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ПРЕДИСЛОВИЕ

‚ á®®â¢¥âáâ¢¨¨ á à¥è¥−¨¥¬ �îà® ÷¥¤�ªæ¨®−−®-¨§¤�â¥«ìáª®£® á®¢¥â� ��
‘‘‘÷, ¯à¨−ïâë¬ ¢ 1988 £., ˆ−áâ¨âãâ®¬ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ¢ ¯¥à¨®¤ á 1989
¯® 2010 ££. ¢ë¯ãáª�«¨áì ¥¦¥£®¤−ë¥ âàã¤ë ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û.
‚á¥£® §� íâ® ¢à¥¬ï ¢ëè«® ¨§ ¯¥ç�â¨ 20 ¥¦¥£®¤−ëå ¢ë¯ãáª®¢ (â®¬®¢) ãª�§�−−®£®
¨§¤�−¨ï; ªà®¬¥ â®£®, ¨§¤�−® 12 á¯¥æ¨�«ì−ëå â¥¬�â¨ç¥áª¨å ¢ë¯ãáª®¢ ¥¦¥£®¤−¨ª�.

‘ æ¥«ìî à�áè¨à¥−¨ï ¢®§¬®¦−®áâ¥© ¤«ï ¯ã¡«¨ª�æ¨¨ á®âàã¤−¨ª�¬¨ ÷��
¨ ¤àã£¨å ®à£�−¨§�æ¨© äã−¤�¬¥−â�«ì−ëå ¨ ¯à¨ª«�¤−ëå à¥§ã«ìâ�â®¢ ¢ ®¡«�áâ¨
¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨©, ¯®¢ëè¥−¨ï ãà®¢−ï ¨ §−�ç¨¬®áâ¨ ãª�§�−−ëå ¯ã¡-
«¨ª�æ¨© �îà® �â¤¥«¥−¨ï −�−®â¥å−®«®£¨© ¨ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ÷��
¯à¨−ï«® 22.06.2011 £. à¥è¥−¨¥ ® à¥®à£�−¨§�æ¨¨ ¥¦¥£®¤−¨ª� ˆ�ˆ ÷�� ú‘¨á-
â¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ¢ ¦ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û
÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª.

“çà¥¤¨â¥«ï¬¨ ¦ãà−�«� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ï¢«ïîâáï ÷®á-
á¨©áª�ï �ª�¤¥¬¨ï −�ãª, �â¤¥«¥−¨¥ −�−®â¥å−®«®£¨© ¨ ¨−ä®à¬�æ¨®−−ëå â¥å-
−®«®£¨© ÷�� ¨ “çà¥¦¤¥−¨¥ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª ˆ−áâ¨âãâ ¯à®¡«¥¬
¨−ä®à¬�â¨ª¨ ÷��. †ãà−�« ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û ï¢«ï¥âáï
¯à�¢®¯à¥¥¬−¨ª®¬ ¥¦¥£®¤−¨ª� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û (á â¥¬ ¦¥
¨−¤¥ªá®¬ ISSN 0869-6527). �à£�−¨§�æ¨ï ¨§¤�−¨ï íâ®£® ¦ãà−�«� ¢®§«®¦¥−� −�
ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷��.

�¥à¨®¤¨ç−®áâì ¨§¤�−¨ï ¦ãà−�«� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û |
2 −®¬¥à� ¢ £®¤ (á®áâ�¢«ïîé¨¥ ®¤¨− â®¬), á ®¡ê¥¬®¬ ¢ë¯ãáª� ª�¦¤®£® −®¬¥à� |
¤® 20 ¯¥ç�â−ëå «¨áâ®¢ (á ¢®§¬®¦−®áâìî ¨§¤�−¨ï ¯à¨ −¥®¡å®¤¨¬®áâ¨ ¤®¯®«−¨-
â¥«ì−ëå â¥¬�â¨ç¥áª¨å −®¬¥à®¢).

÷¥è¥−¨¥¬ �îà® �â¤¥«¥−¨ï −�−®â¥å−®«®£¨© ¨ ¨−ä®à¬�æ¨®−−ëå â¥å−®«®-
£¨© ÷�� ®¯à¥¤¥«¥−� á«¥¤ãîé�ï â¥¬�â¨ª� ¯ã¡«¨ª�æ¨© ¢ ¦ãà−�«¥ ú‘¨áâ¥¬ë ¨
áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û:

{ ¨−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®¬¯«¥ª-

á®¢ ¨ á¥â¥©;
{ ¬¥â®¤ë ¨ áà¥¤áâ¢� §�é¨âë ¨−ä®à¬�æ¨¨.

÷¥¤�ªæ¨®−−ë© á®¢¥â ¨ ÷¥¤�ªæ¨®−−�ï ª®««¥£¨ï ¦ãà−�«� ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢�
¨−ä®à¬�â¨ª¨û ¢ëà�¦�îâ −�¤¥¦¤ã, çâ® ¤�−−ë© ¦ãà−�« ¡ã¤¥â ¯à¥¤áâ�¢«ïâì
¨−â¥à¥á ¤«ï −�ãç−ëå à�¡®â−¨ª®¢, ¯à¥¯®¤�¢�â¥«¥©, ¨−¦¥−¥à®¢, �á¯¨à�−â®¢ ¨
áâã¤¥−â®¢, ¨−â¥à¥áãîé¨åáï á®¢à¥¬¥−−ë¬ á®áâ®ï−¨¥¬ ¨áá«¥¤®¢�−¨© ¢ ®¡«�áâ¨
¨−ä®à¬�â¨ª¨, ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© ¨ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨. Œë
¯à¨£«�è�¥¬ ¨áá«¥¤®¢�â¥«¥©, à�¡®â�îé¨å ¯® ãª�§�−−ë¬ ¢ëè¥ −�ãç−ë¬ −�¯à�¢-
«¥−¨ï¬, ¢®©â¨ ¢ ç¨á«® �¢â®à®¢ ¦ãà−�«�.

ƒ«�¢−ë© à¥¤�ªâ®à ¦ãà−�«�
ú‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨û �ª�¤¥¬¨ª ˆ. �. ‘®ª®«®¢
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РАЗВИТИЕ КОМПЬЮТЕРНОЙ ПОДДЕРЖКИ
СТАТИСТИЧЕСКИХ НАУЧНЫХ ИССЛЕДОВАНИЙ СИСТЕМ

ВЫСОКОЙ ТОЧНОСТИ И ДОСТУПНОСТИ∗

И. Н. Синицын1, Э. Р. Корепанов2, В. В. Белоусов3, В. С. Шоргин4,
И. В. Макаренкова5, Т. Д. Конашенкова6, Е. С. Агафонов7, Н. Н. Семендяев8

�−−®â�æ¨ï: ˆ§«®¦¥−ë ¬¥â®¤®«®£¨ç¥áª¨¥ ®á−®¢ë ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨
áâ�â¨áâ¨ç¥áª¨å −�ãç−ëå ¨áá«¥¤®¢�−¨© (‘â�ˆ), ®á−®¢�−−ëå −� ª�−®−¨ç¥-
áª¨å à�§«®¦¥−¨ïå (Š÷) á«ãç�©−ëå äã−ªæ¨© (‘”). �à¨¢¥¤¥−ë ¯à¨¬¥àë ¨−-
áâàã¬¥−â�«ì−ëå ¯à®£à�¬¬−ëå áà¥¤áâ¢ ¤«ï �áâà®¬¥âà¨ç¥áª¨å á¨áâ¥¬ ¢ëá®ª®©
â®ç−®áâ¨ ¨ ¡�−ª®¢áª¨å á¨áâ¥¬ ¢ëá®ª®© ¤®áâã¯−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: ª®¬¯ìîâ¥à−�ï ¯®¤¤¥à¦ª� áâ�â¨áâ¨ç¥áª¨å −�ãç−ëå ¨áá«¥-
¤®¢�−¨©; á¨áâ¥¬ë ¢ëá®ª®© â®ç−®áâ¨; á¨áâ¥¬ë ¢ëá®ª®© ¤®áâã¯−®áâ¨; áâ�â¨áâ¨-
ç¥áª�ï ¤¨−�¬¨ª� ¢à�é¥−¨ï ‡¥¬«¨; ¡�−ª®¢áª¨¥ á¨áâ¥¬ë; ªàã£®¢ë¥ (ã£«®¢ë¥)
á«ãç�©−ë¥ ¢¥«¨ç¨−ë, äã−ªæ¨¨, ¯à®æ¥ááë ¨ á¨áâ¥¬ë

1 Введение

Š�ª ¨§¢¥áâ−® [1], ª®¬¯ìîâ¥à−�ï ¯®¤¤¥à¦ª� −�ãç−ëå ¨áá«¥¤®¢�−¨© (Š��ˆ)
ª�ª −¥®âê¥¬«¥¬�ï ç�áâì �¢â®¬�â¨§�æ¨¨ −�ãç−ëå ¨áá«¥¤®¢�−¨© (��ˆ) áâ�−®¢¨âáï
¢á¥ ¡®«¥¥ å�à�ªâ¥à−ë¬ ¯à¨§−�ª®¬ á®¢à¥¬¥−−ëå −�ãç−ëå ¨áá«¥¤®¢�−¨© (�ˆ) ¨
®ª�§ë¢�¥â á¨«ì−®¥ ¢«¨ï−¨¥ −� ¨å ¨−â¥−á¨¢−®áâì ¨ íää¥ªâ¨¢−®áâì, ¯à¥¢à�é�¥âáï
¢ ¢�¦−¥©è¨© ä�ªâ®à ¤�«ì−¥©è¥£® ¯à®£à¥áá� −�ãª¨. ‘®¢à¥¬¥−−ë© íâ�¯ à�§¢¨â¨ï
Š��ˆ å�à�ªâ¥à¨§ã¥âáï ¨−â¥−á¨¢−ë¬ ¯à®−¨ª−®¢¥−¨¥¬ ¥¥ ¢ −®¢ë¥ áä¥àë ¨áá«¥-
¤®¢�−¨© ¨ à�§à�¡®â®ª, à�áè¨à¥−¨¥¬ ª®−â¨−£¥−â� ¯®«ì§®¢�â¥«¥©, ®å¢�â®¬ ¢á¥å
íâ�¯®¢ ¨áá«¥¤®¢�−¨© ®â á¡®à� ¨ ¯¥à¢¨ç−®© ®¡à�¡®âª¨ ¤�−−ëå, ã¯à�¢«¥−¨ï íªá-
¯¥à¨¬¥−â�¬¨ ¤® �−�«¨§� ¨ ¯¥àá¯¥ªâ¨¢−®£® ¯«�−¨à®¢�−¨ï ®á−®¢−ëå −�¯à�¢«¥−¨©
�ˆ ¨ ¨å ¨−ä®à¬�æ¨®−−ëå â¥å−®«®£¨© (ˆ’).

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ÷””ˆ (¯à®¥ªâ ü10{07{00021) ¨ ¯à®£à�¬¬ë
��ˆ’ ÷�� úˆ−ä®à¬�æ¨®−−ë¥ â¥å−®«®£¨¨ ¨ �−�«¨§ á«®¦−ëå á¨áâ¥¬û (¯à®¥ªâ 1.5).

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, sinitsin@dol.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ekorepanov@ipiran.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vbelousov@ipiran.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vshorgin@ipiran.ru
5ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, imakarenkova@ipiran.ru
6ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, tkonashenkova@ipiran.ru
7ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, eagafonov@ipiran.ru
8ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, nsemendyaev@ipiran.ru
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ˆ. �. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ‚. ‚. �¥«®ãá®¢ ¨ ¤à.

�®¤ ¨−ä®à¬�æ¨®−−®© â¥å−®«®£¨¥© ®¡ëç−® ¯®−¨¬�îâ á®¢®ªã¯−®áâì á¨áâ¥-
¬�â¨ç¥áª¨å ¨ ¬�áá®¢ëå á¯®á®¡®¢ á®§¤�−¨ï, −�ª®¯«¥−¨ï, ®¡à�¡®âª¨, åà�−¥−¨ï,
¯¥à¥¤�ç¨ ¨ à�á¯à¥¤¥«¥−¨ï ¨−ä®à¬�æ¨¨ (¤�−−ëå, §−�−¨©) á ¯®¬®éìî áà¥¤áâ¢
¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ ¨ á¢ï§¨. �� ¯à�ªâ¨ª¥ ®¡ëç−® á®§¤�¥âáï ˆ’, à�ááç¨-
â�−−�ï −� ¢ë¯®«−¥−¨¥ á ¥¥ ¯®¬®éìî −¥ª®â®à®© ®á−®¢−®© äã−ªæ¨¨, çâ® á¢ï§�−®
á −¥®¡å®¤¨¬®áâìî à¥è¥−¨ï −¥áª®«ìª¨å â¨¯®¢ëå §�¤�ç ¨áá«¥¤®¢�−¨©. �¥à¥ç¥−ì
®á−®¢−ëå äã−ªæ¨© ¤®¢®«ì−® ®£à�−¨ç¥−, � á ¤àã£®© áâ®à®−ë | ¢ë¯®«−¥−¨¥ íâ¨å
äã−ªæ¨© ¬®¦¥â ¯®âà¥¡®¢�âìáï ¢® ¬−®£¨å ¯à¨¬¥−¥−¨ïå. �â® ¤¥«�¥â æ¥«¥á®®¡à�§-
−ë¬ ¢ë¤¥«¥−¨¥ äã−ªæ¨®−�«ì−®-®à¨¥−â¨à®¢�−−ëå, ¯à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−ëå
¨ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ëå ˆ’.

”ã−ªæ¨®−�«ì−®-®à¨¥−â¨à®¢�−−ë¥ ˆ’ ¯à¥¤−�§−�ç¥−ë ¤«ï à¥�«¨§�æ¨¨ â¨¯®-
¢ëå (®â−®á¨â¥«ì−® �¢â®−®¬−ëå) §�¤�ç ¨áá«¥¤®¢�−¨ï. ’�ª¨¥ ˆ’ ¬®£ãâ ®¡«�¤�âì
¤®¢®«ì−® ¢ëá®ª®© áâ¥¯¥−ìî ã−¨¢¥àá�«ì−®áâ¨ ¨ ¡ëâì ¤®áâã¯−ë¬¨ ¤«ï à�§à�¡®âª¨
¨ ¢®á¯à®¨§¢®¤áâ¢� ¯à¨ ¬¨−¨¬�«ì−®¬ ãç�áâ¨¨ ¡ã¤ãé¥£® ¯®«ì§®¢�â¥«ï.

�à¥¤¬¥â−®-®à¨¥−â¨à®¢�−−ë¥ ˆ’ ¯à¥¤−�§−�ç¥−ë ¤«ï à¥è¥−¨ï á¯¥æ¨ä¨ç¥-
áª®© §�¤�ç¨ ¢ ª®−ªà¥â−®© ®¡«�áâ¨. �−¨ ¬�ªá¨¬�«ì−ë¬ ®¡à�§®¬ ã¤®¢«¥â¢®àïîâ
ç�áâ−ë¬ âà¥¡®¢�−¨ï¬ ¤�−−®£® ¯à¨¬¥−¥−¨ï ¨ ¬®£ãâ ®¡«�¤�âì −�¨¬¥−ìè¥© áâ¥-
¯¥−ìî ã−¨¢¥àá�«ì−®áâ¨. Š�ª ¯à�¢¨«®, ¨å ¯®ï¢«¥−¨¥ −¥¢®§¬®¦−® ¡¥§ ¡ã¤ãé¥£®
¯®«ì§®¢�â¥«ï.

�¤−�ª® ç�áâ® ã¤�¥âáï ®¡®¡é¨âì âà¥¡®¢�−¨ï á® áâ®à®−ë àï¤� ª®−ªà¥â−ëå
¯à¨«®¦¥−¨© ¨ ¢ë¤¥«¨âì −¥ª®â®àë¥ ®¡é¨¥ ¯à¨ª«�¤−ë¥ ¯à®¡«¥¬ë ¨áá«¥¤®¢�−¨©.
�âáî¤� ¢®§−¨ª�¥â ¯®−ïâ¨¥ ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−®© ˆ’, ª®â®à�ï §�−¨¬�¥â
¯à®¬¥¦ãâ®ç−®¥ ¯®«®¦¥−¨¥ ¬¥¦¤ã äã−ªæ¨®−�«ì−®-®à¨¥−â¨à®¢�−−®© ¨ ¯à¥¤¬¥â-
−®-®à¨¥−â¨à®¢�−−®© ˆ’. �®â¥−æ¨�«ì−ë¥ ¯®«ì§®¢�â¥«¨ â�ª®© ˆ’ ¬®£ãâ ¯à¨−ïâì
ãç�áâ¨¥ ¢ ¥¥ à�§à�¡®âª¥ â®«ìª® −� −�ç�«ì−®© áâ�¤¨¨ ®¡®¡é¥−¨ï ¨ â¨¯¨§�æ¨¨
ª®−ªà¥â−ëå §�¤�ç ¨«¨ ª®−¥ç−®© áâ�¤¨¨ ¯à¨ à�§à�¡®âª¥ −¥ª®â®àëå á¯¥æ¨�«ì−ëå
¤®¯®«−¥−¨©. �â® ¯®§¢®«ï¥â ®á−®¢−ãî ç�áâì ˆ’ á®§¤�¢�âì �¢â®−®¬−® ®â ¯®«ì§®-
¢�â¥«ï ¨ ¯à¨¬¥−ïâì ã−¨ä¨æ¨à®¢�−−ë¥ ¯à®£à�¬¬−ë¥ ¨ â¥å−¨ç¥áª¨¥ à¥è¥−¨ï.

÷�áá¬®âà¨¬ ¬¥â®¤®«®£¨ç¥áª¨¥ ®á−®¢ë ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ, �
â�ª¦¥ −®¢ë¥ à¥§ã«ìâ�âë ¯® á®§¤�−¨î ¨ ¯à¨¬¥−¥−¨î ¨−áâàã¬¥−â�«ì−ëå áà¥¤áâ¢
‘â�ˆ ¯à¨¬¥−¨â¥«ì−® ª á¨áâ¥¬�¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨.

2 Принципы и подходы к компьютерной поддержке научных
исследований

‚ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª ¢ −�áâ®ïé¥¥ ¢à¥¬ï −�ª®¯«¥− ¡®£�âë© ®¯ëâ
à�§à�¡®âª¨ ¨ ¨á¯®«ì§®¢�−¨ï á¨áâ¥¬ Š��ˆ, à�§«¨ç�îé¨åáï ¯®:

{ å�à�ªâ¥àã −�ãç−®© à�¡®âë (â¥®à¥â¨ç¥áª¨¥ ¨áá«¥¤®¢�−¨ï, íªá¯¥à¨¬¥−âë, −�-
¡«î¤¥−¨ï ¨ ã¯à�¢«¥−¨¥ −�ãç−®© ¤¥ïâ¥«ì−®áâìî);

{ äã−ªæ¨®−�«ì−®© ¯®«−®â¥ (®¤−®- ¨ ¬−®£®äã−ªæ¨®−�«ì−ë¥);

4 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

{ ¯à®áâà�−áâ¢¥−−ë¬ å�à�ªâ¥à¨áâ¨ª�¬ («®ª�«ì−ë¥ ¨ â¥àà¨â®à¨�«ì−® à�á¯à¥-
¤¥«¥−−ë¥);

{ ¢à¥¬¥−− �ë¬ å�à�ªâ¥à¨áâ¨ª�¬ (on-line ¨ off-line);

{ áâàãªâãà¥ (á ¯®áâ®ï−−®© ¨ ¯¥à¥áâà�¨¢�¥¬®© áâàãªâãà®©);

{ ¬®¡¨«ì−®áâ¨ (áâ�æ¨®−�à−ë¥, ¯¥à¥¤¢¨¦−ë¥, ¡®àâ®¢ë¥);

{ â¨¯¨ç−®áâ¨ ¨áá«¥¤®¢�−¨ï (ã−¨ª�«ì−ë¥ ¨ àãâ¨−−ë¥, è¨à®ª® à�á¯à®áâà�−¥−-
−ë¥, ¬�áá®¢ë¥);

{ ª�ç¥áâ¢ã ¨ ªà¨â¥à¨ï¬ ¬®−¨â®à¨−£� ¨ ã¯à�¢«¥−¨ï íªá¯¥à¨¬¥−â®¬ (íªáâà¥-
¬�«ì−ë¥, ®¯â¨¬�«ì−ë¥, �¤�¯â¨¢−ë¥, ®¡ãç�îé¨¥áï, á�¬®−�áâà�¨¢�îé¨¥áï ¨
á�¬®®à£�−¨§ãîé¨¥áï á¨áâ¥¬ë);

{ â¨¯ã ¬®¤¥«¥© ¬®−¨â®à¨−£� ¨ ã¯à�¢−¥−¨ï íªá¯¥à¨¬¥−â�¬¨ (�−�«¨â¨ç¥áª¨¥ ¨
í¢à¨áâ¨ç¥áâ¨ª¥, ¤¥â¥à¬¨−¨à®¢�−−ë¥ ¨ áâ®å�áâ¨ç¥áª¨¥);

{ ª®«¨ç¥áâ¢ã ãà®¢−¥© ¢ áâàãªâãà¥ á¨áâ¥¬ë (®¤−®- ¨ ¬−®£®ãà®¢−¥¢ë¥);

{ áâ¥¯¥−¨ æ¥−âà�«¨§�æ¨¨ ¯à®æ¥áá®¢ (æ¥−âà�«¨§®¢�−−ë¥ ¨ ¤¥æ¥−â�«¨§®¢�−−ë¥);

{ ª®«¨ç¥áâ¢ã ¨ ãà®¢−î ¢§�¨¬®¤¥©áâ¢¨ï ¯®«ì§®¢�â¥«¥© (®¤−®- ¨ ¬−®£®¯®«ì§®-
¢�â¥«ìáª¨¥, ¨−¤¨¢¨¤ã�«ì−®£® �¢â®−®¬−®£® ¯®«ì§®¢�−¨ï ¨ á ª®««¥ªâ¨¢−ë¬
¢§�¨¬®¤¥©âáâ¢¨¥¬).

�¢â®¬�â¨§�æ¨ï �ˆ | íâ® à�§−®¢¨¤−®áâì ¨−¦¥−¥à−®©, −�ãç−®-â¥å−¨ç¥áª®©
¤¥ïâ¥«ì−®áâ¨, §�ª«îç�îé�ïáï ¢ à�§à�¡®âª¥ ¨−áâàã¬¥−â�«ì−ëå áà¥¤áâ¢ ¨ ¬¥â®¤®¢
®à£�−¨§�æ¨¨ ¨ ¯à®¢¥¤¥−¨ï ¨áá«¥¤®¢�−¨© á ¨á¯®«ì§®¢�−¨¥¬ ª®¬¯ìîâ¥à®¢. �¢â®-
¬�â¨§�æ¨ï �ˆ ï¢«ï¥âáï ®¤−®© ¨§ ®¡«�áâ¥© ¯à¨¬¥−¥−¨ï ª®¬¯ìîâ¥à®¢, ¯®íâ®¬ã
®¡«�¤�¥â, ª�ª ¨ ¤àã£¨¥ ®¡«�áâ¨, ç¥àâ�¬¨, ®¡é¨¬¨ ¤«ï ¢á¥å íâ¨å áä¥à ¯à¨¬¥−¥−¨ï
ª®¬¯ìîâ¥à®¢ ¨ á¯¥æ¨ä¨ç−ë¬¨ ¤«ï −¥¥. ‚ á®¡áâ¢¥−−®¬ ¯à®æ¥áá¥ ��ˆ ãá«®¢−®
à�§«¨ç�îâ ¤¥áïâì ®á−®¢−ëå íâ�¯®¢:

(1) à�§à�¡®âª� â¥®à¨¨ ¨ á®§¤�−¨¥ −®¢ëå £¨¯®â¥§;

(2) ¯«�−¨à®¢�−¨¥ â¥®à¥â¨ç¥áª¨å à�¡®â ¨«¨ íªá¯¥à¨¬¥−â®¢;

(3) à�§¢¨â¨¥ ¨ à¥�«¨§�æ¨ï âà¥¡ã¥¬ëå −¥®¡å®¤¨¬ëå ¬¥â®¤¨ç¥áª¨å ¨−áâàã¬¥−â®¢
¨ áà¥¤áâ¢ ¤«ï íªá¯¥à¨¬¥−â�;

(4) −�«�¤ª� íªá¯¥à¨¬¥−â�«ì−®£® ®¡®àã¤®¢�−¨ï ¨ ¯®¤£®â®¢ª� íªá¯¥à¨¬¥−â�;

(5) ¯à®¢¥¤¥−¨¥ â¥®à¥â¨ç¥áª®£® �−�«¨§� ¨ ¨§¬¥à¥−¨©, á¡®à ¤�−−ëå, �−�«¨§ ¨
®â®¡à�¦¥−¨¥ ¨§¬¥à¥−¨©;

(6) ®¯¥à�â¨¢−�ï ®¡à�¡®âª¨ ¨§¬¥à¥−−ëå ¤�−−ëå;

(7) ã¯à�¢«¥−¨¥ íªá¯¥à¨¬¥−â®¬;

(8) §�ª«îç¨â¥«ì−�ï ¨ á¨áâ¥¬�â¨ç¥áª�ï ®¡à�¡®âª� ¢á¥© ¨−ä®à¬�æ¨¨;
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(9) �àå¨¢�æ¨ï ¨ ¨§¢«¥ç¥−¨¥ −®¢®© −�ãç−®© ¨−ä®à¬�æ¨¨ ¨ §−�−¨©;

(10) ¨á¯®«ì§®¢�−¨¥ ¯®«ãç¥−−®© ¨−ä®à¬�æ¨¨ ¨ §−�−¨© ¤«ï ¯®¤£®â®¢ª¨ ¤�«ì−¥©-
è¨å ä�§ ¨áá«¥¤®¢�−¨©.

‚ á«ãç�¥ â¥®à¥â¨ç¥áª¨å à�§à�¡®â®ª ¨¬¥îâ á¬ëá« íâ�¯ë 1{3, 5, 8{10. �à¨
¨áá«¥¤®¢�−¨ïå, ¢ª«îç�îé¨å ¢ á¥¡ï â�ª¦¥ ¨ íªá¯¥à¨¬¥−â�«ì−ë¥ à�¡®âë ¨«¨ ®á−®-
¢�−−ë¥ ¯à¥¦¤¥ ¢á¥£® −� íªá¯¥à¨¬¥−â�å, ª ã¯®¬ï−ãâë¬ íâ�¯�¬ á«¥¤ã¥â ¤®¡�¢¨âì
íâ�¯ë 4, 6, 7.

÷�§¢¨¢�ï [2, 3], áä®à¬ã«¨àã¥¬ ®¡é¥á¨áâ¥¬−ë¥ ¯à¨−æ¨¯ë ��ˆ{Š��ˆ −�
¤¢ãå ¢¥àå−¨å á¨áâ¥¬−ëå ãà®¢−ïå: ¯à¨ª«�¤−®¬ ¨ «®£¨ç¥áª®¬.

�à¨ª«�¤−®© ãà®¢¥−ì. �à¨ª«�¤−®© ãà®¢¥−ì (ãà®¢¥−ì ¯®«ì§®¢�â¥«ï, ¯à®¡-
«¥¬−ë©) ®âà�¦�¥â á¯¥æ¨ä¨ªã ª«�áá� à¥è�¥¬ëå §�¤�ç á ãç¥â®¬ á®¢à¥¬¥−−−ëå
íà£®−®¬¨ç¥áª¨å âà¥¡®¢�−¨©. �� íâ®¬ ãà®¢−¥ ®âà�¦�¥âáï â®çª� §à¥−¨ï ¯®«ì-
§®¢�â¥«ï ��ˆ{Š��ˆ ¡¥§®â−®á¨â¥«ì−® ª á¯®á®¡ã ä¨§¨ç¥áª®© à¥�«¨§�æ¨¨ ¥£®
âà¥¡®¢�−¨©. �â¨ âà¥¡®¢�−¨ï ¬−®£®®¡à�§−ë ¨ ¯à®â¨¢®à¥ç¥¢ë, ®¤−�ª® ¨å ®¡é�ï
á®áâ�¢«ïîé�ï ¨¬¥¥â à�§ã¬−®¥ á®¤¥à¦�−¨¥ ¨ ®âà�¦�¥â à¥�«ì−ë¥ â¥−¤¥−æ¨¨ ¢
à�§¢¨â¨¨ ��ˆ:

{ ®¡¥á¯¥ç¥−¨¥ äã−ªæ¨®−�«ì−®© ¯®«−®âë á¨áâ¥¬ Š��ˆ;

{ ¯à®áâ®â� ¨á¯®«ì§®¢�−¨ï;

{ ®¡¥á¯¥ç¥−¨¥ ¤®áâ�â®ç−®© −�¤¥¦−®áâ¨;

{ ¯¥àá®−�«¨§�æ¨ï;

{ ¨−â¥««¥ªâã�«¨§�æ¨ï;

{ ®¡¥á¯¥ç¥−¨¥ ¢®§¬®¦−®áâ¨ ¨−â¥£à�æ¨¨ ¨ ¤¨ää¥à¥−æ¨�æ¨¨ á¨áâ¥¬ ¨ ¨å ç�áâ¥©;

{ ®¡¥á¯¥ç¥−¨¥ ¬®¤¨ä¨æ¨àã¥¬®áâ¨ ¨ �¤�¯â¨¢−®áâ¨;

{ íà£®−®¬¨ç−®áâì;

{ −¥ãª«®−−®¥ á−¨¦¥−¨¥ áâ®¨¬®áâ¨.

”ã−ªæ¨®−�«ì−®¥ −�¯®«−¥−¨¥ ª®−ªà¥â−®© Š��ˆ §�¢¨á¨â ®â ª«�áá� à¥è�¥¬ëå
§�¤�ç. „®áâ�â®ç−® ¯®«−ë© −�¡®à äã−ªæ¨®−�«ì−®-®à¨¥−â¨à®¢�−−ëå áà¥¤áâ¢
��ˆ, ¨§ ª®â®à®£® ¬®¦−® ¢ë¡à�âì á®®â¢¥âáâ¢ãîé¥¥ ¯à®¡«¥¬−®© ®à¨¥−â�æ¨¨
Š��ˆ ¯®¤¬−®¦¥áâ¢®, ¤®«¦¥− ¢ª«îç�âì á«¥¤ãîé¨¥ áà¥¤áâ¢�:

{ ã¯à�¢«¥−¨ï ¡�§�¬¨ ¤�−−ëå (�„);

{ æ¨äà®¢®© ®¡à�¡®âª¨ á¨£−�«®¢;

{ ¬�è¨−−®© £à�ä¨ª¨;

{ ®¡à�¡®âª¨ â¥ªáâ®¢;

{ ®¡à�¡®âª¨ ¨§®¡à�¦¥−¨©;

{ à�á¯®§−�¢�−¨ï ®¡à�§®¢;

{ áâ�â¨áâ¨ç¥áª®© ®¡à�¡®âª¨ à¥§ã«ìâ�â®¢;
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

{ æ¨äà®¢®£® (¨¬¨â�æ¨®−−®£®) ¬®¤¥«¨à®¢�−¨ï;

{ ¯«�−¨à®¢�−¨ï íªá¯¥à¨¬¥−â®¢;

{ áâ�−¤�àâ−ëå ¢ëç¨á«¨â¥«ì−ëå ¯à®æ¥¤ãà ®¡é¥−�ãç−®£® ¯à¨¬¥−¥−¨ï;

{ �−�«¨â¨ç¥áª¨å ¯à¥®¡à�§®¢�−¨©, «®£¨ç¥áª®£® ¢ë¢®¤� ¨ ¤àã£¨å, ¢ª«îç�¥¬ëå
¢ ¯®−ïâ¨ï ú¨áªãááâ¢¥−−ë© ¨−â¥««¥ªâû, ú¨§¢«¥ç¥−¨¥ §−�−¨©û.

”ã−¤�¬¥−â�«ì−ë© ¯à¨−æ¨¯ ¯à®áâ®âë −� ¯à¨ª«�¤−®¬ ãà®¢−¥ ®§−�ç�¥â ¯à®á-
â®âã ¨á¯®«ì§®¢�−¨ï á¨áâ¥¬ ��ˆ.

Š®−æ¥¯æ¨ï ¯¥àá®−�«¨§�æ¨¨ ¯®«ãç¨«� ¢ −�áâ®ïé¥¥ ¢à¥¬ï çà¥§¢ëç�©−®¥ à�§¢¨-
â¨¥ ¡«�£®¤�àï ¯¥àá®−�«ì−ë¬ �‚Œ. �¤−�ª® íâ� ª®−æ¥¯æ¨ï ¨¬¥¥â £®à�§¤® ¡®«¥¥
£«ã¡®ª¨¥ ª®à−¨. „«ï ��ˆ íâ®â ¯à¨−æ¨¯ ¨¬¥¥â äã−¤�¬¥−â�«ì−®¥ §−�ç¥−¨¥,
¯®áª®«ìªã ®à¨¥−â¨àã¥â ¯à®¥ªâ á¨áâ¥¬ë −� £«�¢−®¥ ¤¥©áâ¢ãîé¥¥ «¨æ® ��ˆ |
¨áá«¥¤®¢�â¥«ï. �¥àá®−�«¨§�æ¨ï | ç�áâ−ë© á«ãç�© ¡®«¥¥ ®¡é¥© í¢®«îæ¨®−−®©
â¥−¤¥−æ¨¨ �−âà®¯®¬®àä¨§¬� ¨−áâàã¬¥−â®¢ ç¥«®¢¥ç¥áª®© ¤¥ïâ¥«ì−®áâ¨. �ã¤ãç¨
¨−áâàã¬¥−â®¬ ¢�¦−¥©è¥© à�§−®¢¨¤−®áâ¨ ¤¥ïâ¥«ì−®áâ¨ | −�ãç−®©, ¯à¥®¡à�§ã-
îé¥© ¬¨à, ��ˆ −¥¨§¡¥¦−® ¯à¨¤¥â ª ¢ëáè¥© áâ¥¯¥−¨ ¯¥àá®−�«¨§�æ¨¨ ¢ á¨«ã
á¯¥æ¨ä¨ç¥áª¨å ¢®§¬®¦−®áâ¥© �¤�¯â�æ¨¨ �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬. �¥àá®-
−�«¨§�æ¨ï ç�áâ¨ç−® ¨−â¥à¯¥àâ¨àã¥âáï ¢ ¢¨¤¥ ª®−æ¥¯æ¨¨ ú¨−â¥««¥ªâã�«ì−®£®
¨−â¥àä¥©á�û ¯®«ì§®¢�â¥«ï á á¨áâ¥¬®©:

{ ¨−â¥à�ªâ¨¢−ë© à¥¦¨¬ à�¡®âë ¯®«ì§®¢�â¥«ï á á¨áâ¥¬®© −� ¯à®ä¥áá¨®−�«ì−®¬
¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−®¬ ï§ëª¥;

{ à�§¢¨âë© ¬−®£®ãà®¢−¥¢ë© â¥§�ãàãá, ®¡«�¤�îé¨© á¯®á®¡−®áâìî �¤�¯â�æ¨¨ ¨
£¥−¥à�æ¨¨ −®¢ëå ¯®−ïâ¨© ¨ á®®â¢¥âáâ¢ãîé¨å ¨¬ ¯à®æ¥¤ãà;

{ ¬�ªá¨¬�«ì−®¥ ¨á¯®«ì§®¢�−¨¥ ¨−â¥à�ªâ¨¢−®£® £à�ä¨ç¥áª®£® à¥¦¨¬�, ¬�−¨-
¯ã«¨à®¢�−¨ï £à�ä¨ç¥áª¨¬¨ ®¡à�§�¬¨;

{ ¨−ä®à¬�æ¨®−−®¥ ®¡á«ã¦¨¢�−¨¥ ¯®«ì§®¢�â¥«ï ¯® ¢®¯à®á�¬ ãáâà®©áâ¢� á¨á-
â¥¬ë;

{ ¨−ä®à¬�æ¨®−−®-á¯à�¢®ç−�ï ¯®¤á¨áâ¥¬�, ®âà�¦�îé�ï å®¤ ¨áá«¥¤®¢�−¨ï ¨
¢ë¤�îé�ï à�§«¨ç−ë¥ ¯®¤áª�§ª¨ ¨ −�¯®¬¨−�−¨ï ¯®«ì§®¢�â¥«î ®â−®á¨â¥«ì−®
å�à�ªâ¥à� ¨ à¥�«¨§�æ¨¨ ¯«�−� ¨áá«¥¤®¢�−¨ï;

{ áà¥¤áâ¢� ®¡à�¡®âª¨ â¥ªáâ®¢ ¨ ¤®áâã¯� ¢ ˆ−â¥à−¥â;

{ �¤�¯â�æ¨ï á¨áâ¥¬ë ª ãà®¢−î ¯à®ä¥áá¨®−�«ì−®© ¯®¤£®â®¢ª¨ ¨ ¯á¨å®«®£¨ç¥-
áª¨¬ ®á®¡¥−−®áâï¬ ¯®«ì§®¢�â¥«ï;

{ ¨−â¥à�ªâ¨¢−ë¥ áà¥¤áâ¢� ¤¨�£−®áâ¨ª¨ ¨ ª®−âà®«ï á¨áâ¥¬ë, â¥áâ®¢®£® ®¡¥á¯¥-
ç¥−¨ï §�¤�ç.

Šà®¬¥ â®£®, ¢ ª®−æ¥¯æ¨î ¯¥àá®−�«¨§�æ¨¨ ¢ª«îç�¥âáï ®¡ï§�â¥«ì−®áâì ¤®-
áâ�â®ç−® ¯®«−®£® ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−®£® −�¡®à� áà¥¤áâ¢ à¥è¥−¨ï á¯¥æ¨-
�«ì−ëå ¯à¨ª«�¤−ëå §�¤�ç. „«ï à¥�«¨§�æ¨¨ íâ®© ª®−æ¥¯æ¨¨ ¯® ®â−®è¥−¨î
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ª ª®−ªà¥â−ë¬ á¨áâ¥¬�¬ ��ˆ à�§¢¨¢�îâáï ã−¨ä¨æ¨à®¢�−−ë¥ −�¡®àë ï§ëª®¢
à�§«¨ç−ëå ãà®¢−¥©, ¨§ ª®â®àëå ¬®¦−® ¢ë¡¨à�âì ï§ëª, −�¨¡®«¥¥ ¯®¤å®¤ïé¨©
¯®«ì§®¢�â¥«î ¯® ¯à®¡«¥¬−®© ®à¨¥−â�æ¨¨ ¨ ãà®¢−î.

ˆ−â¥««¥ªâã�«¨§�æ¨ï ¯®−¨¬�¥âáï −� ¯à¨ª«�¤−®¬ ãà®¢−¥ ��ˆ ª�ª ¯à¨−æ¨¯
¨§¢«¥ç¥−¨ï §−�−¨© ¨ à�á¯à¥¤¥«¥−¨ï ú¨−â¥««¥ªâ�û ¯® ¢á¥¬ ¯®¤á¨áâ¥¬�¬ ¨ ¡«®ª�¬
á¨áâ¥¬ ��ˆ á æ¥«ìî ®¡¥á¯¥ç¥−¨ï á®®â¢¥âáâ¢¥−−® −®¢ëå, ¯®áâ®ï−−® ¬¥−ïîé¨åáï
âà¥¡®¢�−¨© ª ¨å äã−ªæ¨®−�«ì−ë¬ ¢®§¬®¦−®áâï¬.

�à¨−æ¨¯ë ¨−â¥£à�æ¨¨ ¨ ¤¨ää¥à¥−æ¨�æ¨¨ á¨áâ¥¬ ¨ ¨å ç�áâ¥© ¯à¥¤ãá¬�âà¨-
¢�îâ à�§¢¨â¨¥ �¯¯�à�â−®-¯à®£à�¬¬−ëå áà¥¤áâ¢, ¯®§¢®«ïîé¨å «¥£ª® ®¡ê¥¤¨−ïâì
¨ à�áç«¥−ïâì −� �¢â®−®¬−® äã−ªæ¨®−¨àãîé¨¥ ¡«®ª¨ áà¥¤áâ¢� ¨ æ¥«ë¥ á¨áâ¥¬ë
��ˆ ¢ á®®â¢¥âáâ¢¨¨ á âà¥¡ã¥¬ë¬¨ ª®−ä¨£ãà�æ¨ï¬¨. �� «®£¨ç¥áª®¬ ãà®¢−¥ íâ®â
¯à¨−æ¨¯ ®¡¥á¯¥ç¨¢�¥âáï, ¢ ®á−®¢−®¬, ª®−æ¥¯æ¨ï¬¨ ¬®¤ã«ì−®áâ¨ ã−¨ä¨ª�æ¨¨
¨−â¥àä¥©á®¢.

�à¨−æ¨¯ ¬®¤¨ä¨æ¨àã¥¬®áâ¨ ¨ �¤�¯â¨¢−®áâ¨ ¯à¥¤¯®«�£�¥â, ¢®-¯¥à¢ëå,
¯à¨−æ¨¯¨�«ì−ãî ¢®§¬®¦−®áâì, � ¢®-¢â®àëå | ¨á¯®«ì§®¢�−¨¥ �¯¯�à�â−®-¯à®-
£à�¬¬−ëå áà¥¤áâ¢ ¤«ï ¢áâ�¢ª¨, ã¤�«¥−¨ï, §�¬¥−ë ®â¤¥«ì−ëå ¡«®ª®¢ á¨áâ¥¬ë,
¨å äã−ªæ¨®−�«ì−®© ¯¥à¥®à¨¥−â�æ¨¨, ¯�à�¬¥âà¨ç¥áª®© −�áâà®©ª¨ ¨ â. ¯. á ¬¨-
−¨¬�«ì−®© ¯¥à¥áâà®©ª®© ¤àã£¨å ¡«®ª®¢ ¨ á á®åà�−¥−¨¥¬ (¥á«¨ íâ® −¥®¡å®¤¨¬®)
¡�§®¢ëå å�à�ªâ¥à¨áâ¨ª á¨áâ¥¬ë. �� «®£¨ç¥áª®¬ ãà®¢−¥ íâ®â ¯à¨−æ¨¯ ®¡¥á¯¥-
ç¨¢�¥âáï, ¢ ®á−®¢−®¬, ª®−æ¥¯æ¨ï¬¨ ¬®¤ã«ì−®áâ¨, ã−¨ä¨ª�æ¨¨, ¢¨àâã�«ì−®áâ¨,
í¬ã«ïæ¨¨ ¨ ¤¨¢¥àá¨ä¨ª�æ¨¨.

�à¨−æ¨¯ íà£®−®¬¨ç−®áâ¨ âà¥¡ã¥â ®â à�§à�¡®âç¨ª®¢ áà¥¤áâ¢ ¨ á¨áâ¥¬ ��ˆ
ãç¥â� ¯á¨å®ä¨§¨®«®£¨ç¥áª¨å ®á®¡¥−−®áâ¥© ¯®«ì§®¢�â¥«¥©. �â®, ¢ ¯¥à¢ãî ®ç¥-
à¥¤ì, ®â−®á¨âáï ª ¨−â¥àä¥©á�¬ ¯®«ì§®¢�â¥«ï á á¨áâ¥¬®©, ãáâà®©áâ¢�¬, ®¡¥á-
¯¥ç¨¢�îé¨¬ ¨−â¥à�ªâ¨¢−ë© à¥¦¨¬ à�¡®âë á á¨áâ¥¬®©, ¢ â®¬ ç¨á«¥ ¯à¨ ¥¥
®¡á«ã¦¨¢�−¨¨ (¤¨�£−®áâ¨ª¥, ª®−âà®«¥, à¥¬®−â¥ ¨ â. ¯.).

‡−�ç¥−¨¥ ¯à¨−æ¨¯®¢ ®¡¥á¯¥ç¥−¨ï ¤®áâ�â®ç−®© −�¤¥¦−®áâ¨ ¨ −¥ãª«®−−®£®
á−¨¦¥−¨ï áâ®¨¬®áâ¨ ®ç¥¢¨¤−®. �â® | á�¬ë¥ ª®¬¯«¥ªá−ë¥ ¯à¨−æ¨¯ë, ¯®áª®«ìªã
−� ¨å ®¡¥á¯¥ç¥−¨¥ ¯àï¬® ¨«¨ ª®á¢¥−−® à�¡®â�îâ ¢á¥ ¯à¨−æ¨¯ë «®£¨ç¥áª®£® ãà®¢−ï
¨ ¬¥â®¤ë ¨å à¥�«¨§�æ¨¨ | −� ä¨§¨ç¥áª®¬ ãà®¢−¥.

‹®£¨ç¥áª¨© ãà®¢¥−ì, ¨«¨ ãà®¢¥−ì â¥å−¨ç¥áª®£® ¯à®¥ªâ¨à®¢�−¨ï, ®âà�¦�¥â á®-
¢à¥¬¥−−ë¥ âà¥¡®¢�−¨ï ã−¨ä¨ª�æ¨¨ ¯à®¥ªâ−ëå à¥è¥−¨©, ®¡¥á¯¥ç¨¢�îé¨© ¬�ªá¨-
¬�«ì−ãî −¥§�¢¨á¨¬®áâì äã−ªæ¨®−�«ì−®© áâàãªâãàë áà¥¤áâ¢ ¨ á¨áâ¥¬ ��ˆ ®â ¨å
�¯¯�à�â−®-¯à®£à�¬¬−®© à¥�«¨§�æ¨¨ ¯à¨ á®åà�−¥−¨¨ ¬�ªá¨¬�«ì−®© ¯à®¡«¥¬−®©
®à¨¥−â�æ¨¨ ¨ ¢ë¯®«−¥−¨¨ íà£®â¥å−¨ç¥áª¨å âà¥¡®¢�−¨© ¯à¨ª«�¤−®£® ãà®¢−ï. ‹®-
£¨ç¥áª¨© ãà®¢¥−ì á«ã¦¨â ¨−â¥àä¥á®¬ ¬¥¦¤ã ¯à¨ª«�¤−ë¬ ¨ ä¨§¨ç¥áª¨¬. �á−®¢-
−ë¥ ¯à¨−æ¨¯ë «®£¨ç¥áª®£® ãà®¢−ï: ã−¨ä¨ª�æ¨ï, á¯¥æ¨�«¨§�æ¨ï, ¨−â¥£à�æ¨ï,
¤¨ää¥à¥−æ¨�æ¨ï, ¬®¤ã«ì−®áâì, ¢¨àâã�«ì−®áâì, í¬ã«ïæ¨ï, ¤¥æ¥−âà�«¨§�æ¨ï, ¤¨-
¢¥àá¨ä¨ª�æ¨ï.

‚ à�§−ë¥ ¯¥à¨®¤ë à�§¢¨â¨ï Š��ˆ −� ¯¥à¢ë© ¯«�− ¢ëå®¤¨«¨ â¥ ¨«¨ ¨−ë¥
¯à®¡«¥¬ë, á¢ï§�−−ë¥ á ¨−ä®à¬�æ¨®−−ë¬¨ â¥å−®«®£¨ï¬¨ ¨ ¢ëç¨á«¨â¥«ì−ë¬¨
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

á¨áâ¥¬�¬¨. �®¤à®¡−ë© �−�«¨§ á®¢à¥¬¥−−ëå ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨, ¢�¦−ëå ¤«ï
Š��ˆ, ¤�− ¢ [4, 5]).

3 Особенности компьютерной поддержки статистических научных
исследований

3.1 Задачи статистических исследований

‚ áâ®å�áâ¨ç¥áª®© ¨−ä®à¬�â¨ª¥ ¯à¨å®¤¨âáï ¢áâà¥ç�âìáï á à�§«¨ç−ë¬¨ ®¯¨-
á�−¨ï¬¨ ¢å®¤−ëå ¨ ¢ëå®¤−ëå ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢. ’�ª, −�¯à¨¬¥à, ¢
á¨áâ¥¬�å ¯¥à¥¤�ç¨ ¨ ®¡à�¡®âª¨ á¨£−�«®¢ ¢å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¯à®æ¥ááë á ¬�â¥¬�-
â¨ç¥áª®© â®çª¨ §à¥−¨ï ¯à¥¤áâ�¢«ïîâ á®¡®© áª�«ïà−ë¥ ¨«¨ ¢¥ªâ®à−ë¥ á«ãç�©−ë¥
¯à®æ¥ááë, ¢ ¢ëç¨á«¨â¥«ì−ëå ãáâà®©áâ¢�å | «®£¨ç¥áª¨¥ ¯¥à¥¬¥−−ë¥, ¢ á¨áâ¥¬�å
¬�áá®¢®£® ®¡á«ã¦¨¢�−¨ï | ¯®â®ª¨ á®¡ëâ¨©, ¢ á¨áâ¥¬�å à�á¯®§−�¢�−¨ï | á«ã-
ç�©−ë¥ £à�äë, ¨§®¡à�¦¥−¨ï, ‘” ¢¥ªâ®à−®£® �à£ã¬¥−â� ¨ ¤àã£¨¥ ®¡à�§ë, ª�ª
¨å ¯à¨−ïâ® −�§ë¢�âì ¢ â¥®à¨¨ à�á¯®§−�¢�−¨ï ®¡à�§®¢. �®íâ®¬ã ¢ ®¡é¥¬ á«ãç�¥
−¥®¡å®¤¨¬® áç¨â�âì ¢å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¯à®æ¥ááë í«¥¬¥−â�¬¨ ¯à®¨§¢®«ì−ëå
�¡áâà�ªâ−ëå ¯à®áâà�−áâ¢.

‚ §�¢¨á¨¬®áâ¨ ®â ¯à¨−ïâ®£® áâ�â¨áâ¨ç¥áª®£® ®¯¨á�−¨ï ¯à®æ¥áá®¢ ¨ á¢ï§¨
¬¥¦¤ã −¨¬¨ ¢ë¤¥«ïîâ à�§«¨ç−ë¥ â¨¯ë ¬®¤¥«¥© áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬ (‘â‘).
„«ï ‘â‘ á á®áà¥¤®â®ç¥−−ë¬¨ ¯�à�¬¥âà�¬¨ −�¨¡®«¥¥ è¨à®ª®¥ à�á¯à®áâà�−¥−¨¥
¯®«ãç¨«¨ áâ®å�áâ¨ç¥áª¨¥ ¬®¤¥«¨, ®¯¨áë¢�¥¬ë¥ áâ®å�áâ¨ç¥áª¨¬¨ ª®−¥ç−ë¬¨,
à�§−®áâ−ë¬¨, ¤¨ää¥à¥−æ¨�«ì−ë¬¨, ¨−â¥£à®¤¨ää¥à¥−æ¨�«ì−ë¬¨ ¨ ¡®«¥¥ ®¡é¨-
¬¨ äã−ªæ¨®−�«ì−®-à�§−®áâ−ë¬¨ ¨ äã−ªæ¨®−�«ì−®-¤¨ää¥à¥−æ¨�«ì−ë¬¨ ãà�¢-
−¥−¨ï¬¨. „«ï à�á¯à¥¤¥«¥−−ëå ‘â‘ ¨á¯®«ì§ãîâáï áâ®å�áâ¨ç¥áª¨¥ ãà�¢−¥−¨ï ¢
á®®â¢¥âáâ¢ãîé¨å £¨«ì¡¥àâ®¢ëå ¨ ¡�−�å®¢ëå ¯à®áâà�−áâ¢�å.

–¥−âà�«ì−®© §�¤�ç¥© ¨áá«¥¤®¢�−¨ï áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ ¨ á¨áâ¥¬ ï¢«ï-
¥âáï §�¤�ç� ¯®áâà®¥−¨ï ¨å �¤¥ª¢�â−ëå ¬®¤¥«¥©. ÷¥è¥−¨¥ íâ®© §�¤�ç¨ âà¥¡ã¥â
áãé¥áâ¢¥−−®£® ®¡®¡é¥−¨ï ¨§¢¥áâ−ëå à¥§ã«ìâ�â®¢ á®¢à¥¬¥−−®© ¯à¨ª«�¤−®© â¥®-
à¨¨ áâ®å�áâ¨ç¥áª¨å ¯à®æ¥áá®¢ ¨ á¨áâ¥¬, ¨ ¨áá«¥¤®¢�−¨ï −¥¨§¬¥à¨¬® ãá«®¦−ï-
îâáï ¢ á¨«ã â®£®, çâ® áâ�â¨áâ¨ç¥áª®¬ã ®æ¥−¨¢�−¨î ¨ ¨¤¥−â¨ä¨ª�æ¨¨ ¯®¤«¥¦�â
−¥ â®«ìª® ¯�à�¬¥âàë ¢ ãà�¢−¥−¨ïå, ¨å ¯®àï¤®ª ¨ áâàãªâãà�, −® ¨ áâ�â¨áâ¨ç¥-
áª¨¥ å�à�ªâ¥à¨áâ¨ª¨ ¤¥©áâ¢ãîé¨å −� á¨áâ¥¬ã ¢−¥è−¨å ¨ ¢−ãâà¥−−¨å á«ãç�©−ëå
¢®§¬ãé¥−¨©.

„«ï ®¯¥à�â¨¢−®£® ®æ¥−¨¢�−¨ï â¥ªãé¥£® á®áâ®ï−¨ï ¨ ¯�à�¬¥âà®¢ ‘â‘, � â�ª¦¥
®æ¥−¨¢�−¨ï ¡ã¤ãé¨å á®áâ®ï−¨© ‘â‘ ¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨ ¯à¨¬¥−ïîâáï
®¯â¨¬�«ì−ë¥, áã¡®¯â¨¬�«ì−ë¥ ¬¥â®¤ë, ®á−®¢�−−ë¥ −� ã¯à®é¥−¨¨ ãà�¢−¥−¨©
−¥«¨−¥©−®© ä¨«ìâà�æ¨¨ (ä¨«ìâà ¬¥â®¤� −®à¬�«ì−®© �¯¯à®ªá¨¬�æ¨¨, ®¡®¡é¥−-
−ë© ä¨«ìâà Š�«¬�−�{�ìîá¨, ä¨«ìâàë ¢â®à®£® ¯®àï¤ª� ¨ ¤à.). ‘âà¥¬«¥−¨¥
¯®«ãç¨âì ¯à�ªâ¨ç¥áª¨ à¥�«¨§ã¥¬ë¥ ä¨«ìâàë ¢ §�¤�ç�å ¡®«ìè®© à�§¬¥à−®áâ¨
¯à¨¢®¤¨â ª â¥®à¨¨ ãá«®¢−® ®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ �ã£�çñ¢�. ’¥®à¨ï ãá«®¢−®-
®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ «¥¦¨â ¢ ®á−®¢¥ àï¤� íää¥ªâ¨¢−ëå ¬¥â®¤®¢ ¯®áâà®¥−¨ï

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 9



ˆ. �. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ‚. ‚. �¥«®ãá®¢ ¨ ¤à.

¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥© ¯® íªá¯¥à¨¬¥−â�«ì−ë¬ ¨ áâ�â¨áâ¨ç¥áª¨¬ ¤�−−ë¬ ¢ à¥-
�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨.

�à¨ ®¯â¨¬¨§�æ¨¨ á«®¦−ëå ‘â‘ ®¡ëç−® −¥«ì§ï ®£à�−¨ç¨âìáï ª�ª¨¬-«¨¡®
®¤−¨¬ ªà¨â¥à¨¥¬, å�à�ªâ¥à¨§ãîé¨¬ à�¡®âã á¨áâ¥¬ë ¤®áâ�â®ç−® ¯®«−® ¨ à�§−®-
áâ®à®−−¥, � −�¤® ¯à¨−¨¬�âì ¢® ¢−¨¬�−¨¥ àï¤ «®ª�«ì−ëå ªà¨â¥à¨¥¢, ãç¨âë¢�îé¨å
−¥á®¢¯�¤¥−¨¥ æ¥«¥© à�§«¨ç−ëå ¯®¤á¨áâ¥¬. Š §�¤�ç�¬ ®¯â¨¬¨§�æ¨¨ ®â−®á¨âáï â�ª-
¦¥ §�¤�ç� ®¯â¨¬�«ì−®£® ¯à¥®¡à�§®¢�−¨ï ¨ �−�«¨§� ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢
¢ à�§«¨ç−ëå ¯®¤á¨áâ¥¬�å. ‚ ç�áâ−®áâ¨, ª íâ¨¬ §�¤�ç�¬ ¯à¨−�¤«¥¦�â §�¤�ç¨ −�¨-
«ãçè¥£® ¯à®£−®§¨à®¢�−¨ï à�¡®âë á¨áâ¥¬ë, � â�ª¦¥ ¢®¯à®áë á¦�â¨ï, ¯¥à¥¤�ç¨
¨ �àå¨¢�æ¨¨ ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢, §�¤�ç¨ ®¡¥á¯¥ç¥−¨ï ¨å á®åà�−¥−¨ï ¢
ãá«®¢¨ïå ¯®¬¥å, ¢�¦−ë¥ ¤«ï á®§¤�−¨ï ¡�§ ¤�−−ëå ¨ §−�−¨©.

‘«¥¤ãï [3], ¢¢¥¤¥¬ ¯®−ïâ¨¥ ú®¡à�¡®âª¨û ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢. ‚ ¯®-
−ïâ¨¥ ú®¡à�¡®âª�û ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢ á ¯®¬®éìî ª®¬¯ìîâ¥à®¢ ¢ª«�¤ë-
¢�¥âáï ¡®«¥¥ è¨à®ª¨© á¬ëá«, ç¥¬ ¢ âà�¤¨æ¨®−−ë© â¥à¬¨− úæ¨äà®¢�ï ®¡à�¡®âª�
á¨£−�«®¢û. �®á«¥¤−¨© ®¡ëç−® ®§−�ç�¥â ª®¬¯ìîâ¥à−®¥ ¯à¥®¡à�§®¢�−¨¥ ®¤−®£®
á¨£−�«� ¢ ¤àã£®© á ¨á¯®«ì§®¢�−¨¥¬ ¬�â¥¬�â¨ç¥áª¨å ¬¥â®¤®¢. ‘®¢à¥¬¥−−®¥ ¯®−ï-
â¨¥ ú®¡à�¡®âª�û ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢ á ¯®¬®éìî ª®¬¯ìîâ¥à®¢ ¯à¥¤¯®«�-
£�¥â ¢§�¨¬®§�¢¨á¨¬®¥ ¢ à�¬ª�å ¥¤¨−®© ˆ’ à¥è¥−¨¥ ª®¬¯«¥ªá� ¬¥â®¤®«®£¨ç¥áª¨å,
�«£®à¨â¬¨ç¥áª¨å ¨ â¥å−¨ç¥áª¨å ¢®¯à®á®¢, ®¡¥á¯¥ç¨¢�îé¨å ¢®§¬®¦−®áâì ¨á¯®«ì-
§®¢�−¨ï ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢ ¤«ï à¥è¥−¨ï à�§−®®¡à�§−ëå ¯à�ªâ¨ç¥áª¨å
§�¤�ç. ’�ª®¥ ¯®−¨¬�−¨¥ ú®¡à�¡®âª¨û á ¯®¬®éìî ª®¬¯ìîâ¥à®¢ ¯®§¢®«ï¥â ¢ë¤¥-
«¨âì ®¡é¨¥ �á¯¥ªâë à¥è¥−¨ï §�¤�ç, á¢ï§�−−ëå á ®¡à�¡®âª®© ¨−ä®à¬�æ¨®−−ëå
¯à®æ¥áá®¢, ¨ ¡®«¥¥ ç¥âª® áä®à¬ã«¨à®¢�âì ¯®−ïâ¨¥ ˆ’ ¨áá«¥¤®¢�−¨ï ‘â‘ ª�ª
íää¥ªâ¨¢−ëå áà¥¤áâ¢ à¥è¥−¨ï â�ª¨å §�¤�ç. Šà®¬¥ â®£®, íâ® ¤�¥â ¢®§¬®¦−®áâì
á®§¤�âì ¥¤¨−ãî â¥®à¥â¨ç¥áªãî ¨ ¯à�ªâ¨ç¥áªãî ¡�§ã ¤«ï â�ª¨å −�¯à�¢«¥−¨© ®¡-
à�¡®âª¨ ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢, ª�ª ú®¡à�¡®âª� á¨£−�«®¢, ¨§®¡à�¦¥−¨© ¨
¯®«¥©û, úà�á¯®§−�¢�−¨¥ ¨ ¯®−¨¬�−¨¥ á¨£−�«®¢, ¨§®¡à�¦¥−¨© ¨ ¯®«¥©û, ª®â®àë¥
®¡ëç−® à�áá¬�âà¨¢�«¨áì −¥§�¢¨á¨¬®.

‚ á®¢à¥¬¥−−®© «¨â¥à�âãà¥ ¯® â¥®à¨¨ ¨ ¯à�ªâ¨ª¥ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨®−−ëå
¯à®æ¥áá®¢ áãé¥áâ¢ãîâ à�§«¨ç−ë¥ ¢�à¨�−âë ª«�áá¨ä¨ª�æ¨¨ §�¤�ç, ª®â®àë¥ ¯à¥-
á«¥¤ãîâ à�§«¨ç−ë¥ æ¥«¨. …á«¨ áâà¥¬¨âìáï ª á®®â¢¥âáâ¢¨î ¬¥¦¤ã ¯à¨−æ¨¯�¬¨
ª«�áá¨ä¨ª�æ¨¨ ¨ ¢®§¬®¦−®áâìî íää¥ªâ¨¢−®© à¥�«¨§�æ¨¨ §�¤�ç áâ�â¨áâ¨ç¥áª¨å
¨áá«¥¤®¢�−¨© −� ®á−®¢¥ ˆ’, â® à�§«¨ç�îâ âà¨ ª«�áá� §�¤�ç ®¡à�¡®âª¨ ¨−ä®à-
¬�æ¨®−−ëå ¯à®æ¥áá®¢: á¨−â¥§, ¯à¥®¡à�§®¢�−¨¥ ¨ �−�«¨§. ‚ à�¬ª�å íâ¨å âà¥å
ª«�áá®¢ æ¥«¥á®®¡à�§−® ¢ë¤¥«¨âì â¨¯®¢ë¥, ç�áâ® ¢áâà¥ç�îé¨¥áï §�¤�ç¨ ®¡à�¡®â-
ª¨, ®à¨¥−â¨àãïáì −� ¯à�ªâ¨ç¥áªãî ¨å à¥�«¨§�æ¨î ¢ ¢¨¤¥ á®®â¢¥âáâ¢ãîé¥© ˆ’.
’�ª�ï â¨¯¨§�æ¨ï áâ�−®¢¨âáï ®á®¡¥−−® −¥®¡å®¤¨¬®© ¯à¨ á®§¤�−¨¨ ¯¥àá®−�«ì−ëå
ˆ’, ®à¨¥−â¨à®¢�−−ëå −� ¨á¯®«ì§®¢�−¨¥ ¯¥àá®−�«ì−ëå ª®¬¯ìîâ¥à®¢ ¢ ¯¥à¢ãî
®ç¥à¥¤ì.

‚ á®®â¢¥âáâ¢¨¨ á ª«�áá¨ä¨ª�æ¨¥© ª äã−ªæ¨®−�«ì−®-®à¨¥−â¨à®¢�−−ë¬ ˆ’
¨áá«¥¤®¢�−¨ï ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢ ®â−®áïâáï, −�¯à¨¬¥à, ˆ’ ¢ëç¨á«¥−¨ï:

10 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

{ ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨©, ¤¨á¯¥àá¨©, ª®¢�à¨�æ¨©, ª®íää¨æ¨¥−â®¢ ª®àà¥-
«ïæ¨¨, ¬®¬¥−â®¢ ¨ ª¢�§¨¬®¬¥−â®¢ à�§«¨ç−ëå ¯®àï¤ª®¢ ¤«ï ª�¦¤®£® ¬®¬¥−â�
¢à¥¬¥−¨;

{ ª®¢�à¨�æ¨®−−ëå ¨ ¢§�¨¬−ëå ª®¢�à¨�æ¨®−−ëå äã−ªæ¨© (á¯¥ªâà�«ì−ëå ¨
¢§�¨¬−ëå á¯¥ªâà�«ì−ëå ¯«®â−®áâ¥©), ¬®¬¥−â®¢ ¨ ª¢�§¨¬®¬¥−â®¢ à�§«¨ç−ëå
¯®àï¤ª®¢ ¤«ï à�§«¨ç−ëå ¬®¬¥−â®¢ ¢à¥¬¥−¨;

{ ®¤−®¬¥à−ëå à�á¯à¥¤¥«¥−¨© (¯«®â−®áâ¥©, å�à�ªâ¥à¨áâ¨ç¥áª¨å äã−ªæ¨© ¨
äã−ªæ¨®−�«®¢, ¤®¢¥à¨â¥«ì−ëå ®¡«�áâ¥©) ¤«ï ª�¦¤®£® ¬®¬¥−â� ¢à¥¬¥−¨;

{ ¬−®£®¬¥à−ëå à�á¯à¥¤¥«¥−¨© (¯«®â−®áâ¥©, å�à�ªâ¥à¨áâ¨ç¥áª¨å äã−ªæ¨© ¨
äã−ªæ¨®−�«®¢, ¤®¢¥à¨â¥«ì−ëå ®¡«�áâ¥©) ¤«ï à�§«¨ç−ëå ¬®¬¥−â®¢ ¢à¥¬¥−¨
¨ â. ¤.

Š ¯à®¡«¥¬−®-®à¨¥−â¨à®¢�−−ë¬ ˆ’ ¬®£ãâ ¡ëâì ®â−¥á¥−ë, −�¯à¨¬¥à, á«¥¤ã-
îé¨¥:

{ �−�«¨§ ª�ç¥áâ¢� (â®ç−®áâ¨, çã¢áâ¢¨â¥«ì−®áâ¨, ¡ëáâà®¤¥©áâ¢¨ï, ãáâ®©ç¨-
¢®áâ¨, ¯®¬¥å®§�é¨é¥−−®áâ¨, −�¤¥¦−®áâ¨);

{ ä¨«ìâà�æ¨ï, ¨−â¥à¯®«ïæ¨ï, íªáâà�¯®«ïæ¨ï, à¥áâ�¢à�æ¨ï ¨ à¥¤�ªâ¨à®¢�−¨¥
¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢;

{ ª®¤¨à®¢�−¨¥ ¨ ¤¥ª®¤¨à®¢�−¨¥, ª®¬¯à¥áá¨ï ¨ ¤¥ª®¬¯à¥áá¨ï ¨−ä®à¬�æ¨®−−ëå
¯à®æ¥áá®¢;

{ ¨¤¥−â¨ä¨ª�æ¨ï ¨ ¯®áâà®¥−¨¥ ¬�â¥¬�â¨ç¥áª¨å ¬®¤¥«¥©, à�á¯®§−�¢�−¨¥ ¨
¯®−¨¬�−¨¥ ¨−ä®à¬�æ¨®−−ëå ¯à®æ¥áá®¢;

{ ®¯â¨¬¨§�æ¨ï ¯�à�¬¥âà®¢, áâàãªâãàë, á¨−â¥§ ®¯â¨¬�«ì−ëå á¨áâ¥¬ ã¯à�¢«¥-
−¨ï ¨áá«¥¤®¢�−¨ï¬¨ ¨ ¤à.

”�ªâ ¨á¯®«ì§®¢�−¨ï ¯¥àá®−�«ì−ëå ª®¬¯ìîâ¥à®¢ ¤«ï à¥�«¨§�æ¨¨ ˆ’ ¨áá«¥-
¤®¢�−¨© ®¯à¥¤¥«ï¥â â�ª¨¥ −®¢ë¥ á¯¥æ¨ä¨ç¥áª¨¥ (¯¥àá®−�«ì−ë¥) á¢®©áâ¢� â¥å-
−®«®£¨¨ ¨áá«¥¤®¢�−¨ï, ª�ª ¨−â¥à�ªâ¨¢−®áâì, ¤®áâã¯−®áâì ¤«ï ¯®«ì§®¢�â¥«ï, −¥
ï¢«ïîé¥£®áï ¯à®ä¥áá¨®−�«®¬ ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�â¨ª¨, ®â−®á¨-
â¥«ì−�ï ã−¨¢¥àá�«ì−®áâì, á¡�«�−á¨à®¢�−−ë¥ â¥å−¨ª®-íª®−®¬¨ç¥áª¨¥ ¯®ª�§�â¥«¨.
Šà®¬¥ â®£®, ˆ’ ¤®«¦−ë ®¡«�¤�âì â�ª¨¬¨ á¢®©áâ¢�¬¨, ª�ª ¤¨�«®£®¢�ï à¥�ªâ¨¢-
−®áâì, â¨à�¦¨àã¥¬®áâì, ¯à¨á¯®á®¡«ï¥¬®áâì ª ª®−ªà¥â−®© §�¤�ç¥, ¢®§¬®¦−®áâì
á®§¤�−¨ï ¡�−ª®¢ ¨−ä®à¬�æ¨¨ (¤�−−ëå ¨ §−�−¨©), á�¬®â¥áâ¨àã¥¬®áâì, ã−¨ä¨æ¨-
à®¢�−−®áâì ¯à®£à�¬¬−ëå ¨ �¯¯�à�â−ëå áà¥¤áâ¢, §�é¨é¥−−®áâì ®â −¥ª®àà¥ªâ−ëå
¤¥©áâ¢¨© ®¯¥à�â®à� ¨ ¤à.

3.2 Требования к информационным технологиям анализа и синтеза фильтров
для обработки информации

„«ï â®£® çâ®¡ë á®§¤�âì ¤®áâ�â®ç−® íää¥ªâ¨¢−ãî áâ®å�áâ¨ç¥áªãî ˆ’, âà¥-
¡ã¥âáï ¯à®¢¥áâ¨ âé�â¥«ì−ë© �−�«¨§ íâ�¯®¢ à¥è¥−¨ï §�¤�ç¨ ¯® á®§¤�−¨î á¨áâ¥¬
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®¡à�¡®âª¨ à¥§ã«ìâ�â®¢ ¨§¬¥à¥−¨© ¢ à¥�«ì−®¬ ¬�áèâ�¡¥ ¢à¥¬¥−¨. �−�«¨§ ¯à�ª-
â¨ç¥áª®£® ®¯ëâ� á®§¤�−¨ï á¨áâ¥¬ â�ª®£® à®¤� ¯®§¢®«ï¥â ¢ë¤¥«¨âì å�à�ªâ¥à−ë¥
íâ�¯ë à�§à�¡®âª¨ [6]. �à¨ íâ®¬ ¯à¥¤¯®«�£�¥âáï, çâ® −�ç�«ã á«¥¤ãîé¥£® íâ�¯�
¯à¥¤è¥áâ¢ã¥â ãá¯¥è−®¥ §�¢¥àè¥−¨¥ ¯à¥¤ë¤ãé¥£®. �à¨ −¥ã¤�ç¥ −� ®¯à¥¤¥«¥−−®¬
íâ�¯¥ �−�«¨§¨àãîâáï ¥¥ ¯à¨ç¨−ë ¨ ¯à®¨áå®¤¨â ¢®§¢à�â ª ®¤−®¬ã ¨§ ¯à¥¤è¥áâ¢ã-
îé¨å íâ�¯®¢ à�§à�¡®âª¨ ¨ ¢ë¡®à ¤àã£¨å à¥è¥−¨©.

�â�¯ 1. �®áâ�−®¢ª� §�¤�ç¨. �� ¤�−−®¬ íâ�¯¥ ª®««¥ªâ¨¢ ¨áá«¥¤®¢�â¥«¥©
¤®«¦¥− ¯®áâ�¢¨âì §�¤�çã ¯® á®§¤�−¨î ä¨«ìâà� ¤«ï ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ −�
®á−®¢¥ ¨¬¥îé¨åáï ¨áå®¤−ëå ¤�−−ëå ¤«ï ¥¥ à¥è¥−¨ï. ˆáå®¤−ë¥ ¤�−−ë¥ ¤®«¦−ë
á®¤¥à¦�âì ®¡é¨¥ å�à�ªâ¥à¨áâ¨ª¨ ®¡ê¥ªâ� ¨ ¨§¬¥à¨â¥«ì−ëå ãáâà®©áâ¢, ¤�−−ë¥ ®
¢®§¬®¦−®áâïå ¢ëç¨á«¨â¥«ì−ëå ãáâà®©áâ¢ ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¢ â¥à¬¨−�å Š÷.
‚ á®áâ�¢ ¨áå®¤−ëå ¤�−−ëå â�ª¦¥ ¢ª«îç�îâáï âà¥¡®¢�−¨ï −� à�§à�¡�âë¢�¥¬ãî
á¨áâ¥¬ã ®¡à�¡®âª¨, ¢ â®¬ ç¨á«¥ âà¥¡®¢�−¨ï ¯® â®ç−®áâ¨, áª®à®áâ¨, á«®¦−®áâ¨
¨ −�¤¥¦−®áâ¨. Šà�©−¥ ¦¥«�â¥«ì−ë¬ í«¥¬¥−â®¬ ¨áå®¤−ëå ¤�−−ëå á«ã¦¨â ¤®-
áâã¯−�ï íªá¯¥à¨¬¥−â�«ì−�ï ¨−ä®à¬�æ¨ï, ¯®«ãç¥−−�ï ¢ å®¤¥ äã−ªæ¨®−¨à®¢�−¨ï
®¡ê¥ªâ� ¨ ¨§¬¥à¨â¥«ì−ëå ãáâà®©áâ¢ ¢ â¥à¬¨−�å Š÷. �¤−�ª® íâ® ¢®§¬®¦−® â®«ìª®
¢ â¥å á«ãç�ïå, ª®£¤� §�¤�ç� á®§¤�−¨ï á¨áâ¥¬ë ®¡à�¡®âª¨ à¥è�¥âáï ¯®á«¥ á®§¤�−¨ï
à¥�«ì−®£® ®¡ê¥ªâ�, � −¥ ¢ å®¤¥ ¥£® ¯à®¥ªâ¨à®¢�−¨ï. „®¯®«−¨â¥«ì−ë¬¨ ¤�−−ë¬¨,
áãé¥áâ¢¥−−® ¢«¨ïîé¨¬¨ −� ¯®á«¥¤ãîé¨¥ íâ�¯ë à�§à�¡®âª¨, ï¢«ïîâáï ®à£�−¨-
§�æ¨®−−ë¥ ¢®¯à®áë, â�ª¨¥ ª�ª áà®ª¨ à�§à�¡®âª¨, ª®«¨ç¥áâ¢® ¨ ª¢�«¨ä¨ª�æ¨ï
á¯¥æ¨�«¨áâ®¢, −�«¨ç¨¥ −¥®¡å®¤¨¬ëå ¢ëç¨á«¨â¥«ì−ëå ¬®é−®áâ¥© ¤«ï à¥è¥−¨ï
§�¤�ç¨ ¨ ¤à.

�â�¯ 2. �®áâà®¥−¨¥ �¤¥ª¢�â−®© ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ®¡ê¥ªâ� ¨ ¨§-
¬¥à¨â¥«ì−ëå ãáâà®©áâ¢. �� íâ®¬ íâ�¯¥ ¤®«¦−� ¡ëâì ¯®áâà®¥−� −� ®á−®¢¥ Š÷
¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì à¥�«ì−®£® ®¡ê¥ªâ�, � â�ª¦¥ ¨á¯®«ì§ã¥¬ëå ¨§¬¥à¨â¥«ì-
−ëå ãáâà®©áâ¢. �®áâà®¥−−�ï â�ª¨¬ ®¡à�§®¬ ¬®¤¥«ì ¬®¦¥â á®¤¥à¦�âì ¡®«ìè®¥
ª®«¨ç¥áâ¢® ¯�à�¬¥âà®¢, á¢ï§�−−ëå ¬¥¦¤ã á®¡®© ãà�¢−¥−¨ï¬¨ à�§«¨ç−®£® â¨¯�,
¢ â®¬ ç¨á«¥ �«£¥¡à�¨ç¥áª¨¬¨, à�§−®áâ−ë¬¨, ¤¨ää¥à¥−æ¨�«ì−ë¬¨, ¨−â¥£à�«ì-
−ë¬¨ ¨ â. ¤. �à¨ íâ®¬ ®á−®¢−®© æ¥«ìî ¤�−−®£® íâ�¯� ¤®«¦−® ¡ëâì ¯®áâà®¥−¨¥
¨¬¥−−® �¤¥ª¢�â−®© ¬®¤¥«¨ ¡¥§ ãç¥â� ¦¥áâª¨å âà¥¡®¢�−¨© ª ¥¥ áâàãªâãà¥. Š á®¦�-
«¥−¨î, −¥¯®áà¥¤áâ¢¥−−�ï ¯à®¢¥àª� ¤®áâ®¢¥à−®áâ¨ ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ç�é¥
¢á¥£® á¤¥«�−� ¡ëâì −¥ ¬®¦¥â, ¨ ¯®íâ®¬ã âà¥¡ã¥âáï ¢ë¯®«−¥−¨¥ á«¥¤ãîé¥£®
íâ�¯�.

�â�¯ 3. �®áâà®¥−¨¥ ª®¬¯ìîâ¥à−®© ¬®¤¥«¨ à�áá¬�âà¨¢�¥¬®£® ®¡ê¥ªâ�.
„«ï ¯à®¢¥àª¨ �¤¥ª¢�â−®áâ¨ ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ −� ®á−®¢¥ Š÷, ¯®áâà®¥−−®©
−� ¯à¥¤ë¤ãé¥¬ íâ�¯¥, ¤®«¦−� ¡ëâì á®§¤�−� á®®â¢¥âáâ¢ãîé�ï ¥© ª®¬¯ìîâ¥à−�ï
¬®¤¥«ì (¯à®£à�¬¬�) ¨ ¤®«¦−ë ¡ëâì ¯à®¢¥¤¥−ë −¥®¡å®¤¨¬ë¥ ¢ëç¨á«¨â¥«ì−ë¥
íªá¯¥à¨¬¥−âë. �� íâ®¬ íâ�¯¥ ¤«ï áà�¢−¥−¨ï ¯à¨¢«¥ª�îâáï íªá¯¥à¨¬¥−â�«ì−ë¥
¤�−−ë¥.
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

�â�¯ 4. ‚ë¡®à ¬¥â®¤� ®¡à�¡®âª¨ à¥§ã«ìâ�â®¢ ¨§¬¥à¥−¨© (ä¨«ìâà�æ¨¨).
“ç¨âë¢�ï ¯®«ãç¥−−ë¥ −� íâ�¯¥ 1 ¨áå®¤−ë¥ ¤�−−ë¥, á«®¦−®áâì ¨ áâàãªâãàã ¬�â¥-
¬�â¨ç¥áª®© ¬®¤¥«¨, ¯®«ãç¥−−®© −� ¢â®à®¬ íâ�¯¥, ¢®§¬®¦−®áâ¨ ¢ëç¨á«¨â¥«ì−®©
â¥å−¨ª¨, −¥®¡å®¤¨¬® ¢ë¡¨à�âì −�¨¡®«¥¥ ¯®¤å®¤ïé¨© ª«�áá ä¨«ìâà®¢ (−�¯à¨¬¥à,
«¨−¥©−ë¥ ®¯â¨¬�«ì−ë¥, −¥«¨−¥©−ë¥ áã¡®¯â¨¬�«ì−ë¥, −¥«¨−¥©−ë¥ ãá«®¢−®-®¯-
â¨¬�«ì−ë¥ ¨ â. ¤.), � â�ª¦¥ ¬¥â®¤ë ¯®áâà®¥−¨ï ä¨«ìâà®¢ ¢ë¡à�−−®£® ª«�áá� ¢
â¥à¬¨−�å Š÷.

�â�¯ 5. ú‚¥à¨ä¨ª�æ¨ïû ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨. ‚ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢
¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ®¡ê¥ªâ� ¨ ¨§¬¥à¨â¥«ì−ëå ãáâà®©áâ¢, à�§à�¡®â�−−�ï −�
¢â®à®¬ íâ�¯¥, −¥ ú¯®¯�¤�îâû ¯®¤ âà¥¡®¢�−¨ï ª«�áá¨ç¥áª¨å ¯®áâ�−®¢®ª §�¤�ç
ä¨«ìâà�æ¨¨ ¨, á®®â¢¥âáâ¢¥−−®, −¥ ¯®§¢®«ïîâ ¨á¯®«ì§®¢�âì ®âà�¡®â�−−ë¥ ¬¥â®-
¤ë ¨å à¥è¥−¨ï. �®íâ®¬ã ¨á¯®«ì§ãîâáï á¯¥æ¨�«ì−ë¥ ¬¥â®¤ë, ®á−®¢�−−ë¥ −�
Š÷, ¨ âà¥¡ã¥âáï ¯à¨¢¥¤¥−¨¥ ¬�â¥¬�â¨ç¥áª®© ¬®¤¥«¨ ª ¢¨¤ã, ¯à¨£®¤−®¬ã ¤«ï
à¥è¥−¨ï §�¤�ç¨ ä¨«ìâà�æ¨¨, −® á á®åà�−¥−¨¥¬ ¥¥ �¤¥ª¢�â−®áâ¨. ’¨¯¨ç−ë¬
¯à¨¬¥à®¬ â�ª®© ¬®¤¨ä¨ª�æ¨¨ ¬®¦¥â á«ã¦¨âì §�¬¥−� á¨áâ¥¬ë ¤¨ää¥à¥−æ¨�«ì-
−ëå ãà�¢−¥−¨© −� á¨áâ¥¬ã à�§−®áâ−ëå ãà�¢−¥−¨©. ‚® ¬−®£¨å á«ãç�ïå ¯ãâ¥¬
¢¢¥¤¥−¨ï ¤®¯®«−¨â¥«ì−ëå ¯¥à¥¬¥−−ëå ã¤�¥âáï ã¯à®áâ¨âì (ã−¨ä¨æ¨à®¢�âì) â¨¯ë
ãà�¢−¥−¨©.

�â�¯ 6. ÷¥è¥−¨¥ §�¤�ç¨ á¨−â¥§� ä¨«ìâà�. �� íâ®¬ íâ�¯¥ ¯ãâ¥¬ ¯à®¢¥¤¥−¨ï
¬�â¥¬�â¨ç¥áª¨å ¢ëª«�¤®ª −� ®á−®¢¥ Š÷ ¨áå®¤−�ï á¨áâ¥¬� ãà�¢−¥−¨© ¤®«¦−�
¡ëâì ¯à¨¢¥¤¥−� ª á¨áâ¥¬¥ ãà�¢−¥−¨© ¤«ï ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª ¨ ª®íä-
ä¨æ¨¥−â®¢ ä¨«ìâà�. „�«¥¥ −¥®¡å®¤¨¬® ¨á¯®«ì§®¢�−¨¥ �−�«¨â¨ç¥áª®£® ¨ áâ�â¨-
áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï. �à¨ ¨á¯®«ì§®¢�−¨¨ �−�«¨â¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï
¢¥à®ïâ−®áâ−ë¥ ¬®¬¥−âë ¢ëá®ª¨å ¯®àï¤ª®¢ ¯ãâ¥¬ ¯à¨¬¥−¥−¨ï à¥ªãàà¥−â−ëå á®-
®â−®è¥−¨© ¢ â¥à¬¨−�å Š÷ ¢ëà�¦�îâáï ç¥à¥§ ¬®¬¥−âë −¨§è¨å ¯®àï¤ª®¢. ’�ª¨¬
®¡à�§®¬, ¯®«ãç�¥âáï á¨áâ¥¬� ãà�¢−¥−¨©, ¯à¨£®¤−�ï ¤«ï ¯à®¢¥¤¥−¨ï ç¨á«¥−−ëå
à�áç¥â®¢. „�«¥¥ ¯à®¨áå®¤¨â ¯®á«¥¤®¢�â¥«ì−®¥ ¢ëç¨á«¥−¨¥ ¢á¥å −¥®¡å®¤¨¬ëå
å�à�ªâ¥à¨áâ¨ª ¨ ª®íää¨æ¨¥−â®¢ ä¨«ìâà� −� ª�¦¤®¬ è�£¥. �à¨ ¨á¯®«ì§®¢�-
−¨¨ áâ�â¨áâ¨ç¥áª®£® ¬®¤¥«¨à®¢�−¨ï ¯à¨¬¥−ïîâáï ¬¥â®¤ë ç¨á«¥−−®£® à¥è¥−¨ï
áâ®å�áâ¨ç¥áª¨å ãà�¢−¥−¨© ¬¥â®¤�¬¨ Š÷.

�â�¯ 7. ‚ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯® ¯à®¢¥àª¥ ä¨«ìâà®¢. �®á«¥
â®£® ª�ª ¯à®¢¥¤¥−ë ®á−®¢−ë¥ à�áç¥âë, á¢ï§�−−ë¥ á −�å®¦¤¥−¨¥¬ ª®íää¨æ¨¥−â®¢
ä¨«ìâà�, æ¥«¥á®®¡à�§−® ¯à®¢¥áâ¨ ¢ëç¨á«¨â¥«ì−ë¥ íªá¯¥à¨¬¥−âë ¯® ¬®¤¥«¨-
à®¢�−¨î ¨ �−�«¨§ã à¥§ã«ìâ�â®¢ ä¨«ìâà�æ¨¨. �à¨ íâ®¬ æ¥«¥á®®¡à�§−® â�ª¦¥
¯à®¢¥à¨âì ¯®¬¥å®ãáâ®©ç¨¢®áâì ¯®¢¥¤¥−¨ï á¨−â¥§¨à®¢�−−®£® ä¨«ìâà�.

�â�¯ 8. �à¨−ïâ¨¥ à¥è¥−¨ï ® á®®â¢¥âáâ¢¨¨ âà¥¡®¢�−¨ï¬. �� §�ª«îç¨-
â¥«ì−®¬ íâ�¯¥ ¯à®¢®¤¨âáï ®¡®á−®¢�−¨¥ âà¥¡®¢�−¨© ª ª�ç¥áâ¢ã ä¨«ìâà®¢ ¢ á®áâ�¢¥
¤àã£¨å á¨áâ¥¬ Š��ˆ.
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4 Задачи статистической теории синтеза оптимальных,
суб- и условно-оптимальных систем

4.1 Задачи синтеза оптимальных систем

Œ¥â®¤ë Š÷ ¤�îâ ¢®§¬®¦−®áâì ¨áá«¥¤®¢�âì á¨áâ¥¬ë Š��ˆ ¯à¨ −�«¨ç¨¨
�¯à¨®à−®© ¨−ä®à¬�æ¨¨ ® áâàãªâãà¥ ¨ ¤¥©áâ¢ãîé¨å ¢®§¬ãé¥−¨ïå. �¤−�ª® ¤«ï
á®§¤�−¨ï (á¨−â¥§�) â�ª¨å á¨áâ¥¬ íâ¨ ¬¥â®¤ë −¥¤®áâ�â®ç−ë. �à¨ ¯à®¥ªâ¨à®¢�−¨¨
¢áïª®© á¨áâ¥¬ë Š��ˆ ¥¥ å�à�ªâ¥à¨áâ¨ª¨ ¡ë¢�îâ −¥¨§¢¥áâ−ë ¨ ¨å âà¥¡ã¥âáï
®¯à¥¤¥«¨âì â�ª, çâ®¡ë á¨áâ¥¬� ¡ë«� ¢ −¥ª®â®à®¬ á¬ëá«¥ ®¯â¨¬�«ì−®© á â®çª¨
§à¥−¨ï ¢ë¡à�−−®£® ªà¨â¥à¨ï ª�ç¥áâ¢�.

‚áïª�ï á¨áâ¥¬� Š��ˆ ¯à¥¤−�§−�ç¥−� ¤«ï à�¡®âë ¢ à�§«¨ç−ëå ãá«®¢¨ïå,
â. ¥. à�§«¨ç−ëå §�ª®−�å ¨§¬¥−¥−¨ï ¯®¤«¥¦�é¨å ¨§¬¥à¥−¨î, åà�−¥−¨î, ®¡−�àã-
¦¥−¨î, ¯¥à¥¤�ç¥, ¯à¨−ïâ¨î à¥è¥−¨ï ¨ ¢®á¯à®¨§¢¥¤¥−¨î ¢¥«¨ç¨− ¢ §�¢¨á¨¬®áâ¨
®â ¢à¥¬¥−¨. ˆáâ¨−−ë© §�ª®− ¨§¬¥−¥−¨ï íâ¨å ¢¥«¨ç¨− ¢ ª�¦¤®¬ ª®−ªà¥â−®¬
á«ãç�¥ ®áâ�¥âáï −¥¨§¢¥áâ−ë¬. �®íâ®¬ã ¥áâ¥áâ¢¥−−® à�áá¬�âà¨¢�âì ¯®¤«¥¦�é¨¥
¨§¬¥à¥−¨î, åà�−¥−¨î, ®¡−�àã¦¥−¨î, ¯¥à¥¤�ç¥, ¯à¨−ïâ¨î à¥è¥−¨ï ¨ ¢®á¯à®-
¨§¢¥¤¥−¨î á¨£−�«ë ª�ª ‘”, � §�ª®−ë ¨å ¨§¬¥−¥−¨ï ¢ à�§«¨ç−ëå ª®−ªà¥â−ëå
ãá«®¢¨ïå | ª�ª à�§«¨ç−ë¥ ¢®§¬®¦−ë¥ à¥�«¨§�æ¨¨ íâ¨å ‘”. ’®£¤� §�¤�ç� ®¯à¥-
¤¥«¥−¨ï ®¯â¨¬�«ì−®© á¨áâ¥¬ë Š��ˆ ¡ã¤¥â á®áâ®ïâì ¢ â®¬, çâ®¡ë ¯® ¤�−−ë¬
¢¥à®ïâ−®áâ−ë¬ å�à�ªâ¥à¨áâ¨ª�¬, ¯®¤«¥¦�é¨å ¨§¬¥à¥−¨î, åà�−¥−¨î, ®¡−�àã-
¦¥−¨î, ¯¥à¥¤�ç¥, ¯à¨−ïâ¨î à¥è¥−¨ï, ¢®á¯à®¨§¢¥¤¥−¨î ‘” ¨ ¯®¬¥å, −�©â¨
®¯¥à�â®à á¨áâ¥¬ë, ®¡¥á¯¥ç¨¢�îé¨© ¢ ¨§¢¥áâ−®¬ á¬ëá«¥ −�¨«ãçè¥¥ ª�ç¥áâ¢®
à�¡®âë á¨áâ¥¬ë. �� â�ª®© ¯®áâ�−®¢ª¥ §�¤�ç¨, ª®£¤� ¯®¤«¥¦�é¨¥ ¨§¬¥à¥−¨î,
åà�−¥−¨î, ®¡−�àã¦¥−¨î, ¯¥à¥¤�ç¥, ¯à¨−ïâ¨î à¥è¥−¨ï ¨ ¢®á¯à®¨§¢¥¤¥−¨î á¨£-
−�«ë à�áá¬�âà¨¢�îâáï ª�ª ‘”, ®á−®¢�−� ¢áï á®¢à¥¬¥−−�ï áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï
®¯â¨¬�«ì−ëå á¨áâ¥¬.

‚ ¯à®áâ¥©è¨å §�¤�ç�å ®¯â¨¬�«ì−�ï á¨áâ¥¬� ¬®¦¥â −¥ ®¡«�¤�âì −�¨¡®«ìè¨¬
¢®§¬®¦−ë¬ ª�ç¥áâ¢®¬ ¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ãç�¥ ¥¥ à�¡®âë. �¤−�ª® ¯à¨ ¬−®-
£®ªà�â−®¬ ¯à¨¬¥−¥−¨¨ íâ®© á¨áâ¥¬ë ¢ á�¬ëå à�§«¨ç−ëå ãá«®¢¨ïå, ¤«ï à�¡®âë ¢
ª®â®àëå ®−� ¯à¥¤−�§−�ç¥−�, ¥¥ ª�ç¥áâ¢® ¢ áà¥¤−¥¬ ¡ã¤¥â −�¨«ãçè¥© ¢®§¬®¦−®©.
’�ª¨¬ ®¡à�§®¬, ¯à®áâ¥©è¨¥ ®¯â¨¬�«ì−ë¥ á¨áâ¥¬ë ®¡«�¤�îâ −�¨«ãçè¨¬ ª�ç¥-
áâ¢®¬ «¨èì ¢ áà¥¤−¥¬ ¯à¨ ¢á¥å ¢®§¬®¦−ëå ãá«®¢¨ïå ¨å à�¡®âë ¨ ¬®£ãâ −¥ ¡ëâì
®¯â¨¬�«ì−ë¬¨ ¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ãç�¥ ¨å ¯à¨¬¥−¥−¨ï.

‘®¢à¥¬¥−−ë© ãà®¢¥−ì à�§¢¨â¨ï á¨áâ¥¬ Š��ˆ ¤�¥â ¢®§¬®¦−®áâì ¯®áâ�¢¨âì
¢®¯à®á ® á®§¤�−¨¨ â�ª¨å á¨áâ¥¬, ª®â®àë¥ ¬®£«¨ ¡ë ¯à®¨§¢®¤¨âì �−�«¨§ ãá«®¢¨©
á¢®¥© à�¡®âë ¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ãç�¥ ¨ −� ®á−®¢�−¨¨ ¯®«ãç¥−−®© ¢ à¥§ã«ìâ�-
â¥ íâ®£® �−�«¨§� ¨−ä®à¬�æ¨¨ à¥è�âì ¯®áâ�¢«¥−−ë¥ §�¤�ç¨ ®¯â¨¬�«ì−ë¬ ®¡à�§®¬
¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ãç�¥. �à®áâ¥©è¨¥ á¨áâ¥¬ë â�ª®£® à®¤�, á®¤¥à¦�é¨¥
í«¥¬¥−âë �¢â®¬�â¨ç¥áª®© −�áâà®©ª¨ −¥ª®â®àëå á¢®¨å ¯�à�¬¥âà®¢ ¢ §�¢¨á¨¬®áâ¨
®â à¥§ã«ìâ�â®¢ �−�«¨§� ¢å®¤−ëå ¨ ¢ëå®¤−ëå ¢¥«¨ç¨−, ®¡ëç−® −�§ë¢�îâáï á�¬®-
−�áâà�¨¢�îé¨¬¨áï ¨«¨ �¤�¯â¨¢−ë¬¨. �®«¥¥ á«®¦−ë¥ á¨áâ¥¬ë â�ª®£® à®¤�, ¢¥áì
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

®¡à�§ ¤¥©áâ¢¨ï ª®â®àëå ¢ ª�¦¤ë© ¤�−−ë© ¬®¬¥−â ®¯à¥¤¥«ï¥âáï à¥§ã«ìâ�â�¬¨
�−�«¨§� ¢−¥è−¨å ãá«®¢¨© ¨ ¯à¥¤è¥áâ¢ãîé¥© à�¡®âë, ¬®¦−® −�§¢�âì á�¬®®à-
£�−¨§ãîé¨¬¨áï ¨«¨ á�¬®®¡ãç�îé¨¬¨áï. Ÿá−®, çâ® ¤«ï ¯à®¥ªâ¨à®¢�−¨ï â�ª¨å
á¨áâ¥¬ á®¢¥àè¥−−® −¥¤®áâ�â®ç−� â¥®à¨ï, ®¡¥á¯¥ç¨¢�îé�ï −�¨«ãçèãî â®ç−®áâì
«¨èì ¢ áà¥¤−¥¬ ¤«ï ¢á¥© ¬�ááë ãá«®¢¨© à�¡®âë. �ã¦−� â�ª�ï â¥®à¨ï, ª®â®à�ï
¯®§¢®«ï¥â à¥è�âì ª®¬¯«¥ªá−ãî §�¤�çã ®¡à�¡®âª¨ ¢¢®¤¨¬®© ¢ á¨áâ¥¬ë Š��ˆ
¨ ®¯â¨¬�«ì−®£® ¥¥ ¨á¯®«ì§®¢�−¨ï ¢ ª�¦¤®¬ ª®−ªà¥â−®¬ á«ãç�¥. ‘®¢à¥¬¥−−�ï
â¥®à¨ï ®¯â¨¬�«ì−ëå á¨áâ¥¬ ¤�¥â ¢®§¬®¦−®áâì à¥è�âì ¯®¤®¡−ë¥ §�¤�ç¨.

‘â�â¨áâ¨ç¥áª�ï â¥®à¨ï ®¯â¨¬�«ì−ëå á¨áâ¥¬ −¥ ¤�¥â ¢®§¬®¦−®áâ¨ −¥¯®áà¥¤-
áâ¢¥−−® −�å®¤¨âì â�ª¨¥ á¨áâ¥¬ë, ª®â®àë¥ ¬®£ãâ ¡ëâì ¢®¯«®é¥−ë ¢ à¥�«ì−ë¥
ª®−áâàãªæ¨¨. �−� ¯®§¢®«ï¥â ®¯à¥¤¥«ïâì «¨èì ®¯â¨¬�«ì−ë¥ ¬�â¥¬�â¨ç¥áª¨¥ ®¯¥-
à�æ¨¨ −�¤ ¢å®¤−ë¬ á¨£−�«�¬¨, ¯à¨ ª®â®àëå ¤®áâ¨£�¥âáï â¥®à¥â¨ç¥áª¨© ¯à¥¤¥«
¢®§¬®¦−®áâ¨ á¨áâ¥¬ë ¯à¨ ¤�−−ëå ¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª�å ãá«®¢¨© ¥¥
à�¡®âë ¨ ¯®¬¥å, ®¡ãá«®¢«¥−−ë© á�¬®© ¯à¨à®¤®© §�¤�ç¨, ¢−ãâà¥−−¨¬¨ á¢®©áâ¢�-
¬¨ â¥å ¤�−−ëå, ª®â®àë¬¨ à�á¯®«�£�¥¬ ¤«ï ¥¥ à¥è¥−¨ï. ‚ á®®â¢¥âáâ¢¨¨ á íâ¨¬
¯à�ªâ¨ç¥áª®¥ §−�ç¥−¨¥ áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬ §�ª«îç�¥â-
áï, ¢ ®á−®¢−®¬, ¢ â®¬, çâ® ®−� ¯®§¢®«ï¥â −�å®¤¨âì â¥®à¥â¨ç¥áª¨© ®¯â¨¬ã¬, ª
ª®â®à®¬ã à�§à�¡®âç¨ª ¤®«¦¥− áâà¥¬¨âìáï ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ à¥�«ì−ëå á¨áâ¥¬
Š��ˆ. ‡−�ï íâ®â ¯à¥¤¥«, à�§à�¡®âç¨ª ¬®¦¥â ®æ¥−¨âì, −�áª®«ìª® ¡«¨§ª� ª ®¯â¨-
¬�«ì−®© ã¦¥ á¯à®¥ªâ¨à®¢�−−�ï á¨áâ¥¬� Š��ˆ, ¨ ®¯à¥¤¥«¨âì, ¨¬¥¥â «¨ á¬ëá«
¤�«ì−¥©è�ï à�¡®â� −�¤ ã«ãçè¥−¨¥¬ ¥¥ ª�ç¥áâ¢�. ’�ª¨¬ ®¡à�§®¬, áâ�â¨áâ¨ç¥-
áª�ï â¥®à¨ï ®¯â¨¬�«ì−ëå á¨áâ¥¬ ¤�¥â à�§à�¡®âç¨ªã ¬¥â®¤ë, á ¯®¬®éìî ª®â®àëå
®− ¬®¦¥â á®§−�â¥«ì−® ®æ¥−¨¢�âì ª�ç¥áâ¢® á®§¤�¢�¥¬ëå á¨áâ¥¬ ¨ ¨§¡�¢«ïâìáï ®â
¬−®£¨å ¡¥á¯«®¤−ëå ¯®¯ëâ®ª ã«ãçè¨âì ª�ç¥áâ¢® á¨áâ¥¬ë ¯ãâ¥¬ ¨§¬¥−¥−¨ï ¥¥
áâàãªâãàë ¨ ¯�à�¬¥âà®¢ ¢ â¥å á«ãç�ïå, ª®£¤� áãé¥áâ¢¥−−®¥ ã«ãçè¥−¨¥ â®ç−®áâ¨
¯à¨−æ¨¯¨�«ì−® −¥¢®§¬®¦−®.

Œ�ªá¨¬�«ì−®¥ ¤®áâ¨¦¨¬®¥ ª�ç¥áâ¢® à¥è¥−¨ï §�¤�ç ¨§¬¥à¥−¨ï, åà�−¥−¨ï,
®¡−�àã¦¥−¨ï, ¯¥à¥¤�ç¨, ¯à¨−ïâ¨ï à¥è¥−¨ï ¨ ¢®á¯à®¨§¢¥¤¥−¨ï á¨£−�«®¢ ¢ ¯à¨-
áãâáâ¢¨¨ ¯®¬¥å ¢ §−�ç¨â¥«ì−®© ¬¥à¥ §�¢¨á¨â ®â â®£®, −�áª®«ìª® á¨«ì−® á¨£−�«ë
®â«¨ç�îâáï ¯® á¢®¨¬ á¢®©áâ¢�¬ ®â ¯®¬¥å. ’�ª, −�¯à¨¬¥à, ¥á«¨ á¨£−�« ¯à¥¤áâ�¢-
«ï¥â á®¡®© ¬¥¤«¥−−® ¨§¬¥−ïîéãîáï äã−ªæ¨î, � ¯®¬¥å� ¨§¬¥−ï¥âáï á ¡®«ìè®©
ç�áâ®â®©, â® ¬®¦−® à�ááç¨âë¢�âì −� å®à®è¥¥ ¯®¤�¢«¥−¨¥ ¯®¬¥å¨ ¨ ¢ë¤¥«¥−¨¥
á¨£−�«�. …á«¨ ¦¥ á¨£−�« â�ª¦¥ ï¢«ï¥âáï ¢ëá®ª®ç�áâ®â−ë¬ ¨ ¯à¨ íâ®¬ −¥ á®-
¤¥à¦¨â â�ª¨å ç�áâ®â, ª®â®àëå −¥â ¢ ¯®¬¥å¥, â® ¯®«ãç¨âì å®à®è¥¥ ¯®¤�¢«¥−¨¥
¯®¬¥å¨, −¥ ¯®¤�¢¨¢ ®¤−®¢à¥¬¥−−® ¨ á¨£−�«, ¯à�ªâ¨ç¥áª¨ −¥¢®§¬®¦−®. Š®−¥ç−®,
¬¥â®¤ë áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬ ¤�îâ ä®à¬�«ì−®¥ à¥è¥−¨¥ ¢®
¢á¥å á«ãç�ïå. �¤−�ª® ª�ç¥áâ¢® ®¯â¨¬�«ì−®© á¨áâ¥¬ë ¯®«ãç�¥âáï −¨§ª¨¬, ¥á«¨
á¨£−�« á«�¡® ®â«¨ç�¥âáï ®â ¯®¬¥å¨.

�¡é�ï §�¤�ç� â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬ ¬®¦¥â ¡ëâì áä®à¬ã«¨à®¢�−� ª�ª
§�¤�ç� −�å®¦¤¥−¨ï â�ª®© ¨¤¥�«ì−®© â¥®à¥â¨ç¥áª®© á¨áâ¥¬ë, ¢ëå®¤−�ï ¯¥à¥¬¥−-
−�ï ª®â®à®© á −�¨¡®«ìè¥© ¢®§¬®¦−®© â®ç−®áâìî ¢®á¯à®¨§¢®¤¨â ¤�−−ãî ‘”
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ˆ. �. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ‚. ‚. �¥«®ãá®¢ ¨ ¤à.

(á®¤¥à¦�é¨©áï ¢® ¢å®¤−®© ‘” ¯®«¥§−ë© á¨£−�« ¨«¨ à¥§ã«ìâ�â §�¤�−−®£® ¥£®
¯à¥®¡à�§®¢�−¨ï). ‘ ¬�â¥¬�â¨ç¥áª®© â®çª¨ §à¥−¨ï íâ� §�¤�ç� ¯à¥¤áâ�¢«ï¥â á®¡®©
§�¤�çã ¯à¨¡«¨¦¥−¨ï ®¤−®© ‘” ¯ãâ¥¬ ¯à¥®¡à�§®¢�−¨ï à¥§ã«ìâ�â®¢ −�¡«î¤¥−¨ï
¤àã£®© ‘”. �® ¢ â�ª®¬ ¢¨¤¥ íâ� §�¤�ç� ï¢«ï¥âáï á�¬®© ®¡é¥© §�¤�ç¥© ¬�â¥-
¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨, ª®£¤� ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï ®¤−®© ‘” âà¥¡ã¥âáï
¯®áâà®¨âì ‘” (®æ¥−ªã), −�áª®«ìª® ¢®§¬®¦−® ¡®«¥¥ ¡«¨§ªãî ª ¤àã£®© á«ãç�©−®©
¨ −¥á«ãç�©−®© äã−ªæ¨¨. ‘ íâ®© â®çª¨ §à¥−¨ï áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï ®¯â¨¬�«ì-
−ëå á¨áâ¥¬ ¯® áãé¥áâ¢ã ¯à¥¤áâ�¢«ï¥â á®¡®© ¯à¨ª«�¤−ãî â¥®à¨î áâ�â¨áâ¨ç¥áª¨å
à¥è¥−¨©.

ˆ−®£¤� ¢ëà�¦�¥âáï á®¬−¥−¨¥ ¢ ¯à�ªâ¨ç¥áª®© ¯®«¥§−®áâ¨ áâ�â¨áâ¨ç¥áª®©
â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬, ®á−®¢�−−®¥ −� â®¬ ä�ªâ¥, çâ® ¤«ï ®¯à¥¤¥«¥−¨ï
®¯â¨¬�«ì−ëå á¨áâ¥¬ −¥®¡å®¤¨¬® §−�âì à�á¯à¥¤¥«¥−¨ï á¨£−�«®¢ ¨ ¯®¬¥å ¨«¨,
¯® ªà�©−¥© ¬¥à¥, −¥ª®â®àë¥ ¨å ¢¥à®ïâ−®áâ−ë¥ å�à�ªâ¥à¨áâ¨ª¨, ¢ â® ¢à¥¬ï ª�ª
¢¥à®ïâ−®áâ−ë¥ å�à�ªâ¥à¨áâ¨ª¨ á¨£−�«®¢ ®¡ëç−® ¡ë¢�îâ −¥¨§¢¥áâ−ë¬¨. �¤−�ª®
íâ® á®¬−¥−¨¥ −¥ ï¢«ï¥âáï ®á−®¢�â¥«ì−ë¬ ¯® á«¥¤ãîé¨¬ ¯à¨ç¨−�¬:

{ ¢® ¢á¥å á«ãç�ïå, ª®£¤� à�áá¥¨¢�−¨¥ á¨£−�«®¢ ¢¥«¨ª® ¯® áà�¢−¥−¨î á à�á-
á¥¨¢�−¨¥¬ ¯®¬¥å, å�à�ªâ¥à¨áâ¨ª¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬ á«�¡® §�¢¨áïâ ®â
¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª á¨£−�«®¢ (çâ® ¦¥ ª�á�¥âáï ¢¥à®ïâ−®áâ−ëå å�-
à�ªâ¥à¨áâ¨ª ¯®¬¥å, â® ®−¨ ®¡ëç−® áà�¢−¨â¥«ì−® «¥£ª® ®¯à¥¤¥«ïîâáï íªá¯¥-
à¨¬¥−â�«ì−® ¨«¨ â¥®à¥â¨ç¥áª¨);

{ áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï ®¯â¨¬�«ì−ëå á¨áâ¥¬ ¤�¥â �«£®à¨â¬ë ¤«ï ®æ¥−ª¨ á¨£-
−�«®¢, ª®â®àë¥ ¬®¦−® ¨á¯®«ì§®¢�âì ¤«ï ¯®áâà®¥−¨ï á¨áâ¥¬ á −�ª®¯«¥−¨¥¬
®¯ëâ�. ’�ª¨¥ á¨áâ¥¬ë ¡ã¤ãâ �¢â®¬�â¨ç¥áª¨ −�å®¤¨âì ®æ¥−ª¨ à�á¯à¥¤¥«¥−¨©
á¨£−�«®¢ ¯® à¥§ã«ìâ�â�¬ ¢á¥å ¯à¥¤è¥áâ¢ãîé¨å æ¨ª«®¢ à�¡®âë ¨ ¨á¯®«ì§®-
¢�âì íâ¨ ®æ¥−ª¨ ¢¬¥áâ® −¥¨§¢¥áâ−ëå ¨áâ¨−−ëå à�á¯à¥¤¥«¥−¨© á¨£−�«®¢ ¤«ï
¯®á«¥¤ãîé¨å æ¨ª«®¢ à�¡®âë. ’�ª¨¥ úá�¬®®¡ãç�îé¨¥áïû á¨áâ¥¬ë ¡ã¤ãâ á
ª�¦¤ë¬ −®¢ë¬ æ¨ª«®¬ à�¡®âë áâ�−®¢¨âìáï ¢á¥ ¡®«¥¥ ¨ ¡®«¥¥ ¡«¨§ª¨¬¨ ª
®¯â¨¬�«ì−ë¬ á¨áâ¥¬�¬, á®®â¢¥âáâ¢ãîé¨¬¨ −¥¨§¢¥áâ−ë¬ ¨áâ¨−−ë¬ §�ª®−�¬
à�á¯à¥¤¥«¥−¨ï á¨£−�«®¢. ’�ª¨¬ ®¡à�§®¬, áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï ®¯â¨¬�«ì-
−ëå á¨áâ¥¬ ¤�¥â ¢®§¬®¦−®áâì −�å®¤¨âì �«£®à¨â¬ë ¤«ï ¯®áâà®¥−¨ï ®¯â¨-
¬�«ì−ëå ¨«¨, ¯® ªà�©−¥© ¬¥à¥, á�¬®®¯â¨¬¨§¨àãîé¨åáï ¢ ¯à®æ¥áá¥ à�¡®âë
á¨áâ¥¬ ¤�¦¥ ¢ â¥å á«ãç�ïå, ª®£¤� à�á¯à¥¤¥«¥−¨ï ¯®¤«¥¦�é¨å ®¡−�àã¦¥−¨î
¨«¨ ¢®á¯à®¨§¢¥¤¥−¨î á¨£−�«®¢ −¥¨§¢¥áâ−ë.

�á−®¢−�ï §�¤�ç� áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬ ¬®¦¥â ¡ëâì
áä®à¬ã«¨à®¢�−� ¬�â¥¬�â¨ç¥áª¨ á«¥¤ãîé¨¬ ®¡à�§®¬. ‘«ãç�©−�ï äã−ªæ¨ï Z(t)
−�¡«î¤�¥âáï ¢ −¥ª®â®à®© ®¡«�áâ¨ T ¨§¬¥−¥−¨ï �à£ã¬¥−â� t. ’à¥¡ã¥âáï −�©â¨
â�ª®© ®¯¥à�â®à A, çâ®¡ë ‘”

�W (s) = AZ(t)

¡ë«� −�áª®«ìª® ¢®§¬®¦−® ¡®«¥¥ ¡«¨§ª®© ª ‘” W (s) ¢ ®¡«�áâ¨ S ¨§¬¥−¥−¨ï �à£ã-
¬¥−â� s. ‚ á®®â¢¥âáâ¢¨¨ á ¯à¨−ïâ®© ¢ ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¥ â¥à¬¨−®«®£¨¥©
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

¡ã¤¥¬ −�§ë¢�âì ‘” �W ®æ¥−ª®© ‘” W . ‚ â�ª®© ¯®áâ�−®¢ª¥ §�¤�ç� ¯à¨¡«¨¦¥−¨ï
‘” ï¢«ï¥âáï ¢¥áì¬� ®¡é¥© ¨ ®å¢�âë¢�¥â ¢á¥ ¢áâà¥ç�îé¨¥áï ¢ ¨−ä®à¬�â¨ª¥
§�¤�ç¨ ¨§¬¥à¥−¨ï, åà�−¥−¨ï, ®¡−�àã¦¥−¨ï, ¯à¨−ïâ¨ï à¥è¥−¨©, ¯¥à¥¤�ç¨ ¨ ¢®á-
¯à®¨§¢¥¤¥−¨ï á¨£−�«®¢ ¢ ¯à¨áãâáâ¢¨¨ ¯®¬¥å. ‘«ãç�©−ë¥ äã−ªæ¨¨ Z ¨ W ¨
¨å �à£ã¬¥−âë ¬®£ãâ ¡ëâì ª�ª áª�«ïà−ë¬¨ ¢¥«¨ç¨−�¬¨, â�ª ¨ ¢¥ªâ®à�¬¨ «î¡®£®
ª®«¨ç¥áâ¢� ¨§¬¥à¥−¨©. �¡«�áâì T , ¢ ª®â®à®© −�¡«î¤�¥âáï ‘” Z, ¨ ®¡«�áâì S
¨§¬¥−¥−¨ï �à£ã¬¥−â� s, ¢ ª®â®à®© á¨áâ¥¬� ¤®«¦−� ¢®á¯à®¨§¢®¤¨âì ‘” W , ¬®-
£ãâ ¡ëâì ¯à®¨§¢®«ì−ë¬¨ ¬−®¦¥áâ¢�¬¨ §−�ç¥−¨© á®®â¢¥âáâ¢ãîé¨å �à£ã¬¥−â®¢,
¯à¨ç¥¬ ®¡«�áâì T ¬®¦¥â §�¢¨á¥âì ®â §−�ç¥−¨ï �à£ã¬¥−â� s.

‚ §�¤�ç�å Š��ˆ −�¡«î¤�¥¬�ï ‘” Z ®¡ëç−® ¯à¥¤áâ�¢«ï¥â á®¡®© à¥§ã«ìâ�â
−�«®¦¥−¨ï ¯®¬¥å −� −¥ª®â®àãî äã−ªæ¨î, ª®â®àãî á¨áâ¥¬� ¤®«¦−� ¢®á¯à®¨§¢¥áâ¨
¨«¨ −¥¯®áà¥¤áâ¢¥−−®, ¨«¨ ¯®á«¥ −¥ª®â®à®£® §�¤�−−®£® ¯à¥®¡à�§®¢�−¨ï. ’�ª¨¬
®¡à�§®¬, ‘” W ¢ §�¤�ç�å Š��ˆ ¢ ®¡é¥¬ á«ãç�¥ ¯à¥¤áâ�¢«ï¥â á®¡®© à¥§ã«ìâ�â
−¥ª®â®à®£® §�¤�−−®£® ¯à¥®¡à�§®¢�−¨ï á¨£−�«�, á®¤¥à¦�é¥£®áï ¢ −�¡«î¤�¥¬®©
‘” Z, ¯®áâã¯�îé¥© −� ¢å®¤ á¨áâ¥¬ë. ‚á«¥¤áâ¢¨¥ íâ®£® ¬ë ¡ã¤¥¬ −�§ë¢�âì
‘” W ¤«ï ªà�âª®áâ¨ ¯à®áâ® á¨£−�«®¬.

�®¬¥å¨, −�ª«�¤ë¢�îé¨¥áï −� ¢å®¤−®© á¨£−�« á¨áâ¥¬ë, ¬®£ãâ ¯à¥¤áâ�¢«ïâì
á®¡®© ®è¨¡ª¨ ¨§¬¥à¨â¥«ì−ëå ¯à¨¡®à®¢, ¢å®¤ïé¨å ¢ á®áâ�¢ á¨áâ¥¬ë, èã¬ë ¢
í«¥¬¥−â�å á¨áâ¥¬ë ¨ ä«ãªâã�æ¨¨ à¥¦¨¬� ¨å à�¡®âë, â. ¥. á«ãç�©−ë¥ ®âª«®−¥−¨ï
ãá«®¢¨©, ®¯à¥¤¥«ïîé¨å à¥¦¨¬ à�¡®âë á¨áâ¥¬ë, ®â −®¬¨−�«ì−ëå. �®¬¥å¨
¬®£ãâ ¡ëâì â�ª¦¥ ¢−¥è−¨¬¨ ¯® ®â−®è¥−¨î ª á¨áâ¥¬¥, ¢ ç�áâ−®áâ¨ á¯¥æ¨�«ì−®
®à£�−¨§®¢�−−ë¬¨ ¤«ï â®£®, çâ®¡ë −�àãè¨âì à�¡®âã ¤�−−®© á¨áâ¥¬ë ¨«¨ ãåã¤è¨âì
¥¥ â®ç−®áâì.

�à£ã¬¥−â t −�¡«î¤�¥¬®© ‘” Z ¢ §�¤�ç�å Š��ˆ ®¡ëç−® ¯à¥¤áâ�¢«ï¥â
á®¡®© ¢à¥¬ï, � ®¡«�áâì T | −¥ª®â®àë© ¨−â¥à¢�« ¢à¥¬¥−¨ ¨«¨ ¤¨áªà¥â−®¥
¬−®¦¥áâ¢® ¬®¬¥−â®¢ ¢à¥¬¥−¨. �à¨ íâ®¬ �à£ã¬¥−â s ®¡ëç−® ¬®¦¥â âà�ªâ®¢�âìáï
á®®â¢¥âáâ¢¥−−® ª�ª ¬®¬¥−â ª®−æ� ¨−â¥à¢�«� −�¡«î¤¥−¨ï ¨«¨ ª�ª ¯®á«¥¤−¨©
¬®¬¥−â ¨§ ¤¨áªà¥â−®£® ¬−®¦¥áâ¢� ¬®¬¥−â®¢ −�¡«î¤¥−¨ï ‘” Z. �¡«�áâì S
¯à¥¤áâ�¢«ï¥â á®¡®© á®¢®ªã¯−®áâì ¬®¬¥−â®¢ ¢à¥¬¥−¨ s, ¢ ª®â®àë¥ á¨áâ¥¬� ¤®«¦−�
¢®á¯à®¨§¢®¤¨âì á¨£−�« W . ‚ ç�áâ−®¬ á«ãç�¥ ®¡«�áâì S ¬®¦¥â á®áâ®ïâì ¨§ ®¤−®£®
ä¨ªá¨à®¢�−−®£® ¬®¬¥−â� ¢à¥¬¥−¨ s. ’�ª¨¬ ®¡à�§®¬, ¢ ®¡é¥¬ á«ãç�¥ �à£ã¬¥−â s
¯à¥¤áâ�¢«ï¥â á®¡®© â¥ªãé¨© ¬®¬¥−â ¢ ¨−â¥à¢�«¥ ¢à¥¬¥−¨ S, ¢ ª®â®à®¬ á¨áâ¥¬�
¤®«¦−� ¢®á¯à®¨§¢®¤¨âì á¨£−�« W ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï ‘” Z ¢ ¨−â¥à¢�«¥
s−T ≤ t ≤ s ¨«¨ ¢ ¤¨áªà¥â−®¬ àï¤¥ ¬®¬¥−â®¢ ¢à¥¬¥−¨ t1 = s−T , t2 , . . . , th =
= s. �à¨ íâ®¬ �à£ã¬¥−â t ¡ã¤¥â ¯à¥¤áâ�¢«ïâì á®¡®© «î¡®© ¬®¬¥−â ¢à¥¬¥−¨ ¢
¨−â¥à¢�«¥ −�¡«î¤¥−¨ï [ s − T, s ] ¨«¨ «î¡®© ¨§ ¬®¬¥−â®¢ −�¡«î¤¥−¨ï t1 , . . . , th.

‡� ¯¥à¥¬¥−−ãî s á®¢¥àè¥−−® −¥®¡ï§�â¥«ì−® ¯à¨−¨¬�âì ¬®¬¥−â ®ª®−ç�−¨ï
−�¡«î¤¥−¨ï. ‚ −¥ª®â®àëå §�¤�ç�å ¯¥à¥¬¥−−ãî s æ¥«¥á®®¡à�§−® ¢ë¡¨à�âì ¨−�ç¥.
’�ª, −�¯à¨¬¥à, ¢ §�¤�ç�å ¨−â¥à¯®«ïæ¨¨, ¢ ª®â®àëå âà¥¡ã¥âáï −�©â¨ ®æ¥−ªã
§−�ç¥−¨© á¨£−�«� ¢−ãâà¨ ¨−â¥à¢�«� −�¡«î¤¥−¨ï, §� ¯¥à¥¬¥−−ãî s æ¥«¥á®®¡à�§−®
¯à¨−ïâì «î¡®© ¬®¬¥−â ¢−ãâà¨ ¨−â¥à¢�«� −�¡«î¤¥−¨ï T . „àã£¨¬ ¯à¨¬¥à®¬
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¬®¦¥â á«ã¦¨âì §�¤�ç� ®¤−®¢à¥¬¥−−®© íªáâà�¯®«ïæ¨¨ á¨£−�«� −� ¢á¥ ¬®¬¥−âë
¢à¥¬¥−¨ ¢ ¤�−−®¬ ¨−â¥à¢�«¥ S ¯® à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï ‘” Z ¢ −¥ª®â®à®¬
¯à¥¤è¥áâ¢ãîé¥¬ ¨−â¥à¢�«¥ ¢à¥¬¥−¨ T . ‚ íâ®¬ á«ãç�¥ §� ¯¥à¥¬¥−−ãî s æ¥«¥á®-
®¡à�§−® ¯à¨−ïâì «î¡®© ¬®¬¥−â ¢ ¨−â¥à¢�«¥ ¢à¥¬¥−¨ S. �¡«�áâì −�¡«î¤¥−¨ï T
¢ ¯®¤®¡−ëå §�¤�ç�å −¥ §�¢¨á¨â ®â s. ‡�¬¥−®© ¯¥à¥¬¥−−ëå ¨−â¥à¢�« −�¡«î¤¥−¨ï
¢á¥£¤� ¬®¦−® á¤¥«�âì −¥§�¢¨á¨¬ë¬ ®â ¯¥à¥¬¥−−®© s, −�¯à¨¬¥à ¯à¨¢¥áâ¨ ¥£®
ª ¨−â¥à¢�«ã [ 0, 1 ]. ’�ª¨¬ ®¡à�§®¬, á ¬�â¥¬�â¨ç¥áª®© â®çª¨ §à¥−¨ï §�¤�ç¨, ¢
ª®â®àëå ®¡«�áâì −�¡«î¤¥−¨ï T §�¢¨á¨â ®â s, −¥ ®â«¨ç�îâáï ®â §�¤�ç á ¯®áâ®ï−−®©
®¡«�áâìî −�¡«î¤¥−¨ï. �¤−�ª® ¢ ¯à�ªâ¨ç¥áª¨å §�¤�ç�å æ¥«¥á®®¡à�§−® ãç¨âë¢�âì
§�¢¨á¨¬®áâì ®¡«�áâ¨ −�¡«î¤¥−¨ï ®â s, ¥á«¨ â�ª�ï §�¢¨á¨¬®áâì áãé¥áâ¢ã¥â.

ˆ−â¥à¢�« −�¡«î¤¥−¨ï T ¢ §�¤�ç�å Š��ˆ ¢á¥£¤� ¡ë¢�¥â ª®−¥ç−ë¬. �¤−�ª®
¨−®£¤� ®− ¡ë¢�¥â −�áâ®«ìª® ¡®«ìè¨¬, çâ® ®ª�§ë¢�¥âáï ¢®§¬®¦−ë¬ ¨¤¥�«¨-
§¨à®¢�âì §�¤�çã, ¯à¨−ï¢ ¤®¯ãé¥−¨¥, çâ® ¯à®æ¥áá −�¡«î¤¥−¨ï ¯à®¤®«¦�¥âáï
−¥®£à�−¨ç¥−−® ¤®«£®, â. ¥. ¢ â¥ç¥−¨¥ ¢á¥£® ¯®«ã¡¥áª®−¥ç−®£® ¨−â¥à¢�«� ¢à¥¬¥−¨,
¯à¥¤è¥áâ¢ãîé¥£® ¤�−−®¬ã ¬®¬¥−âã s. ‚ ¡®«ìè¨−áâ¢¥ ¦¥ §�¤�ç ¯à¨å®¤¨âáï
ãç¨âë¢�âì ª®−¥ç−®áâì ¨−â¥à¢�«� −�¡«î¤¥−¨ï. …á«¨ á¨áâ¥¬� ¤®«¦−� ¨á¯®«ì§®-
¢�âì ¤«ï ¨§¬¥à¥−¨ï, åà�−¥−¨ï, ®¡−�àã¦¥−¨ï, ¯à¨−ïâ¨ï à¥è¥−¨ï, ¯¥à¥¤�ç¨ ¨
¢®á¯à®¨§¢¥¤¥−¨ï á¨£−�«� W ¢á¥ −�¡«î¤�¥¬ë¥ §−�ç¥−¨ï ¢å®¤−®© äã−ªæ¨¨ Z, â®
−�ç�«®¬ −�¡«î¤¥−¨ï ¢á¥£¤� ï¢«ï¥âáï ¬®¬¥−â −�ç�«� à�¡®âë á¨áâ¥¬ë t0. ‚ íâ®¬
á«ãç�¥ ¨−â¥à¢�« −�¡«î¤¥−¨ï T = s − t0 à�áâ¥â á â¥ç¥−¨¥¬ ¢à¥¬¥−¨ s. �¤−�ª®
ªà®¬¥ ¥áâ¥áâ¢¥−−®£® ®£à�−¨ç¥−¨ï ¨−â¥à¢�«� −�¡«î¤¥−¨ï ¬®¬¥−â®¬ −�ç�«� à�¡®-
âë á¨áâ¥¬ë ç�áâ® ®ª�§ë¢�¥âáï −¥®¡å®¤¨¬ë¬ ®£à�−¨ç¨âì ¥£® −¥ª®â®à®© ª®−¥ç−®©
¤«¨â¥«ì−®áâìî ú¯�¬ïâ¨û á¨áâ¥¬ë, çâ®¡ë ¨áª«îç¨âì ¢®§¬®¦−®áâì ¨á¯®«ì§®¢�−¨ï
á¨áâ¥¬®© ãáâ�à¥¢è¥© ¨−ä®à¬�æ¨¨, −¥¯à¨£®¤−®© ¤«ï à¥è¥−¨ï §�¤�ç¨ ¤«ï ¤�−−®£®
¬®¬¥−â� ¢à¥¬¥−¨ s.

4.2 Статистические критерии оптимальности

‚®¯à®á ® ¢ë¡®à¥ ªà¨â¥à¨ï ¤«ï áà�¢−¥−¨ï à�§«¨ç−ëå á¨áâ¥¬, ¨¬¥îé¨å ®¤¨-
−�ª®¢®¥ −�§−�ç¥−¨¥, ª�ª ¨ ¢áïª¨© ¢®¯à®á ® ¢ë¡®à¥ ªà¨â¥à¨¥¢, á«¥¤ã¥â à¥è�âì
á ¯®§¨æ¨© §¤à�¢®£® á¬ëá«�, ¨áå®¤ï ¨§ �−�«¨§� ãá«®¢¨© à�¡®âë á¨áâ¥¬ë ¨−-
ä®à¬�â¨ª¨ ¨ ¥¥ −�§−�ç¥−¨ï. ‚ §�¢¨á¨¬®áâ¨ ®â ¢ë¡®à� ª®−ªà¥â−®£® ªà¨â¥à¨ï
à¥è¥−¨¥ §�¤�ç¨ ®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−®© á¨áâ¥¬ë ¡ã¤¥â à�§«¨ç−ë¬. �¤−�ª®
¢ ¡®«ìè¨−áâ¢¥ §�¤�ç ¬®¦−® ãª�§�âì ¬−®£® ¯à�ªâ¨ç¥áª¨ æ¥«¥á®®¡à�§−ëå ªà¨-
â¥à¨¥¢, ®¡«�¤�îé¨å â¥¬ á¢®©áâ¢®¬, çâ® á¨áâ¥¬�, ®¯â¨¬�«ì−�ï á â®çª¨ §à¥−¨ï
®¤−®£® ¨§ ªà¨â¥à¨¥¢, ¡«¨§ª� ª á¨áâ¥¬�¬, ®¯â¨¬�«ì−ë¬ á â®çª¨ §à¥−¨ï ¤àã£¨å
ªà¨â¥à¨¥¢. � â�ª ª�ª ¯à�ªâ¨ç¥áª¨ ¢á¥£¤� ¢�¦−® «¨èì, çâ®¡ë á¨áâ¥¬� ¡ë«� ¡«¨§ª�
ª ®¯â¨¬�«ì−®©, â® ¢®¯à®á ® ¢ë¡®à¥ ªà¨â¥à¨ï ¯®çâ¨ ¢á¥£¤� ¨¬¥¥â ¡¥áç¨á«¥−−®¥
¬−®¦¥áâ¢® à¥è¥−¨©.

Š�ç¥áâ¢® áâ�â¨áâ¨ç¥áª¨å ®æ¥−®ª ç�áâ® ¡ë¢�¥â æ¥«¥á®®¡à�§−® å�à�ªâ¥à¨§®-
¢�âì ¢¥«¨ç¨−®© áà¥¤−¥© ª¢�¤à�â¨ç¥áª®© ®è¨¡ª¨. …áâ¥áâ¢¥−−® à�á¯à®áâà�−¨âì
¯à¨¬¥−¥−¨¥ íâ®£® ªà¨â¥à¨ï −� ¡®«¥¥ ®¡é¨© á«ãç�© −�å®¦¤¥−¨ï áâ�â¨áâ¨ç¥áª¨å
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

®æ¥−®ª á¨£−�«®¢, ¯à¥¤áâ�¢«ïîé¨å á®¡®© ‘”. ’®£¤�, ¢¢®¤ï ¤«ï ®è¨¡ª¨ á¨áâ¥¬ë
®¡®§−�ç¥−¨¥

δW (s) = �W (s)− W (s) = AZ(t)− W (s) ,

¯®«ãç¨¬ ãá«®¢¨¥ ®¯â¨¬�«ì−®áâ¨ á¨áâ¥¬ë ¢ ¢¨¤¥:

η = M
[

|δW (s)|2
]

= min . (1)

‚¥«¨ç¨−� η ¯à¥¤áâ�¢«ï¥â á®¡®© −�ç�«ì−ë© ¬®¬¥−â ¢â®à®£® ¯®àï¤ª� ®è¨¡ª¨
¯à¨¡«¨¦¥−¨ï. �®«®¦¨â¥«ì−ë© ª®à¥−ì ª¢�¤à�â−ë© ¨§ ¢¥«¨ç¨−ë η ®¡ëç−® −�§ë-
¢�¥âáï áà¥¤−¥© ª¢�¤à�â¨ç¥áª®© ®è¨¡ª®© (á.ª.®.) á¨áâ¥¬ë. �®íâ®¬ã ãá«®¢¨¥ (1)
®¡ëç−® −�§ë¢�¥âáï ªà¨â¥à¨¥¬ ¬¨−¨¬ã¬� á.ª.®. …áâ¥áâ¢¥−−ë¬ ®¡®¡é¥−¨¥¬ ªà¨-
â¥à¨ï ¬¨−¨¬ã¬� á.ª.®. ï¢«ï¥âáï ªà¨â¥à¨© ¬¨−¨¬ã¬� §�¤�−−®© äã−ªæ¨¨ ®è¨¡ª¨,
¢ ç�áâ−®áâ¨ −¥ª®â®à®© áâ¥¯¥−¨ ¬®¤ã«ï ®è¨¡ª¨.

‚¥«¨ç¨−� η ª�ª ¬®¬¥−â ¢â®à®£® ¯®àï¤ª� ®è¨¡ª¨ ¬®¦¥â ¡ëâì ¢ëà�¦¥−� ç¥à¥§
¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ ¨ ¤¨á¯¥àá¨î ®è¨¡ª¨, â. ¥. ï¢«ï¥âáï äã−ªæ¨¥© ¬�-
â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ ¤¨á¯¥àá¨¨ ®è¨¡ª¨. �®íâ®¬ã ¢â®àë¬ ¥áâ¥áâ¢¥−−ë¬
®¡®¡é¥−¨¥¬ ªà¨â¥à¨ï ¬¨−¨¬ã¬� á.ª.®. ï¢«ï¥âáï á«®¦−®-áâ�â¨áâ¨ç¥áª¨© ªà¨â¥-
à¨© ¤«ï íªáâà¥¬ã¬� §�¤�−−®© äã−ªæ¨¨ ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ¨ ¤¨á¯¥àá¨¨
®è¨¡ª¨:

f(M[δW (s))],D[δW (s)]) = extr . (2)

…á«¨ §�ª®− à�á¯à¥¤¥«¥−¨ï ®è¨¡ª¨ ¯®«−®áâìî ®¯à¥¤¥«ï¥âáï ¥¥ ¬�â¥¬�â¨ç¥áª¨
®¦¨¤�−¨¥¬ ¨ ¤¨á¯¥àá¨¥©, −�¯à¨¬¥à, ¥á«¨ ®è¨¡ª� à�á¯à¥¤¥«¥−� −®à¬�«ì−®, â®
ç�áâ−ë¬ á«ãç�¥¬ ªà¨â¥à¨ï (2) ï¢«ï¥âáï ªà¨â¥à¨© ¬�ªá¨¬ã¬� ¢¥à®ïâ−®áâ¨ â®£®,
çâ® ®è¨¡ª� −¥ ¢ë©¤¥â ¨§ §�¤�−−ëå ¯à¥¤¥«®¢:

P (|δW (s)| < ϕ(s)) = max ,

£¤¥ ϕ(s)| ¤�−−�ï äã−ªæ¨ï. �à¨ â®¬ ¦¥ ãá«®¢¨¨ ç�áâ−ë¬ á«ãç�¥¬ ªà¨â¥à¨ï (2)
ï¢«ï¥âáï â�ª¦¥ ªà¨â¥à¨© ¬¨−¨¬ã¬� ¯à¥¤¥«�, ª®â®àë© á §�¤�−−®© ¢¥à®ïâ−®áâìî
−¥ ¯à¥¢ëè�¥âáï ¬®¤ã«¥¬ ®è¨¡ª¨:

ϕ(s) = min ¯à¨ P (|δW (s)| < ϕ(s)) = p , (3)

£¤¥ p | ¤�−−®¥ ¯®«®¦¨â¥«ì−®¥ ç¨á«®, ¬¥−ìè¥¥ ¥¤¨−¨æë.
Šà¨â¥à¨© ¬¨−¨¬ã¬� á.ª.®. ¢ ä®à¬¥ (1) ¯à¨¬¥−¨¬ ª�ª ¢ á«ãç�¥ áª�«ïà−®£®, â�ª

¨ ¢ á«ãç�¥ ¢¥ªâ®à−®£® á¨£−�«� W . ‚ ¯®á«¥¤−¥¬ á«ãç�¥ �à£ã¬¥−â s ¢ª«îç�¥â −®¬¥à
á®áâ�¢«ïîé¥© ¢¥ªâ®à−®© ‘” W ¨ ªà¨â¥à¨© (1) ¤�¥â ®¤−®¢à¥¬¥−−®¥ ¨ −¥§�¢¨á¨¬®¥
¯à¨¡«¨¦¥−¨¥ ¢á¥å á®áâ�¢«ïîé¨å ¢¥ªâ®à� W . �¤−�ª® ¤«ï ¢¥ªâ®à−ëå á¨£−�«®¢ W
¬®¦−® ¢ë¡à�âì §� ªà¨â¥à¨© ª�ç¥áâ¢� á¨áâ¥¬ë −¥ª®â®àãî ¢¥«¨ç¨−ã, §�¢¨áïéãî ®â
¢á¥å á®áâ�¢«ïîé¨å ¢¥ªâ®à� ®è¨¡ª¨, −�¯à¨¬¥à ¬�â¥¬�â¨ç¥áª®¥ ®¦¨¤�−¨¥ áã¬¬ë
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ª¢�¤à�â®¢ ¬®¤ã«¥© ¢á¥å á®áâ�¢«ïîé¨å ¢¥ªâ®à� ®è¨¡ª¨. …áâ¥áâ¢¥−−ë¬ ®¡®¡é¥-
−¨¥¬ ªà¨â¥à¨ï (2) ¯à¨ â�ª®© ¯®áâ�−®¢ª¥ §�¤�ç¨ ï¢«ï¥âáï á«®¦−®-áâ�â¨áâ¨ç¥áª¨©
ªà¨â¥à¨© íªáâà¥¬ã¬� §�¤�−−®© äã−ªæ¨¨ ¢¥ªâ®à� ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨© mδW

¨ ª®¢�à¨�æ¨®−−®© ¬�âà¨æë KδW = M
[

δW 0 δW 0
]

:

f(mδW ,KδW ) = extr . (4)

Šà¨â¥à¨© ¬¨−¨¬ã¬� ¢¥à®ïâ−®áâ¨ ¯®¯�¤�−¨ï ¢¥ªâ®à� ®è¨¡ª¨ ¢ §�¤�−−ãî
®¡«�áâì ï¢«ï¥âáï ç�áâ−ë¬ á«ãç�¥¬ ªà¨â¥à¨ï (4) ¯à¨ ãá«®¢¨¨, ¥á«¨ à�á¯à¥¤¥«¥−¨¥
¢¥ªâ®à� ®è¨¡ª¨ ¯®«−®áâìî ®¯à¥¤¥«ï¥âáï ¥£® ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ ¨ ª®¢�-
à¨�æ¨®−−®© ¬�âà¨æ¥©. —�áâ−ë¬ á«ãç�¥¬ ªà¨â¥à¨ï (4) ¯à¨ íâ®¬ ãá«®¢¨¨ ï¢«ï¥âáï
¨ ªà¨â¥à¨© ¬¨−¨¬ã¬� ¢¥«¨ç¨−ë, ª®â®àãî á §�¤�−−®© ¢¥à®ïâ−®áâìî −¥ ¯à¥¢§®©¤¥â
¬®¤ã«ì ¢¥ªâ®à� ®è¨¡ª¨.

‚á¥ ¯¥à¥ç¨á«¥−−ë¥ ªà¨â¥à¨¨ ®á−®¢�−ë −� ª®«¨ç¥áâ¢¥−−®© ®æ¥−ª¥ ®è¨¡ª¨
¯à¨¡«¨¦¥−¨ï δW (s). ‚ §�¤�ç�å ®¡−�àã¦¥−¨ï á¨£−�«®¢, ¤«ï ª®â®àëå ¨¬¥¥â
§−�ç¥−¨¥ −¥ ¢¥«¨ç¨−� ®è¨¡ª¨, � «¨èì ª�ç¥áâ¢¥−−ë© ä�ªâ −�«¨ç¨ï ¨«¨ ®âáãâ-
áâ¢¨ï ®è¨¡ª¨, ¯à¨å®¤¨âáï ¯®«ì§®¢�âìáï ¤àã£¨¬¨ ªà¨â¥à¨ï¬¨. —�áâ® ¤«ï íâ®©
æ¥«¨ ¯®«ì§ãîâáï ªà¨â¥à¨¥¬ ¬¨−¨¬ã¬� ¢¥à®ïâ−®áâ¨ ®è¨¡®ç−®£® à¥è¥−¨ï. �à¥¤-
¯®«�£�ï, çâ® á¨áâ¥¬� à¥è�¥â, çâ® á¨£−�« ¥áâì, ¥á«¨ ¥£® ®æ¥−ª� �W ¯à¥¢ëè�¥â
−¥ª®â®àë© ãà®¢¥−ì c, ¨ à¥è�¥â, çâ® á¨£−�«� −¥â, ¥á«¨ �W ≤ c, ¬®¦¥¬ §�¯¨á�âì
íâ®â ªà¨â¥à¨© ¢ ¢¨¤¥

pÏÛ = P

(

W 6= 0
�W ≤ c

)

+ P

(

W = 0
�W > c

)

= min . (5)

‚â®àë¬ ªà¨â¥à¨¥¬ ¤«ï à¥è¥−¨ï §�¤�ç¨ ®¡−�àã¦¥−¨ï á¨£−�«®¢ ¬®¦¥â á«ã¦¨âì
ªà¨â¥à¨© ãá«®¢−®£® ¬¨−¨¬ã¬� ¢¥à®ïâ−®áâ¨ ®è¨¡®ç−®£® à¥è¥−¨ï ¯à¨ §�¤�−−®©
ãá«®¢−®© ¢¥à®ïâ−®áâ¨ «®¦−®£® ®¡−�àã¦¥−¨ï á¨£−�«�, ª®£¤� ®− ®âáãâáâ¢ã¥â ¢
−�¡«î¤�¥¬®© ‘”, â. ¥. ªà¨â¥à¨© (5) ¯à¨ ¤®¯®«−¨â¥«ì−®¬ ãá«®¢¨¨

P ( �W > c | W = 0) = α . (6)

�â®â ªà¨â¥à¨© −�§ë¢�¥âáï ªà¨â¥à¨¥¬ �¥©¬�−�{�¨àá®−�.
‚¥à®ïâ−®áâì «î¡®£® á®¡ëâ¨ï ¬®¦¥â ¡ëâì ¢ëà�¦¥−� ª�ª ¬�â¥¬�â¨ç¥áª®¥ ®¦¨-

¤�−¨¥ å�à�ªâ¥à¨áâ¨ç¥áª®© äã−ªæ¨¨ á®®â¢¥âáâ¢ãîé¥£® íâ®¬ã á®¡ëâ¨î ¬−®¦¥áâ¢�
§−�ç¥−¨© á«ãç�©−®© ¢¥«¨ç¨−ë (‘‚). �®íâ®¬ã ªà¨â¥à¨© (5) ¬®¦−® ¯à¥¤áâ�¢¨âì ¢
¢¨¤¥:

M
[

ℓ(W, �W )
]

= min , (7)

£¤¥ äã−ªæ¨ï ℓ ®¯à¥¤¥«ï¥âáï à�¢¥−áâ¢�¬¨

ℓ(W, �W ) =

{

1 (W 6= 0, �W ≤ c ¯à¨ W = 0, �W > c) ;

0 (W 6= 0, �W > c ¯à¨ W = 0, �W ≤ c) .
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

„«ï ®âëáª�−¨ï ãá«®¢−®£® ¬¨−¨¬ã¬� ¢¥à®ïâ−®áâ¨ P ¯à¨ ¤®¯®«−¨â¥«ì−®¬
ãá«®¢¨¨ (6), á®£«�á−® ¬¥â®¤ã −¥®¯à¥¤¥«¥−−ëå ¬−®¦¨â¥«¥© ‹�£à�−¦�, −¥®¡å®¤¨¬®
−�©â¨ ¬¨−¨¬ã¬ ¢¥«¨ç¨−ë

p1 = pÏÛ + λP ( �W > c | W = 0) , (8)

£¤¥ λ | −¥®¯à¥¤¥«¥−−ë© ¬−®¦¨â¥«ì, ¨ ¯®á«¥ íâ®£® ®¯à¥¤¥«¨âì λ1 â�ª, çâ®¡ë
¡ë«® ¢ë¯®«−¥−® ãá«®¢¨¥ (6). �¡®§−�ç�ï ç¥à¥§ p ¨ q á®®â¢¥âáâ¢¥−−® ¢¥à®ïâ−®áâì
−�«¨ç¨ï ¨ ¢¥à®ïâ−®áâì ®âáãâáâ¢¨ï á¨£−�«� ¢ −�¡«î¤�¥¬®© ‘” (q = 1−p), ¬®¦¥¬
¯¥à¥¯¨á�âì à�¢¥−áâ¢® (8) ¢ ¢¨¤¥:

p1 = pP ( �W ≤ c | W 6= 0) + q

(

1 +
λ1
q

)

P ( �W > c) | W + 0) .

�âáî¤� ¨¬¥¥¬

p1 = P

(

W 6= 0
�W ≤ c

)

+ λP

(

W = 0
�W > c

)

.

Šà¨â¥à¨© ¬¨−¨¬ã¬� ¢¥«¨ç¨−ë p1 â�ª¦¥ ¬®¦−® ¯à¥¤áâ�¢¨âì ¢ ä®à¬¥ (7), ¥á«¨
®¯à¥¤¥«¨âì äã−ªæ¨î ℓ à�¢¥−áâ¢�¬¨:

ℓ(W, �W ) =











1 (W 6= 0, �W ≤ c) ;

λ (W = 0, �W > c) ;

0 (W 6= 0, �W > c ¨«¨ W = 0, �W ≤ c) .

Šà¨â¥à¨© ¬¨−¨¬ã¬� ¢¥à®ïâ−®áâ¨ ®è¨¡ª¨ ¨ ªà¨â¥à¨© ãá«®¢−®£® ¬¨−¨¬ã¬� ¢¥-
à®ïâ−®áâ¨ ®è¨¡ª¨ ¯à¨ §�¤�−−®© ãá«®¢−®© ¢¥à®ïâ−®áâ¨ «®¦−®£® ®¡−�àã¦¥−¨ï
á¨£−�«� ¯à¨ ¥£® ®âáãâáâ¢¨¨ ¢ −�¡«î¤�¥¬®© ‘” ï¢«ïîâáï ç�áâ−ë¬¨ á«ãç�ï¬¨
ªà¨â¥à¨ï (7), ¯à¨ç¥¬ ¤«ï ¯¥à¢®£® ªà¨â¥à¨ï äã−ªæ¨¨ ℓ ®¯à¥¤¥«¥−� ¯®«−®áâìî, �
¤«ï ¢â®à®£® ªà¨â¥à¨ï ®−� á®¤¥à¦¨â −¥®¯à¥¤¥«¥−−ë© ¯�à�¬¥âà λ, ª®â®àë© ¤®«¦¥−
¡ëâì ®¯à¥¤¥«¥− ¯®á«¥ −�å®¦¤¥−¨ï ¬¨−¨¬ã¬� ¨§ ¤®¯®«−¨â¥«ì−®£® ãá«®¢¨ï (6).

Šà¨â¥à¨© (1) ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ¢ ¢¨¤¥ (7), ¥á«¨ ®¯à¥¤¥«¨âì äã−ªæ¨î ℓ
ä®à¬ã«®©

ℓ(W, �W ) =
∣

∣

∣

�W − W
∣

∣

∣
.

��ª®−¥æ, ç�áâ® ®ª�§ë¢�¥âáï ¯®«¥§−ë¬ â�ª¦¥ ªà¨â¥à¨© (7) ¯à¨ ¢ë¡®à¥ äã−ªæ¨¨ ℓ
¢ ¢¨¤¥

l(W,W ) = 1− e−k2( �W−W )2 .

Šà¨â¥à¨© (1) ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ¢ ä®à¬¥ (7), ¥á«¨ ¯à¨−ïâì §� äã−ªæ¨î ℓ
å�à�ªâ¥à¨áâ¨ç¥áªãî äã−ªæ¨î á®®â¢¥âáâ¢ãîé¥£® ¬−®¦¥áâ¢� §−�ç¥−¨© ®è¨¡ª¨:

ℓ(W, �W ) =







1
(
∣

∣

∣

�W − W
∣

∣

∣
< ϕ(s)

)

;

0
(
∣

∣

∣

�W − W
∣

∣

∣
≤ ϕ(s)

)

.
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—�áâ−ë¬ á«ãç�¥¬ ªà¨â¥à¨ï (7) ï¢«ï¥âáï â�ª¦¥ ªà¨â¥à¨© ¬�ªá¨¬ã¬� ¯à�¢¤®-
¯®¤®¡¨ï. ‡�¤�ç� −�å®¦¤¥−¨ï ®æ¥−ª¨ �W = �w(X) ¢¥ªâ®à−®£® ¯�à�¬¥âà� W ¯®
à¥§ã«ìâ�â�¬ −�¡«î¤¥−¨ï ª®−¥ç−®¬¥à−®£® á«ãç�©−®£® ¢¥ªâ®à� X ï¢«ï¥âáï ç�áâ-
−ë¬ á«ãç�¥¬ ®¡é¥© §�¤�ç¨ â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬, ª®£¤� ®¡«�áâ¨ T ¨ S
á®áâ®ïâ ¨§ ª®−¥ç−®£® ç¨á«� §−�ç¥−¨© �à£ã¬¥−â®¢ t ¨ s á®®â¢¥âáâ¢¥−−®. �®«�£�ï

ℓ(W, �W ) = c − δ( �W − W ) ,

¯®«ãç¨¬ ¢ íâ®¬ á«ãç�¥:

M
[

ℓ(W, �W )
]

= c −

∞
∫

−∞

∞
∫

−∞

δ( �w(x)− w)h(w)f(x | w) dxdw =

= c −

∞
∫

−∞

h( �w(x))f(x | �w(x)) dx . (9)

Šà¨â¥à¨© ¬�ªá¨¬ã¬� ¯à�¢¤®¯®¤®¡¨ï ®¯à¥¤¥«ï¥â â�ªãî äã−ªæ¨î �w(x), ª®â®à�ï
®¡¥á¯¥ç¨¢�¥â ¬�ªá¨¬ã¬ ¯®¤ë−â¥£à�«ì−®© äã−ªæ¨¨ ¢ (9) ¯à¨ «î¡®¬ §−�ç¥−¨¨ x.
‘«¥¤®¢�â¥«ì−®, ªà¨â¥à¨© ¬�ªá¨¬ã¬� ¯à�¢¤®¯®¤®¡¨ï ®¡¥á¯¥ç¨¢�¥â ¬¨−¨¬ã¬ ¢¥-
«¨ç¨−ë (9).

’�ª¨¬ ®¡à�§®¬, ¯®«ãç�¥¬ á«¥¤ãîé¨© ®¡é¨© ¯à¨−æ¨¯ ®æ¥−ª¨ ª�ç¥áâ¢� á¨á-
â¥¬ë ¨ ¢ë¡®à� ªà¨â¥à¨ï ®¯â¨¬�«ì−®áâ¨. Š�ç¥áâ¢® à¥è¥−¨ï §�¤�ç¨ ¢ ª�¦¤®¬
ª®−ªà¥â−®¬ á«ãç�¥ ®æ¥−¨¢�¥âáï −¥ª®â®à®© äã−ªæ¨¥© ℓ(W, �W ), §−�ç¥−¨¥ ª®â®-
à®© ®¯à¥¤¥«ï¥âáï ª®−ªà¥â−ë¬¨ à¥�«¨§�æ¨ï¬¨ á¨£−�«� W ¨ ¥£® ®æ¥−ª¨ �W . �âã
äã−ªæ¨î æ¥«¥á®®¡à�§−® −�§¢�âì äã−ªæ¨¥© ¯®â¥àì. Š�ç¥áâ¢® à¥è¥−¨ï §�¤�ç¨
¢ áà¥¤−¥¬ ¤«ï ¤�−−®© à¥�«¨§�æ¨¨ á¨£−�«� W ¯à¨ ¢á¥å ¢®§¬®¦−ëå à¥�«¨§�æ¨-
ïå ®æ¥−ª¨ �W , á®®â¢¥âáâ¢ãîé¨å ¤�−−®© à¥�«¨§�æ¨¨ á¨£−�«� W , ®æ¥−¨¢�¥âáï
ãá«®¢−ë¬ ¬�â¥¬�â¨ç¥áª¨¬ ®¦¨¤�−¨¥¬ äã−ªæ¨¨ ¯®â¥àì ¯à¨ ¤�−−®© à¥�«¨§�æ¨¨
á¨£−�«�:

ρ(A | W ) = M
[

ℓ(W, �W ) | W
]

.

�âã ¢¥«¨ç¨−ã ®¡ëç−® −�§ë¢�îâ ãá«®¢−ë¬ à¨áª®¬. “á«®¢−ë© à¨áª §�¢¨á¨â ®â
®¯¥à�â®à� A, ®¯à¥¤¥«ïîé¥£® ®æ¥−ªã �W , ¨ ®â à¥�«¨§�æ¨¨ á¨£−�«� W , çâ® ¨
®âà�¦¥−® ¢ ¥£® ®¡®§−�ç¥−¨¨. ‘à¥¤−¥¥ ª�ç¥áâ¢® à¥è¥−¨ï §�¤�ç¨ ¯à¨ ¢á¥å ¢®§¬®¦-
−ëå à¥�«¨§�æ¨ïå á¨£−�«� W ¨ ¥£® ®æ¥−ª¨ �W å�à�ªâ¥à¨§ã¥âáï ¬�â¥¬�â¨ç¥áª¨¬
®¦¨¤�−¨¥¬ ãá«®¢−®£® à¨áª�, à�¢−ë¬ ¡¥§ãá«®¢−®¬ã ¬�â¥¬�â¨ç¥áª®¬ã ®¦¨¤�−¨î
äã−ªæ¨¨ ¯®â¥àì:

R(A) = M [ ρ(A | W ) ] = M
[

ℓ(W, �W )
]

. (10)

22 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

�âã ¢¥«¨ç¨−ã ¥áâ¥áâ¢¥−−® −�§¢�âì áà¥¤−¨¬ à¨áª®¬. “áâ�−®¢¨¢ â�ª¨¬ ®¡à�§®¬
¬¥àã ª�ç¥áâ¢� ®æ¥−ª¨ á¨£−�«� W , ¬®¦−® ¯à¨−ïâì §� ªà¨â¥à¨© ®¯â¨¬�«ì−®áâ¨
á¨áâ¥¬ë ªà¨â¥à¨© ¬¨−¨¬ã¬� áà¥¤−¥£® à¨áª�, ª®â®àë© ¨¬¥¥â ä®à¬ã (7).

…á«¨ âà¥¡ã¥âáï ®¡¥á¯¥ç¨âì −�¨«ãçè¥¥ à¥è¥−¨¥ §�¤�ç¨ ¯à¨¡«¨¦¥−¨ï ¯à¨ −¥-
ª®â®àëå ¤®¯®«−¨â¥«ì−ëå ãá«®¢¨ïå, â®, ¯à¥¤áâ�¢¨¢ íâ¨ ¤®¯®«−¨â¥«ì−ë¥ ãá«®¢¨ï
¢ ¢¨¤¥

σk(A) = M
[

ϕk(W, �W )
]

= αk (k = 1, N) (11)

¨ ¯à¨¬¥−ïï ¬¥â®¤ −¥®¯à¥¤¥«¥−−ëå ¬−®¦¨â¥«¥© ‹�£à�−¦�, á¢¥¤¥¬ §�¤�çã ª
®âëáª�−¨î ¬¨−¨¬ã¬� ¢¥«¨ç¨−ë

R1(A) = R(A) +

N
∑

k=1

λkσk(A) = M

[

ℓ(W, �W ) +

N
∑

k=1

λkϕk(W, �W )

]

.

�âã ¢¥«¨ç¨−ã ¬®¦−® à�áá¬�âà¨¢�âì ª�ª áà¥¤−¨© à¨áª á®®â¢¥âáâ¢ãîé¥© äã−ªæ¨¨
¯®â¥àì

ℓ1(W, �W ) = ℓ(W, �W ) +

N
∑

k=1

λkϕk(W, �W ) ,

á®¤¥à¦�é¥© −¥®¯à¥¤¥«¥−−ë¥ ¯�à�¬¥âàë λ1 , . . . , λN . ‚ à�áá¬®âà¥−−®¬ ¢ëè¥
á«ãç�¥ ªà¨â¥à¨ï �¥©¬�−�{�¨àá®−� ¤«ï ®¡−�àã¦¥−¨ï á¨£−�«®¢ ¤®¯®«−¨â¥«ì−®¥
ãá«®¢¨¥ (6) ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−® ¢ ä®à¬¥ (11), ¥á«¨ ¯à¨−ïâì

ϕ1(W, �W ) =







0 (W 6= 0 ¨«¨ W = 0, �W ≤ c) ;
1

q
(W = 0, �W > c) .

Š«�áá ¢á¥å ¢®§¬®¦−ëå ªà¨â¥à¨¥¢ ¢¨¤� (7) −¥ ¨áç¥à¯ë¢�¥âáï â¥¬¨ ªà¨â¥à¨ï¬¨
íâ®£® ¢¨¤�, ¤«ï ª®â®àëå äã−ªæ¨ï ¯®â¥àì ℓ §�à�−¥¥ §�¤�−� ¨«¨ §�¤�−� á â®ç−®áâìî
¤® ª®−¥ç−®£® ç¨á«� −¥®¯à¥¤¥«¥−−ëå ¯�à�¬¥âà®¢. ‚ −¥ª®â®àëå á«ãç�ïå äã−ªæ¨ï
¯®â¥àì ¬®¦¥â §�¢¨á¥âì ®â â®£®, ª�ª áâà®¨âáï ®æ¥−ª� �W , â. ¥. ®â ®¯¥à�â®à� A.
‚ â�ª¨å á«ãç�ïå äã−ªæ¨ï ¯®â¥àì ℓ ®áâ�¥âáï −¥®¯à¥¤¥«¥−−®© ¤® â¥å ¯®à, ¯®ª�
−¥ −�©¤¥− ®¯â¨¬�«ì−ë© ®¯¥à�â®à A, ¨ §�¤�ç� ¯à¨¡«¨¦¥−¨ï ‘” á¢®¤¨âáï ª
á®¢¬¥áâ−®¬ã ®¯à¥¤¥«¥−¨î ®¯â¨¬�«ì−®£® ®¯¥à�â®à� A, ®¡¥á¯¥ç¨¢�îé¥£® ¬¨−¨¬ã¬
áà¥¤−¥£® à¨áª�, ¨ á®®â¢¥âáâ¢ãîé¥© íâ®¬ã ®¯¥à�â®àã äã−ªæ¨¨ ¯®â¥àì ℓ. ’�ª,
−�¯à¨¬¥à, ªà¨â¥à¨© ¬¨−¨¬ã¬� ¯®â¥à¨ ¨−ä®à¬�æ¨¨ ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ¢
ä®à¬¥ (7), ¥á«¨ ®¯à¥¤¥«¨âì äã−ªæ¨î ¯®â¥àì ä®à¬ã«®©

ℓ(w, �w) = log
f1(w)

f1(w | �w)
, (12)
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£¤¥ f1(w)| ¯«®â−®áâì ¢¥à®ïâ−®áâ¨ á¨£−�«� W , � f1(w | �w)| ãá«®¢−�ï ¯«®â−®áâì
¢¥à®ïâ−®áâ¨ á¨£−�«� W ®â−®á¨â¥«ì−® ®æ¥−ª¨ �W .

„® á¨å ¯®à à�áá¬�âà¨¢�«¨áì â®«ìª® â�ª¨¥ ªà¨â¥à¨¨, ¤«ï ª®â®àëå äã−ªæ¨ï
¯®â¥àì §�¢¨á¨â ®â §−�ç¥−¨© á¨£−�«� ¨ ¥£® ®æ¥−ª¨, á®®â¢¥âáâ¢ãîé¨å ®¤−®¬ã
®¯à¥¤¥«¥−−®¬ã §−�ç¥−¨î �à£ã¬¥−â� s. ‚á¥ ¯®¤®¡−ë¥ ªà¨â¥à¨¨ ®¡¥á¯¥ç¨¢�îâ
®¯â¨¬�«ì−®¥ ¯à¨¡«¨¦¥−¨¥ ®æ¥−ª¨ ª á¨£−�«ã ¯à¨ ª�¦¤®¬ ¤�−−®¬ §−�ç¥−¨¨ s.
‚ −¥ª®â®àëå á«ãç�ïå ¯à¨å®¤¨âáï ¤®¢®«ìáâ¢®¢�âìáï −�¨«ãçè¨¬ ¯à¨¡«¨¦¥−¨¥¬
®æ¥−ª¨ ª á¨£−�«ã ¢ áà¥¤−¥¬ ¢ −¥ª®â®à®© ®¡«�áâ¨ S ¨§¬¥−¥−¨ï �à£ã¬¥−â� s.
‚ ¯®¤®¡−ëå á«ãç�ïå äã−ªæ¨ï ¯®â¥àì ¡ã¤¥â §�¢¨á¥âì ®â ¢á¥å §−�ç¥−¨© á¨£−�«� ¨
¥£® ®æ¥−ª¨ ¢ ®¡«�áâ¨ S, â. ¥. ï¢«ï¥âáï äã−ªæ¨®−�«®¬ ®â á¨£−�«� ¨ ¥£® ®æ¥−ª¨.
’�ª, −�¯à¨¬¥à, ªà¨â¥à¨© ¬¨−¨¬ã¬� ãáà¥¤−¥−−®© ¯® ®¡«�áâ¨ S á.ª.®. ¬®¦¥â ¡ëâì
¯à¥¤áâ�¢«¥− ¢ ä®à¬¥ (7), ¥á«¨ ¯à¨−ïâì

ℓ(W, �W ) =

∫

S

|δw(s)|2 p(s) ds , (13)

¨«¨

ℓ(W, �W ) =

∫

S

N
∑

k=0

pk(s)
∣

∣

∣
δW (k)(s)

∣

∣

∣

2
ds , (14)

£¤¥ p(s) ¨ pk(s) | −¥ª®â®àë¥ ¯®«®¦¨â¥«ì−ë¥ äã−ªæ¨¨ ¢¥á�, å�à�ªâ¥à¨§ãîé¨¥
®â−®á¨â¥«ì−ãî ¢�¦−®áâì à�§«¨ç−ëå §−�ç¥−¨© s ¨ S. ”ã−ªæ¨¨ ¯®â¥àì (13) ¨ (14)
ï¢«ïîâáï äã−ªæ¨®−�«�¬¨ ®â á¨£−�«� ¨ ¥£® ®æ¥−ª¨.

ˆ−®£¤� ¢ ª�ç¥áâ¢¥ ªà¨â¥à¨ï ¯à¥¤«�£�îâ ¯®«ì§®¢�âìáï ªà¨â¥à¨¥¬ ¬¨−¨¬ã-
¬� ¬�â¥¬�â¨ç¥áª®£® ®¦¨¤�−¨ï ç¨á«� ¢ëå®¤®¢ ®è¨¡ª¨ ¨§ §�¤�−−ëå ¯à¥¤¥«®¢ ¢
â¥ç¥−¨¥ §�¤�−−®£® ¨−â¥à¢�«� ¢à¥¬¥−¨. ��¯à¨¬¥à, ªà¨â¥à¨© ¬¨−¨¬ã¬� ¬�â¥¬�â¨-
ç¥áª®£® ®¦¨¤�−¨ï ç¨á«� ¢ëå®¤®¢ ‘” ¨§ §�¤�−−ëå ¯à¥¤¥«®¢ a(s) < δW (s) < b(s)
¢ ®¡«�áâ¨ S ¨¬¥¥â ä®à¬ã (7) ¯à¨

ℓ(W, �W ) =

∫

S

{[

‘a(s)− δ ‘W (s)
]

1( ‘a(s)− δ ‘W (s))δ(a(s) − δW (s)) +

+
[

δ ‘W (s)− ‘b(s)
]

1(δ ‘W (s)− ‘b(s))δ(δW (s) − b(s))
}

ds .

‚ íâ®¬ á«ãç�¥ äã−ªæ¨ï ¯®â¥àì â�ª¦¥ ï¢«ï¥âáï äã−ªæ¨®−�«®¬ ®â á¨£−�«� ¨ ¥£®
®æ¥−ª¨.

…á«¨ ª�ç¥áâ¢® à¥è¥−¨ï §�¤�ç¨ ®æ¥−¨¢�¥âáï −¥ ¯®â¥à¥© ¨−ä®à¬�æ¨¨ ® §−�ç¥−¨¨
á¨£−�«� ¯à¨ ª�¦¤®¬ ¤�−−®¬ §−�ç¥−¨¨ �à£ã¬¥−â� s, � ¯®â¥à¥© ¨−ä®à¬�æ¨¨ ®
á®¢®ªã¯−®áâ¨ §−�ç¥−¨© á¨£−�«�, á®®â¢¥âáâ¢ãîé¨å −¥áª®«ìª¨¬ §−�ç¥−¨ï¬ s ¢
®¡«�áâ¨ S, ¨«¨ ¤�¦¥ ¯®â¥à¥© ¨−ä®à¬�æ¨¨ ® á¨£−�«¥ ¢ æ¥«®¬ ¢ ®¡«�áâ¨ S,
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â® ªà¨â¥à¨© ¬¨−¨¬ã¬� ¯®â¥à¨ ¨−ä®à¬�æ¨¨ â�ª¦¥ ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥− ¢
ä®à¬¥ (7), £¤¥ äã−ªæ¨ï ¯®â¥àì ®¯à¥¤¥«ï¥âáï ä®à¬ã«®© (12), ¢ ª®â®à®© W

¨ �W ï¢«ïîâáï ¢¥ªâ®à�¬¨ á®®â¢¥âáâ¢ãîé¥£® ç¨á«� ¨§¬¥à¥−¨©. ’�ª¨¬ ®¡à�§®¬,
¨ ¤«ï ªà¨â¥à¨ï ¬¨−¨¬ã¬� ¯®â¥à¨ ¨−ä®à¬�æ¨¨ äã−ªæ¨ï ¯®â¥àì ¬®¦¥â ¡ëâì
äã−ªæ¨®−�«®¬ ®â á¨£−�«� ¨ ¥£® ®æ¥−ª¨.

Šà¨â¥à¨¨ ¬¨−¨¬ã¬� áà¥¤−¥£® à¨áª�, á®®â¢¥âáâ¢ãîé¨¥ ¢á¥¬ ¢®§¬®¦−ë¬ ®¯à¥-
¤¥«¥−−ë¬ äã−ªæ¨ï¬ ¨«¨ äã−ªæ¨®−�«�¬ ¯®â¥àì, ª®â®àë¥ ¬®£ãâ á®¤¥à¦�âì −¥-
®¯à¥¤¥«¥−−ë¥ ¯�à�¬¥âàë, −�§ë¢�îâáï ¡¥©¥á®¢ë¬¨ ªà¨â¥à¨ï¬¨. Šà¨â¥à¨¨ ¬¨-
−¨¬ã¬� áà¥¤−¥£® à¨áª�, á®®â¢¥âáâ¢ãîé¨¥ äã−ªæ¨ï¬ ¨«¨ äã−ªæ¨®−�«�¬ ¯®â¥àì,
§�¢¨áïé¨¬ ®â ®¯¥à�â®à� A, −¥ ®â−®áïâáï ª ª«�ááã ¡¥©¥á®¢ëå ªà¨â¥à¨¥¢. ’�ª¨¬
®¡à�§®¬, ¢á¥ à�áá¬®âà¥−−ë¥ ¢ëè¥ ªà¨â¥à¨¨, ªà®¬¥ ªà¨â¥à¨ï ¬¨−¨¬ã¬� ¯®â¥à¨
¨−ä®à¬�æ¨¨, ï¢«ïîâáï ¡¥©¥á®¢ë¬¨ ªà¨â¥à¨ï¬¨.

„«ï á«®¦−ëå á¨áâ¥¬ ¨á¯®«ì§ã¥âáï ª®¬¯«¥ªá á®£«�á®¢�−−ëå ¢ ®¯à¥¤¥«¥−−®¬
á¬ëá«¥ ªà¨â¥à¨¥¢. ’�ª ¢®§−¨ª«� áâ�â¨áâ¨ç¥áª�ï â¥®à¨ï ¬−®£®ªà¨â¥à¨�«ì−®©
®¯â¨¬¨§�æ¨¨ ¯® ��à¥â®.

‚®¯à®á ® ¢ë¡®à¥ ªà¨â¥à¨ï ®¯â¨¬ã¬�, ª®â®àë©, ®ç¥¢¨¤−®, á¢®¤¨âáï ª ¢ë¡®àã
äã−ªæ¨¨ ¯®â¥àì ℓ, −¥ ¢á¥£¤� ¬®¦¥â ¡ëâì ¯à�ªâ¨ç¥áª¨ à¥è¥− −� ®á−®¢¥ �−�«¨§�
−�§−�ç¥−¨ï ¨ ãá«®¢¨© à�¡®âë ¯à®¥ªâ¨àã¥¬®© á¨áâ¥¬ë. ÷¥è¥−¨¥ íâ®£® ¢®¯à®á� ¢
§−�ç¨â¥«ì−®© ¬¥à¥ ®¯à¥¤¥«ï¥âáï ¨¬¥îé¨¬¨áï ¢ −�è¥¬ à�á¯®àï¦¥−¨¨ ¤�−−ë¬¨ ®
¢¥à®ïâ−®áâ−ëå å�à�ªâ¥à¨áâ¨ª�å á¨£−�«� ¨ −�¡«î¤�¥¬®© ‘”.

„«ï ®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−®© á¨áâ¥¬ë ¯® ªà¨â¥à¨î (7) ¯à¨ ¯à®¨§¢®«ì−®©
äã−ªæ¨¨ ¯®â¥àì −¥®¡å®¤¨¬® ¯®«−®¥ §−�−¨¥ §�ª®−� à�á¯à¥¤¥«¥−¨ï á¨£−�«� ¨
−�¡«î¤�¥¬®© ‘”. ’®«ìª® ¤«ï −¥ª®â®àëå ç�áâ−ëå ¢¨¤®¢ äã−ªæ¨¨ ¯®â¥àì §�¤�ç�
®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−®© á¨áâ¥¬ë ¬®¦¥â ¡ëâì à¥è¥−� −� ®á−®¢¥ −¥¯®«−®£®
§−�−¨ï §�ª®−� à�á¯à¥¤¥«¥−¨ï ‘” Z.

Š�ª ¡ã¤¥â ¯®ª�§�−® ¯®§¦¥, ¤«ï ®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−®© «¨−¥©−®© á¨áâ¥¬ë
¯® ªà¨â¥à¨î ¬¨−¨¬ã¬� á.ª.®. ¨«¨ ¯® ¡®«¥¥ ®¡é¨¬ ªà¨â¥à¨ï¬ (1) ¨ (3) ¤®áâ�â®ç−®
§−�âì ¬�â¥¬�â¨ç¥áª¨¥ ®¦¨¤�−¨ï ‘” Z,W , ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î ‘” Z ¨
¢§�¨¬−ãî ª®¢�à¨�æ¨®−−ãî äã−ªæ¨î ‘” W,Z. ‘ ¤àã£®© áâ®à®−ë, ¥á«¨ ¨§¢¥áâ−ë
â®«ìª® ¬�â¥¬�â¨ç¥áª¨¥ ®¦¨¤�−¨ï ¨ ª®¢�à¨�æ¨®−−ë¥ äã−ªæ¨¨ ‘” Z,W ¨ −¥â
−¨ª�ª¨å ¤àã£¨å ¤�−−ëå ®¡ ¨å §�ª®−¥ à�á¯à¥¤¥«¥−¨ï, â® −¥â −¨ª�ª®£® á¬ëá«�
¨áª�âì ®¯â¨¬�«ì−ãî á¨áâ¥¬ã áà¥¤¨ −¥«¨−¥©−ëå á¨áâ¥¬. „¥©áâ¢¨â¥«ì−®, ¯à¨
¤�−−ëå ¬�â¥¬�â¨ç¥áª¨å ®¦¨¤�−¨ïå ¨ ª®¢�à¨�æ¨®−−ëå äã−ªæ¨ïå ‘” Z ¨ W
¬®£ãâ ¨¬¥âì á�¬ë¥ à�§−®®¡à�§−ë¥ §�ª®−ë à�á¯à¥¤¥«¥−¨ï ¨, ¢ ç�áâ−®áâ¨, ¬®£ãâ
¡ëâì à�á¯à¥¤¥«¥−ë −®à¬�«ì−®. � ¯à¨ −®à¬�«ì−®¬ à�á¯à¥¤¥«¥−¨¨ ‘” Z ¨ W
®¯â¨¬�«ì−®© á¨áâ¥¬®© ¢ ª«�áá¥ ¢á¥å ¢®§¬®¦−ëå á¨áâ¥¬ ¯® ®â−®è¥−¨î ª «î¡®¬ã
ªà¨â¥à¨î ¢¨¤� (7), á®®â¢¥âáâ¢ãîé¥¬ã äã−ªæ¨¨ ¯®â¥àì ℓ, ¯à¥¤áâ�¢«ïîé¥© á®¡®©
äã−ªæ¨î ¬®¤ã«ï ®è¨¡ª¨, ï¢«ï¥âáï −¥ª®â®à�ï «¨−¥©−�ï á¨áâ¥¬�. � â�ª ª�ª
−®à¬�«ì−®¥ à�á¯à¥¤¥«¥−¨¥ ¢á«¥¤áâ¢¨¥ ¥£® è¨à®ª®£® à�á¯à®áâà�−¥−¨ï ¢® ¬−®£¨å
á«ãç�ïå ¬®¦¥â áç¨â�âìáï −�¨¡®«¥¥ ¢¥à®ïâ−ë¬, â® ®¯â¨¬�«ì−�ï «¨−¥©−�ï á¨áâ¥¬�
¡ã¤¥â −�¨¡®«¥¥ ¢¥à®ïâ−®© ®¯â¨¬�«ì−®© á¨áâ¥¬®© ¢ ª«�áá¥ ¢á¥å ¢®§¬®¦−ëå á¨áâ¥¬.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 25



ˆ. �. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ‚. ‚. �¥«®ãá®¢ ¨ ¤à.

…á«¨ ¨§¢¥áâ−® â®«ìª® ãá«®¢−®¥ à�á¯à¥¤¥«¥−¨¥ −�¡«î¤�¥¬®© ‘” Z ®â−®á¨-
â¥«ì−®£® á¨£−�«� W , � à�á¯à¥¤¥«¥−¨¥ á¨£−�«� W −¥¨§¢¥áâ−®, â® ®¯â¨¬�«ì−ãî
á¨áâ¥¬ã ¬®¦−® ¨áª�âì ¯® ªà¨â¥à¨î ¬¨−¨¬ã¬� ¬�ªá¨¬�«ì−®£® ¢®§¬®¦−®£® §−�ç¥-
−¨ï ãá«®¢−®£® à¨áª� ρ(A | W ):

max
W

ρ(A | W ) = min ,

â. ¥. −�¨¡®«ìè¥£® ¨§ §−�ç¥−¨© ãá«®¢−®£® à¨áª�, á®®â¢¥âáâ¢ãîé¨å ¢á¥¬ ¢®§¬®¦-
−ë¬ à¥�«¨§�æ¨ï¬ á¨£−�«� W . �â®â ªà¨â¥à¨©, −�§ë¢�¥¬ë© ®¡ëç−® ¬¨−¨¬�ªá−ë¬,
®¡¥á¯¥ç¨¢�¥â −�¨«ãçèãî à�¡®âã á¨áâ¥¬ë ¢ −�¨åã¤è¨å ¢®§¬®¦−ëå ãá«®¢¨ïå.
‚á«¥¤áâ¢¨¥ íâ®£® ®− ®á®¡¥−−® ¯®¤å®¤¨â ¤«ï à�áç¥â� á¨áâ¥¬, à�¡®â�îé¨å ¢ ãá«®-
¢¨ïå ®à£�−¨§®¢�−−®£® ¯à®â¨¢®¤¥©áâ¢¨ï, ª®â®à®¥ ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¢ë¡®à�
à¥�«¨§�æ¨¨ á¨£−�«�, ®¡¥á¯¥ç¨¢�îé¥£® −�¨åã¤èãî â®ç−®áâì à¥è¥−¨ï §�¤�ç¨.
‚ á«ãç�¥, ª®£¤� à�á¯à¥¤¥«¥−¨¥ á¨£−�«� −¥¨§¢¥áâ−® ¨«¨ ¤�¦¥ ¢®®¡é¥ −¥ áãé¥-
áâ¢ã¥â, ¬¨−¨¬�ªá−ë© ªà¨â¥à¨© ç�áâ® ®ª�§ë¢�¥âáï æ¥«¥á®®¡à�§−ë¬ ¯®â®¬ã, çâ® ¢
íâ®¬ á«ãç�¥ −¥¨§¢¥áâ−®, −�áª®«ìª® ç�áâ® ¬®£ãâ ¢áâà¥ç�âìáï á¨£−�«ë, ¯à¨ ª®â®àëå
â®ç−®áâì á¨áâ¥¬ë ¡«¨§ª� ª −�¨åã¤è¥©, � ¬¨−¨¬�ªá−ë© ªà¨â¥à¨© ®¡¥á¯¥ç¨¢�¥â
−�¨¬¥−ìèãî ¢®§¬®¦−ãî ¯®â¥àî â®ç−®áâ¨ ¨¬¥−−® ¤«ï â�ª¨å á¨£−�«®¢.

‚ á«ãç�¥, ª®£¤� á¨áâ¥¬� ¤®«¦−� à�¡®â�âì ¢ ãá«®¢¨ïå ®à£�−¨§®¢�−−®£® ¯à®-
â¨¢®¤¥©áâ¢¨ï, â. ¥. ª®£¤� ¨¬¥¥âáï −�àãè¨â¥«ì, áâà¥¬ïé¨©áï −�àãè¨âì á¨áâ¥¬ã,
âà¥¡ã¥¬ë© ¢ëå®¤−®© á¨£−�« §�¢¨á¨â ®â −¥ª®â®àëå ¯�à�¬¥âà®¢, ª®â®àë¬¨ −�àã-
è¨â¥«ì ¬®¦¥â à�á¯®àï¦�âìáï. …£® §�¤�ç� á®áâ®¨â ¢ â�ª®¬ ¢ë¡®à¥ §−�ç¥−¨© íâ¨å
¯�à�¬¥âà®¢, çâ®¡ë −�−¥áâ¨ ¯® ¢®§¬®¦−®áâ¨ ¡®«ìè¨© ãé¥à¡ á¨áâ¥¬¥ ¨ ¢®á¯à¥-
¯ïâáâ¢®¢�âì à¥è¥−¨î ¯®áâ�¢«¥−−ëå §�¤�ç. ‚ â�ª¨å á«ãç�ïå §�¤�ç¥© á¨áâ¥¬ë
ï¢«ï¥âáï ¬¨−¨¬¨§�æ¨ï −�−®á¨¬®£® −�àãè¨â¥«¥¬ ãé¥à¡� á¨áâ¥¬¥.

‡�¤�ç¨ ®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−ëå à¥è¥−¨©, ª®£¤� ¨¬¥îâáï ¤¢¥ áâ®à®−ë,
¨−â¥à¥áë ª®â®àëå ¯à®â¨¢®¯®«®¦−ë ¨ ª�¦¤�ï ¨§ ª®â®àëå áâà¥¬¨âáï ¯®«ãç¨âì
¬�ªá¨¬�«ì−ãî ¢ë£®¤ã ¤«ï á¥¡ï ¨ −�−¥áâ¨ ¬�ªá¨¬�«ì−ë© ãé¥à¡ ¯à®â¨¢®¯®«®¦−®©
áâ®à®−¥, ï¢«ïîâáï ¯à¥¤¬¥â®¬ áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ¨£à.

4.3 Определение оптимальных параметров системы, имеющей заданную
структуру

…á«¨ áâàãªâãà� á¨áâ¥¬ë §�¤�−�, â® ¤«ï ®¯à¥¤¥«¥−¨ï ®¯â¨¬�«ì−ëå §−�ç¥−¨© ¥¥
¯�à�¬¥âà®¢ U −¥®¡å®¤¨¬® −�©â¨ §�¢¨á¨¬®áâì ¯à¨−ïâ®£® ªà¨â¥à¨ï ª�ç¥áâ¢� (10)
®â ¯�à�¬¥âà®¢: J = R(A(U)). ‚ â¥å á«ãç�ïå, ª®£¤� íâ� §�¢¨á¨¬®áâì ¨¬¥¥â
�−�«¨â¨ç¥áª¨© ¢¨¤, ®¯â¨¬�«ì−ë¥ §−�ç¥−¨ï ¯�à�¬¥âà®¢ á¨áâ¥¬ë ®¯à¥¤¥«ïîâáï
á¨áâ¥¬®© ãà�¢−¥−¨©, ®¯à¥¤¥«ïîé¨å −¥®¡å®¤¨¬ë¥ (¤®áâ�â®ç−ë¥) ãá«®¢¨ï íªáâà¥-
¬ã¬�. ‚ á«®¦−ëå á«ãç�ïå, ª®£¤� ãà�¢−¥−¨ï, ®¯à¥¤¥«ïîé¨¥ ãá«®¢¨ï íªáâà¥¬ã¬�,
−¥«ì§ï à¥è¨âì �−�«¨â¨ç¥áª¨ ¨«¨ ª®£¤� ªà¨â¥à¨© J = J(U) −¥ ã¤�¥âáï ¢ëà�§¨âì
ç¥à¥§ ¯�à�¬¥âà á¨áâ¥¬ë U , ¯à¨¡¥£�îâ ª ¯à¨¡«¨¦¥−−ë¬ ¬¥â®¤�¬ −�å®¦¤¥−¨ï
íªáâà¥¬ã¬� äã−ªæ¨¨, ¢ëà�¦�îé¥© ªà¨â¥à¨© ª�ç¥áâ¢� [7].
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÷�§¢¨â¨¥ ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ ‘â�ˆ á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¤®áâã¯−®áâ¨

Œ¥â®¤ë Š÷ ¬®£ãâ ¡ëâì íää¥ªâ¨¢−® ¨á¯®«ì§®¢�−ë, ¥á«¨ ã¤�¥âáï ¢¥ªâ®àë
Z = Z(t) ¨ U = U(t) ¯à¥¤áâ�¢¨âì ª�ª¨¬-«¨¡® á®¢¬¥áâ−ë¬ Š÷.

4.4 Приближенные методы теории оптимальных систем

�ää¥ªâ¨¢−®¥ â®ç−®¥ à¥è¥−¨¥ §�¤�ç� á¨−â¥§� ®¯â¨¬�«ì−ëå ä¨«ìâà®¢ ¢®§¬®¦-
−® ¤«ï «¨−¥©−ëå ¨«¨ «¨−¥©−ëå ®â−®á¨â¥«ì−® ¢¥ªâ®à� á®áâ®ï−¨ï ¨ �¤¤¨â¨¢−ëå
èã¬®¢ ª�ª ¢ §�¤�ç�å off-line, â�ª ¨ on-line ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨.

�¥®¡å®¤¨¬®áâì ®¡à�¡�âë¢�âì à¥§ã«ìâ�âë −�¡«î¤¥−¨© ¢ on-line à¥¦¨¬¥ −¥¯®-
áà¥¤áâ¢¥−−® ¢ ¯à®æ¥áá¥ íªá¯¥à¨¬¥−â� ¯à¨¢¥«� ª ¯®ï¢«¥−¨î àï¤� ¯à¨¡«¨¦¥−−ëå
¬¥â®¤®¢ ®¯â¨¬�«ì−®£® á¨−â¥§�, −�§ë¢�¥¬ëå ®¡ëç−® áã¡®¯â¨¬�«ì−ë¬¨ ¬¥â®¤�¬¨.

Š ¯¥à¢®© £àã¯¯¥ ¬¥â®¤®¢ ®â−®áïâáï ¬¥â®¤ë, ®á−®¢�−−ë¥ −� ¯à¨¡«¨¦¥−−®¬
à¥è¥−¨¨ ä¨«ìâà�æ¨®−−ëå ãà�¢−¥−¨©, � ª® ¢â®à®© £àã¯¯¥ | ¬¥â®¤ë, ®á−®¢�−−ë¥
−� ¯à¥¢à�é¥−¨¨ ¢ëà�¦¥−¨© ¤«ï ®¯â¨¬�«ì−ëå ®æ¥−®ª ¢ ¯à¨¡«¨¦¥−−ë¥ ãà�¢-
−¥−¨ï ¤«ï ®æ¥−®ª ¯ãâ¥¬ à�§«®¦¥−¨ï −¥«¨−¥©−ëå äã−ªæ¨© ¢ áâ¥¯¥−−ë¥ àï¤ë
¨ ®â¡à�áë¢�−¨ï ®áâ�â®ç−ëå ç«¥−®¢. Š® ¢â®à®© £àã¯¯¥ ¬¥â®¤®¢ ®â−®áïâáï ¬¥-
â®¤ë, ®á−®¢�−−ë¥ −� «¨−¥�à¨§�æ¨¨ ¨áå®¤−ëå ãà�¢−¥−¨© ¢ ®ªà¥áâ−®áâ¨ ®æ¥−ª¨
¨ ¨á¯®«ì§®¢�−¨¨ ¬¥â®¤®¢ ®¯â¨¬�«ì−®£® «¨−¥©−®£® á¨−â¥§�. †¥«�−¨¥ ¯®¢ëá¨âì
â®ç−®áâì ®æ¥−¨¢�−¨ï ¢¥¤¥â ª à�§«¨ç−ë¬ ¯®¯ëâª�¬ ¯®«ãç¥−¨ï ãà�¢−¥−¨© áã¡®¯â¨-
¬�«ì−®£® ®æ¥−¨¢�−¨ï ¢â®à®£® ¨ ¢ëáè¨å ¯®àï¤ª®¢. �ää¥ªâ¨¢−®¥ ¯à�ªâ¨ç¥áª®¥
¨á¯®«ì§®¢�−¨¥ ¬¥â®¤®¢ áã¡®¯â¨¬�«ì−®£® ®æ¥−¨¢�−¨ï ¢ on-line §�¤�ç�å §�¢¨á¨â
®â ¢®§¬®¦−®áâ¨ �¯à¨®à−®© ®æ¥−ª¨ â®ç−®áâ¨ á¨−â¥§� ä¨«ìâà®¢ ¡¥§ ¨á¯®«ì§®¢�−¨ï
à¥§ã«ìâ�â®¢ −�¡«î¤¥−¨©.

„«ï à¥è¥−¨ï §�¤�ç on-line ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ®á®¡ãî æ¥−−®áâì ¢á«¥¤-
áâ¢¨¥ ¨å ¯à®áâ®âë ¨¬¥îâ ¬¥â®¤ë ãá«®¢−®-®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ �ã£�çñ¢�,
®á−®¢�−−ë¥ −� ªà¨â¥à¨¨ ��à¥â® [8].

5 Методическое и инструментальное программное обеспечение
статистических научных исследований на основе канонических
представлений случайных функций

‚ ¯¥à¨®¤ 2007{2010 ££. ¢ ˆ�ˆ ÷�� à�§à�¡®â�−® ¬¥â®¤¨ç¥áª®¥ ®¡¥á¯¥ç¥−¨¥
�−�«¨§� ¨ á¨−â¥§� á¨áâ¥¬ ¤«ï ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¢ −¥¯à¥àë¢−ëå ¨ ¤¨á-
ªà¥â−ëå ‘â‘ −� ®á−®¢¥ ª�−®−¨ç¥áª¨å ¯à¥¤áâ�¢«¥−¨© ‘” Š÷ ¨ ¨−â¥£à�«ì−ëå
ª�−®−¨ç¥áª¨å ¯à¥¤áâ�¢«¥−¨©). �−® ¯®¤à®¡−® ®¯¨á�−® ¢ ¬®−®£à�ä¨¨ [1]. …£®
à�§¢¨â¨¥ à�áá¬®âà¥−® ¢ [6, 9{11]. ÷�§à�¡®â�−® ¨−áâàã¬¥−â�«ì−®¥ ¯à®£à�¬¬−®¥
®¡¥á¯¥ç¥−¨¥ ¢ áà¥¤¥ MATLAB [12{14].

��ç¨−�ï á 2010 £. ¢ ˆ�ˆ ÷�� ¢¥¤ãâáï à�¡®âë ¯® á®§¤�−¨î ¬¥â®¤¨ç¥áª®£®
®¡¥á¯¥ç¥−¨ï �−�«¨§� ¨ á¨−â¥§� ªàã£®¢ëå, áä¥à¨ç¥áª¨å ¨ ª¢�â¥à−¨®−−ëå ‘â‘
¤«ï ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ [10]. ÷�§à�¡®â�−ë â®ç−ë¥ ¨ ¯à¨¡«¨¦¥−−ë¥ ¬¥â®¤ë
�−�«¨§� ¨ á¨−â¥§�, ¢ â®¬ ç¨á«¥ ¨ −� ®á−®¢¥ Š÷ á −¥§�¢¨á¨¬ë¬¨ ª®¬¯®−¥−â�¬¨.
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6 Применения в системах высокой точности

Высокоточные системы обработки наблюдений о флуктуациях полюса Зем-
ли. ‚ æ¨ª«¥ à�¡®â [12{20] à�§à�¡®â�−ë −®¢ë¥ ¬¥â®¤ë, �«£®à¨â¬ë, ¯à®£à�¬¬−®¥
®¡¥á¯¥ç¥−¨¥ ¨ ˆ’ ¤«ï off-line ¨ on-line ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ¢ áà¥¤¥ MATLAB.
‘®§¤�−ë ¨−ä®à¬�æ¨®−−ë¥ à¥áãàáë ¯® ¯à®¡«¥¬¥ ú‘â�â¨áâ¨ç¥áª�ï ¤¨−�¬¨ª� ¢à�-
é¥−¨ï ‡¥¬«¨û (à�§¤¥« ú�®«îá ‡¥¬«¨û).

Высокоточные системы обработки наблюдений о флуктуациях неравномер-
ности вращения Земли. ‚ [21{27] à�áá¬®âà¥−ë −®¢ë¥ ¬¥â®¤ë off-line ¨ on-line
®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨ ® ä«ãªâã�æ¨ïå −¥à�¢−®¬¥à−®áâ¨ ¢à�é¥−¨ï ‡¥¬«¨. ��ç�-
âë à�¡®âë ¯® á®§¤�−¨î ¨−ä®à¬�æ¨®−−ëå à¥áãàá®¢ ¯® ¯à®¡«¥¬¥ ú‘â�â¨áâ¨ç¥áª�ï
¤¨−�¬¨ª� ¢à�é¥−¨ï ‡¥¬«¨û (à�§¤¥« ú�¥à�¢−®¬¥à−®áâì ¢à�é¥−¨ï ‡¥¬«¨û).

7 Применения в банковских системах высокой доступности

Системы управления информационными активами

Š�ª ¨§¢¥áâ−® [28, 29], ª®−âà®«ì ¨−ä®à¬�æ¨®−−ëå �ªâ¨¢®¢ (ˆ�) ï¢«ï¥âáï
®¤−®© ¨§ ¢�¦−¥©è¨å §�¤�ç ¤«ï ®à£�−¨§�æ¨©, ª®â®àë¥ ¯®áâ®ï−−® ¯®¢ëè�îâ íä-
ä¥ªâ¨¢−®áâì ¢ª«�¤ë¢�¥¬ëå ¨¬¨ áà¥¤áâ¢, áâ�à�îâáï à�æ¨®−�«¨§¨à®¢�âì á¯®á®¡ë
¨å à�áå®¤®¢�−¨ï. “¯à�¢«¥−¨¥ �ªâ¨¢�¬¨ (Asset Management) | ¯¥à¥¤®¢�ï à�§¢¨-
¢�îé�ïáï â¥å−®«®£¨ï, ¯à¥á«¥¤ãîé�ï ¤¢¥ ®á−®¢−ë¥ æ¥«¨: ®¯à¥¤¥«¥−¨¥ áâàãªâãàë
à�áå®¤®¢ −� ˆ’ ¨ ª®−âà®«ì ®â¤�ç¨ ®â ¢«®¦¥−−ëå áà¥¤áâ¢. �−¨ ¤®«¦−ë ®¡¥á¯¥-
ç¨¢�âì âé�â¥«ì−ë© ª®−âà®«ì, �−�«¨§ ¬�â¥à¨�«ì−ëå ¨ −¥¬�â¥à¨�«ì−ëå ¨−ä®à¬�-
æ¨®−−ëå à¥áãàá®¢ ¢ à�á¯à¥¤¥«¥−−®© áà¥¤¥ ®à£�−¨§�æ¨¨ −� ¯à®âï¦¥−¨¨ ¢á¥£® ¨å
¦¨§−¥−−®£® æ¨ª«� ¨ à�á¯à®áâà�−ïâìáï −� ¬−®£¨¥ ¯®¤à�§¤¥«¥−¨ï ¨ −�¯à�¢«¥−¨ï
¤¥ïâ¥«ì−®áâ¨ ®à£�−¨§�æ¨¨, ¢ª«îç�ï ¨−ä®à¬�æ¨®−−ë¥ ®â¤¥«ë, á«ã¦¡ë â¥å−¨ç¥-
áª®© ¯®¤¤¥à¦ª¨, àãª®¢®¤áâ¢® ¯à¥¤¯à¨ïâ¨ï. ‘¨áâ¥¬ë ã¯à�¢«¥−¨ï ˆ� (‘“ˆ�)
®â−®áïâáï ª ¯�áá¨¢−ë¬ á¨áâ¥¬�¬, â. ¥. ®áãé¥áâ¢«ïîâ â®«ìª® á¡®à ¨ ®¡à�¡®âªã
¨−ä®à¬�æ¨¨, −® −¥ ®ª�§ë¢�îâ ®¡à�â−®£® ¢®§¤¥©áâ¢¨ï −� ¨¬¥îé¨¥áï ˆ�.

‚ áä¥à¥ â¥å−¨ç¥áª®© íªá¯«ã�â�æ¨¨ ¯®¤ ãç¥â®¬ (¨−¢¥−â�à¨§�æ¨¥©) ¯®−¨¬�¥âáï
�¢â®¬�â¨ç¥áª¨© á¡®à ¨−ä®à¬�æ¨¨ ® −�«¨ç¨¨ ¨ á®áâ®ï−¨¨ ®¡®àã¤®¢�−¨ï, ®¡é¥á¨á-
â¥¬−ëå ¨ ®¡ê¥ªâ®¢ëå à¥áãàá®¢, ® ¯ãâïå ¯à¨®¡à¥â¥−¨ï ®¡®àã¤®¢�−¨ï, á¯®á®¡�å
¨á¯®«ì§®¢�−¨ï, ¯®àï¤ª¥ ¨ áà®ª�å ¯à®¢¥¤¥−¨ï â¥å−¨ç¥áª®£® ®¡á«ã¦¨¢�−¨ï ¨
à¥¬®−â�, á®áâ®ï−¨¨ ãç¨âë¢�¥¬ëå ®¡ê¥ªâ®¢, � â�ª¦¥ ¨−ä®à¬�æ¨¨ ®¡ ®à£�−¨§�æ¨¨
á«ã¦¡ë íªá¯«ã�â�æ¨¨.

‘¯¥æ¨�«¨§¨à®¢�−−ë¥ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ¤«ï ‘“ˆ� ¬®¦−® à�§¤¥«¨âì,
¯® ú¬®é−®áâ¨û, −� ¤¢¥ ª�â¥£®à¨¨:

(1) ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ¢¥¤¥−¨ï �¢â®−®¬−®© �„ á ¨−ä®à¬�æ¨¥© ®¡ ã¯à�¢«¥-
−¨¨ ˆ�, ¢ª«îç�ï áâ®¨¬®áâ−ë¥ ¯®ª�§�â¥«¨;
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(2) ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ¢¥¤¥−¨ï �„ ¨−ä®à¬�æ¨¨ ã¯à�¢«¥−¨ï ˆ�, á ¢®§¬®¦-
−®áâìî �¢â®¬�â¨§¨à®¢�−−®£® á¡®à� ¤�−−ëå ¨ ®¯¥à�â¨¢−®£® ¢§�¨¬®¤¥©áâ¢¨ï
á ERP (Enterprise Resource Planning | ã¯à�¢«¥−¨¥ à¥áãàá�¬¨ ¯à¥¤¯à¨ïâ¨ï)
á¨áâ¥¬�¬¨ ª®¬¯�−¨¨, ®áãé¥áâ¢«ïîé¨¬¨ ¯«�−¨à®¢�−¨¥ à¥áãàá®¢ (ä¨−�−á®-
¢ëå, ç¥«®¢¥ç¥áª¨å, ¬�â¥à¨�«ì−ëå) ¤«ï ¯à®¨§¢®¤áâ¢� â®¢�à®¢ (ãá«ã£), ®¯¥à�-
â¨¢−®¥ ã¯à�¢«¥−¨¥ ¢ë¯®«−¥−¨¥¬ ¯«�−®¢ (¢ª«îç�ï á−�¡¦¥−¨¥, á¡ëâ, ¢¥¤¥−¨¥
¤®£®¢®à®¢), ¢á¥ ¢¨¤ë ä¨−�−á®¢®£® ãç¥â�, �−�«¨§ à¥§ã«ìâ�â®¢ å®§ï©áâ¢¥−−®©
¤¥ïâ¥«ì−®áâ¨.

‚ ˆ�ˆ ÷�� −�ª®¯«¥− ¡®«ìè®© ®¯ëâ á®§¤�−¨ï ¨ ¢−¥¤à¥−¨ï ‘“ˆ� ¤«ï ��−ª�
÷®áá¨¨ (�÷). ��−ª ÷®áá¨¨ ¯à¥¤áâ�¢«ï¥â á®¡®© ®¡è¨à−ãî á¥âì ®à£�−¨§�æ¨© ¨ ¯®¤-
à�§¤¥«¥−¨©, à�á¯à¥¤¥«¥−−ëå ¯® ¢á¥© â¥àà¨â®à¨¨ ÷”. �à¨ íâ®¬ â¥àà¨â®à¨�«ì−ë¥
¯®¤à�§¤¥«¥−¨ï �÷ −¥ ï¢«ïîâáï à�¢−®§−�ç−ë¬¨ ¯® â¥å−¨ç¥áª®¬ã ®á−�é¥−¨î ¨
á¢ï§�−ë ¤àã£ á ¤àã£®¬ à�§−ë¬¨ ª�−�«�¬¨ á¢ï§¨: −�ç¨−�ï ®â ¯à®¨§¢®¤¨â¥«ì-
−ëå ®¯â®¢®«®ª®−−ëå á®¥¤¨−¥−¨© ¨ §�ª�−ç¨¢�ï ª�−�«�¬¨ á −¨§ª®© ¯à®¯ãáª−®©
á¯®á®¡−®áâìî, ¡¥§ ¢®§¬®¦−®áâ¨ ®à£�−¨§�æ¨¨ ¯®áâ®ï−−®£® \on-line" á®¥¤¨−¥−¨ï.
�®¤®¡−�ï ®à£�−¨§�æ¨ï ¯à¨¢®¤¨â ª −¥®¡å®¤¨¬®áâ¨ á®§¤�−¨ï ¨−ä®à¬�æ¨®−−®©
á¨áâ¥¬ë á à�á¯à¥¤¥«¥−−®© áâàãªâãà®© ¨ −¥§�¢¨á¨¬ë¬¨ �„. ÷�áá¬®âà¨¬ ®á−®¢-
−ë¥ ãá¯¥è−ë¥ à¥è¥−¨ï ¤�−−®© á¨áâ¥¬ë.

÷¥£¨®−�«ì−ë© ãà®¢¥−ì ‘“ˆ� ¯à¥¤−�§−�ç¥− ¤«ï �¢â®¬�â¨§�æ¨¨ äã−ªæ¨©
¢¢®¤�, åà�−¥−¨ï, ®¡à�¡®âª¨, ¢ë¤�ç¨ ¯® §�¯à®á�¬ ¨ ¯¥à¥¤�ç¨ ¢ æ¥−âà�«ì−ãî
¯®¤á¨áâ¥¬ã ãç¥â−®© ¨−ä®à¬�æ¨¨ ® −�«¨ç¨¨, ¤¢¨¦¥−¨¨ ¨ ª�ç¥áâ¢¥−−®¬ á®áâ®ï−¨¨
¬�â¥à¨�«ì−ëå ¨ −¥¬�â¥à¨�«ì−ëå �ªâ¨¢®¢, −�å®¤ïé¨åáï ¢ §®−¥ ®â¢¥âáâ¢¥−−®áâ¨
â®£® ¯®¤à�§¤¥«¥−¨ï, ¤«ï ª®â®à®£® à�§¢¥à−ãâ� á¢®ï à¥£¨®−�«ì−�ï ¯®¤á¨áâ¥¬�.
…á«¨ à¥£¨®−�«ì−®¥ ¯®¤à�§¤¥«¥−¨¥ ¨¬¥¥â á«®¦−ãî à�á¯à¥¤¥«¥−−ãî áâàãªâãàã,
â® ¢ −¥¬ ¬®¦¥â ¡ëâì à�§¢¥à−ãâ® −¥áª®«ìª® ®â¤¥«ì−ëå ¯à¥¤¯à¨ïâ¨© ¨ áâàãªâãà�
‘“ˆ� ¯à¨®¡à¥â�¥â ¢¨¤ ¤¥à¥¢� á ¬−®£¨¬¨ ãà®¢−ï¬¨. ‚ §�¢¨á¨¬®áâ¨ ®â á®áâ®ï−¨ï
ª®−ªà¥â−®£® ¯®¤à�§¤¥«¥−¨ï �÷ ¨á¯®«ì§ã¥âáï −¥áª®«ìª® ¢�à¨�−â®¢ åà�−¥−¨ï ¨
¢¥¤¥−¨ï ¥£® ¨−ä®à¬�æ¨¨:

{ ¥¤¨−�ï æ¥−âà�«¨§®¢�−−�ï �„ à¥£¨®−�«ì−®£® ãà®¢−ï ¤«ï ¯®¤à�§¤¥«¥−¨© á
ª�ç¥áâ¢¥−−ë¬¨ ª�−�«�¬¨ á¢ï§¨ ¢ëá®ª®© ¯à®¯ãáª−®© á¯®á®¡−®áâ¨;

{ ®â¤¥«ì−�ï �„ à¥£¨®−�«ì−®£® ãà®¢−ï ¤«ï ¯®¤à�§¤¥«¥−¨ï, ª®â®à®¥ −¥ ¬®¦¥â
¡ëâì ¯®¤ª«îç¥−® ª æ¥−âà�«¨§®¢�−−®© à¥£¨®−�«ì−®© ¡�§¥;

{ ¢ ®á®¡ëå á«ãç�ïå ¤®¯ãáª�¥âáï ¢¥¤¥−¨¥ ®â¤¥«ì−ëå ä�©«®¢ í«¥ªâà®−−ëå â�-
¡«¨æ Excel ¨ ¨å ¯¥à¥¤�ç� ¢ �„ ¢ëè¥áâ®ïé¥£® ¯®¤à�§¤¥«¥−¨ï.

��§−�ç¥−¨¥ æ¥−âà�«ì−®© ¯®¤á¨áâ¥¬ë ‘“ˆ� á®áâ®¨â ¢ ®¡¥á¯¥ç¥−¨¨ �¢â®¬�-
â¨§�æ¨¨ äã−ªæ¨© á¡®à�, åà�−¥−¨ï, á®¯à®¢®¦¤¥−¨ï ¨ ¯à¥¤®áâ�¢«¥−¨ï ¯®«−®©
¨−ä®à¬�æ¨¨ ® ¬�â¥à¨�«ì−ëå ¨ −¥¬�â¥à¨�«ì−ëå �ªâ¨¢�å ®à£�−¨§�æ¨¨, ¯®áâã¯�-
îé¥© ¨§ à¥£¨®−�«ì−®£® ãà®¢−ï. –¥−âà�«ì−ë© ãà®¢¥−ì á®¤¥à¦¨â −�¡®à �„ á
¯®«−ë¬ ¯¥à¥ç−¥¬ ãç¨âë¢�¥¬ëå �ªâ¨¢®¢, à¥§ã«ìâ�â®¢ à�áç¥â� ®¡®¡é¥−−®© áâ�-
â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨ ¯® à�§«¨ç−ë¬ ªà¨â¥à¨ï¬. –¥−âà�«ì−�ï ¯®¤á¨áâ¥¬�
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ˆ. �. ‘¨−¨æë−, �. ÷. Š®à¥¯�−®¢, ‚. ‚. �¥«®ãá®¢ ¨ ¤à.

®¡¥á¯¥ç¨¢�¥â ¤®áâã¯ àãª®¢®¤ïé¥£® á®áâ�¢� ª áä®à¬¨à®¢�−−ë¬ ¤�−−ë¬. ‚ −¥©
â�ª¦¥ ¯à®¨áå®¤¨â æ¥−âà�«¨§®¢�−−®¥ ¨§¬¥−¥−¨¥ ª«�áá¨ä¨ª�â®à®¢ ‘“ˆ�, ¨á-
¯®«ì§ã¥¬ëå ¤«ï ®¡¥á¯¥ç¥−¨ï â¥à¬¨−®«®£¨ç¥áª®£® ¥¤¨−áâ¢�.

�®¤ ª®««¥ªâ¨¢−ë¬ (¨«¨ á®¢¬¥áâ−ë¬) ¢¥¤¥−¨¥¬ �„ ‘“ˆ� ¯®¤à�§ã¬¥¢�¥âáï
ãç�áâ¨¥ ¤¢ãå ¨ ¡®«¥¥ ¯®«ì§®¢�â¥«¥© ¢ §�¯®«−¥−¨¨ á¢¥¤¥−¨© ®¡ ®¤−®¬ ¨ â®¬ ¦¥
¨−ä®à¬�æ¨®−−®¬ �ªâ¨¢¥, � â�ª¦¥ á¢ï§�−−ë¥ á íâ¨¬ ¯à®æ¥ááë ¨ â¥å−®«®£¨¨,
®¡¥á¯¥ç¨¢�îé¨¥ æ¥«®áâ−®áâì ¨ �ªâã�«ì−®áâì á®¤¥à¦¨¬®£® �„. Œ®¦−® ¢ë¤¥«¨âì
¤¢� ãà®¢−ï ª®««¥ªâ¨¢−®£® ¢¥¤¥−¨ï �„:

(1) «®ª�«ì−ë© (¢ à¥¤�ªâ¨à®¢�−¨¨ á¢¥¤¥−¨© ãç�áâ¢ãîâ á®âàã¤−¨ª¨ ®¤−®© ¯®¤-
á¨áâ¥¬ë ‘“ˆ�);

(2) ¬¥¦á¨áâ¥¬−ë© (¢ à¥¤�ªâ¨à®¢�−¨¨ á¢¥¤¥−¨© ãç�áâ¢ãîâ á®âàã¤−¨ª¨ à�§−ëå
¯®¤á¨áâ¥¬ ‘“ˆ�).

Š®««¥ªâ¨¢−®¥ ¢¥¤¥−¨¥ ï¢«ï¥âáï ¢�¦−ë¬ ¬®¬¥−â®¬ ¯à¨ ª�ç¥áâ¢¥−−®¬ ä®à¬¨-
à®¢�−¨¨ �„, ¡¥§ ª®â®à®£® ç�áâ® ¡ë¢�¥â ®ç¥−ì á«®¦−® ®¡®©â¨áì. �®«ì§®¢�â¥«¨
¨¬¥îâ ¢®§¬®¦−®áâì á®§¤�¢�âì ¨ ¯®áë«�âì ¤àã£ ¤àã£ã á¯¥æ¨�«ì−ë¥ á®®¡é¥−¨ï
(ã¢¥¤®¬«¥−¨ï) ® −¥®¡å®¤¨¬®áâ¨ ¢ë¯®«−¥−¨ï ª�ª¨å-«¨¡® ¤¥©áâ¢¨© á ®¡ê¥ªâ�¬¨
ãç¥â�. „�«¥¥ á¨áâ¥¬� á�¬� ®âá«¥¦¨¢�¥â ¢ë¯®«−¥−¨¥ ã¢¥¤®¬«¥−¨©.

�−�«¨§ ª�ç¥áâ¢� ¢¥¤¥−¨ï ¨−ä®à¬�æ¨¨ ¢ ‘“ˆ� −¥®¡å®¤¨¬ ¤«ï ¯®¢ëè¥−¨ï
íää¥ªâ¨¢−®áâ¨ à�¡®âë á¨áâ¥¬ë ¢ æ¥«®¬, −�ç¨−�ï á ¢¢®¤� ¤�−−ëå ¨ §�ª�−ç¨¢�ï
à�áç¥â®¬ �ªâã�«ì−®© ¨ ¢ë¢¥à¥−−®© á¢®¤−®© ¨−ä®à¬�æ¨¨ −� æ¥−âà�«ì−®¬ ãà®¢−¥.
„«ï à¥è¥−¨ï ¯®áâ�¢«¥−−®© §�¤�ç¨ ¨á¯®«ì§ãîâáï à�§«¨ç−ë¥ ¬¥å�−¨§¬ë ª®−âà®«ï
¢¢®¤� ¤�−−ëå, � â�ª¦¥ �−�«¨§� ã¦¥ áãé¥áâ¢ãîé¥© ¨−ä®à¬�æ¨¨ á ¯®á«¥¤ãîé¨¬
ä®à¬¨à®¢�−¨¥¬ á¯¨áª� §�¬¥ç�−¨© ¨ à¥ª®¬¥−¤�æ¨© ¯® ¨å ãáâà�−¥−¨î. �à¨ íâ®¬
è¨à®ª® ¨á¯®«ì§ãîâáï ¬¥â®¤¨ç¥áª®¥ ¨ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥, \off-line" ¨
\on-line" ®¡à�¡®âª� áâ�â¨áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨, ®á−®¢�−−®¥ −� Š÷ á«ãç�©−ëå
äã−ªæ¨© (á¬. à�§¤. 5).

�à¨ à�§à�¡®âª¥ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¤«ï �÷ ®áâà® ¢áâ�¥â ¢®¯à®á ®à£�-
−¨§�æ¨¨ á¢ï§¨ ¬¥¦¤ã â¥àà¨â®à¨�«ì−® à�§à®§−¥−−ë¬¨ ¯®¤à�§¤¥«¥−¨ï¬¨. „�−−ë©
¢®¯à®á §�âà�£¨¢�¥â ª�ª â¥å−¨ç¥áª¨¥, â�ª ¨ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ®¡¥á¯¥ç¥−¨ï
äã−ªæ¨®−¨à®¢�−¨ï â¥àà¨â®à¨�«ì−® à�§à®§−¥−−®© ®à£�−¨§�æ¨¨ ª�ª ¥¤¨−®£® æ¥-
«®£®. �à¨ ¯à®¥ªâ¨à®¢�−¨¨ á¯¥æ¨�«ì−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï (‘��)
−¥®¡å®¤¨¬® ãç¨âë¢�âì ¢®§−¨ª�îé¨¥ âàã¤−®áâ¨ ¢ à�á¯à¥¤¥«¥−−®© á¨áâ¥¬¥, â�ª¨¥
ª�ª à�§−®®¡à�§¨¥ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¢ ®â¤¥«ì−® ¢§ïâ®¬ ¯®¤à�§¤¥«¥−¨¨ ¨
¢®§¬®¦−ë¥ ®âª�§ë á¢ï§¨ ¯® â¥å−¨ç¥áª¨¬ ª�−�«�¬ ¢§�¨¬®¤¥©áâ¢¨ï. ‚ëå®¤®¬ ¨§
á«®¦¨¢è¥©áï á¨âã�æ¨¨ ¬®¦¥â áâ�âì á¯®á®¡ à�§à�¡®âª¨ ‘�� ¢ à�¬ª�å ª«¨¥−â-
á¥à¢¥à−®© �àå¨â¥ªâãàë ª�ª −� â¥å−¨ç¥áª®¬, â�ª ¨ −� ¯à®£à�¬¬−®¬ ãà®¢−¥.

�à¨¬¥à®¬ ¤�−−®£® ¯®¤å®¤� ï¢«ï¥âáï à�§à�¡®â�−−®¥ ¢ ˆ�ˆ ÷�� ®à¨£¨−�«ì-
−®¥ ‘�� ¢ à�¬ª�å ‘“ˆ� ¥¤¨−®© â¥«¥ª®¬¬ã−¨ª�æ¨®−−®© ¡�−ª®¢áª®© á¥â¨ �÷,
¯à¥¤áâ�¢«¥−−®¥ −� web-á¥à¢¥à¥ ª®à¯®à�â¨¢−®£® ¯®àâ�«� ¨−âà�−¥â (Š�ˆ). „�−-
−®¥ ‘�� ¯à¥¤áâ�¢«ï¥â á®¡®© ª«¨¥−â-á¥à¢¥à−®¥ web-¯à¨«®¦¥−¨¥, à�¡®â�îé¥¥ á
‘“�„ Oracle ¨ ¯à¥¤®áâ�¢«ï¥â ¯®«ì§®¢�â¥«ï¬ Š�ˆ à�§«¨ç−ãî áâ�â¨áâ¨ç¥áªãî
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¨−ä®à¬�æ¨î ¯® ¯à®â®ª®«ã HTTP. Š«¨¥−âáª�ï ç�áâì ¯à¥¤áâ�¢«ï¥â á®¡®© web-
¯à¨«®¦¥−¨¥, −�¯¨á�−−®¥ ¢ à�¬ª�å J2EE â¥å−®«®£¨¨, â�ª −�§ë¢�¥¬ë© ¯®àâ«¥â,
ª®â®àë© à�§¬¥é�¥âáï −� web-á¥à¢¥à¥ Š�ˆ. ’®−ª¨¬¨ ª«¨¥−â�¬¨ ï¢«ïîâáï ¡à�ã-
§¥àë Internet Explorer ¨«¨ ¤àã£¨¥ áà¥¤áâ¢� ¯à®á¬®âà� ¨−â¥à−¥â� (Netscape ¨ ¤à.).
‘¯¥æ¨�«ì−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ï¢«ï¥âáï −¥¡®«ìè®© «®ª�«ì−®© ç�áâìî
£«®¡�«ì−®© �¢â®¬�â¨§¨à®¢�−−®© á¨áâ¥¬ë, −® ¯à¨ íâ®¬ âà¥¡ã¥â à�§¢¨â®© ¨−äà�-
áâàãªâãàë ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï −� áâ®à®−¥ �÷. �®¤ ¨−äà�áâàãªâãà®©
¯®−¨¬�¥âáï −�«¨ç¨¥ ¬®é−ëå á¥à¢¥à®¢, −� ª®â®àë¥ ¬®¦−® à�§¬¥áâ¨âì ¯®àâ�«ì-
−ë¥ á¥à¢¥à�, â�ª¨¥ ª�ª IBM WebSphere Portal, Apache ¨ ¤à. �® ¯à¨ −�«¨ç¨¨
à�§¢¨â®© ¨−äà�áâàãªâãàë ¯®ï¢«ï¥âáï ¢®§¬®¦−®áâì à�§à�¡®âª¨ £«®¡�«ì−ëå à�á-
¯à¥¤¥«¥−−ëå �¢â®¬�â¨§¨à®¢�−−ëå á¨áâ¥¬ ¢ à�¬ª�å â¥å−®«®£¨¨ J2EE. �� ¤�−−ë©
¬®¬¥−â à�áá¬�âà¨¢�¥âáï ¢®§¬®¦−®áâì ã¯à�¢«¥−¨ï, §�¯®«−¥−¨ï ¨ �−�«¨§� �„ ç¥-
à¥§ á¥à¢¥àë Š�ˆ ¯à¨ à�§à�¡®âª¥ ã§ª®−�¯à�¢«¥−−ëå web-ª®¬¯®−¥−â. ‚ ®á−®¢ã
¬¥â®¤®¢ �−�«¨§� ª�ç¥áâ¢� ‘�� â�ª¦¥ ¯®«®¦¥−ë ¬�â¥à¨�«ë à�§¤. 5.

8 Заключение

÷�§à�¡®â�−ë ¬¥â®¤¨ç¥áª¨¥ ®á−®¢ë ª®¬¯ìîâ¥à−®© ¯®¤¤¥à¦ª¨ á®¢à¥¬¥−−ëå
áâ�â¨áâ¨ç¥áª¨å −�ãç−ëå ¨áá«¥¤®¢�−¨©. �á®¡®¥ ¢−¨¬�−¨¥ ã¤¥«¥−® ¬¥â®¤�¬,
®á−®¢�−−ë¬ −� ª�−®−¨ç¥áª¨å à�§«®¦¥−¨ïå á«ãç�©−ëå äã−ªæ¨©. ÷�áá¬®âà¥−ë
¯à¨¬¥àë ¯à®£à�¬¬−®© à¥�«¨§�æ¨¨ ¤«ï á¨áâ¥¬ ¢ëá®ª®© â®ç−®áâ¨ ¨ ¡�−ª®¢áª¨å
á¨áâ¥¬ë ¢ëá®ª®© ¤®áâã¯−®áâ¨.
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ЭВОЛЮЦИЯ АРХИТЕКТУР СОВРЕМЕННЫХ
МИКРОПРОЦЕССОРОВ

С. В. Замковец1, В. Н. Захаров2, В. Е. Красовский3

�−−®â�æ¨ï: ÷�áá¬®âà¥−ë ¯à¨ç¨−ë à�§à�¡®âª¨ ¯¥à¢ëå ¬¨ªà®¯à®æ¥áá®à®¢
á �àå¨â¥ªâãà®© CISC. �á−®¢−ë¥ −¥¤®áâ�âª¨ íâ®© �àå¨â¥ªâãàë á¢ï§�−ë á ¥¥
¨§¡ëâ®ç−®áâìî. ‚ ª�ç¥áâ¢¥ �«ìâ¥à−�â¨¢ë íâ®© �àå¨â¥ªâãàë ¡ë«¨ à�§à�¡®â�−ë
¬¨ªà®¯à®æ¥áá®àë á �àå¨â¥ªâãà®© RISC. ‚ ®¡¥¨å �àå¨â¥ªâãà�å ¨á¯®«ì§ã¥âáï
¤¨−�¬¨ç¥áª¨© á¯®á®¡ ã¯à�¢«¥−¨ï ¢ë¯®«−¥−¨¥¬ ª®¬�−¤. ‘â�â¨ç¥áª¨© á¯®á®¡
ã¯à�¢«¥−¨ï ¨á¯®«ì§ã¥âáï ¢ �àå¨â¥ªâãà�å VLIW, ¢ ª®â®àëå ®á−®¢−�ï ç�áâì ¯®
ã¯à�¢«¥−¨î ¢ë¯®«−¥−¨¥¬ ¢®§«�£�¥âáï −� ª®¬¯¨«ïâ®àë.

Š«îç¥¢ë¥ á«®¢�: ¬¨ªà®¯à®æ¥áá®à; �àå¨â¥ªâãà�; CISC; RISC; VLIW;
ª®−¢¥©¥à; ¢−¥®ç¥à¥¤−®¥ ¢ë¯®«−¥−¨¥ ª®¬�−¤

1 CISC микропроцессоры

‚ 1971 £. ä¨à¬� Intel ¢ë¯ãáâ¨«� ¬¨ªà®áå¥¬ã, ª®â®à�ï ¯®«ãç¨«� −�§¢�−¨¥
¬¨ªà®¯à®æ¥áá®à. ’à�¤¨æ¨®−−® ¬¨ªà®¯à®æ¥áá®àë íâ®© ä¨à¬ë ®â−®áïâáï ª ª«�ááã
CISC (Complex Instruction Set Computer | ª®¬¯ìîâ¥àë á® á«®¦−ë¬ −�¡®à®¬
ª®¬�−¤) [1]. �¡à�§−® ¢ëà�¦�ïáì, ¬®¦−® áª�§�âì, çâ® CISC | íâ® ä¨«®á®ä¨ï
à�§à�¡®âç¨ª®¢ ¯à®æ¥áá®à®¢, ª®â®à�ï, á ®¤−®© áâ®à®−ë, −�æ¥«¥−� −� ®¡¥á¯¥ç¥-
−¨¥ «¥£ª®áâ¨ ¯à®£à�¬¬¨à®¢�−¨ï, � á ¤àã£®© áâ®à®−ë | ¤¥«�¥â íää¥ªâ¨¢−®©
¨á¯®«ì§®¢�−¨¥ ¯�¬ïâ¨, ¯®áª®«ìªã ¯�¬ïâì ¢ â® ¢à¥¬ï, ª®£¤� á®§¤�¢�«¨áì ¯¥à¢ë¥
¬¨ªà®¯à®æ¥áá®àë ä¨à¬ë Intel, ¡ë«� −¥¡®«ìè®©, ¤®áâ�â®ç−® ¤®à®£®© ¨ ¬¥¤«¥−-
−®© ¨ ¥¥ ¯à¨ ¯à®£à�¬¬¨à®¢�−¨¨ −¥®¡å®¤¨¬® ¡ë«® íª®−®¬¨âì. Š�¦¤�ï ª®¬�−¤� ¢
CISC ¬¨ªà®¯à®æ¥áá®à�å ¬®¦¥â ¢ë¯®«−ïâì æ¥«ãî ¯®á«¥¤®¢�â¥«ì−®áâì ®¯¥à�æ¨©
¢−ãâà¨ ¯à®æ¥áá®à�, çâ® ã¬¥−ìè�¥â ª®«¨ç¥áâ¢® ª®¬�−¤, −¥®¡å®¤¨¬ëå ¤«ï à¥�«¨-
§�æ¨¨ ¤�−−®© ¯à®£à�¬¬ë. �á−®¢®¯®«®¦−¨ª®¬ CISC-�àå¨â¥ªâãàë ¬®¦−® áç¨â�âì
ª®¬¯�−¨î IBM á ¥¥ ¡�§®¢®© �àå¨â¥ªâãà®© /360, ï¤à® ª®â®à®© ¨á¯®«ì§ã¥âáï á
1964 £. ¨ ¤®è«® ¤® −�è¨å ¤−¥©, −�¯à¨¬¥à ¢ â�ª¨å á®¢à¥¬¥−−ëå ¬¥©−äà¥©¬�å,
ª�ª IBM ES/9000.

‚ á®®â¢¥âáâ¢¨¨ á ¯à¥¤áâ�¢«¥−−®© ä¨«®á®ä¨¥© ¬−®£¨¥ ª®¬¯ìîâ¥à−ë¥ �àå¨-
â¥ªâ®àë ¯ëâ�«¨áì ãáâà�−¨âì á¥¬�−â¨ç¥áª¨© à�§àë¢, ª®â®àë© §�ª«îç�«áï ¢ â®¬,
çâ® ®¡ê¥ªâë ¬�−¨¯ã«¨à®¢�−¨ï ¨ á®®â¢¥âáâ¢ãîé¨¥ ¨¬ ®¯¥à�æ¨¨, à¥�«¨§ã¥¬ë¥

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, SZamkovetc@ipiran.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, VZakharov@ipiran.ru
3ˆ−áâ¨âãâ í«¥ªâà®−−ëå ã¯à�¢«ïîé¨å ¬�è¨− ¨¬. ˆ. ‘. �àãª� (ˆ��“Œ ¨¬. ˆ. ‘. �àãª�),

Krasovsky v@ineum.ru
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�¢®«îæ¨ï �àå¨â¥ªâãà á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à®¢

�àå¨â¥ªâãà®© ¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë, à¥¤ª® ¨¬¥îâ ¡«¨§ª®¥ à®¤áâ¢® á ®¡ê¥ª-
â�¬¨ ¨ ®¯¥à�æ¨ï¬¨, ®¯¨áë¢�¥¬ë¬¨ ¢ ï§ëª�å ¯à®£à�¬¬¨à®¢�−¨ï [2]. ‡�¤�ç�
à�§à�¡®âç¨ª®¢ §�ª«îç�«�áì ¢ â®¬, çâ®¡ë ¯®áâà®¨âì â�ª®© −�¡®à ª®¬�−¤, ª®â®àë©
−¥¯®áà¥¤áâ¢¥−−® ¯®¤¤¥à¦¨¢�« ¡ë ª®−áâàãªæ¨¨ ï§ëª®¢ ¢ëá®ª®£® ãà®¢−ï, −�¯à¨-
¬¥à ¢ë§®¢ë ¯à®æ¥¤ãà, ª®−âà®«ì æ¨ª«®¢, á«®¦−ë¥ à¥¦¨¬ë �¤à¥á�æ¨¨, ®¡¥á¯¥ç¨-
¢�ï ¤®áâã¯ ª áâàãªâãà�¬ ¤�−−ëå ¨ ¬�áá¨¢�¬ ¯à¨ ¯®¬®é¨ ¥¤¨−¨ç−ëå ¨−áâàãªæ¨©.
„«ï ¤�«ì−¥©è¥£® ã¢¥«¨ç¥−¨ï ¯«®â−®áâ¨ ª®¤®¢ á�¬¨ ª®¬�−¤ë â�ª¦¥ ¯®¤¢¥à£�«¨áì
á¯¥æ¨�«ì−®¬ã ª®¤¨à®¢�−¨î. ��¯à¨¬¥à, ¢á¥ à¥¦¨¬ë �¤à¥á�æ¨¨ ª®¤¨à®¢�«¨áì
¯à¨ ¯®¬®é¨ ®¤−®£® ¡�©â�. Š®¬¯�ªâ−�ï ¯à¨à®¤� â�ª¨å ª®¬�−¤ ¯à¨¢®¤¨«� ª
−¥¡®«ìè®¬ã à�§¬¥àã ¯à®£à�¬¬ ¨ −¥¡®«ìè®¬ã ª®«¨ç¥áâ¢ã ®¡à�é¥−¨© ª ®á−®¢−®©
¬¥¤«¥−−®© ¯�¬ïâ¨. �â® ¯à¨¢®¤¨«® ª å®à®è¥© ¯à®£à�¬¬−®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨
ª�ª −� �áá¥¬¡«¥à¥, â�ª ¨ −� ï§ëª�å ¢ëá®ª®£® ãà®¢−ï, â�ª¨å ª�ª ”®àâà�− ¨«¨
�«£®«. �â® ¬®¦−® áç¨â�âì ¯¥à¢®© ¯à¨ç¨−®©, ¯®ç¥¬ã ¬¨ªà®¯à®æ¥áá®àë ¯®è«¨ ¯®
â�ª®¬ã ¯ãâ¨ à�§¢¨â¨ï.

‚â®à�ï ¯à¨ç¨−� §�ª«îç�¥âáï ¢ â®¬, çâ® ¯¥à¢®−�ç�«ì−® ¢ à�−−¨å ¯à®¥ªâ�å
¯à®æ¥áá®à®¢ à�§à�¡®âç¨ª¨ ¨á¯®«ì§®¢�«¨ á¯¥æ¨�«ì−ãî �¯¯�à�â−ãî «®£¨ªã ¤«ï ¤¥-
ª®¤¨à®¢�−¨ï ¨ ¢ë¯®«−¥−¨ï ª�¦¤®© ª®¬�−¤ë. „«ï ¯à®áâëå ¯à®¥ªâ®¢ á −¥¡®«ìè¨¬
ª®«¨ç¥áâ¢®¬ ª®¬�−¤ â�ª®© ¯®¤å®¤ ®¯à�¢¤ë¢�« á¥¡ï, −® ¡®«¥¥ á«®¦−ãî �àå¨â¥ª-
âãàã à¥�«¨§®¢�âì ¡ë«® âï¦¥«¥¥ ¨§-§� á«®¦−®áâ¨ ¯®áâà®¥−¨ï «®£¨ª¨ ã¯à�¢«¥−¨ï.
’®£¤� ¯à®¥ªâ¨à®¢é¨ª¨ ¨§¬¥−¨«¨ ¯®¤å®¤ | ®−¨ ¨á¯®«ì§®¢�«¨ ¯à®áâãî «®£¨ªã
¤«ï ã¯à�¢«¥−¨ï ¯ãâï¬¨ ¯¥à¥¤�ç ¬¥¦¤ã à�§«¨ç−ë¬¨ í«¥¬¥−â�¬¨ ¯à®æ¥áá®à� ¨
¨á¯®«ì§®¢�«¨ ã¯à®é¥−−ë© ¬¨ªà®ª®¤ ¤«ï ã¯à�¢«¥−¨ï íâ®© «®£¨ª®©. �â®â â¨¯
à¥�«¨§�æ¨¨ ¨§¢¥áâ¥− ª�ª ¬¨ªà®¯à®£à�¬¬−�ï à¥�«¨§�æ¨ï.

Œ¨ªà®¯à®£à�¬¬−ë© á¯®á®¡ ¢ë¯®«−¥−¨ï ª®¬�−¤ ¡ë« ¯à¥¤«®¦¥− “¨«ªá®¬ ¢
1951 £., ¨ ¯à¨ â�ª®¬ á¯®á®¡¥ ã¯à�¢«¥−¨¥ ¢ë¯®«−¥−¨¥¬ ª®¬�−¤ ¡�§¨àã¥âáï −�
¯®áâ®ï−−®© ¯�¬ïâ¨, ®à£�−¨§®¢�−−®© ¢ ¢¨¤¥ ¯àï¬®ã£®«ì−®© ¬�âà¨æë, £¤¥ ª�¦¤�ï
áâà®ª� á®®â¢¥âáâ¢ã¥â ®¤−®¬ã ¬�è¨−−®¬ã â�ªâã, � í«¥¬¥−âë ¢ áâ®«¡æ¥ ã¯à�¢«ïîâ
¢¥−â¨«ï¬¨.

’�ª¨¬ ®¡à�§®¬, ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¬¨ªà®¯à®£à�¬¬−®© á¨áâ¥¬ë ¯à®æ¥áá®à
¨¬¥¥â ¢áâà®¥−−ãî ¯®áâ®ï−−ãî ¯�¬ïâì, ª®â®à�ï á®¤¥à¦¨â £àã¯¯ë ¬¨ªà®ª®¤®¢ ª®-
¬�−¤, á®®â¢¥âáâ¢ãîé¨¥ ª�¦¤®© ª®¬�−¤¥ ¬�è¨−−®£® ï§ëª�. Š®£¤� â�ª�ï ª®¬�−¤�
¯®áâã¯�¥â ¢ ¯à®æ¥áá®à, ®− ¢ë¯®«−ï¥â á®®â¢¥âáâ¢ãîéãî ¯®á«¥¤®¢�â¥«ì−®áâì ¬¨ª-
à®ª®¤®¢.

�¤−¨¬ ¨§ ¯®á«¥¤áâ¢¨© ¨á¯®«ì§®¢�−¨ï ¬¨ªà®¯à®£à�¬¬−®£® ã¯à�¢«¥−¨ï ï¢«ï-
¥âáï â®, çâ® à�§à�¡®âç¨ª¨ ¬®£«¨ ¢−®á¨âì ¡®«ìè¥ äã−ªæ¨®−�«ì−®áâ¨ ¢ ª�¦¤ãî
ª®¬�−¤ã. �â® ¢ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ á®ªà�é�«® ®¡é¥¥ ª®«¨ç¥áâ¢® ª®¬�−¤,
âà¥¡ãîé¨åáï ¤«ï à¥�«¨§�æ¨¨ ¯à®£à�¬¬ë, ¨ ¯®íâ®¬ã ¤¥«�«® ¡®«¥¥ íää¥ªâ¨¢−ë¬
¨á¯®«ì§®¢�−¨¥ ¬¥¤«¥−−®© ®á−®¢−®© ¯�¬ïâ¨. Šà®¬¥ â®£®, à¥�«¨§�æ¨ï á«®¦−ëå
ª®¬�−¤ ¯à®æ¥áá®à®¢ ®áãé¥áâ¢«ï«�áì ¤®áâ�â®ç−® ¯à®áâ®.

÷�áá¬®âà¨¬ −� ¯à¨¬¥à¥ ¬¨ªà®¯à®æ¥áá®à®¢ ä¨à¬ë Intel ®á−®¢−ë¥ �àå¨â¥ª-
âãà−ë¥ ®á®¡¥−−®áâ¨ ¯à®æ¥áá®à®¢ ª«�áá� CISC [1]. �à¨ íâ®¬ ¯®¤ �àå¨â¥ªâãà®©
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¡ã¤¥¬ ¯®−¨¬�âì −�¡®à �âà¨¡ãâ®¢, ª®â®àë¬¨ ¬®¦¥â ¯®«ì§®¢�âìáï ¯à®£à�¬¬¨áâ,
à�§à�¡�âë¢�îé¨© ¯à®£à�¬¬ã −� ¬�è¨−−®¬ ï§ëª¥, â. ¥. −� �áá¥¬¡«¥à¥.

‚ ¯¥à¢ãî ®ç¥à¥¤ì, ¤«ï CISC ¬¨ªà®¯à®æ¥áá®à®¢ å�à�ªâ¥à−® −¥¡®«ìè®¥ ª®-
«¨ç¥áâ¢® à¥£¨áâà®¢ ®¡é¥£® −�§−�ç¥−¨ï. ‚ Pentium ¯à®æ¥áá®à�å ¨¬¥¥âáï 8 ¢®áì-
¬¨à�§àï¤−ëå à¥£¨áâà®¢, 8 è¥áâ−�¤æ�â¨à�§àï¤−ëå ¨ 8 âà¨¤æ�â¨¤¢ãåà�§àï¤−ëå.
�à¨ ¢ë¯®«−¥−¨¨ ª®¬�−¤ ¢á¥ à¥£¨áâàë ®¡é¥£® −�§−�ç¥−¨ï ï¢«ïîâáï à�¢−®-
¯à�¢−ë¬¨, ®¤−�ª® −¥ª®â®àë¥ ¨§ −¨å ¨¬¥îâ á¯¥æ¨�«ì−®¥ −�§−�ç¥−¨¥, â�ª ª�ª
¨á¯®«ì§ãîâáï ¢ à�§«¨ç−ëå ª®¬�−¤�å ¯® ã¬®«ç�−¨î.

‚â®à®© ®â«¨ç¨â¥«ì−®© ç¥àâ®© CISC ¬¨ªà®¯à®æ¥áá®à®¢ ï¢«ï¥âáï ®ç¥−ì ¡®«ì-
è®¥ ª®«¨ç¥áâ¢® à�§«¨ç−ëå ¨−áâàãªæ¨©. „«ï ª®¤¨à®¢�−¨ï ª®¤®¢ ®¯¥à�æ¨© ¢
ä®à¬�â¥ ª®¬�−¤ ¢ë¤¥«ï¥âáï ¤¢� ¡�©â�. �¥ª®â®àë¥ ª®¬�−¤ë ¨¬¥îâ ®¤¨− ¨ â®â ¦¥
ª®¤ ®¯¥à�æ¨©, −® ®¯¥à�æ¨¨ ¢ë¯®«−ïîâáï −�¤ à�§−ë¬¨ à�§¬¥à�¬¨ ®¯¥à�−¤®¢ |
íâ® ®áãé¥áâ¢«ï¥âáï §� áç¥â ¨á¯®«ì§®¢�−¨ï á¯¥æ¨�«ì−ëå ¡�©â®¢-¯à¥ä¨ªá®¢, ª®â®-
àë¥ ãª�§ë¢�îâ, ª�ª¨¥ à�§¬¥àë ®¯¥à�−¤� −�¤® ¨á¯®«ì§®¢�âì.

�ç¥¢¨¤−®, çâ® áâ®«ì ¡®«ìè®¥ ª®«¨ç¥áâ¢® ª®¬�−¤ ¯à¨¢®¤¨â ª −¥ª®â®à®© ¨å
¨§¡ëâ®ç−®áâ¨. �à¨¬¥à®¬ ¨§¡ëâ®ç−®áâ¨ ¬®¦¥â á«ã¦¨âì ª®¬�−¤� BSWAP (byte
swap), ª®â®à�ï ¨á¯®«ì§ã¥âáï ¤«ï ¨§¬¥−¥−¨ï ä®à¬ë �¤à¥á�æ¨¨. ‚ ª�ç¥áâ¢¥ ®¯¥-
à�−¤� ¢ íâ®© ª®¬�−¤¥ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�− â®«ìª® 32-à�§àï¤−ë© à¥£¨áâà.
�à¨ ¢ë¯®«−¥−¨¨ ¤�−−®© ª®¬�−¤ë ç¥â¢¥àâë© ¡�©â áâ�−®¢¨âáï ¯¥à¢ë¬, âà¥â¨© |
¢â®àë¬, ¢â®à®© | âà¥âì¨¬, � ¯¥à¢ë© ¡�©â | ç¥â¢¥àâë¬. ‚ ¬¨ªà®¯à®æ¥áá®à�å
ä¨à¬ë Intel ¨−ä®à¬�æ¨ï à�á¯®«�£�¥âáï ¢ ¯�¬ïâ¨ ¢ á®®â¢¥âáâ¢¨¨ á ¯à¨−æ¨¯®¬
ú¬«�¤è¨© ¡�©â ¯® ¬«�¤è¥¬ã �¤à¥áãû (little endian). ‚ −¥ª®â®àëå ¬¨ªà®¯à®æ¥á-
á®à�å ¤àã£¨å ä¨à¬ (−�¯à¨¬¥à, ä¨à¬ë Motorola) ¨−ä®à¬�æ¨ï à�á¯®«�£�¥âáï ¢
á®®â¢¥âáâ¢¨¨ á ¯à¨−æ¨¯®¬ ú¬«�¤è¨© ¡�©â ¯® áâ�àè¥¬ã �¤à¥áãû (big endian). „«ï
¯à¥®¡à�§®¢�−¨ï ¨−ä®à¬�æ¨¨ ¯à¨ ¯¥à¥¤�ç¥ ¥¥ ¬¥¦¤ã ª®¬¯ìîâ¥à�¬¨ á à�§«¨ç−®©
®à£�−¨§�æ¨¥© ¡�©â ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−� ¤�−−�ï ª®¬�−¤�. �¤−�ª® ¢ á®¢à¥-
¬¥−−ëå á¨áâ¥¬�å ¯à¥®¡à�§®¢�−¨¥ ¨−ä®à¬�æ¨¨ ®áãé¥áâ¢«ï¥âáï ª®−âà®««¥à�¬¨, ¢
á¢ï§¨ á ç¥¬ ¤�−−ãî ª®¬�−¤ã ¬®¦−® áç¨â�âì ¨§¡ëâ®ç−®©.

‘«¥¤ãîé¥© ®â«¨ç¨â¥«ì−®© ç¥àâ®© ¬¨ªà®¯à®æ¥áá®à®¢ ª«�áá� CISC ï¢«ï¥âáï
−�«¨ç¨¥ ¡®«ìè®£® ª®«¨ç¥áâ¢� à¥¦¨¬®¢ �¤à¥á�æ¨¨. �â® ¬®¦−® ®¡êïá−¨âì â¥¬, çâ®
íâ¨ ¯à®æ¥áá®àë ï¢«ïîâáï ¤¢ãå®¯¥à�−¤−ë¬¨ ¨ ®¤¨− ¨§ ®¯¥à�−¤®¢ ¬®¦¥â −�å®-
¤¨âìáï ¢ ¯�¬ïâ¨. „«ï ®¡¥á¯¥ç¥−¨ï ãª�§�−¨ï ¬¥áâ®à�á¯®«®¦¥−¨ï íâ®£® ®¯¥à�−¤� ¨
−¥®¡å®¤¨¬® ¨á¯®«ì§®¢�−¨¥ ¡®«ìè®£® ª®«¨ç¥áâ¢� à�§«¨ç−ëå à¥¦¨¬®¢ �¤à¥á�æ¨¨.
„«ï ãª�§�−¨ï â®£®, ª�ª®© à¥¦¨¬ �¤à¥á�æ¨¨ ¨á¯®«ì§ã¥âáï, á«ã¦¨â á¯¥æ¨�«ì−ë©
¡�©â, ª®â®àë© −�§ë¢�¥âáï ¡�©â®¬ MOD R/M ¨ ª®â®àë© ¢ ä®à¬�â¥ ª®¬�−¤ë
à�á¯®«�£�¥âáï ¯®á«¥ ª®¤� ®¯¥à�æ¨¨. ‚ §�¢¨á¨¬®áâ¨ ®â §−�ç¥−¨© ®â¤¥«ì−ëå ¯®«¥©
íâ®£® ¡�©â� ¨ ¡ã¤¥â ¨á¯®«ì§®¢�− â®â ¨«¨ ¨−®© à¥¦¨¬ �¤à¥á�æ¨¨. …á«¨ ¦¥ ¤®«-
¦¥− ¡ëâì ¨á¯®«ì§®¢�− à¥¦¨¬ �¤à¥á�æ¨¨, ¯à¨ ª®â®à®¬ á®¤¥à¦¨¬®¥ ¨−¤¥ªá−®£®
à¥£¨áâà� ã¬−®¦�¥âáï −� ª�ª®©-«¨¡® ª®íää¨æ¨¥−â, â® ¢ íâ®¬ á«ãç�¥ ¯®á«¥ ¡�©â�
MOD R/M ¢ ª®¬�−¤¥ ¬¨ªà®¯à®æ¥áá®à� á«¥¤ã¥â ¡�©â, ª®â®àë© −�§ë¢�¥âáï SIB
(scaled index byte) ¡�©â.
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�¢®«îæ¨ï �àå¨â¥ªâãà á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à®¢

��ª®−¥æ, ¯®á«¥¤−¥© ®â«¨ç¨â¥«ì−®© ç¥àâ®© CISC ¬¨ªà®¯à®æ¥áá®à®¢ ï¢«ï¥âáï
¯¥à¥¬¥−−�ï ¤«¨−� ª®¬�−¤. ��¯à¨¬¥à, ¢ ¬¨ªà®¯à®æ¥áá®à�å ä¨à¬ë Intel x86 ¤«¨-
−� ª®¬�−¤ ¨§¬¥−ï¥âáï ®â 1 ¡�©â� ¤® ¬�ªá¨¬�«ì−®£® à�§¬¥à� ¢ 15 ¡�©â. ‚ á®áâ�¢
ª®¬�−¤ë ¬®£ãâ ¢å®¤¨âì ¤® 4 ¯à¥ä¨ªá−ëå ¡�©â, ª®â®àë¥ ¢«¨ïîâ −� ¢ë¯®«−¥−¨¥
¤�−−®© ª®¬�−¤ë, ¤® 2 ¡�©â ª®¤� ®¯¥à�æ¨¨, 2 ¡�©â� à¥¦¨¬®¢ �¤à¥á�æ¨¨, ¤® 4 ¡�©â
−¥¯®áà¥¤áâ¢¥−−®£® ®¯¥à�−¤� ¨ ¤® 4 ¡�©â ãª�§�−¨ï á¬¥é¥−¨ï. �ç¥¢¨¤−®, çâ®
â�ª®© á«®¦−ë© á®áâ�¢ ¨−áâàãªæ¨© ®¯à¥¤¥«ï¥â ¨ á«®¦−®áâì äã−ªæ¨¨ ¤¥è¨äà�-
æ¨¨, ª®â®à�ï à¥�«¨§ã¥âáï ¢ ¬¨ªà®¯à®æ¥áá®à�å ¤«ï ®¯à¥¤¥«¥−¨ï ¢ë¯®«−ï¥¬®©
ª®¬�−¤ë. Šà®¬¥ â®£®, ¯à¨ ¨á¯®«ì§®¢�−¨¨ ª®¬�−¤ ¯¥à¥¬¥−−®© ¤«¨−ë −¥¢®§-
¬®¦−® ®áãé¥áâ¢¨âì ¤¥ª®¤¨à®¢�−¨¥ á«¥¤ãîé¥© ª®¬�−¤ë ¤® â®£®, ª�ª §�ª®−ç¨âáï
¤¥ª®¤¨à®¢�−¨¥ ¯à¥¤ë¤ãé¥©.

ˆ§ ¯à¥¤áâ�¢«¥−−ëå ®á®¡¥−−®áâ¥© CISC-¬¨ªà®¯à®æ¥áá®à®¢ ¬®¦−® á¤¥«�âì
¢ë¢®¤, çâ® íâ¨ ãáâà®©áâ¢� ï¢«ïîâáï ¤®áâ�â®ç−® á«®¦−ë¬¨ ª�ª ¢ ¯à®¥ªâ¨à®-
¢�−¨¨, â�ª ¨ ¢ ¨§£®â®¢«¥−¨¨, â�ª ª�ª ¤«ï à¥�«¨§�æ¨¨ ®−¨ âà¥¡ãîâ ¡®«ìè®£®
ª®«¨ç¥áâ¢� âà�−§¨áâ®à®¢. ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� âàã¤−®áâ¥© à¥�«¨§�æ¨¨ ®¯¨á�−-
−ëå ®á®¡¥−−®áâ¥© ¬¨ªà®¯à®æ¥áá®à®¢ CISC-ä®à¬�â� ¬®¦−® ¯à¨¢¥áâ¨ á«¥¤ãîé¨©
ä�ªâ: ¤®¯®«−¨â¥«ì−ë© à®áâ âàã¤®¥¬ª®áâ¨ à�§à�¡®âª¨ ¬¨ªà®¯à®æ¥áá®à� Pentium
¢ áà�¢−¥−¨¨ á ¬¨ªà®¯à®æ¥áá®à�¬¨ i8086/i486 ¯à¨¢¥« −¥ â®«ìª® ª ã¢¥«¨ç¥−¨î
à¥�«ì−®£® áà®ª� ¥£® ¯à®¥ªâ� −� 27% ¢ áà�¢−¥−¨¨ á ®¦¨¤�¥¬ë¬, −® ¨ ª ¯à®ï¢«¥−¨î
®è¨¡®ª ¢ ¯¥à¢ëå ¬®¤¥«ïå ¤�−−®£® ¯à®æ¥áá®à�.

‚â®àë¬ ä�ªâ®à®¬, ®¯à¥¤¥«ïîé¨¬ á«®¦−®áâì CISC-¬¨ªà®¯à®æ¥áá®à®¢,
ï¢«ï¥âáï −¥®¡å®¤¨¬®áâì ¤«ï ¬¨ªà®¯à®æ¥áá®à®¢ á«¥¤ãîé¨å ¯®ª®«¥−¨© ®¡¥á¯¥-
ç¨¢�âì �¯¯�à�â−ãî á®¢¬¥áâ¨¬®áâì á ¬¨ªà®¯à®æ¥áá®à�¬¨ ¯à¥¤ë¤ãé¨å ¯®ª®«¥−¨©.
�â® ®¯à¥¤¥«ï¥âáï â¥¬ £à®¬�¤−ë¬ ®¡ê¥¬®¬ ¯à®£à�¬¬−ëå áà¥¤áâ¢, ª®â®àë¥ ¡ë«¨
à�§à�¡®â�−ë ¤«ï íâ¨å ¬¨ªà®¯à®æ¥áá®à®¢. �â� ¦¥ ¯à¨ç¨−�, â. ¥. −¥¢®§¬®¦−®áâì
¨á¯®«ì§®¢�âì −�à�¡®â�−−ë¥ ¯à®£à�¬¬−ë¥ à¥áãàáë, ®¯à¥¤¥«ï«� ¬−®£¨¥ âà�£¨ç¥-
áª¨¥ áã¤ì¡ë à�§à�¡®â�−−ëå ¢ á¢®¥ ¢à¥¬ï ¬¨ªà®¯à®æ¥áá®à®¢, ª®â®àë¥ ®¡«�¤�«¨
¯à¥ªà�á−ë¬¨ å�à�ªâ¥à¨áâ¨ª�¬¨, à�¡®â�«¨ −� ®ç¥−ì ¢ëá®ª¨å áª®à®áâïå, −® −¥
¬®£«¨ ¢ë¯®«−ïâì ¨¬¥îé¨¥áï ¯à®£à�¬¬ë, ¯®áª®«ìªã à�¡®â�«¨ á á¨áâ¥¬®© ª®-
¬�−¤, ®â«¨ç−®© ®â ¬¨ªà®¯à®æ¥áá®à®¢ ä¨à¬ë Intel. ‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� ¬®¦−®
¯à¨¢¥áâ¨ ¬¨ªà®¯à®æ¥áá®à Alpha [3], à�§à�¡®â�−−ë© ä¨à¬®© DEC, ª®â®àë© −�-
§ë¢�«áï ¬¨ªà®¯à®æ¥áá®à®¬ XXI ¢. �â®â ¬¨ªà®¯à®æ¥áá®à ¯®ª�§ë¢�« −�¨¢ëáèãî
¯à®¨§¢®¤¨â¥«ì−®áâì ¨ à�¡®â�« −� −�¨¡®«ìè¥© ç�áâ®â¥ ¯® áà�¢−¥−¨î á ¤àã£¨¬¨
¬¨ªà®¯à®æ¥áá®à�¬¨, −® ¢ ¨â®£¥ −¥ ¢ë¤¥à¦�« á«®¦¨¢è¥©áï ª®−ªãà¥−æ¨¨.

Šà®¬¥ ä�ªâ®à� á«®¦−®áâ¨ CISC-¬¨ªà®¯à®æ¥áá®à®¢ −¥®¡å®¤¨¬® â�ª¦¥ ®â-
¬¥â¨âì ¨ §−�ç¨â¥«ì−ãî ¨§¡ëâ®ç−®áâì íâ¨å ãáâà®©áâ¢. ˆáá«¥¤®¢�−¨ï ¯® ¡®àì¡¥
á ¨§¡ëâ®ç−®áâìî ¨ ¯® ¯®áâà®¥−¨î ®¯â¨¬�«ì−®© á¨áâ¥¬ë ª®¬�−¤ ¯à®¢®¤¨«¨áì
¬−®£¨¬¨ à�§à�¡®âç¨ª�¬¨ �‚Œ. „«ï à�æ¨®−�«ì−®£® ¢ë¡®à� −�¡®à� ª®¬�−¤ ¯à®-
æ¥áá®à� ¢ ª®−æ¥ 1970-å ££. ¯à®£à�¬¬¨áâ�¬¨ ‘˜� ¨ �−£«¨¨ ¡ë«¨ ¯à®¢¥¤¥−ë
¬−®£®ç¨á«¥−−ë¥ ¨áá«¥¤®¢�−¨ï, ¢ ª®â®àëå ®¯à¥¤¥«ï«�áì ç�áâ®â� ¨á¯®«ì§®¢�−¨ï
®â¤¥«ì−ëå ¨−áâàãªæ¨©. �à¨ íâ®¬ íâ¨ ¨áá«¥¤®¢�−¨ï ¯à®¢®¤¨«¨áì −�¤ á¬¥áìî
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¯à¨ª«�¤−ëå ¯à®£à�¬¬ | íâ® á®¢®ªã¯−®áâì ¯à®£à�¬¬ ®¡à�¡®âª¨ â¥ªáâ®¢, ã¯à�¢-
«¥−¨ï ¡�§�¬¨ ¤�−−ëå, ª®¬¯¨«ïæ¨¨-âà�−á«ïæ¨¨, �¢â®¬�â¨§�æ¨¨ ¯à®¥ªâ¨à®¢�−¨ï,
ã¯à�¢«¥−¨ï ¨ ®¡à�¡®âª¨ ç¨á«®¢ëå ¤�−−ëå [4].

�¥¯®áà¥¤áâ¢¥−−ë¬ ¨â®£®¬ ¯à®¢¥¤¥−−ëå ¨áá«¥¤®¢�−¨© ï¢«ï¥âáï ¨§¢¥áâ−®¥
¯à�¢¨«® 80/20: ¢ 80% ª®¤� â¨¯¨ç−®© ¯à¨ª«�¤−®© ¯à®£à�¬¬ë ¨á¯®«ì§ã¥âáï
«¨èì 20% ¯à®áâ¥©è¨å ¬�è¨−−ëå ª®¬�−¤ ¨§ ¢á¥£® ¤®áâã¯−®£® −�¡®à� [5].

2 RISC микропроцессоры

÷¥§ã«ìâ�â®¬ ¯à®¢¥¤¥−−ëå ¨áá«¥¤®¢�−¨© áâ�«® ä®à¬¨à®¢�−¨¥ −®¢®£® ª«�áá�
¬¨ªà®¯à®æ¥áá®à®¢, ¯®«ãç¨¢è¥£® −�§¢�−¨¥ RISC (Reduced Instruction Set Com-
puters | ª®¬¯ìîâ¥àë á á®ªà�é¥−−ë¬ −�¡®à®¬ ª®¬�−¤) [6]. �¤−®© ¨§ ®á−®¢−ëå
æ¥«¥© íâ®£® ª«�áá� ¬¨ªà®¯à®æ¥áá®à®¢ ¡ë« ¢ë¡®à �àå¨â¥ªâãà ¨ â¥å−®«®£¨© à¥�«¨-
§�æ¨¨ ¤«ï ®¡¥á¯¥ç¥−¨ï íää¥ªâ¨¢−®© à�¡®âë á â�ª¨¬¨ ï§ëª�¬¨ ¢ëá®ª®£® ãà®¢−ï,
ª�ª ‘¨ ¨ ��áª�«ì. �� −�ç�«ì−ëå íâ�¯�å íâ®© à�§à�¡®âª¨ ¡ë«® ãáâ�−®¢«¥-
−®, çâ® à�æ¨®−�«ì−®¥ ®£à�−¨ç¥−¨¥ ç¨á«� ª®¬�−¤ −¥¡®«ìè¨¬ −�¡®à®¬ −�¨¡®«¥¥
ã¯®âà¥¡¨â¥«ì−ëå ®¯¥à�æ¨© ¢ á®ç¥â�−¨¨ á �àå¨â¥ªâãà®©, ®à¨¥−â¨à®¢�−−®© −�
¡ëáâà®¥ ¢ë¯®«−¥−¨¥ ¢á¥å ª®¬�−¤ íâ®£® −�¡®à�, ¬®¦¥â ®¡¥á¯¥ç¨âì ¯®áâà®¥−¨¥
¢ëç¨á«¨â¥«ì−ëå ¬�è¨− á ¢ëá®ª®© ¯à®¨§¢®¤¨â¥«ì−®áâìî. ‚ íâ® ¦¥ ¢à¥¬ï ¡ë«¨
áä®à¬ã«¨à®¢�−ë ®á−®¢−ë¥ ¯à¨−æ¨¯ë ¯®áâà®¥−¨ï RISC ¬¨ªà®¯à®æ¥áá®à®¢ [7],
¯à¥¤áâ�¢«¥−−ë¥ −¨¦¥.

1. ‘¨áâ¥¬� ª®¬�−¤ ¬¨ªà®¯à®æ¥áá®à� ¤®«¦−� á®¤¥à¦�âì ¬¨−¨¬�«ì−®¥ ª®«¨ç¥-
áâ¢® −�¨¡®«¥¥ ç�áâ® ¨á¯®«ì§ã¥¬ëå ¯à®áâ¥©è¨å ¨−áâàãªæ¨©. ‚á¥ ª®¬�−¤ë
¤®«¦−ë ¨¬¥âì ä¨ªá¨à®¢�−−ãî ¤«¨−ã ¨ ¯à®áâ®© ä®à¬�â. ��¯à¨¬¥à, ¢ ¬¨ª-
à®¯à®æ¥áá®à�å Alpha ¢á¥ ª®¬�−¤ë ¨¬¥îâ à�§¬¥à 4 ¡�©â�. �¤¨−�ª®¢�ï ¤«¨−�
ª®¬�−¤ ¯®§¢®«ï¥â à¥�«¨§®¢�âì ¤¥ª®¤¨à®¢�−¨¥ ª®¬�−¤ ¯�à�««¥«ì−® (¯®áª®«ì-
ªã ¨§¢¥áâ−� ¨å ¤«¨−�), ¢ â® ¢à¥¬ï ª�ª ¢ CISC ¬¨ªà®¯à®æ¥áá®à�å, ª�ª ã¦¥
®â¬¥ç�«®áì, ¤¥ª®¤¨à®¢�−¨¥ á«¥¤ãîé¥© ª®¬�−¤ë ¬®¦¥â ¡ëâì −�ç�â® â®«ìª®
¯®á«¥ ®ª®−ç�−¨ï ¤¥ª®¤¨à®¢�−¨ï ¯à¥¤ë¤ãé¥©, â�ª ª�ª ¤«¨−� íâ¨å ª®¬�−¤
à�§«¨ç−�.

2. „«ï ®¯¥à�æ¨© á ¯�¬ïâìî ¤®«¦−ë ¨á¯®«ì§®¢�âìáï â®«ìª® á¯¥æ¨�«¨§¨à®¢�−-
−ë¥ ª®¬�−¤ë çâ¥−¨ï ¨«¨ §�¯¨á¨. �¯¥à�æ¨¨ ¢¨¤� ú¯à®ç¨â�âì{¨§¬¥−¨âì{§�-
¯¨á�âìû ¢ á¨áâ¥¬¥ ª®¬�−¤ ®âáãâáâ¢ãîâ. ‹î¡ë¥ ®¯¥à�æ¨¨ ú¨§¬¥−¨âìû ¢ë¯®«-
−ïîâáï â®«ìª® −�¤ á®¤¥à¦¨¬ë¬ à¥£¨áâà®¢ (â�ª −�§ë¢�¥¬�ï load-and-store
�àå¨â¥ªâãà�).
�¯¥à�æ¨¨ ®¡à�¡®âª¨ ¤�−−ëå à¥�«¨§ãîâáï â®«ìª® ¢ ä®à¬�â¥ úà¥£¨áâà{à¥-
£¨áâàû, ¯à¨ íâ®¬ ®¯¥à�−¤ë ¢ë¡¨à�îâáï ¨§ à¥£¨áâà®¢ ¬¨ªà®¯à®æ¥áá®à� ¨
à¥§ã«ìâ�â ®¯¥à�æ¨¨ §�¯¨áë¢�¥âáï â�ª¦¥ ¢ à¥£¨áâà; ®¡¬¥− ¬¥¦¤ã à¥£¨áâà�¬¨
¨ ¯�¬ïâìî ¢ë¯®«−ï¥âáï â®«ìª® á ¯®¬®éìî ª®¬�−¤ §�£àã§ª¨\§�¯¨á¨.

3. ‘®áâ�¢ á¨áâ¥¬ë ª®¬�−¤ ¤®«¦¥− ¡ëâì úã¤®¡¥−û ¤«ï ª®¬¯¨«ïæ¨¨ ®¯¥à�â®à®¢
ï§ëª®¢ ¢ëá®ª®£® ãà®¢−ï. �à�ªâ¨ª� −�¯¨á�−¨ï ª®¬¯¨«ïâ®à®¢ ¨ ¤®áâ¨¦¥−¨ï ¢
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â¥®à¨¨ âà�−á«ïæ¨¨ ¯®ª�§�«¨, çâ® ¤«ï íää¥ªâ¨¢−®© ª®¬¯¨«ïæ¨¨ «ãçè¥ ¨¬¥âì
−¥¡®«ìè®© −�¡®à ¯à®áâëå à¥£¨áâà®¢ëå ª®¬�−¤ (¨, áâ�«® ¡ëâì, ¡ëáâàëå),
ç¥¬ −�¡®à á«®¦−ëå ª®¬�−¤, §�âàã¤−ïîé¨å ¯à¨¬¥−¥−¨¥ ¬¥â®¤®¢ ®¯â¨¬¨§�æ¨¨
ª®¤� âà�−á«¨àã¥¬®© ¯à®£à�¬¬ë.

4. ‚á¥ ª®¬�−¤ë ¤®«¦−ë ¡ëâì à¥�«¨§®¢�−ë −¥¯®áà¥¤áâ¢¥−−® �¯¯�à�â−ë¬ á¯®á®-
¡®¬, â. ¥. ®¡ëç−ë¥ ª®¬�−¤ë −¥ ¨−â¥à¯à¥â¨àãîâáï ¬¨ªà®ª®¬�−¤�¬¨. “áâà�-
−¥−¨¥ ãà®¢−ï ¨−â¥à¯à¥â�æ¨¨ ¯®¢ëè�¥â áª®à®áâì ¢ë¯®«−¥−¨ï ¡®«ìè¨−áâ¢�
ª®¬�−¤. ‚ ª®¬¯ìîâ¥à�å â¨¯� CISC ¡®«¥¥ á«®¦−ë¥ ª®¬�−¤ë ¬®£ãâ à�§¡¨¢�âì-
áï −� −¥áª®«ìª® è�£®¢, ª®â®àë¥ §�â¥¬ ¢ë¯®«−ïîâáï ª�ª ¯®á«¥¤®¢�â¥«ì−®áâì
¬¨ªà®ª®¬�−¤. �â� ¤®¯®«−¨â¥«ì−�ï ®¯¥à�æ¨ï á−¨¦�¥â ¡ëáâà®¤¥©áâ¢¨¥ ¬�è¨-
−ë, −® ¬®¦¥â ¨á¯®«ì§®¢�âìáï ¤«ï à¥¤ª® ¯à¨¬¥−ï¥¬ëå ª®¬�−¤.

‚ −�áâ®ïé¥¥ ¢à¥¬ï á�¬ë¬¨ ªàã¯−ë¬¨ à�§à�¡®âç¨ª�¬¨ RISC-¯à®æ¥áá®à®¢
áç¨â�îâáï Sun Microsystems (�àå¨â¥ªâãà� SPARC { Ultra SPARC), IBM (¬−®£®-
ªà¨áâ�«ì−ë¥ ¯à®æ¥áá®àë Power, ®¤−®ªà¨áâ�«ì−ë¥ PowerPC), Mips Technologies
(á¥¬¥©áâ¢® Rxx00), � â�ª¦¥ Hewlett-Packard (�àå¨â¥ªâãà� PA-RISC | PA-
8000). ÷�−¥¥ −� íâ®¬ àë−ª¥ à�¡®â�«� ä¨à¬� Digital Equipment Corporation,
ª®â®à�ï ¢ë¯ãáª�«� ¬¨ªà®¯à®æ¥áá®àë Alpha (Alpha 21164, 21264, 21364), | ª
á®¦�«¥−¨î, ¬¨ªà®¯à®æ¥áá®àë Alpha ¢ −�áâ®ïé¥¥ ¢à¥¬ï −¥ ¢ë¯ãáª�îâáï.

�à®áâ®â� à¥�«¨§�æ¨¨ ¨−áâàãªæ¨© RISC-¬¨ªà®¯à®æ¥áá®à®¢ ¯®§¢®«¨«� à�§à�-
¡®âç¨ª�¬ á®áà¥¤®â®ç¨âì á¢®¨ ãá¨«¨ï −� ¢®¯à®á�å à¥�«¨§�æ¨¨ �àå¨â¥ªâãà, â.¥.
¢¯«®â−ãî §�−ïâìáï ¢®¯à®á�¬¨ ¬¨ªà®�àå¨â¥ªâãà. ‘�¬ë© ¡®«ìè®© ¢ª«�¤ ¢ à�§¢¨-
â¨¥ ¬¨ªà®�àå¨â¥ªâãà RISC-¯à®æ¥áá®àë ¢−¥á«¨ ¢−¥¤à¥−¨¥¬ ª®−¢¥©¥à−ëå ¬¥â®¤®¢
®¡à�¡®âª¨ ª®¬�−¤.

ˆ¤¥î ª®−¢¥©¥à� ¨ ¥£® à¥�«¨§�æ¨î ¬®¦−® à�áá¬®âà¥âì −� á«¥¤ãîé¥¬ ¯à¨¬¥à¥.
�−�«¨§ ª®¬�−¤ ¬¨ªà®¯à®æ¥áá®à� ¯®ª�§�«, çâ® ¢ë¯®«−¥−¨¥ ª®¬�−¤ ¬®¦−®

à�§¤¥«¨âì −� −¥ª®â®à®¥ ª®«¨ç¥áâ¢® íâ�¯®¢ (áâ�¤¨©):

{ PF | ¯à¥¤¢�à¨â¥«ì−�ï ¢ë¡®àª� | −� íâ®¬ íâ�¯¥ ª®¬�−¤ë ¢ë¡¨à�îâáï ¨§
¯�¬ïâ¨ ¨«¨ ªíè ¨ ãáâ�−�¢«¨¢�îâáï ¢ ®ç¥à¥¤ì;

{ D1 | ¤¥ª®¤¨à®¢�−¨¥ ª®¬�−¤ | −� íâ®¬ íâ�¯¥ ª®¬�−¤ë ¤¥ª®¤¨àãîâáï ¨
à�§¤¥«ïîâáï −� ®â¤¥«ì−ë¥ ª®¬¯®−¥−âë | ª®¤ ®¯¥à�æ¨¨ ¨ ®¯¥à�−¤ë;

{ D2 | £¥−¥à�æ¨ï �¤à¥á� | −� íâ®¬ íâ�¯¥ à�ááç¨âë¢�¥âáï �¤à¥á ®¯¥à�−¤�,
¥á«¨ íâ®â ®¯¥à�−¤ −�å®¤¨âáï ¢ ¯�¬ïâ¨;

{ EX | ¯à®æ¥áá®à ¢ë¯®«−ï¥â ¤¥©áâ¢¨ï, âà¥¡ã¥¬ë¥ ¤«ï ¢ë¯®«−¥−¨ï ª®¬�−¤ë;

{ WB | §�¢¥àè¥−¨¥ ¢ë¯®«−¥−¨ï ª®¬�−¤ë, � ¤�−−ë¥, ª®â®àë¥ ¤®«¦−ë ¡ëâì
§�¯¨á�−ë ¢ ¯�¬ïâì, ¯®áë«�îâáï ¢ ¡ãä¥à §�¯¨á¨.

…á«¨ ¬¨ªà®¯à®æ¥áá®à ãáâà®¥− â�ª¨¬ ®¡à�§®¬, çâ® à�¡®â� ª�¦¤®£® íâ�¯�
¢ë¯®«−¥−¨ï ª®¬�−¤ë ¯à®¨§¢®¤¨âáï ¢ ®¯à¥¤¥«¥−−®¬ ¬¥áâ¥ á¢®¨¬¨ �¯¯�à�â−ë¬¨
à¥áãàá�¬¨, � ¯®á«¥ ¢ë¯®«−¥−¨ï íâ®© à�¡®âë ª®¬�−¤� ¯¥à¥¤�¥âáï −� á«¥¤ãîé¨©
íâ�¯ (� §−�ç¨â, −� á«¥¤ãîé¥¥ ®¯à¥¤¥«¥−−®¥ ¬¥áâ®), â® ¯®«ãç�¥âáï, çâ® ª�¦¤�ï
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‘. ‚. ‡�¬ª®¢¥æ, ‚. �. ‡�å�à®¢, ‚. …. Šà�á®¢áª¨©

’�¡«¨æ� 1 �®à¬�«ì−�ï à�¡®â� ª®−¢¥©¥à�

’�ªâë
�â�¯ë

÷¥§ã«ìâ�âPF D1 D2 EX WB
1 I1 ‘â�àâ ª®¬�−¤ë 1
2 I2 I1 ‘â�àâ ª®¬�−¤ë 2
3 I3 I2 I1 ‘â�àâ ª®¬�−¤ë 3
4 I4 I3 I2 I1
5 I5 I4 I3 I2 I1 ”¨−¨è ª®¬�−¤ë 1
6 I6 I5 I4 I3 I2 ”¨−¨è ª®¬�−¤ë 2
7 I7 I6 I5 I4 I3 ”¨−¨è ª®¬�−¤ë 3

ª®¬�−¤� ®¡à�¡�âë¢�¥âáï −� ª®−¢¥©¥à¥. ‚ íâ®¬ á«ãç�¥ ¢à¥¬ï ¢ë¯®«−¥−¨ï ª�¦¤®©
ª®¬�−¤ë à�¢−® ¢à¥¬¥−¨ −�å®¦¤¥−¨ï íâ®© ª®¬�−¤ë −� ª®−¢¥©¥à¥, � ¥á«¨ áç¨â�âì,
çâ® ¢à¥¬ï −�å®¦¤¥−¨ï ª�¦¤®© ª®¬�−¤ë −� áâã¯¥−¨ à�¢−®, −�¯à¨¬¥à, ®¤−®¬ã â�ª-
âã, â® à¥§ã«ìâ�â ¢ë¯®«−¥−¨ï ª�¦¤®© ª®¬�−¤ë ¯®ï¢«ï¥âáï −� ¢ëå®¤¥ á ª®−¢¥©¥à�
ª�¦¤ë© â�ªâ. �®à¬�«ì−�ï à�¡®â� ª®−¢¥©¥à� ¯®ª�§�−� ¢ â�¡«. 1.

�à¨ ¨á¯®«ì§®¢�−¨¨ ª®−¢¥©¥à−®© ®¡à�¡®âª¨ ª®¬�−¤ ¢ ¯®ª�§�−−®¬ ¯à¨¬¥à¥
®¡é¥¥ ¢à¥¬ï ¢ë¯®«−¥−¨ï ª�¦¤®© ª®¬�−¤ë ¡ã¤¥â á®áâ�¢«ïâì 5 â�ªâ®¢, � ¢ ª�¦¤®¬
â�ªâ¥ �¯¯�à�âãà� ¡ã¤¥â ¢ë¯®«−ïâì ¯ïâì à�§«¨ç−ëå ª®¬�−¤. ‚ ¯à¥¤áâ�¢«¥−−®¬
¯à¨¬¥à¥ ª®−¢¥©¥à ¨¬¥¥â ¢á¥£® ¯ïâì áâã¯¥−¥©. …á«¨ ¦¥ ª®−¢¥©¥à á®áâ®¨â ¨§ £®à�§¤®
¡®«ìè¥£® ª®«¨ç¥áâ¢� áâã¯¥−¥©, â® íâ® ®§−�ç�¥â, çâ® −� ª�¦¤®© áâã¯¥−¨ �¯¯�à�â−ë¥
áà¥¤áâ¢� ¢ë¯®«−ïîâ ¬¥−ìè¥ à�¡®âë ¨ íâã à�¡®âã ®−¨ ¬®£ãâ ¢ë¯®«−ïâì §� ¬¥−ìè¥¥
¢à¥¬ï. ’�ª¨¬ ®¡à�§®¬, §� áç¥â ã¢¥«¨ç¥−¨ï ª®«¨ç¥áâ¢� áâã¯¥−¥© ¢ ª®−¢¥©¥à¥
¬®¦−® ã¢¥«¨ç¨âì ç�áâ®âã à�¡®âë ¬¨ªà®¯à®æ¥áá®à�. ’�ª, ¥á«¨ ¢ ¬¨ªà®¯à®æ¥áá®à¥
Pentium ¤«¨−� ª®−¢¥©¥à� á®áâ�¢«ï«� 5 áâã¯¥−¥© (¯à¨ ¬�ªá¨¬�«ì−®© â�ªâ®¢®©
ç�áâ®â¥ 200 Œƒæ), â® ¢ Pentium-4 | ã¦¥ 20 áâã¯¥−¥© (¯à¨ ¬�ªá¨¬�«ì−®©
â�ªâ®¢®© ç�áâ®â¥ 3,4 ƒƒæ).

�®«ìè®¥ ¯à¥¨¬ãé¥áâ¢® ¬¨ªà®�àå¨â¥ªâãà á ª®−¢¥©¥à−®© ®¡à�¡®âª®© ¯¥à¥¤
¯®á«¥¤®¢�â¥«ì−®© −�¡«î¤�¥âáï ¢ ¨¤¥�«ì−®¬ ª®−¢¥©¥à¥, ¢ ª®â®à®¬ ®âáãâáâ¢ãîâ
ª®−ä«¨ªâë. Š®−ä«¨ªâë | íâ® â�ª¨¥ á¨âã�æ¨¨ ¯à¨ à�¡®â¥ ª®−¢¥©¥à�, ª®â®àë¥
¯à¥¯ïâáâ¢ãîâ ¢ë¯®«−¥−¨î ®ç¥à¥¤−®© ª®¬�−¤ë ¢ ¯à¥¤−�§−�ç¥−−®¬ ¤«ï −¥¥ â�ªâ¥.
Š®−ä«¨ªâë, ¢®§−¨ª�îé¨¥ ¢ ª®−¢¥©¥à¥, ¬®¦−® à�§¤¥«¨âì −� âà¨ £àã¯¯ë:

(1) áâàãªâãà−ë¥ ª®−ä«¨ªâë;

(2) ª®−ä«¨ªâë ¯® ã¯à�¢«¥−¨î;

(3) ª®−ä«¨ªâë ¯® ¤�−−ë¬.

‘âàãªâãà−ë¥ ª®−ä«¨ªâë ¢®§−¨ª�îâ ¢ â¥å á«ãç�ïå, ª®£¤� �¯¯�à�â−ë¥ áà¥¤áâ¢�
ª®−¢¥©¥à� ¬¨ªà®¯à®æ¥áá®à� −¥ ¬®£ãâ ¯®¤¤¥à¦¨¢�âì ¤«ï ¢á¥å ª®¬�−¤ ®¤¨−�ª®¢®¥
¢à¥¬ï −�å®¦¤¥−¨ï −� ª�ª®©-«¨¡® áâã¯¥−¨ ª®−¢¥©¥à�. —�é¥ ¢á¥£® â�ª�ï á¨âã�æ¨ï
¢®§−¨ª�¥â −� áâã¯¥−¨ ¢ë¯®«−¥−¨ï ¨−áâàãªæ¨¨. ‚ íâ®¬ á«ãç�¥ à�¡®â� ª®−¢¥©¥à�
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¯à¨®áâ�−�¢«¨¢�¥âáï ¤® â¥å ¯®à, ¯®ª� ª®¬�−¤� −¥ ¡ã¤¥â ®¡à�¡®â�−� −� íâ®©
áâã¯¥−¨.

‘âàãªâãà−ë¥ ª®−ä«¨ªâë ¬®¦−® ¨á¯à�¢¨âì ¤¢ã¬ï á¯®á®¡�¬¨. ‚®-¯¥à¢ëå,
¬®¦−® ã¢¥«¨ç¨âì ¢à¥¬ï â�ªâ� ¤® â�ª®£® §−�ç¥−¨ï, ¯à¨ ª®â®à®¬ ¢á¥ íâ�¯ë ¢á¥å ¨−-
áâàãªæ¨© ¢ë¯®«−ïîâáï §� ®¤¨− â�ªâ. Š®−¥ç−®, ¯à¨ íâ®¬ áãé¥áâ¢¥−−® á−¨¦�¥âáï
íää¥ªâ ª®−¢¥©¥à−®© ®¡à�¡®âª¨, ¯®áª®«ìªã ¯à¨ íâ®¬ ã¬¥−ìè�¥âáï â�ªâ®¢�ï ç�áâ®-
â� à�¡®âë ¬¨ªà®¯à®æ¥áá®à�. �¡ëç−® â�ª®¥ ã¢¥«¨ç¥−¨¥ ¢à¥¬¥−¨ â�ªâ� âà¥¡ã¥âáï
«¨èì ¤«ï −¥¡®«ìè®£® ª®«¨ç¥áâ¢� ª®¬�−¤.

‚â®à®© á¯®á®¡ ¯à¥®¤®«¥−¨ï áâàãªâãà−®£® ª®−ä«¨ªâ� ¯à¥¤¯®«�£�¥â ¯à¨¬¥−¥-
−¨¥ â�ª¨å �¯¯�à�â−ëå à¥è¥−¨©, ª®â®àë¥ ¯®§¢®«ïîâ á−¨§¨âì §�âà�âë ¢à¥¬¥−¨ −�
¢ë¯®«−¥−¨¥ ¤�−−®£® íâ�¯� (−�¯à¨¬¥à, ¨á¯®«ì§®¢�−¨¥ á¯¥æ¨�«ì−ëå áå¥¬ ã¬−®¦¥-
−¨ï). �¤−�ª® â�ª®© á¯®á®¡ ¬®¦¥â ¯à¨¢¥áâ¨ ª §−�ç¨â¥«ì−®¬ã ãá«®¦−¥−¨î áå¥¬ë
¬¨ªà®¯à®æ¥áá®à�. �®áª®«ìªã â�ª¨¥ ª®−ä«¨ªâë ¢ à�¡®â¥ ª®−¢¥©¥à� ¢®§−¨ª�îâ
¯à¨ à�¡®â¥ ª®¬�−¤, ®â−®á¨â¥«ì−® à¥¤ª® ¢áâà¥ç�îé¨åáï ¢ ¯à®£à�¬¬�å, â® ®¡ëç-
−® ¯à¨ à�§à�¡®âª¥ ¨éãâ ª®¬¯à®¬¨áá ¬¥¦¤ã ã¢¥«¨ç¥−¨¥¬ ¤«¨â¥«ì−®áâ¨ â�ªâ� ¨
ãá«®¦−¥−¨¥¬ áå¥¬ë ¬¨ªà®¯à®æ¥áá®à�.

Š®−ä«¨ªâë ¯® ã¯à�¢«¥−¨î ¢®§−¨ª�îâ ¢ â¥å á«ãç�ïå, ª®£¤� ¢ ª®−¢¥©¥à¥ −�-
å®¤ïâáï ª®¬�−¤ë ¯¥à¥å®¤®¢ ¨«¨ ¤àã£¨¥ ª®¬�−¤ë, ¨§¬¥−ïîé¨¥ §−�ç¥−¨¥ áç¥âç¨ª�
ª®¬�−¤. ‚®§−¨ª−®¢¥−¨¥ ª®−ä«¨ªâ®¢ ¯® ã¯à�¢«¥−¨î ¬®¦−® ¯®ª�§�âì −� ¯à¨¬¥à¥
ª®¬�−¤ ãá«®¢−®£® ¯¥à¥å®¤�. �ãáâì ¢ ¯à®£à�¬¬¥ ª®¬�−¤� i+1 ï¢«ï¥âáï ª®¬�−¤®©
ãá«®¢−®£® ¯¥à¥å®¤�, ä®à¬¨àãîé�ï �¤à¥á á«¥¤ãîé¥© ª®¬�−¤ë ¢ §�¢¨á¨¬®áâ¨ ®â
à¥§ã«ìâ�â� ¢ë¯®«−¥−¨ï ª®¬�−¤ë i. …á«¨ ª®−¢¥©¥à ï¢«ï¥âáï ¯ïâ¨áâã¯¥−ç�âë¬,
â® ª®¬�−¤� i §�¢¥àè¨â á¢®¥ ¢ë¯®«−¥−¨¥ ¢ â�ªâ¥ 5. ‚ â® ¦¥ ¢à¥¬ï ª®¬�−¤� i + 1
ãá«®¢−®£® ¯¥à¥å®¤� ¤®«¦−� ¯à®ç¨â�âì −¥®¡å®¤¨¬ë¥ ¥© ¯à¨§−�ª¨ ¢ â�ªâ¥ 3, çâ®¡ë
¯à�¢¨«ì−® áä®à¬¨à®¢�âì �¤à¥á á«¥¤ãîé¥© ª®¬�−¤ë. ’�ª¨¬ ®¡à�§®¬, ª®−¢¥©¥à
¤®«¦¥− ®áâ�−®¢¨âìáï, çâ®¡ë ª®¬�−¤� i+1 á¬®£«� áä®à¬¨à®¢�âì âà¥¡ã¥¬ë© �¤à¥á.
…á«¨ ¦¥ ª®−¢¥©¥à ¨¬¥¥â ¡®«ìè¥¥ ª®«¨ç¥áâ¢® áâã¯¥−¥©, â® ¯à®¬¥¦ãâ®ª ¢à¥¬¥−¨
¬¥¦¤ã ä®à¬¨à®¢�−¨¥¬ ¯à¨§−�ª� à¥§ã«ìâ�â� ¨ â�ªâ®¬, £¤¥ ®− �−�«¨§¨àã¥âáï,
¬®¦¥â ¡ëâì ¥é¥ ¡�®«ìè¨¬.

„àã£¨¬ ¯à¨¬¥à®¬ ª®−ä«¨ªâ� ¯® ã¯à�¢«¥−¨î ¬®¦¥â á«ã¦¨âì ª®¬�−¤� ¡¥§-
ãá«®¢−®£® ¯¥à¥å®¤� á ª®á¢¥−−ë¬ �¤à¥á®¬, ¯à¨ ¢áâà¥ç¥ á ª®â®à®© ¢®§−¨ª�¥â −¥®¡-
å®¤¨¬®áâì ¯®«−®áâìî á¡à�áë¢�âì ª®−¢¥©¥à, â�ª ª�ª ¢ áç¥âç¨ª¥ ª®¬�−¤ ¯®ï¢«ï¥âáï
�¡á®«îâ−® −¥¯à¥¤áª�§ã¥¬ë© �¤à¥á á«¥¤ãîé¥© ª®¬�−¤ë.

‚ á«ãç�¥ ª®−ä«¨ªâ� ¯® ã¯à�¢«¥−¨î, ¢®§−¨ª�îé¥£® á ª®¬�−¤�¬¨ ãá«®¢−®£®
¯¥à¥å®¤�, ¤«ï á−¨¦¥−¨ï ¯®â¥àì à�¡®âë ª®−¢¥©¥à� ¢ ¯à®æ¥áá®à�å ¨á¯®«ì§ã¥âáï
¬¥â®¤ ¯à¥¤áª�§�−¨ï ¯¥à¥å®¤®¢. �á−®¢−�ï ¨¤¥ï íâ®£® ¬¥â®¤� §�ª«îç�¥âáï ¢ â®¬,
çâ® ¢ ¯à®æ¥áá®à¥ ¨á¯®«ì§ã¥âáï á¯¥æ¨�«ì−ë© ¡«®ª, ª®â®àë© ®¯à¥¤¥«ï¥â −�¨¡®«¥¥
¢¥à®ïâ−®¥ −�¯à�¢«¥−¨¥ ¯¥à¥å®¤�, −¥ ¤®¦¨¤�ïáì ä®à¬¨à®¢�−¨ï ¯à¨§−�ª®¢, −�
®á−®¢�−¨¨ �−�«¨§� ª®â®àëå íâ®â ¯¥à¥å®¤ à¥�«¨§ã¥âáï. �®á«¥ íâ®£® ¯à®æ¥áá®à
¢ë¯®«−ï¥â ª®¬�−¤ë ¯® ¯à¥¤áª�§�−−®© ¢¥â¢¨ ¯à®£à�¬¬ë (â�ª −�§ë¢�¥¬®¥ á¯¥ªã-
«ïâ¨¢−®¥ ¢ë¯®«−¥−¨¥). —â®¡ë ®¡¥á¯¥ç¨âì ª®àà¥ªâ−®¥ ¢ë¯®«−¥−¨¥ ¯à®£à�¬¬ë,
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¯à®æ¥áá®à −¥ §�¯¨áë¢�¥â ¯®«ãç�¥¬ë¥ à¥§ã«ìâ�âë ¢ ¯�¬ïâì ¨«¨ à¥£¨áâàë, � §�-
¯¨áë¢�¥â ¨å ¢ á¯¥æ¨�«ì−ë© ¡ãä¥à. …á«¨ −�¯à�¢«¥−¨¥ ¯¥à¥å®¤� ¯à¥¤áª�§�−®
¯à�¢¨«ì−®, â® ¯à®æ¥áá®à ¯à®¤®«¦�¥â ¢ë¯®«−ïâì ¯à®£à�¬¬ã ¤�«ìè¥, � ¯®«ãç¥−-
−ë¥ à¥§ã«ìâ�âë ¯¥à¥¯¨áë¢�îâáï ¨§ ¡ãä¥à� ¯® ¬¥áâ�¬ −�§−�ç¥−¨ï. ‚ á«ãç�¥
−¥¯à�¢¨«ì−®£® ¯à¥¤áª�§�−¨ï à¥§ã«ìâ�âë ã−¨çâ®¦�îâáï.

�¡ëç−® ¤«ï ¯à®£−®§¨à®¢�−¨ï ¯¥à¥å®¤®¢ ãç¨âë¢�îâ −�¯à�¢«¥−¨¥ ¯¥à¥å®¤®¢,
à¥�«¨§®¢�¢è¨¥áï íâ®© ª®¬�−¤®© à�−¥¥ ¯à¨ ¢ë¯®«−¥−¨¨ ¯à®£à�¬¬ë. ��¯à¨¬¥à,
¯®¤áç¨âë¢�¥âáï ª®«¨ç¥áâ¢® ¯¥à¥å®¤®¢, ¢ë¯®«−¥−−ëå à�−¥¥ ¯® à�§«¨ç−ë¬ −�-
¯à�¢«¥−¨ï¬, ¨ −� ®á−®¢�−¨¨ íâ®£® ¯à¥¤áª�§ë¢�¥âáï −�¯à�¢«¥−¨¥ ¯¥à¥å®¤� ¯à¨
á«¥¤ãîé¥¬ ¢ë¯®«−¥−¨¨ ¤�−−®© ª®¬�−¤ë. ‚ á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à�å
¢¥à®ïâ−®áâì ¯à�¢¨«ì−®£® ¯à¥¤áª�§�−¨ï −�¯à�¢«¥−¨ï ¯¥à¥å®¤®¢ ¤®áâ¨£�¥â 90%{
95%.

Š®−ä«¨ªâë ¯® ¤�−−ë¬ ¢®§−¨ª�îâ ¢ á«ãç�ïå, ª®£¤� ¢ë¯®«−¥−¨¥ ®¤−®© ª®-
¬�−¤ë §�¢¨á¨â ®â à¥§ã«ìâ�â� ¢ë¯®«−¥−¨ï ¯à¥¤ë¤ãé¥© ª®¬�−¤ë. ÷�áá¬®âà¨¬
á«¥¤ãîéãî á¨âã�æ¨î: ¯ãáâì ª®¬�−¤� i ¯à¥¤è¥áâ¢ã¥â ª®¬�−¤¥ j ¨ ª®¬�−¤� j
¤®«¦−� ¯à®ç¨â�âì ®¯¥à�−¤, §−�ç¥−¨¥ ª®â®à®£® ä®à¬¨àã¥âáï ¯à¨ ¯®¬®é¨ ª®-
¬�−¤ë i. …á«¨ íâ¨ ª®¬�−¤ë −�å®¤ïâáï ¤®áâ�â®ç−® ¡«¨§ª® ¢ ª®−¢¥©¥à¥, â® ¬®¦¥â
¢®§−¨ª−ãâì á¨âã�æ¨ï, ¯à¨ ª®â®à®© ¯à¥¤è¥áâ¢ãîé�ï ª®¬�−¤� −¥ ãá¯¥¢�¥â §�¯¨á�âì
§−�ç¥−¨¥ íâ®£® ®¯¥à�−¤�. „«ï ¡®àì¡ë á ª®−ä«¨ªâ�¬¨ ¯® ¤�−−ë¬ ¢ ¬¨ªà®¯à®-
æ¥áá®à�å ¨á¯®«ì§ã¥âáï ¬¥â®¤ ¢−¥®ç¥à¥¤−®£® ¨á¯®«−¥−¨ï ª®¬�−¤ (out-of-order),
ª®â®àë© ¢¯¥à¢ë¥ ¡ë« à¥�«¨§®¢�− ¢ 1990 £. ¢ ¬¨ªà®¯à®æ¥áá®à¥ POWER1. ‹®-
£¨ç¥áª�ï á«®¦−®áâì à¥�«¨§�æ¨¨ íâ®£® ¬¥â®¤� ï¢¨«�áì ®á−®¢−®© ¯à¨ç¨−®© â®£®,
çâ® ®− á«�¡® ¨á¯®«ì§®¢�«áï ¢ ¢ëç¨á«¨â¥«ì−ëå ¬�è¨−�å. „àã£�ï ¯à¨ç¨−� §�-
ª«îç�«�áì ¢ â®¬, çâ® ¤«ï ¨á¯®«ì§®¢�−¨ï íâ®© ¯�à�¤¨£¬ë âà¥¡®¢�«�áì ¡®«ìè�ï
¯«®é�¤ì −� ªà¨áâ�««¥. ‚ −�áâ®ïé¥¥ ¢à¥¬ï â�ª¨¥ â¥å−®«®£¨ç¥áª¨¥ ®£à�−¨ç¥−¨ï,
ª�ª ¯à�¢¨«®, ®âáãâáâ¢ãîâ, ¨ ¤�−−ë© ¬¥â®¤ è¨à®ª® ¨á¯®«ì§ã¥âáï ¤«ï ¨§¡¥¦�−¨ï
ª®−ä«¨ªâ®¢.

�á−®¢−�ï ¨¤¥ï ¬¥â®¤� ¢−¥®ç¥à¥¤−®£® ¨á¯®«−¥−¨ï ª®¬�−¤ §�ª«îç�¥âáï ¢ â®¬,
çâ® ¯®á«¥ ¤¥ª®¤¨à®¢�−¨ï ª®¬�−¤ë ¯®áâã¯�îâ −¥ −� á«¥¤ãîéãî áâã¯¥−ì ª®−¢¥©¥-
à�, � ¢ á¯¥æ¨�«ì−ë© ¡ãä¥à, ª®â®àë© −®á¨â −�§¢�−¨¥ ú¡ãä¥à ¯¥à¥ã¯®àï¤®ç¥−¨ïû
(ReOrder Buffer, ROB).

‚ ª�¦¤®¬ â�ªâ¥ ¢ íâ®¬ ¡ãä¥à¥ ®áãé¥áâ¢«ï¥âáï ¯®¨áª ®¯¥à�æ¨©, £®â®¢ëå ª
¨á¯®«−¥−¨î (â. ¥. ®¯¥à�−¤ë ª®â®àëå ã¦¥ ¢ëç¨á«¥−ë «¨¡® ¢ëç¨á«ïîâáï ¨ ¡ã¤ãâ
£®â®¢ë ª ¬®¬¥−âã ¯®¯�¤�−¨ï ®¯¥à�æ¨¨ ¢ äã−ªæ¨®−�«ì−®¥ ãáâà®©áâ¢®) ¢−¥ §�¢¨á¨-
¬®áâ¨ ®â ¯®àï¤ª�, ¢ ª®â®à®¬ ®−¨ §�¯¨áë¢�«¨áì ¢ ¡ãä¥à. �à¨ −�å®¦¤¥−¨¨ ª®¬�−¤,
£®â®¢ëå ª ¨á¯®«−¥−¨î, ®−¨ ®â¯à�¢«ïîâáï ¢ ª®−¢¥©¥à, � ¯®á«¥ §�¢¥àè¥−¨ï ®¯¥à�-
æ¨¨ ®áãé¥áâ¢«ï¥âáï ¯®¬¥âª� ¢ á®®â¢¥âáâ¢ãîé¥¬ í«¥¬¥−â¥ ROB. �â® ¤¥«�¥âáï ¤«ï
â®£®, çâ®¡ë á®åà�−¨âì à¥§ã«ìâ�â ¢ë¯®«−¥−¨ï ¯à®£à�¬¬ë ¢ â®¬ ¢¨¤¥, ¢ ª®â®à®¬
®− ¤®«¦¥− ¡ëâì ¯à¥¤áâ�¢«¥− ¢ á«ãç�¥ ¢ë¯®«−¥−¨ï ª®¬�−¤ ú¯® ¯®àï¤ªãû.

„àã£®© á¯®á®¡ ¡®àì¡ë á ª®−ä«¨ªâ�¬¨ ¢ ª®−¢¥©¥à�å ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬
ã¢¥«¨ç¥−¨ï ª®«¨ç¥áâ¢� ®¤−®â¨¯−ëå äã−ªæ¨®−�«ì−ëå ãáâà®©áâ¢, ª®â®àë¥ ¬®£ãâ
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�¢®«îæ¨ï �àå¨â¥ªâãà á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à®¢

’�¡«¨æ� 2 �®á«¥¤®¢�â¥«ì−®áâì ¢ë¯®«−¥−¨ï ª®¬�−¤ ¢ ¬¨ªà®¯à®æ¥áá®à¥ á ¤¢ã¬ï ª®−-
¢¥©¥à�¬¨

�â�¯
’�ªâë

1 2 3 4 5 6 7
IF I1 I2 I3 I4 I5 I6 I7 I8 I7 I9 I7 I10 I11 I12
ID I1 I2 I3 I4 I5 I6 I5 I8 I5 I9 I7 I10
OR I1 I2 I3 I4 I3 I6 I3 I8 I5 I9
EX I1 I2 I1 I4 I1 I6 I3 I8
WB I2 I4 I1 I6

®¤−®¢à¥¬¥−−® ¢ë¯®«−ïâì ®¤−¨ ¨ â¥ ¦¥ ¨«¨ áå®¦¨¥ äã−ªæ¨¨. ��¯à¨¬¥à, ¢
á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à�å ç�áâ® ¨á¯®«ì§ã¥âáï ƒ�à¢�à¤áª�ï �àå¨â¥ªâãà�,
¢ ª®â®à®© à�§¤¥«ïîâ ªíè-¯�¬ïâì ¤«ï åà�−¥−¨ï ª®¬�−¤ ¨ ªíè-¯�¬ïâì ¤�−−ëå.
‚® ¬−®£¨å ¬¨ªà®¯à®æ¥áá®à�å ¨á¯®«ì§ãîâ ¬−®£®¯®àâ®¢ãî áå¥¬ã ¤®áâã¯� ª à¥-
£¨áâà®¢®© ¯�¬ïâ¨, ¯à¨ ª®â®à®© ª à¥£¨áâà�¬ ¬®¦−® ®¤−®¢à¥¬¥−−® ®¡à�é�âìáï
¯® ®¤−®¬ã ª�−�«ã ¤«ï §�¯¨á¨, � ¯® ¤àã£®¬ã | ¤«ï áç¨âë¢�−¨ï ¨−ä®à¬�æ¨¨.
Š®−ä«¨ªâë ¨§-§� ¨á¯®«−¨â¥«ì−ëå ãáâà®©áâ¢ ®¡ëç−® á£«�¦¨¢�îâáï ¢¢¥¤¥−¨¥¬ ¢
á®áâ�¢ ¬¨ªà®¯à®æ¥áá®à� ¤®¯®«−¨â¥«ì−ëå ¡«®ª®¢.

’�ª¨¬ ®¡à�§®¬, ¢®§−¨ª«� ¨¤¥ï ¯à¨¬¥−¨âì ¢ ®¤−®¬ ¬¨ªà®¯à®æ¥áá®à¥ −¥áª®«ìª®
ª®−¢¥©¥à®¢, � ¯à®æ¥áá®àë, ¨¬¥îé¨¥ ¢ á¢®¥¬ á®áâ�¢¥ ¡®«¥¥ ®¤−®£® ª®−¢¥©¥à�, −�-
§ë¢�îâáï áã¯¥àáª�«ïà−ë¬¨. ‚¯¥à¢ë¥ −¥áª®«ìª® ª®−¢¥©¥à®¢ ¡ë«¨ à¥�«¨§®¢�−ë
¢ RISC-¬¨ªà®¯à®æ¥áá®à�å, � ¯¥à¢ë¬ áã¯¥àáª�«ïà−ë¬ CISC-¬¨ªà®¯à®æ¥áá®à®¬
áâ�« Pentium.

�¥¤®áâ�âª®¬ áã¯¥àáª�«ïà−ëå ¬¨ªà®¯à®æ¥áá®à®¢ ï¢«ï¥âáï −¥®¡å®¤¨¬®áâì
á¨−åà®−−®£® ¯à®¤¢¨¦¥−¨ï ª®¬�−¤ ¢ ª�¦¤®¬ ¨§ ª®−¢¥©¥à®¢. ‚ â�¡«. 2 ¯à¥¤-
áâ�¢«¥−� ¯®á«¥¤®¢�â¥«ì−®áâì ¢ë¯®«−¥−¨ï ª®¬�−¤ ¢ ¬¨ªà®¯à®æ¥áá®à¥, ¨¬¥îé¥¬
¤¢� ª®−¢¥©¥à�, ¯à¨ ãá«®¢¨¨, çâ® ª®¬�−¤¥ I1 âà¥¡ã¥âáï 3 â�ªâ� −� íâ�¯¥ EX. �à¨
íâ®¬ ª®¬�−¤ë ¡ã¤ãâ §�¢¥àè�âìáï ¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨: I2{I4{I1{I6{ . . ., â. ¥.
¯®á«¥¤®¢�â¥«ì−®áâì ¢ë¯®«−¥−¨ï ª®¬�−¤ ¡ã¤¥â −�àãè¥−�.

‘«¥¤®¢�â¥«ì−®, ¤«ï ®¡¥á¯¥ç¥−¨ï ¯à�¢¨«ì−®© à�¡®âë áã¯¥àáª�«ïà−®£® ¬¨ª-
à®¯à®æ¥áá®à� ¯à¨ ¢®§−¨ª−®¢¥−¨¨ ª®−ä«¨ªâ�, âà¥¡ãîé¥£® ®áâ�−®¢ª¨ ¢ ®¤−®¬
¨§ ª®−¢¥©¥à®¢, ¤®«¦−ë ¯à¨®áâ�−�¢«¨¢�âì á¢®î à�¡®âã ¨ ¤àã£¨¥. ‚ ¯à®â¨¢−®¬
á«ãç�¥ ¬®¦¥â −�àãè¨âìáï ¨áå®¤−ë© ¯®àï¤®ª §�¢¥àè¥−¨ï ª®¬�−¤ ¯à®£à�¬¬ë.
�® â�ª¨¥ ¯à¨®áâ�−®¢ª¨ áãé¥áâ¢¥−−® á−¨¦�îâ ¡ëáâà®¤¥©áâ¢¨¥ ¯à®æ¥áá®à�. ÷�§-
à¥è¥−¨¥ íâ®© á¨âã�æ¨¨ á®áâ®¨â ¢ â®¬, çâ®¡ë ¤�âì ¢®§¬®¦−®áâì ¢ë¯®«−ïâìáï
ª®¬�−¤�¬ ¢ ®¤−®¬ ª®−¢¥©¥à¥ ¢−¥ §�¢¨á¨¬®áâ¨ ®â á¨âã�æ¨¨ ¢ ¤àã£¨å ª®−¢¥©¥à�å.
�â® ¯à¨¢®¤¨â ª −¥ã¯®àï¤®ç¥−−®¬ã ¢ë¯®«−¥−¨î ª®¬�−¤. �à¨ íâ®¬ ª®¬�−¤ë,
áâ®ïé¨¥ ¢ ¯à®£à�¬¬¥ ¯®§¦¥, ¬®£ãâ §�¢¥àè¨âìáï à�−¥¥ ª®¬�−¤, áâ®ïé¨å ¢¯¥à¥¤¨.
�¯¯�à�â−ë¥ áà¥¤áâ¢� ¬¨ªà®¯à®æ¥áá®à� ¤®«¦−ë £�à�−â¨à®¢�âì, çâ® à¥§ã«ìâ�âë
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¢ë¯®«−¥−−ëå ª®¬�−¤ ¡ã¤ãâ §�¯¨á�−ë ¢ ¯à¨¥¬−¨ª ¢ â®¬ ¯®àï¤ª¥, ¢ ª®â®à®¬
ª®¬�−¤ë §�¯¨á�−ë ¢ ¯à®£à�¬¬¥. „«ï íâ®£® ¢ ¬¨ªà®¯à®æ¥áá®à¥ à¥§ã«ìâ�âë íâ�¯�
¢ë¯®«−¥−¨ï ª®¬�−¤ë ®¡ëç−® á®åà�−ïîâáï ¢ á¯¥æ¨�«ì−®¬ ¡ãä¥à¥ ¢®ááâ�−®¢«¥-
−¨ï ¯®á«¥¤®¢�â¥«ì−®áâ¨ ª®¬�−¤. ‡�¯¨áì à¥§ã«ìâ�â� ®ç¥à¥¤−®© ª®¬�−¤ë ¨§ íâ®£®
¡ãä¥à� ¢ ¯à¨¥¬−¨ª à¥§ã«ìâ�â� ¯à®¢®¤¨âáï «¨èì ¯®á«¥ â®£®, ª�ª ¢ë¯®«−¥−ë ¢á¥
¯à¥¤è¥áâ¢ãîé¨¥ ª®¬�−¤ë ¨ §�¯¨á�−ë ¨å à¥§ã«ìâ�âë.

’�ª¨¬ ®¡à�§®¬, ¬®¦−® á¤¥«�âì ¢ë¢®¤, çâ® á®¢à¥¬¥−−ë© ¯à®æ¥áá®à á®áâ®¨â
¨§ à�§«¨ç−ëå ¡«®ª®¢ ¨«¨ ¯®¤á¨áâ¥¬, à�¡®â�îé¨å ¯�à�««¥«ì−® ¨ −¥§�¢¨á¨¬®.
‘ æ¥«ìî ¯®¢ëè¥−¨ï ¯à®¨§¢®¤¨â¥«ì−®áâ¨ −¥®¡å®¤¨¬®, çâ®¡ë ¬¨ªà®¯à®æ¥áá®à
ª�ª ¬®¦−® ¡®«ìè¥ ®¡¥á¯¥ç¨¢�« ¯®«−ãî §�£àã§ªã ¡«®ª®¢. ‚ ®¯¨á�−−ëå ¬¨ªà®-
¯à®æ¥áá®à�å â�ª�ï §�£àã§ª� ®¡¥á¯¥ç¨¢�¥âáï ¯à¨ ¯®¬®é¨ �¯¯�à�â−ëå áà¥¤áâ¢,
à�¡®âã ª®â®àëå ¬®¦−® ®å�à�ªâ¥à¨§®¢�âì �«£®à¨â¬®¬ ¤¨−�¬¨ç¥áª®£® ¢ë¯®«−¥−¨ï
ª®¬�−¤.

„¨−�¬¨ç¥áª¨© ¯®¤å®¤ ¯®§¢®«ï¥â ¯®¢ëè�âì ¯�à�««¥«ì−®áâì §� áç¥â ãá«®¦-
−¥−¨ï «®£¨ª¨ ¯à®¢¥à®ª ¢ �¯¯�à�âãà¥ ¯à¨ ¯«�−¨à®¢�−¨¨ ª®¬�−¤. Š −¥¤®áâ�âªã
¤¨−�¬¨ç¥áª®£® ¯®¤å®¤� ¬®¦−® ®â−¥áâ¨ −¥®¡å®¤¨¬®áâì ®£à�−¨ç¨¢�âì á«®¦−®áâì
�«£®à¨â¬®¢ ¯«�−¨à®¢�−¨ï, â�ª ª�ª ¯®¢ëè¥−¨¥ á«®¦−®áâ¨ ¢¥¤¥â ª ã¢¥«¨ç¥−¨î
¢à¥¬¥−¨, §�âà�ç¨¢�¥¬®£® −� ¤¨−�¬¨ç¥áª®¥ à�á¯�à�««¥«¨¢�−¨¥.

2.1 VLIW микропроцессоры

„àã£¨¬ à�§¢¨â¨¥¬ ¬¨ªà®¯à®æ¥áá®à®¢ ¬®¦−® áç¨â�âì −�¯à�¢«¥−¨¥ VLIW
(Very Long Instruction Word | ®ç¥−ì ¤«¨−−®¥ ª®¬�−¤−®¥ á«®¢®, ¨−®£¤� ¢ àãááª®©
«¨â¥à�âãà¥ ¨á¯®«ì§ã¥âáï â¥à¬¨− �àå¨â¥ªâãà� è¨à®ª®£® ª®¬�−¤−®£® á«®¢�).

ˆ¤¥ï VLIW ¡�§¨àã¥âáï −� â®¬, çâ® §�¤�ç� íää¥ªâ¨¢−®£® ¯«�−¨à®¢�−¨ï
¯�à�««¥«ì−®£® ¢ë¯®«−¥−¨ï −¥áª®«ìª¨å ª®¬�−¤ ®áãé¥áâ¢«ï¥âáï −¥ �¯¯�à�â−ë¬¨
áà¥¤áâ¢�¬¨, � ¢®§«�£�¥âáï −� úà�§ã¬−ë©û ª®¬¯¨«ïâ®à. ’�ª®© ª®¬¯¨«ïâ®à ¢−�ç�«¥
¨áá«¥¤ã¥â ¨áå®¤−ãî ¯à®£à�¬¬ã á æ¥«ìî ®¡−�àã¦¨âì ¢á¥ ª®¬�−¤ë, ª®â®àë¥
¬®£ãâ ¡ëâì ¢ë¯®«−¥−ë ®¤−®¢à¥¬¥−−®, ¯à¨ç¥¬ â�ª, çâ®¡ë íâ® −¥ ¯à¨¢®¤¨«® ª
¢®§−¨ª−®¢¥−¨î ª®−ä«¨ªâ®¢. ‚ ¯à®æ¥áá¥ �−�«¨§� ª®¬¯¨«ïâ®à ¬®¦¥â ¤�¦¥ ç�áâ¨ç-
−® ¨¬¨â¨à®¢�âì ¢ë¯®«−¥−¨¥ à�áá¬�âà¨¢�¥¬®© ¯à®£à�¬¬ë. �� á«¥¤ãîé¥¬ íâ�¯¥
ª®¬¯¨«ïâ®à ¯ëâ�¥âáï ®¡ê¥¤¨−¨âì â�ª¨¥ ª®¬�−¤ë ¢ ¯�ª¥âë, ª�¦¤ë© ¨§ ª®â®àëå
à�áá¬�âà¨¢�¥âáï ª�ª ®¤−� á¢¥àå¤«¨−−�ï ª®¬�−¤�. �¡ê¥¤¨−¥−¨¥ −¥áª®«ìª¨å
¯à®áâëå ª®¬�−¤ ¢ ®¤−ã á¢¥àå¤«¨−−ãî ¯à®¨§¢®¤¨âáï ¯® á«¥¤ãîé¨¬ ¯à�¢¨«�¬:

{ ª®«¨ç¥áâ¢® ¯à®áâëå ª®¬�−¤, ®¡ê¥¤¨−ï¥¬ëå ¢ ®¤−ã ª®¬�−¤ã á¢¥àå¡®«ìè®©
¤«¨−ë, à�¢−® ç¨á«ã ¨¬¥îé¨åáï ¢ ¯à®æ¥áá®à¥ äã−ªæ¨®−�«ì−ëå (¨á¯®«−¨-
â¥«ì−ëå) ¡«®ª®¢ (”�);

{ ¢ á¢¥àå¤«¨−−ãî ª®¬�−¤ã ¢å®¤ïâ â®«ìª® â�ª¨¥ ¯à®áâë¥ ª®¬�−¤ë, ª®â®àë¥
¨á¯®«−ïîâáï à�§−ë¬¨ ”�, â. ¥. ®¡¥á¯¥ç¨¢�¥âáï ®¤−®¢à¥¬¥−−®¥ ¨á¯®«−¥−¨¥
¢á¥å á®áâ�¢«ïîé¨å á¢¥àå¤«¨−−®© ª®¬�−¤ë.
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�¢®«îæ¨ï �àå¨â¥ªâãà á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à®¢

÷¨á. 1 �à¨¬¥à ¤«¨−−®© ª®¬�−¤ë

„«¨−� á¢¥àå¤«¨−−®© ª®¬�−¤ë ®¡ëç−® á®áâ�¢«ï¥â ®â 256 ¤® 1024 ¡¨â. ’�-
ª�ï ¬¥â�ª®¬�−¤� á®¤¥à¦¨â −¥áª®«ìª® ¯®«¥© (¯® ç¨á«ã ®¡à�§ãîé¨å ¥¥ ¯à®áâëå
ª®¬�−¤), ª�¦¤®¥ ¨§ ª®â®àëå ®¯¨áë¢�¥â ®¯¥à�æ¨î ¤«ï ª®−ªà¥â−®£® äã−ªæ¨®−�«ì-
−®£® ¡«®ª�. �à¨¬¥à â�ª®© ª®¬�−¤ë ¯®ª�§�− −� à¨á. 1.

VLIW-�àå¨â¥ªâãàã ¬®¦−® à�áá¬�âà¨¢�âì ª�ª áâ�â¨ç¥áªãî áã¯¥àáª�«ïà−ãî
�àå¨â¥ªâãàã. ˆ¬¥¥âáï ¢ ¢¨¤ã, çâ® à�á¯�à�««¥«¨¢�−¨¥ ª®¤� ¯à®¨§¢®¤¨âáï −� íâ�¯¥
ª®¬¯¨«ïæ¨¨, � −¥ ¤¨−�¬¨ç¥áª¨ ¢® ¢à¥¬ï ¨á¯®«−¥−¨ï. ’®, çâ® ¢ ¢ë¯®«−ï¥¬®©
á¢¥àå¤«¨−−®© ª®¬�−¤¥ ¨áª«îç¥−� ¢®§¬®¦−®áâì ª®−ä«¨ªâ®¢, ¯®§¢®«ï¥â ¯à¥¤¥«ì-
−® ã¯à®áâ¨âì �¯¯�à�âãàã VLIW-¯à®æ¥áá®à� ¨, ª�ª á«¥¤áâ¢¨¥, ¤®¡¨âìáï ¡®«¥¥
¢ëá®ª®£® ¡ëáâà®¤¥©áâ¢¨ï.

‚¯¥à¢ë¥ �àå¨â¥ªâãà� VLIW-ª®¬¯ìîâ¥à®¢ ¡ë«� ¯à¥¤«®¦¥−� ¢ 1979 £. á®âàã¤-
−¨ª®¬ ‰¥«ìáª®£® ã−¨¢¥àá¨â¥â� „¦. ”¨è¥à®¬, −�¨¡®«¥¥ ¯®«−® íâ� �àå¨â¥ªâãà�
¡ë«� à¥�«¨§®¢�−� ¢ ¬¨ªà®¯à®æ¥áá®à¥ Itanium, à�§à�¡®â�−−®¬ á®¢¬¥áâ−® ä¨à¬�-
¬¨ Intel ¨ HP. „«ï â®£® çâ®¡ë ¯®¤ç¥àª−ãâì ¯�à�««¥«ì−ãî ®¡à�¡®âªã ¨−áâàãªæ¨©
¢ íâ¨å ¬¨ªà®¯à®æ¥áá®à�å, ¨á¯®«ì§ã¥âáï â¥à¬¨− ILP (Instruction Level Paral-
lelism | ¯�à�««¥«¨§¬ −� ãà®¢−¥ ª®¬�−¤, â. ¥. á¯®á®¡−®áâì ¯à®æ¥áá®à� ¨á¯®«−ïâì
−¥áª®«ìª® −¥§�¢¨á¨¬ëå ¬�è¨−−ëå ª®¬�−¤ ®¤−®¢à¥¬¥−−® ¢ à�¬ª�å ®¤−®£® ¯à®-
£à�¬¬−®£® ¯®â®ª�). VLIW-�àå¨â¥ªâãàã ¨¬¥¥â ®â¥ç¥áâ¢¥−−ë© ¬¨ªà®¯à®æ¥áá®à
ú�«ì¡àãáû [8].

�à¥¨¬ãé¥áâ¢®¬ VLIW-�àå¨â¥ªâãàë ¢ áà�¢−¥−¨¨ á ¬−®£®ª®−¢¥©¥à−ë¬¨ áã-
¯¥àáª�«ïà−ë¬¨ ¬¨ªà®¯à®æ¥áá®à�¬¨ ï¢«ï¥âáï ã¯à®é¥−¨¥ �¯¯�à�âãàë §� áç¥â
¯à®£à�¬¬−®£® à�á¯à¥¤¥«¥−¨ï ®¯¥à�æ¨© ¬¥¦¤ã ª®−¢¥©¥à�¬¨. „àã£®¥ ¯à¥¨¬ãé¥-
áâ¢® §�ª«îç�¥âáï ¢ â®¬, çâ® ª®¬¯¨«ïâ®à ¬®¦¥â ¡ëâì ¡®«¥¥ à�§¢¨âë¬, −¥¦¥«¨
ãáâà®©áâ¢� ã¯à�¢«¥−¨ï ¯à®æ¥áá®à�, ¨ ®− á¯®á®¡¥− åà�−¨âì ¡®«ìè¥ ª®−â¥ªáâ−®©
¨−ä®à¬�æ¨¨ ¤«ï ¯à¨−ïâ¨ï ¡®«¥¥ ¢¥à−ëå à¥è¥−¨© ¯® ®¯â¨¬¨§�æ¨¨.

�à¥¤áâ�¢«¥−−ë© �−�«¨§ à�§«¨ç−ëå �àå¨â¥ªâãà ¬¨ªà®¯à®æ¥áá®à®¢ ¯®§¢®«ï¥â
á¤¥«�âì ¯à¥¤¯®«®¦¥−¨¥, çâ® ¤�«ì−¥©è¥¥ à�§¢¨â¨¥ ¬¨ªà®¯à®æ¥áá®à®¢ ¡ã¤¥â á¢ï-
§�−® á ®¡ê¥¤¨−¥−¨¥¬ ¬¥â®¤®¢ áâ�â¨ç¥áª®£® ¨ ¤¨−�¬¨ç¥áª®£® ã¯à�¢«¥−¨ï á æ¥«ìî
®¡¥á¯¥ç¥−¨ï −�¨¡®«ìè¨å ¢®§¬®¦−®áâ¥© ¯�à�««¥«ì−®© à�¡®âë ¢á¥å äã−ªæ¨®−�«ì-
−ëå ãáâà®©áâ¢ ¬¨ªà®¯à®æ¥áá®à�, � á«¥¤®¢�â¥«ì−®, ¨ ¯®¢ëè¥−¨ï ¯à®¨§¢®¤¨â¥«ì-
−®áâ¨ ¥£® à�¡®âë.
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МОДЕЛЬ ПАРАЛЛЕЛЬНОГО ОБХОДА ДЕРЕВЬЕВ РАБОТ

В. А. Козмидиади1

�−−®â�æ¨ï: ÷�áá¬®âà¥− ¬¥å�−¨§¬, ®¡®¡é�îé¨© MapReduce, ª®â®àë© à�á-
áç¨â�− −� ¬�áá®¢®-¯�à�««¥«ì−ãî ®¡à�¡®âªã. ÷�áá¬®âà¥−¨¥ ®¯¨à�¥âáï −� â®,
çâ® ®¡é¥¥ §�¤�−¨¥ ®¡à�§ã¥â ¤¥à¥¢® à�¡®â, á«®¦−ë¥ à�¡®âë ¤¥«ïâáï −� ç�áâ¨
¢¯«®âì ¯® ¯®«ãç¥−¨ï ¯à®áâëå à�¡®â, ª®â®àë¥ ¬®£ãâ ¢ë¯®«−ïâìáï ¯�à�««¥«ì−®.
�à¥¤«®¦¥−� ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ¢ë¯®«−¥−¨ï ¤¥à¥¢� à�¡®â. ÷�áá¬®âà¥−ë
á¯®á®¡ë ®¡å®¤� â�ª¨å ¤¥à¥¢ì¥¢.

Š«îç¥¢ë¥ á«®¢�: MapReduce; ¬�áá®¢®-¯�à�««¥«ì−�ï ®¡à�¡®âª�; ®¡å®¤ë
¤¥à¥¢ì¥¢; ¤¥à¥¢® à�¡®â

1 Введение

‘¥©ç�á ¡®«ìè®© ¯®¯ã«ïà−®áâìî ¯®«ì§ã¥âáï ª®−áâàãªæ¨ï (framework) MapRe-
duce [1], ª®â®à�ï ¯à¥¤áâ�¢«ï¥â á®¡®© ¯à®£à�¬¬−ãî ¬®¤¥«ì ¤«ï ®¡à�¡®âª¨ ¨ á®-
§¤�−¨ï ¡®«ìè¨å −�¡®à®¢ ¤�−−ëå. Š®−áâàãªæ¨ï MapReduce ¯à¥¤−�§−�ç¥−� ¤«ï
®¡à�¡®âª¨ −� ª«�áâ¥à�å, â. ¥. á¨áâ¥¬�å, ª®â®àë¥ ¤®¯ãáª�îâ ¬�áá®¢®-¯�à�««¥«ì-
−ãî ®¡à�¡®âªã (Massive parallel processing). �®áª®«ìªã ¬¥å�−¨§¬, ¯à¥¤«®¦¥−−ë©
¢ áâ�âì¥, ï¢«ï¥âáï à�áè¨à¥−¨¥¬ MapReduce, −¥®¡å®¤¨¬® ¥£® ®¯¨á�âì. Šã§−¥æ®¢
¢ [2] −�àï¤ã á® ¬−®£¨¬ ¤àã£¨¬ á¤¥«�« ¯à¥ªà�á−®¥ ®¯¨á�−¨¥ ¯à¨−æ¨¯®¢ à�¡®âë
MapReduce. ‹ãçè¥£® ¬−¥ −¥ á¤¥«�âì. �®íâ®¬ã ®â 1.1 ¤® 1.4 ¢ª«îç¨â¥«ì−® |
¯à®áâ® æ¨â�â� ¨§ ã¯®¬ï−ãâ®© à�¡®âë.

1.1 MapReduce: модель и реализации

�à®£à�¬¬−�ï ¬®¤¥«ì MapReduce ¡ë«� ¯à¨¤ã¬�−� −¥áª®«ìª® «¥â â®¬ã −�§�¤
¢ ª®¬¯�−¨¨ Google [1], ¨ â�¬ ¦¥ ¡ë«� ¢ë¯®«−¥−� ¯¥à¢�ï à¥�«¨§�æ¨ï íâ®© ¬®¤¥«¨
−� ®á−®¢¥ à�á¯à¥¤¥«¥−−®© ä�©«®¢®© á¨áâ¥¬ë â®© ¦¥ ª®¬¯�−¨¨ GFS (Google
File System) [3]. �â� à¥�«¨§�æ¨ï �ªâ¨¢−® ¨á¯®«ì§ã¥âáï ¢ ¯à®£à�¬¬−ëå ¯à®¤ãªâ�å
á�¬®© Google, −® ï¢«ï¥âáï áã£ã¡® ¯à®¯à¨¥â�à−®© ¨ −¥¤®áâã¯−� ¤«ï ¨á¯®«ì§®¢�−¨ï
¢−¥ Google.

�«ìâ¥à−�â¨¢−�ï, á¢®¡®¤−® ¤®áâã¯−�ï à¥�«¨§�æ¨ï Hadoop MapReduce [4] (á
®âªàëâë¬¨ ¨áå®¤−ë¬¨ â¥ªáâ�¬¨) ¡ë«� ¢ë¯®«−¥−� ¢ ¯à®¥ªâ¥ Hadoop [5] á®®¡-
é¥áâ¢� Apache [6]. �−� ®á−®¢�−� −� ¨á¯®«ì§®¢�−¨¨ à�á¯à¥¤¥«¥−−®© ä�©«®¢®©

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, v.kozmidiady@gmail.com
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á¨áâ¥¬ë HDFS (Hadoop Distributed File System) [7], â�ª¦¥ à�§à�¡®â�−−®© ¢
¯à®¥ªâ¥ Hadoop. ÷¥�«ì−ãî ¯®¯ã«ïà−®áâì MapReduce ¯à¨−¥á«� ¨¬¥−−® à¥�«¨-
§�æ¨ï Hadoop ¢ á¨«ã á¢®¥© ¤®áâã¯−®áâ¨ ¨ ®âªàëâ®áâ¨, � è¨à®ª®¥ ¨á¯®«ì§®¢�−¨¥
Hadoop MapReduce ¢ à�§«¨ç−ëå ¨áá«¥¤®¢�â¥«ìáª¨å ¯à®¥ªâ�å ¯à¨−®á¨â −¥á®-
¬−¥−−ãî ¯®«ì§ã íâ®© á¨áâ¥¬¥, áâ¨¬ã«¨àãï à�§à�¡®âç¨ª®¢ ª ¥¥ ¯®áâ®ï−−®¬ã á®-
¢¥àè¥−áâ¢®¢�−¨î.

�¤−�ª® à¥�«¨§�æ¨ï Hadoop MapReduce ¯®«−®áâìî ®á−®¢�−� −� á¯¥æ¨ä¨ª�-
æ¨ïå Google, ¨ ¯®íâ®¬ã ª�−®−¨ç¥áª¨¬ ®¯¨á�−¨¥¬ â¥å−®«®£¨¨ ¡ë«� ¨ ®áâ�¥âáï
áâ�âìï [1]. ‡�¬¥â¨¬, çâ® ¯à¨ íâ®¬ ¢ ¤®ªã¬¥−â�æ¨¨ Hadoop MapReduce [8]
¨á¯®«ì§ã¥âáï â¥à¬¨−®«®£¨ï, −¥áª®«ìª® ®â«¨ç−�ï ®â [1].

1.2 Общая модель программирования MapReduce

‚ íâ®© ¬®¤¥«¨ ¢ëç¨á«¥−¨ï ¯à®¨§¢®¤ïâáï −�¤ ¬−®¦¥áâ¢�¬¨ ¢å®¤−ëå ¯�à
úª«îç{§−�ç¥−¨¥û, ¨ ¢ à¥§ã«ìâ�â¥ ª�¦¤®£® ¢ëç¨á«¥−¨ï â�ª¦¥ ¯à®¨§¢®¤¨âáï −¥-
ª®â®à®¥ ¬−®¦¥áâ¢® à¥§ã«ìâ¨àãîé¨å ¯�à úª«îç{§−�ç¥−¨¥û. „«ï ¯à¥¤áâ�¢«¥−¨ï
¢ëç¨á«¥−¨© ¢ áà¥¤¥ MapReduce ¨á¯®«ì§ãîâáï ¤¢¥ ®á−®¢−ë¥ äã−ªæ¨¨: Map ¨
Reduce. �¡¥ äã−ªæ¨¨ ï¢−® ª®¤¨àãîâáï à�§à�¡®âç¨ª�¬¨ ¯à¨«®¦¥−¨© ¢ áà¥¤¥
MapReduce.

”ã−ªæ¨ï Map ¢ æ¨ª«¥ ®¡à�¡�âë¢�¥â ª�¦¤ãî ¯�àã ¨§ ¬−®¦¥áâ¢� ¢å®¤−ëå
¯�à ¨ ¯à®¨§¢®¤¨â ¬−®¦¥áâ¢® ¯à®¬¥¦ãâ®ç−ëå ¯�à úª«îç{§−�ç¥−¨¥û. ‘à¥¤�
MapReduce £àã¯¯¨àã¥â ¢á¥ ¯à®¬¥¦ãâ®ç−ë¥ §−�ç¥−¨ï á ®¤−¨¬ ¨ â¥¬ ¦¥ ª«îç®¬ I
¨ ¯¥à¥¤�¥â ¨å äã−ªæ¨¨ Reduce.

”ã−ªæ¨ï Reduce ¯®«ãç�¥â §−�ç¥−¨¥ ª«îç� I ¨ ¬−®¦¥áâ¢® §−�ç¥−¨©, á¢ï§�−-
−ëå á íâ¨¬ ª«îç®¬. ‚ â¨¯¨ç−ëå á¨âã�æ¨ïå ª�¦¤�ï £àã¯¯� ®¡à�¡�âë¢�¥âáï (¢
æ¨ª«¥) â�ª¨¬ ®¡à�§®¬, çâ® ¢ à¥§ã«ìâ�â¥ ®¤−®£® ¢ë§®¢� äã−ªæ¨¨ ®¡à�§ã¥âáï −¥
¡®«¥¥ ®¤−®£® à¥§ã«ìâ¨àãîé¥£® §−�ç¥−¨ï.

1.3 Реализация в распределенной среде

÷¥�«¨§�æ¨¨ MapReduce ®â Google ¨ Hadoop ®à¨¥−â¨à®¢�−ë −� ¨á¯®«ì§®¢�−¨¥
¢ ª«�áâ¥à−®© à�á¯à¥¤¥«¥−−®© áà¥¤¥ á® á«¥¤ãîé¨¬¨ ®á−®¢−ë¬¨ å�à�ªâ¥à¨áâ¨-
ª�¬¨:

{ ã§«ë áà¥¤ë ¢ë¯®«−¥−¨ï MR-¯à¨«®¦¥−¨© ®¡ëç−® ¯à¥¤áâ�¢«ïîâ á®¡®© ª®¬-
¯ìîâ¥àë ®¡é¥£® −�§−�ç¥−¨ï á ®¯¥à�æ¨®−−®© á¨áâ¥¬®© Linux;

{ ¨á¯®«ì§ã¥âáï áâ�−¤�àâ−®¥ á¥â¥¢®¥ ®¡®àã¤®¢�−¨¥ á �¤�¯â¥à�¬¨, à�ááç¨â�−−ë-
¬¨ −� áª®à®áâ¨ ¯¥à¥¤�ç¨ ¢ 100 Œ¡¨â/á ¨«¨ 1 ƒ¡¨â/á, −® áà¥¤−ïï ¯à®¯ãáª−�ï
á¯®á®¡−®áâì áãé¥áâ¢¥−−® −¨¦¥;

{ ª«�áâ¥à á®áâ®¨â ¨§ á®â¥− ¨«¨ âëáïç ¬�è¨−, â�ª çâ® ¢¯®«−¥ ¢¥à®ïâ−ë ®âª�§ë
®â¤¥«ì−ëå ã§«®¢;
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Œ®¤¥«ì ¯�à�««¥«ì−®£® ®¡å®¤� ¤¥à¥¢ì¥¢ à�¡®â

{ ¤«ï åà�−¥−¨ï ¤�−−ëå ¨á¯®«ì§ãîâáï −¥¤®à®£¨¥ ¤¨áª®¢ë¥ ãáâà®©áâ¢�, ¯®¤-
ª«îç¥−−ë¥ −�¯àï¬ãî ª ®â¤¥«ì−ë¬ ¬�è¨−�¬;

{ ¤«ï ã¯à�¢«¥−¨ï ¤�−−ë¬¨, åà�−ïé¨¬¨áï −� íâ¨å ¤¨áª�å, ¨á¯®«ì§ã¥âáï à�á-
¯à¥¤¥«¥−−�ï ä�©«®¢�ï á¨áâ¥¬�;

{ ¯®«ì§®¢�â¥«¨ ¯à¥¤áâ�¢«ïîâ á¢®¨ §�¤�−¨ï ¢ á¨áâ¥¬ã ¯«�−¨à®¢�−¨ï; ª�¦¤®¥
§�¤�−¨¥ á®áâ®¨â ¨§ −¥ª®â®à®£® −�¡®à� §�¤�ç, ª®â®àë¥ ®â®¡à�¦�îâáï ¯«�−¨-
à®¢é¨ª®¬ −� −¥ª®â®àë© −�¡®à ã§«®¢ ª«�áâ¥à�.

1.4 Выполнение MR-приложения

‚ë§®¢ë Map à�á¯à¥¤¥«ïîâáï ¯® −¥áª®«ìª¨¬ ã§«�¬ ª«�áâ¥à� ¯ãâ¥¬ à�§¤¥«¥-
−¨ï ¢å®¤−ëå ¤�−−ëå −� M −¥¯¥à¥á¥ª�îé¨åáï £àã¯¯ (split). ‚å®¤−ë¥ £àã¯¯ë
¬®£ãâ ¯�à�««¥«ì−® ®¡à�¡�âë¢�âìáï −� à�§−ëå ¬�è¨−�å. ‚ë§®¢ë Reduce à�á-
¯à¥¤¥«ïîâáï ¯ãâ¥¬ à�§¤¥«¥−¨ï ¯à®áâà�−áâ¢� ª«îç¥© ¯à®¬¥¦ãâ®ç−ëå ª«îç¥© −�
R ç�áâ¥© á ¨á¯®«ì§®¢�−¨¥¬ −¥ª®â®à®© äã−ªæ¨¨ à�§¤¥«¥−¨ï (−�¯à¨¬¥à, äã−ªæ¨¨
å¥è¨à®¢�−¨ï). —¨á«® à�§¤¥«®¢ R ¨ äã−ªæ¨ï à�§¤¥«¥−¨ï §�¤�îâáï ¯®«ì§®¢�â¥«¥¬.

‚ë¯®«−¥−¨¥ MR-¯à®£à�¬¬ë ¯à®¨áå®¤¨â á«¥¤ãîé¨¬ ®¡à�§®¬. ‘−�ç�«� áà¥¤�
MapReduce à�áé¥¯«ï¥â ¢å®¤−®© ä�©« −� M ç�áâ¥©, à�§¬¥à ª®â®àëå ¬®¦¥â
§�¤�¢�âìáï ¯®«ì§®¢�â¥«¥¬. ‡�â¥¬ áà�§ã ¢ −¥áª®«ìª¨å ã§«�å ª«�áâ¥à� §�¯ãáª�¥âáï
®á−®¢−�ï ¯à®£à�¬¬� MapReduce. �¤¨− ¨§ íª§¥¬¯«ïà®¢ íâ®© ¯à®£à�¬¬ë ¨£à�¥â
á¯¥æ¨�«ì−ãî à®«ì ¨ −�§ë¢�¥âáï à�á¯®àï¤¨â¥«¥¬ (master). �áâ�«ì−ë¥ íª§¥¬¯«ïàë
ï¢«ïîâáï ¨á¯®«−¨â¥«ï¬¨ (worker), ª®â®àë¬ à�á¯®àï¤¨â¥«ì −�§−�ç�¥â à�¡®âã.
÷�á¯®àï¤¨â¥«ì ¤®«¦¥− −�§−�ç¨âì ¨á¯®«−¨â¥«ï¬ ¤«ï ¢ë¯®«−¥−¨ï M §�¤�ç Map ¨
R §�¤�ç Reduce.

ˆá¯®«−¨â¥«ì, ª®â®à®¬ã −�§−�ç¥−� §�¤�ç� Map, ç¨â�¥â á®¤¥à¦¨¬®¥ á®®â¢¥â-
áâ¢ãîé¥© £àã¯¯ë, à�§¡¨à�¥â ¯�àë úª«îç{§−�ç¥−¨¥û ¢å®¤−ëå ¤�−−ëå ¨ ¯¥à¥¤�¥â
ª�¦¤ãî ¯�àã ¢ ®¯à¥¤¥«¥−−ãî ¯®«ì§®¢�â¥«¥¬ äã−ªæ¨î Map. �à®¬¥¦ãâ®ç−ë¥
¯�àë úª«îç{§−�ç¥−¨¥û, ¯à®¨§¢®¤¨¬ë¥ äã−ªæ¨¥© Map, ¡ãä¥à¨§ãîâáï ¢ ®á−®¢-
−®© ¯�¬ïâ¨. �¥à¨®¤¨ç¥áª¨ ¡ãä¥à¨§®¢�−−ë¥ ¯�àë, à�§¤¥«ï¥¬ë¥ −� R ®¡«�áâ¥©
−� ®á−®¢¥ äã−ªæ¨¨ à�§¤¥«¥−¨ï, §�¯¨áë¢�îâáï ¢ «®ª�«ì−ãî ¤¨áª®¢ãî ¯�¬ïâì
¨á¯®«−¨â¥«ï. Š®®à¤¨−�âë íâ¨å á®åà�−¥−−ëå −� ¤¨áª¥ ¡ãä¥à¨§®¢�−−ëå ¯�à
®âáë«�îâáï à�á¯®àï¤¨â¥«î, ª®â®àë©, ¢ á¢®î ®ç¥à¥¤ì, ¯¥à¥¤�¥â íâ¨ ª®®à¤¨−�âë
¨á¯®«−¨â¥«ï¬ §�¤�ç¨ Reduce. I-© Reduce-¨á¯®«−¨â¥«ì á−�¡¦�¥âáï ª®®à¤¨−�â�¬¨
¢á¥å i-å ®¡«�áâ¥© ¡ãä¥à¨§®¢�−−ëå ¯�à, ¯à®¨§¢¥¤¥−−ëå ¢á¥¬¨ M Map-¨á¯®«−¨-
â¥«ï¬¨.

�®á«¥ ¯®«ãç¥−¨ï íâ¨å ª®®à¤¨−�â ®â à�á¯®àï¤¨â¥«ï ¨á¯®«−¨â¥«ì §�¤�ç¨ Re-
duce á ¨á¯®«ì§®¢�−¨¥¬ ¬¥å�−¨§¬� ã¤�«¥−−ëå ¢ë§®¢®¢ ¯à®æ¥¤ãà ¯¥à¥¯¨áë¢�¥â
¤�−−ë¥ á «®ª�«ì−ëå ¤¨áª®¢ ¨á¯®«−¨â¥«¥© §�¤�ç¨ Map ¢ á¢®î ¯�¬ïâì ¨«¨ −�
«®ª�«ì−ë© ¤¨áª (¢ §�¢¨á¨¬®áâ¨ ®â ®¡ê¥¬� ¤�−−ëå). �®á«¥ ¯¥à¥¯¨á¨ ¢á¥å ¯à®-
¬¥¦ãâ®ç−ëå ¤�−−ëå ¢ë¯®«−ï¥âáï ¨å á®àâ¨à®¢ª� ¯® §−�ç¥−¨ï¬ ¯à®¬¥¦ãâ®ç−®£®
ª«îç� ¤«ï ®¡à�§®¢�−¨ï £àã¯¯ á ®¤¨−�ª®¢ë¬ §−�ç¥−¨¥¬ ª«îç�. …á«¨ ®¡ê¥¬
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¯à®¬¥¦ãâ®ç−ëå ¤�−−ëå á«¨èª®¬ ¢¥«¨ª ¤«ï ¢ë¯®«−¥−¨ï á®àâ¨à®¢ª¨ ¢ ®á−®¢−®©
¯�¬ïâ¨, ¨á¯®«ì§ã¥âáï ¢−¥è−ïï á®àâ¨à®¢ª�.

„�«¥¥ Reduce-¨á¯®«−¨â¥«ì ®à£�−¨§ã¥â æ¨ª« ¯® ®âá®àâ¨à®¢�−−ë¬ ¯à®¬¥¦ã-
â®ç−ë¬ ¤�−−ë¬ ¨ ¤«ï ª�¦¤®£® ã−¨ª�«ì−®£® §−�ç¥−¨ï ª«îç� ¢ë§ë¢�¥â ¯®«ì§®¢�-
â¥«ìáªãî äã−ªæ¨î Reduce á ¯¥à¥¤�ç¥© ¥© ¢ ª�ç¥áâ¢¥ �à£ã¬¥−â� §−�ç¥−¨ï ª«îç�
¨ á®®â¢¥âáâ¢ãîé¥¥ ¬−®¦¥áâ¢® §−�ç¥−¨©. ÷¥§ã«ìâ¨àãîé¨¥ ¯�àë äã−ªæ¨¨ Reduce
¤®¡�¢«ïîâáï ¢ ®ª®−ç�â¥«ì−ë© à¥§ã«ìâ¨àãîé¨© ä�©« ¤�−−®£® Reduce-¨á¯®«−¨-
â¥«ï. �®á«¥ §�¢¥àè¥−¨ï ¢á¥å §�¤�ç Map ¨ Reduce à�á¯®àï¤¨â¥«ì �ªâ¨¢¨§¨àã¥â
¯à®£à�¬¬ã ¯®«ì§®¢�â¥«ï, ¢ë§ë¢�¢èãî MapReduce.

�®á«¥ ãá¯¥è−®£® §�¢¥àè¥−¨ï ¢ë¯®«−¥−¨ï §�¤�−¨ï MapReduce à¥§ã«ìâ�âë
à�§¬¥é�îâáï ¢ R ä�©«�å à�á¯à¥¤¥«¥−−®© ä�©«®¢®© á¨áâ¥¬ë (¨¬¥−� íâ¨å à¥§ã«ì-
â¨àãîé¨å ä�©«®¢ §�¤�îâáï ¯®«ì§®¢�â¥«¥¬). �¡ëç−® −¥ âà¥¡ã¥âáï ®¡ê¥¤¨−ïâì
¨å ¢ ®¤¨− ä�©«, ¯®â®¬ã çâ® ç�áâ® ¯®«ãç¥−−ë¥ ä�©«ë ¨á¯®«ì§ãîâáï ¢ ª�ç¥áâ¢¥
¢å®¤−ëå ¤«ï §�¯ãáª� á«¥¤ãîé¥£® MR-§�¤�−¨ï ¨«¨ ¢ ª�ª®¬-«¨¡® ¤àã£®¬ à�á¯à¥-
¤¥«¥−−®¬ ¯à¨«®¦¥−¨¨, ª®â®à®¥ ¬®¦¥â ¯®«ãç�âì ¢å®¤−ë¥ ¤�−−ë¥ ¨§ −¥áª®«ìª¨å
ä�©«®¢.

2 Основные определения

��áâ®ïé�ï áâ�âìï ï¢«ï¥âáï ¯à®¤®«¦¥−¨¥¬ [9]. –¥«ì íâ®© áâ�âì¨ | ¤�âì
¬�â¥¬�â¨ç¥áª®¥ ®¯¨á�−¨¥ ¢ë¯®«−¥−¨ï §�¤�−¨ï, ª®â®à®¥ ®¡«�¤�¥â á«¥¤ãîé¨¬¨
á¢®©áâ¢�¬¨:

{ §�¤�−¨¥ ¤®¯ãáª�¥â ¤¥«¥−¨¥ −� à�¡®âë, ª®â®àë¥ ¬®£ãâ ¡ëâì ¢ë¯®«−¥−ë ¯�-
à�««¥«ì−® à�§−ë¬¨ ¯à®æ¥áá®à�¬¨, ®¡à�§ãîé¨¬¨ ª«�áâ¥à;

{ à�¡®âë, −� ª®â®àë¥ ¤¥«¨âáï §�¤�−¨¥, ®¡à�§ãîâ ¤¥à¥¢®;

{ «¨áâ®¢ë¥ à�¡®âë íâ®£® ¤¥à¥¢� −¥ âà¥¡ãîâ ¢§�¨¬®¤¥©áâ¢¨ï ¤àã£ á ¤àã£®¬;

{ à�¡®âë −¥ ¬¥−ïîâáï ¢ ¯à®æ¥áá¥ ¢ë¯®«−¥−¨ï.

2.1 Дерево работ

„«ï ¯�à�««¥«ì−®£® ¢ë¯®«−¥−¨ï −¥ª®â®à®£® §�¤�−¨ï íâ® §�¤�−¨¥ á«¥¤ã¥â à�§-
¤¥«¨âì −� ç�áâ¨, ª®â®àë¥ ¬®£ãâ ¡ëâì ¢ë¯®«−¥−ë ¯�à�««¥«ì−® à�§−ë¬¨ ¯à®æ¥áá�-
¬¨, ¢®§¬®¦−®, −�å®¤ïé¨¬¨áï −� à�§−ëå ¯à®æ¥áá®à�å. Œ¨−¨¬�«ì−�ï −¥¤¥«¨¬�ï
ç�áâì §�¤�−¨ï, â. ¥. ç�áâì, ª®â®à�ï −¥ ¤®¯ãáª�¥â ¤¥«¥−¨ï −� ç�áâ¨, ¢ë¯®«−ï¥¬ë¥
¯�à�««¥«ì−®, −�§ë¢�¥âáï ¯à®áâ®© à�¡®â®©. …áâ¥áâ¢¥−−®, çâ® −�¡®à ¯à®áâëå
à�¡®â §�¢¨á¨â ®â §�¤�−¨ï. „«ï −¥ª®â®àëå ¯à®áâëå à�¡®â ¢�¦¥− ¯®àï¤®ª ¨å
®¡à�¡®âª¨ ¯® ®â−®è¥−¨î ª ®áâ�«ì−ë¬ ¯à®áâë¬ à�¡®â�¬. Œ¨−¨¬�«ì−ë© −�¡®à
¯à®áâëå à�¡®â P = {p1, . . . , pn}, ª®â®àë¥ ¤®«¦−ë ¡ëâì ¢ë¯®«−¥−ë ¯¥à¥¤ â¥¬,
ª�ª ¬®¦¥â −�ç�âì ¢ë¯®«−ïâìáï −¥ª®â®à�ï ¤àã£�ï ¯à®áâ�ï à�¡®â� p, −�§ë¢�¥âáï
¯®«−®© ¡�§®© ¯à®áâ®© à�¡®âë p ¨ ®¡®§−�ç�¥âáï ª�ª BF (p). …á«¨ BF (p) = ∅, â® p
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Œ®¤¥«ì ¯�à�««¥«ì−®£® ®¡å®¤� ¤¥à¥¢ì¥¢ à�¡®â

−�§ë¢�¥âáï «¨áâ®¢®© à�¡®â®©, � ¬−®¦¥áâ¢® ¨å ®¡®§−�ç�¥âáï L. …á«¨ BF (p) 6= ∅,
â® p −�§ë¢�¥âáï ã¯à�¢«ïîé¥© à�¡®â®©. Š®−¥ç−®, ã¯à�¢«ïîé¨¥ à�¡®âë §�¢¨áïâ
®â §�¤�−¨ï. �¡®§−�ç¨¬ ¬−®¦¥áâ¢® ã¯à�¢«ïîé¨å à�¡®â ç¥à¥§ M . ‚ë¡à®á¨¬
¨§ BF (p) ¢á¥ â�ª¨¥ «¨áâ®¢ë¥ à�¡®âë BF (pi), çâ® p∈BF (p) ¨ BF (pi) ⊆ BF (p);
â®£¤� ®¡à�§ã¥âáï ¡�§� p, ª®â®à�ï ®¡®§−�ç�¥âáï ç¥à¥§ B(p). …á«¨ pi ∈ B(p), â® pi

¯®¤ç¨−¥−� p. Œ−®¦¥áâ¢ã «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â ®¤−®£® §�¤�−¨ï ¬®¦−®
á®¯®áâ�¢¨âì −�¯à�¢«¥−−ë© £à�ä à�¡®â (®àâ®£à�ä à�¡®â), ¢¥àè¨−�¬¨ ª®â®à®£®
ï¢«ïîâáï «¨áâ®¢ë¥ ¨ ã¯à�¢«ïîé¨¥ à�¡®âë, � ¤ã£�¬¨ p → pi, pi ∈ B(p). „�«ìè¥
à�áá¬�âà¨¢�îâáï â®«ìª® â�ª¨¥ §�¤�−¨ï, ¤«ï ª®â®àëå £à�ä à�¡®â:

{ −¥ ¬¥−ï¥âáï ¢ ¯à®æ¥áá¥ ¢ë¯®«−¥−¨ï;

{ ¯à¥¤áâ�¢«ï¥â á®¡®© −�¯à�¢«¥−−®¥ ¤¥à¥¢®. Š®à−¥¬ íâ®£® ¤¥à¥¢� ¢ −¥¢ëà®¦-
¤¥−−®¬ á«ãç�¥ (â. ¥. ª®£¤� §�¤�−¨¥ ¤®¯ãáª�¥â ¤¥«¥−¨¥ −� ¯à®áâë¥ à�¡®âë)
ï¢«ï¥âáï −¥ª®â®à�ï ã¯à�¢«ïîé�ï à�¡®â�, ª®â®à�ï á®®â¢¥âáâ¢ã¥â ¢á¥¬ã §�¤�-
−¨î ¢ æ¥«®¬.

‚á¥ «¨áâ®¢ë¥ à�¡®âë ¤®«¦−ë ¡ëâì ¨¤¥¬¯®â¥−â−ë¬¨. �â® ®§−�ç�¥â, çâ®
à�¡®â�, ¡ã¤ãç¨ ¯à¥à¢�−−®© ¢ «î¡®¬ ¬¥áâ¥ ¨ ¯®¢â®à¥−� á−�ç�«�, ¤�áâ â®â ¦¥
à¥§ã«ìâ�â, ª�ª ¥á«¨ ¡ë ®−� −¥ ¡ë«� ¯à¥à¢�−�, � ¤®è«� ¤® ª®−æ�.

�¡®§−�ç¨¬ −�¯à�¢«¥−−®¥ ¤¥à¥¢® à�¡®â ç¥à¥§ T ¨ ¢¢¥¤¥¬ á«¥¤ãîé¨¥ ®¡®§−�-
ç¥−¨ï:

{ ¬−®¦¥áâ¢® ¢¥àè¨− v(T );

{ ª®à¥−ì ¤¥à¥¢� r ∈ v(T );

{ ⇒ | íâ® âà�−§¨â¨¢−®¥ §�¬ëª�−¨¥ →.

‚ áâ�âì¥ [10] ¤�îâáï ¯à¨¬¥à−® â¥ ¦¥ ®¯à¥¤¥«¥−¨ï, ®¤−�ª® ®−¨ ãâ®ç−¥−ë.

2.2 Основная часть и отчеты

‹¨áâ®¢�ï à�¡®â� ¤¥«¨âáï −� ¤¢¥ ç�áâ¨: ®á−®¢−ãî ç�áâì «¨áâ®¢®© à�¡®âë ¨
¯®¤£®â®¢ªã ¯à®¬¥¦ãâ®ç−®£® ®âç¥â� ® «¨áâ®¢®© à�¡®â¥. �â®â ®âç¥â ®¡®§−�ç�¥âáï
ª�ª R(l), l ∈ L. Š�¦¤�ï ¨§ íâ¨å ç�áâ¥© ¬®¦¥â ¡ëâì ¯ãáâ®©. —�áâ¨ «¨áâ®¢®©
à�¡®âë ¢ë¯®«−ïîâáï ª�ª ¥¤¨−®¥ æ¥«®¥, ¨ ¢ íâ®¬ á¬ëá«¥ −¥ ®â«¨ç�îâáï ¤àã£ ®â
¤àã£�.

‚ë¯®«−¥−¨¥ ã¯à�¢«ïîé¥© à�¡®âë p â�ª¦¥ á®áâ®¨â ¨§ ¤¢ãå ç�áâ¥©: ®á−®¢−®©
ç�áâ¨ ã¯à�¢«ïîé¥© à�¡®âë ¨ ¯®¤£®â®¢ª¨ ¯à®¬¥¦ãâ®ç−®£® ®âç¥â� ®¡ ã¯à�¢«ï-
îé¥© à�¡®â¥. �á−®¢−�ï ç�áâì −¥ ¬®¦¥â ¡ëâì ¯ãáâ®©, ¯® ªà�©−¥© ¬¥à¥, á«¥¤ã¥â
áä®à¬¨à®¢�âì á¯¨á®ª «¨áâ®¢ëå à�¡®â, ª®â®àë¥ ¬®¦−® ¢ë¯®«−ïâì. �¤−�ª®
¯®¤£®â®¢ª� ¯à®¬¥¦ãâ®ç−®£® ®âç¥â� ¬®¦¥â ¡ëâì ¯ãáâ®©. —�áâ¨ ã¯à�¢«ïîé¥©
à�¡®âë ¤¥«�îâáï ¢ à�§−ë¥ ¬®¬¥−âë: ®á−®¢−�ï ç�áâì ¢ë¯®«−ï¥âáï ¯¥à¥¤ ¢á¥¬¨
à�¡®â�¬¨ ¨§ B(p), � ¯®¤£®â®¢ª� ¯à®¬¥¦ãâ®ç−®£® ®âç¥â� ¤¥«�¥âáï ¯®á«¥ ¢á¥å à�¡®â
¨§ B(p).
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�¡®§−�ç¨¬ ç¥à¥§ R(p) ¯à®¬¥¦ãâ®ç−ë© ®âç¥â ¤«ï «¨áâ®¢®© à�¡®âë p. R(p)
ï¢«ï¥âáï äã−ªæ¨¥© ®â R(pi), pi ∈ B(p), ¨ â®«ìª® ®â −¨å. ’�ª¨¬ ®¡à�§®¬, ¯à®-
¬¥¦ãâ®ç−ë© ®âç¥â ¨á¯®«ì§ã¥âáï ¯à¨ ®¡à�¡®âª¥ ã¯à�¢«ïîé¥© à�¡®âë, � ®á−®¢−�ï
ç�áâì | −¥â.

�à®¬¥¦ãâ®ç−ë© ®âç¥â ¤«ï ª®à−ï ¤¥à¥¢� à�¡®â r, â. ¥. R(r), −�§ë¢�¥âáï ¨â®-
£®¢ë¬ ®âç¥â®¬. ˆâ®£®¢ë© ®âç¥â ¨−®£¤� ¬®¦¥â á«ã¦¨âì à¥§ã«ìâ�â®¬ ¢ë¯®«−¥−¨ï
¢á¥£® §�¤�−¨ï.

„�«¥¥ à�áá¬�âà¨¢�îâáï ®âç¥âë, ª®â®àë¥ ®¡«�¤�îâ ®¯à¥¤¥«¥−−ë¬¨ á¢®©áâ¢�-
¬¨. �ãáâì A = R(L) ∪ R(M), £¤¥ R(L) | ¬−®¦¥áâ¢® ¯à®¬¥¦ãâ®ç−ëå ®âç¥â®¢
¤«ï «¨áâ®¢ëå à�¡®â, � R(M)| ¬−®¦¥áâ¢® ¯à®¬¥¦ãâ®ç−ëå ®âç¥â®¢ ¤«ï ã¯à�¢«ï-
îé¨å à�¡®â, ª®â®à®¥ ¢ª«îç�¥â ¨â®£®¢ë© ®âç¥â R(r). �� A ®¯à¥¤¥«¥−� ¤¢ã¬¥áâ−�ï
®¯¥à�æ¨ï +, §�¢¨áïé�ï ®â §�¤�−¨ï, A+A → A, ª®â®à�ï �áá®æ¨�â¨¢−� ¨ ª®¬¬ã-
â�â¨¢−�. A á®¤¥à¦¨â ¥¤¨−áâ¢¥−−ë© −¥©âà�«ì−ë© í«¥¬¥−â 0 (¯ãáâ®© ®âç¥â), ¤«ï
ª®â®à®£® ¯à¨ «î¡®¬ a, a ∈ A, a+0 = 0+ a = a. �¯à¥¤¥«¨¬ ¨−¤ãªâ¨¢−® à�¡®âã
ãà®¢−ï n. ‹¨áâ®¢�ï à�¡®â� −�§ë¢�¥âáï à�¡®â®© ãà®¢−ï 0. “¯à�¢«ïîé�ï à�¡®â�
−�§ë¢�¥âáï à�¡®â®© ãà®¢−ï n + 1, ¥á«¨ ¬�ªá¨¬�«ì−�ï ¤«¨−� ¯ãâ¨ ¤® «¨áâ®¢®©
à�¡®âë −¥ ¡®«ìè¥ n, â. ¥. ¢á¥ ¯®¤ç¨−¥−−ë¥ à�¡®âë ¨¬¥îâ ãà®¢¥−ì −¥ ¡®«ìè¥ n.
�à®¬¥¦ãâ®ç−ë© ®âç¥â ã¯à�¢«ïîé¥© à�¡®âë ®¯à¥¤¥«ï¥âáï ª�ª

∑

R(p) (áã¬¬¨à®-
¢�−¨¥ ¯® ¢á¥¬ ¯®¤ç¨−¥−−ë¬ à�¡®â�¬). ’®£¤� ¨â®£®¢ë© ®âç¥â ¥áâì R(r) =

∑

R(p)
(áã¬¬¨à®¢�−¨¥ ¯® ¢á¥¬ «¨áâ®¢ë¬ à�¡®â�¬).

�¥«ì§ï ¯à¥¤¯®«�£�âì ¨¤¥¬¯®â¥−â−®áâì ®¯¥à�æ¨¨ +, a + a = a. �â® ¥áâ¥-
áâ¢¥−−® ¯à¥¤¯®«®¦¨âì â®«ìª® ¤«ï ¯à®¬¥¦ãâ®ç−ëå ®âç¥â®¢ «¨áâ®¢ëå à�¡®â, ª®-
â®àë¥ −¥ ®¯¨à�îâáï −� ¤àã£¨¥ ¯à®¬¥¦ãâ®ç−ë¥ ®âç¥âë. �®íâ®¬ã A £àã¯¯ã −¥
®¡à�§ã¥â, â�ª ª�ª ¤«ï −¥ª®â®àëå a ∈ A ¬®¦¥â ®âáãâáâ¢®¢�âì ®¡à�â−ë© í«¥¬¥−â
−a. ’�ª¨¬ ®¡à�§®¬, A â®«ìª® ¬®−®¨¤ (¯®«ã£àã¯¯�).

‚ ®â«¨ç¨¥ ®â [9] ¯à®áâ�ï à�¡®â� à�§¤¥«¥−� −� ¤¢¥ ç�áâ¨: ®á−®¢−ãî ç�áâì ¨
¯®¤£®â®¢ªã ¯à®¬¥¦ãâ®ç−®£® ®âç¥â�. ’®«ìª® «¨áâ®¢ë¥ à�¡®âë ¨¤¥¬¯®â¥−â−ë, �
¯®¤£®â®¢ª� ¯à®¬¥¦ãâ®ç−®£® ®âç¥â� ã¯à�¢«ïîé¨å à�¡®â −¥ ï¢«ï¥âáï ¨¤¥¬¯®â¥−â-
−ë¬.

‚ë¯®«−¥−¨¥ à�¡®â ¤®«¦−® ã¤®¢«¥â¢®àïâì ¤¢ã¬ ãá«®¢¨ï¬:

(1) ¯®ª� −¥ ¢ë¯®«−¥−� ®á−®¢−�ï ç�áâì ã¯à�¢«ïîé¥© à�¡®âë, −¥ ¬®£ãâ ¢ë¯®«-
−ïâìáï ¯®¤ç¨−¥−−ë¥ ¥© «¨áâ®¢ë¥ ¨«¨ ã¯à�¢«ïîé¨¥ à�¡®âë;

(2) ¯®ª� −¥ ¯®¤£®â®¢«¥−ë ¯à®¬¥¦ãâ®ç−ë¥ ®âç¥âë ¤«ï ¢á¥å ¯®¤ç¨−¥−−ëå à�¡®â,
−¥ ¬®¦¥â ¡ëâì ¯®¤£®â®¢«¥− ¯à®¬¥¦ãâ®ç−ë© ®âç¥â ã¯à�¢«ïîé¥© à�¡®âë.

2.3 Примеры

�¡� ¯à¨¬¥à� á¢ï§�−ë á ¯�à�««¥«ì−®© (à�á¯à¥¤¥«¥−−®©) ä�©«®¢®© á¨áâ¥¬®©
(”‘). ��à�««¥«ì−�ï ”‘ | íâ® â�ª�ï ”‘, ª®â®à�ï ¤®¯ãáª�¥â ¯�à�««¥«ì−®¥
®¡à�é¥−¨¥ ¬−®£¨å ª«¨¥−â®¢-¯®«ì§®¢�â¥«¥©, ¢®§¬®¦−®, à�á¯®«®¦¥−−ëå −� ¬−®-
£¨å ã§«�å «®ª�«ì−®© ¨«¨ £«®¡�«ì−®© á¥â¨. ÷�á¯à¥¤¥«¥−−®© ”‘ −�§ë¢�¥âáï â�ª�ï
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”‘, ª®â®à�ï ¨á¯®«ì§ã¥â ¤«ï åà�−¥−¨ï ¤�−−ëå ª«�áâ¥à; ¯®¤®¡−�ï á¨áâ¥¬� ¯à¥¤®-
áâ�¢«ï¥â ¯®«ì§®¢�â¥«î ¥¤¨−®¥ £«®¡�«ì−®¥ ¯à®áâà�−áâ¢® ¨¬¥− ä�©«®¢ ¨ ¯®«−®áâìî
áªàë¢�¥â ®â −¥£® ¤¥©áâ¢¨â¥«ì−®¥ ä¨§¨ç¥áª®¥ à�á¯®«®¦¥−¨¥ ä�©«®¢.

�à¥¤¯®«�£�¥âáï, çâ® ¢ ”‘ ®âáãâáâ¢ãîâ ª�ª á¨¬¢®«¨ç¥áª¨¥ (symbolic), â�ª
¨ ¦¥áâª¨¥ (hard) ááë«ª¨. ‚ íâ®¬ á«ãç�¥ ”‘ ¯à¥¤áâ�¢«ï¥â á®¡®© −�¯à�¢«¥−−®¥
¤¥à¥¢®. ‚¥àè¨−ë ¥£® | íâ® ä�©«ë ¨ ª�â�«®£¨.

2.3.1 Пример с индексацией документов файловой системы

�ã¤¥¬ áç¨â�âì, çâ® ¢ ”‘ åà�−ïâáï â®«ìª® â¥ªáâ®¢ë¥ ä�©«ë, â. ¥. ¤®ªã¬¥−âë.
ˆ¬¥¥âáï äã−ªæ¨ï y = F (x), ª®â®à�ï ¯® ¤®ªã¬¥−âã x ¢ë¤�¥â ¨−¤¥ªá y |
¬−®¦¥áâ¢® ¯�à 〈k, i〉, £¤¥ k | ª«îç¥¢®¥ á«®¢®, � i | ª®«¨ç¥áâ¢® ¢å®¦¤¥−¨©
íâ®£® ª«îç¥¢®£® á«®¢� ¢ ¤®ªã¬¥−â, ¯à¨ç¥¬ ¢ íâ®¬ ¬−®¦¥áâ¢¥ y ª«îç¥¢®¥ á«®¢®
¢áâà¥ç�¥âáï −¥ ¡®«¥¥ ®¤−®£® à�§�. ‡�¤�ç� á®áâ®¨â ¢ â®¬, çâ®¡ë ª�¦¤ë© ¤®ªã¬¥−â
¨ ª�¦¤ë© ª�â�«®£ ¯®«ãç¨«¨ á¢®¨ ¨−¤¥ªáë. ˆ−¤¥ªá ¤¨à¥ªâ®à¨¨ ®¯à¥¤¥«ï¥âáï
¨−¤ãªâ¨¢−®. …á«¨ ª�â�«®£ ¨¬¥¥â â®«ìª® ¤®ªã¬¥−âë (¯®¤ª�â�«®£®¢ −¥â), â® ¨−¤¥ªá
ª�â�«®£� | íâ® ¨−¤¥ªá ª®−ª�â¥−�æ¨¨ ¢á¥å ä�©«®¢, ¢å®¤ïé¨å ¢ ª�â�«®£. ’�ª®©
ª�â�«®£ −�§®¢¥¬ ª�â�«®£®¬ ãà®¢−ï 0. …á«¨ ã¦¥ ®¯à¥¤¥«¥− ¨−¤¥ªá ª�â�«®£�
ãà®¢−ï n, â® ª�â�«®£ ãà®¢−ï n+ 1 ®¯à¥¤¥«¨¬ ª�ª ¨−¤¥ªá ¢á¥å ä�©«®¢, ¢å®¤ïé¨å
¢ ª�â�«®£, ¨ ª®−ª�â¥−�æ¨î ¨−¤¥ªá®¢ ¢á¥å ª�â�«®£®¢, −¥ ¡®«ìè¨å, ç¥¬ n. �âáî¤�
á«¥¤ã¥â ®¯à¥¤¥«¥−¨¥ ®¯¥à�æ¨¨ +. �ç¥¢¨¤−®, çâ® −¥ ¤«ï ¢áïª®£® ¨−¤¥ªá� a
¨¬¥¥âáï −a. ˆ−¤¥ªá ¤®ªã¬¥−â� ¨«¨ ª�â�«®£� ¤®«¦¥− −�å®¤¨âìáï ¢ â®¬ ¦¥
ª�â�«®£¥, çâ® ¨ á�¬ ¤®ªã¬¥−â ¨«¨ ª�â�«®£.

‹¨áâ®¢�ï à�¡®â� §�ª«îç�¥âáï â®«ìª® ¢ ¯®¤£®â®¢ª¥ ¯à®¬¥¦ãâ®ç−®£® ®âç¥â�,
ª®â®àë© ¯à¥¤áâ�¢«ï¥â ¨−¤¥ªá ¤®ªã¬¥−â�, ®á−®¢−�ï ç�áâì ®âáãâáâ¢ã¥â. �á−®¢−�ï
ç�áâì ã¯à�¢«ïîé¥© à�¡®âë | íâ® ä®à¬¨à®¢�−¨¥ «¨áâ®¢ëå à�¡®â, ª®â®àãî
¬®¦−® ¢ë¯®«−¨âì, � ¯®¤£®â®¢ª� ¯à®¬¥¦ãâ®ç−®£® ®âç¥â� | íâ® á®§¤�−¨¥ ¨−¤¥ªá�
ª�â�«®£�. ’�ª¨¬ ®¡à�§®¬, ¤«ï «¨áâ®¢ëå à�¡®â ¨¬¥¥â ¬¥áâ® ¨¤¥¬¯®â¥−â−®áâì, �
¤«ï ã¯à�¢«ïîé¨å à�¡®â | −¥â.

2.3.2 Пример с копированием файловой системы

’à¥¡ã¥âáï á¤ã¡«¨à®¢�âì ”‘, â. ¥. á®§¤�âì ¥¥ ª®¯¨î ¢ ¯à¥¤¥«�å â®© ¦¥ ”‘.
ˆ£−®à¨àã¥¬ −¥ª®â®àãî −¥ª®àà¥ªâ−®áâì íâ®© §�¤�ç¨, á¢ï§�−−ãî á à�á¯®«®¦¥−¨¥¬
ª®¯¨¨.

�á−®¢−�ï ç�áâì «¨áâ®¢®© à�¡®âë ¯à¥¤áâ�¢«ï¥â á®¡®© á®§¤�−¨¥ âà¥¡ã¥¬®£®
ä�©«�, ¯¥à¥¯¨áì á®¤¥à¦¨¬®£® íâ®£® ä�©«� ¨§ ®à¨£¨−�«� ¢ ª®¯¨î ¨«¨ á®§¤�−¨¥
¢ ª®¯¨¨ ª�â�«®£�, −¥ á®¤¥à¦�é¥£® −¨ ä�©«®¢, −¨ ¯®¤ª�â�«®£®¢. �à®¬¥¦ãâ®ç-
−ë© ®âç¥â «¨áâ®¢®© à�¡®âë | íâ® ¢à¥¬ï, ª®â®à®¥ ¯®âà¥¡®¢�«®áì −� ¢ë¯®«−¥−¨¥
®á−®¢−®© ç�áâ¨. �á−®¢−�ï ç�áâì ã¯à�¢«ïîé¥© à�¡®âë | íâ® á®§¤�−¨¥ ª�â�«®-
£� ¢ ª®¯¨¨, ª®â®àë© á®¤¥à¦¨â ¢ ®à¨£¨−�«¥ ¯®¤ª�â�«®£¨ ¨/̈ «¨ ä�©«ë. „�«¥¥
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®¯à¥¤¥«ïîâáï «¨áâ®¢ë¥ à�¡®âë, ª®â®àë¥ ¬®¦−® −�ç�âì ¢ë¯®«−ïâì. �à¨ §�¢¥àè¥-
−¨¨ ¢á¥å ¯®¤ç¨−¥−−ëå à�¡®â ¨§£®â�¢«¨¢�¥âáï ¯à®¬¥¦ãâ®ç−ë© ®âç¥â. ˆ−â¥à¥á¥−
â®«ìª® ¨â®£®¢ë© ®âç¥â | ¥á«¨ ¨á¯®«ì§ãîâáï ¯à¨ à�¡®â¥ k ã§«®¢, â® ¨â®£®¢ë©
®âç¥â | íâ® áã¬¬�à−®¥ ¢à¥¬ï, ¯®âà�ç¥−−®¥ ¢á¥¬¨ ã§«�¬¨ ¤«ï ¢ë¯®«−¥−¨ï §�¤�-
−¨ï. �â® ¢à¥¬ï ¬®¦−® á®®â−¥áâ¨ á �¡á®«îâ−ë¬ ¢à¥¬¥−¥¬ ¢ë¯®«−¥−¨ï §�¤�−¨ï,
çâ®¡ë ã§−�âì, −�áª®«ìª® íää¥ªâ¨¢−® ¨á¯®«ì§ã¥âáï à�á¯�à�««¥«¨¢�−¨¥. ˆ §¤¥áì
¤«ï «¨áâ®¢ëå à�¡®â ¨¬¥¥â ¬¥áâ® ¨¤¥¬¯®â¥−â−®áâì, � ¤«ï ã¯à�¢«ïîé¨å à�¡®â |
−¥â. �à¨ ®âª�§�å ã§«®¢ ¢à¥¬¥−� ¯®¢â®à¥−−ëå «¨áâ®¢ëå à�¡®â, ª®â®àë¥ −¥ ¡ë«¨
¤®¢¥¤¥−ë ¤® ª®−æ�, −® ¯®¢â®à¥−ë, −¥ ¡ã¤ãâ ãçâ¥−ë.

3 Нумерация вершин деревьев

�ãáâì T | ª®−¥ç−®¥ −�¯à�¢«¥−−®¥ ¤¥à¥¢®, � |v(T )| | ¬®é−®áâì ¬−®¦¥áâ¢�
¢¥àè¨−, â. ¥. ç¨á«® ¢¥àè¨− T . ��§®¢¥¬ −ã¬¥à�æ¨¥© ¤¥à¥¢� T äã−ªæ¨î f ,
f : v(T ) → N (N | −�âãà�«ì−ë© àï¤), ª®â®à�ï ã¤®¢«¥â¢®àï¥â á«¥¤ãîé¨¬
ãá«®¢¨ï¬:

∀a(a ∈ v(T ))(0 ≤ f(a) ≤ |v(T )| − 1) ;

∀a(a ∈ v(T ))∀b(b ∈ v(T ))(a 6= b ⊃ f(a) 6= f(b)) .

�ã¬¥à�æ¨î ¬®¦−® à�áá¬�âà¨¢�âì ª�ª á¯®á®¡ §�¤�−¨ï ¯®àï¤ª� ®¡å®¤� ¤¥à¥¢�:
¢¥àè¨−ë ®¡å®¤ïâáï ¢ ¯®àï¤ª¥ ¢®§à�áâ�−¨ï ¨å −®¬¥à®¢.

‚�¦−ë© ¯à¨¬¥à −ã¬¥à�æ¨¨ | −ã¬¥à�æ¨ï, ª®â®à�ï ã¤®¢«¥â¢®àï¥â â�ª®¬ã
¤®¯®«−¨â¥«ì−®¬ã ãá«®¢¨î:

∀a(a ∈ v(T ))∀b(b ∈ v(T ))(a → b ⊃ f(a) < f(b)) .

�â® ãá«®¢¨¥ ®§−�ç�¥â, çâ® ¤«ï «î¡®© ¢¥àè¨−ë ¢á¥ ¥¥ ¯®â®¬ª¨ ¯®á¥é�îâáï ¯®§¦¥,
ç¥¬ ®−� á�¬�. „�«ìè¥ à�áá¬�âà¨¢�îâáï â®«ìª® â�ª¨¥ −ã¬¥à�æ¨¨, ¯®áª®«ìªã
âà¥¡ã¥âáï, çâ®¡ë ¢ë¯®«−ï«®áì ãá«®¢¨¥ ú¯®ª� −¥ ¢ë¯®«−¥−� ã¯à�¢«ïîé�ï à�¡®-
â�, −¥ ¬®£ãâ ¢ë¯®«−ïâìáï ¯®¤ç¨−¥−−ë¥ ¥© «¨áâ®¢ë¥ ¨«¨ ã¯à�¢«ïîé¨¥ à�¡®âëû.
Šà®¬¥ â®£®, ¤�«ìè¥ ¡ã¤ãâ à�áá¬�âà¨¢�âìáï ¢ëç¨á«¨¬ë¥ −ã¬¥à�æ¨¨. ‚ëç¨á«¨¬®©
−�§ë¢�¥âáï â�ª�ï −ã¬¥à�æ¨ï, ª®â®à�ï, ¡ã¤ãç¨ ¯à¨¬¥−¥−� ª −�¯à�¢«¥−−®¬ã £à�-
äã, ¢ë¤�¥â −ã¬¥à�æ¨î, ®¯à¥¤¥«¥−−ë¬ ®¡à�§®¬ ®¯¨á�−−®¬ã, ¢ë¤�¥â −®¬¥à� ¥£®
¢¥àè¨−. �à¨¢®¤¨¬ë¥ −¨¦¥ ¯à¨¬¥àë −ã¬¥à�æ¨© ï¢«ïîâáï ¢ëç¨á«¨¬ë¬¨. ‚ë-
ç¨á«¨¬ëå −ã¬¥à�æ¨©, ª®â®àë¥ ã¤®¢«¥â¢®àïîâ ¯à¨¢¥¤¥−−®¬ã ãá«®¢¨î, áç¥â−®¥
ç¨á«®.

3.1 DFS-нумерация

‚ ®á−®¢¥ íâ®© −ã¬¥à�æ¨¨ «¥¦¨â �«£®à¨â¬ ¯®¨áª� ¢ £«ã¡¨−ã (DFS | Depth-
first search). DFS-−ã¬¥à�æ¨ï ®¯¨áë¢�¥âáï ¢ [11] â�ª:

54 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



Œ®¤¥«ì ¯�à�««¥«ì−®£® ®¡å®¤� ¤¥à¥¢ì¥¢ à�¡®â

1. ��ç�âì á ¢ë¤¥«¥−−®© ¢¥àè¨−ë (−�¯à¨¬¥à, á ª®à−ï).

2. �à¨á¢®¨âì ¢¥àè¨−¥ ¬¨−¨¬�«ì−ë© −¥§�−ïâë© −®¬¥à.

3. ��©â¨ −¥ ®¡®©¤¥−−ãî á¬¥¦−ãî ¢¥àè¨−ã ¨ ¯®¢â®à¨âì ¯à®æ¥¤ãàã ¤«ï −¥¥
(á¯ãáª), −�ç¨−�ï á ¯. 2.

4. …á«¨ −¥ ®¡®©¤¥−−®© á¬¥¦−®© ¢¥àè¨−ë −¥â, ¯®¤−ïâìáï ª ¢¥àè¨−¥, á ª®â®à®©
¯à®¨áå®¤¨« á¯ãáª, ¨ ¯®¢â®à¨âì ¯à®æ¥¤ãàã ¤«ï −¥¥ (¯®¤ê¥¬), −�ç¨−�ï á ¯. 2.

3.2 BFS-нумерация

‚ ®á−®¢¥ íâ®© −ã¬¥à�æ¨¨ «¥¦¨â �«£®à¨â¬ ¯®¨áª� ¢ è¨à¨−ã (BFS, Breadth-first
search). BFS-−ã¬¥à�æ¨ï ®¯¨áë¢�¥âáï á«¥¤ãîé¨¬ ®¡à�§®¬ [11].

1. ��ç�âì á ¢ë¤¥«¥−−®© ¢¥àè¨−ë (−�¯à¨¬¥à, á ª®à−ï), ¯à¨á¢®¨âì ¥© ¬¥âªã 0 ¨
¯®¬¥áâ¨âì ¢ á¯¨á®ª FIFO. N = 1.

2. �à¨á¢®¨âì á¬¥¦−ë¬ ¢¥àè¨−�¬ ¤�−−®© ¢¥àè¨−ë á ¬¥âª®© N , ª®â®àë¥ −¥
¨¬¥îâ ¬¥â®ª, ¬¥âªã N + 1 ¨ ¯®¬¥áâ¨âì ¨å ¢ á¯¨á®ª FIFO.

3. N = N + 1. …á«¨ ¬¥â®ª á N −¥â, ¯¥à¥©â¨ ª ¯. 4, ¨−�ç¥ ¯¥à¥©â¨ ª ¯. 2
¯à®æ¥¤ãàë.

4. �¥à¥−ã¬¥à®¢�âì ¢¥àè¨−ë ¢ á¯¨áª¥ FIFO.

‡�¬¥ç�−¨¥. �â ¢¨àâã�«ì−®£® ¢à¥¬¥−¨, ¢¢¥¤¥−−®£® ‹í¬¯®àâ®¬ [12], «¥£ª® ¯¥à¥©â¨
ª −ã¬¥à�æ¨¨ ¢¥àè¨− DAG (Direct Acyclic Graph). �®«ãç�¥âáï −ã¬¥à�æ¨ï á
®¡å®¤®¬ ¢ è¨à¨−ã.

4 Производные графы для дерева работ

4.1 D1-производный граф для дерева работ T

D1-¯à®¨§¢®¤−ë© £à�ä ¤«ï T ®¡®§−�ç�¥âáï ª�ª D1(T ). ‚á¥ ¥£® ¢¥àè¨−ë | íâ®
¯�àë {X,Y } â�ª¨¥, çâ® X ∈ v(T ), Y ∈ v(T ), X∩Y = ∅, X∪Y = v(T ). Š®à−¥¬
ï¢«ï¥âáï ¢¥àè¨−� R â�ª�ï, çâ® {{r}, v(T )\{r}}. „ã£� {X1, Y1} → {X2, Y2}
¯à¨áãâáâ¢ã¥â, â®«ìª® ¥á«¨ x ∈ X1, y ∈ Y1, x → y, ¯à¨ç¥¬ X2 = X1 ∪ {y},
Y2 = Y1\{y}.

’¥®à¥¬� 1. ƒà�ä D1(T ) −¥ ¨¬¥¥â æ¨ª«®¢ ¨ ¯à¥¤áâ�¢«ï¥â á®¡®© DAG.

„ ® ª � § � â ¥ « ì á â ¢ ® . ÷�áá¬®âà¨¬ ¤ã£ã {X1, Y1} → {X2, Y2}. ˆ§ ®¯à¥¤¥«¥−¨ï
£à�ä� D1(T ) á«¥¤ã¥â, çâ® |X2| = |X1|+1, |Y2| = |Y1|−1. �®áª®«ìªã ª®¬¯®−¥−â X
¬®−®â®−−® ¢®§à�áâ�¥â ¯à¨ ¯¥à¥¬¥é¥−¨¨ ¯® «î¡®¬ã ¯ãâ¨, æ¨ª«®¢ ¡ëâì −¥ ¬®¦¥â.

‘«¥¤áâ¢¨¥ 1. ‚ £à�ä¥ D1(T ) ¨¬¥¥âáï ¥¤¨−áâ¢¥−−�ï ¢¥àè¨−�, ª®â®à�ï −¥ ¨¬¥¥â
¯®â®¬ª®¢ | íâ® ¢¥àè¨−� {v(T ), ∅}. ��§®¢¥¬ íâã ¢¥àè¨−ã ª®−¥ç−®© (E).
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‘«¥¤áâ¢¨¥ 2. DAG D1(T ) −¥ ï¢«ï¥âáï ¤¥à¥¢®¬. �à¨¬¥à: ¤¥à¥¢® à�¡®â T
¨¬¥¥â 3 ¢¥àè¨−ë v(T ) = {x, y, z} ¨ ¤ã£¨ x → y, x → z. DAG D1(T ): ª®à¥−ì
R = {{x}, {y, z}}; ¯à®¬¥¦ãâ®ç−ë¥ ¢¥àè¨−ë | {{x, z}, {y}} ¨ {{x, y}, {z}},
ª®−¥ç−�ï ¢¥àè¨−� E = {{x, y, z}, ∅}. „ã£¨:

{ R → {{x, z}, {y}};

{ R → {{x, y}, {z}};

{ {{x, z}, {y}} → E;

{ {{x, y}, {z}} → E.

‘«¥¤áâ¢¨¥ 3. ‹î¡�ï ¤ã£�, ¯à¨−�¤«¥¦�é�ï D1(T ), ¯à¨−�¤«¥¦¨â ¯ãâ¨ â�ª®¬ã,
çâ® R ⇒ E.

‘«¥¤áâ¢¨¥ 4. ‹î¡®© ¯ãâì â�ª®©, çâ® R ⇒ E, ¨¬¥¥â ¤«¨−ã (ª®«¨ç¥áâ¢® ¤ã£ ¢
−¥¬), à�¢−ãî |v(T )| − 1.

4.2 D2-производный граф для дерева работ T

D2-¯à®¨§¢®¤−ë© £à�ä ¤«ï T ®¡®§−�ç�¥âáï ª�ª D2(T ). ‚á¥ ¥£® ¢¥àè¨−ë |
íâ® âà®©ª¨ {X, Y, Z} â�ª¨¥, çâ® X ∈ v(T ), Y ∈ v(T ), Z ∈ v(T ), X ∩ Y = ∅,
X ∩ Z = ∅, Y ∩ Z = ∅, X ∪ Y ∪ Z = v(T ). Š®à−¥¬ ï¢«ï¥âáï ¢¥àè¨−� R
{{r}, ∅, v(T )\{r}}. „ã£� {X1, Y1, Z1} → {X2, Y2, Z2} ¯à¨áãâáâ¢ã¥â, ¥á«¨:

{ x ∈ X1, z ∈ Z1, x → z, ¯à¨ç¥¬ X2 = X1, Y2 = Y1 ∪ {z}, Z2 = Z1\{z}
(¤ã£� 1);

{ ¥á«¨ y ∈ Y1, ¯à¨ç¥¬ X2 = X1 ∪ {y}, Y2 = Y1\{y}, Z2 = Z1 (¤ã£� 2).

’¥®à¥¬� 2. ƒà�ä D2(T ) −¥ ¨¬¥¥â æ¨ª«®¢ ¨ ¯à¥¤áâ�¢«ï¥â á®¡®© DAG.

„ ® ª � § � â ¥ « ì á â ¢ ® . ÷�áá¬®âà¨¬ ¤ã£ã {X1, Y1, Z1} → {X2, Y2, Z2}. ˆ§ ®¯à¥-
¤¥«¥−¨ï £à�ä� D2(T ) á«¥¤ã¥â, çâ®

{ |X2| = |X1|, |Y2| = |Y1|+ 1, |Z2| = |Z1| − 1 ¨«¨

{ |X2| = |X1|+ 1, |Y2| = |Y1| − 1, |Z2| = |Z1|.

�®áª®«ìªã áã¬¬� |X|+ |Y | ¬®−®â®−−® ¢®§à�áâ�¥â ¯à¨ ¤¢¨¦¥−¨¨ ¯® «î¡®¬ã ¯ãâ¨,
æ¨ª«®¢ ¡ëâì −¥ ¬®¦¥â.

‘«¥¤áâ¢¨ï 1{3 ¨§ â¥®à¥¬ë 1 ¢ë¯®«−ïîâáï, å®âï ¯à¨¬¥à ¨§ á«¥¤áâ¢¨ï 2 á«¥¤ã¥â
§�¬¥−¨âì. ‘«¥¤áâ¢¨¥ 3: «î¡®© ¯ãâì â�ª®©, çâ® R ⇒ E, ¨¬¥¥â ¤«¨−ã (ª®«¨ç¥áâ¢®
¤ã£ ¢ −¥¬), à�¢−ãî 2|v(T )| − 2.
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4.3 Семантика производных графов для дерева работ T

�à®¨§¢®¤−ë© DAG D1(T ) ®¯¨áë¢�¥â ¢á¥ ¢®§¬®¦−ë¥ ¢�à¨�−âë ¢ë¯®«−¥−¨ï
§�¤�−¨ï. �à¨ íâ®¬ áç¨â�¥âáï, çâ® «î¡�ï «¨áâ®¢�ï ¨«¨ ã¯à�¢«ïîé�ï à�¡®â�
¤¥«�¥âáï ú¬£−®¢¥−−®û, ¥© á®®â¢¥âáâ¢ã¥â ¯¥à¥å®¤ ¯® ®¤−®© ¤ã£¥. ‚¥àè¨−ë
{X, Y } ¯à®¨§¢®¤−®£® DAG D1(T ) ®âà�¦�îâ á«¥¤ãîé¥¥:

{ X | ¬−®¦¥áâ¢® «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â, ª®â®àë¥ ¢ë¯®«−¥−ë;
{ Y | ¬−®¦¥áâ¢® «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â, ª®â®àë¥ −¥ ¢ë¯®«−ïîâáï,

â�ª ª�ª −¥ ®¡−�àã¦¥−ë.

�à®¨§¢®¤−ë© DAG D2(T ) ®¯¨áë¢�¥â ¢á¥ ¢�à¨�−âë ¢ë¯®«−¥−¨ï §�¤�−¨ï,
ãç¨âë¢�îé¨¥ ®£à�−¨ç¥−¨ï −� à�á¯�à�««¥«¨¢�−¨¥. ‚¥àè¨−ë {X, Y, Z} ¯à®¨§-
¢®¤−®£® DAG D2(T ) ®âà�¦�îâ á«¥¤ãîé¥¥:

{ X | ¬−®¦¥áâ¢® «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â, ª®â®àë¥ ¢ë¯®«−¥−ë;
{ Y | ¬−®¦¥áâ¢® «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â, ª®â®àë¥ ¯�à�««¥«ì−® ¢ë-

¯®«−ïîâáï;
{ Z | ¬−®¦¥áâ¢® «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â, ª®â®àë¥ ¥é¥ −¥ ®¡−�àã-

¦¥−ë.

„ã£� 1 á®®â¢¥âáâ¢ã¥â ¯®à®¦¤¥−¨î −®¢®© «¨áâ®¢®© ¨«¨ ã¯à�¢«ïîé¥© à�¡®âë z.
�−� áà�§ã ¦¥ −�ç¨−�¥â ¢ë¯®«−ïâìáï. „ã£� 2 á®®â¢¥âáâ¢ã¥â §�¢¥àè¥−¨î à�¡®âë.

‹î¡®© ¯ãâì R ⇒ E −�§ë¢�¥âáï ®¡å®¤®¬ ¤¥à¥¢� T .
�à¨−¨¬�îé¥¥áï à¥è¥−¨¥, â. ¥. ¢ëç¨á«¥−¨¥ z, ª®â®à®¥ ä¨£ãà¨àã¥â ¢ ¤ã£¥ 1,

¤¥«�¥âáï −� ®á−®¢�−¨¨ X1, Y1 ¨ Z1. ��¯à¨¬¥à, ¬®¦−® ãç¨âë¢�âì ®£à�−¨ç¥−¨¥
|Y1| ≤ C (®¡é¥¥ ª®«¨ç¥áâ¢® ¯�à�««¥«ì−® ¢ë¯®«−ï¥¬ëå «¨áâ®¢ëå ¨ ã¯à�¢«ïîé¨å
à�¡®â ®£à�−¨ç¥−®). �−�«®£¨ç−® à¥è¥−¨¥, ª®â®à®¥ ¯à¨−¨¬�¥âáï ¯à¨ á«¥¤®¢�−¨¨
¯® ¤ã£¥ 2, §�¢¨á¨â ®â â®£®, ¢ë¯®«−¥−� «¨ ¨«¨ −¥â à�¡®â�. ‘ª�¦¥¬, íâ® ¬®¦¥â ¡ëâì
á¢ï§�−® á® ¢à¥¬¥−¥¬, ª®â®à®¥ âà¥¡ã¥âáï ¤«ï ¢ë¯®«−¥−¨ï à�¡®âë.

5 История выполнения задания

‚ë¯®«−¥−¨¥ §�¤�−¨ï ®áãé¥áâ¢«ïîâ ¥£® ãç�áâ−¨ª¨, â. ¥. ¯à®æ¥ááë ¨«¨ ¯®-
â®ª¨ (threads) ®¤−®£® ¯à®æ¥áá®à� ¨«¨ ¬−®£¨å ¯à®æ¥áá®à®¢, ¥á«¨ ®−¨ ®¡à�-
§ãîâ ª«�áâ¥à. �ã¤¥¬ áç¨â�âì, çâ® ¨¬¥¥âáï ª®−¥ç−®¥ ¬−®¦¥áâ¢® ãç�áâ−¨ª®¢
W = {w1, w2, . . . , wn}, ª�¦¤ë© ¨§ ª®â®àëå ¬®¦¥â ¢ë¯®«−¨âì «î¡ãî ¨§ «¨áâ®-
¢ëå ¨ ã¯à�¢«ïîé¨å à�¡®â, ª®£¤� ¥¥ ¬®¦−® ¡ã¤¥â ¢ë¯®«−ïâì. �¤¨− ãç�áâ−¨ª −¥
¬®¦¥â ®¤−®¢à¥¬¥−−® ¤¥«�âì ¡®«ìè¥ ®¤−®© à�¡®âë, å®âï ®− ¬®¦¥â ¯à®áâ�¨¢�âì.

‘ ª�¦¤®© ¢¥àè¨−®© ¤¥à¥¢� à�¡®â á¢ï¦¥¬ ¥¥ á®áâ®ï−¨¥, ª®â®à®¥ ¬®¦¥â á®
¢à¥¬¥−¥¬ ¬¥−ïâìáï:

{ ú−¥ ®¡−�àã¦¥−�û;
{ ú®¡−�àã¦¥−�û. ÷�¡®â� ¥é¥ −¥ −�§−�ç¥−� −¨ª®¬ã ¨§ ãç�áâ−¨ª®¢;
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{ ú¢ë¯®«−ï¥âáï ®á−®¢−�ï ç�áâìû. ‡� ¢ë¯®«−¥−¨¥ à�¡®âë ®â¢¥âáâ¢¥− ª�ª®©-â®
ãç�áâ−¨ª, ª®â®àë© ¢ë¯®«−ï¥â ®á−®¢−ãî ç�áâì à�¡®âë. …á«¨ íâ® «¨áâ®¢�ï
à�¡®â�, â® ®á−®¢−�ï ç�áâì ¨ ¯à®¬¥¦ãâ®ç−ë© ®âç¥â ¤¥«�îâáï ¢¬¥áâ¥;

{ ú§�¢¥àè¥−� ®á−®¢−�ï ç�áâìû. �á−®¢−�ï ç�áâì ã¯à�¢«ïîé¥© à�¡®âë ¢ë-
¯®«−¥−�, −® −¥ á¤¥«�− ¯à®¬¥¦ãâ®ç−ë© ®âç¥â íâ®© à�¡®âë, ¯®â®¬ã çâ® −¥
¢ë¯®«−¥−ë ¯®¤ç¨−¥−−ë¥ ¥© ã¯à�¢«ïîé¨¥ ¨ «¨áâ®¢ë¥ à�¡®âë;

{ ú¨§£®â�¢«¨¢�¥âáï ¯à®¬¥¦ãâ®ç−ë© ®âç¥âû. ’®«ìª® ¤«ï ã¯à�¢«ïîé¥© à�-
¡®âë. ˆ§£®â®¢«¥−¨¥ ¯à®¬¥¦ãâ®ç−®£® ®âç¥â�;

{ ú¯®«−®áâìî §�¢¥àè¥−�û. ‚ë¯®«−¥−� ª�ª ®á−®¢−�ï ç�áâì, â�ª ¨ ¯®¤£®â®¢«¥−
¯à®¬¥¦ãâ®ç−ë© ®âç¥â.

�ãáâì ¨¬¥¥âáï ¤¥à¥¢® à�¡®â T . ˆáâ®à¨ï ¢ë¯®«−¥−¨ï §�¤�−¨ï | ¯®á«¥¤®¢�-
â¥«ì−®áâì Ti, 0 ≤ i < N (N | ¤«¨−� ¨áâ®à¨¨), â®£® ¦¥ ¤¥à¥¢� à�¡®â, ®¤−�ª® ª�¦-
¤®© ¢¥àè¨−¥ ¯à¨¯¨á�−® á®áâ®ï−¨¥, ¯à¨ç¥¬ ã à�§−ëå ç«¥−®¢ ¯®á«¥¤®¢�â¥«ì−®áâ¨
¯à¨¯¨á�−−ë¥ á®áâ®ï−¨ï ®â«¨ç�îâáï. �¥à¢ë¬ ç«¥−®¬ T0 ¯®á«¥¤®¢�â¥«ì−®áâ¨
ï¢«ï¥âáï ¤¥à¥¢®, ¢ ª®â®à®¬ ®¤−� ¥¤¨−áâ¢¥−−�ï ¢¥àè¨−� | ª®à¥−ì ¤¥à¥¢� r | −�-
å®¤¨âáï ¢ á®áâ®ï−¨¨ ú®¡−�àã¦¥−�û; ¢á¥ ®áâ�«ì−ë¥ ¢¥àè¨−ë ¨¬¥îâ á®áâ®ï−¨¥ ú−¥
®¡−�àã¦¥−�û. �®á«¥¤−¨¬ ç«¥−®¬ TN−1 ï¢«ï¥âáï ¤¥à¥¢®, ¢á¥ ¢¥àè¨−ë ª®â®à®£®
−�å®¤ïâáï ¢ á®áâ®ï−¨¨ ú¯®«−®áâìî §�¢¥àè¥−�û. ‘®áâ®ï−¨¥ ª�¦¤®© ¢¥àè¨−ë
¬¥−ï¥âáï ¢ áâà®£® ®£®¢®à¥−−®© ¯®á«¥¤®¢�â¥«ì−®áâ¨. …á«¨ ¢¥àè¨−¥ á®®â¢¥âáâ¢ã¥â
ã¯à�¢«ïîé�ï à�¡®â�, á¬¥−� á®áâ®ï−¨© á®¢¯�¤�¥â á ¯¥à¥ç¨á«¥−¨¥¬ á®áâ®ï−¨©.
„«ï «¨áâ®¢ëå à�¡®â á¬¥−� á®áâ®ï−¨© â�ª�ï:

{ ú−¥ ®¡−�àã¦¥−�û;
{ ú®¡−�àã¦¥−�û;
{ ú¢ë¯®«−ï¥âáï ®á−®¢−�ï ç�áâìû;
{ ú¯®«−®áâìî §�¢¥àè¥−�û.

�à¥¤è¥áâ¢¥−−¨ª ¢¥àè¨−ë, ª®â®à�ï ¬¥−ï¥â á¢®¥ á®áâ®ï−¨¥ á ú−¥ ®¡−�àã¦¥−�û
−� ú®¡−�àã¦¥−�û, ¤®«¦¥− ¨¬¥âì á®áâ®ï−¨¥, ®â«¨ç�îé¥¥áï ®â á®áâ®ï−¨ï ú−¥
®¡−�àã¦¥−�û. �¥à¥å®¤ ®â ®¤−®£® ç«¥−� ¨áâ®à¨¨ ¢ë¯®«−¥−¨ï §�¤�−¨ï ª á«¥-
¤ãîé¥¬ã §�¢¨á¨â ®â ¢à¥¬¥−¨ ¢ë¯®«−¥−¨ï á®®â¢¥âáâ¢ãîé¥£® ¤¥©áâ¢¨ï, ®â íâ¨å
¢à¥¬¥− §�¢¨á¨â â�ª¦¥ ¢áï ¯®á«¥¤®¢�â¥«ì−®áâì.

Šà®¬¥ â®£®, ª�¦¤®© ¢¥àè¨−¥, −�å®¤ïé¥©áï ¢ á®áâ®ï−¨¨ ú¢ë¯®«−ï¥âáï ®á−®¢-
−�ï ç�áâìû, ú®¡−�àã¦¥−�û ¨«¨ ú¨§£®â�¢«¨¢�¥âáï ¯à®¬¥¦ãâ®ç−ë© ®âç¥âû,
á®®â¢¥âáâ¢ã¥â ãç�áâ−¨ª, ª®â®àë© íâ¨¬ §�−¨¬�¥âáï.

÷�áè¨à¨¬ âà¥¡®¢�−¨ï, ª®â®àë¬ ¤®«¦−� ¯®¤ç¨−ïâìáï ¨áâ®à¨ï ¢ë¯®«−¥−¨ï
§�¤�−¨ï:

{ ¯®ª� −¥ ¢ë¯®«−¥−� ®á−®¢−�ï ç�áâì ã¯à�¢«ïîé¥© à�¡®âë, −¥ ¬®£ãâ ¢ë¯®«-
−ïâìáï ¯®¤ç¨−¥−−ë¥ ¥© «¨áâ®¢ë¥ ¨«¨ ã¯à�¢«ïîé¨¥ à�¡®âë;

{ ¯®ª� −¥ ¯®¤£®â®¢«¥−ë ¯à®¬¥¦ãâ®ç−ë¥ ®âç¥âë ¤«ï ¢á¥å ¯®¤ç¨−¥−−ëå à�¡®â,
−¥ ¬®¦¥â ¡ëâì ¯®¤£®â®¢«¥− ¯à®¬¥¦ãâ®ç−ë© ®âç¥â ã¯à�¢«ïîé¥© à�¡®âë;

{ ª�¦¤ë© ãç�áâ−¨ª −¥ ¬®¦¥â ¤¥«�âì ¡®«ìè¥ ®¤−®© à�¡®âë ®¤−®¢à¥¬¥−−®.
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�âáî¤� á«¥¤ãîâ á«¥¤ãîé¨¥ ãâ¢¥à¦¤¥−¨ï, ª�á�îé¨¥áï ç«¥−� ¨áâ®à¨¨ ¢ë¯®«-
−¥−¨ï §�¤�−¨ï Ti, −�¯à¨¬¥à â�ª¨¥:

{ ¥á«¨ −¥ª®â®à�ï ¢¥àè¨−� −�å®¤¨âáï ¢ á®áâ®ï−¨¨ ú−¥ ®¡−�àã¦¥−�û, â® ¢á¥
¢¥àè¨−ë, ¥© ¯®¤ç¨−¥−−ë¥ (¯®â®¬ª¨), −�å®¤ïâáï ¢ â®¬ ¦¥ á®áâ®ï−¨¨;

{ ¥á«¨ −¥ª®â®à�ï ¢¥àè¨−� −�å®¤¨âáï ¢ á®áâ®ï−¨¨ ú¯®«−®áâìî §�¢¥àè¥−�û, â®
¢á¥ ¥¥ ¯®â®¬ª¨ −�å®¤ïâáï ¢ â®¬ ¦¥ á®áâ®ï−¨¨.

��§®¢¥¬ ª®®à¤¨−�â®à®¬ ¯à®æ¥áá-ãç�áâ−¨ª, ª®â®àë© ¤¥«�¥â á«¥¤ãîé¥¥:

{ ®¡−�àã¦¨¢�¥â −®¢ë¥ à�¡®âë, â. ¥. ¯¥à¥¢®¤¨â ¢¥àè¨−ë ¨§ á®áâ®ï−¨ï ú−¥ ®¡-
−�àã¦¥−�û ¢ á®áâ®ï−¨¥ ú®¡−�àã¦¥−�û;

{ −�§−�ç�¥â á¢®¡®¤−®£® ãç�áâ−¨ª� ¤«ï ¢ë¯®«−¥−¨ï ®á−®¢−®© ç�áâ¨ à�¡®âë, â. ¥.
¯¥à¥¢®¤¨â ¢¥àè¨−ë ¨§ á®áâ®ï−¨ï ú®¡−�àã¦¥−�û ¢ á®áâ®ï−¨¥ ú¢ë¯®«−ï¥âáï
®á−®¢−�ï ç�áâìû.

„«ï â®£® çâ®¡ë ¯à¨−ïâì à¥è¥−¨¥ ® −�§−�ç¥−¨¨, ª®®à¤¨−�â®à ¤®«¦¥− à�á¯®«�£�âì
á¢¥¤¥−¨ï¬¨ ®¡ ®á¢®¡®¦¤¥−¨¨ ãç�áâ−¨ª®¢. �â® ®§−�ç�¥â, çâ® ãç�áâ−¨ª ¤®«¦¥−
á¨£−�«¨§¨à®¢�âì ® §�¢¥àè¥−¨¨ à�¡®âë, ª®â®à®© ®− §�−ïâ. �à¨−æ¨¯¨�«ì−ë¬
ï¢«ï¥âáï ¢®¯à®á ® â®¬, áª®«ìª® ª®®à¤¨−�â®à®¢ ã¯à�¢«ïîâ ¢ë¯®«−¥−¨¥¬ §�¤�−¨ï.
‚�à¨�−âë: ®¤¨−; ¡®«ìè¥ ®¤−®£®, −® ä¨ªá¨à®¢�−−®¥ ç¨á«®; ¢á¥ ãç�áâ−¨ª¨. ÷�á-
¯à¥¤¥«¥−¨¥ ®áâ�«ì−ëå à�¡®â, � ¨¬¥−−®: ¢ë¯®«−¥−¨¥ ®á−®¢−®© ç�áâ¨ ¨ ¯®¤£®â®¢ª�
¯à®¬¥¦ãâ®ç−®£® ®âç¥â� ã¯à�¢«ïîé¥© à�¡®âë | §�¢¨á¨â ®â â¨¯� §�¤�−¨ï ¨ ¬®¦¥â
¢�àì¨à®¢�âìáï. �¡ëç−®, −�¯à¨¬¥à ¯à¨ à¥�«¨§�æ¨¨ MapReduce [1, 4, 8], ¯à¥¤¯®-
«�£�¥âáï, çâ® à�á¯®àï¤¨â¥«ì (ª®®à¤¨−�â®à) | ®¤¨−-¥¤¨−áâ¢¥−−ë©, ¯à¨ç¥¬ ®− −¥
¤¥«�¥â «¨áâ®¢ë¥ à�¡®âë ¨ −¥ ¯®¤£®â�¢«¨¢�¥â ¯à®¬¥¦ãâ®ç−ë¥ ®âç¥âë. ‚á¥ ®áâ�«ì-
−ë¥ ãç�áâ−¨ª¨ | íâ® ¨á¯®«−¨â¥«¨, ª®â®àë¥ §�−¨¬�îâáï «¨áâ®¢ë¬¨ à�¡®â�¬¨.
‚ [10] −¥â ¯®−ïâ¨ï ¯à®¬¥¦ãâ®ç−ëå ®âç¥â®¢; ®á−®¢−�ï ç�áâì ã¯à�¢«ïîé¨å ®âç¥â®¢
¤¥«�¥âáï ª®®à¤¨−�â®à®¬. ‚á¥ ®áâ�«ì−ë¥ | íâ® ¨á¯®«−¨â¥«¨.

6 Выполнение задания

Ÿá−®, çâ® ªà¨â¥à¨¥¬ íää¥ªâ¨¢−®áâ¨ ¢ë¯®«−¥−¨ï §�¤�−¨ï ï¢«ï¥âáï ¢à¥¬ï
¥£® ¢ë¯®«−¥−¨ï ¯à¨ ®¯à¥¤¥«¥−−ëå ®£à�−¨ç¥−¨ïå (ª®−¥ç−®, íâ¨ ®£à�−¨ç¥−¨ï
¢§�¨¬®á¢ï§�−ë). ÷�áá¬®âà¨¬ ®£à�−¨ç¥−¨ï, ª®â®àë¥ ¤®«¦−ë á®¡«î¤�âìáï ¯à¨
íää¥ªâ¨¢−®¬ ¢ë¯®«−¥−¨¨ §�¤�−¨ï.

1. Š®®à¤¨−�â®àë, ª®â®àë¥ ¯«�−¨àãîâ ¢ë¯®«−¥−¨¥ §�¤�−¨ï, ¢ ç�áâ−®áâ¨ ¢ë-
¡¨à�îâ á¯®á®¡ ®¡å®¤� ¤¥à¥¢� à�¡®â, −¥ ¤®«¦−ë ¨¬¥âì á«¨èª®¬ ¡®«ìè®©
ª®−â¥ªáâ. �®¤ ª®−â¥ªáâ®¬ ª®®à¤¨−�â®à� ¯®−¨¬�îâáï ¤�−−ë¥, ª®â®àë¥ −¥-
®¡å®¤¨¬® åà�−¨âì ª®®à¤¨−�â®àã ¤«ï á¢®¨å à�¡®â. ��¯à¨¬¥à, íâ®â ª®−â¥ªáâ
¤®«¦¥− ã¬¥é�âìáï ¢ ®á−®¢−ãî ¯�¬ïâì.

2. ˆá¯®«−¨â¥«¨, ª®â®àë¥ ¢ë¯®«−ïîâ ¯à®áâë¥ à�¡®âë, −¥ ¤®«¦−ë ¨¬¥âì á«¨è-
ª®¬ ¡®«ìè®© ª®−â¥ªáâ. �®¤ ª®−â¥ªáâ®¬ ¨á¯®«−¨â¥«ï ¯®−¨¬�îâáï ¤�−−ë¥,
ª®â®àë¥ −¥®¡å®¤¨¬® åà�−¨âì ¨á¯®«−¨â¥«î ¤«ï á¢®¨å à�¡®â.
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3. —¨á«® ª®®à¤¨−�â®à®¢ ¨ ¨á¯®«−¨â¥«¥© ¤®«¦−® ã¤®¢«¥â¢®àïâì ®£à�−¨ç¥−¨ï¬
ª«�áâ¥à�.

4. „®«¦−ë ¡ëâì ¯à¨¥¬«¥¬ë¬¨ ®¡ê¥¬ë á«ã¦¥¡−ëå ¯¥à¥áë«®ª ¬¥¦¤ã ã§«�¬¨,
−� ª®â®àëå −�å®¤ïâáï ª®®à¤¨−�â®àë ¨ ¨á¯®«−¨â¥«¨.

5. „®«¦−� ¡ëâì ®¡¥á¯¥ç¥−� â�ª�ï áâ¥¯¥−ì ¯�à�««¥«¨§¬�, ¯à¨ ª®â®à®© −¥ ¯à®-
áâ�¨¢�îâ ¯à®áâë¥ à�¡®âë, £®â®¢ë¥ ª ¢ë¯®«−¥−¨î.

6. ‚®ááâ�−®¢«¥−¨¥ ¢ë¯®«−¥−¨ï §�¤�−¨ï ¯®á«¥ ®âª�§� ã§«� ¨«¨ ã§«®¢ −¥ ¤®«¦−®
¡ëâì à�áâ®ç¨â¥«ì−ë¬. ˆ¤¥�«ì−ë© á«ãç�© | £�à�−â¨àã¥âáï, çâ® ¯®¢â®àïîâáï
â®«ìª® à�¡®âë, ¯®àãç¥−−ë¥ ®âª�§�¢è¨¬ ã§«�¬. …á«¨ áç¨â�âì, çâ® ¬−®£®-
ªà�â−ë¥ ®âª�§ë ¯à®¨áå®¤ïâ §−�ç¨â¥«ì−® à¥¦¥ ®¤−®ªà�â−ëå, ¬®¦−® ®á«�¡¨âì
íâ® âà¥¡®¢�−¨¥. � ¨¬¥−−®, ¯®âà¥¡®¢�âì, çâ® ¯à¨ ®¤−®ªà�â−ëå ®âª�§�å ¯®-
¢â®àïîâáï â®«ìª® ¯®áâà�¤�¢è¨¥ à�¡®âë, � ¯à¨ ¬−®£®ªà�â−ëå ®âª�§�å ¬®¦¥â
¯®¢â®àïâìáï áãé¥áâ¢¥−−® ¡®«ìè¨© ®¡ê¥¬ à�¡®â.

7. “§¥«, ¤®¡�¢«¥−−ë© ª ª«�áâ¥àã, áà�§ã ¦¥ ¢ª«îç�¥âáï ¢ ¢ë¯®«−¥−¨¥ â¥ªãé¥£®
§�¤�−¨ï.

�£à®¬−ãî à®«ì §¤¥áì ¨£à�¥â á¯®á®¡ ®¡å®¤� ¤¥à¥¢� à�¡®â, ª®â®àë© §�¤�¥âáï
¢ë¡à�−−®© −ã¬¥à�æ¨¥©, ®¯¨á�−−®© ¢ à�§¤. 3 ¨ ¯®¤à�§¤. 4.2 ¨ 4.3. �à¥¤¯®çâ¨-
â¥«ì−ë¬, ª�ª ¬−¥ ¯à¥¤áâ�¢«ï¥âáï, ï¢«ï¥âáï ®¡å®¤, ¯®å®¦¨© −� DFS. Ÿ −¥ ¬®£ã
â®ç−® áä®à¬ã«¨à®¢�âì, çâ® â�ª®¥ ú¯®å®¦¨© −� DFSû. �â® ¦¥ ª�á�¥âáï BFS.
DFS-�«£®à¨â¬ë ®¡å®¤� ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ âà¥¡ãîâ ¬¥−ìè¥ ¯�¬ïâ¨ ¤«ï ª®−-
â¥ªáâ� ª®®à¤¨−�â®à�, ç¥¬ BFS-�«£®à¨â ¬ë (íâ® ®âªàëâ�ï ¯à®¡«¥¬�1), å®âï ¢á¥£¤�
DFS-�«£®à¨â¬ë âà¥¡ãîâ −¥ ¡®«ìè¥ ¯�¬ïâ¨, ç¥¬ BFS-�«£®à¨â¬ë (íâ® â®¦¥ −¥
¤®ª�§�−®).

�áâ�−®¢¨¬áï −� á�¬®¬ ¯à®áâ®¬ ¢�à¨�−â¥: ®¤¨− ª®®à¤¨−�â®à, ª®â®àë© ¤¥«�¥â
â®, çâ® ¥¬ã ¯®«®¦¥−® ¯® à®«¨, ®¤−�ª® −¥ ¢ë¯®«−ï¥â «¨áâ®¢ëå à�¡®â. ˆ¬¥¥âáï,
ªà®¬¥ â®£®, N ¨á¯®«−¨â¥«¥©, ¢ §�¤�ç¨ ª®â®àëå ¢å®¤¨â ¢ë¯®«−¥−¨¥ «¨áâ®¢ëå
à�¡®â ¨ ¯®¤£®â®¢ª� ¯à®¬¥¦ãâ®ç−ëå ®âç¥â®¢ ¤«ï ã¯à�¢«ïîé¨å à�¡®â. �®íâ®¬ã
áã¬¬�à−®¥ ª®«¨ç¥áâ¢® ¢¥àè¨−, ª®â®àë¥ ®¤−®¢à¥¬¥−−® −�å®¤ïâáï ¢ á®áâ®ï−¨ïå
ú¢ë¯®«−ï¥âáï ®á−®¢−�ï ç�áâìû ¨«¨ ú¨§£®â�¢«¨¢�¥âáï ¯à®¬¥¦ãâ®ç−ë© ®âç¥âû,
−¥ ¤®«¦−® ¯à¥¢ëè�âì N . �¤−�ª®, ¥á«¨ ¤®¯ãáâ¨âì ®ç¥à¥¤ì ª ¨á¯®«−¨â¥«î, ®â
íâ®£® ®£à�−¨ç¥−¨ï ¬®¦−® ®âª�§�âìáï. �¥ª®â®àë¥ ¯®¤å®¤ë ª íää¥ªâ¨¢−®¬ã
¢ë¯®«−¥−¨î §�¤�−¨© −�¬¥ç¥−ë ¢ [9, 10].

7 Заключение

�¯¨á�−−�ï ¢ëè¥ ¬®¤¥«ì ¯®§¢®«ï¥â â®ç−® áä®à¬ã«¨à®¢�âì ®¯à¥¤¥«¥−−ë© ªàã£
¢®¯à®á®¢, ª®â®àë¥ ª�á�îâáï íää¥ªâ¨¢−®£® ¢ë¯®«−¥−¨ï §�¤�−¨©. �â¬¥â¨¬ áà¥¤¨
−¨å á«¥¤ãîé¨¥ ¯à®¡«¥¬ë:

1�â� ¯à®¡«¥¬� áà®¤−¨ ¯à®¡«¥¬�¬ ¯® �á¨¬¯â®â¨ç¥áª®© á«®¦−®áâ¨, ª®â®àë¥ à¥è�« �. �. ‹ã¯�-
−®¢. �¤−�ª® ®−� ®á«®¦−¥−� â¥¬, çâ® −ã¬¥à�æ¨ï ¤®«¦−� ¡ëâì ¢ëç¨á«¨¬®©.
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Œ®¤¥«ì ¯�à�««¥«ì−®£® ®¡å®¤� ¤¥à¥¢ì¥¢ à�¡®â

1. Œ®¦−® «¨ á¯à®¥ªâ¨à®¢�âì íää¥ªâ¨¢−ë© �«£®à¨â¬, ¢ ª®â®à®¬ ¢á¥ ãç�áâ−¨ª¨
à�¢−®¯à�¢−ë, â. ¥. «î¡®© ãç�áâ−¨ª ¢ëáâã¯�¥â ¨ ª�ª ª®®à¤¨−�â®à, ¨ ª�ª ¨á-
¯®«−¨â¥«ì? �à¨¢«¥ª�â¥«ì−®áâì ¯®¤®¡−®£® �«£®à¨â¬� ¢ â®¬, çâ® ú¢á¥ §−�îâ
¢áñû. �â� á¨¬¬¥âà¨ï ¯®§¢®«ï¥â −�¤¥ïâìáï, çâ® ®âª�§ «î¡®£® ª®«¨ç¥áâ¢� ã§«®¢
(−® −¥ ¢á¥£® ª«�áâ¥à� ¢ æ¥«®¬) ¯à¨¢¥¤¥â ª ¯®¢â®àã â®«ìª® ¯®áâà�¤�¢è¨å ã§«®¢.

2. Š�ª á¯à®¥ªâ¨à®¢�âì íää¥ªâ¨¢−ë© �«£®à¨â¬ á ä¨ªá¨à®¢�−−ë¬ ª®«¨ç¥áâ¢®¬
ª®®à¤¨−�â®à®¢ k, k = K, K ≥ 2. …á«¨ ¯à®¡«¥¬� 1 ¯®«ãç�¥â ®âà¨æ�â¥«ì−®¥
à¥è¥−¨¥ (â�ª®© �«£®à¨â¬ −¥¢®§¬®¦¥− ¨«¨ −¥íää¥ªâ¨¢¥−), ¬®¦−® ¯®áâà®¨âì
íää¥ªâ¨¢−ë© �«£®à¨â¬, ®£à�−¨ç¨¢ ª®«¨ç¥áâ¢® ª®®à¤¨−�â®à®¢ −¥¡®«ìè¨¬
ç¨á«®¬.

3. Š�ª®© ®¡å®¤ ¤¥à¥¢� ¢ë¡à�âì, ¨áå®¤ï ¨§ D2(T )? �â®â ¢®¯à®á ¬®¦¥â ¨¬¥âì
à�§−ë¥ ®â¢¥âë ¢ §�¢¨á¨¬®áâ¨ ®â K (ç¨á«� ª®®à¤¨−�â®à®¢).

4. ‘«¥¤ã¥â «¨ ¤®¯ãáª�âì ®ç¥à¥¤¨ ª ¨á¯®«−¨â¥«ï¬?
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МЕТОД ПОВЫШЕНИЯ ОТКАЗОУСТОЙЧИВОСТИ СИСТЕМ
ПОДДЕРЖАНИЯ КОГЕРЕНТНОСТИ КЭШ

Б. З. Шмейлин1

�−−®â�æ¨ï: �à¥¤áâ�¢«¥− ¬¥â®¤ ¯®¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ á¨áâ¥¬ë ¯®¤-
¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè-¯�¬ïâ¨ á ¯à®â®ª®«®¬ −�¡«î¤¥−¨ï. ‚ ¯à¥¤«�-
£�¥¬®¬ ¬¥â®¤¥ ª®¤¨àãîâáï §�¯à®áë, á®áâ®ï−¨ï ¨ á¨£−�«ë ¢ áå¥¬¥ à¥�«¨§�-
æ¨¨ ¯à®â®ª®«�. „«ï ¤®áâ¨¦¥−¨ï ãáâ®©ç¨¢®áâ¨ ª ªà�âª®¢à¥¬¥−−ë¬ ®âª�§�¬
¢ «®£¨ª¥ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ª §�ª®¤¨à®¢�−−ë¬ áâà®ª�¬ §�¯à®á®¢,
á®áâ®ï−¨© ¨ á¨£−�«®¢ ¯à¨¬¥−ï¥âáï ª®¤, ª®àà¥ªâ¨àãîé¨© ®¤¨−®ç−ë¥ ¨ ®¡−�-
àã¦¨¢�îé¨© ¤¢®©−ë¥ ®è¨¡ª¨.

Š«îç¥¢ë¥ á«®¢�: ª®£¥à¥−â−®áâì ªíè; ¯à®â®ª®«ë −�¡«î¤¥−¨ï; ®âª�§®ãáâ®©-
ç¨¢®áâì; ª®àà¥ªâ¨àãîé¨¥ ª®¤ë

1 Введение

‚ á®¢à¥¬¥−−ëå ¬¨ªà®¯à®æ¥áá®à−ëå á¨áâ¥¬�å ¢á¥ ¢®§à�áâ�îé¥¥ §−�ç¥−¨¥ ¯à¨-
®¡à¥â�¥â ¨å ®âª�§®ãáâ®©ç¨¢®áâì. �âª�§®ãáâ®©ç¨¢®áâì | íâ® á¢®©áâ¢® á¨áâ¥¬ë,
ª®â®à®¥ ®¡¥á¯¥ç¨¢�¥â ¥© ¢®§¬®¦−®áâì ¯à®¤®«¦¥−¨ï ¤¥©áâ¢¨©, §�¤�−−ëå ¯à®-
£à�¬¬®©, ¯®á«¥ ¢®§−¨ª−®¢¥−¨ï −¥¨á¯à�¢−®áâ¥©. ‚¢¥¤¥−¨¥ ®âª�§®ãáâ®©ç¨¢®áâ¨
âà¥¡ã¥â ¨§¡ëâ®ç−®£® �¯¯�à�â−®£® ¨ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï. ‚ −�áâ®ïé¥¥
¢à¥¬ï ¬¨ªà®¯à®æ¥áá®à−ë¥ á¨áâ¥¬ë ¯®¤¢¥à¦¥−ë ªà�âª®¢à¥¬¥−−ë¬ ®âª�§�¬ ¨§-§�
ã¬¥−ìè�îé¨åáï à�§¬¥à®¢ ªà¨áâ�««®¢, ¯«®â−®áâ¨ à�§¬¥é¥−¨ï í«¥¬¥−â®¢ ¨ á−¨-
¦¥−¨ï −�¯àï¦¥−¨ï ¯¨â�−¨ï. Šà�âª®¢à¥¬¥−−ë¥ ®âª�§ë (á¡®¨), ¢ë§¢�−−ë¥ ª�ª
à�§«¨ç−ë¬¨ ¢®§¤¥©áâ¢¨ï¬¨ ®ªàã¦�îé¥© áà¥¤ë, â�ª ¨ ¢−ãâà¥−−¨¬¨ ¯¥à¥ªà¥áâ-
−ë¬¨ á¢ï§ï¬¨, áâ�−®¢ïâáï ¡®«¥¥ ç�áâë¬¨ ï¢«¥−¨ï¬¨, ç¥¬ ®âª�§ë �¯¯�à�âãàë,
®¡ãá«®¢«¥−−ë¥ ¨å ¯à®¨§¢®¤áâ¢®¬.

‚ ¯®á«¥¤−¥¥ ¢à¥¬ï ¢á¥ ¡®«ìè¥¥ à�§¢¨â¨¥ ¯®«ãç�îâ ¬−®£®¯à®æ¥áá®à−ë¥ á¨á-
â¥¬ë (Œ‘) ª�ª á à�§¤¥«¥−−®©, â�ª ¨ á ®¡é¥© ¯�¬ïâìî. ‚ íâ¨å á¨áâ¥¬�å
ª�¦¤ë© ¯à®æ¥áá®à −¥¯®áà¥¤áâ¢¥−−® á¢ï§�− á® á¢®¥© ç�áâ−®© ªíè-¯�¬ïâìî. �à¨
íâ®¬ ¢®§−¨ª�¥â ¯à®¡«¥¬� ¯®¤¤¥à¦�−¨ï á®£«�á®¢�−−®áâ¨ ¨«¨ ª®£¥à¥−â−®áâ¨ ªíè-
¯�¬ïâ¨. Š®£¥à¥−â−®áâì ªíè-¯�¬ïâ¥© ®¡¥á¯¥ç¨¢�¥â ¢®§¬®¦−®áâì ª�ª®¬ã-«¨¡®
¯à®æ¥áá®àã ¯®«ãç¨âì ¤®áâ®¢¥à−ãî ª®¯¨î ¤�−−ëå ¯®á«¥ ¬®¤¨ä¨ª�æ¨¨ ¨å ¤àã£¨¬
¯à®æ¥áá®à®¬. „«ï ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè-¯�¬ïâ¥© á«ã¦¨â á¯¥æ¨�«ì−ë©
¬¥å�−¨§¬ | ¯à®â®ª®« ª®£¥à¥−â−®áâ¨. �¤−¨¬ ¨§ à�á¯à®áâà�−¥−−ëå ¯à®â®ª®«®¢

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, shmeilin@mail.ru

62



Œ¥â®¤ ¯®¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ á¨áâ¥¬ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè

ï¢«ï¥âáï ¯à®â®ª®« −�¡«î¤¥−¨ï (snooping protocol). ÷�¡®â� ¯® íâ®¬ã ¯à®â®ª®«ã
§�ª«îç�¥âáï ¢ −�¡«î¤¥−¨¨ ª®−âà®««¥à®¬ ç�áâ−®© ªíè-¯�¬ïâ¨ §� á®¡ëâ¨ï¬¨ −�
è¨−¥ ®¡é¥© ¯�¬ïâ¨. ‘¡®© ¢ á¨áâ¥¬¥ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ¯à¨¢®¤¨â ª
á¥àì¥§−ë¬ ¯®á«¥¤áâ¢¨ï¬. ’�ª, −�¯à¨¬¥à, −�«¨ç¨¥ −¥¤®áâ®¢¥à−®© ª®¯¨¨ áâà®ª¨
¬®¦¥â ¯à¨¢¥áâ¨ ª à�á¯à®áâà�−¥−¨î ®è¨¡ª¨ áà�§ã ¢ −¥áª®«ìª¨å ¯à®æ¥áá®à�å.

„�−−�ï áâ�âìï ¯®á¢ïé¥−� à�§à�¡®âª¥ áå¥¬ë ª®−âà®««¥à� ªíè, à¥�«¨§ãîé¥£®
�«£®à¨â¬ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ¯® ¯à®â®ª®«ã −�¡«î¤¥−¨ï ¨ ãáâ®©ç¨¢®£®
ª ®è¨¡ª�¬, ¢ë§¢�−−ëå ªà�âª®¢à¥¬¥−−ë¬¨ ®âª�§�¬¨. ‚®¯à®á�¬ ª®−âà®«ï ¨ ¯®-
¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ áå¥¬ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ¢ ¯®á«¥¤−¨¥ £®¤ë
ã¤¥«ï¥âáï ¡®«ìè®¥ ¢−¨¬�−¨¥ [1{4]. ‚ à�¡®â�å [2, 4] ¨áá«¥¤ãîâáï ®âª�§ë ¨ á¡®¨
á¨áâ¥¬ë á ¯à®â®ª®«®¬ ª®£¥à¥−â−®áâ¨ −� ®á−®¢¥ á¯à�¢®ç−¨ª�. ‚ [4] ¯à¥¤«�£�îâáï
áå¥¬ë ª®−âà®«ï ¨ ª®àà¥ªæ¨¨ áâà®ª á¯à�¢®ç−¨ª�, à�¡®â� [2] ¯®á¢ïé¥−� ¢®¯à®á�¬
®âª�§®ãáâ®©ç¨¢®áâ¨ ¬¥¦¯à®æ¥áá®à−ëå á¢ï§¥© ¢ ¯à®â®ª®«�å á® á¯à�¢®ç−¨ª®¬.
‚ áâ�âì¥ [3] à�áá¬�âà¨¢�¥âáï ®âª�§®ãáâ®©ç¨¢�ï á¨áâ¥¬� á ¬�àª¥à�¬¨. ‚ áâ�âì¥ [1]
¯à¥¤«�£�¥âáï ãáâà®©áâ¢® ª®−âà®«ï à�¡®âë á¨áâ¥¬ë á ¯à®â®ª®«®¬ −�¡«î¤¥−¨ï.
�â® ãáâà®©áâ¢® ª®−âà®«ï ¯®§¢®«ï¥â ®¡−�àã¦¨âì ®è¨¡ª¨ ¢ «®£¨ª¥ ¯®¤¤¥à¦�−¨ï
ª®£¥à¥−â−®áâ¨, ®¤−�ª® ®−® −¥ ¯à¥¤−�§−�ç¥−® ¤«ï ¯®¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨
áå¥¬ë, à¥�«¨§ãîé¥© íâã «®£¨ªã.

2 Протоколы наблюдения поддержания когерентности кэш-памятей

÷�áá¬®âà¨¬ áâàãªâãàã ¬−®£®¯à®æ¥áá®à−®© á¨áâ¥¬ë, ¯à¥¤áâ�¢«¥−−ãî −�
à¨á. 1. �à®æ¥áá®à ¯®áë«�¥â §�¯à®á −� çâ¥−¨¥ ¨«¨ §�¯¨áì −� á¢®î ªíè-¯�¬ïâì.

�à¨ §�¯à®á¥ −� çâ¥−¨¥ ¨ −�«¨ç¨¨ ¢�«¨¤−®© áâà®ª¨ ¢ ªíè ¯à®¨áå®¤¨â çâ¥−¨¥
¤�−−ëå. …á«¨ â�ª®¢�ï áâà®ª� ®âáãâáâ¢ã¥â ¢ ªíè-¯�¬ïâ¨, §�¯à®á ç¥à¥§ ª®−âà®««¥à

÷¨á. 1 ‘âàãªâãà� ¬−®£®¯à®æ¥áá®à−®© á¨áâ¥¬ë
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�. ‡. ˜¬¥©«¨−

ªíè-¯�¬ïâ¨ ¯¥à¥¤�¥âáï −� è¨−ã. ‡�â¥¬ ¤�−−ë¥ ¯¥à¥¤�îâáï ¨§ ªíè-¯�¬ïâ¨,
®¡«�¤�îé¥© ¨¬¨. …á«¨ â�ª�ï ªíè-¯�¬ïâì −¥ −�å®¤¨âáï, â® ¤�−−ë¥ ¯¥à¥¤�îâáï
¨§ £«�¢−®© ¯�¬ïâ¨. �à¨ §�¯à®á¥ ¯à®æ¥áá®à� −� §�¯¨áì ¢ á¢®î ªíè-¯�¬ïâì
ã¯à�¢«¥−¨¥ ¤®«¦−® ¢ë¤�âì à�§à¥è¥−¨¥ −� §�¯¨áì, â. ¥. à�§à¥è¨âì ª®−ä«¨ªâ
¬¥¦¤ã −¥áª®«ìª¨¬¨ ¯à®æ¥áá®à�¬¨, ¢ëáâ�¢¨¢è¨¬¨ §�¯à®áë −� §�¯¨áì. �®á«¥
¯®«ãç¥−¨ï à�§à¥è¥−¨ï ¯à®æ¥áá®à ¯¨è¥â ¢ ¢�«¨¤−ãî áâà®ªã, ¨¬¥îéãîáï −�
¤�−−ë© ¬®¬¥−â ¢ ¥£® ªíè-¯�¬ïâ¨, ¨ ¯®¬¥ç�¥â íâã áâà®ªã ª�ª ¬®¤¨ä¨æ¨à®¢�−−ãî.
…á«¨ â�ª®¢®© áâà®ª¨ −¥ −�å®¤¨âáï, â® §�¯à®á ¯¥à¥¤�¥âáï −� è¨−ã £«�¢−®©
¯�¬ïâ¨, â�ª ¦¥ ª�ª ¨ ¯à¨ çâ¥−¨¨. �à¨ ¯®«ãç¥−¨¨ §�¯à�è¨¢�¥¬®© áâà®ª¨
¯à®æ¥áá®à §�¯¨áë¢�¥â ¢ −¥¥ ¨−ä®à¬�æ¨î ¨ ¯à¨ íâ®¬ ¯®áë«�¥âáï §�¯à®á ¯® è¨−¥
−� ¨−¢�«¨¤�æ¨î íâ®© áâà®ª¨ ¢® ¢á¥å ªíè-¯�¬ïâïå ¤àã£¨å ¯à®æ¥áá®à®¢ ¨ ¢ £«�¢−®©
¯�¬ïâ¨.

ˆ¬¥¥âáï −¥áª®«ìª® ¯à®â®ª®«®¢ −�¡«î¤¥−¨ï. Œë à�áá¬®âà¨¬ ¢ íâ®© à�¡®â¥
¤¢� −�¨¡®«¥¥ à�á¯à®áâà�−¥−−ëå ¯à®â®ª®«� | MESI ¨ M�ESI. ‚ −�§¢�−¨ïå íâ¨å
¯à®â®ª®«®¢ ¨á¯®«ì§®¢�−� �¡¡à¥¢¨�âãà� ¨§ −�§¢�−¨© á®áâ®ï−¨©. ‚ ¯à®â®ª®«�å
¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè-¯�¬ïâ¨ ª�¦¤®© áâà®ª¥ ¯à¨á¢�¨¢�¥âáï ®¤−® ¨§
à�áá¬�âà¨¢�¥¬ëå −¨¦¥ á®áâ®ï−¨©:

{ M | ¬®¤¨ä¨æ¨à®¢�−−®¥, ¤®áâ®¢¥à−�ï ª®¯¨ï áâà®ª¨ ¨¬¥¥âáï â®«ìª® ¢ ¤�−−®©
ªíè-¯�¬ïâ¨. Šíè ¤®«¦¥− §�â¥¬ §�¯¨á�âì áâà®ªã ¢ £«�¢−ãî ¯�¬ïâì ¯¥à¥¤ â¥¬,
ª�ª ¤àã£®© ¯à®æ¥áá®à ¤�áâ §�¯à®á −� çâ¥−¨¥. �®á«¥ §�¯¨á¨ ¢ £«�¢−ãî ¯�¬ïâì
á®áâ®ï−¨¥ áâà®ª¨ ¬¥−ï¥âáï −� …;

{ … | íªáª«î§¨¢−®¥, ¤®áâ®¢¥à−�ï ª®¯¨ï áâà®ª¨ ¨¬¥¥âáï â®«ìª® ¢ ¤�−−®© ªíè-
¯�¬ïâ¨ ¨ £«�¢−®© ¯�¬ïâ¨. �à¨ ã¤®¢«¥â¢®à¥−¨¨ §�¯à®á� −� çâ¥−¨¥ ¤àã£¨¬
¯à®æ¥áá®à®¬ á®áâ®ï−¨¥ áâà®ª¨ ¬¥−ï¥âáï −� S;

{ S | à�§¤¥«ï¥¬®¥ á®áâ®ï−¨¥, ¤®áâ®¢¥à−�ï ª®¯¨ï áâà®ª¨ ¨¬¥¥âáï ¢ £«�¢−®©
¯�¬ïâ¨ ¨ ¢ ªíè-¯�¬ïâïå ¤àã£¨å ¯à®æ¥áá®à®¢. �à¨ ã¤®¢«¥â¢®à¥−¨¨ §�¯à®á�
−� §�¯¨áì á®áâ®ï−¨¥ áâà®ª¨ ¬¥−ï¥âáï −� I;

{ I | −¥¢�«¨¤−®¥ (−¥¤®áâ®¢¥à−®¥) á®áâ®ï−¨¥;

{ � | á®áâ®ï−¨¥ ¢«�¤¥«ìæ� ¯®å®¦¥ −� á®áâ®ï−¨¥ S, ®â«¨ç¨¥ ¥£® ¢ â®¬, çâ®
â®«ìª® áâà®ª� ¢ ®¤−®© ªíè-¯�¬ïâ¨ ¬®¦¥â ¡ëâì ¢ á®áâ®ï−¨¨ �, � ®áâ�«ì−ë¥ |
¢ á®áâ®ï−¨¨ S.

ˆá¯®«ì§®¢�−¨¥ ¯à®â®ª®«� M�ESI ¯®§¢®«ï¥â ®¯â¨¬¨§¨à®¢�âì ¯à®æ¥áá ¯®¨áª�
ªíè-¯�¬ïâ¨ á §�¯à�è¨¢�¥¬®© áâà®ª®©, ®¡à�â¨¢è¨áì ª ªíè-¯�¬ïâ¨, áâà®ª� ¢
ª®â®à®© ¨¬¥¥â á®áâ®ï−¨¥ �.

�à¨ à�¡®â¥ ¯® íâ¨¬ ¯à®â®ª®«�¬ ¨¬¥îâáï á«¥¤ãîé¨¥ §�¯à®áë ®â ¯à®æ¥áá®à� ¨
á¥â¥¢ë¥ á¨£−�«ë:

{ PrRd | §�¯à®á −� çâ¥−¨¥ ®â «®ª�«ì−®£® ¯à®æ¥áá®à�;

{ PrWr | §�¯à®á −� §�¯¨áì ®â «®ª�«ì−®£® ¯à®æ¥áá®à�;

{ BusRd | á¨£−�« ¨ §�¯à®á −� çâ¥−¨¥ ®â á¥â¨;
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{ BusRdX | íªáª«î§¨¢−ë© á¨£−�« ¨ §�¯à®á −� çâ¥−¨¥ ®â á¥â¨;

{ BusWB | á¨£−�« ®¡à�â−®© §�¯¨áì ¨§ ªíè-¯�¬ïâ¨;

{ Flush | á¨£−�« ¨ §�¯à®á −� ¨−¢�«¨¤�æ¨î.

2.1 Протокол MESI

‚ â�¡«. 1 ¯à¥¤áâ�¢«¥−ë §�¯à®áë ®â ¯à®æ¥áá®à� ¨ á¥â¥¢ë¥ §�¯à®áë, ¯¥à¥å®¤ë
¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥ ¨ á¨£−�«ë ¤«ï ¯à®â®ª®«� MESI.

‹®ª�«ì−ë© §�¯à®á ¯à®æ¥áá®à� −� çâ¥−¨¥ (PrRd) ¢ «î¡®¬ á®áâ®ï−¨¨, ªà®¬¥
−¥¢�«¨¤−®£®, ®¡á«ã¦¨¢�¥âáï ¢−ãâà¨ ã§«� ¨ −¥ ¢ë§ë¢�¥â ¤¥©áâ¢¨© á¥â¨. ’�ª¨¥
§�¯à®áë −¥ ¨§¬¥−ïîâ á®áâ®ï−¨¥ áâà®ª¨. —â¥−¨¥ −¥¢�«¨¤−®© áâà®ª¨ (¨«¨ áâà®ª¨,
®âáãâáâ¢ãîé¥© ¢ ¤�−−®© ªíè-¯�¬ïâ¨) ¯à¨¢®¤¨â ª §�¯à®áã á¥â¨ BusRd −� çâ¥−¨¥
¨§ ¯�¬ïâ¨. ÷�áá¬�âà¨¢�¥¬�ï §¤¥áì �àå¨â¥ªâãà� ¨á¯®«ì§ã¥â ¯®¤å®¤, ¯à¨ ª®â®à®¬
¤àã£¨¥ ªíè-¯�¬ïâ¨ ¯® ¢®§¬®¦−®áâ¨ ®â¢¥ç�îâ −� §�¯à®á ¯® çâ¥−¨î. …á«¨ ¤àã£¨¥
ªíè-¯�¬ïâ¨ −¥ á®¤¥à¦�â §�¯à�è¨¢�¥¬ëå ¤�−−ëå, â® ®â¢¥ç�¥â £«�¢−�ï ¯�¬ïâì.
…á«¨ −� §�¯à®á ®â¢¥ç�¥â £«�¢−�ï ¯�¬ïâì, â® áâà®ª� ªíè −¥ ¯à¥¤áâ�¢«¥−� ¢ ¤àã£¨å

’�¡«¨æ� 1 ‡�¯à®áë, ¯¥à¥å®¤ë ¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥ ¨
á¨£−�«ë ¤«ï ¯à®â®ª®«� MESI

‡�¯à®á ˆáå®¤−®¥ á®áâ®ï−¨¥ Š®−¥ç−®¥ á®áâ®ï−¨¥ ‘¨£−�«
PrRd M M |
PrRd E E |
PrRd S S |
PrRd I E/S BusRd
PrWr M M |
PrWr E M |
PrWr S M Flush
PrWr I M BusRdX
BusRd M S BusWB
BusRd E S BusWB
BusRd S S BusWB
BusRd I I |

BusRdX M I BusWB
BusRdX E I BusWB
BusRdX S I BusWB
BusRdX I I |

Flush M | SigErr
Flush E | SigErr
Flush S I |
Flush I I |
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ªíè, â�ª çâ® ¥¥ á®áâ®ï−¨¥ áâ�−®¢¨âáï …. ‚ ¯à®â¨¢−®¬ á«ãç�¥ ¤àã£¨¥ ªíè-¯�¬ïâ¨
à�§¤¥«ïîâ ¤�−−ë¥, â�ª çâ® á®áâ®ï−¨¥ áâ�−®¢¨âáï S.

‹®ª�«ì−�ï §�¯¨áì ¯à®æ¥áá®à� (PrWr) ¢ áâà®ªã á á®áâ®ï−¨¥¬ Œ −¥ ¬¥−ï¥â
á®áâ®ï−¨ï ¨ −¥ ¢ë§ë¢�¥â á®®¡é¥−¨© −� è¨−¥. �â®â ¦¥ §�¯à®á ª áâà®ª¥ á
á®áâ®ï−¨¥¬ … ¬¥−ï¥â á®áâ®ï−¨¥ áâà®ª¨ −� Œ, −® −¥ ¯à¨¢®¤¨â ª âà�ä¨ªã ¯® á¥â¨.

‡�¯à®á −� §�¯¨áì PrWr ¢ áâà®ªã á á®áâ®ï−¨¥¬ S ¬¥−ï¥â á®áâ®ï−¨¥ −� Œ ¨ à�á-
¯à®áâà�−ï¥â §�¯à®á ¯® è¨−¥ −� ¨−¢�«¨¤�æ¨î | Flush, çâ® ¤¥«�¥â −¥¢�«¨¤−ë¬¨
á®®â¢¥âáâ¢ãîé¨¥ áâà®ª¨ ¢ ¤àã£¨å ªíè-¯�¬ïâïå.

…á«¨ ¢®§−¨ª�¥â ¯à®¬�å ¯à¨ «®ª�«ì−®© §�¯¨á¨ «¨¡® ¯®¤«¥¦�é�ï §�¯¨á¨ áâà®ª�
−¥¢�«¨¤−� (á®áâ®ï−¨¥ I), â® −� è¨−ã ¢ë¤�¥âáï á¨£−�« BusRdX | íªáª«î§¨¢−ë©
§�¯à®á −� çâ¥−¨¥ ®â á¥â¨ ¨ ¨−¢�«¨¤�æ¨î. �à¨ ¯®«ãç¥−¨¨ ¢�«¨¤−®© ª®¯¨¨ áâà®ª¨
®áãé¥áâ¢«ï¥âáï §�¯¨áì ¨ áâà®ª� ¯¥à¥å®¤¨â ¢ á®áâ®ï−¨¥ M.

Š®£¤� ª®−âà®««¥à ªíè ú¢¨¤¨âû −� è¨−¥ §�¯à®á −� çâ¥−¨¥ (BusRd) ¨§ ¨¬¥-
îé¥©áï ¢ ¤�−−®© ªíè-¯�¬ïâ¨ ¢�«¨¤−®© áâà®ª¨, ®− ¬¥−ï¥â á®áâ®ï−¨¥ íâ®© áâà®ª¨
−� S (¨«¨ ®áâ�¢«ï¥â áâà®ªã ¢ íâ®¬ á®áâ®ï−¨¨) ¨ ¢ë¤�¥â á¨£−�« −� è¨−ã ®¡ ®¡à�â−®©
§�¯¨á¨ ¤�−−ëå ¢ £«�¢−ãî ¯�¬ïâì | BusWB. …á«¨ áâà®ª� −¥¢�«¨¤−�, â® á¨£−�«
−� è¨−ã −¥ ¢ë¤�¥âáï.

Š®£¤� ª®−âà®««¥à ªíè ú¢¨¤¨âû −� è¨−¥ íªáª«î§¨¢−ë© á¨£−�« ¨ §�¯à®á −�
çâ¥−¨¥ (BusRdX), ®− ¬¥−ï¥â á®áâ®ï−¨¥ íâ®© áâà®ª¨ −� I (¨«¨ ®áâ�¢«ï¥â áâà®ªã ¢
íâ®¬ á®áâ®ï−¨¨) ¨ ¢ á«ãç�¥ ¢�«¨¤−®© áâà®ª¨ ¢ë¤�¥â á¨£−�« −� è¨−ã ®¡ ®¡à�â−®©
§�¯¨á¨ ¤�−−ëå ¢ £«�¢−ãî ¯�¬ïâì | BusWB. …á«¨ áâà®ª� −¥¢�«¨¤−�, â® á¨£−�«
−� è¨−ã −¥ ¢ë¤�¥âáï.

�à¨ §�¯à®á¥ Flush ¨§ á¥â¨ áâà®ª� ¯¥à¥å®¤¨â ¢ á®áâ®ï−¨¥ I, ¥á«¨ ¤® íâ®£® ®−�
¡ë«� ¢ á®áâ®ï−¨¨ S, ¨«¨ ®áâ�¥âáï ¢ á®áâ®ï−¨¨ I. �à¨ íâ®¬ −� è¨−ã á¨£−�« −¥
¢ë¤�¥âáï. …á«¨ áâà®ª� ¡ë«� ¢ á®áâ®ï−¨¨ Œ ¨«¨ …, â® ¢®§−¨ª�¥â á¨£−�« ®¡ ®è¨¡ª¥
(SigErr), â�ª ª�ª íâ® −¥¤®¯ãáâ¨¬�ï á¨âã�æ¨ï | §�¯à®á Flush ¯®áë«�¥âáï â®«ìª®
¤«ï áâà®ª á á®áâ®ï−¨¥¬ S.

2.2 Протокол MOESI

‚ â�¡«. 2 ¯à¥¤áâ�¢«¥−ë §�¯à®áë ®â ¯à®æ¥áá®à� ¨ á¥â¥¢ë¥ §�¯à®áë, ¯¥à¥å®¤ë
¨§ ®¤−®£® á®áâ®ï−¨ï ¨ á¨£−�«ë ¤«ï ¯à®â®ª®«� MESI.

�â«¨ç¨ï ¯à®â®ª®«� MOESI ®â ¯à®â®ª®«� MESI á®áâ®ïâ ¢ á«¥¤ãîé¥¬:

{ ¯à¨ §�¯à®á¥ −� çâ¥−¨¥ ¯à®æ¥áá®à� (PrRd) áâà®ª� ®áâ�¥âáï ¢ á®áâ®ï−¨¨ O;

{ ¯à¨ §�¯à®á¥ −� §�¯¨áì ¯à®æ¥áá®à� (PrWr) áâà®ª� ¨§ á®áâ®ï−¨ï O ¯¥à¥å®¤¨â
¢ á®áâ®ï−¨¨ Œ ¨ ¢ë¤�¥â á¨£−�« −� ¨−¢�«¨¤�æ¨î (Flush);

{ ¯à¨ á¥â¥¢®¬ §�¯à®á¥ −� çâ¥−¨¥ (BusRd) áâà®ª� ®áâ�¥âáï ¢ á®áâ®ï−¨¨ O;

{ ¯à¨ íªáª«î§¨¢−®¬ §�¯à®á¥ ¨ §�¯à®á¥ −� ¨−¢�«¨¤�æ¨î ¯¥à¥å®¤ ¨§ á®áâ®ï−¨ï
áâà®ª¨ � �−�«®£¨ç¥− ¯¥à¥å®¤ã ¨§ á®áâ®ï−¨ï S.
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’�¡«¨æ� 2 ‡�¯à®áë, ¯¥à¥å®¤ë ¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥ ¨
á¨£−�«ë ¤«ï ¯à®â®ª®«� MOESI

‡�¯à®á ˆáå®¤−®¥ á®áâ®ï−¨¥ Š®−¥ç−®¥ á®áâ®ï−¨¥ ‘¨£−�«
PrRd M M |
PrRd O O |
PrRd E E |
PrRd S S |
PrRd I E/S BusRd
PrWr M M |
PrWr O M Flush
PrWr E M |
PrWr S M Flush
PrWr I M BusRdX
BusRd M O BusWB
BusRd O O BusWB
BusRd E S BusWB
BusRd S S BusWB
BusRd I I |

BusRdX M I BusWB
BusRdX O I BusWB
BusRdX E I BusWB
BusRdX S I BusWB
BusRdX I I |

Flush M | SigErr
Flush O I |
Flush E | SigErr
Flush S I |
Flush I I |

�¥à¥ç¨á«¥−−ë¥ ®â«¨ç¨ï ®¡ãá«®¢«¥−ë â¥¬, çâ® á®áâ®ï−¨¥ � ¯®¤®¡−® á®áâ®ï-
−¨î S. ˆáª«îç¥−¨¥ á®áâ�¢«ï¥â á¥â¥¢®© §�¯à®á −� çâ¥−¨¥ | BusRd, ¯à¨ ª®â®à®¬
á®áâ®ï−¨¥ Œ ¬¥−ï¥âáï −� �, â�ª ª�ª §�¯à�è¨¢�¥¬�ï áâà®ª� ¯à¨ â�ª®¬ §�¯à®á¥
¡ã¤¥â −�å®¤¨âìáï ¢ −¥áª®«ìª¨å ªíè-¯�¬ïâïå ¨ ¤�−−ë© ¯à®æ¥áá®à áâ�−®¢¨âáï
¢«�¤¥«ìæ¥¬ íâ®© áâà®ª¨.

2.3 Классификация ошибок в логике поддержания когерентности

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® −¥ ¢á¥ ®è¨¡ª¨ ¢ «®£¨ª¥ à¥�«¨§�æ¨¨ ¯à®â®ª®«� ª®£¥-
à¥−â−®áâ¨ ¯à¨¢®¤ïâ ª ¨áª�¦¥−¨î ¤�−−ëå ¢ ªíè-¯�¬ïâ¨ ¯à®æ¥áá®à�, � «¨èì ª
¯®â¥à¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨. ÷�§¤¥«¨¬ ¢á¥ ®è¨¡ª¨ −� âà¨ ª�â¥£®à¨¨. Š ¯¥à¢®©
®â−¥á¥¬ ä�â�«ì−ë¥ ®è¨¡ª¨, â. ¥. ®è¨¡ª¨, ª®â®àë¥ ¬®£ãâ ¯à¨¢¥áâ¨ ª −¥¢¥à−®¬ã
¢ë¯®«−¥−¨î ¯à®£à�¬¬ë. Š® ¢â®à®© ª�â¥£®à¨¨ ®â−¥á¥¬ ®è¨¡ª¨, ª®â®àë¥ ¯à¨¢®-
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¤ïâ «¨èì ª ¯®â¥à¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨. ˆ ª âà¥âì¥© | ®áâ�«ì−ë¥ ®è¨¡ª¨, â. ¥.
®è¨¡ª¨, −¥ ¢«¨ïîé¨¥ −� à�¡®âã á¨áâ¥¬ë.

’�ª, ª ¯¥à¢®© ª�â¥£®à¨¨ ®â−®áïâáï â�ª¨¥ ®è¨¡ª¨, ¯à¨ ª®â®àëå á®áâ®ï−¨¥
áâà®ª¨ ªíè-¯�¬ïâ¨ ¢¬¥áâ® I ¬¥−ï¥âáï −� «î¡®¥ ¤àã£®¥. �à¨ íâ®¬ ¯à®æ¥áá®à
ç¨â�¥â −¥¤®áâ®¢¥à−ãî ª®¯¨î ¤�−−ëå ¨«¨ ¯à¨ §�¯¨á¨ ¤�−−ëå ¯à®æ¥áá®à®¬ −¥
¡ã¤¥â ¢ë¤�− á¨£−�« −� íªáª«î§¨¢−ë© §�¯à®á, â. ¥. ª®¯¨¨ áâà®ª¨ ¢ ªíè-¯�¬ïâïå
¤àã£¨å ¯à®æ¥áá®à®¢ −¥ ¡ã¤ãâ ¨−¢�«¨¤¨à®¢�−ë. Š íâ®© ¦¥ £àã¯¯¥ ®â−®áïâáï â�ª¦¥
®è¨¡ª¨, ¯à¨ ª®â®àëå «î¡®¥ á®áâ®ï−¨¥ ¬¥−ï¥âáï −� Œ. �à¨ íâ®¬ ¯à®æ¥áá®àã
à�§à¥è�¥âáï ¯¨á�âì ¢ ¤�−−ë© ¡«®ª, â�ª ª�ª ®− áç¨â�¥â, çâ® ã −¥£® ¨¬¥¥âáï
¥¤¨−áâ¢¥−−�ï ª®¯¨ï ¤�−−ëå.

Š® ¢â®à®© ª�â¥£®à¨¨ ®â−®áïâáï â�ª¨¥, ¯à¨ ª®â®àëå á®áâ®ï−¨¥ áâà®ª¨ ªíè-
¯�¬ïâ¨ ¢¬¥áâ® M, O, E ¨«¨ S ¬¥−ï¥âáï −� I. �à¨ íâ®¬ ª®−âà®««¥à ªíè, áç¨â�ï
áâà®ªã −¥¢�«¨¤−®©, §�¯à�è¨¢�¥â ¤�−−ë¥ ¨§ ªíè-¯�¬ïâ¨ ¤àã£®£® ¯à®æ¥áá®à� ¨«¨
¨§ £«�¢−®© ¯�¬ïâ¨, çâ® ¨ ¯à¨¢®¤¨â ª ¯®â¥à¥ ¯à®¨§¢®¤¨â¥«ì−®áâ¨. Š íâ®© ¦¥
£àã¯¯¥ ®â−®áïâáï â�ª¦¥ ®è¨¡ª¨, ¯à¨ ª®â®àëå á®áâ®ï−¨¥ Œ ¬¥−ï¥âáï −� «î¡®¥
¤àã£®¥. �à¨ íâ®¬ ¢ëà�¡�âë¢�¥âáï á¨£−�« íªáª«î§¨¢−ë© «¨¡® −� ¨−¢�«¨¤�æ¨î,
çâ® ¯à¨¢®¤¨â ª ¤®¯®«−¨â¥«ì−®¬ã âà�ä¨ªã ¯® á¥â¨.

Š âà¥âì¥© £àã¯¯¥ ®è¨¡®ª ®â−®áïâáï â�ª¨¥, ª®â®àë¥ ¯à¨¢®¤ïâ, −�¯à¨¬¥à, ª
¨§¬¥−¥−¨î á®áâ®ï−¨ï S −� E ¨«¨ −�®¡®à®â.

‚ â�¡«. 3 ¯à¨¢¥¤¥−� ¯®«−�ï ª«�áá¨ä¨ª�æ¨ï ®è¨¡®ª ¯® ª�â¥£®à¨ï¬. ‚ áâ®«¡æ�å
â�¡«¨æë ¯®ª�§�−ë ¨áå®¤−ë¥ á®áâ®ï−¨ï, ¢ àï¤�å | ¨áª�¦¥−−ë¥, � −� ¯¥à¥á¥ç¥−¨¨
áâ®«¡æ� ¨ ª®«®−ª¨ | á®®â¢¥âáâ¢ãîé�ï ª�â¥£®à¨ï ®è¨¡ª¨.

’�¡«¨æ� 3 Š«�áá¨ä¨ª�æ¨ï ®è¨¡®ª ¢ ¯à®â®-
ª®«�å ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨

ˆáå®¤−®¥ �è¨¡®ç−®¥ á®áâ®ï−¨¥
á®áâ®ï−¨¥ M O E S I

M X 2 2 2 2
O 1 X 2 2 2
E 1 3 X 3 2
S 1 3 3 X 2
I 1 1 1 1 X

3 Отказоустойчивая схема поддержания когерентности кэш-памяти

‘ æ¥«ìî á®§¤�−¨ï ®âª�§®ãáâ®©ç¨¢®© áå¥¬ë ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè-
¯�¬ïâ¨, à¥�«¨§ãîé¥© à�áá¬®âà¥−−ë¥ ¢ëè¥ ¯à®â®ª®«ë, §�ª®¤¨àã¥¬ ¢á¥ §�¯à®áë,
á®áâ®ï−¨ï ¨ á¨£−�«ë, � §�â¥¬ ¯à¨¬¥−¨¬ ª®¤, ª®àà¥ªâ¨àãîé¨© ®¤¨−®ç−ë¥ ¨ ®¡−�-
àã¦¨¢�îé¨© ¤¢®©−ë¥ ®è¨¡ª¨. �â¨ ª®¤ë, −�§ë¢�¥¬ë¥ ª®¤�¬¨ SECDED (single
error correction double error detection), è¨à®ª® ¯à¨¬¥−ïîâáï ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨
¬®¤ã«¥© ¯�¬ïâ¨ [5].
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3.1 Кодирование запросов, состояний и сигналов

�à®â®ª®« MESI. ‚ â�¡«. 4{6 ¤«ï ¯à®â®ª®«� MESI ¯à¨¢¥¤¥−� ª®¤¨à®¢ª�
§�¯à®á®¢ á®áâ®ï−¨© ¨ á¨£−�«®¢ á®®â¢¥âáâ¢¥−−®.

’®£¤� ª�¦¤�ï áâà®ª� â�¡«. 1 ¬®¦¥â ¡ëâì ¯à¥¤áâ�¢«¥−� ¢ ¢¨¤¥ ¢¥ªâ®à®¢ §�¯à®-
á®¢, á®áâ®ï−¨© ¨ á¨£−�«®¢. �â¨ ¢¥ªâ®àë ¤«ï ¯à®â®ª®«� MESI ¯à¥¤áâ�¢«¥−ë ¢
â�¡«. 7. „«ï ª®àà¥ªæ¨¨ ¨ ®¡−�àã¦¥−¨ï ®è¨¡®ª ¢ «®£¨ª¥ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â-
−®áâ¨ ¯à¨¬¥−¨¬ ª ¢¥ªâ®à�¬ §�¯à®á®¢, á®áâ®ï−¨© ¨ á¨£−�«®¢ ®¤¨− ¨§ SECDED
ª®¤®¢, −�¯à¨¬¥à ª®¤ •í¬¬¨−£� [6]. ’�ª ª�ª ª�¦¤ë© ¢¥ªâ®à ¢ª«îç�¥â 24 ¡¨â�,
â® ¯à¨¬¥−¨¬ ª®¤ 31,26, â. ¥. ª®¤ á 26-î ¨−ä®à¬�æ¨®−−ë¬¨ à�§àï¤�¬¨ ¨ 5-î
ª®−âà®«ì−ë¬¨ à�§àï¤�¬¨.

’�¡«¨æ� 4 Š®¤¨à®¢�−¨¥ §�¯à®á®¢ ¤«ï ¯à®â®ª®«� MESI

‡�¯à®á ��©â Š®¤¨à®¢ª� (è¥áâ−�¤æ�â¥à¨ç−�ï)
PrRd 0 80
PrWr 0 40
BusRd 0 20

BusRdX 0 10
Flush 0 08

’�¡«¨æ� 5 Š®¤¨à®¢�−¨¥ á®áâ®ï−¨© ¤«ï ¯à®â®ª®«� MESI

‘®áâ®ï−¨¥ ��©â Š®¤¨à®¢ª� (è¥áâ−�¤æ�â¥à¨ç−�ï)
�à¥¤ë¤ãé¥¥

M 1 80
E 1 40
S 1 20
I 1 10

�®á«¥¤ãîé¥¥
M 1 08
E 1 04
S 1 02
I 1 01

’�¡«¨æ� 6 Š®¤¨à®¢�−¨¥ á¨£−�«®¢ ¤«ï ¯à®â®ª®«� MESI

‘¨£−�« ��©â Š®¤¨à®¢ª� (è¥áâ−�¤æ�â¥à¨ç−�ï)
BusRd 2 80

BusRdX 2 40
Flush 2 20

BusWB 2 10
SigErr 2 08
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’�¡«¨æ� 7 ‚¥ªâ®àë §�¯à®á®¢, á®áâ®ï−¨© ¨ á¨£−�«®¢
¤«ï ¯à®â®ª®«� MESI

‚¥ªâ®à ‘®¤¥à¦¨¬®¥ ‚¥ªâ®à ‘®¤¥à¦¨¬®¥
1 808800 11 202210
2 804400 12 201100
3 802200 13 108110
4 801480 14 104110
5 408800 15 102110
6 404800 16 101100
7 402820 17 088008
8 401840 18 084008
9 208210 19 082100

10 204210 20 081100

‚ â�¡«. 7 ¯à¨¢¥¤¥−ë ¢¥ªâ®àë §�¯à®á®¢, á®áâ®ï−¨© ¨ á¨£−�«®¢ ¤«ï ¯à®â®ª®«�
MESI.

Š®−âà®«ì−ë¥ à�§àï¤ë ä®à¬¨àãîâáï á«¥¤ãîé¨¬ ®¡à�§®¬.
�¥à¢ë© ª®−âà®«ì−ë© à�§àï¤ | ¤®¯®«−ï¥â ¤® ç¥â−®áâ¨ ¨−ä®à¬�æ¨®−−ë¥

à�§àï¤ë á −¥ç¥â−ë¬¨ −®¬¥à�¬¨ | 1, 3, 5 ¨ â. ¤. ‚â®à®© ª®−âà®«ì−ë© à�§àï¤ |
¤®¯®«−ï¥â ¤® ç¥â−®áâ¨ ¨−ä®à¬�æ¨®−−ë¥ à�§àï¤ë á −®¬¥à�¬¨, ã ª®â®àëå ¨¬¥¥âáï 1
¢® ¢â®à®¬ à�§àï¤¥ | 2, 3, 6, 7, 10 ¨ â. ¤. ’à¥â¨© ª®−âà®«ì−ë© à�§àï¤ | ¤®¯®«−ï¥â
¤® ç¥â−®áâ¨ ¨−ä®à¬�æ¨®−−ë¥ à�§àï¤ë á −®¬¥à�¬¨, ã ª®â®àëå ¨¬¥¥âáï 1 ¢ âà¥âì¥¬
à�§àï¤¥ | 4, 5, 6, 7, 12, 13 ¨ â. ¤.

—¥â¢¥àâë© ª®−âà®«ì−ë© à�§àï¤ | ¤®¯®«−ï¥â ¤® ç¥â−®áâ¨ ¨−ä®à¬�æ¨®−−ë¥
à�§àï¤ë á −®¬¥à�¬¨, ã ª®â®àëå ¨¬¥¥âáï 1 ¢ ç¥â¢¥àâ®¬ à�§àï¤¥ | á 8 ¯® 15 ¨ 24.

’�¡«¨æ� 8 Š®¤¨à®¢�−¨¥ á®áâ®ï−¨© ¤«ï ¯à®â®ª®«� M�ESI

‘®áâ®ï−¨¥ ��©â Š®¤¨à®¢ª� (è¥áâ−�¤æ�â¥à¨ç−�ï)
�à¥¤ë¤ãé¥¥

M 1 80
E 1 40
S 1 20
I 1 10
� 0 04

�®á«¥¤ãîé¥¥
M 1 08
E 1 04
S 1 02
I 1 01
� 0 02
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Œ¥â®¤ ¯®¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ á¨áâ¥¬ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè

�ïâë© ª®−âà®«ì−ë© à�§àï¤ | ¤®¯®«−ï¥â ¤® ç¥â−®áâ¨ ¨−ä®à¬�æ¨®−−ë¥ à�§àï¤ë
á −®¬¥à�¬¨, ã ª®â®àëå ¨¬¥¥âáï 1 ¢ ¯ïâ®¬ à�§àï¤¥ | á 16 ¯® 24.

��àãè¥−¨¥ ç¥â−®áâ¨ ¢ ª�ª¨å-«¨¡® £àã¯¯�å à�§àï¤®¢ ¯®§¢®«ï¥â ®¤−®§−�ç−®
ãáâ�−®¢¨âì ¨ áª®àà¥ªâ¨à®¢�âì ®¤¨−®ç−ãî ®è¨¡ªã ¢ «î¡®¬ ¨−ä®à¬�æ¨®−−®¬
à�§àï¤¥. …á«¨ §�ä¨ªá¨à®¢�−� ®è¨¡ª� ¢ −¥§�¤¥©áâ¢®¢�−−ëå à�§àï¤�å ª®¤� |
à�§àï¤ë 6{8 ¡�©â� 0, à�§àï¤ë 6{8 ¡�©â� 2, â® â�ª�ï ®è¨¡ª� ¨£−®à¨àã¥âáï. „«ï
á−¨¦¥−¨ï ¨§¡ëâ®ç−®áâ¨ ¢ íâ¨å à�§àï¤�å à�§¬¥é�îâáï ª®−âà®«ì−ë¥ à�§àï¤ë.

�à®â®ª®« MOESI. ‚ â�¡«. 8 ¯à¨¢¥¤¥−� ª®¤¨à®¢ª� á®áâ®ï−¨© ¤«ï ¯à®â®ª®«�
M�ESI.

‚¥ªâ®àë §�¯à®á®¢, á®áâ®ï−¨© ¨ á¨£−�«®¢ ¤«ï ¯à®â®ª®«� M�ESI ¯à¥¤áâ�¢«¥-
−ë ¢ â�¡«. 9.

’�¡«¨æ� 9 ‚¥ªâ®àë §�¯à®á®¢, á®áâ®ï−¨© ¨ á¨£−�«®¢
¤«ï ¯à®â®ª®«� M�ESI

‚¥ªâ®à ‘®¤¥à¦¨¬®¥ ‚¥ªâ®à ‘®¤¥à¦¨¬®¥
1 808800 14 202210
2 860000 15 201100
3 804400 16 108010
4 802200 17 140110
5 801480 18 104010
6 408800 19 102110
7 440810 20 101100
8 404800 21 088008
9 402820 22 0C0100

10 401840 23 084008
11 208210 24 082100
12 260010 25 081100
13 204210

3.2 Реализация схемы коррекции в контроллере кэш

�� à¨á. 2 ¯à¥¤áâ�¢«¥− �«£®à¨â¬ à�¡®âë ª®−âà®««¥à� ªíè ¢ ç�áâ¨ ª®àà¥ª-
æ¨¨ ®¤¨−®ç−ëå ¨ ®¡−�àã¦¥−¨ï ¤¢®©−ëå ®è¨¡®ª ¢ «®£¨ª¥ à¥�«¨§�æ¨¨ ¯à®â®ª®«�
¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè. �®á«¥ ¯®«ãç¥−¨ï ¨−ä®à¬�æ¨¨ ® §�¯à®á�å, á®-
áâ®ï−¨ïå ¨ á¨£−�«�å íâ� ¨−ä®à¬�æ¨ï ª®¤¨àã¥âáï ¢ ¢¨¤¥ ®¯¨á�−−®£® à�−¥¥ ¢¥ªâ®à�.
�â®â ¢¥ªâ®à áà�¢−¨¢�¥âáï á ®¤−¨¬ ¨§ íâ�«®−−ëå ¢¥ªâ®à®¢ (â�¡«. 6 ¤«ï ¯à®â®ª®«�
MESI ¨«¨ â�¡«. 8 ¤«ï ¯à®â®ª®«� M�ESI). �à¨ −¥á®¢¯�¤¥−¨¨ ä®à¬¨àã¥âáï
SECDED ª®¤. �à¨ ®¡−�àã¦¥−¨¨ ¤¢®©−®© ®è¨¡ª¨ ¯®áë«�¥âáï á®®â¢¥âáâ¢ãîé¥¥
á®®¡é¥−¨¥. �à¨ ¢ë¤�ç¥ −¥ª®â®àëå á¨£−�«®¢ −� è¨−ã ¯�¬ïâ¨ ª®−âà®««¥à ¤®«¦¥−
¯®«ãç¨âì ®â¢¥â. �à¨ ®âáãâáâ¢¨¨ ®â¢¥â� ¯à®¨áå®¤¨â ú§�¢¨á�−¨¥û á¨áâ¥¬ë. —â®¡ë
¨§¡¥¦�âì â�ª®© á¨âã�æ¨¨, ¢ª«îç�¥âáï â�©¬¥à ¨ ¯® ¨áâ¥ç¥−¨¨ ãáâ�−®¢«¥−−®£®
¢à¥¬¥−¨ ®¦¨¤�−¨ï ¢ë¢®¤¨âáï á®®¡é¥−¨¥ ®¡ ®âáãâáâ¢¨¨ ®â¢¥â�.
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÷¨á. 2 �«£®à¨â¬ à�¡®âë ª®−âà®««¥à� ªíè
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Œ¥â®¤ ¯®¢ëè¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ á¨áâ¥¬ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¯à¥¤«�£�¥¬�ï áå¥¬� ª®àà¥ªæ¨¨ ¯à¥¤¯®«�£�¥â ®¯à¥¤¥-
«¥−−ë¥ §�âà�âë −� à¥�«¨§�æ¨î ª®¤� SECDED ¨ ¢®§¬®¦−® −¥¡®«ìèãî ¯®â¥àî
¯à®¨§¢®¤¨â¥«ì−®áâ¨. �¤−�ª® ®è¨¡ª¨ ¢ «®£¨ª¥ ª®£¥à¥−â−®áâ¨ ¬®£ãâ ¯à¨¢¥áâ¨ ª â�-
ª¨¬ á¥àì¥§−ë¬ ¯®á«¥¤áâ¢¨ï¬, çâ® −� ®¡−�àã¦¥−¨¥ ¨ ª®àà¥ªâ¨à®¢ªã ¯®âà¥¡ãîâáï
¡®«ìè¨¥ §�âà�âë.

4 Выводы

1. �� ®á−®¢�−¨¨ �−�«¨§� à�¡®âë ¯® ¯à®â®ª®«ã ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ªíè
¢ëï¢«¥−ë ¢®§¬®¦−ë¥ ®è¨¡ª¨, ¢ë§¢�−−ë¥ ªà�âª®¢à¥¬¥−−ë¬¨ ®âª�§�¬¨.

2. �à¥¤«®¦¥−� ª«�áá¨ä¨ª�æ¨ï ®è¨¡®ª ¢ «®£¨ª¥ à¥�«¨§�æ¨¨ ¯à®â®ª®«� ª®£¥-
à¥−â−®áâ¨ ªíè, á®£«�á−® ª®â®à®© â�ª¨¥ ®è¨¡ª¨ à�§¤¥«¥−ë −� ä�â�«ì−ë¥,
â. ¥. ¢«¨ïîé¨¥ −� ª®àà¥ªâ−®áâì ¢ë¯®«−¥−¨ï ¯à®£à�¬¬, ¨ ¢«¨ïîé¨¥ â®«ìª®
−� ¯à®¨§¢®¤¨â¥«ì−®áâì Œ‘.

3. „«ï ¤¢ãå −�¨¡®«¥¥ à�á¯à®áâà�−¥−−ëå ¯à®â®ª®«®¢ −�¡«î¤¥−¨ï | MESI ¨
MOESI | ¯à¥¤«®¦¥−� áå¥¬� ª®àà¥ªæ¨¨ ®¤¨−®ç−ëå ¨ ®¡−�àã¦¥−¨ï ¤¢®©−ëå
®è¨¡®ª á ¨á¯®«ì§®¢�−¨¥¬ ª®¤� SECDED.

4. �à¥¤«®¦¥−−�ï áå¥¬� ª®àà¥ªæ¨¨ å®âï ¨ á¢ï§�−� á ¢¢¥¤¥−¨¥¬ ¨§¡ëâ®ç−®áâ¨
¢ ª®−âà®««¥à¥ ªíè ¨ −¥ª®â®à®© ¯®â¥à¥© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ Œ‘, ®¤−�ª®
®è¨¡ª¨ ¢ «®£¨ª¥ ¯®¤¤¥à¦�−¨ï ª®£¥à¥−â−®áâ¨ ¯à¨¢®¤ïâ ª ¢¥áì¬� á¥àì¥§−ë¬
¯®á«¥¤áâ¢¨ï¬.
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АНАЛИЗ НА САМОСИНХРОННОСТЬ НЕКОТОРЫХ ТИПОВ
ЦИФРОВЫХ УСТРОЙСТВ∗

Ю. А. Степченков1, Ю. Г. Дьяченко2, Ю. В. Рождественский3, Н. В. Морозов4

�−−®â�æ¨ï: �à¥¤áâ�¢«¥− ¯®¤å®¤ ª ¯à®¢¥àª¥ æ¨äà®¢®© áå¥¬ë −� á�¬®á¨−-
åà®−−®áâì á ¨á¯®«ì§®¢�−¨¥¬ ¯à®£à�¬¬−ëå áà¥¤áâ¢, à¥�«¨§ãîé¨å á®¡ëâ¨©−ë©
¬¥â®¤ �−�«¨§�. �®ª�§�−®, çâ® áâ®¯à®æ¥−â−�ï â¥áâ®¢�ï ¯®«−®â� �−�«¨§� −� á�-
¬®á¨−åà®−−®áâì ¤«ï à¥£¨áâà®¢ á¤¢¨£� ¨ ¯�¬ïâ¨ ®¡¥á¯¥ç¨¢�¥âáï ®â−®á¨â¥«ì−®
¯à®áâë¬¨ áà¥¤áâ¢�¬¨. �à¥¤«®¦¥−� ¬¥â®¤¨ª� ®â«�¤ª¨ áå¥¬ë ¢ ¯à®æ¥áá¥ �−�-
«¨§� −� á�¬®á¨−åà®−−®áâì ¯à®¨§¢®«ì−®© áå¥¬ë. �¡®á−®¢�−� −¥®¡å®¤¨¬®áâì
¨¥à�àå¨ç¥áª®£® ¯®¤å®¤� ª �−�«¨§ã á«®¦−®© áå¥¬ë −� á�¬®á¨−åà®−−®áâì.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−ë¥ áå¥¬ë; �−�«¨§ −� á�¬®á¨−åà®−−®áâì;
â¥áâ®¢�ï ¯®«−®â� �−�«¨§�; §�¬ëª�−¨¥; ¨¥à�àå¨ç¥áª¨© �−�«¨§

1 Введение

�à¨ á®§¤�−¨¨ ãáâà®©áâ¢ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå ¢ ¯®á«¥¤−¨¥ £®¤ë ¢á¥
¡®«ìè¥¥ §−�ç¥−¨¥ ¯à¨®¡à¥â�îâ â�ª¨¥ ¨å å�à�ªâ¥à¨áâ¨ª¨, ª�ª í−¥à£®¯®âà¥¡«¥−¨¥
¨ −�¤¥¦−®áâì à�¡®âë ¯à¨ ¢®§¤¥©áâ¢¨¨ á¯¥æä�ªâ®à®¢ ¨ −¨§ª®¬ −�¯àï¦¥−¨¨ ¯¨-
â�−¨ï. ‚ á¢ï§¨ á íâ¨¬ ¢®§à�áâ�¥â ¨−â¥à¥á à�§à�¡®âç¨ª®¢ ¡®«ìè¨å ¨−â¥£à�«ì−ëå
áå¥¬ (�ˆ‘) ª ª«�ááã á�¬®á¨−åà®−−ëå (‘‘) áå¥¬. �â®â ª«�áá ¢ª«îç�¥â ¢ á¥¡ï −¥-
áª®«ìª® ¯®¤ª«�áá®¢; ®¤¨− ¨§ −�¨¡®«¥¥ ¢®áâà¥¡®¢�−−ëå ¨ ¨¬¥îé¨å ¯à�ªâ¨ç¥áª¨©
¨−â¥à¥á | ¯®¤ª«�áá áå¥¬, ¯®¢¥¤¥−¨¥ ª®â®àëå −¥ §�¢¨á¨â ®â §�¤¥à¦¥ª í«¥¬¥−â®¢,
¢å®¤ïé¨å ¢ ¨å á®áâ�¢. ‚ ¤�−−®© áâ�âì¥ ¯®¤ á�¬®á¨−åà®−−ë¬¨ ¯®−¨¬�îâáï ¨¬¥−−®
â�ª¨¥ áå¥¬ë.

‘®§¤�−¨¥ ‘‘-ãáâà®©áâ¢ âà¥¡ã¥â ¯®¤â¢¥à¦¤¥−¨ï ¯à¨−�¤«¥¦−®áâ¨ à�§à�¡�âë-
¢�¥¬®© áå¥¬ë ª ¤�−−®© ª�â¥£®à¨¨ ãáâà®©áâ¢. ‘ íâ®© æ¥«ìî ¨á¯®«ì§ã¥âáï �−�«¨§
áå¥¬ë −� á�¬®á¨−åà®−−®áâì [1]. �â� §�¤�ç� çà¥§¢ëç�©−® §�âà�â−�ï, ¥¥ á«®¦−®áâì
§�¢¨á¨â ®â ª®«¨ç¥áâ¢� ¢å®¤−ëå ¨ ¢−ãâà¥−−¨å ¯¥à¥¬¥−−ëå áå¥¬ë. �®«−®â� �−�«¨-
§� −� á�¬®á¨−åà®−−®áâì ®¯à¥¤¥«ï¥âáï �«£®à¨â¬¨ç¥áª®© ¯®«−®â®© ¨á¯®«ì§ã¥¬ëå
¯à®£à�¬¬−ëå áà¥¤áâ¢ ¨ â¥áâ®¢®© ¯®«−®â®© ¢å®¤−ëå ¢®§¤¥©áâ¢¨©, §�¤�¢�¥¬ëå

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ¯® �à®£à�¬¬¥ äã−¤�¬¥−â�«ì−ëå
¨áá«¥¤®¢�−¨© ��ˆ’ ÷�� −� 2011 £. (¯à®¥ªâ 1.5).

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, YStepchenkov@ipiran.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, YDiachenko@ipiran.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, YRogdest@ipiran.ru
4ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, NMorozov@ipiran.ru
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�−�«¨§ −� á�¬®á¨−åà®−−®áâì −¥ª®â®àëå â¨¯®¢ æ¨äà®¢ëå ãáâà®©áâ¢

¢ ¯à®æ¥áá¥ �−�«¨§�. �«£®à¨â¬¨ç¥áª�ï ¯®«−®â� ®¡¥á¯¥ç¨¢�¥âáï ¯à®£à�¬¬®© �−�-
«¨§� ¨ £�à�−â¨àã¥â ¯à®¢¥àªã ¢á¥å ¢®§¬®¦−ëå ¯à®¬¥¦ãâ®ç−ëå á®áâ®ï−¨© ¯à¨
¯¥à¥ª«îç¥−¨¨ áå¥¬ë ¨§ §�¤�−−®£® áâ�¡¨«ì−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥ áâ�¡¨«ì−®¥
á®áâ®ï−¨¥, §�¢¨áïé¥¥ ®â −�ç�«ì−®£® á®áâ®ï−¨ï ¨ ª®¬¡¨−�æ¨¨ ¢å®¤−ëå á¨£−�«®¢.
’¥áâ®¢�ï ¯®«−®â� ¢ ®¡é¥¬ á«ãç�¥ ®¡¥á¯¥ç¨¢�¥âáï ¯¥à¥¡®à®¬ ¢á¥å ¢®§¬®¦−ëå
áâ�¡¨«ì−ëå −�ç�«ì−ëå á®áâ®ï−¨© áå¥¬ë (§−�ç¥−¨© ¢å®¤®¢ áå¥¬ë ¨ ¢ëå®¤®¢
¥¥ í«¥¬¥−â®¢) ¨ §�¤�−¨¥¬ ¤«ï ª�¦¤®£® −�ç�«ì−®£® á®áâ®ï−¨ï ¢á¥å ¢®§¬®¦−ëå
ª®¬¡¨−�æ¨© ¢å®¤®¢.

�®−ïâ¨¥ â¥áâ®¢®© ¯®«−®âë (¯®«−®âë â¥áâ®¢) ¤�¢−® ¨§¢¥áâ−® ¢ á¨−åà®−−®©
áå¥¬®â¥å−¨ª¥. �−® å�à�ªâ¥à¨§ã¥â ª�ç¥áâ¢® â¥áâ®¢ëå ¢®§¤¥©áâ¢¨©, ¨á¯®«ì§ã-
îé¨åáï ¤«ï ¯à®¢¥àª¨ äã−ªæ¨®−¨à®¢�−¨ï à�§à�¡®â�−−®© áå¥¬ë. ‘â®¯à®æ¥−â−®©
¯®«−®â®© ®¡«�¤�îâ â¥áâë, £�à�−â¨àãîé¨¥ ¢ëï¢«¥−¨¥ ¢®§¬®¦−®© −¥¨á¯à�¢−®áâ¨
¢® ¢á¥å í«¥¬¥−â�å áå¥¬ë −� ®á−®¢¥ �−�«¨§� ¯®¢¥¤¥−¨ï ¢ëå®¤−ëå á¨£−�«®¢ ¢
§�¢¨á¨¬®áâ¨ ®â §�¤�−−ëå ª®¬¡¨−�æ¨© ¥¥ ¢å®¤®¢. ’¥áâ®¢�ï ¯®«−®â� �−�«¨§� −�
á�¬®á¨−åà®−−®áâì ¢ á®¡ëâ¨©−ëå ¬¥â®¤�å, à�áá¬�âà¨¢�¥¬�ï −¨¦¥, �−�«®£¨ç−�
¯®«−®â¥ â¥áâ®¢ ¢ á¨−åà®−−ëå áå¥¬�å, −® ¨¬¥¥â á¢®î á¯¥æ¨ä¨ªã. �â� á¯¥æ¨ä¨ª�
á¢ï§�−� á −¥®¡å®¤¨¬®áâìî ¨á¯®«ì§®¢�−¨ï §�¬ëª�−¨ï áå¥¬ë ¨ ¯®§¢®«ï¥â ¢ àï¤¥
á«ãç�¥¢ áãé¥áâ¢¥−−® á®ªà�â¨âì ®¡ê¥¬ ¨ ¢à¥¬ï �−�«¨§� (â¥áâ¨à®¢�−¨ï) §� áç¥â
¢ë¡®à� á®®â¢¥âáâ¢ãîé¥£® ¡«®ª� §�¬ëª�−¨ï.

„�−−�ï à�¡®â� ¯®á¢ïé¥−� à�áá¬®âà¥−¨î ¯à®æ¥¤ãàë �−�«¨§� −� á�¬®á¨−-
åà®−−®áâì ¨ à¥è¥−¨î ¯à®¡«¥¬ë â¥áâ®¢®© ¯®«−®âë â�ª®£® �−�«¨§� ¢ á®¡ëâ¨©−ëå
¬¥â®¤�å, ¨á¯®«ì§ãîé¨å §�¬ëª�−¨¥ �−�«¨§¨àã¥¬®© áå¥¬ë [1], ¤«ï à¥£¨áâà®¢
á¤¢¨£� ¨ åà�−¥−¨ï.

2 Процедура анализа на самосинхронность

�¤−® ¨§ á¢®©áâ¢ ‘‘-áå¥¬ë §�ª«îç�¥âáï ¢ â®¬, çâ® ¯à¨ «î¡®¬ §�¤�−−®¬
−�ç�«ì−®¬ á®áâ®ï−¨¨, á®®â¢¥âáâ¢ãîé¥¬ ®¤−®¬ã ¨§ ¥¥ à�¡®ç¨å á®áâ®ï−¨©, ¨ ¯à¨
¯à�¢¨«ì−® à¥�«¨§®¢�−−®¬ §�¬ëª�−¨¨ ®−� á¯®á®¡−� ¡¥áª®−¥ç−® ¯¥à¥ª«îç�âìáï
¬¥¦¤ã á¢®¨¬¨ à�¡®ç¨¬¨ á®áâ®ï−¨ï¬¨ ¡¥§ −�àãè¥−¨ï á�¬®á¨−åà®−−®áâ¨ ¯à¨
¯à®¨§¢®«ì−ëå §�¤¥à¦ª�å ¯¥à¥ª«îç¥−¨ï ¥¥ í«¥¬¥−â®¢. �â® á¢®©áâ¢® ¯à®¢¥àï¥âáï
¢ ¬¥â®¤�å �−�«¨§� áå¥¬ë, ¨á¯®«ì§ãîé¨å §�¬ëª�−¨¥ �−�«¨§¨àã¥¬®© áå¥¬ë.

÷�§à�¡®âç¨ª, ¦¥«�îé¨© ¯à®�−�«¨§¨à®¢�âì á¯à®¥ªâ¨à®¢�−−ãî áå¥¬ã −� á�-
¬®á¨−åà®−−®áâì, ¤®«¦¥− à¥è¨âì: (1) ¢ ª�ª®¬ ¢¨¤¥ −�¤® �−�«¨§¨à®¢�âì áå¥¬ã;
(2) ª�ª ®¡¥á¯¥ç¨âì áâ®¯à®æ¥−â−ãî â¥áâ®¢ãî ¯®«−®âã �−�«¨§�; (3) ª�ª −�©â¨ ¨
¨á¯à�¢¨âì −�àãè¥−¨¥ á�¬®á¨−åà®−−®áâ¨ ¢ áå¥¬¥.

2.1 Подготовка схемы для анализа

‚ ®¡é¥¬ á«ãç�¥ �−�«¨§¨àã¥¬�ï áå¥¬� ï¢«ï¥âáï ç�áâìî ª�ª®£®-â® æ¨äà®¢®£®
ãáâà®©áâ¢�. –¥«ì �−�«¨§� −� á�¬®á¨−åà®−−®áâì ¨ ¨â¥à�â¨¢−®© ®â«�¤ª¨ áå¥¬ë |
¤®¡¨âìáï â®£®, çâ®¡ë ®−� ¢¥«� á¥¡ï ª�ª ‘‘-ãáâà®©áâ¢® ¢ á®áâ�¢¥ ®¡é¥© �ˆ‘.
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‘�¬®á¨−åà®−−®áâì áå¥¬ë ®¡¥á¯¥ç¨¢�¥âáï ®à£�−¨§�æ¨¥© ¯à�¢¨«ì−®© ¤¨áæ¨¯«¨−ë
¨§¬¥−¥−¨ï ¢å®¤−ëå, ¯à®¬¥¦ãâ®ç−ëå ¨ ¢ëå®¤−ëå á¨£−�«®¢, á ®¤−®© áâ®à®−ë,
¨ à¥�«¨§�æ¨¥© ¤®áâ®¢¥à−®© ¨ ¯®«−®© ¨−¤¨ª�æ¨¨ ¢ëå®¤®¢ í«¥¬¥−â®¢ áå¥¬ë, á
¤àã£®© áâ®à®−ë.

‚á¥ á¨£−�«ë ¢ ‘‘-áå¥¬¥ à�§¤¥«ïîâáï −� ¨−ä®à¬�æ¨®−−ë¥, ãáâ�−®¢®ç−ë¥,
ã¯à�¢«ïîé¨¥ ¨ ¨−¤¨ª�â®à−ë¥. �à�¢¨«ì−�ï ¤¨áæ¨¯«¨−� ¨§¬¥−¥−¨ï á®£«�á®-
¢�−−ëå ¨−ä®à¬�æ¨®−−ëå ¨ ã¯à�¢«ïîé¨å ¢å®¤®¢ ¯à¥¤¯®«�£�¥â [1], ¢®-¯¥à¢ëå,
áâà®£®¥ ç¥à¥¤®¢�−¨¥ à�¡®ç¥© ¨ á¯¥©á¥à−®© ä�§ à�¡®âë áå¥¬ë ¨, ¢®-¢â®àëå,
¨−¨æ¨¨à®¢�−¨¥ ¯¥à¥å®¤� ¢ á«¥¤ãîéãî ä�§ã à�¡®âë â®«ìª® ¯®á«¥ §�¢¥àè¥−¨ï
¯¥à¥ª«îç¥−¨ï ¢á¥å ¢®§¡ã¦¤¥−−ëå í«¥¬¥−â®¢ áå¥¬ë. �¥à¥å®¤ ¢ ®ç¥à¥¤−ãî ä�-
§ã à�¡®âë ¨−¨æ¨¨àã¥âáï ¯�à�ä�§−ë¬¨ ¨−ä®à¬�æ¨®−−ë¬¨ ¢å®¤�¬¨ [1] ¨/¨«¨
ã¯à�¢«ïîé¨¬¨ ¢å®¤�¬¨ áå¥¬ë. �ª®−ç�−¨¥ ¯¥à¥ª«îç¥−¨ï ¢á¥å í«¥¬¥−â®¢ áå¥-
¬ë ä¨ªá¨àã¥âáï ¨−¤¨ª�â®à−ë¬¨ ¢ëå®¤�¬¨. ‘«¥¤®¢�â¥«ì−®, ¨§¬¥−¥−¨ï ¢å®¤®¢ ¢
¯à®æ¥áá¥ �−�«¨§� ¤®«¦−ë ¡ëâì ¯à¨¢ï§�−ë ª ¨§¬¥−¥−¨ï¬ ¨−¤¨ª�â®à−ëå ¢ëå®¤®¢.
� ¨§¬¥−¥−¨ï ¡¨ä�§−ëå ¨ ã−�à−ëå ¢å®¤®¢, ªà®¬¥ â®£®, ¤®«¦−ë ¡ëâì á®£«�á®¢�−ë
á ¨§¬¥−¥−¨ï¬¨ á®®â¢¥âáâ¢ãîé¨å ã¯à�¢«ïîé¨å ¢å®¤®¢.

‚ á®¡ëâ¨©−ëå ¬¥â®¤�å �−�«¨§� [2, 3] á®¡«î¤¥−¨¥ â�ª¨å §�¢¨á¨¬®áâ¥© ®¡¥á-
¯¥ç¨¢�¥âáï ¯®áâà®¥−¨¥¬ ¡«®ª� §�¬ëª�−¨ï. �� ®á−®¢¥ ¨−¤¨ª�â®à−ëå ¢ëå®¤®¢
�−�«¨§¨àã¥¬®© áå¥¬ë ®− à¥�«¨§ã¥â −¥®¡å®¤¨¬®¥ á®£«�á®¢�−¨¥ ¥¥ ¢å®¤−ëå á¨£-
−�«®¢ ¨ ®¡¥á¯¥ç¨¢�¥â ¯à�¢¨«ì−®¥ ç¥à¥¤®¢�−¨¥ ä�§ ¥¥ à�¡®âë. ‚ à¥§ã«ìâ�â¥
�−�«¨§¨àã¥¬�ï áå¥¬� ®ª�§ë¢�¥âáï §�¬ª−ãâ®©, ª�ª ¯®ª�§�−® −� à¨á. 1. ‡¤¥áì
Di, Dt, Do | ¢å®¤−ë¥, ¯à®¬¥¦ãâ®ç−ë¥ ¨ ¢ëå®¤−ë¥ ¨−ä®à¬�æ¨®−−ë¥ á¨£−�«ë;
Ei ¨ Et | ¢å®¤−ë¥ ¨ ¯à®¬¥¦ãâ®ç−ë¥ ã¯à�¢«ïîé¨¥ á¨£−�«ë; Io | ¢ëå®¤−®©
¨−¤¨ª�â®à−ë© á¨£−�«.

�«®ª §�¬ëª�−¨ï ¯à¨ �−�«¨§¥ −� á�¬®á¨−åà®−−®áâì á«ã¦¨â äã−ªæ¨®−�«ì−ë¬
�−�«®£®¬ áå¥¬ë, à¥�«¨§ãîé¥© §�¯à®á−®-®â¢¥â−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã �−�-
«¨§¨àã¥¬®© áå¥¬®© ¨ ¥¥ £¨¯®â¥â¨ç¥áª¨¬ ®ªàã¦¥−¨¥¬. ‚ à�§®¬ª−ãâëå áå¥¬�å
âà¥¡ã¥¬ë¥ ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ë¥ §�¢¨á¨¬®áâ¨ ¬¥¦¤ã ¢å®¤−ë¬¨ ¨ ¢ëå®¤−ë¬¨
á¨£−�«�¬¨ â®«ìª® ¯à¥¤¯®«�£�îâáï ¨«¨ ®¯¨á�−ë ¢ á¯¥æ¨ä¨ª�æ¨¨ áå¥¬ë. ÷¥�«¨§�-
æ¨î íâ¨å ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå §�¢¨á¨¬®áâ¥© ®¡¥á¯¥ç¨¢�¥â §�¬ëª�−¨¥ áå¥¬ë
«¨¡® ¢ ®â¤¥«ì−®áâ¨, «¨¡® ¢ á®áâ�¢¥ ®¡é¥© áå¥¬ë. �®áâà®¥−¨¥ ¡«®ª� §�¬ëª�−¨ï
¢ ¯à®æ¥áá¥ �−�«¨§� áå¥¬ë −� á�¬®á¨−åà®−−®áâì ¯®¬®£�¥â à�§à�¡®âç¨ªã ¯®−ïâì,
ª�ª áâà®¨âì §�¯à®á−®-®â¢¥â−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ ¤�−−®© áå¥¬ë á ¥¥ úá®á¥¤ï¬¨û ¢
à¥�«ì−®© �ˆ‘, ¨ ®â«�¤¨âì íâ® ¢§�¨¬®¤¥©áâ¢¨¥.

”ã−ªæ¨®−�«ì−ë© ¬¥â®¤ �−�«¨§� áå¥¬ë −� á�¬®á¨−åà®−−®áâì [4] à�¡®â�¥â á
à�§®¬ª−ãâ®© áå¥¬®©, −¥ ¨¬¥îé¥© ¡«®ª� §�¬ëª�−¨ï.

2.2 Обеспечение стопроцентной тестовой полноты анализа

‡�¤�ç� �−�«¨§� −� á�¬®á¨−åà®−−®áâì | ¯à®¢¥à¨âì, çâ® ¢á¥ ¨−¨æ¨¨à®¢�−−ë¥
¯¥à¥ª«îç¥−¨ï í«¥¬¥−â®¢ ¢ áå¥¬¥ §�¢¥àè�îâáï ¢ â¥ªãé¥© ä�§¥ ¤® ¨§¬¥−¥−¨ï
§−�ç¥−¨ï á®®â¢¥âáâ¢ãîé¥£® ¨−¤¨ª�â®à−®£® ¢ëå®¤�.
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�−�«¨§ −� á�¬®á¨−åà®−−®áâì −¥ª®â®àëå â¨¯®¢ æ¨äà®¢ëå ãáâà®©áâ¢

÷¨á. 1 �−�«¨§¨àã¥¬�ï áå¥¬� á ¡«®ª®¬ §�¬ëª�−¨ï

��§®¢¥¬ áâ®¯à®æ¥−â−® ¯®«−ë¬, á â®çª¨ §à¥−¨ï â¥áâ®¢®© ¯®«−®âë, �−�«¨§,
¯®¤â¢¥à¦¤�îé¨© á®åà�−¥−¨¥ á�¬®á¨−åà®−−®áâ¨ �−�«¨§¨àã¥¬®© áå¥¬ë ¯à¨ ¥¥
«î¡®¬ ¤®¯ãáâ¨¬®¬ áâ�¡¨«ì−®¬ (à�¢−®¢¥á−®¬ [5, c. 51]) á®áâ®ï−¨¨ (¯à®¨§¢®«ì−®©
ª®¬¡¨−�æ¨¨ ¢å®¤®¢ ¨ «î¡®¬ −¥ ¯à®â¨¢®à¥ç�é¥¬ ¥© ¢−ãâà¥−−¥¬ á®áâ®ï−¨¨), ¢§ïâ®¬
¢ ª�ç¥áâ¢¥ −�ç�«ì−®£® á®áâ®ï−¨ï. �¥®¡å®¤¨¬ë¥ ¨ ¤®áâ�â®ç−ë¥ ãá«®¢¨ï ¤®áâ¨-
¦¥−¨ï áâ®¯à®æ¥−â−®© â¥áâ®¢®© ¯®«−®âë �−�«¨§� §�¢¨áïâ ®â â¨¯� �−�«¨§¨àã¥¬®©
áå¥¬ë.

�à¨ ¨á¯®«ì§®¢�−¨¨ ¯à®£à�¬¬−ëå áà¥¤áâ¢ �‘ˆ�� [2] ¨«¨ �‘�…Š’ [3]
à�§à�¡®âç¨ª ¤«ï ®¡¥á¯¥ç¥−¨ï áâ®¯à®æ¥−â−®© â¥áâ®¢®© ¯®«−®âë �−�«¨§� ¤®«¦¥−
¯®¤ª«îç¨âì ª áå¥¬¥ ¡«®ª §�¬ëª�−¨ï, ª®â®àë© ¯à¨ �¢â®−®¬−®© (æ¨ª«¨ç¥áª®©) à�-
¡®â¥ á −¨¬ �−�«¨§¨àã¥¬®© áå¥¬ë £�à�−â¨à®¢�« ¡ë ¢ ®¡é¥¬ á«ãç�¥ ¯à®å®¦¤¥−¨¥
¢á¥å §−�ç¨¬ëå (á â®çª¨ §à¥−¨ï â¥áâ®¢®© ¯®«−®âë �−�«¨§�) áâ�¡¨«ì−ëå á®áâ®ï−¨©
áå¥¬ë ¯«îá ¯¥à¥å®¤ë ¬¥¦¤ã −¨¬¨. �®áâà®¥−¨¥ ¡«®ª� §�¬ëª�−¨ï âà¥¡ã¥â ®â
à�§à�¡®âç¨ª� §−�−¨ï ®á®¡¥−−®áâ¥© à�¡®âë áå¥¬ë ¨ ¢ ®¡é¥¬ á«ãç�¥ ï¢«ï¥âáï
−¥âà¨¢¨�«ì−®© §�¤�ç¥©, á«®¦−®áâì ª®â®à®© ¯à®¯®àæ¨®−�«ì−� á«®¦−®áâ¨ �−�«¨-
§¨àã¥¬®© áå¥¬ë. �¤−�ª® ¤«ï àï¤� â¨¯®¢ëå æ¨äà®¢ëå ãáâà®©áâ¢, −�¯à¨¬¥à
à¥£¨áâà®¢ á¤¢¨£� ¨ åà�−¥−¨ï, ®−� à¥è�¥âáï ¤®áâ�â®ç−® ¯à®áâ®.

‚ áâ�âì¥ [5, c. 53{55] ¤�¥âáï ®¡®á−®¢�−¨¥ ¤®áâ�â®ç−ëå ãá«®¢¨© ®¡¥á¯¥ç¥−¨ï
¯®«−®âë �−�«¨§� −� á�¬®á¨−åà®−−®áâì: áå¥¬� ¬®¦¥â áç¨â�âìáï ¯®«−®áâìî ¯à®-
�−�«¨§¨à®¢�−−®©, ¥á«¨ ¢ ¯à®æ¥áá¥ �−�«¨§� ®−� ¯à®©¤¥â ¯® ¢á¥¬ á¢®¨¬ à�¡®ç¨¬
á®áâ®ï−¨ï¬ ¨ ¯à¨ íâ®¬ ¡ã¤¥â ¯à®¢¥à¥− ¯¥à¥å®¤ ¨§ ª�¦¤®£® à�¡®ç¥£® á®áâ®ï−¨ï
¢ «î¡®¥ ¤àã£®¥ ¤®áâ¨¦¨¬®¥ ¨§ −¥£® à�¡®ç¥¥ á®áâ®ï−¨¥. �¢â®à ãª�§ë¢�¥â, çâ®
íâ® −¥ ï¢«ï¥âáï −¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬ ¤«ï ¯®¤â¢¥à¦¤¥−¨ï á�¬®á¨−åà®−−®áâ¨
áå¥¬ë. „¥©áâ¢¨â¥«ì−®, ¤«ï ¬−®£¨å â¨¯®¢ëå æ¨äà®¢ëå ãáâà®©áâ¢ â�ª®© �−�«¨§
¨§¡ëâ®ç¥−. ÷�áá¬®âà¨¬ ª®−ªà¥â−ë¥ ¯à¨¬¥àë: à¥£¨áâà á¤¢¨£� á ¯®á«¥¤®¢�â¥«ì−®©
§�¯¨áìî ¨ à¥£¨áâà åà�−¥−¨ï á ¯�à�««¥«ì−®© §�¯¨áìî.

÷¥£¨áâà á¤¢¨£� ¨¬¥¥â ®¤¨− ¨−ä®à¬�æ¨®−−ë© ¢å®¤ ¨ ¡®«ìè®¥ ª®«¨ç¥áâ¢®
¢−ãâà¥−−¨å á®áâ®ï−¨©, ª®â®à®¥ ¤«ï n-à�§àï¤−®£® à¥£¨áâà� ¬®¦−® ®æ¥−¨âì á−¨§ã
¯® ä®à¬ã«¥ 4 · (2,6n−1), ¯®«ãç¥−−®© í¬¯¨à¨ç¥áª¨¬ ¯ãâ¥¬. �® ¯à®¢¥àïâì ¢á¥
¢−ãâà¥−−¨¥ á®áâ®ï−¨ï ¢ ¯à®æ¥áá¥ �−�«¨§� −¥ âà¥¡ã¥âáï.

�ãáâì ¢á¥ à�§àï¤ë à¥£¨áâà� á¤¢¨£� ¨¬¥îâ ¨−¤¨ª�â®à−ë© ¢ëå®¤ (à¨á. 2).
Š�¦¤ë© à�§àï¤ äã−ªæ¨®−¨àã¥â ¢ á®®â¢¥âáâ¢¨¨ á® á¢®¨¬¨ ¢å®¤�¬¨ ã¯à�¢«¥−¨ï:
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÷¨á. 2 —¥âëà¥åà�§àï¤−ë© à¥£¨áâà á¤¢¨£�

®¡é¨¬ E ¨ ¯®à�§àï¤−ë¬ E0. ˆ−ä®à¬�æ¨®−−ë© ¢å®¤ {R,S} ä®à¬¨àã¥âáï ¯à¥¤-
è¥áâ¢ãîé¨¬ à�§àï¤®¬, � ¤«ï ¯¥à¢®£® à�§àï¤� | ¢−¥è−¨¬ ãáâà®©áâ¢®¬. ‘¨£−�«
ã¯à�¢«¥−¨ï E0, −�®¡®à®â, ä®à¬¨àã¥âáï ¯®á«¥¤ãîé¨¬ à�§àï¤®¬ à¥£¨áâà� á¤¢¨£�.
‘®áâ®ï−¨¥ i-£® à�§àï¤� −¥ ®ª�§ë¢�¥â −¨ª�ª®£® ¢«¨ï−¨ï −� á®áâ®ï−¨ï à�§àï¤®¢
á ¯¥à¢®£® ¯® (i − 2)-© ¨ á (i + 2)-£® ¯® n-©. „«ï ¯à®¢¥àª¨ á�¬®á¨−åà®−−®áâ¨
¯®¢¥¤¥−¨ï à¥£¨áâà� á¤¢¨£� −� à¨á. 2 −¥®¡å®¤¨¬® ¨ ¤®áâ�â®ç−® áä®à¬¨à®¢�âì
â�ªãî ¯®á«¥¤®¢�â¥«ì−®áâì ¢å®¤−ëå á¨£−�«®¢, ª®â®à�ï ¡ë ®¡¥á¯¥ç¨«� §�¯¨áì ¢
ª�¦¤ë© à�§àï¤ ú0 ¯®á«¥ 0û, ú0 ¯®á«¥ 1û, ú1 ¯®á«¥ 0û ¨ ú1 ¯®á«¥ 1û.

’�ª�ï ¯®á«¥¤®¢�â¥«ì−®áâì ¯à¥¤áâ�¢«ï¥â á®¡®© −¥¯à¥àë¢−®¥ ç¥à¥¤®¢�−¨¥ ¯�à
−ã«¥© ¨ ¥¤¨−¨æ {00110011 . . .} −� ¨−ä®à¬�æ¨®−−®¬ ¢å®¤¥ ¯¥à¢®£® à�§àï¤�. �¥-
®¡å®¤¨¬�ï ¨ ¤®áâ�â®ç−�ï ¤«¨−� ¥¥ à�¢−� n + 4. �«®ª §�¬ëª�−¨ï ¤«ï â�ª®£®
à¥£¨áâà� á¤¢¨£� à¥�«¨§ã¥âáï �¯¯�à�â−® á ¯®¬®éìî ¤¢ãåà�§àï¤−®£® ¤¢®¨ç−®£®
‘‘-áç¥âç¨ª�. ˆ−ä®à¬�æ¨®−−ë© ¢å®¤ à¥£¨áâà� á¤¢¨£� ¯®¤ª«îç�¥âáï ª ¨−ä®à-
¬�æ¨®−−®¬ã ¢ëå®¤ã ¢â®à®£® à�§àï¤� áç¥âç¨ª�. ˆ−¤¨ª�â®à−ë© ¢ëå®¤ áç¥âç¨ª�
ä®à¬¨àã¥â ®¡é¨© á¨£−�« ã¯à�¢«¥−¨ï ¤«ï ¢á¥å à�§àï¤®¢ à¥£¨áâà�. ‘ç¥â−ë© ¢å®¤
áç¥âç¨ª� ä®à¬¨àã¥âáï ¨−¤¨ª�â®à−ë¬ ¢ëå®¤®¬ à¥£¨áâà� (I), á®¡à�−−ë¬ ¨§ ¯®à�§-
àï¤−ëå ¨−¤¨ª�â®à−ëå ¢ëå®¤®¢ (á¨£−�«ë I1{I4 −� à¨á. 2) á ¯®¬®éìî ƒ-âà¨££¥à�
(GI4). ‚ ¯à®æ¥áá¥ æ¨ª«¨ç¥áª®© à�¡®âë §�¬ª−ãâ®© áå¥¬ë áç¥âç¨ª §� n + 4 æ¨ª-
«®¢ ®¡¥á¯¥ç¨â ä®à¬¨à®¢�−¨¥ ãª�§�−−®© ¢ëè¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ¯�à −ã«¥© ¨
¥¤¨−¨æ.

‚ ®¡é¥¬ á«ãç�¥ n-à�§àï¤−ë© à¥£¨áâà ¯�¬ïâ¨ á ¯�à�««¥«ì−®© §�¯¨áìî ¨¬¥¥â
n ¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢ (ã−�à−ëå, ¡¨ä�§−ëå ¨«¨ ¯�à�ä�§−ëå). �ãáâì ¢á¥
à�§àï¤ë à¥£¨áâà� ¯�¬ïâ¨ à¥�«¨§®¢�−ë −� ®¤¨−�ª®¢ëå ¤¢ãåâ�ªâ−ëå âà¨££¥à�å
á ¡¨ä�§−ë¬ ¨−ä®à¬�æ¨®−−ë¬ ¢å®¤®¬ ¨ ¨¬¥îâ ¨−¤¨ª�â®à−ë© ¢ëå®¤. —¨á«®
¢−ãâà¥−−¨å á®áâ®ï−¨© â�ª®£® à¥£¨áâà� ¡ã¤¥â à�¢−® 4n. �® á â®çª¨ §à¥−¨ï
§�¯¨á¨ ¨ åà�−¥−¨ï ¨−ä®à¬�æ¨¨ ¢á¥ à�§àï¤ë à¥£¨áâà� ¯�¬ïâ¨ −¥ §�¢¨áïâ ¤àã£ ®â
¤àã£�. �®íâ®¬ã −¥®¡å®¤¨¬® ¨ ¤®áâ�â®ç−® ¯à®¢¥à¨âì á�¬®á¨−åà®−−®áâì à¥£¨áâà�
¢ à¥¦¨¬�å §�¯¨á¨ ¢® ¢á¥ à�§àï¤ë ®¤−®¢à¥¬¥−−® ú0 ¯®á«¥ 0û, ú0 ¯®á«¥ 1û, ú1
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�−�«¨§ −� á�¬®á¨−åà®−−®áâì −¥ª®â®àëå â¨¯®¢ æ¨äà®¢ëå ãáâà®©áâ¢

¯®á«¥ 0û ¨ ú1 ¯®á«¥ 1û. �â® ®¡¥á¯¥ç¨¢�¥âáï ä®à¬¨à®¢�−¨¥¬ ¯®á«¥¤®¢�â¥«ì−®áâ¨
{00110} −� ¨−ä®à¬�æ¨®−−ëå ¢å®¤�å à�§àï¤®¢.

‚ ª�ç¥áâ¢¥ ¡«®ª� §�¬ëª�−¨ï ¢ ¤�−−®¬ á«ãç�¥ ¤®áâ�â®ç−® ¨á¯®«ì§®¢�âì ¤¢ãå-
à�§àï¤−ë© ¤¢®¨ç−ë© ‘‘-áç¥âç¨ª, ¢â®à®© à�§àï¤ ª®â®à®£® ¨ ä®à¬¨àã¥â ¨−ä®à-
¬�æ¨®−−ë¥ ¢å®¤ë à¥£¨áâà�. ‚ ¯à®æ¥áá¥ æ¨ª«¨ç¥áª®© à�¡®âë §�¬ª−ãâ®© áå¥¬ë
áç¥âç¨ª §� ç¥âëà¥ æ¨ª«� ®¡¥á¯¥ç¨â ä®à¬¨à®¢�−¨¥ ãª�§�−−®© ¢ëè¥ ¯®á«¥¤®¢�-
â¥«ì−®áâ¨ §−�ç¥−¨© ¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢ ¤«ï ¢á¥å à�§àï¤®¢ à¥£¨áâà�.

÷�áá¬®âà¥−−ë¥ ¯à¨¬¥àë ¯®ª�§ë¢�îâ, çâ® ¤«ï ®¡¥á¯¥ç¥−¨ï áâ®¯à®æ¥−â−®©
â¥áâ®¢®© ¯®«−®âë �−�«¨§� −� á�¬®á¨−åà®−−®áâì à¥£¨áâàë á¤¢¨£� ¨ ¯�¬ïâ¨, ¨¬¥-
îé¨¥ à¥£ã«ïà−ãî áâàãªâãàã, −¥ âà¥¡ãîâ ¯®«−®£® ¯¥à¥¡®à� ¢á¥å ¢®§¬®¦−ëå
áâ�¡¨«ì−ëå á®áâ®ï−¨©. „«ï à¥£¨áâà� á¤¢¨£� −¥®¡å®¤¨¬® ¨ ¤®áâ�â®ç−® n + 4
æ¨ª«®¢, £¤¥ n | ç¨á«® ¥£® à�§àï¤®¢, � ¤«ï à¥£¨áâà� ¯�¬ïâ¨ | ç¥âëà¥å æ¨ª«®¢.
�à¨ íâ®¬ ª�¦¤ë© à�§àï¤ à¥£¨áâà� ¤®«¦¥− ¨¬¥âì ¨−¤¨ª�â®à−ë© ¢ëå®¤, ®¡¥á¯¥-
ç¨¢�îé¨© áâ®¯à®æ¥−â−ãî ¨−¤¨ª�æ¨î ¢−ãâà¥−−¨å í«¥¬¥−â®¢ à�§àï¤�, ¥£® ¢å®¤®¢
¨ ¢ëå®¤®¢.

‚® ¢á¥å à�áá¬®âà¥−−ëå â¨¯�å æ¨äà®¢ëå ãáâà®©áâ¢ ¡«®ª §�¬ëª�−¨ï áâà®¨âáï
−� ®á−®¢¥ ¤¢®¨ç−®£® ‘‘-áç¥âç¨ª�. �«®ª §�¬ëª�−¨ï ¯à®¨§¢®«ì−®© áå¥¬ë ¬®¦¥â
¢ª«îç�âì ¢ á¥¡ï −¥áª®«ìª® â�ª¨å áç¥âç¨ª®¢ à�§−®© à�§àï¤−®áâ¨, á¢ï§�−−ëå ¨«¨
−¥ á¢ï§�−−ëå ¤àã£ á ¤àã£®¬ ª�ª¨¬¨-«¨¡® ®â−®è¥−¨ï¬¨, ¤«ï ®¡¥á¯¥ç¥−¨ï ¯®á«¥¤®-
¢�â¥«ì−®áâ¥© â¥áâ®¢ëå ¢®§¤¥©áâ¢¨©, ¯®¤�¢�¥¬ëå −� à�§−ë¥ ç�áâ¨ �−�«¨§¨àã¥¬®©
áå¥¬ë.

„®áâ¨çì áâ®¯à®æ¥−â−®© â¥áâ®¢®© ¯®«−®âë �−�«¨§� −� á�¬®á¨−åà®−−®áâì ¤«ï
®â−®á¨â¥«ì−® ¯à®áâëå áå¥¬ −¥âàã¤−®. „«ï ®¤−®£® ¨§ ¢ë¡à�−−ëå −�ç�«ì−ëå
à�¡®ç¨å á®áâ®ï−¨© ¤®áâ�â®ç−® àãª®¢®¤áâ¢®¢�âìáï á«¥¤ãîé¨¬¨ ¯à¨−æ¨¯�¬¨:

{ ä®à¬¨à®¢�−¨¥ á¢ï§�−−®© £àã¯¯ë ¨§ m ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢, ï¢«ï-
îé¨åáï ¢å®¤�¬¨ ®¤−®£® äã−ªæ¨®−�«ì−®£® ¡«®ª� ¢ á®áâ�¢¥ �−�«¨§¨àã¥¬®©
áå¥¬ë, à¥�«¨§ã¥âáï á�¬®á¨−åà®−−ë¬ ¤¢®¨ç−ë¬ (m+ 1)-à�§àï¤−ë¬ áç¥âç¨-
ª®¬;

{ ¡¨ä�§−ë¥ ¨−ä®à¬�æ¨®−−ë¥ ¢å®¤ë �−�«¨§¨àã¥¬®© áå¥¬ë ¯®¤ª«îç�îâáï −¥-
¯®áà¥¤áâ¢¥−−® ª ¨−ä®à¬�æ¨®−−ë¬ ¢ëå®¤�¬ áç¥âç¨ª�, −�ç¨−�ï á® ¢â®à®£®
à�§àï¤�;

{ ¨−¤¨ª�â®à−ë© ¢ëå®¤ áç¥âç¨ª� á ¯®¬®éìî ¨−¢¥àâ®à� ¨«¨ ¯®¢â®à¨â¥«ï ä®à-
¬¨àã¥â á¨£−�« ã¯à�¢«¥−¨ï, á®¯à®¢®¦¤�îé¨© ¡¨ä�§−ë¥ ¨−ä®à¬�æ¨®−−ë¥
¢å®¤ë �−�«¨§¨àã¥¬®© áå¥¬ë;

{ ¥á«¨ ¨−ä®à¬�æ¨®−−ë¥ ¢å®¤ë �−�«¨§¨àã¥¬®© áå¥¬ë | ¯�à�ä�§−ë¥ á® á¯¥©-
á¥à®¬, ¨−ä®à¬�æ¨®−−ë¥ ¢ëå®¤ë áç¥âç¨ª� ¯à®¯ãáª�îâáï ç¥à¥§ ¤®¯®«−¨â¥«ì-
−ãî ¯®¤áå¥¬ã ¯à¥®¡à�§®¢�−¨ï ¡¨ä�§−ëå á¨£−�«®¢ ¢ ¯�à�ä�§−ë¥ á âà¥¡ã¥¬ë¬
â¨¯®¬ á¯¥©á¥à�; ¤«ï íâ®© ¯®¤áå¥¬ë ¢å®¤®¬ ã¯à�¢«¥−¨ï á«ã¦¨â ¨−¤¨ª�â®à-
−ë© ¢ëå®¤ áç¥âç¨ª�, � ¥¥ á®¡áâ¢¥−−ë© ¨−¤¨ª�â®à−ë© ¢ëå®¤ ¨á¯®«ì§ã¥âáï
¤«ï ä®à¬¨à®¢�−¨ï áç¥â−®£® á¨£−�«� áç¥âç¨ª� ¢ ¡«®ª¥ §�¬ëª�−¨ï ¢¬¥áâ¥ á
¨−¤¨ª�â®à−ë¬ ¢ëå®¤®¬ �−�«¨§¨àã¥¬®© áå¥¬ë;
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÷¨á. 3 ‘å¥¬� 4-à�§àï¤−®£® à¥£¨áâà� á¤¢¨£� (RG) á ¡«®ª®¬ §�¬ëª�−¨ï

{ ¥á«¨ ã �−�«¨§¨àã¥¬®© áå¥¬ë −¥áª®«ìª® ¨−¤¨ª�â®à−ëå ¢ëå®¤®¢, ®−¨ ®¡ê¥¤¨-
−ïîâáï ƒ-âà¨££¥à®¬, ¢å®¤ïé¨¬ ¢ á®áâ�¢ ¡«®ª� §�¬ëª�−¨ï;

{ ¥á«¨ ã �−�«¨§¨àã¥¬®© áå¥¬ë −¥áª®«ìª® ¢å®¤®¢ ã¯à�¢«¥−¨ï á ®¤¨−�ª®¢ë¬
á¯¥©á¥à®¬, á¢ï§�−−ëå á ®¤−¨¬ ¯®¤¬−®¦¥áâ¢®¬ ¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢,
®−¨ ¯®¤ª«îç�îâáï ª ¨−¤¨ª�â®à−®¬ã ¢ëå®¤ã ¡«®ª� §�¬ëª�−¨ï á ¯®¬®éìî
¯®¢â®à¨â¥«¥©;

{ ¯®¢â®à¨âì ¯¥à¥ç¨á«¥−−ë¥ è�£¨ ¤«ï ¤àã£¨å §−�ç¨¬ëå ¨ −¥ ¯®ªàëâëå à�¡®ç¨å
á®áâ®ï−¨©.

Š ®â−®á¨â¥«ì−® ¯à®áâë¬ áå¥¬�¬ ®â−®áïâáï, ¢ ¯¥à¢ãî ®ç¥à¥¤ì, ª®¬¡¨−�æ¨®−-
−ë¥ áå¥¬ë, � â�ª¦¥ áå¥¬ë á −¥¡®«ìè¨¬ ç¨á«®¬ ¢å®¤®¢ ¨ ¯¥à¥¬¥−−ëå ¯�¬ïâ¨ (−¥
¡®«¥¥ 2{3). �¤−�ª® áî¤� ¦¥ ¬®¦−® ®â−¥áâ¨ ¨ ¬−®£®à�§àï¤−ë¥ à¥£¨áâàë á¤¢¨£� ¨
¯�¬ïâ¨. �� à¨á. 3 ¯®ª�§�−� áå¥¬� 4-à�§àï¤−®£® à¥£¨áâà� á¤¢¨£�, ¯®¤£®â®¢«¥−−�ï
¤«ï �−�«¨§� −� á�¬®á¨−åà®−−®áâì. ‘�¬ à¥£¨áâà ¯à¥¤áâ�¢«¥− äã−ªæ¨®−�«ì−ë¬
¡«®ª®¬ RG, à¥�«¨§�æ¨ï ª®â®à®£® ¯à¨¢¥¤¥−� −� à¨á. 2. �¡¢¥¤¥−−�ï èâà¨å¯ã−ª-
â¨à−®© «¨−¨¥© ç�áâì áå¥¬ë ¯à¥¤áâ�¢«ï¥â á®¡®© ¡«®ª §�¬ëª�−¨ï. „¢®¨ç−ë©
¤¢ãåà�§àï¤−ë© áç¥âç¨ª ¯®áâà®¥− −� í«¥¬¥−â�å C0R, í«¥¬¥−â AND3 ï¢«ï¥âáï
¨−¤¨ª�â®à®¬ áç¥âç¨ª�. ˆ−¢¥àâ®à U1 ®¡¥á¯¥ç¨¢�¥â á®£«�á®¢�−¨¥ ä�§ ¨−¤¨ª�â®à-
−®£® ¢ëå®¤� à¥£¨áâà� ¨ áç¥â−®£® ¢å®¤� áç¥âç¨ª�. ˆ−¢¥àâ®à U2 á®£«�á®¢ë¢�¥â
�ªâ¨¢−ë¥ ãà®¢−¨ ¢å®¤®¢ −�ç�«ì−®£® á¡à®á� áç¥âç¨ª� ¨ à¥£¨áâà�. ‚å®¤ −¥á�¬®á¨−-
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�−�«¨§ −� á�¬®á¨−åà®−−®áâì −¥ª®â®àëå â¨¯®¢ æ¨äà®¢ëå ãáâà®©áâ¢

åà®−−®£® á¡à®á� áå¥¬ë (NR) ¢® ¢à¥¬ï �−�«¨§� §�¤�¥âáï −¥�ªâ¨¢−ë¬ áâ�â¨ç¥áª¨¬
§−�ç¥−¨¥¬.

÷�§à�¡®âª� ¡«®ª� §�¬ëª�−¨ï | çà¥§¢ëç�©−® ®â¢¥âáâ¢¥−−�ï §�¤�ç�. ˆ§-§�
−¥¯à�¢¨«ì−® ¯®áâà®¥−−®£® ¡«®ª� §�¬ëª�−¨ï áå¥¬� ¬®¦¥â −¥ ¯à®©â¨ �−�«¨§ −�
á�¬®á¨−åà®−−®áâì, ¤�¦¥ ¥á«¨ ¯®â¥−æ¨�«ì−® ¨ ï¢«ï¥âáï á�¬®á¨−åà®−−®©. —¥¬
á«®¦−¥¥ �−�«¨§¨àã¥¬�ï áå¥¬�, ç¥¬ ¬¥−ìè¥ ¢ −¥© à¥£ã«ïà−ëå ãáâà®©áâ¢, â¥¬ âàã¤-
−¥¥ à�§à�¡®â�âì ¤«ï −¥¥ ¡«®ª §�¬ëª�−¨ï, ª®â®àë© ®¡¥á¯¥ç¨« ¡ë áâ®¯à®æ¥−â−ãî
â¥áâ®¢ãî ¯®«−®âã �−�«¨§� −� á�¬®á¨−åà®−−®áâì. ‚ à¥§ã«ìâ�â¥ ¯à®¢¥à¨âì −� á�-
¬®á¨−åà®−−®áâì äã−ªæ¨®−�«ì−® §�ª®−ç¥−−ë© à¥�«ì−ë© ¡«®ª ¨«¨ �ˆ‘ æ¥«¨ª®¬
áâ�−®¢¨âáï ¯à®¡«¥¬�â¨ç−ë¬.

�à�ªâ¨ç¥áª¨¬ à¥è¥−¨¥¬ íâ®© §�¤�ç¨ ï¢«ï¥âáï ¨á¯®«ì§®¢�−¨¥ ¬¥â®¤� ¨¥à�à-
å¨ç¥áª®£® �−�«¨§� −� á�¬®á¨−åà®−−®áâì. ‚ −�áâ®ïé¥¥ ¢à¥¬ï ¯à®¡«¥¬� ¨¥à�àå¨-
ç¥áª®£® �−�«¨§� −�å®¤¨âáï ¢ áâ�¤¨¨ ¨áá«¥¤®¢�−¨ï. ‚ à�¡®â¥ [6] ¨§«®¦¥− ®¤¨−
¨§ ¢®§¬®¦−ëå ¯®¤å®¤®¢ ¤«ï ¥£® à¥�«¨§�æ¨¨, ¯à�¢®¬¥à−®áâì ¨ íää¥ªâ¨¢−®áâì
ª®â®à®£® âà¥¡ãîâ ¡®«¥¥ ®á−®¢�â¥«ì−®£® �−�«¨§�.

3 Исправление нарушений самосинхронности

�à¨ç¨−®© ¯®ï¢«¥−¨ï −�àãè¥−¨© á�¬®á¨−åà®−−®áâ¨ ¢ ¯à®æ¥áá¥ �−�«¨§� ¬®-
£ãâ á«ã¦¨âì −¥ª®àà¥ªâ−® §�¤�−−®¥ −�ç�«ì−®¥ á®áâ®ï−¨¥, ®è¨¡ª¨ ¢ ®à£�−¨§�æ¨¨
§�¯à®á−®-®â¢¥â−®£® ¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã á®áâ�¢−ë¬¨ ç�áâï¬¨ �−�«¨§¨àã¥¬®©
áå¥¬ë, −¥¯à�¢¨«ì−® ¯®áâà®¥−−ë© ¡«®ª §�¬ëª�−¨ï. „«ï ¥¥ ¢ëï¢«¥−¨ï à¥ª®¬¥−-
¤ã¥âáï á«¥¤ãîé¨© ¯®àï¤®ª ¤¥©áâ¢¨©.

1. ‘¤¥«�âì §�¬ëª�−¨¥ âã¯¨ª®¢ë¬, −�¯à¨¬¥à ¢¢¥áâ¨ «¨è−¨© ¨−¢¥àâ®à ¢ æ¥¯ì
¨−¤¨ª�â®à−®£® ¢ëå®¤� �−�«¨§¨àã¥¬®© áå¥¬ë. ‚ íâ®¬ á«ãç�¥ ¢ ¯à®æ¥áá¥
�−�«¨§� áå¥¬� ¤®«¦−� ¯¥à¥©â¨ ¢ áâ�¡¨«ì−®¥ á®áâ®ï−¨¥ ¨ ®áâ�−®¢¨âìáï ¢ −¥¬.

2. ‚¢¥áâ¨ ¯®«ãç¥−−®¥ áâ�¡¨«ì−®¥ á®áâ®ï−¨¥ ¢ §�¤�−¨¥ −� �−�«¨§ ¢ ª�ç¥áâ¢¥
−�ç�«ì−®£® á®áâ®ï−¨ï.

3. ˆá¯à�¢¨âì §�¬ëª�−¨¥, á¤¥«�¢ ¥£® ¨§ âã¯¨ª®¢®£® à¥£¥−¥à�â¨¢−ë¬.

4. ‡�¯ãáâ¨âì �−�«¨§ −� á�¬®á¨−åà®−−®áâì. �®ï¢«¥−¨¥ −�àãè¥−¨© á�¬®á¨−-
åà®−−®áâ¨ ¢ íâ®¬ á«ãç�¥ ¡ã¤¥â ®§−�ç�âì −�«¨ç¨¥ ª�ª¨å-â® à¥�«ì−ëå ¯à®¡«¥¬
¢ á�¬®© áå¥¬¥ ¨«¨ ¡«®ª¥ §�¬ëª�−¨ï.

5. ��©â¨ ¢ áå¥¬¥ í«¥¬¥−â, ¢ëå®¤ ª®â®à®£® −¥ ãá¯¥« ¯¥à¥ª«îç¨âìáï ¢ ¯à®â¨-
¢®¯®«®¦−®¥ á®áâ®ï−¨¥ ¢® ¢à¥¬ï â¥ªãé¥© ä�§ë à�¡®âë ¨ â¥¬ á�¬ë¬ ¢ë§¢�«
−�àãè¥−¨¥ á�¬®á¨−åà®−−®áâ¨ (ä�ªâ¨ç¥áª¨ íâ® ®§−�ç�¥â, çâ® ¢ëå®¤ ¤�−−®£®
í«¥¬¥−â� ®ª�§�«áï −¥¨−¤¨æ¨àã¥¬ë¬ ¯à¨ §�¤�−−®¬ à¥¦¨¬¥ à�¡®âë �−�«¨§¨-
àã¥¬®© áå¥¬ë).

6. �¯à¥¤¥«¨âì ¯à¨ç¨−ã, ¯® ª®â®à®© §−�ç¥−¨¥ ¢ëå®¤� ¤�−−®£® í«¥¬¥−â� ®ª�§�-
«®áì −¥ ¨£à�îé¨¬ à®«¨ ¯à¨ ä®à¬¨à®¢�−¨¨ ¨−¤¨ª�â®à−®£® ¢ëå®¤� áå¥¬ë:
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{ ¢ëå®¤ í«¥¬¥−â� −¥ ¨−¤¨æ¨àã¥âáï (−¥ ãç�áâ¢ã¥â ¢ ä®à¬¨à®¢�−¨¨ ¨−¤¨ª�-
â®à−®£® ¢ëå®¤� áå¥¬ë);

{ à�áá®£«�á®¢�−¨¥ ä�§ ¨−ä®à¬�æ¨®−−ëå ¨/¨«¨ ã¯à�¢«ïîé¨å á¨£−�«®¢
¨ â. ¤.

7. “áâà�−¨âì −�©¤¥−−ãî ¯à¨ç¨−ã, ¨á¯à�¢¨âì ¯à¨ −¥®¡å®¤¨¬®áâ¨ −�ç�«ì−®¥
á®áâ®ï−¨¥ ¨ ¢¥à−ãâìáï ª ¯. 4.

�â«�¤ª� áå¥¬ë ¯à¨ �−�«¨§¥ −� á�¬®á¨−åà®−−®áâì | ¨â¥à�â¨¢−ë© ¯à®æ¥áá,
á®¯à®¢®¦¤�îé¨©áï ¨§¬¥−¥−¨¥¬ −�ç�«ì−®£® á®áâ®ï−¨ï áå¥¬ë, ¥¥ à¥�«¨§�æ¨¨,
à¥�«¨§�æ¨¨ ¡«®ª� §�¬ëª�−¨ï. Š�ª ¯®ª�§ë¢�¥â ¯à�ªâ¨ª�, −�¨¡®«¥¥ áãé¥áâ¢¥−−®
¯à¨ íâ®¬ ¡ã¤¥â ¬¥−ïâìáï áå¥¬� ã¯à�¢«¥−¨ï §�¯à®á−®-®â¢¥â−ë¬ ¢§�¨¬®¤¥©áâ¢¨¥¬
äã−ªæ¨®−�«ì−® §�ª®−ç¥−−ëå äà�£¬¥−â®¢ áå¥¬ë, ¢ â®¬ ç¨á«¥ ¯®¤áå¥¬� ¨−¤¨ª�-
æ¨¨.

4 Заключение

‘â®¯à®æ¥−â−�ï â¥áâ®¢�ï ¯®«−®â� �−�«¨§� −� á�¬®á¨−åà®−−®áâì ª�ª ¯à�ªâ¨ç¥-
áª�ï ª�â¥£®à¨ï, £�à�−â¨àãîé�ï á�¬®á¨−åà®−−®áâì áå¥¬ë ¯à¨ «î¡ëå à¥�«ì−ëå
®¡áâ®ïâ¥«ìáâ¢�å ¨ ¯à�¢¨«ì−® ®à£�−¨§®¢�−−®© ¤¨áæ¨¯«¨−¥ ä®à¬¨à®¢�−¨ï ¨−ä®à-
¬�æ¨®−−ëå ¨ ã¯à�¢«ïîé¨å á¨£−�«®¢ ¨ ¢§�¨¬®¤¥©áâ¢¨ï á ®ªàã¦¥−¨¥¬, çà¥§¢ë-
ç�©−® ¢�¦−�. �−� ®¡¥á¯¥ç¨¢�¥â ¡¥§®è¨¡®ç−®áâì ¯à®¥ªâ¨à®¢�−¨ï ¤¥©áâ¢¨â¥«ì−®
á�¬®á¨−åà®−−®© áå¥¬ë.

‘ ¯à�ªâ¨ç¥áª®© â®çª¨ §à¥−¨ï, ¢®¯à®á ® áâ®¯à®æ¥−â−®© â¥áâ®¢®© ¯®«−®â¥ �−�-
«¨§� ¤®«¦¥− à¥è�âìáï ¤«ï ª�¦¤®£® â¨¯� à�§à�¡�âë¢�¥¬®© áå¥¬ë ¨−¤¨¢¨¤ã�«ì−®.
�à¨¢¥¤¥−−ë¥ ¯à¨¬¥àë ¯®ª�§ë¢�îâ, çâ® ¢ §�¢¨á¨¬®áâ¨ ®â äã−ªæ¨®−�«ì−®© ®á®-
¡¥−−®áâ¨ á®áâ�¢� ¨ à¥�«¨§�æ¨¨ áå¥¬ë áâ®¯à®æ¥−â−�ï â¥áâ®¢�ï ¯®«−®â� �−�«¨§�
âà¥¡ã¥â à�§−®£® ª®«¨ç¥áâ¢� æ¨ª«®¢ à�¡®âë §�¬ª−ãâ®© áå¥¬ë, −® â¥å−¨ç¥áª¨
¤®áâ¨¦¨¬� ®â−®á¨â¥«ì−® −¥á«®¦−ë¬ ¡«®ª®¬ §�¬ëª�−¨ï.

„«ï á«®¦−ëå ¬−®£®à�§àï¤−ëå æ¨äà®¢ëå ãáâà®©áâ¢ áâ®¯à®æ¥−â−ãî â¥áâ®¢ãî
¯®«−®âã �−�«¨§� æ¥«¥á®®¡à�§−® ®¡¥á¯¥ç¨¢�âì §� áç¥â ¨á¯®«ì§®¢�−¨ï ¨¥à�àå¨ç¥-
áª®£® ¯®¤å®¤� ª �−�«¨§ã −� á�¬®á¨−åà®−−®áâì.
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О СВОЙСТВЕ САМОСИНХРОННОСТИ ЦИФРОВЫХ
ЭЛЕКТРОННЫХ СХЕМ∗

Л. П. Плеханов1

�−−®â�æ¨ï: �¡áã¦¤�îâáï ¯®−ïâ¨¥ á�¬®á¨−åà®−−®áâ¨ á ¯à�ªâ¨ç¥áª®© â®çª¨
§à¥−¨ï ¨ ¥£® á¢ï§ì á ª«�áá¨ç¥áª¨¬ ®¯à¥¤¥«¥−¨¥¬ −¥§�¢¨á¨¬®áâ¨ ®â §�¤¥à-
¦¥ª. �®ª�§�−®, çâ® ®¤−®£® á¢®©áâ¢� −¥§�¢¨á¨¬®áâ¨ ®â §�¤¥à¦¥ª −¥¤®áâ�â®ç−®
¤«ï á�¬®á¨−åà®−−®áâ¨. �à¨¢®¤ïâáï ¯à�ªâ¨ç¥áª¨¥ á«¥¤áâ¢¨ï â¥®à¥â¨ç¥áª¨å
¯®«®¦¥−¨© ¯à¨ à�§à�¡®âª¥ á�¬®á¨−åà®−−ëå (‘‘) áå¥¬. „�¥âáï á¢ï§ì á�¬®á¨−-
åà®−−®áâ¨ á −¥¤�¢−® ¢áâã¯¨¢è¨¬ ¢ ¤¥©áâ¢¨¥ −®¢ë¬ áâ�−¤�àâ®¬ ¯® −�¤¥¦−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−®áâì; á�¬®á¨−åà®−−ë¥ áå¥¬ë; �−�«¨§ á�¬®-
á¨−åà®−−®áâ¨

1 Введение

‘�¬®á¨−åà®−−ë¥ áå¥¬ë ï¢«ïîâáï ¢�¦−®© ç�áâìî ª«�áá� �á¨−åà®−−ëå æ¨-
äà®¢ëå áå¥¬, ¢ −¨å ¯à¨−æ¨¯ �á¨−åà®−−®áâ¨ ¤®¢¥¤¥− ¤® á¢®¥£® ¢®§¬®¦−®£®
¯à¥¤¥«� | áå¥¬ë úá�¬¨ á¥¡ï á¨−åà®−¨§¨àãîâû.

‘�¬®á¨−åà®−−ë¥ áå¥¬ë ®¡«�¤�îâ ã−¨ª�«ì−ë¬¨ á¢®©áâ¢�¬¨ (¯®¤à®¡−¥¥ |
¤�«¥¥ ¢ áâ�âì¥), ® ª®â®àëå −¥®¤−®ªà�â−® §�ï¢«ï«®áì ¢ â¥®à¥â¨ç¥áª®¬ ¯«�−¥ [1{4]
¨ ª®â®àë¥ ¢¯¥à¢ë¥ ¯®¤â¢¥à¦¤¥−ë àï¤®¬ ¯àï¬ëå íªá¯¥à¨¬¥−â®¢ [5].

‚ ®á−®¢®¯®«�£�îé¥© à�¡®â¥ [1] ¤®ª�§�−® áãé¥áâ¢®¢�−¨¥ áå¥¬, ¯®¢¥¤¥−¨¥
ª®â®àëå −¥ §�¢¨á¨â ®â ¢¥«¨ç¨− §�¤¥à¦¥ª í«¥¬¥−â®¢, ¨ ¢ëï¢«¥−ë ¨å ®á−®¢−ë¥
¤¥â�«¨ ¯®¢¥¤¥−¨ï. ‘å¥¬ë ¯®«ãç¨«¨ −�§¢�−¨¥ speed-independent (SI). „�−−ë©
â¥à¬¨− ¨ áå®¦¨¥ á −¨¬ è¨à®ª® ¨á¯®«ì§ãîâáï ¢ §�àã¡¥¦−®© «¨â¥à�âãà¥.

‘ ¯à�ªâ¨ç¥áª®© â®çª¨ §à¥−¨ï, ¯à¨ à�§à�¡®âª¥ ¨ ¯à¨¬¥−¥−¨¨ ®¡áã¦¤�¥¬ëå
áå¥¬ ¯®−ïâ¨¥ SI −¥®¡å®¤¨¬®, −® −¥ ¤®áâ�â®ç−®.

‚®-¯¥à¢ëå, −¥§�¢¨á¨¬®áâì ®â §�¤¥à¦¥ª ä®à¬�«ì−® ®¯à¥¤¥«¥−� ¤«ï ®¤−®£®
−�ç�«ì−®£® á®áâ®ï−¨ï í«¥¬¥−â®¢ áå¥¬ë ¨ −¥¨§¬¥−−ëå §−�ç¥−¨© ¢å®¤®¢. „«ï
à¥�«ì−ëå áå¥¬ âà¥¡ã¥âáï −¥§�¢¨á¨¬®áâì ¤«ï ¢á¥å à¥�«ì−ëå á®áâ®ï−¨© ¨ ¯® ¢á¥¬
à¥�«ì−ë¬ ¯¥à¥å®¤�¬, á¢ï§�−−ë¬ á ¨§¬¥−¥−¨ï¬¨ ¢å®¤®¢, çâ® ¯®à®¦¤�¥â ¯à®¡«¥¬ã
¯®«−®âë, ®¡áã¦¤�¥¬ãî −¨¦¥.

‚®-¢â®àëå, á¢®©áâ¢® SI −¥ ®¡¥á¯¥ç¨¢�¥â ¢ ¯®«−®© ¬¥à¥ ¤¨�£−®áâ¨ç¥áª¨å
á¢®©áâ¢ áå¥¬, çâ® á«¥¤ã¥â ¨§ [3] ¨ ¯®ª�§�−® −¨¦¥.

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ¯® �à®£à�¬¬¥ äã−¤�¬¥−â�«ì−ëå
¨áá«¥¤®¢�−¨© ��ˆ’ ÷�� −� 2011 £. (¯à®¥ªâ 1.5).

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, LPlekhanov@ipiran.ru
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� á¢®©áâ¢¥ á�¬®á¨−åà®−−®áâ¨ æ¨äà®¢ëå í«¥ªâà®−−ëå áå¥¬

‚ âà¥âì¨å, SI-áå¥¬ë ¬®£ãâ ¡ëâì à�§®¬ª−ãâë¬¨ ¨ §�¬ª−ãâë¬¨, ¨ íâ¨ à�§−®-
¢¨¤−®áâ¨ ¨¬¥îâ à�§−ë¥ á¢®©áâ¢� ¯à¨ ¯à�ªâ¨ç¥áª®¬ ¨á¯®«ì§®¢�−¨¨.

’¥à¬¨− úá�¬®á¨−åà®−−ë¥ áå¥¬ëû ¢¢¥¤¥− ¢ ª−¨£¥ ‚. ˆ. ‚�àè�¢áª®£® á á®�¢-
â®à�¬¨ [3] (¢ ®à¨£¨−�«¥ | úá�¬®á¨−åà®−¨§¨àãîé¨¥áïû ¨«¨ ú�¯¥à¨®¤¨ç¥áª¨¥û,
−® ¢ ¯®á«¥¤ãîé¥¬ á�¬¨ �¢â®àë ¯¥à¥è«¨ −� â¥à¬¨− úá�¬®á¨−åà®−−ë¥û). �®−ïâ¨¥
á�¬®á¨−åà®−−®áâ¨ ¢ª«îç�¥â ¢ á¥¡ï, ¯®¬¨¬® SI, ¤¨�£−®áâ¨ç¥áª¨¥ á¢®©áâ¢� áå¥¬.
�® ¬−¥−¨î �¢â®à®¢, úà¥è�îé¨¬ ¤®áâ®¨−áâ¢®¬ �¯¥à¨®¤¨ç¥áª¨å áå¥¬ ï¢«ïîâáï
¨å á�¬®¤¨�£−®áâ¨ç¥áª¨¥ á¢®©áâ¢�û.

‚ áâ�âì¥ ®¡áã¦¤�¥âáï, ª�ª¨¥ ¯à�ªâ¨ç¥áª¨¥ á«¥¤áâ¢¨ï ¨ á¢®©áâ¢� ¢ëâ¥ª�îâ ¨§
â¥®à¥â¨ç¥áª¨å ®¯à¥¤¥«¥−¨©, � â�ª¦¥ ãá«®¢¨ï ¢ë¯®«−¥−¨ï á�¬®á¨−åà®−−®áâ¨, ¢
â®¬ ç¨á«¥ ¢ −®¢®© áâ�−¤�àâ−®© â¥à¬¨−®«®£¨¨.

2 Потребительские свойства самосинхронных схем

‚ á¢ï§¨ á ¢¢®¤®¬ ¢ ¤¥©áâ¢¨¥ −®¢®£® áâ�−¤�àâ� [6], ¢ ª®â®à®¬ ¯à¥¦−¨¥ ®¯à¥-
¤¥«¥−¨ï ¡ë«¨ ¨§¬¥−¥−ë, â¥à¬¨−ë ¨§ áâ�−¤�àâ� ¢ íâ®¬ ¯ã−ªâ¥ ¢ë¤¥«¥−ë ¦¨à−ë¬
èà¨äâ®¬.

�¤−� ¨§ £«�¢−ëå ¯à®¡«¥¬ à�¡®âë æ¨äà®¢ëå í«¥ªâà®−−ëå áå¥¬ | ¢®§−¨ª-
−®¢¥−¨¥ ®è¨¡®ª −� ¢ëå®¤�å í«¥¬¥−â®¢ ¨ áå¥¬. �è¨¡ª¨ ¬®£ãâ ¯®à®¦¤�âìáï
¢−¥è−¨¬¨ ¢®§¤¥©áâ¢¨ï¬¨ ¨ ¢−ãâà¥−−¨¬¨ ¯à¨ç¨−�¬¨.

‚−¥è−¨¥ ¢®§¤¥©áâ¢¨ï | íâ® í«¥ªâà®¬�£−¨â−ë¥ −�¢®¤ª¨, ã¤�àë í−¥à£¨ç−ëå
í«¥¬¥−â�à−ëå ç�áâ¨æ ¨ ¤àã£¨¥ ªà�âª®¢à¥¬¥−−ë¥ ï¢«¥−¨ï. �ã¤¥¬ ®â«¨ç�âì ¨å
®â ¤®«£®¢à¥¬¥−−ëå ä�ªâ®à®¢ | ãá«®¢¨© à�¡®âë áå¥¬ (£«�¢−ë¥ ¨§ ª®â®àëå |
à�¤¨�æ¨®−−ë© ä®−, â¥¬¯¥à�âãà� ¨ −�¯àï¦¥−¨¥ ¯¨â�−¨ï). ‚®¯à®á §�é¨âë ®â
¢−¥è−¨å ¢®§¤¥©áâ¢¨© á®áâ�¢«ï¥â ®â¤¥«ì−ãî ¯à®¡«¥¬ã ¨ §¤¥áì −¥ à�áá¬�âà¨¢�¥âáï.

‚−ãâà¥−−¨¥ ¯à¨ç¨−ë ®è¨¡®ª ®¡ãá«®¢«¥−ë á¯®á®¡®¬ ¯®áâà®¥−¨ï áå¥¬ë ¨
ãá«®¢¨ï¬¨ ¥¥ à�¡®âë. ’�ª¨å ¯à¨ç¨− ¤¢¥:

1. ‘®áâï§�−¨ï á¨£−�«®¢ (£®−ª¨) −� ¢å®¤�å í«¥¬¥−â®¢, â. ¥. â�ª¨¥ ¨§¬¥−¥−¨ï íâ¨å
¢å®¤®¢, ª®â®àë¥ ¢ë§ë¢�îâ ®è¨¡®ç−ë¥ ¨§¬¥−¥−¨ï ¨å ¢ëå®¤®¢. �â� ¯à¨ç¨−�
¯®à®¦¤�¥âáï −¥¤®áâ�âª�¬¨ ¯®áâà®¥−¨ï áå¥¬.

2. ‚®§−¨ª−®¢¥−¨¥ ®âª�§®¢ áå¥¬ë. �âª�§ë ¯à®¨áå®¤ïâ ¯à¨ ¯®â¥à¥ ä¨§¨ç¥áª®©
à�¡®â®á¯®á®¡−®áâ¨ ¢−ãâà¥−−¨å áâàãªâãà, ¢ë§¢�−−®© ãá«®¢¨ï¬¨ à�¡®âë: â¥¬-
¯¥à�âãà®©, −�¯àï¦¥−¨¥¬ ¯¨â�−¨ï, � â�ª¦¥ áâ�à¥−¨¥¬ ¨ ¤àã£¨¬¨ ¯®¤®¡−ë¬¨
¯à®æ¥áá�¬¨.

�à¨−æ¨¯¨�«ì−® ¢�¦−ë¬ ï¢«ï¥âáï ¢®¯à®á: ¬®¦−® «¨ á®§¤�âì áå¥¬ã, −¥
¨¬¥îéãî ®è¨¡®ª ®â ¯à¨¢¥¤¥−−ëå ¯à¨ç¨−?

‚ áãé¥áâ¢ãîé¨å ¯®¤å®¤�å ¯®áâà®¥−¨ï á¨−åà®−−ëå ¨ �á¨−åà®−−ëå (¯®¬¨-
¬® á�¬®á¨−åà®−−®£®) áå¥¬ £®−ª¨ −¥ ¬®£ãâ ¡ëâì ãáâà�−¥−ë ¯®«−®áâìî. Œ®¦−®
ãáâà�−¨âì ¨å ¢ ª�ª®¬-«¨¡® ¡«®ª¥, −® ¢ ®ªàã¦�îé¨å ¥£® áå¥¬�å −�¤® ®¡¥á¯¥ç¨âì
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‹. �. �«¥å�−®¢

¤¨áæ¨¯«¨−ã á¨£−�«®¢ ¤«ï íâ®£® ¡«®ª�. �ªàã¦�îé¨¥ áå¥¬ë, ®¤−�ª®, ¤«ï «¨ª¢¨-
¤�æ¨¨ £®−®ª â®¦¥ âà¥¡ãîâ ®¡¥á¯¥ç¥−¨ï ¤¨áæ¨¯«¨−ë ¢ á¢®¨å ®ªàã¦¥−¨ïå, ¨ â. ¤.
‡�¤�ç� ®ª�§ë¢�¥âáï −¥à¥�«ì−®©.

�à¥¤¢¨¤¥âì ®âª�§ë −� íâ�¯¥ ¯à®¥ªâ¨à®¢�−¨ï ¨ ¯à¥¤®â¢à�â¨âì ¨å −� íâ�-
¯¥ äã−ªæ¨®−¨à®¢�−¨ï −¥¢®§¬®¦−®. �¤−�ª® ®è¨¡®ª −¥ ¡ã¤¥â, ¥á«¨ áà�§ã ¯à¨
¢®§−¨ª−®¢¥−¨¨ ®âª�§� áå¥¬� ®áâ�−®¢¨âáï ¨ −¥ ¢ë¤�áâ −� ¢ëå®¤�å ®è¨¡®ç−ëå §−�-
ç¥−¨©. ��¨¡®«¥¥ ¡«¨§ª¨© áâ�−¤�àâ−ë© â¥à¬¨−, ®âà�¦�îé¨© ¤�−−®¥ á¢®©áâ¢®, |
®âª�§®¡¥§®¯�á−®áâì.

‚ ª−¨£¥ [3] ¤®ª�§�−®, çâ® á�¬®á¨−åà®−−ë¥ áå¥¬ë ¨¬¥îâ ã−¨ª�«ì−ë¥ á¢®©áâ¢�
¡¥§®è¨¡®ç−®© à�¡®âë: ®âáãâáâ¢¨¥ £®−®ª ¨ ®âª�§®¡¥§®¯�á−®áâì.

÷�áá¬®âà¨¬ ãá«®¢¨ï ¢ë¯®«−¥−¨ï íâ¨å á¢®©áâ¢.
�âáãâáâ¢¨¥ £®−®ª ®¡¥á¯¥ç¨¢�¥âáï −¥§�¢¨á¨¬®áâìî ®â §�¤¥à¦¥ª í«¥¬¥−â®¢ [1],

â. ¥. á¢®©áâ¢®¬ SI. “á«®¢¨ï¬¨ ¯à¨¬¥−¨¬®áâ¨ íâ®© â¥®à¨¨ á«ã¦�â âà¥¡®¢�−¨ï,
¨§¢¥áâ−ë¥ ª�ª ¬®¤¥«ì Œ�««¥à�. ‘®£«�á−® íâ®© ¬®¤¥«¨ ¯®¤ í«¥¬¥−â®¬ ¯®−¨¬�¥âáï
ãáâà®©áâ¢®, ¨¬¥îé¥¥ ®¤¨− ¢ëå®¤ ¨ ®¯¨áë¢�¥¬®¥ ®¤−¨¬ «®£¨ç¥áª¨¬ ãà�¢−¥−¨-
¥¬. ‡�¤¥à¦ª¨ í«¥¬¥−â®¢ ¯à¨¢¥¤¥−ë ª ¨å ¢ëå®¤�¬, � §�¤¥à¦ª¨ ¬¥¦á®¥¤¨−¥−¨©
(¯à®¢®¤®¢) ¯®á«¥ à�§¢¥â¢«¥−¨© ¯à¥−¥¡à¥¦¨¬® ¬�«ë ¯® áà�¢−¥−¨î á §�¤¥à¦ª�¬¨
í«¥¬¥−â®¢. ‡�¤¥à¦ª� áç¨â�¥âáï ª®−¥ç−®© «î¡®© ¢¥«¨ç¨−ë.

�®¤ ®âª�§®¡¥§®¯�á−®áâìî ‘‘-áå¥¬ ¯®−¨¬�¥âáï ¨å ®áâ�−®¢ª�, ¢ë§¢�−−�ï ª®−-
áâ�−â−ë¬¨ −¥¨á¯à�¢−®áâï¬¨ â¨¯� §�«¨¯�−¨ï −� 0 ¨ 1 (Š�‡-01), ®¤¨−®ç−ë¬¨
¨ ªà�â−ë¬¨, −� ¢ëå®¤�å í«¥¬¥−â®¢. �â¨ −¥¨á¯à�¢−®áâ¨ å�à�ªâ¥à¨§ãîâáï á®-
áâ®ï−¨¥¬ ¯®áâ®ï−−®£® §−�ç¥−¨ï 0 ¨«¨ 1 −� ¢ëå®¤�å ®¤−®£® ¨«¨ −¥áª®«ìª¨å
í«¥¬¥−â®¢. ‚ â¥å−¨ç¥áª®© ¤¨�£−®áâ¨ª¥ æ¨äà®¢ëå áå¥¬ ®−¨ áç¨â�îâáï −�¨¡®«¥¥
ç�áâ® ¢áâà¥ç�îé¨¬¨áï ¨ ¯à�ªâ¨ç¥áª¨ −�¨¡®«¥¥ §−�ç¨¬ë¬¨.

�®¬¨¬® â®£®, çâ® ®âª�§®¡¥§®¯�á−®áâì ¢�¦−� á�¬� ¯® á¥¡¥ (®âáãâáâ¢¨¥ −¥-
¯à¥¤ãá¬®âà¥−−ëå §−�ç¥−¨© −� ¢ëå®¤�å, ¢® ¬−®£¨å á«ãç�ïå ®¯�á−ëå), ®−� ¤�¥â
¢®§¬®¦−®áâì á�¬®â¥áâ¨à®¢�−¨ï, â. ¥. ¯®áâà®¥−¨ï áå¥¬, ®æ¥−¨¢�îé¨å á¢®¥ á®áâ®-
ï−¨¥ ¢® ¢à¥¬ï à�¡®âë, ¤¨�£−®áâ¨à®¢�−¨ï −¥¨á¯à�¢−®áâ¥© ¨ ¢ ª®−¥ç−®¬ ¨â®£¥
¯®«ãç¥−¨ï −�¤¥¦−ëå áå¥¬.

„�«¥¥, á®£«�á−® à�¡®â�¬ [2, 3] ¡ã¤¥¬ à�áá¬�âà¨¢�âì áå¥¬ë, ¯®áâà®¥−−ë¥ ¯®
¯à¨−æ¨¯ã ¤¢ãåä�§−®© à�¡®âë | ç¥à¥¤®¢�−¨ï à�¡®ç¥© ä�§ë ¨ ¯à®¬¥¦ãâ®ç−®©
(á¯¥©á¥à�). ˆ−ä®à¬�æ¨ï ¢ â�ª¨å áå¥¬�å ª®¤¨àã¥âáï á�¬®á¨−åà®−−ë¬¨ ª®¤�¬¨,
§¤¥áì ¤«ï ¯à®áâ®âë ¡¥à¥âáï −�¨¡®«¥¥ ¯à®áâ®© ¨ ¨á¯®«ì§ã¥¬ë© | ¯�à�ä�§−ë© ª®¤
á® á¯¥©á¥à®¬ (�”‘). ‚ íâ®¬ ª®¤¥ ®¤¨− ¡¨â ¨áå®¤−®© ¨−ä®à¬�æ¨¨ ª®¤¨àã¥âáï
¤¢ã¬ï ¡¨â�¬¨ ª®¤�: 01 ¨ 10, � ¢ ä�§¥ á¯¥©á¥à� ®¡� ¡¨â� ª®¤� ®¤¨−�ª®¢ë: 00
¨«¨ 11.

3 Разомкнутые самосинхронные схемы

‚å®¤−ë¥ ¨ ¢ëå®¤−ë¥ á¨£−�«ë à�§®¬ª−ãâ®© áå¥¬ë ¤®«¦−ë ¨¬¥âì ®¯à¥¤¥-
«¥−−ë© â¨¯, á¢ï§�−−ë© ª�ª á ¨−ä®à¬�æ¨¥©, â�ª ¨ á ä�§®© à�¡®âë. ’¨¯ë
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� á¢®©áâ¢¥ á�¬®á¨−åà®−−®áâ¨ æ¨äà®¢ëå í«¥ªâà®−−ëå áå¥¬

á¨£−�«®¢ ¬®¦−® à�§¤¥«¨âì −� âà¨ £àã¯¯ë: ¨−ä®à¬�æ¨®−−ë¥, ª®−âà®«ì−ë¥ ¨
¢á¯®¬®£�â¥«ì−ë¥.

Š ¨−ä®à¬�æ¨®−−ë¬ á¨£−�«�¬ ®â−®áïâáï ¯�à�ä�§−ë¥ á® á¯¥©á¥à®¬ (�”‘-
á¨£−�«ë) ¨ ¡¨áâ�¡¨«ì−ë¥ | ¢ëå®¤ë ¡¨áâ�¡¨«ì−ëå ïç¥¥ª (�‘-á¨£−�«ë). Š®−-
âà®«ì−ë¥ á¨£−�«ë ¯à¥¤−�§−�ç¥−ë ¤«ï ®à£�−¨§�æ¨¨ ¯¥à¥å®¤®¢ ¨§ ®¤−®© ä�§ë ¢
¤àã£ãî. Š −¨¬ ®â−®áïâáï ã¯à�¢«ïîé¨¥ −� ¢å®¤¥ (“-á¨£−�«ë) ¨ ¨−¤¨ª�â®à−ë¥
−� ¢ëå®¤¥ (ˆ-á¨£−�«ë): “-á¨£−�«ë ¨−¨æ¨¨àãîâ ¯¥à¥ª«îç¥−¨ï ¨§ ®¤−®© ä�§ë ¢
¤àã£ãî, ˆ-á¨£−�«ë ¯®ª�§ë¢�îâ §�¢¥àè¥−¨¥ ¯¥à¥å®¤� áå¥¬ë ¢ â¥ªãéãî ä�§ã.

Š®−âà®«ì−ë¥ ¨ �”‘-á¨£−�«ë á¯¥æ¨ä¨ç−ë ¤«ï ä�§ë à�¡®âë ¨ ¢¬¥áâ¥ −�§ë-
¢�îâáï ä�§®¢ë¬¨ á¨£−�«�¬¨. ˆ −� ¢å®¤¥, ¨ −� ¢ëå®¤¥ áå¥¬ë ¤®«¦−® ¯à¨áãâáâ¢®-
¢�âì å®âï ¡ë ¯® ®¤−®¬ã ä�§®¢®¬ã á¨£−�«ã.

‚á¯®¬®£�â¥«ì−ë¥ á¨£−�«ë ¯à¥¤−�§−�ç¥−ë ¤«ï ¢á¯®¬®£�â¥«ì−ëå æ¥«¥© (−�-
¯à¨¬¥à, ¯à¥¤ãáâ�−®¢ª¨) ¨ ¤�«¥¥ ãç¨âë¢�âìáï −¥ ¡ã¤ãâ.

�¯¨á�−−ë© ¨−â¥àä¥©á ¡ã¤¥¬ −�§ë¢�âì â¨¯®¢ë¬ ä�§®¢ë¬ ¨−â¥àä¥©á®¬ à�§®-
¬ª−ãâ®© áå¥¬ë. „«ï à�§®¬ª−ãâëå áå¥¬ ¢�¦−¥©è¨¬ á¢®©áâ¢®¬, ¢¢¥¤¥−−ë¬ ¢ [3],
ï¢«ï¥âáï ¨−¤¨æ¨àã¥¬®áâì. �®¤ ¨−¤¨æ¨àã¥¬®áâìî ª�ª®£®-«¨¡® á¨£−�«� | ¢ëå®¤�
í«¥¬¥−â� | ¯®−¨¬�¥âáï á¯®á®¡−®áâì áå¥¬ë à¥�£¨à®¢�âì −� ¨§¬¥−¥−¨¥ íâ®£® á¨£−�-
«� ¨§¬¥−¥−¨¥¬ ä�§®¢ëå ¢ëå®¤®¢ (å®âï ¡ë ®¤−®£®). �®¤ ¯®«−®© ¨−¤¨æ¨àã¥¬®áâìî
áå¥¬ë ¯®−¨¬�¥âáï ¨−¤¨æ¨àã¥¬®áâì ¢á¥å í«¥¬¥−â®¢ ¯à¨ ¢á¥å à¥�«ì−ëå ¯¥à¥å®¤�å
¬¥¦¤ã á®áâ®ï−¨ï¬¨ áå¥¬ë. (÷¥�«ì−ë¥ ¯¥à¥å®¤ë ¤®«¦−ë ¡ëâì ¤®¯ãáâ¨¬ë¬¨, çâ®
®¡¥á¯¥ç¨¢�¥âáï áâàãªâãà®© ¨−â¥àä¥©á� ¨ ¤¨áæ¨¯«¨−®© ¨§¬¥−¥−¨ï ¢å®¤®¢.)

ˆ−¤¨æ¨àã¥¬®áâì á¨£−�«� ¬®¦−® ®¯à¥¤¥«¨âì ¢ «î¡®© ä�§¥, áà�¢−¨¢�ï §−�ç¥-
−¨ï ä�§®¢ëå ¢ëå®¤®¢ ¢ ¤¢ãå ¢�à¨�−â�å: ¯à¨ −®à¬�«ì−®¬ ¨§¬¥−¥−¨¨ á¨£−�«� ¨
¯à¨ ¥£® −¥¨§¬¥−−®áâ¨ (§�«¨¯�−¨¨).

‚ à�¡®â¥ [3] àï¤ −¥®¡å®¤¨¬ëå §¤¥áì à¥§ã«ìâ�â®¢ áä®à¬ã«¨à®¢�− ¤«ï ª®−¥ç−ëå
�¢â®¬�â®¢ ¨ ¨å ¬®¤¥«¥©. �â¨ à¥§ã«ìâ�âë á¯à�¢¥¤«¨¢ë â�ª¦¥ ¨ ¤«ï à¥�«¨§�æ¨©
�¢â®¬�â®¢ | æ¨äà®¢ëå áå¥¬. ‚ â¥à¬¨−�å ¤�−−®© áâ�âì¨ ¬®¦−® áä®à¬ã«¨à®¢�âì
á«¥¤ãîé¨© à¥§ã«ìâ�â ¨§ [3, ¯. 4.8] ¢ ¯à¨¬¥−¥−¨¨ ª à�§®¬ª−ãâë¬ áå¥¬�¬:

÷�§®¬ª−ãâ�ï áå¥¬�, ¨¬¥îé�ï â¨¯®¢®© ä�§®¢ë© ¨−â¥àä¥©á, ¡ã¤¥â á�¬®-
á¨−åà®−−®©, ¥á«¨ ¢ ª�¦¤®© ä�§¥ (à�¡®ç¥© ¨ á¯¥©á¥à−®©) ®¡¥á¯¥ç¨¢�îâáï ¤¢�
ãá«®¢¨ï:

(1) ®âáãâáâ¢¨¥ £®−®ª −� ¢á¥å í«¥¬¥−â�å ¯à¨ «î¡ëå §�¤¥à¦ª�å í«¥¬¥−â®¢;

(2) ¯®«−�ï ¨−¤¨æ¨àã¥¬®áâì áå¥¬ë.

�âáãâáâ¢¨¥ £®−®ª ®¡¥á¯¥ç¨¢�¥âáï −¥§�¢¨á¨¬®áâìî ®â §�¤¥à¦¥ª ¯® Œ�«¥àã [1].
�¡−�àã¦¨âì £®−ª¨ ¢ à�§®¬ª−ãâ®© áå¥¬¥ ¬®¦−® à�§«¨ç−ë¬¨ ¯ãâï¬¨. �¤¨− ¨§
á¯®á®¡®¢ | ¢®á¯®«ì§®¢�âìáï á®¡ëâ¨©−ë¬ ¬¥â®¤®¬ �−�«¨§� ¯®«ã¬®¤ã«ïà−®áâ¨.
‚ ¤�−−®¬ á«ãç�¥ à�§®¬ª−ãâ�ï áå¥¬� ¯® Œ�««¥àã | âã¯¨ª®¢�ï, ¨ −¥â −¥®¡å®¤¨-
¬®áâ¨ à�¡®âë á ª®−âà®«ì−ë¬ á«®¥¬, çâ® áãé¥áâ¢¥−−® á®ªà�é�¥â ¢ëç¨á«¨â¥«ì−ë¥
§�âà�âë ¯® áà�¢−¥−¨î á �−�«¨§®¬ §�¬ª−ãâëå áå¥¬. �à¨ íâ®¬ ¤®«¦−� ¡ëâì
®¡¥á¯¥ç¥−� ¯®«−®â� ¯¥à¥å®¤®¢ ¬¥¦¤ã á®áâ®ï−¨ï¬¨.
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…áâì â�ª¦¥ á¯®á®¡ë −�å®¦¤¥−¨ï £®-

÷¨á. 1 ÷�§®¬ª−ãâ�ï áå¥¬�, −¥ §�¢¨áïé�ï
®â §�¤¥à¦¥ª í«¥¬¥−â®¢: T’ | ¤¢ãåáâã¯¥−-
ç�âë¥ âà¨££¥àë; D, DN | ¡¨áâ�¡¨«ì−ë¥
¢å®¤ë; Q, QN | ¡¨áâ�¡¨«ì−ë¥ ¢ëå®¤ë;
I1, I2 | ¨−¤¨ª�â®à−ë¥ á¨£−�«ë; C |
ã¯à�¢«ïîé¨© á¨£−�«

−®ª ¨ ¢ äã−ªæ¨®−�«ì−®¬ ¯®¤å®¤¥ (¯®
®¯¨á�−¨ï¬ «®£¨ç¥áª¨å äã−ªæ¨©), ¯à¨-
¬¥−¨¬ë¥ ª ¤¢ãåä�§−®¬ã ¯à¨−æ¨¯ã ¨ á�-
¬®á¨−åà®−−®¬ã ª®¤¨à®¢�−¨î ¨−ä®à¬�-
æ¨¨.

�à¨ ¢®§−¨ª−®¢¥−¨¨ Š�‡-01 −� ¢ë-
å®¤¥ ª�ª®£®-«¨¡® ¨−¤¨æ¨àã¥¬®£® í«¥-
¬¥−â� å®âï ¡ë ®¤¨− ¢ëå®¤−®© ä�§®¢ë©
á¨£−�« áå¥¬ë −¥ ¯¥à¥©¤¥â ¢ §−�ç¥−¨¥, á®-
®â¢¥âáâ¢ãîé¥¥ â¥ªãé¥© ä�§¥, çâ® ®¡−�-
àã¦¨âáï ¢® ¢−¥è−¥¬ ®ªàã¦¥−¨¨. ’�ª¨¬
®¡à�§®¬, ¨−¤¨æ¨àã¥¬®áâì áå¥¬ë ®¡¥á-
¯¥ç¨¢�¥â ¥¥ ®âª�§®¡¥§®¯�á−®áâì.

Š�ª ¢¨¤−®, ¤«ï à�§®¬ª−ãâëå áå¥¬ ®¤−®£® SI-á¢®©áâ¢� | −¥§�¢¨á¨¬®áâ¨ ®â
§�¤¥à¦¥ª | −¥¤®áâ�â®ç−® ¤«ï á�¬®á¨−åà®−−®áâ¨.

��¯à¨¬¥à, à�§®¬ª−ãâ�ï áå¥¬� −� à¨á. 1 ï¢«ï¥âáï −¥§�¢¨á¨¬®© ®â §�¤¥à¦¥ª.
�¤−�ª® ¢ á¯¥©á¥à−®© ä�§¥ ¯à¨ −¥ª®â®àëå §−�ç¥−¨ïå ¢å®¤®¢ ¨ ¢−ãâà¥−−¨å á®-
áâ®ï−¨© âà¨££¥à®¢ ¢ëå®¤ ¯®¢â®à¨â¥«ï −¥ ¨−¤¨æ¨àã¥âáï −� ä�§®¢®¬ á¨£−�«¥ I2, ¨
áå¥¬� ¢ à¥§ã«ìâ�â¥ −¥ á�¬®á¨−åà®−−�.

4 Замкнутые самосинхронные схемы

�¥§�¢¨á¨¬®áâì ®â §�¤¥à¦¥ª í«¥¬¥−â®¢ (SI-á¢®©áâ¢®) §�¬ª−ãâëå áå¥¬ ®¯à¥-
¤¥«ï¥âáï á®¡ëâ¨©−ë¬¨ ¬¥â®¤�¬¨ −� ®á−®¢¥ ¬�â¥¬�â¨ç¥áª®£® á¢®©áâ¢� ¯®«ã¬®-
¤ã«ïà−®áâ¨ ¤¨�£à�¬¬ ¯¥à¥å®¤®¢ á®áâ®ï−¨© [1]. �®«ã¬®¤ã«ïà−®áâì ¯à®¢¥àï¥âáï
¯® ª®−ä«¨ªâ−®áâ¨ ¯¥à¥å®¤� ¨§ ®¤−®£® á®áâ®ï−¨ï ¢ ¤àã£®¥, â. ¥., ¯® áãé¥áâ¢ã,
«®ª�«ì−®© ¯à®¢¥àª¥ −�«¨ç¨ï £®−ª¨ ¯à¨ ª�¦¤®¬ ¯¥à¥å®¤¥.

�à¨ ¯à�ªâ¨ç¥áª®© à�§à�¡®âª¥ §�¬ª−ãâë¥ áå¥¬ë ¯®«ãç�îâ ¨§ à�§®¬ª−ãâëå
(á â¨¯®¢ë¬ ¨−â¥àä¥©á®¬) ¯ãâ¥¬ ª®àà¥ªâ−®£® §�¬ëª�−¨ï. �à®æ¥¤ãà� §�¬ëª�-
−¨ï ¨¬¥¥â æ¥«ìî ¨¬¨â�æ¨î ¢−¥è−¥© áà¥¤ë ¤«ï áå¥¬ë, ¢ ç�áâ−®áâ¨ ¨¬¨â�æ¨î
¢§�¨¬®¤¥©áâ¢¨ï á ®ªàã¦�îé¥© áå¥¬®©.

�¯ãáª�ï ¯®¤à®¡−®áâ¨, ª®àà¥ªâ−®¥ §�¬ëª�−¨¥ á¢®¤¨âáï ª ¤¢ã¬ ®á−®¢−ë¬
¤¥©áâ¢¨ï¬:

1. ‚ëå®¤−ë¥ ä�§®¢ë¥ á¨£−�«ë á¢®¤ïâáï ª ®¤−®¬ã ¨−¤¨ª�â®à−®¬ã á¨£−�«ã ¯®
¨§¢¥áâ−ë¬ ¯à�¢¨«�¬ á ¯®¬®éìî ƒ-âà¨££¥à®¢ [3] | á¯¥æ¨�«ì−ëå âà¨££¥à−ëå
ãáâà®©áâ¢, ¯à¥¤−�§−�ç¥−−ëå ¤«ï ã¬¥−ìè¥−¨ï ç¨á«� ¨−¤¨ª�â®à−ëå á¨£−�«®¢.
�â®â ®¡é¨© ¨−¤¨ª�â®à−ë© á¨£−�« ¯®¤�¥âáï −� ¢å®¤ ª�ª á¨£−�« ®¡à�â−®©
á¢ï§¨.

2. ‘¨£−�« ®¡à�â−®© á¢ï§¨ ¨−¨æ¨¨àã¥â ¨§¬¥−¥−¨¥ ¢å®¤®¢ áå¥¬ë. �à¨ íâ®¬ �‘-
á¨£−�«ë ¨ á¢ï§�−−ë¥ á −¨¬¨ “-á¨£−�«ë ¤®«¦−ë ¬¥−ïâìáï ¢ ®¯à¥¤¥«¥−−®¬
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� á¢®©áâ¢¥ á�¬®á¨−åà®−−®áâ¨ æ¨äà®¢ëå í«¥ªâà®−−ëå áå¥¬

¯®àï¤ª¥, ¨¬¨â¨àãîé¥¬ ¨å ¨§¬¥−¥−¨¥ ¢® ¢−¥è−¥© áå¥¬¥. ‚ ®áâ�«ì−®¬
¨§¬¥−¥−¨ï ¢å®¤®¢ ¤®«¦−ë ¡ëâì −¥§�¢¨á¨¬ë.

�à¨ ¯à®¢¥àª¥ SI-á¢®©áâ¢� â�ª¨å áå¥¬ ¢ëï¢«ïîâáï −¥ â®«ìª® £®−ª¨ −� í«¥-
¬¥−â�å, −® ¨ −¥¨−¤¨æ¨àã¥¬ë¥ í«¥¬¥−âë ¨áå®¤−®© à�§®¬ª−ãâ®© áå¥¬ë.

�à¥¤¯®«®¦¨¬, çâ® −¥ª®â®àë© á¨£−�« (¢ëå®¤ í«¥¬¥−â�) −¥ ¨−¤¨æ¨àã¥âáï
−� ä�§®¢ëå ¢ëå®¤�å ¨, ¢ ª®−¥ç−®¬ ¨â®£¥, −� ®¡é¥¬ ¨−¤¨ª�â®à−®¬ á¨£−�«¥
áå¥¬ë. �®áª®«ìªã §�¤¥à¦ª¨ í«¥¬¥−â®¢ ¬®£ãâ ¡ëâì «î¡ë¬¨, ¯ãáâì −¥¨−¤¨æ¨-
àã¥¬ë© í«¥¬¥−â −¥ ãá¯¥« ¯¥à¥ª«îç¨âìáï ¢ §−�ç¥−¨¥, á®®â¢¥âáâ¢ãîé¥¥ â¥ªãé¥©
ä�§¥, â. ¥. ®áâ�«áï ¢®§¡ã¦¤¥−−ë¬. ’�ª ª�ª ¢ëå®¤−®© á¨£−�« í«¥¬¥−â� −¥ ¨−-
¤¨æ¨àã¥âáï, â® ®¡é¨© ¨−¤¨ª�â®à ú−¥ §�¬¥â¨âû ®âáãâáâ¢¨ï ¯¥à¥ª«îç¥−¨ï ¨ ¯®
®¡à�â−®© á¢ï§¨ ¨−¨æ¨¨àã¥â ¯¥à¥å®¤ ¢ ¤àã£ãî ä�§ã. ‚ â¥ç¥−¨¥ á«¥¤ãîé¥©
ä�§ë ¢®§¡ã¦¤¥−¨¥ í«¥¬¥−â� ¡ã¤¥â á−ïâ®, çâ® ®§−�ç�¥â ª®−ä«¨ªâ ¨ −�àãè¥−¨¥
¯®«ã¬®¤ã«ïà−®áâ¨.

’�ª¨¬ ®¡à�§®¬, ®âáãâáâ¢¨¥ ¨−¤¨æ¨àã¥¬®áâ¨ í«¥¬¥−â� ¢ à�§®¬ª−ãâ®© áå¥¬¥
¢¥¤¥â á¥¡ï ª�ª −�«¨ç¨¥ £®−ª¨ ¢ §�¬ª−ãâ®© áå¥¬¥.

�¤−�ª® ®¤−®£® á¢®©áâ¢� ¯®«ã¬®¤ã«ïà−®áâ¨ (SI-á¢®©áâ¢�) §�¬ª−ãâëå áå¥¬
â�ª¦¥ −¥¤®áâ�â®ç−® ¤«ï á�¬®á¨−åà®−−®áâ¨. ‘®®â¢¥âáâ¢ãîé¥¥ ãâ¢¥à¦¤¥−¨¥ ¨§ [3,
¯. 10.3] ¢ â¥à¬¨−�å ¤�−−®© áâ�âì¨ §�¯¨áë¢�¥âáï â�ª:

‡�¬ª−ãâ�ï áå¥¬� ¡ã¤¥â á�¬®á¨−åà®−−®© ¯à¨ ¢ë¯®«−¥−¨¨ ¤¢ãå ãá«®¢¨©:

(1) ¥á«¨ ®−� ¯®«ã¬®¤ã«ïà−� ¯® Œ�««¥àã;

(2) ¥á«¨ ¥¥ ¤¨�£à�¬¬� ¯¥à¥å®¤®¢ −¥ á®¤¥à¦¨â ä¨ªâ¨¢−ëå ª«�áá®¢ íª¢¨¢�-
«¥−â−®áâ¨.

”¨ªâ¨¢−ë© ª«�áá íª¢¨¢�«¥−â−®áâ¨ (”Š�) | íâ® §�¬ª−ãâë© æ¨ª« ¢ ¤¨�-
£à�¬¬¥ ¯¥à¥å®¤®¢, ¢ ª®â®à®¬ å®âï ¡ë ®¤−� ¯¥à¥¬¥−−�ï ¢á¥£¤� ¢®§¡ã¦¤¥−� ¨ −¥
¬¥−ï¥âáï [3].

�à¨áãâáâ¢¨¥ ”Š� ¢ ¤¨�£à�¬¬¥ ¯¥à¥å®¤®¢ ®¡ãá«®¢«¥−® −�«¨ç¨¥¬ ¢ áå¥¬¥
�¢â®£¥−¥à¨àãîé¨å ¯®¤áå¥¬ [3]. �¡−�àã¦¨âì íâ¨ ª«�ááë ¬®¦−® à�§«¨ç−ë¬¨
¯ãâï¬¨.

…á«¨ §�¬ª−ãâ�ï áå¥¬� ¯®«ãç¥−� ¨§ à�§®¬ª−ãâ®©, â® á«¥¤ã¥â ¯à®¢¥à¨âì ¨á-
å®¤−ãî à�§®¬ª−ãâãî áå¥¬ã −� ãáâ®©ç¨¢®áâì: ¯à¨ ¢á¥å à�¡®ç¨å ¢å®¤−ëå −�¡®à�å
¨ §−�ç¥−¨ïå ¢−ãâà¥−−¨å á®áâ®ï−¨© áå¥¬� ¤®«¦−� ãáâ�−�¢«¨¢�âìáï ¢ ãáâ®©ç¨¢®¥
á®áâ®ï−¨¥.

�à¨ �−�«¨§¥ §�¬ª−ãâëå áå¥¬ ¤«ï ®¡−�àã¦¥−¨ï ”Š� −¥®¡å®¤¨¬® ¯à®¢¥àïâì
¢á¥ à�¡®ç¨¥ ä¨−�«ì−ë¥ æ¨ª«ë ¤¨�£à�¬¬ë ¯¥à¥å®¤®¢ −� −�«¨ç¨¥ ¯¥à¥¬¥−−ëå,
−�å®¤ïé¨åáï ¢ ¢®§¡ã¦¤¥−−®¬ á®áâ®ï−¨¨ ¨ −¥ ¬¥−ïîé¨åáï.

��ª®−¥æ, ¬®¦−® �−�«¨§¨à®¢�âì ¤¨�£à�¬¬ë ¯¥à¥å®¤®¢ áå¥¬ë ¯à¨ §�¤�−¨¨
ª®−ªà¥â−ëå Š�‡-01. ‚ íâ¨å á«ãç�ïå ¯à®æ¥áá ¯¥à¥å®¤®¢ ¤®«¦¥− §�ª�−ç¨¢�âìáï
âã¯¨ª®¢ë¬¨ á®áâ®ï−¨ï¬¨.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 89



‹. �. �«¥å�−®¢

5 Полнота по состояниям и переходам

�à®¡«¥¬� ¯®«−®âë á®¡«î¤¥−¨ï á¢®©áâ¢� á�¬®á¨−åà®−−®áâ¨ ¢®§−¨ª�¥â ¯à¨
−¥®¡å®¤¨¬®áâ¨ ãç¥â� −�ç�«ì−ëå á®áâ®ï−¨© í«¥¬¥−â®¢ ¨ à¥�«ì−ëå ¯¥à¥å®¤®¢
¬¥¦¤ã á®áâ®ï−¨ï¬¨ [7]. ’à¥¡®¢�−¨¥ ¯®«−®âë §�«®¦¥−® ¢ ®¯à¥¤¥«¥−¨ïå á�¬®á¨−-
åà®−−®áâ¨ [3] ¢ ¢¨¤¥ ãá«®¢¨ï á®¡«î¤¥−¨ï íâ®£® á¢®©áâ¢� ¯à¨ ¢á¥å ¤®¯ãáâ¨¬ëå
¯¥à¥å®¤�å.

÷�áç¥â á®áâ®ï−¨© áå¥¬ë á«¥¤ã¥â ¯à®¢®¤¨âì ¯à¨ à�§®¬ª−ãâ®© ®¡é¥© ®¡à�â−®©
á¢ï§¨ (¢ −®à¬�«ì−®¬ à¥¦¨¬¥ à�¡®âë §�¬ª−ãâë¥ ‘‘-áå¥¬ë −¥ ¨¬¥îâ ãáâ®©ç¨¢ëå
á®áâ®ï−¨©).

��ç�«ì−ë¥ á®áâ®ï−¨ï áå¥¬ë ãáâ�−�¢«¨¢�îâáï ¯à¨ ¢ª«îç¥−¨¨ ¥¥ ¯¨â�−¨ï.
�−¨ ¡ë¢�îâ à�¢−®¢¥á−ë¬¨ ¨ −¥à�¢−®¢¥á−ë¬¨. ÷�¢−®¢¥á−ë¥ á®áâ®ï−¨ï á®åà�−ï-
îâáï −¥®£à�−¨ç¥−−® ¤®«£® ¯à¨ −¥¨§¬¥−−ëå ¢å®¤−ëå á¨£−�«�å. �¥à�¢−®¢¥á−ë¥
á®áâ®ï−¨ï ¡¥§ ¢−¥è−¨å ¢®§¤¥©áâ¢¨© á® ¢à¥¬¥−¥¬ ¯¥à¥å®¤ïâ ¢ à�¢−®¢¥á−ë¥. ��-
¯à¨¬¥à, ¥á«¨ ¢å®¤ ¨ ¢ëå®¤ ¨−¢¥àâ®à� ¨¬¥îâ ®¤¨−�ª®¢ë¥ §−�ç¥−¨ï, â® íâ®
á®áâ®ï−¨¥ −¥à�¢−®¢¥á−®. �¥à¨®¤ ãáâ�−®¢«¥−¨ï áå¥¬ë ¢ áâ�¡¨«ì−®¥ á®áâ®ï−¨¥
¯®á«¥ ¢ª«îç¥−¨ï ¯¨â�−¨ï ®¡ëç−® −¥ áç¨â�¥âáï à�¡®ç¨¬, ¨ ¥£® á«¥¤ã¥â ¨áª«îç¨âì
¨§ à�áá¬®âà¥−¨ï.

‹î¡®¥ à�¢−®¢¥á−®¥ á®áâ®ï−¨¥ à�§®¬ª−ãâ®© áå¥¬ë ®¯à¥¤¥«ï¥âáï §−�ç¥−¨ï¬¨
¢å®¤−ëå á¨£−�«®¢ ¨ ¯¥à¥¬¥−−ëå ¯�¬ïâ¨ (á¨£−�«®¢ §�¯®¬¨−�îé¨å ïç¥¥ª ¢ áå¥¬¥).
÷�¢−®¢¥á−®¥ á®áâ®ï−¨¥ ¬®¦−® ®¯à¥¤¥«¨âì, §�¤�¢�ï ¢å®¤−®© −�¡®à ¨ ¢ëç¨á«ïï
§−�ç¥−¨ï ¢−ãâà¥−−¨å á¨£−�«®¢. ‚ ¯à®æ¥áá¥ â�ª®£® ¢ëç¨á«¥−¨ï −¥ª®â®àë¥ á¨£-
−�«ë (¯¥à¥¬¥−−ë¥ ¯�¬ïâ¨) ¬®£ãâ ®áâ�¢�âìáï ¯à®¨§¢®«ì−ë¬¨, −�¯à¨¬¥à ®¤¨− ¨§
¢ëå®¤®¢ âà¨££¥à�. ‚ ®¡é¥¬ á«ãç�¥ ¯¥à¥¬¥−−ë¥ ¯�¬ïâ¨ §�¢¨áïâ ®â §−�ç¥−¨©
¢å®¤−ëå á¨£−�«®¢, ¨ ®−¨ ¤®«¦−ë ãç�áâ¢®¢�âì ¢ ®¡é¥¬ ¯¥à¥¡®à¥.

‚á¥ ¢®§¬®¦−ë¥ à�¢−®¢¥á−ë¥ á®áâ®ï−¨ï, ¢ëç¨á«¥−−ë¥ ®¯¨á�−−ë¬ á¯®á®¡®¬,
¡ã¤¥¬ −�§ë¢�âì ®á−®¢−ë¬¨. ‚ à�§−ëå ä�§�å íâ¨ á®áâ®ï−¨ï ¡ã¤ãâ à�§−ë¬¨.

‚ ¯à®æ¥áá¥ à¥�«ì−®© à�¡®âë áå¥¬� ¯¥à¥å®¤¨â ¨§ ®¤−®£® ®á−®¢−®£® á®áâ®ï−¨ï
¢ ¤àã£®¥ ç¥à¥§ àï¤ ¯à®¬¥¦ãâ®ç−ëå −¥à�¢−®¢¥á−ëå á®áâ®ï−¨©. �ç¥¢¨¤−®, çâ®
á¢®©áâ¢® á�¬®á¨−åà®−−®áâ¨ ¤®«¦−® á®¡«î¤�âìáï ¯à¨ ¢á¥å íâ¨å ¯¥à¥å®¤�å.

�¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬ á�¬®á¨−åà®−−®áâ¨ ¡ã¤¥â ¯®«−®â� ¯® á®áâ®ï−¨ï¬
(‘‘-¯®«−®â�) | ¢ë¯®«−¥−¨¥ íâ®£® á¢®©áâ¢� ¯à¨ ¯à®å®¦¤¥−¨¨ ¢á¥å ®á−®¢−ëå
á®áâ®ï−¨© áå¥¬ë ¨ ¢á¥å à¥�«ì−ëå ¯¥à¥å®¤�å ¬¥¦¤ã ®á−®¢−ë¬¨ á®áâ®ï−¨ï¬¨.

6 Заключение

‘ â®çª¨ §à¥−¨ï ¯®âà¥¡¨â¥«ìáª¨å á¢®©áâ¢ ‘‘-áå¥¬ë ®¡¥á¯¥ç¨¢�îâ ¡¥§®è¨-
¡®ç−®áâì á¢®¥© à�¡®âë:

{ ®âáãâáâ¢¨¥ «®£¨ç¥áª¨å á®áâï§�−¨© (£®−®ª) í«¥¬¥−â®¢;
{ ®âª�§®¡¥§®¯�á−®áâì | ®áâ�−®¢ªã áå¥¬ë ¯à¨ ¢®§−¨ª−®¢¥−¨¨ ¢ëå®¤−ëå ª®−-

áâ�−â−ëå −¥¨á¯à�¢−®áâ¥© í«¥¬¥−â®¢ â¨¯� §�«¨¯�−¨ï −� 0 ¨ 1, ®¤¨−®ç−ëå ¨
ªà�â−ëå.
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� á¢®©áâ¢¥ á�¬®á¨−åà®−−®áâ¨ æ¨äà®¢ëå í«¥ªâà®−−ëå áå¥¬

‘ãé¥áâ¢ãîé¥¥ ¯®−ïâ¨¥ −¥§�¢¨á¨¬®áâ¨ ®â §�¤¥à¦¥ª í«¥¬¥−â®¢ (speed-
independent), è¨à®ª® ¯à¨¬¥−ï¥¬®¥ ¢ §�àã¡¥¦−®© «¨â¥à�âãà¥ ª�ª ¡�§®¢®¥, ï¢«ï-
¥âáï −¥®¡å®¤¨¬ë¬, −® −¥ ¤®áâ�â®ç−ë¬ ¤«ï á�¬®á¨−åà®−−®áâ¨.

�¡¥á¯¥ç¥−¨¥ á�¬®á¨−åà®−−®áâ¨ âà¥¡ã¥â ¤®¯®«−¨â¥«ì−ëå ¢ëç¨á«¨â¥«ì−ëå
§�âà�â ¯à¨ ¯à®¥ªâ¨à®¢�−¨¨ ¯® áà�¢−¥−¨î á ®¡¥á¯¥ç¥−¨¥¬ −¥§�¢¨á¨¬®áâ¨ ®â
§�¤¥à¦¥ª.
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ОСОБЕННОСТИ КЛАССИФИКАЦИОННОГО АНАЛИЗА
САМОСИНХРОННЫХ СХЕМ∗

Ю. В. Рождественский1, Н. В. Морозов2, А. В. Рождественскене3

�−−®â�æ¨ï: �à¥¤¬¥â®¬ áâ�âì¨ ï¢«ï¥âáï ¨áá«¥¤®¢�−¨¥ ¬¥â®¤®¢ �−�«¨§� �á¨−-
åà®−−ëå áå¥¬ −� −¥§�¢¨á¨¬®áâì ¨å ¯®¢¥¤¥−¨ï ®â §�¤¥à¦¥ª «®£¨ç¥áª¨å í«¥¬¥−-
â®¢. �à¥¤«�£�¥¬ë© ¬¥â®¤ ¢ â¥®à¥â¨ç¥áª®© ç�áâ¨ ¡�§¨àã¥âáï −� ¤¨�£à�¬¬�å
¯¥à¥å®¤®¢ (¬¥â®¤ ¢ £«®¡�«ì−ëå ¬®¤¥«ïå) á ¯®á«¥¤ãîé¨¬ â®¦¤¥áâ¢¥−−ë¬
¯à¥®¡à�§®¢�−¨¥¬ ª á®¡ëâ¨©−ë¬ ¬®¤¥«ï¬. �®«ãç¥−−ë¥ �«£®à¨â¬ë �−�«¨§�
®¡«�¤�îâ áâà®£®© äã−¤�¬¥−â�«ì−®áâìî ¬¥â®¤� ¢ £«®¡�«ì−ëå ¬®¤¥«ïå, −® −¥
âà¥¡ã¥â ¯®«−®£® ¯¥à¥¡®à� ¤®áâ¨¦¨¬ëå á®áâ®ï−¨© áå¥¬ë. ‘«®¦−®áâì §�¤�ç¨
¨§¬¥−¨«�áì á íªá¯®−¥−æ¨�«ì−®© −� ¯®«¨−®¬¨�«ì−ãî. Š«�áá¨ä¨ª�æ¨®−−ë©
�−�«¨§ ãâ®ç−ï¥â á¢®©áâ¢� ¨áá«¥¤ã¥¬®© áå¥¬ë, ¯à¥¤áâ�¢«ï¥â à�§¢¥à−ãâãî ¤¨�-
£−®áâ¨ªã ¨ ®¯à¥¤¥«ï¥â ¢®§¬®¦−ë¥ ¯à¨ç¨−ë ¢®§−¨ªè¨å −�àãè¥−¨©.

Š«îç¥¢ë¥ á«®¢�: á�¬®á¨−åà®−−ë¥ áå¥¬ë; á®¡ëâ¨©−ë© �−�«¨§; �¢â®¬�â¨§¨-
à®¢�−−®¥ ¯à®¥ªâ¨à®¢�−¨¥

1 Введение

‘ãé¥áâ¢ãîé¨¥ á¨áâ¥¬ë �¢â®¬�â¨§¨à®¢�−−®£® ¯à®¥ªâ¨à®¢�−¨ï á�¬®á¨−åà®−-
−ëå (−¥ §�¢¨áïé¨å ®â §�¤¥à¦¥ª) ¨−â¥£à�«ì−ëå áå¥¬ ¡�§¨àãîâáï −� à�§à�¡®â�−−ëå
à�−¥¥ ¡¨¡«¨®â¥ç−ëå í«¥¬¥−â�å ¢¥−â¨«ì−®£® ãà®¢−ï. �−�«¨§ äã−ªæ¨®−¨à®¢�−¨ï
â�ª¨å áå¥¬ ¨ ¯à®¢¥àª� ¨å á�¬®á¨−åà®−−®áâ¨ ¯à®¨§¢®¤ïâáï á ¯®¬®éìî ¯à®-
£à�¬¬−ëå áà¥¤áâ¢, ¡�§¨àãîé¨åáï −� ú£«®¡�«ì−ëå ¬®¤¥«ïåû | �‘ˆ�� [1] ¨
’÷���‹ [2]. �â¨ ¯à®£à�¬¬−ë¥ áà¥¤áâ¢� ®¡¥á¯¥ç¨¢�îâ â®ç−ë© ¨ ª®àà¥ªâ−ë©
�−�«¨§ −¥¡®«ìè¨å á�¬®á¨−åà®−−ëå í«¥¬¥−â®¢, −® −¥¯à¨¬¥−¨¬ë ª ¡®«¥¥ ªàã¯−ë¬
áå¥¬−ë¬ à¥è¥−¨ï¬ ¢á«¥¤áâ¢¨¥ íªá¯®−¥−æ¨�«ì−®£® à®áâ� ¢ëç¨á«¨â¥«ì−ëå §�âà�â,
§�¢¨áïé¨å ®â ª®«¨ç¥áâ¢� ¢−ãâà¥−−¨å ¯�à�««¥«ì−ëå ¯¥à¥ª«îç¥−¨©. �à®¥ªâ¨à®-
¢�−¨¥ ªàã¯−ëå ¡«®ª®¢ −¥¯®áà¥¤áâ¢¥−−® ¨§ ¡¨¡«¨®â¥ç−ëå í«¥¬¥−â®¢ ¢¥−â¨«ì−®£®
ãà®¢−ï ¯à¨¢®¤¨â ª ¯®«ãç¥−¨î £à®¬®§¤ª¨å ¨ −¥íää¥ªâ¨¢−ëå à¥è¥−¨©, ç�áâ®
¤¨áªà¥¤¨â¨àãï á�¬ã ¨¤¥î á�¬®á¨−åà®−¨§�æ¨¨.

∗÷�¡®â� ¢ë¯®«−¥−� ¯à¨ ç�áâ¨ç−®© ä¨−�−á®¢®© ¯®¤¤¥à¦ª¥ ¯® �à®£à�¬¬¥ äã−¤�¬¥−â�«ì−ëå
¨áá«¥¤®¢�−¨© ��ˆ’ ÷�� −� 2011 £. (¯à®¥ªâ 1.5).

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, YRogdest@ipiran.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, NMorozov@ipiran.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, ARogdest@ipiran.ru
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�á®¡¥−−®áâ¨ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬

‚ëå®¤®¬ ¨§ ¤�−−®£® úâã¯¨ª�û ¬®£ãâ ¡ëâì á®¡ëâ¨©−ë¥ ¬®¤¥«¨ äã−ªæ¨®-
−¨à®¢�−¨ï á�¬®á¨−åà®−−ëå áå¥¬, ®¡«�¤�îé¨¥ ¯®«¨−®¬¨�«ì−®© á«®¦−®áâìî ª
¢−ãâà¥−−¥¬ã ¯�à�««¥«¨§¬ã. �á−®¢−�ï ¯à®¡«¥¬� ¢ à¥�«¨§�æ¨¨ â�ª¨å ¯à®£à�¬¬
§�ª«îç�¥âáï ¢ ®¡¥á¯¥ç¥−¨¨ áâà®£®£® â®¦¤¥áâ¢¥−−®£® á®®â¢¥âáâ¢¨ï äã−¤�¬¥−â�«ì-
−ë¬ ¬¥â®¤�¬ �−�«¨§� −� ú£«®¡�«ì−ëå ¬®¤¥«ïåû. �−� ¨¬¥¥â â¥®à¥â¨ç¥áªãî ¨
â¥å−¨ç¥áªãî á®áâ�¢«ïîé¨¥.

�á−®¢ë â¥®à¥â¨ç¥áª®£® ¯®¤å®¤� �«£®à¨â¬¨§�æ¨¨ ¤�−−®© §�¤�ç¨ ¡ë«¨ ¯à®à�-
¡®â�−ë £àã¯¯®© ‚. ˆ. ‚�àè�¢áª®£® [3].

„¥â�«¨§�æ¨ï àï¤� â¥®à¥â¨ç¥áª¨å ¯®«®¦¥−¨© ¨ â¥å−¨ç¥áª�ï à¥�«¨§�æ¨ï ®áâ�-
¢�«¨áì ¤® ¯®á«¥¤−¥£® ¢à¥¬¥−¨ −¥¢ë¯®«−¥−−ë¬¨. ÷¥è¥−¨î íâ®© §�¤�ç¨ ¯®á¢ïé¥−�
¤�−−�ï áâ�âìï.

2 Теоретические основы анализа самосинхронных схем на базе
гипотезы Маллера

Š«�áá¨ç¥áª®¥ ®¯à¥¤¥«¥−¨¥ á�¬®á¨−åà®−−ëå áå¥¬ ¡ë«® ¤�−® ¢ à�¡®â�å Œ�-
«¥à� [4]. „«ï ç¥âª®£® ®¯à¥¤¥«¥−¨ï ªàã£� à¥è�¥¬ëå §�¤�ç ¯à¨¢¥¤¥¬ ¥é¥ à�§
®¯¨á�−¨¥ áå¥¬ë ¯® Œ�««¥àã.

‘å¥¬®© −�§ë¢�¥âáï á®¢®ªã¯−®áâì «®£¨ç¥áª¨å í«¥¬¥−â®¢ {Z1, . . . , Zn}, £¤¥
ª�¦¤ë© ¢å®¤ «®£¨ç¥áª®£® í«¥¬¥−â� ¯à¨á®¥¤¨−¥− ª ®¤−®¬ã ¢ëå®¤ã ¨ −¨ª�ª¨¥ ¤¢�
¢ëå®¤� −¥ á®¥¤¨−¥−ë ¬¥¦¤ã á®¡®©. ‘®áâ®ï−¨¥ áå¥¬ë ¢ ª�¦¤ë© ¬®¬¥−â ¯à¥¤áâ�¢-
«ï¥â á®¡®© −�¡®à §−�ç¥−¨© á¨£−�«®¢ ¢ ¥¥ ã§«�å | ¢ëå®¤�å ¤¢®¨ç−ëå «®£¨ç¥áª¨å
í«¥¬¥−â®¢. ‚å®¤ë áå¥¬ë â�ª¦¥ ¬®¦−® áç¨â�âì «®£¨ç¥áª¨¬¨ í«¥¬¥−â�¬¨ ¡¥§
¢å®¤®¢ | £¥−¥à�â®à�¬¨ −ã«¥© ¨«¨ ¥¤¨−¨æ.

‘®áâ®ï−¨¥ ¢ëå®¤� í«¥¬¥−â� ®¯à¥¤¥«ï¥âáï §−�ç¥−¨ï¬¨ á¨£−�«®¢ −� ¥£® ¢å®¤�å.
�®¢¥¤¥−¨¥ i-£® í«¥¬¥−â� áå¥¬ë ¬®¦−® ®¯¨á�âì ¡ã«¥¢ë¬ ãà�¢−¥−¨¥¬:

Z ′

i = Fi(Z1, . . . , Zi, . . . Zn) , (1)

£¤¥ Z1, . . . ., Zi−1, Zi+1, . . . , Zn | §−�ç¥−¨ï á¨£−�«®¢ ¢® ¢å®¤−ëå ã§«�å i-£®
í«¥¬¥−â� ¢ ¬®¬¥−â ¢à¥¬¥−¨ t; Zi | §−�ç¥−¨¥ ¢ëå®¤� i-£® í«¥¬¥−â� ¢ ¬®¬¥−â
¢à¥¬¥−¨ t; Z ′

i | §−�ç¥−¨¥, ª®â®à®¥ ¤®«¦¥− ¯à¨−ïâì ¢ëå®¤ i ¢ á«¥¤ãîé¨© ¬®¬¥−â
¢à¥¬¥−¨ t′; Fi | á®¡áâ¢¥−−�ï äã−ªæ¨ï i-£® í«¥¬¥−â�.

„«ï áå¥¬ë, á®áâ®ïé¥© ¨§ n í«¥¬¥−â®¢, ¬®¤¥«ìî Œ�««¥à� −�§ë¢�¥âáï á¨áâ¥¬�
¨§ n ãà�¢−¥−¨© ¢¨¤� Z ′

i, i = 1, . . . , n.
‘ª�§�−−®¥ ®§−�ç�¥â, çâ® ¯¥à¥ª«îç¥−¨¥ «î¡®£® «®£¨ç¥áª®£® í«¥¬¥−â� ¬®¦¥â

¯à®¨áå®¤¨âì ¢ â¥ç¥−¨¥ «î¡®£®, −® ®£à�−¨ç¥−−®£® ¨−â¥à¢�«� ¢à¥¬¥−¨. �à¨ íâ®¬
à¥§ã«ìâ�â ¯¥à¥ª«îç¥−¨ï, ¯®ï¢«ïîé¨©áï −� ¢ëå®¤¥ í«¥¬¥−â� Zj, ®¤−®¢à¥¬¥−−®
¯®ï¢«ï¥âáï −� ¢å®¤�å ¢á¥å í«¥¬¥−â®¢ Zi, á¢ï§�−−ëå á ¢ëå®¤®¬ í«¥¬¥−â� Zj. (‚á¥
§�¤¥à¦ª¨ ¯¥à¥ª«îç¥−¨ï ú¯à¨¢®¤ïâáïû ª ¢å®¤ã áà�¡®â�¢è¥£® í«¥¬¥−â�.)

�® Œ�««¥àã, áå¥¬� ¡ã¤¥â á�¬®á¨−åà®−−®©, ¥á«¨ ¢ ¯à®æ¥áá¥ ¥¥ à�¡®âë −¨ ¤«ï
ª�ª¨å ¯¥à¥ª«îç�îé¨åáï í«¥¬¥−â®¢ −¥ ¢®§−¨ª−¥â á¨âã�æ¨ï, ª®£¤� ¤¢� à�§«¨ç−ëå
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ā. ‚. ÷®¦¤¥áâ¢¥−áª¨©, �. ‚. Œ®à®§®¢, �. ‚. ÷®¦¤¥áâ¢¥−áª¥−¥

á®¡ëâ¨ï −� ¢å®¤�å í«¥¬¥−â�, ¤¥©áâ¢ãï ¢ ¯à®â¨¢®¯®«®¦−ëå −�¯à�¢«¥−¨ïå, ¬®£ãâ
¯¥à¥ª«îç¨âì ¥£® ¢ ¯àï¬®¬ ¨ ®¡à�â−®¬ −�¯à�¢«¥−¨¨ ®¤−®¢à¥¬¥−−® (á®áâ®ï−¨¥
ú£®−ª¨û).

‘�¬®á¨−åà®−−ë¥ áå¥¬ë ¯® Œ�««¥àã (speed-independent) ®¡«�¤�îâ àï¤®¬
æ¥−−ëå ª�ç¥áâ¢. �−¨ å�à�ªâ¥à¨§ãîâáï −¥§�¢¨á¨¬®áâìî äã−ªæ¨®−¨à®¢�−¨ï ®â
¢à¥¬¥−¨ ¯¥à¥ª«îç¥−¨ï í«¥¬¥−â®¢ áå¥¬ë.

�à¥¤«®¦¥−−�ï ¬®¤¥«ì ¤®¯ãáª�¥â ¨ ¡®«¥¥ è¨à®ª®¥ ¯à¨¬¥−¥−¨¥. �®−ïâ¨¥
á�¬®á¨−åà®−−®áâ¨ ¯® Œ�««¥àã ¬®¦¥â ¡ëâì à�á¯à®áâà�−¥−® ¨ −� á¯¥æ¨�«ì−ë©
ª«�áá áå¥¬, −¥§�¢¨á¨¬ëå ª�ª ®â ¢à¥¬¥−¨ ¯¥à¥ª«îç¥−¨ï «®£¨ç¥áª¨å í«¥¬¥−â®¢,
â�ª ¨ ®â §�¤¥à¦¥ª ¢ á®¥¤¨−¥−¨ïå í«¥¬¥−â®¢ (delay-insensitive).

„¥©áâ¢¨â¥«ì−®, ¥á«¨ −� ¢á¥å ¢å®¤�å ª�¦¤®£® «®£¨ç¥áª®£® í«¥¬¥−â� ¯®áâ�¢¨âì
¯®¢â®à¨â¥«ì, â® «®£¨ª� äã−ªæ¨®−¨à®¢�−¨ï áå¥¬ë ®áâ�−¥âáï −¥¨§¬¥−−®©, � ¢à¥¬¥-
−� ¯®ï¢«¥−¨ï ¢å®¤−ëå á¨£−�«®¢ −� ¢å®¤�å ®ª�¦ãâáï ¯à®¨§¢®«ì−ë¬¨, ®£à�−¨ç¥−-
−ë¬¨ ¢¥«¨ç¨−�¬¨, ®âáç¨âë¢�îé¨¬¨áï ®â ¬®¬¥−â� áà�¡�âë¢�−¨ï ¯¥à¥ª«îç�îé¨å
¨å ¢ëå®¤®¢. ‘¨áâ¥¬� «®£¨ç¥áª¨å ãà�¢−¥−¨©, ®¯¨áë¢�îé�ï ¨áå®¤−ãî áå¥¬ã (1),
¬®¤¨ä¨æ¨àã¥âáï ª ¢¨¤ã:

Z ′

i = Fi(aij) , a′ij = Zi ∀j ,

£¤¥ aij | «®£¨ç¥áª�ï äã−ªæ¨ï ¯®¢â®à¨â¥«ï ¤«ï j-£® ¢å®¤� i-£® «®£¨ç¥áª®£®
í«¥¬¥−â� áå¥¬ë.

‘�¬®á¨−åà®−−®áâì íâ®© áå¥¬ë ¯® Œ�««¥àã ¡ã¤¥â ®§−�ç�âì −¥§�¢¨á¨¬®áâì ¥¥
äã−ªæ¨®−¨à®¢�−¨ï ¢® ¢à¥¬¥−¨ ª�ª ®â §�¤¥à¦¥ª «®£¨ç¥áª¨å í«¥¬¥−â®¢, â�ª ¨ ®â
§�¤¥à¦¥ª ¢ á®¥¤¨−¥−¨ïå.

‘«¥¤®¢�â¥«ì−®, áà¥¤áâ¢� �−�«¨§� á�¬®á¨−åà®−−®áâ¨ áå¥¬ë Œ�««¥à� ¯®§¢®-
«ïîâ �−�«¨§¨à®¢�âì ®¡� ¢¨¤� ¢à¥¬ï−¥§�¢¨á¨¬ëå áå¥¬ ¨ ®¡«�¤�îâ, á íâ®© â®çª¨
§à¥−¨ï, áãé¥áâ¢¥−−®© äã−¤�¬¥−â�«ì−®áâìî.

“−¨¢¥àá�«ì−ë¥ �«£®à¨â¬ë −� ¡�§¥ ú£«®¡�«ì−ëå ¬®¤¥«¥©û ¯à¥¤áâ�¢«¥−ë ¢
à�¡®â¥ [3] ¨ ¯®§¢®«ïîâ ¯®«ãç¨âì ®¤−®§−�ç−ë© ®â¢¥â ® −�«¨ç¨¨ −�àãè¥−¨© á�¬®-
á¨−åà®−−®áâ¨ ¢ áå¥¬¥ Œ�««¥à�. ‘¢®¥© ã−¨¢¥àá�«ì−®áâìî ®−¨ ®¡ï§�−ë ¯®«−®¬ã
¯à®á¬®âàã ¢á¥å ¤®¯ãáâ¨¬ëå ¨ ¤®áâ¨¦¨¬ëå á®áâ®ï−¨© áå¥¬ë á æ¥«ìî ¯à®¢¥àª¨
−�«¨ç¨ï â�ª¨å −�àãè¥−¨©. ‚ íâ®¬ ¨å ¤®áâ®¨−áâ¢®, −® ¨ £«�¢−ë© −¥¤®áâ�-
â®ª. ‚à¥¬ï �−�«¨§� áå¥¬ á ¯®¬®éìî ã−¨¢¥àá�«ì−ëå �«£®à¨â¬®¢ ®¯à¥¤¥«ï¥âáï
íªá¯®−¥−æ¨�«ì−ë¬ å�à�ªâ¥à®¬ §�¢¨á¨¬®áâ¨ ç¨á«� �−�«¨§¨àã¥¬ëå á®áâ®ï−¨© ®â
ú¢−ãâà¥−−¥© ¯�à�««¥«ì−®áâ¨û áå¥¬ë, â. ¥. ç¨á«� ®¤−®¢à¥¬¥−−® ¯à®¨áå®¤ïé¨å ¯¥-
à¥ª«îç¥−¨© «®£¨ç¥áª¨å í«¥¬¥−â®¢. ‚ [1] ®¯¨á�−� à¥�«¨§�æ¨ï �«£®à¨â¬� ¯à®¢¥àª¨
á�¬®á¨−åà®−−®áâ¨ −� ¡�§¥ ¤¨�£à�¬¬ ¯¥à¥å®¤®¢ („�), ¯®§¢®«ïîé�ï ¬�ªá¨¬�«ì−®
¨á¯®«ì§®¢�âì ¯à�ªâ¨ç¥áª¨ ¢á¥ ¢®§¬®¦−®áâ¨ á®¢à¥¬¥−−®© ¢ëç¨á«¨â¥«ì−®© â¥å−¨-
ª¨ ¤«ï à¥è¥−¨ï íâ®© §�¤�ç¨. „®áâ¨£−ãâë© ãà®¢¥−ì á«®¦−®áâ¨ ¨áá«¥¤ã¥¬ëå áå¥¬
á®áâ�¢«ï¥â −¥ ¡®«¥¥ 24 ¯�à�««¥«ì−ëå ¯à®æ¥áá®¢. �â® á®®â¢¥âáâ¢ã¥â áå¥¬−ë¬ à¥-
è¥−¨ï¬ −¥¡®«ìè¨å í«¥ªâà®−−ëå ã§«®¢ ¯® 500{1000 ¢¥−â¨«¥© [5]. �−�«¨§¨à®¢�âì
¡®«¥¥ á«®¦−ë¥ áå¥¬ë ¯® íâ¨¬ �«£®à¨â¬�¬ −¥ ¯à¥¤áâ�¢«ï¥âáï ¢®§¬®¦−ë¬.
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�á®¡¥−−®áâ¨ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬

3 Событийный подход к анализу самосинхронных схем

‚ ª�ç¥áâ¢¥ �«ìâ¥à−�â¨¢ë £àã¯¯®© ¯à®ä. ‚. ˆ. ‚�àè�¢áª®£® ¡ë« ¯à¥¤«®¦¥−
á®¡ëâ¨©−ë© ¯®¤å®¤ ª �−�«¨§ã á�¬®á¨−åà®−−ëå áå¥¬. ‚ íâ®¬ á«ãç�¥ ¯®¤ á®¡ë-
â¨¥¬ ¯®−¨¬�¥âáï ¨§¬¥−¥−¨¥ (áà�¡�âë¢�−¨¥) ®¤−®© ¨§ ¯¥à¥¬¥−−ëå ¢ «¥¢®© ç�áâ¨
ãà�¢−¥−¨ï (1). �à¥¤è¥áâ¢ãîé¥¥ áà�¡�âë¢�−¨î á®áâ®ï−¨¥ ¯¥à¥¬¥−−®© «¥¢®© ç�á-
â¨, á®®â¢¥âáâ¢ãîé¥¥ ¢à¥¬¥−−�®¬ã ¨−â¥à¢�«ã, ª®£¤� ¢á¥ ¯¥à¥¬¥−−ë¥ ¯à�¢®© ç�áâ¨
§�¢¥àè¨«¨ á¢®¥ áà�¡�âë¢�−¨¥, −�§ë¢�¥âáï á®áâ®ï−¨¥¬ ¢®§¡ã¦¤¥−¨ï ¯¥à¥¬¥−−®©
«¥¢®© ç�áâ¨ «®£¨ç¥áª®£® ãà�¢−¥−¨ï. �−® ¤¥¬®−áâà¨àã¥â ¯à¨¢¥¤¥−¨¥ §�¤¥à¦ª¨
áà�¡�âë¢�−¨ï ª ¢ëå®¤ã «®£¨ç¥áª®£® í«¥¬¥−â� ¤«ï áå¥¬ë Œ�««¥à�. Œ−®¦¥áâ¢®
¢®§¡ã¦¤¥−−ëå á®áâ®ï−¨© ¯¥à¥¬¥−−®© ®¡à�§ã¥â ¥¥ §®−ã ¢®§¡ã¦¤¥−¨ï ¢ ¤¨�£à�¬-
¬¥ ¯¥à¥å®¤®¢ Œ�««¥à�. ˆ¬¥−−® ¢¥«¨ç¨−� íâ®© §®−ë ¨ ®¯à¥¤¥«ï¥â å�à�ªâ¥à
íªá¯®−¥−æ¨�«ì−®© §�¢¨á¨¬®áâ¨ �−�«¨§� ¢ „�, ¯®áª®«ìªã íâ� §®−� á®áâ®¨â ¨§
¯®«−®£® ¯¥à¥¡®à� á®áâ®ï−¨© áå¥¬ë ¯® −¥§�¢¨á¨¬ë¬ (¯�à�««¥«ì−ë¬) ¯¥à¥¬¥−-
−ë¬, ®â«¨ç−ë¬ ®â ¢®§¡ã¦¤¥−−®© ¯¥à¥¬¥−−®©. ‚ á®¡ëâ¨©−®¬ ¯®¤å®¤¥ ¢áï §®−�
¢®§¡ã¦¤¥−¨ï §�¬¥−ï¥âáï −�¡®à®¬ á®¡ëâ¨©, à�¢−ë¬ ç¨á«ã −¥§�¢¨á¨¬ëå ¢ëå®¤®¢
¨§ íâ®© §®−ë. „«ï á®¡ëâ¨© â¨¯� úˆû íâ® ¥¤¨−áâ¢¥−−®¥ á®¡ëâ¨¥ | ¯¥à¥ª«îç¥−¨¥
í«¥¬¥−â�. „«ï á®¡ëâ¨ï úˆ‹ˆû íâ® ç¨á«® á®¡ëâ¨©, à�¢−®¥ ç¨á«ã −¥§�¢¨á¨¬ëå
¯¥à¥¬¥−−ëå, ¢ë§ë¢�îé¨å ¯¥à¥ª«îç¥−¨¥ ¤�−−®£® í«¥¬¥−â�.

‘«¥¤®¢�â¥«ì−®, ¯¥à¥å®¤ ®â �−�«¨§� −� ¢á¥¬ ¬−®¦¥áâ¢¥ ¤®¯ãáâ¨¬ëå á®áâ®ï−¨©
„� Œ�««¥à� ª á®¡ëâ¨©−®¬ã �−�«¨§ã ¯®§¢®«ï¥â ã¡à�âì íªá¯®−¥−æ¨�«ì−ãî á«®¦-
−®áâì �−�«¨§� ¨ á¤¥«�âì ¢®§¬®¦−®© ¯à®¢¥àªã á�¬®á¨−åà®−−®áâ¨ áå¥¬ë Œ�««¥à�
à�§¬¥à−®áâìî ¤® 104{105 «®£¨ç¥áª¨å ãà�¢−¥−¨©. �â® ¯à�ªâ¨ç¥áª¨ ¯®«−®áâìî
¯®ªàë¢�¥â ¯®âà¥¡−®áâ¨ ¯à®£à�¬¬−ëå áà¥¤áâ¢ ¤«ï �−�«¨§� ªàã¯−ëå ¡«®ª®¢ ¢ë-
ç¨á«¨â¥«ì−ëå á¨áâ¥¬. ’�ª¨¥ ¡«®ª¨ ã¦¥ ¨¬¥îâ è¨−−ãî ®à£�−¨§�æ¨î ¢−¥è−¨å
¤�−−ëå. �−�«¨§ á�¬®á¨−åà®−−®áâ¨ ãáâà®©áâ¢, á®¤¥à¦�é¨å íâ¨ ¡«®ª¨, á¢®¤¨âáï
ª �−�«¨§ã áå¥¬ë ã¯à�¢«¥−¨ï ¨å ¢§�¨¬®¤¥©áâ¢¨¥¬ ¨ ¯®«−®áâìî ®¡¥á¯¥ç¨¢�¥âáï
áà¥¤áâ¢�¬¨ á®¡ëâ¨©−®£® �−�«¨§�.

‚�àè�¢áª¨¬ ¨ ¥£® £àã¯¯®© ¡ë«� ¤®ª�§�−� äã−¤�¬¥−â�«ì−®áâì ¤¨�£à�¬¬ ¨§-
¬¥−¥−¨© („ˆ), ®¯¨áë¢�îé¨å ¯®¢¥¤¥−¨¥ á®¡ëâ¨©−®© ¬®¤¥«¨, ¨ áä®à¬ã«¨à®¢�−ë
®á−®¢−ë¥ ¯à¨−æ¨¯ë íª¢¨¢�«¥−â−®áâ¨ „ˆ ¨ „� [2]. ��§¨àãïáì −� „�, ®− ¤®ª�§�«,
çâ® úª®àà¥ªâ−�ïû (¯®«ã¬®¤ã«ïà−�ï) „ˆ â®¦¤¥áâ¢¥−−® ®¯¨áë¢�¥â ¯¥à¥ª«îç¥−¨ï
á�¬®á¨−åà®−−®© áå¥¬ë Œ�««¥à�.

„¨�£à�¬¬ã ¨§¬¥−¥−¨© ¬®¦−® ¯à¥¤áâ�¢¨âì ª�ª −�¯à�¢«¥−−ë© £à�ä á¯¥æ¨�«ì-
−®£® ¢¨¤�. “§«�¬¨ íâ®£® £à�ä� ï¢«ïîâáï á®¡ëâ¨ï, á®®â¢¥âáâ¢ãîé¨¥ ¯¥à¥ª«îç¥-
−¨ï¬ «®£¨ç¥áª¨å ¯¥à¥¬¥−−ëå áå¥¬ë, å�à�ªâ¥à¨§ãîé¨¥áï §−�ª®¬ ¯¥à¥ª«îç¥−¨ï,
¨¬¥−¥¬ «®£¨ç¥áª®© ¯¥à¥¬¥−−®© ¨ −®¬¥à®¬ ¯¥à¥ª«îç¥−¨ï ®â ¨−¨æ¨�«ì−®£® §�¯ãá-
ª�. „ã£¨, á®¥¤¨−ïîé¨¥ á®¡ëâ¨ï ¢ £à�ä¥, ¯à¥¤áâ�¢«¥−ë ¤¢ã¬ï â¨¯�¬¨. „ã£¨
úáâà®£®£® ¯à¥¤è¥áâ¢®¢�−¨ïû ï¢«ïîâáï ¤ã£�¬¨ −�¯à�¢«¥−−®£® £à�ä� ¨ á®¥¤¨−ïîâ
á®¡ëâ¨ï, ¤«ï ª®â®àëå ¯®á«¥¤ãîé¥¥ á®¡ëâ¨¥ −¥¢®§¬®¦−® ¡¥§ ¯à¥¤ë¤ãé¥£® (®−¨
®¯¨áë¢�îâ á®¡ëâ¨ï â¨¯� úˆû). „ã£¨ úá«�¡®£® ¯à¥¤è¥áâ¢®¢�−¨ïû, á®¥¤¨−ïîé¨¥
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á®¡ëâ¨¥-¨−¨æ¨�â®à á á®¡ëâ¨¥¬-¯®á«¥¤áâ¢¨¥¬, ¤¥¬®−áâà¨àãîâ á¯®á®¡−®áâì, −® −¥
®¡ï§�â¥«ì−®áâì áà�¡�âë¢�−¨ï ¯®á«¥¤áâ¢¨ï ®â ¤�−−®£® ¨−¨æ¨�â®à� (−® ®¡ï§�â¥«ì-
−®¥ áà�¡�âë¢�−¨¥ ¯®á«¥¤áâ¢¨ï ®â ¢á¥å ¨−¨æ¨�â®à®¢). �−¨ ®¯¨áë¢�îâ á®¡ëâ¨ï
â¨¯� úˆ‹ˆû ¨ ¬®£ãâ −�àãè�âì ®¡éãî −�¯à�¢«¥−−®áâì £à�ä�.

Š®àà¥ªâ−�ï (¯®«ã¬®¤ã«ïà−�ï) „ˆ ¤«ï ¯à®æ¥áá� ¯¥à¥ª«îç¥−¨© á¨áâ¥¬ë ãà�¢-
−¥−¨© ¤®«¦−� ã¤®¢«¥â¢®àïâì ãá«®¢¨ï¬:

{ ¯®áâà®¥−¨¥ „ˆ −�ç¨−�¥âáï á −¥ª®â®à®£® ¨−¨æ¨�«ì−®£® á®áâ®ï−¨ï ¯®á«®©−®;

{ ¢ ª�¦¤ë© −®¢ë© á«®© ¢ª«îç�îâáï â®«ìª® á®¡ëâ¨ï, ¨¬¥îé¨¥ −¥¯®áà¥¤áâ¢¥−-
−ëå ¯à¥¤è¥áâ¢¥−−¨ª®¢ ¢ ¯à¥¤ë¤ãé¥¬ á«®¥;

{ á®¡ëâ¨ï ®¤−®£® á«®ï −¥ á¢ï§�−ë ¬¥¦¤ã á®¡®© ®â−®è¥−¨ï¬¨ áâà®£®£® ¯à¥¤-
è¥áâ¢®¢�−¨ï (¤ã£�¬¨ ¯¥à¢®£® â¨¯�);

{ á®¡ëâ¨ï −®¢®£® á«®ï ¡¥áª®−ä«¨ªâ−ë (®âáãâáâ¢ãîâ ¢å®¤ïé¨¥ ¤ã£¨, âà¥¡ã-
îé¨¥ ¯à®â¨¢®¯®«®¦−ëå ¯¥à¥ª«îç¥−¨© á®¡ëâ¨ï);

{ ¯®áâà®¥−¨¥ −®¢®£® á«®ï ¯à®¨§¢®¤¨âáï â®«ìª® ¤«ï ã¦¥ ¯®áâà®¥−−®£® ª®àà¥ªâ-
−®£® äà�£¬¥−â� „ˆ;

{ ¯®áâà®¥−¨¥ „ˆ ¤«ï à�§®¬ª−ãâëå áå¥¬ §�ª�−ç¨¢�¥âáï, ¥á«¨ à¥�«¨§®¢�−ë ¢á¥
¤®¯ãáâ¨¬ë¥ á®¡ëâ¨ï; ¤«ï §�¬ª−ãâëå áå¥¬ | ¥á«¨ ®¡−�àã¦¨¢�¥âáï â®ç−®¥
á®¢¯�¤¥−¨¥ æ¨ª«¨ç¥áª¨å äà�£¬¥−â®¢ „ˆ.

‡�¤�ç� ¯®áâà®¥−¨ï úª®àà¥ªâ−®©û „ˆ ¤«ï ¤¨áâà¨¡ãâ¨¢−ëå áå¥¬ (¯®¤¬−®¦¥-
áâ¢� ¯®«ã¬®¤ã«ïà−ëå áå¥¬, −¥ á®¤¥à¦�é¨å á®¡ëâ¨© úˆ‹ˆû) ¡ë«� ¯®«−®áâìî
à¥è¥−� £àã¯¯®© ‚�àè�¢áª®£® ¯à�ªâ¨ç¥áª¨ (á¨áâ¥¬� ’÷�‘�…Š). Š®àà¥ªâ−�ï „ˆ
¤«ï ¤¨áâà¨¡ãâ¨¢−ëå áå¥¬ ¯à¥¤áâ�¢«ï¥â á®¡®© −�¯à�¢«¥−−ë© £à�ä, ®¤−®§−�ç−®
ãáâ�−�¢«¨¢�îé¨© ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ãî á¢ï§ì ¬¥¦¤ã ª®−ªà¥â−ë¬¨ á®¡ëâ¨ï¬¨
(¯¥à¥ª«îç¥−¨ï¬¨ í«¥¬¥−â®¢ áå¥¬ë Œ�«¥à�).

‚�àè�¢áª¨¬ ¡ë«¨ áä®à¬ã«¨à®¢�−ë ãá«®¢¨ï ¨ ®¡é¨¥ ¯à¥¤«®¦¥−¨ï ¯® ¯®-
áâà®¥−¨î ª®àà¥ªâ−®© „ˆ ¤«ï ¯®«ã¬®¤ã«ïà−ëå (−¥ ¤¨áâà¨¡ãâ¨¢−ëå) áå¥¬, á®-
¤¥à¦�é¨å ®¡� â¨¯� á®¡ëâ¨© (úˆû ¨ úˆ‹ˆû). „¨�£à�¬¬� ¨§¬¥−¥−¨© ¢ íâ®¬
á«ãç�¥ ¯à¥¤áâ�¢«ï¥â á®¡®© −¥ª®â®à®¥ à�áè¨à¥−¨¥ ª«�áá� −�¯à�¢«¥−−ëå £à�ä®¢,
¢ª«îç�îé¥¥ ¢ á¥¡ï à�§−®¢¨¤−®áâì ¯®−ïâ¨ï ®¤−®¢à¥¬¥−−®áâ¨ | á«�¡®¥ ¯à¥¤è¥-
áâ¢®¢�−¨¥, çâ® −¥ ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ®¡ëç−ë¥ £à�ä®¢ë¥ ¬®¤¥«¨ ¤«ï �−�«¨§�
¯®«ã¬®¤ã«ïà−ëå áå¥¬ [3].

�á−®¢−ë¥ ¯à®¡«¥¬ë ¯®áâà®¥−¨ï ª®àà¥ªâ−®© „ˆ ¤«ï ¯®«ã¬®¤ã«ïà−ëå áå¥¬
á¢ï§�−ë á úà�§¬�§ë¢�−¨¥¬û á®¡ëâ¨ï ¯¥à¥ª«îç¥−¨ï í«¥¬¥−â� úˆ‹ˆû ¯® á«®ï¬
¨ âà¥¡®¢�−¨¥¬ úª®àà¥ªâ−®áâ¨û ã¦¥ ¯®áâà®¥−−®£® äà�£¬¥−â� „ˆ ¯à¨ ¯®áâà®¥−¨¨
®ç¥à¥¤−®£® á«®ï. �â® ¯à¨¢®¤¨â ª ¬−®£®ªà�â−ë¬ ¯¥à¥áâà®¥−¨ï¬ ã¦¥ áä®à¬¨-
à®¢�−−®£® äà�£¬¥−â� „ˆ ¯à¨ ®¡−�àã¦¥−¨¨ −®¢ëå á®¡ëâ¨© úˆ‹ˆû. „®¯®«-
−¨â¥«ì−® á¥àì¥§−ë¥ ¯à®¡«¥¬ë á®§¤�îâ á«ãç�¨ ú¢ëà®¦¤¥−¨ïû á®¡ëâ¨© úˆ‹ˆû
¨ ú¯¥à¥å¢�â� â¥à¬®¢û [6], ª®£¤� à¥�«ì−®¥ á®¡ëâ¨¥ úˆ‹ˆû ¢ á¨«ã ®¯à¥¤¥«¥−-
−ëå ¢§�¨¬®¤¥©áâ¢¨© ¥£® ¢å®¤−ëå ¯¥à¥¬¥−−ëå ¬¥¦¤ã á®¡®© ¨«¨ á ¥£® ¢ëå®¤®¬
¯¥à¥ª«îç�¥âáï ª�ª á®¡ëâ¨¥ úˆû.
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�á®¡¥−−®áâ¨ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬

…á«¨ ¢ ¯à®æ¥áá¥ �−�«¨§� ¤«ï áå¥¬ë ¡ë«� ¯®áâà®¥−� ª®àà¥ªâ−�ï „ˆ, á®-
®â¢¥âáâ¢ãîé�ï ¬®¤¥«¨ Œ�«¥à�, â® íâ® ï¢«ï¥âáï £�à�−â¨¥© −¥§�¢¨á¨¬®áâ¨ ¥¥
äã−ªæ¨®−¨à®¢�−¨ï ®â §�¤¥à¦¥ª í«¥¬¥−â®¢. ‘�¬� „ˆ á®¤¥à¦¨â ¯®«−®¥ ®¯¨á�-
−¨¥ ¢á¥å ¯à®æ¥áá®¢ ¯¥à¥ª«îç¥−¨© ¨ ¯à¥¤áâ�¢«ï¥â á®¡®© çà¥§¢ëç�©−® ã¤®¡−ë©
¨−áâàã¬¥−â ¤«ï ®¯à¥¤¥«¥−¨ï ¨ ¯®á«¥¤ãîé¥© ®¯â¨¬¨§�æ¨¨ ¢à¥¬¥−− �ëå ¨ í−¥à£¥â¨-
ç¥áª¨å å�à�ªâ¥à¨áâ¨ª áå¥¬ë. …á«¨ ¢ ¯à®æ¥áá¥ ¯®áâà®¥−¨ï „ˆ ®¡−�àã¦¨¢�îâáï
ª®−ä«¨ªâë, â® ¤�«ì−¥©è¨© �−�«¨§ ¯à¥ªà�é�¥âáï ¨ âà¥¡ãîâáï ¨§¬¥−¥−¨ï ¢ à¥�-
«¨§�æ¨¨ «®£¨ª¨ äã−ªæ¨®−¨à®¢�−¨ï ¨áá«¥¤ã¥¬®© áå¥¬ë.

4 Виды нарушений самосинхронности и способы их обнаружения

‚ à�¡®â¥ [3] ¡ë«® ¤®ª�§�−®, çâ® ¢á¥ ¢®§¬®¦−ë¥ ¢¨¤ë ª®−ä«¨ªâ®¢ à¥�«¨§ãîâáï
¢ ®¤−®¬ á«®¥ „ˆ. �â® ¢�¦−®¥ §�¬¥ç�−¨¥ áãé¥áâ¢¥−−® ã¯à®é�¥â ¯à®æ¥¤ãàã
¢ëï¢«¥−¨ï ¢á¥å ¢®§¬®¦−ëå ª®−ä«¨ªâ−ëå á¨âã�æ¨©.

’¥®à¥â¨ç¥áª¨ íâ® ®§−�ç�¥â, çâ® ¤«ï ¢á¥å ¢®§¡ã¦¤¥−−ëå ¢ ¯à¥¤ë¤ãé¥¬ á«®¥
¯¥à¥¬¥−−ëå ¬®¦¥â ¡ëâì â®«ìª® ®¤−® §−�ç¥−¨¥ áà�¡®â�¢è¥© ¯¥à¥¬¥−−®© ¢ â¥ªãé¥¬
á«®¥. �®ï¢«¥−¨¥ ¤¢ãå ãáâ®©ç¨¢ëå ¯à®â¨¢®¯®«®¦−ëå á®áâ®ï−¨© ¨ ¥áâì ¯à®ï¢«¥−¨¥
ª®−ä«¨ªâ�, ¢¥¤ãé¥£® ª −�àãè¥−¨î ¯®«ã¬®¤ã«ïà−®áâ¨ áå¥¬ë.

„«ï ¬¥â®¤®¢ �−�«¨§� ¢ ú£«®¡�«ì−ëå ¬®¤¥«ïåû (−� ¡�§¥ „�) íâ� ¯à®¢¥àª�
á¢®¤¨âáï ª ¢ë¯®«−¥−¨î ¤¢ãå ãá«®¢¨©:

(1) ®âáãâáâ¢¨¥ ®¤¨−�ª®¢ëå ¯¥à¥¬¥−−ëå ¢ á¯¨áª�å áà�¡®â�¢è¨å ¨ ¢−®¢ì ¢®§¡ã¦-
¤¥−−ëå ¯¥à¥¬¥−−ëå ¤«ï ª�¦¤®£® −®¢®£® á«®ï á®áâ®ï−¨© áå¥¬ë;

(2) ®âáãâáâ¢¨¥ ®¤¨−�ª®¢ëå ¯¥à¥¬¥−−ëå ¢ á¯¨áª�å, áà�¡®â�¢è¨å ¢ ¡®«¥¥ à�−−¨å
á«®ïå, −® −¥ ¢ë§¢�¢è¨å ¯¥à¥ª«îç¥−¨© ¨ ¢−®¢ì ¢®§¡ã¦¤¥−−ëå ¯¥à¥¬¥−−ëå
¤«ï ª�¦¤®£® −®¢®£® á«®ï á®áâ®ï−¨© áå¥¬ë.

‚ á«ãç�¥ ¯à¨¬¥−¥−¨ï á®¡ëâ¨©−®£® �−�«¨§� ¯®ï¢«ï¥âáï ¤®¯®«−¨â¥«ì−®¥ âà¥-
¡®¢�−¨¥, á¢ï§�−−®¥ á ¨á¯®«ì§®¢�−¨¥¬ ®¯à¥¤¥«¥−−®© ¬®¤¥«¨ §®− ¢®§¡ã¦¤¥−¨ï
¯¥à¥¬¥−−ëå áå¥¬ë ¢ ¯à¥¤áâ�¢«¥−¨¨ á®¡ëâ¨© ¢ „ˆ. �â� ¬®¤¥«ì âà¥¡ã¥â ¢¢¥-
¤¥−¨ï −¥ª®â®àëå ä¨ªâ¨¢−ëå ¯¥à¥¬¥−−ëå ¤«ï ®¯¨á�−¨ï á®¡ëâ¨©, ¢ ª®â®àëå
−�àãè�¥âáï á¢®©áâ¢® ¤¨áâà¨¡ãâ¨¢−®áâ¨. —¨á«® â�ª¨å ¯¥à¥¬¥−−ëå ¢ ª�¦¤®¬
á«ãç�¥ −�àãè¥−¨ï ¤¨áâà¨¡ãâ¨¢−®áâ¨ à�¢−® ç¨á«ã ¢−®¢ì ¢®§−¨ª�îé¨å ¢ íâ¨å
á«ãç�ïå ¯�à�««¥«ì−ëå −¥§�¢¨á¨¬ëå ¬¥¦¤ã á®¡®© ¯®á«¥¤®¢�â¥«ì−®áâ¥© á®¡ëâ¨©,
çâ® ¢ â®ç−®áâ¨ á®®â¢¥âáâ¢ã¥â áâàãªâãà¥ §®−ë ¢®§¡ã¦¤¥−¨ï ¤«ï ¯¥à¥¬¥−−®© â¨¯�
úˆ‹ˆû ¢ ú£«®¡�«ì−ëå ¬®¤¥«ïåû. �â® á®®â¢¥âáâ¢¨¥ ¨ ®¯à¥¤¥«ï¥â �¤¥ª¢�â−®áâì
®¡®¨å ¬¥â®¤®¢ �−�«¨§�.

�âáî¤� ¢®§−¨ª�¥â ¤®¯®«−¨â¥«ì−®¥ ãá«®¢¨¥ ¤«ï „ˆ: á®¢¯�¤¥−¨¥ §−�ª®¢ ¯¥-
à¥¬¥−−®©, ¯®à®¦¤�îé¥© ä¨ªâ¨¢−®¥ á®¡ëâ¨¥, ¨ á�¬®£® ä¨ªâ¨¢−®£® á®¡ëâ¨ï,
¢áâà¥ç�îé¨åáï ¢ ®¤−®¬ á«®¥ ¤«ï «î¡®£® á«®ï ¨áá«¥¤ã¥¬®© áå¥¬ë. ��«¨ç¨¥ à�§-
«¨ç¨© ¢ §−�ª�å ¡ã¤¥â £®¢®à¨âì ®¡ ®¤−®¢à¥¬¥−−®¬ ¯à¨áãâáâ¢¨¨ ¯à®â¨¢®¯®«®¦−ëå
ãáâ®©ç¨¢ëå á®áâ®ï−¨© ä¨ªâ¨¢−®© ¯¥à¥¬¥−−®© ¢ ®¤−®¬ á«®¥, çâ® á®®â¢¥âáâ¢ã¥â
−�àãè¥−¨î ¯®«ã¬®¤ã«ïà−®áâ¨ ¤«ï −¥¤¨áâà¨¡ãâ¨¢−ëå áå¥¬.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 97



ā. ‚. ÷®¦¤¥áâ¢¥−áª¨©, �. ‚. Œ®à®§®¢, �. ‚. ÷®¦¤¥áâ¢¥−áª¥−¥

÷¨á. 1 „¨�£à�¬¬� ¯¥à¥å®¤®¢ ¤«ï á«ãç�ï −�àãè¥−¨ï ¯®«ã¬®¤ã«ïà−®áâ¨ ¯à¨ ú¯¥à¥å¢�â¥
â¥à¬®¢û. Šãàá¨¢®¬ ¯à¨¢¥¤¥−ë úáª¥«¥â−ë¥û á®áâ®ï−¨ï; ¯ã−ªâ¨à®¬ ®¡¢¥¤¥−ë §®−ë
ú¢®§¡ã¦¤¥−¨ïû ¯¥à¥¬¥−−ëå áå¥¬ë. �®¬¥ç¥−−ë¥ á¨¬¢®«®¬ ′ | ¢®§¡ã¦¤¥−−ë¥ á®áâ®ï−¨ï

�¥à¥ç¨á«¥−−ëå ¯à®¢¥à®ª ¤®áâ�â®ç−® ¤«ï ª®àà¥ªâ−®£® �−�«¨§� ¢®§¬®¦−ëå
−�àãè¥−¨© ¯®«ã¬®¤ã«ïà−®áâ¨ −� ¡�§¥ á®¡ëâ¨©−®£® ¯®¤å®¤� ¢ à�¬ª�å ®¤−®£®
á«®ï „ˆ, §� ¨áª«îç¥−¨¥¬ á¯¥æ¨�«ì−®£® ú¯®£à�−¨ç−®£®û á«ãç�ï.

’�ª¨¬ á«®¦−ë¬ á«ãç�¥¬ ¤«ï á®¡ëâ¨©−®£® �−�«¨§� ï¢«ï¥âáï á¨âã�æ¨ï, ª®£¤�
¤¨áâà¨¡ãâ¨¢−�ï ¬®¤¥«ì äã−ªæ¨®−¨à®¢�−¨ï í«¥¬¥−â®¢ à¥�«¨§ã¥âáï ª�ª ¢ëà®¦-
¤¥−¨¥ ¯®«ã¬®¤ã«ïà−®© §� áç¥â áâà®£¨å ¯à¨ç¨−−®-á«¥¤áâ¢¥−−ëå á¢ï§¥© ¬¥¦¤ã
¢å®¤−ë¬¨ ¯¥à¥¬¥−−ë¬¨. ‡¤¥áì ç�áâ® ¢®§−¨ª�¥â á¨âã�æ¨ï, ¯®«ãç¨¢è�ï −�§¢�−¨¥
ú¯¥à¥å¢�â â¥à¬®¢û. �−� å�à�ªâ¥à¨§ã¥âáï ¯®á«¥¤®¢�â¥«ì−ë¬ ¢§�¨¬®á¢ï§�−−ë¬
áà�¡�âë¢�−¨¥¬ ¨ ¢ëª«îç¥−¨¥¬ ®â¤¥«ì−ëå ¨¬¯«¨ª�−â ¯¥à¥¬¥−−®© â¨¯� úˆ‹ˆû,
®¡¥á¯¥ç¨¢�îé¨¬ ¤«ï íâ®© ¯¥à¥¬¥−−®© ¤¨áæ¨¯«¨−ã áà�¡�âë¢�−¨ï â¨¯� úˆû. ‘�¬
ú¯¥à¥å¢�â â¥à¬®¢û −¥ ¢ë§ë¢�¥â −�àãè¥−¨© ¯®«ã¬®¤ã«ïà−®áâ¨, −® ®è¨¡®ç−�ï ¥£®
à¥�«¨§�æ¨ï ¬®¦¥â ¯à¨¢®¤¨âì ª úáªàëâë¬û ä®à¬�¬ −�àãè¥−¨©, −¥ ¢¨¤¨¬ë¬ −�
®¤−®¬ á«®¥ „ˆ. �à¨¬¥à ú¯¥à¥å¢�â� â¥à¬®¢û ¢ ¢¨¤¥ „� á® á«®¦−ë¬ á«ãç�¥¬
−�àãè¥−¨ï ¯®«ã¬®¤ã«ïà−®áâ¨ ¯à¥¤áâ�¢«¥− −� à¨á. 1. �� à¨á. 2 ¯à¥¤áâ�¢«¥−�
á®¡ëâ¨©−�ï ¬®¤¥«ì íâ®£® ¯à®æ¥áá� ¢ ¢¨¤¥ „ˆ.

‚ ¯à¥¤áâ�¢«¥−−®¬ ¯à¨¬¥à¥ ¢ ¯à®æ¥áá¥ ¯¥à¥ª«îç¥−¨© §�¤¥©áâ¢®¢�−ë âà¨
¨¬¯«¨ª�−âë ¯¥à¥¬¥−−®© X6, ¤¢¥ ¨§ ª®â®àëå áà�¡�âë¢�îâ ¯®á«¥¤®¢�â¥«ì−®
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�á®¡¥−−®áâ¨ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬

¯® +X1, +X3 ¨ +X3, +X2, ¢ë§ë¢�ï ¯¥à¥-

÷¨á. 2 „¨�£à�¬¬� ¨§¬¥−¥−¨© ¨
á®®â¢¥âáâ¢ãîé�ï ¯®á«¥¤®¢�â¥«ì−®áâì
úáª¥«¥â−ëåû á®áâ®ï−¨© áå¥¬ë ¤«ï
á«ãç�ï −�àãè¥−¨ï ¯®«ã¬®¤ã«ïà−®áâ¨
¯à¨ ú¯¥à¥å¢�â¥ â¥à¬®¢û

ª«îç¥−¨¥ −X6. �®á«¥¤−¥¥, ¢ á¢®î ®ç¥à¥¤ì,
®âª«îç�¥â ¯¥à¢ãî ¨¬¯«¨ª�−âã ¯® −X1, ª®-
â®à�ï ¨ ¢ª«îç�¥â âà¥âìî ¯® +X4. Œ¥¦-
¤ã ®âª«îç¥−¨¥¬ ¯¥à¢®© ¨ áà�¡�âë¢�−¨¥¬
âà¥âì¥© ¨¬¯«¨ª�−â §−�ç¥−¨¥ −X6 ã¤¥à¦¨-
¢�¥âáï ¢â®à®© ¨¬¯«¨ª�−â®©. ‚ë¤¥«¥−−ë¥
ªãàá¨¢®¬ −� à¨á. 1 ¨ ¯à¨¢¥¤¥−−ë¥ ¢ ¢¨-
¤¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ −� à¨á. 2 á®áâ®ï−¨ï
áå¥¬ë, −�§ë¢�¥¬ë¥ úáª¥«¥â−ë¬¨û á®áâ®-
ï−¨ï¬¨, ¯®«−®áâìî ®¯¨áë¢�îâ ¯®¢¥¤¥−¨¥
¤¨áâà¨¡ãâ¨¢−®© áå¥¬ë ¨ −¥ ®¡−�àã¦¨¢�îâ
−¨ª�ª¨å ¯à¨§−�ª®¢ −�àãè¥−¨ï ¯®«ã¬®-
¤ã«ïà−®áâ¨. „¨�£à�¬¬� ¨§¬¥−¥−¨© ¤¥-
¬®−áâà¨àã¥â ®âáãâáâ¢¨¥ á¯¥æ¨�«ì−ëå ¤ã£,
−�àãè�îé¨å ¤¨áâà¨¡ãâ¨¢−®áâì áå¥¬ë, ¨
¢ë£«ï¤¨â ª®àà¥ªâ−®©. �¤−�ª® „� −� à¨á. 1 ï¢−® ¯®ª�§ë¢�¥â −�«¨ç¨¥ −�-
àãè¥−¨ï ¯®«ã¬®¤ã«ïà−®áâ¨ áà�§ã ¢ ¤¢ãå §®−�å ¢®§¡ã¦¤¥−¨ï: +X2 ¨ +X4.
‡¤¥áì ¯¥à¥¬¥−−�ï X6 ¨¬¥¥â ®¤−®¢à¥¬¥−−® ¯à®â¨¢®¯®«®¦−ë¥ §−�ç¥−¨ï ¢ ®¤−®¬
á«®¥. Š«�áá¨ä¨ª�æ¨®−−ë© �−�«¨§ ®¯à¥¤¥«ï¥â ¨å ª�ª ú¢−¥áª¥«¥â−®¥û ¯® +X2
¨ ú¯à®§à�ç−®¥û +X4 −�àãè¥−¨ï ¯®«ã¬®¤ã«ïà−®áâ¨, −¥¢¨¤¨¬ë¥ −� úáª¥«¥â−ëåû
á®áâ®ï−¨ïå áå¥¬ë.

�à¨ç¨−� à�áå®¦¤¥−¨ï ¢ à¥§ã«ìâ�â�å �−�«¨§� ¤�−−®£® á«ãç�ï ¯® „� ¨ „ˆ
§�ª«îç�¥âáï ¢ â®¬, çâ® ¢ à¥§ã«ìâ�â¥ áà�¡�âë¢�−¨ï ¯¥à¢ëå ¤¢ãå ¨¬¯«¨ª�−â
¯¥à¥¬¥−−®© X6 ®¡à�§ã¥âáï ¢ëà®¦¤¥−−®¥ úˆ‹ˆû, ª®â®à®¥ âà¥¡ã¥â á®¢¬¥áâ−®£®
áà�¡�âë¢�−¨ï +X2 ¨ −X6 ¤® −�ç�«� áà�¡�âë¢�−¨ï −X1. �®áª®«ìªã ¢ ¤�−−®¬
¯à¨¬¥à¥ íâ®£® −¥ ¡ë«® ¯à¥¤ãá¬®âà¥−®, â® ¯®á«¥ áà�¡�âë¢�−¨ï−X1¯¥à¥¬¥−−�ï X2
¬®£«� ¨¬¥âì «î¡®¥ §−�ç¥−¨¥, çâ® ¨ áâ�«® ¯à¨ç¨−®© ª®−ä«¨ªâ�, −¥ −�¡«î¤�¥¬®£®
−� úáª¥«¥â−ëåû á®áâ®ï−¨ïå ¨ −¥ ®âà�¦¥−−®£® ¢ „ˆ.

‘«¥¤®¢�â¥«ì−®, �−�«¨§ á¨âã�æ¨©, á¢ï§�−−ëå á ú¯¥à¥å¢�â®¬ â¥à¬®¢û, âà¥¡ã-
¥â ¤®¯®«−¨â¥«ì−®© ¯à®¢¥àª¨ §�¢¥àè¥−−®áâ¨ à¥�«¨§�æ¨© ¢ëà®¦¤¥−−ëå úˆ‹ˆû
¤«ï ®¡¥á¯¥ç¥−¨ï ª®àà¥ªâ−®© ¨−¤¨ª�æ¨¨ −�àãè¥−¨© ¯®«ã¬®¤ã«ïà−®áâ¨. Š«�á-
á¨ä¨ª�æ¨®−−ë© �−�«¨§, ®¯à¥¤¥«ïîé¨© â¨¯ ª®−ä«¨ªâ−®© á¨âã�æ¨¨, ¯®§¢®«ï¥â ¢
íâ®¬ á«ãç�¥ ¨ ®¯à¥¤¥«¨âì ¯à¨ç¨−ã, ¢ë§¢�¢èãî íâ® −�àãè¥−¨¥, ¨ ¤�âì ¢�¦−®¥
¯à¥¤¬¥â−®¥ ãª�§�−¨¥ à�§à�¡®âç¨ªã áå¥¬ë.

�¯¨á�−−�ï ¬¥â®¤¨ª� á®¡ëâ¨©−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬ à¥�«¨§®¢�−�
¢ ¯®¤á¨áâ¥¬¥ �‘�…Š’ [7]. �®«ãç¥−−®¥ ¯®¤â¢¥à¦¤¥−¨¥ ¯®«¨−®¬¨�«ì−®£® å�-
à�ªâ¥à� §�¢¨á¨¬®áâ¨ ¢à¥¬¥−−ëå §�âà�â ®â ¢¥«¨ç¨−ë ¢−ãâà¥−−¥© ¯�à�««¥«ì−®áâ¨
¯à®æ¥áá®¢ ¯¥à¥ª«îç¥−¨© í«¥¬¥−â®¢ áå¥¬ ¯à®¨««îáâà¨à®¢�−® ¢ â�¡«. 1. ‚ −¥©
¯à¨¢¥¤¥−ë ¤�−−ë¥ ¢à¥¬¥−− �ëå §�âà�â ¯à®æ¥áá®à−®£® ¢à¥¬¥−¨ ¯¥àá®−�«ì−®£® ª®¬-
¯ìîâ¥à� (�Š) ¤«ï à¥è¥−¨ï §�¤�ç¨ �−�«¨§� n-à�§àï¤−®£® �à¨ä¬¥â¨ª®-«®£¨ç¥-
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’�¡«¨æ� 1 ‡�¢¨á¨¬®áâì ¢à¥¬¥−− �ëå §�âà�â �Š ¤«ï �−�«¨§� á�¬®á¨−åà®−−ëå �‹“ ®â
¢−ãâà¥−−¥© ¯�à�««¥«ì−®áâ¨ (−� ¯à¨¬¥à¥ n-à�§àï¤−ëå á�¬®á¨−åà®−−ëå �‹“)

‘å¥¬�
—¨á«® í«¥¬¥−â®¢

áå¥¬ë ��à�««¥«ì−®áâì
—¨á«® á®¡ëâ¨©

„ˆ
‚à¥¬ï
áç¥â�

�‹“-2 92 14 624 < 1 á
�‹“-4 156 26 1244 ∼ 1 á
�‹“-8 283 50 2444 ∼ 6 á
�‹“-16 537 98 4808 ∼ 80 á
�‹“-32 1047 192 9568 24 ¬¨− 30 á

áª®£® ãáâà®©áâ¢� (�‹“), £¤¥ n = 2, 4, 8, 16, 32, ¯®§¢®«ïîé¨¥ ¯à¨¡«¨§¨â¥«ì−®
®æ¥−¨âì áâ¥¯¥−−ãî §�¢¨á¨¬®áâì ¢à¥¬¥−− �ëå §�âà�â ª�ª ∼ n5. �â¨ ¢à¥¬¥−− �ë¥
§�âà�âë ¢ª«îç�îâ ¢ á¥¡ï §�âà�âë ª�ª −� �«£®à¨â¬ë �−�«¨§�, â�ª ¨ −� �«£®à¨â¬ë
¯à¥¤®¡à�¡®âª¨ ¢å®¤−ëå ¤�−−ëå ¨ ®à£�−¨§�æ¨¨ ¤¨�£−®áâ¨ç¥áª¨å á®®¡é¥−¨©. �â®
−¥áª®«ìª® ¨áª�¦�¥â ¢¨¤ ¯à¨¢¥¤¥−−®© §�¢¨á¨¬®áâ¨ ¤«ï −¥¡®«ìè¨å áå¥¬.

5 Организация диагностики в подсистеме классификационного
анализа

Œ®¤ã«¨ ¤¨�£−®áâ¨ç¥áª¨å á®®¡é¥−¨© ¢ ¯®¤á¨áâ¥¬�å �−�«¨§� á�¬®á¨−åà®−-
−ëå áå¥¬ ¢ë¯®«−ïîâ äã−ªæ¨î ®á−®¢−®£® ¢−¥è−¥£® ¨−â¥àä¥©á� á à�§à�¡®âç¨ª®¬
í«¥ªâà®−−ëå áå¥¬. �â â®ç−®áâ¨, ª®−ªà¥â−®áâ¨ ¨ −�£«ï¤−®áâ¨ ¥£® á®®¡é¥−¨© ¢
§−�ç¨â¥«ì−®© áâ¥¯¥−¨ §�¢¨áïâ áª®à®áâì à�§à�¡®âª¨ ¨ íää¥ªâ¨¢−®áâì áå¥¬®â¥å−¨-
ç¥áª¨å à¥è¥−¨©.

‚ ¯à®æ¥áá¥ à�§¢¨â¨ï ¯à®£à�¬¬−ëå áà¥¤áâ¢ �−�«¨§� ¬®¤ã«¨ ¤¨�£−®áâ¨ª¨
¯à¥â¥à¯¥«¨ á¥àì¥§−ë¥ í¢®«îæ¨®−−ë¥ ¨§¬¥−¥−¨ï.

‚ ¯®¤á¨áâ¥¬¥ ’÷���‹ [2] ¤¨�£−®áâ¨à®¢�«�áì ¯�à� ¯¥à¥¬¥−−ëå, ®â¢¥âáâ¢¥−-
−ëå §� ¢®§−¨ª−®¢¥−¨¥ ª®−ä«¨ªâ� ¨ −�àãè¥−¨¥ ¯®«ã¬®¤ã«ïà−®áâ¨. �â®£® ¤®áâ�-
â®ç−® ¤«ï á¨áâ¥¬ë ¨§ 10{20 ãà�¢−¥−¨©.

‚ ¯®¤á¨áâ¥¬¥ �‘ˆ�� [1] ¤¨�£−®áâ¨ç¥áª¨© ¬®¤ã«ì ¯®§¢®«ï« ã¢¨¤¥âì ¢¥áì ¯à®-
æ¥áá ¯¥à¥ª«îç¥−¨© ¢ ¢¨¤¥ £à�ä¨ç¥áª®£® ¯à¥¤áâ�¢«¥−¨ï ¤¨�£à�¬¬ë ¨§¬¥−¥−¨© ¨
¤¨�£−®áâ¨à®¢�âì −� −¥© −�àãè¥−¨¥ á�¬®á¨−åà®−−®áâ¨. „«ï ¤¨�£−®áâ¨à®¢�−¨ï
á¨âã�æ¨© −�àãè¥−¨ï á�¬®á¨−åà®−−®áâ¨ ¢ ¯®¤á¨áâ¥¬¥ �‘�…Š’ íâ®£® ã¦¥ −¥-
¤®áâ�â®ç−®. „¨�£à�¬¬� ¨§¬¥−¥−¨© ãáâà®©áâ¢, ¨áá«¥¤ã¥¬ëå ¢ íâ®© ¯®¤á¨áâ¥¬¥,
¬®¦¥â á®¤¥à¦�âì ¤® −¥áª®«ìª¨å ¬¨««¨®−®¢ á®¡ëâ¨© ¯¥à¥ª«îç¥−¨ï í«¥¬¥−â®¢.
�−�«¨§¨à®¢�âì ¯à¨ç¨−ë ¢®§−¨ª−®¢¥−¨ï −�àãè¥−¨© á�¬®á¨−åà®−−®áâ¨ ¯® â�-
ª®© ®¡ê¥¬−®© ¤¨�£à�¬¬¥ âàã¤−® ¨ −¥íää¥ªâ¨¢−®. „¨�£−®áâ¨ª� ¢ ¯®¤á¨áâ¥¬¥
�‘�…Š’ à¥�«¨§ã¥â ¢ë¤¥«¥−¨¥ äà�£¬¥−â®¢ „ˆ, ¢ ª®â®àëå «®ª�«¨§ã¥âáï ®¡-
−�àã¦¥−−®¥ −�àãè¥−¨¥, ¨ ®à£�−¨§ã¥â ¨å ¢¨§ã�«¨§�æ¨î ¢ ¢¨¤¥ £à�ä� á®¡ëâ¨©,
á®¤¥à¦�é¥£® ¯à¨ç¨−ã ¨ à¥§ã«ìâ�â íâ®£® −�àãè¥−¨ï.
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�á®¡¥−−®áâ¨ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬

÷¨á. 3 „¨�£à�¬¬� ¨§¬¥−¥−¨© áå¥¬ë ã¯à�¢«¥−¨ï 32-à�§àï¤−®£® á�¬®á¨−åà®−−®£®
¢ëç¨á«¨â¥«ì−®£® ¡«®ª�

”à�£¬¥−â „ˆ −� à¨á. 3 ¨««îáâà¨àã¥â á¨âã�æ¨î −�àãè¥−¨ï ¯®«ã¬®¤ã-
«ïà−®áâ¨ ¢ áå¥¬¥ ã¯à�¢«¥−¨ï 32-à�§àï¤−®£® á�¬®á¨−åà®−−®£® ¢ëç¨á«¨â¥«ì−®£®
ãáâà®©áâ¢� (¡«®ª� ¤¥«¥−¨ï/¨§¢«¥ç¥−¨ï ª®à−ï [8]). �«¥¬¥−â MU37, ¯¥à¥ª«îç�-
ïáì ¨§ 1 ¢ 0, ¢ë§ë¢�¥â áà�¡�âë¢�−¨¥ í«¥¬¥−â� E43B, � á¯ãáâï 19 á«®¥¢ „ˆ
á−®¢� ¯¥à¥ª«îç�¥âáï ¨§ 0 ¢ 1. �â® ¯®á«¥¤−¥¥ ¯¥à¥ª«îç¥−¨¥ −¨ª�ª −¥ §�¢¨á¨â ®â
áà�¡�âë¢�−¨ï í«¥¬¥−â� E43B, çâ® ¨ á®§¤�¥â −�àãè¥−¨¥ á�¬®á¨−åà®−−®áâ¨.

�� à¨á. 4 ¯à¥¤áâ�¢«¥− äà�£¬¥−â „ˆ, á®§¤�−−®© ¤¨�£−®áâ¨ç¥áª®© á¨áâ¥¬®©
�‘�…Š’. �â®â äà�£¬¥−â ®âà�¦�¥â ®¯¨á�−−®¥ −�àãè¥−¨¥: ¢ −¥¬ −�£«ï¤−®
¤¥¬®−áâà¨àã¥âáï ®âáãâáâ¢¨¥ í«¥¬¥−â� E43B ¢ æ¥¯¨ ¯¥à¥ª«îç¥−¨© í«¥¬¥−â� MU37

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 101



ā. ‚. ÷®¦¤¥áâ¢¥−áª¨©, �. ‚. Œ®à®§®¢, �. ‚. ÷®¦¤¥áâ¢¥−áª¥−¥

÷¨á. 4 �à¨¬¥à ¤¨�£−®áâ¨ç¥áª®£® á®®¡é¥−¨ï ¯®¤á¨áâ¥¬ë �‘�…Š’

¨§ 1 ¢ 0 ¨ ®¡à�â−®. �â®â ¯à¨¬¥à ¤¥¬®−áâà¨àã¥â, ª�ª á¯¥æ¨�«ì−ë¥ áà¥¤áâ¢�
¤¨�£−®áâ¨ç¥áª®© á¨áâ¥¬ë ¢ë¤¥«ïîâ ¨§ ¢á¥© „ˆ â®«ìª® á®¡ëâ¨ï ¨ á¢ï§¨ ¬¥¦¤ã
−¨¬¨, ®â¢¥âáâ¢¥−−ë¥ §� ¢®§−¨ª−®¢¥−¨¥ ª®−ä«¨ªâ�, ¨ ¯à¥¤áâ�¢«ïîâ ¨å ¢ ã¤®¡−®©
¤«ï �−�«¨§� ä®à¬¥.

„�«ì−¥©è¥¥ à�áè¨à¥−¨¥ ¨−â¥««¥ªâã�«¨§�æ¨¨ ¯à®æ¥áá� à�§à�¡®âª¨ á�¬®á¨−-
åà®−−ëå áå¥¬ ¤®áâ¨£�¥âáï §� áç¥â ¨á¯®«ì§®¢�−¨ï ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨-
§�. Š«�áá¨ä¨æ¨àãï å�à�ªâ¥à ¯à®æ¥áá®¢ ¢ áå¥¬¥ (¢§�¨¬®¤¥©áâ¢¨ï á®¡ëâ¨©) ª�ª
¤¨áâà¨¡ãâ¨¢−ë© ¨«¨ ¯®«ã¬®¤ã«ïà−ë©, â¨¯ ¤¨�£−®áâ¨àã¥¬ëå −�àãè¥−¨© (ª®−-
ä«¨ªâ®¢) ª�ª úáª¥«¥â−ë¥û, úáª¥«¥â−ë¥û á ¤®¡�¢«¥−¨¥¬ ä¨ªâ¨¢−ëå á®¡ëâ¨©,
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�á®¡¥−−®áâ¨ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� á�¬®á¨−åà®−−ëå áå¥¬

ú¢−¥áª¥«¥â−ë¥û ¨«¨ ú¯à®§à�ç−ë¥û, ¬®¦−® ¯®«ãç¨âì ¤®¯®«−¨â¥«ì−ãî ¨−ä®à¬�-
æ¨î ® ¯à¨ç¨−�å ª®−ä«¨ªâ®¢ ¨ á¯®á®¡�å ¨å à�§à¥è¥−¨ï [3]. ��¯à¨¬¥à:

{ ¢®§−¨ª−®¢¥−¨¥ ¯®á«¥¤−¨å ¤¢ãå â¨¯®¢ ª®−ä«¨ªâ®¢ ¯à�ªâ¨ç¥áª¨ ®¤−®§−�ç-
−® ãª�§ë¢�¥â −� −¥ª®àà¥ªâ−ãî ä®à¬ã ¢ëà®¦¤¥−¨ï úˆ‹ˆû ¨ âà¥¡ã¥â ¥¥
ãâ®ç−¥−¨ï;

{ ®¡−�àã¦¥−−ë¥ ú¯à®§à�ç−ë¥û ª®−ä«¨ªâë ¬®£ãâ ¡ëâì «¥£ª® ¨á¯à�¢«¥−ë á
¯®¬®éìî ¯à®áâëå �«£®à¨â¬®¢ ¨§¬¥−¥−¨© áå¥¬ë [3].

÷�§¢¨âë¥ ¨ ¨−â¥««¥ªâã�«¨§®¢�−−ë¥ ¤¨�£−®áâ¨ç¥áª¨¥ áà¥¤áâ¢� ¢ ¯®¤á¨áâ¥¬�å
á®¡ëâ¨©−®£® �−�«¨§� ï¢«ïîâáï −¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬ íää¥ªâ¨¢−®© à�§à�¡®âª¨
á�¬®á¨−åà®−−ëå áå¥¬ ¢á«¥¤áâ¢¨¥ ¯®¢ëè¥−−®© áâ¥¯¥−¨ á«®¦−®áâ¨ à�§à�¡�âë¢�-
¥¬ëå ¨§¤¥«¨©.

6 Выводы

1. ÷�§à�¡®â�−� ¬¥â®¤¨ª� �−�«¨§� ¢à¥¬ï−¥§�¢¨á¨¬ëå áå¥¬ −� ¡�§¥ ¯®áâà®¥−¨ï
á®¡ëâ¨©−ëå ¬®¤¥«¥© �á¨−åà®−−ëå ¯à®æ¥áá®¢ ¯¥à¥ª«îç¥−¨© í«¥¬¥−â®¢ áå¥-
¬ë. ‘®§¤�− −�¡®à �«£®à¨â¬®¢, ®¡¥á¯¥ç¨¢�îé¨© ¯®«−ãî ¨ ª®àà¥ªâ−ãî
¯à®æ¥¤ãàã �−�«¨§�.

2. ‘ ¯®¬®éìî ¬¥â®¤®¢ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� ¨áá«¥¤®¢�−� á«®¦−�ï ª®−-
ä«¨ªâ−�ï á¨âã�æ¨ï ¢ ¯à®æ¥áá¥ ¯¥à¥ª«îç¥−¨ï í«¥¬¥−â®¢, à¥�«¨§ãîé¥¬ ú¯¥-
à¥å¢�â â¥à¬®¢û, ¨ ¯à¥¤«®¦¥−� ¬¥â®¤¨ª� ¤¨�£−®áâ¨ª¨ â�ª¨å −�àãè¥−¨©.

3. ÷�§à�¡®â�−−ë¥ áà¥¤áâ¢� ¤¨�£−®áâ¨ª¨ ¨ ¢¨§ã�«¨§�æ¨¨ „ˆ ¯®§¢®«ïîâ ¢ë-
¤¥«ïâì ¨ ¨áá«¥¤®¢�âì ®â¤¥«ì−ë¥ äà�£¬¥−âë á®¡ëâ¨©−®© ¬®¤¥«¨ ¯à®æ¥á-
á� ¯¥à¥ª«îç¥−¨ï «®£¨ç¥áª¨å í«¥¬¥−â®¢, ¢ ª®â®àëå ¢ëï¢«¥−ë −�àãè¥−¨ï
á�¬®á¨−åà®−−®áâ¨. �à¨¬¥−¥−¨¥ ¬¥â®¤®¢ ª«�áá¨ä¨ª�æ¨®−−®£® �−�«¨§� ª®−-
ä«¨ªâ−ëå á¨âã�æ¨© ¢ „ˆ ¯®¢ëè�¥â íää¥ªâ¨¢−®áâì ¤¨�£−®áâ¨ç¥áª¨å áà¥¤áâ¢
¨ ®¡«¥£ç�¥â ¯®−¨¬�−¨¥ ¯à¨ç¨− íâ¨å −�àãè¥−¨©.

�¢â®àë ¢ëà�¦�îâ ¡«�£®¤�à−®áâì ā. ƒ. „ìïç¥−ª® §� ¯®¬®éì ¢ à�¡®â¥.
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СРЕДСТВА ПОДДЕРЖКИ ИСПОЛНЯЕМОГО КОДА,
СИНТЕЗИРОВАННОГО ПО СПЕЦИФИКАЦИЯМ,

НА ЯЗЫКЕ CELL

О. А. Бондаренко1, К. И. Волович2, В. А. Кондрашев3

�−−®â�æ¨ï: ‚ áâ�âì¥ à�áá¬�âà¨¢�îâáï �á¯¥ªâë £¥−¥à�æ¨¨ á«ã¦¥¡−®£® ¯à®-
£à�¬¬−®£® ª®¤�, ®¡¥á¯¥ç¨¢�îé¥£® äã−ªæ¨®−¨à®¢�−¨¥ ¯à®â®ª®«ì−ëå �¢â®¬�-
â®¢, à�§à�¡®â�−−ëå −� ï§ëª¥ Cell. �¯¨áë¢�¥âáï ¯®−ïâ¨¥ ú¨á¯®«−ïîé¥©
á¨áâ¥¬ëû ª�ª á®¢®ªã¯−®áâ¨ ¯à®£à�¬¬−®£® ª®¤�, ¢ª«îç�¥¬®£® ª®¬¯¨«ïâ®-
à®¬ ï§ëª� Cell ¢ ¯à®æ¥¤ãà−ë© ª®¤ á æ¥«ìî ®¡¥á¯¥ç¥−¨ï äã−ªæ¨®−¨à®¢�−¨ï
®á−®¢−®£® �«£®à¨â¬� ¯à®â®ª®«ì−®£® �¢â®¬�â�. ‘¥à¨�«¨§�æ¨ï ¯à®æ¥¤ãà−®£®
ª®¤�, ¢ë¯®«−ï¥¬�ï ª®¬¯¨«ïâ®à®¬ Cell ¢® ¢à¥¬ï ¥£® á¨−â¥§�, ¯à¥¤¯®«�£�¥â
¢®§¬®¦−®áâì íää¥ªâ¨¢−®£® äã−ªæ¨®−¨à®¢�−¨ï �¢â®¬�â� ¡¥§ ¨á¯®«ì§®¢�−¨ï
®¯¥à�æ¨®−−®© á¨áâ¥¬ë (�‘), çâ® −�ª«�¤ë¢�¥â −� ¨á¯®«−ïîéãî á¨áâ¥¬ã §�-
¤�ç¨ ã¯à�¢«¥−¨ï ¢á¥¬¨ à¥áãàá�¬¨, ¨á¯®«ì§ã¥¬ë¬¨ �¢â®¬�â®¬.

Š«îç¥¢ë¥ á«®¢�: ï§ëª Cell; ïç¥©ª�; ¨á¯®«−ïîé�ï á¨áâ¥¬�; ã¯à�¢«¥−¨¥
à¥áãàá�¬¨; á¥à¨�«¨§�æ¨ï; ¨¥à�àå¨ç¥áª¨© �¢â®¬�â; á¨−â¥§ ¯à®£à�¬¬−®£® ®¡¥á-
¯¥ç¥−¨ï; â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë© ¯à®â®ª®«

1 Введение

‘®¢à¥¬¥−−ë¥ â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë¥ á¨áâ¥¬ë äã−ªæ¨®−¨àãîâ −� ¡�§¥ è¨-
à®ª®£® á¯¥ªâà� ¯à®â®ª®«®¢, ª�¦¤ë© ¨§ ª®â®àëå ®¯¨áë¢�¥âáï á®®â¢¥âáâ¢ãîé¨¬
áâ�−¤�àâ®¬. Š�ª ¯à�¢¨«®, ®¯¨á�−¨¥ â¥«¥ª®¬¬ã−¨ª�æ¨®−−®£® ¯à®â®ª®«� ¢ â�ª®¬
áâ�−¤�àâ¥ á®áâ®¨â ¨§ ä®à¬�«ì−®© (¡«®ª-áå¥¬ë �«£®à¨â¬®¢, ®¯¨á�−¨¥ ¡«®ª®¢ ¤�−-
−ëå) ¨ −¥ä®à¬�«ì−®© ç�áâ¨, á®¤¥à¦�é¥© á«®¢¥á−®¥ ®¯¨á�−¨¥ äã−ªæ¨®−¨à®¢�−¨ï
á¨áâ¥¬ë. ‘®§¤�−¨¥ −� ®á−®¢¥ â�ª®£® ®¯¨á�−¨ï ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï, à¥�-
«¨§ãîé¥£® â¥«¥ª®¬¬ã−¨ª�æ¨®−−ë© ¯à®â®ª®«, ï¢«ï¥âáï â¢®àç¥áª®© §�¤�ç¥© ¤«ï
¨−¦¥−¥à�-¯à®£à�¬¬¨áâ�, ä�ªâ¨ç¥áª¨ −¥ ¯®¤¤�îé¥©áï �¢â®¬�â¨§�æ¨¨.

Ÿ§ëª Cell, ¯à¥¤«�£�¥¬ë© �¢â®à�¬¨ ¢ ª�ç¥áâ¢¥ áà¥¤áâ¢� à�§à�¡®âª¨ ¯à®-
£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå ¯à®â®ª®«®¢, ¤�¥â ¢®§¬®¦−®áâì
®¯¨á�âì �«£®à¨â¬ äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯®−¥−â®¢ â¥«¥ª®¬¬ã−¨ª�æ¨®−−®© á¨á-
â¥¬ë ä®à¬�«¨§®¢�−−ë¬ á¯®á®¡®¬. ��«¨ç¨¥ â�ª®£® ï§ëª� ¯®§¢®«ï¥â ¯à®¨§¢®¤¨âì

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, olga@ipi.ac.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, kv@ipi.ac.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vd@ipi.ac.ru
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�. �. �®−¤�à¥−ª®, Š. ˆ. ‚®«®¢¨ç, ‚. �. Š®−¤à�è¥¢

�¢â®¬�â¨§¨à®¢�−−ë© á¨−â¥§ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¯ãâ¥¬ âà�−á«ïæ¨¨ ä®à-
¬�«ì−ëå á¯¥æ¨ä¨ª�æ¨© −� ï§ëª¥ Cell −� ï§ëª à¥�«¨§�æ¨¨, ¯®¤å®¤ïé¨© ¤«ï
¨á¯®«ì§®¢�−¨ï −� ª®−ªà¥â−ëå ¢ëç¨á«¨â¥«ì−ëå ¯«�âä®à¬�å. ‚ ª�ç¥áâ¢¥ ï§ëª�
à¥�«¨§�æ¨¨ �¢â®à�¬¨ ¢ë¡à�− ï§ëª C.

�¤−�ª® ¯à®áâ®© âà�−á«ïæ¨¨ ª®¤� ¯à®â®ª®«ì−®£® �¢â®¬�â� −� ï§ëª à¥�«¨§�-
æ¨¨, � §�â¥¬ ¢ ¬�è¨−−ë¥ ª®¤ë −¥¤®áâ�â®ç−® ¤«ï ¯®áâà®¥−¨ï äã−ªæ¨®−¨àãîé¥©
á¨áâ¥¬ë. �¥®¡å®¤¨¬® â�ª¦¥ à¥è¨âì ¢®¯à®áë ã¯à�¢«¥−¨ï à�á¯à¥¤¥«¥−¨¥¬ ¯�-
¬ïâ¨, ¢à¥¬¥−¨, ¤àã£¨å à¥áãàá®¢ ¢ëç¨á«¨â¥«ì−®© ¯«�âä®à¬ë, ¬¥¦¯à®æ¥áá−®£®
¢§�¨¬®¤¥©áâ¢¨ï.

„«ï à¥è¥−¨ï ¤�−−ëå ¢®¯à®á®¢ ®¡ëç−® ¯à¨¬¥−ïîâáï ¤¢� ¯®¤å®¤�:

(1) ¨á¯®«−¥−¨¥ ª®¤� á ¨á¯®«ì§®¢�−¨¥¬ �‘ ª�ª áà¥¤áâ¢� ã¯à�¢«¥−¨ï à¥áãàá�¬¨
¨ ¯à¥¤®áâ�¢«¥−¨ï á¥à¢¨á� ¯à¨«®¦¥−¨ï¬;

(2) ¨á¯®«−¥−¨¥ æ¥«¥¢®£® ª®¤� −¥¯®áà¥¤áâ¢¥−−® ¢ëç¨á«¨â¥«ì−®© ¯«�âä®à¬®© ¡¥§
¨á¯®«ì§®¢�−¨ï �‘.

‚ ¯¥à¢®¬ á«ãç�¥ ¢á¥ äã−ªæ¨¨ ¯® ã¯à�¢«¥−¨î ¯�¬ïâìî, à�á¯à¥¤¥«¥−¨¥¬
¯à®æ¥áá®à−®£® ¢à¥¬¥−¨ ¬¥¦¤ã ¯à®æ¥áá�¬¨, ¬¥¦¯à®æ¥áá−®¬ã ¢§�¨¬®¤¥©áâ¢¨î
¬®£ãâ ¡ëâì ¢®§«®¦¥−ë −� á«ã¦¡ë �‘. ‚® ¢â®à®¬ á«ãç�¥ íâ¨ äã−ªæ¨¨ ¤®«¦−ë
¡ëâì ¢ª«îç¥−ë ¢ ª®¤ ¯à®â®ª®«ì−®£® �¢â®¬�â�.

Š�¦¤ë© ¨§ ¯®¤å®¤®¢ ¨¬¥¥â á¢®¨ ¤®áâ®¨−áâ¢� ¨ −¥¤®áâ�âª¨ ¢ ãá«®¢¨ïå ¯à¨¬¥-
−¥−¨ï ¢® ¢áâà�¨¢�¥¬ëå á¨áâ¥¬�å. ˆá¯®«ì§®¢�−¨¥ �‘ ¨áª«îç�¥â −¥®¡å®¤¨¬®áâì
¯®¤ª«îç¥−¨ï ¤®¯®«−¨â¥«ì−®£® ª®¤� −� íâ�¯¥ ª®¬¯¨«ïæ¨¨ �¢â®¬�â�, çâ® ®¡«¥£ç�-
¥â à�§à�¡®âªã ª®¬¯¨«ïâ®à� ï§ëª� Cell. �¤−�ª® ®¯¥à�æ¨®−−�ï á¨áâ¥¬� âà¥¡ã¥â
¤®¯®«−¨â¥«ì−ëå à¥áãàá®¢ á® áâ®à®−ë ®¡®àã¤®¢�−¨ï, çâ® ¢ ãá«®¢¨ïå ¢áâà�¨-
¢�¥¬ëå á¨áâ¥¬ ï¢«ï¥âáï áãé¥áâ¢¥−−ë¬. Šà®¬¥ â®£®, ¬¥å�−¨§¬ ®¡¥á¯¥ç¥−¨ï
¯�à�««¥«ì−®áâ¨ (¯á¥¢¤®¯�à�««¥«ì−®áâ¨) äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯®−¥−â®¢ ¯à®-
â®ª®«ì−®£® �¢â®¬�â� áà¥¤áâ¢�¬¨ �‘ (¯à®æ¥ááë, −¨â¨) −¥ âà¥¡ã¥âáï ¢ à�¬ª�å
ª®−æ¥¯æ¨¨ á¥à¨�«¨§�æ¨¨, §�«®¦¥−−®© ¢ ®á−®¢ã ï§ëª� Cell. �®«¥¥ â®£®, ¤«ï
®¡¥á¯¥ç¥−¨ï ¬¥å�−¨§¬� ¯®á«¥¤®¢�â¥«ì−®£® ¨á¯®«−¥−¨ï ª®¤�, á£¥−¥à¨à®¢�−−®£®
¯® á¯¥æ¨ä¨ª�æ¨ï¬ ï§ëª� Cell, ¢ ãá«®¢¨ïå äã−ªæ¨®−¨à®¢�−¨ï ¯®¤ ã¯à�¢«¥−¨-
¥¬ �‘ ¯®âà¥¡ã¥âáï ¨á¯®«ì§®¢�−¨¥ ¬¥å�−¨§¬� ¡«®ª¨à®¢®ª, á¥¬�ä®à®¢ ¨ ¨−ëå
áà¥¤áâ¢ �‘, ®¡¥á¯¥ç¨¢�îé¨å ¯�à�««¥«ì−®áâì ¨á¯®«−¥−¨ï, â. ¥. ¨á¯®«ì§®¢�−¨¥
¨¬¥−−® â¥å áà¥¤áâ¢ ®à£�−¨§�æ¨¨ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá�, ®â ª®â®àëå ¯®§¢®«ï¥â
®âª�§�âìáï ª®−æ¥¯æ¨ï á¥à¨�«¨§�æ¨¨.

‚â®à®© ¯®¤å®¤, ¯à¥¤ãá¬�âà¨¢�îé¨© ¢ª«îç¥−¨¥ ª®¤� ¨á¯®«−ïîé¥© á¨áâ¥¬ë
−¥¯®áà¥¤áâ¢¥−−® ¢ ª®¤ ¯à®â®ª®«ì−®£® �¢â®¬�â�, ¯®§¢®«ï¥â ¯®«−®áâìî à¥�«¨§®¢�âì
¬¥å�−¨§¬ë á¥à¨�«¨§�æ¨¨. “¯à�¢«¥−¨¥ ®¤−®¢à¥¬¥−−®áâìî ¨á¯®«−¥−¨ï «®£¨ç¥-
áª¨ −¥§�¢¨á¨¬ëå ç�áâ¥© ¯à®â®ª®«ì−®£® �¢â®¬�â� ¢ íâ®¬ á«ãç�¥ ®¡¥á¯¥ç¨¢�¥âáï
á�¬¨¬ ª®¤®¬ ¯à®â®ª®«ì−®£® �¢â®¬�â�. ��à�««¥«ì−® äã−ªæ¨®−¨àãîé¨¥ «®£¨ç¥-
áª¨¥ ¬®¤ã«¨ ¢ ¤�−−®¬ á«ãç�¥ −¥ ®ä®à¬«ïîâáï ª�ª ®â¤¥«ì−ë¥ ®¡ê¥ªâë ¢ à�¬ª�å
�‘ (¯à®æ¥ááë, −¨â¨), � ¢ë¤¥«ïîâáï ¨áª«îç¨â¥«ì−® ¢ à�¬ª�å «®£¨ª¨ ¨á¯®«−¥-
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−¨ï ®¤−®£® ¯à®æ¥áá� ¯à®â®ª®«ì−®£® �¢â®¬�â�, ¨á¯®«−ï¥¬®£® ¯®á«¥¤®¢�â¥«ì−® −�
�¯¯�à�â−ëå áà¥¤áâ¢�å ¢áâà�¨¢�¥¬®© á¨áâ¥¬ë.

ˆáå®¤ï ¨§ ¢ëè¥¨§«®¦¥−−ëå ¯®áë«®ª, �¢â®àë ¯à¥¤«�£�îâ ¯à¨ £¥−¥à�æ¨¨
æ¥«¥¢®£® ª®¤� ¯à®â®ª®«ì−®£® �¢â®¬�â� ¨á¯®«ì§®¢�âì ¢â®à®© ¯®¤å®¤, â. ¥. ¢ª«îç�âì
¢ á®áâ�¢ ¯à®â®ª®«ì−®£® �¢â®¬�â� í«¥¬¥−âë ¨á¯®«−ïîé¥© á¨áâ¥¬ë, ®¡¥á¯¥ç¨¢�-
îé¨å äã−ªæ¨®−¨à®¢�−¨¥ ¡¥§ ¨á¯®«ì§®¢�−¨ï �‘.

„�−−ë© ¯®¤å®¤ ®¡¥á¯¥ç¨¢�¥â ¬®¡¨«ì−®áâì ª®¤� ¬¥¦¤ã à�§«¨ç−ë¬¨ �¯¯�à�â-
−ë¬¨ ¯«�âä®à¬�¬¨, ¯®áª®«ìªã −¥ á®¤¥à¦¨â �¯¯�à�â−® §�¢¨á¨¬ëå ª®¬¯®−¥−â®¢.
�à¨¢ï§ª� ª ª®−ªà¥â−®¬ã ®¡®àã¤®¢�−¨î ¬®¦¥â ®áãé¥áâ¢«ïâìáï ¯ãâ¥¬ ¯à¨¬¥−¥−¨ï
�¯¯�à�â−®£® ¤à�©¢¥à�, ®¡¥á¯¥ç¨¢�îé¥£® ¯à¨¥¬ ¨ ®â¯à�¢ªã −¨§ª®§ª®ãà®¢−¥¢ëå
¤�−−ëå ç¥à¥§ ¡ãä¥à ¢ ¯�¬ïâ¨ á ¨á¯®«ì§®¢�−¨¥¬ ¯à¥àë¢�−¨©. ˆ−â¥àä¥©á ¢§�¨¬®-
¤¥©áâ¢¨ï á ¤à�©¢¥à®¬ ¬®¦¥â ¯à¥¤®áâ�¢«ïâìáï ¢−¥è−¥© ¯® ®â−®è¥−¨î ª �¢â®¬�âã
¡¨¡«¨®â¥ª®© ¨ −¥ ï¢«ïâìáï −¥¯®áà¥¤áâ¢¥−−® ¯à¨−�¤«¥¦−®áâìî ¯à®â®ª®«ì−®£®
�¢â®¬�â�.

÷�§à�¡®âª� �«£®à¨â¬®¢ äã−ªæ¨®−¨à®¢�−¨ï ¨á¯®«−ïîé¥© á¨áâ¥¬ë ï¢«ï¥âáï
®â¤¥«ì−®© §�¤�ç¥© ¯à¨ á®§¤�−¨¨ ª®¬¯¨«ïâ®à�. �à®£à�¬¬−ë© ª®¤ ¨á¯®«−ïîé¥©
á¨áâ¥¬ë, ¢ª«îç�¥¬ë© ¢ à¥§ã«ìâ¨àãîé¨© ª®¤ ¯à®â®ª®«ì−®£® �¢â®¬�â�, ï¢«ï¥âáï
ç�áâìî ¡¨¡«¨®â¥ª ª®¬¯¨«ïâ®à�. ‚§�¨¬®¤¥©áâ¢¨¥ á®¡áâ¢¥−−® �¢â®¬�â−®£® ª®¤�
¨ ¡¨¡«¨®â¥ª ®¡¥á¯¥ç¨¢�¥âáï ç¥à¥§ ¯à®£à�¬¬−ë© ¨−â¥àä¥©á, ¢ë§®¢ë ª®â®à®£®
ä®à¬¨àãîâáï −� íâ�¯¥ ª®¬¯¨«ïæ¨¨.

„�«¥¥ ¢ áâ�âì¥ ¯®ª�§�−ë áâàãªâãà−ë¥ ¬®¤ã«¨ ¨á¯®«−ïîé¥© á¨áâ¥¬ë ¨ �«£®-
à¨â¬ë ¨å äã−ªæ¨®−¨à®¢�−¨ï, ®¡¥á¯¥ç¨¢�îé¨¥ à�¡®âã ¯à®â®ª®«ì−®£® �¢â®¬�â�
¡¥§ ¨á¯®«ì§®¢�−¨ï ¬¥å�−¨§¬®¢ �‘.

2 Структура исполняющей системы

�á−®¢−®© äã−ªæ¨¥© ¨á¯®«−ïîé¥© á¨áâ¥¬ë ï¢«ï¥âáï à�á¯à¥¤¥«¥−¨¥ à¥áãàá®¢
¨ ã¯à�¢«¥−¨¥ ¨á¯®«−¥−¨¥¬ −¥§�¢¨á¨¬ë¬¨ ç�áâï¬¨ �¢â®¬�â�.

�¢â®à�¬¨ ¯à¥¤«�£�¥âáï �«£®à¨â¬ £¥−¥à�æ¨¨ æ¥«¥¢®£® ª®¤� ¯à®â®ª®«ì−®£® �¢-
â®¬�â�, ¯à¨ ª®â®à®¬ ª®¬¯¨«ïâ®à ï§ëª� Cell ¯à®¨§¢®¤¨â áâ�â¨ç¥áª®¥ ¢ë¤¥«¥−¨¥
à¥áãàá®¢ ¤«ï ª�¦¤®£® ®¡ê¥ªâ� −¥§�¢¨á¨¬®£® ¨á¯®«−¥−¨ï (ª®−â¥ªáâ� ¯à®æ¥áá�,
®ç¥à¥¤¥©, ®¡«�áâ¨ ¤�−−ëå). ’�ª¨¬ ®¡à�§®¬, ¯¥à¢¨ç−®¥ à�á¯à¥¤¥«¥−¨¥ à¥áãàá®¢
ã¦¥ ¯à®¢¥¤¥−® −� íâ�¯¥ ¯¥à¨®¤� ª®¬¯¨«ïæ¨¨. �� íâ�¯¥ ¨á¯®«−¥−¨ï ®â ¤¨á¯¥â-
ç¥à� à¥áãàá®¢ ¨á¯®«−ïîé¥© á¨áâ¥¬ë âà¥¡ã¥âáï «¨èì �ªâ¨¢�æ¨ï â®£® ¨«¨ ¨−®£®
áâ�â¨ç¥áª®£® ®¡ê¥ªâ� ¢ ¯�¬ïâ¨.

’�ª¦¥ ª äã−ªæ¨ï¬ ¨á¯®«−ïîé¥© á¨áâ¥¬ë ®â−®á¨âáï ã¯à�¢«¥−¨¥ ®ç¥à¥¤ï-
¬¨ á¨£−�«®¢, ®¡¥á¯¥ç¨¢�îé¥¥ ¯®á«¥¤®¢�â¥«ì−®¥ (á¥à¨�«¨§®¢�−−®¥) ¨á¯®«−¥−¨¥
¯à®æ¥¤ãà−®£® ª®¤�. Œ®¦−® ¢ë¤¥«¨âì ®á−®¢−ë¥ ¬®¤ã«¨, á®áâ�¢«ïîé¨¥ ¨á¯®«−ï-
îéãî á¨áâ¥¬ã:

(1) ¬®¤ã«ì ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨;

(2) ¬®¤ã«ì ã¯à�¢«¥−¨ï ª®−â¥ªáâ�¬¨;
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(3) ¬®¤ã«ì ã¯à�¢«¥−¨ï à¥�ªæ¨ï¬¨ �¢â®¬�â� (¬®¤ã«ì ¯¥à¥å®¤®¢);

(4) ¬®¤ã«ì ã¯à�¢«¥−¨ï ®¡«�áâï¬¨ ¤�−−ëå á¨£−�«®¢;

(5) ¬®¤ã«ì ª®−âà®«ï ¨á¯®«ì§®¢�−¨ï à¥áãàá®¢;

(6) ¬®¤ã«ì ®¡à�¡®âª¨ ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨©.

3 Алгоритмы функционирования исполняющей системы

3.1 Модуль управления очередями

Œ®¤ã«ì ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ ¯à¥¤®áâ�¢«ï¥â �¢â®¬�âã ¨−â¥àä¥©á ª äã−ªæ¨-
ï¬ ¯®¬¥é¥−¨ï á¨£−�«®¢ ¢ ®ç¥à¥¤ì ¨ ¨§¢«¥ç¥−¨¥ á¨£−�«®¢ ¨§ ®ç¥à¥¤¥©. �á−®¢−®©
¯à®£à�¬¬−ë© æ¨ª« (message loop), ¨−â¥£à¨àã¥¬ë© ª®¬¯¨«ïâ®à®¬ ¢ ¨áå®¤−ë©
ª®¤ �¢â®¬�â�, ¨á¯®«ì§ã¥â äã−ªæ¨¨ GetSignal ¨ DispatchSignal ¤«ï ¯®«ãç¥−¨ï
á¨£−�«� ¨§ ¢−¥è−¥© ®ç¥à¥¤¨ ¨ ®¡à�¡®âª¨ ¥£® ª®¤®¬ ¯à®â®ª®«ì−®£® �¢â®¬�â�
á®®â¢¥âáâ¢¥−−®.

‘¯¥æ¨ä¨ª®© ¯®áâà®¥−¨ï «®£¨ª¨ à�¡®âë �¢â®¬�â� ï¢«ï¥âáï −�«¨ç¨¥ ¤¢ãå
®ç¥à¥¤¥© ¤«ï ¢−¥è−¨å ¨ ¢−ãâà¥−−¨å á¨£−�«®¢. ‚−¥è−¨¥ á¨£−�«ë ¯à¨−¨¬�îâáï
®â �¯¯�à�â−®-§�¢¨á¨¬®£® ¤à�©¢¥à� ¨ à�§¬¥é�îâáï ¢ ®ç¥à¥¤¨ ¢−¥è−¨å á¨£−�«®¢, ¢
â® ¢à¥¬ï ª�ª ¢−ãâà¥−−¨¥ á¨£−�«ë £¥−¥à¨àãîâáï á�¬¨¬ �¢â®¬�â®¬ ¨ à�§¬¥é�îâáï,
á®®â¢¥âáâ¢¥−−®, ¢ ®ç¥à¥¤¨ ¢−ãâà¥−−¨å á¨£−�«®¢.

“ª�§�−−�ï ¯�à� ®ç¥à¥¤¥© ¯à¨¢ï§ë¢�¥âáï ª ª®−â¥ªáâã ïç¥©ª¨. Š�ª ¯®ª�§�−®
¢ [1], ª�¦¤®© ª®à−¥¢®© ïç¥©ª¥ á®¯®áâ�¢«ï¥âáï á¢®© ª®−â¥ªáâ.

�à¨ £¥−¥à�æ¨¨ ¯à®£à�¬¬−®£® ª®¤� ª®¬¯¨«ïâ®à ¨−â¥£à¨àã¥â −¥ï¢−ë¬ ®¡à�§®¬
ª®¤ ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ ¢ ¯à®â®ª®«ì−ë© �¢â®¬�â, ¯à¨ç¥¬ äã−ªæ¨¨ ã¯à�¢«¥−¨ï
®ç¥à¥¤ï¬¨ ¢ ª�ç¥áâ¢¥ ®¤−®£® ¨§ �à£ã¬¥−â®¢ ¯®«ãç�îâ ãª�§�â¥«ì −� ª®−â¥ªáâ, á
ª®â®àë¬ �áá®æ¨¨àã¥âáï ª®à−¥¢�ï ïç¥©ª�. ’�ª¨¬ ®¡à�§®¬ ®¡¥á¯¥ç¨¢�¥âáï à¥¥−â¥-
à�¡¥«ì−®áâì ª®¤� ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ ¨ ¢®§¬®¦−®áâì à�¡®âë á ®ç¥à¥¤ï¬¨ ª�ª
¡�§®¢®© ïç¥©ª¨, â�ª ¨ ª«®−®¢.

�¡«�áâì åà�−¥−¨ï á¨£−�«®¢ (â¥«® ®ç¥à¥¤¥©) à�§¬¥é�¥âáï ¢ ª�¦¤®¬ ª®−â¥ªáâ¥ ¨
¯à¥¤áâ�¢«ï¥â á®¡®© á â®çª¨ §à¥−¨ï ¯à®£à�¬¬¨à®¢�−¨ï ¬�áá¨¢ áâàãªâãà, ¢ª«îç�-
îé¨å ¢ á¥¡ï ãª�§�â¥«ì −� ¤¥áªà¨¯â®à á¨£−�«�, ¨ ¯®«ï �à£ã¬¥−â®¢, ¯¥à¥¤�¢�¥¬ëå
¢¬¥áâ¥ á á¨£−�«®¬. ”ã−ªæ¨¨ ã¯à�¢«¥−¨ï ®ç¥à¥¤ìî ¯à®¨§¢®¤ïâ à�§¬¥é¥−¨¥
á¨£−�«®¢ ¢ âã ¨«¨ ¨−ãî ç�áâì ®ç¥à¥¤¨ ¢ §�¢¨á¨¬®áâ¨ ®â ¨å â¨¯®¢ [2].

”ã−ªæ¨ï à�§¬¥é¥−¨ï á®®¡é¥−¨ï ¢ ®ç¥à¥¤¨ ª®¯¨àã¥â �à£ã¬¥−âë ¨§ ®¡«�áâ¨
¤�−−ëå �¯¯�à�â−®£® ¤à�©¢¥à� ¢ ®¡«�áâì ¤�−−ëå �¢â®¬�â�, ®¡¥á¯¥ç¨¢�ï â¥¬ á�¬ë¬
®âáãâáâ¢¨¥ −¥®¡å®¤¨¬®áâ¨ åà�−¥−¨ï ¤�−−ëå ¢ ®¡«�áâ¨ �¯¯�à�â−ëå ®ç¥à¥¤¥©.

”ã−ªæ¨ï ¨§¢«¥ç¥−¨ï á®®¡é¥−¨© ¨§ ®ç¥à¥¤¨ ¯à®¨§¢®¤¨â ª®¯¨à®¢�−¨¥ ¤�−−ëå
¢ ¢ë¤¥«¥−−ãî ®¡«�áâì ¯�¬ïâ¨ ª®−â¥ªáâ� á ¯®á«¥¤ãîé¨¬ ®á¢®¡®¦¤¥−¨¥¬ ®ç¥à¥¤¨,
¯¥à¥á®àâ¨à®¢ª®© ®áâ�¢è¨åáï á¨£−�«®¢, ¯¥à¥áç¥â®¬ ¨−¤¥ªá®¢.

ƒ«ã¡¨−� ®ç¥à¥¤¥© −¥ ï¢«ï¥âáï ª®−¥ç−®© ¨ −¥ ®¯à¥¤¥«ï¥âáï −� íâ�¯¥ ª®¬¯¨«ï-
æ¨¨. ‚ë¤¥«¥−¨¥ ¯�¬ïâ¨ ¤«ï í«¥¬¥−â®¢ ®ç¥à¥¤¨ ¯à®¨áå®¤¨â ¤¨−�¬¨ç¥áª¨. �® íâ®©
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¯à¨ç¨−¥ ¨¬¥¥âáï −¥®¡å®¤¨¬®áâì ¢ª«îç¥−¨ï ¢ ¨á¯®«−ï¥¬ë© ª®¤ ¡«®ª� ¤¨−�¬¨ç¥-
áª®£® ã¯à�¢«¥−¨ï à�á¯à¥¤¥«¥−¨¥¬ ¯�¬ïâ¨. �«®ª ¤¨−�¬¨ç¥áª®£® à�á¯à¥¤¥«¥−¨ï
¯�¬ïâ¨ ¢ª«îç�¥âáï ¢ ¬®¤ã«ì ª®−âà®«ï ã¯à�¢«¥−¨ï à¥áãàá�¬¨ ¨ ¢ á«ãç�¥ −¥®¡å®-
¤¨¬®áâ¨ ¯®§¢®«ï¥â ¢ë¤¥«¨âì ¯�¬ïâì ¤«ï ®¡ê¥ªâ®¢ ®ç¥à¥¤¨ ¨§ −¥à�á¯à¥¤¥«¥−−®©
®¡«�áâ¨ (ªãç¨), ¢ë¤¥«ï¥¬®© −� íâ�¯¥ ª®¬¯¨«ïæ¨¨.

�ç¥¢¨¤−®, çâ® ®¯à¥¤¥«¥−¨¥ à�§¬¥à� ªãç¨ −� íâ�¯¥ ª®¬¯¨«ïæ¨¨ ¯à¥¤áâ�¢«ï¥â
á®¡®© âàã¤−®à�§à¥è¨¬ãî §�¤�çã. Ÿ¢−ëå ãª�§�−¨© ¢ â¥ªáâ¥ ¯à®â®ª®«ì−®£®
�¢â®¬�â� −� ¢®§¬®¦−ãî ¤«¨−ã ®ç¥à¥¤¥© −¥ á®¤¥à¦¨âáï, ¯®íâ®¬ã à¥è¥−¨¥ íâ®©
§�¤�ç¨ −®á¨â í¢à¨áâ¨ç¥áª¨© å�à�ªâ¥à.

“¯à�¢«¥−¨¥ à�§¬¥à®¬ ªãç¨ ¢ ¯¥à¨®¤ ª®¬¯¨«ïæ¨¨ ¯à®¨§¢®¤¨âáï á¯¥æ¨�«ì−ë¬¨
¤¨à¥ªâ¨¢�¬¨ ª®¬¯¨«ïâ®àã, −� ®á−®¢�−¨¨ ª®â®àëå ®− ®áãé¥áâ¢«ï¥â áâ�â¨ç¥áª®¥
à�á¯à¥¤¥«¥−¨¥ ¯�¬ïâ¨ ¢ á¥£¬¥−â¥ ¤�−−ëå. �à®¢¥àªã ¯à�¢¨«ì−®áâ¨ à�á¯à¥¤¥«¥−¨ï
−¥®¡å®¤¨¬® ¯à®¢®¤¨âì ¯ãâ¥¬ ¢¥à¨ä¨ª�æ¨¨ ¨ ®â«�¤ª¨ à¥§ã«ìâ¨àãîé¥£® ª®¤�.

�â¬¥â¨¬, çâ® ª®−âà®«ì §� ¯¥à¥¯®«−¥−¨¥¬ ®ç¥à¥¤¥© ¢ ¯¥à¨®¤ ¨á¯®«−¥−¨ï
¯à®¨§¢®¤¨âáï ¬®¤ã«¥¬ ª®−âà®«ï ¨á¯®«ì§®¢�−¨ï à¥áãàá®¢, äã−ªæ¨¨ ª®â®à®£®
¡ã¤ãâ à�áá¬®âà¥−ë −¨¦¥. ‚ á«ãç�¥ ¯à®¢¥¤¥−¨ï ¢¥à¨ä¨ª�æ¨¨ ¬®¤ã«ì ª®−âà®«ï
¬®¦−® ¨á¯®«ì§®¢�âì ¤«ï ¬®−¨â®à¨−£� §�¯®«−¥−¨ï ®ç¥à¥¤¥© ª�¦¤®£® ª®−â¥ªáâ�.

3.2 Модуль управления контекстами

Œ®¤ã«ì ã¯à�¢«¥−¨ï ª®−â¥ªáâ�¬¨ ®¡¥á¯¥ç¨¢�¥â åà�−¥−¨¥ ¯®«−®£® á¯¨áª� ª®−-
â¥ªáâ®¢ ª®à−¥¢ëå ïç¥¥ª ¯à®â®ª®«ì−®£® �¢â®¬�â�. ‘¯¨á®ª ª®−â¥ªáâ®¢ ï¢«ï¥âáï
áâ�â¨ç¥áª¨¬ ¨ ®¯à¥¤¥«ï¥âáï −� íâ�¯¥ ª®¬¯¨«ïæ¨¨.

�á−®¢−®© áâàãªâãà−®© ¥¤¨−¨æ¥© ¨á¯®«−ï¥¬®£® ª®¤� ï¢«ï¥âáï ª®−â¥ªáâ ª®à-
−¥¢®© ïç¥©ª¨. ˆá¯®«−ïîé�ï á¨áâ¥¬� á®¤¥à¦¨â ¢ á¢®¥¬ á®áâ�¢¥ ¤¨á¯¥âç¥à ã¯à�¢-
«¥−¨ï ª®−â¥ªáâ�¬¨, ®¡¥á¯¥ç¨¢�îé¨© ¯¥à¥ª«îç¥−¨¥ ¬¥¦¤ã −¥§�¢¨á¨¬® äã−ªæ¨®-
−¨àãîé¨¬¨ ç�áâï¬¨ �¢â®¬�â�.

„«ï ¯à®áâ®âë ¡ã¤¥¬ áç¨â�âì, çâ® ª®−â¥ªáâ ¡�§®¢®© ïç¥©ª¨ ¢á¥£¤� ®¤¨−, �
¬−®¦¥áâ¢¥−−®áâì ª®−â¥ªáâ®¢ ¯®ï¢«ï¥âáï ¯à¨ ª«®−¨à®¢�−¨¨.

‘ æ¥«ìî á®åà�−¥−¨ï à¥áãàá®¢ æ¥«¥¢®£® ¢ëç¨á«¨â¥«ï ª®¬¯¨«ïâ®à ï§ëª� Cell
£¥−¥à¨àã¥â ¤«ï �¢â®¬�â®¢-ª«®−®¢ à¥¥−â¥à�¡¥«ì−ë© ¯à®æ¥¤ãà−ë© ª®¤, ¯®§¢®«ï-
îé¨© ¨á¯®«ì§®¢�âì ®¤¨− íª§¥¬¯«ïà ¨á¯®«−ï¥¬®£® ª®¤� ¤«ï ¢á¥å ®¤−®â¨¯−ëå
�¢â®¬�â®¢-ª«®−®¢.

�à¨ íâ®¬ ¨á¯®«−¥−¨¥ ª®¤� â®£® ¨«¨ ¨−®£® ª«®−� ®¡¥á¯¥ç¨¢�¥âáï ¯¥à¥ª«îç¥-
−¨¥¬ ª®−â¥ªáâ� áà¥¤áâ¢�¬¨ à�áá¬�âà¨¢�¥¬®£® ¬®¤ã«ï.

Œ®¤ã«ì ã¯à�¢«¥−¨ï ª®−â¥ªáâ�¬¨ ¯à¥¤áâ�¢«ï¥â á®¡®© ¡¨¡«¨®â¥ªã ¯¥à¨®¤�
¨á¯®«−¥−¨ï, ¯®¤ª«îç�¥¬ãî ª æ¥«¥¢®¬ã ª®¤ã ¯à®â®ª®«ì−®£® �¢â®¬�â� −� íâ�¯¥
ª®¬¯¨«ïæ¨¨. ‚ §�¤�ç¨ ¬®¤ã«ï ¢å®¤¨â:

{ ¯®¤¤¥à¦�−¨¥ á¯¨áª� �ªâ¨¢−ëå ª®−â¥ªáâ®¢ −� ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ äã−ª-
æ¨®−¨à®¢�−¨ï ¯à®â®ª®«ì−®£® �¢â®¬�â�;

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 109



�. �. �®−¤�à¥−ª®, Š. ˆ. ‚®«®¢¨ç, ‚. �. Š®−¤à�è¥¢

{ ¯¥à¥ª«îç¥−¨¥ ª®−â¥ªáâ� â¥ªãé¥£® ¯à®æ¥áá� ¢ §�¢¨á¨¬®áâ¨ ®â á¨£−�«�, ®¡à�-
¡�âë¢�¥¬®£® äã−ªæ¨¥© DispatchSignal ¬®¤ã«ï ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨.

„«ï à¥�«¨§�æ¨¨ ãª�§�−−ëå äã−ªæ¨© ¬®¤ã«ì ã¯à�¢«¥−¨ï ª®−â¥ªáâ�¬¨ ¤®«¦¥−
åà�−¨âì â�¡«¨æã �áá®æ¨�æ¨© ®¡«�áâ¥© ¤�−−ëå ª®−â¥ªáâ®¢ ¨ ¨¤¥−â¨ä¨ª�â®à®¢
¯à®æ¥áá®¢ ª«®−®¢.

�à¨ ¢ë¡®à¥ ¨§ ®ç¥à¥¤¨ ¢−¥è−¨å á¨£−�«®¢ á¨£−�«�, �¤à¥á®¢�−−®£® ª®−ªà¥â-
−®¬ã ª«®−ã, ¬®¤ã«ì ã¯à�¢«¥−¨ï ª®−â¥ªáâ�¬¨ −�áâà�¨¢�¥â áªàëâë¥ ¯¥à¥¬¥−−ë¥
áà¥¤ë (£¥−¥à¨àã¥¬ë¥ ª®¬¯¨«ïâ®à®¬ −¥ï¢−®) −� ª®−ªà¥â−ãî ®¡«�áâì ¯�¬ïâ¨ ¢
¬�áá¨¢¥ ª®−â¥ªáâ®¢. „�«ì−¥©è¨¥ ¢ë§®¢ë äã−ªæ¨©-®¡à�¡®âç¨ª®¢ ¯à®¨§¢®¤ïâáï á
¯¥à¥¤�ç¥© ¢ −¨å −�áâà®¥−−®£® ª®−â¥ªáâ� ¨, á®®â¢¥âáâ¢¥−−®, ¢ë¯®«−ïîâáï ¢ à�¬ª�å
ª®−ªà¥â−®£® ª«®−�. �®áª®«ìªã ª®−â¥ªáâë á®¤¥à¦�â ¯®«−ë© á®áâ�¢ ¯®«ì§®¢�â¥«ì-
áª¨å ¤�−−ëå «®ª�«ì−®£® ¨ ®¡é¥£® ª«�áá®¢ ¢¨¤¨¬®áâ¨, â® â�ª®¥ ¯¥à¥ª«îç¥−¨¥
¯®§¢®«ï¥â äã−ªæ¨ï¬ à¥�«¨§�æ¨¨ ¯¥à¥å®¤®¢ ¯à®â®ª®«ì−®£® �¢â®¬�â� à�¡®â�âì −�
¯à®áâà�−áâ¢¥ ¯¥à¥¬¥−−ëå ª®−ªà¥â−®£® ª«®−� ¤® â¥å ¯®à, ¯®ª� ®ç¥à¥¤−®© á¨£−�«
¨§ ®ç¥à¥¤¨ ¢−¥è−¨å á¨£−�«®¢ −¥ ¯¥à¥ª«îç¨â ª®−â¥ªáâ ª«®−�.

�®áª®«ìªã à�á¯à¥¤¥«¥−¨¥ ¯�¬ïâ¨ ¤«ï åà�−¥−¨ï ª®−â¥ªáâ®¢ ¯à®¨§¢®¤¨âáï −�
íâ�¯¥ ª®¬¯¨«ïæ¨¨, â® ¯à¨ ã¯à�¢«¥−¨¨ ª®−â¥ªáâ�¬¨ (�ªâ¨¢�æ¨¨ ¨ ¤¥�ªâ¨¢�æ¨¨)
ª�¦¤®© ª®à−¥¢®© ïç¥©ª¨ ¢ë¯®«−ï¥âáï ¯à®¢¥àª� ¤®áâã¯−®áâ¨ à¥áãàá� ¨ ®âáãâáâ¢¨ï
ª®−ä«¨ªâ� ¬¥¦¤ã ª®«¨ç¥áâ¢®¬ §�¯à�è¨¢�¥¬ëå ¨ ¢ë¤¥«¥−−ëå ¯à¨ ª®¬¯¨«ïæ¨¨
ª®−â¥ªáâ®¢. Š®«¨ç¥áâ¢® ª®−â¥ªáâ®¢ ª�¦¤®£® â¨¯� −�áâà�¨¢�¥âáï á ¯®¬®éìî ¤¨-
à¥ªâ¨¢ ª®¬¯¨«ïâ®àã ¨ −¥ ¬®¦¥â ¡ëâì ¨§¬¥−¥−® ¢ ¯¥à¨®¤ ¨á¯®«−¥−¨ï. ‚ ®â«¨ç¨¥ ®â
à�§¬¥à� ®ç¥à¥¤¥© á¨£−�«®¢ ª®«¨ç¥áâ¢® ª«®−®¢ ª�¦¤®£® â¨¯� ¬®¦−® ®æ¥−¨âì ¡®«¥¥
â®ç−®, ¯®áª®«ìªã ¢ áâàãªâãà¥ ¯à®â®ª®«ì−®£® �¢â®¬�â� ª�¦¤ë© ª«®− ®â¢¥ç�¥â §�
−¥ª®â®àë© á¥à¢¨á, � ª®«¨ç¥áâ¢® á¥à¢¨á®¢ ª�¦¤®£® â¨¯� ¬®¦−® ®¯à¥¤¥«¨âì −�
íâ�¯¥ ¯à®¥ªâ¨à®¢�−¨ï �¢â®¬�â� ¯® ¥£® á¯¥æ¨ä¨ª�æ¨ï¬. ’¥¬ −¥ ¬¥−¥¥, ª®¬¯¨«ïâ®à
¢ª«îç�¥â ¢ ¯à®â®ª®«ì−ë© �¢â®¬�â ª®¤ ¯à®¢¥àª¨ ¯¥à¥¯®«−¥−¨ï á¯¨áª� ª®−â¥ªáâ®¢
ª«®−®¢. Š®−âà®«ì ¯à®¨§¢®¤¨âáï á ¯®¬®éìî ¬®¤ã«ï ª®−âà®«ï ¨á¯®«ì§®¢�−¨ï
à¥áãàá®¢. �−�«®£¨ç−® á«ãç�î ª®−âà®«ï §�¯®«−¥−¨ï ®ç¥à¥¤¥© á¨£−�«®¢ ¬®¤ã«ì
ª®−âà®«ï ¬®¦¥â ¨á¯®«ì§®¢�âìáï ¤«ï ¬®−¨â®à¨−£� ãâ¨«¨§�æ¨¨ ¯�¬ïâ¨ ª®−â¥ªáâ®¢
¯à¨ ¢¥à¨ä¨ª�æ¨¨ �¢â®¬�â�. ‚ á«ãç�¥ ®¡−�àã¦¥−¨ï ¯¥à¥¯®«−¥−¨ï ¬®¤ã«ì ª®−âà®-
«ï £¥−¥à¨àã¥â ¨áª«îç¨â¥«ì−ãî á¨âã�æ¨î, ª®â®à�ï â�ª¦¥ ®¡à�¡�âë¢�¥âáï á¯¥æ¨-
�«¨§¨à®¢�−−®© ¡¨¡«¨®â¥ª®©, ¯®¤ª«îç�¥¬®© ª �¢â®¬�âã −� íâ�¯¥ ª®¬¯¨«ïæ¨¨.

Š�¦¤ë© ª®−â¥ªáâ ª«®−� á®¤¥à¦¨â á®¡áâ¢¥−−ë¥ íª§¥¬¯«ïàë ®ç¥à¥¤¥© ¢−¥è−¨å
¨ ¢−ãâà¥−−¨å á¨£−�«®¢, ¯®íâ®¬ã äã−ªæ¨¨ ®â¯à�¢ª¨ á¨£−�«®¢ ¢§�¨¬®¤¥©áâ¢ãîâ á
¬®¤ã«¥¬ ã¯à�¢«¥−¨ï ª®−â¥ªáâ�¬¨ á æ¥«ìî ¯®«ãç¥−¨ï ¤®áâã¯� ª −ã¦−®© ®ç¥à¥¤¨.
‚§�¨¬®¤¥©áâ¢¨¥ ®áãé¥áâ¢«ï¥âáï −¥ï¢−® §� áç¥â áªàëâ®£® ª®¤�, ¨−â¥£à¨àã¥¬®£®
−� íâ�¯¥ ª®¬¯¨«ïæ¨¨, ¯®§¢®«ïîé¥£® âà�−á«¨à®¢�âì ¨¤¥−â¨ä¨ª�â®à ª«®−� ¢ �¤à¥á
áâàãªâãàë-ª®−â¥ªáâ�, á®¤¥à¦�é¥© ª®−ªà¥â−ë¥ ®ç¥à¥¤¨. Œ¥å�−¨§¬ ãáâ�−®¢«¥−¨ï
ãª�§�−−®© �áá®æ¨�æ¨¨ áªàë¢�¥âáï ®â à�§à�¡®âç¨ª� �¢â®¬�â� −� ï§ëª¥ Cell,
ª®â®àë© ¢ ª�ç¥áâ¢¥ ¯à®æ¥áá�-¯®«ãç�â¥«ï á¨£−�«� ¨á¯®«ì§ã¥â ¨¤¥−â¨ä¨ª�â®à
ª«®−�, ¢®§¢à�é¥−−ë© äã−ªæ¨¥© ª«®−¨à®¢�−¨ï.
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‘à¥¤áâ¢� ¯®¤¤¥à¦ª¨ ¨á¯®«−ï¥¬®£® ª®¤� −� ï§ëª¥ Cell

3.3 Модуль управления реакциями автомата (модуль переходов)

Œ®¤ã«ì ã¯à�¢«¥−¨ï à¥�ªæ¨ï¬¨ �¢â®¬�â� ®¡¥á¯¥ç¨¢�¥â ¯®¤¤¥à¦ªã �ªâã�«ì-
−®£® á¯¨áª� á¨£−�«®¢, ®¡à�¡�âë¢�¥¬ëå �¢â®¬�â®¬ ¢ â¥ªãé¨© ¬®¬¥−â ¢à¥¬¥−¨, �
â�ª¦¥ ¢ë§®¢ −¥®¡å®¤¨¬®© äã−ªæ¨¨ ¯¥à¥å®¤� ¯® ¨¤¥−â¨ä¨ª�â®àã á¨£−�«�.

‘¯¨á®ª à¥�ªæ¨© ¯à®â®ª®«ì−®£® �¢â®¬�â� åà�−¨âáï ¢ ª®−â¥ªáâ¥ ¢ ¢¨¤¥ á¯¨áª�
�¤à¥á®¢ äã−ªæ¨© ¯¥à¥å®¤®¢, ¢®§¬®¦−ëå ¢ â¥ªãé¨© ¬®¬¥−â ¢à¥¬¥−¨. “ç¨âë¢�ï
¨¥à�àå¨ç−®áâì ¯à®â®ª®«ì−®£® �¢â®¬�â�, −� ª�¦¤®¬ ãà®¢−¥ ¨¥à�àå¨¨ ¨¬¥¥âáï á¢®©
−�¡®à ¢®§¬®¦−ëå à¥�ªæ¨©.

�á−®¢−�ï §�¤�ç� ¬®¤ã«ï | ä®à¬¨à®¢�−¨¥ −®¢®£® á¯¨áª� �ªâ¨¢−ëå á¨£−�«®¢
¢ ¢¥ªâ®à¥ ¯¥à¥å®¤� ¯®á«¥ ¢ë¯®«−¥−¨ï ª�¦¤®© äã−ªæ¨¨ ¯¥à¥å®¤�. „«ï íâ®£®
ª®¬¯¨«ïâ®à ¢ª«îç�¥â ¢ â¥«® ª�¦¤®© äã−ªæ¨¨ ¯¥à¥å®¤� ª®¤, ®¡¥á¯¥ç¨¢�îé¨©
¢ë§®¢ äã−ªæ¨¨, ¯à®¨§¢®¤ïé¥© ¬®¤¨ä¨ª�æ¨î ¢¥ªâ®à� ¯¥à¥å®¤�. „�−−�ï äã−ªæ¨ï
ã¤�«ï¥â ¨§ ¢¥ªâ®à� à¥�ªæ¨¨, ®¯à¥¤¥«ïîé¨¥ ¯à¥¤ë¤ãé¥¥ á®áâ®ï−¨¥ �¢â®¬�â�, ¨
ãáâ�−�¢«¨¢�¥â â¥ªãé¨¥.

Œ®¤ã«ì ã¯à�¢«¥−¨ï à¥�ªæ¨ï¬¨ ¯à¥¤®áâ�¢«ï¥â ¬®¤ã«î ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨
¨−â¥àä¥©á ¤«ï ®¡à�é¥−¨ï ª äã−ªæ¨¨ ¯¥à¥å®¤� ¯® ¨¤¥−â¨ä¨ª�â®àã á¨£−�«�.

’�ª¨¬ ®¡à�§®¬, ¬®¤ã«ì ã¯à�¢«¥−¨ï ®ç¥à¥¤ï¬¨ ¢ë¯®«−ï¥â �«£®à¨â¬ ®¡à�¡®âª¨
á¨£−�«� ¯ãâ¥¬ ¢ë¡®àª¨ ¨§ ®ç¥à¥¤¨ ¢−¥è−¨å á¨£−�«®¢, � §�â¥¬ ®¡à�¡®âª¨ ®ç¥à¥¤¨
¢−ãâà¥−−¨å á¨£−�«®¢ ¤® ¯®«−®£® ¥¥ ®¯ãáâ®è¥−¨ï. �à¨ íâ®¬ ¤«ï ª�¦¤®£® á¨£−�«�
(¢−¥è−¥£® ¨«¨ ¢−ãâà¥−−¥£®) ¢ë§ë¢�¥âáï äã−ªæ¨ï ¨§ á®áâ�¢� ¬®¤ã«ï ã¯à�¢«¥−¨ï
à¥�ªæ¨ï¬¨ ¤«ï ¯®¨áª� �¤à¥á� ¯¥à¥å®¤�, � ª�¦¤ë© ¯¥à¥å®¤ §�¢¥àè�¥âáï ¢ë§®¢®¬
äã−ªæ¨¨ ãáâ�−®¢ª¨ −®¢ëå à¥�ªæ¨©.

“ª�§�−−ë© �«£®à¨â¬ äã−ªæ¨®−¨à®¢�−¨ï ¬®¤ã«ï ã¯à�¢«¥−¨ï à¥�ªæ¨ï¬¨ �¢-
â®¬�â� ¯®§¢®«ï¥â ¯®áâ®ï−−® ¯®¤¤¥à¦¨¢�âì ¢ ª®−â¥ªáâ¥ ¯à®â®ª®«ì−®£® �¢â®¬�â�
¯®«−ë© −�¡®à à¥�ªæ¨© −� ¢á¥å ãà®¢−ïå ¨¥à�àå¨¨.

�à¨ ¢®§−¨ª−®¢¥−¨¨ ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¬®¤ã«ì ã¯à�¢«¥−¨ï à¥�ªæ¨-
ï¬¨ ¢ë§ë¢�¥â á®®â¢¥âáâ¢ãîé¨¥ äã−ªæ¨¨ ¬®¤ã«ï ®¡à�¡®âª¨ ¨áª«îç¨â¥«ì−ëå
á¨âã�æ¨©.

ˆáª«îç¥−¨ï ¯¥à¨®¤� ¨á¯®«−¥−¨ï ¬®£ãâ ¢®§−¨ª�âì ¢ á«¥¤ãîé¨å á«ãç�ïå:

{ ®âáãâáâ¢¨¥ ¢ ¢¥ªâ®à¥ ¯¥à¥å®¤®¢ äã−ªæ¨¨-®¡à�¡®âç¨ª� ¤«ï ¤�−−®£® á®áâ®ï-
−¨ï;

{ ¯®¯ëâª� §�¯¨á¨ ¢ ¢¥ªâ®à ¯¥à¥å®¤� −¥áª®«ìª¨å äã−ªæ¨©-®¡à�¡®âç¨ª®¢ ¤«ï
®¤−®£® á¨£−�«�.

‚®®¡é¥ £®¢®àï, ¢ −®à¬�«ì−ëå ãá«®¢¨ïå äã−ªæ¨®−¨à®¢�−¨ï ãª�§�−−ë¥ á¨âã-
�æ¨¨ −¥ ¤®«¦−ë ¢®§−¨ª�âì ¢ ¯¥à¨®¤ ¨á¯®«−¥−¨ï, ¯®áª®«ìªã −� íâ�¯¥ ª®¬¯¨«ïæ¨¨
¯à®¨§¢®¤¨âáï ¯à®¢¥àª� á®®â¢¥âáâ¢¨ï ãáâ�−�¢«¨¢�¥¬ëå à¥�ªæ¨© á®áâ®ï−¨î, ¢
ª®â®à®¥ ¯¥à¥å®¤¨â ¯à®â®ª®«ì−ë© �¢â®¬�â. �¤−�ª® ¯à¨ −�àãè¥−¨¨ «®£¨ª¨ äã−ª-
æ¨®−¨à®¢�−¨ï ¯à®â®ª®«ì−®£® �¢â®¬�â�, ®¯¨á�−−®£® −� ï§ëª¥ Cell, ¢ë§¢�−−®£®
§�æ¨ª«¨¢�−¨¥¬, ¡¥áª®−¥ç−®© à¥ªãàá¨¥©, ¤àã£¨¬¨ ®è¨¡ª�¬¨ ¯¥à¨®¤� ¨á¯®«−¥−¨ï,
−¥ ¤¨�£−®áâ¨àã¥¬ë¬¨ −� íâ�¯¥ ª®¬¯¨«ïæ¨¨, â�ª�ï á¨âã�æ¨ï ¢®§¬®¦−�. �®íâ®¬ã
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®¡à�¡®âª� ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© â�ª®£® å�à�ªâ¥à� ®á®¡¥−−® ¢�¦−� ¢ ¯¥à¨®¤
®â«�¤ª¨ ¨ ¢¥à¨ä¨ª�æ¨¨ �¢â®¬�â−®£® ª®¤�.

‚ à¥¦¨¬¥ ®â«�¤ª¨ äã−ªæ¨¨ ¬®¤ã«ï ã¯à�¢«¥−¨ï à¥�ªæ¨ï¬¨, � â�ª¦¥ äã−ª-
æ¨¨ ®¡à�¡®âª¨ ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¬®£ãâ ¡ëâì ¯¥à¥®¯à¥¤¥«¥−ë á æ¥«ìî
¯®«ãç¥−¨ï ¤¨�£−®áâ¨ç¥áª®© ¨−ä®à¬�æ¨¨. ‚ à�¡®ç¥¬ à¥¦¨¬¥ äã−ªæ¨®−¨à®¢�-
−¨ï �¢â®¬�â� ¨áª«îç¨â¥«ì−�ï á¨âã�æ¨ï, á¢ï§�−−�ï á® ¬−®¦¥áâ¢¥−−®© §�¯¨áìî
¢¥ªâ®à� ¯¥à¥å®¤�, ï¢«ï¥âáï ªà¨â¨ç¥áª®© ¨ ¤®«¦−ë ¯à¨¢®¤¨âì ª ®áâ�−®¢ª¥ ¨«¨
¯¥à¥§�¯ãáªã ª®à−¥¢®© ïç¥©ª¨ â¥ªãé¥£® �¢â®¬�â�.

3.4 Модуль управления областями данных сигналов

Œ®¤ã«ì ã¯à�¢«¥−¨ï ®¡«�áâï¬¨ ¤�−−ëå á¨£−�«®¢ ¯à¥¤−�§−�ç¥− ¤«ï åà�−¥-
−¨ï ¨ ®¡à�¡®âª¨ ¯à®â®ª®«ì−ëå ¡«®ª®¢ ¤�−−ëå (PDU | Protocol Data Unit),
¯¥à¥¤�¢�¥¬ëå ¢−¥è−¨¬¨ á¨£−�«�¬¨.

�á−®¢−�ï §�¤�ç� ¬®¤ã«ï | ¯à¥¤®áâ�¢«¥−¨¥ ¤®áâã¯� ª®¤ã ¯à®â®ª®«ì−®£®
�¢â®¬�â� ª ¤�−−ë¬, á®¤¥à¦�é¨¬áï ¢ PDU.

�«£®à¨â¬ ®¡à�¡®âª¨ PDU ¯à¥¤¯®«�£�¥â à�§¬¥é¥−¨¥ PDU ¢ ª®−â¥ªáâ¥ ¯à®-
â®ª®«ì−®£® �¢â®¬�â� (¡�§®¢®£® ¨«¨ ª«®−�) ¨ ®¡¥á¯¥ç¥−¨ï ª −¥¬ã ¤®áâã¯� ¯à®æ¥-
¤ãà−®£® ª®¤� ¨§ «î¡®© äã−ªæ¨¨ ¯¥à¥å®¤�.

Š®¤ ¬®¤ã«ï ®¡à�¡®âª¨ PDU −¥ £¥−¥à¨àã¥âáï ª®¬¯¨«ïâ®à®¬, � ¯à¥¤®áâ�¢«ï¥â-
áï à�§à�¡®âç¨ª®¬ ¢ ª�ç¥áâ¢¥ ¢−¥è−¥© ¯à®£à�¬¬−®© ¡¨¡«¨®â¥ª¨ ¤«ï ª®¬¯®−®¢ª¨ á
ª®¤®¬ ¯à®â®ª®«ì−®£® �¢â®¬�â�. ‚ á®áâ�¢ ¡¨¡«¨®â¥ç−ëå äã−ªæ¨© ¢å®¤ïâ äã−ªæ¨¨
¤«ï ª®¤¨à®¢�−¨ï/à�áª®¤¨à®¢�−¨ï ¯®«¥© PDU, ¨á¯®«ì§ã¥¬ëå ¯à®â®ª®«ì−ë¬ �¢-
â®¬�â®¬. �à®â®ª®«ì−ë© �¢â®¬�â ¨á¯®«ì§ã¥â ¤«ï ¤®áâã¯� ª ¤�−−ë¬ ¨−â¥àä¥©á,
¯à¥¤®áâ�¢«ï¥¬ë© ¡¨¡«¨®â¥ª®©. ‚ äã−ªæ¨¨ à�áª®¤¨à®¢�−¨ï ¯¥à¥¤�¥âáï �¤à¥á
®¡«�áâ¨ ¯�¬ïâ¨, á®¤¥à¦�é¥© á®¡áâ¢¥−−® PDU ¨ �¤à¥á ®¡«�áâ¨ ¤«ï à�§¬¥é¥−¨ï
¤¥ª®¤¨à®¢�−−ëå ¤�−−ëå. ‘âàãªâãà� ®¡«�áâ¨ ¤¥ª®¤¨à®¢�−−ëå ¤�−−ëå ®¯à¥¤¥«ï-
¥âáï ¢ å®¤¥ ®¯¨á�−¨ï ¯¥à¥¬¥−−ëå ¤¨á¯¥âç¥àáª®£®, ®¡é¥£® ¨«¨ «®ª�«ì−®£® ª«�áá®¢
¢¨¤¨¬®áâ¨ ¢ ª®¤¥ ¯à®â®ª®«ì−®£® �¢â®¬�â� [2{4]. ’�ª¨¬ ®¡à�§®¬, �¢â®¬�â ¯®«ãç�-
¥â ¢®§¬®¦−®áâì ®¡à�é¥−¨ï ª ®¡«�áâ¨ ¤¥ª®¤¨à®¢�−−ëå ¤�−−ëå ª�ª ª áâàãªâãà¥,
®¯à¥¤¥«¥−−®© −� íâ�¯¥ ª®¬¯¨«ïæ¨¨.

„«ï ª®àà¥ªâ−®£® ®¡à�é¥−¨ï ª ®¡«�áâï¬ ¤¥ª®¤¨à®¢�−−ëå ¤�−−ëå à�§à�¡®âç¨ª
¤®«¦¥− á«¥¤¨âì, çâ®¡ë ¢á¥ ®¡à�é¥−¨ï ¢ë¯®«−ï«¨áì ¯®á«¥ ¨−¨æ¨�«¨§�æ¨¨ ¤�−−ëå
¯ãâ¥¬ ¢ë§®¢� äã−ªæ¨¨ à�áª®¤¨à®¢�−¨ï, ¯à¨ç¥¬ ¢ë§®¢ ¤®«¦¥− §�¢¥àè¨âìáï
ãá¯¥è−®.

„«ï à�§¬¥é¥−¨ï ¤�−−ëå ¢ áãé¥áâ¢ãîé¨© PDU ¨á¯®«ì§ã¥âáï äã−ªæ¨ï ª®-
¤¨à®¢�−¨ï, ¯à¥¤®áâ�¢«ï¥¬�ï ãª�§�−−®© ¡¨¡«¨®â¥ª®©. ”ã−ªæ¨ï ®¡¥á¯¥ç¨¢�¥â
ã¯�ª®¢ªã áâàãªâãà¨à®¢�−−ëå ¤�−−ëå ¯à®â®ª®«ì−®£® �¢â®¬�â� ¢ ¡¨â®¢ë© ¯®â®ª
¨ à�§¬¥é¥−¨¥ ¥£® ¢ ãª�§�−−®© ®¡«�áâ¨ ¯�¬ïâ¨. Š®¤¨à®¢�−¨¥ ¢ë§ë¢�¥âáï ¨§
â¥«� ¯¥à¥å®¤� ¯à®â®ª®«ì−®£® �¢â®¬�â�, ¨ ®¡à�¡®âª� ª®¤®¢ §�¢¥àè¥−¨ï ãª�§�−−®©
äã−ªæ¨¨ ¢®§«�£�¥âáï −� à�§à�¡®âç¨ª� �¢â®¬�â� −� ï§ëª¥ Cell.
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‘à¥¤áâ¢� ¯®¤¤¥à¦ª¨ ¨á¯®«−ï¥¬®£® ª®¤� −� ï§ëª¥ Cell

Š®−âà®«ì ¨á¯®«ì§®¢�−¨ï à¥áãàá®¢ ¨ ®âáãâáâ¢¨¥ −�àãè¥−¨© ¢ ¨á¯®«ì§®¢�−¨¨
¯�¬ïâ¨ ¢®§«�£�îâáï −� á�¬ã ¡¨¡«¨®â¥ªã ¬®¤ã«ï ã¯à�¢«¥−¨ï ®¡«�áâï¬¨ ¤�−−ëå
PDU. ‘ æ¥«ìî ª®−âà®«ï £à�−¨æ ®¡«�áâ¥© ¯�¬ïâ¨ ¢ äã−ªæ¨¨ ¡¨¡«¨®â¥ª¨ ¯¥à¥-
¤�¥âáï à�§¬¥à ª�¦¤®© ®¡«�áâ¨, ¯®¤«¥¦�é¥© §�¯®«−¥−¨î, ¢ëç¨á«ï¥¬ë© −� íâ�¯¥
ª®¬¯¨«ïæ¨¨. ”ã−ªæ¨¨ ¬®¤ã«ï á�¬¨ ®âá«¥¦¨¢�îâ ¢ëå®¤ §� ¤®¯ãáâ¨¬ë¥ £à�−¨æë
®¡«�áâ¥©, ¢ â®¬ ç¨á«¥ ¨ ¯à¨ à¥ªãàá¨¢−®© ®¡à�¡®âª¥. ‚ á«ãç�¥ −¥¤®áâ�â®ç−®áâ¨
¢ë¤¥«¥−−®© ®¡«�áâ¨ äã−ªæ¨ï à�áª®¤¨à®¢�−¨ï ¯à¥ªà�é�¥â à�¡®âë ¨ ¢®§¢à�é�¥â
ª®¤ ®è¨¡ª¨.

�à¨ ª®¤¨à®¢�−¨¨ ¤�−−ëå ¢ áãé¥áâ¢ãîé¨© PDU ¯à®¨§¢®¤ïâáï �−�«®£¨ç−ë¥
¯à®¢¥àª¨ £à�−¨æ, ¨ ¢ á«ãç�¥ −¥ª®àà¥ªâ−® ¢ë¤¥«¥−−®© ®¡«�áâ¨ ¯�¬ïâ¨ ¢®§¢à�é�-
¥âáï ®è¨¡ª� ¯¥à¨®¤� ¨á¯®«−¥−¨ï. �à¨ íâ®¬ á®åà�−−®áâì ¯à¥¤ë¤ãé¨å ¤�−−ëå,
à�á¯®«®¦¥−−ëå ¢ PDU, ®¯à¥¤¥«ï¥âáï à¥�«¨§�æ¨¥© äã−ªæ¨© ¡¨¡«¨®â¥ª¨. ‚ ®¡-
é¥¬ á«ãç�¥ ¬®¦−® áç¨â�âì, çâ® áâ�àë¥ ¤�−−ë¥, á®¤¥à¦�é¨¥áï ¢ PDU, ¯à¨
−¥ãá¯¥è−®¬ §�¢¥àè¥−¨¨ äã−ªæ¨¨ ª®¤¨à®¢�−¨ï ¡ã¤ãâ ã−¨çâ®¦¥−ë.

’�ª¨¬ ®¡à�§®¬, ¢−¥è−¨© ¯® ®â−®è¥−¨î ª ª®¤ã ¯à®â®ª®«ì−®£® �¢â®¬�â� ¬®-
¤ã«ì ®¡¥á¯¥ç¨¢�¥â ¤®áâã¯ ª®¤� �¢â®¬�â� ª à�á¯�ª®¢�−−ë¬ áâàãªâãà¨à®¢�−−ë¬
¤�−−ë¬, ¯¥à¥¤�¢�¥¬ë¬ á ¢−¥è−¨¬¨ á¨£−�«�¬¨, � â�ª¦¥ ã¯�ª®¢ªã áâàãªâãà¨à®-
¢�−−ëå ¤�−−ëå ¢ PDU ¤«ï ¯¥à¥¤�ç¨ á ¨á¯®«ì§®¢�−¨¥¬ á¨£−�«®¢.

3.5 Модуль контроля использования ресурсов

Œ®¤ã«ì ª®−âà®«ï ¨á¯®«ì§®¢�−¨ï à¥áãàá®¢ ¯à¥¤−�§−�ç¥− ¤«ï ¯à®¢¥àª¨ £à�−¨æ
®¡«�áâ¥© ¯�¬ïâ¨, à�á¯à¥¤¥«¥−−®© −� íâ�¯¥ ª®¬¯¨«ïæ¨¨. Š�ª ®â¬¥ç�«®áì ¢ëè¥,
¯à¨ äã−ªæ¨®−¨à®¢�−¨¨ ¯à®â®ª®«ì−®£® �¢â®¬�â� ¬®¦¥â ¢®§−¨ª−ãâì −¥å¢�âª� à¥-
áãàá®¢, ¢ë¤¥«¥−−ëå ª®¬¯¨«ïâ®à®¬. ‚ ç�áâ−®áâ¨, íâ® ®â−®á¨âáï ª ª®«¨ç¥áâ¢ã
ª®−â¥ªáâ®¢ â®© ¨«¨ ¨−®© ª®à−¥¢®© ïç¥©ª¨.

Š®¤ ¬®¤ã«ï ª®−âà®«ï ¨á¯®«ì§®¢�−¨ï à¥áãàá®¢ £¥−¥à¨àã¥âáï ª®¬¯¨«ïâ®à®¬
¨ ¢ª«îç�¥â ¢ á¥¡ï ¢ ª�ç¥áâ¢¥ ¤�−−ëå â�¡«¨æë à�á¯à¥¤¥«¥−¨ï à¥áãàá®¢ ¢á¥å â¨-
¯®¢, à�á¯à¥¤¥«¥−−ëå ª®¬¯¨«ïâ®à®¬. ‚ ª�¦¤ãî äã−ªæ¨î, §�−¨¬�îéãî à¥áãàá
(−�¯à¨¬¥à, ª«®−¨à®¢�−¨¥) ª®¬¯¨«ïâ®à ¢ª«îç�¥â ¢ë§®¢ äã−ªæ¨¨ ¯à®¢¥àª¨ ¤®-
áâã¯−®áâ¨ §�¯à�è¨¢�¥¬®£® à¥áãàá�. ‚ á«ãç�¥ −�«¨ç¨ï á¢®¡®¤−®£® à¥áãàá� ¬®¤ã«ì
¯®¬¥ç�¥â ¥£® ¢ â�¡«¨æ¥ ª�ª §�−ïâë© ¨ ¢®§¢à�é�¥â ª®¤ §�¢¥àè¥−¨ï, á¢¨¤¥â¥«ì-
áâ¢ãîé¨© ® ¢®§¬®¦−®áâ¨ ¨á¯®«ì§®¢�âì à¥áãàá. ‚ á«ãç�¥ ®âáãâáâ¢¨ï ¢®§¬®¦−®áâ¨
¢ë¤¥«¨âì à¥áãàá ¬®¤ã«ì ¢®§¢à�é�¥â ª®¤ ®è¨¡ª¨. ‡�¤�ç� ¯à®¢¥àª¨ ª®¤� ®è¨¡ª¨
«®¦¨âáï −� à�§à�¡®âç¨ª� �¢â®¬�â� −� ï§ëª¥ Cell.

„àã£®© äã−ªæ¨¥© ¬®¤ã«ï ª®−âà®«ï à¥áãàá®¢ ï¢«ï¥âáï ¤¨−�¬¨ç¥áª®¥ ¢ë¤¥«¥-
−¨¥ ¯�¬ïâ¨ ¤«ï à�§¬¥é¥−¨ï á¨£−�«®¢ ¢ ®ç¥à¥¤ïå. ‚ë¤¥«¥−¨¥ ¯à®¨áå®¤¨â −¥ï¢−ë¬
®¡à�§®¬. ‚ ª�¦¤ãî äã−ªæ¨î ®â¯à�¢ª¨ á¨£−�«� ¤®¡�¢«ï¥âáï ª®¤ ¢ë§®¢� ¬®¤ã«ï á
æ¥«ìî ¯®«ãç¥−¨ï ãª�§�â¥«ï −� ®¡«�áâì ¤�−−ëå ¤«ï à�§¬¥é¥−¨ï á¨£−�«�. Œ®¤ã«ì
ª®−âà®«ï ¢ë¤¥«ï¥â ¨§ ªãç¨ §�¯à�è¨¢�¥¬®¥ ª®«¨ç¥áâ¢® ¯�¬ïâ¨, �áá®æ¨¨àã¥â ¥£®
¢ á¢®¨å ¢−ãâà¥−−¨å â�¡«¨æ�å á â¥ªãé¨¬ ª®−â¥ªáâ®¬ ¨ ¢®§¢à�é�¥â ãª�§�â¥«ì −�
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�. �. �®−¤�à¥−ª®, Š. ˆ. ‚®«®¢¨ç, ‚. �. Š®−¤à�è¥¢

®¡«�áâì ¯�¬ïâ¨. ’�ª¨¬ ®¡à�§®¬, ¤«ï ª�¦¤®£® á¨£−�«� ¢ë¤¥«ï¥âáï −¥®¡å®¤¨¬®¥ ¨
¤®áâ�â®ç−®¥ ª®«¨ç¥áâ¢® ¯�¬ïâ¨ (á ãç¥â®¬ ¯¥à¥¤�¢�¥¬ëå á á¨£−�«®¬ ¤�−−ëå).

‚®§¢à�é¥−¨¥ ¯�¬ïâ¨ ¢ ªãçã ¯à®¨§¢®¤¨âáï ¯à¨ ¨§¢«¥ç¥−¨¨ á¨£−�«®¢ ¨§ ®ç¥-
à¥¤¥©. ‚ äã−ªæ¨î ¨§¢«¥ç¥−¨ï á¨£−�«� ¨§ ®ç¥à¥¤¨ ¤®¡�¢«ï¥âáï ¢ë§®¢ äã−ªæ¨¨,
®á¢®¡®¦¤�îé¥© ¯�¬ïâì. „�−−�ï äã−ªæ¨ï ¯®¬¥ç�¥â ¡«®ª ¤�−−ëå ª�ª −¥¨á¯®«ì-
§ã¥¬ë© ¨ ¢®§¢à�é�¥â ¥£® ¢ ªãçã ¤«ï ¤�«ì−¥©è¥£® à�á¯à¥¤¥«¥−¨ï.

�¥®¡å®¤¨¬® ®â¬¥â¨âì, çâ® â�ª®© ¬¥å�−¨§¬ à�á¯à¥¤¥«¥−¨ï ¯�¬ïâ¨ −¥¨§¡¥¦−®
¯®à®¦¤�¥â äà�£¬¥−â�æ¨î. �â® á−¨¦�¥â íää¥ªâ¨¢−®áâì äã−ªæ¨®−¨à®¢�−¨ï ¨
¬®¦¥â ¯à¨¢®¤¨âì ª −¥¢®§¬®¦−®áâ¨ ¢ë¤¥«¥−¨ï à¥áãàá®¢ ¤«ï ª®−ªà¥â−®£® á¨£−�«�,
−¥á¬®âàï −� â®, çâ® ®¡é¥¥ ª®«¨ç¥áâ¢® ¯�¬ïâ¨ ¢ ªãç¥ ¤®áâ�â®ç−®, −® à�§¡¨â® −�
¡®«ìè®¥ ª®«¨ç¥áâ¢® ¬¥«ª¨å äà�£¬¥−â®¢, ª�¦¤®£® ¨§ ª®â®àëå −¥¤®áâ�â®ç−® ¤«ï
¢ë¤¥«¥−¨ï ¤®áâ�â®ç−®£® −¥¯à¥àë¢−®£® ¡«®ª�.

„«ï ¡®àì¡ë á äà�£¬¥−â�æ¨¥© âà�¤¨æ¨®−−® ¯à¨¬¥−ïîâáï ¬¥å�−¨§¬ë úá¡®àª¨
¬ãá®à�û «¨¡® ¢¨àâã�«ì−®© ¯�¬ïâ¨.

�¢â®àë áç¨â�îâ, çâ® ¯à®£à�¬¬−�ï à¥�«¨§�æ¨ï ¬¥å�−¨§¬� ¢¨àâã�«ì−®© ¯�¬ï-
â¨, ¯à¥¤ãá¬�âà¨¢�îé�ï áâà�−¨ç−ãî ®à£�−¨§�æ¨î ¯�¬ïâ¨, âà�−á«ïæ¨î ¢¨àâã�«ì-
−ëå �¤à¥á®¢ ¢ ä¨§¨ç¥áª¨¥ á«¨èª®¬ £à®¬®§¤ª� ¤«ï ¢áâà�¨¢�¥¬ëå á¨áâ¥¬. ’�ª�ï
§�¤�ç� ®¡ëç−® ¢ë¯®«−ï¥âáï áà¥¤áâ¢�¬¨ �‘, ®â ª®â®à®© �¢â®àë à¥è¨«¨ ®âª�§�âì-
áï. ÷ï¤ ¯à®æ¥áá®à®¢ ¯à¥¤«�£�îâ �¯¯�à�â−ãî à¥�«¨§�æ¨î ¢¨àâã�«ì−®© ¯�¬ïâ¨,
®¤−�ª® ¨á¯®«ì§®¢�−¨¥ â�ª®© ¢®§¬®¦−®áâ¨ −�àãè¨«® ¡ë ¯à¨−æ¨¯ ¬®¡¨«ì−®áâ¨ ¨
−¥§�¢¨á¨¬®áâ¨ ª®¤� ®â �¯¯�à�â−®© ¯«�âä®à¬ë.

÷¥�«¨§�æ¨ï ¦¥ á¡®àª¨ ¬ãá®à� −¥ âà¥¡ã¥â ¯à¨¬¥−¥−¨ï ¯®¤®¡−ëå à¥è¥−¨© ¨
á â®çª¨ §à¥−¨ï �¢â®à®¢ ¡®«¥¥ ¯®¤å®¤¨â ¤«ï ¨á¯®«ì§®¢�−¨ï ¢ ª®¤¥ ¯à®â®ª®«ì-
−®£® �¢â®¬�â�. ‚¬¥áâ¥ á â¥¬, −¥®¡å®¤¨¬® ®â¬¥â¨âì, çâ® á¡®àª� ¬ãá®à� ¬®¦¥â
¯®âà¥¡®¢�âì ¡®«ìè¥ à¥áãàá®¢ ¯¥à¨®¤� ¨á¯®«−¥−¨ï, ç¥¬ ¢¨àâã�«ì−�ï ¯�¬ïâì.

�à®£à�¬¬−ë© ª®¤ á¡®àé¨ª� ¬ãá®à� ¢ª«îç�¥âáï ª®¬¯¨«ïâ®à®¬ ¢ ª®¤ �¢â®-
¬�â� ¨ ¢ë§ë¢�¥âáï ª�¦¤ë© à�§ ¯à¨ ¨§¢«¥ç¥−¨¨ á¨£−�«®¢ ¨§ ®ç¥à¥¤¨. �¤−�ª®
¯à®¨§¢®¤¨âì á®àâ¨à®¢ªã ªãç¨ ¯à¨ ª�¦¤®¬ ¨§¢«¥ç¥−¨¨ á¨£−�«� ¯à¥¤áâ�¢«ï¥â-
áï −¥æ¥«¥á®®¡à�§−ë¬, ¯®áª®«ìªã ¯à¨¢®¤¨â ª ¡®«ìè¨¬ §�âà�â�¬ ¯à®æ¥áá®à−®£®
¢à¥¬¥−¨.

„«ï ®¯à¥¤¥«¥−¨ï −¥®¡å®¤¨¬®áâ¨ §�¯ãáª� á¡®àª¨ ¬ãá®à� ¨á¯®«ì§ã¥âáï �«£®-
à¨â¬ ®æ¥−ª¨ äà�£¬¥−â�æ¨¨, ¯®§¢®«ïîé¨© ¢ëç¨á«¨âì −¥ª®â®àë© ¨−¤¥ªá (áâ¥¯¥−ì
äà�£¬¥−â�æ¨¨ ¯�¬ïâ¨). ‚ á«ãç�¥ ¯à¥¢ëè¥−¨ï ¨−¤¥ªá®¬ ¯®à®£®¢®£® §−�ç¥−¨ï ¯à¨
®ç¥à¥¤−®¬ ¨§¢«¥ç¥−¨¨ á¨£−�«®¢ ¨§ ®ç¥à¥¤¨ §�¯ãáª�¥âáï ¬¥å�−¨§¬ ¤¥äà�£¬¥−â�-
æ¨¨. ’�ª¦¥ ¬¥å�−¨§¬ ¤¥äà�£¬¥−â�æ¨¨ §�¯ãáª�¥âáï ¢ ¯¥à¨®¤ ¯à®áâ®ï á¨áâ¥¬ë.

—â®¡ë ¨¬¥âì ¢®§¬®¦−®áâì ®áãé¥áâ¢«ïâì −¥ â®«ìª® á«¨ï−¨¥ á®á¥¤−¨å ®á¢®¡®-
¦¤¥−−ëå ãç�áâª®¢ ªãç¨, −® ¨ ¯¥à¥¬¥é�âì ¨á¯®«ì§ã¥¬ë¥ ãç�áâª¨ ¯�¬ïâ¨, äã−ªæ¨¨
à�á¯à¥¤¥«¥−¨ï ¯�¬ïâ¨ ¢®§¢à�é�îâ ãª�§�â¥«ì −¥ −¥¯®áà¥¤áâ¢¥−−® −� à�á¯à¥¤¥-
«¥−−ãî ¯�¬ïâì, � −� ïç¥©ªã, á®¤¥à¦�éãî ãª�§�â¥«ì −� à�á¯à¥¤¥«¥−−ãî ¯�¬ïâì.
’�ª¨¬ ®¡à�§®¬, á¡®àé¨ª ¬ãá®à� ¯à¨ á®àâ¨à®¢ª¥ ¨¬¥¥â ¢®§¬®¦−®áâì ¯¥à¥¬¥â¨âì
¨á¯®«ì§ã¥¬ãî ®¡«�áâì ¯�¬ïâ¨, ¯®¬¥−ï¢ ¥¥ �¤à¥á ¢ ãª�§�−−®© ïç¥©ª¥. �à¨ íâ®¬
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‘à¥¤áâ¢� ¯®¤¤¥à¦ª¨ ¨á¯®«−ï¥¬®£® ª®¤� −� ï§ëª¥ Cell

−¥ ¯à®¨§®©¤¥â á¡®ï äã−ªæ¨®−¨à®¢�−¨ï ®á−®¢−®£® ª®¤�, ¯®áª®«ìªã ¢á¥ ®¡à�é¥−¨ï
ª ¯�¬ïâ¨ ¯à®¨§¢®¤ïâáï ¯® ãª�§�â¥«ï¬, � â¥, ¢ á¢®î ®ç¥à¥¤ì, ¯®¤¤¥à¦¨¢�îâáï ¢
�ªâã�«ì−®¬ á®áâ®ï−¨¨.

�¯¨á�−−ë© ¬¥å�−¨§¬ ã¯à�¢«¥−¨ï ¯�¬ïâìî áªàëâ ®â à�§à�¡®âç¨ª� ¯à®â®-
ª®«ì−®£® �¢â®¬�â� −� ï§ëª¥ Cell ¨ ¢ª«îç�¥âáï ¢ ª®¤ �¢â®¬�â� ª®¬¯¨«ïâ®à®¬.

�â¬¥â¨¬, çâ® ¢ëç¨á«¥−¨¥ ¨−¤¥ªá� äà�£¬¥−â�æ¨¨ ¨ ¥£® ¯®à®£®¢®£® §−�ç¥−¨ï
−®á¨â í¢à¨áâ¨ç¥áª¨© å�à�ªâ¥à. �® ã¬®«ç�−¨î ®− ¯à¨−¨¬�¥âáï à�¢−ë¬ ª®«¨ç¥-
áâ¢ã äà�£¬¥−â®¢ ¢ ªãç¥, � ¯®à®£ áà�¡�âë¢�−¨ï | ¯®«®¢¨−¥ ®¡é¥£® ª®«¨ç¥áâ¢�
¢®§¬®¦−ëå ¢ á¨áâ¥¬¥ á¨£−�«®¢. �ç¥¢¨¤−®, çâ® â�ª®© �«£®à¨â¬ −¥ ï¢«ï¥âáï
®¯â¨¬�«ì−ë¬, ®¤−�ª® ¯®§¢®«ï¥â ¢à¥¬ï ®â ¢à¥¬¥−¨ §�¯ãáª�âì ¤¥äà�£¬¥−â�æ¨î.

�®«¥¥ ®¯â¨¬�«ì−®¥ ã¯à�¢«¥−¨¥ ¤¥äà�£¬¥−â�æ¨¥© ¤®áâ¨£�¥âáï ¯ãâ¥¬ ¢ëç¨á-
«¥−¨ï ¨−¤¥ªá� á ãç¥â®¬ ª®«¨ç¥áâ¢� ¨ à�§¬¥à� äà�£¬¥−â®¢ ¨ á¨«ì−® §�¢¨á¨â ®â
á�¬®£® ¯à®â®ª®«ì−®£® �¢â®¬�â�. �®íâ®¬ã ¢ ¨á¯®«−ïîé¥© á¨áâ¥¬¥ ¯à¥¤ãá¬®â-
à¥− ¬¥å�−¨§¬ ¯¥à¥®¯à¥¤¥«¥−¨ï äã−ªæ¨¨ ¯®¤áç¥â� ¨−¤¥ªá� ¨ ãáâ�−®¢ª¨ ¯®à®£�
áà�¡�âë¢�−¨ï. �®«ì§®¢�â¥«ì ¬®¦¥â ®¯à¥¤¥«¨âì á¢®î äã−ªæ¨î ¨ ¢ª«îç¨âì ¥¥ ¢
¨á¯®«−ï¥¬ë© ª®¤ −� íâ�¯¥ ª®¬¯®−®¢ª¨.

‚ á«ãç�¥ −¥¢®§¬®¦−®áâ¨ ¢ë¤¥«¥−¨ï ¯�¬ïâ¨ ¤«ï à�§¬¥é¥−¨ï á¨£−�«� ¬¥å�-
−¨§¬ ¤¥äà�£¬¥−â�æ¨¨ ¢ë§ë¢�¥âáï ¯à¨−ã¤¨â¥«ì−®, ¥á«¨ ¦¥ á¨£−�« −¥¢®§¬®¦−®
à�§¬¥áâ¨âì ¨ ¯®á«¥ ¤¥äà�£¬¥−â�æ¨¨, ¢ë§ë¢�¥âáï ¨áª«îç¨â¥«ì−�ï á¨âã�æ¨ï.

3.6 Модуль обработки исключительных ситуаций

Œ®¤ã«ì ®¡à�¡®âª¨ ¨áª«îç¨â¥«ì−ëå á¨âã�æ¨© ¢ë§ë¢�¥âáï ¨§ «î¡®© â®çª¨
á¨áâ¥¬ë ¢ á«ãç�¥ −¥èâ�â−®£® äã−ªæ¨®−¨à®¢�−¨ï ¯à®â®ª®«ì−®£® �¢â®¬�â�.

Š�ª ¯®ª�§�−® ¢ëè¥, ¨áª«îç¨â¥«ì−ë¥ á¨âã�æ¨¨ ¬®£ãâ ¢®§−¨ª�âì ¢ á«ãç�¥
−�àãè¥−¨© ¢ à�¡®â¥ ¯à®â®ª®«ì−®£® �¢â®¬�â� ¨«¨ ¢ á«ãç�¥ −¥å¢�âª¨ à¥áãàá®¢ (¢
ç�áâ−®áâ¨, ¯�¬ïâ¨ ¤«ï à�§¬¥é¥−¨ï á¨£−�«®¢ ¢ ®ç¥à¥¤ïå).

�® ã¬®«ç�−¨î ¢ á«ãç�¥ ¢®§−¨ª−®¢¥−¨ï ¨áª«îç¨â¥«ì−®© á¨âã�æ¨¨ ¬®¤ã«ì
¯à®¨§¢®¤¨â ®á¢®¡®¦¤¥−¨¥ ¢á¥å à¥áãàá®¢, ®â−®áïé¨åáï ª ª®−â¥ªáâã, ¢ë§¢�¢è¥¬ã
¨áª«îç¥−¨¥, ¨ ¯®¬¥ç�¥â ¤�−−ë© ª®−â¥ªáâ ª�ª á¢®¡®¤−ë©. …á«¨ ãª�§�−−ë¥
¤¥©áâ¢¨ï ®â−®áïâáï ª �¢â®¬�âã-ª«®−ã, â® ¯à®¨áå®¤¨â à¥ªãàá¨¢−®¥ ®á¢®¡®¦¤¥−¨¥
¢á¥å à¥áãàá®¢, ®â−®áïé¨åáï ª ª®−â¥ªáâ�¬ â¥ªãé¥£® ¨ ¢ëè¥«¥¦�é¨å ª«®−®¢. …á«¨
¨áª«îç¨â¥«ì−�ï á¨âã�æ¨ï ¢®§−¨ª�¥â ¢ ª®−â¥ªáâ¥ ¡�§®¢®© ïç¥©ª¨, â® ¯à®¨áå®¤ïâ
¯®«−®¥ ®á¢®¡®¦¤¥−¨¥ ¢á¥å à¥áãàá®¢ ¨ ¯¥à¥§�¯ãáª �¢â®¬�â�.

”ã−ªæ¨¨ ¬®¤ã«ï ®¡à�¡®âª¨ ¨áª«îç¥−¨© ¬®£ãâ ¡ëâì ¯¥à¥®¯à¥¤¥«¥−ë ¯®«ì§®-
¢�â¥«¥¬ ¤«ï −ã¦¤ ®â«�¤ª¨ ¨ ¢¥à¨ä¨ª�æ¨¨ ª®¤�.

4 Заключение

�®¤¤¥à¦ª� ¨á¯®«−ï¥¬®£® ª®¤� ¯à®â®ª®«ì−®£® �¢â®¬�â�, á¨−â¥§¨à®¢�−−®£® ¯®
á¯¥æ¨ä¨ª�æ¨ï¬, −� ï§ëª¥ Cell ®áãé¥áâ¢«ï¥âáï ¯ãâ¥¬ ¨−â¥£à�æ¨¨ ª®¬¯¨«ïâ®à®¬
á¯¥æ¨�«¨§¨à®¢�−−®£® áªàëâ®£® ª®¤� ¢ æ¥«¥¢®© ª®¤ ¯à®â®ª®«ì−®£® �¢â®¬�â�.
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�á−®¢−ë¥ ¯à¨−æ¨¯ë äã−ªæ¨®−¨à®¢�−¨ï ãª�§�−−®£® ª®¤� á®áâ®ïâ ¢ á®ªàëâ¨¨
¬¥å�−¨§¬®¢ ã¯à�¢«¥−¨ï à¥áãàá�¬¨ ®â à�§à�¡®âç¨ª� ¯à®£à�¬¬ë −� ï§ëª¥ Cell
¨ ®¡¥á¯¥ç¥−¨ï äã−ªæ¨®−¨à®¢�−¨ï ¯à®â®ª®«ì−®£® �¢â®¬�â� ¢ ãá«®¢¨ïå ®âáãâ-
áâ¢¨ï �‘.

„�−−®¥ à¥è¥−¨¥ ¯®§¢®«ï¥â ¨á¯®«ì§®¢�âì ¯à®â®ª®«ì−ë¥ �¢â®¬�âë, á¯¥æ¨ä¨-
æ¨à®¢�−−ë¥ −� ï§ëª¥ Cell ¢ ãá«®¢¨ïå ¢áâà�¨¢�¥¬ëå á¨áâ¥¬, å�à�ªâ¥à¨§ãîé¨åáï
®£à�−¨ç¥−−ë¬¨ à¥áãàá�¬¨ ¢ëç¨á«¨â¥«ì−ëå ¯«�âä®à¬.

Литература

1. �®−¤�à¥−ª® ’. ‚., ‚®«®¢¨ç Š. ˆ., Š®−¤à�è¥¢ ‚. �. Ÿ§ëª Cell | ¨−áâàã¬¥−â ¤«ï
á¨−â¥§� ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¬−®£®ãà®¢−¥¢®£® â¥«¥ª®¬¬ã−¨ª�æ¨®−−®£® ¯à®-
â®ª®«� ¯® ç�áâ¨ç−® ä®à¬�«¨§®¢�−−ë¬ á¯¥æ¨ä¨ª�æ¨ï¬ // ‚¥áâ−¨ª ‚®à®−¥¦áª®£®
£®áã¤�àáâ¢¥−−®£® ã−-â�, 2011. ’. 7. ü 3. ‘. 120{125.

2. �®−¤�à¥−ª® ’. ‚., �®−¤�à¥−ª® �. �., ‚®«®¢¨ç Š. ˆ., Š®−¤à�è¥¢ ‚. �. ‘¨£−�«ì−ë©
¬¥å�−¨§¬ ï§ëª� Cell // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨. ‚ë¯. 20. ü 3. | Œ.:
ˆ�ˆ ÷��, 2010. ‘. 45{66.

3. �®−¤�à¥−ª® ’. ‚., �®−¤�à¥−ª® �. �., ‚®«®¢¨ç Š. ˆ., Š®−¤à�è¥¢ ‚. �. Ÿ§ëª Cell:
¬®¤¥«ì ®¡à�¡®âª¨ ª«®−®¢ // ‘¨áâ¥¬ë ¨ áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨. ‚ë¯. 20. ü 3. |
Œ.: ˆ�ˆ ÷��, 2010. ‘. 67{81.

4. �®−¤�à¥−ª® ’. ‚., �®−¤�à¥−ª® �. �., ‚®«®¢¨ç Š. ˆ., Š®−¤à�è¥¢ ‚. �. ��§®¢�ï
¬®¤¥«ì äã−ªæ¨®−¨à®¢�−¨ï �¢â®¬�â� ¢ á¨áâ¥¬¥ ¯à®£à�¬¬¨à®¢�−¨ï Cell // ‘¨áâ¥¬ë ¨
áà¥¤áâ¢� ¨−ä®à¬�â¨ª¨. ‚ë¯. 20. ü 3. | Œ.: ˆ�ˆ ÷��, 2010. ‘. 82{97.

116 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ, 2011. ‚ë¯. 21. ü 1. ‘. 117{140

АЛГОРИТМЫ ФУНКЦИОНИРОВАНИЯ КОМПИЛЯТОРА
ЯЗЫКА CELL

О. А. Бондаренко1, К. И. Волович2, В. А. Кондрашев3

�−−®â�æ¨ï: �¯¨á�−ë ®á®¡¥−−®áâ¨ ª®¬¯¨«ïâ®à� ï§ëª� ‘ell, à�§à�¡�âë-
¢�¥¬®£® ¤«ï ¯à®£à�¬¬¨à®¢�−¨ï ¨¥à�àå¨ç¥áª¨å �¢â®¬�â®¢, ¯à¨¬¥−ï¥¬ëå ¢
â®¬ ç¨á«¥ ¤«ï á¯¥æ¨ä¨ª�æ¨¨ ¯®¢¥¤¥−¨ï â¥«¥ª®¬¬ã−¨ª�æ¨®−−ëå ¯à®â®ª®«®¢
(’Š�), ¯à¨¢¥¤¥−ë �«£®à¨â¬ë à�¡®âë ¥£® á¨−â�ªá¨ç¥áª®£® ¨ á¥¬�−â¨ç¥áª®£®
�−�«¨§�â®à®¢, � â�ª¦¥ à�áá¬®âà¥−ë �á¯¥ªâë á¨−â¥§� ¨á¯®«−ï¥¬®£® ª®¤� ¨¥-
à�àå¨ç¥áª®£® �¢â®¬�â� (ˆ�) −� ¯à®æ¥¤ãà−®¬ ï§ëª¥ ‘¨, á¥à¨�«¨§®¢�−−®£® ¤«ï
¯®á«¥¤®¢�â¥«ì−®£® ¢ë¯®«−¥−¨ï ª®¬�−¤.

Š«îç¥¢ë¥ á«®¢�: ï§ëª Cell; ¨¥à�àå¨ç¥áª¨© �¢â®¬�â; á¥à¨�«¨§�æ¨ï ¢ëç¨á-
«¥−¨©; ª®−â¥ªáâ ¨¥à�àå¨¨; á¨−â¥§ ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï; â¥«¥ª®¬¬ã−¨-
ª�æ¨®−−ë© ¯à®â®ª®«

1 Введение

�à®£à�¬¬¨à®¢�−¨¥ ’Š� | ®¤−� ¨§ �ªâã�«ì−¥©è¨å §�¤�ç á®§¤�−¨ï −®¢ëå
áà¥¤áâ¢ ª®¬¬ã−¨ª�æ¨¨.

�ä¨æ¨�«ì−ë¥ áâ�−¤�àâë ¤«ï ä®à¬�«ì−®£® ®¯¨á�−¨ï ¨ ¯à®£à�¬¬¨à®¢�−¨ï
’Š� ¯®ï¢¨«¨áì ¡®«¥¥ ¤¥áïâ¨ «¥â −�§�¤ [1, 2]. ��à�««¥«ì−® á ¯à®æ¥áá®¬ áâ�−-
¤�àâ¨§�æ¨¨ á¯¥æ¨�«¨§¨à®¢�−−ëå ï§ëª®¢ ®¯¨á�−¨ï ¨ ¯à®£à�¬¬¨à®¢�−¨ï ¯à®-
â®ª®«®¢ à�§¢¨¢�«¨áì â¥å−®«®£¨¨ ¯à®£à�¬¬¨à®¢�−¨ï á®¡ëâ¨©−®-ã¯à�¢«ï¥¬ëå
(à¥�ªâ¨¢−ëå, à¥�£¨àãîé¨å) á¨áâ¥¬. �¤−¨¬ ¨§ ¯®¤å®¤®¢ ¤«ï ¯à®£à�¬¬¨à®-
¢�−¨ï â�ª¨å á¨áâ¥¬ ¡ë«¨ ¯®¯ëâª¨ à�áè¨à¨âì áãé¥áâ¢ãîé¨¥ ¯à®æ¥¤ãà−ë¥ ¨
®¡ê¥ªâ−®-®à¨¥−â¨à®¢�−−ë¥ ï§ëª¨ áà¥¤áâ¢�¬¨ ¯à®£à�¬¬¨à®¢�−¨ï �¢â®¬�â®¢ (á¬.,
−�¯à¨¬¥à, [3, 4]). Š á¥à¥¤¨−¥ 2000-å ££. ¢ ÷®áá¨¨ ¢ ®¡«�áâ¨ â¥å−®«®£¨¨
¯à®£à�¬¬¨à®¢�−¨ï �¢â®¬�â®¢ áä®à¬¨à®¢�«®áì −�¯à�¢«¥−¨¥ ú�¢â®¬�â−®£® ¯à®-
£à�¬¬¨à®¢�−¨ïû [5]. ’¥¬ −¥ ¬¥−¥¥, ®¡é¥¯à¨§−�−−ëå ã−¨¢¥àá�«ì−ëå ¯®¤å®¤®¢ ¨
áà¥¤áâ¢ ¤«ï ¯à®£à�¬¬¨à®¢�−¨ï ’Š� ¯®ª� −¥ áãé¥áâ¢ã¥â. ‘®¢à¥¬¥−−ë¥ ¨áá«¥-
¤®¢�−¨ï ¢ íâ®© ®¡«�áâ¨ á¢ï§�−ë ª�ª á á®¢¥àè¥−áâ¢®¢�−¨¥¬ â¥å−®«®£¨© ¯à¨¬¥-
−¥−¨ï ®ä¨æ¨�«ì−® ¯à¨§−�−−ëå ¬®¤¥«¥© MSC/SDL/UML (Message Sequence
Chart / Specification and Description Language / Unified Modeling Language)
(á¬., −�¯à¨¬¥à, [6]), â�ª ¨ á á®§¤�−¨¥¬ −®¢ëå ï§ëª®¢ (á¬., −�¯à¨¬¥à, [7]).

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, olga@ipi.ac.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, kv@ipi.ac.ru
3ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, vd@ipi.ac.ru
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Ÿ§ëª Cell | ¯®¯ëâª� �¢â®à®¢ á®§¤�âì á¨áâ¥¬ã ¯à®£à�¬¬¨à®¢�−¨ï ¬−®£®ãà®¢-
−¥¢®£® ’Š�, á¯¥æ¨ä¨æ¨à®¢�−−®£® ¨¥à�àå¨ç¥áª¨¬ −�¡®à®¬ ¤¨�£à�¬¬ á®áâ®ï−¨©
¨ ¯¥à¥å®¤®¢. „�«¥¥ ¡ã¤ãâ à�áá¬®âà¥−ë ®á®¡¥−−®áâ¨ ï§ëª� Cell ¨ �«£®à¨â¬ë
äã−ªæ¨®−¨à®¢�−¨ï ¥£® ª®¬¯¨«ïâ®à�.

2 Особенности языка Cell

‚ ¯à¥¤ë¤ãé¨å à�¡®â�å [8{11] �¢â®àë ¯à¥¤«®¦¨«¨ ¨á¯®«ì§®¢�âì ¤«ï ¯à®-
£à�¬¬¨à®¢�−¨ï ¬−®£®ãà®¢−¥¢®£® ’Š�, á¯¥æ¨ä¨æ¨à®¢�−−®£® −�¡®à®¬ ¤¨�£à�¬¬
á®áâ®ï−¨© ¨ ¯¥à¥å®¤®¢ („‘�), à�§à�¡®â�−−ãî ¬®¤¥«ì ˆ�, � â�ª¦¥ ï§ëª Cell,
á¯à®¥ªâ¨à®¢�−−ë© ¤«ï ä®à¬�«ì−®£® ®¯¨á�−¨ï ˆ�. �à¥¤«�£�¥¬ë© ¢ íâ¨å à�¡®â�å
¯®¤å®¤ á¨áâ¥¬ë ¯à®£à�¬¬¨à®¢�−¨ï Cell ¯®§¢®«ï¥â:

{ ä®à¬�«ì−® á¢ï§�âì âà�¤¨æ¨®−−ë¥ á¯¥æ¨ä¨ª�æ¨¨ ’Š� ¢ ¢¨¤¥ äà�£¬¥−â�à−ëå
„‘� ¢ ¥¤¨−ë© ˆ�;

{ á¯¥æ¨ä¨æ¨à®¢�âì ˆ� −� ï§ëª¥ Cell, á¨−â�ªá¨á ª®â®à®£® á¯à®¥ªâ¨à®¢�− ¤«ï
®¯¨á�−¨ï â�ª¨å �¢â®¬�â®¢ á ¯®á«¥¤ãîé¥© ¨å à¥�«¨§�æ¨¨ ¢ ¢¨¤¥ ¢áâà�¨¢�¥¬ëå
á¨áâ¥¬ á ®£à�−¨ç¥−−ë¬¨ ¢ëç¨á«¨â¥«ì−ë¬¨ à¥áãàá�¬¨;

{ á¨−â¥§¨à®¢�âì ¯à®æ¥¤ãà−ë© ª®¤ ˆ�, ®à¨¥−â¨à®¢�−−ë© −� ¯®á«¥¤®¢�â¥«ì−®¥
¢ë¯®«−¥−¨¥ ª®¬�−¤ �«£®à¨â¬�, −� íâ�¯¥ ª®¬¯¨«ïæ¨¨ ¯à®£à�¬¬ë −� ï§ëª¥
‘ell, ¢ë¯®«−ïï á¥à¨�«¨§�æ¨î ¢ëç¨á«¥−¨© ˆ�.

‚ ®â«¨ç¨¥ ®â ¤àã£¨å ï§ëª®¢ ¨ á¨áâ¥¬ ¯à®£à�¬¬¨à®¢�−¨ï �¢â®¬�â®¢ ˆ�-¬®-
¤¥«ì, à�§à�¡®â�−−�ï ¤«ï á¨áâ¥¬ë Cell, ¯®§¢®«ï¥â á ¯®¬®éìî −¥ï¢−ëå á¢ï§¥©
®¯¨áë¢�âì ¡«®ª ¢§�¨¬®¤¥©áâ¢ãîé¨å �¢â®¬�â®¢, �«£®à¨â¬ äã−ªæ¨®−¨à®¢�−¨ï ª®-
â®àëå ¯®¤ç¨−ï¥âáï ¯à�¢¨«�¬ ¤à¥¢®¢¨¤−®© �ªâ¨¢�æ¨¨ ®¤−¨å �¢â®¬�â®¢ ¨§ á®áâ®-
ï−¨© ¤àã£¨å �¢â®¬�â®¢. ‚ ˆ�-¬®¤¥«¨ â�ª�ï ®¯¥à�æ¨ï −�§ë¢�¥âáï ¯®à®¦¤¥−¨¥¬
¯®¤�¢â®¬�â� ¡®«¥¥ ¢ëá®ª®£® ãà®¢−ï ¨¥à�àå¨¨ á®áâ®ï−¨¥¬ ¯®¤�¢â®¬�â� ¡®«¥¥ −¨§-
ª®£® ãà®¢−ï ¨¥à�àå¨¨ (¨«¨ ®¯¥à�æ¨¥© ¢«®¦¥−¨ï ¯®¤�¢â®¬�â�-¯®â®¬ª� ¢ á®áâ®ï−¨¥
¯®¤�¢â®¬�â�-¯à¥¤ª�). ‚¬¥áâ¥ á ®¯¥à�æ¨ï¬¨ ¢®§¢à�â−ëå ¬¥¦ãà®¢−¥¢ëå ¯¥à¥å®-
¤®¢, áãé¥áâ¢ãîé¨¬¨ ¢ ˆ�-¬®¤¥«¨, â�ª�ï ®à£�−¨§�æ¨ï �¢â®¬�â� ®à£�−¨ç−ë¬
®¡à�§®¬ ®¯¨áë¢�¥â ¯®¢¥¤¥−¨¥ ’Š� ª�ª ¬−®£®ãà®¢−¥¢®© á¨áâ¥¬ë á¢ï§�−−ëå (ç�á-
â® ¢¥à¡�«ì−®) ¯®¤�¢â®¬�â®¢, ª�¦¤ë© ¨§ ª®â®àëå á¯¥æ¨ä¨æ¨àã¥âáï ä®à¬�«ì−®©
„‘�.

Š«îç¥¢®© í«¥¬¥−â ï§ëª� Cell | ïç¥©ª� (áell) | å�à�ªâ¥à¨§ã¥â á®áâ®ï−¨¥
¯®¤�¢â®¬�â� ¨ ®¯à¥¤¥«ï¥â ç�áâì à¥�ªæ¨© á®¢®ªã¯−®£® ˆ�, §�¤�−−ëå ¯¥à¥å®¤�-
¬¨ ¨§ íâ®£® á®áâ®ï−¨ï ¢ ¤®áâ¨¦¨¬ë¥. Ÿç¥©ª¨ ®à£�−¨§ãîâáï ¢ ¨¥à�àå¨ç¥áªãî
áâàãªâãàã á æ¥«ìî á¨áâ¥¬�â¨§�æ¨¨ ¯¥à¥å®¤®¢ ¨ á®§¤�−¨ï −¥ï¢−ëå ¯à�¢¨« á¢ï-
§ë¢�−¨ï ¯®¤�¢â®¬�â®¢ (¯à�¢¨«� ¢«®¦¥−−®áâ¨) ¢ á®®â¢¥âáâ¢¨¨ á ˆ�-¬®¤¥«ìî, çâ®
¯®§¢®«ï¥â ®à£�−¨ç−® ®¯¨á�âì −� ï§ëª¥ Cell ¨¥à�àå¨ç¥áªãî áâàãªâãàã �¢â®¬�â�,
�−�«®£¨ç−ãî ¨¥à�àå¨ç¥áª®© áâàãªâãà¥ ’Š�.

118 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

”ã−ªæ¨¨ ¯¥à¥å®¤� (à¥�ªæ¨¨) −� ï§ëª¥ Cell §�¤�îâáï ¯à¨ á¯¥æ¨ä¨ª�æ¨¨
ïç¥¥ª. �¥à¥å®¤ á¢ï§ë¢�¥â ¬¥¦¤ã á®¡®© ®¤−ã ¨áå®¤−ãî ïç¥©ªã (á®áâ®ï−¨¥ ¯®¤�¢-
â®¬�â�) ¨ ®¤−ã ¨«¨ ¡®«¥¥ æ¥«¥¢ëå ïç¥¥ª, ®¯à¥¤¥«ï¥¬ëå ¬−®¦¥áâ¢®¬ ¤®áâ¨¦¨¬ëå
á®áâ®ï−¨© ¨§ ¨áå®¤−®£®. �¥à¥å®¤ ¨−¨æ¨¨àã¥âáï (®âªàë¢�¥âáï) ¯à¨¥¬®¬ á¨£−�«�
¨ ¯à¥¤áâ�¢«ï¥â á®¡®© äà�£¬¥−â ¯à®æ¥¤ãà−®£® ª®¤� á à¥�ªæ¨¥© −� á¨£−�«. „«ï
á¯¥æ¨ä¨ª�æ¨¨ ¯à®æ¥¤ãà−®£® ª®¤� ¢ ï§ëª¥ Cell à¥è¥−® ¨á¯®«ì§®¢�âì ª�ª®©-«¨¡®
áãé¥áâ¢ãîé¨© ¯à®æ¥¤ãà−ë© ï§ëª, ¤®¯®«−¥−−ë© ¤¨à¥ªâ¨¢�¬¨ ï§ëª� Cell ¤«ï
®¯¨á�−¨ï æ¥«¥¢ëå á®áâ®ï−¨©, ®â¯à�¢«ï¥¬ëå á¨£−�«®¢ ¨ ¤àã£¨å ¤¥©áâ¢¨© (á¬. −¨-
¦¥ ®¯¨á�−¨¥ á¨−â¥§� äã−ªæ¨© ¯¥à¥å®¤®¢). �� ¯¥à¢®¬ íâ�¯¥ à�§à�¡®âª¨ á¨áâ¥¬ë
¯à®£à�¬¬¨à®¢�−¨ï Cell | íâ® ï§ëª ‘¨.

‘®áâ®ï−¨¥ ˆ� ¢ á¨áâ¥¬¥ Cell ®¯à¥¤¥«ï¥âáï ª�ª á®¢®ªã¯−®áâì ¢á¥å ¢®§¬®¦−ëå
¯¥à¥å®¤®¢ ¢ §�¤�−−ë© ¬®¬¥−â ¢à¥¬¥−¨ (¢¥ªâ®à á®áâ®ï−¨ï), á¯¥æ¨ä¨æ¨à®¢�−−ëå
£àã¯¯®© ïç¥¥ª, ®¯¨áë¢�îé¨å á®áâ®ï−¨¥ ¯®¤�¢â®¬�â®¢ ¢ â¥ªãé¨© ¬®¬¥−â ¢à¥-
¬¥−¨ −� à�§−ëå ãà®¢−ïå ˆ�. �� íâ�¯¥ ª®¬¯¨«ïæ¨¨ ¯à®£à�¬¬ë ˆ� −� ï§ëª¥
Cell £¥−¥à¨àã¥âáï á«ã¦¥¡−ë© ¯à®æ¥¤ãà−ë© ª®¤, ®¡¥á¯¥ç¨¢�îé¨© «®£¨ªã ¯®-
á«¥¤®¢�â¥«ì−®£® ¨á¯®«−¥−¨ï �¢â®¬�â� â�ª, çâ®¡ë á¯¥æ¨ä¨æ¨à®¢�−−�ï á¨£−�«®¬
à¥�ªæ¨ï ¢ â¥ªãé¥¬ á®áâ®ï−¨¨ á®¤¥à¦�«�áì ¢ ®¯¨á�−¨¨ íâ®£® á¨£−�«� ¢ ¢¥ªâ®à¥
á®áâ®ï−¨©. ‘«ã¦¥¡−ë© ª®¤, ¢ë¯®«−ï¥¬ë© ¯à¨ §�¢¥àè¥−¨¨ «î¡®£® ¯¥à¥å®¤�,
¬®¤¨ä¨æ¨àã¥â ¢¥ªâ®à á®áâ®ï−¨ï: á−�ç�«� ®â¬¥−ï¥â â¥ªãé¨¥ à¥�ªæ¨¨ −� á¨£−�«ë
�ªâã�«ì−®£® á®áâ®ï−¨ï, � §�â¥¬ ãáâ�−�¢«¨¢�¥â −¥®¡å®¤¨¬ë¥ à¥�ªæ¨¨ −� á¨£−�«ë,
®¡à�¡�âë¢�¥¬ë¥ ¢ −®¢®¬ á®áâ®ï−¨¨. ’�ª�ï «®£¨ª� ¨á¯®«−¥−¨ï ˆ� ¯®§¢®«ï¥â
á¥à¨�«¨§®¢�âì äã−ªæ¨®−¨à®¢�−¨¥ �¢â®¬�â� | ¢ë¯®«−ïâì ¯à®æ¥¤ãàë ¯¥à¥å®¤®¢
�¢â®¬�â� ¯®á«¥¤®¢�â¥«ì−® ¡¥§ ¨á¯®«ì§®¢�−¨ï ¬¥â®¤®«®£¨¨ ®à£�−¨§�æ¨¨ ¯�à�«-
«¥«ì−ëå (¯á¥¢¤®¯�à�««¥«ì−ëå) ¢ëç¨á«¥−¨©.

‘¥à¨�«¨§�æ¨ï ¢ëç¨á«¥−¨© â�ª¦¥ ®¡¥á¯¥ç¨¢�¥âáï ®¯à¥¤¥«¥−−®© ¯®á«¥¤®¢�-
â¥«ì−®áâìî ®¡à�¡®âª¨ ¯à¨−¨¬�¥¬ëå ¨ ®â¯à�¢«ï¥¬ëå á¨£−�«®¢, çâ® ¯®§¢®«ï¥â
áç¨â�âì äã−ªæ¨î ¯¥à¥å®¤� �â®¬�à−®© ®¯¥à�æ¨¥©: äã−ªæ¨ï ¯¥à¥å®¤� ¯¥à¥¢®¤¨â
�¢â®¬�â ¢ ®¯à¥¤¥«¥−−®¥ á®áâ®ï−¨¥, −¥ §�¢¨áïé¥¥ ®â á¨£−�«®¢, ª®â®àë¥ ¬®£ãâ ¡ëâì
¯à¨−ïâë ¢ ¯à®æ¥áá¥ ¨á¯®«−¥−¨ï ¯¥à¥å®¤�. „àã£¨¬¨ á«®¢�¬¨ | ¯¥à¥å®¤ −¥ ¬®¦¥â
¡ëâì ¯à¥à¢�− á¨£−�«®¬, � ¯�¬ïâì �¢â®¬�â� −� ¯à®âï¦¥−¨¨ ¨á¯®«−¥−¨ï ¯¥à¥å®¤�
¬®¦¥â ¬®¤¨ä¨æ¨à®¢�âìáï â®«ìª® â¥«®¬ íâ®£® ¯¥à¥å®¤�.

Œ¥å�−¨§¬®¬ ¯®¤¤¥à¦ª¨ �â®¬�à−®áâ¨ ¯¥à¥å®¤®¢ ï¢«ï¥âáï ®â«®¦¥−−�ï ¤®áâ�¢-
ª� á¨£−�«®¢. �â¯à�¢ª� á¨£−�«� á¨−â�ªá¨ç¥áª¨ ¬®¦¥â −�å®¤¨âìáï ¢ ¯à®¨§¢®«ì−®¬
¬¥áâ¥ â¥«� ¯¥à¥å®¤�, ¯à¨ íâ®¬ ®â¯à�¢«ï¥¬ë¥ á¨£−�«ë ¡ãä¥à¨§ãîâáï ¨ ¨å ä�ª-
â¨ç¥áª�ï ®â¯à�¢ª� §�¤¥à¦¨¢�¥âáï ¤® §�¢¥àè¥−¨ï â¥«� ¯¥à¥å®¤�. ’�ª¨¬ ®¡à�§®¬,
ª�¦¤ë© ¯¥à¥å®¤ ä®à¬¨àã¥â á®¡áâ¢¥−−ãî ®ç¥à¥¤ì ¢ëå®¤−ëå á¨£−�«®¢, ª®â®à�ï
®¡à�¡�âë¢�¥âáï ¯® §�¢¥àè¥−¨¨ ¯¥à¥å®¤�, çâ® à¥�«¨§ã¥â ¯à¨®à¨â¥â−ãî ®¡à�¡®âªã
¢−ãâà¥−−¨å á¨£−�«®¢ ¯¥à¥¤ ¢−¥è−¨¬¨ (á¬. −¨¦¥ ¯à�¢¨«� ä®à¬¨à®¢�−¨ï ®ç¥à¥¤¨
á¨£−�«®¢). Œ¥å�−¨§¬ ®â«®¦¥−−®© ¤®áâ�¢ª¨ á¨£−�«®¢ £�à�−â¨àã¥â, çâ® ¢ «î¡®©
¬®¬¥−â ¢à¥¬¥−¨ ¬®¦¥â ¢ë¯®«−ïâìáï −¥ ¡®«¥¥ ®¤−®£® ¯à®æ¥¤ãà−®£® â¥«� ¯¥à¥å®-
¤�. ‘®®â¢¥âáâ¢¥−−® á®áâ®ï−¨¥ ¢á¥å ïç¥¥ª, ªà®¬¥ ïç¥©ª¨, ¢ë¯®«−ïîé¥© â¥ªãé¨©
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¯¥à¥å®¤, ¡ã¤¥â ¢¯®«−¥ ®¯à¥¤¥«¥−−ë¬ ¨ ¢á¥ à�§¤¥«ï¥¬ë¥ ¤�−−ë¥, ªà®¬¥ ¤�−−ëå,
¨§¬¥−ï¥¬ëå â¥ªãé¨¬ ¯¥à¥å®¤®¬ ï¢−®, ¡ã¤ãâ −�å®¤¨âìáï ¢ ®¯à¥¤¥«¥−−ëå á®áâ®-
ï−¨ïå. �à¨ íâ®¬ áâ�−®¢¨âáï ¢®§¬®¦−ë¬ á®¢¬¥áâ−ë© ¤®áâã¯ à�§«¨ç−ëå ïç¥¥ª ª
à�§¤¥«ï¥¬ë¬ ¤�−−ë¬ ¡¥§ ¨á¯®«ì§®¢�−¨ï ª�ª¨å-«¨¡® ¬¥å�−¨§¬®¢ á¨−åà®−¨§�æ¨¨.

3 Компилятор языка Cell

‘¨−â¥§ ¯à®æ¥¤ãà−®£® ª®¤� ˆ� ¢ë¯®«−ï¥âáï ª®¬¯¨«ïâ®à®¬ ï§ëª� Cell. „«ï
¤®áâ¨¦¥−¨ï íâ®© æ¥«¨ ª®¬¯¨«ïâ®à à¥è�¥â á«¥¤ãîé¨¥ §�¤�ç¨:

{ áâàãªâãà−ë© ¤¨§�©− ˆ� ¢ å®¤¥ «¥ªá¨ç¥áª®£® ¨ á¨−â�ªá¨ç¥áª®£® à�§¡®à�
¯à®£à�¬¬ë −� ï§ëª¥ Cell;

{ á¥¬�−â¨ç¥áª¨© �−�«¨§ ¯®áâà®¥−−®© áâàãªâãàë ˆ�, ¢ëï¢«¥−¨¥ −� ¥£® ®á−®¢¥
¯®«−®£® −�¡®à� á¨£−�«®¢, á®áâ®ï−¨© ¨ ¯¥à¥å®¤®¢;

{ á¥à¨�«¨§�æ¨ï äã−ªæ¨© ¯¥à¥å®¤®¢ ¨ á¨−â¥§ ¨å ¯à®æ¥¤ãà−®£® ª®¤�.

÷�áá¬®âà¨¬ �«£®à¨â¬ë à¥è¥−¨ï ª�¦¤®© ¨§ íâ¨å §�¤�ç. ÷ï¤ ¯®«®¦¥−¨© áâ�âì¨
¡ã¤¥â ¯à®¨««îáâà¨à®¢�− á ¨á¯®«ì§®¢�−¨¥¬ ¯à¨¬¥à� ˆ� ha (à¨á. 1).

‹¥¢�ï ç�áâì à¨áã−ª� á®¤¥à¦¨â ¤¨�£à�¬¬ã á®áâ®ï−¨© ¨ ¯¥à¥å®¤®¢ �¢â®¬�â� ha á
£à�ä¨ç¥áª¨¬ ¯à¥¤áâ�¢«¥−¨¥¬ ¥£® áâàãªâãàë. �� ¯à�¢®© ç�áâ¨ à¨áã−ª� ¯à¨¢¥¤¥−�

÷¨á. 1 �à¨¬¥à ˆ� ha
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¯®«−�ï á¯¥æ¨ä¨ª�æ¨ï �¢â®¬�â� ha −� ï§ëª¥ Cell, ¢ª«îç�ï ¤¥â�«ì−®¥ ®¯¨á�−¨¥
¯¥à¥å®¤®¢ �¢â®¬�â� ¨ ¥£® ¯¥à¥¬¥−−ëå.

„¨�£à�¬¬� �¢â®¬�â� ha ®¯¨áë¢�¥â ˆ� á âà¥¬ï ¯®¤�¢â®¬�â�¬¨ A0, A1, A2 ¨
®¤−®© æ¥¯ìî ¯®à®¦¤¥−¨ï: ¯®¤�¢â®¬�â A2 ¯®à®¦¤�¥âáï á®áâ®ï−¨¥¬ (ïç¥©ª®©) A
¯®¤�¢â®¬�â� A1, ª®â®àë©, ¢ á¢®î ®ç¥à¥¤ì, ¯®à®¦¤�¥âáï ª®à−¥¢®© ïç¥©ª®© root
¯®¤�¢â®¬�â� A0. ’®«é¨−®© «¨−¨© ¢ë¤¥«¥−ë áâ�àâ®¢ë¥ á®áâ®ï−¨ï. �¡ëç−ë¥
áâà¥«ª¨ ®¡®§−�ç�îâ ¯¥à¥å®¤ë. �ã−ªâ¨à−ë¥ áâà¥«ª¨ ®¡®§−�ç�îâ ®¯¥à�æ¨¨ ¯®-
à®¦¤¥−¨ï.

�®¤�¢â®¬�â A2 ¢ª«îç�¥â ¤¢� á®áâ®ï−¨ï {L,M} ¨ ¤¢� ¯¥à¥å®¤� L → M ,
M → B. �¥à¥å®¤ L → M ®âªàë¢�¥âáï á¨£−�«®¬ c11 ¨ ¢ë¯®«−ï¥â à¥�ªæ¨î x1.
�¥à¥å®¤ M → B ®âªàë¢�¥âáï á¨£−�«®¬ c12 ¨ ¢ë¯®«−ï¥â à¥�ªæ¨î y1.

�®¤�¢â®¬�â A1 ¢ª«îç�¥â ¤¢� á®áâ®ï−¨ï {A,B} ¨ âà¨ ¯¥à¥å®¤� A → B,
B → B, B → A. �¥à¥å®¤ A → B ®âªàë¢�¥âáï á¨£−�«®¬ c1 ¨ ¢ë¯®«−ï¥â
à¥�ªæ¨î x. �¥à¥å®¤ B → B ®âªàë¢�¥âáï á¨£−�«®¬ c2 ¨ ¢ë¯®«−ï¥â à¥�ªæ¨î y.
�¥à¥å®¤ B → A ®âªàë¢�¥âáï á¨£−�«®¬ c3 ¨ ¢ë¯®«−ï¥â à¥�ªæ¨î z.

Š®à−¥¢®© ¯®¤�¢â®¬�â A0 ¢ª«îç�¥â ¥¤¨−áâ¢¥−−ãî ª®à−¥¢ãî ïç¥©ªã root,
¯®à®¦¤�îéãî ¨¥à�àå¨î �¢â®¬�â�.

3.1 Структурный дизайн

–¥«ìî áâàãªâãà−®£® ¤¨§�©−� ï¢«ï¥âáï ¯®áâà®¥−¨¥ ¤¥à¥¢� ïç¥¥ª ˆ�, á¯¥æ¨ä¨-
æ¨à®¢�−−®£® ¯à®£à�¬¬®© −� ï§ëª¥ Cell ¢ å®¤¥ ¥¥ «¥ªá¨ç¥áª®£® ¨ á¨−â�ªá¨ç¥áª®£®
�−�«¨§�. ��§®¢ë¬ í«¥¬¥−â®¬ (ã§«®¬) íâ®£® ¤¥à¥¢� ï¢«ï¥âáï áâàãªâãà� ïç¥©ª¨,
ª®â®à�ï ®¡ê¥¤¨−ï¥â ®¯¨á�−¨ï í«¥¬¥−â®¢, á®áâ�¢«ïîé¨å ¯®−ïâ¨¥ ïç¥©ª¨ ï§ëª�
Cell (à¨á. 2).

�á−®¢−ë¬¨ í«¥¬¥−â�¬¨ ïç¥©ª¨, −¥®¡å®¤¨¬ë¬¨ ¤«ï ¤�«ì−¥©è¥£® á¥¬�−â¨-
ç¥áª®£® �−�«¨§� ¨ £¥−¥à�æ¨¨ ¯à®æ¥¤ãà−®£® ª®¤�, ï¢«ïîâáï ¥¥ ¨¤¥−â¨ä¨ª�â®àë
(¨¬ï, ãà®¢¥−ì ¨¥à�àå¨¨), ãª�§�â¥«¨ −� ¤àã£¨¥ ïç¥©ª¨ ¨¥à�àå¨¨ (¯à¥¤ª�, ¯®â®¬-
ª�, á®á¥¤�), ãª�§�â¥«¨ −� ¯¥à¥¬¥−−ë¥ à�§«¨ç−ëå ª«�áá®¢ ¢¨¤¨¬®áâ¨ (á¬. −¨¦¥
®¯¨á�−¨¥ á¥¬�−â¨ç¥áª®£® �−�«¨§�), á¯¨á®ª à¥�ªæ¨© ïç¥©ª¨.

�á®¡¥−−®áâìî «¥ªá¨ç¥áª®£® ¨ á¨−â�ªá¨ç¥áª®£® �−�«¨§� ®¯¨á�−¨ï ˆ� −� ï§ëª¥
Cell ï¢«ï¥âáï ®£à�−¨ç¥−−ë© á¨−â�ªá¨ç¥áª¨© à�§¡®à ª®¤� äã−ªæ¨¨ ¯¥à¥å®¤� ¯à¨
ä®à¬¨à®¢�−¨¨ á¯¨áª� à¥�ªæ¨© ïç¥©ª¨ ¢ á®áâ�¢¥ ¥¥ áâàãªâãàë.

Š�ª ã¦¥ ®â¬¥ç�«®áì, ®á−®¢ã ¤«ï ¯à®£à�¬¬¨à®¢�−¨ï �«£®à¨â¬®¢ ¯¥à¥å®¤®¢
ˆ� −� ï§ëª¥ Cell á®áâ�¢«ï¥â ª�ª®©-«¨¡® áãé¥áâ¢ãîé¨© ¯à®æ¥¤ãà−ë© ï§ëª,
á¨−â�ªá¨ç¥áª¨ à�áè¨à¥−−ë© ¤¨à¥ªâ¨¢�¬¨ ï§ëª� Cell. Š®¬¯¨«ïâ®à ï§ëª� Cell
¢ å®¤¥ áâàãªâãà−®£® ¤¨§�©−� ¯à®¢®¤¨â ç�áâ¨ç−ë© «¥ªá¨ç¥áª¨© ¨ á¨−â�ªá¨ç¥áª¨©
à�§¡®à ¯à®æ¥¤ãà−®£® ª®¤� äã−ªæ¨¨ ¯¥à¥å®¤�, ¢ à¥§ã«ìâ�â¥ ª®â®à®£® ¢ëï¢«ïîâáï
¤¨à¥ªâ¨¢ë ï§ëª� Cell, ¨á¯®«ì§ã¥¬ë¥ ¢ íâ®¬ ¯¥à¥å®¤¥. „�«¥¥ â®«ìª® íâ¨ ¢ë-
ï¢«¥−−ë¥ ãç�áâª¨ ¯à®æ¥¤ãà−®£® ª®¤� äã−ªæ¨¨ ¯¥à¥å®¤� ¡ã¤ãâ �−�«¨§¨à®¢�âìáï
¨ ¬®¤¨ä¨æ¨à®¢�âìáï ª®¬¯¨«ïâ®à®¬ ï§ëª� Cell.

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011 121



�. �. �®−¤�à¥−ª®, Š. ˆ. ‚®«®¢¨ç, ‚. �. Š®−¤à�è¥¢

struct Cell {
char *cell_name; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÏËÕ Ó ÉÍÅÎÅÍ ÑÞÅÊËÉ */
int cell_layer; /* ÎÏÍÅÒ ÕÒÏ×ÎÑ ÉÅÒÁÒÈÉÉ */
union {

struct Cell *u_parent; /* ÕËÁÚÁÔÅÌØ ÎÁ ÒÏÄÉÔÅÌØÓËÕÀ ÑÞÅÊËÕ ÄÌÑ
ÐÏÒÏÖÄÅÎÎÙÈ ÑÞÅÅË */

#define cell_parent (u.u_parent)
struct ContextParam *u_context; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÕËÔÕÒÕ ÐÁÒÁÍÅÔÒÏ×

ËÏÎÔÅËÓÔÁ ÉÅÒÁÒÈÉÉ ÄÌÑ ËÏÒÎÅ×ÏÊ ÑÞÅÊËÉ */
#define cell_context (u.u_context)
} u;

struct Cell *cell_child; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÁÒÔÏ×ÕÀ ÑÞÅÊËÕ
×ÌÏÖÅÎÎÏÇÏ ÐÏÄÁ×ÔÏÍÁÔÁ */

struct Cell *cell_next; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÐÉÓÏË ÑÞÅÅË ÔÅËÕÝÅÇÏ
ÐÏÄÁ×ÔÏÍÁÔÁ */

char *cell_global; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÏËÕ c ÏÐÉÓÁÎÉÅÍ
ÇÌÏÂÁÌØÎÙÈ ÐÅÒÅÍÅÎÎÙÈ Á×ÔÏÍÁÔÁ */

char *cell_common; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÏËÕ c ÏÐÉÓÁÎÉÅÍ
ÏÂÝÉÈ ÐÅÒÅÍÅÎÎÙÈ ÉÅÒÁÒÈÉÉ */

char *cell_local; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÏËÕ c ÏÐÉÓÁÎÉÅÍ
ÌÏËÁÌØÎÙÈ ÐÅÒÅÍÅÎÎÙÈ ÑÞÅÊËÉ */

struct Transition *cell_trans; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÐÉÓÏË ÒÅÁËÃÉÊ ÑÞÅÊËÉ */
}

÷¨á. 2 �á−®¢−ë¥ í«¥¬¥−âë áâàãªâãàë ïç¥©ª¨

‚ å®¤¥ ç�áâ¨ç−®£® «¥ªá¨ç¥áª®£® ¨ á¨−â�ªá¨ç¥áª®£® à�§¡®à� ¯à®æ¥¤ãà−®£® ª®¤�
äã−ªæ¨¨ ¯¥à¥å®¤� á®§¤�¥âáï á¯¨á®ª ¯à®æ¥¤ãà−ëå ¡«®ª®¢, áâàãªâãà� ª�¦¤®£® ¨§
ª®â®àëå á®¤¥à¦¨â ®¯¨á�−¨¥ ¢ëï¢«¥−−®£® äà�£¬¥−â� (à¨á. 3).

�¯¨á�−¨¥ äà�£¬¥−â� ª®¤� ®â«¨ç�¥âáï ¯® â¨¯ã ª®¤�, ª®â®àë© ®− á®¤¥à¦¨â.
„«ï äà�£¬¥−â� ª®¤� −� ï§ëª¥ ‘¨ ®¯¨á�−¨¥ á®¤¥à¦¨â á¨¬¢®«ì−ãî áâà®ªã á ª®¤®¬,
ª®â®à�ï ¡¥§ ¨§¬¥−¥−¨ï ¡ã¤¥â ¯¥à¥−¥á¥−� ¢ äã−ªæ¨î ¯¥à¥å®¤�, £¥−¥à¨àã¥¬ãî
−� §�ª«îç¨â¥«ì−®¬ íâ�¯¥ ª®¬¯¨«ïæ¨¨. „«ï äã−ªæ¨®−�«ì−ëå ¤¨à¥ªâ¨¢ ï§ëª�
Cell, á¢ï§�−−ëå á ®â¯à�¢ª®© á¨£−�«®¢, ¯®à®¦¤¥−¨¥¬ ª«®−®¢ ¨ ¯¥à¥å®¤®¬ ¢ −®¢®¥
á®áâ®ï−¨¥, áâàãªâãà� äà�£¬¥−â� ª®¤� á®¤¥à¦¨â ¯�à�¬¥âàë, −¥®¡å®¤¨¬ë¥ ¤«ï
¤�«ì−¥©è¥© á¥¬�−â¨ç¥áª®© ®¡à�¡®âª¨ ¨ £¥−¥à�æ¨¨ á«ã¦¥¡−®£® ª®¤�. �−�«®£¨ç-
−ë© ¯®¤å®¤ ¯à¨−ïâ ¤«ï ®¯¨á�−¨ï ¤¨à¥ªâ¨¢ ï§ëª� Cell, á¢ï§�−−ëå á ¤®áâã¯®¬ ª
¯¥à¥¬¥−−ë¬ �¢â®¬�â� ®¯à¥¤¥«¥−−®£® ª«�áá� ¢¨¤¨¬®áâ¨.

‘¯¨á®ª à�§®¡à�−−ëå ¯à®æ¥¤ãà−ëå ¡«®ª®¢ (äà�£¬¥−â®¢) á®¡¨à�¥âáï ¢ ®¯¨-
á�−¨¥ à¥�ªæ¨¨, áâàãªâãà� ª®â®à®© ¯®¬¨¬® íâ®£® á¯¨áª� á®¤¥à¦¨â á¯¨á®ª ®¡à�-
¡�âë¢�¥¬ëå á¨£−�«®¢ (à¨á. 4). �à£�−¨§®¢�−−ë¥ ¢ á¯¨á®ª áâàãªâãàë ®¯¨á�−¨ï
à¥�ªæ¨© ®¤−®© ïç¥©ª¨ ¢ª«îç�îâáï ¢ áâàãªâãàã ïç¥©ª¨ (á¬. à¨á. 2).

‚ à¥§ã«ìâ�â¥ «¥ªá¨ç¥áª®£® ¨ á¨−â�ªá¨ç¥áª®£® �−�«¨§� ¯à®£à�¬¬ë −� ï§ë-
ª¥ Cell −� è�£¥ áâàãªâãà−®£® ¤¨§�©−� ª®¬¯¨«ïâ®à®¬ á®§¤�¥âáï ¤à¥¢®¢¨¤−�ï
áâàãªâãà� á¢ï§�−−ëå ¬¥¦¤ã á®¡®© ïç¥¥ª, á¨£−�«®¢ ¨ à¥�ªæ¨©, ¨á¯®«ì§ã¥¬�ï −�
á«¥¤ãîé¨å è�£�å ª®¬¯¨«ïæ¨¨. �ã¤¥¬ −�§ë¢�âì ¯®«ãç¥−−ãî áâàãªâãàã ¤¥à¥¢®¬
ïç¥¥ª ª®¬¯¨«ïâ®à� Cell. ÷¨áã−®ª 5 ¨««îáâà¨àã¥â ¤¥à¥¢® ïç¥¥ª ª®¬¯¨«ïâ®à�
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struct Fragment {
int fr_type; /* ÔÉÐ ÆÒÁÇÍÅÎÔÁ ËÏÄÁ */

#define frType_C 1 /* ÄÌÑ ÆÒÁÇÍÅÎÔÁ ÎÁ ÑÚÙËÅ ó */
#define frType_Jump 2 /* ÄÌÑ ÄÉÒÅËÔÉ×Ù @jump */
#define frType_Send 3 /* ÄÌÑ ÄÉÒÅËÔÉ×Ù @send */
#define frType_Clone 4 /* ÄÌÑ ÄÉÒÅËÔÉ×Ù @clone */
#define frType_Local 5 /* ÄÌÑ ÄÉÒÅËÔÉ×Ù @variable Ó ËÏÒÏÔËÉÍ ÉÍÅÎÅÍ */
#define frType_LocalFull 6 /* ÄÌÑ ÄÉÒÅËÔÉ×Ù @variable Ó ÐÏÌÎÙÍ ÉÍÅÎÅÍ */
#define frType_Common 7 /* ÄÌÑ ÄÉÒÅËÔÉ×Ù $variable */
struct Transition *fr_trans; /* ÕËÁÚÁÔÅÌØ ÎÁ ÒÅÁËÃÉÀ */
struct Frament *fr_next; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÌÅÄÕÀÝÉÊ ÆÒÁÇÍÅÎÔ */
union {

char *u_C; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÏËÕ c ÆÒÁÇÍÅÎÔÏÍ ó-ËÏÄÁ */
#define fr_C (u.u_C)

char *u_Jump; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ÃÅÌÅ×ÏÊ ÑÞÅÊËÉ ÐÅÒÅÈÏÄÁ */
#define fr_Jump (u.u_Jump)

struct { /* ÏÐÉÓÁÎÉÅ ÄÉÒÅËÔÉ×Ù @send */
char *s_Signal ; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ÉÓÈÏÄÑÝÅÇÏ ÓÉÇÎÁÌÁ */
char *s_Target; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ËÏÒÎÅ×ÏÊ ÑÞÅÊËÉ

ÐÏÌÕÞÁÔÅÌÑ ÓÉÇÎÁÌÁ */
int *s_Index; /* ÉÎÄÅËÓ ËÏÒÎÅ×ÏÊ ÑÞÅÊËÉ ÐÏÌÕÞÁÔÅÌÑ ÓÉÇÎÁÌÁ */
char *s_Arguments; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÔÒÏËÕ ÁÒÇÕÍÅÎÔÏ× ÓÉÇÎÁÌÁ */

#define fr_Signal (u.s3.s_Signal)
#define fr_Target (u.s3.s_Target)
#define fr_Index (u.s3.s_Index)
#define fr_Arguments (u.s3.s_Arguments)

} s3;
char *u_Clone ; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ËÏÒÎÅ×ÏÊ ÑÞÅÊËÉ ËÌÏÎÁ */

#define fr_Clone (u.u_Clone)
char *u_Local; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ÌÏËÁÌØÎÏÊ

ÐÅÒÅÍÅÎÎÏÊ ÑÞÅÊËÉ */
#define fr_Local (u.u_Local)

char *u_Common; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ÇÌÏÂÁÌØÎÏÊ ÐÅÒÅÍÅÎÎÏÊ
ÄÅÒÅ×Á*/

#define fr_Common (u.u_Common)
} u

}

÷¨á. 3 �á−®¢−ë¥ í«¥¬¥−âë áâàãªâãàë ¯à®æ¥¤ãà−®£® ¡«®ª�

struct Transition { /* ÓÐÉÓÏË ÒÅÁËÃÉÊ ÑÞÅÊËÉ */
struct Transition *tr_cell; /* ÕËÁÚÁÔÅÌØ ÎÁ ÑÞÅÊËÕ ÜÔÏÊ ÒÅÁËÃÉÉ */
struct Transition *tr_next; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÌÅÄÕÀÝÕÀ ÒÅÁËÃÉÀ ÑÞÅÊËÉ */
struct SignalList *tr_slist; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÐÉÓÏË ÏÔËÒÙ×ÁÀÝÉÈ ÐÅÒÅÈÏÄ

ÓÉÇÎÁÌÏ× */
struct Fragment *tr_flist; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÐÉÓÏË ÆÒÁÇÍÅÎÔÏ× ÐÅÒÅÈÏÄÁ */

}
struct SignalList { /* ÓÐÉÓÏË ×ÈÏÄÑÝÉÈ ÓÉÇÎÁÌÏ× */
struct SignalList *sl_next; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÌÅÄÕÀÝÉÊ ÓÉÇÎÁÌ ÓÐÉÓËÁ */
char *sl_Signal; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ÓÉÇÎÁÌÁ */

}

÷¨á. 4 �á−®¢−ë¥ í«¥¬¥−âë á¯¨áª®¢ à¥�ªæ¨© ïç¥©ª¨ ¨ á¯¨áª®¢ á¨£−�«®¢
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�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

Cell ¤«ï ¨¥à�àå¨ç¥áª®£® �¢â®¬�â� ha (á¬. à¨á. 1). ‘âàãªâãà� ContextParam,
¢å®¤ïé�ï ¢ ¤¥à¥¢® ïç¥¥ª ¨ ®¯¨áë¢�îé�ï ¯�à�¬¥âàë ª®−â¥ªáâ� ¨¥à�àå¨¨, ¡ã¤¥â
à�áá¬®âà¥−� ¢ á«¥¤ãîé¥¬ à�§¤¥«¥.

3.2 Семантический анализ

‘¥¬�−â¨ç¥áª¨© �−�«¨§ ¤¥à¥¢� ïç¥¥ª, ¯®«ãç¥−−®£® ¢ å®¤¥ áâàãªâãà−®£® ¤¨§�©-
−�, à¥è�¥â á«¥¤ãîé¨¥ §�¤�ç¨ ª®¬¯¨«ïæ¨¨ ¯à®£à�¬¬ë −� ï§ëª¥ Cell:

{ á¢ï§ë¢�−¨¥ ¨¬¥−®¢�−−ëå ®¡ê¥ªâ®¢ ï§ëª� Cell (ïç¥¥ª, á¨£−�«®¢, ¯¥à¥¬¥−−ëå)
¢ á®®â¢¥âáâ¢¨¨ á ¯à�¢¨«�¬¨ ¢¨¤¨¬®áâ¨ ¨ ª«�áá�¬¨ ¢¨¤¨¬®áâ¨, à�§¬¥é¥−¨¥
¨å ¢ âà¥¡ã¥¬ëå ®¡«�áâïå ¢¨¤¨¬®áâ¨;

{ ¢ëç¨á«¥−¨¥ ¬−®¦¥áâ¢� á¨£−�«®¢, ®¯à¥¤¥«¥−¨¥ ¨å ¯�à�¬¥âà®¢, ¢ â®¬
ç¨á«¥ ª«�áá¨ä¨ª�æ¨ï ¨å ¯® −�§−�ç¥−¨î (¢−¥è−¨¥/¢−ãâà¥−−¨¥, ¢å®¤ï-
é¨¥/¨áå®¤ïé¨¥ ¨ ¯à.).

��¯®¬−¨¬, çâ® ¢ ï§ëª¥ Cell à�§«¨ç�îâ ¤¨á¯¥âç¥àáª¨¥ (ª®à−¥¢ë¥), ¢áâà®¥−−ë¥
¨ ¢−¥è−¨¥ (â¨¯¨§¨à®¢�−−ë¥) ïç¥©ª¨.

„¨á¯¥âç¥àáª�ï ïç¥©ª� ï¢«ï¥âáï ª®à−¥¬ ¨¥à�àå¨¨, ¤¥ª«�à¨àã¥â ®¡«�áâì ¯�¬ï-
â¨, á¢ï§�−−ãî á ¨¥à�àå¨¥© (ª®−â¥ªáâ ¨¥à�àå¨¨), ®¯à¥¤¥«ï¥â ¯à®æ¥¤ãàë ¨§¢«¥ç¥-
−¨ï ¨ ¡ãä¥à¨§�æ¨¨ ¢−¥è−¨å á¨£−�«®¢, � â�ª¦¥ ¯à®æ¥¤ãàë ¤®áâ�¢ª¨ ¢−ãâà¥−−¨å
á¨£−�«®¢, çâ® ®¡à�§ã¥â ¯®¤á¨áâ¥¬ã ¢¢®¤�{¢ë¢®¤�. ˆ¥à�àå¨¨, §�¤�¢�¥¬ë¥ ª®à−¥-
¢ë¬¨ ïç¥©ª�¬¨, ¢§�¨¬®¤¥©áâ¢ãîâ ¬¥¦¤ã á®¡®© ç¥à¥§ ¯à®æ¥¤ãàë ¢¢®¤�-¢ë¢®¤�,
¨á¯®«ì§ãï á¨£−�«ì−ë© ¬¥å�−¨§¬ ï§ëª� Cell. �®¬¨¬® ®¯¨á�−¨ï ®á−®¢−®£® ˆ�
¤¨á¯¥âç¥àáª¨¥ ïç¥©ª¨ ¯à¨¬¥−ïîâáï ¤«ï á¯¥æ¨ä¨ª�æ¨¨ ª«®−®¢ [12].

‚áâà®¥−−ë¥ ïç¥©ª¨ à�§¬¥é�îâáï ¯® ¬¥áâã á¢®¥£® ®¯à¥¤¥«¥−¨ï (¤¥ª«�à�æ¨¨),
¨ ¨å à�á¯®«®¦¥−¨¥ ¢ ¨¥à�àå¨¨ ®¯à¥¤¥«¥−® ®¤−®§−�ç−®.

‚−¥è−¨¥ ïç¥©ª¨ ¤¥ª«�à¨àãîâáï ¢−¥ ¨¥à�àå¨¨. ‘áë«ª¨ −� ¢−¥è−¨¥ ïç¥©ª¨
¬®£ãâ à�§¬¥é�âìáï ¢ à�§«¨ç−ëå ç�áâïå −¥áª®«ìª¨å ¨¥à�àå¨©. �à¨ íâ®¬ ¯®-
ï¢«ï¥âáï ¢®§¬®¦−®áâì á®§¤�¢�âì ¬−®¦¥áâ¢¥−−ë¥ íª§¥¬¯«ïàë ®¤−®â¨¯−ëå ïç¥¥ª,
à�¡®â�îé¨å −¥§�¢¨á¨¬® ¤àã£ ®â ¤àã£�. ‚ å®¤¥ á¢ï§ë¢�−¨ï ¨¬¥−®¢�−−ëå ®¡ê¥ª-
â®¢ ï§ëª� Cell ¢® ¢à¥¬ï á¥¬�−â¨ç¥áª®£® �−�«¨§� ¢−¥è−¨¥ ¨¬¥−®¢�−−ë¥ ïç¥©ª¨
¯®¬¥é�îâáï ¢ ¤¥à¥¢® ïç¥¥ª ¯® ¬¥áâ�¬ à�§¬¥é¥−¨ï ááë«®ª −� −¨å.

‚ å®¤¥ á¥¬�−â¨ç¥áª®£® �−�«¨§� ¤«ï ª�¦¤®© ª®à−¥¢®© (¤¨á¯¥âç¥àáª®©) ïç¥©ª¨
á®§¤�¥âáï ¢−ãâà¥−−ïï áâàãªâãà� ª®¬¯¨«ïâ®à� á ¯�à�¬¥âà�¬¨ ª®−â¥ªáâ� ¨¥à�àå¨¨
(à¨á. 6). Š®−â¥ªáâ ¨¥à�àå¨¨ ®¯¨áë¢�¥â á®áâ®ï−¨¥ ¨¥à�àå¨ç¥áª®£® �¢â®¬�â�
(¢¥ªâ®à ¯¥à¥å®¤®¢), � â�ª¦¥ á®¤¥à¦¨â £«®¡�«ì−ë¥ ¨ «®ª�«ì−ë¥ ¯¥à¥¬¥−−ë¥,
¨á¯®«ì§ã¥¬ë¥ ¢ à¥�ªæ¨ïå �¢â®¬�â�. �¥®¡å®¤¨¬�ï ¤«ï £¥−¥à�æ¨¨ ª®−â¥ªáâ�
¨¥à�àå¨¨ ¨−ä®à¬�æ¨ï á®¤¥à¦¨âáï ª�ª ¢ ¤¥à¥¢¥ ïç¥¥ª, â�ª ¨ ¢ áâàãªâãà¥ ¯�à�¬¥â-
à®¢ ª®−â¥ªáâ� ¨¥à�àå¨¨, á®§¤�−−®© ¯®á«¥ á¥¬�−â¨ç¥áª®£® �−�«¨§� íâ®£® ¤¥à¥¢�.
�á−®¢−ë¬ í«¥¬¥−â®¬ áâàãªâãàë ¯�à�¬¥âà®¢ ª®−â¥ªáâ� ¨¥à�àå¨¨, ¢ëç¨á«ï¥¬ë¬
¢ å®¤¥ á¥¬�−â¨ç¥áª®£® �−�«¨§�, ï¢«ï¥âáï á¯¨á®ª ¯�à�¬¥âà®¢ á¨£−�«®¢, ª®â®àë©
á«ã¦¨â ®á−®¢®© ¤«ï £¥−¥à�æ¨¨ ¢¥ªâ®à� á®áâ®ï−¨ï �¢â®¬�â�. ‚®¯à®áë, á¢ï§�−−ë¥
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struct ContextParam { /* ÐÁÒÁÍÅÔÒÙ ËÏÎÔÅËÓÔÁ ÉÅÒÁÒÈÉÉ */
struct Cell *ctx_cell; /* ÕËÁÚÁÔÅÌØ ÎÁ ËÏÒÎÅ×ÕÀ ÑÞÅÊËÕ ÉÅÒÁÒÈÉÉ */
int ctx_Size; /* ÍÁËÓÉÍÁÌØÎÏÅ ÞÉÓÌÏ ÜËÚÅÍÐÌÑÒÏ× ÉÅÒÁÒÈÉÉ */
struct SigParamList *ctx_slist; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÐÉÓÏË ÓÉÇÎÁÌÏ×

É ÉÈ ÐÁÒÁÍÅÔÒÏ× */
}
struct SigParamList { /* ÓÐÉÓÏË ÓÉÇÎÁÌÏ× É ÉÈ ÐÁÒÁÍÅÔÒÏ× */
struct SigParamList *spl_next; /* ÕËÁÚÁÔÅÌØ ÎÁ ÓÌÅÄÕÀÝÉÊ ÓÉÇÎÁÌ ÓÐÉÓËÁ */
char *spl_Signal; /* ÕËÁÚÁÔÅÌØ ÎÁ ÉÍÑ ÓÉÇÎÁÌÁ */
int spl_Size; /* ÒÁÚÍÅÒ ÓÔÅËÁ ÄÌÑ ÐÅÒÅÄÁÞÉ ÓÉÇÎÁÌØÎÙÈ ÄÁÎÎÙÈ */
int spl_Type; /* ÔÉÐ ÓÉÇÎÁÌÁ */

\#define slpType_input 1 /* ÂÉÔ ÕÓÔÁÎÏ×ÌÅÎ - ÅÓÔØ ÐÅÒÅÈÏÄ
ÏÂÒÁÂÏÔËÉ ÓÉÇÎÁÌÁ */

\#define slpType_output 2 /* ÂÉÔ ÕÓÔÁÎÏ×ÌÅÎ - ÅÓÔØ ÎÅÁÄÒÅÓÎÁÑ ÏÔÐÒÁ×ËÁ
ÓÉÇÎÁÌÁ */

\#define slpType_internal 3 /* ×ÎÕÔÒÅÎÎÉÊ ÓÉÇÎÁÌ = slpType_input +
+ slpType_output */

\#define slpType_clone 4 /* ÂÉÔ ÕÓÔÁÎÏ×ÌÅÎ - ÅÓÔØ ÁÄÒÅÓÎÁÑ ÏÔÐÒÁ×ËÁ
ÓÉÇÎÁÌÁ */

}

÷¨á. 6 ‘âàãªâãà� ¯�à�¬¥âà®¢ ª®−â¥ªáâ� ¨¥à�àå¨¨

á® áâàãªâãà®© ª®−â¥ªáâ� ¨¥à�àå¨¨ ¨ ¥¥ £¥−¥à�æ¨¥© ¢ ¨á¯®«−ï¥¬®¬ ª®¤¥, ¡ã¤ãâ
à�áá¬®âà¥−ë ¢ á«¥¤ãîé¥¬ à�§¤¥«¥.

�¯à¥¤¥«¥−¨¥ ¯�à�¬¥âà®¢ ¤«ï à�á¯à¥¤¥«¥−¨ï ¯�¬ïâ¨ �¢â®¬�â� á ãç¥â®¬ ª«�á-
á®¢ ¢¨¤¨¬®áâ¨ ¤�−−ëå | á«¥¤ãîé�ï §�¤�ç� á¥¬�−â¨ç¥áª®£® �−�«¨§�. ‚ ï§ëª¥
Cell ¤®áâã¯−®áâì (¢¨¤¨¬®áâì) ¤�−−ëå ¢ à�§«¨ç−ëå ïç¥©ª�å (â®ç−¥¥ | ¢ ¯¥-
à¥å®¤�å á®®â¢¥âáâ¢ãîé¨å ïç¥¥ª) å�à�ªâ¥à¨§ã¥âáï ª«�áá�¬¨ ¢¨¤¨¬®áâ¨. —�áâì
ª«�áá®¢ ¢¨¤¨¬®áâ¨ ®¯à¥¤¥«ïîâ ®¡«�áâ¨ ¯�¬ïâ¨, ¤®áâã¯−ë¥ «¨èì ¥¤¨−áâ¢¥−−®©
ïç¥©ª¥ ¨«¨ ¯¥à¥å®¤ã, ¤àã£¨¥ | ®¡«�áâ¨ à�§¤¥«ï¥¬®© ¯�¬ïâ¨, ¤®áâã¯−ë¥ ¬−®£¨¬
ïç¥©ª�¬. �à¨ íâ®¬ ¡«®ª¨à®¢�−¨¥ ¤�−−ëå ®â ¬−®¦¥áâ¢¥−−®£® ¤®áâã¯� −¥ ¢ë-
¯®«−ï¥âáï, ¯®áª®«ìªã ¯à®æ¥¤ãà� á¥à¨�«¨§�æ¨¨ ¯¥à¥å®¤®¢ ¤®¯ãáª�¥â ¨á¯®«−¥−¨¥
¯à®æ¥¤ãà−®£® ª®¤� â®«ìª® ®¤−®£® ¯¥à¥å®¤� ¢ ¬®¬¥−âë, ª®£¤� �¢â®¬�â −�å®¤¨âáï ¢
®¯à¥¤¥«¥−−®¬ á®áâ®ï−¨¨ ¨, á«¥¤®¢�â¥«ì−®, ¢á¥ ¥£® ¯¥à¥¬¥−−ë¥ ¨¬¥îâ §−�ç¥−¨ï,
®¡ãá«®¢«¥−−ë¥ �«£®à¨â¬®¬. ‚ ï§ëª¥ Cell ¯à¨¬¥−ïîâáï ¯ïâì ª«�áá®¢ ¢¨¤¨¬®áâ¨.
„�−−ë¥ âà¥å ¨§ −¨å ®¡à�¡�âë¢�îâáï ¢ å®¤¥ á¥¬�−â¨ç¥áª®£® �−�«¨§�. ÷�áá¬®âà¨¬
ª«�ááë ¢¨¤¨¬®áâ¨ ¨ á¢ï§�−−ãî á −¨¬¨ á¥¬�−â¨ç¥áªãî ®¡à�¡®âªã ¯®¤à®¡−¥¥.

1. „¨á¯¥âç¥àáª¨© ª«�áá (¤¥ª«�à�æ¨¨ ª®à−¥¢®© ïç¥©ª¨). ‚å®¤ïé¨¥ ¢ −¥£® ¤�−-
−ë¥ ¬®£ãâ ¡ëâì ¤®áâã¯−ë «¨¡® ¢á¥¬ ¨¥à�àå¨ï¬ (¢ â¥à¬¨−�å ¯à®æ¥¤ãà−®£®
ï§ëª� | £«®¡�«ì−ë¥ ¤�−−ë¥), «¨¡® â®«ìª® ¯¥à¥å®¤�¬ ®¤−®© ¨¥à�àå¨¨. ‚ ¯®-
á«¥¤−¥¬ á«ãç�¥ ®−¨ à�§¤¥«ïîâáï ¢á¥¬¨ íª§¥¬¯«ïà�¬¨ ¨¥à�àå¨¨ ¨ á®®â¢¥â-
áâ¢ãîâ áâ�â¨ç¥áª¨¬ ¤�−−ë¬ ¯à®æ¥¤ãà−®£® ï§ëª�. „�−−ë¥ íâ®£® ª«�áá� ¨¬¥-
−ãîâáï ¨ ¤¥ª«�à¨àãîâáï ¯® ¯à�¢¨«�¬ ¯à®æ¥¤ãà−®£® ï§ëª� ¢ ¤¥ª«�à�â¨¢−ëå
¤¨à¥ªâ¨¢�å ï§ëª� Cell á ¨¬¥−¥¬ global, ¨å ¨¬¥−®¢�−¨¥ ¯à¨ ¨á¯®«ì§®¢�−¨¨
¢ ª®¬�−¤�å äã−ªæ¨© ¯¥à¥å®¤®¢ â�ª¦¥ á®®â¢¥âáâ¢ã¥â ¯à�¢¨«�¬ ¯à®æ¥¤ãà−®£®
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�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

ï§ëª�. Š®¬¯¨«ïâ®à ï§ëª� Cell −¥ ª®−âà®«¨àã¥â ¨á¯®«ì§®¢�−¨¥ ¤�−−ëå íâ®£®
ª«�áá�.

2. �¡éãî ®¡«�áâì (®¡é¨© ª«�áá) ®¡à�§ãîâ £«®¡�«ì−ë¥ ¤�−−ë¥, ¤®áâã¯−ë¥ ¯®
ª®à®âª®¬ã ¨¬¥−¨ ¢ ¯à¥¤¥«�å äã−ªæ¨© ¯¥à¥å®¤®¢ ®¤−®£® íª§¥¬¯«ïà� ¨¥à�à-
å¨¨. �−¨ ¤¥ª«�à¨àãîâáï ¨ ¨¬¥−ãîâáï ¯® ¯à�¢¨«�¬ ¯à®æ¥¤ãà−®£® ï§ëª�
¢ ¤¥ª«�à�â¨¢−ëå ¤¨à¥ªâ¨¢�å ï§ëª� Cell á ¨¬¥−¥¬ common. „¥ª«�à�æ¨¨
íâ®£® ª«�áá� ®¡à�§ãîâ −¥áâàãªâãà¨à®¢�−−ë© −�¡®à ¨¬¥−®¢�−−ëå ¤�−−ëå,
¤®áâã¯−ë© ¢á¥¬ ïç¥©ª�¬ ®¤−®£® íª§¥¬¯«ïà� ¨¥à�àå¨¨. �®¢â®à−ë¥ ¤¥ª«�à�-
æ¨¨ ¨¬¥− ¢ ®¡é¥© ®¡«�áâ¨ −¥¤®¯ãáâ¨¬ë. �à¨ ¨á¯®«ì§®¢�−¨¨ íâ¨å ¤�−−ëå ¢
ª®¬�−¤�å ¯¥à¥å®¤� ª ¨å ¨¬¥−¨ ¤®¡�¢«ï¥âáï ¯à¥ä¨ªá \$". Š®¬¯¨«ïâ®à ï§ëª�
Cell ¢ë¯®«−ï¥â ¯à¥®¡à�§®¢�−¨¥ â�ª¨å ¨¬¥− ¤«ï ¤®áâã¯� ª âà¥¡ã¥¬®© ®¡«�áâ¨
¯�¬ïâ¨.

3. ‹®ª�«ì−ãî ®¡«�áâì ¤�−−ëå («®ª�«ì−ë© ª«�áá) ®¡à�§ãîâ ¤�−−ë¥, ¯à®¤¥-
ª«�à¨à®¢�−−ë¥ ¢ à®¤¨â¥«ìáª®© ïç¥©ª¥ ¨ ¤®áâã¯−ë¥ ¯® ª®à®âª®¬ã ¨¬¥−¨
¯¥à¥å®¤�¬ ¯®à®¦¤¥−−ëå ïç¥¥ª, ¥á«¨ ¯ãâì ¯®à®¦¤¥−¨ï −¥ á®¤¥à¦¨â ¤àã£¨å
ïç¥¥ª á «®ª�«ì−ë¬¨ ¤¥ª«�à�æ¨ï¬¨. �¥à¥å®¤ë «î¡®© ¯®à®¦¤¥−−®© ïç¥©ª¨
¨¬¥îâ ¤®áâã¯ ¯® ª®à®âª®¬ã ¨¬¥−¨ ª ¥¤¨−áâ¢¥−−®¬ã −�¡®àã «®ª�«ì−ëå ¤�−−ëå
à®¤¨â¥«ìáª®© ïç¥©ª¨ ¢ ¯à¥¤¥«�å ®¤−®£® íª§¥¬¯«ïà� ¨¥à�àå¨¨. ‹®ª�«ì−ë¥
¤�−−ë¥ ¤¥ª«�à¨àãîâáï ¨ ¨¬¥−ãîâáï ¯® ¯à�¢¨«�¬ ¯à®æ¥¤ãà−®£® ï§ëª� ¢
¤¥ª«�à�â¨¢−ëå ¤¨à¥ªâ¨¢�å ï§ëª� Cell á ¨¬¥−¥¬ local. �à¨ ¨á¯®«ì§®¢�−¨¨
íâ¨å ¤�−−ëå ¢ ª®¬�−¤�å ¯¥à¥å®¤� ª ¨å ¨¬¥−¨ ¤®¡�¢«ï¥âáï ¯à¥ä¨ªá \@".
Š®¬¯¨«ïâ®à ï§ëª� Cell ¢ë¯®«−ï¥â ¯à¥®¡à�§®¢�−¨¥ â�ª¨å ¨¬¥− ¤«ï ¤®áâã¯�
ª âà¥¡ã¥¬®© ®¡«�áâ¨ ¯�¬ïâ¨. ‚ ¯à¥¤¥«�å ®¤−®£® íª§¥¬¯«ïà� ¨¥à�àå¨¨ äã−ª-
æ¨¨ ¯¥à¥å®¤� ¬®£ãâ ®¡à�é�âìáï ª «®ª�«ì−ë¬ ¤�−−ë¬ −¥ â®«ìª® à®¤¨â¥«ìáª®©
ïç¥©ª¨. ‚ íâ®¬ á«ãç�¥ ¨á¯®«ì§ã¥âáï ¯®«−®¥ ¨¬ï ¯¥à¥¬¥−−®©, ¢ª«îç�îé¥¥
¨¥à�àå¨ç¥áª®¥ ¨¬ï ¤¥ª«�à¨àãîé¥© ïç¥©ª¨.

4. �¢â®¬�â¨ç¥áª¨© ª«�áá ®¡à�§ãîâ ¤�−−ë¥, à�§¬¥é�¥¬ë¥ −� ¯à®æ¥¤ãà−®¬ áâ¥ª¥
¯¥à¥å®¤�. ‚à¥¬ï ¨å ¦¨§−¨ ®£à�−¨ç¥−® ¯à®¤®«¦¨â¥«ì−®áâìî ¨á¯®«−¥−¨ï
¯¥à¥å®¤�, ¢¨¤¨¬®áâì | ¯à®æ¥¤ãà−ë¬ ¯¥à¥å®¤®¬, ¢ ª®â®à®¬ ®−¨ ¤¥ª«�à¨-
à®¢�−ë. �â®â ª«�áá á®®â¢¥âáâ¢ã¥â �¢â®¬�â¨ç¥áª¨¬ ¤�−−ë¬ ¯à®æ¥¤ãà−®£®
ï§ëª�. ‚ ®â«¨ç¨¥ ®â ¯à¥¤ë¤ãé¨å ª«�áá®¢ �¢â®¬�â¨ç¥áª¨¥ ¤�−−ë¥ −¥ ï¢«ï-
îâáï à�§¤¥«ï¥¬ë¬¨ ¨ ¤®áâã¯−ë â®«ìª® ¯à®¤¥ª«�à¨à®¢�¢è¥¬ã ¨å ¯¥à¥å®¤ã.
Š®¬¯¨«ïâ®à ï§ëª� Cell −¥ ª®−âà®«¨àã¥â ¨á¯®«ì§®¢�−¨¥ íâ¨å ¤�−−ëå.

5. �à®£à�¬¬−ë© áâ¥ª. �� ¯à®£à�¬¬−®¬ áâ¥ª¥ à�§¬¥é�îâáï á«ã¦¥¡−ë¥ ¤�−−ë¥,
á¢ï§�−−ë¥ á ¨áå®¤ïé¨¬¨ á¨£−�«�¬¨ ¨ �áá®æ¨¨à®¢�−−ë¬¨ á −¨¬¨ ¡«®ª�¬¨
¤�−−ëå. ‘«¥¤ã¥â ¯®¬−¨âì, çâ® ¬¥å�−¨§¬ á¥à¨�«¨§�æ¨¨ á¨áâ¥¬ë Cell §�¤¥à-
¦¨¢�¥â ¯¥à¥¤�çã á¨£−�«®¢ ¤® §�¢¥àè¥−¨ï â¥«� ¯¥à¥å®¤�. �®íâ®¬ã ¤®áâ�¢ª�
á¨£−�«®¢, áä®à¬¨à®¢�−−ëå ¯¥à¥å®¤®¬, −�ç¨−�¥âáï ã¦¥ ¯®á«¥ ã−¨çâ®¦¥−¨ï
¥£® �¢â®¬�â¨ç¥áª¨å ¤�−−ëå. Š®¬¯¨«ïâ®à ï§ëª� Cell ¤«ï ª�¦¤®£® á¨£−�«�
¢ëç¨á«ï¥â ¬�ªá¨¬�«ì−ë© à�§¬¥à ¯�¬ïâ¨, −¥®¡å®¤¨¬ë© ¤«ï ¯¥à¥¤�ç¨ á¢ï-
§�−−ëå á −¨¬ ¤�−−ëå, á â¥¬, çâ®¡ë §�à¥§¥à¢¨à®¢�âì âà¥¡ã¥¬ãî ¯�¬ïâì ¢
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®ç¥à¥¤¨ á¨£−�«®¢. ‡�¬¥â¨¬, çâ® ï¢−®¥ à�§¬¥é¥−¨¥ ¤�−−ëå, ¯¥à¥¤�¢�¥¬ëå á
á¨£−�«®¬, −� áâ¥ª¥ ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ −¥ âà¥¡ã¥âáï: −¥®¡å®¤¨¬ë¥ ¤�−-
−ë¥ ¬®£ãâ ¡ëâì à�§¬¥é¥−ë ¢ ¯¥à¥¬¥−−ëå à�§¤¥«ï¥¬ëå ª«�áá®¢ ¢¨¤¨¬®áâ¨
(£«®¡�«ì−®¬, ®¡é¥¬, «®ª�«ì−®¬). �à®æ¥¤ãà� á¥à¨�«¨§�æ¨¨ £�à�−â¨àã¥â,
çâ® ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ ¡ã¤ãâ ®¡à�¡�âë¢�âìáï â®«ìª® ®¤¨− ¢å®¤−®©
á¨£−�« ¨ á®®â¢¥âáâ¢¥−−® ®¤−� äã−ªæ¨ï ¯¥à¥å®¤�. ‘®®â¢¥âáâ¢¥−−®, ¬®¦−®
®£à�−¨ç¨âìáï ¥¤¨−áâ¢¥−−ë¬ í«¥¬¥−â®¬ ¤�−−ëå, ¯à¥¤áâ�¢«ïîé¨¬ â¥ªãé¨©
¯à®â®ª®«ì−ë© ¡«®ª ¤�−−ëå. �â®â íª§¥¬¯«ïà ¤�−−ëå ¬®¦¥â ¨á¯®«ì§®¢�âìáï
¢á¥¬¨ ¯¥à¥å®¤�¬¨ ˆ� ¡¥§ ¨§¡ëâ®ç−®£® ª®¯¨à®¢�−¨ï, ú®¡à�áâ�ïû ¯® ¬¥à¥
®¡à�¡®âª¨ ¤¥ª®¤¨à®¢�−−ë¬¨ ¯®«ï¬¨.

3.3 Синтез процедурного кода

‘¨−â¥§ ¯à®æ¥¤ãà−®£® ª®¤� | §�¢¥àè�îé¨© íâ�¯ ª®¬¯¨«ïæ¨¨ ¯à®£à�¬¬ë −�
ï§ëª¥ Cell. ˆáå®¤−ë¬¨ ¤�−−ë¬¨ ¤«ï íâ®£® íâ�¯� ï¢«ïîâáï ¢−ãâà¥−−¨¥ áâàãªâãàë
ª®¬¯¨«ïâ®à�, á®§¤�−−ë¥ −� ¯à¥¤ë¤ãé¨å íâ�¯�å. �á−®¢−ë¥ ¨§ −¨å | ¤¥à¥¢®
ïç¥¥ª ¨ áâàãªâãà� ¯�à�¬¥âà®¢ ª®−â¥ªáâ� ¨¥à�àå¨¨. ˆá¯®«ì§ãï á®¤¥à¦�éãîáï ¢
íâ¨å áâàãªâãà�å ¨−ä®à¬�æ¨î, ª®¤®£¥−¥à�â®à ª®¬¯¨«ïâ®à� ¤«ï ª�¦¤®© ¨¥à�àå¨¨
£¥−¥à¨àã¥â ®â¤¥«ì−ë© ¯à®£à�¬¬−ë© ¬®¤ã«ì −� ¯à®æ¥¤ãà−®¬ ï§ëª¥ ‘¨.

“−¨ª�«ì−®áâì ¨¬¥−, ¯®à®¦¤¥−−ëå ª®¤®£¥−¥à�â®à®¬ ¢ ¯à®£à�¬¬−®¬ ¬®¤ã«¥,
®¡¥á¯¥ç¨¢�¥âáï ¯à¥ä¨ªá®¬ \ cell". �®«ì§®¢�â¥«î §�¯à¥é�¥âáï ¨á¯®«ì§®¢�âì −�
ï§ëª¥ Cell ¨¤¥−â¨ä¨ª�â®àë, −�ç¨−�îé¨¥áï á íâ®£® ¯à¥ä¨ªá�.

‘®§¤�−−ë© ¯à®£à�¬¬−ë© ¬®¤ã«ì á®¤¥à¦¨â âà¨ à�§¤¥«� ª®¤� −� ï§ëª¥ ‘¨:

(1) ¤¥ª«�à�æ¨¨ ¤�−−ëå ¤¨á¯¥âç¥àáª®£® ª«�áá� ¢¨¤¨¬®áâ¨ (áâ�â¨ç¥áª¨¥ ¨ £«®-
¡�«ì−ë¥ ¤�−−ë¥ ¯à®£à�¬¬−®£® ¬®¤ã«ï −� ¯à®æ¥¤ãà−®¬ ï§ëª¥);

(2) ¤¥ª«�à�æ¨ï ª®−â¥ªáâ� ¨¥à�àå¨¨;

(3) äã−ªæ¨¨ �¢â®¬�â�.

÷�áá¬®âà¨¬ −¥ª®â®àë¥ �á¯¥ªâë £¥−¥à�æ¨¨ ª�¦¤®£® ¨§ íâ¨å à�§¤¥«®¢.

3.3.1 Генерация процедурного кода для раздела декларация данных
диспетчерского класса видимости

�à�¢¨«� £¥−¥à�æ¨¨ ª®¤� ¤«ï íâ®£® à�§¤¥«� −�¨¡®«¥¥ ¯à®áâë. �á−®¢−®©
ª®¤ à�§¤¥«�, −�§ë¢�¥¬ë© ú¯®«ì§®¢�â¥«ìáª¨¥ ¤�−−ë¥û, á®§¤�¥âáï ª®¤®£¥−¥à�â®-
à®¬ ¢ á®®â¢¥âáâ¢¨¨ á á®¤¥à¦¨¬ë¬ ¤¥ª«�à�â¨¢−ëå ¤¨à¥ªâ¨¢ global ï§ëª� Cell
¯ãâ¥¬ ¨å ®¡ê¥¤¨−¥−¨ï ¡¥§ ª�ª®£®-«¨¡® ª®−âà®«ï. Š®−âà®«ì ¯®«ãç¥−−®£® ª®¤�
®áãé¥áâ¢«ï¥â ª®¬¯¨«ïâ®à ‘¨.

„®¯®«−¨â¥«ì−® à�§¤¥« ¤¥ª«�à�æ¨¨ ¤�−−ëå ¤¨á¯¥âç¥àáª®£® ª«�áá� á®¤¥à¦¨â
á«ã¦¥¡−ë¥ ¤�−−ë¥ | £«®¡�«ì−ë¥ ¢¥ªâ®àë ¯®«ì§®¢�â¥«ìáª¨å äã−ªæ¨© ¨−¨æ¨�-
«¨§�æ¨¨ ¯®¤�¢â®¬�â� ª�¦¤®£® ãà®¢−ï ¯à¨ ¥£® �ªâ¨¢¨§�æ¨¨ ¨ ¤¥�ªâ¨¢�æ¨¨. ‚¥ª-
â®àë ¤®áâã¯−ë ¢−¥ ¯à®æ¥¤ãà−®£® ª®¤� ¬®¤ã«ï ¨ ¤®«¦−ë ¡ëâì ¯¥à¥®¯à¥¤¥«¥−ë
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�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

/* ÍÏÄÕÌØ root.c - ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */

/* òÁÚÄÅÌ 1 - äÅËÌÁÒÁÃÉÉ ÄÁÎÎÙÈ ÄÉÓÐÅÔÞÅÒÓËÏÇÏ ËÌÁÓÓÁ ×ÉÄÉÍÏÓÔÉ */

#define \cell\root_lySize 3 /* ÞÉÓÌÏ ÕÒÏ×ÎÅÊ ÉÅÒÁÒÈÉÉ Á×ÔÏÍÁÔÁ */
/* 1.1. ÷ÅËÔÏÒ ÉÎÉÃÉÁÌÉÚÁÃÉÉ ÐÒÉ ÁËÔÉ×ÉÚÁÃÉÉ ÐÏÄÁ×ÔÏÍÁÔÁ */
int (*_cell_root_init[ _cell_root_lySize])() ={0, 0, 0};
/* 1.2. ÷ÅËÔÏÒ ÉÎÉÃÉÁÌÉÚÁÃÉÉ ÐÒÉ ÄÅÁËÔÉ×ÁÃÉÉ ÐÏÄÁ×ÔÏÍÁÔÁ */
void (*_cell_root_destroy[ _cell_root_lySize])() ={0, 0, 0};

/* 1.3. ðÏÌØÚÏ×ÁÔÅÌØÓËÉÅ ÄÁÎÎÙÅ */
extern int e; /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root */
int aa; /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root.A */
int ll; /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root.A.L */

/* òÁÚÄÅÌ 2 - äÅËÌÁÒÁÃÉÑ ËÏÎÔÅËÓÔÁ ÉÅÒÁÒÈÉÉ root */
...
/* òÁÚÄÅÌ 3 - æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */
...

÷¨á. 7 „¥ª«�à�æ¨ï ¤�−−ëå ¤¨á¯¥âç¥àáª®£® ª«�áá� ¢¨¤¨¬®áâ¨ �¢â®¬�â� ha

¯®«ì§®¢�â¥«¥¬, ¥á«¨ âà¥¡ã¥âáï ¢ë¯®«−¥−¨¥ ¯®«ì§®¢�â¥«ìáª®£® ª®¤� ¢ ãª�§�−−ëå
á«ãç�ïå. ”®à¬�â ¨ ¬¥áâ® ¢ë§®¢� ¯®«ì§®¢�â¥«ìáª¨å äã−ªæ¨© à�áá¬�âà¨¢�¥âáï ¤�-
«¥¥ ¯à¨ ®¯¨á�−¨¨ ¯à®æ¥¤ãà ä®à¬¨à®¢�−¨ï ª®¤� äã−ªæ¨© �¢â®¬�â� (ú÷�§¤¥« 3 |
”ã−ªæ¨¨ �¢â®¬�â�û).

÷¨áã−®ª 7 á®¤¥à¦¨â ¯à¨¬¥à ¤¥ª«�à�æ¨¨ ¤�−−ëå ¤¨á¯¥âç¥àáª®£® ª«�áá� ¢¨-
¤¨¬®áâ¨ ¤«ï ˆ� ha (á¬. à¨á. 1).

3.3.2 Генерация процедурного кода для раздела декларация контекста
иерархии

��¯®¬−¨¬, çâ® ª®−â¥ªáâ ¨¥à�àå¨¨ | íâ® ¯�¬ïâì ¢−ãâà¥−−¨å ¤�−−ëå ˆ�,
¢ ª®â®à®© á®¤¥à¦�âáï á«ã¦¥¡−ë¥ ¨ ¯®«ì§®¢�â¥«ìáª¨¥ ¯¥à¥¬¥−−ë¥, −¥®¡å®¤¨-
¬ë¥ ¤«ï äã−ªæ¨®−¨à®¢�−¨ï �¢â®¬�â�. Š�¦¤ë© íª§¥¬¯«ïà ¨¥à�àå¨¨ ¨á¯®«ì§ã¥â
á¢®© ª®−â¥ªáâ. �®íâ®¬ã ¤«ï �¢â®¬�â®¢, ¤®¯ãáª�îé¨å äã−ªæ¨®−¨à®¢�−¨¥ −¥-
áª®«ìª¨å íª§¥¬¯«ïà®¢ ®¤−®© ¨¥à�àå¨¨ (ª«®−®¢), á¯à�¢¥¤«¨¢® £®¢®à¨âì ® â�¡«¨æ¥
ª®−â¥ªáâ®¢ ®¤−®© ¨¥à�àå¨¨ (à¨á. 8).

Š®−â¥ªáâ ¨¥à�àå¨¨ åà�−¨â ¤�−−ë¥ ç¥âëà¥å �£à¥£¨à®¢�−−ëå ¯¥à¥¬¥−−ëå.
„¢¥ ¨§ −¨å ¢ª«îç�îâ á«ã¦¥¡−ë¥ ¤�−−ë¥ ¤«ï ®à£�−¨§�æ¨¨ ¢¥ªâ®à� á®áâ®ï−¨ï
íª§¥¬¯«ïà� ¨¥à�àå¨¨ ¨ ¥£® ®ç¥à¥¤¨ ¨áå®¤ïé¨å á¨£−�«®¢, ¤àã£¨¥ ¤¢¥ | ¤�−−ë¥
®¡é¥£® ¨ «®ª�«ì−®£® ª«�áá®¢ ¢¨¤¨¬®áâ¨ (¯®«ì§®¢�â¥«ìáª¨¥ ¨ á«ã¦¥¡−ë¥):

{ ¢¥ªâ®à á®áâ®ï−¨ï;

{ ®ç¥à¥¤ì ®â¯à�¢«ï¥¬ëå á¨£−�«®¢;

{ ¤�−−ë¥ ®¡é¥£® ª«�áá� ¢¨¤¨¬®áâ¨;

{ ¤�−−ë¥ «®ª�«ì−®£® ª«�áá� ¢¨¤¨¬®áâ¨.
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#define _cell_<ÉÍÑ>_ctxSize 1 /* ÞÉÓÌÏ ÜËÚÅÍÐÌÑÒÏ× ËÏÎÔÅËÓÔÁ ÉÅÒÁÒÈÉÉ <ÉÍÑ> */
struct _cell_<ÉÍÑ>_context {
/* ctx_signal - 2.1. ÷ÅËÔÏÒ ÓÏÓÔÏÑÎÉÑ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
/* ctx_queue - 2.2. ïÞÅÒÅÄØ ÉÓÈÏÄÑÝÉÈ ÓÉÇÎÁÌÏ× ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
/* ctx_common - 2.3. áÇÒÅÇÁÔ ÄÁÎÎÙÈ ÏÂÝÅÇÏ ËÌÁÓÓÁ ×ÉÄÉÍÏÓÔÉ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
/* ctx_local - 2.4. áÇÒÅÇÁÔ ÄÁÎÎÙÈ ÏÂÝÅÇÏ ËÌÁÓÓÁ ×ÉÄÉÍÏÓÔÉ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */

} _cell_<ÉÍÑ>_context[_cell_<ÉÍÑ>_ctxSize];

÷¨á. 8 ’�¡«¨æ� ª®−â¥ªáâ®¢ ¨¥à�àå¨¨

‚¥ªâ®à á®áâ®ï−¨ï | íâ® −�¡®à ¤¥áªà¨¯â®à®¢ ¢á¥å ®¡á«ã¦¨¢�¥¬ëå ¢ ¨¥à�àå¨¨
á¨£−�«®¢. ˆ¥à�àå¨ï ®¡à�¡�âë¢�¥â á«¥¤ãîé¨¥ ¢¨¤ë á¨£−�«®¢:

{ ¢−¥è−¨¥ ¢å®¤ïé¨¥ á¨£−�«ë, ¯à¨å®¤ïé¨¥ ¨§ ¢−¥è−¥£® ¬¨à� ¨ ®âªàë¢�îé¨¥
ï¢−® á¯¥æ¨ä¨æ¨à®¢�−−ë¥ ¯¥à¥å®¤ë ˆ�;

{ ¢−ãâà¥−−¨¥ ¢å®¤ïé¨¥ á¨£−�«ë (®−¨ ¦¥ ¢−ãâà¥−−¨¥ ¨áå®¤ïé¨¥ á¨£−�«ë, ¤�«¥¥
¯à®áâ® ¢−ãâà¥−−¨¥ á¨£−�«ë), á£¥−¥à¨à®¢�−−ë¥ ¢ à¥§ã«ìâ�â¥ ¢ë¯®«−¥−¨ï
¯¥à¥å®¤� �¢â®¬�â� ¨ ®âªàë¢�îé¨¥ ï¢−® á¯¥æ¨ä¨æ¨à®¢�−−ë¥ ¯¥à¥å®¤ë íâ®©
¦¥ ¨¥à�àå¨¨;

{ ¨áå®¤ïé¨¥ á¨£−�«ë ¤«ï ®¡à�¡®âª¨ ¢ ¤àã£®© ¨¥à�àå¨¨ (¨áå®¤ïé¨¥ á¨£−�«ë
ª«®−ã), á£¥−¥à¨à®¢�−−ë¥ ¢ à¥§ã«ìâ�â¥ ¢ë¯®«−¥−¨ï ¯¥à¥å®¤� â¥ªãé¥£® �¢â®-
¬�â� ¨ ®âªàë¢�îé¨¥ ï¢−® á¯¥æ¨ä¨æ¨à®¢�−−ë¥ ¯¥à¥å®¤ë ¤àã£®© ¨¥à�àå¨¨,
�ªâ¨¢¨à®¢�−−®© ®¯¥à�â®à®¬ clone ï§ëª� Cell (ª«®−¨à®¢�−−�ï ¨¥à�àå¨ï);

{ ¨áå®¤ïé¨¥ á¨£−�«ë ¤«ï ®¡à�¡®âª¨ ¢® ¢−¥è−¥¬ ¬¨à¥ (¢−¥è−¨¥ ¨áå®¤ïé¨¥
á¨£−�«ë).

�á®¡¥−−®áâ¨ ®¡à�¡®âª¨ ª�¦¤®£® ¨§ íâ¨å â¨¯®¢ á¨£−�«®¢ ¡ã¤ãâ à�áá¬®âà¥−ë
¤�«¥¥ á®¢¬¥áâ−® á ®¯¨á�−¨¥¬ £¥−¥à¨àã¥¬ëå ¤«ï íâ®£® äã−ªæ¨© ¯¥à¥å®¤®¢ (ú÷�§-
¤¥« 3 | ”ã−ªæ¨¨ �¢â®¬�â�û). ‡¤¥áì «¨èì ®â¬¥â¨¬, çâ® ¤«ï ®¡à�¡®âª¨ ¯®á«¥¤−¨å
¤¢ãå ¢¨¤®¢ ¨áå®¤ïé¨¥ á¨£−�«®¢ ª®¬¯¨«ïâ®à £¥−¥à¨àã¥â á«ã¦¥¡−ë¥ ¢−ãâà¥−−¨¥
á¨£−�«ë ¨¥à�àå¨¨ (−¥ï¢−ë¥ á¨£−�«ë) ¨ ¨å ¤¥áªà¨¯â®àë. �¡à�¡®âª� −¥ï¢−ëå
á¨£−�«®¢ ¢ë¯®«−ï¥âáï á«ã¦¥¡−ë¬¨ ¯¥à¥å®¤�¬¨ ª®à−¥¢®© ïç¥©ª¨, ª®â®àë¥ â�ª¦¥
£¥−¥à¨àãîâáï ª®¬¯¨«ïâ®à®¬ ï§ëª� Cell. ‚ à¥§ã«ìâ�â¥ ¢¥ªâ®à á®áâ®ï−¨ï ¤«ï ¢á¥å
(¢ â®¬ ç¨á«¥ −¥ï¢−ëå) á¨£−�«®¢ á®¤¥à¦¨â �¤à¥á� �ªâã�«ì−ëå ¢ −�áâ®ïé¨© ¬®¬¥−â
¢à¥¬¥−¨ ®¡à�¡®âç¨ª®¢ á¨£−�«®¢ (äã−ªæ¨© ¯¥à¥å®¤®¢), ãª�§�−−ëå ¢ ¤¥áªà¨¯â®à�å
á¨£−�«�. �à¨ §�¢¥àè¥−¨¨ ¢ë¯®«−¥−¨ï äã−ªæ¨¨ ¯¥à¥å®¤� á®¤¥à¦¨¬®¥ −�¡®à�
¤¥áªà¨¯â®à®¢ á¨£−�«®¢ ¬¥−ï¥âáï. ‚ à¥§ã«ìâ�â¥ ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ â¥ªãé¥¥
á®¤¥à¦¨¬®¥ ¢¥ªâ®à� á®áâ®ï−¨© ®¯¨áë¢�¥â �ªâã�«ì−®¥ á®áâ®ï−¨¥ ˆ�. „¥áªà¨¯-
â®à á¨£−�«� (à¨á. 9) ¤®¯®«−¨â¥«ì−® ª �¤à¥áã �ªâã�«ì−®£® ®¡à�¡®âç¨ª� á¨£−�«�
á®¤¥à¦¨â −®¬¥à ãà®¢−ï ¨¥à�àå¨¨ ®¡à�¡®âç¨ª�, ª®â®àë© ¨á¯®«ì§ã¥âáï ¤«ï ¤¥�ª-
â¨¢¨§�æ¨¨ ¯®¤�¢â®¬�â®¢ ®¯à¥¤¥«¥−−®£® ãà®¢−ï ¯à¨ ¢®§¢à�â−ëå ¬¥¦ãà®¢−¥¢ëå
¯¥à¥å®¤�å.

�¤à¥á ¤¥áªà¨¯â®à� á¨£−�«� ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨ ®¤−®§−�ç−® ®¯à¥¤¥«ï¥â
®¡à�¡®âç¨ª á¨£−�«� ¨ ¨á¯®«ì§ã¥âáï ¢ ª�ç¥áâ¢¥ ¨¤¥−â¨ä¨ª�â®à� á¨£−�«� ¯à¨ ¥£®
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�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

typedef struct _cell_Signal { /* ÓÔÒÕËÔÕÒÁ ÄÅÓËÒÉÐÔÏÒÁ ÓÉÇÎÁÌÁ */
void (*sig_transition)(); /* ÁÄÒÅÓ ÆÕÎËÃÉÉ ÐÅÒÅÈÏÄÁ ÏÂÒÁÂÏÔËÉ ÓÉÇÎÁÌÁ */
int sig_layer; /* ÕÒÏ×ÅÎØ ÉÅÒÁÒÈÉÉ ÏÂÓÌÕÖÉ×ÁÎÉÑ ÓÉÇÎÁÌÁ */

} _cell_Signal;

÷¨á. 9 „¥áªà¨¯â®à á¨£−�«�

typedef struct _cell_sArg { /* ÓÔÒÕËÔÕÒÁ ÏÐÉÓÁÎÉÑ ÐÅÒÅÄÁ×ÁÅÍÙÈ ÄÁÎÎÙÈ */
int sa_size; /* ÒÁÚÍÅÒ ÄÁÎÎÙÈ × ÂÁÊÔÁÈ */
char *sa_args; /* ÕËÁÚÁÔÅÌØ ÎÁ ÄÁÎÎÙÅ ÓÉÇÎÁÌÁ */

} _cell_sArg;

typedef struct _cell_qItem { /* ÓÔÒÕËÔÕÒÁ ÜÌÅÍÅÎÔÁ ÏÞÅÒÅÄÉ ÓÏÏÂÝÅÎÉÊ */
_cell_Signal *qi_signal; /* ÉÄÅÎÔÉÆÉËÁÔÏÒ ÓÉÇÎÁÌÁ */
_cell_sArg *qi_args; /* ÐÅÒÅÄÁ×ÁÅÍÙÅ ÄÁÎÎÙÅ */
_cell_qItem *qi_prev; /* ÐÒÅÄÙÄÕÝÉÊ ÜÌÅÍÅÎÔ ÏÞÅÒÅÄÉ */
_cell_qItem *qi_next; /* ÓÌÅÄÕÀÝÉÊ ÜÌÅÍÅÎÔ ÏÞÅÒÅÄÉ */

} _cell_qItem;

typedef struct _cell_Queue { /* ÓÔÒÕËÔÕÒÁ ÏÞÅÒÅÄÉ */
_cell_qItem * qu_iSignal; /* ÐÅÒ×ÙÊ ÓÉÇÎÁÌ × ÏÞÅÒÅÄÉ */
_cell_qItem * qu_cSignal; /* ÎÁÞÁÌÏ ÏÞÅÒÅÄÉ ÓÌÕÖÅÂÎÙÈ ÓÉÇÎÁÌÏ× */
_cell_qItem * qu_oSignal; /* ËÏÎÅÃ ÏÞÅÒÅÄÉ ÓÉÇÎÁÌÏ× */

} _cell_Queue

÷¨á. 10 �ç¥à¥¤ì ®â¯à�¢«ï¥¬ëå á¨£−�«®¢

®â¯à�¢ª¥ ¢ å®¤¥ ¢ë¯®«−¥−¨ï äã−ªæ¨¨ ¯¥à¥å®¤�. �â¯à�¢«ï¥¬ë¥ á¨£−�«ë −�ª�¯-
«¨¢�îâáï á ®ç¥à¥¤¨ ¨áå®¤ïé¨å á¨£−�«®¢, á®åà�−ï¥¬®© ª®−â¥ªáâ®¬ íª§¥¬¯«ïà�
¨¥à�àå¨¨. ‚¬¥áâ¥ á ¨¤¥−â¨ä¨ª�â®à®¬ ®â¯à�¢«ï¥¬®£® á¨£−�«� ¢ ®ç¥à¥¤¨ åà�−ïâáï
¤�−−ë¥, ¯¥à¥¤�¢�¥¬ë¥ á á¨£−�«®¬ (à¨á. 10).

�ç¥à¥¤ì ®à£�−¨§®¢�−� â�ª¨¬ ®¡à�§®¬, çâ® ®¡¥á¯¥ç¨¢�¥â á®¡«î¤¥−¨¥ á«¥¤ã-
îé¨å ¯à¨−ïâëå ¢ ï§ëª¥ Cell ¯à�¢¨« ®¡à�§®¢�−¨ï ¨ ®¡à�¡®âª¨ ®ç¥à¥¤¨ á¨£−�«®¢,
®â¯à�¢«ï¥¬ëå ¢ å®¤¥ ¢ë¯®«−¥−¨ï ¯¥à¥å®¤�:

{ ¢−ãâà¥−−¨¥ á¨£−�«ë ®â â�©¬¥à� −�ª�¯«¨¢�îâáï ¢ −�ç�«¥ ®ç¥à¥¤¨ ¢ ¯®àï¤ª¥
ú¯®á«¥¤−¨© ¯à¨è¥« { ¯¥à¢ë¬ ®¡à�¡®â�−û;

{ ®áâ�«ì−ë¥ ¢−ãâà¥−−¨¥ á¨£−�«ë −�ª�¯«¨¢�îâáï ¤àã£ §� ¤àã£®¬ ¢ ¯®àï¤ª¥
ú¯®á«¥¤−¨© ¯à¨è¥« { ¯®á«¥¤−¨¬ ®¡à�¡®â�−û ¯®á«¥ á¨£−�«®¢ ®â â�©¬¥à�;

{ á«ã¦¥¡−ë¥ á¨£−�«ë, á®®â¢¥âáâ¢ãîé¨¥ ¢−¥è−¨¬ ¨áå®¤ïé¨¬ á¨£−�«�¬, −�-
ª�¯«¨¢�îâáï ¢ ª®−æ¥ ®ç¥à¥¤¨ ¢ ¯®àï¤ª¥ ú¯®á«¥¤−¨© ¯à¨è¥« { ¯®á«¥¤−¨¬
®¡à�¡®â�−û;

{ á«ã¦¥¡−ë¥ á¨£−�«ë, á®®â¢¥âáâ¢ãîé¨¥ ¨áå®¤ïé¨¬ á¨£−�«�¬ ª«®−ã, −�ª�¯«¨-
¢�îâáï ¤àã£ §� ¤àã£®¬ ¢ ¯®àï¤ª¥ ú¯®á«¥¤−¨© ¯à¨è¥« { ¯®á«¥¤−¨¬ ®¡à�¡®â�−û
¯®á«¥ ¢−ãâà¥−−¨å á¨£−�«®¢;

{ ¢á¥ −�ª®¯«¥−−ë¥ ¢ ®ç¥à¥¤¨ á¨£−�«ë ¤®«¦−ë ¡ëâì ®¡à�¡®â�−ë ¯¥à¥¤ ®¡à�-
¡®âª®© −®¢®£® ¢−¥è−¥£® ¢å®¤ïé¥£® á¨£−�«�.
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/* ÍÏÄÕÌØ root.c - ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 2 - äÅËÌÁÒÁÃÉÑ ËÏÎÔÅËÓÔÁ ÉÅÒÁÒÈÉÉ root */

#define _cell_root_ctxSize 1 /* ÞÉÓÌÏ ÜËÚÅÍÐÌÑÒÏ× ËÏÎÔÅËÓÔÁ
ÉÅÒÁÒÈÉÉ root */

#define _cell_root_sigNumber 5 /* ÞÉÓÌÏ ×ÈÏÄÎÙÈ ÓÉÇÎÁÌÏ× ÉÅÒÁÒÈÉÉ root */

static int _cell_root_ctxIndex; /* ÉÎÄÅËÓ ÔÅËÕÝÅÇÏ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
#define _cell_root_ctx _cell_root_context[0]

/* _cell_root_context[_cell_root_ctxIndex] */

enum { _cell_root_s_c1, _cell_root_s_c2, _cell_root_s_c3, _cell_root_s_c11,
_cell_root_s_c12 };

struct _cell_root_context {

/* 2.1. ÷ÅËÔÏÒ ÓÏÓÔÏÑÎÉÑ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
_cell_Signal ctx_signal[_cell_root_sigNumber];

#define _cell_root_signal _cell_root_ctx.ctx_signal
#define _cell_root_signal_c1 _cell_root_ signal[_cell_root_s_c1]
#define _cell_root_signal_c2 _cell_root_ signal[_cell_root_s_c2]
#define _cell_root_signal_c3 _cell_root_ signal[_cell_root_s_c3]
#define _cell_root_signal_c11 _cell_root_ signal[_cell_root_s_c11]
#define _cell_root_signal_c12 _cell_root_ signal[_cell_root_s_c12]

/* 2.2. ïÞÅÒÅÄØ ÉÓÈÏÄÑÝÉÈ ÓÉÇÎÁÌÏ× ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
_cell_Queue ctx_queue;

#define _cell_root_queue _cell_root_ctx.ctx_queue

/* 2.3. äÁÎÎÙÅ ÏÂÝÅÇÏ ËÌÁÓÓÁ ×ÉÄÉÍÏÓÔÉ */
struct {
int k; /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root */
int a; /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root.A */
int l; /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root.A.L */

} ctx_common;
#define _cell_root_common _cell_root_ctx.ctx_common

int ctx_isActiv[_cell_root_lySize]; /* ×ÅËÔÏÒ ÁËÔÉ×ÎÏÓÔÉ ÕÒÏ×ÎÅÊ ÉÅÒÁÒÈÉÉ */
#define _cell_root_isActiv _cell_root_ctx.ctx_isActiv

/* 2.4. äÁÎÎÙÅ ÌÏËÁÌØÎÏÇÏ ËÌÁÓÓÁ ×ÉÄÉÍÏÓÔÉ */
struct {

struct { /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root */
int i;
struct { /* ÄÅËÌÁÒÁÃÉÑ ÑÞÅÊËÉ root.A */

int i;
} A;

} root;
} ctx_local;

#define _cell_root_local _cell_root_ctx.ctx_local

} _cell_root_context[_cell_root_ctxSize];
...

÷¨á. 11 Š®−â¥ªáâ ¨¥à�àå¨¨ �¢â®¬�â� ha
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÷¨áã−®ª 11 ¨««îáâà¨àã¥â −� ¯à¨¬¥à¥ ˆ� ha (á¬. à¨á. 1) á®¤¥à¦¨¬®¥ áâàãª-
âãàë ª®−â¥ªáâ� ¨¥à�àå¨¨. „�−−ë¥ ®¡é¥£® ¨ «®ª�«ì−®£® ª«�áá� ¢¨¤¨¬®áâ¨ á®¡¨-
à�îâáï ¨ áâàãªâãà¨àãîâáï á®®â¢¥âáâ¢ãîé¨¬ ®¡à�§®¬ á ¨á¯®«ì§®¢�−¨¥¬ ¤¨à¥ªâ¨¢
common ¨ local ï§ëª� Cell. Š ¤�−−ë¬ ®¡é¥£® ª«�áá� ¢¨¤¨¬®áâ¨ ¨¥à�àå¨ç¥áª®£®
�¢â®¬�â� ª®¬¯¨«ïâ®à ¤®¡�¢«ï¥â á«ã¦¥¡−ãî ¯¥à¥¬¥−−ãî cell isActiv, ª®â®à�ï
¨−¤¨æ¨àã¥â �ªâ¨¢−®áâì ¯®¤�¢â®¬�â� á®®â¢¥âáâ¢ãîé¥£® ãà®¢−ï ¨¥à�àå¨¨.

3.3.3 Генерация процедурного кода для раздела с функциями автомата

�â® −�¨¡®«¥¥ ¥¬ª¨© à�§¤¥« á£¥−¥à¨à®¢�−−®£® ª®¤�. �− ¢ª«îç�¥â ¢ á¥¡ï
−¥áª®«ìª® ¯®¤à�§¤¥«®¢:

{ äã−ªæ¨¨ �ªâ¨¢¨§�æ¨¨ ¯®¤�¢â®¬�â®¢ ¨ íª§¥¬¯«ïà� ¨¥à�àå¨¨;

{ äã−ªæ¨ï ¤¥�ªâ¨¢�æ¨¨ ¯®¤�¢â®¬�â®¢;

{ äã−ªæ¨ï ®¡à�¡®âª¨ ¢−¥è−¥£® ¢å®¤ïé¥£® á¨£−�«�;

{ äã−ªæ¨¨ ®¡à�¡®âª¨ á«ã¦¥¡−ëå á¨£−�«®¢;

{ äã−ªæ¨¨ ï¢−® á¯¥æ¨ä¨æ¨à®¢�−−ëå ¯¥à¥å®¤®¢.

„«ï ª®à−¥¢®© ¨ ¢á¥å áâ�àâ®¢ëå ïç¥¥ª ˆ� £¥−¥à¨àãîâáï äã−ªæ¨¨ �ªâ¨¢¨§�æ¨¨
¯®¤�¢â®¬�â� á®®â¢¥âáâ¢ãîé¥£® ãà®¢−ï ¨¥à�àå¨¨. �à®æ¥¤ãàë �ªâ¨¢¨§�æ¨¨ ¯®¤�¢-
â®¬�â� −ã«¥¢®£® ãà®¢−ï ¨¥à�àå¨¨ (ª®à−¥¢®© �¢â®¬�â) ¨ ®áâ�«ì−ëå ¯®¤�¢â®¬�â®¢
®â«¨ç�îâáï.

÷�áá¬®âà¨¬ ¯à®æ¥¤ãàë �ªâ¨¢¨§�æ¨¨ ¯®¤�¢â®¬�â®¢ −¥−ã«¥¢®£® ãà®¢−ï ¨¥à�à-
å¨¨. �−¨ −¥¤®áâã¯−ë ¢−¥ äã−ªæ¨© �¢â®¬�â�. ‚ ¯à®æ¥¤ãà�å �ªâ¨¢¨§�æ¨¨ ¨á¯®«ì-
§ãîâáï ¤�−−ë¥ áâàãªâãàë ª®−â¥ªáâ� â¥ªãé¥£® íª§¥¬¯«ïà� ¨¥à�àå¨¨. �à®æ¥¤ãà�
�ªâ¨¢¨§�æ¨¨ ¢ë¯®«−ï¥âáï, ¥á«¨ ¯®¤�¢â®¬�â −¥�ªâ¨¢¥−. �®¯ëâª� �ªâ¨¢¨§¨à®¢�âì
�ªâ¨¢−ë© ¯®¤�¢â®¬�â ¨£−®à¨àã¥âáï. ‚ ¯à®æ¥áá¥ �ªâ¨¢¨§�æ¨¨ ¯®¤�¢â®¬�â� −¥−ã-
«¥¢®£® ãà®¢−ï ¨¥à�àå¨¨ ¢ë§ë¢�¥âáï ¯®«ì§®¢�â¥«ìáª�ï äã−ªæ¨ï ¨−¨æ¨�«¨§�æ¨¨
(¥á«¨ ®−� ®¯à¥¤¥«¥−� ¢ á®®â¢¥âáâ¢ãîé¥¬ £«®¡�«ì−®¬ ¢¥ªâ®à¥ ¨−¨æ¨�«¨§�æ¨¨
¤¨á¯¥âç¥àáª®£® ª«�áá� ¢¨¤¨¬®áâ¨), ¢ ¢¥ªâ®à á®áâ®ï−¨ï íª§¥¬¯«ïà� ¨¥à�àå¨¨ ¤®-
¡�¢«ïîâáï à¥�ªæ¨¨ ¤«ï ¥£® áâ�àâ®¢®£® á®áâ®ï−¨ï, ¯®á«¥ ç¥£® ¯®¤�¢â®¬�â áç¨â�¥âáï
�ªâ¨¢¨§¨à®¢�−−ë¬.

÷¨áã−®ª 12 á®¤¥à¦¨â äã−ªæ¨¨ �ªâ¨¢¨§�æ¨¨ ¯®¤�¢â®¬�â®¢ ¯¥à¢®£® ¨ ¢â®à®£®
ãà®¢−¥© ¨¥à�àå¨¨ �¢â®¬�â� ha (á¬. à¨á. 1). �®áª®«ìªã áâ�àâ®¢®¥ á®áâ®ï−¨¥
¯®¤�¢â®¬�â� ¯¥à¢®£® ãà®¢−ï ¨¥à�àå¨¨ �¢â®¬�â� ha ¯®à®¦¤�¥â ¯®¤�¢â®¬�â ¢â®-
à®£® ãà®¢−ï ¨¥à�àå¨¨, â® �ªâ¨¢¨§�æ¨ï ïç¥©ª¨ A á®¯à®¢®¦¤�¥âáï �ªâ¨¢¨§�æ¨©
¯®¤�¢â®¬�â� ¢â®à®£® ãà®¢−ï ¨¥à�àå¨¨.

�ªâ¨¢¨§�æ¨ï ª®à−¥¢®£® ¯®¤�¢â®¬�â� ®§−�ç�¥â �ªâ¨¢¨§�æ¨î ¨¥à�àå¨ç¥áª®£®
�¢â®¬�â� (íª§¥¬¯«ïà� ¨¥à�àå¨¨). �â� äã−ªæ¨ï ï¢«ï¥âáï £«®¡�«ì−®© ¨ ¤®áâã¯−�
¢−ãâà¨ ¨ ¢−¥ ¯à®æ¥¤ãà−®£® ¬®¤ã«ï ¨¥à�àå¨¨. ”ã−ªæ¨ï ¯ëâ�¥âáï ®¯à¥¤¥«¨âì
á¢®¡®¤−ë© íª§¥¬¯«ïà ª®−â¥ªáâ� ¨¥à�àå¨¨, ®ç¨é�¥â ¥£® ¨ ¨−¨æ¨�«¨§¨àã¥â, ¢ á«ã-
ç�¥ ¥á«¨ §�¤�−� ¯®«ì§®¢�â¥«ìáª�ï äã−ªæ¨ï ¨−¨æ¨�«¨§�æ¨¨ ¢ á®®â¢¥âáâ¢ãîé¥¬
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/* ÍÏÄÕÌØ root.c - ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 3 - æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */

/* 3.1. æÕÎËÃÉÉ ÁËÔÉ×ÉÚÁÃÉÉ ÐÏÄÁ×ÔÏÍÁÔÏ× ÎÅÎÕÌÅ×ÏÇÏ ÕÒÏ×ÎÑ ÉÅÒÁÒÈÉÉ */
static void _cell_root_Activ1() {
if(_cell_root_ isActiv[1]) return;
if(_cell_root_init[1] && !(*_cell_root_init[1])(&_cell_root_ctx)) return;
_cell_root_signal_c1.sig_transition = _cell_root_A_2_root_÷_on_c1;
_cell_root_signal_c1.sig_layer=1;
_cell_root_ isActiv[1]=1;
_cell_root_Activ2();

}
static void _cell_root_Activ2() {
if(_cell_root_ isActiv[2]) return;
if(_cell_root_init[2] && !(*_cell_root_init[2])(&_cell_root_ctx)) return;
_cell_root_signal_c11.sig_transition = _cell_root_A_L_2_root_A_M_on_c11;
_cell_root_signal_c11.sig_layer=2;
_cell_root_ isActiv[2]=1;

}

÷¨á. 12 ”ã−ªæ¨¨ �ªâ¨¢�æ¨¨ ¯®¤�¢â®¬�â®¢ �¢â®¬�â� ha

/* ÍÏÄÕÌØ root.c - ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 3 - æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */
...
/* 3.2. æÕÎËÃÉÑ ÁËÔÉ×ÁÃÉÉ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
int _cell_root_Activ(void) {

for(_cell_root_ctxIndex=0; _cell_root_ctxIndex <_cell_root_ctxSize;
_cell_root_ctxIndex++) {
if(!_cell_root_ isActiv[0]) {
memset(&_cell_root_ctx, sizeof(_cell_root_context),0); /* ÓÂÒÏÓ ËÏÎÔÅËÓÔÁ */
if(_cell_root_init[0] && !(*_cell_root_init[0])(&_cell_root_ctx)) return -1;
/* ÓÌÕÖÅÂÎÙÈ ÓÉÇÎÁÌÏ× ÎÅÔ, ÒÅÁËÃÉÉ ÎÁ ÎÉÈ ÎÅ ÉÎÉÃÉÁÌÉÚÉÒÕÀÔÓÑ */
_cell_root_ isActiv[0]=1;
_cell_root_Activ1();
return _cell_root_ctxIndex;

} }
return -1;

}

÷¨á. 13 ”ã−ªæ¨¨ �ªâ¨¢�æ¨¨ íª§¥¬¯«ïà� ¨¥à�àå¨¨ �¢â®¬�â� ha

£«®¡�«ì−®¬ ¢¥ªâ®à¥ ¤¨á¯¥âç¥àáª®£® ª«�áá� ¢¨¤¨¬®áâ¨. �®á«¥ íâ®£® ¢ ¯®¤£®â®-
¢«¥−−®¬ ª®−â¥ªáâ¥ íª§¥¬¯«ïà� ¨¥à�àå¨¨ §�¤�îâáï à¥�ªæ¨¨ −� á«ã¦¥¡−ë¥ á¨£−�«ë
¨ �ªâ¨¢¨§¨àã¥âáï ¯®¤�¢â®¬�â ¯¥à¢®£® ãà®¢−ï ¨¥à�àå¨¨. ‚ á«ãç�¥ ãá¯¥å� ¨−¨æ¨-
�â®à �ªâ¨¢¨§�æ¨¨ ¨¥à�àå¨¨ (−�¯à¨¬¥à, á ¯®¬®éìî ¤¨à¥ªâ¨¢ë clone ï§ëª� Cell)
¯®«ãç�¥â −®¬¥à ª®−â¥ªáâ� �ªâ¨¢¨§¨à®¢�−−®£® íª§¥¬¯«ïà� ¨¥à�àå¨¨, ¢ ¯à®â¨¢−®¬
á«ãç�¥ | §−�ç¥−¨¥ ú−1û.

÷¨áã−®ª 13 ¤¥¬®−áâà¨àã¥â ¯à®æ¥¤ãà−ë© ª®¤ �ªâ¨¢¨§�æ¨¨ ¨¥à�àå¨¨ �¢â®¬�-
â� ha (á¬. à¨á. 1).
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„«ï ¤¥�ªâ¨¢�æ¨¨ ¯®¤�¢â®¬�â� (¨«¨ æ¥¯¨ ¯®¤�¢â®¬�â®¢) ®¯à¥¤¥«¥−−®£® ãà®¢−ï
¨¥à�àå¨¨ ¯à¨ ¬¥¦ãà®¢−¥¢ëå ¢®§¢à�â−ëå ¯¥à¥å®¤�å (¨«¨ ¨−ëå á«ãç�ïå äã−ªæ¨-
®−¨à®¢�−¨ï ¨¥à�àå¨ç¥áª®£® �¢â®¬�â�) ¢ë¯®«−ï¥âáï äã−ªæ¨ï ¤¥�ªâ¨¢�æ¨¨ æ¥¯¨
¯®à®¦¤¥−−ëå ¯®¤�¢â®¬�â®¢. ”ã−ªæ¨ï ¤¥�ªâ¨¢�æ¨¨ æ¥¯¨ ¯®¤�¢â®¬�â®¢ á«ã¦¥¡-
−�ï ¨ ¤®áâã¯−� ¢−ãâà¨ ¯à®æ¥¤ãà−®£® ¬®¤ã«ï ¨¥à�àå¨¨. �à¥¤¯®«�£�¥âáï, çâ® ®−�
¨á¯®«ì§ã¥âáï ¨§ á£¥−¥à¨à®¢�−−®£® ª®¬¯¨«ïâ®à®¬ ª®¤�, ¯®íâ®¬ã ¤®áâ®¢¥à−®áâì
ã¯®àï¤®ç¥−−®© æ¥¯¨ ¯®à®¦¤¥−¨ï ¯®¤�¢â®¬�â®¢ ¢ íâ®© äã−ªæ¨¨ −¥ ¯à®¢¥àï¥â-
áï. ƒ«®¡�«ì−®© äã−ªæ¨¥© ï¢«ï¥âáï äã−ªæ¨ï ¤¥�ªâ¨¢�æ¨¨ íª§¥¬¯«ïà� ¨¥à�àå¨¨,
ª®â®à�ï ¤®áâã¯−� ¢−ãâà¨ ¨ ¢−¥ ¯à®æ¥¤ãà−®£® ¬®¤ã«ï ¨¥à�àå¨¨. ”ã−ªæ¨ï ¤¥�ªâ¨-
¢�æ¨¨ æ¥¯¨ ¯®¤�¢â®¬�â®¢ ¯à¥¤ãá¬�âà¨¢�¥â ®â¬¥−ã ¢ ¢¥ªâ®à¥ á®áâ®ï−¨© â¥ªãé¥£®
íª§¥¬¯«ïà� ¨¥à�àå¨¨ à¥�ªæ¨©, á¢ï§�−−ëå á æ¥¯ìî ¯®¤�¢â®¬�â®¢. �à®æ¥¤ãà�
¤¥�ªâ¨¢�æ¨¨ ¨¥à�àå¨¨ ¢ë¯®«−ï¥â ¢ ª®−â¥ªáâ¥ §�¤�−−®£® íª§¥¬¯«ïà� ¨¥à�àå¨¨
®ç¨áâªã ®ç¥à¥¤¨ á¨£−�«®¢ ¨ ¢á¥å ¤�−−ëå á�¬®£® ª®−â¥ªáâ�. ÷¨áã−®ª 14 á®¤¥à¦¨â
ã¯à®é¥−−ë¥ �«£®à¨â¬ë äã−ªæ¨© ¤¥�ªâ¨¢�æ¨¨ ¯®¤�¢â®¬�â®¢ �¢â®¬�â� ha (á¬.
à¨á. 1).

‚−¥è−¨¥ ¢å®¤−ë¥ á¨£−�«ë ¯à¨å®¤ïâ ¢ �¢â®¬�â ¨§ ¢−¥è−¥£® ¬¨à� ¨ ä®à¬¨-
àãîâáï á¯¥æ¨�«ì−ë¬ ®¡à�§®¬ ¢−¥ �¢â®¬�â�, −�¯à¨¬¥à ®¡à�¡®âç¨ª®¬ �¯¯�à�â−®£®
¯à¥àë¢�−¨ï ¨«¨ ¯à®æ¥¤ãà®© çâ¥−¨ï ¢å®¤−®£® ¯®â®ª�. �¡à�¡®âª� ¢−¥è−¥£® ¢å®¤-
−®£® á¨£−�«� −�ç¨−�¥âáï ¢ �¢â®¬�â¥ ¢ë¯®«−¥−¨¥¬ £«®¡�«ì−®© äã−ªæ¨¥©, ¤®áâã¯-

/* ÍÏÄÕÌØ root.c - ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 3 - æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */
...
/* 3.3. æÕÎËÃÉÑ ÄÅÁËÔÉ×ÁÃÉÉ ÜËÚÅÍÐÌÑÒÁ ÉÅÒÁÒÈÉÉ */
void _cell_root_deActiv0(int i) {

if( i != -1) _cell_root_ctxIndex=i;
if(_cell_root_destroy[0]) (*_cell_root_destroy[0])(&_cell_root_ctx);
clearQueue();
memset(_cell_root_context[_cell_root_ctxIndex],sizeof(_cell_root_context),0);

}

/* 3.4. æÕÎËÃÉÑ ÄÅÁËÔÉ×ÁÃÉÉ ÐÏÄÁ×ÔÏÍÁÔÏ× ÃÅÐÉ ÐÏÒÏÖÄÅÎÉÑ */
static void _cell_root_deActiv(<×ÏÚÒÁÓÔÁÀÝÁÑ ÃÅÐØ ÐÏÒÏÖÄÅÎÉÑ>) {

if( <ÍÉÎÉÍÁÌØÎÙÊ ÎÏÍÅÒ ÕÒÏ×ÎÑ ÉÅÒÁÒÈÉÉ> < 1) {
_cell_root_deActiv0(-1);
return;

}
for(l=0; l <n; l++) {

int layer = <×ÏÚÒÁÓÔÁÀÝÁÑ ÃÅÐØ ÐÏÒÏÖÄÅÎÉÑ>[l];
if(_cell_root_destroy[layer]) (*_cell_root_destroy[layer])(&_cell_root_ctx);
_cell_root_isActiv[layer]=0;
for (int i=0; i < _cell_root_sigNumber; i++) {

if(_cell_root_ signal[i].sig_layer==layer) {
memset(&_cell_root_ signal[i], sizeof(_cell_Signal), 0);

} } } }

÷¨á. 14 “¯à®é¥−−ë¥ äã−ªæ¨¨ ¤¥�ªâ¨¢�æ¨¨ ¯®¤�¢â®¬�â®¢ �¢â®¬�â� ha
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/* ÍÏÄÕÌØ root.c - ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 3 - æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */
...
/* 3.5. æÕÎËÃÉÑ ÏÂÒÁÂÏÔËÉ ×ÎÅÛÎÅÇÏ ×ÈÏÄÑÝÅÇÏ ÓÉÇÎÁÌÁ */
_cell_root_TransitionOnSignal(int Index, _cell_Signal *input, <ÄÁÎÎÙÅ ÓÉÇÎÁÌÁ>) {

if(input && input->sig_transition) {
_cell_root_ctxIndex=Index;
(*input->sig_trasition)( <ÄÁÎÎÙÅ ÓÉÇÎÁÌÁ>);
while (_cell_qItem *qi=getFirst(&_root_cell_queue)) {

void (*transition)()= qi->qi_signal->sig_trasition;
if(trasition) (*trasition)(<ÄÁÎÎÙÅ ÓÉÇÎÁÌÁ ÉÚ qi->qi_args>);
freeItem(qi);

} } }

÷¨á. 15 ”ã−ªæ¨ï ®¡à�¡®âª¨ ¢−¥è−¥£® ¢å®¤ïé¥£® á¨£−�«� �¢â®¬�â� ha

−®© ¢−¥ ¯à®æ¥¤ãà−®£® ª®¤� ¬®¤ã«ï ¨¥à�àå¨¨. ”ã−ªæ¨ï ¢ë§ë¢�¥âáï ¨−¨æ¨�â®à®¬
®¡à�¡®âª¨ á¨£−�«�, §�¤�¢è¨¬ ¨¤¥−â¨ä¨ª�â®à á¨£−�«�, ¤�−−ë¥, ¯¥à¥¤�¢�¥¬ë¥ á
á¨£−�«®¬, ¨ ª®−â¥ªáâ ¨¥à�àå¨¨. �¢â®¬�â ¢ë¯®«−ï¥â ¯¥à¥å®¤, á¢ï§�−−ë© á ¯®-
«ãç¥−−ë¬ á¨£−�«®¬ ¨ ¤�«¥¥ ®¡á«ã¦¨¢�¥â ¢−ãâà¥−−¨¥ á¨£−�«ë, á£¥−¥à¨à®¢�−−ë¥
íâ¨¬ ¯¥à¥å®¤®¬. ‚®§¢à�â ¨§ äã−ªæ¨¨ ¢ë¯®«−ï¥âáï ¯®á«¥ ®¡à�¡®âª¨ ¢á¥å ¢−ãâ-
à¥−−¨å á¨£−�«®¢. ÷¨áã−®ª 15 ®¯¨áë¢�¥â �«£®à¨â¬ ®¡à�¡®âª¨ ¢−¥è−¨å á¨£−�«®¢
−� ¯à¨¬¥à¥ �¢â®¬�â� ha (á¬. à¨á. 1).

÷¨áã−®ª 16 ¯à¥¤áâ�¢«ï¥â ¯à�¢¨«� ®¡à�¡®âª¨ á«ã¦¥¡−ëå á¨£−�«®¢, ®â¯à�¢«ï-
¥¬ëå «¨¡® ¢ ¤àã£®© ˆ� (−�¯à¨¬¥à, �¢â®¬�â-ª«®−), «¨¡® ¢® ¢−¥è−¨© ¬¨à.

�â¯à�¢ª� á¨£−�«� ¢ �¢â®¬�â-ª«®− ®§−�ç�¥â ¯¥à¥¤�çã ¥¬ã ¢å®¤ïé¥£® á¨£−�«�,
¤«ï ®¡á«ã¦¨¢�−¨ï ª®â®à®£® ¯à®æ¥¤ãà−ë© ¬®¤ã«ì �¢â®¬�â�-ª«®−� á®¤¥à¦¨â á¨−-
â¥§¨à®¢�−−ãî äã−ªæ¨î ®¡à�¡®âª¨ ¢−¥è−¨å ¢å®¤−ëå á¨£−�«®¢, �«£®à¨â¬ à�¡®âë
ª®â®à®© ®¡áã¦¤�«áï à�−¥¥ (á¬. à¨á. 15).

„«ï ®¡á«ã¦¨¢�−¨ï ¨áå®¤ïé¨å á¨£−�«®¢ ¢® ¢−¥è−¨© ¬¨à ª®¬¯¨«ïâ®à ï§ëª�
Cell £¥−¥à¨àã¥â â®«ìª® §�£®«®¢ª¨ äã−ªæ¨©, ª®â®àë¥ ¢ë§ë¢�îâáï ¯à¨ äã−ª-
æ¨®−¨à®¢�−¨¨ �¢â®¬�â�. ‘®¤¥à¦�−¨¥ íâ¨å äã−ªæ¨© ¤®«¦−® ¡ëâì ®¯à¥¤¥«¥−®
à�§à�¡®âç¨ª®¬ �¢â®¬�â� á�¬®áâ®ïâ¥«ì−® á ãç¥â®¬ ®á®¡¥−−®áâ¥© ®ªàã¦¥−¨ï.

ˆ, −�ª®−¥æ, ¯®á«¥¤−¨¬¨ ¢ ¯à®æ¥¤ãà−®¬ ¬®¤ã«¥ £¥−¥à¨àãîâáï äã−ªæ¨¨ ï¢−®
®¯¨á�−−ëå −� ï§ëª¥ Cell ¯¥à¥å®¤®¢. �á®¡¥−−®áâ¨ ¨å à�¡®âë ã¦¥ ®¡áã¦¤�«¨áì
¢ ¯à¥¤ë¤ãé¨å à�¡®â�å, ¯®á¢ïé¥−−ëå ï§ëªã Cell, ¯à¨ à�áá¬®âà¥−¨¨ ¬®¤¥«¨
¨á¯®«−¥−¨ï �¢â®¬�â� ¢ íâ®© á¨áâ¥¬¥ ¯à®£à�¬¬¨à®¢�−¨ï [10{12]. ��¯®¬−¨¬, çâ®
íâ¨ äã−ªæ¨¨ á¨−â¥§¨àãîâáï ª®¬¯¨«ïâ®à®¬ à�áá¬�âà¨¢�¥¬®© á¨áâ¥¬ë ¯à®£à�¬-
¬¨à®¢�−¨ï c ¨á¯®«ì§®¢�−¨¥¬ ª®¤� ¯¥à¥å®¤�, −�¯¨á�−−®£® −� ¯à®æ¥¤ãà−®¬ ï§ëª¥,
¢ á¯¥æ¨ä¨ª�æ¨¨ �¢â®¬�â� −� ï§ëª¥ Cell.

„«ï ª�¦¤®£® á¯¥æ¨ä¨æ¨à®¢�−−®£® ¯¥à¥å®¤� ª®¬¯¨«ïâ®à ï§ëª� Cell á®§¤�¥â
äã−ªæ¨î, ¨¬¥−ã¥¬ãî ¯® ª«¨è¥ ú¯®«−®¥ ¨¬ï â¥ªãé¥£® á®áâ®ï−¨ï { ¨¬ï ®âªàë-
¢�îé¥£® á¨£−�«�û. ”ã−ªæ¨ï á®¤¥à¦¨â ¬®¤¨ä¨æ¨à®¢�−−ë© ¯à®æ¥¤ãà−ë© ª®¤,
á¯¥æ¨ä¨æ¨àãîé¨© ¯¥à¥å®¤ −� ï§ëª¥ Cell. Œ®¤¨ä¨ª�æ¨ï ¯à®æ¥¤ãà−®£® ª®¤�
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�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

/* ÍÏÄÕÌØ root.c --- ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 3 --- æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */
...
/* 3.6. æÕÎËÃÉÉ ÏÂÒÁÂÏÔËÉ ÓÌÕÖÅÂÎÙÈ ÓÉÇÎÁÌÏ× ÄÌÑ ÏÔÓÙÌËÉ ËÌÏÎÕ < ÉÍÑ-ËÏÒÎÑ-ËÌÏÎÁ >
ÓÉÇÎÁÌ <ÓÉÇÎÁÌ> ËÌÏÎÕ <ËÏÒÅÎØ-ËÌÏÎÁ> ÜËÚÅÍÐÌÑÒ iCtx ÉÄÅÔ × ÏÞÅÒÅÄØ ËÁË
ÓÌÕÖÅÂÎÙÊ ÓÉÇÎÁÌ _cell_root_signal_clone_<ËÏÒÅÎØ-ËÌÏÎÁ>
ÏÂÒÁÂÏÔÞÉËÕ, ÏÐÒÅÄÅÌÅÎÎÏÍÕ × ËÏÒÎÅ ÔÅËÕÝÅÊ ÉÅÒÁÒÈÉÉ Ó ÉÍÅÎÅÍ ÆÕÎËÃÉÉ ËÌÏÎÁ,
_cell_<ËÏÒÅÎØ-ËÌÏÎÁ>_TransitionOnSignal(int, _cell\_Signal *, <ÄÁÎÎÙÅ ÓÉÇÎÁÌÕ ËÌÏÎÁ>)
ÄÁÎÎÙÍÉ, ÐÅÒÅÄÁ×ÁÅÍÙÍÉ ÓÏ ÓÌÕÖÅÂÎÙÍ ÓÉÇÎÁÌÏÍ × ÆÕÎËÃÉÀ ËÌÏÎÁ
iCtx,
&_cell_< ËÏÒÅÎØ-ËÌÏÎÁ>_context[iCtx].ctx_ signal[_cell_< ËÏÒÅÎØ-ËÌÏÎÁ>_s_ <ÓÉÇÎÁÌ>],
<ÄÁÎÎÙÅ ÓÉÇÎÁÌÕ ËÌÏÎÁ>
*/

/* 3.7. æÕÎËÃÉÉ ÏÂÒÁÂÏÔËÉ ÓÉÇÎÁÌÏ× ×Ï ×ÎÅÛÎÉÊ ÍÉÒ
ÓÉÇÎÁÌ <ÓÉÇÎÁÌ> ÉÄÅÔ × ÏÞÅÒÅÄØ ËÁË ÓÌÕÖÅÂÎÙÊ ÓÉÇÎÁÌ
_cell_root_signal_output_<ÓÉÇÎÁÌ>
ÏÂÒÁÂÏÔÞÉËÕ, ÏÐÒÅÄÅÌÅÎÎÏÍÕ × ËÏÒÎÅ ÔÅËÕÝÅÊ ÉÅÒÁÒÈÉÉ Ó ÉÍÅÎÅÍ
_cell_root\_Output_<ÓÉÇÎÁÌ> (<ÄÁÎÎÙÅ ÓÉÇÎÁÌÁ>)
ÄÁÎÎÙÅ, ÐÅÒÅÄÁ×ÁÅÍÙÅ ÓÏ ÓÌÕÖÅÂÎÙÍ ÓÉÇÎÁÌÏÍ × ÆÕÎËÃÉÀ
<ÄÁÎÎÙÅ ÓÉÇÎÁÌÁ >
ÏÂÒÁÂÏÔÞÉË ÒÅÁÌÉÚÕÅÔÓÑ ÐÏÌØÚÏ×ÁÔÅÌÅÍ
*/

÷¨á. 16 �à�¢¨«� ®¡à�¡®âª¨ á«ã¦¥¡−ëå á¨£−�«®¢

§�ª«îç�¥âáï ¢ ª®¬¯¨«ïæ¨¨ ¤¨à¥ªâ¨¢ ï§ëª� Cell, ¨á¯®«ì§ã¥¬ëå ¢ ¯à®æ¥¤ãà-
−®¬ ª®¤¥, ¨ á¨−â¥§¥ á®®â¢¥âáâ¢ãîé¥£® á«ã¦¥¡−®£® ¯à®æ¥¤ãà−®£® ª®¤�. ‚ ª®¤¥
¯¥à¥å®¤� ¬®£ãâ ¯à¨áãâáâ¢®¢�âì ¤¨à¥ªâ¨¢ë ï§ëª� Cell ¤¢ãå â¨¯®¢:

â¨¯ 1 | äã−ªæ¨®−�«ì−ë¥ ¤¨à¥ªâ¨¢ë ¤«ï ®â¯à�¢ª¨ á¨£−�«®¢ (¤¨à¥ªâ¨¢� @send),
¯®à®¦¤¥−¨ï ª«®−� (¤¨à¥ªâ¨¢� @clone), ¯¥à¥å®¤� ¢ −®¢®¥ á®áâ®ï−¨¥ (¤¨à¥ª-
â¨¢� @jump);

â¨¯ 2 | ¤¨à¥ªâ¨¢ë ¤®áâã¯� ª ¯¥à¥¬¥−−ë¬ ®¡é¥£® ¨ «®ª�«ì−®£® ª«�áá� ¢¨¤¨-
¬®áâ¨ | ®¯¥à�â®àë ú$û ¨ ú@û á®®â¢¥âáâ¢¥−−®.

�® ¤¨à¥ªâ¨¢¥ ®â¯à�¢ª¨ á¨£−�«� £¥−¥à¨àã¥âáï ¢ë§®¢ äã−ªæ¨¨ ¤«ï ¯®áâ�−®¢ª¨
¨áå®¤ïé¥£® á¨£−�«� ¢ á®®â¢¥âáâ¢ãîé¥¥ ¬¥áâ® ¢−ãâà¥−−¥© ®ç¥à¥¤¨ á¨£−�«®¢,
á®¤¥à¦�é¥©áï ¢ ª®−â¥ªáâ¥ â¥ªãé¥© ¨¥à�àå¨¨, çâ® ®¡áã¦¤�«®áì à�−¥¥.

�® ¤¨à¥ªâ¨¢¥ ¯®à®¦¤¥−¨ï ª«®−� £¥−¥à¨àã¥âáï ¢ë§®¢ äã−ªæ¨¨ ¤«ï �ªâ¨-
¢¨§�æ¨¨ −®¢®£® íª§¥¬¯«ïà� ¨¥à�àå¨¨ á ãª�§�−−®© ª®à−¥¢®© ïç¥©ª®© (äã−ªæ¨¨
�ªâ¨¢¨§�æ¨¨ ¨¥à�àå¨¨ â�ª¦¥ ®¡áã¦¤�«¨áì à�−¥¥).

�® ¤¨à¥ªâ¨¢¥ ¯¥à¥å®¤� ¢ −®¢®¥ á®áâ®ï−¨¥ £¥−¥à¨àã¥âáï ¯à®æ¥¤ãà−ë© ª®¤,
¨§¬¥−ïîé¨© á®¤¥à¦¨¬®¥ ¢¥ªâ®à� á®áâ®ï−¨ï ¨¥à�àå¨¨ (â¥ªãé¥¥ á®¤¥à¦¨¬®¥ ¤¥-
áªà¨¯â®à®¢ á¨£−�«®¢). �â®â ª®¤ ¢ë¯®«−ï¥â ®ç¨áâªã ¤¥áªà¨¯â®à®¢ á¨£−�«®¢,
®¡à�¡�âë¢�¥¬ëå ¢ â¥ªãé¥¬ á®áâ®ï−¨¨, ¨ ãáâ�−®¢ªã ¤¥áªà¨¯â®à®¢ á¨£−�«®¢, ®¡-
à�¡�âë¢�¥¬ëå ¢ −®¢®¬ á®áâ®ï−¨¨, ãª�§�−−®¬ ¢ ¤¨à¥ªâ¨¢¥ @jump. �à¨ íâ®¬
¢ëï¢«ïîâáï ¨ ®¡à�¡�âë¢�îâáï ¯®¯ëâª¨ ®¤−®¢à¥¬¥−−®© ãáâ�−®¢ª¨ −¥áª®«ìª¨å
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à¥�ªæ¨© −� ¥¤¨−áâ¢¥−−ë© á¨£−�«. …á«¨ ¯¥à¥å®¤ ï¢«ï¥âáï ¬¥¦ãà®¢−¥¢ë¬, â® ¢
á«ã¦¥¡−ë© ª®¤ ¤®¯®«−¨â¥«ì−® ¤®¡�¢«ïîâáï äã−ªæ¨¨ ¯® ¤¥�ªâ¨¢�æ¨¨ ¯à®¬¥¦ã-
â®ç−ëå �¢â®¬�â®¢.

/* ÍÏÄÕÌØ root.c --- ÐÒÏÃÅÄÕÒÎÙÊ ËÏÄ ÄÌÑ ÉÅÒÁÒÈÉÉ Ó ËÏÒÎÅ×ÏÊ ÑÞÅÊËÏÊ root */
...
/* òÁÚÄÅÌ 3 --- æÕÎËÃÉÉ Á×ÔÏÍÁÔÁ */
...
/* 3.8. æÕÎËÃÉÉ ÏÂÒÁÂÏÔËÉ Ñ×ÎÏ ÓÐÅÃÉÆÉÃÉÒÏ×ÁÎÎÙÈ ÐÅÒÅÈÏÄÏ× */
#define _cell_check1 (a, b) if(b/**/.sig_transition)
{ _cell_exeption(ONE_MORE, ¢¢a££, ¢¢b££); }

_cell_root_A_on_c1 {
x(); aa++; _cell_root_common.a=_cell_root_local.root.i++;
memset(&_cell_root_signal_c1, sizeof(_cell_Signal), 0);
_cell_check1(_cell_root_A_on_c1, _cell_root_signal_c2);
_cell_root_signal_c2.sig_transition = _cell_root_B_on_c2;
_cell_root_signal_c2.sig_layer=1;
_cell_check1(_cell_root_A_on_c1, _cell_root_signal_c3);
_cell_root_signal_c3.sig_transition = _cell_root_B_2_root_A_on_c3;
_cell_root_signal_c3.sig_layer=1;

}
_cell_root_A_L_on_c11 {

x1(); ll++; _cell_root_common.l=_cell_root_local.root.A.i++;
memset(&_cell_root_signal_c11, sizeof(_cell_Signal), 0);
_cell_check1(_cell_root_A_L_on_c11, _cell_root_signal_c12);
_cell_root_signal_c12.sig_transition = _cell_root_A_M_on_c12;
_cell_root_signal_c12.sig_layer=2;

}
_cell_root_A_M_on_c12 {

y1();
_cell_root_deActiv(2);
for (int i=0; i <_cell_root_sigNumber; i++) {

if(_cell_root_ signal[i].sig_layer==1) {
memset(&_cell_root\_ signal[i], sizeof(_cell_Signal), 0);

} }
_cell_check1(_cell_root_A_M_on_c12, _cell_root_signal_c2);
_cell_root_signal_c2.sig_transition = _cell_root_B_on_c2;
_cell_root_signal_c2.sig_layer=1;
_cell_check1(_cell_root_A_M_on_c12, _cell_root_signal_c3);
_cell_root_signal_c3.sig_transition = _cell_root_B_on_c3;
_cell_root_signal_c3.sig_layer=1;

}
_cell_root_B_on_c2 {

y();
}
_cell_root_B_on_c3 {

z();
memset(&_cell_root_signal_c2, sizeof(_cell_Signal), 0);
memset(&_cell_root_signal_c3, sizeof(_cell_Signal), 0);
_cell_check1(_cell_root_B_on_c3, _cell_root_signal_c1);
_cell_root_signal_c1.sig_transition = _cell_root_A_on_c1;
_cell_root_signal_c1.sig_layer=1;

}

÷¨á. 17 ”ã−ªæ¨¨ ï¢−® á¯¥æ¨ä¨æ¨à®¢�−−ëå ¯¥à¥å®¤®¢ �¢â®¬�â� ha
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�«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬¯¨«ïâ®à� ï§ëª� Cell

�® ¤¨à¥ªâ¨¢¥ ¤®áâã¯� ª ¯¥à¥¬¥−−®© ®¡é¥£® ¨«¨ «®ª�«ì−®£® ª«�áá� ¢¨¤¨¬®áâ¨
£¥−¥à¨àã¥âáï ¯®«−®¥ ¨¬ï ¯¥à¥¬¥−−®©, çâ® ®¡¥á¯¥ç¨¢�¥â ¤®áâã¯ ª −¥®¡å®¤¨¬®©
®¡«�áâ¨ ¯�¬ïâ¨.

÷¨áã−®ª 17 ¤¥¬®−áâà¨àã¥â �«£®à¨â¬ë á¨−â¥§¨à®¢�−−ëå äã−ªæ¨© ¤«ï ï¢−®
á¯¥æ¨ä¨æ¨à®¢�−−ëå ¯¥à¥å®¤®¢ −� ¯à¨¬¥à¥ ˆ� ha (á¬. à¨á. 1).

4 Заключение

÷�§à�¡®â�−−ë¥ ¨ à�áá¬®âà¥−−ë¥ ¢ áâ�âì¥ �«£®à¨â¬ë äã−ªæ¨®−¨à®¢�−¨ï ª®¬-
¯¨«ïâ®à� ï§ëª� Cell ¤¥«�îâ ¢®§¬®¦−ë¬ ¢ë¯®«−¥−¨¥ ¯à�ªâ¨ç¥áª®© ç�áâ¨ ¯à®-
¥ªâ� | ¯à®£à�¬¬¨à®¢�−¨¥ ª®¬¯¨«ïâ®à�, á«¥¤ãîé¥£® è�£� −� ¯ãâ¨ á®§¤�−¨ï
á¨áâ¥¬ë ¯à®£à�¬¬¨à®¢�−¨ï Cell ¤«ï à¥è¥−¨ï âàã¤®¥¬ª®© §�¤�ç¨ �¢â®¬�â¨§¨à®-
¢�−−®£® á¨−â¥§� ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï ¬−®£®ãà®¢−¥¢®£® â¥«¥ª®¬¬ã−¨ª�æ¨-
®−−®£® ¯à®â®ª®«�.

÷�§à�¡®â�−−ë¥ à�−¥¥ ¬®¤¥«¨ ˆ� á¨áâ¥¬ë ¯à®£à�¬¬¨à®¢�−¨ï Cell, � â�ª¦¥
¯®¤å®¤ë ª ¨á¯®«−¥−¨î ˆ� ¢ æ¥«¥¢®¬ ¢ëç¨á«¨â¥«¥, à¥�«¨§ã¥¬ë¥ á ¯®¬®éìî
�«£®à¨â¬¨ç¥áª¨ á¯à®¥ªâ¨à®¢�−−®£® ª®¬¯¨«ïâ®à� ï§ëª� Cell, ¯®á«¥ á®§¤�−¨ï
ª®¬¯¨«ïâ®à� ¯®§¢®«ïâ �¢â®à�¬ ¯à®¢¥à¨âì ¯à¥¤«�£�¥¬ë¥ à¥è¥−¨ï −� ¯à�ªâ¨ª¥ ¨
¯®¤â¢¥à¤¨âì ®á−®¢−ë¥ ¤®áâ®¨−áâ¢� á¨áâ¥¬ë ¯à®£à�¬¬¨à®¢�−¨ï Cell:

{ á®§¤�−¨¥ ¢§�¨¬®ã¢ï§�−−®© ä®à¬�«ì−®© á¯¥æ¨ä¨ª�æ¨¨ ˆ� ¯® äà�£¬¥−â�¬
ä®à¬�«¨§®¢�−−®£® ®¯¨á�−¨ï ¯à®â®ª®«�;

{ á¥à¨�«¨§�æ¨î ¢ëç¨á«¥−¨© | ¢ëáâà�¨¢�−¨¥ ¯®á«¥¤®¢�â¥«ì−®© «®£¨ª¨ ¢ë-
¯®«−¥−¨ï ¯¥à¥å®¤®¢ �¢â®¬�â� −� íâ�¯¥ ª®¬¯¨«ïæ¨¨ ¨á¯®«−ï¥¬®£® ª®¤�, çâ®
¯®§¢®«ï¥â ¨á¯®«−ïâì ã¢ï§�−−ë¥ �¢â®¬�âë à�§−®© ¨¥à�àå¨¨ ¡¥§ ¨á¯®«ì§®¢�-
−¨ï ¬¥â®¤®«®£¨¨ ¨ â¥å−®«®£¨¨ ®à£�−¨§�æ¨¨ ¯�à�««¥«ì−ëå ¢ëç¨á«¥−¨©.
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ОСОБЕННОСТИ РЕАЛИЗАЦИИ УСТРОЙСТВ ИЗМЕРЕНИЯ
ВРЕМЕНИ В ВИРТУАЛЬНЫХ МАШИНАХ

В. Ю. Егоров1, М. А. Шпадырев2

�−−®â�æ¨ï: �¯¨á�−ë ãáâà®©áâ¢� ¨§¬¥à¥−¨ï ¢à¥¬¥−¨, ¢å®¤ïé¨¥ ¢ á®áâ�¢ ¯¥à-
á®−�«ì−®£® ª®¬¯ìîâ¥à�, � â�ª¦¥ ¯à®¡«¥¬ë à�§à�¡®âª¨ �−�«®£¨ç−ëå ãáâà®©áâ¢
¢ ¢¨àâã�«ì−ëå ¬�è¨−�å (‚Œ) ¨ á¯®á®¡ë ¨å à¥è¥−¨ï.

Š«îç¥¢ë¥ á«®¢�: ãáâà®©áâ¢� ¨§¬¥à¥−¨ï ¢à¥¬¥−¨; ¢¨àâã�«ì−�ï ¬�è¨−�;
£¨¯¥à¢¨§®à; £®áâ¥¢�ï ®¯¥à�æ¨®−−�ï á¨áâ¥¬�

1 Введение

‚ á®áâ�¢ á®¢à¥¬¥−−®£® ¯¥àá®−�«ì−®£® ª®¬¯ìîâ¥à� ¢å®¤ïâ −¥áª®«ìª® �¯¯�-
à�â−ëå ãáâà®©áâ¢ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨, ¡¥§ ª®â®àëå ¯à�ªâ¨ç¥áª¨ −¥¢®§¬®¦−�
à�¡®â� «î¡®£® ãáâ�−®¢«¥−−®£® −� −¥¬ á¨áâ¥¬−®£® ¯à®£à�¬¬−®£® ®¡¥á¯¥ç¥−¨ï. ‚á¥
®¯¥à�æ¨®−−ë¥ á¨áâ¥¬ë (�‘) â�ª ¨«¨ ¨−�ç¥ ¨á¯®«ì§ãîâ ¯¥à¨®¤¨ç¥áª¨¥ á¨£−�«ë
(�¯¯�à�â−ë¥ ¯à¥àë¢�−¨ï) ®â íâ¨å ãáâà®©áâ¢ ¤«ï ¢ë¯®«−¥−¨ï ª�ª¨å-â® á«ã¦¥¡−ëå
¤¥©áâ¢¨©: −�¯à¨¬¥à, ¯®¤áç¥â ¯à®è¥¤è¥£® ¢à¥¬¥−¨, ¯«�−¨à®¢�−¨¥ ¯à®æ¥áá®¢ ¨
−¨â¥© ¢ ¬−®£®§�¤�ç−ëå �‘ ¨ â. ¤. [1]. ’�ª¨¬ ®¡à�§®¬, à�¡®â� £®áâ¥¢ëå �‘ ¢ ‚Œ
¡¥§ ¢¨àâã�«ì−ëå �−�«®£®¢ ¯®¤®¡−ëå ãáâà®©áâ¢ â�ª¦¥ −¥¢®§¬®¦−�.

�à�¢¨«ì−�ï ¯à®£à�¬¬−�ï à¥�«¨§�æ¨ï ¢¨àâã�«ì−ëå ãáâà®©áâ¢ (‚“) ¨§¬¥à¥−¨ï
¢à¥¬¥−¨ (‚“ˆ‚) ¤«ï à�§à�¡®âç¨ª®¢ ‚“ ¯à¥¤áâ�¢«ï¥â á®¡®© ¤®¢®«ì−® á«®¦−ãî
§�¤�çã. �à¨ç¨−� ªà®¥âáï ¢ â®¬, çâ® ¢ ®â«¨ç¨¥ ®â ¤àã£¨å ‚“, ¤«ï ª®â®àëå
¤®áâ�â®ç−® ¯®¢â®à¨âì «®£¨ªã à�¡®âë á®®â¢¥âáâ¢ãîé¥£® à¥�«ì−®£® �¯¯�à�â−®-
£® ãáâà®©áâ¢�, ¤«ï ‚“ˆ‚ −¥®¡å®¤¨¬® ®¡¥á¯¥ç¨âì ¦¥áâª¨¥ à�¬ª¨ ¢à¥¬¥−− �ëå
®âà¥§ª®¢ ¬¥¦¤ã ®¯à¥¤¥«¥−−ë¬¨ á®¡ëâ¨ï¬¨ ¢−ãâà¨ ãáâà®©áâ¢�, � íâ® §�ç�áâãî
®ª�§ë¢�¥âáï −¥¢®§¬®¦−ë¬. „«ï á¢®¥© à�¡®âë ®−¨ ¨á¯®«ì§ãîâ �¯¯�à�â−ë¥ áà¥¤-
áâ¢� ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ å®áâ� (ª®¬¯ìîâ¥à, −� ª®â®à®¬ §�¯ãáª�¥âáï ¨ à�¡®â�¥â
‚Œ). „àã£¨¬ á¯®á®¡®¬ à¥�«¨§®¢�âì á¢®î äã−ªæ¨®−�«ì−®áâì −¥¢®§¬®¦−®, ¯®-
íâ®¬ã ®ç¥¢¨¤−®, çâ® ¨§-§� −�ª«�¤−ëå à�áå®¤®¢ ¯®¢¥¤¥−¨¥ ‚“ˆŒ ¨ à¥�«ì−ëå
ä¨§¨ç¥áª¨å ãáâà®©áâ¢ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¡ã¤¥â à�§«¨ç�âìáï. �â¨ à�§«¨ç¨ï ¬®£ãâ
¡ëâì ¯à¨ç¨−®© −¥ª®â®àëå −¥â®ç−®áâ¥© ¢ à�¡®â¥ ‚“ˆŒ, çâ® −¥£�â¨¢−ë¬ ®¡à�-
§®¬ áª�§ë¢�¥âáï −� áâ�¡¨«ì−®áâ¨ ¨ ª®àà¥ªâ−®áâ¨ à�¡®âë £®áâ¥¢®£® ¯à®£à�¬¬−®£®
®¡¥á¯¥ç¥−¨ï (à�¡®â�îé¥£® ¢−ãâà¨ ‚Œ).

1�¥−§¥−áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, vec@mail.ru
2�¥−§¥−áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, lordm@nm.ru
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‚. ā. …£®à®¢, Œ. �. ˜¯�¤ëà¥¢

‚ ¤�−−®© áâ�âì¥ à�áá¬�âà¨¢�îâáï ¢®§¬®¦−ë¥ ¯ãâ¨ à¥è¥−¨ï ¯®¤®¡−ëå ¯à®¡-
«¥¬, � â�ª¦¥ ¤�¥âáï ®¡§®à áãé¥áâ¢ãîé¨å áà¥¤áâ¢ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¢ IBMPC-
á®¢¬¥áâ¨¬®¬ ª®¬¯ìîâ¥à¥ ¨ ®á®¡¥−−®áâ¨ à¥�«¨§�æ¨¨ ¨å ¢¨àâã�«ì−ëå �−�«®£®¢.

2 Устройства измерения времени IBMPC-совместимого компьютера

2.1 Общие сведения

ˆáâ®à¨ç¥áª¨ ¯¥àá®−�«ì−ë© ª®¬¯ìîâ¥à

÷¨á. 1 �¡áâà�ªâ−®¥ ãáâà®©áâ¢® ¨§-
¬¥à¥−¨ï ¢à¥¬¥−¨

á®¤¥à¦¨â −¥áª®«ìª® ãáâà®©áâ¢, ¨á¯®«ì§ã-
¥¬ëå ¤«ï ¯®¤áç¥â� ¢à¥¬¥−¨. ÷�§«¨ç−ë¥ £®-
áâ¥¢ë¥ �‘ ¯®-à�§−®¬ã ¢ë¡¨à�îâ, ª�ª¨¥ ¨§
íâ¨å ãáâà®©áâ¢ ¨á¯®«ì§®¢�âì ¨ ª�ª¨¬ ®¡à�-
§®¬. „«ï −¥ª®â®àëå �‘ ¢�¦−® ¨á¯®«ì-
§®¢�−¨¥ −¥áª®«ìª¨å ãáâà®©áâ¢ á®¢¬¥áâ−®.
��¯à¨¬¥à, ãáâà®©áâ¢®, à�¡®â�îé¥¥ á ¨§-
¢¥áâ−®© ç�áâ®â®©, ¨á¯®«ì§ã¥âáï ¤«ï ¨§¬¥à¥-
−¨ï áª®à®áâ¨ à�¡®âë ¤àã£®£®. ˆ«¨ ãáâà®©-
áâ¢® ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ á ¡®«¥¥ ¢ëá®ª®©
ç�áâ®â®© ¨á¯®«ì§ã¥âáï ¤«ï ¤®¡�¢«¥−¨ï â®ç-
−®áâ¨ ãáâà®©áâ¢ã, ®âáç¨âë¢�îé¥¬ã ¢à¥¬ï
¡®«¥¥ £àã¡®. �®íâ®¬ã ¯®¤¤¥à¦ª� ¢á¥å íâ¨å
ãáâà®©áâ¢ ¢ ‚Œ ®ç¥−ì ¢�¦−�, � £«�¢−®¥, çâ®
§−�ç¥−¨ï ¢à¥¬¥−− �ëå ®âáç¥â®¢, ª®â®àë¥ ç¨-
â�îâáï ¨§ à�§−ëå ãáâà®©áâ¢, ¤®«¦−ë ¡ëâì
á®£«�á®¢�−ë ¬¥¦¤ã á®¡®©. �â® ãá«®¢¨¥ ç�á-
â® ®ª�§ë¢�¥âáï ¢�¦−¥¥ ¨¤¥−â¨ç−®áâ¨ à�¡®âë
‚“ˆ‚ à¥�«ì−ë¬ ãáâà®©áâ¢�¬.

�� à¨á. 1 ¯®ª�§�− á®áâ�¢ â¨¯®¢®£®
ãáâà®©áâ¢� ¨§¬¥à¥−¨ï ¢à¥¬¥−¨. ÷¥�«ì−ë¥

ãáâà®©áâ¢�, ¢å®¤ïé¨¥ ¢ á®áâ�¢ ¯¥àá®−�«ì−®£® ª®¬¯ìîâ¥à�, −¥¬−®£® ®â«¨ç�îâáï
®â ¯à¨¢¥¤¥−−®£® −� à¨áã−ª¥, ®¤−�ª® ¥£® ¬®¦−® à�áá¬�âà¨¢�âì ª�ª −¥ª®â®àãî
�¡áâà�ªæ¨î.

ƒ¥−¥à�â®à ¯®¤�¥â −� ¢å®¤ áç¥âç¨ª� ¨¬¯ã«ìáë á ®¤¨−�ª®¢®© ç�áâ®â®©. —�áâ®â�
¬®¦¥â ¡ëâì ¨§¢¥áâ−� §�à�−¥¥, ¨«¨ ¦¥ �‘ ¨§¬¥àï¥â ¥¥ ¯à¨ áâ�àâ¥. ‘ç¥âç¨ª ¬®¦¥â
¡ëâì ¯à®£à�¬¬−® ¤®áâã¯¥− ¤«ï çâ¥−¨ï ¨/̈ «¨ §�¯¨á¨. ‘ç¥âç¨ª ¤¥ªà¥¬¥−â¨àã¥â
á¢®¥ §−�ç¥−¨¥ ¢ ª�¦¤ë© ¬®¬¥−â ¯®«ãç¥−¨ï ¨¬¯ã«ìá� ®â £¥−¥à�â®à�, � ª®£¤� ¤®áâ¨-
£�¥â −ã«ï, â® £¥−¥à¨àã¥â ¢ëå®¤−®© á¨£−�« | −�¯à¨¬¥à, �¯¯�à�â−®¥ ¯à¥àë¢�−¨¥.
�®á«¥ íâ®£®, ¥á«¨ â�©¬¥à −�áâà®¥− −� à¥¦¨¬ ®¤−®¢¨¡à�â®à�, ®− ®áâ�−�¢«¨¢�¥â
á¢®î à�¡®âã. …á«¨ −� à¥¦¨¬ ¬ã«ìâ¨¢¨¡à�â®à� | ¯à®¤®«¦�¥â áç¨â�âì. ‚å®¤−®©
à¥£¨áâà áç¥âç¨ª� ¯à¥¤−�§−�ç¥− ¤«ï §�£àã§ª¨ −�ç�«ì−®£® §−�ç¥−¨ï ¢ áç¥âç¨ª. ’�-
ª¨¬ ®¡à�§®¬, á¨áâ¥¬−®¥ ¯à®£à�¬¬−®¥ ®¡¥á¯¥ç¥−¨¥ ¬®¦¥â ª®−âà®«¨à®¢�âì ¯¥à¨®¤
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�á®¡¥−−®áâ¨ à¥�«¨§�æ¨¨ ãáâà®©áâ¢ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¢ ¢¨àâã�«ì−ëå ¬�è¨−�å

£¥−¥à�æ¨¨ �¯¯�à�â−ëå ¯à¥àë¢�−¨©. �¥ª®â®àë¥ â�©¬¥àë ¢¥¤ãâ áç¥â ¢ áâ®à®−ã
¯à¨à�é¥−¨ï áç¥âç¨ª� ¨ ¨¬¥îâ ¤®¯®«−¨â¥«ì−ë© à¥£¨áâà, åà�−ïé¨© §−�ç¥−¨¥,
á ª®â®àë¬ áà�¢−¨¢�¥âáï â¥ªãé¥¥ §−�ç¥−¨¥ áç¥âç¨ª�. …á«¨ ®−¨ á®¢¯�¤�îâ, â®
£¥−¥à¨àã¥âáï ¯à¥àë¢�−¨¥, � áç¥â −�ç¨−�¥âáï á −ã«ï.

‚ á®áâ�¢ ¯¥àá®−�«ì−®£® ª®¬¯ìîâ¥à� ¬®£ãâ ¢å®¤¨âì á«¥¤ãîé¨¥ ãáâà®©áâ¢�
¨§¬¥à¥−¨ï ¢à¥¬¥−¨ [2]:

{ ¯à®£à�¬¬¨àã¥¬ë© â�©¬¥à (Programmable Interval Timer | PIT);
{ ç�áë à¥�«ì−®£® ¢à¥¬¥−¨ CMOS (CMOS real time clock | RTC);
{ â�©¬¥àë Local APIC (Advanced Programmable Interrupt Controller | ¯à®-

¤¢¨−ãâë© ª®−âà®««¥à ¯à¥àë¢�−¨©);
{ â�©¬¥à ACPI (Advanced Configuration and Power Interface | ¯à®¤¢¨−ãâë©

¨−â¥àä¥©á ª®−ä¨£ãà�æ¨¨ ¨ ã¯à�¢«¥−¨ï ¯¨â�−¨¥¬);
{ áç¥âç¨ª ¢à¥¬¥−−�®© ®â¬¥âª¨ (Time Stamp Counter | TSC);
{ ¢ëá®ª®â®ç−ë© â�©¬¥à (High Precision Event Timer | HPET).

2.2 Programmable Interval Timer

Programmable Interval Timer | ®¤−® ¨§ á�¬ëå áâ�àëå ãáâà®©áâ¢ ¨§¬¥-
à¥−¨ï ¢à¥¬¥−¨ ¢ �àå¨â¥ªâãà¥ IBMPC. �− ¨á¯®«ì§ã¥â £¥−¥à�â®à á ç�áâ®â®©
1,193182 Œƒæ, ¨¬¥¥â ¢ á®áâ�¢¥ 16-¡¨â−ë© áç¥âç¨ª ¨ ¢å®¤−®© à¥£¨áâà áç¥âç¨ª�.
—�áâ®â� £¥−¥à�â®à� −¥ á®®â¢¥âáâ¢ã¥â −¨ ®¤−®© ¨§ è¨à®ª® ¨á¯®«ì§ã¥¬ëå ¥¤¨−¨æ
¨§¬¥à¥−¨ï ¢à¥¬¥−¨ | ¨áâ®à¨ç¥áª¨ ®−� ¡ë«� ã¤®¡−®© ¤«ï ¨á¯®«ì§®¢�−¨ï ¢ ¯¥à-
¢®¬ ª®¬¯ìîâ¥à¥ IBMPC. “áâà®©áâ¢® PIT ¨¬¥¥â ¢ á¢®¥¬ á®áâ�¢¥ âà¨ ¨¤¥−â¨ç−ëå
â�©¬¥à�, ¯®¤ª«îç¥−−ëå ª à�§«¨ç−ë¬ ¢ëå®¤�¬. ’�©¬¥à 0 £¥−¥à¨àã¥â ¯à¥àë-
¢�−¨¥ ¨ ã¤®¡¥− ¤«ï ¯®¤áç¥â� á¨áâ¥¬−®£® ¢à¥¬¥−¨. ’�©¬¥à 1 ¨á¯®«ì§ã¥âáï ¤«ï
®¡−®¢«¥−¨ï �‡“ ¨ ¯à®£à�¬¬¨àã¥âáï BIOS á®®â¢¥âáâ¢ãîé¨¬ ®¡à�§®¬. ’�©¬¥à 2
¨á¯®«ì§ã¥âáï á¨áâ¥¬−ë¬ á¯¨ª¥à®¬ ¤«ï £¥−¥à�æ¨¨ â®−�.

2.3 CMOS Real Time Clock

—�áë CMOS ¢å®¤ïâ ¢ á®áâ�¢ í−¥à£®−¥§�¢¨á¨¬®£® ãáâà®©áâ¢�, åà�−ïé¥£®
−�áâà®©ª¨ BIOS ¤�¦¥ ¯®á«¥ ¢ëª«îç¥−¨ï ¯¨â�−¨ï ª®¬¯ìîâ¥à�. ‚ á®áâ�¢ ç�á®¢
CMOS ¢å®¤ïâ ç�áë ¢à¥¬¥−¨ ¤−ï (time of day | TOD), åà�−ïé¨¥ ¢à¥¬ï ¢ ä®à¬�â¥
£®¤/¬¥áïæ/ç¨á«®; ç�á/¬¨−/á, � â�ª¦¥ â�©¬¥à, ª®â®àë© ¬®¦¥â £¥−¥à¨à®¢�âì
¯à¥àë¢�−¨ï á ç�áâ®â®© ®â 2 ¤® 8192 ƒæ (ªà�â−® áâ¥¯¥−¨ ¤¢®©ª¨). �− ¯®¤®¡¥−
ãáâà®©áâ¢ã −� à¨á. 1 á â®© «¨èì à�§−¨æ¥©, çâ® áç¥âç¨ª −¥ ¤®áâã¯¥− ¤«ï çâ¥−¨ï
¨ §�¯¨á¨, � ¢® ¢å®¤−®© à¥£¨áâà áç¥âç¨ª� ¬®¦−® §�¯¨á�âì â®«ìª® ç¨á«®, ªà�â−®¥
¤¢ã¬.

Šà®¬¥ â®£®, ¬®¦−® ¢ª«îç¨âì ¥é¥ ¤¢� ¯à¥àë¢�−¨ï: ¯à¥àë¢�−¨¥ ®¡−®¢«¥−¨ï,
ª®â®à®¥ £¥−¥à¨àã¥âáï ª�¦¤ãî á¥ªã−¤ã (−� ª�¦¤®¥ ®¡−®¢«¥−¨¥ ç�á®¢ TOD) ¨
¯à¥àë¢�−¨¥ ¯® ¡ã¤¨«ì−¨ªã, ª®â®à®¥ £¥−¥à¨àã¥âáï ¢ §�¤�−−®¥ ¢à¥¬ï.
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2.4 Таймер Local Advanced Programmable Interrupt Controller

’�©¬¥à Local APIC ¢å®¤¨â ¢ á®áâ�¢ «®£¨ª¨, ®¡à�¡�âë¢�îé¥© §�¯à®áë ¯à¥àë-
¢�−¨© ¢ á®¢à¥¬¥−−ëå ¯¥àá®−�«ì−ëå ª®¬¯ìîâ¥à�å. ‚ ¬ã«ìâ¨¯à®æ¥áá®à−®© á¨áâ¥-
¬¥ áãé¥áâ¢ã¥â ®¤−® ãáâà®©áâ¢® Local APIC −� ª�¦¤ë© æ¥−âà�«ì−ë© ¯à®æ¥áá®à
(–�). ‚ á®¢à¥¬¥−−ëå ¯à®æ¥áá®à�å ®−® ¨−â¥£à¨à®¢�−® ¯àï¬® ¢ ¯à®æ¥áá®à−ë©
ç¨¯. “áâà®©áâ¢® ¢ª«îç�¥â ¢ á¥¡ï 32-¡¨â−ë© â�©¬¥à á® ¢å®¤−ë¬¨ à¥£¨áâà�¬¨.
‚å®¤−�ï ç�áâ®â�, ª�ª ¯à�¢¨«®, á®®â¢¥âáâ¢ã¥â ç�áâ®â¥ à�¡®âë ¯�¬ïâ¨ –�, ¯®íâ®¬ã
â®ç−®áâì íâ®£® â�©¬¥à� §−�ç¨â¥«ì−® ¢ëè¥, ç¥¬ ã â�©¬¥à®¢ PIT ¨ CMOS.

2.5 Таймер Advanced Configuration and Power Interface

’�©¬¥à ACPI | ¤®¯®«−¨â¥«ì−ë© â�©¬¥à, ª®â®àë© ¤®«¦¥− ¯à¨áãâáâ¢®¢�âì
¢ ª®¬¯ìîâ¥à¥ á®£«�á−® á¯¥æ¨ä¨ª�æ¨¨ ACPI. ’�ª¦¥ ¥£® −�§ë¢�îâ â�©¬¥à®¬
ã¯à�¢«¥−¨ï ¯¨â�−¨¥¬ ¨«¨ â�©¬¥à®¬ ç¨¯á¥â�. �− ¨¬¥¥â 24-¡¨â−ë© áç¥âç¨ª,
ª®â®àë© ¨−ªà¥¬¥−â¨àã¥âáï á ç�áâ®â®© 3,579545 Œƒæ (¢ 3 à�§� ¡®«ìè¥, ç¥¬ ã
PIT). ’�©¬¥à ¬®¦−® §�¯à®£à�¬¬¨à®¢�âì −� £¥−¥à�æ¨î ¯à¥àë¢�−¨ï ¢ ¬®¬¥−â,
ª®£¤� ¥£® áâ�àè¨© ¡¨â ¬¥−ï¥â á¢®¥ §−�ç¥−¨¥. ‚å®¤−®£® à¥£¨áâà� áç¥âç¨ª� −¥â,
¯®íâ®¬ã ®− ¯à®áâ® ¯¥à¥¯®«−ï¥âáï ¨ −�ç¨−�¥â áç¨â�âì á −ã«ï á−®¢�. ’�©¬¥à ACPI
¯à®¤®«¦�¥â à�¡®â�âì ¤�¦¥ ¢ −¥ª®â®àëå í−¥à£®á¡¥à¥£�îé¨å à¥¦¨¬�å à�¡®âë,
ª®£¤� ¤àã£¨¥ ãáâà®©áâ¢� ¯à¨®áâ�−�¢«¨¢�îâáï. Šà®¬¥ â®£®, áâ®¨â ®â¬¥â¨âì, çâ®
®− áà�¢−¨â¥«ì−® ¬¥¤«¥−−ë© ¤«ï çâ¥−¨ï.

2.6 Time Stamp Counter

Time Stamp Counter | 64-¡¨â−ë© áç¥âç¨ª, ¯®ï¢¨¢è¨©áï ¢ ¯à®æ¥áá®à�å Intel
Pentium. —�áâ®â� ¥£® à�¡®âë á®®â¢¥âáâ¢ã¥â ¢−ãâà¥−−¥© ç�áâ®â¥ à�¡®âë á�¬®£®
–�, å®âï ¤«ï −¥ª®â®àëå ¬®¤¥«¥© ¯à®æ¥áá®à®¢ Intel íâ® ãá«®¢¨¥ −¥ ¢ë¯®«−ï¥â-
áï [3]. �à¨ áª®à®áâïå à�¡®âë á®¢à¥¬¥−−ëå ¯à®æ¥áá®à®¢ ¤«ï ¯¥à¥¯®«−¥−¨ï íâ®£®
áç¥âç¨ª� âà¥¡ãîâáï £®¤ë. Time Stamp Counter −¥ £¥−¥à¨àã¥â ¯à¥àë¢�−¨ï ¨ −¥
¨¬¥¥â ¢å®¤−®£® à¥£¨áâà� áç¥âç¨ª�. ‡−�ç¥−¨¥ íâ®£® áç¥âç¨ª� ¬®¦−® ¯à®ç¨â�âì á
¯®¬®éìî ¨−áâàãªæ¨¨ RDTSC ¨«¨ ¨§ á¯¥æ¨�«ì−®£® MSR-à¥£¨áâà� [4]. ‘â®¨â
®â¬¥â¨âì, çâ® áç¥âç¨ª TSC ï¢«ï¥âáï á�¬ë¬ â®ç−ë¬ ¨ ®¤−®¢à¥¬¥−−® ã¤®¡−ë¬ ¢
¨á¯®«ì§®¢�−¨¨ ¤«ï ¨§¬¥à¥−¨ï ¯à®è¥¤è¥£® ¢à¥¬¥−¨ áà¥¤¨ ¢á¥å ãáâà®©áâ¢, ®¤−�ª®
¨ ®− ¨¬¥¥â −¥ª®â®àë¥ −¥¤®áâ�âª¨:

{ ¯à®£à�¬¬−® âàã¤−® â®ç−® ®¯à¥¤¥«¨âì ¥£® ç�áâ®âã à�¡®âë;

{ ¢ −¥ª®â®àëå á¨áâ¥¬�å ç�áâ®â� à�¡®âë TSC ¬¥−ï¥âáï ¤¨−�¬¨ç¥áª¨;

{ −¥ª®â®àë¥ ¯à®æ¥áá®àë ®áâ�−�¢«¨¢�îâ áç¥âç¨ª TSC ¯à¨ ¯¥à¥å®¤¥ ¢ í−¥à£®-
á¡¥à¥£�îé¨© à¥¦¨¬.
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�á®¡¥−−®áâ¨ à¥�«¨§�æ¨¨ ãáâà®©áâ¢ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¢ ¢¨àâã�«ì−ëå ¬�è¨−�å

2.7 High Precision Event Timer

‚ëá®ª®â®ç−ë© â�©¬¥à HPET | ãáâà®©áâ¢®, ¯®ï¢¨¢è¥¥áï áà�¢−¨â¥«ì−® −¥-
¤�¢−® ª�ª §�¬¥−� PIT ¨ CMOS, ¨ ¡®«ìè¨−áâ¢ã á®¢à¥¬¥−−ëå �‘ −¥ âà¥¡ã¥âáï
¥£® −�«¨ç¨¥ ¤«ï à�¡®âë. �®íâ®¬ã ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ −¥â −¥®¡å®¤¨¬®áâ¨ à¥-
�«¨§®¢ë¢�âì á®®â¢¥âáâ¢ãîé¥¥ ‚“, ¨ ¢ à�¬ª�å íâ®© áâ�âì¨ ¬ë ¥£® à�áá¬�âà¨¢�âì
−¥ ¡ã¤¥¬.

2.8 Разработка виртуальных устройств измерения времени

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¡®«ìè¨−áâ¢® £®áâ¥¢ëå �‘ −¥ âà¥¡ãîâ ¤«ï á¢®¥© à�¡®âë
¢á¥£® −�¡®à� ‚“, ¯¥à¥ç¨á«¥−−ëå ¢ëè¥, ¯®íâ®¬ã ¨å à�§à�¡�âë¢�îâ ¨áå®¤ï ¨§
ª®−ªà¥â−ëå âà¥¡®¢�−¨©, ¯à¥¤êï¢«ï¥¬ëå ª �‘.

�®«ìè¨−áâ¢® ‚“ˆ‚ à¥�«¨§ãîâáï ¬¥â®¤®¬ ¯®«−®© ¯à®£à�¬¬−®© í¬ã«ï-
æ¨¨ [5], ¨á¯®«ì§ãï ¬¥å�−¨§¬ë ª®àà¥ªæ¨¨ ¢à¥¬¥−¨, ®¯¨á�−−ë¥ ¢ ¯. 3.

’¥å−®«®£¨ï �¯¯�à�â−®© ¢¨àâã�«¨§�æ¨¨ ã¯à®é�¥â à¥�«¨§�æ¨î −¥ª®â®àëå
‚“ˆ‚. ��¯à¨¬¥à, ¢ Intel VTx ¬®¦−® §�¤�¢�âì ¢¥«¨ç¨−ã ª®àà¥ªæ¨¨ áç¥âç¨ª�
TSC ¤«ï £®áâ¥¢®© �‘, çâ® ¯®§¢®«ï¥â ª®¬¯¥−á¨à®¢�âì §�¤¥à¦ª¨ ¢ ¨á¯®«−¥−¨¨
®â¤¥«ì−ëå ¨−áâàãªæ¨©, á¢ï§�−−ë¥ á −¥®¡å®¤¨¬®áâìî ®¡à�¡®âª¨ ¢ëå®¤� ¨§ ‚Œ
(í¬ã«ïæ¨ï ¨−áâàãªæ¨©) [4].

3 Базовые сведения о подсчете времени в опреционной системе
и проблемы обеспечения корректности работы в виртуальной
машине

Š�ª ¯à�¢¨«®, «î¡�ï �‘, à�¡®â�îé�ï −� ¯¥àá®−�«ì−®¬ ª®¬¯ìîâ¥à¥, ¨á¯®«ì-
§ã¥â ¤¢� á¯®á®¡� ¨§¬¥à¥−¨ï ¯à®è¥¤è¥£® ¢à¥¬¥−¨ [6]:

1. �®¤áç¥â â¨ª®¢. ‚ ¤�−−®¬ á«ãç�¥ �‘ −�áâà�¨¢�¥â �¯¯�à�â−®¥ ãáâà®©áâ¢® −�
¯¥à¨®¤¨ç¥áªãî £¥−¥à�æ¨î ¯à¥àë¢�−¨© (â¨ª®¢) á ¨§¢¥áâ−®© ç�áâ®â®© (−�¯à¨-
¬¥à, 100 à�§/á), � §�â¥¬ áç¨â�¥â ¨å ¨ åà�−¨â ¨å ç¨á«®, çâ®¡ë ®¯à¥¤¥«¨âì,
áª®«ìª® ¢à¥¬¥−¨ ¯à®è«® á ¬®¬¥−â� áâ�àâ�. �à¨¬¥à®¬ â�ª®£® ãáâà®©áâ¢�
ï¢«ï¥âáï â�©¬¥à PIT.

2. �®¤áç¥â ¢à¥¬¥−¨ ¡¥§ â¨ª®¢. �à¨ â�ª®¬ á¯®á®¡¥ �¯¯�à�â−®¥ ãáâà®©áâ¢® åà�−¨â
ç¨á«® ¢à¥¬¥−−ëå ®âáç¥â®¢, ¯à®è¥¤è¨å á ¬®¬¥−â� áâ�àâ� �‘, � ®−� ç¨â�¥â
¥£® §−�ç¥−¨¥ ¯à¨ −¥®¡å®¤¨¬®áâ¨. �â®â á¯®á®¡ ¨¬¥¥â àï¤ ¯à¥¨¬ãé¥áâ¢: ®−
−¥ −�£àã¦�¥â ¯à®æ¥áá®à ®¡à�¡®âª®© ¯à¥àë¢�−¨© ¨ ¯®§¢®«ï¥â åà�−¨âì ¢à¥¬ï
¢ ã¤®¡−®© á¨áâ¥¬¥ ¯®¤áç¥â�, å®âï ¯®¤áç¥â ¢à¥¬¥−¨ ¡¥§ â¨ª®¢ ¬®¦−® ¨á¯®«ì-
§®¢�âì â®«ìª® −� ¬�è¨−�å, ¨¬¥îé¨å ¯®¤å®¤ïé¥¥ �¯¯�à�â−®¥ ãáâà®©áâ¢®:
®−® ¤®«¦−® à�¡®â�âì á ¯®áâ®ï−−®© ç�áâ®â®© ¨ ¯®§¢®«ïâì ¤®¢®«ì−® ¡ëáâà®
¢ë¯®«−ïâì çâ¥−¨¥ áç¥âç¨ª�. Šà®¬¥ â®£®, ¯¥à¥¯®«−¥−¨¥ (¨«¨ �−â¨¯¥à¥¯®«-
−¥−¨¥) ¤®«¦−® ¯à®¨áå®¤¨âì ¤®áâ�â®ç−® à¥¤ª® ¤«ï â®£®, çâ®¡ë �‘ ¬®£«�
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á®®â¢¥âáâ¢¥−−® ®¡−�àã¦¨âì ¯¥à¥¯®«−¥−¨¥ ¨ ãç¥áâì ¥£® (−�¯à¨¬¥à, à�áè¨à¨¢
¤¨�¯�§®− ¯®¤áç¨â�−−ëå ¢à¥¬¥−− �ëå ®âáç¥â®¢). �à¨¬¥à®¬ â�ª®£® ãáâà®©áâ¢�
ï¢«ï¥âáï áç¥âç¨ª TSC ¯à®æ¥áá®à�.

Šà®¬¥ ¯à®è¥¤è¥£® ¢à¥¬¥−¨ �‘ ¨á¯®«ì§ãîâ �¡á®«îâ−®¥ ¢à¥¬ï, ª®â®à®¥ ¯à¨
áâ�àâ¥ ç¨â�¥âáï ¨§ í−¥à£®−¥§�¢¨á¨¬ëå ç�á®¢ à¥�«ì−®£® ¢à¥¬¥−¨, à�á¯®«®¦¥−−ëå
−� ¬�â¥à¨−áª®© ¯«�â¥ «¨¡® á¨−åà®−¨§¨àã¥âáï á ¯®¬®éìî §�¯à®á� −� á¥à¢¥à
¢à¥¬¥−¨. ‡�â¥¬ �‘ ¬®¦¥â ¨á¯®«ì§®¢�âì ®¤¨− ¨§ ¢ëè¥−�§¢�−−ëå ¬¥â®¤®¢ ¤«ï
¯®¤áç¥â� ¢à¥¬¥−¨, ¯à®è¥¤è¨å á ¬®¬¥−â� ¯¥à¢®© á¨−åà®−¨§�æ¨¨. Šà®¬¥ â®£®,
¤«ï ª®àà¥ªâ¨à®¢ª¨ ç�á®¢ −� ¤«¨â¥«ì−ëå ¯à®¬¥¦ãâª�å à�¡®âë ¨ ¨á¯à�¢«¥−¨ï
¤àã£¨å ®è¨¡®ª ¢ ¨§¬¥à¥−¨¨ ¢ �‘ ¬®¦¥â ¡ëâì §�¯ãé¥−� á¯¥æ¨�«ì−�ï á«ã¦¡�,
¢ë¯®«−ïîé�ï ¯¥à¨®¤¨ç¥áªãî á¨−åà®−¨§�æ¨î ç�á®¢ ¯® á¥â¨.

3.1 Измерение времени через подсчет тиков

�®«ìè¨−áâ¢® �‘ ¨á¯®«ì§ãîâ ¯¥à¢ë© á¯®á®¡ ¯®¤áç¥â� ¯à®è¥¤è¥£® ¢à¥¬¥-
−¨ | ¯®¤áç¥â â¨ª®¢, −®, ª á®¦�«¥−¨î, ®¡¥á¯¥ç¥−¨¥ ª®àà¥ªâ−®© à�¡®âë íâ®£®
¬¥å�−¨§¬� ¢ ‚Œ á¢ï§�−® á −¥ª®â®àë¬¨ âàã¤−®áâï¬¨.

Š�ª ¯à�¢¨«®, ‚Œ à�§¤¥«ïîâ ¬¥¦¤ã á®¡®© �¯¯�à�â−ë¥ à¥áãàáë, ¯à¥¤®áâ�¢«ï-
¥¬ë¥ �‘ å®áâ�. Šà®¬¥ â®£®, −� â®© ¦¥ ¬�è¨−¥ (å®áâ¥) ¢¬¥áâ¥ á ‚Œ, ï¢«ïîé¥©áï
®¡ëç−®© §�¤�ç¥©, ¬®£ãâ à�¡®â�âì ¨ ¤àã£¨¥ ¯à¨«®¦¥−¨ï, â�ª¦¥ ¯®âà¥¡«ïîé¨¥
¯à®æ¥áá®à−®¥ ¢à¥¬ï. �®íâ®¬ã ¢ ¬®¬¥−â, ª®£¤� ‚Œ ¤®«¦−� á£¥−¥à¨à®¢�âì ®ç¥à¥¤-
−®¥ ¯à¥àë¢�−¨¥ ®â ¢¨àâã�«ì−®£® â�©¬¥à�1, ®−� ¬®¦¥â −¥ ¨á¯®«−ïâìáï −� à¥�«ì−®¬
¯à®æ¥áá®à¥, � ®¦¨¤�âì ¯®«ãç¥−¨ï ª¢�−â� ®â ¯«�−¨à®¢é¨ª� §�¤�ç ¢ �‘ å®áâ�. ˆ ¢
¬®¬¥−â ¯®«ãç¥−¨ï ¥î ã¯à�¢«¥−¨ï ã¦¥ ¬®¦¥â −�ª®¯¨âìáï −¥ª®â®à®¥ ç¨á«® íâ¨å
¯à¥àë¢�−¨©.

Š â®¬ã ¦¥, ‚Œ ¬®¦¥â §�¯�§¤ë¢�âì á ®â¯à�¢ª®© ®ç¥à¥¤−®£® ¯à¥àë¢�−¨ï
®â ¢¨àâã�«ì−®£® â�©¬¥à�, ¤�¦¥ ¥á«¨ ¨á¯®«−ï¥âáï ¢ íâ®â ¬®¬¥−â. „¥«® ¢ â®¬,
çâ® «î¡®¥ ‚“ ¤«ï ¢ë¯®«−¥−¨ï ª�ª¨å-«¨¡® ¯¥à¨®¤¨ç¥áª¨å ¤¥©áâ¢¨© ¨á¯®«ì§ã¥â
á¯¥æ¨�«ì−ë© ¬¥å�−¨§¬ â�ª −�§ë¢�¥¬ëå ¯¥à¨®¤¨ç¥áª¨å â�©¬¥à®¢. �â® äã−ªæ¨¨,
ª®â®àë¥ ãáâà®©áâ¢® à¥£¨áâà¨àã¥â ¢ ¬®−¨â®à¥ ‚Œ (Œ‚Œ | ¯à®£à�¬¬� ã¯à�¢-
«¥−¨ï ¢á¥¬¨ ‚Œ) ¨ ª®â®àë¥ ®− ¢ë§ë¢�¥â ¢ ®¯à¥¤¥«¥−−ë¥ ¬®¬¥−âë ¢à¥¬¥−¨ |
−�¯à¨¬¥à, ¢ ¬®¬¥−â ¯®«ãç¥−¨ï ¯à¥àë¢�−¨ï ®â à¥�«ì−®£® �¯¯�à�â−®£® â�©¬¥à�
å®áâ�. �¤−�ª® ¡®«ìè¨−áâ¢® �‘ å®áâ� −¥ ¯à¥¤®áâ�¢«ïîâ ¢®§¬®¦−®áâ¨ ‚Œ
¨§¬¥−ïâì ç�áâ®âã £¥−¥à�æ¨¨ ¯à¥àë¢�−¨© ¢ à¥�«ì−®¬ ãáâà®©áâ¢¥, â�ª ª�ª íâ®
−�àãè¨«® ¡ë −®à¬�«ì−ãî à�¡®âã ¨å á�¬¨å.

ˆ§-§� â®£®, çâ® £®áâ¥¢�ï �‘ ¨§¬¥àï¥â ¢à¥¬ï, ¯®¤áç¨âë¢�ï ¯à¥àë¢�−¨ï, ®−®
¡ã¤¥â ®âáâ�¢�âì ®â à¥�«ì−®£® ¢à¥¬¥−¨, ¥á«¨ ª ¬®¬¥−âã ¯®«ãç¥−¨ï ã¯à�¢«¥−¨ï
‚“ ã¦¥ −�ª®¯«¥−® −¥áª®«ìª® ú¯à®è¥¤è¨åû ¯à¥àë¢�−¨© ¢¨àâã�«ì−®£® â�©¬¥à�.
‚¨àâã�«ì−ë¥ ãáâà®©áâ¢�, ª�ª ¯à�¢¨«®, à¥è�îâ íâã ¯à®¡«¥¬ã, §�¯®¬¨−�ï ¬®¬¥−â

1‡¤¥áì ¨ ¤�«¥¥ ú¢¨àâã�«ì−ë¬ â�©¬¥à®¬û ¨«¨ ¯à®áâ® úâ�©¬¥à®¬û −�§ë¢�¥âáï ®¤−® ¨§ ‚“ˆ‚.
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÷¨á. 2 ƒ¥−¥à�æ¨ï ¯à¥àë¢�−¨© ¢¨àâã�«ì−ë¬ ¨ ä¨§¨ç¥áª¨¬ â�©¬¥à®¬: èâà¨å®¢ë¥
«¨−¨¨ | ¬®¬¥−âë ¢à¥¬¥−¨, ¢ ª®â®àë¥ ¢¨àâã�«ì−ë© â�©¬¥à ¯®«ãç�¥â ã¯à�¢«¥−¨¥

¢à¥¬¥−¨, ¢ ª®â®àë© á£¥−¥à¨à®¢�−® ¯®á«¥¤−¥¥ ¢¨àâã�«ì−®¥ ¯à¥àë¢�−¨¥, ¨ ã¢¥«¨-
ç¨¢�ï ç�áâ®âã ¨å £¥−¥à�æ¨¨, ¥á«¨ âà¥¡ã¥âáï, ¤«ï â®£®, çâ®¡ë ¤�âì ¢®§¬®¦−®áâì
¢¨àâã�«ì−®¬ã ¢à¥¬¥−¨ ú¤®£−�âìû à¥�«ì−®¥.

�� à¨á. 2 ¯®ª�§�−® áà�¢−¥−¨¥ £¥−¥à�æ¨¨ ¯à¥àë¢�−¨© ¢¨àâã�«ì−ë¬ ¨ ä¨-
§¨ç¥áª¨¬ â�©¬¥à®¬. �ã−ªâ¨à®¬ ¯®ª�§�−ë ¢à¥¬¥−− �ë¥ ®âáç¥âë, ¢ ª®â®àë¥ ‚“
â�©¬¥à� ¯®«ãç�¥â ã¯à�¢«¥−¨¥. ˆå ¯¥à¨®¤ −¥ ï¢«ï¥âáï ¯®áâ®ï−−ë¬: ®− ¬®¦¥â
¡ëâì ¬¥−ìè¥ ¨«¨ ¡®«ìè¥ ¯¥à¨®¤� £¥−¥à�æ¨¨ ¯à¥àë¢�−¨© ä¨§¨ç¥áª®£® â�©¬¥à�.
�®íâ®¬ã, ª�ª ¢¨¤−® ¨§ à¨áã−ª�, ¢ ª�¦¤ë© ¬®¬¥−â ¢à¥¬¥−¨, ª®£¤� ‚“ ¯®«ãç�¥â
ã¯à�¢«¥−¨¥, ®−® −�ç¨−�¥â ¢−¥¤àïâì ú¯à®¯ãé¥−−ë¥û ¯à¥àë¢�−¨ï (¥á«¨ á ¬®¬¥−â�
¯à¥¤ë¤ãé¥£® ¢−¥¤à¥−¨ï ¯à®è«® ¤®áâ�â®ç−®¥ ¢à¥¬ï), ¨, â�ª¨¬ ®¡à�§®¬, ç�áâ®â�
¯à¥àë¢�−¨© ®â ‚“ ã¢¥«¨ç¨¢�¥âáï ¨«¨ ã¬¥−ìè�¥âáï.

÷�¡®â� â�ª®£® ¬¥å�−¨§¬� ®á«®¦−ï¥âáï â¥¬, çâ® ®ç¥à¥¤−®¥ ¯à¥àë¢�−¨¥ â�©¬¥à�
−¥ ¬®¦¥â ¡ëâì ¢−¥¤à¥−®, ¯®ª� £®áâ¥¢�ï �‘ −¥ ®¡à�¡®â�«� ¯à¥¤ë¤ãé¥¥, ¨−�ç¥ ®−�
¬®¦¥â ¯à®¯ãáâ¨âì ®ç¥à¥¤−®¥ ¯à¥àë¢�−¨¥ ¨, â�ª¨¬ ®¡à�§®¬, ¯®â¥àïâì ¥£®. �â®
ï¢«¥−¨¥ −�§ë¢�îâ ú¯®â¥à¥© â¨ª�û. �−® ¯à¨¢®¤¨â ª â®¬ã, çâ® ¢ £®áâ¥¢®© �‘
â¥ç¥−¨¥ ¢à¥¬¥−¨ ú§�¬¥¤«ï¥âáïû.

Š�ª ¢¨¤−® ¨§ à¨á. 3, ®¡à�¡®âª� ¯à¥àë¢�−¨© ®â ¢¨àâã�«ì−®£® â�©¬¥à� ¨á-
¯®«ì§ã¥â áâ�−¤�àâ−ãî ¯®á«¥¤®¢�â¥«ì−®áâì ¤¥©áâ¢¨©, ¯à¨−ïâãî ¢ �àå¨â¥ªâãà¥
IBMPC ¯à¨ à�¡®â¥ ¯à®£à�¬¬¨àã¥¬®£® ª®−âà®««¥à� ¯à¥àë¢�−¨© (Programmable
Interrupt Controller | PIC): ‚“ â�©¬¥à� ¯®áë«�¥â §�¯à®á ¯à¥àë¢�−¨ï (Interrupt
Request | IRQ) ¢ ª®−âà®««¥à ¯à¥àë¢�−¨©. ’®â, ¢ á¢®î ®ç¥à¥¤ì, á®®¡é�¥â ®
−�«¨ç¨¨ ¯à¥àë¢�−¨ï –� á¨£−�«®¬ INTR (Interrupt Request). –¥−âà�«ì−ë© ¯à®-
æ¥áá®à ¯¥à¥¤�¥â ã¯à�¢«¥−¨¥ ®¡à�¡®âç¨ªã �¯¯�à�â−®£® ¯à¥àë¢�−¨ï ¨ ®â¯à�¢«ï¥â
¢ ª®−âà®««¥à ¯à¥àë¢�−¨© á¨£−�« ¯®¤â¢¥à¦¤¥−¨ï ®¡à�¡®âª¨ (Interrupt Acknowl-
edge | INTA).
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÷¨á. 3 ‚à¥¬¥−− �ë¥ ¤¨�£à�¬¬ë ®¡à�¡®âª¨ ¯à¥àë¢�−¨© ®â ¢¨àâã�«ì−®£® â�©¬¥à�: èâà¨-
å®¢ë¥ «¨−¨¨ | ¬®¬¥−âë ¢à¥¬¥−¨, ¢ ª®â®àë¥ ¢¨àâã�«ì−ë© â�©¬¥à ¯®«ãç�¥â ã¯à�¢«¥−¨¥

�®ª� ¢¨àâã�«ì−ë¬ ª®−âà®««¥à®¬ −¥ ¯®«ãç¥− á¨£−�« INTA ®â –�, ‚“ â�©¬¥à�
−¥ ¤®«¦−® ¢−¥¤àïâì ®ç¥à¥¤−®¥ ¯à¥àë¢�−¨¥, â�ª ª�ª ª®−âà®««¥à −¥ á¬®¦¥â
á®®¡é¨âì ® −¥¬ –� ¨ ®−® ¯®â¥àï¥âáï. „«ï íâ®£® ¢¨àâã�«ì−ë© ª®−âà®««¥à
¯à¥àë¢�−¨© ¬®¦¥â ¯®¤áç¨âë¢�âì ç¨á«® ¯à¨è¥¤è¨å ¯®¤â¢¥à¦¤¥−¨© (á¨£−�«®¢
INTA), � ‚“ â�©¬¥à� ¢ ¬®¬¥−â ¯®«ãç¥−¨ï ã¯à�¢«¥−¨ï ¯à®¢¥àïâì, ¯à¨è«® «¨
®ç¥à¥¤−®¥ ¯®¤â¢¥à¦¤¥−¨¥ ®â –� ¨ â®«ìª® ¢ íâ®¬ á«ãç�¥ ãáâ�−�¢«¨¢�âì −®¢ë©
§�¯à®á IRQ.

„«ï ã«ãçè¥−¨ï à�¡®âë ¬¥å�−¨§¬� ¢−¥¤à¥−¨ï ú−�ª®¯«¥−−ëåû ¯à¥àë¢�−¨©
â¥å−®«®£¨ï �¯¯�à�â−®© ¢¨àâã�«¨§�æ¨¨ ¯à¥¤«�£�¥â ¬¥å�−¨§¬ â�ª −�§ë¢�¥¬®£®
ú¢ëå®¤� ¯® ®ª−ã ¯à¥àë¢�−¨©û (Interrupt-window exiting) [4]. �− ¯®§¢®«ï¥â
¯à¨ ®ç¥à¥¤−®¬ ¢−¥¤à¥−¨¨ �¯¯�à�â−®£® ¯à¥àë¢�−¨ï ¢ ‚Œ á®®¡é¨âì ¯à®æ¥áá®àã
® −�«¨ç¨¨ ¥é¥ ®¤−®£® ¯à¥àë¢�−¨ï, ®¡à�¡®âª� ª®â®à®£® ¢ −�áâ®ïé¨© ¬®¬¥−â
−¥¢®§¬®¦−� (¨§-§� á¡à®á� ä«�£� IF ¯® ¢å®¤ã ¢ ®¡à�¡®âç¨ª ¨«¨ ¯® ª�ª®©-â®
¤àã£®© ¯à¨ç¨−¥). �®á«¥ íâ®£® –�, ¯à®¤®«¦¨¢ ¨á¯®«−ïâì ª®¤ ‚Œ, ®¡¥á¯¥ç¨¢�¥â
¯®«ãç¥−¨¥ £¨¯¥à¢¨§®à®¬ ã¯à�¢«¥−¨ï, ª�ª â®«ìª® ¢ ‚Œ ¡ã¤ãâ ¢ë¯®«−¥−ë ¢á¥
−¥®¡å®¤¨¬ë¥ ãá«®¢¨ï ¯® ¢®§−¨ª−®¢¥−¨î ®ç¥à¥¤−®£® ¯à¥àë¢�−¨ï (¢ ¯à®áâ¥©è¥¬
á«ãç�¥ | ãáâ�−®¢ª� ä«�£� IF). ‚ íâ®â ¬®¬¥−â £¨¯¥à¢¨§®à ¬®¦¥â ¬�ªá¨¬�«ì−®
¡ëáâà® ¯¥à¥¤�âì ã¯à�¢«¥−¨¥ ¢¨àâã�«ì−®¬ã â�©¬¥àã, ª®â®àë© ç¥à¥§ ¢¨àâã�«ì−ë©
ª®−âà®««¥à PIC ¢ëáâ�¢¨â ®ç¥à¥¤−®© §�¯à®á INTR ¢ –�.
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�¤−�ª® ¢−¥¤à¥−¨¥ −�ª®¯«¥−−ëå ¯à¥àë¢�−¨© á ¯®¢ëè¥−−®© ç�áâ®â®© −¥ à¥-
è�¥â ¯à®¡«¥¬ã ®âáâ�¢�−¨ï ¢à¥¬¥−¨, ¥á«¨ ‚Œ ¨á¯®«−ï¥âáï ¬¥¤«¥−−® (−�¯à¨¬¥à,
¨§-§� ¡®«ìè®£® ç¨á«� ®¤−®¢à¥¬¥−−® à�¡®â�îé¨å ¤àã£¨å ‚Œ −� â®¬ ¦¥ å®áâ¥
¨«¨ ¨§-§� §�£àã¦¥−−®áâ¨ –� ª�ª¨¬¨-«¨¡® ¤àã£¨¬¨ §�¤�ç�¬¨ ¢ �‘ å®áâ�), â�ª
ª�ª ¯à¥àë¢�−¨ï ¯à®áâ® −¥ ãá¯¥¢�îâ ¢−¥¤àïâìáï ¨ ®¡à�¡�âë¢�âìáï £®áâ¥¢®© �‘.
Š�ª ¯à�¢¨«®, ¥á«¨ ú¢à¥¬ï §�¯�§¤ë¢�−¨ïû ¯à®¯ãé¥−−ëå ¯à¥àë¢�−¨© ¤®áâ¨£�¥â
ª�ª®£®-â® ¯à¥¤¥«ì−®£® §−�ç¥−¨ï, áç¥âç¨ª ¯à®¯ãé¥−−ëå ¯à¥àë¢�−¨© á¡à�áë¢�¥â-
áï ¨ ¢à¥¬ï ¢á¥-â�ª¨ â¥àï¥âáï. „«ï ®á¢¥¤®¬«¥−−ëå �‘ ¢ ¤�−−®¬ á«ãç�¥ ¬®¦¥â
¯®«ãç¨âì ã¯à�¢«¥−¨¥ á¯¥æ¨�«ì−ë© á¥à¢¨á, ¢ë¯®«−ïîé¨© á¨−åà®−¨§�æ¨î ¢à¥¬¥-
−¨ £®áâ¥¢®© �‘ ¨ �‘ å®áâ�. �¤−�ª® ¤«ï −¥®á¢¥¤®¬«¥−−ëå �‘ â�ª®£® ¬¥å�−¨§¬�
−¥â, ¨ ¢®ááâ�−®¢¨âì ú¯®â¥àï−−ë© â¨ªû −¥¢®§¬®¦−®.

ˆ−â¥à¢�« ¢à¥¬¥−¨ −�¨¡®«ìè¥£® §�¯�§¤ë¢�−¨ï ¬®¦¥â, −�¯à¨¬¥à, §�¢¨á¥âì ®â
ãáâ�−®¢«¥−−®£® ¯®«ì§®¢�â¥«¥¬ â¨¯� ‚Œ (£®áâ¥¢®© �‘), ãç¨âë¢�ï ®á®¡¥−−®áâ¨
¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ª®−ªà¥â−®© �‘.

„�¦¥ ¥á«¨ ‚Œ ¯à®áâ�¨¢�¥â, ®−� ¤®«¦−� ¯®âà¥¡«ïâì ¯à®æ¥áá®à−®¥ ¢à¥¬ï
å®áâ� ¢ ª�¦¤ë© ¬®¬¥−â ¯®«ãç¥−¨ï ¯à¥àë¢�−¨ï ®â â�©¬¥à�. …á«¨, −�¯à¨¬¥à,
‚Œ âà¥¡ã¥â 100 ¯à¥àë¢�−¨© ¢ á¥ªã−¤ã (çâ® â¨¯¨ç−® ¤«ï Windows-¯®¤®¡−ëå
�‘), ®−� ¤®«¦−� ¯®«ãç�âì ã¯à�¢«¥−¨¥ (¯à¨ £àã¡®¬ ¯à¨¡«¨¦¥−¨¨) ª�ª ¬¨−¨¬ã¬
100 à�§/á. ’�ª¨¬ ®¡à�§®¬, ¥á«¨ à�¡®â�¥â N ‚Œ, â® ¯à�¢¨«ì−�ï ®¡à�¡®âª�
¯à¥àë¢�−¨© â�©¬¥à� âà¥¡ã¥â 100 × N ¯¥à¥ª«îç¥−¨© ª®−â¥ªáâ� ¢ á¥ªã−¤ã, ¤�¦¥
¥á«¨ ¢á¥ N ‚Œ ¯à®áâ�¨¢�îâ.

3.2 Подсчет времени без тиков

„«ï £®áâ¥¢ëå �‘, ¨á¯®«ì§ãîé¨å ¯®¤áç¥â ¢à¥¬¥−¨ ¡¥§ â¨ª®¢, −�¬−®£® ¯à®é¥
®à£�−¨§®¢�âì ¯à�¢¨«ì−ãî à�¡®âã ¢¨àâã�«ì−®£® â�©¬¥à�, å®âï ¥áâì −¥ª®â®àë¥
®á®¡¥−−®áâ¨, −� ª®â®àë¥ −¥®¡å®¤¨¬® ®¡à�â¨âì ¢−¨¬�−¨¥.

‘ ®¤−®© áâ®à®−ë, ¥á«¨ £®áâ¥¢�ï �‘ −¥ ¯®¤áç¨âë¢�¥â â¨ª¨, −¥â −¥®¡å®¤¨¬®áâ¨
§�¬¥àïâì ¢à¥¬ï, ¯à®è¥¤è¥¥ á ¬®¬¥−â� ¯®á«¥¤−¥£® ¢−¥¤à¥−¨ï ¯à¥àë¢�−¨ï ®â
¢¨àâã�«ì−®£® â�©¬¥à� ¤«ï â®£®, çâ®¡ë, ¥á«¨ âà¥¡ã¥âáï, ú¤®£−�âìû à¥�«ì−®¥
¢à¥¬ï. ‚á¥ ¯à®è¥¤è¨¥ ¯à¥àë¢�−¨ï á ¬®¬¥−â� ¯®á«¥¤−¥£® çâ¥−¨ï áç¥âç¨ª� ¬®¦−®
¯à®áâ® á«®¦¨âì ¢¬¥áâ¥ ¨ ¢®§¢à�â¨âì áª®àà¥ªâ¨à®¢�−−®¥ §−�ç¥−¨¥, −¥ §�¡®âïáì ®
ú¯®â¥àï−−ëå â¨ª�åû. �â® áãé¥áâ¢¥−−® íª®−®¬¨â ¯à®æ¥áá®à−®¥ ¢à¥¬ï (å®áâ�),
çâ®, ¢ á¢®î ®ç¥à¥¤ì, ¤¥«�¥â úâ¥ç¥−¨¥û ¢à¥¬¥−¨ ¢ £®áâ¥¢®© �‘ ¡®«¥¥ ª®àà¥ªâ−ë¬
¤�¦¥ á ãç¥â®¬ â®£®, çâ® ‚Œ ¬®¦¥â ¨á¯®«−ïâìáï ®ç¥−ì ¬¥¤«¥−−®.

�¤−�ª®, ¤«ï â®£® çâ®¡ë ¨á¯®«ì§®¢�âì ¢á¥ íâ¨ ¯à¥¨¬ãé¥áâ¢�, Œ‚Œ ¤®«¦¥−
§−�âì, çâ® £®áâ¥¢�ï �‘ ¨á¯®«ì§ã¥â ¯®¤áç¥â ¢à¥¬¥−¨ ¡¥§ â¨ª®¢, ¯®áª®«ìªã ¥á«¨
®−� −� á�¬®¬ ¤¥«¥ áç¨â�¥â â¨ª¨, â® ¯à®¯ãáª�âì ¨å ¡ã¤¥â −¥ª®àà¥ªâ−®. ‘ãé¥áâ¢ã¥â
−¥áª®«ìª® ¬¥â®¤®¢ ®¯à¥¤¥«¥−¨ï ¯®¤áç¥â� ¢à¥¬¥−¨ ¡¥§ â¨ª®¢:

1. …á«¨ £®áâ¥¢�ï �‘ −¥ §�¯à®£à�¬¬¨à®¢�«� −¨ ®¤−® ¨§ ‚“ˆ‚ −� ¯¥à¨®¤¨ç¥-
áªãî £¥−¥à�æ¨î ¯à¥àë¢�−¨©, ¬®¦−® ¯®«�£�âì, çâ® ®−� ¨á¯®«ì§ã¥â ¯®¤áç¥â
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¢à¥¬¥−¨ ¡¥§ â¨ª®¢, å®âï áãé¥áâ¢ãîâ −¥ª®â®àë¥ �‘, −¥ ¯®¤ç¨−ïîé¨¥áï íâ®¬ã
¯à�¢¨«ã.

2. ’¨¯ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¬®¦−® ®¯à¥¤¥«¨âì ¯® ãáâ�−®¢«¥−−®¬ã ¯®«ì§®¢�â¥«¥¬
â¨¯ã £®áâ¥¢®© �‘ (¯à¨ á®§¤�−¨¨ ‚Œ).

3. �á¢¥¤®¬«¥−−ë¥ �‘ ¬®£ãâ á®®¡é¨âì ¨á¯®«ì§ã¥¬ë© â¨¯ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨,
á¤¥«�¢ á®®â¢¥âáâ¢ãîé¨© £¨¯¥à¢ë§®¢ (¢ë§®¢ ¢ Œ‚Œ).

‘â®¨â ®â¬¥â¨âì, çâ® ¢ −¥ª®â®àëå á«ãç�ïå í¬ã«ïæ¨ï ¯®¤áç¥â� â¨ª®¢ ª®àà¥ªâ-
−¥¥, ç¥¬ ¡¥§ −¨å: ¢ ç�áâ−®áâ¨, ¤«ï −¥ª®â®àëå ¯à®£à�¬¬, ®ç¥−ì çã¢áâ¢¨â¥«ì−ëå ª®
¢à¥¬¥−¨, −�¯à¨¬¥à ¯à¨ ¯®¤áç¥â¥ ç¨á«� ¨â¥à�æ¨© æ¨ª«�, à�¡®â�îé¥£® ¢ â¥ç¥−¨¥
§�¤�−−®£® ¨−â¥à¢�«� ¢à¥¬¥−¨. ‚ −¥ª®â®àëå á«ãç�ïå â�ª®© ª®¤ ¡ã¤¥â à�¡®â�âì
¯à�¢¨«ì−¥¥ ¯à¨ ¨§¬¥à¥−¨¨ ¢à¥¬¥−¨ á ¯®¤áç¥â®¬ â¨ª®¢, â�ª ª�ª ¢ â�ª¨å £®áâ¥¢ëå
�‘ ¢à¥¬ï ú§�¬¥¤«ï¥âáïû, ª®£¤� á�¬� ‚Œ §�¬¥¤«ï¥â á¢®î à�¡®âã.

3.3 Реальное время

‹î¡®© �‘ ª�ª ¯à¨ à�¡®â¥ −� ä¨§¨ç¥áª®© ¬�è¨−¥, â�ª ¨ −� ¢¨àâã�«ì−®©,
âà¥¡ã¥âáï ¨−¨æ¨�«¨§¨à®¢�âì ç�áë ª®àà¥ªâ−ë¬ §−�ç¥−¨¥¬ à¥�«ì−®£® ¢à¥¬¥−¨ ¯à¨
§�£àã§ª¥ ¨ ¯®áâ®ï−−® ®¡−®¢«ïâì ¥£®.

‚¨àâã�«ì−�ï ¬�è¨−� ¯à¥¤®áâ�¢«ï¥â â¥ ¦¥ ¢®§¬®¦−®áâ¨ ¤«ï à�¡®âë á à¥�«ì-
−ë¬ ¢à¥¬¥−¥¬, çâ® ¨ ä¨§¨ç¥áª�ï:

{ ‚“ ç�á®¢ à¥�«ì−®£® ¢à¥¬¥−¨ CMOS, ª®â®à®¥, ª�ª ¯à�¢¨«®, ¯à¨ áâ�àâ¥ ¨−¨-
æ¨�«¨§¨àã¥âáï §−�ç¥−¨¥¬, åà�−ïé¨¬áï ¢ à¥�«ì−®¬ ä¨§¨ç¥áª®¬ ãáâà®©áâ¢¥;

{ á¨−åà®−¨§�æ¨ï ¢à¥¬¥−¨ ¯® á¥â¨ á á¥à¢¥à®¬ ¢à¥¬¥−¨ ç¥à¥§ ‚“ á¥â¥¢®£®
�¤�¯â¥à�;

{ á¨−åà®−¨§�æ¨ï ¢à¥¬¥−¨ á �‘ å®áâ� (â®«ìª® ¤«ï ®á¢¥¤®¬«¥−−ëå �‘); ¯à¨
íâ®¬ ¤«ï ¯¥à¥¤�ç¨ §−�ç¥−¨ï «ãçè¥ ¨á¯®«ì§®¢�âì ä®à¬�â UTC (Coordinated
Universal Time | ã−¨¢¥àá�«ì−®¥ ª®®à¤¨−¨à®¢�−−®¥ ¢à¥¬ï). ‚ íâ®¬ á«ãç�¥
£®áâ¥¢�ï �‘ ¨ �‘ å®áâ� ¬®£ãâ ¨á¯®«ì§®¢�âì à�§−ë¥ ¢à¥¬¥−− �ë¥ §®−ë.

‚¨àâã�«ì−ë¥ ¬�è¨−ë â�ª¦¥ ¨¬¥îâ á«¥¤ãîéãî ®á®¡¥−−®áâì: ¥á«¨ ‚Œ ¢®§®¡-
−®¢«ï¥â á¢®î à�¡®âã ¯®á«¥ ¯à¨®áâ�−®¢ª¨ ¨«¨ ¨§ ¬£−®¢¥−−®£® á−¨¬ª� á®áâ®ï−¨ï,
â® §−�ç¥−¨¥ à¥�«ì−®£® ¢à¥¬¥−¨ ¢ −¥© ®áâ�¥âáï â¥¬, ª®â®à®¥ ¡ë«® −� ¬®¬¥−â ®áâ�-
−®¢ª¨ ¥¥ à�¡®âë. �á¢¥¤®¬«¥−−ë¥ �‘ ¢ íâ®¬ á«ãç�¥ ¨á¯®«ì§ãîâ £¨¯¥à¢ë§®¢ë
¤«ï á¨−åà®−¨§�æ¨¨ ¢à¥¬¥−¨ á �‘ å®áâ�. �¤−�ª® ¢ −¥ª®â®àëå á«ãç�ïå âà¥¡ã¥âáï
ä¨ªâ¨¢−®¥ ¢à¥¬ï, −¥ á¢ï§�−−®¥ á å®áâ®¬, ¯®íâ®¬ã â�ªãî á¨−åà®−¨§�æ¨î, ª�ª
¯à�¢¨«®, ¤¥«�îâ ®¯æ¨®−�«ì−®©.

�� ¤«¨â¥«ì−ëå ¯à®¬¥¦ãâª�å ¢à¥¬¥−¨ à¥�«ì−ë¥ ãáâà®©áâ¢� ¨§¬¥à¥−¨ï ¢à¥-
¬¥−¨ ¬®£ãâ −�ª�¯«¨¢�âì ¯®£à¥è−®áâì, ª®â®à�ï á®áâ�¢«ï¥â ¤¥áïâ¨âëáïç−ë¥ ¤®«¨ ¢
¡�®«ìèãî ¨«¨ ¬¥−ìèãî áâ®à®−ã ¢ §�¢¨á¨¬®áâ¨ ®â â¥¬¯¥à�âãàë ¢−ãâà¨ ¬¨ªà®áå¥-
¬ë. ‚ ‚“ˆ‚ ª íâ®© ¯®£à¥è−®áâ¨ ¯à¨¡�¢«ï¥âáï ¥é¥ ¨ ¯®£à¥è−®áâì ®ªàã£«¥−¨ï,
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�á®¡¥−−®áâ¨ à¥�«¨§�æ¨¨ ãáâà®©áâ¢ ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¢ ¢¨àâã�«ì−ëå ¬�è¨−�å

ª®â®à�ï −�ª�¯«¨¢�¥âáï ¯à¨ ¢ëç¨á«¥−¨¨ ¢¥«¨ç¨−ë ª®àà¥ªæ¨¨ ¢à¥¬¥−¨ ¢ ‚“, ¯®-
íâ®¬ã, ¥á«¨ £®áâ¥¢�ï �‘ à�¡®â�¥â ¢ ‚Œ ®ç¥−ì ¤®«£®, −¥®¡å®¤¨¬® ¯à¥¤ãá¬®âà¥âì
¬¥å�−¨§¬ ª®àà¥ªæ¨¨ ¢à¥¬¥−¨, −�¯à¨¬¥à á¨−åà®−¨§¨à®¢�âì ¢à¥¬ï ç¥à¥§ á¥âì.

4 Заключение

‚ áâ�âì¥ ¯¥à¥ç¨á«¥−ë ®á−®¢−ë¥ ãáâà®©áâ¢� ¨§¬¥à¥−¨ï ¢à¥¬¥−¨ ¯¥àá®−�«ì-
−®£® ª®¬¯ìîâ¥à�, � â�ª¦¥ ®á−®¢−ë¥ âàã¤−®áâ¨, á ª®â®àë¬¨ ¬®¦¥â áâ®«ª−ãâìáï
à�§à�¡®âç¨ª «î¡®£® ¨§ ‚“ˆ‚, ¨ ¯®ª�§�−ë ¢®§¬®¦−ë¥ ¯ãâ¨ ¨å à¥è¥−¨ï.

�¡¥á¯¥ç¨âì ª®àà¥ªâ−®áâì à�¡®âë ‚“ˆ‚ ¨ á®®â¢¥âáâ¢¥−−® â®ç−®áâì ¨§¬¥à¥−¨ï
¢à¥¬¥−¨ ¢ £®áâ¥¢®© �‘ ®ç¥−ì á«®¦−®, � §�ç�áâãî | −¥¢®§¬®¦−®. �¤−�ª® áâ®¨â
®â¬¥â¨âì, çâ® ¢ ¡®«ìè¨−áâ¢¥ á«ãç�¥¢ ¤«ï −®à¬�«ì−®© à�¡®âë £®áâ¥¢®© �‘
âà¥¡ã¥âáï −¥ â®ç−®¥ á®®â¢¥âáâ¢¨¥ à�¡®âë ‚“ˆ‚ ¥£® �¯¯�à�â−®¬ã �−�«®£ã, �
á®£«�á®¢�−−®áâì à�¡®âë ¢á¥å ‚“ ¢ á®áâ�¢¥ ¯«�âä®à¬ë ¢¨àâã�«¨§�æ¨¨.
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ОБСЛУЖИВАНИЕ ЗАПРОСОВ ПРЯМОГО ДОСТУПА
К ПАМЯТИ В КОНТРОЛЛЕРАХ ЖЕСТКИХ ДИСКОВ

ВИРТУАЛЬНЫХ МАШИН

М. А. Шпадырев1

�−−®â�æ¨ï: ‘â�âìï ¯®á¢ïé¥−� ®á®¡¥−−®áâï¬ ®¡á«ã¦¨¢�−¨ï §�¯à®á®¢ ¯àï¬®£®
¤®áâã¯� ª ¯�¬ïâ¨ (�„�) ¢ à¥�«ì−ëå ¨ ¢¨àâã�«ì−ëå ª®−âà®««¥à�å ¦¥áâª¨å
¤¨áª®¢. �¯¨á�−ë áãé¥áâ¢ãîé¨¥ ¬¥â®¤ë ®¡á«ã¦¨¢�−¨ï â�ª¨å §�¯à®á®¢ ¢
¢¨àâã�«ì−ëå ¬�è¨−�å (‚Œ), � â�ª¦¥ ¯à¥¤«®¦¥− −®¢ë© ¬¥â®¤, ®á−®¢�−−ë© −�
®¡à�¡®âª¥ ¤�−−ëå ¢ −¥áª®«ìª¨å −¨âïå.

Š«îç¥¢ë¥ á«®¢�: ª®−âà®««¥à ¦¥áâª¨å ¤¨áª®¢; ¯àï¬®© ¤®áâã¯ ª ¯�¬ïâ¨;
¢¨àâã�«ì−�ï ¬�è¨−�; ¢¨àâã�«ì−®¥ ãáâà®©áâ¢®; £¨¯¥à¢¨§®à

1 Введение

‘®¢à¥¬¥−−ë¥ ¯«�âä®à¬ë ¢¨àâã�«¨§�æ¨¨ ¢ª«îç�îâ ¢ á¥¡ï ®¤¨− ¨«¨ −¥áª®«ìª®
ª®¬¯ìîâ¥à®¢, −�§ë¢�¥¬ëå å®áâ�¬¨, ®¯¥à�æ¨®−−ãî á¨áâ¥¬ã (�‘) å®áâ�, � â�ª¦¥
¬®¤ã«ì ã¯à�¢«¥−¨ï ‚Œ (¬®−¨â®à ¢¨àâã�«ì−ëå ¬�è¨−) ¢¬¥áâ¥ á ¢¨àâã�«ì−ë¬¨
ãáâà®©áâ¢�¬¨ [1].

�� á¥£®¤−ï ¨§¢¥áâ−® −¥áª®«ìª® ¬¥â®¤®¢ à¥�«¨§�æ¨¨ ¢¨àâã�«ì−ëå ãáâà®©áâ¢
(‚“) ¢ á®áâ�¢¥ ‚Œ, ª�¦¤ë© ¨§ ª®â®àëå ¨¬¥¥â á¢®¨ ¯à¥¨¬ãé¥áâ¢� ¨ −¥¤®áâ�â-
ª¨ [1]. �¤−�ª® −�¨¡®«¥¥ §−�ç¨¬ë¬ ªà¨â¥à¨¥¬ ¢ë¡®à� â®£® ¨«¨ ¨−®£® ¬¥â®¤�
ï¢«ï¥âáï ¯à®¨§¢®¤¨â¥«ì−®áâì ª�¦¤®£® ¨§ ‚“, ¯®áª®«ìªã ¨¬¥−−® ®−� ¢ §−�ç¨-
â¥«ì−®© áâ¥¯¥−¨ ®¯à¥¤¥«ï¥â ¯à®¨§¢®¤¨â¥«ì−®áâì ‚Œ ¢ æ¥«®¬. � íâ® −�¯àï¬ãî
á¢ï§�−® á ª�ç¥áâ¢®¬ ãá«ã£, ¯à¥¤®áâ�¢«ï¥¬ëå ¯«�âä®à¬®© ¢¨àâã�«¨§�æ¨¨.

Š á®¦�«¥−¨î, «î¡®¥ ‚“ (§� à¥¤ª¨¬ ¨áª«îç¥−¨¥¬) ¢á¥£¤� ¡ã¤¥â ¯à®¨£àë¢�âì
¢ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ á¢®¥¬ã �¯¯�à�â−®¬ã �−�«®£ã. ’¥¬ −¥ ¬¥−¥¥, ¯à¨ à�§à�¡®âª¥
‚“ ¢á¥£¤� áâà¥¬ïâáï ¬�ªá¨¬�«ì−® ¯à¨¡«¨§¨âì ¯®ª�§�â¥«¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ª
�−�«®£¨ç−ë¬ ¯®ª�§�â¥«ï¬ à¥�«ì−®£® ãáâà®©áâ¢�. „«ï à�§−ëå ãáâà®©áâ¢ áâ¥¯¥−ì
íâ®£® ¯à¨¡«¨¦¥−¨ï ¡ã¤¥â à�§−®©. �à¨ íâ®¬ ®ç¥¢¨¤−®, çâ® ¢ á®áâ�¢¥ «î¡®©
¢ëç¨á«¨â¥«ì−®© á¨áâ¥¬ë −¥ ¤®«¦−® ¡ëâì ¬¥¤«¥−−® à�¡®â�îé¨å ª®¬¯®−¥−â®¢,
¯®áª®«ìªã ®−¨ ¡ã¤ãâ â®à¬®§¨âì à�¡®âã ¤àã£¨å. ˆ, ª�ª ¯®ª�§ë¢�îâ à¥§ã«ìâ�âë
â¥áâ®¢, ®¯ã¡«¨ª®¢�−−ë¥ ¢ ®âªàëâëå ¨áâ®ç−¨ª�å, ¯®¤á¨áâ¥¬� åà�−¥−¨ï ¤�−−ëå
á¥£®¤−ï −�¨¡®«¥¥ âàã¤−® ¯®¤¤�¥âáï ¢¨àâã�«¨§�æ¨¨.

“áâà®©áâ¢� åà�−¥−¨ï ¤�−−ëå | ®¤−� ¨§ −¥®âê¥¬«¥¬ëå ç�áâ¥© ‚Œ. �à¥¦¤¥
¢á¥£®, íâ® PCI-á®¢¬¥áâ¨¬ë© IDE-ª®−âà®««¥à ¦¥áâª¨å ¤¨áª®¢ ¨ CD-ROM,

1�¥−§¥−áª¨© £®áã¤�àáâ¢¥−−ë© ã−¨¢¥àá¨â¥â, lordm@nm.ru

152



�¡á«ã¦¨¢�−¨¥ §�¯à®á®¢ ¯àï¬®£® ¤®áâã¯� ª ¯�¬ïâ¨ ¢ ª®−âà®««¥à�å ¦¥áâª¨å ¤¨áª®¢ ‚Œ

¢å®¤ïé¨© ¢ á®áâ�¢ ¬¨ªà®áå¥¬ë î¦−®£® ¬®áâ� [2]. „�−−�ï áâ�âìï ¯®á¢ïé¥−�
¢®¯à®á�¬ ®¡á«ã¦¨¢�−¨ï §�¯à®á®¢ ¯àï¬®£® ¤®áâã¯� ª ¯�¬ïâ¨ (�„�) ¢ ¢¨àâã�«ì−®¬
ª®−âà®««¥à¥ IDE.

2 PIO и DMA запросы в реальном контроллере IDE

�à®£à�¬¬−ë© ¢¢®¤/¢ë¢®¤ (�−£«. Programmed input/output, PIO) | ¬¥-
â®¤ ¯¥à¥¤�ç¨ ¤�−−ëå ¬¥¦¤ã ¤¢ã¬ï ãáâà®©áâ¢�¬¨, ¨á¯®«ì§ãîé¨© æ¥−âà�«ì−ë©
¯à®æ¥áá®à (–�) ª�ª ç�áâì ¬�àèàãâ� ¤�−−ëå.

‚ à¥�«ì−®¬ ª®−âà®««¥à¥ IDE, à�¡®â�îé¥¬ ¢ à¥¦¨¬¥ PIO, ¤«ï ¯¥à¥¤�ç¨
¤�−−ëå ¨á¯®«ì§ã¥âáï á¯¥æ¨�«ì−ë© ¯®àâ ¤�−−ëå [3, 4]. �à¨ íâ®¬ ¤«ï çâ¥−¨ï
®ç¥à¥¤−®£® á¥ªâ®à� ¤¨áª� –� ¯®á«¥ ¯®¤£®â®¢ª¨ á®®â¢¥âáâ¢ãîé¥£® §�¯à®á� çâ¥−¨ï
¨ ®â¯à�¢ª¨ ¥£® ¢ ª®−âà®««¥à ®¦¨¤�¥â ¯®ï¢«¥−¨ï §�¯à®á� �¯¯�à�â−®£® ¯à¥àë¢�−¨ï
®â −¥£®. �¯¯�à�â−®¥ ¯à¥àë¢�−¨¥ á«ã¦¨â á¨£−�«®¬ ® â®¬, çâ® ¤�−−ë¥ £®â®¢ë (¨«¨
¯à®¨§®è«� ®è¨¡ª�, −® íâ®â á«ãç�© ¬ë §¤¥áì −¥ à�áá¬�âà¨¢�¥¬), ¯®á«¥ ç¥£® –�
−�ç¨−�¥â ç¨â�âì ¤�−−ë¥ ¨§ ¯®àâ� ¤�−−ëå ¨ §�¯¨áë¢�âì ¨å ¢ ¯�¬ïâì. ‡� ®¤¨−
¤®áâã¯ ª ¯®àâã ¢¢®¤�/¢ë¢®¤� –� −¥ ¬®¦¥â áç¨â�âì ¡®«ìè¥ ¤¢®©−®£® á«®¢�
(32 ¡¨â�), � ¤«ï −¥ª®â®àëå ª®−âà®««¥à®¢ −¥ ¡®«ìè¥ 16-¡¨â−®£® á«®¢�, ¨ ¯®íâ®¬ã
¢ë−ã¦¤¥− ¢ë¯®«−ïâì íâã ®¯¥à�æ¨î ¢ æ¨ª«¥ ¤® â¥å ¯®à, ¯®ª� ¢á¥ ¤�−−ë¥ −¥ ¡ã¤ãâ
¯¥à¥¬¥é¥−ë ¨§ ãáâà®©áâ¢� ¢ ¯�¬ïâì.

’�ª¨¬ ®¡à�§®¬, £«�¢−ë¬ −¥¤®áâ�âª®¬ à¥¦¨¬� PIO ï¢«ï¥âáï â®, çâ® –�
§�£àã¦¥− ¢ë¯®«−¥−¨¥¬ ®¯¥à�æ¨¨ ¢¢®¤�/¢ë¢®¤� ¤® ¬®¬¥−â� ¥¥ −¥¯®áà¥¤áâ¢¥−-
−®£® §�¢¥àè¥−¨ï, çâ®, ¥áâ¥áâ¢¥−−®, −¥ «ãçè¨¬ ®¡à�§®¬ áª�§ë¢�¥âáï −� ®¡é¥©
¯à®¨§¢®¤¨â¥«ì−®áâ¨ á¨áâ¥¬ë. �â®£® −¥¤®áâ�âª� «¨è¥− à¥¦¨¬ �„�.

�àï¬®© ¤®áâã¯ ª ¯�¬ïâ¨ (�−£«. Direct Memory Access, DMA) | à¥¦¨¬
®¡¬¥−� ¤�−−ë¬¨ ¬¥¦¤ã ãáâà®©áâ¢�¬¨ ¨«¨ ¦¥ ¬¥¦¤ã ãáâà®©áâ¢®¬ ¨ ®¯¥à�â¨¢−®©
¯�¬ïâìî ¡¥§ ãç�áâ¨ï –�.

‚ à¥¦¨¬¥ �„� ¯® áà�¢−¥−¨î á PIO-à¥¦¨¬®¬ áª®à®áâì ¯¥à¥¤�ç¨ ¤�−−ëå
¢®§à�áâ�¥â ¡«�£®¤�àï â®¬ã, çâ® ¤�−−ë¥ ¯¥à¥áë«�îâáï, ¬¨−ãï –�. �â ¯®á«¥¤−¥£®
âà¥¡ã¥âáï «¨èì á®®â¢¥âáâ¢ãîé¨¬ ®¡à�§®¬ ¨−¨æ¨�«¨§¨à®¢�âì ª®−âà®««¥à ¨ ¨−¨-
æ¨¨à®¢�âì ®¯¥à�æ¨î ¯¥à¥¤�ç¨ ¤�−−ëå ¢ à¥¦¨¬¥ �„�. �®á«¥ íâ®£® –� ¬®¦¥â
¢¥à−ãâìáï ª ¨á¯®«−¥−¨î ª�ª¨å-«¨¡® ¤àã£¨å ®¯¥à�æ¨© (¢ ¬−®£®§�¤�ç−®© �‘), �
−¥¯®áà¥¤áâ¢¥−−ãî §�¯¨áì ¨«¨ çâ¥−¨¥ ¤�−−ëå ¨§ ª®−âà®««¥à� IDE ¢ ®¯¥à�â¨¢-
−ãî ¯�¬ïâì ¢ë¯®«−ï¥â ª®−âà®««¥à DMA (¬¨ªà®áå¥¬� Intel 8237), ª®â®àë©, ª�ª
¯à�¢¨«®, ¢å®¤¨â ¢ á®áâ�¢ PCI-á®¢¬¥áâ¨¬®£® IDE-ª®−âà®««¥à�.

DMA-ª®−âà®««¥à ¬®¦¥â ¯®«ãç�âì ¤®áâã¯ ª á¨áâ¥¬−®© è¨−¥ −¥§�¢¨á¨¬® ®â
–� ¨ á®¤¥à¦¨â −¥áª®«ìª® à¥£¨áâà®¢, ¤®áâã¯−ëå –� ¤«ï çâ¥−¨ï ¨ §�¯¨á¨.
÷¥£¨áâàë ª®−âà®««¥à� §�¤�îâ −�¯à�¢«¥−¨¥ ¯¥à¥¤�ç¨ ¤�−−ëå (çâ¥−¨¥/§�¯¨áì),
¥¤¨−¨æã ¯¥à¥¤�ç¨ (¯®¡�©â−®/¯®á«®¢−®), ç¨á«® ¡�©â®¢, ª®â®à®¥ á«¥¤ã¥â ¯¥à¥¤�âì.

Šà®¬¥ â®£®, ¢ à¥¦¨¬¥ �„� ¤�−−ë¥ ¯¥à¥áë«�îâáï áà�§ã ¡®«ìè¨¬ ¡«®ª®¬
á«®¢, ¨¤ãé¨å ¯® �¤à¥á�¬, à�á¯®«®¦¥−−ë¬ ¯®á«¥¤®¢�â¥«ì−®, çâ® áãé¥áâ¢¥−−®
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Œ. �. ˜¯�¤ëà¥¢

÷¨á. 1 ”®à¬�â ¤¥áªà¨¯â®à� PRD

ãáª®àï¥â à�¡®âã á¨áâ¥¬−®© è¨−ë, â�ª ª�ª ¢ë¯®«−ï¥âáï ¢á¥£® ®¤¨− æ¨ª« �¤à¥á� ¨
¬−®£®ç¨á«¥−−ë¥ æ¨ª«ë ¤�−−ëå.

�¡«�áâì ®¯¥à�â¨¢−®© ¯�¬ïâ¨ ¤«ï ¯¥à¥¤�ç¨ ¤�−−ëå §�¤�¥âáï ¤«ï ª®−âà®«-
«¥à� DMA ¯à¨ ¯®¬®é¨ â�¡«¨æë ¤¥áªà¨¯â®à®¢ ä¨§¨ç¥áª¨å ®¡«�áâ¥© ¯�¬ïâ¨
PRDT (Physical Region Descriptor Table | â�¡«¨æ� ¤¥áªà¨¯â®à®¢ ä¨§¨ç¥áª¨å
à¥£¨®−®¢). ’�¡«¨æ� á®áâ®¨â ¨§ ®¤−®£® ¨«¨ −¥áª®«ìª¨å 8-¡�©â−ëå ¤¥áªà¨¯â®à®¢
PRD (Physical Region Descriptor | ¤¥áªà¨¯â®à ä¨§¨ç¥áª®£® à¥£¨®−�), ª®â®àë¥
¨ ®¯¨áë¢�îâ ¨á¯®«ì§ã¥¬ë¥ ¯à¨ ¯¥à¥¤�ç¥ ¤�−−ëå ãç�áâª¨ ®¯¥à�â¨¢−®© ¯�¬ïâ¨.
÷�§¬¥à â�¡«¨æë −¥ ¤®«¦¥− ¯à¥¢ëè�âì 64 Š¡�©â, â. ¥. â�¡«¨æ� ¬®¦¥â á®¤¥à¦�âì
¤® 8192 í«¥¬¥−â®¢.

”®à¬�â ¤¥áªà¨¯â®à� PRD ¯®ª�§�− −� à¨á. 1. ”¨§¨ç¥áª¨© �¤à¥á ãç�áâª�
¯�¬ïâ¨ ¢ëà�¢−¨¢�¥âáï −� á«®¢®, â. ¥. ¤®«¦¥− ¡ëâì ç¥â−ë¬ 32-à�§àï¤−ë¬ ç¨á«®¬.

÷¨á. 2 ’�¡«¨æ� PRDT ¨ �¤à¥áã¥¬ë¥ ãç�áâª¨ ä¨§¨ç¥áª®© ¯�¬ïâ¨
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�¡á«ã¦¨¢�−¨¥ §�¯à®á®¢ ¯àï¬®£® ¤®áâã¯� ª ¯�¬ïâ¨ ¢ ª®−âà®««¥à�å ¦¥áâª¨å ¤¨áª®¢ ‚Œ

‘ç¥âç¨ª ¡�©â ¤®«¦¥− ¡ëâì ç¥â−ë¬ 16-à�§àï¤−ë¬ ç¨á«®¬. ‚ á«®¢¥ ¯à¨§−�ª� ª®−æ�
â�¡«¨æë ¨á¯®«ì§ã¥âáï â®«ìª® áâ�àè¨© à�§àï¤, ª®â®àë© ¯à¨−¨¬�¥â §−�ç¥−¨¥ 1
ã ¯®á«¥¤−¥£® í«¥¬¥−â� â�¡«¨æë, � ã ®áâ�«ì−ëå í«¥¬¥−â®¢ à�¢¥− 0. ‘ã¬¬�à−ë©
à�§¬¥à ¢á¥å ®¡«�áâ¥©, ®¯¨á�−−ëå ¢ PRDT, −¥ ¤®«¦¥− ¡ëâì ¬¥−ìè¥ ®¡ê¥¬�
¤�−−ëå, §�¤�−−ëå ª®−âà®««¥àã IDE ¢ ª®¬�−¤¥ ¯¥à¥¤�ç¨ ¤�−−ëå ¢ à¥¦¨¬¥ �„�.

‚ ¯®«¥ áç¥âç¨ª� ¡�©â®¢ ¬®¦¥â −�å®¤¨âìáï «î¡®¥ ç¨á«® ®â 0 ¤® FFFEh. �à¨
íâ®¬ §−�ç¥−¨¥ 0 á®®â¢¥âáâ¢ã¥â 10000h, â. ¥. à�§¬¥à ãç�áâª� ¬®¦¥â ¢�àì¨à®¢�âìáï
®â 2 ¡�©â ¤® 64 Š¡�©â. �� ¯à�ªâ¨ª¥ ¤à�©¢¥à ¦¥áâª®£® ¤¨áª�, ¢å®¤ïé¨© ¢
á®áâ�¢ �‘, ¨−¨æ¨�«¨§¨àã¥â áç¥âç¨ª ¡�©â®¢ §−�ç¥−¨¥¬ 64 Š¡�©â� (¬�ªá¨¬�«ì−®
¢®§¬®¦−ë© ¡«®ª ¤�−−ëå), 4 K¡�©â� (à�§¬¥à áâà�−¨æë) ¨«¨ à�§¬¥à®¬ ®¤−®© ¨§
¤¨áª®¢ëå áâàãªâãà | á¥ªâ®à� ¨«¨ ª«�áâ¥à�. ÷�§¬¥à ¢á¥å ¨á¯®«ì§ã¥¬ëå ãç�áâª®¢,
ª�ª ¯à�¢¨«®, ®¤¨−�ª®¢ë©.

�� à¨á. 2 ¯®ª�§�− ¯à¨¬¥à â�¡«¨æë PRDT ¨ �¤à¥áã¥¬ë¥ ãç�áâª¨ ä¨§¨ç¥áª®©
¯�¬ïâ¨.

3 PIO и DMA запросы в виртуальном контроллере IDE

3.1 Общие сведения

‹î¡®¥ ‚“ ¢ á®áâ�¢¥ ‚Œ ¬®¦¥â ¢§�¨¬®¤¥©áâ¢®¢�âì á ¯à®æ¥áá®à®¬ ¨ á ¤àã£¨¬¨
‚“ á«¥¤ãîé¨¬¨ á¯®á®¡�¬¨ [1]:

{ çâ¥−¨¥ ¨«¨ §�¯¨áì ¢ ¯�¬ïâì ‚“, ®â®¡à�¦¥−−ãî ¢ ¯à®áâà�−áâ¢® ä¨§¨ç¥áª®©
¯�¬ïâ¨;

{ çâ¥−¨¥ ¨«¨ §�¯¨áì ¢ ¯�¬ïâì ‚“, ®â®¡à�¦¥−−ãî ¢ ¯à®áâà�−áâ¢® ¢¢®¤�/¢ë-
¢®¤�;

{ çâ¥−¨¥ ¨«¨ §�¯¨áì ‚“ ¤�−−ëå ¢ ®¯¥à�â¨¢−ãî ¯�¬ïâì ‚Œ;

{ ãáâ�−®¢ª� ‚“ á¨£−�«� ¯à¥àë¢�−¨ï («¨¡® ¢ ª®−âà®««¥à¥ ¯à¥àë¢�−¨©, «¨¡®
−�¯àï¬ãî ¢ ¯à®æ¥áá®à).

�à¨¬¥−¨â¥«ì−® ª ¢¨àâã�«ì−®¬ã ª®−âà®««¥àã IDE ¬®¦−® ®â¬¥â¨âì, çâ® ¢
à¥¦¨¬¥ PIO ¤�−−ë¥ ¯¥à¥¤�îâáï ¨áª«îç¨â¥«ì−® ç¥à¥§ �¤à¥á−®¥ ¯à®áâà�−áâ¢®
¢¢®¤�/¢ë¢®¤� –�, � ¢ à¥¦¨¬¥ �„� ç¥à¥§ ¯®àâë ¢¢®¤�/¢ë¢®¤� ¨¤¥â â®«ìª®
¯¥à¥¤�ç� ª®¬�−¤ ª®−âà®««¥àã, ¢ ª®â®àëå á®¤¥à¦�âáï ¢á¥ −¥®¡å®¤¨¬ë¥ ¯�à�¬¥âàë
¯¥à¥¤�ç¨ ¤�−−ëå, � â�ª¦¥ á¨£−�« ¨−¨æ¨�æ¨¨ ¯¥à¥¤�ç¨. �®á«¥ ¯à¨−ïâ¨ï ª®¬�−¤ë
−�ç�«� ¯¥à¥¤�ç¨ ª®−âà®««¥à −¥ −�£àã¦�¥â –�, � −�ç¨−�¥â ç¨â�âì ¨«¨ §�¯¨áë¢�âì
¤�−−ë¥ ¢ à¥¦¨¬¥ Bus Master −�¯àï¬ãî ¢ ®¯¥à�â¨¢−ãî ¯�¬ïâì ‚Œ.

�®á«¥ â®£® ª�ª ¯¥à¥¤�ç� ¤�−−ëå §�¢¥àè¥−�, ª®−âà®««¥à ãáâ�−�¢«¨¢�¥â §�¯à®á
¯à¥àë¢�−¨ï ¢ ¢¨àâã�«ì−®¬ ª®−âà®««¥à¥ ¯à¥àë¢�−¨©, çâ® ®á¢®¡®¦¤�¥â ª®−âà®«-
«¥à IDE ¤«ï ®¡à�¡®âª¨ á«¥¤ãîé¥£® §�¯à®á�. Š®−âà®««¥à ¯à¥àë¢�−¨© ¢ á¢®î
®ç¥à¥¤ì á®®¡é�¥â –� ® ¯®áâã¯¨¢è¥¬ §�¯à®á¥. ‚ ‚Œ, ª�ª ¯à�¢¨«®, −�«¨ç¨¥
§�¯à®á®¢ �¯¯�à�â−ëå ¯à¥àë¢�−¨© ¯à®¢¥àï¥âáï á ®¯à¥¤¥«¥−−®© ¯¥à¨®¤¨ç−®áâìî,
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¯®íâ®¬ã, −�¯à¨¬¥à, ¯®á«¥ ®ç¥à¥¤−®© ¯¥à¥¤�ç¨ ã¯à�¢«¥−¨ï ¨§ ‚Œ ¢ £¨¯¥à¢¨§®à
–� ¡ã¤¥â ¢ë§¢�− á®®â¢¥âáâ¢ãîé¨© ®¡à�¡®âç¨ª ¯à¥àë¢�−¨©, � §�â¥¬ ®− ¢−®¢ì
¯à®¤®«¦¨â ¨á¯®«−ïâì ª®¤ ‚Œ, ®¦¨¤�ï ¯à¨å®¤� ®ç¥à¥¤−®£® §�¯à®á� ¯à¥àë¢�−¨ï.

‘ãé¥áâ¢ãîâ −¥áª®«ìª® ¢�à¨�−â®¢ à¥�«¨§�æ¨¨ ®¡à�¡®âª¨ §�¯à®á®¢ �„� ¢
‚Œ:

(1) ®¡à�¡®âª� §�¯à®á®¢ �„� ¢ ®á−®¢−®© −¨â¨ ¢¨àâã�«ì−®£® ¯à®æ¥áá®à�;

(2) ®¡à�¡®âª� §�¯à®á®¢ �„� ¢ ®â¤¥«ì−®© −¨â¨ ¢¨àâã�«ì−®£® ª®−âà®««¥à� IDE;

(3) ®¡à�¡®âª� §�¯à®á®¢ �„� ¢ −¥áª®«ìª¨å ®â¤¥«ì−ëå −¨âïå ¢¨àâã�«ì−®£®
ª®−âà®««¥à� IDE.

÷¨á. 3 �¡à�¡®âª� §�¯à®á®¢ �„� ¢ ®á−®¢−®© −¨â¨
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�¡á«ã¦¨¢�−¨¥ §�¯à®á®¢ ¯àï¬®£® ¤®áâã¯� ª ¯�¬ïâ¨ ¢ ª®−âà®««¥à�å ¦¥áâª¨å ¤¨áª®¢ ‚Œ

3.2 Обработка запросов прямого доступа к памяти в основной нити
виртуального процессора

„�−−ë© á¯®á®¡ ¯à®£à�¬¬−®© à¥�«¨§�æ¨¨ ®¡à�¡®âª¨ §�¯à®á®¢ �„� ¯®¤à�-
§ã¬¥¢�¥â −�«¨ç¨¥ á¯¥æ¨�«ì−®© äã−ªæ¨¨, ¢ë¯®«−ïîé¥© ®¡à�¡®âªã ¢á¥å ¯®áâã-
¯¨¢è¨å §�¯à®á®¢ á¨−åà®−−® ¢ ®á−®¢−®© −¨â¨ ¢¨àâã�«ì−®£® ¯à®æ¥áá®à�. Š�ª
¢¨¤−® ¨§ à¨á. 3 (áâà¥«ª�¬¨ ¯®ª�§�−� ¯¥à¥¤�ç� ã¯à�¢«¥−¨ï), ¢ íâ®© ¦¥ −¨â¨
£¨¯¥à¢¨§®à ¢ë¯®«−ï¥â ¢á¥ −¥®¡å®¤¨¬ë¥ ¤¥©áâ¢¨ï ¯® ã¯à�¢«¥−¨î ‚Œ: ®¡à�¡®â-
ª� ¨áª«îç¥−¨© (á«¥¤áâ¢¨¥¬ ª®â®àëå ¬®¦¥â ¡ëâì í¬ã«ïæ¨ï ¨−áâàãªæ¨© ¤®áâã¯�
ª ¯®àâ�¬ ¢¢®¤�/¢ë¢®¤�, â. ¥. ¯¥à¥¤�ç� ã¯à�¢«¥−¨ï ¢ á®®â¢¥âáâ¢ãîé¥¥ ¢¨àâã-
�«ì−®¥ ãáâà®©áâ¢® [5, 6]), ®¡à�¡®âª� ¯®áâã¯¨¢è¨å �¯¯�à�â−ëå ¯à¥àë¢�−¨© ®â
¢¨àâã�«ì−ëå ãáâà®©áâ¢ ¨ â. ¯.

�®íâ®¬ã, −¥á¬®âàï −� â® çâ® ¤�−−ë© á¯®á®¡ −�¨¡®«¥¥ ¯à®áâ ¤«ï à¥�«¨§�æ¨¨,
®− ä�ªâ¨ç¥áª¨ −¥ ¤�¥â −¨ª�ª®£® ¯à¥¨¬ãé¥áâ¢� ®¡à�¡®âª¨ DMA-§�¯à®á®¢ ¯®
áà�¢−¥−¨î á PIO. ’�ª ª�ª ®¡à�¡®âª� §�¯à®á� ¯à®¨áå®¤¨â á¨−åà®−−®, ®á−®¢−�ï
−¨âì ¢¨àâã�«ì−®£® –� ¢ë−ã¦¤¥−� ¯à®áâ�¨¢�âì, ¤®¦¨¤�ïáì §�¢¥àè¥−¨ï ®¯¥-
à�æ¨© á ¢¨àâã�«ì−ë¬ ¤¨áª®¬ ¨ ãáâ�−®¢ª¨ §�¯à®á� ¯à¥àë¢�−¨ï ¢ ¢¨àâã�«ì−®¬
ª®−âà®««¥à¥ ¯à¥àë¢�−¨©, çâ® â®à¬®§¨â à�¡®âã ¢á¥© ‚Œ ¢ æ¥«®¬.

3.3 Обработка запросов прямого доступа к памяти в отдельной нити

„�−−ë© á¯®á®¡ ¯à®£à�¬¬−®© à¥�«¨§�æ¨¨ ®¡à�¡®âª¨ §�¯à®á®¢ �„� ¯® «®£¨ª¥
á¢®¥© à�¡®âë −�¨¡®«¥¥ ¯à¨¡«¨¦¥− ª à�¡®â¥ à¥�«ì−®£® ª®−âà®««¥à� IDE (à¨á. 4),
¯®áª®«ìªã ®¡à�¡®âª� ¯à®¨áå®¤¨â �á¨−åà®−−® ¢ ®â¤¥«ì−®© −¨â¨, à�¡®â�îé¥© ¢
¢¨àâã�«ì−®¬ ª®−âà®««¥à¥, ¨ ¯®íâ®¬ã ®− ¨á¯®«ì§ã¥âáï ¢ ¡®«ìè¨−áâ¢¥ á®¢à¥¬¥−−ëå
¯«�âä®à¬ ¢¨àâã�«¨§�æ¨¨ (¥á«¨ �−�«¨§¨à®¢�âì ¯«�âä®à¬ë á ®âªàëâë¬ ¨áå®¤−ë¬
ª®¤®¬).

ƒ¨¯¥à¢¨§®à ¯à¨ ®¡à�¡®âª¥ ®ç¥à¥¤−®£® ¨áª«îç¥−¨ï, á¢ï§�−−®£® á ¤®áâã¯®¬
ª ¯®àâ�¬ ¢¢®¤�/¢ë¢®¤� ª®−âà®««¥à� IDE, ¯¥à¥¤�¥â ã¯à�¢«¥−¨¥ ¢¨àâã�«ì−®¬ã
ª®−âà®««¥àã, ª®â®àë© «¨èì à¥£¨áâà¨àã¥â §�¯à®á �„� (§�¯®¬¨−�ï ¢á¥£® ¥£®
¯�à�¬¥âàë) ¨ áà�§ã ¦¥ ¢®§¢à�é�¥â ã¯à�¢«¥−¨¥ ®á−®¢−®© −¨â¨ ¢¨àâã�«ì−®£® –�,
ª®â®à�ï ¬®¦¥â ¯à®¤®«¦¨âì á¢®î ú¯à¨¢ëç−ãîû à�¡®âã. ’�ª¦¥ ¢¨àâã�«ì−ë© ª®−-
âà®««¥à IDE ¯à®¡ã¦¤�¥â á®¡áâ¢¥−−ãî −¨âì, ®¦¨¤�îéãî ¯®áâã¯«¥−¨¥ §�¯à®á®¢
�„�. �â� −¨âì −�ç¨−�¥â ®¡¬¥− ¬¥¦¤ã ®¯¥à�â¨¢−®© ¯�¬ïâìî ‚Œ ¨ ¢¨àâã�«ì−ë¬
¦¥áâª¨¬ ¤¨áª®¬, ¢ â® ¢à¥¬ï ª�ª ¢ ¬−®£®§�¤�ç−®© �‘ å®áâ� ª®¤ £®áâ¥¢®© �‘ ¯à®-
¤®«¦�¥â ¨á¯®«−ïâìáï ¢ ¤àã£®© −¨â¨. Š®£¤� ®¡¬¥− §�¢¥àè¥−, −¨âì ¢¨àâã�«ì−®£®
ª®−âà®««¥à� IDE ¢ëáâ�¢«ï¥â §�¯à®á ¯à¥àë¢�−¨ï ¢ ª®−âà®««¥à¥ ¯à¥àë¢�−¨©, ¨
íâ®â §�¯à®á ã¦¥ ®¡à�¡�âë¢�¥âáï £¨¯¥à¢¨§®à®¬ ¢ ®á−®¢−®© −¨â¨ ¢¨àâã�«ì−®£® –�
−� ®ç¥à¥¤−®© ¨â¥à�æ¨¨ ¯®«ãç¥−¨ï ¨¬ ã¯à�¢«¥−¨ï.

�®â¥à¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¢ ¤�−−®¬ á«ãç�¥ ¢®§−¨ª�îâ â®«ìª® ¢ á¨âã�æ¨ïå
¯¨ª®¢®© −�£àã§ª¨ −� ª®−âà®««¥à, ª®£¤� §�¯à®áë �„� ¯®áâã¯�îâ â�ª ¡ëáâà®, çâ®
®ç¥à¥¤−®© §�¯à®á −¥ ãá¯¥¢�¥â ®¡à�¡�âë¢�âìáï ¤® ¬®¬¥−â� ¯à¨å®¤� á«¥¤ãîé¥£®.
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÷¨á. 4 �¡à�¡®âª� §�¯à®á®¢ �„� ¢ ®â¤¥«ì−®© −¨â¨

�¤−�ª® ¯à¥¤«®¦¥−−ë© −¨¦¥ á¯®á®¡ ¯®§¢®«ï¥â ç�áâ¨ç−® −¨¢¥«¨à®¢�âì ¯®¤®¡−ë¥
§�¤¥à¦ª¨.

3.4 Обработка запросов прямого доступа к памяти в нескольких нитях

�� à¨á. 5 áå¥¬�â¨ç−® ¯®ª�§�−� à¥�«¨§�æ¨ï ®¡à�¡®âª¨ §�¯à®á®¢ �„� ¢ −¥-
áª®«ìª¨å −¨âïå (−� à¨áã−ª¥ ¯®ª�§�− â®«ìª® ¢¨àâã�«ì−ë© ª®−âà®««¥à IDE).
‚ ¤�−−®¬ á«ãç�¥ ¢−ãâà¨ ¢¨àâã�«ì−®£® ª®−âà®««¥à� à�¡®â�îâ áà�§ã −¥áª®«ìª®
−¨â¥©, ª�¦¤�ï ¨§ ª®â®àëå ®¡à�¡�âë¢�¥â ®¯à¥¤¥«¥−−ë© â¨¯ §�¯à®á®¢. Œ�àè-
àãâ¨§�æ¨ï §�¯à®á� ¯à®¨áå®¤¨â áà�§ã ¦¥ ¯®á«¥ ¥£® à¥£¨áâà�æ¨¨ (¯à¨ ¤®áâã¯¥ ª
�¤à¥á−®¬ã ¯à®áâà�−áâ¢ã ¢¢®¤�/¢ë¢®¤� ‚“).

‡�¯à®áë ¬®¦−® à�§¤¥«ïâì ¯® à�§−ë¬ ªà¨â¥à¨ï¬, ª«�áá¨ä¨æ¨àãîé¨¬ §�¯à®-
áë á®®â¢¥âáâ¢¥−−® ¢®§¬®¦−®áâ¨ ¨å ®¤−®¢à¥¬¥−−®© (¯�à�««¥«ì−®©) ®¡à�¡®âª¨.
��¯à¨¬¥à, ¨áå®¤−®¥ ¨ æ¥«¥¢®¥ ¢¨àâã�«ì−®¥ ãáâà®©áâ¢® (¦¥áâª¨© ¤¨áª, CD-
ROM), ¤®áâã¯ −� çâ¥−¨¥ ¨ §�¯¨áì, �¤à¥á� ¤®áâã¯� ª ®¯¥à�â¨¢−®© ¯�¬ïâ¨ ¨ â. ¯.

„�−−ë© á¯®á®¡ ¤�¥â ®¯à¥¤¥«¥−−ë© ¯à¨à®áâ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¤¨áª®¢®©
¯®¤á¨áâ¥¬ë ¢ ‚Œ, ¯®áª®«ìªã ¯®§¢®«ï¥â ®¡à�¡�âë¢�âì −¥áª®«ìª® §�¯à®á®¢ ¯�-
à�««¥«ì−®. ’¥å−¨ç¥áª¨ íâ® à�¡®â�¥â ¤�¦¥ ¨−â¥««¥ªâã�«ì−¥¥, ç¥¬ à¥�«ì−®¥
�¯¯�à�â−®¥ ãáâà®©áâ¢®, ¯®áª®«ìªã ¯®á«¥¤−¥¥ ¯®§¢®«ï¥â §�å¢�âë¢�âì è¨−ã ¢ à¥-
¦¨¬¥ Bus Master â®«ìª® ®¤−®¬ã ¨§ ¯®¤ª«îç¥−−ëå ª −¥© ãáâà®©áâ¢ ¢ ®¤¨− ¬®¬¥−â
¢à¥¬¥−¨. �¤−�ª® â�ª�ï à¥�«¨§�æ¨ï âà¥¡ã¥â ¤®¯®«−¨â¥«ì−®© «®£¨ª¨, ª®â®à�ï

158 ‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ ¢ë¯ãáª 21 ü 1 2011



�¡á«ã¦¨¢�−¨¥ §�¯à®á®¢ ¯àï¬®£® ¤®áâã¯� ª ¯�¬ïâ¨ ¢ ª®−âà®««¥à�å ¦¥áâª¨å ¤¨áª®¢ ‚Œ

÷¨á. 5 �¡à�¡®âª� §�¯à®á®¢ �„� ¢ −¥áª®«ìª¨å −¨âïå

¡ã¤¥â ®áãé¥áâ¢«ïâì á¨−åà®−¨§�æ¨î ¤®áâã¯� ª −¥áª®«ìª¨¬ ªà¨â¨ç¥áª¨¬ à¥áãàá�¬
¢ á®áâ�¢¥ ‚Œ. �â® á«¥¤ãîé¨¥ à¥áãàáë:

(1) á¥ªâ®à� ¢¨àâã�«ì−®£® ¤¨áª�;

(2) ïç¥©ª¨ ®¯¥à�â¨¢−®© ¯�¬ïâ¨;

(3) §�¯à®á ¢ ¢¨àâã�«ì−®¬ ª®−âà®««¥à¥ ¯à¥àë¢�−¨© ®â ®¯à¥¤¥«¥−−®£® ª�−�«�
IDE.

�à® ¯¥à¢ë¥ ¤¢� ¯ã−ªâ� á«¥¤ã¥â ®â¬¥â¨âì á«¥¤ãîé¥¥. �ç¥¢¨¤−®, çâ® ¬ë
−¥ ¬®¦¥¬ ¯à¥¤®áâ�¢¨âì ¤®áâã¯ −� çâ¥−¨¥ ®¯à¥¤¥«¥−−®£® á¥ªâ®à� ¢¨àâã�«ì−®£®
¤¨áª� ¨«¨ ïç¥©ª¨ ®¯¥à�â¨¢−®© ¯�¬ïâ¨, ¥á«¨ ¤«ï −¥¥ ¢ ¤�−−ë© ¬®¬¥−â ¢à¥¬¥−¨ −¥
§�¢¥àè¥−� ®â«®¦¥−−�ï ®¯¥à�æ¨ï §�¯¨á¨.

’�ª¦¥ ¢¨àâã�«ì−ë© ª®−âà®««¥à ¯à¥àë¢�−¨© ¤®«¦¥− ®¦¨¤�âì ¯®¤â¢¥à¦¤¥-
−¨ï ¯à¨−ïâ¨ï –� §�¯à®á� ¯à¥àë¢�−¨ï ®â ®¤−®£® ¨§ ª�−�«®¢ IDE (ª®â®à®¬ã
á®®â¢¥âáâ¢ã¥â á¢®© −®¬¥à IRQ) ¤® â®£®, ª�ª á¬®¦¥â ®â¯à�¢¨âì á«¥¤ãîé¨© §�¯à®á.

4 Заключение

Š�¦¤ë© ¨§ ®¯¨á�−−ëå ¢ ¤�−−®© áâ�âì¥ ¬¥â®¤®¢ ®¡à�¡®âª¨ §�¯à®á®¢ �„�
¨¬¥¥â á¢®¨ ¯à¥¨¬ãé¥áâ¢� ¨ −¥¤®áâ�âª¨, � â�ª¦¥ ®â«¨ç�¥âáï ¯® âàã¤®¥¬ª®áâ¨
á¢®¥© ¯à�ªâ¨ç¥áª®© à¥�«¨§�æ¨¨.

�à®¡«¥¬� ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ¤¨áª®¢®© ¯®¤á¨áâ¥¬ë ¢ ‚Œ ¯®-¯à¥¦−¥¬ã
®áâ�¥âáï ®ç¥−ì �ªâã�«ì−®©, ¨ ¯à¨ −¥¢®§¬®¦−®áâ¨ ãá®¢¥àè¥−áâ¢®¢�−¨ï ¬¥â®¤®¢
à¥�«¨§�æ¨¨ ¢¨àâã�«ì−ëå ª®−âà®««¥à®¢ IDE ¥¥ à¥è�îâ ¯à®áâë¬ ã¢¥«¨ç¥−¨¥¬
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¢ëç¨á«¨â¥«ì−ëå ¬®é−®áâ¥©, çâ®, ¥áâ¥áâ¢¥−−®, ã¢¥«¨ç¨¢�¥â ¨ ä¨−�−á®¢ë¥ §�âà�-
âë. �®¢ë¥ ¬¥â®¤ë ¨ à�§à�¡®âª¨ ¢ ¤�−−®© ®¡«�áâ¨ ¯®§¢®«ïâ á®ªà�â¨âì ¤�−−ë¥
à�áå®¤ë.
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АКАДЕМИК В. С. ПУГАЧЁВ: КРАТКИЙ ОЧЕРК НАУЧНОЙ,
ПЕДАГОГИЧЕСКОЙ, НАУЧНО-ОРГАНИЗАЦИОННОЙ

И ОБЩЕСТВЕННОЙ ДЕЯТЕЛЬНОСТИ

И. А. Соколов1, И. Н. Синицын2

�ª�¤¥¬¨ª ‚«�¤¨¬¨à ‘¥¬ñ−®¢¨ç �ã£�çñ¢ | ¢ë¤�îé¨©áï á®¢¥âáª¨© ãç¥−ë©,
®á−®¢®¯®«®¦−¨ª áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ã¯à�¢«ï¥¬ëå á¨áâ¥¬, �¢â®à äã−¤�¬¥−-
â�«ì−ëå à�¡®â ¢ ®¡«�áâ¨ �¢¨�æ¨®−−®© ¡�««¨áâ¨ª¨ ¨ ¤¨−�¬¨ª¨ ¯®«¥â�, â¥®à¨¨
¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© ¨ â¥®à¨¨ ¢¥à®ïâ−®áâ¥©, â¥®à¨¨ ã¯à�¢«¥−¨ï ¨
¨−ä®à¬�â¨ª¨.

‚. ‘. �ã£�çñ¢ à®¤¨«áï 25 ¬�àâ� 1911 £. ¢ £®à®¤¥ ÷ï§�−¨. …£® ®â¥æ ‘¥¬ñ−
�−¤à¥¥¢¨ç �ã£�çñ¢ ¡ë« ®¤−¨¬ ¨§ �ªâ¨¢−ëå ãç�áâ−¨ª®¢ áâà®¨â¥«ìáâ¢� Šà�á−®©
�à¬¨¨, á®à�â−¨ª®¬ Œ. �. ’ãå�ç¥¢áª®£®, ƒ. Š. �à¤¦®−¨ª¨¤§¥ ¨ Œ. ‚. ”àã−§¥.

‘ ¤¥âáª¨å «¥â ®− ¨−â¥à¥á®¢�«áï �¢â®¬®¡¨«ï¬¨ ¨ «¥â�â¥«ì−ë¬¨ �¯¯�à�â�¬¨,
ã¢«¥ª�«áï �áâà®−®¬¨¥© ¨ ¬�â¥¬�â¨ª®©. ‚ 15-«¥â−¥¬ ¢®§à�áâ¥ á�¬®áâ®ïâ¥«ì−®
¨§ãç¨« ®á−®¢ë �−�«¨â¨ç¥áª®© £¥®¬¥âà¨¨ ¨ ¬�â¥¬�â¨ç¥áª®£® �−�«¨§�, ç¨â�« ª−¨-
£¨ −� �−£«¨©áª®¬ ¨ äà�−æã§áª®¬ ï§ëª�å, §�−¨¬�«áï ¬ã§ëª®© ¨ ¦¨¢®¯¨áìî.
‚. ‘. �ã£�çñ¢ ®ª®−ç¨« èª®«ã-á¥¬¨«¥âªã ¢ £. Œ®áª¥ ¢ 1926 £. ‘«¥¤ãï âà�¤¨æ¨-
ï¬ á¥¬ì¨ ¯® «¨−¨¨ ¬�â¥à¨, ‚. ‘. �ã£�çñ¢ à¥è¨« áâ�âì ¨−¦¥−¥à®¬-¯ãâ¥©æ¥¬ ¨
¯®áâã¯¨« ¢ 1928 £. ¢ Œ®áª®¢áª¨© ¨−áâ¨âãâ ¨−¦¥−¥à®¢ âà�−á¯®àâ�.

‚ 1929 £. ¯® á¯¥æ−�¡®àã ¡ë« ¯¥à¥¢¥¤¥− −� ¢â®à®© ªãàá ¨−¦¥−¥à−®£® ä�-
ªã«ìâ¥â� ‚‚� ¨¬. �. …. †ãª®¢áª®£®. ‚áï ¯®áâ�−®¢ª� ®¡ãç¥−¨ï ¢ �ª�¤¥¬¨¨
á¯®á®¡áâ¢®¢�«� ¡ëáâà®¬ã ä®à¬¨à®¢�−¨î ¨−¦¥−¥à®¢ ¨ ãç¥−ëå ¢ ®¡«�áâ¨ �¢¨�-
æ¨¨. �â®¬ã ¯®¬®£«� ¨ ¯à�ªâ¨ª�, ª®â®àãî ‚. ‘. ¯à®è¥« ¢ ª®−áâàãªâ®àáª¨å ¡îà®
�. �. ’ã¯®«¥¢� ¨ ‘. ‚. ˆ«ìîè¨−�. �− ®ª®−ç¨« �ª�¤¥¬¨î §� ¤¢� £®¤� ¨ ¢ 1931 £.
¡ë« ®áâ�¢«¥− ¢ −¥© �¤êî−ªâ®¬. �¤−�ª® ¢¢¨¤ã −¥®¡å®¤¨¬®áâ¨ ãá¨«¨âì ¯à�ªâ¨ç¥-
áª¨¥ à�¡®âë ¤«ï ®¡¥á¯¥ç¥−¨ï ¡ëáâà¥©è¥£® à�§¢¨â¨ï �¢¨�æ¨®−−®© â¥å−¨ª¨ ç¥à¥§
¯®«£®¤� «¥â®¬ 1932 £. ‚. ‘. �ã£�çñ¢ ¡ë« −�§−�ç¥− −�ç�«ì−¨ª®¬ ¢ëç¨á«¨â¥«ì−®£®
á¥ªâ®à� ��ãç−®-¨á¯ëâ�â¥«ì−®£® ¨−áâ¨âãâ� ‚‚‘.

‚. ‘. �ã£�çñ¢ å®à®è® ¯®−¨¬�«, çâ® á®§¤�¢�âì �¢¨�æ¨®−−ãî −�ãªã −¥¢®§¬®¦-
−® ¡¥§ £«ã¡®ª¨å §−�−¨© ¢ ®¡«�áâ¨ ¬�â¥¬�â¨ª¨. ‚ â¥ç¥−¨¥ ¯®«ã£®¤� ¢ ª®−æ¥ 1932 ¨ ¢
−�ç�«¥ 1933 £. ®− á¤�« íªáâ¥à−®¬ íª§�¬¥−ë §� ¬¥å�−¨ª®-¬�â¥¬�â¨ç¥áª¨© ä�ªã«ì-
â¥â Œƒ“. ‚ íâ® ¢à¥¬ï ‚. ‘. �ã£�çñ¢ −�ç�« á®âàã¤−¨ç�âì á â�ª¨¬¨ ¢ë¤�îé¨¬¨áï

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, isokolov@ipiran.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬�â¨ª¨ ÷®áá¨©áª®© �ª�¤¥¬¨¨ −�ãª, sinitsin@dol.ru
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ãç¥−ë¬¨ ¨ ¯¥¤�£®£�¬¨, ª�ª ç«¥−-ª®àà¥á¯®−¤¥−â �� ‘‘‘÷ ‚. ‚. ƒ®«ã¡¥¢, ¯à®-
ä¥áá®à� �. �. �ãå£®«ìæ, ˆ. ˆ. �à¨¢�«®¢ ¨ ‚. ‚. ‘â¥¯�−®¢. “ç�áâ¢®¢�« ¢ à�¡®â¥
á¥¬¨−�à� ¯à®ä¥áá®à� �. �. ‚¨ââ� ¯® −¥«¨−¥©−ë¬ ª®«¥¡�−¨ï¬.

÷¥è�ï ¢�¦−ë¥ §�¤�ç¨ ¯® á®áâ�¢«¥−¨î ¡�««¨áâ¨ç¥áª¨å â�¡«¨æ ¤«ï �¢¨�¡®¬¡,
‚. ‘. �ã£�çñ¢ à�§à�¡®â�« −®¢ë© ¬¥â®¤ à�áç¥â� âà�¥ªâ®à¨© �¢¨�¡®¬¡, ¯à¨¬¥−¨¢
¢¯¥à¢ë¥ ¢ ¬¨à®¢®© −�ãª¥ ¬¥â®¤ ¬�«®£® ¯�à�¬¥âà� �ã�−ª�à¥ ª §�¤�ç�¬ ¡�««¨-
áâ¨ª¨. �â� à�¡®â� ¡ë«� ¢ëá®ª® ®æ¥−¥−� ¢ë¤�îé¨¬áï á®¢¥âáª¨¬ á¯¥æ¨�«¨áâ®¬
¢ ®¡«�áâ¨ ¢−¥è−¥© ¡�««¨áâ¨ª¨ ¯à®ä¥áá®à®¬ „. �. ‚¥−âæ¥«¥¬. ��ç¨−�ï á ®á¥−¨
1932 £. ¯® ¬�àâ 1934 £. −�¯¨á�« ª�−¤¨¤�âáªãî ¤¨áá¥àâ�æ¨î ú� ¯à¨¬¥−¥−¨¨
¬¥â®¤� �ã�−ª�à¥ ª ¨−â¥£à¨à®¢�−¨î ãà�¢−¥−¨ï ¤¢¨¦¥−¨ï ¡®¬¡ë, á¡à®è¥−−®© á
á�¬®«¥â�û.

‚ 1935 £. ‚. ‘. �ã£�çñ¢ ¡ë« −�§−�ç¥− −�ç�«ì−¨ª®¬ ª�ä¥¤àë ¢®§¤ãè−®©
áâà¥«ì¡ë ‚‚� ¨¬. �. …. †ãª®¢áª®£®. ‚ ª®à®âª¨© áà®ª ¨¬ ¡ë«¨ à�§à�¡®â�−ë
®á−®¢ë â¥®à¨¨ ¢®§¤ãè−®© áâà¥«ì¡ë | −®¢®© ®âà�á«¨ �¢¨�æ¨®−−®© −�ãª¨, á®§¤�−
ãç¥¡−ë© ªãàá, −�¯¨á�− ãç¥¡−¨ª ¨ ¯®¤£®â®¢«¥−ë −�ãç−®-¯¥¤�£®£¨ç¥áª¨¥ ª�¤àë.
‚¯®á«¥¤áâ¢¨¨ ¯¥à¢®−�ç�«ì−® ¨§¤�−−ë© ‚‚� ¨¬. �. …. †ãª®¢áª®£® ãç¥¡−¨ª «¥£
¢ ®á−®¢ã ª−¨£¨ ú’¥®à¨ï ¢®§¤ãè−®© áâà¥«ì¡ëû (1940). ‚ �¯à¥«¥ 1939 £. §�é¨â¨«
¤®ªâ®àáªãî ¤¨áá¥àâ�æ¨î −� â¥¬ã ú�¡é�ï §�¤�ç� ® ¤¢¨¦¥−¨¨ ¢à�é�îé¥£®áï
�àâ¨««¥à¨©áª®£® á−�àï¤� ¢ ¢®§¤ãå¥û.

‚ íâ®¬ ¦¥ £®¤ã ‚. ‘. �ã£�çñ¢ ¢ë¯®«−¨« à�¡®âã ¯® ª®¬¯«¥ªá−®© ®æ¥−ª¥ íä-
ä¥ªâ¨¢−®áâ¨ áâà¥«ì¡ë ¢ ¢®§¤ãè−®¬ ¡®î, ¢¯¥à¢ë¥ ¯à¨¬¥−¨¢ ¬¥â®¤ë ¨áá«¥¤®¢�−¨ï
®¯¥à�æ¨© ¨ á¨áâ¥¬−®£® �−�«¨§� ¤«ï −�ãç−®£® ®¡®á−®¢�−¨ï −�¯à�¢«¥−¨© à�§¢¨â¨ï
�¢¨�æ¨®−−®© â¥å−¨ª¨. ’�ª¨¬ ®¡à�§®¬, ‚. ‘. �ã£�çñ¢ ï¢«ï¥âáï ®á−®¢®¯®«®¦−¨-
ª®¬ ¨áá«¥¤®¢�−¨ï ®¯¥à�æ¨© ¨ á¨áâ¥¬−®£® �−�«¨§� ¢ −�è¥© áâà�−¥, −� −¥áª®«ìª®
«¥â ®¯¥à¥¤¨¢è¨¬ �−�«®£¨ç−ë¥ ¨áá«¥¤®¢�−¨ï §� àã¡¥¦®¬.

�à¨ à�§à�¡®âª¥ ¢®¯à®á®¢ â¥®à¨¨ ¢®§¤ãè−®© áâà¥«ì¡ë ‚. ‘. �ã£�çñ¢ã ¯à¨-
å®¤¨«®áì à¥è�âì §�¤�ç¨, ®¯à¥¤¥«¨¢è¨¥ −®¢®¥ −�¯à�¢«¥−¨¥ ¢® ¢−¥è−¥© ¡�««¨-
áâ¨ª¥ | �¢¨�æ¨®−−ãî ¡�««¨áâ¨ªã. ‚ ¯®¨áª�å ¬¥â®¤®¢ à¥è¥−¨ï −®¢ëå §�¤�ç
¡�««¨áâ¨ª¨ ‚. ‘. �ã£�çñ¢ ¢−¥á áãé¥áâ¢¥−−ë© ¢ª«�¤ ¢ �−�«¨â¨ç¥áªãî â¥®à¨î
¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨© | à�§¢¨« â¥®à¨î −®¢ëå ª«�áá®¢ �á¨¬¯â®â¨ç¥áª¨å
à�§«®¦¥−¨© à¥è¥−¨© «¨−¥©−ëå ¤¨ää¥à¥−æ¨�«ì−ëå ãà�¢−¥−¨©, á®¤¥à¦�é¨å ¯�-
à�¬¥âà.

‚ ãá«®¢¨ïå −�à�áâ�¢è¥© ã£à®§ë á® áâ®à®−ë ä�è¨áâáª®© ƒ¥à¬�−¨¨ ‚. ‘. �ã-
£�çñ¢ ãç�áâ¢®¢�« ¢ ª�ç¥áâ¢¥ àãª®¢®¤¨â¥«ï ¨ ®â¢¥âáâ¢¥−−®£® ¨á¯®«−¨â¥«ï ¢ ¢ë-
¯®«−¥−¨¨ à�¡®â, −�¯à�¢«¥−−ëå −¥¯®áà¥¤áâ¢¥−−® −� ¯®¢ëè¥−¨¥ íää¥ªâ¨¢−®áâ¨
�¢¨�æ¨®−−®© â¥å−¨ª¨ ¨ ¢ £®¤ë ¢®©−ë ¢¬¥áâ¥ á® ¢á¥¬ ª®««¥ªâ¨¢®¬ ‚‚� ¨¬.
�. …. †ãª®¢áª®£® ¯à®¤®«¦�« ¢® ¢á¥ ã¢¥«¨ç¨¢�¢è¨åáï ¬�áèâ�¡�å à�¡®âã ¯®
¯®¤£®â®¢ª¥ �¢¨�æ¨®−−ëå ¨−¦¥−¥à®¢ ¤«ï äà®−â�. ‘ ®ªâï¡àï 1943 £. ¯® á¥−âï¡àì
1944 £. ‚. ‘. �ã£�çñ¢ à�¡®â�« §�¬¥áâ¨â¥«¥¬ −�ç�«ì−¨ª� ��ãç−®-¨á¯ëâ�â¥«ì−®£®
¨−áâ¨âãâ� �¢¨�¢®®àã¦¥−¨ï ¯® −�ãç−®© à�¡®â¥, ¯à®¤®«¦�ï ¯® á®¢¬¥áâ¨â¥«ìáâ¢ã
à�¡®âã −�ç�«ì−¨ª� ª�ä¥¤àë ‚‚� ¨¬. �. …. †ãª®¢áª®£®.
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�ª�¤¥¬¨ª ‚. ‘. �ã£�çñ¢: ªà�âª¨© ®ç¥àª ¤¥ïâ¥«ì−®áâ¨

„«ï à¥è¥−¨ï àï¤� ¢�¦−ëå §�¤�ç, á¢ï§�−−ëå á ¯®¢ëè¥−¨¥¬ íää¥ªâ¨¢−®áâ¨
áâà¥«ì¡ë ¨ ¡®¬¡®¬¥â�−¨ï, âà¥¡®¢�«®áì ¨§ãç¥−¨¥ ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï ¢ ãá«®-
¢¨ïå á«ãç�©−ëå ¢®§¬ãé¥−¨©. ‚ â® ¢à¥¬ï ¢ ¬¨à®¢®© «¨â¥à�âãà¥ ¤«ï ¯®¤®¡−ëå
§�¤�ç −¥ áãé¥áâ¢®¢�«® ¬¥â®¤®¢ à¥è¥−¨ï. ‚ ¯®¨áª�å ¨å ‚. ‘. �ã£�çñ¢ à�§à�¡®-
â�« ®¡éãî â¥®à¨î á¨áâ¥¬, ®¯¨áë¢�¥¬ëå áâ®å�áâ¨ç¥áª¨¬¨ ¤¨ää¥à¥−æ¨�«ì−ë¬¨
ãà�¢−¥−¨ï¬¨. ÷�¡®â®© ú‘«ãç�©−ë¥ äã−ªæ¨¨, ®¯à¥¤¥«ï¥¬ë¥ ®¡ëª−®¢¥−−ë¬¨
¤¨ää¥à¥−æ¨�«ì−ë¬¨ ãà�¢−¥−¨ï¬¨û (1944) ¡ë«¨ §�«®¦¥−ë ®á−®¢ë −®¢®£® −�ãç-
−®£® −�¯à�¢«¥−¨ï | áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï (áâ�â¨áâ¨ç¥-
áª®© ¤¨−�¬¨ª¨) §�¤®«£® ¤® ¯®ï¢«¥−¨ï ¯ã¡«¨ª�æ¨© ¢ íâ®© ®¡«�áâ¨ §� àã¡¥¦®¬.
‚. ‘. �ã£�çñ¢ë¬ ¢¯¥à¢ë¥ ¨§ãç�«¨áì áâ®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−æ¨�«ì−ë¥ ãà�¢−¥-
−¨ï á «î¡ë¬¨ ¯à®æ¥áá�¬¨ á −¥§�¢¨á¨¬ë¬¨ ¯à¨à�é¥−¨ï¬¨.

‚ ¯¥à¨®¤ 1946{1949 ££. ‚. ‘. �ã£�çñ¢ ¢¥« −�ãç−ãî à�¡®âã ¯® á®¢¬¥áâ¨â¥«ì-
áâ¢ã ¢ �ˆˆ-2 Œ¨−¨áâ¥àáâ¢� �¢¨�æ¨®−−®© ¯à®¬ëè«¥−−®áâ¨. ‚ 1949 £. ¯à¨ª�§®¬
¬¨−¨áâà� ®¡®à®−ë ‘‘‘÷ ¡ë« −�§−�ç¥− ¯® á®¢¬¥áâ¨â¥«ìáâ¢ã −� ¤®«¦−®áâì ¯®-
áâ®ï−−®£® ç«¥−� �¢¨�æ¨®−−®£® â¥å−¨ç¥áª®£® ª®¬¨â¥â� ‚‚‘ ¨ à�¡®â�« −� íâ®©
¤®«¦−®áâ¨ ¤® 1950 £. ‚ íâ®¬ ¦¥ £®¤ã ¡ë« −�§−�ç¥− −�ãç−ë¬ àãª®¢®¤¨â¥«¥¬
¯à¥¤¯à¨ïâ¨ï ¯/ï 1323 ¨ à�¡®â�« â�¬ ¤® 1953 £., −¥ ¯à¥ªà�é�ï à�¡®â�âì ¯® á®-
¢¬¥áâ¨â¥«ìáâ¢ã −�ç�«ì−¨ª®¬ ª�ä¥¤àë ‚®¥−−®-¢®§¤ãè−®© ¨−¦¥−¥à−®© �ª�¤¥¬¨¨
¨¬. ¯à®ä¥áá®à� �. …. †ãª®¢áª®£® (‚‚ˆ� ¨¬. �. …. †ãª®¢áª®£®).

‚ ¯®á«¥¢®¥−−ë© ¯¥à¨®¤ −�ãç−�ï ¤¥ïâ¥«ì−®áâì ‚. ‘. �ã£�çñ¢� ¡ë«� á¢ï§�-
−� á ¤�«ì−¥©è¥© à�§à�¡®âª®© áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï ¨
¥¥ ¯à¨¬¥−¥−¨© ¢ à�§«¨ç−ëå ®¡«�áâïå −�ãª¨ ¨ â¥å−¨ª¨. ‚ 1947 £. ¨¬ ¡ë«¨
§�¢¥àè¥−ë ¨áá«¥¤®¢�−¨ï ¯® ®¡é¥© áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ «¨−¥©−ëå á¨áâ¥¬ ¨
¯à¨¡«¨¦¥−−ëå ¬¥â®¤®¢ ¨áá«¥¤®¢�−¨ï â®ç−®áâ¨ −¥«¨−¥©−ëå á¨áâ¥¬. ÷�§à�¡®â�−-
−ë¥ ¨¬ ¬¥â®¤ë â¥®à¨¨ ã¯à�¢«¥−¨ï ¯®á«ã¦¨«¨ ®á−®¢®© ¥£® ¯®á«¥¤ãîé¨å à�¡®â
¢ ®¡«�áâ¨ ¤¨−�¬¨ª¨ ã¯à�¢«ï¥¬®£® ¯®«¥â�, ¢ë¯®«−¥−−ëå ¢ ¯¥à¨®¤ 1947{1952 ££.
‚ 1947 £. ‚. ‘. �ã£�çñ¢ ¡ë« ¨§¡à�− ¢ ç«¥−ë-ª®àà¥á¯®−¤¥−âë �ª�¤¥¬¨¨ �àâ¨«-
«¥à¨©áª¨å −�ãª. ‚ 1948 £. §� â¥®à¥â¨ç¥áª¨¥ ¨áá«¥¤®¢�−¨ï ¢ ®¡«�áâ¨ ¡�««¨áâ¨ª¨
‚. ‘. �ã£�çñ¢ã ¡ë«� ¯à¨áã¦¤¥−� ƒ®áã¤�àáâ¢¥−−�ï ¯à¥¬¨ï ‘‘‘÷.

‚ 1956 £. ‚. ‘. �ã£�çñ¢ ¡ë« ¯à¨£«�è¥− ¢ ˆ−áâ¨âãâ �¢â®¬�â¨ª¨ ¨ â¥«¥¬¥å�-
−¨ª¨ �� ‘‘‘÷ ¤«ï ®à£�−¨§�æ¨¨ «�¡®à�â®à¨¨ ¨ à�¡®â ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª¨å
¬¥â®¤®¢ ¢ â¥®à¨¨ ã¯à�¢«¥−¨ï. ‚ â® ¦¥ ¢à¥¬ï ®− −�ç�« à�¡®âã ¢ ª�ç¥áâ¢¥ ¯à¥¤á¥-
¤�â¥«ï ª®¬¨áá¨¨ ¯® áâ�â¨áâ¨ç¥áª¨¬ ¯à®¡«¥¬�¬ ��ãç−®£® á®¢¥â� ¯® ª®¬¯«¥ªá−®©
¯à®¡«¥¬¥ úŠ¨¡¥à−¥â¨ª�û ¯à¨ �à¥§¨¤¨ã¬¥ �� ‘‘‘÷, ®à£�−¨§®¢�« ®¡é¥¬®áª®¢-
áª¨© á¥¬¨−�à ¯® áâ�â¨áâ¨ç¥áª¨¬ ¯à®¡«¥¬�¬ ¢ ª¨¡¥à−¥â¨ª¥.

‚ 1950-¥ ££. ‚. ‘. �ã£�çñ¢ë¬ ¡ë«¨ á®§¤�−ë ¬¥â®¤ë áâ�â¨áâ¨ç¥áª®© â¥®à¨¨
®¯â¨¬�«ì−ëå á¨áâ¥¬. ‚ íâ®© ®¡«�áâ¨ ¨¬ ¡ë«¨ à�§¢¨âë ®¡é¨¥ ¬¥â®¤ë ®¯à¥¤¥«¥-
−¨ï ®¯â¨¬�«ì−ëå «¨−¥©−ëå á¨áâ¥¬, ®á−®¢�−−ë¥ −� à�§à�¡®â�−−®© ¨¬ ¦¥ â¥®à¨¨
ª�−®−¨ç¥áª¨å à�§«®¦¥−¨© á«ãç�©−ëå äã−ªæ¨©. Šà®¬¥ â®£®, ¨¬ á®§¤�−ë ®¡é¨¥
¬¥â®¤ë ®¯â¨¬¨§�æ¨¨ ¤¨−�¬¨ç¥áª¨å á¨áâ¥¬ ¯® «î¡ë¬ áâ�â¨áâ¨ç¥áª¨¬ ªà¨â¥à¨ï¬.
÷�¡®âë ‚. ‘. �ã£�çñ¢� ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ®¯â¨¬�«ì−ëå á¨áâ¥¬
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§�−¨¬�îâ ¢¥¤ãé¥¥ ¬¥áâ® ¢ ¬¨à®¢®© −�ãª¥ ¨ ¯®«ãç¨«¨ è¨à®ª®¥ à�á¯à®áâà�−¥−¨¥.
‚á¥£® ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª®© ¤¨−�¬¨ª¨ ã¯à�¢«ï¥¬ëå á¨áâ¥¬ ‚. ‘. �ã£�çñ¢ë¬
®¯ã¡«¨ª®¢�−® á¢ëè¥ 70 à�¡®â. ÷¥§ã«ìâ�âë à�¡®â ‚. ‘. ¢ ®¡«�áâ¨ áâ�â¨áâ¨ç¥áª¨å
¬¥â®¤®¢ â¥®à¨¨ ¯à®æ¥áá®¢ ã¯à�¢«¥−¨ï ®¡®¡é¥−ë ¢ ¬®−®£à�ä¨¨ ú’¥®à¨ï á«ãç�©-
−ëå äã−ªæ¨© ¨ ¥¥ ¯à¨¬¥−¥−¨¥ ª §�¤�ç�¬ �¢â®¬�â¨ç¥áª®£® ã¯à�¢«¥−¨ïû (1957,
1960, 1962).

‚ −�ç�«¥ 1960-å ££. ‚. ‘. �ã£�çñ¢ á®§¤�« −®¢ë© ªãàá â¥®à¨¨ �¢â®¬�â¨ç¥áª®£®
ã¯à�¢«¥−¨ï, ª®â®àë© ®− ç¨â�« ¢ ‚‚ˆ� ¨¬. �. …. †ãª®¢áª®£®. ‚ íâ® ¦¥ ¢à¥¬ï
‚. ‘. �ã£�çñ¢ á®¢¬¥áâ−® á® á¢®¨¬¨ ãç¥−¨ª�¬¨ ˆ. …. Š�§�ª®¢ë¬, „. ˆ. ƒ«�¤ª®-
¢ë¬, ‹. ƒ. …¢«�−®¢ë¬, ‘. ‚. Œ�«ìç¨ª®¢ë¬, �. ”. Œ¨è�ª®¢ë¬, ‚. „. ‘¥¤®¢ë¬,
‚. ˆ. ‘®ª®«®¢ë¬ −�¯¨á�« ¬®−®£à�ä¨î ú�á−®¢ë �¢â®¬�â¨ç¥áª®£® ã¯à�¢«¥−¨ïû,
¢ ª®â®à®© ¢¯¥à¢ë¥ á¨áâ¥¬�â¨ç¥áª¨ ¨§«�£�«¨áì ¯à¨¬¥−ï¢è¨¥áï ¢ â® ¢à¥¬ï ¬¥â®-
¤ë ¨áá«¥¤®¢�−¨© �¢â®¬�â¨ç¥áª¨å á¨áâ¥¬, ¢ª«îç�ï áâ�â¨áâ¨ç¥áª¨¥ ¬¥â®¤ë (1963,
1968, 1974). ‚ ¯¥à¨®¤ 1965{1970 ££. £«�¢−ë¬ −�¯à�¢«¥−¨¥¬ −�ãç−®© à�¡®âë
‚. ‘. �ã£�çñ¢� ¡ë«� à�§à�¡®âª� áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ®¡ãç�îé¨åáï �¢â®¬�â¨-
ç¥áª¨å á¨áâ¥¬. ‚ 1966 £. ‚. ‘. �ã£�çñ¢ ¡ë« ¨§¡à�− ç«¥−®¬-ª®àà¥á¯®−¤¥−â®¬ ��
‘‘‘÷ ¯® á¯¥æ¨�«ì−®áâ¨ ú�¢â®¬�â¨ç¥áª®¥ ã¯à�¢«¥−¨¥û.

‚ 1970-¥ ££. ‚. ‘. �ã£�çñ¢ë¬ §�«®¦¥−ë ®á−®¢ë ®¡é¥© áâàãªâãà−®© â¥®à¨¨
áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬. ‡� ãç�áâ¨¥ ¢ á®§¤�−¨¨ �¤�¯â¨¢−®© á¨áâ¥¬ë ã¯à�¢«¥-
−¨ï á«®¦−ë¬ â¥å−®«®£¨ç¥áª¨¬ ¯à®æ¥áá®¬ (£®àïç�ï ¯à®ª�âª� âàã¡) ¢ 1976 £.
‚. ‘. �ã£�çñ¢ ã¤®áâ®¥− ƒ®áã¤�àáâ¢¥−−®© ¯à¥¬¨¨ ‘‘‘÷. �à¨ á®§¤�−¨¨ íâ®©
á¨áâ¥¬ë ¡ë«¨ ¨á¯®«ì§®¢�−ë ¬¥â®¤ë â¥®à¨¨ ®¡ãç�îé¨åáï á¨áâ¥¬, à�§à�¡®â�−−ë¥
‚. ‘. �ã£�çñ¢ë¬.

��ãç−�ï ¤¥ïâ¥«ì−®áâì ‚. ‘. �ã£�çñ¢� â¥á−® ¯¥à¥¯«¥â�«�áì á ¯¥¤�£®£¨ç¥áª®©
¤¥ïâ¥«ì−®áâìî ¢ ‚‚ˆ� ¨¬. �. …. †ãª®¢áª®£® ¢ â¥ç¥−¨¥ ¯®çâ¨ 40 «¥â. ‡�
£®¤ë à�¡®âë ¢ ‚‚ˆ� ¨¬. �. …. †ãª®¢áª®£® ¨¬ ¡ë«¨ á®§¤�−ë ç¥âëà¥ ª�ä¥¤àë,
à�§à�¡®â�−ë á®®â¢¥âáâ¢ãîé¨¥ á¯¥æ¨�«ì−ë¥ ªãàáë, −�¯¨á�−ë ãç¥¡−¨ª¨ ¨ ãç¥¡−ë¥
¯®á®¡¨ï, ®à£�−¨§®¢�−ë á®®â¢¥âáâ¢ãîé¨¥ «�¡®à�â®à¨¨, ¯®¤£®â®¢«¥−ë −�ãç−®-¯¥-
¤�£®£¨ç¥áª¨¥ ª�¤àë.

‘ 1973 £. ¯¥¤�£®£¨ç¥áª�ï à�¡®â� ‚. ‘. �ã£�çñ¢� á®áà¥¤®â®ç¥−� ¢ Œ®áª®¢áª®¬
�¢¨�æ¨®−−®¬ ¨−áâ¨âãâ¥ ¨¬. ‘¥à£® �à¤¦®−¨ª¨¤§¥ (Œ�ˆ), £¤¥ ®− ¢¥« ¯¥¤�£®-
£¨ç¥áªãî à�¡®âã ¢ ª®−æ¥ 1930-å ££. ‚ Œ�ˆ ®− ®à£�−¨§®¢�« ª�ä¥¤àã â¥®à¨¨
¢¥à®ïâ−®áâ¥© ¨ ¬�â¥¬�â¨ç¥áª®© áâ�â¨áâ¨ª¨ −� ä�ªã«ìâ¥â¥ ¯à¨ª«�¤−®© ¬�â¥¬�-
â¨ª¨, á®§¤�« −®¢ë¥ á¯¥æ¨�«ì−ë¥ ªãàáë. �® ¬�â¥à¨�«�¬ «¥ªæ¨© ¡ë« −�¯¨á�−
ãç¥¡−¨ª ú’¥®à¨ï ¢¥à®ïâ−®áâ¥© ¨ ¬�â¥¬�â¨ç¥áª�ï áâ�â¨áâ¨ª�û (1979). Š−¨£�
¯¥à¥¢¥¤¥−� ¨ ¨§¤�−� −� �−£«¨©áª®¬ (1984) ¨ äà�−æã§áª®¬ ï§ëª�å (1982).

‚ ª®−æ¥ 1970-å { −�ç�«¥ 1980-å ££. ‚. ‘. �ã£�çñ¢ë¬ §�«®¦¥−ë ®á−®¢ë −®¢®£®
−�ãç−®£® −�¯à�¢«¥−¨ï | â¥®à¨¨ ãá«®¢−® ®¯â¨¬�«ì−®© ä¨«ìâà�æ¨¨ ¨ íªáâà�¯®-
«ïæ¨¨ ¯à®æ¥áá®¢ ¢ áâ®å�áâ¨ç¥áª¨å á¨áâ¥¬�å.

‚á¥ ¯à¨ª«�¤−ë¥ à�¡®âë ‚. ‘. �ã£�çñ¢� ¢á¥£¤� ¡ë«¨ ®à¨¥−â¨à®¢�−ë −� ¯à¨-
¬¥−¥−¨¥ ¢ëç¨á«¥−¨©. ‚ 1930-¥ ££. ®− á�¬ ¢ë¯®«−ï« ¡®«ìè¨¥ ¢ëç¨á«¨â¥«ì−ë¥
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�ª�¤¥¬¨ª ‚. ‘. �ã£�çñ¢: ªà�âª¨© ®ç¥àª ¤¥ïâ¥«ì−®áâ¨

à�¡®âë ¢ ®¡«�áâ¨ �¢¨�æ¨®−−®© ¡�««¨áâ¨ª¨, ¤«ï −¥£® ¡ë«¨ å�à�ªâ¥à−ë ¤®¢¥¤¥−-
−ë¥ ¤® ç¨á«� −�ãç−ë¥ à¥§ã«ìâ�âë, â�ª −¥®¡å®¤¨¬ë¥ ¯à�ªâ¨ª¥. ‚. ‘. �ã£�çñ¢
¡ë« ®¤−¨¬ ¨§ ¯¥à¢ëå ãç¥−ëå, −�ç�¢è¨å è¨à®ª® ¯à¨¬¥−ïâì ¢ëç¨á«¨â¥«ì−ãî
â¥å−¨ªã ¢ á¢®¥© ¯à�ªâ¨ç¥áª®© à�¡®â¥. ÷�§¢¨â¨¥ �‚Œ §−�ç¨â¥«ì−® à�áè¨à¨«®
¢®§¬®¦−®áâì ¯à�ªâ¨ç¥áª®£® ¯à¨¬¥−¥−¨ï à�§à�¡®â�−−ëå ‚. ‘. �ã£�çñ¢ë¬ áâ�â¨-
áâ¨ç¥áª¨å ¬¥â®¤®¢. �â¨ ¬¥â®¤ë ¢ §�¤�ç�å â¥®à¨¨ ã¯à�¢«¥−¨ï ¨ ¨−ä®à¬�â¨ª¨
¢á«¥¤áâ¢¨¥ á¢®¥© ¡®«ìè®© ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨ ¬®£ãâ ¡ëâì ¯à�ªâ¨ç¥áª¨
à¥�«¨§®¢�−ë â®«ìª® á ¨á¯®«ì§®¢�−¨¥¬ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨. �®íâ®¬ã ¨å
¤�«ì−¥©è¥¥ à�§¢¨â¨¥ ¨ ¯à¨¬¥−¥−¨¥, ¯à¥¤êï¢«ïîé¥¥ ¢á¥ ¡®«¥¥ ¨ ¡®«¥¥ ¢ëá®-
ª¨¥ âà¥¡®¢�−¨ï ª �‚Œ, â¥á−® á¢ï§�−® á à�§¢¨â¨¥¬ �¯¯�à�â−ëå ¨ ¯à®£à�¬¬−ëå
áà¥¤áâ¢ ¢ëç¨á«¨â¥«ì−®© â¥å−¨ª¨ −®¢ëå ¯®ª®«¥−¨©. ‚ 1981 £. ‚. ‘. �ã£�çñ¢ ¡ë«
¨§¡à�− ¤¥©áâ¢¨â¥«ì−ë¬ ç«¥−®¬ �� ‘‘‘÷ ¯® á¯¥æ¨�«ì−®áâ¨ úâ¥®à¨ï ã¯à�¢«¥-
−¨ï, ¢ëç¨á«¨â¥«ì−�ï â¥å−¨ª�û.

‘ 1984 £. ‚. ‘. �ã£�çñ¢ à�¡®â�¥â ¢® ¢−®¢ì á®§¤�−−®¬ ˆ−áâ¨âãâ¥ ¯à®¡«¥¬
¨−ä®à¬�â¨ª¨ �� ‘‘‘÷, ¢®§£«�¢«ï¥â ®â¤¥« áâ�â¨áâ¨ç¥áª¨å ®á−®¢ ¨−ä®à¬�â¨ª¨.
‚ 1986{1990 ££. àãª®¢®¤¨« ª®¬¯«¥ªá−ë¬ −�ãç−ë¬ ¯à®¥ªâ®¬ ú�®¢ë¥ �«£®à¨â¬ë
¨ �àå¨â¥ªâãàë ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨û ¢ à�¬ª�å ¯à¨®à¨â¥â−®£® −�¯à�¢«¥−¨ï
úí«¥ªâà®−¨§�æ¨ïû ª®¬¯«¥ªá−®© ¯à®£à�¬¬ë −�ãç−®-â¥å−¨ç¥áª®£® ¯à®£à¥áá� áâà�−
‘�‚ ¨ úŠ®−æ¥¯æ¨¨ ¯® á®§¤�−¨î −®¢ëå ¯®ª®«¥−¨© ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬û.

‚ ¯¥à¨®¤ 1989{1993 ££. ª�ª á®¢¥â−¨ª ¯à¨ ¤¨à¥ªæ¨¨ ˆ�ˆ ÷�� ‚. ‘. �ã-
£�çñ¢ àãª®¢®¤¨« −�ãç−ë¬ −�¯à�¢«¥−¨¥¬ ú‘â�â¨áâ¨ç¥áª¨¥ ®á−®¢ë ¨−ä®à¬�â¨ª¨
¨ ã¯à�¢«¥−¨ïû. ÷¥§ã«ìâ�âë ¬−®£®«¥â−¨å à�¡®â ‚. ‘. �ã£�çñ¢� ¯® â¥®à¨¨ áâ®å�-
áâ¨ç¥áª¨å á¨áâ¥¬, ®¯¨áë¢�¥¬ëå ¤¨ää¥à¥−æ¨�«ì−ë¬¨ ãà�¢−¥−¨ï¬¨, ®¡®¡é¥−ë
¨ á¨áâ¥¬�â¨ç¥áª¨ ¨§«®¦¥−ë ¢ ¬®−®£à�ä¨¨ ú‘â®å�áâ¨ç¥áª¨¥ ¤¨ää¥à¥−æ¨�«ì−ë¥
á¨áâ¥¬ë. �−�«¨§ ¨ ä¨«ìâà�æ¨ïû, −�¯¨á�−−®© á®¢¬¥áâ−® á ˆ. �. ‘¨−¨æë−ë¬
(1985, 1987, 1990). ‚ 1990 £. §� ª®¬¯«¥ªá à�¡®â ¯® áâ�â¨áâ¨ç¥áª®© â¥®à¨¨ ¯à®-
æ¥áá®¢ ã¯à�¢«¥−¨ï, ¢ë¯®«−¥−−ëå ¢ 1944{1987 ££., ‚. ‘. �ã£�çñ¢ ¡ë« ã¤®áâ®¥−
‹¥−¨−áª®© ¯à¥¬¨¨. ‘ 1993 £. ¤® ¯®á«¥¤−¨å ¤−¥© ª�ª á®¢¥â−¨ª ÷�� ‚. ‘. �ã-
£�çñ¢ ¢®§£«�¢«ï« −�ãç−®¥ −�¯à�¢«¥−¨¥ úŒ¥â®¤ë äã−ªæ¨®−�«ì−®£® �−�«¨§� ¢
¨−ä®à¬�â¨ª¥û.

��ãç−�ï, −�ãç−®-®à£�−¨§�æ¨®−−�ï, ¯¥¤�£®£¨ç¥áª�ï ¨ ®¡é¥áâ¢¥−−�ï ¤¥ïâ¥«ì-
−®áâì ‚. ‘. �ã£�çñ¢� ¡ë«� ¯® ¤®áâ®¨−áâ¢ã ®æ¥−¥−� −�è¥© ÷®¤¨−®©. �− §�á«ã-
¦¥−−ë© ¤¥ïâ¥«ì −�ãª¨ ¨ â¥å−¨ª¨ ÷‘”‘÷, «�ãà¥�â ‹¥−¨−áª®© ¨ ¤¢ãå ƒ®áã¤�à-
áâ¢¥−−ëå ¯à¥¬¨© ‘‘‘÷, −�£à�¦¤¥− ¬−®£¨¬¨ ®à¤¥−�¬¨ ¨ ¬¥¤�«ï¬¨.

�®¤à®¡−ë¥ ¡¨®¡¨¡«¨®£à�ä¨ç¥áª¨¥ ¬�â¥à¨�«ë ® ‚. ‘. �ã£�çñ¢¥ ®¯ã¡«¨ª®-
¢�−ë ¢ á¡®à−¨ª¥ ú�ª�¤¥¬¨ª ‚«�¤¨¬¨à ‘¥¬ñ−®¢¨ç �ã£�çñ¢: ª áâ®«¥â¨î á® ¤−ï
à®¦¤¥−¨ïû // �à¥¤¨á«®¢¨¥ �ª�¤¥¬¨ª� ‘. ‚. …¬¥«ìï−®¢�. | Œ.: ’�÷“‘
�÷…‘‘, 2011 (¯®¤ à¥¤. ˆ. �. ‘¨−¨æë−�).
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DEVELOPMENT OF COMPUTER-AIDED STATISTICAL SCIENTIFIC
SUPPORT FOR HIGH PRECISION AND ACCESSIBILITY SYSTEMS

I. N. Sinitsyn1, E. R. Korepanov2, V. V. Belousov3, V. S. Shorgin4,
I. V. Makarenkova5, T. D. Konashenkova6, E. S. Agafonov7, and N. N. Semendyaev8

1IPI RAN, sinitsin@dol.ru
2IPI RAN, ekorepanov@ipiran.ru
3IPI RAN, vbelousov@ipiran.ru
4IPI RAN, vshorgin@ipiran.ru
5IPI RAN, imakarenkova@ipiran.ru
6IPI RAN, tkonashenkova@ipiran.ru
7IPI RAN, eagafonov@ipiran.ru
8IPI RAN, nsemendyaev@ipiran.ru

Methodological foundations of computer-aided support of statistical research based
on canonical expansions of random functions are considered. Examples of soft-
ware tools for high-precision astronomentric systems and bank systems with high
accessibility are presented.

Keywords: circular (angular) random variables, functions, processes, and systems;
computer-aided statistical scientific support systems; high precision systems; systems
with high accessibility; statistical dynamics of Earth rotation

EVOLUTION OF MODERN MICROPROCESSORS ARCHITECTURE

S. Zamkovetc1, V. Zakharov2, and V. Krasovsky3

1IPI RAN, SZamkovetc@ipiran.ru
2IPI RAN, VZakharov@ipiran.ru
3IPI RAN, Krasovsky v@ineum.ru

Preconditions of the first microprocessors with CISC architecture development are
considered. Its shortages, partially connected with its redundancy, are discussed.
The development of RISC architecture microprocessors as an alternative to CISC
is considered. It is pointed that both architectures apply dynamical control of
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instructions execution. Static method of control is used in VLIW architectures,
which features are also described. In such case, the main part of the control process
is performed by compilers.

Keywords: microprocessor; architecture; CISC; RISC; VLIW; pipeline; out-of-
order

MODEL OF PARALLEL ROUND OF WORK TREES

V. Kozmidiady

IPI RAN, v.kozmidiady@gmail.com

A mechanism is considered, summarizing MapReduce that is aimed at Massive
parallel processing. Consideration is based on the fact that a common task forms
the tree of works, difficult works are divided into parts up to the obtaining of
simple works that can be executed in parallel. The mathematical model of work tree
execution is proposed. The methods of round of such trees and their influence on
common time of execution are considered.

Keywords: MapReduce; massive parallel processing; round of trees; work tree

FAULT TOLERANCE METHOD OF CACHE COHERENCE
MAINTENANCE SYSTEM

B. Z. Shmeilin

IPI RAN, shmeilin@mail.ru

The increase fault tolerance method of cache coherence maintenance system with
snooping protocol is presented. In the suggested method, requests, states, and
signals in protocol realization scheme are coded. For fault tolerance achievement
in coherence maintenance logic, the code, correcting single and detecting double
error, is applied to coded requests, states, and signal lines. An improvement of fault
tolerance method of cache coherence maintenance systems with snooping protocol
is considered. Codes for requests, states, and signals in protocol realization scheme
are developed. Codes for correction single and detecting double errors in requests,
states, and signals lines are presented.

Keywords: cache coherence; snooping protocols; fault tolerance; error-correcting
code
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SELF-TIMED ANALYSIS OF SOME TYPES OF DIGITAL DEVICE

Y. Stepchenkov1, Yu. Diachenko2, Yu. Rogdestvenski3, and N. Morozov4

1IPI RAN, YStepchenkov@ipiran.ru
2IPI RAN, YDiachenko@ipiran.ru
3IPI RAN, YRogdest@ipiran.ru
4IPI RAN, NMorozov@ipiran.ru

An approach to verification of digital circuits for self-timed by means of software
tools that implement the event-based method is presented. It is shown that relatively
simple means provide a total-lot test fullness of the self-timed analysis for shift
registers as well as for memory registers. A technique for debugging an arbitrary
circuit during its self-timed analysis is suggested. The necessity of a hierarchical
approach to self-timed analysis of a complicated circuit is grounded.

Keywords: self-timed circuits; self-timed analysis; test completeness of the analysis;
closing; hierarchical analysis

ON SELF-TIMED PROPERTY OF DIGITAL ELECTRONIC CIRCUITS

L. Plekhanov

IPI RAN, LPlekhanov@ipiran.ru

The self-timed concept (both independence from delays and diagnostic properties)
from the practical point of view and its connection with classical definition of
independence from delays are discussed. It is shown that only independence from the
delays is not enough for self-timed property. Practical outcomes of the theoretical
statements in the area of self-timed circuits development are presented. A link with
recent state standard on reliability is shown.

Keywords: self-timed circuits; independent from delays circuits; self-timed analysis

PARTICULARITIES OF TAXONOMIC SELF-TIMED CIRCUITS ANALYSIS

Y. Rogdestvensky1, N. Morozov2, and A. Rogdestvenskene3

1IPI RAN, YRogdest@ipiran.ru
2IPI RAN, NMorozov@ipiran.ru
3IPI RAN, ARogdest@ipiran.ru

The article deals with a method of asynchronous circuits analysis examining their
functionality independence on gate's delays. Suggested method theoretically is
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based on transition diagrams (in global models) with their following equivalent
transforming into the event models. Developed algorithms of analysis have a strict
fundamentality of global models method but do not require a complete inspection
of accessible states of the circuit. As a result, the complexity of the problem has
changed from exponential to the polynomial one. Taxonomic analysis clarifies the
properties of the investigated schemes, presents a detailed diagnostics and determines
possible reasons of violations.

Keywords: self-timed circuits; event analysis; computer-aided design

EXECUTING SYSTEM FOR CODE SYNTHESIZED ON THE BASE
OF SPECIFICATIONS ON THE LANGUAGE CELL

O. Bondarenko1, K. Volovich2, and V. Kondrashev3

1IPI RAN, olga@ipi.ac.ru
2IPI RAN, kv@ipi.ac.ru
3IPI RAN, vd@ipi.ac.ru

Issues of the program code generation that provides the functioning of the hierarchical
state machines developed on the language Cell are considered. The concept of
`runtime system' as a program code included by compiler of the language Cell into
procedural code in order to provide the functioning of the main algorithm of the
hierarchical state machines is described. The serialization of the procedural code
which is executed by compiler Cell during its synthesis suggests a possibility of the
effective functioning of the state machine without an operating system. It assigns
to executing system a task to manage all the resources used by the hierarchical state
machine.

Keywords: language Cell; cell; executing system; resource management; serializa-
tion; hierarchical state machine; software synthesis; telecommunication protocol

ALGORITHMS FOR THE COMPILER OF THE LANGUAGE CELL

O. Bondarenko1, K. Volovich2, and V. Kondrashev3

1IPI RAN, olga@ipi.ac.ru
2IPI RAN, kv@ipi.ac.ru
3IPI RAN, vd@ipi.ac.ru

The main features of the compiler of the language Cell, developed for the program-
ming of hierarchical state machines used in the specification including the behavior
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of telecommunication protocols are considered. The algorithms of its syntactic and
semantic analyzers are presented. Also, the aspects of the synthesis of executable
code of the hierarchical state machines in a procedural language C serialized for
sequential execution of commands are considered.

Keywords: language Cell; hierarchical state machine; executing serialization;
context of hierarchy; software synthesis; telecommunication protocol

SPECIFIC FEATURES OF THE TIME-MEASURING DEVICES
IMPLEMENTATION IN VIRTUAL MACHINES

V. Yu. Egorov1 and M. A. Shpadyrev2

1Department of Computer Science, Penza State University, vec@mail.ru
2Penza State University, lordm@nm.ru

Time-measuring devices included in the personal computer as well as the problems
of developing similar devices in virtual machines and methods of their solution are
described.

Keywords: time-measuring devices; virtual machine; hypervisor; guest operating
system

DIRECT MEMORY ACCESS REQUEST SERVICING IN HARD DISK
CONTROLLERS OF VIRTUAL MACHINES

M. A. Shpadyrev

Penza State University, lordm@nm.ru

The peculiarities of a direct memory access request servicing in physical and virtual
hard disk controllers are considered. The existing methods of such requests servicing
in virtual machines are described. A new method based on a multithread data
processing is introduced.

Keywords: hard disk controller; direct memory access; virtual machine; virtual
device; hypervisor
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