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�−−®â�æ¨ï: �à�ªâ¨ç¥áª¨¥ á�¬®á¨−åà®−−ë¥ (‘‘) áå¥¬ë à¥�«¨§ãîâáï ¢ ¢¨¤¥
ª®−¢¥©¥à� �−�«®£¨ç−® á¨−åà®−−ë¬ áå¥¬�¬. ‘�¬®á¨−åà®−−ë¥ áå¥¬ë ®¡«�¤�-
îâ àï¤®¬ ¯à¥¨¬ãé¥áâ¢ ¢ áà�¢−¥−¨¨ á á¨−åà®−−ë¬¨ �−�«®£�¬¨, −® �¯¯�à�â−®
¨§¡ëâ®ç−ë. ‘â�âìï �−�«¨§¨àã¥â ãáâ®©ç¨¢®áâì ‘‘-ª®−¢¥©¥à� ª ®¤−®ªà�â−ë¬
«®£¨ç¥áª¨¬ á¡®ï¬ (‹‘) á ãç¥â®¬ ¥£® �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨ ¨ ¢ ¯à¥¤¯®«®-
¦¥−¨¨, çâ® ‹‘ ¯®à�¦�¥â â®«ìª® ®¤−ã «®£¨ç¥áªãî ïç¥©ªã áå¥¬ë. ‡� áç¥â á¢®¥©
¤¢ãåä�§−®© ¤¨áæ¨¯«¨−ë à�¡®âë ¨ ®¡ï§�â¥«ì−®© ¨−¤¨ª�æ¨¨ ãá¯¥è−®£® §�¢¥à-
è¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢ ª�¦¤ãî ä�§ã ‘‘-áå¥¬ë á¯®á®¡−ë ®¡−�àã¦¨âì ‹‘
¨ ¯à¨®áâ�−®¢¨âì äã−ªæ¨®−¨à®¢�−¨¥ áå¥¬ë ¤® ¥£® ¨áç¥§−®¢¥−¨ï. ‘¡®¥ãáâ®©-
ç¨¢ë© £¨áâ¥à¥§¨á−ë© âà¨££¥à ¢ á®áâ�¢¥ à�§àï¤� à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à�
®¡¥á¯¥ç¨¢�¥â ¨¬¬ã−−®áâì à¥£¨áâà� ª «î¡®¬ã ‹‘ ¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨
áâã¯¥−¨ ª®−¢¥©¥à�. DICE-¯®¤®¡−�ï à¥�«¨§�æ¨ï íâ®£® âà¨££¥à� ¯®§¢®«ï¥â
¢ 2,7 à�§� ¯®¢ëá¨âì ãáâ®©ç¨¢®áâì ‘‘-à¥£¨áâà� ª ¢−ãâà¥−−¨¬ ‹‘. ‚ æ¥«®¬
‘‘-ª®−¢¥©¥à ®ª�§ë¢�¥âáï ¢ 2,5{6,8 à�§� ãáâ®©ç¨¢¥¥ ª ®¤−®ªà�â−ë¬ ‹‘, ç¥¬
¥£® á¨−åà®−−ë© �−�«®£.
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�−�«¨§ á¡®¥ãáâ®©ç¨¢®áâ¨ á�¬®á¨−åà®−−®£® ª®−¢¥©¥à�

çâ® ®âª�§ë ¢ æ¨äà®¢ëå ¬¨ªà®áå¥¬�å ¯®ï¢«ïîâáï −� −¥áª®«ìª® ¯®àï¤ª®¢ à¥¦¥,
ç¥¬ ‹‘ [1].

‚ «¨â¥à�âãà¥ ¨§¢¥áâ−ë ¬−®£®ç¨á«¥−−ë¥ ¬¥â®¤ë §�é¨âë ®â ‹‘: ª®àà¥ªâ¨-
àãîé¨¥ ª®¤ë [2], ¬¥â®¤ë ®¡−�àã¦¥−¨ï ¨ ¨§®«ïæ¨¨ [3, 4]; ¢ ¬¥−ìè¥© áâ¥¯¥−¨
¨á¯®«ì§ãîâáï â¥å−®«®£¨ç¥áª¨¥ ¬¥â®¤ë [5] ¨ ¤à. ‚á¥ ®−¨ ¢ â®© ¨«¨ ¨−®© ¬¥à¥
¯à¥¤¯®«�£�îâ ¢−¥á¥−¨¥ ¨§¡ëâ®ç−®áâ¨ ¢ áå¥¬ã.

‘�¬®á¨−åà®−−ë¥ áå¥¬ë [6, 7] ®¡«�¤�îâ â�ª®© ¨§¡ëâ®ç−®áâìî ¨§−�ç�«ì−®.
�«�£®¤�àï ¤¢ãåä�§−®© ¤¨áæ¨¯«¨−¥, ®¡ï§�â¥«ì−®© ¨−¤¨ª�æ¨¨ ãá¯¥è−®£® §�¢¥à-
è¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢ ª�¦¤ãî ä�§ã ¨ ¤àã£¨¬ á¢®©áâ¢�¬ ‘‘-áå¥¬ë ®¡«�¤�îâ
¥áâ¥áâ¢¥−−®© ¢ëá®ª®© á¡®¥ãáâ®©ç¨¢®áâìî [8, 9].

�¤−�ª® ¨§-§� ¨§¡ëâ®ç−®áâ¨ ‘‘-áå¥¬ ç¨á«® á¡®¥¢ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨, −�¡«î-
¤�¥¬ëå ¢ ‘‘-áå¥¬¥, ¡®«ìè¥, ç¥¬ ¢ á¨−åà®−−®¬ �−�«®£¥ [10]. �®íâ®¬ã §�¤�ç�
�−�«¨§� ãáâ®©ç¨¢®áâ¨ ‘‘-áå¥¬ ª ‹‘ á ãç¥â®¬ ¨å �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨
ï¢«ï¥âáï �ªâã�«ì−®©.

2 Самосинхронный конвейер

�à�ªâ¨ç¥áª¨¥ á¨−åà®−−ë¥ æ¨äà®¢ë¥ áå¥¬ë ¯à®¥ªâ¨àãîâáï ¢ ¢¨¤¥ ª®−¢¥©-
¥à� [11] á £«®¡�«ì−ë¬ â�ªâ®¢ë¬ á¨£−�«®¬. ‘�¬®á¨−åà®−−ë¥ áå¥¬ë −¥ ¨¬¥îâ
£«®¡�«ì−®© á¨−åà®−¨§�æ¨¨. �® ¤«ï ãáª®à¥−¨ï ä�§®¢®£® ¢§�¨¬®¤¥©áâ¢¨ï ‘‘-
ãáâà®©áâ¢ ¢ á®áâ�¢¥ ®¡é¥© ‘‘-áå¥¬ë â�ª¦¥ ¨á¯®«ì§ã¥âáï ª®−¢¥©¥à, ¯®ª�§�−−ë©
−� à¨á. 1. ‡�¯¨áì ¨−ä®à¬�æ¨®−−ëå ¢ëå®¤®¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ (Š—) ¢ ¢ë-
å®¤−®© à¥£¨áâà (‚÷), ¯®¤â¢¥à¦¤¥−−�ï ¨−¤¨ª�â®à®¬ ‚÷ (ˆ‚÷), ¨ ®ª®−ç�−¨¥
¢á¥å ¯¥à¥ª«îç¥−¨© ¢ Š—, ¯®¤â¢¥à¦¤¥−−®¥ ¨−¤¨ª�â®à®¬ Š— (ˆŠ—), ï¢«ïîâáï
−¥®¡å®¤¨¬ë¬¨ ¨ ¤®áâ�â®ç−ë¬¨ ãá«®¢¨ï¬¨ ¤«ï à�§à¥è¥−¨ï ¯¥à¥ª«îç¥−¨ï ¨−ä®à-
¬�æ¨®−−ëå ¢å®¤®¢ Š— ¤�−−®© áâã¯¥−¨ ¢ á«¥¤ãîéãî ä�§ã à�¡®âë. �â® ãá«®¢¨¥
ä®à¬¨àã¥âáï £¨áâ¥à¥§¨á−ë¬ (ƒ) âà¨££¥à®¬ [6].

÷�áá¬®âà¨¬ ¢«¨ï−¨¥ ‹‘ −� à�¡®â®á¯®á®¡−®áâì ‘‘-ª®−¢¥©¥à�.

3 Сбойные ситуации в самосинхронном конвейере

„«ï ã¯à®é¥−¨ï áç¨â�¥¬, çâ® ¯®ï¢«¥−¨¥ á¡®ï ¢ «î¡®¬ ¬¥áâ¥ â®¯®«®£¨¨ «®-
£¨ç¥áª®© ïç¥©ª¨ á ¢¥à®ïâ−®áâìî 0,5 ¢ë§ë¢�¥â ¨−¢¥àá¨î «®£¨ç¥áª®£® ãà®¢−ï

÷¨á. 1 ‘âàãªâãà� â¨¯®¢®£® ‘‘-ª®−¢¥©¥à�
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ˆ. �. ‘®ª®«®¢, ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

á¨£−�«� −� ¥¥ ¢ëå®¤¥. �® −¥ ¢áïª¨© ‹‘ ¯à¨¢®¤¨â ª ¨áª�¦¥−¨î ®¡à�¡�âë¢�¥¬®©
¨−ä®à¬�æ¨¨.

÷�áá¬®âà¨¬ Š— ‘‘-ª®−¢¥©¥à� á âà�¤¨æ¨®−−ë¬ ¯�à�ä�§−ë¬ ª®¤¨à®¢�−¨¥¬
¨−ä®à¬�æ¨®−−ëå á¨£−�«®¢ [6]. Š�¦¤ë© ¯�à�ä�§−ë© á¨£−�« ¨¬¥¥â â®«ìª® ®¤−®
á¯¥©á¥à−®¥ á®áâ®ï−¨¥: −ã«¥¢®¥ (00) ¨«¨ ¥¤¨−¨ç−®¥ (11). ˆ−¢¥àá−®¥ á¯¥©á¥àã
á®áâ®ï−¨¥ (�−â¨á¯¥©á¥à) áç¨â�¥âáï §�¯à¥é¥−−ë¬, −® ®−® ¬®¦¥â ¯®ï¢¨âìáï ¢ à¥-
§ã«ìâ�â¥ ‹‘. ˆá¯®«ì§®¢�−¨¥ ïç¥©ª¨ ú−¥à�¢−®§−�ç−®áâìû ¨«¨ úà�¢−®§−�ç−®áâìû
¤«ï ¨−¤¨ª�æ¨¨ ¯�à�ä�§−®£® á¨£−�«� ®¡¥á¯¥ç¨¢�¥â à�á¯®§−�¢�−¨¥ �−â¨á¯¥©á¥à�
ª�ª á¯¥©á¥à� [8].

��à�ä�§−ë© á¨£−�« ä®à¬¨àã¥âáï ¤¢ã¬ï á®£«�á®¢�−−ë¬¨ «®£¨ç¥áª¨¬¨ ïç¥©-
ª�¬¨. ‡−�ç¨â, ®¤−®ªà�â−ë© ‹‘ ¯à¨¢¥¤¥â ª ¨§¬¥−¥−¨î ®¤−®© ª®¬¯®−¥−âë
¯�à�ä�§−®£® á¨£−�«� ¨ á¬¥−¥ ¥£® ¢¨¤¨¬®© ä�§ë.

Š�¦¤ãî ä�§ã äã−ªæ¨®−¨à®¢�−¨ï ‘‘-áå¥¬ë ¬®¦−® à�§¡¨âì −� ¤¢� ¯¥à¨®¤�:
�ªâ¨¢−®¥ ¯¥à¥ª«îç¥−¨¥ ¢ â¥ªãéãî ä�§ã ¨ ®¦¨¤�−¨¥ à�§à¥è¥−¨ï ¯¥à¥ª«îç¥−¨ï
¢ á«¥¤ãîéãî ä�§ã. �ã¤¥¬ áç¨â�âì, çâ® ª�¦¤�ï áâã¯¥−ì ‘‘-ª®−¢¥©¥à� ¢ «î¡®©
¬®¬¥−â ¢à¥¬¥−¨ á ¢¥à®ïâ−®áâìî 0,5 −�å®¤¨âáï «¨¡® ¢ �ªâ¨¢−®¬ ¯¥à¨®¤¥, «¨¡®
¢ ®¦¨¤�−¨¨.

ˆá¯®«ì§®¢�−¨¥ á¡®¥ãáâ®©ç¨¢®£® ƒ-âà¨££¥à� (à¨á. 2) ¤«ï à¥�«¨§�æ¨¨ à�§àï¤�
¢ëå®¤−®£® à¥£¨áâà� (à¨á. 3) ã¬¥−ìè�¥â ¢¥à®ïâ−®áâì §�¯¨á¨ ¢ à�§àï¤ à¥£¨áâà�
á¡®©−®£® á®áâ®ï−¨ï ¯�à�ä�§−®£® ¢å®¤� (X,XB). ‡¤¥áì E | ¢å®¤ ã¯à�¢«¥-
−¨ï, à�§à¥è�îé¨© §�¯¨áì ¢ à¥£¨áâà à�¡®ç¥£® á®áâ®ï−¨ï (E = 1) ¨«¨ á¯¥©á¥à�
(E = 0).

�ãáâì ¤«¨â¥«ì−®áâì á¡®ï ¯à¥¢ëè�¥â áã¬¬�à−ãî ¤«¨â¥«ì−®áâì à�¡®ç¥© ¨ á¯¥©-
á¥à−®© ä�§ áâã¯¥−¨ ª®−¢¥©¥à�. ‚®§¬®¦−ë á«¥¤ãîé¨¥ á¨âã�æ¨¨ ¯®ï¢«¥−¨ï ‹‘
¢ Š— áâã¯¥−¨ ª®−¢¥©¥à�.

÷¨á. 2 ‘å¥¬� ƒ-âà¨££¥à�, ãáâ®©ç¨¢®£® ª á¡®ï¬ −� ¢å®¤¥, −� ŠŒ„�-âà�−§¨áâ®à�å
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�−�«¨§ á¡®¥ãáâ®©ç¨¢®áâ¨ á�¬®á¨−åà®−−®£® ª®−¢¥©¥à�

÷¨á. 3 ‘å¥¬� ®¤−®£® à�§àï¤� ¢ëå®¤−®£® à¥£¨áâà� á ¡«®ª¨à®¢ª®© §�¯¨á¨ ¢® ¢à¥¬ï
®¦¨¤�−¨ï

1. ‘âã¯¥−ì −�å®¤¨âáï ¢ á®áâ®ï−¨¨ �ªâ¨¢−®£® ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî ä�§ã,
E = 1, ¨§-§� ‹‘ à�¡®ç¥¥ á®áâ®ï−¨¥ á¨£−�«� (X,XB) −� ¢å®¤¥ à¥£¨áâà� −¥
ãá¯¥¢�¥â §�¯¨á�âìáï ¢ −¥£®.

2. ‘âã¯¥−ì −�å®¤¨âáï ¢ á®áâ®ï−¨¨ �ªâ¨¢−®£® ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî ä�§ã,
E = 1, ‹‘ ¢å®¤� (X,XB) à¥£¨áâà� ¢®§−¨ª�¥â ¯®á«¥ â®£®, ª�ª à�¡®ç¥¥
á®áâ®ï−¨¥ (X,XB) §�¯¨á�«®áì ¢ à�§àï¤ ¢ëå®¤−®£® à¥£¨áâà� ¨ ¨−¤¨ª�â®à−ë©
¢ëå®¤ à�§àï¤� à¥£¨áâà� §�¯à¥â¨« §�¯¨áì ¢ à¥£¨áâà.

3. ‘âã¯¥−ì −�å®¤¨âáï ¢ á®áâ®ï−¨¨ ®¦¨¤�−¨ï ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî ä�§ã,
E = 0, ‹‘ ¯¥à¥ª«îç�¥â ¢å®¤ (X,XB) à¥£¨áâà� ¨§ á¯¥©á¥à� ¢ à�¡®ç¥¥
á®áâ®ï−¨¥, á®¢¯�¤�îé¥¥ á ®¦¨¤�¥¬ë¬ «¨¡® ¯à®â¨¢®¯®«®¦−®¥ ¥¬ã.

4. ‘âã¯¥−ì −�å®¤¨âáï ¢ á®áâ®ï−¨¨ �ªâ¨¢−®£® ¯¥à¥ª«îç¥−¨ï ¢ á¯¥©á¥à−ãî ä�§ã,
E = 0, ¨§-§� ‹‘ ¢å®¤� (X,XB) à�§àï¤ à¥£¨áâà� «¨¡® ®áâ�«áï ¢ â®¬ ¦¥
à�¡®ç¥¬ á®áâ®ï−¨¨, «¨¡® ¯¥à¥ª«îç¨«áï ¢ �−â¨á¯¥©á¥à.

5. ‘âã¯¥−ì −�å®¤¨âáï ¢ á®áâ®ï−¨¨ �ªâ¨¢−®£® ¯¥à¥ª«îç¥−¨ï ¢ á¯¥©á¥à−ãî ä�§ã,
E = 0, ‹‘ −� ¢å®¤¥ (X,XB) à¥£¨áâà� ¢®§−¨ª�¥â ¯®á«¥ §�¯¨á¨ á¯¥©á¥à�
¢ à�§àï¤ à¥£¨áâà�.

6. ‘âã¯¥−ì −�å®¤¨âáï ¢ á®áâ®ï−¨¨ ®¦¨¤�−¨ï ¯¥à¥ª«îç¥−¨ï ¢ á¯¥©á¥à−ãî ä�§ã,
E = 1, ¢å®¤ (X,XB) à¥£¨áâà� ¨§-§� ‹‘ «¨¡® ¯à¥¦¤¥¢à¥¬¥−−® ¯¥à¥å®¤¨â
¢ á¯¥©á¥à, «¨¡® ¯¥à¥ª«îç�¥âáï ¢ �−â¨á¯¥©á¥à.

‚ á¨âã�æ¨ïå 1, 3, 4 ¨ 6 ¢ëå®¤ ˆ‚÷ ®áâ�−¥âáï ¢ á¯¥©á¥à¥ ¨ ‘‘-ª®−¢¥©¥à
®áâ�−®¢¨âáï ¢ ®¦¨¤�−¨¨ ®ª®−ç�−¨ï ‹‘ ¨ ¢®ááâ�−®¢«¥−¨ï ª®àà¥ªâ−®£® á®áâ®ï−¨ï
á¨£−�«� (X,XB). ‚ á¨âã�æ¨ïå 2 ¨ 5 ¢ëå®¤ë à¥£¨áâà� −¥ ¨§¬¥−ïâáï. ’�ª¨¬
®¡à�§®¬, à�§àï¤ à¥£¨áâà�, ¨§®¡à�¦¥−−ë© −� à¨á. 3, ¬�áª¨àã¥â ¢á¥ ‹‘ á¢®¨å
¨−ä®à¬�æ¨®−−ëå ¢å®¤®¢.

‘¡®© −¥¯®áà¥¤áâ¢¥−−® ¢ ƒ-âà¨££¥à�å à�§àï¤� à¥£¨áâà� áâã¯¥−¨ ®ª�§ë¢�¥âáï
¡®«¥¥ ªà¨â¨ç−ë¬ ¨§-§� â®£®, çâ® ®− ¡«®ª¨àã¥â §�¯¨áì ª®àà¥ªâ−®£® á®áâ®ï−¨ï
¢å®¤� (X,XB) ¨ ¯à¨¢®¤¨â ª ú§�¢¨á�−¨îû ª®−¢¥©¥à�. ˆá¯®«ì§®¢�−¨¥ DICE-¯®-
¤®¡−®£® ƒ-âà¨££¥à� [12], áå¥¬� ª®â®à®£® −� ŠŒ„�-âà�−§¨áâ®à�å ¨§®¡à�¦¥−� −�
à¨á. 4, ¤«ï à¥�«¨§�æ¨¨ à�§àï¤®¢ à¥£¨áâà� áâã¯¥−¨ ‘‘-ª®−¢¥©¥à�, ª�ª ¯®ª�§�−®
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ˆ. �. ‘®ª®«®¢, ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

÷¨á. 4 ‘å¥¬� ƒ-âà¨££¥à� DICE-â¨¯� −� ŠŒ„�-âà�−§¨áâ®à�å

−� à¨á. 5, ª�à¤¨−�«ì−® à¥è�¥â ãª�§�−−ãî ¯à®¡«¥¬ã. ÷�§àï¤ à¥£¨áâà� áâ�−®-
¢¨âáï £®à�§¤® ¡®«¥¥ ãáâ®©ç¨¢ë¬ ª ‹‘: á«®¦−®áâì ¥£® çã¢áâ¢¨â¥«ì−ëå ª á¡®ï¬
ª®¬¯®−¥−â®¢ á®ªà�é�¥âáï ¢ 2,7 à�§� | á 41 ŠŒ„�-âà�−§¨áâ®à� ¤® 15 âà�−§¨-
áâ®à®¢ (¤¢� ç¥âëà¥åâà�−§¨áâ®à−ëå ª®−¢¥àâ¥à� ¤ã�«ì−ëå ¢ëå®¤®¢ ¢ ®¤¨−�à−ë¥
¨ ¨−¤¨ª�â®à−ë© í«¥¬¥−â | ïç¥©ª� à�¢−®§−�ç−®áâ¨), ã¬¥−ìè�ï ¯à®¯®àæ¨®−�«ì−®
¯«®é�¤ì ¥£® â®¯®«®£¨ç¥áª®© à¥�«¨§�æ¨¨ ¨ ¨−â¥−á¨¢−®áâì á¡®¥¢ ¢ −¥¬.

‹®£¨ç¥áª¨© á¡®© ¢ ¨−¤¨ª�â®à−®¬ í«¥¬¥−â¥ à�§àï¤� à¥£¨áâà� á ¢¥à®ïâ-
−®áâìî 0,5 §�¡«®ª¨àã¥â §�¯¨áì ¢ à�§àï¤ à¥£¨áâà� á®áâ®ï−¨ï, á®®â¢¥âáâ¢ãîé¥£®
â¥ªãé¥© ä�§¥. ‘ ¢¥à®ïâ−®áâìî 0,5 á«¥¤ãîé�ï áâã¯¥−ì ª®−¢¥©¥à� −¥ §�¬�áª¨àã¥â
íâ®â á¡®©, ¨ ®− ¢ë§®¢¥â ú§�¢¨á�−¨¥û ‘‘-ª®−¢¥©¥à�. ‘«¥¤®¢�â¥«ì−®, á ¢¥à®ïâ-
−®áâìî 0,25 ‹‘ ¢ ¨−¤¨ª�â®à−®¬ í«¥¬¥−â¥ à�§àï¤� à¥£¨áâà� ¯à¨¢¥¤¥â ª ®áâ�−®¢ª¥
‘‘-ª®−¢¥©¥à�.

ˆ−¤¨ª�â®à−ë¥ ¯®¤áå¥¬ë ˆŠ— ¨ ˆ‚÷ áâà®ïâáï −� ƒ-âà¨££¥à�å [6] ¢ ¢¨¤¥
¯¨à�¬¨¤�«ì−®© áå¥¬ë. Šà¨â¨ç¥áª�ï á¨âã�æ¨ï ¢®§−¨ª�¥â â®«ìª® ¢ â®¬ á«ãç�¥,
¥á«¨ ‹‘ ¯®à�¦�¥â ¢¥àè¨−ã íâ®© ¯¨à�¬¨¤ë. ‚¥à®ïâ−®áâì íâ®£® á®¡ëâ¨ï à�¢−�
¯à¨¬¥à−® 2/N , £¤¥ N | ç¨á«® ¨−¤¨æ¨àã¥¬ëå á¨£−�«®¢.

‘ã¬¬�à−�ï ¢¥à®ïâ−®áâì ¯®ï¢«¥−¨ï ªà¨â¨ç¥áª®£® á¡®ï ¢ i-© áâã¯¥−¨ ‘‘-ª®−-
¢¥©¥à� §�¢¨á¨â ®â ¯«®é�¤¥© â®¯®«®£¨¨ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ (SCP,i), ƒ-âà¨££¥à�
(SH ), ïç¥©ª¨ à�¢−®§−�ç−®áâ¨ (SIE) ¨ ¯®¤áå¥¬ ˆŠ— (SCPI,i) ¨ ˆ‚÷ (SORI,i):

PST,i =
0,25ni(2SH + SIE) + SH

SCP,i + niSIE + 0,5(Mi + 5ni)SH

,
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�−�«¨§ á¡®¥ãáâ®©ç¨¢®áâ¨ á�¬®á¨−åà®−−®£® ª®−¢¥©¥à�

÷¨á. 5 ‘å¥¬� à�§àï¤� à¥£¨áâà� −� ƒ-âà¨££¥à�å DICE-â¨¯�

£¤¥ ni | à�§àï¤−®áâì à¥£¨áâà�; Mi | ç¨á«® ¨−¤¨æ¨àã¥¬ëå á¨£−�«®¢ ¢ ª®¬¡¨−�-
æ¨®−−®© ç�áâ¨. �−�«¨§ ¯à�ªâ¨ç¥áª¨å áå¥¬ ‘‘-ª®−¢¥©¥à®¢ ¤�¥â §−�ç¥−¨¥ PST,i

¢ ¤¨�¯�§®−¥ 0,012{0,036. �à¨ ¨á¯®«ì§®¢�−¨¨ ¢ à¥£¨áâà¥ ƒ-âà¨££¥à� DICE-â¨¯�
¢¥à®ïâ−®áâì ¯®ï¢«¥−¨ï ªà¨â¨ç¥áª®£® á¡®ï ã¬¥−ìè�¥âáï ¤® ¢¥«¨ç¨−ë 0,004{0,013.

‹®£¨ç¥áª¨© á¡®© ¢ i-© áâã¯¥−¨ á¨−åà®−−®£® ª®−¢¥©¥à� ®ª�§ë¢�¥âáï ªà¨â¨ç¥-
áª¨¬, ¢ ¯¥à¢®¬ ¯à¨¡«¨¦¥−¨¨, á ¢¥à®ïâ−®áâìî PS,i = 0,25. ’®£¤� ¯à¨ ¯®áâ®ï−−®©
¯«®â−®áâ¨ á®¡ëâ¨©, ¢ë§ë¢�îé¨å á¡®¨, ¨ á ãç¥â®¬ �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨
‘‘-ª®−¢¥©¥à� ç¨á«® ªà¨â¨ç¥áª¨å á¡®¥¢ ¢ ¥¤¨−¨æã ¢à¥¬¥−¨ ¢ −¥¬ ¬¥−ìè¥, ç¥¬
¢ á¨−åà®−−®¬ ª®−¢¥©¥à¥, ¢ 2,5{6,8 à�§� ¢ §�¢¨á¨¬®áâ¨ ®â áå¥¬ë à�§àï¤� ‘‘-
à¥£¨áâà�. �®íâ®¬ã, −¥á¬®âàï −� �¯¯�à�â−ãî ¨§¡ëâ®ç−®áâì ‘‘-ª®−¢¥©¥à�, ¥£®
¨á¯®«ì§®¢�−¨¥ æ¥«¥á®®¡à�§−® ¢ −�¤¥¦−ëå ¯à¨«®¦¥−¨ïå.

4 Заключение

‘�¬®á¨−åà®−−ë¥ áå¥¬ë áâ�«¨ ¬−®£®®¡¥é�îé¥© �«ìâ¥à−�â¨¢®© á¨−åà®−−ë¬
áå¥¬�¬ ¢ ®¡«�áâ¨ ¯à®¥ªâ¨à®¢�−¨ï â¥å−¨ç¥áª¨å á¨áâ¥¬, ãáâ®©ç¨¢® à�¡®â�îé¨å
¢ −¥áâ�¡¨«ì−ëå ¨ íªáâà¥¬�«ì−ëå ãá«®¢¨ïå íªá¯«ã�â�æ¨¨: ¯à¨ á¢¥àå−¨§ª®¬ ¨ ¨§-
¬¥−ïîé¥¬áï −�¯àï¦¥−¨¨ ¯¨â�−¨ï, ¢ è¨à®ª®¬ ¤¨�¯�§®−¥ â¥¬¯¥à�âãàë.

„¢ãåä�§−�ï ¤¨áæ¨¯«¨−� äã−ªæ¨®−¨à®¢�−¨ï ¨ ®¡ï§�â¥«ì−®¥ ¯®¤â¢¥à¦¤¥−¨¥
ãá¯¥è−®£® §�¢¥àè¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢ ª�¦¤ãî ä�§ã ®¡¥á¯¥ç¨¢�îâ ¡®«¥¥ ¢ëá®-
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ˆ. �. ‘®ª®«®¢, ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª® ¨ ¤à.

ªãî ãáâ®©ç¨¢®áâì ‘‘-ª®−¢¥©¥à� ª ªà�âª®¢à¥¬¥−−ë¬ ®¤−®ªà�â−ë¬ ‹‘ ¢ áà�¢−¥-
−¨¨ á á¨−åà®−−ë¬ ª®−¢¥©¥à®¬. ‚ §�¢¨á¨¬®áâ¨ ®â á«®¦−®áâ¨ áâã¯¥−¥© ª®−¢¥©¥à�
¨ áå¥¬ë à¥�«¨§�æ¨¨ à�§àï¤� ‘‘-à¥£¨áâà� ‘‘-¢�à¨�−â ®ª�§ë¢�¥âáï ¢ 2,5{6,8 à�§�
¬¥−¥¥ çã¢áâ¢¨â¥«ì−ë¬ ª ‹‘.
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SELF-TIMED PIPELINE’S SOFT ERROR TOLERANCE ANALYSIS
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D. Yu. Stepchenkov, and D. Yu. Diachenko

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

Abstract: Practical self-timed (ST) circuits are implemented as a pipeline,
similar to synchronous circuits. Self-timed circuits have a number of advantages
in comparison with synchronous counterparts but are redundant in hardware.
The article analyzes the stability of the ST pipeline to single soft errors, taking
into account its hardware redundancy and assuming that each soft error affects
only one circuit's logical cell. Due to their two-phase work discipline and
the mandatory indication of the successful completion of the switching in each
phase, the ST circuits can detect a soft error and suspend the operation of the
circuit until it disappears. A failure-tolerant hysteretic trigger as a part of the
pipeline stage register bit ensures that the register is immune to any soft error
in the pipeline stage's combinational part. The DICE-like implementation of
this trigger increases the ST register tolerance to internal soft errors by a factor
of 2.7. In general, the ST pipeline is 2.5{9.4 times more immune to single soft
errors than its synchronous counterpart.

Keywords: self-timed circuits; pipeline; soft error; failure tolerance; indication;
hysteretic trigger
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