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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�

‘ˆ‘’…Œ› ˆ ‘÷…„‘’‚� ˆ�”�÷Œ�’ˆŠˆ â®¬ 29 −®¬¥à 4 2019 19



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

DOI: 10.14357/08696527190402

Acknowledgments

The study was supported by the Russian Science Foundation (project No. 19-11-
00334).

References

1. Kishinevsky, M., A. Kondratyev, A. Taubin, and V. Varshavsky. 1994. Concurrent
hardware: The theory and practice of self-timed design. New York, NY: John Wiley &
Sons. 368 p.

2. Sokolov, I. A., Yu. A. Stepchenkov, V. S. Petrukhin, Yu. G. Diachenko, and V. N. Za-
kharov. 2007. Samosinkhronnaya skhemotekhnika | perspektivnyy put' realizatsii
apparatury [Self-timed circuitry is the perspective way for hardware realization]. Sistemy
vysokoy dostupnosti [Highly Available Systems] 2(1-2):61{72.

3. Stepchenkov, Yu. A., Yu. G. Diachenko, and G. A. Gorelkin. 2011. Samosinkhronnye
skhemy | budushchee mikroelektroniki [Self-timed circuits are the future of microelec-
tronics]. Voprosy radioelektroniki [Issues of Radio Electronics] 2:153{184.

4. Stepchenkov, Yu. A., Yu. G. Diachenko, A. N. Denisov, and Yu. P. Fomin. 2009.
G-trigger [G-trigger]. Patent RF No. 2371842.

5. Stepchenkov, Y. A., Y. G. Diachenko, Y. V. Rogdestvenski, N. V. Morozov,
D. Y. Stepchenkov, A. V. Rogdestvenskene, and A. V. Surkov. 2014. Samosinkhronnyy
umnozhitel' s nakopleniem: varianty realizatsii [Self-timed fused multiply-add unit:
Implementation variants]. Sistemy i Sredstva Informatiki | Systems and Means of
Informatics 24(3):63{77.

6. IEEE Computer Society. 2008. IEEE Standard for Floating-Point Arithmetic IEEE
Std 754-2008. doi: 10.1109/IEEESTD.2008.4610935.

7. Stepchenkov, Y. A., V. N. Zakharov, Y. V. Rogdestvenski, Y. G. Diachenko, N. V. Mo-
rozov, and D. Y. Stepchenkov. 2015. Speed-independent floating point coprocessor.
Eeast-West Design and Test Symposium Proceedings. IEEE. 111{114.

Received September 11, 2019

26 Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2019 vol 29 no 4



Indication optimization in multibit self-timed circuits

Contributors

Stepchenkov Yuri A. (b. 1951) | Candidate of Science (PhD) in technolo-
gy, leading scientist, Institute of Informatics Problems, Federal Research Center
\Computer Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov
Str., Moscow 119133, Russian Federation; YStepchenkov@ipiran.ru
Diachenko Yuri G. (b. 1958) | Candidate of Science (PhD) in technology, senior
scientist, Institute of Informatics Problems, Federal Research Center \Computer
Science and Control" of the Russian Academy of Sciences, 44-2 Vavilov Str.,
Moscow 119133, Russian Federation; diaura@mail.ru
Rogdestvenski Yuri V. (b. 1952) | Candidate of Science (PhD) in technolo-
gy, leading scientist, 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, Moscow 119333, Russian Federation;
YRogdest@ipiran.ru
Morozov Nikolai V. (b. 1956) | senior scientist, Institute of Informatics Prob-
lems, Federal Research Center \Computer Science and Control" of the Russian
Academy of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation;
NMorozov@ipiran.ru
Stepchenkov Dmitri Yu. (b. 1973) | senior scientist, Institute of Informatics
Problems, Federal Research Center \Computer Science and Control" of the Russian
Academy of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation;
stepchenkov@mail.ru
Diachenko Denis Y. (b. 1987) | research-engineer, Institute of Informatics
Problems, Federal Research Center \Computer Science and Control" of the Russian
Academy of Sciences, 44-2 Vavilov Str., Moscow 119133, Russian Federation;
diaden87@gmail.com

Sistemy i Sredstva Informatiki | Systems and Means of Informatics 2019 vol 29 no 4 27


