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�−−®â�æ¨ï: ÷�§à�¡®âª� �¯¯�à�âãàë ¤«ï æ¨äà®¢ëå ¢ëç¨á«¨â¥«ì−ëå á¨á-
â¥¬, ®â«¨ç�îé¥©áï ª�ª ¢ëá®ª®© −�¤¥¦−®áâìî, â�ª ¨ í−¥à£®íää¥ªâ¨¢−®áâìî,
ï¢«ï¥âáï ®¤−®© ¨§ ¢�¦−¥©è¨å §�¤�ç XXI ¢. ˆá¯®«ì§®¢�−¨¥ á�¬®á¨−åà®−−ëå
(CC) áå¥¬ ¯®§¢®«ï¥â ¯®¢ëá¨âì ¨å í−¥à£®íää¥ªâ¨¢−®áâì. �¤−�ª® ã¢¥«¨ç¥−¨¥
�¯¯�à�â−ëå §�âà�â ¯à¨ CC-¨á¯®«−¥−¨¨ ®¡ëç−®©, −¥®âª�§®ãáâ®©ç¨¢®© �¯¯�-
à�âãàë ¯à¨¢®¤¨â ª á−¨¦¥−¨î ¥¥ −�¤¥¦−®áâ¨. C�¬®á¨−åà®−−®¥ ¨á¯®«−¥−¨¥
®âª�§®ãáâ®©ç¨¢®© �¯¯�à�âãàë ¯®§¢®«ï¥â ¯®¢ëá¨âì −¥ â®«ìª® ¥¥ −�¤¥¦−®áâì,
−® ¨ ã«ãçè¨âì ª®¬¯«¥ªá−ë© ¯®ª�§�â¥«ì úí−¥à£®§�âà�âë{−�¤¥¦−®áâìû. „�«ì-
−¥©è¥¥ à�§¢¨â¨¥ ¬¥â®¤®¢ ®¡¥á¯¥ç¥−¨ï ®âª�§®ãáâ®©ç¨¢®áâ¨ CC-áå¥¬ á ãç¥â®¬
¨å á¯¥æ¨ä¨ª¨ ¯®§¢®«¨â ª®¬¯¥−á¨à®¢�âì ¨å −¥¤®áâ�âª¨, â�ª¨¥ ª�ª á«®¦−®áâì
¯à®¥ªâ¨à®¢�−¨ï, §� áç¥â §−�ç¨â¥«ì−® «ãçè¨å ª®¬¯«¥ªá−ëå ¯®ª�§�â¥«¥© íä-
ä¥ªâ¨¢−®áâ¨. ‚ áâ�âì¥ à�§à�¡�âë¢�îâáï ¬®¤¥«¨ ¨ �«£®à¨â¬ë ®¡−�àã¦¥−¨ï
−¥¨á¯à�¢−®áâ¥© ¤«ï ¬¥â®¤®¢ ®¡¥á¯¥ç¥−¨ï �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨, çâ®
¯®§¢®«ï¥â ¯®¢ëá¨âì ¤®áâ®¢¥à−®áâì äã−ªæ¨®−¨à®¢�−¨ï („”) ¨ ª®íää¨æ¨¥−â
£®â®¢−®áâ¨.

Š«îç¥¢ë¥ á«®¢�: −�¤¥¦−®áâì; í−¥à£®íää¥ªâ¨¢−®áâì; í−¥à£®§�âà�âë{−�¤¥¦-
−®áâì; á�¬®á¨−åà®−−�ï áå¥¬�; ®âª�§®ãáâ®©ç¨¢®áâì; á�¬®à¥¬®−â
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1 Введение

‘�¬®á¨−åà®−−ë¥ áå¥¬ë §�à¥ª®¬¥−¤®¢�«¨ á¥¡ï ª�ª å®à®è¥¥ à¥è¥−¨¥ ¤«ï æ¥-
«¥© ¯®¢ëè¥−¨ï í−¥à£®íää¥ªâ¨¢−®áâ¨ æ¨äà®¢ëå ãáâà®©áâ¢ [1{3]. ˆ¤¥ï ‘‘-áå¥¬
§�ª«îç�¥âáï ¢ ®âª�§¥ ®â â�ªâ¨à®¢�−¨ï ãáâà®©áâ¢, ¡«�£®¤�àï ç¥¬ã á−¨¦�¥âáï
í−¥à£®¯®âà¥¡«¥−¨¥, ®á®¡¥−−® ¢® ¢à¥¬ï ¯à®áâ®ï. Œ¥â®¤ë ¯à®¥ªâ¨à®¢�−¨ï ‘‘-
áå¥¬ §�«®¦¥−ë ¢ à�¡®â�å „. …. Œ�««¥à� (á¬., −�¯à¨¬¥à, [4]) ¨ §�ª«îç�îâáï
¢ ¨á¯®«ì§®¢�−¨¨ á¯¥æ¨�«ì−ëå í«¥¬¥−â®¢ | ¨−¤¨ª�â®à®¢, ¯®§¢®«ïîé¨å ®¯à¥¤¥-
«ïâì ¬®¬¥−â ®ª®−ç�−¨ï ¢á¥å ¯¥à¥å®¤−ëå ¯à®æ¥áá®¢ ¢ áå¥¬¥. ‚ ª−¨£¥ [5] ¡ë«®
¯à¥¤«®¦¥−® à�áé¥¯«ïâì ¢å®¤−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ −� ¤¢¥ ä�§ë | �ªâ¨¢−ãî

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

2�¥à¬áª¨© −�æ¨®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ¯®«¨â¥å−¨ç¥áª¨© ã−¨¢¥àá¨â¥â,
kamenskikh.anton@gmail.com

3�¥à¬áª¨© −�æ¨®−�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© ¯®«¨â¥å−¨ç¥áª¨© ã−¨¢¥àá¨â¥â,
tyurinsergfeo@yandex.ru

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

19



ā. �. ‘â¥¯ç¥−ª®¢, �. �. Š�¬¥−áª¨å, ‘. ”. ’îà¨−, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨©

(à�¡®çãî) ¨ −¥�ªâ¨¢−ãî (á¯¥©á¥à), ®¡¥á¯¥ç¨¢�ï â¥¬ á�¬ë¬ ¬®−®â®−−®áâì ¢á¥å ¯¥-
à¥å®¤®¢ ¢ ¯®á«¥¤®¢�â¥«ì−®áâïå [6]. ÷¥�«¨§�æ¨ï ¤�−−®£® ¯à¥¤«®¦¥−¨ï ¯®§¢®«ï¥â
¨á¯®«ì§®¢�âì ã−¨ä¨æ¨à®¢�−−ë© â¨¯ ‘‘-ª®¤¨à®¢�−¨ï ¤«ï ¢á¥å ª«�áá®¢ áå¥¬.

ˆ−¤¨ª�â®àë ®ª®−ç�−¨ï ¯¥à¥å®¤−ëå ¯à®æ¥áá®¢ ¯®§¢®«ïîâ ¢ ¤�«ì−¥©è¥¬ ®¯¥-
à�â¨¢−® ®¡−�àã¦¨âì ¨ «®ª�«¨§®¢�âì ª®−áâ�−â−ë¥ ª®−á¥à¢�â¨¢−ë¥ −¥¨á¯à�¢−®áâ¨
(ŠŠ�) ¢ ãáâà®©áâ¢¥, � §�â¥¬ ¯à®¢¥áâ¨ ¢®ááâ�−®¢«¥−¨¥ (á�¬®à¥¬®−â) á ¨á¯®«ì§®-
¢�−¨¥¬ ¬¥â®¤®¢ �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâ¨. ”ã−ªæ¨®−�«ì−®áâì ¨−¤¨ª�â®à®¢
‘‘-áå¥¬ ¡«¨§ª� ª ¨§¢¥áâ−ë¬ ¬¥â®¤�¬ à�¡®ç¥£® ª®−âà®«ï [7].

’¥®à¥â¨ç¥áª¨¥ ®á−®¢ë ¤¨�£−®áâ¨ª¨ ¨ ¯®¢ëè¥−¨ï −�¤¥¦−®áâ¨ ‘‘-áå¥¬ §�-
«®¦¥−ë ¢ à�¡®â�å ‚. ˆ. ‚�àè�¢áª®£® á á®�¢â., ¢ ç�áâ−®áâ¨ íâ®© ¯à®¡«¥¬�â¨ª¥
¯®á¢ïé¥−� £«. 10 ¬®−®£à�ä¨¨ [8]. ˆáá«¥¤®¢�−¨ï ¯® íâ®© â¥¬¥ ¯à®¢®¤¨«¨áì
¢ à�¡®â�å ®â¥ç¥áâ¢¥−−ëå [9, 10] ¨ §�àã¡¥¦−ëå [11{13] ãç¥−ëå.

�¤−�ª® áãé¥áâ¢ãîé¨¥ ¬¥â®¤ë ®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¥© ¢ ‘‘-áå¥¬�å
¨á¯®«ì§ãîâ ¢ ª�ç¥áâ¢¥ ¯à¨§−�ª� −¥¨á¯à�¢−®£® á®áâ®ï−¨ï §�âï£¨¢�−¨¥ ¯¥à¥å®¤-
−®£® ¯à®æ¥áá� ¤® ¬®¬¥−â� áà�¡�âë¢�−¨ï á¯¥æ¨�«ì−® ¢¢®¤¨¬®£® â�©¬-�ãâ�. ’�ª®©
¯®¤å®¤ ¯à®â¨¢®à¥ç¨â á�¬®© ¨¤¥¥ ‘‘-áå¥¬, ª®â®àë¥ ®â−®áïâáï ª ª«�ááã ¡¥áâ�ªâ®-
¢ëå (clockless) áå¥¬, ¢ ª®â®àëå ¤«¨â¥«ì−®áâì ¯¥à¥å®¤−®£® ¯à®æ¥áá� ¬®¦¥â ¡ëâì
¯à®¨§¢®«ì−®©, −® ª®−¥ç−®© ¢¥«¨ç¨−®©. ˆá¯®«ì§®¢�−¨¥ ¦¥ £¥−¥à�â®à� â�ªâ®-
¢ëå ¨¬¯ã«ìá®¢ ¨ áç¥âç¨ª� ¢à¥¬¥−¨ ¢ ®âª�§®ãáâ®©ç¨¢ëå ¢�à¨�−â�å ¨á¯®«−¥−¨ï
‘‘-áå¥¬ ¯à¨¢®¤¨â ª ¨å ¢ë¢®¤ã ¨§ ª«�áá� ¡¥áâ�ªâ®¢ëå áå¥¬ ¨ ª à®áâã í−¥à£®¯®-
âà¥¡«¥−¨ï. �®«¥¥ â®£®, â�ª®© ¯®¤å®¤ ¢−®á¨â áãé¥áâ¢¥−−ãî §�¤¥à¦ªã −� íâ�¯¥
®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¨ ¨ ¤¥«�¥â −¥¢®§¬®¦−ë¬ ¥£® ¨á¯®«ì§®¢�−¨¥ ¤«ï àï¤�
ªà¨â¨ç¥áª¨å ®¡«�áâ¥© ¯à¨¬¥−¥−¨ï [14].

‚ −�áâ®ïé¥© áâ�âì¥ ¡ã¤ãâ ¯à¥¤«®¦¥−ë −®¢ë¥ ¬¥â®¤ë ®¡−�àã¦¥−¨ï −¥¨á¯à�¢-
−®áâ¥© ¢ ‘‘-áå¥¬�å, «¨è¥−−ë¥ ¯¥à¥ç¨á«¥−−ëå ¢ëè¥ −¥¤®áâ�âª®¢.

2 Математические модели для расчета параметров надежности
самосинхронных схем с активной отказоустойчивостью

�®áâà®¨¬ £à�ä ¬�àª®¢áª®© æ¥¯¨ ¤«ï à�áç¥â� ¯®ª�§�â¥«¥© −�¤¥¦−®áâ¨
¯®á«¥¤®¢�â¥«ì−®-¯�à�««¥«ì−®£® ¯®àâ� (��-¯®àâ�) á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨-
¢®áâìî [14]. ‘�¬®á¨−åà®−−®¥ ãáâà®©áâ¢® á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâìî ¬®¦¥â
−�å®¤¨âìáï ¢ âà¥å á®áâ®ï−¨ïå | ¨á¯à�¢−®¥ (0), à�¡®â®á¯®á®¡−®¥ (1) ¨«¨ −¥à�¡®-
â®á¯®á®¡−®¥ (2). ˆ−â¥−á¨¢−®áâì w1 ®¯à¥¤¥«ï¥âáï á«®¦−®áâìî −¥¢®ááâ�−�¢«¨¢�-
¥¬®£® ®¡®àã¤®¢�−¨ï, w2 | á«®¦−®áâìî ®á−®¢−®© á¨áâ¥¬ë, µ | ¨−â¥−á¨¢−®áâì
¢®ááâ�−®¢«¥−¨ï (à¨á. 1).

÷¨á. 1 ƒà�ä ¬�àª®¢áª®© æ¥¯¨ ��-¯®àâ� á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâìî
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Œ®¤¥«¨ ®âª�§®ãáâ®©ç¨¢ëå á�¬®á¨−åà®−−ëå áå¥¬

�¥®¡å®¤¨¬® ãç¥áâì, çâ® ¢ ¨−â¥−á¨¢−®áâì ¢å®¤ïâ â®«ìª® ®âª�§ë, ¯à¨¢®¤¨¬ë¥
ª ª«�ááã ŠŠ�, ¯®íâ®¬ã ¢ ª®íää¨æ¨¥−â¥ £®â®¢−®áâ¨ kÇ −¥®¡å®¤¨¬® ãç¥áâì ¨å
¤®«î (ϕ). �ç¥¢¨¤−®, çâ® −�¤¥¦−®áâì á¨áâ¥¬ë ¬®¦−® ¯®¢ëá¨âì, ¯à¨¡«¨¦�ï
á®®â−®è¥−¨¥ w1/w2 ª −ã«î.

÷�áç¥â ª®íää¨æ¨¥−â� £®â®¢−®áâ¨ ¤«ï ��-¯®àâ� ‘‘-¬¨ªà®ï¤à� [14] ¯®ª�§�«,
çâ® ¢ ‘‘-áå¥¬�å, ¡«�£®¤�àï −¥¡®«ìè¨¬ §�âà�â�¬¢à¥¬¥−¨ −� ®¡−�àã¦¥−¨¥ ¨ «®ª�-
«¨§�æ¨î −¥¨á¯à�¢−®áâ¨, ¨−â¥−á¨¢−®áâì ®âª�§®¢w1 ®¯à¥¤¥«ï¥â ¨â®£®¢®¥ §−�ç¥−¨¥
ª®íää¨æ¨¥−â� £®â®¢−®áâ¨. ’�ª¨¬ ®¡à�§®¬, ®¤−®© ¨§ ¢�¦−ëå §�¤�ç ï¢«ï¥âáï ¯®-
¢ëè¥−¨¥ −�¤¥¦−®áâ¨ ¤®¯®«−¨â¥«ì−®£® ®¡®àã¤®¢�−¨ï („�) | ¬ã«ìâ¨¯«¥ªá®à®¢,
ãáâà®©áâ¢ ã¯à�¢«¥−¨ï ¨ «¨−¨© á¢ï§¨:

kÇ =
µ

w2 + µ
∼= 1 ;

k∗Ç =
µ

w2 + µ
e−w1t ∼= e−w1t . (1)

Šà®¬¥ â®£®, −�¤¥¦−®áâì ¬®¦−® ¯®¢ëá¨âì, ã¢¥«¨ç¨¢ ¨−â¥−á¨¢−®áâì ¢®ááâ�−®¢-
«¥−¨ï, ª®â®à�ï ®¯à¥¤¥«ï¥âáï −� ®á−®¢¥ ¢à¥¬¥−¨ −� ®¡−�àã¦¥−¨¥, «®ª�«¨§�æ¨î
¨ ¯®á«¥¤ãîé¨© à¥¬®−â −¥¨á¯à�¢−®áâ¨. ’�ª¨¬ ®¡à�§®¬, −�¤¥¦−®áâì ‘‘-áå¥¬
¬®¦−® ¯®¢ëá¨âì, à�§à�¡®â�¢ ¬®¤¥«¨, ¯®§¢®«ïîé¨¥ ã¬¥−ìè¨âì ¢à¥¬ï −� ®¡−�àã-
¦¥−¨¥ ¨ «®ª�«¨§�æ¨î −¥¨á¯à�¢−®áâ¥©.

’�ª ª�ª ¢ ‘‘-áå¥¬�å ®¡−�àã¦¨¢�îâáï â®«ìª® −¥¨á¯à�¢−®áâ¨ â¨¯� ŠŠ�,
−¥®¡å®¤¨¬® ®¯à¥¤¥«ïâì −¥ â®«ìª® ª®íää¨æ¨¥−â £®â®¢−®áâ¨, −® ¨ „”. „®áâ®¢¥à-
−®áâì äã−ªæ¨®−¨à®¢�−¨ï | á¢®©áâ¢® á¨áâ¥¬ë, ®¡ãá«®¢«¨¢�îé¥¥ ¡¥§®è¨¡®ç−®áâì
¯à®¨§¢®¤¨¬ëå ¥î ¯à¥®¡à�§®¢�−¨© ¨−ä®à¬�æ¨¨ [15]. „®áâ®¢¥à−®áâì äã−ªæ¨®-
−¨à®¢�−¨ï áª«�¤ë¢�¥âáï ¨§ ¢¥à®ïâ−®áâ¨ ¡¥§®è¨¡®ç−®© à�¡®âë ¨ ¢¥à®ïâ−®áâ¨
¢®§−¨ª−®¢¥−¨ï ®¡−�àã¦¨¢�¥¬®© ®è¨¡ª¨. ‚ á«ãç�¥ ‘‘-áå¥¬ë ®¡−�àã¦¨¢�îâáï
â®«ìª® ®è¨¡ª¨ â¨¯� ŠŠ�, â®ç−�ï ¤®«ï ª®â®àëå −¥¨§¢¥áâ−� ¨, ªà®¬¥ â®£®, §�-
¢¨á¨â ®â ¬−®¦¥áâ¢� ä�ªâ®à®¢: í«¥¬¥−â−®© ¡�§ë, â¥å−®«®£¨¨ ¨§£®â®¢«¥−¨ï ¨ â. ¤.
�®íâ®¬ã ¢ [16] ¡ë«® ¯à¥¤«®¦¥−® ¨á¯®«ì§®¢�âì ª®íää¨æ¨¥−â ϕ, ®â®¡à�¦�îé¨©
¤®«î ®è¨¡®ª â¨¯� ŠŠ� áà¥¤¨ ¢á¥å ¢®§¬®¦−ëå ®è¨¡®ª (à¨á. 2).

÷¨á. 2 Š«�áá¨ä¨ª�æ¨ï á®¡ëâ¨©, ®¯à¥¤¥«ïîé¨å „”
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�à¨ ¨¤¥�«ì−®¬ áà¥¤áâ¢¥ ª®−âà®«ï „” ®¯à¥¤¥«ï¥âáï ª�ª áã¬¬� ¢¥à®ïâ-
−®áâ¨ ¡¥§®âª�§−®© à�¡®âë (‚�÷) ¨ ¢¥à®ïâ−®áâ¨ ¢®§−¨ª−®¢¥−¨ï ®¡−�àã¦¨¢�¥¬®£®
®âª�§�:

D(t) = P1(t) + P2(t) = P1 + ϕ (1− P1) = e
−nλt + ϕ

(

1− e−nλt
)

.

�à¨ −¥¨¤¥�«ì−®¬ áà¥¤áâ¢¥ ª®−âà®-

÷¨á. 3 ÷�áç¥â „”: 1 | ϕ = 70%; 2 |
ϕ = 20%

«ï −¥®¡å®¤¨¬® ãç¥áâì ‚�÷ ãáâà®©áâ¢�
ª®−âà®«ï ¨ ®áâ�«ì−®£® ¤®¯®«−¨â¥«ì−®£®
®¡®àã¤®¢�−¨ï („�):

D∗(t)=
[

e−nλt+ϕ
(

1− e−nλt
)]

e−Lλt,

£¤¥ L | á«®¦−®áâì „�.
‚á¥ à�áç¥âë ¤®áâ®¢¥à−®áâ¨ ¯à®¢®-

¤¨«¨áì á ¯®ª�§�â¥«ï¬¨ á«®¦−®áâ¨ n =
= 2000 (ïç¥¥ª �ŒŠ | ¡�§®¢ëå ¬�â-
à¨ç−ëå ªà¨áâ�««®¢) ¨ ¨−â¥−á¨¢−®áâ¨ ®â-
ª�§®¢, á ãç¥â®¬ á¡®¥¢, λ = 10−9 1/ç
(à¨á. 3).

3 Модель и алгоритм обнаружения неисправности
для отказоустойчивого самосинхронного устройства
с физическим тайм-аутом

Œ®¤¥«ì ®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¨:
(

tÐ/Ð > tÜ
)

→ Err ,

£¤¥ tÐ/Ð | ¢à¥¬ï ¯¥à¥å®¤−®£® ¯à®æ¥áá�; tÜ | íâ�«®−−®¥ ¢à¥¬ï; Err | á¨£−�«
®è¨¡ª¨.

’�ª�ï ¬®¤¥«ì å®à®è® á®£«�áã¥âáï á ®¯à¥¤¥«¥−¨¥¬ ŠŠ� ¨ ¨á¯®«ì§ã¥â ä�ª-
â®à ¢à¥¬¥−¨, ¯®íâ®¬ã ¢ ¤�«ì−¥©è¥¬ ¡ã¤¥¬ −�§ë¢�âì ¥¥ ú¢à¥¬¥−−‚®©û ¬®¤¥«ìî
®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¨.

�¤¨− ¨§ −¥¤®áâ�âª®¢ ¢à¥¬¥−−‚®© ¬®¤¥«¨ §�ª«îç�¥âáï ¢ â®¬, çâ® ¢ àï¤¥ á«ãç�¥¢
−¥¨á¯à�¢−®áâì ®¡−�àã¦¨¢�¥âáï â®«ìª® ¢ ä�§¥, á«¥¤ãîé¥© §� ä�§®© ¢®§−¨ª−®¢¥-
−¨ï; â�ª¨¬ ®¡à�§®¬, ®áâ�¥âáï ¢¥à®ïâ−®áâì ¢®§−¨ª−®¢¥−¨ï áªàëâ®© −¥¨á¯à�¢−®áâ¨
á ¯¥à¥å®¤®¬ ¢ á®áâ®ï−¨¥ �−â¨á¯¥©á¥à� ¢ à�¡®ç¥© ä�§¥. �«£®à¨â¬ ª®−âà®«ï
®è¨¡ª¨, ãç¨âë¢�îé¨© íâ® ®¡áâ®ïâ¥«ìáâ¢®, ¯à¨¢¥¤¥− −� à¨á. 4:

(1) ®¯à¥¤¥«ï¥âáï, ¢ ª�ª®¬ á®áâ®ï−¨¨ −�å®¤¨âáï áå¥¬�. …á«¨ áå¥¬� ¢ ãáâ®©ç¨¢®¬
á®áâ®ï−¨¨, áç¥âç¨ª ¢à¥¬¥−¨ ¯à¨−ã¤¨â¥«ì−® ãáâ�−�¢«¨¢�¥âáï ¢ −�ç�«®; ¯à¨
¯®ï¢«¥−¨¨ �−â¨á¯¥©á¥à� áà�§ã ä®à¬¨àã¥âáï á¨£−�« ®è¨¡ª¨. …á«¨ áå¥¬�
¢ ¯¥à¥å®¤−®¬ á®áâ®ï−¨¨, â® ¯¥à¥å®¤ ª áç¥âã;
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Œ®¤¥«¨ ®âª�§®ãáâ®©ç¨¢ëå á�¬®á¨−åà®−−ëå áå¥¬

(2) áà�¢−¨¢�¥âáï §−�ç¥−¨¥ áç¥âç¨ª� ¢à¥¬¥−¨ á ¯®à®£®¢ë¬ §−�ç¥−¨¥¬. …á«¨ ®−¨
à�¢−ë, ¢ë¤�¥âáï á¨£−�« ®è¨¡ª¨ ¨ ®áâ�−�¢«¨¢�¥âáï áç¥â. …á«¨ §−�ç¥−¨¥
áç¥âç¨ª� ¬¥−ìè¥ ¯®à®£®¢®£® §−�ç¥−¨ï, â® ¢®§¢à�â ¢ −�ç�«® �«£®à¨â¬�.

’�ª¨¬ ®¡à�§®¬, ª®£¤� ¨−¤¨ª�â®à

÷¨á. 4 �«£®à¨â¬ ®¡−�àã¦¥−¨ï −¥¨á¯à�¢-
−®áâ¨

ª®−âà®«¨àã¥â ¯¥à¥å®¤−®¥ á®áâ®ï−¨¥
¢ áå¥¬¥, â® §� ª�¦¤ë© æ¨ª« à�¡®âë
áç¥âç¨ª ã¢¥«¨ç¨¢�¥â á¢®¥ §−�ç¥−¨¥ −�
¥¤¨−¨æã, ¯®ª� −¥ ¤®áâ¨£−¥â ¯®à®£�. �®
¤®áâ¨¦¥−¨¨ ¯®à®£� áç¥â ®áâ�−�¢«¨¢�-
¥âáï. …á«¨ ¢® ¢à¥¬ï áç¥â� ª®−âà®«¨-
àã¥¬�ï áå¥¬� ¯¥à¥©¤¥â ¢ ãáâ®©ç¨¢®¥
á®áâ®ï−¨¥, áç¥âç¨ª ¯à¨−ã¤¨â¥«ì−® ¡ã-
¤¥â á¡à®è¥− ¢ ¨áå®¤−®¥ á®áâ®ï−¨¥ [17].

‘¨−åà®−−ë© áç¥âç¨ª ¯®§¢®«ï¥â
¨§¬¥àïâì ¤«¨â¥«ì−®áâì ¯¥à¥å®¤−®©
ä�§ë â�ªâ�¬¨ á ¨§¢¥áâ−®© §�¤¥à¦ª®©,
â. ¥. ¬®¦¥â ¡ëâì §�¤�−® ãá«®¢¨¥ | ¢ë-
¤�¢�âì á¨£−�« ®è¨¡ª¨, ¥á«¨ ¯¥à¥å®¤-
−®¥ á®áâ®ï−¨¥ ¤«¨âáï ¡®«¥¥ 500 −á.
�¤−�ª® ¢ à¥�«ì−ëå áå¥¬�å âà¥¡ã¥â-
áï ‘‘-áç¥âç¨ª: ¤«ï ®¡¥á¯¥ç¥−¨ï ª®à-
à¥ªâ−®© à�¡®âë ¯à¨ ¤¨ää¥à¥−æ¨à®¢�−−ëå §−�ç¥−¨ïå ¯¨â�îé¥£® −�¯àï¦¥−¨ï
¢å®¤ë ¯¨â�−¨ï áç¥âç¨ª� ¨ ª®−âà®«¨àã¥¬®© áå¥¬ë ¤®«¦−ë ¡ëâì ¯®¤ª«îç¥−ë
ª ®¤−®© è¨−¥. ’®£¤� ¨§¬¥à¥−¨¥ §�¤¥à¦ª¨ ¡ã¤¥â ¯à®å®¤¨âì ¢ ‘‘ â�ªâ�å, ¤«¨â¥«ì-
−®áâì ª®â®àëå §�¢¨á¨â ®â ¢−¥è−¨å ãá«®¢¨©.

�®¬¨¬® â�©¬-�ãâ� (§�¢¨á�−¨ï ¢ ä�§¥) −¥®¡å®¤¨¬® ª®−âà®«¨à®¢�âì ¯®ï¢«¥−¨¥
§�¯à¥é¥−−®£® −�¡®à� (�−â¨á¯¥©á¥à�) −� ¢ëå®¤¥ áå¥¬ë. ‘¤¥«�âì íâ® ¬®¦−®
à�§−ë¬¨ á¯®á®¡�¬¨: ¬®¦−® ¯®¤ª«îç�âì á¨£−�« ®è¨¡ª¨ −�¯àï¬ãî −� ¢ëå®¤

÷¨á. 5 ”ã−ªæ¨®−�«ì−�ï áå¥¬� ãáâà®©áâ¢� ®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¨ ‘‘-áå¥¬ë: S |
§�¯à®á; I | ¨−¤¨ª�â®à−ë© ¢ëå®¤ ãáâà®©áâ¢� (®â¢¥â�); F0 ¨ F1 | ¢ëå®¤ë ãáâà®©áâ¢�
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ā. �. ‘â¥¯ç¥−ª®¢, �. �. Š�¬¥−áª¨å, ‘. ”. ’îà¨−, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨©

ERR «¨¡® ç¥à¥§ ¯à¥¤ãáâ�−®¢ªã áç¥âç¨ª�. ”ã−ªæ¨®−�«ì−�ï áå¥¬� ¯à¥¤«�£�¥¬®£®
áç¥âç¨ª� ¯à¨¢¥¤¥−� −� à¨á. 5.

‡� á«®¦−®áâì â¨¯®¢®£® áç¥âç¨ª� ¢à¥¬¥−¨ ¯à¨¬¥¬ á«®¦−®áâì 4-à�§àï¤−®£®
‘‘-áç¥âç¨ª�. ‚ ª�ç¥áâ¢¥ ¡�§®¢®£® à�§àï¤� ¢®§ì¬¥¬ âà¨££¥à C0R [18] á«®¦-

−®áâìî 8 ïç¥¥ª �ŒŠ, ªà®¬¥ â®£®,

÷¨á. 6 ÷�áç¥â „” ¯à¨ n = 228, L = 85,
λ = 10−8: 1 | ¡¥§ ãç¥â� ‚�÷ „�; 2 |
á ãç¥â®¬ ‚�÷ „�

−¥®¡å®¤¨¬ë «®£¨ç¥áª¨¥ í«¥¬¥−âë ¤«ï
®¡ê¥¤¨−¥−¨ï ¢ëå®¤®¢ áç¥âç¨ª�. ˆâ®-
£® á«®¦−®áâì áç¥âç¨ª� ¢à¥¬¥−¨ nÓ ≈
≈ 35 ïç¥¥ª �ŒŠ.

‘«®¦−®áâì ®áâ�«ì−®£® „� §�¢¨-
á¨â ®â ¬−®¦¥áâ¢� ä�ªâ®à®¢ | ç¨á-
«� ¢å®¤®¢/¢ëå®¤®¢, ª®«¨ç¥áâ¢� à¥§¥à¢-
−ëå í«¥¬¥−â®¢ ¨ â. ¤. �ç¥¢¨¤−®, çâ®
¯à¨ á«®¦−®áâ¨ ãáâà®©áâ¢� n, §−�ç¨-
â¥«ì−® ¡®«ìè¥© (¡®«¥¥ ¤¢ãå ¯®àï¤ª®¢),
ç¥¬ á«®¦−®áâì áç¥âç¨ª� ¢à¥¬¥−¨ nÓ,
¢«¨ï−¨¥¬ „� ¬®¦−® ¯à¥−¥¡à¥çì. �¤-
−�ª® ¯à¨ á«®¦−®áâ¨ n, áà�¢−¨¬®© (®â 1
¤® 10 à�§ ¡®«ìè¥) á® á«®¦−®áâìî „�,
á−¨¦¥−¨¥ „” ¡ã¤¥â ¢¥áì¬� §−�ç¨â¥«ì-
−ë¬ (à¨á. 6).

Š®íää¨æ¨¥−â £®â®¢−®áâ¨ ¯® (1), c ãç¥â®¬ ϕ, ¯à¨ λ = 10−8 ¨ t = 105

á®áâ�¢«ï¥â

K∗

Ç =
µ

w2 + µ
w1 ∼=

(

P ∗

äï ∨ (ϕ)P2
)

= 0,86 ,

£¤¥ P ∗

äï | ¢¥à®ïâ−®áâì ®âª�§� „�.

4 Исследование модели обнаружения неисправности
на основе логического тайм-аута

‚ íâ®¬ à�§¤¥«¥ ¯à®¢¥¤¥¬ �−�«¨§ ‘‘-áå¥¬ á æ¥«ìî ¢ëà�¡®âª¨ ¬®¤¥«¨, ¯®§¢®-
«ïîé¥© ®¡−�àã¦¨âì −¥¨á¯à�¢−®áâì ¡¥§ ¨á¯®«ì§®¢�−¨ï ä�ªâ®à� ¢à¥¬¥−¨. ‚ ¯à®-
áâ¥©è¥¬ á«ãç�¥ â�ª¨¥ ¬®¤¥«¨ ¨§¢¥áâ−ë | íâ® ª®−âà®«ì ç¥â−®áâ¨. „«ï á«ãç�ï
−¥à¥§¥à¢¨à®¢�−−ëå ‘‘-áå¥¬ á®áâ®ï−¨¥ �−â¨á¯¥©á¥à� â�ª¦¥ ®¤−®§−�ç−® á¢¨¤¥-
â¥«ìáâ¢ã¥â ® −�«¨ç¨¨ −¥¨á¯à�¢−®áâ¨. ‚ −�áâ®ïé¥¬ à�§¤¥«¥ ¡ã¤ãâ à�áá¬®âà¥−ë
¡®«¥¥ á«®¦−ë¥ ¬¥å�−¨§¬ë ®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¥© ¢ ‘‘-áå¥¬�å.

Š®−áâ�−â−�ï ª®−á¥à¢�â¨¢−�ï −¥¨á¯à�¢−®áâì | −¥¨á¯à�¢−®áâì, ¯à¨ ª®â®à®©
§�¤¥à¦ª� ¢ í«¥¬¥−â¥ áâ�−®¢¨âáï ¡¥áª®−¥ç−®© (tÐ/Ð = ∞). Œ®¤¥«ì «®£¨ç¥áª®£®
â�©¬-�ãâ� ¤®«¦−� ¡ëâì äã−ªæ¨®−�«ì−® íª¢¨¢�«¥−â−� ¢à¥¬¥−−‚®© ¬®¤¥«¨, â. ¥. à¥-
�£¨à®¢�âì â®«ìª® −� −¥¨á¯à�¢−®áâ¨ â¨¯� ŠŠ�, ¨−�ç¥ ¢ëá®ª� ¢¥à®ïâ−®áâì «®¦−®£®
áà�¡�âë¢�−¨ï âà¨££¥à� −¥¨á¯à�¢−®áâ¨. ��¯à¨¬¥à, ¥á«¨ ¯à¨¢ï§ë¢�âì áà�¡�âë¢�-
−¨¥ âà¨££¥à� ª ¯¥à¥ª«îç¥−¨ï¬ ¢ ®¤−®¬ ¨§ ª�−�«®¢, −¥ ¤�¢�ï ¯à¨ íâ®¬ ¢à¥¬¥−¨
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’�¡«¨æ� ¨áâ¨−−®áâ¨ ‘‘-áå¥¬ë ¤«ï á¯¥©á¥à®¢ 0 ¨ 1

F1 F1B F2 F2B
‘¯¥©á¥à 0 ‘¯¥©á¥à 1

�è¨¡ª� Š®¬¬¥−â�à¨© �è¨¡ª� Š®¬¬¥−â�à¨©
0 0 0 0 0 ‘¯¥©á¥à 0 1 �−â¨á¯¥©á¥à
0 0 0 1 0 ‡�¤¥à¦ª� 1 �è¨¡ª� 1-£® â¨¯�
0 0 1 0 0 ‡�¤¥à¦ª� 1 �è¨¡ª� 1-£® â¨¯�
0 0 1 1 1 �−â¨á¯¥©á¥à 1 �−â¨á¯¥©á¥à
0 1 0 0 0 ‡�¤¥à¦ª� 1 �è¨¡ª� 1-£® â¨¯�
0 1 0 1 0 Data0 0 Data0
0 1 1 0 | �è¨¡ª� 2-£® â¨¯� | �è¨¡ª� 2-£® â¨¯�
0 1 1 1 1 �è¨¡ª� 1-£® â¨¯� 0 ‡�¤¥à¦ª�
1 0 0 0 0 ‡�¤¥à¦ª� 1 �è¨¡ª� 1-£® â¨¯�
1 0 0 1 | �è¨¡ª� 2-£® â¨¯� | �è¨¡ª� 2-£® â¨¯�
1 0 1 0 0 Data1 0 Data1
1 0 1 1 1 �è¨¡ª� 1-£® â¨¯� 0 ‡�¤¥à¦ª�
1 1 0 0 1 �−â¨á¯¥©á¥à 1 �−â¨á¯¥©á¥à
1 1 0 1 1 �è¨¡ª� 1-£® â¨¯� 0 ‡�¤¥à¦ª�
1 1 1 0 1 �è¨¡ª� 1-£® â¨¯� 0 ‡�¤¥à¦ª�
1 1 1 1 1 �−â¨á¯¥©á¥à 0 ‘¯¥©á¥à 1

§�¢¥àè¨âì ¢á¥ ¯¥à¥å®¤−ë¥ ¯à®æ¥ááë ¢® ¢â®à®¬, ¢ëá®ª� ¢¥à®ïâ−®áâì ®âª«îç¨âì
à�¡®â®á¯®á®¡−ë© ª�−�« â®«ìª® ¯® ¯à¨ç¨−¥ ¯à®¥ªâ−ëå (ä¨§¨ç¥áª¨å) à�§«¨ç¨©
¢ à¥�«¨§�æ¨¨ ‘‘-áå¥¬, � −¥ ¢á«¥¤áâ¢¨¥ −�«¨ç¨ï ªà¨â¨ç¥áª®© −¥¨á¯à�¢−®áâ¨
¢ ®¤−®¬ ¨§ ª�−�«®¢.

�à¥¤«�£�¥âáï ª«�áá¨ä¨ª�æ¨ï −¥¨á¯à�¢−®áâ¥©, ª®â®à�ï ¯®§¢®«ï¥â ®¡®¡é¨âì
¨¬¥îé¨¥áï ¤�−−ë¥ ¯® â¨¯�¬ −¥¨á¯à�¢−®áâ¥© ‘‘-áå¥¬:

{ �−â¨á¯¥©á¥à | ®âª�§ ¢ ®¤−®¬ ¨§ ª�−�«®¢, ¬ãâ�−â−�ï −¥¨á¯à�¢−®áâì;
{ ®è¨¡ª� 1-£® â¨¯� | −¥¨á¯à�¢−®áâì â¨¯� ŠŠ�;
{ ®è¨¡ª� 2-£® â¨¯� | −¥¢®§¬®¦−® ®¯à¥¤¥«¨âì ®âª�§�¢è¨© ª�−�«, ¬ãâ�−â−�ï

−¥¨á¯à�¢−®áâì;
{ §�¤¥à¦ª� ¯¥à¥å®¤−®£® ¯à®æ¥áá� −¥ ï¢«ï¥âáï −¥¨á¯à�¢−®áâìî ¢ ç¨áâ®¬ ¢¨¤¥,

®¤−�ª® ¬®¦¥â ¢®§−¨ª�âì ª�ª á«¥¤áâ¢¨¥ ¯à®¨§¢®¤áâ¢¥−−ëå ¤¥ä¥ªâ®¢, ä¨§¨ç¥-
áª¨å à�§«¨ç¨©, ¯�à�¬¥âà¨ç¥áª¨å ®âª�§®¢ ¨ â. ¤.

�à®�−�«¨§¨àã¥¬ â�¡«¨æã ¨áâ¨−−®áâ¨ á æ¥«ìî ¢ëï¢¨âì ¯à¨§−�ª¨ −¥¨á¯à�¢-
−®áâ¥©, ¯à¨ íâ®¬ ¡ã¤¥¬ ãç¨âë¢�âì ä�ªâ®à ¢à¥¬¥−¨ ¨ ¢®§¬®¦−®áâì −¥§�¢¥àè¥−¨ï
¯¥à¥å®¤−®£® ¯à®æ¥áá� ¢ ®¤−®¬ ¨§ ª�−�«®¢.

�®«ãç¨¬ ¡ã«¥¢ë ãà�¢−¥−¨ï ®è¨¡®ª:

g(f) = F1F1B ∨ F2F2B = Err1 .
‘ ãç¥â®¬ ®è¨¡®ª 2-£® â¨¯�

g∗(f) = Err1 ∨ F1F2B ∨ F2F1B = Err . (2)
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‘ãé¥áâ¢¥−−ë¬ −¥¤®áâ�âª®¬ ¯à¥¤«�-

÷¨á. 7 ÷�áç¥â „” ¯à¨ n = 228, L1 =
= 85, L2 = 54, λ = 10−8: 1 | ä¨§¨ç¥-
áª¨© â�©¬-�ãâ; 2 | «®£¨ç¥áª¨© â�©¬-�ãâ

£�¥¬®© ¬®¤¥«¨ ï¢«ï¥âáï ¨á¯®«ì§®¢�−¨¥
−�£àã¦¥−−®£® à¥§¥à¢¨à®¢�−¨ï. �¤−�ª®
á«®¦−®áâì ãáâà®©áâ¢� ®¡−�àã¦¥−¨ï −¥-
¨á¯à�¢−®áâ¨ ¯à¨ ¨á¯®«ì§®¢�−¨¨ ¯à¥¤-
«�£�¥¬®© ¬®¤¥«¨ §−�ç¨â¥«ì−® −¨¦¥;
á«¥¤®¢�â¥«ì−®, −�¤¥¦−®áâì ‘‘-ãáâà®©-
áâ¢� á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâìî
¨ ¯à¥¤«�£�¥¬®© ¬®¤¥«ìî ®¡−�àã¦¥−¨ï
−¥¨á¯à�¢−®áâ¨ ¡ã¤¥â ¢ëè¥. ‘«®¦−®áâì
ãáâà®©áâ¢� ª®−âà®«ï, à¥�«¨§ãîé¥£®
äã−ªæ¨î (2), á®áâ�¢«ï¥â 4 ïç¥©ª¨ ¯®«ï
�ŒŠ. ÷�ááç¨â�¥¬ ª®íää¨æ¨¥−â £®â®¢-
−®áâ¨ ¯® ä®à¬ã«¥ (1) ¨ „” c ãç¥â®¬ ϕ
¯à¨ λ = 10−8, t = 105, L = 54 (à¨á. 7):

k∗Ç =
µ

w2 + µ
w1 ∼=

(

P ∗

äï ∨ (ϕ)P2
)

= 0,89 .

5 Заключение

�à®¢¥¤¥− �−�«¨§ ‘‘-áå¥¬ á �ªâ¨¢−®© ®âª�§®ãáâ®©ç¨¢®áâìî. „«ï �−�«¨§�
¨á¯®«ì§®¢�«¨áì ¬®¤¥«ì Œ�àª®¢� ¨ ¬�â¥¬�â¨ç¥áª�ï ¬®¤¥«ì ¤«ï à�áç¥â� ¤®áâ®-
¢¥à−®áâ¨ ‘‘-áå¥¬. �¡®¡é¥− ¬�â¥à¨�« ¯® ¨¬¥îé¨¬áï ¬®¤¥«ï¬ ®¡−�àã¦¥−¨ï
−¥¨á¯à�¢−®áâ¥© ¢ ‘‘-áå¥¬�å, à¥§ã«ìâ�âë ä®à¬�«¨§®¢�−ë ¢ ¢¨¤¥ ¬®¤¥«¨ ¨ �«£®-
à¨â¬�. �à¥¤«®¦¥−� ¬®¤¥«ì ®¡−�àã¦¥−¨ï −¥¨á¯à�¢−®áâ¨ −� ®á−®¢¥ «®£¨ç¥áª®£®
â�©¬-�ãâ�. �à¨¬¥−¥−¨¥ ¬®¤¥«¨ ¯®§¢®«ï¥â á®ªà�â¨âì �¯¯�à�â−ë¥ §�âà�âë −�
„�, â¥¬ á�¬ë¬ ¯®§¢®«ïï ¯®¢ëá¨âì −�¤¥¦−®áâì (ª®íää¨æ¨¥−â £®â®¢−®áâ¨ ¨ „”)
‘‘-áå¥¬.

‚ ¤�«ì−¥©è¥¬ ¯«�−¨àã¥âáï à�§¢¨¢�âì ¨¤¥î «®£¨ç¥áª®£® â�©¬-�ãâ� á æ¥«ìî
®¡−�àã¦¨¢�âì −¥ â®«ìª® −¥¨á¯à�¢−®áâ¨ ª«�áá� ŠŠ�, −® ¨ ¤àã£¨å ª«�áá®¢.
�®â¥−æ¨�«ì−® ¬¥â®¤ «®£¨ç¥áª®£® â�©¬-�ãâ� á¯®á®¡¥− ®¡−�àã¦¨¢�âì −¥ â®«ìª®
®¤−®ªà�â−ë¥ ¨ ¬−®£®ªà�â−ë¥ ŠŠ�, −® â�ª¦¥ ¨ ¬ãâ�−â−ë¥ −¥¨á¯à�¢−®áâ¨.
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Abstract: The development of both the reliable and the energy-efficient com-
puting systems is one of most important tasks in the XXI century. The usage of
self-timed circuits makes it possible to improve energy-efficiency of a computing
system. However, the complexity increase in not fault-tolerant self-timed circuits
leads to decrease of reliability. The fault-tolerant self-timed implementation of
digital devices makes it possible to increase not only reliability but also the
complex index \energy{consumption/reliability." The further development of
synthesis methods of fault-tolerant self-timed circuits will allow to compensate
the negative effects of self-timed circuit's development by the positive effect of
complex index increasing. The paper describes the models and algorithms of
fault detection which are developed to improve validity and reliability of actively
fault-tolerant self-timed circuits.
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