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ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

I.ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

ÓÄÊ 355. 422:001. 57. 001.63

ÌÅÒÎÄ ×ÈÑÅËÜÍÎ¯ ÏÎÁÓÄÎÂÈ ÀÍÀË²ÒÈ×ÍÈÕ ÌÎÄÅËÅÉ ÑÊËÀÄÍÈÕ 
ÐÀÄ²ÎÅËÅÊÒÐÎÍÍÈÕ ÑÈÑÒÅÌ ÍÀ ÎÑÍÎÂ² ÁÀÃÀÒÎÊÐÈÒÅÐ²ÀËÜÍÎÃÎ 

ÑÒÐÓÊÒÓÐÍÎÃÎ ÑÈÍÒÅÇÓ

Á. Ë. Áóòâ³í

Ðàññìàòðèâàþòñÿ ïóòè è ðåçóëüòàòû ðåøåíèÿ çàäà÷è ïî-
ñòðîåíèÿ àíàëèòè÷åñêèõ ìîäåëåé ñëîæíûõ ðàäèîýëåêòðîííûõ
ñèñòåì ñ èñïîëüçîâàíèåì ÷èñëåííîãî ìíîãîêðèòåðèàëüíîãî
ïîäõîäà ê îöåíêå àäåêâàòíîñòè ýêñïåðèìåíòàëüíûõ è
ðàñ÷åòíûõ äàííûõ.

Ðîçãëÿäàþòüñÿ øëÿõè òà ðåçóëüòàòè âèð³øåííÿ çàäà÷³
ïîáóäîâè àíàë³òè÷íèõ ìîäåëåé ñêëàäíèõ ðàä³îåëåêòðîííèõ
ñèñòåì ³ç âèêîðèñòàííÿì áàãàòîêðèòåð³àëüíîãî ï³äõîäó ùîäî
îö³íêè àäåêâàòíîñò³ åêñïåðèìåíòàëüíèõ òà ðîçðàõóíêîâèõ
äàíèõ.

The ways and the results of decision of the task of construc-
tion of analytical models of complex radioelectronic systems with
using of numerical multicriteria approach to appraisal of ade-
quacy of experimental calculated dates are considered.

Ñó÷àñíà ìåòîäîëîã³ÿ îïòèì³çàö³¿ ñêëàäíèõ ðàä³îåëåê-
òðîííèõ ñèñòåì (ÑÐÑ) çàñíîâàíà íà çíàíí³ ¿õ ìàòåìà-
òè÷íèõ ìîäåëåé. Ïîáóäîâà àíàë³òè÷íî¿ ìîäåë³ ÑÐÑ, ó
ÿê³é âñ³ êðèòåð³¿ ÿêîñò³ îäåðæàí³ ç ïðèéíÿòíîþ òî÷-
í³ñòþ, ÿâëÿº ñîáîþ äîñèòü ñêëàäíó ìàòåìàòè÷íó áàãàòî-
êðèòåð³àëüíó çàäà÷ó. Ïðè öüîìó äåÿê³ êðèòåð³¿ ìîæóòü
ðîçðàõîâóâàòèñÿ äîñèòü íàä³éíî, à ³íø³ ç ïîìèëêîþ, ÿêà
ìîæå äîñÿãàòè äåñÿòê³â â³äñîòê³â. 

Ñàìå òàêà ñèòóàö³ÿ íàéá³ëüø òèïîâà ³ ïðàâäîïîä³áíà.
Òîìó óêðàé âàæëèâî çíàòè ê³ëüê³ñíó îö³íêó àäåêâàòíîñò³
àíàë³òè÷íî¿ ìîäåë³ åêñïåðèìåíòàëüíèì äàíèì, ùîá í³êî-
ãî íå ââîäèòè â îìàíó óñï³õàìè ðîçâ'ÿçàííÿ çàäà÷³ îïòè-
ì³çàö³¿ ÑÐÑ.

Âèð³øåííÿ ïèòàííÿ íàñê³ëüêè ïîâíî àíàë³òè÷íà ìî-
äåëü àäåêâàòíà åêñïåðèìåíòàëüíèì äàíèì ìîæå äàòè
ðîçâ'ÿçàííÿ çàäà÷³ áàãàòîêðèòåð³àëüíîãî ñèíòåçó ñòðóê-
òóðè àíàë³òè÷íî¿ ìîäåë³. Ïàðàìåòðè÷íèé ñèíòåç [1] ðîç-
â'ÿçóº äîñèòü âàæëèâó, àëå ò³ëüêè îäíó çàäà÷ó âèáîðó
ïàðàìåòð³â âæå îáðàíî¿ ñòðóêòóðè ìîäåë³, â³äïîâ³äíî äî
îäíîãî êðèòåð³þ (íàïðèêëàä, ì³í³ìóìó êâàäðàòà â³äõè-
ëåííÿ åêñïåðèìåíòàëüíèõ äàíèõ â³ä òèõ, ùî ðîçðàõîâó-
ºòüñÿ çà äîïîìîãîþ, íàïðèêëàä, ïîë³íîì³àëüíî¿ ìîäåë³).

Äëÿ áàãàòüîõ ñêëàäíèõ ðàä³îåëåêòðîííèõ ñèñòåì, çá³ã
àíàë³òè÷íî¿ ìîäåë³ ç åêñïåðèìåíòàëüíèìè äàíèìè çà
îäíèì ç ïîêàçíèê³â íå äàº ï³äñòàâè äëÿ äîâ³ðè äî ìîäåë³
çà ³íøèìè ïîêàçíèêàìè [2]. Ðîçãëÿíåìî îñíîâí³ îñîáëè-
âîñò³ áàãàòîêðèòåð³àëüíî¿ ïîñòàíîâêè çàäà÷³ ñèíòåçó

àíàë³òè÷íèõ ìîäåëåé ÑÐÑ.
Òàêèé áàãàòîêðèòåð³àëüíèé ï³äõ³ä íåîáõ³äíèé, íàñàì-

ïåðåä, äëÿ îá'ºêòèâíîãî, áàãàòîêðèòåð³àëüíîãî âèçíà÷åí-
íÿ ñòóïåíÿ â³äïîâ³äíîñò³ àíàë³òè÷íî¿ ìîäåë³ ðåàëüí³é
ÑÐÑ. ² òå, ùî ñüîãîäí³ íå ðîçâ'ÿçàíà çàäà÷à ñòðóêòóð-
íîãî ñèíòåçó àíàë³òè÷íèõ ìîäåëåé ñêëàäíèõ ñèñòåì
ãîâîðèòü, ó ïåðøó ÷åðãó, ïðî òðóäíîù³ ôîðìàë³çîâàíî¿
ïîñòàíîâêè äàíî¿ çàäà÷³.

Ó çàãàëüíîìó âèïàäêó àíàë³òè÷íà ìîäåëü ÑÐÑ õàðàê-
òåðèçóºòüñÿ äâîìà âèäàìè ïàðàìåòð³â: ñòðóêòóðíèìè ³
âíóòð³øíüîñòðóêòóðíèìè ïàðàìåòðàìè.

Ïîçíà÷èìî ÷åðåç  âåêòîð ïàðàìåòð³â,

ÿêèé ö³ëêîì îïèñóº àíàë³òè÷íó ìîäåëü ÑÐÑ ó -ìó

êëàñ³ àíàë³òè÷íèõ ìîäåëåé äëÿ i-ãî âàð³àíòà ìîäåë³, äå

 - âåêòîð ñòðóêòóðíèõ ïàðàìåò-

ð³â i-ãî âàð³àíòà àíàë³òè÷íî¿ ìîäåë³; 

 - âåêòîð âíóòð³øíüîñòðóêòóðíèõ ïàðàìåò-

ð³â i-ãî âàð³àíòà àíàë³òè÷íî¿ ìîäåë³ äëÿ s-¿ ñòðóêòóðè
àíàë³òè÷íî¿ ìîäåë³ ÑÐÑ, ÿê³ ðîçðàõîâóþòüñÿ çà
äîïîìîãîþ ìåòîäà íàéìåíøèõ êâàäðàò³â [3,4]. 

Íåõàé  - åêñïåðèìåíòàëüíå çíà÷åííÿ k-ãî êðè-

òåð³þ åôåêòèâíîñò³ çàñòîñóâàííÿ ÑÐC, çíà÷åííÿ ÿêîãî
âèì³ðåí³ åêñïåðèìåíòàëüíî àáî çà äîïîìîãîþ ìàòåìàòè÷-

íîãî ìîäåëþâàííÿ, à  - çíà÷åííÿ k-ãî êðèòåð³þ

çàñòîñóâàííÿ ÑÐC, çíà÷åííÿ ÿêîãî ðîçðàõîâàí³ çà
äîïîìîãîþ i-ãî âàð³àíòà àíàë³òè÷íî¿ ìîäåë³.

Òîä³ 

 - âåêòîðíèé êðèòåð³é àäåêâàòíî-

ñò³ êðèòåð³¿â çàñòîñóâàííÿ ÑÐÑ, îäåðæàíèõ åêñïåðèìåí-
òàëüíî àáî ðîçðàõóíêîâèì øëÿõîì íà i-ìó âàð³àíò³
àíàë³òè÷íî¿ ìîäåë³, ðîçðàõîâàíèé çà äîïîìîãîþ äåÿêî¿

ôóíêö³¿ . Ôóíêö³ÿìè  ìîæóòü âèñòóïàòè ÿê

ñòàòèñòè÷í³, òàê ³ åâðèñòè÷í³ ôóíêö³¿, ùî õàðàêòåðè-
çóþòü ñòóï³íü çá³ãó åêñïåðèìåíòàëüíèõ ³ ðîçðàõóíêîâèõ
êðèòåð³¿â åôåêòèâíîñò³ [4].

Ìàòåìàòè÷íà ïîñòàíîâêà çàäà÷³ áàãàòîêðèòåð³àëüíîãî

Gi Rs Ap,=

Kì

Rsi r1si r2si … rrsi, , ,=

Apsi α1psi ,=

α2psi … αrsi, ,

Fk Gi( )

Fak Gi( )

S1 F1 Gi( ) Fa1 Gi( )–[ ] S2 F2 Gi( ) Fa2 Gi( )–[ ] …, ,

…Sk Fk Gi( ) Fak Gi( )–[ ]

Sk …( ) Sk …( )
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Á. Ë. Áóòâ³í:  ÌÅÒÎÄ ×ÈÑÅËÜÍÎ¯ ÏÎÁÓÄÎÂÈ ÀÍÀË²ÒÈ×ÍÈÕ ÌÎÄÅËÅÉ ÑÊËÀÄÍÈÕ 
ÐÀÄ²ÎÅËÅÊÒÐÎÍÍÈÕ ÑÈÑÒÅÌ ÍÀ ÎÑÍÎÂ² ÁÀÃÀÒÎÊÐÈÒÅÐ²ÀËÜÍÎÃÎ ÑÒÐÓÊÒÓÐÍÎÃÎ ÑÈÍÒÅÇÓ

ñòðóêòóðíîãî ñèíòåçó àíàë³òè÷íî¿ ìîäåë³ ÑÐÑ ìàº òàêèé
âèãëÿä: 

çíàéòè âåêòîð ïàðàìåòð³â , äëÿ ÿêîãî

âèêîíóþòüñÿ óìîâè

; (1)

; (2)

, ; (3)

; (4)

, (5)

äå ,  - îáìåæåííÿ íà ñòðóêòóðí³ ïàðàìåòðè àíà-

ë³òè÷íî¿ ìîäåë³;  - ïðèïóñòèì³ êðèòåð³àëüí³ îáìå-

æåííÿ, ùî ïðèçíà÷àþòüñÿ â ïðîöåñ³ ñèíòåçó àíàë³òè÷íî¿
ìîäåë³ ÑÐC ³ âèçíà÷àþòü àäåêâàòí³ñòü åêñïåðèìåíòàëü-
íèõ äàíèõ ³ ðåçóëüòàò³â, îäåðæàíèõ çà äîïîìîãîþ àíàë³-

òè÷íî¿ ìîäåë³; ,  - ôóíêö³îíàëüí³ îáìåæåííÿ íà

ñòðóêòóðí³ ïàðàìåòðè;  - ñóá'ºêòèâíà ôóíêö³ÿ âèáîðó

îïòèìàëüíîãî ñòðóêòóðíîãî âàð³àíòà àíàë³òè÷íî¿ ìîäåë³.
Àíàë³òè÷íå ð³øåííÿ çàäà÷³ ó ïîñòàíîâö³ (1)-(5) ìàº

çíà÷í³ òðóäíîù³. Á³ëüø ïåðñïåêòèâíèì º ÷èñåëüíèé ìå-
òîä ð³øåííÿ ö³º¿ çàäà÷³, ÿêèé âèêîðèñòîâóº ñèñòåìàòè÷-
íå çîíäóâàííÿ ïðîñòîðó ñòðóêòóðíèõ ïàðàìåòð³â çà
äîïîìîãîþ ïñåâäîâèïàäêîâèõ ïîñë³äîâíîñòåé ÷èñåë [2].
Ìíîæèíà ñòðóêòóðíèõ âàð³àíò³â àíàë³òè÷íî¿ ìîäåë³, ùî
çàäîâîëüíÿº óìîâè (3) - (5), ³ ñêëàäàº ïðèïóñòèìó ìíî-

æèíó ñòðóêòóðíèõ âàð³àíò³â .

Â³äïîâ³äíî äî ïðèíöèï³â áàãàòîêðèòåð³àëüíî¿ îïòè-
ì³çàö³¿ òà ÷àñòèíà ìíîæèíè ñòðóêòóðíèõ ïàðàìåòð³â

, äëÿ ÿêî¿ íå ìîæóòü áóòè ïîë³ï-

øåí³ êðèòåð³¿ àäåêâàòíîñò³ áåç ïîã³ðøåííÿ õî÷à á îäíîãî
êðèòåð³þ, íàçèâàºòüñÿ îáëàñòþ ïàðåòîîïòèìàëüíèõ

ñòðóêòóðíèõ âåêòîð³â àíàë³òè÷íî¿ ìîäåë³ .

²ñòîòíà â³äì³íí³ñòü çàäà÷³ ñòðóêòóðíîãî ñèíòåçó â³ä
çàäà÷ îïòèì³çàö³¿ ïîëÿãàº â òîìó, ùî ïðè ïîñòàíîâö³
çàäà÷³ ñòðóêòóðíîãî ñèíòåçó íàé÷àñò³øå íåìàº ³íôîðìà-
ö³¿ ïðî ìåæ³ âàð³àö³¿ äëÿ áàãàòüîõ ïàðàìåòð³â àíàë³òè÷-
íî¿ ìîäåë³. Òîìó ïðè íåâäàëîìó çàâäàíí³ ìåæ (íàâ³òü
ïðè íàÿâíîñò³ íàéêðàùî¿ ìîäåë³) ìîæå çíàäîáèòèñÿ
ïðîâåäåííÿ ñêëàäíîãî åêñïåðèìåíòó íà ÏÅÎÌ, îäíàê
ðåçóëüòàòè ñèíòåçó âñå îäíî ìîæóòü âèÿâèòèñÿ íåçàäî-
â³ëüíèìè àáî íåïîâíèìè. ßêùî ðîçâ'ÿçàííÿ çàäà÷³ áàãà-
òîêðèòåð³àëüíîãî ñèíòåçó âèçíà÷åíî êîðåêòíî, òî â

ðåçóëüòàò³ ïîâèííà áóòè îäåðæàíà íåïóñòà ìíîæèíà .

Ó ïðîòèâíîìó ðàç³  - ïîðîæíÿ ìíîæèíà. Öå ìîæå

áóòè â òîìó ðàç³, êîëè ñèíòåçîâàíà ìîäåëü íå â³äáèâàº
îñíîâíèõ âëàñòèâîñòåé ÑÐC, òîáòî çà îäíèì àáî
ê³ëüêîìà îñíîâíèìè êðèòåð³ÿìè àäåêâàòíîñò³ çíà÷åííÿ

âåêòîðà  íåïðèïóñòèìî á³ëüøå âåêòîðà , ùî

äîçâîëÿº â³äêèíóòè ðåçóëüòàò ñèíòåçó ÿê íåçàäîâ³ëüíèé.
Òîìó íàéâàæëèâ³øèì çàâäàííÿì âåêòîðíîãî ñòðóêòóð-

íîãî ñèíòåçó º âèçíà÷åííÿ ìîäåëåé ÑÐC, äëÿ ÿêèõ ìíî-

æèíà  íåïóñòà, à òàêîæ âèá³ð òàêîãî âàð³àíòó ñèíòå-

çó, àäåêâàòí³ñòü ÿêîãî â äåÿêîìó (ñóá'ºêòèâíîìó) çì³ñò³
íàéêðàùå â³äïîâ³äàëà á åêñïåðèìåíòàëüíèì äàíèì. Âåê-

òîð ïàðàìåòð³â ìîäåë³ , ùî íàëå-

æèòü ïàðåòîîïòèìàëüí³é ìíîæèí³ ³ âèçíà÷åíèé çà äîïî-

ìîãîþ äåÿêîãî âèð³øàëüíîãî (ñóá'ºêòèâíîãî) ïðàâèëà 

ÿê íàéêðàùèé, âèçíà÷àº îïòèìàëüíèé âàð³àíò ñòðóêòóð-
íèõ ïàðàìåòð³â àíàë³òè÷íî¿ ìîäåë³ ÑÐC.

Ñë³ä çàçíà÷èòè, ùî íåîäíîçíà÷í³ñòü ñèíòåçó ïàðàìåò-
ð³â ìîäåë³ âàðòî ðîçãëÿäàòè, ÿê ïëàòó çà áàæàííÿ
ñèíòåçóâàòè àíàë³òè÷íó ìîäåëü, ÿê³ñòü ÿêî¿ îö³íþºòüñÿ
ð³çíîìàí³òíèìè êðèòåð³ÿìè, à òàêîæ çà íåïîâíîòó
óÿâëåííÿ ÑÐC ó âèãëÿä³ ñïðîùåíî¿ àíàë³òè÷íî¿ ìîäåë³ ³
íåïîâíîòó ïëàíóâàííÿ åêñïåðèìåíòó ç ðåàëüíèì ÑÐC
(àáî ç éîãî ³ì³òàö³éíîþ ìàòåìàòè÷íîþ ìîäåëëþ). Çà-
ãàëüíà ñòðóêòóðíà ñõåìà âèð³øåííÿ çàäà÷³ ÷èñåëüíî¿
ïîáóäîâè àíàë³òè÷íèõ ìîäåëåé ñêëàäíèõ ðàä³îåëåê-
òðîííèõ çàñîá³â íà îñíîâ³ áàãàòîêðèòåð³àëüíîãî ñòðóê-
òóðíîãî ñèíòåçó íàâåäåíà íà ðèñ.1. ÿêà ì³ñòèòü ó ñîá³:

Áëîê 1. Ðåàë³çóº ãåíåðàö³þ ïñåâäîâèïàäêîâî¿ ïîñë³-
äîâíîñò³ ÷èñåë. Íàéá³ëüø ïðèâàáëèâîþ äëÿ âèð³øåííÿ

ö³º¿ çàäà÷³ º  - ïîñë³äîâí³ñòü ÷èñåë Ñîáîëÿ [2], ùî

ãåíåðóº ïîñë³äîâí³ñòü òî÷îê, ð³âíîì³ðíî ðîçïîä³ëåíèõ â

îäèíè÷íîìó -ì³ðíîìó êóá³, äå  - ÷èñëî ñòðóêòóðíèõ

ïàðàìåòð³â àíàë³òè÷íî¿ ìîäåë³.
Áëîê 2. Îðãàí³çóº ïåðåðàõóíîê ïñåâäîâèïàäêîâî¿ ïî-

ñë³äîâíîñò³ ÷èñåë ó ïðîñò³ð ñòðóêòóðíèõ ïàðàìåòð³â
àíàë³òè÷íî¿ ìîäåë³.

Áëîê 3. Ðåàë³çóº ðîçðàõóíîê âåêòîðà ïàðàìåòð³â 

çà äîïîìîãîþ ìåòîäà íàéìåíøèõ êâàäðàò³â [3].
Áëîê 4. Çä³éñíþº ðîçðàõóíîê âåêòîðà àäåêâàòíîñò³

 äëÿ i-ãî ñòðóêòóðíîãî âàð³àíòà

ïîáóäîâè àíàë³òè÷íî¿ ìîäåë³ ÑÐC. Ó ÿêîñò³ -õ ïîêàç-

íèê³â àäåêâàòíîñò³ ìîæóòü âèêîðèñòîâóâàòèñÿ êðèòåð³é
Ô³øåðà, êîåô³ö³ºíò äåòåðì³íàö³¿, ìàêñèìàëüíà ïîìèëêà,
ñåðåäíüîêâàäðàòè÷íà ïîìèëêà òà ³í. [4].

Áëîê 5. Ðåàë³çóº ïåðåâ³ðêó íàëåæíîñò³ âåêòîðà ñòðóê-

òóðíèõ ïàðàìåòð³â ìíîæèíè Ïàðåòî .

Áëîê 6. Ðåàë³çóº âèá³ð ðàö³îíàëüíî¿ ñòðóêòóðè ìîäåë³
çà äîïîìîãîþ ñóá'ºêòèâíîãî êðèòåð³þ óõâàëåííÿ

.

G Rs Ap,=

Rs opt extr ψ fSk Fk Gi( ) Fak Gi( )–[ ][ ]{ }{ }arg=

Ap opt Fk Gt1
( ) Fk
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2
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arg= min⇒
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ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

Ðèñóíîê 1 - Çàãàëüíà ñòðóêòóðíà ñõåìà âèð³øåííÿ 
çàäà÷³  ÷èñåëüíîé ïîáóäîâè àíàë³òè÷íèõ ìîäåëåé 

ñêëàäíèõ ðàä³îåëåêòðîííèõ ñèñòåì íà îñíîâ³ 
áàãàòîêðèòåð³àëüíîãî ñòðóêòóðíîãî ñèíòåçó

Ó ÿêîñò³ ïðèêëàäó íà ðèñ.2 íàâåäåíî ðåçóëüòàòè
ãåíåðàö³¿ 2048 ñòðóêòóðíèõ âàð³àíò³â àíàë³òè÷íî¿ ìîäåë³

ó ïëîùèí³ . Íàéáëèæ÷èì àíàëîãîì ÷èñåëü-

íîãî ìåòîäó ïîáóäîâè àíàë³òè÷íèõ ìîäåëåé º ìåòîä
ðåãðåñ³éíîãî àíàë³çó. Ðåçóëüòàòè â³äíîñíîãî ïîð³âíÿííÿ

¿õ åôåêòèâíîñò³ ïî ïîêàçíèêàì  - ìàêñèìàëüíî¿ ïî-

ìèëêè òà  - ñåðåäíüîêâàäðàòè÷íî¿ ïîìèëêè íàâåäåí³

íà ðèñ.3, àíàë³ç ÿêèõ äîçâîëÿº çðîáèòè âèñíîâîê, ùî
÷èñåëüíèé ìåòîä ïîáóäîâè àíàë³òè÷íèõ ìîäåëåé ñêëàä-
íèõ ðàä³îåëåêòðîííèõ ñèñòåì çàáåçïå÷óº ó 2-5 ðàç³â
ìåíø³ ïîìèëêè í³æ ìåòîä ðåãðåñ³éíîãî àíàë³çó.

Ðèñóíîê 2 - Ðåçóëüòàòè ãåíåðàö³¿ 2048 ñòðóêòóðíèõ 
âàð³àíò³â â ïëîùèí³ 

Ðèñóíîê 3 - Ðåçóëüòàòè â³äíîñíîãî ïîð³âíÿííÿ åôåêòèâíîñò³ ÷èñåëüíîãî ìåòîäó ïîáóäîâè àíàë³òè÷íî¿ ìîäåë³ 
ÑÐÑ òà ìåòîäà ðåãðåñ³éíîãî àíàë³çó ïî ïîêàçíèêàõ ìàêñèìàëüíî¿ òà ñåðåäíüîêâàäðàòè÷íî¿ ïîìèëîê

Вибір  раціональної структури моделі
q opt=arg{ extr[∆fu(Ai)]}}

6

Алгоритм генерації   послідовності
псевдовипадкових чисел (LПτ- послідовності)

1

Розрахунок вектора параметрів   αqij за допомогою
методу найменших квадратів
3

Розрахунок вектора адекватності
∆fu(Ai)=|s1i,s2i,…,sui|

4

Перевірка належності  множини Парето
Ai=|qsi,αpi|∈Dп

5

Алгоритм формування i-го вектора структурних
параметрів моделі

              qi=|qoi,q1i,....,qni|   i=1,2,... , I
2

σñêï σmax–

σmax

σñêï

σñêï σmax–

0 ,0

1 ,0

2 ,0

3 ,0

4 ,0

5 ,0

6 ,0

1 2 3 4 5
С туп ін ь  п ол ін ом а

В
ід
но
сн
і п
ом
ил
ки

В ід носна  м аксим ал ьна  пом ил ка

В ідносна  сер едн ьокв адр а тична  пом ил ка
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À. È. Âåðøèíà, Ë. Â. Êóçüìèíà

Ðàññìàòðèâàþòñÿ ïóòè ïîâûøåíèÿ ýôôåêòèâíîñòè îïðå-
äåëåíèÿ ôóíêöèé ÷óâñòâèòåëüíîñòè ïðè ìîäåëèðîâàíèè ðàäèî-
ýëåêòðîííûõ ñõåì â ñòàòèêå. Ó÷åò çàêîíîìåðíîñòåé, êî-
òîðûå èìåþò ìåñòî â îïèñûâàþùèõ èõ óðàâíåíèÿõ, ïîçâîëÿ-
þò ïðåäëîæèòü íîâûå àëãîðèòìû ðåøåíèÿ ýòîé çàäà÷è.

Ðîçãëÿäàþòüñÿ øëÿõè ï³äâèùåííÿ åôåêòèâíîñò³ âèçíà÷åí-
íÿ ôóíêö³¿ ÷óòëèâîñò³ ïðè ìîäåëþâàíí³ ðàä³îåëåêòðîííèõ
ìåðåæ ó ñòàòèö³. Âðàõóâàííÿ çàêîíîì³ðíîñòåé, ÿê³ ìàþòü
ì³ñöå  â ð³âíÿííÿõ, ùî ¿õ îïèñóþòü, äîçâîëÿþòü çàïðîïîíóâà-
òè íîâ³ àëãîðèòìè ð³øåííÿ ö³º¿ çàäà÷³.

Presented are the ways for increasing the efficiency of  deter-
mining functions of sensitivity while simulating  radio-electronic
networks in static. Consideration of relationships  occurring in
equations describing the latter permits to propose new algorithms
for solving this problem. 

ÂÂÅÄÅÍÈÅ

Oäíîé èç âàæíåéøèõ çàäà÷ ìîäåëèðîâàíèÿ ðàäèî-
ýëåêòðîííûõ ñõåì ÿâëÿåòñÿ îïðåäåëåíèå ôóíêöèé
÷óâñòâèòåëüíîñòè, ïîä êîòîðûìè ïîíèìàþòñÿ çíà÷åíèÿ
÷àñòíûõ ïðîèçâîäíûõ âûõîäíûõ ïåðåìåííûõ ïî ïà-
ðàìåòðàì ýëåìåíòîâ, îáðàçóþùèõ ýòó ñõåìó [1-3].
Ôóíêöèè ÷óâñòâèòåëüíîñòè ëåæàò â îñíîâå ðàçëè÷íûõ
ãðàäèåíòíûõ ìåòîäîâ îïòèìèçàöèè, ìîãóò èñïîëüçîâàòü-
ñÿ äëÿ îöåíêè ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê è äëÿ
ðåøåíèÿ çàäà÷ ñèíòåçà ðàäèîýëåêòðîííûõ ñõåì. Ïðè
ìîäåëèðîâàíèè îòíîñèòåëüíî ñëîæíûõ ðàäèîýëåêòðîí-
íûõ ñõåì îïðåäåëåíèå ôóíêöèé ÷óâñòâèòåëüíîñòè
ïðåäñòàâëÿåò ñîáîé äîâîëüíî òðóäîåìêóþ çàäà÷ó,
ñâÿçàííóþ ñ ìíîãîêðàòíûì ðåøåíèåì ñèñòåì óðàâíåíèé
âûñîêîãî ïîðÿäêà. Â ñâÿçè ñ ýòèì ïîèñê ìåòîäîâ
ïîâûøåíèÿ ýôôåêòèâíîñòè íàõîæäåíèÿ ôóíêöèé ÷óâñò-
âèòåëüíîñòè ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Â îáùåì ñëó÷àå ðàäèîýëåêòðîííàÿ ñõåìà îïèñûâàåòñÿ
ñèñòåìîé íåëèíåéíûõ àëãåáðî-äèôôåðåíöèàëüíûõ óðàâ-
íåíèé

, (1)

ãäå  è  - çíà÷åíèÿ íåèçâåñòíûõ ïåðåìåííûõ è èõ

ïðîèçâîäíûõ ïî âðåìåíè;

 - ïàðàìåòðû ýëåìåíòîâ ðàäèîýëåêòðîííîé ñõåìû.

Äëÿ ñòàòè÷åñêèõ ðåæèìîâ èìååì   è óðàâíåíèå

èìååò âèä

. (2)

Ïðîèçâîäíàÿ ïî ïàðàìåòðàì çàïèøåòñÿ ñëåäóþùèì
îáðàçîì:

, (3)

îòñþäà

. (4)

Íàáîð âûõîäíûõ ïåðåìåííûõ ìîæíî ïðåäñòàâèòü êàê
ìàòðèöó-ñòîëáåö

, (5)

äëÿ êîòîðîé çíà÷åíèå ôóíêöèè ÷óâñòâèòåëüíîñòè çàïè-
øåì â âèäå

. (6)

Ïîñëå ïîäñòàíîâêè âûðàæåíèÿ äëÿ , ïîëó÷èì

, (7)

ãäå  - ìàòðèöà ïðîèçâîäíûõ âûõîäíûõ ïåðå-

ìåííûõ ïî âàðüèðóåìûì ïàðàìåòðàì; 

F
t∂

∂x
x p, , 

  0=

x
t∂

∂x

p

t∂
∂x 0=

F x p,( ) 0=

x∂
∂F

p∂
∂x

p∂
∂F+⋅ 0=

p∂
∂F

x∂
∂F 1–

–
p∂

∂F⋅=

ϕ x p,( )

pd
d ϕ x p,( )

x∂
∂ϕ

p∂
∂x

p∂
∂ϕ+⋅=

p∂
∂x

pd
d ϕ x p,( )

x∂
∂ϕ

x∂
∂F 1–

p∂
∂F

p∂
∂ϕ+⋅ ⋅=

pd
d ϕ x p,( )
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 - ìàòðèöà ÷àñòíûõ ïðîèçâîäíûõ âûõîäíûõ ïåðå-

ìåííûõ ïî íåèçâåñòíûì; 

 - ìàòðèöà ßêîáè;

 - ìàòðèöà ÷àñòíûõ ïðîèçâîäíûõ óðàâíåíèé ïî âà-

ðüèðóåìûì ïàðàìåòðàì;

 - ìàòðèöà ÷àñòíûõ ïðîèçâîäíûõ âûõîäíûõ ïåðå-

ìåííûõ ïî âàðüèðóåìûì ïàðàìåòðàì.
Âûðàæåíèå (7) ëåæèò â îñíîâå äâóõ îñíîâíûõ

ïîäõîäîâ ê îïðåäåëåíèþ ÷óâñòâèòåëüíîñòè: ìåòîäà
ìîäåëåé è ìåòîäà ïðèñîåäèíåííûõ ñõåì. Îáà ýòèõ
ìåòîäà ìîãóò ðàññìàòðèâàòüñÿ ñ ïîçèöèè ïîñëåäîâà-
òåëüíîñòè âûïîëíåíèÿ îïåðàöèé äàííîãî âûðàæåíèÿ.
Òàê, åñëè âûïîëíÿòü ñíà÷àëà îïåðàöèè óìíîæåíèÿ

ìàòðèöû  íà , òî òàêîé ïîäõîä ìîæåò áûòü èí-

òåðïðåòèðîâàí êàê ìåòîä ïðèñîåäèíåííûõ ñõåì. Â ñëó-
÷àå, åñëè âûïîëíèòü ñíà÷àëà îïåðàöèè óìíîæåíèÿ ìàò-

ðèöû  íà , òî òàêîé ïîäõîä èíòåðïðåòèðóåòñÿ

êàê ìåòîä ìîäåëåé. Öåëåñîîáðàçíîñòü èñïîëüçîâàíèÿ òî-
ãî èëè èíîãî ïîäõîäà îïðåäåëÿåòñÿ îáúåìàìè âû÷èñëå-
íèé, êîòîðûå çàâèñÿò îò êîëè÷åñòâà âûõîäíûõ ïåðåìåí-
íûõ è êîëè÷åñòâà âàðüèðóåìûõ ïàðàìåòðîâ. Ýòà ïðîáëå-
ìà èìååò ìåñòî, êîãäà ìîäåëèðóåìàÿ ñõåìà äîñòàòî÷íî
ñëîæíà è îïèñûâàåòñÿ ñèñòåìîé óðàâíåíèé âûñîêîãî ïî-
ðÿäêà, ÷òî íå ïîçâîëÿåò íåïîñðåäñòâåííî íàõîäèòü îá-

ðàòíóþ ìàòðèöó , à âñå íåîáõîäèìûå âû÷èñëåíèÿ

ïðîèçâîäèòü ïóòåì ðåøåíèÿ ñèñòåì ëèíåéíûõ óðàâíåíèé

ñ ó÷åòîì ðàçðåæåííîñòè ìàòðèöû  [4]. Íà ýòàïå ðåøå-

íèÿ ìàòðèöà  ïîäâåðãàåòñÿ LU-ðàçëîæåíèþ. Ïðè ýòîì

â ìåòîäå ìîäåëåé ïîñëåäîâàòåëüíî ðåøàþòñÿ äâå ñèñòå-
ìû óðàâíåíèé ñ ïîëó÷åííûìè â ðåçóëüòàòå ðàçëîæåíèÿ
òðåóãîëüíûìè ìàòðèöàìè. Â ìåòîäå ïðèñîåäèíåííûõ
ñõåì ìàòðèöà, îïèñûâàþùàÿ ïðèñîåäèíåííóþ ñõåìó, ìî-
æåò ðàññìàòðèâàòüñÿ êàê òðàíñïîíèðîâàííàÿ ïî îòíîøå-

íèþ ê èñõîäíîé ìàòðèöå  è òàêæå ðåøàþòñÿ ñèñòåìû

óðàâíåíèé ñ ðàíåå ïîëó÷åííûìè, íî òðàíñïîíèðîâàííû-
ìè òðåóãîëüíûìè ìàòðèöàìè.

Ñëåäóåò îòìåòèòü, ÷òî LU-ðàçëîæåíèå îñóùåñòâëÿ-
åòñÿ íà êàæäîé èòåðàöèè ðåøåíèÿ ñèñòåìû íåëèíåéíûõ
óðàâíåíèé (2) è äëÿ ïîñëåäóþùåãî íàõîæäåíèÿ ôóíê-
öèé ÷óâñòâèòåëüíîñòè èñïîëüçóåòñÿ ýòî ðàçëîæåíèÿ íà
ïîñëåäíåé èòåðàöèè. Îáúåìû îïåðàöèé ñ òðàíñïîíèðî-
âàííûìè è èñõîäíûìè òðåóãîëüíûìè ìàòðèöàìè
ïðèìåðíî îäèíàêîâû. Ïîýòîìó öåëåñîîáðàçíîñòü òîãî

èëè èíîãî ïîäõîäà ê îïðåäåëåíèþ ôóíêöèé ÷óâñòâè-
òåëüíîñòè â îñíîâíîì çàâèñèò îò êîëè÷åñòâà âûõîäíûõ
ïåðåìåííûõ è îò êîëè÷åñòâà âàðüèðóåìûõ ïàðàìåòðîâ.

Åñëè îáîçíà÷èòü ÷åðåç  - êîëè÷åñòâî âûõîäíûõ

ïåðåìåííûõ, à ÷åðåç  - ÷èñëî âàðüèðóåìûõ ïàðàìåòðîâ,

òî ïðè  öåëåñîîáðàçíî ïðèìåíÿòü ìåòîä ìîäåëåé. Â

ñëó÷àå, êîãäà , ïðèìåíÿåòñÿ ìåòîä ïðèñîåäèíåííûõ

ñõåì. Ïðè ýòîì, êàê , òàê è  äîëæíû áûòü ìåíüøå

êîëè÷åñòâà íåèçâåñòíûõ  èíà÷å îáúåì âû÷èñëåíèé

ïðåâûñèò îáúåì îïåðàöèé äëÿ íàõîæäåíèÿ âñåé îáðàò-
íîé ìàòðèöû, ïîñëå íàõîæäåíèÿ êîòîðîé òðóäîåìêîñòü
îïðåäåëåíèÿ ôóíêöèé ÷óâñòâèòåëüíîñòè ëþáûõ âûõîä-
íûõ ïåðåìåííûõ ïî ëþáûì âàðüèðóåìûì ïàðàìåòðàì
íåçíà÷èòåëüíà.

Ïðåäëàãàåòñÿ ðåøåíèå çàäà÷è äàëüíåéøåãî ïîâûøå-
íèÿ ýôôåêòèâíîñòè îïðåäåëåíèÿ ôóíêöèé ÷óâñòâèòåëü-
íîñòè ïóòåì ó÷åòà çàêîíîìåðíîñòåé, êîòîðûå ÿâëÿþòñÿ
ñëåäñòâèåì ïðåäñòàâëåíèÿ ìîäåëåé ðàäèîýëåêòðîííûõ
ñõåì âçàèìîñâÿçüþ äâóõïîëþñíûõ ýëåìåíòîâ. Ýòè çàêî-

íîìåðíîñòè çàêëþ÷åíû â ìàòðèöàõ  è .

ÌÅÒÎÄÛ È ÀËÃÎÐÈÒÌÛ ÐÅØÅÍÈß

Ðàññìîòðèì ìàòðèöó . Êàê ïðàâèëî, äëÿ òàêèõ

óðàâíåíèé ôóíêöèÿ  ìîæåò áûòü ïðåäñòàâëåíà â

âèäå  ãäå . Îòñþäà .

Òîãäà ìàòðèöà  ìîæåò áûòü çàïèñàíà â âèäå ïðî-

èçâåäåíèÿ äèàãîíàëüíîé ìàòðèöû  íà ïðÿìîóãîëüíóþ

ìàòðèöó , ðàçìåðíîñòüþ , ýëåìåíòû êîòîðîé

ïðèíèìàþò çíà÷åíèÿ 0, 1, -1:

(8)

Ëåãêî óáåäèòüñÿ, ÷òî âûðàæåíèå íå èçìåíèòüñÿ, åñëè

åãî óìíîæèòü ñïðàâà íà äèàãîíàëüíóþ ìàòðèöó ,

ðàçìåðíîñòüþ , ñîäåðæàùóþ åäèíèöû â òåõ ýëåìåí-

òàõ, äëÿ êîòîðûõ ñòîëáöû ìàòðèöû  èìåþò íåíóëå-
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âûå ýëåìåíòû, è íóëè â îñòàëüíûõ ýëåìåíòàõ:

. (9)

Âûðàæåíèå (7) ïðèíèìàåò âèä

. (10)

Ðàññìîòðèì ñâîéñòâî ïðîèçâåäåíèÿ . Åãî

îñîáåííîñòüþ ÿâëÿåòñÿ òî, ÷òî ïðîèçâåäåíèå ñòðîê,
ñîäåðæàùèõ íåíóëåâûå ýëåìåíòû, ñîîòâåòñòâóåò íàõîæ-
äåíèþ ñîîòâåòñòâóþùèõ ñòðîê îáðàòíîé ìàòðèöû. Êîëè-
÷åñòâî âîçìîæíûõ àðãóìåíòîâ ðàâíî ÷èñëó ñî÷åòàíèé

, ãäå  - êîëè÷åñòâî íåíóëåâûõ ýëåìåíòîâ ìàò-

ðèöû . Ïðè ýòîì ìîæåò îêàçàòüñÿ, ÷òî  çíà÷èòåëüíî

ìåíüøå êîëè÷åñòâà âûõîäíûõ ïåðåìåííûõ . Ýòî ïðè-

âîäèò ê ñóùåñòâåííîìó âûèãðûøó.

Ðàññìîòðèì îñîáåííîñòè ìàòðèöû , ñâÿçàííûå ñ

òåì, ÷òî ôóíêöèÿ îïèñûâàåò ýëåêòðè÷åñêóþ ñõåìó.
Ïðåäñòàâëåíèå ìîäåëè ýëåêòðè÷åñêîé ñõåìû â âèäå
âçàèìîñâÿçè äâóõïîëþñíèêîâ, ñîäåðæàùèõ çàâèñèìûå îò
îäíîãî àðãóìåíòà, èñòî÷íèêè òîêîâ è íàïðÿæåíèé,
èíäóêòèâíîñòè, åìêîñòè è ïðîâîäèìîñòè ïðèâîäèò ê
òîìó, ÷òî âàðüèðóåìûé ïàðàìåòð âõîäèò â äâà óðàâ-
íåíèÿ, ïðè÷åì â êàæäîì óðàâíåíèè äâóõïîëþñíèê â
îáùåì ñëó÷àå ïðåäñòàâëåí â âèäå ïðîèçâåäåíèÿ íåêîòî-

ðîé íåëèíåéíîé ôóíêöèè  íà ðàçíîñòü àðãóìåíòîâ

 ëèáî â âèäå ôóíêöèè . Ïðîèçâåäåíèå

ñîîòâåòñòâóåò, êàê ïðàâèëî, ïàññèâíûì ýëåìåíòàì ñõå-

ìû, à ôóíêöèÿ  ÿâëÿåòñÿ ñîñòàâëÿþùåé ïðàâîé

÷àñòè óðàâíåíèé, åé ñîîòâåòñòâóþò íåçàâèñèìûå èñòî÷-

íèêè òîêà è íàïðÿæåíèÿ. Ìàòðèöà  ìîæåò áûòü

çàïèñàíà â âèäå ïðîèçâåäåíèÿ ïðÿìîóãîëüíîé ìàòðèöû

  íà äèàãîíàëüíóþ ìàòðèöó  :

(11)

Íåòðóäíî âèäåòü, ÷òî óìíîæåíèå ñëåâà íà äèàãîíàëü-

íóþ ìàòðèöó , ðàçìåðíîñòüþ , ñîäåðæàùåé â äè-

àãîíàëè åäèíèöû, äëÿ êîòîðûõ â ìàòðèöå , ñîîòâåò-

ñòâóåò íåíóëåâàÿ ñòðîêà, à â îñòàëüíûõ ýëåìåíòàõ
äèàãîíàëè áóäóò íóëè, íå èçìåíèò ðåçóëüòàòà:

. (12)

Ðàññìîòðèì ñâîéñòâà ïðîèçâåäåíèÿ . Åãî

îñîáåííîñòüþ ÿâëÿåòñÿ òî, ÷òî ïðîèçâåäåíèå ñòîëáöîâ,
ñîäåðæàùèõ íåíóëåâûå ýëåìåíòû, ñîîòâåòñòâóåò íàõîæ-
äåíèþ ñòîëáöîâ îáðàòíîé ìàòðèöû. Êîëè÷åñòâî âîçìîæ-
íûõ âàðüèðóåìûõ ïàðàìåòðîâ îïðåäåëÿåòñÿ ÷èñëîì

ñî÷åòàíèé , ãäå  - êîëè÷åñòâî íåíóëåâûõ ýëå-

ìåíòîâ ìàòðèöû . Ïðè ýòîì ìîæåò îêàçàòüñÿ, ÷òî 

çíà÷èòåëüíî ìåíüøå êîëè÷åñòâà âàðüèðóåìûõ ïàðàìåò-

ðîâ . Ýòî òàêæå ìîæåò ïðèâåñòè ê ñóùåñòâåííîìó

âûèãðûøó.
Âûðàæåíèå (7) ìîæåò áûòü ïðåäñòàâëåíî ñëåäóþùèì

îáðàçîì:

, (13)

à ñ ó÷åòîì (10) -

. (14)

Ñ òî÷êè çðåíèÿ îáúåìà âûïîëíÿåìûõ îïåðàöèé,
íàèáîëåå òðóäîåìêîé ÷àñòüþ äàííîãî âûðàæåíèÿ ÿâëÿ-

åòñÿ ïðîèçâåäåíèå . Îíî ñâÿçàíî ñ ìíîãî-

êðàòíûì ðåøåíèåì ñèñòåìû ëèíåéíûõ óðàâíåíèé. Ïðè
ýòîì, êàê óæå îòìå÷àëîñü âûøå, LU-ðàçëîæåíèå âûïîë-
íÿåòñÿ ïðè ðåøåíèè ñèñòåìû íåëèíåéíûõ óðàâíåíèé (1)
è ñîîòâåòñòâóåò ðàçëîæåíèþ íà ïîñëåäíåé èòåðàöèè

ìåòîäà Íüþòîíà. Â òî æå âðåìÿ ââåäåíèå ìàòðèö  è

 ïîçâîëÿåò ïîâûñèòü ýôôåêòèâíîñòü îïðåäåëåíèÿ êî-

ýôôèöèåíòîâ ÷óâñòâèòåëüíîñòè çà ñ÷åò ó÷åòà îñîáåííî-
ñòåé óðàâíåíèé, îïèñûâàþùèõ ýëåêòðîííûå ñõåìû, ìî-
äåëè êîòîðûõ ïðåäñòàâëåíû äâóõïîëþñíûìè ýëåìåí-
òàìè.

ÐÅÇÓËÜÒÀÒÛ

Ïóñòü  è  êîëè÷åñòâî íåíóëåâûõ ýëåìåíòîâ ìàò-

ðèö  è  ñîîòâåòñòâåííî. Òîãäà óñëîâèÿ ýôôåêòèâ-

íîãî ðàñ÷åòà ôóíêöèé ÷óâñòâèòåëüíîñòè â ñòàòèêå ìîæíî
ïðåäñòàâèòü ñëåäóþùèì àëãîðèòìîì:

x∂
∂ϕ

a∂
∂ϕ

Ma⋅
a∂

∂ϕ
Ma Ea⋅ ⋅= =

p∂
∂ ϕ x p,( )

a∂
∂ϕ

Ma Ea x∂
∂F 1–

p∂
∂F

p∂
∂ϕ+⋅ ⋅ ⋅⋅=

Ea x∂
∂F 1–

⋅

s CK
2= K

Ea K

m

p∂
∂F

f x p,( )

xi xj–( ) g p( )

g p( )

p∂
∂F

Mp p∂
∂f

p∂
∂F Mp p∂

∂f⋅

………… … … … …
… xi xj–( ) … … …

… … … 1 …
… xi xj–( )– … … …

… … … 1– …
… … … … …

p1∂
∂f1 … … … …

…
p2∂

∂f2 … … …

… … … … …

… … …
p∂

∂g …

… … … … …

⋅ .

= =

=

Ep n n×

Mp

p∂
∂F Ep Mp p∂

∂f⋅ ⋅=

x∂
∂F 1–

Ep⋅

s CK
2= K

Ep K

l

p∂
∂ ϕ x p,( )

a∂
∂ϕ

x∂
∂F 1–

⋅– Ep Mp p∂
∂f

p∂
∂ϕ+⋅ ⋅⋅=

p∂
∂ ϕ x p,( )

a∂
∂ϕ

Ma Ea x∂
∂F 1–

⋅ ⋅ ⋅– Ep Mp p∂
∂f

p∂
∂ϕ+⋅ ⋅⋅=

Ea x∂
∂F 1–

⋅ Ep⋅

Ea

Ep

Na Np

Ea Ep
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ïðè  è , òî ðàñ÷åò

íóæíî ïðîèçâîäèòü, èñïîëüçóÿ ìåòîä ìîäåëåé;

ïðè  è  - èñïîëüçîâàòü

(13);

ïðè  è  - èñïîëüçîâàòü

ìåòîä ïðèñîåäèíåííûõ ñõåì;

ïðè  è  - èñïîëüçîâàòü

(10).

ÂÛÂÎÄÛ

Ìîäåëèðîâàíèå ðàäèîýëåêòðîííûõ ñõåì, ïðåäñòàâëåí-
íûõ â âèäå âçàèìîñâÿçåé äâóõïîëþñíûõ ýëåìåíòîâ,

íàõîäèò ñâîå îòðàæåíèå â ñâîéñòâàõ ñèñòåì óðàâíåíèé,
êîòîðûå îïèñûâàþò èõ ðàáîòó. Ïîëó÷åíû âûðàæåíèÿ è
ïðåäëîæåíû íîâûå àëãîðèòìû ðàñ÷åòà ôóíêöèé ÷óâñòâè-
òåëüíîñòè, êîòîðûå ó÷èòûâàþò ýòè ñâîéñòâà è äàþò
âîçìîæíîñòü ïîëó÷èòü äîïîëíèòåëüíûé âûèãðûø.
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Ýëåêòðè÷åñêîå ñìåùåíèå, ðåæèì è êîíñòðóêöèÿ óñòàíîâêè
ïîäáèðàþòñÿ òàêèì îáðàçîì, ÷òî ïðîèñõîäèò ñåëåêòèâíîå
ïëàçìîõèìè÷åñêîå òðàâëåíèå êðåìíèÿ è îñàæäåíèå ïðîäóêòîâ
òðàâëåíèÿ â îáëàñòè íàä SiO2. Ïîñëåäóþùåå èõ ïëàçìîõè-

ìè÷åñêîå âçàèìîäåéñòâèå ñ êèñëîðîäîì ïðèâîäèò ê îáðà-
çîâàíèþ ëîêàëüíîãî ïëàçìîõèìè÷åñêîãî SiO2 íà òåðìè÷åñêîì

îêèñëå êðåìíèÿ. Èññëåäîâàíèÿ ñòðóêòóðû ëîêàëüíûõ ïë¸íîê
SiO2 ïîêàçàëè, ÷òî ïîëó÷åííûå ïëàçìåííûå ïë¸íêè èìåþò

ïîëèêðèñòàëëè÷åñêóþ ñòðóêòóðó èç ìîíîêðèñòàëëîâ -

êðèñòîáàëèòà è -êâàðöà.

Åëåêòðè÷íó íàïðóãó, ðåæèì òà êîíñòðóêö³þ óñòàíîâêè
íàëàãîäæóþòü òàêèì ÷èíîì, ùî â³äáóâàºòüñÿ ñåëåêòèâíå
ïëàçìîõ³ì³÷íå òðàâëåííÿ Si â³äíîñíî SiO2 ³ îñàäæåííÿ

ïðîäóêò³â òðàâëåííÿ íà ïë³âö³ âèñîêîòåìïåðàòóðíîãî îêèñó
êðåìí³þ. Íàñòóïíà ïëàçìîõ³ì³÷íà âçàºìîä³ÿ îñàäæåíèõ ïðî-
äóêò³â òðàâëåííÿ ç êèñíåì ñïðè÷èíÿº óòâîðåííÿ ëîêàëüíîãî
SiO2. Äîñë³äæåííÿ ïîáóäîâè ëîêàëüíèõ ïë³âîê ïîêàçàëè, ùî

óòâîðåíí³ ïë³âêè ìàþòü ïîë³êðèñòàë³÷íó ñòðóêòóðó ç

ìîíîêðèñòàë³â -êðèñòîáàë³òà ³ -êâàðöó.

The characterisation of plasma etch process selected thus what
silicon was etched and plasma products make set on the areas
over silica. These plasma products are oxidised in plasma oxy-
gen. There are created local films self-aligned with silica. The
structure of creating local films is polycrystalline silicon oxide.

Âàæíîñòü âîïðîñîâ ðàçðàáîòêè âûñîêîòåìïåðàòóðíûõ
è íèçêîòåìïåðàòóðíûõ ìåòîäîâ ôîðìèðîâàíèÿ äèýëåê-
òðè÷åñêèõ ïë¸íîê äëÿ ïîëóïðîâîäíèêîâûõ ïðèáîðîâ
îáùåèçâåñòíà [1,2]. Äèýëåêòðè÷åñêèå ñëîè, ïîëó÷åííûå
ìåòîäàìè ïëàçìîõèìè÷åñêîãî îñàæäåíèÿ, íàøëè ïðè-
ìåíåíèå äëÿ ïàññèâàöèè è ìåæóðîâíåâîé èçîëÿöèè
èíòåãðàëüíûõ ñõåì.  À ëîêàëüíîå ôîðìèðîâàíèå ñëîåâ,
ñàìîñîâìåùàåìîå ñ îïðåäåë¸ííûì òîïîëîãè÷åñêèì ðè-

ñóíêîì, íàïðèìåð, ñî ñôîðìèðîâàííûìè íà ïîâåðõíîñòè
ïîäëîæêè îñòðîâêàìè SiO2, âñåãäà ðàññìàòðèâàåòñÿ ñ

èíòåðåñîì è ÷àñòî ïðåäïî÷òèòåëüíåå äðóãèõ òåõíîëîãèé
ïîëó÷åíèÿ äèýëåêòðè÷åñêèõ ïë¸íîê äëÿ ìíîãèõ
ïðèìåíåíèé.

Íà ïëàçìîõèìè÷åñêîå, èîííîå òðàâëåíèå ìàòåðèàëîâ
îêàçûâàåò âëèÿíèå, êàê ñòðóêòóðà ìàòåðèàëîâ, òàê è
ôàçîâîå ñîñòîÿíèå. Â ðàáîòå [4] èññëåäîâàëîñü âëèÿíèå
ôàçîâîãî ñîñòîÿíèÿ íà âòîðè÷íóþ ýìèññèþ è äðóãèå
ýôôåêòû, ñîïðîâîæäàþùèå èîííóþ áîìáàðäèðîâêó ìà-
òåðèàëà.

Îñîáåííîñòÿì òðàâëåíèÿ  ñòðóêòóð êðåìíèÿ è îêèñëà
êðåìíèÿ ïîñâÿùåíî äîñòàòî÷íîå êîëè÷åñòâî ðàáîò [4].
Ýíåðãèÿ àêòèâàöèè òðàâëåíèÿ çíà÷èòåëüíî ìåíüøå äëÿ
êðåìíèÿ ÷åì äëÿ åãî îêèñëîâ. Ïîýòîìó òðàâëåíèå Si
àòîìàìè è ðàäèêàëàìè ôòîðà ìîæåò ïðîòåêàòü ñïîí-
òàííî, à  äëÿ òðàâëåíèÿ SiO2 íåîáõîäèìà ñòèìóëÿöèÿ

èîííîé áîìáàðäèðîâêîé.
Èçâåñòíî èñïîëüçîâàíèå ëîêàëüíîãî ôîðìèðîâàíèÿ

ïë¸íîê SiO2 íà ïîâåðõíîñòè ôîòîðåçèñòà  äëÿ ôîðìèðî-

âàíèÿ  ìàñêèðóþùèõ ïîêðûòèé ñ ýëåìåíòàìè ñóáìèêðîí-
íûõ ðàçìåðîâ [5]. Â ýòîì ñëó÷àå ïðîèçâîäèòñÿ ýêñïî-
íèðîâàíèå ïîâåðõíîñòíûõ ñëî¸â ôîòîðåçèñòà óëüòðàôèî-
ëåòîâûì îáëó÷åíèåì ñ ïîñëåäóþùèìè ïðèâèâêîé ê
ýêñïîíèðîâàííûì îáëàñòÿì êðåìíèéîðãàíè÷åñêèõ ñîåäè-
íåíèé èç ãàçîâîé ôàçû è ïðîÿâëåíèåì íå ïðèâèòûõ
îáëàñòåé. Ïðîÿâëåíèå ïðîâîäèòñÿ  â ïëàçìå êèñëîðîäà  ñ
îäíîâðåìåííûì ïðåâðàùåíèåì êðåìíèéîðãàíè÷åñêèõ ñî-
åäèíåíèé íà ïðèâèòûõ îáëàñòÿõ â äâóîêèñü êðåìíèÿ.

Â äàííîé ðàáîòå îïðåäåëÿþòñÿ óñëîâèÿ äëÿ  ïðîòå-

min Na m,{ } min Np l,{ }> Na m>

min Na m,{ } min Np l,{ }> Na m<

min Na m,{ } min Np l,{ }< Na 1>

min Na m,{ } min Np l,{ }< Na 1<

α
α

α α
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êàíèÿ ïëàçìîõèìè÷åñêèõ ðåàêöèé ëîêàëüíîãî òðàâëåíèÿ
ðåçèñòà è êðåìíèÿ è ïëàçìîõèìè÷åñêèõ ðåàêöèé ëîêàëü-
íîãî ðîñòà äèýëåêòðè÷åñêèõ ïë¸íîê ñ èñïîëüçîâàíèåì
ïðîäóêòîâ òðàâëåíèÿ Si. Ïðîâîäÿòñÿ èññëåäîâàíèÿ ñî-
ñòàâà è ñòðóêòóðû ôîðìèðóåìûõ ïë¸íîê, íåîáõîäèìûå
äëÿ îïèñàíèÿ ìåõàíèçìîâ ïðîòåêàíèÿ ïðîöåññîâ.

ÌÅÒÎÄÈÊÀ ÝÊÑÏÅÐÈÌÅÍÒÀ

Ïðîöåññû ïëàçìîõèìè÷åñêîãî òðàâëåíèÿ ïðîâîäèëèñü
â  ðåàêòîðå äèîäíîãî òèïà. Äëÿ ðåàëèçàöèè îñàæäåíèÿ â
ïðîöåññå òðàâëåíèÿ ïåðâîíà÷àëüíî íàõîäèëèñü êîí-
ñòðóêòèâíûå îñîáåííîñòè ðåàêòîðà è ðåæèìû, ïîçâî-
ëÿþùèå òðàâèòü êðåìíèé ñ ìàêñèìàëüíîé ñêîðîñòüþ, à
îêèñåë êðåìíèÿ ñ ìèíèìàëüíîé. Ïðîöåññû ñåëåêòèâíîãî
ïëàçìåííîãî òðàâëåíèÿ ïëåíîê ïîëè-Si*, Si3N4 îòíîñè-

òåëüíî SiO2 èññëåäîâàëèñü â ãàçîâîé ñìåñè ôðåîíîâ

"Õëàäîí-14"(CF4) è "Õëàäîí-113" (CCl3FCClF3). Òðàâ-

ëåíèå ôîòîðåçèñòà ïðîâîäèëîñü â ðåæèìå ñåëåêòèâíîãî
òðàâëåíèÿ ïëåíîê ïîëè-Si*, Si3N4 îòíîñèòåëüíî SiO2.

Îñîáåííîñòüþ òàêîãî òðàâëåíèÿ ÿâëÿåòñÿ òðàâëåíèå
ðåçèñòà â îáëàñòè êðåìíèÿ èëè ïîëèêðåìíèÿ è
çàìåäëåíèå òðàâëåíèÿ ðåçèñòà ñ ïîñëåäóþùèì îñàæ-
äåíèåì ïðîäóêòîâ òðàâëåíèÿ êðåìíèÿ â îáëàñòè íàä
SiO2.

Îæå-ñïåêòðû îñàæäàåìûõ ïë¸íîê èññëåäîâàëèñü íà
ñïåêòðîìåòðå "Øõóíà", ñ êîìïåíñàöèåé çàðÿäîâ, îáðàçó-
þùèõñÿ â äèýëåêòðè÷åñêèõ ïë¸íêàõ, ïðè ïîìîùè ïóøêè
íåéòðàëèçàöèè. Êðîìå Îæå-ñïåêòðîâ ÏÕËÌ ïëåíêè
ñíèìàëèñü è ìàññ-ñïåêòðû â ðàñòðå ïåðâè÷íîãî ïó÷êà

Ar+ ìêì íà èîííîì ìèêðîçîíäå ÂÈÌÑ "Øè-

ïîâíèê". Ñòðóêòóðà ïë¸íîê èññëåäîâàëàñü ïðè ïîìîùè
ïðîñâå÷èâàþùåãî ìèêðîñêîïà ÏÐÝÌ-200. Ïðè ýòîì
ðåïëèêè èçãîòàâëèâàëèñü  â âèäå îêðóæíîñòè, ïóò¸ì
âûòðàâëèâàíèÿ êðåìíèÿ ïîäëîæêè. 

ÐÅÇÓËÜÒÀÒÛ ÝÊÑÏÅÐÈÌÅÍÒÀ

Ïðè èññëåäîâàíèè ñåëåêòèâíîñòè òðàâëåíèÿ ïëåíîê
ïîëè-Si*, Si3N4 îòíîñèòåëüíî SiO2 áûëî óñòàíîâëåíî,

÷òî ìàêñèìóì ñåëåêòèâíîñòè ïîëè-Si*, Si3N4 íàáëþäà-

åòñÿ ïðè ìîùíîñòè 1.8 êÂò è äàâëåíèè 26Ïà. Ñåëåê-
òèâíîñòü ïëàçìåííîãî òðàâëåíèÿ óâåëè÷èâàåòñÿ ïðè
óâåëè÷åíèè ìåæýëåêòðîäíîãî ðàññòîÿíèÿ äî 30-40 ìì.
Ïðè óìåíüøåíèè ìåæýëåêòðîäíîãî ðàññòîÿíèÿ äî 10-20
ìì ñêîðîñòü òðàâëåíèÿ SiO2 óâåëè÷èâàåòñÿ.

Ïðîöåññû òðàâëåíèÿ è îñàæäåíèÿ ïðîâîäèëèñü íà
óñòàíîâêå, èìåþùåé ðåãóëèðîâêó ñêîðîñòè îòêà÷êè, ÷òî
ñîâìåñòíî ñ çàãðóçêîé ïëàñòèí Si, ïîçâîëÿåò ïîíèçèòü
îòíîøåíèå F/Si, F/C è óâåëè÷èòü âåðîÿòíîñòü îñàæäå-
íèÿ ïðîäóêòîâ òðàâëåíèÿ Si. Ìîùíîñòü è ìåæýëåêòðîä-
íîå  ðàññòîÿíèå ïîäáèðàþòñÿ òàêèì îáðàçîì, ÷òîáû ïðî-
èñõîäèëî ñåëåêòèâíîå òðàâëåíèå ïîëè-Si*. Áûëî çàìå÷å-
íî, ÷òî ïðè îõëàæäåíèè ýëåêòðîäà ñ ïëàñòèíàìè äî

òåìïåðàòóðû ìåíüøåé òåìïåðàòóðû îêðóæàþùåé ñðåäû,
ïðè ðàçãåðìåòèçàöèè ðåàêòîðà,  â ðåàêòîðå ïðîèñõîäèò
îñàæäåíèå ïàðîâ âîäû, êîòîðîå çíà÷èòåëüíî óñêîðÿåò
ìîäèôèêàöèþ  ïëåíîê ðåçèñòà è ðîñò ïëàçìåííûõ ïëå-
íîê  SiO2 ïðè ïîñëåäóþùåì ïðîäîëæåíèè ÏÕÎ. Ïîýòî-

ìó, ïðîöåññ ëîêàëüíîé ìîäèôèêàöèè, ïîêàçàííûé íà
ðèñ.1, ïðîâîäèòñÿ â äâà ýòàïà. 

Íà ïåðâîì ýòàïå ïðîâîäèòñÿ ðàçðóøåíèå ôîòîðåçèñòà
â îáëàñòÿõ íàä ïîëèêðåìíèåì èëè êðåìíèåì. Ïðè ýòîì
ïðîèñõîäèò òðàâëåíèå êðåìíèÿ ñ îáðàçîâàíèåì ëåòó÷èõ
êðåìíèéñîäåðæàùèõ ÷àñòèö òèïà SiF2. ×àñòèöû SiF2

îñàæäàþòñÿ â îáëàñòè ôîòîðåçèñòà íàä SiO2, ïðîèñõîäèò

îáðàçîâàíèå ñâÿçåé Si-C è Si-C-Si íà ìåñòå îáîðâàííûõ
ñâÿçåé C-Í, C-C, C=C. Íà âòîðîì ýòàïå, ïðè ïîäà÷å
êèñëîðîäà (ïàðîâ âîäû), ïðîâîäèòñÿ ëîêàëüíàÿ, ñàìî-
ñîâìåùåííàÿ ñ îñòðîâêàìè SiO2, ìîäèôèêàöèÿ è â ðå-

çóëüòàòå îáðàçóþòñÿ  ïëåíêè  îêèñëà êðåìíèÿ. Ïðè ïî-
ìîùè æèäêîñòíîé îáðàáîòêè â ñåðíîé êèñëîòå ñíèìà-
þòñÿ îñòàòêè ðåçèñòà íàä ïîëè-Si* èëè êðåìíèåì.

à)

á)
Ðèñóíîê 1 - Ìåõàíèçì îáðàçîâàíèÿ ïëàçìîõèìè÷åñêèõ 
ëîêàëüíî-ìîäèôèöèðîâàííûõ (ÏÕËÌ) ïë¸íîê íà SiO2 

ïðè ÏÕÒ êðåìíèÿ:
à) ïåðâûé ýòàï - ðàçðóøåíèå ôîòîðåçèñòà â îáëàñòè 
Si è òðàâëåíèå Si, îáðàçîâàíèå ëåòó÷èõ ñîåäèíåíèé 

êðåìíèÿ è èõ îñàæäåíèå íà ïë¸íêàõ SiO2 ñ 
ôîòîðåçèñòîì;

á) âòîðîé ýòàï - îêèñëåíèå ñèëèëèðîâàííûõ ïë¸íîê è 
îáðàçîâàíèå ëîêàëüíûõ ïë¸íîê SiO2

Èîíû è ðàäèêàëû F è Cl ïóò¸ì ýëåêòðîííî- è èîííî-
óñêîðåííîé äèôôóçèè â ðåçèñòå ïðîíèêàþò ê ïîâåðõ-
íîñòè  Si è âçàèìîäåéñòâóþò ñ Si ñ îáðàçîâàíèåì ëåòó÷èõ
ñîåäèíåíèé SiF2. Â ïðîöåññå ðàçðóøåíèÿ ôîòîðåçèñòà â

îáëàñòè Si ïðîèñõîäÿò àêòèâíîå ñèëèëèðîâàíèå ïëåíêè

200 200×

o

SiC
l4
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ôîòîðåçèñòà íà SiO2, îáðàçîâàíèå êðåìíèé óãëåðîäíûõ

ñâÿçåé.
Ïðè ëîêàëüíîì ïëàçìåííîì îñàæäåíèè èñïîëüçóþòñÿ

ðåæèìû ñåëåêòèâíîãî òðàâëåíèÿ Si3N4 îòíîñèòåëüíî

SiO2. Â ïðîöåññå ÏÕÒ òîïîëîãè÷åñêîãî ðèñóíêà, ñîäåð-

æàùåãî îñòðîâêè SiO2 ñ ôîòîðåçèñòèâíîé ìàñêîé èëè

ñïëîøíîé ôîòîðåçèñòèâíîé ïë¸íêîé, ïðîèñõîäèò ïåðå-
ðàñïðåäåëåíèå íàïðÿæåíèÿ ñìåùåíèÿ â îáëàñòÿõ ñ
ìåíüøåé òîëùèíîé èçîëÿòîðà. ×òî óâåëè÷èâàåò ïîòîê
èîíîâ è óñèëèâàåò ïðîöåññ ëîêàëüíîãî òðàâëåíèÿ
êðåìíèÿ èëè ïë¸íêè ôîòîðåçèñòà è êðåìíèÿ (ðèñ.1) è
óìåíüøàåò ïîòîê èîíîâ, îñëàáëÿåò òðàâëåíèå è
óñèëèâàåò îñàæäåíèå ïðîäóêòîâ òðàâëåíèÿ â îáëàñòÿõ
ìàñêèðóþùåé ïëåíêè SiO2.

Âîçìîæíîñòü ñîçäàíèÿ ñàìîñîâìåùàåìûõ, ëîêàëüíûõ
îñòðîâêîâ ïëåíîê  ÏÕËÌ ñóáìèêðîííûõ ðàçìåðîâ è
òîëùèíîé 0,1 ìêì - 2,0 ìêì èìååò øèðîêèå âîçìîæíîñòè
è äåëàåò íåîáõîäèìûì èçó÷åíèå   ñòðîåíèÿ ïëåíîê
ÏÕËÌ.

Àíàëèç ñ ïîìîùüþ ÈÊ-ñïåêòðîñêîïèè ïëåíêè  ÏÕËÌ
òîëùèíîé 0,45ìêì, 1,4 ìêì ïîêàçàë, ðèñ.2, ÷òî
îñíîâíûå ïèêè  ñîîòâåòñòâóþò ñâÿçÿì Si-O, â îáëàñòÿõ

1060-1070 ñì-1, 785-795 ñì-1, Si-O-Si â îáëàñòè 450 ñì-1,

è Si-Si, â îáëàñòè 6,00 ñì-1 [1,2]. Êðîìå òîãî äëÿ
íåêîòîðûõ ïðîöåññîâ íàáëþäàþòñÿ  ïèêè â îáëàñòè 2100-

2300 ñì-1, ñîîòâåòñòâóþùèé ñâÿçÿì Si-Í è â îáëàñòè 840

ñì-1, ñîîòâåòñòâóþùèé ñâÿçÿì Si-N. Â îáëàñòè êðåìíèÿ
ãäå ñîçäàíèå ïëåíêè  ÏÕËÌ íå ïðîèñõîäèëî íàáëþäà-
åòñÿ ïèê, ñîîòâåòñòâóþùèé ñâÿçÿì Si-Si, è íåçíà÷èòåëü-
íûå ïèêè ñîîòâåòñòâóþùèå ñâÿçÿì Si-O, Si-O-Si è â

îáëàñòè 1500-1700 ñì-1 ïðåäïîëîæèòåëüíî ñîîòâåòñòâó-
þùèå ñâÿçÿì Ñ-Ñ, Ñ-Í, Ñ-ÎÍ.

Ðèñóíîê 2 - ÈÊ ñïåêòðû ïëàçìîõèìè÷åñêîé ëîêàëüíî 
ìîäèôèöèðîâàííîé (ÏÕËÌ) ïëåíêè îñàæäàåìîé â 

îáëàñòè ôîòîðåçèñòà íà òåðìè÷åñêîì SiO2 òîëùèíîé 
0,08 ìêì ñ îñàæä¸ííûìè ïëåíêàìè òîëùèíîé 1-0,45 ìêì 

è 2 - 1,4 ìêì, è â îáëàñòè ôîòîðåçèñòà íà Si -3

Ñ ïîìîùüþ ïîëó÷åííûõ Îæå-ñïåêòðîâ, ðèñ.3, ðàññ÷è-
òàíû àòîìíûå êîíöåíòðàöèè Si, C, O ïëåíêè ÏÕËÌ òîë-
ùèíîé 1,0 ìêì (ñì. òàáëèöó 1). Ïî ñðàâíåíèþ ñ êîí-
òðîëüíîé ïëåíêîé òåðìè÷åñêîãî îêèñëà êðåìíèÿ â ïëåí-
êå ÏÕËÌ âîçðàñòàåò êîíöåíòðàöèÿ àòîìîâ êðåìíèÿ è
íàáëþäàåòñÿ ïèê ñîîòâåòñòâóþùèé àòîìàì àçîòà (êîí-
öåíòðàöèÿ àçîòà  ~ 1,5%). 

Ðèñóíîê 3 - Îæå-ñïåêòðû ïëåíêè òåðìè÷åñêîãî îêèñëà 
SiO2 òîëùèíîé 0,025ìêì ïîñëå òðàâëåíèÿ ðåçèñòà â 
ôðåîíå-14 - 1, ÏÕËÌ ïëåíêè, îñàæä¸ííîé íà SiO2 ñ 
èñïîëüçîâàíèåì ïðîäóêòîâ òðàâëåíèÿ Si, â óñëîâèÿõ 

ïîëîæèòåëüíîé çàðÿäêè - 2, ïðè ïåðåêîìïåíñàöèè 
çàðÿäà, ñîçäàâàåìîãî ïåðâè÷íûìè ýëåêòðîíàìè - 3, â 

óñëîâèÿõ òî÷íîé êîìïåíñàöèè çàðÿäà ïåðâè÷íûõ 
ýëåêòðîíîâ - 4 è ïðè óâåëè÷åíèè òîêà ïåðâè÷íîãî 

ïó÷êà, ïîçâîëÿþùåãî çàìåòèòü íàëè÷èå â ïëåíêå ñëåäîâ 
àçîòà - 5

Óâåëè÷åíèå êîíöåíòðàöèè àòîìîâ êðåìíèÿ ïðîèñõî-
äèò çà ñ÷åò îáðàçîâàíèÿ ñîåäèíåíèé ñ áîëüøåé êîíöåí-
òðàöèåé àòîìîâ êðåìíèÿ  â åäèíèöå îáúåìà, íàïðèìåð,
çà ñ÷åò îáðàçîâàíèÿ êàðáèäà êðåìíèÿ èëè íèòðèäà
êðåìíèÿ.

Ñïåêòðàëüíûå äàííûå ÂÈÌÑ ïîäòâåðæäàþò, ÷òî
îñíîâîé ìîäèôèöèðîâàííîé ïëåíêè ÿâëÿåòñÿ SiO2.

Ìàêñèìàëüíàÿ èíòåíñèâíîñòü â ìàññ ñïåêòðå ïðèíàä-
ëåæèò èîíàì êðåìíèÿ, êèñëîðîäà  èõ ñîåäèíåíèÿì,
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èíòåíñèâíîñòü êîòîðûõ íà 2 - 3 ïîðÿäêà ïðåâûøàåò èí-
òåíñèâíîñòü äðóãèõ èîíîâ. Â ìàññ-ñïåêòð ïëåíêè òàêæå
âõîäÿò óãëåðîä, âîäîðîä, ïðèìåñè ôòîðà, àçîòà, êàëèÿ,
êîìïëåêñû C-H, Si-H. Èç ñðàâíåíèÿ ìàññ-ñïåêòðîâ
ïë¸íîê ÏÕËÌ è òåðìè÷åñêîãî îêèñëà ìîæíî ñäåëàòü
âûâîä, ÷òî ïë¸íêè ÏÕËÌ îòëè÷àþòñÿ ïîâûøåííûì ñî-
äåðæàíèåì óãëåðîäà (ïðèìåðíî íà ïîðÿäîê) ùåëî÷íûõ,
ùåëî÷íîçåìåëüíûõ ìåòàëëîâ è èìåþò ñóùåñòâåííóþ
îñîáåííîñòü - ñîäåðæàò ïðèìåñü ôòîðà.

Ñîãëàñíî ÂÈÌÑ ñîäåðæàíèå îáúåìíîãî óãëåðîäà â
ÏÕËÌ ïëåíêå âûøå, ÷åì â òåðìè÷åñêîì îêèñëå. 

Àíàëèç ñ ïîìîùüþ ïðîñâå÷èâàþùåé ìèêðîñêîïèè
ïîêàçàë, ÷òî ïëåíêà èìååò âèä ïîëèêðèñòàëëè÷åñêîé
ñòðóêòóðû. Ñðåäíèé ëèíåéíûé ðàçìåð çåðíà ñîñòàâëÿåò
0.33 ìêì. Ç¸ðíà SiO2 èìåþò õàðàêòåðíûå âêëþ÷åíèÿ,

ïðåäïîëîæèòåëüíî ñîîòâåòñòâóþùèå öåíòðàì ðîñòà è
ñîñòîÿùèå èç SiC ñ ðàäèóñîì çåðíà ïîëèêðèñòàëëè÷å-
ñêîé ôàçû RSiC ~ 0.4RSiO2.

Ýëåêòðîííîãðàììå ïëåíêè ÏÕËÌ, ïîëó÷åííîé íà
ïðîñâå÷èâàþùåì ìèêðîñêîïå ÏÐÝÌ-200, ñîîòâåòñòâóþò
êðèñòàëëè÷åñêèå ðåøåòêè ñ ìåæïëîñêîñòíûìè ðàññòîÿ-
íèÿìè 3.91 À°, 4.3 À°, 4.48-4.91 À°. Ýòèì ìåæïëîñêîñò-
íûì ðàññòîÿíèÿì áëèçêè ìåæïëîñêîñòíûå ðàññòîÿíèÿ

(101) -êðèñòîáàëëèòà SiO2 (4,04 À°) è (100) -êâàð-

öà SiO2 (4.25 À°). Ìåæïëîñêîñòíûì ðàññòîÿíèÿì 4.5 -

4.9 À° áëèçêè ìåæïëîñêîñòíûå ðàññòîÿíèÿ (110) SiC
(4.62 À°).

Ïðîâåäåííûå èññëåäîâàíèÿ ïîçâîëÿþò ïðåäñòàâèòü
ìåõàíèçì ñåëåêòèâíîãî ïëàçìåííîãî ðîñòà SiO2. Ðåæèì

ïëàçìåííîé îáðàáîòêè ïîäáèðàþò òàêèì îáðàçîì, ÷òîáû
ðàâíîâåñèå òðàâëåíèå-îñàæäåíèå â îáëàñòè Si ñäâèãàëîñü
â ñòîðîíó òðàâëåíèÿ, à â îáëàñòè SiO2 - â ñòîðîíó îñàæ-

äåíèÿ. Òðàâëåíèå ïëåíîê ðåçèñòà ïðîèñõîäèò ïî-ðàçíî-
ìó. Ïðè èõ ïëàçìåííîì òðàâëåíèè îò 1-2 ìêì äî 0.4 ìêì
ïëåíêè ïîðèñòûå è "ïðîçðà÷íûå" äëÿ æèäêîñòíîãî òðà-
âèòåëÿ, à íàä SiO2 ïëåíêè ôîòîðåçèñòà ñîõðàíÿþò

ìàñêèðóþùèå ñâîéñòâà. Áîëüøåå óñêîðÿþùåå íàïðÿæå-
íèå äëÿ çàðÿæåííûõ ÷àñòèö íàä Si, ýêçîòåðìè÷åñêîå
ñàìîïðîèçâîëüíîå âçàèìîäåéñòâèå ñ Si ïðîäèôôóíäèðî-
âàâøèõ ÷åðåç ðåçèñò ðàäèêàëîâ è èîíîâ F è Cl,
ïðîòåêàíèå ðåàêöèé òðàâëåíèÿ è äåñîðáöèÿ ïðîäóêòîâ
òðàâëåíèÿ ïðèâîäÿò ê íàðóøåíèþ ðåçèñòà â îáëàñòè Si.
Â îáëàñòè SiO2 ñàìîïðîèçâîëüíîãî òðàâëåíèÿ íå

ïðîèñõîäèò. Îòñóòñòâóþò ëîêàëüíîå óñêîðåíèå çàðÿæåí-
íûõ ÷àñòèö, äåñîðáöèÿ ïðîäóêòîâ òðàâëåíèÿ, ÷òî
îáóñëàâëèâàåò çàìåäëåíèå äåãðàäàöèè ðåçèñòà â îáëàñòè
SiO2,è ñîçäàþòñÿ óñëîâèÿ äëÿ ëîêàëüíîé ìîäèôèêàöèè

è ðîñòà ïëåíîê ñåëåêòèâíûõ ïëåíîê SiO2.

Ïðè ëîêàëüíîì ïëàçìåííîì óïðî÷íåíèè ïëåíêè ôîòî-
ðåçèñòà, ïåðåä òðàâëåíèåì ïëåíîê àëþìèíèÿ èëè
ñïëàâîâ àëþìèíèÿ ñ êðåìíèåì, ìîäèôèöèðîâàííûé ñëîé
ðàñïîëàãàåòñÿ â ïðèïîâåðõíîñòíîì ñëîå ôîòîðåçèñòà.
Ïðè ïëàçìåííîì ñîçäàíèè ëîêàëüíîé ïëåíêè îêèñëà
êðåìíèÿ ïðîöåññ ñèëèëèðîâàíèÿ è äåñòðóêöèè ïðîòåêà-
åò ïî âñåé òîëùèíå ïëåíêè ôîòîðåçèñòà.

Ðàññìîòðèì ïîâåðõíîñòíóþ ïëàíàðèçàöèþ, ñîìîñîâ-
ìåùàåìóþ ñ ðèñóíêîì ìåòàëëèçàöèè, ïðè ôîðìèðîâàíèè
ÈÑ ñ íåñêîëüêèìè ñëîÿìè ìåòàëëèçàöèè. 

Ôîðìèðîâàíèå âòîðîãî óðîâíÿ ìåòàëëèçàöèè ÌÅ2
ïðîâîäèòñÿ íà ðåëüåôå, îáðàçîâàííîì ìåòàëëèçàöèåé
ïåðâîãî óðîâíÿ ÌÅ1. Íàëè÷èå óêàçàííîãî ðåëüåôà ïðè-
âîäèò ê óõóäøåíèþ è îáðûâàì ìåòàëëèçàöèè âòîðîãî
óðîâíÿ ÌÅ2 íà ñòóïåíüêàõ áîêîâûõ ïîâåðõíîñòåé øèí
ÌÅ1 èç-çà óìåíüøåíèÿ êîýôôèöèåíòà çàïûëåíèÿ ðåëüå-
ôà. Ïîýòîìó, ïîñëå ôîðìèðîâàíèÿ ÌÅ1 ñ AÊ-1 òîëùè-
íîé 0,6 ìêì è ïîëèêðåìíèÿ òîëùèíîé 0,1ìêì, ìåòîäîì
öåíòðîôóãèðîâàíèÿ íàíîñÿò ïë¸íêó ðåçèñòà ñ ïëàíàðíîé
ïîâåðõíîñòüþ. Ïë¸íêó ïîäâåðãàþò äóáëåíèþ, ïîñëå ÷åãî
ïðîâîäÿò ÏÕÒ ïë¸íîê ðåçèñòà è ïîëèêðåìíèÿ, êðåìíèÿ
ïîä ðåçèñòîì è ñ ïîäà÷åé êèñëîðîäà ïðîèçâîäÿò ôîðìè-
ðîâàíèå ïë¸íîê ÏÕËÌ. 

Ôîðìèðîâàíèå ïë¸íîê ÏÕËÌ ïðîèñõîäèò â îáëàñòÿõ
SiO2 ìåæäó øèíàìè ÌÅ1. Ïîñëå ïðîöåññà ïðîâîäÿò êîí-

òðîëü ïë¸íêè ðåçèñòà. ¨å òîëùèíà íà ïëåíêàõ ìåòàëëà è
ïîëèêðåìíèÿ ñîñòàâëÿåò ìåíåå 0,1ìêì è ëåãêî óäàëÿåòñÿ
ïðè ïîìîùè ðàñòâîðèòåëåé, à òîëùèíà íà ïëåíêàõ SiO2

ñîñòàâëÿåò 0,55ìêì è óäàëåíèå â ðàñòâîðèòåëÿõ íå ïðî-
èñõîäèò, òàê êàê ïðîèñõîäèò îáðàçîâàíèå ÏÕËÌ ïë¸íêè
SiO2. Ïë¸íêó ðåçèñòà è ïîëèêðåìíèÿ ëåãêî óäàëÿþò

îáû÷íûìè õèìîáðàáîòêàìè è ïîëó÷àþò ïëàíàðíóþ ïî-

âåðõíîñòü ÈÑ. Òîëùèíà ÏÕËÌ SiO2 , ïëîùàäüþ

, çàâèñèò îò ïëîùàäè  ïîäâåðãàåìîãî ÏÕÒ Si.

Ïðè ýòîì ãëóáèíó Í òðàâëåíèÿ Si ìîæíî îïðåäåëèòü êàê

, ãäå  - êîýôôèöèåíò, ïîêà-

çûâàþùèé îòíîøåíèå êîëè÷åñòâà ïåðåîñàæä¸ííûõ àòî-

ìîâ Si ê êîëè÷åñòâó àòîìîâ òðàâëåíèÿ Si, ,  -

ïëîùàäè ÏÕËÌ SiO2 è ÏÕÒ Si.

ÂÛÂÎÄÛ

Ïóò¸ì ñîçäàíèÿ íà ïîâåðõíîñòè ïëàñòèí ìîíîêðè-
ñòàëëè÷åñêîãî êðåìíèÿ ðèñóíêà èç îêèñëà êðåìíèÿ, è
ïîäáîðà ïàðàìåòðîâ Â× ðàçðÿäà ïîäîáðàíû óñëîâèÿ
òðàâëåíèÿ ôîòîðåçèñòà è êðåìíèÿ â îáëàñòÿõ êðåìíèÿ è
÷àñòè÷íîé äåñòðóêöèè ôîòîðåçèñòà è ïåðåîñàæäåíèÿ

Òàáëèöà 1 - Ðàñ÷åò àòîìíûõ ïðîöåíòîâ ïî ìåòîäó 
÷èñòûõ ñòàíäàðòîâ

¹ ñïåêòðà 
ðèñ. 3

Àòîìíàÿ 
êîíöåíòðà-
öèÿ, % Si

Àòîìíàÿ 
êîíöåíòðà-
öèÿ, % C

Àòîìíàÿ 
êîíöåíòðà-
öèÿ, % O

1 18 22 60

4 24 18 58

α α

dSiO2

SSiO2
SSi

H dSiO2
SSiO2

⋅ 2kSSi⁄= k 1<

SSiO2
SSi
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êðåìíèéñîäåðæàùèõ ïðîäóêòîâ òðàâëåíèÿ â îáëàñòÿõ
íàä îêèñëîì êðåìíèÿ. Ïîñëåäóþùàÿ ïîäà÷à êèñëîðîäà
ïîçâîëèëà ñôîðìèðîâàòü ëîêàëüíûå äèýëåêòðè÷åñêèå
ïë¸íêè òîëùèíîé 0,45 ìêì - 2,0 ìêì â îáëàñòÿõ íàä
îêèñëîì êðåìíèÿ. Ïðîâåäåíî êîìïëåêñíîå èññëåäîâàíèå
ñîñòàâà è ñòðóêòóðû ïë¸íîê, îáðàçóþùèõñÿ â ñèñòåìå
ïëàçìîõèìè÷åñêèõ ðåàêöèé òðàâëåíèå - îñàæäåíèå,
êîòîðûå ïðåäñòàâëÿþò ñîáîé ïîëèêðèñòàëëè÷åñêèå

ïë¸íêè îêèñëà êðåìíèÿ èç ìîíîêðèñòàëëîâ -

êðèñòîáàëèòà è -êâàðöà ñ çàðîäûøàìè èç êðèñòàëëîâ

êàðáèäà êðåìíèÿ.
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ÎÏÒÈÌÈÇÀÖÈß ÏÅÐÅÄÀÒÎ×ÍÛÕ ÔÓÍÊÖÈÉ ÖÈÔÐÎÂÛÕ 
ÐÅÃÓËßÒÎÐÎÂ ÑÈÑÒÅÌ ÔÀÏ ÏÐÈ ÏÐÎÈÇÂÎËÜÍÛÕ ÂÕÎÄÍÛÕ 

ÂÎÇÄÅÉÑÒÂÈßÕ

Â. È. Ãîñòåâ, À. Ï. Õîðåâ, Î. À. Ïîáèéïå÷

Èçëîæåí ìåòîä ðàñ÷åòà êîýôôèöèåíòîâ ïåðåäàòî÷íîé
ôóíêöèè öèôðîâûõ ðåãóëÿòîðîâ â ñèñòåìàõ ôàçîâîé
àâòîïîäñòðîéêè (ÔÀÏ). Ðàñ÷åò ïðîèçâîäèòñÿ ñ ó÷åòîì
èíåðöèîííîñòè ôèëüòðà äèñêðèìèíàòîðà. Êîýôôèöèåíòû ïå-
ðåäàòî÷íîé ôóíêöèè öèôðîâîãî ðåãóëÿòîðà íàõîäÿòñÿ â
ðåçóëüòàòå ðåøåíèÿ îïòèìèçàöèîííîé çàäà÷è ìåòîäîì Õóêà-
Äæèâñà ñ èñïîëüçîâàíèåì êâàäðàòè÷íîãî êðèòåðèÿ êà÷åñòâà
äëÿ çàäàííîé àíàëîãîâîé ÷àñòè ñèñòåìû. 

The method of factors of the transfer function of digital regu-
lators design for the Phase Lock Loop Systems (PLL) is shown.
The design is made with allowance for inertia of the filter of the
discriminator. The factors of the transfer function of the digital
regulator are calculated as an outcome of the solution of an opti-
misation problem by Hook-Jivs method with use of a square crite-
rion of quality for the preset analog part of the system.

ÂÂÅÄÅÍÈÅ

Îïèñàíèå ñèñòåì ÔÀÏ, èõ ôóíêöèîíàëüíûå è ñòðóê-
òóðíûå ñõåìû ïîäðîáíî èçëîæåíû â ðàáîòå [1].
Îáîáùåííàÿ ñòðóêòóðíàÿ ñõåìà ñèñòåì ÔÀÏ ïðèâåäåíà
íà ðèñ.1,à. Ïðè èñïîëüçîâàíèè öèôðîâîãî ðåãóëÿòîðà,
îáåñïå÷èâàþùåãî òðåáóåìóþ äèíàìèêó ñèñòåìû, ñòðóê-
òóðíàÿ ñõåìà ñèñòåì ÔÀÏ ïðåîáðàçóåòñÿ ê âèäó,
ïðèâåäåííîìó íà ðèñ.1,á, èëè, äëÿ ëèíåéíîãî ðåæèìà, ê
âèäó, ïðèâåäåííîìó íà ðèñ.1,â. Íèæå ïðåäëîæåí îäèí
èç âàðèàíòîâ îïòèìèçàöèè ïåðåäàòî÷íûõ ôóíêöèé
öèôðîâûõ ðåãóëÿòîðîâ ñèñòåì ÔÀÏ ïðè ïðîèçâîëüíûõ

âõîäíûõ âîçäåéñòâèÿõ.

Ðèñóíîê 1

α

α
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ÐÅØÅÍÈÅ ÇÀÄÀ×È

Åñëè íà âõîäå àíàëîãîâîé ñèñòåìû àâòîìàòè÷åñêîãî

óïðàâëåíèÿ èçâåñòíû ìàêñèìàëüíàÿ ñêîðîñòü  è

ìàêñèìàëüíîå óñêîðåíèå  ïðîèçâîëüíîãî âõîäíîãî

âîçäåéñòâèÿ, òî ìîæíî ïîäîáðàòü ýêâèâàëåíòíûé ðåæèì

ãàðìîíè÷åñêîãî âõîäíîãî âîçäåéñòâèÿ 

, êîòîðîìó ñîîòâåòñòâóåò ìàêñèìàëüíàÿ

ñêîðîñòü, ðàâíàÿ çàäàííîìó çíà÷åíèþ ,

è ìàêñèìàëüíîå óñêîðåíèå, ðàâíîå çàäàííîìó çíà÷åíèþ

. Ïðè ýòîì ìàêñèìàëüíàÿ îøèáêà

îïðåäåëÿåòñÿ ïî ôîðìóëàì:

 èëè ,

ãäå  - äîáðîòíîñòü ïî ñêîðîñòè ñèñòåìû ñ àñòàòèçìîì

ïåðâîãî ïîðÿäêà, à  - äîáðîòíîñòü ïî óñêîðåíèþ ñèñ-

òåìû ñ àñòàòèçìîì âòîðîãî ïîðÿäêà. Ïðè ðàáîòå ñèñòåìû
ñ îãðàíè÷åííûìè çíà÷åíèÿìè ñêîðîñòåé è óñêîðåíèé, íå
ïðåâûøàþùèõ ìàêñèìàëüíûõ, îøèáêà ñèñòåìû íà áóäåò

ïðåâûøàòü  [2]. 

Åñëè èçâåñòíû ìàêñèìàëüíàÿ ñêîðîñòü  è ìàê-

ñèìàëüíîå óñêîðåíèå  ïðîèçâîëüíîãî âõîäíîãî

âîçäåéñòâèÿ, òî öåëåñîîáðàçíî îïòèìèçèðîâàòü êîýôôè-
öèåíòû ïåðåäàòî÷íîé ôóíêöèè öèôðîâîãî ðåãóëÿòîðà
äëÿ ýêâèâàëåíòíîãî ãàðìîíè÷åñêîãî âõîäíîãî âîçäåé-

ñòâèÿ .

Âûáåðåì èíòåãðàëüíûé êðèòåðèé îïòèìàëüíîñòè

,

ãäå  - îøèáêà ñèñòåìû íà èíòåðâàëàõ ìîäåëèðîâàíèÿ,

 - ÷èñëî, ïîêàçûâàþùåå ñêîëüêî èíòåðâàëîâ ìîäåëè-

ðîâàíèÿ óêëàäûâàåòñÿ âî âðåìåíè çàòóõàíèÿ ïåðåõîä-
íûõ ïðîöåññîâ â ñèñòåìå. Ýòîò êðèòåðèé èñïîëüçóåòñÿ
íàèáîëåå ÷àñòî è ïðèãîäåí äëÿ ìîíîòîííûõ è êîëå-
áàòåëüíûõ ïåðåõîäíûõ ïðîöåññîâ. Îøèáêó ñèñòåìû
ìîæíî îïðåäåëÿòü ïðè ëþáûõ äåòåðìèíèðîâàííûõ âõîä-
íûõ âîçäåéñòâèÿõ. Íèæå äëÿ ýêâèâàëåíòíîãî ãàðìîíè-
÷åñêîãî âîçäåéñòâèÿ íà âõîäå ñèñòåìû ìîäèôèöèðîâàí-
íûì ìåòîäîì óñëîâíîé îïòèìèçàöèè Õóêà-Äæèâñà
îïðåäåëÿþòñÿ êîýôôèöèåíòû ïåðåäàòî÷íîé ôóíêöèè

öèôðîâîãî ðåãóëÿòîðà, ïðè êîòîðûõ ôóíêöèîíàë 

äîñòèãàåò ìèíèìàëüíîãî çíà÷åíèÿ. Ìåòîä Õóêà-Äæèâñà
ïîäðîáíî èçëîæåí â ðàáîòå [3].

Ðàññìîòðèì êîíêðåòíóþ ñèñòåìó ôàçîâîé àâòîïîä-
ñòðîéêè ñ ýëåêòðîííûì èíòåãðàòîðîì è ôóíêöèîíàëü-
íûìè ïðåîáðàçîâàòåëÿìè [1]. Ïåðåäàòî÷íûå ôóíêöèè
ôèëüòðà è îáúåêòà óïðàâëåíèÿ ñîîòâåòñòâåííî îïðåäåëÿ-

þòñÿ êàê

; .

Òàêèì îáðàçîì, ïåðåäàòî÷íàÿ ôóíêöèÿ íåïðåðûâíîé
÷àñòè ñèñòåìû îïðåäåëÿåòñÿ êàê

.

Äëÿ òàêîé ïåðåäàòî÷íîé ôóíêöèè íåïðåðûâíîé ÷àñòè
ñèñòåìû ïåðåäàòî÷íàÿ ôóíêöèÿ öèôðîâîãî ðåãóëÿòîðà
çàïèñûâàåòñÿ â âèäå [3]

.

Çàäàäèì ïàðàìåòðû íåïðåðûâíîé ÷àñòè ñèñòåìû:

; . Øàã êâàíòîâàíèÿ â

öèôðîâîì ðåãóëÿòîðå ñ. Øàã ìîäåëèðîâàíèÿ

c. Îïòèìèçèðóåì êîýôôèöèåíòû ïå-

ðåäàòî÷íîé ôóíêöèè öèôðîâîãî ðåãóëÿòîðà äëÿ
ýêâèâàëåíòíîãî ãàðìîíè÷åñêîãî âõîäíîãî âîçäåéñòâèÿ

.

Ïðè ìîäåëèðîâàíèè íåïðåðûâíûõ ÷àñòåé ñèñòåìû
ðèñ.1,â èñïîëüçóåì ðåêóððåíòíûå ôîðìóëû ïî ìåòîäó
òðàïåöèé. Òàê, äëÿ èíòåãðèðóþùåãî è àïåðèîäè÷åñêîãî
çâåíüåâ ñîîòâåòñòâåííî èìååì:

;

,

ãäå  - âõîäíàÿ,  - âûõîäíàÿ âåëè÷èíû çâåíüåâ,  -

ïàðàìåòð àïåðèîäè÷åñêîãî çâåíà.
Ðàçíîñòíîå óðàâíåíèå öèôðîâîãî ðåãóëÿòîðà:

,

ãäå .

Îòìåòèì, ÷òî âðåìåííîé ïàðàìåòð  ìåíÿåòñÿ ÷åðåç øàã

êâàíòîâàíèÿ c, à âðåìåííîé ïàðàìåòð   ìåíÿ-

åòñÿ ÷åðåç øàã ìîäåëèðîâàíèÿ c.

Â ðåçóëüòàòå ðåøåíèÿ îïòèìèçàöèîííîé ïðîãðàììû

ïðè  (âðåìÿ íàáëþäåíèÿ 0,6ñ) ïîëó÷àåì ñëåäó-

þùèå çíà÷åíèÿ êîýôôèöèåíòîâ ïåðåäàòî÷íîé ôóíêöèè

öèôðîâîãî ðåãóëÿòîðà: ; ; .

Òàêèì îáðàçîì, ïåðåäàòî÷íàÿ ôóíêöèÿ öèôðîâîãî
ðåãóëÿòîðà îïðåäåëÿåòñÿ êàê

ωmax

εmax

uý t( ) =

uýmax ωýtsin=

uý maxωý ωmax=

uý maxωý
2 εmax=

θmax ωmax Kω⁄= θmax εmax Kε⁄=

Kω

Kε

θmax

ωmax

εmax

uý t( ) uý max ωýtsin=

J θn
2

n 0=

M

∑=

θn

M

J

GΦ s( )
Kdb

s b+
-----------= G0 s( )

α0

s
------=

G s( ) G0 s( )GΦ s( ) α
s s b+( )
-------------------= =

W z( )
b0z b1+
z a1+

---------------------=

b 1 0 016 c 1–,⁄= α 6250 c 2–=

h 0 02,=

h0 0 05h, 0 001,= =

uý t( ) 12 5t,sin=

xn xn 1–
h0

2
----- un un 1–+( )+=

xn

2 bh0–
2 bh0+
-------------------xn 1–

h0

2 bh0+
------------------- un un 1–+( )+=

u x b

m k( ) biθ k i–( )

i 0=

1

∑ a1m k 1–( )–=

θ k( ) u1 k( ) u2 k( )–=

k

h 0 02,=

h0 0 05h, 0 001,= =

M 600=

b0 2 87,= b1 0 4,= a1 0 75,=
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.

Íà ðèñ.2 èçîáðàæåíû âõîäíîå âîçäåéñòâèå è âûõîä
(à) ñèñòåìû ôàçîâîé àâòîïîäñòðîéêè ñ ýëåêòðîííûì
èíòåãðàòîðîì è öèôðîâûì ðåãóëÿòîðîì ñ ðàññ÷èòàííîé

ïåðåäàòî÷íîé ôóíêöèåé, îøèáêà ñèñòåìû  (á) è

óïðàâëÿþùåå âîçäåéñòâèå íà âõîäå îáúåêòà óïðàâëåíèÿ

 (â). Ñèñòåìà ÿâëÿåòñÿ îïòèìàëüíîé â ñìûñëå óêàçàí-

íîãî êðèòåðèÿ äëÿ ðàññìîòðåííîãî ãàðìîíè÷åñêîãî âîç-

äåéñòâèÿ ñ ÷àñòîòîé . 

ÇÀÊËÞ×ÅÍÈÅ

Èçëîæåííûé ïîäõîä ê ðàñ÷åòó êîýôôèöèåíòîâ ïåðå-
äàòî÷íîé ôóíêöèè öèôðîâîãî ðåãóëÿòîðà ÿâëÿåòñÿ
äîñòàòî÷íî ïðîñòûì, óíèâåðñàëüíûì è ãèáêèì. Åñëè
öèôðîâîé ðåãóëÿòîð âûïîëíÿåòñÿ íà ìèêðîïðîöåññîðå,
òî ìîæíî ïðîèçâåñòè ðàñ÷åò êîýôôèöèåíòîâ äëÿ
ñòóïåí÷àòîãî âõîäíîãî âîçäåéñòâèÿ è ïðîèçâîëüíîãî
âõîäíîãî âîçäåéñòâèÿ è îðãàíèçîâàòü àâòîìàòè÷åñêîå
ïåðåêëþ÷åíèå èç ðåæèìà îòðàáîòêè ñêà÷êîîáðàçíîãî
âîçäåéñòâèÿ â ðåæèì ñëåæåíèÿ çà ïðîèçâîëüíûì
âõîäíûì âîçäåéñòâèåì, è íàîáîðîò. Öèôðîâîé ðåãóëÿòîð
áóäåò ïðè ýòîì èìåòü ïîñòîÿííóþ ñòðóêòóðó, íî ðàçíûå
êîýôôèöèåíòû, ñîîòâåòñòâóþùèå êàæäîìó ðåæèìó. 

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Çàéöåâ Ã.Ô., Ñòåêëîâ Â.Ê. Ðàäèîòåõíè÷åñêèå ñèñòåìû àâòî-
ìàòè÷åñêîãî óïðàâëåíèÿ âûñîêîé òî÷íîñòè. - Ê.: Òåõíèêà,
1988. - 208 ñ.

2. Áåñåêåðñêèé È.À. Äèíàìè÷åñêèé ñèíòåç ñèñòåì àâòîìàòè÷å-
ñêîãî ðåãóëèðîâàíèÿ. - Ì.: Íàóêà, 1970. - 576 ñ.

Ðèñóíîê 2

3. Ãîñòåâ Â.È., Ñòåêëîâ Â.Ê., Ñêëÿðåíêî Ñ.Í. Îïòèìàëüíûå
ñèñòåìû óïðàâëåíèÿ ñ öèôðîâûìè ðåãóëÿòîðàìè: Ñïðàâ. -
Ê.: ÊÈÐÖ "Ñåíñ", 1995. - 484 ñ.

                Íàä³éøëà 16.12.1999
Ï³ñëÿ äîðîáêè 14.03.2000

ÓÄÊ 621.372.8.01
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Ë. Ì. Êàðïóêîâ

Ïðåäëîæåíà ýëåìåíòíàÿ áàçà äëÿ ïîñòðîåíèÿ äåêîìïîçèöè-
îííûõ ñõåì, ìîäåëèðóþùèõ ñòðóêòóðó ìíîãîñëîéíûõ àíèçî-
òðîïíûõ ïîäëîæåê â çàäà÷àõ êâàçèñòàòè÷åñêîãî àíàëèçà ïîëî-
ñêîâûõ ëèíèé ïåðåäà÷è. Ðàçðàáîòàí ìåòîä ðàñ÷¸òà ôóíêöèé
Ãðèíà ïî äåêîìïîçèöèîííûì ñõåìàì èññëåäóåìûõ ñòðóêòóð.
Ïðèâåäåíû ïðèìåðû àíàëèçà ïîëîñêîâûõ ëèíèé ïåðåäà÷è ñ
ó÷¸òîì àíèçîòðîïíûõ ñâîéñòâ ìíîãîñëîéíûõ ïîäëîæåê.

Çàïðîïîíîâàíî åëåìåíòíó áàçó äëÿ ïîáóäîâè äåêîìïîçèö³é-
íèõ ñõåì, ùî ìîäåëþþòü ñòðóêòóðó áàãàòîøàðîâèõ àí³çî-
òðîïíèõ ï³äêëàäîê ó çàäà÷àõ êâàç³ñòàòè÷íîãî àíàë³çó ñìóæ-
êîâèõ ë³í³é ïåðåäà÷³. Ðîçðîáëåíî ìåòîä ðîçðàõóíêó ôóíêö³é
Ãð³íà çà äåêîìïîçèö³éíèìè ñõåìàìè äîñë³äæóâàíèõ ñòðóêòóð.
Ïðèâåäåíî ïðèêëàäè àíàë³çó ñìóæêîâèõ ë³í³é ïåðåäà÷³ ç
óðàõóâàííÿì àí³çîòðîïíèõ âëàñòèâîñòåé áàãàòîøàðîâèõ

ï³äêëàäîê.

The elementary base for building decomposition schemes which
model the structure of the multilayered anisotropic substrates in
the problems of quasistatic analysis of strip lines is proposed.
The method of counting the Green's functions by using the decom-
position schemes of the investigated structures is developed.
Examples of the strip lines analysis taking into account the
anisotropic properties of multilayered substrates are given.

ÂÂÅÄÅÍÈÅ

Ïðè êîíñòðóèðîâàíèè ñîâðåìåííûõ èíòåãðàëüíûõ
ñõåì ÑÂ× øèðîêî èñïîëüçóþòñÿ ìíîãîñëîéíûå êîìáè-

W z( ) 2 87z 0 4,+,
z 0 75,+

-------------------------------=

θ

mv

ωý 12 5,=
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ÌÍÎÃÎÑËÎÉÍÎÉ ÀÍÈÇÎÒÐÎÏÍÎÉ ÑÐÅÄÅ

íèðîâàííûå ïîäëîæêè ñ ðàñïîëîæåíèåì òîêîíåñóùèõ
ïðîâîäíèêîâ ëèíèé ïåðåäà÷ â ðàçëè÷íûõ å¸ ñëîÿõ,
ìàòåðèàë êîòîðûõ ìîæåò îòëè÷àòüñÿ ôèçè÷åñêèìè
ñâîéñòâàìè è ñòåïåíüþ èõ àíèçîòðîïèè. Ýôôåêòèâíîñòü
ïðîåêòèðîâàíèÿ óêàçàííûõ êîíñòðóêöèé îïðåäåëÿåòñÿ
êà÷åñòâîì àëãîðèòìîâ, èñïîëüçóåìûõ äëÿ ìîäåëèðî-
âàíèÿ ïëîñêîñëîèñòîé àíèçîòðîïíîé ñðåäû.

Â êâàçèñòàòè÷åñêîì ïðèáëèæåíèè çàäà÷à ìîäåëèðîâà-
íèÿ ïîëîñêîâûõ ëèíèé ïåðåäà÷è ôîðìóëèðóåòñÿ â âèäå
êðàåâîé çàäà÷è ýëåêòðîñòàòèêè. Å¸ ðåøåíèå â ñëó÷àå
àíàëèçà ëèíèè íà îäíîñëîéíîé àíèçîòðîïíîé ïîäëîæêå
âûïîëíÿëîñü ðàçëè÷íûìè ìåòîäàìè: êîíå÷íûõ ðàçíîñòåé
[1], ìîìåíòîâ [2], êîíå÷íûõ ýëåìåíòîâ [3], ïðåîáðàçî-
âàíèÿ êîîðäèíàò [4]. Ñðåäè ïåðå÷èñëåííûõ ìåòîäîâ
íàèáîëåå ïîëíî òðåáîâàíèþ ïîñòðîåíèÿ óíèâåðñàëüíûõ
àëãîðèòìîâ, îáåñïå÷èâàþùèõ àíàëèç ïîëîñêîâûõ ëèíèé
íà ìíîãîñëîéíûõ àíèçîòðîïíûõ ïîäëîæêàõ, óäîâëåòâî-
ðÿåò ìåòîä ìîìåíòîâ. Îñíîâíîé ïðîöåäóðîé ýòîãî ìåòîäà
ÿâëÿåòñÿ íàõîæäåíèå ôóíêöèè Ãðèíà ðàññìàòðèâàåìîé
êðàåâîé çàäà÷è. Â [5] ïðåäëîæåí ýôôåêòèâíûé ìåòîä
ðàñ÷¸òà ôóíêöèé Ãðèíà äëÿ ìíîãîñëîéíûõ èçîòðîïíûõ
ïîäëîæåê, êîòîðûé ïîçâîëÿåò çàìåíèòü ðåøåíèå ñëîæ-
íûõ êðàåâûõ çàäà÷ ïðîñòîé è íàãëÿäíîé ïðîöåäóðîé
ïîñòðîåíèÿ è àíàëèçà äåêîìïîçèöèîííîé ìîäåëè ñëî-
èñòîé äèýëåêòðè÷åñêîé ñðåäû. 

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ äàëüíåéøåå ðàç-
âèòèå ýòîãî ìåòîäà ñ ðàçðàáîòêîé ýëåìåíòíîé áàçû äëÿ
ïîñòðîåíèÿ äåêîìïîçèöèîííûõ ìîäåëåé ìíîãîñëîéíûõ
àíèçîòðîïíûõ äèýëåêòðè÷åñêèõ ñòðóêòóð è ñ ñîçäàíèåì
ýêîíîìè÷íûõ è ïðîñòûõ â ðåàëèçàöèè àëãîðèòìîâ
ðàñ÷¸òà ôóíêöèé Ãðèíà ïî äåêîìïîçèöèîííûì ìîäåëÿì
ñîîòâåòñòâóþùèõ êðàåâûõ çàäà÷.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Íà ðèñ.1 ïðåäñòàâëåíî ïîïåðå÷íîå ñå÷åíèå èññëåäó-
åìîé ïîëîñêîâîé ïåðåäàþùåé ëèíèè â âèäå íåñêîëüêèõ
ïëîñêèõ ïðîâîäíèêîâ, ðàñïîëîæåííûõ íà ïîâåðõíîñòè
äèýëåêòðè÷åñêèõ ïëàñòèí. Ïðîäîëüíîé îñüþ ëèíèé

ÿâëÿåòñÿ îñü . Ñâåðõó è ñíèçó ñòðóêòóðû ìîãóò

ðàñïîëàãàòüñÿ ýêðàíû. Ïëàñòèíû è ýêðàíû èìåþò

áåñêîíå÷íóþ ïðîòÿæåííîñòü âäîëü îñè .

Ïóñòü òåíçîð îòíîñèòåëüíîé äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè -é ïëàñòèíû èìååò âèä:

. (1)

Ðèñóíîê 1 - Ïîïåðå÷íîå ñå÷åíèå ïîäëîæêè

Ðàñïðåäåëåíèå ïîòåíöèàëà â ðàññìàòðèâàåìîé ñòðóê-
òóðå ïîä÷èíÿåòñÿ óðàâíåíèþ Ëàïëàññà:

. (2)

Íà ïîâåðõíîñòè ðàçäåëà -é è -é äèýëåêòðè÷åñêèõ

ïëàñòèí èìååò ìåñòî:

(3)

ãäå  - íîðìàëü ê ïîâåðõíîñòè, ñîâïàäàþùàÿ ïî íàïðàâ-

ëåíèþ ñ îñüþ .

Íåîáõîäèìî îïðåäåëèòü ïî (1) - (3) ìàòðèöû ðàññåÿ-
íèÿ òèïè÷íûõ ýëåìåíòîâ ðàññìàòðèâàåìîé ñòðóêòóðû,
ñîñòàâëÿþùèõ ýëåìåíòíóþ áàçó äëÿ ïîñòðîåíèÿ äå-
êîìïîçèöèîííûõ ìîäåëåé ìíîãîñëîéíûõ ïîäëîæåê.

ÝËÅÌÅÍÒÍÀß ÁÀÇÀ ÌÎÄÅËÈÐÎÂÀÍÈß 

Íà îñíîâàíèè (2) óðàâíåíèå äëÿ ôóíêöèè Ãðèíà
ìîäåëèðóåìîé äâóìåðíîé ñòðóêòóðû ïðè ðàñïîëîæåíèè

åäèíè÷íîãî ëèíåéíîãî çàðÿäà â -é ïëàñòèíå â òî÷êå ñ

êîîðäèíàòàìè  ïðèîáðåòàåò ñëåäóþùèé âèä:

(4)

ãäå  - ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ,  - äåëüòà-ôóíêöèÿ

Äèðàêà.
Èç (3) âûòåêàþò ãðàíè÷íûå óñëîâèÿ äëÿ ôóíêöèé

Ãðèíà íà ïîâåðõíîñòè ðàçäåëà ñðåä:

z

x

i

εi

εxxi
εxyi

0

εxyi
εyyi

0

0 0 εzzi

=

0

y

x

ε1,h1

ε2,h2

εn,hn

εn-1,hn-1

∇ εi ϕi∇⋅( )⋅ 0=

i k

n εi ϕi∇⋅ εk ϕk∇⋅–( )⋅ 0.=

ϕi ϕk,= 



n

y

i

x0 y0,

εyyi y2

2

∂
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2
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2

∂

∂ Gi+ +

1
ε0
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(5)

Ïðåîáðàçîâàíèå Ôóðüå ôóíêöèé ,  ïî êîîðäè-

íàòå  äà¸ò ïðåäñòàâëåíèå (4), (5) â ñïåêòðàëüíîé

îáëàñòè:

(6)

(7)

Çäåñü  - ïåðåìåííàÿ ïðåîáðàçîâàíèÿ Ôóðüå,  -

ìíèìàÿ åäèíèöà, , ,

. 

Ðåøåíèå îäíîðîäíîãî óðàâíåíèÿ, ñîîòâåòñòâóþùåãî
(6), çàïèøåì â âèäå ñóïåðïîçèöèè ïðÿìîé è îáðàòíîé

âîëí, ðàñïðîñòðàíÿþùèõñÿ âäîëü è ïðîòèâ îñè :

, (8)

ãäå .

Âûäåëèâ ãðàíè÷íûìè ñå÷åíèÿìè  è  â -

é ïëàñòèíå ñëîé äèýëåêòðèêà, òîëùèíîé , ïîëó÷èì íà

îñíîâàíèè (8) ñîîòíîøåíèå äëÿ ìàòðèöû ðàññåÿíèÿ
ñëîÿ:

(9)

Çäåñü è äàëåå çíàêîì ïëþñ îáîçíà÷åíû àìïëèòóäû
âîëí, ïàäàþùèõ íà ãðàíè÷íîå ñå÷åíèå, à çíàêîì ìèíóñ -
îòðàæåííûå îò íåãî.

Äëÿ âûäåëåííîé ãðàíè÷íûìè ñå÷åíèÿìè 

è  ïîâåðõíîñòè  ðàçäåëà -ãî è -ãî

äèýëåêòðèêîâ, â ñîîòâåòñòâèè ñ (7), (8) áóäåò èìåòü
ìåñòî:

(10)

Çäåñü  - êîýôôèöèåíò îò-

ðàæåíèÿ îò ñëîÿ; , .

Â ñå÷åíèè , ãäå ðàñïîëîæåí èñòî÷íèê ïîëÿ,

ãðàíè÷íûå óñëîâèÿ â ñîîòâåòñòâèè ñ (6), (7) ïðèîá-
ðåòàþò ñëåäóþùèé âèä:

(11)

Îòñþäà ñ ó÷¸òîì (8) âûòåêàþò ñîîòíîøåíèÿ, îïðåäå-

ëÿþùèå îòíîñèòåëüíî ãðàíè÷íûõ ñå÷åíèé  è

ìàòðèöó ðàññåÿíèÿ èñòî÷íèêà ïîëÿ:

(12)

ãäå  - Ôóðüå-èçîáðàæåíèå èñ-

òî÷íèêà.

ÌÎÄÅËÜ ÎÄÍÎÑËÎÉÍÎÉ ÑÒÐÓÊÒÓÐÛ

Â ñïåêòðàëüíîé îáëàñòè ôóíêöèÿ Ãðèíà îïðåäåëÿåòñÿ
â ðåçóëüòàòå àíàëèçà äåêîìïîçèöèîííîé ñõåìû ìîäåëè-
ðóåìîé ñòðóêòóðû, ñîñòàâëÿåìîé èç áàçîâûõ ýëåìåíòîâ.
Ïðè ýòîì äëÿ ïðîñòûõ ñòðóêòóð êîýôôèöèåíòû ïåðå-
äà÷è, õàðàêòåðèçóþùèå ôóíêöèè Ãðèíà, óäîáíî îïðåäå-
ëÿòü ïî îðèåíòèðîâàííîìó ãðàôó äåêîìïîçèöèîííîé
ñõåìû. Äëÿ ïðèìåðà íà ðèñ. 2 ïðèâåä¸í îðèåíòè-
ðîâàííûé ãðàô äåêîìïîçèöèîííîé ñõåìû äèýëåêòðè-
÷åñêîé ïëàñòèíû èç àíèçîòðîïíîãî ìàòåðèàëà (îáëàñòü

1). Ïëàñòèíà, èìåþùàÿ òîëùèíó , ðàñïîëîæåíà â ñâî-

áîäíîì ïðîñòðàíñòâå (îáëàñòü 2, ). Íèæíÿÿ ïî-

âåðõíîñòü ïëàñòèíû ìåòàëëèçèðîâàíà. Â òî÷êå ñ êîîðäè-

íàòàìè  ðàñïîëîæåí åäèíè÷íûé çàðÿä. Òî÷êè ñ

êîîðäèíàòàìè  è  ÿâëÿþòñÿ òî÷êàìè

íàáëþäåíèÿ. 
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à)                                      á)

Ðèñóíîê 2 - Ìîäåëü îäíîñëîéíîé ïîäëîæêè:                 
à) ñòðóêòóðà ïîäëîæêè, á) îðèåíòèðîâàííûé ãðàô å¸ 

äåêîìïîçèöèîííîé ñõåìû

Èç àíàëèçà ãðàôà âûòåêàþò ñîîòíîøåíèÿ äëÿ ôóðüå-
èçîáðàæåíèÿ ôóíêöèé Ãðèíà â îáëàñòè 1 è 2:

(13)

(14)

Îðèãèíàëû äëÿ ôóíêöèé Ãðèíà ìîãóò áûòü ïîëó÷åíû â
ðåçóëüòàòå ðàçëîæåíèÿ çíàìåíàòåëÿ ýòèõ ñîîòíîøåíèé â
ãåîìåòðè÷åñêóþ ïðîãðåññèþ ñ ïîñëåäóþùèì ïðèìåíåíè-
åì îáðàòíîãî ïðåîáðàçîâàíèÿ Ôóðüå ê ÷ëåíàì îáðàçóþ-
ùåãîñÿ ðÿäà. Ñâÿçü ìåæäó èçîáðàæåíèåì íåêîòîðîãî
÷ëåíà ðÿäà è åãî îðèãèíàëîì èìååò âèä:

(15)

ãäå ,

.

Âûïîëíèâ óêàçàííûå ïðåîáðàçîâàíèÿ ñ ñîîòíîøåíè-
ÿìè (13), (14), ïîëó÷èì èñêîìûå çàâèñèìîñòè äëÿ
îðèãèíàëîâ:

(16)

(17)

ãäå , .

Îòìåòèì, ÷òî ïðè  ýòè çàâèñèìîñòè ñîâïà-

äàþò ñ ñîîòíîøåíèåì, ïðèâåäåííûì â [6].

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÌÍÎÃÎÑËÎÉÍÛÕ 
ÑÒÐÓÊÒÓÐ

Äëÿ àëãîðèòìèçàöèè ïðîöåññà âû÷èñëåíèÿ ôóíêöèé
Ãðèíà ïðåäñòàâèì ìàòåìàòè÷åñêóþ ìîäåëü äåêîìïîçèöè-

îííîé ñõåìû -ñëîéíîé ñòðóêòóðû ñëåäóþùèì îáðàçîì:

, (18)

(19)

Çäåñü ,  - âåêòîðû, ñîñòàâëåííûå èç

àìïëèòóä îòðàæåííûõ è ïàäàþùèõ âîëí â ãðàíè÷íûõ
ñå÷åíèÿõ, ñîâïàäàþùèõ ñ ïîâåðõíîñòüþ ðàçäåëà ñëî¸â;

 - áëî÷íî-äèàãîíàëüíàÿ

ìàòðèöà, ñîñòàâëåííàÿ èç ìàòðèö ðàññåÿíèÿ ðàçäåëîâ

ñëî¸â, îïðåäåëÿåìûõ ïî (10); 

 - äèàãîíàëüíàÿ ìàòðèöà, ñîñòàâëåííàÿ

ïî (9) èç êîýôôèöèåíòîâ ïåðåäà÷è ñëî¸â, ; 

- ìàòðèöà ïåðåñòàíîâîê, ñîñòîÿùàÿ èç íóëåé è åäèíèö è
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õàðàêòåðèçóþùàÿ ñâÿçè ìåæäó àìïëèòóäàìè ïàäàþùèõ

è îòðàæåííûõ âîëí;  - âåêòîð, ñîñòàâëÿåìûé â ñî-

îòâåòñòâèè ñ (12) èç ôóðüå-èçîáðàæåíèé èñòî÷íèêîâ ,

ââîäèìûõ â -òîå ãðàíè÷íîå ñå÷åíèå;  - âåêòîð

èñêîìûõ ðåàêöèé, ñîâïàäàþùèõ ñ èçîáðàæåíèÿìè ôóíê-

öèé Ãðèíà;  - åäèíè÷íàÿ ìàòðèöà.

Â ñîîòâåòñòâèè ñ [5] äëÿ íàõîæäåíèÿ îðèãèíàëîâ

ôóíêöèé Ãðèíà ââåä¸ì øàã ðàñ÷¸òà , êðàòíûé ýêâèâà-

ëåíòíûì òîëùèíàì  ñëî¸â. Óìíîæèì îáå ÷àñòè (18)

íà  è ïåðåéäåì â (18), (19) îò ôóðüå-

èçîáðàæåíèé ïåðåìåííûõ ê îðèãèíàëàì. Â ðåçóëüòàòå
ïîëó÷èì:

, (20)

. (21)

Çäåñü , , 

,  - ÷èñëî øàãîâ , óêëàäûâàþùååñÿ

ïî øèðèíå  -ãî ñëîÿ,  - çíàê òðàíñïîíèðîâàíèÿ. 

Ýëåìåíòû âåêòîðà  â ñîîòâåòñòâèè ñ (12), (15)

çàïèñûâàþòñÿ â âèäå:

. (22)

Ñîîòíîøåíèå (20) ïðåäñòàâëÿåò ñîáîé ðåêóððåíòíóþ
ôîðìóëó. Äëÿ íà÷àëà âû÷èñëåíèé èñïîëüçóåòñÿ óñëîâèå
äëÿ ïîòåíöèàëà íà áåñêîíå÷íîñòè:

, . (23)

Èñêîìàÿ ôóíêöèÿ Ãðèíà â ñîîòâåòñòâèè ñ (21) îïðåäå-

ëÿåòñÿ ïî âåêòîðó , ïîëó÷àåìîìó íà ïîñëåäíåì

øàãå ðàñ÷¸òà, è ïî ïðåäøåñòâóþùèì çíà÷åíèÿì ýòîãî
âåêòîðà.

Åñëè ðàñ÷ëåíèòü ñëîè âñïîìîãàòåëüíûìè ãðàíè÷íûìè

ñå÷åíèÿìè íà îòðåçêè äëèíîé  è äîïîëíèòü óðàâíåíèÿ

(18), (19) ïåðåìåííûìè, îòíîñÿùèìèñÿ ê âñïîìîãàòåëü-
íûì ñå÷åíèÿì, òî ñîîòíîøåíèÿ (20), (21) ïðèîáðåòóò
íàèáîëåå ïðîñòîé âèä:

, (24)

. (25)

Âû÷èñëåíèÿ ïî ýòèì ôîðìóëàì ìîãóò áûòü ïðåäñòàâ-
ëåíû â ÿâíîé ôîðìå:

. (26)

Ñîñòàâëåíèå ôîðìóë âèäà (20) èëè (26) ïî äåêîìïî-
çèöèîííûì ñõåìàì àíàëèçèðóåìûõ ñòðóêòóð íå âûçûâàåò
çàòðóäíåíèé. Íàïðèìåð, ïðè âîçáóæäåíèè ãðàíèöû ðàç-

äåëà  îäíîñëîéíîé ñòðóêòóðû íà ðèñ.2, à è øàãå

ðàñ÷¸òà  ôóíêöèÿ Ãðèíà 

îïðåäåëÿåòñÿ ôîðìóëîé:

(27)

ãäå , .

×ÈÑËÅÍÍÛÅ ÐÅÇÓËÜÒÀÒÛ

Ðàñ÷¸ò õàðàêòåðèñòèê ïîëîñêîâûõ ëèíèé ïåðåäà÷è
ïðîèçâîäèòñÿ ïî ðåçóëüòàòàì ðåøåíèÿ èíòåãðàëüíîãî
óðàâíåíèÿ 

, (28)

ãäå  - èñêîìîå ðàñïðåäåëåíèå çàðÿäà íà ïîâåðõ-

íîñòè  ïðîâîäíèêîâ,  - çàäàííîå çíà÷åíèå ïî-

òåíöèàëà íà ïðîâîäíèêàõ.
Äëÿ ðåøåíèÿ èñïîëüçîâàëñÿ ìåòîä ìîìåíòîâ ñ

áàçèñîì â âèäå êóñî÷íî-ïîñòîÿííûõ ôóíêöèé. Ôóíêöèè
Ãðèíà ðàññ÷èòûâàëèñü ïî ñîîòíîøåíèÿì (20), (21), íå-
êðàòíîñòü òîëùèí ñëî¸â øàãó ðàñ÷¸òà ó÷èòûâàëàñü ñ
ïîìîùüþ ëèíåéíîé èíòåðïîëÿöèè. Ïî ðàñïðåäåëåíèþ
çàðÿäîâ îïðåäåëÿëèñü ïîãîííûå ¸ìêîñòè, à çàòåì ïî
èçâåñòíûì ñîîòíîøåíèÿì âû÷èñëÿëèñü âîëíîâûå ñîïðî-

òèâëåíèÿ  è ýôôåêòèâíûå äèýëåêòðè÷åñêèå ïðîíèöà-

åìîñòè  ëèíèé ïåðåäà÷è.

Â êà÷åñòâå ïðèìåðà âûïîëíåí ðàñ÷¸ò ýôôåêòèâíîé
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ìèêðîïîëîñêîâîé ëèíèè
íà êîìáèíèðîâàííîé ïîäëîæêå, ñòðóêòóðû êîòîðîé
ïðåäñòàâëåíû íà ðèñ. 3. Ñëîè ïîäëîæêè ñîñòàâëÿëèñü èç
èçîòðîïíîãî äèýëåêòðèêà ñ îòíîñèòåëüíîé ïðîíèöàåìî-

ñòüþ , à òàêæå èç ñàïôèðà ñ ïðîíèöàåìîñòÿìè:

  è  [2].

Íà ðèñ. 4,à ïðåäñòàâëåíû çàâèñèìîñòè  îò îòíîøå-

íèÿ øèðèíû ïîëîñêà w ê òîëùèíå  ïðè 

ìì äëÿ ëèíèè, èçîáðàæåííîé íà ðèñ. 3,à. Àíàëîãè÷íûå
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çàâèñèìîñòè äëÿ ëèíèè íà ðèñ. 3,á ïðèâåäåíû íà ðèñ.

4,á ïðè ìì è íîðìèðîâêå øèðèíû ïîëîñêà

w ê . Íà ðèñóíêàõ êðèâàÿ 1 - îáà ñëîÿ ïîä-

ëîæêè èç ñàïôèðà, êðèâàÿ 2 - ïåðâûé ñëîé èç ñàïôèðà,
âòîðîé èç èçîòðîïíîãî äèýëåêòðèêà, êðèâàÿ 3 - ïåðâûé
ñëîé èç èçîòðîïíîãî äèýëåêòðèêà, âòîðîé èç ñàïôèðà,
êðèâàÿ 4 - îáà ñëîÿ èç èçîòðîïíîãî äèýëåêòðèêà.

à)                                      á)

Ðèñóíîê 3 - Ìèêðîïîëîñêîâàÿ ëèíèÿ íà 
êîìáèíèðîâàííîé ïîäëîæêå

ÂÛÂÎÄÛ

Îñóùåñòâëåíà àëãîðèòìèçàöèÿ âû÷èñëèòåëüíîãî ïðî-
öåññà, èìåþùåãî ìåñòî ïðè àíàëèçå â êâàçèñòàòè÷åñêîì
ïðèáëèæåíèè ïîëîñêîâûõ ëèíèé ïåðåäà÷è íà ìíîãîñëîé-
íîé êîìáèíèðîâàííîé ïîäëîæêå, ñîäåðæàùåé àíèçîòðîï-
íûå ñëîè. Ñ èñïîëüçîâàíèåì ïðèíöèïà äåêîìïîçèöèè
ñëîæíûå êðàåâûå çàäà÷è ïî ðàñ÷¸òó ðàñïðåäåëåíèÿ
ïîòåíöèàëà â ñëîèñòîé àíèçîòðîïíîé ñðåäå ïðåäñòàâëåíû
â âèäå ïðîñòîé è ëåãêî ôîðìàëèçóåìîé ïðîöåäóðû
àíàëèçà äåêîìïîçèöèîííûõ ñõåì. 

Ðàçðàáîòàííàÿ ýëåìåíòíàÿ áàçà äëÿ ïîñòðîåíèÿ
äåêîìïîçèöèîííûõ ñõåì ìíîãîñëîéíûõ ïîäëîæåê è
àëãîðèòìû ðàñ÷¸òà ôóíêöèé Ãðèíà ïîçâîëÿò ðàñøèðèòü
âîçìîæíîñòè è ïîâûñèòü ýôôåêòèâíîñòü ñóùåñòâóþùèõ
ìàòåìàòè÷åñêèõ ñðåäñòâ êâàçèñòàòè÷åñêîãî ìîäåëèðîâà-
íèÿ â ñèñòåìàõ àâòîìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ
ìèêðîýëåêòðîííûõ óñòðîéñòâ ÑÂ×.

à)

á)

Ðèñóíîê 4 - Çàâèñèìîñòü ýôôåêòèâíîé 
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè îò îòíîøåíèÿ w/h: 

à) äëÿ ëèíèè íà ðèñ. 3,à; á) äëÿ ëèíèè íà ðèñ. 3,á
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ÎÖÅÍÊÀ ÄÎÑÒÎÂÅÐÍÎÑÒÈ ÄÎÏÓÑÊÎÂÎÃÎ ÊÎÍÒÐÎËß

Ê. Í. Êàñüÿí

Ðàññìàòðèâàþòñÿ îöåíêè êà÷åñòâà îïðåäåëåíèÿ òåõíè÷å-
ñêîãî ñîñòîÿíèÿ îáúåêòà ïîñðåäñòâîì äîïóñêîâîãî êîíòðîëÿ ñ
èñïîëüçîâàíèåì ìåòîäîâ òåîðèè âåðîÿòíîñòè è ìàòåìàòè-
÷åñêîé ñòàòèñòèêè.

Ðîçãëÿäàþòüñÿ îö³íêè ÿêîñò³ âèçíà÷åííÿ òåõí³÷íîãî ñòàíó
îá'ºêòó øëÿõîì äîïóñêîâîãî êîíòðîëþ ç âèêîðèñòàííÿì
ìåòîä³â òåîð³¿ ³ìîâ³ðíîñò³ ³ ìàòåìàòè÷íî¿ ñòàòèñòèêè.

The evaluations of quality of definition of availability index
of product of the object by means of diagnostic control with use
of methods of a probability theory and mathematical statistics
are considered.

Îñíîâíûì êðèòåðèåì îöåíêè êà÷åñòâà äîïóñêîâîãî
êîíòðîëÿ ÿâëÿåòñÿ åãî äîñòîâåðíîñòü. Äîñòîâåðíîñòü
êîíòðîëÿ - ýòî ïîêàçàòåëü ñòåïåíè îáúåêòèâíîãî îòîáðà-
æåíèÿ ðåçóëüòàòàìè êîíòðîëÿ äåéñòâèòåëüíîãî òåõíè÷å-
ñêîãî ñîñòîÿíèÿ îáúåêòà êîíòðîëÿ [1].

Äëÿ äîïóñêîâîãî êîíòðîëÿ îáúåêò êîíòðîëÿ ìîæåò
íàõîäèòüñÿ â äâóõ ñîñòîÿíèÿõ: èñïðàâíîì (èñ) ñ âåðîÿò-

íîñòüþ  è íåèñïðàâíîì (íñ) ñ âåðîÿòíîñòüþ 

(ðè-ñóíîê 1).

Ðèñóíîê 1 - Äèàãðàììà ôîðìèðîâàíèÿ ðåçóëüòàòîâ 
äîïóñêîâîãî êîíòðîëÿ

Ïî ðåçóëüòàòàì êîíòðîëÿ ïðîâîäèòñÿ îöåíêà "ãîäåí"
èëè "íåãîäåí" êîíòðîëèðóåìîãî ïàðàìåòðà, îïðåäåëÿþ-
ùåãî òåõíè÷åñêîå ñîñòîÿíèå îáúåêòà êîíòðîëÿ "èñïðà-
âåí" èëè "íåèñïðàâåí". Â ðåçóëüòàòå ïîÿâëåíèÿ âîçìîæ-
íûõ îøèáîê ðåçóëüòàòîâ êîíòðîëÿ òèïà "ëîæíûé îòêàç"

ñ âåðîÿòíîñòüþ  è "íåîáíàðóæåííûé îòêàç" ñ âåðîÿòíî-

ñòüþ  ïîëíûå âåðîÿòíîñòè ïðàâèëüíûõ ðåçóëüòàòîâ

êîíòðîëÿ áóäóò ñîîòâåòñòâîâàòü:
- îöåíêà "ãîäåí" ïî ðåçóëüòàòàì êîíòðîëÿ ñîîòâåòñòâó-

åò èñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà êîíòðî-

ëÿ ñ ïîëíîé âåðîÿòíîñòüþ ;

- îöåíêà "ãîäåí" ïî ðåçóëüòàòàì êîíòðîëÿ ñîîòâåòñòâó-
åò íåèñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà êîí-

òðîëÿ ñ âåðîÿòíîñòüþ ;

- îöåíêà "íåãîäåí" ïî ðåçóëüòàòàì êîíòðîëÿ ñîîòâåò-
ñòâóåò èñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà êîí-

òðîëÿ ñ âåðîÿòíîñòüþ ;

- îöåíêà "íåãîäåí" ïî ðåçóëüòàòàì êîíòðîëÿ ñîîòâåò-
ñòâóåò íåèñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà

êîíòðîëÿ ñ ïîëíîé âåðîÿòíîñòüþ .

Äëÿ êîëè÷åñòâåííîé îöåíêè äîñòîâåðíîñòè äîïóñêî-
âîãî êîíòðîëÿ ïðèìåíÿåòñÿ êðèòåðèé óñëîâíîé âåðîÿò-
íîñòè Áåéåñà [2], ñîîòâåòñòâóþùèé îòíîøåíèþ èñêîìîé
âåðîÿòíîñòè ê ïîëíîé âåðîÿòíîñòè ïîëó÷åíèÿ ñîîòâåò-
ñòâóþùåé èíôîðìàöèè:

- ïðè ñîîòâåòñòâèè îöåíêè "ãîäåí" (ã) êîíòðîëèðóå-
ìîãî ïàðàìåòðà èñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ
îáúåêòà êîíòðîëÿ

; (1)

- ïðè ñîîòâåòñòâèè îöåíêè "íåãîäåí" (íã) êîíòðîëèðó-
åìîãî ïàðàìåòðà íåèñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ
îáúåêòà êîíòðîëÿ

. (2)

Òåîðåòè÷åñêèé àíàëèç óðàâíåíèé (1) è (2) ïîêàçû-
âàåò, ÷òî ïðè ïîâûøåíèè íàäåæíîñòè îáúåêòà êîíòðîëÿ,

ò.å. âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû , è ïðè óìåíü-

øåíèè âåðîÿòíîñòåé ïîÿâëåíèÿ îøèáîê  è  êðèòåðèé

óñëîâíîé âåðîÿòíîñòè ñîîòâåòñòâèÿ îöåíêè "ãîäåí"
èñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà êîíòðîëÿ
çíà÷èòåëüíî áûñòðåå ïðèáëèæàåòñÿ ê åäèíèöå

, ÷åì êðèòåðèé óñëîâíîé âåðîÿòíîñòè ñîîò-

âåòñòâèÿ îöåíêè "íåãîäåí" íåèñïðàâíîìó òåõíè÷åñêîìó
ñîñòîÿíèþ îáúåêòà êîíòðîëÿ. Ýòî îáúÿñíÿåòñÿ ñîîòíîøå-

íèÿìè çíà÷åíèé  è  â çíàìåíàòåëÿõ

óðàâíåíèé (1) è (2).

Ïðè çàäàííûõ çíà÷åíèÿõ  âåðîÿòíîñòü 

îïðåäåëÿåòñÿ â îñíîâíîì çíà÷åíèåì , à âåðîÿòíîñòü

 îïðåäåëÿåòñÿ â îñíîâíîì çíà÷åíèåì  (ïðè

óñëîâèè ñîèçìåðèìîñòè çíà÷åíèé  è ). Ïðè ìíîãî-

Pèñ Qíñ

α           α           α           α            Qнс −  −  −  −  ββββPис − − − − α            α            α            α             ββββ
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êðàòíîì ïîâòîðåíèè îïåðàöèé êîíòðîëÿ îäíîãî è òîãî æå

ïàðàìåòðà , ÷òî ñ òî÷êè çðåíèÿ òåîðèè íàäåæíîñòè

ñîîòâåòñòâóåò ïàðàëëåëüíîé ñòðóêòóðå îáúåêòà êîíòðîëÿ,
äîñòîâåðíîñòü ïîëó÷åííîãî ðåçóëüòàòà çíà÷èòåëüíî ïî-
âûøàåòñÿ è ìîæåò áûòü îïðåäåëåíà ïî óðàâíåíèÿì

; (3)

, (4)

ãäå  - êîëè÷åñòâî îïåðàöèé êîíòðîëÿ ïàðàìåòðà .

Îêîí÷àòåëüíàÿ îöåíêà òåõíè÷åñêîãî ñîñòîÿíèÿ îáúåê-
òà êîíòðîëÿ ïðîâîäèòñÿ ïî ðåçóëüòàòàì ìíîãîïàðàìåò-

ðè÷åñêîãî äîïóñêîâîãî êîíòðîëÿ íåñêîëüêèõ  ïàðàìåò-

ðîâ , , …, , îïðåäåëÿþùèõ ôóíêöèîíàëüíóþ ðà-

áîòîñïîñîáíîñòü îáúåêòà êîíòðîëÿ. Òàêàÿ ñòðóêòóðà îáú-
åêòà êîíòðîëÿ ñ òî÷êè çðåíèÿ òåîðèè íàäåæíîñòè
ÿâëÿåòñÿ ïîñëåäîâàòåëüíîé.

Îáùèé ðåçóëüòàò "ãîäåí" ñîâîêóïíîñòè âñåõ m êîí-

òðîëèðóåìûõ ïàðàìåòðîâ , , …,  ñîîòâåòñòâóåò

òîëüêî ïðè óñëîâèè ïîëó÷åíèÿ "ãîäåí" âñåõ m ðåçóëü-
òàòîâ êîíòðîëÿ êàæäîãî â îòäåëüíîñòè êîíòðîëèðóåìîãî
ïàðàìåòðà, ò.å. çíà÷åíèÿ âñåõ êîíòðîëèðóåìûõ ïàðàìåò-
ðîâ íàõîäÿòñÿ â ïðåäåëàõ ñîîòâåòñòâóþùèõ ïîëåé äî-
ïóñêîâ. Äîñòîâåðíîñòü äîïóñêîâîãî êîíòðîëÿ, âûðàæåí-
íàÿ ÷åðåç óñëîâíóþ îáùóþ âåðîÿòíîñòü ñîîòâåòñòâèÿ ðå-

çóëüòàòà "ãîäåí" ñîâîêóïíîñòè âñåõ  êîíòðîëèðóåìûõ

ïàðàìåòðîâ , , …,  èñïðàâíîìó òåõíè÷åñêîìó

ñîñòîÿíèþ îáúåêòà êîíòðîëÿ áóäåò ðàâíà

, (5)

ãäå  - óñëîâíàÿ âåðîÿòíîñòü ñîîòâåòñòâèÿ îöåí-

êè "ãîäåí" j-ãî êîíòðîëèðóåìîãî ïàðàìåòðà  èñïðàâ-

íîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà êîíòðîëÿ.

Îáùèé ðåçóëüòàò "íåãîäåí" ñîâîêóïíîñòè âñåõ  êîí-

òðîëèðóåìûõ ïàðàìåòðîâ , , …,  ñîîòâåòñòâóåò

ïðè óñëîâèè ïîëó÷åíèÿ ðåçóëüòàòà "íåãîäåí" ëþáîãî
îäíîãî èç êîíòðîëèðóåìûõ ïàðàìåòðîâ, ò.å. çíà÷åíèå
õîòÿ áû îäíîãî èç êîíòðîëèðóåìûõ ïàðàìåòðîâ íàõî-
äèòñÿ çà ïðåäåëàìè ñîîòâåòñòâóþùåãî ïîëÿ äîïóñêà. Â
ýòîì ñëó÷àå äîñòîâåðíîñòü äîïóñêîâîãî êîíòðîëÿ, âûðà-
æåííàÿ ÷åðåç óñëîâíóþ îáùóþ âåðîÿòíîñòü ñîîòâåòñòâèÿ
ðåçóëüòàòà "íåãîäåí" íåèñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿ-
íèþ îáúåêòà êîíòðîëÿ áóäåò îïðåäåëÿòüñÿ óðàâíåíèåì

. (6)

Ðåçóëüòàò "íåãîäåí", ïîëó÷åííûé ïðè ëþáîé ïðîâåðêå
ëþáîãî j-ãî êîíòðîëèðóåìîãî ïàðàìåòðà, ðàñïðîñòðàíÿ-
åòñÿ íà âåñü îáúåêò êîíòðîëÿ. Ñ÷èòàåòñÿ, ÷òî â îäíîì
öèêëå êîíòðîëÿ ðåçóëüòàò "íåãîäåí" ìîæåò âñòðåòèòüñÿ
òîëüêî îäèí ðàç, òàê êàê ïîñëå îáíàðóæåíèÿ ðåçóëüòàòà
"íåãîäåí" âåñü öèêë êîíòðîëÿ ïðåðûâàåòñÿ ñ öåëüþ
ïðîâåäåíèÿ àíàëèçà äëÿ ëîêàëèçàöèè è óñòðàíåíèÿ
íåèñïðàâíîñòè îáúåêòà êîíòðîëÿ. Ñ ó÷åòîì âîçìîæíîãî
ïîÿâëåíèÿ îøèáîê ïðè îïðåäåëåíèè òåõíè÷åñêîãî ñîñòî-
ÿíèÿ îáúåêòà êîíòðîëÿ öåëåñîîáðàçíî ââåñòè äîïîëíè-
òåëüíûé êîýôôèöèåíò çàïàñà, õàðàêòåðèçóåìûé âåðîÿò-

íîñòüþ  ïîâûøåíèÿ íàäåæíîñòè áåçîòêàçíîé ðàáîòû

îáúåêòà êîíòðîëÿ è âåðîÿòíîñòüþ  ìåòîäè÷åñêîé

ñîñòàâëÿþùåé äîñòîâåðíîñòè ïðèìåíÿåìîãî ìåòîäà êîí-
òðîëÿ (âåðîÿòíîñòü áåçîòêàçíîé ðàáîòû ñðåäñòâ êîí-

òðîëÿ). Ïîëíàÿ âåðîÿòíîñòü , õàðàêòåðèçóþ-

ùàÿ êîýôôèöèåíò çàïàñà äîñòîâåðíîñòè êîíòðîëÿ, áóäåò

ðàâíà    .

Íèæíèì äîïóñòèìûì ïðåäåëîì çíà÷åíèÿ äîñòîâåðíî-
ñòè äîïóñêîâîãî êîíòðîëÿ ñîîòâåòñòâèÿ ðåçóëüòàòà
"ãîäåí" èñïðàâíîìó òåõíè÷åñêîìó ñîñòîÿíèþ îáúåêòà
êîíòðîëÿ óñòàíàâëèâàåòñÿ çàäàííîå çíà÷åíèå âåðîÿòíî-

ñòè  áåçîòêàçíîé ðàáîòû îáúåêòà êîíòðîëÿ, êîòîðîå

óêàçûâàåòñÿ â òåõíè÷åñêîì çàäàíèè íà ðàçðàáîòêó îáú-
åêòà êîíòðîëÿ. Äëÿ îáåñïå÷åíèÿ âûñîêîãî êà÷åñòâà
äîïóñêîâîãî êîíòðîëÿ ðåçóëüòèðóþùåå çíà÷åíèå äîñòî-
âåðíîñòè äîïóñêîâîãî êîíòðîëÿ íå äîëæíî áûòü ìåíüøå
íèæíåãî äîïóñòèìîãî ïðåäåëà

. (7)

Â ïðîòèâíîì ñëó÷àå íåöåëåñîîáðàçíî ïðîâîäèòü
äîïóñêîâûé êîíòðîëü, òàê êàê ïî ðåçóëüòàòàì äî-

ïóñêîâîãî êîíòðîëÿ ñ äîñòîâåðíîñòüþ íèæå ÷åì 

èíôîðìàöèÿ î òåõíè÷åñêîì ñîñòîÿíèè îáúåêòà êîíòðîëÿ
áóäåò îøèáî÷íîé.

Çàâèñèìîñòü ïàðàìåòðîâ , ,  ìîæíî

ïðåäñòàâèòü â âèäå

, (8)

, (9)

ãäå  ìîæåò èçìåíÿòüñÿ â äèàïàçîíå

.

q

Pn ã/èñ( ) 1 1 Pi ã/èñ( )–[ ]n–=

Pn íã/íñ( ) 1 1 Pi íã/íñ( )–[ ]n–=

n q

m

q1 q2 qm

q1 q2 qm

m

q1 q2 qm

Pm ã/èñ( )

Pèñ j αj–( )

j 1=

m

∏

Pèñ j αj–( ) βj+[ ]

j 1=

m

∏

-------------------------------------------------------- Pj ã/èñ( )

j 1=

m

∏= =

Pm ã/èñ( )

qj

m

q1 q2 qm

Pm íã/íñ( )

1 Pèñ j βj+( )

j 1=

m

∏–

1 Pèñ j αj–( ) βj+[ ]

j 1=

m

∏–

-----------------------------------------------------------------=

Pä

Pì

Pï ã/èñ( )

Pï ã/èñ( ) PìPm ã/èñ( )=

Pç

Pï ã/èñ( )Pä Pç≥

Pç

Pä Pï ã/èñ( ) Pç

Pï ã/èñ( ) Pç
k 1+=

Pä Pç
kk 1+=

k lgPä lgPï ã/èñ( )⁄=

0 k ∞< <
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Ïðè çíà÷åíèÿõ  ïîêàçàòåëü äîñòîâåðíîñòè

ðåçóëüòàòà êîíòðîëÿ , à âåðîÿòíîñòü 

ïðàêòè÷åñêè áóäåò ñîâïàäàòü ñ âåëè÷èíîé . Ïðè

 âåëè÷èíà , à ïîêàçàòåëü äîñòîâåðíîñòè

ðåçóëüòàòà êîíòðîëÿ  íå äîëæåí áûòü ìåíüøå

. Ïðè  . Íà ïðàêòèêå

çíà÷åíèå êî-ýôôèöèåíòà  âûáèðàåòñÿ â ïðåäåëàõ

, òàê êàê â áîëüøèíñòâå ñëó÷àåâ ëåã÷å

ïîâûñèòü äîñòîâåð-íîñòü  ðåçóëüòàòîâ

êîíòðîëÿ (ìíîãîêðàòíûìè îïåðàöèÿìè êîíòðîëÿ,
ðàñøèðåíèåì ïðåäåëîâ äîïóñêà, óìåíüøåíèåì âåëè÷èíû

 è  è äð.), ÷åì óâåëè÷èòü âåðîÿòíîñòü 

áåçîòêàçíîé ðàáîòû îáúåêòà êîíòðîëÿ. 
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ÏÐÎÂÅÐÊÀ ÄÈÀÃÍÎÑÒÈÐÓÅÌÎÑÒÈ ÑÕÅÌÛ ÏÓÒÅÌ ÎÏÐÅÄÅËÅÍÈß 
ÐÀÍÃÀ ÒÅÑÒÎÂÎÉ ÌÀÒÐÈÖÛ

Í. Í. Êàñüÿí

Ïðåäëàãàåòñÿ â êà÷åñòâå ìåðû òåñòèðóåìîñòè àíàëîãîâûõ
ñõåì íà ýòàïå èõ ïðîåêòèðîâàíèÿ èñïîëüçîâàòü ðàíã
òåñòîâîé ìàòðèöû öåïè, ñîñòàâëåííîé äëÿ ïîñòîÿííîãî òîêà,
âðåìåííîé è ÷àñòîòíîé îáëàñòåé ñ öåëüþ âûáîðà êîíòðîëüíûõ
òî÷åê è îáåñïå÷åíèÿ äèàãíîñòèðóåìîñòè ñõåìû.

Ïðîïîíóºòüñÿ â ÿêîñò³ ì³ðè òåñòóºìîñò³ àíàëîãîâèõ ñõåì
íà åòàï³ ¿õíüîãî ïðîåêòóâàííÿ âèêîðèñòîâóâàòè ðàíã
òåñòîâî¿ ìàòðèö³ êîëà, ñêëàäåíî¿ äëÿ ïîñò³éíîãî ñòðóìó,
÷àñîâî¿ òà ÷àñòîòíî¿ îáëàñòåé ç ìåòîþ âèáîðó êîíòðîëüíèõ
òî÷îê òà çàáåçïå÷åííÿ ä³àãíîñòóºìîñò³ ñõåìè.

It is offered as a measure testing of the analogue circuits use
at a stage of their designing of a rank of a test matrix of a chain
composed for a direct current, temporary and frequent areas with
the purpose of a choice of breakpoints and support diagnosing of
the circuit.

Â ìåòîäå âûÿâëåíèÿ íåèñïðàâíîñòåé, îñíîâàííîì íà
ïàðàìåòðè÷åñêîé èäåíòèôèêàöèè, ðåçóëüòàòû èçìåðåíèé
èñïîëüçóþòñÿ äëÿ èäåíòèôèêàöèè çíà÷åíèé ïàðàìåòðîâ
âñåõ ýëåìåíòîâ ñõåìû. Ïðè ýòîì âûÿâëåíèå íåèñïðàâíûõ
ýëåìåíòîâ ïðîèçâîäèòñÿ ïóòåì êëàññèôèêàöèè ýëåìåíòîâ
ïî ïðèçíàêó ïîïàäàíèÿ èëè íåïîïàäàíèÿ çíà÷åíèé èõ
ïàðàìåòðîâ â ïðåäåëû, óñòàíàâëèâàåìûå ãðàíèöàìè çîí
äîïóñêîâ. Ñ÷èòàåòñÿ, ÷òî òîïîëîãèÿ ïðîâåðÿåìîé ñõåìû
è íîìèíàëüíûå çíà÷åíèÿ ïàðàìåòðîâ èçâåñòíû. Ñõåìà
ñ÷èòàåòñÿ äèàãíîñòèðóåìîé òîëüêî â òîì ñëó÷àå, åñëè ïî
åå õàðàêòåðèñòèêàì, ñíèìàåìûì ñ âíåøíèõ âûâîäîâ èëè
ñ äîñòóïíûõ óçëîâ ñõåìû, ìîæíî îäíîçíà÷íî îïðåäåëèòü
çíà÷åíèÿ êàæäîãî ïàðàìåòðà ýëåìåíòîâ ñõåìû.

Ïðåäïîëàãàåòñÿ, ÷òî äèàãíîñòèðóåìàÿ, â îáùåì ñëó-
÷àå, íåëèíåéíàÿ ñõåìà îïèñûâàåòñÿ ñëåäóþùåé ìîäåëüþ
"âõîä-âûõîä":

, (1)

ãäå  - âåêòîð âõîäíûõ ñèãíàëîâ,

 - âåêòîð âûõîäíûõ ñèãíàëîâ,

 - âåêòîð ïàðàìåòðîâ ñõåìû.

Òàê êàê ñõåìà ÿâëÿåòñÿ íåëèíåéíîé, ëþáîå èçìåíåíèå

âõîäíûõ ñèãíàëîâ  áóäåò ïîðîæäàòü íîâîå ìíîæåñòâî

âûõîäíûõ ñèãíàëîâ , êîòîðîå â îáùåì ñëó÷àå íå

çàâèñèò îò çíà÷åíèé âûõîäíûõ ñèãíàëîâ äî èçìåíåíèÿ.
×òîáû îõàðàêòåðèçîâàòü äèàãíîñòèðóåìîñòü ñõåìû,
ââîäèòñÿ òåñòîâàÿ ìàòðèöà, êîòîðàÿ çàâèñèò òîëüêî îò

ïàðàìåòðîâ ñõåìû . Ïóñòü  - ïîëîæèòåëüíàÿ

âåñîâàÿ ôóíêöèÿ îòíîñèòåëüíî âõîäíîãî ñèãíàëà .

Òîãäà òåñòîâàÿ ìàòðèöà îïðåäåëÿåòñÿ âûðàæåíèåì

(2)

ãäå  - ãðàäèåíòû ôóíêöèè  ïî ïàðàìåòðàì . Ïðè

ýòîì  ÿâëÿåòñÿ ñèììåòðè÷íîé ïîëîæèòåëüíî ïîëó-

îïðåäåëåííîé ìàòðèöåé. Ýëåìåíòû ìàòðèöû  - ýòî

íåïðåðûâíûå ôóíêöèè îò . Çíà÷åíèå ïàðàìåòðà 

ÿâëÿåòñÿ ðåãóëÿðíîé òî÷êîé ìàòðèöû  [1], åñëè

ñóùåñòâóåò òàêàÿ îòêðûòàÿ îêðåñòíîñòü òî÷êè , â

êîòîðîé ðàíã ìàòðèöû  íå ìåíÿåòñÿ. Çíà÷åíèå

ïàðàìåòðà  ÿâëÿåòñÿ äèàãíîñòèðóåìûì òîëüêî òîãäà,

k ∞→

Pï ã/èñ( ) 1→ Pä

Pç

k 0= Pä 1→

Pï ã/èñ( )

Pç k 1= Pï ã/èñ( ) Pä Pç= =

k

k 5…10=

Pï ã/èñ( )

α β Pç

ϕϕϕϕ f X P,( )=

X x1 x2 … xm, , ,( )=

ϕϕϕϕ ϕ1 ϕ2 … ϕm, , ,( )=

P p1 p2 … pn, , ,( )=

X

ϕϕϕϕ

P v X( )

X

S P( )

v X( ) f X P,( )P∇[ ] f X P,( )P∇[ ]T x1 x2… xn,ddd

∞–

∞

∫
∞–

∞

∫
∞–

∞

∫

=

=

P∇ f P

S P( )

S P( )

P P∗
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S P( )
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êîãäà ìàòðèöà  ïîëîæèòåëüíî îïðåäåëåíà [2].

Åñëè ðàíã  ðàâåí , à  - ÷èñëî äèàãíîñòè-

ðóåìûõ ïàðàìåòðîâ, òî ìåðà ðàçðåøèìîñòè îòíîñèòåëüíî

ïàðàìåòðè÷åñêîé òî÷êè  îïðåäåëÿåòñÿ êàê

. (3)

Ïóñòü

(4)

ÿâëÿåòñÿ îáùèì ðàíãîì ìàòðèöû . Òîãäà ïî÷òè âñå

, ïðèíàäëåæàùèå ìíîæåñòâó ïàðàìåòðîâ , ÿâëÿþò-

ñÿ ðåãóëÿðíûìè òî÷êàìè ìàòðèöû ; ñõåìà äèàãíî-

ñòèðóåìà òîëüêî â òîì ñëó÷àå, êîãäà .

Åñëè ôóíêöèÿ  àíàëèòè÷åñêàÿ ïî , òî

âåëè÷èíà , îïðåäåëåííàÿ ïî ôîðìóëå (4), ÿâëÿåòñÿ

îáùèì ðàíãîì ìàòðèöû , à  èç ôîðìóëû (3)

èìååò îáùåå çíà÷åíèå , ïðåäñòàâëÿþùåå ñîáîé ìåðó

äèàãíîñòèðóåìîñòè ñõåìû. Ýòà ìåðà îïðåäåëÿåòñÿ
ñòðóêòóðîé, à òàêæå ðàñïîëîæåíèåì âõîäîâ è âûõîäîâ
ñõåìû. Îíà íå çàâèñèò îò âûáîðà òåñòîâûõ ñèãíàëîâ,
àëãîðèòìà äèàãíîñòèðîâàíèÿ è îò çíà÷åíèé ïàðàìåòðîâ.
Ïîýòîìó îíà ìîæåò èñïîëüçîâàòüñÿ êàê èíñòðóìåíò
ïðîâåðêè äèàãíîñòèðóåìîñòè ñõåìû íà ýòàïå åå
ïðîåêòèðîâàíèÿ äëÿ âûáîðà êîíòðîëüíûõ òî÷åê è
îáåñïå÷åíèÿ äèàãíîñòèðóåìîñòè è êîíòðîëåïðèãîäíîñòè
ñõåìû.

Ïðè óñëîâèè, ÷òî ôóíêöèÿ  àíàëèòè÷íà ïî 

è , äëÿ ïðîèçâîëüíî âûáðàííîãî âõîäíîãî ñèãíàëà ,

, è ñëó÷àéíî âûáðàííîãî çíà÷åíèÿ ïàðàìåò-

ðà P* ïðàêòè÷åñêè äîñòàòî÷íî ïðîâåðèòü ðàíã ìàòðèöû

. (5)

Åñëè ðàíã ìàòðèöû (5) ðàâåí , òî ñõåìà ÿâëÿåòñÿ

äèàãíîñòèðóåìîé è ëþáûå  ïðîèçâîëüíî âûáðàííûõ

âõîäîâ ìîæíî èñïîëüçîâàòü äëÿ îäíîçíà÷íîãî ðåøåíèÿ
óðàâíåíèé îòíîñèòåëüíî ïàðàìåòðîâ ýëåìåíòîâ ñõåìû.

Äèàãíîñòèðîâàíèå íåëèíåéíûõ ñõåì âî âðåìåííîé
îáëàñòè îñíîâàíî íà òîì, ÷òî âõîäíûå è âûõîäíûå
ñèãíàëû ìîãóò ðàññìàòðèâàòüñÿ êàê ýëåìåíòû áåñêîíå÷-
íîìåðíîãî ãèëüáåðòîâà ïðîñòðàíñòâà, è ÿâëÿþòñÿ êóñî÷-
íî-íåïðåðûâíûìè ôóíêöèÿìè âðåìåíè [1]. Òîãäà òåñòî-
âóþ ìàòðèöó ìîæíî îïðåäåëèòü êàê

, (6)

ãäå  - êîëè÷åñòâî âõîäíûõ (âûõîäíûõ) âðåìåííûõ õà-

ðàêòåðèñòèê.
Â êà÷åñòâå ïðèìåðà ðàññìîòðèì ñõåìó, ïðèâåäåííóþ

íà ðèñóíêå 1. Îíà ñîäåðæèò íåëèíåéíûé è ëèíåéíûå

ýëåìåíòû. Òîêè â âåòâÿõ ñõåìû: ,

ãäå  - òîê íàñûùåíèÿ äèîäà,  - äèîäíàÿ ïîñòîÿííàÿ,

,  ,  .

Ðèñóíîê 1 - Íåëèíåéíàÿ öåïü

Ïðè÷åì íà÷àëüíûå óñëîâèÿ - íóëåâûå, à õàðàêòåðè-
ñòèêà âõîä-âûõîä èìååò âèä

.

Ïðè ,  è çíà÷åíèÿõ ïàðàìåòðîâ

 íàõîäèì

Òàêèì îáðàçîì âûðàæåíèå (6) ïðèîáðåòàåò âèä
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Îòñþäà ñëåäóåò, ÷òî ìàòðèöà íå âûðîæäåíà. Òàê êàê

ôóíêöèÿ âõîä-âûõîä àíàëèòè÷íà ïî , òî öåïü äèàãíî-

ñòèðóåìà.
Äëÿ öåïåé ðàçìåðà, ïðåäñòàâëÿþùåãî èíòåðåñ äëÿ

ïðàêòèêè, òðóäíî ïîëó÷èòü ÿâíóþ ôîðìó çàïèñè âõîä-
âûõîä, ïîýòîìó êàæäàÿ õàðàêòåðèñòèêà ïðåäñòàâëÿåòñÿ
îïðåäåëåííûì ÷èñëîì îòñ÷åòîâ âî âðåìåííîé îáëàñòè
(íàïðèìåð, â ñîîòâåòñòâèè ñ òåîðåìîé Êîòåëüíèêîâà), ñ
ó÷åòîì ÷åãî òåñòîâóþ ìàòðèöó ìîæíî ïðåäñòàâèòü â âèäå

, (7)

ãäå  - êîëè÷åñòâî õàðàêòåðèñòèê âõîä-âûõîä,

 - êîëè÷åñòâî îòñ÷åòîâ íà j-é âðåìåííîé õàðàêòå-

ðèñòèêå.
Òàêàÿ öåïü áóäåò äèàãíîñòèðóåìîé, åñëè ðàíã ìàòðè-

öû  ðàâåí êîëè÷åñòâó äèàãíîñòèðóåìûõ ïàðà-

ìåòðîâ.
Äèíàìè÷åñêàÿ öåïü ìîæåò áûòü ïðîâåðåíà ñ ïîìîùüþ

ìåíüøåãî ÷åì ÷èñëî ïàðàìåòðîâ ÷èñëà âûõîäíûõ
õàðàêòåðèñòèê ïî ñðàâíåíèþ ñ äèàãíîñòèðîâàíèåì ïî
ïîñòîÿííîìó òîêó, òàê êàê â ýòîì ñëó÷àå îáùåå êî-
ëè÷åñòâî âûõîäíûõ õàðàêòåðèñòèê äîïîëíÿåòñÿ çàâèñè-
ìîñòÿìè âõîä-âûõîä â äèñêðåòíûå ìîìåíòû âðåìåíè.
Ïðè ýòîì îáùåå ÷èñëî íåçàâèñèìûõ óðàâíåíèé äîëæíî
áûòü íå ìåíåå ÷èñëà äèàãíîñòèðóåìûõ ïàðàìåòðîâ
ñõåìû. Äëÿ èçáåæàíèÿ òðóäíîñòåé ïðè ÷èñëåííûõ
ðàñ÷åòàõ è óìåíüøåíèÿ ÷óâñòâèòåëüíîñòè ê îøèáêàì,
îáóñëîâëåííûì ïîãðåøíîñòÿìè èçìåðåíèé âûõîäíûõ
õàðàêòåðèñòèê ñóììàðíîå ÷èñëî õàðàêòåðèñòèê è îòñ÷å-
òîâ íà íèõ íåîáõîäèìî âûáèðàòü áîëüøå ÷èñëà äèàãíî-
ñòèðóåìûõ ïàðàìåòðîâ.

Äëÿ äèàãíîñòèðîâàíèÿ ëèíåéíûõ ñõåì â ÷àñòîòíîé
îáëàñòè òåñòîâóþ ìàòðèöó ìîæíî çàïèñàòü

, (8)

ãäå  - êîëè÷åñòâî ÷àñòîòíûõ õàðàêòåðèñòèê âõîä-

âûõîä,

 - êîëè÷åñòâî îòñ÷åòîâ íà j-é ÷àñòîòíîé õàðàêòå-

ðèñòèêå.

Íåâûðîæäåííîñòü ìàòðèöû  îçíà÷àåò, ÷òî

ñõåìà ïî ðàññìàòðèâàåìûì ïàðàìåòðàì ÿâëÿåòñÿ äèàãíî-

ñòèðóåìîé ïðè âûáðàííûõ ÷àñòîòíûõ õàðàêòåðèñòèêàõ è
îòñ÷åòàõ íà íèõ.

Íàïðèìåð, ðàññìîòðèì ñõåìó ôèëüòðà, ïðèâåäåííóþ
íà ðèñóíêå 2. Åñëè êîíòðîëèðóåìûì âûõîäíûì ñèãíà-

ëîì ÿâëÿåòñÿ íàïðÿæåíèå , òî

;

Ðèñóíîê 2 - Ñõåìà ôèëüòðà

Äëÿ  ïîëó÷àåì ìàòðèöó

,

êîòîðàÿ èìååò äâà íåçàâèñèìûõ ñòîëáöà, è ñëåäîâàòåëü-

íî, ìåðà òåñòèðóåìîñòè ,  ò.å. ïðè èñïîëüçîâàíèè

òîëüêî âûõîäíîãî íàïðÿæåíèÿ  öåïü íå ÿâëÿåòñÿ

äèàãíîñòèðóåìîé.

Åñëè èçìåðÿåìûì ñèãíàëîì ñëóæèò âõîäíîé òîê ,

òî

;

Ïðè  ïîëó÷àåì

0 75786, 1 09726, 0 5,– 0 19247,– 0 718,
1 09726, 1 59726, 0 7182,– 0 28172, 1

0 5,– 0 7182,– 0 3333, 0 125, 0 5,–
0 19247,– 0 28172, 0 125, 0 05, 0 167,–
0 718, 1 0 5,– 0 167,– 1

.=

P

S P X ti( ),( ) f Xj ti( ) P,( )P∇[ ] f Xj ti( ) P,( )P∇[ ]T

j 1=

nx

∑
i 1=

m0

∑=

nx

m0

S P X ti( ),( )

S P X ωi( ),( ) f Xj ωi( ) P,( )P∇[ ] f Xj ωi( ) P,( )P∇[ ]T

j 1=

nx

∑
i 1=

m0

∑=

nx

m0

S P X ωi( ),( )

u· 2

K jω( )
u·2
u·1
------

R2

R1 R2 jωCR1R2+ +
------------------------------------------------------= =

K jω( )T
P∇

R1∂
∂ K jω( )

R2∂
∂ K jω( )

C∂
∂ K jω( ), ,

R2 1 jωCR2+( )
R1 R2 jωCR1R2+ +( )2

-------------------------------------------------------------–
R1

R1 R2 jωCR1R2+ +( )2
-------------------------------------------------------------

jωR1R2
2

R1 R2 jωCR1R2+ +( )2
-------------------------------------------------------------–,

, ,

.

= =

=

R2 C

I1

1u!

R1

~ 2u!

P∗ 1 1 1, ,[ ]T=

K jω( )T
P∇ 1 jω+

2 jω+( )2
-----------------------– 1

2 jω+( )2
----------------------- jω

2 jω+( )2
-----------------------–, ,=

µ∗ 1=

u·2

I·1

Y1 jω( )
I·1
u·1
------

jωCR2 1+
R1 R2 jωCR1R2+ +
------------------------------------------------------= =

Y jω( )T
P∇

1 jωCR2+( )2

R1 R2 jωCR1R2+ +( )2
-------------------------------------------------------------,–

jωC R1 R2 jωCR1R2+ +( ) 1 jωR1+( )2–
R1 R2 jωCR1R2+ +( )2

------------------------------------------------------------------------------------------------------------

jωR2 R1 R2 jωCR1R2+ +( ) 1 jωCR1+( )jωCR1R2–
R1 R2 jωCR1R2+ +( )2

--------------------------------------------------------------------------------------------------------------------------------------------,

, ,

.

=

P∗ 1 1 1, ,[ ]T=
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.

Ïîëó÷åííàÿ ìàòðèöà èìååò òðè íåçàâèñèìûõ ñòîëáöà
íàä ïîëåì êîìïëåêñíûõ ÷èñåë. Ñëåäîâàòåëüíî, ìåðà

òåñòèðóåìîñòè , ò.å. ïðè èñïîëüçîâàíèè âûõîäíî-

ãî ñèãíàëà  öåïü ÿâëÿåòñÿ äèàãíîñòèðóåìîé. Èçìåðÿÿ

çíà÷åíèå  ïðè òðåõ íåçàâèñèìûõ ÷àñòîòàõ, ìîæíî

îïðåäåëèòü çíà÷åíèÿ ïàðàìåòðîâ ,  è .

Òàêèì îáðàçîì, ðàññìîòðåííûé êðèòåðèé îöåíêè
äèàãíîñòèðóåìîñòè àíàëîãîâûõ öåïåé ïîçâîëÿåò âûáè-
ðàòü äîñòàòî÷íîå êîëè÷åñòâî õàðàêòåðèñòèê è îòñ÷åòîâ

íà íèõ âî âðåìåííîé è ÷àñòîòíîé îáëàñòÿõ äëÿ îäíî-
çíà÷íîãî îïðåäåëåíèÿ çíà÷åíèé ïàðàìåòðîâ ýëåìåíòîâ
ñõåìû, à òàêæå ýôôåêòèâíûå òåñòîâûå âîçäåéñòâèÿ.
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ÌÅÒÎÄ ÑÈÍÒÅÇÀ ÒÅÏËÎÂÛÕ È ÌÅÕÀÍÈ×ÅÑÊÈÕ ÌÎÄÅËÅÉ 
ÐÀÄÈÎÝËÅÊÒÐÎÍÍÛÕ ÑÐÅÄÑÒÂ ÏÐÈ ÏÎÌÎÙÈ ÝÊÑÏÅÐÒÍÎÉ 

ÑÈÑÒÅÌÛ

Þ. Í. Êîôàíîâ, À. Â. Ñàðàôàíîâ

Ðàññìàòðèâàåòñÿ ìåòîä ôîðìèðîâàíèÿ ìîäåëåé ÐÝÑ íà
îñíîâå ýêñïåðòíîé ñèñòåìû, îñóùåñòâëÿþùåé ôîðìèðîâàíèå
êàðòû ñ óïðàâëÿþùåé èíôîðìàöèåé, èñïîëüçóåìîé ïîäñèñòå-
ìàìè ïðîåêòèðîâàíèÿ ÐÝÑ.

The method of creation of ratio electronics schemes on the
basis of the expert system that formed map with the managing
information used by subsystems of ratio electronics schemes
designing is considered.

Â ñîâðåìåííûõ ïàêåòàõ ïðèêëàäíûõ ïðîãðàìì (ÏÏÏ)
è ïîäñèñòåìàõ ïî ìîäåëèðîâàíèþ òåïëîâûõ è ìåõàíè-
÷åñêèõ ðåæèìîâ ðàäèîýëåêòðîííûõ ñðåäñòâ (ÐÝÑ) íà
ðÿäó ñ ââîäîì íåïîñðåäñòâåííî òîïîëîãèè è ïàðàìåòðîâ
ìîäåëåé ïðèìåíÿþòñÿ ñïåöèàëüíûå ìîäóëè-ïðåäïðîöåñ-
ñîðû, âûïîëíÿþùèå îïåðàöèè ïî àâòîìàòè÷åñêîìó ñèí-
òåçó ñåòî÷íûõ ìîäåëåé àíàëèçèðóåìûõ îáúåêòîâ íà
îñíîâå èõ ôîðìàëèçîâàííîãî îïèñàíèÿ (ìíîæåñòâà ãåî-
ìåòðè÷åñêèõ è òåïëî-ôèçèêîìåõàíè÷åñêèõ ïàðàìåòðîâ).
Òàêèå ìîäóëè ïîçâîëÿþò àâòîìàòè÷åñêè ñèíòåçèðîâàòü
ìîäåëè íàèáîëåå òèïîâûõ êîíñòðóêöèé ÐÝÑ (ñòîéêè,
êàññåòíûå è ýòàæåðî÷íûå êîíñòðóêöèè, ïå÷àòíûå óçëû,
ìèêðîñáîðêè è ò.ï.), îïèñàíèå êîòîðûõ õîðîøî ôîðìà-
ëèçóåòñÿ è ìîæåò áûòü ðåàëèçîâàíî â ñïåöèàëèçè-
ðîâàííûõ ïðîãðàììàõ ãðàôè÷åñêîãî ââîäà äàííûõ. Êàê
ïðàâèëî, äëÿ êàæäîé òèïîâîé êîíñòðóêöèè ðàçðàáà-
òûâàåòñÿ ñâîé ïðîãðàììíûé êîìïëåêñ ïî ãðàôè÷åñêîìó
ââîäó è íàáîð ìîäóëåé-ïðåäïðîöåññîðîâ, îñóùåñòâëÿ-
þùèõ ñèíòåç ñòðóêòóðû è ïàðàìåòðîâ ìîäåëè.
Ïåðåêëþ÷åíèå â ÏÏÏ èëè â ïîäñèñòåìàõ íà òîé èëè
èíîé òèï ìîäåëè (êîíñòðóêöèè ÐÝÑ) âûïîëíÿåòñÿ
ïîëüçîâàòåëåì ïðè ïîìîùè óïðàâëÿþùåé èíôîðìàöèè â

ñîîòâåòñòâèè ñ èñïîëüçóåìîé èì ìåòîäèêîé ìîäåëè-
ðîâàíèÿ ôèçè÷åñêèõ ïðîöåññîâ. Îïèñàííûé âûøå ïîä-
õîä ê ñèíòåçó ìîäåëåé èìååò ðÿä ñóùåñòâåííûõ
íåäîñòàòêîâ:

1. Ìîäóëÿìè-ïðåäïðîöåññîðàìè ñèíòåçèðóþòñÿ æåñò-
êèå ïî ñâîåé ñòðóêòóðå ìîäåëè, â êîòîðûõ, â ðÿäå
ñëó÷àåâ (íàïðèìåð, ïðè ïðîåêòèðîâàíèè ñàìîëåòíîé è
êîñìè÷åñêîé ðàäèîàïïàðàòóðû), íåâîçìîæíî îòðàçèòü
ñïåöèôèêó êîíñòðóêòîðñêèõ ðåøåíèé ïðîåêòèðîâùèêà,
èìåþùèõ ïðèíöèïèàëüíîå çíà÷åíèå ñ ïîçèöèé îáåñ-
ïå÷åíèÿ íîðìàëüíîãî òîãî èëè èíîãî ôèçè÷åñêîãî
ïðîöåññà.

2. Â ïîäàâëÿþùåì ñâîåì áîëüøèíñòâå íàñòðîéêà ìî-
äóëÿ-ïðåäïðîöåññîðà íà îñîáåííîñòè òîé èëè èíîé
òèïîâîé êîíñòðóêöèè ÐÝÑ ìîæåò îñóùåñòâëÿòüñÿ ïóòåì
äîðàáîòêè ïðîãðàììíîãî îáåñïå÷åíèÿ, à íå âíåøíåé
íàñòðîéêè.

3. Â áîëüøèíñòâå ñëó÷àåâ îòñóòñòâóåò âîçìîæíîñòü
ãèáêî âëèÿòü íà ðàçìåðíîñòü ìàòåìàòè÷åñêîé ìîäåëè
(ïðåäñòàâëÿåò ñîáîé ñèñòåìó íåëèíåéíûõ óðàâíåíèé
1000-4000 ïîðÿäêà), êîòîðàÿ, êàê ïðàâèëî, îïðåäåëÿåòñÿ
öåëüþ ïðîâîäèìîãî ìîäåëèðîâàíèÿ è îïðåäåëåííûì
íàáîðîì ôèçè÷åñêèõ ïàðàìåòðîâ ìîäåëèðóåìîãî îáúåêòà.

Â ñòàòüå ðàññìàòðèâàåòñÿ ìåòîä ôîðìèðîâàíèÿ òåïëî-
âûõ è ìåõàíè÷åñêèõ ìîäåëåé ÐÝÑ, îñíîâàííûé íà
ïðèìåíåíèè ýêñïåðòíîé ñèñòåìû (ÝÑ). Â ïðåäëàãàåìîì
ìåòîäå ýêñïåðòíàÿ ñèñòåìà, ôóíêöèîíèðóþùàÿ ñîâìåñò-
íî ñ ïðîãðàììîé ãðàôè÷åñêîãî îïèñàíèÿ îáúåêòà ìîäå-
ëèðîâàíèÿ, îñóùåñòâëÿåò ôîðìèðîâàíèå ñïåöèàëüíîé

Y jω( )( )T
P∇ 1 jω+( )2

2 jω+( )2
-----------------------– 1

2 jω+( )2
----------------------- jω

2 jω+( )2
-----------------------, ,=

µ∗ 0=

I·1

Y jω( )

R1 R2 C
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êàðòû ñ óïðàâëÿþùåé èíôîðìàöèè, êîòîðàÿ îòäåëüíî
ââîäèòñÿ è èñïîëüçóåòñÿ ìàòåìàòè÷åñêèì ÿäðîì ìîäè-
ôèöèðîâàííîé ïîäñèñòåìû òåïëîâîãî ïðîåêòèðîâàíèÿ
ÐÝÑ [1] è ÏÏÏ ïî àíàëèçó ìåõàíè÷åñêèõ õàðàêòåðèñòèê
[2]. Ñòðóêòóðíàÿ ñõåìà ìåòîäà ñèíòåçà ìîäåëåé ïðèâåäå-
íà íà ðèñóíêå.

Ðèñóíîê - Ñõåìà ñèíòåçà ìîäåëåé ïðè ïîìîùè ÝÑ

Êàðòà ñ óïðàâëÿþùåé èíôîðìàöèåé ôîðìèðóåòñÿ ÝÑ
(íà îñíîâå ñïåöèàëüíîé áàçû çíàíèé) â èíòåðàêòèâíîì
ðåæèìå, â ïðîöåññå êîòîðîãî ðàñïîçíàþòñÿ êîíñòðóêòèâ-
íûå îñîáåííîñòè îáúåêòà ìîäåëèðîâàíèÿ è öåëü ïðî-
âåäåíèÿ ñåàíñà ìîäåëèðîâàíèÿ (îïðåäåëåíèå òåìïåðàòóð
àêòèâíûõ çîí ýëåêòðîðàäèîýëåìåíòîâ (ÝÐÝ), ðàñ÷åò
êîýôôèöèåíòîâ äèíàìè÷íîñòè ÝÐÝ, îïðåäåëåíèå èíòå-
ãðàëüíîé òåìïåðàòóðû îáúåêòà, âû÷èñëåíèå ðåçîíàíñíûõ
÷àñòîò êîíñòðóêöèè, âû÷èñëåíèå àìïëèòóäíî-÷àñòîòíûõ
õàðàêòåðèñòèê êîíñòðóêòèâíûõ óçëîâ, îïðåäåëåíèå
òåìïåðàòóð îïðåäåëåííûõ ÝÐÝ èëè âèáðîóñêîðåíèé
îïðåäåëåííûõ ÝÐÝ äëÿ äàëüíåéøåãî èõ èñïîëüçîâàíèÿ â
ïðîöåññå àíàëèçà ýëåêòðè÷åñêèõ èëè íàäåæíîñòíûõ
õàðàêòåðèñòèê, îïðåäåëåíèå òåïëîâîãî ïîëÿ êîíñòðóê-
öèè ÐÝÑ äëÿ åãî äàëüíåéøåãî èñïîëüçîâàíèÿ â ïðîöåññå
ìîäåëèðîâàíèÿ ìåõàíè÷åñêèõ õàðàêòåðèñòèê ðàçðàáàòû-
âàåìîé êîíñòðóêöèè è ò.ä.). Â áàçàõ çíàíèé (äëÿ
íàãëÿäíîñòè ñòðîÿòñÿ ïî ñèñòåìå ïðîäóêöèé), èñïîëü-
çóåìîé ÝÑ äåêëàðèðóþòñÿ õàðàêòåðíûå ïðèçíàêè ìíî-
æåñòâà òèïîâûõ óçëîâ, áëîêîâ, ìèêðîáëîêîâ è íàáîðà
êîíñòðóêöèé ÐÝÑ â öåëîì. Èñïîëüçóÿ ìíîæåñòâî
õàðàêòåðíûõ ïðèçíàêîâ, ÝÑ ðàñïîçíàåò (â ðåæèìå
êîíñóëüòàöèè ñ ïîëüçîâàòåëåì) êîíñòðóêöèþ àíàëèçèðó-
åìîãî îáúåêòà. Â ðåçóëüòàòå ýòîãî ïðîöåññà ÝÑ
îïðåäåëÿåòñÿ íàáîð òèïîâûõ êîíñòðóêöèé ÐÝÑ, äëÿ
êîòîðûõ â ïðîãðàììíîì îáåñïå÷åíèè ïî ìîäåëèðîâàíèþ
ôèçè÷åñêèõ ïðîöåññîâ åñòü ðàçðàáîòàííûå ìîäóëè-
ïðåäïðîöåññîðû. Êðîìå ýòîãî, ÷åðåç êàðòó ñ óïðàâëÿ-
þùåé èíôîðìàöèåé îñóùåñòâëÿåòñÿ íàñòðîéêà ìîäóëåé-
ïðåäïðîöåññîðîâ íà ñòðóêòóðó, ðàçìåðíîñòü è ïàðàìåò-

ðû ìîäåëåé, êîòîðûå îïðåäåëÿþòñÿ öåëüþ ïðîâîäèìîãî
ìîäåëèðîâàíèÿ è êîíñòðóêòèâíûìè îñîáåííîñòÿìè
îáúåêòà. Â ñëó÷àå îòñóòñòâèÿ íåîáõîäèìûõ ìîäóëåé-
ïðåäïðîöåññîðîâ (äëÿ ãåíåðàöèè ìîäåëè îïðåäåëåííîãî
óçëà) ÝÑ ïðåäëàãàåò ïîëüçîâàòåëþ ïîäêëþ÷èòü ñâîþ
òèïîâóþ ìîäåëü (èëè ìàêðîìîäåëü), êîòîðàÿ îïèñû-
âàåòñÿ íà ñïåöèàëüíîì ôîðìàëèçîâàííîì ÿçûêå è
õðàíèòñÿ â îòäåëüíîì ôàéëå. Ïðè ýòîì ãðàôè÷åñêèé
ðåäàêòîð ââîäà äàííûõ, â ñïåöèàëüíîì ðåæèìå ðàáîòû,
îòðàæàåò òàêóþ ìîäåëü íà îáùåé ñòðóêòóðíîé ñõåìå
ìîäåëè îáúåêòà â âèäå ìíîãîïîëþñíèêà. ÝÑ òàêæå
ðåøàåòñÿ çàäà÷à (äàëüíåéøàÿ íàñòðîéêà êàðòû ñ
óïðàâëÿþùåé èíôîðìàöèåé) ïî îðãàíèçàöèè èåðàðõè-
÷åñêîãî àëãîðèòìà ìîäåëèðîâàíèÿ ôèçè÷åñêèõ ïðîöåñ-
ñîâ îáúåêòà èëè ïî èñïîëüçîâàíèþ ïîäõîäà ñìåøàííîé
èåðàðõèè (äåòàëüíàÿ ìîäåëü îïðåäåëåííîãî êîíñòðóê-
òèâíîãî óçëà áîëåå íèçêîãî óðîâíÿ êîíñòðóêòèâíîé
èåðàðõèè èíòåãðèðóåòñÿ ñ ìàêðîìîäåëüþ êîíñòðóêöèè
áîëåå âûñîêîãî óðîâíÿ èåðàðõèè).

Ñëåäóåò òàêæå îòìåòèòü, ÷òî äëÿ ðåàëèçàöèè îïèñàí-
íîãî ïîäõîäà, â ãðàôè÷åñêèé ðåäàêòîð ïî àíàëîãèè ñ
ìàòåìàòè÷åñêèì ÿäðîì âñòðàèâàåòñÿ àíàëèçàòîð êàðòû ñ
óïðàâëÿþùåé èíôîðìàöèåé (ñì. ðèñóíîê). Àíàëèçàòîð
íåîáõîäèì äëÿ íàñòðîéêè ïðîöåññà ãðàôè÷åñêîãî ââîäà
èíôîðìàöèè, îïèñûâàþùåé îáúåêò ìîäåëèðîâàíèÿ.

Ïðèìåíÿåìàÿ â ïðåäëàãàåìîì ïîäõîäå ýêñïåðòíàÿ
ñèñòåìà ìîæåò áûòü ñíàáæåíà äðóãîé áàçîé çíàíèé, â
êîòîðîé, íàïðèìåð, ìîæåò áûòü ðåàëèçîâàíà ñïåöèôè-
÷åñêàÿ ìåòîäèêà ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ôèçè-
÷åñêèõ ïðîöåññîâ, ïðîòåêàþùèõ â èññëåäóåìîì îáúåêòå.

Ïðåäëàãàåìûé âûøå ïîäõîä ïîçâîëÿåò ïðè ïîìîùè
îòäåëüíîé áàçû çíàíèé ðåàëèçîâàòü ïîëíîñòüþ ïðîöåññ
àâòîìàòè÷åñêîãî ñèíòåçà òåïëîâûõ è ìåõàíè÷åñêèõ
ìîäåëåé ñëîæíîãî îáúåêòà, èñïîëüçóÿ ïðè ýòîì êàðòó ñ
óðàâëÿþùåé èíôîðìàöèåé äëÿ íàñòðîéêè èìåþùèõñÿ
ìîäóëåé-ïðåäïðîöåññîðîâ, à òàêæå äëÿ îáúåäèíåíèÿ,
ãåíåðèðóåìûõ èìè ìîäåëåé. Â äàííîì ñëó÷àå êàðòà ñ
óïðàâëÿþùåé èíôîðìàöèåé ñîäåðæèò îïðåäåëåííûå
êîìàíäû, ïðè ïîìîùè êîòîðûõ êàðòà ïðåäñòàâëÿåò ñîáîé
ãåíåðàëüíûé àëãîðèòì ñèíòåçà òîé èëè èíîé ñåòî÷íîé
ìîäåëè.

Ðàññìîòðåííûé â ñòàòüå ïîäõîä ïîçâîëÿåò äîñòàòî÷íî
ãèáêî ñèíòåçèðîâàòü òåïëîâûå è ìåõàíè÷åñêèå ìîäåëè,
óïðàâëÿòü èõ ñòðóêòóðîé è ïàðàìåòðàìè, ñâåäÿ ïðè ýòîì
ê ìèíèìóìó ýâðèñòè÷åñêèå îïåðàöèè, ïðèñóòñòâóþùèå â
ìåòîäèêàõ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ôèçè÷åñêèõ
ïðîöåññîâ â ÐÝÑ. 
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ÐÀÑ×ÅÒ ÊÎÝÔÔÈÖÈÅÍÒÀ ÇÀÒÓÕÀÍÈß Â ÍÀÏÐÀÂËßÞÙÈÕ ÑÈÑÒÅÌÀÕ 
C ÔÐÀÊÒÀËÜÍÛÌÈ ÑÂÎÉÑÒÂÀÌÈ ÃÐÀÍÈÖ

Â. Ì. Îíóôðèåíêî, Ï. À. Ñàìîë÷åâ, Ò. È. Ñëþñàðîâà

Ïðåäñòàâëåíû ðåçóëüòàòû äèôôåðèíòåãðàëüíîãî ìîäåëè-
ðîâàíèÿ ïîòåðü â íàïðàâëÿþùèõ ñèñòåìàõ c ôðàêòàëüíûìè
ñâîéñòâàìè. Èññëåäîâàíèå áàçèðóåòñÿ íà ôðàêòàëüíûõ ïðåä-
ñòàâëåíèÿõ î ñòðóêòóðå ïîâåðõíîñòè íàïðàâëÿþùåé ñèñòå-
ìû. Ïîëó÷åííàÿ ìîäåëü ðàñ÷åòà ïîòåðü â íàïðàâëÿþùèõ ñèñ-

òåìàõ ïîçâîëÿåò îïèñàòü ñ èñïîëüçîâàíèåì -õàðàêòåðèñòèê

ëþáóþ çàäàííóþ ñòåïåíü ôðàêòàëüíîñòè ïîâåðõíîñòè. Äëÿ

-õàðàêòåðèñòèê ðåçóëüòàòû ñîâïàäàþò ñ êëàññè÷åñêèìè

äàííûìè.

Íàâîäÿòüñÿ ðåçóëüòàòè äèôåð³íòåãðàëüíîãî ìîäåëþâàííÿ
âòðàò ó íàïðÿìíèõ ñèñòåìàõ ç ôðàêòàëüíèìè âëàñòèâî-
ñòÿìè ìåæ. Äîñë³äæåííÿ áàçóºòüñÿ íà ôðàêòàëüíîìó óÿâëåí-
í³ ïðî ñòðóêòóðó ïîâåðõí³ íàïðÿìíî¿ ñèñòåìè. Îòðèìàíà
ìîäåëü ðîçðàõóíêó âòðàò â íàïðÿìíèõ ñèñòåìàõ äîçâîëÿº

îïèñàòè ç âèêîðèñòàííÿì -õàðàêòåðèñòèê áóäü-ÿêèé çàäà-

íèé ñòóï³íü ôðàêòàëüíîñò³ ïîâåðõí³. Äëÿ -õàðàêòåðèñòèê

ðåçóëüòàòè çá³ãàþòüñÿ ç êëàñè÷íèìè äàíèìè.

The results of differintegrational modelling of losses in direct-
ing systems by fractional properties of borders are submitted.
The research is based on fractional performances about structure
of a surface of directing system. The received model of account of

losses in directing systems allows to describe with use of the -

characteristics any given degree fractality of a surface. For the

-characteristics the results coincide with the classical data.

ÂÂÅÄÅÍÈÅ

Õîðîøî èçâåñòíû ðåçóëüòàòû êëàññè÷åñêîé ìàêðîñêî-
ïè÷åñêîé ýëåêòðîäèíàìèêè î âëèÿíèè ãðàíèöû ñðåäû ñ
ðàçíûìè ñâîéñòâàìè íà ñòðóêòóðó ýëåêòðîìàãíèòíîãî ïî-
ëÿ è õàðàêòåð ðàñïðîñòðàíåíèÿ âîëí. Âñëåäñòâèå âçàè-
ìîäåéñòâèÿ âîëíû ñ ïîâåðõíîñòüþ ðàçäåëà ñðåä ïðîàíà-
ëèçèðîâàíû âîçìîæíûå ÿâëåíèÿ îòðàæåíèÿ (÷àñòè÷íîãî
è ïîëíîãî), ïðîõîæäåíèÿ âîëí â ñðåäó, ÿâëåíèÿ äèôðàê-
öèè è ò. ï. Îäíàêî ñ ïîìîùüþ ñîâðåìåííûõ òåõíîëîãèé
îáíàðóæåí ðÿä íåñîîòâåòñòâèé òåîðåòè÷åñêèõ ìîäåëåé
îòíîñèòåëüíî âçàèìîäåéñòâèÿ ýëåêòðîìàãíèòíûõ âîëí ñ
ðåàëüíûìè ïîâåðõíîñòÿìè ðàçäåëà ñðåä (ñì., íàïð.,
[1],[2]). 

Ââåäåíèå -õàðàêòåðèñòèê êîìïîíåíò ýëåêòðîìàãíèò-

íîãî ïîëÿ äàåò âîçìîæíîñòü ó÷åòà íåðîâíîñòåé ðåàëüíûõ
ïîâåðõíîñòåé è ñòðóêòóðû ñðåäû [3].

Äàëåå ïðèâåäåíî ïîñòðîåíèå èíòåãðîäèôôåðåíöèàëü-
íîé ìîäåëè ýëåêòðîìàãíèòíîãî ïîëÿ, êîòîðàÿ èñïîëü-
çóåòñÿ äëÿ ðåøåíèÿ çàäà÷ î ïåðåäà÷e ýíåðãèè â íà-
ïðàâëÿþùèõ ñèñòåìàõ c ôðàêòàëüíûìè ñâîéñòâàìè ãðà-
íèö.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Àëãîðèòì ââîäà -õàðàêòåðèñòèê ýëåêòðîìàãíèòíîãî

ïîëÿ â óñëîâèÿõ çàäà÷è î âçàèìîäåéñòâèè âîëí ñ ôðàê-
òàëüíûìè ãðàíèöàìè ðàçäåëà äâóõ ñðåä ðàññìîòðåí â
[4].

Ãåîìåòðè÷åñêàÿ îñíîâà ââîäà -õàðàêòåðèñòèê áàçè-

ðóåòñÿ íà èäåå Ô.Õàóñäîðôà îá îïðåäåëåíèè íåïðåðûâ-
íîñòè îòîáðàæåíèÿ â òî÷êå ÷åðåç ïîêðûòèå è èçìåðåíèå

îêðåñòíîñòè :  òî÷êè.

Â ñâÿçè ñ ýòèì ïðèìåíÿåòñÿ îáîáùåíèå ìåðû âåëè÷è-
íû ìíîæåñòâà, ñâÿçàííîå ñ âûáîðîì íåêîòîðîé ïðîáíîé
ñòåïåííîé ôóíêöèè [5]

(ãåîìåòðè÷åñêè: îòðåçîê ïðÿìîé, êâàäðàò, êðóã, øàð,
êóá) è ïîêðûòèåì ðàññìàòðèâàåìîãî ìíîæåñòâà òî÷åê ñ

êîíñòðóèðîâàíèåì -ìåðû Õàóñäîðôà

.

Âìåñòî ñëîæíîé ïðîöåäóðû ãåîìåòðè÷åñêîãî ïîñòðîå-
íèÿ ôðàêòàëüíîãî ìíîæåñòâà êàæäûé ðàç, íàõîæäåíèÿ
ìåðû Õàóñäîðôà ñ ïîñëåäóþùèìè ãðàíè÷íûìè ïåðå-
õîäàìè, áóäåì èñïîëüçîâàòü àïïàðàò äðîáíîãî èíòåãðè-
ðîâàíèÿ è äèôôåðåíöèðîâàíèÿ (ñì., íàïð., [6], [7]) 

, , ,

, , ,

ãäå  - ãàììà-ôóíêöèÿ Ýéëåðà,  - ïîðÿäîê äðîáíî-

ãî èíòåãðîäèôôåðåíöèàëà (ñêåéëèíãîâûé ïîêàçàòåëü).
Àíàëèç ïîäûíòåãðàëüíîãî âûðàæåíèÿ óêàçûâàåò íà

âîçìîæíûå ñëó÷àè îïèñàíèÿ ÿâëåíèé ñ ïîìîùüþ -

õàðàêòåðèñòèê: ïðè íàëè÷èè ãåîìåòðè÷åñêèõ îñîáåííî-
ñòåé êîíòóðîâ è ïîâåðõíîñòåé (ãåîìåòðè÷åñêèå ñèíãóëÿð-
íîñòè) èëè êîãäà ôèçè÷åñêèå ïàðàìåòðû (ïðîíèöàå-
ìîñòü, ïðîâîäèìîñòü, ïëîòíîñòü çàðÿäîâ, òîêîâ è ò.ï.)
èìåþò ôðàêòàëüíóþ ïðèðîäó [4]. 
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Ââåäåì óðàâíåíèÿ Ìàêñâåëëà ñ ó÷åòîì -õàðàêòå-

ðèñòèê ýëåêòðîìàãíèòíîãî ïîëÿ, ñ ïîñëåäóþùåé çàïèñüþ
òåîðåìû Óìîâà-Ïîéíòèíãà. Èñõîäèì èç óðàâíåíèé
Ìàêñâåëëà â äèôôåðåíöèàëüíîé ôîðìå:

,

, (1)

, ,

ãäå

,

, (2)

, ,

 è  - óäåëüíûå ïðîâîäèìîñòè (ýëåêòðè÷åñêàÿ è ìàã-

íèòíàÿ, ñîîòâåòñòâåííî),  - îòíîñèòåëüíàÿ äèýëåêòðè-

÷åñêàÿ ïðîíèöàåìîñòü,  - îòíîñèòåëüíàÿ ìàãíèòíàÿ

ïðîíèöàåìîñòü, èíäåêñ "ñò" óêàçûâàåò íà íàëè÷èå ñòî-
ðîííèõ èñòî÷íèêîâ òîêà.

Ïîäñòàâëÿÿ (2) â (1), ïîëó÷èì óðàâíåíèÿ Ìàêñâåëëà
â ñëåäóþùåì âèäå:

,

,

, .

Äëÿ êîìïëåêñíûõ àìïëèòóä óðàâíåíèÿ Ìàêñâåëëà
ïðèíèìàþò âèä:

,

,

, .

Òåîðåìà Óìîâà-Ïîéíòèíãà î áàëàíñå ìîùíîñòè ýëåê-

òðîìàãíèòíîãî ïîëÿ â òåðìèíàõ -õàðàêòåðèñòèê âûãëÿ-

äèò ñëåäóþùèì îáðàçîì:

ãäå  - âåêòîð Ïîéíòèíãà.

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÎÒÅÐÜ Â 
ÍÀÏÐÀÂËßÞÙÈÕ ÑÈÑÒÅÌÀÕ

Ïîòîê ñðåäíåãî âåêòîðà Ïîéíòèíãà ÷åðåç ïîïåðå÷íîå

ôðàêòàëüíîå ñå÷åíèå  íàïðàâëÿþùåé ñèñòåìû ÷åðåç

-õàðàêòåðèñòèêè çàïèøåì â âèäå 

(3)

(â ñëó÷àå îòêðûòîé ñèñòåìû îáëàñòü  áåñêîíå÷íà).

Îòñþäà äëÿ ñèñòåì ñ îäíîðîäíîé ôðàêòàëüíîé ñðåäîé:

ãäå  - âîëíîâîå ñîïðîòèâëåíèå ,  èëè 

(â çàâèñèìîñòè îò òèïà âîëíû  èëè ),  è   -

ïîïåðå÷íûå êîìïîíåíòû âåêòîðîâ  è ; ïðè îòñóò-

ñòâèè ïîãëîùåíèÿ âåëè÷èíà  ëèáî ÷èñòî âåùå-

ñòâåííà, è òîãäà ñèìâîë Re íå íóæåí, ëèáî - ïðè
÷àñòîòàõ íèæå êðèòè÷åñêîé - îêàçûâàåòñÿ ÷èñòî ìíèìîé

âåëè÷èíîé, òàê ÷òî .

Ïîãëîùåíèå ýíåðãèè â íàïðàâëÿþùåé ñèñòåìå ïðèâî-
äèò ê êîìïëåêñíîñòè ïîñòîÿííîé ðàñïðîñòðàíåíèÿ. Ïåðå-

äàâàåìàÿ ìîùíîñòü  ââèäó (3) èçìåíÿåòñÿ âäîëü îñè

 ïî çàêîíó , ñëåäîâàòåëüíî

.

Óáûâàíèå ìîùíîñòè âîëíû ïðè ïðîõîæäåíèè âåñüìà

ìàëîãî ó÷àñòêà  íàïðàâëÿþùåé ñèñòåìû 
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(4)

(â ïðåíåáðåæåíèè ÷ëåíàìè âûñøåãî ïîðÿäêà ìàëîñòè).
Àíàëîãè÷íî âûðàçèì ìîùíîñòü ïîòåðü â ñèñòåìå íà

ó÷àñòêå 

. (5)

Ïðè  îáà ðàâåíñòâà (4) è (5) ñòàíîâÿòñÿ òî÷-

íûìè, à â ñèëó çàêîíà ñîõðàíåíèÿ ýíåðãèè .

Îòñþäà

(6)

(ýíåðãåòè÷åñêàÿ òðàêòîâêà çàòóõàíèÿ).
Ôîðìóëó (6) íåòðóäíî êîíêðåòèçèðîâàòü. Çíàìåíà-

òåëü ïðè ýòîì âû÷èñëÿåòñÿ íà îñíîâàíèè âûðàæåíèÿ (3).
Äëÿ îïðåäåëåíèÿ ÷èñëèòåëÿ èñïîëüçóåì ðàâåíñòâî 

(7)

ðàññìàòðèâàÿ îáëàñòü , ãäå  - ïîïåðå÷íîå

ôðàêòàëüíîå ñå÷åíèå íàïðàâëÿþùåé ñèñòåìû; îáå ÷àñòè

(7) äåëÿòñÿ íà  è ñîâåðøàåòñÿ ïåðåõîä ê ïðåäåëó ïðè

. Â ðåçóëüòàòå ïîëó÷àåì

(8)

Çäåñü ,  - ôóíêöèè êîîðäèíàò, ïðèíèìàþùèå ðàçëè÷-

íûå çíà÷åíèÿ â îáëàñòÿõ, ñîîòâåòñòâóþùèõ äèýëåêòðèêó
è ïðîâîäíèêó.

Ïîòåðè ýíåðãèè â íàïðàâëÿþùåé ñèñòåìå ìîæíî ïðåä-
ñòàâèòü â âèäå ñóììû, ñëàãàåìûå êîòîðîé ñîîòâåòñòâóþò
ðàçíûì ôèçè÷åñêèì ôàêòîðàì. Ó÷èòûâàÿ ýòî â (6),
èìååì

. (9)

Â ÷àñòíîñòè, îêàçûâàåòñÿ óäîáíûì îòäåëüíî ðàññìàòðè-

âàòü ïîãëîùåíèå â äèýëåêòðèêå è ïðîâîäíèêå. Ôîðìóëà
(8), íàïðèìåð, ìîæåò áûòü èñïîëüçîâàíà òîëüêî äëÿ íà-

õîæäåíèÿ "÷àñòè÷íîãî" êîýôôèöèåíòà çàòóõàíèÿ 

, ó÷èòûâàþùåãî ïîòåðè â äèýëåêòðèêå ñ ôðàêòàëü-

íîé ñòðóêòóðîé

(10)

(  - ïîïåðå÷íîå ôðàêòàëüíîå ñå÷åíèå äèýëåêòðèêà

ñèñ-òåìû).
Âëèÿíèå ïðîâîäíèêà îáû÷íî ó÷èòûâàþò ñ ïîçèöèé

ãðàíè÷íîãî óñëîâèÿ Ëåîíòîâè÷à. Âûäåëèâ íà ïðîâîäÿ-

ùèõ ýëåìåíòàõ íàïðàâëÿþùåé ñèñòåìû ïîÿñ   øèðè-

íîé , ñ ó÷åòîì

,

ãäå  - òàíãåíöèàëüíàÿ êîìïîíåíòà âåêòîðà ,  -

ãëóáèíà ñêèí-ñëîÿ,  - óäåëüíàÿ ïðîâîäèìîñòü ïðîâîä-

íèêà; çàïèøåì

.

Òàêèì îáðàçîì, êîýôôèöèåíò , îòðàæàþùèé

íåèäåàëüíîñòü ïðîâîäíèêà (ôðàêòàëüíóþ ñòðóêòóðó ïî-
âåðõíîñòè), ïîëó÷àåì â âèäå

(11)

ñ ó÷åòîì (9) , ãäå ñëàãàåìûå íàõîäÿòñÿ ïî

ôîðìóëàì (10) è (11).
Àíàëèç ñòðóêòóðû ïîëÿ â ëèíèÿõ ïåðåäà÷è, ñäåëàí-

íûé â ïðåäïîëîæåíèè èäåàëüíîé ïðîâîäèìîñòè ñòåíîê
âîëíîâîäà, íåòî÷åí äëÿ ðåàëüíûõ ëèíèé ñ êîíå÷íîé
ïðîâîäèìîñòüþ ñòåíîê. Îäíàêî åñëè ïðîâîäèìîñòü
ñòåíîê êîíå÷íà, íî âåñüìà âåëèêà (÷òî îáû÷íî èìååò
ìåñòî), òî äåéñòâèòåëüíàÿ ñòðóêòóðà ïîëÿ ìàëî îòëè÷à-
åòñÿ îò ñòðóêòóðû ïîëÿ, ïîëó÷åííîé â ïðåäïîëîæåíèè
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èäåàëüíîé ïðîâîäèìîñòè ñòåíîê. Îòëè÷èå â îñíîâíîì
ñâîäèòñÿ ê òîìó, ÷òî â ñîîòâåòñòâèè ñ ãðàíè÷íûì
óñëîâèåì Ëåîíòîâè÷à-Ùóêèíà âäîëü ñòåíîê âîëíîâîäà
ïîÿâëÿåòñÿ íåêîòîðàÿ âåñüìà ìàëàÿ òàíãåíöèàëüíàÿ
ñîñòàâëÿþùàÿ âåêòîðà íàïðÿæåííîñòè ýëåêòðè÷åñêîãî
ïîëÿ. Íàïðèìåð, äåéñòâèòåëüíàÿ ñòðóêòóðà ýëåêòðè÷å-

ñêîãî ïîëÿ âîëíû òèïà  â âîëíîâîäå ïðÿìîóãîëüíîãî

ñå÷åíèÿ, áëàãîäàðÿ êîíå÷íîé ïðîâîäèìîñòè ñòåíîê âîë-
íîâîäà, èìååò âèä, ïðè êîòîðîì ýëåêòðè÷åñêèå ñèëîâûå
ëèíèè âáëèçè ñòåíîê âîëíîâîäà íåñêîëüêî íàêëîíåíû â
íàïðàâëåíèè ðàñïðîñòðàíåíèÿ, â òî âðåìÿ êàê ñîãëàñíî

êëàññè÷åñêîìó àíàëèçó (ïðè ) îíè äîëæíû áûòü

ñòðîãî íîðìàëüíû ê ïîâåðõíîñòÿì ñòåíîê. Íàêëîí
ñèëîâûõ ëèíèé âåñüìà ìàë, îäíàêî ó÷åñòü äåôîðìàöèþ

ñèëîâûõ ëèíèé ìîæíî ñ ïîìîùüþ -õàðàêòåðèñòèê [8],

[9]. Àíàëîãè÷íûå èçìåíåíèÿ ñòðóêòóðû ïîëÿ ïðîèñõîäÿò
è ïðè ðàñïðîñòðàíåíèè âîëí äðóãèõ òèïîâ.

Èçìåíåíèþ ñòðóêòóðû ýëåêòðè÷åñêèõ ñèëîâûõ ëèíèé
ñîîòâåòñòâóåò èçìåíåíèå ñòðóêòóðû ìàãíèòíûõ ñèëîâûõ
ëèíèé. Â ÷àñòíîñòè, ó ñòåíîê âîëíîâîäà íîðìàëüíàÿ

ñîñòàâëÿþùàÿ âåêòîðà  íå ðàâíà íóëþ. Èçìåíåíèå

ñòðóêòóðû òîêîâ â îñíîâíîì ñâîäèòñÿ ê òîìó, ÷òî îíè â
äåéñòâèòåëüíîñòè òåêóò íå ïî ïîâåðõíîñòè, à ïðîíèêàþò
íà íåêîòîðóþ ãëóáèíó âíóòðü ñòåíîê. Íàëè÷èå îòëè÷íîé

îò íóëÿ òàíãåíöèàëüíîé ñîñòàâëÿþùåé âåêòîðîâ  è 

ó ñòåíîê âîëíîâîäà îçíà÷àåò, ÷òî âåêòîð Ïîéíòèíãà
èìååò ñîñòàâëÿþùóþ, íîðìàëüíóþ ñòåíêàì âîëíîâîäà, è,
ñëåäîâàòåëüíî, â íèõ èìåþòñÿ ïîòåðè íà òåïëî.

Âûäåëèì íà ïîâåðõíîñòè ìåòàëëè÷åñêîãî ïðîâîäíèêà

íàïðàâëÿþùåé ñèñòåìû ó÷àñòîê äëèíîé . Ñðåäíÿÿ

ìîùíîñòü òåïëîâûõ ïîòåðü   íà îòðåçêå ïðîâîäíè-

êà äëèíîé  ðàâíà

,

ò. å. ïîòåðè íà åäèíèöó äëèíû

. (12)

Ïîäñòàâëÿÿ (12) â (9), ïîëó÷àåì

, (13)

ãäå ÷åðåç  îáîçíà÷åíà àêòèâíàÿ ÷àñòü ïîâåðõíîñòíîãî

ñîïðîòèâëåíèÿ, ðàâíàÿ

.

Òàê êàê äëÿ âñåõ ìåòàëëîâ, êðîìå ôåððîìàãíèòíûõ,

, òî

îì,

ãäå  - ÷àñòîòà â ãåðöàõ.

Êàê ñëåäóåò èç ðàâåíñòâà (13), êîýôôèöèåíò çàòóõà-
íèÿ óáûâàåò ïðÿìî ïðîïîðöèîíàëüíî âåëè÷èíå ïîâåðõ-

íîñòíîãî ñîïðîòèâëåíèÿ . Íåèçáåæíàÿ øåðîõîâàòîñòü

ïîâåðõíîñòè ìåòàëëà çàìåòíî óâåëè÷èâàåò çàòóõàíèå â
ïðîâîäíèêàõ. Â ñàíòèìåòðîâîì äèàïàçîíå âîëí ãëóáèíà
ïðîíèêíîâåíèÿ òîêà â ìåòàëë íå ïðåâûøàåò 0,1- 0,2 ìêì.
Â ýòîì äèàïàçîíå íåðîâíîñòè (ñèíãóëÿðíîñòè) ìåòàëëè-
÷åñêèõ ïîâåðõíîñòåé äàæå ïîñëå òùàòåëüíîé îáðàáîòêè
è øëèôîâêè îáû÷íî çíà÷èòåëüíî áîëüøå ãëóáèíû ïðî-
íèêíîâåíèÿ òîêà â ìåòàëë, ÷òî ïðèâîäèò ê óâåëè÷åíèþ
ïóòè, ïðîõîäèìîãî òîêîì ïî ìåòàëëè÷åñêîé ïîâåðõíî-
ñòè, à ñëåäîâàòåëüíî, ê âîçðàñòàíèþ ïîòåðü. Ïîýòîìó
äåéñòâèòåëüíûå çíà÷åíèÿ êîýôôèöèåíòà çàòóõàíèÿ
îêàçûâàþòñÿ íåñêîëüêî âûøå ðàññ÷èòàííûõ ïî ôîðìóëå

(13) â êëàññè÷åñêîé òðàêòîâêå (ïðè ), îäíàêî

ïðèìåíåíèå -õàðàêòåðèñòèê ïîçâîëÿåò îïèñàòü ëþáóþ

çàäàííóþ ñòåïåíü ôðàêòàëüíîñòè (øåðîõîâàòîñòè) ïî-
âåðõíîñòè. 

ÂÛÂÎÄÛ

Ââåäåíèå óðàâíåíèé Ìàêñâåëëà ñ ó÷åòîì -õàðàêòå-

ðèñòèê ýëåêòðîìàãíèòíîãî ïîëÿ è ñ ïîñëåäóþùåé çàïè-
ñüþ òåîðåìû Óìîâà-Ïîéíòèíãà ïîçâîëÿþò èññëåäîâàòü
ïîòîê ñðåäíåãî âåêòîðà Ïîéíòèíãà ÷åðåç ïîïåðå÷íîå

ôðàêòàëüíîå ñå÷åíèå  íàïðàâëÿþùåé ñèñòåìû. Â

ðåçóëüòàòå ìîäåëèðîâàíèÿ ïîòåðü â íàïðàâëÿþùèõ
ñèñòåìàõ ïîëó÷åíû ìîäåëè ðàñ÷åòà ïîòåðü ñ èñïîëü-

çîâàíèåì -õàðàêòåðèñòèê, êîòîðûå ïîçâîëÿåò îïèñàòü

ëþáóþ çàäàííóþ ñòåïåíü ôðàêòàëüíîñòè (øåðîõîâà-
òîñòè) ïîâåðõíîñòè, ïðè ýòîì äåéñòâèòåëüíûå çíà÷åíèÿ
êîýôôèöèåíòà çàòóõàíèÿ îêàçûâàþòñÿ íåñêîëüêî âûøå
ðàññ÷èòàííûõ ïî ôîðìóëàì ïðè êëàññè÷åñêîé òðàêòîâêå
çàòóõàíèÿ.

Ïîëó÷åííûå ðåçóëüòàòû ìîãóò ïðèìåíÿòüñÿ äëÿ àíà-
ëèçà è ïðîåêòèðîâàíèÿ âîëíîâåäóùèõ ñòðóêòóð ðàçëè÷-

íîãî òèïà. Ââåäåííûå â ðàññìîòðåíèå -õàðàêòåðèñòèêè

ýëåêòðîìàãíèòíîãî ïîëÿ, ïîñòðîåííûå íà îñíîâå àïïàðà-
òà äðîáíîãî äèôôåðèíòåãðèðîâàíèÿ, ìîãóò ïðèìåíÿòüñÿ
äëÿ àíàëèçà âçàèìîäåéñòâèÿ ýëåêòðîìàãíèòíûõ âîëí
ìèëëèìåòðîâîãî è ñóáìèëëèìåòðîâîãî äèàïàçîíà ïðè
ïàäåíèè íà ôðàêòàëüíóþ ïîâåðõíîñòü ïîä ëþáûì óãëîì,
äëÿ ðåøåíèÿ çàäà÷ àíàëèçà ÿâëåíèé îòðàæåíèÿ
(÷àñòè÷íîãî è ïîëíîãî), ïðîõîæäåíèÿ âîëí â ñðåäó,
ÿâëåíèÿ äèôðàêöèè è ò. ï.
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ÀÂÒÎÌÀÒÈÇÀÖ²ß ÏÐÎÖÅÑÓ ÒÅÏËÎÂÎÃÎ ÏÐÎÅÊÒÓÂÀÍÍß 
Ì²ÊÐÎÅËÅÊÒÐÎÍÍÈÕ ÏÐÈÑÒÐÎ¯Â ÇÀ ÄÎÏÎÌÎÃÎÞ ÏÐÎÃÐÀÌÈ      

CIRCUIT MAKER 6 PRO 

À. Â. Ïàðõîìåíêî, Í. À. Êîíîâàëåíêî, Ë. Â. Ïîñòàâåöü 

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû òåïëîâîãî ìî-
äåëèðîâàíèÿ èíòåãðàëüíîé ìèêðîñõåìû ñ ïðèìåíåíèåì
ïðîãðàììû Circuit Maker 6 PRO. Ïðåäëîæåííûé ïîäõîä
îáåñïå÷èâàåò íåîáõîäèìóþ òî÷íîñòü ìîäåëèðîâàíèÿ.

Â ö³é ðîáîò³ ïðåäñòàâëåí³ ðåçóëüòàòè òåïëîâîãî ìîäå-
ëþâàííÿ ³íòåãðàëüíî¿ ì³êðîñõåìè ç âèêîðèñòàííÿì ïðîãðàìè
Circuit Maker 6 PRO. Çàïðîïîíîâàíèé ï³äõ³ä çàáåçïå÷óº
íåîáõ³äíó òî÷í³ñòü ìîäåëþâàííÿ.

In this paper were introduced the results of thermal simula-
tion of integrated chip using program Circuit Maker 6 PRO.
Proposed approach provide the necessary accuracy of modelling.

Ãîëîâíîþ ïðè÷èíîþ ðîçðîáêè òà âèêîðèñòàííÿ ñèñòåì
àâòîìàòèçîâàíîãî ïðîåêòóâàííÿ (ÑÀÏÐ) º çðîñòàþ÷à
íåâ³äïîâ³äí³ñòü ì³æ âèìîãàìè ñêîðî÷åííÿ òåðì³í³â,
ï³äâèùåííÿ ÿêîñò³, çíèæåííÿ âàðòîñò³ ïðîåêòíèõ ðîá³ò
òà ñòàðèìè ìåòîäàìè ïðîåêòóâàííÿ. Âïðîâàäæåííÿ â
³íæåíåðíó ïðàêòèêó ìåòîä³â àâòîìàòèçàö³¿ ïðîåêòóâàííÿ
äîçâîëÿº ïåðåéòè â³ä òðàäèö³éíîãî ìàêåòóâàííÿ
ïðîåêòîâàíî¿ àïàðàòóðè äî ¿¿ ìîäåëþâàííÿ çà äîïîìîãîþ
ÏÅÎÌ. Êð³ì öüîãî, çàñòîñóâàííÿ ÏÅÎÌ äîçâîëÿº
çä³éñíèòè âåñü öèêë ïðîåêòóâàííÿ, ùî ñêëàäàºòüñÿ ç
íàñòóïíèõ åòàï³â:

1. Ñèíòåç ñòðóêòóðè òà ïðèíöèïîâî¿ ñõåìè ïðèñòðîþ.
2. Àíàë³ç éîãî õàðàêòåðèñòèê â ð³çíèõ ðåæèìàõ ç

óðàõóâàííÿì ðîçêèäó ïàðàìåòð³â êîìïîíåíò³â òà íàÿâ-
íîñò³ äåñòàá³ë³çóþ÷èõ ôàêòîð³â, à òàêîæ ïàðàìåòðè÷íó
îïòèì³çàö³þ.

3. Ñèíòåç òîïîëîã³¿, âêëþ÷àþ÷è ðîçì³ùåííÿ åëåìåíò³â
íà ïëàò³ àáî êðèñòàë³ òà ðîçâåäåííÿ ì³æç'ºäíàíü.

4. Âåðèô³êàö³þ òîïîëîã³¿.

5. Âèïóñê êîíñòðóêòîðñüêî¿ äîêóìåíòàö³¿.
Çàâäÿêè ìîæëèâîñò³ äîñòóïó äî ³íôîðìàö³¿ â ìåðåæ³

Internet ñòàëî ìîæëèâèì øèðøå îõîïèòè ³
ïðîàíàë³çóâàòè ³ñíóþ÷³ ñó÷àñí³ ïðîãðàìí³ ñèñòåìè
àâòîìàòèçîâàíîãî ïðîåêòóâàííÿ ðàä³îåëåêòðîííèõ òà
ì³êðîåëåêòðîííèõ ïðèñòðî¿â.

Íà öåé ÷àñ ³ñíóº áàãàòî ïàêåò³â àâòîìàòèçîâàíîãî
ñõåìîòåõí³÷íîãî ïðîåêòóâàííÿ: Circuit Maker 6 PRO, P-
CAD, OrCAD, PSpice, Micro-CAP, Micro-Logic, ELEC-
TRONICS WORKBENCH, ÌÀÅÑ-Ï òà ³íø³, êîæíèé ç
ÿêèõ ìàº ñâî¿ îñîáëèâîñò³ ³ â³äð³çíÿºòüñÿ óí³âå-
ðñàëüí³ñòþ, åêîíîì³÷í³ñòþ ³ òî÷í³ñòþ ðîçðàõóíê³â.

Ñüîãîäí³ ðîçðîáíèêè ïðîãðàìíîãî çàáåçïå÷åííÿ ñèñ-
òåì àâòîìàòèçîâàíîãî ñõåìîòåõí³÷íîãî ïðîåêòóâàííÿ îñ-
íîâíó óâàãó ïðèä³ëÿþòü ñòâîðåííþ óí³âåðñàëüíèõ
ìîäåëþþ÷èõ ïðîãðàì äëÿ àíàë³çó õàðàêòåðèñòèê
àíàëîãîâèõ òà öèôðîâèõ ïðèñòðî¿â. Ñó÷àñí³ ïðîãðàìè
ÑÀÏÐ ïðàöþþòü â ä³àëîãîâîìó ðåæèì³ òà ìàþòü
âåëèêèé íàá³ð ñåðâ³ñíèõ ìîäóë³â, ùî çíà÷íî ñïðîùóþòü
ðîáîòó íà ÏÅÎÌ òà ðîáëÿòü ¿õ äðóæí³ìè ïî â³äíîøåííþ
äî êîðèñòóâà÷à.

Äëÿ á³ëüøîñò³ åëåêòðîííèõ ïðèñòðî¿â ¿õ ñòðóêòóðà òà
ïðèíöèïîâà ñõåìà â çíà÷í³é ì³ð³ çàëåæàòü â³ä ãàëóç³
çàñòîñóâàííÿ òà âõ³äíèõ äàíèõ íà ïðîåêòóâàííÿ, ùî
ñòâîðþº çíà÷í³ òðóäíîù³ ïðè ñèíòåç³ ïðèíöèïîâî¿ ñõåìè
çà äîïîìîãîþ ÏÅÎÌ. Â öüîìó âèïàäêó ïåðâèííèé
âàð³àíò ñõåìè ñêëàäàºòüñÿ ³íæåíåðîì "âðó÷íó" ç
íàñòóïíèì ìîäåëþâàííÿì òà îïòèì³çàö³ºþ íà ÏÅÎÌ. Â
ñó÷àñíèõ ïðîãðàìàõ ñõåìîòåõí³÷íîãî ïðîåêòóâàííÿ
ïåðåäáà÷åíå ââåäåííÿ ïðèíöèïîâî¿ ñõåìè ìîäåëüîâàíîãî
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ïðèñòðîþ â ãðàô³÷íîìó âèãëÿä³, ùî çíà÷íî ñïðîùóº
ï³äãîòîâêó âõ³äíèõ äàíèõ òà çìåíøóº ê³ëüê³ñòü ïîìèëîê.
Ðåçóëüòàòè ìîäåëþâàííÿ âèâîäÿòüñÿ â çðó÷í³é ôîðì³
äëÿ ñïðèéíÿòòÿ ïðîåêòóâàëüíèêîì. Íåäîë³êîì º òå, ùî
çàçâè÷àé ïðè ìîäåëþâàíí³ âèáèðàþòüñÿ ñïðîùåí³ çàñ-
òóïí³ ñõåìè, íå ïîâí³ñòþ àäåêâàòí³ óìîâàì ðîáîòè
ðåàëüíîãî ïðèñòðîþ, òîìó ðåçóëüòàòè ìîäåëþâàííÿ
öèôðîâèõ ïðèñòðî¿â º á³ëüø â³ðîã³äíèìè.

Îäí³ºþ ç â³äîìèõ òà äîñòóïíèõ êîðèñòóâà÷àì ñèñòåì º
ïðîãðàìà Circuit Maker 6 PRO, ïðèçíà÷åíà äëÿ ñõåìî-
òåõí³÷íîãî ñêëàäàííÿ òà ìîäåëþâàííÿ åëåêòðè÷íèõ ê³ë.
Âîíà äîçâîëÿº âèêîíóâàòè íàñòóïí³ ïðîåêòí³ îïåðàö³¿:

- ñòâîðåííÿ óìîâíèõ ãðàô³÷íèõ ïîçíà÷åíü åëåìåíò³â
ïðèíöèïîâî¿ åëåêòðè÷íî¿ ñõåìè ;

- ãðàô³÷íå ââåäåííÿ êðåñëåííÿ ïðèíöèïîâî¿ åëåêòðè÷-
íî¿ ñõåìè ³ êîíñòðóêòèâ³â ïðîåêòîâàíîãî ïðèñòðîþ;

- àíàëîãîâå ³ öèôðîâå ìîäåëþâàííÿ åëåêòðîííèõ
ïðèñòðî¿â;

- âèçíà÷åííÿ íàïðóã, ñòðóì³â, ïîòóæíîñò³ åëåìåíò³â
ïðèíöèïîâî¿ ñõåìè;

- âèçíà÷åííÿ çàëåæíîñò³ íàïðóã, ñòðóì³â ³ ìèòòºâèõ
ïîòóæíîñòåé åëåìåíò³â ïðèíöèïîâî¿ ñõåìè â³ä ÷àñó, ÷àñ-
òîòè ³ ò.³.

Âõ³äíèìè äàíèìè ïðîãðàìè Circuit Maker º åëåê-
òðè÷í³ ïðèíöèïîâ³ ñõåìè ìîäåëüîâàíèõ ïðèñòðî¿â, ïðåä-
ñòàâëåí³ ó ãðàô³÷íîìó âèãëÿä³, ç âèêîðèñòàííÿì á³áë³î-
òå÷íèõ åëåìåíò³â. 

Âèõ³äíèìè äàíèìè ïðîãðàìè Circuit Maker 6 PRO º:
- çîáðàæåííÿ åëåêòðè÷íèõ ïðèíöèïîâèõ ñõåì;
- ðåçóëüòàòè àíàë³çó õàðàêòåðèñòèê ñõåì, íàâåäåí³ â

ñó÷àñíîìó ãðàô³÷íîìó âèãëÿä³.
Äî íàéá³ëüø â³äîìèõ ñåðåä âïðîâàäæåíèõ íà ï³äïðè-

ºìñòâàõ ÑÍÄ ïðîãðàìíèõ çàñîá³â, ÿê³ çä³éñíþþòü òåï-
ëîâå ïðîåêòóâàííÿ, íàëåæàòü ÀÑÎÍÈÊÀ-Ò, ÏÐÀÌ-9,
ÒÐÀÏ-1, ÒÅÏËÎÒÀ, ÒÅÐÌ-4. Ñåðåä çàðóá³æíèõ ñèñòåì
òåïëîâîãî ìîäåëþâàííÿ ðàä³îåëåêòðîííèõ òà ì³êðîåëåê-
òðîííèõ ïðèñòðî¿â ìîæíà â³äçíà÷èòè: mS-THERMANAL,
THERMODEL, TULSOFT, SISSSI, SUNRED, TULTH-
ERM, THERM. Ñèñòåìà òåïëîâîãî ïðîåêòóâàííÿ
åëåêòðîííîãî ïðèñòðîþ ïîâèííà äîçâîëÿòè â ³íòåðàêòèâ-
íîìó ðåæèì³ àíàë³çóâàòè, ñèíòåçóâàòè òà îïòèì³çóâàòè
â³äïîâ³äí³ òåïëîâ³ õàðàêòåðèñòèêè.

Äåÿê³ ïðîãðàìí³ ñèñòåìè òåïëîâîãî ïðîåêòóâàííÿ
äîçâîëÿþòü êð³ì ìîäåëþâàííÿ òåìïåðàòóðíèõ ïîë³â
àíàë³çóâàòè ³ òåïëîåëåêòðè÷í³ õàðàêòåðèñòèêè,
íàïðèêëàä APLAC, SMODTHERM, ATLAS,  DF/Ther-
max, FIDAP, FloTHERM, Flow-3D, Flunt, Flux-chip,
PAFEC, PC-3D, PHOENICS, Sauna, SINDA,TAK III,
TULSoft 2, Visula [1].

Îäí³ºþ ç â³äîìèõ â³ò÷èçíÿíèõ ñèñòåì º ïðîãðàìà
ìîäåëþâàííÿ òåïëîâèõ ïðîöåñ³â ìåòîäàìè òåïëîåëåê-
òðè÷íî¿ àíàëîã³¿ STEA [1]. Ñèñòåìà ïðèçíà÷åíà äëÿ
òåïëîâîãî ìîäåëþâàííÿ êîíñòðóêö³é ì³êðîåëåêòðîííèõ
ïðèñòðî¿â, çàáåçïå÷óº ôîðìóâàííÿ òåïëîåëåêòðè÷íî¿
ñõåìè (ÒÅÑ) ïðÿìèì òà ðåäóêö³éíèì ìåòîäàìè. Ïðè

ðåàë³çàö³¿ ïðÿìîãî ìåòîäó ìîæëèâ³ òàê³ âèäè àíàë³çó
ë³í³éíèõ òåïëîåëåêòðè÷íèõ ñõåì: àíàë³ç ñòàö³îíàðíîãî
ðåæèìó, àíàë³ç íåñòàö³îíàðíîãî ðåæèìó.

Ðåäóêö³éíèé ìåòîä ôîðìóâàííÿ äîçâîëÿº âèêîíàííÿ
á³ëüøî¿ ê³ëüêîñò³ âèä³â ìîäåëþâàííÿ ÿê äëÿ ë³í³éíèõ,
òàê ³ äëÿ íåë³í³éíèõ ñõåì:

- àíàë³ç ñòàö³îíàðíîãî ðåæèìó;
- àíàë³ç íåñòàö³îíàðíîãî ðåæèìó;
- àíàë³ç ïàðàìåòðè÷íî¿ ÷óòëèâîñò³;
- îäíîïàðàìåòðè÷íèé ñèíòåç.
Ñèñòåìà ì³ñòèòü ï³äñèñòåìó ôîðìóâàííÿ òåïëîåëåê-

òðè÷íî¿ ñõåìè, ÿêà âèêîíóº ôîðìóâàííÿ ÒÅÑ ïðÿìèì
ìåòîäîì íà îñíîâ³ çàäàíîãî îïèñó êîíñòðóêö³¿ ïðèñòðîþ,
òà ï³äñèñòåìó ìîäåëþâàííÿ, ÿêà â³äïîâ³äàº çà
ìîäåëþâàííÿ ÒÅÑ, ñòâîðåíèõ ó ïåðø³é ï³äñèñòåì³, à
òàêîæ çàáåçïå÷óº ðåàë³çàö³þ ðåäóêö³éíîãî ï³äõîäó äî
ïîáóäîâè ÒÅÑ.

Àíàë³ç îñîáëèâîñòåé ôóíêö³îíóâàííÿ ñèñòåìè STEA,
ïîð³âíÿëüíèé àíàë³ç ôóíêö³îíàëüíèõ ìîæëèâîñòåé
ñèñòåì Circuit Maker òà STEA, à òàêîæ â³äîìèé ïðèíöèï
åëåêòðîòåïëîâî¿ àíàëîã³¿ (òàáë. 1) äîçâîëèâ çðîáèòè
ïðèïóùåííÿ ïðî ìîæëèâ³ñòü âèêîðèñòàííÿ ñèñòåìè
ñõåìîòåõí³÷íîãî ïðîåêòóâàííÿ Circuit Maker äëÿ ìîäå-
ëþâàííÿ òåïëîâèõ ïðîöåñ³â â åëåêòðîííèõ ïðèñòðîÿõ.

Äëÿ ïîð³âíÿííÿ ðåçóëüòàò³â ðîáîòè öèõ ïðîãðàì
âèêîðèñòîâóâàëèñü ðåçóëüòàòè òåïëîâîãî ìîäåëþâàííÿ
òèïîâî¿ êîíñòðóêö³¿ ì³êðîåëåêòðîííîãî ïðèñòðîþ -
³íòåãðàëüíî¿ ñõåìè (²Ñ) çà äîïîìîãîþ ïðîãðàìè STEA,
íàâåäåí³ â [1], à òàêîæ âèêîíóâàëîñÿ ¿¿ ìîäåëþâàííÿ çà
äîïîìîãîþ ïðîãðàìè Circuit Maker.

Òåñòîâà òåïëîåëåêòðè÷íà ñõåìà, ùî ïîáóäîâàíà íà îñ-
íîâ³ ðåäóêö³éíîãî ï³äõîäó, íàâåäåíà íà ðèñóíêó 1. Îñ-
íîâíîþ ÷àñòèíîþ ñõåìè º êðèñòàë (3-é âóçîë), ÿêèé çàê-
ð³ïëåíèé íà âèâ³äí³é ðàìö³, ùî ì³ñòèòü 8 âèâîä³â (âóçëè
- 7, 8, 9, 10, 11, 12, 13, 14), ÿê³ ç'ºäíóþòüñÿ ç íàï³âïðî-
âîäíèêîâèì êðèñòàëîì. Ñõåìà º ë³í³éíîþ, ì³ñòèòü 18
ë³í³éíèõ òåïëîâèõ îïîð³â, 9 ë³í³éíèõ òåïëîâèõ ºìíîñòåé
òà îäíå äèíàì³÷íå äæåðåëî òåïëîâîãî ïîòîêó.

Òàáëèöà 1 - Â³äïîâ³äí³ñòü ì³æ õàðàêòåðèñòèêàìè 
åëåêòðè÷íîãî é òåïëîâîãî ïîë³â

Ïàðàìåòð åëåêòðè÷íîãî 
ïîëÿ

Ïàðàìåòð òåïëîâîãî 
ïîëÿ

Ïîòåíö³àë
Ô, [Â]

Òåìïåðàòóðà
Ò, [Ê]

Ñèëà ñòðóìó
I, [À]

Òåïëîâèé ïîò³ê
Ð, [Âò]

Íàïðóãà
U=Ô1-Ô2, [Â]

Ð³çíèöÿ òåìïåðàòóð
T=Ò1 Ò2, [Ê]–
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Ðèñóíîê 1 - Òåñòîâà òåïëîåëåêòðè÷íà ñõåìà 
êîíñòðóêö³¿ ²Ñ

Äæåðåëî òåïëîâîãî ïîòîêó Is1 â³äïîâ³äàº òåïëî-
âèä³ëåííþ â êðèñòàë³, éîãî âåëè÷èíà çàëåæèòü â³ä
ðîçñ³þâàíî¿ êðèñòàëîì åëåêòðè÷íî¿ ïîòóæíîñò³. Äëÿ
êîðåêòíîãî ïðîâåäåííÿ äèíàì³÷íîãî àíàë³çó öå äæåðåëî
ïîâèííå ìàòè íóëüîâå çíà÷åííÿ â ïåðø³é ÷àñîâ³é òî÷ö³ ³
âñòàíîâëåíå ñòàö³îíàðíå çíà÷åííÿ ó âñ³õ íàñòóïíèõ
òî÷êàõ. Òåïëîâèé îï³ð R1 ìîäåëþº ñò³ê òåïëîòè â

îòî÷óþ÷å ñåðåäîâèùå â³ä êðèñòàëó ÷åðåç ïîâåðõíþ
ì³äíîãî òåïëîâ³äâîäó. Òåïëîâèé îï³ð R2 â³äîáðàæàº

â³äâ³ä òåïëà â³ä êðèñòàëó â îòî÷óþ÷å ñåðåäîâèùå ÷åðåç
ïåðåäíþ òà áîêîâ³ ïîâåðõí³ ïëàñòìàñîâî¿ îáîëîíêè.
Òåïëîâà ºìí³ñòü Ñ9 â³äïîâ³äàº òåïëîºìíîñò³ çàêð³ï-

ëåíîãî íà âèâ³äí³é ðàìö³ êðèñòàëó. Òåïëîâ³ îïîðè R4,

R6, R8, R10, R11, R13, R15, R17  â³äîáðàæàþòü ñò³ê

òåïëîòè â äðóêîâàíó ïëàòó â³ä êðèñòàëó ÷åðåç âñ³
âèâîäè. Òåïëîâ³ îïîðè R3, R5, R7, R9, R12, R14, R16, R18

âðàõîâóþòü â³äâ³ä òåïëîòè, ïåðåíåñåíî¿ i-èì âèâîäîì ç
ïëàòè â îòî÷óþ÷å ñåðåäîâèùå, ¿õ âåëè÷èíà çàëåæèòü â³ä
ðîçì³ð³â ïëàòè, â³ä òîâùèíè é êîíô³ãóðàö³¿ ïðîâ³äíîãî
øàðó, â³ä óìîâ îõîëîäæåííÿ. Òåïëîâ³ ºìíîñò³ Ñ1 - Ñ8

â³äïîâ³äàþòü òåïëîºìíîñò³ ì³ñöÿ êîíòàêòó i-ãî âèâîäó ç
äðóêîâàíîþ ïëàòîþ. Åëåìåíòè Ñ1 - Ñ9 ââåäåí³ â ñõåìó

äëÿ ÿê³ñíî¿ ³ëþñòðàö³¿ òåïëîâèõ ïåðåõ³äíèõ ïðîöåñ³â â
²Ñ. Íàâåäåíà òåïëîåëåêòðè÷íà ñõåìà ìàº äîñòàòíüî

âèñîêó àäåêâàòí³ñòü ðåàëüí³é êîíñòðóêö³¿ ²Ñ ³ ìîæå áóòè
âèêîðèñòàíà äëÿ òåïëîâîãî ìîäåëþâàííÿ äàíî¿ ²Ñ. 

Äëÿ âèçíà÷åííÿ òåìïåðàòóðíîãî ñòàö³îíàðíîãî ðåæè-
ìó ²Ñ áóâ âèêîíàíèé ñòàòè÷íèé àíàë³ç òåïëîåëåêòðè÷íî¿
ñõåìè. Çà äîïîìîãîþ ôóíêö³¿ Multimetår áóëî âèêîíàíî
ðîçðàõóíîê ïîòåíö³àë³â â âóçëàõ ñõåìè òà ïîð³âíÿííÿ ç
ðåçóëüòàòàìè ñòàòè÷íîãî àíàë³çó (ñòàö³îíàðíèé ðåæèì)
ó STEA. Ó òàáëèö³ 2 íàâåäåí³ ðåçóëüòàòè ñòàòè÷íîãî
àíàë³çó - òåìïåðàòóðè â öåíòð³ êðèñòàëó òà â ì³ñöÿõ
ç'ºäíàííÿ âèâîä³â ç ïëàòîþ. Òåìïåðàòóðà îòî÷óþ÷îãî
ñåðåäîâèùà áóëà ïðèéíÿòà 20 °Ñ.

Äëÿ äîñë³äæåííÿ íåñòàö³îíàðíîãî òåïëîâîãî ðåæèìó
²Ñ áóâ ïðîâåäåíèé äèíàì³÷íèé àíàë³ç çà äîïîìîãîþ
ôóíêö³¿ Transient Analysis òà ïîð³âíÿííÿ ç ðåçóëüòàòàìè
äèíàì³÷íîãî àíàë³çó (íåñòàö³îíàðíèé òåïëîâèé ðåæèì) â
STEA. Çàäàí³ íàñòóïí³ ïàðàìåòðè àíàë³çó: ïî÷àòêîâèé
ìîìåíò ÷àñó - 0.0 ñ, ê³íöåâèé ìîìåíò ÷àñó - 20.0 ñ, êðîê
- 0.5 ñ. Ðåçóëüòàòè àíàë³çó ïåðåõ³äíîãî òåïëîâîãî
ðåæèìó êðèñòàëó â ãðàô³÷í³é ôîðì³ íàâåäåí³ íà ðèñóíêó
2. Àíàëîã³÷í³ çàëåæíîñò³ áóëè ïîáóäîâàí³ äëÿ âñ³õ
âèâîä³â. Ç àíàë³çó îäåðæàíèõ ðåçóëüòàò³â âèïëèâàº, ùî
ïðèáëèçíî ÷åðåç 5ñ ï³ñëÿ âêëþ÷åííÿ êðèñòàë ïåðåõîäèòü
â óñòàëåíèé òåìïåðàòóðíèé ðåæèì. Âèêîíàí³
äîñë³äæåííÿ ñâ³ä÷àòü, ùî â³äïîâ³äí³ñòü ðåçóëüòàò³â
ìîäåëþâàííÿ â Circuit Maker òà â STEA äîñèòü âèñîêà.

Òàáëèöà 2 - Ïîð³âíÿííÿ ðåçóëüòàò³â

STEA Circuit Maker

×àñòèíà 
ñõåìè

Òåìïåðàòóðà,°Ñ Âóçîë Íàïðóãà, Â

Êðèñòàë 57.289 3 57.289

Âèâ³ä 1 30.460 14 30.460

Âèâ³ä 2 31.792 13 31.792

Âèâ³ä 3 33.513 12 33.513

Âèâ³ä 4 35.012 11 35.012

Âèâ³ä 5 35.012 10 35.012

Âèâ³ä 6 33.513 9 33.513

Âèâ³ä 7 31.792 8 31.792

Âèâ³ä 8 30.460 7 30.460
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Ðèñóíîê 2 - Ðåçóëüòàòè ìîäåëþâàííÿ ïåðåõ³äíîãî òåïëîâîãî ðåæèìó êðèñòàëó

Òàêèì ÷èíîì, çà äîïîìîãîþ ïàêåòà Circuit Maker º
ìîæëèâ³ñòü ìîäåëþâàòè ÿê åëåêòðè÷í³, òàê ³ òåïëîâ³
ïðîöåñè â ñõåìàõ òà êîíñòðóêö³ÿõ ì³êðîåëåêòðîííèõ
ïðèëàä³â. Çíà÷íîþ ïåðåâàãîþ ïàêåòà º éîãî äîñòóïí³ñòü,
çðó÷íèé ³íòåðôåéñ, øèðîê³ ôóíêö³îíàëüí³ ìîæëèâîñò³, â
òîìó ÷èñë³ ìîæëèâ³ñòü ïðåäñòàâëåííÿ âõ³äíèõ òà
âèõ³äíèõ äàíèõ ó íàî÷íîìó ãðàô³÷íîìó âèãëÿä³. 
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228ñ.

     Íàä³éøëà 10.01.2000
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ÂÐÀÕÓÂÀÍÍß ÏÀÐÀÌÅÒÐ²Â ÅËÅÌÅÍÒ²Â ÑÕÅÌÈ Â ÐÅÆÈÌ² 
Ï²ÄÂÈÙÅÍÍß ÍÀÏÐÓÃÈ ²ÌÏÓËÜÑÍÎÃÎ ÐÅÃÓËßÒÎÐÀ

Â. Ä. Ôëîðà

Ïðåäëîæåíî ó÷èòûâàòü ïàðàìåòðû èñòî÷íèêà è ýëåìåíòîâ
ñõåìû èìïóëüñíîãî ðåãóëÿòîðà â ðåæèìå ïîâûøåíèÿ íàïðÿ-
æåíèÿ ìåòîäîì ýíåðãåòè÷åñêîãî áàëàíñà.

Çàïðîïîíîâàíî âðàõóâàííÿ ïàðàìåòð³â äæåðåëà òà åëå-
ìåíò³â ñõåìè ³ìïóëüñíîãî ðåãóëÿòîðà â ðåæèì³ ï³äâèùåííÿ
íàïðóãè ìåòîäîì åíåðãåòè÷íîãî áàëàíñó.

It is offered to take into account parameters of a source and
circuit elements of an impulse regulator in the mode of rise of
voltage by a method of energy balance.

Ïåðåòâîðþâà÷³ ïîñò³éíî¿ íàïðóãè â ïîñò³éíó åôåêòèâ-
íî çàñòîñîâóþòüñÿ ç òàêèìè äæåðåëàìè ïåðâèííîãî
åëåêòðîæèâëåííÿ, ÿê ñîíÿ÷í³ áàòàðå¿, ïàëèâí³ åëåìåíòè,
òåðìîåëåêòðè÷í³ ãåíåðàòîðè ³ ò. ³. Âîíè º îñíîâíîþ
ñêëàäîâîþ ÷àñòèíîþ á³ëüøîñò³ ñèñòåì áåçïåðåðâíîãî
åëåêòðîïîñòà÷àííÿ äëÿ æèâëåííÿ âèêîíàâ÷èõ ïðèñòðî¿â
ç åëåêòðîäâèãóíàìè, äëÿ óçãîäæåííÿ ïîñò³éíèõ íàïðóã
äæåðåëà òà íàâàíòàæåííÿ [1,2,3].

Îäíèì ç íàéá³ëüø âæèâàíèõ ó ðàä³îåëåêòðîíí³é àïà-
ðàòóð³ º ³ìïóëüñíèé ðåãóëÿòîð äëÿ ï³äâèùåííÿ íàïðóãè
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íåðåãóëüîâàíîãî äæåðåëà, ÿêèé ðîçãëÿíóòî áåç âðàõó-
âàííÿ àêòèâíèõ îïîð³â òà ³íäóêòèâíîñòåé [4].

Á³ëüø òî÷í³ ñï³ââ³äíîøåííÿ äëÿ óñòàëåíîãî ðåæèìó
âèçíà÷àþòüñÿ ç óðàõóâàííÿì àêòèâíèõ îïîð³â äæåðåëà

, íàêîïè÷óâàëüíîãî äðîñåëÿ  òà íàâàíòàæåííÿ

, à òàêîæ ¿õí³õ ³íäóêòèâíîñòåé , , .

Ðîçðàõóíêîâîþ º ñõåìà ðèñ. 1, à ÷àñîâ³ ä³àãðàìè çì³-
íåííÿ îñíîâíèõ âåëè÷èí íàâåäåí³ íà ðèñ. 2.

Ðèñóíîê 1 - Ï³äâèùóþ÷èé íàïðóãó ðåãóëÿòîð ñ 
ïàðàëåëüíèì íàêîïè÷óþ÷èì êîíäåíñàòîðîì

Ðîçìàõ ïóëüñàö³é ñòðóìó  íàêîïè÷óâàëüíîãî äðî-

ñåëÿ  ìîæëèâî âèçíà÷èòè ìåòîäîì åíåðãåòè÷íîãî áà-

ëàíñó [5]. Äëÿ ïðîì³æêó ÷àñó , äå  - ÷àñ ðîç-

ðÿäó íàêîïè÷åíî¿ åíåðã³¿:

(1)

Ë³íåàðèçóºìî çàëåæí³ñòü :

, (2)

, (3)

äå , ,  - â³äïîâ³äíî ìàêñèìàëüíèé,

ì³í³ìàëüíèé òà ñåðåäí³é ñòðóìè íàêîïè÷óâàëüíîãî
äðîñåëÿ;

 - ñåðåäíÿ íàïðóãà íàêîïè÷óâàëüíîãî êîíäåíñà-

òîðà.

Ðèñóíîê 2 - ×àñîâ³ ä³àãðàìè çì³íåííÿ îñíîâíèõ âåëè÷èí

Âðàõîâóþ÷è â ôîðìóë³ (1) çàëåæíîñò³ (2) òà (3), ï³ñ-
ëÿ ïåðåòâîðåíü:

, (4)

äå

 - â³äíîñíà òðèâàë³ñòü íàêîïè÷åííÿ åíåðã³¿.

Ïðè öüîìó

, (5)

à ñåðåäí³é ñòðóì íàâàíòàæåííÿ (ÿêîðÿ äâèãóíà ïîñò³éíî-

ãî ñòðóìó íåçàëåæíîãî çáóäæåííÿ)  âèçíà÷àºòüñÿ ç³

ñï³ââ³äíîøåíü

;
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, (6)

äå  - ñòàòè÷íèé ìîìåíò íà âàëó äâèãóíà.

Äëÿ ïðîì³æêó ÷àñó 

Âðàõîâóþ÷è ôîðìóëè (2) òà (3), ï³ñëÿ ïåðåòâîðåíü:

. (7)

Ñåðåäí³é ñòðóì íàêîïè÷óâàëüíîãî äðîñåëÿ âèçíà÷à-
ºòüñÿ ç³ ñï³ââ³äíîøåííÿ:

.

Òîìó 

. (8)

Âèõîäÿ÷è ç ïåðøîãî çàêîíó Ê³ðõãîôà, äëÿ ñåðåäí³õ
ñòðóì³â ó òî÷ö³ "à" ðèñ. 1.:

. (9)

Â óñòàëåíîìó ðåæèì³ ïðèð³ñò ê³ëüêîñò³ åëåêòðèêè
òàêîæ óñòàëåíèé, òîáòî

,

,

. (10)

Îñê³ëüêè 

, (11)

ç ôîðìóë (10) òà (11):

. (12)

Òîä³ ç³ ñï³ââ³äíîøåííÿ (9), âðàõîâóþ÷è (5) òà (12),
îäåðæèìî 

, (13)

à ç ôîðìóëè (8):

. (14)

Âðàõîâóþ÷è â (4), (7) ôîðìóëó (14), ï³ñëÿ ïåðå-
òâîðåíü

, (15)

äå

. (16)

Ïîð³âíþþ÷è ôîðìóëè (15) òà (16), ÿê³ âèçíà÷àþòü
îäíó é òó æ âåëè÷èíó, îäåðæèìî:

(17)

²ç çàãàëüíîãî ñï³ââ³äíîøåííÿ (17) ìîæëèâî îäåðæàòè
á³ëüø ïðîñò³ ôîðìóëè äëÿ ð³çíèõ îêðåìèõ âèïàäê³â.

Çîêðåìà, ÿêùî , 

                                             ,                                                                    

òî

, (18)

òîáòî - òàêà æ ôîðìóëà, ÿê ³ íàâåäåíà [1, 2, 3, 4].
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çðó÷í³øå ï³äðàõîâóâàòè äëÿ ïðîì³æêó ÷àñó ,

îñê³ëüêè äëÿ íüîãî , .

Â òàêîìó ðàç³ 

.(19)
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ï³ñëÿ ïåðåòâîðåíü

. (22)

Äëÿ â³äïîâ³äíèõ âèïàäê³â ï³äñòàâëÿºòüñÿ â³äïîâ³äíå

çíà÷åííÿ , ï³äðàõîâàíå çà ôîðìóëîþ (17).

Äëÿ òîãî æ ïðîì³æêó ÷àñó , âðàõîâóþ÷è ùî

 - ³íäóêòèâí³ñòü íàâàíòàæåííÿ, ìîæëèâî çàïèñàòè:

 

. (23)

Ï³ñëÿ ïåðåòâîðåíü ç ð³âíÿííÿ (23):

. (24)

Äëÿ ð³çíèõ îêðåìèõ âèïàäê³â ó ôîðìóë³ (24) âðàõî-

âóºòüñÿ  çà ôîðìóëîþ, îäåðæàíîþ ç³ ñï³ââ³äíîøåí-

íÿ (17). Çîêðåìà, ÿêùî àêòèâí³ îïîðè , òî

, (25)

òîáòî òàêå æ ñï³ââ³äíîøåííÿ, ÿê ³ íàâåäåíå [4].
Ó ñï³ââ³äíîøåííÿõ (23)-(25) ³íäóêòèâí³ñòü ëàíöþãà

íàâàíòàæåííÿ 

 , (26)

äå  - ³íäóêòèâí³ñòü çãëàäæóþ÷îãî ðåàêòîðà,

; (27)

³íäóêòèâíîñò³ îáìîòîê:

 - ÿêîðÿ;

 - ïîñë³äîâíîãî çáóäæåííÿ;

 - êîìïåíñóþ÷î¿;

 - äîäàòêîâèõ ïîëþñ³â.

Ïðèáëèçíî âèçíà÷èòè  ìîæëèâî çà ôîðìóëîþ [6]:

 , (28)

äå êîåô³ö³ºíò  - äëÿ äâèãóí³â ç êîìïåíñàö³éíîþ

îáìîòêîþ,  - áåç êîìïåíñàö³éíî¿ îáìîòêè;

, ,  - â³äïîâ³äíî íîì³íàëüí³ íàïðóãà, ñòðóì

ÿêîðÿ òà êóòîâà øâèäê³ñòü îáåðòàííÿ;

 - ÷èñëî ïàð ïîëþñ³â ìàøèíè.

Òàêèì ÷èíîì, îäåðæàí³ óòî÷íåí³ ôîðìóëè äëÿ îñíîâ-
íèõ âåëè÷èí â óñòàëåíîìó ðåæèì³ ³ìïóëüñíîãî ðåãóëÿ-
òîðà ç óðàõóâàííÿì ïàðàìåòð³â ñõåìè.
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II.²ÍÔÎÐÌÀÒÈÊÀ

ÓÄÊ 681.32:007

NEUROINFORMATICS: WHAT ARE US, WHERE ARE WE GOING, HOW TO 
MEASURE OUR WAY?

A. N. Gorban

Äàí îáçîð îñíîâíûõ ïðîáëåì è ñîâðåìåííûõ òåíäåíöèé ðàç-
âèòèÿ íåéðîèíôîðìàòèêè.

Äàí îãëÿä îñíîâíèõ ïðîáëåì òà ñó÷àñíèõ òåíäåíöié ðîç-
âèòêó íåéðîiíôîðìàòèêè.

The review of main problems and modern lines of development
of neuroinformatics is given.

What is neuroinformatics? For me here and now neu-
roinformatics is a direction of science and information
technology, dealing with development and study of the
methods for solution of problems by means of neural net-
works. A base example of artificial neural network, which
will be referred to below, is a feed-forward network from
standard neurons (fig. 1)

Figure 1 - Standard neuron

A field of science cannot be determined only by fixing
what it is "dealing with". The main component, actually
constituting a scientific direction, is "THE GREAT
PROBLEM", around which the efforts are concentrated.
One may state even categorically: if there is no a great
problem, there is no a field of science, but only more or
less skilful imitation (the question, who and what for
needs imitations, is an amusing one, but it can lead us far
away). Just main problems impart sense to each particular
study.

What is "THE GREAT PROBLEM" for neuroinformat-

ics? What imparts sense to this vast flow of studies? The
answer will be as we state it - it is impossible to separate a
reflexive exploration of sense of an activity from genera-
tion and ascription of the sense "post factum".

There are two directions of search for the sense - first,
study of brain (solution of mysteries of thinking), and,
second, problems of efficiency of computations. Many peo-
ple are inspired by the banner of "brain-like" computers,
but for me it is alien banner. I lack the determinacy of
problem here - the determinacy of gap in activity: what we
cannot do now and what we will be able to do after
obtaining the solution? Brain-like computer is rather a
metaphor than designation of the problem. However, each
has its own symbol of belief, though those are not numer-
ous.

The problem of effective parallelism pretends to
be the central problem which is being solved by the whole
neuroinformatics. Long ago sank into oblivion the naive
idea: let take more processors, and the efficiency of com-
puter will increase proportionally. There is a well known
"Minsky hypothesis" (fig. 2): efficiency of a parallel sys-
tem increases (approximately) proportionally to logarithm
of the number of processors; at least, it is a convex
upwards (i.e. concave) function (discussion of these prob-
lems can be found in [2]).

Nowadays more and more often as a way to overcome
this limitation the following approach is used: for differ-
ent classes of problems maximum parallel algorithms of
solution are constructed which use some abstract architec-
ture (paradigm) of fine grain parallelism, and for concrete
parallel computers means are developed for realization of
parallel processes of a given abstract architecture. As a
result, an efficient technique of production of parallel pro-
grams is created. Neuroinformatics supplies universal fine
grain parallel architectures for solution of different classes
of problems. Thus, it is used for solving the problem of
efficient parallelism according to the following scheme
(fig. 3).
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Figure 2 - Minsky hypothesis

Figure 3 - Way to effective parallelism

One of main problems of brain studies and creation of
"brain-like" devices is the same problem of effective paral-
lelism: how the brain uses its billion of neurons for effec-
tive parallel operation? So, contradictions between the
different ways of search for sense are not so large.

In addition to "the great problem" of effective parallel-
ism, let suggest a great applied problem, which can be
solved on this way. Controlled thermonuclear synthe-
sis demands for new tools for retaining hot plasma, and,
in general, for controlling its state. It seems quite proba-
ble that the possibilities of physical traps are exhausted,
and any essential increase of stability is unreachable on
this way. May be, time has come for creation of a cyber-
netic system which recognizes instabilities and effectively
suppresses them. There exist neuro-equilibrist - a cart
driven by self-training neural network, which supports a
thin rod in unstable vertical position. Can neural network
recognize changes in the state of plasma and rise of insta-
bilities, elaborate and realize the control action over time

of the order of  s? It is very likely that this is possi-

ble. The time of operation of one layer of network can be

of the order of  s, and three - five layers can

turn out to be quite sufficient. Then such quick-action is
attainable, if there are no extra devices between the net-
work and plasma which cause considerable delay, the
information is perceived by the network directly through a
system of sensors connected to it, and the signals of out-
put neurons act upon the plasma directly (most probably,

through electromagnetic field) - as in the magic "thinking
is action". The number of neurons can be estimated as the
number of unstable degrees of freedom which must be sup-
pressed. On the whole, such a project seems to be quite
realizable by contemporary tools, and not too expensive in
comparison with other ways of retaining plasma.

Yet, why we speak only about great problems? Gener-
ally, not everything useful and intellectual is a science.
For instance, most important in personal computers is nei-
ther scientific character nor progress in solution of great
problems, but a system of services which they propose to
the user. What if to consider neuroinformatics as a ser-
vices sector, what that will result in?

In the system of services rendered by neuroinformatics
to actual customer the main place now belongs to data
processing, including adaptive signal processing [3]. The
central place at the services market is occupied by finan-
cial applications [4]. Further are situated military-indus-
trial (and here one cannon find exhaustive review of
literature because of understandable reasons), and then
medical applications (some examples are given in [5]). In
my opinion, the most important achievement of neuroin-
formatics over the last decade in the sector of intellectual
services is systematic use of neural networks for extrac-
tion of knowledge from data. In the second place I
would put the large-scale circulation of neural net meth-

ods of data visualization, based on self-organizing
Kohonen maps [6]. As to pattern recognition and non-
linear regression problems of various kinds, nowadays
exist tens (or even hundreds) neural network program
products which give such opportunity to user, and there
are thousands of works in which this opportunity was
used.

Neural network extraction of knowledge from data is
based on two circumstances: firstly, neural network usu-
ally is very redundant - there are too many connections for
solving the given concrete problem, and it is possible rar-
efy the network, constantly training it, so that only the
necessary connections would remain. Secondly, rarefied
network can be read as explicit algorithm of solution of
the problem (for instance, in the form of tree of solu-
tions), - and this is, in essence, explicit knowledge. That
is especially simple if one follows certain rules of rarefica-
tion ensuring easiness of reading. For instance, at first one
can strive for minimization of the number of input connec-
tions of all neurons, then decrease the number of neurons
and the number of entries of network, and finally, do
away with as many connections as possible. Such simplifi-
cation is done either on the basis of analysis of indices of
sensitivity or due to introduction into the evaluation of
the quality of training a penalty for complexity of struc-
ture. Both these methods were introduced and studied in

monograph [7], but other variants of algorithms [8,9]1 are
widely spread now.

During training artificial neural network creates some
internal rules, but these rules are hidden in the structure
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of a network and not clear to the user. Moreover, these
rules are so difficult for interpretation and understanding.
Also discovery of explicit rules for solving of a problem is
often more significant than the solution itself. Thus, there
is a problem of refining of the hidden knowledge and
translating them to natural language.

The main ideas of generalized technology of extraction
of explicit knowledge from data are:

1) maximal reduction of network complexity (not only
removal of neurons or synapses, but removal all the unnec-
essary elements and signals and reduction of the complex-
ity of elements), 

2) using of adjustable and flexible pruning process (the
pruning sequence shouldn't be predetermined - the user
should have a possibility to prune network on his own way
in order to achieve a desired network structure for the pur-
pose of extraction of rules of desired type and form),

3) extraction of rules not in predetermined but any
desired form. Some considerations and notes about net-
work architecture and training process and applicability of
currently developed pruning techniques and rule extrac-
tion algorithms are discussed. This technology, being
developed by us for more than 10 years, allowed us to cre-
ate dozens of knowledge-based expert systems.

The eight-year experience of application of this technol-
ogy to problems in various fields allows us to estimate
some propositions and draw come conclusions. The brief
description is following.

First, neural network that can solve the problem with
desired degree of accuracy has to be trained. Instead of use
of mean square error as a estimation function it's better to
use modified estimation functions which allow to control
accuracy of decision in order to reach more simple result-
ing structure of the network at the second step of proposed
technology. Also, in some cases it would be better to use
multilayer neural networks, not only three-layered, in
order to achieve more hierarchical set of rules with more
simple rules at each level of hierarchy. The successful
training of the network creates a hidden complex set of
decision rules - the implicit knowledge.

Second, it's necessary to remove superfluous elements
and inputs from the network. The pruning should lead to
more simple interpretation of hidden rules, therefore it's
not enough to remove only neurons or connections and it's
necessary to introduce a methodology of complex pruning.
So, we present the following set of available pruning oper-
ations: removing of inputs, neurons, synapses, biases, uni-
form simplification of a network (when the maximum
number of synapses connected to neuron is decreased over
the network). The user can establish the execution order
of these operations itself. Then reduction of synaptic
weights to values from a finite set of fixed values should

be done. All these pruning operations are based on sensi-
tivity analysis, only first-order derivatives are used [1].
Pruning is carried out by consecutive removal of inputs or
elements and fails when it's impossible to reach zero of
estimation function by retraining. The last step is replace-
ment of sigmoid nonlinear transfer functions by threshold
or piecewise-linear functions. Now the hidden implicit
knowledge is refined and simplified, so it's possible to
understand the meaning and generate explicit knowledge.

The third step is to write down the explicit knowledge
in natural language. We propose to carry out such process
by consecutive analysis of network structure manually.
Because the meaning of input signals is already known, it's
possible to substantially name the output signals of the
first layer neurons, then second layer neurons and so on.
The introduced requirement of network's uniform simplic-
ity is proposed only for simplification of analysis phase,
because the less number of input synapses of the neuron
the easier to interpret and name its output signal. Also it's
possible to extract rules from the network not manually,
but automatically in fuzzy form of If-Then form, or in
another form. Here we present a complete set of available
types of rules that can be extracted from the network. The
rule of a certain type may be interpreted in a different
ways as a fuzzy, probabilistic or logical statement, but
such interpretation involves expert knowledge about prob-
lem area and should be done manually by user.

It should be noted that several networks of the same

initial architecture and for the same data often lead to

different decision rules (different explicit knowledge). It

is not a lack.

A particular case of rarefication of neural networks is
selection of minimal sets of input signals sufficient for
solving a problem. Such sets are not unique, as any knowl-
edge based on data is not, though - other variants always
are possible (except for really trivial and uninteresting
cases). Minimization of description is one more sphere
of services rendered by neuroinformatics.

One most important feature makes similar the expansion
of neuroinformatics and the information revolution per-
formed by personal computers - transition from elite
marks to profane techniques (to the techniques which
can be mastered by every commonly educated person, i.e.
profane but not professional). Profanation not always is
bad. Sacral oriental martial arts are being transformed into
a quite profane occidental sport - and that is all right.
Machinery evolves in the direction of increasing profanity,
and that is normal.

Numerous population of diverse neural net algorithms
inhabits the natural habitat of data processing, substitut-
ing the statistical provability [10] with neural net verisi-
militude. That is sufficient in many fields, especially for

1.Now as before I wonder why in the algorithms of rarefication widely spread in the West the indices of sensitivity are used which are based on analysis
of the second derivatives, whereas it would be much faster and cheaper to use average values of modules of the first derivatives in the course of training
[7]. The other used methods of "zero order" which consist in pruning of connections with small weights are less efficient.
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preliminary conclusions and advices. Alchemistry of finan-
cial decisions is the best example. But also inverse process
is necessary - from verisimilitude to provability. As one of
urgent problem which is vital for further advance of neu-
roinformatics I would indicated the problem of prov-
ability of neurocomputations. Regular tools of
verification of trained neural networks with exact evalua-
tion of reliability are needed. A new field of science, "the-
ory of reliability of artificial neural networks" should be
created, otherwise many grave applications will be inacces-
sible for us.

An important argument for substantiation of expansion
of artificial neural networks is the result that "neural net-
works can do anything", that by means of neural networks
it is possible to compute any function of many variables up
to any accuracy [11]. Yet there is such a widespread con-
fusion in this issue that I should dwell upon it. As a sym-
bol of belief many authors use the famous Kolmogorov-
Arnold theorem on representation of continuous functions
of several variables as superposition of continuous func-
tions of one variable [13, 14]. However, this theorem
states the possibility of exact representation of a function
of many variables by means of a very special set of func-

tions of one variable. These functions are very exotic, in
particular, they are nowhere differentiable. On the con-
trary, by means of neural networks approximate represen-
tations of function of many variables are constructed. At
that, any limitations on the functions of one variable are

absent, one function is sufficient if only it is nonlinear
[12]. Corresponding theorems do not have any concern to
the outstanding Kolmogorov-Arnold theorem, but they are
a generalization of as much outstanding Stone theorem
[15], which, in turn, generalizes the Weierstrass theorem

on approximation of functions by polynomials. Let  be a

compact set,  be the space of continuous functions on

,  be linear subspace, elements of  separate

points in  (for any ,  from  there exists such

 that ) and . 

Stone theorem. If  is subalgebra in  (i.e. for any

,  ), then  is dense in .

Generalized approximation theorem. If there exists con-

tinuous nonlinear function of one variable , for which

under any  also , then  is dense in .

Corollary. For any continuous nonlinear activation

function of standard neuron (fig. 1)  by means of neural

networks it is possible to approximate uniformly any con-
tinuous function of many variables up to any accuracy on
any closed bounded set.

There exist simple regular procedure of obtaining neural
net approximation of continuous functions on bounded sets
(as well as on finite ones - it is important for solution of

problems of regression). That is training of so called -

layer approximator with addition of neurons one-by-one.
In this network there are only one layer of standard neu-
rons and one output summator receiving all the output sig-

nals of neurons. Each new ( )-th neuron is trained to

minimize mean square error of approximation of the func-
tion by the network (under fixed parameters of the first n
neurons). The process converges: average square of the
error tends to zero.

Are there mathematical achievements generated
by neuroinformatics? Positive answer to this question
would be a proof of maturity of this field of science. I
believe that the answer is "yes". A result has matured
inside neuroinformatics, which should come into courses of
mathematical analysis and, therefore, is more important
than most of technical inventions. Its importance for com-
putational mathematics and all that what is called "com-
puter sciences" exceeds the limits of neuroinformatics. I
mean the basis of adaptation capabilities of neural net-
works - duality and fast differentiation of the functions
computed by networks. Now and then, the method of back
propagation of error is considered as a rule of training.
That is not the most productive point of view: of course,
motion against gradient decreases the value of function,
but nevertheless it is natural to consider computation of
derivatives apart from optimization. The method of back
propagation of error is a way of computation of the gradi-
ent of estimate. Initially it was formulated for mean
square deviations from the right answer, but it is easy to
regard it as a method of computation of gradient of any
function computable by network.

In order to clarify this issue, let discuss one "obvious"
dogma, without destroying of which the effective training
of networks would be impossible. Let the computational
expenses (evaluated by the time spent by an universal
computational device) for computation of one value of

function of  variables  approximately equal

to . How much time it will take for the same device to

compute gradH (if the program is rationally composed)?
Most of mathematicians with university diploma would
answer:

.

Incorrect! The right answer is:

,

where  is a constant which does not depend on the

dimensionality  (in most cases ).

For all functions of many variables occurring in prac-
tice, including those computable by neural networks, nec-
essary computational expenses on finding gradient are only
two-three times larger than the expenses on computation
of one value of function. That is astonishing, because the
coordinates of the vector of gradient are n partial deriva-

X

C X( )

X M C X( )⊂ M

X x y X

f M∈ f x( ) f y( )≠ 1 M∈

M C X( )

f g M∈ fg M∈ M C X( )

ϕ

f M∈ ϕ f( ) M∈ M C X( )

ϕ
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2
---

n 1+

n H x1 … xn, ,( )

T
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n C 3∼



46

²ÍÔÎÐÌÀÒÈÊÀ

“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

tives, and expenses on computation of one such derivative
are in general case approximately the same as on computa-
tion of the value of function. Why it is less expensive to
compute them together than separately?

The "miracle" is explained simply enough: it is neces-
sary to organize computation of derivatives of function of
many variables efficiently, avoiding duplication. For that,
it is necessary to represent the computation of function in
more details, in order to deal later not with a "black box"
transforming the vector of arguments into the value of
function, but with the graph of computations described in
detail.

It is convenient to represent the search of gradH as a
dual process over the structure of computation of H. Inter-
mediate results coming from computation of gradient are
nothing else than Lagrangian multipliers. It appears that if
we represent H as composite function being a superposi-
tion of functions of small number of variables (and we are
unable to compute functions of many variables in other
way) and then accurately use the rule of differentiation of
composite function, avoiding unnecessary computations
and keeping useful intermediate results, then computation

of the totality  ( ) is a little bit compli-

cated than computation of one of these functions - they all
are constructed from identical blocks.

I do not know who was the first to think all this out. In
neuroinformatics, the disputes on the priority are lasting
so far. An end to re-discoveries was put by two works in
1986: Rumelhart, Hinton and Williams [16] and Bartsev
and Okhonin [17]. However, the first publications belong
to 70-th and even 60-th of our century. In the opinion of
V.A. Okhonin, Lagrange and Legendre also have right to
pretend to authorship of the method. Detailed presentation
of mathematical content of these methods is given in chap-
ter 3 of the book [18].

In order to represent the field of action in modern neu-
roinformatics as a whole, it is useful to draw a bird's-eye
view of the main directions of investigations. A variant of
such a map is given in fig. 4. The largest wave of works is
devoted to "neuronization" - construction and applica-
tion of neural net methods for solution of diverse problems
amenable to the methods, but the other directions are of
importance as well. In user neural net programs in the
form of complete services neural network methods of solu-
tion of problems are realized, modelling of real neural
networks is an inexhaustible source of ideas and analo-
gies, and successful new models of neurons and net-
works though rarely appear but can have strong influence
upon all other directions. As regards realization of neu-
ral networks either on usual parallel computing struc-
tures or in the form of specialized devices and neuro-
computers, the future, undoubtedly, belongs to them. It
should be noted that when constructing neurocomputers
the main complication is not the realization of neural net-
works - that is simple, but representation of the processes

of preconditioning of data in more or less standard form
and their interpretation, formalization of standard formu-
lations of problems and methods of training e.c. [19].

In conclusion, let me try to formulate what gives neural
network realization of solution of a problem:

1. Simple parallel realization on any parallel structures.
2. Realization on special, fast and inexpensive neuro-

(co)processors.
3. Realization on reliable systems from unreliable (in-

cluding analogous) elements.
4. Simple completion of adaptation blocks. 
5. Possibility of very fast realizations.
6. Possibility of "explicitation" of implicit knowledge

by means of rarefiable neural networks.
7. Minimization of description.
.............
What else give neural networks?
.............
N+1. Universality - standard methods for solution of

many problems, including non-standard ones. ...

Figure 4 - Neuroinformatics-99. Main directions of works
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NEURAL NETWORK MODELING OF DATA WITH GAPS

A. N. Gorban, A. A. Rossiev, D. C. Wunsch II

A method of modeling data with gaps by a sequence of curves
has been developed. It is a generalization of iterative construc-
tion of singular expansion of matrices with gaps. The derived
dependencies are extrapolated by Carleman's formulas. The
method is interpreted as a construction of neural network con-
veyor.

Ïðåäëîæåí ìåòîä ìîäåëèðîâàíèÿ äàííûõ ñ ïðîáåëàìè ïî-
ñëåäîâàòåëüíîñòüþ êðèâûõ. Îí ÿâëÿåòñÿ îáîáùåíèåì ñèíãó-
ëÿðíîãî ðàçëîæåíèÿ ìàòðèö ñ ïðîáåëàìè. Ïîëó÷åííûå çàâè-
ñèìîñòè ýêñòðàïîëèðóþòñÿ ñ èñïîëüçîâàíèåì ôîðìóë Êàð-
ëåìàíà. Ìåòîä èíòåðïðåòèðóåòñÿ êàê êîíâåéåð íåéðîíîâ.

Çàïðîïîíîâàíî ìåòîä ìîäåëþâàííÿ äàíèõ ç ïðîïóñêàìè ïî-
ñë³äîâí³ñòþ êðèâèõ. Âií º óçàãàëüíåííÿì ñèíãóëÿðíîãî ðîçêëà-
äàííÿ ìàòðèöü ç ïðîïóñêàìè. Îòðèìàí³ çàëåæíîñò³ åêñòðà-
ïîëþþòüñÿ ç âèêîðèñòàííÿì ôîðìóë Êàðëåìàííà. Ìåòîä
³íòåðïðåòóºòüñÿ ÿê êîíâåºð íåéðîí³â.

INTRODUCTION 

Information about an object under study often carries
gaps and erroneous values. Generally, data need prelimi-
nary processing, e.g. to fill gaps and correct distorted val-
ues. Explicit or implicit such a preprocessing takes place
almost every time.

Let there be a table of data ( ), its rows correspond

to objects, and its columns correspond to features. Then,
let a part of information in the table be missing - there are

gaps (some = @, symbol @ is used to denote gaps in

the data). The main problem that arises in this connection
is to fill the existing gaps plausibly. There exists an associ-
ated problem - to "repair" the table: to distinguish the
data with unfeasible values and correct them. In addition,
it is useful to construct a calculator associated with the
table, to fill the gaps in the incoming data about new
objects and repair these new data (under the assumption
that the data are interrelated in the same way as in the ini-
tial table). Such a calculator implies these data about new

objects to be interrelated as in the initial table.
It should be emphasized that these problems deny dis-

cussion of either true data values or statistical provability,
they discuss plausibility only.

The described problems are especially difficult (and
simultaneously - attractive) in the cases when the density
of gaps is high, their location is irregular, and the amount
of data is small, for instance, the number of rows is
approximately equal to the number of columns.

Ordinary regression algorithms - construction of empiri-
cal dependences of some data on other - are inapplicable
here. If the gaps are located irregularly, this would require
to construct dependencies of unknown data with respect to
all their known locations in the table. This would actually

mean to construct  dependences, where n is the num-

ber of features. To recover any unknown set of data at
least something should be known. In this connection one
needs to use the method of modeling data by manifolds of
small dimension.

The essence of the method is as follows. The vector of
data x with k gaps is represented as the k-dimensional lin-

ear manifold , parallel to k coordinate axes correspond-

ing to the missing data. Under a priori restrictions on the

missing values instead of  we have a rectangular paral-

lelepiped . The manifold M of a given small dimen-

sion (in most cases - a curve) approximating the data in
the best way and satisfying certain regularity conditions)
is searched for. For the complete vectors of data the accu-
racy of approximation is determined as a regular distance
from a point to a set (the lower bound of the distances to
the points of the set). For the incomplete data in its stead
use is made of the lower bound of the distances between

the points of M and  (or, accordingly, ). From the

data the closest to them points of M are subtracted - we

aij

aij

2n 1–

Lx

Lx

Px Lx⊂

Lx Px
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obtain a residual, and the process is repeated until the
residuals are close enough to zero. Proximity of the linear

manifold  or parallelepiped  to zero means that the

distance from zero to the point of  (accordingly, )

closest to it is small. To further specify the method is to
determine how the manifold M is constructed.

The idea of modeling data by manifolds of small dimen-
sion has been conceived long ago.

Its most widespread, old and feasible implementation
for the data without gaps is the classical method of princi-
pal components. The method calls for modeling the data
by their orthogonal projections over "principal compo-
nents" - eigen vectors of the correlation matrix with corre-
sponding largest eigen values. Another algebraic
interpretation of the principal component method is singu-
lar expansion of the data table. Generally, to present data
with sufficient accuracy requires relatively few principal
components and dimension is reduced by a factor of tens.

Its generalization for the nonlinear case - the method of
principal curves - was proposed in 1988. There are general-
izations of the classical method of principal components
for data with gaps as well.

The work describes a technique of constructing a system
of models for incomplete data. In the simplest case they
are a generalization of the classical (linear) method of
principal components for data with gaps. The quasilinear
method below is superstructed over the linear and employs
its results. Finally, the formalism of self-organizing curves
is employed to construct an essentially non-linear method.

Each method is accompanied with a physical interpreta-
tion illustrating similarity of the methods and their
sequential development.

In the general case the method of modeling data with
gaps by manifolds (linear and non-linear) of small dimen-
sion appears to be more efficient as compared to ordinary
regression equations.

The algorithms being developed can be applied when
the data matrix cannot be reduced by rearrangement of
lines and columns to the following box-diagonal form:

where @ are the rectangular matrices with unknown ele-
ments. To establish connections between different Ai boxes

in such tables is impossible.

STATEMENT OF THE PROBLEM

Let there be a rectangular table A=( ) the cells of

which are filled with real numbers or symbol @ denoting

absence of data.
It is required to construct models that make possible to

solve the following three problems related to recovery of
the missing data:

1. To fill the gaps in data plausibly.
2. To repair the data, i.e. to correct their values in such

a way as to make the models constructed work best.
3. To construct by the table available a calculator that

would fill the gaps in data and repair them as they arrive
(assuming the data in the line arriving at the input to be
connected by the same relations as in the initial table).

This raises the question: how (in which metric) to eval-
uate the error of the model? To choose the measure of the
error is required both to construct the models and to test
them. From the viewpoint of simplicity of calculations the
most attractive is the least squares method (LSM). By this
method the error is calculated as the sum of squares of
deviations over all known data (Mean Square Error -
MSE). Yet, arbitrary rule associated with the choice of
scale, i.e. normalization of data is present here, too.

1  THE LINEAR MODEL

1.1  Singular Expansion of Tables with Gaps

The material of this section is not immediately
employed to process data, yet it provides a simplest exam-
ple and a prototype for further constructions.

Let there be a rectangular table A=( ) the cells of

which are filled with real numbers or symbol @ denoting
absence of data.

The problem is to approximate A best by a matrix of
form xiyj by the least squares method.

. (1)

The problem is solved by successive iterations by
explicit formulas.

The halting criterion is the smallness of relative

improvement , where  is the decrease of value 

obtained in one cycle, and  is the current value. The sec-

ond criterion is the smallness of the value  per se. The

procedure comes to a halt when  or  for

certain . As a result for the given matrix A find the

best approximation by the matrix  of the form .

Further on, look for A-  for the best approximation of

the same form  and so on, until, e.g. the norm A does

not sufficiently approach zero.
Thus, the initial matrix A is presented in the form of a

sum of matrices of rank 1, i.e. A= + +…+ .

Lx Px

Lx Px

A

A1 @ … @

@ A2 … @
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@ @ … An
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1.2 Principal Component Method for Tables 
with Gaps

Following the method described in the previous section
derive straight lines crossing the origin of coordinates.
Such homogeneous models are not always required.
Expand the initial table not over the matrices of form

P=  but over the matrices of form P= . This

brings us to the next problem:

. (2)

Solution of the problem (2) yields models of data by
the linear manifolds not necessarily crossing the origin of
coordinates.

The basic procedure is to find the best approximation of

the table with gaps by matrix of form  [4, 5].

With the vectors  and  fixed the values , provid-

ing minimum to the form (2) unambiguously and simply

are defined from equalities .

In analogy, with the vector  fixed the values  è ,

providing minimum to the form (2) are explicitly defined

from two equalities  and .

Initial values:

y is random, normalized to 1 (i.e. )

, where  (number of known da-

ta), i.e.  is determined as mean value in a column.

Setting practically arbitrary initial approximations for

 and , find value  then assuming  and 

unknown find their values for fixed  and so on - these

simple iterations converge.
The halting criterion is the same as for the problem (1).
Successive exhaustion of the matrix A. Find for a given

matrix A the best approximation by the matrix  of the

form + . Then find for A-  the best approximation

of the same form  and so on. The checking can be done,

e.g. by the residual dispersion of columns.
In the case of no gaps the method described brings to

ordinary principal components - singular expansion of cen-
tered initial table of data. In this case, starting with q=2,

 (b=0). In the general case this is not necessar-

ily so. It should be emphasized that centering (transition

to zero mean values) is not applicable to the data with

gaps.

Q-factor filling of gaps is their definition from the sum

of Q of obtained matrices of the form + ,

Q-factor repairing of a table is its substitution with the

Q of obtained matrices of the form + .

Describe the procedure of recovery of data in the line

 with gaps (some =@) arriving for processing. Let

there be constructed a sequence of matrices  of the form

+  ( + ), exhausting the initial matrix A

with a preset accuracy. For each q determine the number

(a) and vector  with a given line:

 ( );

; (3)

here the manifold M is a straight line, the coordinates of
points on M are assigned by the parametric equation

= +  and the projection (a) is defined by (2):

;

.

For recovery of the Q - factor assume

(4)

When there are no gaps the derived straight lines are
orthogonal and we have an orthogonal system of factors.
For the incomplete data this is not the case, but the
derived system of factors can be orthogonalized, the pro-
cess consists in recovery of the initial table by the derived
system of factors following which the system is again
recalculated, now on complemented data.

1.3 Mechanical Interpretation

Consider mechanical concepts underlying construction
of the modeling manifold.
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Figure 1

Let the space of data have a straight rigid beam (Fig.1).
Let every datum be connected with the beam by a spring
with the end of the spring moving along the beam. Fix the
initial position of the beam and find such a position of
springs that corresponds to the minimum of elastic energy.
Then fix the position of spring ends on the beam, release
the beam and let it regain mechanical equilibrium. Then
fix the beam in a new position and again release the spring
ends.

The system monotonically approaches equilibrium - min-
imum of its energy, as at every stage the strain energy
decreases. The obtained beam is nothing but the first prin-
cipal component. The projection of the datum is, at this,
determined by the site where the spring corresponding to
it is fixed on the beam.

The iteration finding of the coefficients ,  and 

described in the previous section is fully analogous to the
described mechanical process: the position of the beam is

determined by the coefficients ,  and the points where

the springs are fixed - by the coefficients .

The data with gaps are modeled by hard rods (one gap),
planes, etc. A corresponding spring can freely move along
these objects. This means that the spring efficiently con-
nects the shadow (projection) of the beam on the subspace
of known data with the point in this subspace.

2 THE QUASILINEAR MODEL

2.1 The Principal Curve Method

Take the principal curve method as a prototype to con-
struct the nonlinear models [1-3].

Definition 1: (Principal curve). Let X denote a random

vector in the subspace  and let there be n data vectors.

The principal curve  is a smooth  curve (of

dimension 1) in  parametrized by the parameter

, going through the middle of d - dimensional

data described by X,

(5)

where

(6)

is the function of projection on the curve.
In brief, every point on the principal curve is mean

value of all data points projected on it. The mean square
error between the data points and their closest projections
on the principal curve in the j-th iteration is as follows:

. (7)

The algorithm of constructing the principal curve is
iteration involving calculation of mathematical expecta-
tion (5) and projection at each iteration.

2.2 A Method of Constructing Quasilinear Mod-
els

A simplest version of nonlinear factor analysis is super-
structed over the linear one. It is proposed to use quasilin-
ear models admitting simple explicit formulas for data
processing based on the described algorithm of construct-
ing linear models.

Let, as in the case of linear models, there be a table
with gaps A. Quasilinear model is constructed in several
stages:

1) To construct a linear model is to solve the problem
(2). For the sake of certainty assume (y,b)=0, (y,y)=1 -
this can be achieved always.

2) Interpolate (smoothen). Construct a vector-function
f(t) minimizing the functional

(8)

where >0 is the smoothening parameter.

The problem is solved by cubic splines whose coeffi-
cients are found from the equality to zero of corresponding

partial derivatives  (8) on a certain uniform network.

The problem can also be solved with a polynomial of a
small degree, however, even though such a solution makes
possible to obtain a satisfactory interpolation with small
calculation efforts, it cannot yield good extrapolation.

3) Extrapolation. The obtained function is extrapolated
over the entire real axis.
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2.2.1 Interpolation with a polynomial of small 
degree

In the case of approximating with a polynomial of
degree n the problem is to best approximate the matrix A

by the polynomials of the form 

, i.e.:

,

where >0 - is the smoothening parameter.

2.2.2 Interpolation by cubic splines

The following smoothening problem is to be solved by
cubic splines:

,

where >0 is the smoothening parameter, and f - the arbi-

trary smooth function.

2.3 The Problem of Extrapolation, Optimum 
Analytical Continuation and Carleman's For-
mula

The problem of extrapolating the available data beyond
the limits of dispersion is well known. Its solution cannot
be omitted - there is no guarantee that the data to follow
will get exactly into the variation range of those available
and it is not possible always limit the scope beyond this
range. The necessity to construct new formulas for all pos-
sible data values is called by two circumstances more: first
- the smoothened dependence constructed at the first stage
is fundamentally interpolation and cannot be extrapolated,
second - actually it carries in explicit form the information
about each line of the data matrix. Smoothening, e.g. by
merely a polynomial of a small degree by the least squares
method is free from the second drawback (the information
is "reduced" to several coefficients), but does not yield a
good extrapolation.

Common (but fairly rough) extrapolation by the
straight lines is: the resulting function f(t) is extrapolated
from the segment (e.g. [a,b]) over the entire real axis
owing to the first approximation constructed at the ends of

the segment f(t)= f(a)+ (a)(t-a) with t<a è f(t)=

f(b)+ (b)(t-b) with t>b.

Optimal extrapolation is of more interest. Its more
strict statement calls for involvement of the problem of
analytical extension of the function (from the finite set of
points over a straight line or space). It is also convenient
to pass over from the real variable t to a band on the plane

of complex variables.
So, under consideration is the problem of analytical

extension of the function, set on an infinite sequence of

points { } (k=1,2,…). It is required to construct a for-

mula of extension from a finite set best in the following

sense: the sequence of functions  obtained by exten-

sion from the set { } (k=1,2,…n), converges faster than

for all other formulas of this class. Of course, it takes to
additionally define the following concepts: what are "for-
mulas of this class", what convergence is meant, etc. All
this has been done in relevant mathematical literature [6].

The smoothened vector-function f(t) can be optimally

extrapolated from a certain finite set { } (not necessarily

related with projections over the straight line 

of initial lines of data)

(9)

where  is the parameter of the methods specifying the

width of the band on the plane of complex numbers, where
the extrapolated function is holomorphic with a guarantee

(the width is ).

Generally, to extrapolate according to Carleman for a

set of nodes { } we take points uniformly placed on the

segment, but not the initial experimental data. The values
of f(t) at these points we find by the interpolation formu-
las.

By Carleman's formulas we extrapolate the deviation of
the curve f(t) from the straight line ty+b. The Carleman's
formulas provide for good extrapolation of analytical func-
tions over the entire straight line (it cannot be guaranteed,
of course, that in every specific case it is the formula (9)
that will assure the best extrapolation, yet, there are sev-
eral theorems that the formula (9) and relevant formulas
yield the best approximation for different classes of ana-
lytical functions [6]).

Smoothing and extrapolation by Carleman's formula can
be combined into a single process, i.e. interpolation and
extrapolation can be done simultaneously.

2.4 Mechanical Interpretation

Assuming  the  beam  to  be  able  to  deviate  elasti-
cally from its straight form we have the following picture
(Fig. 2)
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Figure 2

The points where the springs are fixed on the beam are
determined by the projections on the straight beam (as the
model is quasilinear).

The problem arises to determine behavior of the beam
ends beyond the boundaries of the data range - the above
described extrapolation problem.

2.5 Application of Quasilinear Models

A point on the constructed curve f(t), corresponding to
the complete ("complete") data vector a is constructed as
f((a,y)), this is the quasilinearity of the method: First we
find the projection of the data vector over the straight line
Pr(a)=ty+b, t=(a,y) after that we construct a point on the
curve f(t). This is also true for the incomplete data vectors
- first we find on the straight line the nearest point t(a),
then - respective point on the curve f(t) with t=t(a).

After the curve f(t) is constructed the data matrix is
displaced with the matrix of deviation from the model.
Then again we find the best approximation of the form

 for the matrix of deviations, again construct

smoothening, following which we extrapolate by Carleman
and so on, until the deviations sufficiently approach zero.

As a result the initial table takes the form of the Q-fac-
tor model:

(10)

If @, this formula approximates the initial data,

otherwise it yields a method of data recovery.

3 NEURAL CONVEYOR

The constructed algorithm makes possible neural net-

work interpretation. Connected to each curve  is one

summator (its weights are the coordinates of the vector

), a set of n free summands ("thresholds") - coordinates

of the vector  and n nonlinear converters each of which

calculates one coordinate of a point on the curve by the
formula (9). Such a "neuron" acts on the vector a of input
signals (with gaps) as follows: t(a) is calculated by the
formula (1.6) (operation of the summator), then the non-

linear elements calculate  after that the difference

 ( @) is transmitted to the following neuron.

With a traveling along this conveyor the sum of values of

 ( =@) builds up. It is these sums that form the

vector of output signals - the proposed values of the miss-
ing data. Should the need arise to make repairs of data the

sum of values of  is built up for each coordinate j.

 

Figure 3

The structure of neurons is not standard (Fig. 3) - it
has one input summator and n nonlinear converters (in
compliance with the dimension of the data vector). 

Operation of the summator is not quite ordinary either -
for incomplete data vectors it calculates the scalar product
with available data and performs additional normalization.
This additional normalization of the input weights of the
summator takes into account only those with known
respective values of the input vector coordinates).

4 THE SELF-ORGANIZING CURVES (SOC)

4.1 The Idea of Self-Organizing Curves

The quasilinear factors are good for the "medium non-
linear problems" where the contribution of the linear part
is relatively substantial (about 50% or more). For essen-
tially nonlinear problems it is but natural to use some
approximation of principal curves instead of linear princi-
pal components.

Instead of linear manifolds of small dimension we pro-
pose to use corresponding self-organizing maps (SOM) or,
in other words - self-organizing curves (SOC). The method
we use is somewhat different from the method of Kohonen
maps [7] by more transparent physical interpretation and
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explicit form of the variation principle.
Let SOC be defined by a set of points (kernels) succes-

sively placed on a curve (in the first approximation let
SOC be simply a broken line Y) and it is required to map

on it a set of points of data X={ }. Introduce operator Ï,

which for every vector  associates the nearest to it

point from Y:

(11)

each kernel  is associated with its taxon

. (12)

The method of constructing SOC resembles the methods
of dynamic kernels except for the additional restrictions on
connectivity and elasticity. The minimized value is con-
structed from the following summands:
the measure of data approximation -

, (13)

the measure of connectivity (the points close on the curve
must get close on the data subspace) -

, (14)

the measure of nonlinearity -

. (15)

So, to construct SOC we have to minimize the func-
tional:

, (16)

where ,  are the parameters of connectivity and nonlin-

earity - "moduli of elasticity" (division by the number of

points  and the number of kernels m means normaliza-

tion "in one summand" and makes possible to use identical

methods of varying  and  for samplings of different

size).
When division of a set of data into taxons is fixed, SOC

are constructed unambiguously - a simple linear problem is
solved. When the position of kernels is also fixed the tax-
ons can also be easily constructed by the formulas (11),
(12). Dividing the problem into successive search of ker-
nels - taxons - kernels we have an algorithm whose conver-
gence is ensured by the fact that the D criterion decreases
with its each step (16).

4.2 The Local Minimum Problem

As opposed to the linear and quasilinear cases this prob-
lem of minimizing the functional (4.6.) is not convex and
there arise difficulties associated with getting to the local
minimum range. This can result in unsatisfactory solution
of the problem.

Even though there are numerous methods to solve this
problem, we would rather dwell upon the multigrid
method and the "annealing" method.

4.3 The Smoothening Problem

The obtained broken line { } (j=1..m) can be smooth-

ened by different methods, e.g. by cubic splines. This,
however, brings forth certain difficulties associated with
finding projections of the data over the smoothened curve,

as this requires to solve algebraic equations of the 5th

degree.
This called for construction of the initial broken line of

a continuous projector. Corresponding to the ends of the
broken line are values (-1) and 1, respectively, the projec-
tions of nodes onto the segment [-1, 1] are determined by
the nodes of uniform (considered is the number of the
nodes of the broken line only) or non-uniform (account is
also taken of the distance between the nodes of the broken
line) grid.

Final smoothening is done by Carleman's formulas. The

broken line { } (j=1..m) replaces, at this, the principal

component of the classical method, while the smoothening
process is analogous to construction of the quasilinear
model.

4.4 Mechanical Interpretation

The above described linear and quasilinear models have
a very strong restriction - the beam is either rigid or it is
flexible, but is built along a straight line, which is essen-
tial e.g. in the case when the data are placed not along
some straight line, but along a circumference (or along a
strongly curved arc, at least).

To circumvent it the beam should be elastic (to be
determined not by a straight line, but by a curve). This
presents difficulties in defining the distance from the point
to the curve in space (even more so, when it is not a point
but a linear manifold).

In the above described method close to the method of
Kohonen's self-organizing maps the sought for elastic beam
is presented in the form of a broken line whose nodes are
freely connected with the data (Fig. 4).

In analogy to the rigid case in several iterations the sys-
tem regains its equilibrium. Their number is, at this,
finite, as at every step the springs decrease their total
energy, and the number of possible states (methods to fix
the nodes of the broken line by the springs to the data) is
finite.
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Figure 4

The introduced moduli of elasticity represent the degree
of attraction of the nodes of the broken line to each other
and the degree of resistance to bending at the nodes,
respectively.

5 EXPERIMENTAL RESULTS

Illustrate the process of modeling the data with gaps on
the basis of the table of presidential elections in the US
with 31 election situation (from 1860 to 1980). Each elec-
tion in the table contains data of 12 binary features [10]:

1. Has the presidential party (P-party) been in power
for more than one term? (More1)

2. Did the P-party receive more than 50% of the popular
vote in the last election? (More50)

3. Was there significant activity of a third party during
the election year? (Third)

4. Was there serious competition in the P-party prima-
ries? (Conc)

5. Was the P-party candidate the president at the time
of the election? (Prez)

6. Was there a depression or recession in the election
year? (Depr)

7. Was there an average annual growth in the gross
national product of more than 2.1% in the last term?
(Val2.1)

8. Did the P-party president make any substantial polit-
ical changes during his term? (Chan)

9. Did significant social tension exist during the term of
the P-party? (Wave)

10. Was the P-party administration guilty of any seri-
ous mistakes or scandals? (Mist)

11. Was the P-party candidate a national hero?
(R.Hero)

12. Was the O-party candidate a national hero?
(O.Hero)

The table also contains information about results of
elections (victory of the presidential or opposition party).

The values of the binary features are equal to -1 (answer
"no" for the input feature or the victory of the presidential
party ) and to 1 (answer "yes" for the input feature or the
victory of the opposition).

The models constructed by this table confidently pre-
dicted results of the second election of Reagan, victory of
Bush over Ducacis, both victories of Clinton [11].

The degrees of approximation (in per cent of the initial
value) of the table by several factors according to the
model (Table 1) were as follows (Table 1).

If the error in the calculated value of the feature is less
than 50%, this means that it is the exact value (the fea-
tures are qualitative, therefore, with the error less than
50% the sign of prediction defines exact value).

For satisfactory prediction by linear models suffice are 4
factors, which indicates that this is a 4-factor problem (in
the ordinary meaning of this word).

The quasilinear models, SOC-based models, in particu-
lar, usually do with only one nonlinear factor to predict
satisfactorily.

The produced sets of factors were tested as follows:
1. A model was constructed on a complete table, then

gaps were randomly added into the table, following which
the procedure of filling the gaps was launched. As a result
the obtained values were compared to the initial values.

The testing demonstrated that up to 25% of gaps (of the
total number of initial data) were satisfactorily filled by
linear and quasilinear models. For SOC-based models this
index is 50%. I.e. even every other datum is eliminated
from the table, still it can be recovered with satisfactory
accuracy.

2. Gaps were randomly introduced into the table, then a
model was constructed on the basis of "gap" table, follow-
ing which the procedure of filling the gaps was launched.
As a result the obtained values were compared to the ini-
tial values. The filling was satisfactory when the gaps
amounted to 10% of the total number of initial data.

The method was actually tested on the problem of pre-
dicting complications in myocardial infarction. The table
of data on complications in myocardial infarction presents
observation of 1700 patients by 126 parameters. Experi-
ments demonstrated that the first 15-20 quasilinear factors
are sufficient to satisfactorily repair most values of fea-
tures in the table 1.

DISCUSSION

A method applicable to fill gaps and repair data with
gaps has been developed. Three different versions of the
method - from simplest linear models to the method of
principal curves for the data with gaps have been pre-
sented. The neural network implementation of the method
makes possible easy construction of its parallel implemen-
tations.
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The given algorithm of filling gaps - as opposed to many
other algorithms designed for this purpose - does not
involve its a priori filling. However, it calls for prelimi-
nary normalization ("dedimensionalizing") of the data -
transition in each column of the table to a "natural" unit
of measurement. It is noteworthy that data centering can-
not turn the problem of processing data with gaps into a
homogeneous problem.

Of great interest is the question: how many summands
(principal curves) should be taken to process the data?
There are several versions of answers, yet most of them are
subject to the heuristic formula: the number of summands

must be minimal among those that provide for satisfactory

(tolerant) testing of the method with the known data.

Such a principle of "minimum sufficiency" is specific for
many neural network applications [8,9].

The method developed manifests itself in the form of an
"anzatz" - a sentence, but not a series of theorems. This is
not incidental - we propose a technology of constructing
plausible evaluations of missing data, but not of their
unknown real value.

REFERENCES

1. Hastie T., Stuetzle W. Principal curves. Journal of the Ameri-
can Statistical Association. 1988, Jun. V. 84, No. 406.
PP.502-516.

2. LeBlank M., Tibshorany N. Adaptive principal surfaces. Journal
of the American Statistical Association. 1994, Mar. V. 89, No.
425. PP. 53-64.

3. Kramer M.A. Nonlinear principal component analysis using
autoassociative neural networks. AIChE Journal. 1991. V.37,
No. 2. PP. 233-243.

4. Gorban A.N., Makarov S.V., Rossiev A.A. Neural conveyor to
recover gaps in tables and contruct regression by small sam-
plings with incomplete data // Matematica. Computer. Obra-
zovanie. Vyp. 5. Part II. Selected Transactions / Ed. G.Yu.
Riznichenko. M.: Progress-Traditsiya Publishers, 1998. PP.
27-32.

5. Rossiev A.A. Modeling data by curves to recover gaps in
tables // Neuroinformatics methods / Ed. A.N. Gorban, Kras-
noyarsk: KSTU Press, 1998. PP.6-22.

6. Aizenberg L.A. Carleman's Formulas in Complex Analysis. The-
ory and Applications / Ed. M. Hazewinkel - Kluwer Academic
Publishers-Dordrecht/Boston/London, 1993, 300 p.

7. Kohonen T. Self-Organizing Maps. Springer: Berlin - Heidel-
berg, 1997.

8. Gorban A.N., Rossiev A.A. Neural networks on PC. Novosi-
birsk:Nauka, 1996. 276 p.

9. Neuroinformatics / A.N. Gorban, V.L. Dunin-Barkovsky, E.M.
Mirkes et al. Novosibirsk: Nauka (Sib. Otd-nie), 1995. 256 p.

10. Lichtman A.J., Keilis-Borok V.I., Pattern Recognition as
Applied to Presidential Elections in U.S.A., 1860-1980; Role
of Integral Social, Economic and Political Traits, Contribution
N 3760. 1981, Division of Geological and Planetary Sciences,
California Institute of Technology.

11. Gorban A.N., Waxman C. Neural Networks for Political Fore-
cast. Proceedings of the WCNN'95 (World Congress on Neural-
Networks'95, Washington DC, July 1995). P.176- 178.

Íàä³éøëà 08.02.2000
Ï³ñëÿ äîðîáêè 01.03.2000

Table 1

¹ Feature

Approximation (%) depending on the number of factors 

Linear model Quasiliniear model SOC

1 4 10 1 4 10 1 4 10

1 Morel 11.88 59.98 77.36 25.37 63.75 95.91 53.49 80.81 96.85

2 More50 9.07 61.10 79.43 14.99 73.69 95.18 30.77 75.89 95.12

3 Third 29.66 4489 91.56 31.73 6697 97.45 32.94 76.83 96.93

4 Conc 62.30 63.28 77.84 69.51 77.12 90.24 72.63 78.86 95.42

5 Prez 31.72 59.68 80.27 45.58 68.01 93.03 56.08 74.85 95.18

6 Depr 32.17 52.43 93.38 37.95 71.08 95.56 58.86 80.53 95.62

7 Val2_1 4.12 37.67 94.19 6.27 69.22 96.53 28.80 72.23 95.44

8 Changes 2.33 49.87 86.19 16.81 61.15 94.95 13.01 72.01 93.77

9 Wave 25.13 62.33 80.34 33.18 66.82 95.65 32.68 63.96 96.71

10 Mist 50.34 61.05 86.17 64.83 70.52 97.55 60.80 81.35 96.90

11 R_Hero 33.35 48.12 90.69 54.86 66.27 97.52 27.30 83.67 95.76

12 O_Hero 36.55 50.07 92.03 45.69 68.41 97.55 52.22 76.42 96.17

13 Answer 69.22 69.96 81.78 92.27 9285 96.72 97.82 98.43 99.50
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ÏÐÈÍÖÈÏ ÂÀÐÜÈÐÎÂÀÍÈß ÄÀÍÍÛÕ Â ÏÐÈÊËÀÄÍÛÕ ÇÀÄÀ×ÀÕ 
ÈÄÅÍÒÈÔÈÊÀÖÈÈ

À.Å. Àðõèïîâ, Ñ.À. Àðõèïîâà

Ðàññìîòðåí ïîäõîä ê ðåøåíèþ ðÿäà ïðîáëåìíûõ âîïðîñîâ
ñòðóêòóðíî-ïàðàìåòðè÷åñêîé èäåíòèôèêàöèè â óñëîâèÿõ ìè-
íèìóìà àïðèîðíîé èíôîðìàöèè î ñâîéñòâàõ èñõîäíûõ äàííûõ
ïóòåì ãåíåðàöèè îäíîðîäíûõ ñ èìåþùèìñÿ íàáîðîì ïñåâäîäàí-
íûõ. Ïîëó÷àåìîå íà íèõ ìíîæåñòâî ïñåâäîðåøåíèé ïîçâîëÿåò
ðàäèêàëüíî âîñïîëíèòü è èñïîëüçîâàòü íåäîñòàþùóþ èíôîð-
ìàöèþ äëÿ ïðàêòè÷åñêîãî ðåøåíèÿ çàäà÷è.

Ðîçãëÿíóòî ï³äõ³ä äî ðîçâ'ÿçêó ðÿäó ïðîáëåìíèõ ïèòàíü
ñòðóêòóðíî-ïàðàìåòðè÷íî¿ ³äåíòèô³êàö³¿ â óìîâàõ ì³í³ìóìó
àïð³îðíî¿ ³íôîðìàö³¿ ïðî âëàñòèâîñò³ âèõ³äíèõ äàíèõ øëÿõîì
ãåíåðàö³¿ îäíîð³äíèõ ³ç íàÿâíèì íàáîðîì ïñåâäîäàíèõ. Îäåð-
æóâàíà íà íèõ ìíîæèíà ïñåâäîð³øåíü äîçâîëÿº ðàäèêàëüíî çà-
ïîâíèòè ³ âèêîðèñòàòè â³äñóòíþ ³íôîðìàö³þ äëÿ ïðàêòè÷-
íîãî ðîçâ'ÿçêó çàäà÷³.

The approach to a solution of a series of problems is consid-
ered in structural - parametrical identifications in conditions of
a minimum of an a priori information about properties of input
data by generation homogeneous with an available gang of
pceudodata. The set, obtained them, of pceudosolutions allows
radically to fill and to use a missing information for a practical
solution of a task.

ÂÂÅÄÅÍÈÅ

Â íàó÷íî-èññëåäîâàòåëüñêîé ïðàêòèêå ÷àñòî âñòðå÷à-
þòñÿ çàäà÷è, îòíîñÿùèåñÿ ê íàïðàâëåíèþ, íàçûâàåìîìó
àíàëèçîì äàííûì [1, 2].

Åãî ñîäåðæàíèå - ïðèåìû è ìåòîäû îáðàáîòêè äàííûõ
íàáëþäåíèé ìíîãîìåðíûõ ñèñòåì íà ðàííèõ ñòàäèÿõ èõ
èññëåäîâàíèÿ, êîãäà èìåþùàÿñÿ ó îáðàáîò÷èêà èíôîðìà-
öèÿ èñ÷åðïûâàåòñÿ òîëüêî ñâåäåíèÿìè, çàôèêñèðîâàí-
íûìè â ýòèõ äàííûõ, áåç íàëè÷èÿ êàêèõ-ëèáî äîïîë-
íèòåëüíûõ çíàíèé î ìåõàíèçìå ôóíêöèîíèðîâàíèÿ èçó-
÷àåìûõ ñèñòåì è õàðàêòåðèñòèêàõ äàííûõ. Ïîñëåäíåå, â
÷àñòíîñòè, ñòàòèñòè÷åñêîå îïèñàíèå ïîãðåøíîñòåé äàí-
íûõ, ðåçêî ñóæàåò âîçìîæíîñòè ïðèìåíåíèÿ òðàäèöè-
îííûõ ìàòåìàòèêî-ñòàòèñòè÷åñêèõ ìåòîäîâ îáðàáîòêè.

Íàïðèìåð, ïóñòü äëÿ îòîáðàæåíèÿ ñâÿçåé ìåæäó ïðè-
çíàêàìè (èíôîðìàöèîííûìè ïåðåìåííûìè), õàðàêòåðè-
çóþùèìè ñîñòîÿíèå ñècòåìû, ïðèìåíÿåòñÿ ðàñïðîñòðà-
íåííàÿ â ïðàêòè÷åñêèõ ïðèëîæåíèÿõ àïïðîêñèìàòèâíàÿ
ðåãðåññèîííàÿ ìîäåëü îáùåãî âèäà [3]

 , (1)

ãäå  - âåêòîð âõîäíûõ ïåðåìåííûõ ìîäå-

ëè ,  - ôàêòè÷åñêè íàáëþäàåìàÿ âû-

õîäíàÿ êîîðäèíàòà, Y - âûõîä ìîäåëè, E - ñëó÷àéíàÿ

ñîñòàâëÿþùàÿ ñ ìàòåìàòè÷åñêèì îæèäàíèåì 

è äèñïåðñèåé . Ìîäåëü  àïïðîêñèìè-

ðóåò íåèçâåñòíîå îòîáðàæåíèå : , ðåàëèçóåìîå èñ-

ñëåäóåìîé ñèñòåìîé,  - âåêòîð ïàðàìåò-

ðîâ (êîýôôèöèåíòîâ) ìîäåëè.
Äëÿ óòî÷íåíèÿ ñòðóêòóðû ìîäåëè ïðèìåíèòåëüíî ê

êîíêðåòíî ðåøàåìîé çàäà÷å ñëåäóåò â ñîîòâåòñòâèå ñ ìå-
òîäàìè ìíîãîìåðíîãî ðåãðåññèîííîãî àíàëèçà [3,4,8],

èñïîëüçóÿ èíôîðìàöèþ î âèäå ðàñïðåäåëåíèÿ , ïî-

ñòðîèòü êðèòåðèàëüíûå ñòàòèñòèêè, ïîçâîëÿþùèå ñóäèòü
î ñòåïåíè àäåêâàòíîñòè ìîäåëè èñõîäíûì äàííûì è î
çíà÷èìîñòè êîýôôèöèåíòîâ. Íàèáîëåå ðàçðàáîòàííûé
àïïàðàò ëèíåéíîãî ðåãðåññèîííîãî àíàëèçà, ñîîòâåò-
ñòâóþùèé ìîäåëè âèäà 

 (2)

îðèåíòèðîâàí íà íîðìàëüíîñòü ïîãðåøíîñòè E è ñâÿçàí-
íûå ñ íåé ñòàòèñòèêè, èìåþùèå ðàñïðåäåëåíèå Ôèøåðà
è Ñòüþäåíòà [3, 8]. Î÷åâèäíî, ÷òî îòñóòñòâèå èíôîðìà-

öèè î ðàñïðåäåëåíèè  èñêëþ÷àåò ïðèìåíåíèå êàêèõ-

ëèáî ìåòîäîâ îöåíèâàíèÿ ñòðóêòóðû ìîäåëè, îïèðàþ-

ùèõñÿ íà çíàíèå çàêîíà .

Óÿçâèìûìè â ýòîì ñëó÷àå îêàçûâàþòñÿ è îñíîâíûå
ïðîöåäóðû îöåíèâàíèÿ ïàðàìåòðîâ ìîäåëè, ïîñòðîåííûå
ñ ïðèìåíåíèåì ïðèíöèïà ìàêñèìóìà ïðàâäîïîäîáèÿ,
òàêæå èñïîëüçóþùåãî èíôîðìàöèþ î âèäå ðàñïðåäå-

ëåíèÿ  [6, 8].

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Âîçìîæíûì âûõîäîì â ñëîæèâøåéñÿ ñèòóàöèè ÿâëÿ-
åòñÿ ïðèìåíåíèå òàê íàçûâàåìîãî "ïðàãìàòè÷åñêîãî"
ïîäõîäà [9] ê çàäà÷å ïàðàìåòðè÷åñêîé èäåíòèôèêàöèè
(ÏÈ), ñóòü êîòîðîãî â îöåíèâàíèè âåêòîðà A ïàðàìåò-
ðîâ ìîäåëè íà îäíîì è òîì æå íàáîðå èñõîäíûõ äàííûõ

,  íåñêîëüêèìè ðàçíûìè ìåòîäàìè

  ñ ïîñëåäóþùèì îïðåäåëåíèåì ëó÷øåãî ìåòîäà

 ïóòåì àíàëèçà êà÷åñòâà ïîëó÷åííûõ îöåíîê ,

 ñ èñïîëüçîâàíèåì êðèòåðèàëüíûõ ñòàòèñòèê,

ñâîáîäíûõ îò âèäà ðàñïðåäåëåíèÿ . Ìíîæåñòâî ìåòî-

äîâ  ñîñòàâëÿåòñÿ èç àïðîáèðîâàííûõ

Z µ X A,( ) E+=

X X1 … Xp, ,[ ]=

µ X A,( ) Z Y E+=

M E{ } 0=

D E{ } σE
2= µ X A,( )

ϕ X Y→

A a0 … ak, ,[ ]T=

FE

µ X A,( ) a0 a1x1 … apxp…,+ + +=

FE

FE

FE

zi xi … xip, , ,[ ] i=1 n,

ω1, ω2 …,

ω+ Ã ω1( )

Ã ω2( ) …,

FE

ω1 ω2 …, ,{ } Ω=
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ìåòîäîâ ÏÈ, ýôôåêòèâíîñòü êîòîðûõ äîêàçàíà ïðàê-
òèêîé.

Àíàëîãè÷íûé ïîäõîä ïðèìåíèì è äëÿ ñåëåêöèè

ëó÷øåé ñòðóêòóðû ìîäåëè  èç ìíîæåñòâà

ìîäåëåé-ïðåòåíäåíòîâ  [9,11], ñ òîé ëèøü

ðàçíèöåé, ÷òî â ýòîì ñëó÷àå âûáîð ìîäåëè äîëæåí
ïðîèçâîäèòüñÿ ïî ðåçóëüòàòàì èíòåãðàëüíîé îöåíêè
êà÷åñòâà ðåøåíèÿ çàäà÷è ñòðóêòóðíî-ïàðàìåòðè÷åñêîé
èäåíòèôèêàöèè (ÑÏÈ), ó÷èòûâàþùèé êàê òî÷íîñòü
ìîäåëè, òàê è êà÷åñòâî ÏÈ [9-12].

Òàêèì îáðàçîì, àêòóàëüíîé ÿâëÿåòñÿ ðàçðàáîòêà
ìåòîäèê îöåíèâàíèÿ êà÷åñòâà ÏÈ è ÑÏÈ, êîòîðûå, ñ
ó÷åòîì èçëîæåííîãî âûøå ïîäõîäà ê ðåøåíèþ çàäà÷ ÏÈ
è ÑÏÈ, óñëîâèé ìèíèìóìà àïðèîðíûõ ñâåäåíèé îá
îáúåêòå èññëåäîâàíèÿ è õàðàêòåðèñòèêàõ èñõîäíûõ
äàííûõ, äîëæíû áûòü:

à) ñâîáîäíû îò âèäà çàêîíà ðàñïðåäåëåíèÿ ;

á) ïðèìåíèìû äëÿ øèðîêîãî êëàññà ìîäåëüíûõ ñòðóê-
òóð;

â) âíåøíèå ïî îòíîøåíèþ ê èñïîëüçóåìûì ìåòîäàì
ÏÈ, ò.å. íå äîëæíû çàâèñåòü îò ïðèìåíÿåìîãî ñïîñîáà
îöåíèâàíèÿ ïàðàìåòðîâ ìîäåëè;

ã) ïðàêòè÷åñêè ðåàëèçóåìû è ýôôåêòèâíû íà âûáîð-
êàõ èñõîäíûõ äàííûõ êîíå÷íîãî îáúåìà.

ÏÐÈÍÖÈÏ ÂÀÐÜÈÐÎÂÀÍÈß ÄÀÍÍÛÕ

Îäèí èç ïîäõîäîâ ê ðåøåíèþ ïîñòàâëåííîé âûøå
ïðîáëåìû - ïðèìåíåíèå ïðèíöèïà âàðüèðîâàíèÿ äàííûõ
[9, 10] äëÿ ïîëó÷åíèÿ âîçìîæíî áîëåå ïîëíîãî íàáîðà
ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê ðåçóëüòàòîâ ðåøåíèÿ
êîíêðåòíîé çàäà÷è ÏÈ, ÑÏÈ, âêëþ÷àÿ ðàñïðåäåëåíèÿ

îöåíîê ïàðàìåòðîâ , ìîìåíòû ñîîòâåò-

ñòâóþùèõ ðàñïðåäåëåíèé, ïîêàçàòåëè òî÷íîñòè è àäå-
êâàòíîñòè ìîäåëåé èñõîäíûì äàííûì, ò.ï.

Ñóòü ïðèíöèïà âàðüèðîâàíèÿ äàííûõ ñîñòîèò â èñ-
ïîëüçîâàíèè ïîëó÷åííûõ â õîäå ðåàëüíîãî ýêñïåðèìåíòà

èñõîäíûõ äàííûõ, çàäàííûõ ìàòðèöåé 

, , äëÿ èìèòàöèè ðåçóëüòàòîâ

âûïîëíåíèÿ ñåðèè èç L ýêñïåðèìåíòîâ, îáðàáîòêå "ïî-
ëó÷åííîé" â êàæäîì èç íèõ ìàòðèöû ïñåâäîäàííûõ

 êàêèì ëèáî îäíèì âûáðàííûì ìåòîäîì

ÏÈ è âû÷èñëåíèè íà íàéäåííîì ìíîæåñòâå âåêòîðíûõ

îöåíîê ,  ýìïèðè÷åñêèõ ôóí-

êöèé ðàñïðåäåëåíèÿ , , âûáîðî÷-

íûõ äèñïåðñèé  è êîâàðèàöèé ,

à òàêæå äðóãèõ ñòàòèñòèê, õàðàêòåðèçóþùèõ êà÷åñòâî
ÏÈ è ÑÏÈ.

Îäèí èç âàðèàíòîâ ïðàêòè÷åñêîé ðåàëèçàöèè âàðüèðî-
âàíèÿ äàííûõ ñîñòîèò â òîì, ÷òî âûáîðêà èñõîäíûõ äàí-

íûõ  ðàññìàòðèâàåòñÿ êàê ãåíå-

ðàëüíàÿ ñîâîêóïíîñòü, èç êîòîðîé ïóòåì ðàâíîâåðîÿò-
íîãî âûáîðà ñòðîê ñ âîçðàùåíèåì ôîðìèðóåòñÿ òðåáóå-
ìîå êîëè÷åñòâî L ìàòðèö ïñåâäîäàííûõ. Ñëó÷àéíûé âû-
áîð î÷åðåäíîãî íîìåðà ñòðîêè îñóùåñòâëÿåòñÿ ãåíåðàòî-
ðîì ïñåâäîñëó÷àéíûõ öåëûõ ÷èñåë, ðàâíîìåðíî ðàñïðå-

äåëåííûõ â èíòåðâàëå . Â ñîîòâåòñòâèå ñ î÷åðåä-

íûì âûïàâøèì íîìåðîì ñòðîêà çà ñòðîêîé ôîðìèðóþòñÿ
ìàòðèöû ïñåâäîäàííûõ.

Ñîãëàñíî îáîáùåíèþ íà ìíîãîìåðíûé ñëó÷àé òåîðåìû
Ãëèâåíêî-Êàíòåëëè [7] î ñõîäèìîñòè ýìïèðè÷åñêîé ôóí-
êöèè ðàñïðåäåëåíèÿ ê èñòèííîé è ðÿäà ñëåäñòâèé èç
ýòîé òåîðåìû, óñòàíàâëèâàþùèõ ñóùåñòâîâàíèå àíàëî-
ãè÷íîé ñõîäèìîñòè øèðîêîãî êëàññà ñòàòèñòèê (âûáîðî÷-
íûõ îöåíîê) ê ñâîèì "òåîðåòè÷åñêèì" çíà÷åíèÿì, ìîæíî
óòâåðæäàòü, ÷òî ñ ðîñòîì L ïðîèñõîäèò íåîãðàíè÷åííîå

ñáëèæåíèå ýìïèðè÷åñêèõ ðàñïðåäåëåíèé 

ñ òåîðåòè÷åñêèì ðàñïðåäåëåíèÿìè , ïîë-

íîñòüþ îïðåäåëÿåìûìè ìíîãîìåðíûì ðàñïðåäåëåíèåì

 èñõîäíîé âûáîðêè , :

, . Îòñþäà ñëåäó-

åò ñõîäèìîñòü âûáîðî÷íûõ äèñïåðñèé  è êîâàðè-

àöèé ,  ê òåîðåòè÷åñêèì çíà÷åíèÿì

, . Â ðåàëüíûõ çàäà÷àõ òåîðåòè÷åñêîå

ðàñïðåäåëåíèå  è ñîîòâåòñòâóþùèå òåîðåòè÷åñêèå

çíà÷åíèÿ ìîìåíòíûõ õàðàêòåðèñòèê îáû÷íî íå ïîääàþò-
ñÿ îïðåäåëåíèþ (èñêëþ÷åíèå ñîñòàâëÿåò ìàòåìàòè÷åñêèå

îæèäàíèÿ äëÿ ðàñïðåäåëåíèé , , ðàâíûå

ðàññ÷èòàííûì ïî èñõîäíûì äàííûì îöåíêàì 

). Ïîýòîìó ìåòîä âàðüèðîâàíèÿ ÿâëÿåòñÿ åäèíñòâåí-

íûì ñïîñîáîì ïîëó÷åíèÿ èíôîðìàöèè î ñòàòèñòè÷åñêèõ

õàðàêòåðèñòèêàõ îöåíîê .

Ïðè  íà îñíîâàíèè òîé æå òåîðåìû Ãëèâåíêî-

Êàíòåëëè è óïîìÿíóòûõ ñëåäñòâèé ñóùåñòâóåò ñõîäè-

ìîñòü ðàñïðåäåëåíèé  ê òåîðåòè÷åñêèì ðàñïðåäå-

ëåíèÿì , ïîëíîñòüþ îïðåäåëÿåìûì íåèçâåñòíûì

èñõîäíûì ðàñïðåäåëåíèåì , à òàêæå ñõîäèìîñòü

ñîîòâåòñòâóþùèõ ìîìåíòíûõ õàðàêòåðèñòèê è ñòàòèñòèê,
ò.å. äëÿ ýòîãî ñëó÷àÿ ðàññ÷èòàííûå ïî ïñåâäîäàííûì

ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè îöåíîê  ÿâ-

ëÿþòñÿ ñîñòîÿòåëüíûìè è àñèìïòîòè÷åñêè íåñìåùåííû-

ìè îöåíêàìè íåèçâåñòíûõ ðàñïðåäåëåíèé , 

è èõ ìîìåíòîâ.
Íå â àñèìïòîòèêå, ïðè êîíå÷íûõ çíà÷åíèÿõ n , íåëüçÿ

ñêàçàòü ÷òî-ëèáî îïðåäåëåííîå î íàäåæíîñòè ðåçóëüòà-

µ+ X A,( )

µj X Aj,( ){ }

FE

F a0( ) F a1( ) …,,

zi xi,[ ] =

zi xi1 …xip, ,[ ]= i 1 n,=

zi xi,[ ] l( ) l, 1 L,=

Ãl{ } ãl0 … ãlk, ,{ }= l 1 L,=

F̃n ã0( ) F̃n ã1( ) … F̃n ãk( ), ,

D̃n ãi{ } cov˜ n aj
˜ ãg,{ } j g≠,

zi xi1 …xip, ,[ ] i, 1 n,=

1 n,[ ]

F̃n a0
˜( ) … F̃n ãk( ), ,

F̃n a0
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F aj( ) j 0 k,=
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òîâ, ïîëó÷àåìûõ ñ ïðèâëå÷åíèåì âàðüèðîâàíèÿ äàííûõ,
åñëè îñòàâàòüñÿ â ðàìêàõ òðàäèöèîííîé ñõåìû èññëåäî-
âàíèé, â êîòîðîé çà îïîðíûå ïðèíÿòû ðåçóëüòàòû, ñîîò-
âåòñòâóþùèå íåêîòîðîé ãèïîòåòè÷åñêîé ñîâîêóïíîñòè,
íàõîæäåíèå ôàêòè÷åñêèõ çíà÷åíèé êîòîðûõ íå ïðåäñòàâ-
ëÿåòñÿ âîçìîæíûì. Ñ äðóãîé ñòîðîíû, åäèíñòâåííûé ðå-
àëüíûé èñòî÷íèê èíôîðìàöèè î ñâîéñòâàõ äàííûõ - ýòî
òîëüêî ñàìà èñõîäíàÿ âûáîðêà (ïî óñëîâèÿì ðåøàåìûõ
çàäà÷, ëþáàÿ äîïîëíèòåëüíàÿ èíôîðìàöèÿ îòñóòñòâóåò),
è âîïðîñ â òîì, êàê îáåñïå÷èòü èçâëå÷åíèå ýòîé
èíôîðìàöèè â ìàêñèìàëüíî ïîëíîì îáúåìå è â ôîðìå,
óäîáíîé äëÿ ïîñëåäóþùåãî èñïîëüçîâàíèÿ. Ñ ýòèõ
ïîçèöèé ìåòîä âàðüèðîâàíèÿ äàííûõ ìîæíî ðàññìàò-
ðèâàòü êàê âûáîðî÷íûé âàðèàíò ìåòîäà ìàêñèìàëüíîãî
ïðàâäîïîäîáèÿ, ïîçâîëÿþùèé îïòèìèçèðîâàòü ïðîöåäó-
ðó ÑÏÈ (â ÷àñòíîñòè, âûáðàòü ìåòîä ÏÈ, îáåñïå÷èâàþ-
ùèé íàèìåíüøóþ äèñïåðñèþ îöåíîê ïàðàìåòðîâ íà âà-
ðüèðîâàííûõ äàííûõ) áåç äîìûñëèâàíèÿ õàðàêòåðèñòèê
èñõîäíûõ äàííûõ ïóòåì îïèñàíèÿ èõ ñ ïîìîùüþ ïàðà-
ìåòðèçèðîâàííûõ ìîäåëåé, ïðèâîäÿùèõ ê èñêàæåíèþ
ôàêòè÷åñêîé èíôîðìàöèè.

Äëÿ êîíå÷íûõ çíà÷åíèé  èññëåäîâàíèå ïðèìåíè-

ìîñòè ìåòîäà âàðüèðîâàíèÿ äàííûõ íà òåñòîâûõ ïðèìå-
ðàõ, èìèòèðóþùèõ ðåøåíèå çàäà÷ ÏÈ è ÑÏÈ, ïîêàçû-
âàåò äîñòàòî÷íî õîðîøèå ðåçóëüòàòû, çàâèñÿùèå îäíàêî
îò èñïîëüçóåìûõ ìåòîäîâ âàðüèðîâàíèÿ äàííûõ.

Êðîìå îïèñàííîãî âûøå ìåòîäà ñëó÷àéíîãî âàðüèðî-
âàíèÿ ñòðîê ìàòðèöû èñõîäíûõ äàííûõ (ÂÑÌ), ìîæíî
ïðåäëîæèòü è äðóãèå ìåòîäû. Îäèí èç íèõ - ìåòîä
ñëó÷àéíîãî âàðüèðîâàíèÿ çíà÷åíèé øóìà (ÂÇØ) â
èñõîäíûõ äàííûõ, ãäå ïîñëåäîâàòåëüíîñòü íåâÿçîê

 âûñòóïàåò â êà÷åñòâå ãåíå-

ðàëüíîé ñîâîêóïíîñòè, èç êîòîðîé ãåíåðèðóþòñÿ ïñåâäî-

âûáîðêè øóìà ,...,  à çàòåì

ôîðìèðóþòñÿ ïñåâäîâûáîðêè çàâèñèìîé ïåðåìåííîé

, ãäå , ,

 è ìàòðèöû ïñåâäîäàííûõ .

Â ìåòîäå ãåíåðàöèè ïñåâäîøóìîâ (ÃÏØ), â îòëè÷èå
îò ÂÇØ, ãåíåðàöèÿ çíà÷åíèé øóìà ðåàëèçóåòñÿ ñïåöè-
àëüíûì ãåíåðàòîðîì ïñåâäîñëó÷àéíûõ ÷èñåë â ñîîòâåò-

ñòâèå ñ íåïàðàìåòðè÷åñêè çàäàííûì ðàñïðåäåëåíèåì ,

îöåíåííûì ïî âûáîðêå .

Ìåòîäû ÂÇØ è ÃÏØ ïðè âàðüèðîâàíèè äàííûõ ñîõ-

ðàíÿþò íåèçìåííûìè ìàòðèöû ïëàíà  è îáåñïå÷è-

âàþò íàìíîãî áîëåå òî÷íîå, ïî ñðàâíåíèþ ñ ÂÑÌ, îöå-

íèâàíèå ðàñïðåäåëåíèé  èõ ìîìåíòíûõ õà-

ðàêòåðèñòèê, îäíàêî ïðè ýòîì îíè âåñüìà ÷óâñòâèòåëüíû
ê çàãðóáëåíèþ ìîäåëè. Ïîýòîìó ïðè âûïîëíåíèè ïîä-
áîðà ìîäåëè áîëåå íàäåæíûì ÿâëÿåòñÿ ïðèìåíåíèå
ÂÑÌ.

Ïðè çàäàíèè èñõîäíûõ äàííûõ â âèäå âðåìåííûõ

ðÿäîâ âàðüèðîâàíèå äàííûõ îñóùåñòâëÿåòñÿ ìåòîäîì
ÃÏØ ïóòåì ðàçäåëåíèÿ òðåíäîâîé è ñëó÷àéíîé ñîñòàâ-
ëÿþùèõ, ãåíåðàöèè ìíîæåñòâà ïñåâäîðåàëèçàöèé ïî-
ñëåäíåé ñ ïîìîùüþ ñïåöèàëüíûõ ãåíåðàòîðîâ, â êîòîðûå
â íåïàðàìåòðè÷åñêîé ôîðìå ââîäÿòñÿ îïèñàíèÿ õàðàêòå-
ðèñòèê ñëó÷àéíûõ ñîñòàâëÿþùèõ (âêëþ÷àÿ èõ àâòîêîð-
ðåëÿöèîííûå ôóíêöèè), è íàëîæåíèÿ ïñåâäîðåàëèçàöèé
ñëó÷àéíîé ñîñòàâëÿþùåé íà âûäåëåííûé òðåíä [12].

ÏÐÈÌÅÍÅÍÈÅ ÂÀÐÜÈÐÎÂÀÍÈß ÄÀÍÍÛÕ ÄËß 
ÎÏÒÈÌÈÇÀÖÈÈ ÐÅØÅÍÈß ÇÀÄÀ×È 
ÈÄÅÍÒÈÔÈÊÀÖÈÈ

Ïîëó÷åííûå ìåòîäîì âàðüèðîâàíèÿ èñõîäíûõ äàííûõ

ñòàòèñòè÷åñêèå õàðàêòåðèñòèêè îöåíîê 

íàéäåííûõ ñîîòâåòñòâåííî ìåòîäàìè  â ÷àñò-

íîñòè, âåêòîð äèñïåðñèé îöåíîê ïàðàìåòðîâ 

, ïîçâîëÿþò ðåàëèçîâàòü ñåëåê-

öèþ ëó÷øåãî ìåòîäà  ïóòåì, íàïðèìåð, ââåäåíèÿ îá-

îáùåííîãî ïîêàçàòåëÿ ýôôåêòèâíîñòè ìåòîäîâ ÏÈ. Ïðè
ðàáîòå ñ ëèíåéíûìè ìîäåëÿìè âèäà (2) äëÿ ñâåðòûâàíèÿ

âåêòîðà  â ñêàëÿð â [9,12] ïðåäëîæåí ïîêàçàòåëü

 , (3)

ãäå  îöåíêà  ðàññ÷èòàíà

ìåòîäîì  ïî èñõîäíîé âûáîðêå, à îöåíêè 

- ïî ïñåâäîäàííûì.

Äëÿ ìîäåëåé  áîëåå ñëîæíîé ñòðóêòóðû íàðÿ-

äó ñ (3) âîçìîæíî ïðèìåíåíèå ïîêàçàòåëÿ âèäà

 , (4)

ãäå , ,

÷åðòà ñâåðõó îáîçíà÷àåò ñðåäíèå âûáîðî÷íûå çíà÷åíèÿ
ñîîòâåòñòâóþùèõ ïåðåìåííûõ. Ñåëåêöèÿ ëó÷øåãî ìåòîäà

 îñóùåñòâëÿåòñÿ ïî ìèíèìóìó ñîîòâåòñòâóþùåãî ïî-

êàçàòåëÿ.

Äëÿ âûáîðà ëó÷øåé ìîäåëè  íà ìíîæåñòâå ìîäå-

ëåé-ïðåòåíäåíòîâ  â îáùåì ñëó÷àå ìîæíî

èñïîëüçîâàòü ýâðèñòè÷åñêèé ïîêàçàòåëü êà÷åñòâà ÑÏÈ,
êîìïëåêñíî ó÷èòûâàþùèé òî÷íîñòü ìîäåëè è ñòåïåíü
óñòîé÷èâîñòè ïðîöåäóðû ÏÈ [9, 12]:

n 10≥

ε1 … εn, ,[ ], εi zi µ x Ã,( ),–=
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zi[ ] l( ) ỹ1 e1
˜ l( )+ … ỹn en

˜ l( )+, ,[ ]= ỹi µ xi Ã,( )= i 1 n,=
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 , , (5)

ãäå ,  - âåñîâîé êîýôôèöè-

åíò, îïðåäåëÿþùèé ïðèîðèòåò òðåáîâàíèé ê òî÷íîñòè ìî-
äåëè ëèáî ê óñòîé÷èâîñòè ïðîöåäóðû îöåíèâàíèÿ ïàðà-
ìåòðîâ. Èñõîäÿ èç ðàññ÷èòàííîãî äëÿ T ìîäåëåé ìíîæå-

ñòâà  îäèí èç âàðèàíòîâ çàäàíèÿ   ìîæíî îïèñàòü

âûðàæåíèÿìè [12]: , ,

, . Ïðè ïðèìåðíî îäèíàêîâîé

òî÷íîñòè àïïðîêñèìàöèè ìîäåëÿìè èñõîäíûõ äàííûõ

 è ïðèîðèòåò â âûáîðå ìîäåëè ïðèíàäëåæèò ïîêà-

çàòåëþ . Ïðè ñóùåñòâåííîì ðàçáðîñå çíà÷åíèé 

îñíîâíóþ ðîëü â âûáîðå ìîäåëè èãðàåò ïîêàçàòåëü .

Âîçìîæíî ïîñòðîåíèå èòåðàòèâíîé ïðîöåäóðû ñåëåêöèè
ñ ïîýòàïíûì óäàëåíèåì íàèáîëåå íåóäà÷íûõ âàðèàíòîâ
ìîäåëè.

Äëÿ ëèíåéíûõ ðåãðåññèîííûõ ìîäåëåé âûáîð ëó÷øåé
ìîæíî ðåàëèçîâàòü áîëåå ñòðîãî, èñïîëüçóÿ äëÿ ýòîé

öåëè ñðåäíèé ðèñê . Â [10, 11]

ïîêàçàíî, ÷òî ïðè îöåíèâàíèè ïàðàìåòðîâ ìîäåëè ïî
ìåòîäó íàèìåíüøèõ êâàäðàòîâ ñïðàâåäëèâî ñîîòíîøåíèå

 (6)

Èñïîëüçóÿ âàðüèðîâàíèå äàííûõ, íà áàçå (6) ñòðîèòñÿ
ïîêàçàòåëü êà÷åñòâà ÑÏÈ âèäà [10, 11]:

 .(7)

Îáîçíà÷àÿ âòîðîå ñëàãàåìîå ÷åðåç  è ïðèíèìàÿ âî

âíèìàíèå, ÷òî ñ ðîñòîì  ïåðâîå ñëàãàåìîå ñòðåìèòñÿ ê

, ðàññ÷èòàííîìó ïî ðåàëüíûì èñõîäíûì äàííûì,

ïîëó÷àåì:

. (8)

Òàêæå êàê è Q, ïîêàçàòåëü  êîìïëåêñíî ó÷èòûâàåò

òðåáîâàíèÿ ê òî÷íîñòè ìîäåëè (ñîñòàâëÿþùàÿ ) è óñ-

òîé÷èâîñòè ïðîöåäóðû ÏÈ ( ), ïðè÷åì â  èíòåãðèðî-

âàíî òðè ôàêòîðà, âëèÿþùèå íà êà÷åñòâî ÏÈ:
à) ñëîæíîñòü ìîäåëè;

á) õàðàêòåð èíôîðìàöèîííîé ìàòðèöû   (ñòå-

ïåíü êîëëèíåàðíîñòè èñõîäíûõ äàííûõ);
â) óñòîé÷èâîñòü èñïîëüçóåìûõ àëãîðèòìîâ ÏÈ.

Ïîýòîìó ïîêàçàòåëü  öåëåñîîáðàçíî èñïîëüçîâàòü è

ñàìîñòîÿòåëüíî ïðè ïîäáîðå ìåòîäà . Â óñëîâèÿõ

îáû÷íîé ðåãðåññèîííîé çàäà÷è "ýêñïëóàòàöèîííûõ"

ñâîéñòâà  ãîðàçäî âûøå, ÷åì ó , îäíàêî ïðè íàëè-

÷èè òàêèõ îñîáåííîñòåé äàííûõ, êàê ñëó÷àéíûå ïîãðåø-
íîñòè â ðåçóëüòàòàõ íàáëþäåíèÿ âõîäíûõ ïåðåìåííûõ,

ðåçóëüòàòèâíîñòü ñåëåêöèè ïî ïîêàçàòåëþ  ðåçêî ïà-

äàåò [11].
Êðîìå òîãî, çàøóìëåíèå âõîäíûõ ïåðåìåííûõ ìîæåò

ïðèâîäèòü ê ïîÿâëåíèþ ñìåùåíèÿ îöåíîê ïàðàìåòðîâ,
îòñóòñòâóþùåãî ïðè òî÷íîì èçìåðåíèè çíà÷åíèé X [12].
Ïðèìåíåíèå âàðüèðîâàíèÿ äàííûõ ïîçâîëÿåò ïîñòðîèòü
äîñòàòî÷íî ïðîñòûå, íî ýôôåêòèâíûå ïðîöåäóðû âûÿâ-
ëåíèÿ è êîððåêöèè ñìåùåíèÿ îöåíîê ïàðàìåòðîâ
ìîäåëåé [12, 13].

ÂÛÂÎÄÛ

Ïðèìåíåíèå âàðüèðîâàíèÿ äàííûõ ê ðåøåíèþ ïðè-
êëàäíûõ çàäà÷ èäåíòèôèêàöèè â óñëîâèÿõ ìèíèìóìà àï-
ðèîðíîé èíôîðìàöèè î ñâîéñòâàõ îáðàáàòûâàåìûõ äàí-
íûõ ïîçâîëÿåò ïîëó÷èòü îáúåêòèâíûå ðåçóëüòàòû ïðè
ðàññìîòðåíèè ðÿäà êëþ÷åâûõ ïðîáëåì ñòðóêòóðíî-ïàðà-
ìåòðè÷åñêîé èäåíòèôèêàöèè â ñèòóàöèè, êîãäà èíûå
ñðåäñòâà ðåøåíèÿ ïðàêòè÷åñêè îòñóòñòâóþò.

Ïðèíöèï âàðüèðîâàíèÿ äàííûõ ÿâëÿåòñÿ âíåøíèì ïî
îòíîøåíèþ ê ìåòîäàì è àëãîðèòìàì îöåíèâàíèÿ ñòðóêòó-
ðû è ïàðàìåòðîâ ìîäåëè, òàê êàê íå îðèåíòèðîâàí íà
êàêèå-ëèáî ýëåìåíòû ïðèìåíÿåìîãî äëÿ ðåøåíèÿ ýòèõ
çàäà÷ èíñòðóìåíòàðèÿ.

Èñïîëüçîâàíèå èñêëþ÷èòåëüíî íåïàðàìåòðè÷åñêèõ ìå-
òîäîâ âàðüèðîâàíèÿ äàííûõ ñâîäèò ê ìèíèìóìó âîçìîæ-
íîñòè ñóáúåêòèâíî âëèÿíèÿ èññëåäîâàòåëÿ íà ïîëó÷åí-
íûå ðåçóëüòàòû, èñêëþ÷àåò èñêàæåíèÿ èñõîäíîé èíôîð-
ìàöèè âñëåäñòâèå ôîðìàëüíîãî çàäàíèÿ ïàðàìåòðèçè-
ðîâàííîé ìîäåëè ñëó÷àéíîé ñîñòàâëÿþùåé â ðåàëüíûõ
äàííûõ.
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---M Ã A–( )Txi
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Å. Â. Áîäÿíñêèé, Ñ. Â. Ïîïîâ

Ïðåäëàãàåòñÿ ïîäõîä ê ðåøåíèþ çàäà÷ ïðîãíîçèðîâàíèÿ è
ðàííåãî îáíàðóæåíèÿ èçìåíåíèÿ ñâîéñòâ íåñòàöèîíàðíûõ ñòî-
õàñòè÷åñêèõ ïîñëåäîâàòåëüíîñòåé, îïèñûâàåìûõ íåëèíåéíûìè
ðàçíîñòíûìè óðàâíåíèÿìè àâòîðåãðåññèè - ñêîëüçÿùåãî ñðåä-
íåãî (NARMA-ìîäåëè). Ïðåäïîëàãàåòñÿ, ÷òî ïðîãíîçèðóåìàÿ
ïîñëåäîâàòåëüíîñòü ÿâëÿåòñÿ íåñòàöèîíàðíîé â øèðîêîì ñìû-
ñëå, ïðè÷åì èçìåíåíèÿ ñòðóêòóðû, ñâèäåòåëüñòâóþùèå î âîç-
íèêøåé ðàçëàäêå, ïðîèñõîäÿò â çàðàíåå íåèçâåñòíûå ìîìåíòû
âðåìåíè. Ïðåäëàãàåòñÿ àðõèòåêòóðà ðåêóððåíòíîé èñêóññò-
âåííîé íåéðîííîé ñåòè è íîâûå àëãîðèòìû åå îáó÷åíèÿ, ïîçâî-
ëÿþùèå ñ âûñîêîé òî÷íîñòüþ è áûñòðîäåéñòâèåì ïîëó÷àòü
ïðîãíîçû êîíòðîëèðóåìîãî ñèãíàëà è îáíàðóæèâàòü ìîìåíòû
èçìåíåíèÿ åãî ñâîéñòâ.

Ïðîïîíóºòüñÿ ï³äõ³ä äî âèð³øåííÿ çàäà÷³ ïðîãíîçóâàííÿ ³
ðàííüîãî âèÿâëåííÿ çì³í âëàñòèâîñòåé íåñòàö³îíàðíèõ ñòîõà-
ñòè÷íèõ ïîñë³äîâíîñòåé, ùî îïèñóþòüñÿ íåë³í³éíèìè ð³çíèöå-
âèìè ð³âíÿííÿìè àâòîðåãðåñ³¿ - êîâçíîãî ñåðåäíüîãî (NARMA-
ìîäåë³). Ïðèïóñêàºòüñÿ, ùî ïðîãíîçîâàíà ïîñë³äîâí³ñòü º íå-
ñòàö³îíàðíîþ â øèðîêîìó ðîçóì³íí³, ïðè ÷îìó çì³íè ñòðóêòó-
ðè, ùî ñâ³ä÷àòü ïðî âèíèêàþ÷å ðîçëàäíàííÿ, â³äáóâàþòüñÿ ó
çàçäàëåã³äü íåâ³äîì³ ìîìåíòè ÷àñó. Çàïðîïîíîâàíî àðõ³òåêòó-
ðó øòó÷íî¿ íåéðîííî¿ ìåðåæ³ ³ íîâ³ àëãîðèòìè ¿¿ íàâ÷àííÿ, ùî
äîçâîëÿþòü ç âèñîêîþ òî÷í³ñòþ òà øâèäêîä³ºþ îòðèìóâàòè
ïðîãíîçè êîíòðîëüîâàíîãî ñèãíàëó òà âèÿâëÿòè ìîìåíòè
çì³íè éîãî âëàñòèâîñòåé.

An approach to prediction and early properties changes detec-
tion problems solution for nonstationary stochastic sequences that
are described by nonlinear difference autoregression - moving
average equations (NARMA-models) is proposed. The forecasted
sequence is assumed to be nonstationary in a wide sense, and
structure changes pointing to emerging faults are assumed to
occur in moments, unknown a priori. Architecture of an artificial
neural network and its learning algorithms are proposed that
enable obtaining high quality predictions of the monitored signal
and detection of its properties changes moments.

ÂÂÅÄÅÍÈÅ

Çàäà÷à ðàííåãî îáíàðóæåíèÿ ðàçëàäîê äîñòàòî÷íî
÷àñòî âñòðå÷àåòñÿ íà ïðàêòèêå è, ïðåæäå âñåãî, â òåõíè-
÷åñêîé äèàãíîñòèêå ìåõàíèçìîâ è ìàøèí è òåñíî ñâÿçàíà
ñ ïðîáëåìîé àäàïòèâíîãî ïðîãíîçèðîâàíèÿ íåñòàöèîíàð-
íûõ ñòîõàñòè÷åñêèõ ïîñëåäîâàòåëüíîñòåé. Äëÿ ðåøåíèÿ
ýòîé ïðîáëåìû ïðåäëîæåíî ìíîæåñòâî ïîäõîäîâ, ñâÿ-

çàííûõ â çíà÷èòåëüíîé ìåðå ñ ìåòîäàìè ìàòåìàòè÷åñêîé
ñòàòèñòèêè, òåîðèè ñëó÷àéíûõ ïðîöåññîâ, àäàïòèâíîé
èäåíòèôèêàöèè, îäíàêî æåñòêèå ïðåäïîëîæåíèÿ î ñòîõà-
ñòè÷åñêèõ ñâîéñòâàõ ðÿäîâ è èõ ñòðóêòóðå, êàê ïðàâèëî,
ëèíåéíîé, îãðàíè÷èâàþò âîçìîæíîñòè òðàäèöèîííîãî
àäàïòèâíîãî ïîäõîäà.

Ïîñëåäíèå ãîäû õàðàêòåðèçóþòñÿ âñïëåñêîì èññëå-
äîâàíèé â îáëàñòè òåîðèè è ïðàêòèêè èñêóññòâåííûõ
íåéðîííûõ ñåòåé, â òîì ÷èñëå è äëÿ ðåøåíèÿ çàäà÷
ïðîãíîçèðîâàíèÿ [1-9]. Ïðåäëîæåííûå íåéðîííûå ñåòè,
îáåñïå÷èâàÿ âûñîêîå êà÷åñòâî ïðîãíîçèðîâàíèÿ, òåì íå
ìåíåå, íå ñïîñîáíû îáíàðóæèâàòü è ñèãíàëèçèðîâàòü îá
èçìåíåíèÿõ ñâîéñòâ êîíòðîëèðóåìîãî ñèãíàëà, ÷òî
ñîâåðøåííî íåîáõîäèìî â çàäà÷àõ àïðèîðíîé
äèàãíîñòèêè â ðåàëüíîì âðåìåíè.

Â äàííîé ðàáîòå ïðåäëîæåíà àðõèòåêòóðà ïðîãíîçèðó-
þùåé ðåêóððåíòíîé èñêóññòâåííîé íåéðîííîé ñåòè è
àëãîðèòìû åå îáó÷åíèÿ, ïîçâîëÿþùèå íå òîëüêî ïîëó-
÷àòü ïðîãíîç íåëèíåéíîé ñòîõàñòè÷åñêîé ïîñëåäîâàòåëü-
íîñòè, íî è îáíàðóæèâàòü ìîìåíòû èçìåíåíèÿ åå ñâîéñòâ
ïî õîäó ïðîöåññà îáó÷åíèÿ è ïðîãíîçèðîâàíèÿ. Ïðåäëà-
ãàåìàÿ ñåòü îáëàäàåò âûñîêîé ñêîðîñòüþ îáó÷åíèÿ è îáå-
ñïå÷èâàåò îïòèìàëüíóþ òî÷íîñòü ïðîãíîçà íà ïðèíÿòîì
êëàññå ìîäåëåé.

1  ÀÐÕÈÒÅÊÒÓÐÀ ÏÐÎÃÍÎÇÈÐÓÞÙÅÉ 
ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ

Àðõèòåêòóðà ïðåäëàãàåìîé ïðîãíîçèðóþùåé èñêóñ-
ñòâåííîé íåéðîííîé ñåòè ïðèâåäåíà íà ðèñ. 1 è ïðåäñòàâ-
ëÿåò ñîáîé ñåòü ýëåìåíòàðíûõ íåéðîíîâ, îòëè÷àþùèõñÿ
âèäîì ôóíêöèé àêòèâàöèè è àëãîðèòìàìè îáó÷åíèÿ,
ÿâëÿþùèìèñÿ â îáùåì ñëó÷àå ðåêóððåíòíûìè ïðîöåäó-
ðàìè áåçóñëîâíîé èëè óñëîâíîé îïòèìèçàöèè.

Ïðîãíîçèðóåìàÿ ñòîõàñòè÷åñêàÿ ïîñëåäîâàòåëüíîñòü
{z(k)}, k = 1, 2, 3, … ïðåäâàðèòåëüíî îáðàáàòûâàåòñÿ
âõîäíûì íåéðîíîì C òàêèì îáðàçîì, ÷òî âñå åå çíà÷åíèÿ
(ïðîøëûå è áóäóùèå) ïðèíàäëåæàò èíòåðâàëó [-1, +1] .
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Ðèñóíîê 1 - Ðåêóððåíòíàÿ ïðîãíîçèðóþùàÿ íåéðîííàÿ ñåòü

Äëÿ ýòîãî â ðåàëüíîì âðåìåíè âû÷èñëÿþòñÿ ýêñòðå-
ìàëüíûå çíà÷åíèÿ ïîñëåäîâàòåëüíîñòè {z(k)}.

(1)

ïîñëå ÷åãî ñèãíàë êîäèðóåòñÿ òàê, ÷òî

(2)

ïðè ýòîì âñåãäà .

Ñèãíàë {x(k)} äàëåå ïîäàåòñÿ íà âõîäíîé ñëîé ñåòè,

îáðàçîâàííûé ýëåìåíòàìè ÷èñòîãî çàïàçäûâàíèÿ :

x(k) = x(k-1), â ðåçóëüòàòå ÷åãî íà âûõîäå ýòîãî ñëîÿ

ôîðìèðóåòñÿ íàáîð çàäåðæàííûõ çíà÷åíèé x(k-1), x(k-

2), … , x(k-d). Ïðè ýòîì, ÷åì áîëüøå çíà÷åíèå d, òåì
áîëåå øèðîêèìè âîçìîæíîñòÿìè îáëàäàåò ñåòü.

Ïåðâûé ñêðûòûé ñëîé îáðàçîâàí ñòàíäàðòíûìè
íåéðîíàìè ñ íåëèíåéíîé ôóíêöèåé àêòèâàöèè, íà âõîäû
êîòîðûõ ïîäàþòñÿ çàäåðæàííûå çíà÷åíèÿ ñèãíàëà x(k) è
ïî öåïè îáðàòíîé ñâÿçè êàæäîãî íåéðîíà - çàäåðæàííûå

çíà÷åíèÿ ïðîãíîçà , j = 1, 2, … , d. Âõîäû íåéðî-

íîâ, îáîçíà÷åííûå °, ñîîòâåòñòâóþò âõîäàì îáó÷àþùåãî

ñèãíàëà, à  îïèñûâàåò ôóíêöèþ àêòèâàöèè.

Â ðåçóëüòàòå îáðàáîòêè ïîñëåäîâàòåëüíîñòè {x(k)}

íåéðîíàìè ïåðâîãî ñêðûòîãî ñëîÿ íà èõ âûõîäàõ
ïîÿâëÿþòñÿ îäíîøàãîâûå ïðîãíîçû

(3)

ñîîòâåòñòâóþùèå íåëèíåéíîìó ïðîöåññó àâòîðåãðåññèè -
ñêîëüçÿùåãî ñðåäíåãî (NARMA) ïîðÿäêà îò 1 äî d.

Âòîðîé ñêðûòûé ñëîé îáðàçîâàí îäíîòèïíûìè ýëåìåí-
òàðíûìè íåéðîíàìè, âû÷èñëÿþùèìè îöåíêè òî÷íîñòè

ïðîãíîçîâ  â âèäå äèñïåðñèé îáíîâëÿþùèõ ïîñëå-

äîâàòåëüíîñòåé .

Íåéðîíàìè òðåòüåãî ñêðûòîãî ñëîÿ ïðîèçâîäèòñÿ
ïîïàðíîå îáúåäèíåíèå ñèãíàëîâ èç âòîðîãî ñëîÿ ñ öåëüþ

ïîëó÷åíèÿ îöåíîê , j = 1, 2, … , d-1 òàêèõ, ÷òî

(4)

ïðè ýòîì âåñîâûå êîýôôèöèåíòû (k) õàðàêòåðèçóþò

C
z(k) x(k)

z–1

z–1

z–1

Σ ψ

Σ ψ

Σ ψ

z–1 Σ ψ

x(k – 1)
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²ÍÔÎÐÌÀÒÈÊÀ

“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

îöåíêó òî÷íîñòè ïðîãíîçà  ïî ñðàâíåíèþ ñ 

è . Âåêòîð âåñîâ 

îïèñûâàåò êà÷åñòâî ïðîãíîçîâ, ïîëó÷àåìûõ â òðåòüåì
ñëîå, ïðè ýòîì îíî, åñòåñòâåííî, äîëæíî áûòü âûøå, ÷åì
â ïåðâîì ñëîå. Èçìåíåíèå ñîîòíîøåíèé ìåæäó ýëåìåíòà-
ìè ýòîãî âåêòîðà ñâèäåòåëüñòâóåò îá èçìåíåíèè ñòðóê-
òóðû ìîäåëè ñèãíàëà, ò.å. î âîçíèêøåé ðàçëàäêå.

×åòâåðòûé ñëîé ïîëíîñòüþ àíàëîãè÷åí âòîðîìó è

ïðåäíàçíà÷åí äëÿ îöåíêè òî÷íîñòè ïðîãíîçîâ 

, êîòîðûå çàòåì ïîäàþòñÿ íà åäèíñòâåí-

íûé íåéðîí ïÿòîãî ñëîÿ, ÿâëÿþùèéñÿ ïî ñòðóêòóðå ëè-
íåéíûì àññîöèàòîðîì è âû÷èñëÿþùèé îáúåäèíåííûé îï-

òèìàëüíûé ïðîãíîç .

Íåéðîí, îáîçíà÷åííûé D, ïðåäíàçíà÷åí äëÿ äåêîäè-

ðîâàíèÿ ñèãíàëà  ê èñõîäíîé øêàëå

(5)

È, íàêîíåö, ïîñëåäíèé íåéðîí ñåòè âû÷èñëÿåò òî÷íîñòü
îêîí÷àòåëüíîãî ïðîãíîçà.

2  ÀËÃÎÐÈÒÌÛ ÎÁÓ×ÅÍÈß ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ

Âûõîäíîé ñèãíàë j-ãî íåéðîíà ïåðâîãî ñêðûòîãî ñëîÿ
ìîæåò áûòü ïðåäñòàâëåí â âèäå

(6)

ãäå  - íåëèíåéíàÿ ôóíêöèÿ àêòèâàöèè, îáû÷íî ñèã-

ìîèäàëüíàÿ èëè ãèïåðáîëè÷åñêîãî òàíãåíñà, à â íàøåì
ñëó÷àå áîëåå ïðîñòûå â âû÷èñëèòåëüíîì îòíîøåíèè, íî
òåì íå ìåíåå óäîâëåòâîðÿþùèå âñåì íåîáõîäèìûì
óñëîâèÿì

(7)

 - âåêòîð íàñòðàèâàåìûõ ñèíàïòè÷åñêèõ âå-

ñîâ,

- âåêòîð âõîäîâ j-ãî íåéðîíà, , j = 1,

2, … , d, k = 1, 2, 3, … - òåêóùåå äèñêðåòíîå âðåìÿ.
Ââîäÿ â ðàññìîòðåíèå îøèáêó ïðîãíîçèðîâàíèÿ j-ãî

íåéðîíà ïåðâîãî ñêðûòîãî ñëîÿ

(8)

çàïèøåì äåëüòà-ïðàâèëî íàñòðîéêè ñèíàïòè÷åñêèõ âåñîâ

(9)

ãäå  - ïàðàìåòð øàãà ïîèñêà, ïðèíèìàåìûé îáû÷íî

ïîñòîÿííûì,  - ãðàäèåíò ôóíêöèè

àêòèâàöèè ïî íàñòðàèâàåìûì âåñàì.
Ñõîäèìîñòü àëãîðèòìà (9) îáåñïå÷èâàåòñÿ â äîñòà-

òî÷íî øèðîêîì èíòåðâàëå âàðüèðîâàíèÿ ïàðàìåòðà øàãà

, îäíàêî åñòåñòâåííûì ïðåäñòàâëÿåòñÿ âûáîð øàãà,

îáåñïå÷èâàþùåãî ìàêñèìàëüíóþ ñêîðîñòü. Ìîæíî ïîêà-
çàòü [10], ÷òî â äåòåðìèíèðîâàííîì ñëó÷àå ìàêñèìàëü-
íîå áûñòðîäåéñòâèå îáó÷åíèÿ îáåñïå÷èâàåòñÿ àëãîðèòìîì

(10)

Íåñëîæíî âèäåòü, ÷òî â ëèíåéíîì ñëó÷àå (10) ñîâïàäàåò
ñ àëãîðèòìîì îáó÷åíèÿ Óèäðîó-Õîôôà.

Â ñëó÷àå, åñëè êîíòðîëèðóåìûé ñèãíàë íàáëþäàåòñÿ
íà ôîíå ïîìåõ, àëãîðèòì îáó÷åíèÿ äîëæåí îáëàäàòü êàê
ñëåäÿùèìè, òàê è ôèëüòðóþùèìè ñâîéñòâàìè, äëÿ ÷åãî
ìîæåò áûòü èñïîëüçîâàíà ïðîöåäóðà [11]

(11)

áëèçêàÿ ïî ñâîéñòâàì ïðè  = 1 ê àëãîðèòìó ñòîõàñòè-

÷åñêîé àïïðîêñèìàöèè Ãóäâèíà-Ðýìåäæà-Êýéíåñà.
Ïîñëå êàæäîãî òàêòà îáó÷åíèÿ íåéðîíîâ ïåðâîãî

ñêðûòîãî ñëîÿ íåñëîæíî ïîëó÷èòü ìíîãîøàãîâûé ïðî-
ãíîç â âèäå

, (12)

ãäå

yj k( ) ŷj 1– k( )

xj 1+ k( ) c k( ) c( 1 k( ) c2 k( ) … cd 1– k( ) ), ,,=

y1 k( ),

y2 k( ) … yd 1– k( ), ,

x̂ k( )

x̂ k( )

ẑ k( ) 0 5 z
max

k( ) x̂ k( ) 1+( ) z
min

k( ) x̂ k( ) 1–( )–( ).,=

x̂j k( ) ψ wji k( )x k( 1– )  ŵji k( )x̂ k 1–( ) +

i 1=

j

∑+

wj0 k( ) )+

i 1=

j

∑





ψ wj
T k( )Xj k( )( ) ψ uj k( )( ) ,

=

= =

ψ ·( )

ψ ui k( )( )

1 5ui k( ) 0 5uj
3

k( ), èëè,–,

π
2
---uj k( ), èëèsin

2
π
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(13)

Âî âòîðîì ñêðûòîì ñëîå ñ ïîìîùüþ ðåêóððåíòíûõ
ïðîöåäóð

(14)

äëÿ ñòàöèîíàðíîãî è

(15)

äëÿ íåñòàöèîíàðíîãî ñèãíàëîâ âû÷èñëÿåòñÿ òî÷íîñòü ïî-
ëó÷åííûõ ïðîãíîçîâ.

Ïîïàðíîå îáúåäèíåíèå ïðîãíîçîâ â òðåòüåì ñêðûòîì
ñëîå â âèäå (4) ïðèçâàíî îáåñïå÷èòü áîëåå âûñîêîå êà÷å-
ñòâî ïðîãíîçèðîâàíèÿ, ïðè ýòîì îáó÷åíèå íåéðîíîâ ýòî-
ãî ñëîÿ, ÿâëÿþùèõñÿ äâóõâõîäîâûìè ëèíåéíûìè àññîöè-
àòîðàìè, îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ïðîöåäóðû [12]

(16)

Â ÷åòâåðòîì ñêðûòîì ñëîå íà îñíîâå îøèáêè

 è ôîðìóë òèïà (14), (15) âû÷èñëÿ-

þòñÿ äèñïåðñèè , ïðè ýòîì ìîæíî ïîêàçàòü [12],

÷òî

(17)

ò.å. ïðîãíîçû, ïîëó÷àåìûå â òðåòüåì ñêðûòîì ñëîå ïî
òî÷íîñòè íå óñòóïàþò ëó÷øèì ïðîãíîçàì ïåðâîãî
ñêðûòîãî ñëîÿ.

Ìíîãîøàãîâûé ïðîãíîç àíàëîãè÷íî (12) ìîæåò áûòü
çàïèñàí â âèäå

.(18)

Â ïÿòîì ñêðûòîì ñëîå ñåòè, îáðàçîâàííîì ( )-

âõîäîâîé àäàëèíîé, ïðîèçâîäèòñÿ îáúåäèíåíèå ïðîãíî-
çîâ â âèäå

, (19)

ãäå âåêòîð âåñîâ  îòâå-

÷àåò óñëîâèþ íåñìåùåííîñòè, ,

, . Òðå-

áîâàíèå îïòèìàëüíîñòè ïðîãíîçà  ïðèâîäèò ê àëãî-

ðèòìó îáó÷åíèÿ âèäà [13]:

(20)

ãäå c*(k+1) - îöåíêà ñòàíäàðòíîãî ðåêóððåíòíîãî ìåòîäà
íàèìåíüøèõ êâàäðàòîâ.

Ìíîãîøàãîâûé ïðîãíîç ýòîãî ñëîÿ èìååò âèä

(21)

è ïîñëå äåêîäèðîâàíèÿ íåéðîíîì D ìîæåò áûòü ïðåîáðà-

çîâàí â ïðîãíîç èñõîäíîé ïîñëåäîâàòåëüíîñòè .

Íà âûõîäå ñåòè ïðîèçâîäèòñÿ îöåíêà òî÷íîñòè îáúå-
äèíåííîãî ïðîãíîçà â âèäå

(22)

èëè

(23)

ïðè ýòîì ìîæíî ïîêàçàòü [13], ÷òî

(24)

ò.å. ïðîãíîç íà âûõîäå ñåòè ÿâëÿåòñÿ äåéñòâèòåëüíî îï-
òèìàëüíûì íà êëàññå âñåõ NARMA-ìîäåëåé ïîðÿäêà îò 1
äî d.

ÇÀÊËÞ×ÅÍÈÅ

Ïðåäëàãàåìàÿ èñêóññòâåííàÿ íåéðîííàÿ ñåòü ÿâëÿåòñÿ
ñïåöèàëèçèðîâàííîé âû÷èñëèòåëüíîé ñòðóêòóðîé, ïðåä-
íàçíà÷åííîé äëÿ ðåøåíèÿ çàäà÷ ïðîãíîçèðîâàíèÿ è ðàí-
íåãî îáíàðóæåíèÿ èçìåíåíèÿ ñâîéñòâ ñòîõàñòè÷åñêèõ ïî-
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ñëåäîâàòåëüíîñòåé, îïèñûâàåìûõ ðàçëè÷íûìè NARMA-
óðàâíåíèÿìè ñ íåèçâåñòíûìè ïàðàìåòðàìè. Â ðåçóëüòàòå
îáó÷åíèÿ ñåòü îáåñïå÷èâàåò îïòèìàëüíîå íà êëàññå äàí-
íûõ ìîäåëåé ïðîãíîçèðîâàíèå, ïðè ýòîì, åñëè âìåñòî
íåéðîíîâ ïåðâîãî ñêðûòîãî ñëîÿ èñïîëüçîâàòü ñòàíäàðò-
íûå ñòðóêòóðû ïðîãíîçèðóþùèõ ñåòåé òèïà MLP, RBFN,
SOM è ò.ï., ìîæíî ãîâîðèòü îá îïòèìàëüíîì íà àíñàì-
áëå íåéðîñåòåé [14] ïðîãíîçå. Ñ âû÷èñëèòåëüíîé òî÷êè
çðåíèÿ ïîäîáíàÿ ìåòàíåéðîñåòü íå íàìíîãî ñëîæíåå ðàñ-
ñìîòðåííîé âûøå, ïîñêîëüêó ïðîãðàììû, ðåàëèçóþùèå
ñòàíäàðòíûå àðõèòåêòóðû, âõîäÿò â ñîñòàâ ìíîãèõ íå-
êîììåð÷åñêèõ ïàêåòîâ ïðèêëàäíûõ ïðîãðàìì [15].
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ÌÅÒÎÄ ÏÎÂÛØÅÍÈß ÝÔÔÅÊÒÈÂÍÎÑÒÈ ÃÐÀÍÈ×ÍÎÃÎ ÂÛÁÎÐÎ×ÍÎÃÎ 
ÊÎÍÒÐÎËß

À. Þ. Äîëãîâ

Ïðåäëàãàåòñÿ ìåòîä ïîâûøåíèÿ ýôôåêòèâíîñòè ïðîãíîçè-
ðîâàíèÿ (îöåíîê) âåëè÷èíû áðàêà â ïðèíÿòûõ ïëàñòèíàõ ïðè
ãðàíè÷íîì âûáîðî÷íîì êîíòðîëå êà÷åñòâà êðèñòàëëîâ èíòå-
ãðàëüíûõ ìèêðîñõåì.

The method of increase of a forecasting effectiveness (ratings)
of  a spoilage size in the accepted plates at boundary selective
quality surveillance of integrated microcircuits crystals is
offered.

Ãðàíè÷íûé êîíòðîëü [1] ÿâëÿåòñÿ îñíîâíûì ìåòîäîì
êîíòðîëÿ êà÷åñòâà ïðè ïðîèçâîäñòâå êðèñòàëëîâ èíòå-
ãðàëüíûõ ìèêðîñõåì. Îñíîâîé ìåòîäà ÿâëÿåòñÿ âûáîðêà
ìàëîãî îáúåìà (îáû÷íî n=5, èíîãäà n=10), ïî êîòîðîé
ñëåäóåò ñóäèòü î êà÷åñòâå êðèñòàëëîâ íà ïëàñòèíå,
ñîäåðæàùåé îò 400 äî 4000 ïîòåíöèàëüíî ãîäíûõ èçäå-
ëèé. Òàêîé ìàëûé îáúåì âûáîðêè ñâÿçàí ñ êîëè÷åñòâîì
òåñòîâûõ ÿ÷ååê íà ïëàñòèíå, êîòîðûå èìåþò äðóãóþ
ñòðóêòóðó, ÷åì ðàáî÷èå ÿ÷åéêè, è êîëè÷åñòâî êîòîðûõ íå
ìîæåò áûòü óâåëè÷åíî áåç óùåðáà äëÿ âûõîäà ãîäíûõ.
Íî ýòîò ìàëûé îáúåì êîíòðîëüíîé âûáîðêè èñêëþ÷àåò
ïðèìåíåíèå êëàññè÷åñêèõ ìåòîäîâ ñòàòèñòè÷åñêîãî êîí-
òðîëÿ ïî êîëè÷åñòâåííîìó ïðèçíàêó [2], õîòÿ ñàì ïî
ñåáå ÿâëÿåòñÿ äîñòàòî÷íî ýôôåêòèâíûì. Òàê ïðè ðåøà-

þùåì ïðàâèëå "5 èç 5" (ò.å. ïðè ïîïàäàíèè âñåõ ïÿòè
èçìåðåííûõ âåëè÷èí â íîðìó ïî êîíñòðóêòîðñêîé äîêó-
ìåíòàöèè) òî÷íîñòü ïðîãíîçà âûõîäà ãîäíûõ, ò.å. âåëè-
÷èíà âîçìîæíîãî áðàêà íà ïðèíÿòûõ ïëàñòèíàõ, êîëåá-
ëåòñÿ îò 0 äî 69 %, à ïðè ðåøàþùåì ïðàâèëå "3 èç 5" -
îò 15 äî 85% [1]. Òàêèå òî÷íîñòè íå ìîãóò óäîâëåòâîðèòü
ïðîèçâîäñòâî, îäíàêî ìåòîä îñòàåòñÿ ïî ïðåæíåìó
âîñòðåáîâàííûì, òàê êàê íå èìååòñÿ äðóãîãî ñòîëü æå
ïðîñòîãî â ïðèìåíåíèè íà ïðàêòèêå, à äëÿ êëàññè÷åñêèõ
ìåòîäîâ êîíòðîëÿ, êàê óæå óïîìèíàëîñü, íå õâàòàåò
îáúåìà âûáîðêè.

Êëàññè÷åñêèé ìåòîä ïðîãíîçèðîâàíèÿ ñîñòîèò â òîì,
÷òî îïðåäåëÿþòñÿ êâàíòèëè ãðàíè÷íûõ çíà÷åíèé ïî íîð-
ìå êîíñòðóêòîðñêîé äîêóìåíòàöèè îòíîñèòåëüíî ñðåäíå-
ãî àðèôìåòè÷åñêîãî êîíòðîëüíîé âûáîðêè, íîðìèðîâàí-
íûå ñðåäíåêâàäðàòè÷åñêèì îòêëîíåíèåì ýòîé æå âûáoð-
êè. Ïî êâàíòèëÿì ñ ïîìîùüþ çàêîíà ðàñïðåäåëåíèÿ
Ñòüþäåíòà îïðåäåëÿþòñÿ âåðîÿòíîñòè, ëåæàùèå âíå ãðà-
íèö íîðìû, êîòîðûå çàòåì ñêëàäûâàþòñÿ â ïðîãíîçè-
ðóåìûé áðàê. Àíàëèç ýòîãî ìåòîäà ïðîãíîçèðîâàíèÿ áðà-
êà ïîêàçàë, ÷òî ñëèøêîì áîëüøîé ðàçáðîñ ìåæäó ìèíè-
ìàëüíûì è ìàêñèìàëüíûì çíà÷åíèÿìè áðàêà  ïðè  îäíèõ 
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è òåõ æå óñëîâèÿõ åãî âûÿâëåíèÿ ñëîæèëñÿ èç äâóõ
ñîñòàâëÿþùèõ: îáúåêòèâíî (ðåàëüíî) ñóùåñòâóþùåãî
áðàêà (ìîæåò áûòü âûÿâëåí ïðè ñòîïðîöåíòíîì êîíòðî-
ëå) è ñóáúåêòèâíîé íåòî÷íîñòüþ (îøèáêîé, ðàçáðîñîì)
ìåòîäîâ ðàñ÷åòà, ãëàâíûé âêëàä â êîòîðóþ âíîñèò
îøèáêà îïðåäåëåíèÿ ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ.

Ñîãëàñíî [3] îøèáêà â îïðåäåëåíèè ñðåäíåêâàäðàòè-
÷åñêîãî îòêëîíåíèÿ ïðè îáúåìå âûáîðêè n=5 ìîæåò
ñîñòàâèòü ñâûøå 34 %, ÷òî ïðèâîäèò ê äîïîëíèòåëüíîé
îøèáêå â îïðåäåëåíèè ïðîãíîçèðóåìîãî áðàêà òîëüêî çà
ñ÷åò íåòî÷íîñòåé ðàñ÷åòà ïî ôîðìóëàì äî 40 % îò
ïîëó÷åííîé öèôðû ïðîãíîçà. Äëÿ óìåíüøåíèÿ ýòîé
îøèáêè ïðåäëàãàåòñÿ âîñïîëüçîâàòüñÿ èäååé îïðåäåëå-
íèÿ ïàðàìåòðîâ âûáîðêè ìàëîãî îáúåìà áîëåå ýôôåêòèâ-
íîé, ÷åì êëàññè÷åñêèå ìåòîäû ðàñ÷åòà [4]. Îíà áûëà
äîðàáîòàíà â [5] è ïðåâðàòèëàñü â àëãîðèòì ðàñ÷åòà, ïðè
êîòîðîì îòíîñèòåëüíàÿ îøèáêà îïðåäåëåíèÿ ñðåäíå-
êâàäðàòè÷åñêîãî îïðåäåëåíèÿ óìåíüøèëàñü äî 18 %, à
îøèáêà âû÷èñëåíèÿ ïðîãíîçèðóåìîãî áðàêà ñîîòâåò-
ñòâåííî äî 21 %. Ðåçóëüòàòû ðàñ÷åòîâ ïî ïðåäëîæåííîé
ñõåìå ïðåäñòàâëåíû â òàáëèöå 1.

Â ýòîé òàáëèöå ãðàôà "Ïðîãíîçèðóåìûé áðàê" ïðåäó-
ñìàòðèâàåò òðè ñëó÷àÿ ðàñïîëîæåíèÿ ÷èñåë âûáîðêè îò-
íîñèòåëüíî ãðàíèö íîðìû: êîãäà êðàéíåå ÷èñëî íàõîäèò-
ñÿ â áëèçè ãðàíèöû ñ âíóòðåííåé ñòîðîíû íîðìû, êîãäà
îíî íàõîäèòñÿ ñ âíåøíåé ñòîðîíû íîðìû è ïðîìåæó-
òî÷íîå (íàèâåðîÿòíåéøåå) ðàñïîëîæåíèå. Ãðàôà "Ðàñ÷åò
ÑÊÎ" ïîêàçûâàåò ïÿòü âàðèàíòîâ ðàñ÷åòà âåëè÷èíû
ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ ïî ðàçëè÷íûì ôîð-

ìóëàì (ìèíèìàëüíîå, ìàêñèìàëüíîå è íàèâåðîÿòíåéøåå
çíà÷åíèÿ ÑÊÎ, âû÷èñëåííûå ÷åðåç ðàçìàõ âûáîðêè,
ÑÊÎ, âû÷èñëåííîå ïî ôîðìóëå Ëåæàíäðà, è ÑÊÎ,
âû÷èñëåííîå ïî ìåòîäèêå [5] ).

Àíàëèç òàáëèöû ïîêàçûâàåò, ÷òî ïðîãíîçèðóåìûé
áðàê â ñëó÷àå ðåøàþùåãî ïðàâèëà "5 èç 5" ëåæèò â
ïðåäåëàõ îò 0 äî 56 %, à â ñëó÷àå ðåøàþùåãî ïðàâèëà "3
èç 5" îò 15 äî 85 %. Ñðàâíåíèå ñ ðåçóëüòàòàìè ðàñ÷åòîâ
ïî êëàññè÷åñêèì ìåòîäàì ïîçâîëÿåò ñäåëàòü âûâîä, ÷òî
óìåíüøåíèå âåëè÷èíû ïðîãíîçèðóåìîãî áðàêà äëÿ
ðåøàþùåãî ïðàâèëà "5 èç 5" ïðîèçîøëî çà ñ÷åò
ïîâûøåíèÿ ýôôåêòèâíîñòè ðàñ÷åòíûõ ôîðìóë, â òî
âðåìÿ êàê äîëÿ ðåàëüíîãî áðàêà îñòàëàñü íåèçìåííîé.
Òàêîå æå ñðàâíåíèå äëÿ ðåøàþùåãî ïðàâèëà "3 èç 5"
ïîêàçûâàåò ñîâïàäåíèå ðåçóëüòàòîâ, ÷òî îçíà÷àåò ïðåíå-
áðåæèìî ìàëóþ äîëþ îøèáêè çà ñ÷åò íåòî÷íîñòè
ðàñ÷åòíûõ ôîðìóë è îñíîâíóþ äîëþ â âèäå ðåàëüíî
ñóùåñòâóþùåãî áðàêà.

Èíòåðåñíî òàêæå îòìåòèòü ñóùåñòâåííóþ ðàçíèöó â
âåëè÷èíå ïðîãíîçèðóåìîãî áðàêà ïðè ðàñ÷åòàõ ïî
ðàçíûì ôîðìóëàì ÑÊÎ (ñîîòíîøåíèå ìàêñèìàëüíîãî è
ìèíèìàëüíîãî áðàêà äîñòèãàåò 50 ðàç). Ýòî ñâèäåòåëü-
ñòâóåò î ìèíèìàêñíûõ ãðàíèöàõ ïðîãíîçèðîâàíèÿ,
êîòîðûå ïî òåîðèè âåðîÿòíîñòè äîñòèãàþòñÿ ëèøü â
òðåõ-ïÿòè ñëó÷àÿõ èç òûñÿ÷è. Èç ïðàêòè÷åñêèõ
ñîîáðàæåíèé íàèáîëåå óäîáíî ïîëüçîâàòüñÿ âåðîÿò-
íîñòíûìè ôîðìóëàìè ðàñ÷åòà ÑÊÎ, èç êîòîðûõ
íàèáîëüøèé èíòåðåñ ïðåäñòàâëÿåò ñîáîé ôîðìóëà (3),
âçÿòàÿ èç ðàáîòû [5]. Íà íàø âçãëÿä, îíà ïðèâîäèò ê

Òàáëèöà 1 - Âåëè÷èíà ïðîãíîçèðóåìîãî áðàêà (%) íà ïëàñòèíå ñ ïÿòüþ òåñòîâûìè ÿ÷åéêàìè ïðè ÑÊÎ 
ïîâûøåííîé ýôôåêòèâíîñòè

Ïðîã.
áðàê

Ðàñ÷åò
ÑÊÎ

×èñëî èçìåðåíèé, íå âûõîäÿùèõ çà ïðåäåëû íîðìû, m

m = 5 m = 4 m = 3

v=1,0 v=0,7 v=0,5 v=1,3 v=1,0 v=0,7 v=0,5 v=2,0 v=1,0 v=0,7 v=0,5

ìèí. (1)
(2)
(3)
(4)
(5)

5,3
15,4
24,2
32,2
67,7

1,1
5,2
10,0
15,4
55,2

0,1
1,1
2,8
6,4
41,0

12,0
23,8
31,9
39,1
71,6

5,5
15,7
24,5
32,5
67,8

2,9
8,7
14,4
19,8
56,5

2,8
8,0
12,5
16,4
44,6

31,2
47,0
55,0
61,8
83,6

16,0
25,8
32,2
37,9
68,4

15,7
23,8
28,4
32,2
58,9

15,6
29,6
27,8
30,9
49,7

Íàè-
âåðî-
ÿò-
íåé-
øèé

(1)
(2)
(3)
(4)
(5)

-
-
-
-
-

2,4
6,0
11,1
17,0
55,5

2,1
3,8
6,9
10,7
42,9

12,9
27,3
36,2
43,8
73,2

7,9
18,1
26,2
33,2
67,9

7,0
14,6
19,8
25,0
58,2

6,9
14,2
18,7
22,9
48,6

37,4
50,1
57,0
62,3
83,8

30,6
36,9
40,8
44,4
69,2

30,5
36,0
38,6
40,8
60,2

30,5
35,1
38,3
40,0
52,6

Ìàêñ (1)
(2)
(3)
(4)
(5)

-
-
-
-
-

2,8
8,5
14,1
19,6
56,2

2,7
7,8
12,3
16,2
44,1

17,9
30,7
38,9
45,4
75,2

15,9
25,6
31,9
37,5
68,1

15,6
23,7
28,2
31,9
58,5

15,5
23,5
27,6
30,7
49,1

52,7
58,1
61,9
66,9
84,3

50,0
50,5
51,4
52,9
70,6

50,0
50,0
50,2
50,5
62,2

50,0
50,0
50,0
50,0
55,5
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ðåçóëüòàòàì ïðîãíîçà, íàèáîëåå áëèçêî ñîâïàäàþùèõ ñ
ðåàëüíûì áðàêîì. Ñ÷èòàåì öåëåñîîáðàçíûì ðåêîìåíäî-
âàòü äëÿ ïðàêòè÷åñêèõ öåëåé ïîëüçîâàòüñÿ ðåçóëüòàòàìè
ðàñ÷åòîâ èìåííî ïî ýòîé ôîðìóëå.
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ÍÅÉÐÎÍÍÛÕ ÑÅÒÅÉ

À. Þ. Äîðîãîâ 

Â ñòàòüå ðàññìàòðèâàþòñÿ ìíîãîñëîéíûå íåéðîííûå ñåòè
ïðÿìîãî ðàñïðîñòðàíåíèÿ. Ïëàñòè÷íîñòü íåéðîííîé ñåòè
îöåíèâàåòñÿ ÷èñëîì ñòåïåíåé ñâîáîäû íåëèíåéíîãî îïåðàòîðà.
Ââîäèòñÿ ïîíÿòèå ñòðóêòóðíîé ìîäåëè ñåòè, êàê îðèåíòè-
ðîâàííîãî ãðàôà, äëÿ êîòîðîãî îïðåäåëåíû âåñîâûå ôóíêöèè
âåðøèí è äóã. Íà îñíîâå ñòðóêòóðíîé ìîäåëè ïîëó÷åíû àíà-
ëèòè÷åñêèå âûðàæåíèÿ äëÿ ðàñ÷åòà ÷èñëà ñòåïåíåé ñâîáîäû.
Ïðèâåäåíû ïðèìåðû ðàñ÷åòà ñòåïåíè ïëàñòè÷íîñòè äëÿ äâóõ-
ñëîéíûõ íåéðîííûõ ñåòåé.

Multilayer feedforward neural nets are researched on the
paper. Plasticity of neural net is estimated by freedom degrees of
nonlinear operator. Structure models of neural net are suggested.
Model is represented by oriented graph with weighted arcs and
nodes. Analytic expressions for calculation of freedom degrees
are resulted on base of structure model. Examples of two-layers
neural nets are given.

ÂÂÅÄÅÍÈÅ

Ìíîãîñëîéíûå ñåòè ïðÿìîãî ðàñïðîñòðàíåíèÿ øèðîêî
èñïîëüçóþòñÿ â çàäà÷àõ ðàñïîçíàâàíèÿ îáðàçîâ, àïïðîê-
ñèìàöèè ôóíêöèé, ñèñòåìàõ àäàïòèâíîãî óïðàâëåíèÿ
[1,2]. Äëÿ ñåòåé ïîäîáíîãî âèäà ïðåäëîæåí ðÿä ýôôåê-
òèâíûõ àëãîðèòìîâ îáó÷åíèÿ, ñðåäè êîòîðûõ íàèáîëü-
øóþ èçâåñòíîñòü ïîëó÷èë àëãîðèòì Error Back propaga-
tion [3], îñíîâàííûé íà ðåêóððåíòíîì èñïîëüçîâàíèè
ãðàäèåíòíîãî ìåòîäà ïîèñêà ýêñòðåìóìà. Ïðè ïðàêòè-
÷åñêîì èñïîëüçîâàíèè íåéðîííûõ ñåòåé, íåèçáåæíî, âî-
çíèêàåò âîïðîñ âûáîðà ñòðóêòóðû ñåòè. Äëÿ ìíîãî-
ñëîéíûõ ñåòåé ïðÿìîãî ðàñïðîñòðàíåíèÿ íåîáõîäèìî
îïðåäåëèòü êîëè÷åñòâî ñëîåâ â ñåòè è êîëè÷åñòâî
íåéðîíîâ â êàæäîì ñëîå. Ñóùåñòâóåò ðÿä ðåêîìåíäàöèé
ïî âûáîðó ñòðóêòóðû, îñíîâàííûõ íà ýìïèðè÷åñêîì
èññëåäîâàíèè ñåòåé. Íî ëþáîå ýêñïåðèìåíòàëüíîå èññëå-
äîâàíèå íåðàçðûâíî ñâÿçàíî ñ êîíêðåòíîé çàäà÷åé,
ïîýòîìó òðóäíî îæèäàòü, ÷òî ðåêîìåíäàöèè áóäóò
ïðèãîäíûìè êàê äëÿ çàäà÷ ðàñïîçíàâàíèÿ, òàê è,
íàïðèìåð, äëÿ çàäà÷ àïïðîêñèìàöèè ôóíêöèé. Ïî-âèäè-

ìîìó, äëÿ êàæäîé ïðèêëàäíîé îáëàñòè ñóùåñòâóåò ñâîé
íàáîð êðèòåðèåâ, êîòîðûå ñëåäóåò èñïîëüçîâàòü ïðè âû-
áîðå ñòðóêòóðû. Òåì íå ìåíåå, ìîæíî âûäåëèòü êðèòå-
ðèè, îáùèå äëÿ ðàçëè÷íûõ ïðèëîæåíèé. Îäíèì èç òàêèõ
êðèòåðèåâ ìîæåò ñëóæèòü ñïîñîáíîñòü íåéðîííîé ñåòè ê
îáó÷åíèþ. Èíòóèòèâíî ìîæíî ïðåäïîëîæèòü, ÷òî ÷åì
áîëüøå "çíàíèé" ñïîñîáíà ïîãëîòèòü ñåòü, òåì ëó÷øèìè
ñâîéñòâàìè îíà áóäåò îáëàäàòü ïðè èñïîëüçîâàíèè â
êîíêðåòíîé çàäà÷å. Ñïîñîáíîñòü ê îáó÷åíèþ (â ëèòåðà-
òóðå ÷àñòî èñïîëüçóåòñÿ óäà÷íûé òåðìèí "ïëàñòè÷-
íîñòü") öåëåñîîáðàçíî îöåíèâàòü ÷èñëîì íåçàâèñèìûõ
íàñòðîåê, ñóùåñòâóþùèõ â ñåòè. Ýòî çíà÷åíèå, êàê
ïðàâèëî, ìåíüøå ÷åì ïîëíîå êîëè÷åñòâî ñèíàïòè÷åñêèõ
âåñîâ, ïîäâåðãàþùèõñÿ èçìåíåíèþ â ïðîöåññå îáó÷åíèÿ
ñåòè. (Èñêëþ÷åíèåì ÿâëÿåòñÿ îäíîñëîéíûé ïåðñåïòðîí,
äëÿ êîòîðîãî ñîáëþäàåòñÿ ðàâåíñòâî.) Â ìåõàíèêå äëÿ
îöåíêè ÷èñëà íåçàâèñèìûõ êîîðäèíàò èñïîëüçóåòñÿ ïî-
íÿòèå "÷èñëî ñòåïåíåé ñâîáîäû". Áëèçêóþ àíàëîãèþ
ìîæíî ïðîâåñòè è äëÿ íåéðîííûõ ñåòåé. Â ñàìîì äåëå,
íåéðîííóþ ñåòü ìîæíî ïðåäñòàâèòü êàê íåëèíåéíûé îïå-
ðàòîð, îñóùåñòâëÿþùèé ïðåîáðàçîâàíèå âõîäíîãî âåêòî-
ðà â âûõîäíîé. Ïîëíîå ìíîæåñòâî îïåðàòîðîâ îáðàçóåò
ìíîãîìåðíîå ïðîñòðàíñòâî, â êîòîðîì êàæäûé îïåðàòîð
ìîæíî ðàññìàòðèâàòü êàê íåêîòîðóþ ìàòåðèàëüíóþ òî÷-
êó. Èçìåíåíèå ñèíàïòè÷åñêèõ âåñîâ íåéðîííîé ñåòè ïðè-
âîäèò ê ïåðåìåùåíèþ òî÷êè-îïåðàòîðà â ïðîñòðàíñòâå
îïåðàòîðîâ. Ñëåäóÿ äàëåå ìåõàíè÷åñêîé àíàëîãèè, áóäåì
íàçûâàòü ÷èñëî íåçàâèñèìûõ êîîðäèíàò, íåîáõîäèìîå è
äîñòàòî÷íîå äëÿ îäíîçíà÷íîãî îïðåäåëåíèÿ ìåñòîïîëî-
æåíèÿ òî÷êè-îïåðàòîðà â ïðîñòðàíñòâå îïåðàòîðîâ, ÷èñ-
ëîì ñòåïåíåé ñâîáîäû íåéðîííîé ñåòè. Êëàññ îïåðàòî-
ðîâ, ïîðîæäàåìûõ èçìåíåíèåì ñèíàïòè÷åñêèõ âåñîâ, îá-
ðàçóåò íåêîòîðóþ ïîâåðõíîñòü (ìíîãîîáðàçèå) â ïðî-
ñòðàíñòâå îïåðàòîðîâ. ×èñëî ñòåïåíåé ñâîáîäû, ïî ñó-
ùåñòâó, îïðåäåëÿåòñÿ ðàçìåðíîñòüþ ìèíèìàëüíîãî ïðî-
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ñòðàíñòâà, â êîòîðîå ìîæíî ïîãðóçèòü íåêîòîðóþ ìàëóþ
îêðåñòíîñòü ëþáîé òî÷êè ìíîãîîáðàçèÿ îïåðàòîðîâ.

Íà ýòàïå îáó÷åíèÿ íåéðîííàÿ ñåòü îáû÷íî ëèíåàðèçó-
åòñÿ â îêðåñòíîñòè íåêîòîðûõ òî÷åê íåëèíåéíûõ ôóí-
êöèé àêòèâàöèè íåéðîíîâ. Â ïðåäåëàõ ýòîé îêðåñòíîñòè
âñå îïåðàòîðû ìîæíî ðàññìàòðèâàòü êàê ëèíåéíûå.
Ïîýòîìó çàäà÷à âû÷èñëåíèÿ ñòåïåíåé ñâîáîäû ñîñòîèò â
òîì, ÷òîáû îïðåäåëèòü ðàçìåðíîñòü ëèíåéíîé îáîëî÷êè
êëàññà îïåðàòîðîâ, ïîðîæäàåìîãî íåéðîííîé ñåòüþ.
Ðåøåíèþ ïîñòàâëåííîé çàäà÷è è áóäåò ïîñâÿùåíà äàííàÿ
ðàáîòà.

1 ÑÒÐÓÊÒÓÐÍÀß ÌÎÄÅËÜ ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ

Íà ðèñ.1 ïîêàçàíà ìíîãîñëîéíàÿ íåéðîííàÿ ñåòü ïðÿ-
ìîãî ðàñïðîñòðàíåíèÿ. Â ïîëíîñâÿçàííîé ñåòè êàæäûé

èç íåéðîíîâ  ñâÿçàí ñî âñåìè íåéðîíàìè ïðåäøåñòâó-

þùåãî ñëîÿ. Ðàçìåðíîñòü âõîäíîãî âåêòîðà äëÿ äàííîé

ñåòè ðàâíà , à âûõîäíîãî . Ïîñòàâèì â ñîîòâåòñòâèå

êàæäîìó -ìó íåéðîííîìó ñëîþ ïàðó âåê òîðíûõ ãðàäó-

èðîâàííûõ [4] ïðîñòðàíñòâ  ñ ðàçìåðíîñòÿìè

. Óêàçàííûå ïðîñòðàíñòâà áóäåì íàçûâàòü òåðìè-

íàëüíûìè ïðîñòðàíñòâàìè íåéðîííîãî ñëîÿ. Óñëîâèå
ãðàäóèðîâêè çàäàåòñÿ ôèêñèðîâàííûì ðàçëîæåíèåì
êàæäîãî ïðîñòðàíñòâà â ïðÿìóþ ñóììó îäíîìåðíûõ
ïîäïðîñòðàíñòâ, êîòîðûå íàçîâåì áàçîâûìè íàïðàâ-
ëåíèÿìè. 

Ðèñóíîê 1 - Ìíîãîñëîéíàÿ ïîëíîñâÿçàííàÿ íåéðîííàÿ 
ñåòü

Êàæäûé íåéðîííûé ñëîé ìîæíî îïèñàòü íåëèíåéíûì

îïåðàòîðîì . Èçìåíåíèå ñèíàïòè÷åñêèõ âåñîâ â ñëîå 

ïîðîæäàåò êëàññ îïåðàòîðîâ , îñóùåñòâëÿþùèõ îòîá-

ðàæåíèå ïðîñòðàíñòâ òàê, ÷òî . Êàê óæå áû-

ëî îòìå÷åíî, äëÿ çàäà÷è îöåíêè ïëàñòè÷íîñòè ìîæíî

ñ÷èòàòü, ÷òî êëàññ  ñîñòîèò èç ëèíåéíûõ îïåðàòîðîâ.

Ñâÿçü ìåæäó ñìåæíûìè ñëîÿìè îïðåäåëèì îïåðàòîðàìè

ïðîåêòèðîâàíèÿ  òàê, ÷òî .

Îïåðàòîðû  áóäåì ñ÷èòàòü ôèêñèðîâàííûìè îïå-

ðàòîðàìè, îñóùåñòâëÿþùèìè íå áîëåå ÷åì ïåðåñòàíîâêó

áàçèñíûõ âåêòîðîâ â ñìåæíûõ òåðìèíàëüíûõ ïðîñòðàí-
ñòâàõ, ðàçìåðíîñòè êîòîðûõ, î÷åâèäíî, ñîâïàäàþò. Áà-
çèñíûå âåêòîðà âñåãäà áóäåì âûáèðàòü òàê, ÷òîáû îíè
ïðèíàäëåæàëè áàçîâûì íàïðàâëåíèÿìè. Ñ ó÷åòîì ââå-
äåííûõ îïðåäåëåíèé êëàññ îïåðàòîðîâ, ñîîòâåòñòâóþùèé
âñåé íåéðîííîé ñåòè áóäåò îïðåäåëÿòüñÿ ïðîèçâåäåíèåì:

. (1)

Âûðàæåíèþ (1) ñîîòâåòñòâóåò ëèíåéíûé ãðàô, ïîêà-
çàííûé íà ðèñ.2.

Ðèñóíîê 2 - Ñòðóêòóðíàÿ ìîäåëü ìíîãîñëîéíîé 
íåéðîííîé ñåòè

Êàæäîé âåðøèíå ãðàôà îòâå÷àåò êëàññ îïåðàòîðîâ
îäíîãî íåéðîííîãî ñëîÿ, à äóãè ñîîòâåòñòâóþò îïåðà-

òîðàì ïðîåêòèðîâàíèÿ . Íà äàííîì ãðàôå îïðåäå-

ëåíû ôóíêöèè âåñîâ âåðøèí è äóã. Âåñîì -îé âåðøèíû

áóäåì ñ÷èòàòü ïàðó ÷èñåë , à âåñîì äóãè ðàíã îïå-

ðàòîðà ñâÿçè . Ìàêñèìàëüíûé ðàíã

îïåðàòîðîâ â êëàññå  íàçîâåì ðàíãîì êëàññà è îáîçíà-

÷èì . Î÷åâèäíî,

.

Âû÷èñëåíèå ìèíèìóìà â ìíîãîçíà÷íîé ëîãèêå [5]
ðàññìàòðèâàåòñÿ êàê îïåðàöèÿ ëîãè÷åñêîãî óìíîæåíèÿ, â
ïîñëåäíåì âûðàæåíèè è äàëåå äëÿ îáîçíà÷åíèÿ ýòîé

îïåðàöèè èñïîëüçóåòñÿ ñèìâîë "  ".

Ïîñêîëüêó , òî , è

íåòðóäíî ïîêàçàòü, ÷òî â ýòîì ñëó÷àå

. (2)

Âçâåøåííûé ãðàô, ïðèâåäåííûé íà ðèñ.2, îòðàæàåò
ñòðóêòóðíûå ñâîéñòâà íåéðîííîé ñåòè. Â äàëüíåéøåì
òàêîé ãðàô áóäåì íàçûâàòü ñòðóêòóðíîé ìîäåëüþ
íåéðîííîé ñåòè.

2  ÐÀÇÌÅÐÍÎÑÒÜ ÏÐÎÑÒÐÀÍÑÒÂÀ 
ÎÏÅÐÀÒÎÐÎÂ

Áóäåì ñ÷èòàòü êëàññ îïåðàòîðîâ  ïîëíûì, ò.å.

îáðàçóþùèì ïðîñòðàíñòâî îïåðàòîðîâ. Ïîñëåäíåå îçíà-
÷àåò, ÷òî ïîëíûé êëàññ îïåðàòîðîâ èçîìîðôåí òåíçîð-

fi

N M

i

Ei Di,( )

pi gi,( )
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íîìó ïðîèçâåäåíèþ [6] ïðîñòðàíñòâ è, ñëåäîâà-

òåëüíî, åãî ðàçìåðíîñòü ðàâíà

.

Îáîçíà÷èì ÷åðåç  ïîäêëàññ îïåðàòîðîâ êëàññà 

(ñì. âûðàæåíèå (1)), êîòîðûé ïîðîæäàåòñÿ êëàññîì

îïåðàòîðîâ , ïðè ôèêñèðîâàííûõ â îáùåì ïîëîæåíèè

îïåðàòîðîâ äëÿ îñòàëüíûõ êëàññîâ  . Ëåãêî ïðî-

âåðèòü, ÷òî êëàññ  áóäåò ëèíåéíûì ïîäïðîñòðàí-

ñòâîì. Óñëîâèå "îáùåå ïîëîæåíèå" [4] îçíà÷àåò, ÷òî

ôèêñàöèÿ îïåðàòîðîâ â êëàññàõ  îñóùåñòâëÿåòñÿ

òàêèì îáðàçîì, ÷òîáû îáåñïå÷èòü íàèáîëüøóþ ðàçìåð-

íîñòü ïîäïðîñòðàíñòâà . Äëÿ êëàññà îïåðàòîðîâ 

ëèíåéíîé îáîëî÷êîé áóäåò îáúåäèíåíèå îïåðàòîðíûõ

ïîäïðîñòðàíñòâ , ò.å.:

. (3)

Ðàçìåðíîñòü ýòîãî ëèíåéíîãî ïðîñòðàíñòâà ïî îïðåäåëå-
íèþ áóäåò ðàâíà ÷èñëó ñòåïåíåé ñâîáîäû. Îáîçíà÷èì ýòó

âåëè÷èíó ÷åðåç , ïîëàãàÿ

.

Êàê èçâåñòíî [4], ðàçìåðíîñòü îáúåäèíåíèÿ ëþáîé ïàðû

ïðîñòðàíñòâ  è  îïðåäåëÿåòñÿ ñëåäóþùèì âûðà-

æåíèåì:

.

Â Ïðèëîæåíèè ïîêàçàíî, ÷òî ãðàäóèðîâàííûå ïîäïðî-
ñòðàíñòâà îáðàçóþò äèñòðèáóòèâíóþ ðåøåòêó ïî îïåðà-

öèÿì “ “ è “ “. Â ýòîì ñëó÷àå äîïóñòèìî ê âûðàæå-

íèþ (3) ìíîãîêðàòíî ïðèìåíèòü ïîñëåäíåþ ôîðìóëó, â
ðåçóëüòàòå ïîëó÷èì:

Â ýòîì âûðàæåíèè îáîçíà÷èì ÷åðåç  âñå ïîëîæè-

òåëüíûå êîìïîíåíòû, à ÷åðåç  âñå îòðèöàòåëüíûå,

òîãäà ìîæíî çàïèñàòü:

.

Ðàññìîòðèì êîìïîíåíòó . Îáîçíà÷èì ÷åðåç 

ðàíã ïðîèçâåäåíèÿ ïîñëåäîâàòåëüíîñòè îïåðàòîðîâ,

ïðåäøåñòâóþùèõ êëàññó  â âûðàæåíèè (1), à ÷åðåç 

ðàíã ïðîèçâåäåíèÿ ïîñëåäîâàòåëüíîñòè îïåðàòîðîâ ñëå-
äóþùèõ çà ýòèì êëàññîì. Ïîñêîëüêó ðàíã ïðîèçâåäåíèÿ
îïåðàòîðîâ íå ïðåâîñõîäèò ìèíèìàëüíîãî ðàíãà ñî-
ìíîæèòåëåé, òî ó÷èòûâàÿ óñëîâèå (2) è ñëåäóÿ
ïðèíöèïó "îáùåãî ïîëîæåíèÿ", ìîæíî çàïèñàòü:

, ãäå , (4)

, ãäå . (5)

Âåëè÷èíó  áóäåì íàçûâàòü âõîäíûì ðàíãîì äëÿ

êëàññà , à âåëè÷èíó  âûõîäíûì ðàíãîì. Âõîäíîé è

âûõîäíîé ðàíãè, ïî ñóùåñòâó, îïðåäåëÿþò "ñòåïåíü ó÷à-

ñòèÿ" êëàññà  â ôîðìèðîâàíèè îïåðàòîðíîãî ïîäïðî-

ñòðàíñòâà . Íà ðèñ.3. ïîêàçàíà ìíåìîíè÷åñêàÿ ñõåìà

ïîðîæäåíèÿ îïåðàòîðíîãî ïîäïðîñòðàíñòâà .

Ðèñóíîê 3 - Ñõåìà ïîðîæäåíèÿ îïåðàòîðíîãî 
ïîäïðîñòðàíñòâà 

Ïî òåîðåìå î ñòðóêòóðå ëèíåéíîãî îòîáðàæåíèÿ [4],

äëÿ öåïî÷êè îïåðàòîðîâ, ïðåäøåñòâóþùèõ , ñóùåñòâó-

þò òàêèå ïðÿìûå ðàçëîæåíèÿ ïðîñòðàíñòâ  è 

,

÷òî  èçîìîðôíî  è èìååò ðàçìåðíîñòü , à 

ñîñòàâëÿåò íóëåâîå ïðîñòðàíñòâî (ÿäðî ëèíåéíîãî îòîá-
ðàæåíèÿ). Àíàëîãè÷íî, äëÿ öåïî÷êè îïåðàòîðîâ, ñëåäó-

þùèõ çà  ñóùåñòâóþò ïðÿìûå ðàçëîæåíèÿ
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Ei Di,( )

dimAi dim Ei Di×( ) pigi= =

Wi W

Ai

Aj j i≠

Wi

Aj

Wi W

Wi

L W( ) W1 W2 W3 … Wn 1– Wn∪ ∪ ∪ ∪ ∪=

S

S dim L W( )( ) dimW= =

B′ B″

dim B′ B″∪( ) dim B′( ) dim B″( ) dim B′ B″∩( )–+=

∪ ∩

dimW dimW1 dimW2 dimW3 … dimWn 1– dimWn
dimW1 W2 W3 … Wn 1– Wn∪ ∪ ∪ ∪( )∩–
dimW2 W3 W4 … Wn 1– Wn∪ ∪ ∪ ∪( )∩
…– dimWn 2– Wn 1– Wn∪( )∩– dim Wn 1– Wn∪( ).–

––
–

–+ + + + +=

S
+( )

S
–( )

dimW S
+( )

S
–( )–=

S
+( )

ri
s

Ai ri
c

ri
s r1°r2°…°ri 2– °ri 1–= r1

s N=

ri
c ri 1+ °ri 2+ °…°rn 1– °rn 1–= rn

c M=

ri
s

Ai ri
c

Ai

Wi

Wi

E1
Ai

rs
i rc

i

Ei Di

Dn

Wi

Ai

E
1

Ei

E
1

E0
1

E1
1⊕ E1

i E2
i⊕→ Ei= =

E1
1

E1
i ri

s E0
1

Ai

Di D0
i D1

i⊕ D1
n D2

n⊕→ Dn= =

D1
n D1

1
ri
c



69

À. Þ. Äîðîãîâ:  ÀÍÀËÈÇ ÏÀÐÀÌÅÒÐÈ×ÅÑÊÎÉ ÏËÀÑÒÈ×ÍÎÑÒÈ ÌÍÎÃÎÑËÎÉÍÛÕ ÍÅÉÐÎÍÍÛÕ ÑÅÒÅÉ

 ñîñòàâëÿåò íóëåâîå ïðîñòðàíñòâî.

Íóëåâîå ïðîñòðàíñòâî ïðè îòîáðàæåíèè ïåðåõîäèò â
íóëåâîé âåêòîð, ïîýòîìó îïåðàòîðíîå ïîäïðîñòðàíñòâî

 èçîìîðôíî òåíçîðíîìó ïðîèçâåäåíèþ . Îáî-

çíà÷èì èçîìîðôíîå îòîáðàæåíèå ñèìâîëîì " ", òîãäà

ìîæíî çàïèñàòü

, (6)

îòêóäà ñëåäóåò, ÷òî 

 è, ñëåäîâàòåëüíî .

Íà ðèñ.4 ïðèâåäåíà ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ âûðà-
æåíèÿ (6). Âíåøíèé ïðÿìîóãîëüíèê ñîîòâåòñòâóåò ìàê-
ñèìàëüíî-âîçìîæíîìó îïåðàòîðíîìó ïðîñòðàíñòâó íåé-
ðîííîé ñåòè ïðè çàäàííûõ ðàçìåðíîñòÿõ âõîäíîãî è
âûõîäíîãî âåêòîðîâ, à âíóòðåííèé - îòâå÷àåò îïåðà-

òîðíîìó ïîäïðîñòðàíñòâó .

Ðèñóíîê 4 - Ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ îïåðàòîðíîãî 
ïîäïðîñòðàíñòâà 

Ðàññìîòðèì òåïåðü êîìïîíåíòó . Îáùèé ÷ëåí äëÿ

 èìååò âèä:

. (7)

Äëÿ öåïî÷êè îïåðàòîðîâ, ïðåäøåñòâóþùèõ êëàññó

 ñóùåñòâóþò ïðÿìûå ðàçëîæåíèÿ ïðîñòðàíñòâ

.

Ïîäïðîñòðàíñòâà ,  èçîìîðôíû è èìåþò

ðàçìåðíîñòü , à  ñîñòàâëÿåò íóëåâîå ïðîñòðàí-

ñòâî. Êëàññ îïåðàòîðîâ, îáðàçîâàííûõ îáúåäèíåíèåì

, îñóùåñòâëÿåò îòîáðà-

æåíèå ïðîñòðàíñòâà  â , ïðè ýòîì ïðîñòðàíñòâî 

ïåðåõîäèò â íóëåâîé âåêòîð. Òàêèì îáðàçîì, ñóùåñòâóåò
èçîìîðôèçì:

. (8)

Èñêîìîå îïåðàòîðíîå ìíîãîîáðàçèå îáðàçóåòñÿ ïåðå-
ñå÷åíèåì îáúåäèíåíèÿ (8) ñ îïåðàòîðíûì ïîäïðîñòðàí-

ñòâîì . Íà ðèñ.5 ïîêàçàíà ìíåìîíè÷åñêàÿ ñõåìà

ïîðîæäåíèÿ îïåðàòîðíîãî ïîäïðîñòðàíñòâà .

Ðèñóíîê 5 - Ñõåìà ïîðîæäåíèÿ îïåðàòîðíîãî 
ìíîãîîáðàçèÿ

Ïîñêîëüêó , òî . Ïîäñòàâëÿÿ

(6) è (8) â (7) è ó÷èòûâàÿ, ÷òî ïîëó÷èì: 

Íà ðèñ.6 ïðèâåäåíà ãåîìåòðè÷åñêàÿ èíòåðïðåòàöèÿ
ïîñëåäíåãî âûðàæåíèÿ.

Ðèñóíîê 6 - Ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ îáðàçîâàíèÿ 
îïåðàòîðíîãî ïîäïðîñòðàíñòâà
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Ïîäâîäÿ èòîã ïîëó÷èì , è îêîí÷à-

òåëüíî áóäåì èìåòü

. (9)

3  ÏÐÈÌÅÐÛ

Ðàññìîòðèì äâóõñëîéíóþ íåéðîííóþ ñåòü ñ ïàðàìåò-
ðàìè

, , , .

Íà îñíîâàíèè (9) ìîæíî çàïèñàòü .

Èç âûðàæåíèé (4) è (5) ïîëó÷èì

, ,

, . 

Â ðåçóëüòàòå áóäåì èìåòü ñëåäóþùóþ ðàñ÷åòíóþ
ôîðìóëó

. (10)

Ðàññìîòðèì ðàçëè÷íûå âàðèàíòû.

1) Ïóñòü , òîãäà

. (11)

Èç ýòîé ôîðìóëû, î÷åâèäíî, ÷òî íàèõóäøåé ïëà-
ñòè÷íîñòüþ îáëàäàåò ñåòü ñî ñòðóêòóðîé òèïà "äâóõ-
ñòîðîííèé óçåë" (ñì. ðèñ.7). Äëÿ ýòîãî òèïà ñåòè çíà-

÷åíèå  è, ñëåäîâàòåëüíî, .

Ðèñóíîê 7 - Íåéðîííàÿ ñåòü "äâóñòîðîííèé óçåë"

2) Ïóñòü , òîãäà èç ôîðìóëû (10) ñëå-

äóåò 

.

Ýòî çíà÷åíèå ÿâëÿåòñÿ ìàêñèìàëüíî âîçìîæíûì äëÿ
êëàññà îïåðàòîðîâ, äåéñòâóþùèõ èç ïðîñòðàíñòâà ðàç-

ìåðíîñòè  â ïðîñòðàíñòâî ðàçìåðíîñòè , ïîýòîìó ñ

òî÷êè çðåíèÿ ïëàñòè÷íîñòè ñåòè íåò ñìûñëà óâåëè÷èâàòü

÷èñëî íåéðîíîâ â ïåðâîì ñëîå áîëüøå, ÷åì .

Íåòðóäíî ïîêàçàòü, ÷òî ýòîò âûâîä ñïðàâåäëèâ äëÿ âñåõ
ñêðûòûõ ñëîåâ â ìíîãîñëîéíûõ ñåòÿõ. Îòìåòèì, ÷òî

çíà÷åíèå  ñîâïàäàåò ñ ÷èñëîì ñòåïåíåé ñâîáîäû

îäíîñëîéíîãî ïåðñåïòðîíà.
3) Ñòðóêòóðû òèïà "îäíîñòîðîííèé óçåë" (ñì. ðèñ.8))

÷àñòî èñïîëüçóþòñÿ äëÿ ðåàëèçàöèè àïïðîêñèìàòîðîâ
ôóíêöèé.

Ðèñóíîê 8 - Íåéðîííàÿ ñåòü "îäíîñòîðîííèé óçåë"

Ðàññìîòðèì ÷èñëî ñòåïåíåé ñâîáîäû äëÿ òàêîé ñåòè.

Èç ôîðìóëû (10) ïðè óñëîâèè , ñëåäóåò 

.

ò.å. ïëàñòè÷íîñòü äàííîé ñåòè íå çàâèñèò îò ÷èñëà íåéðî-
íîâ â ïåðâîì ñëîå, âïîëíå äîñòàòî÷íî íàëè÷èå òîëüêî
îäíîãî íåéðîíà. Íî ñ äðóãîé ñòîðîíû äëÿ çàäà÷ àïïðîê-
ñèìàöèè íåëèíåéíûõ ôóíêöèé íåîáõîäèìî îáåñïå÷èòü
äîñòàòî÷íûé "çàïàñ" ïî ýëåìåíòàðíûì íåëèíåéíîñòÿì
[7], ðåàëèçóåìûì ôóíêöèÿìè àêòèâàöèè íåéðîíîâ. Ýòî
åùå ðàç ïîäòâåðæäàåò ïðåäïîëîæåíèå, ÷òî äëÿ êàæäîé
çàäà÷è ñóùåñòâóþò ñîáñòâåííûå êðèòåðèè êà÷åñòâà
íåéðîííîé ñåòè, îïðåäåëÿþùèå åå ñòðóêòóðó, è â öåëîì
çàäà÷à ñèíòåçà ñòðóêòóðû ÿâëÿåòñÿ ìíîãîêðèòåðèàëüíîé.
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ÇÀÊËÞ×ÅÍÈÅ

Ïëàñòè÷íîñòü íåéðîííûõ ñåòåé õàðàêòåðèçóåò äèôôå-
ðåíöèàëüíóþ ñïîñîáíîñòü íåéðîííîé ñåòè ê îáó÷åíèþ.
Ìîæíî ñêàçàòü, ÷òî êà÷åñòâî îäíîé íåéðîííîé ñåòè
ëó÷øå äðóãîé, åñëè ïåðâàÿ ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ
îáëàäàåò ëó÷øåé ïëàñòè÷íîñòüþ. Â äàííîé ðàáîòå ïîëó-
÷åíû ôîðìóëû ðàñ÷åòà ñòåïåíè ïëàñòè÷íîñòè ìíîãîñëîé-
íûõ ñåòåé ïðÿìîãî ðàñïðîñòðàíåíèÿ. Ïðèâåäåííûå âûðà-
æåíèÿ ïîçâîëÿþò îïðåäåëèòü òî÷íîå çíà÷åíèå ñòåïåíè
ïëàñòè÷íîñòè íà îñíîâå ñòðóêòóðíûõ õàðàêòåðèñòèê íåé-
ðîííîé ñåòè. Äîêàçàíî, ÷òî ïëàñòè÷íîñòü ìíîãîñëîéíûõ
ñåòåé íå ìîæåò áûòü âûøå, ÷åì ïëàñòè÷íîñòü îäíî-
ñëîéíîãî ïåðñåïòðîíà. Ýòîò âûâîä íå îòðèöàåò öåëåñî-
îáðàçíîñòè èñïîëüçîâàíèÿ ìíîãîñëîéíûõ ñåòåé, à íàïðî-
òèâ ïîäòâåðæäàåò íåîáõîäèìîñòü ìíîãîêðèòåðèàëüíîãî
ïîäõîäà ê çàäà÷å ñòðóêòóðíîãî ñèíòåçà. Â ðàáîòàõ
[9,10,11] ïðèâåäåíû äîïîëíèòåëüíûå ðåçóëüòàòû ïî
îöåíêå ïëàñòè÷íîñòè íåéðîííûõ ñåòåé ïðÿìîãî ðàñïðî-
ñòðàíåíèÿ ñ áîëåå ñëîæíîé ñòðóêòóðíîé îðãàíèçàöèåé.

Äàííàÿ ðàáîòà ïîääåðæàíà ãðàíòîì Ìèíîáðàçîâàíèÿ
ÐÔ.

ÏÐÈËÎÆÅÍÈÅ

ÃÐÀÄÓÈÐÎÂÀÍÍÛÅ ÌÎÄÓËßÐÍÛÅ ÐÅØÅÒÊÈ

Ïóñòü  êîíå÷íîìåðíîå ïðîñòðàíñòâî ðàçìåðíîñòè

. Êàê èçâåñòíî [8], ñîâîêóïíîñòü âñåõ ïîäïðîñòðàíñòâ

 ïðîñòðàíñòâà îáðàçóåò ìîäóëÿðíóþ ðåøåòêó  ïî

âêëþ÷åíèþ ñ îïåðàöèÿìè îáúåäèíåíèÿ è ïåðåñå÷åíèÿ.

Åñëè , ,  - ïîäïðîñòðàíñòâà ïðîñòðàíñòâà , òîãäà

äëÿ ìîäóëÿðíîé ðåøåòêè èìååò ìåñòî

.

Îòêóäà ñëåäóåò .

Óñëîâèå ãðàäóèðîâêè â òåðìèíîëîãèè òåîðèè ðåøåòîê
îçíà÷àåò, ÷òî ôèêñèðóåòñÿ ìíîæåñòâî íåçàâèñèìûõ ýëå-

ìåíòîâ , îáðàçóþùèõ ïðÿìîå ðàçëîæåíèå ïðî-

ñòðàíñòâà . 

.               (Ï1)

Íåðàçëîæèìûå äàëåå íåçàâèñèìûå ýëåìåíòû íàçû-
âàþòñÿ àòîìàìè. Â ðåøåòêå ïîäïðîñòðàíñòâ àòîìû, ïî
ñóùåñòâó, ïðåäîñòàâëÿþò ñîáîé îäíîìåðíûå ïîäïðî-

ñòðàíñòâà ïðîñòðàíñòâà . Ñðåäè âñåõ ïîäïðîñòðàíñòâ

âûäåëèì ïîäìíîæåñòâî ïîäïðîñòðàíñòâ êîòîðûå èìåþò

àòîìíûå ðàçëîæåíèÿ â ñèñòåìå àòîìîâ .

Òàêèå ïîäïðîñòðàíñòâà áóäåì íàçûâàòü ãðàäóèðîâàííû-
ìè ñ óñëîâèÿìè ãðàäóèðîâêè (Ï1). Ìíîæåñòâî ãðàäóè-
ðîâàííûõ ïîäïðîñòðàíñòâ çàìêíóòî îòíîñèòåëüíî îáúå-

äèíåíèé è ïåðåñå÷åíèé è îáðàçóþò ïîäðåøåòêó  ìîäó-

ëÿðíîé ðåøåòêè . Ïîêàæåì, ÷òî ýòà ðåøåòêà äèñòðè-

áóòèâíà. Ïóñòü , ,  ãðàäóèðîâàííûå ïîäïðîñòðàí-

ñòâà â ñèñòåìå àòîìîâ , òîãäà

, , ,

ãäå , ,  - ìíîæåñòâà èíäåêñîâ. Ïîñêîëüêó

ýëåìåíòû  íåçàâèñèìû òî  åñëè  è

íàïðîòèâ , êðîìå òîãî . Ó÷èòûâàÿ

ýòè óñëîâèÿ, ïîëó÷èì:

, , ,

îòêóäà ñëåäóåò:

Äèñòðèáóòèâíîñòü ðåøåòêè  ñëåäóåò èç äèñòðèáóòèâ-

íîñòè îïåðàöèé “ “, “ “íàä ÷èñëîâûìè ìíîæåñòâàìè

, , .
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ÝÂÐÈÑÒÈ×ÅÑÊÈÉ ÀËÃÎÐÈÒÌ ÊËÀÑÑÈÔÈÊÀÖÈÈ È ÅÃÎ 
ÍÅÉÐÎÑÅÒÅÂÀß ÈÍÒÅÐÏÐÅÒÀÖÈß

Â. È. Äóáðîâèí, Ñ. À. Ñóááîòèí

Ðåàëèçîâàí ýâðèñòè÷åñêèé àëãîðèòì ìíîãîìåðíîé êëàññè-
ôèêàöèè ïî ïðèçíàêàì, îñíîâàííûé íà îáúåäèíåíèè ðåçóëüòà-
òîâ îäíîìåðíîé êëàññèôèêàöèè ñ ó÷åòîì çíà÷èìîñòè ïðèçíà-
êîâ, à òàêæå äàíà åãî íåéðîñåòåâàÿ èíòåðïðåòàöèÿ. Ïðîâåäå-
íû ýêñïåðèìåíòû ïî ñðàâíåíèþ ðàçëè÷íûõ ìîäèôèêàöèé äàí-
íîãî àëãîðèòìà íà ïðèìåðå ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷.

Ðeaë³çîâàíî åâð³ñòè÷íèé àëãîðèòì áàãàòîì³ðíî¿ êëàñèô³-
êàö³¿ çà îçíàêàìè, çàñíîâàíèé íà ïîºäíàíí³ ðåçóëüòàò³â îäíî-
ì³ðíî¿ êëàñèô³êàö³¿ ç óðàõóâàííÿì çíà÷èìîñò³ îçíàê, à òàêîæ
äàíà éîãî íåéðîìåðåæåâà ³íòåðïðåòàö³ÿ. Ïðîâåäåí³ åêñïåðè-
ìåíòè ç ïîð³âíÿííÿ ð³çíîìàí³òíèõ ìîäèô³êàö³é äàíîãî àëãî-
ðèòìó íà ïðèêëàä³ ðîçâ'ÿçàííÿ ïðàêòè÷íèõ çàäà÷.

The heuristic algorithm of many-dimensional classification on
the features is realised. This algorithm based on the summation
of one-dimensional classification results with allowance for fea-
tures significances. The neural network interpretation of devel-
oped algorithm is given. The experiments on matching of various
implementations of this algorithm on an examples of the practical
problems solution are conducted.

1 ÂÂÅÄÅÍÈÅ

Âîçìîæíîñòè ïðîãíîçèðîâàíèÿ ïðèâëåêàþò â íàñòîÿ-
ùåå âðåìÿ øèðîêèå êðóãè ñïåöèàëèñòîâ êàê â îáëàñòè
èññëåäîâàíèÿ è ðàçðàáîòêè ìåòîäîâ ïðîãíîçèðîâàíèÿ,
òàê è â îáëàñòè èõ ïðàêòè÷åñêîãî ïðèìåíåíèÿ â ïðî-
èçâîäñòâå è ýêñïëóàòàöèè.

Èñïîëüçîâàíèå ïðîãíîçèðîâàíèÿ â ïðîèçâîäñòâå ïî-
çâîëÿåò óñòðàíèòü ïîòåíöèàëüíî íåíàäåæíûå èçäåëèÿ èç
ãîòîâîé ïðîäóêöèè, ÷òî ñàìî ïî ñåáå î÷åíü âàæíî, òàê
êàê ñïîñîáñòâóåò ïîâûøåíèþ ýôôåêòèâíîñòè ýêñïëóàòà-
öèè. Êðîìå òîãî, àíàëèç ïðè÷èí âûïóñêà ïîòåíöèàëüíî
íåíàäåæíûõ èçäåëèé ïîçâîëÿåò îïåðàòèâíî âîçäåéñòâî-
âàòü íà ïðîèçâîäñòâî, òàê êàê ïîÿâëÿåòñÿ âîçìîæíîñòü
óïðàâëåíèÿ êà÷åñòâîì âûïóñêàåìîé ïðîäóêöèè çà ñ÷åò
ââåäåíèÿ îáðàòíîé ñâÿçè îò ïðîãíîçèðîâàíèÿ ê ïðîèç-
âîäñòâó.

Öåëü ïðîãíîçèðîâàíèÿ â ýêñïëóàòàöèè - ïðåäîòâðàùå-
íèå îòêàçîâ è óâåëè÷åíèå ñðîêîâ ìåæäó ïðîôèëàêòè÷å-
ñêèìè ðàáîòàìè ïóòåì âûÿâëåíèÿ è èñêëþ÷åíèÿ èç ýêñ-
ïëóàòàöèè ïîòåíöèàëüíî íåíàäåæíûõ ýêçåìïëÿðîâ ñ
óõóäøåííûìè çíà÷åíèÿìè ïàðàìåòðîâ è èíòåíñèâíûì
ñòàðåíèåì.

Ïðè ïðîãíîçèðîâàíèè ïî ïðèçíàêàì ñ êëàññèôèêà-
öèåé çàäà÷à ñîñòîèò â ðàçäåëåíèè èññëåäóåìîé ñîâîêóï-
íîñòè èçäåëèé íà êëàññû è íåò íåîáõîäèìîñòè â îöåíêå
êîíêðåòíîãî çíà÷åíèÿ ïðîãíîçèðóåìîãî ïàðàìåòðà. Â
áîëüøèíñòâå ïðàêòè÷åñêèõ ïðèëîæåíèé ýòîãî ìåòîäà
÷èñëî êëàññîâ ðàâíî äâóì. Òàê áûâàåò, íàïðèìåð, êîãäà

èññëåäóåìóþ ñîâîêóïíîñòü íåîáõîäèìî ïî çàäàííîìó
ïðàâèëó ðàçäåëèòü íà êëàññ ãîäíûõ è äåôåêòíûõ
èçäåëèé.

Äëÿ ðåøåíèÿ çàäà÷è ïðîãíîçèðîâàíèÿ ìåòîäàìè òåî-
ðèè ñòàòèñòè÷åñêîé êëàññèôèêàöèè íåîáõîäèìî ðàñïîëà-
ãàòü óñëîâíûìè ìíîãîìåðíûìè ïëîòíîñòÿìè ðàñïðåäåëå-
íèÿ ïðèçíàêîâ äëÿ êàæäîãî êëàññà, òîãäà çàäà÷à
çàêëþ÷àåòñÿ â îòûñêàíèè ñïîñîáà ïðèíÿòèÿ îïòèìàëüíî-
ãî ðåøåíèÿ î ïðèíàäëåæíîñòè ïðîâåðÿåìîãî ýêçåìïëÿðà
ê òîìó èëè èíîìó êëàññó â óñëîâèÿõ íåîïðåäåëåííîñòè,
ò.å. â óñëîâèÿõ äåéñòâèÿ ñëó÷àéíûõ ôàêòîðîâ, ìàñêèðó-
þùèõ ñâÿçü ìåæäó ïðèçíàêàìè è êëàññîì ýêçåìïëÿðà.

Êëàññè÷åñêèå ñòàòèñòè÷åñêèå ìåòîäû [1] äàþò îïòè-
ìàëüíîå ðåøåíèå çàäà÷è ïðîãíîçèðîâàíèÿ. Îäíàêî ïðàê-
òè÷åñêîå ïðèìåíåíèå ýòèõ ìåòîäîâ âîçìîæíî, åñëè ïðî-
âåäåí ñïåöèàëüíûé ýêñïåðèìåíò ïî ñáîðó è òàêîé îáðà-
áîòêå ñòàòèñòè÷åñêèõ äàííûõ î ïðîãíîçèðóåìîì ïàðà-
ìåòðå è ïðèçíàêàõ, â ðåçóëüòàòå êîòîðîé íàéäåíû ïîäõî-
äÿùèå àíàëèòè÷åñêèå ìîäåëè óñëîâíûõ ìíîãîìåðíûõ
ïëîòíîñòåé ðàñïðåäåëåíèÿ ïðîãíîçèðóåìîãî ïàðàìåòðà è
ïðèçíàêîâ. Îäíàêî â ðåàëüíûõ çàäà÷àõ èññëåäîâàòåëü
ñòàëêèâàåòñÿ çäåñü ñ ðÿäîì ïðîáëåì, ïîýòîìó ðåàëèçî-
âàòü êëàññè÷åñêèå ñòàòèñòè÷åñêèå ìåòîäû íå âñåãäà
âîçìîæíî.

Âî-ïåðâûõ, äëÿ ðåàëüíûõ èçäåëèé äàæå ïðè èçâåñò-
íîé ñîâîêóïíîñòè èíôîðìàòèâíûõ ïðèçíàêîâ (âûÿâëå-
íèå êîòîðûõ ïðåäñòàâëÿåò âåñüìà òðóäîåìêóþ çàäà÷ó) íå
âñåãäà èçó÷åíû ìíîãîìåðíûå óñëîâíûå ïëîòíîñòè ðàñ-
ïðåäåëåíèÿ ïðèçíàêîâ è ïðîãíîçèðóåìîãî ïàðàìåòðà.

Âî-âòîðûõ, ïîëó÷åíèå àíàëèòè÷åñêèõ ìîäåëåé ýòèõ
óñëîâíûõ ïëîòíîñòåé ðàñïðåäåëåíèÿ ïðåäñòàâëÿåò òðóäî-
åìêèé ïðîöåññ è ìîæåò áûòü ïîñòàâëåíî òîëüêî îòäåëü-
íîé ñàìîñòîÿòåëüíîé çàäà÷åé äëÿ êàæäîãî òèïà èçäåëèé
è äëÿ äàííûõ óñëîâèé ýêñïëóàòàöèè.

Â-òðåòüèõ, äàæå åñëè òàêèå àíàëèòè÷åñêèå ìîäåëè
ïîëó÷åíû, íåîáõîäèìûå ïðè ýòèõ ìåòîäàõ ïðîãíîçèðî-
âàíèÿ àíàëèòè÷åñêèå ïðåîáðàçîâàíèÿ äîñòàòî÷íî ñëîæ-
íû. Çàäà÷à îòíîñèòåëüíî ëåãêî ðåøàåòñÿ àíàëèòè÷åñêè,
åñëè ìíîãîìåðíûå óñëîâíûå ïëîòíîñòè ïîä÷èíÿþòñÿ
íîðìàëüíîìó çàêîíó, ÷òî â äåéñòâèòåëüíîñòè èìååò ìåñ-
òî äàëåêî íå âñåãäà.

Â ñâÿçè ñî ñêàçàííûì âûøå ïðåäñòàâëÿåò èíòåðåñ
ïðèìåíåíèå ìåòîäîâ ðåøåíèÿ çàäà÷ ïðîãíîçèðîâàíèÿ,
îñíîâàííûõ íà ýâðèñòè÷åñêèõ àëãîðèòìàõ. Ñìûñë ïîíÿ-
òèÿ "ýâðèñòè÷åñêèé àëãîðèòì" ñîñòîèò â òîì, ÷òî â ýòîì
ñëó÷àå àëãîðèòì ïðîãíîçèðîâàíèÿ íå âûòåêàåò èç ñòðî-
ãèõ ïîëîæåíèé òåîðèè, à â çíà÷èòåëüíîé ñòåïåíè îñíî-
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âàí íà èíòóèöèè è îïûòå èññëåäîâàòåëÿ.
Òàêèå ìåòîäû ìîãóò äàâàòü óäîâëåòâîðèòåëüíûå ðå-

çóëüòàòû è ïðè îãðàíè÷åííîé èñõîäíîé èíôîðìàöèè î
âåðîÿòíîñòíûõ õàðàêòåðèñòèêàõ ïðèçíàêîâ è ïðîãíîçè-
ðóåìîãî ïàðàìåòðà. Òàê, äëÿ ïðèìåíåíèÿ ýòèõ ìåòîäîâ
äëÿ ïðîãíîçèðîâàíèÿ ïî ïðèçíàêàì íåîáõîäèìî èìåòü
íàáîð ïðèçíàêîâ, ñèëüíî êîððåëèðîâàííûõ ñ ïðîãíîçè-
ðóåìûì ïàðàìåòðîì, è íåîáÿçàòåëüíî çíàòü âèä èõ
óñëîâíûõ ïëîòíîñòåé ðàñïðåäåëåíèÿ.

Ñëåäóåò ñêàçàòü, ÷òî ìåòîäû ïðîãíîçèðîâàíèÿ, îñíî-
âàííûå íà èñïîëüçîâàíèè ýâðèñòè÷åñêèõ àëãîðèòìîâ, íå
âñåãäà ïðèâîäÿò ê îïòèìàëüíûì ðåøåíèÿì. Îäíàêî äëÿ
èõ ïðèìåíåíèÿ íà ïðàêòèêå äîñòàòî÷íî, ÷òîáû îøèáêà
ïðîãíîçèðîâàíèÿ íå ïðåâûøàëà äîïóñòèìîãî çíà÷åíèÿ, à
ýòîãî ìîæíî äîáèòüñÿ, íàïðèìåð, ïîäáîðîì áîëåå èí-
ôîðìàòèâíûõ ïðèçíàêîâ, ïðèìåíåíèåì ñîîòâåòñòâóþùèõ
ñïîñîáîâ óëó÷øåíèÿ îïåðàòîðà ïðîãíîçèðîâàíèÿ.

2  ÝÂÐÈÑÒÈ×ÅÑÊÈÉ ÀËÃÎÐÈÒÌ 
ÊËÀÑÑÈÔÈÊÀÖÈÈ

Â íàñòîÿùåé ðàáîòå ðåøåíèå çàäà÷è êëàññèôèêàöèè
îñóùåñòâëÿåòñÿ ïî äàííûì îáó÷àþùåãî ýêñïåðèìåíòà.
Ïðè ýòîì íåò íåîáõîäèìîñòè ïðèáåãàòü ê ñëîæíûì àíà-
ëèòè÷åñêèì ïðåîáðàçîâàíèÿì è ñòàòèñòè÷åñêîìó ýêñïå-
ðèìåíòó ïî îïðåäåëåíèþ îöåíêè ñîâìåñòíîé ïëîòíîñòè,
åñëè îíà íåèçâåñòíà.

Ïóñòü ìû èìååì îáó÷àþùóþ âûáîðêó 

, ñîñòîÿùóþ èç S ýêçåìïëÿðîâ, õàðàêòåðèçóþùèõñÿ

N ïðèçíàêàìè , ãäå  - íîìåð ýêçåìïëÿðà îáó÷àþùåé

âûáîðêè, i - íîìåð ïðèçíàêà. Êàæäîìó ýêçåìïëÿðó

îáó÷àþùåé âûáîðêè ñîïîñòàâëåí íîìåð êëàññà ,

, ãäå  è  - óñëîâíûå îáîçíà÷åíèÿ

ðàçíûõ êëàññîâ ýêçåìïëÿðîâ. Óñëîâèìñÿ, ÷òî ïðîâåðÿå-

ìûé ýêçåìïëÿð ïðèíàäëåæèò ê êëàññó , åñëè çíà÷åíèå

ïðîãíîçèðóåìîãî ïàðàìåòðà ê ìîìåíòó âðåìåíè ïðî-
ãíîçèðîâàíèÿ áóäåò áîëüøå íåêîòîðîãî ãðàíè÷íîãî çíà-
÷åíèÿ; áóäåì ñ÷èòàòü òàêèå èçäåëèÿ ãîäíûìè. Â ïðî-

òèâíîì ñëó÷àå ýêçåìïëÿð ïðèíàäëåæèò ê êëàññó 

(äåôåêòíûõ).
Â îáùåì ñëó÷àå, ýêçåìïëÿðû õàðàêòåðèçóþòñÿ äîñòà-

òî÷íî áîëüøèì êîëè÷åñòâîì ïðèçíàêîâ, èìåþùèõ ðàç-
íóþ (êàê ïðàâèëî, îòíîñèòåëüíî íåáîëüøóþ) èíôîðìà-
òèâíîñòü. Ïðèçíàêè çà÷àñòóþ ñâÿçàíû ñ ïðîãíîçèðóåìûì
íîìåðîì êëàññà ýêçåìïëÿðà íåëèíåéíûìè ñâÿçÿìè, ÷òî
íå ïîçâîëÿåò â áîëüøèíñòâå ñëó÷àåâ ïîñòðîèòü ëèíåéíóþ
ìîäåëü äëÿ êëàññèôèêàöèè ïî îäíîìó ïðèçíàêó, óäîâëå-
òâîðÿþùóþ çàäàííûì òðåáîâàíèÿì äîñòîâåðíîñòè ïðî-
ãíîçèðîâàíèÿ. Ïîýòîìó ìåòîä êëàññèôèêàöèè äîëæåí
áûòü ìíîãîìåðíûì (ó÷èòûâàòü âñå ïðèçíàêè) è äîëæåí
ó÷èòûâàòü èíôîðìàòèâíîñòü (çíà÷èìîñòü) ïðèçíàêîâ.

Íàèáîëåå ïðîñòûì ñïîñîáîì ðåàëèçàöèè ìíîãîìåðíîé
êëàññèôèêàöèè, î÷åâèäíî, áóäåò îáúåäèíåíèå ðåçóëüòà-

òîâ îäíîìåðíûõ êëàññèôèêàöèé ñ ó÷åòîì çíà÷èìîñòè
ïðèçíàêîâ.

Åñëè  - ðåçóëüòàò îäíîìåðíîé êëàññèôèêàöèè ïî

i-ìó ïðèçíàêó, òî y - íîìåð êëàññà ýêçåìïëÿðà ìîæíî
ïðåäñòàâèòü êàê îêðóãëåííóþ âçâåøåííóþ ñóììó:

, (1)

ãäå  - êîýôôèöèåíò, ó÷èòûâàþùèé çíà÷èìîñòü ðå-

çóëüòàòà îäíîìåðíîé êëàññèôèêàöèè ïî i-ìó ïðèçíàêó
(äîëÿ i-ãî ïðèçíàêà â ôîðìèðîâàíèè çíà÷åíèÿ y).

Åñëè çíà÷åíèå  èçâåñòíî, òî çàäà÷à ñâîäèòñÿ ê ðàç-

ðàáîòêå ïðàâèëà îäíîìåðíîé êëàññèôèêàöèè äëÿ i-ãî

ïðèçíàêà îòíîñèòåëüíî ïîðîãà êëàññèôèêàöèè . Ýòî

ïðàâèëî äîëæíî áûòü íåëèíåéíûì, à òàêæå äîëæíî ó÷è-
òûâàòü ñòåïåíü áëèçîñòè ýêçåìïëÿðîâ ê öåíòðàì êëàññîâ.
Â êà÷åñòâå òàêîãî ïðàâèëà ïðåäëàãàåòñÿ èñïîëüçîâàòü
ñèãìîèäóþ ôóíêöèþ:

,

êîòîðàÿ áóäåò òåì áëèæå ê 1, ÷åì áëèæå ýêçåìïëÿð ê

öåíòðó êëàññà , è íàîáîðîò, òåì áëèæå ê 0, ÷åì áëèæå

ýêçåìïëÿð ê öåíòðó êëàññà . Ýòî ïðàâèëî ïðåäïîëà-

ãàåò, ÷òî öåíòð êëàññà  íàõîäèòñÿ ëåâåå öåíòðà êëàññà

, ÷òî íà ïðàêòèêå ïðîèñõîäèò äàëåêî íå âñåãäà, ïî-

ýòîìó ââåäåì â ïðàâèëî îäíîìåðíîé êëàññèôèêàöèè ïà-

ðàìåòð , ó÷èòûâàþùèé íàèáîëåå âåðîÿòíîå ðàçìåùå-

íèå öåíòðîâ êëàññîâ îòíîñèòåëüíî ïîðîãà :

. (2)

Ïîäñòàâèâ (2) â âûðàæåíèå (1), ïîëó÷èì ïðàâèëî
êëàññèôèêàöèè:

. (3)

Äëÿ íàõîæäåíèÿ çíà÷åíèé ïàðàìåòðîâ ,  è 

ïðåäëàãàåòñÿ èñïîëüçîâàòü ñëåäóþùèé àëãîðèòì.
Øàã 1. Âû÷èñëèòü:

 - ìàòåìàòè÷åñêîå îæèäàíèå i-ãî ïðèçíàêà :
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ãäå S - êîëè÷åñòâî ýêçåìïëÿðîâ îáó÷àþùåé âûáîðêè, 

- çíà÷åíèå i-ãî ïðèçíàêà q-ãî ýêçåìïëÿðà îáó÷àþùåé âû-
áîðêè.

 - ìàòåìàòè÷åñêîå îæèäàíèå i-ãî ïðèçíàêà äëÿ

ýêçåìïëÿðîâ îáó÷àþùåé âûáîðêè, ïðèíàäëåæàùèõ ê

êëàññó :

, , ,

ãäå  - êîëè÷åñòâî ýêçåìïëÿðîâ îáó÷àþùåé âûáîðêè,

ïðèíàäëåæàùèõ ê êëàññó .

 - ìàòåìàòè÷åñêîå îæèäàíèå i-ãî ïðèçíàêà äëÿ ýê-

çåìïëÿðîâ îáó÷àþùåé âûáîðêè, ïðèíàäëåæàùèõ ê êëàñ-

ñó :

, , ,

ãäå  - êîëè÷åñòâî ýêçåìïëÿðîâ îáó÷àþùåé âûáîðêè,

ïðèíàäëåæàùèõ ê êëàññó .

 - ìàòåìàòè÷åñêîå îæèäàíèå íîìåðà êëàññà:

,

ãäå  - íîìåð êëàññà q-ãî ýêçåìïëÿðà îáó÷àþùåé âû-

áîðêè.

Äëÿ íàõîæäåíèÿ ïîðîãà , âû÷èñëèòü:

Äèñïåðñèè ïðèçíàêîâ:

, .

Äèñïåðñèè ïðèçíàêîâ ýêçåìïëÿðîâ, îòíîñÿùèõñÿ ê

êëàññó :

, , .

Äèñïåðñèè ïðèçíàêîâ ýêçåìïëÿðîâ, îòíîñÿùèõñÿ ê

êëàññó :

, , ,

Äèñïåðñèþ íîìåðà êëàññà:

.

Øàã 2. Âû÷èñëèòü êîýôôèöèåíòû êîððåëÿöèè êàæäî-
ãî i-ãî ïðèçíàêà è íîìåðà êëàññà  .

.

Øàã 3. Âû÷èñëèòü ñòåïåíü (äîëþ) âëèÿíèÿ i-ãî ïðè-
çíàêà íà íîìåð êëàññà ýêçåìïëÿðà

, ,

ãäå j - íîìåð òåêóùåãî ïðèçíàêà .

Âû÷èñëèòü êîýôôèöèåíò , ó÷èòûâàþùèé íàèáîëåå

âåðîÿòíîå ðàçìåùåíèå ïîëþñîâ (öåíòðîâ ñîñðåäîòî÷åíèÿ
ýêçåìïëÿðîâ) êëàññîâ ïðè îäíîìåðíîé êëàññèôèêàöèè
ïî i-ìó ïðèçíàêó:

.

Ýòîò êîýôôèöèåíò áóäåò ðàâåí:

+1, åñëè ïîëþñ êëàññà  ðàñïîëîæåí ëåâåå ïîëþñà

êëàññà  ïî îñè çíà÷åíèé i-ãî ïðèçíàêà;

-1, åñëè ïîëþñ êëàññà  ðàñïîëîæåí ïðàâåå ïîëþñà

êëàññà  ïî îñè çíà÷åíèé i-ãî ïðèçíàêà;

0, åñëè ïîëþñà êëàññîâ ñîâïàäàþò.
Âû÷èñëèòü çíà÷åíèå ïîðîãà, îòíîñèòåëüíî êîòîðîãî

áóäåì îñóùåñòâëÿòü îäíîìåðíóþ êëàññèôèêàöèþ ýêçåì-
ïëÿðîâ ïî i-ìó ïðèçíàêó. Äëÿ íàõîæäåíèÿ çíà÷åíèÿ
ïîðîãà ìîæíî ïðåäëîæèòü äîñòàòî÷íî ìíîãî ðàçëè÷íûõ
ñïîñîáîâ. Ðàññìîòðèì íàèáîëåå áûñòðûå è ïðîñòûå.
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, , (5)

xi
q

Mxi

K1

K1

Mxi

K1 1

S
K1

---------- xi
q

q 1=

S
K1

∑= xi
q K1∈ i 1 2 … N, , ,=

SK1

K1

Mxi

K0

K0

Mxi

K0 1

S
K0

---------- xi
q

q 1=

S
K0

∑= xi
q K0∈ i 1 2 … N, , ,=

SK0

K0

My

My
1
S
--- yq

q 1=

S

∑=

yq

θi

Dxi

1
S
--- xi

q Mxi
–( )2

q 1=

S

∑= i 1 2 … N, , ,=

K1

Dxi

K1 1

SK1
---------- xi

q Mxi

K1–( )2

q 1=

S
K1

∑= xi
q K1∈ i 1 2 … N, , ,=

K0

Dxi

K0 1

SK0
---------- xi

q Mxi

K0–( )2

q 1=

S
K0

∑= xi
q K0∈ i 1 2 … N, , ,=

Dy
1
S
--- yq My–( )2

q 1=

S

∑=

rxiy

xi
q Mxi

–( ) yq My–( )

q 1=

S

∑

xi
q Mxi

–( )2

q 1=

S

∑ yq My–( )2

q 1=

S

∑

---------------------------------------------------------------------------------------=

αi

rxiy

rxjy

j 1=

N

∑

-----------------------= i 1 2 … N, , ,=

βi

βi sign Mxi

K1 Mxi

K0–( )=

K0

K1

K0

K1

θi

Mxi

K1 Mxi

K0–

2
---------------------------------- min Mxi

K1 Mxi

K0,( )+= i 1 2 … N, , ,=

θi Mxi

Dxi 0 5 My–,( )

rxiy
Dy

--------------------------------+= i 1 2 … N, , ,=



75

Â. È. Äóáðîâèí, Ñ. À. Ñóááîòèí:  ÝÂÐÈÑÒÈ×ÅÑÊÈÉ ÀËÃÎÐÈÒÌ ÊËÀÑÑÈÔÈÊÀÖÈÈ È ÅÃÎ 
ÍÅÉÐÎÑÅÒÅÂÀß ÈÍÒÅÐÏÐÅÒÀÖÈß

, , (6)

Øàã 4. Îöåíèòü âåðîÿòíîñòè îøèáêè ïåðåèìåíîâàíèÿ
êëàññîâ äëÿ ýêçåìïëÿðîâ îáó÷àþùåé è (èëè) êîíòðîëü-
íîé âûáîðîê è ñäåëàòü âûâîä î ïðèìåíèìîñòè äàííîãî
àëãîðèòìà äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è. Äëÿ ýòîãî
ñëåäóåò íàéòè çíà÷åíèÿ íîìåðîâ êëàññîâ äëÿ ýêçåìïëÿ-
ðîâ îáó÷àþùåé è (èëè) êîíòðîëüíîé âûáîðîê ïî ïðàâè-
ëó êëàññèôèêàöèè (3), ïîñëå ÷åãî îïðåäåëèòü êîëè÷å-

ñòâî íåâåðíûõ ðåøåíèé  è îöåíèòü âåðîÿòíîñòü ïðè-

íÿòèÿ îøèáî÷íûõ ðåøåíèé , ãäå S è

 - ðàçìåð îáó÷àþùåé è êîíòðîëüíîé âûáîðîê, ñîîòâåò-

ñòâåííî.

3  ÍÅÉÐÎÑÅÒÅÂÀß ÈÍÒÅÐÏÐÅÒÀÖÈß 
ÝÂÐÈÑÒÈ×ÅÑÊÎÃÎ ÀËÃÎÐÈÒÌÀ

Èç ïðèâåäåííîãî ýâðèñòè÷åñêîãî àëãîðèòìà ìîæíî
âèäåòü, ÷òî åãî ïðàâèëî êëàññèôèêàöèè äåëèòñÿ íà äâà
ýòàïà: íà ïåðâîì ýòàïå îñóùåñòâëÿåòñÿ îäíîìåðíàÿ êëàñ-
ñèôèêàöèÿ íà îñíîâå N ïðèçíàêîâ, íà âòîðîì ýòàïå
îñóùåñòâëÿåòñÿ îáúåäèíåíèå ðåçóëüòàòîâ, ïîëó÷åííûõ
íà ïåðâîì ýòàïå, ñ ó÷åòîì çíà÷èìîñòè ïðèçíàêîâ. Òàêîé
ìåòîä ïîäîáåí êëàññèôèêàöèè íà îñíîâå äâóõñëîéíîãî
ïåðöåïòðîíà, ÿâëÿþùåãîñÿ ÷àñòíûì ñëó÷àåì ìíîãîñëîé-
íîé íåéðîííîé ñåòè (ÌÍÑ) [2]. Ïðèìåíåíèå íåéðîííûõ
ñåòåé (ÍÑ) äëÿ ðåøåíèÿ çàäà÷è êëàññèôèêàöèè ïî ïðè-
çíàêàì öåëåñîîáðàçíî, ïîñêîëüêó îíè îáëàäàþò âûñîêè-
ìè àäàïòèâíûìè ñïîñîáíîñòÿìè, ñïîñîáíû îáó÷àòüñÿ àï-
ïðîêñèìèðîâàòü ìíîãîìåðíûå ôóíêöèè, òî åñòü, ìîãóò
èçâëåêàòü, ïðàâäà, â íåÿâíîì äëÿ ïîëüçîâàòåëÿ âèäå,
çíàíèÿ èç èññëåäóåìîé ïðåäìåòíîé îáëàñòè [3 - 6].

Öåëüþ ïðîöåññà îáó÷åíèÿ ÍÑ ÿâëÿåòñÿ íàñòðîéêà
ìíîæåñòâà âåñîâ ÍÑ òàêèì îáðàçîì, ÷òîáû óäîâëåòâî-
ðèòü íåêîòîðîìó êðèòåðèþ îáó÷åíèÿ, íàïðèìåð, ìèíèìó-
ìó ñðåäíåêâàäðàòè÷åñêîé îøèáêè ñåòè. Äëÿ îáó÷åíèÿ
ÌÍÑ ïðèìåíÿþò ãðàäèåíòíûå àëãîðèòìû, íàèáîëåå áû-
ñòðûì ñðåäè êîòîðûõ íà ñåãîäíÿøíèé äåíü ÿâëÿåòñÿ
àëãîðèòì Ëåâåíáåðãà-Ìàðêâàðäòà [5,7].

Ïðîöåññ îáó÷åíèÿ ÌÍÑ ÿâëÿåòñÿ èòåðàöèîííûì è, â
îáùåì ñëó÷àå, äîñòàòî÷íî äëèòåëüíûì, ïîñêîëüêó çàðà-
íåå íåëüçÿ îïðåäåëèòü êîëè÷åñòâî èòåðàöèé, íåîáõîäè-
ìûõ äëÿ îáó÷åíèÿ ÍÑ. Ïîýòîìó ðàçðàáîòêà ìåòîäîâ, ïî-
çâîëÿþùèõ îáó÷àòü ÍÑ â áåçûòåðàöèîííîì ðåæèìå ïó-
òåì ïðîåêöèè îáó÷àþùèõ äàííûõ íà ìíîæåñòâî âåñîâ
ÍÑ, ïðåäñòàâëÿåòñÿ âåñüìà àêòóàëüíîé è âàæíîé.

Îäíèì èç òàêèõ ìåòîäîâ íàñòðîéêè âåñîâ äëÿ ÷àñòíîãî
ñëó÷àÿ ÌÍÑ - äâóõñëîéíîãî ïåðöåïòðîíà ìîæåò ñëóæèòü
ðàçðàáîòàííûé íàìè ýâðèñòè÷åñêèé àëãîðèòì. Íåéðîñå-
òåâàÿ èíòåðïðåòàöèÿ ýâðèñòè÷åñêîãî àëãîðèòìà êëàññè-
ôèêàöèè ïðåäñòàâëåíà íà ðèñ.1.

Ðèñóíîê 1 - Íåéðîñåòåâàÿ èíòåðïðåòàöèÿ 
ýâðèñòè÷åñêîãî àëãîðèòìà êëàññèôèêàöèè

Ïðàâèëà âû÷èñëåíèÿ ïàðàìåòðîâ ýâðèñòè÷åñêîãî àëãî-
ðèòìà â ýòîì ñëó÷àå îñòàíóòñÿ íåèçìåííûìè, à ïàðàìåò-
ðû è ôóíêöèè àêòèâàöèè ÍÑ íåîáõîäèìî áóäåò îïðå-
äåëèòü íà èõ îñíîâå ïî ñëåäóþùèì ïðàâèëàì.

Ôóíêöèÿ àêòèâàöèè  i-ãî íåéðîíà -ãî ñëîÿ:

 , ,

 

Âåñîâîé êîýôôèöèåíò   j-ãî âõîäà i-ãî íåéðîíà

-ãî ñëîÿ:

, 

4  ÐÅÇÓËÜÒÀÒÛ È ÂÛÂÎÄÛ

Äëÿ ïðîâåðêè ðàáîòîñïîñîáíîñòè ýâðèñòè÷åñêîãî àë-
ãîðèòìà íà åãî îñíîâå îñóùåñòâëÿëîñü ðåøåíèå ðÿäà
ïðàêòè÷åñêèõ çàäà÷ êëàññèôèêàöèè: çàäà÷à äèàãíîñòèêè
ëîïàòîê ãàçîòóðáèííûõ àâèàäâèãàòåëåé ïî ñïåêòðàì ñâî-
áîäíûõ çàòóõàþùèõ êîëåáàíèé ïîñëå óäàðíîãî âîçáóæ-
äåíèÿ, çàäà÷à ðàñïîçíàâàíèÿ ñåëüñêîõîçÿéñòâåííûõ ðàñ-
òåíèé ïî ðåçóëüòàòàì äèñòàíöèîííîãî çîíäèðîâàíèÿ, çà-
äà÷à ïðîãíîçèðîâàíèÿ ñîñòîÿíèÿ ñïîðòèâíîé ôîðìû
ñïîðòñìåíîâ âûñøåé êâàëèôèêàöèè íà îñíîâå äàííûõ
áèîõèìè÷åñêîãî êîíòðîëÿ òðåíèðîâî÷íûõ íàãðóçîê.

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ïî ðåøåíèþ ïîñòàâ-
ëåííûõ çàäà÷ áûëà âûïîëíåíà ïðîãðàììíàÿ ðåàëèçàöèÿ
àëãîðèòìà ýâðèñòè÷åñêîé êëàññèôèêàöèè íà ÿçûêå ìàê-
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ðîñîâ ïàêåòà MATLAB 5.2. Äëÿ ñðàâíåíèÿ ðàçðàáî-
òàííîãî àëãîðèòìà ñ àëãîðèòìîì îáó÷åíèÿ Ëåâåíáåðãà-
Ìàðêâàðäòà èñïîëüçîâàëñÿ ìîäóëü Neural Toolbox
ïàêåòà MATLAB 5.2. Ïðè ýòîì â êà÷åñòâå ìîäåëè ÍÑ,
îáó÷àâøåéñÿ íà îñíîâå àëãîðèòìà Ëåâåíáåðãà-Ìàðêâàðä-
òà, èñïîëüçîâàëñÿ äâóõñëîéíûé ïåðöåïòðîí, ñîäåðæàâ-
øèé íà ïåðâîì ñëîå ñòîëüêî íåéðîíîâ, ñêîëüêî è
ïðèçíàêîâ, à íà âòîðîì ñëîå - 1 íåéðîí. Â êà÷åñòâå öåëè
îáó÷åíèÿ áûëà çàäàíà ñðåäíåêâàäðàòè÷åñêàÿ îøèáêà
0.01, ìàêñèìàëüíîå êîëè÷åñòâî öèêëîâ îáó÷åíèÿ - 500.

Ðåçóëüòàòû ýêñïåðèìåíòîâ ïîêàçûâàþò, ÷òî âðåìÿ
îáó÷åíèÿ ÍÑ íà îñíîâå àëãîðèòìà Ëåâåíáåðãà-Ìàðê-
âàðäòà, â öåëîì, ñóùåñòâåííî áîëüøå ÷åì âðåìÿ îáó÷å-
íèÿ ÍÑ íà îñíîâå àëãîðèòìà ýâðèñòè÷åñêîé êëàññèôè-
êàöèè, íî ïðè ýòîì àëãîðèòì Ëåâåíáåðãà-Ìàðêâàðäòà
îáåñïå÷èâàåò ìåíüøèå âåðîÿòíîñòè ïðèíÿòèÿ îøèáî÷íûõ
ðåøåíèé. Ïîýòîìó íà ïðàêòèêå ïðèìåíÿòü ðàçðàáîòàí-
íûé ìåòîä ýâðèñòè÷åñêîé êëàññèôèêàöèè ñëåäóåò òîãäà,
êîãäà âåðîÿòíîñòü ïðèíÿòèÿ îøèáî÷íûõ ðåøåíèé íå
áóäåò ïðåâûøàòü çàäàííîå çíà÷åíèå.

Ýâðèñòè÷åñêèé àëãîðèòì, ïðåäëîæåííûé â íàñòîÿùåé
ðàáîòå, ÿâëÿåòñÿ ïðèåìëåìûì äëÿ ðåøåíèÿ ìíîãèõ ïðàê-
òè÷åñêèõ çàäà÷ (îáëàäàåò óíèâåðñàëüíîñòüþ), õîòÿ åãî
êîíêðåòíûå ðåàëèçàöèè, çàâèñÿùèå îò ïðàâèëà âû÷èñëå-

íèÿ çíà÷åíèÿ ïîðîãà , ìîãóò èìåòü áîëåå óçêèå îáëà-

ñòè ïðèìåíåíèÿ. Ìîæíî ñäåëàòü âûâîä î òîì, ÷òî

ýâðèñòè÷åñêèé àëãîðèòì öåëåñîîáðàçíî ïðèìåíÿòü â òåõ
ñëó÷àÿõ, êîãäà ïðèçíàêè äîñòàòî÷íî èíôîðìàòèâíû è
ãðàíèöà ìåæäó êëàññàìè íå î÷åíü ñëîæíàÿ.
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À. Þ. Çèíîâüåâ, À. À. Ïèòåíêî

Îïèñûâàåòñÿ òåõíîëîãèÿ âèçóàëèçàöèè ïðîèçâîëüíûõ äàí-
íûõ. Ðàññìàòðèâàåòñÿ ïðåäñòàâëåíèå äàííûõ è àëãîðèòì ïî-
ñòðîåíèÿ óïðóãîé êàðòû, ìîäåëèðóþùåé äàííûå. Ïðåäëîæåíû
ðàçëè÷íûå ñïîñîáû ïðîåêòèðîâàíèÿ ìíîãîìåðíûõ äàííûõ íà
äâóìåðíóþ ñåòêó. Ïðîäåìîíñòðèðîâàíî ïðèìåíåíèå ìåòîäîâ
âèçóàëèçàöèè ïðîèçâîëüíûõ äàííûõ íà ïðèìåðå êàðòîãðà-
ôèðîâàíèÿ ýêîíîìè÷åñêèõ òàáëèö.

Îïèñàíî òåõíîëîãiþ âiçóàëiçàöi¿ áóäü-ÿêèõ äàíèõ. Ðîç-
ãëÿäàºòüñÿ óÿâëåííÿ äàíèõ òà àëãîðèòì ïîáóäîâè ïðóæíî¿
êàðòè, ùî ìîäåëþº äàíi. Çàïðîïîíîâàíî ðiçíi ñïîñîáè ïðî-
åêòóâàííÿ áàãàòîìiðíèõ äàíèõ íà äâóìiðíó ñiòêó. Ïðî-
äåìîíñòðîâàíî çàñòîñóâàííÿ ìåòîäiâ âiçóàëiçàöi¿ áóäü-ÿêèõ
äàíèõ íà ïðèêëàäi êàðòîãðàôóâàííÿ åêîíîìi÷íèõ òàáëèöü.

The technology of any data visualization is described. The
data representation and algorithm of construction of an elastic
map simulating the data is considered. The various ways of pro-
jecting multidimensional data on a two-dimensional grid are
offered. The application of methods to mapping of economical
tables is discussed.

1  ÂÂÅÄÅÍÈÅ

Â ñàìûõ ðàçíûõ îáëàñòÿõ ÷åëîâå÷åñêîé äåÿòåëüíîñòè
(â ìåäèöèíå, áèîëîãèè, ýêîíîìèêå è ò.ä.) èññëåäîâàòåëè
ñòàëêèâàþòñÿ ñ íåîáõîäèìîñòüþ îñìûñëåíèÿ áîëüøèõ
òàáëèö äàííûõ, ñîáðàííûõ â ðåçóëüòàòå íàáëþäåíèÿ çà
ñâîéñòâàìè îáúåêòîâ òîé èëè èíîé ïðèðîäû. Êàê
ïðàâèëî, òàêèå òàáëèöû ñîäåðæàò èíôîðìàöèþ î
ñîñòîÿíèè íåñêîëüêèõ ñîòåí èëè òûñÿ÷ îáúåêòîâ, ïî
êàæäîìó èç êîòîðûõ èçâåñòíû çíà÷åíèÿ îïðåäåëåííîãî
íàáîðà èíòåðåñóþùèõ èññëåäîâàòåëÿ ñâîéñòâ. ×èñëî
òàêèõ ñâîéñòâ (ïðèçíàêîâ) ìîæåò òàêæå äîñòèãàòü
íåñêîëüêèõ ñîòåí. Åñòåñòâåííî, ñðåäè èññëåäóåìûõ
îáúåêòîâ ìîãóò íàéòèñü òàêèå, íåêîòîðûå ñâîéñòâà
êîòîðûõ íåèçâåñòíû èëè íåäîñòóïíû äëÿ èçìåðåíèÿ.
Òàêèå îáúåêòû íàçûâàþòñÿ íåïîëíûìè äàííûìè èëè
äàííûìè ñ ïðîáåëàìè.

Òðàäèöèîííûì ïðèåìîì ïðè àíàëèçå òàêèõ òàáëèö
ÿâëÿåòñÿ èõ ïðåäñòàâëåíèå, êîãäà êàæäîìó èññëåäó-
åìîìó îáúåêòó ñîïîñòàâëÿåòñÿ òî÷êà â íåêîòîðîì àá-

θi
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ñòðàêòíîì ìíîãîìåðíîì ïðîñòðàíñòâå äàííûõ. Ðàçìåð-
íîñòü ýòîãî ïðîñòðàíñòâà ðàâíà ÷èñëó ñâîéñòâ-ïðèçíàêîâ
â íàáîðå, êîòîðûé õàðàêòåðèçóåò ñîñòîÿíèå êàæäîãî èç
îáúåêòîâ. Çíà÷åíèå êàæäîé èç êîîðäèíàò òî÷êè â
ïðîñòðàíñòâå äàííûõ ðàâíî çíà÷åíèþ ñîîòâåòñòâóþùåãî
ïðèçíàêà, òàê ÷òî áëèçêèì (â òîé èëè èíîé ìåòðèêå)
òî÷êàì â ïðîñòðàíñòâå äàííûõ ñîîòâåòñòâóþò îáúåêòû ñî
ñõîäíûìè ñâîéñòâàìè.

Òàêèì îáðàçîì, òàáëèöà äàííûõ ïðåäñòàâëåíà êàê
îáëàêî òî÷åê â ìíîãîìåðíîì ïðîñòðàíñòâå. Ñëåäóåò
çàìåòèòü, ÷òî òàêàÿ êàðòèíà íå ñîâñåì âåðíà â ñëó÷àå
íåïîëíûõ äàííûõ. Òàê, íàïðèìåð, åñëè äëÿ îáúåêòà
íåèçâåñòíî çíà÷åíèå òîëüêî îäíîé èç êîîðäèíàò, òî åãî
ïðàâèëüíåå ïðåäñòàâëÿòü êàê ïðÿìóþ, ïàðàëëåëüíóþ
ñîîòâåòñòâóþùåé êîîðäèíàòíîé îñè. Åñëè íà çíà÷åíèå
îòñóòñòâóþùåãî ïðèçíàêà íàëîæåíû àïðèîðíûå îãðàíè-
÷åíèÿ, òî ïðÿìàÿ ïðåâðàùàåòñÿ â îòðåçîê. Â ñëó÷àå
êîãäà ÷èñëî íåèçâåñòíûõ ïðèçíàêîâ áîëåå îäíîãî, òî
îáúåêò ïðåäñòàâëÿåòñÿ â âèäå m-ìåðíîé ïëîñêîñòè (m -
÷èñëî íåèçâåñòíûõ ïðèçíàêîâ), ïàðàëëåëüíîé m êîîð-
äèíàòíûì îñÿì, èëè, ñîîòâåòñòâåííî, ìíîãîìåðíûì
ïðÿìîóãîëüíûì ïàðàëëåëåïèïåäîì.

Îá àíàëèçå (îñìûñëåíèè) íàáîðà äàííûõ ìîæíî
ãîâîðèòü êàê î êðàñèâîì, íàãëÿäíîì è êîìïàêòíîì èõ
îïèñàíèè. Íà ñåãîäíÿøíèé äåíü èçâåñòíî äâà îñíîâíûõ
ñïîñîáà òàêîãî îïèñàíèÿ. Ïåðâûé èç íèõ çàêëþ÷àåòñÿ â
òîì, ÷òî òî÷êè äàííûõ ðàçáèâàþòñÿ íà íåñêîëüêî áîëü-
øèõ êëàññîâ (êëàñòåðîâ), çàòåì â êëàññàõ èùóòñÿ áîëåå
ìåëêèå ïîäêëàññû è ò.ä. Â êîíå÷íîì èòîãå òàáëèöà
äàííûõ îïèñûâàåòñÿ êàê èåðàðõè÷åñêàÿ ñèñòåìà êëà-
ñòåðîâ â îáëàêå òî÷åê. 

Âòîðîé ñïîñîá - ñîêðàùåíèå ðàçìåðíîñòè îïèñàíèÿ
äàííûõ. Äåëî â òîì, ÷òî ÷åëîâå÷åñêèé ìîçã íåñïîñîáåí ê
ýôôåêòèâíîìó àíàëèçó îáúåêòîâ ðàçìåðíîñòè áîëåå

òðåõ, ïîýòîìó âîçíèêàåò íåîáõîäèìîñòü â ïîñòðîåíèè
ðàçëè÷íûõ ñå÷åíèé ìíîãîìåðíûõ äàííûõ, ïðè÷åì ýòè
ñå÷åíèÿ ìàëîé ðàçìåðíîñòè, êàê ïðàâèëî, âûáèðàþòñÿ
òàê, ÷òîáû ìàêñèìàëüíî ïîëíî ñîõðàíèòü èíôîðìàöèþ
îá èìåþùèõñÿ â íàáîðå äàííûõ çàêîíîìåðíîñòÿõ. Òàêîé
ïîäõîä, íàïðèìåð, õàðàêòåðåí äëÿ òðàäèöèîííîãî ëèíåé-
íîãî ôàêòîðíîãî àíàëèçà, êîãäà â êà÷åñòâå òàêîãî ñå-
÷åíèÿ âûáèðàåòñÿ ïðîñòðàíñòâî, íàòÿíóòîå íà íåñêîëüêî
ãëàâíûõ ñîáñòâåííûõ âåêòîðîâ êîððåëÿöèîííîé ìàòðèöû
(ãëàâíûõ êîìïîíåíò).

Ïîä âèçóàëèçàöèåé äàííûõ ìîæíî ïîíèìàòü òàêîé
ñïîñîá îïèñàíèÿ äàííûõ, êîãäà ðàçìåðíîñòü èõ îïèñàíèÿ
ñîêðàùàåòñÿ äî äâóõ èçìåðåíèé. Â ýòîì ñëó÷àå äàííûå
ìîæíî èçîáðàæàòü, íàïðèìåð, â âèäå òî÷åê íà ýêðàíå
ìîíèòîðà êîìïüþòåðà. Åñëè â ïðîöåññå ñîêðàùåíèÿ
ðàçìåðíîñòè áóäåò ñîõðàíåíà ñóùåñòâåííàÿ ÷àñòü çàêîíî-
ìåðíîñòåé, ïðèñóùèõ äàííûì (ðàçáèåíèå íà êëàññû,
îòíîøåíèÿ ñîñåäñòâà), òî èññëåäîâàòåëü ïîëó÷àåò âîç-
ìîæíîñòü íàãëÿäíî ïðåäñòàâèòü ñåáå èñõîäíûé íàáîð
ìíîãîìåðíûõ äàííûõ, ñäåëàòü âûâîäû îá èõ ðàñ-
ïðåäåëåíèè. 

Äëÿ âèçóàëèçàöèè ìíîãîìåðíûõ äàííûõ ïðèìåíÿåòñÿ
ìåòîä, çàêëþ÷àþùèéñÿ â ïîñòðîåíèè âëîæåííîãî â
ìíîãîìåðíîå ïðîñòðàíñòâî äàííûõ äâóìåðíîãî ìíîãî-
îáðàçèÿ, íàçûâàåìîãî êàðòîé, êîòîðîå îïðåäåëåííûì
ñïîñîáîì ìîäåëèðóåò èëè àïïðîêñèìèðóåò äàííûå (òî
åñòü áîëüøàÿ ÷àñòü òî÷åê äàííûõ ëåæèò â îêðåñòíîñòè
êàðòû). Ïîñëå ýòîãî òî÷êè äàííûõ ñ ïîìîùüþ îïðåäå-
ëåííîé ïðîöåäóðû ïåðåíîñÿòñÿ èëè ïðîåöèðóþòñÿ íà
êàðòó (ñì. ðèñ. 1). Ïîñëå òîãî, êàê íàéäåíû ïîëîæåíèÿ
âñåõ îáðàçîâ òî÷åê äàííûõ íà êàðòå, êàæäîìó îáúåêòó èç
íàáîðà äàííûõ ìîæíî ïîñòàâèòü â ñîîòâåòñòâèå ïàðó
êîîðäèíàò, õàðàêòåðèçóþùèõ ïîëîæåíèå îáðàçà íà
äâóìåðíîé êàðòå.

Ðèñóíîê 1 - Ïðîöåäóðà ïðîåêöèè äàííûõ íà êàðòó
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Ñëåâà íà ðèñóíêå 1 ïîêàçàíî îáëàêî òî÷åê äàííûõ â
ïÿòèìåðíîì ïðîñòðàíñòâå (ïîêàçàíà ïðîåêöèÿ íà ïåðâûå
äâå êîîðäèíàòíûå îñè), è êàðòà, ìîäåëèðóþùàÿ ýòè äàí-
íûå. Áåëûé êðóæîê ñ ëèíèåé îòîáðàæàåò ïðîöåññ ïðî-
åöèðîâàíèÿ ìíîãîìåðíûõ äàííûõ íà äâóìåðíîå ìíîãî-
îáðàçèå. Ñïðàâà - äâóìåðíàÿ êàðòà ñ íàíåñåííûìè íà íåå
îáðàçàìè äàííûõ "ðàçâåðíóòà" è êàæäîìó îáúåêòó
ñîîòâåòñòâóåò òåïåðü òîëüêî äâå êîîðäèíàòû îáðàçà íà
êàðòå.

Ñàìà èäåîëîãèÿ ïîñòðîåíèÿ ìîäåëèðóþùèõ êàðò
âïåðâûå áûëà ïðåäëîæåíà Êîõîíåíîì [1]. Èì æå áûë
ðàçðàáîòàí àëãîðèòì ïîñòðîåíèÿ ñàìîîðãàíèçóþùèõñÿ
êàðò (SOM), êîòîðûé ñ óñïåõîì ïðèìåíÿåòñÿ íà ïðàê-
òèêå. Â äàëüíåéøåì àëãîðèòì SOM ñîâåðøåíñòâîâàëñÿ â
íåñêîëüêèõ íàïðàâëåíèÿõ è íà äàííûé ìîìåíò èçâåñòíî
áîëüøîå êîëè÷åñòâî åãî ìîäèôèêàöèé. Â äàííîé ñòàòüå
ïðåäëàãàåòñÿ ïðèíöèïèàëüíî íîâûé àëãîðèòì ïîñòðî-
åíèÿ êàðò, íàçâàííûõ óïðóãèìè, ñâîéñòâà êîòîðûõ
îòëè÷íû îò SOM. Êðîìå ýòîãî, îïèñûâàþòñÿ ðàçëè÷íûå
ñïîñîáû íåïðåðûâíîãî ïðîåêòèðîâàíèÿ äàííûõ íà êàðòó
(à íå òîëüêî â óçëû, êàê ýòî áûëî ïðåäëîæåíî
Êîõîíåíîì), ÷òî ïîçâîëÿåò ïîñìîòðåòü íà ïðèíöèïû
âèçóàëèçàöèè äàííûõ â èíîì ðàêóðñå. Òàêæå ïðèâåäåí
ïðèìåð êàðòîãðàôèðîâàíèÿ ýêîíîìè÷åñêèõ ïîêàçàòåëåé
äâóõñòà êðóïíåéøèõ ðîññèéñêèõ ïðåäïðèÿòèé ïî
äàííûì æóðíàëà "Ýêñïåðò".

2  ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïðîáëåìà âèçóàëèçàöèè ìíîãîìåðíûõ äàííûõ ìîæåò
áûòü ðàçáèòà íà íåñêîëüêî çàäà÷. Ñôîðìóëèðóåì ýòè
çàäà÷è íà ìàòåìàòè÷åñêîì ÿçûêå.

Ðàññìàòðèâàåòñÿ ïðîñòðàíñòâî , â êîòîðîì çàäàíî

êîíå÷íîå ìíîæåñòâî òî÷åê , êîòîðîå èíòåðïðåòèðóåòñÿ

êàê íàáîð ïðîèçâîëüíûõ äàííûõ, ïîëó÷åííûõ â ðåçóëü-
òàòå íàáëþäåíèé çà ñîñòîÿíèåì èññëåäóåìîé ñèñòåìû.
Ðåçóëüòàò îäíîãî èçìåðåíèÿ (èëè íàáîð ïðèçíàêîâ äëÿ

îäíîãî îáúåêòà) èçîáðàæàþòñÿ òî÷êîé  ( , 

- êîëè÷åñòâî òî÷åê â ) â . Ðàññòîÿíèå ìåæäó

òî÷êàìè - îáû÷íîå åâêëèäîâî.
 
1) Ïîñòðîåíèå êàðòû
Â öåëÿõ èññëåäîâàíèÿ ìíîæåñòâà X îíî àïïðîêñè-

ìèðóåòñÿ äâóìåðíûì ìíîãîîáðàçèåì. Ìîæíî óêàçàòü äâà
îñíîâíûõ ñïîñîáà ïîñòðîåíèÿ òàêîãî ìîäåëèðóþùåãî
ìíîãîîáðàçèÿ. Âî-ïåðâûõ, ìîæíî ïîñòðîèòü êàêîå-ëèáî
ñòàíäàðòíîå ëèíåéíîå ìíîãîîáðàçèå (íàïðèìåð, ïëî-
ñêîñòü äâóõ ãëàâíûõ êîìïîíåíò) è èñêàòü ìàëûå
îòêëîíåíèÿ îò íåãî. Òàêîé ïîäõîä ìîæíî íàçâàòü
êâàçèëèíåéíûì. 

Íàìè èñïîëüçóåòñÿ ïðèíöèïèàëüíî íåëèíåéíûé ñïî-

ñîá. Â  ðàçìåùàåòñÿ äâóìåðíàÿ ïðÿìîóãîëüíàÿ ñåòêà

G, ðàñïîëîæåíèå óçëîâ êîòîðîé , óäîâëåòâîðÿåò îïðå-

äåëåííûì òðåáîâàíèÿì. Äëÿ óïðóãîé êàðòû ýòèìè òðå-
áîâàíèÿìè ÿâëÿþòñÿ: à) áëèçîñòü óçëîâ ñåòêè ê äàííûì;
á) íå ñëèøêîì ñèëüíàÿ "ðàñòÿíóòîñòü" ñåòêè; â) íå
ñëèøêîì ñèëüíàÿ èçîãíóòîñòü ñåòêè.

Áóäåì ñ÷èòàòü, ÷òî íà ïðÿìîóãîëüíîé ñåòêå èçíà-
÷àëüíî çàäàíà "âíóòðåííÿÿ" îðòîíîðìèðîâàííàÿ ñèñòåìà

êîîðäèíàò  òàê, ÷òî öåëûì ïîëîæèòåëüíûì çíà÷å-

íèÿì êîîðäèíàò ñîîòâåòñòâóþò âåðøèíû ñåòêè. Ýòè öå-
ëûå çíà÷åíèÿ è èñïîëüçóþòñÿ â êà÷åñòâå çíà÷åíèé èí-

äåêñîâ ,  äëÿ  ( , , ãäå ,  -

÷èñëî óçëîâ ñåòêè ïî ãîðèçîíòàëè è âåðòèêàëè). 

Ïîñëå òîãî, êàê ñåòêà  ðàçìåùåíà â ìíîãîìåðíîì

ïðîñòðàíñòâå, îíà äîîïðåäåëÿåòñÿ ñ ïîìîùüþ òîé èëè
èíîé ïðîöåäóðû èíòåðïîëÿöèè ìåæäó óçëàìè äî ìíî-

ãîîáðàçèÿ, êîòîðîå îáîçíà÷èì ÷åðåç . Ñàìîé ïðîñòîé

òàêîé ïðîöåäóðîé ÿâëÿåòñÿ êàêîé-ëèáî âàðèàíò òðèàíãó-
ëÿöèè, â ðåçóëüòàòå ÷åãî ïîëó÷àåòñÿ êóñî÷íî-ëèíåéíîå

ìíîãîîáðàçèå .

2) Ïðîåêòèðîâàíèå äàííûõ

Äëÿ òîãî, ÷òîáû ìîæíî áûëî áû ïðåäñòàâëÿòü  ñ

ïîìîùüþ äâóìåðíîãî ìíîãîîáðàçèÿ , íåîáõîäèìî ïî-

ñòðîèòü îòîáðàæåíèå P: , êîòîðîå áóäåì

íàçûâàòü ïðàâèëîì ïðîåêòèðîâàíèÿ èëè ïðîåêòîðîì.
Äëÿ ðàññìàòðèâàåìûõ çàäà÷ æåëàòåëüíî, ÷òîáû ïðîåêòîð
îáëàäàë ñëåäóþùèìè êà÷åñòâàìè:

à) ïðîåêòîð äîëæåí ñîõðàíÿòü îòíîøåíèÿ ñîñåäñòâà,

òî åñòü æåëàòåëüíî, ÷òîáû áëèçêèì òî÷êàì â  ñîîò-

âåòñòâîâàëè áëèçêèå òî÷êè íà êàðòå; 
á) ïðîåêòîð, ïî êðàéíåé ìåðå, â íåêîòîðîé êîíå÷íîé

îêðåñòíîñòè ñåòêè äîëæåí áûòü îäíîçíà÷íûì;
â) ïðîåêòîð äîëæåí áûòü ïî âîçìîæíîñòè íåïðåðûâ-

íûì, ÷òîáû ïëàâíûì èçìåíåíèÿì ñîñòîÿíèÿ ñèñòåìû â

 ñîîòâåòñòâîâàëè íåïðåðûâíûå èçìåíåíèÿ ïîëîæåíèÿ

îáðàçà â .

ã) ïðîåêöèÿ äîëæíà íå ñëèøêîì ñèëüíî îòëè÷àòüñÿ îò

áëèæàéøåé âåðøèíû ñåòêè  èëè, åñëè äîîïðåäåëåíà

êàðòà, òî îò áëèæàéøåé òî÷êè êàðòû.
Ñîçäàòåëåì SOM Êîõîíåíîì áûë ïðèìåíåí ñàìûé

î÷åâèäíûé è â íåêîòîðîì ñìûñëå åñòåñòâåííûé âàðèàíò
ïðîåêòèðîâàíèÿ - êóñî÷íî-ïîñòîÿííûé. Ïðè ýòîì êàæäîé

òî÷êå èç  ñîïîñòàâëÿåòñÿ òà âåðøèíà ñåòêè, êîòîðàÿ

ÿâëÿåòñÿ áëèæàéøåé ê ýòîé òî÷êå: 

P: , , , .

Äîñòîèíñòâîì òàêîãî ïðîåêòèðîâàíèÿ ÿâëÿþòñÿ åãî
ëîãè÷åñêàÿ ïðîçðà÷íîñòü è ïðîñòîòà, î÷åâèäíûé åãî
íåäîñòàòîê - ðàçðûâíîñòü, ÷òî íå ïîçâîëÿåò ïîäðîáíî

èçîáðàçèòü êàðòîé ñòðóêòóðó . Òåì íå ìåíåå, òàêîé

âèä ïðîåêòèðîâàíèÿ óñïåøíî ïðèìåíÿåòñÿ íà ïðàêòèêå
äëÿ ðàñêðàñêè êàðò Êîõîíåíà è ìîæåò èçîáðàæàòü
ðàçáèåíèå äàííûõ ïî êëàñòåðàì, ðàçìåðû êëàñòåðîâ è èõ
âçàèìíîå ðàñïîëîæåíèå. 
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Äëÿ ïðèìåíÿåìîé íàìè òåõíîëîãèè ïîñòðîåíèÿ óïðó-
ãèõ êàðò êóñî÷íî-ïîñòîÿííûé ñïîñîá ïðîåêòèðîâàíèÿ
ìàëîïðèãîäåí, ïîñêîëüêó, â îòëè÷èå îò SOM, êàæäûé èç

óçëîâ ñåòêè , âîîáùå ãîâîðÿ, íå ðàñïîëàãàåòñÿ â

öåíòðå ëîêàëüíîãî ñãóùåíèÿ òî÷åê äàííûõ. Íàïðîòèâ,
óïðóãàÿ êàðòà ïðåäñòàâëÿåò ñîáîé áîëåå-ìåíåå ðàâíî-
ìåðíî íàòÿíóòóþ íà äàííûå ñåòêó, è ïîýòîìó ñó-
ùåñòâåííàÿ ÷àñòü äàííûõ ìîæåò áûòü ðàñïîëîæåíà â
ïðîìåæóòêàõ ìåæäó óçëàìè. Â ýòîé ñòàòüå ðàññìîòðåíû
äâà âàðèàíòà êóñî÷íî-ëèíåéíîãî íåïðåðûâíîãî ïðîåêòè-
ðîâàíèÿ ìíîãîìåðíûõ äàííûõ íà äâóìåðíóþ êàðòó.

3  ÏÎÑÒÐÎÅÍÈÅ ÓÏÐÓÃÎÉ ÊÀÐÒÛ

Îñíîâîé äëÿ ïîñòðîåíèÿ óïðóãîé êàðòû ÿâëÿåòñÿ äâó-

ìåðíàÿ ïðÿìîóãîëüíàÿ ñåòêà , âëîæåííàÿ â ìíîãîìåð-

íîå ïðîñòðàíñòâî, àïïðîêñèìèðóþùàÿ äàííûå è îáëàäà-
þùàÿ ðåãóëèðóåìûìè ñâîéñòâàìè óïðóãîñòè ïî îòíîøå-
íèþ ê ðàñòÿæåíèþ è èçãèáó.

Ðàñïîëîæåíèå óçëîâ ñåòêè èùåòñÿ â ðåçóëüòàòå ðåøå-
íèÿ âàðèàöèîííîé çàäà÷è íà íàõîæäåíèå ìèíèìóìà ñëå-
äóþùåãî ôóíêöèîíàëà:

, (1)

ãäå  - ÷èñëî òî÷åê â ;  - ÷èñëî óçëîâ ñåòêè (â ñëó-

÷àå ïðÿìîóãîëüíîé ñåòêè ); ,  - êîýôôè-

öèåíòû óïðóãîñòè, îòâå÷àþùèå çà ðàñòÿæåíèå è èçîãíó-

òîñòü ñòåêè ñîîòâåòñòâåííî; , ,  - ñëàãàåìûå,

îòâå÷àþùèå çà ñâîéñòâà ñåòêè, èìåííî:

 - ÿâëÿåòñÿ ìåðîé áëèçîñòè ðàñ-

ïîëîæåíèÿ óçëîâ ñåòêè ê äàííûì. Çäåñü  - ïîäìíîæå-

ñòâà òî÷åê èç , äëÿ êîòîðûõ óçåë ñåòêè  ÿâëÿåòñÿ

áëèæàéøèì (òàêñîíû):

, , ;

 - ìåðà ðàñòÿ-

íóòîñòè ñåòêè;

- ìåðà èçîãíóòîñòè (êðèâèçíû) ñåòêè.
Àëãîðèòì ðåøåíèÿ âàðèàöèîííîé çàäà÷è íàïîìèíàåò

ìåòîä äèíàìè÷åñêèõ ÿäåð. Íà êàæäîì øàãå àëãîðèòìà:

1) Êâàäðàòè÷íûé ôóíêöèîíàë  ìèíèìèçèðóåòñÿ ïðè

çàäàííîì ðàçáèåíèè ìíîæåñòâà  íà ïîäìíîæåòñòâà òî-

÷åê , áëèæàéøèõ ê äàííîìó óçëó ñåòêè. Ïðè ôèêñè-

ðîâàííîì ðàçáèåíèè íà òàêñîíû, ôóíêöèîíàë  êâàäðà-

òè÷åí ïî ïåðåìåííûì , ïîýòîìó çàäà÷à íàõîæäåíèÿ

åãî ìèíèìóìà ñâîäèòñÿ ê ðåøåíèþ ñèñòåìû ëèíåéíûõ

óðàâíåíèé ñ ìàòðèöåé ðàçìåðàìè , ïðè÷åì êîýô-

ôèöèåíòû ñàìîé ìàòðèöû ñèñòåìû çàâèñÿò òîëüêî îò

ïîëîæåíèÿ óçëîâ ;

2) Ïðîèçâîäèòñÿ íîâîå ðàçáèåíèå ìíîæåñòâà  íà

òàêñîíû, ñîîòâåòñòâóþùåå íîâûì ïîëîæåíèÿì óçëîâ
ñåòêè.

Îáùèé êðèòåðèé  óìåíüøàåòñÿ ïðè êàæäîé èòåðà-

öèè àëãîðèòìà, îí åñòåñòâåííî îãðàíè÷åí ñíèçó íóëåì, à

÷èñëî ðàçáèåíèé êîíå÷íîãî ìíîæåñòâà  ïî òàêñîíàì

êîíå÷íî. Ñëåäîâàòåëüíî, àëãîðèòì ñõîäèòñÿ.
Ïðè ïîñòðîåíèè êàðòû âîçíèêàåò îáùàÿ äëÿ âñåõ

îïòèìèçàöèîííûõ çàäà÷ ïðîáëåìà íàõîæäåíèÿ ãëîáàëü-

íîãî ìèíèìóìà ôóíêöèîíàëà . Ïðåäëàãàåòñÿ ñëåäóþ-

ùèé ïîäõîä äëÿ åå ðåøåíèÿ. Êàðòà ñòðîèòñÿ ñëåäóþùèì
îáðàçîì:

1) Ïåðâîíà÷àëüíî êàðòà ðàñïîëàãàåòñÿ â ïëîñêîñòè
ïåðâûõ äâóõ ãëàâíûõ êîìïîíåíò. Åå ðàçìåðû âûáèðà-
þòñÿ ðàâíûìè ïîðÿäêà 1/2 - 1/3 îò äëèíû äâóõ ãëàâ-
íûõ ïîëóîñåé ýëëèïñîèäà ðàññåÿíèÿ. 

2) Ê ïîëîæåíèÿì óçëîâ äîáàâëÿåòñÿ ìàëûé ñëó÷àé-
íûé øóì äëÿ òîãî, ÷òîáû âûâåñòè ðàñïîëîæåíèå óçëîâ
èç îäíîé ïëîñêîñòè è èçáåæàòü âîçíèêíîâåíèÿ ðàçëè÷-
íûõ âûðîæäåíèé ìàòðèöû ñèñòåìû;

3) Ïðè íàõîæäåíèè ìèíèìóìà ôóíêöèîíàëà  ïàðà-

ìåòðû ,  ìåíÿþòñÿ îò áîëüøèõ çíà÷åíèé (ïîðÿäêà

10) ê ìàëûì (ïîðÿäêà 0,01). Â ðåçóëüòàòå êàðòà â íà-
÷àëå ðàñ÷åòà î÷åíü "æåñòêàÿ", åå êðèâèçíà íåâåëèêà, â
ðåçóëüòàòå ÷åãî ìîäåëèðóþòñÿ ñàìûå îáùèå îñîáåííîñòè
ðàñïðåäåëåíèÿ òî÷åê äàííûõ. Ïðè óìåíüøåíèè êîýôôè-
öèåíòîâ óïðóãîñòè êàðòà ñòàíîâèòñÿ "ìÿãêîé" è åå óçëû
ðàñïîëàãàþòñÿ ê òî÷êàì äàííûõ ãîðàçäî áëèæå. Òàêîé
ìåòîä ìîæíî íàçâàòü ìåòîäîì îòæèãà.

Â ðåçóëüòàòå â ïðîñòðàíñòâå äàííûõ ðàñïîëàãàåòñÿ
áîëåå-ìåíåå ðàâíîìåðíàÿ (â îòëè÷èå îò SOM, ãäå ðàñïî-
ëîæåíèå óçëîâ ñîîòâåòñòâóåò ëîêàëüíûì ñãóùåíèÿì äàí-

íûõ) ñåòêà , àïïðîêñèìèðóþùàÿ äàííûå. Ïîñëå

ïðîåêòèðîâàíèÿ äàííûõ íà ñåòêó, ðàññòîÿíèÿ ìåæäó
îáðàçàìè è èõ ñêîïëåíèÿìè íà êàðòå îòðàæàþò
ñîîòâåòñòâóþùèå îñîáåííîñòè ðàñïðåäåëåíèÿ äàííûõ â
ìíîãîìåðíîì ïðîñòðàíñòâå.

4  ÏÐÎÅÊÒÈÐÎÂÀÍÈÅ ÌÍÎÃÎÌÅÐÍÛÕ 
ÄÀÍÍÛÕ ÍÀ ÄÂÓÌÅÐÍÓÞ  ÑÅÒÊÓ

Ïîñëå ïîñòðîåíèÿ ñåòêè , êîòîðàÿ ÿâëÿåòñÿ òî÷å÷-

íîé àïïðîêñèìàöèåé ìíîæåñòâà , îíà äîëæíà áûòü äî-

îïðåäåëåíà äî ìíîãîîáðàçèÿ. Ñàìûì ïðîñòûì ñïîñîáîì
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²ÍÔÎÐÌÀÒÈÊÀ

“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

ÿâëÿåòñÿ âûáîð êàêîãî-ëèáî ñïîñîáà òðèàíãóëÿöèè, îäèí
èç âàðèàíòîâ êîòîðîé ïîêàçàí íà ðèñóíêå 2.

Ðèñóíîê 2 - Âàðèàíò òðèàíãóëÿöèè ñåòêè

Ñëåâà íà ðèñóíêå 2 ïîêàçàí îäèí èç âàðèàíòîâ òðè-
àíãóëÿöèè ñåòêè. Ñïðàâà - âûáðàííûé ñïîñîá íóìåðàöèè
óçëîâ, îêðóæàþùèõ áëèæàéøèé ê äàííîé òî÷êå äàííûõ
óçåë.

Â ðåçóëüòàòå â ìíîãîìåðíîì ïðîñòðàíñòâå äàííûõ
ðàñïîëàãàåòñÿ äâóìåðíîå êóñî÷íî-ëèíåéíîå ìíîãîîáðà-
çèå, íà êîòîðîì ñîñåäíèå âåðøèíû ñîåäèíÿþòñÿ ðåá-
ðàìè, à ðåáðà îãðàíè÷èâàþò ïëîñêèå ãðàíè ñåòêè.

Â êà÷åñòâå îäíîãî èç ñàìûõ î÷åâèäíûõ ñïîñîáîâ ïðî-
åêòèðîâàíèÿ ìíîãîìåðíûõ äàííûõ íà äâóìåðíóþ ñåòêó
ìîæíî ïðåäëîæèòü íàõîæäåíèå áëèæàéøåé òî÷êè êàðòû
(à íå òîëüêî áëèæàéøåé âåðøèíû, êàê â ñëó÷àå SOM).
Çàäà÷à ñîñòîèò â íàõîæäåíèè áëèæàéøåé ê äàííîé òî÷êå

äàííûõ  òî÷êè êóñî÷íî-ëèíåéíîãî ìíîãîîáðàçèÿ .

Çàìåòèì, ÷òî áëèæàéøàÿ òî÷êà êàðòû ìîæåò îêàçàòüñÿ
íà ãðàíè ñåòêè, íà ðåáðå èëè â âåðøèíå ñåòêè. Òàêèì
îáðàçîì, ïðîñòðàíñòâî âîêðóã êàðòû ðàçáèâàåòñÿ íà
îáëàñòè, ãäå áëèæàéøåé òî÷êîé êàðòû ÿâëÿåòñÿ òî÷êà
ãðàíè, ðåáðà èëè âåðøèíà.

Ïðåæäå âñåãî, îïðåäåëèì áëèæàéøóþ ê  âåðøèíó

ñåòêè è îáîçíà÷èì åå ðàäèóñ-âåêòîð êàê , à îêðóæàþ-

ùèå åå âåðøèíû ïåðåíóìåðóåì èçîáðàæåííûì íà ðèñóí-
êå 2 îáðàçîì.

Ïîìèìî áëèæàéøåé âåðøèíû , ìîæíî âûáðàòü åùå

äâå íàèáîëåå áëèçêèå ê  âåðøèíû  è  èç áëèæàé-

øåãî îêðóæåíèÿ , ïðè÷åì òàêèì îáðàçîì, ÷òîáû âåð-

øèíû , ,  ÿâëÿëèñü âåðøèíàìè ãðàíè êàðòû ïðè

âûáðàííîì ñïîñîáå òðèàíãóëÿöèè. Òàêèì îáðàçîì ìû
îïðåäåëÿåì áëèæàéøåå ðåáðî è áëèæàéøèé òðåóãîëü-

íèê (ãðàíü) êàðòû.
Àëãîðèòì íàõîæäåíèÿ áëèæàéøåé òî÷êè êàðòû çàêëþ-

÷àåòñÿ â ñëåäóþùåì:

1. Âûïîëíÿåòñÿ îðòîãîíàëüíîå ïðîåêòèðîâàíèå  íà

ïëîñêîñòü, íàòÿíóòóþ íà âåêòîðà  è .

Îáðàçîì  îêàæåòñÿ òî÷êà , ãäå

, 

.

Â ñëó÷àå, åñëè , ,  òî áëèæàéøåé

òî÷êîé êàðòû ÿâëÿåòñÿ òî÷êà . Èíà÷å

2. Âûïîëíÿåòñÿ îðòîãîíàëüíîå ïðîåêòèðîâàíèå íà

áëèæàéøåå ðåáðî, íàòÿíóòîå íà âåêòîð . Ïðè

ýòîì

, ,

è åñëè  - áëèæàéøåé òî÷êîé êàðòû ÿâëÿåòñÿ

. Èíà÷å áëèæàéøåé òî÷êîé êàðòû ÿâëÿåòñÿ âåðøèíà

.

Äðóãîé âàðèàíò êóñî÷íî-ëèíåéíîãî ïðîåêòîðà. Äëÿ
ñëó÷àÿ ìîäåëèðîâàíèÿ êîíå÷íîãî ìíîæåñòâà òî÷åê äàí-
íûõ ñ ïîìîùüþ ñàìîîðãàíèçóþùåéñÿ êðèâîé (SOC) [2]
áûë ïðåäëîæåí âàðèàíò öåíòðàëüíîé ïðîåêöèè íà îäíî-
ìåðíóþ ñåòêó. Òî÷êè äàííûõ ñíà÷àëà îðòîãîíàëüíî ïðî-
åêòèðóþòñÿ â ïëîñêîñòü òðåõ âåðøèí íà ñåòêå - áëè-
æàéøåé ê çàäàííîé òî÷êå äàííûõ è äâóõ åå ñîñåäåé,
ïîñëå ýòîãî íà ïëîñêîñòè âûïîëíÿåòñÿ öåíòðàëüíîå
ïðîåêòèðîâàíèå, â êà÷åñòâå öåíòðà ïðîåêöèè O âûáè-
ðàåòñÿ òî÷êà ïåðåñå÷åíèÿ ñåðåäèííûõ ïåðïåíäèêóëÿðîâ
ê ðåáðàì ëîìàííîé, íåïîñðåäñòâåííî ïðèëåãàþùèõ ê
áëèæàéøåé ê òî÷êå äàííûõ x âåðøèíå (ñì. ðèñ. 3).

Ìîæíî ïåðåíåñòè ýòîò âàðèàíò ïðîåêòèðîâàíèÿ íà
ñëó÷àé äâóìåðíîé êàðòû, åñëè ñ÷èòàòü, ÷òî ïðîåêòè-
ðîâàíèå ïîî÷åðåäíî âûïîëíÿåòñÿ ñíà÷àëà äëÿ îäíîé, à
ïîòîì äëÿ äðóãîé êîîðäèíàòíîé ëèíèè äâóìåðíîé ñåòêè.
Òàêèì îáðàçîì, ìîæíî îïðåäåëèòü çíà÷åíèÿ âíóòðåííèõ

êîîðäèíàò ,  äëÿ òî÷êè ïðîåêöèè.

Ðèñóíîê 3
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Ñïðàâà íà ðèñóíêå 3 ïîêàçàí ñïîñîá íàõîæäåíèÿ

öåíòðàëüíîé ïðîåêöèè òî÷êè  íà ëîìàíóþ, êîòîðàÿ

ÿâëÿåòñÿ îäíîé èç êîîðäèíàòíûõ ëèíèé , 

äâóìåðíîãî ìíîãîîáðàçèÿ . Ñëåâà íà ðèñóíêå 3

èçîáðàæåí ñïîñîá íàõîæäåíèÿ êîîðäèíàò íà êàðòå

îáðàçà òî÷êè .

Ñëåäóåò çàìåòèòü, ÷òî äëÿ îïèñàííûõ âûøå àëãîðèò-
ìîâ (êàê ïðè ïîñòðîåíèè êàðòû, òàê è ïðè ïðîåêòè-
ðîâàíèè) íå ÿâëÿåòñÿ ïðèíöèïèàëüíûì íàëè÷èå â
äàííûõ ïðîáåëîâ. Â ñëó÷àå, åñëè ïî êàêîé-ëèáî òî÷êå
äàííûõ èçâåñòåí íå ïîëíûé íàáîð ïðèçíàêîâ, òî
âû÷èñëåíèå âñåõ íåîáõîäèìûõ ðàññòîÿíèé îò òî÷êè
äàííûõ äî êàðòû âûïîëíÿåòñÿ â ïðîñòðàíñòâå ìåíüøåé
ðàçìåðíîñòè, ãäå äëÿ âûáðàííîé òî÷êè äàííûõ èçâåñòíû
âñå êîîðäèíàòû. Òàêèì îáðàçîì, íà êàðòå íàõîäÿò ñâîå
ïîëîæåíèå òàêæå è íåïîëíûå äàííûå, ÷òî ïîçâîëÿåò
èñïîëüçîâàòü èçëîæåííûå àëãîðèòìû â êà÷åñòâå ñðåäñòâà
âîññòàíîâëåíèÿ ïðîáåëîâ â äàííûõ. Õîòÿ ïðàêòèêà
ïîêàçûâàåò, ÷òî òî÷íîñòü âîññòàíîâëåíèÿ äàííûõ ïðè
òàêîì ñïîñîáå íåâûñîêà, òåì íå ìåíåå ïîëüçîâàòåëü
ìîæåò ïîëó÷èòü ïðåäñòàâëåíèå î ìåñòå äàííûõ ñ
ïðîáåëàìè ñðåäè âñåé ñîâîêóïíîñòè äàííûõ.

5  ÈÑÏÎËÜÇÎÂÀÍÈÅ ÊÀÐÒÛ ÄËß ÀÍÀËÈÇÀ 
ÐÀÑÏÐÅÄÅËÅÍÈß ÄÀÍÍÛÕ

Ïîñëå òîãî êàê êàðòà ïîñòðîåíà, åå ìîæíî "ðàç-
âåðíóòü" (ñì. ðèñ. 1) è íàíîñèòü ðàçíîãî ðîäà ñëîè
èíôîðìàöèè. Â ðåçóëüòàòå êàðòà ïðèîáðåòàåò ðàçíûå
ðàñêðàñêè, äàþùèå ïðåäñòàâëåíèå îá èñõîäíîì ðàñïðå-
äåëåíèè äàííûõ. Òàêèå ðàñêðàñêè ìîãóò áûòü ïîñòðîåíû
ñ èñïîëüçîâàíèåì áîãàòîãî àðñåíàëà ñðåäñòâ è ìåòîäîâ
ÃÈÑ. Òàêèì îáðàçîì, îòêðûâàåòñÿ íîâîå øèðîêîå ïîëå
äåÿòåëüíîñòè äëÿ èñïîëüçîâàíèÿ ÃÈÑ-òåõíîëîãèé äëÿ
êàðòèðîâàíèÿ èíôîðìàöèè ñàìîãî ðàçíîãî ïðîèñõî-
æäåíèÿ.

Âî-ïåðâûõ, íà êàðòå ìîæíî èçîáðàçèòü ñàìè äàííûå.
Ïðè ýòîì ìîæíî îòîáðàæàòü ðàçëè÷íûå ðàçáèåíèÿ íà
ïîäìíîæåñòâà äàííûõ, â ñîîòâåòñòâèè ñî çíà÷åíèåì òîãî
èëè èíîãî ïðèçíàêà.

Âî-âòîðûõ, íà êàðòå ìîæíî èçîáðàçèòü ïðîèçâîëüíûå
ôóíêöèè êîîðäèíàò, ïîñêîëüêó êàæäîé òî÷êå ñ êîîð-

äèíàòàìè ,  íà äâóìåðíîé êàðòå ñîîòâåòñòâóåò òî÷êà

â ìíîãîìåðíîì ïðîñòðàíñòâå äàííûõ. Ñàìûìè ïðîñòûìè
ðàñêðàñêàìè ÿâëÿþòñÿ ðàñêðàñêè, îòðàæàþùèå çíà÷åíèå
òîé èëè èíîé êîîðäèíàòû â òî÷êàõ ðàçìåùåíèÿ êàðòû.
Êðîìå ýòîãî, íà êàðòå ìîæíî îòîáðàæàòü òàêèå êîîðäè-
íàòíûå ôóíêöèè, êàê ïëîòíîñòü ðàñïðåäåëåíèÿ äàííûõ â
ïðîñòðàíñòâå èëè ïëîòíîñòü òîãî èëè èíîãî ïîäìíî-
æåñòâà äàííûõ. Ñàìà ïëîòíîñòü ìîæåò áûòü ðàññ÷èòàíà
ñ ïîìîùüþ êàêîé-ëèáî íåïàðàìåòðè÷åñêîé îöåíêè. Êðî-
ìå ñîáñòâåííî ïëîòíîñòåé ïîäìíîæåñòâ èíòåðåñ ìîãóò
ïðåäñòàâëÿòü ðàñêðàñêè, îòâå÷àþùèå çíà÷åíèþ îòíîñè-

òåëüíûõ ïëîòíîñòåé ïîäìíîæåñòâ íà ôîíå îáùåãî
ðàñïðåäåëåíèÿ.

Â-òðåòüèõ, íà êàðòå ìîæíî èçîáðàæàòü ðàçëè÷íûå
ñâîéñòâà ñàìîãî ìîäåëèðóþùåãî ìíîãîîáðàçèÿ. Íàïðè-
ìåð, ìîæíî ïîëó÷èòü ðàñêðàñêè, îòðàæàþùèå çíà÷åíèÿ
ìåòðè÷åñêèõ êîýôôèöèåíòîâ êàðòû èëè åå êðèâèçíû,
ñâèäåòåëüñòâóþùèå î ìåðå åå ðàñòÿíóòîñòè è èçîãíóòîñòè
íà ðàçíûõ ó÷àñòêàõ. Òàêæå èíòåðåñ ïðåäñòàâëÿåò òàêàÿ
ðàñêðàñêà êàðòû, íà êîòîðîé öâåòîì îòðàæåíû ðàñ-
ñòîÿíèÿ îò òî÷êè êàðòû äî áëèæàéøåé òî÷êè äàííûõ â
ìíîãîìåðíîì ïðîñòðàíñòâå. Òàêàÿ ðàñêðàñêà ïîçâîëÿåò
îöåíèòü ñòåïåíü áëèçîñòè ìîäåëèðóþùåé êàðòû ê òî÷êàì
äàííûõ â ðàçíûõ îáëàñòÿõ ïðîñòðàíñòâà. 

Íàêîíåö, âåñüìà ïëîäîòâîðíîé ìîæåò îêàçàòüñÿ èäåÿ

ñîñòàâëåíèÿ ïî ìíîæåñòâó  íåñêîëüêèõ êàðò (êîòîðûå

ìîæíî ïî àíàëîãèè ñ íà÷åðòàòåëüíîé ãåîìåòðèåé îáðàçíî
íàçâàòü "ãëàâíûìè ïðîåêöèÿìè ìíîæåñòâà"). Ïåðâàÿ èç
òàêèõ êàðò âèçóàëèçèðóåò ñàìè äàííûå, âòîðàÿ "ãëàâíàÿ
ïðîåêöèÿ" âèçóàëèçèðóåò ïîãðåøíîñòè àïïðîêñèìàöèè
äàííûõ (òî åñòü ðàçíîñòè ìåæäó ïîëîæåíèÿìè òî÷åê
äàííûõ è èõ îáðàçàìè íà êàðòå) è ïîçâîëÿåò îöåíèòü
òî÷íîñòü îïèñàíèÿ äàííûõ ïåðâîé êàðòîé, è òàê äàëåå.
Ïîñëåäîâàòåëüíîñòü òàêèõ "ãëàâíûõ ïðîåêöèé" ïîçâî-
ëÿåò ìîäåëèðîâàòü äàííûå ñ âûñîêîé òî÷íîñòüþ, ÷òî, â
ñëó÷àå íåïîëíûõ äàííûõ, ïîçâîëÿåò ïðàâäîïîäîáíî âîñ-
ñòàíàâëèâàòü ïðîïóùåííûå èëè ðåìîíòèðîâàòü íåäîñòî-
âåðíûå äàííûå.

6  ÏÐÈÌÅÍÅÍÈÅ ÌÅÒÎÄÎÂ ÂÈÇÓÀËÈÇÀÖÈÈ 
ÏÐÎÈÇÂÎËÜÍÛÕ ÄÀÍÍÛÕ Ê 
ÊÀÐÒÎÃÐÀÔÈÐÎÂÀÍÈÞ  ÝÊÎÍÎÌÈ×ÅÑÊÈÕ 
ÒÀÁËÈÖ

Â êà÷åñòâå ïðèìåðà ïðèìåíåíèÿ îïèñàííîé òåõíîëî-
ãèè íàìè áûëà ïðåäïðèíÿòà ïîïûòêà ïðèìåíèòü ìåòîäû
âèçóàëèçàöèè ïðîèçâîëüíûõ äàííûõ ê êàðòîãðàôè-
ðîâàíèþ òàáëèöû êðóïíåéøèõ ðîññèéñêèõ ïðåäïðèÿòèé,
âçÿòîé èç æóðíàëà "Ýêñïåðò-200" [3]. Ôàéëû èñõîäíûõ
äàííûõ áûëè ïîëó÷åíû ñ îôèöèàëüíîãî ñàéòà æóðíàëà
http://www.expert.com. 

Èñõîäíàÿ òàáëèöà ñîäåðæàëà èíôîðìàöèþ îá ýêîíî-
ìè÷åñêîì ïîëîæåíèè äâóõñòà êðóïíåéøèõ ðîññèéñêèõ
ïðåäïðèÿòèé, ðàíæèðîâàííóþ â ïîðÿäêå óáûâàíèÿ âà-
ëîâîãî îáúåìà ïðîèçâîäñòâà ïðîäóêöèè. Èçíà÷àëüíî
òàáëèöà ñîäåðæàëà ñëåäóþùèå ïîëÿ-ïðèçíàêè (÷àñòü èç
íèõ ÿâëÿåòñÿ íåçàâèñèìûìè ïðèçíàêàìè, ÷àñòü ðàññ÷è-
òûâàåòñÿ ïî ÿâíûì ôîðìóëàì):

1) Íàçâàíèå ïðåäïðèÿòèÿ;
2) Ðåãèîí ìåñòîíàõîæäåíèÿ ïðåäïðèÿòèÿ;
3) Îòðàñëü, ê êîòîðîé îòíîñèòñÿ ïðåäïðèÿòèå;
4) Âàëîâûé îáúåì ïðîèçâîäñòâà ïðîäóêöèè â 1998 ãî-

äó;
5) Âàëîâûé îáúåì ïðîèçâîäñòâà ïðîäóêöèè â 1997 ãî-

äó;
6) Òåìïû ðîñòà ïðåäïðèÿòèÿ
7) Âàëîâûé îáúåì ïðîèçâîäñòâà â 1998 ãîäó, âûðà-
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æåííûé â äîëëàðîâîì ýêâèâàëåíòå;
8) Áàëàíñîâàÿ ïðèáûëü ïðåäïðèÿòèÿ;
9) Ïðèáûëü ïðåäïðèÿòèÿ ïîñëå íàëîãîîáëîæåíèÿ;
10) Ïðèáûëüíîñòü ïðåäïðèÿòèÿ;
11) ×èñëî ðàáîòàþùèõ íà ïðåäïðèÿòèè;
12) Ïðîèçâîäèòåëüíîñòü òðóäà.

Øóìñêèì [4] óæå áûëà ïðåäïðèíÿòà ïîïûòêà âèçóà-
ëèçàöèè òàáëèöû ïðåäïðèÿòèé, âçÿòîé èç æóðíàëà
"Ýêñïåðò" çà 1997 ãîä. Â ýòîé ðàáîòå áûëè èñïîëüçîâàíû
òðàäèöèîííûå ñàìîîðãàíèçóþùèåñÿ êàðòû Êîõîíåíà è
äèàãðàììû Õèíòîíà. Òàì æå áûëî ïðåäëîæåíî èñïîëüçî-
âàòü â êà÷åñòâå êîîðäèíàò ïðîñòðàíñòâà äàííûõ îòíîøå-
íèÿ íåêîòîðûõ íåçàâèñèìûõ ïðèçíàêîâ èç òàáëèöû.
Áûëî ïðåäëîæåíî ÷åòûðå òàêèõ êîîðäèíàòû.

Íàìè áûëî ðåøåíî ðàñøèðèòü ïðîñòðàíñòâî èñõîäíûõ
äàííûõ åùå îäíèì èçìåðåíèåì, â ðåçóëüòàòå ÷åãî áûë
ïîëó÷åí íàáîð íåçàâèñèìûõ ôàêòîðîâ (òàáë. 1).

Â ðåçóëüòàòå áûëà ñîñòàâëåíà òàáëèöà èç äâóõñîò
çàïèñåé ñ ïÿòüþ ïîëÿìè. ×àñòü çàïèñåé ñîäåðæàëà íå-
ïîëíóþ èíôîðìàöèþ (ïî îòäåëüíûì ïðèçíàêàì èíôîð-
ìàöèÿ îòñóòñòâîâàëà).

Äàííûå áûëè ïðåäâàðèòåëüíî íîðìèðîâàíû ïî ôîð-

ìóëå , ãäå , , ,  - íîâîå, ñòàðîå

çíà÷åíèÿ ôàêòîðà, ñðåäíåå çíà÷åíèå è äèñïåðñèÿ ïðèçíà-
êà ñîîòâåòñòâåííî.

Êàðòà, ñ ïîìîùüþ êîòîðîé îñóùåñòâëÿëàñü âèçóàëèçà-
öèÿ ìíîæåñòâà äàííûõ, áûëà ïîñòðîåíà ïî îïèñàííîìó
âûøå àëãîðèòìó ïîñòðîåíèÿ óïðóãèõ êàðò. Ïåðâîíà÷àëü-
íàÿ ñåêà ñîäåðæàëà 10 óçëîâ ïî âåðòèêàëè è 10 ïî
ãîðèçîíòàëè. Äëÿ íàõîæäåíèÿ ëîêàëüíîãî ìèíèìóìà
ôóíêöèîíàëà ïðèìåíÿëñÿ îïèñàííûé âûøå ìåòîä îòæè-

ãà. Ïàðàìåòðû  è  ìåäëåííî (òàê ÷òîáû ïðè êàæäîì

èçìåíåíèè êàðòà óñïåâàëà ïåðåéòè â áëèçëåæàùèé ëî-

êàëüíûé ìèíèìóì) ìåíÿëèñü îò çíà÷åíèé , 

äî , .

Ïîñëå ïîñòðîåíèÿ óïðóãîé êàðòû äàííûå èç
ïðîñòðàíñòâà ôàêòîðîâ áûëè ñïðîåêòèðîâàíû íà êàðòó ñ
ïîìîùüþ îïèñàííîé âûøå ïðîöåäóðû íàõîæäåíèÿ
áëèæàéøåé òî÷êè êàðòû â ñëó÷àå êóñî÷íî-ëèíåéíîé
èíòåðïîëÿöèè ìåæäó óçëàìè.

Â êà÷åñòâå èëëþñòðàöèè àíàëèçà ýêîíîìè÷åñêèõ äàí-
íûõ íèæå ïðèâåäåíû ðàñêðàñêè ïîëó÷åííîé êàðòû ïî
êîîðäèíàòíûì ïîëÿì, à òàêæå ñëîé ðàññ÷èòàííîé ïëîò-
íîñòè äàííûõ â òî÷êàõ êàðòû. Íà ðàñêðàñêàõ áîëüøèìè
òî÷êàìè ñ íîìåðàìè âûäåëåíà ãðóïïà ïðåäïðèÿòèé, ïðè-
íàäëåæàùèõ íåôòåãàçîâîé ïðîìûøëåííîñòè. Òàêîå âû-
äåëåíèå ïîçâîëÿåò ïðîàíàëèçèðîâàòü ìåñòî òîé èëè èíîé
îòðàñëè ïðîìûøëåííîñòè ñðåäè äðóãèõ ïðåäïðèÿòèé. 

xi
˜ th

xi M–

D
----------------- 

 = xi
˜ xi M D

µ λ

µ 5= λ 5=

µ 0 1,= λ 0 1,=

Òàáëèöà 1

Îáîçíà÷åíèå 
ôàêòîðà

Çíà÷åíèå
Óñëîâíîå 
íàçâàíèå

1 LG_VO1998 Ëîãàðèôì 
âàëîâîãî îáúåìà 

ïðîèçâîäñòâà 
ïðîäóêöèè â 1998 

ãîäó

Ðàçìåð

2 TEMP Òåìï ðîñòà

3 PROFIT_BAL Áàëàíñîâàÿ 
ïðèáûëü

4 PROFIT_NAL ×èñòàÿ 
ïðèáûëü

5 PRODUCTIV Ïðîèçâîäè-
òåëüíîñòü

N

Âàëîâûé îáúåì

ïðîèçâîäñòâà

ïðîäóêöèè

â 1998 ãîäó
Âàëîâûé îáúåì

ïðîèçâîäñòâà

ïðîäóêöèè

â 1997 ãîäó

-------------------------------------------

Áàëàíñîâàÿ

ïðèáûëü

ïðåäïðèÿòèÿ
Âàëîâûé îáúåì

ïðîèçâîäñòâà

ïðîäóêöèè

â 1998 ãîäó

-------------------------------------------

Ïðèáûëü

ïðåäïðèÿòèÿ

ïîñëå

íàëîãîîáëîæåíèÿ
Âàëîâûé îáúåì

ïðîèçâîäñòâà

ïðîäóêöèè

â 1998 ãîäó

------------------------------------------------

Ïðèáûëü

ïðåäïðèÿòèÿ

ïîñëå

íàëîãîîáëîæåíèÿ
×èñëî

ðàáîòàþùèõ íà

ïðåäïðèÿòèè

------------------------------------------------
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à)

á)

â)

ã)

ä)

Ðèñóíîê 4

1) Ðàñêðàñêà ïî ôàêòîðàì
Íà ðèñóíêå 4à èçîáðàæåíî çíà÷åíèå ôàêòîðà

LG_VO1998 â òî÷êàõ êàðòû. Ïðè ýòîì áîëåå ñâåòëûì
ó÷àñòêàì ñîîòâåòñòâóþò áîëåå âûñîêèå ïîêàçàòåëè ôàê-
òîðà. Ñàìûé ÿðêèé öâåò ñîîòâåòñòâóåò ïåðâûì 10% ïðåä-
ïðèÿòèé ñ ñàìûì áîëüøèì âàëîâûì îáúåìîì ïðîèçâîä-
ñòâà. Äëÿ ïðèìåðà êðóæêàìè ñ öèôðàìè âûäåëåíû
ïðåäïðèÿòèÿ íåôòåãàçîâîé ïðîìûøëåííîñòè. Öèôðàì
ñîîòâåòñòâóþò ñëåäóþùèå íàçâàíèÿ ïðåäïðèÿòèé:

1 - ÎÀÎ "Ãàçïðîì";2 - Íåôòÿíàÿ êîìïàíèÿ "ËÓÊîéë";
3 - Áàøêèðñêàÿ òîïëèâíàÿ êîìïàíèÿ; 4 - Íåôòÿíàÿ êîì-
ïàíèÿ "Ñóðãóòíåôòåãàç"; 5 - Òþìåíñêàÿ íåôòÿíàÿ êîìïà-
íèÿ; 6 - "Òàòíåôòü"; 7 - Íåôòÿíàÿ êîìïàíèÿ "Ñëàâ-
íåôòü"; 8 - Íåôòÿíàÿ êîìïàíèÿ "Ðîñíåôòü"; 9 - Îðåí-
áóðãñêàÿ íåôòÿíàÿ êîìïàíèÿ "Îíàêî"; 10 - Öåíòðàëüíàÿ
òîïëèâíàÿ êîìïàíèÿ; 11 - Íåôòÿíàÿ êîìïàíèÿ "Êîìè-
ÒÝÊ". 

Ðèñóíîê 4á èçîáðàæàåò ðàñêðàñêó ïî ïîêàçàòåëþ
TEMP. Êàê âèäíî èç ðèñóíêà 4á, îáëàñòü êðóïíåéøèõ
ïðåäïðèÿòèé íå ïåðåñåêàåòñÿ ñ îáëàñòüþ íàèáîëåå
âûñîêèõ òåìïîâ ðîñòà. Â ïðàâîì íèæíåì óãëó êàðòû,
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íàïðèìåð, ðàñïîëàãàþòñÿ ïðåäïðèÿòèÿ ïèùåâîé ïðî-
ìûøëåííîñòè, öâåòíîé ìåòàëëóðãèè è äðóãèå áûñòðî
ðàçâèâàþùèåñÿ îòðàñëè.

Íà ðèñóíêàõ 4â, 4ã, 4ä ïîêàçàíû ðàñêðàñêè ïî
ôàêòîðàì PROFIT_BAL, PROFIT_NAL, PRODUCTIV.
Ðàñêðàñêè ýòèõ ôàêòîðîâ ñõîæè, ÷òî óêàçûâàåò íà êîð-
ðåëÿöèþ ïîñëåäíèõ òðåõ ïðèçíàêîâ. Âìåñòå ñ ýòèì
ðàçëè÷èÿ â ðàñêðàñêå ïîçâîëÿþò âûäåëèòü ïðåäïðèÿòèÿ,
êîòîðûå âûïàäàþò èç êîððåëÿöèîííîé çàâèñèìîñòè.

2) Ðàñêðàñêà ïî ïëîòíîñòè äàííûõ
Íà ðèñóíêàõ 5à, 5á, 5â ïîêàçàíà ðàñêðàñêà êàðòû ïî

ïëîòíîñòè äàííûõ, îöåíåííîé ñ ïîìîùüþ êàêîé-ëèáî
íåïàðàìåòðè÷åñêîé îöåíêè. Ñóùåñòâóåò äâà ñïîñîáà
îöåíèòü ïëîòíîñòü äàííûõ. Âî-ïåðâûõ, ìîæíî ðàñ-
ñìàòðèâàòü äâóìåðíîå ðàñïðåäåëåíèå òî÷åê íà êàðòå. Âî-
âòîðûõ, ìîæíî ðàññ÷èòàòü ïëîòíîñòü òî÷åê â èñõîäíîì
n-ìåðíîì ïðîñòðàíñòâå, è èçîáðàæàòü íà êàðòå çíà÷åíèÿ
ýòîé ïëîòíîñòè â òî÷êàõ ðàñïîëîæåíèÿ êàðòû. Íà
ðèñóíêàõ èçîáðàæåíî ïðèìåíåíèå ïåðâîãî ñïîñîáà.
Áîëåå òåìíûì ó÷àñòêàì ñîîòâåòñòâóþò áîëåå âûñîêèå
çíà÷åíèÿ ïëîòíîñòè.

Ðèñóíîê 5à èçîáðàæàåò äâóìåðíîå ðàñïðåäåëåíèå
îáùåé ïëîòíîñòè äàííûõ. Íà ðèñóíêå 5á - ðàñïðå-
äåëåíèå ïëîòíîñòè ïðåäïðèÿòèé íåôòåãàçîâîé ïðîìûø-
ëåííîñòè. Ðèñóíîê 5â îòðàæàåò óäîáíóþ äëÿ îöåíîê
îòíîñèòåëüíóþ ïëîòíîñòü ïðåäïðèÿòèé íåôòåãàçîâîé
ïðîìûøëåííîñòè (òî åñòü îòíîøåíèå ïåðâûõ äâóõ
ïëîòíîñòåé).

Íà ðèñóíêå 6 îòðàæåíî ðàññòîÿíèå îò êàæäîé èç òî÷åê
êàðòû äî áëèæàéøåé òî÷êè äàííûõ. Áîëåå òåìíûì
ó÷àñòêàì ñîîòâåòñòâóþò áîëüøèå ðàññòîÿíèÿ. Âèäíî, ÷òî
â öåëîì äàííûå äîñòàòî÷íî ïëîòíî ïðèëåãàþò ê êàðòå, çà
èñêëþ÷åíèåì ó÷àñòêà â ëåâîì âåðõíåì óãëó (âïðî÷åì,
òî÷êè äàííûõ òàì îòñóòñòâóþò è òåìíûé öâåò óêàçûâàåò
íà òî, ÷òî òî÷êè â ëåâîì âåðõíåì óãëó êàðòû ðàñ-
ïîëîæåíû â ìíîãîìåðíîì ïðîñòðàíñòâå äîñòàòî÷íî äàëå-
êî îò îñíîâíîãî ìàññèâà äàííûõ).

Áåãëûé âçãëÿä íà ðèñóíêè ïîçâîëÿåò ñäåëàòü, íàïðè-
ìåð, òàêèå âûâîäû. Ïðåäïðèÿòèÿ íåôòåãàçîâîé ïðîìûø-
ëåííîñòè ÿâëÿþòñÿ ëèäåðàìè ïî îáúåìó âàëîâîãî ïðî-
èçâîäñòâà, íî òåìïû ðîñòà ýòîé îáëàñòè ïðîìûøëåí-
íîñòè íåâåëèêè ïî ñðàâíåíèþ, íàïðèìåð, ñ ïèùåâîé
ïðîìûøëåííîñòüþ. Ïðåäïðèÿòèÿ íåôòåãàçîâîé ïðîìûø-
ëåííîñòè ðàñïàäàþòñÿ íà äâå ãðóïïû, êîòîðûå ñóùå-
ñòâåííî îòëè÷àþòñÿ ïî ïðèáûëüíîñòè ïðîèçâîäñòâà. Â
öåëîì, íàáîð òàêèõ ðèñóíêîâ ìîãóò ñëóæèòü óäîáíûì
ñðåäñòâîì àíàëèçà äëÿ ñïåöèàëèñòîâ â ìàêðîýêîíîìèêå.

à)

á)

â)

Ðèñóíîê 5
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Ðèñóíîê 6

7  ÇÀÊËÞ×ÅÍÈÅ

Ðàçðàáîòàíà è îïðîáîâàíà íà ïðàêòèêå òåõíîëîãèÿ
âèçóàëèçàöèè èëè êàðòîãðàôèðîâàíèÿ ìíîãîìåðíûõ äàí-
íûõ (â êîòîðûõ ìîãóò ñîäåðæàòüñÿ ïðîáåëû) ñ ïîìîùüþ
âëîæåííûõ â ïðîñòðàíñòâî äàííûõ äâóìåðíûõ ìíîãî-
îáðàçèé, íàçâàííûõ óïðóãèìè êàðòàìè. È àëãîðèòì
ïîñòðîåíèÿ ýòèõ ìíîãîîáðàçèé, è îáùàÿ èäåîëîãèÿ
âèçóàëèçàöèè äàííûõ ñ èõ ïîìîùüþ ñóùåñòâåííî
îòëè÷àåòñÿ îò îáùåïðèíÿòîé íà ñåãîäíÿøíèé äåíü
òåõíîëîãèè SOM. Îñîáåííîñòüþ òåõíîëîãèè òàêæå ÿâëÿ-

åòñÿ âîçìîæíîñòü íåïðåðûâíîãî ïðîåêòèðîâàíèÿ äàííûõ
íà êàðòó, ÷òî ñóùåñòâåííî ïîâûøàåò òî÷íîñòü ïðåäñòàâ-
ëåíèÿ äàííûõ.

Åùå ðàç ñòîèò îòìåòèòü, ÷òî îïèñàííàÿ òåõíîëîãèÿ
îòêðûâàåò ïåðñïåêòèâû äëÿ èñïîëüçîâàíèÿ âñåãî àðñå-
íàëà ìåòîäîâ è ñðåäñòâ, íàêîïëåííûõ â ÃÈÑ-òåõíî-
ëîãèÿõ äëÿ êàðòèðîâàíèÿ äàííûõ ñàìîé ðàçëè÷íîé
ïðèðîäû, áåç ïðèâÿçêè ê ãåîãðàôè÷åñêèì êîîðäèíàòàì.
Ìîæíî ñêàçàòü, ÷òî âìåñòî ãåîãðàôè÷åñêîé êàðòû â
îïèñàííîé òåõíîëîãèè èñïîëüçóåòñÿ ïîäëîæêà, îáðàçî-
âàííàÿ ñòðóêòóðîé ñàìèõ äàííûõ.

Còàòüÿ âûïîëíåíà ïðè ïîääåðæêå ãðàíòà äëÿ ìîëîäûõ
ó÷åíûõ ¹1Ì0034 Êðàñíîÿðñêîãîêðàåâîãî ôîíäà íàóêè.
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Ðàññìîòðåíà òðåõóðîâíåâàÿ ìîäåëü ôîðìèðîâàíèÿ äîïóñ-
êîâ ïðè ïðîèçâîäñòâå è ýêñïëóàòàöèè ýëåêòðîííûõ àïïà-
ðàòîâ. Èñïîëüçóþòñÿ ýêâèâàëåíòíûå ïàðàìåòðû ìíîãîýëå-
ìåíòíûõ ìîäåëåé. Ïîëó÷åíû óñëîâèÿ êîìïåíñàöèè âíåøíèõ
âîçäåéñòâèé â ìíîãîýëåìåíòíûõ ìîäåëÿõ.

Ðîçãëÿíóòà òðüîõð³âíåâà ìîäåëü ôîðìóâàííÿ äîïóñê³â ïðè
âèðîáíèöòâ³ ³ åêñïëóàòàö³¿ åëåêòðîííèõ àïàðàò³â. Âèêîðè-
ñòîâóþòüñÿ åêâ³âàëåíòí³ ïàðàìåòðè áàãàòîåëåìåíòíèõ ìîäå-
ëåé. Îòðèìàí³ óìîâè êîìïåíñàö³¿ çîâí³øí³õ âïëèâ³â ó áàãàòî-
åëåìåíòíèõ ìîäåëÿõ.

The three-level model of forming tolerances is considered
when producing and maintaining electronic devices. Equivalent
parameters of multiple models are used. The conditions of com-
pensation of exposures in multiple models are obtained.

ÂÂÅÄÅÍÈÅ

Â áîëüøèíñòâå ñëó÷àåâ îòêëîíåíèÿ ïàðàìåòðîâ
ýëåêòðîðàäèîýëåìåíòîâ çàäàþòñÿ ïðè íîðìàëüíûõ
óñëîâèÿõ îêðóæàþùåé ñðåäû. Â ïðîöåññå ýêñïëóàòàöèè
ýëåêòðîííûõ àïïàðàòîâ âíåøíèå âîçäåéñòâèÿ ïðèâîäÿò ê
èçìåíåíèþ íîìèíàëüíûõ îòêëîíåíèé ïàðàìåòðîâ è óõóä-
øåíèþ ïîêàçàòåëåé àïïàðàòóðû. Îöåíêè ïîêàçûâàþò,
÷òî èçìåíåíèÿ îòêëîíåíèé ìîãóò äîñòèãàòü 30-50% èõ
íîìèíàëüíîãî çíà÷åíèÿ ïðè èñïîëüçîâàíèè ýëåêòðîðà-
äèîýëåìåíòîâ îáùåãî íàçíà÷åíèÿ. Äëÿ ïðåöèçèîííûõ
ýëåìåíòîâ ýòîò ïîêàçàòåëü ìîæåò óâåëè÷èâàòüñÿ äî 70-
150%.

Ó÷åò ýòèõ îñîáåííîñòåé íà ñòàäèè ðàçðàáîòêè
ýëåêòðîííûõ àïïàðàòîâ ìîæåò îñóùåñòâëÿòüñÿ ïóòåì
ïðåäñòàâëåíèÿ ïàðàìåòðîâ â âèäå èíòåðâàëîâ, ãðàíèöû
êîòîðûõ ÿâëÿþòñÿ èíòåðâàëüíûìè âåëè÷èíàìè [1,2].
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Ýòè ïðåäñòàâëåíèÿ îñíîâûâàþòñÿ íà ïåðåìåùåíèè
ãðàíèö èíòåðâàëîâ ïðè âíåøíèõ âîçäåéñòâèÿõ. Â îáùåì
ñëó÷àå ìîæíî âûäåëèòü ÷åòûðå îñíîâíûõ óðîâíÿ ó÷åòà
îòêëîíåíèé ïàðàìåòðîâ ñ ïîìîùüþ èíòåðâàëüíûõ
âåëè÷èí (ðèñ.1). Íóëåâîìó óðîâíþ ñîîòâåòñòâóåò îïè-
ñàíèå ïàðàìåòðîâ ýëåìåíòîâ òîëüêî íà îñíîâå åãî
íîìèíàëüíîãî çíà÷åíèÿ. Ïåðâûé óðîâåíü ïîçâîëÿåò
ó÷åñòü îòêëîíåíèÿ ïàðàìåòðîâ ýëåìåíòîâ, âîçíèêàþùèå
â ïðîöåññå èõ èçãîòîâëåíèÿ. Íàðÿäó ñ íîìèíàëüíûì
çíà÷åíèåì îïèñàíèå ïàðàìåòðîâ ìîäåëè âêëþ÷àåò èõ
îòêëîíåíèÿ. Èíòåðâàëüíîå ïðåäñòàâëåíèå èìååò âèä:

, (1)

ãäå  è  - íèæíÿÿ è âåðõíÿÿ ãðàíèöû èíòåðâàëà .

Ðèñóíîê 1 - Ìîäåëè ó÷åòà îòêëîíåíèé ïàðàìåòðîâ

Âòîðîé óðîâåíü ïîçâîëÿåò ó÷åñòü îòêëîíåíèÿ ïàðàìåò-
ðîâ, âûçâàííûõ âíåøíèìè âîçäåéñòâèÿìè. Êàæäàÿ èç
ãðàíèö èíòåðâàëà ñòàíîâèòñÿ èíòåðâàëîì:

, , (2)

ãäå èíäåêñû m è M ñîîòâåòñòâóþò ìèíèìàëüíîìó è ìàê-
ñèìàëüíîìó çíà÷åíèþ èçìåíåííûõ ãðàíèö èíòåðâàëà.

Ïàðàìåòð ïðè ýòîì ñòàíîâèòñÿ èíòåðâàëîì ñ èíòåð-
âàëüíûìè ãðàíèöàìè:

, (3)

à ãðàíè÷íûå çíà÷åíèÿ ïàðàìåòðà îïðåäåëÿþòñÿ èíòåðâà-
ëîì:

. (4)

Âòîðîìó óðîâíþ ñîîòâåòñòâóåò íîìèíàëüíîå çíà÷åíèå
ôóíêöèè âëèÿíèÿ âíåøíèõ âîçäåéñòâèé íà ïàðàìåòð.
Òðåòèé óðîâåíü ó÷èòûâàåò îòêëîíåíèÿ ôóíêöèè âëèÿíèÿ
îò åå íîìèíàëüíîãî çíà÷åíèÿ, êîòîðûå îáóñëîâëåíû îñî-
áåííîñòÿìè ïðîèçâîäñòâà ýëåêòðîííûõ àïïàðàòîâ. Íèæ-
íåìó è âåðõíåìó çíà÷åíèþ ôóíêöèè âëèÿíèÿ ñîîòâåò-
ñòâóþò èíòåðâàëû ñ èíòåðâàëüíûìè ãðàíèöàìè (äâóõñòó-
ïåí÷àòûå èíòåðâàëû):

, , (5)

à ïàðàìåòð ñòàíîâèòñÿ òðåõñòóïåí÷àòûì èíòåðâàëîì:

A . (6)

Ãðàíè÷íûå çíà÷åíèÿ ïàðàìåòðà äëÿ òðåòüåãî óðîâíÿ
îïðåäåëÿþòñÿ èíòåðâàëàìè:

. (7)

Âèä ñîîòíîøåíèé (2) - (7) çàâèñèò îò âåëè÷èíû
âíåøíèõ âîçäåéñòâèé è ôóíêöèè âëèÿíèÿ, ñâÿçûâàþùåé
âíåøíèå âîçäåéñòâèÿ ñ èçìåíåíèåì ïàðàìåòðîâ ýëåìåí-
òîâ. Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå
ýòîãî âëèÿíèÿ íà ïàðàìåòðû ýëåìåíòîâ è íà ïàðàìåòðû
ìîäåëåé, ó êîòîðûõ ïðîÿâëÿåòñÿ âçàèìîäåéñòâèå ðàçëè÷-
íûõ âåëè÷èí, ïîäâåðæåííûõ âíåøíèì âîçäåéñòâèÿì.

1 ÐÀÑ×ÅÒ ÄÎÏÓÑÊÎÂ ÎÄÍÎÝËÅÌÅÍÒÍÛÕ 
ÌÎÄÅËÅÉ

Ïåðåìåùåíèå ãðàíèö èíòåðâàëîâ ïðè âíåøíèõ âîçäåé-
ñòâèÿõ ìîæíî ïðåäñòàâèòü âûðàæåíèåì:

, (8)

ãäå  - çíà÷åíèå k-îé ãðàíèöû (íèæíåé èëè âåðõíåé)

èíòåðâàëà ïðè íîðìàëüíûõ óñëîâèÿõ îêðóæàþùåé ñðå-
äû;

 - âåêòîð n âíåøíèõ âîçäåéñòâèé ñ

àìïëèòóäàìè ;

   - ôóíêöèÿ âëèÿíèÿ âíåøíèõ âîçäåéñòâèé íà k-óþ

ãðàíèöó èíòåðâàëà.
Ïðè îòñóòñòâèè âíåøíèõ âîçäåéñòâèé:

, .

Åñëè ïðîèçâîäèòñÿ îöåíêà ãðàíèö èíòåðâàëà â äèàïà-
çîíå èçìåíåíèÿ âíåøíèõ âîçäåéñòâèé, òî òîãäà àìïëèòó-
äû è âåêòîð âíåøíèõ âîçäåéñòâèé ñòàíîâÿòñÿ èíòåðâàëü-
íûìè âåëè÷èíàìè:

; ,

à ôóíêöèè  ñîîòâåòñòâóåò åå èíòåðâàëüíîå ðàñøè-

ðåíèå  [3,4]. Ãðàíè÷íûå çíà÷åíèÿ èíòåðâàëà (4)

ìîãóò òîãäà îïðåäåëÿòüñÿ ñ ïîìîùüþ ñîîòíîøåíèé:

; , (9)

ãäå  è  - èíòåðâàëüíûå ðàñøèðåíèÿ ôóíêöèè

âëèÿíèÿ íèæíåé è âåðõíèõ ãðàíèö èíòåðâàëà (1).
Ó÷åò èíòåðâàëüíîãî õàðàêòåðà ôóíêöèè âëèÿíèÿ ïðå-

a a a;[ ]=

a a a

a a
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îáðàçóåò (9) â èíòåðâàëüíûå ñîîòíîøåíèÿ è ãðàíèöû
èíòåðâàëà (7) îïðåäåëÿþòñÿ âûðàæåíèÿìè:

;

, (10)

ãäå  è  - èíòåðâàëüíûå ôóíêöèè âëèÿíèÿ

íèæíåé è âåðõíåé ãðàíèö.
Â áîëüøèíñòâå ïðàêòè÷åñêèõ ïðèëîæåíèé âíåøíèå

âîçäåéñòâèÿ ïðîÿâëÿþòñÿ âçàèìîíåçàâèñèìî. Ýòî ïîçâî-
ëÿåò ôóíêöèþ âëèÿíèÿ ïðåäñòàâèòü â âèäå ñåïàðà-
áåëüíîé ôóíêöèè:

. (11)

Åñëè êàæäàÿ èç ôóíêöèé  ÿâëÿåòñÿ ëèíåéíîé

ôóíêöèåé, òî ñîîòíîøåíèå (11) ìîæåò áûòü ïðåäñòàâ-
ëåíî â âèäå [2]:

, (12)

ãäå  - êîýôôèöèåíò i-ãî âíåøíåãî âîçäåéñòâèÿ.

 è  - ïðèâåäåííûå êîýôôèöèåíò è âåëè÷èíà âíåø-

íåãî âîçäåéñòâèÿ.
Ñ ó÷åòîì ñîîòíîøåíèÿ (12) âûðàæåíèÿ (9) ïðåîáðà-

çóþòñÿ ê âèäó:

; . (13)

Ñîîòíîøåíèÿ (13) ïîçâîëÿþò îñóùåñòâèòü îöåíêó îò-
êëîíåíèé ïðè íîìèíàëüíûõ çíà÷åíèÿõ êîýôôèöèåíòîâ
âíåøíèõ âîçäåéñòâèé. Â áîëüøèíñòâå ñëó÷àåâ òàêîé
îöåíêè îêàçûâàåòñÿ äîñòàòî÷íî. Íî ïðè çíà÷èòåëüíûõ
îòêëîíåíèÿõ êîýôôèöèåíòà âíåøíèõ âîçäåéñòâèé îò åãî
íîìèíàëüíîé âåëè÷èíû âîçíèêàåò íåîáõîäèìîñòü â áîëåå
òî÷íîì ðàñ÷åòå îòêëîíåíèé âåðõíèõ è íèæíèõ ãðàíèö

; , (14)

ãäå  - èíòåðâàëüíûé êîýôôèöèåíò âíåøíèõ

âîçäåéñòâèé.
Ñîîòíîøåíèÿ (13) è (14) ìîãóò èñïîëüçîâàòüñÿ äëÿ

ðàñ÷åòà ïðåäåëüíûõ îòêëîíåíèé îäíîãî ïàðàìåòðà. Åñëè
ýòè âûðàæåíèÿ èñïîëüçîâàòü ïðè ðàñ÷åòå äîïóñêîâ
ìîäåëåé ñ âçàèìîäåéñòâóþùèìè ïàðàìåòðàìè, òî ïîëó-
÷åííûå èíòåðâàëüíûå îöåíêè íå áóäóò ó÷èòûâàòü âçà-
èìíîãî ïåðåìåùåíèÿ ãðàíèö ó ðàçëè÷íûõ ïàðàìåòðîâ. Â
ðåçóëüòàòå ìîãóò ïîëó÷èòüñÿ çàâûøåííûå çíà÷åíèÿ ãðà-
íèö èíòåðâàëîâ è, ñîîòâåòñòâåííî, äîïóñêîâ.

2 ÈÑÑËÅÄÎÂÀÍÈÅ ÌÍÎÃÎÝËÅÌÅÍÒÍÛÕ 
ÌÎÄÅËÅÉ

Â ìíîãîýëåìåíòíûõ ìîäåëÿõ ñ ôóíêöèîíàëüíûìè çà-
âèñèìîñòÿìè ïàðàìåòðîâ ìîäåëè ëþáàÿ èç ôóíêöèé ìî-
æåò áûòü ïðåäñòàâëåíà â âèäå åå èíòåðâàëüíîãî ðàñøèðå-
íèÿ. Ïîñëå ýòîãî àíàëèç âíåøíèõ âîçäåéñòâèé íà ìîäåëè
ñ âçàèìîäåéñòâóþùèìè ïàðàìåòðàìè ñâîäèòñÿ ê èññëåäî-
âàíèþ àðèôìåòè÷åñêèõ îïåðàöèé íàä èíòåðâàëàìè ñ ïîä-
âèæíûìè ãðàíèöàìè.

Âíåøíèå âîçäåéñòâèÿ ñ àìïëèòóäîé  íà èíòåðâàëû ñ

ôóíêöèÿìè âëèÿíèÿ (12) ïðèâîäÿò ê îäíîâðåìåííîìó
èçìåíåíèþ ãðàíèö èíòåðâàëà:

. (15)

Îïåðàöèÿ ñëîæåíèÿ äâóõ òàêèõ èíòåðâàëîâ ïðèâîäèò
ê ñîîòíîøåíèÿì:

Ïîñëåäíåå âûðàæåíèå ìîæåò áûòü ïðèâåäåíî ê âèäó
(15) ñ ýêâèâàëåíòíûìè ïàðàìåòðàìè:

. (16)

ãäå  è  - ýêâèâàëåíòíûå ãðàíèöû èíòåðâàëîâ è êî-

ýôôèöèåíòû âíåøíèõ âîçäåéñòâèé.

Âåëè÷èíû  è  îïðåäåëÿþòñÿ ñ ïîìîùüþ ñîîòíî-

øåíèé:

; ;

; . (17)

Êàê ñëåäóåò èç âûðàæåíèé (17), ïðè îäèíàêîâûõ

çíàêàõ  è  ýêâèâàëåíòíûå êîýôôèöèåíòû âíåøíåãî

âîçäåéñòâèÿ íå ïðåâûøàþò ìàêñèìàëüíîãî çíà÷åíèÿ êî-
ýôôèöèåíòîâ ñëàãàåìûõ. Âîçìîæíà âçàèìíàÿ êîìïåíñà-
öèÿ ïåðåìåùåíèÿ ãðàíèö ñóììû ïðè âûïîëíåíèè óñëî-
âèé:

. (18)

Åñëè óñëîâèÿ (18) âûïîëíÿþòñÿ, òî îòêëîíåíèå ïàðà-

ìåòðà  íå èçìåíÿåòñÿ ïðè èçìåíåíèè îáîáùåííîé àì-

ïëèòóäû âíåøíåãî âîçäåéñòâèÿ.
Îïåðàöèÿ âû÷èòàíèÿ äâóõ èíòåðâàëîâ ñ ïëàâàþùèìè

ãðàíèöàìè ïðèâîäèò ê âûðàæåíèþ:
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Ýêâèâàëåíòíûå ãðàíèöû èíòåðâàëîâ è êîýôôèöèåíòû
âíåøíèõ âîçäåéñòâèé äëÿ îïåðàöèè âû÷èòàíèÿ èìåþò
âèä:

; ;

; . (19)

Óñëîâèÿ êîìïåíñàöèè âíåøíåãî âîçäåéñòâèÿ íà ãðà-
íèöû ðàçíîñòè âûòåêàþò èç âûðàæåíèé (19):

. (20)

Îïåðàöèÿ óìíîæåíèÿ äâóõ èíòåðâàëîâ âèäà (15) ïðè-
âîäèò ê ñîîòíîøåíèÿì:

(21)

Ïðåäñòàâëåíèå âûðàæåíèÿ (21) â âèäå (15) ïðèâîäèò
ê ýêâèâàëåíòíûì ïàðàìåòðàì:

; ;

; . (22)

Ïîñëå óìíîæåíèÿ äâóõ èíòåðâàëîâ ñ ïëàâàþùèìè ãðà-
íèöàìè ýêâèâàëåíòíûå êîýôôèöèåíòû âíåøíåãî âîçäåé-
ñòâèÿ îêàçûâàþòñÿ çàâèñÿùèìè îò àìïëèòóäû âíåøíåãî
âîçäåéñòâèÿ.

Ïðè âûïîëíåíèè óñëîâèé:

; 

ñîîòíîøåíèÿ äëÿ ýêâèâàëåíòíûõ êîýôôèöèåíòîâ âíåø-
íèõ âîçäåéñòâèé ìîæíî ïðåäñòàâèòü â âèäå:

; .

Òîãäà êîìïåíñàöèÿ âíåøíèõ âîçäåéñòâèé îêàçûâàåòñÿ
âîçìîæíîé, åñëè âûïîëíÿþòñÿ óñëîâèÿ:

; . (23)

Îïåðàöèÿ äåëåíèÿ äâóõ èíòåðâàëîâ âèäà (15) ïðèâî-
äèò ê ñîîòíîøåíèþ:

. (24)

Âûðàæåíèå (24) ïðåîáðàçóåòñÿ ê âèäó (15), åñëè ïðè-
íÿòü îáîçíà÷åíèÿ:

; ;

; . (25)

Ýêâèâàëåíòíûå êîýôôèöèåíòû âíåøíåãî âîçäåéñòâèÿ
÷àñòíîãî (25) îêàçûâàþòñÿ çàâèñÿùèìè îò àìïëèòóäû
âíåøíåãî âîçäåéñòâèÿ. Óñëîâèÿ êîìïåíñàöèè âíåøíèõ
âîçäåéñòâèé ïðè äåëåíèè äâóõ ïàðàìåòðîâ èìåþò âèä:

; . (26)

Ïðè âûïîëíåíèè óñëîâèé (18), (20), (23) è (26)
îòêëîíåíèå ïàðàìåòðîâ ìíîãîýëåìåíòíûõ ìîäåëåé íå
èçìåíÿåòñÿ ïðè èçìåíåíèè îáîáùåíèé àìïëèòóäû
âíåøíåãî âîçäåéñòâèÿ. Çíà÷åíèÿ ãðàíèö èíòåðâàëîâ
ìíîãîýëåìåíòíûõ ìîäåëåé òîãäà îñòàþòñÿ ðàâíûìè èõ
çíà÷åíèÿì ïðè íîðìàëüíûõ óñëîâèÿõ îêðóæàþùåé
ñðåäû.

3 ÀÐÈÔÌÅÒÈÊÀ ÈÍÒÅÐÂÀËÎÂ Ñ 
ÏËÀÂÀÞÙÈÌÈ ÃÐÀÍÈÖÀÌÈ

Âûðàæåíèÿ äëÿ ýêâèâàëåíòíûõ ïàðàìåòðîâ ìíîãî-
ýëåìåíòíûõ ìîäåëåé è óñëîâèÿ êîìïåíñàöèè îòêëîíåíèé
ïîëó÷åíû ïðè ïðåäñòàâëåíèè îáîáùåííûõ êîýôôèöè-
åíòîâ è àìïëèòóä âíåøíèõ âîçäåéñòâèé â âèäå âåùå-
ñòâåííûõ ÷èñåë. Èñïîëüçîâàíèå êëàññè÷åñêîé èíòåðâàëü-
íîé àðèôìåòèêè ïðè èíòåðâàëüíîì õàðàêòåðå ýòèõ âåë-
è÷èí ïðèâîäèò ê çàâûøåííîìó çíà÷åíèþ îòêëîíåíèé.
Ñâÿçàíî ýòî ñ òåì, ÷òî â êëàññè÷åñêîé èíòåðâàëüíîé
àðèôìåòèêå íå ó÷èòûâàåòñÿ íàïðàâëåíèå äâèæåíèÿ
ãðàíèö èíòåðâàëîâ ïðè âçàèìîäåéñòâèè èíòåðâàëüíûõ
âåëè÷èí. Äëÿ ó÷åòà ýòîãî âçàèìîäåéñòâèÿ ââåäåì îïå-
ðàöèþ ñâÿçàííîãî óìíîæåíèÿ:

, (27)

ãäå  - âåùåñòâåííîå ÷èñëî.

Ïðè ïîëîæèòåëüíûõ çíà÷åíèÿõ  âûðàæåíèå (27)

ñîâïàäàåò ñ âûðàæåíèåì êëàññè÷åñêîé èíòåðâàëüíîé
àðèôìåòèêè, ñîõðàíÿþùèì îðèåíòàöèþ èíòåðâàëà. Îò-

ðèöàòåëüíîìó çíà÷åíèþ  ñîîòâåòñòâóåò îáðàòíûé èí-

òåðâàë. Óâåëè÷åíèå  â ýòîì ñëó÷àå ñîïðîâîæäàåòñÿ

óìåíüøåíèåì èíòåðâàëüíîé ãðàíèöû ïàðàìåòðà, ÷òî ó÷è-
òûâàåò íàïðàâëåíèå ïåðåìåùåíèÿ ãðàíèö. Îïåðàöèÿ ñâÿ-
çàííîãî óìíîæåíèÿ îáëàäàåò ñâîéñòâîì:

. (28)

Èíòåðâàëüíàÿ çàïèñü ãðàíèö èíòåðâàëà (15) ñ ó÷åòîì
ñîîòíîøåíèé (27) è (28) èìååò âèä:

;
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. (29)

Â ýòîì ñëó÷àå ðåçóëüòàòû èíòåðâàëüíûõ àðèôìåòè÷å-
ñêèõ îïåðàöèé ìîãóò áûòü ïðåäñòàâëåíû ñ èñïîëüçî-
âàíèåì ïîëó÷åííûõ ðàíåå ýêâèâàëåíòíûõ êîýôôèöèåí-
òîâ âíåøíèõ âîçäåéñòâèé. Îñòàþòñÿ â ñèëå è óñëîâèÿ
êîìïåíñàöèè âëèÿíèÿ âíåøíèõ âîçäåéñòâèé íà ãðàíèöû
ïàðàìåòðîâ ìíîãîýëåìåíòíûõ ìîäåëåé.

Ïðèìåíåíèå èíòåðâàëüíûõ êîýôôèöèåíòîâ âíåøíèõ
âîçäåéñòâèé íå âíîñèò ñóùåñòâåííûõ èçìåíåíèé â
ïîëó÷åííûå ñîîòíîøåíèÿ. Ñëåäóåò òîëüêî ó÷èòûâàòü,
÷òî âî âñåõ ñîîòíîøåíèÿõ äëÿ ýêâèâàëåíòíûõ êîýôôè-
öèåíòîâ ïîäñòàâëÿåòñÿ ìàêñèìàëüíîå ïî ìîäóëþ çíà÷å-
íèå êîýôôèöèåíòà âíåøíèõ âîçäåéñòâèé.

ÇÀÊËÞ×ÅÍÈÅ

Òàêèì îáðàçîì, ïðè ðàñ÷åòå âëèÿíèÿ âíåøíèõ âîçäåé-
ñòâèé íà îòêëîíåíèÿ ïàðàìåòðîâ ìîãóò èñïîëüçîâàòüñÿ
ìíîãîóðîâíåâûå ìîäåëè ñ èíòåðâàëüíûìè êîýôôèöè-
åíòàìè è àìïëèòóäàìè âíåøíèõ âîçäåéñòâèé. Â áîëü-
øèíñòâå ñëó÷àåâ ïðè ðàñ÷åòå îòêëîíåíèé ìîãóò èñïîëü-
çîâàòüñÿ âåùåñòâåííûå êîýôôèöèåíòû âíåøíèõ âîçäåé-
ñòâèé. Íåîáõîäèìîñòü èñïîëüçîâàíèÿ èíòåðâàëüíûõ êî-

ýôôèöèåíòîâ âíåøíèõ âîçäåéñòâèé âîçíèêàåò ïðè ðàñ÷å-
òå äîïóñêîâ ïðåöèçèîííûõ óñòðîéñòâ.

Â ìíîãîýëåìåíòíûõ ìîäåëÿõ ýëåêòðîííûõ óñòðîéñòâ
âîçìîæíî èñïîëüçîâàíèå ýêâèâàëåíòíûõ êîýôôèöèåíòîâ
âíåøíèõ âîçäåéñòâèé. Âàæíîé îñîáåííîñòüþ ýòèõ ìîäå-
ëåé ÿâëÿåòñÿ âîçìîæíîñòü êîìïåíñàöèè âíåøíèõ âîçäåé-
ñòâèé íà ãðàíèöû ðåçóëüòèðóþùåãî èíòåðâàëà. Ðàñ÷åò
äîïóñêîâ â ìíîãîýëåìåíòíûõ ìîäåëÿõ ïðîèçâîäèòñÿ ñ
ó÷åòîì âçàèìíîãî ïåðåìåùåíèÿ ãðàíèö èíòåðâàëîâ. Äëÿ
ýòîãî ââåäåíà îïåðàöèÿ ñâÿçàííîãî óìíîæåíèÿ èíòåð-
âàëîâ.
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Å. Í. Ëèòâèíîâ, À. Ñ. Ëèõîóçîâ, Ò. À. Ëèõîóçîâà

Ðàáîòà êàñàåòñÿ ïðîáëåìû èäåíòèôèêàöèè ìíîãîñâÿçíûõ
ñèñòåì. Ðàçðàáîòàí àëãîðèòì ïîñòðîåíèÿ ñòðóêòóðèðîâàí-
íîé ìîäåëè ìíîãîñâÿçíîé ñèñòåìû íà îñíîâå àäàïòàöèè
èçâåñòíûõ àëãîðèòìîâ ñòðóêòóðíîé èäåíòèôèêàöèè ñèñòåì.
Äëÿ îöåíêè êà÷åñòâà ìîäåëåé èñïîëüçóåòñÿ èíôîðìàöèîííûé
êðèòåðèé.

Ðîáîòà ïîâ'ÿçàíà ç ïðîáëåìîþ ³äåíòèô³êàö³¿ áàãàòîçâ'ÿç-
íèõ ñèñòåì. Ðîçðîáëåíî àëãîðèòì ñèíòåçó ñòðóêòóðîâàíî¿
ìîäåë³ áàãàòîçâ'ÿçíî¿ ñèñòåìè íà îñíîâ³ àäàïòàö³¿ â³äîìèõ
àëãîðèòì³â ñòðóêòóðíî¿ ³äåíòèô³êàö³¿ ñèñòåì. Äëÿ îö³íêè
ÿêîñò³ ìîäåëåé âèêîðèñòîâóºòüñÿ ³íôîðìàö³éíèé êðèòåð³é.

The work concerns a problem of identification of multicoher-
ent systems. The algorithm of construction of the structured
model of multicoherent system is developed on the basis of adap-
tation of known algorithms of structural identification of sys-
tems. For an estimation of quality of models the informational
criterion is used.

Çàäà÷à èäåíòèôèêàöèè ñèñòåì ïî íàáëþäåíèÿì ÿâëÿ-
åòñÿ îäíîé èç îñíîâíûõ çàäà÷ ñîâðåìåííîé òåîðèè
àâòîìàòè÷åñêîãî óïðàâëåíèÿ. Îíà èìååò ìåñòî ïðè èçó-
÷åíèè ñâîéñòâ è îñîáåííîñòåé îáúåêòîâ ñ öåëüþ êîíòðî-
ëÿ, ïîñëåäóþùåãî óïðàâëåíèÿ èìè, à òàêæå ïðè ñîçäà-
íèè àäàïòèâíûõ ñèñòåì, â êîòîðûõ íà îñíîâå èäåí-

òèôèêàöèè îáúåêòà ôîðìèðóþòñÿ îïòèìàëüíûå óïðàâëÿ-
þùèå âîçäåéñòâèÿ. Ñ çàäà÷åé èäåíòèôèêàöèè èññëåäîâà-
òåëü ñòàëêèâàåòñÿ âî âðåìÿ àíàëèçà ðàçëè÷íîãî ðîäà
èíôîðìàöèè, íàïðèìåð, ôèçè÷åñêîãî, ýêîíîìè÷åñêîãî,
ñîöèîëîãè÷åñêîãî, áèîëîãè÷åñêîãî õàðàêòåðà è ò.ä.

Â ïîñëåäíèå ãîäû â ëèòåðàòóðå áîëüøîå âíèìàíèå
óäåëÿåòñÿ çàäà÷å èäåíòèôèêàöèè ñèñòåì ñ êîíå÷íûì
÷èñëîì ñîñòîÿíèé è, îñîáåííî, âåðîÿòíîñòíûõ ñèñòåì [1-
6]. Êàê ïðàâèëî, çàäà÷à èäåíòèôèêàöèè ïðè ýòîì
îïèñûâàåòñÿ êàê ìíîãîöåëåâàÿ çàäà÷à îïòèìèçàöèè. Â
òàêîé ïîñòàíîâêå îíà ôîðìóëèðóåòñÿ ñëåäóþùèì îáðà-
çîì: íåîáõîäèìî íàéòè ñèñòåìó, èç íåêîòîðîãî äîïóñòè-
ìîãî êëàññà ñèñòåì, êîòîðàÿ ÿâëÿåòñÿ íàèëó÷øåé ìîäå-
ëüþ äëÿ çàäàííîé ñèñòåìû äàííûõ. Ïîä òåðìèíîì
"íàèëó÷øàÿ" ïîäðàçóìåâàåòñÿ, ÷òî èñêîìàÿ ìîäåëü
ñïîñîáíà ãåíåðèðîâàòü äàííûå, íàèáîëåå áëèçêèå ê
çàäàííûì äàííûì, èëè, ãîâîðÿ äðóãèìè ñëîâàìè, èìååò
íàèëó÷øåå ïðèáëèæåíèå (íàèìåíüøåå íåñîîòâåòñòâèå) ê
äàííûì. Ìîäåëü òàêæå äîëæíà áûòü ñàìîé ïðîñòîé èç
ìíîæåñòâà äîñòóïíûõ ìîäåëåé. Êðîìå êðèòåðèåâ ïðîñòî-
òû è òî÷íîñòè, ìîãóò ïðèìåíÿòüñÿ è äðóãèå êðèòåðèè.

Ïðè ðåøåíèè çàäà÷è ñòðóêòóðíîé èäåíòèôèêàöèè

a a 1 αâL( )+( ) a a αâL( )+= =
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ìíîãîñâÿçíîé ñèñòåìû íåîáõîäèìî âûïîëíèòü ðÿä ýòàïîâ
ïðåæäå, ÷åì ïåðåéòè ñîáñòâåííî ê ïîñòðîåíèþ ìîäåëè
ñòðóêòóðû. Íà ïåðâîì ýòàïå íóæíî çàäàòü èñõîäíóþ
ñèñòåìó íà îñíîâàíèè àïðèîðíîé èíôîðìàöèè, êîòîðàÿ
èìååòñÿ î ñèñòåìå, íàïðèìåð, êîëè÷åñòâî ïåðåìåííûõ,
êîëè÷åñòâî ó÷èòûâàåìûõ êàòåãîðèé çíà÷åíèé ýòèõ ïåðå-
ìåííûõ è êîëè÷åñòâî èçìåðåíèé, íåîáõîäèìîå äëÿ
ôîðìèðîâàíèÿ ñèñòåìû áîëåå âûñîêîãî óðîâíÿ - ñèñòåìû
äàííûõ. Íà âòîðîì ýòàïå èñõîäíàÿ ñèñòåìà íàïîëíÿåòñÿ
ðåàëüíûìè äàííûìè, êîòîðûå íåîáõîäèìî îòêâàíòîâàòü
ñ öåëüþ óäîâëåòâîðåíèÿ âû÷èñëèòåëüíîãî îãðàíè÷åíèÿ è
îãðàíè÷åíèÿ äàííûõ [7]. Òîëüêî ïîñëå ýòîãî ñëåäóåò
ïåðåõîäèòü ê ýòàïó ïîñòðîåíèÿ ìîäåëè ïîðîæäàþùåé
ñèñòåìû, à çàòåì ìîäåëè ñòðóêòóðû ñèñòåìû. 

Ïóñòü çàäàíà ñèñòåìà èç  ïåðåìåííûõ

, (1)

ñ  óðîâíÿìè êâàíòîâàíèÿ äëÿ êàæäîé ïåðåìåííîé, è,

ñëåäîâàòåëüíî, ïîñëåäîâàòåëüíîñòü  îäíîâðåìåííûõ

èçìåðåíèé  ïåðåìåííûõ. Òîãäà ìîæíî ñîñòàâèòü ìàò-

ðèöó äàííûõ 

, (2)

èëè ìàòðèöó àêòèâíîñòè, åñëè ïåðåìåííûå â ìàòðèöå
óïîðÿäî÷åíû ïî âðåìåíè.

Èçâåñòíî [1,5] íåñêîëüêî ïîäõîäîâ ê ïîñòðîåíèþ ìî-
äåëè ïîðîæäàþùåé ñèñòåìû. Åñëè êîëè÷åñòâî ïåðåìåí-
íûõ â ñèñòåìå äîñòàòî÷íî ìàëî (ñ òî÷êè çðåíèÿ âû÷èñ-
ëèòåëüíûõ îãðàíè÷åíèé), òî äëÿ ñèíòåçà ìîäåëè öåëåñî-
îáðàçíî èñïîëüçîâàòü àëãîðèòìû, ïðåäëîæåííûå â [1], â
êîòîðûõ ìàñêà âûáèðàåòñÿ îäèíàêîâîé äëÿ âñåõ ïåðå-

ìåííûõ  ñèñòåìû. Äîñòîèíñòâàìè ýòèõ àëãîðèòìîâ

ÿâëÿþòñÿ ïðîñòîòà è áûñòðîäåéñòâèå, à íåäîñòàòêîì -
î÷åíü îãðàíè÷åííîå êîëè÷åñòâî ïåðåìåííûõ â ñèñòåìå.
Ïîäõîä, èñïîëüçóåìûé â àëãîðèòìàõ [5], ïîçâîëÿåò íå-
ñêîëüêî ðàñøèðèòü èõ îáëàñòü ïðèìåíèìîñòè ïî ñðàâ-
íåíèþ ñ àëãîðèòìàìè [1], ïîñêîëüêó ìàñêà â íèõ âûáè-

ðàåòñÿ îòäåëüíî äëÿ êàæäîé ïåðåìåííîé  è å¸ ìîù-

íîñòü ïîñëåäîâàòåëüíî íàðàùèâàåòñÿ. Íåäîñòàòêîì ýòèõ
àëãîðèòìîâ ÿâëÿåòñÿ áîëüøàÿ äëèòåëüíîñòü âûïîëíåíèÿ. 

Ïðè îáîèõ ïîäõîäàõ îñíîâíûì îãðàíè÷èâàþùèì ôàê-
òîðîì ÿâëÿåòñÿ ðàçìåðíîñòü ñèñòåìû, êîòîðàÿ íå ïîçâî-
ëÿåò ïðèìåíèòü àëãîðèòìû, ïðåäëîæåííûå â [1,5] äëÿ
èäåíòèôèêàöèè ìíîãîñâÿçíûõ ñèñòåì. Ýòî îãðàíè÷åíèå
ìîæíî îáîéòè, åñëè ïîñòðîåíèå ìîäåëè ïîðîæäàþùåé
ñèñòåìû ðàçáèòü íà äâà ýòàïà. Íà ïåðâîì ýòàïå ïðî-
âîäèòñÿ çàìåíà ãðóïï íàèáîëåå ñâÿçàííûõ (ïî êðèòåðèþ
âçàèìíîé èíôîðìàöèè) ïåðåìåííûõ ïðîèçâîäíûìè ïåðå-
ìåííûìè, óäàëåíèå èç ðàññìîòðåíèÿ íàèìåíåå çíà÷èìûõ
äëÿ îïðåäåëåíèÿ ñòðóêòóðû ñèñòåìû ïåðåìåííûõ è
ñîêðàùåíèå ÷èñëà ðàçëè÷íûõ çíà÷åíèé îñòàâøèõñÿ ïðî-

èçâîäíûõ ïåðåìåííûõ (äëÿ ýòîãî íàèìåíåå âåðîÿòíûå
çíà÷åíèÿ ãðóïïèðóþòñÿ â îäíó êàòåãîðèþ) [8]. Íà
âòîðîì ýòàïå - âûáîð íàèëó÷øåé ìàñêè è ñîáñòâåííî
ïîñòðîåíèå ìîäåëè ïðè ïîìîùè àëãîðèòìîâ [1,5].

Ðàññìîòðèì êàæäûé èç ýòàïîâ. Íà ïåðâîì â êà÷åñòâå
êðèòåðèÿ äëÿ âûäåëåíèÿ ãðóïï íàèáîëåå ñâÿçàííûõ
ïåðåìåííûõ áóäåì èñïîëüçîâàòü îïðåäåëåíèå âçàèìíîé
èíôîðìàöèè [9]

. (3)

Ïðîöåäóðà âûäåëåíèÿ ãðóïï íàèáîëåå ñâÿçàííûõ
ïåðåìåííûõ âûãëÿäèò ñëåäóþùèì îáðàçîì. Íàõîäèòñÿ

ïàðà ïåðåìåííûõ , äëÿ êîòîðûõ  ÿâëÿ-

åòñÿ ìàêñèìàëüíîé ñðåäè âñåõ çíà÷åíèé âçàèìíîé èí-

ôîðìàöèè, ðàññ÷èòàííûõ äëÿ ïàð ïåðåìåííûõ â .

Ïåðåìåííàÿ  äîëæíà çàâèñåòü îò  ñ îïðåäåëåííûì

óðîâíåì çíà÷èìîñòè, ÷òî ìîæåò áûòü ïðîâåðåíî ïðè

ïîìîùè -êðèòåðèÿ. Íà îñíîâàíèè òîãî, ÷òî

 àñèìïòîòè÷åñêè ðàñïðåäåëåíî êàê 

[10], çíà÷èìîñòü ýòîé âåëè÷èíû ìîæåò áûòü îöåíåíà ïî

òàáëèöàì -ðàñïðåäåëåíèÿ äëÿ ñòåïåíè ñâîáîäû ,

êîòîðàÿ ìîæåò áûòü îïðåäåëåíà â âèäå

. (4)

Åñëè âåëè÷èíà  çíà÷èìà, òî ïåðåìåííûå

 ìîæíî îáúåäèíèòü è ïîëó÷èòü íîâóþ ñèñòåìó ñ

 ïåðåìåííîé. Äàëåå âåñü ïðîöåññ ïîâòîðÿåòñÿ ñ

íîâîé ñèñòåìîé. Åñëè â ðåçóëüòàòå ïðîâåä¸ííûõ âû÷èñ-

ëåíèé íå áóäåò íàéäåíî çíà÷èìûõ âåëè÷èí , ýòî

ãîâîðèò î òîì, ÷òî ïðîöåññ âûäåëåíèÿ ãðóïï âçàèìî-
ñâÿçàííûõ ïåðåìåííûõ çàêîí÷åí è ïîëó÷åíà ïðîèçâîä-

íàÿ ñèñòåìà ñ  ïåðåìåííûìè.

Â òîì ñëó÷àå, åñëè ÷èñëî  òîæå ñëèøêîì âåëèêî,

ìîæíî óáðàòü èç ðàññìîòðåíèÿ íàèìåíåå çíà÷èìûå äëÿ
îïðåäåëåíèÿ ñòðóêòóðû ñèñòåìû ïåðåìåííûå. Ýòî ìîæíî
ñäåëàòü íà îñíîâàíèè âåëè÷èíû âçàèìíîé èíôîðìàöèè

(5)

Çàäàâøèñü óðîâíåì çíà÷èìîñòè âåëè÷èíû âçàèìíîé

èíôîðìàöèè, íàõîäèì ñ ïîìîùüþ -êðèòåðèÿ å¸ ïîðî-

ãîâîå çíà÷åíèå è îòáðàñûâàåì íåçíà÷èìûå ïåðåìåííûå.

Ñòåïåíü ñâîáîäû  äëÿ -ðàñïðåäåëåíèÿ ìîæåò áûòü

îïðåäåëåíà â âèäå

n

X Xi{ }= i 1 n,=

Qi

N

X

D X N×=

X

X

I Xi Xj;( ) p Xi Xj,( )
p Xi Xj,( )

p Xi( )p Xj( )
------------------------------

2
log

Xi Xj,( )
∑=

Xi Xj,( ) I Xi Xj;( )

X

Xi Xj

χ2

1 3863NI Xi Xj;( ), χ2

χ2 df

df Qi 1–[ ] Qj 1–[ ]×=

I Xi Xj;( )

Xi Xj,( )

n 1–

I Xi Xj;( )

m n≤

m

I Xi X Xi–;( ) p Xi X Xi–,( )
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p Xi( )p X Xi–( )
-----------------------------------------,

2
log
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∑=

i 1 m, .=
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. (6)

Â ðåçóëüòàòå ïîëó÷èì ñèñòåìó ñ  ïåðå-

ìåííûìè.
Áëàãîäàðÿ çàìåíå ãðóïï íàèáîëåå ñâÿçàííûõ ïåðåìåí-

íûõ íîâûìè ïåðåìåííûìè ìîæíî ñîêðàòèòü ÷èñëî ðàç-
ëè÷íûõ çíà÷åíèé ýòèõ ïåðåìåííûõ. Äëÿ ýòîãî íàèìåíåå
âåðîÿòíûå çíà÷åíèÿ ìîæíî ñãðóïïèðîâàòü â îäíó

êàòåãîðèþ [8]. Íàïðèìåð, ðàññìîòðèì ïåðåìåííóþ ,

ïðèíèìàþùóþ çíà÷åíèÿ , è

îïðåäåëèì ïîòåðþ èíôîðìàöèè ïðè îáúåäèíåíèè

çíà÷åíèé  â êàòåãîðèþ . Îáúåäèíåíèå

çíà÷åíèé ñîçäà¸ò íîâóþ ïåðåìåííóþ  ñ 

çíà÷åíèåì âìåñòî , ãäå ( )-å çíà÷åíèå îòíîñèòñÿ êî

ìíîæåñòâó  çíà÷åíèé . Ïîòåðè èíôîð-

ìàöèè ïðè çàìåíå ïåðåìåííîé  íà ïåðåìåííóþ 

ñîñòàâÿò

. (7)

Åñëè ýòè ïîòåðè íå çíà÷èìû, òî ìîæíî ïðîèçâîäèòü
ãðóïïèðîâêó çíà÷åíèé.

Ïîñëå âûïîëíåíèÿ ïåðâîãî ýòàïà ïîñòðîåíèÿ ìîäåëè

ïîðîæäàþùåé ñèñòåìû ïîëó÷àåì ñèñòåìó èç  ïåðåìåí-

íûõ

, , (8)

ñ êîòîðîé ìîãóò ðàáîòàòü àëãîðèòìû, ïðåäëîæåííûå â
[1,5]. 

Íà âòîðîì ýòàïå ïðèìåíåíèå àëãîðèòìà [1] ïîçâîëÿåò
ïîëó÷èòü íàáîð íàèëó÷øèõ ìàñîê äëÿ êàæäîé èç

ìîùíîñòåé ìàñêè îò  äî ìàêñèìàëüíî äîïóñòèìîé [1].

×òîáû âûáðàòü ñðåäè íèõ ìàñêó, íàèáîëåå ïðèãîäíóþ
äëÿ ïîñòðîåíèÿ ìîäåëè ñòðóêòóðèðîâàííîé ñèñòåìû,
ìîæíî ñðàâíèòü îòíîñèòåëüíîå ïðèðàùåíèå óñëîâíîé
ýíòðîïèè (ïî êîòîðîé îíè îöåíèâàëèñü). Íàïðèìåð, äëÿ
ñèñòåìû èç äâóõ ïåðåìåííûõ ïðè ìàêñèìàëüíîé
ìîùíîñòè ìàñêè 6 â ðåçóëüòàòå ïðèìåíåíèÿ àëãîðèòìà
[1] áûë ïîëó÷åí ñëåäóþùèé íàáîð èç ïÿòè íàèëó÷øèõ

ìàñîê äëÿ ìîùíîñòåé  (ïðèìåð 3.7, ñ.148,

[1]):

Îòíîñèòåëüíîå ïðèðàùåíèå óñëîâíîé ýíòðîïèè
âîçðàñòàåò ñ ðîñòîì ìîùíîñòè ìàñêè è óáûâàåò, íà÷èíàÿ
ñ ìàñêè îïòèìàëüíîé ìîùíîñòè. Â äàííîì ïðèìåðå òàêîé
ìàñêîé ÿâëÿåòñÿ ìàñêà ìîùíîñòè 5, êîòîðàÿ è áóäåò
âûáðàíà äëÿ ïîñòðîåíèÿ ìîäåëè ñòðóêòóðèðîâàííîé
ñèñòåìû.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóåò ìíîæåñòâî ìåòîäîâ
ïîñòðîåíèÿ ìîäåëåé ñòðóêòóðèðîâàííûõ ñèñòåì. Â ðà-
áîòå [6] äàåòñÿ îáîáùåíèå è ñðàâíèòåëüíàÿ õàðàêòå-
ðèñòèêà àëãîðèòìîâ ñòðóêòóðíîé èäåíòèôèêàöèè, ðàçðà-
áîòàííûõ â ðàìêàõ ðàçëè÷íûõ ïîäõîäîâ ê ïîñòðîåíèþ
ñòðóêòóðíîé òåîðèè ñèñòåì. Íà îñíîâàíèè ýòîãî ñðàâ-
íåíèÿ äåëàåòñÿ âûâîä, ÷òî íàèáîëåå ïåðñïåêòèâíûì
âûãëÿäèò êëèðîâñêèé ïîäõîä [1,11 - 13], ïîñêîëüêó îí
ïîçâîëÿåò èñïîëüçîâàòü îäíè è òå æå àëãîðèòìû äëÿ
èäåíòèôèêàöèè ñèñòåì ðàçëè÷íûõ êëàññîâ. Íà áàçå
ýòîãî ïîäõîäà ðàçðàáîòàí ðÿä àëãîðèòìîâ ñòðóêòóðíîé
èäåíòèôèêàöèè, èñïîëüçóþùèõ ðåøåòêè óòî÷íåíèÿ ìî-
äåëåé ñòðóêòóð ñ îöåíèâàíèåì èõ õàðàêòåðèñòèê ïî
ñïåöèàëüíûì êðèòåðèÿì [1 - 5, 11 - 15]. Äëÿ ðåøåíèÿ
çàäà÷è ñòðóêòóðíîé èäåíòèôèêàöèè ìíîãîñâÿçíîé ñèñòå-
ìû ìîæíî èñïîëüçîâàòü, íàïðèìåð [1,11,15].

Îáúåäèíÿÿ âûøåñêàçàííîå, ìîæíî ñôîðìóëèðîâàòü
ñëåäóþùèé àëãîðèòì èäåíòèôèêàöèè ìíîãîñâÿçíûõ
ñèñòåì:

1. Ôîðìèðîâàíèå èñõîäíîé ñèñòåìû íà îñíîâàíèè àï-
ðèîðíîé èíôîðìàöèè;

2. Ôîðìèðîâàíèå ñèñòåìû äàííûõ íà îñíîâàíèè âû-
÷èñëèòåëüíûõ îãðàíè÷åíèé [7];

3. Âûäåëåíèå è çàìåíà ãðóïï íàèáîëåå ñâÿçàííûõ (ïî
êðèòåðèþ âçàèìíîé èíôîðìàöèè) ïåðåìåííûõ ïðîèçâîä-
íûìè ïåðåìåííûìè [8];

4. Ñîêðàùåíèå ÷èñëà ðàññìàòðèâàåìûõ ïåðåìåííûõ;
5. Ñîêðàùåíèå ÷èñëà ðàçëè÷íûõ çíà÷åíèé ïðîèçâîä-

íûõ ïåðåìåííûõ;
6. Âûáîð íàèëó÷øåé ìàñêè è ïîñòðîåíèå ìîäåëè ïî-

ðîæäàþùåé ñèñòåìû [1,5];
7. Ïîñòðîåíèå ìîäåëè ñòðóêòóðèðîâàííîé ñèñòåìû [1,

11,15].
Ñ öåëüþ îïðåäåëåíèÿ êà÷åñòâåííûõ õàðàêòåðèñòèê

ïðåäëîæåííîãî àëãîðèòìà áûë ïðîâåäåí ðÿä ýêñïåðè-
ìåíòîâ èìèòàöèîííîãî ìîäåëèðîâàíèÿ. Â êà÷åñòâå èññëå-
äóåìîé ñèñòåìû èñïîëüçîâàëàñü ñèñòåìà èç ÷åòûðåõ
ïåðåìåííûõ ñ äâóìÿ óðîâíÿìè êâàíòîâàíèÿ è ìàêñè-
ìàëüíîé ìîùíîñòüþ ìàñêè 8 (ïðèìåð 4.3, ñ.202, [1]).
Ïðîöåäóðà ðåàëèçàöèè îäíîãî ýêñïåðèìåíòà ñëåäóþùàÿ.
Ïî èñõîäíîé ìîäåëè ïîðîæäàþùåé ñèñòåìû ãåíåðèðó-
åòñÿ âûáîðêà äàííûõ îáúåìîì 4000 çíà÷åíèé (äëÿ
óäîâëåòâîðåíèÿ âû÷èñëèòåëüíûõ îãðàíè÷åíèé). Çàòåì
ïðîâîäèòñÿ âûäåëåíèå è çàìåíà ãðóïï íàèáîëåå
ñâÿçàííûõ ïåðåìåííûõ ïðîèçâîäíûìè ïåðåìåííûìè è
ñîêðàùåíèå ÷èñëà ðàçëè÷íûõ çíà÷åíèé ïðîèçâîäíûõ
ïåðåìåííûõ (òàáëèöà ïåðåõîäà ñîõðàíÿåòñÿ). Èñõîäíàÿ
âûáîðêà äàííûõ ïðåîáðàçóåòñÿ â âûáîðêó äàííûõ äëÿ
ïðîèçâîäíûõ ïåðåìåííûõ, äëÿ êîòîðîé âûáèðàåòñÿ

Òàáëèöà 1

2 3 4 5 6

3,38 1,88 1,07 0,55 0,41

0,38 0,43 0,48 0,25 -
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íàèëó÷øàÿ ìàñêà è ñòðîÿòñÿ ìîäåëè ïîðîæäàþùåé è
ñòðóêòóðèðîâàííîé ñèñòåì. Äëÿ òîãî ÷òîáû îïðåäåëèòü
íàñêîëüêî ìîäåëü ñîîòâåòñòâóåò èñõîäíîé ñèñòåìå äàí-
íûõ, âûïîëíÿåòñÿ îáðàòíûé ïåðåõîä îò ñòðóêòóðèðîâàí-
íîé ìîäåëè ê ìîäåëè ïîðîæäàþùåé ñèñòåìû, ïî íåé
ãåíåðèðóåòñÿ âûáîðêà äàííûõ äëÿ ïðîèçâîäíûõ ïåðå-
ìåííûõ è ïî íåé ñ èñïîëüçîâàíèåì òàáëèöû ïåðåõîäà
âîññòàíàâëèâàåòñÿ âûáîðêà äàííûõ äëÿ èñõîäíûõ
ïåðåìåííûõ (çíà÷åíèÿ ïåðåìåííûõ, êîòîðûå áûëè
ñãðóïïèðîâàíû â îäíó êàòåãîðèþ, âîññòàíàâëèâàþòñÿ ñ
ðàâíîé âåðîÿòíîñòüþ).

Â ðåçóëüòàòå ýêñïåðèìåíòîâ áûëè ïîëó÷åíû ñëåäóþ-
ùèå çàâèñèìîñòè.

Âëèÿíèå óðîâíÿ çíà÷èìîñòè âçàèìíîé èíôîðìàöèè
ïðè ãðóïïèðîâêå ïåðåìåííûõ íà äîëþ âîññòàíîâëåííûõ
ñîñòîÿíèé. Ñ óìåíüøåíèåì êîëè÷åñòâà ãðóïï ïåðåìåí-
íûõ, ò.å. ñ óìåíüøåíèåì óðîâíÿ çíà÷èìîñòè âçàèìíîé
èíôîðìàöèè ìåæäó ïåðåìåííûìè, äîëÿ âîññòàíîâëåííûõ
ñîñòîÿíèé óáûâàåò, çà èñêëþ÷åíèåì ñëó÷àÿ, êîãäà íå
ïðîèçâîäèòñÿ ãðóïïèðîâêà çíà÷åíèé ïðîèçâîäíûõ ïåðå-
ìåííûõ (ïðè ýòîì âîññòàíîâëåíèå 100%). Ïðè óðîâíå
çíà÷èìîñòè âçàèìíîé èíôîðìàöèè îò 0.05 äî 0.99 äîëÿ
âîññòàíîâëåííûõ ñîñòîÿíèé ñîñòàâëÿëà íå ìåíåå 85%.

Âëèÿíèå óðîâíÿ çíà÷èìîñòè âçàèìíîé èíôîðìàöèè
ïðè ãðóïïèðîâêå ïåðåìåííûõ íà èíôîðìàöèîííîå ðàñ-
ñòîÿíèå ìåæäó èñõîäíîé ñèñòåìîé è ìîäåëüþ. Ïî-
ñêîëüêó ñðàâíèâàåìûå ðàñïðåäåëåíèÿ âåðîÿòíîñòåé ÿâ-
ëÿþòñÿ ïðîèçâîëüíûìè, íåîáõîäèìà îáîáùåííàÿ ìåðà
èíôîðìàöèîííîãî ðàññòîÿíèÿ, îïðåäåëåííàÿ ôîðìóëîé
(9).

, (9)

ãäå  è  - ïðîèçâîëüíûå ðàñïðåäåëåíèÿ âåðîÿòíîñòåé,

îïðåäåëåííûå íà îäíîì è òîì æå ìíîæåñòâå ñîñòîÿíèé;

 - ðàñïðåäåëåíèå âåðîÿòíîñòåé, ïîëó÷åííîå

âçÿòèåì ñðåäíåãî äëÿ êàæäîé ïàðû ñîîòâåòñòâóþùèõ

âåðîÿòíîñòåé èç  è ;  - èíôîðìàöèîííîå ðàññòîÿ-

íèå, çàäàííîå óðàâíåíèåì

, (10)

ãäå êîíñòàíòà  - íîðìèðóþùèé êîýôôèöèåíò,

îáåñïå÷èâàþùèé âûïîëíåíèå ñîîòíîøåíèÿ

. (11)

Èíôîðìàöèîííîå ðàññòîÿíèå ìåæäó èñõîäíîé ñèñòåìîé
è ìîäåëüþ âîçðàñòàåò ñ óìåíüøåíèåì óðîâíÿ çíà÷èìîñòè
âçàèìíîé èíôîðìàöèè ìåæäó ïåðåìåííûìè ïðè óñëîâèè,
÷òî ïðîèçâîäèòñÿ ãðóïïèðîâêà çíà÷åíèé ïðîèçâîäíûõ
ïåðåìåííûõ. Ïðè óðîâíå çíà÷èìîñòè âçàèìíîé èíôîðìà-

öèè îò 0.05 äî 0.99 èíôîðìàöèîííîå ðàññòîÿíèå íå
ïðåâûñèëî 0.072. 

Âëèÿíèå óðîâíÿ çíà÷èìîñòè ïîòåðü âçàèìíîé èíôîð-
ìàöèè ïðè ñîêðàùåíèè ÷èñëà ðàçëè÷íûõ çíà÷åíèé
ïåðåìåííûõ íà äîëþ âîññòàíîâëåííûõ ñîñòîÿíèé. Ñ
ðîñòîì ïîðîãîâîãî çíà÷åíèÿ ïîòåðü âçàèìíîé èíôîð-
ìàöèè äîëÿ âîññòàíîâëåííûõ ñîñòîÿíèé óìåíüøàåòñÿ.
Ïðè óðîâíå çíà÷èìîñòè âçàèìíîé èíôîðìàöèè îò 0.05 äî
0.99 äîëÿ âîññòàíîâëåííûõ ñîñòîÿíèé ñîñòàâëÿëà íå
ìåíåå 85%.

Âëèÿíèå óðîâíÿ çíà÷èìîñòè ïîòåðü âçàèìíîé
èíôîðìàöèè ïðè ñîêðàùåíèè ÷èñëà ðàçëè÷íûõ çíà÷åíèé
ïåðåìåííûõ íà èíôîðìàöèîííîå ðàññòîÿíèå ìåæäó
èñõîäíîé ñèñòåìîé è ìîäåëüþ. Èíôîðìàöèîííîå ðàñ-
ñòîÿíèå ìåæäó èñõîäíîé ñèñòåìîé è ìîäåëüþ âîçðàñòàåò
ñ ðîñòîì ïîðîãîâîãî çíà÷åíèÿ ïîòåðü âçàèìíîé èíôîðìà-
öèè. Ïðè óðîâíå çíà÷èìîñòè ïîòåðü âçàèìíîé èíôîðìà-
öèè îò 0.05 äî 0.99 èíôîðìàöèîííîå ðàññòîÿíèå íå
ïðåâûñèëî 0.086.

Ïðè èñïîëüçîâàíèè ïðåäëîæåííîãî àëãîðèòìà äëÿ
èäåíòèôèêàöèè ñèñòåìû ïî òåêóùèì äàííûì íåîáõîäèìî
ïðîèçâîäèòü ïåðèîäè÷åñêèé êîíòðîëü ïðèãîäíîñòè ìîäå-
ëè. Ýòî ìîæíî îñóùåñòâèòü ïðè ïîìîùè íàáëþäåíèÿ çà
èçìåíåíèå âçàèìíîé èíôîðìàöèè ìåæäó ñãðóïïèðîâàí-
íûìè ïåðåìåííûìè, ìåòîäèêà êîòîðûõ îïèñàíà â [6].
Åñëè ïðèðàùåíèå âçàèìíîé èíôîðìàöèè äëÿ êàêîé-ëèáî
èç ãðóïï ïåðåìåííûõ ïðåâûñèò ïîðîãîâîå çíà÷åíèå, òî
íåîáõîäèìî ïðîâåñòè èçìåíåíèå ìîäåëè.
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ÍÀÑÒÐÀÈÂÀÅÌÛÅ ËÎÃÈ×ÅÑÊÈÅ ÑÅÒÈ ÍÀ ÍÅÉÐÎÏÎÄÎÁÍÛÕ 
ÝËÅÌÅÍÒÀÕ

Â. Í. Ëîïèí

Ïðåäëîæåí ìåòîä ñèíòåçà íàñòðàèâàåìûõ ëîãè÷åñêèõ ñå-
òåé íà íåéðîïîäîáíûõ ýëåìåíòàõ - ôîðìàëüíûõ íåéðîíàõ.
Ðàññìàòðèâàåìûå ñåòè èñïîëüçóþò îäíîðîäíóþ ñòðóêòóðíóþ
îðãàíèçàöèþ è ìåõàíèçì îáðàáîòêè èíôîðìàöèè, ïðèñóùèå
îòäåëüíîìó áàçèñíîìó ýëåìåíòó. Ïîêàçûâàåòñÿ, ÷òî íàñëåäî-
âàíèå ñåòüþ ñâîéñòâ ôîðìàëüíîãî íåéðîíà ñóùåñòâåííî óïðî-
ùàåò óïðàâëåíèå ñåòüþ ñ ïîìîùüþ âåêòîðà íàñòðîéêè ñåòè è
îïðåäåëÿåò ñïîñîá ïîâûøåíèÿ åå íàäåæíîñòè. Ýëåìåíòíàÿ
îäíîðîäíîñòü è ñòðóêòóðà ñâÿçåé áàçèñíûõ ýëåìåíòîâ ñåòåé
îòâå÷àþò òðåáîâàíèÿì ìèêðîýëåêòðîííîé ðåàëèçàöèè.

Offered method of syntheses adjusted logical networks on
neuro-like elements - formal neurons. Considered network use an
uniform structured organization and mechanism of information
handling, inherent separate base element. Appears that inherit-
ance by the network the characteristics of formal neuron greatly
simplifies a management a network by means of the vector of
adjusting to network and defines a way of raising its reliability.
Element homogeneity and structure of relationships of base net-
work elements meet the demands microelectronics to realization.

1  ÂÂÅÄÅÍÈÅ

Ñîâðåìåííîå ñîñòîÿíèå âû÷èñëèòåëüíîé òåõíèêè õà-
ðàêòåðèçóåòñÿ èíòåíñèâíûì ïîèñêîì íîâûõ ïðèíöèïîâ
îáðàáîòêè èíôîðìàöèè è íîâûõ àðõèòåêòóð âû÷èñëè-
òåëüíûõ ñòðóêòóð. Àíàëèç èçâåñòíûõ ïîäõîäîâ ê ïðî-
åêòèðîâàíèþ âû÷èñëèòåëüíûõ âûñîêîïðîèçâîäèòåëüíûõ
ñèñòåì ïîêàçûâàåò, ÷òî èõ îñíîâó ñîñòàâëÿþò òå èëè
èíûå ôîðìû ïàðàëëåëüíîé îáðàáîòêè èíôîðìàöèè, îðè-
åíòèðîâàííûå íà òåõíîëîãèþ ÑÁÈÑ. Èçâåñòíî, ÷òî
ýôôåêòèâíîñòü ðåøåíèÿ çàäà÷ ëîãè÷åñêîãî óïðàâëåíèÿ
ñóùåñòâåííî çàâèñèò êàê îò ìåòîäîâ, òàê è îò âûáðàííîé
ýëåìåíòíîé áàçû. Ïðîãðåññ â îáëàñòè ìèêðîýëåêòðîíèêè
ïîçâîëèë ñèíòåçèðîâàòü óïðàâëÿþùèå ëîãè÷åñêèå
óñòðîéñòâà â áàçèñå ïðîãðàììèðóåìûõ ëîãè÷åñêèõ èíòå-
ãðàëüíûõ ñõåì (ÏËÈÑ), îáåñïå÷èâàþùèõ âûñîêîå áû-
ñòðîäåéñòâèå è îòëè÷àþùèõñÿ óíèâåðñàëüíîñòüþ íà ìíî-
æåñòâå ëîãè÷åñêèõ àëãîðèòìîâ óïðàâëåíèÿ. Àðõèòåêòóðà
ÏËÈÑ ïðåäñòàâëÿåò ñîáîé ëîãèêó, ñîñòîÿùóþ èç ýëå-
ìåíòîâ È-ÈËÈ-ÍÅ, òðèããåðîâ è ñèñòåìû êîììóòàöèè.
Íàðÿäó ñ òðàäèöèîííûìè ïîäõîäàìè ê ñèíòåçó óïðàâëÿ-
þùèõ ëîãè÷åñêèõ óñòðîéñòâ â áàçèñå ÏËÈÑ, îðèåíòèðî-
âàííûìè íà èñïîëüçîâàíèå ýëåìåíòîâ È-ÈËÈ-ÍÅ, ïðî-
äîëæàþò îñòàâàòüñÿ àêòóàëüíûìè âîïðîñû ëîãè÷åñêîãî

ñèíòåçà óñòðîéñòâ â íåéðîñåòåâîì áàçèñå [1-4]. Ýòî
îáúÿñíÿåòñÿ, ïðåæäå âñåãî, ýôôåêòèâíîñòüþ îáðàáîòêè
èíôîðìàöèè òàêèìè óñòðîéñòâàìè, èõ ôóíêöèîíàëüíîé
ãèáêîñòüþ è íàäåæíîñòüþ. Íåñìîòðÿ íà áîëüøîå êîëè-
÷åñòâî ïðîâåäåííûõ èññëåäîâàíèé ýòîé ýôôåêòèâíîñòè,
òðåáóåòñÿ åå äàëüíåéøåå ñèñòåìíîå èçó÷åíèå. Ê íàñòîÿ-
ùåìó âðåìåíè îòñóòñòâóþò ïîëíûå ñâåäåíèÿ î çàêîíî-
ìåðíîñòÿõ âçàèìîñâÿçè ñòðóêòóðíîé èçáûòî÷íîñòè íåé-
ðîííûõ ñåòåé ñ èõ íàäåæíîñòüþ è ôóíêöèîíàëüíîé
ìîùíîñòüþ. Çíàíèÿ ýòèõ çàêîíîìåðíîñòåé ïîçâîëèëè áû
ðàöèîíàëüíî èñïîëüçîâàòü ñòðóêòóðíóþ èçáûòî÷íîñòü
ïðè ñîçäàíèè íàäåæíûõ ìíîãîôóíêöèîíàëüíûõ óïðàâ-
ëÿþùèõ óñòðîéñòâ.

Íàñòîÿùàÿ ðàáîòà ðàññìàòðèâàåò âîïðîñû ñèíòåçà
íàñòðàèâàåìûõ ëîãè÷åñêèõ ñåòåé, èñïîëüçóþùèõ òàêèå
çàêîíîìåðíîñòè, óñòàíîâëåííûå ïðè âûïîëíåíèè ïðåäû-
äóùèõ èññëåäîâàíèé â ðàáîòå [5]. Ìîæíî óòâåðæäàòü,
÷òî ðàññìàòðèâàåìûé êëàññ ñåòåé íàñëåäóåò ñâîéñòâà
ñâîèõ áàçèñíûõ ýëåìåíòîâ - ôîðìàëüíûõ íåéðîíîâ. 

2  ÑÈÍÒÅÇ ÑÒÐÓÊÒÓÐÛ ÍÀÑÒÐÀÈÂÀÅÌÎÉ 
ËÎÃÈ×ÅÑÊÎÉ ÑÅÒÈ

Ðàññìàòðèâàåìûé ìåòîä ñèíòåçà ïðåäïîëàãàåò
èñïîëüçîâàíèå â êà÷åñòâå áàçèñíûõ ýëåìåíòîâ ñåòè ôîð-
ìàëüíûõ íåéðîíîâ, èññëåäîâàííûõ â [5]. Ñóòü òàêîãî
ïîäõîäà ñîñòîèò â ñëåäóþùåì.

Î÷åâèäíî, ÷òî ëþáàÿ áóëåâà ôóíêöèÿ ìíîãèõ ïåðå-

ìåííûõ  âñåãäà ìîæåò áûòü ïðåäñòàâëåíà

íåêîòîðîé ñèñòåìîé èç  îñòàòî÷íûõ ôóíêöèé, ÿâëÿ-

þùèõñÿ áóëåâûìè ôóíêöèÿìè îäíîé ïåðåìåííîé. Â ýòîì
ñëó÷àå ñèñòåìà îñòàòî÷íûõ ôóíêöèé îïðåäåëèòñÿ êàê:

 (1)

Èçâåñòíî, ÷òî ëþáàÿ áóëåâà ôóíêöèÿ îäíîé ïåðåìåí-

y f x1 … xn, ,( )=

2n

y0 f0 x1 0= … xn 1– 0= xn, , ,( );=

y1 f1 x1 0= … xn 1– 0= xn, , ,( );=

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .

y
2n 1– 1– f

2n 1– x1 0= … xn 1– 0= xn, , ,( ).= 
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íîé âñåãäà ÿâëÿåòñÿ ïîðîãîâîé. Ñëåäîâàòåëüíî, ëþáîé

,  ýòîé ñèñòåìû ìîæíî

ïîñòàâèòü â ñîîòâåòñòâèå íåêîòîðóþ ïàðó âåùåñòâåííûõ

÷èñåë . Òàêèì îáðàçîì, ìîæíî çàïèñàòü 

, . (2)

Ñ äðóãîé ñòîðîíû, êàê ñëåäóåò èç (1), ëþáîé ,

 ìîæíî ïîñòàâèòü â ñîîòâåòñòâèå

íåêîòîðûé äâîè÷íûé íàáîð . Ñëåäîâà-

òåëüíî, åñëè â âûðàæåíèè (2) ââåñòè ïàðó âåùåñòâåííûõ

ôóíêöèé ,  îïðåäåëåííûõ

ñîîòâåòñòâåííî íà ìíîæåñòâàõ

,

òî äëÿ ëþáîé  ìîæíî çàïèñàòü âûðà-

æåíèå:

(3)

Áåç ïîòåðè îáùíîñòè, ìîæíî ðàññìàòðèâàòü ôóíêöèè

,  â êëàññå öåëî÷èñ-

ëåííûõ ôóíêöèé. Â ýòîì ñëó÷àå, êàæäàÿ èç ýòèõ
ôóíêöèé ïðåäñòàâèìà â âèäå íåêîòîðîé àëãåáðàè÷åñêîé

ñóììû ëîãè÷åñêèõ ôóíêöèé  â

áàçèñå {-1, 1}, ò.å.

. (4)

Öåëî÷èñëåííûå ôóíêöèè , 

 ìîãóò ðàññìàòðèâàòüñÿ êàê ôóíêöèè ñîñòîÿíèé

ôîðìàëüíîãî íåéðîíà. Ýòà èíòåðïðåòàöèÿ îïðåäåëÿåò
òîæäåñòâåííîñòü ëîãè÷åñêèõ ôóíêöèé, ó÷àñòâóþùèõ â

ôîðìèðîâàíèè , ,

ò.å. âûïîëíÿþòñÿ óñëîâèÿ:

. (5)

Òàêèì îáðàçîì, âûðàæåíèå (3) ìîæåò áûòü ïðåäñòàâ-
ëåíî â âèäå :

(6)

Óñëîâèÿ (5) äîïóñêàþò ñëåäóþùóþ óïðîùåííóþ ôîð-
ìó ðàçëîæåíèÿ (4):

. (7)

Ýòà ôîðìà ðàçëîæåíèÿ îïðåäåëÿåò öåëî÷èñëåííóþ ôóí-

êöèþ  â âèäå ñóììû  ýêçåìïëÿ-

ðîâ ôóíêöèè , à ôóíêöèþ 

 â âèäå ñóììû  ýêçåìïëÿðîâ ôóíêöèè

. Â ýòîì ñëó÷àå, âûðàæåíèå (3) ìîæåò

áûòü ïðåäñòàâëåíî êàê:

(8)

Î÷åâèäíî, ëþáàÿ áóëåâà ôóíêöèÿ  â

âûðàæåíèè (6) ìîæåò áûòü ïðåäñòàâëåíà ÷åðåç áóëåâû

ôóíêöèè , ò.å. :

(9)

Èñïîëüçóÿ ïîñëåäîâàòåëüíîå ðàçëîæåíèå áóëåâûõ ôóí-
êöèé, íà n-îì øàãå ìîæíî ïîëó÷èòü ñèñòåìó áóëåâûõ
ôóíêöèé îäíîé ïåðåìåííîé:

(10)

Ïîëó÷åííàÿ íà ýòîì øàãå óïîðÿäî÷åííàÿ ïîñëåäîâà-

òåëüíîñòü äâîè÷íûõ êîíñòàíò ,  îïðå-

äåëÿåò âåêòîð íàñòðîéêè ñåòè:

yi D∈ D y0 y1 … y
2n 1– 1–, , ,{ }=

Bi Ti,( ) R∈

yi Sign Bixn Ti+{ }= i 0 1 … 2n 1– 1–, , ,{ }∈

yi D∈

D y0 y1 … y
2n 1– 1–, , ,{ }=

x1 x2 … xn 1–, , ,( )
i

Bn x1 … xn 1–, ,( ) Tn x1 … xn 1–, ,( )

MB Bi( ):i 0 1 … 2n 1– 1–, , ,{ }∈{ }=

MT Ti( ):i 0 1 … 2n 1– 1–, , ,{ }∈{ }= 



y f x1 … xn, ,( )=

f x1 … xn, ,( )
Sign Bn 1– x1 … xn 1–, ,( )xn Tn 1– x1 … xn 1–, ,( )+{ },

=
=

Bn 1– x1 … xn 1–, ,( ) Tn 1– x1 … xn 1–, ,( )

αi
n 1– x1 x2 … xn 1–, , ,( )

Bn 1– x1 … xn 1–, ,( ) αi
n 1– x1 … xn 1–, ,( )

i 1=

mn 1–

∑=

Tn x1 … xn 1–, ,( ) αi
n 1– x1 … xn 1–, ,( )

i mn 1– 1+=

mn 1– 1 kn 1–+ +

∑=













Bn 1– x1 … xn 1–, ,( ) Tn 1– x( 1,

… xn 1– ),

Bn 1– x1 … xn 1–, ,( ) Tn 1– x1 … xn 1–, ,( )

αi
n 1– αj

n 1– i∀ j 1 2 … mn 1–, , ,{ }∈,=

αi
n 1– αj

n 1– i∀ j mn 1– 1+ … mn 1– 1 kn 1–+ +, ,{ }∈,= 



f x1 … xn, ,( ) Sign αi
n 1– x1 … xn 1–, ,( )

i 1=

mn 1–

∑ xn

αi
n 1– x1 … xn 1–, ,( )

i mn 1– 1+=

mn 1– 1 kn 1–+ +

∑

+

+




















.

=

Bn 1– x1 … xn 1–, ,( ) mn 1– α1
n 1– x1 … xn 1–, ,( )=

Tn 1– x1 … xn 1–, ,( ) kn 1– α2
n 1– x1 … xn 1–, ,( )= 




Bn 1– x1 … xn 1–, ,( ) mn 1–

α1
n 1– x1 … xn 1–, ,( ) Tn 1– x1 …, ,(

xn 1– ) kn 1–

α2
n 1– x1 … xn 1–, ,( )

f x1 … xn, ,( )
Sign mn 1– α1

n 1– x1 … xn 1–, ,( )xn
kn 1– α2

n 1– x1 … xn 1–, ,( )
+

+
{

}.

=
=

αi
n 1– x1 … xn 1–, ,( )

αi
n 2– x1 … xn 2–, ,( )

αi
n 1– x1 … xn 1–, ,( ) Sign αi

n 2– x1 … xn 2–, ,( )

i 1=

mn 2–

∑ xn 1–

αi
n 2– x1 … xn 2–, ,( )

i mn 2– 1+=

mn 2– kn 2–+

∑

+

+




















.

=

α1
1 x1( ) Sign m0α1

0x1 k0α2
0+{ };=

α2
1 x1( ) Sign m0α3

0x1 k0α4
0+{ };=

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .

α
2n 1– 1–
1 x1( ) Sign m0α

2n 3–
0 x1 k0α

2n 2–
0+{ };=

α
2n 1–
1 x1( ) Sign m0α

2n 1–
0 x1 k0α

2n
0+{ }.=













αi
0 i 1 2 … 2n, , ,{ }∈
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. (11)

Òàêèì îáðàçîì, ðàññìîòðåííàÿ âûøå ïðîöåäóðà ðàç-

ëîæåíèÿ áóëåâîé ôóíêöèè  îäíîçíà÷íî

çàäàåò n-óðîâíåâóþ èåðàðõè÷åñêóþ ñòðóêòóðó íàñòðàè-
âàåìîé ëîãè÷åñêîé ñåòè. 

3  ÎÖÅÍÊÈ ÑËÎÆÍÎÑÒÈ ÑÅÒÈ

Äëÿ õàðàêòåðèñòèêè ðàñïðåäåëåíèÿ áàçèñíûõ ýëåìåí-
òîâ ñåòè ïî åå óðîâíÿì öåëåñîîáðàçíî ââåñòè â ðàññìîò-
ðåíèå ìàòðèöó ñîñòîÿíèé ñåòè: 

. (12)

Ìàòðèöà ñîñòîÿíèé ñåòè MC, ïî àíàëîãèè ñ ñîñòîÿíèåì
ôîðìàëüíîãî íåéðîíà, îòðàæàåò ðàñïðåäåëåíèå íà-
ñòðîå÷íûõ âõîäîâ äëÿ áàçèñíîãî ýëåìåíòà óðîâíÿ

 èåðàðõè÷åñêîé íåéðîííîé ñåòè. Àíà-

ëèç, ïðîâåäåííûé â ðàáîòå [5], ïîçâîëÿåò óòâåðæäàòü,
÷òî äëÿ îáåñïå÷åíèÿ ìàêñèìàëüíîé íàäåæíîñòè ñåòè
íåîáõîäèìî âûïîëíåíèå óñëîâèÿ:

, (13)

ãäå  - íà÷àëüíîå ñîñòîÿíèå áàçèñíîãî ýëåìåíòà

j óðîâíÿ ñåòè.
Òàêèì îáðàçîì, äëÿ ñåòè ìîæåò áûòü ïîñòàâëåíà

çàäà÷à î íàõîæäåíèè ìàòðèöû [13], îáåñïå÷èâàþùåé
ìàêñèìàëüíóþ íàäåæíîñòü ñåòè ïðè îãðàíè÷åíèè íà
ñëîæíîñòü è ôóíêöèîíàëüíóþ ìîùíîñòü ñåòè. Â îáùåì
ñëó÷àå ýòà çàäà÷à èìååò íåîäíîçíà÷íîå ðåøåíèå, ÿâëÿ-
þùååñÿ ïðåäìåòîì îòäåëüíîãî èññëåäîâàíèÿ è íå
âõîäÿùåå â ìàòåðèàë íàñòîÿùåé ðàáîòû. 

Äëÿ õàðàêòåðèñòèêè ðàñïðåäåëåííîé ñëîæíîñòè ñåòè
ââîäèòñÿ â ðàññìîòðåíèå âåêòîð ñëîæíîñòè ñåòè: 

, ãäå . (14)

Â ýòîì ñëó÷àå, îáùàÿ ñëîæíîñòü ñåòè SN, îïðåäåëÿåìàÿ
îáùèì êîëè÷åñòâîì áàçèñíûõ ýëåìåíòîâ â n óðîâíÿõ

ñåòè, ìîæåò áûòü íàéäåíà ñ ïîìîùüþ âûðàæåíèÿ:

.(15)

Èç [5] ñëåäóåò, ÷òî ìèíèìàëüíîé ôîðìîé ðàçëîæåíèÿ
öåëî÷èñëåííûõ ôóíêöèé (7) ÿâëÿåòñÿ:

. (16)

Â ýòîì ñëó÷àå, âûðàæåíèå (8) ìîæåò áûòü ïðåäñòàâëåíî
â âèäå:

(17)

Ïðèìåíÿÿ ïîñëåäîâàòåëüíîå ðàçëîæåíèå áóëåâûõ
ôóíêöèé, íà n-îì øàãå ìîæíî ïîëó÷èòü ñëåäóþùóþ
ñèñòåìó áóëåâûõ ôóíêöèé îäíîé ïåðåìåííîé:

(18)

Â ýòîì ñëó÷àå âåêòîð íàñòðîéêè ñåòè  îïðåäåëèòñÿ

ñîãëàñíî âûðàæåíèþ (11).
Èç àíàëèçà ôîðìàëüíîãî íåéðîíà [5] ñëåäóåò, ÷òî

íà÷àëüíîå ñîñòîÿíèå áàçèñíîãî ýëåìåíòà

(19)

îïðåäåëÿåò êàê ìèíèìàëüíóþ ñëîæíîñòü íåéðîíà ,

òàê è ìèíèìàëüíóþ ñëîæíîñòü n-óðîâíåâîé ñåòè îïðåäå-
ëÿåìóþ, ñîãëàñíî (15) , âûðàæåíèåì 

. (20)

Îöåíêà (20), ïðè âûïîëíåíèè óñëîâèÿ (19), ìîæåò
áûòü åùå óìåíüøåíà äî çíà÷åíèÿ 

(21)

áåç ñíèæåíèÿ óðîâíÿ íàäåæíîñòè, ñîîòâåòñòâóþùåãî
ñëîæíîñòè (20). Äåéñòâèòåëüíî, â ïîñëåäîâàòåëüíîì
ðàçëîæåíèè (16) ìîæíî èñïîëüçîâàòü ëèøü îäèí ýêçåì-

ïëÿð ôóíêöèè , óìíîæåííîé íà ïîñòîÿííûé êîýô-

ôèöèåíò 2. Ýòîò ïîäõîä ìîæíî ïðèìåíèòü äëÿ âñåõ ïî-
ñëåäîâàòåëüíûõ ðàçëîæåíèé áóëåâûõ ôóíêöèé ïðè ñèí-

q α1
0 α2

0 … α
2n
0, , ,=

y f x1 … xn, ,( )=

MC

mn 1– kn 1–

mn 2– kn 2–

⋅ ⋅
⋅ ⋅

m1 k1

=

i 1 2 … n 1–, , ,{ }∈

MC

m∗n 1– k∗n 1–

m∗n 2– k∗n 2–

⋅ ⋅
⋅ ⋅

m∗1 k∗1

=

m∗j k∗j,( )

MS

Sn 1–

Sn 2–

⋅
⋅

S1

= Sj m∗j
k∗j+=

SN 1 Sn 1– Sn 1– Sn 2– … Sn 1– Sn 2– Sn 3– …S1+ + + +=

Bn 1– x1 … xn 1–, ,( ) 2α1
n 1– x1 … xn 1–, ,( )=

Tn 1– x1 … xn 1–, ,( ) α2
n 1– x1 … xn 1–, ,( )= 




f x1 … xn, ,( )
Sign 2α1

n 1– x1 … xn 1–, ,( )xn α2
n 1– x1 … xn 1–, ,( )+{ }.

=
=

α1
1 x1( ) Sign 2α1

0x1 α2
0+{ };=

α2
1 x1( ) Sign 2α3

0x1 α4
0+{ };=

.  .  .  .  .  .  .  .  .  .  .  .  .

α
2n 1– 1–
1 x1( ) Sign 2α

2n 3–
0 x1 α

2n 2–
0+{ };=

α
2n 1–
1 x1( ) Sign 2α

2n 1–
0 x1 α

2n
0+{ }.=













q

Eo
∗ n∗ k∗,( ) 2 1,( )= =

S 3=

SN 1 3i

i 1–

n 1–

∑+=

SN 1 2i

i 1–

n 1–

∑+=

α1
n ⋅( )
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òåçå ìèíèìàëüíûõ êîíôèãóðàöèé. Â ýòîì ñëó÷àå çàäà-
åòñÿ òîïîëîãèÿ èåðàðõè÷åñêîé ñåòè ìèíèìàëüíîé ñëîæ-
íîñòè. Êàê ñëåäóåò èç ðàññìîòðåííîãî, âåêòîð íàñòðîéêè

ñåòè  îïðåäåëÿåòñÿ ëèøü èñõîäíîé áó-

ëåâîé ôóíêöèåé  è íå çàâèñèò îò ìàòðè-

öû ñîñòîÿíèé MC. Ýòî ïîçâîëÿåò èñïîëüçîâàòü âåêòîð
íàñòðîéêè ñåòè ìèíèìàëüíîé êîíôèãóðàöèè è äëÿ èçáû-
òî÷íîé ñåòè. Â òàêèõ ñåòÿõ, äëÿ ñîêðàùåíèÿ êîëè÷åñòâà
âíåøíèõ íàñòðîå÷íûõ âõîäîâ öåëåñîîáðàçíî â ïåðâîì

óðîâíå èñïîëüçîâàòü êîìïîíåíòû âåêòîðà  â êà÷åñòâå

åäèíè÷íûõ ýêçåìïëÿðîâ íàñòðîå÷íûõ êîíñòàíò, óìíî-

æåííûõ íà ñîîòâåòñòâóþùèå çíà÷åíèÿ  è . 

3  ÂÛÂÎÄÛ

Ðàññìîòðåííûé ìåòîä ñèíòåçà ïîçâîëÿåò ïðîåêòèðî-
âàòü ìíîãîôóíêöèîíàëüíûå óïðàâëÿþùèå óñòðîéñòâà,
îòëè÷àþùèåñÿ îïåðàòèâíîñòüþ íàñòðîéêè è âîçìîæíî-
ñòüþ ðàáîòû â ðåàëüíîì ìàñøòàáå âðåìåíè. Îñîáåííî-
ñòüþ îðãàíèçàöèè íàñòðàèâàåìûõ ëîãè÷åñêèõ ñåòåé, ñî-
ñòàâëÿþùèõ îñíîâó òàêèõ óñòðîéñòâ, ÿâëÿåòñÿ íàñëå-

äîâàíèå ñòðóêòóðû è ñâîéñòâ áàçèñíûõ ýëåìåíòîâ. Ýòî
ïîçâîëÿåò èñïîëüçîâàòü ñïîñîá ââåäåíèÿ ñòðóêòóðíîé
èçáûòî÷íîñòè, èññëåäîâàííûé â [5], äëÿ ïîñòðîåíèÿ
íàäåæíûõ ìíîãîôóíêöèîíàëüíûõ óïðàâëÿþùèõ ëîãè÷å-
ñêèõ óñòðîéñòâ, ðåàëèçîâàííûõ â âèäå ÑÁÈÑ. Ïðåä-
ïîëàãàåòñÿ, ÷òî âîïðîñû ñèíòåçà òàêèõ èçáûòî÷íûõ
ïåðåñòðàèâàåìûõ ëîãè÷åñêèõ ñåòåé áóäóò ðàññìîòðåíû â
îòäåëüíûõ ïóáëèêàöèÿõ. 
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ÈÑÏÎËÜÇÎÂÀÍÈÅ JAVA-ÒÅÕÍÎËÎÃÈÉ Â ÈÍÒÅÐÍÅÒ-ÏÐÈËÎÆÅÍÈßÕ

Ñ. À. Îíèùåíêî

Ðàññìàòðèâàþòñÿ Java-òåõíîëîãèè êàê èíñòðóìåíò äëÿ
ñîçäàíèÿ è ïîääåðæàíèÿ Èíòåðíåò-ïðîåêòîâ. Îñíîâíîå âíè-
ìàíèå óäåëÿåòñÿ èñïîëüçîâàíèþ Java â ñåðâåðíîé ÷àñòè ïðî-
ãðàììíûõ ïðîäóêòîâ. Ïðèâåäåí ïðèìåð ñîçäàíèÿ Èíòåðíåò-
ïðåäñòàâèòåëüñòâà íà îñíîâå Java-ñåðâåðà JServ.

Ðîçãëÿäàþòüñÿ Java-òåõíîëîã³¿ ÿê ³íñòðóìåíò äëÿ ïîáó-
äîâè é ï³äòðèìêè ²íòåðíåò-ïðîåêò³â. Îñíîâíà óâàãà ïðèä³ëÿ-
ºòüñÿ âèêîðèñòàííþ Java ó ñåðâåðí³é ÷àñòèí³ ïðîãðàìíèõ
ïðîäóêò³â. Íàâåäåíî ïðèêëàä ñòâîðåííÿ ²íòåðíåò-ïðåäñòàâ-
íèöòâà íà îñíîâ³ Java-ñåðâåðó JServ.

The article considers Java technologies as a tool for building
and maintaining Internet-based projects. Major impact is done
on using Java in server-side software. The article provides an
example of Web-site built on Apache JServ Java server.

ÂÂÅÄÅÍÈÅ

Ïî ïðîãíîçàì ñïåöèàëèñòîâ ïðè ñóùåñòâóþùèõ òåì-
ïàõ ðàçâèòèÿ Èíòåðíåò ðèñêóåò îáîéòè ïî ïîïóëÿðíîñòè
íå òîëüêî ïå÷àòíûå èçäàíèÿ, íî è òåëåâèäåíèå. Ñîçäàíèå
ñâîåãî ïðåäñòàâèòåëüñòâà â Èíòåðíåò ñòàíîâèòñÿ ïðàâè-
ëîì õîðîøåãî òîíà. Ê ñîæàëåíèþ, òàêîé àñïåêò êàê
ïîääåðæàíèå âåá-ïðîåêòîâ, êàê ïðàâèëî, óïóñêàåòñÿ èç
âèäó. Äëÿ îáåñïå÷åíèÿ êà÷åñòâåííîãî êîíòåíòà (íàïîë-

íåíèÿ) âåá-ñàéòîâ èñïîëüçóþòñÿ ðàçëè÷íûå òåõíîëîãèè
äèíàìè÷åñêîãî ñîçäàíèÿ ñòðàíèö - CGI-ñêðèïòû, PHP,
SSI è ò.ï. Çà÷àñòóþ ìîäóëè äèíàìè÷åñêîãî ñîçäàíèÿ
ñòðàíèö, â ñâîþ î÷åðåäü, îáðàùàþòñÿ ê ðàçëè÷íûì ðåïî-
çèòàðèÿì (áàçû äàííûõ, áàçû çíàíèé, ýêñïåðòíûå ñèñ-
òåìû). Êàê óòâåðæäàþò ñïåöèàëèñòû êîìïàíèè Sun [1],
òåõíîëîãèÿ Java ïðèãîäíà íå òîëüêî äëÿ ñîçäàíèÿ àïëå-
òîâ, êîòîðûå èñïîëíÿþòñÿ íà êëèåíòñêîé ñòîðîíå (â áðî-
óçåðå îáîçðåâàòåëÿ). Ãèáêèé è ïðîñòîé èíòåðôåéñ ñåðâ-
ëåòîâ (Servlet API) ïîçâîëÿåò èñïîëüçîâàòü âñþ ìîùü
Java â ñåðâåðíûõ ïðèëîæåíèÿõ. Âñå ïðåèìóùåñòâà Java,
êîòîðûå âûäåëÿþò ýòîò ÿçûê ñðåäè ïðî÷èõ ñðåäñòâ
ïðîãðàììèðîâàíèÿ, ñâèäåòåëüñòâóþò â ïîëüçó Java êàê
èíñòðóìåíòà äëÿ ñîçäàíèÿ ñåðâåðîâ.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïðåäñòàâëÿåò èíòåðåñ ïðîáëåìà ðåàëèçàöèè ïðîãðàìì-
íîãî êîìïëåêñà äëÿ ïîääåðæêè âåá-ïðåäñòàâèòåëüñòâà,
êîòîðûé áû îäíîâðåìåííî ãàðàíòèðîâàë âûñîêóþ íàäåæ-
íîñòü ðàáîòû âåá-ñàéòà è ïðîñòîòó åãî àäìèíèñòðè-
ðîâàíèÿ. Íåìàëîâàæíûìè àñïåêòîì ÿâëÿåòñÿ íàëè÷èå

q α1
0 α2

0 … α
2n
0, , ,=

y f x1 … xn, ,( )=

q
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áàçû äàííûõ, âîçìîæíîñòü áûñòðîãî ïîèñêà è ñõåìà ðàç-
ãðàíè÷åíèÿ ïðàâ äîñòóïà.

Ñàìûì òðóäîåìêèì ýòàïîì ðàçðàáîò÷èêà èíòåðíåò-
ïðèëîæåíèé ÿâëÿåòñÿ ðåàëèçàöèÿ øëþçà ìåæäó èíòåð-
ôåéñîì êëèåíòà (êëèåíòîì, êàê ïðàâèëî, âûñòóïàåò
áðîóçåð: Netscape Navigator, Opera, Lynx, Internet
Explorer) è äîëãîâðåìåííûì õðàíèëèùåì äàííûõ íà
ñåðâåðå (ôàéëû, áàçû äàííûõ, áàçû çíàíèé). Â ïîñëåä-
íåå âðåìÿ áûëî ðàçðàáîòàíî íåñêîëüêî ñõåì è ìåòîäèê
ñîçäàíèÿ âåá-ñåðâåðîâ íà áàçå Perl, PHP, ASP, SSI. Âñå
ýòè ÿçûêè è ìåòîäèêè èñïîëüçóþò ñòàíäàðòíûé CGI-
èíòåðôåéñ (Common Gateway Interface) äëÿ ïîëó÷åíèÿ
ïàðàìåòðîâ îò êëèåíòà ïðè äèíàìè÷åñêîì ôîðìèðîâàíèè
HTML-ñòðàíèö. Îäíèì èç íàèáîëåå ïåðñïåêòèâíûõ ñåð-
âåðíûõ ñðåäñòâ íà äàííûé ìîìåíò ÿâëÿþòñÿ Java-
ñåðâëåòû.

JAVA-ÑÅÐÂËÅÒÛ

Ñåðâåð, íàïèñàííûé íà Java, îáðå÷åí íà âûñîêóþ
íàäåæíîñòü è áåçîïàñíîñòü. Âîçìîæíîñòè ìíîãîçàäà÷-
íîñòè, çàëîæåííûå â Java, ïîâûøàþò ïðîèçâîäèòåëü-
íîñòü ñåðâåðîâ, à íåçàâèñèìîñòü îò ïëàòôîðìû ïîçâî-
ëÿåò èñïîëüçîâàòü îäíè è òå æå ìîäóëè íà ëþáûõ êîì-
ïüþòåðàõ è îïåðàöèîííûõ ñèñòåìàõ, ïîääåðæèâàþùèõ
Java. Ýòî ïîçâîëÿåò ñîçäàâàòü ìíîãîóðîâíåâûå êîðïîðà-
òèâíûå ïðèëîæåíèÿ â ðàìêàõ ñåòåé ëþáîé ñëîæíîñòè è
ðàáîòàþùèå ïîä óïðàâëåíèåì ëþáîé îïåðàöèîííîé ñèñ-
òåìû [2]. Êëþ÷åâûìè êîìïîíåíòàìè Java-ñåðâåðà ÿâëÿ-
þòñÿ ñåðâëåòû.

Ñåðâëåò - ýòî íåçàâèñèìàÿ îò ïëàòôîðìû è ïðîòîêîëà
ñåðâåðíàÿ êîìïîíåíòà, íàïèñàííàÿ íà Java, êîòîðàÿ äè-
íàìè÷åñêè ðàñøèðÿåò âîçìîæíîñòè Java-ñåðâåðà. Îñíîâ-
íîå íàçíà÷åíèå ñåðâëåòîâ - ýòî ïðåäîñòàâëåíèå çàùèùåí-
íîãî äîñòóïà ê äàííûì ÷åðåç Èíòåðíåò. Ñåðâëåòû ïî-
çâîëÿþò ïðîñìàòðèâàòü è ìîäèôèöèðîâàòü äàííûå ïî-
ñðåäñòâîì äèíàìè÷åñêè ãåíåðèðóåìûõ HTML-ñòðàíèö.
Òàê êàê ñåðâëåòû èñïîëíÿþòñÿ íà ñåðâåðå, îíè íå
íóæäàþòñÿ â ãðàôè÷åñêîì èíòåðôåéñå, ÷òî çíà÷èòåëüíî
îáëåã÷àåò çàäà÷ó ïðîãðàììèñòà. Â îòëè÷èå îò àïëåòîâ,
ñåðâëåòû íå ïåðåäàþòñÿ ïî ñåòè äëÿ âûïîëíåíèÿ íà
êëèåíòñêîé ìàøèíå, ÷òî çíà÷èòåëüíî îáëåã÷àåò çàãðóçêó
êàíàëîâ ñâÿçè.

Ïðîãðàììû-êëèåíòû, êîòîðûå îáðàùàþòñÿ ê ñåðâëå-
òàì, ìîãóò îòëè÷àòüñÿ ïî ñëîæíîñòè. Êëèåíòîì ìîæåò
âûñòóïàòü êàê ïðîñòàÿ HTML ôîðìà, òàê è Java-àïëåò.
Íà ðèñ.1 ïðåäñòàâëåíà ñõåìà âçàèìîäåéñòâèÿ HTTP-
êëèåíòîâ (àïëåòû, HTML-ôîðìû) ñ Java-ñåðâåðîì, â
êîíòåêñòå êîòîðîãî âûïîëíÿþòñÿ ñåðâëåòû.

Ñ òî÷êè çðåíèÿ ðàçðàáîò÷èêà ñåðâëåò - ýòî Java-êëàññ.
Ñåðâëåò ðåàëèçóåò ôóíêöèè èíòåðôåéñà Servlet API [1],
êàê ïðàâèëî, ðàñøèðÿÿ êëàññ GenericServlet èëè åãî
ìîäèôèêàöèþ - êëàññ HttpServlet. Ïðîñòåéøèé ñåðâëåò
ïåðåîïðåäåëÿåò îäèí ìåòîä êëàññà GenericServlet - ser-
vice:

import java.servlet.*;
public class MyServlet extends GenericServlet {
        public void service (
            ServletRequest   request,
            ServletResponse  response
        ) throws ServletException, IOException
        {
            ...
        }
        ...
}

Ðèñóíîê 1 - Âçàèìîäåéñòâèå HTTP-êëèåíòîâ ñ 
ñåðâëåòàìè

Åñëè â êà÷åñòâå áàçîâîãî êëàññà ïðè ñîçäàíèè ñåðâëå-
òà èñïîëüçóåòñÿ HttpServlet, òî íåîáõîäèìî ïðåäîïðå-
äåëèòü ðåàêöèþ ñåðâëåòà íà HTTP çàïðîñû POST, GET,
HEAD ïðè ïîìîùè ïåðåîïðåäåëåíèÿ ôóíêöèé doPost(),
doGet() è doHead(), ñîîòâåòñòâåííî.

Ñåðâëåòû âñåãäà çàãðóæàþòñÿ â îïåðàòèâíóþ ïàìÿòü
äèíàìè÷åñêè. Àäìèíèñòðàòîð ñåðâåðà òàêæå èìååò âîç-
ìîæíîñòü ïðèíóäèòåëüíî çàãðóæàòü è èíèöèàëèçèðîâàòü
îïðåäåëåííûå ñåðâëåòû ïðè çàïóñêå Java-ñåðâåðà (star-
tup). Ñåðâëåòû çàãðóæàþòñÿ â ïàìÿòü ìàøèíû ïðè ïî-
ìîùè îáû÷íîãî çàãðóç÷èêà êëàññîâ Java. Ïðè ýòîì ñåðâ-
ëåò ìîæåò ðàñïîëàãàòüñÿ êàê íà ëîêàëüíîé ôàéëîâîé
ñèñòåìå, òàê è â óäàëåííûõ êàòàëîãàõ, íàïðèìåð, â êàòà-
ëîãå http://some.host.com/servlets. Ýòèì äîñòèãàåòñÿ
ãèáêîñòü ñèñòåìíîé àðõèòåêòóðû è îáåñïå÷èâàåòñÿ ðàñ-
ïðåäåëåíèå ñåðâèñîâ â ñåòè.

ÇÀÄÀ×È, ÐÅØÀÅÌÛÅ ÏÐÈ ÏÎÌÎÙÈ 
ÑÅÐÂËÅÒÎÂ

Ñåðâëåò, êàê ïðàâèëî, îáðàáàòûâàåò èíôîðìàöèþ, êî-
òîðàÿ ïîñòóïàåò íà ñåðâåð ïî ïðîòîêîëó HTTP â ðåçóëü-
òàòå îòïðàâêè äàííûõ êàêîé-ëèáî HTML ôîðìû. Òàê
êàê ñåðâëåòû ìîãóò îäíîâðåìåííî îáðàáàòûâàòü
íåñêîëüêî çàïðîñîâ, ïðîèñõîäèò ñèíõðîíèçàöèÿ çàïðî-
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ñîâ. Ýòà âîçìîæíîñòü øèðîêî èñïîëüçóåòñÿ äëÿ ñîçäàíèÿ
ìíîãîïîëüçîâàòåëüñêèõ ïðèëîæåíèé, òàêèõ êàê îíëàé-
íîâûå êîíôåðåíöèè è Èíòåðíåò-ìàãàçèíû. Ïðè ïîìîùè
ñåðâëåòîâ ìîæíî ñîçäàòü ãðóïïó àêòèâíûõ ýëåìåíòîâ,
êîòîðûå áû ðàçäåëÿëè íàãðóçêó ìåæäó ñîáîé. Îäèí
ñåðâëåò ìîæåò ïåðåíàïðàâëÿòü çàïðîñû ðàçíûì ñåðâå-
ðàì. Ýòà ìåòîäèêà ïðèìåíÿåòñÿ äëÿ áàëàíñèðîâàíèÿ íà-
ãðóçêè ìåæäó íåñêîëüêèìè ñåðâåðàìè, êîòîðûå îòîáðà-
æàþò îäèí è òîò æå êîíòåíò. Ñåðâëåòû òàêæå ìîãóò èñ-
ïîëüçîâàòüñÿ äëÿ ðàñïðåäåëåíèÿ ñåðâèñîâ ìåæäó íå-
ñêîëüêèìè ñåðâåðàìè, ìàðøðóòèçèðóÿ çàïðîñû ñîãëàñíî
òèïó çàäà÷è èëè îðãàíèçàöèîííîé ñòðóêòóðû ñåðâåðà,
ñåòè èëè ïðåäïðèÿòèÿ.

Îäíèì èç ïðåèìóùåñòâ ñåðâëåòîâ ÿâëÿåòñÿ òî, ÷òî îíè
íå òðåáóþò ñîçäàíèÿ íîâîãî ñèñòåìíîãî ïðîöåññà äëÿ
êàæäîãî ïðèõîäÿùåãî çàïðîñà. Ïðàêòè÷åñêè â ëþáîé
ïðîãðàììíîé ñðåäå ìíîæåñòâî ñåðâëåòîâ èñïîëíÿþòñÿ
ïàðàëëåëüíî êàê ñåðâåð â êîíòåêñòå åäèíîãî ñèñòåìíîãî
ïðîöåññà (ïðîöåññ Java-ñåðâåðà). Ïî ýòîìó êðèòåðèþ
èñïîëüçîâàíèå ñåðâëåòîâ ÿâëÿåòñÿ áîëåå ïðåäïî÷òè-
òåëüíûì, ÷åì èñïîëüçîâàíèå CGI èëè Fast-CGI (ðèñ.2).

Ïðè èñïîëüçîâàíèè ìåòîäèêè CGI (ðèñ.2à) êàæäûé
çàïðîñ, ïðèõîäÿùèé íà ñåðâåð èç ìèðà, îáðàáàòûâàåòñÿ
îòäåëüíûì ñèñòåìíûì ïðîöåññîì, êîòîðûé ïîðîæäàåòñÿ
ãëàâíûì ïðîöåññîì (âåá-ñåðâåð). Êîãäà ïðèìåíÿåòñÿ
òåõíîëîãèÿ Fast-CGI (ðèñ.2á), âñå çàïðîñû äëÿ CGI-
ìîäóëåé ïåðåíàïðàâëÿþòñÿ â îòäåëüíûé ñèñòåìíûé
ïðîöåññ, êîòîðûé èõ îáðàáàòûâàåò. Åñëè çàïðîñû íå
ïîñòóïàþò, òî ýòîò ïðîöåññ çàâåðøàåòñÿ (ðàçðóøàåòñÿ
ñèñòåìîé). Ñ ïðèõîäîì î÷åðåäíîãî çàïðîñà ïðîöåññ
èíèöèàëèçèðóåòñÿ (ñîçäàåòñÿ) âíîâü. Îïåðàöèè ñîçäà-
íèÿ è ðàçðóøåíèÿ ïðîöåññîâ, êàê èçâåñòíî, îòáèðàþò
âðåìÿ è ñèñòåìíûå ðåñóðñû. Èñïîëüçîâàíèå Java-ñåðâåðà
(ðèñ.2â) ïîçâîëÿåò èçáåæàòü ýòèõ çàòðàò, òàê êàê â
ñèñòåìå âñåãäà ïðèñóòñòâóåò ïðîöåññ, ãîòîâûé â ëþáóþ
ìèíóòó ïðèíÿòü çàïðîñ è îáðàáîòàòü åãî. Ýòîò ïîäõîä
èìååò åùå îäíî ïðåèìóùåñòâî - ëþáîé îïåðàöèîííîé
ñèñòåìå óäîáíåå ñëåäèòü çà îäíèì ïðîöåññîì, ÷åì çà
ìíîãèìè. Â ñâÿçè ñ ýòèì ïîâûøàåòñÿ íàäåæíîñòü ðàáîòû
ñåðâåðà â öåëîì.

Java-ñåðâåð ïîçâîëÿåò ðåàëèçîâàòü òðåõóðîâíåâóþ
èíôîðìàöèîííóþ ìîäåëü. Â îòëè÷èå îò êëàññè÷åñêîé
äâóõóðîâíåâîé ìîäåëè, êîãäà ïðîãðàììà-êëèåíò "îáùà-
åòñÿ" ñ îäíèì ñåðâåðîì, â òðåõóðîâíåâîé ìîäåëè ñåðâå-
ðû ìîãóò "îáùàòüñÿ" äðóã ñ äðóãîì.

Ïåðâûì óðîâíåì òðåõóðîâíåâîé Èíòåðíåò-ìîäåëè
ÿâëÿþòñÿ áðîóçåðû (æåëàòåëüíî ñ ïîääåðæêîé Java).
Ñëîæíûå çàäà÷è, òðåáóþùèå ðàñøèðåííûå âîçìîæíîñòè
èíòåðôåéñà, ðåøàþòñÿ ïðè ïîìîùè Java-àïëåòîâ. Áîëåå
òðèâèàëüíûå - ïðè ïîìîùè îáûêíîâåííûõ HTML ôîðì.

Âòîðûì óðîâíåì ÿâëÿþòñÿ ñåðâëåòû, êîòîðûå ðåàëè-
çóþò áèçíåñ-ïðàâèëà è ëîãèêó ïðèëîæåíèé.

Òðåòèé óðîâåíü - ýòî ðåïîçèòàðèè äàííûõ. Äîñòóï ê
ýëåìåíòàì (ñåðâåðàì) òðåòüåãî óðîâíÿ îñóùåñòâëÿåòñÿ

÷åðåç èíòåðôåéñû ðåëÿöèîííûõ áàç äàííûõ (JDBC,
ODBC) èëè ïîñðåäñòâîì äðóãèõ èíòåðôåéñîâ è ïðîòî-
êîëîâ, òàêèõ êàê ONC RPC, DCE RPC èëè CORBA/
IIOP (ðèñ.3).

à)

á)

â)

Ðèñóíîê 2 - Ñðàâíåíèå ðàáîòû ñåðâëåòîâ ñ ðàáîòîé 
CGI è Fast-CGI
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Ðèñóíîê 3 - Òðåõóðîâíåâàÿ ìîäåëü ñ èñïîëüçîâàíèåì Java-ñåðâåðà

Èíòåðôåéñ ñåðâëåòîâ îïèñûâàåòñÿ â ñòàíäàðòå Java
Servlet API [1] îò êîìïàíèè SUN. Ýòîò èíòåðôåéñ ïîä-
äåðæèâàåòñÿ íåñêîëüêèìè âåá-ñåðâåðàìè, ñðåäè êîòîðûõ
ñàìûé ïîïóëÿðíûé â ìèðå [3] âåá-ñåðâåð Apache.

Apache JServ - ýòî ñåðâåð, îáåñïå÷èâàþùèé ðàáîòó
ñåðâëåòîâ (servlet engine), ïîëíîñòüþ íàïèñàííûé íà
Java è ïîëíîñòüþ ñîâìåñòèìûé ñ èíòåðôåéñîì JavaSoft
Java Servlet APIs 2.0 [4]. Áëàãîäàðÿ ñâîåé ïîðòàòèâ-
íîñòè ñåðâåð JServ 1.0 ñïîñîáåí ôóíêöèîíèðîâàòü íà
âñåõ âèðòóàëüíûõ Java-ìàøèíàõ (JVM) âåðñèè 1.1 è âû-
øå è îáñëóæèâàòü âñå ñåðâëåòû, êîòîðûå ïîääåðæèâàþò
èíòåðôåéñ Java Servlet API âåðñèè 2.0. Â öåëÿõ ìèíè-
ìèçàöèè çàâèñèìîñòè îò êàêîé-ëèáî îïðåäåëåííîé ïëàò-
ôîðìû, JServ ðåàëèçîâàí â âèäå îòäåëüíîãî ñåðâåðà
(ïðîöåññà-äåìîíà), êîòîðûé îáùàåòñÿ ñ äðóãèìè ñåðâå-
ðàìè ïîñðåäñòâîì ñïåöèàëüíîãî ñåòåâîãî ïðîòîêîëà AJP
[5]. Apache JServ ïîääåðæèâàåò íåñêîëüêî ìîäóëåé ðàñ-
øèðåíèÿ, ñðåäè êîòîðûõ Apache JSSI, Cocoon, GNU
Java Server Pages, WebMacro Java Servlet Toolkit.
Apache JServ ñïîñîáåí ðàáîòàòü ïîä óïðàâëåíèåì ðàç-
ëè÷íûõ îïåðàöèîííûõ ñèñòåì.

ÏÐÈÍÖÈÏÛ ÏÎÑÒÐÎÅÍÈß È ÐÀÁÎÒÛ 
ÑÈÑÒÅÌÛ

Â êà÷åñòâå ïðèìåðà âåá-ñàéòà, ðàçðàáîòàííîãî ñ ïðè-
ìåíåíèåì Java-òåõíîëîãèé, ïðåäëàãàåòñÿ ðàññìîòðåòü
ñàéò æóðíàëà "Ðàäèîýëåêòðîíèêà. Èíôîðìàòèêà. Óïðàâ-
ëåíèå", êîòîðûé ðàñïîëàãàåòñÿ ïî àäðåñó http://www.
zstu.edu.ua/RIC/. Â êà÷åñòâå ñåðâåðíîé ÎÑ áûë âû-
áðàí êëîí UNIX - FreeBSD 4.0-STABLE. Â êà÷åñòâå âåá-
ñåðâåðà èñïîëüçîâàëñÿ Apache/1.3.6 (Unix) rus/PL28.
16. Â êà÷åñòâå ÑÓÁÄ - MySQL server version 3.22.25.
Âñå ýòè ïðîãðàììíûå ïðîäóêòû (âêëþ÷àÿ ñàìó ÎÑ
FreeBSD) ðàñïðîñòðàíÿþòñÿ áåñïëàòíî â èñõîäíûõ òåê-
ñòàõ ïî ëèöåíçèè GPL [6]. Øèðîêîå èñïîëüçîâàíèå ýòèõ
ïðîäóêòîâ ïðîôåññèîíàëàìè âî âñåì ìèðå ãàðàíòèðóåò
èõ íàäåæíîñòü è îáåñïå÷èâàåò êà÷åñòâåííóþ ïîääåðæêó.

Òàê êàê íà ñàéòå ïðèñóòñòâóåò èíôîðìàöèÿ íà òðåõ ÿçû-
êàõ (óêðàèíñêèé, ðóññêèé, àíãëèéñêèé), êîäîâîé ñòðà-
íèöåé äëÿ õðàíåíèÿ è îáðàáîòêè äàííûõ íà ñåðâåðå
áûëà âûáðàíà KOI8-U [7]. Êîäèðîâêà, â êîòîðîé äàí-
íûå îòäàþòñÿ êëèåíòó, âûáèðàåòñÿ äèíàìè÷åñêè ñðåä-
ñòâàìè ðàñøèðåíèÿ âåá-ñåðâåðà Apache - RA (Russian
Apache), èñõîäÿ èç çàãîëîâêîâ HTTP-çàïðîñà è òèïà
àãåíòà (áðîóçåðà) [8]. Çàäà÷à äèíàìè÷åñêîãî ôîðìèðî-
âàíèÿ âåá-ñòðàíèö áûëà ðåàëèçîâàíà ïðè ïîìîùè Java-
ñåðâåðà ApacheJServ/1.0, JDK 1.1.8, JSDK 2.0, JSSI 1.0
[4]. Îãðàíè÷åíèå äîñòóïà ê äàííûì áûëî ðåàëèçîâàíî
ñðåäñòâàìè âåá-ñåðâåðà Apache (ôàéë îãðàíè÷åíèé
access.conf è óòèëèòà htpasswd).

Âåá-ñàéò ïðåäñòàâëÿåò ñîáîé íàáîð .jhtml ôàéëîâ,
êîòîðûå ÿâëÿþòñÿ ïðîòîòèïàìè ôîðìèðóåìûõ HTML-
ñòðàíèö. Ïîëó÷àÿ çàïðîñ íà ôàéë ñ òàêèì ðàñøèðåíèåì,
âåá-ñåðâåð (â äàííîì ñëó÷àå Apache) ôîðìèðóåò ñâîé
çàïðîñ è ïîñûëàåò åãî Java-ñåðâåðó (JServ) ïî ïðîòî-
êîëó AJP. Java-ñåðâåð èíèöèàëèçèðóåò ñåðâëåò org.
apache.ssi.SSIServlet, êîòîðûé ïðîñìàòðèâàåò èñõîäíûé
êîä jhtml-ôàéëà è èñïîëíÿåò ñåðâëåòû, çàïðàøèâàåìûå
òýãàìè <SERVLET> … </SERVLET>. Ðåçóëüòàò ðàáî-
òû âûçûâàåìîãî ñåðâëåòà ïîäñòàâëÿåòñÿ íà ìåñòî åãî
âûçîâà â ôàéë .jhtml. Âî âñåì îñòàëüíîì .jhtml ôàéë
ñõîäåí ñ îáûêíîâåííûì .html ôàéëîì, ò.å. ñîäåðæèò
÷èñòûé HTML-êîä. Ñôîðìèðîâàííàÿ ñòðàíèöà îòäàåòñÿ
âåá-ñåðâåðó, à çàòåì îò íåãî ê êëèåíòó.

Ïîâåäåíèå çàïðàøèâàåìûõ â òåëå .jhtml ôàéëà ñåðâ-
ëåòîâ çàâèñèò îò ïàðàìåòðîâ HTTP-çàïðîñà, ïåðåäàâà-
åìûõ îò êëèåíòà (èç áðîóçåðà), à òàêæå îò ïàðàìåòðîâ,
çàäàííûõ ïðè ïîìîùè äèðåêòèâ <PARAM name='…'
value='…'> â òåëå èñõîäíîãî ôàéëà. Íàïðèìåð:

<SERVLET code='MagazineSSI.class'>
<PARAM name='mode' value='issue'>
<PARAM name='text' value='$(date)'>
<PARAM name='lang' value='rus'>
</SERVLET>
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Â ðàññìàòðèâàåìîì ïðèìåðå èñïîëüçóþòñÿ äâà ìîäóëÿ
(äâà ñåðâëåòà) - MagazineSSI è MagazineAdminSSI, êîòî-
ðûå îáåñïå÷èâàþò äèíàìèêó íà ñòðàíèöàõ ñàéòà. Óïðî-
ùåííûå áëîê-ñõåìû ìîäóëåé ïðèâåäåíû íà ðèñ.4 è 5,
ñîîòâåòñòâåííî.

Ôóíêöèè ïðîñòîé âûáîðêè è ïîèñêà (select) è àäìè-
íèñòðèðîâàíèÿ (update, delete, insert) ðàçíåñåíû ïî ðàç-
íûì ìîäóëÿì èç ñîîáðàæåíèé áåçîïàñíîñòè. Ïîäêëþ÷å-
íèå ê áàçå äàííûõ èç ìîäóëÿ MagazineSSI íå äàåò
âîçìîæíîñòè ìîäèôèöèðîâàòü äàííûå. Ìîäóëü Maga-
zineAdminSSI, íàîáîðîò, îáåñïå÷èâàåò ïðàêòè÷åñêè ïîë-
íûé äîñòóï ê ñòàòüÿì. Ïîäêëþ÷åíèå ê áàçå äàííûõ
(MySQL) îñóùåñòâëÿåòñÿ ïðè ïîìîùè äðàéâåðà JDBC
twz1 âåðñèè 1.0.4-GA. Â çàâèñèìîñòè îò ïàðàìåòðîâ,
ïåðåäàâàåìûõ ñåðâëåòó, êîíñòðóèðóåòñÿ SQL-çàïðîñ. Îí
îáðàáàòûâàåòñÿ MySQL-ñåðâåðîì, åãî ðåçóëüòàòû âîç-
âðàùàþòñÿ â ñåðâëåò, ôîðìàòèðóþòñÿ è îòäàþòñÿ â
êà÷åñòâå HTML-ñòðàíèöû êëèåíòó.

Ìîäóëè MagazineSSI è MagazineAdminSSI ïðèíèìàþò
ïàðàìåòð lang, êîòîðûé îïðåäåëÿåò ÿçûê âûâîäà -
óêðàèíñêèé, ðóññêèé èëè àíãëèéñêèé. Ôîðìàò âûâîäà,
êàê ïðàâèëî, îïðåäåëÿåòñÿ ïàðàìåòðîì text.

Ðèñóíîê 4 - Áëîê-ñõåìà ìîäóëÿ MagazineSSI

Ðèñóíîê 5 - Áëîê-ñõåìà ìîäóëÿ MagazineAdminSSI

Àäìèíèñòðèðîâàíèå âåá-ñàéòà (ìîäèôèêàöèÿ äàííûõ,
ââîä íîâûõ ñòàòåé) îñóùåñòâëÿåòñÿ ÷åðåç Èíòåðíåò. Â
ïîäêàòàëîãå admin ðàçìåùàþòñÿ .jhtml ôàéëû, êîòîðûå
âûçûâàþò ñåðâëåò MagazineAdminSSI. Â ìîäóëå Maga-
zineAdminSSI ðåàëèçîâàíû ôóíêöèè ñîçäàíèÿ íîâîãî
íîìåðà æóðíàëà â áàçå, äîáàâëåíèÿ, ðåäàêòèðîâàíèÿ è
óäàëåíèÿ ñòàòåé. Äîñòóï ê ïîäêàòàëîãó admin îãðàíè-
÷èâàåòñÿ ñðåäñòâàìè ñàìîãî âåá-ñåðâåðà. Êàòàëîã ìîæåò
áûòü äîñòóïåí òîëüêî îïðåäåëåííîìó ïîëüçîâàòåëþ èëè
ãðóïïå ïîëüçîâàòåëåé (ïî ïàðîëþ), èëè òîëüêî ñ îïðåäå-
ëåííûõ àäðåñîâ èëè ïîäñåòåé (ïî IP-àäðåñó).

Íà íàñòîÿùèé ìîìåíò ðàññìàòðèâàåìàÿ ñèñòåìà ïðî-
ðàáîòàëà 6 ìåñÿöåâ. Ñóäÿ ïî âèçóàëüíûì íàáëþäåíèÿì è
ôàéëàì-ïðîòîêîëàì, íàðóøåíèé â ðàáîòå íå áûëî. Â
öåëÿõ òåñòèðîâàíèÿ íà îòêàç íà âåá-ñàéò æóðíàëà áûëà
ïðîâåäåíà íåáîëüøàÿ DOS-àòàêà (denial-of-service
attack), ÷òî, îäíàêî, íå ïîâëèÿëî íà ñòàáèëüíîñòü
ðàáîòû ñåðâåðà.

ÐÅÇÓËÜÒÀÒÛ È ÂÛÂÎÄÛ

Îïèñàííàÿ âûøå ìåòîäèêà ïîçâîëÿåò ñîçäàâàòü è
ïîääåðæèâàòü íàäåæíûå Èíòåðíåò-ïðèëîæåíèÿ ëþáîãî
ìàñøòàáà è ñëîæíîñòè. Ïðè ïîìîùè Java-òåõíîëîãèé
ñðàâíèòåëüíî ëåãêî ñîçäàþòñÿ ìíîãîóðîâíåâûå ñèñòåìû,
êîòîðûå óñïåøíî èíòåãðèðóþòñÿ â Èíòåðíåò. Â êà÷åñòâå
ïðèìåðà ðàññìàòðèâàëàñü ïîëíîôóíêöèîíàëüíàÿ ñèñòåìà
ïîääåðæêè âåá-ñàéòà æóðíàëà "Ðàäèîýëåêòðîíèêà. Èí-
ôîðìàòèêà. Óïðàâëåíèå", êîòîðàÿ çà 6 ìåñÿöåâ ðàáîòû
íå äàëà ñáîÿ. Èñïîëüçîâàíèå Java-òåõíîëîãèé, óäîáíûé
óíèôèöèðîâàííûé èíòåðôåéñ äëÿ àäìèíèñòðèðîâàíèÿ, à
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òàêæå ãèáêàÿ íàñòðîéêà ïîçâîëÿþò ïðèìåíÿòü ðàçðà-
áîòàííóþ ñèñòåìó äëÿ ïîääåðæêè âåá-ïðåäñòàâèòåëüñòâà
ïðàêòè÷åñêè ëþáîãî ïå÷àòíîãî èçäàíèÿ.
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Ì. Þ. Ñåíàøîâà

Îïèñàíû ãðàôû âû÷èñëåíèÿ ñëîæíûõ ôóíêöèé ìíîãèõ ïåðå-
ìåííûõ, èçëîæåí ïðèíöèï äâîéñòâåííîñòè äëÿ âû÷èñëåíèÿ
ãðàäèåíòà ñëîæíîé ôóíêöèè è ãðàäèåíòà îò ôóíêöèîíàëîâ
ãðàäèåíòà, âûäåëåí êëàññ òàêèõ ôóíêöèé, äëÿ êîòîðûõ âû-
÷èñëåíèå ãðàäèåíòà íàèáîëåå ïðîñòî (îí âêëþ÷àåò íåéðîííûå
ñåòè, íî íå òîëüêî - ñóùåñòâóþò ýêñòðåìàëüíî ïðîñòûå
ñõåìû áîëåå îáùåãî âèäà).

The grafs of calculation of composite functions of many vari-
ables are described. Principle of duality for calculation of gradi-
ent and second derivative of composite function is stated. Class
of functions with the most simple calculation of gradient is deter-
mined. (Besides the neural networks it includes the extremely
simple circuits of a more general kind).

ÂÂÅÄÅÍÈÅ

Íåâåðíî øèðîêî ðàñïðîñòðàíåííîå ìíåíèå, ÷òî
âû÷èñëèòåëüíûå çàòðàòû äëÿ ãðàäèåíòà ôóíêöèè n

ïåðåìåííûõ â n ðàç ïðåâûøàþò çàòðàòû íà âû÷èñëåíèå
çíà÷åíèÿ ñàìîé ôóíêöèè. Â äåéñòâèòåëüíîñòè, äëÿ âñåõ
ôóíêöèé ìíîãèõ ïåðåìåííûõ, âñòðå÷àþùèõñÿ íà ïðàê-
òèêå, íåîáõîäèìûå âû÷èñëèòåëüíûå çàòðàòû íà ïîèñê èõ
ãðàäèåíòà âñåãî ëèøü â äâà-òðè ðàçà ïðåâîñõîäÿò çà-
òðàòû íà âû÷èñëåíèå îäíîãî çíà÷åíèÿ ôóíêöèè.

Ïîèñê gradF óäîáíî ïðåäñòàâèòü êàê íåêîòîðûé äâîé-
ñòâåííûé ïðîöåññ íàä ñòðóêòóðîé âû÷èñëåíèÿ F. Îêà-
çûâàåòñÿ, ÷òî åñëè ïðåäñòàâèòü F êàê ñëîæíóþ ôóí-
êöèþ, ÿâëÿþùóþñÿ ñóïåðïîçèöèåé ôóíêöèé ìàëîãî ÷èñ-
ëà ïåðåìåííûõ, è àêêóðàòíî âîñïîëüçîâàòüñÿ ïðàâèëîì
äèôôåðåíöèðîâàíèÿ ñëîæíîé ôóíêöèè, íå ïðîèçâîäÿ ïî
äîðîãå ëèøíèõ âû÷èñëåíèé è ñîõðàíÿÿ ïîëåçíûå ïðî-
ìåæóòî÷íûå ðåçóëüòàòû, òî âû÷èñëåíèå âñåé ñîâîêóï-

íîñòè   íåìíîãèì ñëîæíåå, ÷åì îäíîé èç

ýòèõ ôóíêöèé - îíè âñå ñîáðàíû èç îäèíàêîâûõ áëîêîâ.
×àñòíûì ñëó÷àåì òàêîãî ðàöèîíàëüíîãî ïîäõîäà ê
âû÷èñëåíèþ ãðàäèåíòà ÿâëÿåòñÿ ìåòîä îáðàòíîãî ðàñ-

ïðîñòðàíåíèÿ îøèáêè [1].
Ýòè ðàññóæäåíèÿ ñïðàâåäëèâû è äëÿ ïðîèçâîäíûõ

áîëåå âûñîêèõ ïîðÿäêîâ.

1 ÂÛ×ÈÑËÅÍÈÅ ÂÒÎÐÛÕ ÏÐÎÈÇÂÎÄÍÛÕ 
ÑËÎÆÍÛÕ ÔÓÍÊÖÈÉ ÌÍÎÃÈÕ 
ÏÅÐÅÌÅÍÍÛÕ

Ðàññìàòðèâàåòñÿ ñëîæíàÿ ôóíêöèÿ ìíîãèõ ïåðåìåí-
íûõ F. Ïîä "ñëîæíîé" ôóíêöèåé ïîäðàçóìåâàåòñÿ, ÷òî

 ìîæåò áûòü ïðåäñòàâëåíà êàê ñóïåðïîçèöèÿ íåêîòî-

ðîãî íàáîðà "ïðîñòûõ" ôóíêöèé  îò ìåíüøåãî ÷èñëà

ïåðåìåííûõ. Äëÿ F òðåáóåòñÿ âû÷èñëèòü ïåðâûå è âòî-
ðûå ïðîèçâîäíûå. Èñïîëüçóåìûé àïïàðàò ïîçâîëÿåò âû-
÷èñëÿòü íå âñþ ìàòðèöó âòîðûõ ïðîèçâîäíûõ, ÷òî ìîæåò
áûòü ñëèøêîì ñëîæíî, à íåêîòîðûé ïðîìåæóòî÷íûé
âàðèàíò - âû÷èñëÿòü ãðàäèåíòû îò íåêîòîðûõ ôóíêöèî-

íàëîâ ãðàäèåíòà F, íàïðèìåð îò .

Ðàññìîòðèì ïðîöåññ âû÷èñëåíèÿ âòîðûõ ïðîèçâîäíûõ
ôóíêöèè F. Ýòîò ïðîöåññ ñîñòîèò èç òðåõ ýòàïîâ: íà
ïåðâîì ýòàïå ñòðîèòñÿ ãðàô ïðÿìîãî ôóíêöèîíèðîâàíèÿ
è âû÷èñëÿåòñÿ ñàìà ôóíêöèÿ F, íà âòîðîì ýòàïå
ñòðîèòñÿ ãðàô äëÿ âû÷èñëåíèÿ åå ãðàäèåíòà (ãðàô
ïåðâîãî îáðàòíîãî ôóíêöèîíèðîâàíèÿ), è, íàêîíåö, íà
òðåòüåì ýòàïå ñòðîèòñÿ ãðàô äëÿ âû÷èñëåíèÿ ãðàäèåíòà
îò ôóíêöèîíàëà ãðàäèåíòà ("îáðàòíî-îáðàòíîå" ôóíêöè-
îíèðîâàíèå).

Ïåðåéäåì ê áîëåå ïîäðîáíîìó îïèñàíèþ ýòàïîâ
âû÷èñëåíèÿ ïðîèçâîäíûõ.

Ïåðâûé ýòàï

Äëÿ ïîñòðîåíèÿ ãðàôà, âû÷èñëÿþùåãî ñëîæíóþ ôóí-
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êöèþ n ïåðåìåííûõ F, íóæíî ïðåäñòàâèòü ýòó ôóíêöèþ
â âèäå ñóïåðïîçèöèè ôóíêöèé ìåíüøåãî ÷èñëà ïåðåìåí-

íûõ . Ôóíêöèè  ìîæíî ðàçäåëèòü íà ñëîè ïî

ãëóáèíå âõîæäåíèÿ â ôóíêöèþ F. Â íóëåâîì ñëîå áóäóò
íàõîäèòüñÿ êîíñòàíòû è ïåðåìåííûå, â ïåðâîì ñëîå -
ôóíêöèè, çàâèñÿùèå îò êîíñòàíò è ïåðåìåííûõ íóëåâîãî
ñëîÿ, âî âòîðîì ñëîå - ôóíêöèè, çàâèñÿùèå îò êîíñòàíò,
ïåðåìåííûõ è ôóíêöèé ïåðâîãî ñëîÿ è ò.ä.

Ïî ýòèì ñëîÿì óäîáíî ñòðîèòü ãðàô ôóíêöèè F. Âåð-

øèíàìè ãðàôà áóäóò ôóíêöèè . Åñëè çíà÷åíèå âåðøè-

íû  ÿâëÿåòñÿ àðãóìåíòîì âåðøèíû , òî îíè ñâÿçûâà-

þòñÿ ðåáðîì, íàïðàâëåííûì îò âåðøèíû  ê âåðøèíå

. Òàêèì îáðàçîì, ïîëó÷àåì îðèåíòèðîâàííûé ñâÿçíûé

ãðàô, ñîîòâåòñòâóþùèé ôóíêöèè F. Áîëåå ïîäðîáíî ïî-
ñòðîåíèå ãðàôà äëÿ âû÷èñëåíèÿ ñëîæíîé ôóíêöèè
îïèñàíî â [2, 3].

Âîçüìåì, íàïðèìåð, âûðàæåíèå äëÿ ñëîæíîé ôóíêöèè

.

Íà ðèñ. 1 èçîáðàæåí ãðàô, ñîîòâåòñòâóþùèé ýòîé
ôóíêöèè. Îêðóæíîñòÿìè èçîáðàæåíû âåðøèíû ãðàôà,

 - ðàçáèåíèå ôóíêöèé  íà ñëîè ïî ãëóáèíå âõîæäå-

íèÿ â ôóíêöèþ F.

Ðèñóíîê 1

Ñ êàæäîé âåðøèíîé ãðàôà, ïðèíàäëåæàùåé íåíóëå-
âîìó ñëîþ, àññîöèèðóåòñÿ àâòîìàò, âû÷èñëÿþùèé ôóí-

êöèþ . Àâòîìàòû ñðàáàòûâàþò ïî ñëîÿì â äèñêðåòíûå

ìîìåíòû âðåìåíè (òàêòû). Â íà÷àëüíûé ìîìåíò ñôîðìè-
ðîâàíû çíà÷åíèÿ âåðøèí íóëåâîãî ñëîÿ - èçâåñòíû
çíà÷åíèÿ ïåðåìåííûõ è êîíñòàíò. Îíè ïîñòóïàþò íà
âõîäû ñîîòâåòñòâóþùèõ àâòîìàòîâ ïåðâîãî ñëîÿ. Ïîñëå
k-ãî òàêòà ôóíêöèîíèðîâàíèÿ îïðåäåëåíû çíà÷åíèÿ
âåðøèí, ïðèíàäëåæàùèõ ñëîÿì ñ 0-ãî ïî k-ûé. Íà k+1-ì
òàêòå àâòîìàòû k+1-ãî ñëîÿ âû÷èñëÿþò çíà÷åíèÿ âåðøèí
k+1-ãî ñëîÿ, ïîëó÷àÿ âõîäíûå ñèãíàëû ñ ïðåäûäóùèõ
ñëîåâ. Â ðåçóëüòàòå âû÷èñëåíèé ïîëó÷àåì çíà÷åíèå ôóí-

êöèè F ïðè êîíêðåòíûõ çíà÷åíèÿõ âåðøèí íóëåâîãî
ñëîÿ.

Òèïè÷íûì ó÷àñòêîì ãðàôà ÿâëÿåòñÿ åãî âåðøèíà ñ
âõîäíûìè è âûõîäíûìè ñâÿçÿìè. Äëÿ òîãî, ÷òîáû èìåòü
ïðåäñòàâëåíèå î ôóíêöèîíèðîâàíèè ãðàôà â öåëîì, äî-
ñòàòî÷íî âûÿñíèòü, êàê ôóíêöèîíèðóåò âåðøèíà ãðàôà.
Ïîýòîìó â äàëüíåéøåì, äëÿ ïðîñòîòû ðàññóæäåíèé, ìû
áóäåì ðàññìàòðèâàòü íå âåñü ãðàô, à íåêîòîðóþ âåðøèíó
ãðàôà ïðÿìîãî ôóíêöèîíèðîâàíèÿ è ñîîòâåòñòâóþùèå åé
âåðøèíû ãðàôîâ îáðàòíîãî ôóíêöèîíèðîâàíèÿ.

Âòîðîé ýòàï

Âû÷èñëåíèå ãðàäèåíòà ñëîæíîé ôóíêöèè ìíîãèõ ïå-
ðåìåííûõ ïðåäñòàâëÿåò ñîáîé íåêîòîðûé âû÷èñëèòåëü-
íûé ïðîöåññ, â õîäå êîòîðîãî ñèãíàëû ïåðåìåùàþòñÿ â
îáðàòíîì íàïðàâëåíèè - îò âûõîäíûõ ýëåìåíòîâ ãðàôà ê
âõîäíûì. Ïðè ýòîì êàæäûé ýëåìåíò ãðàôà çàìåíÿåòñÿ
íà äâîéñòâåííûé, ñ ñîõðàíåíèåì ñòðóêòóðû ñâÿçåé
ìåæäó ýëåìåíòàìè. 

Äâîéñòâåííûì ýëåìåíòîì ê òî÷êå âåòâëåíèÿ ÿâëÿåòñÿ
ñóììàòîð. Äâîéñòâåííûé ýëåìåíò ê ñóììàòîðó - òî÷êà
âåòâëåíèÿ. Äâîéñòâåííûì ê ýëåìåíòó, âû÷èñëÿþùåìó
çíà÷åíèå ôóíêöèè, ÿâëÿåòñÿ ýëåìåíò, óìíîæàþùèé ñâîé
âõîäíîé ñèãíàë íà ïðîèçâîäíóþ ôóíêöèè ïî âõîäó
èñõîäíîãî ýëåìåíòà. Áîëåå ñëîæíûå ýëåìåíòû êîíñòðó-
èðóþòñÿ èç ýòèõ ýëåìåíòîâ.

Íà ðèñ. 2 èçîáðàæåíû âåðøèíà ãðàôà ïðÿìîãî ôóí-
êöèîíèðîâàíèÿ è äâîéñòâåííàÿ åé âåðøèíà ãðàôà ïåð-
âîãî îáðàòíîãî ôóíêöèîíèðîâàíèÿ. Çäåñü äëÿ ïðîñòîòû

ôóíêöèåé f îáîçíà÷åíà îäíà èç ôóíêöèé , âõîäÿùàÿ â

ñóïåðïîçèöèþ ôóíêöèè F. Êàê ïîêàçàíî íà ðèñóíêå,
òî÷êà âåòâëåíèÿ âåðøèíû ïðÿìîãî ôóíêöèîíèðîâàíèÿ
çàìåíÿåòñÿ ñóììàòîðîì, à ýëåìåíò, äâîéñòâåííûé âû÷èñ-
ëÿþùåìó ôóíêöèþ f, óìíîæàåò ïðèõîäÿùèé ê íåìó ñèã-
íàë íà ÷àñòíûå ïðîèçâîäíûå ôóíêöèè f ïî ñîîòâåò-
ñòâóþùèì âõîäàì è ïîñûëàåò èõ íà ýëåìåíòû, äâîé-
ñòâåííûå ýòèì âõîäàì. Âõîäíûìè ñèãíàëàìè ãðàôà ïðÿ-
ìîãî ôóíêöèîíèðîâàíèÿ ÿâëÿþòñÿ êîìïîíåíòû âåêòîðà

âõîäíûõ ñèãíàëîâ . Âõîäíûå ñèãíàëû ãðàôà îáðàò-

íîãî ôóíêöèîíèðîâàíèÿ .

Ðèñóíîê 2

Ôîðìóëû, ïîëó÷åííûå äëÿ âåðøèíû ãðàôà ïåðâîãî
îáðàòíîãî ôóíêöèîíèðîâàíèÿ ïóòåì ïîñòðîåíèÿ äâîé-
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ñòâåííûõ ýëåìåíòîâ, ìîãóò áûòü ïîëó÷åíû ïðè ïîìîùè
ôîðìóëû äëÿ äèôôåðåíöèðîâàíèÿ "äâóõñëîéíîé" ñëîæ-
íîé ôóíêöèè íåñêîëüêèõ ïåðåìåííûõ:

 (1)

Äëÿ âåðøèíû ãðàôà ïåðâîãî îáðàòíîãî ôóíêöèîíè-
ðîâàíèÿ òàêèå "äâóõñëîéíûå" ôóíêöèè èìåþò âèä:

. Òàê êàê ñèãíàë îò âåðøèíû f  ïîñòóïàåò

íà k âåðøèí  ñëåäóþùåãî ñëîÿ, ðàññìîòðèì ñóììó

. Âû÷èñëèì ÷àñòíóþ ïðîèçâîäíóþ

ýòîé ñóììû ïî íåêîòîðîé ïåðåìåííîé :

Îáîçíà÷èâ  ÷åðåç , ïîëó÷àåì ôîðìóëó äëÿ

âåðøèíû ãðàôà ïåðâîãî îáðàòíîãî ôóíêöèîíèðîâàíèÿ.

Òðåòèé ýòàï

Ïðè âû÷èñëåíèè ãðàäèåíòà ôóíêöèè F ñòðîèëñÿ ãðàô,
ñ òîé æå ñèñòåìîé ñâÿçåé, ÷òî è ó ãðàôà, âû÷èñëÿþùåãî
çíà÷åíèå ôóíêöèè F, íî âñå ýëåìåíòû ãðàôà çàìåíÿëèñü
íà äâîéñòâåííûå. Äëÿ òîãî, ÷òîáû âû÷èñëèòü âòîðûå
ïðîèçâîäíûå, íóæíî "ðàçâåðíóòü" ãðàôû, âû÷èñëÿþùèå
çíà÷åíèå ôóíêöèè è åå ãðàäèåíòà â îäèí ãðàô, à çàòåì
ïîñòðîèòü ãðàô, äâîéñòâåííûé âñåìó "ðàçâåðíóòîìó"
ãðàôó. Îáùàÿ ñõåìà äâàæäû äâîéñòâåííîãî ôóíêöè-
îíèðîâàíèÿ ïîêàçàíà íà ðèñ. 3.

Ðèñóíîê 3

Íà ðèñ.3 âñå ãðàôû èçîáðàæåíû êàê ñàìîñòîÿòåëüíûå
ýëåìåíòû ïðîöåññà âû÷èñëåíèÿ âòîðûõ ïðîèçâîäíûõ,
âõîäíûå è âûõîäíûå ñèãíàëû êîòîðûõ íèêàê íå ñâÿçàíû
ìåæäó ñîáîé. Îäíàêî, ïðîöåññ âû÷èñëåíèÿ âòîðûõ
ïðîèçâîäíûõ ìîæíî ðàññìàòðèâàòü êàê åäèíûé ãðàô, ïî
êîòîðîìó ñèãíàëû ïðîõîäÿò íàñêâîçü - îò âõîäîâ ãðàôà
ê åãî âûõîäàì. Äëÿ òîãî, ÷òîáû ïðåäñòàâèòü ïðîöåññ
âû÷èñëåíèÿ â òàêîì âèäå, íåîáõîäèìî ìåæäó ãðàôàìè,
èçîáðàæåííûìè íà ðèñ.3, âñòàâèòü äîïîëíèòåëüíûå
ýëåìåíòû, îáåñïå÷èâàþùèå ñêâîçíîå ïðîõîæäåíèå
ñèãíàëîâ.

Ðèñóíîê 4

Íà ðèñ.4 èçîáðàæåíû ãðàôû è ñîîòâåòñòâóþùèå
äîïîëíèòåëüíûå ýëåìåíòû. Çäåñü, äëÿ óäîáñòâà, ââåäåíû
íîâûå îáîçíà÷åíèÿ. ×åðåç y îáîçíà÷åíî çíà÷åíèå ñëîæ-

íîé ôóíêöèè F, ÷åðåç  îáîçíà÷åíû ÷àñòíûå ïðîèçâîä-

íûå , à ÷åðåç t - ïðîèçâîäíàÿ . Ýëåìåíò, äâîé-

ñòâåííûé ê ýëåìåíòó, âû÷èñëÿþùåìó , ïåðåìíîæàåò

ñâîé âõîä t è ïðîèçâîäíóþ èñõîäíîãî ýëåìåíòà, ò.å.

.

Â ïðîöåññå ïåðâîãî îáðàòíîãî ôóíêöèîíèðîâàíèÿ ó÷à-
ñòâóþò ýëåìåíòû, ïðîèçâîäÿùèå óìíîæåíèå äâóõ âõîä-

íûõ ñèãíàëîâ. Ýòî ýëåìåíòû, óìíîæàþùèå  íà ÷àñòíûå

ïðîèçâîäíûå . Äâîéñòâåííûå ê íèì ýëåìåíòû "îáðàò-

íî-îáðàòíîãî" ôóíêöèîíèðîâàíèÿ èìåþò ïî îäíîìó âõî-
äó è ïî äâà âûõîäà. Åñëè èñõîäíûé ýëåìåíò Y ïåðåìíî-
æàë ñèãíàëû A, B, òî âûõîäû äâîéñòâåííîãî ýëåìåíòà Y'

ïåðåäàþò ñèãíàëû ê ýëåìåíòàì, äâîéñòâåííûì èñòî÷íè-
êàì A è B ñîîòâåòñòâåííî. Îáîçíà÷èì çäåñü ýòè èñòî÷-
íèêè ÷åðåç A' è B'. Ïðè ýòîì íà A' ïîäàåòñÿ âõîäíîé
ñèãíàë Y', óìíîæåííûé íà B (d(AB)/dA=B), à íà B' -
âõîäíîé ñèãíàë Y', óìíîæåííûé íà A (d(AB)/dB=A).

Óìíîæàþùèé ýëåìåíò è äâîéñòâåííûé åìó ýëåìåíò

 èçîáðàæåíû íà ðèñ. 5.
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Ðèñóíîê 5

Ïîñòðîèì âåðøèíû ãðàôà "îáðàòíî-îáðàòíîãî" ôóí-
êöèîíèðîâàíèÿ.

Ïîêàæåì, êàê ñòðîèòñÿ âåðøèíà ãðàôà "îáðàòíî-
îáðàòíîãî" ôóíêöèîíèðîâàíèÿ, äâîéñòâåííàÿ âåðøèíå
ãðàôà ïåðâîãî îáðàòíîãî ôóíêöèîíèðîâàíèÿ. Ñèãíàëû

 ïðèõîäÿò íà âõîäû ýëåìåíòîâ , äâîéñòâåííûõ

ýëåìåíòàì âåðøèíû ãðàôà îáðàòíîãî ôóíêöèîíèðî-

âàíèÿ, ïåðåìíîæàþùèõ ñèãíàë  è ÷àñòíûå ïðîèçâîä-

íûå . Êàê áûëî îïèñàíî âûøå, ýëåìåíò, äâîéñòâåí-

íûé ê ïåðåìíîæàþùåìó ñèãíàëû, ïîñûëàåò ïðèõîäÿùèé
ê íåìó ñèãíàë ê ýëåìåíòàì, äâîéñòâåííûì èñõîäíûì,
óìíîæàÿ åãî íà ñèãíàë ïðîòèâîïîëîæíîãî âõîäà. Ñëåäî-

âàòåëüíî, ñèãíàëû , óìíîæåííûå íà , ïîñûëàþòñÿ ê

âåðøèíå ãðàôà, äâîéñòâåííîé âåðøèíå ãðàôà ïðÿìîãî
ôóíêöèîíèðîâàíèÿ, à îíè æå, óìíîæåííûå íà ÷àñòíûå

ïðîèçâîäíûå , ïîñûëàþòñÿ íà ñóììàòîð, äâîéñòâåí-

íûé òî÷êå âåòâëåíèÿ âåðøèíû ãðàôà îáðàòíîãî ôóíêöè-

îíèðîâàíèÿ. Äàëåå ïîëó÷åííàÿ ñóììà   ïðèõî-

äèò ê òî÷êå âåòâëåíèÿ, äâîéñòâåííîé ñóììàòîðó âåð-
øèíû ãðàôà îáðàòíîãî ôóíêöèîíèðîâàíèÿ.

Âõîäíûìè ñèãíàëàìè ãðàôà "îáðàòíî-îáðàòíîãî" ôóí-
êöèîíèðîâàíèÿ ÿâëÿþòñÿ ÷àñòíûå ïðîèçâîäíûå íåêîòî-
ðîãî ôóíêöèîíàëà îò ãðàäèåíòà ôóíêöèè F (òî åñòü

). Â ïðîñòåéøåì ñëó÷àå, êîãäà ôóíêöè-

îíàë  ÿâëÿåòñÿ ïðîñòî ñóììîé ÷àñòíûõ ïðîèçâîäíûõ

ôóíêöèè F ( ), âõîäíûå ñèãíàëû ãðà-

ôà  áóäóò ðàâíû åäèíèöàì.

Ïåðåéäåì òåïåðü ê âåðøèíå ãðàôà "îáðàòíî-îáðàòíî-
ãî" ôóíêöèîíèðîâàíèÿ, äâîéñòâåííîé âåðøèíå ãðàôà

ïðÿìîãî ôóíêöèîíèðîâàíèÿ. Ñèãíàëû   ïîñòóïàþò íà

âõîäû ñóììàòîðà, äâîéñòâåííîãî òî÷êå âåòâëåíèÿ âåðøè-
íû ãðàôà ïðÿìîãî ôóíêöèîíèðîâàíèÿ. Ïîñëå ïðîõîæäå-

íèÿ ñóììàòîðà, ïîëó÷åííûé ñèãíàë   ïðîõîäèò ÷åðåç

ýëåìåíò, äâîéñòâåííûé ýëåìåíòó, âû÷èñëÿþùåìó çíà÷å-

íèå ôóíêöèè f. Ïðè ýòîì ñèãíàë   óìíîæàåòñÿ íà ñîîò-

âåòñòâóþùèå ÷àñòíûå ïðîèçâîäíûå . Ïîñêîëüêó îò

âõîäíûõ ñèãíàëîâ  ýëåìåíòà, âû÷èñëÿþùåãî çíà÷åíèå

ôóíêöèè, îòâåòâëÿëèñü ñèãíàëû, ïåðåäàþùèå ÷àñòíûå

ïðîèçâîäíûå  ê ýëåìåíòàì , òî ê ñèãíàëàì 

äîáàâëÿþòñÿ ñèãíàëû . Âõîäíûå ñèãíàëû

ãðàôà "îáðàòíî-îáðàòíîãî" ôóíêöèîíèðîâàíèÿ, äâîé-

ñòâåííîãî ãðàôó ïðÿìîãî ôóíêöèîíèðîâàíèÿ .

Âåðøèíû ãðàôà "îáðàòíî-îáðàòíîãî" ôóíêöèîíèðîâàíèÿ
èçîáðàæåíû íà ðèñ.6.

Ðèñóíîê 6

Êàê è äëÿ ãðàôà ïåðâîãî îáðàòíîãî ôóíêöèîíèðî-
âàíèÿ, ìîæíî ïîêàçàòü, ÷òî ôîðìóëû, ïîëó÷åííûå ïðè
ïîìîùè äâîéñòâåííûõ ýëåìåíòîâ, ìîãóò áûòü ïîëó÷åíû ñ
èñïîëüçîâàíèåì ôîðìóëû äèôôåðåíöèðîâàíèÿ ñëîæíîé
ôóíêöèè íåñêîëüêèõ ïåðåìåííûõ. Äëÿ âû÷èñëåíèÿ ãðà-

äèåíòà ôóíêöèè ìû ïîëó÷èëè ôîðìóëó . Ïî-

ñêîëüêó òåïåðü ìû äâèãàåìñÿ â îáðàòíîì íàïðàâëåíèè,
íàì òðåáóåòñÿ âû÷èñëèòü ÷àñòíóþ ïðîèçâîäíóþ ïî íåêî-

òîðîé ïåðåìåííîé   îò ñóììû :
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Ì. Þ. Ñåíàøîâà:  ÁÛÑÒÐÎÅ ÄÈÔÔÅÐÅÍÖÈÐÎÂÀÍÈÅ ÑËÎÆÍÛÕ ÔÓÍÊÖÈÉ ÌÍÎÃÈÕ ÏÅÐÅÌÅÍÍÛÕ

Îáîçíà÷àÿ  ÷åðåç  è  ÷åðåç ,

ïîëó÷àåì ôîðìóëó äëÿ âåðøèíû, äâîéñòâåííîé âåðøèíå
ãðàôà ïðÿìîãî ôóíêöèîíèðîâàíèÿ, èçîáðàæåííîé íà

ðèñ. 6. Ìíîæèòåëü  äëÿ "äâóõñëîéíûõ" ñëîæíûõ ôîð-

ìóë ðàâåí 1. Îòëè÷íûå îò åäèíèöû çíà÷åíèÿ ìíîæèòåëÿ

 ïîÿâëÿþòñÿ ïðè áîëüøåì êîëè÷åñòâå ñëîåâ.

Òàêèì îáðàçîì, äëÿ òîãî, ÷òîáû âû÷èñëèòü ãðàäèåíò
îò ôóíêöèîíàëà ãðàäèåíòà ôóíêöèè F, íóæíî ñíà÷àëà
ïî ãðàôó ïðÿìîãî ôóíêöèîíèðîâàíèÿ ïðîâåñòè âû÷èñ-
ëåíèå ñàìîé ôóíêöèè F, çàòåì ïî ãðàôó ïåðâîãî îáðàò-
íîãî ôóíêöèîíèðîâàíèÿ âû÷èñëèòü åå ãðàäèåíò, à çàòåì
ïðîâåñòè âû÷èñëåíèÿ ïî ãðàôó "îáðàòíî-îáðàòíîãî"
ôóíêöèîíèðîâàíèÿ. 

2 ÎÖÅÍÊÀ ÑËÎÆÍÎÑÒÈ ÂÛ×ÈÑËÅÍÈß ÍÀ 
ÃÐÀÔÀÕ

Ïîäñ÷èòàåì ÷èñëî îïåðàöèé, íåîáõîäèìûõ äëÿ âû÷èñ-
ëåíèÿ âñåõ äâîéñòâåííûõ ïåðåìåííûõ äëÿ âåðøèí è äëÿ
ðåáåð ãðàôà.

Åñëè õàðàêòåðíîå ÷èñëî ïåðåìåííûõ ó ïðîñòûõ ôóí-
êöèé, ñîîòâåòñòâóþùèõ âåðøèíàì ãðàôà, ðàâíî k, òî äëÿ
âû÷èñëÿåìîé ïî ãðàôó ñëîæíîé ôóíêöèè F ìîæíî îöå-
íèòü îòíîøåíèå çàòðàò íà âû÷èñëåíèå F è gradF ñëå-
äóþùèì îáðàçîì:

 

ãäå E - ÷èñëî ðåáåð â ãðàôå, c - ñëîæíîñòü âû÷èñëåíèÿ
÷àñòíîé ïðîèçâîäíîé äëÿ âåðøèíû ãðàôà.

Åñëè íàñ èíòåðåñóþò ãðàôû ñ áîëüøèì ÷èñëîì ñâÿçåé,
òî äëÿ ñîõðàíåíèÿ ýôôåêòèâíîñòè âû÷èñëåíèÿ ãðàäèåí-
òîâ íóæíî îãðàíè÷èâàòüñÿ ñïåöèàëüíûìè êëàññàìè ïðî-
ñòûõ ôóíêöèé. Äëÿ ôóíêöèé f ñëåäóþùåãî âèäà âû÷èñ-
ëåíèå ÷àñòíûõ ïðîèçâîäíûõ âîîáùå íå òðåáóåòñÿ:

 (2)

ãäå ìíîæåñòâà èíäåêñîâ , ,  íå ïåðåñåêàþòñÿ è,

êðîìå òîãî, ,  èìåþò îäèíàêîâîå ÷èñëî ýëåìåíòîâ.

Çíà÷åíèÿ âñåõ ÷àñòíûõ ïðîèçâîäíûõ òàêèõ ôóíêöèé óæå
èçâåñòíû, à èñòî÷íèêè (àäðåñà) ýòèõ çíà÷åíèé óêàçûâà-

þòñÿ ñâÿçÿìè ãðàôà. Êàêèå-òî çíà÷åíèÿ  âî âòîðîé

ñóììå ìîãóò áûòü êîíñòàíòàìè (çíà÷åíèÿ íóëåâîãî
ñëîÿ), êàêèå-òî - íåçàâèñèìûìè ïåðåìåííûìè (òàêæå
íóëåâîé ñëîé) èëè çíà÷åíèÿìè, íàéäåííûìè ïðè
ïðîìåæóòî÷íûõ âû÷èñëåíèÿõ. Â îáùåì ñëó÷àå ôóíêöèè
(2) áèëèíåéíû. Èõ ÷àñòíûé ñëó÷àé - ëèíåéíûå ôóí-

êöèè: åñëè èíäåêñàì èç  â (2) ñîîòâåòñòâóþò êîí-

ñòàíòû, òî ôóíêöèÿ f - ëèíåéíàÿ. È ôóíêöèè âèäà (2), è
ñîîòâåòñòâóþùèå èì âåðøèíû áóäåì íàçûâàòü
êâàçèëèíåéíûìè.

Ïóñòü â ãðàôå âû÷èñëåíèé ïðèñóòñòâóþò òîëüêî âåð-
øèíû äâóõ ñîðòîâ: êâàçèëèíåéíûå èëè ñ îäíîé âõîäíîé
ñâÿçüþ (ñîîòâåòñòâóþùèå ïðîñòûì ôóíêöèÿì îäíîãî

ïåðåìåííîãî). Îáîçíà÷èì êîëè÷åñòâà ýòèõ âåðøèí  è

 ñîîòâåòñòâåííî. Îöåíêà ñëîæíîñòè âû÷èñëåíèÿ ãðà-

äèåíòà äëÿ òàêèõ ãðàôîâ ïðèíöèïèàëüíî ìåíÿåòñÿ.
Îáðàòíîå ôóíêöèîíèðîâàíèå â ýòîì ñëó÷àå òðåáóåò
ñëåäóþùèõ çàòðàò:

,

ãäå V - êîëè÷åñòâî âåðøèí â ãðàôå.
Îöåíèì ñëîæíîñòü âû÷èñëåíèé ïðè ïðÿìîì ðàñïðî-

ñòðàíåíèè:

.

Ñ ðîñòîì ÷èñëà ñâÿçåé îòíîøåíèå çàòðàò ïðè îáðàò-
íîì ôóíêöèîíèðîâàíèè ê çàòðàòàì ïðè ïðÿìîì ôóíêöè-
îíèðîâàíèè ñòðåìèòñÿ ê äâóì.

Ãðàôû âû÷èñëåíèé, â êîòîðûõ ïðèñóòñòâóþò òîëüêî
âåðøèíû äâóõ ñîðòîâ: êâàçèëèíåéíûå èëè ñ îäíîé
âõîäíîé ñâÿçüþ (ñîîòâåòñòâóþùèå ïðîñòûì ôóíêöèÿì
îäíîãî ïåðåìåííîãî) èãðàþò îñîáóþ ðîëü. Áóäåì íàçû-
âàòü èõ ñóùåñòâåííî êâàçèëèíåéíûìè. Äëÿ ôóíêöèé,
âû÷èñëÿåìûõ ñ ïîìîùüþ òàêèõ ãðàôîâ, çàòðàòû íà
âû÷èñëåíèå âåêòîðà ãðàäèåíòà ïðèìåðíî âäâîå áîëüøå,
÷åì çàòðàòû íà âû÷èñëåíèå çíà÷åíèÿ ôóíêöèè. Ïðè ýòîì

÷èñëî ñâÿçåé è îòíîøåíèå  ìîãóò áûòü ñêîëü óãîäíî

áîëüøèìè. Ýòî äîñòîèíñòâî äåëàåò èñïîëüçîâàíèå ñóùå-
ñòâåííî êâàçèëèíåéíûõ ãðàôîâ âåñüìà ïðèòÿãàòåëüíûì
âî âñåõ çàäà÷àõ îïòèìèçàöèè. Èõ ÷àñòíûì ñëó÷àåì ÿâëÿ-
þòñÿ íåéðîííûå ñåòè, äëÿ êîòîðûõ ðîëü êâàçèëèíåéíûõ
âåðøèí èãðàþò àäàïòèâíûå ëèíåéíûå ñóììàòîðû.

Ïîýòîìó äëÿ íåéðîííûõ ñåòåé îáðàòíîå ðàñïðîñòðà-
íåíèå âûãëÿäèò îñîáåííî ïðîñòî.

Îòëè÷èå îáùåãî ñëó÷àÿ îò áîëåå ïðèâû÷íûõ íåéðîí-
íûõ ñåòåé ñîñòîèò â òîì, ÷òî ìîæíî èñïîëüçîâàòü áèëè-
íåéíûå êîìáèíàöèè (2) ïðîèçâîëüíûõ óæå âû÷èñëåííûõ
ôóíêöèé, à íå òîëüêî ëèíåéíûå ôóíêöèè îò íèõ ñ ïîñòî-
ÿííûìè êîýôôèöèåíòàìè-âåñàìè.

ÂÛÂÎÄÛ

Èçëîæåííûå â ðàáîòå ñïîñîáû âû÷èñëåíèÿ ñëîæíûõ
ôóíêöèé ìíîãèõ ïåðåìåííûõ, à òàê æå ãðàäèåíòîâ è
âòîðûõ ïðîèçâîäíûõ òàêèõ ôóíêöèé ïðè ïîìîùè ãðà-
ôîâ, ïîçâîëÿþò ñóùåñòâåííî ñîêðàòèòü âû÷èñëèòåëüíûå
çàòðàòû. Âûäåëåí êëàññ ôóíêöèé, äëÿ êîòîðûõ âû÷èñ-
ëåíèå ãðàäèåíòà íàèáîëåå ïðîñòî (íåéðîííûå ñåòè ÿâëÿ-
þòñÿ ÷àñòíûì ñëó÷àåì òàêèõ ôóíêöèé). Ïðèíöèï äâîé-
ñòâåííîñòè, îïèñàííûé â ðàáîòå, ïîçâîëÿåò äîñòàòî÷íî
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ëåãêî êîíñòðóèðîâàòü ãðàôû, âû÷èñëÿþùèå ãðàäèåíò
ñëîæíîé ôóíêöèè è ãðàäèåíò îò íåêîòîðîãî ôóíêöè-
îíàëà ãðàäèåíòà ýòîé ôóíêöèè.

Ðàáîòà ïîääåðæàíà ãðàíòîì äëÿ ìîëîäûõ ó÷¸íûõ
¹1Ì0034 Êðàñíîÿðñêîãî êðàåâîãî ôîíäà íàóêè.
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Ñ. Í. Ñåðäþê, À. À. Ïîçäíÿêîâ

Ðàññìîòðåíû ïðîáëåìû óïðàâëåíèÿ èíôîðìàöèåé â ñîâðå-
ìåííûõ îðãàíèçàöèÿõ. Àíàëèçèðóþòñÿ ðàçëè÷íûå êëàññû èí-
ôîðìàöèîííûõ ñèñòåì è òåõíîëîãèè èõ ïîñòðîåíèÿ, ïðèçâàí-
íûå ðåøèòü âûÿâëåííûå ïðîáëåìû è îáåñïå÷èòü ïîääåðæêó
ïðèíÿòèÿ ðåøåíèÿ óïðàâëåíöàìè âñåõ óðîâíåé. Îïèñàí ïîäõîä
ê ñèíòåçó ñèñòåìû ïîääåðæêè ïðèíÿòèÿ ðåøåíèé äëÿ áèçíåñ-
ïðîöåññîâ îðãàíèçàöèè, ðåàëèçîâàííûé íà áàçå OLAP-
òåõíîëîãèè.

Ðîçãëÿíóò³ ïðîáëåìè óïðàâë³ííÿ ³íôîðìàö³ºþ â ñó÷àñíèõ
îðãàí³çàö³ÿõ. Àíàë³çóþòüñÿ ð³çí³ êëàñè ³íôîðìàö³éíèõ ñèñòåì
³ òåõíîëîã³¿ ¿õ ïîáóäîâè, ïîêëèêàí³ âèð³øèòè âèÿâëåí³ ïðî-
áëåìè ³ çàáåçïå÷èòè ï³äòðèìêó ïðèéíÿòòÿ ð³øåííÿ êåð³â-
íèêàìè âñ³õ ð³âí³â. Îïèñàí ï³äõ³ä äî ñèíòåçó ñèñòåìè ï³ä-
òðèìêè ïðèéíÿòòÿ ð³øåíü äëÿ á³çíåñ-ïðîöåñ³â îðãàí³çàö³¿,
ðåàë³çîâàíèé íà áàç³ OLAP-òåõíîëîã³¿. 

In article consider the management problems by information
in contemporary organizations. Analyse the different classes of
information systems and technologies of their construction, called
to work out exposed problems and to provide decision support by
managers of all of levels. Is Described approach to decisions sup-
port system synthesis for organization business-processes, realized
on the basis of OLAP-technology. 

ÂÂÅÄÅÍÈÅ

Â íàñòîÿùåå âðåìÿ, âî ìíîãèõ îðãàíèçàöèÿõ, íåñìîò-
ðÿ íà øèðîêîå èñïîëüçîâàíèå ðàçëè÷íûõ ñèñòåì îïåðà-
òèâíîé îáðàáîòêè äàííûõ, ñèñòåì ïîääåðæêè ïðèíÿòèÿ
ðåøåíèé (ÑÏÏÐ) ñëîæèëàñü ïàðàäîêñàëüíàÿ ñèòóàöèÿ:
èíôîðìàöèÿ ñóùåñòâóåò, èíòåíñèâíî ñîçäà¸òñÿ è èñïîëü-
çóåòñÿ, íî îíà íå ñòðóêòóðèðîâàíà, íå ñîãëàñîâàíà, å¸
äîâîëüíî ñëîæíî íàéòè è ïîëó÷èòü. Òàêèå ñèñòåìû íå â
ñîñòîÿíèè îáåñïå÷èòü õðàíåíèå èñòîðè÷åñêèõ äàííûõ
áîëåå ÷åì çà íåñêîëüêî ìåñÿöåâ. Ìàññèâû äàííûõ âû-
ãðóæàþòñÿ â àðõèâíûé íàáîð è âû÷èùàþòñÿ èç îïåðà-
òèâíîé áàçû, ñëåäîâàòåëüíî îñòàþòñÿ íåâîñòðåáîâàí-
íûìè. Â òî æå âðåìÿ, âûñøåå çâåíî óïðàâëÿþùèõ, îòâå-

÷àþùèõ çà îïðåäåëåíèå ñòðàòåãèè ðàçâèòèÿ äåÿòåëüíîñòè
îðãàíèçàöèè, âûíóæäåíû ðàáîòàòü â óñëîâèÿõ ïðàêòè-
÷åñêè ïîëíîãî îòñóòñòâèÿ èíôîðìàöèè - "âñëåïóþ", ïî-
ëàãàÿñü òîëüêî íà ñîáñòâåííûé îïûò è èíòóèöèþ.
Òðåáóåìóþ óïðàâëåíöó íåñòàíäàðòíóþ èíôîðìàöèþ íå
óäà¸òñÿ ïîëó÷èòü áûñòðî âñëåäñòâèå òîãî, ÷òî èíôîð-
ìàöèîííûå ïîòîêè âíóòðè ôèðìû ñïëàíèðîâàíû çàðà-
íåå, ñðîêè ïðåäñòàâëåíèÿ îò÷åòíîñòè ðåãëàìåíòèðîâàíû.
Ïîýòîìó, ïîòðåáíîñòü â áûñòðîì è íåñòàíäàðòíîì ðåøå-
íèè ñðàçó ñòàëêèâàåòñÿ ñ íåãèáêîñòüþ ìåõàíèçìà äîñòó-
ïà ê èíôîðìàöèè. Â èòîãå, âîçðàñòàåò êîëè÷åñòâî îò÷å-
òîâ êîòîðûå ãîòîâÿòñÿ íà çàêàç, ïî òðåáîâàíèþ ðóêî-
âîäñòâà îðãàíèçàöèåé, à ýòî ìîæåò ïðèâåñòè ê ðàñøè-
ðåíèþ øòàòà ïðîãðàììèñòîâ è àíàëèòèêîâ, îáåñïå÷è-
âàþùèõ ãåíåðàöèþ ýòèõ îò÷åòîâ.

Òàêèì îáðàçîì, â íàñòîÿùåå âðåìÿ ñóùåñòâóåò ïðîáëå-
ìà áûñòðîãî ïîèñêà òðåáóåìîé èíôîðìàöèè è ïðåäñòàâ-
ëåíèå å¸ â òîì âèäå, â êîòîðîì îíà íóæíà äëÿ ëèö
ïðèíèìàþùèõ ðåøåíèÿ (ËÏÐ).

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìîòðèì ïîäõîäû, èñïîëüçóåìûå â ñîâðåìåííûõ
èíôîðìàöèîííûõ ñèñòåìàõ (ÈÑ), è îïðåäåëèì êëàññ
ñèñòåì, ïîçâîëÿþùèé ðåøèòü îïèñàííóþ ïðîáëåìó.

Â íàñòîÿùåå âðåìÿ íå ñóùåñòâóåò åäèíîé êëàññèôè-
êàöèè ÈÑ, ÷òî îáóñëîâëåíî ñëîæíîñòüþ ñèñòåì äàííîãî
òèïà. Â îñíîâó äàëüíåéøåãî ðàññìîòðåíèÿ ïîëîæåíû ðå-
çóëüòàòû ðàáîòû îäíîãî èç àâòîðîâ äàííîé ñòàòüè ïî
êëàññèôèêàöèè ÈÑ ñ òî÷êè çðåíèÿ èõ èñòîðè÷åñêîãî
ðàçâèòèÿ è ñïîñîáíîñòè îñóùåñòâëÿòü ïîääåðæêó ËÏÐ
[1]. Ïðîâåäåííûé àíàëèç ïîêàçàë, ÷òî òðåáîâàíèþ îáå-
ñïå÷åíèÿ èíòåëëåêòóàëüíîé ïîääåðæêè ËÏÐ óäîâëåòâî-
ðÿþò äâà êëàññà ÈÑ - ýêñïåðòíûå ñèñòåìû è èíòåëëåê-
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òóàëüíûå ÑÏÏÐ, ïðè÷åì ðàçëè÷èå ìåæäó íèìè çàêëþ÷à-
åòñÿ òîëüêî â îðãàíèçàöèè ëîãè÷åñêîãî âûâîäà. Â ðàì-
êàõ äàííîé ñòàòüè îáúåêòîì äàëüíåéøåãî ðàññìîòðåíèÿ
áóäóò èíòåëëåêòóàëüíûå ÑÏÏÐ.

ÑÏÏÐ, â çàâèñèìîñòè îò äàííûõ, ñ êîòîðûìè îíè
ðàáîòàþò, ìîæíî ðàçäåëèòü íà îïåðàòèâíûå, ïðåäíàçíà-
÷åííûå äëÿ íåìåäëåííîãî ðåàãèðîâàíèÿ íà òåêóùóþ ñè-
òóàöèþ, è ñòðàòåãè÷åñêèå (èíòåëëåêòóàëüíûå) - îñíîâàí-
íûå íà àíàëèçå áîëüøîãî êîëè÷åñòâà èíôîðìàöèè èç
ðàçíûõ èñòî÷íèêîâ ñ ïðèâëå÷åíèåì ñâåäåíèé, ñîäåðæà-
ùèõñÿ â ñèñòåìàõ, àêêóìóëèðóþùèõ îïûò ðåøåíèÿ ïðî-
áëåì [2].

ÑÏÏÐ ïåðâîãî òèïà ïðåäñòàâëÿþò ñîáîé êîíå÷íûå
íàáîðû îò÷åòîâ, ïîñòðîåííûå íà îñíîâàíèè äàííûõ èç
òðàíçàêöèîííîé èíôîðìàöèîííîé ñèñòåìû îðãàíèçàöèè
(OLTP-ñèñòåìû, On-Line Transaction Processing). Ïî
ìåðå èõ ðàçâèòèÿ âîçíèêëà ïðîáëåìà, ñâÿçàííàÿ ñ íà-
êîïëåíèåì îãðîìíîãî îáúåìà äàííûõ, çàìåäëÿþùèõ ïðî-
öåññ ïîñòðîåíèÿ îò÷åòîâ íàñòîëüêî, ÷òî óïðàâëåí÷åñêèé
ñîñòàâ íå óñïåâàåò ãîòîâèòü íà èõ îñíîâå ñîîòâåò-
ñòâóþùèå ðåøåíèÿ. Â ñâÿçè ñ ýòèì, áûëî íàéäåíî ðå-
øåíèå, ñôîðìóëèðîâàííîå â âèäå êîíöåïöèè Õðàíèëèùà
Äàííûõ (ÕÄ).

Öåëü ÕÄ - îïåðàòèâíûé ïîèñê èíôîðìàöèè â ïðåäâà-
ðèòåëüíî ïîäãîòîâëåííîì õðàíèëèùå. Ïî ñóòè, èìåííî
ÕÄ ïîçâîëÿþò ðåøèòü ïðîáëåìó, ïîñòàâëåííóþ â íà÷àëå
äàííîé ñòàòüè. Â ñàìîì ïðîñòîì âàðèàíòå äëÿ ÕÄ
èñïîëüçóåòñÿ òà ìîäåëü äàííûõ, êîòîðàÿ ëåæèò â îñíîâå
òðàíçàêöèîííîé ñèñòåìû. Åñëè ýòà ñèñòåìà ôóíêöè-
îíèðóåò íà ðåëÿöèîííîé ÑÓÁÄ (ÐÑÓÁÄ), òî ñàìîé
ñëîæíîé çàäà÷åé ñòàíîâèòñÿ âûïîëíåíèå ïðîèçâîëüíûõ
çàïðîñîâ. Ïðîáëåìà çàêëþ÷àåòñÿ â íåâîçìîæíîñòè çàðà-
íåå îïòèìèçèðîâàòü ñòðóêòóðó ÁÄ òàê, ÷òîáû âñå çà-
ïðîñû ðàáîòàëè ýôôåêòèâíî. Ïðàêòèêà ïðèíÿòèÿ ðåøå-
íèé ïîêàçàëà, ÷òî ÷åì áîëåå àãðåãèðîâàííûìè ÿâëÿþòñÿ
äàííûå, òåì ÷àùå âûïîëíÿþòñÿ çàïðîñû. Êðóã ïîëüçî-
âàòåëåé ðàáîòàþùèõ ñ îáîáùåííûìè äàííûìè øèðå, ÷åì
òîò, äëÿ êîòîðîãî íóæíû äåòàëüíûå äàííûå. Ýòî íàáëþ-
äåíèå ëåãëî â îñíîâó òåõíîëîãèè îïåðàòèâíîé àíàëè-
òè÷åñêîé îáðàáîòêè (On-Line Analytical Processing,
OLAP), ïðåäëîæåííîé Å.Êîääîì â 1993ãîäó.

Â îñíîâå OLAP ëåæèò ïîíÿòèå ìíîãîìåðíîñòè ìîäåëè
äàííûõ - ãèïåðêóáà (ìíîãîìåðíàÿ ÁÄ - ÌÁÄ), â ÿ÷åé-
êàõ êîòîðîãî õðàíÿòñÿ àíàëèçèðóåìûå äàííûå. Îïåðà-
òèâíûé àíàëèç äàííûõ, ðåàëèçîâàííûé íà îñíîâå ÌÁÄ,
ïîëó÷èë íàçâàíèå Multidimensional OLAP (MOLAP).

Ïîìèìî MOLAP ñóùåñòâóåò ROLAP òåõíîëîãèÿ âû-
ïîëíåííàÿ íà îñíîâå ðåëÿöèîííîé ÁÄ (ÐÁÄ) â êîòîðîé
ìíîãîìåðíàÿ ñòðóêòóðà ðåàëèçóåòñÿ ðåëÿöèîííûìè òàá-
ëèöàìè, à äàííûå â ïðîöåññå àíàëèçà, âûáèðàþòñÿ èç ðå-
ëÿöèîííîé ÁÄ àíàëèòè÷åñêèì èíñòðóìåíòîì. Â íàñòîÿ-
ùåå âðåìÿ èñòîðè÷åñêèå äàííûå ïðàêòè÷åñêè âî âñåõ
îðãàíèçàöèÿõ õðàíÿòñÿ â ÐÁÄ, ïîýòîìó ðåçêèé ïåðåõîä
ê ÌÁÄ íåîïðàâäàí, òàê êàê åãî ðåàëèçàöèÿ ïîòðåáóåò
çíà÷èòåëüíûõ ìàòåðèàëüíûõ è âðåìåííûõ ðåñóðñîâ.

Äàííàÿ ñèòóàöèÿ ïîñëóæèëà ïîâîäîì ê âîçíèêíîâåíèþ
íîâîãî êëàññà àíàëèòè÷åñêèõ èíñòðóìåíòîâ - HOLAP
(Hybrid OLAP), ñî÷åòàþùåãî â ñåáå îáà ïîäõîäà. Ýòîò
òèï OLAP ÿâëÿåòñÿ ñàìûì ýôôåêòèâíûì äëÿ ðåàëèçà-
öèè ÑÏÏÐ, òàê êàê îáåñïå÷èâàåò äîñòóï êàê ê ÌÁÄ, òàê
è ê ÐÁÄ.

Îäíàêî, ðàçðàáîòêà êîðïîðàòèâíîãî ÕÄ äàæå íà îñíî-
âå HOLAP íå ïîçâîëÿåò äîñòè÷ü âûøåóêàçàííîé öåëè
ÕÄ â ñâÿçè ñ: ñëîæíîñòüþ áèçíåñ-ïðîöåññîâ îðãàíèçà-
öèè; îãðàíè÷åííîñòüþ òåõíè÷åñêèõ âîçìîæíîñòåé; íåîá-
õîäèìîñòüþ â èçìåíåíèè îðãàíèçàöèîííîé ñòðóêòóðû è
äð. Â ðåçóëüòàòå ïîïûòîê ñìÿã÷èòü òðóäíîñòè ðàçðà-
áîòêè è âíåäðåíèÿ ÕÄ ïîÿâèëèñü âèòðèíû äàííûõ (ÂÄ).

Âèòðèíû äàííûõ ïðåäñòàâëÿþò ñîáîé ñïåöèàëüíûå
õðàíèëèùà, ñîñòîÿùèå èç ìíîæåñòâà òåìàòè÷åñêèõ ÁÄ,
êàæäàÿ èç êîòîðûõ ñîäåðæèò èíôîðìàöèþ îá îäíîì èç
íàïðàâëåíèé äåÿòåëüíîñòè îðãàíèçàöèè, ÷òî ïðèâîäèò ê
ñîêðàùåíèþ âðåìåíè ïîèñêà äàííûõ íåîáõîäèìûõ ËÏÐ.
Îäíàêî, âìåñòå ñ ðîñòîì ÷èñëà ÂÄ, ðàñòåò ñëîæíîñòü îð-
ãàíèçàöèè èõ âçàèìîäåéñòâèÿ, ïîñêîëüêó ñäåëàòü âèòðè-
íû ïîëíîñòüþ íåçàâèñèìûìè íå óäàåòñÿ. Êðîìå òîãî,
ñïåöèàëèçàöèÿ ÂÄ ïî íàïðàâëåíèÿì äåÿòåëüíîñòè íå
âñåãäà ýôôåêòèâíà, òàê êàê, ïðè ýòîì, íå ó÷èòûâàþòñÿ
ïîòðåáíîñòè êîíêðåòíîãî ËÏÐ.

Îáùåïðèíÿòîãî ïîäõîäà ê ôîðìàëèçàöèè çíàíèé
íåîáõîäèìûõ äëÿ ïîñòðîåíèÿ ÂÄ, îáåñïå÷èâàþùèõ ËÏÐ
èñõîäíûìè äàííûìè äëÿ âûðàáîòêè áèçíåñ-ðåøåíèé
ïîêà íå ñóùåñòâóåò. Ïîýòîìó, ïðåäëàãàåòñÿ îäèí èç ñïî-
ñîáîâ ôîðìàëèçàöèè çíàíèé î áèçíåñ ïðîöåññàõ îðãàíè-
çàöèè, îñíîâàííûé íà ïîëîæåíèÿõ ôóíêöèîíàëüíî-
ñòðóêòóðíîé òåîðèè "÷åëîâåêî-ìàøèííûõ ñèñòåì" (ÔÑÒ
"×ÌÑ") [3].

ÌÅÒÎÄÛ È ÀËÃÎÐÈÒÌÛ ÐÅØÅÍÈÉ

Ñòàäèÿ ôîðìàëèçàöèè ïðèêëàäíîé îáëàñòè (ÏÐÎ)
äëÿ êîòîðîé ñîçäàåòñÿ ÑÏÏÐ, å¸ "íàñòðîéêà" íà ýòó
îáëàñòü ïðîâîäèìàÿ ñèñòåìíûì àíàëèòèêîì îðãàíè-
çàöèè, ÿâëÿåòñÿ öåíòðàëüíîé â ïðîöåññå îáùåãî ïðîåê-
òèðîâàíèÿ ñèñòåìû. Íà ýòàïå ñèñòåìíîãî àíàëèçà ÏÐÎ
åìó íåîáõîäèìî: âûÿâèòü ñòðóêòóðó äàííîé îáëàñòè;
âûäåëèòü èç âñåõ ñóáúåêòîâ, ó÷àñòâóþùèõ â áèçíåñ-

ïðîöåññàõ îðãàíèçàöèè òîëüêî ËÏÐ; äëÿ êàæäîãî -ãî

ËÏÐ íåîáõîäèìî îïðåäåëèòü íîìåíêëàòóðó èíòåëëåêòó-

àëüíûõ çàäà÷  ôóíêöèé  è ïðîöåäóð  õàðàêòå-

ðèçóþùèõ ïðîáëåìíóþ ñèòóàöèþ , êîòîðàÿ ìîæåò

âîçíèêíóòü â ïðîöåññå åãî òðóäîâîé äåÿòåëüíîñòè; äëÿ
êàæäîé âûÿâëåííîé èíòåëëåêòóàëüíîé çàäà÷è, ôóíêöèè
è ïðîöåäóðû îïðåäåëèòü îáúåì çíàíèé (äàííûõ) íåîáõî-
äèìûõ äëÿ ïîñòðîåíèÿ ñîîòâåòñòâóþùèõ ìàòåìàòè÷åñêèõ
ìîäåëåé è èíôîðìàöèîííîé ïîääåðæêè ËÏÐ.

Íàèáîëåå îáùèì ôîðìàëèçìîì, ïîçâîëÿþùèì îïèñàòü
ÏÐÎ ÿâëÿåòñÿ ôîðìàëüíî-àêñèîëîãè÷åñêàÿ ñèñòåìà âèäà
[3]:

l

Zl Bl Pl

PSli
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, (1)

ãäå FS(N) - ìîäåëü èíôîðìàöèîííîãî îòîáðàæåíèÿ îðãà-
íèçàöèè ñ èìåíåì N;

SnFS - ñèíòàêñè÷åñêàÿ êîìïîíåíòà (äàííûå) èíôîð-
ìàöèîííîãî îòîáðàæåíèÿ;

SmFS - ñåìàíòè÷åñêàÿ êîìïîíåíòà (çíàíèÿ) èíôîð-
ìàöèîííîãî îòîáðàæåíèÿ;

AxFS - àêñèîëîãè÷åñêàÿ (îöåíî÷íàÿ) êîìïîíåíòà â âè-
äå êîëè÷åñòâåííûõ äàííûõ è çíàíèé î ïðîöåäóðàõ íàä
íèìè.

Äëÿ ðåøåíèÿ ñòîÿùèõ ïåðåä íèì çàäà÷, ñèñòåìíûé
àíàëèòèê äîëæåí èñïîëüçîâàòü ñëåäóþùåå ìíîæåñòâî
ñòðóêòóð, ÿâëÿþùèõñÿ ñîñòàâëÿþùèìè ñèíòàêñè÷åñêîé
êîìïîíåíòû SnFS: êîìïîíåíòíî-ñèñòåìíûõ KSS (N);
êîìïîíåíòíî-ýëåìåíòíûõ KES (N) è êîìïîíåíòíî-
ôóíêöèîíàëüíûõ KFS (N).

Êîìïîíåíòíî-ñèñòåìíàÿ ñòðóêòóðà ïðåäñòàâëÿåò ñîáîé
çíàíèÿ îá îêðóæàþùåé ñðåäå EES(N) è î âíóòðåííåì
(ïîäñèñòåìíîì) ñîñòàâå äàííîé îðãàíèçàöèè - ETS (N).
Çíàíèÿ EES (N) âêëþ÷àþò: èìÿ ìåòàñèñòåìû, â êîòîðóþ
÷àñòüþ âõîäèò äàííàÿ îðãàíèçàöèÿ (EES - 0); ìíîæåñòâî
ñìåæíûõ ñèñòåì àíàëîãè÷íîãî óðîâíÿ, ñ êîòîðûìè ñâÿ-
çàíà äàííàÿ îðãàíèçàöèÿ (íî êîòîðûå íå âõîäÿò â å¸
ñîñòàâ) (EES - 1); ìíîæåñòâî âîçìóùàþùèõ ñèñòåì
âíåøíåé ñðåäû (EES - 2), êîòîðûå îðãàíèçàöèîííî íå
ñâÿçàíû ñ äàííîé îðãàíèçàöèåé, íî îêàçûâàþùèå âëè-
ÿíèå íà êà÷åñòâî å¸ ôóíêöèîíèðîâàíèÿ.

Òèïîâàÿ ñòðóêòóðà çíàíèé î âíóòðåííåì ïîäñèñòåìíîì
ñîñòàâå îðãàíèçàöèè ïðåäñòàâëåíà íà ðèñ.1. Â îáùåì

ñëó÷àå îíà îïèñûâàåòñÿ èåðàðõè÷åñêèì äåðåâîì, âåðøè-
íàìè êîòîðîãî ÿâëÿþòñÿ: íà÷àëüíàÿ âåðøèíà ãðàôà -
ñàìà îðãàíèçàöèÿ ETS(N); ïðîìåæóòî÷íûå âåðøèíû -
ãðóïïîâûå ïîäñèñòåìû (GETS - N.X.Y), ãäå X - íîìåð
óðîâíÿ èåðàðõèè äàííîé ïîäñèñòåìû, Y - íîìåð
ïîäñèñòåìû íà äàííîì óðîâíå (ãðóïïîâûå îðãàíèçàöèè,
ïîëó÷àåìûå ïóòåì âûäåëåíèÿ ôóíêöèîíàëüíî-öåëåâûõ
êîìïëåêñîâ âíà÷àëå èç îðãàíèçàöèè - ïåðâûé óðîâåíü
èåðàðõèè, à çàòåì èç ãðóïïîâûõ îðãàíèçàöèé ïåðâîãî
óðîâíÿ - âòîðîé óðîâåíü èåðàðõèè è ò.ä.); êîíå÷íûå
âåðøèíû - ëîêàëüíûå îðãàíèçàöèè (LETS - N.X.Y),
êîòîðûìè ÿâëÿþòñÿ ìîíîýðãàòè÷åñêèå ïîäñèñòåìû (â
êîòîðûõ äåéñòâóåò òîëüêî îäíî ËÏÐ).

Âåðõíÿÿ ÷àñòü KSS (N) èìååò ñëåäóþùèå äóãè:
ìåòàñèñòåìà è äàííàÿ îðãàíèçàöèÿ ñâÿçàíû îòíîøåíèåì
"öåëîå-÷àñòü" (RGP), à ñìåæíûå è âîçìóùàþùèå ñèñòå-

ìû ñ äàííîé îðãàíèçàöèåé - îòíîøåíèåì "âîçäåéñòâî-
âàòü" (RF).

Äëÿ âñåõ ëîêàëüíûõ ïîäñèñòåì LETS-N.X.Y ñòðîèòñÿ
ìíîæåñòâî KES.

KES(N)={KES-N.X.Y}, (2)

ãäå KES-N.X.Y - êîìïîíåíòíî-ýëåìåíòíàÿ ñòðóêòóðà ëî-
êàëüíûõ ïîäñèñòåì îðãàíèçàöèè, îïèñûâàþùàÿ ñîâîêóï-
íîñòü çíàíèé î å¸ âíóòðåííåì ýëåìåíòíîì ñîñòàâå.

KES-N.X.Y.= < KTK, KDK-N.X.Y >, (3)

ãäå KTK - çíàíèÿ î òèïàõ êîìïîíåíòîâ ëþáîé LETS-
N.X.Y;

Ðèñóíîê 1 - Êîìïîíåíòíî-ñèñòåìíàÿ ñòðóêòóðà îðãàíèçàöèè

FS N( ) SnFS SmFS AxFS, ,〈 〉=

Метасистема  ESS - 0

Смежные системы EES - 1 Возмущающие системы EES - 2

GETS – N.1.1

Внутренняя структура организации

GETS – N.1.i GETS – N.1.k

LETS – N.2.1 LETS – N.2.n

LETS – N.2.1 LETS – N.2.i

LETS – N.2.1 LETS – N.2.k

ETS- N

… …

…

…

…

RGP
RGP

RGP

RGP

RGP
RGP

RGP

RGP

RGP

RGP RGP
RGP

RF RGP RF
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KDK-N.X.Y - çíàíèÿ î êîíêðåòíûõ êîìïîíåíòàõ,
îáðàçóþùèõ äàííóþ ëîêàëüíóþ ïîäñèñòåìó LETS -
N.X.Y:

KTK=<ST,RGP
ST*ST>, (4)

ãäå ST={LHT-N.X.Y, TK} - ìíîæåñòâî âåðøèí òèïîâîé
ñòðóêòóðû;

TK={Ti}={TH,TM,TO,TE1,TE2,TE3,TE4,TE5,TE6} -

ìíîæåñòâî òèïîâ êîìïîíåíòîâ âíóòðåííåé ñòðóêòóðû
îðãàíèçàöèè;

RGP
ST*ST - îòíîøåíèå "öåëîå-÷àñòü", çàäàííîå íà äå-

êàðòîâîì ïðîèçâåäåíèè ST*ST â ñîîòâåòñòâèè ñ ðèñ.2.

Ðèñóíîê 2 - Êîìïîíåíòíî-ýëåìåíòíàÿ ñòðóêòóðà 
ëîêàëüíîé îðãàíèçàöèè

Ñòðóêòóðà KFS (N) ïðåäñòàâëÿåò ñîáîé ñåìàíòè÷åñêèå
ãðàôû â âèäå èåðàðõè÷åñêèõ äåðåâüåâ, âåðøèíàìè êîòî-
ðûõ ÿâëÿþòñÿ èìåíà ôóíêöèîíàëüíûõ åäèíèö (Fi) ðàç-
ëè÷íîãî ìàñøòàáà, à äóãè îòîáðàæàþò îòíîøåíèå RFiFj -

"äëÿ ðåàëèçàöèè ôóíêöèîíàëüíîé åäèíèöû Fi íåîáõî-
äèìî âûïîëíèòü ôóíêöèîíàëüíóþ åäèíèöó Fj". KFS

èìåþò òèïîâóþ ñòðóêòóðó, ïîêàçàííóþ íà ðèñ.3. Êîðåíü
äåðåâà - ïîíÿòèå "Ïðîöåññ ôóíêöèîíèðîâàíèÿ ETS (N)"
(PFETS (N)). Ïåðâûé óðîâåíü âåðøèí äåðåâà - íàçâàíèå
öåëåé - Tri, äëÿ êîòîðûõ ñîçäàíà äàííàÿ îðãàíèçàöèÿ.

Âòîðîé óðîâåíü - íàçâàíèå çàäà÷ TSij, êîòîðûå íàäî

ðåøèòü äëÿ äîñòèæåíèÿ öåëåé TRi. Òðåòèé óðîâåíü -

íàçâàíèå ïðîöåäóð, êîòîðûå íóæíî âûïîëíèòü äëÿ
ðåøåíèÿ çàäà÷è TSij, à äóãè îòîáðàæàþò îòíîøåíèå RFiFj

"äëÿ ðåàëèçàöèè ôóíêöèîíàëüíîé ñóùíîñòè Fi (öåëè,
çàäà÷è) íåîáõîäèìî âûïîëíèòü ôóíêöèîíàëüíóþ ñóù-
íîñòü Fj (çàäà÷ó, ïðîöåäóðó, ôóíêöèþ)".

Çàòåì, äëÿ âñåõ ïîñòðîåííûõ ôóíêöèîíàëüíûõ ñåòåé
ïðîâîäèòñÿ äåêîìïîçèöèÿ ñîñòàâëÿþùèõ èõ ôóíêöèé,
ïðîöåäóð íà ýðãàòè÷åñêèå (âûïîëíÿåìûõ ÷åëîâåêîì
ñîâìåñòíî ñ òåõíèêîé) è àâòîìàòè÷åñêèå, êîòîðûå âû-
ïîëíÿþòñÿ àâòîìàòè÷åñêèì îáîðóäîâàíèåì áåç âìåøà-
òåëüñòâà ÷åëîâåêà. Ê äàëüíåéøåìó àíàëèçó ïðèíèìàþòñÿ
òîëüêî ýðãàòè÷åñêèå èíòåëëåêòóàëüíûå ôóíêöèè ËÏÐ â
áèçíåñ-ïðîöåññàõ. Ñ÷èòàåì, ÷òî èíòåëëåêòóàëüíàÿ ôóí-
êöèÿ áóäåò èìåòü â ñâîåì ñîñòàâå â ëþáîé ôîðìå "âûáîð
èç..." (èç âàðèàíòîâ äåéñòâèé, ðåøåíèé, ïëàíîâ è ò.ä.)
äëÿ êîòîðîé îòñóòñòâóåò ïðåäïèñàííàÿ ïðîöåäóðà (ïðà-
âèëî, àëãîðèòì) ðåàëèçàöèè îäíîçíà÷íîãî âûáîðà.

Ðèñóíîê 3 - Êîìïîíåíòíî-ôóíêöèîíàëüíàÿ ñòðóêòóðà

LETS – N.X.Y

Организационное
обеспечение TH

Средства труда TM Обеспечивающие
средства TO

Персонал

TE1

Средства
интерфейса
человека с
техникой

TE2

Орудия
труда

TE3

Предметы
труда

TE4

Помеще-
ния и ме-
бель

TE5

Средства
жизнеобеспе
чения и
защиты
персонала

TE6

RGP RGPRGP

RGP RGP RGP RGP RGP RGP

PFETS (N)

Tr1
Trk Tri

Ts11

Pr1

Prk

Ts1k

Prk+1

Pre

Tsi1 Tsij

Prn+1 Prs+1

Prs Prm

…
…

…

……

RFiFj

RFiFj RFiFj
RFiFj

RFiFj

RFiFj

RFiFj
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Íà ñëåäóþùåì ýòàïå, äëÿ êàæäîé èíòåëëåêòóàëüíîé
ôóíêöèè Fl l-ãî ËÏÐ îïðåäåëÿåòñÿ ïåðå÷åíü ïðîáëåìíûõ

ñèòóàöèé Sl={Sli}. Èìåÿ ýòîò ïåðå÷åíü, ñèñòåìíûé

àíàëèòèê (èëè èíæåíåð ïî çíàíèÿì) â ïðîöåññå ðàáîòû ñ
ýêñïåðòîì ïî áèçíåñ-ïðîöåññàì îïðåäåëÿåò ñòðóêòóðó
çíàíèé, èñïîëüçóåìûõ äëÿ êàæäîé Sli-é ïðîáëåìíîé

ñèòóàöèè - â âèäå ïåðå÷íÿ èìåí áàç çíàíèé äàííûõ
(ÁÇÄ), êîòîðûå, èñïîëüçóÿ òåðìèíîëîãèþ OLAP, ìîæíî
ðàññìàòðèâàòü êàê ÂÄ. Ïðîöåäóðû ãåíåðàöèè ÂÄ
ðåàëèçóþòñÿ ñèñòåìíûì àíàëèòèêîì è ïðîãðàììèñòîì â
âèäå ñîîòâåòñòâóþùèõ óïðàâëÿþùèõ ìåòàïðàâèë,
ðàñøèðÿþùèõ ÁÇÄ ÑÏÏÐ. Â ñëó÷àå íåîáõîäèìîñòè,
ñèñòåìíûé àíàëèòèê äëÿ Sli-îé ïðîáëåìíîé ñèòóàöèè

äîëæåí ðàçðàáîòàòü ñîîòâåòñòâóþùóþ ìàòåìàòè÷åñêóþ
ìîäåëü.

Òàêèì îáðàçîì, ïðèâåäåííûé âûøå ïîäõîä ïîçâîëÿåò
ôîðìàëèçîâàòü çíàíèÿ î ÏÐÎ "Áèçíåñ-ïðîöåññû îðãà-
íèçàöèè" íà ýòàïå ñèíòåçà ÑÏÏÐ.

ÐÅÇÓËÜÒÀÒÛ

Ðàçðàáîòàííàÿ ìåòîäèêà ñèñòåìíîãî àíàëèçà ÏÐÎ,
ÿâëÿåòñÿ òåîðåòè÷åñêîé îñíîâîé äëÿ ïîñòðîåíèÿ ÂÄ
ÑÏÏÐ. Ïðîåêòèðîâàíèå òàêèõ ñëîæíûõ ñèñòåì êàê
ÑÏÏÐ íåîáõîäèìî ïðîâîäèòü íà îñíîâå ñèñòåìíîãî
ïîäõîäà. Ïîýòîìó, â öåëÿõ ïîâûøåíèÿ ýôôåêòèâíîñòè è
êà÷åñòâà èíòåëëåêòóàëüíîé ïîääåðæêè ËÏÐ íåîáõîäèìî
ðàçðàáîòàòü ÑÏÏÐ â âèäå îáîëî÷êè "íàñòðàèâàåìîé" íà
áèçíåñ-ïðîöåññû êîíêðåòíîé îðãàíèçàöèè. Ïðè ýòîì
ÑÏÏÐ äîëæíà áûòü íàïðàâëåíà íå òîëüêî íà êîíå÷íîãî
ïîëüçîâàòåëÿ - ËÏÐ â áèçíåñ-ïðîöåññàõ, íî è àâòîìà-
òèçèðîâàòü ðàáîòó ñèñòåìíîãî àíàëèòèêà, êîòîðûé îáåñ-
ïå÷èâàåò ôîðìàëèçàöèþ áèçíåñ-ïðîöåññîâ, ò.å. ñèñòåìà
"ñèñòåìíûé àíàëèòèê - ÑÏÏÐ - ËÏÐ" äîëæíà ðàññìàò-
ðèâàòüñÿ êàê åäèíîå öåëîå.

Òàêîé ïîäõîä îïðåäåëÿåò ñëåäóþùèå òðåáîâàíèÿ ê
ðàçðàáàòûâàåìîé ÑÏÏÐ: â êà÷åñòâå îñíîâíîãî èñòî÷íèêà
îïåðàòèâíûõ äàííûõ, äîëæíû âûñòóïàòü OLTP- ñèñòå-
ìû; âñå äàííûå äîëæíû áûòü î÷èùåíû, ïðåîáðàçîâàíû è
ñîáðàíû â ÕÄ; äîëæíû áûòü ðàçðàáîòàíû ìåòàïðàâèëà
ãåíåðàöèé ÂÄ äëÿ êàæäîé èíòåëëåêòóàëüíîé ôóíêöèè
ËÏÐ, ìàòåìàòè÷åñêèå ìîäåëè äëÿ ôóíêöèé ËÏÐ òðå-
áóþùèå ïîääåðæêè ïðè ïðèíÿòèè ðåøåíèé è îáåñïå÷åí
ñâîáîäíûé äîñòóï ïîëüçîâàòåëÿ ê äàííûì ïîñðåäñòâîì
èíôîðìàöèîííîãî ñåðâåðà.

Äàííûå òðåáîâàíèÿ, à òàêæå òåõíîëîãèÿ OLAP îïðå-
äåëÿþò áàçó àðõèòåêòóðû ÑÏÏÐ äëÿ áèçíåñ-ïðîöåññîâ
îðãàíèçàöèè, êîòîðàÿ óñëîâíî ðàçäåëåíà íà âîñåìü
óðîâíåé è ïðåäñòàâëåíà íà ðèñ.4.

Ïåðâûé óðîâåíü ïðåäñòàâëåí èñòî÷íèêàìè âíóòðåííèõ
è âíåøíèõ äàííûõ. Èñòî÷íèêàìè âíóòðåííèõ äàííûõ ÿâ-
ëÿþòñÿ OLTP - ñèñòåìû, ïðåäñòàâëåííûå â âèäå ñåðâåðà
îïåðàòèâíîé ÁÄ. Âíåøíèå äàííûå, ïðîõîäÿò îáðàáîòêó

â ñåðâåðå î÷èñòêè è ïðåîáðàçîâàíèÿ äàííûõ â àâòîìà-
òè÷åñêîì ðåæèìå íà îñíîâå ìåòàïðàâèë, çàäàþùèõ àëãî-
ðèòì î÷èñòêè. Âñÿ èíôîðìàöèÿ, íåîáõîäèìàÿ äëÿ ðåàëè-
çàöèè ýòèõ ïðîöåäóð, õðàíèòñÿ â âèäå åäèíîãî ñïðàâî÷-
íèêà ìåòàäàííûõ.

Âòîðîé óðîâåíü ïðåäñòàâëåí ÕÄ, êîòîðîå, ðàçìåùàåò-
ñÿ íà ñåðâåðàõ ÁÄ äåòàëèçèðîâàííûõ äàííûõ. Â í¸ì
êîíöåíòðèðóþòñÿ äàííûå, ïîñòóïàþùèå êàê èç âíåøíèõ,
òàê è èç âíóòðåííèõ èñòî÷íèêîâ.

Òðåòèé óðîâåíü ïðåäñòàâëÿåò ñîáîé ìîäóëü íàñòðîéêè
íà ÏÐÎ. Â äàííîì ìîäóëå çàïîëíÿþòñÿ: êîìïîíåíòíî-
ñèñòåìíàÿ, êîìïîíåíòíî-ôóíêöèîíàëüíûå è êîìïîíåíò-
íî-ýëåìåíòíûå ñòðóêòóðû, ïîçâîëÿþùèå ñèñòåìíîìó àíà-
ëèòèêó ñòðóêòóðèðîâàòü ÏÐÎ. Ðåçóëüòàòîì ðàáîòû äàí-
íîãî óðîâíÿ ÿâëÿþòñÿ ìåòàïðàâèëà ãåíåðàöèè ÂÄ.

×åòâ¸ðòûé óðîâåíü àðõèòåêòóðû ÑÏÏÐ ïðåäñòàâëåí
ìîäóëåì íàñòðîéêè ÂÄ. Íàçíà÷åíèåì ìîäóëÿ ÿâëÿåòñÿ
ðàçãðàíè÷åíèå äàííûõ ÕÄ íà òåìàòè÷åñêèå áàçû è ãåíå-
ðàöèÿ ÂÄ, â ñîîòâåòñòâèè ñ èìåþùèìèñÿ ìåòàïðàâèëàìè.
Â êà÷åñòâå òåìàòè÷åñêèõ áàç âûñòóïàþò çíàíèÿ î êàæäîé
Sli-é ïðîáëåìíîé ñèòóàöèè.

Ïÿòûé óðîâåíü ïðåäñòàâëåí ìíîæåñòâîì ÂÄ â âèäå
ñåðâåðîâ ÁÄ àãðåãèðîâàííûõ äàííûõ è ïðåäíàçíà÷åí
äëÿ ïðîâåäåíèÿ àíàëèòè÷åñêèõ è ïðîãíîñòè÷åñêèõ èññëå-
äîâàíèé.

Øåñòîé óðîâåíü ïðåäñòàâëåí ìîäóëåì ïðèíÿòèÿ ðåøå-
íèé ñîäåðæàùèì ìàòåìàòè÷åñêèå ìîäåëè ïðèíÿòèÿ ðåøå-
íèé, êîòîðûå, â ñëó÷àå íåîáõîäèìîñòè, ðàçðàáàòûâàþòñÿ
ñèñòåìíûì àíàëèòèêîì äëÿ Sli-îé ïðîáëåìíîé ñèòóàöèè.

Âñÿ èíôîðìàöèÿ, ïðåäíàçíà÷åííàÿ ËÏÐ, ñîáèðàåòñÿ â
èíôîðìàöèîííîì êîíöåíòðàòîðå, ïðåäñòàâëåííîì ñåäü-
ìûì óðîâíåì. Åãî îñíîâíîé çàäà÷åé ÿâëÿåòñÿ ñáîð äî-
ñòîâåðíîé èíôîðìàöèè, äëÿ ïóáëèêàöèè â èíôîðìàöèîí-
íîé ñåòè îðãàíèçàöèè. Â êà÷åñòâå èôîðìàöèîííîãî
êîíöåíòðàòîðà âûñòóïàþò WEB-ñåðâåðà.

Ïîñëåäíèé óðîâåíü àðõèòåêòóðû ÑÏÏÐ ïðåäñòàâëåí
ðàáî÷èìè ìåñòàìè ËÏÐ îðãàíèçàöèè îñíàùåííûìè ñòàí-
äàðòíûìè íàâèãàòîðàìè (Netscape Navigator èëè Internet
Explorer). Íåîáõîäèìóþ äëÿ èíòåëëåêòóàëüíîé ïîääåð-
æêè èíôîðìàöèþ îíè ïîëó÷àþò îò èíôîðìàöèîííîãî
êîíöåíòðàòîðà.

ÂÛÂÎÄÛ

Ïðèâåäåííûé ïîäõîä ïîñòðîåíèÿ ÑÏÏÐ ÿâëÿåòñÿ óñî-
âåðøåíñòâîâàííûì âàðèàíòîì òèïîâîãî, èñïîëüçóþùåãî
OLAP-òåõíîëîãèþ. Íîâèçíà ïîäõîäà çàêëþ÷àåòñÿ â ïî-
ñòðîåíèè ÂÄ íå ïî òåìàòè÷åñêèì áàçàì äëÿ ïîäðàçäåëå-
íèé îðãàíèçàöèè, à ïî êîíêðåòíûì ôóíêöèÿì ËÏÐ, íó-
æäàþùèìñÿ â èíòåëëåêòóàëüíîé ïîääåðæêå, ÷òî ïîçâî-
ëÿåò çíà÷èòåëüíî ñîêðàòèòü âðåìÿ ïîèñêà íåîáõîäèìîé
èíôîðìàöèè çà ñ÷¸ò ãåíåðàöèè ñîîòâåòñòâóþùèõ ÂÄ.
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ÓÄÊ 159.955:681.3.06

ÐÎÇÐÎÁÊÀ ÒÀ ÄÎÑË²ÄÆÅÍÍß ÑÈÑÒÅÌÈ ²ÄÅÍÒÈÔ²ÊÀÖ²¯ 
ÊÎÐÈÑÒÓÂÀ×À ÍÀ ÎÑÍÎÂ² ÍÅÉÐÎÍÍÎ¯ ÌÅÐÅÆ²

Â. Â. Ñîêèðóê, ª. Â. ßðåì÷óê, Â. ². Ìåñþðà

Ïðåäëîæåí îðèãèíàëüíûé ïîäõîä ê ðåøåíèþ çàäà÷è èäåíòè-
ôèêàöèè â ñèñòåìàõ çàùèòû èíôîðìàöèè, êîòîðûå èñïîëü-
çóþò â êà÷åñòâå îáúåêòà èäåíòèôèêàöèè ïàðîëü ïîëüçîâà-
òåëÿ. Ýòîò ïîäõîä áàçèðóåòñÿ íà èñïîëüçîâàíèè àëãîðèòìà
îáó÷åíèå íåéðîííî¿ ñåòè â êà÷åñòâå õåø-ôóíêöèè, êîòîðàÿ
ïðåâðàùàåò ïàðîëü ïîëüçîâàòåëÿ â âåêòîð âåñîâûõ êîýô-
ôèöèåíòîâ ñåòè. Ïîêàçàíà âûñîêàÿ ñòîéêîñòü ïðåäëîæåííîé
ñèñòåìû ê èçâåñòíûì àòàêàì íà îäíîñòîðîííîñòü è íà
êîëëèçèè.

Çàïðîïîíîâàíî îðèã³íàëüíèé ï³äõ³ä äî âèð³øåííÿ çàäà÷³
³äåíòèô³êàö³¿ â ñèñòåìàõ çàõèñòó ³íôîðìàö³¿, ÿê³ âèêîðèñòî-
âóþòü â ÿêîñò³ îá'ºêòà ³äåíòèô³êàö³¿ ïàðîëü êîðèñòóâà÷à.
Öåé ï³äõ³ä áàçóºòüñÿ íà âèêîðèñòàíí³ àëãîðèòìó íàâ÷àííÿ
íåéðîííî¿ ìåðåæ³ â ÿêîñò³ õåø-ôóíêö³¿, ÿêà ïåðåòâîðþº
ïàðîëü êîðèñòóâà÷à â âåêòîð âàãîâèõ êîåô³ö³ºíò³â ìåðåæ³.
Ïîêàçàíî âèñîêó ñò³éê³ñòü çàïðîïîíîâàíî¿ ñèñòåìè äî
â³äîìèõ àòàê íà îäíîá³÷í³ñòü òà íà êîë³ç³¿.

We proposed the original decision of a user authentication
task in cryptosystems, in which the user password is used as
object of identification. This approach is based on use of training
algorithm of a neural network as hash-function, which will trans-
form the user password into a vector of network parameters.
High resistance of the offered system against known crypto-
graphic attacks is shown.

ÂÑÒÓÏ

Íàéá³ëüø ïîøèðåí³ ñèñòåìè ³äåíòèô³êàö³¿ êîðèñòó-
âà÷à, ÿê³ âèêîðèñòîâóþòüñÿ â çàäà÷àõ çàõèñòó ³íôîðìà-
ö³¿, ïîáóäîâàí³ íà îñíîâ³ ïàðîëÿ. Âîíè º íàéá³ëüø
âðàçëèâèìè, òîìó ùî âèíèêàº íåîáõ³äí³ñòü çáåðåæåííÿ
ïàðîëÿ â ñèñòåì³ (íàïðèêëàä, ó âèãëÿä³ ôàéëà), òîáòî
îñòàíí³é çàëèøàºòüñÿ ïðàêòè÷íî íåçàõèùåíèì â³ä
íåñàíêö³îíîâàíîãî äîñòóïó. Äëÿ ïîäîëàííÿ öüîãî íåäî-
ë³êó çàñòîñîâóþòü õåø-ôóíêö³¿ [1,2], ÿê³ ïåðåòâîðþþòü
ïàðîëü ó äåÿêå ÷èñëîâå çíà÷åííÿ (õåø-çíà÷åííÿ), ÿêå
ìîæíà â³äêðèòî çáåð³ãàòè.

Â äàí³é ñòàòò³ îïèñóºòüñÿ ñèñòåìà ³äåíòèô³êàö³¿ êî-
ðèñòóâà÷à, ïîáóäîâàíà íà îñíîâ³ íåéðîííî¿ ìåðåæ³, òà
ïðîâîäèòüñÿ äîñë³äæåííÿ ¿¿ ñò³éêîñò³.

ÑÒÐÓÊÒÓÐÀ ÒÀ ÎÑÍÎÂÍ²  ÅËÅÌÅÍÒÈ 
ÑÈÑÒÅÌÈ ²ÄÅÍÒÈÔ²ÊÀÖ²  ̄ÊÎÐÈÑÒÓÂÀ×À

Â ñèñòåì³, ùî ïðîïîíóºòüñÿ, â ÿêîñò³ òàêîãî õåø-
çíà÷åííÿ âèêîðèñòîâóºòüñÿ âåêòîð âàãîâèõ êîåô³ö³ºíò³â
íåéðîííî¿ ìåðåæ³. Äëÿ çàáåçïå÷åííÿ â³äòâîðåííÿ òà
çáåðåæåííÿ îñòàííüîãî âèêîðèñòîâóþòüñÿ íàñòóïí³ òðè
áëîêè ñèñòåìè, çîáðàæåí³ íà ðèñ. 1.

Ðèñóíîê 1 - Ñòðóêòóðà ñèñòåìè ³äåíòèô³êàö³¿ 
êîðèñòóâà÷à

Áëîê ïåðåòâîðåííÿ ïàðîëÿ êîðèñòóâà÷à â³äïîâ³äàº çà
ñòâîðåííÿ âõ³äíèõ äàíèõ äëÿ íåéðîííî¿ ìåðåæ³. Ãîëîâíà
óìîâà ñòâîðåííÿ ïðàöåçäàòíî¿ òà êîðåêòíî¿ íåéðîííî¿
ìåðåæ³ - ïðàâèëüíèé âèá³ð âèá³ðêè, ùî íàâ÷àº (äàë³

ÂÍ). ÂÍ áóäåìî íàçèâàòè ìíîæèíó , åëåìåíòàìè

ÿêî¿ º ïàðè â³äîìèõ âõ³äíèõ òà âèõ³äíèõ âåêòîð³â

, ÿê³ îòðèìóþòüñÿ ç ïî÷àòêîâèõ äàíèõ [3].

Â íàøîìó âèïàäêó àïð³îðíèìè äàíèìè äëÿ ÂÍ ñëóæèòü

³äåíòèô³êàö³éíèé ïàðîëü , ÿêèé çàäàºòüñÿ êîðèñòóâà-

÷åì íà ïî÷àòêó åêñïëóàòàö³¿ ñèñòåìè. Äëÿ îòðèìàííÿ ÂÍ
âèêîðèñòàºìî àëãîðèòì ïåðåòâîðåííÿ äâ³éêîâî¿ ïîñë³-
äîâíîñò³ (êîäîâèõ çíà÷åíü ñèìâîë³â âõ³äíîãî ïàðîëÿ) ó
ìíîæèíó íàâ÷àëüíèõ ïðèêëàä³â, ÿêèé â³äïîâ³äàº íà-
ñòóïíèì âèìîãàì:

1) óí³êàëüí³ñòü ñòâîðåíî¿ ìíîæèíè  äëÿ áóäü-

ÿêîãî âõ³äíîãî ïàðîëÿ , òîáòî âèêîíàííÿ íàñòóïíî¿

óìîâè:

 ïðè , , , ; (1)

2) â³äñóòí³ñòü îäíàêîâèõ åëåìåíò³â  òà åëåìåíò³â ç

îäíàêîâèìè ñêëàäîâèìè  òà  (åëåìåíòè ÂÍ

ïîâèíí³ â³äïîâ³äàòè óìîâàì ôóíêö³îíàëüíîñò³ òà ³í'ºê-
òèâíîñò³).

Àëãîðèòì À1, ÿêèé â³äïîâ³äàº çàçíà÷åíèì âèìîãàì ³

çàáåçïå÷óº ïåðåòâîðåííÿ á³íàðíî¿ ïîñë³äîâíîñò³  ó

ìíîæíó , åëåìåíòàìè ÿêî¿ º ä³éñí³ ÷èñëà, íàâåäå-

íèé íèæ÷å.
Àëãîðèòì À1 (ïîáóäîâà ÂÍ íà îñíîâ³ ïàðîëÿ êîðèñ-

òóâà÷à).

1. Áóäóºìî ðîçøèðåíó á³íàðíó ïîñë³äîâí³ñòü 

øëÿõîì äîäàâàííÿ N-1 ïåðøèõ á³ò â ê³íåöü , äå N -
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ðîçì³ð ïàðîëÿ.

2. Äëÿ ïîáóäîâè ïîñë³äîâíîñò³ ä³éñíèõ ÷èñåë 

âèêîðèñòàºìî "ìåòîä â³êîí", ÿêèé ïîëÿãàº ó âèêîðèñòàí-
í³ â³êíà ðîçì³ðîì N á³ò, ÿêå ìîæå ïåðåñóâàòèñü ç ïåâíèì
êðîêîì âçäîâæ ðîçøèðåíî¿ á³íàðíî¿ ïîñë³äîâíîñò³. Óñ³
á³òè, ÿê³ çíàõîäÿòüñÿ âñåðåäèí³ â³êíà, ïðåäñòàâëÿþòüñÿ

ÿê äåÿêå N-ðîçðÿäíå äâ³éêîâå ÷èñëî , äå  - ïîòî÷íà

ïîçèö³ÿ â³êíà. Òîä³ ³-òèé åëåìåíò ïîñë³äîâíîñò³ 

âèçíà÷àºòüñÿ çà ôîðìóëîþ

, .

3. Ç ïîñë³äîâíîñò³ ä³éñíèõ ÷èñåë  îòðèìàºìî N

âõ³äíèõ âåêòîð³â .

4. Â³äïîâ³äí³ âèõ³äí³ çíà÷åííÿ  çíàõîäÿòüñÿ çà

ôîðìóëîþ

, , (2)

äå  - â³êíî ðîçì³ðó N, ÿêå ïåðåñóâàºòüñÿ ïî á³íàðí³é

ïîñë³äîâíîñò³ ç êðîêîì N-1;

 - â³êíî ðîçì³ðó N, ÿêå ïåðåñóâàºòüñÿ ïî á³íàðí³é

ïîñë³äîâíîñò³ ç êðîêîì N.
Îñíîâíèì åëåìåíòîì ñèñòåìè º áëîê ³äåíòèô³êàö³¿,

ïîáóäîâàíèé íà îñíîâ³ áàãàòîøàðîâî¿ íåéðîííî¿ ìåðåæ³
ïðÿìîãî ðîçïîâñþäæåííÿ [3], ùî çîáðàæåíà íà ðèñ. 2.

Âîíà ñêëàäàºòüñÿ ç òðüîõ øàð³â, â ÿêèõ ðîçì³ùåíà
ô³êñîâàíà ê³ëüê³ñòü íåéðîí³â, ÿê³ óòâîðþþòü ï³ðàì³-
äàëüíó ñòðóêòóðó. Âèõ³äíèé øàð ìåðåæ³ ïðåäñòàâëåíèé
îäíèì íåéðîíîì, à ê³ëüê³ñòü íåéðîí³â ïåðøîãî øàðó
äîð³âíþº ê³ëüêîñò³ á³ò³â, ÿê³ âèçíà÷àþòü îäíó ë³òåðó
ïàðîëÿ. Ïðåäñòàâëåíà ìåðåæà çàáåçïå÷óº â íàéïðîñò³ø³é
ðåàë³çàö³¿, ùîíàéìåíøå, 100 çì³ííèõ ïàðàìåòð³â (ïðè-
éìåìî òàêó ðîçì³ðí³ñòü õåø-çíà÷åííÿ ÿê äîñòàòíþ).

Ïðîöåñ ôóíêö³îíóâàííÿ íåéðîííî¿ ìåðåæ³ ïîëÿãàº â

ïåðåòâîðåíí³ âõ³äíîãî âåêòîðà  ó äåÿêèé âèõ³äíèé âåê-

òîð . Äëÿ -øàðîâî¿ íåéðîííî¿ ìåðåæ³ éîãî ìîæíà

îïèñàòè çà äîïîìîãîþ íàñòóïíîãî íåë³í³éíîãî ðåêóðåíò-
íîãî ð³âíÿííÿ [4]:

(3)

äå  - -ì³ðíèé âåêòîð ïîðîãîâèõ âàãîâèõ êîåô³ö³-

ºíò³â ;

 - -ì³ðíà ìàòðèöÿ âàãîâèõ êîåô³ö³ºíò³â

-ãî øàðó;

 - íåë³í³éíèé îïåðàòîð, ÿêèé ïåðåòâîðþº âõ³äíèé

âåêòîð ó â³äïîâ³äíîñò³ ç ôóíêö³ºþ àêòèâàö³¿ íåéðîíà.

Ðèñóíîê 2 - Ñòðóêòóðà íåéðîííî¿ ìåðåæ³, ïîêëàäåíî¿ â 
îñíîâó ñèñòåìè

Ôàêòè÷íî íåéðîííà ìåðåæà ðåàë³çóº ñêëàäíó íåë³í³-

éíó ôóíêö³þ âõ³äíîãî âåêòîðà , ÿêà çàëåæèòü â³ä âåê-

òîðà âàãîâèõ êîåô³ö³ºíò³â ìåðåæ³ . Äëÿ çíàõîäæåííÿ

îñòàííüîãî çàñòîñîâóþòü àëãîðèòì íàâ÷àííÿ - ïðîöåñ
çíàõîäæåííÿ òàêèõ âàãîâèõ êîåô³ö³ºíò³â, ïðè ÿêèõ

ìåðåæà â³äïîâ³äàº ÂÍ ç³ ñòóïåíåì â³äïîâ³äíîñò³ . Âå-

ëè÷èíà  íîñèòü íàçâó ïîõèáêè íåéðîííî¿ ìåðåæ³ ³ âè-

çíà÷àº ³íòåãðàëüíó ì³ðó íàáëèæåííÿ îòðèìàíèõ âèõîä³â
ìåðåæ³ äî áàæàíèõ [5]. Â ÿêîñò³ àëãîðèòìó íàâ÷àííÿ
ìîæëèâå âèêîðèñòàííÿ áóäü-ÿêîãî äåòåðì³íîâàíîãî ³òå-
ðàö³éíîãî àëãîðèòìó íàâ÷àííÿ, ÿêèé çàáåçïå÷óº íåîáõ³ä-
íó øâèäê³ñòü ôóíêö³îíóâàííÿ ñèñòåìè.

Äëÿ ï³äâèùåííÿ íàä³éíîñò³ ñèñòåìè ³äåíòèô³êàö³¿ ïðè
îñòàòî÷íîìó ôîðìóâàíí³ õåø-çíà÷åííÿ âèêîðèñòàºìî àë-
ãîðèòì ïåðåì³øóâàííÿ âàãîâèõ êîåô³ö³ºíò³â (áëîê 3), â
îñíîâó ÿêîãî ïîêëàäåíî ãåíåðàòîð ïñåâäîâèïàäêîâèõ ÷è-
ñåë [2]. Îñòàíí³é ³í³ö³þºòüñÿ çíà÷åííÿì, ÿêå áóäóºòüñÿ
íà îñíîâ³ ïàðîëÿ, ùî çàáåçïå÷óº ñòâîðåííÿ óí³êàëüíèõ
ïåðåñòàíîâîê äëÿ ð³çíèõ ïàðîë³â.

ÀÍÀË²Ç ÑÒ²ÉÊÎÑÒ²  ÑÈÑÒÅÌÈ

Íàä³éí³ñòü ñèñòåìè ³äåíòèô³êàö³¿ âèçíà÷àºòüñÿ ÿê³ñòþ

õåø-ôóíêö³¿ , ÿêà ïîêëàäåíà â ¿¿ îñíîâó. ßê³ñòü

õåø-ôóíêö³¿, â ñâîþ ÷åðãó, âèçíà÷àºòüñÿ ñò³éê³ñòþ äî
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“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

êðèïòîãðàô³÷íèõ àòàê, ìåòîþ ÿêèõ º ðîçêðèòòÿ ïàðîëÿ
çà â³äîìèì õåø-çíà÷åííÿì [1]. Íàéá³ëüø åôåêòèâíèìè º
íàñòóïí³:

1) àòàêà íà îäíîá³÷í³ñòü: çíàõîäæåííÿ âõ³äíîãî çíà-

÷åííÿ  çà â³äîìèìè çíà÷åííÿìè  òà ;

2) àòàêà íà êîë³ç³¿: çíàõîäæåííÿ òàêîãî çíà÷åííÿ ,

ùî .

Ðîçð³çíÿþòü ïðÿìó òà íåïðÿìó àòàêè íà îäíîá³÷í³ñòü
[1]. Ïåðøà ïîëÿãàº ó âèçíà÷åíí³ îáåðíåíî¿ çàëåæíîñò³
àáî çíàõîäæåíí³ àëãîðèòìó îòðèìàííÿ íåâ³äîìîãî
âõ³äíîãî çíà÷åííÿ. ßêùî ïðÿìà àòàêà ìîæå äîñÿãòè
óñï³õó ó âèêëþ÷íèõ âèïàäêàõ, òî íåïðÿìà àòàêà íà
îäíîá³÷í³ñòü ìàº íàáàãàòî á³ëüøå øàíñ³â ³ ïîëÿãàº ó
ïåðåãëÿä³ ïåâíî¿ ìíîæèíè âõ³äíèõ çíà÷åíü (âçÿòèõ
âèïàäêîâèì ÷èíîì àáî çã³äíî âèçíà÷åíîãî àëãîðèòìó) ³
ïîð³âíÿíí³ îá÷èñëåíèõ äëÿ êîæíîãî åëåìåíòó õåø-
çíà÷åíü ç øóêàíèì.

Â íàøîìó âèïàäêó õåø-çíà÷åííÿ ïðåäñòàâëÿº ñîáîþ
íåâïîðÿäêîâàíèé âåêòîð âàãîâèõ êîåô³ö³ºíò³â íåéðîííî¿
ìåðåæ³, ÿêèé áóâ îòðèìàíèé ï³ñëÿ íàâ÷àííÿ ìåðåæ³ ç
âèêîðèñòàííÿì ÂÍ, ùî çàëèøàºòüñÿ íåâ³äîìîþ. Òàêèì
÷èíîì, çà äîïîìîãîþ ïðÿìî¿ àòàêè íà îäíîá³÷í³ñòü
íåîáõ³äíî âèð³øèòè äâ³ çàäà÷³:

1) â³äíîâëåííÿ ïðàâèëüíîãî ðîçòàøóâàííÿ âàãîâèõ
êîåô³ö³ºíò³â íåéðîííî¿ ìåðåæ³;

2) âèçíà÷åííÿ òèõ âõîä³â ç ìíîæèíè ìîæëèâèõ, ÿê³
áóëè çàä³ÿí³ ïðè íàâ÷àíí³ (òîáòî âèçíà÷åííÿ åëåìåíò³â
ÂÍ).

Äëÿ âèð³øåííÿ ïåðøî¿ çàäà÷³ íåîáõ³äíî çä³éñíèòè
ïåðåãëÿä ìíîæèíè ìîæëèâèõ âåêòîð³â âàãîâèõ êîåô³-

ö³ºíò³â, ùî ñêëàäàºòüñÿ ç  åëåìåíò³â, äå  - ðîç-

ì³ðí³ñòü âåêòîðà . Äëÿ çìåíøåííÿ ö³º¿ ìíîæèíè ìîæ-

ëèâå âèêîðèñòàííÿ íàñòóïíèõ åâðèñòè÷íèõ ïðàâèë:
1) àáñîëþòí³ âåëè÷èíè âàãîâèõ êîåô³ö³ºíò³â âèùèõ

øàð³â ìåðåæ³, ÿê ïðàâèëî, á³ëüø³ çà â³äïîâ³äí³ çíà÷åííÿ
ïîïåðåäí³õ øàð³â (îñîáëèâîñò³ ãðàä³ºíòíèõ àëãîðèòì³â
íàâ÷àííÿ);

2) ñóìà çíà÷åíü âàãîâèõ êîåô³ö³ºíò³â äëÿ îêðåìîãî
íåéðîíà, ÿê ïðàâèëî, íàáëèæóºòüñÿ äî íóëÿ.

Äîñòîâ³ðí³ñòü îòðèìàíîãî âåêòîðà âàãîâèõ êîåô³ö³ºí-
ò³â ìîæíà ïåðåâ³ðèòè ëèøå øëÿõîì ðîçâ'ÿçàííÿ äðóãî¿
çàäà÷³, äëÿ ÷îãî íåîáõ³äíî âèêîíàòè íàñòóïí³ ä³¿:

1) äëÿ âñ³õ ìîæëèâèõ âõ³äíèõ çíà÷åíü  (ïðè ô³êñî-

âàíîìó ðîçì³ð³ ïàðîëÿ N) âèçíà÷èòè â³äïîâ³äí³ ¿ì âèõî-

äè íåéðîííî¿ ìåðåæ³ ;

2) âèêîðèñòîâóþ÷è îñîáëèâîñò³ àëãîðèòìó À1 (âèõ³äí³
çíà÷åííÿ ÂÍ - äåòåðì³íîâàí³ çíà÷åííÿ, à âèõîäè íåéðîí-
íî¿ ìåðåæ³, ÿê ïðàâèëî - âèïàäêîâ³ âåëè÷èíè), âèçíà-
÷èòè ò³ åëåìåíòè îòðèìàíî¿ ìíîæèíè, ÿê³ ìîãëè âèêîðè-
ñòîâóâàòèñü ïðè íàâ÷àíí³.

Íå äèâëÿ÷èñü íà ïðîñòîòó ðåàë³çàö³¿, ïðÿìà àòàêà
ïðàêòè÷íî íå ìàº øàíñ³â äëÿ óñï³øíîãî çàâåðøåííÿ,

îñê³ëüêè â çàãàëüíîìó âèïàäêó íàì íåîáõ³äíî âèêîíàòè

äëÿ êîæíîãî åëåìåíòó ç ìíîæèíè  (íàâ³òü ïðè

 çíà÷åííÿ  äóæå âåëèêå) ïåðåãëÿä ìíî-

æèíè âõ³äíèõ çíà÷åíü ðîçì³ðí³ñòþ  (ÿêùî ðîçì³ð

ïàðîëÿ íåâ³äîìèé - íåîáõ³äíî ïåðåáèðàòè óñ³ ìîæëèâ³

çíà÷åííÿ). Òàê, ïðè  äëÿ ïåðåãëÿäó ìíîæèíè 

çà óìîâè îá÷èñëåííÿ  çíà÷åíü çà ñåêóíäó íåîáõ³äíî

âèòðàòèòè  ñåêóíä (ïðèáëèçíî 12 ä³á).

Íåïðÿìà àòàêà íà îäíîá³÷í³ñòü õåø-ôóíêö³¿, ùî ïîáó-
äîâàíà íà îñíîâ³ íåéðîííî¿ ìåðåæ³, óñêëàäíþºòüñÿ òèì,
ùî îá÷èñëåííÿ õåø-çíà÷åííÿ ïîòðåáóº çíà÷íîãî ÷àñó (ó
ïîð³âíÿíí³ ç³ çâè÷àéíèìè õåø-ôóíêö³ÿìè). ßêùî ïðèïó-
ñòèòè, ùî çà îäíó ñåêóíäó ìè îá÷èñëþºìî îäíå õåø-

çíà÷åííÿ, òî çà îäèí ð³ê ìè îòðèìàºìî ïðèáëèçíî 

çíà÷åíü, ùî â³äïîâ³äàº ìíîæèí³ ïîøóêó äëÿ ïàðîëÿ
ëèøå ç òðüîõ ñèìâîë³â.

Àòàêà íà êîë³ç³¿, ÿê ³ íåïðÿìà àòàêà íà îäíîá³÷í³ñòü,
ïîòðåáóº çíà÷íî¿ ê³ëüêîñò³ îá÷èñëåíü õåø-çíà÷åíü, ³,
îêð³ì òîãî, çíà÷íèõ îáñÿã³â ïàì'ÿò³ äëÿ çáåðåæåííÿ óñ³õ
îòðèìàíèõ çíà÷åíü. Òàê, îäíà ç íàéðîçïîâñþäæåí³øèõ
àòàê íà êîë³ç³¿ íà îñíîâ³ òàê çâàíîãî "ïàðàäîêñó äí³â
íàðîäæåíü", Yuval's birthday attack [1], ïîòðåáóº ïåðå-

ãëÿäó ìíîæèíè, ùîíàéìåíøå, ç  çíà÷åíü ïðè 64-

á³òíîìó õåø-çíà÷åíí³.
Çàçíà÷èìî íàñòóïí³ îñîáëèâîñò³ õåø-ôóíêö³¿, ïîáóäî-

âàíî¿ íà îñíîâ³ íåéðîííî¿ ìåðåæ³, ÿê³ ñóòòºâî âïëèâàþòü
íà ¿¿ ñò³éê³ñòü äî êðèïòîãðàô³÷íèõ àòàê:

1) ðîçì³ðí³ñòü õåø-çíà÷åííÿ çíà÷íî ïåðåâèùóº ðîç-
ì³ðí³ñòü ïàðîëÿ;

2) âèñîêà âàð³àòèâí³ñòü õåø-çíà÷åíü (éîãî åëåìåíòè -
ä³éñí³ ÷èñëà);

3) â³äñóòí³ñòü êîðåëÿö³¿ ì³æ ïàðîëåì òà îòðèìàíèì
õåø-çíà÷åííÿì.

Íàâ÷àííÿ íåéðîííî¿ ìåðåæ³ - òðèâàëèé ³òåðàö³éíèé
ïðîöåñ, ï³ä ÷àñ ÿêîãî âàãîâ³ êîåô³ö³ºíòè ìîæóòü çì³íþ-
âàòèñü íåïåðåäáà÷óâàíèì ÷èíîì. ßêùî àëãîðèòì íàâ÷àí-
íÿ äåòåðì³íîâàíèé, ñïðàâåäëèâå íàñòóïíå òâåðäæåííÿ:
ïðè íàâ÷àíí³ íåéðîííî¿ ìåðåæ³ ç ô³êñîâàíîãî ïî÷àòêî-

âîãî ñòàíó  ï³ä ä³ºþ âèá³ðêè  ìîæëèâî îòðè-

ìàòè ëèøå ºäèíèé âåêòîð âàãîâèõ êîåô³ö³ºíò³â .

Ö³ëêîì ìîæëèâî ïðèïóñòèòè, ùî äëÿ ð³çíèõ ÂÍ, ÿê³

â³äð³çíÿþòüñÿ ì³æ ñîáîþ, ùîíàéìåíøå, îäíèì åëåìåí-

òîì, áóäóòü ñôîðìîâàí³ ð³çí³ âåêòîðè âàãîâèõ êîåô³-

ö³ºíò³â (õåø-çíà÷åííÿ).

Íàâåäåíå ïðèïóùåííÿ ö³ëêîì ï³äòâåðäæóºòüñÿ åêñïå-
ðèìåíòàëüíî. Òàê, â òàáëèöÿõ 1 òà 2 íàâåäåí³ âïîðÿä-
êîâàí³ âàãîâ³ êîåô³ö³ºíòè íåéðîííèõ ìåðåæ, ÂÍ äëÿ
ÿêèõ îòðèìàí³ ç á³òîâèõ ïîñë³äîâíîñòåé, ùî ðîçð³ç-
íÿþòüñÿ îäíèì á³òîì, çã³äíî àëãîðèòìó À1.
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ßê áà÷èìî, çì³íà îäíîãî á³òà âõ³äíîãî ïàðîëÿ
ïðèçâåëà äî îòðèìàííÿ àáñîëþòíî ð³çíèõ âàãîâèõ êîåô³-
ö³ºíò³â. Â³äñóòí³ñòü îäíàêîâèõ êîåô³ö³ºíò³â ó öèõ äâîõ
òàáëèöÿõ, çâè÷àéíî, íå äîâîäèòü ïîâíó â³äñóòí³ñòü êîë³-
ç³é, àëå, ïðèíàéìí³, çâîäèòü äî ì³í³ìóìó ìîæëèâ³ñòü ¿õ
³ñíóâàííÿ.

ÂÈÑÍÎÂÊÈ

Ó äàí³é ñòàòò³ çàïðîïîíîâàíî âèêîðèñòàííÿ íåéðîí-
íèõ ìåðåæ äëÿ âèð³øåííÿ çàäà÷³ ³äåíòèô³êàö³¿ â ñèñòå-
ìàõ çàõèñòó ³íôîðìàö³¿, îð³ºíòîâàíèõ íà âèêîðèñòàííÿ â

ÿêîñò³ îá'ºêòà ³äåíòèô³êàö³¿ ïàðîëÿ êîðèñòóâà÷à. Âõ³ä-
íèé ïàðîëü â òàê³é ñèñòåì³ çà äîïîìîãîþ ðîçðîáëåíîãî
àëãîðèòìó ïåðåòâîðþºòüñÿ ó âèá³ðêó, ÿêà íàâ÷àº íåéðîí-
íó ìåðåæó. Õåø-çíà÷åííÿ îòðèìóºòüñÿ øëÿõîì ïåðåì³-
øóâàííÿ åëåìåíò³â îòðèìàíîãî âåêòîðó âàãîâèõ êîåô³-
ö³ºíò³â ìåðåæ³.

Çàñòîñóâàííÿ íåéðîííî¿ ìåðåæ³ â òàêèé ñïîñ³á çàáåç-
ïå÷óº íàñòóïí³ ïåðåâàãè çàïðîïîíîâàíî¿ ñèñòåìè:

1) çìåíøåííÿ ³ìîâ³ðíîñò³ ³ñíóâàííÿ êîë³ç³é çà ðàõó-
íîê âåëèêî¿ íàäëèøêîâîñò³ õåø-çíà÷åííÿ (áåç âòðàòè
³íôîðìàòèâíîñò³) òà â³äñóòíîñò³ êîðåëÿö³¿ ì³æ ïàðîëåì
òà õåø-çíà÷åííÿì;

Òàáëèöÿ 1

0,51234 0,14607 0,62927 0,85102 0,18205 0,50681 0,24067 0,34077 0,8382 0,90916

0,33231 1,0214 0,74528 0,69843 0,0433 0,82496 -0,05825 0,0601 1,54085 0,33197

-0,13682 -4,19317 0,09542 1,04412 0,2716 0,13562 0,67098 0,3514 0,27134 -1,29619

0,17175 0,97441 0,36254 -0,43472 1,4184 0,03722 0,04031 -2,10465 0,33607 0,99036

0,2935 0,13559 1,27981 0,04752 -0,1001 -3,36166 -0,45762 1,47899 -0,06106 0,58145

1,28335 0,21808 0,5875 0,09391 0,30778 0,09375 -0,25891 -0,283 1,30472 -0,1342

0,36256 -1,66202 0,45412 1,03386 0,19483 -0,08338 -0,33273 0,62097 0,57128 -0,14827

0,31271 0,75703 0,05292 -0,48558 -1,93684 -1,1291 -0,56872 -1,80438 -0,61606 -1,23593

0,9893 1,73147 -3,45193 -0,41368 -1,50529 -2,50271 0,67327 -0,87546 -0,00735 -0,49575

-1,68631 -0,35784 -1,47688 -1,63564 -0,54399 -1,29215 2,06221 -1,27381 -3,15713 -1,29431

Òàáëèöÿ 2

-0,05237 -0,02091 1,2297 0,14685 0,08947 -0,53944 0,41228 -0,63536 0,06413 -0,28997

-0,66642 0,46552 0,0792 2,44598 -0,65746 0,64578 0,87029 0,26291 0,67656 0,29211

0,63001 0,88069 0,63646 0,32328 0,05403 0,1562 0,72625 0,11947 0,49999 -1,06119

0,48973 -0,67508 0,82057 0,19995 0,91589 0,96654 0,43573 0,45742 0,81283 -0,37392

-0,00736 -0,07402 0,9591 -0,25627 -0,08553 -2,62123 0,84268 -0,79203 0,71734 0,5882

0,42955 0,16828 0,61138 0,68442 0,85652 0,6933 0,83348 -0,11884 0,39016 0,21522

-0,07388 0,97894 0,21065 0,87171 -0,40213 0,2995 0,04214 -0,35679 -0,65878 -1,30128

-0,21696 0,21671 0,40031 -0,33596 -0,64845 -0,28264 0,20248 0,49238 -0,29332 -0,08362

0,96739 -1,48781 -0,38346 1,04628 0,10978 1,93547 -0,36319 -0,60765 -0,50592 2,17804

-0,08373 -1,06018 -0,35104 -1,88595 0,33618 0,59676 -0,91448 0,84773 2,92588 -2,33771
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2) çá³ëüøåííÿ ñò³éêîñò³ äî êðèïòîãðàô³÷íèõ àòàê íà
îäíîá³÷í³ñòü òà êîë³ç³¿ çàâäÿêè òðèâàëîìó ïðîöåñó
îòðèìàííÿ õåø-çíà÷åííÿ.

Îñòàííÿ îñîáëèâ³ñòü õåø-ôóíêö³¿ íàáóâàº îñîáëèâî
âàæëèâîãî çíà÷åííÿ â íàø ÷àñ, êîëè ðîçâèòîê ïîòóæ-
íîñòåé îá÷èñëþâàëüíî¿ òåõí³êè â³äáóâàºòüñÿ øâèäøå çà
ðîçðîáêó íîâèõ àëãîðèòì³â øèôðóâàííÿ. Ñó÷àñí³ ìîæ-
ëèâîñò³ êîìï'þòåðíî¿ òåõí³êè äîçâîëÿþòü îòðèìóâàòè ³
çáåð³ãàòè âåëèêó ê³ëüê³ñòü îá÷èñëåíèõ õåø-çíà÷åíü, ùî
ðîáèòü ïîäàëüøó çàäà÷ó ðîçêðèòòÿ ïàðîëÿ ñïðàâîþ ê³ëü-
êîõ ãîäèí (íà îòðèìàííÿ â³äïîâ³äíî¿ ê³ëüêîñò³ õåø-
çíà÷åíü äëÿ çàïðîïîíîâàíî¿ õåø-ôóíêö³¿ íåîáõ³äíî áóäå
âèòðàòèòè ê³ëüêà ðîê³â).

Íåäîë³êîì òàêî¿ ñèñòåìè º ìîæëèâà íåïåðåäáà÷åíà

ïîâåä³íêà íåéðîííî¿ ìåðåæ³ ï³ä ÷àñ íàâ÷àííÿ ³ â³ä-
ñóòí³ñòü êîíñòðóêòèâíîãî äîâåäåííÿ íàâåäåíèõ âèùå
ïðèïóùåíü.
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ÃÀÇÎÏÐÎÂÎÄÀ ÍÀ ÎÑÍÎÂÅ ÈÑÊÓÑÑÒÂÅÍÍÛÕ ÍÅÉÐÎÍÍÛÕ ÑÅÒÅÉ

Ñ. À. Òåðåõîâ, Ò. À. Ìóõàìàäèåâà, Í. Í. Ôåäîðîâà, Å. Â. Äèÿíêîâà, Ñ. À. Äèÿíêîâà,   
À. Â. Êâè÷àíñêèé, Ð. Ô. Ìóõàìàäèåâ

Ïðåäëîæåí ïîäõîä ê ïîñòðîåíèþ íåéðîñåòåâîé èìèòàöèîí-
íîé ìîäåëè ãàçîïåðåêà÷èâàþùåãî àãðåãàòà. Ìåòîäèêà èëëþ-
ñòðèðóåòñÿ íà ïðèìåðå ìíîãîïàðàìåòðè÷åñêîé ñèñòåìû, îáëà-
äàþùåé âíóòðåííåé íåëèíåéíîñòüþ è âðåìåííîé èíåðöèåé
îòêëèêà. 

This Note is devoted to the neural networks modeling of
industrial pipeline elements.

ÏÐÎÁËÅÌÀ

Öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ èçëîæåíèå òåî-
ðåòè÷åñêèõ îñíîâ íîâîãî ïîäõîäà ê ñîçäàíèþ èìè-
òàöèîííûõ ìîäåëåé ýëåìåíòîâ ìàãèñòðàëüíûõ ãàçîïðîâî-
äîâ (íà óðîâíå îòäåëüíîãî ÃÏÀ, êîìïðåññîðíîãî öåõà è,
â ïåðñïåêòèâå, ÊÑ), îñíîâàííûõ íà èñêóññòâåííûõ íåé-
ðîííûõ ñåòÿõ.

Îñíîâíîé ñìûñë íåéðîñåòåâûõ ìåòîäèê ìîäåëèðîâà-
íèÿ ñòîëü æå ïðîñò, ñêîëü è ïðèâëåêàòåëåí, è ìîæåò
áûòü ñôîðìóëèðîâàí â âèäå ðÿäà ïîëîæåíèé:

- Ìîäåëèðóåìàÿ ñëîæíàÿ èíæåíåðíàÿ ñèñòåìà îïèñû-
âàåòñÿ íàáîðîì âõîäíûõ (íåçàâèñèìûõ è/èëè óïðàâëÿþ-
ùèõ) è âûõîäíûõ (çàâèñèìûõ) ïåðåìåííûõ, à òàêæå
íàáîðîì âíóòðåííèõ ïåðåìåííûõ åå ñîñòîÿíèÿ;

- Ñîîòíîøåíèå ìåæäó âõîäíûìè è âûõîäíûìè ïàðà-
ìåòðàìè ÿâëÿåòñÿ íåêîòîðîé, âîîáùå ãîâîðÿ, íå èçâåñò-
íîé âåêòîð-ôóíêöèåé (ò.í. ñèñòåìíîé ôóíêöèåé), çà-
êëþ÷àþùåé â ñåáÿ âñå âíóòðåííèå îñîáåííîñòè ñèñòåìû
(íàïðèìåð, òðóäíî ó÷èòûâàåìûå ôàêòîðû ðåàëüíîé øå-
ðîõîâàòîñòè òðóá è îñîáåííîñòè êîíêðåòíîãî ÃÏÀ);

- Ýòà ôóíêöèÿ è åå àðãóìåíòû ÿâëÿåòñÿ ýêñïåðèìåí-
òàëüíî íàáëþäàåìûìè. Ïðè ýòîì âíóòðåííèå ïåðåìåííûå
ìîãóò áûòü êàê íàáëþäàåìûìè, òàê è ñêðûòûìè îò
íàáëþäàòåëÿ;

- Èçìåíåíèå â (ðåàëüíîì) âðåìåíè ñîâîêóïíîñòè âñåõ
ïåðåìåííûõ ñèñòåìû ñîñòàâëÿåò åå äèíàìèêó, îïðåäåëÿ-
åìóþ íåëèíåéíûìè ñâÿçÿìè â ñèñòåìå è âíåøíèìè
óñëîâèÿìè - ïîñëåäíèå âêëþ÷àþòñÿ â ñïèñîê âõîäíûõ
ïåðåìåííûõ;

- Íåéðîííàÿ ñåòü îáó÷àåòñÿ èìèòèðîâàòü ýòó äèíà-

ìèêó, ò.å. ïîäìåíÿòü ñîáîé ñèñòåìíóþ ôóíêöèþ. Àëãî-
ðèòì îáó÷åíèÿ èíäèâèäóàëåí äëÿ âûáðàííîé àðõèòåê-
òóðû íåéðîñåòè.

Îáó÷åíèå íåéðîñåòè ìîæåò ïðîâîäèòüñÿ êàê â ðåæèìå
off-line (ò.å. ïî çàðàíåå ïîäãîòîâëåííîé òàáëèöå "âõîäû
- âûõîäû", ïðè ýòîì êàæäàÿ ñòðîêà â òàáëèöå îòâå÷àåò
çíà÷åíèÿì âñåõ ïåðåìåííûõ â íåêîòîðûé ìîìåíò âðåìå-
íè), òàê è on-line (íåéðîñåòü ïî èçâåñòíûì âõîäàì
âû÷èñëÿåò ïðîãíîçèðóåìûå âûõîäû, äàëåå äîæèäàåòñÿ
ýêñïåðèìåíòàëüíûõ çíà÷åíèé ýòèõ âûõîäîâ, è èñïîëü-
çóåò íåâÿçêó ìåæäó íèìè äëÿ ñâîåãî äîîáó÷åíèÿ).

Â on-line ðåæèìå äîîáó÷åíèå (fine-tuning) ìîæåò
ïðîâîäèòüñÿ òîëüêî åñëè îòêëèê íåéðîñåòè, â íåêîòîðîì
ñìûñëå, áëèçîê ê ýêñïåðèìåíòàëüíîìó (ò.å. ó÷åò äðåéôà
ïàðàìåòðîâ), â ïðîòèâíîì ñëó÷àå ñèñòåìà äîëæíà âûäàòü
ñèãíàë îá àâàðèéíîì íåñîîòâåòñòâèè ðàñ÷åòà è ýêñïå-
ðèìåíòà.
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ÈÌÈÒÀÖÈÎÍÍÀß ÌÎÄÅËÜ ÏÐÎÒÎÒÈÏÀ 
ÊÎÌÏÐÅÑÑÎÐÍÎÃÎ ÖÅÕÀ

Ñîâðåìåííûå óñòðîéñòâà, îáåñïå÷èâàþùèå ïðîöåññ
òðàíñïîðòà ïðèðîäíîãî ãàçà îòíîñÿòñÿ ê êëàññó ñëîæíûõ
èíæåíåðíûõ ñèñòåì [1]. Ôóíêöèîíèðîâàíèå òàêèõ ñèñ-
òåì ñêëàäûâàåòñÿ íà îñíîâå ìíîæåñòâà íåëèíåéíûõ
ôèçè÷åñêèõ ôàêòîðîâ, ñðåäè êîòîðûõ åñòü êàê õîðîøî
èññëåäîâàííûå ôàêòîðû [2] (íàïðèìåð, ôèçèêî-õèìè÷å-
ñêèå õàðàêòåðèñòèêè ãàçà, ìåõàíèêà êðàíîâ è äð.), òàê è
ÿâëåíèÿ, òðóäíî ïîääàþùèåñÿ ôîðìàëüíîìó ôèçèêî-
ìàòåìàòè÷åñêîìó îïèñàíèþ âñëåäñòâèå ìíîãî÷èñëåííûõ
íåîïðåäåëåííîñòåé (íàïðèìåð, ôàêòè÷åñêàÿ øåðîõîâà-
òîñòü òðóá, èñòå÷åíèå ãàçà èç ðàçðûâîâ è òðåùèí ñ
ó÷åòîì èõ ðåàëüíîé ãåîìåòðèè, îñîáåííîñòè êîíêðåòíûõ
ãàçî-ïåðåêà÷èâàþùèõ àãðåãàòîâ (ÃÏÀ) è ïð.).

Ïåðå÷èñëåííûå ôàêòîðû âñòóïàþò âî âçàèìîäåéñòâèå,
ïðè ýòîì ïàðàäîêñàëüíî, ÷òî èíîãäà óòî÷íåíèå ìàòåìàòè-
÷åñêîãî îïèñàíèÿ îòäåëüíûõ ôàêòîðîâ ïðèâîäèò ê
óõóäøåíèþ îïèñàíèÿ ïîâåäåíèÿ ñèñòåìû â öåëîì. Ïðè-
ìåðû òàêèõ ñèòóàöèé ìîæíî íàéòè â ìíîãî÷èñëåííîé
ëèòåðàòóðå ïî ñëîæíûì ñèñòåìàì (ñì, íàïðèìåð, [3-4,
17-18] è äàëüíåéøèå ññûëêè â ýòèõ êíèãàõ). 

Îäíîé èç àëüòåðíàòèâ ôîðìàëüíîìó ìàòåìàòè÷åñêîìó
ìîäåëèðîâàíèþ ñèñòåì ÿâëÿåòñÿ èìèòàöèîííîå (èíôîð-
ìàöèîííîå, êèáåðíåòè÷åñêîå, ñèòóàöèîííîå) ìîäåëèðîâà-
íèå [17-18]. Ïðè êèáåðíåòè÷åñêîì ïîäõîäå èññëåäóåìàÿ
ñèñòåìà çàìåíÿåòñÿ ÷åðíûì ÿùèêîì (×ß), âíóòðåííÿÿ
ñòðóêòóðà êîòîðîãî íå îáÿçàòåëüíî îòâå÷àåò ñòðóêòóðå
ñèñòåìû. ×ß èìååò òå æå âõîäíûå è âûõîäíûå îïèñà-
òåëüíûå ïåðåìåííûå, ÷òî è èñõîäíàÿ ñèñòåìà, è åãî
ãëàâíîé çàäà÷åé ÿâëÿåòñÿ âíåøíåå ïîäðàæàíèå (èìè-
òàöèÿ) ðàáîòå ñèñòåìû, ò.å. ïðàâèëüíàÿ ïåðåäà÷à íåëè-
íåéíîé ôóíêöèîíàëüíîé çàâèñèìîñòè âõîäîâ îò âû-
õîäîâ.

Èìèòàöèîííîå ìîäåëèðîâàíèå âñåãäà îñíîâûâàåòñÿ íà
ýêñïåðèìåíòàëüíîé èíôîðìàöèè î ñèñòåìå. Ïîýòîìó
óñïåøíîå åãî ïðèìåíåíèå, ïðåæäå âñåãî, âîçìîæíî â
ïðèëîæåíèÿõ, áîãàòûõ ýêñïåðèìåíòàëüíûìè äàííûìè. Ê
òàêèì îòðàñëÿì îòíîñèòñÿ è ýêñïëóàòàöèÿ ìàãèñòðàëü-
íûõ ãàçîïðîâîäîâ.

Ïðîöåññ ñèíòåçà ×ß ÷àñòî íàçûâàþò òàêæå èäåíòè-

ôèêàöèåé ñèñòåìû. Óñïåõ ïðè ïîñòðîåíèè ×ß îïðåäå-
ëÿåòñÿ íå òîëüêî íàëè÷èåì íàáëþäàåìûõ äàííûõ, íî âî

ìíîãîì ñïîñîáíîñòüþ òîãî ìàòåìàòè÷åñêîãî àïïàðàòà1,
íà êîòîðîì îñíîâàí ×ß, ïðåäñòàâèòü âñå ìíîãîîáðàçèå
îòêëèêîâ ñèñòåìû íà ìíîãîîáðàçèå âîçäåéñòâèé.

Âåñüìà ïåðñïåêòèâíûì àïïàðàòîì äëÿ ïîñòðîåíèÿ
èìèòàöèîííûõ ìîäåëåé ÿâëÿþòñÿ èñêóññòâåííûå íåé-

ðîííûå ñåòè (ÈÍÑ), ñâîéñòâà êîòîðûõ áóäóò áîëåå ïî-
äðîáíî îáñóæäàòüñÿ äàëåå. Â ëèòåðàòóðå èìåþòñÿ ïóá-
ëèêàöèè îá óñïåøíîì èñïîëüçîâàíèè íåéðîííûõ ñåòåé

äëÿ ïðîãíîçà àâàðèé íà êîìïðåññîðíûõ óñòðîéñòâàõ [5],
à òàêæå àäàïòèâíîãî óïðàâëåíèÿ [14, 19-20] è îïòèìè-
çàöèè [6].

Â ðàáîòå áóäåò ðàññìîòðåí ïðèìåð ïîñòðîåíèÿ èìèòà-
öèîííîé ìîäåëè îäíîé èç ñëîæíûõ ñèñòåì - óïðîùåííîé
ìîäåëè ãðóïïû òðåõ ïàðàëëåëüíî ñîåäèíåííûõ ÃÏÀ.
Èìèòàöèîííàÿ ìîäåëü îñíîâàíà íà àäàïòèâíîé àïïðîê-
ñèìàöèè ìíîãîìåðíîé ñèñòåìíîé ôóíêöèè.

Äèôôåðåíöèðóåìûå íåéðîñåòåâûå 
àïïðîêñèìàòîðû

Ïîñòðîåíèå àïïðîêñèìàöèé ôóíêöèé ìíîãèõ ïåðåìåí-
íûõ ÿâëÿåòñÿ îäíîé èç âàæíûõ ïðèêëàäíûõ çàäà÷
ñîâðåìåííîé ìàòåìàòèêè è èíôîðìàòèêè. Îñîáóþ àêòó-
àëüíîñòü ïðè ýòîì ïðèîáðåòàþò äèôôåðåíöèðóåìûå
ìîäåëè, ïîñêîëüêó îíè ïîçâîëÿþò íå òîëüêî èìèòè-
ðîâàòü ñèñòåìó, íî è îïòèìèçèðîâàòü åå ïî óïðàâ-
ëÿþùèì ïàðàìåòðàì [6].

Îáùàÿ òåíäåíöèÿ ñîñòîèò â èñïîëüçîâàíèè ñóïåðïî-
çèöèé ïðîñòûõ ôóíêöèé îäíîé ïåðåìåííîé è èõ ëèíåé-
íûõ êîìáèíàöèé. Â ðàáîòå [7] äîêàçûâàåòñÿ âîçìîæ-
íîñòü ïðèáëèæåíèÿ íåïðåðûâíûõ ôóíêöèé ìíîãèõ
ïåðåìåííûõ ïðè ïîìîùè ñóïåðïîçèöèé ëèíåéíîé ôóíê-
öèè è ïðîèçâîëüíîé íåëèíåéíîé ôóíêöèè îäíîé
ïåðåìåííîé. 

Ê ïîäîáíûì âû÷èñëèòåëüíûì ñõåìàì îòíîñÿòñÿ è
èñêóññòâåííûå íåéðîííûå ñåòè (Artificial neural net-

work), [7-10]. Â ïðîñòåéøåì ñëó÷àå íåéðîííàÿ ñåòü
çàäàåòñÿ âûðàæåíèåì:

,

, . (1)

Ýòî òàê íàçûâàåìàÿ íåéðîííàÿ ñåòü ïðÿìîãî ðàñïðî-

ñòðàíåíèÿ (feed-forward neural network) ñ  âõîäàìè,

îäíèì âûõîäîì, åäèíè÷íûì ïîðîãîì è ñêðûòûì ñëîåì

èç  íåéðîíîâ. Íà ðèñ. 1 èçîáðàæåíà ñåòü òàêîãî òèïà ñ

äâóìÿ âõîäàìè ( ) è äâóìÿ íåéðîíàìè íà ñêðûòîì

ñëîå ( ). Íàïðàâëåíèå ñòðåëîê íà ñõåìå îòðàæàåò

ïîòîê èíôîðìàöèè è ïîñëåäîâàòåëüíîñòü äåéñòâèé ïðè

âû÷èñëåíèè ôóíêöèè .

Ïàðàìåòðû  îïðåäåëÿþòñÿ ïóòåì îáó÷åíèÿ, ò.å. ìè-

íèìèçàöèè íåêîòîðîãî ôóíêöèîíàëà, ñîîòâåòñòâóþùåãî
ðåøàåìîé çàäà÷å:

. (2)

1.  Â êà÷åñòâå òàêîãî àïïàðàòà ìîæíî áûëî áû ðàññìîòðåòü, íàïðèìåð, ìíîãîìåðíûå ðÿäû Òåéëîðà è äð. Îäíàêî øèðîêî èçâåñòíû âîçíèêàþùèå
ïðè ýòîì ïðîáëåìû, â ÷àñòíîñòè ïîâûøåíèå ïîðÿäêà ïîëèíîìà ñ öåëüþ ïîëó÷åíèÿ óòî÷íåííîãî îïèñàíèÿ ïðèâîäèò ëèøü ê òî÷íîìó çàïîìèíàíèþ
êîíå÷íîãî íàáîðà ñîñòîÿíèé ñèñòåìû ñ ðàñòóùèìè îñöèëëÿöèÿìè âíå òî÷åê èíòåðïîëÿöèè. Ñèòóàöèÿ êàòàñòðîôè÷åñêè óõóäøàåòñÿ ïðè çíà÷èòåëüíîì
øóìå â äàííûõ.

N x W,( ) f Wm

m 1 …M,=
∑ g Wm0 1⋅ Wmkxk

k 1 …K,=
∑+
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Ïðè ïîñòðîåíèè íåéðîñåòåâîé àïïðîêñèìàöèè íåêîòî-

ðîé ôóíêöèè  ïî êîíå÷íîìó íàáîðó åå çíà÷å-

íèé , , îïòèìèçèðóåòñÿ îòêëîíåíèå

íåéðîñåòè îò ìîäåëèðóåìîé ôóíêöèè, íàïðèìåð, â ñå-

òî÷íîé íîðìå :

. (3)

Ðèñóíîê 1 - Íåéðîííàÿ ñåòü ïðÿìîãî ðàñïðîñòðàíåíèÿ 
ñî ñêðûòûì ñëîåì èç äâóõ íåëèíåéíûõ íåéðîíîâ

Çàäà÷à (1)-(3) ðåøàåòñÿ ïðè ïîìîùè ñòàíäàðòíûõ
îïòèìèçèðóþùèõ àëãîðèòìîâ. Ïîñêîëüêó ïðîèçâîäíûå

ôóíêöèè  â (1) ïî ïàðàìåòðàì  äîñòàòî÷íî ïðîñòî

âû÷èñëÿþòñÿ, òî äëÿ ìèíèìèçàöèè (3) ìîæíî ïðèìåíèòü
îäíó èç ãðàäèåíòíûõ ìåòîäèê, íàïðèìåð, ìåòîä BFGS

èëè àëãîðèòì Levenberg - Marquardt, [11-13], à òàêæå
ñïåöèàëèçèðîâàííûå ìåòîäû [15]. Ïðè ýòîì âû÷èñëåíèå
ãðàäèåíòà îò íåéðîííîé ñåòè ïî åå íàñòðàèâàåìûì ïàðà-

ìåòðàì - âåñàì ñâÿçåé - òðåáóåò ëèøü  îïåðàöèé

(êîíêðåòíî ~3N) ïðîòèâ îáû÷íîãî â òàêèõ ñëó÷àÿõ

. Ýòî ñâîéñòâî íåéðîííûõ ñåòåé è îïðåäåëÿåò âñþ

"ñêðûòóþ" ýôôåêòèâíîñòü íåéðîâû÷èñëåíèé.
Âàæíûì ñâîéñòâîì íåéðîííûõ ñåòåé ïðÿìîãî ðàñïðî-

ñòðàíåíèÿ (1) ÿâëÿåòñÿ èõ äèôôåðåíöèðóåìîñòü ïî âõî-
äàì, ðàçóìååòñÿ, ïðè óñëîâèè äîñòàòî÷íîé ãëàäêîñòè
ïåðåõîäíûõ ôóíêöèé. Ýòî ïîçâîëÿåò ðåøàòü ïðè ïîìî-
ùè íåéðîííûõ ñåòåé çàäà÷è ñîâìåñòíîé àïïðîêñèìàöèè
ôóíêöèè è åå ïðîèçâîäíûõ. Äëÿ ýòîãî â îïòèìèçè-
ðóåìûé ôóíêöèîíàë (2) äîáàâëÿþò ñîîòâåòñòâóþùèå
ñëàãàåìûå. Â ïîñëåäóþùèõ ðàçäåëàõ äàííîé ðàáîòû
ïîäðîáíî ðàññìàòðèâàåòñÿ îäèí âàæíûé ïðèêëàäíîé
êëàññ àïïðîêñèìàöèîííûõ çàäà÷ ýòîãî òèïà. 

Ìîäåëèðóåìàÿ ñèñòåìà

Ðàññìîòðèì íåêîòîðóþ ìîäåëüíóþ ñèñòåìó, îòäàëåí-
íûì ïðîòîòèïîì êîòîðîé ñëóæèò ìàòåìàòè÷åñêàÿ ìîäåëü
ãðóïïû ÃÏÀ, îáúåäèíåííûõ ïî ïàðàëëåëüíîé ñõåìå [2]. 

Êàæäûé èç àãðåãàòîâ (âìåñòå ñ ñèñòåìîé ïðèëåãà-
þùèõ òðóáîïðîâîäîâ) îáëàäàåò äâóìÿ âàæíûìè ñâîé-
ñòâàìè:

- Íåëèíåéíîñòü îòêëèêà, ñâÿçàííàÿ êàê ñ ãàçîäèíà-
ìèêîé òåõíîëîãè÷åñêèõ òðóáîïðîâîäîâ, òàê è ñ íåëèíåé-
íîñòüþ äèàãðàììû "ñæàòèå-ðàñõîä" ñàìîãî ÃÏÀ;

- Çàïàçäûâàíèå îòêëèêà, ñâÿçàííîå ñ êîíå÷íîé ñêîðî-
ñòüþ ðàñïðîñòðàíåíèÿ ñèãíàëîâ è "èíåðöèàëüíîñòüþ"
ýëåìåíòîâ ñèñòåìû è çàïàñåííîãî ãàçà.

Â äàííîé ñõåìàòè÷íîé ìîäåëè ïîä÷åðêíåì ëèøü ýòè
äâà ñâîéñòâà, ïðåäåëüíî óïðîñòèâ îñòàëüíóþ ôèçèêó
ïðîöåññîâ, à èìåííî, áóäåì ñ÷èòàòü ïîñòîÿííûìè è
òåìïåðàòóðó â ñèñòåìå, è ðàñõîä ãàçà ÷åðåç êàæäûé
ÃÏÀ, îãðàíè÷èâøèñü ëèøü èçìåíåíèÿìè äàâëåíèÿ.
Áîëåå òîãî, èç âñåõ íåëèíåéíûõ ôàêòîðîâ âûäåëèì
(âåñüìà óñëîâíî) ëèøü îäèí, ñâÿçàííûé ñ çàâèñèìîñòüþ
èçáûòî÷íîãî äàâëåíèÿ íà âûõîäå ÃÏÀ îò ÷èñëà îáîðîòîâ
íàãíåòàòåëÿ, äëÿ êîòîðîé ïðèìåì íåëèíåéíûé õàðàêòåð,
èçîáðàæåííûé íèæå íà ðèñ. 2. 

Ðèñóíîê 2 - Ìîäåëüíàÿ íåëèíåéíàÿ çàâèñèìîñòü 
ýôôåêòèâíîñòè ÃÏÀ ïî èçáûòî÷íîìó äàâëåíèþ îò 

îòíîñèòåëüíîé ñêîðîñòè âðàùåíèÿ âàëà

Âñå ÃÏÀ ãðóïïû áóäóò ðàçëè÷àòüñÿ ïî ïàðàìåòðàì
ýòîé çàâèñèìîñòè - ïîëîæåíèþ òî÷êè ìàêñèìàëüíîé ýô-
ôåêòèâíîñòè, ïîëîæåíèþ òî÷êè âûõîäà íà íàñûùåíèå
(óñëîâíî ñâÿçàííîãî ñ âêëþ÷åíèåì ïåòëè îáðàòíîé ñâÿçè
àíòèïîìïàæíîé çàùèòîé). Ýòè ïàðàìåòðû êàæäîãî ÃÏÀ
áóäåì ñ÷èòàòü ñêðûòûìè (âíóòðåííèìè ïàðàìåòðàìè ñî-
ñòîÿíèÿ ñèñòåìû). Åäèíñòâåííûì óïðàâëÿþùèì ïàðà-
ìåòðîì áóäåì ñ÷èòàòü ÷èñëî îáîðîòîâ âàëà (â áåç-
ðàçìåðíûõ åäèíèöàõ).
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Ðèñóíîê 3 - Çàäåðæàííûé îòêëèê ñ õàðàêòåðíûì 
âðåìåíåì =3 íà ñòóïåí÷àòûé ñèãíàë

Â êà÷åñòâå ìîäåëè âíóòðåííåé èíåðöèîííîñòè ñèñòåìû
"ÃÏÀ-òåõíîëîãè÷åñêèå òðóáîïðîâîäû" ïðèìåì ôóíêöèþ
îòêëèêà â ôîðìå ëèíåéíîãî ôèëüòðà ñ çàäåðæàííûì

âðåìåíåì :

,

ãäå  - íîðìèðîâàííàÿ Ãàóññîâà ôóíêöèÿ (äèñêðåòíàÿ) ñ

çàòóõàíèåì . 

Ïðèìåð ïðåîáðàçîâàííîé ñ çàäåðæêîé â 3 âðåìåííûå
åäèíèöû ñòóïåí÷àòîé ôóíêöèè Õåâèñàéäà ïîêàçàí íà
pèñ. 3.

Òàêèì îáðàçîì, ìîäåëèðóåìûé îòêëèê -ãî ÃÏÀ

(âûõîäíîå äàâëåíèå) íà âíåøíåå âîçäåéñòâèå (âõîäíîå
äàâëåíèå) äàåòñÿ ôóíêöèåé:

,

ãäå  - ôóíêöèÿ-ôèëüòð çàäåðæêè, à  - êîýôôèöèåíò

óâåëè÷åíèÿ äàâëåíèÿ (ñæàòèÿ),  - îáîðîòû íàãíå-

òàòåëÿ.

Åùå ðàç îòìåòèì, ÷òî ôóíêöèè  è  ñîäåðæàò

"ñêðûòûå" ïåðåìåííûå è çàâèñèìîñòè - âðåìÿ è ôîðìà
çàäåðæêè, ïàðàìåòðû è ôîðìà êðèâîé ýôôåêòèâíîñòè.
Íèæå â ìîäåëüíûõ âû÷èñëèòåëüíûõ ýêñïåðèìåíòàõ ýòè
çàâèñèìîñòè ïðåäïîëàãàåòñÿ ñ÷èòàòü "äðåéôóþùèìè" âî
âðåìåíè.

Äëÿ ïàðàëëåëüíîé ñõåìû îáúåäèíåíèÿ  ÃÏÀ (äëÿ

îïðåäåëåííîñòè, ñëåäóÿ [2], ïîëîæèì ) è ñäåëàí-

íûõ ìîäåëüíûõ ïðåäïîëîæåíèé äàâëåíèå íà âûõîäå èç
ñèñòåìû áóäåò ðàâíî ñðåäíåìó çíà÷åíèþ âûõîäíûõ
äàâëåíèé êàæäîãî àãðåãàòà (ò.å. ñóììå ïàðöèàëüíûõ

äàâëåíèé ðàâíûõ ïîñòóïàþùèõ ïîðöèé ãàçà ìàññîé 

ñ îäèíàêîâîé òåìïåðàòóðîé â çàäàííîì îáúåìå âûõîä-
íîãî êîëëåêòîðà).

Äàííûå

Áóäåì äàëåå ñ÷èòàòü äàííûå, âûäàâàåìûå îïèñàííîé â
ïðåäûäóùåì ïóíêòå ìîäåëüþ ýêñïåðèìåíòàëüíûìè, äëÿ
÷åãî äîáàâèì 5% ñëó÷àéíóþ îøèáêó ê âõîäíûì è
âûõîäíûì äàâëåíèÿì. Ïðè ýòîì ñêðûòûå ïàðàìåòðû
ìîäåëè áóäåì ñ÷èòàòü íå äîñòóïíûìè íàáëþäàòåëþ. Äëÿ
ïðîñòîòû âñå íàáëþäàåìûå ôèçè÷åñêèå âåëè÷èíû áóäåì
èçìåðÿòü â áåçðàçìåðíûõ åäèíèöàõ.

Ðàññìîòðèì äèíàìè÷åñêèé ïðîöåññ ýêñïëóàòàöèè ìî-
äåëèðóåìîé ñèñòåìû â òå÷åíèå òðåõ ñóòîê. Âî âðåìåíè
èçìåíÿþòñÿ:

- Âíåøíèå ïàðàìåòðû - âõîäíîå äàâëåíèå . Áóäåì

ñ÷èòàòü, ÷òî èçìåíåíèå âõîäíîãî äàâëåíèÿ ÿâëÿåòñÿ ñëó-
÷àéíûì Ïóàññîíîâñêèì ïðîöåññîì [16] ñî ñðåäíèì âðå-

ìåíåì  è àìïëèòóäîé êîëåáàíèé  (ò.å. êðîìå 5%

øóìà äàâëåíèå â ñðåäíåì ðàç â  ñåêóíä ïðèíèìàåò

íîâîå ñëó÷àéíîå çíà÷åíèå â äèàïàçîíå 1 ± );

- Óïðàâëÿþùèå ïàðàìåòðû - îáîðîòû âàëà  äëÿ

êàæäîãî íàãíåòàòåëÿ. Áóäåì ñ÷èòàòü, ÷òî óïðàâëÿþùèå
âîçäåéñòâèÿ òàêæå íå ïðåäñêàçóåìû è îïèñûâàþòñÿ

Ïóàññîíîâñêèì ïðîöåññîì ñî ñðåäíèì âðåìåíåì  è

àìïëèòóäîé êîëåáàíèé  îêîëî ñâîèõ íîìèíàëüíûõ

çíà÷åíèé (ìàñøòàáà åäèíèöû);
- Âíóòðåííèå ïàðàìåòðû ñèñòåìû - âðåìåíà çàäåðæåê

 è ïîëîæåíèÿ òî÷åê ìàêñèìàëüíîé ýôôåêòèâíîñòè

êîìïðèìèðîâàíèÿ  (ò.å. òî÷åê ìàêñèìóìà íà ðèñ.2).

Áóäåì ñ÷èòàòü, ÷òî âðåìåíà çàäåðæåê òàêæå èñïûòûâàþò
Ïóàññîíîâñêèé äðåéô ñ ñîîòâåòñòâóþùèìè ïàðàìåòðàìè

,  (äðåéô çàäåðæåê ìîäåëèðóåò óìåíüøåíèå èíåðò-

íîñòè ïðè ìåëêèõ óòå÷êàõ è íå ó÷èòûâàåìûå â çàäà÷å
êîëåáàíèÿ ðàñõîäà). 

Â èòîãå, âñå âåëè÷èíû ïðåäñòàâëÿþòñÿ Ïóàññîíîâ-
ñêèìè âðåìåííûìè ðÿäàìè, ïî çíà÷åíèÿì êîòîðûõ âû-

÷èñëÿåòñÿ âûõîäíîå äàâëåíèå , íà êîòîðîå äàëåå íàëà-

ãàåòñÿ 5% øóì. Ïîëó÷åííîå çíà÷åíèå è áóäåò ðàññìàòðè-
âàòüñÿ, êàê ýêñïåðèìåíòàëüíî èçìåðåííîå.

×ÈÑËÅÍÍÛÅ ÝÊÑÏÅÐÈÌÅÍÒÛ Ñ 
ÍÅÉÐÎÑÅÒÅÂÛÌÈ ÌÎÄÅËßÌÈ

Ïî ìåòîäèêå, îïèñàííîé â ïðåäûäóùåì ïóíêòå, áûëè
ïîëó÷åíû âðåìåííûå ðÿäû äëÿ ïàðàìåòðîâ ìîäåëè. Äëÿ
ñîêðàùåíèÿ âðåìåíè âû÷èñëåíèé ïðè îáó÷åíèè íåéðî-
ñåòè 3-õ ñóòî÷íûå ðÿäû îïèñûâàëèñü ñ ÷àñòîòîé
ñýìïëèíãà 5 ñåêóíä.
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Òàáëèöà 1 - Çíà÷åíèÿ ïàðàìåòðîâ ìîäåëè 

×èñëåííûå çíà÷åíèÿ ïàðàìåòðîâ, èñïîëüçîâàâøèõñÿ
ïðè ìîäåëèðîâàíèè, ïðèâåäåíû â òàá. 1. Ïðèìåðû
âðåìåííûõ ðÿäîâ, ïîðîæäàåìûõ èññëåäóåìîé ìîäåëüþ,
ïðåäñòàâëåíû íèæå íà ðèñ. 4.

Íîìèíàëüíîå çíà÷åíèå âõîäíîãî äàâëåíèÿ 1

Àìïëèòóäà êîëåáàíèé âõîäíîãî äàâëåíèÿ 0,2

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé âõîäíîãî 
äàâëåíèÿ 

3 ÷àñà

Àìïëèòóäà øóìà "èçìåðåíèé" âõîäíîãî 
äàâëåíèÿ

0,05

Àìïëèòóäà øóìà "èçìåðåíèé" âûõîäíîãî 
äàâëåíèÿ

0,05

Àãðåãàò 1

Ìàêñèìóì êîýôôèöèåíòà êîìïðèìèðîâàíèÿ 
( )

5

Îòí. îáîðîòû ïðè ìàêñèìóìå ( ) 2

Íàñûùåííîå çíà÷åíèå ( ) 3

Îòí. îáîðîòû ïðè íàñûùåíèè ( ) 4

Íîìèíàëüíûå îáîðîòû 2

Àìïëèòóäà óïðàâëÿþùèõ êîëåáàíèé 
íîìèíàëüíûõ îáîðîòîâ 

0,2

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé  1 ÷àñ

Íîìèíàëüíîå âðåìÿ èíåðöèàëüíîãî 
çàïàçäûâàíèÿ 

10 ìèí

Àìïëèòóäà êîëåáàíèé âðåìåíè 
èíåðöèàëüíîãî çàïàçäûâàíèÿ 

2 ìèí

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé  1 ÷àñ

Àãðåãàò 2

Ìàêñèìóì êîýôôèöèåíòà êîìïðèìèðîâàíèÿ 
( )

4,5

Îòí. îáîðîòû ïðè ìàêñèìóìå ( ) 3

Íàñûùåííîå çíà÷åíèå ( ) 2,5

P0

aP

tP

Pout Pin⁄

Pout Pin⁄

Pout Pin⁄

Pout Pin⁄

n

an

n tn

τ

aτ

τ tτ

Pout Pin⁄

Pout Pin⁄

Pout Pin⁄

Îòí. îáîðîòû ïðè íàñûùåíèè ( ) 4

Íîìèíàëüíûå îáîðîòû 2

Àìïëèòóäà óïðàâëÿþùèõ êîëåáàíèé 
íîìèíàëüíûõ îáîðîòîâ 

0,2

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé  1 ÷àñ

Íîìèíàëüíîå âðåìÿ èíåðöèàëüíîãî 
çàïàçäûâàíèÿ 

12 ìèí

Àìïëèòóäà êîëåáàíèé âðåìåíè 
èíåðöèàëüíîãî çàïàçäûâàíèÿ 

2 ìèí

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé  1 ÷àñ

Àãðåãàò 3

Ìàêñèìóì êîýôôèöèåíòà êîìïðèìèðîâàíèÿ 
( )

5,5

Îòí. îáîðîòû ïðè ìàêñèìóìå ( ) 2

Íàñûùåííîå çíà÷åíèå ( ) 3

Îòí. îáîðîòû ïðè íàñûùåíèè ( ) 5

Íîìèíàëüíûå îáîðîòû 2

Àìïëèòóäà óïðàâëÿþùèõ êîëåáàíèé 
íîìèíàëüíûõ îáîðîòîâ 

0,2

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé  1 ÷àñ

Íîìèíàëüíîå âðåìÿ èíåðöèàëüíîãî 
çàïàçäûâàíèÿ 

8 ìèí

Àìïëèòóäà êîëåáàíèé âðåìåíè 
èíåðöèàëüíîãî çàïàçäûâàíèÿ 

2 ìèí

Ïóàññîíîâñêîå âðåìÿ êîëåáàíèé  1 ÷àñ

Pout Pin⁄

n

an

n tn

τ

aτ

τ tτ
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Pout Pin⁄
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Ðèñóíîê 4 - Âðåìåííûå (â ñåêóíäàõ) çàâèñèìîñòè 
âõîäíîãî/âûõîäíîãî äàâëåíèÿ è îáîðîòîâ âàëîâ êàæäîãî 

èç òðåõ àãðåãàòîâ (â óñëîâíûõ åäèíèöàõ)

Â ÷èñëåííûõ ýêñïåðèìåíòàõ îòðåçîê ðÿäà, îòâå÷àþ-
ùèé ïåðâûì äâóì ñóòêàì, èñïîëüçîâàëñÿ äëÿ îáó÷åíèÿ
íåéðîñåòè, à îñòàâøèåñÿ ñóòêè - äëÿ òåñòèðîâàíèÿ.

Ïðîñòîé íåéðîñåòåâîé ïðåäèêòîð

Â ïåðâîé ãðóïïå ýêñïåðèìåíòîâ èñïîëüçîâàëàñü íåé-
ðîííàÿ ñåòü, èìåþùàÿ ÷åòûðå âõîäà (âõîäíîå äàâëåíèå è
òðè çíà÷åíèÿ îáîðîòîâ âàëîâ íàãíåòàòåëåé) è îäèí
âûõîä - âûõîäíîå äàâëåíèå. Îáó÷åíèå ïðîâîäèëîñü àëãî-
ðèòìîì Rprop [15]. Ðåçóëüòàòû îáó÷åíèÿ è òåñòèðîâàíèÿ
îáó÷åííîé ñåòè ïðèâåäåíû íà ðèñ. 5

Âèäíî, ÷òî íåéðîñèñòåìà äîâîëüíî áûñòðî è õîðîøî
"óñâîèëà" îáó÷àþùèå äàííûå (âåðõíèé ðèñóíîê) è â
öåëîì íåïëîõî ñïðàâèëàñü ñ ïðîãíîçèðîâàíèåì âûõîä-
íîãî äàâëåíèÿ â òå÷åíèå ïîñëåäíèõ ñóòîê (íàïîìíèì,
÷òî äàííûå äëÿ òðåòüèõ ñóòîê íèêàê íå èñïîëüçîâàëèñü
ïðè îáó÷åíèè). Îäíàêî â ðÿäå ñèòóàöèé ïðîãíîçèðóåìîå
çíà÷åíèå îêàçûâàëîñü íèæå èëè âûøå ýêñïåðèìåí-
òàëüíûõ íàáëþäåíèé, óêëîíÿÿñü íà âåëè÷èíó äî 15-20%,
÷òî îùóòèìî ïðåâûøàåò èñïîëüçóåìóþ "ýêñïåðèìåíòàëü-
íóþ" ïîãðåøíîñòü (5%). Êðîìå òîãî, ïðîãíîç ñèëüíî
çàøóìëåí.

Ñóùåñòâóåò íåñêîëüêî ñïîñîáîâ ïîâûøåíèÿ òî÷íîñòè

ïðîãíîçà1. Çäåñü ìû îñòàíîâèìñÿ òîëüêî íà îäíîì èç
íèõ - èñïîëüçîâàíèè ðàíåå èçìåðåííûõ ýêñïåðèìåíòàëü-
íûõ çíà÷åíèé âûõîäíîãî äàâëåíèÿ â êà÷åñòâå äîïîëíè-
òåëüíûõ âõîäîâ â íåéðîñåòü. 

Ðèñóíîê 5 - Ðåçóëüòàòû îáó÷åíèÿ è òåñòèðîâàíèÿ 
íåéðîííîé ñåòè. Ñïëîøíûå (ñåðûå) ëèíèè - âûõîäû 

íåéðîñåòè, ïóíêòèðíûå (÷åðíûå) ëèíèè - 
ýêñïåðèìåíòàëüíûå çíà÷åíèÿ

Ïðåäèêòîð, èñïîëüçóþùèé ïðåäûñòîðèþ 
âûõîäíûõ çíà÷åíèé

Ðàññìîòðåííàÿ â ïðåäûäóùåì ïóíêòå íåéðîñåòåâàÿ
ìîäåëü ðàáîòàëà â "ñëåïîì" ðåæèìå, ò.å. ïîñòóïàþùàÿ
òåêóùàÿ ýêñïåðèìåíòàëüíàÿ èíôîðìàöèÿ íèêàê íå ó÷è-
òûâàëàñü.

Ðèñóíîê 6 - Îáó÷åíèå è òåñòèðîâàíèå íåéðîííîé ñåòè, 
ó÷èòûâàþùåé ïîñëåäíèå íàáëþäåíèÿ. Ñïëîøíûå 
(ñåðûå) ëèíèè - âûõîäû íåéðîñåòè, ïóíêòèðíûå 
(÷åðíûå) ëèíèè - ýêñïåðèìåíòàëüíûå çíà÷åíèÿ

1.Çàìåòèì, ÷òî â äàííîì èññëåäîâàíèè îïòèìèçàöèÿ òîïîëîãèè íåéðîñåòè íå ïðîèçâîäèëàñü.
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Îäíàêî åñëè â ïðîöåññå îáó÷åíèÿ è ýêñïëóàòàöèè
íåéðîñåòè ïîäàâàòü íà âõîä íå òîëüêî èñòèííî âõîäíûå
ïåðåìåííûå (äàâëåíèå íà âõîäå è îáîðîòû âàëîâ), íî è
äîñòóïíûå èçìåðåíèÿ âûõîäíîãî äàâëåíèÿ â íåñêîëüêî
ïðåäûäóùèõ ìîìåíòîâ âðåìåíè, òî àäàïòèâíîñòü ìîäåëè
ìîæíî çíà÷èòåëüíî ïîâûñèòü.

Â ïðîâåäåííûõ ýêñïåðèìåíòàõ èñïîëüçîâàëèñü 3 ïðå-
äûäóùèõ çíà÷åíèÿ äàâëåíèÿ, òàêèì îáðàçîì, íåéðîñåòü

èìåëà îäèí âûõîä è 7 âõîäîâ: , , ,

, , , .

Èòîãîì ÿâèëîñü íå òîëüêî çíà÷èòåëüíîå ïîâûøåíèå
òî÷íîñòè ïðîãíîçà (äî 5%), íî è êàðäèíàëüíîå ñîêðàùå-
íèå øóìà â ïðîãíîçèðóåìûõ äàííûõ (ñì. ðèñ. 6).

Ïðè îáó÷åíèè è òåñòèðîâàíèè íåéðîñåòè çàìåðÿëîñü
òàêæå âðåìÿ âûïîëíåíèÿ âû÷èñëåíèé (äëÿ ÝÂÌ Pen-
tium II-300). Íà ýòàïå òåñòèðîâàíèè (ò.å. â ýêñïëóàòà-
öèîííîì ðåæèìå) âðåìÿ îòêëèêà ñîñòàâèëî 0.02 ñåê â
ðàñ÷åòå íà îäèí ïðèìåð, à ïðè îáó÷åíèè - ïðèìåðíî
âòðîå áîëüøå. Ýòî ïðåäâàðèòåëüíî ïîçâîëÿåò ãîâîðèòü î
äåñÿòèêðàòíîì çàïàñå ïî îòíîøåíèþ ê òðåáóåìîìó âðå-
ìåíè ñáîðà äàííûõ ~0.5 ñåê.

Îáñóæäåíèå ïðåäâàðèòåëüíûõ ðåçóëüòàòîâ

Ïðîâåäåííûå âû÷èñëèòåëüíûå ýêñïåðèìåíòû ïîêàçû-
âàþò, ÷òî íåéðîñåòåâàÿ èìèòàöèîííàÿ ìîäåëü ñïðàâëÿ-
åòñÿ ñ ãëàâíîé çàäà÷åé - ïðåäñòàâëåíèå ôóíêöèè âûõîä-
íûõ ïåðåìåííûõ îò âõîäíûõ áåç èíôîðìàöèè î ñêðûòûõ
ïàðàìåòðàõ. Â ïðîöåññå îáó÷åíèÿ íåéðîíû ñêðûòûõ ñëî-
åâ íåéðîñåòè àâòîìàòè÷åñêè ôîðìèðóþò ïðåäñòàâëåíèå î
ñêðûòûõ ïåðåìåííûõ ìîäåëè, ïîñêîëüêó âàðèàöèè ýòèõ
ñêðûòûõ ïåðåìåííûõ îòîáðàæàþòñÿ â èçìåíåíèÿõ âû-
õîäíûõ ïåðåìåííûõ.

Ó÷åò ïðåäûñòîðèè âûõîäîâ â êà÷åñòâå äîïîëíèòåëü-
íûõ âõîäîâ â íåéðîñåòü çíà÷èòåëüíî óëó÷øàåò êà÷åñòâî
åå ðàáîòû.

Äëÿ ñîçäàíèÿ ïðîìûøëåííîé íåéðîñåòåâîé ìîäåëè
ýëåìåíòîâ ìàãèñòðàëüíîãî ãàçîïðîâîäà ïîòðåáóåòñÿ ðå-
øèòü äâå ãëàâíûå ãðóïïû âîïðîñîâ:

- Ïîëó÷èòü ýêñïåðèìåíòàëüíûå äàííûå î ðåàëüíîé
ñèñòåìå (ÊÖ, ÊÑ), ëèáî íàäåæíûå äàííûå èç ðàñ÷åòîâ
ïî ðåàëèñòè÷åñêèì ôèçèêî-ìàòåìàòè÷åñêèì ìîäåëÿì;

- Ïðîâåñòè êîìïëåêñíîå èññëåäîâàíèå ïî âûáîðó è

îïòèìèçàöèè àðõèòåêòóðû íåéðîñåòè è íàáîðàì ó÷èòûâà-
åìûõ âõîäíûõ è âûõîäíûõ ïåðåìåííûõ.

Äàííûå íàïðàâëåíèÿ ñîñòàâÿò ïðåäìåò ïîñëåäóþùèõ
èññëåäîâàíèé. Àâòîðû áëàãîäàðÿò Ñåëåçíåâà Â.Å., Àíè-
ñèìîâà À.È. è Ñåðãååâà Å.À. çà ïîëåçíûå îáñóæäåíèÿ.
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Â. Ä. Öûãàíêîâ

Ðîçêðèòî ñóòíiñòü âçàºìîâiäíîñèí ìîäåëåé ñâiäîìîñòi òà
ôiçè÷íî¿ ðåàëüíîñòi Íàëiìîâà òà Öèãàíêîâà íà îñíîâi íåéðî-
êîìï'þòåðà "Åìáðiîí".

Ðàñêðûòà ñóùíîñòü âçàèìîîòíîøåíèé ìîäåëåé ñîçíàíèÿ è
ôèçè÷åñêîé ðåàëüíîñòè Íàëèìîâà è Öûãàíêîâà íà îñíîâå
íåéðîêîìïüþòåðà "Ýìáðèîí".

The essence of relationships between the models of conscious-
ness and physical reality of Nalimov and Cygankov on the basis
of neural computer "Embrion" is described.

1  ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Â ðàáîòå [1] áûëà ïîêàçàíà îáùíîñòü êâàíòîâîé
òåîðèè èçìåðåíèé (ÊÒÈ) è âåðîÿòíîñòíûõ äèíàìè÷å-
ñêèõ ïðîöåññîâ, ïðîèñõîäÿùèõ â íåéðîêîìïüþòåðå (ÍÊ)
"ÝÌÁÐÈÎÍ" [2].

 Â ñâîþ î÷åðåäü, ÏÅÐÅÂÎÇÑÊÈÉ Ò.À. â [3] ïîêàçàë
îáùíîñòü âåðîÿòíîñòíîé ìîäåëè ñìûñëîâ (ÂÌÑ) ÍÀËÈ-
ÌÎÂÀ Â.Â., èëè åãî ñìûñëîâîé ìîäåëè Ëè÷íîñòè [4], è
êâàíòîâîé òåîðèè èçìåðåíèé â âèäå òàáëèöû 1.

Çäåñü â ôóíêöèè  âðåìÿ  - "çàìîðîæåí-

íîå âðåìÿ", â òå÷åíèå êîòîðîãî ïðîèçâîäèòñÿ èçìåðåíèå,
ìíîãîêðàòíûå ñòàòèñòè÷åñêèå èñïûòàíèÿ, à àñòðîíîìè÷å-

ñêîå âðåìÿ  - ýòî ýâîëþöèîííûé ïàðàìåòð.

Ñîîòâåòñòâèåì âèäà  ÏÅÐÅÂÎÇÑÊÈÉ

Ò.À. ïîêàçûâàåò âîçìîæíîñòü êâàíòîâî-ìåõàíè÷åñêîé
èíòåðïðåòàöèè ïðîöåññîâ ìûøëåíèÿ.

Åñòåñòâåííî, îñòàåòñÿ, â ëîãè÷åñêîì òðåóãîëüíèêå
(ðèñ.1) èìåþùèõñÿ òðåõ ìîäåëåé Ñîçíàíèÿ è ôèçè-
÷åñêîé ðåàëüíîñòè, ðàñêðûòü ñóùåñòâî òðåòüåé ñòîðîíû
ýòîãî òðåóãîëüíèêà, ïîêàçàííîé íà ðèñóíêå ïóíêòèðîì.

Äëÿ ýòîãî, âî-ïåðâûõ, íåîáõîäèìî áîëåå êîìïàêòíî
èçëîæèòü ñóùåñòâî âåðîÿòíîñòíîé ìîäåëè ñìûñëîâ
(ÂÌÑ) ÍÀËÈÌÎÂÀ, èëè åãî ñìûñëîâóþ ìîäåëü
Ëè÷íîñòè [4], à âî-âòîðûõ, ïîêàçàòü ñîîòâåòñòâèå ìåæäó
ïàðàìåòðàìè ñìûñëîâîé âåðîÿòíîñòíîé ìîäåëè ÍÀËÈ-
ÌÎÂÀ [4] è ïàðàìåòðàìè ìîäåëè ÍÊ "ÝÌÁÐÈÎÍ" [2],
êîòîðûé ìîæåò áûòü êàê ãåíåðàòîðîì, òàê è ïðåîáðà-
çîâàòåëåì ñìûñëîâ, ÷òî, ïî ÍÀËÈÌÎÂÓ, ýêâèâàëåíòíî
ìîäåëè Ñîçíàíèÿ, ò.ê. îí óòâåðæäàåò è äîêàçûâàåò, ÷òî
"Ñîçíàíèå - ýòî ïðåîáðàçîâàòåëü ñìûñëîâ". Ðèñóíîê 1- Òðè ìîäåëè ñîçíàíèÿ è ôèçè÷åñêîé 

ðåàëüíîñòè

Ψ q t,( ) t t0=

t

p µ( ) Ψ q( ) 2=

Òàáëèöà 1

¹ 
ï/ï

ÂÌÑ ÊÒÈ

1.  - ìíîæåñòâî ñìûñ-
ëîâ, ïåðåìåííàÿ, ñòå-
ïåíü ñâîáîäû òåêñòà

 - êîîðäèíàòà, ñòå-
ïåíü ñâîáîäû êâàíòî-
âîãî îáúåêòà

2.  - òåêñò, ñîñòîÿ-
íèå ñóáúåêòà

 - ôóíêöèÿ ñî-
ñòîÿíèÿ îáúåêòà

3.  - ôóíêöèÿ âåðîÿò-
íîñòè, ñïîíòàííàÿ “ðàñ-
ïàêîâêà” ñìûñëîâ, îá-
íàðóæåíèå çíà÷åíèÿ 

 - ôóíêöèÿ âå-
ðîÿòíîñòè, ñïîíòàííîå
îáíàðóæåíèå çíà÷åíèÿ

 èçìåðÿåìîé âåëè÷è-
íû

4.  - ôèëüòð, òåêñò, ñ êî-
òîðûì âçàèìîäåéñòâóåò
èñõîäíûé òåêñò 

 - ôèëüòð, èçìåðè-
òåëüíûé ïðèáîð, äàþ-
ùèé èçìåðåíèå 

5.

- ïðåîáðàçîâàíèå âåñî-
âîé ôóíêöèè ñìûñëîâ

 -

ïðåîáðàçîâàíèå ôóíê-
öèè ñîñòîÿíèÿ  â
ïðîöåññå èçìåðåíèÿ

µ q

p µ y⁄( ) Ψ q t,( )

p µ( )

µ

Ψ q( ) 2

q

y

p µ( )

y

q

p µ y⁄( ) kp µ( )p y µ⁄( )=

p µ( )

Ψ0 q( ) Ψn q y⁄( )⇒

Ψ q( )
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Çäåñü ìû âïëîòíóþ ñîïðèêàñàåìñÿ ñ âçàèìîäåéñòâèåì
äâóõ ðàçëè÷íûõ ïî ñóáñòðàòó ðåàëüíîñòåé: ÑÌÛÑËÎÂ
è ÌÀÒÅÐÈÈ, îäíàêî, êîòîðûå èìåþò îáùóþ, åäèíóþ
îñíîâó.

ÍÀËÈÌÎÂ Â.Â.[4], äëÿ îïèñàíèÿ ñåìàíòè÷åñêèõ è
ñìûñëîâûõ (èëè ñåìèîòè÷åñêèõ) êàòåãîðèé, ââåë ÿçûê
âåðîÿòíîñòíûõ îáðàçíûõ ïðåäñòàâëåíèé, îïèðàÿñü íà
óáåæäåííîñòü À.Í.ÊÎËÌÎÃÎÐÎÂÀ â òîì, ÷òî "âåðîÿò-
íîñòíîå ìûøëåíèå - ýòî ïðåèìóùåñòâî ÷åëîâåêà".

È âñ¸ ÁÛÒÈÅ íàøå ÍÀËÈÌÎÂ ïðåäñòàâëÿåò êàê
ßÇÛÊ èëè ÒÅÊÑÒ, ýòî âåðîÿòíîñòíûé ïîòîê ñìûñëîâ, à
ñìûñëû ïîðîæäàþòñÿ âîîáðàæåíèåì è îòêðûâàþòñÿ â
ÿçûêå. 

×åëîâåê, ïî ÍÀËÈÌÎÂÓ, - ýòî òåêñò.
Â [2] ïîêàçàíî, ÷òî íåéðîêîìïüþòåð "ÝÌÁÐÈÎÍ"

ìîæíî ïðåäñòàâèòü â âèäå âåðîÿòíîñòíîãî êîíå÷íîãî
ìàðêîâñêîãî àâòîìàòà, èëè àâòîìàòà ñ ïåðåìåííîé
ñòðóêòóðîé, êàê âåðîÿòíîñòíîãî ïðåîáðàçîâàòåëÿ ìíîæå-
ñòâà âõîäíûõ ñëîâ (Õ) âî ìíîæåñòâî âûõîäíûõ ñëîâ-
ðåàêöèé (Ó) â íåêîòîðîì àëôàâèòå.

2  ÑÌÛÑË ÐÅÀËÜÍÎÑÒÈ ÑÎÇÍÀÍÈß

Ïî ÍÀËÈÌÎÂÓ [4], ðåàëüíîñòü äâîéñòâåííà: îíà
äèñêðåòíà, êàê çíàêîâàÿ èëè ñåìèîòè÷åñêàÿ ñèñòåìà, è
êîíòèíóàëüíà, êàê ñåìàíòè÷åñêàÿ ñèñòåìà. Îí îïðåäå-
ëÿåò Ëè÷íîñòü êàê ñëó÷àéíûé ïðîöåññ, ïðè êîòîðîì
ÒÅËÎ (âñå àòîìû) ìåíÿåòñÿ è ÿâëÿåòñÿ óñëîâèåì ñîõðà-
íåíèÿ ÎÁÐÀÇÀ (ìèôà, ôàíòîìà) Ëè÷íîñòè, èíâàðèàíò-
íîñòè íàøåãî Ñîçíàíèÿ. Ýòî îáðàç âíóòðè íàøåãî
Ñîçíàíèÿ è âî âíåøíåé ñðåäå. Ýòîò îáðàç - íå òåëåñíîå
íà÷àëî, íî îáëàäàåò ñóáñòàíöèåé è ôîðìîé. Ýòî åñòü

"ÄÓØÀ" (  îáèòàþùàÿ â  èëè "äâîéíèê" âû÷ëåíåí-

íîé èíäèâèäóàëüíîñòè, ïî "Åãèïåòñêîé êíèãå ìåðòâûõ").
Îáðàç ìîæåò ñâîáîäíî ïåðåìåùàòüñÿ â ïðîñòðàíñòâå,
îòäåëÿÿ èëè ñîåäèíÿÿ ñåáÿ ñ òåëîì.

×åëîâåê êàê Ëè÷íîñòü, èëè åäèíñòâî ìíîãîìåðíîé ðå-
àëüíîñòè, ñîãëàñíî âîççðåíèÿì äðåâíåãî Åãèïòà, ñîñòîèò
èç äåâÿòè êîìïîíåíò [4]:

- ìàòåðèàëüíîå, åñòåñòâåííîå òåëî;
- äóõîâíîå òåëî;
- ñåðäöå;

- äâîéíèê ( );

- äóøà ( );

- òåíü (khaibit)
- ýôèðíàÿ íåâèäèìàÿ èëè ñâåòÿùàÿñÿ îáîëî÷êà-íèìá,

äóõ (khu);
- "ôîðìà" íà íåáå, ñèëà (sekhem) - "ïóñòîòà åñòü

ôîðìà";
- èìÿ (ren).
ÍÀËÈÌÎÂ îòñòàèâàåò ïðèíöèï êîñìèçìà Ñîçíàíèÿ

ïî ïðîèñõîæäåíèþ - ýòî ïàäåíèå â ìàòåðèþ ÑÂÅÒÀ.
Äóøà è Äóõ - ÷àñòè ïåðâè÷íîé æèçíè èëè Ñâåòà. Æèçíü
â Êîñìîñå íàïðàâëåíà íå íà èíäèâèäóàëüíîñòü, à íà

ÖÅËÎÅ. "Åäèíîå" - ýòî òðàíñöåíäåíòíîå íà÷àëî [5].
Ôóíäàìåíòàëüíûå âîïðîñû ïðèðîäû ×åëîâåêà, íà

êîòîðûå ìíîãèå, è àâòîð, â òîì ÷èñëå â [1],[5], ïû-
òàþòñÿ äàòü îòâåòû:

- ÿâëÿþòñÿ ëè Ëè÷íîñòü è Ìèð âå÷íûìè è êîíå÷íû-
ìè?

- ÿâëÿþòñÿ ëè Äóøà è Òåëî èäåíòè÷íûìè?
Íàøà æèçíü - ýòî "ñàìñàðà" èëè ïðîöåññ æèçíè-óìè-

ðàíèÿ (íåâÿçêà  â íåéðîêîìïüþòåðå [2] óáûâàåò ñ

ìîìåíòà "ðîæäåíèÿ" ).

"ß" (Äóøà, Ëè÷íîñòü, èíäèâèäóàëüíîñòü) åñòü ãðàíè-
öà îðãàíèçìà, åãî êàïñóëà, ïðèíàäëåæàùàÿ îäíîâðåìåí-
íî è îðãàíèçìó è ñðåäå â ðåçóëüòàòå èõ êîíòàêòà. "ß"
ñóùåñòâóåò â ìîìåíò âçàèìîäåéñòâèÿ èëè, äëÿ ÍÊ
"ÝÌÁÐÈÎÍ", îíà ñóùåñòâóåò ïðè

,

ãäå  - âÿçêà-âåêòîð,  - ñîñòîÿíèå ðåãèñòðà âíóòðåí-

íåé ïàìÿòè,  - ñîñòîÿíèå ñðåäû, îòðàæåííîå íà -îé

ñòðîêå ñåíñîðíîé ìàòðèöû (ÑÌ). 
ÍÀËÈÌÎÂ ïîñòóëèðóåò èäåþ ñâåðõåäèíîé òåîðèè

ïîëÿ, îáúåäèíÿþùåé äâå ðàçëè÷íûå ðåàëüíîñòè: Ôèçè-
÷åñêèé ìèð è Ñåìàíòè÷åñêèé ìèð, ÷åðåç ÃÅÎÌÅÒÐÈÞ
ÌÈÐÀ, â îòëè÷èå îò êîñìîëîãè÷åñêîé òåîðèè ÁÎÌÀ,
îáúåäèíÿþùåé Ôèçè÷åñêèé êîñìîñ è Ñîçíàíèå, êàê
ðåàëüíîñòè ïîëÿ Áûòèÿ è ïîëÿ Ñîçíàíèÿ [4].

Ñîçíàíèå - ýòî, ïî ÒÀÐÒÓ (1981ã.), cèñòåìíûé ýô-
ôåêò âçàèìîäåéñòâèÿ B-cèñòåìû è M/L-ñèñòåìû, ãäå Â -
ýòî Òåëî, ìàòåðèÿ, ñîìà, Ì-mind - ýòî ðàçóìíîå íà÷àëî,
Óì, à L-life - ýòî Æèçíü, äåéñòâèå.

Ê.ÓÈËÁÅÐÃ (1971ã.) âûäåëÿåò ïÿòü óðîâíåé â ñïåê-
òðå Ñîçíàíèÿ èëè "ôèëîñîôèè âå÷íîãî":

- óðîâåíü Óìà (Mind), ðàçóì;
- òðàíñïåðñîíàëüíûå ïîëîñû;
- óðîâåíü ÝÃÎ;
- ýêçèñòåíöèàëüíûé óðîâåíü;
- óðîâåíü òåíè.
Ñîçíàíèå - ýòî âëàäåíèå ñìûñëàìè è óìåíèå èõ èçìå-

íÿòü, óìåíèå óïðàâëÿòü èìè èëè ïðåîáðàçîâûâàòü èõ.
Ñîçíàíèå, íå îáëàäàþùåå ñìûñëàìè, íå èìååò ÿçûêà

êàê ñåìàíòè÷åñêè íàñûùåííîé çíàêîâîé ñèñòåìû è
íàçûâàåòñÿ êâàçèñîçíàíèåì [4].

3  ÂÅÐÎßÒÍÎÑÒÍÎÅ ÈÑ×ÈÑËÅÍÈÅ ÑÌÛÑËÎÂ

Íàïîìíèì åùå ðàç, ÷òî Ñîçíàíèå - ýòî òåêñò, à òåêñò -
íîñèòåëü ñìûñëîâ, ãèáêèé, ïîäâèæíûé, äèíàìè÷íûé,
èçìåíÿþùèéñÿ, ýâîëþöèîíèðóþùèé, ñîçäàþùèéñÿ
çàíîâî.

Ñîçíàíèå - ýòî òðàíñöåíäèðóþùåå óñòðîéñòâî, ñâÿçû-
âàþùåå ðàçíûå Ìèðû, íàø îáû÷íûé ìèð è Êîñìîñ
(Ìèð ÌÅÒÀÑÅÌÀÍÒÈÊÈ).

Ñîçäàâàÿ íîâûå òåêñòû, Ñîçíàíèå ïîðîæäàåò ÍÎÂÛÅ

ba ka

ka

ba ka∈

J 0→
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ÌÈÐÛ.
Ìíîãîóðîâíåâàÿ êàðòà èëè áëîê-ñõåìà ôóíêöèîíè-

ðîâàíèÿ Ñîçíàíèÿ (ïî ÍÀËÈÌÎÂÓ [4]) ïðèâåäåíà íà
ðèñ.2 è âî ìíîãîì íàïîìèíàåò áëîê-ñõåìó ÍÊ "ÝÌÁÐÈ-
ÎÍ", èçîáðàæåííóþ íà ðèñ.3, ãäå óðîâíè êàðòû Ñîç-
íàíèÿ íà ðèñ.1 ñëåäóþùèì îáðàçîì ñîîòíîñÿòñÿ ñ
óðîâíÿìè ðåàëüíîñòè, ðåàëèçîâàííûìè â íåéðîêîì-
ïüþòåðå,:

I - óðîâåíü ëîãè÷åñêîãî ïîñòðîåíèÿ âûõîäíîãî ðàñïðå-
äåëåíèÿ âåðîÿòíîñòåé èëè óðîâåíü òåêñòà, êàê ñìûñëî-

âîé ðåàêöèè ( );

II - óðîâåíü âèðòóàëüíîãî âåðîÿòíîñòíîãî ïîëÿ ( ),

ãåíåðèðóåìîãî ñ ïîìîùüþ áàéåñîâñêîé ëîãèêè ïðè

çàäàíèè íåâÿçêè , èëè ôèëüòðà , è ãèïîòåçû

âîñïðèÿòèÿ (U);

Ðèñóíîê 2 - Ìíîãîóðîâíåâàÿ êàðòà (áëîê-ñõåìà) 
ôóíêöèîíèðîâàíèÿòðàíñöåäèðóþùåãî óñòðîéñòâà - 

Ñîçíàíèÿ (ïî ÍÀËÈÌÎÂÓ)

III - óðîâåíü âçàèìîäåéñòâèÿ êîäîâ ðåãèñòðîâ  è 

-é ñòðîêè ÑÌ, óðîâåíü ñîçåðöàíèÿ îáðàçîâ íåâÿçêè ;

IV - óðîâåíü òåëà èëè ôèçè÷åñêèé óðîâåíü ïîëåé ðå-

ãèñòðîâ âíóòðåííåé ïàìÿòè  è  - ðåãèñòðîâ ÑÌ,

ãåíåðàòîðà øóìà (ÃØ), ïîëåé ðåãèñòðîâ Áëîêà Âûäâè-
æåíèÿ Ãèïîòåç (ÁÂÃ);

V è VI - óðîâíè ôîðìèðîâàíèÿ âåêòîðà ÃÈÏÎÒÅÇÛ

ÂÎÑÏÐÈßÒÈß (U) èëè ôèëüòðà ).

Âåðîÿòíîñòíîå èñ÷èñëåíèå ñìûñëîâ - ýòî ÿçûê îïèñà-
íèÿ âåðîÿòíîñòíûõ ïðîöåññîâ íà âòîðîì óðîâíå ïðåä-
ìûøëåíèÿ.

Íàø ýâîëþöèîíèðóþùèé, äèíàìè÷åñêèé ìèð - ýòî
ìíîæåñòâî òåêñòîâ. Òåêñòû ýòè òàêæå èìåþò äâîéñòâåí-
íóþ ïðèðîäó: îíè äèñêðåòíû ñåìèîòè÷åñêè è êîíòèíó-
àëüíû ñåìàíòè÷åñêè, ò.å. èìåþò âåðîÿòíîñòíóþ ñòðóê-

òóðó  ñìûñëîâ, èçîáðàæåííóþ íà ðèñ.4.

Ðèñóíîê 3 - Áëîê-ñõåìà íåéðîêîìïüþòåðà "ÝÌÁÐÈÎÍ"

Ðèñóíîê 4 - Âåðîÿòíîñòíàÿ ñòðóêòóðà ñìûñëîâ, 0 - 
ñåìàíòè÷åñêèé âàêóóì,  - ôóíêöèÿ ðàñïðåäåëåíèÿ 

ñìûñëîâ 

Ñåìàíòè÷åñêèé âàêóóì - ýòî íåðàñïàêîâàííûé, íåïðî-

ÿâëåííûé ìèð, ýòî âñ¸ âîçìîæíîå ìíîæåñòâî 

cëîâ-òåêñòîâ. Ðàñïàêîâûâàíèå òåêñòîâ, èõ ïðîÿâëåíèå
èëè ãåíåðàöèÿ òåêñòîâ, òâîð÷åñòâî - ýòî íàâåøèâàíèå

ìåðû  íà ó÷àñòêè  ñìûñëîâîé øêàëû ñ çàäàííîé

íà íåé ìåòðèêîé. Ôóíêöèÿ  - ýòî "ÎÊÍÎ", ÷åðåç

êîòîðîå ìû èëè "ÝÌÁÐÈÎÍ" ñìîòðèì â Ñåìàíòè÷åñêèé
ìèð.

Èçìåíåíèå òåêñòà, åãî ýâîëþöèÿ ñâÿçàíà ñî ñïîíòàí-

íûì ïîÿâëåíèåì â ñèòóàöèè  ôèëüòðà  ìóëüòè-

ïëèêàòèâíî âçàèìîäåéñòâóþùåãî ñ èñõîäíîé ñèòóàöèåé-

òåêñòîì  â ñîîòâåòñòâèè ñ áàéåñîâîé ëîãèêîé ïî

ôîðìóëå

,

ãäå  - ôóíêöèÿ ðàñïðåäåëåíèÿ âåðîÿòíîñòåé,

îïðåäåëÿþùàÿ ñåìàíòèêó íîâîãî òåêñòà, âîçíèêàþùåãî

ïîñëå òîë÷êà , ïîÿâëåíèÿ óñëîâèÿ èëè òî÷êè áèôóð-
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²ÍÔÎÐÌÀÒÈÊÀ

“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

êàöèè â íåéðîííîé ñåòè ÍÊ, à òàêæå ïðè ñìåíå  íà

 ñòðîêè ñåíñîðíîé ìàòðèöû (ÑÌ);

 - ôèëüòð;

 - êîíñòàíòà íîðìèðîâêè.

Êàê âèäíî èç âûøåèçëîæåííîãî, èç äâóõ èñõîäíûõ

ïîñûëîê,  è , ñëåäóåò íîâàÿ  - íîâûé

òåêñò ñ íîâîé ñåìàíòèêîé.Çäåñü ïîä  ñëåäóåò ïîíè-

ìàòü âåðîÿòíîñòü êîäà  â ÍÊ "ÝÌÁÐÈÎÍ", à êîä 

- åñòü ñìûñë èñõîäíîãî òåêñòà ;  - åñòü âåðîÿò-

íîñòü êîäà -é ñòðîêè ÑÌ. Ïîä  áóäåì ïîíèìàòü

íîìåð ñïîíòàííîãî òîë÷êà èëè ñìåíû óñëîâèÿ . Ýòî

óñëîâíàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ ñëó÷àéíîé âåëè÷èíû

 ïðè çàäàííîì ;  - ïëîòíîñòü íîðìèðîâàííîé â

èíòåðâàëå [0,1] âåðîÿòíîñòíîé ìåðû èëè àïðèîðíîå
çíàíèå.

Ñìûñëû ìîæíî ñîèçìåðÿòü, åñëè îíè óïîðÿäî÷åíû ïî

îñè .

Ñåìàíòè÷åñêîå ïîëå êâàíòóåòñÿ ïóòåì çàäàíèÿ íà íåì
ðàñïðåäåëÿåìîé ÷èñëîâîé ìåðû. Êàæäûé ñåìàíòè÷åñêèé
êâàíò - ýòî ñëîâî, êîòîðîå ñîäåðæèò âåñü ñåìàíòè÷åñêèé
ïîòåíöèàë, âåðîÿòíîñòíî âçâåøåííûé ðàçëè÷íûì ñïîñî-
áîì. Ñëîâî èìååò ñìûñëîâóþ ðàçìûòîñòü.

ßçûê îòêðûò äëÿ ñïîíòàííîé ïåðåñòðîéêè. Ôèëüòð

 ïîÿâëÿåòñÿ ñëó÷àéíî èëè ñïîíòàííî. Îí ñóæàåò

ñëîâàðíûé ñìûñë ñëîâà  â ñèòóàöèè . Ýâîëþöèÿ

òåêñòîâ äàííîãî âåðîÿòíîñòíîãî ÿçûêà íå ñâÿçàíà ñ ôè-
çè÷åñêèì ïðîñòðàíñòâîì-âðåìåíåì. Ñåìàíòè÷åñêîå ïðî-
ñòðàíñòâî ìíîãîìåðíî, ÷èñòî ëîãè÷åñêîå, ñ ëîãè÷åñêèìè
îïåðàöèÿìè íàä ñìûñëàìè.

Åñëè çàäàíî ðàñïðåäåëåíèå âåðîÿòíîñòíîé ìåðû ,

òî èìååòñÿ ñåìàíòè÷åñêîå ïîëå.
Ñîçíàíèå - òðèàäà: ñìûñë + òåêñò + ÿçûê.
Àðõèòåêòîíèêà Ëè÷íîñòè ÿâëÿåòñÿ àðõèòåêòîíèêîé

ñìûñëîâ.

Ôóíêöèÿ  âûäåëÿåò àêòóàëüíûå ñìûñëû è

ïåðåäàåò èõ íà ïåðâûé ëîãè÷åñêèé óðîâåíü ìûøëåíèÿ.
Åãî òåëåñíîé, ôèçè÷åñêîé ðåàëèçàöèåé â òåõíèêå ìîæåò
áûòü îáû÷íûé ïåðñîíàëüíîé êîìïüþòåð (ÏÊ), à âòîðîé
è òðåòèé óðîâíè ïðåäìûøëåíèÿ è ñîçåðöàíèÿ îáðàçîâ
õîðîøî ðåàëèçóþòñÿ íà áàçå ÍÊ "ÝÌÁÐÈÎÍ".

Ïðè èçìåíåíèè ñèòóàöèè  èëè îáðàçà  íà ÑÌ,

ïðîèñõîäèò ïåðåðàñïðåäåëåíèå âåñîâ ñ  íà 

çíà÷èìîñòè ñìûñëîâ ñ ïîìîùüþ ãèïîòåçû U èç ÁÂÃ.

Íîâûì ñèòóàöèÿì , íîâîìó îáðàçó íà ÑÌ, ñîîò-

âåòñòâóåò ïðîöåññ ïîðîæäåíèÿ íîâûõ ôèëüòðîâ 

è ïðîöåññ ãåíåðàöèè íîâîãî òåêñòà. Ýòî åñòü ðåàëèçàöèÿ
ÀÊÖÅÏÒÎÐÀ ÄÅÉÑÒÂÈß â ôóíêöèîíàëüíîé ñèñòåìå
Ï.Ê ÀÍÎÕÈÍÀ [6], çàáåãàíèå âïåðåä ñåáÿ èëè
"îïåðåæàþùåå îòðàæåíèå äåéñòâèòåëüíîñòè", ðàçíîâèä-
íîñòü "ÿñíîâèäåíèÿ", ñ ïîìîùüþ âûáîðà ÃÈÏÎÒÅÇÛ

ÂÎÑÏÐÈßÒÈß U â ÍÊ "ÝÌÁÐÈÎÍ".
Ïðîèñõîäèò ðàñïàêîâêà åùå ñêðûòûõ ìàëûìè âåñàìè

 ñìûñëîâ.

 - ýòî âçàèìîñâÿçü îðãàíîâ è èõ ôóíêöèé â îðãà-

íèçìå, îáåñïå÷èâàþùàÿ åãî öåëîñòíîñòü è èíäèâèäó-

àëüíîñòü, à ïîðîæäàþùèå ôèëüòðû  çàäàþò åãî

ýâîëþöèþ.

4  ÑÌÛÑËÎÂÀß ÏÐÈÐÎÄÀ ËÈ×ÍÎÑÒÈ

Ëè÷íîñòü - ýòî íîñèòåëü ñìûñëîâ, ãåíåðàòîð ñìûñëîâ
è èõ ïðåîáðàçîâàòåëü. Îíà òåëåñíî êàïñóëèðîâàíà, ò.å.
ñìûñëû èìåþò ìàòåðèàëüíûå ãðàíèöû. Ñåìàíòè÷åñêàÿ
ìîäåëü Ëè÷íîñòè ÍÀËÈÌÎÂÀ [4] èìååò ñëåäóþùèå
÷åòûðå óðîâíÿ-ïðåäñòàâëåíèÿ èëè ïðîÿâëåíèÿ ñåáÿ âî
âíå:

- ÝÃÎ,
- ÌåòàÝÃÎ,
- Ìíîãîìåðíàÿ Ëè÷íîñòü,
- Ãèïåðëè÷íîñòü.

ÝÃÎ - âåðîÿòíîñòíàÿ ïðîÿâëåííîñòü  ñåìàíòè÷å-

ñêîãî ïîëÿ, ò.å. ýòî èíäèâèäóàëüíîñòü ÷åëîâåêà. Åãî
âíóòðåííèé îáðàç, îïðåäåëåííûé ñèñòåìîé öåííîñòíûõ
ïðåäñòàâëåíèé (U), êîòîðàÿ äàåò ðàñïðåäåëåíèå ïëîòíî-
ñòè âåðîÿòíîñòåé íà ñåìàíòè÷åñêîé øêàëå m . ÝÃÎ - ýòî
èíäèâèäóàëèñòè÷åñêàÿ ñòðóêòóðà òåêñòà, ïîòîêà ñëîâ.

Ôóíêöèÿ  ìîæåò áûòü:

- ðàçìûòîé,
- èãëîïîäîáíîé,
- àñèììåòðè÷íîé,
- ìíîãîâåðøèííîé ñî ñòàáèëüíûì öåíòðîì ðàññåÿíèÿ

âî "âðåìÿ æèçíè" ( ), âðåìåíè ãåíåðàöèè òåêñòà.

Íàì ïðèñóù "âåñü ñåìàíòè÷åñêèé ãåíîòèï". Ìû â íà-
ñòîÿùåì (í) íåñåì â ñåáå êàê ïðîæèòîå ïðîøëîå (ï), òàê
è íå ðåàëèçîâàííîå åùå áóäóùåå (á) - àêöåïòîð äåéñòâèÿ
[6] (ðèñ.5).

Ðèñóíîê 5 - Ñâåòîâûå êîíóñû â äèíàìè÷åñêîì 
ñåìàíòè÷åñêîì ïîëå ÍÊ

Çäåñü ï - ïðîøåäøåå, ïðîøëîå;

í - íàñòîÿùåå â ìîìåíò  ñîáñòâåííîãî, âíóòðåííå-
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ãî,"ëè÷íîãî âðåìåíè";
U - cîáñòâåííîå, âíóòðåííåå âðåìÿ;
á - áóäóùåå;
t - àñòðîíîìè÷åñêîå âðåìÿ.

Ãåîìåòðè÷åñêàÿ ôîðìà ñìûñëà èëè âåðîÿòíîñòíî çà-
äàííàÿ ñòðóêòóðà "ß"- ýòî ñåìàíòè÷åñêàÿ êàïñóëèðî-
âàííîñòü áåñôîðìåííîãî "ÍÈ×ÒÎ" Ã.È.ØÈÏÎÂÀ [7].

ÌÅÒÀÝÃÎ - ýòî ÈÑÒÎ×ÍÈÊ ëè÷íîñòíûõ èçìåíåíèé,
ò.å. ãèïîòåçà âîñïðèÿòèÿ (U) ÁÂÃ â ÍÊ. Îí èìååò
âñåëåíñêèé õàðàêòåð, îòêðûò âñåëåíñêîìó çàïðåäåëü-
íîìó. ÌåòàÝÃÎ - ýòî ñïîñîáíîñòü ê ãåíåðàöèè ôèëüòðîâ
è ýâîëþöèè (ðèñ.6).

Ðèñóíîê 6 - Ýâîëþöèÿ èíäèâèäóàëüíîñòè

Íà ðèñóíêå à) - ýòî "ß" êàê èñõîäíûé ñåìàíòè÷åñêèé
ïîðòðåò;

á) - ýòî  - ôèëüòð èíòåðïðåòàöèè è ïðåäïî÷òå-

íèÿ â óñëîâèÿõ , ýâîëþöèîííûé òîë÷îê;

â) - èíäèâèäóàëüíûé ïîðòðåò ïîñëå èíòåðïðåòàöèè,
èçìåíåííîå "ß".

Ýâîëþöèÿ ïîä âîçäåéñòâèåì ÌåòàÝÃÎ ïðîòåêàåò ñëå-
äóþùèì îáðàçîì:

Ñèëëîãèçì ÁÀÉÅÑÀ ñîäåðæèò â ñåáå êîíöåïöèþ âðå-

ìåíè (ÖÛÃÀÍÊÎÂ [1]). Íà ðèñ.5  - ýòî ïðîøëîå

(ï), ñïîíòàííûé âûáîð ôèëüòðà  â òî÷êàõ áèôóð-

êàöèè â ìîìåíò  - ýòî íàñòîÿùåå (í), à áóäóùåå - ýòî

 â ìîìåíò , ãäå Ï,Í,Á - ìîäóñû âðåìåíè.

Ïðîøëîå (ï) ñâåðòûâàåòñÿ ïî áóäóùåìó (á) (ÀÍÎ-
ÕÈÍ [6]) äëÿ ñìûñëîâ â íàñòîÿùåì (í). Â ýòîì ïðî-
ÿâëÿåò ñåáÿ ÌåòàÝÃÎ. 

Âðåìÿ èìååò äîëîãè÷åñêèé óðîâåíü, "îíî çàâèõðÿ-
åòñÿ", êàê óòâåðæäàåò ÍÀËÈÌÎÂ. Íåò ëèíåéíîãî âðå-
ìåíè (ñìîòðè [1]) ñ ïðè÷èííî-ñëåäñòâåííûìè ñâÿçÿìè.
Ó íàñ, â íåéðîêîìïüþòåðå "ÝÌÁÐÈÎÍ", âðåìÿ U - ýòî

ñîáñòâåííîå èëè "ëè÷íîå âðåìÿ" èìååò âèä ñïèðàëè [1].

Óñòàíîâêà ( ), ïî ÓÇÍÀÄÇÅ Ä.Í.[8], îò êîòîðîé çà-

âèñèò âîñïðèÿòèå, ñâÿçàíà ñ ïðîøëûì (ï) îïûòîì (ñî-

ñòîÿíèåì ðåãèñòðà ) è îò óñëîâèé èëè ñèòóàöèè â

íàñòîÿùåì (í) (ñîñòîÿíèå-êîä j-é ñòðîêè ÑÌ).
Íåâÿçêà (J) êàê âåêòîð - ýòî ôèëüòð ñîäåðæàíèÿ

Ñîçíàíèÿ. Ñòîõàñòè÷åñêèé ïðîöåññ âçàèìîäåéñòâèÿ 

è  ïðîòåêàåò â òå÷åíèå "âðåìåíè æèçíè"( )

âîçáóæäåíèÿ â íåéðîííîé ñåòè íåéðîêîìïüþòåðà.

ÌÍÎÃÎÌÅÐÍÎÑÒÜ ËÈ×ÍÎÑÒÈ - ýòî ñåìàíòè÷å-

ñêîå ïðîñòðàíñòâî âèäà . Äâóìåðíîå ÝÃÎ â

âèäå ïîâåðõíîñòè çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

,

ãäå âåñà ïðè ðàñïàêîâêå  çàäàþòñÿ ïëî-

ñêîñòüþ. Ìû "ñìîòðèì" íà ìèð ÷åðåç íåñêîëüêî ñâÿ-
çàííûõ "îêîí".

"Îêíàìè" â îäíîì ÍÊ ÿâëÿþòñÿ ãèïîòåçû U1, U2,
U3, ... ïî ñòðîêàì 1,2,3 ñåíñîðíîé ìàòðèöû (ÑÌ).

Ìîæíî ìîäåëü äâóìåðíîé ëè÷íîñòè ðåàëèçîâàòü íà
äâóõ îðòîãîíàëüíûõ íåéðîêîìïüþòåðàõ "ÝÌÁÐÈÎÍ" ñ
îäíîé ñòðîêîé íà èõ .ñåíñîðíûõ ìàòðèöàõ. Ïðè îòñóò-
ñòâèè êîððåëÿöèè ìåæäó S1 è S2, ìû èìååì äâå
íåçàâèñèìûå Ëè÷íîñòè â îäíîì òåëå èëè ïðèìåð ðàçäâî-
åíèÿ ëè÷íîñòè ïðè ïàòàëîãèÿõ ìîçãà èëè ïðè ãèïíîçå.
Çäåñü èìååò ìåñòî ìíîæåñòâåííàÿ ïåðñîíàëüíîñòü[9].

Ïðè íàëè÷èè êîððåëÿöèè  íå ðàâíîé íóëþ

ìåæäó ñìûñëîâûìè îñÿìè  è  çàäàåòñÿ âåðî-

ÿòíîñòíàÿ ñòðóêòóðà óïîðÿäî÷åííîñòè ñìûñëîâ. Ïðè

=1 èìååò ìåñòî âûðîæäåíèå äâóìåðíîñòè.

Ëè÷íîñòü - ýòî ïðîöåññ, íåóñòîé÷èâîå ðàâíîâåñèå
(ÁÀÓÝÐ Ý.Ñ.[10].

Êîýôôèöèåíò êîððåëÿöèè  ãèáêî èçìåíÿåòñÿ

â ïðîöåññå æèçíè, äàâàÿ âîçìîæíîñòü Ëè÷íîñòè àäàï-
òèðîâàòüñÿ â ñðåäå.

Ñàìîðàùåïëåíèå Ëè÷íîñòè - ýòî âíóòðåííèé äèàëîã ñ
ñàìèì ñîáîþ. Îí, êðîìå ÷åëîâåêà, äîñòóïåí íåéðîêîì-
ïüþòåðó, è íåäîñòóïåí îáû÷íîìó ÔÎÍ-ÍÅÉÌÀÍÎÂ-
ÑÊÎÌÓ êîìïüþòåðó ñ àðèñòîòåëåâîé ëîãèêîé. Çäåñü
ïåðåä èññëåäîâàòåëÿìè îòêðûâàþòñÿ íåâîîáðàçèìûå âîç-
ìîæíîñòè ìîäåëèðîâàíèÿ íà ÍÊ èçìåíåííûõ ñîñòîÿíèé
Ñîçíàíèÿ (ÈÑÑ) - "ïðîñâåòëåííîãî ñîçíàíèÿ", ñíîâè-
äåíèé, äóàëüíûõ ñîñòîÿíèé, ñåìàíòè÷åñêîé àìíåçèè è
äð. [4].

Ðàñøèðåíèå Ñîçíàíèÿ ïðîèñõîäèò çà ñ÷åò ïåðåõîäà ê

ìíîãîìåðíîñòè , à íå çà ñ÷åò ðàçìàçàííîñòè

.

Ìîçã - ýòî íåðàâíîâåñíàÿ ñèñòåìà ñ ïåðåìåííîé ñòðóê-
òóðîé [9].
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ÃÈÏÅÐËÈ×ÍÎÑÒÜ - ýòî äâóìåðíàÿ âåðîÿòíîñòíàÿ

ôóíêöèÿ , ãäå À è Â - ýòî ðàçíûå Ëè÷íîñòè.

Ôóíêöèÿ  îäíîâðåìåííî ëîêàëèçîâàíà â äâóõ

òåëàõ. Èìååò ìåñòî òðàíñïåðñîíàëüíîå âçàèìîäåéñòâèå,
åäèíñòâî èëè îáðàçîâàíèå ãèïåðïîâåðõíîñòè ïðè êîýô-
ôèöèåíòå êîððåëÿöèè áëèçêîì ê 1. Ïðèìåðîì ÃÈÏÅÐ-
ËÈ×ÍÎÑÒÈ ìîæåò áûòü ñåìàíòè÷åñêàÿ äîìèíàíòà
À.À.ÓÕÒÎÌÑÊÎÃÎ ïðè ãèïíîçå. Ãèïíîòèçåð ÿâëÿåòñÿ

 - ôèëüòðîì ñ èíäèâèäóàëüíîñòüþ , êîòîðàÿ

âûòåñíÿåò èñõîäíóþ . Èìååò ìåñòî âåðîÿòíîñòíûé

ïðîöåññ â ñåìàíòè÷åñêîì ïîëå.
ÃÈÏÅÐËÈ×ÍÎÑÒÜ - ýòî ìíîãîìåðíàÿ Ëè÷íîñòü,

ñêëàäûâàþùàÿñÿ èç ìíîãèõ ëè÷íîñòåé (ýòî êóëüòóðà,
ïàðàäèãìà â íàóêå è äð.).

Ëè÷íîñòü - ýòî ñïîíòàííîñòü èëè îòêðûòîñòü ê Âñåëåí-
ñêîé ïîòåíöèîíàëüíîñòè, ê ñàìî÷èòàåìîñòè, ñàìîèçìåíÿ-
åìîñòè òåêñòîâ, ê âíóòðåííåìó ñàìîäâèæåíèþ.

Ñìûñëû ñâÿçàíû ñî ñïîíòàííîñòüþ.
Ñïîíòàííîñòü òåêñòîâ è ñìûñëîâ øèðå è ãëóáæå

ïðèìèòèâíîé ñëó÷àéíîñòè, ýëåìåíòàðíîãî ìåõàíè÷åñêîãî
ÿâëåíèÿ, òèïà áðîñàíèÿ èãðàëüíîé êîñòè, à ýòî âçàèìî-
ñâÿçàííîñòü è èçìåíÿåìîñòü òåðìîäèíàìè÷åñêè íåðàâíî-
âåñíîé ñèñòåìû, êîòîðîé è ÿâëÿåòñÿ Ëè÷íîñòü.

Òðàíñöåíäåíöèÿ èëè óðîâíè ìåäèòàöèè è íèðâàíû -
ýòî îñâîáîæäåíèå Ñîçíàíèÿ îò ñåìàíòè÷åñêèõ îêîâ è
âûõîä çà ïðåäåëû êàïñóëû ñìûñëà.

Ñîçíàíèå - ýòî ãåíåðàòîð ìåíòàëüíîé ýíåðãèè.
"Âñåëåííàÿ ñêîðåå âåëèêàÿ ìûñëü, ÷åì ìàøèíà"

(Äæ.Äæèíñ 1948).

5  ÍÊ "ÝÌÁÐÈÎÍ" ÊÀÊ ÊÂÀÍÒÎÂÎ-
ÌÅÕÀÍÈ×ÅÑÊÀß ÑÈÑÒÅÌÀ

Ïðåæäå ÷åì ñîïîñòàâèòü âåðîÿòíîñòíóþ ìîäåëü ñìû-
ñëîâ (ÂÌÑ) è ïðîöåññû â íåéðîêîìïüþòåðå "ÝÌÁÐÈ-
ÎÍ", ÿ õî÷ó íàïîìíèòü ÷èòàòåëþ è ïðîèëëþñòðèðîâàòü
èç [1] îáùíîñòü àëãîðèòìà èëè ñòðóêòóðíîãî ìåòîäà
èçìåðåíèé â êâàíòîâîé ìåõàíèêå (ðèñ.7), êîòîðûé î÷åíü
÷åòêî è îáðàçíî èçëîæèë Â.ÔÎÊ â [11], è àëãîðèòìîâ
ñèíòåçà è ãåíåðàöèè íåéðîííîé ñåòè â íåéðîêîìïüþòåðå
(ðèñ.8 è ðèñ.9).

à)                                       á)
à - Îïûò Ôåéíìàíà; á - Îïûò íà 2-õ ðàçðÿäíîì ÍÊ

Ðèñóíîê 7 - Èíòåðôåðåíöèîííûå àëüòåðíàòèâíûå 
òðàåêòîðèè ÷àñòèö íà äâóõ ùåëÿõ

Â ýòîé ñòðóêòóðíîé ñõåìå õîðîøî âèäíî ìåñòî è ðîëü
ïðèíöèïà íåîïðåäåëåííîñòè è áàåéñîâîé ëîãèêè ïðè
èññëåäîâàíèè êâàíòîâîãî îáúåêòà ìèêðîìèðà íà ñòàäèè
îöåíêè è èíòåðïðåòàöèè ðåçóëüòàòà ýêñïåðèìåíòà.

Ðèñóíîê 8 - Óñëîâèÿ ñèíòåçà êâàçèíåéðîííîé ñåòè â 
íåéðîêîìïüþòåðå "ÝÌÁÐÈÎÍ"

Ðèñóíîê 9 - Íåéðîííàÿ ñåòü, ñèíòåçèðîâàííàÿ ÍÊ 
"ÝÌÁÐÈÎÍ" ïðè óñëîâèè, èçîáðàæåííîì íà ðèñ. 8

Âîò ýòîò àëãîðèòì:
1. Âûáèðàåòñÿ äëÿ èññëåäîâàíèÿ ìèêðîîáúåêò è

ìàêðîïðèáîð äëÿ ðåãèñòðàöèè, ò.å. âûáèðàåòñÿ êâàíòîâî-
ìåõàíè÷åñêàÿ (ÊÌ) ñèñòåìà.

Â ÍÊ âûáèðàåòñÿ n, , m CÌ, ÁÂÃ, ÁÝÏ.

Êâàíòîâî-ìåõàíè÷åñêèì îáúåêòîì ñëóæèò êâàçè÷àñòèöà

èëè âèðòóàëüíîå ïîëå íåéðîííîé ñåòè .

2. Çàäàåòñÿ íàáîð èçó÷àåìûõ è ðåãèñòðèðóåìûõ âåëè-
÷èí, ïàðàìåòðîâ (êîîðäèíàòû, èìïóëüñû, ýíåðãèÿ, ÷à-
ñòîòà, ñïåêòð è ò.ä.).

Ó íàñ - ýòî êîäû óçëîâ ðåøåòêè (X,Y), ñïåêòðû(Fx),
P - cðåäíÿÿ ïëîòíîñòü ìàòåðèè, âåðîÿòíîñòü ñìûñëîâ è
äð. 

 3. Ïðîâîäèòñÿ ìíîãîêðàòíûé ÍÀ×ÀËÜÍÛÉ ÎÏÛÒ,
òî åñòü ãîòîâèòñÿ êâàíòîâî-ìåõàíè÷åñêàÿ ñèñòåìà è
çàäàþòñÿ âíåøíèå è íà÷àëüíûå óñëîâèÿ. 

Çàäàþòñÿ: ÷èñëî NS, êîäû-îáðàçû  è S1 ÑÌ, íå-

âÿçêà J, (U)-ãèïîòåçà âîñïðèÿòèÿ. Ïðîâîäèòñÿ NS-êðàò-

p µA µB,( )

p µA µB,( )

p y µ⁄( ) p µB( )
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íîå èñïûòàíèå ïðè U=0.
4. Äåëàåòñÿ òåîðåòè÷åñêèé âåðîÿòíîñòíûé ïðîãíîç

(ðàñ÷åò âîçìîæíûõ çíà÷åíèé èññëåäóåìûõ ôèçè÷åñêèõ
âåëè÷èí).

Îïðåäåëåíèå P, ,  ïóòåì ðåøåíèÿ óðàâíåíèÿ

ØÐÅÄÈÍÃÅÐÀ ìåòîäîì ìàðêîâèçàöèè èëè âîçâåäåíèÿ â
U-þ ñòåïåíü ìàðêîâñêîé ìàòðèöû ïåðåõîäíûõ âåðîÿò-
íîñòåé, ò.å. îïðåäåëÿþòñÿ ïàðàìåòðû "ïîëåçíîãî ðåçóëü-
òàòà" â àêöåïòîðå äåéñòâèÿ [6].

5. Ïðîâîäèòñÿ ìíîãîêðàòíûé ÏÐÎÂÅÐÎ×ÍÛÉ
ÎÏÛÒ è ðåãèñòðàöèÿ ðåçóëüòàòîâ âçàèìîäåéñòâèÿ ÊÌ-
îáúåêòà è ìàêðîïðèáîðà-ðåãèñòðàòîðà.

Ïðè NS-êàòíûõ èñïûòàíèÿõ â òå÷åíèå "âðåìåíè æèç-

íè" ( ) ðåãèñòðèðóþòñÿ P, X, Y.

6. Èñïîëüçóÿ äàííûå ðåçóëüòàòîâ èñïûòàíèé íà
ïðåäûäóùåì øàãå-ýòàïå (ïàìÿòü äåéñòâèòåëüíûõ, à íå
âîçìîæíûõ çíà÷åíèé èññëåäóåìûõ âåëè÷èí õ, ð, Å. è
ò.ä.) è óñëîâèÿ îãðàíè÷åíèÿ íà òî÷íîñòü èç-çà
ÏÐÈÍÖÈÏÀ ÍÅÎÏÐÅÄÅËÅÍÍÎÑÒÈ, ñðàâíèâàþòñÿ

ðåçóëüòàòû îïûòà ñ ïîðîãîì îøèáêè ( ), ïðè-

íèìàåòñÿ ðåøåíèå î äîñòîâåðíîñòè îïûòà. Ýòî åñòü
ÇÀÂÅÐØÅÍÍÛÉ ÎÏÛÒ.

Àíàëîãè÷íûå àíàëèòè÷åñêèå ïðîöåäóðû âûïîëíÿþòñÿ
è äëÿ ÍÊ.

7. Îïðåäåëÿåòñÿ ñòàòèñòèêà âî âðåìåíè, îïðåäåëÿåòñÿ
ðàñïðåäåëåíèå âåðîÿòíîñòè è ñïåêòðû çíà÷åíèé,
îïðåäåëÿåòñÿ ñîñòîÿíèå ÊÌ-îáúåêòà â âèäå åãî âîëíîâîé
ôóíêöèè, îáðàçà "âîëíà-÷àñòèöà".

Îáðàáàòûâàþòñÿ âñå ñòðîêè ÑÌ, ïðîÿâëÿåòñÿ âèð-

òóàëüíîå ïîëå ÍÊ â âèäå -âîëíîâîé ôóíêöèè è

ðàñïðåäåëåíèÿ âåðîÿòíîñòåé âûõîäíûõ êîäîâ-ñëîâ (Õ) è
êîäîâ-ãðóïï (Ó) èëè òåêñòîâ (ðèñ.10).

 6  ÍÊ "ÝÌÁÐÈÎÍ" ÊÀÊ ÂÅÐÎßÒÍÎÑÒÍÀß 
ÌÎÄÅËÜ ËÈ×ÍÎÑÒÈ

×èòàòåëü, âåðîÿòíî, óæå ïî÷óâñòâîâàë íà îñíîâàíèè
âûøåèçëîæåííîãî áëèçîñòü ïðîöåññîâ â âåðîÿòíîñòíîé
ìîäåëè Ñìûñëîâ (ÂÌÑ) ÍÀËÈÌÎÂÀ [4] è ïðîöåññîâ â
ÍÊ "ÝÌÁÐÈÎÍ" [2]. Òåïåðü ìîæíî ïîñòðîèòü òàáëèöó
2, àíàëîãè÷íóþ ïåðâîé òàáëèöå, äëÿ ñðàâíåíèÿ
îñíîâíûõ ïàðàìåòðîâ îáåèõ ìîäåëåé - ÂÌÑ è ÍÊ.

Ïîëíóþ èíòåðïðåòàöèþ äàííîé òàáëèöû â âèäå ñòðî-
ãîé ìàòåìàòè÷åñêîé òåîðèè åùå ïðåäñòîèò ðàçðàáîòàòü.
Îäíàêî, íåêîòîðûå ñîîáðàæåíèÿ ê áóäóùåé "òåîðèè
Ëè÷íîñòè" ìû, âñå æå, èçëîæèì.

Âî-ïåðâûõ, ðàçðÿäíîñòü (n) ÍÊ è ÷èñëî ñëîåâ
íåéðîííîé ñåòè, ðàâíîå ÷èñëó èìïóëüñîâ èëè ãèïîòåçå

( ) Áëîêà Âûäâèæåíèÿ Ãèïîòåç (ÁÂÃ) âîñïðèÿòèÿ j-é

ñòðîêè Ñåíñîðíîé ìàòðèöû (ÑÌ), îïðåäåëÿåò ìàêñè-
ìàëüíî âîçìîæíîå ðàçíîîáðàçèå ãåíåðèðóåìûõ òåêñòîâ è
ìàêñèìàëüíóþ äëèíó ñëîâ â òåêñòå.

Âî-âòîðûõ, NS - ïàðàìåòð, îïðåäåëÿþùèé "âðåìÿ

æèçíè" ( ) âîçáóæäåíèÿ â íåéðîííîé ñåòè. Îí îïðåäå-

ëÿåò äëèòåëüíîñòü òåêñòîâîé ïîñëåäîâàòåëüíîñòè èëè
ðàçìåð àáçàöà êàê ñìûñëîâîé åäèíèöû.

Â-òðåòüèõ, êîäû ñëîâ (Õ) ðåãèñòðîâ  è  - ýòî

ñìûñëû, "ðàñïàêîâêà" êîòîðûõ è åñòü Ð(Õ) - ðàñïðåäå-
ëåíèå âåðîÿòíîñòåé ñìûñëîâ ñëîâ Õ èëè Ð(Ó) - ðàñïðå-
äåëåíèå âåðîÿòíîñòåé èëè "âåñîâ" ñìûñëîâ ãðóïï Ó.

Îïðåäåëåíèå "ñëîâ" è "ãðóïï" ñìîòðè [2].

Â-÷åòâåðòûõ, ìíîãîìåðíîå ïðîñòðàíñòâî âèäà 

 - ýòî ñåìàíòè÷åñêîå ïðîñòðàíñòâî ñëîâ è

òåêñòîâ. Åãî ïðîèñõîæäåíèå, ãåîìåòðèÿ è ìåòðè÷åñêèå
ñâîéñòâà îïðåäåëÿþòñÿ ÂÎËÍÎÂÛÌ ÃÅÍÎÌÎÌ

 [5], [13] íåéðîêîìïüþòåðà "ÝÌÁÐÈ-

ÎÍ" (ðèñ.8) [2], [14], êîòîðûé îïðåäåëÿåò âèä âèðòó-

àëüíîãî âåðîÿòíîñòíîãî ïîëÿ , êàê ïîòîêà âåðîÿòíî-

ñòåé, âèä êâàçèíåéðîííîé ñåòè (ðèñ.9), êàê âîëíîâîãî
ïàêåòà â âèäå ìàðêîâñêîé öåïè, è âåêòîðà íåâÿçêè J, êàê
ôèëüòðà èëè àêöåïòîðà äåéñòâèÿ, ïðåäîïðåäåëÿþùåãî
áóäóùåå - òåêñòû è èõ ñìûñëû [6].
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öèè ñîñòîÿíèÿ  â
ïðîöåññå èçìåðåíèÿ.
Ãåíåðàöèÿ òåêñòà

µ Y 2n=

p µ y⁄( ) Ψ Y t,( ) P Y J⁄( )=

p µ( )

µ

Ψ Y( ) 2
P Y( )=

Y

y

p µ( )

P J x⁄( )

Y

p µ y⁄( ) kp µ( )p y µ⁄( )=

p µ( )

Ψ0 Y( ) Ψn Y J⁄( )⇒

Ψ Y( )

Tæ

P0 Sij

2n 2n× ×

U NS××
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Ðèñóíîê 10 - Ïðîñòðàíñòâî-âðåìÿ-ìàòåðèÿ â ÍÊ 
"ÝÌÁÐÈÎÍ" êàê ìîäåëè Ëè÷íîñòè

Âîëíîâîé ãåíîì îïðåäåëÿåò ôîðìó è ðàçìåð Êàïñóëû
Ëè÷íîñòè, åå òåëà [1] (ðèñ. 10)

Ïðîöåññ ãåíåðàöèè òåêñòîâ è ñìûñëîâ Y â ÍÊ
"ÝÌÁÐÈÎÍ" îïèñûâàåòñÿ íà ÿçûêå òåîðèè âåðîÿò-
íîñòíûõ àâòîìàòîâ ñëåäóþùèì îáðàçîì [2], [15]:

1. ÍÊ êàê ñòîõàñòè÷åñêèé àâòîìàò

;

2. Îáúåì íåéðîííîé ñåòè (ìîçãîâîé ìàññû)

;

3. Âíóòðåííÿÿ ïàìÿòü

,

ãäå êîýôôèöèåíòû

;

4. Íåâÿçêà

;

5. Ýíòðîïèÿ âîçáóæäåíèÿ íåéðîííîé ñåòè

;

6. "Âðåìÿ æèçíè" âîçáóæäåíèÿ

;

7. Âåðîÿòíîñòü âûõîäíîãî ñëîâà 

;

8. Âåðîÿòíîñòü ñëîâà íà U-ì øàãå 

;

9. Óðàâíåíèå Êîëìîãîðîâà - ×åïìåíà äëÿ ÍÊ "ÝÌ-
ÁÐÈÎÍ" 

;

10. Ìàòðèöà ïåðåõîäíûõ âåðîÿòíîñòåé èëè "âåñîâ"
ñâÿçåé ìåæäó íåéðîíàìè

;

11. Âûõîäíàÿ ðåàêöèÿ íåéðîêîìïüþòåðà íà óðîâíå
ãðóïï Y ñëîâ

;

12. Âåðîÿòíîñòü ãðóïï ñëîâ  - cå÷åíèå ïîëÿ

âåðîÿòíîñòåé íà óðîâíå ãðóïï Y

;

13. Ðåàêöèÿ ðåöèïðîêíîãî ñæèìàòåëÿ

.

Íèæå, íà ðèñ.11, ïðèâîäèòñÿ ïðèìåð, ïîäòâåð-
æäàþùèé âûøåèçëîæåííîå, è èëëþñòðèðóþùèé ïðîöåññ
ãåíåðàöèè íàñëåäñòâåííîãî òåêñòà - ïîñëåäîâàòåëüíîñòåé
äâóõáóêâåííûõ ñëîâ èç ÷åòûðåõáóêâåííîãî àëôàâèòà
ïðè îáðàçîâàíèè ãðóïï êðîâè â äâóõðàçðÿäíîé ìîäåëè
íåéðîêîìïüþòåðà "ÝÌÁÐÈÎÍ"[12].

A S Y P W P ' Y P⁄ S, ,( ), , ,〈 〉=

V 2n n 1+ +( ) U

i 1=

m

∑=

P aS1 bS2 cS3+ +=

a b c+ + 1=

J NS( ) A B– a1
i

i 1=

n

∑ b1
i

i 1=

n

∑–= =

H di DY⁄ Indi DY⁄

i 1=

n

∑=

Tæ NS U1 U2 U3 … Um+ + + +( )=

Xj

P Xj( ) WijUSp P0( )P0

i 1=

n
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PrU Pr
0

Wij U=

PrU Pr
0U 1–
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Ym xi

i 1=

n

∑=
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∑
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Ðèñóíîê 11 - Ìîäåëü îáðàçîâàíèÿ ÷åòûðåõ ãðóïï êðîâè 
÷åëîâåêà

Äðîáè, ñòîÿùèå ó ñëîâ - ýòî âåðîÿòíîñòè èõ ïîÿâ-
ëåíèÿ íà êàæäîì øàãå ãåíåðàöèè òåêñòà.
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Á. Þ. Áàçûëåâ, Å. Ð. Ñàåíêî, À. Ä. Øàìðîâñêèé

Â ðàáîòå ñîñòàâëÿåòñÿ è àíàëèçèðóåòñÿ íåëèíåéíûé
âàðèàíò äâóõñåêòîðíîé äèíàìè÷åñêîé ìîäåëè Ëåîíòüåâà. Äëÿ
ýòîãî ðàññìàòðèâàþòñÿ óòî÷íåííûå ôîðìû ïðîèçâîäñòâåí-
íûõ êîýôôèöèåíòîâ. Ïðè ïðîâåäåíèè àíàëèçà, â ÷àñòíîñòè,
èñïîëüçóþòñÿ ÷èñëåííûå ìåòîäû. Ïî ðåçóëüòàòàì àíàëèçà
äåëàþòñÿ âûâîäû î âëèÿíèè çíà÷åíèé êîýôôèöèåíòîâ íà
óñòîé÷èâîñòü ýêîíîìè÷åñêîé ñèñòåìû, îïèñûâàåìîé ìîäåëüþ.
Äåëàåòñÿ âûâîä î âîçìîæíîñòè ïðèìåíåíèÿ òåîðèè êà-
òàñòðîô ê èññëåäîâàíèþ äàííîé ìîäåëè.

Ó ðîáîò³ ñêëàäàºòüñÿ òà àíàë³çóºòüñÿ íåë³í³éíèé âàð³àíò
äâîõñåêòîðíî¿ äèíàì³÷íî¿ ìîäåë³ Ëåîíò'ºâà. Äëÿ öüîãî
ðîçãëÿäàþòüñÿ óòî÷íåí³ ôîðìè âèðîáíè÷èõ êîåô³ö³ºíò³â. Ïðè
ïðîâåäåíí³ àíàë³çó çîêðåìà âèêîðèñòîâóþòüñÿ ÷èñåëüí³
ìåòîäè. Çà ðåçóëüòàòàìè àíàë³çó ðîáëÿòüñÿ âèñíîâêè ïðî
âïëèâ çíà÷åíü êîåô³ö³ºíò³â íà óñòàëåí³ñòü åêîíîì³÷íî¿
ñèñòåìè, ùî îïèñóºòüñÿ ìîäåëëþ. Ðîáèòüñÿ âèñíîâîê ïðî
ìîæëèâ³ñòü çàñòîñóâàííÿ òåîð³¿ êàòàñòðîô äî äîñë³äæåííÿ
äàíî¿ ìîäåë³.

In paper the nonlinear variant of a two-sector dynamic Leon-
tief's model is made and analyzed. For this purpose the updated
forms of industrial factors are considered. For want of realiza-
tions of the analysis the numerical methods are used in particu-
lar. By results of the analysis the conclusions about influence of
significance of factors to stability of an economic system circum-
scribed model are made. A possibility of application of the theory
of catastrophes to a research of the given model is concluded.

Ïðèìåíåíèå ëèíåéíûõ äèíàìè÷åñêèõ óðàâíåíèé Ëåîí-
òüåâà äîñòàòî÷íî øèðîêî ðàñïðîñòðàíåíî äëÿ àíàëèçà
ôóíêöèîíèðîâàíèÿ ìíîãîñåêòîðíûõ ýêîíîìèê [1,2]. Îä-
íàêî âî ìíîãèõ ñëó÷àÿõ áîëåå öåëåñîîáðàçíî îãðàíè-
÷èòüñÿ ðàññìîòðåíèåì îòíîñèòåëüíî íåáîëüøîãî êîëè÷å-
ñòâà ñåêòîðîâ, îïåðèðóÿ ñîîòâåòñòâóþùèìè èíòåãðàëü-
íûìè ïîêàçàòåëÿìè, íî ïðè ýòîì óòî÷íèòü ìîäåëü, ó÷òÿ
íåëèíåéíûå ýôôåêòû.

Ðàáîòà ïîñâÿùåíà ñîñòàâëåíèþ è àíàëèçó íåëèíåéíîãî
âàðèàíòà äèíàìè÷åñêèõ óðàâíåíèé Ëåîíòüåâà äëÿ äâóõ-
ñåêòîðíîé ýêîíîìèêè.

Ðàññìîòðèì ñëåäóþùèé âàðèàíò äèíàìè÷åñêèõ óðàâ-
íåíèé Ëåîíòüåâà äëÿ äâóõñåêòîðíîé ýêîíîìèêè:

, (1)

.

Çäåñü ,  - âàëîâûå îáúåìû ïðîäóêöèè, âûðàæåí-

íûå â îäèíàêîâûõ äåíåæíûõ åäèíèöàõ;  - îáúåì

ïðîäóêöèè ïåðâîãî ñåêòîðà, èäóùèé íà ïîòðåáíîñòè ýòî-

ãî æå ñåêòîðà;  - îáúåì ïðîäóêöèè ïåðâîãî ñåêòî-

ðà, ðàñõîäóåìûé íà ïîòðåáíîñòè âòîðîãî ñåêòîðà; 

- îáúåì ñâîáîäíûõ ñðåäñòâ, îñòàþùèõñÿ â ïåðâîì ñåêòî-

ðå;  - îáúåì ïðîäóêöèè âòîðîãî ñåêòîðà, ðàñõîäóå-

ìûé íà ïîòðåáíîñòè ïåðâîãî ñåêòîðà;  - îáúåì ïðî-

äóêöèè âòîðîãî ñåêòîðà, èäóùèé íà ïîòðåáíîñòè ýòîãî

æå ñåêòîðà;  - îáúåì ñâîáîäíûõ ñðåäñòâ, îñòàþ-

ùèõñÿ âî âòîðîì ñåêòîðå; , , ,  - êîýôôè-

öèåíòû ôîíäîåìêîñòè. Îòëè÷èå îò ñîîòâåòñòâóþùèõ ëè-
íåéíûõ óðàâíåíèé çàêëþ÷àåòñÿ òîëüêî â ñëàãàåìûõ

, , , , êîòîðûå ìîãóò áûòü íå-

ëèíåéíûìè ôóíêöèÿìè ñâîèõ àðãóìåíòîâ. Èíà÷å ãîâîðÿ,
ñ÷èòàåì, ÷òî âçàèìíûå ñâÿçè äâóõ ñåêòîðîâ îïèñûâàþòñÿ
ëèíåéíûìè çàâèñèìîñòÿìè; òàêæå ëèíåéíûìè ÿâëÿþòñÿ
äèíàìè÷åñêèå ÷ëåíû, õàðàêòåðèçóþùèå âëèÿíèå èíâå-
ñòèöèé â îáå îòðàñëè.

Çàïèøåì ôóíêöèè ,  â ôîðìå

 ( ). (2)

Â ýòîé çàïèñè ïîñòîÿííûå ñëàãàåìûå  ïîêàçûâàþò

çàòðàòû, íå çàâèñÿùèå îò îáúåìîâ ïðîèçâîäñòâà â äàí-
íîé îòðàñëè, íàïðèìåð, çàòðàòû íà ñîäåðæàíèå îáîðóäî-

âàíèÿ. Ëèíåéíûå ñëàãàåìûå  èìåþò îáû÷íûé â

óðàâíåíèÿõ Ëåîíòüåâà ñìûñë è ïîêàçûâàþò çàòðàòû,
ïðîïîðöèîíàëüíûå îáúåìó ïðîèçâîäñòâà. Êâàäðàòè÷íûå

ñëàãàåìûå  îòðàæàþò ñèòóàöèè, êîãäà ðàñõîäû íà

ïðîèçâîäñòâî èçìåíÿþòñÿ íå ïðîïîðöèîíàëüíî îáúåìó
ïðîèçâîäñòâà. Íàïðèìåð, â ñëó÷àå íàëè÷èÿ ïðîñòàèâàþ-
ùåãî îáîðóäîâàíèÿ âûïîëíåíèå äîïîëíèòåëüíîãî çàêàçà
òðåáóåò îòíîñèòåëüíî íåáîëüøèõ çàòðàò; â ýòîì ñëó÷àå

áóäåò . Íàîáîðîò, ïîëó÷åíèå äîïîëíèòåëüíîãî çà-

êàçà ïðè îòñóòñòâèè íåîáõîäèìîãî îáîðóäîâàíèÿ òðåáóåò

x1 z1 x1( ) a12x2–– v11 td
dx1 v12 td

dx2 y1 x1( )+ +=

a21– x1 x2 z2 x2( )–+ v21 td
dx1 v22 td

dx2 y2 x2( )+ +=

x1 x2

z1 x1( )

a12x2

y1 x1( )

a21x1

z2 x2( )

y2 x2( )

v11 v12 v21 v22

z1 x1( ) y1 x1( ) z2 x2( ) y2 x2( )

z1 x1( ) z2 x2( )

zi βi0 βi1xi βi2xi
2++= i 1 2,=

βi0

βi1xi

βi2xi
2

βi2 0<
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ñðàâíèòåëüíî áîëüøèõ ðàñõîäîâ íà ïðèîáðåòåíèå ýòîãî
îáîðóäîâàíèÿ, íåïðîïîðöèîíàëüíûõ îáúåìó äîïîëíè-

òåëüíîãî çàêàçà; â ýòîì ñëó÷àå áóäåò .

Â àíàëîãè÷íîé ôîðìå ïðåäñòàâèì è âûðàæåíèÿ äëÿ

, 

 ( ). (3)

Çäåñü ñëàãàåìûå âèäà  îòðàæàþò îáû÷íóþ äëÿ

óðàâíåíèé Ëåîíòüåâà çàâèñèìîñòü ìåæäó îáúåìîì ïðî-
èçâîäñòâà è êîëè÷åñòâîì ñâîáîäíûõ ñðåäñòâ. Ïîñòîÿí-

íûå ñëàãàåìûå âèäà  îòðàæàþò êàêèå-òî íåïðîèçâîä-

ñòâåííûå çàòðàòû, íå çàâèñÿùèå îò îáúåìà ïðîèçâîä-
ñòâà, íàïðèìåð, çàòðàòû íà ñîöèàëüíûå íóæäû. Ñëàãàå-

ìûå âèäà  ìîãóò îòðàæàòü, íàïðèìåð, ïðîãðåññèâ-

íûé íàëîã (ïðè ).

Ââîäÿ îáîçíà÷åíèÿ

(4)

ïîëó÷àåì

, (5)

.

Ðåøàÿ ñèñòåìó óðàâíåíèé (5) îòíîñèòåëüíî ïðîèçâîä-

íûõ , , èìååì

, (6)

Íåëèíåéíûå óðàâíåíèÿ (6) ìîæíî ðåøèòü òîëüêî ÷èñ-
ëåííûì ìåòîäîì ñ ïðèìåíåíèåì êîìïüþòåðà. Îäíàêî,
íåñìîòðÿ íà îòíîñèòåëüíóþ íåñëîæíîñòü ýòîé ïðî-
öåäóðû, îíà òðåáóåò ïðåäâàðèòåëüíîãî àíàëèòè÷åñêîãî
èññëåäîâàíèÿ.

Â ñëó÷àå ïîñòîÿííûõ çíà÷åíèé ,  ïîëó÷àåì èç

(6) óðàâíåíèÿ ðàâíîâåñèÿ

; . (7)

Ýòè óðàâíåíèÿ ýêâèâàëåíòíû óðàâíåíèÿì

; , (8)

ò.å. ñòàòè÷åñêèì óðàâíåíèÿì Ëåîíòüåâà. Ðåøåíèå óðàâ-
íåíèé (8) îáëåã÷àåòñÿ ðàññìîòðåíèåì èõ ãðàôè÷åñêîãî

ïðåäñòàâëåíèÿ. Ðàññìîòðèì ïëîñêîñòü , . Ïåðâîå

èç óðàâíåíèé (8) ñîîòâåòñòâóåò íà ýòîé ïëîñêîñòè ïàðà-
áîëå ñ âåðòèêàëüíîé îñüþ, à âòîðîå - ïàðàáîëå ñ ãîðè-
çîíòàëüíîé îñüþ. Â çàâèñèìîñòè îò âçàèìíîãî ðàñïîëî-
æåíèÿ ýòèõ ïàðàáîë êîëè÷åñòâî èõ òî÷åê ïåðåñå÷åíèÿ,
êîòîðûå è ñîîòâåòñòâóþò ðåøåíèÿì ñèñòåìû óðàâíåíèé
(8), ìîæåò áûòü ðàçëè÷íûì, íà÷èíàÿ îò îòñóòñòâèÿ òà-
êèõ òî÷åê (îòñóòñòâèå äåéñòâèòåëüíûõ ðåøåíèé) è êîí-
÷àÿ íàëè÷èåì ÷åòûðåõ òî÷åê ïåðåñå÷åíèÿ (÷åòûðåõ ðåøå-
íèé). Ñëó÷àè äâóõ è ÷åòûðåõ ðåøåíèé èçîáðàæåíû íà
ðèñ. 1 è 2.

Ðèñóíîê 1

Ðèñóíîê 2

Òî÷êè, ñîîòâåòñòâóþùèå ñîñòîÿíèÿì ðàâíîâåñèÿ ñèñ-
òåìû, ÿâëÿþòñÿ îñîáûìè òî÷êàìè íà ôàçîâîé ïëîñêîñòè

, . Ýòè òî÷êè îêàçûâàþò ðåøàþùåå âëèÿíèå íà õà-

ðàêòåð ôàçîâûõ òðàåêòîðèé.
Ðàññìîòðèì ðÿä õàðàêòåðíûõ ïðèìåðîâ. Ïðè íàëè÷èè

÷åòûðåõ ñîñòîÿíèé ðàâíîâåñèÿ ñèñòåìû è óñëîâèè

 ôàçîâûå êðèâûå ìîãóò èìåòü âèä,

βi2 0>

y1 x1( ) y2 x2( )

yi bi0 bi1xi bi2xi
2++= i 1 2,=

bi1xi

bi0

bi2xi
2

βi2 0>

f1 x1 x2,( ) x1 z1 x1( ) y1 x1( )– a12x2––
β– 10 b10 1 β11 b11––( )x1 β12 b12+( )x1

2 a12x2,––+–
= =

=

f2 x1 x2,( ) a21x– 1 x2 z2 x2( ) y2 x2( )––+
a21x– 1 β20– b20 1 β21 b21––( )x2 β22 b22+( )x2
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= =

=
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dx2+ f1 x1 x2,( )=

v21 td
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èçîáðàæåííûé íà ðèñ. 3. Ýòè êðèâûå ïîñòðîåíû ïðè
ïîìîùè ÷èñëåííîãî èíòåãðèðîâàíèÿ óðàâíåíèé (6) ïðè
ðàçëè÷íûõ íà÷àëüíûõ óñëîâèÿõ, âûáðàííûõ â îêðåñòíî-
ñòÿõ îñîáûõ òî÷åê. Ðàññìîòðåíèå ôàçîâûõ êðèâûõ ïîêà-

çûâàåò, ÷òî òî÷êà  ÿâëÿåòñÿ íåóñòîé÷èâûì

óçëîì. Ïðè ëþáûõ íà÷àëüíûõ óñëîâèÿõ, âûáðàííûõ â
îêðåñòíîñòè ýòîé òî÷êè, ïðîèñõîäèò óäàëåíèå ñèñòåìû

îò íåå. Òî÷êà  ÿâëÿåòñÿ óñòîé÷èâûì óçëîì.

Ïðè ëþáûõ íà÷àëüíûõ óñëîâèÿõ, âûáðàííûõ â îêðåñò-
íîñòÿõ ýòîé òî÷êè, ïðîèñõîäèò ïðèáëèæåíèå ê íåé.

Òî÷êè ,  ÿâëÿþòñÿ íåóñòîé÷èâûìè

îñîáûìè òî÷êàìè òèïà ñåäëî. Ôàçîâûå êðèâûå ïðîõîäÿò
ìèìî íèõ.

Ðèñóíîê 3

Îòìåòèì, ÷òî ëîêàëüíûé àíàëèç îñîáûõ òî÷åê ìîæíî
áûëî áû ïðîèçâåñòè è àíàëèòè÷åñêè, íî ïðèìåíåíèå
êîìïüþòåðà è ÷èñëåííîãî èíòåãðèðîâàíèÿ ïîçâîëèëî
ïîëó÷èòü áîëåå ïîëíóþ èíòåãðàëüíóþ êàðòèíó.

Ïîñòðîåííàÿ íà ðèñ. 3 êàðòèíà ïîçâîëÿåò èçó÷àòü
âàðèàíòû ýâîëþöèè ýêîíîìè÷åñêîé ñèñòåìû. Åñëè ñèñòå-
ìà ïåðâîíà÷àëüíî íàõîäèòñÿ â íåóñòîé÷èâîì ïîëîæåíèè

 ñ ìàëûìè îáúåìàìè ïðîèçâîäñòâà, òî îíà

ìîæåò, â ïðèíöèïå, ïåðåéòè â óñòîé÷èâîå ïîëîæåíèå

 ñ áîëüøèìè îáúåìàìè ïðîèçâîäñòâà, íî äëÿ

ýòîãî òðåáóåòñÿ ïåðåìåùåíèå ñòðîãî ïî ïðÿìîé ìåæäó
ñîîòâåòñòâóþùèìè òî÷êàìè. Ïðè î÷åíü ìàëûõ îòêëîíå-
íèÿõ îò ýòîé ïðÿìîé ôàçîâûå êðèâûå, ïðîõîäÿ ìèìî

ñåäëîâûõ îñîáûõ òî÷åê, äîñòèãàþò òî÷êè , íî

ìàëåéøèé âûõîä çà ãðàíèöû î÷åíü óçêîãî "êîðèäîðà"

äåëàåò óæå íåâîçìîæíûì ïåðåõîä èç  â

, à ïðèâîäèò ê îòðèöàòåëüíûì çíà÷åíèÿì 

èëè , ò.å. ðàçðóøåíèþ ñèñòåìû.

Â ñëó÷àå  ïîëîæåíèå îñîáûõ òî÷åê

îñòàåòñÿ ïðåæíèì, îäíàêî, èõ õàðàêòåð ñóùåñòâåííî

èçìåíÿåòñÿ (ðèñ. 4). Òî÷êè  è 

ñòàíîâÿòñÿ ñåäëàìè, à òî÷êè  è  -

ôîêóñàìè. 

Ðèñóíîê 4

Îáðàòèì âíèìàíèå íà òî, ÷òî òåïåðü ïîïàäàíèå â îäíî
èç äâóõ óñòîé÷èâûõ ïîëîæåíèé ðàâíîâåñèÿ îáåñïå÷è-
âàåòñÿ ïðè âûõîäå ïðàêòè÷åñêè èç ëþáîé òî÷êè ôàçîâîé
ïëîñêîñòè, çà èñêëþ÷åíèåì íåáîëüøîé îêðåñòíîñòè
íà÷àëà êîîðäèíàò.

Ïåðåìåíà çíàêà âûðàæåíèÿ  èìååò î÷å-

âèäíûé ýêîíîìè÷åñêèé ñìûñë. Áîëüøèì çíà÷åíèÿì ïðî-

èçâåäåíèÿ  îòâå÷àåò òàêîå ñîñòîÿíèå ýêîíîìèêè,

êîãäà ñåêòîðû ïëîõî âîñïðèíèìàþò ñîáñòâåííûå èíâå-
ñòèöèè, à ëó÷øå âîñïðèíèìàþò èíâåñòèöèè äðóã îò
äðóãà, ÷òî è ñîîòâåòñòâóåò ïîëîæèòåëüíîìó çíà÷åíèþ

.

Îòðèöàòåëüíûì çíà÷åíèÿì âûðàæåíèÿ 

îòâå÷àåò ëó÷øåå óñâîåíèå ñîáñòâåííûõ, à íå ÷óæèõ èíâå-
ñòèöèé. Ïðè ýòîì, êàê ìû âèäåëè, óñòîé÷èâîñòü ýêîíî-
ìè÷åñêîé ñèñòåìû ðåçêî óëó÷øàåòñÿ.

Ïåðåéäåì òåïåðü ê ñëó÷àþ äâóõ ïîëîæåíèé ðàâíîâå-

ñèÿ (ðèñ. 2). Ïðè   ÷èñëåííîå èíòå-

ãðèðîâàíèå äèôôåðåíöèàëüíûõ óðàâíåíèé (6) äàåò ôà-
çîâóþ ïëîñêîñòü, èçîáðàæåííóþ íà ðèñ. 5. Ïîëîæåíèå

ðàâíîâåñèÿ, çàäàííîå òî÷êîé , ÿâëÿåòñÿ

íåóñòîé÷èâûì óçëîì, à ïîëîæåíèå, çàäàííîå òî÷êîé

, - ñåäëîì. Èíà÷å ãîâîðÿ, îáà ïîëîæåíèÿ ðàâ-

íîâåñèÿ ÿâëÿþòñÿ íåóñòîé÷èâûìè.

x1 1, x2 1,;( )

x1 2, x2 2,;( )

x1 3, x2 3,;( ) x1 4, x2 4,;( )

x1 1, x2 1,;( )

x1 2, x2 2,;( )

x1 2, x2 2,;( )

x1 1, x2 1,;( )

x1 2, x2 2,;( ) x1

x2

v11v22 v12v21– 0<

x1 1, x2 1,;( ) x1 2, x2 2,;( )

x1 3, x2 3,;( ) x1 4, x2 4,;( )

v11v22 v12v21–

v11v22

v11v22 v12v21–

v11v22 v12v21–

v11v22 v12v21 0>–

x1 1, x2 1,;( )

x1 2, x2 2,;( )
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Ðèñóíîê 5

Ïðè  ïîëó÷àåì ôàçîâóþ ïëîñêîñòü,

èçîáðàæåííóþ íà ðèñ. 6. Ïîëîæåíèå  òåïåðü

ÿâëÿåòñÿ ñåäëîì, à ïîëîæåíèå  - óñòîé÷èâûì

óçëîì. Ïîýòîìó âûõîä ñèñòåìû èç ïîëîæåíèÿ 

ñ ïðèðàùåíèåì  è  îáÿçàòåëüíî ïðèâîäèò åå â

íîâîå, óñòîé÷èâîå ïîëîæåíèå ðàâíîâåñèÿ.

Ðèñóíîê 6

Òàêèì îáðàçîì, âèäèì, ÷òî è â ýòîì ñëó÷àå áëàãî-
ïðèÿòíûì äëÿ óñòîé÷èâîñòè ñèñòåìû ÿâëÿåòñÿ ñëó÷àé

.

Ñëó÷àè îòñóòñòâèÿ ñîñòîÿíèé ðàâíîâåñèÿ ðàññìàòðè-
âàòü íå áóäåì, ïîñêîëüêó îíè ïðèâîäÿò ê î÷åâèäíûì
ðåçóëüòàòàì ðàñïàäà ýêîíîìè÷åñêîé ñèñòåìû.

Óìåíüøåíèå êîëè÷åñòâà ïîëîæåíèé ðàâíîâåñèÿ îò ÷å-
òûðåõ äî äâóõ è çàòåì äî íóëÿ ñâÿçàíî, â ïåðâóþ î÷å-

ðåäü, ñ óâåëè÷åíèåì êîýôôèöèåíòîâ , , , ,

õàðàêòåðèçóþùèõ âíåïðîèçâîäñòâåííûå çàòðàòû, è êî-

ýôôèöèåíòîâ , , ,  õàðàêòåðèçóþùèõ ïðî-

ãðåññèâíûé ðîñò ïðîèçâîäñòâåííûõ çàòðàò è íàëîãîâ.

Òàêæå âàæíóþ ðîëü èãðàþò êîýôôèöèåíòû ,  õà-

ðàêòåðèçóþùèå âçàèìíûå ïðîèçâîäñòâåííûå âëîæåíèÿ

ýêîíîìèê äðóã â äðóãà. ×åì ìåíüøå âåëè÷èíû , ,

ò.å. ÷åì ìåíüøå âçàèìíàÿ òåõíîëîãè÷åñêàÿ çàâèñèìîñòü
ñåêòîðîâ, òåì óñòîé÷èâåå ýêîíîìè÷åñêàÿ ñèñòåìà.

Îáðàòèì âíèìàíèå íà òî, ÷òî ïåðåõîä ñèñòåìû èç
ñîñòîÿíèÿ ñ áîëüøèì ÷èñëîì ïîëîæåíèé ðàâíîâåñèÿ â
ñîñòîÿíèå ñ ìåíüøèì ÷èñëîì òàêèõ ïîëîæåíèé ïðîèñ-
õîäèò ñêà÷êîîáðàçíî. Ïëàâíîå èçìåíåíèå óêàçàííûõ
âûøå ïàðàìåòðîâ äî íåêîòîðîãî ïðåäåëà íå âëèÿåò íà
êîëè÷åñòâî ïîëîæåíèé ðàâíîâåñèÿ, íî çàòåì ïðè íåçíà-
÷èòåëüíîì äîïîëíèòåëüíîì èõ èçìåíåíèè ïðîèñõîäèò
óìåíüøåíèå êîëè÷åñòâà ýòèõ ïîëîæåíèé. Òàêèå ñêà÷êî-
îáðàçíûå èçìåíåíèÿ ñîñòîÿíèÿ ñèñòåìû ïðè íåáîëüøèõ
èçìåíåíèÿõ åå ïàðàìåòðîâ èçó÷àþòñÿ â òàê íàçûâàåìîé
òåîðèè êàòàñòðîô [3,4,5,6]. Â äàííîì ñëó÷àå ïîíÿòèå
êàòàñòðîôû ìîæåò âïîëíå îïðàâäûâàòü ñâîå íàèìåíî-
âàíèå, ïîñêîëüêó ïðè óìåíüøåíèè ÷èñëà ïîëîæåíèé
ðàâíîâåñèÿ ñèñòåìà ìîæåò ïîòåðÿòü óñòîé÷èâîñòü è
ðàçðóøèòñÿ. Ïðèìåíåíèå èçëîæåííîé ìåòîäèêè ñ èñ-
ïîëüçîâàíèåì ðåàëüíûõ çíà÷åíèé ïàðàìåòðîâ ìîæåò
ïîçâîëèòü ïðåäóïðåæäàòü íåæåëàòåëüíîå ðàçâèòèå
ñîáûòèé.
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ÀÍÀËÈÇ ÝÍÅÐÃÅÒÈÊÈ ÑÎÂÐÅÌÅÍÍÛÕ ÑÈÑÒÅÌ ÝËÅÊÒÐÎÏÈÒÀÍÈß    
ÍÀ ÎÑÍÎÂÅ ÓÏÐÀÂËßÅÌÛÕ ÂÅÍÒÈËÜÍÛÕ ÏÐÅÎÁÐÀÇÎÂÀÒÅËÅÉ  

Ì. Í. Ãîðáà÷åâ

Ðàçðàáîòàí è èçëîæåí îáîáùåííûé ìåòîä àíàëèçà ýíåð-
ãåòèêè ñïåöèàëüíûõ ðåæèìîâ ðàáîòû ñîâðåìåííûõ âòîðè÷íûõ
ñèñòåì ýëåêòðîïèòàíèÿ íà îñíîâå âåíòèëüíûõ ïðåîáðàçîâà-
òåëåé è, â ÷àñòíîñòè, óïðàâëÿåìûõ âûïðÿìèòåëåé (ÓÂ). Íà
îñíîâå ýòîãî ìåòîäà íàéäåíû ïàðàìåòðèçîâàííûå óðàâíåíèÿ
äëÿ èíæåíåðíûõ ðàñ÷åòîâ îðòîãîíàëüíûõ ñîñòàâëÿþùèõ
ïîëíîé ìîùíîñòè íà âõîäå ñòàáèëèçèðîâàííûõ ÓÂ.

Ðîçðîáëåíî òà âèêëàäåíî óçàãàëüíþþ÷èé ìåòîä àíàë³çó
åíåðãåòèêè ñïåö³àëüíèõ ðåæèì³â ðîáîòè ñó÷àñíèõ âòîðèííèõ
ñèñòåì åëåêòðîæèâëåííÿ íà îñíîâ³ âåíòèëüíèõ ïåðåòâî-
ðþâà÷³â, â òîìó ÷èñë³ êåðîâàíèõ âèïðÿìëþâà÷³â (ÊÂ). Íà
îñíîâ³ öüîãî ìåòîäó çíàéäåí³ ïàðàìåòðèçîâàí³ ð³âíÿííÿ äëÿ
³íæåíåðíèõ ðîçðàõóíê³â îðòîãîíàëüíèõ êîìïîíåíò ïîâíî¿
ïîòóæíîñò³ íà âõîä³ ñòàá³ë³çîâàíèõ ÊÂ.

Generalized method of power analysis of specialized modes of
modern secondary systems of power sources on the base of fan
converters and controlled rectifiers (CR), in particular, has been
developed and delivered. Parameterized equations for the engi-
neering calculations of orthogonal constituents of full capacity on
the input of stabilized CR.

ÂÂÅÄÅÍÈÅ 

Â ñîâðåìåííûõ âòîðè÷íûõ ñèñòåìàõ ýëåêòðîïèòàíèÿ
óñòðîéñòâ ðàäèîýëåêòðîíèêè è ðàçëè÷íûõ ïðîìûøëåí-
íûõ ïîòðåáèòåëåé ýëåêòðîýíåðãèè íàèáîëåå øèðîêî ïðè-
ìåíÿþòñÿ íà ïðàêòèêå âåíòèëüíûå ïðåîáðàçîâàòåëè
(ÂÏ), ðàáîòàþùèå îò ñåòåé ïåðåìåííîãî íàïðÿæåíèÿ ñ
÷àñòîòîé 50 Ãö. Îíè ïðåäñòàâëÿþò ñîáîé ñèëîâûå ïðåîá-
ðàçîâàòåëüíûå óñòðîéñòâà íà îñíîâå óïðàâëÿåìûõ è
íåóïðàâëÿåìûõ ïîëóïðîâîäíèêîâûõ âåíòèëåé, íàïðè-
ìåð, àâòîíîìíûå èíâåðòîðû è ñòàáèëèçàòîðû íàïðÿæå-
íèÿ è òîêà, ïðåîáðàçîâàòåëè ÷àñòîòû, òîêîïàðàìåòðè-
÷åñêèå âûïðÿìèòåëè, èñòî÷íèêè ðåàêòèâíîé ìîùíîñòè è
äð. Íàèáîëåå ìíîãî÷èñëåííûì ïîäêëàññîì ïðåîáðàçîâà-
òåëüíûõ óñòðîéñòâ, îòíîñÿùèõñÿ ê êëàññó ÂÏ, ÿâëÿþòñÿ
óïðàâëÿåìûå âûïðÿìèòåëè (ÓÂ), èìåþùèå øèðîêèé ðÿä
îáëàñòåé ïðèìåíåíèÿ è øèðîêèé äèàïàçîí ðåàëèçóåìûõ
ìîùíîñòåé (îò ñîòåí âàòò äî ñîòåí êèëîâàòò â îòäåëüíîì
áëîêå).

Îáúåêòîì èçó÷åíèÿ â íàñòîÿùåé ñòàòüå ÿâëÿþòñÿ ñî-
âðåìåííûå âòîðè÷íûå ñèñòåìû ýëåêòðîïèòàíèÿ íà îñíîâå
ñòàáèëèçèðîâàííûõ óïðàâëÿåìûõ âûïðÿìèòåëåé è îñî-
áåííîñòè ïðîòåêàþùèõ â íèõ ýíåðãåòè÷åñêèõ ïðîöåññîâ.

ÑÏÅÖÈÀËÜÍÛÅ ÐÅÆÈÌÛ ÐÀÁÎÒÛ 
ÓÏÐÀÂËßÅÌÛÕ ÂÛÏÐßÌÈÒÅËÅÉ

Ìíîãèì ïîòðåáèòåëÿì ýëåêòðè÷åñêîé ýíåðãèè äëÿ
ýôôåêòèâíîé ðàáîòû íåîáõîäèì ñòàáèëèçèðîâàííûé òîê,

ëèáî ñòàáèëèçèðîâàííîå íàïðÿæåíèå, ëèáî ñòàáèëèçè-
ðîâàííàÿ ìîùíîñòü. Ðåæèìû ðàáîòû óïðàâëÿåìûõ âû-
ïðÿìèòåëåé, â ÷àñòíîñòè, óïðàâëÿåìîãî ìîñòîâîãî âû-
ïðÿìèòåëÿ (ÓÌÂ), â ïðîöåññå êîòîðûõ îñóùåñòâëÿåòñÿ
ñòàáèëèçàöèÿ òåõ èëè èíûõ óêàçàííûõ âûøå âûõîäíûõ
ïàðàìåòðîâ, áóäåì íàçûâàòü ñïåöèàëüíûìè. Ýòè ðåæèìû
ðåàëèçóþòñÿ â çàìêíóòûõ ñèñòåìàõ àâòîìàòè÷åñêîãî ðå-
ãóëèðîâàíèÿ (ÑÀÐ) ñ ñîîòâåòñòâóþùèìè îòðèöàòåëü-
íûìè îáðàòíûìè ñâÿçÿìè (ÎÎÑ).

Ñòàáèëèçàöèþ ïîñòîÿííîãî (âûïðÿìëåííîãî) íàïðÿ-
æåíèÿ òðåáóþò, êàê èçâåñòíî, ìíîãèå íàãðóçêè, íàïðè-
ìåð, ðàçëè÷íûå óñòðîéñòâà ðàäèîýëåêòðîíèêè, îáìîòêè
âîçáóæäåíèÿ ýëåêòðè÷åñêèõ ìàøèí, ãàëüâàíè÷åñêèå è
ýëåêòðîëèçíûå âàííû, òÿãîâûå ýëåêòðîäâèãàòåëè ïîñòî-
ÿííîãî òîêà [1-4] è äð. Ïðèìåðàìè íàãðóçîê, òðåáóþùèõ
ñòàáèëèçàöèþ âûïðÿìëåííîãî òîêà, ÿâëÿþòñÿ ðàçëè÷íûå
ýëåêòðîòåõíîëîãè÷åñêèå óñòàíîâêè (äóãîâûå ñòàëåïëà-
âèëüíûå ïå÷è, ïå÷è ýëåêòðîøëàêîâîãî ïåðåïëàâà, ïëàç-
ìîòðîíû äëÿ ðåçêè ìåòàëëîâ), ãàçîðàçðÿäíûå è ëàçåð-
íûå ëàìïû, öåïè âîçáóæäåíèÿ ýëåêòðîïðèâîäîâ ýêñêàâà-
òîðîâ íà ýëåêòðîòÿãå, ñâàðî÷íàÿ äóãà [5-7] è äð. Ïðèìå-
ðàìè íàãðóçîê, òðåáóþùèõ ñòàáèëèçàöèè ïîòðåáëÿåìîé
ìîùíîñòè, ÿâëÿþòñÿ ìàãíåòðîíû äëÿ íàïûëåíèÿ ìåòàë-
ëîâ â âàêóóìíûõ êàìåðàõ, ïå÷è äëÿ âûðàùèâàíèÿ ìîíî-
êðèñòàëëîâ, ñòåêëîâàðåííûå ïå÷è [8, 9] è äð. Öåëüþ
äàëüíåéøåãî ðàññìîòðåíèÿ è àíàëèçà ÿâëÿþòñÿ ñëåäóþ-
ùèå ñïåöèàëüíûå ðåæèìû ðàáîòû ÓÂ:

1) ðåæèì ñòàáèëèçàöèè âûõîäíîãî íàïðÿæåíèÿ 

;

2) ðåæèì ñòàáèëèçàöèè âûõîäíîãî òîêà ;

3) ðåæèì ñòàáèëèçàöèè âûõîäíîé ìîùíîñòè 

,

ãäå ,  è  - ñðåäíèå çíà÷åíèÿ âûõîäíûõ âåëè÷èí.

Â íåêîòîðûõ ñëó÷àÿõ âåñüìà ýôôåêòèâíûì ÿâëÿþòñÿ
êîìáèíèðîâàííûå ñïåöèàëüíûå ðåæèìû, ïðåäñòàâëÿþ-
ùèå ñîáîé îïðåäåëåííûå ñî÷åòàíèÿ ðåæèìîâ (1)-(3), ÷òî
ïîçâîëÿåò ñòðîèòü ìíîãîôóíêöèîíàëüíûå (óíèâåðñàëü-
íûå) ñèñòåìû ýëåêòðîïèòàíèÿ (ÑÝÏ) íà îñíîâå îäíîãî
èëè ãðóïïû ÓÂ.

Ñïåöèàëüíûå ðåæèìû ðàáîòû ÓÂ èìåþò ðÿä îñîáåí-
íîñòåé. Íåñìîòðÿ íà øèðîêîå ïðàêòè÷åñêîå ïðèìåíåíèå
ÓÂ, èññëåäîâàíèþ ñïåöèàëüíûõ ðåæèìîâ è èõ îñîáåííî-
ñòåé ïîñâÿùåíî ìàëîå êîëè÷åñòâî ïóáëèêàöèé. È åñëè
ñïåöèôèêà ðåæèìà 1 èññëåäîâàíà áîëåå îáñòîÿòåëüíî, òî
ñïåöèôèêà ðåæèìîâ 2 è 3 èçó÷åíà êðàéíå ñëàáî.

Ud =

const=

Id const=

Pd =

const=

Ud Id Pd
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Ïîýòîìó îñíîâíîå âíèìàíèå óäåëåíî èññëåäîâàíèþ ñïå-
öèôèêè èìåííî ðåæèìîâ 2 è 3, êîòîðûå â ïîñëåäíèå ãî-
äû â ñâÿçè ñî çíà÷èòåëüíûì ðàçâèòèåì ýëåêòðîòåõíîëî-
ãèé íàõîäÿò âñå áîëüøåå ïðèìåíåíèå.

Óñëîâèÿìè ñóùåñòâîâàíèÿ ñïåöèàëüíûõ ðåæèìîâ ÓÂ
ÿâëÿþòñÿ îïðåäåëåííûå çàêîíû óïðàâëåíèÿ - çàêîíû

èçìåíåíèÿ óãëîâ âêëþ÷åíèÿ  óïðàâëÿåìûõ âåíòèëåé -

òèðèñòîðîâ. Ýòè çàêîíû ôîðìèðóþòñÿ ñ ïîìîùüþ ýëåê-
òðîííûõ ñèñòåì óïðàâëåíèÿ è ðåàëèçóþòñÿ, êàê ïðà-
âèëî, â ÑÝÏ íà îñíîâå çàìêíóòûõ ÑÀÐ çà ñ÷åò ñîîò-
âåòñòâóþùèõ ÎÎÑ [3-8].

Ñïåöèàëüíûå ðåæèìû ÓÂ è èõ îñîáåííîñòè öåëåñî-
îáðàçíî èññëåäîâàòü ñ åäèíûõ ïîçèöèé. Äëÿ ýòîãî èñ-
ïîëüçóåì ýíåðãåòè÷åñêèé ïîäõîä, òî åñòü áóäåì èçó÷àòü
ýíåðãåòè÷åñêèå ïðîöåññû (ýíåðãåòèêó) ÓÂ ïóòåì àíàëèçà
ïîëíîé ìîùíîñòè è åå ñîñòàâëÿþùèõ êàê îñíîâíûõ
èíòåãðàëüíûõ õàðàêòåðèñòèê íà âõîäå ÓÂ [1, 2]. Ïðè
ýòîì â êà÷åñòâå áàçîâîé ñõåìû ÓÂ âûáèðàåì ìîñòîâóþ
ñèììåòðè÷íóþ òðåõôàçíóþ ñõåìó (ÓÌÂ), òàê êàê îíà
ÿâëÿåòñÿ îïòèìàëüíîé ñ òî÷êè çðåíèÿ èñïîëüçîâàíèÿ
ñèëîâîãî ñîãëàñóþùåãî òðàíñôîðìàòîðà è òèðèñòîðîâ [1,
2]. Â êîìïëåêò êîìïåíñèðîâàííîãî ÓÌÂ, ñõåìà êîòîðî-
ãî øèðîêî èçâåñòíà è ïîýòîìó çäåñü íå ïðèâîäèòñÿ,
îáû÷íî âõîäÿò áàòàðåè êîìïåíñèðóþùèõ (êîñèíóñíûõ)
êîíäåíñàòîðîâ íà ñòîðîíå ïåðåìåííîãî òîêà è ïðîñòåé-
øèé ñãëàæèâàþùèé ôèëüòð, ñîñòîÿùèé èç îäèíî÷íîãî
ðåàêòîðà, - íà ñòîðîíå ïîñòîÿííîãî òîêà.

Ñ÷èòàÿ ñòàáèëèçàöèþ âûõîäíûõ ïàðàìåòðîâ èäåàëü-
íîé, ïðè îáùåïðèíÿòûõ äîïóùåíèÿõ îá èäåàëüíîñòè ïè-
òàþùåé ñåòè è ýëåìåíòîâ ÓÌÂ [5-7] èñïîëüçóåì ðàñ÷åò-

íûå ôîðìóëû äëÿ ïîëíîé ìîùíîñòè  è åå îðòîãîíàëü-

íûõ ñîñòàâëÿþùèõ ,  è  ñîãëàñíî èõ òðàäèöèîí-

íîìó îïðåäåëåíèþ [1, 2]:

, (1)

, (2)

, (3)

ãäå ,  è  - ñîîòâåòñòâåííî àêòèâíàÿ, ðåàêòèâíàÿ è

èñêàæàþùàÿ ìîùíîñòè íà âõîäå ÓÌÂ; , ,  -

ñîîòâåòñòâåííî êîýôôèöèåíòû ìîùíîñòè, èñêàæåíèÿ è
ñäâèãà êðèâîé ïîòðåáëÿåìîãî òîêà îòíîñèòåëüíî íàïðÿ-
æåíèÿ ñåòè, èìåþùåãî ñèíóñîèäàëüíóþ ôîðìó.

Èñõîäíûå ñîîòíîøåíèÿ (2) è (3) ïîñëå ìàòåìàòè÷å-
ñêèõ ïðåîáðàçîâàíèé óäîáíî ïðåäñòàâèòü â ñëåäóþùåì
âèäå:

, (4)

, (5)

ãäå  - ïîëåçíàÿ ìîùíîñòü íà ñòîðîíå âûïðÿìëåííîãî

òîêà (  ïðè ïðèíÿòûõ äîïóùåíèÿõ).

Ñîîòíîøåíèÿ (1) - (5) äëÿ ðàñ÷åòà îðòîãîíàëüíûõ ñî-

ñòàâëÿþùèõ ,  è  ÿâëÿþòñÿ îáùèìè è îòíîñÿòñÿ ê

ëþáûì ïðîèçâîëüíûì ðåæèìàì ÓÂ è ÓÌÂ êàê â
çàìêíóòûõ, òàê è â ðàçîìêíóòûõ ñèñòåìàõ ðåãóëèðîâà-
íèÿ. Îäíàêî ýòè ñîîòíîøåíèÿ íå îòðàæàþò îñîáåííîñòåé
ñïåöèàëüíûõ ðåæèìîâ ðàáîòû ÓÂ êàê çàìêíóòûõ ÑÀÐ ñ
OOC, ïîñêîëüêó ïîäëåæàùèå îïðåäåëåíèþ îðòîãîíàëü-

íûå ñîñòàâëÿþùèå ,  è  ÿâëÿþòñÿ ôóíêöèÿìè

íåñêîëüêèõ ïåðåìåííûõ âåëè÷èí, íå ñâÿçàííûõ óñëî-
âèÿìè ñòàáèëèçàöèè âûõîäíûõ ïàðàìåòðîâ â èññëåäó-
åìûõ ðåæèìàõ. Ýòî çíà÷èòåëüíî çàòðóäíÿåò ñðàâíèòåëü-
íûé àíàëèç ñïåöèàëüíûõ ðåæèìîâ ñ òî÷êè çðåíèÿ ýíåð-
ãåòè÷åñêèõ ïðîöåññîâ è íåîáõîäèìûõ óñòàíàâëèâàåìûõ
ìîùíîñòåé êîìïëåêòóþùèõ ðåàêòèâíûõ ýëåìåíòîâ, âõî-
äÿùèõ â ñîñòàâ ñèëîâîé ÷àñòè ñõåìû ÓÂ.

ÎÁÎÁÙÅÍÍÛÉ ÌÅÒÎÄ ÀÍÀËÈÇÀ 
ÑÏÅÖÈÀËÜÍÛÕ ÐÅÆÈÌÎÂ ÐÀÁÎÒÛ 
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Óêàçàííûå îáñòîÿòåëüñòâà ïîñëóæèëè ïðåäïîñûëêîé
äëÿ ðàçðàáîòêè ìåòîäà ïàðàìåòðèçàöèè îðòîãîíàëüíûõ
ñîñòàâëÿþùèõ (ÌÏÎÑ) ïîëíîé ìîùíîñòè êàê îáîáùåí-
íîãî èíæåíåðíîãî ìåòîäà àíàëèçà ýíåðãåòèêè ñïåöèàëü-
íûõ ðåæèìîâ ÓÂ ñ ó÷åòîì èõ îñîáåííîñòåé.

Îñíîâîé ìåòîäà ÿâëÿþòñÿ:
1) ââåäåíèå è èñïîëüçîâàíèå îäíîãî èëè íåñêîëüêèõ

õàðàêòåðíûõ ïàðàìåòðîâ, îòðàæàþùèõ îñîáåííîñòè ñïå-
öèàëüíûõ ðåæèìîâ ÓÂ è óñëîâèÿ èõ ðåàëèçàöèè;

2) ïðåîáðàçîâàíèå èñõîäíûõ ñîîòíîøåíèé (1) - (5)
äëÿ îïðåäåëåíèÿ îðòîãîíàëüíûõ ñîñòàâëÿþùèõ ïîëíîé
ìîùíîñòè íà îñíîâå ââåäåííîãî ïàðàìåòðà (ïàðàìåòðîâ);
â ðåçóëüòàòå ýòèõ ìàòåìàòè÷åñêèõ ïðåîáðàçîâàíèé (ïàðà-
ìåòðèçàöèè) óêàçàííûå óðàâíåíèÿ óïðîùàþòñÿ è ïðèîá-
ðåòàþò âèä àíàëèòè÷åñêèõ ôóíêöèé îò ââåäåííûõ ïàðà-
ìåòðîâ.

Ðàññìîòðèì ïðèìåíåíèå ÌÏÎÑ íà ïðèìåðàõ ðàñ÷åòà
äâóõ ñïåöèàëüíûõ ðåæèìîâ ðàáîòû ÓÌÂ êàê áàçîâîé
ñõåìû ÓÂ: ðåæèìà ñòàáèëèçàöèè âûïðÿìëåííîãî òîêà

( ) è ðåæèìà ñòàáèëèçàöèè âûõîäíîé ìîùíî-

ñòè ( ).

Äëÿ èññëåäîâàíèÿ â îáùåì âèäå ñïåöèàëüíûõ ðåæè-
ìîâ ðàáîòû ÓÂ ïðè íàãðóçêå àêòèâíîãî è àêòèâíî-
èíäóêòèâíîãî õàðàêòåðà öåëåñîîáðàçíî è óäîáíî ââåñòè

ïàðàìåòð , õàðàêòåðèçóþùèé ñîñòîÿíèå ïåðåìåííîé àê-

òèâíîé íàãðóçêè  è åå äèíàìè÷åñêèå ñâîéñòâà:

, (6)

ãäå  è  - ñîîòâåòñòâåííî ìàêñèìàëüíîå è

ìèíèìàëüíîå âîçìîæíûå çíà÷åíèÿ ñîïðîòèâëåíèÿ íà-

α

S

P Q T

P S χ⋅ S ν ϕcos⋅ ⋅= =

Q S ν ϕsin⋅ ⋅=

T S2 P2– Q2–=

P Q T

χ ν ϕcos

Q S ν2 χ2– Pd tgϕ⋅= =

T S 1 ν2– Pd
1 ν2–
χ

-------------------⋅= =

Pd

Pd P=

P Q T

P Q T

Id const=

Pd const=

λ

Rd

λ
Rd max

Rd min
------------------=

Rd max Rd min
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ãðóçêè , ïðè÷åì

, .

Â îáùåì ñëó÷àå, êîãäà óãîë êîììóòàöèè (óãîë ïåðå-

êðûòèÿ) òèðèñòîðîâ , ïðè÷åì , ñâÿçü ìå-

æäó óãëàìè ,  è  óñòàíàâëèâàåòñÿ èç óñëîâèé

ñòàáèëèçàöèè âûõîäíûõ ïàðàìåòðîâ è èçâåñòíîãî
ñîîòíîøåíèÿ äëÿ ÓÂÌ [1, 2]:

, (7)

ãäå  - óãîë ñäâèãà ïåðâîé ãàðìîíèêè ïîòðåáëÿåìîãî èç

ñåòè òîêà îòíîñèòåëüíî íàïðÿæåíèÿ ñåòè,  - óãîë

âêëþ÷åíèÿ òèðèñòîðîâ, íàçûâàåìûé èíà÷å óãëîì ðåãó-
ëèðîâàíèÿ ÓÂ, ïðè÷åì

.

Â ïðîñòåéøåì ñëó÷àå, êîãäà óãîë êîììóòàöèè òèðè-

ñòîðîâ âåñüìà ìàë ( ), òî ïîëó÷àåì ñëåäóþùèå ñîîò-

íîøåíèÿ:
à) äëÿ ðåæèìà èñòî÷íèêà òîêà 

; (8)

á) äëÿ ðåæèìà èñòî÷íèêà ìîùíîñòè

; (9)

Âûáðàâ â êà÷åñòâå áàçîâîé âåëè÷èíû ìàêñèìàëüíî

âîçìîæíîå çíà÷åíèå ìîùíîñòè  â öåïè íàãðóçêè,

êîòîðîå âñåãäà èçâåñòíî è ñîîòâåòñòâóåò ìèíèìàëüíî âîç-

ìîæíîìó çíà÷åíèþ óãëà ðåãóëèðîâàíèÿ , äàëåå

íàõîäèì îòíîñèòåëüíûå çíà÷åíèÿ îðòîãîíàëüíûõ ñîñòàâ-
ëÿþùèõ ïîëíîé ìîùíîñòè èç âûðàæåíèé (4) è (5),
ïðîíîðìèðîâàâ èõ ïî áàçîâîé âåëè÷èíå ñ ó÷åòîì ñîîòíî-
øåíèé (6) - (7):

, (10)

, (11)

ãäå âåëè÷èíà êîýôôèöèåíòà èñêàæåíèÿ  êðèâîé ïî-

òðåáëÿåìîãî ÓÌÂ èç ñåòè òîêà íàõîäèòñÿ ïî èçâåñòíûì
ôîðìóëàì [1, 2].

Ïîëàãàÿ  è , èç ñîîòíîøåíèé

(8) - (11) íàõîäèì îòíîñèòåëüíûå çíà÷åíèÿ  è

 äëÿ èçó÷àåìûõ ñïåöèàëüíûõ ðåæèìîâ:

à) äëÿ ðåæèìà èñòî÷íèêà òîêà 

; (12)

; (13)

á) äëÿ ðåæèìà èñòî÷íèêà ìîùíîñòè

; (14)

; (15)

ãäå  è .

Â èäåàëèçèðîâàííîì ÷àñòíîì ñëó÷àå ïðè ,

ñîîòâåòñòâóþùåì ìãíîâåííîé êîììóòàöèè òèðèñòîðîâ

ÓÌÂ, ðàñ÷åòíûå êîýôôèöèåíòû  è  ïðèíèìàþò

ãðàíè÷íûå çíà÷åíèÿ: , . Ïîýòîìó è

ðàñ÷åò-íûå ôîðìóëû (12) - (15) êàê ôóíêöèè ïàðàìåòðà

 ïðè-íèìàþò ñîîòâåòñòâåííî áîëåå ïðîñòîé âèä è

ÿâëÿþòñÿ ÷àñòíûì ñëó÷àåì, èçëîæåííûì â ðàáîòå [8]:
à) äëÿ ðåæèìà èñòî÷íèêà òîêà

; (16)

; (17)

á) äëÿ ðåæèìà èñòî÷íèêà ìîùíîñòè

; (18)

. (19)

Àíàëèòè÷åñêèå ôóíêöèè (12) - (19) ïðåäñòàâëÿþò ñî-
áîé ïàðàìåòðèçîâàííûå óðàâíåíèÿ äëÿ ðàñ÷åòà îòíîñè-

òåëüíûõ çíà÷åíèé ìîùíîñòåé  è , íàéäåííûå

íà îñíîâå ìåòîäà ÌÏÎÑ. Îíè ïîçâîëÿþò áîëåå òî÷íî
ðàññ÷èòàòü íåîáõîäèìûå îòíîñèòåëüíûå óñòàíîâëåííûå
ìîùíîñòè áàòàðåé êîìïåíñèðóþùèõ êîíäåíñàòîðîâ è
ñåòåâûõ ôèëüòðîâ âûñøèõ ãàðìîíèê íà âõîäå ÓÌÂ. Â
îáùåì ñëó÷àå äëÿ ýòîãî â óðàâíåíèÿ (12) - (15) íóæíî
ïîäñòàâèòü ìàêñèìàëüíîå äîñòèãàåìîå çíà÷åíèå óãëà

êîììóòàöèè ( ) äëÿ ðàññìîòðåííûõ ñïåöèàëüíûõ

ðåæèìîâ.

Rd

0 Rd min Rd Rd max ∞<≤ ≤< λ 1≥

γ 0≠ 0 γ γmax≤<

ϕ α γ

ϕ α 0 5γ,+=

ϕ

α

0 α αmax≤ ≤

γ 0≈

λ 1
αmaxcos

---------------------=

λ 1

α2 maxcos
------------------------=

Pd max

αmin 0=

Q α γ,( ) Q α γ,( )
Pd max
------------------- tg α 0 5γ,+( )= =

T α γ,( )
T α γ,( )
Pd max
------------------

1
ν2 γ( )
------------- 1–

α 0 5γ,+( )cos
------------------------------------= =

ν

α αmax= γ const 0>=

Q α γ,( )

T α γ,( )

Q λ( )
C1 λ2 1–+

1 C1 λ2 1–⋅–
----------------------------------------=

T λ( )

1
ν2
----- 1–

C2
1
λ
--- C1 1 1

ν2
-----–– 

 ⋅
-----------------------------------------------------=

Q λ( )
C1 λ 1–+

1 C1 λ 1–⋅–
-------------------------------------=

T λ( )

1
ν2
----- 1–

C2 λ C1 1 1
ν
---–– 

 ⋅
------------------------------------------------------=

C1 tg0 5γ, const 0>= = C2 0 5γ,cos const 0>= =

γ 0=

C1 C2

C1 0= C2 1=

λ

Q λ( ) λ2 1–=

T λ( ) λ 1
ν2
----- 1–⋅=

Q λ( ) λ 1–=

T λ( ) λ 1
ν2
----- 1– 
 =

Q λ( ) T λ( )

γ γmax=
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Íà îñíîâå ýíåðãåòè÷åñêîãî ïîäõîäà è ïðåäëîæåííîãî
ìåòîäà ÌÏÎÑ ìîæíî ïîëó÷èòü àíàëîãè÷íûå ðàñ÷åòíûå
ñîîòíîøåíèÿ è äëÿ äðóãèõ ðàçíûõ ñõåì ÓÂ, ðàáîòàþùèõ
â ñïåöèàëüíûõ ðåæèìàõ [1, 2].

ÇÀÊËÞ×ÅÍÈÅ 

Ïîëó÷åííûå íà îñíîâå ìåòîäà ÌÏÎÑ ðàñ÷åòíûå ôîð-
ìóëû è ôóíêöèîíàëüíûå çàâèñèìîñòè îò îáîáùåííûõ
ðåæèìíûõ ïàðàìåòðîâ ïîçâîëÿþò ãëóáæå èññëåäîâàòü
ðàáîòó ÓÂ, â ÷àñòíîñòè ÓÌÂ, â ñïåöèàëüíûõ ðåæèìàõ è
áîëåå òî÷íî ðàññ÷èòûâàòü íåîáõîäèìûå óñòàíàâëèâàåìûå
ìîùíîñòè ñèëîâûõ ðåàêòèâíûõ ýëåìåíòîâ, âõîäÿùèõ â
êîìïëåêò ÓÂ. Äîñòîèíñòâîì ìåòîäà ÌÏÎÑ è ðàçðàáî-
òàííîé íà åãî îñíîâå ìåòîäèêè ðàñ÷åòà ÿâëÿþòñÿ: ïðî-
ñòîòà, äîñòóïíîñòü, íàãëÿäíîñòü è óäîáñòâî ïðè èñïîëü-
çîâàíèè â èíæåíåðíîé ïðàêòèêå.

Êðîìå òîãî, ýòîò ìåòîä ÿâëÿåòñÿ óíèâåðñàëüíûì, òàê
êàê îí ïðèìåíèì äëÿ àíàëèçà è ðàñ÷åòà ñïåöèàëüíûõ
ðåæèìîâ íå òîëüêî ÓÂ, íî è øèðîêîãî êëàññà ðàçëè÷íûõ
âåíòèëüíûõ ïðåîáðàçîâàòåëüíûõ óñòðîéñòâ (ÂÏ) ñè-
ëîâîé ïîëóïðîâîäíèêîâîé ýëåêòðîíèêè: èíâåðòîðîâ,
ïðåîáðàçîâàòåëåé ÷àñòîòû, êîìïåíñàöèîííîïàðàìåòðè÷å-
ñêèõ ñòàáèëèçàòîðîâ òîêà, ðåãóëÿòîðîâ è ñòàáèëèçàòîðîâ
íàïðÿæåíèÿ, ñèììåòðèðóþùèõ óñòðîéñòâ, èñòî÷íèêîâ
ðåàêòèâíîé ìîùíîñòè, ìîùíûõ ãåíåðàòîðîâ èìïóëüñîâ è
äð.

Ïðåäëîæåííûé ìåòîä ÿâëÿåòñÿ ðàçâèòèåì è îáîáùå-
íèåì ìåòîäîâ ðàñ÷åòà ýíåðãåòè÷åñêèõ ðåæèìîâ øèðîêîãî

êëàññà ñõåì ÓÂ, èçëîæåííûõ â ðàáîòàõ Î.À.Ìàåâñêîãî,
À.Â.Ïîññå, Ð.Ñ.Ãëèíòåðíèêà, Ñ.Â.Ñâå÷íèêîâà, È.Ì.×è-
æåíêî è äðóãèõ ó÷åíûõ â îáëàñòè ïðåîáðàçîâàòåëüíîé
òåõíèêè è òåîðèè íåëèíåéíûõ ýëåêòðè÷åñêèõ öåïåé è
ñèñòåì.
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ÝÍÅÐÃÎÑÁÅÐÅÃÀÞÙÅÅ ÓÏÐÀÂËÅÍÈÅ ÄÂÈÃÀÒÅËÅÌ ÏÎÑÒÎßÍÍÎÃÎ 
ÒÎÊÀ

Ñ. Ã. Äååâ, Â. È. Ëåâûêèíà

Â ðàáîòå ðàññìîòðåíû âîïðîñû ýíåðãîñáåðåãàþùåãî óïðàâ-
ëåíèÿ äâèãàòåëåì ïîñòîÿííîãî òîêà ïðè îäíîâðåìåííîì óïðàâ-
ëåíèè ïî öåïÿì ÿêîðÿ è âîçáóæäåíèÿ.

Â ðàáîò³ ðîçãëÿíóò³ ïèòàííÿ åíåðãîñáåð³ãàþ÷îãî êåðóâàí-
íÿ äâèãóíîì ïîñò³éíîãî ñòðóìó ïðè îäíî÷àñíîìó êåðóâàíí³ ïî
êîëàõ ÿêîðÿ òà çáóäæåííÿ.

In this article the questions of energy safe control of a direct
current driver are considered by simultaneous control in arma-
ture and excitation circuits.

ÂÂÅÄÅÍÈÅ

Ïðèâîäû ñ äâèãàòåëÿìè ïîñòîÿííîãî òîêà (ÄÏÒ) ñî-
ñòàâëÿþò ñåé÷àñ çíà÷èòåëüíóþ ÷àñòü íàõîäÿùèõñÿ â
ýêñïëóàòàöèè ðåãóëèðóåìûõ ïðèâîäîâ. Ïîäâîä ýíåðãèè â

íèõ îñóùåñòâëÿåòñÿ ïî äâóì êàíàëàì: ÷åðåç îáìîòêó
âîçáóæäåíèÿ è îáìîòêó ÿêîðÿ. Êàê ïðàâèëî, ÷åðåç îá-
ìîòêó âîçáóæäåíèÿ ïîäâîäèòñÿ íå áîëåå 5-10% ýíåðãèè,
íî ñóùåñòâóþò è ÄÏÒ, â êîòîðûõ ýòà ÷àñòü äîñòèãàåò
50%. Îáû÷íî â òàêèõ äâèãàòåëÿõ îáìîòêà âîçáóæäåíèÿ
âêëþ÷àåòñÿ ïîñëåäîâàòåëüíî ñ îáìîòêîé ÿêîðÿ. Èõ
õàðàêòåðíîé îñîáåííîñòüþ ÿâëÿåòñÿ âûñîêèé ìàêñèìàëü-
íûé ìîìåíò [1]. Â òî æå âðåìÿ òàêàÿ ñõåìà âêëþ÷åíèÿ
çíà÷èòåëüíî óñëîæíÿåò ñèñòåìó ðåãóëèðîâàíèÿ, ÷òî
îãðàíè÷èâàåò îáëàñòü èõ ïðèìåíåíèÿ. Öåëüþ äàííîé
ñòàòüè ÿâëÿåòñÿ ðàçðàáîòêà àëãîðèòìà óïðàâëåíèÿ, â
ïîëíîé ìåðå èñïîëüçóþùåãî âîçìîæíîñòè äâèãàòåëåé
òàêîãî òèïà.
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ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Óðàâíåíèÿ ñîñòîÿíèÿ ÄÏÒ èìåþò ñëåäóþùèé âèä:

, (1)

, (2)

ãäå  - ìîìåíò äâèãàòåëÿ;  - ìàãíèòíûé ïîòîê;  -

óãëîâàÿ ñêîðîñòü äâèãàòåëÿ;  - òîê ÿêîðÿ;  - íà-

ïðÿæåíèå íà ÿêîðíîé öåïè;  - ñîïðîòèâëåíèå ÿêîð-

íîé öåïè; ,  - êîíñòðóêòèâíûå êîýôôèöèåíòû äâè-

ãàòåëÿ.

Çàâèñèìîñòü ïîòîêà  îò òîêà â îáìîòêå âîçáóæäåíèÿ

 íîñèò íåëèíåéíûé õàðàêòåð, à èìåííî:

, (3)

ãäå  - ïåðåìåííûé êîýôôèöèåíò, çàâèñÿùèé îò âèäà

êðèâîé íàìàãíè÷èâàíèÿ (ðèñ.1).

Ðèñóíîê 1 - Êðèâàÿ íàìàãíè÷èâàíèÿ äâèãàòåëÿ Ä808

Ïîòðåáëÿåìàÿ äâèãàòåëåì ìîùíîñòü  îïðåäåëÿåòñÿ

ïî çàâèñèìîñòè:

, (4)

ãäå  - íàïðÿæåíèå íà îáìîòêå âîçáóæäåíèÿ, ïðè÷¸ì

 çàâèñèò îò .

Ìåõàíè÷åñêàÿ ìîùíîñòü  è êîýôôèöèåíò ïîëåçíîãî

äåéñòâèÿ  ïðè ýòîì ðàâíû

, (5)

%. (6)

Ïðè òðàäèöèîííîì äâóõçîííîì óïðàâëåíèè â ïåðâîé

çîíå ôèêñèðóåòñÿ , à óïðàâëåíèå îñóùåñòâëÿåòñÿ

çà ñ÷¸ò èçìåíåíèÿ íàïðÿæåíèÿ íà ÿêîðå . Âî âòîðîé

çîíå ôèêñèðóåòñÿ , à óïðàâëåíèå îñóùåñòâëÿåòñÿ èç-

ìåíåíèåì , à ñëåäîâàòåëüíî, ïîòîêîì , ïðè÷¸ì,

êàê ïðàâèëî, â îãðàíè÷åííûõ ïðåäåëàõ.
Àâòîðàìè ðàáîòû ïðîâåäåíû òåîðåòè÷åñêèå èññëåäîâà-

íèÿ òèõîõîäíîãî äâèãàòåëÿ Ä808 (íîìèíàëüíîå íàïðÿ-

æåíèå 220 Â, =0,034Îì, =0,031Îì, =0,02Îì)

ñ ïîñëåäîâàòåëüíûì âîçáóæäåíèåì ïðè ðàçäåëüíîì ïèòà-
íèè îáìîòîê ÿêîðÿ è âîçáóæäåíèÿ ñ ó÷åòîì îáìîòêè
äîïîëíèòåëüíûõ ïîëþñîâ. Îíè ïîêàçàëè, ÷òî ïðè
ïîñòîÿííûõ çíà÷åíèÿõ ñêîðîñòè è íàãðóçêè äâèãàòåëÿ

( ñ-1, ) îïòèìàëüíîå ñîîòíîøåíèå òî-

êîâ ÿêîðÿ è âîçáóæäåíèÿ, îáåñïå÷èâàþùåå ìèíèìóì
ðàñõîäà ýíåðãèè (ðèñ.2), íå ñîîòâåòñòâóåò òèïîâîé ñõåìå

âêëþ÷åíèÿ ( ).

Ðèñóíîê 2 - Çàâèñèìîñòü ïîòðåáëÿåìîé ìîùíîñòè 
äâèãàòåëÿ Ä808 îò òîêà â îáìîòêå âîçáóæäåíèÿ 

( ñ-1, )

Î÷åâèäíî, ÷òî âåëè÷èíà ïîòåðü çàâèñèò â òîì ÷èñëå îò
ñòåïåíè íàñûùåíèÿ ìàãíèòíîé ñèñòåìû. Ïðè ýòîì íåîá-
õîäèìî ó÷åñòü, ÷òî ìàãíèòíàÿ ñèñòåìà, êàê ïðàâèëî, ïðè
ðàáîòå äâèãàòåëÿ â íîìèíàëüíîì ðåæèìå, íàõîäèòñÿ â
çîíå, áëèçêîé ê íàñûùåíèþ. Ïðè ðàáîòå ñ áîëüøèìè ìî-
ìåíòàìè (äëÿ äâèãàòåëÿ Ä808 îòíîøåíèå ìàêñèìàëüíîãî
ìîìåíòà ê íîìèíàëüíîìó ðàâíî 5), ÷òî õàðàêòåðíî äëÿ
íåêîòîðûõ òèïîâ ïðèâîäîâ, ñòåïåíü íàñûùåíèÿ ïðè
âêëþ÷åíèè ïî òèïîâîé ñõåìå çíà÷èòåëüíî óâåëè÷èâàåòñÿ,
÷òî åù¸ áîëåå óõóäøàåò ýíåðãåòè÷åñêèå ïîêàçàòåëè ïðè-
âîäà.

Âîïðîñû îïòèìàëüíîãî ñîîòíîøåíèÿ òîêîâ ÿêîðÿ è
âîçáóæäåíèÿ ðàññìîòðåíû â [2].

M êì Φ iÿ⋅ ⋅=

ω
U Rÿö iÿ⋅–

êe Φ⋅
------------------------------=

M Φ ω

iÿ U

Rÿö

êe êì

Φ

iâ

Φ êâ iâ⋅=

êâ

0,0

1,0

2,0

3,0

4,0

5,0

0,0 5,0 10,0

Ф

F0

P

P Uâ iâ U iÿ⋅+⋅=

Uâ

iâ Uâ

P2

η

P2 M ω⋅=

η
P2

P
------ 100⋅=

Uâ iâ( )

U

U

Uâ iâ( ) Φ

Rÿö Râ Räï

ω 55= M 70= êã ì⋅

iÿ iâ=

150

170

190

210

230

250

270

40 45 50 55

Потребляемая мощность,
кВт

То
к 

, А
Iя Iв

ω 55= M 70= êã ì⋅



141

Ñ. Ã. Äååâ, Â. È. Ëåâûêèíà:  ÝÍÅÐÃÎÑÁÅÐÅÃÀÞÙÅÅ ÓÏÐÀÂËÅÍÈÅ ÄÂÈÃÀÒÅËÅÌ ÏÎÑÒÎßÍÍÎÃÎ ÒÎÊÀ

ÐÀÇÐÀÁÎÒÊÀ ÑÈÑÒÅÌÛ ÓÏÐÀÂËÅÍÈß

Ó÷èòûâàÿ èçëîæåííîå âûøå, èìååòñÿ íåîáõîäèìîñòü
ðàçðàáîòêè ñèñòåìû óïðàâëåíèÿ, îáåñïå÷èâàþùåé ìèíè-
ìóì ïîòåðü ýíåðãèè â ðàáî÷èõ ðåæèìàõ.

Äëÿ îáåñïå÷åíèÿ êà÷åñòâåííîé ðàáîòû ñèñòåìû íåîá-
õîäèìî ó÷èòûâàòü âëèÿíèå íåîïðåäåë¸ííîñòåé â ïàðà-
ìåòðàõ îáúåêòà, âîçíèêàþùèõ â ïðîöåññå íîðìàëüíîé
ýêñïëóàòàöèè (íàïðèìåð, ïîãðåøíîñòè îïðåäåëåíèÿ ìî-
ìåíòà èíåðöèè ÿêîðÿ, âåëè÷èíû ìàãíèòíîãî ïîòîêà,
èçìåíåíèå ñîïðîòèâëåíèÿ îáìîòîê ïðè èçìåíåíèè òåì-
ïåðàòóðû è äð.), ïîýòîìó ñèñòåìà óïðàâëåíèÿ äîëæíà
îáëàäàòü ðîáàñòíûìè ñâîéñòâàìè. Îïòèìèçàöèþ ýíåðãî-
ïîòðåáëåíèÿ ìîæíî ïðîâîäèòü ïóò¸ì ôîðìèðîâàíèÿ ôà-
çîâîé òðàåêòîðèè è ðåàëèçóþùåãî å¸ óïðàâëåíèÿ, ïðè
ïåðåìåùåíèè ïî êîòîðîé ìåæäó äâóìÿ òî÷êàìè ìèíè-
ìèçèðóåòñÿ ïîòðåáëÿåìàÿ ýíåðãèÿ. Äðóãèì ïóò¸ì îïòè-
ìèçàöèè ÿâëÿåòñÿ ìèíèìèçàöèÿ ïîòðåáëÿåìîé ìîùíîñòè
â êàæäîé òî÷êå çàäàííîé ôàçîâîé òðàåêòîðèè. Òàêîå
ñóáîïòèìàëüíîå óïðàâëåíèå íàçûâàåòñÿ ýêñòðåìàëüíûì.
Îíî ìîæåò áûòü ðåàëèçîâàíî â íåîïðåäåë¸ííûõ ñèñ-
òåìàõ, îáëàäàþùèõ ðîáàñòíîñòüþ.

Çàêîí îïòèìèçàöèè ýíåðãåòè÷åñêèõ ïîêàçàòåëåé äâè-
ãàòåëÿ ïðèâîäà áóäåò èìåòü âèä

. (7)

Î÷åâèäíî, ÷òî ýôôåêò îò îïòèìèçàöèè ñîîòíîøåíèÿ òî-
êîâ áóäåò òåì âûøå, ÷åì áîëüøå ýíåðãèè ïîäâîäèòñÿ
÷åðåç îáìîòêó âîçáóæäåíèÿ, ïîýòîìó íèæå áóäåò ðàñ-
ñìîòðåí àëãîðèòì ýíåðãîñáåðåãàþùåãî îïòèìàëüíîãî
óïðàâëåíèÿ ÄÏÒ ïîñëåäîâàòåëüíîãî âîçáóæäåíèÿ ñ íåçà-
âèñèìûì óïðàâëåíèåì ïî îáìîòêàì ÿêîðÿ è âîçáóæ-
äåíèÿ.

Âîçäåéñòâèå íà ñîîòíîøåíèå òîêîâ âîçìîæíî òîëüêî

èçìåíåíèåì  (è ñîîòâåòñòâåííî ), ïðè ýòîì òîê

ÿêîðÿ èç (1) ñ ó÷¸òîì (3) áóäåò ðàâåí:

. (8)

Ïðè ýòîì èçìåíÿåòñÿ ìàãíèòíûé ïîòîê  (3). Òàê êàê

ïðè èçìåíåíèè ïîòîêà (3) èç (2) âèäíî, ÷òî áóäåò

ìåíÿòüñÿ è ñêîðîñòü äâèãàòåëÿ , òðåáóåòñÿ ñêîì-

ïåíñèðîâàòü èçìåíåíèå ñêîðîñòè çà ñ÷åò èçìåíåíèÿ

íàïðÿæåíèÿ íà ÿêîðå , èñõîäÿ èç òðåáîâàíèÿ

, (9)

ãäå  - çàäàííàÿ ñêîðîñòü âðàùåíèÿ äâèãàòåëÿ. Íàïðÿ-

æåíèå íà ÿêîðå èç (2) ïðè (9)

. (10)

Òî÷íûé àíàëèòè÷åñêèé ðàñ÷¸ò ïî çàâèñèìîñòè (7) ïðè
øèðîêîì èçìåíåíèè ðàáî÷èõ ñêîðîñòåé è ìîìåíòîâ çà-
òðóäíèòåëåí, òàê êàê ñõåìà ÄÏÒ, èñïîëüçóåìàÿ, êàê
ïðàâèëî, äëÿ ñèíòåçà ñèñòåì ðåãóëèðîâàíèÿ, ó÷èòûâàåò
íå âñå ïðîöåññû, ïðîèñõîäÿùèå â äâèãàòåëå â ðàáî÷èõ
ðåæèìàõ, íàïðèìåð, èñêàæåíèå ôîðìû êðèâîé íàïðÿæå-
íèÿ â ÿêîðå, ÷òî â äàííîì ñëó÷àå ñóùåñòâåííî. Èñïîëü-
çîâàíèå áîëåå ñëîæíûõ ìîäåëåé ïðèâåä¸ò ê çíà÷èòåëüíî-
ìó óñëîæíåíèþ ñèñòåì ðåãóëèðîâàíèÿ, ÷òî íåæåëàòåëü-
íî, ïîýòîìó â îáùåì ñëó÷àå íåîáõîäèìî èñïîëüçîâàíèå â

(7) ðåàëüíûõ çíà÷åíèé , ,  è .

Ñòðóêòóðíàÿ ñõåìà ñèñòåìû, ðåàëèçóþùåé îïèñàííûå
âûøå çàêîíû ðåãóëèðîâàíèÿ, ïðèâåäåíà íà ðèñ.3. Îíà
âêëþ÷àåò ýêñòðåìàëüíûé ðåãóëÿòîð (ÝÐ) òîêà âîçáóæäå-

íèÿ , êîòîðûé, èñïîëüçóÿ èçìåðåííûå çíà÷åíèÿ ,

,  è , âûðàáàòûâàåò ñèãíàë, ñîîòâåòñòâóþùèé îï-

òèìàëüíîìó çíà÷åíèþ òîêà âîçáóæäåíèÿ  â ñîîòâåò-

ñòâèè ñ (7). Âû÷èñëåííîå çíà÷åíèå  ïîäà¸òñÿ íà âõîä

êîíòóðà òîêà âîçáóæäåíèÿ ñ ðåãóëÿòîðîì òîêà âîçáóæäå-
íèÿ (ÐÒÂ). Ñêîðîñòü âðàùåíèÿ äâèãàòåëÿ ïîääåðæè-

âàåòñÿ â ñîîòâåòñòâèè ñ çàäàííûì  ñèñòåìîé ðåãóëè-

ðîâàíèÿ ñêîðîñòè ñ ðåãóëÿòîðîì ñêîðîñòè (ÐÑ), ôîðìè-
ðóþùåé íàïðÿæåíèå íà ÿêîðå äâèãàòåëÿ â ñîîòâåòñòâèè ñ
(9) è (10). Ïðåäëîæåííàÿ ñòðóêòóðà ñèñòåìû óïðàâëå-
íèÿ ïîçâîëÿåò ðàññìàòðèâàòü ðåãóëÿòîðû êàê íåçàâè-
ñèìûå äðóã îò äðóãà, ÷òî çíà÷èòåëüíî óïðîùàåò ïðîöåññ
ñèíòåçà.

ÂÛÂÎÄÛ

1. Èñïîëüçîâàíèå ÄÏÒ ñ ïîñëåäîâàòåëüíûì âîçáóæäå-
íèåì ñ âêëþ÷åíèåì ïî ñõåìå ñ ðàçäåëüíûì ïèòàíèåì
îáìîòîê ÿêîðÿ è âîçáóæäåíèÿ ïîçâîëÿåò ïîâûñèòü
ýêîíîìè÷íîñòü åãî ðàáîòû.

2. Ýêîíîìè÷íîñòü ðàáîòû ÄÏÒ, âêëþ÷åííûõ ïî òàêîé
ñõåìå, çàâèñèò îò ñîîòíîøåíèÿ òîêîâ â îáìîòêàõ ÿêîðÿ è
âîçáóæäåíèÿ.

3. Ïðåäëîæåíû çàêîíû óïðàâëåíèÿ, îáåñïå÷èâàþùèå
âîçìîæíîñòü îïòèìèçàöèè ýíåðãåòè÷åñêèõ ïîêàçàòåëåé
ñèñòåì ñ ÄÏÒ.

4. Ïðåäëîæåíà îáùàÿ ñòðóêòóðà ñèñòåìû óïðàâëåíèÿ,
îáåñïå÷èâàþùàÿ ðåàëèçàöèþ ïðåäëîæåííûõ çàêîíîâ
óïðàâëåíèÿ.
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ÑÈÑÒÅÌÀ ÓÏÐÀÂËÅÍÈß ÊÀ×ÅÑÒÂÎÌ ÏÐÎÌÛØËÅÍÍÎÃÎ 
ÏÐÅÄÏÐÈßÒÈß

Þ. Í. Äîðîøåíêî, Â. È. Äóáðîâèí

Ðàññìîòðåíû ïðèíöèïû ïîñòðîåíèÿ ñèñòåìû óïðàâëåíèÿ
êà÷åñòâîì. Èññëåäîâàíû ôóíêöèîíàëüíûå îñîáåííîñòè ñèñòå-
ìû óïðàâëåíèÿ êà÷åñòâîì íà ïðèìåðå ìîäóëÿ Quality Manage-
ment èíòåãðèðîâàííîé ñèñòåìû óïðàâëåíèÿ ïðåäïðèÿòèåì.

Ðîçãëÿíóòî ïðèíöèïè ïîáóäîâè ñèñòåìè êåðóâàííÿ ÿê³ñòþ.
Äîñë³äæåí³ ôóíêö³îíàëüí³ îñîáëèâîñò³ ñèñòåìè êåðóâàííÿ ÿê³-
ñòþ íà ïðèêëàä³ ìîäóëÿ Quality Management èíòåãðîâàíî¿
ñèñòåìè êåðóâàííÿ ï³äïðèºìñòâîì.

Ñonstrction ðrinciples of quality control system are consid-
ered. The functional particular features of quality control system
are explored. The module of Quality Management of integrated
system of enterprise management is used as an example.

ÂÂÅÄÅÍÈÅ

Íà ñåãîäíÿøíèé äåíü ñðåäè ïîñòàâùèêîâ è ïðîèçâî-
äèòåëåé ïðîäóêöèè íà ìèðîâîì ðûíêå ñóùåñòâóåò æåñò-
êàÿ êîíêóðåíöèÿ. Îäíèì èç îñíîâíûõ óñëîâèé, îïðåäå-

ëÿþùèõ êîíêóðåíòîñïîñîáíîñòü ïðîäóêöèè, íàðÿäó ñ öå-
íîé ÿâëÿåòñÿ êà÷åñòâî. Ñîçäàíèå ýôôåêòèâíîãî èíñòðó-
ìåíòàðèÿ, ïîçâîëÿþùåãî ïðîèçâîäèòü íàëàäêó òåõíîëî-
ãè÷åñêèõ ïðîöåññîâ è ðåãóëèðîâàòü êà÷åñòâî âûïóñêà-
åìîé ïðîäóêöèè, ÿâëÿåòñÿ æèçíåííî íåîáõîäèìûì äëÿ
âûæèâàíèÿ è ðàçâèòèÿ ïðåäïðèÿòèé Óêðàèíû.

Ïðîèçâîäñòâî âûñîêîêà÷åñòâåííîé ïðîäóêöèè íåâîç-
ìîæíî áåç âíåäðåíèÿ ñîîòâåòñòâóþùèõ àâòîìàòèçèðîâàí-
íûõ ñèñòåì, êîòîðûå ïîçâîëÿëè áû ýôôåêòèâíî óïðàâ-
ëÿòü êà÷åñòâîì èçäåëèé [1].

1  ÔÓÍÊÖÈÈ ÑÈÑÒÅÌÛ ÓÏÐÀÂËÅÍÈß 
ÊÀ×ÅÑÒÂÎÌ ÏÐÎÄÓÊÖÈÈ

Èñõîäÿ èç òîãî, ÷òî óïðàâëåíèå êà÷åñòâîì äîëæíî
ïðîâîäèòüñÿ íåïðåðûâíî íà âñåõ ýòàïàõ ðàáîòû ïðåä-
ïðèÿòèÿ èëè ôèðìû, âêëþ÷àÿ âåñü æèçíåííûé öèêë
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ïðîèçâîäèìîé ïðîäóêöèè (îò ïðîåêòèðîâàíèÿ èçäåëèÿ
äî åãî îáñëóæèâàíèÿ ïîñëå ïðîäàæè), ñèñòåìû óïðàâ-
ëåíèÿ êà÷åñòâîì äîëæíû ôóíêöèîíèðîâàòü â ðàìêàõ
èíòåãðèðîâàííûõ ñèñòåì óïðàâëåíèÿ ïðåäïðèÿòèåì.

Íà ðèñóíêå 1 ïðåäñòàâëåíà îáùàÿ ñõåìà óïðàâëåíèÿ
êà÷åñòâîì â ïðîöåññå ïðîåêòèðîâàíèÿ, ïðîèçâîäñòâà è
îáñëóæèâàíèÿ ïðîäóêöèè.

Ñòàíäàðòû ïî óïðàâëåíèþ êà÷åñòâîì [2], ïðåäïî-
ëàãàþò óíèâåðñàëüíûé ïîäõîä ê ñèñòåìàì óïðàâëåíèÿ,
ñïîñîáíûì îáåñïå÷èòü òðåáóåìûé óðîâåíü êà÷åñòâà ïðî-
äóêöèè. Ñîãëàñíî ýòèì ñòàíäàðòàì óïðàâëåíèå êà÷åñò-
âîì äîñòèãàåòñÿ, ñ îäíîé ñòîðîíû, çà ñ÷åò óïðàâëåíèÿ
íåïîñðåäñòâåííî ñàìîé ñòðóêòóðîé ñåòè ïðîöåññîâ, â
êîòîðîé äâèæåòñÿ ïîòîê ïðîäóêöèè èëè èíôîðìàöèè, ñ
äðóãîé - çà ñ÷åò óïðàâëåíèÿ êà÷åñòâîì ïðîäóêöèè.
Òàêèì îáðàçîì, ôóíêöèè ñèñòåìû óïðàâëåíèÿ êà÷åñòâîì
äîñòàòî÷íî øèðîêè è îáåñïå÷èâàþò ðåøåíèå öåëîãî ðÿäà
ôóíäàìåíòàëüíûõ çàäà÷, ê êîòîðûì ñâîäèòñÿ ïðîöåññ
ïîâûøåíèÿ êà÷åñòâà ïðîäóêöèè.

Îñíîâíûå ôóíêöèè ñèñòåìû óïðàâëåíèÿ êà÷åñòâîì
ïðåäñòàâëåíû â òàáëèöå1.

Ðèñóíîê 1 - Ñõåìà óïðàâëåíèÿ êà÷åñòâîì íà ýòàïàõ æèçíåííîãî öèêëà ïðîäóêöèè

Òàáëèöà 1 - Ôóíêöèè ñèñòåìû óïðàâëåíèÿ êà÷åñòâîì

¹ Çàäà÷à Îñíîâíûå ôóíêöèè ñèñòåìû

1 Ïëàíèðîâàíèå
êà÷åñòâà

Îïðåäåëåíèå íîìåíêëàòóðû òðåáî-
âàíèé ê ìàòåðèàëàì è êîìïëåê-
òóþùèì.
Îïðåäåëåíèå òðåáîâàíèé ê êà÷åñò-
âó ïðîäóêöèè.
Âûáîð ìåòîäîâ êîíòðîëÿ è óïðàâ-
ëåíèÿ êà÷åñòâîì.
Îïðåäåëåíèå ïðîöåäóð âíåñåíèÿ
èçìåíåíèé â òåõíîëîãè÷åñêèé ïðî-
öåññ â çàâèñèìîñòè îò ðåçóëüòàòîâ
êîíòðîëÿ.

2 Êîíòðîëü
êà÷åñòâà

Îïðåäåëåíèå ñòåïåíè ñîîòâåòñòâèÿ
êà÷åñòâà ìàòåðèàëîâ è êîìïëåêòó-
þùèõ óñòàíîâëåííûì òðåáîâàíè-
ÿì.
Îïðåäåëåíèå ñòåïåíè ñîîòâåòñòâèÿ
êà÷åñòâà ïðîäóêöèè óñòàíîâëåí-
íûì òðåáîâàíèÿì.
Ðåãèñòðàöèÿ äàííûõ î êà÷åñòâå
ïðîäóêöèè.

3 Óïðàâëåíèå
êà÷åñòâîì

Âûáîð ïîñòàâùèêà, ïîñòàâëÿþùå-
ãî ìàòåðèàëû è êîìïëåêòóþùèå,
íàèáîëåå ñîîòâåòñòâóþùèå òðåáî-
âàíèÿì.
Àíàëèç ïðè÷èí äåôåêòîâ èçãîòîâ-
ëÿåìîé ïðîäóêöèè.
Óïðàâëÿþùèå âîçäåéñòâèÿ, íà-
ïðàâëåííûå íà óñòðàíåíèå ïðè÷èí
áðàêà è óëó÷øåíèå êà÷åñòâà.
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2  ÀÍÀËÈÇ ÑÓÙÅÑÒÂÓÞÙÈÕ ÑÈÑÒÅÌ 
ÓÏÐÀÂËÅÍÈß ÏÐÅÄÏÐÈßÒÈÅÌ

Â íàñòîÿùåå âðåìÿ â ìèðå ñóùåñòâóþò îïðåäåëåííûå
íàðàáîòêè â îáëàñòè ñîçäàíèÿ ñèñòåì óïðàâëåíèÿ
ïðåäïðèÿòèåì è ñèñòåì óïðàâëåíèÿ êà÷åñòâîì.

Ïðèìåðîì îòå÷åñòâåííûõ ðàçðàáîòîê â îáëàñòè óïðàâ-
ëåíèÿ êà÷åñòâîì ìîæåò ñëóæèòü êîìïëåêñíàÿ ñèñòåìà
óïðàâëåíèÿ êà÷åñòâîì ïðîäóêöèè (ÊÑ ÓÊÏ) íà áàçå
ñòàíäàðòîâ ïðåäïðèÿòèÿ. Çàäà÷åé ñèñòåìû ÿâëÿëîñü
ïîëó÷åíèå ìàêñèìàëüíûõ îáúåìîâ ïðîèçâîäñòâà ïðî-
äóêöèè âûñøåé êàòåãîðèè êà÷åñòâà çà ñ÷åò ðàöèîíàëü-
íîãî è ýôôåêòèâíîãî èñïîëüçîâàíèÿ ïðîèçâîäñòâåííûõ
ôîíäîâ, ìàòåðèàëüíûõ, òðóäîâûõ è ôèíàíñîâûõ ðåñóð-
ñîâ [3]. Îñíîâíûì íåäîñòàòêîì ÊÑ ÓÊÏ áûëà ïðèâÿçêà
ê êîìàíäíî-àäìèíèñòðàòèâíîé ñèñòåìå, êîòîðàÿ ñóùåñò-
âîâàëà â ñòðàíå íà ìîìåíò ðàçðàáîòêè ÊÑ ÓÊÏ, âûðà-
çèâøàÿñÿ â íåäîñòàòî÷íîé ýêîíîìè÷åñêîé çàèíòåðåñîâàí-
íîñòè â îáåñïå÷åíèè êà÷åñòâà è ðàâíîäóøèè ê ïîòðå-
áèòåëþ. Êðîìå òîãî, ÊÑ ÓÊÏ ôóíêöèîíèðîâàëà íå-
ñêîëüêî îáîñîáëåíî, â îòðûâå îò îáùåé ñèñòåìû óïðàâ-
ëåíèÿ ïðåäïðèÿòèåì, à ïðèìåíåíèå òàêîãî ïîäõîäà íå
äàåò âîçìîæíîñòè äîñòàòî÷íî ýôôåêòèâíî èñïîëüçîâàòü
ñèñòåìíûå äàííûå è îõâàòûâàòü âñå óðîâíè óïðàâëåíèÿ
ïðåäïðèÿòèåì. Íà îñíîâå ÊÑ ÓÊÏ, ãîñóäàðñòâåííûõ è
îòðàñëåâûõ ñòàíäàðòîâ, à òàêæå ñòàíäàðòîâ ïðåäïðèÿòèÿ
áûëè ðàçðàáîòàíû ÊÑ ÏÝÏ (êîìïëåêñíàÿ ñèñòåìà
ïîâûøåíèÿ ýôôåêòèâíîñòè ïðîèçâîäñòâà) è ÊÑ ÓÊÏ è
ÝÈÐ (êîìïëåêñíàÿ ñèñòåìà óïðàâëåíèÿ êà÷åñòâîì ïðî-
äóêöèè è ýôôåêòèâíûì èñïîëüçîâàíèåì ðåñóðñîâ). Íå-
ñìîòðÿ íà áîëüøîå êîëè÷åñòâî ïîëîæèòåëüíûõ ìîìåí-
òîâ, ýòè ñèñòåìû òàêæå íå ðåøèëè ïîëíîñòüþ çàäà÷ó
èíòåãðàöèè ìåòîäîâ è ñòðóêòóð óïðàâëåíèÿ êà÷åñòâîì
ïðîäóêöèè ñ îáùåé ñòðóêòóðîé ïðîèçâîäñòâà è óïðàâ-
ëåíèÿ. Àâòîìàòèçàöèÿ óïðàâëåíèÿ êà÷åñòâîì â ýòèõ ñèñ-
òåìàõ è â ðÿäå äðóãèõ îñóùåñòâëÿëàñü â îòðûâå îò âíåä-
ðÿåìûõ ñèñòåì óïðàâëåíèÿ, ëèøü ÷àñòè÷íî îáåñïå÷èâàÿ

ðåøåíèå íåîáõîäèìûõ çàäà÷.
Â íàñòîÿùåå âðåìÿ íà îòå÷åñòâåííîì ðûíêå ïðèñóò-

ñòâóþò çàïàäíûå ñèñòåìû óïðàâëåíèÿ ïðåäïðèÿòèåì
òèïà SAP R/3, BAAN IV, Scala, Platinum, CA-PRMS, à
òàêæå ðîññèéñêèå ðàçðàáîòêè "Ïàðóñ", "Ãàëàêòèêà",
"ÏÐÎ/ÌÈÑ".

Èõ ïîÿâëåíèå áûëî âûçâàíî ñëåäóþùèìè ïðè÷èíàìè:
- ïåðåõîä ê ðàñïðåäåëåííîé îáðàáîòêå äàííûõ;
- ïåðåõîä ê àðõèòåêòóðå êëèåíò-ñåðâåð;
- òðåáîâàíèå îáåñïå÷åíèÿ öåíòðàëèçîâàííîãî õðàíåíèÿ

äàííûõ è îòñóòñòâèå èõ äóáëèðîâàíèÿ ðàçëè÷íûìè
ñëóæáàìè ïðåäïðèÿòèÿ;

- òðåáîâàíèå îïåðàòèâíîñòè ïîëó÷åíèÿ èíôîðìàöèè â
ðàçëè÷íûõ ðàêóðñàõ è ðàçëè÷íîé ñòåïåíè äåòàëèçàöèè;

- òðåáîâàíèå èñêëþ÷åíèÿ ïîòåðü æèçíåííî âàæíîé
äëÿ ïðåäïðèÿòèÿ èíôîðìàöèè.

Íèæå ïðèâåäåíî îïèñàíèå íàèáîëåå èçâåñòíûõ ñèñòåì
óïðàâëåíèÿ ïðåäïðèÿòèåì.

2.1  Ñèñòåìà SAP R/3

Ñèñòåìà R/3 íåìåöêîé ôèðìû SAP AG [4] ïðåäñòàâ-
ëÿåò ñîáîé èíòåãðèðîâàííûé êîìïëåêñ, ðåàëèçóþùèé
öåëûé ðÿä ïðîèçâîäñòâåííûõ çàäà÷ ïî ñáûòó, ó÷åòó è
íåïîñðåäñòâåííî ïðîèçâîäñòâó ïðîäóêöèè.

Êîìïîíåíòû èíòåãðèðîâàííîé ñèñòåìû ïðåäñòàâëåíû
íà ðèñóíêå 2.

Îñíîâíûìè äîñòîèíñòâàìè ñèñòåìû ÿâëÿþòñÿ:
- óíèâåðñàëüíîñòü (ìîùíàÿ ñèñòåìà íàñòðîåê ïîçâîëÿ-

åò èñïîëüçîâàòü ñèñòåìó äëÿ ðàçëè÷íûõ òèïîâ ïðåäïðèÿ-
òèé, ó÷èòûâàÿ îáùèå õàðàêòåðèñòèêè è ñïåöèôè÷åñêèå
îñîáåííîñòè òåõíîëîãè÷åñêèõ ïðîöåññîâ);

- îòêðûòîñòü (íàëè÷èå âñòðîåííîãî ÿçûêà ïðîãðàììè-
ðîâàíèÿ äëÿ ñîçäàíèÿ ñîáñòâåííûõ ïðèëîæåíèé äëÿ óç-
êèõ ïðîèçâîäñòâåííûõ çàäà÷, ðåøåíèå êîòîðûõ íå ïðå-
äóñìîòðåíî â ñèñòåìå);

Ðèñóíîê 2 - Êîìïîíåíòû ñèñòåìû SAP R/3

R/3
Client/ Server

ABAP/4

Управление качеством
(QM)

Техническое
обслуживание и ремонт
оборудования (PM)

Персонал
(HR)

Планирование
производства  (PP)

Управление
материальными
потоками (MM)

Сбыт
(SD)

Отраслевые решения
(IS)

Управление
информационными
потоками (WF)

Проекты
(PS)

Финансы
(FI)

Контроллинг
(CO)

Основные средства
(АМ)
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- ìîäóëüíûé ïðèíöèï ïîñòðîåíèÿ, ïîçâîëÿþùèé èñ-
ïîëüçîâàòü îïðåäåëåííóþ íîìåíêëàòóðó êîìïîíåíòîâ
ñèñòåìû â çàâèñèìîñòè îò êëàññà ðåøàåìûõ çàäà÷;

- óäîáíûé ïîëüçîâàòåëüñêèé èíòåðôåéñ ñ ñîáëþäåíè-
åì îñíîâíûõ òðåáîâàíèé ïî ñòàíäàðòó IBM - Microsoft è
ýðãîíîìè÷åñêèõ õàðàêòåðèñòèê;

- îáúåäèíåíèå ðàçëè÷íûõ êëàññîâ ïðîèçâîäñòâåííûõ
çàäà÷ â åäèíûé êîìïëåêñ.

Êîíöåïöèÿ âíåäðåíèÿ ñèñòåìû ïðåäïîëàãàåò ïðèâåäå-
íèå ïðåäïðèÿòèÿ ïîä ñòàíäàðòû R/3 (ðåèíæèíèðèíã), ñ
íåçíà÷èòåëüíîé íàñòðîéêîé. Â ñâÿçè ñ ýòèì âíåäðåíèå
ñèñòåìû ïðåäñòàâëÿåò ñîáîé äîâîëüíî äëèòåëüíûé
ïðîöåññ.

2.2  ÑÈÑÒÅÌÀ CA-PRMS

Ñèñòåìà CA-PRMS [5]ðàçðàáîòàíà êîìïàíèåé Com-
puter Associates International, Inc (CA).

Â îòëè÷èå îò R/3 ñèñòåìà íå òðåáóåò ïîëíîé ðåñòðóê-
òóðèçàöèè áèçíåñ-ïðîöåññîâ è ïîäñòðàèâàíèÿ ïîä íîâîå
ïðîãðàììíîå îáåñïå÷åíèå. ÑÀ âûäåëÿåò ñåìü óðîâíåé
ôèðìû (ïðåäïðèÿòèÿ), ïîçâîëÿþùèå íàëàäèòü óïðàâëå-
íèå èíôîðìàöèîííûìè è ìàòåðèàëüíûìè ïîòîêàìè:

- ñåðâèñ äëÿ êëèåíòîâ è ìåíåäæìåíò ñïðîñà (ïðîãíî-
çèðîâàíèå, ïðîäàæè, ýêñïëóàòàöèÿ îáîðóäîâàíèÿ, ãàðàí-
òèðîâàííîå îáñëóæèâàíèå);

- óïðàâëåíèå ðåñóðñàìè ïðåäïðèÿòèÿ (ïëàíèðîâàíèå è
ïîòðåáíîñòè â ìàòåðèàëàõ);

- óïðàâëåíèå çàêóïêàìè è ïðîèçâîäñòâîì ïðè íàëè÷èè
èíòåðôåéñîâ ñ ïðåäïðèÿòèÿìè è êàíàëàìè ñíàáæåíèÿ;

- ïëàíèðîâàíèå è ìåíåäæìåíò îãðàíè÷åíèé ïî ðåñóð-
ñàì è ìàòåðèàëàì;

- ëîãèñòèêà è ìåíåäæìåíò ðàñïðåäåëåíèÿ ñ ïðèìåíå-
íèåì ïðèëîæåíèé óïðàâëåíèÿ ñêëàäàìè è ïðåñûëêàìè;

- ôèíàíñîâûå, ó÷åòíûå, àäìèíèñòðàòèâíûå ïðèëîæå-
íèÿ;

- ñèñòåìà ïîääåðæêè ïðèíÿòèÿ ðåøåíèé;
- ñðåäñòâà âíåäðåíèÿ è ñòàíäàðòû ISO 9000.

2.3  Ñèñòåìà BAAN IV

Ñèñòåìà óïðàâëåíèÿ ïðåäïðèÿòèåì BAAN IV [6,7]
ôèðìû BAAN - êîðïîðàòèâíàÿ ñèñòåìà óïðàâëåíèÿ, ïîä-
äåðæèâàþùàÿ îñíîâíûå íàïðàâëåíèÿ äåÿòåëüíîñòè ïðåä-
ïðèÿòèÿ, âêëþ÷àÿ ôèíàíñû, ïðîèçâîäñòâî, ñáûò, ñíàá-
æåíèå, ñêëàäû, òðàíñïîðòíûå ïåðåâîçêè è ñèñòåìíîå
îáñëóæèâàíèå. Â ñèñòåìå ïîääåðæèâàþòñÿ ìåòîäèêè ïëà-
íèðîâàíèÿ JIT (íîëü çàïàñîâ), MRP, MPPII (ìèíèìóì
ñâåðõíîðìàòèâíûõ çàïàñîâ), Kanban (ââåäåíèå êîìïî-
íåòîâ â ïðîèçâîäñòâåííûé ïðîöåññ â òî âðåìÿ, êîãäà îíè
íåîáõîäèìû), ïëàíèðîâàíèå ïî ïðîãíîçó ïîòðåáíîñòåé.
Ïðîöåññ ïðîèçâîäñòâà ðàññìàòðèâàåòñÿ óêðóïíåííî, íà
óðîâíå ìàòåðèàëüíî-èíôîðìàöèîííûõ ïîòîêîâ ìåæäó
ïîäðàçäåëåíèÿìè. Ïðåèìóùåñòâà òàêîãî ïîäõîäà:

- âîçìîæíîñòü ýôôåêòèâíîãî êîíòðîëÿ çà ñîñòîÿíèåì
ìàòåðèàëüíûõ è èíôîðìàöèîííûõ ïîòîêîâ;

- àíàëèç ðàáîòû ïðåäïðèÿòèÿ â öåëîì;
- ïðèíÿòèå è áûñòðàÿ ðåàëèçàöèÿ ãëîáàëüíûõ óïðàâ-

ëåí÷åñêèõ ðåøåíèé;
- ãèáêîñòü ïðîèçâîäñòâåííîãî ïðîöåññà;
- ýôôåêòèâíûé êîíòðîëü êà÷åñòâà ïðîäóêöèè.
Îäíàêî òàêîé ïîäõîä âûçûâàåò îïðåäåëåííûå òðóäíî-

ñòè è îãðàíè÷åíèÿ, òàê êàê íå ïîçâîëÿåò ðåøàòü ëîêàëü-
íûå çàäà÷è, êàñàþùèåñÿ îïòèìèçàöèè ðàáîòû îòäåëüíîãî
öåõà, îòñëåæèâàíèÿ èçìåíåíèé âíóòðèöåõîâûõ ñèòóàöèé.

2.4  Ñèñòåìà "Ãàëàêòèêà"

Íåäîñòàòêîì çàïàäíûõ ñèñòåì óïðàâëåíèÿ ïðåäïðèÿ-
òèåì ÿâëÿåòñÿ èõ íåäîñòàòî÷íàÿ ïðèñïîñîáëåííîñòü ê
óñëîâèÿì îòå÷åñòâåííîãî ðûíêà, òàêèì êàê: íåñòàáèëü-
íîñòü ñèñòåìû íàëîãîîáëîæåíèÿ, íåâûïîëíåíèå ñðîêîâ
ïîñòàâêè ïîñòàâùèêàìè, çàäåðæêà ïëàòåæåé. Ýòè óñ-
ëîâèÿ ÿâëÿþòñÿ òðóäíîôîðìàëèçóåìûìè â ïîíÿòèÿõ
çàïàäíûõ ñèñòåì. Òàêîãî ðîäà çàòðóäíåíèÿ âûçâàëè
íåîáõîäèìîñòü îòå÷åñòâåííûõ ðàçðàáîòîê, ó÷èòûâàþùèõ
äàííóþ ñïåöèôèêó [8].

Êîìïëåêñíàÿ ñèñòåìà óïðàâëåíèÿ äåÿòåëüíîñòüþ
ïðåäïðèÿòèÿ "Ãàëàêòèêà" ðîññèéñêîé ôèðìû "Íîâûé Àò-
ëàíò" è áåëàðóññêîé êîìïàíèè "Òîï Ñîôò" ïðåäíàç-
íà÷åíà äëÿ ðåøåíèÿ ñëåäóþùèõ çàäà÷:

- àíàëèçà ôèíàíñîâîé è õîçÿéñòâåííîé äåÿòåëüíîñòè;
- êàëàíäàðíî-ñåòåâîãî ïëàíèðîâàíèÿ;
- óïðàâëåíèÿ ïðîèçâîäñòâîì;
- óïðàâëåíèÿ ïðîåêòàìè;
- áóõãàëòåðñêîãî ó÷åòà;
- óïðàâëåíèÿ çàêóïêàìè è ïðîäàæàìè, ìàòåðèàëüíî-

òåõíè÷åñêèì ñíàáæåíèåì è ñáûòîì;
- ó÷åòà è óïðàâëåíèÿ êàäðàìè;
- óïðàâëåíèÿ àâòîòðàíñïîðòîì;
- àíàëèçà ýôôåêòèâíîñòè ìàðêåòèíãîâûõ ìåðîïðèÿòèé

è ðåêëàìíûõ êàìïàíèé;
- äîêóìåíòîîáîðîòà.
Äîñòîèíñòâàìè ñèñòåìû "Ãàëàêòèêà" ÿâëÿåòñÿ:
- ðàáîòà â ðàñïðåäåëåííîé ñåòè;
- òåõíîëîãèÿ "êëèåíò-ñåðâåð";
- ìîäóëüíîñòü è èíòåãðèðîâàííîñòü;
- îðèåíòàöèÿ íà îòå÷åñòâåííûõ ïðîèçâîäèòåëåé.
Â êà÷åñòâå íåäîñòàòêà ñèñòåìû "Ãàëàêòèêà" ìîæíî âû-

äåëèòü òî, ÷òî óïðàâëåíèþ êà÷åñòâîì íå óäåëåíî äîëæ-
íîãî âíèìàíèÿ.

2.5  Ñèñòåìà "ÏÐÎ/ÌÈÑ"

"ÏÐÎ/ÌÈÑ" [9] - èíòåãðèðîâàííàÿ ñèñòåìà óïðàâëå-
íèÿ ôèíàíñîâûìè è ìàòåðèàëüíûìè ïîòîêàìè ïðåäïðèÿ-
òèÿ ðîññèéñêîé ôèðìû "Êîìïüþòåðíûå ñèñòåìû äëÿ áèç-
íåñà". Óíèêàëüíîñòü ñèñòåìû çàêëþ÷àåòñÿ â íàëè÷èè
àíàëèòè÷åñêèõ âîçìîæíîñòåé, ïîçâîëÿþùèõ îöåíèòü ôè-
íàíñîâî-ýêîíîìè÷åñêîå ñîñòîÿíèå ïðåäïðèÿòèÿ, íà îñíî-
âå ðàñ÷åòà ïîêàçàòåëåé êðåäèòîñïîñîáíîñòè, ôèíàíñîâîé
óñòîé÷èâîñòè, íàêîïëåíèÿ êàïèòàëà. Èíôîðìàöèÿ ïðåä-
ñòàâëÿåòñÿ â ãðàôè÷åñêîé ôîðìå. Â îòëè÷èè îò òðà-
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äèöèîííîãî ïîäõîäà, ñâÿçàííîãî ñ íàêîïëåíèåì è ðåãè-
ñòðàöèåé èíôîðìàöèè, ÏÐÎ/ÌÈÑ ðåøàåò çàäà÷è óï-
ðàâëåíèÿ ïðåäïðèÿòèåì â ðåçóëüòàòå ñêâîçíîãî ïðîõîæ-
äåíèÿ äîêóìåíòîâ ÷åðåç âñå ñëóæáû.

Îäíàêî äàííàÿ ñèñòåìà íå ÿâëÿåòñÿ â ïîëíîé ìåðå
èíòåãðèðîâàííîé ñèñòåìîé óïðàâëåíèÿ ïðåäïðèÿòèåì,
òàê êàê ìíîãèå ôóíêöèè ïëàíèðîâàíèÿ, êîíòðîëÿ è
óïðàâëåíèÿ â íåå íå âêëþ÷åíû.

2.6  Ñèñòåìà "Ïàðóñ"

Â 1997 ãîäó íà ðûíîê áûë âûïóùåí ïðîãðàììíûé
ïðîäóêò "Ïàðóñ 97" [10] ðîññèéñêîé ôèðìû "Ïàðóñ".
"Ïàðóñ 97" - ìîäóëüíàÿ ìàñøòàáèðóåìàÿ ñèñòåìà íà 32-
ðàçðÿäíîé ïëàòôîðìå, ïîçâîëÿþùàÿ àâòîìàòèçèðîâàòü
ó÷åò îòäåëüíûõ ðàáî÷èõ ìåñò è ïðåäïðèÿòèÿ â öåëîì.
Ýòî ïðîãðàììíûé êîìïëåêñ, íà áàçå êîòîðîãî ìîæåò
áûòü ïîñòðîåíà èíôîðìàöèîííàÿ ñèñòåìà óïðàâëåíèÿ
ïðåäïðèÿòèåì, îõâàòûâàþùàÿ ïðîöåññû ïëàíèðîâàíèÿ,
ñíàáæåíèÿ, ñêëàäèðîâàíèÿ, ñáûòà, ìàðêåòèíãà, áóõãàë-
òåðñêîãî ó÷åòà, íà÷èñëåíèÿ çàðàáîòíîé ïëàòû è ó÷åòà
ïåðñîíàëà. Îòëè÷èòåëüíûì ñâîéñòâîì ñèñòåìû ÿâëÿåòñÿ
îòêðûòûé èíòåðôåéñ îáìåíà äàííûìè ñ äðóãèìè ïðè-
ëîæåíèÿìè, â òîì ÷èñëå è ñ ñîáñòâåííûìè ðàçðàáîòêàìè
çàêàç÷èêà. Â ñèñòåìå ñóùåñòâóåò âîçìîæíîñòü êà÷åñò-
âåííîãî âçàèìîäåéñòâèÿ ñ ïðîäóêòàìè Micrisoft Office -
Word, Excel ÷åðåç ìåõàíèçì OLE, DDE. Â ñèñòåìå ðåà-
ëèçîâàíà òåõíîëîãèÿ "êëèåíò-ñåðâåð", â êà÷åñòâå ÑÓÁÄ
èñïîëüçóåòñÿ Oracle 7.1, ñèñòåìà íàïèñàíà íà Delphi.
Âàæíûì ïðåèìóùåñòâîì ñèñòåìû ÿâëÿåòñÿ âîçìîæíîñòü
âíåäðÿòü åå ïîýòàïíî, íà÷èíàÿ ñ îòäåëüíîãî ìîäóëÿ, è
ðàñøèðÿòü ïî ìåðå ðîñòà ïîòðåáíîñòåé ïðåäïðèÿòèÿ,
ïðèîáðåòàÿ íîâûå ìîäóëè è ïåðåõîäÿ íà äðóãèå ÑÓÁÄ è
ïëàòôîðìû.

3  ÈÍÒÅÃÐÀÖÈß ÑÈÑÒÅÌÛ ÓÏÐÀÂËÅÍÈß 
ÊÀ×ÅÑÒÂÎÌ Â ÑÈÑÒÅÌÓ ÓÏÐÀÂËÅÍÈß 
ÏÐÅÄÏÐÈßÒÈÅÌ

Ðàññìîòðèì êîíöåïöèþ èíòåãðàöèè ñèñòåìû óïðàâëå-
íèÿ êà÷åñòâîì â èíòåãðèðîâàííóþ ñèñòåìó óïðàâëåíèÿ
ïðåäïðèÿòèåì íà ïðèìåðå ïðîãðàììíîãî ïðîäóêòà R/3
íåìåöêîé ôèðìû SAP AG [4].

Ôóíêöèè óïðàâëåíèÿ êà÷åñòâîì â ñèñòåìå ðåàëèçó-
þòñÿ â âèäå ìîäóëÿ Quality Management (QM). Äàííûé
ìîäóëü èíòåãðèðîâàí â ñèñòåìó R/3 â ïîñëåäîâàòåëüíîé
ëîãèñòè÷åñêîé öåïî÷êå (ïîëó÷åíèå êîììåð÷åñêîãî çàêà-
çà, ïðèîáðåòåíèå ìàòåðèàëîâ è êîìïëåêòóþùèõ, ïðîèç-
âîäñòâî ïðîäóêöèè, îáñëóæèâàíèå êëèåíòà) è îáðàáàòû-
âàåò çàäà÷è ïëàíèðîâàíèÿ, êîíòðîëÿ è óïðàâëåíèÿ êà÷å-
ñòâîì. Ñòàíäàðòû Ìåæäóíàðîäíîé îðãàíèçàöèè ïî ñòàí-
äàðòèçàöèè (ISO) òðåáóþò óïðàâëåíèÿ êà÷åñòâîì íà
âñåõ ýòàïàõ ðàáîòû ïðåäïðèÿòèÿ, à òàêæå àíàëèçà âñåãî
òåõíîëîãè÷åñêîãî ïðîöåññà âìåñòî êîíòðîëÿ è óñòðà-
íåíèÿ îòäåëüíûõ äåôåêòîâ. Â ìîäóëå QM ýòè ïðèíöèïû
ðåàëèçîâàíû ÷åðåç ïîääåðæêó ñëåäóþùèõ ôóíêöèé:

1. Íà ýòàïå ñíàáæåíèÿ:
1.1 âûáîð ïîäõîäÿùåãî ïîñòàâùèêà ìàòåðèàëîâ è êîì-

ïëåêòóþùèõ ÷åðåç ïðîñëåæèâàíèå äèíàìèêè öåí è êà-
÷åñòâà ïîñòàâëÿåìûõ òîâàðîâ;

1.2 îïðåäåëåíèå ïîðÿäêà çàêóïêè òîâàðîâ, ó÷èòûâàÿ
ñðîêè è îáúåì ïîñòàâêè;

1.3 ðåãèñòðàöèÿ ïîëó÷åííûõ òîâàðîâ è êîíòðîëü èõ
êà÷åñòâà, ìîäèôèêàöèÿ âíóòðåííèõ áàç äàííûõ, ñîäåð-
æàùèõ ñâåäåíèÿ î ïîñòàâëåííûõ ìàòåðèàëàõ è õàðàê-
òåðèñòèêàõ ïîñòàâùèêà;

1.4 äîïîëíèòåëüíûå ôóíêöèè (óâåäîìëåíèå ïîñòàâùè-
êà î äåôåêòíîñòè òîâàðîâ è ïð.).

2. Íà ýòàïå ïðîèçâîäñòâà:
2.1 ïëàíèðîâàíèå ïðîèçâîäñòâåííûõ îïåðàöèé è îïå-

ðàöèé ïî ïðîâåðêå êà÷åñòâà ïðîèçâîäèìîé ïðîäóêöèè;
2.2 ðåãèñòðàöèÿ ñâåäåíèé î ðåçóëüòàòàõ êîíòðîëÿ êà-

÷åñòâà âûáîðêè ÷åðåç èñïîëüçîâàíèå êîíòðîëüíûõ êàðò;
2.3 óâåäîìëåíèå î ñòåïåíè ñòàáèëüíîñòè òåõíîëîãè-

÷åñêîãî ïðîöåññà è íàëè÷èè ñëó÷àéíûõ è îáùèõ ïðè÷èí
îòêëîíåíèé.

3. Íà ýòàïå ñáûòà (ïðîäàæè è ðàñïðåäåëåíèè ïðîäóê-
öèè):

3.1 êîíòðîëü èçãîòîâëåííîé ïðîäóêöèè, ñîçäàíèå êîí-
òðîëüíîé ïàðòèè;

3.2 ñåðòèôèêàöèÿ êà÷åñòâà ïîñòàâëÿåìîé ïðîäóêöèè;
3.3 îáðàáîòêà ïðåäëîæåíèé è æàëîá êëèåíòîâ.
4. Íà ýòàïå îáñëóæèâàíèÿ:
4.1 äîêóìåíòèðîâàíèå îïåðàöèé ïîñòàâêè òîâàðîâ;
4.2 àíàëèç äåôåêòîâ òîâàðîâ, êîòîðûå áûëè âîçâðà-

ùåíû, ãåíåðàöèÿ êîððåêòèðóþùèõ äåéñòâèé.
Â ìîäóëå òàêæå ïîääåðæèâàåòñÿ ðÿä ôóíêöèé ñîçäà-

íèÿ ñîîáùåíèé ïî ðåçóëüòàòàì êîíòðîëÿ êà÷åñòâà,
ñîäåðæàùèì ñâåäåíèÿ î äåôåêòàõ ïðîäóêöèè, ïðè÷èíàõ
èõ âîçíèêíîâåíèÿ è ïðåäïðèíÿòûì äåéñòâèÿì.

Íèæå ïðåäëàãàåòñÿ îáçîð ìåòîäîâ è ìîäåëåé, êîòîðûå
öåëåñîîáðàçíî âêëþ÷èòü â ñèñòåìó óïðàâëåíèÿ êà÷å-
ñòâîì, à òàêæå ïðèâîäèòñÿ àíàëèç íåäîñòàòêîâ ìîäóëÿ
QM ñèñòåìû R/3.

- Èíñòðóìåíòàëüíûå ìåòîäû óïðàâëåíèÿ êà÷åñòâîì
[3], â ÷àñòíîñòè êëàññè÷åñêèå "ñåìü èíñòðóìåíòîâ êà÷å-
ñòâà" ïðåäñòàâëåíû íå â ïîëíîì îáúåìå, õîòÿ ýôôåê-
òèâíîå óïðàâëåíèå êà÷åñòâîì òðåáóåò èñïîëüçîâàíèå èõ
ïîëíîãî íàáîðà (ðàçëè÷íûå êîìáèíàöèè íà îòäåëüíûõ
ýòàïàõ äëÿ ðåøåíèÿ îïðåäåëåííûõ çàäà÷). Äëÿ ðåøåíèÿ
çàäà÷ óïðàâëåíèÿ êà÷åñòâîì äîñòàòî÷íî ýôôåêòèâíî èñ-
ïîëüçîâàíèå ñòàòèñòè÷åñêèõ ìåòîäîâ óïðàâëåíèÿ êà÷åñò-
âîì, êîòîðûå ïîçâîëÿþò ñèñòåìàòèçèðîâàòü, îáðàáàòû-
âàòü è èññëåäîâàòü áîëüøîé îáúåì äàííûõ, à òàêæå
âûÿâëÿòü îïðåäåëåííûå çàêîíîìåðíîñòè, êîòîðûì îíè
ïîä÷èíÿþòñÿ [11,12]. Ïðèìåíåíèå ýòèõ ìåòîäîâ ìîæåò
îñóùåñòâëÿòüñÿ íåïîñðåäñòâåííî â õîäå èçãîòîâëåíèÿ
ïðîäóêöèè, à íå òîëüêî íà ýòàïå ïðèåìî÷íîãî êîíòðîëÿ.
Ïîëó÷åííàÿ èíôîðìàöèÿ ìîæåò èñïîëüçîâàòüñÿ äëÿ
àíàëèçà ïðè÷èí, ïðèâîäÿùèõ ê ïîÿâëåíèþ áðàêà, èõ
óñòðàíåíèÿ, à òàêæå äëÿ íàñòðîéêè òåõíîëîãè÷åñêîãî
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ïðîöåññà. Èñïîëüçîâàíèå ñòàòèñòè÷åñêèõ ìåòîäîâ îáðà-
áîòêè äàííûõ äîëæíî ñòàòü íåîòúåìëèìîé ÷àñòüþ ëî-
ãècòè÷åñêîãî ïðîöåññà.

- Ðåàëèçîâàíû òîëüêî êëàññè÷åñêèå êîíòðîëüíûå êàð-
òû (êàðòû Øóõàðòà è ïðèåìî÷íûå êîíòðîëüíûå êàðòû),
â òî âðåìÿ êàê äðóãèå òèïû êîíòðîëüíûõ êàðò [13] íå
ïðåäñòàâëåíû âîîáùå, õîòÿ ýôôåêòèâíîå ðåøåíèå ðÿäà
ïðîèçâîäñòâåííûõ çàäà÷ äîñòèãàåòñÿ èìåííî áëàãîäàðÿ
èñïîëüçîâàíèþ ýòèõ âèäîâ êîíòðîëüíûõ êàðò [14,
15,16].

- Ìåòîäû ýêñïåðèìåíòàëüíîãî ïëàíèðîâàíèÿ [17,18,
19] â ìîäóëå QM ïðàêòè÷åñêè íå èñïîëüçóþòñÿ.

- Èçó÷àåìûé ïðîöåññ ìîæåò ïîäâåðãàòüñÿ âîçäåéñòâèþ
íåêîòîðûõ âíóòðåííèõ è âíåøíèõ ïðè÷èí, êîòîðûå íå
âñåãäà ïðîñòî îïðåäåëèòü. Ñîäåðæàòåëüíûé ñìûñë è
êîëè÷åñòâî òàêîãî ðîäà ôàêòîðîâ ÷àñòî áûâàþò íåèçâåñò-
íû, íåïîñðåäñòâåííîå èçìåðåíèå èõ âåëè÷èí íåâîçìîæ-
íî. Îäíàêî âëèÿíèå íåèçâåñòíîãî ôàêòîðà ìîæåò ïðîÿâ-
ëÿòüñÿ â íåñêîëüêèõ èçìåðÿåìûõ ïðèçíàêàõ, êîððåëèðî-
âàííûõ ìåæäó ñîáîé. Äëÿ âûÿâëåíèÿ òàêèõ ñêðûòûõ, íî
îáúåêòèâíî ñóùåñòâóþùèõ çàêîíîìåðíîñòåé öåëåñîîá-
ðàçíî èñïîëüçîâàòü ìåòîäû ôàêòîðíîãî àíàëèçà [20,21]
è ðàçðàáîòàííûå íà èõ îñíîâå àâòîìàòèçèðîâàííûå ñèñ-
òåìû [22].

- Óïðàâëåíèå ñòîèìîñòüþ è êà÷åñòâîì òàêæå ïðåäïî-
ëàãàåò èñïîëüçîâàíèå îôëàéíîâûõ ìåòîäîâ [23], ñôîêó-
ñèðîâàííûõ â áîëüøåé ñòåïåíè íà ñîâåðøåíñòâîâàíèè
êà÷åñòâà, ÷åì íà åãî îöåíêå. Â ÷àñòíîñòè, ìåòîäû ÿïîí-
ñêîãî ó÷åíîãî Ãåíåòüè Òàãóòè [24,25] ïîçâîëÿþò óìåíü-
øèòü îòêëîíåíèÿ ðàáî÷èõ õàðàêòåðèñòèê îò çàäàííûõ
çíà÷åíèé è ñîçäàòü ïðîäóêò, óñòîé÷èâûé ê âíåøíèì âîç-
äåéñòâèÿì. Ïðèìåíèå òàêèõ ìåòîäîâ â ñèñòåìå óïðàâëå-
íèÿ êà÷åñòâîì èìååò ñìûñë íà ýòàïå ïðîåêòèðîâàíèÿ
èçäåëèÿ, êîãäà ñóùåñòâóåò âîçìîæíîñòü ó÷åñòü âñå âèäû
øóìîâûõ ôàêòîðîâ [26, 27].

- Êàê îòìå÷àåòñÿ â [28], ñèñòåìà óïðàâëåíèÿ êà÷å-
ñòâîì òàêæå äîëæíà âêëþ÷àòü â ñåáÿ ýêîíîìèêî-ìàòå-
ìàòè÷åñêèå ìîäåëè äëÿ âûäåëåíèÿ ïðèîðèòåòíûõ çàäà÷ è
ðàöèîíàëüíîãî èñïîëüçîâàíèÿ ñóùåñòâóþùèõ ñðåäñòâ. Â
[28] ïðåäëàãàåòñÿ ðàññìàòðèâàòü ýòè ìîäåëè â âèäå çàäà-
÷è ëèíåéíîãî ïðîãðàììèðîâàíèÿ. Äåéñòâèòåëüíî, êà÷å-
ñòâî èçãîòîâëÿåìîé ïðîäóêöèè â ñî÷åòàíèè ñ åå öåíîé
ìîæíî ïðåäñòàâèòü â âèäå öåëåâîé ôóíêöèè, à ðàçëè÷-
íûå ïîêàçàòåëè (ñåáåñòîèìîñòü, ïðîèçâîäñòâåííûå ìîù-
íîñòè è äð.) â âèäå îãðàíè÷åíèé [29].

- ×òîáû ïîñòðîèòü ñîâðåìåííûå ñèñòåìû êà÷åñòâà, íå-
îáõîäèìî ïðîéòè îïðåäåëåííûå ýòàïû, à èìåííî, èçáà-
âèòüñÿ îò òàêîãî ñåðüåçíîãî íåäîñòàòêà, êàê âûñîêèé
óðîâåíü äåôåêòíîñòè. Ýôôåêòèâíûì ñðåäñòâîì ïðîòèâ
äàííîãî íåäîñòàòêà ÿâëÿåòñÿ äèàãíîñòèêà ïðîöåññîâ è
èçäåëèé [30,31,32]. Íåñìîòðÿ íà íàëè÷èå áîëüøîãî ÷èñ-
ëà ðàçðàáîòàííûõ àëãîðèòìîâ äèàãíîñòèêè íåðåøåííûì
îñòàåòñÿ ðÿä çàäà÷. Îäíîé èç òàêèõ çàäà÷ ÿâëÿåòñÿ
çàäà÷à êëàññèôèêàöèè ïî ïðèçíàêàì â óñëîâèÿõ ìàëîãî
ðàçìåðà îáó÷àþùåé âûáîðêè. Åñëè ðàçìåð âûáîðêè

äîñòàòî÷íî âåëèê, êëàññû ëåãêî ðàçäåëèìû è ÷èñëî
ïðèçíàêîâ íåâåëèêî, òî, êàê ïðàâèëî, èñïîëüçóþòñÿ
ñòàòèñòè÷åñêèå ìåòîäû êëàññèôèêàöèè [33,34,35]. Â òåõ
ñëó÷àÿõ, êîãäà ÷èñëî ïðèçíàêîâ âåëèêî è êëàññû òðóäíî
ðàçäåëèìû, ìîãóò áûòü ïðèìåíåíû, â ÷àñòíîñòè, ìåòîäû
äèñêðèìèíàíòíûõ è ïîòåíöèàëüíûõ ôóíêöèé [36,37,38].
Îäíàêî, åñëè ðàçìåð îáó÷àþùåé âûáîðêè ìàë (â ñëó-
÷àÿõ, êîãäà èç-çà óíèêàëüíîñòè èëè äîðîãîâèçíû èçäå-
ëèé è ñëîæíîñòè èñïûòàíèé íåâîçìîæíî èëè íåæåëà-
òåëüíî ïðîâîäèòü áîëüøîå ÷èñëî ýêñïåðèìåíòîâ), ñòà-
òèñòè÷åñêèå è ýâðèñòè÷åñêèå [39] àëãîðèòìû, êàê ïðàâè-
ëî, íå ïîçâîëÿþò ðåøàòü çàäà÷ó êëàññèôèêàöèè ñ äîñòà-
òî÷íîé äîñòîâåðíîñòüþ. Àëüòåðíàòèâîé òðàäèöèîííî èñ-
ïîëüçóåìûì ìåòîäàì ïðè ïîñòðîåíèè ìîäåëåé íà îñíîâå
îáó÷àþùèõ âûáîðîê ìîãóò ñëóæèòü íåéðîííûå ñåòè
(ÍÑ). Îäíèì èç âàæíåéøèõ ñâîéñòâ ÍÑ ÿâëÿåòñÿ ñïî-
ñîáíîñòü ê àïïðîêñèìàöèè ìíîãîìåðíûõ ôóíêöèé, ÷òî
ïîçâîëÿåò èñïîëüçîâàòü èõ äëÿ ìîäåëèðîâàíèÿ ñëîæíûõ
ïðîöåññîâ è îáúåêòîâ. Íå ìåíåå âàæíîå ñâîéñòâî ÍÑ -
îáó÷àåìîñòü äàåò âîçìîæíîñòü ñòðîèòü íà èõ îñíîâå
àäàïòèâíûå ñèñòåìû [40,41]. Áëàãîäàðÿ ýòîìó ÍÑ ìîãóò
ïðèìåíÿòüñÿ â çàäà÷àõ äèàãíîñòèêè.

- Håîáõîäèì àíàëèç ôóíêöèîíèðîâàíèÿ äåéñòâóþùåé
ñèñòåìû óïðàâëåíèÿ êà÷åñòâîì [42,43], íàïðàâëåííûé íà
ïîëó÷åíèå îöåíêè ýôôåêòèâíîñòè ñèñòåìû è îïðåäåëå-
íèå çàòðàò íà êà÷åñòâî [44]. Öåëüþ òàêîãî àíàëèçà ÿâëÿ-
åòñÿ âûÿâëåíèå è óñòðàíåíèå íåäîñòàòêîâ ðàáîòû ñèñ-
òåìû, åå ìîäåðíèçàöèÿ è óñîâåðøåíñòâîâàíèå.

- Íåîáõîäèìî òàêæå ðàñøèðåíèå ñèñòåìû îò÷åòîâ,
âêëþ÷àþùåé èíôîðìàöèþ î êà÷åñòâå ìàòåðèàëîâ, ïîëó-
ôàáðèêàòîâ, êîìïëåêòóþùèõ è èõ ïîñòàâùèêàõ, î ðå-
çóëüòàòàõ ïðîâåðêè ôóíêöèîíèðîâàíèÿ ñèñòåìû êà÷å-
ñòâà è çàòðàòàò íà êà÷åñòâî, à òàêæå èíôîðìàöèþ äëÿ
óïðàâëåíèÿ òåõíè÷åñêîé äîêóìåíòàöèåé.
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ÏÐÎÅÊÒÈÐÎÂÀÍÈÅ ÊÀ×ÅÑÒÂÀ: ÄÎÏÓÑÊÎÂÛÉ ÀÍÀËÈÇ

Â. È. Äóáðîâèí, Ã. Â. Òàáóíùèê

Ïðåäëîæåí ìåòîä ðåøåíèÿ çàäà÷è ñèíòåçà òî÷íîñòè ïðè
ïðîåêòèðîâàíèè ñ èñïîëüçîâàíèåì äèñïåðñèîííîãî àíàëèçà è
ñòîèìîñòíîãî àíàëèçà, îñíîâàííîãî íà ïðèìåíåíèè ôóíêöèè
ïîòåðü.

Çàïðîïîíîâàíî ìåòîä âèð³øåííÿ çàäà÷³ ñèíòåçó òî÷íîñò³
ïðè ïðîåêòóâàíí³ ç âèêîðèñòàííÿì äèñïåðñ³éíîãî àíàë³çó ³
âàðò³ñíîãî àíàë³çó, çàñíîâàíîãî íà çàñòîñóâàíí³ ôóíêö³¿
çáèòê³â. 

The technique of solving the problem of precision synthesis
based on the analyze of variance and cost analyze based on Loss
Function are offered in the article.

ÂÂÅÄÅÍÈÅ

Ýôôåêòèâíûì ñðåäñòâîì ðåøåíèÿ ïðîáëåìû êà÷åñòâà
îòå÷åñòâåííîé ïðîäóêöèè ÿâëÿþòñÿ îôëàéíîâûå ìåòîäû
- ìåòîäû, íå âñòðîåííûå â ïðîöåññ ïðîèçâîäñòâà, ïîçâî-
ëÿþùèå óëó÷øèòü êà÷åñòâî èçäåëèé è èõ òåõíîëîãè÷-
íîñòü, à òàêæå ñíèçèòü ñòîèìîñòü ðàçðàáîòêè, èçãîòîâëå-
íèÿ, ýêñïëóàòàöèè è ðåìîíòà. Ýòè ìåòîäû ÿâëÿþòñÿ
òåõíè÷åñêèì ñðåäñòâîì îáåñïå÷åíèÿ êà÷åñòâà íà ñòàäèè
ïðîåêòèðîâàíèÿ èçäåëèé è ðàçðàáîòêè òåõíîëîãè÷åñêîãî
ïðîöåññà [1].

Îäíîé èç ãëàâíûõ çàäà÷, êîòîðûå äîëæíû áûòü
ðåøåíû äëÿ ðåàëèçàöèè ìåòîäèêè îôëàéíîâîãî óïðàâëå-
íèÿ êà÷åñòâîì, ÿâëÿåòñÿ çàäà÷à îïðåäåëåíèÿ îïòèìàëü-
íûõ çíà÷åíèé è äîïóñòèìûõ îòêëîíåíèé ïàðàìåòðîâ.

ÇÀÄÀ×À ÑÈÍÒÅÇÀ ÒÎ×ÍÎÑÒÈ ÏÐÈ 
ÏÐÎÅÊÒÈÐÎÂÀÍÈÈ

Ïðîáëåìà óñòàíîâëåíèÿ äîïóñêîâ ÿâëÿåòñÿ î÷åíü âàæ-
íîé è îñâåùåíà â çíà÷èòåëüíîì êîëè÷åñòâå ïóáëèêàöèé,
ñðåäè êîòîðûõ áîëüøîé óäåëüíûé âåñ çàíèìàþò ðàáîòû,
ïîñâÿùåííûå àíàëèçó è ðàñ÷åòó äîïóñêîâ îïðåäåëåííûõ
òèïîâ èçäåëèé.

Òåîðèÿ îïðåäåëåíèÿ è îïòèìèçàöèè äîïóñêîâ âîçíèê-
ëà ïðè ïåðåõîäå îò ðåìåñëåííîãî ê ñåðèéíîìó, à çàòåì è
ê ìàññîâîìó ïðîèçâîäñòâó êàê òåîðåòè÷åñêàÿ îñíîâà âçà-
èìîçàìåíÿåìîñòè [2]. Âïåðâûå ïðèíöèï îöåíêè ãîäíîñòè
èçäåëèÿ íà îñíîâå êîíòðîëÿ åãî ïàðàìåòðîâ ïðåäåëüíû-
ìè ðàçìåðàìè áûë ðàçðàáîòàí Ô. Òåéëîðîì è â äàëüíåé-
øåì ïîëó÷èë ðàçâèòèå â ìàøèíîñòðîåíèè, ðàäèîïðèáî-
ðîñòðîåíèè, ïðèáîðîñòðîåíèè.

Ñðåäè ôóíäàìåíòàëüíûõ ðàáîò, ïîñâÿùåííûõ ðåøå-
íèþ çàäà÷è àíàëèçà è ðàñ÷åòà äîïóñêîâ, â ïåðâóþ î÷å-
ðåäü, ñëåäóåò íàçâàòü òðóäû Í.Ã. Áðóåâè÷à [3], Í.À. Áî-
ðîäà÷åâà [4], Ì.Ë. Áûõîâñêîãî [5].

Â îòå÷åñòâåííûõ ðàçðàáîòêàõ çàäà÷è îïðåäåëåíèÿ è

îïòèìèçàöèè äîïóñêîâ ðàññìàòðèâàëèñü êàê êðóã çàäà÷
òåîðèè òî÷íîñòè. Õîòÿ, âîçìîæíî, äàííûå çàäà÷è äîëæ-
íû ñîñòàâëÿòü îòäåëüíûé êðóã çàäà÷ è ÿâëÿòüñÿ áàçèñîì
äëÿ âçàèìîäåéñòâèÿ ìåæäó êîíñòðóêòîðîì è òåõíîëîãîì
â äåëå íåïðåðûâíîãî ñîâåðøåíñòâîâàíèÿ ñîçäàâàåìîãî
èçäåëèÿ.

Èç ïðîáëåì, ðàññìàòðèâàåìûõ òåîðèåé òî÷íîñòè, äëÿ
ðåøåíèÿ çàäà÷ äîïóñêîâîãî àíàëèçà âûäåëèì:

- çàäà÷ó ñèíòåçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè
- çàäà÷ó àíàëèçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè.
Â çàäà÷å ñèíòåçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè ïî

çàäàííûì çíà÷åíèÿì ïðåäåëüíûõ îòêëîíåíèé  è

 (ES - âåðõíèé ïðåäåë, EI - íèæíèé ïðåäåë) âûõîä-

íîé õàðàêòåðèñòèêè y, òðåáóåòñÿ íàéòè ïðåäåëüíûå îò-

êëîíåíèÿ  è  è, ñëåäîâàòåëüíî, 

äîïóñêîâ  âõîäíûõ ïàðàìåòðîâ .

Â çàäà÷å àíàëèçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè ïî
çíà÷åíèÿì ïðåäåëüíûõ îòêëîíåíèé âõîäíûõ ïàðàìåòðîâ

 è , íîìèíàëüíûõ çíà÷åíèé ,  íåîáõîäè-

ìî îïðåäåëèòü  è  èëè çíà÷åíèå ïîëÿ äîïóñêà

 âûõîäíîé õàðàêòåðèñòèêè.

Çàïèøåì àíàëèòè÷åñêèé âèä çàâèñèìîñòè ìåæäó âû-
õîäíîé õàðàêòåðèñòèêîé è âõîäíûìè ïàðàìåòðàìè ñ ïî-
ìîùüþ âûðàæåíèÿ:

. (1)

Èñïîëüçóÿ êëàññèôèêàöèþ, ïðåäëîæåííóþ â [6], áó-
äåì ðàññìàòðèâàòü ìíîãîìåðíûå ìíîæåñòâåííûå çàâèñè-
ìîñòè (îäíà âûõîäíàÿ õàðàêòåðèñòèêà è íåñêîëüêî âõîä-
íûõ ïàðàìåòðîâ) ïî õàðàêòåðó êàê ëèíåéíûå òàê è íåëè-
íåéíûå, ïî ïðèðîäå êàê äåòåðìèíèðîâàííûå òàê è ñòîõà-
ñòè÷åñêèå.

Ïðè ðåøåíèè çàäà÷ îïòèìèçàöèè äîïóñêîâ íà ñòàäèè
ïðîåêòèðîâàíèÿ âîçíèêàåò ðÿä òðóäíîñòåé - íà äàííîì
ýòàïå íå èçâåñòåí àíàëèòè÷åñêèé âèä ôóíêöèè ðàñïðå-
äåëåíèÿ âõîäíûõ ïàðàìåòðîâ. Êðîìå òîãî, íå èçâåñòíû
äèñïåðñèè è ñòàíäàðòíûå îòêëîíåíèÿ. Ñëåäîâàòåëüíî,

êîíñòðóêòîðû îïåðèðóþò íå äèñïåðñèÿìè , à ïîëÿìè

äîïóñêîâ . Ïîñëåäíèå ïðèðàâíèâàþòñÿ ê ïîëÿì ðàññå-

èâàíèÿ , êîòîðûå â íîðìàëüíî ïðîòåêàþùåì ïðîèçâîä-

ñòâå ðàâíû èëè ìåíüøå ïîëåé äîïóñêîâ. Çàâèñèìîñòü

ìåæäó ïàðàìåòðàìè  è  âûðàæàåòñÿ ñëåäóþùåé çà-

âèñèìîñòüþ:

ESy

EIy

ESxi EIxi ∆xi
ESxi

EIxi
–=

xi

ESxi EIxi xí yí

ESy EIy

∆y

y f x1 x2 … xm, , ,( )=

σi

∆i

δi

δi σi
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, (2)

ãäå  - ïîëîæèòåëüíîå ÷èñëî, êîòîðîå çàäàåò âåðîÿò-

íîñòü òîãî, ÷òî çíà÷åíèå x áóäåò âíå ãðàíèö ïîëÿ ðàññåÿ-
íèÿ.

Äëÿ ðåøåíèÿ çàäà÷ îïðåäåëåíèÿ äîïóñêîâ íà ïðàêòèêå
øèðîêî èñïîëüçóþòñÿ ìåòîä ìàêñèìóìà-ìèíèìóìà è ìå-
òîä Ìîíòå-Êàðëî.

Ìåòîä Ìîíòå-Êàðëî, ïðè êîòîðîì ñ ïîìîùüþ äàò÷èêà
ñëó÷àéíûõ ÷èñåë àðãóìåíòàì çàäàþòñÿ ñëó÷àéíûå çíà÷å-
íèÿ, èñïîëüçóåòñÿ äëÿ ìîäåëèðîâàíèÿ ðàñïðåäåëåíèÿ
ñëó÷àéíîé âåëè÷èíû.

Îäíàêî äëÿ íåëèíåéíûõ è ìíîãîìåðíûõ çàäà÷ ðàñ÷åò
ïî ïðèíöèïó ìàêñèìóìà-ìèíèìóìà íå ðàçðàáîòàí. Ìåòîä
Ìîíòå-Êàðëî èìååò ðÿä íåäîñòàòêîâ, äîñòàòî÷íî ïîëíî
îïèñàííûõ â ëèòåðàòóðå [6, 7].

Äëÿ èñïîëüçîâàíèÿ âåðîÿòíîñòíûõ ìåòîäîâ îïðåäåëå-
íèÿ äîïóñêîâ íåîáõîäèìî çíàòü çàêîíû è ïàðàìåòðû ðàñ-
ïðåäåëåíèÿ êàê âûõîäíîé õàðàêòåðèñòèêè òàê è âõîäíûõ
ïàðàìåòðîâ, êîòîðûå ïðè íåëèíåéíûõ èñõîäíûõ çàâè-
ñèìîñòÿõ òðàäèöèîííûìè ìåòîäàìè ïîëó÷èòü äîâîëüíî
òðóäíî.

Êëàññè÷åñêèé ìåòîä ðåøåíèÿ çàäà÷ àíàëèçà è ñèíòåçà
òî÷íîñòè ïðè ïðîåêòèðîâàíèè ìîæíî ñâåñòè ê ðåøåíèþ
âûðàæåíèÿ:

, (3)

ãäå  - ôóíêöèÿ ÷óâñòâèòåëüíîñòè, îòðàæàþùàÿ ñòå-

ïåíü âîçäåéñòâèÿ âõîäíûõ ïàðàìåòðîâ íà âûõîäíóþ õà-
ðàêòåðèñòèêó. Íàèáîëåå øèðîêî èñïîëüçóåìîå âûðà-
æåíèå äëÿ îïðåäåëåíèÿ çíà÷åíèÿ äàííîé ôóíêöèè -

.

Èñïîëüçîâàíèå äàííîãî ìåòîäà òðåáóåò íàëè÷èÿ ñëå-
äóþùèõ óñëîâèé:

à) çíàíèÿ èñõîäíîé çàâèñèìîñòè (1);
á) òîëüêî îäíîé âûõîäíîé õàðàêòåðèñòèêè y;
ñ) äîïóñòèìîñòè ëèíåàðèçàöèè çàâèñèìîñòè (1).
Â íàñòîÿùåå âðåìÿ ìåòîäèêà ôîðìàëèçîâàííîãî ðåøå-

íèÿ çàäà÷ ñèíòåçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè ðàçðà-
áîòàíà íåäîñòàòî÷íî [6, 8], è èíòóèöèÿ è îïûò êîíñòðóê-
òîðà è òåõíîëîãà ïðè ðåøåíèè äàííîãî êðóãà çàäà÷
èãðàåò ãëàâíóþ ðîëü. Ðàçðàáîòàííûå ìåòîäû ðàñïðîñòðà-
íÿþòñÿ òîëüêî íà ëèíåéíóþ èñõîäíóþ çàâèñèìîñòü (1),
êðîìå òîãî âîçíèêàþò òðóäíîñòè ïðè îïðåäåëåíèè êîëè-
÷åñòâåííîé îöåíêè âëèÿíèÿ êàæäîãî âõîäíîãî ïàðàìåòðà
íà âûõîäíóþ õàðàêòåðèñòèêó è íåò ìåòîäà, ïîçâîëÿþ-
ùåãî âûáðàòü íàèëó÷øåå ðåøåíèå èç ìíîæåñòâà âîç-
ìîæíûõ.

Ñëåäîâàòåëüíî, ðàçðàáîòêà ìåòîäèêè ðåøåíèÿ çàäà÷è
ñèíòåçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè ñ ó÷åòîì íåëèíåé-

íûõ èñõîäíûõ çàâèñèìîñòåé ìåæäó âõîäíûìè ïàðàìåò-
ðàìè è âûõîäíîé õàðàêòåðèñòèêîé ÿâëÿåòñÿ àêòóàëüíîé.

ÀÍÀËÈÇ ÇÀÂÈÑÈÌÎÑÒÅÉ ÌÅÆÄÓ 
ÂÛÕÎÄÍÎÉ ÕÀÐÀÊÒÅÐÈÑÒÈÊÎÉ È 
ÂÕÎÄÍÛÌÈ ÏÀÐÀÌÅÒÐÀÌÈ

Ïóñòü çàäàíà ôóíêöèîíàëüíàÿ çàâèñèìîñòü (1), èç-
âåñòíû íîìèíàëüíûå çíà÷åíèÿ âõîäíûõ ïàðàìåòðîâ, ïî-
ëó÷åííûõ íà ýòàïå ïðîåêòèðîâàíèÿ ïàðàìåòðîâ [9], èç-
âåñòíû äîïóñòèìûå îòêëîíåíèÿ âûõîäíîé õàðàêòåðèñòè-

êè y -  è  èëè . Áóäåì ñ÷èòàòü, ÷òî ïðåâû-

øåíèå ãðàíèö äîïóñêîâ âåäåò ê îòêàçó è, ñëåäîâàòåëüíî,
òðåáóåòñÿ ðåìîíò èëè ðåãóëèðîâêà ïàðàìåòðîâ, ÷òî ïðè-

âîäèò ê ïîòåðÿì .

Òàê êàê â ðåàëüíûõ ïðîöåññàõ äîìèíèðóþò íåëèíåé-
íûå çàâèñèìîñòè ìåæäó âõîäíûìè ïàðàìåòðàìè è âûõîä-
íûìè õàðàêòåðèñòèêàìè, òî äëÿ ðåøåíèÿ çàäà÷è ñèíòåçà
òî÷íîñòè ïðè ïðîåêòèðîâàíèè òðåáóåòñÿ âûïîëíèòü ïðå-
îáðàçîâàíèå èñõîäíîé çàâèñèìîñòè (1).

Äëÿ ëèíåàðèçàöèè íåëèíåéíûõ çàâèñèìîñòåé òðàäèöè-
îííî èñïîëüçóåòñÿ ðàçëîæåíèå Òåéëîðà, ïðè êîòîðîì
âûðàæåíèå (1) ëèíåàðèçóåòñÿ â îêðåñòíîñòè íåêîòîðîé
òî÷êè (m+1)-ìåðíîãî ïðîñòðàíñòâà. Âåëè÷èíà ýòîé îáëà-
ñòè îïðåäåëÿåòñÿ äîïóñêàìè ïàðàìåòðîâ. Îäíàêî ðàçëî-
æåíèå Òåéëîðà èìååò ðÿä íåäîñòàòêîâ [6]:

1) òðåáóåòñÿ íàëè÷èå íåïðåðûâíûõ ïðîèçâîäíûõ â
ðàññìàòðèâàåìîé îáëàñòè;

2) ïðè ðàçëîæåíèè â ðÿä â îêðåñòíîñòè òî÷êè ñ àáñ-

öèññàìè  (ãäå , ,  - ìà-

òåìàòè÷åñêèå îæèäàíèÿ àðãóìåíòîâ   (m+1)-

ìåðíîãî ïðîñòðàíñòâà) îøèáêà ïðèáëèæåíèÿ íà êîíöàõ
çàäàííûõ èíòåðâàëîâ äîñòèãíåò ìàêñèìóìà;

3) çàòðóäíåí àíàëèç ñõîäèìîñòè ðÿäà.
Êðîìå òîãî, äëÿ íåêîòîðûõ çàäà÷ ëèíåàðèçàöèÿ èñ-

õîäíîé çàâèñèìîñòè íåäîïóñòèìà. Â ýòîì ñëó÷àå èñïîëü-
çóåòñÿ ïðèáëèæåíèå ôóíêöèé ïîëèíîìàìè. Äëÿ ðåøåíèÿ
çàäà÷è äîïóñêîâîãî àíàëèçà íàèáîëåå ýôôåêòèâíûì èí-
ñòðóìåíòîì ÿâëÿåòñÿ èñïîëüçîâàíèå îðòîãîíàëüíûõ ìíî-
ãî÷ëåíîâ ×åáûøåâà, êîòîðûå â îáùåì âèäå ïðåäñòàâëÿ-
þòñÿ êàê ïîëèíîìèàëüíûå ôóíêöèè îò óðîâíåé âàðüèðî-
âàíèÿ âõîäíûõ ïàðàìåòðîâ. Ñòåïåíü ïîëèíîìà íå ìîæåò
áûòü âûøå, ÷åì ÷èñëî óðîâíåé âàðüèðîâàíèÿ ìèíóñ 1.
Ðàçëîæåíèå ×åáûøåâà ñõîäèòñÿ áûñòðåå, ÷åì ðàçëîæå-
íèå Òåéëîðà, ò.å. òî÷íîñòü àïïðîêñèìàöèè ïîëèíîìàìè
×åáûøåâà âûøå, ÷åì ïðè ëþáîì äðóãîì ïðèáëèæåíèè
ïðè îäèíàêîâîì êîëè÷åñòâå ÷ëåíîâ [10].

Òàêèì îáðàçîì, äëÿ êàæäîãî âõîäíîãî ïàðàìåòðà
âûáèðàåòñÿ ÷èñëî óðîâíåé åãî âàðüèðîâàíèÿ, êîòîðîå
äîëæíî áûòü íà 1 áîëüøå ìàêñèìàëüíîé ñòåïåíè ïîëè-
íîìà, íåîáõîäèìîé äëÿ îïèñàíèÿ ýòèì ïàðàìåòðîì ïî-
âåðõíîñòè îòêëèêà.

Äëÿ îïðåäåëåíèÿ ãðàíèö äîïóñêîâ íå òðåáóåòñÿ áîëåå
òðåõ óðîâíåé âàðüèðîâàíèÿ, çíà÷åíèÿ êîòîðûõ ïðèâåäå-

δx txσx=
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2 ∆xi
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íû â òàáë. 1, ãäå   - íîìèíàëüíîå çíà÷åíèå i-ãî âõîä-

íîãî ïàðàìåòðà, j - íîìåð óðîâíÿ:

ÄÈÑÏÅÐÑÈÎÍÍÛÉ ÀÍÀËÈÇ

Â êà÷åñòâå ïëàíîâ äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ
ïðåäëàãàåòñÿ ðåàëèçîâàòü "Ëàòèíñêèé êâàäðàò" èëè "Îð-
òîãîíàëüíûå òàáëèöû" [9,11], ÷òî ïîçâîëÿåò èñïîëüçî-
âàòü òðàäèöèîííóþ ñõåìó äèñïåðñèîííîãî àíàëèçà (ÄÀ),
êîòîðàÿ ñîñòîèò èç ñëåäóþùèõ øàãîâ.

Äëÿ ïðîâåäåíèÿ äèñïåðñèîííîãî àíàëèçà âû÷èñëÿåì:
1) ôàêòîð êîððåêöèè

, (4)

ãäå n - êîëè÷åñòâî îïûòîâ, ;

2) îáùóþ ñóììó êâàäðàòîâ

; (5)

3) ñóììû êâàäðàòîâ äëÿ èññëåäóåìûõ ïàðàìåòðîâ

, (6)

ãäå , ;

4) âû÷èñëÿåì îáùèé ñðåäíèé êâàäðàò 

, (7)

è, ñîîòâåòñòâåííî,  äëÿ êàæäîãî ïàðàìåòðà:

, (8)

ãäå  - ñòåïåíü ñâîáîäû;

5) äëÿ êàæäîãî âõîäíîãî ïàðàìåòðà âû÷èñëÿåì ñòå-
ïåíü âëèÿíèÿ íà âûõîäíóþ õàðàêòåðèñòèêó:

. (9)

Ðåçóëüòàòû ÄÀ ñâîäÿòñÿ â òàáë. 2.

Â ðåçóëüòàòå ÄÀ ìû ïîëó÷àåì ñòåïåíü âîçäåéñòâèÿ
êàæäîãî ïàðàìåòðà íà âûõîäíóþ õàðàêòåðèñòèêó.

ÑÒÎÈÌÎÑÒÍÎÉ ÀÍÀËÈÇ

Òàê êàê ìû ðàññìàòðèâàåì çàäà÷ó ñèíòåçà òî÷íîñòè
ïðè ïðîåêòèðîâàíèè, òî â êà÷åñòâå èñõîäíûõ äàííûõ

ðàññìàòðèâàþòñÿ îòêëîíåíèÿ  è  âûõîäíîãî ïà-

ðàìåòðà. Îáîçíà÷èì . Òàê êàê ïðè ðåøå-

íèè çàäà÷ ñèíòåçà ñóùåñòâóåò ìíîæåñòâî ðåøåíèé, òî â
êà÷åñòâå êðèòåðèÿ îïòèìàëüíîñòè äîïóñêîâîãî ðåøåíèÿ

ïðèìåì çàòðàòû. Ïóñòü  - ïîòåðè, êîãäà âûõîäíàÿ

õàðàêòåðèñòèêà y íå ñîîòâåòñòâóåò óñòàíîâëåííûì äî-
ïóñêàì.

Äëÿ äàëüíåéøèõ âû÷èñëåíèé âîñïîëüçóåìñÿ ôóíêöè-
åé ïîòåðü [11]:

. (10)

Ïîñòàâèâ â âûðàæåíèå (10) çíà÷åíèÿ  è , íàéäåì

Òàáëèöà 1 - Óðîâíè âàðüèðîâàíèÿ ïàðàìåòðîâ k
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çíà÷åíèå :

. (11)

Äëÿ îïðåäåëåíèÿ ïîòåðü äëÿ i-ãî ïàðàìåòðà [12] âîñ-
ïîëüçóåìñÿ äàííûìè, ïîëó÷åííûìè â õîäå äèñïåðñèîí-
íîãî àíàëèçà, â ðåçóëüòàòå ïîëó÷èì âûðàæåíèå:

. (12)

Íà îñíîâàíèè ïîëó÷åííûõ ïîòåðü ïðèíèìàåòñÿ ðåøå-
íèå î ðàñøèðåíèè èëè óìåíüøåíèè ãðàíèö äîïóñêà. Åñ-
ëè ïðèíèìàåòñÿ ðåøåíèå îá èçìåíåíèè ãðàíèö äîïóñêà,
òî äîïóñê äëÿ âõîäíûõ ïàðàìåòðîâ âîçìîæíî îïðåäåëèòü
èç âûðàæåíèÿ:

. (13)

Óðàâíåíèå (13) ÿâëÿåòñÿ ìîäèôèêàöèåé âûðàæåíèÿ
(3) äëÿ ðåøåíèÿ çàäà÷è ñèíòåçà òî÷íîñòè ïðè ïðîåêòè-
ðîâàíèè.

ÂÛÂÎÄÛ

Ìåòîäèêà, ïðåäëîæåííàÿ â äàííîé ðàáîòå, ïðåäîñòàâ-
ëÿåò óäîáíûé ìàòåìàòè÷åñêèé àïïàðàò äëÿ ðåøåíèÿ òà-
êîãî êðóãà çàäà÷ äîïóñêîâîãî àíàëèçà, êàê çàäà÷à ñèí-
òåçà òî÷íîñòè ïðè ïðîåêòèðîâàíèè. Èñïîëüçîâàíèå äèñ-
ïåðñèîííîãî àíàëèçà è îðòîãîíàëüíûõ ïîëèíîìîâ ×åáû-
øåâà ïîçâîëÿåò îïðåäåëèòü ñòåïåíü âîçäåéñòâèÿ âõîäíûõ
ïàðàìåòðîâ íà âûõîäíóþ õàðàêòåðèñòèêó. Ïðèìåíåíèå

òåîðèè ïëàíèðîâàíèÿ ýêñïåðèìåíòà ïîçâîëÿåò íà äàííîì
ýòàïå ðåøåíèÿ çàäà÷è ñèíòåçà ïðè ïðîåêòèðîâàíèè èñ-
ïîëüçîâàòü êîìïüþòåðíîå ìîäåëèðîâàíèå, èñïîëüçóÿ ïà-
êåòû ñòàòèñòè÷åñêîé îáðàáîòêè äàííûõ (Statistica, Stat-
graphics, SPSS, Mathlab è ò.ä.). Èñïîëüçîâàíèå ôóíê-
öèè ïîòåðü ïîçâîëÿåò ââåñòè åäèíûé ýêîíîìè÷åñêèé êðè-
òåðèé îïòèìàëüíîñòè äîïóñêîâûõ ðåøåíèé - ñòîèìîñòü
(ïîòåðè).
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Ý. Ã. Êóðåííûé, Þ. È. ×åïêàñîâ, Ë. Â. ×åðíèêîâà

Ðàññìàòðèâàåòñÿ çàäà÷à îïðåäåëåíèÿ ðåàêöèé ïðè âîçäåé-
ñòâèÿõ ñëó÷àéíûõ ïîìåõ íà îáúåêòû. Ëèíåàðèçàöèþ ïðåä-
ëàãàåòñÿ îñóùåñòâëÿòü ìåòîäîì ïàðàìåòðè÷åñêîé èäåíòèôè-
êàöèè. Äëÿ ðàñ÷åòà õàðàêòåðèñòèê èñêîìîé ðåàêöèè ñèñòåìà
ïðåäñòàâëÿåòñÿ â âèäå ïàðàëëåëüíî âêëþ÷åííûõ èíåðöèîííûõ
çâåíüåâ. Ýôôåêòèâíîñòü ìåòîäîâ èëëþñòðèðóåòñÿ íà ïðèìå-
ðå îöåíêè âëèÿíèÿ èçìåíåíèé íàïðÿæåíèÿ, ïîäàâàåìîãî íà
ñèíõðîííûé ýëåêòðîäâèãàòåëü.

Ðîçãëÿäàºòüñÿ çàäà÷à âèçíà÷åííÿ ðåàêö³é ó çâ'ÿçêó ç ä³ÿí-
íÿì âèïàäêîâèõ çàâàä íà îá'ºêòè. Ë³íåàð³çàö³þ ïðîïîíóºòüñÿ
âèêîíóâàòè ìåòîäîì ïàðàìåòðè÷íî¿ ³äåíò³ô³êàö³¿. Äëÿ ðîçðà-
õóíêó õàðàêòåðèñòèê øóêàíî¿ ðåàêö³¿ ñèñòåìà çîáðàæàºòüñÿ

ó âèãëÿä³ ïàðàëåëüíî óâ³ìêíåíèõ ³íåðö³éíèõ ëàíîê. Åôåêòèâ-
í³ñòü ìåòîä³â ³ëþñòðóºòüñÿ íà ïðèêëàä³ îö³íêè âïëèâó çì³í
íàïðóãè íà ñèíõðîííîìó äâèãóí³.

The task of reactions determination by influence of random
interferences on objects is considered. It is suggested to accom-
plish linearization by method of parametric identification. Sys-
tem is presented in the form of connected in parallel linear
inertial links for calculation of unknown reaction characteristics.
The effectiveness of methods is illustrated on example of estima-
tion of voltage alterations influence on synchronous electric
motor.
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ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Â îáùåì ñëó÷àå ìàòåìàòè÷åñêèå ìîäåëè ðàäèîòåõíè-
÷åñêèõ óñòðîéñòâ è ýëåêòðîòåõíè÷åñêèõ êîìïëåêñîâ
ïðåäñòàâëÿþò ñîáîé ñèñòåìó íåëèíåéíûõ äèôôåðåíöè-
àëüíûõ óðàâíåíèé, ðåøåíèå êîòîðûõ çàòðóäíåíî äàæå

ïðè ïåðèîäè÷åñêèõ ïîìåõàõ. Ïðè ïîìåõàõ  ìàëîé

èíòåíñèâíîñòè âîçìîæíà ëèíåàðèçàöèÿ ìîäåëåé [1].
Îáû÷íî îñóùåñòâëÿþò ïðÿìóþ ëèíåàðèçàöèþ ïóòåì

çàìåíû íåëèíåéíîé ìîäåëè ñîîòâåòñòâóþùåé ñèñòåìîé
ëèíåéíûõ äèôôåðåíöèàëüíûõ óðàâíåíèé. Îäíàêî ïðè
ýòîì ñîõðàíÿåòñÿ ãðîìîçäêàÿ ñòðóêòóðà èñõîäíîé ìî-
äåëè è âûñîêèé ïîðÿäîê ñèñòåìû óðàâíåíèé. Êðîìå

òîãî, äàæå ïðè îäíîì óðàâíåíèè ñ ïîðÿäêîì  îïðå-

äåëåíèå õàðàêòåðèñòèê ðåàêöèè  îáúåêòà íà ïîìåõó

ñîïðÿæåíî ñ ãðîìîçäêèìè âûêëàäêàìè.
Â ñòàòüå ðàññìàòðèâàþòñÿ äâå çàäà÷è: âûáîð ëèíåàðè-

çîâàííîé ìîäåëè ìåòîäîì ïàðàìåòðè÷åñêîé èäåíòèôè-
êàöèè è óíèôèêàöèÿ ëèíåéíûõ ìîäåëåé ñ öåëüþ ñóùå-
ñòâåííîãî óïðîùåíèÿ ðàñ÷åòîâ. Äëÿ ñèñòåì ïðîñòîé
ñòðóêòóðû ïàðàìåòðè÷åñêàÿ èäåíòèôèêàöèÿ ìîæåò è íå
ïîòðåáîâàòüñÿ. Äëÿ îïðåäåëåííîñòè ýôôåêòèâíîñòü ìå-
òîäîâ èëëþñòðèðóåòñÿ íà ïðèìåðå îöåíêè ýëåêòðîìàã-
íèòíîé ñîâìåñòèìîñòè (ÝÌÑ) ïî îòêëîíåíèÿì íàïðÿ-
æåíèÿ ýëåêòðîòåõíè÷åñêîãî êîìïëåêñà "ñåòü ýëåêòðî-
ñíàáæåíèÿ - ñèíõðîííûé äâèãàòåëü", â êîòîðîì çàòðàãè-
âàþòñÿ âñå àñïåêòû ïðîáëåìû. Ïîìåõó áóäåì ñ÷èòàòü
ñòàöèîíàðíîé, íî âñå âûâîäû î÷åâèäíûì îáðàçîì ðàñ-
ïðîñòðàíÿþòñÿ è íà íåñòàöèîíàðíûå ïîìåõè.

ÌÅÒÎÄ ÏÀÐÀÌÅÒÐÈ×ÅÑÊÎÉ 
ÈÄÅÍÒÈÔÈÊÀÖÈÈ

Ñðåäíåå çíà÷åíèå  è êîððåëÿöèîííàÿ ôóíêöèÿ

(ÊÔ)  ïðîöåññà íà âûõîäå ëèíåéíîé ìîäåëè îïðå-

äåëÿþòñÿ ïî ñîîòâåòñòâóþùèì õàðàêòåðèñòèêàì  è

 ïîìåõè ÷åðåç ïåðåõîäíóþ  èëè âåñîâóþ 

ôóíêöèè ìîäåëè. Ïîýòîìó ïðè ëèíåàðèçàöèè íåîáõîäè-
ìî âîñïðîèçâåñòè èìåííî ýòó ôóíêöèþ. Ñóùíîñòü ïðåä-
ëàãàåìîãî ìåòîäà ñîñòîèò â ïîäáîðå ïðîñòîé ëèíåéíîé
ìîäåëè ïî ïåðåõîäíîé ôóíêöèè, ðàññ÷èòàííîé ïî èñõîä-
íîé ìîäåëè. Êîëè÷åñòâî ïåðåõîäíûõ ôóíêöèé ðàâíî
êîëè÷åñòâó âûõîäîâ ìîäåëè. Ïåðåõîäíûå ôóíêöèè ìîãóò
áûòü ïîëó÷åíû ýêñïåðèìåíòàëüíî èëè ìåòîäàìè èìè-
òàöèè.

Äëÿ ðåàëèçàöèè ìåòîäà âíà÷àëå äîêàçûâàåòñÿ âîçìîæ-
íîñòü ëèíåàðèçàöèè. Ñ ýòîé öåëüþ ïî íåëèíåéíîé ìîäå-
ëè íàõîäÿòñÿ ðåàêöèè ðàññìàòðèâàåìîãî îáúåêòà íà
ñêà÷êîîáðàçíûå âîçìóùåíèÿ ðàçíîé âåëè÷èíû è çíàêà.
Ïî ñîâîêóïíîñòè ðåàêöèé óñòàíàâëèâàåòñÿ äèàïàçîí
èçìåíåíèÿ ïîìåõè, â ïðåäåëàõ êîòîðîãî ðåàêöèè ïðî-
ïîðöèîíàëüíû âåëè÷èíå ñêà÷êà. Â ýòîì äèàïàçîíå
äîïóñòèìî èñïîëüçîâàòü ïîíÿòèå ïåðåõîäíîé ôóíêöèè.

Äîñòîâåðíîñòü ìåòîäà îáåñïå÷èâàåòñÿ òåì, ÷òî ïåðå-

õîäíûå ôóíêöèè  ðàññ÷èòûâàþòñÿ ïî èñõîäíîé ìî-

äåëè è ñ çàäàííîé òî÷íîñòüþ àïïðîêñèìèðóþòñÿ ïðîñòû-

ìè àíàëèòè÷åñêèìè âûðàæåíèÿìè . Â ïåðâóþ

î÷åðåäü öåëåñîîáðàçíî ïðîâåðèòü âîçìîæíîñòü àïïðîê-
ñèìàöèè â âèäå ëèíåéíîé êîìáèíàöèè ýêñïîíåíöèàëüíî-
ñèíóñîèäàëüíûõ è ýêñïîíåíöèàëüíûõ ôóíêöèé.

Ïî  íàõîäèòñÿ ïðåîáðàçîâàíèå Ëàïëàñà â âèäå

èçîáðàæåíèÿ . Ýòî ïîçâîëÿåò îïðåäåëèòü ôóíêöèþ

èñêîìîé ëèíåéíîé ìîäåëè è åå ñòðóêòóðó.
Îñíîâíîé ýôôåêò óïðîùåíèÿ àíàëèçà ðåàêöèé çàêëþ-

÷àåòñÿ â ñëåäóþùåì. Ïðè ïðÿìîé ëèíåàðèçàöèè ïîëó-
÷àåòñÿ îäíà ëèíåéíàÿ ñèñòåìà ñ íåñêîëüêèìè âûõîäàìè è
âíóòðåííèìè ñâÿçÿìè ìåæäó åå ñòðóêòóðíûìè áëîêàìè.
Ïðåäëàãàåìûé ìåòîä ïðèâîäèò ê íåñêîëüêèì ñèñòåìàì,
êîëè÷åñòâî êîòîðûõ ðàâíî êîëè÷åñòâó âûõîäîâ. Íî ýòè
ñèñòåìû ïðîñòû è íå èìåþò âçàèìíûõ ñòðóêòóðíûõ
ñâÿçåé. Ýòî ïîçâîëÿåò ïîëó÷àòü àíàëèòè÷åñêèå ðåøåíèÿ
çàäà÷, èçáåãàÿ ÷èñëåííûõ ìåòîäîâ. Ñëåäóåò îòìåòèòü,
÷òî ìåæäó âûõîäíûìè ïðîöåññàìè ñîõðàíÿþòñÿ òàêèå æå
ñâÿçè, êàê è â èñõîäíîé ìîäåëè, íî îíè ïðîÿâëÿþòñÿ
íåÿâíî ÷åðåç ïàðàìåòðû ëèíåéíûõ ñèñòåì.

Ðàññìîòðèì ïðèìåð ñ ýëåêòðîòåõíè÷åñêèì êîìïëåê-
ñîì, îãðàíè÷èâøèñü ëèøü àíàëèçîì èçìåíåíèÿ îòêëîíå-
íèé àêòèâíîé ìîùíîñòè îò çàäàííîãî çíà÷åíèÿ ïðè

èçìåíåíèè íàïðÿæåíèÿ  â ñåòè. Ïîëíàÿ ìîäåëü òîëüêî

îäíîãî ñèíõðîííîãî ýëåêòðîäâèãàòåëÿ ñ ó÷åòîì íàñûùå-
íèÿ ÿâëÿåòñÿ äîâîëüíî ñëîæíîé [2]. Ê íåé íóæíî äîáà-
âèòü ìîäåëè ýëåêòðîïðèâîäà, ñåòè ýëåêòðîñíàáæåíèÿ è
ñèñòåìû âîçáóæäåíèÿ. Ïðè íàëè÷èè íåñêîëüêèõ ñèí-
õðîííûõ äâèãàòåëåé ñëîæíîñòü ìîäåëè âîçðàñòàåò åùå
áîëüøå.

Ðàñ÷åòû ÷èñëåííûìè ìåòîäàìè ïî èñõîäíîé íåëèíåé-
íîé ìîäåëè êîìïëåêñà ïîêàçàëè, ÷òî â äîïóñêàåìîì
ñòàíäàðòîì [3] äèàïàçîíå èçìåíåíèÿ íàïðÿæåíèÿ ±5%
ëèíåàðèçàöèÿ âîçìîæíà. Íà ðèñ. 1 ïîêàçàíà ïåðåõîäíàÿ

õàðàêòåðèñòèêà . Îêàçàëîñü, ÷òî èçìåíåíèå óñëî-

âèé ïðîòåêàíèÿ ïåðåõîäíûõ ïðîöåññîâ (ðåæèì âîçáóæ-
äåíèÿ, ñîïðîòèâëåíèå ñåòè, ìîìåíò íà âàëó) ñêàçûâàåòñÿ
òîëüêî íà ÷èñëîâûõ ïàðàìåòðàõ ïåðåõîäíîé ôóíêöèè.
Âèä æå ïåðåõîäíîé ôóíêöèè íå èçìåíÿåòñÿ è îïðå-
äåëÿåòñÿ âûðàæåíèåì

, (1)

â êîòîðîì ïàðàìåòðû ,  è  ïîäáèðàþòñÿ ïî

. Óãëîâàÿ ÷àñòîòà  âû÷èñëÿåòñÿ ïî äëè-

òåëüíîñòè ëþáîãî öèêëà. Îñòàëüíûå äâà ïàðàìåòðà íàõî-

äÿòñÿ ïî ëþáûì äâóì òî÷êàì , êîòîðûå äàþò ëåãêî

ðåøàåìóþ ñèñòåìó äâóõ àëãåáðàè÷åñêèõ óðàâíåíèé.
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Ðèñóíîê 1 - Ïåðåõîäíàÿ õàðàêòåðèñòèêà

Âûðàæåíèå (1) èñïîëüçóåòñÿ è äëÿ àïïðîêñèìàöèè
ïåðåõîäíûõ ôóíêöèé íåñêîëüêèõ ñèíõðîííûõ äâèãà-
òåëåé.

Îáîçíà÷èâ , ,  è

, ïî òàáëèöàì ïðåîáðàçîâàíèé Ëàïëàñà íà-

éäåì ïåðåäàòî÷íóþ ôóíêöèþ

, (2)

êîòîðàÿ ñîîòâåòñòâóåò ôóíêöèè âðåìåíè (1).

Ðèñóíîê 2 - Ïðåîáðàçîâàíèå èñõîäíîé ñèñòåìû (à) ïðè 
÷àñòè÷íîé (á) è ïîëíîé (â) óíèôèêàöèè

Òàêèì îáðàçîì, èñõîäíàÿ íåëèíåéíàÿ ñèñòåìà çàìåíå-
íà ïðîñòîé ëèíåéíîé ñèñòåìîé, ñîñòîÿùåé èç äâóõ
ýëåìåíòàðíûõ çâåíüåâ: äèôôåðåíöèðóþùåãî ñ ïîñòîÿí-

íîé âðåìåíè  è êîëåáàòåëüíîãî ñ êîýôôèöèåíòîì ïå-

ðåäà÷è  è ïîñòîÿííûìè âðåìåíè  è  (ðèñ. 2, à).

ÌÅÒÎÄ "ÏÀÐÖÈÀËÜÍÛÕ ÐÅÀÊÖÈÉ"

Ïðè ñòàöèîíàðíîé ñëó÷àéíîé ïîìåõå õàðàêòåðèñòèêè
ðåàêöèè ëèíåéíîé ñèñòåìû ìîãóò áûòü îïðåäåëåíû ïî
îáùèì ôîðìóëàì òåîðèè ñëó÷àéíûõ ïðîöåññîâ [1]

, (3)

, (4)

ãäå  è  - ïåðåìåííûå èíòåãðèðîâàíèÿ, .

Ïðè áîëüøîì ïîðÿäêå ëèíåéíîãî äèôôåðåíöèàëüíîãî
óðàâíåíèÿ (íàïðèìåð, ôèëüòð ôëèêåðìåòðà [4] èìååò

) ïðèìåíåíèå ôîðìóëû (4) çàòðóäíåíî.

Óïðîùåíèå ðàñ÷åòîâ âîçìîæíî ïóòåì ïðèìåíåíèÿ
ìåòîäà "ïàðöèàëüíûõ ðåàêöèé", ïðåäëîæåííîãî â [5] äëÿ
ïåðèîäè÷åñêèõ ïîìåõ. Èäåÿ ìåòîäà ñîñòîèò â òîì, ÷òî
èñõîäíàÿ ëèíåéíàÿ ñèñòåìà (ðèñ. 2, à) ïðåäñòàâëÿåòñÿ â

âèäå  ïàðàëëåëüíî âêëþ÷åííûõ èíåðöèîííûõ (àïåðèî-

äè÷åñêèõ çâåíüåâ) çâåíüåâ ïåðâîãî ïîðÿäêà (ðèñ 2, á).
Ìåòîä ïðèìåíèì äëÿ ñèñòåì ñ ïåðåäàòî÷íîé ôóíêöèåé

, çíàìåíàòåëü  êîòîðîé èìååò ïðîñòûå êîðíè

, …,  è ïîðÿäîê , ìåíüøèé ïîðÿäêà  ÷èñëèòåëÿ

. Åñëè  èëè èìåþòñÿ êðàòíûå êîðíè çíàìåíà-

òåëÿ, ñèñòåìà ðàçäåëÿåòñÿ íà äâå èëè áîëåå ïîäñèñòåì, à
ìåòîä ïðèìåíÿåòñÿ ïîñëåäîâàòåëüíî.

Çíàìåíàòåëü ïðè  ïðåäñòàâëÿåòñÿ â âèäå

ïðîèçâåäåíèÿ ìíîæèòåëåé  ñ êîýôôèöèåíòîì . Â

ýòîì ñëó÷àå êîýôôèöèåíò ïåðåäà÷è è ïîñòîÿííàÿ âðåìå-

íè -ãî çâåíà îïðåäåëÿþòñÿ âûðàæåíèÿìè

, , (5)

êîòîðûå ìîãóò áûòü êîìïëåêñíûìè. Ïåðåõîäíàÿ è âåñî-

âàÿ ôóíêöèè çâåíà ïðè  ñîñòàâÿò

, . (6)

Èñêîìàÿ ðåàêöèÿ ðàâíà ñóììå ïàðöèàëüíûõ ðåàêöèé

 èíåðöèîííûõ çâåíüåâ. Ýòè ðåàêöèè êîððåëèðîâàí-
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íû, òàê êàê íà âõîä êàæäîãî çâåíà ïîñòóïàåò îäíà è òà
æå ïîìåõà. Çàâèñèìîñòè ðåàêöèé íå ñêàçûâàþòñÿ íà
ñðåäíåì çíà÷åíèè

, (7)

íî äîëæíû ó÷èòûâàòüñÿ ïðè îïðåäåëåíèè ÊÔ ðåàêöèè.

Âçàèìíàÿ ÊÔ ìåæäó -îé -îé ðåàêöèÿìè, ñ ó÷åòîì

(6), îïðåäåëÿåòñÿ ïî ôîðìóëå

, (8)

ïî ñòðóêòóðå àíàëîãè÷íîé (4). ÊÔ -îé ðåàêöèè íàéäåì

ñîãëàñíî (4);

. (9)

Èñêîìûå ÊÔ ðåàêöèè

.(10)

Ôîðìóëû (8) è (9) äëÿ êàæäîãî âèäà ÊÔ ïîìåõè
äàþò àíàëèòè÷åñêèå âûðàæåíèÿ, êîòîðûå ÿâëÿþòñÿ
èñõîäíûìè äëÿ ïðèìåíåíèÿ ìåòîäà. Òåì ñàìûì
äîñòèãàåòñÿ ñóùåñòâåííîå óïðîùåíèå ðàñ÷åòîâ, òàê êàê
ïîëüçîâàòåëþ óæå íå íóæíî ïðèìåíÿòü ôîðìóëû (3) è
(4).

Óíèôèêàöèÿ ðàñ÷åòîâ ïî ôîðìóëàì (7) - (9) íå
ÿâëÿåòñÿ ïîëíîé, ïîñêîëüêó êàæäîìó âèäó ÊÔ ñîîò-
âåòñòâóþò ðàçíûå âûðàæåíèÿ. Åñëè ðàññìàòðèâàòü òîëü-
êî ñòàöèîíàðíûå ðåæèìû, òî ìîæíî äîñòè÷ü ïîëíîé
óíèôèêàöèè. Äëÿ ýòîé öåëè èñïîëüçóåòñÿ èçâåñòíîå ïî-
ëîæåíèå î òîì, ÷òî ñòàöèîíàðíàÿ ïîìåõà åñòü ðåçóëüòàò

ïðîõîæäåíèÿ áåëîãî øóìà  ñ ïîñòîÿííîé ñïåêòðàëü-

íîé ïëîòíîñòüþ  ÷åðåç ãèïîòåòè÷åñêóþ ëèíåéíóþ ñèñ-

òåìó, ïåðåäàòî÷íàÿ ôóíêöèÿ  êîòîðîé îïðåäåëÿåò-

ñÿ âèäîì ïîìåõè. Ñ ó÷åòîì ýòîãî âìåñòî èñõîäíîé ñèñòå-
ìû ïîëó÷àåì "ñîñòàâíóþ" ëèíåéíóþ ñèñòåìó ñ ïåðåäà-
òî÷íîé ôóíêöèåé

,

íà âõîä êîòîðîé ïîñòóïàåò íå ïîìåõà, à áåëûé øóì. 

Ïðèìåíÿÿ ê  ìåòîä "ïàðöèàëüíûõ ðåàêöèé",

òàêæå ïîëó÷èì ñèñòåìó ïàðàëëåëüíî âêëþ÷åííûõ èíåð-
öèîííûõ çâåíüåâ (ðèñ. 2, â), íî ñ áîëüøèì èõ êîëè÷å-

ñòâîì è äðóãèìè ïàðàìåòðàìè  è  (ñèìâîë ~) - çà ñ÷åò

äîáàâëåíèÿ  çâåíüåâ îò .

Äëÿ âîñïðîèçâåäåíèÿ ñðåäíåãî çíà÷åíèÿ ïîìåõè íåîá-
õîäèìî, ÷òîáû áåëûé øóì èìåë ñðåäíåå çíà÷åíèå

,

ãäå  - ïåðåõîäíàÿ ôóíêöèÿ ãèïîòåòè÷åñêîé ñèñòå-

ìû.
Ñðåäíåå çíà÷åíèå ðåàêöèè îïðåäåëÿåòñÿ ïî àíàëîãè÷-

íîé (7) ôîðìóëå

. (11)

Òàê êàê ÊÔ áåëîãî øóìà ðàâíà , òî ïðè 

èíòåãðèðîâàíèå ñîãëàñíî (8) è (9) äàåò ñëåäóþùèå âû-
ðàæåíèÿ äëÿ ÊÔ è âçàèìíûõ ÊÔ ïàðöèàëüíûõ ðåàêöèé:

, . (12)

Ñ ó÷åòîì (10), èñêîìàÿ ÊÔ ðåàêöèè

.(13)

Â ïîñëåäóþùèõ âûêëàäêàõ ïîñòîÿííàÿ ñ ñîêðàùàåòñÿ,

ïîýòîìó ìîæíî ñðàçó ïîëîæèòü  ñ ðàçìåðíîñòüþ

ñïåêòðàëüíîé ïëîòíîñòè.
Ïðîñòîòà è óíèâåðñàëüíîñòü ôîðìóë (12) è (13) åùå

áîëüøå óïðîùàåò ðàñ÷åòû, íåñìîòðÿ íà óâåëè÷åíèå
êîëè÷åñòâà çâåíüåâ.

Ïðèìåð. Îöåíèòü äîïîëíèòåëüíûå ïîòåðè àêòèâíîé
ìîùíîñòè â ñèíõðîííîì äâèãàòåëå îò èçìåíåíèé
íàïðÿæåíèÿ â ñåòè. Ïàðàìåòðû ïåðåäàòî÷íîé ôóíêöèè
(2) ñëåäóþùèå:

êÂò/(%), ñ-1, ñ-1, 

ñ, ñ, ñ.

Íàïðÿæåíèå â ñåòè èìååò ÊÔ

(14)

ñ ïàðàìåòðàìè (%)2, ñ-1,

ñ-1.

Èñêîìûå äîïîëíèòåëüíûå ïîòåðè â ñðåäíåì ðàâíû

ñòàíäàðòó  ïðîöåññà íà âûõîäå ìîäåëè. Ðåøèì çàäà-

÷ó ìåòîäîì ïîëíîé óíèôèêàöèè. Ãèïîòåòè÷åñêàÿ ñèñòå-

ìà, ñîîòâåòñòâóþùàÿ ÊÔ âèäà (14), ïðè 
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ïðåäñòàâëÿåò ñîáîé êîëåáàòåëüíîå çâåíî ñ ïîñòîÿííûìè
âðåìåíè

, ,

êîýôôèöèåíòîì ïåðåäà÷è

è êîðíÿìè çíàìåíàòåëÿ , ãäå .

Ïåðåäàòî÷íàÿ ôóíêöèÿ ñîñòàâíîé ñèñòåìû

èìååò ïîëþñà ,  è .

Òàê êàê  ñîñòàâíóþ ñèñòåìó ïðåäñòàâèì

÷åòûðüìÿ èíåðöèîííûìè çâåíüÿìè ñ ïàðàìåòðàìè

,  è êîýôôèöèåíòàìè ïåðåäà÷è

,

…

.

Äèñïåðñèÿ ðåàêöèè âû÷èñëÿåòñÿ ïî ôîðìóëàì (12) è

(13) ïðè .

Ïðè çàäàííûõ ÷èñëîâûõ çíà÷åíèÿõ ïîëó÷èì ñòàíäàðò

êÂò.
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À. Î. Ëîçèíñüêèé

Ó ñòàòò³ ðîçãëÿíóòî ïðèíöèïè ôîðìóâàííÿ êåðóþ÷èõ
âïëèâ³â íà îñíîâ³ ïðàâèë íå÷³òêî¿ ëîã³êè, îïèñàí³ ìîæëèâ³
ï³äõîäè äëÿ ñèíòåçó â³äïîâ³äíèõ ðåãóëÿòîð³â òà ïðîâåäåíî ¿õ
ïîð³âíÿííÿ ç ³ñíóþ÷èìè ìåòîäàìè êåðóâàííÿ åëåêòðîìåõà-
í³÷íèìè ñèñòåìàìè.

Â ñòàòüå ðàññìîòðåíû ïðèíöèïû ôîðìèðîâàíèÿ óïðàâëÿ-
þùèõ âîçäåéñòâèé íà îñíîâå ïðàâèë íå÷åòêîé ëîãèêè, îïèñà-
íû âîçìîæíûå ïîäõîäû äëÿ ñèíòåçà ñîîòâåòñòâóþùèõ ðåãó-
ëÿòîðîâ è ïðîâåäåíî èõ ñðàâíåíèå ñ ñóùåñòâóþùèìè ìåòî-
äàìè óïðàâëåíèÿ ýëåêòðîìåõàíè÷åñêèìè ñèñòåìàìè. 

In a paper the principles of shaping of control based on rules
of fuzzy logic are considered, the possible approaches for synthe-
sis of the appropriate controllers are described and their compar-
ison with existing methods of electromechanical systems control
is conducted.

ÂÑÒÓÏ

Áóäü-ÿêó åëåêòðîìåõàí³÷íó ñèñòåìó â çàãàëüíîìó âè-
ïàäêó ìîæíà îïèñàòè ñèñòåìîþ ìàòðè÷íî-âåêòîðíèõ ð³â-
íÿíü âèäó:

(1)

äå õ - âåêòîð çì³ííèõ ñòàíó ñèñòåìè,  - âåêòîð

êåðóþ÷èõ âïëèâ³â,  - âåêòîð çáóðþþ÷èõ âïëèâ³â,

, y - âåêòîð âèõ³äíèõ êîîðäèíàò, A, B, C, D

- ìàòðèö³, ùî âèçíà÷àþòüñÿ íà îñíîâ³ ïàðàìåòð³â ³
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ñòðóêòóðè åëåêòðîìåõàí³÷íî¿ ñèñòåìè. Â á³ëüøîñò³
ñèñòåì àâòîìàòè÷íîãî êåðóâàííÿ åëåêòðîïðèâîäîì ïî-
ñòàº çàäà÷à ôîðìóâàííÿ â³äïîâ³äíî¿ çì³íè îäí³º¿ âèõ³ä-
íî¿ êîîðäèíàòè: øâèäêîñò³ àáî ïåðåì³ùåííÿ. 

Äëÿ îòðèìàííÿ áàæàíîãî õàðàêòåðó çì³íè âèõ³äíî¿
êîîðäèíàòè íåîáõ³äíî â³äïîâ³äíèì ÷èíîì ñôîðìóâàòè
êåðóþ÷èé âïëèâ íà ñèñòåìó. Íà ñüîãîäí³øí³é äåíü â
êåðîâàíîìó åëåêòðîïðèâîä³ äëÿ âèð³øåííÿ ö³º¿ çàäà÷³
çàñòîñîâóþòü ïðèíöèï, ÿêèé ðåàë³çóºòüñÿ çà äîïîìîãîþ
ïîáóäîâè ìîäàëüíîãî ðåãóëÿòîðà [1]. Ñòðóêòóðà òàêî¿
ñèñòåìè çîáðàæåíà íà ðèñ. 1. Ñèãíàë êåðóâàííÿ, ùî
ïîñòóïàº íà îá'ºêò, âèçíà÷àºòüñÿ íàñòóïíèì ÷èíîì:

, (2)

äå  - çàäàíå çíà÷åííÿ ñèãíàëó êåðóâàííÿ,  - êîåô³ö³-

ºíòè çâîðîòí³õ çâ'ÿçê³â çà êîîðäèíàòàìè, ùî îïèñóþòü

ðîáîòó ñèñòåìè,  - êîîðäèíàòè ñòàíó ñèñòåìè. Êîåô³ö³-

ºíòè çâîðîòí³õ çâ'ÿçê³â âèáèðàþòü ç óìîâè çàáåçïå÷åííÿ
îäí³º¿ ç ñòàíäàðòíèõ ôîðì, íàïðèêëàä Áàòòåðâîðòà ÷è
á³íîì³àëüíî¿. 

Ðèñóíîê 1 - Ñòðóêòóðà ñèñòåìè ìîäàëüíîãî êåðóâàííÿ

Ïðîòå òàêèé ï³äõ³ä äëÿ ôîðìóâàííÿ êåðóþ÷îãî âïëè-
âó ìàº ðÿä íåäîë³ê³â:

- ó âèïàäêó íåë³í³éíî¿ ñèñòåìè ðîçðàõîâàí³ êîåô³ö³ºí-
òè çâîðîòí³õ çâ'ÿçê³â çàáåçïå÷óþòü ôîðìóâàííÿ â³äïîâ³ä-
íèõ äèíàì³÷íèõ õàðàêòåðèñòèê ñèñòåìè ò³ëüêè äëÿ íå-
çíà÷íî¿ îáëàñò³ ¿¿ ðîáîòè, äëÿ ÿêî¿ ³ ïðîâåäåíî ðîçðà-
õóíîê êîåô³ö³ºíò³â;

- ïðè ôîðìóâàíí³ áàæàíîãî õàðàêòåðó çì³íè âèõ³äíî¿
êîîðäèíàòè íå âðàõîâóºòüñÿ õàðàêòåð çì³íè ïðîì³æíèõ
êîîðäèíàò, ùî ïðèâîäèòü äî ¿õ âèõîäó çà äîïóñòèì³
ìåæ³. Äëÿ çàáåçïå÷åííÿ ï³äòðèìàííÿ ïðîì³æíèõ êîîðäè-
íàò â äîïóñòèìèõ ìåæàõ äîâîäèòüñÿ çíà÷íî çìåíøóâàòè
øâèäêîä³þ ñèñòåìè.

Äëÿ óñóíåííÿ ïåðåðàõîâàíèõ íåäîë³ê³â ïðîïîíóºòüñÿ
âèêîðèñòîâóâàòè â ñèñòåìàõ àâòîìàòè÷íîãî êåðóâàííÿ

ïðèíöèïè íå÷³òêî¿ ëîã³êè [2].
Âèêîðèñòàííÿ fuzzy-logic ðåãóëÿòîðà (FLC) òèïó

Òàêàã³-Ñóãåíî-Êàíãà äàº çìîãó ôîðìóâàòè êåðóþ÷èé
âïëèâ äëÿ êîæíî¿ ç îáëàñòåé ôóíêö³îíóâàííÿ ñèñòåìè,
òîáòî ðåàë³çóº àäàïòèâíó ñèñòåìó êåðóâàííÿ. Â çàëåæ-
íîñò³ â³ä çíà÷åíü êîîðäèíàò ñèñòåìè àêòèâ³çóþòüñÿ ïåâí³
ë³íãâ³ñòè÷í³ ïðàâèëà ðåãóëÿòîðà ³ ôîðìóþòüñÿ â³äïîâ³ä-
í³ ñèãíàëè êåðóâàííÿ. Êîæíèé ç ñôîðìîâàíèõ ñèãíàë³â
êåðóâàííÿ ìàº ñâ³é âàãîâèé êîåô³ö³ºíò, ÿêèé âèçíà÷à-
ºòüñÿ íà îñíîâ³ çíà÷åíü ôóíêö³é íàëåæíîñò³ êîîðäèíàò
ñèñòåìè äî ïåâíî¿ ç îáëàñòåé ðîçáèòòÿ, îòæå âèá³ð
ôóíêö³é íàëåæíîñò³ òà ðîçáèòòÿ ñèñòåìè íà îáëàñò³
òàêîæ ìàòèìå âïëèâ íà ôîðìóâàííÿ äèíàì³÷íèõ õàðàêòå-
ðèñòèê ñèñòåìè. Ó áëîö³ óñóíåííÿ íå÷³òêîñò³ ïðîõîäèòü,
çã³äíî âèáðàíî¿ ìåòîäè, ôîðìóâàííÿ âèõ³äíîãî ñèãíàëó,
ùî ïîñòóïàº íà ñèñòåìó. 

Âèá³ð êîåô³ö³ºíò³â çâîðîòí³õ çâ'ÿçê³â, ÿê³ âèêîðèñòî-
âóþòüñÿ ïðè ôîðìóâàíí³ êåðóþ÷îãî âïëèâó îêðåìîãî
ïðàâèëà º äîñèòü ñêëàäíîþ çàäà÷åþ. Íàéïðîñò³øèì ¿¿
âèð³øåííÿì º çíàõîäæåííÿ òàêèõ çíà÷åíü êîåô³ö³ºíò³â,
ÿê³ á çàáåçïå÷óâàëè îäíó ç â³äîìèõ ôîðì õàðàêòåðè-
ñòè÷íîãî ïîë³íîìà ñèñòåìè [3]. Ó âèïàäêó ôîðìóâàííÿ
îäíàêîâîãî âèõîäó âñ³õ ïðàâèë, ùî óòâîðþþòü FLC, ìè
ïîâåðíåìîñü äî ñèñòåìè ç ìîäàëüíèì ðåãóëÿòîðîì.
Ôîðìóâàííÿ ð³çíèõ âèõîä³â îêðåìèõ ïðàâèë äîçâîëèòü
íàì ôîðìóâàòè â³äïîâ³äí³ äèíàì³÷í³ õàðàêòåðèñòèêè äëÿ
ð³çíèõ ó÷àñòê³â òðàºêòîð³¿. ßê ïðèêëàä, ðîçãëÿíåìî
ñèñòåìó äðóãîãî ïîðÿäêó. Âèêîðèñòàíèé â í³é FLC â
çàëåæíîñò³ â³ä êîîðäèíàò ñòàíó ñèñòåìè ôîðìóâàòèìå
ð³çíèé ñèãíàë êåðóâàííÿ. Äëÿ îáëàñò³ âåëèêèõ â³äõèëåíü
â³ä çàäàíîãî çíà÷åííÿ âèáðàí³ êîåô³ö³ºíòè çâîðîòí³õ
çâ'ÿçê³â çàáåçïå÷óþòü íàëàãîäæåííÿ ñèñòåìè çã³äíî

ñòàíäàðòíî¿ ôîðìè Áàòòåðâîðòà ïðè , à â îáëàñò³

ìàëèõ â³äõèëåíü - á³íîì³àëüíó ôîðìó ïðè . Ôóí-

êö³¿ íàëåæíîñò³ ìàþòü ôîðìó bell-ôóíêö³¿. Òî÷êà ïåðå-
òèíó ôóíêö³é íàëåæíîñò³ îáëàñò³ âåëèêèõ ³ îáëàñò³ ìà-
ëèõ â³äõèëåíü ìàº êîîðäèíàòè (7.5, 0.5). Ñòðóêòóðíà
ñõåìà òàêî¿ ñèñòåìè òà îòðèìàí³ ðåçóëüòàòè ìàòåìà-
òè÷íîãî ìîäåëþâàííÿ ïðåäñòàâëåí³ íà ðèñ. 2.

Ââåäåííÿ â ñèñòåìó FLC çàïðîïîíîâàíî¿ ñòðóêòóðè
â³äïîâ³äàº ôîðìóâàííþ ðåãóëÿòîðà âèõ³ä ÿêîãî º ë³í³é-
íîþ êîìá³íàö³ºþ âèõîä³â äâîõ ìîäàëüíèõ ðåãóëÿòîð³â:

(3)
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à)

á)

Ðèñóíîê 2 - Ñòðóêòóðíà ñõåìà äîñë³äæóâàíî¿ ñèñòåìè 
à) òà ¿¿ õàðàêòåðèñòèêè ïðè âèáîð³ ñòàíäàðòíèõ 

íàëàãîäæåíü òà ç çàñòîñóâàííÿì FLC á)

Ðîçïîä³ë ïîëþñ³â ñèñòåìè, ùî â³äïîâ³äàº çì³í³ êîåô³-

ö³ºíòà  â ìåæàõ  ïðåäñòàâëåíî íà ðèñ. 3. ßê

âèäíî ç îòðèìàíîãî ðîçïîä³ëó ïîëþñ³â ñèñòåìè, ââå-
äåííÿ FLC çàáåçïå÷óº ïëàâíèé ïåðåõ³ä â³ä îäí³º¿ ôîðìè
íàëàãîäæåííÿ äî ³íøî¿.

Çàñòîñóâàííÿ çàïðîïîíîâàíîãî ï³äõîäó ïðè çàäàíèõ
ïàðàìåòðàõ FLC çàáåçïå÷óº çìåíøåííÿ çíà÷åííÿ ôóíêö³-
îíàëà ÿêîñò³ ñèñòåìè âèäó:

, äå (4)

â 1.285 ðàçè ó ïîð³âíÿíí³ ç íàëàãîäæåííÿì ñèñòåìè çà
á³íîì³àëüíîþ ôîðìîþ ³ â 1.035 ðàçè ó ïîð³âíÿíí³ ç íàëà-
ãîäæåííÿì çà ôîðìîþ Áàòòåðâîðòà, ïðè÷îìó â³äñóòíº
ïåðåðåãóëþâàííÿ âèõ³äíî¿ êîîðäèíàòè.

Ðèñóíîê 3 - Çì³íà ðîçòàøóâàííÿ ïîëþñ³â ñèñòåìè

Ïðîòå âèêîðèñòàííÿ òàêîãî ï³äõîäó íå äîçâîëÿº
âðàõîâóâàòè îáìåæåííÿ, ùî íàêëàäàþòüñÿ íà ïðîì³æí³
êîîðäèíàòè. Òîìó á³ëüø äîö³ëüíèì º çàñòîñóâàííÿ äëÿ
çíàõîäæåííÿ ñèãíàëó êåðóâàííÿ, ùî çàáåçïå÷óº ôîðìó-
âàííÿ â³äïîâ³äíèõ äèíàì³÷íèõ õàðàêòåðèñòèê ñèñòåìè º
âèêîðèñòàííÿ ï³äõîä³â, ùî â³äîì³ ç òåîð³¿ îïòèìàëüíîãî
êåðóâàííÿ.

Ó òåîð³¿ îïòèìàëüíîãî êåðóâàíÿ ðîçãëÿäàþòüñÿ ìåòî-
äè, ÿê³ äàþòü çìîãó ñôîðìóâàòè îïòèìàëüíå êåðóâàííÿ

, çà äîïîìîãîþ ÿêîãî ñèñòåìà ïåðåâîäèòüñÿ ç îäíîãî

ñòàíó â ³íøèé òàê, ùîá ïðè öüîìó ì³í³ì³çóâàâñÿ ôóíêö³-
îíàë ², äîòðèìóþòüñÿ îáìåæåííÿ íà êîîðäèíàòè ³ êåðó-
âàííÿ, à ð³âíÿííÿ äèíàì³êè ñèñòåìè ³ õàðàêòåðèñòèêè
çîâí³øí³õ ä³é ó ïðîöåñ³ êåðóâàííÿ íå çì³íþþòüñÿ [4] ç
âðàõîâàííÿì (2) çàäà÷à ïåðåòâîðþºòüñÿ äî çàäà÷³
çíàõîäæåííÿ â³äïîâ³äíèõ çíà÷åíü êîåô³ö³ºíò³â çâîðîòí³õ
çâ'ÿçê³â çà çì³ííèìè ñòàíó ñèñòåìè.

Âèìîãè, ùî ñòàâëÿòüñÿ äî ñèñòåìè â êîæí³é ç îáëà-
ñòåé, ïîâ'ÿçóþòü ç äîñÿãíåííÿì åêñòðåìóìó ïîêàçíèêà
ÿêîñò³ ðîáîòè ñèñòåìè. Êðèòåð³ºì îïòèìàëüíîñò³ ïðè äî-
ñÿãíåíí³ ìàêñèìàëüíî¿ òî÷íîñò³ ðîáîòè ñèñòåìè ìîæå
áóòè ì³í³ìóì ôóíêö³îíàë³â âèäó [5]:

, , , (5)
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äå .

Îáìåæåííÿ, ùî íàêëàäàþòüñÿ íà ðåãóëüîâàí³ êîîðäè-
íàòè (çì³íí³ ñòàíó) òà êåðóâàííÿ, çäåá³ëüøî ïîäàþòüñÿ
ó âèãëÿä³ íåð³âíîñòåé:

(6)

äå  - ìàêñèìàëüíî äîïóñòèì³ çíà÷åííÿ çì³ííèõ ñòà-

íó,  - ìàêñèìàëüíî äîïóñòèìå çíà÷åííÿ ñèãíàëó êå-

ðóâàííÿ.
Íàêëàäåí³ îáìåæåííÿ íà çì³íí³ ñòàíó òà ñèãíàë êåðó-

âàííÿ ìîæóòü çíà÷íî óñêëàäíþâàòè âèð³øåííÿ çàäà÷³
îïòèìàëüíîãî êåðóâàííÿ åëåêòðîìåõàí³÷íîþ ñèñòåìîþ ³
³ñòîòíî âïëèâàþòü íà ¿¿ ïîêàçíèêè ÿêîñò³. Â áàãàòüîõ
âèïàäêàõ îáìåæåííÿ º íàñò³ëüêè ñèëüíèìè, ùî çíàõîä-
æåííÿ äîïóñòèìîãî ð³øåííÿ º íå ìåíø òðóäíèì í³æ
çíàõîäæåííÿ îïòèìàëüíîãî ð³øåííÿ. Òîìó á³ëüø äîö³ëü-
íèì ïðè âèð³øåíí³ ïîñòàâëåíî¿ çàäà÷³ º âèêîðèñòàííÿ
ìåòîäó ôóíêö³é ïîêàðàíü. Ïðè çàñòîñóâàíí³ òàêîãî
ìåòîäó óìîâè (6) âõîäÿòü ó âèãëÿä³ ñïåö³àëüíèõ ôóí-
êö³é äî ñêëàäó ôóíêö³îíàëó ÿêîñò³ ñèñòåìè, ïðè÷îìó
êîæíå ç ïîðóøåíü íàêëàäåíèõ óìîâ âïëèâàòèìå íà
îòðèìàíå çíà÷åííÿ ôóíêö³îíàëó ç çàäàíèì êîåô³ö³ºíòîì
ôóíêö³¿ êàðè. Çàäà÷à îïòèìàëüíîãî êåðóâàííÿ çâîäèòüñÿ
äî çíàõîäæåííÿ åêñòðåìóìó ôóíêö³îíàëó âèäó:

, (7)

äå  - êîåô³ö³ºíò âïëèâó ôóíêö³¿ ïîêàðàííÿ, 

;  - ôóíêö³ÿ ïîêàðàííÿ.

Ó ôóíêö³îíàë ÿêîñò³ (7) âõîäèòü ïîõèáêà ñèñòåìè çà
âèõ³äíîþ êîîðäèíàòîþ, äëÿ îá÷èñëåííÿ ÿêî¿ íåîáõ³äíî
çíàòè âèðàç, ùî îïèñóº çì³íó âèõ³äíî¿ êîîðäèíàòè. Àíà-
ë³òè÷íèé ðîçâ'ÿçîê ñèñòåìè (1) ìîæå áóòè ïðåäñòàâ-
ëåíèé â íàñòóïíîìó âèãëÿä³ [6]:

, (8.1)

äå ,  - ïî÷àòêîâå òà á³æó÷å çíà÷åííÿ ÷àñó; 

àáî â äèñêðåòí³é ôîðì³ [7]:

(8.2)

äå  - ïðèð³ñò ÷àñó (êðîê). Ôîðìà çàïèñó (8.2) äîçâî-

ëÿº çíàéòè çíà÷åííÿ çì³ííèõ â äèñêðåòí³ ìîìåíòè ÷àñó

íà îñíîâ³ çíà÷åíü çì³ííèõ ç ïîïåðåäíüîãî êðîêó. ßêùî
äîäàòêîâî ïðèéíÿòè, ùî ôóíêö³ÿ êåðóâàííÿ íà äàíîìó
÷àñîâîìó ³íòåðâàë³ º ïîñò³éíîþ àáî çì³íþºòüñÿ çà
ë³í³éíèì çàêîíîì, òî ³íòåãðàë ìîæíà çíàéòè àíàë³òè÷íî
³ îòðèìàòè âèðàç äëÿ çíàõîäæåííÿ çíà÷åíü çì³ííèõ.
Êîðåêòí³ñòü ïðèéíÿòîãî äîïóùåííÿ âèïëèâàº ç ìîæëè-
âîñò³ êóñêîâî-ïîñò³éíî¿ ÷è êóñêîâî-ë³í³éíî¿ àïðîêñèìàö³¿
êåðóþ÷îãî âïëèâó, òî÷í³ñòü ÿêî¿ çàëåæèòü ò³ëüêè â³ä

âåëè÷èíè êðîêó. Ó âèïàäêó êîëè  âèðàç

(8.2) ïðèéìå âèãëÿä:
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ïåðåáóâàííÿ çì³ííèõ ñòàíó ñèñòåìè. Ïåðø³é îáëàñò³ â³ä-
ïîâ³äàº ïåðåáóâàííÿ îáîõ çì³ííèõ ñòàíó â îáëàñò³ äîïó-
ñòèìèõ çíà÷åíü. Äðóãà ³ òðåòÿ îáëàñò³ â³äïîâ³äàþòü âè-
ïàäêîâ³, êîëè ïîðóøóºòüñÿ îäíå ç îáìåæåíü. ×åòâåðòà
îáëàñòü â³äïîâ³äàº âèïàäêîâ³ îäíî÷àñíîãî ïîðóøåííÿ
îáîõ îáìåæåíü, ùî â äàí³é ñèñòåì³ º íåìîæëèâèì ³ òîìó
äëÿ íå¿ íåìàº íåîáõ³äíîñò³ ôîðìóâàòè ñèãíàë êåðóâàííÿ.
Äëÿ êîæíî¿ ç îáëàñòåé íàëåæíîñò³ çì³ííèõ ñòàíó ñôîð-
ìîâàíî â³äïîâ³äíèé ôóíêö³îíàë ÿêîñò³, â ÿêîìó âðàõîâà-

íî íàêëàäåí³ íà êîîðäèíàòè îáìåæåííÿ ( ,

) ³ çíàéäåíî çíà÷åííÿ êîåô³ö³ºíò³â çâîðîòí³õ

çâ'ÿçê³â, ÿê³ çàáåçïå÷óþòü éîãî ì³í³ìóì (òàáë. 1).

Íà ðèñ. 4 ïðåäñòàâëåí³ ðåçóëüòàòè ìîäåëþâàííÿ ðîáî-
òè îïèñàíî¿ ñèñòåìè. Âèõ³ä êîîðäèíàò çà äîïóñòèì³ ìåæ³
â äàíîìó âèïàäêó íå ïåðåâèùóº 5%, ïðè öüîìó ìàêñè-
ìàëüíå çíà÷åííÿ ïðîì³æíî¿ êîîðäèíàòè â 1.057 ðàç, à
çíà÷åííÿ ôóíêö³îíàëó ÿêîñò³ (3) â 1.012 ðàç ìåíøå í³æ
ïðè íàëàãîäæåíí³ çã³äíî ñòàíäàðòíî¿ ôîðìè Áàòòåðâîð-
òà. Çì³íþþ÷è ìåæ³ îáëàñòåé íàëåæíîñò³ FLC ìîæíà äî-
áèòèñü ùå ìåíøèõ âèêèä³â êîîðäèíàò çà äîïóñòèì³ ìåæ³.

Ùå îäíèì ñïîñîáîì ôîðìóâàííÿ äèíàì³÷íèõ õàðàêòå-
ðèñòèê ñèñòåìè ç âðàõóâàííÿì íàêëàäåíèõ íà ïðîì³æí³
êîîðäèíàòè îáìåæåíü º ðåàë³çàö³ÿ çà äîïîìîãîþ FLC
ñèñòåìè ç³ çì³ííîþ ñòðóêòóðîþ. Ïðèíöèï ïîáóäîâè òà-
êîãî ðåãóëÿòîðà ðîçãëÿíåìî íà ïðèêëàä³ îïèñàíî¿ âèùå
ñèñòåìè äðóãîãî ïîðÿäêó. Ä³àïàçîí çì³íè âèõ³äíî¿ êîîð-
äèíàòè ðîçáèâàºìî íà äâ³ îáëàñò³: îáëàñòü âåëèêèõ â³ä-
õèëåíü ³ îáëàñòü ìàëèõ â³äõèëåíü. Ðåàë³çîâàí³ ñïîñîáè
êåðóâàííÿ äëÿ êîæíî¿ ç îáëàñòåé ïðåäñòàâëåí³ â òàáë. 2. 

Íà ðèñ. 5 ïðåäñòàâëåí³ ðåçóëüòàòè ìîäåëþâàííÿ ðîáî-
òè ñèñòåìè ç³ çì³ííîþ ñòðóêòóðîþ. Çíà÷åííÿ ïðîì³æíî¿
êîîðäèíàòè ïðè òàêîìó ï³äõîä³ íå ïåðåâèùóº çàäàíîãî
îáìåæåííÿ, à îòðèìàíå çíà÷åííÿ ôóíêö³îíàëó ÿêîñò³ (3)
â 1.186 ðàç ìåíøå í³æ ïðè íàëàãîäæåíí³ çã³äíî ñòàí-
äàðòíî¿ ôîðìè Áàòòåðâîðòà.

Ðèñóíîê 4 - Õàðàêòåðèñòèêè äîñë³äæóâàíî¿ ñèñòåìè 
ïðè âèáîð³ ñòàíäàðòíèõ íàëàãîäæåíü òà ç 

çàñòîñóâàííÿì FLC
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Ðèñóíîê 5 - Õàðàêòåðèñòèêè äîñë³äæóâàíî¿ ñèñòåìè ç 
FLC ó ïîð³âíÿíí³ ç ñòàíäàðòíèì íàëàãîäæåííÿì çà 

ôîðìîþ Áàòòåðâîðòà

ÂÈÑÍÎÂÊÈ

Ñó÷àñí³ ñèñòåìè àâòîìàòè÷íîãî êåðóâàííÿ ïîáóäîâàí³
íà ïðèíöèïàõ íå÷³òêî¿ ëîã³êè çàáåçïå÷óþòü ðåàë³çàö³þ
òàêèõ çàêîí³â êåðóâàííÿ åëåêòðîïðèâîäàìè, ÿê³ äîçâîëÿ-
þòü ïîêðàùóâàòè ¿õ äèíàì³÷í³ õàðàêòåðèñòèêè ó ïîð³â-
íÿíí³ ç ³ñíóþ÷èìè, ùî ðåàë³çóþòü ïðèíöèï ìîäàëüíîãî
êåðóâàííÿ. 

Îïèñàí³ ï³äõîäè ôîðìóâàííÿ ðåãóëÿòîð³â íà îñíîâ³
òåîð³¿ îïòèìàëüíîãî êåðóâàííÿ òà ñèñòåìè ç³ çì³ííîþ
ñòðóêòóðîþ çàáåçïå÷óþòü îáìåæåííÿ ïðîì³æíèõ êîîðäè-
íàò ñèñòåìè çáåð³ãàþ÷è ïðè öüîìó âèñîê³ ïîêàçíèêè ¿¿
ÿêîñò³. Çàñòîñóâàííÿ ð³çíèõ êðèòåð³¿â ÿêîñò³ íà ð³çíèõ
ä³ëÿíêàõ ðîáî÷î¿ òðàºêòîð³¿ çàáåçïå÷èòü ôóíêö³îíóâàííÿ
ñèñòåìè â îïòèìàëüíîìó ðåæèì³.
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Ñòàòüÿ ïîñâÿùåíà èññëåäîâàíèþ ïðîáëåìû òî÷íîãî óïðàâ-
ëåíèÿ ñèíõðîííûì äâèãàòåëåì (ÑÄ) ñ ó÷¸òîì íåîïðåäåë¸ííî-
ñòåé ôèçè÷åñêèõ ïàðàìåòðîâ ìàøèíû è ïðèâîäà â öåëîì.
Ïðåäëàãàåìûå ðîáàñòíûå àëãîðèòìû îáåñïå÷èâàþò âûñîêîå
êà÷åñòâî óïðàâëåíèÿ ÑÄ ñ ïîñòîÿííûìè ìàãíèòàìè, ÷òî ïîä-
òâåðæäàåòñÿ àíàëèçîì öèôðîâîãî ìîäåëèðîâàíèÿ.

Ñòàòòüÿ ïðèñâÿ÷åíà äîñë³äæåííþ ïðîáëåìè òî÷íîãî êåðó-
âàííÿ ñèíõðîííèì äâèãóíîì (ÑÄ) ç óðàõóâàííÿì íåâèçíà÷åíî-
ñò³ ôèçè÷íèõ ïàðàìåòð³â ìàøèíè òà ïðèâîäó âö³ëîìó. Çàïðî-
ïîíîâàí³ ðîáàñòí³ àëãîðèòìè çàáåñïå÷óþòü âèñîêîÿê³ñíå êå-
ðóâàííÿ ÑÄ ç ïîñò³éíèìè ìàãíèòàìè, ùî ï³äòâåðäæóºòüñÿ
àíàë³çîì öèôðîâîãî ìîäåëþâàííÿ.

This article is dedicated to the problem of synchronous motor
(SM) high accuracy control investigation with the account of
machine and drive physical parameter uncertainties. The pro-

posed robust algorithms supply the high quality control of SM
with permanent magnets. It is confirmed by the digital simula-
tion analysis.

ÂÂÅÄÅÍÈÅ

Âåíòèëüíûé äâèãàòåëü (ñèíõðîííûé äâèãàòåëü ñ âîç-
áóæäåíèåì îò ïîñòîÿííûõ ìàãíèòîâ) èìååò ðÿä íåîñ-
ïîðèìûõ ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ äâèãàòåëÿìè ïî-
ñòîÿííîãî òîêà [1], à âî ìíîãèõ ñëó÷àÿõ, è ñ àñèí-
õðîííûì äâèãàòåëåì (ÀÄ) [2]. Â ñâÿçè ñ ýòèì âåíòèëü-
íîìó ýëåêòðîïðèâîäó (ÂÝÏ) â ïîñëåäíåå âðåìÿ óäåëÿ-
åòñÿ ïîâûøåííîå âíèìàíèå [1-5]. Îäíàêî óïðàâëåíèå
ÂÝÏ óñëîæíÿåòñÿ íàëè÷èåì ðÿäà íåîïðåäåë¸ííîñòåé â

t, c

t, c
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åãî ìàòåìàòè÷åñêîé ìîäåëè. Íåîïðåäåë¸ííîñòè îáóñëîâ-

ëåíû ðàçáðîñîì ñîïðîòèâëåíèé ñòàòîðà ( %), íåòî÷-

íîñòüþ çíàíèÿ ìàãíèòíîãî ïîòîêà ðîòîðà ( %), íàñû-

ùåíèåì ìàãíèòíûõ öåïåé, íåòî÷íîñòüþ çíàíèÿ ìîìåíòà
èíåðöèè ïðèâîäèìîãî â äâèæåíèå ìåõàíèçìà (ó ðîáîòà
ìîìåíò èíåðöèè ìîæåò ìåíÿòüñÿ â äåñÿòêè ðàç), îòñóò-
ñòâèåì èíôîðìàöèè î íàãðóçêå è âíåøíèõ âîçäåéñòâèÿõ,
íàëè÷èåì ïàðàçèòíîé äèíàìèêè â âèäå óïðóãîñòè ïðè-
âîäà, äèíàìèêè äàò÷èêîâ è äð.

Ïåðå÷èñëåííûå âûøå ïðîáëåìû òðåáóþò ïðèìåíåíèÿ
ðîáàñòíûõ ìåòîäîâ óïðàâëåíèÿ. Ñðåäè òàêîâûõ íàèáî-
ëüøåå ðàñïðîñòðàíåíèå ïîëó÷èëè àëãîðèòìû ñ ïåðåìåí-
íîé ñòðóêòóðîé [6,7] è èõ óïðîù¸ííûé àíàëîã àëãîðèò-
ìû ñ ðàçðûâíûì óïðàâëåíèåì (ÀÐÓ) [8] (Â äàëüíåé-
øåì, äëÿ êðàòêîñòè, è òå è äðóãèå áóäåì íàçûâàòü
ÀÐÓ).

Õàðàêòåðíîé îñîáåííîñòüþ ÀÐÓ ÿâëÿåòñÿ íàëè÷èå â
ñèñòåìå óïðàâëåíèÿ (ÑÓ) ñêîëüçÿùèõ ðåæèìîâ, êîòîðûå
ïîìèìî îáåñïå÷åíèÿ ðîáàñòíîñòè äîñòàâëÿþò è íåäîñòàò-
êè, òàêèå êàê [1,2,9-12]:

- íàëè÷èå âèáðàöèé, ñíèæàþùèõ íàä¸æíîñòü ìåõàíè-
÷åñêèõ ÷àñòåé óïðàâëÿåìîãî óñòðîéñòâà,

- ïîòåðÿ ðàáîòîñïîñîáíîñòè ïðè íàëè÷èè â ñòðóêòóðå
óïðàâëÿåìîãî óñòðîéñòâà ïàðàçèòíîé äèíàìèêè,

- îòñóòñòâèå ðîáàñòíîñòè íà ó÷àñòêå äîñòèæåíèÿ ïî-
âåðõíîñòè ïåðåêëþ÷åíèÿ,

- ïëîõàÿ ïîìåõîóñòîé÷èâîñòü ïî îòíîøåíèþ ê âûñîêî-
÷àñòîòíûì ïîìåõàì,

- ÀÐÓ òðåáóþò ïðèìåíåíèÿ â ýëåêòðîïðèâîäå ìîùíûõ
ïîëóïðîâîäíèêîâûõ êëþ÷åé ñ âûñîêîé ÷àñòîòîé ïåðå-
êëþ÷åíèé [13].

Âûñîêàÿ ÷àñòîòà ïåðåêëþ÷åíèé íàïðÿæåíèÿ èñòî÷íè-
êà ïðèâîäèò ê áûñòðîìó ñòàðåíèþ èçîëÿöèè îáìîòêè
äâèãàòåëÿ, ÷òî ñíèæàåò íàä¸æíîñòü è ñðîê ñëóæáû ýëåê-
òðîäâèãàòåëÿ.

Â ðàáîòàõ [1,2,9-12] ïðåäëàãàåòñÿ ðÿä ìåðîïðèÿòèé ïî
óñòðàíåíèþ îòäåëüíûõ èç ïåðå÷èñëåííûõ íåäîñòàòêîâ.
Îäíàêî íè îäíî èç ïðåäëàãàåìûõ ìåðîïðèÿòèé íå óñòðà-
íÿåò ñðàçó âñå íåäîñòàòêè.

Öåëüþ äàííîé ñòàòüè ÿâëÿåòñÿ ðàçðàáîòêà òàêèõ àëãî-
ðèòìîâ óïðàâëåíèÿ, êîòîðûå óñòðàíÿþò âñå ïåðå÷èñëåí-
íûå íåäîñòàòêè îäíîâðåìåííî, îáåñïå÷èâàÿ ïðè ýòîì ðî-
áàñòíîñòü ñèñòåìå.

1  ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàáîòà ÂÝÏ âî âðàùàþùåéñÿ ñèñòåìå êîîðäèíàò (ñèñ-
òåìå êîîðäèíàò, ñâÿçàííîé ñ ðîòîðîì) îïèñûâàåòñÿ óðàâ-
íåíèÿìè [1]:

; (1)

; (2)

; (3)

; (4)

ãäå

,  - óãîë ïîâîðîòà è óãëîâàÿ ñêîðîñòü ðîòîðà;

, , ,  - ïðîåêöèè òîêà è íàïðÿæåíèÿ ñòàòî-

ðà íà îñè ïàðêîâñêîé ñèñòåìû êîîðäèíàò ñ îñüþ, íàïðàâ-
ëåííîé ïî âåêòîðó ìîìåíòà ìàãíèòà;

 - ÷èñëî ïàð ïîëþñîâ;

 - ïðèâåä¸ííûé ê âàëó äâèãàòåëÿ ìîìåíò èíåðöèè;

 - ìàãíèòíûé ïîòîê ïîñòîÿííîãî ìàãíèòà;

,  - ìîìåíòû íàãðóçêè è âîçìóùåíèÿ, ïðèâå-

ä¸ííûå ê âàëó äâèãàòåëÿ;

, ,  - ñîïðîòèâëåíèå è ñîñòàâëÿþùèå èíäóê-

òèâíîñòè ñòàòîðà.
Äëÿ ðàáîòû âåíòèëüíîãî äâèãàòåëÿ íåîáõîäèì äàò÷èê

óãëà ïîâîðîòà ðîòîðà îòíîñèòåëüíî ñòàòîðà. Ñ åãî ïîìî-
ùüþ, îñóùåñòâëÿÿ äèôôåðåíöèðîâàíèå, ìîæíî âû÷èñ-
ëèòü óãëîâóþ ñêîðîñòü. Áóäåò ïðåäïîëàãàòüñÿ, ÷òî èçìå-

ðÿþòñÿ , , , ,  è  (â ñëó÷àå ïîçèöèîííîãî

óïðàâëåíèÿ).

Ââîäèòñÿ îáîçíà÷åíèå íèæíèì èíäåêñîì " " íîìè-

íàëüíûõ çíà÷åíèé ïàðàìåòðîâ äâèãàòåëÿ, è íèæíèì èí-

äåêñîì " " îòêëîíåíèé îò íîìèíàëüíûõ çíà÷åíèé. Òà-

êèì îáðàçîì,

, , , 

, . (5)

Ñ ó÷¸òîì (5) óðàâíåíèÿ (2)-(4) ìîæíî ïðåäñòàâèòü â
âèäå

; (6)

; (7)

; (8)

ãäå â , ,  âêëþ÷åíû âñå íåîïðåäåë¸ííîñòè. Ñèñòåìà

(6)-(8) ïðåäñòàâëÿåò ñîáîé òî÷íî èçâåñòíóþ ñèñòåìó, íà

êîòîðóþ äåéñòâóþò íåèçâåñòíûå âîçìóùåíèÿ , , .

Ñóòü ïîñòðîåíèÿ ðîáàñòíîé ñèñòåìû óïðàâëåíèÿ çà-
êëþ÷àåòñÿ â îöåíêå ñ ïîìîùüþ íàáëþäàòåëÿ íåîïðåäå-

ë¸ííîñòåé , ,  è ôîðìèðîâàíèè çàêîíà óïðàâëåíèÿ

êîìáèíèðîâàííîãî òèïà, êîìïåíñèðóþùåãî âëèÿíèå íå-
îïðåäåë¸ííîñòåé. Ñèñòåìà òàêîãî òèïà âïåðâûå áûëà
ïðåäëîæåíà è èññëåäîâàíà äëÿ ëèíåéíûõ ñèñòåì Â. Ä.
Ôóðàñîâûì [15]. Ïîçäíåå Å.Ì Ïîòàïåíêî áûë ïðåäëî-
æåí è èññëåäîâàí ðÿä ñèñòåì óïðàâëåíèÿ êîìáèíèðîâàí-
íîãî ïðèíöèïà äåéñòâèÿ êàê äëÿ ëèíåéíûõ, òàê è äëÿ
íåëèíåéíûõ îáúåêòîâ óïðàâëåíèÿ [16-22]. Êàê ñëåäóåò
èç ðåôåðàòèâíûõ æóðíàëîâ "Òåõíè÷åñêàÿ êèáåðíåòèêà"
ïîñëåäíèõ íåñêîëüêèõ ëåò, çà ðóáåæîì ñ 1998 ãîäà

50±

10±
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òàêæå íà÷àëèñü èíòåíñèâíûå èññëåäîâàíèÿ ðîáàñòíûõ
êîìáèíèðîâàííûõ ñèñòåì óïðàâëåíèÿ. Îäíàêî ýòè èññëå-
äîâàíèÿ ïîêà ÷òî îãðàíè÷èâàþòñÿ ëèíåéíûìè ñèñòåìàìè.

2  ÀËÃÎÐÈÒÌÛ ÐÎÁÀÑÒÍÎÃÎ ÓÏÐÀÂËÅÍÈß

2.1 Óïðàâëåíèå ïðîäîëüíûì êîíòóðîì

Ïóñòü

, . (9)

Òîãäà óðàâíåíèå (7) ïðèíèìàåò âèä

. (10)

Ñëåäóÿ ðàáîòå [22], áóäåì ðàññìàòðèâàòü óðàâíåíèå (10)
êàê èçìåðåíèå. Ïîëàãàÿ, ÷òî íà äîñòàòî÷íî ìàëûõ èíòåð-

âàëàõ âðåìåíè  ìåíÿåòñÿ ìàëî, ò.å. , äëÿ ñèñòåìû

 è èçìåðåíèÿ (10) ìîæíî ïîñòðîèòü íàáëþäàòåëü

, (11)

ãäå  - êîýôôèöèåíò çàêîíà óïðàâëåíèÿ íàáëþäàòåëÿ,

à  - îöåíêà .

Ñîñòàâëÿþùàÿ òîêà  ïàðàëëåëüíà îñè ìàãíèòà è íå

ñîçäà¸ò ìîìåíòà. Îäíàêî, â óðàâíåíèè (2) ñîñòàâëÿþùàÿ

ýëåêòðîìàãíèòíîãî ìîìåíòà  ñîçäàåò âî-

çìóùàþùèé ìîìåíò. Ïîýòîìó íàäî îáåñïå÷èòü . Ñ

ýòîé öåëüþ ïîëàãàåòñÿ

. (12)

Â (11) âõîäèò . Äëÿ óñòðàíåíèÿ íåîáõîäèìîñòè

äèôôåðåíöèðîâàíèÿ  ââîäèòñÿ îáîçíà÷åíèå

. (13)

Òîãäà óðàâíåíèå (11) ïðèíèìàåò âèä

. (14)

Óðàâíåíèå (14) íå ñîäåðæèò . Ðàâåíñòâî (13) äà¸ò

. (15)

Ïîäñòàíîâêà (15) â (12), à (12) â (14) ïîçâîëÿåò çà-
ïèñàòü

. (16)

Óðàâíåíèÿ (16), (15), (12), (9) äàþò àëãîðèòì ôîð-
ìèðîâàíèÿ óïðàâëÿþùåãî íàïðÿæåíèÿ.

2.2  Óïðàâëåíèå ñêîðîñòüþ ÂÝÏ

Ðàññìîòðèì  èç óðàâíåíèÿ (6) êàê óïðàâëåíèå è

ïðåäïîëîæèì, ÷òî èìååòñÿ îöåíêà  íåîïðåäåë¸ííîñòè

. Ñôîðìèðóåì çàêîí óïðàâëåíèÿ â âèäå:

. (17)

Çäåñü  êîýôôèöèåíò çàêîíà óïðàâëåíèÿ, èíäåêñ " "

óêàçûâàåò íà ïðîãðàììíîå (æåëàåìîå) çíà÷åíèå ñî-

îòâåòñòâóþùåé ïåðåìåííîé. Ïîäñòàíîâêà  èç (17) â

(6) äà¸ò

. (18)

Ïðè òî÷íîé îöåíêå  óðàâíåíèå (18) ïåðåéäåò â óðàâ-

íåíèå

ñ ïåðåõîäíûì ïðîöåññîì

. (19)

Â (19)  è  - çíà÷åíèÿ ñîîòâåòñòâóþùèõ ïå-

ðåìåííûõ â íóëåâîé ìîìåíò âðåìåíè. Ïóò¸ì âûáîðà

êîýôôèöèåíòà  ìîæíî çàäàâàòü òðåáóåìûå ïåðå-

õîäíûå ïðîöåññû, ïðè÷¸ì  ïðè .

Ïîñòðîèì íàáëþäàòåëü íåîïðåäåë¸ííîñòè . Áóäåì

ðàññìàòðèâàòü óðàâíåíèå

(20)

(ñì. (6)) êàê èçìåðåíèå  äëÿ äèíàìè÷åñêîãî óðàâíåíèÿ

. Òîãäà íàáëþäàòåëþ íåîïðåäåë¸ííîñòè  ìîæíî

ïðèäàòü âèä [22]

, (21)

ãäå  - êîýôôèöèåíò óñèëåíèÿ íàáëþäàòåëÿ. Äëÿ

óñòðàíåíèÿ íåîáõîäèìîñòè äèôôåðåíöèðîâàíèÿ w ââî-
äèòñÿ îáîçíà÷åíèå

, , (22)

ñ ó÷¸òîì êîòîðîãî óðàâíåíèå (21) ïðèíèìàåò âèä

. (23)

Ïîäñòàíîâêà (17) â (23) äà¸ò
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“Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

. (24)

Óðàâíåíèÿ (24), (22) è (17) ôîðìèðóþò ïðîãðàììíûé

òîê .

Â ñëó÷àå ïîçèöèîííîãî óïðàâëåíèÿ  äîëæíî ôîð-

ìèðîâàòüñÿ ïî çàâèñèìîñòè

.

Óðàâíåíèå (22) îñòà¸òñÿ â ñèëå, à âìåñòî óðàâíåíèÿ
(24) äîëæíî èñïîëüçîâàòüñÿ óðàâíåíèå

.

Ïðè ïðàâèëüíîì âûáîðå ïàðàìåòðîâ íàáëþäàòåëÿ äâè-
æåíèå ðîòîðà áóäåò îïèñûâàòüñÿ óðàâíåíèåì

.

Ñ ïîìîùüþ ìîäàëüíîãî óïðàâëåíèÿ ïåðåõîäíîé õà-
ðàêòåðèñòèêå ìîæíî ïðèäàòü ëþáîé æåëàåìûé âèä.

2.3  Óïðàâëåíèå ïîïåðå÷íûì êîíòóðîì òîêà

Äëÿ óðàâíåíèÿ (8) çàäà¸òñÿ

, . (25)

Ñ ó÷¸òîì (25) óðàâíåíèå (8) ïðèíèìàåò âèä

. (26)

Çàäàäèì  â âèäå

, (27)

ãäå  - êîýôôèöèåíò çàêîíà óïðàâëåíèÿ,  - îöåíêà

íåîïðåäåë¸ííîñòè , à  äàíî â (17).

Áóäåì ðàññìàòðèâàòü (26) êàê èçìåðåíèå íåîïðåäå-

ë¸ííîñòè , îïèñûâàåìîé óðàâíåíèåì . Òîãäà â ñî-

îòâåòñòâèè ñ [22] ìîæíî ïîëó÷èòü îöåíêó  ñ ïîìîùüþ

íàáëþäàòåëÿ

. (28)

Äëÿ óñòðàíåíèÿ íåîáõîäèìîñòè ïîëó÷åíèÿ  ââîäèò-

ñÿ îáîçíà÷åíèå

, (29)

ñ ó÷¸òîì êîòîðîãî óðàâíåíèå (28) ïðèíèìàåò âèä

. (30)

Ïîäñòàíîâêà (27) â (30) äà¸ò

. (31)

Ïîäñòàíîâêà (27) â (26) äà¸ò

. (32)

Ïîñêîëüêó ïîñòîÿííûå âðåìåíè ïðîöåññîâ (19), ïî
êðàéíåé ìåðå, íà ïîðÿäîê áîëüøå ïîñòîÿííûõ âðåìåíè

ïðîöåññîâ (32), òî ìîæíî ïîëàãàòü, ÷òî â (32) .

Ïðè òî÷íîé ðàáîòå íàáëþäàòåëÿ . Ñ ó÷¸òîì ñêàçàí-

íîãî óðàâíåíèå (32) ìîæíî ïåðåïèñàòü â âèäå

, (33)

îòêóäà

. (34)

Ïóò¸ì âûáîðà êîýôôèöèåíòà  äëÿ  ìîæíî çàäàòü

ïåðåõîäíûé ïðîöåññ ñ ëþáûì áûñòðîäåéñòâèåì, ïðè÷¸ì

ïðè  .

3  ÑÒÐÓÊÒÓÐÍÀß ÑÕÅÌÀ ÏÎËÍÎÃÎ 
ÀËÃÎÐÈÒÌÀ ÓÏÐÀÂËÅÍÈß

Â ñîîòâåòñòâèè ñ ñîñòàâëåííûìè óðàâíåíèÿìè, ðàçðà-
áàòûâàþòñÿ ñòðóêòóðíûå ñõåìû óïðàâëåíèÿ ñèíõðîííûì
äâèãàòåëåì ñ ïîñòîÿííûìè ìàãíèòàìè â ñèñòåìàõ êîîð-
äèíàò, ñâÿçàííûõ ñî ñòàòîðîì è ðîòîðîì. Ñèñòåìà, ñâÿ-
çàííàÿ ñ ðîòîðîì ïîçâîëÿåò ëåãêî ïðåîáðàçîâûâàòü óðàâ-
íåíèÿ ìàøèíû.

Òîêè è íàïðÿæåíèÿ âî âðàùàþùåéñÿ ñèñòåìå êîîðäè-
íàò ñâÿçàíû ñ òîêàìè è íàïðÿæåíèÿìè â íåïîäâèæíîé
ñèñòåìå ñëåäóþùèìè óðàâíåíèÿìè:

, ,

, ,

ãäå  - óãîë ïîâîðîòà ðîòîðà,

.

Èñïîëüçîâàíèå âðàùàþùåéñÿ ñèñòåìû êîîðäèíàò ïî-
çâîëÿåò èçáàâèòüñÿ îò òðèãîíîìåòðè÷åñêèõ ôóíêöèé è
óïðîùàåò óðàâíåíèÿ. Îäíàêî, ýòî ïðèâîäèò ê íåîáõîäè-
ìîñòè âûïîëíåíèÿ ñèíóñíî-êîñèíóñíûõ îïåðàöèé â âû-
÷èñëèòåëå.

Â êà÷åñòâå àïïàðàòíîé ðåàëèçàöèè ñèñòåìû óïðàâëå-
íèÿ ìîæåò áûòü èñïîëüçîâàí ñîâðåìåííûé ìèêðîïðîöåñ-
ñîðíûé êîíòðîëëåð [5]. Ïåðèîä âû÷èñëåíèÿ ýòîãî àëãî-
ðèòìà, íàïðèìåð, ó êîíòðîëëåðà ADSP-2181 ôèðìû Ana-

z·f Kf wr
· Kw w wr–( )–[ ]=

iqr

iqr

iqr J0 Kv v vr–( ) Kw w wr–( )– w· r f–+[ ] nΦ0⁄=

zf Kf w· r Kw w wr–( )– Kv v vr–( )–[ ]=

v·· v··r–( ) Kw v· v· r–( ) Kv v vr–( )–+ 0=

Uq Uq1 Uq2+= Uq2 nw Ld0id Φ0+( )=

i·q Rs0iq– Uq1+( ) Lq0⁄ s+=

Uq1

Uq1 K– q iq iqr–( ) Rs0 Lq0⁄( )iqr ŝ–+[ ]Lq0=

Kq s

s iqr

s s· 0=

s

ŝ
·

Ks ŝ s–( ) Ks ŝ i·q Rs0 Lq0⁄( )iq–– Uq1 Lq0⁄+[ ]= =

i·q

ŝ Ksiq+ zs= ŝ⇒ zs Ksiq–=

z·s K– s s Rs0 Lq0⁄( )iq– Uq1 Lq0⁄+[ ]=

z·s Ks Rs0 Lq0⁄ Kq+( ) iq iqr–( )=

i·q Rs0 Lq0⁄ Kq+( ) iq iqr–( )+ s ŝ–=

i·qr 0≡

s s≈

i·q i·qr–( ) Rs0 Lq0⁄ Kq+( ) iq iqr–( )+ 0=

iq iqr iq 0( ) iqr 0( )–[ ] Kq Rs0 Lq0⁄+( )t–[ ]exp+=

Kq iq

t ∞→ lim iq( ) iqr=

ud uα θcos uβ θsin+= uq uα θ uβ θcos–sin=

id iα θcos iβ θsin+= iq iα θ iβ θcos–sin=

θ

θ ωp τd∫=
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Ñõåìà îáúåêòà è ñèñòåìû óïðàâëåíèÿ ïðèâåäåíà íà
ðèñ.1. Â ñõåìå ïðèíÿòû ñëåäóþùèå îáîçíà÷åíèÿ:

,

,

.

Â êà÷åñòâå îáúåêòà óïðàâëåíèÿ âûáðàí äâèãàòåëü ñî
ñëåäóþùèìè õàðàêòåðèñòèêàìè: èíäóêòèâíîñòè ïî îñÿì

âðàùàþùåéñÿ ñèñòåìû êîîðäèíàò Ãí, 

Ãí, ñîïðîòèâëåíèå îáìîòêè Îì, ìî-

ìåíò èíåðöèè ðîòîðà êãì2, ïîòîê 

Âá, ÷èñëî ïàð ïîëþñîâ . Ìîäåëèðîâàíèå

ïðîâîäèëîñü äëÿ ñëåäóþùèõ çíà÷åíèé êîýôôèöèåíòîâ:

ðàä/ñ2, ñ-1, ñ-1, ñ-1,

ñ-1, Îì. Â êà÷åñòâå èíñòðóìåíòà ìî-

äåëèðîâàíèÿ áûëà èñïîëüçîâàíà ñðåäà MATLAB-SIM-
ULINK.

Íà ðèñóíêå 2 ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâà-
íèÿ: èññëåäîâàíû ïðîöåññû â ïðèâîäå ïðè íîìèíàëüíûõ
ïàðàìåòðàõ è ïðè îòêëîíåíèè ïàðàìåòðîâ îò íîìèíàëü-
íûõ. Íà ðèñóíêàõ 2à, 2á, 2â ïðåäñòàâëåíû ñîîòâåòñòâåí-
íî ñêîðîñòü ìàøèíû è òîêè â ïàðêîâñêîé ñèñòåìå êîîð-
äèíàò: 1 - ðàáîòà ïðè íîìèíàëüíûõ ïàðàìåòðàõ; 2 - îò-
êëîíåíèå (óâåëè÷åíèå) ïðèâåä¸ííîãî ê âàëó ìàøèíû ìî-
ìåíòà èíåðöèè â 6 ðàç, ïîòîêà âîçáóæäåíèÿ íà 10%, ñî-
ïðîòèâëåíèÿ îáìîòêè íà 50%, èíäóêòèâíîñòè íà 30%; 3 -
óìåíüøåíèå ýòèõ ïàðàìåòðîâ.

Äëÿ âñåõ ñëó÷àåâ òàêæå áûëî ïðîìîäåëèðîâàíî èçìå-
íåíèå íàãðóçêè íà âàëó.

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà ðîáàñòíîãî óïðàâëåíèÿ ñèíõðîííûì äâèãàòåëåì ñ ïîñòîÿííûìè ìàãíèòàìè

à)                                                á)                                               â)

Ðèñóíîê 2 - Ãðàôèêè ïåðåõîäíûõ ïðîöåññîâ â ñèíõðîííîì äâèãàòåëå ñ ïîñòîÿííûìè ìàãíèòàìè ïðè èñïîëüçîâàíèè 
ïðåäëîæåííûõ àëãîðèòìîâ óïðàâëåíèÿ

τ 80 100–≈

W1 p( ) KfKw Kf K– w( )p+[ ] p⁄=

W2 p( ) Ks Rso KqLq0+( ) K– qLq0p[ ] p⁄=

W3 p( ) Kr Rso Kd+( ) KrLd0 K– d( )p+[ ] p⁄=

Ld 0 0014,= Lq =

0 0028,= R0 0 6,=

J0 11 4–×10= Φ0 =

0 1194,= n 4=

Kf 500= Kw 1= Kq 127–= Ks 3=

Kr 2 2,–= Kd 2=
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p+1)R/(T q
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ÂÛÂÎÄÛ

Â ñòàòüå áûëè ðàçðàáîòàíû àëãîðèòìû ðîáàñòíîãî óï-
ðàâëåíèÿ ñèíõðîííûì äâèãàòåëåì ñ ïîñòîÿííûìè ìàãíè-
òàìè è íà èõ îñíîâå ñîçäàíà ìàòåìàòè÷åñêàÿ ìîäåëü ïðè-
âîäà.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïîêàçûâàþò, ÷òî ïðåäëî-
æåííûé àëãîðèòì îáåñïå÷èâàåò ìîäàëüíóþ ðîáàñòíîñòü
ïî îòíîøåíèþ ê íåîïðåäåë¸ííîñòÿì ïàðàìåòðîâ äâèãàòå-
ëÿ è ìîìåíòà èíåðöèè ïðèâåä¸ííîé ê âàëó äâèãàòåëÿ
ñèñòåìû.
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ÑÎÑÒÎßÍÈÉ

Å. À. Øóøëÿïèí

Ïðåäëîæåí ìåòîä òåðìèíàëüíîãî óïðàâëåíèÿ ñèñòåìàìè,
ïðåäñòàâëåííûìè ñîâîêóïíîñòÿìè íåëèíåéíûõ äèôôåðåíöè-
àëüíûõ óðàâíåíèé ñ ãëàäêèìè ïðàâûìè ÷àñòÿìè è àëãåáðà-
è÷åñêèõ óðàâíåíèé. Ìåòîä îñíîâàí íà ïðèìåíåíèè ïðîìå-
æóòî÷íîãî îïèñàíèÿ â âèäå ìîäåëåé êîíå÷íîãî ñîñòîÿíèÿ.
Ìîäåëü êîíå÷íîãî ñîñòîÿíèÿ ñòðîèòñÿ íà îñíîâå ïåðåìåííûõ,
îòîáðàæàþùèõ â êàæäûé ìîìåíò âðåìåíè ïðîãíîç êîíå÷íîãî
ñîñòîÿíèÿ ñèñòåìû â ïðåäïîëîæåíèè, ÷òî îò òåêóùåãî äî
êîíå÷íîãî ìîìåíòîâ âðåìåíè óïðàâëÿþùèå âîçäåéñòâèÿ îò-
ñóòñòâóþò. Ïðèâåäåí ïðàêòè÷åñêèé ïðèìåð èç ãèäðîìåõà-
íèêè.

Çàïðîïîíîâàíî ìåòîä òåðìiíàëüíîãî êåðóâàííÿ ñèñòåìàìè,

ÿê³ ïðåäñòàâëåíî ñóêóïíîñòÿìè íåëèíiéíèõ äèôåðåíöiàëüíèõ
ðiâíÿíü ç ãëàäêèìè ïðàâèìè ÷àñòèíàìè òà àëãåáðà¿÷íèõ ðiâ-
íÿíü. Ìåòîä çàñíîâàíî íà çàñòîñóâàííi ïðîìiæíîãî îïèñó ó
âèãëÿäi ìîäåëåé êiíöåâîãî ñòàíó. Ìîäåëü êiíöåâîãî ñòàíó áó-
äóºòüñÿ íà îñíîâi çìiííèõ, âiäîáðàæàþ÷èõ ó êîæíèé ìîìåíò
÷àñó ïðîãíîç êiíöåâîãî ñòàíó ñèñòåìè ó ïðèïóùåííi, ùî âiä
ïîòî÷íîãî äî êiíöåâîãî ìîìåíòiâ ÷àñó óïðàâëÿþ÷i âïëèâè âiä-
ñóòíi. Íàâåäåí ïðàêòè÷åíèé ïðèêëàä ç ãiäðîìåõàíiêè.

The method of terminal control for systems, described by non-
linear differential equations with smooth right parts and alge-
braic equations, is offered. Method is based on using an
intermediate description in the form of terminal state's models.
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The terminal state's model is built on the base variables, that
reflect a forecast of terminal state at each moment of the time in
the suggestion that control action are absent from the current to
the terminal moment. The practical example from hydro-
mechaniñs is cited.
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çà çàäàííîå âðåìÿ, èìååò âàæíîå ïðàêòè÷åñêîå çíà÷åíèå.
Ïîñêîëüêó â áîëüøèíñòâå ñëó÷àåâ òî÷íîå ïðèâåäåíèå
íåâîçìîæíî, ÷àñòî â êà÷åñòâå öåëè óïðàâëåíèÿ èñïîëü-
çóþò ìèíèìàëüíîå âçâåøåííîå ðàññòîÿíèå ìåæäó äîñòèã-
íóòîé è çàäàííîé òî÷êàìè ôàçîâîãî ïðîñòðàíñòâà. Ýòî
ó÷èòûâàåòñÿ êâàäðàòè÷åñêèì êðèòåðèåì ñ íåîòðèöàòåëü-
íî îïðåäåëåííîé ìàòðèöåé âåñîâûõ êîýôôèöèåíòîâ.
Òðàäèöèîííûå ïîäõîäû ê ðåøåíèþ äàííîé çàäà÷è ïðè-
ìåíèòåëüíî ê íåëèíåéíûì ñèñòåìàì âåñüìà òðóäîåìêè
êàê ïðè ôîðìèðîâàíèè, òàê è ïðè êîìïüþòåðíîé ðåàëè-
çàöèè ñîîòâåòñòâóþùèõ àëãîðèòìîâ. Â ñòàòüå ïðåäëàãà-
åòñÿ ìåòîä òåðìèíàëüíîãî óïðàâëåíèÿ (ìåòîä êîíå÷íûõ
ñîñòîÿíèé) íåëèíåéíûìè ñèñòåìàìè, ïîçâîëÿþùèé ïðè
ìèíèìàëüíîé ïîäãîòîâèòåëüíîé ðàáîòå, äîñòàòî÷íî ïðî-
ñòîì àëãîðèòìå è çà âïîëíå ïðèåìëåìîå âðåìÿ ðàññ÷è-
òàòü òåðìèíàëüíîå óïðàâëåíèå íåëèíåéíûìè ñèñòåìàìè,
îïèñûâàåìûìè ñîâîêóïíîñòÿìè äèôôåðåíöèàëüíûõ è
àëãåáðàè÷åñêèõ óðàâíåíèé. Äîïîëíèòåëüíûå îãðàíè÷å-
íèÿ â âèäå àëãåáðàè÷åñêèõ óðàâíåíèé ÷àñòî èìåþò ìåñòî
â ýëåêòðîòåõíè÷åñêèõ è äðóãèõ ìîäåëÿõ. Äëÿ ñâåäåíèÿ
òàêèõ ìîäåëåé ê ÷èñòî äèôôåðåíöèàëüíûì èñïîëüçóþò
èñêóññòâåííûå ïðèåìû, ïðèâîäÿùèå ê óâåëè÷åíèþ ïî-
ðÿäêà ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé. Â ïðåäëà-
ãàåìîé ñòàòüå ìåòîä êîíå÷íîãî ñîñòîÿíèÿ îáîáùàåòñÿ íà
ñèñòåìû ñ äèôôåðåíöèàëüíî-àëãåáðàè÷åñêèìè îãðàíè÷å-
íèÿìè. Òåõíèêà ïðèìåíåíèÿ ïðåäëîæåííîãî ìåòîäà ïîä-
ðîáíî èëëþñòðèðîâàíà íà ïðèìåðå ïðàêòè÷åñêîé çàäà÷è
èç ãèäðîìåõàíèêè.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìîòðèì çàäà÷ó òåðìèíàëüíîãî óïðàâëåíèÿ, ãäå 

- æåëàåìîå êîíå÷íîå ñîñòîÿíèå,  - íåîòðèöàòåëüíî îï-

ðåäåëåííàÿ ìàòðèöà âåñîâûõ êîýôôèöèåíòîâ,  - íåêî-

òîðîå äîñòèæèìîå çíà÷åíèå êðèòåðèÿ .

(1)

Îñîáåííîñòü (1) - ñìåøàííàÿ ñèñòåìà îãðàíè÷åíèé â âè-

äå äèôôåðåíöèàëüíûõ è àëãåáðàè÷åñêèõ óðàâíåíèé. Àë-
ãåáðàè÷åñêèå óðàâíåíèÿ ïðè ýòîì îòîáðàæàþò íåÿâíóþ

ñâÿçü ìåæäó âåêòîðîì ïåðåìåííûõ ñîñòîÿíèÿ  ÷åðåç

êîìïîíåíòû âåêòîðà óïðàâëÿþùèõ âîçäåéñòâèé . Ïî-

äîáíûå çàäà÷è âîçíèêàþò â ýëåêòðîòåõíèêå, ãèäðîìå-
õàíèêå è äðóãèõ îáëàñòÿõ, ãäå èñïîëüçóþòñÿ ðàçëè÷íûå
çàêîíû ñîõðàíåíèÿ, âûðàæåííûå â àëãåáðàè÷åñêîé ôîð-
ìå.

Äëÿ îïðåäåëåíèÿ óïðàâëåíèÿ  ïðèìåíèì ìåòîä êî-

íå÷íîãî ñîñòîÿíèÿ, îñíîâû êîòîðîãî èçëîæåíû â [1].
Äëÿ ïðèìåíåíèÿ ýòîãî ìåòîäà òðåáóåòñÿ, ÷òîáû âåêòîð-

ôóíêöèÿ  áûëà íåïðåðûâíîé âìåñòå ñî ñâîåé ÷àñòíîé

ïðîèçâîäíîé ïî âåêòîðó , à óïðàâëÿþùèå âîçäåéñòâèÿ

áûëè àääèòèâíûìè (ëèíåéíî âõîäÿùèìè). Ïðåäïîëîæèì

òàêæå, ÷òî óðàâíåíèÿ ñâÿçè  äèôôåðåíöè-

ðóåìû îòíîñèòåëüíî ïåðåìåííûõ  è .

Ïîñêîëüêó ìåæäó  è  èìååòñÿ ñâÿçü, ðàçîáüåì âåê-

òîð  íà äâà ïîäâåêòîðà - ñâîáîäíûé  è áàçèñíûé .

Äàëåå ñâîáîäíûé ïîäâåêòîð áóäåò ïðåäñòàâëÿòü íåçàâè-
ñèìûå óïðàâëÿþùèå âîçäåéñòâèÿ, à áàçèñíûé - çàâèñè-

ìûå. Äëÿ  ââåäåì äîïîëíèòåëüíûå äèôôåðåíöèàëüíûå

óðàâíåíèÿ, îïðåäåëÿþùèå èõ ÷åðåç àääèòèâíûå óïðàâëÿ-

þùèå âîçäåéñòâèÿ . Òîãäà

(2)

Åñëè âåêòîðíîå àëãåáðàè÷åñêîå óðàâíåíèå ñâÿçåé èìååò
àíàëèòè÷åñêîå ðåøåíèå

,

òî (2) ñâîäèòñÿ ê îáû÷íîìó âèäó, äëÿ êîòîðîãî 

(èëè íåïîñðåäñòâåííî ) ìîæåò áûòü íàéäåíî ëþáûì

èç èçâåñòíûõ ìåòîäîâ. Îäíàêî òàêîé ïóòü ìîæåò áûòü

ïðèìåíåí ëèøü ïðè äîñòàòî÷íî ìàëûõ . Â îáùåì æå

ñëó÷àå íàëè÷èå íåèçâåñòíîé èëè î÷åíü ñëîæíîé àíàëèòè-

÷åñêîé çàâèñèìîñòè  íå ïîçâîëÿåò íàïðÿìóþ ïðèìå-

íÿòü ìåòîäû, òðåáóþùèå âû÷èñëåíèÿ ÿêîáèàíà îò .

Ðàññìàòðèâàåìûé â äàííîé ðàáîòå ìåòîä êîíå÷íûõ
ñîñòîÿíèé êàê ðàç èñïîëüçóåò ÿêîáèàí, ïîýòîìó òðå-
áóåòñÿ îïðåäåëåííàÿ åãî ìîäèôèêàöèÿ.

Ñõåìà ìåòîäà êîíå÷íûõ ñîñòîÿíèé [1] ïðèìåíèòåëüíî
ê çàäà÷å (2) ñëåäóþùàÿ.

x∗
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J x tf( ) x∗–( )TF x tf( ) x∗–( ) J∗,→=

td
dx f t x v, ,( ),=
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Âíà÷àëå äëÿ (2) çàïèñûâàåòñÿ ïðîìåæóòî÷íàÿ ìîäåëü

êîíå÷íîãî ñîñòîÿíèÿ ÷åðåç ïåðåìåííûå , çíà÷åíèÿ

êîòîðûõ îïðåäåëÿþò ïðîãíîç íåóïðàâëÿåìîãî êîíå÷íîãî

ñîñòîÿíèÿ ñèñòåìû, íàõîäÿùåéñÿ â ìîìåíò  â ñîñòîÿíèè

; ïåðåìåííûå êîíå÷íîãî ñîñòîÿíèÿ îïðåäåëÿþòñÿ ÷å-

ðåç ìàòðèöó íåëèíåéíûõ âåñîâûõ ôóíêöèé 

óðàâíåíèÿìè

(3)

Íåëèíåéíàÿ âåñîâàÿ ìàòðèöà îïðåäåëÿåòñÿ êàê ôóíê-
öèÿ ïåðâîãî àðãóìåíòà óðàâíåíèÿìè [2]

(4)

ãäå  - âåêòîð ïðàâûõ ÷àñòåé,  - ïîëíûé âåêòîð ñîñòîÿ-

íèÿ ñèñòåìû,  - åäèíè÷íàÿ ìàòðèöà. Êàê âèäíî èç (4),

ÿêîáèàí   ïðè ýòîì âû÷èñëÿåòñÿ ÷åðåç çíà÷åíèÿ

ôóíêöèé ïåðâîãî àðãóìåíòà ïåðåìåííûõ êîíå÷íîãî ñîñ-
òîÿíèÿ. Ïîñëåäíèå æå îïðåäåëÿþòñÿ ÷åðåç èñõîäíóþ
ñèñòåìó ñ îáíóëåííûìè óïðàâëÿþùèìè âîçäåéñòâèÿìè.
Ïðèìåíèòåëüíî ê (2) ñîâìåñòíàÿ ñèñòåìà äëÿ îïðåäåëå-

íèÿ ,  èìååò âèä

(5)

Ñèñòåìà (5) èíòåãðèðóåòñÿ ìíîãîêðàòíî äëÿ êàæäîãî

çíà÷åíèÿ  ïðîöåññà ÷èñëåííîãî èíòåãðèðîâàíèÿ ñèñòå-

ìû (2). Ïðè ýòîì â (3) èñïîëüçóþòñÿ êîíå÷íûå (ïðè

) çíà÷åíèÿ .

Ìàòðèöà  êîýôôèöèåíòîâ ïðè óïðàâëÿþùèõ âîç-

äåéñòâèÿõ â (3) ïðèìåíèòåëüíî ê (2) èìååò ñòðóêòóðó

. (6)

Â (5) è (6) ,  îáîçíà÷åíû ñîîòâåòñòâåííî íó-

ëåâàÿ è åäèíè÷íàÿ ìàòðèöû ðàçìåðíîñòè .

Äëÿ óïðîùåíèÿ âûêëàäîê èñõîäíàÿ ìîäåëü (1) çàïè-
ñàíà áåç àääèòèâíî âõîäÿùèõ âîçäåéñòâèé. Åñëè æå òà-
êîâûå íà ñàìîì äåëå èìåþòñÿ, íåòðóäíî ìîäèôèöèðîâàòü
(5), (6) ñ ó÷åòîì ýòîãî ñëó÷àÿ.

Ñëåäóþùèé øàã ïðèìåíåíèÿ ìåòîäà êîíå÷íûõ ñîñòîÿ-
íèé - çàìåíà êðèòåðèÿ çàäà÷è (2) ýêâèâàëåíòíûì êðèòå-
ðèåì, âûðàæåííûì ÷åðåç ïåðåìåííûå êîíå÷íîãî ñîñòîÿ-
íèÿ [1].

. (7)

Ýêâèâàëåíòíîñòü  è  èìååò ìåñòî ïðè  â

ñèëó íà÷àëüíûõ óñëîâèé èç (5).
Äàëåå âû÷èñëÿåì ïðîèçâîäíóþ ïî âðåìåíè ýêâèâà-

ëåíòíîãî êðèòåðèÿ.

Ïîñëåäíèé øàã ïåðåä ïîëó÷åíèåì âûðàæåíèÿ äëÿ èñ-
êîìîãî óïðàâëåíèÿ - ôîðìèðîâàíèå äèôôåðåíöèàëüíîãî

óðàâíåíèÿ äëÿ æåëàåìîãî ïîâåäåíèÿ . Ïîñêîëüêó

êîíå÷íîå çíà÷åíèå ýêâèâàëåíòíîãî êðèòåðèÿ ñîâïàäàåò
ñî çíà÷åíèåì èñõîäíîãî êðèòåðèÿ, íåîáõîäèìî âûáðàòü
òàêîå äèôôåðåíöèàëüíîå óðàâíåíèå, ÷òîáû ïðè ëþáûõ
íà÷àëüíûõ óñëîâèÿõ åãî ðåøåíèå ñòðåìèëîñü ê çàäàí-

íîìó äîñòèæèìîìó óðîâíþ . Äàííûé ìîìåíò - íàèáî-

ëåå íåîïðåäåëåííûé â ðàññìàòðèâàåìîì ìåòîäå. Âî-ïåð-

âûõ, ÷àñòî íåèçâåñòíî  (ñîãëàñíî (1) è (7) åãî òåîðå-

òè÷åñêîå ìèíèìàëüíîå çíà÷åíèå - íóëü, îäíàêî îíî ìî-
æåò áûòü íåäîñòèæèìî). Âî-âòîðûõ, íåèçâåñòíî ïîâåäå-

íèå , ïðèâîäÿùåå ê . Òåì íå ìåíåå, âî ìíîãèõ

ñëó÷àÿõ ìîæíî çàäàòüñÿ óðàâíåíèåì

, (8)

ðåøåíèå êîòîðîãî, êàê èçâåñòíî, èìååò âèä ýêñïîíåíòû ñ

ïîñòîÿííîé âðåìåíè , ïðèáëèæàþùååñÿ ê  ïðè

. Ïðè ýòîì óæå ïðè  . Íåèç-

âåñòíîå  ìîæíî ïîäáèðàòü, íà÷èíàÿ îò åãî íóëåâîãî

çíà÷åíèÿ. Êðèòåðèåì äîñòèæèìîñòè çàäàííîãî  ÿâëÿ-

åòñÿ ñîâïàäåíèå òðàåêòîðèé ôàêòè÷åñêîãî è æåëàåìîãî

, îïðåäåëÿåìûõ ñîîòâåòñòâåííî (7) è (8).

x tf t,( )

t

x t( )
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Ïðèðàâíèâàÿ äâà ïîñëåäíèõ âûðàæåíèÿ è âûïîëíÿÿ
ïñåâäîîáðàùåíèå, ïîëó÷èì

(9)

Êàê âèäíî èç ïðèâåäåííîé ñõåìû ìåòîäà, åãî ìîæíî
îòíåñòè ê ãðóïïå ìåòîäîâ îáðàòíîé çàäà÷è äèíàìèêè [3].
Åãî îñîáåííîñòü - èñïîëüçîâàíèå äëÿ ïîñòðîåíèÿ óïðàâ-
ëåíèÿ ýêâèâàëåíòíîé ìîäåëè êîíå÷íîãî ñîñòîÿíèÿ. Äàí-
íàÿ ñõåìà óñïåøíî èñïîëüçîâàëàñü äëÿ ïîñòðîåíèÿ òåð-
ìèíàëüíîãî óïðàâëåíèÿ â ðÿäå ïðèêëàäíûõ çàäà÷ [4],
[5], [6]. Ñïåöèôèêà ìîäåëè (2), òðåáóþùàÿ ìîäèôèêà-
öèè ïðèâåäåííîé ñõåìû, çàêëþ÷àåòñÿ â òðóäíîñòÿõ íåïî-

ñðåäñòâåííîãî âû÷èñëåíèÿ ÷àñòíîé ïðîèçâîäíîé ,

âõîäÿùåé â (5), èç-çà íàëè÷èÿ ñâÿçè ìåæäó  è .

ÐÅØÅÍÈÅ ÇÀÄÀ×È

Âû÷èñëÿÿ ÷àñòíóþ ïðîèçâîäíóþ âåêòîðà ïðàâûõ ÷à-
ñòåé äèôôåðåíöèàëüíûõ óðàâíåíèé (1) ïî âåêòîðó íåçà-

âèñèìûõ óïðàâëåíèé ñ ó÷åòîì "äâîéíîé" çàâèñèìîñòè 

îò  - íåïîñðåäñòâåííî è íåÿâíî ÷åðåç , ïîëó÷èì

(10)

Äëÿ óñòðàíåíèÿ íåîáõîäèìîñòè íåïîñðåäñòâåííîãî

äèôôåðåíöèðîâàíèÿ îáðàòíîé çàâèñèìîñòè 

íàéäåì ÷àñòíóþ ïðîèçâîäíóþ óðàâíåíèÿ ñâÿçè ïî .

Ïðåäïîëàãàÿ íåâûðîæäåííîñòü ÿêîáèàíà ñâÿçåé

, ÷òî äîëæíî èìåòü ìåñòî ïðè êîððåêòíî çàäàí-

íûõ ñâÿçÿõ, ïîëó÷àåì

. (11)

Ïîäñòàâëÿÿ (11) â (10), ïîëó÷àåì èñêîìóþ .

(12)

Âõîäÿùèå â (12) è â (5) ÷àñòíûå ïðîèçâîäíûå ïðàâûõ
÷àñòåé äèôôåðåíöèàëüíûõ óðàâíåíèé è óðàâíåíèé ñâÿçè
ñóùåñòâóþò â ñèëó óêàçàííûõ âûøå ïðåäïîëîæåíèÿ î

ñâîéñòâàõ ôóíêöèé  è .

Ïðèìåð. Ðàññìîòðèì ïðèìåð èç ãèäðîìåõàíèêè.
Èìååòñÿ òðóáîïðîâîäíàÿ ñåòü, ãðàô êîòîðîé èçîáðà-

æåí íà ðèñóíêå 1.

Ðèñóíîê 1

Ïðåäïîëàãàåòñÿ, ÷òî ãåîìåòðè÷åñêèå óðîâíè âåðøèí 1,
2, 3 z1=z2=z3=0, óðîâíè âåðøèí 4, 5 z4=z5=5ì. Â âåðøè-
íàõ 1 è 3 èìåþòñÿ íàïîðíûå íàñîñû. Òðóáû 2-4 è 3-5 -
öèëèíäðè÷åñêèå åìêîñòè âûñîòîé 5ì, - ïðåäíàçíà÷åíû
äëÿ äîëãîâðåìåííîãî õðàíåíèÿ ïèòüåâîé âîäû. Åìêîñòü
2-4 èìååò äèàìåòð 3ì, åìêîñòü 3-5 - äèàìåòð 5ì. Îñòàëü-
íûå òðóáû äèàìåòðîì 1ì è äëèíîé 10ì êàæäàÿ ïðåäíàç-
íà÷åíû äëÿ ïîäâîäà âîäû (òðóáà 1-2) è ñîåäèíåíèÿ åì-
êîñòåé (òðóáû 2-3 è 4-5). Â âåðøèíå 5 ïðåäïîëàãàåòñÿ
ñâîáîäíûé âûõîä âîäû ÷åðåç òðóáó, êîòîðàÿ â ðàññìàò-
ðèâàåìóþ ñèñòåìó íå âõîäèò. Öåëüþ óïðàâëåíèÿ ÿâëÿåò-
ñÿ ïðîêà÷êà âîäû ÷åðåç åìêîñòè ñ ïîìîùüþ íàñîñîâ òà-
êèì îáðàçîì, ÷òîáû âîäà â êàæäîé åìêîñòè îáíîâëÿëàñü
êàæäûå äâà ÷àñà.

Ìîäåëü äàííîé ñèñòåìû áåç ó÷åòà ïðîöåññîâ ïåðåìå-
øèâàíèÿ ñòðîèòñÿ íà îñíîâå óðàâíåíèé Áåðíóëëè [7]
äëÿ íåóñòàíîâèâøåãîñÿ íàïîðíîãî äâèæåíèÿ íåñæèìàå-
ìîé æèäêîñòè â ïðåäïîëîæåíèè àáñîëþòíîé æåñòêîñòè
ñòåíîê òðóá. Ñèñòåìà óðàâíåíèé Áåðíóëëè äëÿ ðàññìàò-
ðèâàåìîé çàäà÷è èìååò âèä

, 

,

, (13)

.

Çäåñü ,  - ïüåçîìåòðè÷åñêèå íàïîðû â i-é è j-é âåð-

øèíàõ ñåòè,  - ñðåäíÿÿ ñêîðîñòü ïîòîêà â òðóáå i-j,

 - äëèíà òðóáû i-j,  - óñêîðåíèå ñâî-

áîäíîãî ïàäåíèÿ,  - êîýôôèöèåíò êîð-

ðåêöèè êîëè÷åñòâà äâèæåíèÿ. Ïàðàìåòð  îïðåäåëÿ-

åòñÿ âûðàæåíèåì [8]

, , (14)

u t( ) AT AAT( )q,=

A x tf t,( ) x∗–( )TFW tf t x t( ), ,( )B t( ),=

q
1
2T
------- J∗ x tf t,( ) x∗–( )TF x tf t,( ) x∗–( )–( ).=









∂f ∂vc⁄

vá vc

f

vc vá

vc∂
∂ f ϑ x vc vá, , ,( )

vc∂
∂ f ϑ x vc vá, , ,( )

vá∂
∂ f ϑ x vc vá, , ,( )

vc∂
∂ vá.⋅

+

+

=

vá Φ 1–=

vc

vc∂
∂ Φ x vc vá, ,( )

vc∂
∂ Φ x vc vá, ,( )

vá∂
∂ Φ x vc vá, ,( )

vc∂
∂ vá⋅

+

+ 0.

=

=

∂Φ ∂vá⁄

vc∂
∂ vá

vá∂
∂ Φ x vc vá, ,( )

1–
–

vc∂
∂ Φ x vc vá, ,( )⋅=

∂f ∂vc⁄

vc∂
∂ f ϑ x vc vá, , ,( )

vc∂
∂ f ϑ x vc vá, , ,( )

vá∂
∂ f ϑ x vc vá, , ,( )

vá∂
∂ Φ x vc vá, ,( )

1–

vc∂
∂ Φ x vc vá, ,( )⋅ .⋅–

–=

f Φ

hi zi+ hj zj µij

Uij
2

2g
--------- α0

Lij

g
--------

td
dUij⋅+ + +=

i j,( ) 1 2,( ) 2 4,( ) 4 5,( ), ,{ }∈

h2 z2+ h3 z3 h3∆– µ23

U23
2

2g
---------- α0

L23

g
---------

td
dU23⋅+ + +=

h3 z3 h3∆+ + h5 z5 µ35

U35
2

2g
---------- α0

L35

g
---------

td
dU35⋅+ + +=

hi hj

Uij

Lij g 9 807,= ì c 2–⋅

α0 1 03 1 05,;,[ ]∈

µij

µij α λij
Lij

Dij
--------- ζ ij++= λij 2 035 lg

Dij

2kij
---------- 1 74,–⋅, 

 
2–

=
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ãäå  - êîýôôèöèåíò êîððåêöèè ñêîðîñòè,

ó÷èòûâàþùèé ñòåïåíü òóðáóëåíòíîñòè ïîòîêà (áîëüøèå

çíà÷åíèÿ ñîîòâåòñòâóþò ìåíüøåé òóðáóëåíòíîñòè), ,

 - äèàìåòð è êîýôôèöèåíò ìåñòíîãî ñîïðîòèâëåíèÿ i-

j-é òðóáû. Êîýôôèöèåíò ñîïðîòèâëåíèÿ  (êîýôôèöè-

åíò Äàðñè) ðàññ÷èòûâàåòñÿ ïî ïðèâåäåííîé âûøå ôîðìó-
ëå Êàðìàíà-Íèêóðàäçå äëÿ øåðîõîâàòûõ òðóá, â êîòîðîé

 - ñðåäíÿÿ âûñîòà áóãîðêîâ øåðîõîâàòîñòè. ×ëåí 

îòðàæàåò íàëè÷èå íàñîñà â ìåñòå ñîåäèíåíèÿ òðóáû (2,3)
è åìêîñòè (3,5). Òàê êàê íàñîñ, íàãíåòàÿ âîäó â åìêîñòü,
îäíîâðåìåííî îòñàñûâàåò åå èç òðóáû (2,3) è íàîáîðîò,
óêàçàííûé ÷ëåí âõîäèò â óðàâíåíèÿ äëÿ (2,3) è (3,5) ñ

ðàçíûìè çíàêàìè. Ïüåçîìåòðè÷åñêèé íàïîð  ïðè ñâî-

áîäíîì âûõîäå ïîòîêà èç âåðøèíû 5 íóëåâîé.
Íàðÿäó ñ (13), (14), â äèíàìè÷åñêóþ ìîäåëü âõîäÿò

óðàâíåíèÿ ñîõðàíåíèÿ ïîòîêà â âèäå ñèñòåìû óðàâíåíèé
äëÿ ðàñõîäîâ âî âíóòðåííèõ âåðøèíàõ ñåòè.

, , . (15)

Äëÿ âåðøèíû 5 óðàâíåíèå ñîõðàíåíèÿ íå çàïèñûâàåì,
òàê êàê èç íåå èìååòñÿ ñâîáîäíûé âûõîä ïîòîêà.

Ðàñõîäû  ñâÿçàíû ñî ñðåäíèìè ñêîðîñòÿìè 

ñîîòíîøåíèåì

, ,

ãäå  - ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ i-j-é òðóáû.

Ïîñëåäíÿÿ ãðóïïà óðàâíåíèé ìîäåëè - óðàâíåíèÿ äëÿ
óðîâíåé âîäû â åìêîñòÿõ

, .

Óêàçàííûå óðîâíè îòîáðàæàþò íå óðîâíè çàïîëíåíèÿ
åìêîñòåé (îíè íà ïðîòÿæåíèè âñåãî âðåìåíè ðàáîòû
ñèñòåìû ïðåäïîëàãàþòñÿ çàïîëíåííûìè), à ìåñòîïîëî-
æåíèÿ âûäåëåííûõ ÷àñòèö âîäû, ïî êîòîðûì ìîæíî
ñóäèòü î ñòåïåíè îáíîâëåíèÿ âîäû â åìêîñòÿõ.

Öåëüþ ïðîêà÷êè ÿâëÿåòñÿ äîñòèæåíèå óðîâíÿìè  è

 çíà÷åíèÿ ì çà çàäàííîå âðåìÿ 7200ñ.

Ñîîòâåòñòâóþùèé êðèòåðèé òåðìèíàëüíîé çàäà÷è â
ýòîì ñëó÷àå èìååò âèä:

, (16)

ãäå ìèíèìàëüíî âîçìîæíîå çíà÷åíèå  íóëåâîå.

Ïåðåõîäÿ â (14), (15) îò ñêîðîñòåé ê óðîâíÿì, ïåðå-
ïèøåì ìîäåëü â ñëåäóþùåì ýêâèâàëåíòíîì âèäå:

(17)

Óïðàâëÿåìûå ïîñðåäñòâîì ,  íàïîðû ,

 çäåñü ïðåäïîëàãàþòñÿ íåçàâèñèìûìè, îò êîòî-

ðûõ ÷åðåç óðàâíåíèÿ ðàñõîäîâ çàâèñÿò äðóãèå íàïîðû.
Äëÿ âûÿâëåíèÿ óêàçàííûõ çàâèñèìîñòåé ïðîäèôôåðåí-
öèðóåì óðàâíåíèÿ ðàñõîäîâ èç (17) è ïîäñòàâèì â íèõ
ñîîòâåòñòâóþùèå âûðàæåíèÿ äëÿ ïðîèçâîäíûõ îò ðàñ-
õîäîâ. Â ðåçóëüòàòå ïîëó÷èì ñëåäóþùóþ ñèñòåìó
ëèíåéíûõ óðàâíåíèé îòíîñèòåëüíî çàâèñèìûõ íàïîðîâ

:

,

ãäå

,

.

Ñèñòåìà óðàâíåíèé (5) â äàííîì ñëó÷àå èìååò âèä

α 1 05 2 00,;,[ ]∈

Dij

ζ ij

λij

kij h3∆

h5

Q12 Q23 Q24+= Q24 Q45= Q23 Q35=

Qij Uij

Qij σij Uij⋅= σij πDij
2 4⁄=

σij

td
dS24 U24=

td
dS35 U35=

S24

S35 Sz 5=

J S24 tf( ) Sz–[ ]2 S35 tf( ) Sz–[ ]2+ J∗→=

J∗

td
dQij βijQij

2 γij hi zi hj zj––+( ),+–=

i j,( ) 1 2,( ) 2 4,( ) 4 5,( ), ,{ },∈

td
dQ23 β23Q23

2 γ23 h2 z2 h3 z3– h3∆+–+( ),+–=

td
dQ35 β35Q35

2 γ35 h3 z3 h5 z5– h3∆+–+( ),+–=

td
dS24 Q24

σ24
----------=

td
dS35 Q35

σ35
----------=

td
dh1 u1 t( )=

td
d h3∆ u2 t( ),=, , ,

Q12 Q23 Q24+= Q24 Q45= Q23 Q35,=, ,

βij
µij

2α0Lijσij
--------------------------= γij

σij g⋅
α0Lij
---------------,=,

i j,( ) P∈ 1 2,( ) 2 3,( ) 2 4,( ) 3 5,( ) 4 5,( ), , , ,{ }.= 

























u1 t( ) u2 t( ) h1

h3 hc∈∆

há colon h2 h3 h4, ,( )=

A γ( ) há⋅ b Q γ hc, ,( )=

A γ( )
γ12 γ23 γ24––– γ23 γ24

γ24 0 γ24 γ45––

γ23 γ23 γ35–– 0 
 
 
 
 
 

=

b Q γ hc, ,( )

β– 12Q12
2 β23Q23

2 β24Q24
2 γ12h1 γ23 h3∆ –––––

γ12 z1 z2–( ) γ23 z2 z3–( ) γ24 z2 z4–( )+ +–

β24Q24
2 β45Q45

2 γ24 z2 z4–( ) γ45 z4 z45–( )+–– –

γ45h5–

β23Q23
2 β35Q35

2 γ23 γ35+–( ) h3∆ –+–

γ23– z2 z3–( ) γ35 z3 z5–( ) γ35h5–+ 
 
 
 
 
 
 
 
 
 
 

=

ϑd
d W ϑ t x t( ), ,( )

Q∂
∂ fQ ϑ x hc há, , ,( ) 05 2× hc∂

∂ fQ ϑ x hc há, , ,( )

Q∂
∂ fs ϑ x hc há, , ,( ) 02 2× 02 2×

02 5× 02 2× 02 2×
x x ϑ t,( )=

hc hc ϑ t,( )=

×

=

=
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,

,

,

,

,

,

, , , ,

,

, ,

, ,

,

, ,

,

,

, ,

, .

Óïðàâëåíèå (9) êîíêðåòèçèðóåòñÿ â âèäå:

(18)

Ïðåäëàãàåìûé àëãîðèòì èññëåäîâàëñÿ ñ ïîìîùüþ
êîìïüþòåðíîãî ìîäåëèðîâàíèÿ äëÿ ñëåäóþùèõ ïàðà-

ìåòðîâ: c, ì, , ,

. Øàã ÷èñëåííîãî èíòåãðèðîâàíèÿ äèôôåðåíöè-

àëüíûõ óðàâíåíèé ìåòîäîì Ðóíãå-Êóòòà ÷åòâåðòîãî
ïîðÿäêà ïîëàãàëñÿ ðàâíûì 50ñ, êîíå÷íîå âðåìÿ

c. Íà÷àëüíûå óñëîâèÿ âûáèðàëèñü èç ïðåäïî-

ëîæåíèÿ, ÷òî â íà÷àëüíîì ñîñòîÿíèè âîäà â òðóáàõ è
åìêîñòÿõ íåïîäâèæíà. Ýòîìó ñîîòâåòñòâóþò íóëåâûå
íà÷àëüíûå çíà÷åíèÿ äëÿ âñåõ ðàñõîäîâ, óðîâíåé è

óïðàâëÿþùåãî íàïîðà . Íà÷àëüíîå æå çíà÷åíèå

óïðàâëÿþùåãî íàïîðà ì, òàê êàê ýòîò íàïîð ïðî-

òèâîñòîèò íàïîðó âîäÿíûõ ñòîëáîâ â åìêîñòÿõ âûñîòîé
5ì. Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðåäñòàâëåíû íà ðèñóíêå
2, ãäå èçîáðàæåíû çàâèñèìîñòè èçìåíåíèÿ óðîâíåé,
óïðàâëÿþùèõ íàïîðîâ, à òàêæå æåëàåìàÿ è ôàêòè÷åñêàÿ

çàâèñèìîñòè . Ïîñëåäíèå èçîáðàæåíû íà òðåòüåì

ãðàôèêå â âèäå ïðàêòè÷åñêè ñîâïàäàþùèõ êðèâûõ.

Ðèñóíîê 2

Æåëàåìîå ïîâåäåíèå , ñîãëàñíî (8), îïðåäåëÿ-

åòñÿ âûðàæåíèåì

.

Ôàêòè÷åñêîå ïîâåäåíèå îïðåäåëÿåòñÿ, ñîãëàñíî (7),
(16) è (18), âûðàæåíèåì

.

Ñîâïàäåíèå óêàçàííûõ æåëàåìîé è ôàêòè÷åñêîé çàâè-
ñèìîñòåé ñâèäåòåëüñòâóåò î äîñòèæèìîñòè â äàííîì

x colon Q S hc, ,( )=

ϑd
d Qij ϑ t,( ) βijQij

2 γij hi zi hj zj––+( )+–=

i j,( ) 1 2,( ) 2 4,( ) 4 5,( ), ,{ }∈

ϑd
d Q23 ϑ t,( ) β23Q23

2 γ23 h2 z2 h3 z3– h3∆+–+( )+–=

ϑd
d Q35 ϑ t,( ) β35Q35

2 γ35 h3 z3 h5 z5– h3∆+–+( )+–=

h5 h5=

td
dS24 Q24

σ24
----------=

td
dS35 Q35

σ35
----------=

td
dh1 0=

td
d h3∆ 0=

há A γ( ) 1– b Q g hc, ,( )=

Qd
d fQ ϑ x hc h, , ,( ) diag 2βijQij–{ }= i j,( ) P∈

Qd
d fs ϑ x hc h, , ,( ) diag 1 σij⁄{ }= i j,( ) 2 4,( ) 3 5,( ),{ }∈

hcd
d fQ ϑ x hc h, , ,( )

hcd
dfQ

hád
dfQ A 1– γ( )

hcd
d b Q γ hc, ,( )⋅ ⋅+=

hcd
dfQ

γ12 0

0 γ23

0 0
0 γ35

0 0 
 
 
 
 
 
 
 
 

=
hád
dfQ

γ12– 0 0

γ23 γ23– 0

γ24 0 γ24–

0 γ35 0

0 0 γ45 
 
 
 
 
 
 
 
 

=

hcd
d b Q γ hc, ,( )

γ12– γ23–

0 0
0 γ35 γ23– 

 
 
 
 

=

ϑ t tf,[ ], W t t x t( ), ,( )∈ I, Qij t t,( ) Qij t( ), i j,( ) P∈= =

Sij t t,( ) Sij t( )= i j,( ) 2 4,( ) 3 5,( ),{ }∈

h1 t t,( ) h1 t( )= h3∆ t t,( ) h3∆ t( )=

u t( ) AT AAT( )q,  A A1 A2 
  ,= =

A1 S24 tf t,( ) Sz–( ) W68 tf t x t( ), ,( )⋅ +=

S35 tf t,( ) Sz–( ) W78 tf t x t( ), ,( ),⋅+

A2 S24 tf t,( ) Sz–( ) W69 tf t x t( ), ,( )⋅ +=

S35 tf t,( ) Sz–( ) W79 tf t x t( ), ,( ),⋅+

q
1
2T
------- J∗ S24 tf t,( ) Sz–( )2– S35 tf t,( ) Sz–( )2–( ),=

u1 t( )
A1 q⋅

A1
2 A2

2+
--------------------,  u2 t( )

A2 q⋅
A1

2 A2
2+

--------------------.==




















T 400= kij 0 0001,= α0 1 04,= α 2=

J∗ 0=

tf 7200=

h3∆

h1 5=

J tf t,( )

J tf t,( )

J tf t,( ) J tf t0,( ) J∗–( )
t t0–

T
-------------–exp⋅=

J tf t,( ) J∗ 2 T q⋅ ⋅–=
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êëàññå óïðàâëåíèé âûáðàííûõ çíà÷åíèé , .

Äëÿ ñðàâíåíèÿ ïðåäïðèíèìàëèñü ïîïûòêè ïîäîáðàòü
ïîñòîÿííûå çíà÷åíèÿ óïðàâëÿþùèõ íàïîðîâ, îáåñïå÷è-
âàþùèõ ïðîêà÷êó îáåèõ åìêîñòåé çà çàäàííîå âðåìÿ.
Íàèëó÷øèé ðåçóëüòàò, äîñòèãíóòûé ïðè ýòîì, ïîëó÷åí

ïðè ,  è ðàâåí ;

. Óðîâåíü 14,047 îçíà÷àåò, ÷òî çà çàäàí-

íîå âðåìÿ åìêîñòü (2,4) ïðîêà÷èâàåòñÿ ïî÷òè 3 ðàçà, â
òî âðåìÿ êàê äðóãàÿ åìêîñòü (3,5) - òîëüêî îäèí ðàç.
Êðîìå òîãî, íàïîð ïåðâîãî íàñîñà (ò.å. åãî ýíåðãåòè-
÷åñêèå çàòðàòû) ïðè ýòîì ïî÷òè íà ïîðÿäîê áîëüøå
ñóììàðíûõ ýíåðãåòè÷åñêèõ çàòðàò äâóõ íàñîñîâ ïðè
ïðåäëàãàåìîì àëãîðèòìå óïðàâëåíèÿ. Âðåìÿ ðàñ÷åòà
óïðàâëåíèÿ íà êîìïüþòåðå 486DX66 - îêîëî ÷åòûðåõ
ìèíóò.

Ñëåäóåò îòìåòèòü, ÷òî àëãîðèòì (17) ìàëî÷óâñòâè-
òåëåí ê ïîãðåøíîñòÿì åãî ïàðàìåòðîâ. Òàê, èñêàæåíèå

ïàðàìåòðîâ ,  â àëãîðèòìå ðàñ÷åòà óïðàâëåíèÿ (18)

íà îäíó òðåòü ïî îòíîøåíèþ ê òåì æå ïàðàìåòðàì â (17)
ïðèâîäèò ê èçìåíåíèþ êîíå÷íûõ çíà÷åíèé óïðàâëÿåìûõ
óðîâíåé ïðèìåðíî íà äåñÿòü ïðîöåíòîâ.

ÂÛÂÎÄ

Ïðèâåäåííûå â äàííîé ñòàòüå, à òàêæå â ðàáîòàõ
[3],[4],[5] ðåçóëüòàòû ñâèäåòåëüñòâóþò î ïðàêòè÷åñêîé
öåííîñòè ìåòîäà êîíå÷íûõ ñîñòîÿíèé äëÿ óïðàâëåíèÿ

ìíîãîìåðíûìè íåëèíåéíûìè ñèñòåìàìè äîñòàòî÷íî øè-
ðîêîãî êëàññà. Ìåòîä ìîæåò ïðèìåíÿòüñÿ è â ñëó÷àå
îãðàíè÷åíèé íà âåëè÷èíû óïðàâëÿþùèõ ñèãíàëîâ [4].
Ðàñ÷åò óïðàâëåíèé ïðè ýòîì ïðîèçâîäèòñÿ ïî (9) è
êîððåêòèðóåòñÿ äî ìàêñèìàëüíûõ èëè ìèíèìàëüíûõ äî-
ïóñòèìûõ çíà÷åíèé ïðè âûõîäå íà îãðàíè÷åíèå. Âðåìÿ
óïðàâëåíèÿ â ýòîì ñëó÷àå ìîæåò óâåëè÷èòüñÿ, îäíàêî
ðàáîòîñïîñîáíîñòü àëãîðèòìà ñîõðàíèòñÿ.

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Øóøëÿïèí Å.À. Ñèíòåç ëèíåéíûõ è íåëèíåéíûõ ñèñòåì
óïðàâëåíèÿ êîíå÷íûì ïîëîæåíèåì íà îñíîâå ìîäåëåé
êîíå÷íîãî ñîñòîÿíèÿ //Ïðîáëåìû óïðàâëåíèÿ è
èíôîðìàòèêè - 1997.- ¹3.- Ñ.10-16.

2. Àëåêñååâ Â.Ì. Îá îäíîé îöåíêå âîçìóùåíèé îáûêíîâåííûõ
äèôôåðåíöèàëüíûõ óðàâíåíèé // Âåñòí. Ìîñêîâñê. óí-òà.-
Ñåð.1. Ìàòåìàòèêà, ìåõàíèêà - 1961.-¹2.-Ñ.28-36.

3. Áàòåíêî À.Ï. Ñèñòåìû òåðìèíàëüíîãî óïðàâëåíèÿ. - Ì.:
Ðàäèî è ñâÿçü, 1984.

4. Øóøëÿïèí Å.À., Êàíîâ Ë.Í. Ñèíòåç óïðàâëåíèÿ ïåðåõîäíû-
ìè ïðîöåññàìè â íåëèíåéíûõ ñèñòåìàõ ýëåêòðîïðèâîäà//
Ðàäèîýëåêòðîíèêà, èíôîðìàòèêà, óïðàâëåíèå. - 1999. - ¹1.
- Ñ.136-139.

5. Êàíîâ Ë.Í., Øóøëÿïèí Å.À. Òåðìèíàëüíîå óïðàâëåíèå ïðî-
öåññàìè êîììóòàöèè äâóõîáìîòî÷íûõ ýëåêòðîìàãíèòîâ ïî-
ñòîÿííîãî òîêà // Îïòèìèçàöèÿ ïðîèçâîäñòâåííûõ ïðîöåñ-
ñîâ: ñá. íàó÷. òðóäîâ. - Ñåâàñòîï. ãîñ. òåõí. óí-ò. - 1999. -
Âûï.1. -Ñ.102-107.

6. Êàíîâ Ë.Í., Øóøëÿïèí Å.À. Òåðìèíàëüíîå óïðàâëåíèå äèíà-
ìèêîé ñèíõðîííîãî ýëåêòðîäâèãàòåëÿ // Îïòèìèçàöèÿ ïðî-
èçâîäñòâåííûõ ïðîöåññîâ: ñá. íàó÷. òðóäîâ. - Ñåâàñòîï. ãîñ.
òåõí. óí-ò. - 1999. - Âûï.2. -Ñ.96-102.

7. ×óãàåâ Ð.Ð. Ãèäðàâëèêà. - Ë.: Ýíåðãèÿ, 1975. - 600ñ.: èë.
8. Ïàâëåíêî Â.Ã. Îñíîâû ìåõàíèêè æèäêîñòè. - Ë.: Ñóäî-

ñòðîåíèå, 1988. - 240ñ.:èë.
Íàä³éøëà 29.02.2000

Ï³ñëÿ äîðîáêè 21.03.2000

Sz J∗

h1 0 00004,= h3∆ 0= S24 tf( ) 14 047,=

S24 tf( ) 5 070,=

βij γij



173

ÀÂÒÎÐÛ ÍÎÌÅÐÀ

D. C. Wunch II,

Distinguished Professor of Computer Engi-
neering, University of Missouri-Rolla

Àðõèïîâ Àëåêñàíäð Åâãåíüåâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð Íàöè-
îíàëüíîãî òåõíè÷åñêîãî óíèâåðñèòåòà Óêðà-
èíû "Êèåâñêèé ïîëèòåõíè÷åñêèé èíñòèòóò"

Àðõèïîâà Ñîôèÿ Àíàòîëüåâíà,

ïðåïîäàâàòåëü Íàöèîíàëüíîãî òåõíè÷åñêîãî
óíèâåðñèòåòà Óêðàèíû "Êèåâñêèé ïîëèòåõ-
íè÷åñêèé èíñòèòóò"

Áàçûëåâ Áîãäàí Þðüåâè÷,

àñïèðàíò Çàïîðîæñêîé ãîñóäàðñòâåííîé èí-
æåíåðíîé àêàäåìèè

Áåëèêîâ Ñåðãåé Áîðèñîâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, ðåêòîð Çàïîðîæ-
ñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî óíè-
âåðñèòåòà

Áîäÿíñêèé  Åâãåíèé  Âëàäèìèðîâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð Õàðü-
êîâñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà ðàäèîýëåêòðîíèêè

Áóòâèí Áîðèñ Ëåîíèäîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, âåäóùèé íàó÷-
íûé ñîòðóäíèê Öåíòðàëüíîãî íàó÷íî-èññëå-
äîâàòåëüñêîãî èíñòèòóòà Âîîðóæåííûõ ñèë
Óêðàèíû

Âàñèëüåâà Åâãåíèÿ Âëàäèìèðîâíà,

àññèñòåíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Âåðøèíà Àëåêñàíäð Èâàíîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò  Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ãàïîíåíêî Íèêîëàé Ïðîêîôüåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò  Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ãîðáàíü Àëåêñàíäð Íèêîëàåâè÷,

äîêòîð ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, çàìå-

ñòèòåëü äèðåêòîðà ïî íàóêå Èíñòèòóòà
âû÷èñëèòåëüíîãî ìîäåëèðîâàíèÿ Ñèáèðñêî-
ãî îòäåëåíèÿ Ðîññèéñêîé àêàäåìèè íàóê,
çàâåäóþùèé êàôåäðîé Êðàñíîÿðñêîãî ãîñó-
äàðñòâåííîãî òåõíè÷åñêîãî óíèâåðñèòåòà

Ãîðáàíü Àëåêñàíäð Íèêîëàåâè÷,

äîêòîð ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, ïðî-
ðåêòîð Çàïîðîæñêîãî èíñòèòóòà ãîñóäàð-
ñòâåííîãî è ìóíèöèïàëüíîãî óïðàâëåíèÿ

Ãîðáà÷åâ Ìîäåñò Íèêîëàåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, ñòàðøèé íàó÷-
íûé ñîòðóäíèê Èíñòèòóòà îáùåé ýíåðãå-
òèêè ÍÀÍ Óêðàèíû (ã.Êèåâ)

Ãîñòåâ Âëàäèìèð Èâàíîâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, íà÷àëüíèê êàôåä-
ðû Êèåâñêîãî âîåííîãî èíñòèòóòà óïðàâëå-
íèÿ è ñâÿçè

Äååâ Ñåðãåé Ãåîðãèåâè÷,

àññèñòåíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Äèÿíêîâà Åëåíà Âëàäèìèðîâíà,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Äèÿíêîâà Ñâåòëàíà Àíàòîëüåâíà,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Äîëãîâ Àëåêñåé Þðüåâè÷, 

ñòàðøèé ïðåïîäàâàòåëü Ïðèäíåñòðîâñêîãî
ãîñóäàðñòâåííîãî óíèâåðñèòåòà, ã. Òèðàñ-
ïîëü

Äîðîãîâ Àëåêñàíäð Þðüåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîêòîðàíò
Ñàíêò-Ïåòåðáóðãñêîãî ãîñóäàðñòâåííîãî
ýëåêòðîòåõíè÷åñêîãî óíèâåðñèòåòà 

Äîðîøåíêî Þëèÿ Íèêîëàåâíà,

àñïèðàíòêà Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà



174 “Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

Äóáðîâèí Âàëåðèé Èâàíîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîêòîðàíò
Çàïîðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷å-
ñêîãî óíèâåðñèòåòà

Çèíîâüåâ Àíäðåé Þðüåâè÷,

àñïèðàíò Èíñòèòóòà âû÷èñëèòåëüíîãî ìîäå-
ëèðîâàíèÿ Ñèáèðñêîãî îòäåëåíèÿ Ðîññèé-
ñêîé àêàäåìèè íàóê

Êàðïóêîâ Ëåîíèä Ìàòâååâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîêòîðàíò Çà-
ïîðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Êàñüÿí Êîíñòàíòèí Íèêîëàåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Êàñüÿí Íèêîëàé Íèêîëàåâè÷,

ñòàðøèé ïðåïîäàâàòåëü Çàïîðîæñêîãî ãîñó-
äàðñòâåííîãî òåõíè÷åñêîãî óíèâåðñèòåòà

Êâè÷àíñêèé Àíäðåé Âàëåðüåâè÷,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Êîíîâàëåíêî Íàòàëüÿ Àëåêñååâíà,

ñòóäåíòêà Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà 

Êîðåëüñêèé Äìèòðèé Âèêòîðîâè÷,

àñïèðàíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Êîôàíîâ Þðèé Íèêîëàåâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð Ìîñ-
êîâñêîãî ãîñóäàðñòâåííîãî èíñòèòóòà ýëåê-
òðîíèêè è ìàòåìàòèêè (òåõíè÷åñêîãî óíè-
âåðñèòåòà)

Êðàâ÷èíà Âèòàëèé Âèêòîðîâè÷,

íà÷àëüíèê ëàáîðàòîðèè ÎÊÁ “Ýëìèñ”,
ã.Çàïîðîæüå

Êðèùóê Âëàäèìèð Íèêîëàåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, çàâåäóþùèé
êàôåäðîé Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Êóçüìèíà Ëþäìèëà Âëàäèìèðîâíà,

àññèñòåíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Êóðåííûé Ýäóàðä Ãðèãîðüåâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð Äî-
íåöêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ëåâûêèíà Âèêòîðèÿ Èâàíîâíà,

àññèñòåíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Ëèòâèíîâ Åâãåíèé Íèêîëàåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Íàöèî-
íàëüíîãî òåõíè÷åñêîãî óíèâåðñèòåòà Óêðàè-
íû "Êèåâñêèé ïîëèòåõíè÷åñêèé èíñòèòóò"

Ëèõîóçîâ Àëåêñåé Ñåðãååâè÷,

àñïèðàíò Íàöèîíàëüíîãî òåõíè÷åñêîãî óíè-
âåðñèòåòà Óêðàèíû "Êèåâñêèé ïîëèòåõíè÷å-
ñêèé èíñòèòóò"

Ëèõîóçîâà Òàòüÿíà Àíàòîëüåâíà,

àñïèðàíòêà Íàöèîíàëüíîãî òåõíè÷åñêîãî
óíèâåðñèòåòà Óêðàèíû "Êèåâñêèé ïîëèòåõ-
íè÷åñêèé èíñòèòóò"

Ëîçèíñêèé Àíäðåé Îðåñòîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Ãîñó-
äàðñòâåííîãî óíèâåðñèòåòà "Ëüâ³âñüêà ïîë³-
òåõí³êà”

Ëîïèí Âÿ÷åñëàâ Íèêîëàåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Êóð-
ñêîãî ãîñóäàðñòâåííîãî ìåäèöèíñêîãî óíè-
âåðñèòåòà

Ìåñþðà Âëàäèìèð Èâàíîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Âèí-
íèöêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ìóõàìàäèåâ Ðèì Ôàíàâèåâè÷,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Ìóõàìàäèåâà Òàòüÿíà Àíàòîëüåâíà,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Îíèùåíêî Ñåðãåé Àíàòîëüåâè÷,

ñòóäåíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Îíóôðèåíêî Âëàäèìèð Ìèõàéëîâè÷,

êàíäèäàò ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, äå-



175

êàí Çàïîðîæñêîãî ãîñóäàðñòâåííîãî òåõíè-
÷åñêîãî óíèâåðñèòåòà

Ïàðõîìåíêî Àíæåëèêà Âëàäèìèðîâíà,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ïèòåíêî Àëåêñàíäð Àíäðååâè÷,

àñïèðàíò Èíñòèòóòà âû÷èñëèòåëüíîãî ìîäå-
ëèðîâàíèÿ Ñèáèðñêîãî îòäåëåíèÿ Ðîññèé-
ñêîé àêàäåìèè íàóê

Ïîáèéïå÷ Îëåã Àëåêñàíäðîâè÷,

àäúþíêò Êèåâñêîãî âîåííîãî èíñòèòóòà
óïðàâëåíèÿ è ñâÿçè

Ïîçäíÿêîâ Àíäðåé Àíàòîëèåâè÷,

ñòóäåíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Ïîïîâ Ñåðãåé Âèòàëüåâè÷,

àñïèðàíò Õàðüêîâñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà ðàäèîýëåêòðî-
íèêè

Ïîñòàâåö Ëèëèÿ Âëàäèìèðîâíà,

ñòóäåíòêà Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Ïîòàïåíêî Åâãåíèé Ìèõàéëîâè÷,

äîêòîð òåõíè÷åñêèõ íàóê, ïðîôåññîð Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ðîññèåâ Àëåêñåé Àíàòîëüåâè÷,

àñïèðàíò Èíñòèòóòà âû÷èñëèòåëüíîãî ìîäå-
ëèðîâàíèÿ Ñèáèðñêîãî îòäåëåíèÿ Ðîññèé-
ñêîé àêàäåìèè íàóê

Ñàåíêî Åëåíà Ðîìàíîâíà,

çàìåñòèòåëü äåêàíà Çàïîðîæñêîãî ãîñóäàð-
ñòâåííîãî óíèâåðñèòåòà

Ñàìîë÷åâ Ïåòð Àëåêñàíäðîâè÷,

àñïèðàíò Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Ñàðàôàíîâ Àëüáåðò Âèêòîðîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîêòîðàíò
Ìîñêîâñêîãî ãîñóäàðñòâåííîãî èíñòèòóòà
ýëåêòðîíèêè è ìàòåìàòèêè (òåõíè÷åñêîãî
óíèâåðñèòåòà)

Ñåíàøîâà Ìàðèÿ Þðüåâíà,

êàíäèäàò ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, íà-
ó÷íûé ñîòðóäíèê Èíñòèòóòà âû÷èñëèòåëü-
íîãî ìîäåëèðîâàíèÿ Ñèáèðñêîãî îòäåëåíèÿ
Ðîññèéñêîé àêàäåìèè íàóê

Ñåðäþê Ñåðãåé Íèêèòîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Ñëþñàðîâà Òàòüÿíà Èâàíîâíà,

àñïèðàíòêà Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Ñîêèðóê Âèòàëèé Âèòàëèåâè÷,

ñòóäåíò ìàãèñòðàòóðû Âèííèöêîãî ãîñóäàð-
ñòâåííîãî òåõíè÷åñêîãî óíèâåðñèòåòà

Ñóááîòèí Ñåðãåé Àëåêñàíäðîâè÷,

èíæåíåð-ïðîãðàììèñò Çàïîðîæñêîãî ãîñó-
äàðñòâåííîãî òåõíè÷åñêîãî óíèâåðñèòåòà

Òàáóíùèê Ãàëèíà Âëàäèìèðîâíà,

àñïèðàíòêà Çàïîðîæñêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Òåðåõîâ Ñåðãåé Àëåêñàíäðîâè÷,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Ôåäîðîâà Íåëëè Íèêîëàåâíà,

ñîòðóäíèê Âñåðîññèéñêîãî ÍÈÈ òåõíè÷å-
ñêîé ôèçèêè Ðîññèéñêîãî ôåäåðàëüíîãî
ÿäåðíîãî öåíòðà

Ôëîðà Âàëåíòèí Äàíèëîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Çàïî-
ðîæñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî
óíèâåðñèòåòà

Õîðåâ Àëåêñàíäð Ïàâëîâè÷,

äèðåêòîð Ñèìôåðîïîëüñêîãî ïî÷òàìòà

Öûãàíêîâ Âëàäèìèð Äìèòðèåâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, íà÷àëüíèê îò-
äåëà ÖÍÈÒÈ, ã.Ìîñêâà

×åïêàñîâ Þðèé Èâàíîâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò Äîíåö-
êîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî óíè-
âåðñèòåòà



176 “Ðàä³îåëåêòðîí³êà, ³íôîðìàòèêà, óïðàâë³ííÿ”    ¹ 1, 2000

×åðíèêîâà Ëèäèÿ Âÿ÷åñëàâîâíà,

àñïèðàíòêà Äîíåöêîãî ãîñóäàðñòâåííîãî
òåõíè÷åñêîãî óíèâåðñèòåòà

Øàìðîâñêèé Àëåêñàíäð Äìèòðèåâè÷,

êàíäèäàò ôèçèêî-ìàòåìàòè÷åñêèõ íàóê,
ïðîôåññîð Çàïîðîæñêîé ãîñóäàðñòâåííîé
èíæåíåðíîé àêàäåìèè

Øèëî Ãàëèíà Íèêîëàåâíà,

àñïèðàíòêà Çàïîðîæñêîãî ãîñóäàðñòâåííîãî

òåõíè÷åñêîãî óíèâåðñèòåòà

Øóøëÿïèí Åâãåíèé Àíäðååâè÷,

êàíäèäàò òåõíè÷åñêèõ íàóê, äîêòîðàíò
Ñåâàñòîïîëüñêîãî ãîñóäàðñòâåííîãî òåõíè-
÷åñêîãî óíèâåðñèòåòà

ßðåì÷óê Åâãåíèé Âèêòîðîâè÷,

àñïèðàíò Âèííèöêîãî ãîñóäàðñòâåííîãî òåõ-
íè÷åñêîãî óíèâåðñèòåòà




