï, ¯à¨−¨¬�¥¬ë¥
¯¥à¥¬¥−−®© Y ; xi | áà¥¤−¥¥ ¯® X; yi | áà¥¤−¥¥ ¯® Y .

’�¡«¨æ� 6 Œ�âà¨æ� ¯�à−ëå ª®íää¨æ¨¥−â®¢ ª®àà¥«ïæ¨¨

�à¨§−�ª ‘®áâ®ï−¨¥ „¨á¯¥àá¨ï
‘à¥¤−¥¥
§−�ç¥−¨¥ ÷�§¬�å

‘®áâ®ï−¨¥ 1 −0,159067658 −0,36800167 −0,184964345
„¨á¯¥àá¨ï −0,159067658 1 0,6079 0,9533
‘à¥¤−¥¥ §−�ç¥−¨¥ −0,368 0,6079 1 0,6050
÷�§¬�å −0,1849 0,9533 0,6050 1
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‚ëç¨á«¨¬ ®¯à¥¤¥«¨â¥«ì ¬�âà¨æë ª®àà¥«ïæ¨¨

A =

∣∣∣∣∣∣∣

1 −0,159 −0,368 −0,184
−0,159 1 0,608 0,953
−0,368 0,608 1 0,605
−0,185 0,953 0,605 1

∣∣∣∣∣∣∣

¯® ä®à¬ã«¥:

det(A) =
n∑

j=1

(−1)1+ja1jM
−1
j ,

£¤¥ M−1
j | ¤®¯®«−¨â¥«ì−ë© ¬¨−®à ª í«¥¬¥−âã a1j.

ˆâ�ª, det (A) = −1,07517 · 10−17. Œ¨−®à M11 = −1,26135 · 10−17.
’®£¤� ª®íää¨æ¨¥−â ¬−®¦¥áâ¢¥−−®© ª®àà¥«ïæ¨¨ ¬®¦−® à�ááç¨â�âì ¯® ä®à-

¬ã«¥:

ρ =

√

1− det (A)
M11

= 0,384195532 .

ƒà�−¨æë ¨§¬¥−¥−¨ï ª®íää¨æ¨¥−â� ¬−®¦¥áâ¢¥−−®© ª®àà¥«ïæ¨¨ | ®â 0 ¤® 1.
—¥¬ ¡«¨¦¥ ¥£® §−�ç¥−¨¥ ª 1, â¥¬ â¥á−¥¥ á¢ï§ì ¨§ãç�¥¬®£® ¯à¨§−�ª� á® ¢á¥¬
−�¡®à®¬ ä�ªâ®à®¢.

�à®¢¥àª� áâ�â¨áâ¨ç¥áª®© §−�ç¨¬®áâ¨ ρ ®áãé¥áâ¢«ï¥âáï −� ®á−®¢¥ ªà¨â¥à¨ï
”¨è¥à�:

Fobservation =
n− k − 1

k

ρ2

1− ρ2
= 7,749 ,

£¤¥ ρ2 | ª¢�¤à�â ¬−®¦¥áâ¢¥−−®£® ª®íää¨æ¨¥−â� ª®àà¥«ïæ¨¨; n| ç¨á«® −�¡«î-
¤¥−¨©; k | ç¨á«® ä�ªâ®à®¢, ¢«¨ï−¨¥ ª®â®àëå ¨§ãç�¥âáï.

�® â�¡«¨æ¥ §−�ç¥−¨© F ªà¨â¥à¨ï ”¨è¥à� ¤«ï ãà®¢−ï §−�ç¨¬®áâ¨ α =
= 0,01 ¨ ç¨á«� áâ¥¯¥−¥© á¢®¡®¤ë m1 = 4 ¨ m2 = 179 −�å®¤¨¬ Fcritical = 2,76.
’�ª¨¬ ®¡à�§®¬, Fobservation > Fcritical; á«¥¤®¢�â¥«ì−®, ¯®«ãç¥−−ë© ª®íää¨æ¨¥−â
¬−®¦¥áâ¢¥−−®© ª®àà¥«ïæ¨¨ ï¢«ï¥âáï áâ�â¨áâ¨ç¥áª¨ §−�ç¨¬ë¬.

�æ¥−¨¬ áâ¥¯¥−ì á¢ï§¨ ¯à¨§−�ª� ú‘®áâ®ï−¨¥û á ä�ªâ®à®¬ ú‘à¥¤−¥¥ §−�ç¥−¨¥û
¯à¨ ¨áª«îç¥−¨¨ ¢«¨ï−¨ï ¢á¥å ¯à®ç¨å ä�ªâ®à®¢. „«ï íâ®£® à�ááç¨â�¥¬ ç�áâ−ë¥
ª®íää¨æ¨¥−âë ª®àà¥«ïæ¨¨.

÷�áç¥â ç�áâ−ëå ª®íää¨æ¨¥−â®¢ ª®àà¥«ïæ¨¨ ¬®¦¥â ®áãé¥áâ¢«ïâìáï −� ®á−®¢¥
�«£¥¡à�¨ç¥áª¨å ¤®¯®«−¥−¨©:

r =
−D12√
D11D22

,

£¤¥D11,D12 ¨D22| �«£¥¡à�¨ç¥áª¨¥ ¤®¯®«−¥−¨ï á®®â¢¥âáâ¢¥−−® ª í«¥¬¥−â�¬ r11,
r12 ¨ r22 ª®àà¥«ïæ¨®−−®© ¬�âà¨æë. �à¥¤¥«ë ¨§¬¥−¥−¨ï ç�áâ−ëå ª®íää¨æ¨¥−â®¢
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�à®£−®§¨à®¢�−¨¥ à�§¢¨â¨ï ¯®§¤−¨å ¯®á«¥®¯¥à�æ¨®−−ëå ®á«®¦−¥−¨©

ª®àà¥«ïæ¨¨ −1 < rpartial < 1 ¨ ¨å ¨−â¥à¯à¥â�æ¨© â�ª�ï ¦¥, ª�ª ¨ ã ¯�à−ëå
ª®íää¨æ¨¥−â®¢ ª®àà¥«ïæ¨¨.

’®£¤� r (¢«¨ï−¨¥ áà¥¤−¥£® §−�ç¥−¨ï −� á®áâ®ï−¨¥ ¡¥§ ãç¥â� ¢«¨ï−¨ï ¤¨á¯¥àá¨¨
¨ à�§¬�å�) à�¢−® 0,0000000028.

�à®¢¥àª� áâ�â¨áâ¨ç¥áª®© §−�ç¨¬®áâ¨ ç�áâ−ëå ª®íää¨æ¨¥−â®¢ ª®àà¥«ïæ¨¨
®áãé¥áâ¢«ï¥âáï −� ®á−®¢¥ t-ªà¨â¥à¨ï:

tobservation =
rpartial

√
n− 2− l√

1− r2partial

,

£¤¥ (n− 2− l)| ç¨á«® áâ¥¯¥−¥© á¢®¡®¤ë; l | ç¨á«® ä�ªâ®à®¢, ¢«¨ï−¨¥ ª®â®àëå
¨áª«îç�¥âáï; n | ®¡ê¥¬ ¢ë¡®àª¨.

’�ª¨¬ ®¡à�§®¬, tobservation = 0,000000037, tcritical(0,05, 178) = 1,972. ‘«¥-
¤®¢�â¥«ì−®, tobservation < tcritical, � íâ® ®§−�ç�¥â, çâ® ¯®«ãç¥−−ë© ¯®ª�§�â¥«ì −¥
ï¢«ï¥âáï §−�ç¨¬ë¬ −� 5%-−®¬ ãà®¢−¥.

‚ ¨â®£¥ ¯®«ãç¥−® ®¯à®¢¥à¦¥−¨¥ £¨¯®â¥§ë ® ¢«¨ï−¨¨ áà¥¤−¥£® §−�ç¥−¨ï −�
¢®§−¨ª−®¢¥−¨¥ ¢®§¬®¦−ëå ¯®á«¥®¯¥à�æ¨®−−ëå ®á«®¦−¥−¨©.

5 Заключение

‚ ¤�−−®© à�¡®â¥ ¡ë«� ¯®¤à®¡−® ¯à®�−�«¨§¨à®¢�−� ¢®§¬®¦−�ï ¢§�¨¬®á¢ï§ì
¬¥¦¤ã ãà®¢−¥¬ £«¨ª¥¬¨¨ ¨ ¯®á«¥®¯¥à�æ¨®−−ë¬¨ ®á«®¦−¥−¨ï¬¨. ‚ ª�ç¥áâ¢¥
¨−áâàã¬¥−â� ¨áá«¥¤®¢�−¨ï ¡ë« ¨á¯®«ì§®¢�− ¯�ª¥â ¯à®£à�¬¬ STATISTICA.

‚ à¥§ã«ìâ�â¥ ¨áá«¥¤®¢�−¨ï ¡ë«® ¤�−® ®¯à®¢¥à¦¥−¨¥ á«¥¤ãîé¥© £¨¯®â¥§ë:
áà¥¤−¨© ãà®¢¥−ì £«¨ª¥¬¨¨ ¢ à�−−¥¬ ¯®á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥ ¨¬¥¥â à¥è�îé¥¥
§−�ç¥−¨¥ ¤«ï ¯à®£−®§¨à®¢�−¨ï −�àãè¥−¨© ã£«¥¢®¤−®£® ®¡¬¥−� ¢ ®â¤�«¥−−®¬ ¯®-
á«¥®¯¥à�æ¨®−−®¬ ¯¥à¨®¤¥. �â® −¥ ®§−�ç�¥â, çâ® ¯®¤®¡−ë¥ ¯à®£−®§ë −¥¢®§¬®¦−ë.
‚ ¯¥àá¯¥ªâ¨¢¥ −¥®¡å®¤¨¬® ®¯à¥¤¥«¨âì −¥ ®¤¨−, � −�¡®à ¤¨áªà¨¬¨−¨àãîé¨å
¯à¨§−�ª®¢, ¢ ª®â®àë© ¬®¦¥â ¢®©â¨ ¨ áà¥¤−¨© ãà®¢¥−ì £«¨ª¥¬¨¨.

‚ëà�¦�¥¬ ¨áªà¥−−îî ¡«�£®¤�à−®áâì §� íªá¯¥à¨¬¥−â�«ì−ë¥ ¬�â¥à¨�«ë,
¯à¥¤®áâ�¢«¥−−ë¥ ˆ−áâ¨âãâ®¬ å¨àãà£¨¨ ¨¬¥−¨ �. ‚. ‚¨è−¥¢áª®£®.
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PREDICTION OF LATE POSTOPERATIVE COMPLICATIONS
BASED ON THE RESULTS OF DISCRIMINANT

AND CORRELATION ANALYSES OF THE EARLY POSTOPERATIVE
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Abstract: The application of the statistical methods for multidimensional
observations classification, including discriminant analysis and data correlation
analysis which make it possible to evaluate the strength of the factors' joint
influence on the result, is considered. The main task is to predict complications
development among patients, who underwent pancreas surgery. The research
hypothesis suggests that the average early postoperative blood glucose level is
of a crucial value for predicting carbohydrate metabolism disorders in the late
postoperative period. The considered solution is based on a set of predictors
(variables) associated with the blood glucose level, i. e., variance, sample size,
mean, maximum, and minimum. The results of the discriminant analysis,
performed using the STATISTICA software package on the basis of the available
experimental data, do not confirm the research hypothesis.

Keywords: Lambda Wilks; data sample; sample variance; range; discriminant
analysis
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ПОРОЖДЕНИЕ ЭКСПЕРТНО-ИНТЕРПРЕТИРУЕМЫХ
МОДЕЛЕЙ ДЛЯ ПРОГНОЗА ПРОНИЦАЕМОСТИ

ГОРНОЙ ПОРОДЫ∗

А. М. Бочкарев1, И. Л. Софронов2, В. В. Стрижов3

�−−®â�æ¨ï: �à¥¤«®¦¥− �«£®à¨â¬ ¯®áâà®¥−¨ï ª®¬¡¨−¨à®¢�−−®© ¯à¥¤áª�§�-
â¥«ì−®© ¬®¤¥«¨ ¤«ï ¯®à®¢®© ¯à®−¨æ�¥¬®áâ¨ £®à−®© ¯®à®¤ë. ˆáå®¤−ë¬¨
ï¢«ïîâáï ª¥à−®¢ë¥ ¤�−−ë¥ ¯®à¨áâ®áâ¨, ¯«®â−®áâ¨ ¨ ¤àã£¨å á¢®©áâ¢ ¯®à®¤ë.
Œ®¤¥«ì ¨á¯®«ì§ã¥â á¨¬¢®«ì−ãî à¥£à¥áá¨î ¤«ï ¯®à®¦¤¥−¨ï áã¯¥à¯®§¨æ¨©
¨áå®¤−ëå íªá¯¥àâ−®-§�¤�−−ëå äã−ªæ¨© ¨ §�â¥¬ −¥©à®−−ãî á¥âì á íâ¨¬¨
áã¯¥à¯®§¨æ¨ï¬¨-¯à¨§−�ª�¬¨. ‚ëç¨á«¨â¥«ì−ë© íªá¯¥à¨¬¥−â ¤«ï ®æ¥−ª¨ íä-
ä¥ªâ¨¢−®áâ¨ ¬®¤¥«¨ ¯®áâ�¢«¥− −¥ â®«ìª® −� ¤�−−ëå ¨§¬¥à¥−¨© ª¥à−�, −® ¨ −�
¤àã£¨å â¨¯�å ¤�−−ëå ¨§ ®âªàëâëå ¡�§ �íà®- ¨ £¨¤à®¤¨−�¬¨ç¥áª¨å ¨§¬¥à¥−¨©.
’�ª¦¥ ¢ë¯®«−¥−® áà�¢−¥−¨¥ á âà�¤¨æ¨®−−ë¬¨ ¬®¤¥«ï¬¨, â�ª¨¬¨ ª�ª −¥©à®−-
−�ï á¥âì, Lasso-à¥£à¥áá¨ï, Support Vector Regression (SVR) ¨ £à�¤¨¥−â−ë©
¡ãáâ¨−£.

Š«îç¥¢ë¥ á«®¢�: ¯à®£−®§; ¯®à®¢�ï ¯à®−¨æ�¥¬®áâì; ¯®à®¦¤¥−¨¥ áã¯¥à¯®-
§¨æ¨©; á¨¬¢®«ì−�ï à¥£à¥áá¨ï; −¥©à®−−�ï á¥âì; SVR; Lasso; £à�¤¨¥−â−ë©
¡ãáâ¨−£
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1 Введение

�¤−¨¬ ¨§ ª«îç¥¢ëå ä¨§¨ç¥áª¨å á¢®©áâ¢ ¯®à®¤ë ï¢«ï¥âáï ¯®à®¢�ï ¯à®−¨æ�-
¥¬®áâì [1], å�à�ªâ¥à¨§ãîé�ï ¥¥ ä¨«ìâà�æ¨®−−ë¥ á¢®©áâ¢�. „«ï −¥¯®áà¥¤áâ¢¥−-
−®£® ¨§¬¥à¥−¨ï ¯à®−¨æ�¥¬®áâ¨ ¨á¯®«ì§ãîâáï ¨§¢«¥ç¥−−ë¥ ¨§ áª¢�¦¨−ë ®¡à�§æë
£®à−®© ¯®à®¤ë | ª¥à−.

‚ à�¡®â¥ à�áá¬�âà¨¢�¥âáï §�¤�ç� à�§à�¡®âª¨ ¬®¤¥«¨ ¤«ï ¯à®£−®§� ¯®à®¢®©
¯à®−¨æ�¥¬®áâ¨ £®à−®© ¯®à®¤ë −� ®á−®¢¥ ¨§¬¥à¥−¨© ¤àã£¨å ä¨§¨ç¥áª¨å á¢®©áâ¢.
ˆ¬¥¥âáï ¤®áâ�â®ç−® ¬−®£® ¯ã¡«¨ª�æ¨© ¯® à�§«¨ç−ë¬ ¯®¤å®¤�¬ ¨ à¥§ã«ìâ�â�¬
¯®áâà®¥−¨ï â�ª¨å ¬®¤¥«¥©. ‚ [2, 3] ¬®¤¥«ìî ¤«ï ¯à¥¤áª�§�−¨ï ¯à®−¨æ�¥¬®áâ¨
á«ã¦¨â «¨−¥©−�ï à¥£à¥áá¨ï. ‚ [4,5] ¯®ª�§�−® ã«ãçè¥−¨¥ ª�ç¥áâ¢� ¢®ááâ�−®¢«¥−¨ï
¯à®−¨æ�¥¬®áâ¨ ¯à¨ ¯à¥¤®¡à�¡®âª¥ ¤�−−ëå ¨ ®â¡®à¥ ¯à¨§−�ª®¢. ‚ [6] ¤«ï ¢®á-
áâ�−®¢«¥−¨ï ¯à®−¨æ�¥¬®áâ¨ ¯à¥¤«®¦¥−® ¨á¯®«ì§®¢�âì ¡�©¥á®¢áª®¥ ãáà¥¤−¥−¨¥

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 16-07-0155) ¨ ÷�” (¯à®¥ªâ 15-11-00015).
1Œ®áª®¢áª¨© ä¨§¨ª®-â¥å−¨ç¥áª¨© ¨−áâ¨âãâ, artem.bochkarev@phystech.edu
2Œ®áª®¢áª¨© ä¨§¨ª®-â¥å−¨ç¥áª¨© ¨−áâ¨âãâ, ISofronov@slb.com
3‚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, strijov@ccas.ru
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�®à®¦¤¥−¨¥ íªá¯¥àâ−®-¨−â¥à¯à¥â¨àã¥¬ëå ¬®¤¥«¥© ¤«ï ¯à®£−®§� ¯à®−¨æ�¥¬®áâ¨ ¯®à®¤ë

¬®¤¥«¥©; ¯à®¢¥¤¥−® áà�¢−¥−¨¥ íâ®£® ¬¥â®¤� á Lasso-à¥£à¥áá¨¥© [7]. ’�ª¦¥ ¤«ï à¥-
è¥−¨ï §�¤�ç¨ ¯à®£−®§¨à®¢�−¨ï ¯à®−¨æ�¥¬®áâ¨ ¨á¯®«ì§ãîâáï −¥¯�à�¬¥âà¨ç¥áª�ï
à¥£à¥áá¨ï [8] ¨ �«£®à¨â¬ SVR [9]. �à¨¬¥−¥−¨¥ à�§«¨ç−ëå, ¢ â®¬ ç¨á«¥ à¥ªãà-
à¥−â−ëå, −¥©à®−−ëå á¥â¥© ¢ ª�ç¥áâ¢¥ ¬®¤¥«¥© ¤«ï ¢ëç¨á«¥−¨ï ¯à®−¨æ�¥¬®áâ¨
à�áá¬®âà¥−® ¢ [10{13].

‚ ¤�−−®© à�¡®â¥ ¯à¥¤«�£�¥âáï ¨á¯®«ì§®¢�âì ª®¬¡¨−�æ¨î ¬®¤¥«¥© á¨¬¢®«ì−®©
à¥£à¥áá¨¨ [14] ¨ −¥©à®−−®© á¥â¨ á æ¥«ìî ¤®áâ¨¦¥−¨ï ¬�ªá¨¬�«ì−®© â®ç−®áâ¨
¯à®£−®§� ¯à¨ ®¤−®¢à¥¬¥−−®¬ ã¬¥−ìè¥−¨¨ ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨. Œ¥â®¤
á¨¬¢®«ì−®© à¥£à¥áá¨¨ §�ª«îç�¥âáï ¢ −�å®¦¤¥−¨¨ ª�ª ¬®¦−® ¡®«¥¥ â®ç−®© ¨ ¯à®-
áâ®© áã¯¥à¯®§¨æ¨¨ ¯à¨§−�ª®¢ ¯à¨ ®£®¢®à¥−−ëå ®£à�−¨ç¥−¨ïå −� ¥¥ ¬�ªá¨¬�«ì-
−ãî á«®¦−®áâì. Š�¦¤�ï áã¯¥à¯®§¨æ¨ï £¥−¥à¨àã¥âáï ¯à¨ ¯®¬®é¨ £à�¬¬�â¨ª¨
¯®à®¦¤¥−¨ï äã−ªæ¨© −� ®á−®¢¥ í«¥¬¥−â�à−ëå ä®à¬ã« ¨ ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥
¤¥à¥¢�, ¯® ª®â®à®¬ã ¢®ááâ�−�¢«¨¢�¥âáï ª®−¥ç−�ï ä®à¬ã«�. �à¨ íâ®¬ ¬®¤¥«ì
¬®¦¥â ®ª�§�âìáï íªá¯¥àâ−®-¨−â¥à¯à¥â¨àã¥¬®©, â. ¥. ¥¥ ¢¨¤ ¨ á¢®©áâ¢� ¤®¯ãáª�îâ
ä¨§¨ç¥áªãî ¨−â¥à¯à¥â�æ¨î.

�� ¯¥à¢®¬ íâ�¯¥ ¯®áâà®¥−¨ï ª®¬¡¨−¨à®¢�−−®© ¬®¤¥«¨ ®âëáª¨¢�îâáï −¥-
áª®«ìª® «ãçè¨å áã¯¥à¯®§¨æ¨© ¨áå®¤−ëå ¯à¨§−�ª®¢. „«ï íâ®£® ¨á¯®«ì§ã¥âáï
£¥−¥â¨ç¥áª¨© �«£®à¨â¬. �� ¢â®à®¬ íâ�¯¥ áâà®¨âáï −¥©à®−−�ï á¥âì á ®¤−¨¬
áªàëâë¬ á«®¥¬, −� ¢å®¤ ª®â®à®© ¯®¤�îâáï ¯®«ãç¥−−ë¥ áã¯¥à¯®§¨æ¨¨.

„«ï ¯à®¢¥àª¨ â®ç−®áâ¨ ¨ ®æ¥−ª¨ íää¥ªâ¨¢−®áâ¨ �«£®à¨â¬� ¨á¯®«ì§ã¥âáï
ªà®áá-¢�«¨¤�æ¨ï. �à¥¤«®¦¥−−�ï ¬®¤¥«ì â¥áâ¨àã¥âáï −� ç¥âëà¥å à�§«¨ç−ëå
â¨¯�å à¥�«ì−ëå ä¨§¨ç¥áª¨å ¨§¬¥à¥−¨©: ¤�−−ë¥ ¨áá«¥¤®¢�−¨ï ª¥à−� ¨ ¤�−-
−ë¥ [15{17] ¨§ ¤àã£¨å ¨−¦¥−¥à−ëå ¯à¨«®¦¥−¨©. ‚ íªá¯¥à¨¬¥−â�å áà�¢−¨¢�¥âáï
â®ç−®áâì à�¡®âë ª®¬¡¨−¨à®¢�−−®© ¬®¤¥«¨ ¨ ®¡ëç−®© −¥©à®á¥â¨ á ®¤−¨¬ áªàëâë¬
á«®¥¬. ’�ª¦¥ ¯à®¢¥¤¥−® áà�¢−¥−¨¥ á ¬®¤¥«ï¬¨, ¯®áâà®¥−−ë¬¨ ¯® ¬¥â®¤�¬ Lasso,
SVM (support vector machine), £à�¤¨¥−â−®£® ¡ãáâ¨−£� [18]. �®¬¨¬® ã¬¥−ìè¥−¨ï
ç¨á«� −¥©à®−®¢ áªàëâ®£® á«®ï, −ã¦−ëå ¤«ï ¤®áâ¨¦¥−¨ï ®¤−®© ¨ â®© ¦¥ â®ç−®áâ¨,
−�¡«î¤�¥âáï ãáâ®©ç¨¢®¥ ã«ãçè¥−¨¥ ¬�ªá¨¬�«ì−®© â®ç−®áâ¨ ¯à¨ ¨á¯®«ì§®¢�−¨¨
ª®¬¡¨−¨à®¢�−−®© ¬®¤¥«¨.

2 Постановка задачи аппроксимации выборки

‡�¤�−� ¢ë¡®àª� D = {(xi, yi)}m
i=1,xi ∈ Rn, yi ∈ R. �¥®¡å®¤¨¬® −�©â¨

äã−ªæ¨î f : Rn → R ¨§ á¥¬¥©áâ¢� ¬®¤¥«¥© F, ã¤®¢«¥â¢®àïîéãî ¬¨−¨¬ã¬ã
§�¤�−−®© äã−ªæ¨¨ ¯®â¥àì Q:

f∗ = argmin
f∈F

Q(f,D) , (1)

£¤¥

Q =

√√√√
m∑

i=1

(yi − f (xi))
2 . (2)

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017 75



�. Œ. �®çª�à¥¢, ˆ. ‹. ‘®äà®−®¢, ‚. ‚. ‘âà¨¦®¢

‡�¤�ç� á¨¬¢®«ì−®© à¥£à¥áá¨¨. ˆéãâáï ¢á¥¢®§¬®¦−ë¥ ¤®¯ãáâ¨¬ë¥ áã¯¥à-
¯®§¨æ¨¨ íªá¯¥àâ−®-§�¤�−−ëå äã−ªæ¨© −�¤ £à�¬¬�â¨ª®© G:

B(g, g)|U(g)|S ,

£¤¥ B | ¬−®¦¥áâ¢® ¡¨−�à−ëå ®¯¥à�æ¨© {+,−, ∗, /}; U | ¬−®¦¥áâ¢® ã−�à−ëå
®¯¥à�æ¨© {ln, xα, exp}; S | ¬−®¦¥áâ¢® ¨áå®¤−ëå ¯¥à¥¬¥−−ëå. „®¯ãáâ¨¬®©
−�§®¢¥¬ áã¯¥à¯®§¨æ¨î, ã¤®¢«¥â¢®àïîéãî á«¥¤ãîé¨¬ âà¥¡®¢�−¨ï¬:

(1) í«¥¬¥−â�¬¨ ¬®£ãâ ï¢«ïâìáï â®«ìª® ¯®à®¦¤�îé¨¥ äã−ªæ¨¨ g ¨ á¢®¡®¤−ë¥
¯¥à¥¬¥−−ë¥;

(2) ç¨á«® �à£ã¬¥−â®¢ í«¥¬¥−â� áã¯¥à¯®§¨æ¨¨ à�¢−® ç¨á«ã �à£ã¬¥−â®¢ ¨á¯®«ì-
§ã¥¬®© äã−ªæ¨¨;

(3) ¯®àï¤®ª �à£ã¬¥−â®¢ á®®â¢¥âáâ¢ã¥â ¯®àï¤ªã �à£ã¬¥−â®¢ äã−ªæ¨¨;

(4) ®¡«�áâì ®¯à¥¤¥«¥−¨ï á«¥¤ãîé¥© äã−ªæ¨¨ ¢ áã¯¥à¯®§¨æ¨¨ ¢ª«îç�¥â ¢ á¥¡ï
®¡«�áâì §−�ç¥−¨© â¥ªãé¥©.

Š�¦¤®© áã¯¥à¯®§¨æ¨¨ f á®¯®áâ�¢«ï¥âáï ¤¥-

÷¨á. 1 �à¨¬¥à ¤¥à¥¢� áã¯¥à¯®-
§¨æ¨¨ f = ex + x ln x

à¥¢® áã¯¥à¯®§¨æ¨¨ •f . Š�¦¤®© í«¥¬¥−â�à−®©
äã−ªæ¨¨ á®¯®áâ�¢«ï¥âáï ¢−ãâà¥−−ïï ¢¥àè¨−�,
� ª�¦¤®© −¥§�¢¨á¨¬®© ¯¥à¥¬¥−−®© á®¯®áâ�¢«ï-
¥âáï «¨áâ ¢ ¤¥à¥¢¥ (à¨á. 1). ƒ«ã¡¨−®© ¤¥à¥¢�
áã¯¥à¯®§¨æ¨¨ áç¨â�¥âáï ¤«¨−� á�¬®£® ¤«¨−−®£®
¯ãâ¨ ®â ª®à−ï ¤® «¨áâ� ¤¥à¥¢�. ‡�¤�ç� −�-
å®¦¤¥−¨ï ®¯â¨¬�«ì−®£® ¤¥à¥¢� áã¯¥à¯®§¨æ¨¨
áâ�¢¨âáï ¢ ¢¨¤¥ §�¤�ç¨ (1), £¤¥ F | ¬−®¦¥-
áâ¢® ¢á¥å ¤®¯ãáâ¨¬ëå áã¯¥à¯®§¨æ¨©, ¨¬¥îé¨å
£«ã¡¨−ã −¥ ¢ëè¥ §�¤�−−®© ª®−áâ�−âë k.

„¥à¥¢® áã¯¥à¯®§¨æ¨¨ ¯à¥¤áâ�¢«ï¥âáï ¢ ¢¨¤¥
¬�âà¨æë á¬¥¦−®áâ¨. �®¨áª £à�ä�, ¬¨−¨¬¨§¨-
àãîé¥£® äã−ªæ¨î ¯®â¥àì, ï¢«ï¥âáï NP-á«®¦-
−®© §�¤�ç¥© [19], ¯®íâ®¬ã ¯à¥¤«�£�¥âáï ¯à¨¡«¨-
¦¥−−®¥ à¥è¥−¨¥, §�ª«îç�îé¥¥áï ¢ ¯®áâà®¥−¨¨

¨áª®¬®£® ¤¥à¥¢� ¢ à¥§ã«ìâ�â¥ ¯®¨áª� £¥−¥â¨ç¥áª¨¬ �«£®à¨â¬®¬. ��ç�«ì−�ï
¯®¯ã«ïæ¨ï ¤®¯ãáâ¨¬ëå ¬®¤¥«¥© á®§¤�¥âáï á«ãç�©−ë¬ ®¡à�§®¬.

�à¨ ¨á¯®«ì§®¢�−¨¨ £¥−¥â¨ç¥áª®£® �«£®à¨â¬� ¢®§¬®¦−® §�áâà¥¢�−¨¥ ¢ «®ª�«ì-
−ëå ¬¨−¨¬ã¬�å äã−ªæ¨¨ ¯®â¥àì, ¯®íâ®¬ã ¢® ¢à¥¬ï ¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−-
â� ¨á¯®«ì§ã¥âáï ¬ã«ìâ¨áâ�àâ (�«£®à¨â¬ §�¯ãáª�¥âáï −¥áª®«ìª® à�§ ¨ ¢ë¡¨à�¥âáï
−�¨«ãçè�ï ¬®¤¥«ì).

Š®¬¡¨−�æ¨ï á¨¬¢®«ì−®© à¥£à¥áá¨¨ ¨ −¥©à®−−®© á¥â¨. „«ï ¯®¢ëè¥−¨ï
ª�ç¥áâ¢� ¯à®£−®§� áâà®¨âáï −¥©à®á¥âì, ¨¬¥îé�ï ¢ ª�ç¥áâ¢¥ −¥©à®−®¢ ¢å®¤−®£®
á«®ï áã¯¥à¯®§¨æ¨¨ ¯à¨§−�ª®¢, ¯®«ãç¥−−ë¥ ¯à¨ ¯®¬®é¨ ¯à¥¤áâ�¢«¥−−®£® ¢ëè¥
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ƒ¥−¥â¨ç¥áª¨© �«£®à¨â¬ ¯®áâà®¥−¨ï áã¯¥à¯®§¨æ¨©

1: while −¥ ¤®áâ¨£−ãâ� âà¥¡ã¥¬�ï â®ç−®áâì do
2: ˆ§ ¬−®¦¥áâ¢�F ¢ë¡¨à�¥âáï −¥ª®â®à®¥ ¯®¤¬−®¦¥áâ¢® ¬®¤¥«¥©, «ãçè¨å ¢ á¬ëá«¥

äã−ªæ¨®−�«� (2).
3: „¢¥ á«ãç�©−® ¢ë¡à�−−ë¥ ¬®¤¥«¨ ¬¥−ïîâáï á«ãç�©−ë¬¨ ¯®¤¤¥à¥¢ìï¬¨, ãá«®¢¨¥

¤®¯ãáâ¨¬®áâ¨ ¤®«¦−® ã¤®¢«¥â¢®àïâìáï.
4: �à®¨§¢®«ì−® ¢ë¡à�−−®¥ ¯®¤¤¥à¥¢® ã¤�«ï¥âáï ¨ §�¬¥−ï¥âáï −� −®¢®¥ á«ãç�©−®¥

¯®¤¤¥à¥¢® ¯à¨ ãá«®¢¨¨ ä¨ªá¨à®¢�−−®© ¬�ªá¨¬�«ì−®© á«®¦−®áâ¨.
5: �®à®¦¤¥−−ë¥ ¬®¤¥«¨ ¤®¡�¢«ïîâáï ¢ F .
6: end while

£¥−¥â¨ç¥áª®£® �«£®à¨â¬�. ‚å®¤−®© ¨ áªàëâë© á«®¨ ¨¬¥îâ á¨£¬®¨¤−ãî äã−ªæ¨î
�ªâ¨¢�æ¨¨. �®«ãç¥−−�ï áâàãªâãà� ®¯¨áë¢�¥âáï ä®à¬ã«®©:

f(x,w) = σ

(
M∑

m=1

σ

(
N∑

n=1

ungn(x) + u0

)
+w0

)
, (3)

£¤¥ M | ç¨á«® −¥©à®−®¢ áªàëâ®£® á«®ï; N | ç¨á«® −¥©à®−®¢ ¢å®¤−®£® á«®ï.
‚ á«ãç�¥ ®¡ëç−®© −¥©à®−−®© á¥â¨ gn(x) | ¨áå®¤−ë¥ ¯à¨§−�ª¨, � ¢ á«ãç�¥
áã¯¥à¯®§¨æ¨¨ | ¯®áâà®¥−−ë¥ ¢ à¥§ã«ìâ�â¥ á¨¬¢®«ì−®© à¥£à¥áá¨¨ äã−ªæ¨¨.
�¥©à®−−�ï á¥âì −�áâà�¨¢�¥âáï ¬¥â®¤®¬ ®¡à�â−®£® à�á¯à®áâà�−¥−¨ï ®è¨¡ª¨ −�
â¥å ¦¥ ¤�−−ëå, −� ª®â®àëå ®¡ãç�«�áì ¬®¤¥«ì á¨¬¢®«ì−®© à¥£à¥áá¨¨.

3 Вычислительный эксперимент

‚ëç¨á«¨â¥«ì−ë© íªá¯¥à¨¬¥−â ¯à®¢®¤¨«áï ¤«ï −¥áª®«ìª¨å ¬®¤¥«¥©.

1. �¥©à®−−�ï á¥âì. ‚ íâ®¬ á«ãç�¥ §−�ç¥−¨ï äã−ªæ¨© gn(x) ï¢«ïîâáï ¨áå®¤−ë-
¬¨ ¯à¨§−�ª�¬¨. ‚�àì¨à®¢�«®áì ç¨á«® −¥©à®−®¢ áªàëâ®£® á«®ï ¢ ¤¨�¯�§®−¥
®â 1 ¤® 30.

2. ‘¨¬¢®«ì−�ï à¥£à¥áá¨ï ¨ −¥©à®−−�ï á¥âì. �ïâì à�§ §�¯ãáª�«áï £¥−¥â¨-
ç¥áª¨© �«£®à¨â¬, ¯®«ãç¥−−ë¥ â®¯-5 äã−ªæ¨© ¨á¯®«ì§®¢�«¨áì ¢ ª�ç¥áâ¢¥
äã−ªæ¨© gn(x).

3. Lasso, SVM ¨ £à�¤¨¥−â−ë© ¡ãáâ¨−£ áà�¢−¨¢�«¨áì á −¥©à®−−®© á¥âìî.

�à®¢¥àª� ª�ç¥áâ¢� ¯à®¢®¤¨«�áì −� ªà®áá-¢�«¨¤�æ¨¨:

CV (K) =
1

K

K∑

k=1

Q(fk,D \ Ck) , (4)
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£¤¥ Ck | (K − 1)/K ¤®«ï ¢ë¡®àª¨, ¨á¯®«ì§ã¥¬�ï ¤«ï −�áâà®©ª¨ ¬®¤¥«¨ fk.
‘à�¢−¥−¨¥ ª®¬¡¨−�æ¨¨ ¨ −¥©à®−−®© á¥â¨ â�ª¦¥ ¯à®¢®¤¨«®áì ¯à¨ ¯®¬®é¨ ª®íä-
ä¨æ¨¥−â� ¤¥â¥à¬¨−�æ¨¨:

R2 = 1−

∑m

i=1
(yi − f(xi))

2

∑m

i=1
(yi − �y)2

,

£¤¥ �y = (1/n)
∑m

i=1 yi

�ªá¯¥à¨¬¥−â ¡ë« ¯®áâ�¢«¥− −� ç¥âëà¥å à¥�«ì−ëå ¢ë¡®àª�å: ¤�−−ë¥ ¨§¬¥-
à¥−¨ï ª¥à−�, à¥§ã«ìâ�âë ¯à®¤ã¢ª¨ ªàë«�, á®áâ�¢ ¡¥â®−� ¨ £¨¤à®¤¨−�¬¨ç¥áª¨¥
¯�à�¬¥âàë ïåâ. �à¨§−�ª¨ ¯à¥¤¢�à¨â¥«ì−® ¡ë«¨ −®à¬�«¨§®¢�−ë ª −ã«¥¢®¬ã ¬�-
â¥¬�â¨ç¥áª®¬ã ®¦¨¤�−¨î ¨ ¥¤¨−¨ç−®© ¤¨á¯¥àá¨¨. Š®¤ ¤®áâã¯¥− ¯® ááë«ª¥ [20].

„�−−ë¥ ¨§¬¥à¥−¨ï ª¥à−�. „�−−ë¥ ª¥à−� | «�¡®à�â®à−ë¥ ¨§¬¥à¥−¨ï à�§-
«¨ç−ëå ä¨§¨ç¥áª¨å á¢®©áâ¢ ®¡à�§æ� £®à−®© ¯®à®¤ë, ¨§¢«¥ç¥−−®£® −� ¯®¢¥àå-
−®áâì. ‚ë¡®àª� á®áâ®¨â ¨§ 300 ®¡à�§æ®¢ ª¥à−� ¨ 4 ¯à¨§−�ª®¢: £«ã¡¨−ë ¨§¢«¥ç¥−¨ï

÷¨á. 2 „�−−ë¥ ª¥à−�
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÷¨á. 3 �à¥¤áª�§�−¨¥ ¯à®−¨æ�¥¬®áâ¨: (�) −¥©à®−−�ï á¥âì ¨ á¨¬¢®«ì−�ï à¥£à¥áá¨ï;
(¡) −¥©à®−−�ï á¥âì; 1 | ®è¨¡ª�; 2 | ®âª«®−¥−¨¥

®¡à�§æ�, ®¡ê¥¬−®© ¯«®â−®áâ¨, ¬¨-

÷¨á. 4 ‡�¢¨á¨¬®áâì ª®íää¨æ¨¥−â� ¤¥â¥à¬¨-
−�æ¨¨ ®â ç¨á«� −¥©à®−®¢ áªàëâ®£® á«®ï: 1 |
ª®¬¡¨−�æ¨ï; 2 | −¥©à®−−�ï á¥âì

−¥à�«®£¨ç¥áª®© ¯«®â−®áâ¨ ¨ ®¡é¥©
¯®à¨áâ®áâ¨. ˆ−â¥à¢�« ¨§¬¥−¥−¨ï
£«ã¡¨−ë á®áâ�¢«ï¥â 1300 ¬. ��
à¨á. 2 ¯à¥¤áâ�¢«¥−ë £à�ä¨ª¨, ¢¨-
§ã�«¨§¨àãîé¨¥ ¢ë¡®àªã.

�� à¨á. 3 ¨§®¡à�¦¥− £à�ä¨ª
áà¥¤−¥ª¢�¤à�â¨ç−®© ®è¨¡ª¨ ¢ §�-
¢¨á¨¬®áâ¨ ®â ç¨á«� −¥©à®−®¢ áªàë-
â®£® á«®ï ¢ á«ãç�¥ ®¡ëç−®© −¥©à®−-
−®© á¥â¨ ¨ ¯à¥¤«�£�¥¬®© �¢â®à�¬¨
ª®¬¡¨−�æ¨¨ á á¨¬¢®«ì−®© à¥£à¥á-
á¨¥© (3). �ã−ªâ¨à®¬ ¯®ª�§�−® áâ�−-
¤�àâ−®¥ ®âª«®−¥−¨¥ ®â áà¥¤−¥£®.

�� à¨á. 4 ¨§®¡à�¦¥− ª®íää¨æ¨¥−â ¤¥â¥à¬¨−�æ¨¨ ¢ §�¢¨á¨¬®áâ¨ ®â ç¨á«�
−¥©à®−®¢ ¤«ï ®¡®¨å á«ãç�¥¢. ‚¨¤−®, çâ® ¯à¨ ®¤¨−�ª®¢®¬ ª�ç¥áâ¢¥ ç¨á«® −¥©-
à®−®¢ áªàëâ®£® á«®ï áãé¥áâ¢¥−−® ã¬¥−ìè�¥âáï ¯à¨ ¨á¯®«ì§®¢�−¨¨ ª®¬¡¨−�æ¨¨
á¨¬¢®«ì−®© à¥£à¥áá¨¨ ¨ −¥©à®−−®© á¥â¨.

Airfoil. ‚ë¡®àª� úAirfoil Self Noiseû [15] ¯à¥¤áâ�¢«ï¥â á®¡®© à¥§ã«ìâ�âë
�íà®¤¨−�¬¨ç¥áª¨å ¨ �ªãáâ¨ç¥áª¨å â¥áâ®¢ ¢® ¢à¥¬ï ¯à®¤ã¢ª¨ ªàë«� ¢ �íà®âàã¡¥.
„�−−ë¥ ¡ë«¨ ¨á¯®«ì§®¢�−ë ¢ à�¡®â¥ [21]. ‚á¥£® ¢ ¢ë¡®àª¥ 1503 ®¡à�§æ�
¨ 5 ¯à¨§−�ª®¢. ’à¥¡ã¥âáï ¯à¥¤áª�§�âì ãà®¢¥−ì èã¬� ¢ ¤¥æ¨¡¥«�å. ÷¥§ã«ìâ�âë
¯à¥¤áâ�¢«¥−ë −� à¨á. 5{7.

Concrete. ‚ ¢ë¡®àª¥ úConcrete Compressive Strengthû [16] ¯à¥¤áâ�¢«¥−ë
¤�−−ë¥ §�¢¨á¨¬®áâ¨ á®¯à®â¨¢«¥−¨ï á¦�â¨ï ¡¥â®−� ®â ¥£® á®áâ�¢�. „�−−ë¥ ¡ë«¨
¯à®�−�«¨§¨à®¢�−ë ¢ à�¡®â¥ [22]. ‚á¥£® ¢ ¢ë¡®àª¥ 1030 ®¡ê¥ªâ®¢ ¨ 8 ¯à¨§−�ª®¢.
’à¥¡ã¥âáï ¯à¥¤áª�§�âì ¬�ªá¨¬�«ì−® ¢®§¬®¦−ãî −�£àã§ªã −� ®¡à�§¥æ. ÷¥§ã«ìâ�âë
¯à¥¤áâ�¢«¥−ë −� à¨á. 8{10.
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÷¨á. 5 „�−−ë¥ Airfoil

÷¨á. 6 �è¨¡ª¨ ¯à¥¤áª�§�−¨ï ãà®¢−ï èã¬�: (�) −¥©à®−−�ï á¥âì ¨ á¨¬¢®«ì−�ï à¥£à¥áá¨ï;
(¡) −¥©à®−−�ï á¥âì; 1 | ®è¨¡ª�; 2 | ®âª«®−¥−¨¥

Yacht Hydrodynamics. ‚ë¡®à-

÷¨á. 7 ‡�¢¨á¨¬®áâì ª®íää¨æ¨¥−â� ¤¥â¥à-
¬¨−�æ¨¨ ®â ç¨á«� −¥©à®−®¢ áªàëâ®£® á«®ï:
1 | ª®¬¡¨−�æ¨ï; 2 | −¥©à®−−�ï á¥âì

ª� úYacht Hydrodynamicsû [17] ¡ë«�
¨á¯®«ì§®¢�−� ¢ à�¡®â¥ [23]. ‡�¤�ç¥©
ï¢«ï¥âáï ®¯à¥¤¥«¥−¨¥ ®áâ�â®ç−®£® á®-
¯à®â¨¢«¥−¨ï ïåâë ¢ §�¢¨á¨¬®áâ¨ ®â ¥¥
ä¨§¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª.

‚ ¢ë¡®àª¥ ¯à¥¤áâ�¢«¥−® 308 ®¡ê-
¥ªâ®¢ ¨ 7 ¯à¨§−�ª®¢. „«ï íâ®© ¢ë¡®à-
ª¨ −¥ª®â®àë¥ äã−ªæ¨¨, ¯®«ãç¥−−ë¥
á ¯®¬®éìî á¨¬¢®«ì−®© à¥£à¥áá¨¨, ¢ë-
£«ï¤ïâ ®á®¡¥−−® ¯à®áâ®, −�¯à¨¬¥à

g(x) =
ex5 −

√
2√

2
,

80 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017



�®à®¦¤¥−¨¥ íªá¯¥àâ−®-¨−â¥à¯à¥â¨àã¥¬ëå ¬®¤¥«¥© ¤«ï ¯à®£−®§� ¯à®−¨æ�¥¬®áâ¨ ¯®à®¤ë

÷¨á. 8 „�−−ë¥ Concrete

÷¨á. 9 �è¨¡ª¨ ¯à¥¤áª�§�−¨ï ¬�ªá¨¬�«ì−® ¢®§¬®¦−®© −�£àã§ª¨ −� ®¡à�§¥æ: (�) −¥©-
à®−−�ï á¥âì ¨ á¨¬¢®«ì−�ï à¥£à¥áá¨ï; (¡) −¥©à®−−�ï á¥âì; 1 | ®è¨¡ª�; 2 | ®âª«®−¥−¨¥

£¤¥ x5 á®®â¢¥âáâ¢ã¥â ç¨á«ã ”àã¤�. ÷¥-

÷¨á. 10 ‡�¢¨á¨¬®áâì ª®íää¨æ¨¥−â� ¤¥â¥à-
¬¨−�æ¨¨ ®â ç¨á«� −¥©à®−®¢ áªàëâ®£® á«®ï:
1 | ª®¬¡¨−�æ¨ï; 2 | −¥©à®−−�ï á¥âì

§ã«ìâ�âë ¯à¥¤áâ�¢«¥−ë −� à¨á. 11{13.

’�¡«¨æ� áã¬¬¨àã¥â à¥§ã«ìâ�âë
¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−â�, ¢ −¥©
¯®ª�§�−ë ®è¨¡ª¨ (4) ¨ áâ�−¤�àâ−ë¥
®âª«®−¥−¨ï ª�¦¤®© ¬®¤¥«¨ −� ¨á¯®«ì-
§®¢�¢è¨åáï ¢ë¡®àª�å. ‚¨¤−®, çâ®
¯à�ªâ¨ç¥áª¨ −� ¢á¥å ¢ë¡®àª�å ¯à¥¤«®-
¦¥−−ë© �«£®à¨â¬ −¥ ãáâã¯�¥â ¤àã£¨¬
�«£®à¨â¬�¬ ¨ ¯à¥¢®áå®¤¨â ®¡ëç−ãî
−¥©à®−−ãî á¥âì ¯® â®ç−®áâ¨. ’�ª¦¥
£à�ä¨ª¨ ª®íää¨æ¨¥−â� ¤¥â¥à¬¨−�æ¨¨
®âç¥â«¨¢® ¯®ª�§ë¢�îâ à¥§ª®¥ ã¬¥−ì-
è¥−¨¥ ç¨á«� −¥©à®−®¢, −¥®¡å®¤¨¬ëå
¤«ï ª®¬¡¨−¨à®¢�−−®© ¬®¤¥«¨.
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÷¨á. 11 „�−−ë¥ Yacht Hydrodynamics ÷¨á. 12 ‡�¢¨á¨¬®áâì ª®íää¨æ¨¥−â� ¤¥-
â¥à¬¨−�æ¨¨ ®â ç¨á«� −¥©à®−®¢ áªàëâ®£®
á«®ï: 1 | ª®¬¡¨−�æ¨ï; 2 | −¥©à®−−�ï
á¥âì

÷¨á. 13 �è¨¡ª¨ ¯à¥¤áª�§�−¨ï ®áâ�â®ç−®£® á®¯à®â¨¢«¥−¨ï ïåâë: (�) −¥©à®−−�ï á¥âì
¨ á¨¬¢®«ì−�ï à¥£à¥áá¨ï; (¡) −¥©à®−−�ï á¥âì; 1 | ®è¨¡ª�; 2 | ®âª«®−¥−¨¥

‘à¥¤−¥ª¢�¤à�â¨ç−�ï ®è¨¡ª� ¤«ï à�§«¨ç−ëå ¬®¤¥«¥©

‚ë¡®àª� Lasso SVM �ãáâ¨−£ �¥©à®−−�ï á¥âì Š®¬¡¨−�æ¨ï
Š¥à− 0,64± 0,03 0,42± 0,08 0,46± 0, 03 0, 47± 0, 02 0,44± 0,05
Airfoil 0,7± 0,01 0,48± 0,01 0, 39± 0, 02 0, 6± 0, 02 0,61± 0,01
Concrete 0,63± 0,02 0,51± 0,02 0, 50± 0, 01 0, 54± 0, 03 0,55± 0,01
Yacht 0,43± 0,01 0,31± 0,03 0, 24± 0, 02 0, 51± 0, 02 0,15± 0,02
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4 Заключение

�à¥¤«®¦¥− �«£®à¨â¬ ¯®áâà®¥−¨ï ª®¬¡¨−�æ¨¨ −¥©à®−−®© á¥â¨ ¨ á¨¬¢®«ì−®©
à¥£à¥áá¨¨. �à¨ ¯®¬®é¨ á¨¬¢®«ì−®© à¥£à¥áá¨¨ ¯®áâà®¥−ë íªá¯¥àâ−®-¨−â¥à¯à¥â¨-
àã¥¬ë¥ ¬®¤¥«¨, ã¤®¢«¥â¢®àïîé¨¥ âà¥¡ã¥¬®© â®ç−®áâ¨, ¯à®¢¥¤¥− ¢ëç¨á«¨â¥«ì-
−ë© íªá¯¥à¨¬¥−â −� ç¥âëà¥å ¢ë¡®àª�å. �®ª�§�−® áãé¥áâ¢¥−−®¥ ã¬¥−ìè¥−¨¥
ç¨á«� −¥©à®−®¢ áªàëâ®£® á«®ï −¥©à®−−®© á¥â¨ ¯à¨ ¨á¯®«ì§®¢�−¨¨ äã−ªæ¨©,
¯®«ãç¥−−ëå ¢ à¥§ã«ìâ�â¥ á¨¬¢®«ì−®© à¥£à¥áá¨¨, ¢ ª�ç¥áâ¢¥ −¥©à®−®¢ ¢å®¤−®£®
á«®ï.
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GENERATION OF EXPERTLY-INTERPRETED MODELS
FOR PREDICTION OF CORE PERMEABILITY
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Abstract: This article is devoted to prediction of core permeability. Permeability
is one of the main properties for estimation of filtration of gas and liquid in core.
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Generation of expertly-interpreted models for prediction of core permeability

To build a permeability model, porosity, density, depth of measurement, and
other core physical properties are used. An algorithm for choosing the optimal
prediction model is proposed. The model of superpositions of expertly-defined
functions is suggested. The proposed method is a superposition of previously
obtained optimal expetly-defined functions and a two-layer neural network. The
experiment on core analysis, aero- and hydrodynamics datasets was conducted.
During the experiment, the optimal expertly-interpreted models for all datasets
were derived. The suggested approach is compared to other methods for choosing
models, such as Lasso regression, support vector regression (SVR), gradient
boosting, and neural network. The error and optimal parameters estimation
was conducted using cross-validation. The experiment showed that the proposed
approach is competitive with other state-of-the-art methods. Moreover, the
number of neurons is significantly reduced with the use of superpositions of
expertly-defined functions.

Keywords: core permeability; generation of superposition; symbolic regression;
neural network; SVR; Lasso; gradient boosting

DOI: 10.14357/08696527170307

Acknowledgments

This publication is funded by the Russian Foundation for Basic Research, award
number 16-07-01155, and Russian Science Foundation, award number 15-11-
00015.

References

1. Bear, J. 2013. Dynamics of fluids in porous media. Courier Corp. 459 p.
2. Watson, A. T., P. C. Richmond, and P. D. Kerig. 1988. A regression-based method

for estimating relative permeabilities from displacement experiments. SPE Reservoir
Eng. 3(3):953{958.

3. Ibrahim, M. N., and L. F. Koederitz. 2008. Two-phase relative permeability prediction
using a linear regression model. SPE Eastern Regional Meeting. Society of Petroleum
Engineers. ID: SPE-65631. 11 p. doi: 10.2118/65631-MS.

4. Cozzi, M., L. Ruvo, and P. Scaglioni. 2007. Core-data preprocessing to improve
permeability-log estimation. SPE Reserv. Eval. Eng. 10(5):563{570.

5. Akande, K. O., S. O. Olatunji, and T. O. Owolabi. 2015. Comparative analysis
of feature selection-based machine learning techniques in reservoir characterization.
SPE Saudi Arabia Section Annual Technical Symposium and Exhibition. Society of
Petroleum Engineers. ID: SPE-178006-MS. 21 p. doi: 10.2118/178006-MS.

6. Al-Mudhafar, W. J. 2015. Integrating Bayesian model averaging for uncertainty
reduction in permeability modeling. Offshore Technology Conference. ID: SPE-25646-
MS. 10 p. doi: 10.4043/25646-MS.

7. Al-Mudhafar, W. J. 2015. Comparison of permeability estimation models through
Bayesian model averaging and LASSO regression. Abu Dhabi Petroleum Exhibition
and Conference (International). Society of Petroleum Engineers. ID: SPE-177556-
MS. 17 p. doi:10.2118/177556-MS.

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2017 vol 27 no 3 85



�. Œ. Bochkarev, I. L. Sofronov, and V. V. Strijov

8. Xue, G., A. Datta-Gupta, and P. Valko. 1997. Optimal transformations for multiple
regression: Application to permeability estimation from well logs. SPE Formation
Eval. 12(2):85{94.

9. Al-anazi, A. F., and I. D. Gates. 2010. Support-vector regression for permeability
prediction in a heterogeneous reservoir: A comparative study. SPE Reserv. Eval. Eng.
13(3):485{495.

10. Guler, B., T. Ertekin, and A. S. Grader. 2003. An artificial neural network based rel-
ative permeability predictor. J. Can. Petrol. Technol. 42(4):49{57. doi: 10.2118/03-
04-02.

11. Aminian, K., S. Ameri, and A. Oyerokun. 2003. Prediction of flow units and
permeability using artificial neural networks. SPE Western Regional/AAPG Pacific
Section Joint Meeting. Society of Petroleum Engineers. ID: SPE-83586-MS. 7 p. doi:
10.2118/83586-MS.

12. Shokir, E. M., A. A. Alsughayer, and A. Al-Ateeq. 2006. Permeability estimation from
well log responses. J. Can. Petrol. Technol. 45(11):41{46. doi: 10.2118/06-11-05.

13. Maslennikova, Y. 2013. Permeability prediction using hybrid neural network mod-
elling. SPE Annual Technical Conference and Exhibition. Society of Petrolum Engi-
neers. ID: SPE-167640-STU. 6 p. doi: 10.2118/167640-STU.

14. Rudoy, G. I., and V. V. Strijov. 2013. Algoritmy induktivnogo porozhdeniya superpo-
zitsiy dlya approksimatsii izmeryaemykh dannykh [Algorithms for inductive generation
of superpositions for approximation of experimental data]. Informatika i ee Prime-
neniya | Inform. Appl. 7(1):44{53.

15. Airfoil Self Noise. UCI Machine Learning Repository. Available at: https://
archive.ics.uci.edu/ml/datasets/Airfoil+Self-Noise (accessed August 11, 2017).

16. Concrete Compressive Strength Data Set. UCI Machine Learning Repository. Avail-
able at: https://archive.ics.uci.edu/ml/datasets/Concrete+Compressive+Strength
(accessed August 11, 2017).

17. Yacht Hydrodynamics Data Set. UCI Machine Learning Repository. Available at:
https://archive.ics.uci.edu/ml/datasets/Yacht+Hydrodynamics (accessed August 11,
2017).

18. Bishop, C. M. 2006. Pattern recognition and machine learning. Berlin: Springer.
738 p.

19. Ghodrat, M. A., T. Givargis, and A. Nicolau. 2005. Equivalence checking of arith-
metic expressions using fast evaluation. Conference (International) on Compilers,
Architectures and Synthesis for Embedded Systems Proceedings. ACM. 147{156.

20. Experiment code. Available at: https://sourceforge.net/p/mlalgorithms/code/HEAD/
tree/Group274/Bochkarev2016PermeabilityEstimation/code/Bochkarev2016Permea
bilityEstimation.ipynb?format=raw (accessed August 11, 2017).

21. Lopez, R., E. Balsa-Canto, and E. O“nate. 2008. Neural networks for variational
problems in engineering. Int. J. Numer. Meth. Eng. 75(11):1341{1360.

22. Yeh, I. C. 1998. Modeling of strength of high-performance concrete using artificial
neural networks. Cement Concrete Res. Elsevier. 28(12):1797{1808.

23. Ortigosa, I., R. Lopez, and J. Garcia. 2007. A neural networks approach to resid-
uary resistance of sailing yachts prediction. Conference (International) on Marine
Engineering MARINE Proceedings. 250.

Received June 16, 2017

86 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2017 vol 27 no 3



Generation of expertly-interpreted models for prediction of core permeability

Contributors

Bochkarev Artem M. (b. 1994) | student, Moscow Institute of Physics and
Technology, 9 Institutskiy Per., Dolgoprudny, Moscow Region 141701, Russian
Federation; artem.bochkarev@phystech.edu
Sofronov Ivan L. (b. 1957) | Doctor of Science in physics and mathematics, profes-
sor, Moscow Institute of Physics and Technology, 9 Institutskiy Per., Dolgoprudny,
Moscow Region 141701, Russian Federation; ISofronov@slb.com
Strijov Vadim V. (b. 1967) | Doctor of Science in physics and mathematics,
leading scientist, A. A. Dorodnicyn Computing Centre, Federal Research Center
\Computer Science and Control" of the Russian Academy of Sciences, 40 Vavilov
Str., Moscow 119333, Russian Federation; strijov@ccas.ru

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2017 vol 27 no 3 87



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2017. ’. 27. ü 3. ‘. 88{98

НЕКОТОРЫЕ НЕЯВНЫЕ ВОПРОСЫ
СЕТЕВОЙ ВИРТУАЛИЗАЦИИ

В. Б. Егоров1

�−−®â�æ¨ï: ‘¤¥«�−� ¯®¯ëâª� ¢ëï¢¨âì ¨ ®á¢¥â¨âì −¥ª®â®àë¥ −¥ï¢−ë¥ ¢®¯à®áë
á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨, ¯®ª�§�âì à�§−ë¥ £à�−¨ ¬®¤−®£® −ë−¥ âà¥−¤� ¢¨àâã-
�«¨§�æ¨¨ á¥â¥¢ëå äã−ªæ¨© NFV (Network Function Virtualization). ˆáâ®ª¨
¨ ¨áâ®à¨ï NFV ¯à®á«¥¦¥−ë ¢® ¢§�¨¬®¤¥©áâ¢¨¨ á ¢¨àâã�«¨§�æ¨¥© á¥à¢¥à®¢
¨ ¢¨àâã�«ì−ë¬¨ ¬�è¨−�¬¨. ÷�áá¬®âà¥−® á®®â−®è¥−¨¥ ¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå
äã−ªæ¨© á á®¡áâ¢¥−−® ¢¨àâã�«¨§�æ¨¥© á¥â¥©. �ç¥àç¥−ë úáä¥àë ¨−â¥à¥á®¢û
á®¢à¥¬¥−−®© â¥å−®«®£¨¨ NFV. �â¬¥ç¥−® ¢§�¨¬−®¥ âï£®â¥−¨¥ ¤àã£ ª ¤àã£ã
¤¢ãå �ªâã�«ì−ëå á¥â¥¢ëå ª®−æ¥¯æ¨©: NFV ¨ ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ëå á¥-
â¥© SDN (Software-Defined Networks), | ®á−®¢�−−®¥ −� ¥¤¨−áâ¢¥ æ¥«¥¢®©
äã−ªæ¨¨ ®âª�§� ®â ¯à®¯à¨¥â�à−®£® á¥â¥¢®£® ®¡®àã¤®¢�−¨ï, ª®−æ¥¯âã�«ì−®©
®¡é−®áâ¨ ¯�à�¤¨£¬ë ã¯à�¢«¥−¨ï ¨ ®¡é¥£® ¤«ï ®¡¥¨å â¥å−®«®£¨© â¥àà¨â®à¨-
�«ì−®£® ®£à�−¨ç¥−¨ï à�¬ª�¬¨ æ¥−âà®¢ ®¡à�¡®âª¨ ¤�−−ëå (–�„), ¢ â®¬ ç¨á«¥
¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ëå. �®ª�§�−ë ®¡ê¥ªâ¨¢−ë¥ âàã¤−®áâ¨ −� ¯ãâ¨ ¢−¥¤-
à¥−¨ï ¨¤¥¨ NFV: −¥®¡å®¤¨¬®áâì ¬�áá®¢®© §�¬¥−ë à�¡®â®á¯®á®¡−®£® ®¡®àã-
¤®¢�−¨ï, −¥¤®áâ�â®ç−®áâì ¨¬¥îé¨åáï áâ�−¤�àâ®¢ ¨ −¥§à¥«®áâì ª®¬¬¥àç¥áª¨å
¯à®¤ãªâ®¢, −¥¢®§¬®¦−®áâì �¤¥ª¢�â−®© ®æ¥−ª¨ íª®−®¬¨ç¥áª®© íää¥ªâ¨¢−®áâ¨,
®âáãâáâ¢¨¥ à¥�«ì−ëå ¯à¥æ¥¤¥−â®¢ ¨ ãá¯¥è−ëå ¯à¨¬¥à®¢. �á®¡®¥ ¢−¨¬�−¨¥
ã¤¥«¥−® ¯à¨−æ¨¯¨�«ì−®© −¥¤®áâ�â®ç−®áâ¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ NFV-à¥è¥−¨©
¤«ï ¬�£¨áâà�«ì−ëå ®¯¥à�â®àáª¨å á¥â¥©.

Š«îç¥¢ë¥ á«®¢�: datacenter; NFV; SDDC; SDN; ¢¨àâã�«¨§�æ¨ï á¥â¥¢ëå
äã−ªæ¨©; ¢¨àâã�«ì−ë¥ á¥â¨; ú®àª¥áâà®¢ª�û; ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ë¥ á¥â¨;
–�„
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1 Введение

‚¨àâã�«¨§�æ¨¨ á¥â¥¢ëå äã−ªæ¨© NFV, è¨à®ª® ®¡áã¦¤�¥¬®©, ª�ª −¨ ¯�à�-
¤®ªá�«ì−® −� ¯¥à¢ë© ¢§£«ï¤, ¢ á¢ï§¨ −¥ áâ®«ìª® á ¢¨àâã�«ì−ë¬¨ á¥âï¬¨, áª®«ìª®
á ª®−æ¥¯æ¨¥© ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ëå á¥â¥© SDN, ¯®á¢ïé¥−® ¬−®¦¥áâ¢® ¯ã¡-
«¨ª�æ¨© ¨ ¢ á¥àì¥§−ëå −�ãç−ëå ¦ãà−�«�å, ¨ ¢ ¨−â¥à−¥â-¯à®áâà�−áâ¢¥. �¤−�ª®
¨¬¥−−® â�ª�ï ¬−®¦¥áâ¢¥−−®áâì á ®¤−¨¬¨ ¨ â¥¬¨ ¦¥ ¨§ à�§� ¢ à�§ ¯®¢â®àï¥¬ë¬¨
®¡¥é�−¨ï¬¨ á®ªà�é¥−¨ï áâ®¨¬®áâ¨ ®¡®àã¤®¢�−¨ï, ãáª®à¥−¨ï ¢ëå®¤� ¯à®¤ãªâ®¢
−� àë−®ª, ã¬¥−ìè¥−¨ï ¯®âà¥¡«¥−¨ï í−¥à£¨¨, −®¢ëå ¢®§¬®¦−®áâ¥© á®¢¬¥áâ−®£®
¢«�¤¥−¨ï, � â�ª¦¥ ¡®«¥¥ ¤¨−�¬¨ç−®© íª®á¨áâ¥¬ë à�§¬ë¢�¥â á®¤¥à¦�−¨¥ ¨ áãâì

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, VEgorov@ipiran.ru
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NFV. Œ−®£®ªà�â−® à�áâ¨à�¦¨à®¢�−−ë¥ à¥ª«�¬−ë¥ ®¡¥é�−¨ï, á�¬¨ ¯® á¥¡¥, ¬®-
¦¥â ¡ëâì, ¨ −¥ «¨è¥−−ë¥ ®á−®¢�−¨©, â¥¬ −¥ ¬¥−¥¥ −¥ áâ®«ìª® à�áá¥¨¢�îâ, áª®«ìª®
−�£®−ïîâ ¤®¯®«−¨â¥«ì−ë© âã¬�− −� ¨ â�ª −¥ á«¨èª®¬ ïá−ãî áãé−®áâì ¯à¥¤¬¥â�.
Šà®¬¥ â®£®, á®¢¥àè¥−−® §� à�¬ª�¬¨ ®¡áã¦¤¥−¨ï ®ª�§ë¢�¥âáï â�ª®©, ª�§�«®áì
¡ë, ¥áâ¥áâ¢¥−−ë© ¢®¯à®á, ª�ª á®®â−®è¥−¨¥ ¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå äã−ªæ¨©
¨ á®¡áâ¢¥−−® ¢¨àâã�«¨§�æ¨¨ á¥â¥© (network virtualization).

��áâ®ïéãî áâ�âìî ¬®¦−® à�áá¬�âà¨¢�âì ª�ª ¯®¯ëâªã ¯à®ï¢¨âì ¢ íâ®¬ âã¬�−¥
à¥�«ì−ë¥ ®ç¥àâ�−¨ï NFV, ¯à¨ç¥¬ −¥ â®«ìª® á ¯�à�¤−®©, −® ¨ á® áªàëâ®© ¢§®àã
®¡à�â−®© ¥¥ áâ®à®−ë, � â�ª¦¥ ¯à®ç¥àâ¨âì £à�−¨æë ¨ −�©â¨ £à�−¨ á®¯à¨ª®á−®¢¥−¨ï
¢¨àâã�«¨§�æ¨¨ á¥â¥© ¨ äã−ªæ¨©.

2 Истоки NFV

��ç�âì, ¢¥à®ïâ−®, á«¥¤ã¥â á â®£®, çâ® á¬ëá« NFV âàã¤−® ã«®¢¨¬, −¥ ¢ ¯®á«¥¤-
−îî ®ç¥à¥¤ì ¨§-§� ®âáãâáâ¢¨ï á¬ëá«� ¢ á�¬®¬ á«®¢®á®ç¥â�−¨¨ ú¢¨àâã�«¨§�æ¨ï
äã−ªæ¨©û. ‚¨àâã�«¨§�æ¨ï ¢á¥£¤� ¯®−¨¬�«�áì ª�ª â� ¨«¨ ¨−�ï ä®à¬� �¡áâà�£¨à®-
¢�−¨ï ®â à¥�«ì−®© �¯¯�à�âãàë, ¢ à¥§ã«ìâ�â¥ ª®â®à®£® ¯®ï¢«ï«áï −¥ª¨© ä�−â®¬,
−¥ ¡®«¥¥ ç¥¬ ã¤®¡−®¥ ¯à¥¤áâ�¢«¥−¨¥, −® ä�−â®¬ á® ¢¯®«−¥ ®éãâ¨¬®© äã−ªæ¨®-
−�«ì−®áâìî, ¡�§¨àãîé¥©áï −� à¥�«ì−ëå ¢®§¬®¦−®áâïå â®© á�¬®© �¯¯�à�âãàë.
��¯à¨¬¥à, ¢ á«ãç�¥ ¤�¢−® áâ�¢è¥© ¯à¨¢ëç−®© ¢¨àâã�«¨§�æ¨¨ á¥à¢¥à®¢ (server
virtualization) à¥§ã«ìâ�â®¬ áâ�«� ¢¨àâã�«ì−�ï ¬�è¨−� VM (Virtual Machine),
á¯®á®¡−�ï ¢ë¯®«−ïâì ¢¯®«−¥ à¥�«ì−ë¥ à�¡®âë §� áç¥â ¢®§¬®¦−®áâ¥© ¯à®æ¥áá®à�
¨«¨ á¥à¢¥à�, −� ª®â®à®¬ ®−� à�§¬¥é¥−�, ¨ ®¡«�¤�îé�ï á¯®á®¡−®áâìî ª ä�−-
â®¬−®¬ã ú¢®§−¨ª−®¢¥−¨î ¨§ −¨ç¥£®û ¨«¨ ú¬¨£à�æ¨¨û −� ¤àã£®© ¯à®æ¥áá®à ¨«¨
á¥à¢¥à ¡«�£®¤�àï á¢®¥© ¢¨àâã�«ì−®áâ¨. ÷¥§ã«ìâ�â®¬ −¥ ¬¥−¥¥ ¯à¨¢ëç−ëå ¯à¨¬¥-
à®¢ ¢¨àâã�«¨§�æ¨¨ á¥â¥© ®ª�§ë¢�îâáï â�ª¨¥ �¡áâà�ªæ¨¨, ª�ª −�«®¦¥−−ë¥ á¥â¨:
¢¨àâã�«ì−ë¥ «®ª�«ì−ë¥ VLAN (Virtual Local-Area Networks) ¨«¨ ç�áâ−ë¥ VPN
(Virtual Private Networks), | äã−ªæ¨®−¨àãîé¨¥ ª�ª −�áâ®ïé¨¥ ¯®¢¥àå áãé¥-
áâ¢ãîé¨å ä¨§¨ç¥áª¨å á¥â¥© §� áç¥â �¯¯�à�â−®© ¨−äà�áâàãªâãàë ¯®á«¥¤−¨å, −®
¢ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ ¨−¤¨ää¥à¥−â−ë¥ ª ¢®§¬®¦−ë¬ ª®−ä¨£ãà�æ¨ï¬ ¨ à¥-
ª®−ä¨£ãà�æ¨ï¬ íâ®© ¨−äà�áâàãªâãàë ¡«�£®¤�àï á¢®¥© ¢¨àâã�«ì−®áâ¨. �¤−�ª®
ª®£¤� à¥çì §�å®¤¨â ® ¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå äã−ªæ¨©, áª«�¤ë¢�¥âáï á®¢¥àè¥−−®
¨−�ï á¨âã�æ¨ï: ä�−â®¬ ¢®§−¨ª�¥â ¨§ ä�−â®¬�, ¨áç¥§�¥â ä¨§¨ç¥áª�ï ®á−®¢� ¤«ï
äã−ªæ¨®−¨à®¢�−¨ï ¨â®£� ¢¨àâã�«¨§�æ¨¨.

…á«¨ ¨áª«îç¨âì ç¨áâ® ¬�â¥¬�â¨ç¥áª®¥ ®¯à¥¤¥«¥−¨¥ äã−ªæ¨¨ ª�ª §�ª®−� §�-
¢¨á¨¬®áâ¨ ®¤−®© ¢¥«¨ç¨−ë ®â ¤àã£®©, â® ¤«ï ¤�−−®£® ¯à�ªâ¨ç¥áª®£® á«ãç�ï
á¥â¥¢®© äã−ªæ¨¨ ¯®¤®©¤ãâ â�ª¨¥ ®¡é¥¯à¨−ïâë¥ ¥¥ ®¯à¥¤¥«¥−¨ï, ª�ª à�¡®â�,
¯à®¨§¢®¤¨¬�ï ®à£�−®¬ ¨«¨ ¯à¨¡®à®¬, ¨«¨ à®«ì, −�§−�ç¥−¨¥ ç¥£®-«¨¡®. ‚ «î-
¡®¬ ¨§ íâ¨å ®¯à¥¤¥«¥−¨© äã−ªæ¨ï ¯à¥¤áâ�¥â −¥ª¨¬ �¡áâà�ªâ−ë¬ ¯®−ïâ¨¥¬ ¨ ¥¥
¢¨àâã�«¨§�æ¨ï ¢ ®¡é¥¯à¨−ïâ®¬ ¯®−¨¬�−¨¨ −¥ ¨¬¥¥â á¬ëá«�. „¥©áâ¢¨â¥«ì−®,
¥á«¨ ®â¡à®á¨âì á«®¢¥á−ãî ¬¨èãàã ¨ ¢−¨ª−ãâì ¢ áãé−®áâì NFV, â® áâ�−®¢¨âáï
®ç¥¢¨¤−ë¬, çâ® −¨ª�ª�ï íâ® −¥ ¢¨àâã�«¨§�æ¨ï, � ¯à®áâ® ¯à®£à�¬¬−�ï à¥�«¨§�æ¨ï
(í¬ã«ïæ¨ï) äã−ªæ¨© âà�¤¨æ¨®−−®£® á¥â¥¢®£® ®¡®àã¤®¢�−¨ï, â�ª®£® ª�ª ª®¬¬ãâ�-
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â®àë, ¬�àèàãâ¨§�â®àë, á¥â¥¢ë¥ íªà�−ë ¨ â. ¯. ’�ª¨¬ ®¡à�§®¬, ¯à�¢¨«ì−¥¥ ¡ë«®
¡ë £®¢®à¨âì «¨¡® ®¡ í¬ã«ïæ¨¨ á¥â¥¢ëå äã−ªæ¨©, «¨¡® ® ¢¨àâã�«¨§�æ¨¨ á¥â¥-
¢ëå ãáâà®©áâ¢. ’¥¬ −¥ ¬¥−¥¥ á«®¢®á®ç¥â�−¨¥ ú¢¨àâã�«¨§�æ¨ï á¥â¥¢ëå äã−ªæ¨©û
¯à¨¦¨«®áì ¢ IT-á«®¢�à¥, ¨ á íâ¨¬ ãáâ®ï¢è¨¬áï −�á¨«¨¥¬ −�¤ §¤à�¢ë¬ á¬ëá«®¬
¯à¨å®¤¨âáï ¬¨à¨âìáï. …£® ¤�¦¥ ¬®¦−® ®¡êïá−¨âì.

�ä¨æ¨�«ì−® ¨áâ®à¨ï NFV ¢¥¤¥âáï á 2012 £., ª®£¤� ®−� ¡ë«� �−®−á¨à®¢�−�
…¢à®¯¥©áª¨¬ ¨−áâ¨âãâ®¬ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå áâ�−¤�àâ®¢ (ETSI, European
Telecommunications Standards Institute), ®¤−�ª® ¯¥à¢�ï à¥�«¨§�æ¨ï ú¢¨àâã�«¨-
§¨à®¢�−−®© äã−ªæ¨¨û ¯®ï¢¨«�áì âà¥¬ï £®¤�¬¨ à�−ìè¥. �â® ¡ë« ¢¨àâã�«ì−ë©
ª®¬¬ãâ�â®à á ®âªàëâë¬ ª®¤®¬ Open vSwitch, ª®â®àë©, ªáâ�â¨, ¤®«£® ®áâ�¢�«áï
¥¤¢� «¨ −¥ ¥¤¨−áâ¢¥−−ë¬ ¦¨¢ë¬ ¯à¨¬¥à®¬ ú¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå äã−ªæ¨©û,
å®âï ¥£® á®§¤�â¥«¨ ¯®−ïâ¨ï −¥ ¨¬¥«¨ ®¡ NFV. �−¨ à¥è�«¨ −�áãé−ãî ¯à�ªâ¨ç¥-
áªãî §�¤�çã ®¡¥á¯¥ç¥−¨ï �¤¥ª¢�â−®© á¥â¥¢®© ¯®¤¤¥à¦ª¨ ¢¨àâã�«¨§�æ¨¨ á¥à¢¥à®¢.
’�ª�ï ¯®¤¤¥à¦ª� ¬−®¦¥áâ¢� à�¡®â�îé¨å −� á¥à¢¥à¥ VM âà¥¡®¢�«�áì ¤«ï à�á-
¯à¥¤¥«¥−¨ï ¯®â®ª®¢ ¤�−−ëå ¨ ¢ëà�¢−¨¢�−¨ï −�£àã§ª¨ (load balancing) ¬¥¦¤ã
−¨¬¨. ‘®§¤�â¥«¨ Open vSwitch −�è«¨ ¯à®áâ®¥ ¨ íää¥ªâ¨¢−®¥ à¥è¥−¨¥ §�¤�ç¨,
à¥�«¨§®¢�¢ âà¥¡ã¥¬ë¥ äã−ªæ¨¨ ¢−ãâà¨ á¥à¢¥à®¢ á®®â¢¥âáâ¢ãîé¨¬ ¯à®£à�¬¬−ë¬
®¡¥á¯¥ç¥−¨¥¬ (��), à�¡®â�îé¨¬ −� ãà®¢−¥ £¨¯¥à¢¨§®à� ¨«¨ −¥¯®áà¥¤áâ¢¥−−®
¢−ãâà¨ −¥£®. �à®áâ®â� ¨ íää¥ªâ¨¢−®áâì â�ª®£® ç¨áâ® ¯à®£à�¬¬−®£® à¥è¥−¨ï
¡ëáâà® ¯à¨¢¥«� ª ¯®ï¢«¥−¨î −¥áª®«ìª¨å ª®−ªãà¨àãîé¨å ¯à®¤ãªâ®¢. �®¬¨¬®
Open vSwitch, ¯à®¤¢¨£�¥¬®£® ª�ª ®âªàëâë© ¯à®¥ªâ ä®−¤®¬ Linux Foundation
OvS, −� àë−ª¥ ¯®ï¢¨«¨áì ä¨à¬¥−−ë¥ ¯à®£à�¬¬−ë¥ ª®¬¬ãâ�â®àë vSwitch ¤«ï
¨−äà�áâàãªâãàë vSphere ª®¬¯�−¨¨ VMware, ¯«�âä®à¬ë XenServer ª®¬¯�−¨¨
Citrix Systems, £¨¯¥à¢¨§®à� z/VM ª®¬¯�−¨¨ IBM ¨ ¤à., ¯à¨ç¥¬ ¢á¥ á ®¯à¥¤¥«¥-
−¨¥¬ ú¢¨àâã�«ì−ë©û ¥á«¨ −¥ ¢ −�§¢�−¨¨, â® ¢ ¯¥à¢ëå ¦¥ áâà®ª�å ¯à¥§¥−â�æ¨©.
�� á�¬®¬ ¤¥«¥ ¢áï ¨å ú¢¨àâã�«ì−®áâìû á¢®¤¨«�áì ª â¥á−®© äã−ªæ¨®−�«ì−®© á¢ï§¨
á à�¡®â�îé¨¬¨ −� â®¬ ¦¥ á¥à¢¥à¥ ¢¨àâã�«ì−ë¬¨ ¬�è¨−�¬¨. …á«¨ Open vSwitch
¨ áç¨â�âì ¯¥à¢®© ãá¯¥è−®© ¯®¯ëâª®© ¨¬¥−−® ¢¨àâã�«¨§�æ¨¨, â®, à�§ã¬¥¥âáï, −¥
äã−ªæ¨¨, � à¥�«ì−®£® á¥â¥¢®£® ãáâà®©áâ¢� | ª®¬¬ãâ�â®à�, çâ®, á®¡áâ¢¥−−®, ¨ ®â-
à�¦�«® −�§¢�−¨¥ ¯à®¥ªâ� (¢ ¯¥à¥¢®¤¥ | ú¢¨àâã�«ì−ë© ª®¬¬ãâ�â®à á ®âªàëâë¬
ª®¤®¬û).

‚¥áì¬� ¢¥à®ïâ−®, çâ® ¨¤¥ï NFV à®¤¨«�áì −� ¢®«−¥ ãá¯¥å� ¢¨àâã�«ì−ëå
ª®¬¬ãâ�â®à®¢. �®−�ç�«ã ®−�, ®à¨¥−â¨àãïáì −� äã−ªæ¨®−�«ì−®áâì vSwitch, ®£à�-
−¨ç¨¢�«�áì ¯à¥¤¥«�¬¨ ®¤−®£® á¥à¢¥à� ¨ ¯®¤¤¥à¦ª®© à�§¬¥é¥−−ëå −� −¥¬ VM.
‡�â¥¬ äã−ªæ¨¨ â�ª®£® à®¤� ª®¬¬ãâ�â®à®¢ ¯®¬¨¬® á®¡áâ¢¥−−® ª®¬¬ãâ�æ¨¨ ¯®â®ª®¢
¤�−−ëå ¬¥¦¤ã VM ¯®áâ¥¯¥−−® áâ�«¨ ¤®¯®«−ïâìáï ¤àã£¨¬¨ äã−ªæ¨ï¬¨ âà�¤¨-
æ¨®−−ëå ãáâà®©áâ¢ á¥â¥¢®© ¨−äà�áâàãªâãàë: è«î§®¢, á¥â¥¢ëå íªà�−®¢ ¨ ¯à.
‚ ¯®á«¥¤ãîé¥¬ ¢¨àâã�«¨§¨à®¢�−−ë¥ ãáâà®©áâ¢�, ¢ æ¥«®¬ ¯®¢â®àïï äã−ªæ¨®−�«
à¥�«ì−ëå, ®¡à¥«¨ ¤®¯®«−¨â¥«ì−ãî �¤�¯â¨¢−®áâì ¨ á¯®á®¡−®áâì ª ¬¨£à�æ¨ï¬,
á¢®©áâ¢¥−−ë¥ VM.

�� ¬®¬¥−â à®¦¤¥−¨ï ª®−æ¥¯æ¨¨ NFV ¢¨àâã�«¨§�æ¨¨ ã¦¥ áâ�«® â¥á−® ¢ à�¬ª�å
®¤−®£® á¥à¢¥à�. �−� ã¢¥à¥−−® à�á¯à®áâà�−¨«�áì −� æ¥«ë¥ ª«�áâ¥àë ¨ �£à¥£�-
æ¨¨ á¥à¢¥à®¢ ¢ –�„ ¨ −�ç�«� ®á¢®¥−¨¥ áä¥àë ú®¡«�ç−ëåû ¢ëç¨á«¥−¨© (cloud
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computing). �� ¯®¢¥áâªã ¤−ï ¢ëè¥« −¥ ¯à®áâ® ¢¨àâã�«ì−ë© ª®¬¬ãâ�â®à â¨¯�
vSwitch, � æ¥«�ï ¢¨àâã�«ì−�ï á¥âì ª�ª ¢�¦−ë© í«¥¬¥−â áª¢®§−®© ¢¨àâã�«¨§¨à®-
¢�−−®© áà¥¤ë ¢ ¬�áèâ�¡�å –�„ ¨«¨ ú®¡«�ª�û. �¤−�ª® ª â®¬ã ¢à¥¬¥−¨ ¯®−ïâ¨¥
¢¨àâã�«ì−®© á¥â¨ ã¦¥ ¡ë«® §�¤¥©áâ¢®¢�−® ¢ ¨−ëå ª®−â¥ªáâ�å VLAN ¨ VPN.
Šà®¬¥ â®£®, ¢¥à®ïâ−®, �¢â®àë ª®−æ¥¯æ¨¨ NFV á á�¬®£® −�ç�«� −¥ å®â¥«¨ ®£à�-
−¨ç¨¢�âì á¥¡ï ä®à¬�«ì−ë¬ ¯à®£à�¬¬−ë¬ ¢®á¯à®¨§¢¥¤¥−¨¥¬ äã−ªæ¨© â¨¯®¢ëå
ãáâà®©áâ¢ á¥â¥¢®© ¨−äà�áâàãªâãàë. �¥ª®â®àë¥ ¨§ íâ¨å äã−ªæ¨©, −�¯à¨¬¥à à¥-
§¥à¢¨à®¢�−¨¥ ¯®«®á ¯à®¯ãáª�−¨ï ª�−�«®¢ á¢ï§¨, ¤«ï ®¡á«ã¦¨¢�−¨ï VM ¡ë«¨ −¥
−ã¦−ë, ¢ â® ¦¥ ¢à¥¬ï −¥ª®â®àëå, â�ª¨å ª�ª ¡�«�−á¨à®¢ª� −�£àã§ª¨ ¬¥¦¤ã VM,
−¥ å¢�â�«®. Š â®¬ã ¦¥ ¯à¨−æ¨¯¨�«ì−�ï ¯®¤¢¨¦−®áâì ¨ ¢�à¨�â¨¢−®áâì VM ¯à¥¤-
¯®«�£�«� ã ¯®¤¤¥à¦¨¢�îé¥© ¨å ¢¨àâã�«¨§¨à®¢�−−®© á¥â¥¢®© ¨−äà�áâàãªâãàë
®âª�§ ®â á¢®©áâ¢¥−−ëå �¯¯�à�â−ë¬ �−�«®£�¬ ¦¥áâª¨å ª®−ä¨£ãà�æ¨© ¨ ¯¥à¥å®¤
ª ¤¨−�¬¨ç−ë¬ ª®¬¡¨−�æ¨ï¬, â®«ìª® −¥®¡å®¤¨¬ëå ¢ ¤�−−ë© ¬®¬¥−â ¨ ¢ ¤�−−®¬
¬¥áâ¥ äã−ªæ¨©. ‚á¥ íâ® ¢¬¥áâ¥ ¢§ïâ®¥, −�¤® ¯®«�£�âì, ¨ ¯à¨¢¥«® ¢ ª®−¥ç−®¬
áç¥â¥ ª â®¬ã, çâ® −� ¯¥à¥¤−¨© ¯«�− ¢ ª�ç¥áâ¢¥ ¡�§®¢®£® í«¥¬¥−â�à−®£® ®¡ê¥ªâ�
á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨ –�„ ¨ ú®¡«�ª®¢û ¢ë¤¢¨−ã«®áì −¥ §�ª®−ç¥−−®¥ á¥â¥¢®¥
ãáâà®©áâ¢®, �, £¤¥-â® ¢®¯à¥ª¨ §¤à�¢®¬ã á¬ëá«ã, ®â¤¥«ì−�ï á¥â¥¢�ï äã−ªæ¨ï, ¯®-
à®¤¨¢ ¯®−ïâ¨¥ NFV. �®áª®«ìªã ®−® ¯à¨¦¨«®áì, â®, ¯à¨−¨¬�ï ¥£® ª�ª ¤�−−®áâì,
¢ ¤�«ì−¥©è¥¬ ®âª�¦¥¬áï ®â ª�¢ëç¥ª, £®¢®àï ® ¢¨àâã�«¨§�æ¨¨ á¥â¥¢ëå äã−ªæ¨©.

3 NFV и виртуализации сетей

Š −�áâ®ïé¥¬ã ¢à¥¬¥−¨ �ªà®−¨¬ NFV −¥ â®«ìª® ¯à¨¦¨«áï, −® ¨ áâ�« ¬®¤-
−ë¬. �� àë−ª¥ �� ¤«ï –�„ ¨ ú®¡«�ª®¢û ¡®«ìè¨−áâ¢® ¯à®¤ãªâ®¢, á¢ï§�−−ëå
á ¢¨àâã�«¨§�æ¨¥© á¥â¨, ï¢−® ¨«¨ −¥ï¢−® ¢®¢«¥ª�îâ NFV. ‚ áâà¥¬«¥−¨¨ ¯®−ïâì
¤¥©áâ¢¨â¥«ì−ãî á¢ï§ì ¨ ¢§�¨¬®®â−®è¥−¨¥ ¬¥¦¤ã ¢¨àâã�«¨§�æ¨¥© á¥â¨ ¨ ¢¨àâã�-
«¨§�æ¨¥© á¥â¥¢ëå äã−ªæ¨© ®¡à�â¨¬áï ª ®¯ëâã ®¤−®£® ¨§ «¨¤¥à®¢ ¢ íâ®© ®¡«�áâ¨ |
ª®¬¯�−¨¨ VMware, úªàã¯−¥©è¥£® à�§à�¡®âç¨ª� �� ¤«ï ¢¨àâã�«¨§�æ¨¨û, ª�ª
¯à¥¤áâ�¢«ï¥â ¥¥ ‚¨ª¨¯¥¤¨ï.

÷¥ª«�¬¨àãï −� á¢®¥¬ ä¨à¬¥−−®¬ á�©â¥ ¯à®£à�¬¬−ë© ¯à®¤ãªâ NSX, VMware
¯®§¨æ¨®−¨àã¥â ¥£® ª�ª ú¯«�âä®à¬ã ¢¨àâã�«¨§�æ¨¨ á¥â¨ ¤«ï ¯à®£à�¬¬−®£®
–�„û [1]. �â¬¥â¨¢, çâ® âãâ −¥â ¯àï¬®£® ã¯®¬¨−�−¨ï NFV, ¯®¯à®¡ã¥¬ à�-
§®¡à�âìáï ¢ ¯®−¨¬�−¨¨ á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨ úªàã¯−¥©è¨¬ à�§à�¡®âç¨ª®¬ ��
¤«ï ¢¨àâã�«¨§�æ¨¨û, à�áá¬®âà¥¢ −�§−�ç¥−¨¥, äã−ªæ¨®−�«ì−®áâì ¨ ®á®¡¥−−®áâ¨
¥£® ®á−®¢−®£® ¯à¥¤−�§−�ç¥−−®£® ¤«ï íâ®© æ¥«¨ ¯à®¤ãªâ�.

Š�ª ¯®ïá−ï¥âáï ¤�«¥¥ ¢ ã¯®¬ï−ãâ®© ¢ëè¥ ¯à¥§¥−â�æ¨¨ −� á�©â¥ VMware,
NSX ¢®á¯à®¨§¢®¤¨â ¯à®£à�¬¬−ë¬¨ áà¥¤áâ¢�¬¨ á¥â¥¢ãî áà¥¤ã, ª®â®à�ï ¬®¦¥â
¢ª«îç�âì ª®¬¬ãâ�â®àë, ¬�àèàãâ¨§�â®àë, á¥â¥¢ë¥ íªà�−ë, áà¥¤áâ¢� ¡�«�−á¨-
à®¢ª¨ −�£àã§ª¨, � â�ª¦¥ ª®¬¯®−¥−âë ¤«ï ¬®−¨â®à¨−£� ¨ ®¡¥á¯¥ç¥−¨ï ª�ç¥áâ¢�
®¡á«ã¦¨¢�−¨ï. ˆ§ íâ®£® ¯¥à¥ç−ï á® ¢á¥© ®ç¥¢¨¤−®áâìî á«¥¤ã¥â, çâ® ¢ ¤�−−®¬
ª®−â¥ªáâ¥ æ¥«ìî ¨ à¥§ã«ìâ�â®¬ ¯à¨¬¥−¥−¨ï NSX ®ª�§ë¢�¥âáï −¥ ¢¨àâã�«¨§�æ¨¨
ª�ª®©-â® á¥â¨, ª®â®à�ï ¯®ª� ¢®®¡é¥ −¨ª�ª −¥ ¯à®á¬�âà¨¢�¥âáï, � ¯à®£à�¬¬−�ï
à¥�«¨§�æ¨ï ª®−ªà¥â−ëå äã−ªæ¨©, á¢®©áâ¢¥−−ëå âà�¤¨æ¨®−−ë¬ ãáâà®©áâ¢�¬ á¥-
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â¥¢®© ¨−äà�áâàãªâãàë. Š â®¬ã ¦¥ ¢ ¤�«ì−¥©è¥¬ ãâ®ç−ï¥âáï, çâ® íâ¨ äã−ªæ¨¨
à¥�«¨§ãîâáï ¢ ä¨à¬¥−−®¬ £¨¯¥à¢¨§®à¥. ’�ª¨¬ ®¡à�§®¬, ¯® ¢á¥¬ ¯à¨¬¥â�¬ à¥çì
¨¤¥â ª�ª à�§ ®¡ NFV, å®âï ¨ ¡¥§ ¯àï¬®© ááë«ª¨ −� −¥¥. ÷¥�«¨§ã¥¬ë¥ á¥â¥¢ë¥
äã−ªæ¨¨ §¤¥áì ¯à¥¤áâ�¢«¥−ë £®à�§¤® è¨à¥ ¯® áà�¢−¥−¨î á ¯à®áâë¬ ¢¨àâã�«ì−ë¬
ª®¬¬ãâ�â®à®¬ vSwitch, ¨ íâ®â à�áè¨à¥−−ë© −�¡®à ¢ëà�§¨â¥«ì−® ¤¥¬®−áâà¨àã¥â
úáä¥àã ¨−â¥à¥á®¢û á®¢à¥¬¥−−®© â¥å−®«®£¨¨ NFV. ‘ ¤àã£®© áâ®à®−ë, ¯®ª� ¢ íâ®©
áä¥à¥ −¥ ¢¨¤−® −¨ª�ª®© à¥�«ì−®© á¥â¨ ¨, ª�ª á«¥¤áâ¢¨¥, á¯®á®¡®¢ ¥¥ ¢¨àâã-
�«¨§�æ¨¨, å®âï ¨¬¥−−® ¢¨àâã�«¨§�æ¨ï á¥â¨ ®¡êï¢«¥−� ®á−®¢−ë¬ −�§−�ç¥−¨¥¬
¯«�âä®à¬ë NSX.

’¥¬ −¥ ¬¥−¥¥ NSX ¤¥©áâ¢¨â¥«ì−® ¯à¥¤®áâ�¢«ï¥â ¢®§¬®¦−®áâ¨ ¢¨àâã�«¨§�æ¨¨
á¥â¨, −® íâ¨ ¢®§¬®¦−®áâ¨, ¢ á¢®î ®ç¥à¥¤ì, −¥ ¨¬¥îâ ¯àï¬®£® ®â−®è¥−¨ï ª NFV.
‚ à�áè¨à¥−−ëå ¢¥àá¨ïå ¯«�âä®à¬ë, −�¯à¨¬¥à NSX Enterprise, ¯®ï¢«ïîâáï
å�à�ªâ¥à−ë¥ ¤«ï –�„ áà¥¤áâ¢� ®¡ê¥¤¨−¥−¨ï −¥áª®«ìª¨å ä¨§¨ç¥áª¨å á¥à¢¥à®¢
¢ ®¤¨− ¢¨àâã�«ì−ë© ¨ ¯®¤¤¥à¦ª� ú¬¨£à�æ¨¨û VM á á¥à¢¥à� −� á¥à¢¥à. „«ï íâ®£®
¯à¥¤ãá¬®âà¥−® á¯¥æ¨�«ì−®¥ ��, ¢ ç�áâ−®áâ¨ ã¤�«¥−−ë© è«î§ (remote gateway)
¨ ®ª®−¥ç−ë© ¯ã−ªâ ¢¨àâã�«ì−®£® âã−−¥«ï VTEP (Virtual Tunnel End Point),
¯®§¢®«ïîé¥¥ à¥�«¨§®¢�âì ¢ ¬−®£®á¥à¢¥à−®¬ –�„ úí«�áâ¨ç−ãîû ¢¨àâã�«ì−ãî
«®ª�«ì−ãî á¥âì VXLAN (Virtual eXtensible LAN).

‘¥âì VXLAN, ª�ª ¨ ¤àã£¨¥ ¨§¢¥áâ−ë¥ ¢¨àâã�«ì−ë¥ á¥â¨, ¯à¥¤áâ�¢«ï¥â á®-
¡®© −�«®¦¥−−ãî á¥âì, ®â«¨ç�îéãîáï ¬−®£®ãà®¢−¥¢®© ¨−ª�¯áã«ïæ¨¥© ª�¤à®¢
¯¥à¢¨ç−®© á¥â¨ ¢ ª�¤àë ¢â®à¨ç−®©. Š ª�¤àã Ethernet ¨«¨ VLAN ¯¥à¢¨ç−®©
á¥â¨ ¤®¡�¢«ï¥âáï VXLAN-§�£®«®¢®ª á ¨¤¥−â¨ä¨ª�â®à®¬ ¢¨àâã�«ì−®© á¥â¨ VNI
(Virtual Network Identifier), ¯®á«¥ ç¥£® ®−¨ ¢¬¥áâ¥ ¯®á«¥¤®¢�â¥«ì−® ¨−ª�¯áã-
«¨àãîâáï ¢ UDP (User Datagram Protocol) ¯�ª¥â, IP (Internet Protocol) ¯�ª¥â
¨ Ethernet-ª�¤à ¢â®à¨ç−®© á¥â¨. ‘ã¬¬�à−® ¢ ú£®«®¢ãû ª�¤àã Ethernet/VLAN
¯¥à¢¨ç−®© á¥â¨ (¢−ãâà¥−−¥¬ã ª�¤àã) ¤®¡�¢«ï¥âáï 50 (¤«ï IPv4) ¨«¨ 70 (¤«ï IPv6)
¡�©â®¢ §�£®«®¢ª®¢ ¯«îá á®®â¢¥âáâ¢ãîé¥¥ ª®«¨ç¥áâ¢® ª®−âà®«ì−ëå ª®¤®¢ ¢ ¥£®
úå¢®áâû. ’�ª�ï á®«¨¤−�ï ¨§¡ëâ®ç−®áâì ¢ë−ã¦¤¥−−® ¯à¨−®á¨âáï ¢ ¦¥àâ¢ã ¢®§-
¬®¦−®áâ¨ ¨á¯®«ì§®¢�−¨ï âà�¤¨æ¨®−−®£® á¥â¥¢®£® ®¡®àã¤®¢�−¨ï ¤«ï ä¨§¨ç¥áª®©
¨−äà�áâàãªâãàë, −� ª®â®àãî −�ª«�¤ë¢�îâáï á¥â¨ VXLAN. ‡�£®«®¢®ª Ethernet-
ª�¤à� ¢â®à¨ç−®© á¥â¨ (¢−¥è−¥£® ª�¤à�) ¯®§¢®«ï¥â âà�¤¨æ¨®−−ë¬¨ áà¥¤áâ¢�¬¨
ª®¬¬ãâ¨à®¢�âì ¥£® −� ¢â®à®¬ ãà®¢−¥ íâ�«®−−®© ¬®¤¥«¨ ISO/OSI ¯® MAC-
�¤à¥á�¬, −�¯à¨¬¥à áâ�¢è¨¬¨ ¯à¨¢ëç−ë¬¨ ¢ ¬−®£®á¥à¢¥à−ëå �£à¥£�æ¨ïå ¨ –�„
ª®¬¬ãâ�â®à�¬¨ −� ¢¥àåã áâ®©ª¨ ToR (Top of Rack) ¨«¨ ¢ ª®−æ¥ àï¤� áâ®¥ª EoR
(End of Row), � ¨−ª�¯áã«¨à®¢�−−ë¥ §�£®«®¢ª¨ IP- ¨ UDP-¯�ª¥â®¢ ¢−¥è−¥-
£® ª�¤à� ¨á¯®«ì§®¢�âì ¤«ï ¬�àèàãâ¨§�æ¨¨ −� âà¥âì¥¬ ¨ ç¥â¢¥àâ®¬ ãà®¢−ïå ¯®
IP-�¤à¥á�¬ ¨ UDP-¯®àâ�¬. �à¨ íâ®¬ á®åà�−ï¥âáï −¥§�¢¨á¨¬�ï ¢®§¬®¦−®áâì
ª®¬¬ãâ�æ¨¨ ¨ ¯¥à¥−�¯à�¢«¥−¨ï ª�¤à®¢, ¢ â®¬ ç¨á«¥ áà¥¤áâ¢�¬¨ NFV, ¢ à�¬ª�å
®â¤¥«ì−®© ¢¨àâã�«ì−®© á¥â¨ VXLAN ¯® ¥¥ ¨−ª�¯áã«¨à®¢�−−ë¬ §�£®«®¢ª�¬.

’�ª¨¬ ®¡à�§®¬, ¯«�âä®à¬� NSX ï¢«ï¥âáï ®¤−®¢à¥¬¥−−® áà¥¤áâ¢®¬ ¢¨àâã�«¨-
§�æ¨¨ ¨ äã−ªæ¨©, ¨ á¥â¥©, −® à�§−ë¬¨ ¬¥â®¤�¬¨: NFV à¥�«¨§ã¥âáï ¯à®£à�¬¬−ë-
¬¨ ¯à®¤ãªâ�¬¨ ¯«�âä®à¬ë ¢−ãâà¨ á¥à¢¥à®¢, ¢ â®¬ ç¨á«¥ −� VM, � VXLAN | ¢®
¢§�¨¬®¤¥©áâ¢¨¨ á¯¥æ¨�«ì−®£® �� á¥à¢¥à®¢ á ¢−¥è−¨¬ âà�¤¨æ¨®−−ë¬ á¥â¥¢ë¬
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�¥ª®â®àë¥ −¥ï¢−ë¥ ¢®¯à®áë á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨

®¡®àã¤®¢�−¨¥¬. ˆ¬¥−−® §¤¥áì «¥¦¨â ª®à¥−−®¥ à�§«¨ç¨¥ ¬¥¦¤ã ¢¨àâã�«¨§�æ¨¥©
á¥â¥© ¨ äã−ªæ¨©. ‹î¡�ï ¢¨àâã�«¨§�æ¨ï á¥â¨ ¯à¥¤¯®«�£�¥â ®¡ê¥ªâ íâ®© ¢¨àâã-
�«¨§�æ¨¨ | −¥ªãî à¥�«ì−ãî ä¨§¨ç¥áªãî á¥âì | ¨ −¥¨§¡¥¦−® á®¯à®¢®¦¤�¥âáï
¯®ï¢«¥−¨¥¬ ®£à�−¨ç¨â¥«ì−®£® ¯¥à¥ç−ï ¯®áâ�¢é¨ª®¢ á¥â¥¢®£® ®¡®àã¤®¢�−¨ï ¤«ï
íâ®© ä¨§¨ç¥áª®© á¥â¨, á®¢¬¥áâ¨¬®£® á �� ¤�−−®© ª®−ªà¥â−®© ¯«�âä®à¬ë ¢¨àâã-
�«¨§�æ¨¨. …áâì â�ª®© ¯¥à¥ç¥−ì ¨ ã ¯«�âä®à¬ë VMware NSX (ª ç¥áâ¨ ¯®á«¥¤−¥©,
®− ¤®áâ�â®ç−® è¨à®ª). ‚ ¯à®â¨¢®¢¥á íâ®¬ã ®¤−®© ¨§ £«�¢−ëå æ¥«¥© ¨ ®¤−¨¬ ¨§
£«�¢−ëå ¤®áâ®¨−áâ¢ NFV ª�ª à�§ ï¢«ï¥âáï ¯à¨−æ¨¯¨�«ì−ë© ®âª�§ ®â á¯¥æ¨ä¨ç¥-
áª®£® §�¢¨áïé¥£® ®â ¯®áâ�¢é¨ª� á¥â¥¢®£® ®¡®àã¤®¢�−¨ï ¡«�£®¤�àï ¯à®£à�¬¬−®©
à¥�«¨§�æ¨¨ ¥£® äã−ªæ¨© −� ã−¨¢¥àá�«ì−ëå á¥à¢¥à�å ¨ VM.

4 NFV и SDN

÷�áè¨à¥−¨¥ äã−ªæ¨®−�«ì−®áâ¨ ¯«�âä®à¬ ¢¨àâã�«¨§�æ¨¨, â�ª¨å ª�ª
VMware NSX, §� ¯à¥¤¥«ë ®¤−®£® á¥à¢¥à� áâ�¢¨â ¢®¯à®á ® ¢§�¨¬®¤¥©áâ¢¨¨
¢ ¬−®£®á¥à¢¥à−®¬ –�„ NFV ¨ ¢¨àâã�«ì−®© á¥â¨, � ¨¬¥−−®: ¯à®£à�¬¬−® í¬ã«¨-
àã¥¬ëå áà¥¤áâ¢�¬¨ NFV ãáâà®©áâ¢ á¥â¥¢®© ¨−äà�áâàãªâãàë á à¥�«ì−®© á¥â¥¢®©
�¯¯�à�âãà®©, −� ª®â®àãî −�ª«�¤ë¢�¥âáï, −�¯à¨¬¥à, á¥âì VXLAN. ‚ íâ®© á¢ï§¨
¯®«¥§−® ®¡à�â¨âì ¢−¨¬�−¨¥ −� −¥ª®â®àãî −¥¤®áâ�â®ç−®áâì ¯¥à¥¢®¤� ®¯à¥¤¥«¥-
−¨ï –�„ ¢ −�§−�ç¥−¨¨ ¯«�âä®à¬ë NSX ¢ ¥¥ ¯à¥§¥−â�æ¨¨ −� á�©â¥ VMware.
’®, çâ® ¢ àãááª®¬ ¯¥à¥¢®¤¥ ¯®¤�¥âáï ª�ª ú¯à®£à�¬¬−ë© –�„û, ¢ �−£«®ï§ëç-
−®¬ ®à¨£¨−�«¥ ®ª�§ë¢�¥âáï ¯à®£à�¬¬−®-®¯à¥¤¥«ï¥¬ë¬ –�„ (VMware NSX is
the network virtualization platform for the Software-Defined Data Center). �â�
à�§−¨æ� áãé¥áâ¢¥−−�, â�ª ª�ª ®à¨£¨−�« ¢®¢«¥ª�¥â ¢ ª®−â¥ªáâ ®¡áã¦¤¥−¨ï ¯à®-
£à�¬¬−®-®¯à¥¤¥«ï¥¬ë¥ –�„ SDDC (Software-Defined Data Centers) ¨ ç¥à¥§
−¨å á¥â¨ SDN.

„¥©áâ¢¨â¥«ì−®, ¯à�ªâ¨ç¥áª¨ «î¡®¥ ®¡áã¦¤¥−¨¥ –�„ ¨ ú®¡«�ª®¢û §�âà�£¨-
¢�¥â â�ª ¨«¨ ¨−�ç¥ â¥¬ã NFV, � â�, ¢ á¢®î ®ç¥à¥¤ì, áâà¥¬¨âáï ¯à¨¢«¥çì SDN.
‚ á«ãç�¥ VMware NSX á¢ï§ì NFV á SDN ¯®áâã«¨à®¢�−� −¥ï¢−® ç¥à¥§ SDDC
¨ −¥ ¯®ïá−¥−�. �®«¥¥ ®âç¥â«¨¢® ®£®¢�à¨¢�¥â íâã á¢ï§ì ª®¬¯�−¨ï F5 Networks,
á¯¥æ¨�«¨§¨àãîé�ïáï −� â�ª −�§ë¢�¥¬ëå á¥âïå ¤®áâ�¢ª¨ ¯à¨«®¦¥−¨© ADN (Ap-
plication Delivery Networks): úNFV ¡¥à¥â ª®−æ¥¯æ¨î SDN. . . ¨ ¯à¨á¯®á�¡«¨¢�¥â
¥¥ ¢ ¯®¬®éì â¥«¥ª®¬¬ã−¨ª�æ¨®−−®© ¨−äà�áâàãªâãà¥û (NFV is taking the SDN
concept. . . and adapting it to benefit the telecommunications application infrastruc-
ture) [2, á. 6]. Š�ª¨¬ ¦¥ ®¡à�§®¬ SDN ¬®¦¥â ¯®¬®çì â¥«¥ª®¬¬ã−¨ª�æ¨®−−®©
¨−äà�áâàãªâãà¥, ®á−®¢�−−®© −� ¯à¨−æ¨¯�å NFV?

Š�ª ã¦¥ ã¤�«®áì ¢ëïá−¨âì, ¢¨àâã�«¨§�æ¨ï á¥â¨ ¨ á¥â¥¢ëå äã−ªæ¨© ¢−ãâ-
à¨ –�„ à¥�«¨§ã¥âáï à�§−ë¬¨ ¬¥â®¤�¬¨. �® çâ®¡ë ¢¨àâã�«ì−�ï á¥âì –�„
äã−ªæ¨®−¨à®¢�«� ª�ª ¥¤¨−®¥ æ¥«®¥, áà¥¤áâ¢� ã¯à�¢«¥−¨ï íâ®© á¥âìî ®¡ï§�-
−ë á®¯àïçì íâ¨ à�§−ë¥ ¬¥â®¤ë â�ª, çâ®¡ë ¢á¥ ¢¨àâã�«ì−ë¥ á¥â¨, −�¯à¨¬¥à
VXLAN, äã−ªæ¨®−¨à®¢�«¨ ¢ ¯®«−®¬ á®£«�á¨¨, ¢®-¯¥à¢ëå, á �ªâ¨¢−ë¬¨ VM,
� ¢®-¢â®àëå, á â¥å−¨ç¥áª¨¬¨ ¢®§¬®¦−®áâï¬¨ ¨ â¥ªãé¨¬¨ −�áâà®©ª�¬¨ à¥�«ì−®©
�¯¯�à�â−®© á¥â¥¢®© ¨−äà�áâàãªâãàë –�„. ˆ¬¥îé¨©áï ®¯ëâ á¥à¢¥à−®© ¢¨àâã�-
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«¨§�æ¨¨ ¯®ª�§ë¢�¥â, çâ® á®¢¬¥áâ−®¥ äã−ªæ¨®−¨à®¢�−¨¥ ¬−®¦¥áâ¢� VM ¢ ¥¤¨−®©
¢¨àâã�«¨§¨à®¢�−−®© âà¥¡ã¥â æ¥−âà�«¨§�æ¨¨ ®à£�−¨§�æ¨¨ ¨ ã¯à�¢«¥−¨ï −¥ª¨¬
®¡é¨¬ ¤¨á¯¥âç¥à®¬: £¨¯¥à¢¨§®à®¬ ¢ à�¬ª�å ®â¤¥«ì−®£® á¥à¢¥à� ¨ ª�ª¨¬-«¨¡®
á¯¥æ¨�«ì−ë¬ VM-¬¥−¥¤¦¥à®¬ ¢ ¬−®£®á¥à¢¥à−ëå –�„ ¨«¨ ú®¡«�ª�åû [3, 4]. ‘®-
®â¢¥âáâ¢¥−−®, ª®£¤� ¢ ç¨á«¥ ª®¬¯®−¥−â®¢ ¢¨àâã�«¨§¨à®¢�−−®© áà¥¤ë ®ª�§ë¢�¥âáï
¢¨àâã�«ì−�ï á¥âì, ã á®§¤�â¥«¥© –�„ ¢®§−¨ª�¥â ¥áâ¥áâ¢¥−−®¥ ¦¥«�−¨¥ ¯®¤ç¨−¨âì
¥¥ â®© ¦¥ ¯�à�¤¨£¬¥ ã¯à�¢«¥−¨ï. �® ª�ª à�§ æ¥−âà�«¨§�æ¨ï ã¯à�¢«¥−¨ï á¥âìî
ï¢«ï¥âáï £«�¢−®© ®â«¨ç¨â¥«ì−®© ç¥àâ®© ª®−æ¥¯æ¨¨ SDN. ’�ª¨¬ ®¡à�§®¬, ®¡ê-
¥ªâ¨¢−®¥ áâà¥¬«¥−¨¥ ª æ¥−âà�«¨§�æ¨¨ ã¯à�¢«¥−¨ï ¢á¥¬¨ ª®¬¯®−¥−â�¬¨ ¥¤¨−®©
¢¨àâã�«¨§¨à®¢�−−®© áà¥¤ë –�„ ¨«¨ ú®¡«�ª�û ®¯à¥¤¥«ï¥â ¢§�¨¬−®¥ âï£®â¥−¨¥
NFV ¨ SDN ¤àã£ ª ¤àã£ã.

�â®¬ã âï£®â¥−¨î â�ª¦¥ á¯®á®¡áâ¢ã¥â ®¡é−®áâì ú�à¥�«� ¯à¨«®¦¥−¨ïû NFV
¨ SDN. ˜¨à®ª®¥ ¯à¨¬¥−¥−¨¥ ¢¨àâã�«¨§�æ¨ï ¢®®¡é¥ ¨ NFV ¢ ç�áâ−®áâ¨ −�å®¤¨â,
¢ ¯¥à¢ãî ®ç¥à¥¤ì, ¢ –�„. ‘ ¤àã£®© áâ®à®−ë, ¢ [5] ¡ë«® á¤¥«�−® ¢�¦−®¥ §�ª«îç¥-
−¨¥, çâ® ª®−æ¥¯æ¨ï SDN ¢ ç¨áâ®¬ ¢¨¤¥, −¥á¬®âàï −� �¬¡¨æ¨®§−ë¥ ¯à¥â¥−§¨¨ ¥¥
�¢â®à®¢, ¯à�ªâ¨ç¥áª¨ à¥�«¨§ã¥¬� ¢ ¯à¨−æ¨¯¨�«ì−® ®£à�−¨ç¥−−®¬ ¯à®áâà�−áâ¢¥,
¢ −�¨¡®«¥¥ â¨¯¨ç−®¬ á«ãç�¥ | ¢ ¯à¥¤¥«�å –�„. ‘®®â¢¥âáâ¢¥−−®, ¯®á«¥¤−¨©
¢ëáâã¯�¥â, á ®¤−®© áâ®à®−ë, ®¡é¨¬ ¯à¨ª«�¤−ë¬ ®¡ê¥¤¨−¨â¥«¥¬, � á ¤àã£®© |
¯à®áâà�−áâ¢¥−−ë¬ ®£à�−¨ç¨â¥«¥¬ ¨ SDN, ¨ NFV. �®íâ®¬ã −¥ã¤¨¢¨â¥«ì−® ®á®¡®¥
¢ë¤¥«¥−¨¥ SDDC ª�ª £«�¢−®£® ®¡ê¥ªâ� ¯à¨¬¥−¥−¨ï áà¥¤áâ¢ ¢¨àâã�«¨§�æ¨¨ á¥â¨,
â�ª¨å ª�ª VMware NSX.

’�ª¦¥ á«¥¤ã¥â ®â¬¥â¨âì, çâ® NFV ¨ SDN ª®−æ¥¯âã�«ì−® ®¡ê¥¤¨−ï¥â ®¡é�ï
æ¥«ì ®âª�§� ®â ¯à®¯à¨¥â�à−®£® á¥â¥¢®£® ®¡®àã¤®¢�−¨ï, å®âï áà¥¤áâ¢� ¤®áâ¨¦¥−¨ï
íâ®© æ¥«¨ ã −¨å à�§−ë¥: ã NFV íâ® ¢¨àâã�«¨§�æ¨ï ®¡®àã¤®¢�−¨ï, � ã SDN |
á®ªà�é¥−¨¥ ¥£® −®¬¥−ª«�âãàë (¢ ¯à¥¤¥«¥ ¤® ¯à®áâ¥©è¨å ª®¬¬ãâ�â®à®¢) ¨ ã−¨-
ä¨ª�æ¨ï ¢§�¨¬®¤¥©áâ¢¨ï á −¨¬ ¨§ ã¯à�¢«ïîé¥£® æ¥−âà� (¢ ç�áâ−®áâ¨, ¡«�£®¤�àï
¥¤¨−®¬ã ¯à®â®ª®«ã OpenFlow).

‚§�¨¬−�ï âï£� NFV ¨ SDN ¤àã£ ª ¤àã£ã ¨ ®¡é�ï ¤«ï −¨å ¯à¥¤à�á¯®-
«®¦¥−−®áâì ª æ¥−âà�«¨§®¢�−−®¬ã ã¯à�¢«¥−¨î §�áâ�¢«ïîâ á®§¤�â¥«¥© –�„ ¯®
¢®§¬®¦−®áâ¨ ã−¨ä¨æ¨à®¢�âì ¬¥â®¤ë ¨ áà¥¤áâ¢� â�ª®£® ã¯à�¢«¥−¨ï. �à¨ íâ®¬,
¯®áª®«ìªã á¥à¢¥à−�ï ¢¨àâã�«¨§�æ¨ï áâ�àè¥ NFV ¨ SDN, −� ¯à�ªâ¨ª¥ â�ª�ï
ã−¨ä¨ª�æ¨ï áâà¥¬¨âáï ª ¯¥à¥−®áã ®âà�¡®â�−−ëå ¬¥â®¤®¢ ¨ áà¥¤áâ¢ ã¯à�¢«¥−¨ï
á VM −� NFV ¨ ¤�«¥¥ −� SDN. ‚ ç�áâ−®áâ¨, ¢ NFV ¨ SDN «¥£ª® ¯¥à¥ª®ç¥¢�«¨ â�-
ª¨¥ áâ�¢è¨¥ à�áå®¦¨¬¨ â¥à¬¨−ë, ª�ª ú¢¨àâã�«¨§�æ¨ïû, ú¯à®£à�¬¬¨àã¥¬®áâìû,
ú®àª¥áâà®¢ª�û. ’�ª, ª®¬¯�−¨ï F5 Networks ã¢¥àï¥â, çâ® úãá¯¥è−®¥ ¢−¥¤à¥−¨¥
NFV âà¥¡ã¥â à¥è¥−¨©, ª®â®àë¥ ¯®¤¤¥à¦¨¢�îâ ç¥âëà¥ ª«îç¥¢ë¥ å�à�ªâ¥à¨áâ¨ª¨:
¢¨àâã�«¨§�æ¨î, �¡áâà�£¨à®¢�−¨¥, ¯à®£à�¬¬¨àã¥¬®áâì ¨ ®àª¥áâà®¢ªãû (a success-
ful NFV implementation demands solutions that support four key characteristics:
virtualization, abstraction, programmability, and orchestration) [2, á. 10]. �® ¥á«¨
¢¨àâã�«¨§�æ¨ï ¨ ¯à®£à�¬¬¨àã¥¬®áâì | ¥áâ¥áâ¢¥−−® ¯à¨áãé¨¥ NFV ª�ç¥áâ¢�, â®
¬¥−¥¥ ïá−� á¨âã�æ¨ï á ú®àª¥áâà®¢ª®©û.

�¨ªâ® ¤® á¨å ¯®à −¥ ¤�« ®¯à¥¤¥«¥−¨ï ú®àª¥áâà®¢ª¨û. �® ¥á«¨, −�¯à¨-
¬¥à, ®¡®¡é¨âì ¥¥ §�¤�ç¨, ª�ª ®−¨ ¯¥à¥ç¨á«¥−ë ¢ �−£«®ï§ëç−®© ‚¨ª¨¯¥¤¨¨, â®
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�¥ª®â®àë¥ −¥ï¢−ë¥ ¢®¯à®áë á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨

ú®àª¥áâà®¢ª�û ¤®«¦−� �¢â®¬�â¨ç¥áª¨ ¡¥§ ç¥«®¢¥ç¥áª®£® ãç�áâ¨ï §�áâ�¢¨âì ¢á¥
�¯¯�à�â−ë¥ ¨ ¯à®£à�¬¬−ë¥ ª®¬¯®−¥−âë –�„ ¨«¨ ú®¡«�ª�û à�¡®â�âì, ¤®¯®«−ïï
¤àã£ ¤àã£� ¨ ¢ ¯®«−®¬ á®£«�á¨¨ ¤àã£ á ¤àã£®¬ (æ¥«ì ®àª¥áâà®¢ª¨ ¢ âà�¤¨æ¨-
®−−®¬ ¥¥ ¯®−¨¬�−¨¨), ¤«ï ¯à¥¤®áâ�¢«¥−¨ï ¢á¥¬ ¯®«ì§®¢�â¥«ï¬ §�¯à�è¨¢�¥¬ëå
¨¬¨ ãá«ã£. ‘ª®«ì ¡ë á«®¦−®© −¨ ¡ë«� �¯¯�à�â−�ï ¨−äà�áâàãªâãà�. ‘ª®«ì
¡ë ¬−®£®ç¨á«¥−−ë¬¨ −¨ ¡ë«¨ ª®¬¯®−¥−âë ��. ‘ª®«ì ¡ë à�§−®®¡à�§−ë¬¨ −¨
¡ë«¨ ®¡¥á¯¥ç¨¢�¥¬ë¥ á¥à¢¨áë. ‚ ®¡é¥¬, â�ª�ï ¢®â ¢®«è¥¡−�ï ¯�«®çª� ¢ àãª�å
−¥¢¨¤¨¬®£® ¤¨à¨¦¥à�. �à¨ íâ®¬ −¥®ç¥¢¨¤−®, çâ® ¨¬¥îé¨¥áï ¬¥â®¤ë ¨ ¯à¨¥¬ë
ú®àª¥áâà®¢ª¨û £®¬®£¥−−®© áà¥¤ë ®¤¨−�ª®¢ëå VM, à�¡®â�îé¨å −� ¨¤¥−â¨ç−ëå
¨«¨ å®âï ¡ë ¯®å®¦¨å á¥à¢¥à�å, ã¤�áâáï ãá¯¥è−® ¯¥à¥−¥áâ¨ −� £¥â¥à®£¥−−®¥ à�§-
−®®¡à�§¨¥ ¢¨àâã�«ì−ëå á¥â¥¢ëå äã−ªæ¨© ¨ â¥¬ ¡®«¥¥ −� ä¨§¨ç¥áªãî á¥âì, á¥âì
SDN ¢ ç�áâ−®áâ¨, á ¥¥ à�§−®®¡à�§−ë¬¨ ¨ à�§−®à®¤−ë¬¨ ãáâà®©áâ¢�¬¨ ¨ §�¤�−−®©
â®¯®«®£¨¥© ª�−�«®¢ á¢ï§¨.

5 Проблемы и перспективы NFV

�à®¡«¥¬� ú®àª¥áâà®¢ª¨û −¥ ¥¤¨−áâ¢¥−−�ï ¢ ¯¥àá¯¥ªâ¨¢�å NFV. ‘ç¨â�¥â-
áï, çâ® −� â�ª −�§ë¢�¥¬®© úªà¨¢®© æ¨ª«� ƒ�àâ−¥à�û ª®−æ¥¯æ¨ï NFV úã¦¥
¯à®è«� ú¯¨ª §�¢ëè¥−−ëå ®¦¨¤�−¨©û ¨ â¥¯¥àì áâà¥¬¨âáï ª ú−¨¦−¥© â®çª¥
à�§®ç�à®¢�−¨©û. . . �¯¥à�â®àë ¤¥«�îâ ¯¥à¢ë¥ ¯à�ªâ¨ç¥áª¨¥ è�£¨ ª ¢¨àâã�«¨§�-
æ¨¨ ¨−äà�áâàãªâãàë, �ªâ¨¢−® â¥áâ¨àãîâ à¥è¥−¨ï −� ¡�§¥ ª®−æ¥¯æ¨¨ NFV. �à¨
íâ®¬ ç¥¬ £«ã¡¦¥ ®−¨ ¢−¨ª�îâ ¢ ¯à®æ¥áá, â¥¬ ¡®«ìè¥ ¯à¥¯ïâáâ¢¨© ¢áâà¥ç�îâ −�
á¢®¥¬ ¯ãâ¨û [6]. �à¨ç¨− ¤«ï íâ®£® −¥¬�«®:

{ −¥¢®§¬®¦−®áâì �¤¥ª¢�â−®© ®æ¥−ª¨ §�âà�â −� ª®¬¯«¥ªá−ãî ®à£�−¨§�æ¨®−−ãî
âà�−áä®à¬�æ¨î ¨ ¨å íª®−®¬¨ç¥áª®© íää¥ªâ¨¢−®áâ¨, ãáã£ã¡«ï¥¬ãî ®âáãâ-
áâ¢¨¥¬ à¥�«ì−ëå ¯à¥æ¥¤¥−â®¢ ¨ ãá¯¥è−ëå ¯à¨¬¥à®¢;

{ −¥®¡å®¤¨¬®áâì ¬�áá®¢®© §�¬¥−ë ®¡®àã¤®¢�−¨ï, ¢ â®¬ ç¨á«¥ ¥é¥ ¢¯®«−¥
à�¡®â®á¯®á®¡−®£®;

{ −¥¯®«−®â� áâ�−¤�àâ®¢ ¨, ª�ª á«¥¤áâ¢¨¥, −¥¯®«−�ï á®¢¬¥áâ¨¬®áâì à¥è¥−¨© ¯®
¢¨àâã�«ì−ë¬ á¥â¥¢ë¬ äã−ªæ¨ï¬;

{ −¥¤®áâ�â®ç−�ï ¤«ï ®¯¥à�â®àáª¨å á¥â¥© ¯à®¨§¢®¤¨â¥«ì−®áâì NFV-à¥è¥−¨©.

�� ¯®á«¥¤−¥¬ ¯ã−ªâ¥ å®ç¥âáï ®áâ�−®¢¨âìáï ®á®¡®.
‚ á®¢à¥¬¥−−ëå –�„ ®â ª®¬¬ãâ�â®à®¢ âà¥¡ã¥âáï â¥à�¡¨â−�ï ¯à®¨§¢®¤¨â¥«ì-

−®áâì. ��¯à¨¬¥à, ª®¬¬ãâ�â®àë ToR á¥à¨¨ Nexus 9300 ª®¬¯�−¨¨ Cisco Systems
®¡¥á¯¥ç¨¢�îâ áã¬¬�à−ãî ¯à®¯ãáª−ãî á¯®á®¡−®áâì 1,28 ’¡¨â/á, � ª®¬¬ãâ�â®àë
EoR á¥à¨¨ Nexus 9508 | ¤® 30 ’¡¨â/á. ‚ â® ¦¥ ¢à¥¬ï á®§¤�â¥«¨ Open vSwitch
®æ¥−¨¢�«¨ ¥£® ¯à®¯ãáª−ãî á¯®á®¡−®áâì ¬�ªá¨¬�«ì−® ¢ 500 Œ¡¨â/á [7]. ÷�§−¨æ�
−� 3{5 ¯®àï¤ª®¢ (!) §�áâ�¢«ï¥â ¡®«¥¥ ¯à¨áâ�«ì−® ¢§£«ï−ãâì −� úâ¥å−¨ç¥áª¨¥
¯�à�¬¥âàëû NFV.

„«ï å®âï ¡ë ¯à¨¡«¨§¨â¥«ì−®© ®æ¥−ª¨ ¢¥àå−¥© £à�−¨æë ¯à®¨§¢®¤¨â¥«ì−®áâ¨
NFV-ª®¬¬ãâ�â®à� ¨«¨ ¬�àèàãâ¨§�â®à� ¬®¦−® ¢§ïâì ª®¬¬¥àç¥áª®¥ ãáâà®©áâ¢®
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á ¯à®£à�¬¬−®© à¥�«¨§�æ¨¥© äã−ªæ¨¨ ª®¬¬ãâ�æ¨¨ ¨ ¬�àèàãâ¨§�æ¨¨, −�¯à¨-
¬¥à ã−¨¢¥àá�«ì−®¥ ãáâà®©áâ¢® §�é¨âë ®â ã£à®§ UTM (Unified Threat Man-
agement) NEO 340 ª®¬¯�−¨¨ ú�«ìâ�«ìû [8]. �â® ãáâà®©áâ¢® à¥�«¨§®¢�−® −�
á®¢à¥¬¥−−®© �¯¯�à�â−®© ¯«�âä®à¬¥ á¥à¢¥à−®£® ª«�áá� á ¤¢ã¬ï ¯à®æ¥áá®à�¬¨
Intel Xeon E5 (áã¬¬�à−® 16 ï¤¥à). Œ�ªá¨¬�«ì−�ï ¯à®¯ãáª−�ï á¯®á®¡−®áâì
ãáâà®©áâ¢� ¢ à¥¦¨¬¥ ¯à®áâ®© ¬�àèàãâ¨§�æ¨¨ ¡¥§ á®¡áâ¢¥−−® äã−ªæ¨© UTM −¥
¯à¥¢ëè�¥â 18,5 ƒ¡¨â/á (¢ª«îç¥−¨¥ UTM-äã−ªæ¨© ã¬¥−ìè�¥â ¥¥ −� ¯®àï¤ª¨
¢¥«¨ç¨−ë). „�«¥¥ á«¥¤ã¥â ãç¥áâì, çâ® NEO 340 −¥ ¨¬¥¥â ¯àï¬®£® ®â−®è¥-
−¨ï ª NFV, â�ª ª�ª ¯à¥¤áâ�¢«ï¥â á®¡®© á¯¥æ¨�«¨§¨à®¢�−−®¥ ãáâà®©áâ¢®, ¢á¥
�¯¯�à�â−ë¥ à¥áãàáë ¨ �� ª®â®à®£® ¯®«−®áâìî §�¤¥©áâ¢®¢�−ë −� ¢ë¯®«−¥−¨¥
á¥â¥¢ëå äã−ªæ¨©. (Š®¬¯�−¨ï ú�«ìâ�«ìû ¢®®¡é¥ ¯®§¨æ¨®−¨àã¥â ãáâà®©áâ¢�
«¨−¥©ª¨ NEO ª�ª ú�¯¯�à�â−ãî à¥�«¨§�æ¨îû UTM-äã−ªæ¨©, çâ®, ®¤−�ª®, −¥
á®®â¢¥âáâ¢ã¥â ¤¥©áâ¢¨â¥«ì−®áâ¨ ¨, ¢¥à®ïâ−®, ¤®«¦−® ¢®á¯à¨−¨¬�âìáï ª�ª ¯®¤-
ç¥àª¨¢�−¨¥ ®¯¯®§¨æ¨¨ NFV.) …á«¨ ¦¥ ¢ ª®−æ¥¯æ¨¨ NFV ¯®àãç¨âì ¢ë¯®«−ïâì
âã ¦¥ à�¡®âã �−�«®£¨ç−®¬ã ��, −® −� VM ¢ ã−¨¢¥àá�«ì−®¬ á¥à¢¥à¥, ¨¬¥îé¥¬
¯à®¨§¢®¤¨â¥«ì−®áâì, á®¯®áâ�¢¨¬ãî á ¯à®¨§¢®¤¨â¥«ì−®áâìî �¯¯�à�â−®© ¯«�âä®à-
¬ë NEO 340, â® á ãç¥â®¬ à�§¤¥«¥−¨ï à¥áãàá®¢ á¥à¢¥à� ¨ −�ª«�¤−ëå à�áå®¤®¢
¥£® ¢¨àâã�«¨§�æ¨¨ ¯à®¯ãáª−�ï á¯®á®¡−®áâì NFV-ãáâà®©áâ¢� ®ª�¦¥âáï ¥é¥ −¨¦¥.
‚¥à®ïâ−®, ¤®áâ�â®ç−® à¥�«¨áâ¨ç−®© ®æ¥−ª®© ¢¥àå−¥© £à�−¨æë ¯à®¯ãáª−®© á¯®-
á®¡−®áâ¨ â�ª®£® ãáâà®©áâ¢� ¡ã¤¥â 10 ƒ¡¨â/á. ‚ à¥§ã«ìâ�â¥ ¯à®¨§¢®¤¨â¥«ì−®áâì
¢¨àâã�«ì−ëå ª®¬¬ãâ�â®à®¢ ¨ ¬�àèàãâ¨§�â®à®¢ ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ®ª�§ë-
¢�¥âáï −¥¤®áâ�â®ç−®© ¤«ï à�¡®âë ¢ –�„, ¯à¨ç¥¬ à¥çì ¬®¦¥â ¨¤â¨ ® ¬−®£¨å
¯®àï¤ª�å ¢¥«¨ç¨−ë. �â® ®§−�ç�¥â, çâ® NFV ¯à¨ ¢á¥© á¢®¥© ¯à¨¢«¥ª�â¥«ì−®áâ¨
®â−î¤ì −¥ ã−¨¢¥àá�«ì−� ¨ ¤�«¥ª® −¥ ¢á¥£¤� á¯®á®¡−� ®¡¥á¯¥ç¨âì ¢¨àâã�«ì−ë¥
äã−ªæ¨®−�«ì−® íª¢¨¢�«¥−â−ë¥ �−�«®£¨ âà�¤¨æ¨®−−ëå �¯¯�à�â−ëå à¥è¥−¨©.

6 Заключение

’�ª¨¬ ®¡à�§®¬, NFV −�¯¥à¥ª®à −�§¢�−¨î ¢ëáâã¯�¥â áª®à¥¥ ¤®¯®«−¨â¥«ì−ë¬
áà¥¤áâ¢®¬ á¥à¢¥à−®©, � −¥ á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨. ‘ ¢¨àâã�«¨§�æ¨¥© á¥â¥© ®−�
á¢ï§�−� â®«ìª® ª®á¢¥−−® ¨ â®«ìª® ¢ à�¬ª�å –�„, ¤� ¨ â® «¨èì ¢ â®¬ á«ãç�¥, ¥á«¨
á¥âì áâà®¨âáï −� ¯à¨−æ¨¯�å SDN. ‚ íâ®¬, ¯®¦�«ã©, ¬®¦−® ¨áª�âì ®¡êïá−¥−¨¥
â®£® ®â¬¥ç¥−−®£® ¢ëè¥ ä¥−®¬¥−�, çâ® NFV ®¡áã¦¤�¥âáï ¢ ®á−®¢−®¬ ¢ á¢ï§¨
á ¯à®£à�¬¬−ë¬ ®¯à¥¤¥«¥−¨¥¬, � −¥ á ¢¨àâã�«¨§�æ¨¥© á¥â¥©.

�à®¯ãáª−�ï á¯®á®¡−®áâì í¬ã«¨àã¥¬ëå NFV á¥â¥¢ëå ãáâà®©áâ¢ ®£à�−¨ç¥−�
¨ ¢àï¤ «¨ ª®£¤�-«¨¡® ¤®áâ¨£−¥â §−�ç¥−¨©, −¥®¡å®¤¨¬ëå ¢ ®¯¥à�â®àáª¨å á¥âïå
¨ á¥âïå –�„. ˆ íâ® ®£à�−¨ç¥−¨¥ â®¦¥ §�áâ�¢«ï¥â ®â−¥áâ¨ NFV áª®à¥¥ ª ®¡«�áâ¨
á¥à¢¥à−®©, ç¥¬ á¥â¥¢®© ¢¨àâã�«¨§�æ¨¨.

‘ ãç¥â®¬ −¥¤®áâ�â®ç−®áâ¨ áâ�−¤�àâ®¢ ¨ ¨¬¥îé¨åáï ª®¬¬¥àç¥áª¨å ¯à®¤ãª-
â®¢ âàã¤−® ¤¥«�âì ¯à®£−®§ë ®â−®á¨â¥«ì−® ¢à¥¬¥−¨ ¯à®å®¦¤¥−¨ï NFV ú−¨¦−¥©
â®çª¨ à�§®ç�à®¢�−¨©û æ¨ª«� ƒ�àâ−¥à�. ‘¥£®¤−ï −�¤¥¦¤ë −� ¡ã¤ãé¥¥ NFV, á ãç¥-
â®¬ ®¡ê¥ªâ¨¢−ëå ®£à�−¨ç¥−¨©, á¢ï§ë¢�îâáï á íâ�«®−−®© ¬®¤¥«ìî ¬¥−¥¤¦¬¥−-
â� ¨ ú®àª¥áâà®¢ª¨û MANO (Management and Orchestration), à�§à�¡�âë¢�¥¬®©
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ETSI. �¤−�ª® ¯®ª� ¬®¤¥«ì «¨èì ¢ª«îç�¥â −¥ª¨¥ ª®−æ¥¯âã�«ì−ë¥ ¡«®ª¨, −® ¨å
à¥�«¨§�æ¨ï ®â¤�¥âáï −� ®âªã¯ ¯®áâ�¢é¨ª�¬ à¥è¥−¨©, � ¨−â¥àä¥©áë ¢§�¨¬®¤¥©-
áâ¢¨ï ¬¥¦¤ã ¡«®ª�¬¨ −¥ áâ�−¤�àâ¨§¨à®¢�−ë.
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SOME IMPLICIT ISSUES OF NETWORK VIRTUALIZATION

V. B. Egorov

Institute of Informatics Problems, Federal Research Center \Computer Sciences
and Control" of the Russian Academy of Sciences

Abstract: An attempt is made to expose and elucidate some implicit issues
of network virtualization. Various facets of the modern network function
virtualization (NFV) trend are revealed. Contiguity of the virtual networking
and NFV is discussed. The NFV sources and history are observed in interaction
with server virtualization and virtual machines. \The sphere of interests" of the
modern NFV technology is outlined. Mutual inclination of two actual network
concepts | NFV and software-defined networking | is stated on the basis of
the following common objectives: refusal of proprietary network equipment,
commonality of the centralized control paradigm, and the spatial limitation
within data centers (including software-defined data centers). A number of
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impartial obstacles in the NFV practical deployment are shown: necessity to
massively replace available equipment, insufficiency of the standard support,
impossibility to estimate cost efficiency, and absence of real precedents and
successful implementation examples. Special attention is paid to the performance
inadequacy of NFV solutions for data centers' networks.

Keywords: network function virtualization (NFV); network orchestration;
software-defined networks (SDN); virtual networks
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МЕТОД ИЗМЕРЕНИЯ ЭФФЕКТА СИНЕРГИИ В ГИБРИДНЫХ
ИНТЕЛЛЕКТУАЛЬНЫХ МНОГОАГЕНТНЫХ СИСТЕМАХ

И. А. Кириков1, А. В. Колесников2, С. В. Листопад3, С. Б. Румовская4

�−−®â�æ¨ï: ‘«®¦−ë¥ §�¤�ç¨ ã¯à�¢«¥−¨ï ¨ ¯à¨−ïâ¨ï à¥è¥−¨© ¢ á®æ¨�«ì-
−®-â¥å−¨ç¥áª¨å á¨áâ¥¬�å âà¥¡ãîâ ¯à¨¢«¥ç¥−¨ï ª®««¥ªâ¨¢−®£® ¨−â¥««¥ªâ�:
á®¢¥é�−¨© íªá¯¥àâ®¢ §� ªàã£«ë¬ áâ®«®¬, £¨¡à¨¤−ëå ¨−â¥««¥ªâã�«ì−ëå ¬−®-
£®�£¥−â−ëå á¨áâ¥¬ (ƒ¨ˆŒ�‘) | ¬®¤¥«¥© ®¡áã¦¤¥−¨ï ¢ ¬�«ëå £àã¯¯�å ¨«¨
¢¨àâã�«ì−ëå £¥â¥à®£¥−−ëå ª®««¥ªâ¨¢®¢, £¤¥ á®¢¬¥áâ−® ãç�áâ¢ãîâ à¥�«ì−ë¥
¨ ú¨áªãááâ¢¥−−ë¥û íªá¯¥àâë (�¢�â�àë). ÷�¡®â� ª®««¥ªâ¨¢−®£® ¨−â¥««¥ª-
â� −�¤ á«®¦−ë¬¨ §�¤�ç�¬¨ | ¬−®£®íâ�¯−ë© ¯à®æ¥áá ¯¥à¥£®¢®à®¢ ¨ ®¡¬¥−�
à¥è¥−¨ï¬¨, ¤«ï íää¥ªâ¨¢−®© ®à£�−¨§�æ¨¨ ª®â®à®£® −¥®¡å®¤¨¬ ¨−áâàã¬¥−â�-
à¨©, ®âà�¦�îé¨© á®áâ®ï−¨¥ ª®««¥ªâ¨¢−®£® ¯à®æ¥áá� à¥è¥−¨ï á«®¦−ëå §�¤�ç.
÷�áá¬�âà¨¢�îâáï áãé¥áâ¢ãîé¨¥ ¬¥â®¤ë ¨ ¬®¤¥«¨ ®æ¥−ª¨ íää¥ªâ� á¨−¥à£¨¨
¨ ¯à¥¤«�£�¥âáï ¬¥â®¤ ¥£® ®æ¥−ª¨ ¢ ƒ¨ˆŒ�‘.

Š«îç¥¢ë¥ á«®¢�: ã¯à�¢«¥−¨¥; ¯à¨−ïâ¨¥ à¥è¥−¨©; ¬�«�ï £àã¯¯� íªá¯¥àâ®¢;
£¨¡à¨¤−�ï ¨−â¥««¥ªâã�«ì−�ï ¬−®£®�£¥−â−�ï á¨áâ¥¬�; íää¥ªâ á¨−¥à£¨¨; ¬¥â®¤
¨§¬¥à¥−¨ï á¨−¥à£¨¨

DOI: 10.14357/08696527170309

1 Введение

÷¥è¥−¨¥ á«®¦−ëå §�¤�ç ¥áâ¥áâ¢¥−−ë¬, ¨áªãááâ¢¥−−ë¬ ¨«¨ £¥â¥à®£¥−−ë¬ ª®«-
«¥ªâ¨¢®¬ à¥¤ª® á®®â¢¥âáâ¢ã¥â ¨¤¥�«ì−®© áå¥¬¥, ª®£¤� ª�¦¤ë© ãç�áâ−¨ª ¢ à�¢−®©
¬¥à¥ ¯®¤¤¥à¦¨¢�¥â ¤¨áªãáá¨î −� ¢á¥¬ ¥¥ ¯à®âï¦¥−¨¨ [1]. ‘¯®ª®©−®¥ ®¡áã¦¤¥−¨¥
ç¥à¥¤ã¥âáï á ¯¥à¨®¤�¬¨ å�®á�, ª®£¤� ¯à®æ¥áá ¯à¨−ïâ¨ï à¥è¥−¨© ¨¤¥â ú¢à�§-
−®áû ¨ ¬®¦¥â ¤®áà®ç−® §�¢¥àè¨âìáï ¡¥§ ¯à¨−ïâ¨ï ã¤®¢«¥â¢®à¨â¥«ì−®£® à¥è¥−¨ï.
‚ â�ª¨¥ ¬®¬¥−âë −¥®¡å®¤¨¬ ¨−áâàã¬¥−â�à¨©, ¯®§¢®«ïîé¨© ¨¤¥−â¨ä¨æ¨à®¢�âì

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

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

3Š�«¨−¨−£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

4Š�«¨−¨−£à�¤áª¨© ä¨«¨�« ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢-
«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, sophiyabr@gmail.com
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¨ −�£«ï¤−® ¯à¥¤áâ�¢¨âì á¨âã�æ¨î ¯à¨−ïâ¨ï à¥è¥−¨©, çâ®¡ë ¢á¥ ãç�áâ−¨ª¨ ª®«-
«¥ªâ¨¢� ¬®£«¨ ¯®−ïâì ¯®§¨æ¨î ¤àã£¨å íªá¯¥àâ®¢ ¨ áª®àà¥ªâ¨à®¢�âì á¢®¥ ¯®¢¥-
¤¥−¨¥. ‚ −�áâ®ïé¥© à�¡®â¥ íää¥ªâ¨¢−®áâì ¯à®â¥ª�−¨ï ª®««¥ªâ¨¢−ëå ¯à®æ¥áá®¢
¯à¨ à¥è¥−¨¨ á«®¦−ëå §�¤�ç ®æ¥−¨¢�¥âáï á â®çª¨ §à¥−¨ï ¯à®ï¢«¥−¨ï á¨−¥à£¨¨,
ª®£¤� ¨−â¥£à¨à®¢�−−®¥ à¥è¥−¨¥ ª�ç¥áâ¢¥−−® «ãçè¥ â¥å, ª®â®àë¥ ¬®£«¨ ¡ë −�©â¨
ç«¥−ë ª®««¥ªâ¨¢�, à�¡®â�ï ¯®à®§−ì. ˆáá«¥¤®¢�−¨¥ ¯à®¢®¤¨âáï −� ª®¬¯ìîâ¥à−®©
¬®¤¥«¨ ª®««¥ªâ¨¢� íªá¯¥àâ®¢, à¥è�îé¥£® á«®¦−ë¥ §�¤�ç¨, | ƒ¨ˆŒ�‘.

‘¨−¥à£¨ï ¯à®ï¢«ï¥âáï ¢ ®£à®¬−®¬ à�§−®®¡à�§¨¨ ï¢«¥−¨©, ¨§ãç�¥¬ëå à�§-
«¨ç−ë¬¨ −�ãç−ë¬¨ ¤¨áæ¨¯«¨−�¬¨. Š ®á−®¢®¯®«�£�îé¨¬ ¬®¦−® ®â−¥áâ¨ âàã¤ë
â�ª¨å ãç¥−ëå, ª�ª Š. ‹. Œ®à£�−, Ÿ. ‘¬�âá, “. Œ. “¨«¥à, �. �. �®£¤�−®¢,
‹. �¥àâ�«�−ä¨, Š. �®ã«¤¨−£, “. ÷. �è¡¨, �. ÷�¯®¯®àâ, �. Š¥áâ«¥à, „. ƒ. Œ¨«-
«¥à. ‡−�−¨ï ¢ ®¡«�áâ¨ à�§à�¡®âª¨ á¨−¥à£¥â¨ç¥áª¨å ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬
¨§ãç¥−ë, ®¡®¡é¥−ë ¨ ®¯ã¡«¨ª®¢�−ë ¢ à�¡®â�å �. �. �®à¨á®¢�, �. ‚. ƒ�¢à¨-
«®¢�, ˆ. �. Š¨à¨ª®¢�, �. ‚. Š®«¥á−¨ª®¢�, „. �. �®á¯¥«®¢�, ƒ. ‚. ÷ë¡¨−®©,
‚. �. ’�à�á®¢�, �. ƒ. Ÿàãèª¨−®©, ‘. ƒã−íâ¨«í©ª�, ‘. Šå¥¡¡�«�, ‹. Œ¥¤áª¥à�.

Œ®¤¥«¨à®¢�−¨¥, ¨§¬¥à¥−¨¥ ¨ ¢¨§ã�«¨§�æ¨ï á¨−¥à£¨¨ ¢ ª®««¥ªâ¨¢�å, à¥è�-
îé¨å á«®¦−ë¥ §�¤�ç¨, ¨ ¨å ª®¬¯ìîâ¥à−ëå ¬®¤¥«ïå ª�ç¥áâ¢¥−−® ¬¥−ï¥â áã¡ê¥ªâ
ã¯à�¢«¥−¨ï, ®¡à�§ãï ®¡à�â−ãî á¢ï§ì, −¥®¡å®¤¨¬ãî ¤«ï ¢®§−¨ª−®¢¥−¨ï á�¬®®à-
£�−¨§�æ¨¨, �¤�¯â�æ¨¨, £®¬¥®áâ�§� ¨ ¤à. ‡� áç¥â íâ®£® ¯®¢ëè�¥âáï ¤®¢¥à¨¥ ç«¥−®¢
ª®««¥ªâ¨¢� ª à¥§ã«ìâ�â�¬ ¥£® à�¡®âë ¨ ®¡¥á¯¥ç¨¢�¥âáï ¬®â¨¢�æ¨ï ª à¥�«¨§�æ¨¨
¯à¨−ïâ®£® à¥è¥−¨ï. „�−−ë© �á¯¥ªâ ®æ¥−ª¨ ¨ ¢¨§ã�«¨§�æ¨¨ á¨−¥à£¨¨ ®á®¡¥−−®
�ªâã�«¥− ¢ ¢¨àâã�«ì−ëå £¥â¥à®£¥−−ëå ª®««¥ªâ¨¢�å, ª®£¤� à¥�«ì−ë¥ íªá¯¥àâë
¨ ¨áªãááâ¢¥−−ë¥ í«¥¬¥−âë-�¢�â�àë ®¡à�§ãîâ ¥¤¨−ãî á¨áâ¥¬ã [2].

2 Эффект синергии в коллективном принятии решений

‘¨−¥à£¨ï | ¢§�¨¬®¤¥©áâ¢¨¥ ¤¢ãå ¨«¨ ¡®«¥¥ ä�ªâ®à®¢, å�à�ªâ¥à¨§ãîé¥¥áï
â¥¬, çâ® ¨å ¤¥©áâ¢¨¥ áãé¥áâ¢¥−−® ¯à¥¢®áå®¤¨â íää¥ªâ ª�¦¤®£® ®â¤¥«ì−®£®
ª®¬¯®−¥−â� ¢ ¢¨¤¥ ¨å ¯à®áâ®© áã¬¬ë [3]. ‚áâà¥ç�îâáï ¨ ¤àã£¨¥ ®¯à¥¤¥«¥−¨ï,
−�¯à¨¬¥à: á¨−¥à£¨ï | ¢®§à�áâ�−¨¥ íää¥ªâ¨¢−®áâ¨ ¤¥ïâ¥«ì−®áâ¨ ¢ à¥§ã«ìâ�â¥
á®¥¤¨−¥−¨ï, ¨−â¥£à�æ¨¨ ®â¤¥«ì−ëå ç�áâ¥© ¢ ¥¤¨−ãî á¨áâ¥¬ã [4].

‘¨−¥à£¥â¨ª� ª�ª −�ãª� ¨§ãç�¥â −¥«¨−¥©−ë¥ ¨ −¥à�¢−®¢¥á−ë¥ á¨áâ¥¬ë, ¢ ª®â®-
àëå ¢−¥è−¨¥ ¨«¨ ¢−ãâà¥−−¨¥ ä«ãªâã�æ¨¨ ¯à¨ ®¯à¥¤¥«¥−−ëå ãá«®¢¨ïå ¢ë§ë¢�îâ
á¯®−â�−−ë© ¬®àä®£¥−¥§ [5, 6]. ‘ â®çª¨ §à¥−¨ï á¨−¥à£¥â¨ª¨ ®á−®¢−�ï ¯à¥¤¯®áë«ª�
à�§¢¨â¨ï | −¥ãáâ®©ç¨¢®áâì á«®¦−®© á¨áâ¥¬ë, ¥¥ −�å®¦¤¥−¨¥ ¢ ªà¨â¨ç¥áª®© ®¡«�-
áâ¨ (¢¡«¨§¨ â®ç¥ª ¡¨äãàª�æ¨¨), £¤¥ ¢á«¥¤áâ¢¨¥ à¥§ª®£® à®áâ� −¥®¯à¥¤¥«¥−−®áâ¨
¯®¢ëè�¥âáï ¢¥à®ïâ−®áâì ®¡à�§®¢�−¨ï áâàãªâãà á −®¢ë¬¨ ª�ç¥áâ¢�¬¨. ‘ç¨â�¥âáï,
çâ® ¢¯¥à¢ë¥ â¥à¬¨− úá¨−¥à£¨ïû ª�ª â�ª®¢®©, ¨«¨ úá¨−¥à£¨§¬û, ¡ë« ¢¢¥¤¥− �−-
£«¨©áª¨¬ ä¨§¨®«®£®¬ —. ˜¥à¨−£â®−®¬ ¢ å®¤¥ ¨áá«¥¤®¢�−¨ï ¬ëè¥ç−ëå á¨áâ¥¬
¨ ã¯à�¢«¥−¨ï ¨¬¨ á® áâ®à®−ë á¯¨−−®£® ¬®§£� [7]. ‘¨−¥à£¥â¨ç¥áª¨¬ ®− −�§ë¢�«
á®£«�á®¢�−−®¥ ¢®§¤¥©áâ¢¨¥ −¥à¢−®© á¨áâ¥¬ë (á¯¨−−®£® ¬®§£�) ¯à¨ ã¯à�¢«¥−¨¨
¬ëè¥ç−ë¬¨ ¤¢¨¦¥−¨ï¬¨. “«�¬ à�áá¬�âà¨¢�« á¨−¥à£¥â¨ç¥áª®¥ ¢§�¨¬®¤¥©áâ¢¨¥
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Œ¥â®¤ ¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘

í«¥ªâà®−−®© ¬�è¨−ë ¨ ¥¥ ®¯¥à�â®à� [8]. ‚ íª®−®¬¨ç¥áª®¬ á¬ëá«¥ â¥à¬¨− úá¨−¥à-
£¨ïû ¡ë« ¢¯¥à¢ë¥ ã¯®âà¥¡«¥− ˆ. �−á®¢ë¬ ¤«ï ®¡®á−®¢�−¨ï £àã¯¯®¢ëå áâàãªâãà
¢ ®à£�−¨§�æ¨¨ ª®¬¯�−¨© [9].

‘ç¨â�¥âáï, çâ® ƒ. “®âá®− ¢¯¥à¢ë¥ ¯à®¢¥« ¨áá«¥¤®¢�−¨ï á¨−¥à£¨¨ ¢ ª®««¥ª-
â¨¢−®¬ à¥è¥−¨¨ §�¤�ç, ª®â®àë¥ ¯®ª�§�«¨, çâ® ®−® ¯à¥¢®áå®¤¨â ¨−¤¨¢¨¤ã�«ì−®¥
¢ â¥áâ¥ −� ¯®áâà®¥−¨¥ á«®¢ [10]. �®â¥−æ¨�« ¤«ï ¤®áâ¨¦¥−¨ï íää¥ªâ� á¨−¥à£¨¨
¯à¨áãâáâ¢ã¥â ¢ «î¡®¬ ª®««¥ªâ¨¢¥ [11], −® ¥£® à¥�«¨§�æ¨ï §�¢¨á¨â ®â á¯®á®¡−®áâ¨
ãç�áâ−¨ª®¢ ¢ëáâà�¨¢�âì ¢§�¨¬®¤¥©áâ¢¨¥. Œ¥â��−�«¨§ íää¥ªâ¨¢−®áâ¨ à�¡®âë
ª®««¥ªâ¨¢®¢ ¯®ª�§�«, çâ® úª®®¯¥à�â¨¢−ë¥ £àã¯¯ëû, ç«¥−ë ª®â®àëå ¤®£®¢�à¨-
¢�îâáï ¨ ¨éãâ ª®−á¥−áãá, §−�ç¨â¥«ì−® ¡®«¥¥ íää¥ªâ¨¢−ë, ç¥¬ úª®−ªãà¥−â−ë¥
£àã¯¯ëû, æ¥«¨ ç«¥−®¢ ª®â®àëå ª®−ä«¨ªâãîâ ¨«¨ ¨á¯®«ì§ãîâ ¯à�¢¨«® ¡®«ìè¨−-
áâ¢� ¤«ï ä®à¬¨à®¢�−¨ï ª®««¥ªâ¨¢−®£® à¥è¥−¨ï [12].

˜â¥©−¥à à�áá¬�âà¨¢�¥â á¨−¥à£¨î ç¥à¥§ ¯à¨§¬ã ã¤®¢«¥â¢®à¥−¨ï âà¥¡®¢�−¨©
§�¤�ç¨ ¨¬¥îé¨¬¨áï ã ç«¥−®¢ ª®««¥ªâ¨¢� à¥áãàá�¬¨, ¢ª«îç�îé¨¬¨ §−�−¨ï,
ã¬¥−¨ï, −�¢ëª¨ ¨ ¨−áâàã¬¥−âë, −¥®¡å®¤¨¬ë¥ ¤«ï à¥è¥−¨ï §�¤�ç¨ [13]. �®-
â¥−æ¨�«ì−�ï íää¥ªâ¨¢−®áâì | áã¬¬� ¨¬¥îé¨åáï à¥áãàá®¢ ã íªá¯¥àâ�. —â®¡ë
ª®««¥ªâ¨¢ ¤®áâ¨£ ¬�ªá¨¬�«ì−®© íää¥ªâ¨¢−®áâ¨, ¥£® íªá¯¥àâë ¤®«¦−ë ¡ëâì
£®â®¢ë ¨á¯®«ì§®¢�âì á¢®¨ à¥áãàáë ¤«ï ã¤®¢«¥â¢®à¥−¨ï âà¥¡®¢�−¨© §�¤�ç¨. …á-
«¨ ä�ªâ¨ç¥áª�ï íää¥ªâ¨¢−®áâì ª®««¥ªâ¨¢� ¬¥−ìè¥ ¯®â¥−æ¨�«ì−®©, ¨¬¥îâ ¬¥áâ®
ú¨§¤¥à¦ª¨ ¯à®æ¥áá� ¨−â¥£à�æ¨¨ íªá¯¥àâ®¢û, ¢ ¯à®â¨¢−®¬ á«ãç�¥ ¢®§−¨ª�¥â ú¯à¨-
¡ë«ì ®â ¯à®æ¥áá�û, â. ¥. á¨−¥à£¨ï [14].

3 Методы измерения эффекта синергии

‚®¯à®áë ª®«¨ç¥áâ¢¥−−®£® ¨§¬¥à¥−¨ï ¢¥«¨ç¨−ë á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ�
à�áá¬�âà¨¢�îâáï ¯à¥¨¬ãé¥áâ¢¥−−® ¢ ¨áá«¥¤®¢�−¨ïå ¯® â¥®à¨¨ ®à£�−¨§�æ¨©.
’�ª, ¢ [15] ¯à¥¤«®¦¥−� ª®−æ¥¯æ¨ï á¨−¥à£¥â¨ç¥áª®© ®à£�−¨§�æ¨¨ (‘�), â. ¥.
®âªàëâ®©, ¨−â¥£à¨à®¢�−−®© ¨«¨ £¨¡à¨¤−®©, à�§¢¨¢�îé¥©áï ®à£�−¨§�æ¨¨ (¬¥â�-
®à£�−¨§�æ¨¨), ¢ ª®â®à®© ¨áå®¤−ë¥ ®à£�−¨§�æ¨¨-¯�àâ−¥àë, à�¡®â�îé¨¥ ¢ á«®¦-
−®©, ¤¨−�¬¨ç¥áª®©, ¯«®å® ®¯à¥¤¥«¥−−®© ª®−ªãà¥−â−®© áà¥¤¥ (â. ¥. −�å®¤ïé¨¥áï
¢¡«¨§¨ â®ç¥ª ¡¨äãàª�æ¨¨ ¨ á¯®á®¡−ë¥ ¯®¤ ¢®§¤¥©áâ¢¨¥¬ á�¬ëå −¥§−�ç¨â¥«ì−ëå
ä�ªâ®à®¢ á¨«ì−® ¨§¬¥−ïâì á¢®¥ á®áâ®ï−¨¥), ¢§�¨¬®¤¥©áâ¢ãîâ, ä®à¬¨àãï −®-
¢ë¥, ¡ëáâà®¬¥−ïîé¨¥áï ®à£�−¨§�æ¨®−−ë¥ áâàãªâãàë [16]. ‚®§−¨ª�îé¨¥ ¢ ‘�
−¥«¨−¥©−ë¥ á¢ï§¨ ¬¥¦¤ã ¯�àâ−¥à�¬¨ ®¡¥á¯¥ç¨¢�îâ áã¯¥à�¤¤¨â¨¢−®áâì ®¡é¥£®
íää¥ªâ�, â¥á−® á¢ï§�−−ãî á à¥�«¨§�æ¨¥© ¨ ®æ¥−ª®© ®à£�−¨§�æ¨®−−ëå ¨−−®¢�æ¨©.

�¡ëç−® ¢ ‘� §� áç¥â −�«¨ç¨ï ¬−®¦¥áâ¢� −¥®¤−®à®¤−ëå ®à£�−¨§�æ¨© ¯à®¨á-
å®¤¨â ª®¬¯¥−á�æ¨ï ¨å −¥¤®áâ�âª®¢ ¨ ãá¨«¥−¨¥ ¤®áâ®¨−áâ¢ [17, 18]. ‚®§−¨ª�îé¨¥
¬¥å�−¨§¬ë ª®®¯¥à�â¨¢−®£® ¢§�¨¬®¤¥©áâ¢¨ï ¯à¨¢®¤ïâ ª á¨−åà®−¨§�æ¨¨ ¯à®æ¥áá®¢
ã à�§−ëå ¯�àâ−¥à®¢ ¨ ä®à¬¨à®¢�−¨î ã −¨å ª®£¥à¥−â−®£® ¯®¢¥¤¥−¨ï. ‚ à¥§ã«ìâ�-
â¥ ¯à®ï¢«ïîâáï à¥§®−�−á−ë¥ íää¥ªâë, ª®£¤� ¯à¨¡ë«ì ¨ ª®−ªãà¥−â®á¯®á®¡−®áâì
¯�àâ−¥à®¢ ¬−®£®ªà�â−® ¢®§à�áâ�îâ. ‘¨−¥à£¨ï ¯®â¥−æ¨�«ì−® ¢®§¬®¦−� ¢® ¬−®£¨å
á«¨ï−¨ïå ¨«¨ ®¡ê¥¤¨−¥−¨ïå ®à£�−¨§�æ¨©. ��¨¡®«¥¥ ¢�¦−ë¥ ¢®¯à®áë á¢ï§�−ë
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á ®æ¥−ª®© ¢¥«¨ç¨−ë íâ®© á¨−¥à£¨¨ ¨ ®¯à¥¤¥«¥−¨ï æ¥−ë, ª®â®àãî áâ®¨â §� −¥¥
¯«�â¨âì ¯®ªã¯�â¥«î.

ˆ§ãç¥−¨¥ ¢¨¤®¢ á¨−¥à£¥â¨ç¥áª¨å íää¥ªâ®¢ ¨ ¢§�¨¬®á¢ï§¥© ¬¥¦¤ã ¯®¤à�§-
¤¥«¥−¨ï¬¨ ®à£�−¨§�æ¨¨ ¯®§¢®«¨«® à�§à�¡®â�âì ¬¥â®¤ ®æ¥−ª¨ á¨−¥à£¥â¨ç¥áª®£®
íää¥ªâ� á ¨á¯®«ì§®¢�−¨¥¬ íªá¯¥àâ−ëå ®æ¥−®ª [4]. ‚ á®®â¢¥âáâ¢¨¨ á íâ¨¬ ¬¥â®-
¤®¬ −¥®¡å®¤¨¬® ¢ëï¢¨âì ä�ªâ®àë, ¢«¨ïîé¨¥ −� ¤®áâ¨¦¥−¨¥ á¨−¥à£¥â¨ç¥áª®£®
íää¥ªâ�, −� ®á−®¢¥ íªá¯¥àâ−®© ®æ¥−ª¨ ¯® �«£®à¨â¬ã, ¯à¥¤«®¦¥−−®¬ã ¢ [4],
®¯à¥¤¥«¨âì ¢¥á ª�¦¤®£® ¨§ −¨å ¨ ¢ëç¨á«¨âì íää¥ªâ á¨−¥à£¨¨ ¯® ä®à¬ã«¥:

CÜÏ =

(
n∑

i=1

âiβi

)(
n∑

i=1

βi

)−1

,

£¤¥ âi | áà¥¤−ïï ¡�««ì−�ï ®æ¥−ª� ¯® i-¬ã á¨−¥à£¥â¨ç¥áª®¬ã ä�ªâ®àã; βi | ¢¥á
i-£® á¨−¥à£¥â¨ç¥áª®£® ä�ªâ®à�; n | ç¨á«® á¨−¥à£¥â¨ç¥áª¨å ä�ªâ®à®¢.

‚ [19] ª®«¨ç¥áâ¢¥−−ãî ®æ¥−ªã á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ� ®â ®¡ê¥¤¨−¥−¨ï
®à£�−¨§�æ¨© ¯à¥¤«�£�¥âáï ¢ë¯®«−ïâì −� ®á−®¢¥ ¨å áâ®¨¬®áâ¨ ¤® ¨ ¯®á«¥ á«¨ï−¨ï.
�æ¥−ª� áâ®¨¬®áâ¨ ª®¬¯�−¨© ¡�§¨àã¥âáï −� âà¥å ®á−®¢−ëå ¯®¤å®¤�å: §�âà�â−ë©;
àë−®ç−ëå áà�¢−¥−¨© (�−�«®£®¢ë©); ¤®å®¤−ë©.

�à¨ ¨á¯®«ì§®¢�−¨¨ §�âà�â−®£® ¯®¤å®¤� ®æ¥−ª� á¨−¥à£¨¨ ®â ®¡ê¥¤¨−¥−¨ï
®à£�−¨§�æ¨© ¢ ª«�áâ¥à à�ááç¨âë¢�¥âáï ª�ª ¨§¬¥−¥−¨¥ ¨å áã¬¬�à−®© áâ®¨¬®áâ¨:

Cm =

n∑

i=1

óë2i −
n∑

i=1

óë1i , (1)

£¤¥óë1i | àë−®ç−�ï áâ®¨¬®áâì á®¡áâ¢¥−−®£® ª�¯¨â�«� i-£® ¯à¥¤¯à¨ïâ¨ï ¤® ¢å®¦-
¤¥−¨ï ¢ ª«�áâ¥à á ãç¥â®¬ á®®â¢¥âáâ¢ãîé¥£® ª®íää¨æ¨¥−â� ¨−ä«ïæ¨¨; óë2i |
àë−®ç−�ï áâ®¨¬®áâì á®¡áâ¢¥−−®£® ª�¯¨â�«� i-£® ¯à¥¤¯à¨ïâ¨ï, äã−ªæ¨®−¨àãîé¥-
£® ¢ á®áâ�¢¥ ª«�áâ¥à�; n | ç¨á«® ¯à¥¤¯à¨ïâ¨© ¢ ª«�áâ¥à¥.

‘¨−¥à£¥â¨ç¥áª¨© íää¥ªâ ª«�áâ¥à� ¬®¦¥â ¢ëç¨á«ïâìáï ¬¥â®¤®¬ àë−®ç−ëå
áà�¢−¥−¨© ¯® ª®â¨àã¥¬®© áâ®¨¬®áâ¨ �ªæ¨© ¯à¥¤¯à¨ïâ¨ï. �ää¥ªâ¨¢−®¥ ¢§�¨¬®-
¤¥©áâ¢¨¥ ¯à¥¤¯à¨ïâ¨© ¢ ª«�áâ¥à¥ ¤®«¦−® ¯à¨¢®¤¨âì ª à®áâã ª®â¨à®¢®ª �ªæ¨©
ãç�áâ−¨ª®¢ ª«�áâ¥à�, â®£¤� á¨−¥à£¥â¨ç¥áª¨© íää¥ªâ ®¯à¥¤¥«ï¥âáï ¢ëà�¦¥−¨¥¬:

CÒÓËÓ =

n∑

i=1

þ2i −
n∑

i=1

þ1i , (2)

£¤¥ þ1i | àë−®ç−�ï áâ®¨¬®áâì ç¨áâëå �ªâ¨¢®¢ i-£® ¯à¥¤¯à¨ïâ¨ï ¤® ¢å®¦¤¥−¨ï
¢ ª«�áâ¥à á ãç¥â®¬ ª®íää¨æ¨¥−â� ¨−ä«ïæ¨¨; þ2i | àë−®ç−�ï áâ®¨¬®áâì ç¨áâëå
�ªâ¨¢®¢ i-£® ¯à¥¤¯à¨ïâ¨ï, äã−ªæ¨®−¨àãîé¥£® ¢ à�¬ª�å ª«�áâ¥à�.

‘®£«�á−® [19], −�¨¡®«¥¥ â®ç−ãî ®æ¥−ªã á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ� ª«�áâ¥à�
®¡¥á¯¥ç¨¢�¥â ¤®å®¤−ë© ¯®¤å®¤ ª ®æ¥−ª¥ áâ®¨¬®áâ¨ ª®¬¯�−¨©, â�ª ª�ª áã¬¬�à-
−�ï ¯à¨¡ë«ì ¯à¥¤¯à¨ïâ¨© ª«�áâ¥à� | á«¥¤áâ¢¨¥ ¤¨ääã§¨¨ ¨−−®¢�æ¨© ¢−ãâà¨
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Œ¥â®¤ ¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘

ª«�áâ¥à�, à�§¢¨â¨ï à®¤áâ¢¥−−ëå ¨ ¯®¤¤¥à¦¨¢�îé¨å ª®¬¯�−¨©, áâ¨¬ã«¨à®¢�−¨ï
ª®−ªãà¥−æ¨¨ ¬¥¦¤ã ª®¬¯�−¨ï¬¨ ¨−−®¢�æ¨®−−®£® ª«�áâ¥à� ¨ àï¤� ¤àã£¨å ãá«®-
¢¨©. �à¨ ¨á¯®«ì§®¢�−¨¨ ¤�−−®£® ¬¥â®¤� ¤®å®¤−®áâì ®à£�−¨§�æ¨¨ ®æ¥−¨¢�¥âáï
ª�ª áã¬¬�à−�ï ç¨áâ�ï ¯à¨¡ë«ì ¨ �¬®àâ¨§�æ¨®−−ë¥ ®âç¨á«¥−¨ï ¢ à¥§ã«ìâ�â¥ à¥-
�«¨§�æ¨¨ ¥¥ ¨−¢¥áâ¨æ¨®−−ëå ¯à®¥ªâ®¢ [19]. ‘¨−¥à£¥â¨ç¥áª¨© íää¥ªâ ¢ íâ®¬
á«ãç�¥ ¢ëç¨á«ï¥âáï ¯® ä®à¬ã«¥:

CÄÐ =

n∑

i=1

ä2i −
n∑

i=1

ä1i , (3)

£¤¥ä1i | ¤®å®¤−®áâì i-£® ¯à¥¤¯à¨ïâ¨ï ¤® ¢å®¦¤¥−¨ï ¢ ª«�áâ¥à;ä2i | ¤®å®¤−®áâì
i-£® ¯à¥¤¯à¨ïâ¨ï ¯®á«¥ ¢å®¦¤¥−¨ï ¢ ª«�áâ¥à.

�à¨ ¨á¯®«ì§®¢�−¨¨ áâ®¨¬®áâ−ëå ¯®ª�§�â¥«¥© ¤«ï ®æ¥−ª¨ á¨−¥à£¥â¨ç¥áª®£®
íää¥ªâ� −ã¦−® ãç¨âë¢�âì, çâ® ®−¨ ¨§¬¥−ïîâáï ¯®¤ ¢®§¤¥©áâ¢¨¥¬ ä�ªâ®à®¢, −¥
á¢ï§�−−ëå á à�§¢¨â¨¥¬ ¨−â¥£à�æ¨®−−ëå ®â−®è¥−¨© ¬¥¦¤ã ãç�áâ−¨ª�¬¨ ª«�áâ¥à�.
�®íâ®¬ã ¯à¨¬¥−¥−¨¥ ¯®¤å®¤®¢ (1){(3) −¥¢®§¬®¦−® ¡¥§ ¨á¯®«ì§®¢�−¨ï á¨áâ¥¬ë
ª®íää¨æ¨¥−â®¢, å�à�ªâ¥à¨§ãîé¨å áâ¥¯¥−ì ¢§�¨¬®¤¥©áâ¢¨ï ãç�áâ−¨ª®¢ ª«�áâ¥à�
ª�ª áãâ¨ ¨ ãá«®¢¨ï á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ� [19].

‚ â�¡«. 1 ¯à¨¢¥¤¥−ë ¤®áâ®¨−áâ¢� ¨ −¥¤®áâ�âª¨ à�áá¬®âà¥−−ëå ¬¥â®¤®¢ ®æ¥−ª¨
íää¥ªâ� á¨−¥à£¨¨.

�−�«¨§ â�¡«. 1 ¯®§¢®«ï¥â á¤¥«�âì ¢ë¢®¤ ® â®¬, çâ® áà¥¤¨ à�áá¬®âà¥−−ëå
¬¥â®¤®¢ ®æ¥−ª¨ á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ� ®â ®¡ê¥¤¨−¥−¨ï ®à£�−¨§�æ¨© «ãçè¨¬
á«¥¤ã¥â ¯à¨§−�âì ¤®å®¤−ë© ¯®¤å®¤. �ãâ¥¬ −¥á«®¦−ëå ¬�−¨¯ã«ïæ¨© ®− ¬®¦¥â
¡ëâì �¤�¯â¨à®¢�− ¨ ª ®æ¥−ª¥ íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘, ¬®¤¥«¨àãîé¨å
à�¡®âã ª®««¥ªâ¨¢� íªá¯¥àâ®¢ ¯® à¥è¥−¨î á«®¦−ëå §�¤�ç.

�® �−�«®£¨¨ á ®à£�−¨§�æ¨ï¬¨, ª®â®àë¥ ¢ë¡¨à�îâ ¨ à¥�«¨§ãîâ �«ìâ¥à−�-
â¨¢−ë¥ ¨−¢¥áâ¨æ¨®−−ë¥ ¯à®¥ªâë, ¯à¨−®áïé¨¥ ®¯à¥¤¥«¥−−ë© ¤®å®¤, ƒ¨ˆŒ�‘
¢ë¡¨à�¥â �«ìâ¥à−�â¨¢−ë¥ à¥è¥−¨ï á«®¦−®© §�¤�ç¨. Š�ç¥áâ¢® à¥è¥−¨ï ¬®¦¥â
®æ¥−¨¢�âìáï ¯® ®¤−®¬ã ¨«¨ −¥áª®«ìª¨¬ ¯�à�¬¥âà�¬. ‚ ¯®á«¥¤−¥¬ á«ãç�¥, çâ®¡ë
áâà®£® ã¯®àï¤®ç¨âì à¥è¥−¨ï, âà¥¡ã¥âáï ¯¥à¥©â¨ ª ®¤−®ªà¨â¥à¨�«ì−®© ®æ¥−ª¥
à¥è¥−¨© á ¯®¬®éìî, −�¯à¨¬¥à, ¬¥â®¤� á¢¥àâª¨ ªà¨â¥à¨¥¢. ‚ à¥§ã«ìâ�â¥ ¬®¦−®
�¤�¯â¨à®¢�âì ¤®å®¤−ë© ¬¥â®¤ (3) ¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ®â ®¡ê¥¤¨−¥−¨ï
®à£�−¨§�æ¨© ª ¨§¬¥à¥−¨î íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘:

CçÉéíáó = ëëò2 −ëëò1 ,

£¤¥ CçÉéíáó | ª®«¨ç¥áâ¢¥−−�ï ®æ¥−ª� á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ� ¢ ƒ¨ˆŒ�‘;
ëëò1| ªà¨â¥à¨© ª�ç¥áâ¢� «ãçè¥£® à¥è¥−¨ï §�¤�ç¨ ¨§ ¢á¥å −�©¤¥−−ëå �£¥−â�¬¨,
¢å®¤ïé¨¬¨ ¢ ƒ¨ˆŒ�‘, ¡¥§ ¢§�¨¬®¤¥©áâ¢¨ï, ¨−¤¨¢¨¤ã�«ì−®; ëëò2| ªà¨â¥à¨©
ª�ç¥áâ¢� «ãçè¥£® à¥è¥−¨ï §�¤�ç¨, ¯®«ãç¥−−®£® �£¥−â�¬¨ ª®««¥ªâ¨¢−®. �à¨ íâ®¬
−ã¦−® ãç¨âë¢�âì, çâ® ª®««¥ªâ¨¢−®¥ à¥è¥−¨¥ á«®¦−®© §�¤�ç¨ ¢ ƒ¨ˆŒ�‘ ¬®¦¥â
¯à¥¤áâ�¢«ïâì á®¡®© ¨â¥à�æ¨®−−ë© ¯à®æ¥áá, −� ª�¦¤®© ¨â¥à�æ¨¨ ª®â®à®£® ª�¦¤ë©
�£¥−â §�−®¢® à¥è�¥â á¢®î ¯®¤§�¤�çã á ãç¥â®¬ à¥è¥−¨© ¤àã£¨å �£¥−â®¢. ‚ íâ®¬
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ˆ. �. Š¨à¨ª®¢, �. ‚. Š®«¥á−¨ª®¢, ‘. ‚. ‹¨áâ®¯�¤, ‘. �. ÷ã¬®¢áª�ï

’�¡«¨æ� 1 Œ¥â®¤ë ¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ®â ®¡ê¥¤¨−¥−¨ï ®à£�−¨§�æ¨©

Œ¥â®¤ „®áâ®¨−áâ¢� �¥¤®áâ�âª¨

�ªá-
¯¥àâ−ëå
®æ¥−®ª

�â−®á¨â¥«ì−�ï â®ç−®áâì ¨ ¯à®áâ®-
â� ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¨ ãà®¢−ï
á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ�

‘ã¡ê¥ªâ¨¢−ë© å�à�ªâ¥à; âà¥¡ã¥â ¢ë-
ï¢«¥−¨ï ä�ªâ®à®¢, ®¡ãá«®¢«¨¢�îé¨å
á¨−¥à£¥â¨ç¥áª¨© íää¥ªâ; á«®¦−®
¯®«−®áâìî �¢â®¬�â¨§¨à®¢�âì

‡�âà�â-
−ë©

�á−®¢�− −� ¤®áâã¯−®© ¡ãå-
£�«â¥àáª®© ¨−ä®à¬�æ¨¨; «¥£ª®
¯®¤¤�¥âáï �¢â®¬�â¨§�æ¨¨

�¥ ãç¨âë¢�¥â ¯®â¥−æ¨�« ¯à¥¤¯à¨ï-
â¨© ¯® £¥−¥à¨à®¢�−¨î ¤®å®¤�; áâ®¨-
¬®áâì −¥¬�â¥à¨�«ì−ëå �ªâ¨¢®¢ ¬®¦¥â
à�áå®¤¨âìáï ã ¯à®¤�¢æ� ¨ ¯®ªã¯�â¥-
«ï; âà¥¡ã¥âáï á¨áâ¥¬� ª®íää¨æ¨¥−-
â®¢, å�à�ªâ¥à¨§ãîé¨å áâ¥¯¥−ì ¢§�¨-
¬®¤¥©áâ¢¨ï ãç�áâ−¨ª®¢ ª«�áâ¥à�

÷ë-
−®ç−ëå
áà�¢−¥-
−¨©

�á−®¢�− −� ¤®áâã¯−®© ä¨−�−á®-
¢®© ¨−ä®à¬�æ¨¨ ® áâ®¨¬®áâ¨ æ¥−-
−ëå ¡ã¬�£; è¨à®ª® à�á¯à®áâà�-
−¥− ¢ áâà�−�å á å®à®è® à�§¢¨âë¬
ä®−¤®¢ë¬ àë−ª®¬; «¥£ª® �¢â®¬�-
â¨§¨àã¥âáï

ˆ§¬¥−¥−¨¥ áâ®¨¬®áâ¨ ª«�áâ¥à� ¬®¦¥â
¡ëâì ®¡ãá«®¢«¥−® ¤àã£¨¬¨ ä�ªâ®à�-
¬¨, ¢ª«îç�ï −¥¤®®æ¥−ªã ä¨à¬ ¨«¨
¨§¬¥−¥−¨ï ¢ ã¯à�¢«¥−¨¨ ¨¬¨; âà¥¡ã-
¥âáï á¨áâ¥¬� ª®íää¨æ¨¥−â®¢ áâ¥¯¥−¨
¢§�¨¬®¤¥©áâ¢¨ï ãç�áâ−¨ª®¢ ª«�áâ¥à�

„®-
å®¤−ë©

‚ëá®ª�ï â®ç−®áâì; ãç¨âë¢�¥â
¤¨ääã§¨î ¨−−®¢�æ¨© ¢−ãâà¨
ª«�áâ¥à�, à�§¢¨â¨¥ à®¤áâ¢¥−-
−ëå ¨ ¯®¤¤¥à¦¨¢�îé¨å ª®¬¯�-
−¨©, áâ¨¬ã«¨à®¢�−¨¥ ª®−ªãà¥−-
æ¨¨ ¬¥¦¤ã ª®¬¯�−¨ï¬¨; «¥£ª®
¯®¤¤�¥âáï �¢â®¬�â¨§�æ¨¨

’à¥¡ã¥âáï á¨áâ¥¬� ª®íää¨æ¨¥−â®¢
áâ¥¯¥−¨ ¢§�¨¬®¤¥©áâ¢¨ï ãç�áâ−¨ª®¢
ª«�áâ¥à�

á«ãç�¥ ¯à¨ ®¯à¥¤¥«¥−¨¨ ëëò1 ¤®«¦−® ¡ëâì ¯à®¢¥¤¥−® áâ®«ìª® ¦¥ ¨â¥à�æ¨©,
−� ª�¦¤®© ¨§ ª®â®àëå �£¥−âë §�−®¢® à¥è�îâ á¢®¨ ¯®¤§�¤�ç¨, −¥ §−�ï à¥è¥−¨©
¤àã£¨å �£¥−â®¢.

4 Моделирование эффекта синергии в гибридных интеллектуальных
многоагентных системах

Œ®¤¥«¨à®¢�−¨¥ ¬�«®£® ª®««¥ªâ¨¢� íªá¯¥àâ®¢, à¥è�îé¥£® á«®¦−ë¥ §�¤�ç¨,
¨ ¢®§−¨ª�îé¥£® ¢ −¥¬ íää¥ªâ� á¨−¥à£¨¨ ¯à¥¤«�£�¥âáï à¥�«¨§®¢�âì á ¨á¯®«ì§®-
¢�−¨¥¬ ƒ¨ˆŒ�‘ á® áâàãªâãà®©, ¯à¥¤áâ�¢«¥−−®© ¢ [20]. ƒ¨ˆŒ�‘ | £¨¡à¨¤−ë¥
¨−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë (ƒ¨ˆ‘), à¥�«¨§ãîé¨¥ ¬−®£®�£¥−âë© ¯®¤å®¤ [20].
�«¥¬¥−âë â�ª¨å ƒ¨ˆ‘ à¥�«¨§ãîâáï ¢ ¢¨¤¥ �£¥−â®¢, ®¡«�¤�îé¨å á¢®©áâ¢®¬
�¢â®−®¬−®áâ¨ [21]. Š�ª ¨ ¬−®£®�£¥−â−ë¥ á¨áâ¥¬ë (Œ�‘), ®−¨ ¬®¤¥«¨àãîâ ¢§�-
¨¬®¤¥©áâ¢¨ï �¢â®−®¬−ëå �£¥−â®¢ ¬¥¦¤ã á®¡®© ¨ á ¢−¥è−¥© áà¥¤®©, ¢ à¥§ã«ìâ�â¥
ª®â®àëå �àå¨â¥ªâãà� á¨áâ¥¬ë ¬®¦¥â ¤¨−�¬¨ç¥áª¨ ¯¥à¥áâà�¨¢�âìáï ¢ á®®â¢¥âáâ¢¨¨
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Œ¥â®¤ ¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘

á ª®−ªà¥â−ë¬¨ äã−ªæ¨ï¬¨ �£¥−â®¢ ¨ ãáâ�−®¢¨¢è¨¬¨áï ®â−®è¥−¨ï¬¨ ¬¥¦¤ã −¨-
¬¨. ‚ à¥§ã«ìâ�â¥ ƒ¨ˆŒ�‘ á®ç¥â�îâ ¢ á¥¡¥ ¯®«®¦¨â¥«ì−ë¥ áâ®à®−ë ƒ¨ˆ‘
¨ Œ�‘: ¡«�£®¤�àï ¨−â¥£à�æ¨¨ −¥áª®«ìª¨å ¬¥â®¤®¢ ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ�
®−¨ à¥«¥¢�−â−ë §�¤�ç�¬ á ¢ëá®ª®© á«®¦−®áâìî ¬®¤¥«¨à®¢�−¨ï [20], � §� áç¥â
¨¬¨â�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï íªá¯¥àâ®¢ ¨ ª®««¥ªâ¨¢−ëå ¯à®æ¥áá®¢ ®−¨ á¯®á®¡−ë
¬¥−ïâì á¢®î �àå¨â¥ªâãàã ¤«ï ¤®áâ¨¦¥−¨ï á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ�.

„«ï ®æ¥−ª¨ ¢«¨ï−¨ï íää¥ªâ� á¨−¥à£¨¨ −� ª�ç¥áâ¢® à¥è¥−¨© ƒ¨ˆŒ�‘ ¯à®¢¥-
¤¥−ë á¥à¨¨ íªá¯¥à¨¬¥−â®¢, ¢ ª®â®àëå âà¥¡®¢�«®áì à¥è¨âì á«®¦−ãî âà�−á¯®àâ−®-
«®£¨áâ¨ç¥áªãî §�¤�çã (‘’‹‡), â. ¥. −�©â¨ ¤«ï −¥áª®«ìª¨å âà�−á¯®àâ−ëå áà¥¤áâ¢
á®¢®ªã¯−®áâì ¬�àèàãâ®¢, ®¯â¨¬�«ì−ãî ¯® ç¥âëà¥¬ ªà¨â¥à¨ï¬: áã¬¬�à−�ï áâ®¨-
¬®áâì; ®¡é�ï ¤«¨â¥«ì−®áâì ¯®¥§¤®ª ¤«ï ¢á¥å âà�−á¯®àâ−ëå áà¥¤áâ¢; ¢¥à®ïâ−®áâì
®¯®§¤�−¨ï å®âï ¡ë ª ®¤−®¬ã ª«¨¥−âã; −�¤¥¦−®áâì (¬¥à®© −�¤¥¦−®áâ¨ ¡ã¤¥¬ áç¨-
â�âì ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ã¢¥«¨ç¥−¨ï áâ®¨¬®áâ¨ á®¢®ªã¯−®áâ¨ ¬�àèàãâ®¢).
“ç¨âë¢�«¨áì â�ª¨¥ áâ®å�áâ¨ç¥áª¨¥ ä�ªâ®àë, ª�ª ¢¥à®ïâ−®áâì ¤®à®¦−ëå ¯à®¡®ª,
®¯®§¤�−¨ï ª ª«¨¥−âã, ¯®â¥à¨ ®â ¡®ï £àã§� ¨ ¤à.

ˆáå®¤−ë¥ ¤�−−ë¥: (1) §�¯à®áë ª«¨¥−â®¢ −� ¤®áâ�¢ªã £àã§®¢: −�¨¬¥−®¢�−¨¥,
ª®«¨ç¥áâ¢® â®¢�à�, ¢à¥¬¥−−®© ¨−â¥à¢�« ¥£® ¤®áâ�¢ª¨; (2) á¢¥¤¥−¨ï ® ¤®à®£�å
ª ª«¨¥−â�¬: ¯à®âï¦¥−−®áâì, §�£àã¦¥−−®áâì, ª�ç¥áâ¢®; (3) ¯�á¯®àâ−ë¥ ¤�−−ë¥
âà�−á¯®àâ−ëå áà¥¤áâ¢: à�áå®¤ £®àîç¥-á¬�§®ç−ëå ¬�â¥à¨�«®¢, £àã§®¯®¤ê¥¬−®áâì
¨ â. ¯.; (4) á¢¥¤¥−¨ï ® £à�ä¨ª�å à�¡®âë ¨ §�à�¡®â−®© ¯«�â¥ ¯¥àá®−�«�: ¢®¤¨â¥«¥©
¨ £àã§ç¨ª®¢; (5) ¨−ä®à¬�æ¨ï ® £àã§¥: ¢¥á, £�¡�à¨âë, åàã¯ª®áâì ¨ â. ¯.

‚ëå®¤−ë¥ ¤�−−ë¥: á®¢®ªã¯−®áâì ¬�àèàãâ®¢ ¤®áâ�¢ª¨ £àã§®¢ (¯® ®¤−®¬ã
−� âà�−á¯®àâ−®¥ áà¥¤áâ¢®) ¨ ¥¥ ¯�à�¬¥âàë (áâ®¨¬®áâì, ¤«¨â¥«ì−®áâì, −�¤¥¦-
−®áâì ¨ ¢¥à®ïâ−®áâì ®¯®§¤�−¨ï, á¢®¤−ë© ªà¨â¥à¨© ª�ç¥áâ¢� ¬�àèàãâ�). „«ï
â¥áâ¨à®¢�−¨ï ¨á¯®«ì§®¢�−ë §�¤�ç¨ ¨§ â�¡«. 2.

ˆáá«¥¤®¢�«¨áì âà¨ �àå¨â¥ªâãàë ƒ¨ˆŒ�‘: á −¥©âà�«ì−ë¬¨, á®âàã¤−¨ç�-
îé¨¬¨ ¨ ª®−ªãà¨àãîé¨¬¨ �£¥−â�¬¨. ‚ ƒ¨ˆŒ�‘ á −¥©âà�«ì−ë¬¨ �£¥−â�¬¨
ª�¦¤ë© ¨§ ç¥âëà¥å �£¥−â®¢ ¯®¨áª� à¥è¥−¨ï ¬¨−¨¬¨§¨àã¥â §−�ç¥−¨¥ úá¢®¥£®û
ªà¨â¥à¨ï ®æ¥−ª¨ à¥è¥−¨ï. ‚ ƒ¨ˆŒ�‘ á á®âàã¤−¨ç�îé¨¬¨ �£¥−â�¬¨ ¢á¥ 4 �£¥−-
â�-¯®¨áª®¢¨ª� ¬¨−¨¬¨§¨àãîâ ¢á¥ 4 ªà¨â¥à¨ï ®æ¥−ª¨ à¥è¥−¨ï. ‚ ƒ¨ˆŒ�‘
á ª®−ªãà¨àãîé¨¬¨ �£¥−â�¬¨ ®¤¨− �£¥−â ¬¨−¨¬¨§¨àã¥â áâ®¨¬®áâì ¨ ¬�ªá¨-

’�¡«¨æ� 2 Š®«¨ç¥áâ¢¥−−ë¥ ¯�à�¬¥âàë â¥áâ¨àã¥¬ëå §�¤�ç

‡�¤�ç�
—¨á«®

ª«¨¥−â®¢
—¨á«®
¤®à®£

—¨á«®
¢®¤¨â¥«¥©

—¨á«®
£àã§ç¨ª®¢

—¨á«®
�¢â®¬®¡¨«¥©

‘’‹‡ 10 10 75 3 3 3
‘’‹‡ 15 15 240 5 5 5
‘’‹‡ 20 20 420 5 5 5
‘’‹‡ 25 25 650 9 9 9
‘’‹‡ 30 30 377 6 6 6
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ˆ. �. Š¨à¨ª®¢, �. ‚. Š®«¥á−¨ª®¢, ‘. ‚. ‹¨áâ®¯�¤, ‘. �. ÷ã¬®¢áª�ï

�àå¨â¥ªâãà� Š®«¨ç¥áâ¢® ª«¨¥−â®¢
ƒ¨ˆŒ�‘ 10 15 20 25 30

1 | ª®−ªãà¥−æ¨ï 0,0009 0,0107 −0,0062 −0,0114 −0,2683
2 | −¥©âà�«¨â¥â 0,023 0,0379 0,0886 0,1451 0,2134
3 | á®âàã¤−¨ç¥áâ¢® 0,0222 0,0377 0,0384 0,139 0,1222

‚¥«¨ç¨−� á¨−¥à£¥â¨ç¥áª®£® íää¥ªâ� ¢ à�§«¨ç−ëå â¨¯�å �àå¨â¥ªâãàë ƒ¨ˆŒ�‘

¬¨§¨àã¥â ¤«¨â¥«ì−®áâì, ¢â®à®© | ¬�ªá¨¬¨§¨àã¥â áâ®¨¬®áâì ¨ ¬¨−¨¬¨§¨àã¥â
¤«¨â¥«ì−®áâì, âà¥â¨© | ¬¨−¨¬¨§¨àã¥â ¢¥à®ïâ−®áâì ®¯®§¤�−¨ï ¨ ¬�ªá¨¬¨§¨àã¥â
−�¤¥¦−®áâì, � ç¥â¢¥àâë© | ¬�ªá¨¬¨§¨àã¥â ¢¥à®ïâ−®áâì ®¯®§¤�−¨ï ¨ ¬¨−¨¬¨§¨-
àã¥â −�¤¥¦−®áâì.

Š�ç¥áâ¢® â¥áâ®¢ëå à¥è¥−¨© ®æ¥−¨¢�«®áì ¯® ®¡ê¥ªâ¨¢−ë¬ ¯®ª�§�â¥«ï¬ ¨ áã¡ê-
¥ªâ¨¢−® íªá¯¥àâ�¬¨. „«ï 5 §�¤�ç ¨ ª�¦¤®© �àå¨â¥ªâãàë ƒ¨ˆŒ�‘ ¯à®¢¥¤¥−®
¯® 100 ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢. �®áâà®¥−� £à�ä¨ç¥áª�ï §�¢¨á¨¬®áâì
¢¥«¨ç¨−ë íää¥ªâ� á¨−¥à£¨¨ ®â ç¨á«� ª«¨¥−â®¢ ¢ §�¤�ç¥ (á¬. à¨áã−®ª).

Š�ª á«¥¤ã¥â ¨§ à¨áã−ª�, ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ¢ «î¡®© �àå¨â¥ªâãà¥
ƒ¨ˆŒ�‘ ¢ ª�ª®©-â® áâ¥¯¥−¨ ¯à¨áãâáâ¢ã¥â á¨−¥à£¨ï. �¤−�ª® §�¬¥â−®© ®−� áâ�-
−®¢¨âáï −� §�¤�ç�å á ¢ëá®ª®© ª®¬¡¨−�â®à−®© á«®¦−®áâìî: ‘’‹‡ 20, ‘’‹‡ 25
¨ ‘’‹‡ 30. ˆ¬¥−−® ¤«ï â�ª¨å §�¤�ç ®á®¡¥−−® ¢�¦−� �àå¨â¥ªâãà� ƒ¨ˆŒ�‘.
�� à¨áã−ª¥ ¢¨¤−®, çâ® ¤«ï §�¤�ç á ¡®«¥¥ ç¥¬ 20 ª«¨¥−â�¬¨ ƒ¨ˆŒ�‘ á ª®−ªãà¨-
àãîé¨¬¨ �£¥−â�¬¨ ¤¥¬®−áâà¨àã¥â íää¥ªâ ®âà¨æ�â¥«ì−®© á¨−¥à£¨¨ (¤¨á¥à£¨¨),
ª®£¤� ª®««¥ªâ¨¢−®¥ à¥è¥−¨¥ −¥ «ãçè¥ à¥è¥−¨© ¨−¤¨¢¨¤ã�«ì−ëå �£¥−â®¢, çâ®
á®£«�áã¥âáï á ¨áá«¥¤®¢�−¨ï¬¨ ¢ [12]. �ç¥¢¨¤−®, íâ®â íää¥ªâ ®¡ãá«®¢«¥− −¥-
¢®§¬®¦−®áâìî ª®−ªãà¨àãîé¨å �£¥−â®¢ ú¤®£®¢®à¨âìáïû −� §�¤�ç�å á ¢ëá®ª®©
ª®¬¡¨−�â®à−®© á«®¦−®áâìî. ’�ª¨¬ ®¡à�§®¬, ¯®ª�§�−®, çâ® ¯à¨ ¯à�¢¨«ì−®© ®à£�-
−¨§�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï ¢ ƒ¨ˆŒ�‘ ¢®§−¨ª�¥â íää¥ªâ á¨−¥à£¨¨, çâ® ¯®¢ëè�¥â
ª�ç¥áâ¢® ¯à¨−¨¬�¥¬ëå à¥è¥−¨© ¯® áà�¢−¥−¨î á ƒ¨ˆŒ�‘, ¢ ª®â®à®© ®− −¥
¬®¤¥«¨àã¥âáï.
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Œ¥â®¤ ¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘

5 Заключение

‚ áâ�âì¥ à�áá¬®âà¥−ë áãé¥áâ¢ãîé¨¥ ¯à¥¤áâ�¢«¥−¨ï ® ¯à¨ç¨−�å ¢®§−¨ª−®-
¢¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¯à¨ ã¯à�¢«¥−¨¨ á«®¦−ë¬¨ á®æ¨�«ì−®-â¥å−¨ç¥áª¨¬¨
á¨áâ¥¬�¬¨. �á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® à�áá¬®âà¥−¨î ï¢«¥−¨ï ¢ ¬�«ëå ª®««¥ª-
â¨¢�å íªá¯¥àâ®¢, â�ª ª�ª ¤�−−ë¥ á¨áâ¥¬ë | −�¤¥¦−® §�à¥ª®¬¥−¤®¢�¢è¨© á¥¡ï
¨−áâàã¬¥−â à¥è¥−¨ï á«®¦−ëå §�¤�ç. ��ãç¨¢ ª®¬¯ìîâ¥à ¨¬¨â¨à®¢�âì ¨å à�¡®âã,
ï¢«¥−¨ï ¨ ¯à®æ¥ááë, ¯à®¨áå®¤ïé¨¥ ¢ −¨å, ¬®¦−® −�ãç¨âì ¥£® à¥è�âì á«®¦−ë¥
§�¤�ç¨ �¢â®¬�â¨§¨à®¢�−−ë¬ á¯®á®¡®¬.

‚ë¯®«−¥− �−�«¨§ ¯®¤å®¤®¢ ª ¬®¤¥«¨à®¢�−¨î ¨ ¨§¬¥à¥−¨î íää¥ªâ� á¨−¥à-
£¨¨ ¨ ¯à®£à�¬¬−�ï à¥�«¨§�æ¨ï �«£®à¨â¬� ¬®¤¥«¨à®¢�−¨ï íää¥ªâ� á¨−¥à£¨¨
á ¨á¯®«ì§®¢�−¨¥¬ ƒ¨ˆŒ�‘. �à®¢¥¤¥−� á¥à¨ï ¢ëç¨á«¨â¥«ì−ëå íªá¯¥à¨¬¥−â®¢,
¯®¤â¢¥à¦¤�îé�ï ¢®§¬®¦−®áâì ¢®§−¨ª−®¢¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘
¯à¨ ¯à�¢¨«ì−®© ®à£�−¨§�æ¨¨ ¢§�¨¬®¤¥©áâ¢¨ï �£¥−â®¢. �à¥¤«®¦¥−−ë© ¬¥â®¤
¨§¬¥à¥−¨ï íää¥ªâ� á¨−¥à£¨¨ ¢ ƒ¨ˆŒ�‘ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− ª�ª í«¥¬¥−â
¨−áâàã¬¥−â�à¨ï ¤«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¨ ¢¨§ã�«¨§�æ¨¨ â¥ªãé¥© á¨âã�æ¨¨ ¯à¨−ïâ¨ï
à¥è¥−¨©.
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METHOD FOR MEASURING SYNERGY EFFECT
IN HYBRID INTELLIGENT MULTIAGENT SYSTEMS
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Abstract: Complex tasks of management and decision-making in social and
technical systems require the involvement of the collective intelligence such as
expert roundtables, hybrid intellectual multiagent systems as models of discussion
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in teams, or virtual heterogeneous teams consisting of real and \artificial" experts
(avatars). Solving complex problems with collective intelligence is a multistage
process of negotiations and exchange of solutions. To organize it effectively,
a tool is needed reflecting the state of the collective process of solving complex
problems. The article considers existing methods and models for estimating the
synergy effect and suggests a method for its evaluation in hybrid intelligent
multiagent systems.

Keywords: management; decision-making; expert team; hybrid intelligent
multiagent system; synergy effect; method for measuring synergy
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1 Введение

’à�¤¨æ¨®−−® ¤«ï ¯à¥®¤®«¥−¨ï −¥®¤−®à®¤−®áâ¨ á«®¦−ëå §�¤�ç ¯à¨¬¥−ïîâáï
¬¥â®¤ë á¨áâ¥¬−®£® �−�«¨§� ¨ ¯à¨¢«¥ª�îâáï ª®««¥ªâ¨¢ë íªá¯¥àâ®¢ á® á¯¥æ¨ä¨-
ç¥áª¨¬¨ ¤«ï ª�¦¤®£® á¯¥æ¨�«¨áâ� ¬®¤¥«ï¬¨ ¢−¥è−¥£® ¬¨à�, ®¡ãá«®¢«¨¢�îé¨¬¨
¥£® ¯®−¨¬�−¨¥ ¨ à¥è¥−¨¥ §�¤�ç¨. ‚§�¨¬®¤¥©áâ¢ãï ¢ ¯à®æ¥áá¥ à¥è¥−¨ï §�¤�ç¨,
íªá¯¥àâë −¥ â®«ìª® ¯à¥¤«�£�îâ á¢®¨ ç�áâ−ë¥ à¥è¥−¨ï, −® ¨ ®¡¬¥−¨¢�îâáï ¬−¥-
−¨ï¬¨, ®¯ëâ®¬, §−�−¨ï¬¨ −� ¯à®ä¥áá¨®−�«ì−ëå ¢¥à¡�«ì−®-á¨¬¢®«ì−ëå ¨ ¢¨§ã-
�«ì−®-®¡à�§−ëå ï§ëª�å. ‚¨§ã�«¨§�æ¨ï ª�ç¥áâ¢¥−−® ¬¥−ï¥â áã¡ê¥ªâ ã¯à�¢«¥−¨ï,
¯®§¢®«ïï ¥¬ã á ®¤−®£® ¢§£«ï¤� à�á¯®§−�âì ¯à®¡«¥¬−ãî á¨âã�æ¨î ¨ úã¢¨¤¥âì ¥¥
à¥è¥−¨¥û ¡¥§ «®£¨ç¥áª¨å ã¬®§�ª«îç¥−¨©. ‚ â® ¦¥ ¢à¥¬ï ¯®¤£®â®¢ª� ¤�−−ëå ¤«ï
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�«£®à¨â¬ á¨−â¥§� äã−ªæ¨®−�«ì−ëå £¨¡à¨¤−ëå ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ á ƒ‚�

¢¨§ã�«¨§�æ¨¨ ¨ ¤¥â�«ì−�ï ¯à®à�¡®âª� −�©¤¥−−®£® à¥è¥−¨ï −¥¢®§¬®¦−� ¡¥§ ¯à¨-
¬¥−¥−¨ï á¨¬¢®«ì−®-«®£¨ç¥áª¨å à�ááã¦¤¥−¨©. ’�ª�ï á¯®á®¡−®áâì á®ç¥â�âì á¨¬-
¢®«ì−®-«®£¨ç¥áª¨¥ ¨ ¢¨§ã�«ì−®-®¡à�§−ë¥ à�ááã¦¤¥−¨ï ¢® ¬−®£®¬ ¨ ®¡¥á¯¥ç¨¢�¥â
à¥«¥¢�−â−®áâì ª®««¥ªâ¨¢� ¯à�ªâ¨ç¥áª¨¬ á«®¦−ë¬ §�¤�ç�¬ á ¨å ¤¨−�¬¨ç¥áª®©
áâàãªâãà®© ¨ −¥®¤−®à®¤−®© ¯à¥¤¬¥â−®© ®¡«�áâìî.

‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤«�£�¥âáï −®¢ë© ª«�áá ¨−â¥««¥ªâã�«ì−ëå ¨−ä®à¬�-
æ¨®−−ëå á¨áâ¥¬ | ƒ¨ˆ‘ á ƒ‚�, ¨¬¨â¨àãîé¨å á®âàã¤−¨ç¥áâ¢®, ®â−®á¨â¥«ì−®áâì
¨ ¤®¯®«−¨â¥«ì−®áâì ª®««¥ªâ¨¢−®£® ¨−â¥««¥ªâ� ¤«ï ¯®¨áª� à¥è¥−¨© −� á¨¬¢®«ì-
−ëå ¨ ¢¨§ã�«ì−ëå ï§ëª�å. ƒ¨¡à¨¤−ë¥ ¨−â¥««¥ªâã�«ì−ë¥ á¨áâ¥¬ë �−®−á¨à®¢�−ë
‹. Œ¥¤áª¥à®¬ (L. Medsker) ¢ 1994{1995 ££. ‡−�−¨ï ¢ ®¡«�áâ¨ á¨−¥à£¥â¨ç¥áª®£®
¨ £¨¡à¨¤−®£® ¨áªãááâ¢¥−−®£® ¨−â¥««¥ªâ� ¨§ãç¥−ë, ®¡®¡é¥−ë ¨ ®¯ã¡«¨ª®¢�−ë
¢ à�¡®â�å �. �. �®à¨á®¢�, �. ‚. ƒ�¢à¨«®¢�, ‚. ”. �®−®¬�à¥¢�, �. ‚. Š®-
«¥á−¨ª®¢�, „. �. �®á¯¥«®¢�, ‚. �. ‚�£¨−�, �. �. …à¥¬¥¥¢�, ƒ. ‚. ÷ë¡¨−®©,
‚. �. ’�à�á®¢�, �. ƒ. Ÿàãèª¨−®©, ‘. ƒã−íâ¨«í©ª�, ‘. Šå¥¡¡�«�. ‘ãé¥áâ¢¥−−ë©
−¥¤®áâ�â®ª ƒ¨ˆ‘ −� â¥ªãé¥¬ íâ�¯¥ ¨å à�§¢¨â¨ï | ¬®¤¥«¨à®¢�−¨¥ ¯à¥¨¬ã-
é¥áâ¢¥−−® «®£¨ç¥áª®£® ¬ëè«¥−¨ï, ®¡¥á¯¥ç¨¢�îé¥£® ¢®§¬®¦−®áâì à�ááã¦¤�âì
¢ à�¬ª�å �¡áâà�ªâ−ëå æ¥¯®ç¥ª á¨¬¢®«®¢, á ª®â®àë¬¨ á¢ï§�−ë −¥ª®â®àë¥ á¥-
¬�−â¨ç¥áª¨¥ ¨ ¯à�£¬�â¨ç¥áª¨¥ ¯à¥¤áâ�¢«¥−¨ï. Š«îç¥¢®¥ ®â«¨ç¨¥ ¯à¥¤«�£�¥¬ëå
ƒ¨ˆ‘ | á¯®á®¡−®áâì ¤¨−�¬¨ç¥áª¨ ª®−áâàã¨à®¢�âì ¬¥â®¤ à¥è¥−¨ï á«®¦−ëå §�-
¤�ç −�¤ ƒ‚�, ¡¥áè®¢−® ª®¬¡¨−¨àãï á¨¬¢®«ì−®-«®£¨ç¥áª¨¥ ¨ ¢¨§ã�«ì−®-®¡à�§−ë¥
¬¥â®¤ë à�ááã¦¤¥−¨©.

2 Модель гетерогенного визуального поля

�®ï¢«¥−¨¥ ¬®¤¥«¨ ƒ‚� [1] ®¡ãá«®¢«¥−® â¥¬, çâ® ã−¨¢¥àá�«ì−®£® ¢¨§ã�«ì-
−®£® ï§ëª� ¤«ï ®¯¨á�−¨ï «î¡®© ¯à¥¤¬¥â−®© ®¡«�áâ¨ −¥ áãé¥áâ¢ã¥â. ‚¢¨¤ã
ã§ª®© á¯¥æ¨�«¨§�æ¨¨ ã¯à�¢«¥−æ¥¢-íªá¯¥àâ®¢ ¯® ¯à®ä¥áá¨®−�«ì−ë¬ −¨è�¬, ¨−-
ä®à¬�æ¨ï ¢ ª®««¥ªâ¨¢¥, ¯à¨−¨¬�îé¥¬ à¥è¥−¨ï, ¯à¥¤áâ�¢«ï¥âáï −� è¨à®ª®¬
á¯¥ªâà¥ ï§ëª®¢ ¯à®ä¥áá¨®−�«ì−®© ¤¥ïâ¥«ì−®áâ¨ á ®â−®á¨â¥«ì−® −¥§�¢¨á¨¬ë¬¨
§�¤�ç�¬¨, «¥ªá¨ª®©, §−�−¨ï¬¨, ¯à¨−æ¨¯�¬¨ [2]. ‘âà�â¨ä¨ª�æ¨ï ¯® −¨è�¬ ¯à¨
à�§à�¡®âª¥ ƒ¨ˆ‘ à¥¤ãæ¨àã¥â á«®¦−®áâì §�¤�ç ¤® ¯à®áâëå í«¥¬¥−â®¢ | ¯®¤§�¤�ç
¢ «®ª�«ì−ëå ¯®¤®¡«�áâïå ¬¨à� ã¯à�¢«¥−¨ï | ¯à®ä¥áá¨®−�«ì−ëå −¨è�å.

”®à¬�«ì−® ƒ‚� ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−® ¢ ¢¨¤¥:

GVF =
〈
MVL,CORVL

〉
. (1)

‡¤¥áì
MVL = {mvl1, . . . ,mvlNMVL} ,

CORVL =
〈
GVT, GVS, GVA, GVP, Gυτ , Gυσ , Gυα, Gυπ

〉
,

GVTij : VTi → VTj , G
VT
ij ⊆ GVT ,

GVSij : VSi → VSj , G
VS
ij ⊆ GVS ,
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GVAij : VAi → VAj , G
VA
ij ⊆ GVA ,

GVPij : VPi → VPj , G
VP
ij ⊆ GVP ,

Gυτ
ij : υτi → υτj , G

υτ
ij ⊆ Gυτ ,

Gυσ
ij : υσi → υσj , G

υσ
ij ⊆ Gυσ ,

Gυα
ij : υαi → υαj , G

υα
ij ⊆ Gυα ,

Gυπ
ij : υπi → υπj , G

υπ
ij ⊆ Gυπ , i, j ∈ [1, NMVL] , i 6= j ,

£¤¥MVL| ¬−®¦¥áâ¢® ¢¨§ã�«ì−ëå ¬¥â�ï§ëª®¢mvli ∈ MVL ¢ ƒ‚�, ¯®áâà®¥−−ëå
¢ á®®â¢¥âáâ¢¨¨ á (2); CORVL | ¬−®¦¥áâ¢® á®®â¢¥âáâ¢¨© GVT, GVS, GVA, GVP,
Gυτ , Gυσ,Gυα, Gυπ í«¥¬¥−â®¢ ¢¨§ã�«ì−ëå ï§ëª®¢, ¢å®¤ïé¨å ¢ ¬¥â�ï§ëª¨mvli ∈
∈ MVL; V T | ¬−®¦¥áâ¢® ¡�§®¢ëå á¨¬¢®«®¢; VS| ¬−®¦¥áâ¢® á¨−â�ªá¨ç¥áª¨å
¯à�¢¨«; VA | ¬−®¦¥áâ¢® �ªá¨®¬-§−�−¨© ® ¯à¥¤¬¥â−®© ®¡«�áâ¨, á¥¬�−â¨ç¥áª¨å
¯à�¢¨«, §�¤�îé¨å á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã ¢¨§ã�«ì−ë¬ á¨¬¢®«®¬ ¨ á®®â¢¥âáâ¢ãîé¨¬
ª®−æ¥¯â®¬; VP | ¬−®¦¥áâ¢® ¯à�£¬�â¨ç¥áª¨å ¯à�¢¨«; υτ , υσ, υα ¨ υπ |
¯à�¢¨«� ¨§¬¥−¥−¨ï ¬−®¦¥áâ¢ VT, VS, VA ¨ VP á®®â¢¥âáâ¢¥−−® [1]; NMVL |
ç¨á«® ¢¨§ã�«ì−ëå ¬¥â�ï§ëª®¢ (®¡«�áâ¥© −¥®¤−®à®¤−®áâ¨) ¢ ƒ‚�.

‚¨§ã�«ì−ë© ¬¥â�ï§ëª ¨§ (1) ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ¢ëà�¦¥−¨¥¬ [1]:

mvl =
〈
vl1, vl2, vl3, vl4, vl5, vl6, vl7, vl8,VLR

〉
, (2)

£¤¥ vlk | ¢¨§ã�«ì−ë¥ ï§ëª¨ [1], ¯®áâà®¥−−ë¥ ¢ á®®â¢¥âáâ¢¨¨ á (3){(11); k ∈ N,
k ∈ [1, 8] | ãà®¢¥−ì ¢¨§ã�«ì−®£® ï§ëª�; VLR | ¬−®¦¥áâ¢® ®â−®è¥−¨© ¬¥¦¤ã
í«¥¬¥−â�¬¨ ï§ëª®¢ vlk. ‚ á®®â¢¥âáâ¢¨¨ á [3] ¢ë¤¥«¥−® ¢®á¥¬ì ãà®¢−¥© ¢¨§ã�«ì−ëå
ï§ëª®¢ ¤«ï à¥�«¨§�æ¨¨ �¢â®¬�â¨§¨à®¢�−−ëå à�ááã¦¤¥−¨© ¢ ¨−â¥««¥ªâã�«ì−ëå
á¨áâ¥¬�å:

(1) ª®−æ¥¯âã�«ì−®£® ¨ ¢¨§ã�«ì−®£® ¡�§¨á� vl1;

(2) à¥áãàá®¢, ¤¥©áâ¢¨© ¨ á¢®©áâ¢ vl2;

(3) ¨¥à�àå¨© à¥áãàá®¢, ¤¥©áâ¢¨©, á¢®©áâ¢ vl3;

(4) ¯à®áâà�−áâ¢¥−−ëå ¨ ¯à®¨§¢®¤áâ¢¥−−ëå áâàãªâãà vl4;

(5) á®áâ®ï−¨©, á¨âã�æ¨© ¨ á®¡ëâ¨© vl5;

(6) §�¤�ç ¨ ¯à®¡«¥¬ vl6;

(7) ¬®¤¥«¥© à�ááã¦¤¥−¨© íªá¯¥àâ®¢ vl7;

(8) ¨−â¥£à¨à®¢�−−ëå ¬®¤¥«¥© à�ááã¦¤¥−¨© ª®««¥ªâ¨¢−®£® ¨−â¥««¥ªâ� vl8.
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�«£®à¨â¬ á¨−â¥§� äã−ªæ¨®−�«ì−ëå £¨¡à¨¤−ëå ¨−â¥««¥ªâã�«ì−ëå á¨áâ¥¬ á ƒ‚�

‚¨§ã�«ì−ë© ï§ëª ä®à¬�«¨§®¢�−−® ¬®¦¥â ¡ëâì §�¯¨á�− ¢ëà�¦¥−¨¥¬ [1] ª�ª
®¡®¡é¥−¨¥ à�¡®â ¯® ¨¬¨â�æ¨¨ à�ááã¦¤¥−¨© −� ¢¨§ã�«ì−ëå ®¡à�§�å [4{10]:

vl = 〈VT,VS,VA,VP, υτ, υσ, υα, υτ〉 ; (3)
VT = 〈P,D,VR〉 ; (4)
VS = 〈VT,VN,PRU〉 ; (5)

VA = 〈DO, GRES, GPR, GR〉 , (6)

£¤¥

DO = 〈RES,PR, R〉 , GRES : RES→ P ,

GPR : PR→ D , GR : R→ VR ;

VP = {〈AG, act,M,W 〉} ; (7)
υτ = 〈–P,–D,–VR〉 ; (8)
υσ = 〈υτ,–VN,–PRU〉 ; (9)

υα =
〈
–DO, G–RES, G–PR, G–R

〉
, (10)

£¤¥

–DO = 〈–RES,–PR,–R〉 , G–RES : –RES→ –P ,
G–PR : –PR→ –D , G–R : –R→ –VR ;

υπ = {〈–AG,–act,–M,–W 〉} . (11)

‡¤¥áì ¯®¬¨¬® à�−¥¥ ¢¢¥¤¥−−ëå ®¡®§−�ç¥−¨© P | ¬−®¦¥áâ¢® ¢¨§ã�«ì−ëå ¯à¨-
¬¨â¨¢®¢; D | ¬−®¦¥áâ¢® ¢¨§ã�«ì−ëå ¨§¬¥à¥−¨©, å�à�ªâ¥à¨§ãîé¨å ¢¨§ã�«ì−ë¥
¯à¨¬¨â¨¢ë; VRn | ¬−®¦¥áâ¢® ¢¨§ã�«ì−ëå ®â−®è¥−¨© ¬¥¦¤ã ®¤−¨¬ ¨ ¡®«¥¥
¯à¨¬¨â¨¢�¬¨ [6]; VN | á«®¢�àì −¥â¥à¬¨−�«ì−ëå á¨¬¢®«®¢; PRU | ¬−®¦¥-
áâ¢® ¯à®¤ãªæ¨®−−ëå ¯à�¢¨«; RES, PR ¨ R | ¬−®¦¥áâ¢� à¥áãàá®¢, á¢®©áâ¢
¨ ®â−®è¥−¨© á®®â¢¥âáâ¢¥−−®; AG| ¬−®¦¥áâ¢® −®á¨â¥«¥© ï§ëª� (íªá¯¥àâ®¢, í«¥-
¬¥−â®¢, �£¥−â®¢), ª®â®àë¬ �¤à¥á®¢�−� −®à¬� ¯®¢¥¤¥−¨ï (§�¯à¥âë ¨ ®£à�−¨ç¥−¨ï,
−�ª«�¤ë¢�¥¬ë¥ á®®¡é¥áâ¢®¬ −� ®â¤¥«ì−®£® −®á¨â¥«ï); act ∈ ACT | ¤¥©áâ¢¨¥,
®¯à¥¤¥«¥−−®¥ −� ¬−®¦¥áâ¢¥ ¤¥©áâ¢¨© ACT ¨ ï¢«ïîé¥¥áï ®¡ê¥ªâ®¬ −®à¬�â¨¢-
−®© à¥£ã«ïæ¨¨ (á®¤¥à¦�−¨¥ −®à¬ë); M | ¬−®¦¥áâ¢® á¨áâ¥¬ ¬®¤�«ì−®áâ¥©,
á¢ï§�−−ëå á ¤¥©áâ¢¨¥¬, −�¯à¨¬¥à á¨áâ¥¬� −®à¬, ¢ëà�¦¥−−ëå ¤¥®−â¨ç¥áª¨¬¨
¬®¤�«ì−®áâï¬¨: MN = {ï,ò,â,ú}, £¤¥ï| ú®¡ï§�â¥«ì−®û, ò| úà�§à¥è¥−®û,
â| ú¡¥§à�§«¨ç−®û, ú| ú§�¯à¥é¥−®û; W | ¬−®¦¥áâ¢® ¬¨à®¢, ¢ ª®â®àëå ¯à¨-
¬¥−¨¬� −®à¬� [11]; –P , –D, –VR, –VN, –PRU, –RES, –PR, –R, –AG,
–M ¨ –W | ¬−®¦¥áâ¢� ¤®¯ãáâ¨¬ëå ¨§¬¥−¥−¨© ¬−®¦¥áâ¢ P , D, VR, VN,
PRU,RES, PR,R,AG,M ¨W á®®â¢¥âáâ¢¥−−®;–act| ¬−®¦¥áâ¢® ¤®¯ãáâ¨¬ëå
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¨§¬¥−¥−¨© á®¤¥à¦�−¨ï −®à¬ë act. ‘®®â¢¥âáâ¢¨ï GRES, GPR ¨ GR ®¡¥á¯¥ç¨¢�îâ
¢§�¨¬®á¢ï§ì ¢¨§ã�«ì−ëå ¯à¨¬¨â¨¢®¢, ¨§¬¥à¥−¨© ¨ ®â−®è¥−¨© á ª®−æ¥¯â�¬¨,
¯à¥¤áâ�¢«¥−−ë¬¨ ¢ á¨¬¢®«ì−®¬ ¢¨¤¥. ’�ª¨¬ ®¡à�§®¬, ¬®¤¥«¨, ¯®áâà®¥−−ë¥
−�¤ ƒ‚�, à¥«¥¢�−â−¥¥ áâàãªâãà¥ ¨−â¥««¥ªâ� ¯® ƒ. ƒ�à¤−¥àã, ¬®£ãâ ¯à¨ −¥®¡å®-
¤¨¬®áâ¨ ¯¥à¥å®¤¨âì á á¨¬¢®«ì−ëå à�ááã¦¤¥−¨© −� ¢¨§ã�«ì−ë¥ ¨ ®¡à�â−® ¨«¨
á¬¥−ïâì ¤àã£ ¤àã£�, ¨¬¨â¨àãï úáª�çª¨û ¢ £¨¡à¨¤−®¬ ¯à®áâà�−áâ¢¥ á®áâ®ï−¨©,
á®®â¢¥âáâ¢ãîé¨¥ ¨−á�©âã, ®§�à¥−¨î ¢ ª®««¥ªâ¨¢�å íªá¯¥àâ®¢, çâ® à�§¢¨¢�¥â
¯à¥¤«®¦¥−−ë© ¢ [2] ¯®¤å®¤ ª á¨−â¥§ã ƒ¨ˆ‘ −�¤ ƒ‚�.

÷�áá¬®âà¨¬ ®â−®è¥−¨ï ¬¥¦¤ã ï§ëª�¬¨ à�§−ëå ãà®¢−¥© −� ¯à¨¬¥à¥ ¨å ¬−®-
¦¥áâ¢ á¨−â�ªá¨ç¥áª¨å ¯à�¢¨«. ‚ ¯¥à¢®¬ á«®¥ à�á¯®«®¦¥−ë á«®¢�à¨ ¯®−ïâ¨©
¨ ®â−®è¥−¨© | ª®−æ¥¯âã�«ì−®-¢¨§ã�«ì−ë© ¡�§¨á ï§ëª�. Ÿ§ëª ¯¥à¢®£® ãà®¢-
−ï vl1 ¨á¯®«ì§ã¥â í¢à¨áâ¨ç¥áª¨¥ ¯à�¢¨«� PRU1 ¤«ï ¯®áâà®¥−¨ï ¨§ P 1,D1 ¨VR1

§−�ª®¢ ¯à®¨§¢®¤−ëå (á®áâ�¢−ëå) ®â−®è¥−¨© vrn 1 ∈ VRn 1 ⊆ VT1:

vl1
(
P 1,D1,VR1,PRU1

)
=
{
vrn 1

}
.

‚ ï§ëª¥ ¢â®à®£® ãà®¢−ï vl2 í¢à¨áâ¨ª¨ PRU2 ¨á¯®«ì§ãîâáï, çâ®¡ë áä®à-
¬¨à®¢�âì £à�ä¨ç¥áª¨¥ ®¡à�§ë à¥áãàá®¢ res2 ∈ RES2 ⊆ VT2, ¤¥©áâ¢¨© act2 ∈
∈ ACT2 ⊆ VT2 ¨ á¢®©áâ¢ pr2 ∈ PR2 ⊆ V T 2 ¡¥§ ãç¥â� ¨å ¨¥à�àå¨ç−®áâ¨
á ¯®¬®éìî ®â−®è¥−¨© ®¯à¥¤¥«¥−¨ï VRn 1

1 ⊆ VRn 1:

vl2
(
P 1,D1,VRn 1

1 ,PRU2
)
= RES2 ∪ PR2 ∪ACT2 .

�� âà¥âì¥¬ ãà®¢−¥ ®â−®è¥−¨ï¬¨ ¢ª«îç¥−¨ï VRn, 1
5 ⊆ VRn 1 ¨ í¢à¨áâ¨ª�-

¬¨ PRU3 ä®à¬�«¨§®¢�−ë ¨¥à�àå¨¨ à¥áãàá®¢ resn 3 ∈ RESn 3 ⊆ VT3, ¤¥©áâ¢¨©
actn 3 ∈ ACTn 3 ⊆ VT3 ¨ á¢®©áâ¢ prn 3 ∈ PRn 3 ⊆ VT3:

vl3
(
P 1,D1,RES2,PR2,ACT2,VRn 1

5 ,PRU3
)
= RESn 3 ∪ PRn 3 ∪ACTn 3 .

—¥â¢¥àâë© ãà®¢¥−ì −� ®á−®¢¥ §−�ª®¢ ¯à¥¤ë¤ãé¨å ãà®¢−¥©, ¢à¥¬¥−−‚ëå
VRn 1

3 ⊆ VRn 1, ¯à®áâà�−áâ¢¥−−ëå VRn 1
4 ⊆ VRn 1, ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå

VRn 1
6 ⊆ VRn 1 ®â−®è¥−¨©, � â�ª¦¥ í¢à¨áâ¨ª ä®à¬�«¨§ã¥â ¯à®áâà�−áâ¢¥−−ë¥

str41 ∈ STR41 ⊆ VT4, ®¯¥à�æ¨®−�«ì−®-â¥å−®«®£¨ç¥áª¨¥ str43 ∈ STR43 ⊆ VT4
áâàãªâãàë:

vl4
(
P 1,D1,RESn 3,PRn 3,ACTn 3,VRn 1

3 ,VRn 1
4 ,VRn 1

6 ,PRU4
)
=

= STR41 ∪ STR43 .

�� ¯ïâ®¬ ãà®¢−¥ í¢à¨áâ¨ª�¬¨ PRU5 ä®à¬�«¨§ãîâ §−�ª¨-á¨âã�æ¨¨ sit5 ∈
∈ SIT5 ⊆ VT5 ¨ §−�ª¨-á®áâ®ï−¨ï st5 ∈ ST5 ⊆ VT5:

vl5
(
STR41,STR

4
3,PRU

5
)
= SIT5 ∪ ST5 .
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�� è¥áâ®¬ ãà®¢−¥ −� ®á−®¢¥ §−�ª®¢ ¯à¥¤ë¤ãé¨å ãà®¢−¥© ¨ í¢à¨áâ¨ª PRU6

á¯¥æ¨ä¨æ¨àãîâáï §−�ª¨ ®¤−®à®¤−ëå prbh 6 ∈ PRBh 6 ⊆ VT6 ¨ −¥®¤−®à®¤−ëå
prbu 6 ∈ PRBu 6 ⊆ VT6 §�¤�ç:

vl6
(
P 1,D1,RESn 3,PRn 3,ACTn 3,VRn 1,ST5,PRU6

)
= PRBh 6 ∪ PRBu 6 .

�� á¥¤ì¬®¬ ãà®¢−¥ í¢à¨áâ¨ª�¬¨ PRU7 ä®à¬¨àãîâáï §−�ª¨ �¢â®−®¬−ëå
¬®¤¥«¥© moda 7 ∈ MODa 7 ⊆ VT7, �«£®à¨â¬®¢ alg7 ∈ ALGa 7 ⊆ VT7, ¯à®£à�¬¬
prga 7 ∈ PRGa 7 ⊆ VT7 ¨ ¬¥â®¤®¢ à¥è¥−¨ï §�¤�ç meta 7 ∈ METa 7 ⊆ VT7,
¨¬¨â¨àãîé¨å à�ááã¦¤¥−¨ï ®â¤¥«ì−® ¢§ïâ®£® íªá¯¥àâ�:

vl7
(
P 1,D1,RESn 3,ACTn 3,VRn 1,PRU7

)
=

= MODa 7 ∪ALGa 7 ∪ PRGa 7 ∪METa 7 .

�� ¢®áì¬®¬ ãà®¢−¥ −� ®á−®¢¥ §−�ª®¢ ¯à¥¤ë¤ãé¨å ãà®¢−¥© ¨ í¢à¨áâ¨ª PRU8

á¯¥æ¨ä¨æ¨àãîâáï §−�ª¨ ¨−â¥£à¨à®¢�−−ëå ¬¥â®¤®¢ à¥è¥−¨ï §�¤�ç metu 8 ∈
∈ METu 8 ⊆ VT8, ¨¬¨â¨àãîé¨å à�ááã¦¤¥−¨ï ª®««¥ªâ¨¢� íªá¯¥àâ®¢:

vl8
(
P 1,D1,RESn 3,PRn 3,ACTn 3,VRn 1,ST5,SIT5,PRBh 6,PRBu 6,

METa 7,PRU8
)
= MATu 8 .

’�ª�ï ¬−®£®á«®©−�ï ¬®¤¥«ì ¢¨§ã�«ì−®£® ï§ëª� | ¨−áâàã¬¥−â á«®¦−®£®
®¯¨á�−¨ï ¯à¥¤¬¥â−®© ®¡«�áâ¨ −� à�§−ëå ãà®¢−ïå ®¡®¡é¥−−®áâ¨, ä®à¬¨àãîé¨©
¥£® ¨§ −�¡®à� ¡®«¥¥ ¯à®áâëå ¬®¤¥«¥©.

÷�áá¬®âà¨¬ ¯à¨¬¥à ¯®áâà®¥−¨ï ƒ‚� ¯à¨ à¥�«¨§�æ¨¨ ®¤−®© ¨§ ®á−®¢−ëå
¯à®æ¥¤ãà −� íâ�¯¥ á¨−â¥§� äã−ªæ¨®−�«ì−ëå ƒ¨ˆ‘ | ª®−áâàã¨à®¢�−¨¥ ¬¥â®¤�
à¥è¥−¨ï á«®¦−®© −¥®¤−®à®¤−®© §�¤�ç¨. „�−−�ï ¯à®æ¥¤ãà� −¥®¡å®¤¨¬�, â�ª ª�ª
¤«ï à¥è¥−¨ï −¥®¤−®à®¤−®© §�¤�ç¨ −¥ áãé¥áâ¢ã¥â �¢â®−®¬−®£® ¬¥â®¤�, §�¢¥¤®¬®
¨§¢¥áâ−®£® ¨«¨ ¢ë¡¨à�¥¬®£® ¨§ ¬−®¦¥áâ¢� áãé¥áâ¢ãîé¨å [2]. „«ï à¥è¥−¨ï
ª�¦¤®© á«®¦−®© §�¤�ç¨ ¢ á®®â¢¥âáâ¢ãîé¨© ¬®¬¥−â ¢à¥¬¥−¨ ¤®«¦¥− ª®−áâàã¨à®-
¢�âìáï −®¢ë© ¨−â¥£à¨à®¢�−−ë© ¬¥â®¤ à¥è¥−¨ï. ‚ á«¥¤ãîé¨© ¬®¬¥−â ¢à¥¬¥−¨
¬¥â®¤, áª®−áâàã¨à®¢�−−ë© à�−¥¥, ã¦¥ ¬®¦¥â ¡ëâì −¥ à¥«¥¢�−â¥− á®áâ®ï−¨î
®¡ê¥ªâ� ã¯à�¢«¥−¨ï ¢ ãá«®¢¨ïå ¨§¬¥−ïîé¨åáï ¢®§¤¥©áâ¢¨© ¢−¥è−¥© áà¥¤ë.

’�ª®© ¬¥â®¤ áâà®¨âáï −� ï§ëª¥ vl8, à¥§ã«ìâ�â¥ ¨−â¥à¯à¥â�æ¨¨ ƒ¨ˆ‘, ª®−-
áâàã¨àã¥¬®© á¢ï§ë¢�−¨¥¬ ®â−®è¥−¨ï¬¨ ¨−â¥£à�æ¨¨ res resVRn 6

1 í«¥¬¥−â®¢ |
�¢â®−®¬−ëå ¬®¤¥«¥© ¨§ ƒ‚� (1), ¯®áâà®¥−−ëå −� ï§ëª¥ vl7 ¨ á®¯®áâ�¢«¥−−ëå
®¤−®à®¤−ë¬ ¯®¤§�¤�ç�¬ á«®¦−®© §�¤�ç¨, §−�ª¨ ª®â®àëå ¯®áâà®¥−ë −� ï§ëª¥
è¥áâ®£® ãà®¢−ï vl6 [2]. „«ï íâ®£® à�§à�¡®âç¨ª ¢ë¯®«−ï¥â à¥¤ãªæ¨î ¨ áâà®¨â
¬−®¦¥áâ¢® ¤¥ª®¬¯®§¨æ¨© PRBu 6 §�¤�ç¨ prbu 6.
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�ãáâì ¢ á®áâ�¢¥ −¥®¤−®à®¤−®© prbu 6-§�¤�ç¨ ¢ë¤¥«¥−ë ¯®¤§�¤�ç� ª®®à¤¨-
−�æ¨¨ [12], à¥è�¥¬�ï ¬¥â®¤�¬¨ íªá¯¥àâ−ëå á¨áâ¥¬ (Lg), ¨ á¥¬ì ®¤−®à®¤−ëå
¯®¤§�¤�ç prbh 61 {prbh 67 , ®¯¨áë¢�¥¬ëå −� à�§«¨ç−ëå ¬¥â�ï§ëª�å ¨ à¥è�¥¬ëå ¬¥-
â®¤�¬¨ à�§«¨ç−ëå ª«�áá®¢: �−�«¨â¨ç¥áª¨¥ ¢ëç¨á«¥−¨ï (An), −¥©à®¢ëç¨á«¥−¨ï
(Ne), −¥ç¥âª¨¥ ¢ëç¨á«¥−¨ï (Fu), à�ááã¦¤¥−¨ï −� ®á−®¢¥ ®¯ëâ� (Ex), í¢®«îæ¨-
®−−ë¥ ¢ëç¨á«¥−¨ï (Ge), áâ�â¨áâ¨ç¥áª¨¥ ¢ëç¨á«¥−¨ï (St), ¢¨§ã�«ì−ë¥ à�ááã¦-
¤¥−¨ï (Vi). �¤−®à®¤−ë¥ ¯®¤§�¤�ç¨ á ¨áå®¤−®© −¥®¤−®à®¤−®© §�¤�ç¥© á¢ï§�−ë
®â−®è¥−¨ï¬¨ ¢ª«îç¥−¨ï prb prbVRn 6

2 , ¯®ª�§�−−ë¬¨ −� à¨á. 1 â®ç¥ç−ë¬¨ áâà¥«-
ª�¬¨, á ª®®à¤¨−�æ¨®−−®© ¯®¤§�¤�ç¥© | ®â−®è¥−¨ï¬¨ ª®®à¤¨−�æ¨¨ prb prbVRn 6

k ,
¯®ª�§�−−ë¬¨ ¯ã−ªâ¨à−ë¬¨ áâà¥«ª�¬¨, � ¬¥¦¤ã á®¡®© | ®â−®è¥−¨ï¬¨ ¤¥ª®¬-
¯®§¨æ¨¨ prb prbVRn 6

3 , ¯®ª�§�−−ë¬¨ ¦¨à−ë¬¨ á¯«®è−ë¬¨ áâà¥«ª�¬¨. ‚ â�ª®¬
á«ãç�¥ ƒ‚� á®áâ®¨â ¨§ ¢®áì¬¨ ¬¥â�ï§ëª®¢, â. ¥. NMVL = 8, ª®â®àë¥ ¯®ª�§�−ë
−� à¨á. 1 ¯àï¬®ã£®«ì−¨ª�¬¨ á à�§«¨ç−®© èâà¨å®¢ª®© −� −¨¦−¥¬ á«®¥ | ï§ëª¥
§�¤�ç vl6. Š®£¤� ¬−®¦¥áâ¢® ¤¥ª®¬¯®§¨æ¨© PRBu 6 §�¤�ç¨ prbu 6 ¯®áâà®¥−®, à�§-
à�¡�âë¢�îâáï ¨ (¨«¨) ¨á¯®«ì§ãîâáï ®¤−®à®¤−ë¥ ¬®¤¥«¨ {moda 7

i } ¨§ à�§«¨ç−ëå
¢¨§ã�«ì−ëå ¬¥â�ï§ëª®¢ mvli ¨ ¢ë¯®«−ïîâáï ¤àã£¨¥ íâ�¯ë ¦¨§−¥−−®£® æ¨ª«�
à�§à�¡®âª¨ ƒ¨ˆ‘ ¢ á®®â¢¥âáâ¢¨¨ á ¯à®¡«¥¬−®-áâàãªâãà−®© ¬¥â®¤®«®£¨¥© [2].

�ãáâì ¯®¤§�¤�ç¥ prbh1 à¥«¥¢�−â−� ¬®¤¥«ì modaAn
3 á ¨á¯®«ì§®¢�−¨¥¬ �−�-

«¨â¨ç¥áª®£® ¬¥â®¤� metaAn3 , ¯®¤§�¤�ç¥ prbh2 | ¬®¤¥«¨ moda St1 , modaSt2 , ®¡¥
á ¨á¯®«ì§®¢�−¨¥¬ ¤¢ãå à�§−ëå áâ�â¨áâ¨ç¥áª¨å ¬¥â®¤®¢ metaSt1 , metaSt2 , ¯®¤§�-
¤�ç¥ prbh3 | ¬®¤¥«¨ modaNe1 , modaNe2 , modaNe3 á ¨á¯®«ì§®¢�−¨¥¬ âà¥å à�§−ëå
¬¥â®¤®¢ −¥©à®¢ëç¨á«¥−¨© metaNe1 , metaNe2 , metaNe3 , � ¯®¤§�¤�ç�¬ prbh4 , prb

h
5 ,

prbh6 , prb
h
7, prb

h
k à¥«¥¢�−â−ë ¬®¤¥«¨ modaFu1 , modaEx

1 , modaGe1 , modaVi1 ,
modaLgk . �â−®è¥−¨ï à¥«¥¢�−â−®áâ¨ ¬®¤¥«¥© ¯®¤§�¤�ç¥ prbmodVLRn 7

1 ¯®ª�§�−ë
èâà¨å¯ã−ªâ¨à−ë¬¨ «¨−¨ï¬¨ −� à¨á. 1 ¬¥¦¤ã á«®ï¬¨ vl6 ¨ vl7. Œ®¤¥«¨ á¢ï-
§�−ë ¬¥¦¤ã á®¡®© ®â−®è¥−¨ï¬¨ ¨−â¥£à�æ¨¨ res resVRn 6

1 , ª®â®àë¥ ®¯à¥¤¥«ïîâáï
¤¥ª®¬¯®§¨æ¨¥© á«®¦−®© §�¤�ç¨ ¨ â�¡«¨æ¥© £¨¡à¨¤−ëå áâà�â¥£¨© [2]. ‚ á«ãç�¥
¥á«¨ à�§à�¡�âë¢�¥¬�ï ƒ¨ˆ‘ ¯à¥¤−�§−�ç¥−� ¤«ï à¥è¥−¨ï ¥¤¨−áâ¢¥−−®© −¥®¤−®-
à®¤−®© §�¤�ç¨ ¨ −¥ ãç¨âë¢�¥â ¥¥ ¢§�¨¬®á¢ï§¨ á ¤àã£¨¬¨ á«®¦−ë¬¨ §�¤�ç�¬¨,
−� ãà®¢−¥ vl8 (−� à¨á. 1 −¥ ¯®ª�§�−) ª®−áâàã¨àã¥âáï ¥¤¨−áâ¢¥−−ë© §−�ª metu 8,
¯à¥¤áâ�¢«ïîé¨© ¨−â¥£à¨à®¢�−−ë© ¬¥â®¤, á ª®â®àë¬ ®â−®è¥−¨ï¬¨ ¢ª«îç¥−¨ï
á¢ï§�−ë �¢â®−®¬−ë¥ ¬®¤¥«¨-í«¥¬¥−âë {moda 7i }.

’�ª¨¬ ®¡à�§®¬, §�¤�ç¥ prbu 6 á®®â¢¥âáâ¢ã¥â ƒ‚� GVF à�§¬¥à−®áâ¨ NMVL,
¢ ª®â®à®¬ áª®−áâàã¨à®¢�−ë −¥¯ãáâë¥, ¬®¦¥â ¡ëâì ¨ ®¤−®í«¥¬¥−â−ë¥, ¯®¤-
¬−®¦¥áâ¢� {moda 7

i } §−�ª®¢ �¢â®−®¬−ëå ¬®¤¥«¥©, á®¯®áâ�¢«¥−−ë¥ ¯®¤§�¤�ç�¬
prbh 6i ∈ PRBh 6. ‚ á«ãç�¥ ¥á«¨ ¢á¥ ¯®¤¬−®¦¥áâ¢� {moda 7

i } | ®¤−®í«¥¬¥−â−ë¥,
−¥®¯à¥¤¥«¥−−®áâ¨ á ¢ë¡®à®¬ ¬®¤¥«¨ −¥ ¢®§−¨ª�¥â ¨ ƒ¨ˆ‘ ¬®¦¥â ¡ëâì áà�§ã
¨−¨æ¨�«¨§¨à®¢�−�. �¤−�ª® ¯à�ªâ¨ª� ¯®áâà®¥−¨ï ƒ¨ˆ‘ ¯®ª�§ë¢�¥â, çâ® â�ª�ï
á¨âã�æ¨ï ¢áâà¥ç�¥âáï −¥ç�áâ® ¨ á¨−â¥§ ƒ¨ˆ‘ âà¥¡ã¥â ¤®¯®«−¨â¥«ì−ëå ¤¥©áâ¢¨©
à�§à�¡®âç¨ª�.
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÷¨á. 1 �à¨¬¥à ¤¥ª®¬¯®§¨æ¨¨ á«®¦−®© §�¤�ç¨ ¨ á¨−â¥§� ¨−â¥£à¨à®¢�−−®£® ¬¥â®¤�
¥¥ à¥è¥−¨ï −�¤ ƒ‚�: 1 | ¬¥â�ï§ëª (®¡«�áâì −¥®¤−®à®¤−®áâ¨); 2 | §�¤�ç�/¬®¤¥«ì
à¥è¥−¨ï; 3 | ®â−®è¥−¨ï ¤¥ª®¬¯®§¨æ¨¨; 4 | ®â−®è¥−¨ï ¨−â¥£à�æ¨¨; 5 | ®â−®è¥−¨ï
¢ª«îç¥−¨ï; 6 | ®â−®è¥−¨ï ª®®à¤¨−�æ¨¨; 7 | ®â−®è¥−¨ï à¥«¥¢�−â−®áâ¨ ¬®¤¥«¥©
¯®§�¤�ç¥

3 Синтез гибридной интеллектуальной системы
над гетерогенным визуальным полем

“ç¨âë¢�ï, çâ® ®¤−®© §�¤�ç¥ prbh (¨−¤¥ªáë ãà®¢−ï ï§ëª� ¤«ï ªà�âª®áâ¨ ®¯ã-
é¥−ë) ¢ ¤¥ª®¬¯®§¨æ¨¨ prbu ¬®¦¥â á®®â¢¥âáâ¢®¢�âì ¡®«¥¥ ®¤−®© ¬®¤¥«¨ modai ,
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¤®«¦−� ¡ëâì ¢ë¯®«−¥−� ¯à®æ¥¤ãà� ®æ¥−ª¨ ¨ ®¯à¥¤¥«¥−ë ¯à�¢¨«� ¢ë¡®à� �¢â®-
−®¬−ëå ¬®¤¥«¥© ¤«ï ª�¦¤®© ¯�àë 〈prbhγ ,prbhζ 〉 á ãç¥â®¬ á®áâ®ï−¨ï st ¬®¤¥«¨,

à¥è�îé¥© prbhγ. „«ï ¥¥ à¥�«¨§�æ¨¨ −¥®¡å®¤¨¬� á¨áâ¥¬� á ¡�§®© §−�−¨©, ª®â®à�ï
á®§¤�¥âáï −� è¥áâ®¬ íâ�¯¥ �‘-¬¥â®¤®«®£¨¨ ú‘¯¥æ¨ä¨ª�æ¨ï ®¡«�áâ¥© à¥«¥¢�−â-
−®áâ¨ ¬¥â®¤®¢û [2] ¨ ª�¦¤®© ¬®¤¥«¨ modai áâ�¢¨â ¢ á®®â¢¥âáâ¢¨¥ íªá¯¥àâ−ãî
¨«¨ −¥ç¥âªãî ®æ¥−ªã ¥¥ à¥«¥¢�−â−®áâ¨ ¯®¤§�¤�ç¥ prbh. ’�ª¦¥ âà¥¡ã¥âáï ¢ë-
¤¥«¨âì ¬−®¦¥áâ¢® STmod ∈ ST ¤®¯ãáâ¨¬ëå á®áâ®ï−¨© ª�¦¤®© ¬®¤¥«¨ moda

¨ §�¤�âì ¬−®¦¥áâ¢® VRres st1 ®â−®è¥−¨© ú¡ëâì ¢ á®áâ®ï−¨¨û. ’®£¤� ¬®¦¥â ¡ëâì
áä®à¬ã«¨à®¢�−� §�¤�ç� ª®−áâàã¨à®¢�−¨ï ƒ¨ˆ‘, à¥«¥¢�−â−®© prbu.

�ãáâì à�§à�¡®â�−ë ¤¥ª®¬¯®§¨æ¨ï prbu = 〈PRBh,VRprb prb3 〉 −¥®¤−®à®¤−®©
§�¤�ç¨ ¢ ¢¨¤¥ ®à¨¥−â¨à®¢�−−®£® £à�ä� ¡¥§ ¯¥â¥«ì, ƒ‚�GVF, â�¡«¨æ� £¨¡à¨¤−ëå
áâà�â¥£¨© T u ¤«ï prbu [2], ª®â®àë¥ ª�¦¤®¬ã ®â−®è¥−¨î vrprb prb3 l (prbhγ ,prb

h
ζ ) ∈

∈ prbu, γ, ζ = [1, Nprbh], γ 6= ζ, ®¤−®§−�ç−® á®¯®áâ�¢«ïîâ ¬−®¦¥áâ¢® ®â−®è¥-

−¨© ¨−â¥£à�æ¨¨ {vrres res1 }, {vrres res1 } ∈ VRres res1 , â. ¥. vrprb prb3 l (prbhγ ,prb
h
ζ ) →

→ {res resvrn1}, ¬−®¦¥áâ¢® ¨−â¥à¯à¥â�â®à®¢ �¢â®−®¬−ëå ¬®¤¥«¥©, ¬−®¦¥áâ¢®
¬¥¦¬®¤¥«ì−ëå ¨−â¥àä¥©á®¢, ¬−®¦¥áâ¢® STmodx ∈ ST, x ∈ [1, Nmeta], ¤®¯ã-
áâ¨¬ëå á®áâ®ï−¨© stmodx

σ ∈ STmodx, σ ∈ [1, Nstx] ª�¦¤®© ¬®¤¥«¨ moda
x. ��

¬−®¦¥áâ¢¥ PRBh = {prbh1 , . . . ,prbhNh
} §�¤�− ¯®àï¤®ª, â. ¥. ¨§¢¥áâ−� ®ç¥à¥¤-

−®áâì à¥è¥−¨ï prbh: ¯®áâà®¥−® ¬−®¦¥áâ¢® In = {In1, . . . , InNT}, £¤¥ In1 =
= {in1, . . . , inIn1} | ¬−®¦¥áâ¢® −¨¦−¨å ¨−¤¥ªá®¢ §�¤�ç prbh, à¥è�¥¬ëå ¢ ¯¥à-
¢ãî ®ç¥à¥¤ì, . . ., InNT = {in1, . . . , inInNT} | ¬−®¦¥áâ¢® −¨¦−¨å ¨−¤¥ªá®¢
§�¤�ç prbh, à¥è�¥¬ëå ¢ ¯®á«¥¤−îî ®ç¥à¥¤ì. “áâ�−®¢«¥−ë á®®â¢¥âáâ¢¨ï ¬®¤¥«¥©
¨ ¨−â¥à¯à¥â�â®à®¢, â. ¥. §�¤�−ë ¬¥â®¤ë à¥è¥−¨ï ®¤−®à®¤−ëå ¯®¤§�¤�ç, � â�ª¦¥
¬®¤¥«¥© ¨ ¬¥¦¬®¤¥«ì−ëå ¨−â¥àä¥©á®¢, â. ¥. §�¤�−ë �«£®à¨â¬ë ¯à¥®¡à�§®¢�−¨ï
¨−ä®à¬�æ¨¨ á ®¤−®£® ï§ëª� −� ¤àã£¨¥. ’à¥¡ã¥âáï −�©â¨ á¯¨á®ª Lsu, á®áâ®ïé¨©
¨§ ®â−®è¥−¨© ¨−â¥£à�æ¨¨, ãáâ�−®¢«¥−−ëå ¬¥¦¤ã ¬®¤¥«ï¬¨ á ãç¥â®¬ á®áâ®-
ï−¨ï, â. ¥. vrres st1 (moda

x, st
modx
σ ) ◦ vrres res1 (modax,mod

a
y), £¤¥ x, y ∈ [1, Nmeta],

� â�ª¦¥ ¬−®¦¥áâ¢® E ¬�âà¨æ ú¬®¤¥«ì{¬®¤¥«ìû Ej ∈ El
j ⊆ E, l ∈ [1,NT],

áâà®ª¨ ª®â®àëå á®®â¢¥âáâ¢ãîâ �¢â®−®¬−ë¬ ¬®¤¥«ï¬ moda ¢ á®áâ®ï−¨¨ stmodx
σ

à¥è¥−¨ï §�¤�ç¨ prbhζ , � áâ®«¡æë | ¬®¤¥«ï¬ moda §�¤�ç¨ prbhγ. �â−®è¥−¨¥

vrres st1 (moda
x, st

modx
σ ) ¤«ï ªà�âª®áâ¨ ®¡®§−�ç¨¬ ¯�à®© 〈moda

ζ , st
mod ζ
σ 〉.

’®£¤� �«£®à¨â¬ (à¨á. 2) ª®−áâàã¨à®¢�−¨ï äã−ªæ¨®−�«ì−®© ƒ¨ˆ‘, à¥«¥¢�−â-
−®© −¥®¤−®à®¤−®© §�¤�ç¥ prbu, ¯à¥¤áâ�¢«ï¥âáï á«¥¤ãîé¨¬¨ è�£�¬¨:
1. ��ç�«®, ãáâ�−®¢¨âì l = 1.

2. ‚ë¡à�âì ¨§ prbu ¬−®¦¥áâ¢® âà®¥ª VRprb prb3β =
{
vrprb prb3β

(
prbhγ ,prb

h
ζ

)}
,

β = [1, N l
prbh], ¢ ª®â®àëå ª�¦¤�ï prbhζ ¨¬¥¥â ®ç¥à¥¤−®áâì ¨§ Inl.

3. “áâ�−®¢¨âì j = 1, El = ∅.
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÷¨á. 2 ”à�£¬¥−â �«£®à¨â¬� á¨−â¥§� ƒ¨ˆ‘ á ƒ‚�

4. ‚ë¡à�âì ®ç¥à¥¤−ãî j-î ¯�àã ¨§ VRprb prb3β .

5. ˆ−¨æ¨�«¨§¨à®¢�âì ¤«ï j-© ¯�àë ¬�âà¨æã El
j, ¯®¬¥ç�ï áâ®«¡æë ω ¬®¤¥«ï-

¬¨ {moda
γ} §�¤�ç¨ prbhγ, � áâà®ª¨ q | ¬®¤¥«ï¬¨ modaζ ¢ á®áâ®ï−¨¨ stmod ζ

σ

§�¤�ç¨ prbhζ , â. ¥. ¯�à�¬¨ {〈moda
ζ , st

mod ζ
σ 〉}. „®¯®«−¨âì El ¬�âà¨æ¥© El

j.

6. �à®¢¥à¨âì: j = Nprbh + 1? …á«¨ ú−¥âû, ãáâ�−®¢¨âì j = j + 1 ¨ ¯¥à¥©â¨
ª ¯. 4.

7. “áâ�−®¢¨âì j = 1.

8. ‚ë¡à�âìEl
j ¨§El =

{
El
1, . . . , E

l
Nprbh

}
. ˆá¯®«ì§ãï â�¡«¨æã £¨¡à¨¤−ëå áâà�-

â¥£¨©, �ªâ¨¢¨à®¢�âì â®«ìª® â¥ í«¥¬¥−âë εjqω ¢ El
j, ¤«ï ª®â®àëå ¬¥¦¤ã modaq

¨ modaω áãé¥áâ¢ã¥â ®â−®è¥−¨¥ vrres res1 (−� à¨á. 2 íâ® ¯®ª�§�−® ¯¥à¥ç¥àª¨-
¢�−¨¥¬ ª«¥âª¨ ¬�âà¨æë El

j). ˆá¯®«ì§ãï íªá¯¥àâ−ãî ¨«¨ −¥ç¥âªãî á¨áâ¥¬ã,

¯®«ãç¨âì ®æ¥−ª¨ ¬®¤¥«¥© {modq
q} §�¤�ç¨ prbhζ , §�−®áï ®æ¥−ª¨ ¢ §−�¬¥−�â¥«¨

↓εjqω ¤à®¡¥©-í«¥¬¥−â®¢ εjqω.

9. Œ®¤¥«¨à®¢�âì à¥è¥−¨ï prbhζ −� ª�¦¤®© ¬®¤¥«¨ ¢ ª�¦¤®¬ á®áâ®ï−¨¨ ¨§{
vrres st1

(
moda

q , st
mod q
σ

)}
¨ ¯®«ãç¥−−ë¥ §−�ç¥−¨ï ¢ëå®¤®¢ ¬®¤¥«¨ modaq

¨á¯®«ì§®¢�âì ¢ ª�ç¥áâ¢¥ ¢å®¤®¢ ¬®¤¥«¨ modaω. ˆá¯®«ì§ãï íªá¯¥àâ−ãî ¨«¨
−¥ç¥âªãî á¨áâ¥¬ã, ¯®«ãç¨âì ®æ¥−ª¨ ¬®¤¥«¥© {moda

ω} §�¤�ç¨ prbhγ, §�−®áï
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�. ‚. Š®«¥á−¨ª®¢, ‘. ‚. ‹¨áâ®¯�¤

®æ¥−ª¨ ¢ ç¨á«¨â¥«¨ ↑εjqω ¤à®¡¥©-í«¥¬¥−â®¢ εjqω. „«ï −�ç�«ì−ëå á®áâ®-
ï−¨© ¬®¤¥«¥© ¢ë¡à�âì ¯�àã ¬®¤¥«¥© vrres res1 (moda

x,mod
a
y), x, y ∈ [1, Nmeta],

á ¬�ªá¨¬�«ì−ë¬ §−�ç¥−¨¥¬ ¨−â¥£à¨à®¢�−−®© ®æ¥−ª¨ εjqω = min
(
↑εjqω, ↓ε

j
qω

)

¨ §�−¥áâ¨ ¥¥ ¢ á¯¨á®ª Lsu;

10. �à®¢¥à¨âì: j = Nprbh + 1? …á«¨ ú−¥âû, ãáâ�−®¢¨âì j = j + 1 ¨ ¯¥à¥©â¨
ª ¯. 8.

11. �à®¢¥à¨âì: l = NT ? …á«¨ ú−¥âû, ãáâ�−®¢¨âì l = l + 1 ¨ ¯¥à¥©â¨ ª ¯. 2.

12. „®¯®«−¨âì á¯¨á®ª Lsu á¯¨áª®¬ ¨−â¥à¯à¥â�â®à®¢ ¨ ¨−â¥àä¥©á®¢.

13. ‘ä®à¬¨à®¢�âì ¡�§ã §−�−¨© ª®®à¤¨−�æ¨®−−®£® í«¥¬¥−â� ¨§ ¬�âà¨æ E, çâ®¡ë
¢ ¯à®æ¥áá¥ äã−ªæ¨®−¨à®¢�−¨ï ƒ¨ˆ‘ ®− ¬®£ ¯¥à¥áâà�¨¢�âì ¥¥ áâàãªâãàã, ¢ë-
¡¨à�ï à¥«¥¢�−â−ãî ¬®¤¥«ì §�¤�ç¨ ¤«ï â¥ªãé¥£® á®áâ®ï−¨ï ƒ¨ˆ‘ ¨ ¯¥à¥å®¤ï
¯à¨ −¥®¡å®¤¨¬®áâ¨ á á¨¬¢®«ì−ëå à�ááã¦¤¥−¨© −� ¢¨§ã�«ì−ë¥ ¨ ®¡à�â−®.

14. ˆ−¨æ¨�«¨§¨à®¢�âì ƒ¨ˆ‘ ¢ á®®â¢¥âáâ¢¨¨ á Lsu.

�à¥¤«®¦¥−−ë© �«£®à¨â¬ á¨−â¥§¨àã¥â −®¢ë© ¨−â¥£à¨à®¢�−−ë© ¬¥â®¤ ¢áïª¨©
à�§ ¯à¨ à¥è¥−¨¨ á«®¦−®© §�¤�ç¨, ®¡¥á¯¥ç¨¢�ï ¥£® à¥«¥¢�−â−®áâì ¬¥−ïîé¨¬áï
ãá«®¢¨ï¬ ¨ áâàãªâãà¥ −¥®¤−®à®¤−®© §�¤�ç¨. �à¨ ¢ë¡®à¥ ¬®¤¥«¥© ãç¨âë¢�îâ-
áï −¥ â®«ìª® íªá¯¥àâ−ë¥ ®æ¥−ª¨ ¨å ª�ç¥áâ¢� ¨ à¥«¥¢�−â−®áâ¨ ¯®¤§�¤�ç�¬, −®
¨ íää¥ªâ¨¢−®áâì á®¢¬¥áâ−®© à�¡®âë ¢ á®áâ�¢¥ ƒ¨ˆ‘, â. ¥. ¨−â¥£à¨à®¢�−−ë©
¬¥â®¤ á¨−â¥§¨àã¥âáï ª�ª æ¥«®áâ−�ï á¨áâ¥¬�. ˆá¯®«ì§®¢�−¨¥ ƒ‚� ª�ª ®á−®¢ë
¤«ï á¨−â¥§� ¨−â¥£à¨à®¢�−−®£® ¬¥â®¤� ¯®§¢®«ï¥â ª®¬¡¨−¨à®¢�âì à�ááã¦¤¥−¨ï −�
á¨¬¢®«ì−ëå ¨ ¢¨§ã�«ì−ëå ï§ëª�å, ¯à¨¬¥−ïï â¨¯ à�ááã¦¤¥−¨©, à¥«¥¢�−â−ë©
ª®−ªà¥â−®© ¯®¤§�¤�ç¥ ¢ á«®¦¨¢è¨åáï ãá«®¢¨ïå. ‚ à¥§ã«ìâ�â¥ ƒ¨ˆ‘ á ƒ‚�
¨¬¨â¨àãîâ á®âàã¤−¨ç¥áâ¢®, ®â−®á¨â¥«ì−®áâì ¨ ¤®¯®«−¨â¥«ì−®áâì ª®««¥ªâ¨¢−®£®
¨−â¥««¥ªâ� ¤«ï ¯®¨áª� à¥è¥−¨© −� á¨¬¢®«ì−ëå ¨ ¢¨§ã�«ì−ëå ï§ëª�å.

4 Заключение

�à¥¤«®¦¥−� ¬®¤¥«ì ƒ‚� ª�ª ¡�§¨á ¯®áâà®¥−¨ï ¨−â¥£à¨à®¢�−−ëå ¬¥â®¤®¢
á ¨á¯®«ì§®¢�−¨¥¬ ƒ¨ˆ‘, à�ááã¦¤�îé¨å −� á¨¬¢®«ì−ëå ¨ ¢¨§ã�«ì−ëå ï§ë-
ª�å. �à¥¤«®¦¥− �«£®à¨â¬ á¨−â¥§� ƒ¨ˆ‘ á ƒ‚�, ãç¨âë¢�îé¨© à¥«¥¢�−â−®áâì
�¢â®−®¬−ëå ¬®¤¥«¥© ®¤−®à®¤−ë¬ ¯®¤§�¤�ç�¬, � â�ª¦¥ ¢§�¨¬−®¥ ¢«¨ï−¨¥ ¨−-
â¥£à¨àã¥¬ëå ¬®¤¥«¥© ¢ ƒ¨ˆ‘.

÷¥�«¨§�æ¨ï ¯à¥¤«®¦¥−−ëå ¬®¤¥«¥© ¨ �«£®à¨â¬®¢ ¢ ƒ¨ˆ‘ ¯®§¢®«¨â ãç¨âë¢�âì
¤¨−�¬¨ç¥áª¨© å�à�ªâ¥à á«®¦−ëå §�¤�ç ¨ á¨−â¥§¨à®¢�âì −�¤ ƒ‚� à¥«¥¢�−â−ë© −�
¬®¬¥−â à¥è¥−¨ï §�¤�ç¨ ¨−â¥£à¨à®¢�−−ë© ¬¥â®¤. ˆá¯®«ì§ãï ƒ‚�, ãáâ�−�¢«¨¢�-
îé¥¥ ¢§�¨¬®á¢ï§ì á¨¬¢®«ì−ëå ¨ ¢¨§ã�«ì−ëå §−�ª®¢ (á¨¬¢®«ì−ëå ¨ ¢¨§ã�«ì−ëå
¢ëáª�§ë¢�−¨©), ƒ¨ˆ‘ ¬®£ãâ ã¯à�¢«ïâì ¨¬¨â�æ¨®−−ë¬ ¯à®æ¥áá®¬, ¯®¤ª«îç�ï
¬¥å�−¨§¬ë ¢¨§ã�«ì−®-¯à®áâà�−áâ¢¥−−®£®, ®¡à�§−®£® ¬ëè«¥−¨ï, ª®£¤� ¢®§−¨-
ª�¥â áãé¥áâ¢¥−−�ï −¥®¯à¥¤¥«¥−−®áâì. �â¨ ¬¥å�−¨§¬ë ¯®§¢®«ïîâ ª®««¥ªâ¨¢ã
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úã¢¨¤¥âìû ¯à¨¡«¨¦¥−−®¥ à¥è¥−¨¥ á«®¦−®© §�¤�ç¨ ¨«¨ ¥¥ ¯®¤§�¤�ç, ª®â®à®¥ ¢¯®-
á«¥¤áâ¢¨¨ ¬®¦¥â ¡ëâì ®¡®á−®¢�−® ¨ ãâ®ç−¥−® ¬¥â®¤�¬¨ «®£¨ª®-¬�â¥¬�â¨ç¥áª¨å
à�ááã¦¤¥−¨©.
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Abstract: The article presents an algorithm for synthesis of a new class of
intelligent systems that is hybrid intelligent systems with a heterogeneous visual
field modeling the integration of collective symbolic and visual reasoning.
To implement such reasoning, the formalized model of visual languages is
used based on the concept of a semiotic system according to D. A. Pospelov,
as well as A. V. Kolesnikov multilayered model of professional languages.
Hybrid intelligent systems with a heterogeneous visual field will be able to
control the simulation process and, depending on the uncertainty of the problem
situation, alternately activate the symbolic or visual mechanisms of reasoning,
imitating \jumps" in the hybrid state space corresponding to instantaneous
insight (enlightening) of the real expert teams.
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ГЕОИНФОРМАЦИОННЫЙ СИНТЕЗ ПРОСТРАНСТВЕННЫХ
ДАННЫХ ИНФРАСТРУКТУРЫ ЖЕЛЕЗНОДОРОЖНОГО

ТРАНСПОРТА∗

С. К. Дулин1, Н. Г. Дулина2, Д. А. Якушев3

�−−®â�æ¨ï: ÷�áá¬®âà¥−® ä®à¬�«¨§®¢�−−®¥ ¯à¥¤áâ�¢«¥−¨¥ â¥å−®«®£¨ç¥áª®©
¢®§¬®¦−®áâ¨ ¯®«ãç¥−¨ï £¥®¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¢ à�¬ª�å ¥¤¨−®© á¨áâ¥-
¬ë á¡®à� £¥®¯à®áâà�−áâ¢¥−−®© ¨−ä®à¬�æ¨¨ ¤«ï �¢â®¬�â¨§�æ¨¨ ¬®−¨â®à¨−£�
¨−äà�áâàãªâãàë ¦¥«¥§−®¤®à®¦−®£® (¦/¤) âà�−á¯®àâ� (ˆ†„) ¢ ¢ëá®ª®â®ç-
−®¬ ª®®à¤¨−�â−®¬ ¯à®áâà�−áâ¢¥. ‚ ãá«®¢¨ïå ¯®¢ëè�îé¨åáï âà¥¡®¢�−¨©
ª ¤®áâã¯−®áâ¨ ¨ ®¯¥à�â¨¢−®áâ¨ £¥®¯à®áâà�−áâ¢¥−−®© ¨−ä®à¬�æ¨¨ ¬®¡¨«ì−®¥
«�§¥à−®¥ áª�−¨à®¢�−¨¥ ï¢«ï¥âáï −�¨¡®«¥¥ íää¥ªâ¨¢−ë¬ à¥è¥−¨¥¬ á®¢à¥¬¥−-
−ëå â¥å−®«®£¨© á¡®à� ¨ ®¡à�¡®âª¨ £¥®¤�−−ëå ¤«ï á®§¤�−¨ï ª�àâ®£à�ä¨ç¥áª¨å
¬�â¥à¨�«®¢, ¯�á¯®àâ¨§�æ¨¨, ¬®−¨â®à¨−£� ¨ ä¨ªá�æ¨¨ á®áâ®ï−¨ï ¨−äà�áâàãª-
âãà−ëå âà�−á¯®àâ−ëå ®¡ê¥ªâ®¢. ‚ ¯à®æ¥áá¥ à¥�«¨§�æ¨¨ ¯à®¥ªâ®¢ ¯® ¯à®¢¥àª¥
ä�ªâ¨ç¥áª®£® ¯®«®¦¥−¨ï ®¡ê¥ªâ®¢ ¦/¤ ¨−äà�áâàãªâãàë ¡ë«� à�§à�¡®â�−�
¨ �¯à®¡¨à®¢�−� ã−¨ª�«ì−�ï áª¢®§−�ï â¥å−®«®£¨ï áê¥¬ª¨ ¨ ®¡à�¡®âª¨ ¯à®-
áâà�−áâ¢¥−−ëå ¤�−−ëå, ¯®§¢®«ïîé�ï, á ®¤−®© áâ®à®−ë, ¬¨−¨¬¨§¨à®¢�âì
§�âà�âë −� ®¡à�¡®âªã, � á ¤àã£®© | ¯®¢ëá¨âì ª®−âà®«¨àã¥¬®áâì ¯à®æ¥áá�
¨ â®ç−®áâì á¨−â¥§� £¥®¤�−−ëå.

Š«îç¥¢ë¥ á«®¢�: ¬®−¨â®à¨−£ ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�; £¥®¯à®-
áâà�−áâ¢¥−−�ï ¨−ä®à¬�æ¨ï; ¬®¡¨«ì−®¥ «�§¥à−®¥ áª�−¨à®¢�−¨¥
DOI: 10.14357/08696527170311

1 Введение

ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ (geoinformation fusion) | íâ® ¯à®æ¥áá ®¡ê¥¤¨−¥-
−¨ï £¥®£à�ä¨ç¥áª®© ¨−ä®à¬�æ¨¨ ¨§ à�§−®®¡à�§−ëå ¨áâ®ç−¨ª®¢ ¤«ï ¯®«ãç¥−¨ï
−®¢®©, ¡®«¥¥ æ¥−−®© ¨−ä®à¬�æ¨¨, ®¡«�¤�îé¥© ¡®«ìè¥© §−�ç¨¬®áâìî ¨ −�¤¥¦-
−®áâìî [1]. ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ | ¢�¦−�ï äã−ªæ¨ï ¨−â¥à®¯¥à�¡¥«ì−®©
¨ ¤®áâã¯−®© ç¥à¥§ Web £¥®¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë (ƒˆ‘). “¢¥«¨ç¥−¨¥ −�¤¥¦-
−®áâ¨ à�á¯à¥¤¥«¥−−®£® ¤®áâã¯� ç¥à¥§ Web ª £¥®¨−ä®à¬�æ¨¨, á®®â¢¥âáâ¢¥−−®,
¯®¢ëè�¥â âà¥¡®¢�−¨ï ª íää¥ªâ¨¢−®¬ã ¨ ¡ëáâà®¬ã á¨−â¥§ã £¥®¨−ä®à¬�æ¨¨ ¨§
à�§−®à®¤−ëå ¨áâ®ç−¨ª®¢.

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 17-20-02153 ®ä¨ ¬ ÷†„).
1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
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ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�

�¥à¢®®ç¥à¥¤−®© ¯à®¡«¥¬®©, áâ®ïé¥© ¯¥à¥¤ «î¡®© á¨áâ¥¬®© £¥®¨−ä®à¬�æ¨®−-
−®£® á¨−â¥§�, ï¢«ï¥âáï á¥¬�−â¨ç¥áª�ï à�§−®à®¤−®áâì, ª®£¤� ¯®−ïâ¨ï ¨ ª�â¥£®à¨¨,
¨á¯®«ì§ã¥¬ë¥ ¢ à�§−ëå £¥®¨−ä®à¬�æ¨®−−ëå ¨áâ®ç−¨ª�å, ¨¬¥îâ −¥á®¢¬¥áâ¨¬ë¥
§−�ç¥−¨ï. �®«ìè¨−áâ¢® á¥£®¤−ïè−¨å £¥®¨−ä®à¬�æ¨®−−ëå ¬¥â®¤¨ª á¨−â¥§� áã-
é¥áâ¢¥−−® §�¢¨áïâ ®â ç¥«®¢¥ç¥áª®£® ¢®á¯à¨ïâ¨ï ¯à®¡«¥¬−®© ®¡«�áâ¨. ‚ íâ®© à�-
¡®â¥ à�áá¬�âà¨¢�îâáï ¢®¯à®áë £¥®£à�ä¨ç¥áª®£® ¨−ä®à¬�æ¨®−−®£® á¨−â¥§� á ¨á-
¯®«ì§®¢�−¨¥¬ ¨−¤ãªâ¨¢−®£® ¢ë¢®¤�. ˆ−¤ãªâ¨¢−ë© ¢ë¢®¤ ¯®§¢®«ï¥â ¯à®¢¥áâ¨
à�ááã¦¤¥−¨ï ®â ª®−ªà¥â−ëå á«ãç�¥¢ ¤® ®¡é¨å ¯à�¢¨«. ‚ ª®−â¥ªáâ¥ £¥®¨−ä®à¬�-
æ¨®−−®£® á¨−â¥§� ¨−¤ãªâ¨¢−ë© ¢ë¢®¤ ¬®¦¥â ¨á¯®«ì§®¢�âìáï, çâ®¡ë ®¯à¥¤¥«¨âì
á¥¬�−â¨ç¥áª¨¥ ®â−®è¥−¨ï ¬¥¦¤ã ª�â¥£®à¨ï¬¨ £¥®®¡ê¥ªâ®¢ ¨§ ¯à®áâà�−áâ¢¥−−ëå
®â−®è¥−¨© ¬¥¦¤ã −�¡®à�¬¨ ®¯à¥¤¥«¥−−ëå ®¡ê¥ªâ®¢. �¤−�ª® ¨−¤ãªâ¨¢−ë© ¢ë¢®¤
áç¨â�¥âáï −¥ ®ç¥−ì −�¤¥¦−ë¬, ®á®¡¥−−® ¯à¨ −�«¨ç¨¨ −¥®¯à¥¤¥«¥−−®áâ¨. ‘«¥¤®¢�-
â¥«ì−®, á®¬−¨â¥«ì−�ï −�¤¥¦−®áâì | ª«îç¥¢®¥ ¯à¥¯ïâáâ¢¨¥, áâ®ïé¥¥ ¯¥à¥¤ «î¡®©
�¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬®© £¥®¨−ä®à¬�æ¨®−−®£® á¨−â¥§�, ®á−®¢�−−®© −� ¨−-
¤ãªâ¨¢−®¬ ¢ë¢®¤¥, ¯®áª®«ìªã £¥®¨−ä®à¬�æ¨¨ á¢®©áâ¢¥−−� −¥®¯à¥¤¥«¥−−®áâì.

‘�¬ë© ¢�¦−ë© è�£ ¢ ¯à®æ¥áá¥ ¨−ä®à¬�æ¨®−−®£® á¨−â¥§� ¤®«¦¥− á®¥¤¨−ïâì
®−â®«®£¨¨ à�§−ëå ¨−ä®à¬�æ¨®−−ëå ¨áâ®ç−¨ª®¢. �à¨ íâ®¬ á«¥¤ã¥â à�§«¨ç�âì
¯à®æ¥áá ¨¤¥−â¨ä¨ª�æ¨¨ ®â−®è¥−¨© ¬¥¦¤ã á®®â¢¥âáâ¢ãîé¨¬¨ í«¥¬¥−â�¬¨ ¢ ¤¢ãå
£¥â¥à®£¥−−ëå ®−â®«®£¨ïå, −�§ë¢�¥¬ë© ú®â®¡à�¦¥−¨¥¬û, ¨ ¯à®æ¥áá ¯®áâà®¥−¨ï
¥¤¨−áâ¢¥−−®© ®¡ê¥¤¨−¥−−®© ®−â®«®£¨¨, ®á−®¢�−−®© −� íâ¨å ¨¤¥−â¨ä¨æ¨à®¢�−−ëå
®â−®è¥−¨ïå, −�§ë¢�¥¬ë© ú¨−â¥£à�æ¨¥©û [2].

�®¤ ®â®¡à�¦¥−¨¥¬ ®−â®«®£¨© (ontology alignment) ¯®−¨¬�¥âáï ¯à®æ¥áá ãáâ�-
−®¢«¥−¨ï á®®â¢¥âáâ¢¨ï ¬¥¦¤ã ª®−æ¥¯â�¬¨ à�§−ëå ®−â®«®£¨©. �à®é¥ £®¢®àï,
¯à¨ ®â®¡à�¦¥−¨¨ ®−â®«®£¨© ¤«ï ª�¦¤®£® ª®−æ¥¯â�, ®â−®è¥−¨ï ¨«¨ íª§¥¬¯«ïà�
−¥ª®â®à®© ®−â®«®£¨¨ −�å®¤ïâáï á®®â¢¥âáâ¢¥−−ë¥ í«¥¬¥−âë ¢ ¤àã£¨å ®−â®«®£¨ïå.
�à®¡«¥¬� ®â®¡à�¦¥−¨ï ®−â®«®£¨© â¥á−® á¢ï§�−� á §�¤�ç¥© á¨−â¥§� ¤�−−ëå (data
fusion) ¨ ®á®¡¥−−® �ªâã�«ì−� ¯à¨ ¨−â¥£à�æ¨¨ à�§−®à®¤−ëå ¡�§ ¤�−−ëå, äã−ª-
æ¨®−¨àãîé¨å −¥§�¢¨á¨¬® ¤àã£ ®â ¤àã£�. ‘à¥¤áâ¢� ®â®¡à�¦¥−¨ï ®−â®«®£¨©
¢ë¤¥«ïîâ á¥¬�−â¨ç¥áª¨ íª¢¨¢�«¥−â−ë¥ ª«�ááë ¤�−−ëå, −�¯à¨¬¥à ú�«¥ªâà®¢®§û
¨ ú‹®ª®¬®â¨¢û, ª®â®àë¥ ¢ ®¡é¥¬ á«ãç�¥ −¥ á®¢¯�¤�îâ, ¯®íâ®¬ã âà¥¡ãîâáï ¤®-
¯®«−¨â¥«ì−ë¥ ¯à®æ¥¤ãàë ¤«ï ®¯à¥¤¥«¥−¨ï áå®¤áâ¢�: á¨−â�ªá¨ç¥áª¨¥, ¢−¥è−¨¥
¨ á¥¬�−â¨ç¥áª¨¥. �â� ¯à®¡«¥¬� â�ª¦¥ ¢�¦−� ¯à¨ à¥�«¨§�æ¨¨ á¥¬�−â¨ç¥áª®©
¨−â¥à®¯¥à�¡¥«ì−®áâ¨ ¢ Semantic Web [3], ª®£¤� ª�¦¤ë© ¨§ ¢§�¨¬®¤¥©áâ¢ã-
îé¨å ¯®«ì§®¢�â¥«¥© á¥â¨, ª®â®àë© à�§à�¡®â�« á¢®¨ ®−â®«®£¨¨, à�ááç¨âë¢�¥â
−� á®£«�á®¢�−−®¥ ¨á¯®«ì§®¢�−¨¥ à�§−®à®¤−ëå à¥áãàá®¢. ‚ áà¥¤¥ Semantic Web
áãé¥áâ¢ã¥â ¬−®£® ¯à¨¬¥à®¢ ãá¯¥è−®£® à¥è¥−¨ï ¯à®¡«¥¬ë á¨−â¥§� ¤�−−ëå −�
®á−®¢¥ ®−â®«®£¨©, −® −¥ ¯à¥®¤®«¥−ë ¯®ª� ¦¥áâª¨¥ âà¥¡®¢�−¨ï á¯¥æ¨�«ì−®© ¯®¤-
£®â®¢ª¨ ¨−â¥£à¨àã¥¬ëå ¤�−−ëå ¨ á¥¬�−â¨ç¥áª¨© ¤¨áá®−�−á ¯à¨ −¥®¤−®ªà�â−®¬
¨á¯®«ì§®¢�−¨¨ ®−â®«®£¨©.

2 Географический синтез пространственных данных

ˆáá«¥¤®¢�−¨¥ á¨−â¥§� £¥®¨−ä®à¬�æ¨¨ ¯à¥¤¯®«�£�¥â ¨á¯®«ì§®¢�−¨¥ ¡®«¥¥ ®¡-
é¨å ¯®¤å®¤®¢, ç¥¬ ¢ á«ãç�¥ �âà¨¡ãâ¨¢−®£® ¨−ä®à¬�æ¨®−−®£® á¨−â¥§�. ƒ¥®-
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¨−ä®à¬�æ¨®−−�ï á¨áâ¥¬� á ä®à¬�«ì−ë¬¨ ¯à¥¤áâ�¢«¥−¨ï¬¨ £¥®®−â®«®£¨© ¨¬¥¥â
¯¥àá¯¥ªâ¨¢ë ã«ãçè¥−¨ï ¨−ä®à¬�æ¨®−−®© ¨−â¥£à�æ¨¨ −� ®á−®¢¥ ®−â®«®£¨©, ¥á«¨
¨§¢¥áâ−ë á¥¬�−â¨ç¥áª¨¥ ®â−®è¥−¨ï ¬¥¦¤ã §�ä¨ªá¨à®¢�−−ë¬¨ ®−â®«®£¨ï¬¨.

‚ ®á−®¢¥ ¯à®áâà�−áâ¢¥−−®£® ¯®¤å®¤� ª £¥®¨−ä®à¬�æ¨®−−®¬ã á¨−â¥§ã ¢á¥£¤�
«¥¦¨â ¯à®æ¥áá ¢ë¢¥¤¥−¨ï á¥¬�−â¨ç¥áª¨å ®â−®è¥−¨© ¨§ ¯à®áâà�−áâ¢¥−−ëå. �â®â
¯à®æ¥áá ¬®¦¥â ¨¬¥âì å�à�ªâ¥à ¨−¤ãªâ¨¢−®£® ¢ë¢®¤�, ¬®¤¥«¨àãîé¥£® à�ááã¦¤¥-
−¨¥ ®â ª®−ªà¥â−ëå á«ãç�¥¢ ¤® ®¡é¨å ¯à�¢¨«. ’¥¬ á�¬ë¬ ¯à®áâà�−áâ¢¥−−ë©
¯®¤å®¤ ª £¥®¨−ä®à¬�æ¨®−−®¬ã á¨−â¥§ã á®§¤�¥â ®¡é¥¤®áâã¯−ë© úá«®¢�àìû ¤«ï
â®£®, çâ®¡ë ãáâ�−�¢«¨¢�âì á®®â¢¥âáâ¢¨ï ¬¥¦¤ã ®−â®«®£¨ï¬¨ à�§−ëå ¨−ä®à¬�-
æ¨®−−ëå ¨áâ®ç−¨ª®¢, ®á−®¢�−−ë¥ −� ®â−®è¥−¨ïå ¬¥¦¤ã ¯à®áâà�−áâ¢¥−−ë¬¨
áâ¥¯¥−ï¬¨ ª�â¥£®à¨©, ¨á¯®«ì§ã¥¬ëå ¢ íâ¨å ¨−ä®à¬�æ¨®−−ëå ¨áâ®ç−¨ª�å. ÷¨-
áã−®ª 1 á®¤¥à¦¨â ¯à®áâ®© ¯à¨¬¥à ¨−ä®à¬�æ¨®−−®£® á¨−â¥§� ¯à®áâà�−áâ¢¥−−ëå
¤�−−ëå. �� à¨á. 1 ª�¦¤ë© −�¡®à ¤�−−ëå ¢ª«îç�¥â ¯à®áâà�−áâ¢¥−−ë© ª®¬¯®−¥−â
¨ ¨−â¥−á¨®−�«ì−ë© ª®¬¯®−¥−â.

ƒ¥®£à�ä¨ç¥áª¨¥ áâ¥¯¥−¨ −�¡®à®¢ ¦!¤ ¤�−−ëå ¨ ¤�−−ëå ª�¤�áâà®¢®© ¯�«�âë
¨¤¥−â¨ç−ë (â. ¥. −�¡®àë ¤�−−ëå ¯®ªàë¢�îâ ®¤−ã ¨ âã ¦¥ ®¡«�áâì). ’�ª¨¬

÷¨á. 1 “¯à®é¥−−ë© ¯à¨¬¥à £¥®¨−ä®à¬�æ¨®−−®£® á¨−â¥§�: (�) ¨−â¥−á¨®−�«ì−ë©
ª®¬¯®−¥−â; (¡) ®â®¡à�¦¥−−ë¥ ¯à®áâà�−áâ¢¥−−ë¥ ¤�−−ë¥ (¦/¤ á ¯®«®á®© ®â¢®¤�)
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ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�

®¡à�§®¬, à¨á. 1 ¯à¥¤áâ�¢«ï¥â á¨âã�æ¨î, ª®£¤� ¤¢� ãçà¥¦¤¥−¨ï ®â®¡à�§¨«¨ ®¤−ã
¨ âã ¦¥ £¥®£à�ä¨ç¥áªãî ®¡«�áâì, ¨á¯®«ì§ãï à�§−ë¥ ®−â®«®£¨¨. �â¬¥â¨¬, çâ®,
å®âï á¨−â¥§ á¨«ì−® ã¯à®é¥−, ¯à®æ¥áá, ¯à®¨««îáâà¨à®¢�−−ë© à¨á. 1, −¥ ¯à®áâ®
®¢¥à«¥©. ��¡®àë ¤�−−ëå ¡ë«¨ ¯®¤¢¥à£−ãâë á¨−â¥§ã ¢ â®¬ á¬ëá«¥, çâ® ¯®«ãç¥−�
−¥ª�ï −®¢�ï ¨−ä®à¬�æ¨ï ®¡ ®â−®è¥−¨ïå ¬¥¦¤ã ª�â¥£®à¨ï¬¨, ¯à¥¤áâ�¢«¥−−ë¬¨
¢ ª�¦¤®¬ ¨§ ¢å®¤−ëå −�¡®à®¢ ¤�−−ëå.

�¯¨á�−−ë© ¢ëè¥ −� ¯à®áâ®¬ ¯à¨¬¥à¥ ¯à®æ¥áá á¨−â¥§� ¯à¥¤¯®«�£�¥â, çâ®
¤«ï à�¡®âë «î¡®© á¨áâ¥¬ë ¢ à¥�«ì−ëå ãá«®¢¨ïå −¥®¡å®¤¨¬® ä®à¬�«¨§®¢�âì
¯à�¢¨«�, âà¥¡ã¥¬ë¥ ¤«ï ¨−¤ãªâ¨¢−®£® ¯à®æ¥áá� ¢ë¢®¤� à¥§ã«ìâ�â®¢ á¨−â¥§�,
á ¯®á«¥¤ãîé¥© à¥�«¨§�æ¨¥© ¨å ¢ á¨áâ¥¬¥ �¢â®¬�â¨§�æ¨¨ á¨−â¥§� ¤�−−ëå. ��¢¥à-
−®¥, á«¥¤ã¥â −�ç�âì á ¯à¥¤áâ�¢«¥−¨ï â�ªá®−®¬¨¨ ª�ª ç�áâ¨ç−® ã¯®àï¤®ç¥−−®£®
−�¡®à� (C, ≤) [4], £¤¥ C | ¬−®¦¥áâ¢® ª�â¥£®à¨©; ≤ | ã¯®àï¤®ç¥−¨¥ (®â−®-
è¥−¨¥ ª�â¥£®à¨§�æ¨¨) −� íâ¨å ª�â¥£®à¨ïå. ’®£¤� −�¡®à £¥®¤�−−ëå ¬®¦¥â ¡ëâì
¯à¥¤áâ�¢«¥− ª�ª −�¡®à S, ¢ ª®â®àë© ¢å®¤¨â ç�áâì ®¡«�áâ¨, â�ªá®−®¬¨ï (C, ≤)
¨ äã−ªæ¨ï e: C → 2S, ª®â®à�ï ®¯à¥¤¥«ï¥â, ª�ª¨¥ ¯à®áâà�−áâ¢¥−−ë¥ ®¡«�áâ¨
¬�àª¨à®¢�−ë ª�â¥£®à¨ï¬¨ (2S | ¬®é−®áâì ¬−®¦¥áâ¢� S). ’�ª¨¬ ®¡à�§®¬, e
á¢ï§ë¢�¥â ª�¦¤ãî ª�â¥£®à¨î ¢ â�ªá®−®¬¨¨ á ã−¨ª�«ì−ë¬ −�¡®à®¬ í«¥¬¥−â®¢
¯à®áâà�−áâ¢� S. ”ã−ªæ¨î, ¯®¤®¡−ãî e, ¯à¨−ïâ® −�§ë¢�âì äã−ªæ¨¥© à�áè¨à¥-
−¨ï, ¯®áª®«ìªã ®−� ®¡¥á¯¥ç¨¢�¥â íªáâ¥−á¨®−�«ì−ãî ä®à¬ã ¯à¥¤áâ�¢«¥−¨ï ª�¦¤®©
ª�â¥£®à¨¨ ¢ ª®−â¥ªáâ¥ ¥¥ −�¡®à� ¤�−−ëå.

‚ ç�áâ−®áâ¨, ¤«ï −�¡®à� ¦/¤ ¤�−−ëå −� à¨á. 1 â�ªá®−®¬¨ï (CÖ/Ä, ≤Ö/Ä)
¯à¥¤áâ�¢«¥−� ¨¥à�àå¨¥© ª�â¥£®à¨©; ¯à®áâà�−áâ¢¥−−�ï ®¡«�áâì SÖ/Ä ¯à¥¤áâ�¢«¥−�
−¥¯®áà¥¤áâ¢¥−−® ª�àâ®©, á®áâ®ïé¥© ¨§ ¢ë¤¥«¥−−ëå ¯®¤®¡«�áâ¥©; � äã−ªæ¨ï
à�áè¨à¥−¨ï eÖ/Ä ¯à¥¤áâ�¢«¥−� ¬¥âª�¬¨ ª�ª −� â�ªá®−®¬¨¨, â�ª ¨ −� ª�àâ¥ (â. ¥.
¤«ï ª�¦¤®© ª�â¥£®à¨¨ ¬®¦−® ¨¤¥−â¨ä¨æ¨à®¢�âì −� ª�àâ¥ −�¡®à ¬¥áâ®¯®«®¦¥−¨©,
ª®â®àë¥ ¬�àª¨à®¢�−ë ª�ª ®¯à¥¤¥«¥−−�ï ª�â¥£®à¨ï).

Œ®¦−® ®¯à¥¤¥«¨âì ¯à®áâë¥ «®£¨ç¥áª¨¥ ¯à�¢¨«� ¯¥à¢®£® ãà®¢−ï, ª®â®àë¥
®¡¥á¯¥ç¨¢�îâ ¨−¤ãªâ¨¢−ë© ¯à®æ¥áá ¢ë¢®¤�. �ãáâì ¤«ï ¤¢ãå −�¡®à®¢ ¤�−−ëå
C1 = {S1, (C1,≤1), e1} ¨ C2 = {S2, (C2,≤2), e2} −ã¦−® á®§¤�âì −�¡®à ¤�−−ëå
á¨−â¥§� Cf = {Sf , (Cf ,≤f ), ef}. ’®£¤� ¢ ª�ç¥áâ¢¥ ¯¥à¢®£® ¯à�¢¨«� ¬®¦−®
®¯à¥¤¥«¨âì á«¥¤ãîé¥¥:

for all x ∈ S1 & y ∈ S2

{
if e1(x) ∈ e2(y) then x ≤f y ;

if e2(x) ∈ e1(y) then y ≤f x .

„àã£¨¬¨ á«®¢�¬¨, â�¬, £¤¥ ¯à®áâà�−áâ¢¥−−®¥ à�áè¨à¥−¨¥ ª�â¥£®à¨¨ a á®¤¥à-
¦¨âáï ¢ ¯à®áâà�−áâ¢¥−−®¬ à�áè¨à¥−¨¥¬ ª�â¥£®à¨¨ b, a ï¢«ï¥âáï ¯®¤ª�â¥£®à¨¥© b
¢ ®¡ê¥¤¨−¥−−®© â�ªá®−®¬¨¨. ’®ç−® â�ª ¦¥ ¬®¦−® áä®à¬ã«¨à®¢�âì ¯à�¢¨«� ¤«ï
¯à®áâà�−áâ¢¥−−ëå ®â−®è¥−¨© ¬¥¦¤ã ¯à®áâà�−áâ¢¥−−ë¬¨ ä®à¬�¬¨ ¤¢ãå ª�â¥£®-
à¨©:

for all x ∈ C1 and y ∈ C2 if e1(x) ∩ e2(y) = ∅ then x�fy and y�fx .
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�â® ¯à�¢¨«® ãâ¢¥à¦¤�¥â, çâ® ¥á«¨ à�áè¨à¥−¨ï ¤¢ãå ª�â¥£®à¨© x ¨ y ï¢«ïîâáï
−¥¯¥à¥á¥ª�îé¨¬¨áï, â® ª�â¥£®à¨¨ −¥ áà�¢−¨¬ë. „�«ì−¥©è¥¥ ®ç¥¢¨¤−®¥ ¯à�¢¨«®
®¯à¥¤¥«ï¥â á®§¤�−¨¥ −®¢®© ª�â¥£®à¨¨, á®®â¢¥âáâ¢ãîé¥© −�«®¦¥−¨î ¤¢ãå à�áè¨-
à¥−¨© ª�â¥£®à¨¨:

for allx ∈ C1 and y ∈ C2 if e1(x)∩e2(y) 6= ∅ and e1(x) * e2(y) and e2(x) * e1(y)

then x ∩ y ∈ Cf and x ∩ y ≤f x and x ∩ y ≤f y .

�à¨¢¥¤¥−−®¥ ¯à�¢¨«® ¯®§¢®«ï¥â á®§¤�âì −®¢ãî ª�â¥£®à¨î x∩ y ¢ ®¡ê¥¤¨−¥−-
−®© â�ªá®−®¬¨¨, ª®â®à�ï à�á¯®«�£�¥âáï −� ¯¥à¥á¥ç¥−¨¨ ª�â¥£®à¨© x ¨ y. „«ï ¤¢ãå
−�¡®à®¢ ¤�−−ëå C1 ¨ C2 ¢ë¢®¤ë ¨§ â�ª¨å ¯à�¢¨« ä®à¬¨àãîâ ®â−®è¥−¨¥ ã¯®-
àï¤®ç¥−¨ï, ª®â®à®¥ á¢ï§ë¢�¥â ª�â¥£®à¨¨ ¢ ¤¢ãå ¨áâ®ç−¨ª�å â�ªá®−®¬¨©. ‚¬¥áâ¥
á â¥¬¨ ®â−®è¥−¨ï¬¨, ã¯®àï¤®ç¨¢�îé¨¬¨ íâ¨ ¨áâ®ç−¨ª¨, ¢®§−¨ª�¥â ¢®§¬®¦−®áâì
®¡à�§®¢�−¨ï −®¢®£® ®¡ê¥¤¨−¥−−®£® ç�áâ¨ç−®£® ¯®àï¤ª� ¢Cf , ª®â®àë© ®¯à¥¤¥«ï¥â
ª�â¥£®à¨§�æ¨î ®â−®è¥−¨© ¬¥¦¤ã ª�â¥£®à¨ï¬¨ ¢ à�§−ëå â�ªá®−®¬¨ïå C1 ¨ C2.

”®à¬�«¨§®¢�−−ë¥ ¯à�¢¨«� ¢¢¨¤ã ¨å ¤®áâ�â®ç−®© ¯à®áâ®âë ¬®£ãâ ¡ëâì «¥£ª®
à¥�«¨§®¢�−ë ¢ á¨áâ¥¬�å �¢â®¬�â¨§�æ¨¨ á¨−â¥§� ¤�−−ëå. �à¥¨¬ãé¥áâ¢® ¨á¯®«ì-
§®¢�−¨ï «®£¨ª ®¯¨á�−¨ï á®áâ®¨â ¢ â®¬, çâ® «î¡ë¥ −¥á®£«�á®¢�−−®áâ¨ ¬¥¦¤ã
¢ë¡à�−−ë¬¨ ¯à�¢¨«�¬¨ ¬®£ãâ ¡ëâì �¢â®¬�â¨ç¥áª¨ ®¡−�àã¦¥−ë ¯à¨ ¯à®¢¥àª¥
á®£«�á®¢�−−®áâ¨ ¨ �−�«¨§� ¢ë¯®«−¨¬®áâ¨. …á«¨ á£¥−¥à¨à®¢�âì ®â®¡à�¦¥−¨¥
®−â®«®£¨¨, â® ¯à®áâà�−áâ¢¥−−ë¥ ¤�−−ë¥ ¬®£ãâ ¡ëâì �¢â®¬�â¨ç¥áª¨ ®¡ê¥¤¨−¥-
−ë −� ®á−®¢�−¨¨ áâ�−¤�àâ−ëå £¥®¨−ä®à¬�æ¨®−−ëå ¬¥â®¤¨ª ¨−â¥£à�æ¨¨ (â. ¥.
−�«®¦¥−¨¥¬ ¤¢ãå ¯à®áâà�−áâ¢¥−−ëå −�¡®à®¢ ¤�−−ëå ¨ ¯à¨¯¨áë¢�−¨¥¬ ª�¦¤®©
®¡ê¥¤¨−¥−−®© ®¡«�áâ¨ ª�â¥£®à¨¨ ¨§ ®¡ê¥¤¨−¥−−®£® ç�áâ¨ç−®£® ¯®àï¤ª�, ª®â®à�ï
−�å®¤¨âáï −� ¯¥à¥á¥ç¥−¨¨ ¤¢ãå ¨áå®¤−ëå ª�â¥£®à¨© ®¡ê¥¤¨−¥−−®© ®¡«�áâ¨).

3 Моделирование данных синтеза на примере распознавания
железнодорожных опор контактной сети

�à®£à�¬¬−ë¥ ¯à®¤ãªâë á �¢â®¬�â¨ç¥áª¨¬¨ ¢®§¬®¦−®áâï¬¨ ¯®«ãç¥−¨ï −¥-
®¡å®¤¨¬ëå ¤�−−ëå ¨§ à¥§ã«ìâ�â®¢ âà¥å¬¥à−®£® (3D) ¨§¬¥à¥−¨ï ¤«ï à�§«¨ç−ëå
äã−ªæ¨®−�«ì−ëå §�¤�ç ¯à¨¤¥à¦¨¢�îâáï ¯à¨−æ¨¯� à�§¤¥«¥−¨ï £¥®¤�−−ëå ¤«ï
ª�¦¤®© ¨§ −¨å, ¨ ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ £¥®¤�−−ë¥ ¬®£ãâ ¡ëâì �¤�¯â¨à®¢�−ë
¤«ï ¨á¯®«ì§®¢�−¨ï á®¢¬¥áâ−® ¢ ®¤−®© ¡�§¥ £¥®¤�−−ëå.

÷�áá¬®âà¨¬ ¤�«¥¥ ¯®«ãç¥−¨¥ £¥®¤�−−ëå, ¯à¥¤−�§−�ç¥−−ëå ¤«ï á¨−â¥§�, −�
¯à¨¬¥à¥ �¢â®¬�â¨ç¥áª®©/¯®«ã�¢â®¬�â¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ¯à®áâà�−áâ¢¥−-
−ëå ®¡ê¥ªâ®¢ ¯® ®¡«�ªã â®ç¥ª «�§¥à−®£® áª�−¨à®¢�−¨ï, ¯®§¢®«ïîé¨å, á ®¤−®©
áâ®à®−ë, ¬¨−¨¬¨§¨à®¢�âì §�âà�âë −� ®¡à�¡®âªã, � á ¤àã£®© | ¯®¢ëá¨âì ª®−âà®-
«¨àã¥¬®áâì ¯à®æ¥áá� ¨ â®ç−®áâì á¨−â¥§� á £¥®¤�−−ë¬¨, ¯®«ãç¥−−ë¬¨ ¤àã£¨¬¨
¨−áâàã¬¥−â�¬¨.

Œ®¡¨«ì−�ï áª�−¨àãîé�ï á¨áâ¥¬� | íâ® á«®¦−ë© ¨−ä®à¬�æ¨®−−®-ª®¬¬ã-
−¨ª�æ¨®−−ë© ª®¬¯«¥ªá, ¯®§¢®«ïîé¨© −� ¤¢¨¦ãé¥¬áï âà�−á¯®àâ−®¬ áà¥¤áâ¢¥
¢ «î¡®¥ ¢à¥¬ï áãâ®ª á®¡¨à�âì ¤�−−ë¥ ® ¯à®áâà�−áâ¢¥−−®¬ à�á¯®«®¦¥−¨¨ §¤�-
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ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�

−¨© ¨ á®®àã¦¥−¨© ª�ª®©-«¨¡® ¬¥áâ−®áâ¨. �®«ãç¥−¨¥ âà¥å¬¥à−®£® ¨§®¡à�¦¥−¨ï
¯à®¨áå®¤¨â á ¯à¨¢ï§ª®© ª ¥¤¨−®© á¨áâ¥¬¥ ª®®à¤¨−�â ¨ ¯à�ªâ¨ç¥áª¨ ¯à¥¤áâ�¢«ï-
¥â á®¡®© ¤¨−�¬¨ç¥áª®¥ à�á¯®§−�¢�−¨¥ áæ¥−. ‚ ¯«�−¥ ª®−áâàãªâ¨¢−ëå à¥è¥−¨©
¤�−−�ï â¥å−®«®£¨ï �−�«®£¨ç−� «�§¥à−®© �íà®ä®â®áê¥¬ª¥ (¢®§¤ãè−®¥ «�§¥à−®¥
áª�−¨à®¢�−¨¥), ®¤−�ª® á â®çª¨ §à¥−¨ï ¬®¤¥«¨à®¢�−¨ï ¯à¥¤¬¥â−®© áà¥¤ë â¥å−®-
«®£¨ï ¬®¡¨«ì−®£® «�§¥à−®£® áª�−¨à®¢�−¨ï ï¢«ï¥âáï ¯à¥¤¯®çâ¨â¥«ì−®©, ®¡¥á¯¥-
ç¨¢�ï −¥¯à¥àë¢−®áâì ¨ ¯«®â−®áâì ªà¨â¨ç¥áª¨ ¢�¦−ëå ¤«ï ¨−â¥««¥ªâã�«ì−®£®
¬®−¨â®à¨−£� âà�−á¯®àâ−®© ¨−äà�áâàãªâãàë £¥®¤�−−ëå.

�¤−¨¬ ¨§ ª«îç¥¢ëå ¬®¬¥−â®¢ ®¡à�¡®âª¨ ¤�−−ëå ¬®¡¨«ì−®£® «�§¥à−®£® áª�-
−¨à®¢�−¨ï (£¤¥ ¢ ª�ç¥áâ¢¥ ¤�âç¨ª� ¨á¯®«ì§ã¥âáï «�§¥à−ë© áª�−¥à (à¨á. 2)) ï¢«ï-
¥âáï ¯à¥®¡à�§®¢�−¨¥ ¢å®¤−®© ¨−ä®à¬�æ¨¨ (¯à¥¤áâ�¢«¥−−®© ¢ ¢¨¤¥ â®ç¥ª «�§¥à-
−®£® áª�−¨à®¢�−¨ï) ¢ ¢¥ªâ®à−ë© ¢¨¤ (3D-¬®¤¥«ì) ¤«ï ¯à®¢¥¤¥−¨ï ¢ëá®ª®â®ç−ëå
¢ëç¨á«¥−¨© ¢ ¬¥áâ−®© ¦/¤ á¨áâ¥¬¥ ª®®à¤¨−�â. ��áâà�¨¢�¥¬�ï ¢¥ªâ®à−�ï ¬®-
¤¥«ì ¢ ¤�−−®¬ á«ãç�¥ ¢ëáâã¯�¥â ¢ à®«¨ ú−®á¨â¥«ïû ®¡ê¥¤¨−¥−−®© á¥¬�−â¨ç¥áª®©
¨ ¯à®áâà�−áâ¢¥−−®© ¨−ä®à¬�æ¨¨ ® ª�¦¤®¬ ª®−ªà¥â−®¬ ®¡ê¥ªâ¥ ˆ†’.

�à¨¬¥−ï¥¬®¥ £¥®¤¥§¨ç¥áª®¥ ®¡®àã¤®¢�−¨¥ ¯®áâ®ï−−® á®¢¥àè¥−áâ¢ã¥âáï, ¨ íâ®
¯à¨¢®¤¨â ª ¢�«®®¡à�§−®¬ã ã¢¥«¨ç¥−¨î ¢å®¤−®© ¨−ä®à¬�æ¨¨. ‚ á¢ï§¨ á íâ¨¬
−¥®¡å®¤¨¬� â¥å−®«®£¨ï ®¡à�¡®âª¨ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå, ®á−®¢�−−�ï −�
à�á¯�à�««¥«¨¢�−¨¨ ®¯¥à�æ¨© ¨ ¢®§¬®¦−®áâ¨ �¢â®¬�â¨§�æ¨¨ ª�¦¤®© ª®−ªà¥â−®©
®¯¥à�æ¨¨ ¯® ¬®¤¥«¨à®¢�−¨î, çâ® ¬¨−¨¬¨§¨àã¥â ¢à¥¬ï ®â ¯à®¢¥¤¥−¨ï áê¥¬ª¨

÷¨á. 2 Š®¬¯®−®¢ª� í«¥¬¥−â®¢ ¬®¡¨«ì−®© «�§¥à−®© á¨áâ¥¬ë (IFLEX.Optech)
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¤® ¯®«ãç¥−¨ï ª®−¥ç−®£® à¥§ã«ìâ�â�, ¢ ¢¨¤¥ ¯à®áâà�−áâ¢¥−−®© ¡�§ë ¤�−−ëå
¨−ä®à¬�æ¨®−−®£® á¨−â¥§� ®¯¨á�−¨© ®¡ê¥ªâ®¢ ˆ†’.

�¤−®© ¨§ ¯¥àá¯¥ªâ¨¢−ëå §�¤�ç ï¢«ï¥âáï ª®àà¥ªâ−®¥ à�§¤¥«¥−¨¥ ¢å®¤−®©
¨−ä®à¬�æ¨¨ (â®ç¥ª «�§¥à−®£® ®âà�¦¥−¨ï) −� ¯à¨−�¤«¥¦�éãî ú¨áªãááâ¢¥−−ë¬
®¡ê¥ªâ�¬û ¨ ú¥áâ¥áâ¢¥−−ë¬ ®¡ê¥ªâ�¬û (−�¯à¨¬¥à, âà�¢�, ¤¥à¥¢ìï). ÷�§¤¥«¥−¨¥
¨−ä®à¬�æ¨¨ ¯® â�ª®¬ã ¯à¨§−�ªã ¯®§¢®«¨â á−ïâì àï¤ ¯à¨−æ¨¯¨�«ì−ëå ®£à�−¨ç¥-
−¨©, áãé¥áâ¢¥−−® ¢«¨ïîé¨å −� áª®à®áâì ¯®«ãç¥−¨ï ®â¢¥â� −� ª«îç¥¢®© ¢®¯à®á:
ª�ª®¬ã ª®−ªà¥â−®¬ã ®¡ê¥ªâã (¨«¨ −¥ ®¡ê¥ªâã) ¯à¨−�¤«¥¦¨â ª�¦¤�ï â®çª�, ¯®-
«ãç¥−−�ï ¢ à¥§ã«ìâ�â¥ ¨§¬¥à¥−¨ï á¨áâ¥¬®© ¬®¡¨«ì−®£® «�§¥à−®£® áª�−¨à®¢�−¨ï.
�® áãâ¨, íâ� §�¤�ç� ®â−®á¨âáï ª ¨−â¥««¥ªâã�«ì−ë¬ á�¬®®¡ãç�¥¬ë¬ á¨áâ¥¬�¬
à�á¯®§−�¢�−¨ï ®¡à�§®¢.

�á−®¢−ë¬ ªà¨â¥à¨¥¬ ¤«ï à�§¤¥«¥−¨ï â®ç¥ª «�§¥à−®£® ®âà�¦¥−¨ï −� ¨áªãááâ-
¢¥−−®¥/¥áâ¥áâ¢¥−−®¥ ï¢«ï¥âáï ¯à¨§−�ª £àã¯¯¨à®¢ª¨ â®ç¥ª −� ®á−®¢�−¨¨ �−�«¨§�
¢¥ªâ®à� −®à¬�«¨. ˆ¤¥ï á®áâ®¨â ¢ â®¬, çâ®¡ë ¢ëáâ�¢¨âì á¨áâ¥¬ã ª®®à¤¨−�â
á ®áìî X ¢ −�¯à�¢«¥−¨¨ ¤¢¨¦¥−¨ï áª�−¨àãîé¥© á¨áâ¥¬ë ¨ ¯à®áç¨â�âì −®à-
¬�«¨ ¤«ï ª�¦¤®© â®çª¨ «�§¥à−®£® ®âà�¦¥−¨ï ¢ ¯«®áª®áâïå X,Y,Z [5]. „�«¥¥
£àã¯¯¨à®¢�âì â®çª¨ á ¡«¨§ª¨¬¨ §−�ç¥−¨ï¬¨ −®à¬�«¥© ¨ ¯®áâà®¨âì ¯® −¨¬ ¯®-
¢¥àå−®áâì, −�¯à¨¬¥à ¬¥â®¤®¬ âà¨�−£ã«ïæ¨¨ „¥«®−¥ [4]. ’�ª ª�ª ª«�áá¨ä¨ª�æ¨ï
§¥¬«¨ ¯à®¢¥¤¥−� §�à�−¥¥ ¨ ¨áª«îç¥−� ¨§ à�áç¥â®¢, ¯à¥¤¯®«�£�¥âáï, çâ® ¤�−−ë¥
¯®¢¥àå−®áâ¨ ¡ã¤ãâ ¢ ®á−®¢−®¬ ¯à¨−�¤«¥¦�âì ¨áªãááâ¢¥−−ë¬ ®¡ê¥ªâ�¬. �áâ�¢-
è¨¥áï â®çª¨ ¬®¦−® ª«�áá¨ä¨æ¨à®¢�âì ®â−®á¨â¥«ì−® ¯®«ãç¥−−ëå ¯®¢¥àå−®áâ¥©,
¯®«ì§ãïáì ¬¥â®¤®¬ ®¯®à−ëå ¢¥ªâ®à®¢ ¤«ï áâ�−¤�àâ−®© §�¤�ç¨ ª«�áá¨ä¨ª�æ¨¨ [6].
�®«ãç¨¢ ¢ à¥§ã«ìâ�â¥ ¢ëè¥®¯¨á�−−ëå ¬�−¨¯ã«ïæ¨© â®çª¨, ¯à¨−�¤«¥¦�é¨¥ ¨á-
ªãááâ¢¥−−ë¬ ®¡ê¥ªâ�¬, ¬®¦−® ¯®¯ëâ�âìáï −�©â¨ �«£®à¨â¬ ¨−â¥««¥ªâã�«ì−®©
¨¤¥−â¨ä¨ª�æ¨¨ áâ�−¤�àâ¨§®¢�−−ëå í«¥¬¥−â®¢ ˆ†’ ¢ ®¡«�ª¥ â®ç¥ª «¨¡® ¨á¯®«ì-
§®¢�âì ¨å ¢ à�§à�¡®â�−−ëå �«£®à¨â¬�å �¢â®¬�â¨§�æ¨¨ ¯®áâà®¥−¨ï ¢ëá®ª®â®ç−ëå
âà¥å¬¥à−ëå ¬®¤¥«¥© ˆ†’.

‚ −�áâ®ïé¥¥ ¢à¥¬ï ¢ à�¬ª�å à�¡®â ¯® �¤�¯â¨¢−®© ¨¤¥−â¨ä¨ª�æ¨¨ ¯à®-
áâà�−áâ¢¥−−ëå ®¡ê¥ªâ®¢ ¢ á¨áâ¥¬¥ ¬®¡¨«ì−®£® «�§¥à−®£® áª�−¨à®¢�−¨ï à¥è¥−�
®¡à�â−�ï §�¤�ç� | ®¯¥à�â®à (ç¥«®¢¥ª) ¢¨§ã�«ì−® ®¯à¥¤¥«ï¥â (à�á¯®§−�¥â) ¢¨¤
®¡ê¥ªâ�, �¢â®¬�â¨ç¥áª¨/¯®«ã�¢â®¬�â¨ç¥áª¨ ä®à¬¨àã¥â (¬®¤¥«¨àã¥â) ¢¥ªâ®à−®¥
¯à¥¤áâ�¢«¥−¨¥ ®¡ê¥ªâ�, ¯® ª®â®à®¬ã ª«�áá¨ä¨æ¨àãîâáï â®çª¨ «�§¥à−®£® ®â-
à�¦¥−¨ï ¨ ª�¦¤®© â®çª¥ ¬®¦¥â ¡ëâì ¯à¨á¢®¥−� å�à�ªâ¥à¨áâ¨ª� íâ®£® ®¡ê¥ªâ�
(à¨á. 3).

‚ ç�áâ¨ �¢â®¬�â¨§�æ¨¨ ¬®¤¥«¨à®¢�−¨ï ®¡ê¥ªâ®¢ ˆ†’ ¡ë«¨ à�§à�¡®â�−ë
�«£®à¨â¬ë �¢â®¬�â¨ç¥áª®£® à�á¯®§−�¢�−¨ï ®¯®à ª®−â�ªâ−®© á¥â¨ ¯® â®çª�¬ «�-
§¥à−®£® áª�−¨à®¢�−¨ï.

�à¨¢¥¤¥¬ ªà�âª®¥ ®¯¨á�−¨¥ à�§à�¡®â�−−ëå �«£®à¨â¬®¢ ¨ ¬¥â®¤®¢ ¨¤¥−â¨ä¨-
ª�æ¨¨ í«¥¬¥−â®¢ ˆ†’ −� ¯à¨¬¥à¥ ¦/¤ ®¯®à ª®−â�ªâ−®© á¥â¨.

�à¥¤«�£�¥âáï à¥è¥−¨¥ âà¥å §�¤�ç. �¥à¢�ï §�¤�ç� á®áâ®¨â ¢ �¢â®¬�â¨ç¥áª®¬
¯®¨áª¥ ®¯®à ª®−â�ªâ−®© á¥â¨ ¢−ãâà¨ ®¡«�ª� â®ç¥ª ¨«¨ ¢ ®¡−�àã¦¥−¨¨ â®ç¥ª
ª®â®àë¥ ï¢«ïîâáï ®âª«¨ª�¬¨ ®â ®¯®à ª®−â�ªâ−®© á¥â¨. ‚â®à�ï §�¤�ç� á®áâ®¨â
¢ ¢ë¡®à¥ ¯®¤å®¤ïé¨å 3D-¬®¤¥«¥© ®¯®à ª®−â�ªâ−®© á¥â¨, ¯®§¢®«ïîé¨å ®áãé¥-
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÷¨á. 3 ’®çª¨ ®âà�¦¥−¨ï «�§¥à−®£® áª�−¨à®¢�−¨ï

áâ¢«ïâì ¨å �¢â®¬�â¨ç¥áªãî ¨¤¥−â¨ä¨ª�æ¨î. ’à¥âìï §�¤�ç� á®áâ®¨â ¢ −�å®¦¤¥−¨¨
®æ¥−®ª ¯�à�¬¥âà®¢ ¯®«®¦¥−¨ï ®¡ê¥ªâ®¢ â¨¯� ú®¯®à� ª®−â�ªâ−®© á¥â¨û ¨ á¢ï§�−�
á ¯à¨¬¥−¥−¨¥¬ �«£®à¨â¬®¢ ®¯â¨¬¨§�æ¨¨. „«ï à¥è¥−¨ï ãª�§�−−ëå §�¤�ç ¯à¥¤«�-
£�¥âáï ¨á¯®«ì§®¢�âì ®¡®¡é¥−−®¥ ¯à¥®¡à�§®¢�−¨¥ •�ä� ¨ �−�«¨â¨ç¥áª¨¥ äã−ªæ¨¨
à�ááâ®ï−¨ï. ‡�¤�çã ®æ¥−ª¨ ¯�à�¬¥âà®¢ ¯à®áâà�−áâ¢¥−−®£® ¯®«®¦¥−¨ï ®¯®àë
ª®−â�ªâ−®© á¥â¨ ¯à¥¤«�£�¥âáï à¥è�âì á ¯®¬®éìî ¢¥à®ïâ−®áâ−ëå £¥−¥â¨ç¥áª¨å
�«£®à¨â¬®¢.

�ã¤¥¬ áç¨â�âì, çâ® â®çª¨, ¯®«ãç¥−−ë¥ ¢ à¥§ã«ìâ�â¥ áª�−¨à®¢�−¨ï, §�¤�−ë
¢ ¤¥ª�àâ®¢®© á¨áâ¥¬¥ ª®®à¤¨−�â ¨ ®áì Oz ¢ë¡à�−� ¯¥à¯¥−¤¨ªã«ïà−® ¯®¢¥àå−®áâ¨
§¥¬«¨. ’®£¤� â®çª¨, «¥¦�é¨¥ −� ®¤−®© ¯àï¬®©, ¯¥à¯¥−¤¨ªã«ïà−®© ¯®¢¥àå−®áâ¨
§¥¬«¨, ¡ã¤ãâ ¨¬¥âì ®¤¨−�ª®¢ë¥ ª®®à¤¨−�âë ¯® ®á¨ Ox ¨ ®á¨ Oy. �ç¥¢¨¤−®,
çâ® ª�¦¤�ï â�ª�ï ¯àï¬�ï ®¤−®§−�ç−® ®¯à¥¤¥«ï¥âáï ª®®à¤¨−�â�¬¨ x ¨ y ¨ ¤�−−®¥
¯à¥®¡à�§®¢�−¨¥ ¬®¦−® à�áá¬�âà¨¢�âì ª�ª ®¡®¡é¥−¨¥ ¯à¥®¡à�§®¢�−¨ï •�ä� ¤«ï
®¡−�àã¦¥−¨ï ¯àï¬ëå ®¤−®© −�¯à�¢«¥−−®áâ¨ ¢ ®¡«�ª¥ âà¥å¬¥à−ëå â®ç¥ª. ‘ ãç¥â®¬
íâ®£® ¨¬¥¥¬ ¬−®¦¥áâ¢® â®ç¥ª (xi, yi, zi)

N
i=1, ¨ ¯®¨áª â®ç¥ª, à�á¯®«®¦¥−−ëå −�

¯àï¬ëå, ¯�à�««¥«ì−ëå ®á¨ Oz, ¬®¦−® ®áãé¥áâ¢«ïâì á ¯®¬®éìî á«¥¤ãîé¥©
¯à®æ¥¤ãàë:

1. �®áâà®¥−¨¥ £¨áâ®£à�¬¬ë ¢ ¯«®áª®áâ¨ Oxy:

xmin = min
i=1,...,N

xi ; xmax = max
i=1,...,N

xi ;

ymin = min
i=1,...,N

yi ; ymax = max
i=1,...,N

yi ;
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¢ë¡®à Nx | ç¨á«� ïç¥¥ª £¨áâ®£à�¬¬ë ¢¤®«ì ®á¨ Ox;
¢ë¡®à Ny | ç¨á«� ïç¥¥ª £¨áâ®£à�¬¬ë ¢¤®«ì ®á¨ Oy;
¯®áâà®¥−¨¥ £¨áâ®£à�¬¬ë, ª®â®à�ï ®¯¨áë¢�¥âáï á ¯®¬®éìî æ¥«®ç¨á«¥−−®£®
¬�áá¨¢� ç¨á¥« (qij)Nx×Ny :

qij:=0 , i = 1, . . . , Nx , j = 1, . . . , Ny , k:=1, . . . , N ,

i:=§oor

(
xk − xmin
xmax − xmin

Nx

)
; j:=§oor

(
yk − ymin
ymax − ymin

Ny

)
,

qij:=qij + 1 .

2. ��å®¦¤¥−¨¥ «®ª�«ì−ëå ¬�ªá¨¬ã¬®¢ ¢ £¨áâ®£à�¬¬¥ qij.

3. �ãáâì qij | íâ® «®ª�«ì−ë© ¬�ªá¨¬ã¬ £¨áâ®£à�¬¬ë, â®£¤� á®®â¢¥âáâ¢ãîé¨¥
ª®®à¤¨−�âë â®çª¨ ¢ ¯«®áª®áâ¨ Oxy ¬®¦−® −�©â¨ ¯® ä®à¬ã«�¬:

xline =
i(xmax − xmin)

Nx
+ xmin , yline =

j(ymax − ymin)

Ny
+ ymin .

�® −�©¤¥−−ë¬ ¯àï¬ë¬ ¬®¦−® ¢ë¤¥«¨âì â®çª¨, ®â−®áïé¨¥áï ª ®¯®à�¬ ª®−-
â�ªâ−®© á¥â¨. „«ï íâ®£® ¢¢®¤¨âáï ¯�à�¬¥âà h, á ¯®¬®éìî ª®â®à®£® ¢ë¤¥«ïîâáï
¢á¥ â®çª¨, ª®â®àë¥ à�á¯®«®¦¥−ë −� à�ááâ®ï−¨¨ −¥ ¡®«¥¥ h ®â −�©¤¥−−®© ¯àï¬®©:

{
(xi, yi, zi)

∣∣∣(xi − xline)
2 + (yi − yline)

2 ≤ h2
}
.

�®á«¥ à�áá¬®âà¥−−®© ¯à®æ¥¤ãàë ®¡−�àã¦¥−¨ï ®¯®à ª®−â�ªâ−®© á¥â¨ âà¥¡ã-
¥âáï ¯à®¢¥áâ¨ ¨å ¨¤¥−â¨ä¨ª�æ¨î ¨ ãâ®ç−¨âì ¯�à�¬¥âàë ¨å ¯à®áâà�−áâ¢¥−−®£®
¯®«®¦¥−¨ï. �â® ¤¥«�¥âáï á ¯®¬®éìî âà¥å¬¥à−ëå ¬®¤¥«¥©, ¡�§¨àãîé¨åáï −�
�−�«¨â¨ç¥áª¨å äã−ªæ¨ïå à�ááâ®ï−¨ï, � â�ª¦¥ ¬¥â®¤� £«®¡�«ì−®© ®¯â¨¬¨§�æ¨¨,
®á−®¢�−−®£® −� ¯à¨−æ¨¯�å ¯®áâà®¥−¨ï £¥−¥â¨ç¥áª¨å ¢¥à®ïâ−®áâ−ëå �«£®à¨â-
¬®¢ [7].

�ã¤¥¬ áç¨â�âì, çâ® ¨¬¥¥âáï âà¥å¬¥à−�ï ¬®¤¥«ì ®¯®àë ª®−â�ªâ−®© á¥â¨, §�¤�−-
−�ï äã−ªæ¨¥© à�ááâ®ï−¨ï f(x, a), ª®â®à�ï ¤�¥â à�ááâ®ï−¨¥ ®â â®çª¨ x ¤® ®¡ê¥ªâ�,
¯à®áâà�−áâ¢¥−−®¥ ¯®«®¦¥−¨¥ ª®â®à®£®, � â�ª¦¥ ¤àã£¨¥ å�à�ªâ¥à¨áâ¨ª¨ ®¯à¥¤¥-
«ï¥â ¢¥ªâ®à ¯�à�¬¥âà®¢ a. ’®£¤� ®æ¥−¨¢�−¨¥ ¢¥ªâ®à� ¯�à�¬¥âà®¢ ¯® ¬−®¦¥áâ¢ã
â®ç¥ª X = {xi} ¬®¦¥â ¡ëâì ¯®«ãç¥−® ª�ª à¥è¥−¨¥ ®¯â¨¬¨§�æ¨®−−®© §�¤�ç¨

F (X,a) =
∑

xi∈X

f2 (xi, a)→ min

®â−®á¨â¥«ì−® ¢¥ªâ®à� ¯�à�¬¥âà®¢ a. �®áª®«ìªã äã−ªæ¨®−�« F (X,a), ª�ª ¯à�¢¨-
«®, ¨¬¥¥â −¥¢�¦−ë¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ á¢®©áâ¢�, ª®â®àë¥ ¦¥«�â¥«ì−ë ¤«ï ¯à¨-
¬¥−¥−¨ï ª«�áá¨ç¥áª¨å ¬¥â®¤®¢ ®¯â¨¬¨§�æ¨¨, ¯à¥¤«�£�¥âáï ¬¥â®¤ ®¯â¨¬¨§�æ¨¨,
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®á−®¢�−−ë© −� ¨¤¥¥, ¨á¯®«ì§ã¥¬®© ¯à¨ ¯®áâà®¥−¨¨ ¢¥à®ïâ−®áâ−ëå £¥−¥â¨ç¥áª¨å
�«£®à¨â¬®¢. „�−−�ï ¨¤¥ï §�ª«îç�¥âáï ¢ á«¥¤ãîé¥¬. �à¥¤¯®«®¦¨¬, çâ® ¨¬¥¥âáï
¢¥à®ïâ−®áâ−®¥ à�á¯à¥¤¥«¥−¨¥ ¢¥ªâ®à� ¯�à�¬¥âà®¢ a, ®âà�¦�îé¥¥ ¨−ä®à¬�æ¨î
® ¢®§¬®¦−ëå ãª«®−¥−¨ïå a ®â −®à¬�â¨¢−ëå ¯®ª�§�â¥«¥©. �® íâ®¬ã à�á¯à¥¤¥«¥-
−¨î £¥−¥à¨àã¥âáï ¢ë¡®àª� (¯®¯ã«ïæ¨ï) à¥è¥−¨©. „�«¥¥ ¯à®¢®¤¨âáï á¥«¥ªæ¨ï ¢ë-
¡®àª¨: ¨§ −¥¥ ã¤�«ïîâáï ¬¥−¥¥ ®¯â¨¬�«ì−ë¥ à¥è¥−¨ï. �®á«¥ íâ®£® ¯® ãá¥ç¥−−®©
¢ë¡®àª¥ ®æ¥−¨¢�¥âáï −®¢®¥ ¢¥à®ïâ−®áâ−®¥ à�á¯à¥¤¥«¥−¨¥ à¥è¥−¨©, ¨ à�áá¬®â-
à¥−−ë¥ ¢ëè¥ íâ�¯ë ¯®¢â®àïîâáï. ’¥®à¥â¨ç¥áª¨ ¯®«ãç�¥¬�ï ¯®á«¥¤®¢�â¥«ì−®áâì
¢¥à®ïâ−®áâ−ëå à�á¯à¥¤¥«¥−¨© ¤®«¦−� áå®¤¨âìáï ª â®ç¥ç−®¬ã ¢¥à®ïâ−®áâ−®¬ã
à�á¯à¥¤¥«¥−¨î „¨à�ª�, ª®â®à®¥ ¨ ®¯à¥¤¥«ï¥â ¨áª®¬ë© £«®¡�«ì−ë© íªáâà¥¬ã¬.
�à¨ íâ®¬ à�áá¬�âà¨¢�¥¬�ï §�¤�ç� §−�ç¨â¥«ì−® ã¯à®é�¥âáï, ¥á«¨ ¯à¥¤¯®«®¦¨âì
−¥§�¢¨á¨¬®áâì ¯�à�¬¥âà®¢ ¢ £¥−¥à¨àã¥¬ëå ¢ë¡®àª�å. ’�ª®¥ ¯à¥¤¯®«®¦¥−¨¥
ï¢«ï¥âáï ¤®áâ�â®ç−® ¯à�¢¤®¯®¤®¡−ë¬, ¥á«¨ áç¨â�âì, çâ® ¨áª®¬ë¥ ¯�à�¬¥âàë −¥-
§−�ç¨â¥«ì−® ®âª«®−ïîâáï ®â −®à¬�â¨¢−ëå. ‚ íâ®¬ á«ãç�¥ ¬®¦−® ¯à¥¤¯®«®¦¨âì,
çâ® ¢¥à®ïâ−®áâ−®¥ à�á¯à¥¤¥«¥−¨¥ ª�¦¤®£® ¯�à�¬¥âà� ¬®¦−® �¯¯à®ªá¨¬¨à®¢�âì
−®à¬�«ì−ë¬ à�á¯à¥¤¥«¥−¨¥¬. �®«ì§ãïáì ¯à¥¤¯®«®¦¥−¨ï¬¨, ®¯¨á�−−ë¬¨ ¢ëè¥,
¬®¦−® ä®à¬�«¨§®¢�âì ¯à¥¤«�£�¥¬ãî áå¥¬ã ¢ëç¨á«¥−¨© á ¯®¬®éìî á«¥¤ãîé¥©
¯à®æ¥¤ãàë.

0. ‚å®¤−ë¥ ¤�−−ë¥: äã−ªæ¨ï à�ááâ®ï−¨ï f(x, a), a(0) | −�ç�«ì−®¥ §−�ç¥-
−¨¥ ¢¥ªâ®à� ¯�à�¬¥âà®¢, σ(0) | −�ç�«ì−ë© ¢¥ªâ®à áà¥¤−¥ª¢�¤à�â¨ç¥áª¨å
®âª«®−¥−¨© ¯�à�¬¥âà� a, i:=0.

1. ƒ¥−¥à�æ¨ï ¢ë¡®àª¨ ¢®§¬®¦−ëå à¥è¥−¨© {a1, . . . , aN} ¨ ¥¥ ã¯®àï¤®ç¥−¨¥
â�ª¨¬ ®¡à�§®¬, çâ®¡ë F (X,a1) ≤ F (X,a2) ≤ · · · ≤ F (X,aN ).

2. “á¥ç¥−¨¥ ¢ë¡®àª¨: ¢ −¥© ®áâ�¢«ïîâáï −�¨¡®«¥¥ ®¯â¨¬�«ì−ë¥ à¥è¥−¨ï ¤®
−¥ª®â®à®£® ¨−¤¥ªá� N1 (N1 | íâ® ¯�à�¬¥âà �«£®à¨â¬�, ª®â®àë© ¢ë¡¨à�¥âáï
à�¢−ë¬ 0,3N ).

3. ��å®¦¤¥−¨¥ ®æ¥−®ª ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ áà¥¤−¥ª¢�¤à�â¨ç¥áª¨å ®â-
ª«®−¥−¨© ¯® ãá¥ç¥−−®© ¢ë¡®àª¥ {a1, . . . , aN1}:

a(i+1) =
1

N1

N1∑

k=1

ak , σ(i+1) =

√√√√ 1

N1 − 1

N1∑

k=1

(
ak − a(i+1)

)2
,

¯à¨ç¥¬ ¢ ¯®á«¥¤−¥© ä®à¬ã«¥ ®¯¥à�æ¨¨ ¢®§¢¥¤¥−¨ï ¢ áâ¥¯¥−ì ¨ ¨§¢«¥ç¥−¨ï
ª®à−ï ¯à¥¤¯®«�£�îâáï ¯®ª®®à¤¨−�â−ë¬¨.

4. i:=i + 1. …á«¨
∣∣σ(i)

∣∣ ≤ ε, â® ¢ ª�ç¥áâ¢¥ à¥è¥−¨ï ¢ë¡¨à�¥âáï a(i), ¨−�ç¥
¯¥à¥å®¤ ª è�£ã 1.
�à®£à�¬¬−ë¥ ¯à®¤ãªâë á �¢â®¬�â¨ç¥áª¨¬¨ ¢®§¬®¦−®áâï¬¨ ¯®«ãç¥−¨ï −¥®¡-

å®¤¨¬®© ¨−ä®à¬�æ¨¨ ¨§ à¥§ã«ìâ�â®¢ âà¥å¬¥à−®£® ¨§¬¥à¥−¨ï ¤«ï â®© ¨«¨ ¨−®©
äã−ªæ¨®−�«ì−®© §�¤�ç¨ ¯à¨¤¥à¦¨¢�îâáï ¯à¨−æ¨¯� à�§¤¥«¥−¨ï £¥®¤�−−ëå ¤«ï
ª�¦¤®© ¨§ −¨å ¨ ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ¬®£ãâ ¡ëâì �¤�¯â¨à®¢�−ë ¤«ï ¨á¯®«ì§®-
¢�−¨ï á®¢¬¥áâ−® ¢ ®¤−®© ¡�§¥ £¥®¤�−−ëå.
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4 Дерево зависимости показаний датчика

‚ â¥®à¨¨ ¡�§ ¤�−−ëå ®¯â¨¬¨§�æ¨ï §�¯à®á� ®¡ëç−® ä®à¬ã«¨àã¥âáï ®â−®á¨-
â¥«ì−® ¯«�−� ¢ë¯®«−¥−¨ï §�¯à®á�, §�¤�−−®£® £à�ä®¬. ‚¥àè¨−ë £à�ä� ¯à¥¤áâ�¢-
«ïîâ á®¡®© à�§«¨ç−ë¥ ®¯¥à�æ¨¨ ¡�§ë ¤�−−ëå, ª®â®àë¥ ¤®«¦−ë ¡ëâì ¢ë¯®«−¥−ë.
�¡à�¡®âª� §�¯à®á�, á®áâ�¢«¥−−®£® −� ®á−®¢¥ ¯®ª�§�−¨© ¤�âç¨ª®¢, ¬®¦¥â ¡ëâì
®à£�−¨§®¢�−� ¯®¤®¡−® ¯«�−ã ¢ë¯®«−¥−¨ï §�¯à®á�. „«ï íâ®£® ¢¢®¤¨âáï ¯®−ïâ¨¥
¤¥à¥¢� §�¢¨á¨¬®áâ¨ ¯®ª�§�−¨© ¤�âç¨ª� [8], ¢ ª®â®à®¬ ª�¦¤�ï ¢¥àè¨−� Vi ¨¬¥¥â
á«¥¤ãîé¨¥ ¯�à�¬¥âàë:

’�i | â¨¯ ®¡ê¥ªâ�, ª®â®àë© ¡ã¤¥â à�á¯®§−�− {¯à¨§−�−};

ˆˆi | ¨−ä®à¬�æ¨®−−ë© ¨áâ®ç−¨ª;

�«£i | �«£®à¨â¬ à�á¯®§−�¢�−¨ï ®¡ê¥ªâ� {æ¥«¨}, ª®â®àë© ¡ã¤¥â ¯à¨¬¥−¥−;

�Ši | ¯à®áâà�−áâ¢¥−−ë¥ ª®®à¤¨−�âë, ¢ë¡à�−−ë¥ ¨−¨æ¨�â®à®¬ §�¯à®á�;

‚Ši | ¢à¥¬¥−−ë¥ ª®®à¤¨−�âë, ¢ë¡à�−−ë¥ ¨−¨æ¨�â®à®¬ §�¯à®á�;

��i | ¢ë¡à�−−�ï ¯à®áâà�−áâ¢¥−−�ï ®¡«�áâì ¤«ï à�á¯®§−�¢�−¨ï ®¡ê¥ªâ�;

‚ˆi | ¢ë¡à�−−ë© ¢à¥¬¥−−®© ¨−â¥à¢�« à�á¯®§−�¢�−¨ï ®¡ê¥ªâ�;

‚÷�i | ¯à¥¤¯®«�£�¥¬®¥ ¢à¥¬ï à�á¯®§−�¢�−¨ï ®¡ê¥ªâ�;

„�i | ¤¨�¯�§®− −�¤¥¦−®áâ¨ ¯à¨¬¥−¥−¨ï �«£®à¨â¬� à�á¯®§−�¢�−¨ï, ¬�ªá¨-
¬�«ì−® | [0,1].

�â¨ ¯�à�¬¥âàë ®¡¥á¯¥ç¨¢�îâ ¯®¤à®¡−ãî ¨−ä®à¬�æ¨î ¤«ï ª�¦¤®£® è�£�
®¡à�¡®âª¨ §�¯à®á� −� ®á−®¢¥ ¯®ª�§�−¨© ¤�âç¨ª�. „«ï í¢®«îæ¨®−−ëå §�¯à®á®¢
âà¥¡ãîâáï ¯à®áâà�−áâ¢¥−−ë¥/¢à¥¬¥−−‚ë¥ ª®®à¤¨−�âë ¨−¨æ¨�â®à� §�¯à®á�. „«ï
¤àã£®£® â¨¯� §�¯à®á®¢ íâ¨ ¯�à�¬¥âàë ï¢«ïîâáï ¤®¯®«−¨â¥«ì−ë¬¨. …á«¨ ¤«ï
¯®«ãç¥−¨ï à¥§ã«ìâ�â®¢ ®¡à�¡®âª¨ ¢ ¢¥àè¨−¥ V1 −¥®¡å®¤¨¬ ¢å®¤ ª ¤àã£®© ¢¥àè¨-
−¥ V2, â® ¤®«¦−� áãé¥áâ¢®¢�âì −�¯à�¢«¥−−�ï ¤ã£� ®â V1 ª V2. ��¯à�¢«¥−−ë¥ ¤ã£¨
¨¤ãâ ®â «¨áâì¥¢ ¨ §�ª�−ç¨¢�îâáï ¢ ª®à−¥. ‹¨áâìï ¤¥à¥¢� | ¨−ä®à¬�æ¨®−−ë¥
¨áâ®ç−¨ª¨ â¨¯� «�§¥à−®£® áª�−¥à� (‹‘), ¨−äà�ªà�á−®© ª�¬¥àë (ˆŠ) ¨«¨ ä®â®-
ª�¬¥àë (”Š). �−¨ ¨¬¥îâ ¯�à�¬¥âàë â¨¯� (−¥¨§¢¥áâ−®, ‹‘, −¥¨§¢¥áâ−®, �Ši,
‚Ši, ��all, ‚ˆall, 0, (1, 1)).

�à®¬¥¦ãâ®ç−ë¥ ¢¥àè¨−ë ¤¥à¥¢� | ®¡ê¥ªâë, ª®â®àë¥ −¥®¡å®¤¨¬® à�á¯®§−�âì
¨ ¤®¯®«−¨âì ®¡ê¥¤¨−¥−−®© ¨−ä®à¬�æ¨¥©. ��¯à¨¬¥à, ¯à¥¤¯®«®¦¨â¥, çâ® â¨¯
®¡ê¥ªâ� | `®¯®à� ª®−â�ªâ−®© á¥â¨'. �à®¬¥¦ãâ®ç−ë© ã§¥« ¬®¦¥â ¨¬¥âì ¯�à�¬¥âàë
(`®¯®à� ª®−â�ªâ−®© á¥â¨', ‹‘, �«£•�ä�, �Ši, ‚Ši, ��all, ‚ˆall, 10, (0,3, 0,5)).

Š®à−¥¢�ï ¢¥àè¨−� | à¥§ã«ìâ�â á¨−â¥§� £¥®¨−ä®à¬�æ¨¨, −�¯à¨¬¥à ¢¥àè¨−�
á ¯�à�¬¥âà�¬¨ (`®¯®à� ª®−â�ªâ−®© á¥â¨', ALL, �«£ fusion, �Ši, ‚Ši, ��all,
‚ˆall, 2000, (0,1)), £¤¥ ¯�à�¬¥âà ALL ãª�§ë¢�¥â, çâ® ¨−ä®à¬�æ¨ï ¯®«ãç¥−� ¨§
¢á¥å ¨áâ®ç−¨ª®¢.

�¡à�¡®âª� §�¯à®á®¢ ¯à¨¢®¤¨â ª ®¡−®¢«¥−¨ï¬ ¤¥à¥¢� §�¢¨á¨¬®áâ¨ ¯®ª�§�−¨©
¤�âç¨ª�. ‚ â¥ç¥−¨¥ ª�¦¤®© ¨â¥à�æ¨¨ ¢ë¡¨à�¥âáï ®¤−� ¨«¨ ¡®«¥¥ ¢¥àè¨−,
ª®â®àë¥ −¥ ¤®«¦−ë §�¢¨á¥âì ®â ¤àã£¨å ¢¥àè¨−. �®á«¥ ¢ëç¨á«¥−¨ï ®¤−� ¨«¨
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ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�

¡®«ìè¥ ¢¥àè¨− ã¤�«ïîâáï ¨§ ¤¥à¥¢� §�¢¨á¨¬®áâ¨ ¯®ª�§�−¨© ¤�âç¨ª�. �à®æ¥áá
¯®¢â®àï¥âáï. ��¯à¨¬¥à, �−�«¨§¨àãï −�ç�«ì−ë© §�¯à®á, á®§¤�¥âáï á«¥¤ãîé¥¥
¤¥à¥¢® §�¢¨á¨¬®áâ¨ ¯®ª�§�−¨© ¤�âç¨ª�:

(−¥¨§¢¥áâ−®, ‹‘, −¥¨§¢¥áâ−®, 0, (1,1)) r
(`®¯®à� ª®−â�ªâ−®© á¥â¨', ‹‘, �«£•�ä�, 10, (0,3, 0,5)) r
(−¥¨§¢¥áâ−®, ˆŠ, −¥¨§¢¥áâ−®, 0, (1,1)) r
(`®¯®à� ª®−â�ªâ−®© á¥â¨', ˆŠ, �«£•®ª�, 2000, (0,5, 0,7)) r
(−¥¨§¢¥áâ−®, ”Š, −¥¨§¢¥áâ−®, 0, (1,1)) r
(`®¯®à� ª®−â�ªâ−®© á¥â¨', ”Š, �«£Eigenface, 100, (0, 1))
→ (`®¯®à� ª®−â�ªâ−®© á¥â¨', ALL, �«£ fusion, 2000, (0, 1)).

�â® ®§−�ç�¥â, çâ® ¨−ä®à¬�æ¨ï ¢§ïâ� ¨§ âà¥å ¨áâ®ç−¨ª®¢: «�§¥à−ë© áª�−¥à,
¨−äà�ªà�á−�ï ª�¬¥à� ¨ ä®â®ª�¬¥à� | ¨ ¨−ä®à¬�æ¨ï á®¤¥à¦¨â ®¡ê¥¤¨−¥−−ë¥
¤�−−ë¥ ®¡ ®¡ê¥ªâ¥ '®¯®à� ª®−â�ªâ−®© á¥â¨'. ‚á¥ ¤®®¯à¥¤¥«¥−−ë¥ ¢¥àè¨−ë â¥¯¥àì
¬®£ãâ ¡ëâì ®â®¡à�−ë, ¨ ¯®«ãç�¥âáï á«¥¤ãîé¥¥ ®¡−®¢«¥−−®¥ ¤¥à¥¢® §�¢¨á¨¬®áâ¨
¯®ª�§�−¨© ¤�âç¨ª�:

(`®¯®à� ª®−â�ªâ−®© á¥â¨', ‹‘, �«£•�ä�, 10, (0,3, 0,5)) r
(`®¯®à� ª®−â�ªâ−®© á¥â¨', ˆŠ, �«£•®ª�, 2000, (0,5, 0,7)) r

(`®¯®à� ª®−â�ªâ−®© á¥â¨', ”Š, �«£Eigenface, 100, (0, 1))
→ ('®¯®à� ª®−â�ªâ−®© á¥â¨', ALL, �«£ fusion, 2000, (0, 1)).

…á«¨ ¢¥àè¨−� á ®¡ê¥¤¨−¥−−ë¬¨ ¤�−−ë¬¨ ¢¥à¨ä¨ª�¡¥«ì−�, â® ¬®¦−® ®áâ�-
¢¨âì íâã ¢¥àè¨−ã, ã¤�«¨¢ ¢¥àè¨−ë á ¯à®¬¥¦ãâ®ç−ë¬¨ ¤�−−ë¬¨. ’�ª ª�ª
−¥®¡à�¡®â�−−ëå ¢¥àè¨− ¡®«ìè¥ −¥â, â® ®áâ�¥âáï ¥¤¨−áâ¢¥−−�ï ¢¥àè¨−�:

(`®¯®à� ª®−â�ªâ−®© á¥â¨', ALL, �«£ fusion, 2000, (0, 1)).

5 Комплексная система пространственных данных инфраструктуры
железнодорожного транспорта

�¯¨á�−−ë¥ ¢ëè¥ ¯®¤å®¤ë −�è«¨ á¢®¥ ¯à¨¬¥−¥−¨¥ ¢ ¨−ä®à¬�æ¨®−−®¬ ®¡¥á-
¯¥ç¥−¨¨ ¯à®¥ªâ¨à®¢�−¨ï, áâà®¨â¥«ìáâ¢�, à¥ª®−áâàãªæ¨¨ ¨ ª�¯¨â�«ì−®£® à¥¬®−â�
®¡ê¥ªâ®¢ ¦/¤ ¨−äà�áâàãªâãàë. Š®¬¯«¥ªá−�ï á¨áâ¥¬� ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå
(Š‘�„) ˆ†’ à�§à�¡�âë¢�¥âáï ¢ á®®â¢¥âáâ¢¨¨ á ÷�á¯®àï¦¥−¨¥¬ �à¥§¨¤¥−â�
��� ú÷†„û ®â 3 ¤¥ª�¡àï 2010 £. ü 2511à ú� á®§¤�−¨¨ ª®¬¯«¥ªá−®© á¨áâ¥¬ë
¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦¥«¥§−®¤®à®¦−®£® âà�−á¯®àâ�û.

ƒ¥â¥à®£¥−−®áâì £¥®¤�−−ëå, ¯®¤«¥¦�é¨å ª®¬¯«¥ªá¨à®¢�−¨î ¨ á¨−â¥§ã
¢ Š‘�„ ˆ†’, ¢ë¤¢¨£�¥â −� ¯¥à¥¤−¨© ¯«�− à¥è¥−¨¥ §�¤�ç¨ £¥®¨−â¥à®¯¥-
à�¡¥«ì−®áâ¨ ®âà�á«¥¢®£® ¬�áèâ�¡� [9] ª�ª §�¤�ç¨ á®¢¬¥áâ−®£® á®£«�á®¢�−−®£®
¨á¯®«ì§®¢�−¨ï £¥®¤�−−ëå, ¯®«ãç¥−−ëå ¨§ à�§−ëå ¨−ä®à¬�æ¨®−−ëå ¨áâ®ç−¨ª®¢
(à¨á. 4). �à¨ íâ®¬ äã−ªæ¨®−�« Š‘�„ ˆ†’ ¯®¤¤¥à¦¨¢�¥â à¥è¥−¨¥ á«¥¤ãîé¨å
§�¤�ç:

{ æ¥−âà�«¨§�æ¨ï ¨ ã−¨ä¨ª�æ¨ï ¯à®æ¥áá®¢ á¡®à�, ®¡à�¡®âª¨ ¨ ¨á¯®«ì§®¢�-
−¨ï ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå | ¢¥¤¥−¨¥ £¥®¨−ä®à¬�æ¨®−−®© ¡�§ë ¤�−−ëå
(ƒ�„);
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÷¨á. 4 ÷¥�«¨§ã¥¬ë© äã−ªæ¨®−�« Š‘�„ ˆ†’ [6]

{ ¨−ä®à¬�æ¨®−−®¥ ®¡¥á¯¥ç¥−¨¥ ¯à®æ¥áá®¢ ª®¬¯«¥ªá−®© ®æ¥−ª¨ â¥å−¨ç¥áª®£®
á®áâ®ï−¨ï ®¡ê¥ªâ®¢ ¨−äà�áâàãªâãàë;

{ ¯«�−¨à®¢�−¨¥ à¥¬®−â−ëå à�¡®â ®¡ê¥ªâ®¢ ¨−äà�áâàãªâãàë ¯® ®æ¥−¨¢�¥¬®¬ã
á®áâ®ï−¨î;

{ ¨−ä®à¬�æ¨®−−�ï ¯®¤¤¥à¦ª� ¯à®æ¥áá� ¯à®¥ªâ−®£® á®¤¥à¦�−¨ï ¯ãâ¨ | ª®¬-
¯«¥ªá−®¥ à¥è¥−¨¥ á ãç¥â®¬ ¢á¥© ¨¬¥îé¥©áï ¨−ä®à¬�æ¨¨;

{ ®æ¥−ª� �−âà®¯®£¥−−ëå ¨ ¯à¨à®¤−ëå ã£à®§ ¡¥§®¯�á−®áâ¨ ¤¢¨¦¥−¨ï ¯ãâ¥¬
¢ëï¢«¥−¨ï ¬¥áâ, ¯à¥¤áâ�¢«ïîé¨å ¯®â¥−æ¨�«ì−ãî ®¯�á−®áâì;

{ ¯«�−¨à®¢�−¨¥ ¯¥à¥¢®§®ª −¥£�¡�à¨â−ëå £àã§®¢;
{ ¨−ä®à¬�æ¨®−−�ï ¯®¤¤¥à¦ª� ¯à¨−ïâ¨ï áâà�â¥£¨ç¥áª¨å à¥è¥−¨© ¯ãâ¥¬ ¨−-

â¥£à�æ¨¨ ¤�−−ëå ®¡ ¨−äà�áâàãªâãà¥, ®¯¥à�â¨¢−®áâ¨ ¨å ¢ë¡®à� ¯® «î¡®¬ã
§�¤�−−®¬ã ªà¨â¥à¨î, −�£«ï¤−®áâ¨ ¨å ¯à¥¤áâ�¢«¥−¨ï ª�ª ¢ £à�ä¨ç¥áª®©, â�ª
¨ ¢ â�¡«¨ç−®© ä®à¬¥.

„«ï ¬®¤¥«¨à®¢�−¨ï ¨ à�á¯®§−�¢�−¨ï ®¡ê¥ªâ®¢ ¦/¤ ¨−äà�áâàãªâãàë ¨á-
¯®«ì§ãîâáï ¤�−−ë¥ ¬®¡¨«ì−®£® «�§¥à−®£® áª�−¨à®¢�−¨ï ¨ ä�©«ë ¨−äà�ªà�á−®©
áê¥¬ª¨ ¨ ä®â®ä¨ªá�æ¨¨. Œ®¤¥«¨à®¢�−¨î ¨ à�á¯®§−�¢�−¨î ¯®¤«¥¦�â ¦/¤ ®¡ê¥ª-
âë, ç¥âª® ®¯à¥¤¥«ï¥¬ë¥ ¯® ®¡«�ªã â®ç¥ª «�§¥à−ëå ®âà�¦¥−¨©, ¨ â®«ìª® ¢−¥è−¨¥
í«¥¬¥−âë ª®−áâàãªæ¨©, ®â®¡à�¦�îé¨¥ ®á−®¢−®© £�¡�à¨â.

‚ Š‘�„ ˆ†’ ®¡à�¡�âë¢�îâáï ¤�−−ë¥ ® á«¥¤ãîé¨å ®¡ê¥ªâ�å/£àã¯¯�å
®¡ê¥ªâ®¢:
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ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�

{ ®áì ¯ãâ¨;
{ à¥«ìáë ¯® à�¡®ç¥© ¯®¢¥àå−®áâ¨ £®«®¢ª¨ à¥«ìá�;
{ §¤�−¨ï ¨ ¤àã£¨¥ −�§¥¬−ë¥ ¯«®é�¤−ë¥ ®¡ê¥ªâë;
{ ¬¥â�««¨ç¥áª¨¥ ¡�«ª¨ ¤«ï ¯®¤¢¥á� ¯à®¢®¤®¢ (ª®−á®«¨) ª®−â�ªâ−®© á¥â¨ −�

®¯®à�å, ª®−áâàãªæ¨¨ −�âï¦¥−¨ï ¯à®¢®¤®¢ ¨ â. ¯.;
{ áâ®«¡ë ®¯®à ª®−â�ªâ−®© á¥â¨, ä¥à¬®¢ë¥ ª®−áâàãªæ¨¨, ®¯®àë «¨−¨© í«¥ªâà®-

¯¥à¥¤�ç¨, áâ®«¡ë ®á¢¥é¥−¨ï;
{ «¨−¥©−ë¥ ®¡ê¥ªâë (ª®−â�ªâ−ë¥ ¯à®¢®¤�, ª�¡¥«¨, âà®áë ¨ â. ¤.);

{ âàã¡®¯à®¢®¤ë;
{ ¬�â¥¬�â¨ç¥áª�ï ®á−®¢� ¨ ¨−ä®à¬�æ¨®−−ë¥ ãª�§�â¥«¨ (¯ã−ªâë �ƒ‘, ª¨«®¬¥-

âà®¢ë¥ áâ®«¡ë, ¯¨ª¥â�¦−ë¥ áâ®«¡ë, ª�¡¥«¥ãª�§�â¥«¨ ¨ â. ¯.);
{ £¨¤à®£à�ä¨ï (à¥ª¨, ®§¥à�, àãçì¨ ¨ â. ¯.);
{ ¤®à®¦−ë¥ á®®àã¦¥−¨ï;
{ ¯«�âä®à¬ë, ¡ã¤ª¨, á¥¬�ä®àë, á¢¥â®ä®àë, è«�£¡�ã¬ë;
{ ¯«®é�¤−®¥ í«¥ªâà®®¡®àã¤®¢�−¨¥ ¦/¤ ¯ãâ¨ (¯®¤áâ�−æ¨¨, ¡ã¤ª¨ âà�−áä®à¬�-

â®à−ë¥, âà�−áä®à¬�â®àë, âà�−áä®à¬�â®à −� áâ®«¡¥, èª�ä í«¥ªâà¨ç¥áª¨©
à�á¯à¥¤¥«¨â¥«ì−ë©);

{ �¢â®¤®à®¦−�ï á¥âì;
{ à�áâ¨â¥«ì−®áâì | ®¡ê¥ªâë ¢ ¢¨¤¥ TIN (triangulated irregular network) ¯®-

¢¥àå−®áâ¨ á è�£®¬ 50× 50 á¬;
{ ®£à�¦¤¥−¨ï (§�¡®àë, èã¬®¯®¤�¢«ïîé¨¥ á®®àã¦¥−¨ï ¨ â. ¯.).

’¥å−®«®£¨ç¥áª�ï æ¥¯®çª� −�¨¡®«¥¥ ¯¥àá¯¥ªâ¨¢−®£® á â®çª¨ §à¥−¨ï �¢â®à®¢
¬®¡¨«ì−®£® «�§¥à−®£® áª�−¨à®¢�−¨ï à�§¡¨¢�¥âáï −� è¥áâì ®â¤¥«ì−ëå íâ�¯®¢,
ª®â®àë¥ ¤®áâ�â®ç−® −¥§�¢¨á¨¬ë, â�ª ª�ª ®¯¥à�æ¨¨ ¬®£ãâ ¡ëâì à�á¯�à�««¥«¥-
−ë ¬¥¦¤ã ®â¤¥«ì−ë¬¨ ¨á¯®«−¨â¥«ï¬¨. ÷¥§ã«ìâ�â ¢ë¯®«−¥−¨ï ª�¦¤®£® íâ�¯�
ä®à¬�«¨§®¢�−.

�� ¯¥à¢®¬ íâ�¯¥ à¥è�îâáï â¥å−¨ç¥áª¨¥ ¢®¯à®áë, ¯à¨§¢�−−ë¥ ¢ ¯¥à¢ãî ®ç¥-
à¥¤ì ãáâà�−¨âì ®è¨¡ª¨ áª�−¨à®¢�−¨ï ¨ ¨áª�¦¥−¨ï ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå.
�¤−¨¬ ¨§ ª«îç¥¢ëå ¬®¬¥−â®¢ ¤�−−®£® íâ�¯� ï¢«ï¥âáï á®§¤�−¨¥ â®¯®£à�ä®-£¥®-
¤¥§¨ç¥áª®£® ®¡®á−®¢�−¨ï ¯ãâ¥¬ à�ááâ�−®¢ª¨ ¨ ¯®á«¥¤ãîé¥© úã¢ï§ª¨û ¢à¥¬¥−-
−ëå ¡�§®¢ëå áâ�−æ¨©, â�ª ª�ª íâ® ï¢«ï¥âáï §�«®£®¬ ª�ç¥áâ¢¥−−®£® ¨ â®ç−®£®
®¯à¥¤¥«¥−¨ï âà¥¡ã¥¬ëå ¯à®áâà�−áâ¢¥−−®-â¥å−¨ç¥áª¨å ¯�à�¬¥âà®¢ ®¡ê¥ªâ®¢ ¦/¤
¨−äà�áâàãªâãàë. Œ�«®¥ ç¨á«® ¢¨¤¨¬ëå −�¢¨£�æ¨®−−ëå á¯ãâ−¨ª®¢, −¥ã¤®¢«¥-
â¢®à¨â¥«ì−®¥ ¨å ¢§�¨¬−®¥ à�á¯®«®¦¥−¨¥ (®á®¡¥−−® ¢ ¢ëá®ª¨å è¨à®â�å), ¯«®å¨¥
ãá«®¢¨ï ¯à¨¥¬� á¨£−�«� GPS-�−â¥−−®© ¯®¤ ª®−â�ªâ−ë¬ ¯à®¢®¤®¬ ¨ ¤àã£¨¥ ®¡áâ®-
ïâ¥«ìáâ¢� ¬®£ãâ áâ�âì áãé¥áâ¢¥−−ë¬ ä�ªâ®à®¬ á−¨¦¥−¨ï â®ç−®áâ¨ áª�−¨à®¢�−¨ï
¨ ¤�¦¥ ¯à¨¢¥áâ¨ ª −¥¢ë¯®«−¥−¨î à�¡®â.

Šà®¬¥ íâ®£® áâà�â¥£¨ï ¤®áâ¨¦¥−¨ï §�¤�−−®© ¯«®â−®áâ¨ â®ç¥ª ¬®¡¨«ì−®£®
«�§¥à−®£® áª�−¨à®¢�−¨ï ¨ ®¡¥á¯¥ç¥−¨ï ¬�ªá¨¬�«ì−®£® áê¥¬®ç−®£® ¯®ªàëâ¨ï á®-
áâ®¨â ¢ ¯à®¢¥¤¥−¨¨ «�§¥à−®£® áª�−¨à®¢�−¨ï ®¤−®£® ¨ â®£® ¦¥ ãç�áâª� ¦¥«¥§−®©
¤®à®£¨ ¯® ¯¥à¢®¬ã ¨ ¢â®à®¬ã £«�¢−®¬ã ¯ãâ¨ (¯® ¬�àèàãâã úâã¤� ¨ ®¡à�â−®û).
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‚ ¯®¤�¢«ïîé¥¬ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ â�ª®© ¬¥â®¤ ®¡¥á¯¥ç¨¢�¥â ¨ §�ªàëâ¨¥
ú¬¥àâ¢ëåû §®− (®á®¡¥−−®áâ¨ à¥«ì¥ä�, ¦/¤ á®áâ�¢ë, áâ�−æ¨®−−ë¥ §¤�−¨ï ¨ á®-
®àã¦¥−¨ï), ¨ ãáâà�−¥−¨¥ «®ª�«ì−ëå ®è¨¡®ª áª�−¨à®¢�−¨ï, ¢®§−¨ª�îé¨å ¯à¨
áê¥¬ª¥ ¯® ®¤−®¬ã ¨§ −�¯à�¢«¥−¨©.

�á−®¢−�ï §�¤�ç� á«¥¤ãîé¥£® íâ�¯�, á¢ï§�−−®£® á �−�«¨§®¬ à¥§ã«ìâ�â®¢ áê¥¬-
ª¨ ¨ ¯¥à¢¨ç−®© ®¡à�¡®âª®© ¤�−−ëå ¬®¡¨«ì−®£® «�§¥à−®£® áª�−¨à®¢�−¨ï, á®áâ®¨â
¢ ®¯à¥¤¥«¥−¨¨ ¯®â¥−æ¨�«ì−® ¯à®¡«¥¬−ëå ãç�áâª®¢ âà�ááë ¨«¨ â¥å, £¤¥ à¥§ã«ìâ�âë
áª�−¨à®¢�−¨ï −¥¯à¨¥¬«¥¬ë ¤«ï ¤�«ì−¥©è¥© â¥¬�â¨ç¥áª®© ®¡à�¡®âª¨. ’à�¥ªâ®à-
−®¥ à¥è¥−¨¥ ¢ëç¨á«ï¥âáï á ¯®¬®éìî ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (��) Applanix
POSPac MMS, ¢ ª®â®à®¬ ¨¬¥¥âáï ¢®§¬®¦−®áâì â®−ª®© −�áâà®©ª¨ ¯à®å®¦¤¥−¨ï
á¨£−�«� ç¥à¥§ �â¬®áä¥àã (ª®¬¯¥−á�æ¨¨ ¨®−®áä¥à−ëå ¨ âà®¯®áä¥à−ëå §�¤¥à¦¥ª,
¢ëç¨á«¥−¨ï à¥«ïâ¨¢¨áâáª®£® íää¥ªâ�, ãç¥â� ®è¨¡®ª á¨−åà®−¨§�æ¨¨ ¨ ¤à.). „�−-
−®¥ �� è¨à®ª® ¨á¯®«ì§ã¥âáï ¤«ï ¢ëç¨á«¥−¨ï â®ç−®© âà�¥ªâ®à¨¨ ¯®¤¢¨¦−ëå
¢®§¤ãè−ëå ¨ −�§¥¬−ëå æ¥«¥©. �®á«¥¤ãîé�ï ¯¥à¢¨ç−�ï ®¡à�¡®âª� ¯à®¨§¢®¤¨âáï
á¯¥æ¨�«¨§¨à®¢�−−ë¬ ��, ¯®áâ�¢«ï¥¬ë¬ ¢ ª®¬¯«¥ªâ¥ á® áª�−¨àãîé¥© á¨áâ¥¬®©.
�â¤¥«ì−�ï §�¤�ç�, à¥è�¥¬�ï −� íâ®¬ íâ�¯¥, | ª®−¢¥àâ¨à®¢�−¨¥ ¤�−−ëå ¢ ¬¥áâ-
−ãî á¨áâ¥¬ã ª®®à¤¨−�â á á®¡«î¤¥−¨¥¬ âà¥¡®¢�−¨© ¯® á¥ªà¥â−®áâ¨ ¯à®¢¥¤¥−−ëå
¨§¬¥à¥−¨©.

�� íâ�¯¥ ª«�áá¨ä¨ª�æ¨¨ â®ç¥ª «�§¥à−®£® ®âà�¦¥−¨ï ¨ ä®à¬¨à®¢�−¨ï æ¨ä-
à®¢®© ¬®¤¥«¨ §¥¬«¨ ¯à®¨áå®¤¨â ä®à¬¨à®¢�−¨¥ ¯à®¥ªâ� ¯®¤ ¯®á«¥¤ãîéãî ª�-
¬¥à�«ì−ãî ®¡à�¡®âªã. ‚áï âà�áá� à�§¡¨¢�¥âáï −� ¡«®ª¨ ®¯à¥¤¥«¥−−®© ¤«¨−ë,
ã¤®¡−ë¥ ¤«ï §�£àã§ª¨ â®ç¥ª «�§¥à−®£® ®âà�¦¥−¨ï ¨ ¯à®¢¥¤¥−¨ï âà¥å¬¥à−®© ¢¥ªâ®-
à¨§�æ¨¨. �á−®¢−�ï æ¥«ì ¤�−−®£® íâ�¯� §�ª«îç�¥âáï ¢ ®â¤¥«¥−¨¨ â®ç¥ª ®âà�¦¥−¨ï
®â §¥¬«¨ ¢ ®â¤¥«ì−ë© ª«�áá, á â¥¬ çâ®¡ë ¬®¦−® ¡ë«® ¢ ¤�«ì−¥©è¥¬ ®¯à¥¤¥«¨âì
â�ª¨¥ ¯�à�¬¥âàë, ª�ª á®áâ®ï−¨¥ ¡�««�áâ−®© ¯à¨§¬ë, §¥¬«ï−®£® ¯®«®â−� ¦/¤
¯ãâ¨, ¢®¤®®â¢®¤−ëå áâ®ª®¢.

�â�¯ ä®à¬¨à®¢�−¨ï âà¥å¬¥à−ëå ¯à®áâà�−áâ¢¥−−ëå ¬®¤¥«¥©, ¨«¨ âà¥å¬¥à−®-
£® ¬®¤¥«¨à®¢�−¨ï, | −�¨¡®«¥¥ âàã¤®¥¬ª¨© ¨ úâ¢®àç¥áª¨©û, §�¢¨á¨â ®â ¯à®áâà�−-
áâ¢¥−−®£® ¢®®¡à�¦¥−¨ï ®¯¥à�â®à�. ’¥¬ −¥ ¬¥−¥¥ ¯à®æ¥áá ¯®áâà®¥−¨ï ¬®¦¥â ¡ëâì
ä®à¬�«¨§®¢�− ¯® ¤¢ã¬ −�¯à�¢«¥−¨ï¬: (1) áãé¥áâ¢ã¥â ¤®áâ�â®ç−®¥ ª®«¨ç¥áâ¢®
¯à®£à�¬¬−ëå ¯à®¤ãªâ®¢, ¯®§¢®«ïîé¨å ¯® ¤�−−ë¬ å®à®è¥£® ª�ç¥áâ¢� ¢¥ªâ®à¨-
§®¢�âì «¨−¥©−ë¥ ®¡ê¥ªâë â¨¯� à¥«ìá®¢®© −¨â¨ ¨«¨ í«¥ªâà¨ç¥áª¨å ¯à®¢®¤®¢;
(2) ¨á¯®«ì§®¢�âì §�à�−¥¥ á®§¤�−−ë¥ ¯® ª®−áâàãªâ®àáª¨¬ ç¥àâ¥¦�¬ ¬®¤¥«¨ ®â-
¤¥«ì−ëå ®¡ê¥ªâ®¢ ˆ†’ (â�ª −�§ë¢�¥¬ë¥ ¡¨¡«¨®â¥ç−ë¥ ¯à¨¬¨â¨¢ë), −�¯à¨¬¥à
®¯®àë ª®−â�ªâ−®© á¥â¨, á¢¥â®ä®àë ¨ ¤àã£¨¥ ãáâà®©áâ¢�. ’®ç−®áâì ¢¥ªâ®à¨§�æ¨¨
á ¨á¯®«ì§®¢�−¨¥¬ ¡¨¡«¨®â¥ç−ëå ¯à¨¬¨â¨¢®¢ −� ¯®àï¤®ª ¢ëè¥; ªà®¬¥ íâ®£® ¯®¤
¨å à�ááâ�−®¢ªã à�§à�¡®â�−® ¤®áâ�â®ç−®¥ ª®«¨ç¥áâ¢® ãâ¨«¨â, ¯®§¢®«ïîé¨å ¤¥«�âì
íâ® ¯®«ã�¢â®¬�â¨ç¥áª¨¬ ®¡à�§®¬.

‘ãâì á«¥¤ãîé¥£®, ¯ïâ®£® íâ�¯� §�ª«îç�¥âáï ¢ ¤®¡�¢«¥−¨¨ á¥¬�−â¨ç¥áª®©
¨−ä®à¬�æ¨¨ ¯ãâ¥¬ ª®−¢¥àâ¨à®¢�−¨ï á®§¤�−−®© à�−¥¥ âà¥å¬¥à−®© ¬®¤¥«¨ ¢ ƒ�„
¨ −�¯®«−¥−¨¨ ¥¥ ®á−®¢−®© á¥¬�−â¨ç¥áª®© ¨−ä®à¬�æ¨¥© (�âà¨¡ãâ¨à®¢�−¨¥).

‡�¤�ç� −¥ âà¨¢¨�«ì−�, ¯®áª®«ìªã ¯®«−®â¥«ë¥ CAD-®¡ê¥ªâë, ª�ª ¯à�¢¨«®,
¯à¥¤áâ�¢«¥−ë á«®¦−ë¬¨ ¢−ãâà¥−−¨¬¨ áâàãªâãà�¬¨ â®© ¯à®£à�¬¬ë, ¢ ª®â®à®©

140 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017



ƒ¥®¨−ä®à¬�æ¨®−−ë© á¨−â¥§ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¨−äà�áâàãªâãàë ¦/¤ âà�−á¯®àâ�

®−¨ á®§¤�îâáï, ¨ ª®â®àë¥ úà�ááë¯�îâáïû −� ¯à®áâë¥ í«¥¬¥−âë (â¨¯� «¨−¨©
¨ ¯«®áª®áâ¥©) ¯à¨ íªá¯®àâ¥ ¨å ¢ «î¡ë¥ ƒˆ‘-¯à¨«®¦¥−¨ï. „«ï à¥è¥−¨ï íâ®©
§�¤�ç¨ ¯à¨¬¥−ï¥âáï á¯¥æ¨�«ì−®¥ �� ª®¬¯�−¨¨ Safe Software, ¯®§¢®«ïîé¥¥
¯à®¢®¤¨âì ¯®¤®¡−®£® à®¤� ®¯¥à�æ¨¨.

„«ï �âà¨¡ãâ¨à®¢�−¨ï ¨á¯®«ì§ã¥âáï ä®â®¨−ä®à¬�æ¨ï, á®¡¨à�¥¬�ï ¢® ¢à¥-
¬ï «�§¥à−®£® áª�−¨à®¢�−¨ï, � â�ª¦¥ ú¢ë£àã§ª¨û ¨§ á¯¥æ¨�«¨§¨à®¢�−−ëå ¡�§
£¥®¤�−−ëå. �®¬¨¬® íâ®£® ª�¦¤ë© ®¡ê¥ªâ, ¥á«¨ ®− ¯à¥¤áâ�¢«¥− ¢ ¢¨¤¥ 3D- ¨ â®-
ç¥ç−®£® (¨«¨ «¨−¥©−®£®) ¯à¨¬¨â¨¢�, −�¤¥«ï¥âáï ã−¨ª�«ì−ë¬ ¨¤¥−â¨ä¨ª�â®à®¬
¤«ï ãáâ�−®¢«¥−¨ï ®¤−®§−�ç−®© á¢ï§¨ ¬¥¦¤ã ãá«®¢−ë¬ áå¥¬�â¨ç¥áª¨¬ §−�ª®¬ −�
â®¯®¯«�−¥ ¨ ¥£® âà¥å¬¥à−ë¬ ®â®¡à�¦¥−¨¥¬.

�� ¯®á«¥¤−¥¬, è¥áâ®¬ íâ�¯¥ ¯à®¨§¢®¤¨âáï ¯®¤£®â®¢ª� ¤�−−ëå ¤«ï à�¡®âë
äã−ªæ¨®−�«ì−ëå ¯à¨«®¦¥−¨©.

6 Заключение

‚ ¯®á«¥¤−¨¥ £®¤ë á¨−â¥§ ¨−ä®à¬�æ¨¨ ¨§ ¬−®¦¥áâ¢� ¨áâ®ç−¨ª®¢ ¨ ¡�§ ¤�−-
−ëå ¢ à¥¦¨¬¥ à¥�«ì−®£® ¢à¥¬¥−¨ ¯à¨®¡à¥â�¥â ¢á¥ ¡®«ìè¥¥ §−�ç¥−¨¥, ¯®áª®«ìªã
¨¬¥¥â ¯à�ªâ¨ç¥áª®¥ §−�ç¥−¨¥ ¢® ¬−®£¨å ¯à¨ª«�¤−ëå ®¡«�áâïå. ’�ª ª�ª ¡®«ìè¨−-
áâ¢® ¤�âç¨ª®¢ ¬®£ãâ £¥−¥à¨à®¢�âì ¡®«ìè¨¥ ®¡ê¥¬ë £¥®¨−ä®à¬�æ¨¨ ¢ ª®à®âª¨¥
¯à®¬¥¦ãâª¨ ¢à¥¬¥−¨, á¨−â¥§ ¤�−−ëå, ¯®«ãç�¥¬ëå á ¨á¯®«ì§®¢�−¨¥¬ ¤�âç¨ª®¢,
âà¥¡ã¥â −®¢ëå ¬¥â®¤®¢ ®¯â¨¬¨§�æ¨¨ á®¢¬¥áâ−®© ®¡à�¡®âª¨ ¯®ª�§�−¨© ¤�âç¨ª®¢.
‚ à�¡®â¥ à�áá¬®âà¥−® ä®à¬�«¨§®¢�−−®¥ ¯à¥¤áâ�¢«¥−¨¥ â¥å−®«®£¨ç¥áª®© ¢®§¬®¦-
−®áâ¨ ¯®«ãç¥−¨ï £¥®¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå ¢ à�¬ª�å ¥¤¨−®© á¨áâ¥¬ë á¡®à�
£¥®¯à®áâà�−áâ¢¥−−®© ¨−ä®à¬�æ¨¨ ¤«ï �¢â®¬�â¨§�æ¨¨ ¬®−¨â®à¨−£� ˆ†’ ¢ ¢ë-
á®ª®â®ç−®¬ ª®®à¤¨−�â−®¬ ¯à®áâà�−áâ¢¥. ‚ ãá«®¢¨ïå ¯®¢ëè�îé¨åáï âà¥¡®¢�−¨©
ª ¤®áâã¯−®áâ¨ ¨ ®¯¥à�â¨¢−®áâ¨ £¥®¯à®áâà�−áâ¢¥−−®© ¨−ä®à¬�æ¨¨ ¬®¡¨«ì−®¥ «�-
§¥à−®¥ áª�−¨à®¢�−¨¥ ï¢«ï¥âáï −�¨¡®«¥¥ íää¥ªâ¨¢−ë¬ à¥è¥−¨¥¬ á®¢à¥¬¥−−ëå
â¥å−®«®£¨© á¡®à� ¨ ®¡à�¡®âª¨ £¥®¤�−−ëå ¤«ï á®§¤�−¨ï ª�àâ®£à�ä¨ç¥áª¨å ¬�â¥-
à¨�«®¢, ¯�á¯®àâ¨§�æ¨¨, ¬®−¨â®à¨−£� ¨ ä¨ªá�æ¨¨ á®áâ®ï−¨ï ¨−äà�áâàãªâãà−ëå
âà�−á¯®àâ−ëå ®¡ê¥ªâ®¢.

‚ ¯à®æ¥áá¥ à¥�«¨§�æ¨¨ ¯à®¥ªâ®¢ ¯® ¯à®¢¥àª¥ ä�ªâ¨ç¥áª®£® ¯®«®¦¥−¨ï ®¡ê¥ª-
â®¢ ¦/¤ ¨−äà�áâàãªâãàë ¡ë«� à�§à�¡®â�−� ¨ �¯à®¡¨à®¢�−� ã−¨ª�«ì−�ï áª¢®§−�ï
â¥å−®«®£¨ï áê¥¬ª¨ ¨ ®¡à�¡®âª¨ ¯à®áâà�−áâ¢¥−−ëå ¤�−−ëå, ¯®§¢®«ïîé�ï, á ®¤-
−®© áâ®à®−ë, ¬¨−¨¬¨§¨à®¢�âì §�âà�âë −� ®¡à�¡®âªã, � á ¤àã£®© | ¯®¢ëá¨âì
ª®−âà®«¨àã¥¬®áâì ¯à®æ¥áá� ¨ â®ç−®áâì á¨−â¥§� £¥®¤�−−ëå.
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Abstract: The paper considers a formalized representation of the technological
possibility of obtaining geospatial data within the framework of a single system
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Geoinformation fusion of spatial data of the railway transport infrastructure

for collecting geospatial information to automate the monitoring of the state of
the railway transport infrastructure in high-precision coordinate space. In the
face of increasing demands on the availability and efficiency of geospatial infor-
mation, mobile laser scanning is the most effective solution for modern geodata
collection and processing for the creation of cartographic materials, certification,
monitoring, and fixing the state of infrastructure transport facilities. In the
process of realizing projects to verify the actual location of the railway facili-
ties infrastructure, the authors have developed and tested a unique end-to-end
technology for surveying and processing spatial data, which, on the one hand,
minimizes processing costs, and, on the other hand, increases the process control
and accuracy of geodata base synthesis.

Keywords: monitoring of railway transport infrastructure; geospatial informa-
tion; mobile laser scanning
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ПАРАМЕТРИЧЕСКАЯ ИДЕНТИФИКАЦИЯ
МАТЕМАТИЧЕСКИХ МОДЕЛЕЙ ХИМИЧЕСКОЙ КИНЕТИКИ

О. Г. Кантор1, С. И. Спивак2, Р. Р. Талипова3

�−−®â�æ¨ï: ˆáá«¥¤ã¥âáï §�¤�ç� ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ª¨−¥â¨ç¥-
áª¨å ãà�¢−¥−¨© á«®¦−ëå å¨¬¨ç¥áª¨å à¥�ªæ¨© á ¤à®¡−®© ¯®¤�ç¥© ¢¥é¥áâ¢,
á¢®¤ïé¨åáï ª á¨áâ¥¬�¬ �¢â®−®¬−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© á ®á®¡ë¬¨
â®çª�¬¨. �¥¨§¢¥áâ−ë¬¨ ¢ ¨¤¥−â¨ä¨æ¨àã¥¬ëå ¬®¤¥«ïå ¢ëáâã¯�îâ ª®−áâ�−âë
áª®à®áâ¥© å¨¬¨ç¥áª¨å à¥�ªæ¨©. Œ¥â®¤®«®£¨ç¥áªãî ®á−®¢ã à�§à�¡®â�−−®-
£® ¬¥â®¤� ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨, ®á−®¢�−−®£® −� ¨á¯®«ì§®¢�−¨¨
¯à¥¤¥«ì−® ¤®¯ãáâ¨¬ëå ®æ¥−®ª ¯�à�¬¥âà®¢ ¬®¤¥«¥©, á®áâ�¢«ïîâ ¨¤¥¨ à�¢−®-
¬¥à−®£® ¯à¨¡«¨¦¥−¨ï íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå ¨ ¯®¤å®¤� ‹. ‚. Š�−â®à®-
¢¨ç� ª ¢ëï¢«¥−¨î ®¡«�áâ¥© à�á¯®«®¦¥−¨ï ¨áª®¬ëå ¨ −�¡«î¤�¥¬ëå ¢¥«¨ç¨−.
�à¥¤áâ�¢«¥−−®¥ ¬�â¥¬�â¨ç¥áª®¥ ¨ �«£®à¨â¬¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ ¯®§¢®«ï¥â
ãç¨âë¢�âì �¯à¨®à−ãî ¨−ä®à¬�æ¨î ® §−�ç¥−¨ïå ¨áª®¬ëå ¯�à�¬¥âà®¢, á¯¥æ¨-
ä¨ªã ¨áá«¥¤ã¥¬ëå à¥�ªæ¨© (¢ª«îç�ï ®£à�−¨ç¥−−ë© ®¡ê¥¬ ®¯ëâ−ëå ¤�−−ëå),
� â�ª¦¥ âà¥¡®¢�−¨ï, ¯à¥¤êï¢«ï¥¬ë¥ ª ª�ç¥áâ¢¥−−ë¬ å�à�ªâ¥à¨áâ¨ª�¬ ª¨-
−¥â¨ç¥áª¨å ¬®¤¥«¥©. �� ¯à¨¬¥à¥ à¥�«ì−ëå ®¯ëâ−ëå ¤�−−ëå ¯à¨¢¥¤¥−ë
à¥§ã«ìâ�âë �¯à®¡�æ¨¨ ¬¥â®¤�.

Š«îç¥¢ë¥ á«®¢�: ¯�à�¬¥âà¨ç¥áª�ï ¨¤¥−â¨ä¨ª�æ¨ï; ãà�¢−¥−¨ï å¨¬¨ç¥áª®©
ª¨−¥â¨ª¨; ¨−â¥à¢�«ë −¥®¯à¥¤¥«¥−−®áâ¨; ®¡«�áâì −¥®¯à¥¤¥«¥−−®áâ¨
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1 Введение

�¡é¨© ¢¨¤ ª¨−¥â¨ç¥áª®© ¬®¤¥«¨, ¢ë¯¨á�−−®© ¤«ï å¨¬¨ç¥áª®© à¥�ªæ¨¨
á ãç�áâ¨¥¬ ¤¢ãå ¢¥é¥áâ¢, ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤:

da1
dt
= w+1 − w−

1 = k
+
1 a

n+11
1 a

n+12
2 − k−1 a

n−

11

1 a
n−

12

2 ;

da2
dt
= w+2 − w−

2 = k
+
2 a

n+21
1 a

n+22
2 − k−2 a

n−

21

1 a
n−

22

2 .





(1)

‡¤¥áì ai | ª®−æ¥−âà�æ¨¨ ¢¥é¥áâ¢; w∗
i | áª®à®áâ¨ i-© å¨¬¨ç¥áª®© à¥�ªæ¨¨; k∗i |

ª®−áâ�−âë áª®à®áâ¥© i-© å¨¬¨ç¥áª®© à¥�ªæ¨¨; n∗ij | æ¥«ë¥ −¥®âà¨æ�â¥«ì−ë¥
ç¨á«�, −�§ë¢�¥¬ë¥ ¯®àï¤ª®¬ i-© å¨¬¨ç¥áª®© à¥�ªæ¨¨ ¯® j-¬ã ¢¥é¥áâ¢ã, i, j =
= 1, 2. ‡−�ª®¬ ú+û ®¡®§−�ç¥−ë í«¥¬¥−âë ¯¥à¢ëå á«�£�¥¬ëå ãà�¢−¥−¨©, ª®â®àë¥

1ˆ−áâ¨âãâ á®æ¨�«ì−®-íª®−®¬¨ç¥áª¨å ¨áá«¥¤®¢�−¨© “ä¨¬áª®£® −�ãç−®£® æ¥−âà� ÷®áá¨©áª®©
�ª�¤¥¬¨¨ −�ãª,o kantor@mail.ru

2��èª¨àáª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, semen.spivak@mail.ru
3ˆ−áâ¨âãâ −¥äâ¥å¨¬¨¨ ¨ ª�â�«¨§� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, £. “ä�, talipova.regina@inbox.ru
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å�à�ªâ¥à¨§ãîâ áª®à®áâì ®¡à�§®¢�−¨ï i-£® ¢¥é¥áâ¢�, � §−�ª®¬ ú−û | í«¥¬¥−âë
¢â®àëå á«�£�¥¬ëå, å�à�ªâ¥à¨§ãîé¨å áª®à®áâì ¥£® à�áå®¤®¢�−¨ï.

Š¨−¥â¨ç¥áª¨¥ ãà�¢−¥−¨ï (1) ®â−®áïâáï ª ª«�ááã ¬®¤¥«¥©, ®¯¨áë¢�¥¬ëå á¨á-
â¥¬�¬¨ �¢â®−®¬−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©. ‚ ª�ç¥áâ¢¥ ¨å ¯�à�¬¥âà®¢
¢ëáâã¯�îâ ª®−áâ�−âë áª®à®áâ¥© ¨ ¯®àï¤ª¨ å¨¬¨ç¥áª®© à¥�ªæ¨¨. ‚ á«ãç�¥
¨§¢¥áâ−®£® ¬¥å�−¨§¬� ¯à®â¥ª�−¨ï à¥�ªæ¨¨ ¯®àï¤ª¨ å¨¬¨ç¥áª®© à¥�ªæ¨¨ n∗ij
®¯à¥¤¥«ïîâáï ®¤−®§−�ç−® ¨ ¯®¤«¥¦�é¨¬¨ ®¯à¥¤¥«¥−¨î ¢ ¬®¤¥«¨ ®áâ�îâáï â®«ìª®
ª®−áâ�−âë áª®à®áâ¥© å¨¬¨ç¥áª¨å à¥�ªæ¨©.

‘¯¥æ¨ä¨ª�æ¨ï ª¨−¥â¨ç¥áª¨å ¬®¤¥«¥©, ª�ª ¯à�¢¨«®, −¥ ¯®§¢®«ï¥â ®áãé¥-
áâ¢«ïâì �−�«¨â¨ç¥áª®¥ à¥è¥−¨¥, ¢ á¨«ã ç¥£® ®¯à¥¤¥«¥−¨¥ ¨å â®ç−®£® ¢¨¤� −¥-
®¡å®¤¨¬® ®áãé¥áâ¢«ïâì á ¨á¯®«ì§®¢�−¨¥¬ ç¨á«¥−−ëå ¬¥â®¤®¢. ‚�¦−ë¬¨ ®á®-
¡¥−−®áâï¬¨ §�¤�ç å¨¬¨ç¥áª®© ª¨−¥â¨ª¨ ï¢«ïîâáï −¥®âà¨æ�â¥«ì−®áâì ª®−áâ�−â
áª®à®áâ¥© k∗i ¨ �¯à¨®à−�ï −¥â®ç−®áâì ¤�−−ëå, ¨áâ®ç−¨ª�¬¨ ª®â®à®© ¬®£ãâ ¢ë-
áâã¯�âì ª�ª ®è¨¡ª¨, ¢®§−¨ª�îé¨¥ ¯® à¥§ã«ìâ�â�¬ ¨§¬¥à¥−¨©, ®áãé¥áâ¢«ï¥¬ëå
¢ å®¤¥ íªá¯¥à¨¬¥−â®¢, â�ª ¨ ®è¨¡ª¨, ¯®ï¢«ïîé¨¥áï ¯à¨ −¥¯®áà¥¤áâ¢¥−−®© ®¡à�-
¡®âª¥ ¤�−−ëå.

„®¯®«−¨â¥«ì−ãî á«®¦−®áâì ¯à¨ ¨¤¥−â¨ä¨ª�æ¨¨ ¬®¤¥«¨ (1) ¬®£ãâ ¢−®á¨âì
á¯¥æ¨ä¨ç¥áª¨¥ à¥¦¨¬ë ¯à®¢¥¤¥−¨ï à¥�ªæ¨©. Š ç¨á«ã â�ª®¢ëå ®â−®á¨âáï à¥¦¨¬
¤à®¡−®© ¯®¤�ç¨, ¯®¤ ª®â®à®© ¯®−¨¬�¥âáï ¯®àæ¨®−−®¥ ¢¢¥¤¥−¨¥ −¥ª®â®àëå ¢¥é¥áâ¢
¢ ®¯à¥¤¥«¥−−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨. ˆá¯®«ì§®¢�−¨¥ ¤à®¡−ëå à¥¦¨¬®¢ ¯®¤�ç¨ ¢¥-
é¥áâ¢ ®¡ãá«®¢«¥−® ¨å ¢«¨ï−¨¥¬ −� íää¥ªâ¨¢−®áâì à¥�ªæ¨¨. ‚ ç�áâ−®áâ¨, íää¥ªâ
¬®¦¥â ¯à®ï¢«ïâìáï ¢ á®ªà�é¥−¨¨ à�áå®¤� ª�â�«¨§�â®à� ¨«¨ ®ª¨á«¨â¥«ï [1, 2].

��«¨ç¨¥ ¤à®¡−®£® à¥¦¨¬� ¯®¤�ç¨ ¢¥é¥áâ¢ ¯à¨¢®¤¨â ª â®¬ã, çâ® á®®â¢¥âáâ¢ã-
îé¨¥ §�¢¨á¨¬®áâ¨ ª®−æ¥−âà�æ¨© ®â ¢à¥¬¥−¨ ï¢«ïîâáï à�§àë¢−ë¬¨ äã−ªæ¨ï¬¨.
� íâ® ®§−�ç�¥â, çâ® á¨áâ¥¬� ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© (1) ¡ã¤¥â ¨¬¥âì
®á®¡ë¥ â®çª¨. ‚ ª®−â¥ªáâ¥ áª�§�−−®£® �ªâã�«ì−®áâì ¯à¨®¡à¥â�¥â à�§à�¡®âª� á¯¥-
æ¨ä¨ç¥áª¨å ¬¥â®¤®¢ ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥©
å¨¬¨ç¥áª®© ª¨−¥â¨ª¨.

‚ −�áâ®ïé¥© à�¡®â¥ ¯à¥¤«®¦¥− ¬¥â®¤ ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ª¨-
−¥â¨ç¥áª¨å ¬®¤¥«¥© à¥�ªæ¨© á ¤à®¡−®© ¯®¤�ç¥© ¢¥é¥áâ¢, ®á−®¢�−−ë© −� ¨á-
¯®«ì§®¢�−¨¨ ¯à¨−æ¨¯� à�¢−®¬¥à−®£® ¯à¨¡«¨¦¥−¨ï íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå
¨ ¯®¤å®¤¥ ‹. ‚. Š�−â®à®¢¨ç� ª ¢ëï¢«¥−¨î ®¡«�áâ¥© à�á¯®«®¦¥−¨ï ¨áª®¬ëå
¨ −�¡«î¤�¥¬ëå ¢¥«¨ç¨− [3]. �áãé¥áâ¢«¥−� �¯à®¡�æ¨ï ¬¥â®¤� −� ¯à¨¬¥à¥ à¥�ª-
æ¨¨ ¯®«ãç¥−¨ï 4-âà¥â-¡ãâ¨«¯¨à®ª�â¥å¨−� (4-’��Š) ¯à¨ ¯®¬®é¨ á¥«¥ªâ¨¢−®£®
®ª¨á«¥−¨ï 4-âà¥â-¡ãâ¨«ä¥−®«� (4-’�Š) à�áâ¢®à�¬¨ ¯¥à®ªá¨¤� ¢®¤®à®¤� ¢ ¯à¨-
áãâáâ¢¨¨ â¨â�−®á¨«¨ª�â−ëå ª�â�«¨§�â®à®¢ [2].

2 Концептуальный подход к решению задач параметрической
идентификации кинетических моделей

�ãáâì aÜËÓÐi |t ¨ aÒÁÓÞi |t (t = 1,m, i = 1, 2) | §−�ç¥−¨ï ª®−æ¥−âà�æ¨©, ¯®«ã-
ç¥−−ë¥ íªá¯¥à¨¬¥−â�«ì−® ¨ à�ááç¨â�−−ë¥ −� ®á−®¢¥ ¬®¤¥«¨ (1) á®®â¢¥âáâ¢¥−−®.
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��à�¬¥âà¨ç¥áª�ï ¨¤¥−â¨ä¨ª�æ¨ï ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© å¨¬¨ç¥áª®© ª¨−¥â¨ª¨

’®£¤� á®®â¢¥âáâ¢ãîé¨¥ −¥¢ï§ª¨ ¡ã¤ãâ ®¯à¥¤¥«ïâìáï ¢ëà�¦¥−¨¥¬ aÜËÓÐi |t−aÒÁÓÞi |t.
�¡á®«îâ−®¥ á®®â¢¥âáâ¢¨¥ à�áç¥â−ëå ¨ íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå, ª�ª ¯à�¢¨-
«®, −¥ ï¢«ï¥âáï ®¡ï§�â¥«ì−ë¬, ¨ ¢ ¡®«ìè¥© áâ¥¯¥−¨ ¨áá«¥¤®¢�â¥«ï ¨−â¥à¥áã¥â
¢ë¯®«−¥−¨¥ ¯à¨¥¬«¥¬®© â®ç−®áâ¨ ¬®¤¥«¨.

‘ãâì à�¢−®¬¥à−®£® ¯à¨¡«¨¦¥−¨ï íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå §�ª«îç�¥âáï
¢ â®¬, çâ®¡ë ¯®¤®¡à�âì ¯�à�¬¥âàë ¬®¤¥«¨ (1), ®¡¥á¯¥ç¨¢�îé¨¥ á¯à�¢¥¤«¨¢®áâì
−¥à�¢¥−áâ¢

|aÜËÓÐi |t − aÒÁÓÞi |t| ≤ ξ , t = 1,m , i = 1, 2 , (2)

£¤¥ ξ ≤ 0| �¡á®«îâ−�ï ¯®£à¥è−®áâì.
—¥¬ ¬¥−ìè¥ ¢¥«¨ç¨−� ξ, â¥¬, ®ç¥¢¨¤−®, ¡®«¥¥ â®ç−®© ï¢«ï¥âáï ¬®¤¥«ì (1).

‘ íâ¨å ¯®§¨æ¨© §�¤�ç� ®¯à¥¤¥«¥−¨ï ¬¨−¨¬�«ì−®£® §−�ç¥−¨ï ξ (¤�«¥¥ | ¯à¥¤¥«ì-
−®© �¡á®«îâ−®© ¯®£à¥è−®áâ¨ ξ∗) ¯à¨¬¥â ¢¨¤:

ξ → min ,
|aÜËÓÐi |t − aÒÁÓÞi |t| ≤ ξ , t = 1,m , 1 = 1, 2 ,

k1 ≥ 0 , k2 ≥ 0 , ξ ≥ 0 .

�®£à¥è−®áâì ξ∗ ¬®¦¥â ¯à¨−¨¬�âì á¢®¥ §−�ç¥−¨¥ −� −¥ª®â®à®¬ ¬−®¦¥áâ¢¥ §−�-
ç¥−¨© ª®−áâ�−â áª®à®áâ¥©, çâ® ®¡ãá«®¢«¨¢�¥â �ªâã�«ì−®áâì §�¤�ç¨ ®¯à¥¤¥«¥−¨ï
£à�−¨æ â�ª®£® ¬−®¦¥áâ¢�. ‚ ®¡é¥¬ á«ãç�¥ â�ª�ï §�¤�ç� −¥ ¬®¦¥â ¡ëâì à¥è¥-
−� �−�«¨â¨ç¥áª¨ ¨ âà¥¡ã¥â ¨á¯®«ì§®¢�−¨ï á¯¥æ¨�«ì−ëå ¬¥â®¤®¢ ¬®¤¥«¨à®¢�−¨ï
¨ ç¨á«¥−−ëå �«£®à¨â¬®¢.

ˆ−â¥à¥á ¢ ª®−â¥ªáâ¥ ®¯à¥¤¥«¥−¨ï £à�−¨æ ¬−®¦¥áâ¢� §−�ç¥−¨© ¯�à�¬¥âà®¢
¨¤¥−â¨ä¨æ¨àã¥¬®© §�¢¨á¨¬®áâ¨, ®¡¥á¯¥ç¨¢�îé¨å ¯®«ãç¥−¨¥ ¯à¥¤¥«ì−®© �¡á®-
«îâ−®© ¯®£à¥è−®áâ¨, ¯à¥¤áâ�¢«ï¥â ¯®¤å®¤, ®á−®¢®¯®«®¦−¨ª®¬ ª®â®à®£® ï¢«ï-
¥âáï ¢ë¤�îé¨©áï ãç¥−ë© ‹. ‚. Š�−â®à®¢¨ç, ¢¯¥à¢ë¥ ¢ëáª�§�¢è¨© ¢ á¢®¥©
à�¡®â¥ [3] ¨¤¥¨ ¯®«ãç¥−¨ï â®ç−ëå ¤¢ãáâ®à®−−¨å £à�−¨æ ¤«ï ¯�à�¬¥âà®¢ ¬®¤¥«¥©
¨ ®¡«�áâ¥© à�á¯®«®¦¥−¨ï ¨áª®¬ëå ¨ −�¡«î¤�¥¬ëå ¢¥«¨ç¨−. ‘®£«�á−® ¯®¤å®¤ã
‹. ‚. Š�−â®à®¢¨ç� ¢ë¯®«−¥−¨¥ ãá«®¢¨© (2) ®§−�ç�¥â, çâ® ¬®¤¥«ì (1) ®¯¨áë¢�-
¥â −�¡«î¤¥−¨ï ¢ ¯à¥¤¥«�å, ®¡ãá«®¢«¥−−ëå ¢¥«¨ç¨−®© ¯à¥¤¥«ì−® ¤®¯ãáâ¨¬®©
¯®£à¥è−®áâ¨ ¨§¬¥à¥−¨© ξ. �¯¨áë¢�ï á¢®© ¯®¤å®¤ ª ®¡à�¡®âª¥ −�¡«î¤¥−¨©,
‹. ‚. Š�−â®à®¢¨ç áç¨â�«, çâ® ¨áá«¥¤®¢�â¥«ì ¤®«¦¥− à�á¯®«�£�âì ¨−ä®à¬�æ¨¥©
® ¢¥«¨ç¨−¥ ξ, −�¯à¨¬¥à −� ®á−®¢�−¨¨ â¥å−¨ç¥áª¨å å�à�ªâ¥à¨áâ¨ª ¨á¯®«ì§ã¥¬ëå
¯à¨¡®à®¢. �¤−�ª® −¥ ¤«ï ¢á¥å §�¤�ç â�ª�ï ¨−ä®à¬�æ¨ï ï¢«ï¥âáï ¤®áâã¯−®© [4].

‚ æ¥«ïå ä®à¬�«¨§�æ¨¨ ¯®¤å®¤� ‹. ‚. Š�−â®à®¢¨ç� ®¯à¥¤¥«¨¬ ¯® ª�¦-
¤®© ¨§ ª®−áâ�−â áª®à®áâ¥© ¨−â¥à¢�« −¥®¯à¥¤¥«¥−−®áâ¨ ª�ª −¥ª®â®àë© ®âà¥§®ª[
kmini , kmaxi

]
, ¢�à¨�æ¨ï ¢−ãâà¨ ª®â®à®£® á®åà�−ï¥â á®¢¬¥áâ−®áâì á¨áâ¥¬ë −¥à�-

¢¥−áâ¢ (2). �ã¤¥¬ −�§ë¢�âì íâ¨ ®âà¥§ª¨ ¨−â¥à¢�«�¬¨ −¥®¯à¥¤¥«¥−−®áâ¥©, ¨å
¯àï¬®¥ ¯à®¨§¢¥¤¥−¨¥

[
kmin1 , kmax1

]
×
[
kmin2 , kmax2

]
| ®¡«�áâìî −¥®¯à¥¤¥«¥−−®áâ¥©

¨ ¯®áâ�¢¨¬ §�¤�çã ®¯à¥¤¥«¥−¨ï £à�−¨æ ¨−â¥à¢�«®¢ −¥®¯à¥¤¥«¥−−®áâ¥© ¯® ª�¦¤®©
¨§ ª®−áâ�−â, ¤«ï ®¡®§−�ç¥−¨ï ª®â®àëå ¡ã¤¥¬ ¨á¯®«ì§®¢�âì â¥à¬¨− ¯à¥¤¥«ì−®
¤®¯ãáâ¨¬ë¥ ®æ¥−ª¨.
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÷�áç¥â ¯à¥¤¥«ì−® ¤®¯ãáâ¨¬ëå ®æ¥−®ª ¡ã¤¥¬ ®áãé¥áâ¢«ïâì −� ®á−®¢¥ ¬®¤¥«¥©
á«¥¤ãîé¥£® ¢¨¤� [4, 5]:

ki → min(max) , i = 1, 2 , k1 ≥ 0 , k2 ≥ 0 ,
|aÜËÓÐi |t − aÒÁÓÞi |t| ≤ ξ∗ , t = 1,m , i = 1, 2 .

‡−�−¨¥ ¨−â¥à¢�«®¢ −¥®¯à¥¤¥«¥−−®áâ¥© ¯à¥¤®áâ�¢«ï¥â ¨áá«¥¤®¢�â¥«î ¢®§¬®¦-
−®áâì ¤«ï ¯à®¢¥¤¥−¨ï ç¨á«¥−−ëå íªá¯¥à¨¬¥−â®¢, −�¯à�¢«¥−−ëå −� �−�«¨§ ª�ç¥-
áâ¢¥−−ëå å�à�ªâ¥à¨áâ¨ª §�¢¨á¨¬®áâ¥© (1) ¨ ãâ®ç−¥−¨¥ £à�−¨æ ¬−®¦¥áâ¢� §−�ç¥−¨©
ª®−áâ�−â áª®à®áâ¥©, ®¡¥á¯¥ç¨¢�îé¨å ¨å ®¯â¨¬�«ì−ë¥ ¢¥«¨ç¨−ë.

3 Апробация метода

ˆáá«¥¤®¢�−−ë© ¯à®æ¥áá ¯®«ãç¥−¨ï 4-’��Š ï¢«ï¥âáï á«®¦−®© å¨¬¨ç¥áª®©
à¥�ªæ¨¥©, áâ¥å¨®¬¥âà¨ç¥áª¨¥ ãà�¢−¥−¨ï ª®â®à®© ¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:

C10H14O+H2O2 = C10H14O2 +H2O ;

2H2O2 = 2H2O+O2 .

}
(3)

ˆáå®¤ï ¨§ ãà�¢−¥−¨© (3), ¢ë¯¨áë¢�îâáï ª¨−¥â¨ç¥áª¨¥ ãà�¢−¥−¨ï:

da1
dt
= −k1a1a2 ;

da2
dt
= −k1a1a2 − 2k2a22 ,





(4)

£¤¥ a1 | ª®−æ¥−âà�æ¨ï 4-’�”; a2 | ª®−æ¥−âà�æ¨ï ¯¥à®ªá¨¤� ¢®¤®à®¤�; k1
¨ k2 | ª®−áâ�−âë áª®à®áâ¥© 1-© ¨ 2-© å¨¬¨ç¥áª¨å à¥�ªæ¨© á®®â¢¥âáâ¢¥−−®.

÷¥�ªæ¨ï ¨áá«¥¤®¢�«�áì ¢ ãá«®¢¨ïå ¤à®¡−®© ¯®¤�ç¨ ®ª¨á«¨â¥«ï, ®à£�−¨§®-
¢�−−®© á«¥¤ãîé¨¬ ®¡à�§®¬: ¯¥à®ªá¨¤ ¢®¤®à®¤� ¢¢®¤¨«áï ¢ à�áâ¢®à á ¬®¬¥−â�
−�ç�«� à¥�ªæ¨¨ âà¨¦¤ë á ¨−â¥à¢�«®¬ ¢ 20 ¬¨− ¯® 0,08 ¬®«ì/« (á¬. â�¡«¨æã1).
�à®¤®«¦¨â¥«ì−®áâì −�¡«î¤¥−¨© á®áâ�¢«ï«� 1 ç.

ˆ¤¥−â¨ä¨ª�æ¨ï ¬®¤¥«¨ (4) ®áãé¥áâ¢«ï«�áì ¢ ãá«®¢¨ïå ¬�«®£® ç¨á«� −�-
¡«î¤¥−¨© (−¥ áç¨â�ï −�ç�«ì−ëå, â�ª¨å −�¡«î¤¥−¨© ¢á¥£® ¯® âà¨ ¢ ª�¦¤®¬
®¯ëâ¥) ¨ ¯à¨ ®âáãâáâ¢¨¨ ¯à¥¤¢�à¨â¥«ì−®© ¨−ä®à¬�æ¨¨ ® ¤¨�¯�§®−�å §−�ç¥−¨©
ª®−áâ�−â k1 ¨ k2.

„«ï ¨¤¥−â¨ä¨ª�æ¨¨ ¬®¤¥«¨ (4) ¡ë«� à�§à�¡®â�−� ¢ëç¨á«¨â¥«ì−�ï ¯à®æ¥¤ãà�
(à¨á. 1), ¯® à¥§ã«ìâ�â�¬ ¢ë¯®«−¥−¨ï ª®â®à®© ä®à¬¨à®¢�«®áì ¨−ä®à¬�æ¨®−−®¥
¬−®¦¥áâ¢®, á®áâ®ïé¥¥ ¨§:

1„�−−ë¥ ¯®«ãç¥−ë ¢ «�¡®à�â®à¨¨ ¯à¨£®â®¢«¥−¨ï ª�â�«¨§�â®à®¢ ˆ−áâ¨âãâ� −¥äâ¥å¨¬¨¨ ¨ ª�-
â�«¨§� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª.
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�ªá¯¥à¨¬¥−â�«ì−ë¥ à¥�ªæ¨¨ ¯®«ãç¥−¨ï 4-’��Š

ü t, Œ®«ïà−ë¥ ª®−æ¥−âà�æ¨¨, ¬®«ì/«
®¯ëâ� ¬¨− 4-’�” �¥à®ªá¨¤ ¢®¤®à®¤� 4-’��Š

1

0 0,12 0,08 0
20 0,086 0,0200/0,1000 0,017
40 0,078 0,0232/0,1032 0,024
60 0,074 0,0248 0,027

2

0 0,12 0,08 0
20 0,089 0,0216/0,1016 0,016
40 0,082 0,0248/0,1048 0,022
60 0,077 0,0280 0,025

3

0 0,12 0,08 0
20 0,086 0,0208/0,1008 0,017
40 0,080 0,0248/0,1048 0,022
60 0,077 0,0272 0,025

‘à¥¤−¥¥
¯® âà¥¬
®¯ëâ�¬

0 0,12 0,08 0
20 0,087 0,0208/0,1008 0,017
40 0,080 0,0243/0,1043 0,023
60 0,076 0,0267 0,026

�à¨¬¥ç�−¨¥: ¦¨à−ë¬ èà¨äâ®¬ ¢ë¤¥«¥−ë ª®−æ¥−âà�æ¨¨ ¯¥à®ª-
á¨¤� ¢®¤®à®¤� ¯® ®ª®−ç�−¨¨ ¯à®æ¥¤ãàë ¤à®¡−®© ¯®¤�ç¨.

÷¨á. 1 ‘å¥¬� ¨¤¥−â¨ä¨ª�æ¨¨ ¬®¤¥«¨ (4)

{ −�¡®à®¢ §−�ç¥−¨© ª®−áâ�−â áª®à®áâ¥© å¨¬¨ç¥áª¨å à¥�ªæ¨© k1 ¨ k2;
{ à�áç¥â−ëå §−�ç¥−¨© ª®−æ¥−âà�æ¨© aÒÁÓÞ1 |t ¨ aÒÁÓÞ2 |t ¢ ¬®¬¥−âë ¢à¥¬¥−¨ t = 20,

40, 60;
{ §−�ç¥−¨© ª�ç¥áâ¢¥−−ëå å�à�ªâ¥à¨áâ¨ª.

‚ ª�ç¥áâ¢¥ ¨áå®¤−ëå ¤�−−ëå ¡ë«¨ ¯à¨−ïâë áà¥¤−¨¥ §−�ç¥−¨ï ¬®«ïà−ëå
ª®−æ¥−âà�æ¨© ¯® á®¢®ªã¯−®áâ¨ ¯à¥¤áâ�¢«¥−−ëå ®¯ëâ®¢ (á¬. â�¡«¨æã). „¨�¯�-
§®−ë §−�ç¥−¨© ª®−áâ�−â

[
kmini , kmaxi

]
, i = 1, 2, −� ¯¥à¢®© ¨â¥à�æ¨¨ §�¤�¢�«¨áì

¯à®¨§¢®«ì−®. ‚ ¤�«ì−¥©è¥¬ ¯à®¢®¤¨«�áì ¨å ª®àà¥ªâ¨à®¢ª�.
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Šà¨â¥à¨© ª�ç¥áâ¢� ¬®¤¥«¨ (4) ¡ë« áä®à¬¨à®¢�− ¨§ ¤¢ãå ª®¬¯®−¥−â:

(1) ¯¥à¢�ï ¢ëà�¦�«�áì áà¥¤−¨¬¨ ¯®£à¥è−®áâï¬¨ �¯¯à®ªá¨¬�æ¨¨ ¯® ª�¦¤®¬ã
ª¨−¥â¨ç¥áª®¬ã ãà�¢−¥−¨î:

Ai =
1

3

∑

t=20,40,60

∣∣∣∣∣
aÒÁÓÞi |t − aÜËÓÐi |t

a
ÜËÓÐ|t
i

∣∣∣∣∣ · 100% , i = 1, 2 ; (5)

(2) ¢â®à�ï | ¬®¤ã«¥¬ ¢¥ªâ®à� áà¥¤−¨å ¯®£à¥è−®áâ¥© �¯¯à®ªá¨¬�æ¨¨:
√(

A1
)2
+
(
A2
)2
. (6)

�ç¥¢¨¤−®, çâ® ç¥¬ ¬¥−ìè¥ §−�ç¥−¨¥ ªà¨â¥à¨¥¢ (5) ¨ (6), â¥¬ ¡®«¥¥ â®ç−ë¬
á«¥¤ã¥â áç¨â�âì ¯®«ãç¥−−ë¥ à�áç¥â−ë¥ §−�ç¥−¨ï ¨ â¥¬ ¯à¥¤¯®çâ¨â¥«ì−¥¥ á®®â¢¥â-
áâ¢ãîé¨© −�¡®à §−�ç¥−¨© ª®−áâ�−â k1 ¨ k2. �à¥¤¥«ì−® ¤®¯ãáâ¨¬ë¥ ®æ¥−ª¨ ¤«ï k1
¨ k2 à�ááç¨âë¢�«¨áì −� ®á−®¢¥ ¬¨−¨¬�«ì−ëå ¨ ¬�ªá¨¬�«ì−ëå §−�ç¥−¨© á®®â¢¥â-
áâ¢ãîé¨å ª®−áâ�−â, ®¡¥á¯¥ç¨¢�îé¨å §�¤�−−ë¥ ãà®¢−¨ â®ç−®áâ¨ �¯¯à®ªá¨¬�æ¨¨
íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå. (��¡®à §−�ç¥−¨© ª®−áâ�−â áç¨â�«áï ®â¢¥ç�îé¨¬
ª�ç¥áâ¢¥−−ë¬ âà¥¡®¢�−¨ï¬, ¥á«¨ áà¥¤−¨¥ ¯®£à¥è−®áâ¨ �¯¯à®ªá¨¬�æ¨¨ ¯® ª�¦-
¤®¬ã ãà�¢−¥−¨î −¥ ¯à¥¢ëè�«¨ §�¤�−−ëå ¯®à®£®¢ëå §−�ç¥−¨© A

∗
1 ¨ A

∗
2.) ��

¨å ®á−®¢¥ ä®à¬¨à®¢�«¨áì ¨−â¥à¢�«ë −¥®¯à¥¤¥«¥−−®áâ¥©, ®¡«�áâì −¥®¯à¥¤¥«¥−-
−®áâ¨ ¬®¤¥«¨ (4) ¨ ãâ®ç−ï«¨áì £à�−¨æë ¬−®¦¥áâ¢� §−�ç¥−¨© ª®−áâ�−â áª®à®áâ¥©,
®¡¥á¯¥ç¨¢�îé¨å ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ªà¨â¥à¨ï (5).

ˆ¤¥−â¨ä¨ª�æ¨ï ¬®¤¥«¨ (4) §�¢¥àè�«�áì ¢ë¡®à®¬ −�¡®à� k∗1 ¨ k∗2 ¨§ ¯®-
«ãç¥−−®© ®¡«�áâ¨ ®¯â¨¬�«ì−ëå §−�ç¥−¨© ª®−áâ�−â áª®à®áâ¥© ¢ á®®â¢¥âáâ¢¨¨
á ¬¨−¨¬�«ì−ë¬ §−�ç¥−¨¥¬ ªà¨â¥à¨ï (6) ¨«¨ ¢ á®®â¢¥âáâ¢¨¨ á ¯à¥¤¯®çâ¥−¨ï-
¬¨ ¨áá«¥¤®¢�â¥«ï ¢ â®¬ á«ãç�¥, ¥á«¨ ¬¨−¨¬ã¬ ªà¨â¥à¨ï (6) ¤®áâ¨£�«áï −¥ −�
¥¤¨−áâ¢¥−−®¬ −�¡®à¥ §−�ç¥−¨© ª®−áâ�−â áª®à®áâ¥© à¥�ªæ¨¨ k1 ¨ k2.

4 Обсуждение результатов

�¥¯®áà¥¤áâ¢¥−−ë¥ à�áç¥âë ¯à®¢®¤¨«¨áì á ¯®¬®éìî ¯à®£à�¬¬ë, −�¯¨á�−−®©
−� ï§ëª¥ Java.

‚ ª�ç¥áâ¢¥ ¬¥â®¤� ç¨á«¥−−®£® à¥è¥−¨ï á¨áâ¥¬ë (4) ¡ë« ¢ë¡à�− ¬¥â®¤ ÷ã−£¥{
Šãââë 4-£® ¯®àï¤ª�. …á«¨ à�áç¥â−ë¥ §−�ç¥−¨ï aÒÁÓÞ1 |t ¨ aÒÁÓÞ2 |t ¢ «î¡®© ¬®¬¥−â
¢à¥¬¥−¨ ®ª�§ë¢�«¨áì ®âà¨æ�â¥«ì−ë¬¨, â® á®®â¢¥âáâ¢ãîé¨© í«¥¬¥−â ¨−ä®à¬�-
æ¨®−−®£® ¬−®¦¥áâ¢� −¥ ä®à¬¨à®¢�«áï.

�ë«� ¯à®¢¥¤¥−� á¥à¨ï ç¨á«¥−−ëå íªá¯¥à¨¬¥−â®¢, ®â«¨ç�îé¨åáï ¨−â¥à¢�«�-
¬¨ §�¤�−¨ï −�ç�«ì−ëå ¤¨�¯�§®−®¢ ¢�à¨�æ¨¨ ª®−áâ�−â áª®à®áâ¥©. �� ¯®á«¥¤−¥©
¨â¥à�æ¨¨ ¡ë«® ¯®«ãç¥−®:

[
kmin1 , kmax1

]
= [0,13, 0,27] ;

[
kmin2 , kmax2

]
= [0,42, 0,70] .
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��à�¬¥âà¨ç¥áª�ï ¨¤¥−â¨ä¨ª�æ¨ï ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© å¨¬¨ç¥áª®© ª¨−¥â¨ª¨

÷¨á. 2 ƒà�ä¨ç¥áª�ï ¨−â¥à¯à¥â�æ¨ï à¥§ã«ìâ�â®¢ ¨¤¥−â¨ä¨ª�æ¨¨ ¬®¤¥«¨ (4): 1 |
£à�−¨æë −�ç�«ì−®£® ¯à¨¡«¨¦¥−¨ï; 2 | £à�−¨æë ¬−®¦¥áâ¢� −¥®¯à¥¤¥«¥−−®áâ¥©

Š�¦¤ë© ¨§ ¯à¨¢¥¤¥−−ëå ¨−â¥à¢�«®¢ §−�ç¥−¨© à�§¡¨¢�«áï −� 1000 à�¢−ëå ®âà¥§-
ª®¢, £à�−¨æë ª®â®àëå ¨ ä®à¬¨à®¢�«¨ ¤¨áªà¥â−ãî á¥âªã §−�ç¥−¨© ª®−áâ�−â k1
¨ k2. “à®¢¥−ì ¯®à®£®¢ëå §−�ç¥−¨© ¤«ï áà¥¤−¨å ¯®£à¥è−®áâ¥© �¯¯à®ªá¨¬�æ¨¨
¡ë« ®¯à¥¤¥«¥− ¢ 12%.

�® à¥§ã«ìâ�â�¬ à�áç¥â®¢ ¡ë«® áä®à¬¨à®¢�−® ¨−ä®à¬�æ¨®−−®¥ ¬−®¦¥áâ¢®,
á®áâ®ïé¥¥ ¨§ 10 201 −�¡®à�. Š®«¨ç¥áâ¢® −�¡®à®¢ §−�ç¥−¨© ª®−áâ�−â, ¤«ï ª®â®-
àëå A1 ≤ 12% ¨ A2 ≤ 12%, á®áâ�¢¨«® 4 286. ˆ¬¥−−® íâ¨ −�¡®àë ®¡¥á¯¥ç¨«¨
¢ë¯®«−¥−¨¥ ¯¥à¢®© ª®¬¯®−¥−âë ªà¨â¥à¨ï ª�ç¥áâ¢�. �� ®á−®¢�−¨¨ ¨å �−�«¨-
§� ¡ë«¨ à�ááç¨â�−ë ¯à¥¤¥«ì−® ¤®¯ãáâ¨¬ë¥ ®æ¥−ª¨ ª®−áâ�−â k1 ¨ k2, ª®â®àë¥
¯®§¢®«¨«¨ áä®à¬¨à®¢�âì á®®â¢¥âáâ¢ãîé¨¥ ¨−â¥à¢�«ë −¥®¯à¥¤¥«¥−−®áâ¥© (k1 ∈
∈ [0,151, 0,267], k2 ∈ [0,451, 0,689]), ¯®áâà®¨âì ¬−®¦¥áâ¢® −¥®¯à¥¤¥«¥−−®áâ¥©
¨ ¬−®¦¥áâ¢® ª®−áâ�−â, ®¡¥á¯¥ç¨¢�îé¨å §�¤�−−ë© ãà®¢¥−ì â®ç−®áâ¨ �¯¯à®ªá¨¬�-
æ¨¨ ¯® ª�¦¤®¬ã ãà�¢−¥−¨î ¬®¤¥«¨ (4) (à¨á. 2).

‡−�ç¥−¨ï áà¥¤−¨å ¯®£à¥è−®áâ¥© �¯¯à®ªá¨¬�æ¨¨ −� ¬−®¦¥áâ¢¥ §−�ç¥−¨© ª®−-
áâ�−â, ®¡¥á¯¥ç¨¢�îé¨å §�¤�−−ë© ãà®¢¥−ì ªà¨â¥à¨ï (5), ¢�àì¨à®¢�«¨áì ¢ á«¥¤ã-
îé¨å ¤¨�¯�§®−�å:

A1 ∈ [10,25, 12,00] ; A2 = [0,63, 11,99] .

Œ¨−¨¬�«ì−®¥ §−�ç¥−¨¥ ªà¨â¥à¨ï (6) | ¢â®à®© ª®¬¯®−¥−âë ªà¨â¥à¨ï ª�ç¥-
áâ¢� | á®áâ�¢¨«® 10,42% (¯à¨ A1 = 10,39% ¨ A2 = 0,87%). …¬ã á®®â¢¥âáâ¢®¢�«
¥¤¨−áâ¢¥−−ë© í«¥¬¥−â ¨−ä®à¬�æ¨®−−®£® ¬−®¦¥áâ¢� á® á«¥¤ãîé¨¬¨ §−�ç¥−¨ï¬¨
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ª®−áâ�−â áª®à®áâ¥©: k∗1 = 0,233; k
∗
2 = 0,535. ˆ¬¥−−® íâ¨ §−�ç¥−¨ï ®¯à¥¤¥«¨«¨

â®ç−ë© ¢¨¤ ª¨−¥â¨ç¥áª®© ¬®¤¥«¨ (4).

5 Заключение

‚ à�§¢¨â¨¥ ¯®¤å®¤� ‹. ‚. Š�−â®à®¢¨ç� ª ®¯à¥¤¥«¥−¨î ®¡«�áâ¥© à�á¯®«®¦¥-
−¨ï ¨áª®¬ëå ¢¥«¨ç¨− à�§à�¡®â�− ¬¥â®¤ ¯�à�¬¥âà¨ç¥áª®© ¨¤¥−â¨ä¨ª�æ¨¨ ª¨−¥-
â¨ç¥áª¨å ¬®¤¥«¥© á«®¦−ëå å¨¬¨ç¥áª¨å à¥�ªæ¨©. …£® ¯à¨¬¥−¥−¨¥ ®¡¥á¯¥ç¨¢�¥â
®¯à¥¤¥«¥−¨¥ ¬−®¦¥áâ¢� §−�ç¥−¨© ª®−áâ�−â áª®à®áâ¥© à¥�ªæ¨¨, £�à�−â¨àãîé¨å
¤®áâ¨¦¥−¨¥ §�¤�−−ëå ª�ç¥áâ¢¥−−ëå å�à�ªâ¥à¨áâ¨ª ¬�â¥¬�â¨ç¥áª®£® ®¯¨á�−¨ï
®¯ëâ−ëå ¤�−−ëå.

�à¨¢¥¤¥−ë à¥§ã«ìâ�âë �¯à®¡�æ¨¨ ¬¥â®¤� ¯à¨ ¯®áâà®¥−¨¨ ª¨−¥â¨ç¥áª®© ¬®-
¤¥«¨ à¥�ªæ¨¨ ¯®«ãç¥−¨ï 4-’��Š ¢ ãá«®¢¨ïå ¤à®¡−®© ¯®¤�ç¨ ®ª¨á«¨â¥«ï. „«ï
ª�¦¤®© ¨§ ®æ¥−¨¢�¥¬ëå ª®−áâ�−â áª®à®áâ¥© å¨¬¨ç¥áª®© à¥�ªæ¨¨ ¡ë«¨ à�ááç¨-
â�−ë ¨−â¥à¢�«ë −¥®¯à¥¤¥«¥−−®áâ¥©, −� ®á−®¢�−¨¨ ¨áá«¥¤®¢�−¨ï ª®â®àëå ¯à¨
¯®¬®é¨ á¯¥æ¨�«ì−® ®à£�−¨§®¢�−−®£® ¢ëç¨á«¨â¥«ì−®£® íªá¯¥à¨¬¥−â� ¡ë« ®¯à¥-
¤¥«¥− â®ç−ë© ¢¨¤ ª¨−¥â¨ç¥áª®© ¬®¤¥«¨. �®áâà®¥−−�ï ¬®¤¥«ì å�à�ªâ¥à¨§ã¥âáï
¢ëá®ª®© â®ç−®áâìî ®¯¨á�−¨ï ®¯ëâ−ëå ¤�−−ëå: áà¥¤−ïï ¯®£à¥è−®áâì �¯¯à®ªá¨-
¬�æ¨¨ á®áâ�¢¨«� 10,4% ¯® ¯¥à¢®¬ã ãà�¢−¥−¨î ¨ 0,9% | ¯® ¢â®à®¬ã.

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¬®£ãâ á®áâ�¢¨âì ®á−®¢ã ¤«ï ¤�«ì−¥©è¨å ç¨á«¥−−ëå
íªá¯¥à¨¬¥−â®¢, −�¯à¨¬¥à, ¨¬¥îé¨å æ¥«ìî ®¯à¥¤¥«¥−¨¥ ®¯â¨¬�«ì−®£® à¥¦¨¬�
¯®¤�ç¨ ®ª¨á«¨â¥«ï, ®¡¥á¯¥ç¨¢�îé¥£® ¬�ªá¨¬ã¬ ¢ëå®¤� à¥§ã«ìâ¨àãîé¥£® ¯à®-
¤ãªâ�.
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Parametric identification of mathematical models of chemical kinetics
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Abstract: The problem of parametric identification of the complex chemical
reactions' kinetic equations with fractional delivery of substances is investigated.
Such equations are reduced to systems of autonomous differential equations with
singular points. The constants of chemical reactions in the identifiable models
are unknown. The description of the developed parametric identification method
is given. It is based on the use of the maximum permissible estimates of model
parameters. The idea of the uniform approximation of experimental data and
the approach of L. V. Kantorovich to the identification of sets of location of the
sought and observed quantities form the methodological basis of the parametric
identification method. The presented mathematical and algorithmic support
allows taking into account a priori information about the values of the sought
parameters, the specificity of the investigated reactions, and the requirements for
qualitative characteristics of the kinetic models. The results of approbation of
the method are presented by an example of real experimental data.
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ИНФОРМАЦИОННО-ВЫЧИСЛИТЕЛЬНАЯ АНАЛИТИЧЕСКАЯ
СИСТЕМА ДЛЯ ОЦЕНКИ И ПРОГНОЗИРОВАНИЯ

КОРРОЗИОННЫХ ПРОЦЕССОВ НА ПОВЕРХНОСТИ
СТАЛИ И АЛЮМИНИЯ
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1 Введение

Š®àà®§¨®−−®¥ à�§àãè¥−¨¥ ¬¥â�««� | ®¤−� ¨§ áãé¥áâ¢¥−−ëå ¯à¨ç¨− á−¨-
¦¥−¨ï ¤®«£®¢¥ç−®áâ¨ ¨ ¯®â¥à¨ à�¡®â®á¯®á®¡−®áâ¨ ¬¥â�««¨ç¥áª¨å ª®−áâàãªæ¨©.
�®«¥¥ ¢á¥£® ®â ª®àà®§¨¨ áâà�¤�îâ ¦¥«¥§® ¨ ¥£® á¯«�¢ë, � â�ª¦¥ �«î¬¨−¨©.
Œ¥â�««¨ç¥áª¨¥ ª®−áâàãªæ¨¨ ¯®¤¢¥à¦¥−ë, ¢ ®á−®¢−®¬, í«¥ªâà®å¨¬¨ç¥áª®© ª®à-
à®§¨¨, ¢®§−¨ª�îé¥© ¯à¨ á®¯à¨ª®á−®¢¥−¨¨ ¬¥â�««®¢ á í«¥ªâà®«¨â�¬¨. ‚ëï¢«¥−¨¥
¯®¢à¥¦¤¥−¨© −� à�−−¨å áâ�¤¨ïå ¨«¨ ¯à¥¤¯®áë«®ª ª −¨¬ (¤¨�£−®áâ¨ª�), � â�ª-
¦¥ ¯à¥¤¢¨¤¥−¨¥ ¨å à�§¢¨â¨ï (¯à®£−®§¨à®¢�−¨¥) ¯®§¢®«ïîâ ¯à�¢¨«ì−® ®æ¥−¨¢�âì
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ãá«®¢¨ï íªá¯«ã�â�æ¨¨ �¯¯�à�â®¢, ¬�è¨− ¨ ®¡®àã¤®¢�−¨ï, ®¯à¥¤¥«ïâì íää¥ªâ¨¢-
−®áâì ¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ ¨ áà¥¤áâ¢ §�é¨âë, � â�ª¦¥ ¯à¨−¨¬�âì à¥è¥−¨¥ ®¡ ¨å
á®¢¥àè¥−áâ¢®¢�−¨¨.

‹�¡®à�â®à¨ï ª®àà®§¨¨ ¬¥â�««®¢ ¢ ¯à¨à®¤−ëå ãá«®¢¨ïå ˆ−áâ¨âãâ� ä¨§¨ç¥-
áª®© å¨¬¨¨ ¨ í«¥ªâà®å¨¬¨¨ ¨¬. �. �. ”àã¬ª¨−� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
á¯¥æ¨�«¨§¨àã¥âáï −� ¨§ãç¥−¨¨ ª®àà®§¨¨ à�§«¨ç−ëå ¬¥â�««®¢ ¢ ¥áâ¥áâ¢¥−−ëå
áà¥¤�å. ˆ¬¥¥âáï ®£à®¬−ë© ®¯ëâ ¢ ¨áá«¥¤®¢�−¨¨ ¬¥å�−¨§¬� «®ª�«ì−®© ¨ à�¢−®-
¬¥à−®© ª®àà®§¨¨ ¬¥â�««®¢ á ¨á¯®«ì§®¢�−¨¥¬ ¬�â¥¬�â¨ç¥áª¨å ¨ áâ�â¨áâ¨ç¥áª¨å
¬¥â®¤®¢ ¤«ï ®¯¨á�−¨ï á«®¦−ëå ¯à®æ¥áá®¢.

Œ¥â®¤ë ¨áá«¥¤®¢�−¨ï ¯® á¯®á®¡ã ®æ¥−ª¨ ª®àà®§¨¨ ¬¥â�««®¢ ¯®¤à�§¤¥«ïîâáï
−� ª®«¨ç¥áâ¢¥−−ë¥ ¨ ª�ç¥áâ¢¥−−ë¥. ‘ãé¥áâ¢¥−−ë¬ −¥¤®áâ�âª®¬ ª®«¨ç¥áâ¢¥−−ëå
¯®¤å®¤®¢ ï¢«ï¥âáï ®â−®á¨â¥«ì−�ï âàã¤®¥¬ª®áâì ¯à®¢¥¤¥−¨ï �−�«¨§� ¨ −¥¢®§¬®¦-
−®áâì ¯à¨¬¥−¨âì íâ¨ ¬¥â®¤ë ¢−¥ «�¡®à�â®à−ëå ãá«®¢¨©. Š�ç¥áâ¢¥−−ë¥ ¬¥â®¤ë
¨á¯ëâ�−¨ï −¥ ¤�îâ ¯®«−®© å�à�ªâ¥à¨áâ¨ª¨ áâ®©ª®áâ¨ ¬¥â�««®¢, §�â® ¯®§¢®«ïîâ
ãáâ�−®¢¨âì ¨−â¥−á¨¢−®áâì ª®àà®§¨®−−®£® ¯à®æ¥áá� ¨ ¥£® å�à�ªâ¥à. Š ª�ç¥áâ¢¥−-
−ë¬ ¬¥â®¤�¬ ®â−®áïâáï ¢¨§ã�«ì−ë¥ −�¡«î¤¥−¨ï ¢−¥è−¥£® ¢¨¤� ®¡à�§æ� ¬¥â�««�
¨ −�¡«î¤¥−¨ï §� ¨§¬¥−¥−¨ï¬¨ ¢ à�áâ¢®à¥. �à¨ ¢á¥å ¯à¥¨¬ãé¥áâ¢�å ¢¨§ã�«ì−ëå
¬¥â®¤®¢ ¢á¥ ®−¨ ¨¬¥îâ áãé¥áâ¢¥−−ë© −¥¤®áâ�â®ª | âàã¤−®áâì ¢ −�¡«î¤¥−¨¨
¨ ®¯¨á�−¨¨ ¨§¬¥−¥−¨© ¨−â¥à¥áãîé¥£® ®¡à�§æ� ¬¥â�««� ¢ ª®àà®§¨®−−®¬ à�áâ¢®à¥.

�à¨ ®æ¥−ª¥ ª®àà®§¨¨ ¯® ä®â®£à�ä¨¨ −�¨¡®«ìè¥¥ à�á¯à®áâà�−¥−¨¥ ¯®«ãç¨«
â�ª −�§ë¢�¥¬ë© ¬¥â®¤ á¥â®ª. Œ¥â®¤ §�ª«îç�¥âáï ¢ ¢¨§ã�«ì−®¬ ®¯à¥¤¥«¥−¨¨
¢¨¤� ª®àà®§¨®−−ëå ¯®à�¦¥−¨© ®¡à�§æ®¢ á ¯®á«¥¤ãîé¨¬ ¨§¬¥à¥−¨¥¬ ¯«®é�¤¨,
§�−ïâ®© íâ¨¬¨ ¯®à�¦¥−¨ï¬¨. �¤−�ª®, ¨á¯®«ì§ãï ¬¥â®¤ á¥â®ª, âàã¤−® ®¯¨á�âì
á«®¦−ãî ¨ −¥à¥£ã«ïà−ãî áâàãªâãàã, −�¯à¨¬¥à ª®àà®§¨®−−®© âà¥é¨−ë. �¤−¨¬
¨§ íää¥ªâ¨¢−ëå ¯ãâ¥© à¥è¥−¨ï ¤�−−®© ¯à®¡«¥¬ë ï¢«ï¥âáï ¨á¯®«ì§®¢�−¨¥ äà�ª-
â�«®¢, ª®â®àë¥ ¢¯¥à¢ë¥ ¡ë«¨ ¯à¥¤«®¦¥−ë Œ�−¤¥«ì¡à®â®¬ ¢ 1982 £. [1]. �®«ìè�ï
ç�áâì à�¡®â, á¢ï§�−−ëå á ®¡−�àã¦¥−¨¥¬ ª®àà®§¨®−−ëå íää¥ªâ®¢, ®á−®¢�−−ëå
−� ¬¥â®¤�å ª®¬¯ìîâ¥à−®£® §à¥−¨ï, �−�«¨§¨àã¥â âà¥é¨−ë ¨ ¢ −¥ª®â®à®© áâ¥¯¥−¨
¯¨ââ¨−£¨. Œ−®£¨¥ ¨§ íâ¨å ¨§ëáª�−¨© ãá¯¥è−® à¥è¨«¨ §�¤�çã �¢â®¬�â¨§�æ¨¨ ®¡-
−�àã¦¥−¨ï ¨ ¨§¬¥à¥−¨ï ¤¥ä¥ªâ®¢. �®«ìè¥ ¨áá«¥¤®¢�−¨© ¤®«¦−® ¡ëâì ¯à®¢¥¤¥−®,
çâ®¡ë ã«ãçè¨âì ¬¥â®¤ë, ¨á¯®«ì§ã¥¬ë¥ ¤«ï �¢â®¬�â¨ç¥áª®© ®æ¥−ª¨, ¯®áª®«ìªã
®−¨ ¢ −�áâ®ïé¥¥ ¢à¥¬ï ®á−®¢�−ë −� −¥áª®«ìª¨å ¯à¥¤¯®«®¦¥−¨ïå. ��¯à¨¬¥à, ¨á-
¯®«ì§ãï ¬¥â®¤ë äà�ªâ�«ì−®© £¥®¬¥âà¨¨ ¨«¨ «î¡ë¥ ¤àã£¨¥ ¤«ï �−�«¨§� ª®àà®§¨-
®−−®£® ¯à®æ¥áá� [2], ¨áá«¥¤®¢�â¥«¨ −¥ ãç¨âë¢�îâ â®â ä�ªâ, çâ® ¤«ï íää¥ªâ¨¢−®£®
¯à¨¬¥−¥−¨ï ¬¥â®¤®¢ �−�«¨§� á�¬® ¨§®¡à�¦¥−¨¥ ¯à¥¤¢�à¨â¥«ì−® −ã¦¤�¥âáï ¢ ®¡-
à�¡®âª¥ ¤«ï ¯®¤�¢«¥−¨ï ¯®¬¥å. �¡¤¥«ì-Ší¤¥à á á®�¢â. [3] áà�¢−¨«¨ à�§«¨ç−ë¥
�«£®à¨â¬ë ®¡−�àã¦¥−¨ï £à�−¨æ ¨ ¢ëï¢¨«¨, çâ® −�¨¡®«¥¥ íää¥ªâ¨¢−ë¬ ¤«ï ®¡-
−�àã¦¥−¨ï âà¥é¨− ï¢«ï¥âáï ¬¥â®¤ •��à�. �¤−�ª® −� §�èã¬«¥−−ëå ¤�−−ëå íâ®â
¬¥â®¤, áª®à¥¥ ¢á¥£®, ®ª�¦¥âáï −¥íää¥ªâ¨¢−ë¬, â�ª ¦¥ ª�ª ¨ ¬¥â®¤ë, ®á−®¢�−−ë¥
−� ¬®àä®«®£¨ç¥áª¨å ®¯¥à�æ¨ïå [4]. ‚ à�¡®â¥ [5] ¨á¯®«ì§ã¥âáï ¬¥â®¤ £«�¢−ëå
ª®¬¯®−¥−â ¤«ï ¯®¨áª� âà¥é¨− −� ¯®¢¥àå−®áâ¨ ¬®áâ�. ‚ íâ®¬ á«ãç�¥ â®ç−®áâì
�−�«¨§� §�¢¨á¨â ®â ¯®«®¦¥−¨ï ª�¬¥àë. �à�á�−−� á á®�¢â. [6] ¨á¯®«ì§®¢�«¨ ¬¥â®¤
�−�«¨§� £¨áâ®£à�¬¬ ¨ SVM (support vector machine) ¤«ï ¯à®¢¥¤¥−¨ï ®¯¥à�æ¨¨

156 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017



ˆ−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−�ï �−�«¨â¨ç¥áª�ï á¨áâ¥¬� ¤«ï ®æ¥−ª¨ ¨ ¯à®£−®§¨à®¢�−¨ï

ª«�áá¨ä¨ª�æ¨¨ á æ¥«ìî ®¡−�àã¦¥−¨ï âà¥é¨−ë. ÷¥§ã«ìâ�âë à�¡®âë �«£®à¨â¬� −�
à¥�«ì−ëå ¤�−−ëå ãª�§�«¨ −� −¥®¡å®¤¨¬®áâì ã¢¥«¨ç¥−¨ï â®ç−®áâ¨ ®¡−�àã¦¥−¨ï
âà¥é¨−ë. ’¥¬ −¥ ¬¥−¥¥, ¥á«¨ ¡ë ®¡ãç¥−¨¥ ª«�áá¨ä¨ª�â®à� ¯à®¨áå®¤¨«® −�
¡®«¥¥ à�§−®à®¤−ëå ¤�−−ëå, íâ® ¯®§¢®«¨«® ¡ë ¯®¢ëá¨âì â®ç−®áâì ®¡−�àã¦¥−¨ï.
‹�ââ�−§¨ ¨ Œ¨««¥à [7] à�§à�¡®â�«¨ ¬¥â®¤ ª«�áâ¥à¨§�æ¨¨, ®á−®¢�−−ë© −� ¬¥â®¤¥
Š-áà¥¤−¨å ¨ ¤¥â¥ªâ®à¥ £à�−¨æ Ší−−¨. �¤−¨¬ ¨§ ¯¥à¢ëå ®¯ëâ®¢ ¨á¯®«ì§®¢�−¨ï
ª®¬¯ìîâ¥à−®£® §à¥−¨ï ¤«ï ¨áá«¥¤®¢�−¨ï ª®àà®§¨¨ ¬¥â�««®¢ ï¢«ï¥âáï ¨§ãç¥−¨¥
â®ç¥ç−®© ª®àà®§¨¨ −¥à¦�¢¥îé¥© áâ�«¨ ¢ à�áâ¢®à¥ FeCl3 [8]. �ªá¯¥à¨¬¥−â ¯à®-
¢®¤¨«áï á«¥¤ãîé¨¬ ®¡à�§®¬: ¯® ä®â®£à�ä¨ï¬ ¯à®æ¥áá� ª®àà®§¨¨ ®¯à¥¤¥«ï«®áì
®â−®è¥−¨¥ ¯«®é�¤¨ ª®àà®§¨®−−ëå ï¬®ª ª ®¡é¥© ¯«®é�¤¨ ¨§®¡à�¦¥−¨ï. ‡�á«ã-
¦¨¢�¥â ¢−¨¬�−¨¥ ¨§ãç¥−¨¥ ª®àà®§¨¨ ª�ª âà¥å¬¥à−®£® ®¡ê¥ªâ�, â. ¥. ®¯à¥¤¥«¥−¨¥
£«ã¡¨−ë ¨ ä®à¬ë ï¬ª¨ ¬¥â®¤�¬¨ ª®¬¯ìîâ¥à−®£® §à¥−¨ï [9]. ‚ à�¡®â¥ [10]
¯à¥¤áâ�¢«¥− ¤àã£®© ¬¥â®¤ ¨¤¥−â¨ä¨ª�æ¨¨ ª®àà®§¨®−−®£® à�§àãè¥−¨ï ¬¥â�««� ¯®
¬¨−¨¬ã¬ã à�ááâ®ï−¨ï ¬¥¦¤ã ®¡ê¥ªâ�¬¨ à�á¯®§−�¢�−¨ï.

÷�§à�¡®âª� ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨, ¯®§¢®«ïîé¥© ª®«¨ç¥áâ¢¥−−® ®¯¨áë¢�âì
¯à®æ¥ááë −� ¬¥¦ä�§−ëå £à�−¨æ�å ¢ è¨à®ª®¬ àï¤ã ¨á¯ëâ�â¥«ì−ëå áà¥¤ ¨ ¬¥â�«-
«®¢ ¨ ®á−®¢�−−®© −� ®¡à�¡®âª¥ ¨§®¡à�¦¥−¨© ¯à®ª®àà®¤¨à®¢�¢è¥© ¯®¢¥àå−®áâ¨,
¤�áâ ¢®§¬®¦−®áâì ¡®«¥¥ ¯®«−®£® ¨á¯®«ì§®¢�−¨ï ¬¥â®¤®¢ ¢¨§ã�«ì−®£® ª®−âà®«ï
¨ ¡®«¥¥ £«ã¡®ª®£® ¯®−¨¬�−¨ï ¬¥å�−¨§¬®¢ à¥�ªæ¨© −� ¬¥¦ä�§−ëå £à�−¨æ�å.
‘¨áâ¥¬®©, à¥�«¨§ãîé¥© â�ªãî ¬®¤¥«ì, ¬®¦¥â á«ã¦¨âì á¨áâ¥¬� ª®¬¯ìîâ¥à−®£®
§à¥−¨ï.

ˆáá«¥¤®¢�−¨¥ ª®àà®§¨®−−ëå ¯à®æ¥áá®¢ ¬¥â®¤�¬¨ ª®¬¯ìîâ¥à−®£® §à¥−¨ï
¯à¥¤¯®«�£�¥â ç¥âëà¥ ¢§�¨¬®á¢ï§�−−ëå ¯à®æ¥áá�, ª®â®àë¥ á®§¤�îâ ¯à¥¤¯®áë«ª¨
¤«ï á®§¤�−¨ï ˆ‚�‘:

1. ��ª®¯«¥−¨¥ íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå (¨§®¡à�¦¥−¨ï ¯à®ª®àà®¤¨à®¢�¢è¥©
¯®¢¥àå−®áâ¨), ª®â®àë¥ âà¥¡ãîâ ã¯®àï¤®ç¥−¨ï, áâàãªâãà¨à®¢�−¨ï ¨ ª«�áá¨-
ä¨ª�æ¨¨ ¤«ï ª®àà¥ªâ−®£® ¨á¯®«ì§®¢�−¨ï ¯à¨ à¥è¥−¨¨ §�¤�ç¨ ®¡ãç¥−¨ï
ª«�áá¨ä¨ª�â®à�.

2. ÷�§à�¡®âª� á¯®á®¡®¢ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¢ §�¢¨á¨¬®áâ¨ ®â â¨¯� à¥è�¥¬®©
§�¤�ç¨. ‚ ¤�−−®¬ á«ãç�¥ íâ® ¨á¯®«ì§®¢�−¨¥ ¬¥â®¤®¢ ®¡à�¡®âª¨ ¨§®¡à�¦¥-
−¨ï, ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ¨ äà�ªâ�«ì−®£® �−�«¨§� ¤«ï ®æ¥−¨¢�−¨ï
¨ ¯à®£−®§¨à®¢�−¨ï ª®àà®§¨®−−ëå ¯à®æ¥áá®¢ ¤«ï à�§«¨ç−ëå â¨¯®¢ ¬¥â�««®¢
(áâ�«¨, ¦¥«¥§� ¨ �«î¬¨−¨ï).

3. �¡−®¢«¥−¨¥ â¥å−¨ç¥áª¨å áà¥¤áâ¢ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨, ã¢¥«¨ç¥−¨¥ áª®-
à®áâ¨ ¢ëç¨á«¥−¨ï (§� áç¥â ¨á¯®«ì§®¢�−¨ï £à�ä¨ç¥áª¨å ¯à®æ¥áá®à®¢).

4. ‚−¥¤à¥−¨¥ �¢â®¬�â¨ç¥áª¨å á¨áâ¥¬ −�ãç−®£® ¨áá«¥¤®¢�−¨ï ¢ ¢¨¤¥ ª®¬¯«¥ªá�
¯à®£à�¬¬−ëå ¯�ª¥â®¢ ¨ ®¡ãç¥−¨¥ ª®−¥ç−®£® ¯®«ì§®¢�â¥«ï (¨áá«¥¤®¢�â¥«ï).

‚ ¤�−−®© áâ�âì¥ ¯à¥¤áâ�¢«¥−� ˆ‚�‘ ®æ¥−¨¢�−¨ï ¨ ¯à®£−®§¨à®¢�−¨ï ª®àà®§¨-
®−−ëå ¯®à�¦¥−¨© (Š®à�æ¥−ª�). �¥à¥ç¨á«¥−ë ®á−®¢−ë¥ à¥§ã«ìâ�âë, á¤¥«�−−ë¥
−� ®á−®¢¥ ¨á¯®«ì§®¢�−¨ï ˆ‚�‘.
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2 Объект исследования

2.1 Коррозия алюминия с водородной деполяризацией

�� à¨á. 1 ¯à¥¤áâ�¢«¥−® ¨§®¡à�¦¥−¨¥ ¯®¢¥àå−®áâ¨ �«î¬¨−¨ï ¯à¨ ª®àà®§¨¨
¢ 0,1 Œ NaCl (à� 11). �à®æ¥áá á®¯à®¢®¦¤�¥âáï ¨−â¥−á¨¢−ë¬ ¢ë¤¥«¥−¨¥¬
¢®¤®à®¤�. �� ¨§®¡à�¦¥−¨¨ ¢¨¤−ë ¯ã§ëàìª¨ ¢ë¤¥«ïîé¥£®áï ¢®¤®à®¤�.

‡�¤�ç� ¯®¨áª� ®¡ê¥ªâ®¢ −� ¨§®¡à�¦¥−¨¨ §�ª«îç�«�áì ¢ ®¡−�àã¦¥−¨¨ ¯ã-
§ëàìª®¢ ¢ë¤¥«ï¥¬®£® ¢®¤®à®¤�, � ¯® á¥à¨¨ á−¨¬ª®¢ −¥®¡å®¤¨¬® ¡ë«® ®¯à¥¤¥«¨âì
ª¨−¥â¨ªã ¥£® ¢ë¤¥«¥−¨ï. �® ®¡ê¥¬ã ¢ë¤¥«¨¢è¥£®áï ¢®¤®à®¤� ®æ¥−¨¢�¥âáï áª®-
à®áâì ª�â®¤−®© à¥�ªæ¨¨, ª®â®à�ï à�¢−� áª®à®áâ¨ �−®¤−®©, � §−�ç¨â, áª®à®áâ¨
à�áâ¢®à¥−¨ï ¨«¨ ª®àà®§¨¨.

÷¨á. 1 ˆ§®¡à�¦¥−¨¥ ¯®¢¥àå−®áâ¨ �«î¬¨−¨ï ¯à¨ ¯®â¥−æ¨�«¥ ª®àà®§¨¨ ¢ 0,1 Œ NaCl
(à� 11)

2.2 Коррозионное растрескивание стали

�æ¥−ª� ª®àà®§¨®−−®£® à�áâà¥áª¨¢�−¨ï ¯®¤ −�¯àï¦¥−¨¥¬ á®áâ®ï«� ¢ �−�«¨§¥
¢å®¤−ëå ¤�−−ëå ¢ ¢¨¤¥ ¨§®¡à�¦¥−¨© âàã¡−®© áâ�«¨ X70 ¢ à�§«¨ç−ëå à�áâ¢®à�å
(à¨á. 2). ‚ ª�ç¥áâ¢¥ ªà¨â¥à¨ï ®æ¥−ª¨ âà¥é¨−ë −� ®¡à�§æ¥ áâ�«¨ ¨á¯®«ì§®¢�«�áì
äà�ªâ�«ì−�ï à�§¬¥à−®áâì.

–¥«ìî ®¡à�¡®âª¨ á¥à¨¨ ¨§®¡à�¦¥−¨© ¡ë« ¯®¨áª ¢§�¨¬®á¢ï§¨ ¬¥¦¤ã áâàãª-
âãà−ë¬¨ ¨§¬¥−¥−¨ï¬¨ âà¥é¨−ë á å¨¬¨ç¥áª¨¬ ¨ ¬¥å�−¨ç¥áª¨¬ ¢®§¤¥©áâ¢¨¥¬ −�
−¥¥.
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ˆ−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−�ï �−�«¨â¨ç¥áª�ï á¨áâ¥¬� ¤«ï ®æ¥−ª¨ ¨ ¯à®£−®§¨à®¢�−¨ï

÷¨á. 2 �à¨¬¥àë ¢å®¤−ëå ¤�−−ëå ¤«ï âàã¡−®© áâ�«¨ X70

÷¨á. 3 ‘âàãªâãà� ˆ‚�‘ Š®à�æ¥−ª�
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3 Структура информационно-вычислительной аналитической
системы КорОценка

‘âàãªâãà� ˆ‚�‘ ¢ª«îç�¥â ç¥âëà¥ ®á−®¢−ë¥ ç�áâ¨ (à¨á. 3):

(1) ¢å®¤−ë¥ ¨−ä®à¬�æ¨®−−ë¥ ¯®â®ª¨;

(2) ¢ëå®¤−ë¥ ¨−ä®à¬�æ¨®−−ë¥ ¯®â®ª¨;

(3) ¬¥â®¤ë ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨©;

(4) â¥å−¨ç¥áª¨¥ áà¥¤áâ¢� ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨.

‚å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¨−ä®à¬�æ¨®−−ë¥ ¯®â®ª¨ ®¡à�§ãîâ ¥¤¨−ãî à¥«ïæ¨®−-
−ãî ¡�§ã ¤�−−ëå. ‚ë¡®à à¥«ïæ¨®−−®© ¬®¤¥«¨ ¡�§ë ¤�−−ëå ¤¨ªâã¥âáï â¥¬, çâ®
¢å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¤�−−ë¥ ¯à¥¤áâ�¢«ïîâáï ¢ ¢¨¤¥ ¬�âà¨æ.

4 Применение информационно-вычислительной аналитической
системы КорОценка к исследованию механизма коррозионных
реакций

ˆá¯®«ì§ã¥¬ë¬¨ ¬¥â®¤�¬¨ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¯à¨ ¨áá«¥¤®¢�−¨¨ ª®àà®§¨-
®−−ëå à¥�ªæ¨© ¢ ˆ‚�‘ ï¢«ïîâáï ¬¥â®¤ë ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨ï, äà�ªâ�«ì−ë©
�−�«¨§, ª®−âãà−ë© �−�«¨§, ¯®¨áª ®¡ê¥ªâ� ¯® è�¡«®−ã.

‚ ¯¥à¢ãî ®ç¥à¥¤ì ¬�â¥¬�â¨ç¥áª�ï ®¡à�¡®âª� íªá¯¥à¨¬¥−â�«ì−ëå ¤�−−ëå
§�ª«îç�¥âáï ¢ à�¡®â¥ á ¨§®¡à�¦¥−¨¥¬ f , ª®â®à®¥ ï¢«ï¥âáï ¬�âà¨æ¥© f(M,N):

f(x, y) =




f(0, 0) f(0, 1) · · · f(0, N − 1)
f(1, 0) f(1, 1) · · · f(1, N − 1)

...
...

...
...

f(M − 1, 0) f(M − 1, 1) · · · f(M − 1, N − 1)


 .

„�−−®¥ ¯à¥¤áâ�¢«¥−¨¥ ¨§®¡à�¦¥−¨ï ï¢«ï¥âáï ¥£® ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«ìî.
Š�¦¤ë© í«¥¬¥−â â�ª®© ¬�âà¨æë −�§ë¢�¥âáï í«¥¬¥−â®¬ ¨§®¡à�¦¥−¨ï ¨«¨ ¯¨ªá¥-
«¥¬.

�á−®¢−ë¬¨ ®¯¥à�æ¨ï¬¨, ¯à®¨§¢®¤¨¬ë¬¨ ¯à¨ ¯à®¢¥¤¥−¨¨ ®¯¥à�æ¨¨ à�á¯®-
§−�¢�−¨ï, ï¢«ïîâáï:

(1) ¯à¥¤¢�à¨â¥«ì−�ï ®¡à�¡®âª� ¨§®¡à�¦¥−¨ï | á£«�¦¨¢�−¨¥, ä¨«ìâà�æ¨ï ¯®-
¬¥å, ¯®¢ëè¥−¨¥ ª®−âà�áâ�;

(2) ¡¨−�à¨§�æ¨ï ¨§®¡à�¦¥−¨ï ¨ ¢ë¤¥«¥−¨¥ ª®−âãà®¢ ®¡ê¥ªâ®¢;

(3) ¬¥â®¤ë ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨ï, −�ç�«ì−�ï ä¨«ìâà�æ¨ï ª®−âãà®¢ ¯® ¯¥à¨-
¬¥âàã, ¯«®é�¤¨, ª®íää¨æ¨¥−âã ä®à¬ë, äà�ªâ�«ì−®áâ¨ ¨ â. ¤.
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ˆ−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−�ï �−�«¨â¨ç¥áª�ï á¨áâ¥¬� ¤«ï ®æ¥−ª¨ ¨ ¯à®£−®§¨à®¢�−¨ï

�â¨ ®¯¥à�æ¨¨ á¯¥æ¨ä¨ç−ë ¤«ï ª�¦¤®© §�¤�ç¨, à�áá¬�âà¨¢�¥¬®© ¯à¨ ®¡à�¡®â-
ª¥ ¢ ª®¬¯ìîâ¥à−®¬ §à¥−¨¨. ÷�§à�¡®âª� ¨ ¨á¯®«ì§®¢�−¨¥ ¬®¤¥«¥©, ¯à¨£®¤−ëå ¤«ï
íää¥ªâ¨¢−®£® à¥è¥−¨ï §�¤�ç¨ ®¡−�àã¦¥−¨ï á®®â¢¥âáâ¢ãîé¨å ®¡ê¥ªâ®¢, ¢ §−�ç¨-
â¥«ì−®© áâ¥¯¥−¨ ®áâ�¥âáï −� £à�−¨ −�ãª¨ ¨ ¨áªãááâ¢�, â. ¥. âà¥¡ã¥â ®á®¡®£® −®ã-å�ã
¨«¨, ¤àã£¨¬¨ á«®¢�¬¨, §−�−¨ï ¯à¥¤¬¥â−®© ®¡«�áâ¨, ®âà�¦�îé¥£® ¬−®£®«¥â−¨©
®¯ëâ ¨áá«¥¤®¢�−¨ï ¯® à¥è¥−¨î ç�áâ−ëå §�¤�ç. �®«¥¥ ¯®¤à®¡−® íâ¨ ®¯¥à�æ¨¨
à�áá¬®âà¥−ë ¢ à�¡®â¥ [11].

„�−−ë¥ ¬¥â®¤ë ¨á¯®«ì§ãîâáï ¤«ï à¥è¥−¨ï §�¤�ç¨ �−�«¨§� ª®àà®§¨®−−®£®
à�áâà¥áª¨¢�−¨ï. „«ï §�¤�ç¨ ¯®¨áª� ¯ã§ëàìª®¢ ¢®¤®à®¤� −� ¯®¢¥àå−®áâ¨ �«î¬¨-
−¨ï ¨á¯®«ì§ã¥âáï ¤àã£®© ¯®¤å®¤ ¤«ï à�á¯®§−�¢�−¨ï ®¡ê¥ªâ®¢ −� ¨§®¡à�¦¥−¨¨, â�ª
ª�ª ¨§-§� ¡®«ìè®£® ª®«¨ç¥áâ¢� ¯ã§ëàìª®¢ ¨ à�§«¨ç−ëå ¢�à¨�−â®¢ à�á¯®«®¦¥−¨ï
¨å ¤àã£ ®â ¤àã£� ª®−âãà−ë© �−�«¨§ §¤¥áì −¥ â�ª íää¥ªâ¨¢¥−.

„«ï ¯®¨áª� ¯ã§ëàìª� −� ¨§®¡à�¦¥−¨¨ ¢®á¯®«ì§ã¥¬áï ¬¥â®¤®¬ Histogram of
Oriented Gradients (HOG, £¨áâ®£à�¬¬� ®à¨¥−â¨à®¢�−−ëå £à�¤¨¥−â®¢ [12]) ¤«ï
®¯¨á�−¨ï ¯à¨§−�ª®¢ ¯ã§ëàìª� −� ¨§®¡à�¦¥−¨¨. �â® ¬¥â®¤, ®á−®¢�−−ë© −� ®æ¥−ª¥
−®à¬¨à®¢�−−ëå £¨áâ®£à�¬¬ £à�¤¨¥−â®¢ ïàª®áâ¨ ¨§®¡à�¦¥−¨ï. ˆ§®¡à�¦¥−¨¥ ¤¥-
«¨âáï −� −¥¡®«ìè¨¥ ¯àï¬®ã£®«ì−ë¥ ®¡«�áâ¨, ¢ ª�¦¤®© ¨§ ª®â®àëå ¢ëç¨á«ï¥âáï
£à�¤¨¥−â ïàª®áâ¨. „«ï á®¢®ªã¯−®áâ¨ ¯®«ãç¥−−ëå £à�¤¨¥−â®¢ áâà®¨âáï £¨áâ®-
£à�¬¬�, ª®â®à�ï ï¢«ï¥âáï ¤¥áªà¨¯â®à®¬. „«ï ã¢¥«¨ç¥−¨ï â®ç−®áâ¨ «®ª�«ì−ë¥
£¨áâ®£à�¬¬ë ¯®¤¢¥à£�îâáï −®à¬�«¨§�æ¨¨ ¯® ª®−âà�áâã. „«ï íâ®£® ¢ëç¨á«ï¥âáï
¬¥à� ¨−â¥−á¨¢−®áâ¨ −� ¡®«ìè¥¬ äà�£¬¥−â¥ ¨§®¡à�¦¥−¨ï, ª®â®àë© −�§ë¢�¥âáï
¡«®ª®¬, ¨ ¯®«ãç¥−−®¥ §−�ç¥−¨¥ ¨á¯®«ì§ã¥âáï ¤«ï −®à¬�«¨§�æ¨¨. �®à¬�«¨§®¢�−-
−ë¥ ¤¥áªà¨¯â®àë ®¡«�¤�îâ «ãçè¥© ¨−¢�à¨�−â−®áâìî ¯® ®â−®è¥−¨î ª ®á¢¥é¥−¨î.
‚ á¨«ã á¢®¥© «®ª�«ì−®áâ¨ ¬¥â®¤ HOG ãáâ®©ç¨¢ ª ¯®¢®à®â�¬.

�ã¤¥¬ ¨áª�âì ú¯ã§ëà¥ªû −� ¨§®¡à�¦¥−¨¨ á ¯®¬®éìî úáª®«ì§ïé¥£® ®ª−�û
à�§¬¥à®¬ 128× 128 ¯¨ªá¥«¥©. ÷�§®¡ì¥¬ ¥£® −� ¡«®ª¨ à�§¬¥à®¬ 8× 8. ’®£¤� ®¤−®
®ª−® à�§¬¥à®¬ 128 × 128 ¯¨ªá¥«¥© ¡ã¤¥â á®¤¥à¦�âì 256 ¡«®ª®¢. ‚ ª�¦¤®¬ ¡«®ª¥
¯®áç¨â�¥¬ £¨áâ®£à�¬¬ã ®à¨¥−â�æ¨© £à�¤¨¥−â®¢ á 8 ïç¥©ª�¬¨ ’�ª¨¬ ®¡à�§®¬,
¯®«ãç�¥¬ 8 × 256 = 2048 ¯à¨§−�ª®¢. �� à¨á. 4 ¯à¥¤áâ�¢«¥−� ¢¨§ã�«¨§�æ¨ï
à�¡®âë ¤�−−®£® ¬¥â®¤�, ¨§®¡à�¦¥−¨¥ ¯ã§ëàìª� ¨¬¥¥â à�§¬¥à 128× 128 ¯¨ªá¥«¥©
¨ à�§¤¥«¥−® −� 256 ¡«®ª®¢. ‚ ¤�−−®¬ á«ãç�¥ ¤«ï −�£«ï¤−®áâ¨ ¯à¥¤áâ�¢«¥−�
¬�áèâ�¡¨à®¢�−−�ï ¬®¤¥«ì. ’�ª®¥ ª®«¨ç¥áâ¢® ¯à¨§−�ª®¢ −¥¢®§¬®¦−® ãç¨âë¢�âì
¡¥§ ¨á¯®«ì§®¢�−¨ï ¬�è¨−−®£® ®¡ãç¥−¨ï. �ää¥ªâ¨¢−ë¬ áà¥¤áâ¢®¬ à¥è¥−¨ï
¤�−−®© §�¤�ç¨ ï¢«ï¥âáï ¬¥â®¤ ®¯®à−ëå ¢¥ªâ®à®¢ (SVM) [13].

÷¥è¥−¨¥ §�¤�ç¨ ¡¨−�à−®© ª«�áá¨ä¨ª�æ¨¨ ¯à¨ ¯®¬®é¨ ¬¥â®¤� ®¯®à−ëå ¢¥ª-
â®à®¢ §�ª«îç�¥âáï ¢ ¯®¨áª¥ −¥ª®â®à®© «¨−¥©−®© äã−ªæ¨¨, ª®â®à�ï ¯à�¢¨«ì−®
à�§¤¥«ï¥â −�¡®à ¤�−−ëå −� ¤¢� ª«�áá�. ÷�áá¬®âà¨¬ §�¤�çã ª«�áá¨ä¨ª�æ¨¨, £¤¥
ç¨á«® ª«�áá®¢ à�¢−® ¤¢ã¬.

‡�¤�çã ¬®¦−® áä®à¬ã«¨à®¢�âì ª�ª ¯®¨áª äã−ªæ¨¨ y(x), ¯à¨−¨¬�îé¥© §−�-
ç¥−¨ï ¡®«ìè¥ −ã«ï ¤«ï ¢¥ªâ®à®¢ ®¤−®£® ª«�áá� (¤«ï ¨§®¡à�¦¥−¨© ¯ã§ëàìª®¢)
¨ ¬¥−ìè¥ −ã«ï | ¤«ï ¢¥ªâ®à®¢ ¤àã£®£® ª«�áá� (ä®−). ‚ ª�ç¥áâ¢¥ ¨áå®¤−ëå ¤�−-
−ëå ¤«ï à¥è¥−¨ï ¯®áâ�¢«¥−−®© §�¤�ç¨, â. ¥. ¯®¨áª� ª«�áá¨ä¨æ¨àãîé¥© äã−ªæ¨¨
y(x), ¤�− âà¥−¨à®¢®ç−ë© −�¡®à ¢¥ªâ®à®¢ ¯à®áâà�−áâ¢�, ¤«ï ª®â®àëå ¨§¢¥áâ−� ¨å
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÷¨á. 4 ‚¨§ã�«¨§�æ¨ï à�¡®âë úáª®«ì§ïé¥£® ®ª−�û −� ¯à¨¬¥à¥ ¨§®¡à�¦¥−¨ï ¨§ −�¡®à�
¤�−−ëå íªá¯¥à¨¬¥−â� ª®àà®§¨¨ �«î¬¨−¨ï á ¢®¤®à®¤−®© ¤¥¯®«ïà¨§�æ¨¥© (�) ¨ ¯à¨-
¬¥à ¯®áâà®¥−¨ï £¨áâ®£à�¬¬ ®à¨¥−â¨à®¢�−−ëå £à�¤¨¥−â®¢ ¤«ï ¯ã§ëàìª� −� ¯®¢¥àå−®áâ¨
�«î¬¨−¨ï (¡)

¯à¨−�¤«¥¦−®áâì ª ®¤−®¬ã ¨§ ª«�áá®¢. ‘¥¬¥©áâ¢® ª«�áá¨ä¨æ¨àãîé¨å äã−ªæ¨©
¬®¦−® ®¯¨á�âì ç¥à¥§ äã−ªæ¨î y(x). ƒ¨¯¥à¯«®áª®áâì ®¯à¥¤¥«¥−� ¢¥ªâ®à®¬ a
¨ §−�ç¥−¨¥¬ b, â. ¥. y(x) = ax + b. ‚ à¥§ã«ìâ�â¥ à¥è¥−¨ï §�¤�ç¨, â. ¥. ¯®áâà®-
¥−¨ï SVM-¬®¤¥«¨, −�©¤¥−� äã−ªæ¨ï, ¯à¨−¨¬�îé�ï §−�ç¥−¨ï ¬¥−ìè¥ −ã«ï ¤«ï

÷¨á. 5 �®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨© ¤«ï ®¡ãç¥−¨ï «¨−¥©−®£® ª«�áá¨ä¨ª�â®à� SVM
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ˆ−ä®à¬�æ¨®−−®-¢ëç¨á«¨â¥«ì−�ï �−�«¨â¨ç¥áª�ï á¨áâ¥¬� ¤«ï ®æ¥−ª¨ ¨ ¯à®£−®§¨à®¢�−¨ï

¢¥ªâ®à®¢ ®¤−®£® ª«�áá� ¨ ¡®«ìè¥ −ã«ï | ¤«ï ¢¥ªâ®à®¢ ¤àã£®£® ª«�áá�. „«ï
ª�¦¤®£® −®¢®£® ®¡ê¥ªâ� ®âà¨æ�â¥«ì−®¥ ¨«¨ ¯®«®¦¨â¥«ì−®¥ §−�ç¥−¨¥ ®¯à¥¤¥«ï¥â
¯à¨−�¤«¥¦−®áâì ®¡ê¥ªâ� ª ®¤−®¬ã ¨§ ª«�áá®¢.

�à¥¤«®¦¨¬ ¯®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨© ¤«ï ®¡ãç¥−¨ï «¨−¥©−®£® ª«�áá¨ä¨-
ª�â®à� SVM (à¨á. 5):

{ á®¡¥à¥¬ ®¡ãç�îéãî ¢ë¡®àªã äà�£¬¥−â®¬ ¨§®¡à�¦¥−¨ï á ¯ã§ëàìª�¬¨ ¨ ¡¥§;

{ ¤«ï ª�¦¤®£® äà�£¬¥−â� ¯®áç¨â�¥¬ ¢¥ªâ®à ¨§ 2048 ¯à¨§−�ª®¢;

{ −� ¯®«ãç¥−−®© ®¡ãç�îé¥© ¢ë¡®àª¥ ®¡ãç¨¬ «¨−¥©−ë© ª«�áá¨ä¨ª�â®à SVM.

�®á«¥ â®£® ª�ª −�©¤¥−ë ®¡ê¥ªâë −� ¨§®¡à�¦¥−¨¨, ¢ ¤�−−®¬ á«ãç�¥ ¯ã§ëàìª�,
¯à®¨§¢¥¤¥¬ à�áç¥â ¥£® ¯«®é�¤¨. ’�ª ª�ª ª®−âãà ¯ã§ëàìª� ¯à¥¤áâ�¢«ï¥â á®¡®©
®ªàã¦−®áâì, â®, ¨á¯®«ì§ãï ¬¥â®¤ −�¨¬¥−ìè¨å ª¢�¤à�â®¢ ¤«ï ®ªàã¦−®áâ¨, −�©¤¥¬
−¥®¡å®¤¨¬ë¥ §−�ç¥−¨ï à�¤¨ãá� ¨ æ¥−âà� ¯ã§ëàìª�.

5 Параллельные вычисления в задаче анализа механизма
коррозионного процесса

‘ãé¥áâ¢ãîâ à�§−ë¥ á¯®á®¡ë ®à£�−¨§�æ¨¨ ¯�à�««¥«ì−ëå ¢ëç¨á«¥−¨©. ��¨-
¡®«¥¥ ¯à®áâë¬ ¨ è¨à®ª® à�á¯à®áâà�−¥−−ë¬ ï¢«ï¥âáï à�á¯�à�««¥«¨¢�−¨¥ ¯®
íªá¯¥à¨¬¥−â�«ì−®© ¡�§¥, â. ¥. ®à£�−¨§�æ¨ï ®¤−®â¨¯−ëå ¢ëç¨á«¥−¨© ¤«ï à�§−ëå
−�¡®à®¢ −�ç�«ì−ëå ¤�−−ëå. ‹ãçè¥ ¢á¥£® ¯®¤å®¤ïâ ¤«ï à�á¯�à�««¥«¨¢�−¨ï
§�¤�ç¨, ®¡«�¤�îé¨¥ ¢−ãâà¥−−¨¬ ¯�à�««¥«¨§¬®¬. ��¨¡®«¥¥ íää¥ªâ¨¢−ë¬ ¨ âàã-
¤®¥¬ª¨¬ á¯®á®¡®¬ ï¢«ï¥âáï à�á¯�à�««¥«¨¢�−¨¥ ç¨á«¥−−ëå ¬¥â®¤®¢ à¥è¥−¨ï
§�¤�ç [14].

÷�áá¬�âà¨¢�¥¬ë© ¯à®æ¥áá ®¡«�¤�¥â ¢−ãâà¥−−¨¬ ¯�à�««¥«¨§¬®¬, ª®â®àë©
§�ª«îç�¥âáï ¢ â®¬, çâ® ¡®«ìè¨−áâ¢® ¬¥â®¤®¢ ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨ï ¬®¦−®
¢ë¯®«−ïâì −¥ ¯® ¢á¥¬ã ¨§®¡à�¦¥−¨î æ¥«¨ª®¬, � à�§¡¨¢ ¥£® −� ç�áâ¨, ãç¨âë¢�ï
£à�−¨ç−ë¥ ¯¥à¥á¥ç¥−¨ï.

÷�á¯�à�««¥«¨¢�−¨¥ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá� ¯® íªá¯¥à¨¬¥−â�«ì−®© ¡�§¥
®áãé¥áâ¢«ï¥âáï ¯® ¯à¨−æ¨¯ã ú¬�áâ¥à{à�¡®ç¨¥û, ¯à¨ ª®â®à®¬ ®¤¨− ¯à®æ¥áá®à
(¬�áâ¥à) áç¨âë¢�¥â ¤�−−ë¥ ¨ à�á¯à¥¤¥«ï¥â ¨å ¬¥¦¤ã ¯à®æ¥áá®à�¬¨-à�¡®ç¨¬¨,
� §�â¥¬ á®¡¨à�¥â à¥§ã«ìâ�â ¢ëç¨á«¥−¨© ¨ §�−®á¨â ¥£® ¢ ¡�§ã. ’�ª ª�ª ¯à¨ à¥è¥−¨¨
¤�−−ëå §�¤�ç ®¤¨− íªá¯¥à¨¬¥−â ¢ª«îç�¥â ¢ á¥¡ï ¯®àï¤ª� 200 ä®â®£à�ä¨©, â®
¤�¦¥ à�á¯à¥¤¥«¥−¨¥ ¢ëç¨á«¥−¨© ¬¥¦¤ã 4 ¯à®æ¥áá®à�¬¨ ã¦¥ ¤�¥â §−�ç¨â¥«ì−ë©
¯à¨à®áâ áª®à®áâ¨ ¢ëç¨á«¥−¨©.

÷�á¯�à�««¥«¨¢�−¨¥ ç¨á«¥−−®£® ¬¥â®¤� §�ª«îç�«®áì ¢ à¥è¥−¨¨ §�¤�ç¨ ª«�á-
á¨ä¨ª�æ¨¨ ¬¥â®¤®¬ ®¯®à−ëå ¢¥ªâ®à®¢. �â� §�¤�ç� ¡ë«� à¥�«¨§®¢�−� á ¨á¯®«ì-
§®¢�−¨¥¬ ¡¨¡«¨®â¥ª¨ OpenCV. �−� ¯à¥¤áâ�¢«ï¥â á®¡®© ¡¨¡«¨®â¥ªã �«£®à¨â¬®¢
ª®¬¯ìîâ¥à−®£® §à¥−¨ï, ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨© ¨ ç¨á«¥−−ëå �«£®à¨â¬®¢.

„«ï ¯�à�««¥«ì−®© ®¡à�¡®âª¨ −� GPU (graphics processing unit) ¬®¤ã«ì
OpenCV á®¤¥à¦¨â ¢ á¥¡¥ −¥áª®«ìª® ãà®¢−¥© äã−ªæ¨®−�«ì−®áâ¨. �� −¨¦−¥¬
ãà®¢−¥ −�å®¤ïâáï à¥�«¨§�æ¨¨ á«ã¦¥¡−ëå ®¯¥à�æ¨©, â�ª¨å ª�ª ¨−¨æ¨�«¨§�æ¨ï
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¨ ã¯à�¢«¥−¨¥ GPU, à�¡®â� á ¯�¬ïâìî, ¬¥å�−¨§¬ �á¨−åà®−−ëå ¢ë§®¢®¢. “à®¢−¥¬
¢ëè¥ à¥�«¨§®¢�− è¨à®ª¨© −�¡®à ¡�§®¢ëå äã−ªæ¨© ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨© |
à�§«¨ç−ë¥ ¬¥â®¤ë ä¨«ìâà�æ¨¨, ¯®¨áª ¬�ªá¨¬ã¬�, �ää¨−−ë¥ ¯à¥®¡à�§®¢�−¨ï,
¢ëç¨á«¥−¨¥ à�§−®áâ¨ ¨§®¡à�¦¥−¨© ¢ à�§«¨ç−ëå −®à¬�å ¨ â. ¤. ‘¯¨á®ª íâ¨å �«-
£®à¨â¬®¢ ¯®áâ®ï−−® ®¡−®¢«ï¥âáï ¨ ¤®¯®«−ï¥âáï, ¢ æ¥«®¬ ®−¨ ¯à¨§¢�−ë ®¡«¥£ç¨âì
à�§à�¡®âªã �«£®à¨â¬®¢ ª®¬¯ìîâ¥à−®£® §à¥−¨ï á�¬®£® ¢ëá®ª®£® ãà®¢−ï.

6 Результаты анализа эксперимента

�à®£à�¬¬−ë© ª®¬¯«¥ªá, à¥�«¨§ãîé¨© ˆ‚�‘ Š®à�æ¥−ª�, ¡ë« −�¯¨á�− −�
ï§ëª¥ C++ ¢ áà¥¤¥ Qt SDK á ¨á¯®«ì§®¢�−¨¥¬ ¡¨¡«¨®â¥ª¨ OpenCV, ¢ ª�ç¥áâ¢¥
á¨áâ¥¬ë ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−−ëå (‘“�„) ¨á¯®«ì§®¢�«�áì SQLite.

�à®£à�¬¬−ë© ª®¬¯«¥ªá Š®à�æ¥−ª� ¢ª«îç�¥â ¬®¤ã«¨ ®¡à�¡®âª¨ ¨§®¡à�¦¥-
−¨ï, ª®−âãà−®£® �−�«¨§�, äà�ªâ�«ì−®£® �−�«¨§�, ¯®¨áª� ¨−â¥à¥áãîé¨å ®¡ê¥ªâ®¢
−� ¨§®¡à�¦¥−¨¨, ä®à¬¨à®¢�−¨ï ®âç¥â®¢. �âç¥âë ¢ª«îç�îâ ¢ á¥¡ï £à�ä¨ª¨
¨§¬¥à¥−¨ï äà�ªâ�«ì−®© à�§¬¥à−®áâ¨, ¨§¬¥−¥−¨ï ç¨á«� −�¡«î¤�¥¬ëå ®¡ê¥ªâ®¢
¢® ¢à¥¬¥−¨, £à�ä¨ª¨ ¢§�¨¬®á¢ï§¨ äà�ªâ�«ì−®© à�§¬¥à−®áâ¨ ¨ áª®à®áâ¥© à®áâ�
âà¥é¨−ë, §�¤�−−ëå ¯®«ì§®¢�â¥«¥¬.

„�−−ë© ¯à®£à�¬¬−ë© ª®¬¯«¥ªá ¯®§¢®«ï¥â ¯®«ãç¨âì äà�ªâ�«ì−ãî ®æ¥−ªã
ª®àà®§¨®−−®© âà¥é¨−ë. �� à¨á. 6 ¯à¥¤áâ�¢«¥− ®¡à�§¥æ áâ�«¨ á ¢ë¤¥«¥−−®©
£à�−¨æ¥©, ®áãé¥áâ¢«¥−−®© ¢ Š®à�æ¥−ª¥, � á®®â¢¥âáâ¢ãîé�ï ¥© à�ááç¨â�−−�ï
äà�ªâ�«ì−�ï à�§¬¥à−®áâì | −� à¨á. 7.

Š®à�æ¥−ª� â�ª¦¥ ¯®§¢®«ï¥â ¯à®¢¥áâ¨ �−�«¨§ á¥à¨¨ íªá¯¥à¨¬¥−â®¢. �¡à�¡®â-
ª� á¥à¨¨ íªá¯¥à¨¬¥−â®¢ �−�«¨§� ª®àà®§¨®−−®£® à�áâà¥áª¨¢�−¨ï âàã¡−®© áâ�«¨
X70 ¯à®¢®¤¨«�áì ¤«ï à�§«¨ç−ëå à�áâ¢®à®¢ [15] (á¬. â�¡«¨æã).

÷¨á. 6 �à®ä¨«ì âà¥é¨−ë
¯®á«¥ �−�«¨§� ¢ ¯à®£à�¬¬¥
Š®à�æ¥−ª�

÷¨á. 7 ”à�ªâ�«ì−�ï à�§¬¥à−®áâì ®¡à�§æ� ª®àà®-
§¨®−−®£® à�áâà¥áª¨¢�−¨ï ¯®¤ −�¯àï¦¥−¨¥¬, D =
= 1,17

164 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017
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÷�áâ¢®àë ¤«ï �−�«¨§� ª®àà®§¨®−−®£® à�áâà¥áª¨¢�−¨ï âàã¡−®© áâ�«¨ X70

‘®áâ�¢ à�áâ¢®à� ��¨¬¥−®¢�−¨¥ ‘ª®à®áâì
”®− + 1 ¬Œ Na2S �¡à�§¥æ ü 5 0,18
”®− �¡à�§¥æ ü 17 0,13
”®− + 10 ¬Œ Mg(H2PO4)2 �¡à�§¥æ ü 20 0,62
”®− + 30 ¬Œ NaHCO3 �¡à�§¥æ ü 21 0,14
NS4 + ¡®à�â−ë© ¡ãä¥à �¡à�§¥æ ü 22 0,4
NS4 + 50 ¬Œ Mg(H2PO4)2 �¡à�§¥æ ü 23 0,62
”®− + 1 ¬Œ Na2S �¡à�§¥æ ü 26 0,17

–¥«ìî �−�«¨§� ï¢«ï«®áì ãáâ�−®¢«¥−¨¥ ¢§�¨-

÷¨á. 8 �à¨¬¥à −�¡®à� ¢å®¤−ëå
¤�−−ëå ¤«ï ®¡à�§æ� ü 5

¬®á¢ï§¨ áª®à®áâ¨ à®áâ� âà¥é¨−ë ¨ ¥¥ äà�ªâ�«ì-
−®© à�§¬¥à−®áâ¨. ‚ ¯¥à¢®−�ç�«ì−ëå ¢å®¤−ëå
¤�−−ëå ¤«ï ª�¦¤®£® ®¡à�§æ� à�áâ¢®à� áãé¥-
áâ¢®¢�«® −¥áª®«ìª® −�¡®à®¢ ¨§®¡à�¦¥−¨© à�§-
«¨ç−ëå ãç�áâª®¢ âà¥é¨−ë. �� à¨á. 8 ®â®¡-
à�¦¥−ë ¢å®¤−ë¥ ¤�−−ë¥, á®®â¢¥âáâ¢ãîé¨¥
®¡à�§æã ü 5.

�ë« ¯à®¢¥¤¥− à�áç¥â ¯® ¢å®¤−ë¬ ¤�−−ë¬
¤«ï ¢á¥å ¯à¥¤áâ�¢«¥−−ëå ®¡à�§æ®¢, ¨á¯®«ì§ãï
�«£®à¨â¬ë à�á¯®§−�¢�−¨ï, ®¯¨á�−−ë¥ ¢ ¤�−-
−®© à�¡®â¥. ÷¥§ã«ìâ�â à�áç¥â� ¯à¥¤áâ�¢«¥− −�
à¨á. 9. Š�ª ¬®¦−® §�¬¥â¨âì (á¬. à¨á. 9, ¡),
¤�−−ë¥ ¯® ¢§�¨¬®á¢ï§¨ ¬®¦−® à�§¤¥«¨âì −� ¤¢�
ª«�áâ¥à� (¯ãáâë¥ ¨ §�«¨âë¥ §−�çª¨). ’�ª®¥
¯®¢¥¤¥−¨¥ ®¡áã¦¤�¥âáï; ¢®§¬®¦−®, çâ® ®−® §�-
¢¨á¨â ®â à�áâ¢®à�, ¢ ª®â®à®¬ à¥�£¨àã¥â âàã¡−�ï
áâ�«ì, á ¤àã£®© áâ®à®−ë, á ãç¥â®¬ ®â−®á¨â¥«ì−® ¬�«®£® ®¡ê¥¬� ¢å®¤−ëå ¤�−−ëå
íâ® ¯®¢¥¤¥−¨¥ ¬®¦−® ®â−¥áâ¨ ª ¯®£à¥è−®áâ¨ ¯®«ãç¥−¨ï ¨áå®¤−ëå ¤�−−ëå ¯®
áª®à®áâ¨.

„«ï à¥è¥−¨ï §�¤�ç¨ �−�«¨§� ª®àà®§¨¨ −� ¯®¢¥àå−®áâ¨ �«î¬¨−¨ï ¡ë«� á®-
§¤�−� ¢ë¡®àª�, á®áâ®ïé�ï ¨§ áâ� ¯®«®¦¨â¥«ì−ëå ¨ ®âà¨æ�â¥«ì−ëå ¯à¨¬¥à®¢. ��
¯®«ãç¥−−®© ¢ë¡®àª¥ ¡ë« ®¡ãç¥− «¨−¥©−ë© ª«�áá¨ä¨ª�â®à SVM. ˆ§ à¨á. 10, �
á«¥¤ã¥â, çâ® ª«�áá¨ä¨ª�â®à −¥ã¤®¢«¥â¢®à¨â¥«ì−® á¯à�¢«ï¥âáï á ¯ã§ëàìª�¬¨, ª®-
â®àë¥ ç�áâ¨ç−® ¯®¯�¤�îâ ¢ ª�¤à «¨¡® ¨¬¥îâ −¥¡®«ìè¨¥ à�§¬¥àë. „«ï ¯®«ãç¥−¨ï
®¡é¥© ª�àâ¨−ë ¨§¬¥−¥−¨ï ¯«®é�¤¨ −�¡«î¤�¥¬ëå ¯ã§ëàìª®¢ ¤�−−ë¬ íää¥ªâ®¬
¬®¦−® ¯à¥−¥¡à¥çì.

„«ï ¯à®¢¥àª¨ íää¥ªâ¨¢−®áâ¨ à�¡®âë ª«�áá¨ä¨ª�â®à� ®− ¡ë« ¯à®¢¥à¥− −�
−�¡®à¥ ¤�−−ëå ¤àã£®£® íªá¯¥à¨¬¥−â�, ¯à®¨áå®¤ïé¥£® ¢ ¤àã£¨å ãá«®¢¨ïå. ÷¥-
§ã«ìâ�â ®¡à�¡®âª¨ ¤�−−ëå íªá¯¥à¨¬¥−â� ¯à¥¤áâ�¢«¥− −� à¨á. 10, ¡. �¥á¬®âàï −�
â® çâ® ª«�áá¨ä¨ª�â®à ¡ë« ®¡ãç¥− −� ¤�−−ëå ¯¥à¢®£® íªá¯¥à¨¬¥−â�, ®− ¯®ª�§�«
å®à®èãî à�¡®â®á¯®á®¡−®áâì ¨ −� �«ìâ¥à−�â¨¢−®¬ −�¡®à¥ ¤�−−ëå.
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÷¨á. 9 ‚§�¨¬®á¢ï§ì áª®à®áâ¨ à®áâ� âà¥é¨−ë ¨ ¥¥ äà�ªâ�«ì−®© à�§¬¥à−®áâ¨: (�) ¡¥§
ãç¥â� â¨¯� âà¥é¨−ë; (¡) á ãç¥â®¬ â®«ìª® ª®àà®§¨®−−®© âà¥é¨−ë (y = 0,2176x+ 1,1732)

÷¨á. 10 ÷¥§ã«ìâ�â à�¡®âë «¨−¥©−®£® ª«�áá¨ä¨ª�â®à� −� ¤�−−ëå ¯¥à¢®−�ç�«ì−®£® (�)
¨ �«ìâ¥à−�â¨¢−®£® (¡) íªá¯¥à¨¬¥−â®¢
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÷¨á. 11 ÷�¡®â� ¤¥â¥ªâ®à� ¯ã§ëàìª®¢ −� ¯®¢¥àå−®áâ¨ ¬¥â�««�

ˆá¯®«ì§®¢�−¨¥ ¯�à�««¥«ì−®© à¥�«¨§�æ¨¨ ®¡ãç¥−¨ï SVM ¯à¥¢®áå®¤−® áª�-
§�«®áì −� ¢à¥¬¥−¨ ¢ë¯®«−¥−¨ï à�áç¥â�. ‚ æ¥«®¬ ¤«ï §�¤�ç¨ ¨¤¥−â¨ä¨ª�æ¨¨
¯ã§ëàìª®¢ −� ¨§®¡à�¦¥−¨¨ ãáª®à¥−¨¥ á®áâ�¢¨«® ¡®«¥¥ 15 à�§.

’�ª¦¥ à¥�«¨§®¢�−� ¢®§¬®¦−®áâì ¯®¨áª� ¯ã§ëàìª®¢ ¬¥â®¤�¬¨ ª®−âãà−®£®
�−�«¨§�, −® íâ� ®¯¥à�æ¨ï âà¥¡ã¥â ¢¢¥¤¥−¨ï ¢¢®¤� ¯�à�¬¥âà®¢ ¡¨−�à¨§�æ¨¨,
èã¬®¯®¤�¢«¥−¨ï, ¬®àä®«®£¨ç¥áª®£® �−�«¨§� ¨ ¤à. ®â ¯®«ì§®¢�â¥«ï (à¨á. 11).

7 Выводы

÷�§à�¡®â�−� ˆ‚�‘ Š®à�æ¥−ª�, ª®â®à�ï ¢ª«îç�¥â:

(1) à¥«ïæ¨®−−ãî ‘“�„ ª®àà®§¨®−−ëå ¨áá«¥¤®¢�−¨©;

(2) ¬¥â®¤ë ¤«ï ®¡à�¡®âª¨, �−�«¨§� ¨ ¯à®£−®§� ª®àà®§¨®−−ëå ¯à®æ¥áá®¢ ¯®
¤�−−ë¬ −�âãà−®£® íªá¯¥à¨¬¥−â�;

(3) ¢®§¬®¦−®áâì ®¡à�¡®âª¨ ¤�−−ëå −� á®¢à¥¬¥−−ëå â¥å−¨ç¥áª¨å áà¥¤áâ¢�å |
£à�ä¨ç¥áª¨å ¯à®æ¥áá®à�å.
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Abstract: This work considers the problem of corrosion identification and
quantitative estimation of corrosion damage, which is important in mechanical
engineering, construction, and oil production. The goal of this work is to develop
an information and analytical system for estimation and forecasting of corrosion
processes on the surface of steel and aluminum. This system is considered on
an example of data processing of the aluminum corrosion process and corrosion
cracking of steel. The results of the work can be used for research of corrosion
processes on the metal surface to establish patterns between surface condition
and physical and chemical effects on it.
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МАКЕТИРОВАНИЕ ИНФОРМАЦИОННОЙ СИСТЕМЫ
ДЛЯ ВЫЧИСЛЕНИЯ ИНДИКАТОРОВ ИНТЕНСИВНОСТИ
ПЕРЕНОСА НАУЧНЫХ ЗНАНИЙ В СФЕРУ ТЕХНОЛОГИЙ∗

В. А. Минин1, И. М. Зацман2, В. А. Хавансков3, С. К. Шубников4

�−−®â�æ¨ï: �¤−� ¨§ −�¨¡®«¥¥ �ªâã�«ì−ëå §�¤�ç ¢ è¨à®ª®¬ á¯¥ªâà¥ ¨áá«¥-
¤®¢�−¨© ¨−ä®à¬�æ¨®−−ëå ¢§�¨¬®á¢ï§¥© −�ãª¨ ¨ â¥å−®«®£¨© á®áâ®¨â ¢ ¯®-
áâà®¥−¨¨ íää¥ªâ¨¢−®© á¨áâ¥¬ë ¨−¤¨ª�â®à−®£® ®æ¥−¨¢�−¨ï ¨−â¥−á¨¢−®áâ¨
¯à®æ¥áá®¢ ¯¥à¥−®á� (âà�−áä¥à�) §−�−¨© ¨§ à�§−ëå ®¡«�áâ¥© −�ãç−ëå ¨áá«¥¤®-
¢�−¨© ¢ áä¥àã â¥å−®«®£¨ç¥áª®£® à�§¢¨â¨ï. �®¤®¡−ë¥ ¨áá«¥¤®¢�−¨ï ¯à®æ¥áá®¢
¯¥à¥−®á� §−�−¨© ¯à®¢®¤ïâáï ¢ 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�¬ª�å ¯à®¥ªâ� ¯® £à�−âã ÷””ˆ ü 16-07-00075. –¥«ìî
¯à®¥ªâ� ï¢«ï¥âáï à�§à�¡®âª� áà¥¤áâ¢ ¨−ä®à¬�â¨ª¨ ¤«ï ®æ¥−ª¨ ¨−â¥−á¨¢−®áâ¨
¯à®æ¥áá®¢ ¯¥à¥−®á�. „�−−�ï à�¡®â� ¯®á¢ïé¥−� ¢®¯à®á�¬ á®§¤�−¨ï ¬�ª¥â�
¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë, ¯à¥¤−�§−�ç¥−−®© ¤«ï ¨−¤¨ª�â®à−®£® ®æ¥−¨¢�−¨ï
¨−â¥−á¨¢−®áâ¨ íâ¨å ¯à®æ¥áá®¢.

Š«îç¥¢ë¥ á«®¢�: ¨−ä®à¬�æ¨®−−ë¥ ¢§�¨¬®á¢ï§¨ −�ãª¨ ¨ â¥å−®«®£¨©; æ¨-
â¨à®¢�−¨¥ ¯ã¡«¨ª�æ¨© ¢ ¨§®¡à¥â¥−¨ïå; ¨−â¥−á¨¢−®áâì ¯à®æ¥áá� ¯¥à¥−®á�
§−�−¨©; ¨−¤¨ª�â®à−®¥ ®æ¥−¨¢�−¨¥; ¨−ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨

DOI: 10.14357/08696527170314

1 Введение

„�−−�ï à�¡®â� ¯®á¢ïé¥−� ¢®¯à®á�¬ á®§¤�−¨ï ¬�ª¥â� ¨−ä®à¬�æ¨®−−®© á¨á-
â¥¬ë, ¯à¥¤−�§−�ç¥−−®© ¤«ï ¨áá«¥¤®¢�−¨ï ¯à®æ¥áá®¢ ¯¥à¥−®á� −�ãç−ëå §−�−¨©
¢ áä¥àã â¥å−®«®£¨© [1]. ÷�§à�¡®âª� ¬�ª¥â� ¯à®¢®¤¨âáï ¢ 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�¬ª�å ¯à®¥ªâ� ¯® £à�−âã ÷””ˆ úŒ¥â®¤ë

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ 16-07-00075).
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, aleksisss@ya.ru
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, izatsman@yandex.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, áhavanskov@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, sergeysh50@yandex.ru
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¨ ¨−ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨ ®æ¥−¨¢�−¨ï ¨−â¥−á¨¢−®áâ¨ ¯¥à¥−®á� −�ãç−ëå
§−�−¨© ¢ áä¥àã à�§à�¡®âª¨ â¥å−®«®£¨©û.

–¥«ìî ¯à®¥ªâ� ï¢«ï¥âáï à�§à�¡®âª� áà¥¤áâ¢ ¨−ä®à¬�â¨ª¨ ¤«ï ¨áá«¥¤®¢�−¨ï
íâ¨å ¯à®æ¥áá®¢ ¨ ®æ¥−ª¨ ¨å ¨−â¥−á¨¢−®áâ¨. �¥á¬®âàï −� ¬−®£®«¥â−¨¥ â¥®à¥-
â¨ç¥áª¨¥ ¨ í¬¯¨à¨ç¥áª¨¥ ¨áá«¥¤®¢�−¨ï, ª®â®àë¥ ¡ë«¨ −�æ¥«¥−ë −� ¨§ãç¥−¨¥
íâ¨å ¯à®æ¥áá®¢ [2{10], ¬−®£®�á¯¥ªâ−�ï ®æ¥−ª� ¨å ¨−â¥−á¨¢−®áâ¨ ï¢«ï¥âáï ¤® á¨å
¯®à ¢® ¬−®£®¬ −¥ à¥è¥−−®© ¯à®¡«¥¬®©. �á−®¢−®© §�¤�ç¥© ¯à®¥ªâ� ï¢«ï¥âáï
à�§à�¡®âª� −®¢ëå ¬¥â®¤®¢ ¨ ¬®¤¥«¥©, ª®â®àë¥ ¤®«¦−ë áãé¥áâ¢¥−−® à�áè¨-
à¨âì á¯¥ªâà ¢ëç¨á«ï¥¬ëå ¨−¤¨ª�â®à®¢ ¨−â¥−á¨¢−®áâ¨ ¯¥à¥−®á� (ˆˆ�) −�ãç−ëå
§−�−¨©. �¡ê¥ªâ®¬ ¨áá«¥¤®¢�−¨ï ¢ ¯à®¥ªâ¥ ï¢«ïîâáï −�ãç−ë¥ ¯ã¡«¨ª�æ¨¨, æ¨-
â¨àã¥¬ë¥ ¢ ¯®«−®â¥ªáâ®¢ëå ®¯¨á�−¨ïå ¨§®¡à¥â¥−¨©. �â® ¨áá«¥¤®¢�−¨¥ ï¢«ï¥âáï
à�§¢¨â¨¥¬ à�¡®â ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ¯® ¬®−¨â®à¨−£ã ¨ ®æ¥−¨¢�−¨î
à¥§ã«ìâ�â¨¢−®áâ¨ −�ãç−®© ¤¥ïâ¥«ì−®áâ¨ ¤«ï âà¥å ®á−®¢−ëå ª�â¥£®à¨© à¥§ã«ìâ�â®¢
¨áá«¥¤®¢�−¨©: −¥¯®áà¥¤áâ¢¥−−ëå (outputs), ª®−¥ç−ëå (outcomes) ¨ à¥§ã«ìâ�â®¢
¢«¨ï−¨ï (impacts) [11{18]. ˆ−¤¨ª�â®àë ¨−â¥−á¨¢−®áâ¨ ¯¥à¥−®á� −�ãç−ëå §−�−¨©
−¥®¡å®¤¨¬ë ¤«ï ®æ¥−ª¨ à¥§ã«ìâ�â®¢ ¢«¨ï−¨ï −�ãç−®© ¤¥ïâ¥«ì−®áâ¨ −� á®§¤�−¨¥
−�ãç−®-â¥å−¨ç¥áª®£® §�¤¥«�, ®¡¥á¯¥ç¨¢�îé¥£® â¥å−®«®£¨ç¥áª®¥ à�§¢¨â¨¥ [19{23].

‚ à�¬ª�å íâ®£® ¯à®¥ªâ� §�¯«�−¨à®¢�−®:

{ ¨áá«¥¤®¢�âì áãé¥áâ¢ãîé¨¥ ¬¥â®¤ë ¨ ¨−ä®à¬�æ¨®−−ë¥ ¬®¤¥«¨ ¯à®æ¥áá®¢
¯¥à¥−®á� −�ãç−ëå §−�−¨© ¢ áä¥àã â¥å−®«®£¨©;

{ á®§¤�âì −®¢ë¥ ¬¥â®¤ë ¨ ¬®¤¥«¨, ª®â®àë¥ ¯®§¢®«ïâ à�§à�¡®â�âì ¨−ä®à¬�æ¨-
®−−ãî â¥å−®«®£¨î ¬−®£®�á¯¥ªâ−®£® ®æ¥−¨¢�−¨ï íâ¨å ¯à®æ¥áá®¢ á ¯®¬®éìî
ª®«¨ç¥áâ¢¥−−ëå ˆˆ� −�ãç−ëå §−�−¨©;

{ à�§à�¡®â�âì ¨−ä®à¬�æ¨®−−ãî â¥å−®«®£¨î ®æ¥−¨¢�−¨ï ˆˆ� §−�−¨©;

{ á®§¤�âì ¤¥©áâ¢ãîé¨© ¬�ª¥â ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¤«ï ®æ¥−¨¢�−¨ï ¨−-
â¥−á¨¢−®áâ¨ íâ¨å ¯à®æ¥áá®¢ á ¯®¬®éìî ª®«¨ç¥áâ¢¥−−ëå ¨−¤¨ª�â®à®¢;

{ ¯à®¢¥áâ¨ á ¯®¬®éìî ¬�ª¥â� íªá¯¥à¨¬¥−â ¯® ®æ¥−¨¢�−¨î ¨−â¥−á¨¢−®áâ¨ ¯à®-
æ¥áá®¢ ¯¥à¥−®á� §−�−¨© ¢ áä¥àã à�§à�¡®âª¨ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©.

–¥«ìî ¤�−−®© à�¡®âë ï¢«ï¥âáï ®¯¨á�−¨¥ ¯à¨−æ¨¯®¢ ¯®áâà®¥−¨ï ¬�ª¥â� ¨−-
ä®à¬�æ¨®−−®© á¨áâ¥¬ë.

÷�−¥¥ ¢ å®¤¥ ¢ë¯®«−¥−¨ï ¤�−−®£® ¯à®¥ªâ� �¢â®à�¬¨ ¡ë«� à�§à�¡®â�−� ¬®¤¥«ì
¯à®æ¥áá®¢ ¯¥à¥−®á�. �−� ®¯¨áë¢�¥â ¢§�¨¬®á¢ï§¨ â¥ªáâ®¢ ®¯¨á�−¨© ¨§®¡à¥â¥−¨©
¨ æ¨â¨àã¥¬ëå ¢ −¨å −�ãç−ëå ¯ã¡«¨ª�æ¨© [1]. ‚ −¥© ãç¨âë¢�¥âáï à�§−®®¡à�§¨¥
â¨¯®¢ −�ãç−ëå ¯ã¡«¨ª�æ¨©, ®â®¡à�¦�îé¨å −�ãç−ë¥ à¥§ã«ìâ�âë, ¨á¯®«ì§ã¥¬ë¥
¢ ¯�â¥−âã¥¬ëå ¨§®¡à¥â¥−¨ïå. ˆ−â¥−á¨¢−®áâì ¯¥à¥−®á� ®æ¥−¨¢�¥âáï á ¯®¬®éìî
¨−¤¨ª�â®à®¢, ®âà�¦�îé¨å à�§−ë¥ �á¯¥ªâë ¯à®æ¥áá®¢ ¯¥à¥−®á� −�ãç−ëå §−�-
−¨©.

�� ®á−®¢¥ íâ®© ¬®¤¥«¨ à�§à�¡®â�− ¬�ª¥â ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë, á®áâ®-
ïé¥© ¨§ ¤¢ãå äã−ªæ¨®−�«ì−ëå ¯®¤á¨áâ¥¬. �¥à¢�ï ¯®¤á¨áâ¥¬� ¯à¥¤−�§−�ç¥−�
¤«ï «¨−£¢¨áâ¨ç¥áª®© ®¡à�¡®âª¨ ¯®«−®â¥ªáâ®¢ëå ®¯¨á�−¨© ¨ ¡¨¡«¨®£à�ä¨ç¥áª¨å
¤�−−ëå ¨§®¡à¥â¥−¨©, � ¢â®à�ï | ¤«ï ¢ëç¨á«¥−¨ï §−�ç¥−¨© ¨−¤¨ª�â®à®¢.
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Œ�ª¥â¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¤«ï ¢ëç¨á«¥−¨ï ˆˆ� −�ãç−ëå §−�−¨©

�¡¥ ¯®¤á¨áâ¥¬ë ¨á¯®«ì§ãîâ ¡�§ë ¤�−−ëå, ª®â®àë¥ ¢ª«îç�îâ:

{ ®¯¨á�−¨¥ áæ¥−�à¨¥¢ ¨áá«¥¤®¢�−¨ï ¯à®æ¥áá®¢ ¯¥à¥−®á� §−�−¨©;

{ ®¯¨á�−¨ï ¨§®¡à¥â¥−¨©, ¢ ª®â®àëå æ¨â¨àãîâáï −�ãç−ë¥ ¯ã¡«¨ª�æ¨¨;

{ ¡¨¡«¨®£à�ä¨ç¥áª¨¥ ¤�−−ë¥ æ¨â¨àã¥¬ëå −�ãç−ëå ¯ã¡«¨ª�æ¨©;

{ ª«�áá¨ä¨ª�â®àë −�¯à�¢«¥−¨© −�ãç−ëå ¨áá«¥¤®¢�−¨© (��ˆ);

{ Œ¥¦¤ã−�à®¤−ãî ¯�â¥−â−ãî ª«�áá¨ä¨ª�æ¨î (Œ�Š).

2 Функциональные подсистемы макета

ˆ−ä®à¬�æ¨®−−�ï á¨áâ¥¬�, ª®â®à�ï ¤�¥â ¢®§¬®¦−®áâì ®æ¥−¨âì ¨−â¥−á¨¢−®áâì
¯à®æ¥áá®¢ ¯¥à¥−®á� −�ãç−ëå §−�−¨© ¢ áä¥àã â¥å−®«®£¨©, ¯à®¥ªâ¨àã¥âáï á ¨á¯®«ì-
§®¢�−¨¥¬ ª«¨¥−â-á¥à¢¥à−ëå â¥å−®«®£¨©. �−� á®áâ®¨â ¨§ ¤¢ãå äã−ªæ¨®−�«ì−ëå
¯®¤á¨áâ¥¬, ª®â®àë¥ ¢§�¨¬®¤¥©áâ¢ãîâ á ¥¤¨−®© ¡�§®© ¤�−−ëå:

(1) ¯®¤á¨áâ¥¬� «¨−£¢¨áâ¨ç¥áª®© ®¡à�¡®âª¨ ¯®«−®â¥ªáâ®¢ëå ®¯¨á�−¨© ¨ ¡¨¡«¨®-
£à�ä¨ç¥áª¨å ¤�−−ëå ¨§®¡à¥â¥−¨©;

(2) ¯®¤á¨áâ¥¬� ¢ëç¨á«¥−¨ï §−�ç¥−¨© ˆˆ� −�ãç−ëå §−�−¨© ¢ áä¥àã â¥å−®«®£¨©.

�á−®¢−�ï ¡�§� ¤�−−ëå ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë á®áâ®¨â ¨§ á«¥¤ãîé¨å
¢§�¨¬®á¢ï§�−−ëå â�¡«¨æ:

(1) â�¡«¨æ� áæ¥−�à¨¥¢, á®¤¥à¦�é�ï ¯�à�¬¥âàë à�§«¨ç−ëå ¢�à¨�−â®¢ ¨áá«¥¤®-
¢�−¨ï ¯à®æ¥áá®¢ ¯¥à¥−®á� §−�−¨© (’¡‘);

(2) â�¡«¨æ� ¯�â¥−â®¢, á®¤¥à¦�é�ï ¨å ¡¨¡«¨®£à�ä¨ç¥áª¨¥ ¤�−−ë¥; ª�¦¤ë© ¨§
¯�â¥−â®¢ á®®â−¥á¥− á −¥ª®â®àë¬ áæ¥−�à¨¥¬ ¨áá«¥¤®¢�−¨ï ¯à®æ¥áá®¢ ¯¥à¥−®á�
§−�−¨©1 (’¡��â);

(3) â�¡«¨æ� ááë«®ª −� æ¨â¨àã¥¬ë¥ ¯ã¡«¨ª�æ¨¨, ª�¦¤�ï ¨§ ª®â®àëå ¯à¨¢ï§�−�
ª ®¯à¥¤¥«¥−−®¬ã ¯�â¥−âã, ¨§ ¯®«−®£® ®¯¨á�−¨ï ª®â®à®£® ®−� ¡ë«� ¨§¢«¥ç¥−�
(’¡‘�ã¡);

(4) â�¡«¨æ� ª®¤®¢ àã¡à¨ª ��ˆ, ª®â®àë¥ ¯à¨á¢®¥−ë æ¨â¨àã¥¬®© ¯ã¡«¨ª�æ¨¨
(’¡÷ã¡);

(5) â�¡«¨æ� ª®àâ¥¦¥© ¢¨¤� 〈¨−¤¥ªá Œ�Š, ááë«ª� −� ¯ã¡«¨ª�æ¨î〉
(’¡Šà�ã¡);

(6) â�¡«¨æ� ª®àâ¥¦¥© ¢¨¤� 〈¨−¤¥ªá Œ�Š, àã¡à¨ª� ��ˆ〉 (’¡Šà÷ã¡).

�¡®¡é¥−−�ï áâàãªâãà−�ï áå¥¬� ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¯à¨¢¥¤¥−� −�
à¨á. 1.

Šà®¬¥ ¢ëè¥¯¥à¥ç¨á«¥−−ëå â�¡«¨æ ®á−®¢−®© ¡�§ë ¤�−−ëå ¢ á®áâ�¢ ¨−ä®à¬�-
æ¨®−−®© á¨áâ¥¬ë ¢å®¤¨â â¥å−®«®£¨ç¥áª�ï ¡�§� ¤�−−ëå (’�„), ª®â®à�ï á®¤¥à¦¨â
àï¤ ¢á¯®¬®£�â¥«ì−ëå ¤�−−ëå:

1‚®§¬®¦−� ¯à¨¢ï§ª� ¯�â¥−â� ª −¥áª®«ìª¨¬ áæ¥−�à¨ï¬, ¥á«¨ ¨áá«¥¤ã¥¬ë¥ ¢ −¨å â¥å−®«®£¨ç¥áª¨¥
®¡«�áâ¨ ¨¬¥îâ â¥¬�â¨ç¥áª®¥ ¯¥à¥á¥ç¥−¨¥.
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÷¨á. 1 �¡®¡é¥−−�ï áâàãªâãà−�ï áå¥¬� ¬�ª¥â� ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë

(1) àã¡à¨ª¨ ª«�áá¨ä¨ª�â®à®¢ ��ˆ (’¡Š��ˆ);

(2) â�¡«¨æã è�¡«®−®¢ ¤«ï ¯®¨áª� ááë«®ª −� ¯ã¡«¨ª�æ¨¨ ¢ â¥ªáâ�å ®¯¨á�−¨©
¨§®¡à¥â¥−¨© (’¡˜�);

(3) â�¡«¨æã −®à¬�«¨§®¢�−−ëå −�§¢�−¨© −�ãç−ëå ¯¥à¨®¤¨ç¥áª¨å ¨§¤�−¨© á ãª�-
§�−¨¥¬ ãáâ�−®¢«¥−−ëå ¤«ï −¨å ª®¤®¢ â¥¬�â¨ç¥áª¨å àã¡à¨ª ��ˆ (’¡��ˆ).

2.1 Подсистема лингвистической обработки

”ã−ªæ¨®−�«ì−® ¤�−−�ï ¯®¤á¨áâ¥¬� ¬�ª¥â� ¯à¥¤−�§−�ç¥−� ¤«ï ¢ë¯®«−¥−¨ï
á«¥¤ãîé¨å íâ�¯®¢ ®¯à¥¤¥«¥−¨ï §−�ç¥−¨© ˆˆ� §−�−¨© (¢¨¤ë ˆˆ� §�¤�îâáï
¢ áæ¥−�à¨¨):

1. �®áâ�−®¢ª� ¨ ä®à¬�«¨§�æ¨ï §�¤�ç¨ ¨áá«¥¤®¢�−¨ï (¯ãâ¥¬ á¯¥æ¨ä¨æ¨à®¢�−¨ï
á®®â¢¥âáâ¢ãîé¨å ¯�à�¬¥âà®¢ áæ¥−�à¨ï) ¨ ¬®−¨â®à¨−£ ¯à®æ¥áá� ¢ëç¨á«¥−¨ï
ˆˆ� §−�−¨©.

174 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017



Œ�ª¥â¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¤«ï ¢ëç¨á«¥−¨ï ˆˆ� −�ãç−ëå §−�−¨©

2. �¯à¥¤¥«¥−¨¥ ¬�áá¨¢� −®¬¥à®¢ ¯�â¥−â®¢ −� ¨§®¡à¥â¥−¨ï ¯ãâ¥¬ ä®à¬¨à®¢�−¨ï
§�¯à®á� ª ¨−ä®à¬�æ¨®−−®-¯®¨áª®¢®© á¨áâ¥¬¥ (ˆ�‘) MIMOSA, ¯®áâ�¢«ï-
¥¬®© ÷®á¯�â¥−â®¬, ¨ ä®à¬¨à®¢�−¨¥ ¬�áá¨¢� â¥ªáâ®¢ ®¯¨á�−¨© ¨§®¡à¥â¥−¨©.

3. ”®à¬¨à®¢�−¨¥ ¬�áá¨¢� ááë«®ª −� ¯ã¡«¨ª�æ¨¨ ¯ãâ¥¬ ¨å ¯®¨áª� ¢ ¯®«−®â¥ªá-
â®¢ëå ®¯¨á�−¨ïå ¨§®¡à¥â¥−¨©.

4. ÷ã¡à¨æ¨à®¢�−¨¥ −�©¤¥−−ëå ¡¨¡«¨®£à�ä¨ç¥áª¨å ááë«®ª −� −�ãç−ë¥ ¯ã¡«¨-
ª�æ¨¨ á ¨á¯®«ì§®¢�−¨¥¬ ª«�áá¨ä¨ª�â®à� ��ˆ.

5. �ªá¯¥àâ¨§� à¥§ã«ìâ�â®¢ �¢â®¬�â¨ç¥áª®© ®¡à�¡®âª¨ (−� ª�¦¤®¬ â¥å−®«®£¨ç¥-
áª®¬ íâ�¯¥).

�®¤á¨áâ¥¬� ¢ª«îç�¥â ¢ á¥¡ï á«¥¤ãîé¨¥ äã−ªæ¨®−�«ì−ë¥ ¬®¤ã«¨ ¨ á®®â¢¥â-
áâ¢ãîé¨¥ ¨¬ à�¡®ç¨¥ ¬¥áâ� àãª®¢®¤¨â¥«ï ¨áá«¥¤®¢�−¨© ¨ íªá¯¥àâ®¢ á¨áâ¥¬ë:

{ à�¡®ç¥¥ ¬¥áâ® àãª®¢®¤¨â¥«ï ¨áá«¥¤®¢�−¨© (÷Œ ÷ãª®¢®¤¨â¥«ï);

{ à�¡®ç¥¥ ¬¥áâ® íªá¯¥àâ� ¯®¨áª� ááë«®ª −� ¯ã¡«¨ª�æ¨¨ (÷Œ ��‘);

{ à�¡®ç¥¥ ¬¥áâ® íªá¯¥àâ� àã¡à¨æ¨à®¢�−¨ï ¯ã¡«¨ª�æ¨© (÷Œ �÷�).

÷�¡®ç¥¥ ¬¥áâ® àãª®¢®¤¨â¥«ï ¨áá«¥¤®¢�−¨© ®¡¥á¯¥ç¨¢�¥â ¢ë¯®«−¥−¨¥ á«¥¤ã-
îé¨å ®¯¥à�æ¨©:

(1) ¢¢®¤ ¯�à�¬¥âà®¢ áæ¥−�à¨ï ¤«ï ¨áá«¥¤®¢�−¨© ¯à®æ¥áá®¢ ¯¥à¥−®á� §−�−¨©;

(2) ä®à¬¨à®¢�−¨¥ á¯¨áª� ¯�â¥−â®¢ −� ¨§®¡à¥â¥−¨ï, á®®â¢¥âáâ¢ãîé¨å §�¤�−−ë¬
¯�à�¬¥âà�¬ áæ¥−�à¨ï;

(3) ¬®−¨â®à¨−£ ¯à®æ¥áá� ¢ëç¨á«¥−¨ï ˆˆ� −�ãç−ëå §−�−¨© ¤«ï §�¤�−−ëå
¢ áæ¥−�à¨¨ ¢¨¤®¢ ˆˆ�.

÷�¡®ç¥¥ ¬¥áâ® ��‘ ®¡¥á¯¥ç¨¢�¥â ¢ë¯®«−¥−¨¥ á«¥¤ãîé¨å ®¯¥à�æ¨©:

(1) ä®à¬¨à®¢�−¨¥ è�¡«®−®¢ ¤«ï ¯®¨áª� ááë«®ª −� ¯ã¡«¨ª�æ¨¨;

(2) ¬®−¨â®à¨−£ ¯à®æ¥áá� �¢â®¬�â¨ç¥áª®£® ¯®¨áª� ááë«®ª −� ¯ã¡«¨ª�æ¨¨ −�
®á−®¢¥ áä®à¬¨à®¢�−−ëå è�¡«®−®¢;

(3) ª®àà¥ªâ¨à®¢ª� áâàãªâãàë −�©¤¥−−ëå ááë«®ª −� ¯ã¡«¨ª�æ¨¨ (¢ á«ãç�¥ ®è¨-
¡®ª �¢â®¬�â¨ç¥áª®£® áâàãªâãà¨à®¢�−¨ï);

(4) �¢â®¬�â¨§¨à®¢�−−ë© ¯®¨áª ááë«®ª −� ¯ã¡«¨ª�æ¨¨ ¢ â¥å ®¯¨á�−¨ïå ¨§®-
¡à¥â¥−¨©, ¢ ª®â®àëå −¥ ¡ë«¨ −�©¤¥−ë ááë«ª¨ ¢ �¢â®¬�â¨ç¥áª®¬ à¥¦¨¬¥
¯®¨áª�;

(5) ãª�§�−¨¥ ¢¨¤� ¯ã¡«¨ª�æ¨©, ¥á«¨ ®− −¥ ¡ë« ®¯à¥¤¥«¥− �¢â®¬�â¨ç¥áª¨;

(6) −®à¬�«¨§�æ¨ï −�§¢�−¨© ¯¥à¨®¤¨ç¥áª¨å ¨§¤�−¨© ¢ −�©¤¥−−ëå ¯ã¡«¨ª�æ¨-
ïå ¯à¨ ¨å à�áå®¦¤¥−¨¨ á ¯¥à¥ç−¥¬ −®à¬�«¨§®¢�−−ëå −�§¢�−¨© −�ãç−ëå
¨§¤�−¨©;

(7) ¬®−¨â®à¨−£ ¯à®æ¥áá� ä®à¬¨à®¢�−¨ï ª®àâ¥¦¥© ¢¨¤� 〈¨−¤¥ªá Œ�Š, ááë«ª�
−� ¯ã¡«¨ª�æ¨î〉.
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÷�¡®ç¥¥ ¬¥áâ® �÷� ®¡¥á¯¥ç¨¢�¥â ¢ë¯®«−¥−¨¥ á«¥¤ãîé¨å ®¯¥à�æ¨©:
(1) ¬®−¨â®à¨−£ ¯à®æ¥áá� �¢â®¬�â¨ç¥áª®£® ¯à¨á¢®¥−¨ï ª®¤®¢ àã¡à¨ª ��ˆ

−�©¤¥−−ë¬ ¯ã¡«¨ª�æ¨ï¬;
(2) ãâ®ç−¥−¨¥ á®áâ�¢� àã¡à¨ª ��ˆ ¤«ï ¯ã¡«¨ª�æ¨¨;
(3) ¬®−¨â®à¨−£ ¯à®æ¥áá� ä®à¬¨à®¢�−¨ï ª®àâ¥¦¥© ¢¨¤� 〈¨−¤¥ªá Œ�Š, àã¡à¨ª�

��ˆ〉.

2.2 Подсистема вычисления индикаторов

„�−−�ï ¯®¤á¨áâ¥¬� ¬�ª¥â� −� ¢å®¤¥ ¨¬¥¥â ¬�áá¨¢ë ª®àâ¥¦¥© ¢¨¤� 〈¨−¤¥ªá
Œ�Š, àã¡à¨ª� ��ˆ〉, ª®â®àë¥ ä®à¬¨àãîâáï ¯® §�¢¥àè¥−¨¨ íªá¯¥àâ−®£® �−�-
«¨§� à¥§ã«ìâ�â®¢ «¨−£¢¨áâ¨ç¥áª®© ®¡à�¡®âª¨ ¨áå®¤−®£® ¬�áá¨¢� ¯®«−®â¥ªáâ®¢ëå
®¯¨á�−¨© ¨§®¡à¥â¥−¨©.

”ã−ªæ¨®−�«ì−® ¯®¤á¨áâ¥¬� à¥è�¥â âà¨ ®á−®¢−ë¥ §�¤�ç¨:
1. Š«�áâ¥à¨§�æ¨ï ª®àâ¥¦¥© ¯® âà¥¬ ®á−®¢�−¨ï¬ ª�â¥£®à¨§�æ¨¨ ¨−¤¨ª�â®à®¢,

®¯¨á�−−ëå ¢ à�¡®â¥ [1].
2. ”®à¬¨à®¢�−¨¥ ¬�âà¨æ ç�áâ®â−®áâ¥©1 ¤«ï ˆˆ� §−�−¨© §�¤�−−ëå ¢ áæ¥−�à¨¨

¢¨¤®¢.
3. ‚ëç¨á«¥−¨¥ ¨ ¢¨§ã�«¨§�æ¨ï ˆˆ� §−�−¨© â¥å ¢¨¤®¢, ª®â®àë¥ §�¤�−ë ¢ áæ¥-

−�à¨¨.
‘®£«�á−® à�§à�¡®â�−−®© ¬®¤¥«¨ ¢ëç¨á«¥−¨© ¢ à¥§ã«ìâ�â¥ ª«�áâ¥à¨§�æ¨¨

ª®àâ¥¦¥© ä®à¬¨àã¥âáï á¨áâ¥¬� â�¡«¨æ, −� ®á−®¢¥ ª®â®àëå ¢ëç¨á«ïîâáï â¥ ¨«¨
¨−ë¥ ¢¨¤ë ˆˆ� §−�−¨© á®£«�á−® áæ¥−�à¨î. ÷¥§ã«ìâ�â ä®à¬¨à®¢�−¨ï íâ®©
á¨áâ¥¬ë §�¢¨á¨â ®â ç¨á«� ¢®§¬®¦−ëå §−�ç¥−¨© ¯�à�¬¥âà�, á®®â¢¥âáâ¢ãîé¥£®
ª�¦¤®¬ã ®á−®¢�−¨î ª�â¥£®à¨§�æ¨¨ ˆˆ�. �à¨¢¥¤¥¬ ¯à¨¬¥à á âà¥¬ï ®á−®¢�−¨ï¬¨
¨ âà¥¬ï á®®â¢¥âáâ¢ãîé¨¬¨ ¨¬ ¯�à�¬¥âà�¬¨ [1]:

{ ¯�à�¬¥âà K (knowledge type) ¤«ï ®á−®¢�−¨ï ú”ã−¤�¬¥−â�«ì−�ï ¨«¨ ¯à¨-
ª«�¤−�ï ª«�áá¨ä¨ª�æ¨ï ¯¥à¥−®á¨¬ëå §−�−¨©û ¨¬¥¥â ¤¢� §−�ç¥−¨ï: FR |
fundamental research (äã−¤�¬¥−â�«ì−ë¥ ¨áá«¥¤®¢�−¨ï) ¨ AR | applied
research (¯à¨ª«�¤−ë¥ ¨áá«¥¤®¢�−¨ï), à¥§ã«ìâ�âë ª®â®àëå æ¨â¨àãîâáï ¢ ¨§®-
¡à¥â¥−¨¨;

{ ¯�à�¬¥âà R (relation type) ¤«ï ®á−®¢�−¨ï ú�â−®è¥−¨¥ æ¨â¨àã¥¬ëå ¯ã¡-
«¨ª�æ¨© ª ¨§®¡à¥â¥−¨îû ¨¬¥¥â âà¨ §−�ç¥−¨ï: E | íªá¯¥àâ; A | �¢â®à
¨§®¡à¥â¥−¨ï; EA | íªá¯¥àâ ¨ �¢â®à ®¤−®¢à¥¬¥−−® æ¨â¨àãîâ ¯ã¡«¨ª�æ¨î;

{ ¯�à�¬¥âà C (computation type) ¤«ï ®á−®¢�−¨ï ú‘¯®á®¡ ãç¥â� á®¢¯�¤�îé¨å
àã¡à¨ª ¢ ®¤−®¬ ¨§®¡à¥â¥−¨¨û ¨¬¥¥â ¤¢� §−�ç¥−¨ï: P | ¢â®à�ï ¨ ¯®á«¥¤ãîé¨¥
á®¢¯�¤�îé¨¥ àã¡à¨ª¨ −¥ ãç¨âë¢�îâáï; F | ãç¨âë¢�îâáï ¢á¥ á®¢¯�¤�îé¨¥
àã¡à¨ª¨.

1Œ�âà¨æ� ç�áâ®â−®áâ¥© å�à�ªâ¥à¨§ã¥â ¨−â¥−á¨¢−®áâì ¢§�¨¬®á¢ï§¥© à�§¤¥«®¢ â¥å−®«®£¨ç¥áª®©
®¡«�áâ¨ ¨ ��ˆ. �â¨ à�§¤¥«ë ¨ −�¯à�¢«¥−¨ï §�¤�îâáï á ¯®¬®éìî ¨−¤¥ªá®¢ Œ�Š ¨ àã¡à¨ª
ª«�áá¨ä¨ª�â®à� ��ˆ á®®â¢¥âáâ¢¥−−®.
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Œ�ª¥â¨à®¢�−¨¥ ¨−ä®à¬�æ¨®−−®© á¨áâ¥¬ë ¤«ï ¢ëç¨á«¥−¨ï ˆˆ� −�ãç−ëå §−�−¨©

‘«¥¤®¢�â¥«ì−®, ¢ à¥§ã«ìâ�â¥ ª«�áâ¥à¨§�æ¨¨ −� âà¥âì¥¬ ãà®¢−¥ ª�â¥£®à¨§�æ¨¨
ˆˆ� ¡ã¤¥â áä®à¬¨à®¢�−® 12 (2 × 3 × 2) â�¡«¨æ ª®àâ¥¦¥© [1, à¨á. 3 ¨ ¥£®
®¯¨á�−¨¥]. „«ï ¨««îáâà�æ¨¨ ¯à®æ¥áá� ä®à¬¨à®¢�−¨ï á¨áâ¥¬ë ¨§ 12 â�¡«¨æ
¢ ¯®¤á¨áâ¥¬¥ ¢ëç¨á«¥−¨ï ¨−¤¨ª�â®à®¢ à�áá¬®âà¨¬ ¢ ª�ç¥áâ¢¥ ¯à¨¬¥à� ®¯¨á�−¨¥
¨§®¡à¥â¥−¨ï ª ¯�â¥−âã ü 2434280, ª®â®àë© ¨¬¥¥â ¨−¤¥ªá Œ�Š G06F 21/00
ú“áâà®©áâ¢� §�é¨âë ª®¬¯ìîâ¥à®¢ ¨«¨ ª®¬¯ìîâ¥à−ëå á¨áâ¥¬ ®â −¥á�−ªæ¨®−¨à®-
¢�−−®© ¤¥ïâ¥«ì−®áâ¨û [24].

‚ à¥§ã«ìâ�â¥ ®¡à�¡®âª¨ â¥ªáâ� ®¯¨á�−¨ï íâ®£® ¨§®¡à¥â¥−¨ï ¨§ ¯®¤á¨áâ¥¬ë
«¨−£¢¨áâ¨ç¥áª®© ®¡à�¡®âª¨ ¡ë«¨ ¯®«ãç¥−ë ¬�áá¨¢ë ª®àâ¥¦¥© ¤¢ãå ¢¨¤®¢: ª®à-
â¥¦¨ á® ááë«ª�¬¨ −� ¯ã¡«¨ª�æ¨¨ 〈¨−¤¥ªá Œ�Š, ááë«ª� −� ¯ã¡«¨ª�æ¨î〉
(â�¡«. 1) ¨ ª®àâ¥¦¨ á àã¡à¨ª�¬¨ ¯ã¡«¨ª�æ¨© 〈¨−¤¥ªá Œ�Š, àã¡à¨ª� ��ˆ〉
(â�¡«. 2).

÷�áá¬®âà¨¬ à¥§ã«ìâ�âë ª«�áâ¥à¨§�æ¨¨ −� ¯¥à¢®¬ ãà®¢−¥ ª�â¥£®à¨§�æ¨¨
ˆˆ� [1, à¨á. 3]. Š®àâ¥¦¨ á® ááë«ª�¬¨ −� ¯ã¡«¨ª�æ¨¨ ¢¨¤� 〈¨−¤¥ªá Œ�Š,
ááë«ª� −� ¯ã¡«¨ª�æ¨î〉 ä®à¬¨àãîâáï ¯® ®á−®¢�−¨î R (relation type) | úŠâ®
¯à®æ¨â¨à®¢�« −�ãç−ãî ¯ã¡«¨ª�æ¨î: �¢â®à ¨§®¡à¥â¥−¨ï ¨/¨«¨ íªá¯¥àâû. ‚ ®¯¨-
á�−¨¨ ¯�â¥−â� ¥áâì ¤¢¥ ááë«ª¨ −� ¯ã¡«¨ª�æ¨î úƒ¨¡¡á “. “ªà�áâì á¥ªà¥âë ¡¥§
á¥â¨ // ‚ ¬¨à¥ −�ãª¨, 2009û: ááë«ª� íªá¯¥àâ�, ®áãé¥áâ¢«ï¢è¥£® íªá¯¥àâ¨§ã

’�¡«¨æ� 1 Š®àâ¥¦¨ á ááë«ª�¬¨ −� ¯ã¡«¨ª�æ¨¨ (á ãª�§�−¨¥¬ �¢â®àáâ¢� ááë«ª¨ ¢ âà¥âì¥¬
áâ®«¡æ¥ (… | íªá¯¥àâ; � | �¢â®à ¨§®¡à¥â¥−¨ï)

ˆ−¤¥ªá Œ�Š
¨§®¡à¥â¥−¨ï

ª ¯�â¥−âã
ü 2434280

‘áë«ª¨ −� ¯ã¡«¨ª�æ¨¨
¢ â¥ªáâ¥ ®¯¨á�−¨¨ ¨§®¡à¥â¥−¨ï

ª ¯�â¥−âã ü 2434280

�¢â®àáâ¢®
ááë«ª¨

G06F 21/00
ƒ¨¡¡á “. “ªà�áâì á¥ªà¥âë ¡¥§ á¥â¨ // ‚ ¬¨à¥ −�ãª¨,
2009 E

G06F 21/00
ƒ¨¡¡á “. “ªà�áâì á¥ªà¥âë ¡¥§ á¥â¨ // ‚ ¬¨à¥ −�ãª¨,
2009 A

G06F 21/00
•®à¥¥¢ �. �. ’¥å−¨ç¥áª¨¥ ª�−�«ë ãâ¥çª¨ �ªãáâ¨ç¥áª®©
(à¥ç¥¢®©) ¨−ä®à¬�æ¨¨ // ‘¯¥æ¨�«ì−�ï â¥å−¨ª�, 2009 A

G06F 21/00

āèª®¢ ā. ƒ., —ã¬¥à¨− �. ā., �àâ¥¬¥−ª® ‘. �.
¨ ¤à. �ªá¯¥à¨¬¥−â�«ì−®¥ ¨áá«¥¤®¢�−¨¥ ¢®§¤¥©áâ¢¨ï
á¢¥àå¢ëá®ª®ç�áâ®â−ëå ¨¬¯ã«ìá®¢ −� à�¡®âã ¯¥àá®-
−�«ì−®£® ª®¬¯ìîâ¥à� // ÷�¤¨®â¥å−¨ª� ¨ í«¥ªâà®−¨ª�,
2001. ’. 46. ü 8. ‘. 1020

A

G06F 21/00

‡¤ãå®¢ ‹. �., ��àä¥−®¢ ā. ‚., �¥âà®¢ ‘. ÷., ‘ë§-
à�−®¢ B. C., “«ìï−®¢ �. ‚., Ÿ−ª®¢áª¨© �. „. ˆáá«¥¤®-
¢�−¨¥ ¢®§¬®¦−®áâ¨ ¯à®−¨ª−®¢¥−¨ï ¬®é−ëå ¨¬¯ã«ìá-
−ëå ¯®¬¥å ¢ ª®¬¯ìîâ¥àë ¯® æ¥¯ï¬ í«¥ªâà®¯¨â�−¨ï
¨ §�§¥¬«¥−¨ï // ��ãç−ë¥ âàã¤ë ˆ−áâ¨âãâ� â¥¯«®ä¨-
§¨ª¨ íªáâà¥¬�«ì−ëå á®áâ®ï−¨© �¡ê¥¤¨−¥−−®£® ¨−áâ¨-
âãâ� ¢ëá®ª¨å â¥¬¯¥à�âãà ÷��, 2000

A
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’�¡«¨æ� 2 Š®àâ¥¦¨ á àã¡à¨ª�¬¨ ¯ã¡«¨ª�æ¨© (¤«ï
á«ãç�ï ¨á¯®«ì§®¢�−¨ï ¢ ¬�ª¥â¥ ¤¢ãå ª«�áá¨ä¨ª�â®à®¢
��ˆ | ÷””ˆ ¨ ƒ÷�’ˆ)

ˆ−¤¥ªá Œ�Š
¨§®¡à¥â¥−¨ï ª ¯�â¥−âã

ü 2434280

÷ã¡à¨ª� ��ˆ
¯® ª«�áá¨ä¨ª�â®àã ÷””ˆ

¨«¨ ƒ÷�’ˆ
G06F 21/00 00.00.00
G06F 21/00 01-100
G06F 21/00 01-200
G06F 21/00 01-200
G06F 21/00 01-200
G06F 21/00 01-200
G06F 21/00 02-200
G06F 21/00 02-200
G06F 21/00 02-300
G06F 21/00 02-300
G06F 21/00 02-400
G06F 21/00 02-400
G06F 21/00 43.00.00
G06F 21/00 02-400
G06F 21/00 07-400
G06F 21/00 50.00.00
G06F 21/00 07-800
G06F 21/00 07-800
G06F 21/00 07-800
G06F 21/00 47.00.00
G06F 21/00 81.00.00
G06F 21/00 81.00.00

§�ï¢ª¨ −� ¨§®¡à¥â¥−¨¥, ¨ ááë«ª� �¢â®à� (á¬. â�¡«. 1). ÷¥§ã«ìâ�â ª«�áâ¥à¨§�æ¨¨
ª®àâ¥¦¥© ¯® ¤�−−®¬ã ®á−®¢�−¨î ¡ã¤¥â ¨¬¥âì ¢¨¤, ¯à¥¤áâ�¢«¥−−ë© −� à¨á. 2.

Š�ª ¢¨¤−® ¨§ à¨á. 2, ¤«ï ¤�−−®£® ®¯¨á�−¨ï ¨§®¡à¥â¥−¨ï ¯¥à¢�ï â�¡«¨æ� ¯ãáâ�
(¥áâì â®«ìª® ¥¥ §�£®«®¢®ª), â�ª ª�ª íªá¯¥àâ −¥ ¯à¥¤áâ�¢¨« ááë«®ª −� −�ãç−ë¥
¯ã¡«¨ª�æ¨¨, ª®â®àë¥ −¥ á®¢¯�¤�îâ á �¢â®àáª¨¬¨, ¢â®à�ï â�¡«¨æ� á®¤¥à¦¨â âà¨
ª®àâ¥¦�, � âà¥âìï | ®¤¨− ª®àâ¥¦.

’¥¯¥àì à�áá¬®âà¨¬ ª«�áâ¥à¨§�æ¨î ª®àâ¥¦¥© àã¡à¨ª ��ˆ ¯® ®á−®¢�−¨î
ª�â¥£®à¨§�æ¨¨ K (knowledge type) | ú”ã−¤�¬¥−â�«ì−�ï ¨«¨ ¯à¨ª«�¤−�ï ª«�á-
á¨ä¨ª�æ¨ï ¯¥à¥−®á¨¬ëå §−�−¨©û. „�−−®¥ ®á−®¢�−¨¥ ª�â¥£®à¨§�æ¨¨ ¨¬¥¥â ¤¢�
¯�à�¬¥âà�: FR ¨ AR [1, à¨á. 3].

Š�ª á«¥¤ã¥â ¨§ â�¡«. 2, ª®àâ¥¦¨ àã¡à¨ª ��ˆ ¢ íâ®¬ ¯à¨¬¥à¥ ¯®á«¥ «¨−£¢¨-
áâ¨ç¥áª®© ®¡à�¡®âª¨ ¢ª«îç�îâ ®¤−®¢à¥¬¥−−® àã¡à¨ª¨ ª«�áá¨ä¨ª�â®à� ÷””ˆ
¨ ƒ÷�’ˆ. �®íâ®¬ã ª«�áâ¥à¨§�æ¨ï ¯® ¤�−−®¬ã ®á−®¢�−¨î ¯à¨¢¥¤¥â ª ä®à¬¨à®-
¢�−¨î ¤¢ãå â�¡«¨æ (à¨á. 3). �à�¢�ï â�¡«¨æ� á®¤¥à¦¨â àã¡à¨ª¨ ª«�áá¨ä¨ª�â®à�
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I = B(E)

ˆ−¤¥ªá Œ�Š ‘áë«ª� −� ¯ã¡«¨ª�æ¨î

I = B(A)

ˆ−¤¥ªá Œ�Š ‘áë«ª� −� ¯ã¡«¨ª�æ¨î

G06F 21/00 •®à¥¥¢ �. �. ’¥å−¨ç¥áª¨¥ ª�−�«ë ãâ¥çª¨ �ªãáâ¨ç¥áª®© (à¥-
ç¥¢®©) ¨−ä®à¬�æ¨¨ // ‘¯¥æ¨�«ì−�ï â¥å−¨ª�, 2009

G06F 21/00

āèª®¢ ā. ƒ., —ã¬¥à¨− �. ā., �àâ¥¬¥−ª® ‘. �. ¨ ¤à.
�ªá¯¥à¨¬¥−â�«ì−®¥ ¨áá«¥¤®¢�−¨¥ ¢®§¤¥©áâ¢¨ï á¢¥àå¢ëá®-
ª®ç�áâ®â−ëå ¨¬¯ã«ìá®¢ −� à�¡®âã ¯¥àá®−�«ì−®£® ª®¬¯ìî-
â¥à� // ÷�¤¨®â¥å−¨ª� ¨ í«¥ªâà®−¨ª�, 2001. ’. 46. ü 8.
‘. 1020

G06F 21/00

‡¤ãå®¢ ‹. �., ��àä¥−®¢ ā. ‚., �¥âà®¢ ‘. ÷., ‘ë§à�-
−®¢ ‚. ‘., “«ìï−®¢ �. ‚., Ÿ−ª®¢áª¨© �. „. ˆáá«¥¤®¢�−¨¥
¢®§¬®¦−®áâ¨ ¯à®−¨ª−®¢¥−¨ï ¬®é−ëå ¨¬¯ã«ìá−ëå ¯®¬¥å
¢ ª®¬¯ìîâ¥àë ¯® æ¥¯ï¬ í«¥ªâà®¯¨â�−¨ï ¨ §�§¥¬«¥−¨ï //
��ãç−ë¥ âàã¤ë ˆ−áâ¨âãâ� â¥¯«®ä¨§¨ª¨ íªáâà¥¬�«ì−ëå
á®áâ®ï−¨© �¡ê¥¤¨−¥−−®£® ¨−áâ¨âãâ� ¢ëá®ª¨å â¥¬¯¥à�âãà
÷��, 2000

I = B(EA)

ˆ−¤¥ªá Œ�Š ‘áë«ª� −� ¯ã¡«¨ª�æ¨î
G06F 21/00 ƒ¨¡¡á “. “ªà�áâì á¥ªà¥âë ¡¥§ á¥â¨ // ‚ ¬¨à¥ −�ãª¨, 2009

÷¨á. 2 ’à¨ â�¡«¨æë ¯¥à¢®£® ãà®¢−ï ª�â¥£®à¨§�æ¨¨ ¯® ®á−®¢�−¨î R (relation type)

÷””ˆ, � «¥¢�ï | ƒ÷�’ˆ. �â¬¥â¨¬, çâ® ¢ ª®−ªà¥â−®¬ áæ¥−�à¨¨ ¬®¦¥â ¨á-
¯®«ì§®¢�âìáï â®«ìª® ®¤−� ¨§ íâ¨å ¤¢ãå â�¡«¨æ.

‚ íâ¨å â�¡«¨æ�å ¥áâì á®¢¯�¤�îé¨¥ ª®àâ¥¦¨, ª®â®àë¥ áä®à¬¨à®¢�−ë ¯à¨
®¡à�¡®âª¥ à�§−ëå ¯ã¡«¨ª�æ¨©, −® æ¨â¨àã¥¬ëå ¢ ®¤−®¬ ®¯¨á�−¨¨ ¨§®¡à¥â¥−¨ï.
‚®§−¨ª�¥â ¢®¯à®á: ª�ª ãç¨âë¢�âì â�ª¨¥ á®¢¯�¤�îé¨¥ ª®àâ¥¦¨? „«ï íâ®£®
¢ à�¡®â¥ [1] ¡ë«® ¢¢¥¤¥−® âà¥âì¥ ®á−®¢�−¨¥ ª�â¥£®à¨§�æ¨¨ ˆˆ� −�ãç−ëå §−�-
−¨© | C (computation type), ª®â®à®¥ −�§ë¢�¥âáï ú‘¯®á®¡ ãç¥â� á®¢¯�¤�îé¨å
àã¡à¨ª ��ˆ ¯ã¡«¨ª�æ¨©, æ¨â¨àã¥¬ëå ¢ ®¤−®¬ ¨§®¡à¥â¥−¨¨û ¨ ¨¬¥¥â ¤¢� ¯�à�-
¬¥âà�: ä�ªâ¨ç¥áª¨© (P | presence) ¨ ç�áâ®â−ë© (F | frequency), | á¬ëá«®¢®¥
á®¤¥à¦�−¨¥ ª®â®àëå ¡ë«® ®¯¨á�−® ¢ëè¥.

��à�¬¥âàã P á®®â¢¥âáâ¢ãîâ â¥ ¢¨¤ë ¨−¤¨ª�â®à®¢, ¢ ª®â®àëå ãç¨âë¢�¥âáï
â®«ìª® −�«¨ç¨¥ −¥ª®â®à®© àã¡à¨ª¨ ��ˆ ¢ ¯�à¥ á ¨−¤¥ªá®¬ Œ�Š ¤«ï ª�¦¤®£®
¨§®¡à¥â¥−¨ï, −® −¥ ãç¨âë¢�¥âáï ç¨á«® ®¤¨−�ª®¢ëå ¯�à ¢ ¯à�¢®© â�¡«¨æ¥ −�
à¨á. 3. ˆ−�ç¥ £®¢®àï, ¯à¨ ¢ëç¨á«¥−¨¨ ¨−¤¨ª�â®à®¢ íâ¨å ¢¨¤®¢ −� ®á−®¢¥
®¯¨á�−¨ï ®¤−®£® ¨§®¡à¥â¥−¨ï −¥ ãç¨âë¢�¥âáï ç¨á«® â�ª¨å ¯�à ¯à¨ ®¯à¥¤¥«¥−¨¨
ˆˆ� §−�−¨© ¨§ −�ãç−ëå ¯ã¡«¨ª�æ¨© á íâ®© àã¡à¨ª®© ��ˆ ¢ â¥å−®«®£¨¨ á íâ¨¬
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I = B(AR)
Œ�Š ��ˆ

G06F 21/00 00.00.00
G06F 21/00 43.00.00
G06F 21/00 47.00.00
G06F 21/00 50.00.00
G06F 21/00 81.00.00
G06F 21/00 81.00.00

I = B(FR)
Œ�Š ��ˆ

G06F 21/00 01-100
G06F 21/00 01-200
G06F 21/00 01-200
G06F 21/00 01-200
G06F 21/00 01-200
G06F 21/00 02-200
G06F 21/00 02-200
G06F 21/00 02-300
G06F 21/00 02-300
G06F 21/00 02-400
G06F 21/00 02-400
G06F 21/00 02-400
G06F 21/00 07-400
G06F 21/00 07-800
G06F 21/00 07-800
G06F 21/00 07-800

÷¨á. 3 „¢¥ â�¡«¨æë ¯¥à¢®£® ãà®¢−ï ª�â¥£®à¨§�æ¨¨ ¯® ®á−®¢�−¨î K (knowledge type)

I = B(P)

Œ�Š ��ˆ
‚¥á

¯�àë
G06F 21/00 01-100 1
G06F 21/00 01-200 1
G06F 21/00 02-200 1
G06F 21/00 02-300 1
G06F 21/00 02-400 1
G06F 21/00 07-400 1
G06F 21/00 07-800 1

I = B(F)

Œ�Š ��ˆ
‚¥á

¯�àë
G06F 21/00 01-100 0,4375
G06F 21/00 01-200 1,75
G06F 21/00 02-200 0,875
G06F 21/00 02-300 0,875
G06F 21/00 02-400 1,3125
G06F 21/00 07-400 0,4375
G06F 21/00 07-800 1,3125

÷¨á. 4 „¢¥ â�¡«¨æë ¯¥à¢®£® ãà®¢−ï ª�â¥£®à¨§�æ¨¨ ¯à¨ àã¡à¨æ¨à®¢�−¨¨ ¯® ª«�áá¨ä¨-
ª�â®àã ÷””ˆ ¯® ®á−®¢�−¨î C (computation type)

¨−¤¥ªá®¬ Œ�Š. �®íâ®¬ã ¯à¨ ¢ëç¨á«¥−¨¨ ¨−¤¨ª�â®à®¢ á ¯�à�¬¥âà®¬ P ¢¥á� ¢á¥å
è¥áâ¨ ¯�à ¢ «¥¢®© â�¡«¨æ¥ −� à¨á. 4 à�¢−ë ¥¤¨−¨æ¥.

��à�¬¥âàã F á®®â¢¥âáâ¢ãîâ â¥ ¢¨¤ë ¨−¤¨ª�â®à®¢, ¢ ª®â®àëå ãç¨âë¢�¥âáï
ç¨á«® ®¤¨−�ª®¢ëå ¯�à ¢ ¯à�¢®© â�¡«¨æ¥ −� à¨á. 3. ˆ−�ç¥ £®¢®àï, ¯à¨ ¢ëç¨á«¥−¨¨
¨−¤¨ª�â®à®¢ íâ¨å ¢¨¤®¢ ¢ ®¯¨á�−¨¨ ®¤−®£® ¨§®¡à¥â¥−¨ï ãç¨âë¢�¥âáï ç¨á«® â�ª¨å
¯�à ¯à¨ ®¯à¥¤¥«¥−¨¨ ˆˆ� §−�−¨© ¨§ −�ãç−ëå ¯ã¡«¨ª�æ¨© á íâ®© àã¡à¨ª®© ��ˆ
¢ â¥å−®«®£¨¨ á íâ¨¬ ¨−¤¥ªá®¬ Œ�Š. �®íâ®¬ã ¯à¨ ¢ëç¨á«¥−¨¨ ¨−¤¨ª�â®à®¢
á ¯�à�¬¥âà®¬ F ¢¥á� ¢á¥å è¥áâ¨ ¯�à ¢ ¯à�¢®© â�¡«¨æ¥ −� à¨á. 4 ¯à®¯®àæ¨®−�«ì−ë
ç¨á«ã ®¤¨−�ª®¢ëå ¯�à ¢ ¯à�¢®© â�¡«¨æ¥ −� à¨á. 3.

�� á«¥¤ãîé¥¬ íâ�¯¥ à�¡®âë ¬�ª¥â� −� ®á−®¢�−¨¨ â�¡«¨æ ä®à¬¨àãîâáï
¬�âà¨æë ç�áâ®â−®áâ¥©, á®®â¢¥âáâ¢ãîé¨¥ ¯�à�¬¥âà�¬, §�¤�−−ë¬ ¢ áæ¥−�à¨¨ ¤«ï
ª�¦¤®£® ¢¨¤� ˆˆ�, §−�ç¥−¨ï ª®â®àëå ¢ëç¨á«ïîâáï.
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÷¨á. 5 ÷�á¯à¥¤¥«¥−¨¥ ¢à¥¬¥−¨ ®âª«¨ª� −�ãç−ëå à¥§ã«ìâ�â®¢ ¢ ¨§®¡à¥â¥−¨ïå ¯® ª«�ááã
G06 (¤«ï �¢â®à®¢)

‚ ®á−®¢−®© ¡�§¥ ¤�−−ëå ¬�ª¥â� «î¡®© ª®àâ¥¦ á¢ï§�− á ¡¨¡«¨®£à�ä¨ç¥áª¨-
¬¨ ¤�−−ë¬¨ ª�ª ®¯¨á�−¨ï ¨§®¡à¥â¥−¨ï, â�ª ¨ æ¨â¨àã¥¬ëå ¯ã¡«¨ª�æ¨©. �à¨
ä®à¬¨à®¢�−¨¨ ¬�âà¨æ ç�áâ®â−®áâ¨ ¨ ¢ëç¨á«¥−¨¨ §−�ç¥−¨© ¨−¤¨ª�â®à®¢ íâ¨
¤�−−ë¥ ®¯à¥¤¥«ïîâ ç¨á«® ¨−¤¨ª�â®à®¢ ª�¦¤®£® ¢¨¤�. ˆ−�ç¥ £®¢®àï, ä¨ªá¨à®-
¢�−¨¥ â¥å ¨«¨ ¨−ëå §−�ç¥−¨© ¯®«¥© ¡¨¡«¨®£à�ä¨ç¥áª¨å ¤�−−ëå §�¤�¥â ®¤¨− ¨§
¨−¤¨ª�â®à®¢ ª�¦¤®£® ¢¨¤�. ��¯à¨¬¥à, ä¨ªá¨à®¢�−¨¥ §−�ç¥−¨© ¯®«ï úáâà�−� ¯�-
â¥−â®®¡«�¤�â¥«ïû ¤�¥â ¢®§¬®¦−®áâì ¢ëç¨á«¨âì §−�ç¥−¨ï ˆˆ� §−�−¨© ®â¤¥«ì−®
¤«ï ®â¥ç¥áâ¢¥−−ëå ¨ §�àã¡¥¦−ëå ¯�â¥−â®®¡«�¤�â¥«¥© [22].

ˆá¯®«ì§®¢�−¨¥ ¯®«¥© ¡¨¡«¨®£à�ä¨ç¥áª¨å ¤�−−ëå ¯®§¢®«ï¥â ¢ à�¬ª�å íâ®£®
¬�ª¥â� ®¯à¥¤¥«ïâì §−�ç¥−¨ï ¨ ¤àã£¨å ª�â¥£®à¨© ¨−¤¨ª�â®à®¢, ª®â®àë¥ −¥ ¨¬¥îâ
®â−®è¥−¨ï ª ¢ëç¨á«¥−¨î §−�ç¥−¨© ˆˆ� §−�−¨©. ��¯à¨¬¥à, ¬®¦−® á®¯®áâ�¢¨âì
¤�âë ¯®¤�ç¨ §�ï¢®ª (¯ã¡«¨ª�æ¨¨ ¯�â¥−â®¢ −� ¨§®¡à¥â¥−¨ï) ¨ ¤�âë ¢ëå®¤� ¢ á¢¥â
æ¨â¨àã¥¬ëå ¯ã¡«¨ª�æ¨©. �à¨ á®¯®áâ�¢«¥−¨¨ íâ¨å ¤�â ¬®¦−® ¢ëç¨á«¨âì §−�ç¥-
−¨ï ¨−¤¨ª�â®à�, ¯®ª�§ë¢�îé¥£® à�á¯à¥¤¥«¥−¨¥ ¢à¥¬¥−¨ ú®âª«¨ª�û â¥å−¨ç¥áª®£®
à¥è¥−¨ï −� ¯ã¡«¨ª�æ¨î −�ãç−®£® à¥§ã«ìâ�â�. ‘®£«�á−® ¯®«ãç¥−−ë¬ íªá¯¥à¨-
¬¥−â�«ì−ë¬ ¤�−−ë¬ áãé¥áâ¢ã¥â −¥áª®«ìª® «®ª�«ì−ëå ¯¨ª®¢ ¢ à�á¯à¥¤¥«¥−¨ï
¢à¥¬¥−¨ ú®âª«¨ª�û ¤«ï ¨§®¡à¥â¥−¨© ª«�áá� G06, ¯�â¥−âë −� ª®â®àë¥ ¢ë¤�−ë
¢ ¯¥à¨®¤ 2000{2012 ££. (à¨á. 5)1.

�� §�¢¥àè�îé¥© áâ�¤¨¨ à�¡®âë ¬�ª¥â� ¨á¯®«ì§ãîâáï áâ�−¤�àâ−ë¥ áà¥¤áâ¢�
¢¨§ã�«¨§�æ¨¨ §−�ç¥−¨© ¨−¤¨ª�â®à®¢ ¢ ¢¨¤¥ â�¡«¨æ ¨«¨ ¤¨�£à�¬¬, ¯®§¢®«ïîé¨å

1„«ï ¤�−−®£® ¨−¤¨ª�â®à� ¢à¥¬¥−−®© ®âª«¨ª ®âáç¨âë¢�«áï ®â ¤�âë ¯ã¡«¨ª�æ¨¨ ¯�â¥−â� −�
¨§®¡à¥â¥−¨ï, çâ® ¤�¥â á¨áâ¥¬�â¨ç¥áª®¥ á¬¥é¥−¨¥ ¯à¨¡«¨§¨â¥«ì−® −� 1,5 £®¤� (áà¥¤−¥¥ ¢à¥¬ï ®â
¯®¤�ç¨ §�ï¢ª¨ ¤® ¯ã¡«¨ª�æ¨¨ ¯�â¥−â�).
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¨áá«¥¤®¢�â¥«î ¯à®æ¥áá� ¯¥à¥−®á� §−�−¨© �−�«¨§¨à®¢�âì à¥§ã«ìâ�âë, ¯®«ãç¥−−ë¥
¢ å®¤¥ ¢ë¯®«−¥−¨ï §�¤�−−®£® áæ¥−�à¨ï ¨áá«¥¤®¢�−¨©.

3 Заключение

�á−®¢−ë¬ ¨áâ®ç−¨ª®¬, ¯®§¢®«ïîé¨¬ ¢ëï¢¨âì â¥ −�ãç−ë¥ ¤¨áæ¨¯«¨−ë, ª®-
â®àë¥ ã¦¥ ®ª�§�«¨ ¨ ¬®£ãâ ®ª�§�âì ¢ ¡ã¤ãé¥¬ â® ¨«¨ ¨−®¥ ¢®§¤¥©áâ¢¨¥ −�
ä®à¬¨à®¢�−¨¥ −�ãç−®-â¥å−¨ç¥áª®£® §�¤¥«�, ï¢«ï¥âáï à¥¥áâà ÷®á¯�â¥−â� á â¥ª-
áâ�¬¨ ®¯¨á�−¨© ¨§®¡à¥â¥−¨©, −� ª®â®àë¥ ¢ë¤�−ë ¯�â¥−âë. „«ï ¢ëç¨á«¥−¨ï
§−�ç¥−¨© ˆˆ� §−�−¨© ¨§ à�§−ëå ®¡«�áâ¥© −�ãç−ëå ¨áá«¥¤®¢�−¨© ¢ áä¥àã â¥å-
−®«®£¨ç¥áª®£® à�§¢¨â¨ï ¨á¯®«ì§ãîâáï ¯®«−®â¥ªáâ®¢ë¥ ®¯¨á�−¨ï ¨§®¡à¥â¥−¨©.
�−¨ á®¤¥à¦�â ááë«ª¨ −� −�ãç−ë¥ ¯ã¡«¨ª�æ¨¨, ¢ ª®â®àëå ®âà�¦¥−ë à¥§ã«ìâ�âë
−�ãç−ëå ¨áá«¥¤®¢�−¨©, ¨á¯®«ì§®¢�−−ë¥ ¢ íâ¨å ¨§®¡à¥â¥−¨ïå.

÷�§à�¡®â�−−ë© ¬�ª¥â ¤�¥â ¢®§¬®¦−®áâì ¢ëç¨á«¨âì §−�ç¥−¨ï ˆˆ�, ¢ë¤¥«ïï
¢ ®¯¨á�−¨ïå ¨§®¡à¥â¥−¨© æ¨â¨àã¥¬ë¥ ¢ −¨å ¯ã¡«¨ª�æ¨¨. ˆ−ä®à¬�æ¨®−−�ï â¥å-
−®«®£¨ï, à¥�«¨§®¢�−−�ï ¢ ¬�ª¥â¥, ¬®¦¥â ¡ëâì ¯à¨¬¥−¥−� ¨ ¤«ï ¨§ãç¥−¨ï áâ¥¯¥−¨
¡ã¤ãé¥£® ¢«¨ï−¨ï −�¯à�¢«¥−¨© ¯®¨áª®¢ëå ¨áá«¥¤®¢�−¨© −� à�§¢¨â¨¥ áä¥àë â¥å-
−®«®£¨©, ¥á«¨ ¨á¯®«ì§®¢�âì ¨−ä®à¬�æ¨®−−ë¥ à¥áãàáë ÷®á¯�â¥−â� ¤®áâ�â®ç−®
£«ã¡®ª®© ¢à¥¬¥−−®© à¥âà®á¯¥ªâ¨¢ë ¨ ¬¥â®¤ë áâ�â¨áâ¨ç¥áª®£® ¯à®£−®§¨à®¢�−¨ï.

�â¬¥â¨¬, çâ® ª®á¢¥−−ë¬ à¥§ã«ìâ�â®¬ ¨áá«¥¤®¢�−¨©, ¢ë¯®«−ï¥¬ëå ¢ à�¬-
ª�å ¤�−−®£® ¯à®¥ªâ� ¯® £à�−âã ÷””ˆ, ¬®¦¥â ï¢¨âìáï ¢ª«�¤ ¢ ®à£�−¨§�æ¨î
¨ ®¡¥á¯¥ç¥−¨¥ æ¥«¥¢ëå ¯®¨áª®¢ëå −�ãç−ëå ¨áá«¥¤®¢�−¨©, ¯®áª®«ìªã ®−¨ á¯®-
á®¡áâ¢ãîâ ¢ëï¢«¥−¨î â®ç¥ª ¯à¨«®¦¥−¨ï ä¨−�−á®¢ëå, ®à£�−¨§�æ¨®−−ëå ¨ ¨−ëå
à¥áãàá®¢ á æ¥«ìî ®¯â¨¬¨§�æ¨¨ −�ãç−®-â¥å−¨ç¥áª®£® §�¤¥«�, ®¡¥á¯¥ç¨¢�îé¥£®
â¥å−®«®£¨ç¥áª®¥ à�§¢¨â¨¥.
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Abstract: One of the most urgent and intricate tasks in a wide range of
research devoted to information interplay between science and technologies could
be described as a construction of a holistic and effective system of indicator
assessment of the intensity of transfer processes of knowledge from different
scientific areas in the field of technological development. Such studies of
knowledge transfer processes have been carried out for several years in the
Institute of Informatics Problems of the Federal Research Center \Computer
Sciences and Control" of the Russian Academy of Sciences in the framework of
project RFBR No. 16-07-00075. The objective of the project is the development
of information processing tools designed to assess the intensity of knowledge
transfer processes. This article is devoted to creation of a testbed information
system for evaluation of activity of these processes.
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ОСНОВЫ КОНЦЕПЦИИ СИТУАЦИОННОЙ
ИНФОРМАТИЗАЦИИ ЖИЗНЕДЕЯТЕЛЬНОСТИ

А. В. Ильин1, В. Д. Ильин2

�−−®â�æ¨ï: �à¥¤áâ�¢«¥−ë ®á−®¢ë ª®−æ¥¯æ¨¨ 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¨. ‘¨âã�æ¨-
®−−�ï ¨−ä®à¬�â¨§�æ¨ï ¨§ãç�¥âáï ª�ª áà¥¤áâ¢® ¯®íâ�¯−®£® ®à£�−¨§�æ¨®−−®£®
¨ â¥å−®«®£¨ç¥áª®£® á®¢¥àè¥−áâ¢®¢�−¨ï ®¡ê¥ªâ� ¯ãâ¥¬ ¯«�−¨àã¥¬ëå ¯¥à¥å®-
¤®¢ ®â ®â¯à�¢−®© á¨âã�æ¨¨ ª æ¥«¥¢®©, ¯à¥¤áâ�¢«¥−−ëå ä®à¬�«¨§®¢�−−ë¬¨
®¯¨á�−¨ï¬¨ §�¤�−−®© á®¢®ªã¯−®áâ¨ ¯à®áâà�−áâ¢ á®áâ®ï−¨© (®¡®à®−−®£®, íª®-
−®¬¨ç¥áª®£® ¨ ¤à.), å�à�ªâ¥à¨§ãîé¨å ¯®â¥−æ¨�« áâà�−ë. ��¡«î¤¥−¨¥ §�
®¡ê¥ªâ®¬ ®áãé¥áâ¢«ï¥âáï −� ®á−®¢¥ ¯®àâà¥â®¢ ¤®áâ¨£−ãâëå á¨âã�æ¨©. ˆ−ä®à-
¬�æ¨®−−ë¥ â¥å−®«®£¨¨, à�§à�¡®â�−−ë¥ −� ®á−®¢¥ ¬¥â®¤®«®£¨¨ á¨âã�æ¨®−−®©
¨−ä®à¬�â¨§�æ¨¨, à¥�«¨§ãîâáï ¢ ç¥«®¢¥ª®-¬�è¨−−®© áà¥¤¥ à¥è¥−¨ï §�¤�ç
(−�§¢�−−®© s-áà¥¤®©), ª®â®à�ï á«ã¦¨â ¨−äà�áâàãªâãà−ë¬ ®á−®¢�−¨¥¬ ®−-
«�©−-á¥à¢¨á®¢ (¡�−ª®¢áª¨å, «®£¨áâ¨ç¥áª¨å ¨ ¤à.). �à¥¤«®¦¥−ë ®¯à¥¤¥«¥−¨ï
á¨áâ¥¬ë £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ¨ íª®−®¬¨ç¥áª®£® ¬¥å�−¨§¬� (�Œ) (ª�ª
á¯¥æ¨�«¨§¨à®¢�−−ëå á¨áâ¥¬ áâ�âãá−®£® á®¯¥à−¨ç¥áâ¢�), ¯®â¥−æ¨�«� áâà�−ë,
â¨¯®¢ ¨ ¯®àâà¥â®¢ á¨âã�æ¨© ¨ ¤à.

Š«îç¥¢ë¥ á«®¢�: á¨âã�æ¨®−−�ï ¨−ä®à¬�â¨§�æ¨ï; ç¥«®¢¥ª®-¬�è¨−−�ï áà¥-
¤� à¥è¥−¨ï §�¤�ç; ¦¨§−¥¤¥ïâ¥«ì−®áâì −�á¥«¥−¨ï áâà�−ë; á¨áâ¥¬� £®áã¤�à-
áâ¢¥−−®£® ã¯à�¢«¥−¨ï; íª®−®¬¨ç¥áª¨© ¬¥å�−¨§¬; ¯®â¥−æ¨�« áâà�−ë; ¯®àâà¥â
á¨âã�æ¨¨; æ¨äà®¢�ï íª®−®¬¨ª�
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1 Введение

��ç�¢è�ïáï ¢ 1960-å ££. �¢â®¬�â¨§�æ¨ï ¯à®¥ªâ¨à®¢�−¨ï ¬�è¨− [1, 2], ¯à®-
£à�¬¬−ëå áà¥¤áâ¢ ¨ ¤àã£¨å ¢¥é¥© áâ�«� ¢¤®å−®¢«ïîé¨¬ ¯à¨¬¥à®¬ íää¥ªâ¨¢−®£®
¯à¨¬¥−¥−¨ï ª®¬¯ìîâ¥à®¢ ¢ ª�ç¥áâ¢¥ ¯®¬®é−¨ª®¢ «î¤¥©. ‚ −�è¨ ¤−¨ ¨−â¥−á¨¢-
−®£® à�§¢¨â¨ï ®¡«�ç−ëå ¢ëç¨á«¥−¨© ¨ ¨−â¥à−¥â-á¥à¢¨á®¢ à�§«¨ç−®£® −�§−�ç¥-
−¨ï (−�¢¨£�æ¨®−−ëå, ®¡à�§®¢�â¥«ì−ëå ¨ ¤à.) [3, 4] ¢−¨¬�−¨¥ ¨áá«¥¤®¢�â¥«¥©
¨ à�§à�¡®âç¨ª®¢ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¯à¨¢«¥ç¥−® ª ¨¤¥¥ ª®¬¯«¥ªá-
−®© �¢â®¬�â¨§�æ¨¨ à�§«¨ç−ëå ¢¨¤®¢ ¤¥ïâ¥«ì−®áâ¨ −� ®á−®¢¥ ®−«�©−-á¥à¢¨á®¢.

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, avilyin@ipiran.ru

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, vdilyin@ipiran.ru

188



�á−®¢ë ª®−æ¥¯æ¨¨ á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨

‘ á¥à¥¤¨−ë 1990-å ££. §−�ç¥−¨¥ ãá¯¥è−®© à¥�«¨§�æ¨¨ íâ®© ¨¤¥¨ (¯®«ãç¨¢è¥©
−�§¢�−¨¥ údigital economyû (úæ¨äà®¢�ï íª®−®¬¨ª�û)) −¥ãª«®−−® à�áâ¥â ¨ á¢ï-
§ë¢�¥âáï á ª®−ªãà¥−â®á¯®á®¡−®áâìî ª®à¯®à�æ¨© ¨ áâà�− [5{7]. ‚ ‘˜� ®á®¡®¥
¢−¨¬�−¨¥ ã¤¥«ï¥âáï ã¯à�¢«¥−¨î §−�−¨ï¬¨ ¨ ¯à®¥ªâ¨à®¢�−¨î −®¢®© ¯à®¤ãªæ¨¨,
¨¬¥îé¥© å®à®èãî àë−®ç−ãî ¯¥àá¯¥ªâ¨¢ã; ¢ ”÷ƒ | ¢áâà�¨¢�¥¬ë¬ á¨áâ¥¬�¬
¨ ã¬−ë¬ ä�¡à¨ª�¬; ¢ Ÿ¯®−¨¨ | ª¨¡¥àä¨§¨ç¥áª¨¬ á¨áâ¥¬�¬ ¨ ¯¥à¥¤®¢®© à®¡®â®-
â¥å−¨ª¥. ‚ 2017 £. ¢ −�è¥© áâà�−¥ ãâ¢¥à¦¤¥−� ¯à®£à�¬¬� ú–¨äà®¢�ï íª®−®¬¨ª�
÷®áá¨©áª®© ”¥¤¥à�æ¨¨û [8], � ¢ 2016 £. á¢®î ¯®§¨æ¨î ¯® æ¨äà®¢®© íª®−®¬¨ª¥
®¯à¥¤¥«¨«® á®®¡é¥áâ¢® áâà�− G20 [9].

Š®−æ¥¯æ¨ï á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨ à�áá¬�âà¨¢�-
¥âáï ª�ª ¢ª«�¤ ¢ ¬¥â®¤®«®£¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥ à¥�«¨§�æ¨¨ ¯à®£à�¬¬ë ú–¨äà®-
¢�ï íª®−®¬¨ª� ÷®áá¨©áª®© ”¥¤¥à�æ¨¨û [8]. �â� ª®−æ¥¯æ¨ï ï¢«ï¥âáï ®¡®¡é�îé¨¬
à�§¢¨â¨¥¬ ª®−æ¥¯æ¨¨ [10] ¨ ¬¥â®¤®«®£¨¨ á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ £®áã-
¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ÷®áá¨¨ [11], á®§¤�−−ëå ¢ 1995{1996 ££. ¯à¨ ¢ë¯®«-
−¥−¨¨ −�ãç−®-â¥å−¨ç¥áª®£® ¯à®¥ªâ� ¨−ä®à¬�â¨§�æ¨¨ £®áã¤�àáâ¢¥−−®£® ã¯à�¢-
«¥−¨ï. ‚ 2015 £. ¡ë«® à�§à�¡®â�−® ®¡−®¢«¥−¨¥ ¬¥â®¤®«®£¨¨ á¨âã�æ¨®−−®©
¨−ä®à¬�â¨§�æ¨¨ [12].

‘¨âã�æ¨®−−�ï ¨−ä®à¬�â¨§�æ¨ï ¦¨§−¥¤¥ïâ¥«ì−®áâ¨ −�á¥«¥−¨ï áâà�−ë (¤�-
«¥¥ ¤«ï ªà�âª®áâ¨ | ¨−ä®à¬�â¨§�æ¨ï) à�áá¬�âà¨¢�¥âáï ª�ª ª®¬¯«¥ªá áà¥¤áâ¢
®à£�−¨§�æ¨®−−®£® ¨ â¥å−®«®£¨ç¥áª®£® á®¢¥àè¥−áâ¢®¢�−¨ï ®¡ê¥ªâ� ¯ãâ¥¬ ¯«�-
−¨àã¥¬ëå ¯¥à¥å®¤®¢ ®â ®â¯à�¢−®© á¨âã�æ¨¨ ª æ¥«¥¢®©, ¯à¥¤áâ�¢«¥−−ëå
ä®à¬�«¨§®¢�−−ë¬¨ ®¯¨á�−¨ï¬¨ ®¡à�§®¢�â¥«ì−®£®, íª®−®¬¨ç¥áª®£® ¨ ¤àã£¨å
¯à®áâà�−áâ¢ á®áâ®ï−¨©, å�à�ªâ¥à¨§ãîé¨å ¯®â¥−æ¨�« áâà�−ë [11, 12]. ˆ−-
äà�áâàãªâãà−ë¬ ®á−®¢�−¨¥¬ ¨−ä®à¬�â¨§�æ¨¨ á«ã¦¨â ç¥«®¢¥ª®-¬�è¨−−�ï áà¥¤�
à¥è¥−¨ï §�¤�ç (s-áà¥¤�) [13], à¥è�¥¬ëå á ¯®¬®éìî ¯¥àá®−�«ì−ëå ª®¬¯ìî-
â¥à−ëå áà¥¤áâ¢, ®−«�©−-á¥à¢¨á®¢ (¢ª«îç�îé¨å á¥à¢¨áë ¯«�−¨à®¢�−¨ï à¥áãà-
á®¢ [14{16]), à®¡®â®¢ ¨ à®¡®â®â¥å−¨ç¥áª¨å ãáâà®©áâ¢. �� ª�¦¤®¬ íâ�¯¥ ¢ë¯®«−ï-
¥âáï ¢§�¨¬®ã¢ï§�−−�ï á®¢®ªã¯−®áâì ¯à®¥ªâ®¢ ¨−ä®à¬�â¨§�æ¨¨ £®áã¤�àáâ¢¥−−®£®
ã¯à�¢«¥−¨ï, íª®−®¬¨ç¥áª®©, −�ãç−®©, ®¡à�§®¢�â¥«ì−®© ¨ ¤àã£¨å ¢¨¤®¢ ¤¥ïâ¥«ì-
−®áâ¨ [11,12,14{28].

“ç¨âë¢�ï ®£à�−¨ç¥−¨¥ −� ®¡ê¥¬ áâ�âì¨, �¢â®àë ¯à¥¤áâ�¢¨«¨ ¢ á®ªà�é¥−−®¬
¢¨¤¥ ç�áâì ª®−æ¥¯æ¨¨, ¯®á¢ïé¥−−ãî á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ £®áã¤�à-
áâ¢¥−−®£® ã¯à�¢«¥−¨ï ¨ íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ ª�ª ª«îç¥¢ëå á®áâ�¢«ï-
îé¨å ¦¨§−¥¤¥ïâ¥«ì−®áâ¨ −�á¥«¥−¨ï áâà�−ë.

1.1 Научно-исследовательская работа, результаты которой представлены
в статье

�®â¥−æ¨�« áâà�−ë, ¨−ä®à¬�â¨§�æ¨ï íª®−®¬¨ç¥áª®£® ¬¥å�−¨§¬� ¨ â¥å−®-
«®£¨¨ â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï −®à¬�«¨§®¢�−−®£® íª®−®¬¨ç¥áª®£® ¬¥å�-
−¨§¬� (��Œ) [18, 20, 21, 23{27] | íâ¨ ¨ ¤àã£¨¥ áãé−®áâ¨, à�áá¬�âà¨¢�¥¬ë¥
¢ ª®−æ¥¯æ¨¨, ¨áá«¥¤ãîâáï ¢ à�¬ª�å −�ãç−®-¨áá«¥¤®¢�â¥«ìáª®© à�¡®âë (�ˆ÷),
¯®á¢ïé¥−−®© á®§¤�−¨î ¬¥â®¤®«®£¨¨ ¨−ä®à¬�â¨§�æ¨¨ ��Œ ¨ ¯à®£à�¬¬−®© à¥�-
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«¨§�æ¨¨ ª®¬¯«¥ªá� íªá¯¥àâ−®£® ¯«�−¨à®¢�−¨ï à¥áãàá®¢ −� ®á−®¢¥ ¨−â¥à−¥â-á¥à-
¢¨á®¢ [14{16, 18, 20, 21, 23{27]. ��ãç−®-¨áá«¥¤®¢�â¥«ìáª�ï à�¡®â� ¢ë¯®«−ï¥âáï
¢ 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 ¢ á®®â¢¥âáâ¢¨¨ á £®-
áã¤�àáâ¢¥−−ë¬ §�¤�−¨¥¬, ¯®«ãç¥−−ë¬ ¢ á®áâ�¢¥ −�ãç−®£® ¯à®¥ªâ� ú”ã−¤�¬¥−-
â�«ì−ë¥ −�ãç−ë¥ ¨áá«¥¤®¢�−¨ï ¢ á®®â¢¥âáâ¢¨¨ á �à®£à�¬¬®© äã−¤�¬¥−â�«ì−ëå
−�ãç−ëå ¨áá«¥¤®¢�−¨© £®áã¤�àáâ¢¥−−ëå �ª�¤¥¬¨© −�ãª −� 2013{2020 £®¤ëû.

1.2 Выделение фрагментов текста

„«ï ¢ë¤¥«¥−¨ï ®¯à¥¤¥«¥−¨©, §�¬¥ç�−¨© ¨ ¯à¨¬¥à®¢ ¨á¯®«ì§ãîâáï á«¥¤ãîé¨¥
áà¥¤áâ¢�:

� 〈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®à å®ç¥â ¯à¨¢«¥çì ¢−¨¬�−¨¥.

2 Понятийный аппарат

� †¨§−¥¤¥ïâ¥«ì−®áâì −�á¥«¥−¨ï áâà�−ë à�áá¬�âà¨¢�¥âáï ª�ª á®¢®ªã¯−®áâì
à�§«¨ç−ëå ¢¨¤®¢ ¤¥ïâ¥«ì−®áâ¨ (®¡à�§®¢�â¥«ì−®©, ¯à®¨§¢®¤áâ¢¥−−®©, ®¡®à®−−®©
¨ ¤à.). �

� �®â¥−æ¨�« áâà�−ë ®¯à¥¤¥«ï¥âáï å�à�ªâ¥à¨áâ¨ª�¬¨ −�á¥«¥−¨ï, ¥áâ¥áâ¢¥−-
−®© 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. �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 ¯«�−¨à®¢�−¨ï ¯à®æ¥áá� ã¯à�¢«¥−¨ï
¦¨§−¥¤¥ïâ¥«ì−®áâìî −�á¥«¥−¨ï [11,12].

2.1 Информатизация государственного управления

� –¥«ì £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï | §�é¨â� ¯®â¥−æ¨�«� áâà�−ë ¨ ¥£® à�§-
¢¨â¨¥ ¯®áà¥¤áâ¢®¬ ¯à�¢®¢®£® à¥£ã«¨à®¢�−¨ï ¯à®æ¥áá®¢ áâ�âãá−®© ª®−ªãà¥−æ¨¨
¬¥¦¤ã ä¨§¨ç¥áª¨¬¨ ¨ îà¨¤¨ç¥áª¨¬¨ «¨æ�¬¨ [11,12]. �

‚ á®áâ�¢ á¨áâ¥¬ë £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ¢å®¤ïâ: ã¯à�¢«ï¥¬ë© ®¡ê¥ªâ
(ç�áâì à¥£ã«¨àã¥¬ëå ¯à�¢®¢ë¬¨ áà¥¤áâ¢�¬¨ ¯à®æ¥áá®¢ áâ�âãá−®© ª®−ªãà¥−æ¨¨
¬¥¦¤ã ä¨§¨ç¥áª¨¬¨ ¨ îà¨¤¨ç¥áª¨¬¨ «¨æ�¬¨, ¢«¨ïîé¨å −� à�§¢¨â¨¥ ¯®â¥−æ¨-
�«� áâà�−ë ¨ ¥£® §�é¨é¥−−®áâì); ãáâà®©áâ¢®, ª®−ªà¥â¨§¨àãîé¥¥ æ¥«ì á¨áâ¥¬ë
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ã¯à�¢«¥−¨ï ¨ §�¤�îé¥¥ ¯à�¢¨«�, ®¯à¥¤¥«ïîé¨¥ ¬−®¦¥áâ¢® ¤®¯ãáâ¨¬ëå á®áâ®-
ï−¨© á¨áâ¥¬ë ã¯à�¢«¥−¨ï (§�ª®−®¤�â¥«ì−�ï ¢¥â¢ì ¢«�áâ¨); à¥è�îé¥¥ ¨ ¨á¯®«−ï-
îé¥¥ ãáâà®©áâ¢�, ª®â®àë¥ ¢ëà�¡�âë¢�îâ ¨ à¥�«¨§ãîâ ã¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï
(¨á¯®«−¨â¥«ì−�ï ¢¥â¢ì ¢«�áâ¨); ª®−âà®«¨àãîé¥¥ ãáâà®©áâ¢®, ®¯à¥¤¥«ïîé¥¥ −¥-
¤®¯ãáâ¨¬ë¥ ãª«®−¥−¨ï ®â §�¤�−−ëå ¯à�¢¨«�¬¨ ¤®¯ãáâ¨¬ëå á®áâ®ï−¨© á¨áâ¥¬ë
ã¯à�¢«¥−¨ï (áã¤¥¡−�ï ¢¥â¢ì ¢«�áâ¨).

� �à£�−ë £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï | ®à£�−¨§�æ¨®−−®-â¥å−¨ç¥áª¨¥ ª®¬-
¯«¥ªáë, ¯à¥¤−�§−�ç¥−−ë¥ ¤«ï ä®à¬¨à®¢�−¨ï ¨ ®åà�−ë ¯à�¢®¢®£® ¯à®áâà�−áâ¢�;
à¥£ã«¨à®¢�−¨ï ãáâ�−®¢«¥−−®© §�ª®−®¬ ç�áâ¨ ª®−ªãà¥−â−ëå ¯à®æ¥áá®¢ ¦¨§−¥¤¥-
ïâ¥«ì−®áâ¨; ¯«�−¨à®¢�−¨ï §�é¨âë ¨ à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë ¨ ®à£�−¨§�æ¨¨
¯à®æ¥áá®¢ à¥�«¨§�æ¨¨ ¢ëà�¡®â�−−ëå ¯«�−®¢; ¯«�−¨à®¢�−¨ï ¨ à¥�«¨§�æ¨¨ ¢§�-
¨¬®¤¥©áâ¢¨ï á ¤àã£¨¬¨ áâà�−�¬¨, −�¯à�¢«¥−−®£® −� ¯®¢ëè¥−¨¥ ª®−ªãà¥−â®á¯®-
á®¡−®áâ¨ á¢®¥© áâà�−ë. �

�� ª�¦¤®¬ íâ�¯¥ æ¥«ì £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ¢®¯«®é�¥âáï ¢ ª®¬¯«¥ªá¥
§�¤�ç ¯«�−¨à®¢�−¨ï à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë (¯à¥¤áâ�¢«¥−−®£® á¯¥æ¨ä¨ª�-
æ¨ï¬¨ ¥£® ®â¯à�¢−®£® ¨ æ¥«¥¢®£® á®áâ®ï−¨©) ¨ ®à£�−¨§�æ¨¨ ¯à®æ¥áá®¢ ¢ë¯®«−¥−¨ï
¯«�−®¢ ¯®áà¥¤áâ¢®¬ à¥£ã«¨à®¢�−¨ï ãáâ�−®¢«¥−−®© §�ª®−®¬ ç�áâ¨ ¯à®æ¥áá®¢ áâ�-
âãá−®© ª®−ªãà¥−æ¨¨ [11,12].

♦ „«ï ãá¯¥è−®© §�é¨âë ¨ à�§¢¨â¨ï ¯®â¥−æ¨�«� áâà�−ë −¥®¡å®¤¨¬®, çâ®¡ë −�
ª�¦¤®¬ íâ�¯¥ ¥¥ à�§¢¨â¨ï: ®¡à�§®¢�â¥«ì−ë¥ ãçà¥¦¤¥−¨ï áâà�−ë £®â®¢¨«¨ âà¥¡ã-
¥¬®¥ ç¨á«® á¯¥æ¨�«¨áâ®¢, ¯à¥¦¤¥ ¢á¥£® ¤«ï ¯à®¨§¢®¤áâ¢� ¦¨§−¥−−®-−¥®¡å®¤¨¬ëå
â®¢�à®¢ (¯à®¤®¢®«ìáâ¢¨ï, í«¥ªâà®í−¥à£¨¨, ®¤¥¦¤ë, ¦¨«ìï ¨ ¤à.; ®¡à�§®¢�â¥«ì-
−ëå, ®§¤®à®¢¨â¥«ì−ëå, «¥ç¥¡−ëå ¨ ¤àã£¨å ãá«ã£) ¨ §�é¨âë ¯®â¥−æ¨�«� áâà�−ë;
®¡à�§®¢�â¥«ì−�ï ¨ íª®−®¬¨ç¥áª�ï á¨áâ¥¬ë á¢®¥¢à¥¬¥−−® �¤�¯â¨à®¢�«¨áì ª ¯®-
âà¥¡−®áâï¬ ¯à®¨§¢®¤áâ¢� ¦¨§−¥−−®-−¥®¡å®¤¨¬ëå â®¢�à®¢ ¨ ®¡¥á¯¥ç¥−¨ï §�é¨âë
¯®â¥−æ¨�«� áâà�−ë [25]. ♦

� Œ®¤¥«ì ®¡ê¥ªâ� £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï | ä®à¬�«¨§®¢�−−®¥ ¯à¥¤-
áâ�¢«¥−¨¥ ¯à®æ¥áá®¢ áâ�âãá−®© ª®−ªãà¥−æ¨¨, ¢«¨ïîé¨å −� ¯®â¥−æ¨�« áâà�−ë
¨ à¥£ã«¨àã¥¬ëå ¯à�¢®¢ë¬¨ áà¥¤áâ¢�¬¨. �

� ‘¨áâ¥¬� £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ª�ª ®¡ê¥ªâ á¨âã�æ¨®−−®© ¨−ä®à-
¬�â¨§�æ¨¨ | íâ® áâ®å�áâ¨ç¥áª¨© −¥áâ�æ¨®−�à−ë© ®à£�−¨§�æ¨®−−®-â¥å−¨ç¥áª¨©
®¡ê¥ªâ, å�à�ªâ¥à−ë¬¨ ¯à¨§−�ª�¬¨ ª®â®à®£® ï¢«ïîâáï: á«®¦−�ï s-áà¥¤� [13]
á¯¥æ¨�«ì−®£® −�§−�ç¥−¨ï, ¯à�¢¨«� ¯à¨¬¥−¥−¨ï §−�ç¨â¥«ì−®© ç�áâ¨ á¥à¢¨á®¢ ª®-
â®à®© áâà®£® à¥£«�¬¥−â¨à®¢�−ë; áãé¥áâ¢¥−−�ï ¢§�¨¬®§�¢¨á¨¬®áâì ®à£�−®¢ ¨ ®¡ê-
¥ªâ� ã¯à�¢«¥−¨ï (®¡ê¥ªâ ã¯à�¢«¥−¨ï, ¯®¤¢¥à£�ïáì ã¯à�¢«ïîé¨¬ ¢®§¤¥©áâ¢¨ï¬,
¢ á¢®î ®ç¥à¥¤ì, ®ª�§ë¢�¥â (ª�ª ¬¨−¨¬ã¬) ¨−ä®à¬�æ¨®−−®¥ ¢®§¤¥©áâ¢¨¥ −� ®à£�−ë
ã¯à�¢«¥−¨ï, ¢«¨ïï −� ¨å ¯®¢¥¤¥−¨¥); á«�¡�ï ¨¤¥−â¨ä¨æ¨àã¥¬®áâì [12]. �

�®íâ�¯−�ï á¨âã�æ¨®−−�ï ¨−ä®à¬�â¨§�æ¨ï ¦¨§−¥¤¥ïâ¥«ì−®áâ¨ ¯à¥¤¯®«�£�¥â
á®¢¥àè¥−áâ¢®¢�−¨¥ áâàãªâãàë ®à£�−®¢ £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ¨ ¥¥ á¥à¢¨-
á®¢. �à¥¤«®¦¥−¨ï ¯® ãá®¢¥àè¥−áâ¢®¢�−¨î, ¨å ®¡®á−®¢�−¨¥ ¨ á¯®á®¡ë à¥�«¨§�æ¨¨
−� ®á−®¢¥ á¥à¢¨á®¢ s-áà¥¤ë ®âà�¦�¥â ¬¥â®¤®«®£¨ï á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�-
æ¨¨ £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï. �¥à¢�ï ¨ ¢â®à�ï ¢¥àá¨¨ íâ®© ¬¥â®¤®«®£¨¨
¡ë«¨ á®§¤�−ë ¢ ˆ−áâ¨âãâ¥ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷�� [11,12].
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♦ Œ¥â®¤®«®£¨ï −ã¦−� ¤«ï ¯à®ª«�¤ë¢�−¨ï −�ãç−® ®¡®á−®¢�−−®£® ¯ãâ¨ ®â
−�¬¥à¥−¨©, ¯à¥¤áâ�¢«¥−−ëå ¢ ª®−æ¥¯æ¨¨, ª à¥�«¨§�æ¨¨. ♦

—â®¡ë ª®−ªà¥â¨§¨à®¢�âì ¨§«®¦¥−¨¥, ¤�«¥¥ à�áá¬�âà¨¢�îâáï ®á−®¢ë ¬¥â®¤®-
«®£¨¨ á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ £®áã¤�àáâ¢¥−−®£® ¨ íª®−®¬¨ç¥áª®£® ¬¥å�-
−¨§¬®¢ ÷®áá¨¨ (¤�«¥¥ ¤«ï ªà�âª®áâ¨ | ¬¥â®¤®«®£¨ï).

� Œ¥â®¤®«®£¨ï ¢ª«îç�¥â ®¯à¥¤¥«¥−¨¥ ¥¥ æ¥«¨, ¯à¥¤áâ�¢«¥−−®© ª®¬¯«¥ªá®¬
§�¤�ç á®¢¥àè¥−áâ¢®¢�−¨ï ®¡ê¥ªâ�; ®¯¨á�−¨¥ ¯®−ïâ¨©−®£® �¯¯�à�â�, ¯à¥¤áâ�¢«¥−-
−®£® á¨áâ¥¬�¬¨ æ¥«¥¢ëå, à¥�«¨§�æ¨®−−ëå ¨ ä®à¬�«¨§ãîé¨å ¯®−ïâ¨©; ®¯¨á�−¨¥
¯®áâ�−®¢®ª ¨ ¬¥â®¤®¢ à¥è¥−¨ï §�¤�ç, ®¯à¥¤¥«ïîé¨å ®â−®è¥−¨ï á¢ï§¨ ¬¥¦¤ã
¯®−ïâ¨ï¬¨ [11,12]. �

Š ®á−®¢−ë¬ ®â−®áïâáï §�¤�ç¨ ä®à¬¨à®¢�−¨ï ¯®àâà¥â®¢ á¨âã�æ¨© (−� ®á−®-
¢�−¨¨ −�¡«î¤¥−¨© ¯à®áâà�−áâ¢ á®áâ®ï−¨©), �−�«¨§� á¨âã�æ¨©, ¯à®¥ªâ¨à®¢�−¨ï
à¥áãàá−®-®¡®á−®¢�−−ëå ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨©, ¯à¨−ïâ¨ï à¥è¥−¨© ¨ ª®−-
âà®«ï ¨å ¨á¯®«−¥−¨ï. “¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï ¯à®¥ªâ¨àãîâáï â�ª, çâ®¡ë ¯à¨
§�¤�−−ëå à¥áãàá−ëå ®£à�−¨ç¥−¨ïå á¤¥«�âì ¢®§¬®¦−ë¬ ¯¥à¥¬¥é¥−¨¥ ¨§ ®â¯à�¢-
−®© á¨âã�æ¨¨ ¢ §�¤�−−ãî ®ªà¥áâ−®áâì æ¥«¥¢®© á¨âã�æ¨¨.

� ƒ®áã¤�àáâ¢¥−−�ï á¨âã�æ¨ï | á®¡ëâ¨©−ë© äà�£¬¥−â á®áâ®ï−¨© á¨áâ¥¬ë
£®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï, ¯à¥¤áâ�¢«¥−−ë© ¢à¥¬¥−−‚ë¬ àï¤®¬ ¯®àâà¥â®¢ íâ®©
á¨âã�æ¨¨, ¯à¥¤−�§−�ç¥−−ë¬ ¤«ï �−�«¨§� á¨âã�æ¨¨ ¨ ¢ëà�¡®âª¨ ã¯à�¢«ïîé¨å
¢®§¤¥©áâ¢¨© [11,12].

–¥«¥¢®© −�§ë¢�¥âáï á¨âã�æ¨ï, ª®â®àãî ¯«�−¨àã¥âáï á®§¤�âì ¢ à¥§ã«ìâ�â¥
¨á¯®«−¥−¨ï ã¯à�¢«ïîé¥£® ¢®§¤¥©áâ¢¨ï; ®â¯à�¢−®© | á¨âã�æ¨ï, ¯à¨¬¥−¨â¥«ì−®
ª ª®â®à®© ¢ëà�¡�âë¢�¥âáï ¢®§¤¥©áâ¢¨¥, −�¯à�¢«¥−−®¥ −� ¤®áâ¨¦¥−¨¥ æ¥«¥¢®©
á¨âã�æ¨¨; ¤®áâ¨£−ãâ®© | á¨âã�æ¨ï, á«®¦¨¢è�ïáï ¢ à¥§ã«ìâ�â¥ ¨á¯®«−¥−¨ï
ã¯à�¢«ïîé¥£® ¢®§¤¥©áâ¢¨ï. �

� �®àâà¥â á¨âã�æ¨¨ | á¯¥æ¨ä¨æ¨à®¢�−−®¥ ®¯¨á�−¨¥ ¯à®áâà�−áâ¢ á®áâ®-
ï−¨© ®¡ê¥ªâ� ã¯à�¢«¥−¨ï. ‘®¤¥à¦¨â ¤�−−ë¥, å�à�ªâ¥à¨§ãîé¨¥ áãé¥áâ¢¥−−ë¥
¯�à�¬¥âàë á®áâ®ï−¨ï ®¡ê¥ªâ�, à�á¯®«�£�¥¬ë¥ ¢�à¨�−âë ¢®§¤¥©áâ¢¨© −� ®¡ê¥ªâ
¨ à¥áãàáë, −¥®¡å®¤¨¬ë¥ ¤«ï à¥�«¨§�æ¨¨ íâ¨å ¢�à¨�−â®¢ [11,12]. �

�®àâà¥â á¨âã�æ¨¨ ä®à¬¨àã¥âáï ¢ á®®â¢¥âáâ¢¨¨ á® á¯¥æ¨�«ì−®© á¨áâ¥¬®© ¯à�-
¢¨«. �� ¢å®¤ íâ®© á¨áâ¥¬ë ¯®áâã¯�îâ ¤�−−ë¥ ¯à®áâà�−áâ¢ á®áâ®ï−¨©, ¤�−−ë¥
® à�á¯®«�£�¥¬ëå â¨¯�å ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨© ¨ ® à�á¯®«�£�¥¬ëå à¥áãàá�å,
−¥®¡å®¤¨¬ëå ¤«ï à¥�«¨§�æ¨¨ ¢®§¤¥©áâ¢¨©. �� ¢ëå®¤¥ | ¤�−−ë¥ ® â¨¯¥ á¨âã�-
æ¨¨, ¯à®â®â¨¯−ëå áà¥¤áâ¢�å ¢®§¤¥©áâ¢¨© ¨ à¥áãàá−®© ®æ¥−ª¥ ¤«ï ¢®§¤¥©áâ¢¨©
ª�¦¤®£® â¨¯�.

‘¨áâ¥¬� £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï ª�ª ®¡ê¥ªâ á¨âã�æ¨®−−®© ¨−ä®à¬�â¨-
§�æ¨¨ ¯à¥¤áâ�¢«¥−� s-¬®¤¥«ìî [13], ¯®«ãç¨¢è¥© −�§¢�−¨¥ á®¢®ªã¯−®áâ¨ £®á¯à®-
áâà�−áâ¢. � ƒ®á¯à®áâà�−áâ¢� ¯à¥¤áâ�¢«ïîâ á®¡®© §�¤�−−ë© íªá¯¥àâ�¬¨ −�¡®à
à�§−®�á¯¥ªâ−ëå ¯à¥¤áâ�¢«¥−¨© á®áâ®ï−¨ï ®¡ê¥ªâ�.

ƒ®á¯à®áâà�−áâ¢® | ª®−ªà¥â¨§¨à®¢�−−®¥ s-¯à¥¤áâ�¢«¥−¨¥ §�¤�−−®© ç�áâ¨
®¡ê¥ªâ� á¨âã�æ¨®−−®£® ã¯à�¢«¥−¨ï. ‘®¢®ªã¯−®áâì £®á¯à®áâà�−áâ¢ | s-¯à¥¤áâ�¢-
«¥−¨¥ §�¤�−−ëå ç�áâ¥© ®¡ê¥ªâ�, ®âà�¦�îé¥¥ ¥£® á®áâ®ï−¨¥ ¨ ¨á¯®«ì§ã¥¬®¥ ¤«ï
ä®à¬¨à®¢�−¨ï ¯®àâà¥â� £®áã¤�àáâ¢¥−−®© á¨âã�æ¨¨.
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�á−®¢ë ª®−æ¥¯æ¨¨ á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨

Š�¦¤®¥ £®á¯à®áâà�−áâ¢® å�à�ªâ¥à¨§ã¥âáï −�§¢�−¨¥¬ ¨ �âà¨¡ãâ�¬¨ (⊚ â¨-
¯�¬¨ −�àãè¥−¨©, ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨© ¨ à¥áãàá®¢, −¥®¡å®¤¨¬ëå ¤«ï ¨å
à¥�«¨§�æ¨¨ (®¡¥á¯¥ç¨¢�îé¨å à¥áãàá®¢) ⊚). ƒ®á¯à®áâà�−áâ¢® ®¯à¥¤¥«¥−®, ¥á«¨
§�¤�−ë: −�§¢�−¨¥ (⊚ ª®¬¬ã−¨ª�æ¨®−−®¥ £®á¯à®áâà�−áâ¢® ⊚); â¨¯ë −�àãè¥−¨©
á ®æ¥−ª�¬¨ ªà¨â¨ç−®áâ¨; ¤®¯ãáâ¨¬ë¥ ã¯à�¢«ïîé¨¥ ¢®§¤¥©áâ¢¨ï; ®¡¥á¯¥ç¨¢�-
îé¨¥ à¥áãàáë; á¨áâ¥¬ë ®¡ï§�â¥«ì−ëå ¨ ®à¨¥−â¨àãîé¨å ¯à�¢¨« [11, 12, 23],
ãáâ�−�¢«¨¢�îé¨¥ á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã −�àãè¥−¨ï¬¨ ¨ ã¯à�¢«ïîé¨¬¨ ¢®§¤¥©-
áâ¢¨ï¬¨, ¬¥¦¤ã ã¯à�¢«ïîé¨¬¨ ¢®§¤¥©áâ¢¨ï¬¨ ¨ ®¡¥á¯¥ç¨¢�îé¨¬¨ à¥áãàá�¬¨;
¯à�¢¨«� ä®à¬¨à®¢�−¨ï ®¡¥á¯¥ç¨¢�îé¨å à¥áãàá®¢ [10{12]. �

„«ï ®¯¨á�−¨ï ª�¦¤®£® ¨§ £®á¯à®áâà�−áâ¢ ¤®«¦−ë ¡ëâì ®¯à¥¤¥«¥−ë ª«�ááë
−�àãè¥−¨©, ª®â®àë¥ ¯à¨¢®¤ïâ ª ¢®§−¨ª−®¢¥−¨î −¥®à¤¨−�à−ëå á¨âã�æ¨©.

⊚ ’¨¯ë −�àãè¥−¨© íª®−®¬¨ç¥áª®£® £®á¯à®áâà�−áâ¢�: −�àãè¥−¨ï §�ª®−�
® £®á¡î¤¦¥â¥; ¡¥§¤¥©áâ¢¨¥ ¨«¨ −¥§�ª®−−ë¥ ¤¥©áâ¢¨ï ¯à¨ −�àãè¥−¨ïå §�ª®−®¢
®¡ íª®−®¬¨ç¥áª®¬ ¨á¯®«ì§®¢�−¨¨ à¥áãàá®¢ áâà�−ë (¢ ç�áâ−®áâ¨, §¥¬¥«ì, ¨áª®¯�-
¥¬ëå, áâà�â¥£¨ç¥áª®£® áëàìï); −�àãè¥−¨ï �−â¨¬®−®¯®«ì−®£® §�ª®−�. ⊚

�à®æ¥ááë ¢ëà�¡®âª¨ ¨ ¨á¯®«−¥−¨ï ã¯à�¢«ïîé¨å ¢®§¤¥©áâ¢¨© (¤�«¥¥ ¤«ï
ªà�âª®áâ¨ | ¢®§¤¥©áâ¢¨©) ¯à¥¤áâ�¢«¥−ë ª®¬¯«¥ªá�¬¨ æ¥«¥¢ëå ¨ ¢á¯®¬®£�â¥«ì-
−ëå §�¤�ç. Š æ¥«¥¢ë¬ ®â−®áïâáï §�¤�ç¨ ¯®áâà®¥−¨ï ¨ �−�«¨§� ¯®àâà¥â®¢ á¨âã�æ¨©,
¯à®¥ªâ¨à®¢�−¨ï à¥áãàá−®-®¡®á−®¢�−−ëå ¢®§¤¥©áâ¢¨©, ¯«�−¨à®¢�−¨ï ¯à®æ¥áá®¢
à¥�«¨§�æ¨¨ ¢®§¤¥©áâ¢¨© ¨ ª®−âà®«ï ¨å ¨á¯®«−¥−¨ï. ‚§�¨¬®¤¥©áâ¢¨¥ á ¨áâ®ç-
−¨ª�¬¨ á®®¡é¥−¨©, ¤®ªã¬¥−â¨à®¢�−¨¥ á®®¡é¥−¨©, ®¡à�¡®âª� ¨ �àå¨¢¨à®¢�−¨¥
¤®ªã¬¥−â®¢ | íâ¨ ¨ ¯®¤®¡−ë¥ ¨¬ §�¤�ç¨ ®â−®áïâáï ª ¢á¯®¬®£�â¥«ì−ë¬ (®¡¥á¯¥-
ç¨¢�îé¨¬ à¥è¥−¨¥ æ¥«¥¢ëå §�¤�ç).

�à®¥ªâ £®áã¤�àáâ¢¥−−®£® ¢®§¤¥©áâ¢¨ï | ¤®ªã¬¥−â�«ì−® ¯à¥¤áâ�¢«¥−−ë©
¯«�− ¤®áâ¨¦¥−¨ï æ¥«¥¢®© £®áã¤�àáâ¢¥−−®© á¨âã�æ¨¨.

„®áâ¨¦¥−¨¥ æ¥«¥¢®© á¨âã�æ¨¨ | ¯®è�£®¢ë© ¯à®æ¥áá, §�¢¥àè�îé¨©áï,
ª®£¤� ¯®àâà¥âë ¤®áâ¨£−ãâ®© ¨ æ¥«¥¢®© á¨âã�æ¨© ¯à¨§−�−ë ¤®áâ�â®ç−® ¡«¨§ª¨¬¨.
‘à�¢−¨â¥«ì−ë© �−�«¨§ ®â«¨ç¨© ¯®àâà¥â®¢ æ¥«¥¢®© ¨ ®â¯à�¢−®© á¨âã�æ¨© ¤�¥â
¨áå®¤−ë¥ ¤�−−ë¥ ¤«ï ¯«�−¨à®¢�−¨ï ¯à®æ¥áá� ¤®áâ¨¦¥−¨ï æ¥«¥¢®© á¨âã�æ¨¨.

÷¥§ã«ìâ�â ¯«�−¨à®¢�−¨ï ¤®«¦¥− ¡ëâì ¯à¥¤áâ�¢«¥− ¢ ¢¨¤¥ à¥áãàá−®-®¡®á−®-
¢�−−®£® ¯à®¥ªâ� ¯¥à¥å®¤� ®â ®â¯à�¢−®© ª æ¥«¥¢®© á¨âã�æ¨¨.

ƒ®áã¤�àáâ¢¥−−ë¥ ¢®§¤¥©áâ¢¨ï ¢®¯«®é�îâáï á ¨á¯®«ì§®¢�−¨¥¬ áà¥¤áâ¢ á«¥¤ã-
îé¨å â¨¯®¢: ¨−ä®à¬�æ¨®−−®£®, íª®−®¬¨ç¥áª®£®, �¤¬¨−¨áâà�â¨¢−®£®, áã¤¥¡−®£®,
á¨«®¢®£®.

‚ë¡®à â¨¯®¢ áà¥¤áâ¢ ¢®§¤¥©áâ¢¨© ®áãé¥áâ¢«ï¥âáï íªá¯¥àâ�¬¨ á ¨á¯®«ì§®¢�-
−¨¥¬ ¡�§ ¤�−−ëå ® â¨¯�å à�á¯®«�£�¥¬ëå áà¥¤áâ¢ ¨ ¯à®â®â¨¯�å ã¯à�¢«ïîé¨å
¢®§¤¥©áâ¢¨©. ’à¥¡ã¥¬ë© −�¡®à à¥áãàá®¢ §�¢¨á¨â ®â ¢ë¡à�−−®© ª®¬¯®§¨æ¨¨
áà¥¤áâ¢ ¢®§¤¥©áâ¢¨©.

ˆ−ä®à¬�â¨§�æ¨ï ¯à®æ¥áá� ¢ëà�¡®âª¨ ¯à®¥ªâ®¢ ¯à¥¤¯®«�£�¥â ¬¥â®¤®«®£¨ç¥-
áª®¥ ®¡¥á¯¥ç¥−¨¥ à�§à�¡®âª¨ ¨ ¯à¨¬¥−¥−¨ï ¡�§ë ¯à®â®â¨¯®¢ £®áã¤�àáâ¢¥−−ëå
¢®§¤¥©áâ¢¨©; ¡�§ë ¯à®â®â¨¯®¢ à¥áãàá−®£® ®¡¥á¯¥ç¥−¨ï £®áã¤�àáâ¢¥−−ëå ¢®§¤¥©-
áâ¢¨©; ¡�§ë á¯¥æ¨ä¨ª�æ¨© £®á¯à®áâà�−áâ¢; â¥å−®«®£¨¨ ¢§�¨¬®¤¥©áâ¢¨ï á ¨á-
â®ç−¨ª�¬¨ á®®¡é¥−¨© (¢ª«îç�ï á¯¥æ¨ä¨ª�æ¨¨ §�¯à®á®¢ ¨ ®â¢¥â®¢, ¯à®â®ª®«ë
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¨ ¤¨áæ¨¯«¨−ë ¢§�¨¬®¤¥©áâ¢¨ï); ¯à®æ¥áá®¢ ä®à¬¨à®¢�−¨ï ¨ �−�«¨§� ¯®àâà¥â®¢
£®áã¤�àáâ¢¥−−ëå á¨âã�æ¨©; à¥áãàá−®-®¡®á−®¢�−−ëå ¯à®¥ªâ®¢ £®áã¤�àáâ¢¥−−ëå
¢®§¤¥©áâ¢¨©; ¢§�¨¬®¤¥©áâ¢¨ï á ÷¥è�îé¥© ‘â®à®−®© (¯à¥¤áâ�¢«¥−¨ï ¯à®¥ªâ®¢);
¯à®æ¥áá� ¯¥à¥¤�ç¨ ¤«ï ¨á¯®«−¥−¨ï ãâ¢¥à¦¤¥−−®£® ¯à®¥ªâ� £®áã¤�àáâ¢¥−−®£®
ã¯à�¢«ïîé¥£® ¢®§¤¥©áâ¢¨ï.

2.2 Информатизация экономической деятельности

ˆ−ä®à¬�â¨§�æ¨ï íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨ à�áá¬�âà¨¢�¥âáï ª�ª áà¥¤áâ¢®
¯®íâ�¯−®£® ¯¥à¥å®¤� ®â ¤¥©áâ¢ãîé¥£® �Œ ª ��Œ (á¬. à¨áã−®ª).

�®à¬�«¨§®¢�−−ë© �Œ | íâ® àë−®ç−ë© �Œ, ª®¬¯«¥ªáë ª®â®à®£® äã−ªæ¨-
®−¨àãîâ −� ®á−®¢¥ í«¥ªâà®−−ëå á¥à¢¨á®¢ [14{16, 18, 20, 21, 23{27]. “áâà®©áâ¢®
¨ ¯à�¢¨«� à�¡®âë ��Œ, ãáâ�−®¢«¥−−ë¥ £®áã¤�àáâ¢¥−−ë¬¨ §�ª®−�¬¨, áâ¨¬ã«¨-
àãîâ £à�¦¤�− ¢¥áâ¨ å®§ï©áâ¢¥−−ãî ¤¥ïâ¥«ì−®áâì, ®à¨¥−â¨à®¢�−−ãî −� §�é¨âã
¨ ¯®¢ëè¥−¨¥ íª®−®¬¨ç¥áª®£® ¯®â¥−æ¨�«� á¢®¥© áâà�−ë [2]. „¥«�¥âáï íâ® ¯®áà¥¤-
áâ¢®¬ −�«®£®¢, ¯®è«¨− ¨ ¤àã£¨å íª®−®¬¨ç¥áª¨å ¨−áâàã¬¥−â®¢ [18,20,21,23,25].

� ‘¨áâ¥¬� ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢ (¨á-á¨áâ¥¬�) | à¥�«¨§ã¥¬�ï ¢ s-cà¥-
¤¥ [13] á¨áâ¥¬� ¤®ªã¬¥−â�«ì−®£® ¯à¥¤áâ�¢«¥−¨ï ¤¥−¥¦−®© ¨ −¥¤¥−¥¦−®© á®-
áâ�¢«ïîé¨å ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢ í¤-ãç�áâ−¨ª®¢. „¥−¥¦−�ï á®áâ�¢«ïîé�ï
¢ëà�¦¥−� §−�ç¥−¨ï¬¨ áã¬¬ −®à¬�«¨§®¢�−−ëå ¤¥−¥£ [26] ¢ à�§¤¥«�å ã−¨ª�«ì−ëå
£«®¡�«ì−ëå áç¥â®¢ í¤-ãç�áâ−¨ª®¢ (¨á-áç¥â®¢). �¥¤¥−¥¦−�ï | ¤®ªã¬¥−â�¬¨,
¯®¤â¢¥à¦¤�îé¨¬¨ ¯à�¢® á®¡áâ¢¥−−®áâ¨ −� −¥¤¢¨¦¨¬®áâì, âà�−á¯®àâ ¨ ¤àã£®¥
¨¬ãé¥áâ¢®, ª®â®à®¥ ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¬®¦¥â à�áá¬�âà¨¢�âìáï ª�ª §�«®£®¢®¥. �

� ˆá-áç¥â | ã−¨ä¨æ¨à®¢�−−ë© í«¥ªâà®−−ë© ¤®ªã¬¥−â, á®áâ®ïé¨© ¨§
¢�«îâ−ëå ç�áâ¥© (�ªâ¨¢¨àã¥¬ëå ¡�−ª®¬-à¥£ã«ïâ®à®¬), ª�¦¤�ï ¨§ ª®â®-
àëå ¨¬¥¥â á«¥¤ãîé¨¥ ®á−®¢−ë¥ à�§¤¥«ë: ú÷�á¯®«�£�îû, úŠà¥¤¨â®¢�−¨¥û,
úˆ−¢¥áâ¨à®¢�−¨¥û, ú��«®£¨ ¨ á¡®àëû, ú„�à¥−¨¥û, ú�®¦¥àâ¢®¢�−¨¥û.

“¯à�¢«¥−¨¥
íª®−®¬¨ç¥áª®©
¤¥ïâ¥«ì−®áâìî

÷¥áãàá−®¥ ®¡¥á¯¥ç¥−¨¥
�à®¨§¢®¤áâ¢® â®¢�à®¢
’®à£®¢«ï
÷¥§¥à¢¨à®¢�−¨¥ ¦¨§−¥−−®-−¥®¡å®¤¨¬ëå â®¢�à®¢
ˆ−¢¥áâ¨à®¢�−¨¥
ƒ®áã¤�àáâ¢¥−−ë© ¡î¤¦¥â, à¥§¥à¢ë, −�«®£¨, ¯®è«¨−ë
÷¥£¨®−�«ì−ë¥ ¡î¤¦¥âë ¨ −�«®£¨
�à®ä¥áá¨®−�«ì−®¥ ®¡à�§®¢�−¨¥ ¨ à�§¢¨â¨¥ −�á¥«¥−¨ï
÷�§¢¨â¨¥ á¨áâ¥¬ ®à£�−¨§�æ¨¨ ¨ ®¡¥á¯¥ç¥−¨ï ¦¨§−¨
‚®ááâ�−®¢«¥−¨¥ ¨ à�§¢¨â¨¥ áà¥¤ë ®¡¨â�−¨ï
”®−¤ë á®æ¨�«ì−®© §�é¨âë
„®ªã¬¥−â¨à®¢�−¨¥ â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï
¨ ¨¬ãé¥áâ¢¥−−ëå áâ�âãá®¢, ¢ë¯®«−ï¥¬®¥ ¡�−ª®¢áª®© á¨áâ¥¬®©

‘®áâ�¢ ��Œ: ®á−®¢−ë¥ ª®¬¯«¥ªáë
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�á−®¢ë ª®−æ¥¯æ¨¨ á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨

‘®¢®ªã¯−®áâì ¤®¯ãáâ¨¬ëå ®¯¥à�æ¨© (¯à¨ ¤®ªã¬¥−â¨à®¢�−¨¨ á¤¥«®ª) ®¯à¥-
¤¥«ï¥âáï ¯à¨−�¤«¥¦−®áâìî áã¬¬ë ª ¯®¤à�§¤¥«ã áç¥â� (⊚ áã¬¬� ¨§ ¯®¤à�§¤¥«�
ú�®«ãç¥−®û à�§¤¥«� úˆ−¢¥áâ¨à®¢�−¨¥û ¬®¦¥â ¨á¯®«ì§®¢�âìáï â®«ìª® ¤«ï ®¯«�-
âë â®¢�à®¢, â¨¯ë ª®â®àëå ¯¥à¥ç¨á«¥−ë ¢ ¨−¢¥áâ¨æ¨®−−ëå ¤®£®¢®à�å ⊚). �

�®áª®«ìªã ¨á-áç¥â ¨¬¥¥â ¯®«¨¢�«îâ−ãî áâàãªâãàã, ®− ¯à¨¬¥−¨¬ ¤«ï
¤®ªã¬¥−â¨à®¢�−¨ï à¥§ã«ìâ�â®¢ ¢−ãâà¥−−¥© ¨ ¢−¥è−¥© íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì-
−®áâ¨ [20,21,23,25{27]. ‘ãé¥áâ¢®¢�−¨¥ ¨á-áç¥â� ¯à¥¤¯®«�£�¥â, çâ® ¥£® ¢«�¤¥«¥æ
¨¬¥¥â ã−¨ª�«ì−ë© £«®¡�«ì−ë© ¨¤¥−â¨ä¨ª�â®à.

� �¨ª�ª®¥ ¨§¬¥−¥−¨¥ áã¬¬ ¨á-áç¥â� −¥ ¬®¦¥â ¡ëâì ®áãé¥áâ¢«¥−® ¡¥§ ¤®ªã-
¬¥−â¨àã¥¬®£® §�è¨äà®¢�−−®£® ¯®¤â¢¥à¦¤¥−¨ï ¢«�¤¥«ìæ� ¨á-áç¥â� (� ¢ −¥®à¤¨-
−�à−ëå á¨âã�æ¨ïå | ¯®á«¥ ¤®ªã¬¥−â¨àã¥¬®£® §�è¨äà®¢�−−®£® ¯®¤â¢¥à¦¤¥−¨ï
®¯à¥¤¥«¥−−®£® §�ª®−®¬ £®áã¤�àáâ¢¥−−®£® ®à£�−�). �

ˆ§¬¥−¥−¨¥ á®áâ®ï−¨ï ¨á-áç¥â� ¬®¦¥â ¡ëâì à¥�«¨§®¢�−® â®«ìª® ¯®á«¥ ¯®«ã-
ç¥−¨ï £®áã¤�àáâ¢¥−−®£® ã¤®áâ®¢¥à¥−¨ï ¤®¯ãáâ¨¬®áâ¨ ®¯¥à�æ¨¨ −�¤ ¨á-áç¥â®¬.
“¤®áâ®¢¥à¥−¨¥ ¢ë¤�¥â á¯¥æ¨�«ì−ë© ®−«�©−-á¥à¢¨á ¡�−ª�-à¥£ã«ïâ®à�. �á−®¢�-
−¨¥¬ ¤«ï ¯®«ãç¥−¨ï ã¤®áâ®¢¥à¥−¨ï á«ã¦�â ¤�−−ë¥ á®¢¥àè�¥¬®© ®¯¥à�æ¨¨ (á¤¥«ª�
ªã¯«¨-¯à®¤�¦¨, ¤®£®¢®à−®£® ¨−¢¥áâ¨à®¢�−¨ï ¨«¨ ¤à.).

’�ª¨¬ á¯®á®¡®¬ ¨áª«îç�îâáï ¢®§¬®¦−®áâ¨ −�àãè¥−¨ï ãáâ�−®¢«¥−−ëå §�ª®-
−®¬ ¯à�¢¨« â®¢�à−®-¤¥−¥¦−®£® ®¡à�é¥−¨ï (−¥¤®¯ãáâ¨¬ë¥ íª®−®¬¨ç¥áª¨¥ á¤¥«ª¨,
−¥ã¯«�â� ãáâ�−®¢«¥−−ëå §�ª®−®¬ £®áã¤�àáâ¢¥−−ëå á¡®à®¢ ¨ ¤à.).

��−ª®¢áª�ï á¨áâ¥¬� ��Œ ¢ª«îç�¥â ¯¥àá®−�«ì−ë¥ í«¥ªâà®−−ë¥ ¡�−ª¨ ä¨-
§¨ç¥áª¨å «¨æ (���ë), ª®à¯®à�â¨¢−ë¥ í«¥ªâà®−−ë¥ ¡�−ª¨ (Š��ë), ¡�−ª¨-¯à®-
¢�©¤¥àë ¨ ¡�−ª-à¥£ã«ïâ®à, ¯®¤ ã¯à�¢«¥−¨¥¬ ª®â®à®£® äã−ªæ¨®−¨àãîâ ¢á¥ ¤àã£¨¥
¡�−ª¨.

� ��−ª-à¥£ã«ïâ®à | £®áã¤�àáâ¢¥−−®¥ ãçà¥¦¤¥−¨¥, ã¯à�¢«ïîé¥¥ äã−ªæ¨®-
−¨à®¢�−¨¥¬ ¡�−ª®¢áª®© á¨áâ¥¬ë ��Œ. ‡�¤�ç¨ ¡�−ª�-à¥£ã«ïâ®à�, à¥�«¨§ã¥¬ë¥
¯®áà¥¤áâ¢®¬ ®−«�©−-á¥à¢¨á®¢: ¢ë¤�ç� ¨ ®â§ë¢ «¨æ¥−§¨© −� ¯à�¢® ¡�−ª®¢áª®© ¤¥-
ïâ¥«ì−®áâ¨ (¢«�¤¥«ìæ�¬ ���®¢, Š��®¢ ¨ ¡�−ª®¢-¯à®¢�©¤¥à®¢); �ªâ¨¢�æ¨ï ¨ ¤¥-
�ªâ¨¢�æ¨ï ¢�«îâ−ëå ç�áâ¥© ¨á-áç¥â®¢; ª®−âà®«ì ¢ë¯®«−¥−¨ï ¯à�¢¨« ¡�−ª®¢áª®©
¤¥ïâ¥«ì−®áâ¨; �−�«¨§ ä¨−�−á®¢®© á®áâ�¢«ïîé¥© íª®−®¬¨ç¥áª®© ¤¥ïâ¥«ì−®áâ¨
¨ ¯à¥¤áâ�¢«¥−¨¥ à¥§ã«ìâ�â®¢ ¢ ¯®àï¤ª¥, ãáâ�−®¢«¥−−®¬ §�ª®−®¬; à�§à�¡®âª�,
¬®¤¨ä¨ª�æ¨ï ¨ ãâ¢¥à¦¤¥−¨¥ ¯à®è¥¤è¨å â¥áâ¨à®¢�−¨¥ ã−¨ä¨æ¨à®¢�−−ëå ä®à¬
¡�−ª®¢áª¨å ¤®ªã¬¥−â®¢ (¢ª«îç�ï ¨á-áç¥â�); ª®−âà®«ì íää¥ªâ¨¢−®áâ¨ à�§¬¥é¥-
−¨ï áà¥¤áâ¢ £®áã¤�àáâ¢¥−−®£® ¤¥−¥¦−®£® à¥§¥à¢�, ä®−¤®¢ á®æ¨�«ì−®© §�é¨âë,
¤àã£¨å £®áã¤�àáâ¢¥−−ëå ä®−¤®¢ ¨ ä®−¤®¢ á £®áã¤�àáâ¢¥−−ë¬ ãç�áâ¨¥¬. �

��−ª-à¥£ã«ïâ®à à�á¯®«�£�¥â á¥âìî á¥à¢¥à®¢, à�§¬¥é¥−−ëå −� â¥àà¨â®à¨¨
áâà�−ë, ¯®¤ îà¨á¤¨ªæ¨¥© ª®â®à®© −�å®¤¨âáï íª®−®¬¨ç¥áª�ï á¨áâ¥¬�.

� ��−ª¨-¯à®¢�©¤¥àë | ª®¬¬¥àç¥áª¨¥ ¯à¥¤¯à¨ïâ¨ï, ãçà¥¦¤¥−−ë¥ îà¨¤¨-
ç¥áª¨¬¨ «¨æ�¬¨ (¨«¨ ®¡ê¥¤¨−¥−¨ï¬¨ îà¨¤¨ç¥áª¨å «¨æ, ®¡ê¥¤¨−¥−¨ï¬¨ ä¨§¨-
ç¥áª¨å «¨æ, ®¡ê¥¤¨−¥−¨ï¬¨ îà¨¤¨ç¥áª¨å ¨ ä¨§¨ç¥áª¨å «¨æ), §�−¨¬�îé¨¬¨áï
¯à®¨§¢®¤áâ¢®¬ â®¢�à®¢ ¨«¨ ¨å à¥�«¨§�æ¨¥©.

�−«�©−-á¥à¢¨áë ¡�−ª�-¯à®¢�©¤¥à� ¯à¥¤−�§−�ç¥−ë ¤«ï: ®¡á«ã¦¨¢�−¨ï §�-
¯à®á®¢ ¢«�¤¥«ìæ¥¢ ¨á-áç¥â®¢, −�¯à�¢«ï¥¬ëå ¯®áà¥¤áâ¢®¬ ���®¢ ¨ Š��®¢ ¯à¨
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á®¢¥àè¥−¨¨ á¤¥«®ª (¢ª«îç�ï §�¯à®áë −� ã¤®áâ®¢¥à¥−¨¥ á®áâ®ï−¨ï ¨á-áç¥â®¢
¯�àâ−¥à®¢ ¯® á¤¥«ª�¬, −�¯à�¢«ï¥¬ë¥ á ¨å à�§à¥è¥−¨ï); åà�−¥−¨ï ¨ ®¡−®¢«¥−¨ï
§�è¨äà®¢�−−ëå ª®¯¨© ¨á-áç¥â®¢ ª«¨¥−â®¢ ¡�−ª�-¯à®¢�©¤¥à�; �−�«¨§� ¨−¢¥áâ¨-
æ¨®−−ëå §�¯à®á®¢ ¯®â¥−æ¨�«ì−ëå ¨−¢¥áâ®à®¢ ¨ ¯®«ãç�â¥«¥© ¨−¢¥áâ¨æ¨© (¡�−ª¨-
¯à®¢�©¤¥àë ¬®£ãâ ¢ë¯®«−ïâì §�ª�§ë ¯®«ãç�â¥«¥© ¨−¢¥áâ¨æ¨© −� ª®−á®«¨¤�æ¨î
§�ï¢®ª ¨−¢¥áâ®à®¢, çâ®¡ë ª®¬¯«¥ªá¨à®¢�âì §�ª�§�−−ãî áã¬¬ã ¨−¢¥áâ¨æ¨¨); à¥-
£¨áâà�æ¨¨ §�ª«îç¥−−ëå ¤®£®¢®à®¢ (á ª®−âà®«¥¬ ¤®¯ãáâ¨¬®áâ¨ á¤¥«®ª) ¨ ¢¥¤¥−¨ï
¡�§ ¤�−−ëå â�ª¨å ¤®£®¢®à®¢; îà¨¤¨ç¥áª®£® á®¯à®¢®¦¤¥−¨ï à¥�«¨§ã¥¬ëå á¤¥-
«®ª. �

� �¥àá®−�«ì−ë¥ í«¥ªâà®−−ë¥ ¡�−ª¨ ä¨§¨ç¥áª¨å «¨æ ¨ Š��ë (ª�ª ¯à®-
£à�¬¬−®-�¯¯�à�â−ë¥ áà¥¤áâ¢�) | íâ®, ª�ª ¯à�¢¨«®, ¯¥à¥−®á−ë¥ s-¬�è¨−ë [13],
−�¤¥«¥−−ë¥ ª®¬¬ã−¨ª�æ¨®−−ë¬¨ äã−ªæ¨ï¬¨ ¯¥à¥¤®¢ëå á¬�àâä®−®¢. ‚ ����å
¨ Š���å ¢ §�è¨äà®¢�−−®© ä®à¬¥ åà�−ïâáï ®à¨£¨−�«ë ¨á-áç¥â®¢ ¨ ¤®ªã¬¥−â®¢
¯® á¤¥«ª�¬. ˆ§¬¥−¥−¨¥ á®áâ®ï−¨ï ¨á-áç¥â� ¨¬¥¥â ¯à�¢® ¨−¨æ¨¨à®¢�âì â®«ìª® ¥£®
¢«�¤¥«¥æ, á®¢¥àè�îé¨© á¤¥«ªã. ‡�¯à®áë −� ®¡á«ã¦¨¢�−¨¥ á¤¥«ª¨ (ã¤®áâ®¢¥-
à¥−¨¥ á®áâ®ï−¨ï ¨á-áç¥â� ¨ á®åà�−¥−¨¥ ®¡−®¢«¥−−®© ª®¯¨¨ ¨á-áç¥â�) ¯®«ãç�îâ
¡�−ª¨-¯à®¢�©¤¥àë, á¥à¢¨á�¬¨ ª®â®àëå ¯®«ì§ãîâáï á®¢¥àè�îé¨¥ á¤¥«ªã í¤-
ãç�áâ−¨ª¨. �

3 Заключение

1. Š®−æ¥¯æ¨ï, ®á−®¢ë ª®â®à®© ¯à¥¤áâ�¢«¥−ë ¢ áâ�âì¥, ï¢«ï¥âáï ¢ëà�¦¥−¨¥¬
¨−−®¢�æ¨®−−®£® ¯®¤å®¤� ª á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ á¢ï§�−−ëå ¬¥¦¤ã
á®¡®© ¢¨¤®¢ ¤¥ïâ¥«ì−®áâ¨ −�á¥«¥−¨ï áâà�−ë (¤«ï ªà�âª®áâ¨ −�§¢�−−ëå ¦¨§-
−¥¤¥ïâ¥«ì−®áâìî). �à¥¤«®¦¥−−ë© ¯®¤å®¤ ï¢«ï¥âáï ®¡®¡é�îé¨¬ à�§¢¨â¨-
¥¬ ¯®¤å®¤� ª á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ £®áã¤�àáâ¢¥−−®£® ã¯à�¢«¥−¨ï
÷®áá¨¨ [10{12] ¨ à�áá¬�âà¨¢�¥âáï ª�ª ¢ª«�¤ ¢ ¬¥â®¤®«®£¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥
à¥�«¨§�æ¨¨ £®áã¤�àáâ¢¥−−®© ¯à®£à�¬¬ë ú–¨äà®¢�ï íª®−®¬¨ª� ÷®áá¨©áª®©
”¥¤¥à�æ¨¨û.

2. –¥«ìî á¨âã�æ¨®−−®© ¨−ä®à¬�â¨§�æ¨¨ ¦¨§−¥¤¥ïâ¥«ì−®áâ¨ ï¢«ï¥âáï ®à£�-
−¨§�æ¨®−−®-â¥å−®«®£¨ç¥áª®¥ á®¢¥àè¥−áâ¢®¢�−¨¥ ®¡ê¥ªâ�, −�¯à�¢«¥−−®¥ −�
¯®¢ëè¥−¨¥ §�é¨é¥−−®áâ¨ ¨ à®áâ ¯®â¥−æ¨�«� áâà�−ë, ã¢¥«¨ç¥−¨¥ ª®−ªã-
à¥−â®á¯®á®¡−®áâ¨ ¥¥ £à�¦¤�−, ®¡à�§®¢�â¥«ì−ëå ¨ −�ãç−ëå ãçà¥¦¤¥−¨©,
¯à®¨§¢®¤áâ¢¥−−ëå ¯à¥¤¯à¨ïâ¨© ¨ ¤àã£¨å ®à£�−¨§�æ¨©.

3. ˆ¬¥îé¨¥ ª«îç¥¢®¥ §−�ç¥−¨¥ íª®−®¬¨ç¥áª�ï ¤¥ïâ¥«ì−®áâì ¨ £®áã¤�àáâ¢¥−−®¥
ã¯à�¢«¥−¨¥ à�áá¬�âà¨¢�îâáï ª�ª ï¤à® ®¡ê¥ªâ� ¨−ä®à¬�â¨§�æ¨¨.

4. Œ®−¨â®à¨−£ á®áâ®ï−¨ï ®¡ê¥ªâ� ®áãé¥áâ¢«ï¥âáï á ¯®¬®éìî ¯®àâà¥â®¢ á¨âã-
�æ¨©, ä®à¬¨àã¥¬ëå ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï á®¢®ªã¯−®áâ¨ ¯à®áâà�−áâ¢
á®áâ®ï−¨© (¯à�¢®¢®£®, ®¡®à®−−®£®, ®¡à�§®¢�â¥«ì−®£®, íª®−®¬¨ç¥áª®£® ¨ ¤à.),
¯�à�¬¥âàë ª®â®àëå ®âà�¦�îâ ãà®¢−¨ §�é¨é¥−−®áâ¨ ¨ à�§¢¨â¨ï ¯®â¥−æ¨�«�
áâà�−ë [10{12].
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BASICS OF THE CONCEPT OF SITUATIONAL INFORMATIZATION
OF POPULATION ACTIVITIES

A. V. Ilyin and V. D Ilyin

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 article presents basics of the concept of situational informa-
tization of the population activities considered as an aggregate of education,
production, and other kinds of activity. Situational informatization is studied
as a means of stage-by-stage organizational and technological improvement of
the object through planned transitions from the starting situation to the target
one. The situations are presented by formalized descriptions of the predefined
set of states spaces (defense, economics, etc.), which characterize the country's
potential. The object is monitored on the basis of portraits of the achieved
situations. Information technologies based on the situational informatization
methodology are implemented in the human{machine environment for problem
solving (\s-environment") which serves as an infrastructural base of online ser-
vices (banking, logistics, etc.). The definitions of state government system,
economic mechanism (as the specialized systems of status rivalry), country's
potential, the types and the portraits of situations, etc. are given.
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1 Введение

�� á¥£®¤−ïè−¨© ¤¥−ì áãé¥áâ¢ã¥â ¬−®¦¥áâ¢® ¬¥â®¤®¢ ®æ¥−ª¨ ¯«�â¥¦¥á¯®-
á®¡−®áâ¨ ”‹, ¯à¨¬¥−¥−¨¥ ª®â®àëå ¢ â®© ¨«¨ ¨−®© áâ¥¯¥−¨ ®¡¥á¯¥ç¨¢�¥â ¨−-
ä®à¬�æ¨®−−®-�−�«¨â¨ç¥áªãî ¯®¤¤¥à¦ªã ¯à®æ¥áá� ¯à¨−ïâ¨ï à¥è¥−¨© ¢ ®¡«�áâ¨
¡�−ª®¢áª®£® ªà¥¤¨â®¢�−¨ï ¢ ãá«®¢¨ïå −¥®¯à¥¤¥«¥−−®áâ¨. ‘à¥¤¨ −¨å ¬®¦−® ¢ë¤¥-
«¨âì âà¨ ®á−®¢−ë¥ £àã¯¯ë: ¬¥â®¤ë áª®à¨−£®¢®© ®æ¥−ª¨ [1], ¬¥â®¤ë ¯® ¨§ãç¥−¨î
ªà¥¤¨â−®© ¨áâ®à¨¨ §�¥¬é¨ª� ¨ ¬¥â®¤ë ®æ¥−ª¨ ä¨−�−á®¢ëå ª®«¨ç¥áâ¢¥−−ëå
¯®ª�§�â¥«¥© ¯«�â¥¦¥á¯®á®¡−®áâ¨ [2, 3].

‚ à�¡®â¥ [4] �¢â®à�¬¨ à�áá¬�âà¨¢�«áï �«ìâ¥à−�â¨¢−ë© ¯®¤å®¤ ª ®æ¥−ª¥ ªà¥-
¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢¥ ¯à¨¬¥−¥−¨ï ¤¢ãå −¥ç¥âª¨å ¬¥â®¤®¢ ¯à¨−ïâ¨ï
à¥è¥−¨© ¢ ãá«®¢¨ïå −¥®¯à¥¤¥«¥−−®áâ¨. �¤−�ª® à¥è¥−¨¥ íâ®© §�¤�ç¨ ¢ ®á−®¢−®¬
¡ë«® ®à¨¥−â¨à®¢�−® −� ®â−®á¨â¥«ì−ãî ®æ¥−ªã ”‹ ¢ á®áâ�¢¥ £àã¯¯ë á ¤àã£¨¬¨
¯®â¥−æ¨�«ì−ë¬¨ §�¥¬é¨ª�¬¨ ¨ ¢ ª®−¥ç−®¬ ¨â®£¥ ¡ë«® á¢¥¤¥−® ª ®â−®á¨â¥«ì−®¬ã
à�−¦¨à®¢�−¨î −� ¯à¥¤¬¥â ¨å áâ¥¯¥−¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨. �®íâ®¬ã �¢â®àë
à¥è¨«¨ ¯à®¤®«¦¨âì á¢®¨ ¨áá«¥¤®¢�−¨ï ¨ ¯®¯ëâ�âìáï áä®à¬ã«¨à®¢�âì ¨ ¯à®â¥á-
â¨à®¢�âì ¬¥â®¤, ª®â®àë© ¯®§¢®«¨« ¡ë ®æ¥−¨âì ¯«�â¥¦¥á¯®á®¡−®áâì ”‹ ¢ ¨−¤¨-
¢¨¤ã�«ì−®¬ ¯®àï¤ª¥, â. ¥. ¯®«ãç¨âì ¤«ï −¥£® −¥ ®â−®á¨â¥«ì−ãî, � ¢ ®¯à¥¤¥«¥−−®¬
á¬ëá«¥ �¡á®«îâ−ãî ®æ¥−ªã.
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�æ¥−ª� ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢¥ −¥ç¥âª®£® �−�«¨§� ¥£® ¯«�â¥¦¥á¯®á®¡−®áâ¨

2 Постановка задачи

�−�«¨§ ä¨−�−á®¢®© áâ�¡¨«ì−®áâ¨ ”‹ ¯®¤à�§ã¬¥¢�¥â −�«¨ç¨¥ á¯¨áª� ª«îç¥-
¢ëå ¯®ª�§�â¥«¥©, å�à�ªâ¥à¨§ãîé¨å ¥£® íª®−®¬¨ç¥áªãî ¨ «¨ç−ãî ¯«�â¥¦¥á¯®-
á®¡−®áâì −� â¥ªãé¨© ¬®¬¥−â. ‚ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ª ç¨á«ã â�ª¨å ¯®ª�§�â¥«¥©
®â−®áïâ: â¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë© á®¢®ªã¯−ë© ¤®å®¤; ®¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�-
¤®¢; ®¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâì; áã¬¬� ¥¦¥¬¥áïç−ëå ¯«�â¥¦¥© ¯®
ªà¥¤¨âã; áã¬¬� ¥¦¥¬¥áïç−ëå ¤®å®¤®¢; áã¬¬� ä¨−�−á®¢ëå ®¡ï§�â¥«ìáâ¢; ®¡é¥¥
¬�â¥à¨�«ì−®¥ ¯®«®¦¥−¨¥; á®æ¨�«ì−�ï áâ�¡¨«ì−®áâì; ¢®§à�áâ; ªà¥¤¨â−�ï ¨áâ®à¨ï.
„«ï ®æ¥−ª¨ íâ¨å ª«îç¥¢ëå ¯®ª�§�â¥«¥© ¡�−ª�¬¨ (¨«¨ ªà¥¤¨â−ë¬¨ ãçà¥¦¤¥-
−¨ï¬¨) ãáâ�−�¢«¨¢�îâáï á®®â¢¥âáâ¢ãîé¨¥ ªà¨â¥à¨¨ ¢ §�¢¨á¨¬®áâ¨ ®â ¢¨¤� §�-
¯à�è¨¢�¥¬®£® ªà¥¤¨â� (−�¯à¨¬¥à, −� ¯à¨®¡à¥â¥−¨¥ ¨«¨ áâà®¨â¥«ìáâ¢® ¦¨«ìï,
−� ¯®ªã¯ªã âà�−á¯®àâ−ëå áà¥¤áâ¢ ¨«¨ â®¢�à®¢ ¤«¨â¥«ì−®£® ¯®«ì§®¢�−¨ï ¨ ¯à.),
¥£® ®¡ê¥¬� ¨ áà®ª� ¯à¥¤®áâ�¢«¥−¨ï, ¢¨¤� ®¡¥á¯¥ç¥−¨ï (§�«®£�). �� ®á−®¢�−¨¨
á®¢à¥¬¥−−ëå ¯®¤å®¤®¢ ª ®æ¥−ª¥ ”‹ (á¬., −�¯à¨¬¥à, [5, 6]) ¢ [4] �¢â®à�¬¨ ª®¬-
¯¨«¨à®¢�− á«¥¤ãîé¨© á¯¨á®ª â�ª¨å ªà¨â¥à¨¥¢ ®æ¥−ª¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹:
K1| â¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë© á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤;K2| ®¡ê¥¬ ¤¥¯®§¨â-
−ëå ¢ª«�¤®¢; K3 | ®¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâì; K4 | ä¨−�−á®¢ë©
ª®íää¨æ¨¥−â PTI (Payment-to-Income ratio), K5 | OTI (Obligations-t®-Income
ratio); K6 | ä¨−�−á®¢ë© ª®íää¨æ¨¥−â ¯«�â¥¦¥á¯®á®¡−®áâ¨; K7 | ®¡é¥¥ ¬�-
â¥à¨�«ì−®¥ ¯®«®¦¥−¨¥; K8 | á®æ¨�«ì−�ï áâ�¡¨«ì−®áâì; K9 | ¢®§à�áâ; K10 |
ªà¥¤¨â−�ï ¨áâ®à¨ï. ÷ãª®¢®¤áâ¢ãïáì íâ¨¬¨ ªà¨â¥à¨ï¬¨, −¥®¡å®¤¨¬® áä®à¬ã-
«¨à®¢�âì, ®¯¨á�âì ¨ ¯à®â¥áâ¨à®¢�âì −®¢ë© ¬¥â®¤ ¤«ï ¨−¤¨¢¨¤ã�«ì−®© ®æ¥−ª¨
ªà¥¤¨â®á¯®á®¡−®áâ¨ ç�áâ−®£® ”‹, å�à�ªâ¥à¨§ã¥¬®£® ª�ª ®¡ê¥ªâ¨¢−ë¬¨, â�ª
¨ áã¡ê¥ªâ¨¢−ë¬¨ ¯®ª�§�â¥«ï¬¨ ä¨−�−á®¢®© áâ�¡¨«ì−®áâ¨. �à¨ íâ®¬ ¢ ª�ç¥áâ¢¥
¯à¥¤¢�à¨â¥«ì−®© ¯à®æ¥¤ãàë −¥®¡å®¤¨¬® ®áãé¥áâ¢¨âì ª«�áá¨ä¨ª�æ¨î ãà®¢−¥©
ä¨−�−á®¢®© áâ�¡¨«ì−®áâ¨ ”‹.

3 Классификация уровней финансовой стабильности физических лиц
с применением метода нечеткого логического вывода

�ç¥¢¨¤−®, çâ® ®æ¥−ª� ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢�−¨¨ ª®¬¯«¥ªá−®©
®¡à�¡®âª¨ ¤®áâã¯−®© ¨−ä®à¬�æ¨¨, å�à�ªâ¥à¨§ã¥¬®© ®¡ê¥ªâ¨¢−ë¬¨ ¨ áã¡ê¥ªâ¨¢-
−ë¬¨ ¯à¨§−�ª�¬¨ ¥£® ä¨−�−á®¢®© áâ�¡¨«ì−®áâ¨, ï¢«ï¥âáï ¬−®£®ªà¨â¥à¨�«ì−®©
¯à®æ¥¤ãà®©, ¯®¤à�§ã¬¥¢�îé¥© �£à¥£¨à®¢�−¨¥ ®æ¥−ª¨ ¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ã-
ç�¥. �®íâ®¬ã ¢ë¡¥à¥¬ ¯ïâì ®æ¥−®ç−ëå ¯®−ïâ¨© ¤«ï å�à�ªâ¥à¨áâ¨ª¨ ãà®¢−ï
¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹: u1 | ú‘‹ˆ˜Š�Œ �…�÷ˆ…Œ‹…Œ›‰û; u2 |
ú�…�÷ˆ…Œ‹…Œ›‰û; u3 | úŒ…�…… —…Œ �÷ˆ…Œ‹…Œ›‰û; u4 |
ú�÷ˆ…Œ‹…Œ›‰û; u5 | ú��‹…… —…Œ �÷ˆ…Œ‹…Œ›‰û. �à®é¥ £®-
¢®àï, ¯®¤ ¬−®¦¥áâ¢®¬ C = {u1, u2, u3, u4, u5} ¡ã¤¥¬ ¯®−¨¬�âì á®¢®ªã¯−®áâì
¯à¨§−�ª®¢, ¯® ª®â®àë¬ ¡ã¤¥¬ ª«�áá¨ä¨æ¨à®¢�âì ãà®¢−¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹
−� â¥ªãé¨© ¬®¬¥−â ¢à¥¬¥−¨. ’®£¤�, ¯®«�£�ï ªà¨â¥à¨¨ ®æ¥−ª¨ Ki (i = 1, . . . , 10)
«¨−£¢¨áâ¨ç¥áª¨¬¨ ¯¥à¥¬¥−−ë¬¨ á® §−�ç¥−¨ï¬¨ (â¥à¬�¬¨) uk (k = 1, . . . , 5), ®æ¥−-
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ªã ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ®áãé¥áâ¢¨¬ á ¨á¯®«ì§®¢�−¨¥¬ ¤®áâ�â®ç−®£® −�¡®à�
−¥ç¥âª¨å ¨¬¯«¨ª�â¨¢−ëå ¯à�¢¨« ¢¨¤� ú…á«¨ 〈. . .〉, â® 〈. . .〉û ¨ −� ¨å ®á−®¢¥
ãáâ�−®¢¨¬ á®®â¢¥âáâ¢ãîéãî èª�«ã £à�¤�æ¨¨ ã¤®¢«¥â¢®à¨â¥«ì−®áâ¨ ¯«�â¥¦¥á¯®-
á®¡−®áâ¨ ”‹. „«ï íâ®£® §� ®á−®¢ã ¢ë¡¥à¥¬ á«¥¤ãîé¨¥ ¨áå®¤−ë¥ áã¦¤¥−¨ï:

e1: ú…á«¨ ã ”‹ | §�ï¢¨â¥«ï −� ¯®«ãç¥−¨¥ ªà¥¤¨â� ä¨−�−á®¢ë¥ ª®íää¨æ¨¥−-
âë OTI ¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨, � â�ª¦¥ ¥£® ®¡é¥¥ ¬�â¥à¨�«ì−®¥ ¯®«®¦¥−¨¥
¨ á®æ¨�«ì−�ï áâ�¡¨«ì−®áâì ï¢«ïîâáï ¯à¨¥¬«¥¬ë¬¨, â® ãà®¢¥−ì ¥£® ªà¥¤¨â®-
á¯®á®¡−®áâ¨ ï¢«ï¥âáï ã¤®¢«¥â¢®à¨â¥«ì−ë¬û;

e2: ú…á«¨ ª â®¬ã ¦¥ ã ”‹ ®¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢ ¨ ä¨−�−á®¢ë© ª®íää¨-
æ¨¥−â PTI â�ª¦¥ ï¢«ïîâáï ¯à¨¥¬«¥¬ë¬¨, â® ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡−®áâ¨
¤�−−®£® ”‹ ï¢«ï¥âáï ¡®«¥¥ ç¥¬ ã¤®¢«¥â¢®à¨â¥«ì−ë¬û;

e3: ú…á«¨ ¤®¯®«−¨â¥«ì−® ª â®¬ã, çâ® ®£®¢®à¥−® ¢ e2, ¯à¨¥¬«¥¬ë¬¨ ï¢«ïîâáï â¥-
ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë© á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤, ®¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£®
«¨ª¢¨¤−®áâì, ¢®§à�áâ ¨ ªà¥¤¨â−�ï ¨áâ®à¨ï, â® ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡−®áâ¨
”‹ ï¢«ï¥âáï ¡¥§ã¯à¥ç−ë¬û;

e4: ú…á«¨ ¨¬¥¥â ¬¥áâ® ¢á¥, çâ® ®£®¢®à¥−® ¢ e3, §� ¨áª«îç¥−¨¥¬ ¨−ä®à¬�æ¨¨
® ¯à¨¥¬«¥¬®áâ¨ ä¨−�−á®¢®£® ª®íää¨æ¨¥−â� PTI ¨ ¢®§à�áâ� ”‹, â® ãà®¢¥−ì
ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ï¢«ï¥âáï ®ç¥−ì ã¤®¢«¥â¢®à¨â¥«ì−ë¬û;

e5: ú…á«¨ ®¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢ ”‹ ï¢«ï¥âáï ¯à¨¥¬«¥¬ë¬, ä¨−�−á®¢ë¥
ª®íää¨æ¨¥−âë PTI, OTI ¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨, � â�ª¦¥ ¯®ª�§�â¥«¨ ®¡é¥£®
¬�â¥à¨�«ì−®£® ¯®«®¦¥−¨ï ¨ á®æ¨�«ì−®© áâ�¡¨«ì−®áâ¨ ï¢«ïîâáï ¯à¨¥¬«¥¬ë-
¬¨, −® ¯à¨ íâ®¬ ®¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâì, � â�ª¦¥ ¢®§à�áâ
”‹ ï¢«ïîâáï −¥¯à¨¥¬«¥¬ë¬¨, â® ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ¢á¥ ¦¥
ï¢«ï¥âáï ã¤®¢«¥â¢®à¨â¥«ì−ë¬û;

e6: ú…á«¨ ã §�ï¢¨â¥«ï ¯®ª�§�â¥«ì ®¡¥á¯¥ç¥−¨ï ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâ¨, ä¨-
−�−á®¢ë© ª®íää¨æ¨¥−â ¯«�â¥¦¥á¯®á®¡−®áâ¨, ¯®ª�§�â¥«¨ ®¡é¥£® ¬�â¥à¨�«ì-
−®£® ¯®«®¦¥−¨ï ¨ ªà¥¤¨â−®© ¨áâ®à¨¨ ï¢«ïîâáï −¥¯à¨¥¬«¥¬ë¬¨, â® ãà®¢¥−ì
ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ï¢«ï¥âáï −¥ã¤®¢«¥â¢®à¨â¥«ì−ë¬û.

�−�«¨§ ¤�−−ëå ¢ëáª�§ë¢�−¨© ª�ª ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© ¯®§¢®-
«ï¥â áç¨â�âì ªà¨â¥à¨¨ ®æ¥−ª¨ Ki (i = 1, . . . , 10) ¢å®¤−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨
¢¥à¡�«ì−®© ¬®¤¥«¨, ®â®¦¤¥áâ¢«ï¥¬ëå ¢ ¢¨¤¥ â¥à¬®¢ �÷ˆ…Œ‹…Œ›‰ /̈̈ «¨
�…�÷ˆ…Œ‹…Œ›‰, ï¢«ïîé¨åáï ®¤−¨¬¨ ¨§ §−�ç¥−¨© á®®â¢¥âáâ¢ãîé¨å «¨−-
£¢¨áâ¨ç¥áª¨å ¯¥à¥¬¥−−ëå. ‚ ª�ç¥áâ¢¥ ¢ëå®¤−®© å�à�ªâ¥à¨áâ¨ª¨ ¢¥à¡�«ì−®©
¬®¤¥«¨ ¡ã¤¥â ¢ëáâã¯�âì «¨−£¢¨áâ¨ç¥áª�ï ¯¥à¥¬¥−−�ï | ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡-
−®áâ¨ ”‹, ¯à¨−¨¬�îé�ï ¢ ¯à¨¢¥¤¥−−ëå ¢ëáª�§ë¢�−¨ïå ¯ïâì §−�ç¥−¨© (â¥à¬®¢).
’®£¤�, ¯®«�£�ï â¥à¬ë ¢å®¤−ëå Ki ¨ ¢ëå®¤−®© Y «¨−£¢¨áâ¨ç¥áª¨å ¯¥à¥¬¥−−ëå
−¥ç¥âª¨¬¨ ¬−®¦¥áâ¢�¬¨, −� ¡�§¥ ¤�−−ëå ¢ëáª�§ë¢�−¨© ¯®áâà®¨¬ á«¥¤ãîé¨¥
¨¬¯«¨ª�â¨¢−ë¥ ¯à�¢¨«�:

e1: ú…á«¨ K5 = �÷ˆ…Œ‹…Œ›‰, K6 = �÷ˆ…Œ‹…Œ›‰, K7 = �÷ˆ…Œ-
‹…Œ›‰ ¨ K8 = �÷ˆ…Œ‹…Œ›‰, â® Y = “„�‚‹…’‚�÷ˆ’…‹œ-
�›‰û;
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e2: ú…á«¨ K2 = �÷ˆ…Œ‹…Œ›‰, K4 = �÷ˆ…Œ‹…Œ›‰, K5 = �÷ˆ…Œ-
‹…Œ›‰,K6 = �÷ˆ…Œ‹…Œ›‰,K7 = �÷ˆ…Œ‹…Œ›‰ ¨K8 = �÷ˆ-
…Œ‹…Œ›‰, â® Y = ��‹…… —…Œ “„�‚‹…’‚�÷ˆ’…‹œ�›‰û;

e3: ú…á«¨ K1 = �÷ˆ…Œ‹…Œ›‰, K2 = �÷ˆ…Œ‹…Œ›‰, K3 = �÷ˆ-
…Œ‹…Œ›‰, K4 = �÷ˆ…Œ‹…Œ›‰, K5 = �÷ˆ…Œ‹…Œ›‰, K6 =
= �÷ˆ…Œ‹…Œ›‰, K7 = �÷ˆ…Œ‹…Œ›‰, K8 = �÷ˆ…Œ‹…Œ›‰,
K9 = �÷ˆ…Œ‹…Œ›‰ ¨ K10 = �÷ˆ…Œ‹…Œ›‰, â® Y = �…‡“�÷…—-
�›‰û;

e4: ú…á«¨ K1 = �÷ˆ…Œ‹…Œ›‰, K2 = �÷ˆ…Œ‹…Œ›‰, K3 = �÷ˆ…Œ-
‹…Œ›‰, K5 = �÷ˆ…Œ‹…Œ›‰, K6 = �÷ˆ…Œ‹…Œ›‰, K7 = �÷ˆ-
…Œ‹…Œ›‰, K8 = �÷ˆ…Œ‹…Œ›‰ ¨ K10 = �÷ˆ…Œ‹…Œ›‰, â®
Y = �—…�œ “„�‚‹…’‚�÷ˆ’…‹œ�›‰û;

e5: ú…á«¨ K2 = �÷ˆ…Œ‹…Œ›‰, K3 = �…�÷ˆ…Œ‹…Œ›‰, K4 = �÷ˆ-
…Œ‹…Œ›‰, K5 = �÷ˆ…Œ‹…Œ›‰, K6 = �÷ˆ…Œ‹…Œ›‰, K7 =
= �÷ˆ…Œ‹…Œ›‰, K8 = �÷ˆ…Œ‹…Œ›‰ ¨ K9 = �…�÷ˆ…Œ‹…-
Œ›‰, â® Y = “„�‚‹…’‚�÷ˆ’…‹œ�›‰û;

e6: ú…á«¨ K3 = �…�÷ˆ…Œ‹…Œ›‰, K6 = �…�÷ˆ…Œ‹…Œ›‰, K7 =
= �…�÷ˆ…Œ‹…Œ›‰ ¨ K10 = �…�÷ˆ…Œ‹…Œ›‰, â® Y = �…-
“„�‚‹…’‚�÷ˆ’…‹œ�›‰û.

‹¨−£¢¨áâ¨ç¥áªãî ¯¥à¥¬¥−−ãî Y §�¤�¤¨¬ −� ¬−®¦¥áâ¢¥ J = {0; 0,1; 0,2; . . .
. . . ; 1}. ’®£¤� ¨á¯®«ì§ã¥¬ë¥ ¢ ¯à�¢¨«�å ¥¥ â¥à¬ë ®¯¨è¥¬ ¯® áà¥¤áâ¢�¬ −¥ç¥âª¨å
¬−®¦¥áâ¢ á á®®â¢¥âáâ¢ãîé¨¬¨ äã−ªæ¨ï¬¨ ¯à¨−�¤«¥¦−®áâï¬¨ [7], � ¨¬¥−−®:
∀ x ∈ J ¡ã¤¥¬ ¨¬¥âì:

{ S = “„�‚‹…’‚�÷ˆ’…‹œ�›‰, µS(x) = x;

{ MS = ��‹…… —…Œ “„�‚‹…’‚�÷ˆ’…‹œ�›‰, µMS(x) =
√
x;

{ P = �…‡“�÷…—�›‰, µP (x) =

{
1 , x = 1 ;

0 , x < 1 ;

{ VS = �—…�œ “„�‚‹…’‚�÷ˆ’…‹œ�›‰, µVS(x) = x2;

{ US = �…“„�‚‹…’‚�÷ˆ’…‹œ�›‰, µUS(x) = 1− x.

”�§§¨ä¨ª�æ¨î â¥à¬®¢ ¨§ «¥¢ëå ç�áâ¥© ¯à¨−ïâëå ¯à�¢¨« ®áãé¥áâ¢¨¬ á ¯®-
¬®éìî á®®â¢¥âáâ¢ãîé¨å £�ãáá®¢áª¨å äã−ªæ¨© ¯à¨−�¤«¥¦−®áâ¨

µk(ui) = exp

{
−(ui − uk0)

2

σ2k

}
(k = 1, . . . , 10) , (1)

¢®ááâ�−�¢«¨¢�îé¨å á®®â¢¥âáâ¢ãîé¨¥ −¥ç¥âª¨¥ ¬−®¦¥áâ¢� ¯® ®¯®à−®¬ã ¢¥ªâ®àã
(u1, u2, u3, u4, u5), £¤¥ ui = di (i = 1, . . . , 5) (à¨á. 1), ¯à¨ íâ®¬ §−�ç¥−¨ï ¤«ï
¯�à�¬¥âà� σk ¯®¤¡¨à�îâáï ¨áå®¤ï ¨§ áâ¥¯¥−¨ ¢�¦−®áâ¨ ªà¨â¥à¨¥¢ ®æ¥−ª¨.
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÷¨á. 1 ÷�¢−®¬¥à−�ï £à�¤�æ¨ï ¯®ª�§�â¥«¥© ªà¥¤¨â®á¯®á®¡−®áâ¨

÷¨á. 2 �à¨§−�ª¨ ¯®ª�§�â¥«¥© ¯«�â¥¦¥á¯®á®¡−®áâ¨ ¢ ¬�áèâ�¡¥ ¥¤¨−¨ç−®£® ®âà¥§ª�

�� à¨á. 1 £à�¤�æ¨ï ¯à¨§−�ª®¢ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ¯à¥¤áâ�¢«¥−� ¢ ®¡é¥¬
¢¨¤¥1. ’¥¬ −¥ ¬¥−¥¥ ¤«ï ª�¦¤®£® ª«îç¥¢®£® ¯®ª�§�â¥«ï ãáâ�−�¢«¨¢�îâáï á®®â-
¢¥âáâ¢ãîé¨¥ −®à¬�â¨¢−ë¥ ¨−â¥à¢�«ë ¢¨¤� [d0i; d5i] (i = 1, . . . , 10). ’�ª, ¢ á«ãç�¥
§�ï¢ª¨ −� ¯®«ãç¥−¨¥ ªà¥¤¨â� ¢ −�æ¨®−�«ì−®© ¢�«îâ¥ á® áâ®à®−ë ”‹, ¯®«ãç�-
îé¥£® ¤®å®¤ë ¢ ¤®««�à�å ‘˜�, ¢ [4] −� ®á−®¢�−¨¨ ¨áá«¥¤®¢�−¨©, ¯à®¢¥¤¥−−ëå
¢ [5,6], â�ª¨¥ ¨−â¥à¢�«ë ãáâ�−®¢«¥−ë. ‚ ç�áâ−®áâ¨, ¤«ï ä¨−�−á®¢ëå ª®íää¨æ¨-
¥−â®¢ ¯«�â¥¦¥á¯®á®¡−®áâ¨: K4 (PTI) | [0; 0,45],K5 (OTI) | [0; 0,55],K6 (ª®íä-
ä¨æ¨¥−â� ¯«�â¥¦¥á¯®á®¡−®áâ¨) | [1; 2]; ¤«ï ¯®ª�§�â¥«ï K9 (¢®§à�áâ) | [18; 80];
� ¤«ï ®áâ�«ì−ëå ª«îç¥¢ëå ¯®ª�§�â¥«¥© á ãç¥â®¬ ¤¥áïâ¨¡�««ì−®© èª�«ë | [0; 10].
�à¨ íâ®¬ ®ç¥¢¨¤−®, çâ® ¯à®áâë¬ ¯à¥®¡à�§®¢�−¨¥¬ t = (x− d0i)/(d5i − d0i), £¤¥
x ∈ [d0i; d5i], t ∈ [0; 1], ª�¦¤ë© ¨§ ¨−â¥à¢�«®¢ [d0i; d5i] (i = 1, . . . , 10) ¬®¦−®
«¥£ª® á¢¥áâ¨ ª ¥¤¨−¨ç−®¬ã ®âà¥§ªã [0; 1] (à¨á. 2).

ˆâ�ª, ®æ¥−¨¢�ï ªà¥¤¨â®á¯®á®¡−®áâì á â®çª¨ §à¥−¨ï ¥¥ ª«îç¥¢ëå ¯®ª�§�â¥«¥©,
£à�¤¨à®¢�−−ëå ¢ ¬�áèâ�¡¥ ¥¤¨−¨ç−®£® ¨−â¥à¢�«� (á¬. à¨á. 2), £¤¥ di = 0,2i (i =
= 0, . . . , 5), ä�§§¨ä¨æ¨àã¥¬ â¥à¬ë ¨§ «¥¢ëå ç�áâ¥© ¯à�¢¨« ¢ á«¥¤ãîé¥¬ ¢¨¤¥:

{ �÷ˆ…Œ‹…Œ›‰ (â¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë© á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤):

X1 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,6926

u4
+
1

u5
;

1„�−−�ï £à�¤�æ¨ï ¬®¦¥â ¡ëâì ¢ë¡à�−� íªá¯¥àâ®¬ ¨ −¥à�¢−®¬¥à−®©, çâ® −¨áª®«ìª® −¥ ¬¥−ï¥â
áãâ¨ ¯®¤å®¤�.
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{ �÷ˆ…Œ‹…Œ›‰ (®¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢):

X2 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,6926

u4
+
1

u5
;

{ �÷ˆ…Œ‹…Œ›‰ (®¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâì):

X3 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,6926

u4
+
1

u5
;

{ �÷ˆ…Œ‹…Œ›‰ (ä¨−�−á®¢ë© ª®íää¨æ¨¥−â PTI):

X4 =
1

u1
+
0,6929

u2
+
0,2301

u3
+
0,0367

u4
+
0,0028

u5
;

{ �÷ˆ…Œ‹…Œ›‰ (ä¨−�−á®¢ë© ª®íää¨æ¨¥−â OTI):

X5 =
1

u1
+
0,6929

u2
+
0,2301

u3
+
0,0367

u4
+
0,0028

u5
;

{ �÷ˆ…Œ‹…Œ›‰ (ä¨−�−á®¢ë© ª®íää¨æ¨¥−â ¯«�â¥¦¥á¯®á®¡−®áâ¨):

X6 =
0,0006

u1
+
0,0111

u2
+
0,1007

u3
+
0,4376

u4
+
0,9123

u5
;

{ �÷ˆ…Œ‹…Œ�… (®¡é¥¥ ¬�â¥à¨�«ì−®¥ ¯®«®¦¥−¨¥):

X7 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,6926

u4
+
1

u5
;

{ �÷ˆ…Œ‹…Œ�Ÿ (á®æ¨�«ì−�ï áâ�¡¨«ì−®áâì):

X8 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,6926

u4
+
1

u5
;

{ �÷ˆ…Œ‹…Œ›‰ (¢®§à�áâ):

X9 =
0,2301

u1
+
0,6926

u2
+
1

u3
+
0,6926

u4
+
0,2301

u5
;
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{ �÷ˆ…Œ‹…Œ�Ÿ (ªà¥¤¨â−�ï ¨áâ®à¨ï):

X10 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,6926

u4
+
1

u5
.

‘ ãç¥â®¬ íâ¨å ä®à¬�«¨§¬®¢ −¥ç¥âª¨¥ ¨¬¯«¨ª�â¨¢−ë¥ ¯à�¢¨«� ¯¥à¥ä®à¬ã«¨-
àã¥¬ â�ª:

e1: ú…á«¨ x5 = X5, x6 = X6, x7 = X7 ¨ x8 = X8, â® y = Sû;

e2: ú…á«¨ x2 = X2, x4 = X4, x5 = X5, x6 = X6, x7 = X7 ¨ x8 = X8, â®
y = MSû;

e3: ú…á«¨ x1 = X1, x2 = X2, x3 = X3, x4 = X4, x5 = X5, x6 = X6, x7 = X7,
x8 = X8, x9 = X9 ¨ x10 = X10, â® y = Pû;

e4: ú…á«¨ x1 = X1, x2 = X2, x3 = X3, x5 = X5, x6 = X6, x7 = X7, x8 = X8
¨ x10 = X10, â® y = VSû;

e5: ú…á«¨ x2 = X2, x3 = ¬X3, x4 = X4, x5 = X5, x6 = X6, x7 = X7, x8 = X8
¨ x9 = ¬X9, â® y = Sû;

e6: ú…á«¨ x3 = ¬X3, x6 = ¬X6, x7 = ¬X7 ¨ x10 = ¬X10, â® y = USû.

„�«¥¥ ¤«ï «¥¢ëå ç�áâ¥© ¯à�¢¨« ¢ëç¨á«¨¬ ª®−á®«¨¤¨à®¢�−−ë¥ äã−ªæ¨¨
¯à¨−�¤«¥¦−®áâ¨: µMi

(u) (i = 1, . . . , 6). ‚ ç�áâ−®áâ¨, ¨¬¥¥¬:

e1: µM1
(u) = min{µX5(u), µX6(u), µX7(u), µX8(u)},

M1 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,0367

u4
+
0,0028

u5
;

e2: µM2
(u) = min{µX2(u), µX4(u), µX5(u), µX6(u), µX7(u), µX8(u)},

M2 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,0367

u4
+
0,0028

u5
;

e3: µM3
(u) = min{µX1(u), µX2(u), µX3(u), µX4(u), µX5(u), µX6(u), µX7(u),

µX8(u), µX9(u), µX10(u)},

M3 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,0367

u4
+
0,0028

u5
;

e4: µM4
(u) = min{µX1(u), µX2(u), µX3(u), µX5(u), µX6(u), µX7(u), µX8(u),

µX10(u)},

M4 =
0,0028

u1
+
0,0367

u2
+
0,2301

u3
+
0,0367

u4
+
0,0028

u5
;
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e5: µM5
(u) = min{µX2(u), 1 − µX3(u), µX4(u), µX5(u), µX6(u), µX7(u), µX8(u),

1− µX9(u)},

M5 =
0,0028

u1
+
0,0367

u2
+
0,0000

u3
+
0,0367

u4
+
0,0000

u5
;

e6: µM6
(u) = min{1− µX3(u), 1 − µX6(u), 1 − µX7(u), 1 − µX10(u)},

M6 =
0,9972

u1
+
0,9633

u2
+
0,7699

u3
+
0,3074

u4
+
0,0000

u5
.

‚ ¨â®£¥ ¯à�¢¨«� §�¯¨è¥¬ ¢ á«¥¤ãîé¥©, ¥é¥ ¡®«¥¥ ª®¬¯�ªâ−®© ä®à¬¥:

e1: ú…á«¨ x =M1, â® Y = Sû;

e2: ú…á«¨ x =M2, â® Y = MSû;

e3: ú…á«¨ x =M3, â® Y = Pû;

e4: ú…á«¨ x =M4, â® Y = VSû;

e5: ú…á«¨ x =M5, â® Y = Sû;

e6: ú…á«¨ x =M6, â® Y = USû.

„«ï ¯à¥®¡à�§®¢�−¨ï íâ¨å ¯à�¢¨« ¢®á¯®«ì§ã¥¬áï ¨¬¯«¨ª�æ¨¥© ‹ãª�á¥¢¨ç� [7]:

µH(u, j) = min (1, 1− µM (w) + µY (j)) .

’®£¤� ¤«ï ª�¦¤®© ¯�àë (u, j) ∈ U × Y −� U × Y ¯®«ãç¨¬ á«¥¤ãîé¨¥ −¥ç¥âª¨¥
®â−®è¥−¨ï:

R1 =




0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

0,0028 0,9972 1 1 1 1 1 1 1 1 1 1
0,0367 0,9633 1 1 1 1 1 1 1 1 1 1
0,2301 0,7699 0,8699 0,9699 1 1 1 1 1 1 1 1
0,0367 0,9633 1 1 1 1 1 1 1 1 1 1
0,0028 0,9972 1 1 1 1 1 1 1 1 1 1



;

R2 =




0 0,3162 0,4472 0,5477 0,6325 0,7071 0,7746 0,8367 0,8944 0,9487 1

0,0028 0,9972 1 1 1 1 1 1 1 1 1 1
0,0367 0,9633 1 1 1 1 1 1 1 1 1 1
0,2301 0,7699 1 1 1 1 1 1 1 1 1
0,0367 0,9633 1 1 1 1 1 1 1 1 1 1
0,0028 0,9972 1 1 1 1 1 1 1 1 1 1



;

R3 =




0 0 0 0 0 0 0 0 0 0 1

0,0028 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 1
0,0367 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 1
0,2301 0,7699 0,7699 0,7699 0,7699 0,7699 0,7699 0,7699 0,7699 0,7699 0,7699 1
0,0367 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 1
0,0028 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 1



;
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R4 =




0 0,01 0,04 0,09 0,16 0,25 0,36 0,49 0,64 0,81 1

0,0028 0,9972 1 1 1 1 1 1 1 1 1 1
0,0367 0,9633 0,9733 1 1 1 1 1 1 1 1 1
0,2301 0,7699 0,7799 0,8099 0,8599 0,9299 1 1 1 1 1 1
0,0367 0,9633 0,9733 1 1 1 1 1 1 1 1 1
0,0028 0,9972 1 1 1 1 1 1 1 1 1 1



;

R5 =




0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

0,0028 0,9972 1 1 1 1 1 1 1 1 1 1
0,0367 0,9633 1 1 1 1 1 1 1 1 1 1
0,0000 1 1 1 1 1 1 1 1 1 1
0,0367 0,9633 1 1 1 1 1 1 1 1 1 1
0,0000 1 1 1 1 1 1 1 1 1 1 1




.

R6 =




0 0,9 0,8 0,7 0,6 0,5 0,4 0,3 0,2 0,1 0

0,9972 1 0,9028 0,8028 0,7028 0,6028 0,5028 0,4028 0,3028 0,2028 0,1028 0,0028
0,9633 1 0,9367 0,8367 0,7367 0,6367 0,5367 0,4367 0,3367 0,2367 0,1367 0,0367
0,7699 1 1 1 0,9301 0,8301 0,7301 0,6301 0,5301 0,4301 0,3301 0,2301
0,3074 1 1 1 1 1 1 1 0,9926 0,8926 0,7926 0,6926
0,0000 1 1 1 1 1 1 1 1 1 1 1




.

‚ à¥§ã«ìâ�â¥ ¯¥à¥á¥ç¥−¨ï −¥ç¥âª¨å ®â−®è¥−¨©R1 , R2, . . . , R6 ¢ ¨â®£¥ ¯®«ãç¨¬
á«¥¤ãîé¥¥ ®¡é¥¥ äã−ªæ¨®−�«ì−®¥ à¥è¥−¨¥, ®âà�¦�îé¥¥ ¯à¨ç¨−−®-á«¥¤áâ¢¥−-
−ãî á¢ï§ì ¬¥¦¤ã ¯à¨§−�ª�¬¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹ ¨ ãà®¢−¥¬ ¥£® ªà¥¤¨â®-
á¯®á®¡−®áâ¨:

R =




0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

u1 0,9972 0,9028 0,8028 0,7028 0,6028 0,5028 0,4028 0,3028 0,2028 0,1028 0,0028
u2 0,9633 0,9367 0,8367 0,7367 0,6367 0,5367 0,4367 0,3367 0,2367 0,1367 0,0367
u3 0,7699 0,7699 0,7699 0,7699 0,7699 0,7301 0,6301 0,5301 0,4301 0,3301 0,2301
u4 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,9633 0,8925 0,7926 0,6926
u5 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,9972 0,0072 0,9972 1




.

„�«¥¥ ¤«ï ãáâ�−®¢«¥−¨ï ãà®¢−¥© ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ¯à¨¬¥−¨¬ ¯à�¢¨«®
ª®¬¯®§¨æ¨®−−®£® ¢ë¢®¤� ¢ −¥ç¥âª®© áà¥¤¥: Ek = Gk ◦ R, £¤¥ Ek | ªà¥¤¨â®-
á¯®á®¡−®áâì k-£® ãà®¢−ï; Gk | ®â®¡à�¦¥−¨¥ k-£® ¯à¨§−�ª� ¯«�â¥¦¥á¯®á®¡−®áâ¨
”‹ ¢ ¢¨¤¥ −¥ç¥âª®£® ¯®¤¬−®¦¥áâ¢�. ‚ë¡¨à�ï ª®¬¯®§¨æ¨®−−®¥ ¯à�¢¨«® ¢¨¤�
µEk
(j) = maxu{min(µGk

(u), µR(u))} ¨ ¯®«�£�ï, çâ®

µGk
(u) =

{
0 , u 6= uk ;

1 , u = uk ,

¢ ¨â®£¥ ¨¬¥¥¬
µEk
(j) = µR(uk, j) ,

â. ¥. Ek ¥áâì k-ï áâà®ª� ¬�âà¨æë R.
’¥¯¥àì ¤«ï ª«�áá¨ä¨ª�æ¨¨ ãà®¢−¥© ªà¥¤¨â®á¯®á®¡−®áâ¨ ¯à¨¬¥−¨¬ ¯à®æ¥¤ãàã

¤¥ä�§§¨ä¨ª�æ¨¨ −¥ç¥âª¨å ¢ëå®¤®¢ ¯à¨¬¥−¥−−®© ¬®¤¥«¨. ˆâ�ª, ¤«ï ®æ¥−®ç−®£®
¯®−ïâ¨ï (¢ ¤�−−®¬ á«ãç�¥, â¥à¬�) u1 | ú‘‹ˆ˜Š�Œ �…�÷ˆ…Œ‹…Œ›‰û,
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�æ¥−ª� ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢¥ −¥ç¥âª®£® �−�«¨§� ¥£® ¯«�â¥¦¥á¯®á®¡−®áâ¨

å�à�ªâ¥à¨§ãîé¥£® ª«îç¥¢ë¥ ¯®ª�§�â¥«¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹, −¥ç¥âª®© ¨−-
â¥à¯à¥â�æ¨¥© á®®â¢¥âáâ¢ãîé¥£® ãà®¢−ï ªà¥¤¨â®á¯®á®¡−®áâ¨ ¡ã¤¥â −¥ç¥âª®¥ ¬−®-
¦¥áâ¢®:

E1 =
0,9972

0
+
0,9028

0,1
+
0,8028

0,2
+
0,7028

0,3
+
0,6028

0,4
+
0,5028

0,5
+
0,4028

0,6
+

+
0,3028

0,7
+
0,2028

0,8
+
0,1028

0,9
+
0,0028

1,0
.

“áâ�−�¢«¨¢�ï ãà®¢−¥¢ë¥ ¬−®¦¥áâ¢� E1a ¨ ¢ëç¨á«ïï á®®â¢¥âáâ¢ãîé¨¥ ¨å
¬®é−®áâ¨ M(E1a) ¯® ä®à¬ã«¥

M (E1α) =

n∑

j=1

xj

n
,

¨¬¥¥¬ [7]:

{ ¤«ï 0 < α < 0,0028: –α = 0,0028, E1α = {0; 0,1; 0,2; 0,3; 0,4; 0,5; 0,6; 0,7;
0,8; 0,9; 1}, M(E1α) = 0,5;

{ ¤«ï 0,0028 < α < 0,1028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3; 0,4; 0,5; 0,6;
0,7; 0,8; 0,9}, M(E1α) = 0,45;

{ ¤«ï 0,1028 < α < 0,2028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3; 0,4; 0,5; 0,6;
0,7; 0,8}, M(E1α) = 0,40;

{ ¤«ï 0,2028 < α < 0,3028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3; 0,4; 0,5; 0,6;
0,7}, M(E1α) = 0,35;

{ ¤«ï 0,3028 < α < 0,4028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3; 0,4; 0,5; 0,6},
M(E1α) = 0,30;

{ ¤«ï 0,4028 < α < 0,5028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3; 0,4; 0,5},
M(E1α) = 0,25;

{ ¤«ï 0,5028 < α < 0,6028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3; 0,4}, M(E1α) =
= 0,20;

{ ¤«ï 0,6028 < α < 0,7028: –α = 0,1, E1α = {0; 0,1; 0,2; 0,3}, M(E1α) =
= 0,15;

{ ¤«ï 0,7028 < α < 0,8028: –α = 0,1, E1α = {0; 0,1; 0,2}, M(E1α) = 0,10;

{ ¤«ï 0,8028 < α < 0,9028: –α = 0,1, E1α = {0; 0,1}, M(E1α) = 0,05;

{ ¤«ï 0,9028 < α < 0,9972: –α = 0,0944, E1α = {0}, M(E1α) = 0,00.

„«ï −�å®¦¤¥−¨ï â®ç¥ç−ëå ®æ¥−®ª −¥ç¥âª¨å ¢ëå®¤®¢ Ek ¢®á¯®«ì§ã¥¬áï à�-
¢¥−áâ¢®¬:
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F (Ek) =
1

αmax

αmax∫

0

M(Ekα) dα (k = 1, . . . , 5) ,

£¤¥ αmax | ¬�ªá¨¬�«ì−®¥ §−�ç¥−¨¥ −� Ek [7]. ‚ ¤�−−®¬ á«ãç�¥ ¨¬¥¥¬:

F (E1) =
1

0,9972

0,9972∫

0

M (E1α) dα = (0,5 · 0,0028 + 0,45 · 0,1 + 0,40 · 0,1 +

+ 0,35 · 0,1 + 0,30 · 0,1 + 0,25 · 0,1 + 0,20 · 0,1 +
+ 0,15 · 0,1 + 0,10 · 0,1 + 0,05 · 0,1 + 0 · 0,0944) = 0,2270 .

�−�«®£¨ç−ë¬¨ ¤¥©áâ¢¨ï¬¨ ãáâ�−�¢«¨¢�¥¬ â®ç¥ç−ë¥ ®æ¥−ª¨ ¨ ¤«ï ®áâ�«ì−ëå
¢ëå®¤®¢:

{ ¤«ï ®æ¥−®ç−®£® ¯®−ïâ¨ï u2 | ú�…�÷ˆ…Œ‹…Œ›‰û | F (E2) = 0,2526;

{ ¤«ï ®æ¥−®ç−®£® ¯®−ïâ¨ï u3 | úŒ…�…… —…Œ �÷ˆ…Œ‹…Œ›‰û |
F (E3) = 0,3871;

{ ¤«ï ®æ¥−®ç−®£® ¯®−ïâ¨ï u4 | ú�÷ˆ…Œ‹…Œ›‰û | F (E4) = 0,4734;

{ ¤«ï ®æ¥−®ç−®£® ¯®−ïâ¨ï u5 | ú��‹…… —…Œ �÷ˆ…Œ‹…Œ›‰û |
F (E5) = 0,5014.

‚ à¥§ã«ìâ�â¥ ¢ ¯à¨−ïâëå ¤®¯ãé¥−¨ïå ¨â®£®¢�ï èª�«� ¤«ï ®æ¥−ª¨ ãà®¢−ï
ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ¬®¦¥â ¢ë£«ï¤¥âì â�ª, ª�ª íâ® ¯®ª�§�−® −� à¨á. 3.

�® áãé¥áâ¢ã, §−�ç¥−¨¥ 0,2270, ï¢«ïîé¥¥áï −�¨¬¥−ìè¨¬ ¤¥ä�§§¨ä¨æ¨à®-
¢�−−ë¬ ¢ëå®¤®¬ −¥ç¥âª®© ¬®¤¥«¨ ¬−®£®ªà¨â¥à¨�«ì−®© ®æ¥−ª¨ −¥ç¥âª®£® ãà®¢−ï
ªà¥¤¨â®á¯®á®¡−®áâ¨ ú—…÷…‘—“÷ �ˆ‡Šˆ‰û, ª�ª ¢¥àå−ïï £à�−¨æ� á®®â¢¥â-
áâ¢ã¥â ®æ¥−®ç−®¬ã ¯®−ïâ¨î u1 | ú‘‹ˆ˜Š�Œ �…�÷ˆ…Œ‹…Œ›‰û, å�-
à�ªâ¥à¨§ãîé¥¬ã ª«îç¥¢ë¥ ¯®ª�§�â¥«¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹.

÷¨á. 3 ˜ª�«� £à�¤�æ¨© ãà®¢−ï ªà¥¤¨â®á¯®á®¡−®áâ¨
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�æ¥−ª� ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢¥ −¥ç¥âª®£® �−�«¨§� ¥£® ¯«�â¥¦¥á¯®á®¡−®áâ¨

�−�«®£¨ç−ë¬ ®¡à�§®¬ ¨¬¥¥¬:

{ 0,2526 ï¢«ï¥âáï ¢¥àå−¥© £à�−¨æ¥© ®æ¥−ª¨ ú‘‹ˆ˜Š�Œ �ˆ‡Šˆ‰û;

{ 0,3871 ï¢«ï¥âáï ¢¥àå−¥© £à�−¨æ¥© ®æ¥−ª¨ ú�ˆ‡Šˆ‰û;

{ 0,4734 ï¢«ï¥âáï ¢¥àå−¥© £à�−¨æ¥© ®æ¥−ª¨ ú„��“‘’ˆŒ›‰û;

{ 0,5014 ï¢«ï¥âáï ¢¥àå−¥© £à�−¨æ¥© ®æ¥−ª¨ ú‚›‘�Šˆ‰û.

4 Оценка кредитоспособности физического лица

„«ï ¯à®¢¥¤¥−¨ï ª®¬¯«¥ªá−®© ¯¥àá®−�«ì−®© ®æ¥−ª¨ ªà¥¤¨â®á¯®á®¡−®áâ¨ ª®−-
ªà¥â−®£® ”‹ §� ®á−®¢ã ¢ë¡¥à¥¬ à�ááã¦¤¥−¨ï, ª®â®àë¥ ª®−áâàãªâ¨¢−® �−�«®£¨ç-
−ë ä®à¬ã«¨à®¢ª�¬ ¯à�¢¨« e1{e6, � ¨¬¥−−®:

c1: ú…á«¨ ”‹ ª�ª ¯®â¥−æ¨�«ì−ë© §�¥¬é¨ª å�à�ªâ¥à¨§ã¥âáï â®«ìª® −¨§ª¨¬
ä¨−�−á®¢ë¬ ª®íää¨æ¨¥−â®¬ OTI ¨ −¨§ª¨¬ ª®íää¨æ¨¥−â®¬ ¯«�â¥¦¥á¯®á®¡-
−®áâ¨, � â�ª¦¥ ¢ëá®ª¨¬ á®áâ®ï−¨¥¬ ¬�â¥à¨�«ì−®£® ¯®«®¦¥−¨ï ¨ ¢ëá®ª¨¬
ãà®¢−¥¬ á®æ¨�«ì−®© áâ�¡¨«ì−®áâ¨, â® ãà®¢¥−ì ¥£® ªà¥¤¨â®á¯®á®¡−®áâ¨ ï¢«ï-
¥âáï ¢ëá®ª¨¬û;

c2: ú…á«¨ ª â®¬ã ¦¥ ã ”‹ ®¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢ ¢ëá®ª¨©, � ä¨−�−á®-
¢ë© ª®íää¨æ¨¥−â PTI ï¢«ï¥âáï −¨§ª¨¬, â® ãà®¢¥−ì ¥£® ªà¥¤¨â®á¯®á®¡−®áâ¨
ï¢«ï¥âáï ¡®«¥¥ ç¥¬ ¢ëá®ª¨¬û;

c3: ú…á«¨ ¤®¯®«−¨â¥«ì−® ª â®¬ã, çâ® ®£®¢®à¥−® ¢ c2, â¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë©
á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤ ¢ëá®ª¨©, ¯®ª�§�â¥«ì ®¡¥á¯¥ç¥−¨ï ªà¥¤¨â� ¨ ¥£®
«¨ª¢¨¤−®áâ¨ ¢ëá®ª¨©, ¢®§à�áâ ¨ ªà¥¤¨â−�ï ¨áâ®à¨ï ”‹ ¯®¤å®¤ïé¨¥, â®
ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ï¢«ï¥âáï ç¥à¥áçãà ¢ëá®ª¨¬û;

c4: ú…á«¨ ¨¬¥¥â ¬¥áâ® ¢á¥, çâ® ®£®¢®à¥−® ¢ c3, §� ¨áª«îç¥−¨¥¬ ¨−ä®à¬�æ¨¨ ® ä¨-
−�−á®¢®¬ ª®íää¨æ¨¥−â¥ PTI ¨ ¢®§à�áâ¥ ”‹, â® ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡−®áâ¨
”‹ ï¢«ï¥âáï ®ç¥−ì ¢ëá®ª¨¬û;

c5: ú…á«¨ ®¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢ ”‹ ¢ëá®ª¨©, ¥£® å�à�ªâ¥à¨§ãîâ −¨§ª¨¥
ä¨−�−á®¢ë¥ ª®íää¨æ¨¥−âë PTI ¨ OTI ¨ ¢ëá®ª¨© ª®íää¨æ¨¥−â ¯«�â¥¦¥á¯®-
á®¡−®áâ¨, � â�ª¦¥ ¢ëá®ª¨¥ ãà®¢−¨ ®¡é¥£® ¬�â¥à¨�«ì−®£® ¯®«®¦¥−¨ï ¨ á®-
æ¨�«ì−®© áâ�¡¨«ì−®áâ¨, −® ¯à¨ íâ®¬ ®¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâì
−¨§ª¨¥, � ¢®§à�áâ ”‹ ï¢«ï¥âáï −¥¯à¨¥¬«¥¬ë¬, â® ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡-
−®áâ¨ ”‹ ¢á¥ ¦¥ ï¢«ï¥âáï ¢ëá®ª¨¬û;

c6: ú…á«¨ ã §�ï¢¨â¥«ï ¯®ª�§�â¥«ì ®¡¥á¯¥ç¥−¨ï ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâ¨, ä¨−�−-
á®¢ë© ª®íää¨æ¨¥−â ¯«�â¥¦¥á¯®á®¡−®áâ¨, ¯®ª�§�â¥«ì ®¡é¥£® ¬�â¥à¨�«ì−®£®
¯®«®¦¥−¨ï ï¢«ïîâáï −¨§ª¨¬¨, � ªà¥¤¨â−�ï ¨áâ®à¨ï ï¢«ï¥âáï −¥¯®¤å®¤ïé¥©,
â® ãà®¢¥−ì ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ ï¢«ï¥âáï −¨§ª¨¬û.

÷�§−¨æ� â®«ìª® ¢ â®¬, çâ®, ¥á«¨ ¢ ¯à¥¤ë¤ãé¥¬ á«ãç�¥ ä�§§¨ä¨ª�æ¨ï â¥à¬®¢
¨§ «¥¢ëå ç�áâ¥© ¯à�¢¨« e1{e6 ®áãé¥áâ¢«ï«�áì −� ¡�§¥ ¯à¨§−�ª®¢ ¯«�â¥¦¥á¯®á®¡-
−®áâ¨, â. ¥. ®¯®à−®£® ¢¥ªâ®à� (u1, u2, u3, u4, u5), � â¥à¬ë ¨§ ¯à�¢ëå ç�áâ¥© −�
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¡�§¥ ¤¨áªà¥â−®£® ¬−®¦¥áâ¢� {0; 0,1; 0, 2; . . . ; 1}, â® â¥¯¥àì ¨å ®¯¨á�−¨¥ ¡ã¤¥â ®áã-
é¥áâ¢«ïâìáï á ¯®¬®éìî −¥ç¥âª¨å ¯®¤¬−®¦¥áâ¢ ª®−â¨−ãã¬� [0; 1] á ¯à¨¬¥−¥−¨¥¬
£�ãáá®¢áª®© äã−ªæ¨¨ ¯à¨−�¤«¥¦−®áâ¨ ¢¨¤� (1), ¯à¨ç¥¬ ¤«ï ª�¦¤®£® ª«îç¥¢®£®
¯®ª�§�â¥«ï ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹ ¤�−−ë© ã−¨¢¥àáã¬ ¡ã¤¥â ¨¬¥âì á¢®¥ á¬ëá-
«®¢®¥ §−�ç¥−¨¥, §�¢¨áïé¥¥ ®â á®®â¢¥âáâ¢ãîé¥£® ¥¬ã −®à¬�â¨¢−®£® ¨−â¥à¢�«�.

ˆâ�ª, §�¯¨è¥¬ ¯à¨¢¥¤¥−−ë¥ à�ááã¦¤¥−¨ï ¢ â¥à¬�å ¢å®¤−ëå ¨ ¢ëå®¤−®©
«¨−£¢¨áâ¨ç¥áª¨å ¯¥à¥¬¥−−ëå á«¥¤ãîé¨¬ ®¡à�§®¬:

c1: ú…á«¨ K5 = �ˆ‡Šˆ‰, K6 = ‚›‘�Šˆ‰, K7 = ‚›‘�Š�… ¨ K8 =
= ‚›‘�Š�Ÿ, â® Y = ‚›‘�Šˆ‰û;

c2: ú…á«¨ K2 = ‚›‘�Šˆ‰, K4 = �ˆ‡Šˆ‰, K5 = �ˆ‡Šˆ‰, K6 = ‚›-
‘�Šˆ‰, K7 = ‚›‘�Š�… ¨ K8 = ‚›‘�Š�Ÿ, â® Y = ��‹…… —…Œ
‚›‘�Šˆ‰û;

c3: ú…á«¨ K1 = ‚›‘�Šˆ‰, K2 = ‚›‘�Šˆ‰, K3 = ‚›‘�Š�…,
K4 = �ˆ‡Šˆ‰,K5 = �ˆ‡Šˆ‰,K6 = ‚›‘�Šˆ‰,K7 = ‚›‘�Š�…,
K8 = ‚›‘�Š�Ÿ,K9 = �÷ˆ…Œ‹…Œ›‰ ¨ K10 = ��„•�„Ÿ™�Ÿ, â®
Y = —…÷…‘—“÷ ‚›‘�Šˆ‰û;

c4: ú…á«¨ K1 = ‚›‘�Šˆ‰, K2 = ‚›‘�Šˆ‰, K3 = ‚›‘�Š�…,
K5 = �ˆ‡Šˆ‰, K6 = ‚›‘�Šˆ‰, K7 = ‚›‘�Š�…, K8 = ‚›‘�-
Š�Ÿ ¨ K10 = ��„•�„Ÿ™�Ÿ, â® Y = �—…�œ ‚›‘�Šˆ‰û;

c5: ú…á«¨ K2 = ‚›‘�Šˆ‰, K3 = �…‚›‘�Š�…, K4 = �ˆ‡Šˆ‰,
K5 = �ˆ‡Šˆ‰, K6 = ‚›‘�Šˆ‰, K7 = ‚›‘�Š�…, K8 = ‚›‘�-
Š�Ÿ ¨ K9 = �…�÷ˆ…Œ‹…Œ›‰, â® Y = ‚›‘�Šˆ‰û;

c6: ú…á«¨ K3 = �…‚›‘�Šˆ‰, K6 = �…‚›‘�Šˆ‰, K7 = �…‚›‘�-
Š�… ¨ K10 = �…��„•�„Ÿ™�Ÿ, â® Y = �…‚›‘�Šˆ‰û.

’¥¯¥àì ¯à¥¤¯®«®¦¨¬, çâ® ¡�−ª à�áá¬�âà¨¢�¥â 5 ¯®â¥−æ¨�«ì−ëå §�¥¬é¨ª®¢a1,
a2, a3, a4 ¨ a5, ¯®«ãç�îé¨å á¢®¨ ¤®å®¤ë ¢ ¤®««�à�å ‘˜�, −� ¯à¥¤¬¥â
¯à¥¤®áâ�¢«¥−¨ï ¨¬ ªà¥¤¨â®¢ ¢ −�æ¨®−�«ì−®© ¢�«îâ¥. �à¥¤¢�à¨â¥«ì−ë© �−�«¨§
¨å §�ï¢®ª ¯®§¢®«¨« ã¯®àï¤®ç¨âì á®®â¢¥âáâ¢ãîé¨¥ ¤�−−ë¥ ª«îç¥¢ëå ¯®ª�§�â¥«¥©
¢ ¢¨¤¥ â�¡«. 1 [4]1.

÷�ááç¨â�¢ ä¨−�−á®¢ë¥ ª®íää¨æ¨¥−âë PTI (K4), OTI (K5) ¨ ª®íää¨æ¨¥−â
¯«�â¥¦¥á¯®á®¡−®áâ¨ (K6) ¯® ¬¥â®¤¨ª¥, ¯à¥¤áâ�¢«¥−−®© ¢ [4{6], ¯®«ãç¨¬ ®¡−®-
¢«¥−−ë¥ á¯¨áª¨ ¤�−−ëå ”‹, ª®â®àë¥ á¢¥¤¥−ë ¢ â�¡«. 2.

’¥¯¥àì, çâ®¡ë ã−¨ä¨æ¨à®¢�âì −®à¬�â¨¢−ë¥ ¨−â¥à¢�«ë, ¯à®áâë¬ ¯à¥®¡à�§®-
¢�−¨¥¬ t = (x−a)/(b−a), £¤¥ x ∈ [a; b], t ∈ [0; 1], ¯à¥¤áâ�¢¨¬ ¤�−−ë¥ ¨§ â�¡«. 2
¢ ¬�áèâ�¡¥ ¥¤¨−¨ç−®£® ®âà¥§ª� (â�¡«. 3).

÷¥�«¨§�æ¨ï ¯à�¢¨« c1{c6 ¢ −®â�æ¨¨ MATLAB\Fuzzy Inference System ¤�«�
á«¥¤ãîé¨¥ à¥§ã«ìâ�âë ®æ¥−ª¨ ªà¥¤¨â®á¯®á®¡−®áâ¨ à�áá¬�âà¨¢�¥¬ëå �«ìâ¥à−�-
â¨¢−ëå ”‹: ¤«ï a1 | 0,356; ¤«ï a2 | 0,307; ¤«ï a3 | 0,463; ¤«ï a4 |

1�à¥¤áâ�¢«¥−−ë¥ ¤�−−ë¥ ¢§ïâë ¨§ ¯à¨¬¥à�, à�áá¬®âà¥−−®£® ¢ [4], çâ®¡ë ¯à®¢¥áâ¨ ª®−¥ç−®¥
áà�¢−¥−¨¥ �«ìâ¥à−�â¨¢−ëå ¯®¤å®¤®¢ ®æ¥−ª¨.
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�æ¥−ª� ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢¥ −¥ç¥âª®£® �−�«¨§� ¥£® ¯«�â¥¦¥á¯®á®¡−®áâ¨

’�¡«¨æ� 1 Š®«¨ç¥áâ¢¥−−ë¥ ¨ ª�ç¥áâ¢¥−−ë¥ ¯®ª�§�â¥«¨ ¯«�â¥¦¥á¯®á®¡−®áâ¨ ”‹

ü
�®ª�§�â¥«¨ �«ìâ¥à−�â¨¢−ë¥ §�¥¬é¨ª¨ ªà¥¤¨â®¢

¯«�â¥¦¥á¯®á®¡−®áâ¨ a1 a2 a3 a4 a5

1
’¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë©
á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤, $ 280 340 370 310 280

2 �¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢ 6 8 5 4 9
3 �¡¥á¯¥ç¥−¨¥ ªà¥¤¨â� ¨ ¥£® «¨ª¢¨¤−®áâì 2 5 7 9 8

4
‘ã¬¬� ¥¦¥¬¥áïç−ëå ¯«�â¥¦¥©
¯® ªà¥¤¨âã (Pm), $ 180 260 310 210 240

5 ‘ã¬¬� ¥¦¥¬¥áïç−ëå ¤®å®¤®¢ (Im), $ 600 750 810 670 560
6 ‘ã¬¬� ä¨−�−á®¢ëå ®¡ï§�â¥«ìáâ¢ (Om), $ 320 410 440 360 280
7 �¡é¥¥ ¬�â¥à¨�«ì−®¥ ¯®«®¦¥−¨¥ 7 6 9 8 7
8 ‘®æ¨�«ì−�ï áâ�¡¨«ì−®áâì 10 8 6 8 7
9 ‚®§à�áâ, «¥â 28 39 55 64 47

10 Šà¥¤¨â−�ï ¨áâ®à¨ï 5 4 8 9 6

’�¡«¨æ� 2 �¡−®¢«¥−−ë¥ ¤�−−ë¥ ¯«�â¥¦¥á¯®á®¡−®áâ¨ �«ìâ¥à−�â¨¢−ëå §�¥¬é¨ª®¢

“/®
Šà¨â¥à¨¨ �«ìâ¥à−�â¨¢−ë¥ §�¥¬é¨ª¨ ªà¥¤¨â®¢ �®à¬�â¨¢−ë©

®æ¥−ª¨ a1 a2 a3 a4 a5 ¨−â¥à¢�«

K1
’¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë©
á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤, $ 280 340 370 310 280 [0; 1000]

K2 �¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢1 6 8 5 4 9 [0; 10]

K3
�¡¥á¯¥ç¥−¨¥ ªà¥¤¨â�
¨ ¥£® «¨ª¢¨¤−®áâì 2 5 7 9 8 [0; 10]

K4 PTI 0,3000 0,3467 0,3827 0,3134 0,4286 [0; 0,45]
K5 OTI 0,5333 0,5467 0,5432 0,5373 0,5000 [0; 0,55]
K6 �«�â¥¦¥á¯®á®¡−®áâì 1,2000 1,1194 1,0800 1,1754 1,0769 [1; 2]

K7
�¡é¥¥ ¬�â¥à¨�«ì−®¥
¯®«®¦¥−¨¥ 7 6 9 8 7 [0; 10]

K8 ‘®æ¨�«ì−�ï áâ�¡¨«ì−®áâì 10 8 6 8 7 [0; 10]
K9 ‚®§à�áâ, «¥â 28 39 55 64 47 [18; 80]
K10 Šà¥¤¨â−�ï ¨áâ®à¨ï 5 4 8 9 6 [0; 10]
1�â®â ¨ ¯®ª�§�â¥«¨ K3, K7, K8 ¨ K10 å®âì ¨ ¬®£ãâ ¢ −¥ª®â®àëå á«ãç�ïå ¨¬¥âì ç¨á«®¢ãî

¯à¨à®¤ã (−�¯à¨¬¥à, ¤¥−¥¦−ë© íª¢¨¢�«¥−â), ®¤−�ª® ¨å à¥�«ì−ë¥ §−�ç¥−¨ï ¢á¥ ¦¥ ¡ë¢�îâ
ãáà¥¤−¥−−ë¬¨ ¨«¨ úà�§¬ëâë¬¨û, â. ¥., ¯® áãé¥áâ¢ã, á«�¡® áâàãªâãà¨à®¢�−−ë¬¨. �®íâ®¬ã −�
íªá¯¥àâ−®¬ ãà®¢−¥ ¨å æ¥«¥á®®¡à�§−® ¯à¥¤¢�à¨â¥«ì−® ®æ¥−¨¢�âì ¯® 10-¡�««ì−®© èª�«¥.

0,5; ¤«ï a5 | 0,405. ‘®£«�á−® íâ¨¬ à¥§ã«ìâ�â�¬ −�¨«ãçè¨¬ ¤«ï ªà¥¤¨â®¢�−¨ï
ï¢«ï¥âáï ”‹ a4, ¨¬¥îé¥¥ −�¨¢ëáèãî ®æ¥−ªã 0,5. ‘®£«�á−® ãáâ�−®¢«¥−−®©
¢ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥ ª«�áá¨ä¨ª�æ¨¨ ¤�−−®¬ã ”‹ ¯à¨á¢�¨¢�¥âáï ¢ëá®ª¨©
ãà®¢¥−ì ¯«�â¥¦¥á¯®á®¡−®áâ¨. �æ¥−ª¨ ®áâ�«ì−ë¬ ¯®â¥−æ¨�«ì−ë¬ §�¥¬é¨ª�¬
¤�îâáï ¯® ã¡ë¢�−¨î: ”‹ a3 (0,462) ¨ ”‹ a5 (0,405) | á ¤®¯ãáâ¨¬ë¬ ãà®¢-
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’�¡«¨æ� 3 „�−−ë¥ ¯®ª�§�â¥«¥© ¯«�â¥¦¥á¯®á®¡−®áâ¨ �«ìâ¥à−�â¨¢−ëå §�¥¬é¨ª®¢ ¢ ¬�á-
èâ�¡¥ ¥¤¨−¨ç−®£® ®âà¥§ª�

“/®
Šà¨â¥à¨¨ �«ìâ¥à−�â¨¢−ë¥ §�¥¬é¨ª¨ ªà¥¤¨â®¢ �®à¬�â¨¢−ë©

®æ¥−ª¨ a1 a2 a3 a4 a5 ¨−â¥à¢�«

K1
’¥ªãé¨© ¨ ¯¥àá¯¥ªâ¨¢−ë©
á®¢®ªã¯−ë© ç¨áâë© ¤®å®¤ 0,28 0,34 0,37 0,31 0,28 [0; 1]

K2 �¡ê¥¬ ¤¥¯®§¨â−ëå ¢ª«�¤®¢ 0,6 0,8 0,5 0,4 0,9 [0; 1]

K3
�¡¥á¯¥ç¥−¨¥ ªà¥¤¨â�
¨ ¥£® «¨ª¢¨¤−®áâì 0,2 0,5 0,7 0,9 0,8 [0; 1]

K4 PTI 0,0667 0,0770 0,0850 0,0696 0,0952 [0; 1]
K5 OTI 0,0970 0,0994 0,0988 0,0977 0,0909 [0; 1]
K6 �«�â¥¦¥á¯®á®¡−®áâì 0,2000 0,1194 0,0800 0,1754 0,0769 [0; 1]

K7
�¡é¥¥ ¬�â¥à¨�«ì−®¥
¯®«®¦¥−¨¥ 0,7 0,6 0,9 0,8 0,7 [0; 1]

K8 ‘®æ¨�«ì−�ï áâ�¡¨«ì−®áâì 1 0,8 0,6 0,8 0,7 [0; 1]
K9 ‚®§à�áâ 0,1613 0,3387 0,5968 0,7419 0,4677 [0; 1]
K10 Šà¥¤¨â−�ï ¨áâ®à¨ï 0,5 0,4 0,8 0,9 0,6 [0; 1]

−¥¬ ¯«�â¥¦¥á¯®á®¡−®áâ¨; ”‹ a1 (0,356) ¨ ”‹ a2 (0,307) | á −¨§ª¨¬ ãà®¢−¥¬
¯«�â¥¦¥á¯®á®¡−®áâ¨.

5 Заключение

�à¥¤«®¦¥− −¥ç¥âª¨© ¯®¤å®¤ ª ®æ¥−ª¥ ªà¥¤¨â®á¯®á®¡−®áâ¨ ”‹ −� ®á−®¢�−¨¨
ª®¬¯«¥ªá−®© ®¡à�¡®âª¨ ¤®áâã¯−®© ¨−ä®à¬�æ¨¨, å�à�ªâ¥à¨§ã¥¬®© ®¡ê¥ªâ¨¢−ë¬¨
¨ áã¡ê¥ªâ¨¢−ë¬¨ ¯à¨§−�ª�¬¨ ¥£® ä¨−�−á®¢®© áâ�¡¨«ì−®áâ¨. ‚ ¯®¤¤¥à¦ªã íâ®¬ã
−� ¯à¥¤¢�à¨â¥«ì−®© áâ�¤¨¨ ¨áá«¥¤®¢�−¨ï ®áãé¥áâ¢«¥−� ª«�áá¨ä¨ª�æ¨ï ãà®¢−¥©
ä¨−�−á®¢®© áâ�¡¨«ì−®áâ¨ ”‹ á ¯à¨¬¥−¥−¨¥¬ ¬¥â®¤� −¥ç¥âª®£® «®£¨ç¥áª®£® ¢ë-
¢®¤�. �à¨ íâ®¬ ¯à¨¬¥ç�â¥«ì−ë¬ ï¢«ï¥âáï â®â ä�ªâ, çâ® ¯®«ãç¥−−ë© ¢ áâ�âì¥
à�−¦¨à®¢�−−ë© ¯® ãà®¢−ï¬ ªà¥¤¨â®á¯®á®¡−®áâ¨ á¯¨á®ª �«ìâ¥à−�â¨¢ (”‹) ¯®«-
−®áâìî ¯®¢â®àï¥â â®â, çâ® ¡ë« ¯®«ãç¥− �¢â®à�¬¨ ¢ [4] ¯®áà¥¤áâ¢®¬ ¯à¨¬¥−¥−¨ï
¤àã£®£® −¥ç¥âª®£® ¬¥â®¤�.
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�ª�¤¥¬¨¨ −�ãª

‡�å�à®¢� ’�âìï−� ‚�«¥àì¥¢−� (à. 1962) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¤®æ¥−â ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨
Œ. ‚. ‹®¬®−®á®¢�; áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�-
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â¨ª¨ ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û
÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

‡�æ¬�− ˆ£®àì Œ®¨á¥¥¢¨ç (à. 1952) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, §�¢¥¤ãîé¨©
®â¤¥«®¬ 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

‡¥©ä¬�− �«¥ªá�−¤à ˆ§à�¨«¥¢¨ç (à. 1954) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¯à®ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© ‚®«®£®¤áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨-
¢¥àá¨â¥â�; 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; £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� á®æ¨�«ì−®-íª®−®¬¨ç¥-
áª®£® à�§¢¨â¨ï â¥àà¨â®à¨¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

ˆ«ì¨− �«¥ªá�−¤à ‚«�¤¨¬¨à®¢¨ç (à. 1975) | ª�−¤¨¤�â â¥å−¨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

ˆ«ì¨− ‚«�¤¨¬¨à „¬¨âà¨¥¢¨ç (à. 1937) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥á-
á®à, §�¢¥¤ãîé¨© «�¡®à�â®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

Š�−â®à �«ì£� ƒ¥−−�¤¨¥¢−� (à. 1971) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¤®æ¥−â, áâ�àè¨© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� á®æ¨�«ì−®-íª®−®¬¨ç¥áª¨å
¨áá«¥¤®¢�−¨© “ä¨¬áª®£® −�ãç−®£® æ¥−âà� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

Š¨à¨ª®¢ ˆ£®àì �«¥ªá�−¤à®¢¨ç (à. 1955) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, ¤¨-
à¥ªâ®à Š�«¨−¨−£à�¤áª®£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

Š¨á¥«¥¢� Šá¥−¨ï Œ¨å�©«®¢−� (à. 1992) | �á¯¨à�−âª� ‚®«®£®¤áª®£® £®áã¤�à-
áâ¢¥−−®£® ã−¨¢¥àá¨â¥â�; ¬«�¤è¨© −�ãç−ë© á®âàã¤−¨ª ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â�
¤àã¦¡ë −�à®¤®¢

Š®«¥á−¨ª®¢ �«¥ªá�−¤à ‚�á¨«ì¥¢¨ç (à. 1948) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à ��«â¨©áª®£® ä¥¤¥à�«ì−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨ ˆ¬¬�−ã¨«� Š�−â�;
áâ�àè¨© −�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

Š®à®«¥¢ ‚¨ªâ®à āàì¥¢¨ç (à. 1954) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á-
«¨â¥«ì−®© ¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œƒ“ ¨¬¥−¨ Œ. ‚. ‹®¬®−®á®¢�; ¢¥¤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

Š®à®âëè¥¢� �−−� ‚«�¤¨¬¨à®¢−� (à. 1988) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¤®æ¥−â ‚®«®£®¤áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�
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Šã¤àï¢æ¥¢ �«¥ªá¥© �−¤à¥¥¢¨ç (à. 1978) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¤®æ¥−â ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨
Œ. ‚. ‹®¬®−®á®¢�;

‹¨áâ®¯�¤ ‘¥à£¥© ‚¨ªâ®à®¢¨ç (à. 1984) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, áâ�àè¨©
−�ãç−ë© á®âàã¤−¨ª Š�«¨−¨−£à�¤áª®£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ì-
áª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª

Œ�«¥¥¢� Œ�à¨−� �«¥ªá¥¥¢−� (à. 1982) | ª�−¤¨¤�â å¨¬¨ç¥áª¨å −�ãª, −�ãç−ë©
á®âàã¤−¨ª «�¡®à�â®à¨¨ ª®àà®§¨¨ ¬¥â�««®¢ ¢ ¯à¨à®¤−ëå ãá«®¢¨ïå ˆ−áâ¨âãâ�
ä¨§¨ç¥áª®© å¨¬¨¨ ¨ í«¥ªâà®å¨¬¨¨ ¨¬. �. �. ”àã¬ª¨−� ÷®áá¨©áª®© �ª�¤¥¬¨¨
−�ãª

Œ¨−¨− ‚«�¤¨¬¨à �«¥ªá�−¤à®¢¨ç (à. 1941) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ª®−áã«ìâ�−â 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

÷�§ã¬ç¨ª ÷®áâ¨á«�¢ ‚�«¥àì¥¢¨ç (à. 1984) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥-
áª¨å −�ãª, ¢¥¤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; ¤®æ¥−â ÷®áá¨©áª®£® ã−¨¢¥àá¨â¥â� ¤àã¦¡ë −�à®¤®¢

÷§�¥¢ ÷�¬¨− ÷§� ®£«ë (à. 1961) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à, £«�¢-
−ë© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� á¨áâ¥¬ ã¯à�¢«¥−¨ï ��æ¨®−�«ì−®© �ª�¤¥¬¨¨
−�ãª �§¥à¡�©¤¦�−�

÷ã¬®¢áª�ï ‘®ä¨ï �®à¨á®¢−� (à. 1985) | ¯à®£à�¬¬¨áâ I ª�â¥£®à¨¨ Š�«¨-
−¨−£à�¤áª®£® ä¨«¨�«� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª�
¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª.

‘�â¨− Ÿª®¢ �«¥ªá�−¤à®¢¨ç (à. 1978) | ª�−¤¨¤�â ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¤®æ¥−â ‚®«®£®¤áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�

‘¨−¨æë− ˆ£®àì �¨ª®«�¥¢¨ç (à. 1940) | ¤®ªâ®à â¥å−¨ç¥áª¨å −�ãª, ¯à®ä¥áá®à,
§�á«ã¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ÷”, £«�¢−ë© −�ãç−ë© á®âàã¤−¨ª 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¨−� �−−� ‚«�¤¨¬¨à®¢−� (à. 1995) | áâã¤¥−âª� 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®¢�

‘¬¨à−®¢ „¬¨âà¨© ‚«�¤¨¬¨à®¢¨ç (à. 1984) | ¡¨§−¥á-¯�àâ−¥à ¯® ¨−ä®à¬�æ¨-
®−−ë¬ â¥å−®«®£¨ï¬ ¤¥¯�àâ�¬¥−â� ¡¥§®¯�á−®áâ¨ ��� ú‘¡¥à¡�−ª ÷®áá¨¨û

‘®äà®−®¢ ˆ¢�− ‹ì¢®¢¨ç (à. 1957) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à Œ®áª®¢áª®£® ä¨§¨ª®-â¥å−¨ç¥áª®£® ¨−áâ¨âãâ�
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‘¯¨¢�ª ‘¥¬ñ− ˆ§à�¨«¥¢¨ç (à. 1945) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¯à®ä¥áá®à, §�¢¥¤ãîé¨© ª�ä¥¤à®© ��èª¨àáª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â�
‘âà¨¦®¢ ‚�¤¨¬ ‚¨ªâ®à®¢¨ç (à. 1967) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�ãª,
¢¥¤ãé¨© −�ãç−ë© á®âàã¤−¨ª ‚ëç¨á«¨â¥«ì−®£® æ¥−âà� ¨¬. �. �. „®à®¤−¨æë−�
”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà� úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®á-
á¨©áª®© �ª�¤¥¬¨¨ −�ãª
’�«¨¯®¢� ÷¥£¨−� ÷¨¬®¢−� (à. 1971) | ª�−¤¨¤�â å¨¬¨ç¥áª¨å −�ãª, −�ãç−ë©
á®âàã¤−¨ª ˆ−áâ¨âãâ� −¥äâ¥å¨¬¨¨ ¨ ª�â�«¨§� ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª
’¥àñå¨−� ˆà¨−� āàì¥¢−� (à. 1994) | áâã¤¥−âª� ¬�£¨áâà�âãàë 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
”¥¤îè¨− ˆ«ìï �−¤à¥¥¢¨ç (à. 1997) | áâã¤¥−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®¢�
•�¢�−áª®¢ ‚�«¥à¨© �«¥ªá�−¤à®¢¨ç (à. 1950) | −�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
˜¥áâ�ª®¢ �«¥£ ‚«�¤¨¬¨à®¢¨ç (à. 1976) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å
−�ãª, ¤®æ¥−â ª�ä¥¤àë ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ ä�ªã«ìâ¥â� ¢ëç¨á«¨â¥«ì−®©
¬�â¥¬�â¨ª¨ ¨ ª¨¡¥à−¥â¨ª¨ Œ®áª®¢áª®£® £®áã¤�àáâ¢¥−−®£® ã−¨¢¥àá¨â¥â� ¨¬¥−¨
Œ. ‚. ‹®¬®−®á®¢�; 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 (p. 1952) | ¤®ªâ®à ä¨§¨ª®-¬�â¥¬�â¨ç¥áª¨å −�-
ãª, ¯à®ä¥áá®à, §�¬¥áâ¨â¥«ì ¤¨à¥ªâ®à� ”¥¤¥à�«ì−®£® ¨áá«¥¤®¢�â¥«ìáª®£® æ¥−âà�
úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª (”ˆ– ˆ“ ÷��);
£«�¢−ë© −�ãç−ë© á®âàã¤−¨ª ˆ−áâ¨âãâ� ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ”ˆ– ˆ“ ÷��
˜ã¡−¨ª®¢ ‘¥à£¥© Š®−áâ�−â¨−®¢¨ç (à. 1955) | 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
Ÿªãè¥¢ „¬¨âà¨© �«¥ªá¥¥¢¨ç (à. 1965) | ª�−¤¨¤�â â¥å−¨ç¥áª¨å −�ãª, −�ç�«ì-
−¨ª ®â¤¥«� ��ãç−®-¨áá«¥¤®¢�â¥«ìáª®£® ¨ ¯à®¥ªâ−®-ª®−áâàãªâ®àáª®£® ¨−áâ¨âãâ�
¨−ä®à¬�â¨§�æ¨¨, �¢â®¬�â¨§�æ¨¨ ¨ á¢ï§¨ −� ¦¥«¥§−®¤®à®¦−®¬ âà�−á¯®àâ¥
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�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥© ¤«ï ¯ã¡«¨ª�æ¨¨
¢ ¦ãà−�«¥ ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û

†ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ¯ã¡«¨ªã¥â â¥®à¥â¨ç¥áª¨¥, ®¡§®à−ë¥
¨ ¤¨áªãáá¨®−−ë¥ áâ�âì¨, ¯®á¢ïé¥−−ë¥ −�ãç−ë¬ ¨áá«¥¤®¢�−¨ï¬ ¨ à�§à�¡®âª�¬ ¢ ®¡«�áâ¨
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©.

†ãà−�« ¨§¤�¥âáï −� àãááª®¬ ï§ëª¥. �® á¯¥æ¨�«ì−®¬ã à¥è¥−¨î à¥¤ª®««¥£¨¨
®â¤¥«ì−ë¥ áâ�âì¨ ¬®£ãâ ¯¥ç�â�âìáï −� �−£«¨©áª®¬ ï§ëª¥.

’¥¬�â¨ª� ¦ãà−�«� ®å¢�âë¢�¥â á«¥¤ãîé¨¥ −�¯à�¢«¥−¨ï:

{ ¨−ä®à¬�æ¨®−−®-â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨å ¯®áâà®¥−¨ï;
{ �àå¨â¥ªâãà� ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¢ëç¨á«¨â¥«ì−ëå ¬�è¨−, ª®¬¯«¥ªá®¢ ¨ á¥-

â¥©;
{ ¬¥â®¤ë ¨ áà¥¤áâ¢� §�é¨âë ¨−ä®à¬�æ¨¨.

1. ‚ ¦ãà−�«¥ ¯¥ç�â�îâáï áâ�âì¨, á®¤¥à¦�é¨¥ à¥§ã«ìâ�âë, à�−¥¥ −¥ ®¯ã¡«¨ª®¢�−−ë¥
¨ −¥ ¯à¥¤−�§−�ç¥−−ë¥ ª ®¤−®¢à¥¬¥−−®© ¯ã¡«¨ª�æ¨¨ ¢ ¤àã£¨å ¨§¤�−¨ïå.
�ã¡«¨ª�æ¨ï ¯à¥¤®áâ�¢«¥−−®© �¢â®à®¬(�¬¨) àãª®¯¨á¨ −¥ ¤®«¦−� −�àãè�âì ¯®«®¦¥-
−¨© £«�¢ 69, 70 à�§¤¥«� VII ç�áâ¨ IV ƒà�¦¤�−áª®£® ª®¤¥ªá�, ª®â®àë¥ ®¯à¥¤¥«ïîâ
¯à�¢� −� à¥§ã«ìâ�âë ¨−â¥««¥ªâã�«ì−®© ¤¥ïâ¥«ì−®áâ¨ ¨ áà¥¤áâ¢� ¨−¤¨¢¨¤ã�«¨§�æ¨¨,
¢ â®¬ ç¨á«¥ �¢â®àáª¨¥ ¯à�¢�, ¢ ÷”.
�â¢¥âáâ¢¥−−®áâì §� −�àãè¥−¨¥ �¢â®àáª¨å ¯à�¢, ¢ á«ãç�¥ ¯à¥¤êï¢«¥−¨ï ¯à¥â¥−§¨©
ª à¥¤�ªæ¨¨ ¦ãà−�«�, −¥áãâ �¢â®àë áâ�â¥©.
��¯à�¢«ïï àãª®¯¨áì ¢ à¥¤�ªæ¨î, �¢â®àë á®åà�−ïîâ á¢®¨ ¯à�¢� −� ¤�−−ãî àãª®-
¯¨á¨ ¨ ¯à¨ íâ®¬ ¯¥à¥¤�îâ ãçà¥¤¨â¥«ï¬ ¨ à¥¤ª®««¥£¨¨ ¦ãà−�«� −¥¨áª«îç¨â¥«ì−ë¥
¯à�¢� −� ¨§¤�−¨¥ áâ�âì¨ −� àãááª®¬ ï§ëª¥ (¨«¨ −� ï§ëª¥ áâ�âì¨, ¥á«¨ ®− ®â«¨ç¥−
®â àãááª®£®) ¨ −� ¯¥à¥¢®¤ ¥¥ −� �−£«¨©áª¨© ï§ëª, � â�ª¦¥ −� ¥¥ à�á¯à®áâà�-
−¥−¨¥ ¢ ÷®áá¨¨ ¨ §� àã¡¥¦®¬. Š�¦¤ë© �¢â®à ¤®«¦¥− ¯à¥¤áâ�¢¨âì ¢ à¥¤�ªæ¨î
¯®¤¯¨á�−−ë© á ¥£® áâ®à®−ë ú‹¨æ¥−§¨®−−ë© ¤®£®¢®à ® ¯¥à¥¤�ç¥ −¥¨áª«îç¨â¥«ì-
−ëå ¯à�¢ −� ¨á¯®«ì§®¢�−¨¥ ¯à®¨§¢¥¤¥−¨ïû, â¥ªáâ ª®â®à®£® à�§¬¥é¥− ¯® �¤à¥áã
http://www.ipiran.ru/publications/licence.doc. �â®â ¤®£®¢®à ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢-
«¥− ¢ ¡ã¬�¦−®¬ (¢ 2-å íª§.) ¨«¨ ¢ í«¥ªâà®−−®¬ ¢¨¤¥ (®âáª�−¨à®¢�−−�ï ª®¯¨ï
§�¯®«−¥−−®£® ¨ ¯®¤¯¨á�−−®£® ¤®ªã¬¥−â�).
÷¥¤ª®««¥£¨ï ¢¯à�¢¥ §�¯à®á¨âì ã �¢â®à®¢ íªá¯¥àâ−®¥ §�ª«îç¥−¨¥ ® ¢®§¬®¦−®áâ¨
¯ã¡«¨ª�æ¨¨ ¯à¥¤áâ�¢«¥−−®© áâ�âì¨ ¢ ®âªàëâ®© ¯¥ç�â¨.

2. Š áâ�âì¥ ¯à¨«�£�îâáï ¤�−−ë¥ �¢â®à� (�¢â®à®¢) (á¬. ¯. 8). �à¨ −�«¨ç¨¨ −¥áª®«ìª¨å
�¢â®à®¢ ãª�§ë¢�¥âáï ä�¬¨«¨ï �¢â®à�, ®â¢¥âáâ¢¥−−®£® §� ¯¥à¥¯¨áªã á à¥¤�ªæ¨¥©.

3. ÷¥¤�ªæ¨ï ¦ãà−�«� ®áãé¥áâ¢«ï¥â íªá¯¥àâ¨§ã ¯à¨á«�−−ëå áâ�â¥© ¢ á®®â¢¥âáâ¢¨¨
á ¯à¨−ïâ®© ¢ ¦ãà−�«¥ ¯à®æ¥¤ãà®© à¥æ¥−§¨à®¢�−¨ï.
‚®§¢à�é¥−¨¥ àãª®¯¨á¨ −� ¤®à�¡®âªã −¥ ®§−�ç�¥â ¥¥ ¯à¨−ïâ¨ï ª ¯¥ç�â¨.
„®à�¡®â�−−ë© ¢�à¨�−â á ®â¢¥â®¬ −� §�¬¥ç�−¨ï à¥æ¥−§¥−â� −¥®¡å®¤¨¬® ¯à¨á«�âì
¢ à¥¤�ªæ¨î.

4. ÷¥è¥−¨¥ à¥¤ª®««¥£¨¨ ® ¯ã¡«¨ª�æ¨¨ áâ�âì¨ ¨«¨ ¥¥ ®âª«®−¥−¨¨ á®®¡é�¥âáï �¢â®à�¬.
÷¥¤ª®««¥£¨ï ¬®¦¥â â�ª¦¥ −�¯à�¢¨âì �¢â®à�¬ â¥ªáâ à¥æ¥−§¨¨ −� ¨å áâ�âìî. „¨áªãá-
á¨ï ¯® ¯®¢®¤ã ®âª«®−¥−−ëå áâ�â¥© −¥ ¢¥¤¥âáï.
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5. ÷¥¤�ªâãà� áâ�â¥© ¢ëáë«�¥âáï �¢â®à�¬ ¤«ï ¯à®á¬®âà�. ‡�¬¥ç�−¨ï ª à¥¤�ªâãà¥ ¤®«¦-
−ë ¡ëâì ¯à¨á«�−ë �¢â®à�¬¨ ¢ ªà�âç�©è¨¥ áà®ª¨.

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

7. �à¨ ¯®¤£®â®¢ª¥ àãª®¯¨á¨ ¢ MS Word à¥ª®¬¥−¤ã¥âáï ¨á¯®«ì§®¢�âì á«¥¤ãîé¨¥
−�áâà®©ª¨.
��à�¬¥âàë áâà�−¨æë: ä®à¬�â | �4; ®à¨¥−â�æ¨ï | ª−¨¦−�ï; ¯®«ï (á¬): ¢−ãâà¨ |
2,5, á−�àã¦¨ | 1,5, á¢¥àåã ¨ á−¨§ã | 2, ®â ªà�ï ¤® −¨¦−¥£® ª®«®−â¨âã«� | 1,3.
�á−®¢−®© â¥ªáâ: áâ¨«ì | ú�¡ëç−ë©û, èà¨äâ | Times New Roman, à�§¬¥à |
14 ¯ã−ªâ®¢, �¡§�æ−ë© ®âáâã¯ | 0,5 á¬, 1,5 ¨−â¥à¢�«�, ¢ëà�¢−¨¢�−¨¥ | ¯® è¨à¨−¥.
÷¥ª®¬¥−¤ã¥¬ë© ®¡ê¥¬ àãª®¯¨á¨ | −¥ á¢ëè¥ 15 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/2012 22 02 rus/authors.asp ¨
http://www.ipiran.ru/journal/collected/2012 22 02 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. Rus. 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. | N.Y.: Wiley, 1974.
521 p.)

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 27 −®¬¥à 3 2017 225



�à�¢¨«� ¯®¤£®â®¢ª¨ àãª®¯¨á¥© áâ�â¥©

2. ‚ �−£«®ï§ëç−®© ç�áâ¨:
Timoshenko, S. P., D. H. Young, and W. Weaver. 1974. Vibration problems in
engineering. 4th ed. N.Y.: 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]. D.Sc. Diss. Moscow.
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 (‘¥©äã«ì-Œã«îª®¢ ÷ãáâ¥¬ ��¤à¨¥¢¨ç)
http://www.ipiran.ru/journal/collected
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Requirements for manuscripts submitted
to Journal \Systems and Means of Informatics"

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).
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