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�−−®â�æ¨ï: ˆ−¤¨ª�â®à−�ï ¯®¤áå¥¬� ¢ á�¬®á¨−åà®−−ëå (‘‘) áå¥¬�å ®¡¥á-
¯¥ç¨¢�¥â ª®−âà®«ì ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï ¢á¥å í«¥¬¥−â®¢ ¢ â¥ªãéãî ä�§ã
¨ ã¯à�¢«¥−¨¥ ¢§�¨¬®¤¥©áâ¢¨¥¬ äã−ªæ¨®−�«ì−ëå ¡«®ª®¢. ‘ ã¢¥«¨ç¥−¨¥¬
à�§àï¤−®áâ¨ ‘‘-áå¥¬ë à�áâ¥â ¨ ¢ª«�¤ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ¢ §�¤¥à¦ªã
¯¥à¥ª«îç¥−¨ï áå¥¬ë. ‚ áâ�âì¥ à�áá¬�âà¨¢�îâáï ¢®¯à®áë ®¯â¨¬¨§�æ¨¨ ¨−-
¤¨ª�â®à−®© ¯®¤áå¥¬ë ¨ ®à£�−¨§�æ¨¨ ‘‘-ª®−¢¥©¥à� ¤«ï ®¡¥á¯¥ç¥−¨ï ¡®«¥¥
¢ëá®ª®£® ¡ëáâà®¤¥©áâ¢¨ï ¢á¥© áå¥¬ë. „«ï à¥�«¨§�æ¨¨ à�§àï¤� à¥£¨áâà®¢
åà�−¥−¨ï ¯à®¬¥¦ãâ®ç−ëå ¤�−−ëå ¢ áâã¯¥−ïå ª®−¢¥©¥à� ¯à¥¤«�£�¥âáï ¨á¯®«ì-
§®¢�âì ¢¬¥áâ® ®¡ëç−®£® ‘‘-RS-âà¨££¥à� £¨áâ¥à¥§¨á−ë© âà¨££¥à, ¨¬¥îé¨©
¬¥−ìèãî á«®¦−®áâì ¨ ®¡¥á¯¥ç¨¢�îé¨© åà�−¥−¨¥ ª�ª à�¡®ç¥£®, â�ª ¨ á¯¥©-
á¥à−®£® á®áâ®ï−¨ï ¯�à�ä�§−ëå ¤�−−ëå. „¨áæ¨¯«¨−� ã¯à�¢«¥−¨ï ä�§�¬¨
áâã¯¥−¥© ª®−¢¥©¥à� á ¯®¬®éìî ®¡é¨å ¨−¤¨ª�â®à−ëå ¢ëå®¤®¢ á®á¥¤−¨å áâã-
¯¥−¥© ª®−¢¥©¥à� §�¬¥−ï¥âáï ¯à¨−æ¨¯®¬ ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ ¨ ã¯à�¢«¥-
−¨ï ä�§�¬¨, ¨á¯®«ì§ãîé¥© ¯�à�««¥«ì−®áâì ¢ëç¨á«¥−¨© ¢ ¬−®£®à�§àï¤−ëå
‘‘-áå¥¬�å. �à¥¤«�£�¥¬ë¥ à¥è¥−¨ï ®¡¥á¯¥ç¨¢�îâ áãé¥áâ¢¥−−®¥ ¯®¢ëè¥−¨¥
¡ëáâà®¤¥©áâ¢¨ï ‘‘-áå¥¬ §� áç¥â −¥§−�ç¨â¥«ì−®£® ãá«®¦−¥−¨ï ¨−¤¨ª�â®à−®©
¯®¤áå¥¬ë.
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�¯â¨¬¨§�æ¨ï ¨−¤¨ª�æ¨¨ ¬−®£®à�§àï¤−ëå á�¬®á¨−åà®−−ëå áå¥¬

§�¯à®á-®â¢¥â−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã §�¤�âç¨ª®¬ ¤�−−ëå ¨ ¨å ¯à¨¥¬−¨ª®¬.
�«�£®¤�àï íâ®¬ã ¡ëáâà®¤¥©áâ¢¨¥ ‘‘-áå¥¬ ®¯à¥¤¥«ï¥âáï «¨èì à¥�«ì−ë¬¨ ¢ ¤�−-
−ëå ãá«®¢¨ïå íªá¯«ã�â�æ¨¨ §�¤¥à¦ª�¬¨ í«¥¬¥−â®¢, ¨§ ª®â®àëå ®−¨ á®áâ®ïâ.
�â¨¬ ®−¨ ¢ë£®¤−® ®â«¨ç�îâáï ®â á¨−åà®−−ëå áå¥¬, ª®â®àë¥ ¢ ®âáãâáâ¢¨¥ �¤�¯â�-
æ¨¨ ¨áâ®ç−¨ª� â�ªâ®¢®£® á¨£−�«� ª ¨§¬¥−ïîé¨¬áï ãá«®¢¨ï¬ ®ªàã¦�îé¥© áà¥¤ë
¢ë−ã¦¤¥−ë ®à¨¥−â¨à®¢�âìáï −� ú−�¨åã¤è¨© á«ãç�©û: ¬¨−¨¬�«ì−® ¢®§¬®¦−®¥
−�¯àï¦¥−¨¥ ¯¨â�−¨ï, ¬�ªá¨¬�«ì−® ¤®¯ãáâ¨¬ãî â¥¬¯¥à�âãàã ®ªàã¦�îé¥© áà¥¤ë,
ú¬¥¤«¥−−ë¥û âà�−§¨áâ®àë ¨ â. ¤. ‚ à¥§ã«ìâ�â¥ ¢ àï¤¥ ¯à¨«®¦¥−¨© ‘‘-áå¥¬ë,
−¥á¬®âàï −� á¢®î �¯¯�à�âãà−ãî ¨§¡ëâ®ç−®áâì, ®ª�§ë¢�îâáï ¡®«¥¥ ¡ëáâà®¤¥©-
áâ¢ãîé¨¬¨, ç¥¬ ¨å á¨−åà®−−ë¥ �−�«®£¨.

�á−®¢−ë¥ ä�ªâ®àë ®£à�−¨ç¥−¨ï ¡ëáâà®¤¥©áâ¢¨ï ‘‘-áå¥¬:

{ ¤¢ãåä�§−�ï ¤¨áæ¨¯«¨−� à�¡®âë | à�¡®ç�ï ä�§�, ¢ ª®â®à®© à¥�«¨§ã¥âáï
§�«®¦¥−−ë© ¢ áå¥¬ã �«£®à¨â¬ ®¡à�¡®âª¨ ¢å®¤−ëå ¤�−−ëå, ¨ á¯¥©á¥à−�ï ä�§�
(á¯¥©á¥à), á«ã¦�é�ï ¤«ï à�§¤¥«¥−¨ï á®á¥¤−¨å à�¡®ç¨å ä�§;

{ −�«¨ç¨¥ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë.

ˆ−¤¨ª�â®à−�ï ¯®¤áå¥¬� ®¡¥á¯¥ç¨¢�¥â ª®−âà®«ì ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï ‘‘-
áå¥¬ë ¢ â¥ªãéãî ä�§ã. „«ï ¯®¤â¢¥à¦¤¥−¨ï ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï ‘‘-áå¥¬ë
âà¥¡ã¥âáï ¯à®¨−¤¨æ¨à®¢�âì ¢ëå®¤ë ¢á¥å ¥¥ í«¥¬¥−â®¢ ¨ á®¡à�âì ¨å ¢ ®¤¨−
¨−¤¨ª�â®à−ë© á¨£−�«, á«ã¦�é¨© á¨£−�«®¬ ã¯à�¢«¥−¨ï §�¤�âç¨ª®¬.

‚ ®â−®á¨â¥«ì−® −¥á«®¦−ëå áå¥¬�å á −¥¡®«ìè®© à�§àï¤−®áâìî ¨−¤¨ª�â®à−�ï
¯®¤áå¥¬� à�¡®â�¥â ¢ úä®−®¢®¬û à¥¦¨¬¥. ‚ ¬−®£®à�§àï¤−ëå ‘‘-áå¥¬�å ¡®«ìè®¥
ç¨á«® ¨−¤¨æ¨àãîé¨å á¨£−�«®¢ ¯à¨¢®¤¨â ª úà�§¡ãå�−¨îû ¨−¤¨ª�â®à−®© ¯®¤-
áå¥¬ë, ª®â®à�ï −�ç¨−�¥â ¢−®á¨âì áãé¥áâ¢¥−−ë© ¢ª«�¤ ¢ §�¤¥à¦ªã ‘‘-áå¥¬ë.
�®íâ®¬ã à�§à�¡®âª� ¬¥â®¤®¢ ãáª®à¥−¨ï ¨−¤¨ª�æ¨¨ ¬−®£®à�§àï¤−ëå ‘‘-áå¥¬
ï¢«ï¥âáï �ªâã�«ì−®© §�¤�ç¥©. „�−−�ï à�¡®â� ¯®á¢ïé¥−� ¨áá«¥¤®¢�−¨î ¢®§¬®¦−®-
áâ¥© ãáª®à¥−¨ï ¨ à�á¯�à�««¥«¨¢�−¨ï ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ŠŒ��-‘‘-áå¥¬
¨ �−�«¨§ã ¢�à¨�−â®¢ ¥¥ à¥�«¨§�æ¨¨ ¢ â¨¯®¢ëå ãáâà®©áâ¢�å.

2 Самосинхронный конвейер

‘«®¦−ë¥ ‘‘-áå¥¬ë, ª�ª ¨ ¨å á¨−åà®−−ë¥ �−�«®£¨, áâà®ïâáï ¢ ¢¨¤¥ ª®−-
¢¥©¥à�. ‘âã¯¥−ì ‘‘-ª®−¢¥©¥à� á®¤¥à¦¨â ª®¬¡¨−�æ¨®−−ãî ç�áâì, à¥�«¨§ãîéãî
�«£®à¨â¬ ®¡à�¡®âª¨ ¤�−−ëå, ¨ ¢å®¤−®© ¨«¨ ¢ëå®¤−®© à¥£¨áâà, åà�−ïé¨© à¥-
§ã«ìâ�âë ®¡à�¡®âª¨ ¤�−−ëå. ‚ á¨−åà®−−ëå áå¥¬�å ¢á¥ áâã¯¥−¨ ª®−¢¥©¥à�,
ª�ª ¯à�¢¨«®, á¨−åà®−¨§¨àãîâáï ®¤−¨¬ â�ªâ®¢ë¬ á¨£−�«®¬. ‘�¬®á¨−åà®−−ë©
ª®−¢¥©¥à ã¯à�¢«ï¥âáï á¨£−�«�¬¨, ¨−¤¨æ¨àãîé¨¬¨ ®ª®−ç�−¨¥ ¯¥à¥ª«îç¥−¨ï á®-
á¥¤−¨å áâã¯¥−¥© ª®−¢¥©¥à� ¢ ®ç¥à¥¤−ãî ä�§ã à�¡®âë.

��§®¢ë© ¯à¨−æ¨¯ ¢§�¨¬®¤¥©áâ¢¨ï áâã¯¥−¥© ‘‘-ª®−¢¥©¥à� §�ª«îç�¥âáï
¢ á«¥¤ãîé¥¬: â¥ªãé�ï áâã¯¥−ì ª®−¢¥©¥à� −�ç¨−�¥â ¯¥à¥ª«îç�âìáï ¢ à�¡®çãî
(á¯¥©á¥à−ãî) ä�§ã â®«ìª® ¯®á«¥ â®£®, ª�ª ¯à¥¤ë¤ãé�ï áâã¯¥−ì ª®−¢¥©¥à� ¯¥-
à¥ª«îç¨«�áì ¢ à�¡®çãî (á¯¥©á¥à−ãî) ä�§ã, � á«¥¤ãîé�ï áâã¯¥−ì ª®−¢¥©¥à�
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨© ¨ ¤à.

÷¨á. 1 ‘å¥¬� ª«�áá¨ç¥áª®£® ‘‘-ª®−¢¥©¥à�

¯¥à¥ª«îç¨«�áì ¢ á¯¥©á¥à−ãî (à�¡®çãî) ä�§ã. �� à¨á. 1 ¯à¨¢¥¤¥−� áå¥¬� ª«�á-
á¨ç¥áª®£® ‘‘-ª®−¢¥©¥à�. ‡¤¥áì ú‹®£¨ª�û | ª®¬¡¨−�æ¨®−−�ï ç�áâì áâã¯¥−¨
ª®−¢¥©¥à�; ú÷¥£¨áâàû | ¢ëå®¤−®© à¥£¨áâà áâã¯¥−¨; úˆ‘û | ¨−¤¨ª�â®à−�ï
áå¥¬� áâã¯¥−¨ ª®−¢¥©¥à�; úGû | £¨áâ¥à¥§¨á−ë© âà¨££¥à (ƒ-âà¨££¥à) [4], ä®à-
¬¨àãîé¨© á¨£−�« ã¯à�¢«¥−¨ï ä�§®© à¥£¨áâà�. ˆ−¤¨ª�â®à−�ï áå¥¬� ï¢«ï¥âáï
®¡é¥© ¤«ï ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ¨ à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à�.

’�ª�ï ¤¨áæ¨¯«¨−� ã¯à�¢«¥−¨ï ‘‘-ª®−¢¥©¥à®¬ ¯à¨¢ï§ë¢�¥â −�ç�«® ¯¥à¥-
ª«îç¥−¨ï â¥ªãé¥© áâã¯¥−¨ ª®−¢¥©¥à� ª ®¡é¨¬ ¨−¤¨ª�â®à−ë¬ ¢ëå®¤�¬ á®á¥¤-
−¨å áâã¯¥−¥© ª®−¢¥©¥à� ¨ áãé¥áâ¢¥−−® §�¬¥¤«ï¥â ¥£® à�¡®âã. „¥©áâ¢¨â¥«ì−®,
¯ãáâì ¢á¥ áâã¯¥−¨ ª®−¢¥©¥à� å�à�ªâ¥à¨§ãîâáï ¯à¨¬¥à−® ®¤¨−�ª®¢ë¬¨ §�¤¥à¦ª�-
¬¨ ¯¥à¥ª«îç¥−¨ï (‡�) ¨−ä®à¬�æ¨®−−ëå ¢ëå®¤®¢ ¢ à�¡®çãî ä�§ã ¨ ¢ á¯¥©á¥à
¨ ®¤¨−�ª®¢ë¬¨ §�¤¥à¦ª�¬¨ ä®à¬¨à®¢�−¨ï ¨−¤¨ª�â®à−ëå ¢ëå®¤®¢ áâã¯¥−¨ ¯®á«¥
£®â®¢−®áâ¨ ¨−ä®à¬�æ¨®−−ëå ¢ëå®¤®¢:

{ Tòæì | ‡� ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®çãî ä�§ã;

{ Tóæì | ‡� ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� ¢ á¯¥©á¥à;

{ Tòæò | ‡� à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®çãî ä�§ã;

{ Tóæò | ‡� à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à� ¢ á¯¥©á¥à;

{ Tòæé | ‡� ¨−¤¨ª�â®à−®© áå¥¬ë áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®çãî ä�§ã;

{ Tóæé | ‡� ¨−¤¨ª�â®à−®© áå¥¬ë áâã¯¥−¨ ª®−¢¥©¥à� ¢ á¯¥©á¥à.

’®£¤� ¯à¨ áâà®£®¬ á®¡«î¤¥−¨¨ ¡�§®¢®£® ¯à¨−æ¨¯� ¢§�¨¬®¤¥©áâ¢¨ï áâã¯¥−¥© ‘‘-
ª®−¢¥©¥à� ¤«¨â¥«ì−®áâì æ¨ª«� à�¡®âë (à�¡®ç�ï ä�§� ¯«îá á¯¥©á¥à−�ï ä�§�)
ª�¦¤®© áâã¯¥−¨ ª«�áá¨ç¥áª®£® ‘‘-ª®−¢¥©¥à� ¡ã¤¥â ®¯à¥¤¥«ïâìáï ä®à¬ã«®©:

Tòãë = Tòæò + Tòæé + Tóæò + Tóæé + 2TG2 +

+ 2max {Tóæò + Tóæì + Tóæé, Tòæì + Tòæò + Tòæé} , (1)
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�¯â¨¬¨§�æ¨ï ¨−¤¨ª�æ¨¨ ¬−®£®à�§àï¤−ëå á�¬®á¨−åà®−−ëå áå¥¬

÷¨á. 2 ‘å¥¬� à�§àï¤� à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à�: (�) ®¯â¨¬¨§¨à®¢�−−�ï; (¡) ª«�áá¨-
ç¥áª�ï

£¤¥ TG2 | ãáà¥¤−¥−−�ï §�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ¤¢ãå¢å®¤®¢®£® ƒ-âà¨££¥à� (G2).
‡¤¥áì §�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ¨−¤¨ª�â®à−®© áå¥¬ë áâã¯¥−¨ ª®−¢¥©¥à� ¯à¥¤-
áâ�¢«ï¥â á®¡®© ¨−â¥£à¨à®¢�−−ãî §�¤¥à¦ªã ä®à¬¨à®¢�−¨ï ®¡é¥£® ¨−¤¨ª�â®à−®£®
¢ëå®¤� áâã¯¥−¨ ª®−¢¥©¥à� ¯® ®â−®è¥−¨î ª ¬�ªá¨¬�«ì−® §�¤¥à¦�−−®¬ã ¢ëå®¤ã ¨§
ç¨á«� ¢ëå®¤®¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ¨ à¥£¨áâà�. �¤−�ª® ¢ë¡®à ¯�à�ä�§−®© á®
á¯¥©á¥à®¬ (�”‘) ¤¨áæ¨¯«¨−ë ä®à¬¨à®¢�−¨ï ¢å®¤−ëå ¤�−−ëå ª®¬¡¨−�æ¨®−−®©
ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� ¨ á¯¥æ¨�«ì−�ï à¥�«¨§�æ¨ï à¥£¨áâà� ¯®§¢®«ïîâ ãáª®à¨âì
¢§�¨¬®¤¥©áâ¢¨¥ áâã¯¥−¥© ª®−¢¥©¥à�.

„¥©áâ¢¨â¥«ì−®, �”‘-¤¨áæ¨¯«¨−� á¨£−�«®¢ ®â®¡à�¦�¥â −¥ â®«ìª® ¡¨â ¯¥à¥-
¤�¢�¥¬®© ¨−ä®à¬�æ¨¨, −® ¨ ä�§ã, ¢ ª®â®à®© −�å®¤¨âáï á¨£−�« ¢ «î¡®© ¬®¬¥−â
¢à¥¬¥−¨. ’�ª¨¬ ®¡à�§®¬, ¢ëå®¤ë ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� á¢®-
¨¬ á®áâ®ï−¨¥¬ á¨£−�«¨§¨àãîâ ®¡ ®ª®−ç�−¨¨ á¢®¥£® ¯¥à¥ª«îç¥−¨ï ¢ á«¥¤ãîéãî
ä�§ã à�¡®âë.

‚ á«ãç�¥ ¬−®£®à�§àï¤−®© ‘‘-áå¥¬ë á ®âáãâáâ¢ãîé¥© ¨«¨ á«�¡®© ¢§�¨¬®-
á¢ï§ìî à�§−ëå à�§àï¤®¢ íâ® á¢®©áâ¢® �”‘-á¨£−�«®¢ ¬®¦¥â ¡ëâì ¨á¯®«ì§®¢�−®
¤«ï ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ áâã¯¥−¨ ª®−¢¥©¥à� §� áç¥â à¥�«¨§�æ¨¨ à�§àï¤� à¥-
£¨áâà� −� ®á−®¢¥ ƒ-âà¨££¥à®¢ [5]. �� à¨á. 2, � ¯®ª�§�−� áå¥¬� à�§àï¤� à¥£¨áâà�
åà�−¥−¨ï �”‘-á¨£−�«� á ¥¤¨−¨ç−ë¬ á¯¥©á¥à®¬ −� ƒ-âà¨££¥à�å, ¨¬¥îé�ï ®¡-
é¨© á¨£−�« ã¯à�¢«¥−¨ï I ¨ ¨−¤¨ª�â®à−ë© ¢ëå®¤ J. �−� åà�−¨â ª�ª à�¡®ç¥¥,
â�ª ¨ á¯¥©á¥à−®¥ á®áâ®ï−¨¥ �”‘-á¨£−�«�, ¨ ¥¥ ¢ëå®¤ (Y, YB) ï¢«ï¥âáï â�ª¦¥
�”‘-á¨£−�«®¬. �−� ¢ë£®¤−® ®â«¨ç�¥âáï ®â âà�¤¨æ¨®−−®£® ‘‘-âà¨££¥à� −� ¡¨-
áâ�¡¨«ì−ëå ïç¥©ª�å á ¨−ä®à¬�æ¨®−−ë¬ �”‘-¢å®¤®¬, ¯à¨¬¥à ª®â®à®£® ¯®ª�§�−
−� à¨á. 2, ¡.

�à¨ ¨á¯®«ì§®¢�−¨¨ áå¥¬ë à¨á. 2, � ¢ ª�ç¥áâ¢¥ à�§àï¤� à¥£¨áâà� áâã¯¥−¨ ª®−-
¢¥©¥à� áâàãªâãà−�ï áå¥¬� ‘‘-ª®−¢¥©¥à� ¯à¥®¡à�§ã¥âáï ª ¢¨¤ã, ¨§®¡à�¦¥−−®¬ã −�
à¨á. 3. ˆ−¤¨ª�â®à−ë¥ áå¥¬ë ª®¬¡¨−�æ¨®−−®© ç�áâ¨ (úˆ‹û) ¨ à¥£¨áâà� (úˆ÷û)
áâã¯¥−¨ ª®−¢¥©¥à� ä®à¬¨àãîâ à�§¤¥«ì−ë¥ ¨−¤¨ª�â®à−ë¥ á¨£−�«ë, ®¡ê¥¤¨−ï-
¥¬ë¥ âà¥å¢å®¤®¢ë¬ ƒ-âà¨££¥à®¬ (G3) ¢¬¥áâ¥ á ¨−¤¨ª�â®à®¬ à¥£¨áâà� á®á¥¤−¥©
áâã¯¥−¨. Ÿ¢−®© §�¢¨á¨¬®áâ¨ á¨£−�«� ã¯à�¢«¥−¨ï ä�§®© à¥£¨áâà� ®â ¨−¤¨ª�â®à-
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨© ¨ ¤à.

÷¨á. 3 ‘å¥¬� ®¯â¨¬¨§¨à®¢�−−®£® ‘‘-ª®−¢¥©¥à�

−®£® ¢ëå®¤� ¯à¥¤ë¤ãé¥© áâã¯¥−¨ ª®−¢¥©¥à� −¥â, −® áå¥¬� ª®−¢¥©¥à� ®áâ�¥âáï
‘‘, â�ª ª�ª à¥£¨áâà â¥ªãé¥© áâã¯¥−¨ ª®−¢¥©¥à� −¥ ¯¥à¥ª«îç¨âáï ¢ ®ç¥à¥¤−ãî
ä�§ã à�¡®âë, ¯®ª� ¢ âã ¦¥ ä�§ã −¥ ¯¥à¥ª«îç�âáï ¨−ä®à¬�æ¨®−−ë¥ ¢ëå®¤ë
¯à¥¤ë¤ãé¥© áâã¯¥−¨ ª®−¢¥©¥à�. �¤−�ª® á¨£−�« ã¯à�¢«¥−¨ï ä�§®© à�¡®âë à¥£¨-
áâà� ¯®-¯à¥¦−¥¬ã ®áâ�¥âáï ®¡é¨¬ ¤«ï ¢á¥å à�§àï¤®¢ à¥£¨áâà� ¨ ä®à¬¨àã¥âáï ¯®
®ª®−ç�−¨¨ ¯¥à¥ª«îç¥−¨ï ¢á¥å à�§àï¤®¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ¨ à¥£¨áâà� ¤�−−®©
áâã¯¥−¨.

„«¨â¥«ì−®áâì æ¨ª«� à�¡®âë áâã¯¥−¨ ®¯â¨¬¨§¨à®¢�−−®£® ‘‘-ª®−¢¥©¥à� à�¢−�

Tòãï = Tòæò + Tòæéò + Tóæò + Tóæéò + 2TG3 +

+ 2max {Tóæò + Tóæì + Tóæéò, Tòæì + Tòæò + Tòæéò} (2)

¢ ¯à¥¤¯®«®¦¥−¨¨, çâ® ä®à¬¨à®¢�−¨¥ ¨−¤¨ª�â®à−®£® ¢ëå®¤� ª®¬¡¨−�æ¨®−−®©
ç�áâ¨ ¢ «î¡®© ä�§¥ §�ª�−ç¨¢�¥âáï −¥ ¯®§¦¥, ç¥¬ ä®à¬¨à®¢�−¨¥ ¨−¤¨ª�â®à−®£®
¢ëå®¤� ¯®á«¥¤ãîé¥£® à¥£¨áâà�. ‡¤¥áì Tòæéò ¨ Tóæéò | §�¤¥à¦ª¨ ¯¥à¥ª«îç¥-
−¨ï ¨−¤¨ª�â®à−®© áå¥¬ë à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®çãî ä�§ã ¨ ¢ á¯¥©á¥à.

‘å¥¬� ‘‘-ª®−¢¥©¥à� −� à¨á. 3 ®ª�§ë¢�¥âáï ¡®«¥¥ ¡ëáâà®¤¥©áâ¢ãîé¥© ¯®
áà�¢−¥−¨î á® áå¥¬®© à¨á. 1, ¥á«¨ ¢ë¯®«−ï¥âáï −¥à�¢¥−áâ¢® Tòãë − Tòãï > 0,
ª®â®à®¥ ¯®á«¥ ¯®¤áâ�−®¢ª¨ ä®à¬ã« (1) ¨ (2) ¯à¥®¡à�§ã¥âáï ª ¢¨¤ã:

(Tòæé − Tòæéò) + (Tóæé − Tóæéò) + 2 (TG2 − TG3) +

+ 2max {Tóæò + Tóæì + Tóæé, Tòæì + Tòæò + Tòæé} −

− 2max {Tóæò + Tóæì + Tóæéò, Tòæì + Tòæò + Tòæéò} > 0 . (3)

‚ −¥à�¢¥−áâ¢¥ (3) §�¤¥à¦ª� Tòæéò §�¢¥¤®¬® ¬¥−ìè¥ §�¤¥à¦ª¨ Tòæé, � §�-
¤¥à¦ª� Tóæéò £�à�−â¨à®¢�−−® ¬¥−ìè¥ §�¤¥à¦ª¨ Tóæé. �ãáâì Tòæéò =
= KòéTòæé, Tóæéò = KóéTóæé, £¤¥ Kòé ¨ Kóé | ª®íää¨æ¨¥−âë ¯à®¯®àæ¨-
®−�«ì−®áâ¨, ¬¥−ìè¨¥ ¥¤¨−¨æë, � ®â−®è¥−¨¥ §�¤¥à¦¥ª ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî
ä�§ã ¨ ¢ á¯¥©á¥à ¯à¨¬¥à−® ®¤¨−�ª®¢® ¤«ï ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ¨ à¥£¨áâà�:
Tòæò = KòóTóæò, Tòæì = KòóTóæì. ’®£¤� −¥à�¢¥−áâ¢® (3) ¯à¨¤¥â ª ¢¨¤ã:
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�¯â¨¬¨§�æ¨ï ¨−¤¨ª�æ¨¨ ¬−®£®à�§àï¤−ëå á�¬®á¨−åà®−−ëå áå¥¬

(1−Kòé)Tòæé + (1−Kóé)Tóæé + 2 (TG2 − TG3) +

+ 2max {Tóæò + Tóæì + Tóæé,Kòó (Tóæò + Tóæì) + Tòæé} −

− 2max {Tóæò + Tóæì +KóéTóæé,Kòó (Tóæò + Tóæì) +KòéTòæé} >

> 0 . (4)

‘â�â¨áâ¨ç¥áª¨ §�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ‘‘-áå¥¬ë ¢ á¯¥©á¥à ¬¥−ìè¥ §�¤¥à¦-
ª¨ ¥¥ ¯¥à¥ª«îç¥−¨ï ¢ à�¡®çãî ä�§ã, � §�¤¥à¦ª¨ ¯¥à¥ª«îç¥−¨ï ¨−¤¨ª�â®à−®©
áå¥¬ë ¢ à�¡®çãî ä�§ã ¨ ¢ á¯¥©á¥à ¯à¨¬¥à−® ®¤¨−�ª®¢ë. ’®£¤� Kòó > 1,
Tòæé = Tóæé = Té, Kòé = Kóé = Ké ¨ −¥à�¢¥−áâ¢® (4) §�¯¨è¥âáï ¢ ¢¨¤¥:

–T = 4 (1−Ké)Té + 2 (TG2 − TG3) > 0 . (5)

‚ ¬−®£®à�§àï¤−®© ‘‘-áå¥¬¥ ç¨á«® á¨£−�«®¢, ®¡ê¥¤¨−ï¥¬ëå ¢ ®¤¨− ®¡é¨©
¨−¤¨ª�â®à−ë© á¨£−�«, ¯à®¯®àæ¨®−�«ì−® à�§àï¤−®áâ¨ áå¥¬ë. ˆ§-§� ®£à�−¨ç¥-
−¨ï −� ¤®¯ãáâ¨¬®¥ ç¨á«® ¯®á«¥¤®¢�â¥«ì−® á®¥¤¨−¥−−ëå ŠŒ��-âà�−§¨áâ®à®¢
¢ í«¥¬¥−â¥ (−¥ ¡®«¥¥ âà¥å âà�−§¨áâ®à®¢ p-â¨¯� ¨ −¥ ¡®«¥¥ ç¥âëà¥å âà�−§¨áâ®à®¢
n-â¨¯�) ¨−¤¨ª�â®à−�ï áå¥¬� áâà®¨âáï −� ®á−®¢¥ ¤¢ãå¢å®¤®¢ëå ¨ âà¥å¢å®¤®¢ëå
ƒ-âà¨££¥à®¢. ˆ−¤¨ª�â®à−�ï áå¥¬�, á¢¥àâë¢�îé�ï M ¨−¤¨æ¨àãîé¨å á¨£−�«®¢
¢ ®¤¨−, à¥�«¨§ã¥âáï −� ]M(1− 1/ logM)[G2 ¨«¨ ](M/2)(1 − 1/ log3M)[G3, £¤¥
áª®¡ª¨ ú] [û ®§−�ç�îâ ú¡«¨¦�©è¥¥ æ¥«®¥, −¥ ¬¥−ìè¥¥ §−�ç¥−¨ï ¢ëà�¦¥−¨ï ¢ áª®¡-
ª�åû. —¨á«® ïàãá®¢ â�ª®© ¯®¤áå¥¬ë à�¢−® ] logM [¨«¨ ] log3M [ á®®â¢¥âáâ¢¥−−®,
� §�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë ¢ ¯¥à¢®¬ ¯à¨¡«¨¦¥−¨¨ à�¢−�

Té = TG3 ]log3M [ .

��¯à¨¬¥à, ç¨á«® ¨−¤¨ª�â®à−ëå

÷¨á. 4 ‚ë¨£àëè ¢ ¡ëáâà®¤¥©áâ¢¨¨ ®¯â¨-
¬¨§¨à®¢�−−®£® ‘‘-ª®−¢¥©¥à�: 1 |M = 32;
2 | 33; 3 | 34; 4 | 35; 5 | 36; 6 |M = 37

á¨£−�«®¢ ¯¥à¢®£® á«®ï ú¤¥à¥¢�û
“®««¥á� ã¬−®¦¨â¥«ï ¤¢®©−®© â®ç-
−®áâ¨, á®®â¢¥âáâ¢ãîé¥£® áâ�−¤�àâã
IEEE754 [6], à¥�«¨§ãîé¥£® ¬®-
¤¨ä¨æ¨à®¢�−−ë© �«£®à¨â¬ �ãâ�
¨ ¨á¯®«ì§ãîé¥£® ¯�à�ä�§−®¥ ª®-
¤¨à®¢�−¨¥ á ¥¤¨−¨ç−ë¬ á¯¥©á¥à®¬,
à�¢−® 1431. ‘¢¥àâë¢�îé�ï ¨å ¨−¤¨-
ª�â®à−�ï áå¥¬� ¡ã¤¥â ¨¬¥âì 716 GI3
¨ GI2, à�á¯®«®¦¥−−ëå −� 7 ïàãá�å
¯¨à�¬¨¤�«ì−®© áâàãªâãàë. �à¨ §�-
¤¥à¦ª¥ ®¤−®£® G3 ¢ 65-−�−®¬¥âà®¢®©
ŠŒ��-â¥å−®«®£¨¨, à�¢−®© 50 ¯á
¯à¨ â¨¯®¢ëå ãá«®¢¨ïå, áã¬¬�à−�ï §�¤¥à¦ª� ¯¥à¥ª«îç¥−¨ï ¢ ®¤−ã áâ®à®−ã â�ª®©
¨−¤¨ª�â®à−®© áå¥¬ë á®áâ�¢«ï¥â ®ª®«® 350 ¯á, � ¢ ®¡¥ áâ®à®−ë | 700 ¯á, çâ®
¯à¨¢®¤¨â ª á¥àì¥§−®¬ã §�¬¥¤«¥−¨î ª®−¢¥©¥à� ã¬−®¦¨â¥«ï.

�� à¨á. 4 ¯à¨¢¥¤¥−ë £à�ä¨ª¨ ®æ¥−ª¨ «¥¢®© ç�áâ¨ (–T ) −¥à�¢¥−áâ¢� (5) ¢ §�-
¢¨á¨¬®áâ¨ ®â ª®íää¨æ¨¥−â� Ké ¤«ï à�§−ëå §−�ç¥−¨© à�§àï¤−®áâ¨ M à¥£¨áâà�
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ā. �. ‘â¥¯ç¥−ª®¢, ā. ƒ. „ìïç¥−ª®, ā. ‚. ÷®¦¤¥áâ¢¥−áª¨© ¨ ¤à.

áâã¯¥−¨ ‘‘-ª®−¢¥©¥à� ¯à¨ TG2 ≈ 40 ¯á ¨ TG3 ≈ 50 ¯á. ‚ ª�ç¥áâ¢¥ §−�ç¥−¨© M
¢ë¡à�−ë áâ¥¯¥−¨ âà®©ª¨: ¨−¤¨ª�â®à−ë¥ ú¤¥à¥¢ìïû ¤«ï â�ª®£® ç¨á«� á¨£−�«®¢,
à¥�«¨§®¢�−−ë¥ −� G3, ®¯â¨¬�«ì−ë ª�ª ¯® ¡ëáâà®¤¥©áâ¢¨î, â�ª ¨ ¯® �¯¯�à�-
âãà−ë¬ §�âà�â�¬. ƒà�ä¨ª¨ –T (Ké) ¤«ï ®áâ�«ì−ëå §−�ç¥−¨© Mi, â�ª¨å çâ®
M1 < Mi < M2, £¤¥ M1 ¨ M2 | §−�ç¥−¨ï ¨§ àï¤� áâ¥¯¥−¥© âà®©ª¨, §�−¨-
¬�îâ ¯à®¬¥¦ãâ®ç−ë¥ ¯®«®¦¥−¨ï ¬¥¦¤ã á®®â¢¥âáâ¢ãîé¨¬¨ £à�ä¨ª�¬¨ ¤«ï M1
¨ M2.

ˆá¯®«ì§®¢�−¨¥ ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ ®¡¥á¯¥ç¨¢�¥â á®ªà�é¥−¨¥ ¢ª«�¤� ¨−-
¤¨ª�â®à−®© áå¥¬ë ¢ §�¤¥à¦ªã ¯¥à¥ª«îç¥−¨ï ¬−®£®à�§àï¤−®© ‘‘-áå¥¬ë.

3 Поразрядная индикация ступени конвейера

‘âàãªâãà−�ï áå¥¬� ‘‘-ª®−¢¥©¥à� á ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¥© ¯®ª�§�−� −�
à¨á. 5. ‡¤¥áì n | à�§àï¤−®áâì âà�ªâ� ®¡à�¡®âª¨ ¨−ä®à¬�æ¨¨; J1, . . . , Jn| ¯®-
à�§àï¤−ë¥ ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à�; K1, . . . ,Kn |
¯®à�§àï¤−ë¥ ä�§®¢ë¥ ¢å®¤ë à¥£¨áâà�. �®à�§àï¤−�ï ¨−¤¨ª�æ¨ï ¯®§¢®«ï¥â
¨−¨æ¨¨à®¢�âì ¯¥à¥ª«îç¥−¨¥ ‘‘-áå¥¬ë ¢ ¯à®â¨¢®¯®«®¦−ãî ä�§ã à�¡®âë, −¥
¤®¦¨¤�ïáì ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï ¢ â¥ªãéãî ä�§ã ¢á¥å à�§àï¤®¢ à¥£¨áâà�.
Œ�ªá¨¬�«ì−ë© íää¥ªâ ®â ¨á¯®«ì§®¢�−¨ï ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ ¤®áâ¨£�¥âáï
¢ ‘‘-áå¥¬�å á �¡á®«îâ−®© −¥§�¢¨á¨¬®áâìî á®á¥¤−¨å à�§àï¤®¢ ¯® ¢å®¤�¬-¢ëå®-
¤�¬. �à¨ −�«¨ç¨¨ ¢§�¨¬−®© §�¢¨á¨¬®áâ¨ à�§àï¤®¢ à�áâãâ �¯¯�à�âãà−ë¥ §�âà�âë
−� ¯®à�§àï¤−ãî ¨−¤¨ª�æ¨î ¨ ã¬¥−ìè�¥âáï ¢ë¨£àëè ¯® ¡ëáâà®¤¥©áâ¢¨î.

‘«¥¤ã¥â ®â¬¥â¨âì, çâ® ¨á¯®«ì§®¢�−¨¥ −¥§�¢¨á¨¬®© ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨
¢ ª�ç¥áâ¢¥ §�¯à®á-®â¢¥â−®£® ¢§�¨¬®¤¥©áâ¢¨ï á®á¥¤−¨å áâã¯¥−¥© ‘‘-ª®−¢¥©¥à�
®£à�−¨ç¥−® â®«ìª® ¢−ãâà¥−−¥© ®¡«�áâìî −¥à�§¢¥â¢«¥−−®£® ª®−¢¥©¥à�. ‚å®¤−®©

÷¨á. 5 ‘å¥¬� ‘‘-ª®−¢¥©¥à� á ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¥©
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�¯â¨¬¨§�æ¨ï ¨−¤¨ª�æ¨¨ ¬−®£®à�§àï¤−ëå á�¬®á¨−åà®−−ëå áå¥¬

¨ ¢ëå®¤−®© ¡«®ª¨ â�ª®£® ª®−¢¥©¥à� ®¡ï§�−ë ä®à¬¨à®¢�âì ®¡é¨© ¨−¤¨ª�â®à−ë©
á¨£−�« ¤«ï ¢á¥å à�§àï¤®¢ à¥£¨áâà�.

�ãáâì ‘‘-áå¥¬� ¨¬¥¥â N à�§àï¤®¢ ¨ ª�¦¤ë¥ L á®á¥¤−¨å à�§àï¤®¢ ª®¬¡¨-
−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� á¢ï§�−ë ¤àã£ á ¤àã£®¬: ¢ëå®¤ë í«¥¬¥−-
â®¢ ¢ ¬«�¤è¨å à�§àï¤�å ¯®¤¬−®¦¥áâ¢ ¨§ L à�§àï¤®¢ ¨á¯®«ì§ãîâáï ª�ª ¢å®¤ë
¢ áâ�àè¨å à�§àï¤�å íâ¨å ¦¥ ¯®¤¬−®¦¥áâ¢. ’®£¤� ¨−¤¨ª�æ¨ï ®ª®−ç�−¨ï ¯¥à¥-
ª«îç¥−¨ï L á®á¥¤−¨å à�§àï¤®¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ¨ ¢ëå®¤−®£® à¥£¨áâà�
áâã¯¥−¨ ª®−¢¥©¥à� ¢ ®ç¥à¥¤−ãî ä�§ã à�¡®âë £�à�−â¨àã¥â £®â®¢−®áâì à¥§ã«ìâ�â�
¢ íâ¨å L à�§àï¤�å ¨ à�§à¥è�¥â ¯¥à¥ª«îç¥−¨¥ á�¬®£® ¬«�¤è¥£® ¨§ −¨å ¢ ¯à®â¨¢®-
¯®«®¦−ãî ä�§ã. „«ï ¯®«−®© ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ ¢á¥å N à�§àï¤®¢ áâã¯¥−¨
ª®−¢¥©¥à� ¯®âà¥¡ã¥âáï (N − L+ 1) â�ª¨å ¨−¤¨ª�â®à−ëå ¯®¤áå¥¬.

„«¨â¥«ì−®áâì æ¨ª«� à�¡®âë áâã¯¥−¨ ‘‘-ª®−¢¥©¥à� á ¯®à�§àï¤−®© ¨−¤¨ª�-
æ¨¥© ®¯à¥¤¥«ï¥âáï ä®à¬ã«®©:

Tòãð = Tòæò + Tòæðéò + Tóæò + Tóæðéò + 2TG2 +

+ 2max {Tóæò + Tóæì + Tóæðéò, Tòæì + Tòæò + Tòæðéò} ,

£¤¥ Tòæðéò ¨ Tóæðéò | §�¤¥à¦ª¨ ¯¥à¥ª«îç¥−¨ï ¯®à�§àï¤−ëå ¨−¤¨ª�â®à−ëå
¢ëå®¤®¢ à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®çãî ä�§ã ¨ ¢ á¯¥©á¥à á®®â¢¥âáâ¢¥−-
−® ®â−®á¨â¥«ì−® ¨−ä®à¬�æ¨®−−ëå ¢ëå®¤®¢. ‘ ãç¥â®¬ ¢ëè¥¯à¨¢¥¤¥−−ëå ¤®-
¯ãé¥−¨© ¢ ®â−®è¥−¨¨ §�¤¥à¦¥ª à�§−®£® â¨¯� ¢ ¯à¥¤¥«ì−®¬ á«ãç�¥ (¯®«−�ï
−¥§�¢¨á¨¬®áâì á®á¥¤−¨å à�§àï¤®¢ áâã¯¥−¨, L = 1) Tòæðéò = Tóæðéò = TG2.
‚ ®¡é¥¬ á«ãç�¥

Tòæðéò = Tóæðéò = TG2 + ]log3O[TG3 , (6)

¢ â® ¢à¥¬ï ª�ª �−�«®£¨ç−ë¥ ¢¥«¨ç¨−ë ¢ ä®à¬ã«¥ (2) ¨¬¥îâ §−�ç¥−¨¥

Tòæéò = Tóæéò = ]log3N [TG3 . (7)

’®£¤� ¢ë¨£àëè ¢ ¡ëáâà®¤¥©áâ¢¨¨ ¢�à¨�−â� ‘‘-ª®−¢¥©¥à� á ¯®à�§àï¤−®© ¨−¤¨-
ª�æ¨¥© ¬®¦−® ®æ¥−¨âì ä®à¬ã«®©:

Tòãï − Tòãð = Tóæéò − Tóæðéò + 2 (TG3 − TG2) + 3 (Tòæéò − Tòæðéò) .

‘ ãç¥â®¬ ä®à¬ã« (6) ¨ (7) ¯®«ãç�¥âáï:

–Tð = Tòãï − Tòãð = 2 (TG3 − TG2) +

+ 4 (]log3N [TG3 − TG2−] log3O [TG3) . (8)

÷¨áã−®ª 6 ¤¥¬®−áâà¨àã¥â §�¢¨á¨¬®áâì –Tð, §�¤�¢�¥¬ãî ä®à¬ã«®© (8), ®â
áã¬¬�à−®© à�§àï¤−®áâ¨ âà�ªâ� ®¡à�¡®âª¨ ¤�−−ëå N ¤«ï à�§−ëå ¢�à¨�−â®¢
¬¥¦à�§àï¤−®© á¢ï§−®áâ¨ O ¯à¨ ä¨ªá¨à®¢�−−ëå §−�ç¥−¨ïå TG2 = 40 ¯á ¨ TG3 =
= 50 ¯á.
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�¯¯�à�â−ë¥ §�âà�âë ¯®à�§àï¤-

÷¨á. 6 ‚ë¨£àëè ¢ ¡ëáâà®¤¥©áâ¢¨¨ áâã¯¥-
−¨ ‘‘-ª®−¢¥©¥à� á ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¥©:
1 | O = 9; 2 | 6; 3 | O = 3

−®© ¨−¤¨ª�æ¨¨ ¨§¡ëâ®ç−ë, ¯®áª®«ì-
ªã ®¤¨− ¨ â®â ¦¥ à�§àï¤ áå¥¬ë
¨−¤¨æ¨àã¥âáï ®¤−®¢à¥¬¥−−® ¢ L ¨−-
¤¨ª�â®à−ëå ¯®¤áå¥¬�å, ¨ à�¢−ë ¯à¨-
¬¥à−® CL = 16(N − L + 1) log3 L
ŠŒ��-âà�−§¨áâ®à®¢. �® â�ª®©
á¯®á®¡ ¨−¤¨ª�æ¨¨ ¯®§¢®«ï¥â ãáª®-
à¨âì ¯¥à¥ª«îç¥−¨¥ ª®¬¡¨−�æ¨®−−®©
ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®çãî
ä�§ã ¨ á¯¥©á¥à −� ¢à¥¬ï, á®®â¢¥â-
áâ¢ãîé¥¥ ®¦¨¤�−¨î ä®à¬¨à®¢�−¨ï
®¡é¥£® ¨−¤¨ª�â®à−®£® ¢ëå®¤� à¥£¨-
áâà� ¨ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨
¤«ï ¢á¥å à�§àï¤®¢.

…á«¨ L < O = (]log3 L[)
3, â® á â®çª¨ §à¥−¨ï ¬¨−¨¬¨§�æ¨¨ �¯¯�à�âãà−ëå

§�âà�â æ¥«¥á®®¡à�§−® ¨−¤¨æ¨à®¢�âì ®¤−¨¬ ®¡é¨¬ á¨£−�«®¬O á®á¥¤−¨å à�§àï¤®¢,
� −¥ L. ’®£¤� §�¢¥àè¥−¨¥ ¯¥à¥ª«îç¥−¨ï í«¥¬¥−â®¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨
¨ à¥£¨áâà� áâã¯¥−¨ ª®−¢¥©¥à� ¢ O á®á¥¤−¨å à�§àï¤�å à�§à¥è�¥â ¯¥à¥ª«îç¥−¨¥
¢ ¯à®â¨¢®¯®«®¦−ãî ä�§ã (O−L+1) à�§àï¤®¢ ¨ �¯¯�à�âãà−ë¥ §�âà�âë á−¨¦�îâáï
¤®C0 = 16((N−O+1)/(O−L+1)) log3O. ��¯à¨¬¥à, ¯à¨N = 64,L = 5 ¨O =
= 9 á«®¦−®áâì ¬¨−¨¬¨§¨à®¢�−−®© ¯®à�§àï¤−®© ¨−¤¨ª�â®à−®© áå¥¬ë á−¨¦�¥âáï
¢ 3,9 à�§�. ‚ íâ®¬ á«ãç�¥ æ¥«¥á®®¡à�§−® £®¢®à¨âì ® £àã¯¯®¢®¬ ¨−¤¨ª�â®à¥, â�ª
ª�ª ®− ã¯à�¢«ï¥â ä�§®¢ë¬¨ ¯¥à¥ª«îç¥−¨ï¬¨ £àã¯¯ë á®á¥¤−¨å à�§àï¤®¢.

�� ¯à�ªâ¨ª¥ ¢�à¨�−â ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨, ¯®ª�§�−−ë© −� à¨á. 5, ¢áâà¥ç�-
¥âáï à¥¤ª® ¨ ¬®¦¥â à�áá¬�âà¨¢�âìáï ª�ª á®¢®ªã¯−®áâì ¯�à�««¥«ì−ëå ‘‘-ª®−¢¥©-
¥à®¢. ƒ®à�§¤® ç�é¥ ¢áâà¥ç�îâáï á«ãç�¨ ª®−¢¥©¥à−®© ®¡à�¡®âª¨ ¬−®£®à�§àï¤−ëå
æ¨äà®¢ëå ¤�−−ëå, −�¯à¨¬¥à ãáâà®©áâ¢® ã¬−®¦¥−¨ï á® á«®¦¥−¨¥¬-¢ëç¨â�−¨¥¬
(Fused-Multiply-Add, FMA) [7]. ‚ −¥¬ ã¬−®¦¨â¥«ì ¯®áâà®¥− −� ®á−®¢¥ ¬−®£®à�§-
àï¤−ëå áã¬¬�â®à®¢ á á®åà�−¥−¨¥¬ ¯¥à¥−®á�. ‚ à¥§ã«ìâ�â¥ à�§àï¤ë áã¬¬�â®à®¢
®ª�§ë¢�îâáï á«�¡® á¢ï§�−−ë¬¨ ¨ ¤®¯ãáª�îâ ¯à¨¬¥−¥−¨¥ ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨
¢ ¯à¥¤¥«�å ®¤−®©{¤¢ãå áâã¯¥−¥© ª®−¢¥©¥à�.

‚ àï¤¥ á«ãç�¥¢ æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì ¢�à¨�−â ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨,
®à¨¥−â¨à®¢�−−ë© −� ãáª®à¥−¨¥ ¯¥à¥ª«îç¥−¨ï áâã¯¥−¥© ª®−¢¥©¥à�, ¤«¨â¥«ì−®áâì
à�¡®ç¥£® æ¨ª«� ª®â®àëå −�¬−®£® ¯à¥¢ëè�¥â ¤«¨â¥«ì−®áâì æ¨ª«� á®á¥¤−¨å áâã-
¯¥−¥©.

‚ ä®à¬ã«¥ (2) ¤«¨â¥«ì−®áâì æ¨ª«� à�¡®âë áâã¯¥−¨ ®¯â¨¬¨§¨à®¢�−−®£® ‘‘-
ª®−¢¥©¥à� ¢ §−�ç¨â¥«ì−®© áâ¥¯¥−¨ ®¯à¥¤¥«ï¥âáï §�¤¥à¦ª®© ¯¥à¥ª«îç¥−¨ï ª®¬-
¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ¢ á¯¥©á¥à (Tóæì) ¨ à�¡®çãî ä�§ã (Tòæì). ‚®
¬−®£¨å áå¥¬�å §�¤¥à¦ª� áà�¡�âë¢�−¨ï ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−-
¢¥©¥à� ¯à¥¢�«¨àã¥â −�¤ §�¤¥à¦ª�¬¨ à¥£¨áâà� íâ®© ¦¥ áâã¯¥−¨. �â® á®§¤�-
¥â ¡�§ã ¤«ï ¯à¨¬¥−¥−¨ï ¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ ¢ ¢¨¤¥, ¯à¥¤áâ�¢«¥−−®¬ −�
à¨á. 7.
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–¥«ì ¥¥ §�ª«îç�¥âáï ¢ â®¬, çâ®¡ë ¨áª«îç¨âì ¨§ ªà¨â¨ç¥áª®£® ¯ãâ¨ ‡� ª®¬-
¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� ¨§ à�¡®ç¥© ä�§ë ¢ á¯¥©á¥à. �® áà�¢−¥−¨î
á® áå¥¬®© ‘‘-ª®−¢¥©¥à� ¢ áå¥¬ã ª®−¢¥©¥à� −� à¨á. 5 ¤®¡�¢«¥−ë ¡«®ª¨ ¯à¨−ã¤¨-
â¥«ì−®£® ¯¥à¥¢®¤� ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ª�¦¤®© áâã¯¥−¨ ¢ á¯¥©á¥à (��‘), ®¡®-
§−�ç¥−−ë¥ á¨¬¢®«�¬¨ ú&/1û.�−¨ à¥�«¨§ãîâáï −� 2N í«¥¬¥−â�å 2ˆ, 2ˆ-�…,
2ˆ‹ˆ ¨«¨ 2ˆ‹ˆ-�… ¢ §�¢¨á¨¬®áâ¨ ®â â¨¯� á¯¥©á¥à� ä®à¬¨àã¥¬ëå �”‘ |
¢å®¤®¢ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à�. �® §�¢¥àè¥−¨¨ ¯¥à¥ª«îç¥-
−¨ï ¢ à�¡®çãî ä�§ã à�§àï¤®¢ à¥£¨áâà� áâã¯¥−¨, ¯®¤â¢¥à¦¤¥−−®¬ ¨−¤¨ª�â®à®¬
á®¢®ªã¯−®áâ¨ O á®á¥¤−¨å à�§àï¤®¢, á®®â¢¥âáâ¢ãîé¨¥ à�§àï¤ë ¯à¥¤è¥áâ¢ãîé¥©
ª®¬¡¨−�æ¨®−−®© ç�áâ¨ ¯à¨−ã¤¨â¥«ì−® ¯¥à¥¢®¤ïâáï ¢ á¯¥©á¥à. ‚ íâ®¬ á«ãç�¥
¯¥à¥ª«îç¥−¨¥ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ áâã¯¥−¨ ª®−¢¥©¥à� ¢ á¯¥©á¥à ¯à®¨áå®¤¨â
¢ úä®−®¢®¬ à¥¦¨¬¥û, ®¤−®¢à¥¬¥−−® á ¯¥à¥ª«îç¥−¨¥¬ á«¥¤ãîé¥© áâã¯¥−¨ ª®−-
¢¥©¥à� ¢ à�¡®çãî ä�§ã. ‚ à¥§ã«ìâ�â¥ ¤«¨â¥«ì−®áâì à�¡®ç¥£® æ¨ª«� áâã¯¥−¨
ª®−¢¥©¥à� ®¯¨áë¢�¥âáï ä®à¬ã«®©:

Tòãðì = Tòæò + Tòæéò + Tóæò + Tóæéò + 2TG3 + Tâðó +

+ 2max {Tóæò + Tóæéò, Tòæì + Tòæò + Tòæéò} , (9)

£¤¥ Tâðó | ãáà¥¤−¥−−�ï §�¤¥à¦ª� áà�¡�âë¢�−¨ï í«¥¬¥−â®¢ ��‘ ¢ à�¡®çãî
ä�§ã (¢à¥¬ï ¯¥à¥ª«îç¥−¨ï ��‘ ¢ á¯¥©á¥à ¬�áª¨àã¥âáï ¢à¥¬¥−¥¬ ¯¥à¥ª«îç¥−¨ï
á®á¥¤−¨å áâã¯¥−¥© ª®−¢¥©¥à�).

‘à�¢−¥−¨¥ ä®à¬ã« (9) ¨ (2) ¯®ª�§ë¢�¥â, çâ® ¯à¨¬¥−¥−¨¥ ¯®à�§àï¤−®© ¨−¤¨-
ª�æ¨¨ æ¥«¥á®®¡à�§−® â®«ìª® â®£¤�, ª®£¤�

Tóæì > Tòæì + Tòæò + Tòæéò − Tóæò − Tóæéò − Tâðó .

‚ ¯à®â¨¢−®¬ á«ãç�¥ ¢¬¥áâ® ãáª®à¥−¨ï à�¡®âë ¯®«ãç¨âáï §�¬¥¤«¥−¨¥ −�
¢¥«¨ç¨−ã Tâðó. ’�ª¨¬ ®¡à�§®¬, ®¯â¨¬¨§�æ¨ï ‘‘-ª®−¢¥©¥à� ¨ ¨á¯®«ì§®¢�−¨¥
¯®à�§àï¤−®© ¨−¤¨ª�æ¨¨ ¯®§¢®«ïîâ ¯®¢ëá¨âì ¡ëáâà®¤¥©áâ¢¨¥ ‘‘-ª®−¢¥©¥à� â¥¬
¡®«ìè¥, ç¥¬ ¢ëè¥ à�§àï¤−®áâì âà�ªâ� æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå.

4 Заключение

ú“§ª¨¬ ¬¥áâ®¬û ¬−®£®à�§àï¤−ëå æ¨äà®¢ëå ‘‘-áå¥¬ ï¢«ï¥âáï ¨−¤¨ª�â®à−�ï
¯®¤áå¥¬�. �¥®¡å®¤¨¬®áâì ¨−¤¨æ¨à®¢�−¨ï ®ª®−ç�−¨ï ¯¥à¥å®¤−ëå ¯à®æ¥áá®¢ ¢®
¢á¥å í«¥¬¥−â�å ‘‘-áå¥¬ë ¨ ®à£�−¨§�æ¨¨ §�¯à®á-®â¢¥â−®£® ¢§�¨¬®¤¥©áâ¢¨ï ¬¥¦-
¤ã ‘‘-¡«®ª�¬¨ ¢ë−ã¦¤�¥â à�§à�¡®âç¨ª� âà�â¨âì ¤®¯®«−¨â¥«ì−ë¥ �¯¯�à�âãà−ë¥
¨ ¢à¥¬¥−−‚ë¥ à¥áãàáë, ä®à¬¨àãï ¨−¤¨ª�â®à−ãî ¯®¤áå¥¬ã. �−� á®¡¨à�¥â ¢á¥
¢−ãâà¥−−¨¥ ¨−¤¨ª�â®à−ë¥ á¨£−�«ë áå¥¬ë ¢ ®¤¨− ®¡é¨© á¨£−�«, ¨á¯®«ì§ã¥¬ë©
¢ ª�ç¥áâ¢¥ á¨£−�«� ã¯à�¢«¥−¨ï ¯à¥¤è¥áâ¢ãîé¨¬¨ ¨ ¯®á«¥¤ãîé¨¬¨ äã−ªæ¨®-
−�«ì−ë¬¨ ¡«®ª�¬¨ (áâã¯¥−ï¬¨ ª®−¢¥©¥à�) ¢ âà�ªâ¥ æ¨äà®¢®© ®¡à�¡®âª¨ ¤�−−ëå.

�à¨¬¥−¥−¨¥ ®¯â¨¬¨§¨à®¢�−−®© áâàãªâãàë ‘‘-ª®−¢¥©¥à� ¨ ¯®à�§àï¤−®© ¨−-
¤¨ª�æ¨¨ ¢ ¬−®£®à�§àï¤−ëå áå¥¬�å ¯®§¢®«ï¥â áãé¥áâ¢¥−−® ãáª®à¨âì ¨å à�¡®âã
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Indication optimization in multibit self-timed circuits

§� áç¥â ®â−®á¨â¥«ì−® −¥¡®«ìè®£® ã¢¥«¨ç¥−¨ï �¯¯�à�â−ëå §�âà�â. �®à�§àï¤−ãî
¨−¤¨ª�æ¨î æ¥«¥á®®¡à�§−® ¨á¯®«ì§®¢�âì ¢ áå¥¬�å, ¢ ª®â®àëå á®á¥¤−¨¥ à�§àï¤ë
áå¥¬ë á«�¡® á¢ï§�−ë ¤àã£ á ¤àã£®¬ ®¡é¨¬¨ á¨£−�«�¬¨.
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INDICATION OPTIMIZATION
IN MULTIBIT SELF-TIMED CIRCUITS

Yu. A. Stepchenkov, Yu. G. Diachenko, Yu. V. Rogdestvenski, N. V. Morozov,
D. Yu. Stepchenkov, and D. Yu. Diachenko

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

Abstract: Indication subcircuit in self-timed (ST) circuits provides both control
of the completion of switching all their cells to the current phase and control
of their functional blocks interaction. An increase of the ST-circuit capacity
leads to rising contribution of the indication subcircuit to the circuit's transient
delay. The paper discusses the optimization of the indication subcircuit and
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the organization of the ST-pipeline intended for improving performance of the
whole circuit. Register bit for storing intermediate data in the pipeline stages is
implemented on the basis of hysteretic trigger instead of traditional RS-trigger.
Such register bit has less complexity and provides storing both the work and the
spacer states of a dual-rail data. Discipline of the pipeline stage phase control by
means of total indication outputs of the adjacent pipeline stages is replaced with
bit-wise indication and bit-wise control principle, which utilizes the parallelism
of the calculations in the multibit ST-circuits. Proposed solutions essentially
improve ST-circuits performance due to a slight complication of the indication
subcircuit.

Keywords: self-timed circuit; pipeline; hysteretic trigger
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