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ТЕОРЕТИЧЕСКИЕ АСПЕКТЫ РАЗРАБОТКИМЕТОДОЛОГИИ
ПРОГРАММИРОВАНИЯ РЕКУРРЕНТНОЙ АРХИТЕКТУРЫ∗

Д.В. Хилько1, Ю. А. Степченков2

�−−®â æ¨ï: Câ âìï ¯®á¢ïé¥−  −®¢®© à¥ªãàà¥−â−®-¯®â®ª®¢®© ¯ à ¤¨£¬¥ ¢ë-
ç¨á«¥−¨© ¨ ¬¥â®¤®«®£¨¨ à¥è¥−¨ï ¨ ¯à®£à ¬¬¨à®¢ −¨ï § ¤ ç ¢ áà¥¤¥ à §à -
¡ âë¢ ¥¬®£® ¢ëç¨á«¨â¥«ì−®£® ãáâà®©áâ¢ ,  àå¨â¥ªâãà  ª®â®à®£® à¥ «¨§ã¥â
¨¤¥¨ ¨ ¯à¨−æ¨¯ë ®¯¨áë¢ ¥¬®© ¯ à ¤¨£¬ë. � áá¬®âà¥−  à¥ «¨§ æ¨ï −®¢®©
¯ à ¤¨£¬ë ¢ ¬−®£®ï¤¥à−®© ¯®â®ª®¢®© à¥ªãàà¥−â−®©  àå¨â¥ªâãà¥ (Œ���).
„®ª § −  áå®¤¨¬®áâì à¥ªãàà¥−â−®© ®à£ −¨§ æ¨¨ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá 
á ¨á¯®«ì§®¢ −¨¥¬ ¯®−ïâ¨© ¨ â¥®à¥¬ â¥®à¨¨ à¥ªãàá¨¢−ëå äã−ªæ¨©. �¯¨á − 
¯à®¡«¥¬  à §à ¡®âª¨ ¯à®£à ¬¬−®£® ®¡¥á¯¥ç¥−¨ï (��), á¯®á®¡−®£® äã−ªæ¨®-
−¨à®¢ âì ¢ áà¥¤¥ à¥ªãàà¥−â−®©  àå¨â¥ªâãàë. �à¥¤«®¦¥−  á¯¥æ¨ «¨§¨à®¢ −-
− ï à¥ªãàà¥−â−®-¯®â®ª®¢ ï ¬¥â®¤®«®£¨ï ¯à®£à ¬¬¨à®¢ −¨ï, ®å¢ âë¢ îé ï
¢á¥ íâ ¯ë ¯à®¥ªâ¨à®¢ −¨ï ��. �à®¤¥¬®−áâà¨à®¢ −® ¯à¨¬¥−¥−¨¥ ¬¥â®¤®«®-
£¨¨ ¤«ï à¥è¥−¨ï § ¤ ç¨ à á¯®§− ¢ −¨ï ¨§®«¨à®¢ −−ëå á«®¢ (�ˆ‘) ¢ áà¥¤¥
−®¢®©  àå¨â¥ªâãàë. �à®¢¥¤¥−  â ª¦¥ ¯®íâ ¯− ï à¥ «¨§ æ¨ï ®¤−®£® ¨§  «£®-
à¨â¬®¢ ¤ −−®© § ¤ ç¨ | ¯®«®á®¢®© ä¨«ìâà æ¨¨ | ¢ á®®â¢¥âáâ¢¨¨ á ¢à¥¬¥−−‚®©
áâàãªâãà®© ¤¥ïâ¥«ì−®áâ¨ ¬¥â®¤®«®£¨¨.

Š«îç¥¢ë¥ á«®¢ : ¯ à ¤¨£¬  ¢ëç¨á«¥−¨©; ¬¥â®¤®«®£¨ï ¯à®£à ¬¬¨à®¢ −¨ï;
à¥ªãàá¨¢−®áâì; ¯®â®ª®¢ ï  àå¨â¥ªâãà 

DOI: 10.14357/08696527130210

1 Введение

� §¢¨â¨¥ ¨¤¥© ¯ à ««¥«ì−ëå ¢ëç¨á«¥−¨© ¢ 1980-å ££. ¯à¨¢¥«® ª ¨áá«¥¤®-
¢ −¨î −®¢®£® ª« áá   àå¨â¥ªâãà ¢ëç¨á«¨â¥«ì−ëå á¨áâ¥¬ (‚‘) | ¯®â®ª®¢ëå
 àå¨â¥ªâãà [1, 2]. ‚  àå¨â¥ªâãà å íâ®£® ª« áá  ¯®â®ª ¤ −−ëå ¨¬¥¥â ¯à¨®à¨â¥â
− ¤ ¯®â®ª®¬ ª®¬ −¤ ¨ ï¢«ï¥âáï ¨−¨æ¨ â®à®¬ ¢ëç¨á«¥−¨©. ‚ àï¤¥ áâà − ¢¥¤ãâ-
áï ¨áá«¥¤®¢ −¨ï ¨ à §à ¡®âª¨ á¨áâ¥¬ ¯®â®ª®¢®©  àå¨â¥ªâãàë, −®, −¥á¬®âàï − 
¢¨¤¨¬ë¥ ¯à¥¨¬ãé¥áâ¢ , â ª¨¥ ª ª ®âáãâáâ¢¨¥ úã§ª¨å ¬¥áâû, å à ªâ¥à−ëå ¤«ï
ä®−-−¥©¬ −®¢áª®©  àå¨â¥ªâãàë [3], ¨ ¨áª«îç¥−¨¥ ¢¥à®ïâ−®áâ¨ ®¡à ¡®âª¨ −¥¯®¤-
£®â®¢«¥−−ëå ¤ −−ëå, àï¤ ¯à®¡«¥¬ ª ª â¥å−¨ç¥áª®£®, â ª ¨  «£®à¨â¬¨ç¥áª®£®
å à ªâ¥à  ¯à¥¯ïâáâ¢ã¥â ¬ áá®¢®¬ã ¯à¨¬¥−¥−¨î ¯®â®ª®¢ëå  àå¨â¥ªâãà.

∗� ¡®â  ¢ë¯®«−¥−  ¯à¨ ç áâ¨ç−®© ä¨− −á®¢®© ¯®¤¤¥à¦ª¥ ¯® ¯à®£à ¬¬ ¬ äã−¤ ¬¥−â «ì−ëå
¨áá«¥¤®¢ −¨© ��ˆ’ ��� §  2013 £. (¯à®¥ªâ 1.5) ¨ �à¥§¨¤¨ã¬  ��� (¯à®¥ªâ 16).

1ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬ â¨ª¨ �®áá¨©áª®©  ª ¤¥¬¨¨ − ãª, dhilko@yandex.ru
2ˆ−áâ¨âãâ ¯à®¡«¥¬ ¨−ä®à¬ â¨ª¨ �®áá¨©áª®©  ª ¤¥¬¨¨ − ãª, YStepchenkov@ipiran.ru
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„. ‚. •¨«ìª®, �. �. ‘â¥¯ç¥−ª®¢

� §−®®¡à §¨¥ § ¤ ç, à¥è ¥¬ëå ¢ − áâ®ïé¥¥ ¢à¥¬ï ¯à¨ ¯®¬®é¨ ‚‘, ®ç¥−ì
¢¥«¨ª®, ¯à¨ç¥¬ ¬−®£¨¥ ¨§ −¨å ¢ â®¬ ¨«¨ ¨−®¬ ¢¨¤¥ á®¤¥à¦ â à¥ªãàà¥−â−ë¥
¢ëç¨á«¥−¨ï ¨ à¥ªãàá¨î. �â® −¥à §àë¢−® á¢ï§ −® á ¯®−ïâ¨ï¬¨  «£®à¨â¬  ¨
äã−ªæ¨¨, ¢ëç¨á«ï¥¬®© á ¯®¬®éìî  «£®à¨â¬ , | ®á−®¢−ë¬¨ ¢ à ¬ª å â¥®à¨¨
à¥ªãàá¨¢−ëå äã−ªæ¨© [4]. ‚ ˆ−áâ¨âãâ¥ ¯à®¡«¥¬ ¨−ä®à¬ â¨ª¨ ��� ¢¥¤ãâáï à -
¡®âë ¯® á®§¤ −¨î −¥âà ¤¨æ¨®−−®© à¥ªãàà¥−â−®©  àå¨â¥ªâãàë, ¯à¥¤− §− ç¥−−®©
¤«ï à¥ «¨§ æ¨¨ ¯ à ««¥«ì−ëå ¢ëç¨á«¥−¨© ®£à −¨ç¥−−®© à §¬¥à−®áâ¨ ¢ ®¡« áâ¨
á¨£− «ì−®© ®¡à ¡®âª¨.

‚ à ¬ª å ¤ −−®© áâ âì¨ ¤«ï ¨¬¥−®¢ −¨ï  àå¨â¥ªâãàë  ¢â®àë ¨á¯®«ì§ãîâ
− §¢ −¨¥ Œ���, ¯à¨−æ¨¯ë à ¡®âë ª®â®à®© ¡ §¨àãîâáï −  −®¢®© à¥ªãàà¥−â-
−®-¯®â®ª®¢®© ¢ëç¨á«¨â¥«ì−®© ¯ à ¤¨£¬¥ [5]. „«ï íªá¯¥à¨¬¥−â «ì−®©  ¯à®¡ æ¨¨
¯à¥¤« £ ¥¬®©  àå¨â¥ªâãàë à §à ¡ âë¢ ¥âáï à¥ªãàà¥−â−ë© ®¡à ¡®âç¨ª á¨£− «®¢
(��‘), ¨á¯®«−ï¥¬ë© ¢ £¨¡à¨¤−®¬, ¤¢ãåãà®¢−¥¢®¬ ¢ à¨ −â¥ | à¥ªãàà¥−â−®¬
®¯¥à æ¨®−−®¬ ãáâà®©áâ¢¥ (��“) [6] á ¢¥¤ãé¨¬ ä®−-−¥©¬ −®¢áª¨¬ ¯à®æ¥áá®à®¬
−  ã¯à ¢«ïîé¥¬ (¢¥àå−¥¬) ãà®¢−¥ (““) ¨ àï¤®¬ ¯®â®ª®¢ëå ¯à®æ¥áá®à®¢ − 
®¯¥à æ¨®−−®¬ (−¨¦−¥¬) ãà®¢−¥ (�“).

�á−®¢− ï ®á®¡¥−−®áâì à §à ¡ âë¢ ¥¬®©  àå¨â¥ªâãàë | á¯®á®¡ ¯à¥¤áâ ¢-
«¥−¨ï ¯®â®ª®¢ ¤ −−ëå ¨ ª®¬ −¤, ®¡ê¥¤¨−¥−−ëå ¢ ¥¤¨−ë© ¯®â®ª, ª®â®àë© à¥-
ªãàà¥−â−® á¢®à ç¨¢ ¥âáï ¯à¨ ¯®¤£®â®¢ª¥ ¨ à §¢®à ç¨¢ ¥âáï ¢ å®¤¥ ¨á¯®«−¥−¨ï.
„ −−®¥ ¯à¥¤áâ ¢«¥−¨¥, ¯® ¬−¥−¨î à §à ¡®âç¨ª®¢, ¯®§¢®«ï¥â íää¥ªâ¨¢−® à¥-
 «¨§®¢ âì à¥ªãàà¥−â−ë¥ ¨ à¥ªãàá¨¢−ë¥ ¢ëç¨á«¥−¨ï,   â ª¦¥ à¥è¨âì ¤àã£¨¥
¯à®¡«¥¬ë, á¢®©áâ¢¥−−ë¥ ¯®â®ª®¢®© ¨ ¯ à ««¥«ì−®©  àå¨â¥ªâãà ¬.

„«ï ¤®áâ¨¦¥−¨ï ¬ ªá¨¬ «ì−®© ¯à®¨§¢®¤¨â¥«ì−®áâ¨ à §à ¡ âë¢ ¥¬®©  àå¨-
â¥ªâãàë −¥®¡å®¤¨¬® à §à ¡®â âì á®®â¢¥âáâ¢ãîé¥¥ ��, ®¯â¨¬¨§¨à®¢ −−®¥ ¤«ï
¢ë¯®«−¥−¨ï ¢ ¥¥ áà¥¤¥. ‘¯¥æ¨ä¨ç¥áª¨¥ ®á®¡¥−−®áâ¨  àå¨â¥ªâãàë, −¥ á¢®©-
áâ¢¥−−ë¥ ¤àã£¨¬ ª« áá ¬, ¤¥« îâ −¥¢®§¬®¦−ë¬ ¯à¨¬¥−¥−¨¥ ¢ ¯®«−®¬ ®¡ê¥¬¥
¨§¢¥áâ−ëå ¬¥â®¤®¢ ¨ â¥å−®«®£¨© ¯à®£à ¬¬¨à®¢ −¨ï. ‚ á¢ï§¨ á íâ¨¬ ¢®§−¨-
ª«  −¥®¡å®¤¨¬®áâì à §à ¡®âª¨ −®¢®© ¬¥â®¤®«®£¨ç¥áª®© ¡ §ë ¤«ï íää¥ªâ¨¢−®£®
¯à®£à ¬¬¨à®¢ −¨ï ¢ áà¥¤¥ Œ���.

„ −− ï à ¡®â  ¯®á¢ïé¥−  à¥è¥−¨î â ª®© § ¤ ç¨,   â ª¦¥ ¤®ª § â¥«ìáâ¢ã
áå®¤¨¬®áâ¨ à¥ªãàà¥−â−®£® ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá .

2 Доказательство сходимости рекуррентной организации
вычислительного процесса

‚ à ¬ª å à ¡®â ¯® á®§¤ −¨î Œ��� −¥®¡å®¤¨¬® ¤®ª § âì, çâ® −®¢ ï ¢ë-
ç¨á«¨â¥«ì− ï ¯ à ¤¨£¬  ª ª ¬¨−¨¬ã¬ ¡ã¤¥â −¥ ¬¥−¥¥ íää¥ªâ¨¢−®©, ç¥¬ ã¦¥
áãé¥áâ¢ãîé¨¥. �¥à¢®© ¨ − ¨¡®«¥¥ ¢ ¦−®© § ¤ ç¥© ï¢«ï¥âáï ¤®ª § â¥«ìáâ¢® â®-
£®, çâ® à¥ªãàà¥−â−ë© ¢ëç¨á«¨â¥«ì−ë© ¯à®æ¥áá á®©¤¥âáï ¨ ¯à¨¢¥¤¥â ª ¯®«ãç¥−¨î
®¦¨¤ ¥¬ëå à¥§ã«ìâ â®¢ (®áâ −®¢¨âáï).
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’¥®à¥â¨ç¥áª¨¥  á¯¥ªâë à §à ¡®âª¨ ¬¥â®¤®«®£¨¨ ¯à®£à ¬¬¨à®¢ −¨ï  àå¨â¥ªâãàë

‚ å®¤¥ ¤®ª § â¥«ìáâ¢  ¡ã¤ãâ ¨á¯®«ì§®¢ −ë â¥à¬¨−ë ¨ â¥®à¥¬ë â¥®à¨¨ à¥-
ªãàá¨¢−ëå äã−ªæ¨© [4]: â¥®à¥¬  ® −ã¬¥à æ¨¨, ®¯à¥¤¥«¥−¨¥ ¯à¨¬¨â¨¢−® à¥ªãà-
á¨¢−®© äã−ªæ¨¨, ®¯à¥¤¥«¥−¨¥ ç áâ¨ç−® à¥ªãàá¨¢−®© äã−ªæ¨¨, s-n-m-â¥®à¥¬ ,
â¥§¨á —¥àç . ” ªâ¨ç¥áª¨ −¥®¡å®¤¨¬® ¯®ª § âì, çâ® äã−ªæ¨®− «ì−ë¥ ¯à¥®¡à §®-
¢ −¨ï − ¤ á ¬®®¯à¥¤¥«ïîé¨¬¨áï ¤ −−ë¬¨ ¬®¦−® ®¯¨á âì ç áâ¨ç−® à¥ªãàá¨¢−®©
äã−ªæ¨¥© −¥áª®«ìª¨å ¯¥à¥¬¥−−ëå. �¥®¡å®¤¨¬® â ª¦¥ − ©â¨ ¬¥â®¤ ¯®áâà®-
¥−¨ï äã−ªæ¨¨ â ª®£® à®¤  ¨ ®¡®á−®¢ âì â®â ä ªâ, çâ® ¢ à¥§ã«ìâ â¥ ¯®áâà®¥−¨ï
¡ã¤¥â ¯®«ãç¥−  äã−ªæ¨ï, ª®â®àãî ¬®¦−® ¯à¨¢¥áâ¨ ª ã−¨¢¥àá «ì−®© ç áâ¨ç−®
à¥ªãàá¨¢−®© äã−ªæ¨¨ ®¤−®© ¯¥à¥¬¥−−®© (¨§ â¥®à¥¬ë ® −ã¬¥à æ¨¨).

—â®¡ë ª®àà¥ªâ−® ¯®áâà®¨âì äã−ªæ¨î, ®¯¨áë¢ îéãî à¥ªãàà¥−â−ãî ®à£ −¨-
§ æ¨î ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá  ¢ Œ���, −¥®¡å®¤¨¬® ¡®«¥¥ ¯®¤à®¡−® ®¯¨á âì
¬¥å −¨§¬ë ¯à¥®¡à §®¢ −¨© (¬®¤¨ä¨ª æ¨©) §− ç¥−¨© äã−ªæ¨®− «ì−ëå ¯®«¥©
(â¥£®¢) ®¡à ¡ âë¢ ¥¬ëå ¤ −−ëå. ‘ãâì ¯à¥®¡à §®¢ −¨© § ª«îç ¥âáï ¢ á«¥¤ã-
îé¥¬: á ¬®®¯à¥¤¥«ïîé¨¥áï ¤ −−ë¥ −¥áãâ ¢ á¥¡¥ á«ã¦¥¡−ãî ¨−ä®à¬ æ¨î ¤«ï
¨å ®¡à ¡®âª¨ ¢ ¢¨¤¥ − ¡®à  äã−ªæ¨®− «ì−ëå ¯®«¥©, ç áâì ¨§ ª®â®àëå (¢ ª®-
«¨ç¥áâ¢¥ ¯ïâ¨) ¯®¤¢¥à£ ¥âáï ¯à¥®¡à §®¢ −¨ï¬. �ç¥¢¨¤−®, çâ® ¯à¨−¨¬ ¥¬ë¥
¯®«ï¬¨ §− ç¥−¨ï ¯à¨− ¤«¥¦ â ¬−®¦¥áâ¢ã − âãà «ì−ëå ç¨á¥« N . �à¥®¡à §®-
¢ −−ë¥ §− ç¥−¨ï äã−ªæ¨®− «ì−ëå ¯®«¥© ¬®£ãâ (−® −¥ ®¡ï§ â¥«ì−®) ®¯à¥¤¥«ïâì
¯ãâì ä®à¬¨à®¢ −¨ï £à ä  ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá  (â ª − §ë¢ ¥¬ ï £à ä®-
¤¨− ¬¨ª  [7]). �®á«¥¤®¢ â¥«ì−®áâì −®¢ëå §− ç¥−¨© äã−ªæ¨®− «ì−ëå ¯®«¥©
§ ¤ ¥â à¥ªãàà¥−â−ãî æ¥¯®çªã. ’ ª¨¬ ®¡à §®¬, äã−ªæ¨®− «ì−ë¥ ¯à¥®¡à §®¢ −¨ï
¬®¦−® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ äã−ªæ¨¨ ¯ïâ¨ ¯¥à¥¬¥−−ëå (¯® ç¨á«ã äã−ªæ¨®− «ì-
−ëå ¯®«¥©) f(x1, x2, x3, x4, x5), £¤¥ xi á®®â¢¥âáâ¢ã¥â äã−ªæ¨®− «ì−®¬ã ¯®«î,
¯®¤¢¥à£ îé¥¬ãáï ¯à¥®¡à §®¢ −¨î. �¥®¡å®¤¨¬® ¯®ª § âì, çâ® ¬®¦−® ¯®áâà®¨âì
â ªãî äã−ªæ¨î ¨ ®−  ¡ã¤¥â ç áâ¨ç−® à¥ªãàá¨¢−®©.

‚®á¯®«ì§ã¥¬áï â¥®à¥¬®© ® −ã¬¥à æ¨¨, á®£« á−® ª®â®à®© ¤®áâ â®ç−® ¯®ª § âì,
çâ® ¬®¦−® ¯®áâà®¨âì äã−ªæ¨î ®¤−®© ¯¥à¥¬¥−−®©, ã¤®¢«¥â¢®àïîé¥© § ¤ −−ë¬
âà¥¡®¢ −¨ï¬. ‡ ¬¥â¨¬ â ª¦¥, çâ® ª ¦¤®¥ xi ¥áâì äã−ªæ¨ï ®â −®¬¥à  è £ 
äã−ªæ¨®− «ì−ëå ¯à¥®¡à §®¢ −¨© (à¥ªãàà¥−â−®© à §¢¥àâª¨) t. “ª § −−ë© −®¬¥à
è £  ®âáç¨âë¢ ¥âáï á ¬®¬¥−â  − ç «  ¯®áâà®¥−¨ï à¥ªãàà¥−â−®© æ¥¯®çª¨ ¨ −¥
®¡ï§ â¥«ì−® á®¢¯ ¤ ¥â á â¥ªãé¨¬ è £®¬ ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá . ‘ ãç¥â®¬
¤ −−ëå ¯®«®¦¥−¨© § ¤ çã ¬®¦−® ¯¥à¥ä®à¬ã«¨à®¢ âì á«¥¤ãîé¨¬ ®¡à §®¬: ¤®ª -

§ âì, çâ® äã−ªæ¨®− «ì−ë¥ ¯à¥®¡à §®¢ −¨ï ¯®«ï xi ¥áâì ç áâ¨ç−® à¥ªãàá¨¢− ï

äã−ªæ¨ï ®â −®¬¥à  è £  ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá : t ∈ [0, n), £¤¥ n | £«ã¡¨− 

äã−ªæ¨®− «ì−ëå ¯à¥®¡à §®¢ −¨©; −  ª ¦¤®¬ è £¥ íâ  äã−ªæ¨ï ¯à¨−¨¬ ¥â

§− ç¥−¨ï, § ¤ −−ë¥ à¥ªãàà¥−â−®© æ¥¯®çª®©.

„ ® ª   §   â ¥ « ì á â ¢ ® áå®¤¨¬®áâ¨. ‚ ª ç¥áâ¢¥  à£ã¬¥−â  ¨áª®¬®© äã−ªæ¨¨
á«¥¤ã¥â ¢ë¡à âì −®¬¥à â¥ªãé¥£® è £  à¥ªãàà¥−â−®© à §¢¥àâª¨ t. ’®£¤  ¨áª®¬ ï
äã−ªæ¨ï ¯à¨¬¥â ¢¨¤ äã−ªæ¨¨ ®â §− ç¥−¨ï ¯à¥¤ë¤ãé¥£® è £  à¥ªãàà¥−â−®©
à §¢¥àâª¨ ¨ −®¬¥à  â¥ªãé¥£® è £ . �¡®§− ç¨¬ ¥¥

f(t) = f ′(f(t− 1), t) .
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�¡®§− ç¨¬ â ª¦¥

f(0) = f0 ; f(1) = f1 ; . . . ; f(n− 1) = fn−1 . (1)

ˆáª®¬ãî à¥ªãàà¥−â−ãî æ¥¯®çªã − âãà «ì−ëå ç¨á¥« f ¢ á®®â¢¥âáâ¢¨¨ á
ä®à¬ã«®© (1) ¬®¦−® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ ¢¥ªâ®à 

f = {f0, f1, . . . , fn−1} . (2)

�¡®§− ç¨¬ ç¥à¥§ {F} ã¯®àï¤®ç¥−−®¥ ¯à®−ã¬¥à®¢ −−®¥ ¬−®¦¥áâ¢® ¬®é-
−®áâìî l (n ¬®¦¥â ¡ëâì ¡®«ìè¥ l) ¢á¥å ¤®¯ãáâ¨¬ëå §− ç¥−¨© äã−ªæ¨®− «ì−®£®
¯®«ï, § ä¨ªá¨à®¢ −−ëå ¢ à ¬ª å ª®−ªà¥â−®© à¥ «¨§ æ¨¨  àå¨â¥ªâãàë. ’®£¤ 
§ ¤ çã ¬®¦−® ¨−â¥à¯à¥â¨à®¢ âì á«¥¤ãîé¨¬ ®¡à §®¬: − ©â¨ ¯®á«¥¤®¢ â¥«ì−®áâì
−®¬¥à®¢ §− ç¥−¨© äã−ªæ¨®− «ì−®£® ¯®«ï, ª®â®à ï ®¡à §ã¥â âà¥¡ã¥¬ãî æ¥¯®ç-
ªã f .

�  ¬−®¦¥áâ¢¥ {F} ¬®¦−® ®¯à¥¤¥«¨âì äã−ªæ¨î ¢ë¡®à  s(q), ª®â®à ï ¤«ï
§ ¤ −−®£® −®¬¥à  q ¢®§¢à é ¥â á®®â¢¥âáâ¢ãîé¥¥ §− ç¥−¨¥. �® ®¯à¥¤¥«¥−¨î
¯à¨¬¨â¨¢−®© à¥ªãàá¨¨ äã−ªæ¨ï ¢ë¡®à  ¯à¨¬¨â¨¢−® à¥ªãàá¨¢− , á«¥¤®¢ â¥«ì−®,
¨ ç áâ¨ç−® à¥ªãàá¨¢− . ‚ á¨«ã ¯à¥¤«®¦¥−−®© ¨−â¥à¯à¥â æ¨¨ ¡ã¤¥¬ ¯®« £ âì,
çâ® ä®à¬ã«  (2) § ¤ ¥â ¨áª®¬ãî ¯®á«¥¤®¢ â¥«ì−®áâì −®¬¥à®¢.

„àã£¨¬¨ á«®¢ ¬¨, −¥®¡å®¤¨¬® ¯®áâà®¨âì äã−ªæ¨î s(f(t)), ª®â®à ï áâà®¨â
æ¥¯®çªã f . �à¨ç¥¬ íâ  äã−ªæ¨ï ¡ã¤¥â ç áâ¨ç−® à¥ªãàá¨¢−®©, ¢ á®®â¢¥âáâ¢¨¨ á
¯à¥¤ë¤ãé¨¬  ¡§ æ¥¬, ¥á«¨ ¡ã¤¥â ç áâ¨ç−® à¥ªãàá¨¢−®© äã−ªæ¨ï f(t).

’®£¤  ¨áª®¬ ï äã−ªæ¨ï f(t) ¬®£«  ¡ë ¨¬¥âì á«¥¤ãîé¨© ¢¨¤:

f(t) = f(t− 1) + g(k, t) ;

g(k, t) =

{
ft − k , ¥á«¨ k = ft−1 ;
g(k − 1, t) , ¥á«¨ k �= ft−1 ;

g(0, t) = 0 ; f(0) = f0 .

�®ª ¦¥¬, çâ® ¤ −− ï äã−ªæ¨ï ï¢«ï¥âáï ç áâ¨ç−® à¥ªãàá¨¢−®©. ”ã−ª-
æ¨ï g(k, t) | ç áâ¨ç− ï, â ª ª ª ®¯à¥¤¥«¥−  â®«ìª® −  § ¤ −−ëå ®âà¥§ª å [1, l]
¨ [0, n). �® ®¯à¥¤¥«¥−¨î ¯à¨¬¨â¨¢−®© à¥ªãàá¨¨ äã−ªæ¨¨ g(k, t) = ft − k ¨
g(k, t) = g(k − 1, t) ¯à¨¬¨â¨¢−® à¥ªãàá¨¢−ë; ªà®¬¥ â®£®, äã−ªæ¨ï áà ¢−¥−¨ï
â ª¦¥ ¯à¨¬¨â¨¢−® à¥ªãàá¨¢− . Š« áá ®¡é¥à¥ªãàá¨¢−ëå äã−ªæ¨© ¢ª«îç ¥â ¢
á¥¡ï ª« áá ¯à¨¬¨â¨¢−® à¥ªãàá¨¢−ëå äã−ªæ¨©, ¨, á«¥¤®¢ â¥«ì−®, ¯® â¥§¨áã —¥à-
ç  ¨ ®¯à¥¤¥«¥−¨î äã−ªæ¨ï g(k, t) ï¢«ï¥âáï ç áâ¨ç−® à¥ªãàá¨¢−®©. �− «®£¨ç−®
f(t), ª®â®à ï ï¢«ï¥âáï áã¬¬®© ç áâ¨ç−® à¥ªãàá¨¢−ëå äã−ªæ¨©, ¯® â¥§¨áã —¥àç 
ç áâ¨ç−® à¥ªãàá¨¢− .

’ ª¨¬ ®¡à §®¬, − è« áì â ª ï ç áâ¨ç−® à¥ªãàá¨¢− ï äã−ªæ¨ï ®â −®¬¥à  è £ 
à¥ªãàà¥−â−®© à §¢¥àâª¨ s(f(t)), ª®â®à ï áâà®¨â ª®àà¥ªâ−ãî æ¥¯®çªã à¥ªãàà¥−â-
−ëå ¯à¥®¡à §®¢ −¨©. �® s-n-m-â¥®à¥¬¥ ã íâ®© äã−ªæ¨¨ áãé¥áâ¢ã¥â ƒ¥¤¥«¥¢
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’¥®à¥â¨ç¥áª¨¥  á¯¥ªâë à §à ¡®âª¨ ¬¥â®¤®«®£¨¨ ¯à®£à ¬¬¨à®¢ −¨ï  àå¨â¥ªâãàë

−®¬¥à (â. ¥. ã−¨¢¥àá «ì− ï ç áâ¨ç−® à¥ªãàá¨¢− ï äã−ªæ¨ï ¢ëç¨á«¥−¨ï âà¥¡ã¥-
¬®© æ¥¯®çª¨). �® ¯®áâà®¥−¨î íâ  äã−ªæ¨ï áå®¤¨âáï ª ¨áª®¬®¬ã ¢¥ªâ®àã (2).

ˆâ ª, ¯®«ãç¥−  ç áâ¨ç−® à¥ªãàá¨¢− ï äã−ªæ¨ï ®¤−®© ¯¥à¥¬¥−−®©. ‚®á-
¯®«ì§®¢ ¢è¨áì ¯¥à¢®− ç «ì−ë¬¨ ¢ëª« ¤ª ¬¨ ¨ â¥®à¥¬®© ® −ã¬¥à æ¨¨, ¯®«ãç¨¬
ç áâ¨ç−® à¥ªãàá¨¢−ãî äã−ªæ¨î ¯ïâ¨ ¯¥à¥¬¥−−ëå, ª®â®à ï áâà®¨â § ¤ −−ãî
æ¥¯®çªã à¥ªãàà¥−â−ëå ¯à¥®¡à §®¢ −¨©. Šà®¬¥ â®£®, áãé¥áâ¢ã¥â ¬¥â®¤ ¥¥ ¯®-
áâà®¥−¨ï. �®«ãç¥−− ï äã−ªæ¨ï áå®¤¨âáï ¯® ¯®áâà®¥−¨î, çâ® ¨ âà¥¡®¢ «®áì
¤®ª § âì.

’ ª¨¬ ®¡à §®¬, ã¤ «®áì ¤®ª § âì, çâ® à¥ªãàà¥−â− ï ®à£ −¨§ æ¨ï ¢ëç¨á«¨-
â¥«ì−®£® ¯à®æ¥áá  áå®¤¨âáï. ‘«¥¤ã¥â â ª¦¥ ®â¬¥â¨âì, çâ® ¢ à ¬ª å à ¡®âë − ¤
Œ��� á®§¤ −® á¯¥æ¨ «¨§¨à®¢ −−®¥ ¯à®£à ¬¬−®¥ áà¥¤áâ¢® �…Š“��…�’ [8],
¯à¥¤− §− ç¥−−®¥ ¤«ï ¯®¨áª  äã−ªæ¨© ¨ ¯®áâà®¥−¨ï à¥ªãàà¥−â−ëå æ¥¯®ç¥ª,  
â ª¦¥ ¯à®¢¥àª¨ −  ¤®áâ¨¦¨¬®áâì ã§«®¢ æ¥¯®çª¨ ¢ íâ¨å äã−ªæ¨ïå.

3 Описание рекуррентно:потоковой методологии программирования

“−¨ª «ì−®áâì à¥ªãàà¥−â−®£® ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá  Œ��� ®§− ç ¥â, çâ®
−¨ ®¤−  ¨§ áãé¥áâ¢ãîé¨å ¬¥â®¤®«®£¨© ¯à®£à ¬¬¨à®¢ −¨ï (áâàãªâãà− ï, äã−ª-
æ¨®− «ì− ï, ®¡ê¥ªâ−®-®à¨¥−â¨à®¢ −− ï ¨ ¤à.) ¢ ¯®«−®© ¬¥à¥ −¥ ã¤®¢«¥â¢®àï¥â
¯®âà¥¡−®áâ¨ ¥¥ à §à ¡®âç¨ª®¢. ‚ á¢ï§¨ á íâ¨¬ ¢®§−¨ª«  ¯®âà¥¡−®áâì à §à ¡®â-
ª¨ −®¢®© ¬¥â®¤®«®£¨¨, ª®â®àãî  ¢â®àë Œ��� − §¢ «¨ à¥ªãàà¥−â−®-¯®â®ª®¢®©

¬¥â®¤®«®£¨¥© ¯à®£à ¬¬¨à®¢ −¨ï.
� áá¬®âà¨¬ ª ¦¤ãî ¨§ á®áâ ¢«ïîé¨å áâàãªâãàë à §à ¡ âë¢ ¥¬®© ¬¥â®¤®-

«®£¨¨.
�á−®¢ −¨ï¬¨ ¤ −−®© ¬¥â®¤®«®£¨¨ ï¢«ïîâáï ¨−ä®à¬ â¨ª  ¨ á¨áâ¥¬−ë©  − -

«¨§. ‚ á ¬®¬ ¤¥«¥, ¨−ä®à¬ â¨ª  ¢ª«îç ¥â ¢ á¥¡ï â ª®©  á¯¥ªâ, ª ª à §à ¡®âª 
ï§ëª®¢ ¯à®£à ¬¬¨à®¢ −¨ï, çâ® ï¢«ï¥âáï ®¤−®© ¨§ ®á−®¢−ëå § ¤ ç ¢ à ¬ª å à §-
à ¡®âª¨ Œ���. ‚ â® ¦¥ ¢à¥¬ï á¨áâ¥¬−ë©  − «¨§ ¨á¯®«ì§ã¥âáï ¤«ï ®¯à¥¤¥«¥−¨ï
¯ à ¬¥âà®¢ ®â¤¥«ì−ëå ª®¬¯®−¥−â®¢  àå¨â¥ªâãàë, −  ®á−®¢¥ ª®â®àëå à §à ¡ -
âë¢ ¥âáï á¯¥æ¨ «ì−®¥ ��, ¯à¥¤− §− ç¥−−®¥ ¤«ï ¬®¤¥«¨à®¢ −¨ï, ¯à®¢¥¤¥−¨ï
íªá¯¥à¨¬¥−â®¢ ¨ ®â« ¤ª¨.

�à¨−æ¨¯ à¥ªãàà¥−â−®-¯®â®ª®¢®© ¬¥â®¤®«®£¨¨ ¯à®£à ¬¬¨à®¢ −¨ï § ª«îç -
¥âáï ¢ ¯à¥¤áâ ¢«¥−¨¨ ¨áå®¤−®© § ¤ ç¨ ¢ ¢¨¤¥ á®¢®ªã¯−®áâ¨ ¯®¤¯à®£à ¬¬ á¯¥-
æ¨ «ì−®£® â¨¯ , − §ë¢ ¥¬ëå ª ¯áã« ¬¨. Š ¦¤ ï ª ¯áã«  à¥ «¨§ã¥â ®¤¨− ¨«¨
−¥áª®«ìª®  «£®à¨â¬®¢ à¥è ¥¬®© § ¤ ç¨ ¨ ¯à¥¤áâ ¢«ï¥â á®¡®© − ¡®à á ¬®®¯à¥-
¤¥«ïîé¨åáï ¤ −−ëå. „ −−ë¥ â ª®£® â¨¯  á®¤¥à¦ â â ª¦¥ ¨ ¢áî −¥®¡å®¤¨¬ãî
ã¯à ¢«ïîéãî ¨−ä®à¬ æ¨î ¤«ï ¨å ®¡à ¡®âª¨. „ −−®¥ ¯à¥¤áâ ¢«¥−¨¥ ¯à®£à ¬¬
− §¢ −® à §à ¡®âç¨ª ¬¨ ª ¯áã«ì−ë¬ áâ¨«¥¬ ¯à®£à ¬¬¨à®¢ −¨ï.

�á®¡¥−−®áâ¨ ª ¯áã«ì−®£® ¯à®£à ¬¬¨à®¢ −¨ï: ¯à¥¤áâ ¢«¥−¨¥ ¯à®£à ¬¬ë ¢
¢¨¤¥ á ¬®¯®à®¦¤ îé¥©áï ¯®á«¥¤®¢ â¥«ì−®áâ¨ ¤¨− ¬¨ç¥áª¨å £à ä®¢ (íâ®â ¯à®-
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æ¥áá ¯®à®¦¤¥−¨ï − §ë¢ ¥âáï à¥ªãàà¥−â−®© à §¢¥àâª®©); ¯à®£à ¬¬ë, − ¯¨á −−ë¥
¢ ª ¯áã«ì−®¬ áâ¨«¥, ï¢«ïîâáï â ª¦¥ ¨ ¯®â®ª®¢ë¬¨.

“á«®¢¨¥¬ − ç «  ¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá , ¯®¬¨¬® ã¯à ¢«ïîé¥£® á¨£− « 
ú¯ãáªû, ï¢«ï¥âáï á®¡ëâ¨¥ ¯®ï¢«¥−¨ï ¢å®¤−ëå ¤ −−ëå ¢ á¨¬¢®«ì−ëå ª ¯áã« å.
„àã£¨¬¨ á«®¢ ¬¨, ¤«ï ª ¯áã« ¯¥à¥®¯à¥¤¥«¥−® ú¯à ¢¨«® áà ¡ âë¢ −¨ïû, ª®â®à®¥
á¢®©áâ¢¥−−® ¡®«ìè¨−áâ¢ã ¯®â®ª®¢ëå  àå¨â¥ªâãà ¨ ¯à®£à ¬¬.

‘ã¡ê¥ªâ®¬, ®¡ê¥ªâ®¬ ¨ ¯à¥¤¬¥â®¬ ¤¥ïâ¥«ì−®áâ¨ ¢ à ¬ª å − áâ®ïé¥© ¬¥â®-
¤®«®£¨¨ ï¢«ïîâáï á®®â¢¥âáâ¢¥−−® ¯à®£à ¬¬¨áâ | à §à ¡®âç¨ª �� ¤«ï Œ���,
ª ¯áã«  | ¯à®£à ¬¬ , äã−ªæ¨®−¨àãîé ï ¢ áà¥¤¥ Œ���, ¨ ¯à®æ¥áá à §à ¡®â-

ª¨ ��.
‚ ¦−ë¬ à §¤¥«®¬ ¬¥â®¤®«®£¨¨ ï¢«ï¥âáï ®¯¨á −¨¥ ¢à¥¬¥−−®© áâàãªâãàë

¤¥ïâ¥«ì−®áâ¨, ª®â®àãî ¬®¦−® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ ®¡®¡é¥−−®© ¬¥â®¤¨ª¨ ¯à®-
£à ¬¬¨à®¢ −¨ï ¢ áà¥¤¥ Œ���.

3.1 Этапы рекуррентно:потоковой методологии программирования

�â ¯ I. �à®¢¥áâ¨  − «¨§ § ¤ ç¨ ¨ ®¯à¥¤¥«¨âì, ¨¬¥¥âáï «¨ −¥®¡å®¤¨¬®áâì
¯à®¨§¢®¤¨âì á«®¦−ë¥ ¨ à¥áãàá®¥¬ª¨¥ ¢ëç¨á«¥−¨ï ¨ ª ªãî ¤®«î (¯à¨¡«¨§¨â¥«ì-
−®) ¢ à¥è¥−¨¨ § ¤ ç¨ ®−¨ á®áâ ¢«ïîâ.

�â ¯ II. …á«¨ ¨¬¥îâ ¬¥áâ® á«®¦−ë¥ ¢ëç¨á«¨â¥«ì−ë¥ § ¤ ç¨ ¨ ¨å ¤®«ï
¤®áâ â®ç−® ¢¥«¨ª , â® ¤¥ª®¬¯®§¨à®¢ âì ¨áå®¤−ãî § ¤ çã −  àï¤ ¯®¤§ ¤ ç ¯®
¯à¨−æ¨¯ã:

(1) ¬−®¦¥áâ¢® ¯®¤§ ¤ ç ã¯à ¢«¥−¨ï ¢ëç¨á«¨â¥«ì−ë¬ ¯à®æ¥áá®¬;

(2) ¬−®¦¥áâ¢® ¯®¤§ ¤ ç −¨§ª®© ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨;

(3) ¬−®¦¥áâ¢® ¯®¤§ ¤ ç ¢ëá®ª®© ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨.

Š« ááë § ¤ ç 1 ¨ 2 −¥®¡å®¤¨¬® à¥è âì ¯à¨ ¯®¬®é¨ ¢¥àå−¥£® ““  àå¨â¥ªâãàë,
âà¥â¨© ª« áá | ¯à¨ ¯®¬®é¨ −¨¦−¥£® �“.

�  â¥ªãé¥¬ íâ ¯¥ à §à ¡®âª¨ ¢ ª ç¥áâ¢¥ ®á−®¢−ëå ªà¨â¥à¨¥¢ ®æ¥−ª¨ á«®¦-
−®áâ¨ § ¤ ç¨ (¯®¤§ ¤ ç¨) ¡ë«¨ ¯à¨−ïâë á«¥¤ãîé¨¥:

{ ¡®«ìè®© ®¡ê¥¬ ¢å®¤−®£® − ¡®à  (¯®â®ª ) ¤ −−ëå (− ¯à¨¬¥à, æ¨äà®¢ë¥ ä¨«ì-
âàë, á¢¥àâª¨ ¨ ¤à.);

{ áªàëâë© ¨«¨ ï¢−ë© ¯ à ««¥«¨§¬ ¢ëç¨á«¨â¥«ì−®£® £à ä  § ¤ ç¨ áâ¥¯¥−¨ 3
¨«¨ ¡®«¥¥;

{ ¡®«ìè®© ®¡ê¥¬ ¯®â®ª  ¯à®¬¥¦ãâ®ç−ëå ¤ −−ëå;

{ ¡®«ìè®© ®¡ê¥¬ ¢ëå®¤−®£® − ¡®à  (¯®â®ª ) ¤ −−ëå.

�â ¯ III. �áãé¥áâ¢¨âì à¥ «¨§ æ¨î ¢á¥å ¯®¤§ ¤ ç (ª ª ¤«ï ““, â ª ¨
¤«ï �“). �¥§ã«ìâ â®¬ íâ®£® íâ ¯  ¡ã¤¥â ã¯à ¢«ïîé ï ¯à®£à ¬¬ , ¨á¯®«−ï¥¬ ï
áà¥¤áâ¢ ¬¨ ““, ¨ − ¡®à á¯¥æ¨ «¨§¨à®¢ −−ëå ¯à®£à ¬¬, − §ë¢ ¥¬ëå ª ¯áã« ¬¨
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¨ à¥è îé¨å ¯®¤§ ¤ ç¨ ª« áá  3. “¯à ¢«ïîé ï ¯à®£à ¬¬  ®áãé¥áâ¢«ï¥â ¯®¤£®-
â®¢ªã ¤ −−ëå ¤«ï ª ¯áã«, ®¡à ¡®âªã à¥§ã«ìâ â®¢ ¨å ¢ëç¨á«¥−¨ï,   â ª¦¥ à¥è ¥â
¯®¤§ ¤ ç¨ ª« áá®¢ 1 ¨ 2.

�â ¯ IV. ‚ë¯®«−¨âì ª®¬¯«¥ªá−ãî ®â« ¤ªã − ¡®à  ª ¯áã« ¨ ã¯à ¢«ïîé¥©
¯à®£à ¬¬ë.

Š«îç¥¢ë¬¨ íâ ¯ ¬¨ ¤ −−®© ¬¥â®¤®«®£¨¨ ¬®¦−® áç¨â âì íâ ¯ë II ¨ III:
¯¥à¢ë© ®¯à¥¤¥«ï¥â à¥§ã«ìâ¨àãîéãî ¤¥ª®¬¯®§¨æ¨î § ¤ ç¨,   ¢â®à®© á®¤¥à¦¨â ¢
á¥¡¥ ª¢¨−âíáá¥−æ¨î ¯ à ¤¨£¬ë ª ¯áã«ì−®£® ¯à®£à ¬¬¨à®¢ −¨ï.

� áá¬®âà¨¬ íâ ¯ III ¡®«¥¥ ¯®¤à®¡−®. �â®â íâ ¯ ¡ë« − §¢ − íâ ¯®¬ ª ¯áã«ì-
−®£® ¯à®£à ¬¬¨à®¢ −¨ï.

3.2 Методика капсульного программирования

�®¤íâ ¯ III-1. �¯à¥¤¥«¥−¨¥ äã−ªæ¨®− «ì−®© − £àã§ª¨ −  ª ¯áã«ã.

1. � §− ç¨âì ª ¯áã«¥ äã−ªæ¨®− «ì−®áâì § ¤ ç .
2. �− «¨§¨à®¢ âì ¬ â¥¬ â¨ç¥áªãî ¯®áâ −®¢ªã ¨ ¬®¤¥«ì (¥á«¨ ¨¬¥¥âáï) à¥è -

¥¬®© ¯à¨ ¯®¬®é¨ Œ��� § ¤ ç¨ ¨ ®¯à¥¤¥«¨âì £«®¡ «ì−ãî áâ¥¯¥−ì ¯ à «-

«¥«ì−®áâ¨ (ƒ‘�)  «£®à¨â¬ .
3. 	«®ª¨  «£®à¨â¬ , ª®â®àë¥ ¬®£ãâ ¡ëâì ¢ë¯®«−¥−ë ¯ à ««¥«ì−®, ®¡®§− ç¨âì

â¥«®.
4. �à®¢¥áâ¨  − «¨§ ¬ â¥¬ â¨ç¥áª®© á«®¦−®áâ¨ â¥« (¢®á¯®«ì§®¢ âìáï â¥®à¨¥©

á«®¦−®áâ¨  «£®à¨â¬®¢).
5. �à®¢¥áâ¨  − «¨§ â¥« −  ¯®â¥−æ¨ «ì−ë© ¯ à ««¥«¨§¬ ¨ ®¯à¥¤¥«¨âì ¨å áâ¥¯¥−¨

¯ à ««¥«ì−®áâ¨ (‘�).
6. …á«¨ çóð � 4, ¨«¨ á«®¦−®áâì â¥« ¢¥«¨ª , ¨«¨ ‘� â¥« ¢¥«¨ª  (¯®−ïâ¨¥

ú¢¥«¨ª û −¥®¡å®¤¨¬® ãâ®ç−ïâì), â® ¤¥ª®¬¯®§¨à®¢ âì ª ¯áã«ã −  ¯®á«¥¤®-
¢ â¥«ì−®áâì ª ¯áã«, ª ¦¤®© ¨§ ª®â®àëå − §− ç¨âì äã−ªæ¨®− «ì−®áâì â¥« .
ˆ− ç¥ íâ ¯ I § ¢¥àè¥−.

7. �¥à¥©â¨ ª  − «¨§ã ª ¯áã« ¢ ¯®á«¥¤®¢ â¥«ì−®áâ¨:

7.1 ®¡®§− ç¨âì ƒ‘� = ‘� â¥ªãé¥©  − «¨§¨àã¥¬®© ª ¯áã«ë;
7.2 ®¡®§− ç¨âì  «£®à¨â¬ | § ¤ ç , à¥è ¥¬ ï â¥ªãé¥© ª ¯áã«®©;
7.3 ¢¥à−ãâìáï ª è £ã 3.

8. Š®àà¥ªâ¨à®¢ âì à¥§ã«ìâ âë ¯®¤íâ ¯  III-1 ¢ á®®â¢¥âáâ¢¨¨ á à¥§ã«ìâ â ¬¨
¯®¤íâ ¯®¢ III-2 ¨ III-3.

�¥§ã«ìâ â ¯à¨¬¥−¥−¨ï ¤ −−®£® íâ ¯  ¬¥â®¤®«®£¨¨:

{ ã¯®àï¤®ç¥−− ï ¯®á«¥¤®¢ â¥«ì−®áâì ª ¯áã«, à¥è îé ï ¯®áâ ¢«¥−−ãî § ¤ çã;
{ ª ¦¤ ï ª ¯áã«  à¥è ¥â ç áâì ®¡é¥© § ¤ ç¨;
{ ‘� ª ¦¤®© ª ¯áã«ë áà ¢−¨¬  á 4.
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�®¤íâ ¯ III-2. � §à ¡®âª  ª ¯áã«.
ˆ−¨æ¨ «¨§ æ¨ï ¢á¥å ª ¯áã« áâ âãá®¬ −¥ § ¢¥àè¥− .

1. ‚ë¡à âì ®ç¥à¥¤−ãî −¥§ ¢¥àè¥−−ãî ª ¯áã«ã; ¥á«¨ â ª®¢ëå −¥â, ¯¥à¥©â¨ ª
¯®¤íâ ¯ã III-1.

2. �®áâà®¨âì ¯®â®ª®¢ë© ¢ëç¨á«¨â¥«ì−ë© £à ä  «£®à¨â¬  ¢ á®®â¢¥âáâ¢¨¨ á ¥£®
¬ â¥¬ â¨ç¥áª¨¬ ®¯¨á −¨¥¬ (¨«¨ ¬®¤¥«ìî, ¥á«¨ ¨¬¥¥âáï).

3. �à®¢¥áâ¨  − «¨§ £à ä  á æ¥«ìî ¢ë¤¥«¥−¨ï ¯®¢â®àïîé¨åáï ¨ ¯®â¥−æ¨ «ì−®
¯ à ««¥«ì−® ¨á¯®«−ï¥¬ëå ¡«®ª®¢.

4. �à¨¬¥−¨âì áãé¥áâ¢ãîé¨¥ ¬¥â®¤®«®£¨¨ à á¯ à ««¥«¨¢ −¨ï  «£®à¨â¬®¢ ¨
¯à¥®¡à §®¢ âì £à ä â ª¨¬ ®¡à §®¬, çâ®¡ë ¥£® ‘� ¡ë«  −¥ ¡®«ìè¥ 4.

5. �áãé¥áâ¢¨âì ¯®¨áª æ¨ª«¨ç¥áª¨ ¯®¢â®àïîé¥£®áï äà £¬¥−â  £à ä  ¨ ¢ë¯®«-
−¨âì à¥ªãàà¥−â−ãî á¢¥àâªã íâ®£® äà £¬¥−â  ¢ ¢¥àè¨−ë £à ä . �®«ãç¥−−ë©
£à ä − §ë¢ ¥âáï ¤¨− ¬¨ç¥áª¨¬.

6. �à¥®¡à §®¢ âì ¤¨− ¬¨ç¥áª¨© £à ä ¢ á®®â¢¥âáâ¢¨¨ á® á¯¥æ¨ä¨ª æ¨¥© äã−ª-
æ¨®− «ì−ëå ¢®§¬®¦−®áâ¥© ��“. �¥§ã«ìâ â®¬ íâ®£® ¯à¥®¡à §®¢ −¨ï ¤®«¦− 
áâ âì à §¢¥à−ãâ ï (¤¥â «¨§¨à®¢ −− ï) £à ä-ª ¯áã« .

7. …á«¨ ¯®«ãç¥−−ë© £à ä −¥ íää¥ªâ¨¢¥− á â®çª¨ §à¥−¨ï ¢à¥¬¥−−‚ëå § âà â
−  ª®−ä¨£ãà æ¨î, ¯¥à¥áë«ªã ¯à®¬¥¦ãâ®ç−ëå ¤ −−ëå ¨ â. ¯., ¢¥à−ãâìáï ª
è £ã 5. ‚ á«ãç ¥, ª®£¤  − ©â¨ ¯à¨¥¬«¥¬®¥ íää¥ªâ¨¢−®¥ à¥è¥−¨¥ −¥ ã¤ ¥âáï,
¯¥à¥©â¨ ª è £ã 9 ¯®¤íâ ¯  III-1.

8. �à¥®¡à §®¢ âì £à ä-ª ¯áã«ã ¢ á¨¬¢®«ì−ãî ª ¯áã«ã.

9. “áâ −®¢¨âì áâ âãá ª ¯áã«ë | ®â« ¦¨¢ ¥âáï ¨ ¯¥à¥©â¨ ª è £ã 1.

�¥§ã«ìâ â íâ ¯  | ®¤−  ¨«¨ ¡®«¥¥ ª ¯áã«, £®â®¢ëå ª â¥áâ¨à®¢ −¨î.
�®¤íâ ¯ III-3. �â« ¤ª  ª ¯áã«.

1. �â« ¤¨âì ®ç¥à¥¤−ãî ª ¯áã«ã á® áâ âãá®¬ ®â« ¦¨¢ ¥âáï; ¥á«¨ â ª®¢ëå −¥â,
à §à ¡®âª  § ¢¥àè¥− .

2. �− «¨§¨à®¢ âì à¥§ã«ìâ âë ¨á¯®«−¥−¨ï ª ¯áã«ë −  á®®â¢¥âáâ¢¨¥ âà¥¡®¢ −¨ï¬
â®ç−®áâ¨ ¨ ¢à¥¬¥−¨ ¨á¯®«−¥−¨ï.

3. …á«¨ âà¥¡®¢ −¨ï −¥ ã¤®¢«¥â¢®à¥−ë, â® áâ âãá ª ¯áã«ë | −¥ § ¢¥àè¥− ;
¢¥à−ãâìáï ª ¯®¤íâ ¯ã III-2.

4. “áâ −®¢¨âì áâ âãá ª ¯áã«ë | £®â®¢  ¨ ¢¥à−ãâìáï ª è £ã 1.

„ «¥¥ ¡ã¤¥â ¯à¥¤áâ ¢«¥−® ¯à¨¬¥−¥−¨¥ ¯¥à¢ëå ¤¢ãå íâ ¯®¢ ¤ −−®© ¬¥â®¤®«®-
£¨¨ −  ¯à¨¬¥à¥ § ¤ ç¨ �ˆ‘,   ¯à¨¬¥−¥−¨¥ âà¥âì¥£® íâ ¯  | −  ¯à¨¬¥à¥ ®¤−®£®
¨§  «£®à¨â¬®¢ à á¯®§− ¢ −¨ï, ¯®«®á®¢®© ä¨«ìâà æ¨¨.
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4 Применение новой методологии для реализации распознавателя
изолированных слов в среде рекуррентной архитектуры

„«ï íªá¯¥à¨¬¥−â «ì−®©  ¯à®¡ æ¨¨ Œ��� ¢ à¥§ã«ìâ â¥ íâ ¯  I ¬¥â®¤®«®£¨¨
¡ë«  ¢ë¡à −  ¯à¥¤¬¥â− ï ®¡« áâì à á¯®§− ¢ −¨ï á«®¢. ‘ íâ®© æ¥«ìî ¢ áà¥¤¥

‘®¢®ªã¯−®áâì  «£®à¨â¬®¢ à á¯®§− ¢ â¥«ï á«®¢

�«£®à¨â¬ ‘®áâ ¢−®©  «£®à¨â¬ �®ïá−¥−¨ï 	«®ª
Š ¯-
áã« 1

”®à¬¨à®¢ −¨¥ äà¥©¬ 
—â¥−¨¥ 84 ®âáç¥â®¢ ¨§ ¡ãä¥à 
ª®¤¥ª  ¢ ¡ãä¥à ““ ““ |

Œ áèâ ¡¨à®¢ −¨¥ ¯ ¬ïâ¨

…á«¨ −¥®¡å®¤¨¬®, ¯à®¨§¢®-
¤¨âáï ¬ áèâ ¡¨à®¢ −¨¥ ¯ -
¬ïâ¨ ä¨«ìâà  	 ââ¥àã®àâ 
 − «®£®¢®© ç áâìî ª®íää¨-
æ¨¥−â  ãá¨«¥−¨ï

““ |

”¨«ìâà
	 ââ¥àã®àâ 

�®¤£®â®¢ª  ¤ −−ëå
�®¤£®â®¢ª  ¯ ¬ïâ¨ ä¨«ìâà 
¨ ¢å®¤−ëå ¤ −−ëå (¤«ï ““),
§ ¯®«−¥−¨¥ ª ¯áã«ë

““

∼ 1001-ï á¥ªæ¨ï ä¨«ìâà 

�¥ «¨§ æ¨ï 1-© á¥ªæ¨¨
ä¨«ìâà , ¢ëå®¤−ë¥ ¤ −−ë¥
áâ −®¢ïâáï ¢å®¤®¬ ¤«ï 2-©
á¥ªæ¨¨

��“

�®¤£®â®¢ª  ¤ −−ëå
‡ ¯®«−¥−¨¥ ª ¯áã«ë ¢ëå®¤-
−ë¬¨ ¤ −−ë¬¨ 1-© á¥ªæ¨¨ ““

2-ï á¥ªæ¨ï ä¨«ìâà 
�¥ «¨§ æ¨ï 2-© á¥ªæ¨¨
ä¨«ìâà  ��“

�¢â®¬ â¨ç¥áª¨©
ª®−âà®«ì

ª®íää¨æ¨¥−â 
ãá¨«¥−¨ï
(AGC |
automatic

gain
control)

‹®ª «ì−ë© ¬ ªá¨-
¬ã¬ −  äà¥©¬¥

�®¨áª ¯® 84 ®âáç¥â ¬ «®ª «ì-
−®£® ¬ ªá¨¬ã¬   ¬¯«¨âã¤ë ��“ ∼ 100

�− «¨§ ¨ ®¡à ¡®âª 
«®ª «ì−®£®
¬ ªá¨¬ã¬ 
−  äà¥©¬¥

�®à¬ «¨§ æ¨ï í−¥à£¨¨, ®¡-
−®¢«¥−¨¥ £«®¡ «ì−®£® ¬ ªá¨-
¬ã¬ , á®åà −¥−¨¥ «®ª «ì−®£®
¬ ªá¨¬ã¬  ¢ FIFO (First In,
First Out), ¯®¨áª −®¢®£® ¬ ª-
á¨¬ã¬  ¢ FIFO

��“ |

Œ áèâ ¡−ë©
ä ªâ®à

‚ëç¨á«¥−¨¥ −®¢®£® ¬ áèâ ¡-
−®£® ä ªâ®à  ““ |

Œ áèâ ¡¨à®¢ −¨¥
…á«¨ −¥®¡å®¤¨¬®, ¬ áèâ ¡¨-
à®¢ âì  − «®£®¢®© ç áâìî ¯ -
¬ïâì ä¨«ìâà 

��“ |

–¨äà®¢ ï ç áâì �£à −¨ç¥−¨¥ æ¨äà®¢®© ç áâ¨ ““ |

Œ áèâ ¡¨à®¢ −¨¥
…á«¨ −¥®¡å®¤¨¬®, ¬ áèâ ¡¨-
à®¢ âì æ¨äà®¢®© ç áâìî ¯ -
¬ïâì ä¨«ìâà 

��“ |

Œ áèâ ¡¨à®¢ −¨¥
¡ãä¥à 

Œ áèâ ¡¨à®¢ −¨¥ ¢å®¤−®£®
¡ãä¥à  ��“ 100

�ª®−ç −¨¥ â ¡«¨æë −  á. 142

‘ˆ‘’…Œ› ˆ ‘�…„‘’‚� ˆ�”��Œ�’ˆŠˆ â®¬ 23 −®¬¥à 2 2013 141



„. ‚. •¨«ìª®, �. �. ‘â¥¯ç¥−ª®¢

‘®¢®ªã¯−®áâì  «£®à¨â¬®¢ à á¯®§− ¢ â¥«ï á«®¢ (®ª®−ç −¨¥)

�«£®à¨â¬ ‘®áâ ¢−®©  «£®à¨â¬ �®ïá−¥−¨ï 	«®ª
Š ¯-
áã« 1

�®«®á®¢ ï
ä¨«ìâà æ¨ï

�®¤£®â®¢ª  ¤ −−ëå
�®¤£®â®¢ª  ¯ ¬ïâ¨ ä¨«ìâà 
¨ ¢å®¤−ëå ¤ −−ëå (¤«ï ““),
§ ¯®«−¥−¨¥ ª ¯áã«ë

““ |

1-ï ¨ 2-ï á¥ªæ¨¨
ä¨«ìâà  �¥ «¨§ æ¨ï á¥ªæ¨© ä¨«ìâà  ��“ 80

ˆ§¢«¥ç¥−¨¥
à¥ç¥¢ëå

å à ªâ¥à¨áâ¨ª

�à®¢¥àª  − 
®ª®−ç −¨¥ á«®¢ 

…á«¨ â¥ªãé¨© äà¥©¬ ï¢«ï¥â-
áï ¯ ã§®©, ¯à®¨§¢®¤¨âáï ¯à®-
¢¥àª  −  ®ª®−ç −¨¥ á«®¢ 

““ |

�¥«¨−¥©−®¥
¯à¥®¡à §®¢ −¨¥

�¥à¥å®¤ ¢ −¥«¨−¥©−ë©
á¯¥ªâà, ¢ëç¨á«¥−¨¥ «®£ à¨ä-
¬  í−¥à£¨¨ ª ¦¤®© ¯®«®áë

��“ ∼ 30

RASTA
RASTA-ä¨«ìâà æ¨ï ¢ −¥«¨-
−¥©−®¬ á¯¥ªâà¥ ��“ 34

�¡à â−®¥
¯à¥®¡à §®¢ −¨¥

�¥à¥å®¤ ¢ «¨−¥©−ë© á¯¥ªâà,
¢ëç¨á«¥−¨¥ íªá¯®−¥−âë í−¥à-
£¨¨ ª ¦¤®© ¯®«®áë

��“ ∼ 30

Š®á¨−ãá−®¥ ¨−¢¥àá−®¥
¤¨áªà¥â−®¥

¯à¥®¡à §®¢ −¨¥
”ãàì¥ (ˆ„�”)

‚ëç¨á«¥−¨¥  ¢â®ª®àà¥«ïæ¨-
®−−®© á¢¥àâª¨ á ¨á¯®«ì§®-
¢ −¨¥¬ ª®íää¨æ¨¥−â®¢ ª®á¨-
−ãá−®£® ˆ„�”

��“ ∼ 30

�¥ªãàá¨ï
„ãà¡¨− {‘ªãàà 

‚ë¤¥«¥−¨¥ ª¥¯áâà «ì−ëå ª®-
íää¨æ¨¥−â®¢ ��“ ∼ 200

LPC (linear predictive
coding) ¯ à ¬¥âàë

‚ëç¨á«¥−¨¥
LPC-¯ à ¬¥âà®¢ ��“ ∼ 100

„¥«ìâ -à áè¨à¥−¨¥
„¥«ìâ -à áè¨à¥−¨¥ å à ªâ¥-
à¨áâ¨ç¥áª®£® ¢¥ªâ®à  ��“ |

Š¢ −â®¢ −¨¥ •‚
‚ëç¨á«¥−¨¥ ¥¢ª«¨¤®¢®£® à á-
áâ®ï−¨ï ��“ 22

�¯à¥¤¥«¥−¨¥
ª®−æ  á«®¢  �¯à¥¤¥«¥−¨¥ ª®−æ  á«®¢  ““ |

�«£®à¨â¬ ‚¨â¥à¡¨
�®¨áª ¯®¤å®¤ïé¥© ¬®¤¥«¨
á«®¢  ��“ ∼ 300

1� §¬¥à ª ¯áã«ë ¢ ®¯¥à −¤ å.

Œ��� à §à ¡ âë¢ ¥âáï ¯à®£à ¬¬  �ˆ‘. ‚ à¥§ã«ìâ â¥ ¯à¨¬¥−¥−¨ï íâ ¯  II
¬¥â®¤®«®£¨¨ ª § ¤ ç¥ �ˆ‘ ¡ë«  ¯®«ãç¥−  ¤¥ª®¬¯®§¨æ¨ï, ¯à¥¤áâ ¢«¥−− ï ¢
â ¡«¨æ¥.

‚ íâ®© â ¡«¨æ¥ ¯à¨¢¥¤¥−ë â ª¦¥ −¥ª®â®àë¥ ®æ¥−ª¨ ¯® § âà â ¬ −  à¥ «¨§ æ¨î
¤ −−ëå  «£®à¨â¬®¢.

‚ − áâ®ïé¥¥ ¢à¥¬ï ¢ á®®â¢¥âáâ¢¨¨ á íâ®© â ¡«¨æ¥© ®áãé¥áâ¢«ï¥âáï à¥ «¨§ æ¨ï
�ˆ‘ ¢ áà¥¤¥ Œ��� ¯® ¬¥â®¤¨ª¥, ¯à¨¢¥¤¥−−®© −¨¦¥.
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4.1 Методика выделения функций распознавателя в капсулы

1. ‚ë¡à âì  «£®à¨â¬ ¨§ â ¡«¨æë ¨ − ©â¨ ¥£® ¢ ¢ëç¨á«¨â¥«ì−®¬ £à ä¥ à á¯®-
§− ¢ â¥«ï á«®¢.

2. �¯à¥¤¥«¨âì ¢á¥ ¢å®¤−ë¥ ¨ ¢ëå®¤−ë¥ ¤ −−ë¥ ¨ ®¡« áâ¨ ¨å ¤®¯ãáâ¨¬ëå
§− ç¥−¨©.

3. �à®¢¥áâ¨ à¥ «¨§ æ¨î  «£®à¨â¬  −  ��“ á § ¤ −−ë¬¨ − ¡®à ¬¨ ¢å®¤−ëå
¤ −−ëå ¨ è ¡«®− ¬¨ ¢ëå®¤−ëå ¤ −−ëå á ãç¥â®¬ ¢á¥å ®¯¥à æ¨© ¬ áèâ ¡¨-
à®¢ −¨ï, ¢ë¯®«−ï¥¬ëå ¢−ãâà¨ § ¬¥−ï¥¬®£® ª®¤ .

4. ‡ ¬¥−¨âì ç áâì ¨áå®¤−®£® ª®¤ , à¥ «¨§ãîéãî ¢ë¡à −−ë©  «£®à¨â¬, − 
¯®¤¯à®£à ¬¬ã ¢ë§®¢  ª ¯áã«ë.

5. ‡ ¯ãáâ¨âì ��“ ¤«ï à¥è¥−¨ï § ¤ ç¨ à á¯®§− ¢ −¨ï −  ¯®«−®¬ − ¡®à¥ ¯à¨-
¬¥à®¢.

6. …á«¨ à¥§ã«ìâ âë á®¢¯ «¨ á ¨áå®¤−®© ¬®¤¥«ìî, ¯à¨áâã¯¨âì ª ®¯â¨¬¨§ æ¨¨
ª ¯áã«ë; ¨− ç¥ ¢¥à−ãâìáï ª ¯. 3.

7. …á«¨ ®¯â¨¬¨§ æ¨¨ ª ¯áã«ë −¥ âà¥¡ã¥âáï, áç¨â âì § ¤ çã à¥è¥−−®©.

8. …á«¨ ¢ à¥§ã«ìâ â¥ ®¯â¨¬¨§ æ¨¨ ª ¯áã«ë ¢®§−¨ª ¥â −¥®¡å®¤¨¬®áâì ¬®¤¨ä¨-
ª æ¨¨ ¢ëç¨á«¨â¥«ì−®£® £à ä  | ¨§¬¥−¥−¨ï ¢å®¤−®£® ¨ ¢ëå®¤−®£® − ¡®à®¢
¤ −−ëå (¢¢¨¤ã − «¨ç¨ï ç¥âëà¥å ¢ëç¨á«¨â¥«¥© ¢ ��“), ¢−¥áâ¨ á®®â¢¥âáâ¢ã-
îé¨¥ ¨§¬¥−¥−¨ï ¢ ¢ëç¨á«¨â¥«ì−ë© £à ä ¨ ¯à®£à ¬¬−ãî ¬®¤¥«ì à á¯®§− ¢ -
â¥«ï á«®¢. ‚ ¦−®: −¥«ì§ï ¨§¬¥−ïâì ®á−®¢−®©  «£®à¨â¬ ¢ëç¨á«¥−¨©, â®«ìª®
ª®«¨ç¥áâ¢® ¤ −−ëå ¢ − ¡®à å (â. ¥. ¢ëç¨á«¥−¨¥ −¥áª®«ìª¨å ®¤¨− ª®¢ëå â¥«
 «£®à¨â¬ ).

9. …á«¨ ¢−¥á¥−−ë¥ ¨§¬¥−¥−¨ï ¯à¨ § ¯ãáª¥ ®¡−®¢«¥−−®© ¬®¤¥«¨ ¯à¨¢®¤ïâ ª
¯®«ãç¥−¨î â¥å ¦¥ à¥§ã«ìâ â®¢, ®¯â¨¬¨§¨à®¢ âì ª ¯áã«ã ¨ ¢¥à−ãâìáï ª ¯. 4.

„«ï ¤¥¬®−áâà æ¨¨ íâ ¯  III à §à ¡®â −−®© ¬¥â®¤®«®£¨¨ ¡ë« ¢ë¡à − ®¤¨− ¨§
 «£®à¨â¬®¢ | ¯®«®á®¢ ï ä¨«ìâà æ¨ï. � áá¬®âà¨¬ ª ¦¤ë© ¨§ ¯ã−ªâ®¢ âà¥âì¥£®
íâ ¯  ¯à¨¬¥−¨â¥«ì−® ª ¢ë¡à −−®¬ã  «£®à¨â¬ã.

4.2 Подэтап III:1 методики капсульного программирования

1. ‚ ª ç¥áâ¢¥ § ¤ ç¨ ¯à¨−¨¬ ¥âáï úà¥ «¨§ æ¨ï ¯®«®á®¢®£® ä¨«ìâà û. �à¥¤-
¯®«®¦¨â¥«ì−® âà¥¡ã¥âáï 1 ª ¯áã« , ª®â®à®© − §− ç ¥âáï äã−ªæ¨®− «ì−®áâì
ú¯®«®á®¢®© ä¨«ìâàû.

2. �à¨¢¥áâ¨ ¬ â¥¬ â¨ç¥áªãî ¯®áâ −®¢ªã.
�à¥¤®¡à ¡®â −−ë© à¥ç¥¢®© á¨£− « xpf (n), á®áâ®ïé¨© ¨§ 84 ®âáç¥â®¢, ä¨«ì-
âàã¥âáï −  ¡ −ª¥ ¨§ 17 ¯®«®á®¢ëå ä¨«ìâà®¢. ‚ ª ç¥áâ¢¥ ¯®«®á®¢ëå ä¨«ìâà®¢
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¨á¯®«ì§ãîâáï ¤¢ãåá¥ªæ¨®−−ë¥ ¡¨ª¢ ¤à â−ë¥ ä¨«ìâàë. �¥à¥¤ â®ç− ï å -
à ªâ¥à¨áâ¨ª  ª ¦¤®£® ä¨«ìâà  ®¯¨áë¢ ¥âáï ä®à¬ã«®©

H(z) =
a

1 + 2b11z
−1 + b12z−2

1

1 + 2b21z
−1 + b22z−2

, (3)

£¤¥ a, b11, b12, b21, b22| ª®íää¨æ¨¥−âë ä¨«ìâà , §− ç¥−¨ï ª®â®àëå ï¢«ïîâ-
áï ª®−áâ −â ¬¨ ¨ åà −ïâáï ¢ ®â¤¥«ì−®© â ¡«¨æ¥. ’ ª¨¬ ®¡à §®¬, −¥®¡å®¤¨¬®
à ááç¨â âì 17 ¯®«®á®¢ëå ä¨«ìâà®¢. �âáî¤  á«¥¤ã¥â, çâ® ƒ‘� = 17.
� áªàë¢ z-¯à¥®¡à §®¢ −¨¥ ¢ ä®à¬ã«¥ (3), ¯®«ãç¨¬ á«¥¤ãîé¥¥ ¯à¥¤áâ ¢«¥−¨¥
¤¢ãå ¯®á«¥¤®¢ â¥«ì−ëå ä¨«ìâà®¢:

H1(z)↔ yi = axi − 2b11yi−1 − b12yi−2 ;

H2(z)↔ y′i = ayi − 2b21y′i−1 − b22y
′
i−2 .

}
(4)

„ −−ë¥ ãà ¢−¥−¨ï ®¯¨áë¢ îâ à¥ªãàá¨¢−ë¥ ä¨«ìâàë ¢â®à®£® ¯®àï¤ª . ‚ë-
å®¤−ë¥ ¤ −−ë¥ ¯¥à¢®£® ä¨«ìâà  ï¢«ïîâáï ¢å®¤−ë¬¨ ¤ −−ë¬¨ ¤«ï ¢â®à®£®,
®âªã¤  á«¥¤ã¥â, çâ® ¢ë¤¥«¨âì ¡®«ìè¥¥ ª®«¨ç¥áâ¢® ƒ‘� −¥ ¯®«ãç¨âáï. Šà®¬¥
â®£®, á«¥¤ã¥â ®â¬¥â¨âì, çâ® ä¨«ìâàã¥âáï −¥á¬¥é¥−−ë© ¢å®¤−®© ¢¥ªâ®à.

3. ‚ ª ç¥áâ¢¥ â¥«  ®¡®§− ç¨âì ®¤¨− ä¨«ìâà, § ¤ −−ë© ä®à¬ã«®© (3).
4. ‚®á¯®«ì§®¢ âìáï â¥®à¨¥© á«®¦−®áâ¨ ¤«ï ®æ¥−ª¨ ¢ëç¨á«¨â¥«ì−®© á«®¦−®áâ¨

ä¨«ìâà .
„«ï ¤ −−®£®  «£®à¨â¬  n = 84. ‘¥ªæ¨¨ ä¨«ìâà  à ááç¨âë¢ îâáï ¯®-
á«¥¤®¢ â¥«ì−®, §− ç¨â, ¨å á«®¦−®áâ¨ áª« ¤ë¢ îâáï. ‘ª®à®áâ¨ ¢ë¯®«−¥−¨ï
®¯¥à æ¨© á«®¦¥−¨ï ¨ ã¬−®¦¥−¨ï ®¤¨− ª®¢ë¥, ¯®íâ®¬ã ®æ¥−ª  ¢à¥¬¥−¨ ¢ëç¨-
á«¥−¨ï ®¤−®© á¥ªæ¨¨ ä¨«ìâà  à ¢−  6n. ’®£¤  ¢à¥¬ï à áç¥â  ¢á¥£® ä¨«ìâà 
á®áâ ¢¨â 2 · 6n. „àã£¨¬¨ á«®¢ ¬¨, ¯à¨ ¯¥à¥å®¤¥ ª ®æ¥−ª¥  á¨¬¯â®â¨ç¥-
áª®© á«®¦−®áâ¨ ¯®«ãç¨¬ ¢à¥¬ï ¯®àï¤ª  O(n) (¢¯®«−¥ ®¦¨¤ ¥¬®¥ ¢à¥¬ï ¤«ï
 «£®à¨â¬  à¥ «ì−®£® ¢à¥¬¥−¨).
�â−®á¨â¥«ì−® −¨§ª ï ¢ëç¨á«¨â¥«ì− ï á«®¦−®áâì ¯®§¢®«ï¥â á¤¥« âì ¯à¥¤¯®-
«®¦¥−¨¥, çâ® ¢ë¡à −−®¥ úâ¥«®û ®¡« ¤ ¥â −¥¢ëá®ª®© ‘�.

5. �®á«¥¤®¢ â¥«ì−ë© å à ªâ¥à ¤¢ãåá¥ªæ¨®−−®£® ä¨«ìâà , ª § «®áì ¡ë, ¯à¥-
¯ïâáâ¢ã¥â ¯ à ««¥«ì−®¬ã ¢ëç¨á«¥−¨î ®¡¥¨å á¥ªæ¨© ®¤−®¢à¥¬¥−−®. �¤− ª®,
ª ª ¡ë«® ®â¬¥ç¥−® à −¥¥, ¤ −−ë© ä¨«ìâà ®¡à ¡ âë¢ ¥â −¥á¬¥é¥−−ë© ¢¥ª-
â®à. �â® ®§− ç ¥â, çâ® à¥§ã«ìâ â ¢ëç¨á«¥−¨© ¯¥à¢®© á¥ªæ¨¨ ä¨«ìâà  ¬®¦¥â
¡ëâì áà §ã ¨á¯®«ì§®¢ − ¤«ï ¢ëç¨á«¥−¨ï ¢â®à®© á¥ªæ¨¨. ’ ª¨¬ ®¡à §®¬,
¬¨−¨¬ «ì− ï «®ª «ì− ï ‘� = 2.
� áá¬®âà¨¬ ®¤−ã ¨§ á¥ªæ¨© ä¨«ìâà  ¡®«¥¥ ¯®¤à®¡−® (ª ª á«¥¤ã¥â ¨§ ä®à-
¬ã« (4), ®−¨ ¨¤¥−â¨ç−ë). �¥âàã¤−® § ¬¥â¨âì, çâ® ¥áâì âà¨ −¥§ ¢¨á¨¬ëå
®¯¥à æ¨¨ ã¬−®¦¥−¨ï; á«¥¤®¢ â¥«ì−®, ‘� á¥ªæ¨¨ à ¢−  3.
’ ª¨¬ ®¡à §®¬, ¤«ï ä¨«ìâà , § ¤ −−®£® ä®à¬ã«®© (3), ‘� = 6.
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6. ˆ¬¥¥¬: ƒ‘� = 17, ‘� = 6. ƒ«®¡ «ì− ï áâ¥¯¥−ì ¯ à ««¥«ì−®áâ¨ −  ¯®àï¤®ª
¡®«ìè¥ 4; á«¥¤®¢ â¥«ì−®, § ¤ çã −¥®¡å®¤¨¬® ¤¥ª®¬¯®§¨à®¢ âì −  17 ¯®¤§ ¤ ç
(17 ª ¯áã«), ª ¦¤ ï ¨§ ª®â®àëå à ááç¨âë¢ ¥â ®â¤¥«ì−ë© ¯®«®á®¢®© ä¨«ìâà.

7. ‡ ¢¥àè¨âì ¨â¥à æ¨î íâ ¯  I. � §− ç¨âì § ¤ çã | ú¯®«®á®¢®© ä¨«ìâàû.
ƒ‘� = 6.

8. �¡¥ á¥ªæ¨¨ ä¨«ìâà  ¬®¦−® à ááç¨âë¢ âì ¯ à ««¥«ì−®, ¯®íâ®¬ã ¬®¦−®
¢ë¤¥«¨âì ¤¢  â¥« , ª ¦¤®¥ ¨§ ª®â®àëå á®®â¢¥âáâ¢ã¥â á¥ªæ¨¨ ä¨«ìâà .

9. ‘«®¦−®áâì ª ¦¤®£® â¥«  O(n).

10. ‘� = 3.

11. ˆ¬¥¥¬: ƒ‘� = 6, ‘� = 3. �â® ®§− ç ¥â, çâ® ¤¥ª®¬¯®§¨æ¨ï § ¢¥àè¥− .
‚ à¥§ã«ìâ â¥ ¯®«ãç¥−  ¯®á«¥¤®¢ â¥«ì−®áâì ¨§ 17 ª ¯áã«, ª ¦¤ ï ª ¯áã« 
à ááç¨âë¢ ¥â ®¡¥ á¥ªæ¨¨ ä¨«ìâà .

ˆ§ ¢á¥£® áª § −−®£® ¬®¦−® á¤¥« âì ¢ë¢®¤, çâ® ¤«ï à áç¥â  ª ¦¤®© á¥ªæ¨¨
ä¨«ìâà  âà¥¡ã¥âáï ¤¢  ¢ëç¨á«¨â¥«ì−ëå ãáâà®©áâ¢ . ’ ª¨¬ ®¡à §®¬, −¥®¡å®¤¨¬®
à¥ «¨§®¢ âì  «£®à¨â¬ á ‘� = 3, ¨á¯®«ì§ãï ¤¢  ¢ëç¨á«¨â¥«ï.

4.3 Подэтап III:2 методики капсульного программирования

1. „«ï ªà âª®áâ¨ ®¯ãáâ¨¬ ¯®¤à®¡−®¥ ®¯¨á −¨¥ ¯¯. 1{4 ¤ −−®£® ¯®¤íâ ¯  ¨ ¯à¨-
¢¥¤¥¬ äà £¬¥−â ¯à¥®¡à §®¢ −−®£® ¯®â®ª®¢®£® £à ä  á óð = 4. “ª § −−ë©
äà £¬¥−â ¨§®¡à ¦¥− −  à¨á. 1.

2. „¨− ¬¨ç¥áª¨© £à ä ¬®¦¥â ¡ëâì ¯®«ãç¥− ¯ãâ¥¬ á¢®à ç¨¢ −¨ï ¢ ¢¥àè¨−ë
¯®¤£à ä®¢ £à ä  −  à¨á. 1, ¢ë¤¥«¥−−ëå ¯ã−ªâ¨à−ë¬¨ ¯àï¬®ã£®«ì−¨ª ¬¨.
�¥âàã¤−® § ¬¥â¨âì, çâ® ãª § −−ë¥ ¯®¤£à äë æ¨ª«¨ç¥áª¨ ¯®¢â®àïîâáï.

3. �¥§ã«ìâ â ¯à¥®¡à §®¢ −¨ï äà £¬¥−â  ¯®â®ª®¢®£® £à ä  ¢® äà £¬¥−â £à ä-
ª ¯áã«ë ¯à¥¤áâ ¢«¥− −  à¨á. 2.

4.4 Подэтап III:3 методики капсульного программирования

‚ëå®¤¨â §  à ¬ª¨ à áá¬®âà¥−¨ï ¤ −−®© áâ âì¨.
‘¨¬¢®«ì− ï ª ¯áã«  ¯®«®á®¢®£® ä¨«ìâà  ¯à¨¢¥¤¥−  ¢ ¯à¨«®¦¥−¨¨.

5 Заключение

‚ å®¤¥ à ¡®â − ¤ −®¢®© ¢ëç¨á«¨â¥«ì−®©  àå¨â¥ªâãà®© ¤«ï ¥¥ íªá¯¥à¨¬¥−-
â «ì−®©  ¯à®¡ æ¨¨ ¡ë« â¥®à¥â¨ç¥áª¨ ®¡®á−®¢ − ä ªâ áå®¤¨¬®áâ¨ à¥ªãàà¥−â−®£®
¢ëç¨á«¨â¥«ì−®£® ¯à®æ¥áá  ¨ á®§¤ −  ¬¥â®¤®«®£¨ç¥áª ï ¡ §  à §à ¡®âª¨ ��,
¯à¥¤− §− ç¥−−®£® ¤«ï äã−ªæ¨®−¨à®¢ −¨ï ¢ ¥¥ áà¥¤¥. Šà®¬¥ â®£®, ¡ë«  ®áãé¥-
áâ¢«¥−   ¯à®¡ æ¨ï ¯à¥¤«®¦¥−−®© ¬¥â®¤®«®£¨¨ −  æ¥«®áâ−®¬ − ¡®à¥  «£®à¨â¬®¢ ¢
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�¨á. 1 ”à £¬¥−â ¯à¥®¡à §®¢ −−®£® ¯®â®ª®¢®£® £à ä  ¯®«®á®¢®£® ä¨«ìâà 
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à ¬ª å ¯à¥¤áâ ¢¨â¥«ì−®© ¯à®¡«¥¬−®© ®¡« áâ¨ æ¨äà®¢®© ®¡à ¡®âª¨ á¨£− «®¢ |
à á¯®§− ¢ −¨ï ®â¤¥«ì−ëå á«®¢-ª®¬ −¤.

�®«®¦¨â¥«ì−ë¥ à¥§ã«ìâ âë  ¯à®¡ æ¨¨ ¯à¥¤«®¦¥−−®© ¬¥â®¤®«®£¨¨ ¬®£ãâ
á«ã¦¨âì ®á−®¢ −¨¥¬ ¥¥ ¨á¯®«ì§®¢ −¨ï ¤«ï á®§¤ −¨ï â¥å−®«®£¨¨ ¨ ¯à®£à ¬¬−®£®
ª®¬¯«¥ªá  ¯à®¥ªâ¨à®¢ −¨ï �� ¤«ï Œ���. �¥ª®â®àë¥ ª®¬¯®−¥−âë ¤ −−®£®
ª®¬¯«¥ªá  ¢ − áâ®ïé¥¥ ¢à¥¬ï ã¦¥ à §à ¡®â −ë [9{11] ¨«¨ − å®¤ïâáï ¢ à §à ¡®âª¥
¨ ®â« ¤ª¥ [12, 13].

Приложение

Символьная капсула полосового фильтра

Acg: Cx=3 Cp=4 Cc= Cr= Ce=ecs Cs=ei;
Ai: I0n=(Y£) I0i=s I0s=84;
Am: %Mv=0010 %Mt=e %Mo=0 %Mm=s
At: Tc= Tm= Tu= Tr= Tn=0 To=0 Ts= Te= Ta= [ Sh=0 Sm=0 Dr=1000 ];
Di: @s=s V=b11 [ Oc=>db Ou=l Ot=t Sh=0 Sm=0 Dr=0001 Ds=n De= ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= }
äæþ
Di: @s=s V=b12 [ Oc=*sa Ou=l Ot=t Sh=0 Sm=2 Dr=0010 Ds=a De= ];
{@s=e Oc=+ Ou=k Ds=n De=n Sh=0
Sm=0 } äæþ
Di: @s=s V=b21 [ Oc=>db Ou=l Ot=t Sh=0 Sm=0 Dr=0100 Ds=n De= ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= }
äæþ
Di: @s=s V=b22 [ Oc=*sa Ou=l Ot=t Sh=1 Sm=2 Dr=1000 Ds=a De= ];
{@s=e Oc=+ Ou=k Ds=n De=n Sh=1
Sm=1 } äæþ
Ccs: [Oc= Ou=k Sh=0 Sm=0 Dr=0001 Ds= De=] Cj=mi Cl=> Cd= Cb= Cs=2 Cm= Cf=;
Ccs: [Oc= Ou=k Sh=0 Sm=2 Dr=0010 Ds= De=] Cj=mi Cl=< Cd= Cb= Cs=0 Cm= Cf=;
Ccs: [Oc= Ou=k Sh=0 Sm=0 Dr=0100 Ds=n De=] Cj=mi Cl=> Cd= Cb= Cs=2 Cm= Cf=;
Ccs: [Oc= Ou=k Sh=1 Sm=2 Dr=1000 Ds=n De=] Cj=mi Cl=< Cd= Cb= Cs=0 Cm= Cf=;
Cacn: @s=e [Oc= Ou=l Ot=t Sh=0 Sm=0 Dr=0001 Ds= De=n ];
{@s=e Oc= Ou=k Ds= De= Sh=1 Sm=0 } äæþ
Di: @s=s V=a [Oc= Ou=l Ot=t Sh=1 Sm=0 Dr=0001 Ds=n De=n ];
{@s=e Oc=-p Ou=k Ds=n De=n Sh=0 Sm=0 }
äæþ
Di: @s=s V=a [Oc=*sa Ou=l Ot=t Sh=0 Sm=0 Dr=0010 Ds= De=n ];
{@s=e Oc=-p Ou=k Ds=o De=n Sh=0 Sm=0
} äæþ
Di: @s=s V=a [Oc=*sa Ou=l Ot=t Sh=1 Sm=1 Dr=0100 Ds=n De=n ];
{@s=e Oc=-p Ou=k Ds=n De=n Sh=0
Sm=1 } äæþ
Di: @s=s V=a [Oc=*sa Ou=l Ot=t Sh=1 Sm=1 Dr=1000 Ds=a De=n ];
{@s=e Oc=-p Ou=k Ds=o De=n Sh=0 Sm=1
} äæþ
Di: @s=s V=x0 [Oc=*sa Ou=k Ot=t Sh=1 Sm=0 Dr=0001 Ds=n De=n ];
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{@s=s Oc= Ou= Ds= De= Sh= Sm= }
äæþ
Di: @s=s V=x1 [Oc=*sa Ou=k Ot=t Sh=0 Sm=0 Dr=0010 Ds=a De=n ];
{@s=s Oc= Ou= Ds=o De= Sh= Sm= }
äæþ
Caco: @s=e @Ad=4 @Au=m [ Oc=*sa Ou=k Ot=t Sh=0 Sm=1 Dr=0001 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De=
Sh= Sm= }äæþ
Di: @s=e V=<d [Oc=e Ou=l Ot=t Sh=0 Sm=1 Dr=0001 Ds=n De=y ];
{@s=s Oc= Ou=k Ds=n De=n Sh=1 Sm=1 }
äæþ
Di: @s=s V=0 [Oc=+ Ou=l Ot=t Sh=1 Sm=1 Dr=0010 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Di: @s=s V=0 [Oc=+ Ou=l Ot=t Sh=0 Sm=0 Dr=1000 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Cacn: @s=e [Oc=*sa Ou=l Ot=t Sh=0 Sm=1 Dr=0001 Ds=a De=n ];
{@s=e Oc= Ou= Ds= De= Sh= Sm= } äæþ
Am: %Mv=0101 %Mt=e %Mo=0 %Mm=s
Di: @s=s V=sra-1 [Oc=e Ou=r Ot=t Sh=1 Sm=0 Dr=0001 Ds=o De=n ];
{@s=e Oc= Ou=k Ds=n De= Sh=1 Sm=1
} äæþ
Di: @s=s V=0 [Oc= Ou=l Ot=t Sh=0 Sm=1 Dr=0100 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Di: @s=s V=x0 [Oc=*sa Ou=k Ot=t Sh=0 Sm=0 Dr=0010 Ds=n De=n ];
{@s=s Oc= Ou= Ds=n De= Sh= Sm= }
äæþ
Di: @s=s V=ra0 [Oc=e Ou=l Ot=t Sh=1 Sm=1 Dr=0001 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Di: @s=s V=0 [Oc= Ou=k Ot=t Sh=1 Sm=1 Dr=0001 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Cacn: @s=e [Oc= Ou=k Ot=t Sh=0 Sm=2 Dr=0010 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De= Sh= Sm= } äæþ
Caco: @s=e @Ad=4 @Au=m [ Oc= Ou=k Ot=t Sh=0 Sm=2 Dr=0010 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De= Sh=
Sm=}äæþ
Cacn: @s=e [Oc= Ou=l Ot=t Sh=1 Sm=1 Dr=0100 Ds= De=n ];
{@s=e Oc= Ou=k Ds= De= Sh=1 Sm=0 } äæþ
Di: @s=s V=x2 [Oc=*sa Ou=k Ot=t Sh=0 Sm=0 Dr=0010 Ds=a De=n ];
{@s=s Oc= Ou= Ds=o De= Sh= Sm= }
äæþ
Di: @s=e V=<d [Oc=e Ou=l Ot=t Sh=1 Sm=0 Dr=0100 Ds=a De=n ];
{@s=e Oc= Ou=k Ds=n De=n Sh=0 Sm=0 }
äæþ
Cacn: @s=e [Oc=*sa Ou=k Sh=1 Sm=0 Dr=0100 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De= Sh= Sm= } äæþ
Caco: @s=e @Ad=4 @Au=m [ Oc=*sa Ou=k Ot=t Sh=1 Sm=0 Dr=0100 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De=
Sh= Sm=}äæþ
Di: @s=s V=x3 [Oc=*sa Ou=k Ot=t Sh=0 Sm=0 Dr=0010 Ds=a De=n ];
{@s=s Oc= Ou= Ds=o De= Sh= Sm= }
äæþ
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Di: @s=s V=sra-1 [Oc=e Ou=r Ot=t Sh=0 Sm=1 Dr=0100 Ds=o De=n ];
{@s=e Oc= Ou=k Ds=n De=n Sh=0 Sm=0
} äæþ
Di: @s=s V=ra0 [Oc=e Ou=l Ot=t Sh=0 Sm=0 Dr=0100 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Di: @s=s V=0 [Oc= Ou=k Ot=t Sh=1 Sm=1 Dr=0100 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Cacn: @s=e [Oc= Ou=k Sh=1 Sm=2 Dr=1000 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De= Sh= Sm= } äæþ
Caco: @s=e @Ad=4 @Au=m [ Oc= Ou=k Ot=t Sh=1 Sm=2 Dr=1000 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De= Sh= Sm= } äæþ
Asi: %St=1 @s=s [Oc=*sa Ou=k Ot=t Sm=0 Dr=0001 Ds=a De=n ];
{@s=s Oc= Ou= Ds=o De= Sh= Sm= } äæþ
Apdi: V0=x4 [Sh=0] V1=x5 [Sh=0] V2=x6 [Sh=0];
Apdi: V0=x7 [Sh=0] V1=x8 [Sh=0] V2=x9 [Sh=0];
Apdi: V0=x10 [Sh=0] V1=x11 [Sh=0] V2=x12 [Sh=0];
.
Apdi: V0=x79 [Sh=0] V1=x80 [Sh=0] V2=x81 [Sh=0];
Apdi: V0=x82 [Sh=0];
Afi:
Di: @s=s V=x83 [Oc=*sa Ou=k Ot=t Sh=0 Sm=0 Dr=0010 Ds=a De=n ];
{@s=s Oc= Ou= Ds=n De= Sh= Sm= }
äæþ
Di: @s=s V=0 [Oc=n Ou=l Ot=t Sh=0 Sm=2 Dr=0010 Ds=n De=n ];
{@s=s Oc= Ou= Ds= De= Sh= Sm= } äæþ
Di: @s=s V=a [Oc=*sa Ou=l Ot=t Sh=1 Sm=1 Dr=1000 Ds=a De=n ];
{@s=e Oc=-p Ou=k Ds=n De=n Sh=0 Sm=1
} äæþ
Caco: @s= @Ad= @Au=r[ Oc=n Ou= Ot=t Sh= Sm= Dr=1111 Ds=n De=n ];
{@s= Oc= Ou= Ds= De= Sh= Sm= }
äæþ
Cacn: @s=e [Oc=*sa Ou=k Sh=1 Sm=0 Dr=0100 Ds=n De=n ];
{@s=e Oc= Ou= Ds= De= Sh= Sm= } äæþ
Az:
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THEORETICAL ASPECTS OF PROGRAMMINGMETHODOLOGY
DEVELOPMENT FOR RECURRENT ARCHITECTURE
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Abstract: The paper is dedicated to a new recurrent dataflow computation-
al paradigm and the methodology intended for solving and programming of
corresponding problems. These problems are meant to be solved with the com-
putational device that is being developed, which architecture is based on ideas
and principles of proposed paradigm. Also, its realization in multicore dataflow
recurrent architecture is suggested. Recurrent organization of computational
process is theoretically proven to converge by using terms and theorems of the
recursive functions theory. The software engineering problem for this architecture
is described and its solution | recurrent dataflow programming methodology |
is suggested. This methodology is demonstrated on a problem of isolated words
recognition with device based on a new architecture. Also, one of the basic
algorithms of the mentioned problem | band-pass filtering | is realized by
using the proposed methodology step by step.
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