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1 Введение

�à�ªâ¨ç¥áª¨¥ á¨−åà®−−ë¥ æ¨äà®¢ë¥ áå¥¬ë ¯à®¥ªâ¨àãîâáï ¢ ¢¨¤¥ ª®−¢¥©-
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«®¦¨âáï ¢ àãá«® £«®¡�«ì−®© á¨−åà®−¨§�æ¨¨. ‘�¬®á¨−åà®−−ë¥ áå¥¬ë [2] â�ª¦¥
æ¥«¥á®®¡à�§−® à¥�«¨§®¢ë¢�âì ¢ ¢¨¤¥ ª®−¢¥©¥à� ¤«ï ¯®¢ëè¥−¨ï ¯à®¨§¢®¤¨â¥«ì-
−®áâ¨.
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‘�¬®á¨−åà®−−ë© ª®−¢¥©¥à á ¯¥à¥¬¥−−ë¬ ç¨á«®¬ áâã¯¥−¥©

‘�¬®á¨−åà®−−ë¥ áå¥¬ë −¥ ¨¬¥îâ £«®¡�«ì−®© á¨−åà®−¨§�æ¨¨, â�ª ª�ª ¨å
¯®¢¥¤¥−¨¥ ®á−®¢ë¢�¥âáï −� §�¯à®á−®-®â¢¥â−®¬ ¬¥å�−¨§¬¥ ¢§�¨¬®¤¥©áâ¢¨ï á®-
áâ�¢−ëå ç�áâ¥© ®¡é¥© áå¥¬ë. �¤−�ª® ®−¨ á®¤¥à¦�â ã¯à�¢«ïîé¨¥ á¨£−�«ë,
à¥£ã«¨àãîé¨¥ ¤¢ãåä�§−®¥ ¢§�¨¬®¤¥©áâ¢¨¥ ‘‘-ãáâà®©áâ¢. “¯à�¢«ïîé¨¥ á¨£−�-
«ë ®âà�¦�îâ £®â®¢−®áâì áâã¯¥−¥© ‘‘-ª®−¢¥©¥à� ª ¯¥à¥ª«îç¥−¨î ¢ á«¥¤ãîéãî
ä�§ã à�¡®âë ¨ ä®à¬¨àãîâáï á¨£−�«�¬¨, ¨−¤¨æ¨àãîé¨¬¨ ç�áâ¨ ‘‘-áå¥¬ë.

„¢ãåä�§−�ï ¤¨áæ¨¯«¨−� à�¡®âë ¨ ®¡ï§�â¥«ì−®¥ ¯®¤â¢¥à¦¤¥−¨¥ ¨−¤¨ª�â®à−®©
¯®¤áå¥¬®© ®ª®−ç�−¨ï ¯¥à¥ª«îç¥−¨ï ‘‘-áå¥¬ë ¢ ª�¦¤ãî ä�§ã à�¡®âë ®¡¥á¯¥-
ç¨¢�îâ ª®−âà®«ì ª®àà¥ªâ−®áâ¨ ¯¥à¥ª«îç¥−¨ï áå¥¬ë ¨ ¯®¢ëè�îâ ãáâ®©ç¨¢®áâì
‘‘-áå¥¬ë ª «®£¨ç¥áª¨¬ á¡®ï¬ [3]. ˆ−¤¨ª�â®à−�ï ¯®¤áå¥¬� à¥�«¨§ã¥âáï ¢ ¢¨¤¥
¬−®£®ïàãá−®© ¯¨à�¬¨¤�«ì−®© áå¥¬ë á ®¤−¨¬ ¢ëå®¤®¬ ¨ á ç¨á«®¬ ¢å®¤®¢, à�¢-
−ë¬ ç¨á«ã ª®−âà®«¨àã¥¬ëå â®ç¥ª. �® ¬¥à¥ ã¢¥«¨ç¥−¨ï ç¨á«� ª®−âà®«¨àã¥¬ëå
â®ç¥ª ç¨á«® ïàãá®¢ à�áâ¥â, çâ® ¢¥¤¥â ª á−¨¦¥−¨î ¡ëáâà®¤¥©áâ¢¨ï ‘‘-áå¥¬ë.
÷�§¡¨¥−¨¥ −� áâã¯¥−¨ ª®−¢¥©¥à� ®¡é¥© ‘‘-áå¥¬ë ã¬¥−ìè�¥â á«®¦−®áâì áå¥¬ë,
¨−¤¨æ¨àã¥¬®© ¢ à�¬ª�å ®¤−®© áâã¯¥−¨, ¨, á®®â¢¥âáâ¢¥−−®, á«®¦−®áâì ¨ §�¤¥à¦-
ªã ¥¥ ¨−¤¨ª�â®à−®© ¯®¤áå¥¬ë. „«¨â¥«ì−®áâì à�¡®ç¥£® æ¨ª«� ®¤−®© áâã¯¥−¨
á®ªà�é�¥âáï, ¨ ¯à®¨§¢®¤¨â¥«ì−®áâì ‘‘-ª®−¢¥©¥à� ¯®¢ëè�¥âáï.

�¤−�ª® ¢ ¬−®£®à�§àï¤−ëå ¢ëç¨á«¨â¥«ì−ëå ‘‘-ãáâà®©áâ¢�å ¯à®¡«¥¬� ¯®-
¢ëè¥−¨ï ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ‘‘-ª®−¢¥©¥à� ¯®-¯à¥¦−¥¬ã �ªâã�«ì−�. „�−-
−�ï áâ�âìï à�áá¬�âà¨¢�¥â ®á®¡¥−−®áâ¨ ¢§�¨¬®¤¥©áâ¢¨ï áâã¯¥−¥© ‘‘-ª®−¢¥©¥à�
¨ ¯à¥¤«�£�¥â ¯à¨−æ¨¯ë ®à£�−¨§�æ¨¨ ‘‘-ª®−¢¥©¥à�, ¯®§¢®«ïîé¨¥ ãáª®àïâì ¯à®-
å®¦¤¥−¨¥ ¤�−−ëå ¯® ª®−¢¥©¥àã ¢ ®¯à¥¤¥«¥−−ëå á«ãç�ïå §� áç¥â ®¯æ¨®−�«ì−®©
à¥£ã«¨à®¢ª¨ ç¨á«� �ªâ¨¢−® à�¡®â�îé¨å áâã¯¥−¥©.

2 Типовой самосинхронный конвейер

�� à¨á. 1 ¯à¥¤áâ�¢«¥−� ç¥âëà¥åáâã¯¥−ç�â�ï áå¥¬� â¨¯®¢®£® ‘‘-ª®−¢¥©¥à�.
Š�¦¤�ï áâã¯¥−ì á®áâ®¨â ¨§ ª®¬¡¨−�æ¨®−−®© ç�áâ¨ (Ci) ¨ ¢ëå®¤−®£® à¥£¨áâà� (Ri),

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

¨¬¥îé¨å ¯�à�ä�§−ë¥ á® á¯¥©á¥à®¬ ¢å®¤ë (X1, . . . ,Xn) ¨ ¢ëå®¤ë (Y1, . . . ,Yn).
ˆå ¨−¤¨ª�â®à−ë¥ ¢ëå®¤ë Ic ¨ Ir ä®à¬¨àãîâ á¨£−�« ã¯à�¢«¥−¨ï E à¥£¨áâà®¬
¯à¥¤ë¤ãé¥© áâã¯¥−¨ á ¯®¬®éìî £¨áâ¥à¥§¨á−ëå âà¨££¥à®¢ (ƒ-âà¨££¥à®¢), ®¡®§−�-
ç¥−−ëå ¡ãª¢®© úHû.

�à¨ ¢ë¯®«−¥−¨¨ ®¯à¥¤¥«¥−−ëå ãá«®¢¨© (−�¯à¨¬¥à, ¯à¨ ®¯à¥¤¥«¥−−ëå §−�-
ç¥−¨ïå ®¡à�¡�âë¢�¥¬ëå ¤�−−ëå) ®â¤¥«ì−ë¥ ç�áâ¨ áâã¯¥−¥© ª®−¢¥©¥à� ¨«¨ æ¥«ë¥
áâã¯¥−¨ ¬®£ãâ ¢ëª«îç�âìáï ¨§ âà�ªâ� ®¡à�¡®âª¨ ¤�−−ëå, ¥á«¨ ¨å ãç�áâ¨¥ −¥
âà¥¡ã¥âáï: ¤�−−ë¥ ¬®£ãâ ú®¡å®¤¨âìû ¨å. ��¯à¨¬¥à, ¢ ãáâà®©áâ¢¥ ã¬−®¦¥−¨ï
á −�ª®¯«¥−¨¥¬ (Fused Multiply-Add [4]) æ¥«¥á®®¡à�§−®áâì ¢ëç¨á«¥−¨ï ¯à®¨§¢¥-
¤¥−¨ï ¤¢ãå ®¯¥à�−¤®¢, � â�ª¦¥ áã¬¬ë /̈̈ «¨ à�§−®áâ¨ ¯à®¨§¢¥¤¥−¨ï ¨ âà¥âì¥£®
®¯¥à�−¤� ®¯à¥¤¥«ï¥âáï ¨å á®®â−®è¥−¨¥¬. …á«¨ âà¥â¨© ®¯¥à�−¤ −¥ ¨¬¥¥â §−�ç¥-
−¨ï ¯à¨ §�¤�−−®© â®ç−®áâ¨ ®¯¥à�æ¨¨, â® ¢ë¯®«−ïâì á«®¦¥−¨¥/¢ëç¨â�−¨¥ −¥â
−¥®¡å®¤¨¬®áâ¨. …á«¨ ¯à®¨§¢¥¤¥−¨¥ á«¨èª®¬ ¬�«®, â® ¨ ã¬−®¦¥−¨¥ ¤¥«�âì −¥
âà¥¡ã¥âáï. �æ¥−ª� á®®â−®è¥−¨ï ¯à®¨§¢¥¤¥−¨ï ¨ âà¥âì¥£® ®¯¥à�−¤� ¬®¦¥â ¡ëâì
¯®«ãç¥−� ¯ãâ¥¬ áà�¢−¥−¨ï ¨å íªá¯®−¥−â ¤® −�ç�«� ¢ëç¨á«¥−¨ï ¯à®¨§¢¥¤¥−¨ï.

‚ á¨−åà®−−®¬ ª®−¢¥©¥à¥ ¬ã«ìâ¨¯«¥ªá®àë, ®¡¥á¯¥ç¨¢�îé¨¥ ®¡å®¤ ®¤−®© ¨«¨
−¥áª®«ìª¨å áâã¯¥−¥©, á−¨¦�îâ ç�áâ®âã á¨−åà®−¨§�æ¨¨, â�ª ª�ª ®−� à�ááç¨âë-
¢�¥âáï ¤«ï −�¨åã¤è¥£® á«ãç�ï, � ¬ã«ìâ¨¯«¥ªá®àë ¯à¨¢−®áïâ ¤®¯®«−¨â¥«ì−ãî
§�¤¥à¦ªã.

‚ ‘‘-ª®−¢¥©¥à¥ −¥â −¥®¡å®¤¨¬®áâ¨ ãç¨âë¢�âì −�¨åã¤è¨© á«ãç�©. …£®
¯à®¨§¢®¤¨â¥«ì−®áâì å�à�ªâ¥à¨§ã¥âáï áâ�â¨áâ¨ç¥áª¨ ãáà¥¤−¥−−ë¬ ¢à¥¬¥−¥¬ ®¡-
à�¡®âª¨ ¯à®¨§¢®«ì−ëå ¤�−−ëå. �®íâ®¬ã ¬�ªá¨¬�«ì−® ¢®§¬®¦−®¥ ¢à¥¬ï ¯à®-
å®¦¤¥−¨ï ¤�−−ëå ¯® ª®−¢¥©¥àã («�â¥−â−®áâì ª®−¢¥©¥à�) ¢ á«ãç�¥, ª®£¤� ¢á¥
áâã¯¥−¨ ‘‘-ª®−¢¥©¥à� −ã¦−ë ¤«ï ®¡à�¡®âª¨ â¥ªãé¥© ¯®àæ¨¨ ¤�−−ëå, ¬®¦¥â
ª®¬¯¥−á¨à®¢�âìáï ã¬¥−ìè¥−¨¥¬ «�â¥−â−®áâ¨ ¢ ®áâ�«ì−ëå á«ãç�ïå.

‚®§¬®¦−ë á«¥¤ãîé¨¥ ¢�à¨�−âë ã¬¥−ìè¥−¨ï ç¨á«� �ªâ¨¢−® à�¡®â�îé¨å
áâã¯¥−¥© ‘‘-ª®−¢¥©¥à�: ®¡å®¤ ®¤−®© ¨«¨ −¥áª®«ìª¨å áâã¯¥−¥© ¨ ¬ã«ìâ¨¯«¥ªá¨-
à®¢�−¨¥ áâã¯¥−¥©. ÷�áá¬®âà¨¬ ¨å ¯®¤à®¡−¥¥.

3 Обход ступеней самосинхронного конвейера

‚ ª�ç¥áâ¢¥ ¯à¨¬¥à� à�áá¬®âà¨¬ á«ãç�© ®¡å®¤� ¤¢ãå áâã¯¥−¥© ª®−¢¥©¥à�,
¯à¥¤áâ�¢«¥−−ë© −� à¨á. 2. ÷¥�«¨§�æ¨î ®¡å®¤� áâã¯¥−¥© 2 ¨ 3 ®¡¥á¯¥ç¨¢�îâ n-à�§-
àï¤−ë© í«¥¬¥−â ˆ (¡«®ª ú&û −� à¨á. 2), ¬ã«ìâ¨¯«¥ªá®à ¢å®¤®¢ áâã¯¥−¨ 4 (Œ•),
í«¥¬¥−â ˆ‹ˆ-ˆ ¨ á¨£−�«ë ã¯à�¢«¥−¨ï E2 ¨ E3. ‚ áâã¯¥−ì 1 ¤®¡�¢«ï¥âáï «®£¨ª�
¤¥â¥ªâ¨à®¢�−¨ï ãá«®¢¨ï, à�§à¥è�îé¥£® ®¡å®¤ áâã¯¥−¥© 2 ¨ 3, ¨ ä®à¬¨à®¢�−¨ï
¡¨ä�§−®£® ä«�£� à¥¦¨¬� à�¡®âë (U ¨ UB).

÷¨áã−®ª 3 ¯®ª�§ë¢�¥â à¥�«¨§�æ¨î âà¨££¥à� ä«�£�. ‡¤¥áì L ¨ LB | ¯�-
à�ä�§−ë© á¨£−�« à�§à¥è¥−¨ï ®¡å®¤� (L = 1, LB = 0) áâã¯¥−¥© 2 ¨ 3; E1 |
á¨£−�« à�§à¥è¥−¨ï ¯¥à¥ª«îç¥−¨ï à¥£¨áâà� áâã¯¥−¨ 1 ¢ ®ç¥à¥¤−ãî ä�§ã; E2
¨ E3 | á¨£−�«ë ã¯à�¢«¥−¨ï áâã¯¥−¥© 2 ¨ 3; WE | ¨−¤¨ª�â®à âà¨££¥à� à¥¦¨¬�,
®¤−®¢à¥¬¥−−® á«ã¦�é¨© á¨£−�«®¬ ã¯à�¢«¥−¨ï à¥£¨áâà®¬ áâã¯¥−¨ 1.
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‘�¬®á¨−åà®−−ë© ª®−¢¥©¥à á ¯¥à¥¬¥−−ë¬ ç¨á«®¬ áâã¯¥−¥©

÷¨á. 2 ‘å¥¬� ‘‘-ª®−¢¥©¥à� á ®¡å®¤®¬ áâã¯¥−¥© 2 ¨ 3

‚ ®¡é¥¬ á«ãç�¥ ¬�áª¨-

÷¨á. 3 ‘å¥¬� âà¨££¥à� à¥¦¨¬� ¨ ã¯à�¢«¥−¨ï à¥£¨-
áâà®¬ áâã¯¥−¨ 1

àã¥¬ë¥ áâã¯¥−¨ (i + 1), . . .
. . . , (M + i+1) ¯®áâ®ï−−® −�-
å®¤ïâáï ¢ á¯¥©á¥à¥, ¯®áª®«ìªã
−� ¨å ¨−ä®à¬�æ¨®−−ëå ¢å®-
¤�å ¯®¤¤¥à¦¨¢�¥âáï á¯¥©á¥à-
−®¥ á®áâ®ï−¨¥. ‚ ¬®¬¥−â ¯¥-
à¥ª«îç¥−¨ï ¢ à¥¦¨¬ ®¡å®¤�
§�¢¥àè¥−¨¥ ¯¥à¥å®¤� i-© áâã-
¯¥−¨ ¢ à�¡®çãî ä�§ã §�¤¥à¦¨-
¢�¥âáï −� ¢à¥¬ï ¯¥à¥ª«îç¥−¨ï
á«¥¤ãîé¨å (M + 1) áâã¯¥−¥©
¢ á¯¥©á¥à.

4 Мультиплексирование ветвей самосинхронного конвейера

‚ ¡®«¥¥ ®¡é¥¬ á«ãç�¥ ¯®á«¥¤®¢�â¥«ì−ë¥ áâã¯¥−¥© −¥ ®¡å®¤ïâáï, � §�¬¥−ïîâáï
¤àã£¨¬¨ | ¯�à�««¥«ì−ë¬¨ L áâã¯¥−ï¬¨. ÷�áá¬®âà¨¬ ¤«ï ¯à¨¬¥à� ª®−¢¥©¥à −�
à¨á. 4. ‚ −¥¬ áâã¯¥−ì 2A ¢ª«îç�¥âáï ¢ âà�ªâ ®¡à�¡®âª¨ ¤�−−ëå ¢¬¥áâ® áâã¯¥−¥© 2
¨ 3 ¯à¨ ¢ë¯®«−¥−¨¨ ãá«®¢¨ï U = 1. ‚ áà�¢−¥−¨¨ á® áå¥¬®© −� à¨á. 2 ¤«ï
®à£�−¨§�æ¨¨ ª®àà¥ªâ−®© à�¡®âë â�ª®£® ‘‘-ª®−¢¥©¥à� âà¥¡ã¥âáï ãç¥â ¥é¥ ®¤−®£®
á¨£−�«� | E2A, ¢å®¤� ã¯à�¢«¥−¨ï áâã¯¥−ìî 2A. ‘®®â¢¥âáâ¢¥−−® ¯à¥®¡à�§ã¥âáï
¨ áå¥¬� âà¨££¥à� à¥¦¨¬� (à¨á. 5).

�¥à¥ª«îç¥−¨¥ á ®¤−®© ¢¥â¢¨ ª®−¢¥©¥à� −� ¯�à�««¥«ì−ãî à�§à¥è�¥âáï â®«ìª®
¯®á«¥ ¯®¤â¢¥à¦¤¥−¨ï ¯¥à¥å®¤� ¢á¥å áâã¯¥−¥© �ªâ¨¢−®© ¢¥â¢¨ ¢ á¯¥©á¥à, çâ®
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÷¨á. 4 ‘å¥¬� ‘‘-ª®−¢¥©¥à� á ¢ª«îç¥−¨¥¬ áâã¯¥−¨ 2A ¢¬¥áâ® áâã¯¥−¥© 2 ¨ 3

÷¨á. 5 ‘å¥¬� âà¨££¥à� à¥¦¨¬� ¨ ã¯à�¢«¥−¨ï à¥£¨áâà®¬ áâã¯¥−¨ 1 ¤«ï §�¬¥−ë áâã¯¥−¥© 2
¨ 3 áâã¯¥−ìî 2A
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¯à¨¢®¤¨â ª ¤®¯®«−¨â¥«ì−®© §�¤¥à¦ª¥ ¢ à�¡®â¥ ª®−¢¥©¥à� ¨ ¢«¨ï¥â −� ¥£® «�â¥−â-
−®áâì.

5 Латентность конвейера

–¥«¥á®®¡à�§−®áâì à�á¯�à�««¥«¨¢�−¨ï ª®−¢¥©¥à� §�¢¨á¨â ®â á®®â−®è¥−¨ï ¯®-
â¥àì ¢ �¯¯�à�â−ëå §�âà�â�å ¨ ¢ë¨£àëè� ¢ ¯à®¨§¢®¤¨â¥«ì−®áâ¨. �¯¯�à�â−ë¥
§�âà�âë ã¢¥«¨ç¨¢�îâáï ¨§-§� ¯®ï¢«¥−¨ï ¯�à�««¥«ì−®© ¢¥â¢¨, ®¡¥á¯¥ç¨¢�îé¥©
¡®«¥¥ ¡ëáâàë© á¯®á®¡ ®¡à�¡®âª¨ ¤�−−ëå ¨ ãá«®¦−¥−¨ï áå¥¬ë ã¯à�¢«¥−¨ï.

�à®¨§¢®¤¨â¥«ì−®áâì ª®−¢¥©¥à� ®æ¥−¨¢�¥âáï ¯® «�â¥−â−®áâ¨ ¯à®å®¦¤¥−¨ï
¤�−−ëå ç¥à¥§ −¥£® (Tì) ¨ â¥¬¯ã (ç�áâ®â¥) §�£àã§ª¨ ¢å®¤−ëå ¤�−−ëå (Fú), §�-
¢¨áïé¥¬ã ®â ¤«¨â¥«ì−®áâ¨ æ¨ª«� à�¡®âë (à�¡®ç�ï ¯«îá á¯¥©á¥à−�ï ä�§ë) Tã
á�¬®© ¬¥¤«¥−−®© áâã¯¥−¨. ÷¨áã−®ª 6 ¨««îáâà¨àã¥â ä�§®¢ãî ¤¨�£à�¬¬ã à�¡®âë
â¨¯®¢®£® á¡�«�−á¨à®¢�−−®£® ª®−¢¥©¥à�, ¨§®¡à�¦¥−−®£® −� à¨á. 1. ‡¤¥áì ú÷û
¨ ú‘û | ¯¥à¨®¤ë ¯à¥¡ë¢�−¨ï áâã¯¥−¨ ª®−¢¥©¥à� ¢ à�¡®ç¥© ¨ á¯¥©á¥à−®© ä�§¥
á®®â¢¥âáâ¢¥−−®. „«ï ¯à®áâ®âë ¡ã¤¥¬ áç¨â�âì, çâ® ¤«¨â¥«ì−®áâ¨ ®¡¥¨å ä�§ ¢á¥å
áâã¯¥−¥© ®¤¨−�ª®¢ë ¨ à�¢−ë Tæ. ’®£¤� Tã = 2Tæ ¨ Tì = 2,5Tæ. ‚ ®¡é¥¬
á«ãç�¥ ¤«ï N áâã¯¥−¥© ª®−¢¥©¥à� Tì ≈ 0,25(N + 1)Tã. ’¥¬¯ §�£àã§ª¨ ¯®àæ¨©
¢å®¤−ëå ¤�−−ëå à�¢¥− Fú = 1/Tã.

�à®¨§¢®¤¨â¥«ì−®áâì ª�ª á¨−åà®−−®£®, â�ª ¨ á�¬®á¨−åà®−−®£® ª®−¢¥©¥à�
®¯à¥¤¥«ï¥âáï ¡ëáâà®¤¥©áâ¢¨¥¬ ¥£® á�¬®© á«®¦−®© áâã¯¥−¨. �ãáâì, −�¯à¨¬¥à,
áâã¯¥−ì 2 ª®−¢¥©¥à� á�¬�ï á«®¦−�ï ¨ ¬¥¤«¥−−�ï. ’®£¤� ¤¨�£à�¬¬� à�¡®âë ª®−-
¢¥©¥à� ¡ã¤¥â ¢ë£«ï¤¥âì â�ª, ª�ª ¯®ª�§�−® −� à¨á. 7. ‡¤¥áì ª�¦¤�ï ä�§� ãá«®¢−®
à�§¤¥«¥−� −� ¤¢¥ ç�áâ¨: ¯¥à¥ª«îç¥−¨¥ ¢ â¥ªãéãî ä�§ã (÷ð, ‘ð) ¨ ®¦¨¤�−¨¥
à�§à¥è¥−¨ï −� ¯¥à¥ª«îç¥−¨¥ ¢ ¯à®â¨¢®¯®«®¦−ãî ä�§ã (÷ï, ‘ï). �¥à¢�ï ç�áâì
®¯à¥¤¥«ï¥âáï á«®¦−®áâìî ¤�−−®© áâã¯¥−¨, � ¢â®à�ï | ¤«¨â¥«ì−®áâìî ÷ð ¨ ‘ð

÷¨á. 6 ”�§®¢�ï ¤¨�£à�¬¬� á¡�«�−á¨à®¢�−−®£® ‘‘-ª®−¢¥©¥à�

÷¨á. 7 ”�§®¢�ï ¤¨�£à�¬¬� −¥á¡�«�−á¨à®¢�−−®£® ‘‘-ª®−¢¥©¥à�
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á�¬®© á«®¦−®© ¨§ ®áâ�«ì−ëå áâã¯¥−¥©. ‹�â¥−â−®áâì â�ª®£® ª®−¢¥©¥à� ®¯¨áë¢�-
¥âáï ä®à¬ã«®© Tì ≈ 0,25(N + 1)Tã2, � â¥¬¯ §�£àã§ª¨ ¯®àæ¨© ¢å®¤−ëå ¤�−−ëå
à�¢¥− Fú = 1/Tã2.

‡�¬¥−� M áâã¯¥−¥© ª®−¢¥©¥à� ¯�à�««¥«ì−ë¬¨ L áâã¯¥−ï¬¨ (¯à¨ ¯à®áâ®¬
®¡å®¤¥ L = 0) ¯à¨¢®¤¨â ª á®ªà�é¥−¨î «�â¥−â−®áâ¨ ª®−¢¥©¥à�, ¥á«¨ à�§−®áâì
áã¬¬�à−ëå «�â¥−â−®áâ¥© M ¨ L áâã¯¥−¥© (Tì,M − Tì,L) ¡®«ìè¥ §�¤¥à¦ª¨,
¢−®á¨¬®© ¤®¯®«−¨â¥«ì−ë¬ ®¦¨¤�−¨¥¬ ¯¥à¥ª«îç¥−¨ï M áâã¯¥−¥© ¢ á¯¥©á¥à ¯à¨
¯¥à¥ª«îç¥−¨¨ ¢ à¥¦¨¬ §�¬¥−ë (®¡å®¤�), ¡«®ª�¬¨ ¯®¤¤¥à¦�−¨ï á¯¥©á¥à� −�
¢å®¤�å ¯¥à¢ëå áâã¯¥−¥© ¯®á«¥ à�§¢¥â¢«¥−¨ï, ¬ã«ìâ¨¯«¥ªá®à®¬ ¯¥à¥¤ ¯¥à¢®©
¯®á«¥ ¯�à�««¥«ì−ëå ¯ãâ¥© áâã¯¥−¨ ª®−¢¥©¥à� ¨ ¤®¯®«−¨â¥«ì−ë¬¨ í«¥¬¥−â�¬¨
¢ áå¥¬¥ ã¯à�¢«¥−¨ï §�¯à®á−®-®â¢¥â−ë¬ ¢§�¨¬®¤¥©áâ¢¨¥¬ áâã¯¥−¥©: í«¥¬¥−â®¬
ˆ‹ˆ-ˆ ¨ âà¨££¥à®¬ à¥¦¨¬�, ¯®ª�§�−−ë¬ −� à¨á. 5. ‚ ¯¥à¢®¬ ¯à¨¡«¨¦¥−¨¨
¯à®¨§¢®¤¨â¥«ì−®áâì ª®−¢¥©¥à� −� à¨á. 4 ¡ã¤¥â ¡®«ìè¥, ç¥¬ ã ª®−¢¥©¥à� −� à¨á. 1,
¥á«¨ ¢ë¯®«−ï¥âáï −¥à�¢¥−áâ¢®

Tì,2 + Tì,3 + 4Tç2 > TAND + TMX + Tôò + TO21A + PM (Tì,2A + Tç2) +

+ (1− PM ) (Tì,2 + 1,5Tì,3 + 4Tç2 + 0,5Tì,4) , (1)

£¤¥ Tç2 | §�¤¥à¦ª� ¤¢ãå¢å®¤®¢®£® ƒ-âà¨££¥à�; TAND | §�¤¥à¦ª� ¡«®ª� ú&û;
TMX | §�¤¥à¦ª� ¡«®ª� Œ•; Tôò | §�¤¥à¦ª� âà¨££¥à� à¥¦¨¬�; TO21A |
§�¤¥à¦ª� «®£¨ç¥áª®£® í«¥¬¥−â� �21�; Tì,∗ | «�â¥−â−®áâ¨ áâã¯¥−¥© ª®−¢¥©¥à�;
PM | ¢¥à®ïâ−®áâì ¯®ï¢«¥−¨ï ãá«®¢¨ï §�¬¥−ë áâã¯¥−¥© 2 ¨ 3 áâã¯¥−ìî 2A. �ãáâì
¢á¥ áâã¯¥−¨ ª®−¢¥©¥à� ¨¬¥îâ ¯à¨¬¥à−® ®¤¨−�ª®¢ãî «�â¥−â−®áâì:

Tì,2 = Tì,2A = Tì,3 = Tì,4 = Tì0 .

’®£¤� ä®à¬ã«� (1) ¯¥à¥¯¨è¥âáï ¢ ¢¨¤¥:

PM (2Tì0 + 3Tç2) > Tì0 + TAND + TMX + Tôò + T021A .

�à¨ â¨¯®¢ëå §�¤¥à¦ª�å: TAND = 20 ¯á, TMX = 30 ¯á, Tôò = 70 ¯á,
Tç2 = 40 ¯á, TO21A = 30 ¯á, Tì0 = 300 ¯á | ¤«ï 65-−�−®¬¥âà®¢®© ŠŒ��-
â¥å−®«®£¨¨ à¥�«¨§�æ¨ï à¥¦¨¬� §�¬¥−ë áâã¯¥−¥© 2 ¨ 3 áâã¯¥−ìî 2A ®ª�¦¥âáï
¢ë£®¤−®© á â®çª¨ §à¥−¨ï «�â¥−â−®áâ¨ ª®−¢¥©¥à� ¯à¨ PM > 0,63.

‚ á«ãç�¥ ¯à®áâ®£® ®¡å®¤� M áâã¯¥−¥© à®áâ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ª®−¢¥©¥à�
£�à�−â¨àã¥âáï ¯à¨ ¢ë¯®«−¥−¨¨ −¥à�¢¥−áâ¢�

MPM (1,5Tì0 + 2Tç2) > TAND + TMX + Tôò + TO21A + 0,5MTì0 .

’®£¤� à¥�«¨§�æ¨ï à¥¦¨¬� ®¡å®¤� M áâã¯¥−¥© ¯à¨¢¥¤¥â ª ¯®¢ëè¥−¨î ¯à®¨§-
¢®¤¨â¥«ì−®áâ¨ ª®−¢¥©¥à� ¯à¨ PM > 0,28(1 + 1/M). �¡å®¤ ®¤−®© áâã¯¥−¨
ª®−¢¥©¥à� æ¥«¥á®®¡à�§¥− ¯à¨ ¢¥à®ïâ−®áâ¨ â�ª®£® á®¡ëâ¨ï ¡®«¥¥ 0,56, � ®¡å®¤
¤¢ãå áâã¯¥−¥© | ã¦¥ ¯à¨ ¢¥à®ïâ−®áâ¨ 0,43.
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’�ª¨¬ ®¡à�§®¬, §�¬¥¤«¥−¨¥ ª®−¢¥©¥à� ¢ −�¨åã¤è¥¬ á«ãç�¥ ¨§-§� ¤®¡�¢«¥−¨ï
¢ −¥£® �¯¯�à�âãàë ®¡¥á¯¥ç¥−¨ï ¢�àì¨à®¢�−¨ï ç¨á«� áâã¯¥−¥© ª®¬¯¥−á¨àã¥âáï ¥£®
ãáª®à¥−¨¥¬ ¢ ®áâ�«ì−ëå á«ãç�ïå, ¢¥à®ïâ−®áâ¨ ¯®ï¢«¥−¨ï ª®â®àëå ¯à¥¢ëè�îâ
−¥ª®â®àãî ¢¥«¨ç¨−ã.

�¯¨á�−−ë¥ áå¥¬®â¥å−¨ç¥áª¨¥ à¥�«¨§�æ¨¨ ª®−¢¥©¥à� á ¬�áª¨àã¥¬ë¬¨ ¨ ¬ã«ì-
â¨¯«¥ªá¨àã¥¬ë¬¨ áâã¯¥−ï¬¨ ¡ë«¨ ¯à®¢¥à¥−ë −� á�¬®á¨−åà®−−®áâì á ¯®¬®éìî
¯à®£à�¬¬ë �−�«¨§� æ¨äà®¢ëå áå¥¬ −� ¯®«ã¬®¤ã«ïà−®áâì �‘�…Š’ [5]. �à®¢¥-
¤¥−−ë© �−�«¨§ ¯®¤â¢¥à¤¨« ª®àà¥ªâ−®áâì ¯à¥¤«�£�¥¬ëå à¥è¥−¨©.

6 Заключение

ˆá¯®«ì§®¢�−¨¥ ª®−¢¥©¥à−®© ®à£�−¨§�æ¨¨ ‘‘-áå¥¬ë ¯®§¢®«ï¥â ¯®¢ëá¨âì ¥¥
¯à®¨§¢®¤¨â¥«ì−®áâì �−�«®£¨ç−® á¨−åà®−−ë¬ áå¥¬�¬. �¤−�ª® ¨§-§� ¤¢ãåä�§−®£®
à¥¦¨¬� à�¡®âë â¥¬¯ §�£àã§ª¨ ¤�−−ëå ¢ ‘‘-ª®−¢¥©¥à á−¨¦�¥âáï.

�à®¨§¢®¤¨â¥«ì−®áâì ‘‘-ª®−¢¥©¥à� ®£à�−¨ç¨¢�¥âáï ¡ëáâà®¤¥©áâ¢¨¥¬ á�¬ëå
á«®¦−ëå áâã¯¥−¥©. ‚à¥¬ï ®¦¨¤�−¨ï à�§à¥è¥−¨ï ¯¥à¥ª«îç¥−¨ï ¢ ¯à®â¨¢®-
¯®«®¦−ãî ä�§ã à�¡®âë ®áâ�«ì−ëå áâã¯¥−¥© à�áâ¥â ¯à®¯®àæ¨®−�«ì−® ¢à¥¬¥−¨
¯¥à¥ª«îç¥−¨ï á�¬®© ¬¥¤«¥−−®© áâã¯¥−¨.

�®áâà®¥−¨¥ ‘‘-ª®−¢¥©¥à� á ®¯æ¨®−�«ì−ë¬ ¬ã«ìâ¨¯«¥ªá¨à®¢�−¨¥¬ âà�ªâ�
®¡à�¡®âª¨ ¤�−−ëå ¯®§¢®«ï¥â ¯®¢ëá¨âì áà¥¤−îî ¯à®¨§¢®¤¨â¥«ì−®áâì ª®−¢¥©¥à�.
‹�â¥−â−®áâì ‘‘-ª®−¢¥©¥à� á−¨¦�¥âáï, ¥á«¨ ãá«®¢¨¥ à�§à¥è¥−¨ï §�¬¥−ë ¤¢ãå
áâã¯¥−¥© ®¤−®© ¯�à�««¥«ì−®© áâã¯¥−ìî ¢ë¯®«−ï¥âáï ¢ 63% æ¨ª«®¢ à�¡®âë ª®−-
¢¥©¥à�. �¡å®¤ ¤¢ãå ¨ ¡®«¥¥ áâã¯¥−¥© ª®−¢¥©¥à� æ¥«¥á®®¡à�§¥− ¯à¨ ¢¥à®ïâ−®áâ¨
â�ª®£® á®¡ëâ¨ï ¡®«¥¥ 0,43. �ää¥ªâ¨¢−®áâì ¯à¥¤«®¦¥−−®£® ¬¥â®¤� ¯®¢ëè�¥âáï
á ã¢¥«¨ç¥−¨¥¬ ¢¥à®ïâ−®áâ¨ áà�¡�âë¢�−¨ï ãá«®¢¨ï ®¡å®¤� ¨ ç¨á«� áâã¯¥−¥© −�
¬�áª¨àã¥¬®¬ ãç�áâª¥ ª®−¢¥©¥à�.
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Abstract: The article considers the self-timed circuit's performance improvement
problem. As in synchronous circuits, an effective way to improve performance
is to use a pipeline to implement multistage input data processing. The article
analyzes possible options for dynamical reduction of the number of actively
operating stages under certain conditions determined by the processed data value
or an external signal. The estimates show that the efficiency of using an optionally
variable number of pipeline stages depends on the number of bypassed stages and
the probability of an event allowing this bypassing. In particular, replacing two
successive pipeline stages with one parallel stage becomes expedient if it occurs
in at least 63% of data processing operations and bypassing two or more stages
reduces the average pipeline's latency if it occurs in at least 43% of operations.
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